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Abstract 

This thesis presents the inquiry and development of a new system for the presentation of 

audiovisual information and experiences, called Pixelphonics, which operates by 

colocating sound and image within the visual display area(s). Audiovisual colocation 

places sound and image cues in close spatial proximity to each other, so that the 

displayed media functions more analogously to natural perception. Most audiovisual 

systems spatially dislocate sound and image information sources, by placing visual 

information within the screen, and audio information external to the screen through 

headphones or speaker arrays. Audiovisual colocation enhances the object-event 

correlations in mediated content, and is a new affordance for media production and 

reception. 

Keywords:  audiovisual colocation; empirical phenomenology; media poetics; spatial 

audio; ventriloquism effect; media technology patents 
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Chapter 1. Pixelphonics – An Audiovisual 
Colocation Display System | Introduction 

Abstract 

This section develops the historical, technical and aesthetic context for situating 

the Pixelphonic prototype, which colocates sounds with their visual sources in media 

displays. Early film-sound technologies are introduced against the background of 

inventions in radio and recording, leading to experiments in synchronized sound and 

image, and eventually to a wide variety of multichannel surround sound formats. Aesthetic 

and experiential dimensions are discussed as media creators take up the new audiovisual 

affordances, impacting cinematic form and audience reception of novel media effects. 

Pixelphonics works in a different manner from the ubiquitous concern with sonic 

envelopment of the audience, working instead to increase the ‘evental resolution’ of 

object-event correspondences in media through the emplacement of sound with their 

associated visuals in the image plane. 

Note on dates: There is often much ambiguity when referencing historical dates 

for technology and media artefacts, since the dates found in the literature may refer to 

early prototypes, first demonstrations, initial patent filings, acceptances of patent filings, 

advance marketing, first introduction into a marketplace, later iterations, the final edit of a 

film, the release of a film, different versions of a release (e.g. mono vs. stereo or optical 

vs. magnetic soundtrack) and so on. Typically, the sources used in this research give 

dates without being specific as to which of these, or even other, date possibilities are being 

referenced. However, all dates mentioned below have been corroborated by other 

sources. As the overall research presented here is not historiographic in its method, the 

reader should assume most dates are approximate and may refer to unspecified iterations 

of the technology or media artefact under discussion. 

1.1. Overview 

Pixelphonics is a prototype for the colocation of audio sources with their associated 

visual objects on media displays, a technology first described in Apparatus, Method and 

System for Co-locating Visual Images and Associated Sound (U.S. Provisional Patent No. 
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62/482725, 2017) that is the focus of this dissertation. The prototype produces a new form 

of multichannel audiovisual display in which the associated sound emanates from the 

specific screen areas of the moving image, allowing for what I will call ‘colocative sound 

design’ (sound composition across image planes). The technology adds a new perceptual 

and experiential layer to the technology of synchronized sound, which has existed now for 

over a century, by adding its spatial complement, so that sound can now be in place with 

its image, in addition to being in time with it. In this Introduction, I will situate this new 

technology in relation to its historical background, its similarities to and differences from 

other multichannel audiovisual technologies, and aesthetic context. 

Pixelphonics can be understood as being part of the new and emerging paradigm 

of audio design for moving images known as ‘object-based audio’ (“A Short History of 

Cinema Sound,” 2013) in which the articulation and movement of sounds in space are 

produced with higher degrees of precision. However, the prototype is classically channel-

based in its design, and an object-based implementation hasn’t yet been attempted but is 

instead approached in a ‘Wizard of Oz’ fashion (the term used in design discourse for 

‘faking it,’ or emulating an anticipated outcome through other means). Pixelphonics also 

has potential application in wave field synthesis (WFS) since its matrix of 32 audio 

channels could quite feasibly reproduce a sound field created by a similarly arranged grid-

array of 32 microphones. Thus, the technology can be employed in applications using all 

three of the main “audio content representations” (He, 2017, p.16) used today— channel, 

object and transform-domain— discussed below in section 1.2. Where the content is linear 

media (e.g. film, video or animation), a channel-based paradigm is conceived as being 

appropriate, with common audio post-production processes employed to assign visual 

objects to corresponding spatialized audio tracks in the editing and mixing software. 

Where the content is interactive (e.g. games), an object-based approach is intended, 

conceived as the assignment of spatial position in the audio array based on the position 

of a virtual object in virtual spaces as rendered on the screen. 

Pixelphonics is expressly a 2D (planar) multichannel system in contradistinction to 

the overwhelming concern with various forms of 3D rendering of spatial audio that has 

dominated for ~82 years since the 1935 explorations of “auditory perspective” in 

experimental concert hall performances (more on this below). 3D audio is very much alive 

today in the proliferation of consumer VR systems which integrate new forms of virtual 

audio. The notion of a 2D audio system is a useful concept to mark its difference from the 
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predominant interest in an audience’s envelopment by sound that has marked the history 

of technical developments in surround and virtual audio. Today, the notion of a 2D audio 

system is often limited to being a mere synonym for stereo sound, especially in the context 

of gaming software, as illustrated in this forum post: 

Unity 5 where is 2D audio ? 

I have sound effects in mono. in unity 5 there is no 2D sound settings on 
AudioSource component. How do i acihve this ? [sic] 

Best Answer 

Answer by Dorian SRed • Mar 04, 2015 at 07:46 PM 

In Audio Source -> Spatial Blend (2D-3D) ;)  (Lordinarius, 2015) 

 

It is clear in this exchange, and in the Unity3d manual (“Audio Source,” n.d.), that 

2D is being used to name the general notion of stereo using two speakers (e.g. listening 

through headphones) since the other referenced formats are mono and 3D. While one can 

find a few other references in the academic literature to “two-dimensional sound” and 

related phrases (e.g. “2D audio” and so on), these tend to be related to experiments 

performed in the context of acoustic (Eversman, 1990) or psychoacoustic (Makous and 

Middlebrooks, 1990) phenomena and unrelated to the design of audiovisual media 

systems. Other references to 2D sound can be found in the design of architectural acoustic 

panels, which have a natural affinity for 2D treatments being wall-mounted systems to 

dampen sound (Chlop, 1992), or in the digital means for recording a sound field via 

decomposing an auditory scene with a grid of either microphones or sound sensors to 

produce the discrete data of the sound field under analysis and digitization (Yiyu et al., 

2014; Betlehema and Poletti, 2014). The closest connection of the concept of “2D audio” 

in the literature to the specific context of the Pixelphonics system is found in the description 

of a surround array of loudspeakers arranged in the horizontal plane around a listener, 

where the X-Y axes describe in plan view all the coordinate positions articulated in a 360° 

circle organized from front-back and left-right vectors. 
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Figure 1.1:  screenshot of sound spatialization software showing surround space articulated in a horizontal 
plane around a listener, with X-Y axes in a plan view1 

To say that Pixelphonics is a 2D system does not of course imply that the sounds 

it produces only exist in two dimensions, analogous to the way, for instance, that some 

water walking insects (e.g. water striders, Rhagadotarsus) can communicate with each 

other by vibrating the thin layer of surface tension with their bristly and multitudinous legs 

(Freitas Jr., 2008). The sound itself remains in every sense three dimensional, heard by 

real human heads in actual space. However, as a system its design logic is based on 

articulating the planar 2D X-Y axes of the screen and surrounding enclosure areas (when 

its form is a modular wall paneling system for colocating sounds to images in virtual 

environments), which is a clear enough difference from the common systems and 

concepts associated with surround and virtual envelopment that explanation of this variant 

on 2D audio is here warranted. With regards to presenting the audio information 

embedded in moving image media in the manner of colocation with the visuals, 

Pixelphonics appears to be the first, if not only, 2D audio system of this kind. 

                                                
1 https://www.videomaker.com/article/c4/15800-surround-sound-part-2-getting-the-mix 
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To better distinguish what 2D audio means with the Pixelphonics system from 

these other uses of the concept of 2D audio, I will refer to ‘colocative sound design’ to 

denote this form of 2D multichannel distribution. The notion of a ‘sound designer’ has its 

origins in the 1970s and is associated with the ‘Hollywood North’ film artists in the Bay 

Area, such as Francis Ford Coppola, George Lucas, Walter Murch and Ben Burtt, in 

connection to the films Star Wars (1977) and Apocalypse Now (1979) in particular. While 

sources differ as to who coined the term, and who was ‘the first’ sound designer, the two 

names most often given credit for this new role in cinema production are Walter Murch 

(who has won Academy Awards in both editing and sound categories, and mixed the 

sound for Apocalypse Now) and Ben Burtt (famous for the sound effects of Star Wars). 

Sound designers– a term used familiarly only since the mid-1970s– are 
what cinematographers are to lighting and visual composition, what 
production designers are to set construction and prop display. They guide 
the sound of a motion picture from beginning to end, interpreting the 
director’s expectations, “hearing” the script and storyboards, coordinating 
with the composer and sound editor, contributing to the mixing process, 
even ensuring that what is heard in the theater is of optimum quality. 
Decades ago, they might have been called supervising sound editors (they 
often still are), but that title has a craftsy connotation that downplays the 
true nature of their job: they are aural artists. (Mancini, 1985, p. 361) 

The term “sound designer” seems to have first been used by Walter Murch, 
yet it is to one of Murch’s Lucasfilm colleagues, Ben Burtt, that the title is 
most frequently associated. (p.366) 

These film artists were exploring the new aesthetic possibilities afforded by new 

Dolby technologies, primarily Dolby Stereo and Noise Reduction, which expanded the 

spatial, temporal, phase, dynamic and frequency resolution of the film soundtrack. Thus, 

the concept of sound design has an implicit connection to sound for moving image, and 

as a form of new audiovisual display, Pixelphonics offers new affordances for producing 

colocative sound design. Note, however, that the prototype can be operated in a sound-

only mode (all visuals off) and function as a form of general auditory display, in the manner 

of a distributed mode radiator panel. Colocative sound design could also be used to name 

the use of the system in this mode and context, since there is still a visual element present, 

only one in relation to space, interior design, furniture, architecture and other physical but 

still visual design practices where the term should still prove useful, especially as such 

spaces become embedded with wireless informatic media as part of the general 

expansion underway of IoT (the internet of things). 
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The research has been prototype-based since its inception, culminating in a 

working and robust technical system and design that is the reference artifact for the patent 

application mentioned above. This dissertation consists, at its core, of three autonomous 

sections of publishable quality, which can serve as the basis of subsequent journal 

articles, conference proceedings or book chapters. These are bookended by an 

introduction setting up the project’s background (the present section), and a conclusion 

looking forward to possible application areas.  

In outline, the sequencing of the dissertation sections is based on the following 

rationale: Chapter 1 establishes the historical, technical and aesthetic context for multi-

channel audiovisual media, both in its production by media makers and in its reception by 

audiences. Chapter 2 presents the patent filing, which follows Chapter 1 because a) the 

Introduction had discussed numerous examples of patented audiovisual technologies 

which form the general context for situating this new technology, and b) it was the first 

completed piece of writing associated with Pixelphonics after initial proof of concept had 

been established in the prototype. It is part of general practice that patents are often filed 

once proof of concept is established in early prototypes. Chapter 3 investigates perceptual 

phenomena associated with production and reception of colocated media percepts, and 

Chapter 4 takes up issues around the poetics– or, ‘principles of making’– colocative 

media. The sequencing of Chapters 3 and 4 follows orders of cognitive processing, with 

‘lower level’ psychological processes associated with perceptual organization discussed 

first, followed by extending the cognitive dimensions into higher orders of cultural and 

social practices around producing media artifacts. Finally, Chapter 5 looks ahead to 

possible application areas of Pixelphonics through future R&D agendas and possible 

commercialization of the technology. 

1.1.1. Historical Background 

In what year did the following editorial appear?  “In our opinion the 
singing and talking moving picture is bound sooner or later to become a 
permanent feature of the moving image theater.” 1926? 1927? 1928? 
Wrong by a wide margin. This 1910 Moving Picture World editorial came 
at the height of sound film’s expansion. Cameraphone, Chronophone, 
Cinephone and dozens of other competing systems were not only invented 
in this period; during the end of the century’s first decade they were 
installed in hundreds of theaters across Europe and from coast to coast in 
the United States. (Altman, 1992a, p. 36) 
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The development of sound technologies for moving image is part of a general line 

of development of audio research that began with exploring devices for making recordings 

of acoustical events. These technologies of recording devices ran in parallel to other 

developments in wireless communication eventually leading to radio broadcast 

technologies. These two developments, recording and radio, occurred prior to the 

application of audio technology in sound-film, the medium of film with accompanying 

audio. Edison’s first durable recording of a human voice, the song “Mary had a little lamb,” 

was made on a tinfoil cylinder on an 1877 prototype, leading to an 1878 patent (No. 

200,521), while an earlier 1876 prototype had recorded a voice on the medium of paper 

based on a modification of a telegraph repeater (Schoenherr, 2002). It is fascinating that 

the first known instance of recorded sound was made on the same traditional medium as 

the written word, and that this first recording on paper itself exists only in a paper record 

of the technical feat, since this first artefact of captured sound has not physically lasted. 

The telegraph is at the technical origins of not only recording devices but also radio 

broadcast, which was first developed as a form of ‘wireless telegraphy.’ (“Who Invented 

Radio?,” n.d.) in 1866. Radio as a form of electromagnetic radiation had been theorized 

in the 1860s by James Clerk Maxwell, while in 1886 Heinrich Rudolph Hertz produced 

radio waves through variations of electric current. Edison’s phonograph was invented in 

1887, and in early 1888, Eadweard Muybridge and Thomas Edison met and discussed a 

possible new technology combining the former’s image projecting zoopraxiscope with the 

latter’s phonograph. This technical collaboration never came to fruition, but later the same 

year Edison began development of the kinetoscope, a cabinet device for ‘peep shows’ 

viewable by one person at a time. The kinetoscope, when combined with Edison’s cylinder 

phonograph, led to new unsynchronized sound-film systems such as the Kinetophone 

system of 1895, which would eventually become outmoded as film projection became 

more dominant as the preferred form for viewing moving pictures. The refined “second 

coming of the Kinetoscope” in 1913 was still subject to significant sync-drift and by 1914 

its poor reputation made it commercially unfeasible. These unsynchronized systems 

combined film projection with sound-on-disc technologies before the film strip itself, in the 

use of optical and later magnetic tracks alongside the image, called sound-on-film, would 

come to dominate in the later mono and stereo eras. Sound was first recorded optically 

onto film by Eugene Lauste in 1904 (Mitchell, n.d.). Lee de Forest patented a system for 

recording sound on film in 1921, Phonofilm, and gave various presentations of it between 

1923-1927. This invention was initially rejected by the industry but later widely adopted in 
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an improved version; these early sound-on-film demonstrations had poor sound quality, 

used musical accompaniment in an unsynchronized manner and did not generate 

sufficient industry interest (Gomery, 1985, p.8). Today the sound-on-disc concept remains 

an aspect of the commercially successful IMAX system, which runs its soundtrack off three 

synchronized compact discs. The first successful synchronization of film and sound was 

with Léon Gaumont’s Chronophone demonstration to the French Photographic Society in 

1902, by which two phonographs were linked by a cable system to a projector. “Despite 

initially bright prospects, Chronophone failed to secure a niche in the marketplace because 

the system, relatively expensive to install, produced only coarse sounds, lacked the 

necessary amplification, and rarely remained synchronized for long periods of time.” 

(Gomery, 1985, p. 6). 

The first demonstrations of radio communication were by Guglielmo Marconi in 

1895, and the first patents on radio technology and wireless telegraphy were taken by 

Nikola Tesla (filed in 1897, granted in 1900) (“Who Invented Radio?” n.d.) and Nathan 

Stubblefield (filed 1907, granted 1908) (“Nathan Stubblefield,” n.d.) respectively. Patent 

battles between Edison, Tesla, Marconi and others abound in this early period, including 

dramatic reversals and reversals of reversals of decisions made by the U.S. Patent Office. 

The first call letters for a commercial radio station, KDKA in Pittsburgh, were approved by 

the Department of Commerce in 1920. The earliest predecessor of the modern “coil-driven 

mass-controlled diaphragm in a baffle” (Schoenherr, 2002, n.p.) loudspeaker was 

published in the Rice-Kellogg research paper in 1925 (Rice and Kellogg, 1925), the same 

year that Walter J. Rich and Warner Bros. formed the Vitaphone Co. to begin experiments 

with sound-film in a Brooklyn studio (Vitaphone was the system used in The Jazz Singer), 

and also the same year as the first stereo radio broadcast (Kirby, 2016). 

The first popular synchronized sound-films were made at the Manhattan Opera 

House in 1926, based on musical source material such as Volga Boatman and Don Juan, 

and featured the addition of sound effects elements such as sword clashes to the musical 

source material, with intertitles still delivering key narrative information. New York was an 

important center for the development of synchronized film sound because the first synced 

sound-films were musical in their content, and the sought after musical talent was based 

in New York. The first commercial film with dialogue was released in October 1927, also 

with a musical subject, The Jazz Singer. The Disney animated film Steamboat Willie 

(1928) was the first commercial film to employ the categorization of sound mix stems still 
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employed today, dedicating audio channels for elements designated as either Voice, 

Music or Effects. Electronic television and the cathode ray tube would soon follow in 1929, 

with invisible radio waves remediating the much more physically tangible sound-film, with 

all its heavy apparatus of celluloid, wax discs, electro-synchro-mechanisms, reels and 

bulbs transmitted electromagnetically through the air. 

Early attempts at spatialization and synchronization were at times comical in their 

ingenuity. A 1922 demonstration at Yale University to the American Institute of Electrical 

Engineers featured this solution to the problem of synchronization: 

A fairy simple method of keeping the record player in step with the projector 
was devised consisting of revolution counters mounted on each machine. 
The record player ran at a constant speed and the projectionist cranked the 
projector to keep the numbers on the two counters equal. It wasn't exactly 
frame sync but is was close enough for the non-synch commentary. (Allen, 
n.d.) 

In 1903 Léon Gaumont, a French engineer responsible for important inventions in 

amplification, most notably the audion tube, “was the first to suggest placing loudspeakers 

behind the screen, and carrying them about to follow the images on the screen!” (Aldred, 

n.d.). Perhaps, had this idea taken hold, today there would be many jobs for cinematic 

‘sound carriers’ if not lifters! While no army of theater staff ever materialized to haul sound 

about behind screen to colocate sound and image, what did remain in standard practice 

of course was the general concept of placing an array of loudspeakers behind the screen 

so that sound can seem to be emanating from it. To be fair to Gaumont’s vision, and to 

put it in context, this idea was probably inspired by live sound effects practices of the time, 

with sound artists performing either in front of or behind the screen during film screenings 

(Allen, 2003). 
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Figure 1.2:  sound effects performers behind the projected image (Allen, 2003). 

 

Figure 1.3:  sound effects performers behind the projected image (Allen, 2003). 
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Figure 1.4:  the sound performer in front of the projected image (Allen, 2003). 

The practice of sound production emanating from behind the screen could be 

understood as the filmic adaptation of Wagner’s innovation of the sunken orchestra pit in 

his conception of Music Drama. The hiding of the operatic orchestra at the Bayreuth 

Festspielhaus is likely the first aesthetic design solution in which the visual presence of 

the sound producing performers was framed as a problem in a desire for more immersion 

in an audiovisual narrative. 

 

Figure 1.5: Wagner’s sunken orchestra pit at Bayreuth, organized below the plane of the stage (Classical 
Music blog). 
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Similarly, the placement and visibility of loudspeakers became framed as a 

problem needing to be solved. 

In the first days of the transition to the sound period– in early 1926 and 
early 1927– theater loudspeakers were placed to the side or below the 
screen. Early Vitaphone films even drew upon silent film conventions, 
playing back orchestral scores through speakers placed in the area of the 
former orchestra pit. The development, in 1927, by Earl Sponable of a 
porous screen material facilitated the placing of loudspeakers behind the 
screen. (Belton, 1992, p.164) 

The general concept of the Pixelphonics prototype, colocating moving images and 

their sounds within the screen area with fixed sound emitters (rather than being hauled 

around by humans!), has been imagined before, and traces of the concept can be found 

in the literature. 

But if sound could be localized either on screen or in the orchestra pit, then 
it could also, at least theoretically, be reproduced at different spots on the 
screen, depending on where the person speaking is portrayed. Never to 
my knowledge realized, this project, reported by J.C. Kroesen in July 1928, 
demonstrates the extent to which early technicians assumed the necessity 
of tying sound to the image. “The screen,” said Kroesen, “should be divided 
and so arranged that sound will be reproduced only at or as near the point 
of action as possible. (Altman, 1992b, p.48) 

Ideally, as stereo expert Harvey Fletcher has pointed out, every square 
inch of the screen should have a separate speaker for sound, while an 
infinite number of speakers and tracks would be needed to duplicate 
sounds emanating from offscreen space. (Belton, 1992, p. 165) 

What Pixelphonics adds to this faint trace of a historical conversation is a) a 

working prototype based on digital technologies and b) an implementation via a non-

porous screen, an aluminum composite sheet of 3mm thickness which is the audio emitter, 

rather than being transparent to one. 

The earliest synchronized sound-film in existence is actually a reconstruction, 

William Kennedy Laurie Dickson’s experimental film in which he is playing a violin as two 

Edison employees are dancing to it, restored by the Library of Congress with the help of 

Walter Murch, an on Avid computer-based editing system in the 1990s. Frame rates and 

RPM speeds in the original unsynchronized media were adjusted in the editing software, 

so that two separate media– film and sound recording on cylinder– were finally married to 

contemporary sync specifications. The original film had been shot at 40 frames per second 

and converted to the video standard of 30 fps before finally being synced to the digitized 
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sound of the original cracked cylinder. Dickson however is on record claiming an earlier 

successful experiment in synchronized sound performed in 1889 after the Paris Exhibition 

of that year, a claim that some have doubted (Sundell, 2006, n.p.) as “early cinema 

braggadocio.” 

This snapshot of the early development of audio technology leading up to 

synchronized sound-film shows variations in the preoccupation with space and time of 

these technical developments. Recording itself is a ‘freezing of time,’ the preservation of 

hitherto temporally ephemeral events. Space is addressed through the conquering of 

distance (radio and wireless telegraphy), vastly exceeding the normal or natural distance 

of spatially decaying sound. There are continuous material improvements, from paper to 

tinfoil to wax cylinders to optical track, which produce improved spatial persistence in the 

physical media, and time is also reconquered, going beyond the mere preservation of 

acoustical events to become synchronized, or co-temporal with, spatially evolving images. 

Throughout the subsequent developments of audio technology, spatiotemporal concerns 

will be reintroduced as the foci of new developments, such as surround sound and higher 

rates of digital sampling. 

The cinema’s invention satisfied an ideological need “to see life as it is,” 
that is, for a certain realism in representation…. Its advances in both 
technique and technology responded to a desire “to make things more real.” 

Technological innovation in the cinema has traditionally been associated 
with the production of “greater realism.” The invention of the motion picture 
camera enabled filmmakers to create images which they described as “life-
size” and/or “life-like;” the Lumières presented their Cinématographe 
shows as “la vie sur le vif” or “life on the run.” With the advent of sound, film 
could “provide the most marvelous reproduction of life as it unfolds before 
our eyes.” (Belton, 1992, p.159) 

This rhetoric of fidelity is another concern and parameter for experimentation, 

leading to improvements in frequency response, dynamic range, signal-to-noise ratio, 

waveform phase relationships (p. 155) and continuous experimentation with making 

sounds more ‘real,’ more ‘participatory,’ more ‘present’ and in varying degrees ‘truer to 

nature,’ to sample various terms from across domains of the industry discourse. In the 

early history of film sound, this ideal of fidelity is interestingly divided between the 

competing concerns of fidelity to ‘nature’ or natural listening in the rendering of three 

dimensional auditory spaces, and “the criterion of intelligibility of dialogue” (Altman, 1992b, 

p. 58). These two fidelities do not always get along with each other, and indeed in the 
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1950s intelligibility of dialogue won out over fidelity to spatial listening afforded by 

widescreen formats such as Cinerama, which offered a fidelity that many film goers found 

disorienting, accustomed as they were to the dominant placement of clear dialogue at the 

screen center loudspeaker (more on this below). Thus, the continuing dominance of mono 

sound can also be understood as fidelity to the script, the text motivating the dialogue as 

visually impervious to the noises and acoustic characteristics of the world, which might 

obscure it. 

Another critical technical hurdle to be overcome was amplification. Early film sound 

recordings were based on stylus-and-diaphragm designs that required stethoscope-like 

ear tubes to be plugged into a listener’s ear to be heard, producing the so-called “wee 

small voice” effect. One reason that Muybridge broke off a potential collaboration with 

Edison in 1888 was over concerns that Edison’s technology was too quiet and could not 

be heard by large audiences (“Film Sound History” [FSH], n.d.). Amplification technologies 

would depend on inventions such as De Forest’s audion tubes in 1907, a critical technical 

basis for the development of modern electronics. Edison’s Kinetophone combined both 

stethoscopic ear plugs and binocular-like eye valves to view the cabinet-based peep 

shows. In many ways today’s newest virtual reality consumables resemble this early 

phase of sound-film development, with its requirement for conspicuous headgear to 

‘immerse’ users in audiovisual virtual worlds based on 3D animation and the latest sonic 

enhancements of stereophonic or binaural audio incorporating HRTF algorithms (head 

related transfer functions) to position sound in virtual spaces. 
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Figure 1.6: The Kinetoscope circa 1890s, requiring extensive head-related apparatus to achieve new 
modalities of audiovisual experience, not unlike today’s latest VR developments (“Methods of Viewing Film”). 

In 1910 Léon Gaumont (the genius behind the idea of having people running 

around behind screens carrying loudspeakers to move the sounds around in colocation to 

the image!) demonstrated his Chronophone System in Paris with enough volume for 4000 

people to hear. Amplification finally arrived with the development of the loudspeaker, first 

used in 1919 for the Victory Day parade on Park Ave, within a few months of the armistice 

(Gomery, 1985, p.8). The days of stethoscopic ear plugs were numbered, at least until 

reinvented for iPod with its chic ear buds in the present era. Telephone engineers at Bell 
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Labs, Western Electric and Siemens and Halsk continued to refine the design of audio 

amplifiers. Blumlein is credited for the first stereo loudspeaker system in 1931. 

The early technologies initiating the development of what would come to be called 

‘stereo’ and eventually ‘surround sound’ were demonstrated in the 1930s, particularly out 

of collaborations between conductor Leopold Stokowski and Bell Labs in a series of 

experiments under the heading of “auditory perspective” (FSH). Alan Blumlein, inventor of 

“the first stereo variable area soundtrack” (1935) was a proponent of having sounds follow 

the moving image around the screen. Spatialized multichannel sound systems first 

appeared in music hall contexts to render the relative spatial positions of instrumentalists. 

Experiments in auditory perspective were also known under appellations such as ‘solid-

sound’ or ‘solid music’ because of their rendering of ‘3D’ music. 

But the newest system of “three dimensional sound” goes further. Several 
microphones, and several amplifiers, with loud speakers of new design and 
unusual fidelity, are combined to give unusual effects. For instance, an 
orchestra is located on one floor; the loud speakers in an auditorium on 
another floor. The orchestra seems to the listeners to be present before 
them; the different instruments to be placed in their proper position. (“First 
Surround Sound,” 1935) 

Such spatializing sound systems for music performance were also designed to 

transmit performances not just between floors but even between performance halls in 

different cities, most famously between the Philadelphia orchestra transmitted over three 

telephone lines to Washington D.C.’s Constitution Hall (FSH). 

Sound projection of early sound-films was typically through a mono system (all 

sounds summed into a single audio channel). The first major innovation in the spatial 

articulation of synchronized sound-film was with 1941’s Fantasia and its corresponding 

surround sound system, Fantasound, a development led by Disney’s chief sound engineer, 

William Garity (Aldred, n.d.). Fantasound was a two-projector system: one projector 

contained a mono sound mix as a backup in case the multichannel tracks failed, and the 

second projector ran a strip consisting of four optical channels (control track, left front, 

front center, right front). The Fantasound system required several innovations: “During this 

development, Disney engineers invented multitrack recording, pan potting, overdubbing, 

and when it went into theaters, surround arrays” (Holman, 2007, p.4). This combination of 

technologies allowed for the production of movement effects along left-right or front-back 

vectors. The original mix is often described as being ‘ping pongy’ to today’s listeners. Only 
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two Fantasound systems were ever installed, in New York’s Broadway Theater and the 

Carthay Circle Theater in Los Angeles. Less expensive ‘road show’ Fantasound systems 

toured with a different technical and mix configuration, with audio tracks dedicated instead 

to orchestra, chorus and soloist content. These cheaper and lighter systems (note though 

that they took up half a railway freight car so were by no means ‘mobile’ in the nimble 

sense) toured fourteen theaters (FSH.). 

The table below gives an outline of the flow of development, exploration and 

implementation of new audio technologies for sound-film. Stereo formats dominated in the 

period after mono, well after the first implementation of surround sound systems, which in 

their earlier years of development lacked a viable business model to achieve audience 

scale, even with major companies like Disney supporting their development. Overall 

market viability, influenced by such factors as the cost of system, ease of implementation, 

licensing protocols, industry consortiums, integration with other technologies, and 

competing formats, put on hold the widespread adoption of surround sound formats for 

almost forty years after its debut with Fantasound. 

The music and film industries followed very different paths initially with respect to 

the concept of stereo production. In film ‘stereo’ typically refers to a four-channel system, 

but in music it came to dominance with the rise of the LP, introduced in 1958. Music 

embraced a two-channel format for stereo because that was all the room available on the 

surface of an LP for cutting grooves (Hull, n.d.). Two-channel stereo tries to create a 

‘phantom image’ of a sound emanating from the space between two speakers. 

Today, the stereo format is still the most common format used for the 
commercial distribution of sound recordings. The practical experience and 
a variety of formal research works state that the optimum loudspeaker 
configuration for stereo is an equilateral triangle with the listener located 
just to the rear of the point of the triangle.... Outside this ‘‘sweet spot’’, 
phantom images (the apparent locations of sound sources in between the 
loudspeakers) become less stable, and the system is more susceptible to 
head rotation. (Cobos et al., 2015, p.364). 

 

Unfortunately, this phantom effect is highly sweet-spot dependent, as the 
listener must sit along the center line of the speakers, and the speakers 
and room acoustics for the two sides must be well matched. It was good 
for a single listener experience, and drove a hobbyist market for a long time, 
but was not very suitable for multiple listeners. (Holman, 2007, p. 6) 
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Figure 1.7:  the stereo sweet spot (Cobos et al., 2015, p.365). 

From this technical limitation of the LP, music continued to remain primarily a two-

channel stereo format through to the introduction of stereo FM radio (approved by the FCC 

in 1961), the stereo cassette (1970), VHS (1978) the compact disc (1982) (Hull, n.d.) and 

even until today’s common mp3 and AAC digital audio file formats. DVD video was 

available in 5.1 surround formats from the start, but surround sound music, like 

quadraphonics in the early 1970s, never became popular, and stereo music remains 

dominant until today, undergirded as it is by convenient and portable headphone 

technologies and practices as much as by the history of the music industry for over half a 

century. When 5.1 surround begins to enter the home, it is primarily for video content 

initially and later for games. 

Year Name Number of films 

1889 Kinetophone (Edison) 1 

1894 Kinetophone (Dickson) 7 

1896 Silent 95017 

1898 Hollmann–Eaves 1 

1900 Phono-Bio-Taleaux 1 
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1900 Phono-Cinema-Theatre 7 

1904 Cineophone 2 

1905 Chronophone 106 

1907 Biophone 2 

1907 Cinematophone 53 

1907 Oskar Messter 1 

1908 Cinophone 2 

1909 Animatophone 3 

1909 Cameraphone 1 

1909 Cinephone Lubin 57 

1910 Chronomegaphone 1 

1911 Cinephonograph 1 

1911 Vivaphone 1 

1913 Kinoplasticon 12 

1914 Polyscope 2 

1920 Gaumontphone 1 

1921 Case 1 

1921 Phono-Kinema 11 

1921 Photokinema 8 

1921 Western Electric 20 

1922 Phonofilm 248 
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1922 Tri-Ergon Sound System 68 mm 2 

1923 De Forest Phonofilm 213 

1925 Movietone 20 

1925 Photophone (RCA) 3 

1925 Vitagraph 3 

1925 Westrex (Fox & Western Electric) 5 

1926 Vitaphone 356 

1928 Aurofone 1 

1928 Mono 137936 

1928 Sonora-Bristolphone 1 

1928 Tobis (Tonbild Syndicat) 80 

1929 Bristolphone 2 

1929 Filmtone 2 

1929 Synchrotone 2 

1932 Systemi A. Shorin 2 

1933 International Recording Engineers System 2 

1933 Phillips Sound 3 

1933 Tagephone 1 

1934 Afifa Ton-Kopie 1 

1935 Visatone 3 

1936 Pulvári System 5 
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1938 Blue Seal Noiseless Recording 1 

1938 Magnaphone Western Electric 3 

1938 Optiphone 5 

1938 Variray Blue Seal Recording 3 

1938 Wicmar and Blue Seal Noiseless Recording 1 

1939 Synthetic 4 

1940 Fantasound 1 

1940 Système Cottet 3 

1943 B.A.F. Sound System 2 

1949 Cinesound 10 

1949 Perspecta Stereo 58 

1950 AGA Sound System 7 

1952 Cinerama 7-Track 13 

1953 3 Channel Stereo 51 

1953 4-Track Stereo (CinemaScope) 586 

1954 Klangfilm-Stereocord 3 

1955 6-Track Stereo (Todd-AO and compatibles) 89 

1955 70 mm 6-Track 527 

1956 Klangfilm Magnetocord 3 

1958 Kinopanorama 9-Track 6 

1962 Magnetocord 1 
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1964 Ortiphone 1 

1965 Spectra-Stereo 2 

1969 Li-Westrex System 1 

1970 Quadrophonic 3 

1972 Stereo 45374 

1973 IMAX 6-Track 25 

1974 Chace Surround 8 

1975 Dolby Stereo 12497 

1975 Quintaphonic 1 

1977 Sensurround 13 

1978 Super Space Sound 1 

1980 Vistasonic 2 

1982 Ultra Stereo 1007 

1985 Dolby SR (Surround) 5865 

1985 Sonics 4 

1987 Sony Dynamic Digital Sound (SDDS) 2005 

1988 Matrix Surround 24 

1990 CDS 11 

1990 Cinema Digital Sound 5 

1990 LC-Concept Digital Sound 22 

1992 Iwerks Digital Audio 5 
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1992 Servotron Stereo 5 

1992 Sound Trax Surround Stereo 4 

1993 Dolby Digital 19652 

1993 DTS 3735 

1994 DTS-Stereo 137 

1994 Sonix 13 

1995 Soundelux 1 

1996 DTS 70 mm 28 

1996 DX Stereo 3 

1996 Sonics-DDP 47 

1997 Sound 360° 2 

1998 Full Range Recording System 5 

1999 Dolby Digital EX 288 

1999 DTS-ES 93 

2001 Broadway Surround 1 

2001 DTS-8 2 

2002 12-Track Digital Sound 40 

2002 Digitrac Digital Audio System 12 

2005 TMH Labs 10.2 Channel Sound 1 

2010 Auro 11.1 104 

2010 Dolby Surround 7.1 50 
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2012 Dolby Atmos 224 

2014 IMAX 12-Track ? 

2015 AuroMax ? 

2015 DTS:X 35 

Table 1.1: information from the Internet Movie Database reposted onto Wikipedia (“List of Film Sound 
Systems”). 

  

A Dolby Labs blog post articulates the following ‘eras’ in the history of cinema 

sound (“A Short History of Cinema Sound,” 2013): 

● Talkies (1921-1926): a single channel and source of sound, 
experimentations of sound recorded onto disc, cylinder or film strip 

● Mono (1927-1974): the use of single or multiple speakers with the 
same signal comprised of a single audio track to image a single audio 
source 

● Stereo (1975-1978): encoding four channels of sound onto two 
channels on film, to be decoded back into four channels in the theatre. 

● Multichannel (1979-2012): various forms of multichannel mixing 
such as 5.1, 7.1 and 11.1 systems. 

● Object-based Audio (2013 to the present day): manipulation of 
individual sounds in order to place them with precision in space. 

 All of these Dolby conceived “eras” of cinema sound pertain to the spatial 

dimension of audio technologies for the moving image, even though Dolby technologies 

have also been significant for other important parameters of sound, such as dynamic 

range and noise reduction.   

 We can distinguish the use of these technologies in broad strokes according to 

how they address on-screen and non-screen space. The term ‘non-screen space’ is being 

used here somewhat differently from the more familiar concept of ‘off-screen space’ which 

refers to the use of unseen sounds in a film’s mix, for example in rendering sounds of 

voices and traffic coming in through an open window, in which people and vehicles are 

not actually seen. While non-screen and off-screen space and sound will have aesthetic 
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resonances with each other, their poles of attraction are different. The sounds of offscreen 

space fill out the world of the film beyond the frame, since any image can only show 

anything by virtue of eliminating all the information beyond the frame, and sound can play 

a role in bringing back into the frame some of this visually missing world through its 

articulation and extension in the soundtrack, expanding the frame sonically which cannot 

be extended visually. The pole of attraction for non-screen space is the embodied 

experience of the film goer, and their emplacement in a physical space such as a theater 

or living room. An aesthetic desire to enhance the overall emotional and subjective 

experience of the audience, and filling out their space with a more immersive acoustic 

environment can easily exceed the requirements of filling out unseen sounds continuous 

with the film-world beyond the screen edges, since the sounds in the surround channels 

can be ‘nondiegetic’ (not part of the storyworld), consisting of dramatic ‘whooshes’ and 

‘stings’ to use some of the nomenclature of audio effects categories, or low frequency 

pulses and booms to add visceral sensations to the soundtrack, more felt than heard. At 

the same time, these surround channels may well provide diegetic information, such as 

ambient environmental sounds, or reverberations of diegetic music. Surround mixing 

practices vary between these two poles of attraction of non-screen and off-screen sound 

space, depending on the aesthetic requirements of the moment being rendered. 

 Christian Metz has analyzed the relationship of image to sound in cinema through 

the lens of the general philosophical concepts of substance and attribute which undergird 

his semiotics of the aural object. 

There is a kind of primitive substantialism which is profoundly rooted in our 
culture (and without a doubt in other cultures as well, though not 
necessarily in all cultures) which distinguishes fairly rigidly the primary 
qualities that determine the list of objects (substances) and the secondary 
qualities which correspond to attributes applicable to these objects. This 
conception is reflected in the entire Western philosophic tradition beginning 
with notions put forth by Descartes and Spinoza. It is also clear that this 
“world view” has something to do with the subject-predicate structure 
particularly prevalent in Indo-European languages. (Metz, 1985, pp. 156-
157) 

For Metz, this conceptual scheme is mapped onto film sound practices, whereby 

the image provides the primary substance as the source of sound, and sound itself 

becomes understood as a secondary attribute of its visual substance. An alternative to 

this metaphysical schema (visual-primary-substance / auditory-secondary-attribute) can 
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be found in discourses from perceptual and environmental psychology, such as auditory 

scene analysis (ASA). In this framework, vision gives us rendering of objects while sounds 

render events. 

The goal of scene analysis is the recovery of separate descriptions of each 
separate thing in the environment. What are these things? In vision, we are 
focused on objects. Light is reflected off objects, bounces back and forth 
between them, and eventually some of it reaches our eyes. Our visual 
sense uses this light to form separate descriptions of the individual objects. 
These descriptions include the object’s shape, size, distance, coloring, and 
so on. 

Then what sort of information is conveyed by sound? Sound is created 
when things of various types happen. The wind blows, an animal scurries 
through a clearing, the fire burns, a person calls. Acoustic information, 
therefore, tells us about physical “happenings.” Many happenings go on at 
the same time in the world, each one a distinct event. If we are to react to 
them as distinct, there has to be a level of mental description in which there 
are separate representations of individual ones. (Bregman, 1990, pp.9-10) 

In ASA, a stream refers to the “perceptual representation” and sound or acoustic 

event refer to “the physical cause” (p.10). A stream is analogous to an object in visual 

experience, and our auditory system assigns properties to specific events since many 

things frequently occur at any given time so that we do not perceive a general “mush 

of...properties” (p.11). Audition provides complementary information to vision, conveying 

the acoustic energy that belongs to visual objects as they undergo events. While with 

visual objects things can occlude each other, in the sonic world it is as though all objects 

are transparent to each other. We can hear happenings through or behind objects or 

around corners. 

Fantasound was the first major advancement in the aural construction of 3D sound 

space, and using the ASA concepts corresponds well to the object/event distinction. The 

idea for Fantasia originated in part as a response to the high cost of producing the 

animated short The Sorcerer's Apprentice, which evolved out of the earlier Silly Symphony 

series of cartoons. A short film could never recoup the cost of such a complex combination 

of orchestral recording and animation, but a feature film might (Aldred, n.d.). A specific 

objective of the Fantasound technology was a more sensational rendering of Fantasia’s 

planned Flight of the Bumblebee sequence (Miller, 2002). If we conceive of the bee as the 

object, and its flight the event, we can see the value of moving beyond the 

primary/secondary (or dominant/subordinate) schema imposed by Metz’s analysis since 
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it provides a way to conceive of sound and image in a complementary rather than a 

hierarchical manner. 

It is not surprising that animation provided the content animus to push the 

boundaries of cinema sound. In my experiments and comparisons of various forms of 

moving image content on the Pixelphonics system, an early discovery was that vector-

based content, such as animation and games, seemed to be the most compelling, since 

these forms tend to utilize to a higher degree the overall screen area for articulating 

movement, compared to film and television, which often presents big talking heads in the 

middle of the screen and thus offer comparatively fewer opportunities for spatialized 

aesthetic decisions in the sound design. 

 

Figure 1.8: Disney’s Flight of the Bumblebee (YouTube screen grab). 

The Fantasound system of 1941, a result of technical collaboration between 

Disney, Stokowski and Bell Labs, is similar in its logic to today’s off-the-shelf consumer 

products for home entertainment, presenting moviegoers with left front, center front, right 

front, left rear and right rear channels of audio information, almost the same setup in its 

general concept as many a contemporary living room. There were two main differences 

however: the rear surround channels were not independent audio tracks but rather derived 

from the left and right front channels, and there was no separate low frequency channel 
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for added bass elements. Another important difference is that it employed up to 100 

loudspeakers spread across an auditorium (Karagosian, 2003)! Today’s popular five-

channel systems are actually 5.1 channel systems, where the .1 designates the low 

frequency channel for LFE sounds (low frequency effects, usually in the < 120 Hz (“Dolby 

Information,” n.d.) and each of the five channels is independent of the others in the audio 

information it carries. The .1 LFE channel is only ‘one tenth’ of a channel because it is 

designed to only handle very low frequency sounds rather than the full spectrum from low 

to high frequency ranges. Psychoacoustically, human perception has difficulty spatially 

locating the sources of low frequency sounds, which is why subwoofers can be placed 

more freely in a space to achieve the desired effect. Fantasound also innovated on the 

sound capture side of the system, for example by enclosing orchestra performers within a 

plywood shell of five walled off sections to better isolate the sounds from the different 

groups of instruments when being recorded. 

The new widescreen formats of the 1950s, such as Cinerama and Cinemascope, 

provided the impetus for further developments in the frontal sound field, since their wider 

aspect ratios called for a larger wall of sound to fill them up. “Movie screens are so wide 

that as well as the usual left and right channels, a separate center channel and speaker 

are required to localize dialogue for viewers seated off-center” (Hull, n.d.). This is 

Cinerama (1952) employed seven-channel surround sound, while Cinescope’s The Robe 

(1953) used four-channel sound. (Miller, 2002). Cinerama required five speakers to 

articulate the frontal field (left, left center, center, right center, right) while Cinescope 

employed a more familiar LCRS (left, center, right, surround) setup (FSH). What today we 

call ‘immersion’ entered the industry lexicon a half century ago as the McLuhanesque term 

‘participation.’ As with Wagner’s innovation of hiding the orchestra beneath the plane of 

the stage, new spatial configurations of sound production is a recurring if not preferred 

strategy toward a more intimate and immediate encounter with the moving image. 

The clearly delineated segregation of spaces which had characterized 
previous conditions of motion picture spectatorship gave way to an illusory 
integration of spaces in which images and sounds from the “fictional” space 
of the motion picture appeared to enter the “actual” space of the audience; 
the audience, thus surrounded by images and sounds, felt itself to be a part 
of the space depicted on the screen. Distraction, which (for Siegfried 
Kracauer) epitomized the motion picture experience of the movie palaces 
of the 1920s, in which the architecture of the theater encouraged the 
spectator’s eyes to wander from the screen to the surrounding decor, gave 
way to “participation,” the new entertainment catchword of the 1950s, which 
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was used to describe the audience’s absorption into the spectacular display 
of sound and images arrayed before (and around) them. (Belton, 1992, p. 
154) 

The new widescreen formats, and the new audio configurations developed to 

support them, were an industry response to the adoption in television of the academy 

1.33:1 aspect ratio, the first of many film-television rivalries that would continuously spur 

new formats and technologies of mediation, such as 3D film. While the film industry would 

initially struggle considerably in its competition with television in the 1950s and 60s, this 

would change with the introduction of the VCR, originally produced for recording television 

shows but serving also to reinvigorate film viewing in the home. 

Movie attendance actually increased with the growth of the prerecorded 
video cassette. Films that proved popular in theatrical exhibition proved just 
as popular for home viewing, and in some instances, films that did not do 
well at the box-office fared better in video release. 

The video cassette was not the only element of the video revolution. More 
homes than ever were connected to cable systems, providing viewers with 
still more program sources (and the film industry with still more program 
producing opportunities). The laser disc, the highest quality home video 
program source ever, was introduced. Television set manufacturers began 
to offer products with what might be called high-fidelity picture quality, and 
consumers bought them. Thus “television” became “video,” and the home 
TV set became a “video monitor” to display a wide variety of visual program 
sources, much as stereo systems play music from a variety of sources. 
(Hull, n.d.) 

Prior to these new surround sound formats, a single mono audio channel would 

usually be optically encoded onto the film strip itself, as an optical track visibly readable 

as a waveform, with the film strip exposed for sound using similar optical processes as 

exposing it for images. To encode more channels of sound onto a film strip, magnetic 

encoding could add up to six channels of audio information to the film frames. Four-

channel systems were more common as they were more economically viable, so the total 

amount of space on a film strip for sound did not necessarily translate into the full gamut 

of spatialized sound possibilities. The typical four-channel setup assigned sounds to left 

front, center front, right front and a single surround channel. The surround channel would 

often assign the same signal to multiple speakers at the side and rear of a theatre, and 

was often assigned ambient environmental sounds and other effects, “thus inspiring the 

name ‘effects channel” (Miller, 2002). The Todd-AO widescreen format printed a 65mm 
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negative on a 70mm film, reserving 2.5mm on either side of the image for six audio 

channels: five channels for the front as in Cinerama, and a single mono surround channel. 

 

Figure 1.9: the film strip, and magnetic and optical sound-on-film (Cine Film Identification) 

Experiments in surround dwindled by the end of the 1950s, since the cost of the 

systems were prohibitive for widespread adoption. Later the IMAX systems proved to be 

an interesting exception since the economics have proven viable even to the present day, 

originally introduced in Montreal at Expo ‘67 which featured several multi-screen film 

demonstrations. A more robust IMAX system was installed in the Fuji Pavilion at Expo ‘70 

in Osaka, Japan, and the first permanent installation was in 1971, in Toronto at Ontario 

Place’s Cinesphere. An IMAX image is ten times larger than a 35mm film image, projected 

to heights approaching eight stories (FSH). The sound mix employs a multi-speaker array 

distributing six independent audio channels played from three compact discs. 

As previously mentioned, in music technology “stereo” typically refers to two 

channels of audio, and stereo music recordings were introduced by Decca in 1956 

marketed as FFSS or “Full Frequency Spectrum Stereophonic Sound.” In film sound Dolby 

Stereo was a four-channel technology using four optical tracks of sound, coming into use 
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in 1976 with A Star is Born and popularized in the industry by Star Wars (1977) “with its 

swooping rear channel effects” (Miller, 2002). Dolby Stereo encoded phase-matrixed 

audio information so that surround information could be extracted from the left and right 

channels, which were known as Lt (left total) and Rt (right total). 

Creating four tracks from two leaves a lot to be desired, however. When 
the Center channel is dominant (a condition that occurs whenever dialog is 
present), the Left and Right channels become monophonic. The same 
occurs whenever Surround is dominant. Panning, or any placement of 
sound other than a hard pan to a speaker, becomes very tricky. To work 
around these flaws, a special monitoring device is used that allows the 
mixers to actually hear their mix as it will be heard in the cinema while they 
are mixing. Film mixers who have worked extensively with the process will 
tell you of the many tricks that they have to employ to obtain normal 
sounding results when mixing for the matrix. (Karagosian, 2003) 

In the same year as Star Wars, Dolby released a ‘baby boom’ surround format 

(FSH) which added two low frequency channels for sounds below 200 Hz, and produced 

baby boom mixes for Star Wars and Close Encounters of the Third Kind. Dolby Stereo 

technology was not cost-prohibitive and within range of large scale technical upgrades 

across the theater market, and became widely adopted both by film producers and theater 

chains. In 1983 Lucasfilm’s THX certification system, named after George Lucas’s film 

THX-1138 (1971) further closed the gap between the sound mixing stage and the theater 

space, with the aim of ensuring that film going audiences heard the same sound mix as 

intended by the creative crew of the sound mix, controlling for experience and perceptual 

parameters such as “reverberation, time versus volume, picture sharpness, noise limits, 

and screen properties” (FSH). 

THX is a well-known but often misunderstood name in the cinema 
marketplace. It is commonly thought by the general public, and wrongly so, 
that the Lucasfilm THX program incorporates its own sound format. In fact, 
the THX program is designed to create a system of standard theatres, all 
of which meet criteria produced by THX. In pursuit of their standard, THX 
approves products for use in theatres, which in turn are licensed to use the 
THX name. THX also involves itself in the design of licensee theatre 
facilities, observing isolation from neighboring screens, room 
reverberation, and even HVAC-related noise. THX performs a very real and 
very useful service to the listening public. But they do not produce a sound 
format. (Karagosian, 2003) 

The standard was highly specific, even detailing the exact model of equipment to 

be installed (e.g. a Kintek KT-9 subwoofer for 70mm theaters). It was first used in Return 
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of the Jedi (1983). THX is also integrated with another Lucas Film program, TAP (Theater 

Alignment Program) which, amongst other things, even includes a dedicated 1-800 help 

line for projectionists encountering technical problems (Sergi, 1999). 

THX was only the third major standard for controlling the relationship between what 

sound mixers produced on a soundstage and what film goers heard in their theaters. The 

first such standard, the Academy Curve, was a 50-year standard in calibrating movie 

theaters to reproduce desired sound characteristics, established in Hollywood in 1938. 

The next major standard came into use in 1972 with Dolby’s X-curve EQ, which was 

unrivalled for just a little more than a decade before THX was introduced. In 1987 Dolby 

SR improved on the Dolby Stereo standard with improved frequency response and 

dynamic range, and was first used on Robocop and Innerspace. A short-lived Kodak 

system, CDS (Cinema Digital Sound) premiered with Dick Tracy (1990) using data 

compression technology to reduce file size by a 4:1 ratio, but in its desire to economize 

on the medium, omitted a backup analog track. The failure of the system at several 

screenings contributed to its short run. 

In 1992 surround sound went digital with new technologies such as Dolby Digital 

Surround, DTS, SDDS and EX. Dolby Digital Surround used the optical audio tracks of 

film but encoded the information digitally rather than through analog processes, premiering 

with Batman Returns. (“FSH”). It also added the LFE channel, introducing the now 

prevalent 5.1 format in a digital film format. In 1993, Digital Theater Systems (DTS) 

introduced a 5.1 digital surround system which encoded the sound on separate compact 

discs (CDs) synchronized to the film via timecode, with Jurassic Park (1993) as the first 

film to use DTS technology. Sony Dynamic Digital Sound (SDDS) used a digital optical 

soundtrack like Dolby’s but encoded 7.1 channels of audio information, using five front 

channels (left, left center, center, right center, right), left and right surrounds and the LFE 

subwoofer channel. It also debuted in 1993, used first in The Last Action Hero. In 1999, 

Dolby introduced Dolby Digital Surround EX, a 6.1 system which added to the 5.1 

configuration a center rear channel. Lucasfilm’s Star Wars: Episode One– The Phantom 

Menace as the first film to use EX. 
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Figure 1.10: close-up on the 35mm film strip ‘real estate’ for sound. “From left to right is: (1) the edge of the 
picture area, that occupies approximately four perforations in height; (2) the DTS format time code track; (3) 
the analog Lt/Rt sound track; (4) the Dolby Digital sound on fi lm track between the perforations; and (5) one-
half of the Sony SDDS digital sound on fi lm sound track; the corresponding other half is recorded outside the 
perforations on the opposite edge of the film.” (Holman, 2007, p.22). 

If today’s cinema audio paradigm, as described on the Dolby blog, is ‘object-based 

audio’ it is interesting to note that the thinking of this new audio era still retains strong 

overtones of the preceding multichannel era: “By precisely placing and moving individual 

sounds anywhere in the theater, filmmakers create a virtual reality of sound that puts 

moviegoers in the middle of the movie action” (“A Short History of Cinema Sound,” 2013). 

The enveloping non-screen space of the theater continues to receive much technical 

attention. However, there are some newer emerging technologies which are highly 

suggestive that on-screen sonic space is beginning to attract new innovations. Typically, 

in theater-based cinema sound, the screen is a membrane porous to the sound waves 

emanating from speaker arrays placed behind it. With video screens this kind of effect is 
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only possible by vibrating the screen itself as the sound producing mechanism. The usual 

practice with video of course is to place speakers near or around the screen. The use of 

the video display as a vibrating audio source, in the manner of an acoustic radiator, seems 

to have first come into consumer use in mobile technologies. This was the object of a 

Motorola patent in 2012 (Walters, 2012) while companies such as UK’s Redux have 

produced interactive touchscreen displays in which haptic feedback and sound are 

produced by vibrating LCD or OLED screens (Schroeder, 2017). 

At the 2017 Consumer Electronics Show in Las Vegas, Sony unveiled “the world’s 

first television which can emit sound from the screen itself, removing the need for separate 

speakers” (Barrat, 2017). This technology uses two transducers, like the familiar practice 

of using two speakers to produce stereo images, to create virtual 3D illusions of audio 

objects moving around a screen. The approach of the Pixelphonics prototype, as detailed 

in the next section, is radically different: rather than try to simulate through acoustical 

techniques colocation of sound and image through illusionistic renderings with just two 

emitters, it employs a 2D grid of 32 sound exciters to more precisely articulate the screen 

area without resort to elaborate algorithms and signal processors to simulate the effect of 

sound-image colocation, since it actually places sound sources in very close proximity to 

their visual complement in real time and space.  

Also, it should be said that Sony’s “world first” (the hyperbole appears to belong to 

the journalist, however, not the corporation) vibrating video screen does have a precedent 

in the patent archive from fifteen years earlier. The Acoustic Display Screen (U.S. Patent 

No. 6,389,935, 2002) describes:  

A display screen...comprising a panel having a light reflective surface, 
characterized in that the screen is a distributed mode acoustic radiator 
loudspeaker having a transducer...mounted wholly and exclusively thereon 
to vibrate the radiator to cause it to resonate to provide an acoustic output. 
(Azima et al., 2002) 

The company behind the patent filing, New Transducers Ltd., appears to have 

attempted their first ‘beachhead’ (the term used in entrepreneurial discourse for 

establishing initial market validation for a new product) in health-related technologies 

(Bloomberg.com). The 2002 patent for a vibrating video screen may have been ahead of 

its time, since now there appears to be new industry momentum behind the idea of using 

a screen as a sound emitter, especially with video displays increasing in size, which 
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increases the effect of audiovisual dislocation as the speakers are moved further away 

from the visual sources rendered in the media. Thus, we find that both miniaturization (the 

shrinking screens of ubiquitous wearable and mobile technologies) and the increasing 

screen areas of video screens (which can support higher resolutions such as 4K video) 

seem to be driving new forms of audio emission from the image plane itself. The usual 

spatial separation between audio and visual information, through speakers and screens 

respectively, is no longer a foregone conclusion. 

1.2. Multichannel Audiovisuals 

All multichannel audiovisual systems can be said to take advantage of general 

neurocognitive features involving the use of separate processing pathways for spatial 

and semantic information. Broadly speaking, today it is theorized that there is a semantic 

‘what’ system and a spatial ‘how’ system by which our neurology encodes positional and 

semantic information separately and simultaneously, regardless of the significance of 

these forms of information for each other. 

There is a large body of behavioral and neurophysiological evidence that 
converges on a view of the primate visual system as comprised of two 
subsystems or information streams…. The current picture...is of a ‘how’ 
and a ‘what’ system. The ‘how’ pathway is based on the dorsal visual 
pathway and is a pragmatic, action-based system controlling sensorimotor 
output in an egocentric reference frame…. In contrast, the ‘what’ system in 
the ventral pathway utilizes an allocentric framework...and is concerned 
with recognition, categorization and other cognitive functions. (Richardson 
and Spivy, 2000, p. 289) 

This differentiation of neuro-processing functions perhaps goes a long way toward 

explaining why multichannel sound does not seem to compete with visually-presented 

meanings even as the channel or loudspeaker count can become quite high (22+ channels 

in the case of UHDTV broadcast as described below, or up to 100 speakers as described 

above in the case of Fantasound). 

Multichannel audiovisuals were preceded by extensive experimentations with 

sound and space in musical and operatic practices for over a millennium. The use of space 

as a parameter in the composition of sound can be traced back to  

the call-and-response form of antiphonal music in the medieval period, an 
outgrowth of Gregorian chant. Adrian Willaert working in Venice used a 
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chorus in left and right parts for antiphonal singing, matching the two organ 
chambers oriented to either side of the altar at St. Mark’s Basilica. More 
complex spaced-antiphonal singing grew out of Willaert’s work by Giovanni 
Gabrieli beginning about 1585, when he became principal organist at the 
same church. He is credited with being the first to use precise directions 
for musicians and their placement in more than simple left-right orientation, 
and this was highly suited to the site, with its cross shape within a nearly 
square footprint (220’ x’ 250). In the developing polyphonic style, the 
melodic lines were kept more distinct for listeners by spatially separating 
them into groups of musicians.  

The Berlioz Symphonie Fantastique (1830) contains the instruction that an 
oboe is to be placed off stage to imply distance. The composer’s Requiem 
(1837) in the section “Tuba mirum” uses four small brass-wind orchestras 
called “Orchestra No. I to the North, Orchestra No. II to the East, Orchestra 
No. III to the West, and Orchestra No. IV to the South,” emphasizing space, 
beginning the problem of the assignment of directions to channels!  

Off-stage brass usually played from the balcony is a feature of Gustav 
Mahler’s Second Symphony Resurrection, and the score calls for some of 
the instruments “in the distance”. So, the idea of surround sound dates 
back at least half a millennium, and it has been available to composers for 
a very long time.  (Holman, 2007, pp.2-3) 

The transmission via telephone lines of the Philadelphia Orchestra to an 

auditorium in Washington, DC (discussed above) settled on a 3-channel mix for left, center 

and right loudspeakers. 

Bell Labs engineers described a 3-channel stereophonic system, including 
its psychoacoustics, and wavefront reconstruction that is at the heart of 
some of the “newer” developments in multichannel today. They concluded 
that while an infinite number of front loudspeaker channels was desirable, 
left, center, and right loudspeakers were a “practical” approach to 
representing an infinite number. (p.3) 

Instead of conducting the orchestra, Leopold Stokowski operated a live mixing 

console, balancing the three channels in Washington, DC though he was the music 

director of the Philadelphia Orchestra. The surprise for the remote audience consisted of 

placing loudspeakers behind a curtain transparent to sound to make them believe there 

was an orchestra on the other side, and then dramatically raising the curtain to show that 

they had been listening to a spatialized rendering of a live performance via loudspeakers. 

The performance had explicitly included a singer walking back and forth across the stage, 

to set up the context for the intended illusion. It was Stokowski who pitched the idea of the 

stereophonic mix to Walt Disney for Fantasia, the basis of the short-lived Fantasound 

system. Flight of the Bumblebee actually never made it into the final cut of the film. 
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It was set aside for later inclusion in a work that Walt saw as constantly 
being revised and running for a long, long time. So even that which ends 
up on the proverbial cutting room floor can be influential, as it here invented 
an industry. (p.4) 

Multichannel sound typically refers to the use more than two channels of sound 

reproduction, while spatial audio refers to the unfolding of acoustic events in space. 

Spatial audio, also known as three-dimensional (3D) audio, refers to the 
perception of sound in 3D space and anything that is related to such a 
perception, including sound acquisition, production, mastering, processing, 
reproduction, and evaluation of the sound. (He, 2017, p.7) 

 

Human hearing can extract spatial information through the neurological processing 

of a variety of cues and features in acoustic phenomena, such as: 

(1) Inter-aural time difference (ITD), 

(2) Inter-aural level difference (ILD), 

(3) Spectral cues (monaural, relevant to the anthropometry of the listener), 

(4) Head movement cues (a.k.a., dynamic cues), 

(5) Intensity, loudness cues, 

(6) Familiarity to sound source, 

(7) Direct-to-reverberation ratio (DRR), 

(8) Visual and other non-auditory cues. (p.9) 

 

The general psychoacoustic parameters that convey our sense of a sound’s 

location are well understood. 

The duplex theory of sound localization states that the two main cues of 
sound source localization are the interaural time difference (ITD) and the 
interaural level difference (ILD) which are caused, respectively, by the 
wave propagation time difference (primarily below 1.5 kHz) and the 
shadowing effect by the head (primarily above 1.5 kHz). The auditory 
system decodes the cues in a frequency-dependent manner. 

The main cues are used to resolve in which cone of confusion the sound 
source lies. A cone of confusion can be approximated by a cone having its 
axis of symmetry along a line passing through the listener’s ears and 
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having the apex at the center point between the ears. Direction perception 
within a cone of confusion is refined using other cues, such as spectral 
cues and the effect of head rotation to ITD and ILD. Spectral cues and head 
rotation are considered to mediate elevation and front-back information. 

The precedence effect...is an additional assisting mechanism of spatial 
hearing. It can be regarded as suppression of early delayed versions of the 
direct sound in source direction perception. This helps to perceive the 
sound source directions in reverberant conditions. (Pulkki and Hirvonen, 
2005, p. 105) 

The perception of a sound’s location relative to a listener is typically measured in 

a polar coordinate system, i.e. with a listener’s head at the center of the 3D axes. The 

three axes for measurement of a sound’s location in a polar coordinate system are 

distance (away from a listener), azimuth (left-right horizontal plane), and elevation (up-

down vertical plane). This coordinate system permeates the technical specifications. For 

instance, in a 5.1 surround sound setup, the center front speaker is defined at being placed 

at 0º azimuth, with left and right front speakers defined as being at -30º and 30º 

respectively, and left and right surround channels at -110º and 110º respectively. 

As noted earlier, there are three main categories of audio reproduction system: 

channel-based, object-based, and transform-domain-based (He, 2017). The discussion in 

section 1.1 was primarily with regards to channel-based systems, which are by far the 

most common and familiar. Channel-based systems are the result of a mix process in 

which audio signals are summed and assigned to be presented in predetermined speaker 

locations (e.g. panning dialogue to the center front speaker and sending ambience to rear 

surrounds). Object-based systems associate sound objects with metadata which can 

encode presentation information accompanying the audio files. 

The metadata usually consists of two types: static metadata, such as 
language and on/off time, and dynamic metadata, such as position or 
direction, level, width, or diffuseness of the sound object. Not all audio 
objects are separated. Those objects that collectively contribute to a fix 
sound effect or sound environment shall be grouped and regarded as one 
“larger” audio object. As a result, metadata can be specified for each audio 
object or a group of objects. (He, 2017, pp.16-17) 

Transform-domain-based systems implement analysis and synthesis principles to 

encode and decode a sound field which can be rendered in a variety of acoustic setups, 

based on the speaker array connected to the rendering processor. Examples of these 

systems include Ambisonics and high-order Ambisonics, a line of development begun in 
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the 1970s, and wave field synthesis (WFS) introduced in 1993. Transform-domain 

systems tend to be research rather than consumer oriented: “The transform-domain 

representation is less common and less supported (e.g., recording/reproduction 

equipment) in industry than in academia” (p.17). Ambisonics presents audio information 

in the model of an enveloping sphere, so that the assumed point of audition is at the center 

of the spherical envelope. WFS can “extend the sweet spot to a much wider area by 

approximating the propagation of the primary source using an array of secondary sources 

(loudspeakers)” (p.18). WFS models and synthesize a wavefront based on its analytical 

models, and has had some commercial success with hardware and software products 

from IOSONO Sound and Sonic Emotion. Ambisonics is also found commercially in 

prosumer or audiophile equipment, and in immersive displays such as in 360-degree video 

presentations. 

The broadcast state of the art in surround systems for moving image are 22.2 

channel systems in which upper and lower surrounds are added to the horizontal surround 

array articulated as follows: 

 

Figure 1.11 : 3D rendering of a 22.2 multichannel system for screen-based media (Hamasaki et al., 2008, p. 
42). 
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Table 1.2: the channel configuration of a 22.2 multichannel system (Hamasaki et al.). 

22.2 systems were developed by the Japan Broadcasting System (NHK) for use 

in UHDTV systems (Ultra High-Definition TV). As a format, UHDTV has twice the visual 

resolution of 70mm film, has a viewing angle of 100° (relative to HDTV’s viewing angle of 

30°) and uses an array of pixels 4320 x 7680. Subjective evaluation measures, using 

semantic differential methods, have been used to compare the reception by a professional 

audience of these systems to the more common 5.1 and stereo audio systems. The 22.2 

multichannel array outperformed the other systems on most measures, as summarized 

below: 
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Figure 1.12: “Evaluations of 2.0, 5.1, and 22.2 channel sound systems using a large screen” (p. 47). 

The industry outlook is that the demand for more audio channels will continue to 

increase, especially with improvements in processor speeds, available bandwidth, and 

storage capacities. Improvements in other areas of sonic representation, frequency and 
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dynamic range are considered by engineers to be “saturating functions” (Holman, 2007, 

p.18) because improvements beyond the present thresholds produce either frequencies 

that we cannot hear, or volume levels that cause physical damage to our bodies. By 

contrast, the number of audio channels is an “asymptotic function” where 

the quality rises as the number of channels increases, but with declining 
value as the number of channels goes up. Many people have experienced 
this, including the whole marketplace. The conversion from mono to stereo 
happened because all of the audience could hear the benefit; today stereo 
to 5.1 is thoroughly established as an improvement. Coming at the question 
from another point of view, English mathematician Michael Gerzon has 
estimated that it would take 1 million channels to transmit one space at 
each point within it into another space, while James Johnston then at AT&T 
Labs estimated that 10,000 channels would do to get the complex sound 
field reproduced thoroughly in the vicinity of one listener’s head. With actual 
loudspeakers and interstitial phantom images, Jens Blauert in his seminal 
book Spatial Hearing has said that about 30 channels would do placed on 
the surface of 1/2 of a sphere in the plane above and around a listener for 
listening in such a half-space. 

Colocation, in this context, creates a new line of development for the proliferation 

of audio channels, in a new direction that can perhaps create increasing returns as the 

surrounding space becomes saturated with loudspeaker arrays. The Pixelphonics 

prototype employs 32 audio channels, a signal flow well within reach of current distribution 

technologies. A channel count of this size was tested for broadcast in Japan, in the tests 

of the new 22.2 channel format: 

A 32-channel digital audio signal sampled at 48 kHz with 24-bit sampling 
was embedded in the MPEG-2 streams, so the 22.2 multichannel sound of 
uncompressed digital audio was transmitted over the IP network from 
Tokyo to Osaka, about 500 km to the west. This transmission experiment 
was also the first time the three-dimensional sound of a large scale musical 
TV program has been live mixed using a 22.2 multichannel sound system. 
(Hamasaki et al., 2008, p.41) 

Furthermore, the PCM-Wave specification (“Multiple channel audio data and WAV 

files,” 2007) allows for the encoding of up to 18 channels in a single audio file. With 

broadband capacity only increasing in coming years, the 32 channels implemented for 

colocative sound design in the present prototype is well within range of contemporary 

transmission and digital format capacities. 
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1.3. Aesthetics of Audiovisual Colocation 

To orient ourselves in the vast field of aesthetic possibilities of sound with moving 

image, we will start to obtain some initial bearings through a possibility matrix consisting 

of two contrasting spectrums of creative decision making. The first spectrum will be from 

Bolter and Grusin’s well-known distinction between immediacy and hypermediation, or the 

polarities in mediation between transparency toward the real and the thickness of the 

medium itself (Bolter and Grusin, 1999). The second spectrum is perhaps more seemingly 

informal but emerges directly from its grounding in the lifeworld of practitioners. Everyday 

creative and professional practices make do with general notions that will here be labelled 

‘mainstream’ and ‘contrarian’ and placed orthogonally to the Bolter and Grusin categories 

to articulate a rich field that summarizes a possibility space within which any work of 

media, especially mass media such as audiovisual forms, can be situated. We will of 

course keep the discussion limited to matters relating to the moving image. 

 

Figure 1.13: possibility matrix for general aesthetic approaches in sound with moving image 

To flesh out how this matrix can be applied to specific examples of film and video, 

the figure below assigns general categorizations to articulate the quadrants of the matrix: 
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Hollywood narrative, music video, art film and experimental video. The image stills shown 

below are from the following sources: 

● Hollywood Narrative: Gone Girl (2014) 

● Music Video: All We Are, “Keep Me Alive” (2015) 

● Art Film: Last Year at Marienbad (1961) 

● Experimental Video: Glass Jaw, Michael O’Reilly (1991) 

 

Figure 1.14: application of the matrix to general aesthetic approaches in moving image practices. 

An interdisciplinary note is warranted here. In humanities discourses, the idea of 

presenting a matrix of vectors structured along binary concepts is redolent of Structuralist 

approaches, which began to fall into disfavor in the 1960s and 70s as Poststructuralist 

approaches became ascendant. A defining historical moment in this discursive transition 

was Derrida’s paper, “Structure, Sign and Play” presented at the conference The 

Language of Criticism and the Sciences of Man at Johns Hopkins University in October of 

1966, later published in the volume based on the conference, The Structuralist 



45 

Controversy: The Languages of Criticism and the Sciences of Man (Macksey and Donato, 

1970). In the coming decades poststructuralist writers would typically target such binary 

thinking as objects for critical destabilizing and disruption. There is an implicit thesis and 

thread throughout some of the arguments presented in this dissertation that such a strong 

animus against all forms of binary logic are no longer appropriate in the contemporary 

moment when digital humanities methodologies are in the ascendant. Computational 

thinking is indissociable from model-building, and the creation of models is a very different 

intellectual activity from critique and the general desire to deconstruct models. If anything, 

the requirements for software design and system building will likely call for forms of 

‘Restructuralism’ in which binary model-building like that of the 50s and 60s are 

rediscovered for their practical utility in the creation of new computational artifacts which 

can integrate humanist thinking in their technical design. For example, the structuralist-

looking matrices above can function quite practically as a touchscreen interface because 

it is articulated cleanly as two dimensional axes capable of being activated by finger 

touches or swipes to produce an output of media files organized by a database logic along 

the same lines. However, it should be clear that a binary logic organized along a spectrum 

– which in digital terms, can be plotted along a scalar ranging in floating point values from 

0.0 to 1.0– or which can be continuously verified empirically through inter-rater techniques 

of validation in its use of specific examples of media, is a very different form of binary logic 

than that typified by the mid-20th century structuralist models founded largely on 

dialectical oppositions characterized by their Aristotelian excluded middles. Thus, insofar 

as such matrices and binaries may appear in the present discourse, they are not used 

naively but rather with an explicit eye on the model-building requirements of humanities 

perspectives informed by the clear and common practical techniques of digital design. 

By far the dominant poesis of multichannel sound has been to produce forms of 

envelopment, situating a listener in the focal center of an omnidirectional sound field 

analogous to the way that in painting perspective organizes a point of view. In relation to 

this is a drive for mimesis, for accuracy in reproduction of sound sources within the 

enveloping 3D space. Whatever theoretical status one may assign to concepts such as 

‘realism’ or ‘fidelity,’ it is undeniable that much technological and creative innovation in 

audiovisual media has been grounded in a rhetoric of the real or the natural as a reference 

for gauging the new experiences by ever ‘improved’ technologies. Mimesis is not a static 
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concept but always undergoing a perceptual threshold shift as we become used to the 

new ‘more real’ percepts produced by new forms of mediation. 

The notion of “fidelity” is not a measure of success in reproduction, but a 
way of assessing a recording’s adherence to a set of evolving conventions, 
like the parallel standards established for such culturally important qualities 
as “realism,” “morality,” or “beauty.” The concept of fidelity is thus a strange 
hybrid of engineers’ aspirations and ideology, serving to mask 
representational nature.” (Altman, 1992a, p.40) 

Strategies for more ‘realism’ sometimes produce irrealities, however, as in the so-

called ‘failure’ of magnetic sound in the 1950s. Originally applied to the new multichannel 

widescreen formats, audiences found the swirling melange of spatially distributed sound 

to be distracting, especially when dialogue was dislocated from its typical assignment to 

the center front loudspeaker. These ‘traveling’ sounds did not necessarily produce new 

pleasures but often new forms of annoyance. “For the first time in film history, offscreen 

dialogue was literally off-screen, emanating from surround speakers on either side of the 

auditorium” (Belton, 1992, p. 163). 

At Paramount, sound engineer Loren Ryder complained that “the 
movement of dialog to follow picture action can be very annoying,” though 
stereo playback could be quite effective for sound effects and music. New 
York Times critic Bosley Crowther found travelling dialogue to be 
distracting and complained that “the business of switching from one to 
another outlet...as the character moves becomes an obvious mechanical 
contrivance that confuses the image on the screen. 

While allegedly ‘more realistic’ than mono, it seemed unnatural to have voices 

emanating from the sides of the theater walls, and mono remained dominant until Dolby 

Stereo in the 1970s. Fidelity can backfire, and audio technologists have to continuously 

refine and evolve their favorite guiding concept as the audience acquires new tastes and 

perceptual thresholds. The long reign of mono, however, should not obscure the 

importance of stereo sound after its introduction with the widescreen formats. 

The majority of theaters chose mono over stereo. But this apparent defeat 
of stereo was not without qualification. One-quarter of movie theaters did 
convert to stereo; by the late 1950s, that amounted to over 10,000 theaters! 
And most of these were large, first-run movie houses. These theaters not 
only conferred prestige on the films (and special film processes) presented 
in them, but they also generated the bulk of the profits for Hollywood 
releases. As Spyros Skouras, president of Twentieth Century-Fox wrote to 
producer David O. Selznick when the latter questions the necessity of 
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stereo sound, “the relatively small number of magnetic-equipped theaters 
contributed 75% to 80% of our income from a picture.” (pp. 156-157) 

The treatment of the surrounding off-screen and non-screen space ranges from 

subtle ambience (e.g. chirping birds and passing traffic) to visceral blasts of bass and 

swirling swooshes and stings to produce sensorial shock and awe. The mimetic tendency 

is not limited simply to producing spatial illusions of location and movements but in the 

case of wave field synthesis, exhibit an almost forensic impulse toward the precise 

reconstruction of a propagating wavefront of sound pressure undulations, sampling the 

wavefront through an array of inputs and reproducing it at the output stage almost as 

though the desire is to teleport a sound’s movement through space. The oscillation 

between diegetic and nondiegetic sound is also in play for multichannel audio as it is for 

any sound even in a mono audio system, with perhaps the main variable being that this 

play can take place beyond the screen edges. 

For Pixelphonics, the non-screen space is not a consideration, though it is a 

system that can be integrated with a complementary surround sound apparatus. With 

audiovisual colocation, the interest lies in rendering a feature of everyday experience, that 

sounds emanate from their sources, not from speakers placed near their sources. Its first 

aesthetic impulse is pointillist and mimetic, rather than enveloping and mimetic as in 

surround sound. It is highly interested in ‘point sources’ (the localized where of an image’s 

auditory complement). If integrated within a surround system, it offers this pointillist 

counterpoint and balance to the ambient swirl of sweeping, overhead, behind the body, 

bass-in-the-bum enveloping and saturating sound of wall-mounted loudspeaker arrays. 

This point-source sensibility perhaps is less interested in immersion than with presence, 

allowing for a new overall sensation of ‘there-ness’ in the moving image since that image 

is multimodal to begin with. This new pointillist possibility also lends itself to enhanced 

kinesis, or the rendering of movement, particularly in vector-based (animated) content. A 

vector after all is an infinite collection of points in a trajectory, and Pixelphonics increases 

the auditory resolution of points-along-a-vector in screen-based motion. As well, it offers 

new possibilities for the use of peripheral vision, since screen edges can be activated in 

new ways by content that might normally tend to favor visual goings-on at screen center, 

and since hearing exceeds narrowly focal vision, the system can offer interactive content 

improved reaction times be signaling the presence of objects outside the visual focal area. 
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While there is no causal or deterministic relationship between technical capacities 

and aesthetic practices, new patterns of practices often consolidate quite quickly as media 

producers and audio engineers explore the capacities and outputs of new systems. For 

example, in the development of 22.2 channel surround systems, the following practices 

and challenges emerged during the audio mix in a short period of time: 

Upper layer 

• Reverberation and ambience 

• Sound localized above, such as loudspeakers hung in gymnasiums and 
airplanes and at fireworks shows 

• Unusual sound such as meaningless sound  

Middle layer 

• Forming the basic sound field 

• Reproducing envelopment  

Lower layer 

• Sounds of water such as the sea, rivers, and drops of water 

• Sound on the ground in scenes with bird’s-eye views 

Sound engineers are also discussing several issues in three-dimensional 
sound mixing. The principal issues are listed below. 

• Effective use of the upper and lower layer 

• Three-dimensional movement of sound sources 

• Creating a sense of elevation 

• Interaction between immersive audio and visual cues (Hamasaki et al., 
2008, p.48) 

In practice, an aesthetic field that may seem ‘wide open’ at first will typically tend 

to condense around recurring themes and solutions to the specific creative problems 

introduced by new technologies. There is nothing prescriptive about the items above (e.g. 

one can render an airplane visually flying overhead through speakers positioned at feet-

level!) but the photorealistic nature of non-animated film and video will tend to produce 

strong fields of attraction toward mimetic approaches and renderings. 
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Moreover, the proliferation of available channels in a 22.2 system doesn’t seem to 

result in ‘throwaway’ channels, with most of the loudspeakers in the surround array 

deemed aesthetically important by the engineers who mix on such systems. A group of 

audio engineers and a sound designer (seven subjects in total) who have mixed with such 

systems were asked to rate, with a reference value of 100, the relative importance of each 

of the channels available to them in a 22.2 mix. Almost all of the channels were rated over 

70 with the exception of upper surround left (U-S-L), upper surround right (U-S-R) and 

upper back center (U-B-C): 

 

Figure 1.15: Audio engineers’ averaged rating between 0-100 of the relative importance of each channel in a 
22.2 multichannel mix (Hamasaki et al., 2008, p. 47) 
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The use of experts as the subjects for qualitative evaluation is a standard aspect 

of ITU research protocol (in the documentation produced by the International 

Telecommunication Union). 

For the selection of listeners, the ITU-R BS.1284 Recommendation...is 
followed. According to this document, expert listeners are preferable to 
non-experts. From the ITU perspective, expert listeners can be defined as 
members of a desired sample population with experience in subjective 
testing. Experts are able to describe an auditory event in detail and can 
separate different events based on specific impairments. They are able to 
describe their subjective impressions in detail and they have a background 
in technical implementations of the systems under test, having detailed 
knowledge of the influence of particular implementations on subjective 
quality. 

Despite the fact that non-expert listeners might be more representative of 
the general population and experts are often too critical, it has been found 
that many non-expert listeners become experts when exposed to 
prolonged system impairments. Therefore, the use of expert listeners gives 
a more reliable and faster indication. Moreover, if the evaluated systems 
are intended to broadcasting applications, the recommendation always 
suggests the use of expert listeners.  

The minimum required number of expert listeners is 10. (Cobos et al., 2015, 
p.368) 

From the example of subjective evaluation of 22.2 multichannel mixing, we can 

infer as a general design premise that most audio channels in a Pixelphonics array will be 

very much aesthetically usable, if not more so since in a surround setup there is no 

expectation that the audience will spend much time looking up, down and around them at 

the loudspeakers, even though they are the actual sources of sound, since there is no 

image content to be viewed in the surrounding space. 

Mimesis, however, as a rhetorical principle of audio production, is often explicitly 

of a compromised sort, with many practitioners giving secondary priority to any notions of 

absolute fidelity and deferring instead to forms of subjective and aesthetic sensibility. 

First, how can the desired naturalness of the stereophonic sound image be 
defined? The simplest theory would be the reproduced sound image must 
correspond to the original sound image. This definition appears to be 
problematic because identity can definitely not be required, in principle, as 
a goal for optimizing the stereophonic transmission technique. Identity may 
conceivably be appropriate for head-referred stereophony, or perhaps for 
the reproduction of a speaker’s voice through loudspeakers, but it is 
probably appropriate to a limited extent only for the reproduction of the 
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sound of a large orchestra through loudspeakers. Aesthetic irregularities, 
poor conditions of room acoustics, as well as the necessity of creating a 
sound image “suitable for a living room” – in other words, the essential 
problems of loudspeaker stereophony– actually force a deviation from 
identity. The desired natural stereophonic sound image should therefore 
meet two requirements: it should satisfy aesthetically and it should match 
the tonal and spatial properties of the original at the same time. (Theile, 
1991, p. 761) 

This passage is interesting in several respects. The notion of “identity” in 

reproduction becomes softened to a fuzzier notion of “matching” the original in tone and 

space. The contingencies of the playback context are acknowledged as being beyond the 

control of the audio engineers and technology (i.e. everyone’s living room is different). 

Most importantly, the goal of aesthetic satisfaction takes the place of a pure ideal of fidelity. 

Later the same author writes about merging “the technical and artistic points of view.” This 

theme of yielding the desire for producing a perfect copy to what one might call the primacy 

of the aesthetic is a recurring theme in the literature on audio reproduction. 

The first significant technological process of matching objects to events in the 

history of sound-film was synchronization, or the matching in time of sounds with their 

images – the rich spectral tonality, dynamic range and spatial articulation of sounds would 

wait several decades for their refinement. With respect to colocated sound design, to draw 

a parallel with its temporal counterpart, synchronicity: if asynchronicity emerged as a 

specific contrarian aesthetic to the dominant popular practice of synchronizing sound, then 

a contrarian approach to colocated audio could be to intentionally displace sound from 

their visualized sources. Asynchronicity, however, as a principle of film editing, did not of 

course imply the playing of sounds out of sync with each other, which would just read as 

a technical error after sync’s technical accomplishment had come to pass. Rather 

asynchronicity emerged as a contrarian approach specifically opposed to what was 

deemed a “slavish” relationship between sound and image created by sync technology. 

This contrarian ethos was expressed very shortly after the dawn of the talkies. In contrast 

to what was perceived as an excessive American naturalism in the sound-image 

relationship, certain European (especially Russian and French) artists and theorists 

advocated for a contrasting approach in which sound and image would work against each 

other akin to counterpoint. In 1928, Eisenstein, Pudomn and Alexandrov issued a short 

manifesto, “A Statement” against naturalism in sound-image representation: 
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Sound recording is a two-edged invention, and it is most probable 
that its use will proceed along the line of least resistance, i.e., along the line 
of satisfying simple curiosity.    

In the first place there will be commercial exploitation of the most 
salable merchandise, TALKING FILMS. Those in which sound recording 
will proceed on a naturalistic level, exactly corresponding with the 
movement on the screen, and providing a certain "illusion" of talking 
people, of audible objects, etc.  

To use sound in this way will destroy the culture of montage, for 
every ADHESION of sound to a visual montage piece increases its inertia 
as a montage piece, and increases the independence of its meaning-and 
this will undoubtedly be to the detriment of montage, operating in the first 
place not on the montage pieces but on their JUXTAPOSITION.  

ONLY A CONTRAPUNTAL USE of sound in relation to the visual 
montage piece will afford a new potentiality of montage development and 
perfection.  

THE FIRST EXPERIMENTAL WORK WITH SOUND MUST BE 
DIRECTED ALONG THE LINE OF ITS DISTINCT 
NONSYNCHRONIZATION WITH THE VISUAL IMAGES. And only such an 
attack Will give the necessary palpability which will later lead to the 
creation- of an ORCHESTRAL COUNTERPOINT of visual and aural 
images. (Eisenstein et al.) 

The reference to music is especially striking because musical practices, 

specifically around the placement of performers across a stage and its rendering as spatial 

audio, would later contribute significantly to many a multichannel naturalist approach! 

A distinction was drawn between the capability of the medium and its employment 

for artistic ends. In 1929 Pudovkin expressed the asynchronist aesthetic in “Asynchronism 

as a Principle of Sound Film.” 

But there is a great difference between the technical development of sound 
and its development as a means of expression. 

What new content can be brought into the cinema by the use of sound? It 
would be entirely false to consider sound merely as a mechanical device 
enabling us to enhance the naturalness of the image. 

The role which sound is to play in film is much more significant than a 
slavish imitation of naturalism on these lines; the first function of sound is 
to augment the potential expressiveness of the film's content.  

It is clear that this deeper insight into the content of the film cannot be given 
to the spectator simply by adding an accompaniment of naturalistic sound; 
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we must do something more. This something more is the development of 
the image and the sound strip each along a separate rhythmic course. 
(Pudovkin) 

If the principle of montage had been built on the clash of opposites, dialectically 

opposing contrasting elements against each other with a film cut, the addition of sound 

literally doubled this doubleness since each cut could contrast two image and two sound 

tracks: “wherever in silent film we had a conflict of but two opposing elements, now we 

can have four.” Note that what is advocated is not a severing of time as a principle of 

diegesis – e.g. the real time of the unfolding narrative– but rather what is proposed is a 

skeptical attitude toward all forms of naturalistic multimodal representation whereby 

visually depicted events are presented with their sonic aspect intact. The specific form of 

contrast and counterpoint advocated by Pudovkin and others was to use sound and image 

to render separately external-objective and internal-subjective sequences. 

Always there exist two rhythms, the rhythmic course of the objective world 
and the tempo and rhythm with which man observes this world. The world 
is a whole rhythm, while man receives only partial impressions of this world 
through his eyes and ears and to a lesser extent through his very skin. The 
tempo of his impressions varies with the rousing and calming of his 
emotions, while the rhythm of the objective world he perceives continues 
in unchanged tempo.  

The course of man's perceptions is like editing, the arrangement of which 
can make corresponding variations in speed, with sound just as with image. 
It is possible therefore for sound film to be made correspondent to the 
objective world and man's perception of it together. The image may retain 
the tempo of the world, while the sound strip follows the changing rhythm 
of the course of man's perceptions, or vice versa. This is a simple and 
obvious form for counterpoint of sound and image. (Pudovkin) 

Also in 1929, René Clair proclaimed that “the world of noises seems far more 

limited than we had thought.” Within just two years of The Jazz Singer, auditory clichés 

were already noticeable to film writers. 

Although the talkies are still in their first, experimental stage, they have 
already, surprisingly enough, produced stereotyped patterns. We have 
barely "heard" about two dozen of these films, and yet we already feel that 
the sound effects are hackneyed and that it is high time to find new ones. 
Jazz, stirring songs, the ticking of a clock, a cuckoo singing the hours, 
dance-hall applause, a motorcar engine, or breaking crockery-all these are 
no doubt very nice, but become somewhat tiresome after we have heard 
them a dozen times in a dozen different films. (Clair, 1929) 
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Clair was in agreement with the Soviet montagists that “It is the alternate, not the 

simultaneous, use of the visual subject and of the sound produced by it that creates the 

best effects.” Writers in this period attuned to the ‘non-slavish’ use of sound (the idea of 

sound as a slave to image has been a constant thread of audiovisual discourses from its 

origins to the present day) often give similar examples of ‘ideal’ uses of sound and image 

for counterpoint. One motif that recurs is the recommendation to use sound depicting 

goings-on in the world and use image to focus on an emotional reaction or response shot. 

Like the objective-subjective polarity in the use of sound-image contrasts espoused by the 

Russian montage school, Clair writes: 

For instance, we hear the noise of a door being slammed and a car driving 
off while we are shown Bessie Love's anguished face watching from a 
window the departure which we do not see. This short scene in which the 
whole effect is concentrated on the actress's face, and which the silent 
cinema would have had to break up in several visual fragments, owes its 
excellence to the "unity of place" achieved through sound. In another 
scene, we see Bessie Love long thoughtful and sad; we feel that she is on 
the verge of tears; but her face disappears in the shadow of a fade-out, and 
from the screen, now black, emerges a single sob.  

In these two instances the sound, at an opportune moment, has replaced 
the shot. It is by this economy of means that the sound film will most 
probably secure original effects. 

Bresson’s famous “Notes on Sound” (1975) likewise express the asynchronist 

aesthetic with great “economy of means,” to use Clair’s phrase: 

● What is for the eye must not duplicate what is for the ear. 

● If the eye is entirely won, give nothing or almost nothing to the ear. 
One can not be at the same time all eye and all ear. 

● When a sound can replace an image, cut the image or neutralize it. 
The ear goes more toward the within, the eye toward the outer. 

● A sound must never come to the help of an image, nor an image to 
help the of sound. 

● If a sound is the obligatory complement of an image, give 
preponderance either to the sound or to the image. If equal, they 
damage or kill each other, as e say of colors 

● Image and sound must not support each other, but must work each 
in turn through a sort of relay. 
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● The eye solicited alone makes the ear impatient, the ear solicited 
alone, makes the eye impatient. Use these impatiences. Power of 
the cinematographer who appeals to the senses in governable way. 
Against the tactics of speed, of noise, set tactics of slowness, of 
silence. 

Writing historically mid-way between the Russian montage theorists and Bresson, 

Béla Balázss theoretical work is more meditative and literary in style, neither manifesto 

nor the short working notes of a master of film craft. Balázs (1952) is particularly interesting 

for this discussion for his poetic description of the effects and limitations of mono. Writing 

in the middle of what Kerins (2011, p.329) has called ‘The Mono Era’ (1927-late 1970s), 

Balázs pays considerable attention to mono’s lack of spatial detail. 

Sounds Throw No Shadow   

Auditive culture can be increased like any other and the sound film is very 
suitable to educate our ear. There are however definite limits to the 
possibilities of finding our way about the world purely by sound, without any 
visual impressions. The reason for this is that sounds throw no shadows. 
In other words that sounds cannot produce shapes in space. Things which 
we see we must see side by side; if we do not, one of them covers up the 
other so that it cannot be seen. Visual impressions do not blend with each 
other. Sounds are different; if several of them are present at the same time, 
they merge into one common composite sound. We can see the dimension 
of space and see a direction in it. But we cannot hear either dimension or 
direction. A quite unusual, rare sensitivity of ear, the so--called absolute -is 
required to distinguish the several sounds which make up a composite 
noise. But their place in space, the direction of their source cannot be 
discerned even by a perfect ear, if no visual impression is present to help.  

It is one of the basic form- problems of the radio play that sound alone 
cannot represent space and hence cannot alone represent a stage.  

Sounds Have No Sides   

It is difficult to localize sound and a film director must take this fact into 
account. If three people are talking together in a film and they are placed 
so that we cannot see the movements of their mouths and if they do not 
accompany their words by gestures, it is almost impossible to know which 
of them is talking, unless the voices are very different. For sounds cannot 
be beamed as precisely as light can be directed by a reflector. There are 
no such straight and concentrated sound beams as there are rays of light.  

The shapes of visible things have several sides, right side and left side, 
front and back. Sound has no such aspects, a sound strip will not tell us 
from which side the shot was made.  [italics added] 
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These passages almost read like a film critic’s prayer for someone to invent Dolby 

Stereo, a film critic who perhaps never experienced Fantasound on one of its two 

American systems, which one would expect of a Hungarian Jewish writer of German 

descent. Mono is indeed “one common composite sound” and lacks the spatial form that 

visual images possess by default. Balázs does note one spatial capacity of mono, which 

is the same capacity of any amplified technology, namely that sound amplification allows 

for the audition of subtle and quiet sounds or what he refers to as “the intimacy of sound” 

and the “acoustic close-ups.” Read more closely, Balázs even seems to be anticipating 

audio beamforming technology in his comment that “sounds cannot be beamed as 

precisely as light.” Beamforming techniques applied to audio speakers address if not solve 

this problem today. 

At Philips Research, we have developed technology that enables two 
people in the same room to hear the same audio output at different 
volumes. Based on audio beamforming, this technology is a new 
application of an old idea, made possible by the falling cost of computing 
power. We were granted a patent for our audio beamforming technology in 
2012. 

Imagine two people in a room watching television—say, the Netherlands 
winning in the World Cup.... One is slightly deaf and needs the volume high, 
but the other isn’t interested in soccer and wants the volume low. This effect 
could be achieved by mounting several speakers throughout the room, but 
this solution would require unsightly trailing wires and time-consuming 
installation. Getting the same result from a single array of speakers 
mounted on the TV is an attractive alternative, but is technically 
challenging. We addressed that challenge by creating a detailed 
MATLAB® simulation that provided us with a means of calculating the 
loudspeaker parameters we needed for beamforming. (de Brujin, 2013) 

Echoing the French and Russian theorists, Balázs echoes approval of 

asynchronism as an aesthetic principle. 

Asynchronous Sound    

In a close-up in which the surroundings are not visible, a sound that seeps 
into the shot sometimes impresses us as mysterious, simply because we 
cannot see its source. It produces the tension arising from curiosity and 
expectation. Sometimes the audience does not know what the sound is 
they hear, but the character in the film can hear it, turn his face toward the 
sound, and see its source before the audience does. This handling of 
picture and sound provides rich opportunities for effects of tension and 
surprise.  
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Asynchronous sound (that is, when there is discrepancy between the things 
heard and the things seen in the- film) can acquire considerable 
importance. If the sound or voice is not tied up with a picture of its source, 
it may grow beyond the dimensions of the latter…. The surest means by 
which a director can convey the pathos or symbolical significance of sound 
or voice is precisely to use it asynchronously.    

A more moderate position, between slavishness and asynchronicity, is often 

expressed by film sound practitioners, who rightly note that these two tendencies are often 

found used within the same film, alternating across scenes or cuts. 

Image and sound are linked together in a dance. And like some kinds of 
dance, they do not always have to be clasping each other around the waist: 
they can go off and dance on their own, in a kind of ballet. There are times 
when they must touch, there must be moments when they make some sort 
of contact, but then they can be off again…. Out of the juxtaposition of what 
the sound is telling you and what the picture is telling you, you (the 
audience) come up with a third idea which is composed of both the picture 
and the sound and resolves their superficial differences. The more 
dissimilar you can get between picture and sound, and yet still retain a link 
of some sort, the more powerful the effect. (Paine, 1985, p. 356) 

Synchronous sound establishes several orders of synchronicity. First, as a 

baseline of audiovisual multimodal technology (sound, image, music, color, light, text, 

gesture, movement, and all the sensory modalities that sound-film can evoke and make 

use of as its material), it produces its ‘naturalistic’ or, alternately, ‘illusionistic’ effects of 

sound and image fusion. Secondly, this solidifies the temporal diegesis so that 

asynchronous events of contrasting image/sound and objective/subjective renderings all 

still can be said to be occurring “at the same time.” A third order might be said to be 

introduced with sound-driven montage, where an auditory rhythm in the soundtrack 

motivates abrupt changes in image content based on the auditioned beats. 

The most general practical statement about Pixelphonics that can be made is to 

say that it offers a new affordance for audiovisual media. The concept of affordances was 

developed in Gibson’s environmental psychology (1966) to describe the action 

possibilities for organisms that emerge in sensorimotor interaction with their environment. 

While the term today is usually associated with its popularization by Don Norman in the 

field of design (Norman, n.d.), its origins can be traced back to Kurt Lewin’s 

Aufforderungscharakter which was translated by J.F. Brown in 1929 as invitation character 

and as valence by D.K. Adams in 1931 (Gibson, 1979, p.138), while in 1935 the gestaltist 

Koffka distinguished ‘the behavioral object’ from the ‘geographic object.’ 



58 

The concept of affordance is derived from these concepts of valence, 
invitation, and demand but with a crucial difference. The affordance of 
something does not change as the need of the observer changes. The 
observer may or may not attend to the affordance, according to his needs, 
but the affordance, being invariant, is always there to be perceived. 
(pp.138-139) 

When the constant properties of constant objects are perceived (the shape, 
size, color... [etc.]), the observer can go on to detect their affordances. I 
have coined this word as a substitute for values, a term which carries an 
old burden of philosophical meaning. I mean simply what things furnish, for 
good or ill. (Gibson, 1966, p.166). 

Affordances become known to organisms as they act in their environment, an 

environment that is a medium for information. For Gibson (1986, pp.16-19), certain stable 

and invariant properties in the environment allow it to become a medium. The primary 

media are air and water which have affordances that enable perception and action. In a 

sense these environmental media (air and water) are the limit-conditions for the possibility 

of affordances, since it is the properties of air and water which allow for the knowledge of 

affordances in the first place, since an affordance is a form of information which requires 

a medium. Gibson’s concept of medium 

• is contrasted with substance, in that a detached body can move through it– it is 

“insubstantial” 

• is generally transparent– transmitting, absorbing or reflecting light, “a 
homogeneous medium thus affords vision” 

• transmits waves of vibrations or pressure gradients, the “source of sound 
waves.” All material does, in fact, however living beings cannot dwell inside 
of solids (those that apparently do actually dwell in the voids of solids, filled 
by either air or water) 

• Air or water “allows rapid chemical diffusion” which affords the sense of 
smell. (Filimowicz, 2014) 

If we understand the notion of medium, I suggest, we come to an entirely 
new way of thinking about perception and behavior. The medium in which 
animals move about (and in which objects can be moved about) is at the 
same time the medium for light, sound, and odor coming from sources in 
the environment. (Gibson, 1986, p. 17) 

[B]oth the air and the water tend to be homogenous, although fresh water 
differs from salt water. From place to place, the composition of air changes 
very little and the composition of water changes very gradually, for the 
temporary gradients that arise are dissipated by winds and currents. There 
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are no sharp transitions in a medium, no boundaries between one volume 
and another, that is to say, no surfaces. This homogeneity is crucial. (p.18) 

All affordances share the same, relatively smooth and homogenous, 

environmental media– air and water– and affordances are thus understood as a form of 

“direct perception” (Michaels and Carello, 1981) of action possibilities. To integrate the 

insights of auditory scene analysis with affordance theory, sound, as Bregman suggested, 

affords us knowledge of events. The affordance of a colocative sound design system, 

then, is to add what can be called ‘evental resolution’ to audiovisual media. Gibson 

likewise described sound as a carrier of information about events, but also localization 

and orientation. 

The correspondence of sound waves to their source, in this sense, means 
that information about an event is physically present in the air around an 
event. (1966, p.17) 

The function of the auditory system, then, is not merely to permit hearing, 
if by that is meant the arousal of auditory sensations. Its exteroceptive 
function is to pick up the direction of an event, permitting orientation to it, 
and the nature of an event, permitting identification of it. (p.75) 

Affordance theory as an analytic lens allows us to understand that in the history of 

sound systems for moving image, there has been a constraint on refining listening’s 

orienting and localizing functions imposed by a frontal screen. A listener positioned in the 

middle of a surround array is not supposed to orient and localize sound to such an extent 

that they would be spending much time in a theater looking around them at the side walls 

where the loudspeakers are positioned. 

The most general aesthetic statement to be made about the Pixelphonics system 

is that it offers the possibility for new pleasures in audiovisual media. The contrarian 

framing of a ‘slavish’ relationship between synchronized sound and moving image 

notwithstanding, sonic pleasure has always been at the heart of the mainstream sound-

film. 

This apotheosis of the image as the very reason why audiences all over 
the world flock to Hollywood movies is just a natural step from viewing the 
cinema experience as primarily a visual one and the film auditorium as 
reflecting, almost underwriting, this 'truth' by arranging seats so as to allow 
the audience to worship the screen. However, the undeniable fact that the 
screen is the focus of our 'visual' attention when seated in a cinema 
auditorium does not constitute sufficient evidence to suggest that 
Hollywood addresses its audiences relying solely (or even mainly) on 
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visuals. The relevance of the image should not be interpreted as a 
hierarchical assessment  of what should be seen as worthy of attention.   

Indeed, in the light of the developments which have taken place in the past 
thirty years, there would seem to be enough evidence to suggest that film 
sound has played a key role in Hollywood films' strategy to engage 
audiences and provide them with new 'pleasures'. (Sergi, 1999) 

Two of the primary historical drivers for the production of new auditory pleasures 

in cinema were the aforementioned commercial competition with television and the 

audience’s expectations for higher quality sound acquired in domestic music listening 

practices and technologies. 

[T]he 15-30 generation now expected and demanded powerful sound, 
capable of reaching the listener from a multiplicity of perspectives and in a 
more tangible/physical manner. Similarly, they expected the hardware 
available in theaters to be able both to match those characteristic and to 
compete with the kind of quality they had rapidly got used to hearing not 
only at huge concerts, but also in their house and, increasingly, in their car. 
To a certain extent, this search for a more sensual involvement should not 
be too surprising when we consider that this was also the generation of 
liberated sex and drug consumption on a mass scale. (Sergi, 1999) 

In 1978, America seems sound-obsessed. You can feel the full impact of a 
symphony or rock concert in your living room; you can take it with you in 
your car or in a pocket-sized radio; you can– and must– hear it in a dentist’s 
office or an elevator…. The same age group that buys albums, car radios, 
and expensive stereo equipment– the eighteen- to thirty-year olds– 
supports the film industry. When this audience goes to a theater, they want 
to hear the movie as well as see it. (Paine, 1985, p. 348) 

The auditory pleasures of spatialized audiovisual systems have been empirically 

studied through subjective evaluation of quality. Cobos et al.’s study (2013) is uniquely 

comprehensive, comparing three kinds of surround systems– 5.1, 7.1 and 10.1– and two 

kinds of headphone systems– stereo and binaural 3D – in relation to the video genres of 

movies, sports, music and animation. This research design was motivated by wanting to 

account for multimodal influence of content types in relation to a diversity of sound 

reproduction systems. For our purposes, we can simply note that the best performing 

system tends to be the 10.1 surround, which has the highest number of speakers in its 

array (it is hypothesized that this is due to the addition of a second layer of elevated 

channels), while the worst performing system seems to be regular stereo headphone 

systems, with 3D binaural headphone based systems performing somewhat better than 

these but not as well as any of the surround speaker arrays. It is probably impossible to 
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design a universal binaural system that gets around the fact that everyone’s body, 

especially their head size and shape, is different. Accordingly, the limitations of 3D 

binaural technologies are well-known, featuring a set of problems such as “the ‘inside the 

head’ effect, headphone discomfort and the lack of bass power.” 

The effects of the listener’s body are captured by the Head-Related 
Transfer Function (HRTF), which is the transfer function between the sound 
pressure that is present at the center of the listener’s head when the listener 
is absent and the sound pressure developed at the listener’s ear. While the 
HRTFs of most humans share many similarities, more detailed examination 
reveals subtle differences determined mainly by differences in body shape 
and size among subjects. These subject-dependent differences have been 
shown to play a major role for precise localization. (Cobos et al., 2015, 
p.365) 

The audio system performance across genre types is summarized below. 

 

Figure 1.16: “Audio system preference on an interval scale” (Cobos et al., 2015, p. 377). 

 

 For purposes of understanding the graphic above, note the following (p.370): 

• Frontal sound image quality (FSIQ) This attribute is related to the 
localization of the frontal sound sources. It includes source image quality 
and losses of definition. 

• Impression of surround quality (ISQ) This attribute is related to spatial 
impression, ambience or special directional surround effects. 

• Correlation of source positions derived from visual and audible cues (CSP) 
This attribute evaluates the correct and positive relationship between the 
perceived location of visual elements and their corresponding sound. 



62 

• Correlation of spatial impressions between sound and picture (CSI) This 
attribute is related to the expected correspondence between the spatial 
impressions derived from auditory and visual stimuli. 

• Basic audio quality (BAQ) This single, global attribute is used to judge all 
the aspects that lead to a general impression of the overall perceived audio 
quality. 

If Pixelphonics, in a similar fashion to cinema sound (where developments were 

spurred in part by television and music technologies), has a pleasure drive developed out 

of a general sociotechnical context, it may very well be the interactive screen (e.g. tablet 

and mobile video touch surfaces) that has spurred, in some peripheral ‘inspiring’ manner, 

the new focus on colocative sound design expressed by the prototype. The interactive 

screen has primarily added haptic affordances (touch and vibration) to everyday 

experience of the audiovisual screen, which is concatenated with all the other sensors 

embedded in mobile technology (e.g. accelerometers, gyroscope, compass and 

barometer) (“Sensors,” n.d.). 

Despite being a new device for auditory and visual fusion premised on what could 

be critically construed as fundamentally ‘naturalistic’ and mimetic premises – the 

colocation of sound as the spatial complement to temporal synchronization– colocative 

sound design exhibits at least two contrarian impulse of its own. As should be clear from 

the general context and background of multichannel audiovisual systems, Pixelphonics is 

a break with the dominance of the surround orientation, and is a reinvigoration of the 

frontal plane and the planar surface(s) of the image, being unconcerned with envelopment 

(though not opposed to it, since it can be integrated with surround systems); this is the 

first contrarian streak of the technology. The second contrarian aspect is a breach of what 

Michel Chion has called ‘the audiovisual contract,’ “the agreement to accept the pseudo-

sound-emitters on screen as real” (Carlsson, n.d.). In particular, that part of the contract 

Chion calls ‘Spatial magnetization,’ “the mental relocation of the sound emitter to an object 

on screen” is framed as somewhat ‘deficient,’ surpassable, and in need of an upgrade. 

Audiovisual contract: The audiovisual relationship is not natural but rather 
a sort of symbolic pact to which the audio-spectator agrees to forget that 
sound is coming from loudspeakers and picture from the screen. The 
audio-spectator considers the elements of sound and image to be 
participating in one the same entity or world.   

Magnetization (spatial): Mental spatialization; the psychological process (in 
monaural film viewing) of locating a sound’s source in the space of the 
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image, no matter what the real point of origin of the sound in the viewing 
space is, e.g., one will mentally place a voice as coming from offscreen left, 
in tandem with visual indications about the person speaking, even though 
the sound really emanates from a speaker behind the center of the screen. 
(Chion et al., 1994, pp.222-223) 

The phenomenon described by Chion is known in psychological discourse as “the 

ventriloquism effect” (Cobos et al., 2015, p.368), or the “perceiving speech sounds as 

coming from a different direction than their true direction, due to the perceiver being 

influenced by visual stimuli” (“Ventriloquism Effect,” n.d.). Colocative sound design 

brackets the traditional acceptance of the ventriloquism effect as a norm for film-sound (or 

‘audio-vision’ to use Chion’s term), indeed regards spatial magnetization as ‘too 

mainstream’, taking issue with it to exploit a new opportunity obscured by almost a century 

of focus on envelopment (whether for affective, immersive, participatory or mimetic 

purposes) as a technical and aesthetic strategy for sonically exceeding the screen area. 

A recurring issue noted in the literature on surround sound is that, especially in 

home and other non-theatrical environments, there is no way to control for the great variety 

of physical environments and system setup, and the environment in which sound is 

reproduced can depend much on room layout and a consumer’s budget. A screen-based 

audiovisual colocation system, while not able to control for walls, rugs and furniture, does 

place a strong constraint on the channel array since the audio component is embedded in 

the screen’s surface area. This at least solves for the issue of many past failures in 

domestic multi-channel sound, namely that one cannot expect everyone to buy and install 

the same number of speakers and place them in the same locations in a space in their 

homes and workplaces. 

Although the general advantages of using multichannel audio formats in 
broadcasting seem to be quite clear...the great variety of audiovisual 
contents might cause substantial differences in the perceived subjective 
quality. It has already been shown that different loudspeaker setups have 
a strong influence on TV user experience. (Cobos et al., p. 364). 

It is still too early, of course, to propose a contrarian aesthetic for Pixelphonics, 

though one can make some conjectures. Like sync sound, it functions at a fundamental 

spatiotemporal level as a horizon for content possibilities. Being a new technology for 

colocative sound design that is still in its prototyping stages, it has not matured as either 

a practice or a medium to the point of having identifiable mainstream and contrarian 

aesthetics associated with it. It has an emerging rather than established poetics, with 
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demonstration content exploring various themes through aesthetic vignettes. The general 

possibilities described above inform the experimentations made with the system as it is 

being refined, and to discover, paraphrasing Gibson, what practical and aesthetic forms 

Pixelphonics “furnishes, for good or for ill.” 

1.4. Summary 

We have seen that the idea of colocating sound with the objects depicted in the 

moving image dates back at least to 1903, with Léon Gaumont’s idea that speakers 

positioned behind a screen could be carried around by people moving the sound around 

in real space coordination with the visuals. Multichannel sound formats appeared first in 

music contexts initially to reproduce the relative position of instrumentalists in an 

orchestra, and migrated to cinema via new experimentations in animation with 

Fantasound and the widescreen formats that emerged in the era of commercial 

competition with television. The dominant use, production and aesthetic of multichannel 

systems is to model sonic features in an enveloping 3D space with a listener at its 

center, to produce effects of immersion but also for the non-naturalistic affects or ‘special 

effects’ afforded by such systems. Aesthetic approaches can be plotted along two 

vectors, that of immediacy and hypermediation (Bolter and Grusin’s dialectic of media 

transparency or opacity), or that of mainstream and contrarian spectrums of creative 

decision making. In contrast to the predominant interest in three dimensional auditory 

perspectives, Pixelphonics takes up a unique position by focusing on the plane of the 

image for the composition of sound design. Pixelphonics produces new affordances for 

the localization and orientation toward sounds in moving image media. This interest in 

colocative sound design expressed by the prototype is shared by new developments in 

mobile and television screen development which is beginning to discover the experiential 

possibilities associated with an acoustically vibrating screen. 
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Chapter 2. System, Method and Apparatus for Co-
locating Visual Images and Associated Sound 

Background of the Invention 

2.1. Field of Invention 

This invention relates to the presentation or display of audiovisual works and, in 

particular, to a system, method and apparatus for co-locating visual images and 

associated sound. 

2.2. Description of Related Art 

Since the 1920s, sound and image have been in time with each other, i.e. 

synchronized.  However, mere synchronization does not co-locate visual images and 

associated sound.   

Visual displays include video screens such as television sets, computer monitors, 

flat-panel displays, LCDs (Liquid Crystal Displays), cathode-ray tube displays, LED (Light-

Emitting Diode) arrays, OLED (Organic Light-Emitting Diode) arrays, micro-LED 

(microscopic Light-Emitting Diode) arrays, and ELDs (Electroluminescent Displays); 

projection screens such as slide-tape presentation equipment, slide projectors, film 

projectors; multi-screen displays; and similar devices for presenting or displaying visual 

works. 

Conventional audiovisual displays include a screen acting as a source of (typically 

moving) visual images, and a speaker acting as a source of sound.  Usually with 

conventional audiovisual systems, the audio components are dislocated spatially from 

visual sources and come from separate sources (e.g. speakers next to or arranged 

elsewhere in a room from a video screen). 

Stereophonic sound is a method of sound reproduction that involves recording live 

sound by an array of microphones separated from each other and then playing back the 

recordings on multiple speakers (or stereo headphones) to recreate, as closely as 

possible, the spatial characteristics of the live sound.  Surround sound is a form of 
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stereophonic sound that involves multiple discrete audio channels routed to an array of 

speakers.  In a surround sound system, the speakers are located separately from each 

other with the intention of surrounding the listener.  However, conventional surround-

sound and other stereophonic systems do not involve co-locating the visual images and 

their associated sounds. 

International patent application publication No. WO9601547A2 to Conley et al.. 

discloses piezoelectric patches placed behind a LCD (Liquid Crystal Display) screen of a 

laptop computer.  The piezoelectric patches are placed directly to the back wall of the lid 

of the laptop computer.  The piezoelectric patches form piezo speakers when driven by 

an audio amplifier and transformer, so as to convert the laptop lid into a loudspeaker.  

However, the sound generated by the loudspeaker of Conley et al.. is not co-located with 

associated visual images on the LCD screen. 

United States patent No. 6,389,935 to Azima et al.. discloses an acoustic display 

screen in the form of a projection screen that is also a distributed mode acoustic radiator 

loudspeaker having a transducer mounted wholly and exclusively thereon to vibrate the 

radiator to cause it to resonate to provide an acoustic output.  Azima et al.. disclose that 

the non-directional radiation property of the acoustic panel means that the sound appears 

to come from the general acoustic region of the screen but not from one isolated point.  

Azima et al.. disclose that the acoustic panel of Azima et al.. provides a desirable lack of 

specific sound source localisation.  Thus, the acoustic display screen of Azima et al.. does 

not co-locate visual images and associated sounds. 

Virtual reality (VR) refers to a computer-generated immersive environment 

intended to create a lifelike experience for a user perceiving audiovisual media and/or 

haptic feedback.  The effect of an immersive environment is conventionally created 

through the use of a VR headset having a head-mounted display with a small screen in 

front of the eyes to provide the visual images, and the use of headphones, earphones, or 

nearby speakers to provide the associated sounds.  In the case of headphones or 

earphones, a head-related transfer function (HRTF) simulates a binaural sound that 

seems to come from a particular point in space distal from the user.  In the case of nearby 

speakers, the immersive environment can alternatively be created in specially designed 

rooms with multiple large screens to present the visual images.   
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Augmented reality is a form of virtual reality in which textual or graphical 

information (i.e. a virtual object) is displayed in front of the eyes without blocking natural 

vision of the real world.   The virtual objects are conventionally displayed on an otherwise 

transparent medium, such as glass eyewear. 

Augmented virtuality is the layering of textual or graphical information onto the 

display of a live camera feed. 

Mixed reality systems merge the display of a live camera feed and computer-

generated imagery. 

A VR arcade includes VR booths in which a user typically holds one or two hand 

controllers and wears a VR headset to create an immersive environment within the VR 

booth for a VR game or other VR user experience. 

However, conventional virtual reality, augmented reality, augmented virtuality, and 

mixed reality systems do not co-locate visual images and associated sounds. 

An object of the invention is to address the above shortcomings. 

Summary 

The above shortcomings may be addressed by providing, in accordance with one 

aspect of the invention, an audiovisual co-location system which uses a multichannel two-

dimensional array of sound signals to co-locate video imagery and sound sources, so that 

the perception is created that the sound emanates from the exact screen area of the visual 

cue. The system is composed of a display device with integrated data and audio 

electronics and a two dimensional array of sound exciters.  The system is operable to 

receive an audio signal from an external source. Two types of media can be 

accommodated by the system, each of which has a different method of sound-image co-

location. With the first type, particularly suitable for video or other visual recordation media, 

the audio tracks are produced in advance so that the sounds are positioned along the two 

dimensional array of sound exciters, which receive the audio signal that has been encoded 

for the array. The array can contain any number of channels. The second type, particularly 

suitable for computer-generated graphics such as found in game and virtual world media, 

has a channel routing audio engine which assigns in real time sounds attached to virtual 
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objects to screen areas depending on the real-time current XY location of the object on 

the screen, causing the sound to emanate from that part of the screen. The screen may 

be either a video screen or a surface for projected imagery. In either type of screen, the 

two dimensional array of sound signals is produced internally to the screen’s casing, which 

cause the screen itself to vibrate as the source of the sound. The display device receives 

its audio signals from the array via a single data port in the screen’s casing. The audio 

signals are sent to the display device either by a video projector, video player, game 

console, other media device or the like.    

In accordance with another aspect of the invention, there is provided an integrated 

system for producing the illusion that audio emanates from the screen area in a media 

image associated with the sound.  The system comprises a display device with integrated 

audio electronics interfaced with an external source of audio signal from a media device.  

The display device contains two subsystems: a screen, which may be either a surface for 

projection or a video monitor, and the overall housing with additional embedded audio 

electronics for sound signal distribution. The screen defines the image area that may be 

either projected or screened video.  

The display device can be operable to interface with a video projector, video 

player, or game console or similar device.  The display device can provide either a surface 

for projected imagery or a video screen.  The integrated audio electronics of the display 

device includes a two dimensional array of audio exciters attached to the interior surface 

of the screen.  The data port’s primary role is to receive from the audio source 

synchronized spatially distributed audio signals, which are sent to the appropriate sound 

exciter embedded in the display device.  The display device may also have a video port 

for use if the screen sub-system is a video monitor rather than a surface for projection. 

In circumstances where the signal comes from a linear media source, such as a 

video signal for film or television, the audio component of the video media preferably has 

been prepared in advance in the video post-production phases according to the 

specifications of the system. 

In circumstances where the signal comes from a gaming console or otherwise 

employs real time audio routing, the channel routing audio engine of the game or other 

computer-generated graphics source preferably has the insertion, into the signal chain 
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output, of a channel routing protocol. This protocol assigns virtual (e.g. animated game) 

objects with an audio output channel connected to the final destination in the display 

device.  Such routing of audio to selected sound exciter(s) 

The channel routing in a game’s or other source's audio engine preferably occurs 

by assigning each game or other virtual object its own routing mechanism, which typically 

occurs during the production phase of the game or other computer-generated graphics 

source. 

All audio received or generated by the game or other source's audio engine is 

preferably fed into a mixer for combining signals before being directed to the display 

device. 

In some embodiments, the display device has internal electronics which are not 

visible to viewers, being encased in a housing. 

The external audio source signal output and routing element is preferably housed 

inside of a video projector, video media device, gaming console, or the like, which sends 

the external audio signal to the display device. 

When the external audio source is a gaming console, the content of the game 

preferably has had its audio elements prepared in accordance with the protocols of the 

system. In some embodiments, the key elements of this protocol for gaming are:  

- virtual objects as particular visual images with assigned sounds are 

identified. 

- the X-Y screen coordinates of the sound objects in the virtual world are 

extracted. 

- these X-Y coordinates are processed through logical operators which add 

new information about the sound’s location in the display device. 

- the logical operators control a channel and gating process which assign the 

sound(s) to the appropriate output. 

- this output is sent to a mixer where all sounds are combined for final audio 

processing before being sent to the data port of the display device. 
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- this process is the same and concurrent with all other virtual objects which 

have been given sound elements during the content production phase. 

Such game-based features of protocol also apply in some embodiments to any 

source of computer-generated graphics, including immersive computer graphics for 

example.  Taken altogether, various parts constitute a single system.  The system may 

comprise the display device, with its subsystems of screen and sound exciters, plus an 

audio and data electronics processor.  The external audio source for spatially distributing 

the audio signal into discrete channels for the two dimensional array of sound exciters 

typically transmits the external audio signal for receiving by the system. 

This system produces a novel function, creating the illusion that sound emanates 

from the visual cue at the correct spatial area of the screened image, which may be called 

audiovisual co-location.  Thus, a large visual display is also the sound producing element, 

and images in the screen can have the sounds associated with them in the actual 

spatialized screen area of the image.  This system allows for the colocation of moving 

image and sound. In essence, audio sound sources can be spatially tied to their visual 

sources on a screen. E.g. if an animated bird flies around the screen, its chirping sound 

emanates from the exact screen area where the bird is visualized.   

In accordance with another aspect of the invention, there is provided a system for 

co-locating visual images and associated sounds.  The system includes:  (a) a screen for 

displaying the visual images, the screen having a display surface upon which the visual 

images appear at corresponding areas of the display surface, the visual images having 

associated therewith apparent locations of the visual images, respectively, the apparent 

locations being selected from the group consisting of:  corresponding zones defined within 

an immersive environment surrounding the screen, and the corresponding areas of the 

display surface; and (b) a plurality of sound exciters for producing the associated sounds 

so as to render a location effect of the associated sounds originating from the apparent 

locations of the visual images, respectively. 

The apparent locations may be selected as the corresponding zones.  The plurality 

of sound exciters may form one or more sound walls distal from the screen.  The plurality 

of sound exciters may be operable to receive a spatially distributed audio signal of the 

associated sounds.  The spatially distributed audio signal may include location 
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representations of a plurality of sets of three-dimensional coordinates identifying the 

corresponding zones.  The spatially distributed audio signal may include, in association 

with the location representations, associated representations for rendering the location 

effect.  The associated representations may represent at least one of an audio volume, a 

reverberation, an echo, and a spectral filtering.  The system may further include a 

processor.  The system may further include a memory for storing computer-executable 

instructions for directing the processor to generate the spatially distributed audio signal. 

The apparent locations may be selected as the corresponding areas of the display 

surface.  The location effect may be rendered by the sound exciters being operable to 

vibrate the display surface such that the associated sounds emit from the corresponding 

areas of the display surface, respectively.  The plurality of sound exciters may be operable 

to receive a spatially distributed audio signal of the associated sounds.  The spatially 

distributed audio signal may include two-dimensional location representations of a plurality 

of sets of two-dimensional coordinates identifying the corresponding areas.  The system 

may further include a processor.  The system may further include a memory for storing 

computer-executable instructions for directing the processor to generate the spatially 

distributed audio signal.  The screen may be a video screen.  The screen may be a 

projection screen. 

In accordance with another aspect of the invention, there is provided a method of 

co-locating visual images and associated sound.  The method involves:  (a) displaying the 

visual images on a display surface of a screen at corresponding areas of the display 

surface when the visual images have associated therewith apparent locations of the visual 

images, respectively, upon selection of the apparent locations from the group consisting 

of:  corresponding zones defined within an immersive environment surrounding the 

screen, and the corresponding areas of the display surface; and (b) producing by a 

plurality of sound exciters the associated sounds so as to render a location effect of the 

associated sounds originating from the apparent locations of the visual images, 

respectively. 

Step (a) may involve selecting the apparent locations as the corresponding zones.  

Step (b) may involve producing the associated sounds by the plurality of sound exciters 

forming one or more sound walls.  Producing the associated sounds by the plurality of 

sound exciters forming one or more sound walls may involve receiving by the plurality of 
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sound exciters a spatially distributed audio signal of the associated sounds when the 

spatially distributed audio signal comprises location representations of a plurality of sets 

of three-dimensional coordinates identifying the corresponding zones.  Receiving by the 

plurality of sound exciters the spatially distributed audio signal of the associated sounds 

when the spatially distributed audio signal comprises the location representations of the 

plurality of sets of the three-dimensional coordinates identifying the corresponding zones 

may involve:  receiving the spatially distributed audio signal comprising, in association with 

the location representations, associated representations for rendering the location effect 

when the associated representations represent at least one of an audio volume, a 

reverberation, an echo, and a spectral filtering.  The method may further involve directing 

a processor by computer-executable instructions stored in a memory to generate the 

spatially distributed audio signal. 

Step (a) may involve selecting the apparent locations as the corresponding areas.  

Step (b) may involve rendering the location effect by the plurality of sound exciters 

vibrating the display surface at the corresponding areas so as to emit the associated 

sounds from the corresponding areas, respectively.  Rendering the location effect by the 

plurality of sound exciters vibrating the display surface at the corresponding areas so as 

to emit the associated sounds from the corresponding areas, respectively, may involve:  

receiving by the plurality of sound exciters a spatially distributed audio signal of the 

associated sounds when the spatially distributed audio signal comprises location 

representations of a plurality of sets of two-dimensional coordinates identifying the 

corresponding areas.  The method may further involve directing a processor by computer-

executable instructions stored in a memory to generate the spatially distributed audio 

signal.  Step (a) may involve displaying the visual images on the display surface of a video 

screen.  Step (a) may involve displaying the visual images on the display surface of a 

projection screen. 

In accordance with another aspect of the invention, there is provided a system for 

co-locating visual images and associated sound.  The system includes:  (a) display means 

for displaying the visual images at corresponding areas of a display surface when the 

visual images have associated therewith apparent locations of the visual images, 

respectively, upon selection of the apparent locations from the group consisting of:  

corresponding zones defined within an immersive environment surrounding the display 

means, and the corresponding areas of the display surface; and (b) audio means for 
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producing the associated sounds so as to render a location effect of the associated sounds 

originating from the apparent locations of the visual images, respectively. 

The system may further include:  (c) processing means for generating a spatially 

distributed audio signal of the associated sounds such that the spatially distributed audio 

signal comprises representations of coordinates identifying the apparent locations. 

The foregoing summary is illustrative only and is not intended to be in any way 

limiting.  Other aspects and features of the present invention will become apparent to 

those of ordinary skill in the art upon review of the following description of embodiments 

of the invention in conjunction with the accompanying figures and claims. 

Brief Description of the Drawings 

This application includes drawings which illustrate by way of example only 

embodiments of the invention, as follows. 

 

Figure 2.1: is a block diagram of a display device and an audio source device in accordance with a first 
embodiment of the invention, showing the display device having only one data port; 
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Figure 2.2: is a block diagram of a variation of the display device and audio source device shown in Figure 1, 
showing the display device having two data ports; 

 

Figure 2.3: is an internal view of the display device, showing a two-dimensional array of sound exciters; 
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Figure 2.4: is an internal view of the display device, showing a data port, a DAC (digital-to-analog converter) 
and a multichannel audio amplifier; 

 

Figure 2.5: is an internal view of the display device, showing the two dimensional array of sound exciters, 
the data port, the DAC, and the multichannel audio amplifier; 
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Figure 2.6: is an internal view of the display device of Figure 5, showing a conceptual schematic drawing of 
wiring; 

 

Figure 2.7: is an internal view of the display device of Figure 5, showing a data port for receiving a video 
signal; 
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Figure 2.8: is a sectional side view of a display device according to the first embodiment, showing sound 
exciters attached to a rear side of the video screen; 
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Figure 2.9: is a sectional side view of a modified display device, showing an acoustic sheet for improving 
acoustic performance; 
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Figure 2.10: is a screen shot of a computer game, showing visual images displayed on a number of defined 
screen areas; 

 

Figure 2.11: is a flowchart showing a method of generating a two-dimensional spatially processed and 
combined audio signal, showing parallel sub-methods for each game object; 
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Figure 2.12: is a perspective view of a plurality of separated visual displays with embedded audio 
electronics; 

 

Figure 2.13: is a perspective view of a wall panel having a plurality of adjoining visual displays with 
embedded audio electronics; 
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Figure 2.14: is a perspective view of a virtual reality room according to a second embodiment of the 
invention, showing in see-through form surrounding wall panels having arrays of sound exciters; 

 

Figure 2.15: is a perspective view of the virtual reality room shown in Figure 14, showing three-dimensional 
zones defined within the virtual reality room; and 
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Figure 2.16: is a flowchart showing a method of generating a three-dimensional spatially processed and 
combined audio signal, showing parallel sub-methods for each of a number of virtual objects. 

Detailed Description 

A system for co-locating visual images and associated sound includes:  (a) display 

means for displaying the visual images at corresponding areas of a display surface when 

the visual images have associated therewith apparent locations of the visual images, 

respectively, upon selection of the apparent locations from the group consisting of:  

corresponding zones defined within an immersive environment surrounding the display 

means, and the corresponding areas of the display surface; and (b) audio means for 

producing the associated sounds so as to render a location effect of the associated sounds 

originating from the apparent locations of the visual images, respectively.  The system 

may include:  (c) processing means for generating a spatially distributed audio signal of 

the associated sounds such that the spatially distributed audio signal comprises 

representations of coordinates identifying the apparent locations. 
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 Referring to Figures 1 to 7, the system 10 according to a first embodiment includes 

a display device 12.  The display device 12 is comprised of two elements: (1) the screen 

14, which may be either a projection surface for projection (i.e. projected imagery) or a 

video (monitor) screen; and (2) the integrated data and audio electronics for sound 

distribution.   

 The screen defines one or more image areas that may, separately or together, 

display either projected or screened video. 

 The screen in the first embodiment can be of two kinds or types:  (1) a video screen 

16 (Figures 2 and 7); or (2) a projection screen 18 (Figures 1 and 4 to 6) for receiving and 

then displaying projected video imagery. 

 At least some embodiments of the display device 12 have a built-in data port 20 

for receiving distributed audio signals 22. If the display device 12 contains a video screen 

16 rather than simply a projection surface of a projection screen 18, it will preferably also 

have a video port 24 (Figures 2 and 7) for receiving the video signal 26. 

 The display device 12 typically includes an overall housing 28 (Figures 4 to 7) for 

housing the embedded audio electronics.  Regardless of the display device type, the 

integrated data and audio electronics in the overall display device are similar in at least 

some embodiments of the invention.  The system’s internal electronics are typically not 

visible to viewers, being encased in the display device’s housing 28. 

 Generally, the system and apparatus each include a processor (not shown) and a 

memory (not shown).   

 The processor is typically a processing circuit that includes one or more circuit 

units, such as a central processing unit (CPU), digital signal processor (DSP), embedded 

processor, etc., and any combination thereof operating independently or in parallel, 

including possibly operating redundantly.  The processor may be implemented by one or 

more integrated circuits (IC), including being implemented by a monolithic integrated 

circuit (MIC), an Application Specific Integrated Circuit (ASIC), a Field Programmable Gate 

Array (FPGA), programmable logic controller (PLC), etc. or any combination thereof.  The 

processor may include circuitry for storing memory, such as digital data, and may 
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comprise the memory or be in wired or wireless communication with the memory, for 

example. 

 The memory is typically operable to store digital representations of data or other 

information, including control commands and data, and to store digital representations of 

program data or other information, including program code for directing operations of the 

processor.  Typically, the memory is all or part of a digital electronic integrated circuit or 

formed from a plurality of digital electronic integrated circuits.  The memory may be 

implemented as Read-Only Memory (ROM), Programmable Read-Only Memory (PROM), 

Erasable Programmable Read-Only Memory (EPROM), Electrically Erasable 

Programmable Read-Only Memory (EEPROM), flash memory, one or more flash drives, 

universal serial bus (USB) connected memory units, magnetic storage, optical storage, 

magneto-optical storage, etc. or any combination thereof, for example.  The memory may 

be operable to store digital representations as volatile memory, non-volatile memory, 

dynamic memory, etc. or any combination thereof. 

 The apparatus and system 10 are advantageously suitable for the context of 

consumer electronics– home, school, office and similar indoor environments. The display 

device 12 is typically manufactured as a single piece of equipment with embedded and 

integrated electronics, with its screen area in a 16:9 aspect ratio. Typical lengths of the 

screen area (horizontal dimension) might be 6’, 8’, 10’ and 12’ with respective heights 

typically not to exceed 8’ high when in low-ceiling rooms. However, in some embodiments 

larger custom built systems are designed to specification out of the base components for 

larger installations, such as public or outdoor spaces (described further below with 

reference to Figure 13).   

 In some embodiments, the display device 12 includes a data port 20 in the display 

device’s housing 28 through which the system receives external audio signals, such as 

from an external audio source 30.  External audio signals 22 may be received by the 

system from any suitable audio source 30 such as a video projector, video player, game 

console, other media devices or the like for example.  An external audio source 30 can be 

integrated into or otherwise pre-installed in the video projector, video device, gaming 

console, other media device or the like.  The video projectors, media players, gaming 

consoles, other media devices or the like may be consumer grade electronics.  In some 

embodiments, custom-made computational hardware built to spec, such as by using the 
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same base elements, may be suitably employed for larger installations of the apparatus 

or system. 

 For example, customized installations of the apparatus and/or system 10 

according to embodiments of the invention may be suitably employed at airports, casinos, 

hotels, museums, amusement parks and other large public spaces to create rich effects 

of audiovisual immersion (described further below with reference to Figure 13).  In such 

manner, large scale video-based imagery can capitalize on the movement-spatial 

resources of an installation of the apparatus and/or system 10. This scenario is particularly 

suitable to a projector-based apparatus and/or system 10 according to embodiments of 

the invention (i.e. employing a projection screen 18) because video screens 16 are 

currently not typically manufactured to architectural scales. 

 The role of the data port 20 and related electronics is to receive synchronized 

spatially distributed audio signals 22 received from the audio source 30 and to send it to 

the appropriate sound exciter 32 embedded in the display device 12.  In the first 

embodiment, the integrated data and audio electronics for sound distribution handles 

audio signal 22 distribution for the two dimensional array of sound exciters 32 internal to 

the display device 12. 

 The sound exciters 32 may be of any suitable type of audio emitter, including an 

electrodynamic speaker such as conventional electrodynamic, multi-cell flat diaghragm, 

or coaxial speaker; a flat panel speaker such as ribbon, ionic conduction, planar magnetic, 

magnetostatic, magnetostrictive, or electrostatic speaker; a plasma arc speaker; a 

piezoelectric speaker; a horn speaker; a bending wave  speaker; an air motion speaker; 

a thermoacoustic speaker; a rotary woofer speaker; a digital speaker; other speaker type, 

and any combination thereof for example.  The sound exciters may employ any suitable 

driver type, including a full-range driver, subwoofer, woofer, mid-range driver, tweeter, 

coaxial driver, other driver types, and any combination thereof for example.  

 While the sound exciters 32 are preferably internal to and hidden within the display 

device 12 for convenience and aesthetic purposes, in some embodiments the sound 

exciters 32 are visible from the exterior of the display device 12 and may be mounted 

externally to the display device 12, such as at the rear of the display device 12. 
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 Referring to Figure 8, the screen 14, which may be a video screen 16 or a 

projection screen 18, presents visual images at its front side 34.  Attached at the rear side 

36 of the screen 14 are a number of the sound exciters 32.  Wiring 38 makes electrical 

connections that are typically parallel electrical connections to each of the sound exciters 

32.  The sound exciters 32 are operable to vibrate the screen 14 so as to generate sound 

waves 40 emitted from the screen 14 at its front side 34. 

 Referring to Figure 9, in a variation an acoustic sheet 42 is attached to the screen 

14, such as at its rear side 36, to enhance acoustic performance of the screen 14.  The 

acoustic sheet 42 may be made of any suitable material, including for example a 

composite material.  Examples of a suitable material include aluminum and graphene, 

although other materials and any combination thereof may be employed, for example.   

 Thus, the display device 12 may function as a visual media display and a substitute 

for stand-alone speakers.  For example, the screen 14 may be part of a general 

entertainment system in which the screen surface acts as the sound production 

mechanism for a speakerless AV (audiovisual) system (whether for home or office).  As a 

sonic display, the apparatus and/or system 10 according to embodiments of the invention 

can work with projected media, and can be integrated with a video screen 16 such as an 

ultra-thin OLED video display.  The apparatus and system 10 according to embodiments 

of the invention can work with any media, e.g. games, video, DVD, mp3s, etc., simply by 

distributing mono or stereo audio channels to the grid of sound exciters 32 housed within 

the display device 12.  Referring to Figure 10, embodiments of the invention ascribe audio 

files in tracks, sound files or virtual objects, for example, to a corresponding screen area 

44. 

 Still referring to Figure 10, the screen 14 can be divided up conceptually into any 

number of screen areas 44.  Typically, each screen area 44 corresponds to one sound 

exciter 32 (not visible in Figure 10) attached to the screen 14 directly behind the 

corresponding screen area 44.  When a given visual image, such as a person, animal, 

filmed object, virtual object or other visual object having associated with it an audio track, 

audio file or other associated sound appears on the screen 14 at a corresponding screen 

area 44, an electronic representation of the associated sound is routed to the particular 

sound exciter 32 (Figures 3 and 5 to 9) physically located behind the corresponding area 

44.  Over time, such as during playback of an audiovisual work, the visual image may 
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move from a first corresponding area 44 to another corresponding area 44 and the 

appropriate sound exciter 32 will be employed at each corresponding screen area 44 to 

acoustically emit the associated sound. 

 Referring back to Figure 1, the display device 12 is operable to receive a distributed 

audio signal 22 from the audio source device 30, which may be a video projector, media 

playback device, gaming console, other media device or the like.  As shown in Figure 1, 

the display device 12 in some embodiments has only one data port 20, such that its screen 

surface is particularly suitable for projection-based media. In such embodiments, there 

would be a video projector (not shown in Figure 1) for projecting visual images onto the 

screen surface. 

 Referring back to Figure 2, the display device 12 is operable to receive a distributed 

audio signal from the audio source device 30, which may be a video projector, media 

playback device, gaming console, other media device or the like for example. As shown 

in Figure 2, the display device 12 in a variation of the first embodiment has two data ports 

20 and 24, such as when its screen surface area is a video screen 16.  In such variation, 

the system requires:  (a) a spatially distributed audio signal 22; and (b) a video signal 26.  

In the embodiment shown in Figure 2, the media device 30 can be a gaming console, 

other source of computer-generated graphics, or a media playback device, for example. 

 Referring back to Figure 3, internal to the display device 12 is the two dimensional 

array of sound exciters 32 (indicated by filled circles) attached to the internal surface of 

the screen 14 as part of the integrated electronics. 

 A current prototype uses an array of thirty-two sound exciters 32 mounted to the 

back of an 4’x8’ sheet of Alupanel (TM).  A custom built 32-channel amplifier is given thirty-

two discrete analog signals 22 from an Orion (TM) 32 digital audio breakout box, which is 

connected by USB to a MacPro (TM) running various software.  Other prototypical 

embodiments and variations thereof are within the scope contemplated by the present 

invention. 

 Referring back to Figures 4 and 5, internal to the display device 12 is the integrated 

electronics of a two dimensional array of sound exciters 32 (indicated by filled circles) and 

also:  (a) the data port 20 for receiving the spatially distributed audio signal 22, (b) the 

DAC (digital-to-analog converter) 46, and (c) the multichannel audio amplifier 48 for 
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distributing an amplified audio signal to the two dimensional array of sound exciters 32.  

While such components are preferably internal to and hidden within the display device 12 

for convenience and aesthetic purposes, any one or more of such components can be 

made operable when visible from the exterior of the display device 12 and when disposed 

externally to the display device 12. 

 Referring back to Figure 6, internal to the display device 12 is wiring 38 making 

connections between various of (a) audio data port 20, (b) DAC (digital-to-analog 

converter) 46, (c) the multi-channel amplifier 48, and (d) the two dimensional array of 

sound exciters 32. 

 A memory (not shown) in accordance with some embodiments of the invention 

contains blocks of code comprising computer executable instructions for directing a 

processor (not shown) to parse and/or distribute audio channels of the spatially distributed 

audio signal 22 to the two-dimensional array of sound exciters 32 (indicated by filled 

circles), such as by transmitting the audio channels via the wires 38 shown in Figure 6 

between the multi-channel amplifier 48 and the two-dimensional array of sound exciters 

32.   

 Referring back to Figure 7, internal to the display device 12 is a data video port 24 

for receiving a video signal 26 in embodiments in which the screen 14 is a video screen 

16 instead of surface for projection. 

 Referring to Figure 10, a component of the protocol for content preparation of 

games, other sources of computer-generated graphics, video, or other visual recordation 

media is to add a visual overlay 50 to the image to guide audio post-production engineers 

with a mapping of the two dimensional array of sound exciters 32 to the spatial distribution 

system embedded within the display device 12, thereby facilitating placement of audio 

during content production. 

 Embodiments of the present invention are suitable for use with any video 

production technique, including video production techniques for object-based media in 

which metadata is embedded into production files.  Such embedded metadata may include 

metadata assigning an audio channel (e.g. one of the channels 1 to 32 shown in Figure 

10) representing a screen area 44 to a corresponding co-located sound exciter 32 (Figures 

5 to 7).  Thus, in some embodiments channel assignments to screen areas 44 are 
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accomplished by embedding metadata in audio files such that the metadata maps sounds 

to corresponding channels for co-located audio output. 

 Referring to Figure 11, the audio source 30 (Figures 1 and 2) which sends the 

spatially processed and distributed audio signal 22 (Figures 6 and 7) to the data port 20 

(Figures 1 to 7) of the display device 12 typically has internal logic and signal routing 

capabilities for generating the audio signal 22.  An exemplary method 52 is shown in 

Figure 11 in respect of three exemplary virtual game objects 54 (one of which is shown in 

Figure 10).  Reading from top to bottom in respect of one particular game object 54, at 

step 56 a virtual game object 54 has its X-Y axis coordinates, i.e. its relative spatial position 

in the overall screen area 44, extracted. At step 58, logical operators (e.g. if X== && Y == 

then…) assign the sound associated with the virtual object 54 to a channel gating and 

routing process of step 60, which sends the audio signal – now spatially mapped by having 

been assigned to a channel in the two dimensional array of sound exciters 32 – to a multi-

channel mixer which at step 62 combines all spatially mapped virtual objects for final 

mixing processes before sending the combined audio signal 22 of all virtual objects 54 to 

the display device's data port 20. This overall method applies to each game object 54 in 

the virtual world to which sounds have been assigned. 

 While step 60 is referred to in Figure 11 by the term "channel gating and routing", 

step 60 in variations of embodiments is operable to employ any suitable routing technique 

for routing sounds associated with a game object to a co-located sound exciter 32.  Such 

routing techniques include gating in which a game object appearing on the screen 14 at a 

location bounded by a given screen area 44 is routed to the particular sound exciter 32 

associated with the given screen area 44.  Such routing techniques include panning in 

which sounds moving from one channel and screen area 44 to an adjacent channel and 

screen area 44 are cross-faded by fading out the sound from the first co-located sound 

exciter 32 while fading up the sound in the adjacent co-located sound exciter 32 so as to 

provide a smooth sounding transition as the game object pans across the screen 14. 

 Typically, in the production phases of either video post-production or game design, 

content developers have preferably already treated the audio mix to the specifications of 

the system’s spatial distribution protocol, so that the display device 12 merely has to 

receive an audio signal 22 that has already been spatially distributed.  This data signal of 

distributed audio channels is received by the display device 12 and then internally sent to 
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the internally housed two-dimensional array of sound exciters 32.  The apparatus and 

system 10 according to embodiments of the invention are operable to make use of any 

available codec (coder-decoder) that would work, such as codecs associated with the 

Multichannel Wave (Waveform Audio File Format) PCM (Pulse-Code Modulation) format. 

 The apparatus and system 10 according to embodiments of the invention 

advantageously provide video screens 16 and projection screens 18 that do not require 

external speakers, and which have excellent quality and co-location sound capability. 

  The apparatus and system 10 according to embodiments of the invention are 

advantageously suitable for use in home gaming, and other sources of computer-

generated graphics, because embodiments of the invention work very well with vector-

based imagery (i.e. animated and computer graphics based imagery), such as where a 

gaming console has a USB or other data output with 32+ channels of audio embedded in 

the data signal 22 (e.g. 2 WAVE PCM files, each of which can encode up to 18 channels 

of information). The game has preferably been pre-formatted by the game developer for 

spatially distributed audio output, by allowing the virtual sound objects in the game to map 

their sound effect components according to an XY grid which positions the sound in the 

corresponding screen location 44 (Figure 10).  Embodiments of the invention 

advantageously work with any video game or other source of computer-generated 

graphics having a simple coding modification. This scenario works equally well with either 

projector-based or OLED technology, for example.  

 The apparatus and system according to embodiments of the invention are 

advantageously suitable for use with home video, such as where a video streaming box, 

such as an Apple (TM) TV or Chromecast (TM), has a USB or other data port which could 

in principle output 32+ channels of audio embedded in the data signal 22 (e.g. 2 WAVE 

PCM files, each of which can encode up to 18 channels of information). The video media 

has preferably been pre-formatted by the postproduction company for spatially distributed 

audio output, by allowing individual audio tracks of a multichannel sound mix to be 

allocated according to the XY grid of sound exciters 32, which position the sound in the 

corresponding screen location 44 (Figure 10).  This scenario works equally well with either 

projector-based or OLED technology, for example. 
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  The screen 14 according to variations of the first embodiment can also 

complement traditional surround sound audio formats, because its spatialization is 

restricted to the screen 14 and its image area.  Thus, such variations of the first 

embodiment and traditional surround sound audio are not mutually exclusive, and can be 

combined for simultaneous operation, such as by having a first set of audio channels for 

co-location according to embodiments of the present invention and having a second set 

of audio channels directed to surround-sound speakers appropriately located separately 

from the display device 12. 

 Referring to Figure 12, the apparatus and system 10 according to embodiments of 

the invention are advantageously suitable for work-based telepresence, such as for 

teleconferencing of multiple speakers (i.e. individuals) present on the same video screen 

16, thereby achieving overall media transparency and immersion enhanced by tying the 

speakers’ voices to their position on the video screen 16.  Teleconferencing systems 10 

according to embodiments of the invention would advantageously achieve better 

transparency and telepresence with spatially distributed audio attached to the remote 

participants.  This scenario works equally well with either projector-based or OLED 

technology, for example.  Teleconferencing in some embodiments requires a suitable 

audio breakout box (similar to those described above, e.g. console or streaming device, 

such as the audio source 30 shown in Figures 1 and 2) so that the signal is preformatted 

for display by the screen 14 of the apparatus and/or system 10 according to embodiments 

of the invention. 

 The apparatus and system 10 according to embodiments of the invention are 

advantageously suitable for use in a real-time communications environment which 

combines audiovisual feeds with multi-channel communications to take advantage of the 

apparatus and/or system 10 for the enhanced reaction times afforded by the use of sound 

to draw attention to spatialized visual information. An example of this scenario might be 

real-time drone footage of a special operations raid in which sounds are used to 

distinguish enemy combatants and draw command room personnel’s attention more 

quickly to tagged events and their screen areas through the use of sound.  Such a system 

could advantageously enhance reaction and communication times of mission critical 

decision making.  This scenario works equally well with either projector-based or OLED 

technology, for example. 
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 Still referring to Figure 12, the media-rich workplace environment with high 

information densities across multiple screens 14, such as can be found in process control 

and command-and-control contexts, is particularly suitable for embodiments of the 

apparatus and system 10 in which sound emanates by sound waves 40 from the screen 

areas 44 (Figure 10) across multiple screens 14, tied to various kinds of information in the 

mediated content of the display devices 12. 

The apparatus and system 10 according to embodiments of the invention are 

advantageously suitable for use in a multi-stream video interface, such as where multiple 

streams of video are positioned in a grid across the screen 14 according to embodiments 

of the invention.  For example, multiple channels from a cable television program guide 

can be made available for viewing on the screen.  A user can momentarily ‘tune in’ to the 

audio component of the represented video stream, so that the sound waves 40 come from 

the corresponding area 44 (Figure 10) of the screen 14.  Once selected, the screen display 

would expand to a full-size window and the display device 12 becomes a sonic display 

device as described herein above. This scenario works equally well with either projector-

based or OLED technology, for example. 

Referring to Figures 12 and 13, the apparatus and system 10 according to 

embodiments of the invention are advantageously suitable for the creative and performing 

arts.  For example, there are numerous creative applications, for galleries and 

performance spaces, that can utilize the features of the apparatus and/or system 10 

according to embodiments of the invention. Any kind of media application with moving 

image and sound can be processed and presented on the apparatus and/or system 

according to embodiments of the invention. This scenario works equally well with either 

projector-based or OLED technology, for example. 

Referring to Figure 13, the apparatus and system 10 according to embodiments of 

the invention are advantageously suitable for large scale audiovisual display, which may 

be an array of screens 14,  to create a more immersive experience between moving image 

and sound for the spectators.  Examples of large public spaces suitable for creating 

audiovisual immersion include museums, amusement parks, theme parks, escape rooms, 

virtual showrooms, virtual arcades, retail spaces, and other large outdoor or indoor public 

spaces where the apparatus and system 10 can be customized with respect to scale. 
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The apparatus and system 10 according to embodiments of the invention are 

advantageously suitable for education and simulation.  By way of example only, a 

specialized apparatus and/or system 10 according to embodiments of the invention could 

be developed for education scenarios, e.g. teaching students physics and acoustics or 

other subject matter where animated content might be used for more effective pedagogy. 

In general, the apparatus and system 10 according to embodiments of the invention are 

particularly suited to displaying animated (i.e. vector-based) content.  By way of further 

examples, teachers could incorporate other tools that help in the classroom, e.g. live 

drawing and whiteboard type interactions.  This scenario works equally well with either 

projector-based or OLED technology, for example.  

While the exemplary screens 14 in Figures 1 to 13 are shown as flat screens, the 

screen 14 in some embodiments is curvilinear.  Such curvilinear screens 14 have screen 

areas 44 that wrap around with the curvature of the screen 44, generally without impeding 

the functionality of the present invention to co-locate visual images and their associated 

sounds. 

Thus there is provided a system for co-locating visual images and associated 

sound, the system comprising:  (a) a screen for displaying visual images, the screen 

having a display surface upon which the visual images appear at corresponding areas of 

the display surface, respectively; and (b) a plurality of sound exciters for vibrating the 

display surface to produce sound emitting from said corresponding areas of the display 

surface, respectively.   

The system advantageously provides co-location, which means the perception that 

a sound emanates from the image source. 

Furthermore, the system may include:  (c) a processor for directing to the plurality 

of sound exciters a spatially distributed audio signal comprising a set of audio channels, 

each said audio channel corresponding to a respective sound exciter of the plurality of 

sound exciters, the system being operable to execute codes for directing the processor. 

Embodiments of the invention advantageously associate audio and video signals 

so that sounds are perceived to emanate from the screen surface associated with the 

visual cue for the sound, which is colocation.  Embodiments of the invention 

advantageously allow for customized large scale immersive displays to be created which 
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co-locate moving visual image (e.g. video) and sound (e.g. their associated sound effects), 

and integrate well with other existing audiovisual postproduction technologies and 

workflows, such as soundtrack mixing, game design, or other sources of computer-

generated graphics.   

Second Embodiment 

Still referring to Figure 13, the apparatus and system 10 according to a second 

embodiment is operable to present visual images to the spectators via virtual reality (VR) 

headsets, augmented reality (AR) eyeglasses, or mobile screens.  In such embodiment, 

the large display is made of an array of sound panels 64 housing the sound exciters 32.  

Typically, the sound exciters 32 are embedded in and hidden by the outer surface of the 

sound panel 64, and are operable to vibrate the outer surface so that co-located sound is 

emitted from outer surface, the co-located sound being associated with the visual images 

presented to the spectators by VR, AR, mobile screen or other portable visual media 

technology. 

While Figure 13 shows a flat array of audiovisual (first embodiment) and/or sound 

panels 64 (second embodiment), in general the array may have any suitable shape (e.g 

curvilinear).  The apparatus and system 10 of Figure 13 may be of any suitable size, for 

example. 

 Referring to Figures 14 and 15, another exemplary application would be immersive 

simulations, where virtual environments are made more realistic for training purposes by 

suitable use of the apparatus and/or system 10 according to embodiments of the invention.  

The apparatus and system 10 according to embodiments of the invention are 

advantageously suitable for scientific visualization, for example. 

 The apparatus and system 10 according to embodiments of the invention are 

advantageously suitable for distributed remote environments, such as where a worker 

deep in a tunnel of a dam or mine shaft makes use of an audio element 32 built into the 

surroundings that affords two-way communication between the worker and other 

personnel.  As the worker moves through space, the conversation follows, such as by 

having an embodiment of the invention track their bodily position with sensors and assign 

sound to the appropriate sound exciter 32 based on the movement of the worker through 

the space. Such a communication system implemented by an embodiment of the invention 
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may be particularly suitable where wireless signals cannot be transmitted. In such 

embodiments, the apparatus and/or system 10 can operate as a purely audio display, 

though there could be ‘waystations’ positioned at various points where there is a live video 

feed as well. The idea is to convert the surrounding space itself into a two-way 

communication channel, since engineering-wise any speaker can be made to work like a 

microphone and vice versa. In such embodiments, the apparatus and/or system 10 could 

act as both a microphone and a speaker, with the addition of an analog-to-digital converter 

(ADC) associated with the microphone and a digital-to-analog converter (DAC) associated 

with the speaker, allowing for communication in extreme, distributed and/or remote 

environments. 

 Referring to Figure 14, an enclosure 66 is suitable for use with the apparatus and 

system 10 in accordance with a second embodiment of the invention.  Within the enclosure 

66 is created an immersive environment on the basis of virtual reality (VR), augmented 

reality (AR), augmented virtuality (AV), Mixed Reality (MR), other immersive environment 

technologies, and any combination thereof for example.  The enclosure 66 according to 

the second embodiment is useful as an enhanced VR booth as part of an enhanced VR 

arcade, for example.  In the enclosure 66, a user typically wears a VR headset providing 

visual images that have associated therewith sounds appearing to originate from apparent 

locations within the enclosure 66.  In some embodiments, a mobile screen or eyewear 

glasses are employed to provide the visual images.  The visual images may be real time 

recordings of the real world (i.e. camera vision), virtual objects in an animated or otherwise 

imaginary world, and any combination thereof for example.  In some embodiments, an 

imaginary world is created for the VR user, while visual and/or auditory warnings are 

interjected when the VR user is proximate to real-world objects such as physical walls, 

etc. 

 The enclosure 66 includes walls 68 that have any suitable number of sound 

exciters 32 attached thereto, thus creating sound walls 68.  While Figure 14 shows walls 

68, in general the sound exciters 32 may be disposed in any suitable manner to surround 

a defined volume of space.  For example, the enclosure 66 may be indoors or outdoors.  

Additionally or alternatively, the sound exciters 32 can be mounted on physical wall 68 

panels or suspended from a ceiling or other overhead structure, attached to posts, or 

otherwise disposed at defined locations relative to the immersive environment.  Typically, 

the sound exciters 32 are located at the periphery of the immersive environment or at 
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other locations intended to minimize accidental physical contact between VR users and 

the sound exciters 32. 

 Referring to Figure 15, the immersive environment created within the enclosure 66 

can be divided up into any suitable number of three-dimensional zones 70 to which 

apparent locations of associated sounds can be mapped to.  For example as shown in 

Figure 10, a visual image of a bird flying around, as seen by the user wearing a VR 

headset, will be associated with chirping sounds emanating from apparent locations within 

identifiable zones 70 defined within the three-dimensional immersive environment of the 

enclosure 66.  The sound exciters 32 attached to the sound wall 68 are operated to give 

the effect of the chirping sound originating from the three-dimensional zone 70 where the 

bird is located as it appears to the VR user viewing the display screen of the VR headset, 

thus co-locating the image of the bird and its chirping sound. 

 Various audio mixing techniques can be employed to give the effect of sound, 

emitted by the sound exciters 32 that are attached to the sound wall 68, originating from 

particular zone(s) 70 associated with the apparent locations.  For example, a sound whose 

apparent location is farther away from the VR user's current location can be quieter (i.e. 

have a lower audio volume), have more reverberation, have a longer-time echo, and have 

reduced or no high-frequency spectral content.  In contrast, a sound whose apparent 

location is closer to the VR user's current location can be louder (i.e. have a higher audio 

volume), have less or no reverberation, have less or no echo, and be spectrally brighter 

(i.e. include or emphasize higher frequency spectral content).   

 Thus, the apparatus and system 10 according to the second embodiment is 

operable to display to a VR user a visual image having associated therewith an apparent 

location within the immersive environment; map the apparent location to a corresponding 

three-dimensional zone 70 in the enclosure 66; map its associated sound to a selection of 

one or more sound exciters 32 on the sound wall 68 based on the apparent location of the 

visual image and relative to the current location of the VR user; and emit the associated 

sound from the selected sound exciter(s) 32 with appropriate application of volume, 

reverb, echo, and/or spectral filtering to produce the effect of the associated sound 

originating from the corresponding zone 70; and continue to do so in real time for each 

successive set of visual images. 
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 The zones 70 may be of any suitable size, and may be defined by a range of sets 

of X, Y, and Z coordinates within the immersive environment of the enclosure 66.  In some 

embodiments, each zone 70 is defined by a single set of such X, Y, and Z coordinates for 

a single three-dimensional point within the immersive environment.  Mapping the apparent 

locations of visual images to corresponding zones 70 advantageously facilitates selecting 

the most appropriate sound exciter(s) 32 for emitting the visual images' associated 

sounds.  For example, the X  and Y coordinates may be employed to select a sound exciter 

32 located at a particular location along the planar surface of one of the walls 68, while 

the Z coordinate gives the distance from the walls 68 for the apparent location of the 

associated sound.  It should be noted that the Z coordinate can have a value of nil (or 

equivalent) when the apparent location coincides with the X-and-Y location on the sound 

wall 68 where the sound is being emitted by the selected sound exciter 32. 

 While in some embodiments, the sound exciters 32 are speakers attached to the 

walls 68, the sound exciters 32 in accordance with the second embodiment are operable 

to vibrate the sound walls 68 such that the associated sounds are emitted from the surface 

of the sound walls 68.  While Figures 14 and 15 show the sound walls 68 as having planar 

surfaces, in general the sound walls 68 may have any suitable shape (e.g. curvilinear).  

For example, in some VR arcades each VR booth includes only one continuous sound 

wall 68 encircling the immersive environment defined by the VR booth.  The location of 

each sound exciter 32 on a given sound wall 68 can be suitably defined by X and Y 

coordinates regardless of the overall shape of the given sound wall 68. 

 Referring to Figure 16, a method of generating a three-dimensional spatially 

distributed audio signal according to the second embodiment is shown generally at 72.  

The exemplary method 72 is shown in respect of three virtual objects 74 created for display 

within an immersive environment.   

 Generally, the method 72 is similar to the method 52 of Figure 11, except that the 

spatially distributed audio signal provides location information in three-dimensions. For 

example, at step 76 the given virtual object 74 (one of which is shown in Figure 10) has 

its X-Y-Z coordinates (i.e. its apparent location within the immersive environment) 

extracted.  One channel is generated for each virtual object 74, and the channels are 

combined at step 78 to form the three-dimensional spatially distributed audio signal 

employed by the apparatus and system 10 at the sound walls 68 (Figures 14 and 15). 
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 While Figure 16 references the exemplary virtual objects 74, in general the method 

72 is applicable to any visual images, including virtual-world images, virtual-world game 

objects, real-world images, real-world images in real-time (e.g. real-time camera vision), 

graphical objects, textual objects, foreground images, background imagery, and any 

combination thereof for example. 

 Thus, there is provided a system for co-locating visual images and associated 

sounds.  The system includes:  (a) a screen for displaying the visual images, the screen 

having a display surface upon which the visual images appear at corresponding areas of 

the display surface, the visual images having associated therewith apparent locations of 

the visual images, respectively, the apparent locations being selected from the group 

consisting of:  corresponding zones defined within an immersive environment surrounding 

the screen, and the corresponding areas of the display surface; and (b) a plurality of sound 

exciters for producing the associated sounds so as to render a location effect of the 

associated sounds originating from the apparent locations of the visual images, 

respectively. 

While embodiments of the invention have been described and illustrated, such 

embodiments should be considered illustrative of the invention only.  The invention may 

include variants not described or illustrated herein in detail.  Thus, the embodiments 

described and illustrated herein should not be considered to limit the invention as 

construed in accordance with the accompanying claims. 

What is claimed is: 

1. A system for co-locating visual images and associated sounds, the system 

comprising: 

(a) a screen for displaying the visual images, the screen having a 

display surface upon which the visual images appear at 

corresponding areas of the display surface, the visual images 

having associated therewith apparent locations of the visual 

images, respectively, the apparent locations being selected from 

the group consisting of:  corresponding zones defined within an 

immersive environment surrounding the screen, and the 

corresponding areas of the display surface; and 
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(b) a plurality of sound exciters for producing the associated sounds so 

as to render a location effect of the associated sounds originating 

from the apparent locations of the visual images, respectively. 

2. The system of claim 1 wherein the apparent locations are selected as the 

corresponding zones, the plurality of sound exciters forming one or more 

sound walls distal from the screen. 

3. The system of claim 2 wherein the plurality of sound exciters are operable 

to receive a spatially distributed audio signal of the associated sounds, the 

spatially distributed audio signal comprising location representations of a 

plurality of sets of three-dimensional coordinates identifying the 

corresponding zones. 

4. The system of claim 3 wherein the spatially distributed audio signal 

comprises, in association with the location representations, associated 

representations for rendering the location effect, the associated 

representations representing at least one of an audio volume, a 

reverberation, an echo, and a spectral filtering. 

5. The system of claim 4 further comprising a processor, and further 

comprising a memory for storing computer-executable instructions for 

directing the processor to generate the spatially distributed audio signal. 

6. The system of claim 1 wherein the apparent locations are selected as the 

corresponding areas of the display surface, and wherein the location effect 

is rendered by the sound exciters being operable to vibrate the display 

surface such that the associated sounds emit from the corresponding areas 

of the display surface, respectively. 

7. The system of claim 6 wherein the plurality of sound exciters are operable 

to receive a spatially distributed audio signal of the associated sounds, the 

spatially distributed audio signal comprising two-dimensional location 

representations of a plurality of sets of two-dimensional coordinates 

identifying the corresponding areas. 
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8. The system of claim 7 further comprising a processor, and further 

comprising a memory for storing computer-executable instructions for 

directing the processor to generate the spatially distributed audio signal. 

9. The system of claim 6 wherein the screen is a video screen. 

10. The system of claim 6 wherein the screen is a projection screen. 

11. A method of co-locating visual images and associated sound, the method 

comprising: 

(a) displaying the visual images on a display surface of a screen at 

corresponding areas of the display surface when the visual images 

have associated therewith apparent locations of the visual images, 

respectively, upon selection of the apparent locations from the 

group consisting of:  corresponding zones defined within an 

immersive environment surrounding the screen, and the 

corresponding areas of the display surface; and 

(b) producing by a plurality of sound exciters the associated sounds so 

as to render a location effect of the associated sounds originating 

from the apparent locations of the visual images, respectively. 

12. The method of claim 11 wherein step (a) comprises selecting the apparent 

locations as the corresponding zones, and step (b) comprises producing 

the associated sounds by the plurality of sound exciters forming one or 

more sound walls. 

13. The method of claim 12 wherein producing the associated sounds by the 

plurality of sound exciters forming one or more sound walls comprises 

receiving by the plurality of sound exciters a spatially distributed audio 

signal of the associated sounds when the spatially distributed audio signal 

comprises location representations of a plurality of sets of three-

dimensional coordinates identifying the corresponding zones. 

14. The method of claim 13 wherein receiving by the plurality of sound exciters 

the spatially distributed audio signal of the associated sounds when the 
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spatially distributed audio signal comprises the location representations of 

the plurality of sets of the three-dimensional coordinates identifying the 

corresponding zones comprises:  receiving the spatially distributed audio 

signal comprising, in association with the location representations, 

associated representations for rendering the location effect when the 

associated representations represent at least one of an audio volume, a 

reverberation, an echo, and a spectral filtering. 

15. The method of claim 14 further comprising directing a processor by 

computer-executable instructions stored in a memory to generate the 

spatially distributed audio signal.\ 

16. The method of claim 11 wherein step (a) comprises selecting the apparent 

locations as the corresponding areas, and wherein step (b) comprises 

rendering the location effect by the plurality of sound exciters vibrating the 

display surface at said corresponding areas so as to emit the associated 

sounds from said corresponding areas, respectively. 

17. The method of claim 16 wherein rendering the location effect by the 

plurality of sound exciters vibrating the display surface at said 

corresponding areas so as to emit the associated sounds from said 

corresponding areas, respectively, comprises:  receiving by the plurality of 

sound exciters a spatially distributed audio signal of the associated sounds 

when the spatially distributed audio signal comprises location 

representations of a plurality of sets of two-dimensional coordinates 

identifying the corresponding areas. 

18. The method of claim 17 further comprising directing a processor by 

computer-executable instructions stored in a memory to generate the 

spatially distributed audio signal. 

19. The method of claim 16 wherein step (a) comprises displaying the visual 

images on the display surface of a video screen. 

20. The method of claim 16 wherein step (a) comprises displaying the visual 

images on the display surface of a projection screen. 
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21. A system for co-locating visual images and associated sound, the system 

comprising: 

(a) display means for displaying the visual images at corresponding 

areas of a display surface when the visual images have associated 

therewith apparent locations of the visual images, respectively, 

upon selection of the apparent locations from the group consisting 

of:  corresponding zones defined within an immersive environment 

surrounding the display means, and the corresponding areas of the 

display surface; and 

(b) audio means for producing the associated sounds so as to render 

a location effect of the associated sounds originating from the 

apparent locations of the visual images, respectively. 

22. The system of claim 21 further comprising: 

(c) processing means for generating a spatially distributed audio signal 

of the associated sounds such that the spatially distributed audio 

signal comprises representations of coordinates identifying the 

apparent locations. 

Abstract 

A system for co-locating visual images and associated sounds includes:  (a) a 

screen for displaying the visual images at areas of its display surface, apparent locations 

of the visual images being selected from:  corresponding zones defined within an 

immersive environment surrounding the screen, and the areas; and (b) sound exciters 

rendering an effect of the associated sounds originating from the apparent locations.   

The sound exciters may form sound walls distal from the screen and receive a 

spatially distributed audio signal representing three-dimensional coordinates of the 

corresponding zones, the effect being rendered by at least one of audio volume, 

reverberation, echo, and spectral filtering.   
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The spatially distributed audio signal may represent two-dimensional coordinates 

identifying the areas, the sound exciters vibrating the display surface so the associated 

sounds emit from the areas, the screen being a video screen or a projection screen. 

A processor may generate the spatially distributed audio signal. 
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Chapter 3. Perceptual Studies with a Colocative 
Audiovisual Display 

Abstract 

This chapter describes pilot perceptual studies conducted on the author’s Pixelphonic 

display– a system that colocates visuals and their associated sounds in moving image 

displays. The concept of Pixelphonics is to add a spatial complement to synchronized 

sound, so that audio can now be in place with its image, in addition to being in time with 

it. Various experiments are conducted to better understand the general perceptual 

response to the system, which works by attaching a 2D array of audio exciters to the 

backside of a screen, connected to signal distribution and software. Findings show the 

general efficacy of the system and adequate perceptual resolution for further development 

and refinement of the display. 

Keywords 

audiovisual colocation, visual capture, ventriloquism effect, experimental phenomenology, 

phenomenological psychophysics 

3.1. Introduction to the Prototype 

Pixelphonics2 is a prototype system for the colocation of audio sources with their 

associated visual objects in screen-based media and virtual reality, a technology 

described in international PCT patent filing System, Method and Apparatus for Co-locating 

Visual Images and Associated Sound (International Application No. 

PCT/CA2018/050433). The system is scalable and flexible, and can be adapted for 

screen-based media or virtual reality contexts. In the former, the system is a vibrating 

auditory display which also contains the visual media, while in the latter it comprises a wall 

paneling system that encloses a user engaged with immersive computer graphics in a 

                                                
2 The working name of the technology should not be confused with other companies that may 
employ this name in other industries. Trademarks are based on the classes of industry in which the 
mark is being used. Currently a USPTO search on “Pixelphonics” returns no record matches. 
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virtual reality. Hybrid designs between screen and enclosure can also be adapted for 

augmented and mixed reality applications. 

The prototype produces a new form of multichannel audiovisual display in which 

the associated sound emanates from the specific screen or physical enclosure areas of 

the moving and virtual images, allowing for colocated audio and visuals. The technology 

adds a new perceptual and experiential layer to the technology of synchronized sound, 

which has existed now for over a century, by adding its spatial complement, so that sound 

can now be in place with its image, in addition to being in time with it. In contrast to 

surround sound arrays, which envelop listeners in an ambient sound field, Pixelphonics 

draws attention to areas of screen-based imagery, so that sounds are attached to their 

visual sources within the display analogous to natural perception. In VR contexts, the wall 

panels emit sound in colocation to objects and events in the virtual environment relative 

to the players’ position in real space. In contrast to headphone-based approaches, 

Pixelphonics does not rely on computational methods based on head related transfer 

functions (HRTFs) to produce locational perceptual illusions, but rather takes the more 

literal approach of placing sounds, treated as point sources, in close proximity to their 

visual referents, which extends the localization effect beyond the requirements of a sweet 

spot for an individual listener. 

Pixelphonics colocates audio and visuals through attaching a 2D array of audio 

exciters to the back side of a visual display– which may be either projection-based or ultra 

thin video monitors such as MicroLED or OLED video screens, or wall panels– connected 

to signal distribution and software. The visual display or enclosure itself becomes the 

sound emitter. There is a structural analogue to distributed mode panel radiators (DMPR) 

which produce diffuse, ‘room-filling’ sound. A colocative display, however, is designed for 

dividing up the screen area (which is the radiating panel) into discrete zones for the 

purposes of articulating display areas. At the same time, however, it can also be employed 

as a DMPR if used as a general auditory display.   

In most audiovisual systems, audio is spatially dislocated from visual sources, e.g. 

through detached speakers or headphones. Since with Pixelphonics the screen or 

surrounding surface is the source of the sound, not only is audio tied to the general screen 

and surface area, but through signal processing the audio associated with the visual 

objects emanates from the vibrating surface areas in colocation to the visual cues. This 
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new affordance in audiovisual communication technology harnesses the increased 

temporal resolution of sound to draw attention to screen and spatial areas which may not 

be at the center of focal attention, aims to create more immersive and naturalistic 

experiences, and produces new creative possibilities for media producers. 

Since the system is a general purpose media display, many application areas for 

Pixelphonics have been identified, such as games, video, visual music, art installations, 

communication environments, sonification, video conferencing, escape rooms, simulation-

based training and virtual arcades. The empirical studies presented here have been 

designed to relate closely to the practices of media artists who work with audiovisual 

displays in general and forms of visual music and sound design in particular. 

While the system can work also as a modular wall paneling enclosure for virtual or 

augmented reality applications, the research presented here is restricted to the prototype 

designed for screen-based media using projected video. 

3.2. Related Technologies 

There are several antecedent systems and artworks that share some affinities with 

the Pixelphonics system design. Here I will briefly describe four of these, selecting two 

general purpose systems and two artworks: Acoustic Display Screen, the Allosphere, 

Studies on Canvas and Soxels. 

The Acoustic Display Screen (U.S. Patent No. 6,389,935, 2002) describes 

A display screen...comprising a panel having a light reflective surface, 
characterized in that the screen is a distributed mode acoustic radiator 
loudspeaker having a transducer...mounted wholly and exclusively thereon 
to vibrate the radiator to cause it to resonate to provide an acoustic output. 
(Azima et al., 2002) 

This vibrating screen-as-sound emitter envisioned the display vibrating as a whole, 

and producing a kind of colocative effect through subjective general synesthetic response: 

An acoustic panel built to sufficient size to serve as a projection screen for 
still, film and video images, is thus simultaneously a sound reproducer for 
example for the centre or dialogue channel of home theatre.  
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With the acoustic panel, its uniquely non-directional radiation property 
means that the sound appears to come from the general acoustic region of 
the screen but not from one isolated point. 

When the image is combined with sound on the panel, there is a powerful 
synaesthetic effect. Here the desirable lack of specific sound source 
localization allows the ear/brain sensing combination freely to associate an 
imagined, virtual and approximate location for the sound sources, 
synchronised with the locations presented by the visual image on the 
acoustic surface.  

At the 2017 Consumer Electronics Show, Sony demonstrated a similar video 

screen-as-sound emitter concept (Barrat, Jan. 6th, 2017). It is not clear whether there is 

any connection between this 2002 patent and the 2017 Sony demonstration model. The 

Pixelphonic system, in contrast with these other concepts, partitions the screen area into 

many discrete zones to colocate sounds to their visual cues within the screen area. Also, 

Pixelphonics can work with non-screen-based media, such as VR, when functioning as a 

wall panel system for immersive experiences. 

The Allosphere is a 4-story building at the University of California Santa Barbara 

which is also one of the world’s largest anechoic chambers, in which a large scale 5760 

sq. meter (Smith, Sept 15, 2009) immersive sphere has projected onto it a full 360° 

spherical visual display that uses 26 high resolution 3D capable projectors and 140 

speakers behind an aluminum mesh screen that is opaque to light and porous to sound. 

The Allosphere requires a 60,000 square foot building on a university campus surrounded 

by many research lab clusters and millions of dollars of funding (some of which, for 

example, has come from the U.S. National Science Foundation). The research team 

behind the Allosphere have imagined implementing this technology in planetariums and 

science museums as one trajectory for its wider adoption (Höllerer et al., 2007). 

Studies on Canvas (Batchelor, 2013) and Soxels (“Visuals into Auditory Images 

Transformer”) are both artworks, similar in design to each other but the former conceived 

as an art installation and the latter more as a sound sculpture. 

Studies on Canvas (2004) presents a flat-panel array of loudspeakers 
behind a blank canvas. The work actualizes an acousmatic veil, two-
dimensionally presenting a series of sonic “images” through a “curtained” 
window onto those scenes. As such, it is designed to be viewed like a 
conventional painting and encourages a demeanor of looking or listening 
through that window. (72) 
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Soxels is system for creating sound installation which uses transparent speakers 

that are photosensitive and each have their own mini-audio amplifier to produce sound. 

Soxels can present only very low resolution visual images, since every sound-producing 

element is a large visual pixel. The whole unit produces the kind of imagery one finds on 

low-resolution giant pixel electronic signage. It also exists in several designs, such as 

media facade and an audio-only wall of loudspeakers. 

The Visuals into Auditory Images Transformer is a media facade that 
transforms visuals into auditory images. Here the soundscape and the 
visual reference are directly superimposed on each other by using 
transparent speakers. Image content projected onto the back side of the 
Soxels wall, either by using video projectors, or natural light sources such 
as shadows of people walking by, generate the visuals that are on the very 
same place transformed into an acoustic collage assembled out of 
hundreds or thousands of individual sound sources. The speakers function 
as light waves into sound waves transformers. Thus, each speaker 
becomes equally a visual and a sound pixel. (Visuals into Auditory Images 
Transformer) 

3.3. Interdisciplinary Positioning 

A career ‘hazard’ of interdisciplinary research is that the same work must address, 

and ultimately satisfy, multiple audiences simultaneously, and such audiences will typically 

have highly divergent expectations. I would like to address this point directly through an 

anecdote, noting Van Manen’s insights into their usage in phenomenological inquiry: 

“Anecdote can be understood as a methodological device in human science to make 

comprehensible some notion that easily eludes us” (1990, p. 116). Interdisciplinary 

research typically requires that one interact with others from a wide range of backgrounds. 

In my interactions with various ‘research others’ I have noted a tendency toward a bimodal 

distribution in reactions to the concept of the prototype, which is worth mentioning as an 

audience effect if not as a background motivating factor behind the experiment design. 

Researchers with empirical backgrounds in fields such as cognitive psychology, 

engineering or computing science tend to generate a mostly pessimistic response to the 

idea of colocative media. They cite such phenomena as the ventriloquism effect or poor 

vertical auditory localization as instantly nullifying whatever perceptual gains such a 

system might offer to an imagined listener-viewer-user. Creators of audiovisual media, 

however– e.g. game designers, installation artists, and filmmakers– tend to produce a 

polar opposite response, along the lines of “Wow, that’s really exciting!” as documented 
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in various interview notes. Creators view the system as offering new creative and 

expressive possibilities that they do not otherwise have with stereo or surround sound 

formats. 

Over the years of developing the prototype, this bimodal response to the system’s 

concept has become as predictable as it is amusing to the present author, and I offer this 

anecdote to the reader to allay either these kinds of overly pessimistic or optimistic biases. 

A colocative display does do something different as a way of representing audiovisual 

information, and does offer new creative affordances to practitioners, while at the same 

time it cannot of course overcome fundamental limitations of perceptual organization. My 

own position as the system’s PI has positioned me to be more cautiously optimistic with 

regards to the system’s capabilities and potentials as a general-purpose display format. 

3.4. Material and Methods 

The prototype studied here is constructed of an 8’ x 4’ sheet of Alupanel™ mounted 

within aluminum angle bars lined with weather stripping to dampen vibration, supported in 

a steel reinforced wooden frame. An 8x4 array of 32 audio exciters– 58mm, 8 ohm 25 

watts, Dayton Audio DAEX58FP– is connected to a custom-built 32 channel speaker 

amplifier, which takes as its input the D-Sub output of an Orion 32 AD/DA converter, 

connected to Mac computer through a single USB cable. The system thus has a total 

output capacity of 800 watts. Content scenarios are designed using Max7 as a rapid 

prototyping programming environment, with content prepared for Max in other commonly 

used media applications such as ProTools and Adobe Premier. A typical Pixelphonic 

media file might be comprised of a ProTools mix session bounced to 32 independent audio 

tracks and a video clip, played back through Max later for further interactive processing. 

Alternately, a game engine might have its audio output modified to extract the XY screen 

position of the virtual object for automated channel panning to the appropriate exciter in 

the array. The prototype is projection based, using an Optima HD projector. 
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Figure 3.1: The backside of the Pixelphonic prototype, showing 2D array of audio exciters vibrating the 
Alupanel screen. 
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Figure 3.2: Front side of the Pixelphonic prototype. Here, metallic binder clips are magnetized to the sound 
exciters (unseen, as they are attached to the backside), visually showing their positions. During projection of 
media content these are removed, but sometimes left in place as visual anchors in the experimental design, 
to convey the technology’s concept to participants. 

 

Figure 3.3:  Custom 32 channel speaker amplifier (housing 16 2-channel modules), accepting D-Sub output 
from the Orion 32 and outputting to the exciters via multi-pin connectors. Built by Vancouver-based Sonic 
Farm. 
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3.5. Material and Methods 

The pilot experiments that have been conducted are methodologically grounded in 

experimental phenomenology and phenomenological psychophysics. Debates regarding 

the nomenclature of ‘higher’ versus ‘lower’ order cognitive processes notwithstanding, the 

intent of the experimental designs described below is to traverse several orders of 

perception and cognition, from simpler stimulus-response patterns to more complex 

decision making in the user’s manipulation of percepts. Koenderink (2015) distinguishes 

between a functional cognitive level (neural and mental) and a phenomenological 

structural level (perceptual awareness) with regards to the study of qualities and 

meanings. Koenderink describes these distinctions as being “ontological levels” (p.12) and 

argues that inquiry often traverses these domains without clear “bridging hypotheses.” 

Others however find it difficult to determine how such level determinations can be made 

in the first place. Moreover, there is the additional difficulty of needing to obtain the first-

person account of the raw perceptual data, which further entwines the levels of 

neurocognitive activity and subjective awareness. 

[W]here exactly drawing the line between a simple conscious sensation– 
something to be preserved– and additional metacognitive processing– 
something to be excluded– is not at all obvious. As a matter of fact, the act 
itself of reporting, even in the most natural way, a conscious sensation is 
already adding an extra load. (Grgič and de’Sperati, 2013, p.104) 

In traditional psychophysics, the natural perceptual experience is 
transformed...by asking observers to judge certain aspects of the stimulus, 
which engages mechanisms normally not involved in the perception of the 
natural scenes. (Kubovy and Gepshtein, 2002, p.18) 

The way the experiments discussed below address this issue of the additional load 

required for reporting experience is to obtain the records and reports entirely in the form 

of a data log of behaviors as participants make decisions about percepts over which they 

have some control. Thus, the participants’ attention and focus is on their perceptions and 

their actions, not the description of their perception. The descriptive component arrives 

later from the analysis of the data log through various exploratory, descriptive and 

inferential statistical methods (discussed in detail later in each experiment’s section). No 

additional cognitive load for communicating with the researcher is imposed on the 

participants, who are not reporting their perceptions to the researcher but are attending to 

the interface-based tasks they have been given for manipulating the percepts. These 
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experiments are implementations of what Gallagher (2003) has called “front-loaded 

phenomenology,” in which phenomenological insights are woven into the experiment 

design: 

[T]he idea is to front load phenomenological insights into the design of the 
experiments, that is, to allow the insights developed in phenomenological 
analysis...to inform the way experiments are set up. (p.7). 

[A]ccording to this approach, one can incorporate the insights of 
phenomenology into experimental protocols without training the subjects in 
the method. 

Gallagher describes an experiment conducted by neurocognition researchers 

which shares a similar approach as the colocation studies presented below, using 

technological means to obtain subjective data, rather than tasking the participants with 

making verbal descriptions: 

[The participants] are instructed to lead or to follow or simply to observe 
another image on the screen. No reports are required of the subjects; a 
PET scan images areas of their brains as they perform their movements.  

 

Figure 3.4: Example of the data log produced in Max7 for experiment 1. 
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In the three experiments that follow, what produces the original set of 

phenomenological insights that are front-loaded into the experiments is the investigator’s 

(the present author) own first person experience with the system, which yields the first 

lines of inquiry for experimental testing with others. Front-loaded phenomenology 

dispenses with training participants in phenomenological method. The only training 

employed is simply that required to understand the tasks to perform with the interface, 

rather than training in giving phenomenologically bracketed accounts of their experience. 

In this way, all additional load imposed by traditional introspection and verbal accounts 

are avoided, while access to first person experience is still given in the data log through 

recording the participants’ actions and selections. Gallagher and Sørensen (2005) offer 

yet a further expansion of front-loaded phenomenology by considering that 

[U]sing phenomenological method or insight in scientific experiments also 
involves experimenting with the very notion of phenomenology as found in 
the philosophical tradition initiated by Husserl. In light of the actual 
empirical use that is being made of phenomenology there is an ongoing 
debate about how phenomenology can be naturalized. (p.130) 

The specific form of bracketing (suspension of the natural attitude) which occurs 

in experiments with colocative media displays is the habit of assigning spatial 

correspondence to image and sound purely based on temporal synchronization. This habit 

of mind becomes foregrounded as a constituting act of consciousness once attention is 

shifted towards spatial instead of temporal correspondence between sound and image. 

The data logs of the experiments then capture the intentional aspects of colocation by 

recording the final selections participants make as they oscillate between their familiar 

experience of spatial-synesthetic effects based in synchronization versus attending to the 

spatial articulation of sound and image within the plane of the image. 

The experiments do make some use of classic psychophysical experimental 

design– e.g. forced choice, a data log of simple task performances, randomization, and 

simple sound sources in experiment 3– but also considers wider ecological validity to 

move beyond the limitations of the highly restricted and somewhat artificial experimental 

context where the percepts are usually at a far remove from the kind of material that 

creative practitioners would typically be working with. The activities of participants in the 

research design are modeled as that of an end-user of the system in a production or 

reception context such as content creation or calibration of media hardware, where 

aesthetic judgements and more prolonged consideration of percepts would come into play. 
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This aspect brings the studies closer to empirical phenomenological rather than classic 

psychophysical concerns. I will use the term ‘percepts’ rather than ‘stimuli’ to indicate the 

types of material presented to participants for perceptual evaluation. ‘Stimuli’ would be an 

apt term to apply to ABA patterns, noise bursts and short simple sound waves. Given the 

relative complexity of the media presented in the system described below, ‘percepts’ is a 

better term for indicating the use of experientially rich content as the source for the 

perceptual studies. Psychophysics is traditionally interested in “absolute thresholds” and 

“discrimination thresholds” (Koenderink, 2015, p.3) within the perceptual systems of the 

subject. “The best [psychophysics] experiments are like Chinese torture. This frequently 

happens in adaptive multiple forced choice procedures.” The experiments with the 

colocative display are intentionally non-tortuous, or at least less so than the typical 

psychophysical experiment. The experiments inquire into the behaviors of subjects who 

also have some limited control as producers of the percepts they are experiencing, which 

connects with the situation of creative practitioners who might utilize such technologies. 

The percepts used with the colocative display are more engaging than sine waves and 

noise pops, since there is a guiding interest in creative and aesthetic use intertwined with 

understanding the perceptual response to the system. Such an approach also falls under 

a broader conception of psychoacoustic phenomena, albeit here involving multimodal 

percepts. 

The field of psychoacoustics covers a multitude of topics concerned with 
the human perception of sound. There is a “hard” or classical branch that 
deals in threshold detection, masking, loudness, and other low-level 
phenomena; then there is a “softer” branch that deals with the higher level 
cognitive aspects of sound perception, including the ways in which we 
describe and evaluate aspects of sound quality. The classical branch 
typically employs relatively simple, laboratory-controlled test stimuli such 
as tones, clicks and noises to find out fundamental things about the hearing 
process. The sound quality branch tends to be more interested in 
ecological signals such as music, speech, and environmental sounds. 
These are harder to control and make consistent, but they offer the 
possibility of finding out about the way we behave toward sound in richer, 
“real world” situations. (Rumsey, 2011, p.758). 

The experiments are structured as first person, small-n, and single subject designs 

based on discrete trials. First person and phenomenological methods elicit the accounts 

of participants– here, however, the “account” is performative, not verbal as is traditionally 

the case in phenomenological research, and is based on the data log that tracks the 

decisions made as participants attend to various tasks. Some have argued that 
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phenomenology “is primarily a philosophy rather than a scientific research method” (Norlyk 

and Harder, 2010, p. 420). There is however a rich literature on empirical and experimental 

phenomenology and phenomenological psychophysics, and the research presented here 

takes its orientation from this latter background instead. There is still of course some value 

in keeping the philosophical perspective active in such inquiry. In their meta-analysis of 

phenomenological research, “What Makes a Phenomenological Study 

Phenomenological,” (2010), Norlyk and Harder “identified two distinct ways of explicating 

findings: focusing on the subjective experience and focusing on the phenomenon” (p.425). 

The experiments in audiovisual colocation in a media display are here firmly planted in the 

‘subjective experience’ camp since the actual colocation of sound and image, as is tracked 

in the data log through channel assignment to an emitter in a 2D array, is a rather 

straightforward phenomenon to keep track of– what is of interest is users’ perception, 

experience and behaviors produced from their first-person perspective. Giorgi (1997) 

distinguished between philosophical phenomenology and scientific phenomenology:  

Philosophical phenomenology aims at describing essential universal 
structures of a phenomenon based on reflections of experience just from 
oneself...Scientific phenomenology aims at describing a general or typical 
essential structure, based on experiences from others. (Norlyk and Harder, 
p. 427). 

The major change introduced to the method to conform more readily with 
scientific practices is that descriptions are obtained from others from the 
perspective of the natural attitude. As we saw, in the philosophical method 
one first enters into the reduction, and the researcher, based upon a 
concrete example, describes what is given, whether it is derived from an 
empirical or fictive basis. The turn to others is chosen in order to avoid the 
possible objection of bias, and the natural attitude is utilized because, 
practically, one cannot expect all of the persons in the whole world to be 
phenomenological and thus be capable of assuming the attitude of the 
reduction. (Giorgi, 1997, p. 241). 

Another vector that emerged in the same meta-analysis was “descriptive versus 

interpretive approaches” (Norlyk and Harder, p.420). The colocation experiments 

discussed below are descriptive because they do not inquire into users’ interpretations but 

rather perform statistical analysis of their tracked active discrimination behaviors. It is 

important not to confuse the descriptive/interpretive distinctions in phenomenology with 

the descriptive/exploratory/inferential/predictive distinctions of statistics– all the statistical 

analyses below can be considered descriptive in the phenomenological sense. However, 

short post-task interviews were conducted to get some verbal insight into participants’ 
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experiences with the experiments (summarized below). These verbal accounts of the 

interviews have not been treated rigorously as, for example, a qualitative dataset to be 

coded and thematized, since the questions were few and straightforward, and intended 

mainly to gain some additional insight into the experience of participants in the 

experiments. 

[W]ithin descriptive phenomenology, at least three criteria must be 
implemented: (a) description– obtained from others from the perspective of 
the natural attitude, (b) adoption of the attitude of the phenomenological 
reduction– bracketing past knowledge of the phenomenon, and (c) 
imaginative variation– a search for invariant meaning (essence) for a 
context. (Norlyk and Harder, p.428). 

All three conditions are operative in the experiments below. (A) is met by giving 

participants a simple interface on an iPad in a comfortable domestic setting and 

performing a straightforward problem solving task. (B) involves the bracketing of the 

common phenomena associated with visual capture and the ventriloquism effect– in our 

everyday experience with audiovisual displays, we are not accustomed to seeking out the 

location of sound sources within the display, and rather assume a general correspondence 

of sound and image based on synchronization alone. Colocative displays bracket this 

typical assumption toward sound-image correspondence and opens another possibility for 

the construal of percepts within consciousness. (C) is met through the variation of 

randomized trials which relocate the sound across the image plane, to reveal the structure 

and pattern of colocation as an intentional behavioral act. 

The point of first-person methods is to study consciousness before 
reflection is setting in, and is perceptually and discursively articulated by 
what is at hand. The purpose of the approach is to study consciousness 
and conscious experience at the point of their emergence. (Roth, 2012, 
p.5) 

The variation of sense experiences is easy to set up through particular 
experimental conditions. (p.13) 

From an epistemological point of view, what distinguishes the prima facie 
experimental phenomenology approach from other internal disciplines of 
psychology is the observer’s immediate and direct connection to objects, 
events, properties and relations. (Sinico, 2008, p.854) 

Sinico further argues that “[t]he aim of experimental phenomenology is not 

descriptive; rather, its scientific goal is to discover structural laws.” “Even if these laws are 

not causal, they are nevertheless defined in ‘if…, then…’ terms” (p.855). For our purposes, 
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we will make due with statistical analysis as the manner for addressing both the general 

project of description as well as the search for more law-like tendencies in colocative 

perception. While the use of statistics in phenomenological inquiry has some controversy 

associated with it (since quantitative data takes a view of phenomena from outside the 

lived experience), their use here is to triangulate colocative perception in the manner of 

mixed methods design: 

Triangulation is a measurement technique often used by surveyors to 
locate an object in space by relying on two known points in order to 
“triangulate” on an unknown fixed point in that same space. Early on, social 
scientists borrowed the concept of triangulation to argue for its use in the 
validations process in assessing the veracity of social science research 
results. There are alternative perspectives on the use of triangulation that 
argue for its usefulness as a “dialectical” process whose goals seek a more 
in-depth nuanced understanding of research findings and clarifying 
disparate results by placing them in dialogue with one another. (Mertens 
and Hesse-Biber, 2012, p.75) 

Software-based randomized experimental trials in which participants are given 

partial control of the field of perception hold some promise for triangulating 

phenomenological and statistical methods to more fully describe the lawlike propensities 

of their judgements, perceptions and behaviors when encountering new forms of 

mediation. Capturing the pre-reflective emergence of conscious behaviors is possible by 

recording the actions of participants as they make judgements and decisions about 

percepts over which they have some control. For example, at no point were participants 

asked to conceptualize or explain their perceptions; rather the data log produced by the 

interface of the programs set up for self-administering the experiment trials produces the 

account of their conscious acts as they are made. 

Some researchers have argued for dispensing with the construct of an 

“intermediate level between neuroscientific and phenomenological inquiry” (Roth, 2012, 

p.13). Horst (2005) has argued that the very data of psychophysics is essentially 

phenomenological in character, consisting primarily in the form of first person reports of 

experience: 

[S]ince psychophysics is the major supplier of data that constrain theories 
of perception, phenomenological properties make up an important portion 
of the data that theories of perception try to explain (p.1) 
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Psychophysics...requires subjective access to the first-person, 
experiential, phenomenological character of these percepts. And without 
such a phenomenologically-based psychophysics we lose many of the data 
that it is the business of theoretical psychology of perception to explain 
(p.14) 

Empirical phenomenology is at once a qualitative research methodology, aiming 

“to understand and represent the experiences and actions of people as they encounter, 

engage, and live through situations (Elliott et al., 1999, p.216) and, when employed in a 

mixed methods design also becomes a quantitative investigation especially when 

computational means are at hand to record data of users’ behaviors that are under study. 

The data functions as a measurable record of intentional actions. 

The main idea of empirical phenomenology is that scientific explanation 
must be grounded in the first-order construction of the actors; that is, in 
their own meanings. These constructions are then related to the second-
order constructions of the scientist. (Aspers, 2009, p.1). 

Aspers defines seven steps for conducting empirical phenomenological research. 

All seven features are integrated into this study of perception with the colocative display. 

I have not followed this sequence in a recipe-like linear fashion in the outline of this chapter 

but rather these steps are implicit in the overall research design: 

1. Define the research question. 

2. Conduct a preliminary study. 

3. Choose a theory and use it as a scheme of reference. 

4. Study first-order constructs (and bracket the theories). 

5. Construct second-order constructs. 

6. Check for unintended effects. 

7. Relate the evidence to the scientific literature and the empirical field 
of study. 

The main theories to be bracketed in research into colocative percepts are the 

usual assumptions around visual capture. Here we are trying to find out to what extent 

sound and image can evade their usual fusion that is based on synchronization (or 

temporal correspondence) alone, once a new layer of spatial correspondence is 

introduced through carving up the screen into discrete areas for sound sources. 
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The small sample of the participant pool was largely dictated by the practical need 

to rely on volunteers, as this research was not funded. 

[P]rototypes of a new technology may be expensive and time consuming 
to produce. Similarly, troubleshooting and refining the hardware and 
software may entail long delays. For these reasons, enrolling a large 
sample for a group design may be prohibitive.”  (Dugard et al., 2013, p.3) 

[Small N design] is also very useful when few subjects are available. You 
can actually carry out an entire experiment with just one subject, although 
this is not always ideal. Without replication, a small N study might have little 
external validity. (Myers and Hansen, 2012, p.364) 

In studies with a small number of participants, the robustness of the findings 

depends to a strong degree on a high number of randomized trials– thus the experiments 

rely mainly on the discrete trial design. The experiments are conducted within-subject 

where either only a single variable is manipulated– namely, the spatial location of the 

audio– but comparisons can also be made when another variable, such as the media type 

(e.g. image clip and sound file) are also changed. Because the prototype has been built 

in the researcher’s home, the investigator himself is contrasted against the small-n sample 

by being the participant in a parallel set of single-subject discrete trials. This also allows 

the investigator to be a source of comparison data for the perceptions of those less familiar 

with the overall system design and its perceptual effects, or between novices and an 

expert user of the system. In discrete trials  (Toth, n.d.): there is no baseline as is typical 

in many small-n designs; instead there are many (often hundreds) of discrete or individual 

events of different types; the trials can be compared or averaged to determine response 

biases; few participants are needed because the phenomena under study is similar for 

everyone; the nature of the phenomena require within-subject research designs, each one 

usually very short; and the phenomena requires a controlled lab environment. 

Repeated presentation over many trials can provide a reliable picture of the 
effects of the independent variable. And because individuals' sensory 
organs are similar, the results from a small number of subjects are likely to 
be generalizable to others. (Myers and Hansen, 2012, p. 362) 

While this colocation research has not been conducted in an institutional 

laboratory, the conditions were highly controlled in that all participants performed the 

experiments in the same setting and positioning relative to the display. The experiments 

performed in this study conform to this model of repeated randomized trials, however 

substituting the manipulation of the independent variable from the researcher to a software 
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application designed by the researcher, which randomizes the trials on a repeating basis 

and frees the researcher to also be one of the participants.  

The experiments below rely on computationally randomized presentation of 

percepts to the participant. “Randomization tests are not a new idea, but they became 

really useful only after the advent of fast computing” (Dugard et al., 2012, p.ix). Perceptual 

studies are particularly ideal for randomization because the presentation of new percepts 

via computational media is an easily accomplished experimental task relative to others 

(compared to, for example, administering medication in a clinical trial and tracing its 

possible effects on the body or health across a large population). There is also some 

overlap in the approach taken here with that sometimes found in single-case experimental 

design (SCED): 

We believe that a symbiosis exists between single-case experiments and 
technology-based interventions. Single-case designs can capitalize on the 
ability of technology to easily, unobtrusively, and repeatedly 
access...behavior. Single-case research requires frequent contact with the 
participant’s behavior, which can be challenging in some research contexts 
but is more straightforward with technology. (Dallery et al., 2013, p.2) 

Single-case research is also well suited to demonstrate initial efficacy. 
(p.3). 

This last point is particularly relevant in the prototyping context, since the current 

version of the Pixelphonic system is a first-generation prototype and the goal of these 

studies is in fact to “demonstrate initial efficacy” through participant-initiated and computer-

generated presentation of new kinds of percepts (colocated) across multiple randomized 

trials.   

For the analysis of data across the participants, this randomization is performed in 

what Dugard et al. call a “small-n repeated measures design”: 

This design is appropriate when the following conditions apply: 

1. We have at least two participants. 

2. We have two or more conditions to compare 

3. Each participant will receive each of the conditions 

4. It is possible to assign conditions in a random order to each 
participant. 
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Because human participants are usually very variable, we may improve our 
ability to detect differences among the conditions by finding the differences 
within each participant and averaging the results. In this way, each 
participant acts as their own control. The same idea is used in repeated 
measures for large groups. (2012, chapter 1) 

All the participants were involved in each of the experiments below. Their data was 

treated both within-subjects, averaged across subjects, and compared with the 

investigator’s single-subject data. 

The experiments satisfy typical data gathering requirements for obtaining first 

person accounts of multiple percepts. The participants performed many randomized trials 

with the data of their interactions directly recorded into software patches customized for 

each experiment (Max7 was utilized as the programming environment). As mentioned 

previously, phenomenological approaches seek to obtain first person reports of 

experience through participants’ verbal accounts. Here, participants record their first-

person observations by manipulating a touchscreen interface (iPad) and the tasks that 

they complete directly generate the reports in the data log. Each experiment was 

performed in 50 trials per participant, to keep task fatigue at a minimum since that could 

degrade data quality. 

3.6. Related Perceptual Studies 

The literature to draw on for framing these experiments is vast indeed, with 

insights into auditory location cues extending back to Lord Rayleigh’s observations made 

at the end of the 19th century (Middlebrook and Green, 1991, p. 140), and the earliest 

formulations of vision’s spatial capture of sound noted in James J. Gibson’s early work 

(1933). The empirical backdrop includes research organized under headings such as: 

ventriloquism effect, colavita effect, visual dominance, visual capture, cross-modal 

attention, multisensory processes, multisensory enhancement, multimodality, auditory 

localization, auditory motion, auditory motion aftereffects and auditory scene analysis, to 

name the main areas that have been the most fruitful for developing a theoretical context 

around the prototype. To focus on the specific affordances of the Pixelphonic display, 

four previous studies from the literature have been selected for discussion here, to set 

up the overall perceptual context for colocative audiovisual media and to hone in on the 

most salient perceptual issues for understanding this first prototype.  
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Godfroy, Roumes and Dauchy (2003) explored the topology of visual-auditory 

fusion areas in a 3 x 3 matrix of loudspeakers positioned behind an acoustically 

transparent screen. In a darkened room, a point of light was flashed on the screen in 

short 500 ms. bursts in synchrony to broadband noise, to obtain participants’ 

observations of intermodal fusion. This study extended previous discrepancy-detection 

work (Thurlow and Jack, 1973) by assessing both magnitude and direction of spatial 

fusion and discrepancy effects. Participants heads were placed on a chin rest, with their 

heads aimed at the center speaker in the array. The fusion areas were defined as 

diamond shaped, exhibiting pattern features familiar from the background literature on 

sound location, e.g. less acuity in the vertical dimension and in the more peripheral 

areas of the horizontal dimension. 

 

 

Figure 3.5: “Representation of the mean fusion areas around the nine sound sources. They were determined 
by the fusion limits for disparities in the four orientations. Although subject to inter-individual variability in 
size, the topological properties remain constant. Inside these areas, the visual and the auditory stimuli are 
fused.” (Godfroy, Roumes, and Dauchy, 2003). 
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The relevance of this study for colocation will be immediately apparent, as the 

visual-auditory fusion effects investigated are articulated across a 2D matrix of audio 

emitters. With the Pixelphonic display, however, the surface of the screen is also in 

vibration, so that there is a ‘smearing’ effect of the audio point source in a way that will not 

be the case with loudspeaker arrays. Other differences in setup are worth noting: Godfroy 

et al.’s fusion area study is using nine 10-centimeter diameter loudspeakers and a semi-

circular screen (120 cm in radius x 145 cm high). In contrast, the Pixelphonic display 

incorporates an 8 x 4 array of audio exciters, each with a 32mm voice coil (58mm overall 

outside diameter), and the Alupanel screen is 121.92cm high by 243.84 cm wide. Also, 

since the fusion area study is interested in fundamentally perceptual processes (e.g. the 

fusion-resolution topology of simultaneous but spatially separated visual-auditory events), 

there are typical features of a psychophysics setup, such as a head resting at a fixed 

position. This kind of feature is omitted from the experimental designs below, since there 

is little ecological validity to a fixed-head position in relation to audiovisual displays. In fact, 

participants were allowed to freely adjust their heads as they tried to determine effective 

colocational placement between sound and image. What is of interest with the Pixelphonic 

display experiments is not the thresholds of the nervous system, but its richer experiential 

potential for colocated audiovisual media. 

Unlike the visual system, in which there is a topographical mapping of external 

visual information that is preserved on the retina and in neurological structure, the auditory 

system must compute spatial location out of the differences in sound that reach each ear 

(i.e. inter-aural differences), namely level and phase differences for horizontal 

discrimination of sounds, and spectral differences produced by the external ear (pinna) for 

vertical discrimination. Interaural delays in the envelopes of high frequencies can also be 

used to locate sound that might otherwise be spatially ambiguous. In addition, the spatial 

movement of the head itself in some instances can confer some additional accuracy in 

locating sounds, though this contribution to locating sounds is relatively weak when 

compared to the other types of perceived differences processed by the auditory system. 

In a unimodal (sound only) study within a spherical array of loudspeakers situated around 

a listener, Makous and Middlebrooks (1990) plotted the various of stimulus-response 

patterns reported. 

Sound localization tasks are based on identifying two dimensions, azimuth and 

elevation, which comprise a “double pole coordinate system” by indicating the angle of 
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direction in either horizontal or vertical dimensions, respectively (Middlebrooks and Green, 

p.138). Most research in this area has focused on polar coordinate localization (horizontal 

vs. vertical, front/back, etc.) since human perception of the distance of sound, or how far 

away a sound is located from us, is generally poor. Much research has also been 

conducted in motion detection of sound trajectories, which is measured in MAMAs 

(minimum audible movement angle). As with general spatial acuity, MAMAs are smaller 

(i.e. more accurate) for signals at 0° azimuth (directly ahead of us) and increase at greater 

azimuth. MAMAs increase as the sound velocity increases, e.g. the greater the distance 

covered by a sound in a span of time, the less accurate our judgement of the sound’s 

location at points along the way. According to the ‘snapshot theory’ of sound motion 

detection, “the nervous system simply measures the sound source location at two distinct 

times and interprets a change in location as motion” (Middlebrooks and Green, p.149). 

Since plots of localization tasks show considerable variability in actual and reported 

locations, if motion is derived from the distance between two points, then the extent of any 

perceived motion would likewise be variable since each endpoint of the motion contains 

some indeterminacy. 

 

Figure 3.6: “Localization of a broadband sound. Stimulus and response locations are drawn on the surface of 
an imaginary sphere as if looking in toward the subject from a point 30° to the subject’s right and elevated 10°. 
Asterisks indicate the stimulus location and open circles indicate five responses to that stimulus given by a 
single subject. For clarity, stimulus locations are shown in 20° steps of azimuth and elevation, although data 
were collected in 10° steps.” (Middlebrooks and Green, 1990) 
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Regarding the regularities that can be noticed in such plotting of actual and 

reported signals, the authors note that “the pattern of elevation errors is less regular” and 

“the frequency of front/back errors tends to increase as the bandwidth of the stimulus is 

decreased.” Of particular interest for the Pixelphonic display is that there is already a 

certain amount of indeterminacy in the spatial acuity of audition relative to vision which 

can help with the general efficacy of colocated audiovisual display, since it is likely that we 

will not notice small distance ‘errors’ in the spatial positioning of sound relative to the visual 

cue. Moreover, it is likely that in fact most colocated content will be dislocated to some 

extent, by the simple fact that the vast majority of the screen area is lacking an exciter 

element. Most visual sources in media associated with sounds will usually occur in 

between or across individual exciters, so audiovisual colocation with the prototype will 

often be of an approximate kind. 

Rumsey (2002) diagrammed a model for spatial quality evaluation which bears a 

topological similarity to the distributed mode array of exciters. His ‘scene-based paradigm’ 

developed for auditory experiences can also be applied to colocative media, and in the 

experiments below his features related to individual sources and scene width are 

employed. He modelled a 2D plane composed of individual point sources, groupings or 

ensembles of such sources, the general environment for all ensembles and point sources, 

and the overall scene width which encompasses the whole environment. 

Hollander and Furness (1994) explored the perception of auditory shape patterns, 

using an array of loudspeakers to articulate through movement of the signal various 

geometric shapes and alphanumeric patterns. Noting the strong sets of confusions around 

the letters C, G and O, they concluded that “a major component of the pattern recognition 

process derives from perception of the overall motion” (p.157). 

 

 

 

 



127 

Presented 
Pattern/ 
Selected 
Pattern 

Pattern1 Pattern2 Pattern3 Pattern4 Pattern5 Pattern6 Pattern7 Pattern8 

Pattern1         

Pattern2         

Pattern3         

Pattern4         

Pattern5         

Pattern6         

Pattern7         

Pattern8         

Table 3.1:  A forced choice matrix modeled after that used by Hollander and Furness (1994). A perfect 
match between system-presented stimulus (x axis) and participant-selected response (y axis) percepts 
results in an ideal diagonal pattern. Color or greyscale coding of responses produces a heat map to indicate 
relative frequency of occurrences between presented and selected percepts. 

This forced choice grid of presented patterns and chosen responses is employed 

below in experiment #3, where the movement shapes are a simple line movement of 

sound traversing edge to edge or corner to corner across the display surface. 

3.7. Experimental Setting 

The studies conducted aimed for a high degree of ecological validity. As previously 

noted, a psychophysical approach might typically focus on absolute or discrimination 

thresholds using very simple signals and stimuli, and eliminate room-induced acoustic 

features by situating experiments in anechoic chambers. The perceptual studies in 

experiments 1 and 2, however, utilize audiovisual media sources rich in connotative 

(semantic and cultural) and affective content (imagery, music and sound effects). 

Moreover, the space is similar to a home living room, rather than a sound treated 

audiovisual studio environment where colocative media might be produced, though 

sometimes such studio spaces are also somewhat acoustically ‘live’ to simulate the end 

users’ experiences in their homes. The setting thus is like home-based digital media 
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workstations where media creators might produce content, and approximates media 

reception in a domestic environment. An additional component to this domestic setting is 

to consider the reception position of audiophiles who put considerable sensory 

discrimination to work in setting up their audiovisual entertainment systems with 

specialized equipment that also requires a fair bit of at home DIY system and component 

calibration. 

It remains for later experimental designs to study colocative media display within 

more acoustically neutral conditions, or with simpler multimodal stimulus signals, both of 

which are beyond the scope of the present research and would address different kinds of 

research questions. The interactions with the interfaces described below situate 

participants in a position analogous to being production or post-production creators of 

colocative audiovisual content or calibrators of home or work based colocative systems. 

The perceptual phenomena of interest are highly entwined with a richer set of cognitive 

functions such as judgment, attention, memory, reflection, and rehearsal as well as trial 

and error. It is usually the goal of psychophysical experiments to eliminate as much as 

possible these ‘higher order’ forms of cognition to report as directly as possible on the 

percepts in their rawest form– this with the aim of determining the various thresholds of 

the visual and auditory systems. Here, the interest is on the position of the aesthetic 

practitioner at work with a colocative display and types of content relevant to media 

practices rich in sound, music and moving images. There is some similarity in this 

approach to the ‘product development’ trajectory of empirical research with new media 

technologies: 

A degree of tension may be observed between those whose primary aim is 
to evaluate products (such as loudspeakers, microphone techniques, 
signal processing algorithms, audiovisual systems, VR environments) and 
those whose primary aim is to study human perception mechanisms. The 
two fields are related, but the aims are different. In classical psychophysics, 
relatively simple stimuli are typically used in experiments that are designed 
to study the workings of the human brain and its psychological functions. 
In product evaluation one is less directly concerned with the workings of 
the human brain, and subjects are used as “quality meters” in order to 
determine something about the product under test. (Rumsey, 2002, p.263) 

Since Pixelphonics is a first-generation prototype, it is far from being a finished 

product. The experiments conducted are meant to give a first empirical read on the general 

efficacy of colocative display that has been fabricated in an environment comparable to 
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prototyping, cottage industry, DIY and makerspace contexts. The emphasis of these 

experiments is somewhat different from Rumsey’s sense of ‘product development’ as an 

experimental other to psychophysics, because here there is also a focus on the role and 

position of the creative practitioner who is at work with colocative percepts, making 

judgements and decisions about them via the touchscreen interface. This of course can 

influence future prototype designs, but the site of inquiry here is more between 

psychophysics and product development, being grounded instead in experimental 

phenomenology, and interested in complex percepts under conditions of manipulation and 

reception. 

 

Figure 3.7: The author’s basement studio. An area rug is used to simulate typical living room conditions by 
absorbing some sound, and all walls are acoustically untreated. 

For all experiments, participants were seated with their head at the vertical and 

horizontal midline of the screen, with the center of the chair 9’ away from the display and 

the level of the chair adjusted for each participant’s height. The room lights were turned 

off for experiments 1 and 2, and left on for experiment 3. All experiments present the 

participant with an interface, for which some short training was given at the start of the 

trials. In all experiments the interface is an iPad touchscreen, using the Mira app to 

interface with the Max patch. 
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The channel assignments for all experiments are based on the channel grid below, 

which assigns output channels 1-32 in a left to right, and top to bottom fashion: 

 

Figure 3.8: The channel assignments of the colocative display prototype, if viewing from the front side of the 
display. 

All experiments were designed to be potentially of high interest to the participants, 

to avoid simple repetitions which might lead to task fatigue and thence to poor data quality, 

e.g. as participants may start to just quickly rush through the tasks to complete the trial 

set, rather than pay attention to each task. Post-task interviews with participants in the 

main confirmed that they found the tasks interesting and challenging, though some did 

report that toward the end of the trials they may have been rushing through them a bit. 

They also self-reported that they felt that over time, they were gaining mastery of their 

ability to colocate sound and image and most felt that they were becoming ‘better at it.’ 

Both the 32-channel amplifier and video projector were fan-cooled and emitted low level 

constant mechanical fan noise which was uniform in character and judged to be quiet and 

unobtrusive by participants. Another source of low level uniform noise in the environment 

was from the home forced air heating vents. 

3.8. Limitations of the Experimental Design 

The sample size limits statistical power in the analyses below. As discussed above, 

the use of small-n and single subject experimental design can be an effective approach 

when establishing initial efficacy with new technology prototypes, and can be appropriate 
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in discrete perceptual trials, and when research resources are minimal. Power is also 

limited by effect size, which in turn is linked to the number of trials per participant. There 

was a concern that too many repetitious trials might degrade the quality of the data over 

time, so trials were kept at 50 per participant (except for 200 trials from the single subject 

for one test described below). Nevertheless, in the post-task interviews, some participants 

felt they were becoming “a little bored” toward the end of the trials. Thus, it is also possible 

that the search for learning effects (improvement in colocative tasks over time) could be 

obscured by a decline in data quality if fatigue from repetition also sets in toward the end 

of a set of trials. 

Another limitation is related to the non-ideal acoustic characteristics of the room 

and technology components. The space in which the experiments were conducted is 

acoustically live, informal and not treated in the manner of a sound studio, set up as a 

reference or critical listening room, nor neutral in the manner of an anechoic chamber 

which is considered to be “an inert acoustic environment” (Naqvi and Rumsey, 2005, p. 

385). The use of off-the-shelf components in the prototype involves some issues around 

acoustic calibration. While sound pressure level meters, listening tests, EQ and level 

adjustments were made in the software and hardware, there are slight coloration 

differences between the output of each exciter, and even in the individual outputs of each 

of the 16 two-channel amplifier components within the customized signal distribution 

chain. Best efforts were made with available resources to make the output of each emitter 

equivalent but there are some small coloration differences at the level of the exciter and 

the amplifier output that could not be corrected. 

3.9. High Level Research Questions 

The experiments address the following general research questions: 

1. What is the general perceptual efficacy of audiovisual colocation with the 

current prototype? 

2. Are there signs of learning effects, such that over time– whether within the 

set of trials, or across trials– some improvement can be found as 

participants develop familiarity, skill and new perceptual capacities with the 

system? 
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3. Can participants indicate the overall directional and shape (horizontal, 

vertical, diagonal) characteristics of a moving audio signal path? 

4. Are the range of differences between the small-n and single subject data 

suggestive as to warrant future studies utilizing single subject design 

alone? To what extent does the small-n data provide intersubjective 

corroboration for the single subject data (given the overall interest in a 

phenomenological approach)? 

The experiments establish the first empirical moves towards addressing these 

kinds of questions with the prototype. As might become clear in the following, one can 

imagine dozens– and consequently, several years– of follow-up investigations to further 

refine and explore the initial findings as well as to expand upon them in new research 

directions, e.g. exploring how game designers might make use of this new affordance in 

spatial audio, which would involve new methodologies as well. Each experiment design 

below develops various research sub-questions related to each dataset. The small-n and 

single subject results are compared as separate data sets or summed together as an n=7 

data set, depending on the more narrowly defined interests explored in each analysis 

below. Some analyses also show the individual results, when that is deemed to be of 

interest. 

3.10. Participants 

There were seven participants in total, consisting of the small-n group (n=6, 

comprised of 4 females and 2 males, median age= 39.5) and the single subject (principal 

investigator, 47 y.o. male). The median age of all seven participants was 42. All 

participants should be considered expert listeners as they are all practicing media artists 

or self-described audiophiles who have put much effort into their home AV systems. All 

participants completed the three pilot experiments in one sitting, in the order presented 

below.     
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3.11. Experiment 1: Sound/Image Positioning 

This experiment presents the participant with a looping sound effect file and GIF 

image in the display, with the image located slightly off-axis, up and left from center screen 

(note that there is no emitter at the screen center point). The goal of the task is to spatially 

align the location of the sound in the screen area to match the fixed spatial position of the 

GIF, with the GIF location acting as the independent variable. The final location of the 

positioned audio which the participant believes matches the GIF’s spatial position in the 

screen is the dependent variable. The two audio/GIF content pairings are: a) a vector 

animated flat-stylized bee (with flapping wings) and a recording of a bee from a sound 

effects library, and b) a looping film sequence from a Marvel film showing a close-up of 

the Hulk roaring, accompanied by a sound effect of a monster growl. These two images 

were chosen to contrast photo-realistic imagery (Hulk) with less representational imagery 

(stylized animated bee) to see if there might be any difference in effects between more 

photo-realistic versus more associative and stylized image/sound pairings. Another media 

contrast is more noise-like versus more vocalic acoustic information. With both sound 

sources, the audio was comprised of rich, full spectrum sound, with the bee containing 

more noise components relative to the more vocalic pitch content of the roar spectra. 

 

Figure 3.9: Bee buzzing spectra. 
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Figure 3.10: Monster growl spectra. 

The interface for the participant (shown below) has two tabs. Tab 1 is the main 

controller, which has the following controls: 

● ‘Relocate’ randomly assigns the sound to a new position in the display 

array (channels 1-32). 

● The large blue buttons are used to move the sound source left, right, up, 

and down. 

● At the center location between all four directional buttons is a warning light 

that flashes when a participant has wandered ‘off the grid.’  

● At top right, the number of trials is shown. The participants are instructed 

to conduct 50 trials. 

● When the participant believes that they have colocated the sound and 

image, they press the ‘Done!’ button, which records the dependent 

variable (their final choice). 

● Every directional press (left, right, up, down) records what channel has 

been moved to, so that the path from randomly generated location to the 

final destination is traced in the data log. 
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● The volume is set by the investigator, at a loudness level just below 

overdriving the individual audio exciters. 

● An off/reset button for the investigator to turn off the display, or start a new 

set of trials. 

● Participants are under no time-based duress (they can take as long as they 

like for each colocation task). This mirrors the typical creative situation 

where there is usually not a strict countdown applied to media 

manipulations, even in industry settings where the overall project is 

deadline driven.  

 

Figure 3.11: Main controller interface for the participant to colocate sound with a corresponding GIF. The 
second tab of the interface was for the investigator to change audio file and GIF combinations. 
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Figure 3.12: A participant uses the touchscreen interface to move the sound position relative to the GIF image. 

For most of the trials, it was decided to leave the audio clips in place as indicators 

as to where the audio exciters are, mainly to reinforce for participants the nature of the 

technology that they are contributing towards developing. The clips produce no visual 

interactions with the sound, though there could be attentional effects or shifts produced 

by participants using them as mental anchors for the nature of the experiments. The 

placement of the clips imparts a kind of ‘painting by numbers’ sense to the task of matching 

percepts to actions. In the data below the difference between task performance with and 

without the clips is discussed in the single-subject section of experiment 1, where this 

difference is more systematically explored. No evidence was found of influence in percept 

manipulation due to the presence of the metal clips. 

The main factors of interest are the frequency of on-target selections, distance of 

the destination from the target as well as the direction of offset, with channel distances 

shown below: 
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Figure 3.13: Target and distance of destinations for colocative positioning. 

Secondary factors of interest include the media combination (Hulk/Roar and 

Bee/Buzz), the use of visual anchors in the single subject dataset, and the age and sex of 

the participant. 

3.11.1. Analysis with 7*50 Observations 

This analysis includes 50 observations from each participant, which makes it a 

balanced design. In this report, all outputs are generated from R and four questions of 

interest regarding to results of experiment one are discussed: 1. Media Effect, 2. Age 

Effect, 3. Learning (Trial) Effect, 4. Directional Bias. 

3.11.2. Media Effect 

A histogram of the observed Distance scores by Media type. 



138 

 

Figure 3.14:  Distance vs. Media histogram. 

Model fitting & outputs 

We fit a mixed effect model with Distance as our response variable and Media as 

a covariate, considering Participant effect as some random effect. 

A pairwise comparison test is performed to assess if there is significant difference 

between the mean Distance scores between the two Media groups. Note that the R 

package ‘emmeans’ is used for all pairwise comparisons in the analysis. Given the 

estimates, we can see the Hulk/Roar group has a slightly higher mean Distance score, 

which is consistent with what the histogram shows. But no significance is detected (p-

value=0.732). 

Media emmean SE df lower.CL upper.CL 

Bee/Buzz 0.828962 0.2213372 5 0.2601137 1.397810 

Hulk/Roar 0.935000 0.1916288 5 0.4423347 1.427665 

Table 3.2: Outputs of mean Distances by Media type 



139 

contrast estimate SE df t.ratio p.value 

Bee/Buzz - 
Hulk/Roar 

-0.106038 0.2927657  5 -0.362  0.7320 

Table 3.3: Pairwise test of mean Distances between Media types 

 

 

 

 

 

Figure 3.15: Pairwise test of mean distances vs. media type. 
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3.11.3. Age Effect 

In this analysis, each participant corresponds to only one of the two Media clips. 

Since there are only seven participants and the range of their ages is small (36 to 52), we 

have concerns about drawing conclusions on the age effect. The following is a scatterplot 

of Distance versus Age by Media type.  The data points are distributed evenly across Age 

values. We don’t expect significant trends of Age. 

Figure 3.16:  Distance vs. Age by Media plot. 

Model fitting & outputs 

We fit a mixed effect model with the response variable Distance, covariates 

Media and Age and their interaction, considering Participant effect as some random 

effect. Since a numeric covariate Age is added into our model now, we analyze the 

Distance results from two aspects:  

 (1) to compare mean Distance scores between 2 Media groups at a fixed age 

(the average age is used in this case); 

 (2) to compare age effects between 2 Media groups (algebraically, the slopes of 

Age given Media type). 

No significance is found according to the p-values 0.5337 in the first comparison 

and 0.1181 in the second one. That means, the mean Distances have no significant 
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difference in two Media groups at a certain age; and the age effect is not significant 

between 2 Media groups. 

Media emmean SE df lower.CL upper.CL 

Bee/Buzz  0.7651204 0.1652706  3 0.2394691 1.290772 

Hulk/Roar 0.9181621 0.1426059  3 0.4642769 1.372047 

Table 3.4: Outputs of mean Distance scores comparison at the average age of participants 

contrast estimate SE df t.ratio p.value 

Bee/Buzz - Hulk/Roar -0.1530417 0.2182906  3 -0.701  0.5337 

Table 3.5: Pairwise test of mean Distances at the average age of participants between Media types 

 

Figure 3.17: Plot of mean distance vs. media type. 
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Media Age.trend       SE df lower.CL upper.CL 

Bee/Buzz  0.05818106 0.02471415 3 -0.02031793 0.13668004 

Hulk/Roar -0.02306931 0.02808490 3 -0.11245778 0.06631917 

Table 3.6: Outputs of Age effect by Media type. 

contrast estimate SE df t.ratio p.value 

Bee/Buzz - Hulk/Roar 0.08125036 0.03741057  3 2.172  0.1181 

Table 3.7: Pairwise test of effect of Age between Media types. 

 

 

Figure 3.18: Comparing slopes of age effect and media type. 

3.11.4. Learning (Trail Effect) 

We obtain 50 mean On.target counts (recall that on target hits have a distance of 

zero) by averaging the counts over 7 participants for each of the 50 trials. As in the 

following scatterplot of mean On.target counts vs. Trial, the data points show a flat pattern 
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across trial numbers. Thus, we don’t expect that a significant learning effect occurs as trial 

number increases, since an upward slope would indicate better performance over time. 

 

Figure 3.19: On.target performance over trials for all participants. 

If we further look at the individual performance, we can see the numbers of correct 

responses do not increase (that is, participants didn’t ‘learn’ a lot) as the trials go to the 

end, except for participant 1. 
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Figure 3.20: On.target performance over trials for each participant. 

Here we repeat the modeling and testing methods in the section 3.11.3 here, 

except with a replacement of Age with Trial. No significance is shown according to the p-

values 0.7320 in the first comparison and 0.1205 in the next. 

Media emmean SE df lower.CL upper.CL 

Bee/Buzz  0.8289325 0.2213206  5 0.2601265 1.397739 

Hulk/Roar 0.9349660 0.1916146  5 0.4423373 1.427595 

Table 3.8: Outputs of mean Distance scores comparison at the average trial number 

contrast estimate SE df t.ratio p.value 

Bee/Buzz - Hulk/Roar -0.1060334 0.2927439  5 -0.362  0.7320 

Table 3.9: Pairwise test of mean Distances at the average trial number between Media types 
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Figure 3.21: Coefficient of trial effect, mean distance vs. media type. 

 

Media Trial.trend      
  

SE df lower.CL upper.CL 

Bee/Buzz  -0.002451329 0.003109591 339 -0.008567852 0.003665195 

Hulk/Roar 0.003949580 0.002691403 339 -0.001344374 0.009243533 

Table 3.10: Outputs of Trial effect by Media type. 

 

 

contrast estimate SE df t.ratio p.value 

Bee/Buzz - Hulk/Roar -0.006400908 0.004112567 339 -1.556  0.1205 

Table 3.11: Pairwise test of effect of Trial between Media types. 
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Figure 3.22: Coefficient of trial effect, age vs. media type. 

 

3.11.5. Directional Bias 

Graphs are made to explore the directional bias between and within subjects. 

Specifically, histograms of the On.target counts versus Offset Directions, and heat maps 

of the counts on each position are created. 
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Overall: 

 

Figure 3.23: Distribution of directional bias (all participants). 

Individual: 

 

Figure 3.24: Distribution of directional bias (each participant). 
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We can look at the left-right bias only by assigning up-left, left & down-left to be 

left ‘L’ bias, and similar to the right ‘R’ bias. 

 

Figure 3.25: Distributions of left-right bias (each participant). 

We can look at the up-down bias only by assigning up-left, up & up-right to be up 

‘U’ bias, and similar to the down ‘D’ bias. 

 

Figure 3.26: Distributions of up-down bias (each participant). 
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3.11.6. Heat Maps 

Heat maps were created to visualize the counts on each position, where the 

positions with darker colors are picked more frequently. We build a X-Y (X, Y) coordinate 

to visualize positions 1 to 32, with the origin (0, 0) as target position 12.  For instance, (-3, 

1) is position1, (4, -2) corresponds to position 32, and so on. 

Heat map generated from all participant data: 

 

Figure 3.27:. Distance Map across 7 participants. 
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Individual Heat Maps: 

 

Figure 3.28: Heat maps of each participant 
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3.11.7. Visual Anchor Effect 

The use of magnetized metal clips on the front side of the display, indicating the 

positions of the exciters on the backside, were useful for accurately positioning the video 

clips in the experiments. In some trials, the clips were left on the display to help participants 

better understand the technology they are using, and also this was a matter of 

convenience to expedite the switches between the three experiments. There is no visual 

interaction between the sound and the visual anchors, so the presence of the metal clips 

on the display was not an overall concern. However, to investigate whether there is some 

possible influence on behaviors caused by the presence of these ‘visual anchors’ to the 

location of the emitters, this dimension was investigated separately and more 

systematically in the single subject data alone. A histogram of the observed On.target 

counts by Anchors used or not over a set of 200 trials from participant 7 is shown below. 

 

Figure 3.29: On.target counts with and without visual anchors. 

Model fitting & outputs 

No significant effect of using anchors is detected (p-value: 0.5852). 
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Anchors emmean SE df lower.CL upper.CL Group 

USED -1.585627 0.2662174 Inf -2.107404 -1.0638507 1 

NOT USED -1.386294 0.2499999 Inf -1.876285 -0.8963035 1 

Table 3.12: Outputs of mean On.target counts by Anchors used. 

contrast estimate SE df t.ratio p.value 

NOT USED - USED   0.1993329 0.3652009 Inf 0.546 0.5852 

Table 3.13: Pairwise test of mean On.target counts between Media types. 

3.11.8. Discussion 

In the post-task interviews (after the completion of all three experiments), most 

participants expressed a feeling that they were becoming ‘better’ at localizing sound. 

However, there is not strong evidence of a learning effect here, though below some 

preliminary evidence of possible learning effects are discussed in another set of tasks 

later. More likely, what was self-reported by the participants as ‘getting better’ was actually 

more simply ‘becoming familiar’ with colocative audiovisual media and its manipulation. In 

all the experiments participant age is considered in the analysis, though without 

expectation of any effects. There are many age-related psychoacoustic effects, caused by 

“changes that occur in the anatomy, biomechanics, and physiology of the cochlea” 

(Schneider, 1997, p.111) so this was explored. 

Media effects, i.e. studies with a greater variety of visual and audio combination 

(e.g. varying the genres, styles, content, and so on of the media clips) could still be of 

interest for future studies. For example, outside the balanced design described above, a 

subsequent set of trials involving only the single subject (participant 7) with a total of 200 

trials found a difference in the average distance between the target and selected 

destinations: 
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Hulk/Roar average distance Bee/Buzz average distance 

.75 1.25 

 

Table 3.14: Comparison of average distance by media type in the single subject data. 

For this one user, sound media that is less full spectrum in its frequency and paired 

with a photorealistic GIF seems to be more easily localizable, though this was not found 

to be the case when averaged across all the participants. Different experiment designs in 

the future might be able to hone in more on this aspect of the display. 

Across participants, the highest number of responses were on the target exciter. 

However, the highest number of responses overall was with a distance of 1. Since there 

are 8 exciters surrounding the target, these distance=1 responses are diffused around the 

target exciter so that it still emerges as prominent in the heatmap and distribution graphs. 

Also note that the highest occurrence of distance=1 responses are in the vertical 

dimension, where auditory localization is known to be weaker than lateral localization.  

One concern that did arise was the possibility that the experiment’s interface could 

over time be ‘gamed’ by participants, e.g. by figuring out when sounds were offscreen and 

using the number of arrow key presses to guess the location of the Target location. If this 

were the case, then one would assume that such participants trying to game the 

experiment would become better at the colocation task over time. There was no evidence 

of learning effects in the data, which would suggest that this did not occur; moreover, 

participants did not make any suggestions as to a ‘response strategy’ in the post-task 

interviews. Despite the risk of these kinds of gaming effects, the experiment design was 

still deemed valid since it emulates the kind of interactions and interfaces that might be 

presented to media producers as they create colocative audiovisual content, or home 

calibrators of such systems. By taking up the lived situation of producers and calibrators 

in this way, the experiment is more aligned with empirical phenomenological rather than 

experimental psychological approaches, since the actual use of colocative media systems 

by users is simulated in the research design. 
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An analysis of the number of moves made to arrive at the final colocation decision 

was not analyzed, though could be the basis of subsequent investigations of this or new 

data.  

3.12. Experiment 2: Yes/No Randomized Forced Choice 

This experiment distributes four video clips of performing musicians positioned 

throughout the display, centered on channels 5, 9, 24 and 28– this corresponds 

approximately to left, right, top and bottom middle areas of the screen edges. Here the 

interest in colocational discrimination is broader than in Experiment 1, and focused on the 

four screen edges. This interest in exploring the screen edges was motivated by imagining 

use situations and conditions where there might be multiple video clips of differing content 

in the same display, as might happen, for instance, in the presentation of a cable television 

channel guide presenting audiovisual content in different areas of the display 

simultaneously. In this kind of use case, one could ‘tune in’ momentarily to each clip to 

audition it. Another use case interest relates to the spatial presentation of musical 

information, since musicians occupy different placements in musical performances, which 

is why music performance content was selected. Thus, the interface used a logic of 

‘rotating’ audio around the screened clips, since this rotation-interaction could relate 

directly to both navigating a channel menu in a cable guide, or auditioning individual 

performers in a musical context. 

As in the previous experiment, the participant chooses when to randomly relocate 

the audio positions after noting their response, which is here a simple Yes/No forced 

choice (Yes, the clips are colocated, No they are not colocated). The number of trials is 

recorded with each selection made, and the participant conducts 50 trials at their own 

pacing. The selection ‘Nul’ was used for purposes of training and fine tuning the data log, 

and was not used in the experiment proper. The videos were looping but a Restart feature 

reset them to their beginnings, which was used only by the PI. 
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Figure 3.30: Experiment 2 interface. 

The second tab allows participants to vary the volume of the four audio clips. The 

clips chosen were of solo musicians playing completely different pieces of music (‘Hotel 

California’ instrumental on acoustic guitar, drum solo practice, classical flute solo and an 

“insane piano improv” recorded from the point of view of a GoPro camera mounted on the 

musician’s head, all clips pulled from YouTube). Taken together, they produced a Dada-

esque mélange and simultaneous cacophony of mismatched music. Participants could 

adjust the level of the mix even to the point of soloing channels to better judge the location 

of the sound to its video clip. As there are four video clips playing, there are four possible 

playback conditions as the audio is randomly rotated around the clips. At all times audio 

emanated from one of the clips, however in a randomized way so that only 1 out of 4 

possible randomized location sets was colocated: 
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Condition 1 
(colocated) 

Condition 2  

(not colocated) 

Condition 3  

(not colocated) 

Condition 4  

(not colocated) 

Guitar m w/ Guitar v Guitar m w/ Flute v Guitar m w/ Drums v Guitar m w/ Piano v 

Flute m w/ Flute v Flute m w/ Drums v Flute m w/ Piano v Flute m w/ Guitar v 

Drums m w/ Drums v Drums m w/ Piano v Drums m w/ Guitar v Drums m w/ Flute v 

Piano m w/ Piano v Piano m w/ Guitar v Piano m w/ Flute v Piano m w/ Drums v 

 

Table 3.15: Possible mix positions of audio and video instrumental clips, with “m” designating musical media 
and “v” video media. 

Because the video clips are of very different pieces of music, which have nothing 

to do with each other sonically or compositionally beyond using traditional acoustic 

instruments, this rotational logic was used to present an all or none colocation choice to 

the participants. It would be for another experiment design to explore the 16 possible 

variations produced if multiple clips could be colocated. This alternate design would make 

more sense if the four video clips were recordings of different instruments contributing 

synchronously to the same overall musical composition. Such a design would be more 

resource intensive, requiring more substantial videography, post production and live music 

recording. Since the goal of this experiment is to explore the screen edges– in contrast to 

Experiment 1, which was focused on an area within the screen– the use of downloaded 

YouTube clips of different live music performances was deemed sufficient to address the 

research interest. 
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Figure 3.31: Faders for participants to adjust the volume levels of the four clips. 

 

Figure 3.32: Screen edge positions of the video clips, showing locations of Guitar, Piano, Flute and Drums. 

3.12.1. Response Summary 

There are four conditions of possible mix positions of audio and video instrumental 

clips, since the audio was ‘rotated’ amongst four video files, resulting in an ‘all or none’ 

colocation scenario. Only condition #1 is colocated, the rest were not. The data contained 

information about Participant, Trial, Condition, Response, Age and Sex. 
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 Responses 

Condition No (=incorrect) Yes (=correct) 

1 3 95 

2 1 84 

3 0 81 

4 17 66 

 

Table 3.16: Basic Summary Statistics Count. 

3.12.2. Analysis Steps 

For all the models, the Participant is treated as the random effect, and logistic 

regression with random effect is performed. 

1. Fit the model with only one main effect (condition) 

● There is the problem of perfect discrimination because for Condition = 3, 

there is no response for No (no incorrect responses). 

● Thus, we cannot get a meaningful estimate in this case, as we have logit 

undefined and mean square error very large. (logit = log(p\(1-p)), for 

condition 3, p=1) 

● Some correction methods cannot work in the mixed effect model. 

● One possible solution is to add 1 to each cell in the count table. 

2. Fit the model with only one main effect (Condition)  (add 1 to each cell) 

● Anova table 
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Response: Response 

 Chisq Df Pr(>Chisq) 

Intercept 34.455 1 4.361e-09 

Condition 23.845 3 2.691e-05 

 

Table 3.17: ANOVA 

 Condition is a significant effect (p value = 2.691e-05) 

• Tukey method for pairwise comparisons 

Contrast Odds.ratio SE p.value 

1 / 2 0.549 0.480 0.9027 

1 / 3 0.288 0.322 0.6818 

1 / 4 6.490 3.744 0.0065 (**) 

2 / 3 0.524 0.642 0.9524 

2 / 4 11.813 9.001 0.0065 (**) 

3 / 4 22.535 23.294 0.0138 (**) 

 

Table 3.18: Tukey pairwise. 

Compare probability of correct response for each condition. 

There is statistically significant evidence of a difference in: 

• condition 1 vs. condition 4 (p value = 0.0065),  

• condition 2 vs. condition 4 (p value = 0.0065), 

• condition 3 vs. condition 4 (p value = 0.0138)  
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Figure 3.33: Mean probabilities of correct identification across the four conditions.  

 

 

Figure 3.34: Mean probabilities of correct identification across the four conditions. 
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3. Fit the model with two main effects without interaction (Condition, Sex)  

● Anova table 

Response: Response 

 Chisq Df Pr(>Chisq) 

Intercept 70.137 1 <2.2e-16 

Condition 23.538 3 3.12e-05 

Sex 1.620 1 0.2031 

 

Table 3.19: ANOVA. 

Sex is not a significant effect (p value = 0.2031) 

4. Fit the model with two main effects with interaction (Condition, Sex)  

● The same problem (perfect discrimination) occurs 

● Use the same solution to fix the problem by adding 1 to each cell 

● Anova table 

Response: Response 

 Chisq Df Pr(>Chisq) 

Intercept 75.920 1 < 2.2e-16 

Condition 17.176 3 0.00065 

Sex 0.001 1 0.975 

Condition:Sex 3.372 3 0.338 

 

Table 3.20: ANOVA. 

There is no significant interaction effect between Condition and Sex. (p value = 

0.338) 
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5. Fit the model with two main effects without interaction (Condition, Age) 

● We cannot fit the model including the interaction between condition 

and age since we do not enough combinations. 

● Anova table 

Response: Response 

 Chisq Df Pr(>Chisq) 

Intercept 0.477 1 0.490 

Condition 23.089 3 3.87e-05 

Age 0.815 1 0.367 

 

Table 3.21: ANOVA. 

Age is not a significant effect (p value = 0.367) 

6. Examine learning effect by including Trial in the model 

● Anova table 

Response: Response 

 Chisq Df Pr(>Chisq) 

Intercept 18.941 1 1.348e-05 

Condition 23.772 3 2.787e-05 

Trial 2.471 1 0.116 

 

Table 3.22: ANOVA. 

Trial is not a significant effect (p value = 0.116). Therefore, we conclude that there 

is no learning effect in experiment 2. 

7. Examine expertise effect  
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● Create a new column to indicate if the participant is an expert or not 

(the single subject data, i.e. the PI, is treated separately as the most 

expert user of the system). 

● Anova table 

Response: Response 

 Chisq Df Pr(>Chisq) 

Intercept 37.088 1 1.129e-09 

Condition 23.167 3 3.728e-05 

Expert 2.054 1 0.1518 

 

Table 3.23: ANOVA. 

Expertise is not a significant effect (p value = 0.1518). Therefore, we conclude that 

there is no expert effect in experiment 2. 

3.12.3. Discussion 

With placing these four different clips across the screen at the edges, participants 

could accurately detect to a very high degree whether the media was colocated. Of primary 

interest in this experiment design was to determine if there is sufficient capacity to make 

discriminations at the edges of the screen. The relatively high error rate of condition 4 is 

of interest for possible future research, as one possible explanation for this intriguing 

finding is the manifestation of a crossmodal effect whereby visuals that exhibit some kind 

of similarity or contrast in rendered movement or other visual dimensions might influence 

auditory localization and thus sometimes exhibit perceptual capture. The error rate of 

condition 4 provides an example of how one can inform subsequent phenomenological 

inquiry on the basis of an empirical finding. That is, one can go back to condition 4 and 

experience it phenomenologically to intuit hypotheses as to what kinds of processes might 

be occurring to structure this particular response to a percept configuration. For instance, 

one thing conditions 2 and 4 have in common is that all spatial offsets are minimal– no 

more than one clip distance away, so cross modal effects should be stronger– whereas 

condition 3 has a more radical swap of the media from left to right edge (flipping guitar 
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and drum percepts). Other possible causes for this asymmetry in condition four include 

the perceptual biases related to the handedness of the listener and the non-ideal acoustic 

conditions of the room (discussed in more detail below with experiment 3). Overall the 

high degree of accuracy in the results is not surprising given the rather large spatial 

distances between media clips. 

3.13. Experiment 3: Forced Choice Auditioned Direction 
Paths 

Experiment three randomly presents one of eight kinds of tone-movements (the 

independent variable) across the display. This is the only unimodal (sound-only) 

experiment in this set of studies, but as will be seen, this analysis is the most complex to 

carry out. The tones are simple electronic waveforms which crossfade across an array of 

exciters to produce one of the eight patterns shown below. A second interface tab for the 

investigator allows for the selection of different tones (e.g. triangle, square, saw, at 

different frequencies etc.).  

Simple sound waves were used since this is a common element in complex sound 

designs where synthesized audio is presented to audiences when the media producers 

want to showcase the sound system. A good example to reference for this context is the 

sound effects heavy demonstration content that is often played before films in movie 

theatres, to ‘wow’ the audience with impressive audio effects, or the various demo trailers 

and test tones used for calibrating home media systems. What is imagined is that 

colocative test tones and demonstration content would want to ‘show off’ the capabilities 

of the system by dramatically moving synthesized audio sounds across the screen. While 

a very large display, such as in a public cinema, might make use of more complex 

movement paths, given the relatively small scale of the prototype (8’ wide by 4’ high), it 

was decided to send sounds either from edge to edge, or corner to corner, within the 

display. The eight tone paths were chosen to, a) easily present the percepts on a small 

iPad interface (the unit is an iPad mini model), and b) keep to a number of paths and 

interface selections that is within the oft-noted limits of short term memory (7 ± 2).  

For this dataset below a 400 Hz square wave is used with a total audible movement 

time of 2 seconds. The interface allows participants to repeat the tone directional paths if 

they were unsure via the “Repeat” button, and they record their selection (dependent 
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variable) by pressing the button next to the path (the arrow image). This option to repeat 

offers a potential corrective to auditory motion aftereffects, whereby participants might be 

likely to hear tendencies related to movement in the prior signal. Auditory motion 

aftereffects are tendencies to hear a movement in the opposite direction of the preceding 

stimulus due to sensory adaptation, similar to its visual analog, the ‘waterfall effect.’ 

The generally accepted explanation for visual motion aftereffects is based 
on the presumed existence of movement analyzers in the visual system 
which are selectively tuned to motion in a particular direction…. According 
to this view, gazing for some time at a stimulus moving in one direction (the 
"inspection" or "adaptation" stimulus) fatigues the analyzers which are 
specifically tuned to that direction. Subsequently, when the observer gazes 
at a stationary pattern (the "test" stimulus), activity in the fatigued analyzers 
remains depressed, and, hence, there is relatively more activity in the 
analyzers tuned to the opposite direction. Perception is therefore of 
"opposite" movement. (Grantham and Wightman, 1979, p.403). 

On the interface, pressing “New” creates a new tone directional path and advances 

the trial numbering counter. This experiment is modeled on that of Hollander and Furness 

(1994) where those authors explored geometric and alphanumeric shape patterns via a 

forced choice stimulus/response grid. Here the paths are very simple, being a single 

straight line from either screen edge to edge, or corner to corner. The factors of interest 

for this experiment were the most complex of the three experiments, involving: 

• Presented Pattern 

• Selected Pattern 

• For each pattern (presented and selected) there are factors of: 

- Left to Right 

- Right to Left 

- Up to Down 

- Down to Up 

- Horizontal Shape 

- Vertical Shape 

- Diagonal Shape 

- Exact Match 
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• Sex 

• Age 

 

Figure 3.35: Experiment 3 interface. 

3.13.1. Percept Naming Convention 

For convenience, the following codes will be used in this section when referring to 

each of the examined percepts: 
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Percept Percept Code 

Left to Right R 

Right to Left L 

Up to Down D 

Down to Up U 

Bottom-Left to Top-Right RU 

Top-Right to Bottom-Left LD 

Top-Left to Bottom-Right RD 

Bottom-Right to Top-Left LU 

 

Table 3.24: Shorthand notation assigned to each percept. For the more complex diagonal movements 
comprising a horizontal and vertical dimension to the movement, the destination of the percept is the basis for 
the coding 

 

3.13.2. Stimulus Response Grid 

A heatmap was generated showing the frequencies of each presented percept–

chosen percept combination.  Rows beginning with “c_” represent chosen percepts, while 

columns beginning with “p_” represent presented percepts. 
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Figure 3.36: Heat map of the relative frequency of occurrence between presented and chosen percepts. 

Below is a table containing some comments for each presented percept. 

Percept 
Presented Comments 

R Overall users were good at recognizing this one 

L A lot of confusion between this and the LD percept 

D 
Participants did quite poorly on this. This is often confused with U, LD 
and L percepts. 

U Often confused with D percept. 

RU 
Probably the worst one. Participants very often mistook for R and RD 
percepts. 

LD Frequently confused with L percept. 

RD Frequently confused with R percept. 

LU Frequently confused with LD and L percept. 

 

Table 3.25: Short comments on details found in Figure 36 for each presented percept. 
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Users tended to confuse D and U percepts with each other, providing expected 

evidence that vertical path recognition is relatively poor, as many researchers have 

confirmed weak vertical auditory localization compared to horizontal localization. Humans 

would literally need to have an additional set of ears at the top and bottom of their heads 

to have similar discrimination thresholds as in the horizontal dimension. For vertical 

auditory localization, we rely mainly on spectral filtering of the pinna). Overall, there is 

evidence that horizontal recognition was better than vertical recognition. In many 

instances users would correctly guess the horizontal component of a percept but not the 

vertical (See L, RU, LD, RD and LU percepts in Figure 36).  A statistical analysis was next 

carried out to help identify, quantify, and validate trends in the data. 

3.13.3. Direction Analysis 

The first statistical analysis is with respect to the directional effects. In this analysis, 

we examine the relationship between each of the 8 presented percepts, and the probability 

of a user correctly identifying them. We will also attempt to answer some general questions 

about directional effects using contrasts. 

As it is likely that the observations for a specific user are correlated, it was decided 

that a mixed logistic model would be used to carry out this directional analysis. This model 

had the form: 

𝑙𝑜𝑔
𝜋%&

1 − 𝜋%&
= 𝑃%& + 𝑢% 

 where  𝜋%& is the probability of the ith user correctly identifying the percept in the 

jth trial, P_ij is an 8-factor categorical variable corresponding to which percept was 

presented to the ith user in the jth trial, and u_i is the random effect of the ith user. It is 

assumed that u_i  ~ i.i.d N(0,σ_u^2).  Models of this form are used for modelling 

probabilities. Fitting this model resulted in the following estimated probabilities of a user 

successfully identifying a percept when it is presented to them: 
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Percept Probability 

Lower 
Confidence 

Limit 

Upper 
Confidence 

Limit Group 

RU 0.073 0.027 0.185 1 

LU      0.112 0.045 0.252 12 

D 0.150 0.070 0.292 12 

RD      0.177 0.096 0.303 12 

U 0.288 0.175 0.435 123 

L 0.398 0.264 0.549 23 

LD     0.404 0.260 0.568 23 

R 0.550 0.398 0.693 3 

 

Table 3.26: Estimates of the probability of a correct identification for each percept under our mixed logit 
model, each estimate’s respective 95% confidence interval, and its determined grouping. 

 

Figure 3.37: Plot of Presented Percept against predicted probability of successful match from our mixed logit 
model, with 95% confidence intervals and labels for determined groupings. 

In Table 26 above, each percept is assigned into a group (See the “Group” 

column). All percepts that fall within the same unique group were found to not be 
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significantly different from each other. For instance: The LU, D, and RD percepts all fell 

into group “12”. This indicates that there was no statistically significant evidence that these 

3 percepts had different probabilities of being correctly identified. Thus, percepts within 

the same group can be thought of as having essentially equal probabilities of being 

correctly identified by a user. Percepts were assigned to groups using a statistical method 

called Tukey’s Honest Significant Difference Test. Percepts in Table 26 and Figure 39 are 

ordered by increasing probability of correct identification. 

As can be see in Table 27 and Figure 38, the RU percept fell in the lowest group, 

indicating it had the lowest estimated probability of successful match (only 7.3%). The LU, 

D and RD percepts all fell in the next lowest group; and as can be seen in Figure 38, their 

estimated probabilities of success and 95% CIs are similar. Next followed the U percept 

in the 3rd highest grouping. The L and LU percepts fell in the group with the 2nd highest 

probability of success, and finally the R percept fell in the group with the highest probability 

of success.  

From Table 27 and Figure 38, it appears that strictly horizontal percepts have a 

higher probability of successful match than most diagonal and all vertical percepts. This 

will be further explored in the Shape analysis following this section. Note that the LD 

percept had a much higher probability of identification than the other diagonal percepts. 

Next, a contrast was used to examine whether percepts travelling left-to-right had, 

on average, higher probabilities of a successful match than those travelling right-to-left. 

The contrast used was: 

𝐶 =
1
3 ∗ 𝑝𝑟𝑜𝑏 𝐿 + 𝑝𝑟𝑜𝑏 𝐿𝑈 + 𝑝𝑟𝑜𝑏 𝐿𝐷 −	

1
3

∗ 𝑝𝑟𝑜𝑏 𝑅 + 𝑝𝑟𝑜𝑏 𝑅𝑈 + 𝑝𝑟𝑜𝑏 𝑅𝐷 	 

This contrast takes the average probability of identification across all percepts 

travelling leftwards and compares it to the average probability of identification across all 

percepts travelling rightwards. When this hypothesis test was carried out, the test statistic 

(an odds ratio) had a value of 1.397249, with a 95% confidence interval of (0.756256, 

2.581539). Its p-value was: 0.2855. As this contrast’s p-value was > 0.05, there was no 

statistically significant evidence that percepts travelling left-to-right had, on average, 

different probabilities of successful identification than those travelling right-to-left. 
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Next, a contrast was used to examine whether percepts travelling up-to-down had 

higher probabilities, on average, of a successful match than those travelling down-to-up. 

The contrast used was: 

𝐶 =
1
3 ∗ 𝑝𝑟𝑜𝑏 𝐷 + 𝑝𝑟𝑜𝑏 𝑅𝐷 + 𝑝𝑟𝑜𝑏 𝐿𝐷 −	

1
3

∗ 𝑝𝑟𝑜𝑏 𝑈 + 𝑝𝑟𝑜𝑏 𝑅𝑈 + 𝑝𝑟𝑜𝑏 𝐿𝑈 	 

This contrast takes the average probability of identification across all percepts 

travelling downwards and compares it to the average probability of identification across all 

percepts travelling upwards. When this hypothesis test was carried out, the test statistic 

(an odds ratio) had a value of 1.853178, with a 95% asymptotic confidence interval of 

(0.9718011, 3.533922). Its p-value was 0.0611. As this contrast’s p-value was > 0.05, 

there was no statistically significant evidence that percepts travelling up-to-down had, on 

average, different probabilities of successful identification than those travelling down-to-

up. 

Overall, this section of the analysis found that users had higher probabilities of 

correctly identifying a percept when it was moving strictly horizontally. In addition, users 

tended to have very low probabilities of identifying diagonal percepts, except for the LD 

percept. No evidence was found to suggest that leftwards moving percepts were easier to 

correctly identify than rightwards moving ones, or vice versa. In addition, no evidence was 

found to suggest that upwards moving percepts were easier to identify than downwards 

moving ones, or vice versa. 

Horizontal and vertical component analysis 

After performing this analysis of the overall match rate, it was then decided to 

investigate the relationship between the presented percepts and the probability of correctly 

identifying their horizontal or vertical components.  

Some quick exploratory analysis was carried out examining each user’s observed 

probability of identifying a percept’s horizontal and vertical component. Table 27 below 

contains these results. As can be seen from this table, the probability of correct horizontal 

identification was higher than vertical in all users. 



173 

Statistical analyses will now be used to more thoroughly investigate the 

relationships between presented percepts and correct horizontal/vertical component 

identification. We will begin by analyzing the relationship between presented percepts and 

the probability of correctly identifying its horizontal component. Recall that the first six 

participants constitute the small-n group and participant seven is the single subject sample 

(principal investigator). 

Participan
t 

Observed Probability of 
Horizontal Identification 

Observed Probability of 
Vertical Identification 

1 0.64 0.43 

2 0.64 0.36 

3 0.64 0.22 

4 0.88 0.42 

5 0.86 0.32 

6 0.74 0.32 

7 0.76 0.41 

 

Table 3.27: Observed probabilities of correctly identifying a percept’s horizontal and vertical percept for each 
user. 

Horizontal component analysis 

In this section of the analysis, we are solely interested in identifying the horizontal 

component of a percept. For instance, if the presented percept was RD, and an individual 

guessed it was RU, this would still count as a correct horizontal component identification. 

Like the above analysis, a mixed logit model was used, of the form: 

𝑙𝑜𝑔
𝜋𝐻𝑜𝑟%&

1 − 𝜋𝐻𝑜𝑟%&
= 𝑃%& + 𝑢% 

where  〖πHor〗_ij is the probability of the ith user correctly identifying the horizontal 

component of the percept presented in the jth trial, P_ij is an 8-factor categorical variable 

corresponding to which percept was presented to the ith user in the jth trial, and u_i is the 
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random intercept of the ith user. It is assumed that u_i  ~ i.i.d N(0,σ_u^2). As can be seen, 

this is the same model as the above analysis, except we are now modelling a different 

probability. Fitting this model resulted in the following estimated probabilities of correctly 

identifying the horizontal component of each presented percept: 

Percept Probability 
Asymptotic 

LCL 
Asymptotic 

UCL Group 

 D  0.389 0.241 0.561 1 

U 0.616 0.454 0.755 12 

RD 0.716 0.565 0.830 23  

R 0.734 0.573 0.851 23 

RU  0.750 0.596 0.859 23  

L  0.894 0.770 0.955 3 

LU 0.932 0.801 0.979 3 

 LD 0.954 0.829 0.989 3 

 

Table 3.28: Estimates of the probability of a correct horizontal component identification for each percept under 
our mixed logit model, each estimate’s respective 95% confidence interval, and its determined grouping. 
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Figure 3.38: Plot of Presented Percept against predicted probability of successful horizontal component 
identification from our mixed logit model, with 95% confidence intervals and labels for determined groupings. 

 As can be seen in Table 28 above, a pattern emerged. Percepts moving leftwards 

were grouped as having the highest probability of horizontal component identification, 

followed by a group containing all the percepts that moved rightwards, followed by groups 

containing the down-to-up and up-to-down percepts respectively. 

 Next, contrasts were used to formally test whether percepts moving leftwards had 

different probabilities of horizontal component identification than those moving rightwards. 

The contrast used to evaluation this question had the form: 

𝐶 =
1
3 ∗ 𝑝𝑟𝑜𝑏 𝐿 + 𝑝𝑟𝑜𝑏 𝐿𝑈 + 𝑝𝑟𝑜𝑏 𝐿𝐷 −	

1
3

∗ 𝑝𝑟𝑜𝑏 𝑅 + 𝑝𝑟𝑜𝑏 𝑅𝑈 + 𝑝𝑟𝑜𝑏 𝑅𝐷 	 

When this hypothesis test was carried out, the test statistic (an odds ratio) had a value of 

4.888988, with a 95% asymptotic confidence interval of (2.261688, 10.5683). This contrast 

had a p-value of 0.0001. As this p-value < 0.05, there is statistically significant evidence 

that percepts travelling leftwards had higher probabilities of a successful horizontal 

component identification than those travelling rightwards. 
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Next, contrasts were used to examine whether percepts travelling downwards had 

different probabilities of horizontal component identification than those travelling upwards. 

The contrast used was: 

𝐶 =
1
3 ∗ 𝑝𝑟𝑜𝑏 𝐷 + 𝑝𝑟𝑜𝑏 𝑅𝐷 + 𝑝𝑟𝑜𝑏 𝐿𝐷 −	

1
3

∗ 𝑝𝑟𝑜𝑏 𝑈 + 𝑝𝑟𝑜𝑏 𝑅𝑈 + 𝑝𝑟𝑜𝑏 𝐿𝑈 	 

When this hypothesis test was carried out, the test statistic (an odds ratio) had a value of 

0.7985843, with a 95% asymptotic confidence interval of (0.3833122, 1.663753). Its p-

value was 0.5482. As this p-value > 0.05, there is no statistically significant evidence that 

percepts travelling downwards had different probabilities of a successful horizontal 

component identification than those travelling upwards. 

Overall, this “horizontal analysis” found evidence that users were better at 

identifying the horizontal direction a percept was travelling than the vertical direction it was 

travelling. This analysis also found evidence that users are more likely to correctly identify 

leftward horizontal movement than rightward horizontal movement. Users were also found 

to poorly identify when no horizontal movement was occurring. No statistically significant 

evidence was found to suggest that upwards movement was easier to identify than 

downwards movement, or vice versa. 

Vertical component analysis 

Next, this exact same form of analysis was carried out on the probability of 

successfully identifying the vertical component of a percept. A mixed logit model was used 

of the form: 

𝑙𝑜𝑔
𝜋𝑉𝑒𝑟%&

1 − 𝜋𝑉𝑒𝑟%&
= 𝑃%& + 𝑢% 

 where  𝜋𝑉𝑒𝑟%& is the probability of the ith user correctly identifying the vertical component 

of the percept presented in the jth trial, 𝑃%& is an 8-factor categorical variable corresponding 

to which percept was presented to the ith user in the jth trial, and 𝑢% is the random intercept 

of the ith user. It is assumed that 𝑢%	~	𝑖. 𝑖. 𝑑	𝑁(0, 𝜎DE). Fitting this model resulted in the 
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following estimated probabilities of correctly identifying the vertical component of each 

presented percept: 

Percept Probability 

Lower 
Confidence 

Limit 

Upper 
Confidence 

Limit Group 

LU 0.118 0.049 0.258 1 

RU 0.244 0.145 0.380 12 

RD  0.297 0.193 0.428 123 

U 0.356 0.236 0.496 123 

D 0.397 0.263 0.549 123 

L 0.421 0.291 0.562 123 

LD 0.440 0.297 0.593 23 

R 0.579 0.435 0.710 3 

 

Table 3.29: Estimates of the probability of a correct vertical component identification for each percept under 
our mixed logit model, each estimate’s respective 95% confidence interval, and its determined grouping. 

Comparing Table 29 to Table 28, there is further evidence that users had lower 

probabilities of identifying vertical components than horizontal ones. 

From Table 29 above, it appears that users had high probabilities of correctly 

identifying the vertical components of the two strictly horizontal percepts, relative to most 

other percepts. This will be further analyzed in the shape analysis that will follow this 

section. It also appears that the LD percept had a higher probability of successful vertical 

component identification than the other 3 diagonal percepts, which had the lowest 

estimated probabilities of vertical component identification. This is similar to what was 

observed in the first part of the directional analysis. To see if there was statistically 

significant evidence of this phenomena, a contrast was used of the form: 

𝐶 = 𝑝𝑟𝑜𝑏 𝐿𝐷 −	
1
3 ∗ 𝑝𝑟𝑜𝑏 𝐿𝑈 + 𝑝𝑟𝑜𝑏 𝑅𝑈 + 𝑝𝑟𝑜𝑏(𝑅𝐷)  
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This contrast compared the probability of identifying the vertical component of the 

LD contrast, to the average probability of correct vertical component identification of all 

the other diagonal percepts. This contrast had a value of 1.09 (in this case the contrast is 

a difference, and not an odds ratio), and a 95% confidence interval of (0.3545707, 

1.827437). It had a p-value of 0.0037. As this p-value < 0.05, there is statistically significant 

evidence that users shown the LD percept had a higher probability of correctly identifying 

the vertical component of said percept than they did of the other diagonal percepts. 

 

Figure 3.39: 39: Plot of Presented Percept against predicted probability of successful vertical component 
identification from our mixed logit model, with 95% confidence intervals and labels for determined groupings. 

Next, a contrast was used to formally test whether percepts travelling leftwards 

had different probabilities of vertical component identification than those travelling 

rightwards. The contrast used was: 

𝐶 =
1
3 ∗ 𝑝𝑟𝑜𝑏 𝐿 + 𝑝𝑟𝑜𝑏 𝐿𝑈 + 𝑝𝑟𝑜𝑏 𝐿𝐷 −	

1
3

∗ 𝑝𝑟𝑜𝑏 𝑅 + 𝑝𝑟𝑜𝑏 𝑅𝑈 + 𝑝𝑟𝑜𝑏 𝑅𝐷 	 

When this hypothesis test was carried out, the test statistic (an odds ratio) had a value of 

0.7409111, with a 95% asymptotic confidence interval of (0.4335769, 1.266094). Its p-

value was 0.2727. As this p-value is > 0.05, there is no statistically significant evidence 
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that percepts travelling leftwards had higher probabilities of a successful vertical 

component identification than those travelling rightwards. 

Next, a contrast was used to examine whether percepts travelling downwards had 

different probabilities of vertical component identification than those travelling upwards. 

The contrast used was: 

𝐶 =
1
3 ∗ 𝑝𝑟𝑜𝑏 𝐷 + 𝑝𝑟𝑜𝑏 𝑅𝐷 + 𝑝𝑟𝑜𝑏 𝐿𝐷 −	

1
3

∗ 𝑝𝑟𝑜𝑏 𝑈 + 𝑝𝑟𝑜𝑏 𝑅𝑈 + 𝑝𝑟𝑜𝑏 𝐿𝑈 	 

When this hypothesis test was carried out, the test statistic (an odds ratio) had a 

value of 2.092271, with a 95% asymptotic confidence interval of (1.219083, 3.590897). Its 

p-value was 0.0074.  As this p-value < 0.05, there is statistically significant evidence that 

percepts travelling downwards had higher probabilities of a successful vertical component 

identification than those travelling upwards. 

Overall, this “vertical analysis” had several findings. It found evidence that users 

had lower probabilities, on average, of correctly identifying vertical components of 

percepts than horizontal ones. It then went on to show that strictly horizontal percepts had 

relatively high probabilities of correct vertical component identification compared to most 

other percepts. It was also found that the LD percept had a significantly higher probability 

of correct vertical component identification than the other diagonal percepts. Finally, there 

was also statistically significant evidence that percepts travelling downwards had higher 

probabilities of correct vertical component identification than percepts travelling upwards. 

3.13.4. Shape Analysis 

Next, a very similar analysis to the one above was carried out to examine the 

relationship with the overall shape (vertical, horizontal, or diagonal) of a presented percept 

and the probability of successfully identifying said percept. 

In this analysis, a mixed logit model was used, of the form: 

𝑙𝑜𝑔
𝜋%&

1 − 𝜋%&
= 𝑆%& + 𝑢% 
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where 𝜋𝐻𝑜𝑟%& is the probability of the ith user correctly identifying the percept in the jth trial, 

Sij is a 3-factor categorical variable corresponding to the shape of the percept presented 

to the ith user in the jth trial, and ui is the random intercept of the ith user. It is assumed that 

𝑢%	~	𝑖. 𝑖. 𝑑	𝑁(0, 𝜎DE). Fitting this model resulted in the following estimated probabilities of 

correctly identifying the presented percept: 

Percept 
Shape Probability 

Lower 
Confidence 

Limit 

Upper 
Confidence 

Limit Group 

Diagonal 0.183 0.125 0.261 1 

Vertical 0.223 0.142 0.332 1 

Horizontal 0.471 0.355 0.590 2 

 

Table 3.30: Estimates of the probability of a correct percept identification based on presented shape under 
our mixed logit model, each estimate’s respective 95% confidence interval, and its determined grouping. 

 

 

Figure 3.40: Plot of Presented Shape against predicted probability of successful percept identification from 
our mixed logit model, with 95% confidence intervals and labels for determined groupings. 

As can be seen in Table 30 and Figure 41, horizontal shapes were found to have 

the highest probability of being correctly identified. Also, there was statistically significant 
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evidence that diagonal and vertical percepts had identical probabilities of being correctly 

identified by a user. These two percept shapes were found to have significantly lower 

probabilities of successful identification than horizontal shapes. 

Horizontal and vertical 

Like the directional analysis above, next we examined the relationship between 

presented percept shape and the probability of successfully identifying its horizontal and 

vertical components individually. 

Horizontal analysis 

In this analysis, a mixed logit model was used, of the form: 

𝑙𝑜𝑔
𝜋𝐻𝑜𝑟%&

1 − 𝜋𝐻𝑜𝑟%&
= 𝑆%& + 𝑢% 

where 𝜋𝐻𝑜𝑟%&  is the probability of the ith user correctly identifying the horizontal 

component of the percept in the jth trial, Sij is a 3-factor categorical variable corresponding 

to the shape of the percept presented to the ith user in the jth trial, and ui is the random 

intercept of the ith user. It is assumed that 𝑢%	~	𝑖. 𝑖. 𝑑	𝑁(0, 𝜎DE). Fitting this model resulted 

in the following estimated probabilities of correctly identifying the horizontal component of 

the presented percept: 

Percept 
Shape Probability 

Lower 
Confidence 

Limit 

Upper 
Confidence 

Limit Group 

Vertical 0.510 0.382 0.636 1 

Horizontal 0.820 0.712 0.893 2 

Diagonal 0.824 0.740 0.884 2 

 

Table 3.31 : Estimates of the probability of correctly identifying the horizontal component of the presented 
percept based on presented shape under our mixed logit model, each estimate’s respective 95% confidence 
interval, and its determined grouping. 
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Figure 3.41:  Plot of Presented Shape against predicted probability of successfully identifying the horizontal 
component of the presented percept from our mixed logit model, with 95% confidence intervals and labels for 
determined groupings 

As can be seen in both Table 31 and Figure 41 above, horizontal and diagonal 

percepts had much higher probabilities of having their horizontal components successfully 

identified than strictly vertical percepts did. In addition, there was no statistically significant 

difference in the probabilities of horizontal component identification in horizontal and 

diagonal percepts. This again seems to indicate that users are good at identifying whether 

a percept is moving from left to right or not. Many errors in identification appear to be 

attributed to incorrectly identifying the vertical component. 

Vertical analysis 

In this analysis, a mixed logit model was used, of the form: 

𝑙𝑜𝑔
𝜋𝑉𝑒𝑟%&

1 − 𝜋𝑉𝑒𝑟%&
= 𝑆%& + 𝑢% 

where  𝜋𝑉𝑒𝑟%& is the probability of the ith user correctly identifying the vertical component 

of the percept in the jth trial, 𝑆%&  is a 3-factor categorical variable corresponding to the 

shape of the percept presented to the ith user in the jth trial, and 𝑢% is the random intercept 

of the ith user. It is assumed that 𝑢%	~	𝑖. 𝑖. 𝑑	𝑁(0, 𝜎DE). Fitting this model resulted in the 
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following estimated probabilities of correctly identifying the vertical component of the 

presented percept: 

Percept 
Shape Probability 

Lower 
Confidence 

Limit 

Upper 
Confidence 

Limit Group 

Diagonal 0.277 0.217 0.348 1 

Vertical 0.376 0.284 0.479 12    

Horizontal 0.499 0.400 0.598 2 

 

Table 3.32: Estimates of the probability of correctly identifying the vertical component of the presented percept 
based on presented shape under our mixed logit model, each estimate’s respective 95% confidence interval, 
and its determined grouping. 

 

Figure 3.42: Plot of Presented Shape against predicted probability of successfully identifying the vertical 
component of the presented percept from our mixed logit model, with 95% confidence intervals and labels 
for determined groupings. 

As can be seen in Table 32 and Figure 42 above, users had the highest probability 

of identifying the vertical components of horizontal percepts, followed by vertical percepts, 

and finally diagonal percepts. All 3 of these percept shapes were found to have 

probabilities of successful vertical component identification that were significantly different 

from one another. 
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This “vertical analysis” provides evidence that, when compared to strictly vertical 

percepts, the added horizontal movement in diagonal contrasts made it more difficult for 

users to correctly identify a percept’s vertical component. 

3.13.5. Summary of Directional and Shape Analysis in the Audio 
Paths 

The purpose of this section is to summarize some overall insights that were gained 

from the Directional and Shape analyses. 

One finding was that users clearly had difficulties identifying vertical components 

of percepts. Examining Tables 28 and 31, users have high probabilities of correctly 

identifying the horizontal components of horizontal and diagonal percepts, especially 

compared to the overall match rates found in Tables 26 and 30.  Thus, it seems that 

incorrectly identifying vertical components of percepts is behind the low overall match 

rates in many percepts.  

Another finding consistent across several of the directional and shape analyses 

was that the LD percept had significantly higher overall match rates (see Table 26) and 

vertical component identification rates (See Table 29) than the other 3 diagonal percepts. 

It had comparable horizontal match rates to some of the other diagonal percepts but was 

still in the group with the highest overall probability of successful horizontal component 

identification (see Table 28). 

Another finding of interest was that there was statistically significant evidence that 

users were better at identifying leftwards horizontal components than rightwards ones. 

Table 28 shows evidence of this pattern. However, this only appears to be for horizontal 

component identification. There was no evidence of this for overall identification, or vertical 

component identification.  

Finally, another finding was that there was statistically significant evidence that 

users had a higher probability of identifying the vertical component of a percept when it is 

moving downwards, compared to moving upwards. See Table 29 for an illustration of this 

pattern.  
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3.13.6. Learning Effects and Other Variables 

Before beginning any formal statistical analysis, basic exploratory analysis was 

carried out.  First, the overall match rate for each user was calculated: 

User 
Match 
Rate 

1 0.21 

2 0.26 

3 0.10 

4 0.36 

5 0.28 

6 0.30 

7 (the PI) 0.35 

 

Table 3.33: Overall Match rates for each user. 

The experienced user (the PI, #7) had a higher match rate than all but one user. 

This could be evidence of an “expert” effect, which will be explored once models are fit. 

Next, a graph was produced showing the average match rate of each 10 trials for 

each user in the study. This was done to get a preliminary look at any learning effects that 

may exist. 
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Figure 3.43: Chart of average match rate for each 10 trials for each user. Note that User 7 is the experienced 
user (single subject = the PI) and had a dataset of 100 trials instead of 50 which was used in the small-n 
group. A rising slope indicates improvement over time, and a declining slope shows worsening. 

This chart does not appear to indicate that there’s much evidence of a learning 

effect in the data, except possibly in the experienced user. Some users appeared to 

improve over time, while others appeared to get worse. The slopes were not especially 

large, indicating that improvements/worsening did not occur very quickly. Although it does 

appear from the chart that the experienced user continued improving as time went on, this 

may be possible evidence that if the other users were allowed more time, that they could 

potentially continue improving until a large increase in accuracy had occurred. In any case, 

this chart does not consider the relative difficulty of presented patterns over time – it is 

possible some users were presented harder patterns in the earlier trials, and easier ones 

in the later trials (or vice-versa), since the patterns were generated randomly by the 

software. In addition, there are other independent variables such as age, sex, and 

experience level that could also be considered. Thus, a formal statistical analysis should 

be carried out. 

One issue with performing an analysis is that there is only a total of 7 users in this 

study. The accuracy of hypothesis tests carried out on regression coefficients in the mixed 

effects logit models used above are dependent on there being a large sample size. Thus, 

caution must be exerted when interpreting p-values, as they will only be approximately 
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correct. In addition, caution must also be exerted because with a sample of this size, it is 

difficult to draw conclusions about the behavior of the entire population of users. 

To test whether there was any statistically significant evidence of a learning effect, 

or if any of the other independent variables had a statistically significant effect on a user’s 

ability to identify percepts, the first model examined in the directional analysis, 

𝑙𝑜𝑔𝑖𝑡 𝜋%& = 𝑃%& + 𝑢%  was compared to several other models containing different 

combinations of independent variables, using likelihood ratio tests. These models were: 

1) IJK
LMIJK

= 𝑃%& + 𝛽L𝑡& + 𝑢%. This model contains a linear learning effect, represented 

by 𝛽L𝑡, where 𝑡&	represents which trial an individual is on. If the estimated value 

of 𝛽L (𝛽L) is positive, and there’s statistically significant evidence it is different 

from 0, then there is evidence that, on average, users are more likely to correctly 

identify percepts in later trials. This would be evidence of a learning effect. 

Similarly, if 𝛽L is negative and found to be significantly different from 0, there’s 

evidence that users, on average, get worse at identifying percepts as time goes 

on. 

2) 𝑙𝑜𝑔 IJK
LMIJK

= 𝑃%& + 𝛽L𝑡& + 𝛽E𝐸𝑥𝑝% + 𝛽Q𝑡& ∗ 𝐸𝑥𝑝% + 	𝑢%. This model contains some 

additional terms from the previous one. 𝐸𝑥𝑝% represents the experience level of 

the ith user.	 �𝑥𝑝% = 1 for the experience user, and 0 otherwise. If 𝛽E’s estimate 

(𝛽E)  is positive, and found to be significantly different from 0, this would indicate 

that the experienced user, on average, had a higher probability of successfully 

identifying a percept than the other users who had less experience. If 𝛽E is 

negative and significantly different from 0, it would have the opposite 

interpretation. The term 𝛽Q𝑡& ∗ 𝐸𝑥𝑝% allows for the experienced user to have a 

different linear learning effect than the other users. If  𝛽Q’s estimate (𝛽Q) is 

positive and significantly different from 0, this is evidence that, on average, the 

experienced user learns at a faster rate than the less experienced users. The 

reverse is true if  𝛽Q is negative and significantly different from 0.  

3) 𝑙𝑜𝑔 IJK
LMIJK

= 𝑃%& + 𝛽L𝑡& + 𝛽E𝐸𝑥𝑝% + 	𝛽Q𝐺𝑒𝑛𝑑𝑒𝑟% + 	𝛽T𝐴𝑔𝑒% + 𝑢%. This model is 

similar to model 1), only with 3 additional terms: 𝛽E𝐸𝑥𝑝%, 𝛽Q𝐺𝑒𝑛𝑑𝑒𝑟%, and 𝛽T𝐴𝑔𝑒%. 

𝛽E𝐸𝑥𝑝% has the same interpretation as it did in model 2), and 𝛽L𝑡& has the same 
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interpretation as it did in model 1). 𝐺𝑒𝑛𝑑𝑒𝑟% represents the sex of the ith user. 

𝐺𝑒𝑛𝑑𝑒𝑟% = 1 if a user is male, and 0 otherwise.  If 𝛽Q’s estimate (𝛽Q) is positive, 

and found to be significantly different from 0, this would indicate that male users, 

on average, had a higher probability of successfully identifying a percept than 

female users. If 𝛽Q is negative and significantly different from 0, it would have the 

opposite interpretation. 𝐴𝑔𝑒% represents the ith user’s age. If 𝛽T’s estimate (𝛽T) is 

positive, and found to be significantly different from 0, this would indicate that 

older users, on average, had a higher probability of successfully identifying a 

percept. If 𝛽T is negative and significantly different from 0, it would have the 

opposite interpretation. This model is like model 1), except that in addition to 

taking a possible learning effect into account when modelling a user’s probability 

of correctly identifying a percept, it also takes their sex, age, and experience level 

into account.  

 

4) 𝑙𝑜𝑔 IJK
LMIJK

= 𝑃%& + 𝛽L𝑡& + 𝛽E𝐸𝑥𝑝% + 𝛽Q𝑡& ∗ 𝐸𝑥𝑝% + 	𝛽T𝐺𝑒𝑛𝑑𝑒𝑟% + 	𝛽V𝐴𝑔𝑒% + 𝑢%. This 

model can be thought of as a sort of combination of models 2) and 3). Basically, 

this model considers a user’s age, sex, and experience level (as well as the 

percept they were presented) when modelling their probability of correctly 

identifying a percept, and in addition, it includes a learning effect that can vary 

depending on a user’s experience level (i.e. the experienced user is allowed to 

have a different learning effect than the other users). The interpretations of the 

estimates of the β coefficients for 𝑡&, 𝑡& ∗ 𝐸𝑥𝑝%, 𝐸𝑥𝑝%, 𝐺𝑒𝑛𝑑𝑒𝑟% and 𝐴𝑔𝑒% are the 

same as in the previous models.  

Once each of these 4 models were fit, they were compared to the first model from 

Section 3.13.3 of this report (which didn’t include a learning effect or any of the other 

independent variables) using likelihood ratio tests. Essentially, likelihood ratio tests the 

hypothesis: Does the full model (in this case, either model 1), 2), 3) or 4)) explain 

significantly more variation in the data than the reduced model (in this case, the first 

model examined in Section 3.13.3)?  If we find that there is no statistically significant 

difference in the amount of variation explained by the two models, then it is preferable to 

use the simpler model (in this case, the first model in Section 3.13.3) over any of the 

more complicated ones. 
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In addition to carrying out this set of tests for the model above – the model which 

examines the relationship between the probability of correctly identifying a percept 

based on the presented percept – this same set of tests was carried out on all the other 

models examined in Sections 3.13.3 and 3.13.4. The models that investigated the 

probabilities of successfully identifying the horizontal and vertical components of a 

percept, as well as all the models in the Shape Analysis from section 3.13.4, had these 

same tests carried out. 

1. When modelling the probability of correctly identifying the vertical component of a 

percept (for the directional and shape analysis models), there was no statistically 

significant evidence of a learning effect. In addition, there was no statistically 

significant evidence of sex, age, or experience effects. 

2. Directional Analysis - Correctly Identifying Percept: The best fitting model was 4). 

The estimated value of 𝛽Q  from  𝛽Q𝑡& ∗ 𝐸𝑥𝑝% was positive, and significantly different 

from 0. This model predicted that, on average, the experienced user would improve 

with time, while the rest of the users, on average, would get slightly worse with 

time. In addition, this model also has a significant Experience effect. The model 

predicted that the experienced user, on average, had a lower probability of 

correctly identifying a percept than other users. This seems counterintuitive, 

however note that the experienced user is also modelled as learning at a faster 

rate than other users. In addition, while the Sex effect (𝛽T)	was not significant, 𝛽T 

was still positive, thus modelling males as having higher probabilities on average 

of correct identification. As the experienced user is male, the negative experience 

effect could also be taking into account that some of the other males had higher 

match rates than the experienced user.  Below are the estimated coefficients for 

the learning effects and other independent variables of interest in this model: 
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Table 3.34: Regression coefficients from the best directional analysis model found for modelling the 
probability of correctly identifying a percept. 

 

3. Directional Analysis – Correctly Identifying Horizontal Component of Percept: Best 

model was 3). There was statistically significant evidence that males had a higher 

probability of correctly identifying horizontal component of percept than females, 

on average.  It was also found that, on average, being flagged as an “experienced 

user” resulted in a lower probability of correctly identifying the horizontal 

component of a percept. There was no statistically significant evidence of a 

learning effect. It is likely that the negative experience effect is again due to the 

fact that the experienced user is male, and some other male in the study may have 

performed better than him. 

 

 

 

 

 

 

Table 3.35:  Regression coefficients from the best directional analysis model found for modelling the 
probability of correctly identifying the horizontal component of a percept. 

Effect of Interest Estimate 
Standard 

Error 
Z 

Value p-value 

Trial (𝛽L) -0.01004 0.01032 -0.973 0.33075 

Experience (𝛽E) -1.32064 0.61828 -2.136 0.03268 *  

Trial*Experience 
(𝛽Q) 0.0285 0.01317 2.164 0.03049 * 

Sex (𝛽T) 0.48451 0.30152 1.607 0.10808 

Age (𝛽W) 0.04613 0.02482 1.859 0.06303 

Effect of 
Interest Estimate 

Standard 
Error 

Z 
Value p-value 

Trial 0.011317 0.006703 1.688 0.091323 

Experience -1.17171 0.458555 -2.555 
0.010612 

* 

Sex 1.363211 0.357671 3.811 
0.000138 

*** 

Age 0.004434 0.024499 0.181 0.856375 
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4. Shape Analysis - Correctly Identifying Percept: Best model was model 4). There 

was statistically significant evidence that males had a higher probability of correctly 

identifying presented percept than females, on average.  It was also found that, on 

average, being flagged as an “experienced user” resulted in a lower probability, on 

average, of correctly identifying the percept. There was also statistically significant 

evidence that, on average, older users had a higher probability of correctly 

identifying the percept. There was no statistically significant evidence of a learning 

effect. It is likely that the negative experience effect is again due to the fact that the 

experienced user is male, and some other male in the study may have performed 

better than him. 

Effect of 
Interest Estimate 

Standard 
Error 

Z 
Value p-value 

Trial -0.00616 0.009847 -0.626 0.531284 

Experience -1.285 0.600367 -2.14 0.032326 * 

Trial*Experience 0.02385 0.012687 1.88 0.060119 

Sex 0.594433 0.29039 2.047 0.040656 * 

Age 0.047094 0.023613 1.994 0.046105 * 

 

Table 3.36: Regression coefficients from the best shape analysis model found for modelling the probability 
of correctly identifying a percept. 

5. Shape Analysis - Correctly Identifying Horizontal Component of Percept: Best 

model was 3). There was statistically significant evidence of a learning effect. On 

average, users’ ability to identify the horizontal component of percepts improved 

over time. There was statistically significant evidence that males had a higher 

probability of correctly identifying the horizontal component of a percept than 

females, on average.  It was also found that, on average, being flagged as an 

“experienced user” resulted in a lower probability, on average, of correctly 

identifying the horizontal component of a percept. It is likely that the negative 

experience effect is again due to the fact that the experienced user is male, and 

some other male in the study may have performed better than him. 
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Effect of 
Interest Estimate 

Standard 
Error 

Z 
Value p-value 

Trial 0.013052 0.006596 1.979 0.04785 * 

Experience -1.21657 0.451174 -2.696 0.00701 ** 

Sex 1.287793 0.350676 3.672 0.00024 *** 

Age 0.012205 0.02325 0.525 0.59961 

 

Table 3.37: Regression coefficients from the best shape analysis model found for modelling the probability 
of correctly identifying the horizontal component of a percept. 

Overall, this analysis provided mixed results in terms of identifying learning effects, 

as well as effects attributed to other independent variables.  There is some preliminary 

evidence of a possible effect of sex, experience, age, and learning when it comes to 

correctly identifying a percept, or a horizontal component of a percept. 

There was little evidence of a learning effect, or effects due to age, sex or 

experience, when it came to correctly identifying the vertical component of a percept.  

As mentioned above, issues arise in this analysis due to small sample size. 

Because of this, the results found should only be taken as preliminary findings, and not 

hard statistical evidence. To estimate these effects more accurately, more samples will 

have to be taken.   

3.13.7. Vertical Percepts and Chance 

In the post-task interviews, some users had reported that when presented with a 

strictly vertical percept, they could identify it was not moving horizontally, but could not 

identify which direction it was moving vertically. As a result, it was suspected that users 

were randomly guessing vertical percepts in this case. 

Thus, it was of interest to carry out the following test: Of all the users (excluding 

the experienced user) who were presented a vertical pattern and selected a vertical 

pattern, was the observed probability of them correctly identifying this pattern significantly 

different from 0.5? If this was not the case, this would provide evidence that users may 

have been guessing at random in this situation. 
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Formally, this would be a hypothesis test of the form: 

𝐻X: 𝑝 =
1
2 	𝑣𝑠. 𝐻]:	𝑝 ≠

1
2 

A score test was used to carry out this hypothesis test. 

For these users, the observed probability of a correct match was: 0.375, and its 

associated p-value was 0.0786496. Thus, we have failed to reject the null hypothesis. There 

is statistically significant evidence that users are indeed selecting these percepts randomly. 

3.13.8. Auditory Motion Aftereffects 

There was a total of 50 instances where a pattern was repeated for an individual. 

Of these 50 instances, there were only 2 cases that could be flagged as “potential auditory 

motion aftereffects.” Thus, there does not appear to be much evidence of auditory motion 

aftereffects. 

3.13.9. Discussion 

As noted above, the environment of the experiments presented similar features to 

home-based media production workstations and domestic media reception. As the room 

of the trials was neither an anechoic chamber nor a sound treated professional studio, it 

is possible that the room configuration may have impacted some of the discrimination of 

percepts. For instance, the difference between left-to-right and right-to-left horizontal 

movements may be partially attributable to the asymmetrical furnishing of the room, where 

the digital media workstation was located at the screen right side of the room, and there 

were not corresponding furnishings on the screen left side of the room. In other words, 

room reflections of sound are not even in the room (as is also the case in most home and 

work settings), and “Reflected sounds [can] influence the timbre and spatial character of 

live and reproduced sounds” (Naqvi and Rumsey, 2005, p. 385). Another set of trials could 

be carried out by reconfiguring the room, perhaps by setting it up as an “active listening 

room, where key acoustic features (that is, early and late reflection patterns) can be varied 

in a very flexible and controlled manner without changing the acoustic fabric of the existing 

listening environment permanently.” Another possibility is to set up the prototype in 

another lab space to see if these differences are reproduced. As there is an interest in 
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presenting the percepts with a high degree of ecological validity, the acoustic 

idiosyncrasies or imperfections of the room may play a role in some of the findings and 

can be more systematically studied under different environmental conditions. 

Yet another possibility is that the handedness of participants may have played 

some role in their perception of left-to-right versus right-to-left motion. Many studies (e.g. 

Odegaard et al., 2015; Ocklenburg et al., 2010; Payne et al., 2017) have documented 

auditory localization biases related to whether listeners are left or right handed. "Previous 

research has indicated that participants often display an auditory localization bias 

contralateral to the preferred hand" (Odegaard et al., 2015, p.10) Similar perceptual biases 

related to handedness are found in visual phenomena as well, and this bias has been 

studied both in unimodal and multimodal combinations of percepts. Since the handedness 

of the participants in these three colocational trials was not a factor of interest, any effects 

related to the handedness of participants in the reception of various effects produced by 

the display could be explored in future trials. One can assume that most participants were 

right handed, in proportion to that of the general population. 

The male participant (#4) whose scores were in many instances higher than the PI 

who was modeled as the “experienced user” above (and thus perhaps obscured a learning 

effect), is a video engineer and audiophile who spent the most time with the experiments 

on a per trial and trial set basis compared to all the other participants including the PI. The 

time taken to complete the trials was not taken as a factor of interest and so not recorded, 

but it may have played a role in his data since his participation in the experiments took 

noticeably longer than all the others (by approximately an hour). Many researchers have 

found that men can have better auditory localization compared to women, which may 

come down simply to the tendency of men to have bigger heads, which increases the 

distances between the ears for computing auditory positional information. Women are 

sometimes noted to outperform men at ‘acuity’ whereas men perform better at localization 

(Clifton 1988; Chung, Mason, Gannon, and Willson, 1983; Corso, 1959; Langford, 1994; 

Lewald, 2004; Royster, Royster, and Thomas, 1980). It is perhaps a bit surprising that the 

small number of participants in this study rendered a sex-related localization phenomenon 

that has been extensively documented elsewhere. It would require more trials and 

participants to hone in more definitively on the learning effects that are suggested above. 
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It should also be noted that while many of the percepts showed low probabilities 

of correct identification, a low probability (e.g. 30-40%) is not the same as having none or 

little effect on overall experience. When designing new media displays for more immersive 

experiences, one is often seeking incremental improvements in the sensorium of media 

effects. So even a slight or occasional correct vertical or diagonal perception of movement 

across a colocative display, from an aesthetic angle, still offers a different kind of 

experience from what traditional audiovisual displays present. It is also worth reiterating 

that the Pixelphonic system is meant to be customizable and scalable. A vertical screen, 

for instance, has not been produced and studied, nor has a screen that reaches from floor 

to ceiling (the current screen is 4 feet tall in the vertical dimension). Different aspect ratios 

and scales would produce entirely different datasets for the exploration of vertical auditory 

localization as well as other shapes and trajectories of audible movement paths. 

Rohr et al. (2013) noted that vertical localization can improve with at least five 

levels of discrimination (the Pixelphonic prototype has four levels of emitters to articulate 

vertical movement), however this study was based on a spherical display space: 

Vertical localization accuracy is shown to be good with five elevation levels 
being discriminated. Localization precision remains as good as 6◦ – 9◦ with 
only 24 loudspeakers contributing to the wave field synthesis system 
covering the frontal quarter of the upper half sphere of the listening space. 
(p.1001) 

This lends support to the idea that other configurations of colocative displays can 

have better vertical discrimination characteristics. 

3.14. Conclusion 

Despite the non-ideal acoustic characteristics of the research setting and 

technology components, the locational effects of the display are robust for satisfying 

requirements of establishing initial efficacy of the system. Moreover, there is preliminary 

evidence of possible learning effects in some of the data that can be followed up on in 

subsequent experiment designs. These experiments are the first empirical investigations 

into the perceptual resolution of the prototype, exploring the attentional capacities for 

overcoming some of the visual capture that would typically occur in screen-based media 

by attending to the spatial affordances of colocative displays. The ventriloquism effect is 

not ‘all powerful’ in the sense of instantly aligning all possible audio events with their visual 
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source placements on a media display. For large displays, there is an available attentional 

resource, creative affordance and ample display resolution for sonically articulating and 

differentiating sounds across the screen area. When sound and image are placed very 

close to each other, for instance within the audio-visual ‘fusion areas’ described by Godoy 

et al. (2003), then perceptual thresholds cannot be overdriven by subtle re-alignments of 

audio and visual placements. However, in a colocative display which articulates the screen 

area into numerous zones for discrete localization of sound, there is considerable 

perceptual bandwidth available for making finer levels of distinction than we typically do 

with conventional audiovisual screens. Determining the exact system design parameters 

and attentional capacities for understanding what an adequate colocative ‘resolution’ 

should be– e.g. how many discrete screen areas and at what scales etc., comparable to 

pixel count in raster-based images, or sample rate in the conveyance of audio frequency 

information– is work for future research and more prototypes that can explore additional 

parameters such as screen size and curvature effects. Also, yet to be investigated are 

colocative effects for virtual reality media, where the same system instead functions as a 

modular wall paneling system for the auditory rendering and placement of virtual events 

to their relative positions in real space around a user. The differences in the datasets 

produced between the single subject PI and small-n group are not profound– all subjects 

exhibit some differences from each other, and the PI is at best above average in some of 

the key data compared to the small-n group.  

Future experiment design might make do with just the single subject dataset to 

establish initial efficacy along new lines of inquiry, with intersubjective corroboration 

subsequently obtained through the use of a small-n design if volunteers become available. 

It can require considerable resources and time to work with larger populations of 

participants, so for makers doing R&D on DIY projects where there is the possibility of 

conducting many randomized trials with software tools, the methodologies described 

above might be more broadly applicable to other kinds of empirical testing with new 

prototypes.  

On the other hand, with sufficient funding, research could be carried out on a much 

larger set of participants as might be more typical in scientific experiment designs. Such 

experiments might take up the methodological considerations more typical of experimental 

perceptual psychology rather than the empirical phenomenological approach described 

above, which takes its orientation from the lived situations of producers of media content, 
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or calibrators of home media systems. Thus, one might pursue, for instance, order effects 

across a larger set of participants, by varying the sequence of experiments performed and 

perhaps performing them in different sittings. Variations of the above experiments could 

also be performed more systematically, such as by changing the media clip placements 

and locational parameters in Experiments 1 and 2, or adding visual content to vary the 

percepts in Experiment 3 to explore more thoroughly cross- and multi-modal effects 

between visualized and auditioned movement paths of complex percepts. Similarly, the 

time to complete the experiments could also be introduced as a new factor of interest in 

other experiment designs. 

Of special interest for next steps in content design for the display is the visual 

representation of musical content. One promising cognitive resource to harness is the 

universal up-down metaphor (Tolaas, 1991) by which ‘lower’ pitches are metaphorically 

mapped in a spatially embodied downward position relative to ‘higher’ pitches. This 

concept has been employed in one of the content scenarios for the display in a simple 

audiovisual synthesizer, where brightness of visual pixels corresponding to the audio 

exciters is mapped to a loudness parameter, and the pitches increase in frequency from 

the bottom to the top of the screen– with the lowest note at bottom left, and the highest 

note at top right. The intuitiveness of this up/down pitch/space cognitive metaphor and 

mapping also reinforces a stronger perceptual read of sounds in the vertical dimension. 
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Figure 3.44: A simple audiovisual synthesizer demonstration patch presenting large pixels colocated to the 
array of audio exciters, mapping pitch order to screen space, with the lowest note at bottom-left, and the 
highest note at top-right. 

A colocative display thus links rather directly to the traditions of color organs and 

acoustic-visual synesthetic musical production going back at least half a millennium in the 

Western tradition. However, the potentials for screen-based visual representation of 

musical spaces goes even further than this, and can easily lend itself to more performative, 

representational and acoustic (rather than electroacoustic) presentations as well. 

Practices for spatializing music date back over a millennium, with Holman (2007) tracing 

its origins back to antiphonal Gregorian chant and embodied architecturally in such 

features as “the two organ chambers oriented to either side of the altar at St. Mark’s 

Basilica” (p. 2). The Pixelphonic system is configurable to architectural scales, such as 

exhibition, public, and live performance spaces, whether outdoor and indoor. The clip art 

based ‘mood board’ at this chapter’s close below is meant to be suggestive of other kinds 

of renderings of spatialized music on a colocative display, which can be fabricated in either 

flat or curvilinear planes at many buildable scales. Mood boards support future design 

explorations through processes such as ‘framing’ – which “explore[s] the available design 

space” and “define[s] the limits of the design task” (Lucero, 2012, p.442)– and ‘directing’ 

which “sets a new direction for design.” Mood boards “bring together apparently 

incongruent visual data to promote inspirations to develop suitable end-products” 
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(Cassidy, 2011, p.227) and “inspire lateral thinking” (McDonagh and Storer, 2004, p.16) 

since “images can tap into different knowledge, structures and promote ‘fruitful 

discussions.” Colocated audiovisuals offers a new affordance for distributed mode radiator 

panels, whether configured for screen-based media or as modular wall paneling systems 

of VR enclosures or AR and MR spaces. While such displays can of course portray media 

that go well beyond musical representations, the mood board also functions as an homage 

to the Flight of the Bumblebee sequence in Disney’s Fantasia (1940), which served as a 

motivation for the Fantasound system design and by extension the first major advance in 

audiovisual spatial rendering. 

 

Figure 3.45: Clip Art Based Mood Board for the Audiovisual Representation of Colocated Music Video. 
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Chapter 4. The Emerging Poetics of Colocative 
Sound Design 

Abstract 

Colocative sound design is the technique of sonically articulating the screen area 

of audiovisual media to dynamically place and animate the associated sounds in spatial 

localization to their visual cues. Two such systems have been designed in recent years, 

the author’s Pixelphonics system and the Allosphere facility at University of California at 

Santa Barbara. While both technologies are prototypes, and thus lacking in a rich historical 

tradition that might inform what Bordwell has called historical poetics, Bordwell’s concept 

of analytical and theoretical poetics can be fruitfully brought to bear to elucidate the 

general principles for making colocative audiovisual media. Such a poetics is by necessity 

an emerging one as the technologies themselves are under ongoing development. The 

poetics of colocative sound design are situated within a discussion of the empirical 

dimensions of auditory localization, cognition and attentional resources, general 

audiovisual practices, acoustics and phenomenology. A new concept, that of the 

soundscene, is introduced to hone in on the particular poetics of colocative sound design. 

Keywords: 

sound design, colocation, spatial audio, media poetics, Bordwell, auditory scene 

[W]hat cinema most wants is to come to life. 

Sound is often the warrant and enactment of this coming to life. 

(Connor, 2013, loc. 2529; 2538) 

4.1. Historical Background 

Colocative sound design refers to the technique of sonically articulating the screen 

area of audiovisual media to dynamically place and animate the associated sounds in 

spatial localization to their visual cues. To date there are two such systems which match 

this definition, the Pixelphonics technology designed by the author of the present study, 

and the Allosphere facility at the University of California at Santa Barbara. Pixelphonics 

operates by utilizing a 2D array of audio exciters attached to the backside of the screen 
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surface, which can be either a projection-based or monitor-based display. The array of 

exciters is connected to signal distribution and software, as well as post-production 

processes, which applies an object-based audio approach to the visuals in time-based 

media. The sounds associated with the moving images are mapped to screen areas 

according to the logic of XY axes superimposed onto the screen. The Allosphere, by 

contrast, occupies an entire building at the UCSB campus. The screen is spherical in its 

shape, enclosed within a 3-story anechoic chamber, and the audience may consist of ~10 

individuals situated on a walkway which runs through the center of the sphere. The screen 

is an aluminum mesh that is transparent to sound and reflective to light. 26 high definition 

projectors and 140 speakers (plus additional subwoofers) are arranged to map audiovisual 

media in an immersive environment that is enveloping in all directions. 

Since both systems are essentially new representational devices, offering new 

platforms for the presentation of audiovisual media, the discussion which follows will be 

largely, though not entirely, content neutral. For Pixelphonics, fourteen application areas 

have been identified, including, for example: games, video, animation, simulation-based 

training, large scale immersive exhibition displays, process control, command and control, 

and telepresence. Pixelphonics is explicitly designed to be a general-purpose display 

technology, with a flexible and scalable architecture to potentially accommodate any 

home, workplace and public space. The authors of the Allosphere literature have focused 

primarily on exploratory and immersive interactive scientific visualization (the system has 

received funding from the National Science Foundation, for instance) and the use by 

artists for experimental creative works which may not necessarily rely on data-driven 

source material. Allosphere researchers, in their publications, have imagined the 

possibility of exporting the technology in the form of specialized installations at science 

museums and similar contexts. Both technologies build on “long histories of decisions that 

have created recognizably distinct configurations of audiovisual space” (Stillwell, 2013, 

loc. 2595). 

The discussion which follows will describe a poetics for colocative sound design 

that is intended to be applicable to both kinds of systems, whether relating to a 2D screen 

or immersive 3D sphere. There is however some continuity between the two systems, 

since Pixelphonic systems need not be flat but can be built out of curvilinear screen 

surfaces and walls at scales approaching the Allosphere, so even this difference between 
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flat 2D screen and 3D sphere is not a stark one, and there is plenty of room for a spatial 

continuum between them. 

 

Figure 4.1:  the Pixelphonic prototype. 8’ x 4’ Alupanel screen for projection-based display, utilizing an 8x4 
2D array of audio exciters to vibrate the screen from its backside. 

 

Figure 4.2: schematic of the Allosphere facility at UCSB. (Marsa, July 29th, 2014). 
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4.2. Poetics 

I will build on and extend Bordwell’s (2007) conception of cinema poetics. Bordwell 

distinguishes what he calls poetics from two other dominant approaches to film studies, 

interpretivist and reflectionist. The interpretivist he also refers to as dogma-driven, which 

describes film scholars who see their task as the interpretation of film works through 

referring them to other major theories in the humanities, such as phenomenology, 

Marxism, psychoanalysis and feminism. The interpretivist masters the conceptual 

framework of a theoretical discourse, then seeks parallels in film works for explicating their 

meaning. The reflectionist, on the other hand, insists that media always be referred back 

to culture, and argues that media is a reflection of society and, through a process of 

circular reasoning, claims in parallel that society reflects itself in its media. 

Poetics is distinct from both approaches, and “has no privileged semantic field, no 

core of procedures for interpreting textual features, an no unique rhetorical tactics” (p.12) 

and unlike interpretivist and reflectionist methods, is not primarily concerned with 

producing a hermeneutics. 

Poetics derives from the Greek word poiesis, or active making. The poetics 
of any artistic medium studies the finished work as the result of a process 
of construction– a process that includes a craft component (such as rules 
of thumb), the more general principles according to which the work is 
composed, and its functions, effects and uses. Any inquiry into fundamental 
principles by which artifacts in any representational medium are 
constructed, and the effects that flow from those principles, can fall within 
the domain of poetics (emphasis in original). 

It is worth noting that in this passage, while Bordwell places poetics in relation to 

specifically art works, in the reference to “any artistic medium,” he also suggests the 

possibility of non-artistic works, by using the more general term “artifacts” which, when 

combined with the semantic openness of the words “functions, effects and uses” could in 

principle expand poetics to the use of representational technologies beyond artworks such 

as films. Poetics is inquiry into making representations. Colocative audiovisual systems 

such as the Allosphere and Pixelphonics can easily include the display of artistic media 

but are not limited to it. 

Bordwell proceeds to distinguish several forms of poetics. Analytical poetics, which 

is sometimes characterized as formalist, seeks out similar and particular devices within an 
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artwork or a selection of works. Theoretical poetics has the aim of defining conditions or 

classification schemes, such as Aristotle’s Poetics. Historical poetics tries to understand 

the forms of artworks across time or within defined periods. These three varieties of 

poetics will often be woven together in any particular inquiry into poetics, though one or 

another may predominate. Kinds of poetics may also be defined in another manner as 

being either descriptive or prescriptive, which defines principles of making in terms that 

are either neutral as to their relative importance and merit, or biased toward emphasizing 

a particular poetic sensibility. In yet another vector explicating varieties of poetics, 

Bordwell identifies teleological (e.g. the evolution of cinema), intentionalist (the motivations 

of filmmakers) and functionalist (instituted dynamics that fulfill systemic norms) modes of 

poetic inquiry. Bordwell implicitly proposes what one might describe as a ‘three 

dimensional’ model of poetics, defined along three vectors of distinctions which we can 

model as follows: 

 

Figure 4.3: Bordwell’s ‘three dimensional’ model of cinema poetics, showing the three vectors of distinctions 
posed as possible approaches 

 Thus, we could argue that, while Bordwell rejects the idea of a “privileged 

semantic field,” a “core of procedures” and “unique rhetorical tactics,” he replaces these 

with discursive modes articulated as a conceptual possibility space for a certain kind of 

inquiry to unfold within. This discursive possibility space articulates and supports 

Bordwell’s conception of poetics as a form of “rational and empirical inquiry” (p.14) which 
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“appeals to intersubjectively available data that are in principle amenable to alternative 

explanation” (p.15). This empirical character does not make poetics scientific or ‘fact-

based’ but describes the way in which the principles of making are to be clearly 

grounded in the making of the artifact itself. However, as shown in the figure above, 

poetics complements the artifact with a very well structured set of writing styles which 

can concatenate a complex diversity of approaches toward explicating its principles of 

making. 

 What...is the status of the “principles” studied by poetics? I’d 
argue that the principles should be conceived as underlying concepts, 
constitutive or regulative, governing the sorts of material that can be used 
in a film and the possible ways in which it can be formed (p.15) 

[T]he poetics I propose looks at artistic form as an organizing principle 
that works not on “content” but rather on materials (p. 23, emphasis in 
original)  

While this three-dimensional model of poetics’ discursive tendencies is already rich 

with intersecting possibilities, Bordwell elucidates what he calls “a research framework” 

(p.24) that proposes six varieties of questions to be pursued in any poetics inquiry, which 

if added to the model above would feature as another set of application areas that a 

poetics could pursue. These research/question trajectories are defined as a set of ‘six p’s’: 

patterns, purposes, principles, practices and processing. These research foci are 

presented as a linear subsumption hierarchy in which the six p’s are nested into each 

other as they become articulated at higher orders of organization. Particular refers to 

details, such as “a line of dialogue, or a certain cut, or a moment in a performance, or an 

unusual sound” (p.24). Details are isolates and at most can be organized according to a 

list, while poetics proper begins when particulars come to be organized as patterns. 

Patterns are recurring items of interest for inquiry. Bordwell’s examples are a “hero’s 

wisecrack” and the associations of low-key lighting characters and settings. The patterns 

that are most salient for poetics are the purposes that can be assigned to it. The purpose 

of the pattern is functional, fulfilling some need of the story, or solving a problem to produce 

a desired effect. Principles emerge when particulars, patterns and purposes are identified 

across multiple films and begin to function as norms or conventions. These norms can be 

relatively local, such as the placement of narrative climactic scenes, or more global, such 

as constructing scenes out of shots of individual characters. The use of principles as 
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general cinematic craft, taken up by many filmmakers across longer spans of time reaches 

the level of general practice. 

The final ‘p,’ processing, receives the most extended treatment, and refers to the 

cognitive science model of top-down (concept and goal driven) and bottom-up 

(perceptually organized) psychological processes. “On the whole, bottom-up processes 

are fast, involuntary, cheap in cognitive resources, and fairly consistent across 

observers…. Top-down processes are slower, more voluntary, more expensive in 

cognitive resources, and more variable across observers” (p.45). Between these two 

vectors of psychological processes are recursive loops or “complicated feedback and 

input-output among many mental systems.” Bordwell articulates the layers between 

bottom-up “data-driven” and top-down “concept-driven” processes according to a gradient, 

moving from bottom to top, of Perception, Comprehension and Appropriation. Perception 

refers to the organization of sensory information presented by the medium. The 

organization of perception, e.g. through style and film craft, develops comprehension, or 

the “organizing the stimulus for uptake” (p.50). Appropriation works at a higher level than 

comprehension, and is not just another cognitive level but also indicates a shift toward 

audience control (or filmmakers’ lack of control). Appropriation, while describing the 

cognitive mode of audience-produced mashups for instance, also applies to filmmakers, 

since, for example, it is perfectly possible for filmmakers to make a film, using professional 

craft and careful techniques, while also being personally dismissive and disliking of the 

work that they are doing. 

The ability of the layers to influence each other is limited and diminishes the further 

along the continuum they are from each other. This is because the “feedback systems 

can’t go all the way down or all the way up” (p.46). For instance, no amount of mental 

willpower will allow one to perceive what is literally not presented for perception (e.g. one 

cannot will a red car shown in a film to be perceived as a blue car). Similarly, no amount 

of directorial acumen or expensive production values, working at the levels of perception 

and comprehension, can force audiences to react to films in ways desired by filmmakers 

at the level of their appropriation of media. A final note on processing is given to aspects 

of emotion, which Bordwell finds operating at all three cognitive levels. He identifies 

emotion as not being part of cognition per se (as much of the cognitive science literature 

also proposes) but rather sees emotion as working in tandem with general cognitive 

capacities. 
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While Bordwell’s poetics are applied to works of film, the present discussion is 

situated more closely to particular technologies and the way these shape the form of 

audiovisual media, specifically through colocation of audio with associated visuals within 

the screen area. Of the two technologies used for colocative sound design, the Allosphere 

has a set of specific ‘complete’ works that have been designed for it and published as 

such in the research-creation literature. The Pixelphonic system instead has a set of 

‘content scenarios’ in which rapid prototyping techniques are brought to bear on short 

demonstrations of possible use cases. Both systems are forms of audiovisual 

representation, and like film qualify as general media with specific effects on content, form 

and experience which come about due to the associated practices of making. 

The poetics of colocative sound design presented here, using Bordwell’s general 

schema, is articulated according to Analytical/Theoretic-Prescriptive-Intentionalist 

dimensions, applied to questions most pertinent to particulars, practices, principles and 

processing, and traces the recursive relations between perceptual and comprehensive 

cognitive levels. As will be discussed in the next section, the empirical sources for 

grounding a poetics for colocative audiovisual media can be found in psychophysics 

(localization, capture, multimodal fusion), cognition (attentional focal/ambient structure), 

the technology itself (its modifications and design), the application context (content types 

and use scenarios), phenomenological investigation (experiential gestalts), acoustic 

considerations (planar dispersion and point source effects), and audiovisual practices and 

forms on which colocative sound design can be brought to bear (e.g. games, animation, 

film, simulation, scientific visualization, etc.). 

4.3. The Soundscene 

To hone in on the specific poetics of colocative sound design, I will introduce the 

term soundscene as a new parameter (a seventh ‘p’ perhaps!) in the design of audiovisual 

works in which sounds are dynamically placed within the specific screen areas defined by 

their associated visual cues. The rationale for introducing this term is based on several 

connected motivations, taking for its main background the established notion of the 

‘soundtrack’ (which is also written as a single word) and the empirical-theoretical 

background of auditory scene analysis. The soundscene differs from an auditory scene in 

that the latter term designates any environment in which auditory events occur, while the 

former term restricts itself to screen-based media. The ‘scene’ of the soundscene 



208 

coincides with the spatially framed presentation of audiovisual media, which has as its 

background theatrical, operatic and other stage-based live performance practices. When 

transposed into filmic language, the term indicates a hierarchical relationship in which the 

fundamental ‘building block’ of edited visual languages is taken to be the shot, which is 

cut together with other shots to compose a scene. “There is near-universal agreement 

about the minimal unit of the visual language of film: it is the shot, that which exists 

between one cut and another. Shots have visible edges” (Connor, 2013, loc. 2442). 

The shot/scene distinction is particularly relevant for the kind of bottom-up and top-

down (perception/comprehension) distinctions drawn by Bordwell. Shots are the most 

direct causal connection to the actual proto-filmic event– the reality rendered by the 

camera apparatus through indexical processes, whether analog or digital, which in 

semiotic terms yield an iconic imagery of resemblances. The scene, in contrast, denotes 

a logic of construction. The shot/scene distinction is strongly recursive if construed through 

cognitive feedback processes, since shots do not in any way naturally build themselves 

up into various stylistic constructions, such as shot/reverse shot, close-up/medium shot, 

A-roll/B-roll, and so on. Similarly, the conception of a scene in film is based on sequencing 

a vocabulary of shot types and camera movements, typically pre-visualized in other media 

such as storyboards or animatics. 

The necessity for a concept like the soundscene becomes apparent when media 

produced for non-colocated audiovisual presentation is run through a colocative system, 

which will tend to reveal new problematics that were not present in the original production. 

The frames below, from a scene in the animated film Badgered (2005), illustrate how 

spatialized visual information presents new problems when presented in a colocative 

system. 
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Figure 4.4: the badger-protagonist falls from his underground burrow into the missile control room installed 
beneath it, triggering an alarm which flashes in the upper left screen area. 

 

Figure 4.5: a change of perspective implies that now we are above rather than behind the badger, which if 
realistically rendered would put the sound of the alarm in the lower right quadrant. 
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Figure 4.6: a wider shot of the same perspective now moves the spatial location of the sounding alarm to the 
upper right area of the screen 

In a mono or even stereo presentation of this scene, these three different spatial 

locations of the sounding alarm do not introduce any perceptual problematic– whether our 

perspective is behind or above the badger, the alarm can continue to sound without 

producing effects of “spatial disorientation” (Donnelly, 2013, loc. 6998) and discontinuity. 

What the concept of the soundscene describes is the new form of spatial continuity 

produced by colocative audiovisuals. Outside of montage and experimental approaches, 

producers of audiovisual media typically seek to avoid overtly disruptive effects that disrupt 

immersion or involvement with the mediated experience. Examples of these kinds of 

unwanted disruptions abound in the history of cinema sound development. To name but 

a few well-known examples: audience confusion in the earliest implementations of stereo 

imaging with widescreen film formats, in which actors’ voices were decentered from the 

screen center and were felt to travel in odd ways about the theater space; the ‘exit door’ 

effect whereby sounds placed in the surround array direct the audience’s attention to the 

walls of the theater, where the sounds seem to be emanating from; the discomfort with 

extremely loud soundtracks afforded by digital soundtracks with greater dynamic range, 

leading theater owners to lower the volume of the screening space below equipment 

manufacturers’ recommendations (Kerins, 2010) ; sound that was too quiet and out of 

sync in the early days of cinema. 
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Even in avant-garde approaches, the kind of spatial disruption that would be 

produced by a literal remapping of sounds in a colocative remix of extant films would 

generally be unwelcome, as there is no general aesthetic approach of mismatching 

sounds to their spatial placement for the sake of annoying audiences. Usually the logic of 

‘asynchronist’ approaches is based on a general notion of counterpoint whereby sounds 

and images don’t always repeat each other but instead offer differing or complementary 

kinds of information, as for example expressed in Bresson’s ‘Notes for Sound’ (Weis and 

Belton, 1985, p.149): 

To know what business that sound (or that image) has there.  

What is for the eye must not duplicate what is for the ear. 

If the eye is entirely won, give nothing or almost nothing to the ear*. One 
can not be at the same time all eye and all ear. 

When a sound can replace an image, cut the image or neutralize it. The 
ear goes more toward the within, the eye toward the outer. 

A sound must never come to the help of an image, nor an image to help 
the of sound. 

If a sound is the obligatory complement of an image, give preponderance 
either to the sound or to the image. If equal, they damage or kill each other, 
as e say of colors 

Image and sound must not support each other, but must work each in turn 
through a sort of relay. 

The eye solicited alone makes the ear impatient, the ear solicited alone, 
makes the eye impatient. Use these impatiences. Power of the 
cinematographer who appeals to the senses in governable way. Against 
the tactics of speed, of noise, set tactics of slowness, of silence 

* And vice versa, if the ear is entirely won, give nothing to the eye.  

Spatial disruption and disorientation are not a form of counterpoint, but rather read 

as mistakes and poor cinematic craft. The concept of the soundscene thus has a 

prescriptive dimension to it, calling for a new modelling of the audiovisual space so that 

such spatial disruptions do not occur. This adds a new conceptual and aesthetic layer to 

previsualization and classic notions of spatial continuity, such as that established by the 

concept of the 180° arc for camera placement around a ‘line of action’ in a scene so that 

characters always remain in the same relative position to each other. 
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Potentially, colocative sound design might work as a kind of ‘corrective’ or counter-

impetus to what Bordwell elsewhere has called “intensified continuity” which describes the 

newer style of ‘amped up’ continuity used in contemporary, and particularly, Hollywood-

produced popular films. 

[T]here have been some significant stylistic changes over the last 40 years. 
The crucial technical devices aren’t brand new—many go back to the silent 
cinema—but recently they’ve become very salient, and they’ve been 
blended into a fairly distinct style. Far from rejecting traditional continuity in 
the name of fragmentation and incoherence, the new style amounts to an 
intensification of established techniques. Intensified continuity is traditional 
continuity amped up, raised to a higher pitch of emphasis. It is the dominant 
style of American mass-audience films today. 

Bordwell identifies four specific techniques which have led to this intensification of 

continuity: more rapid editing, bipolar extremes of lens lengths, more close framings in 

dialogue scenes, and a free-ranging camera. All of these forms of intensifying continuity 

have spatial implications for the soundscene, and given the strong possibility of easily 

causing spatial-auditory disorientation by constantly shifting visuals through editing, 

camera movements and lens lengths, one can conjecture that colocation would introduce 

a counter-tendency towards less intensified continuity, in which the spatial integrity of 

audiovisual scenes takes on a new importance in structuring the presentation of visual 

information. 

The soundscene does not replace the concept of the soundtrack. Rather, a 

soundscene can be regarded as either a new kind of soundtrack, or a new requirement or 

parameter for soundtracks as produced for colocative audiovisuals. The term ‘soundtrack’ 

is often disparaged in film sound criticism, since it is sometimes regarded as establishing 

a “subordination of sound to sight” (Connor, 2013, loc. 2360). My use of the term 

‘soundtrack’ dispenses with this hypersensitivity regarding sound’s status, and implies no 

such hierarchical privileging between image and sound. Rather, it simply names a 

foundational material condition, namely that audiovisual media clearly is composed of 

image tracks and audio tracks, and typically multiple tracks of each, which when finalized 

in post-production becomes a locked cut for both sound and visuals. Audiovisual media 

also includes many other tracks which we might call ‘informatic’ tracks: timecode, sprocket 

holes, or control tracks. The way in which the spatiotemporal structure of an equal interval 

is embodied in media (e.g. through repeating spatial frames and synchronization 

mechanisms) could be referred to as a set of additional ‘interval tracks’ which enforces the 
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spatial and temporal regularities on which all the other tracks depend on for smooth 

playback, general use and manipulation. 

Another critical complaint that has been voiced regarding the term ‘soundtrack’ is 

that it suggests to some critics that it somehow denies the reality of a multisensory 

experience, conveying a notion that sound in cinema can be regarded as an “acoustic 

isolate” (Chion, 2013, loc. 6388), following scientific traditions which have erroneously 

posited a separation between the senses for purposes of experimentation that does not in 

fact match our embodied and situated experiences with audiovisual media. Chion, for 

instance, has claimed that there is no soundtrack, and has coined alternate terms, such 

as the “audio-visiogenic” (Chion, 2013, loc. 6713) to describe a multi-sensorial cinema. 

Such alternative terms are deemed needed since the soundtrack is supposed to indicate 

a mentality of simply ‘summing’ sound and image, whereas Chion’s neologism expresses 

a holistic multimodal experience that is “greater than the sum of the parts” (loc. 6318). One 

can of course purchase “the soundtrack” to a film and listen to it as what Chion also calls 

a “sensory isolate” (loc. 6378). Typically, this stand-alone soundtrack is not the whole 

soundtrack of a film, which would contain all the dialogue and effects sounds, but just the 

score or licensed musical material. 

It seems to be a critical overstatement to claim that the existence or use of the 

word “soundtrack” somehow fissions off one’s senses into separate realms. Again, the 

soundtrack has an empirical basis and reference in actual materials and practices. For 

instance, usually the final visual cut is worked on by one group of professionals in one set 

of networked editing facilities, while the final audio mix is completed by another group of 

experts with their specialized technologies in mixing suites. Sound and image are 

sometimes assembled together– as when an editor makes a cut that includes some temp 

tracks and production sound– and separately– as when a field recordist wanders around 

a locale carrying only sound recording equipment. The multisensory features of 

audiovisual media can be functionally separated during production and post-production 

stages, just as they can be when a score is listened to as music. But they of course are 

also integrated, during presentation to an audience and the production of a final master. 

The idea that somehow the rich multisensory fusion of audiovisual mediation is 

compromised by noting that sometimes sounds exist on tracks, and propagate through 

discrete channels, sold as CDs and so on seems to impart a kind of preciousness to 

sound, as though something in cinema breaks if one of its components is analyzed in 
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distinction from others. These forms of what one can call ‘soundtrack denial’ are in my 

view a rather hyperbolic critical concern. A poetics of colocative sound design, as a form 

of rational and empirical inquiry, can readily enough acknowledge that soundtracks of 

various kinds do in fact actually exist, in one form or another. 

4.4. The Perceptual Background 

The empirical perceptual basis for colocative audiovisual perception can be parsed 

out across several domains that fit the general cognitive model of bottom-up, top-down 

and recursive (feedback based) processes. As the experimental literature that pertains to 

these matters is vast, I will have to limit the discussion to a summary of the main ideas 

and approaches. The most salient scientific literature in connection to colocative sound 

design can be defined under the general headings of: auditory localization, the auditory 

scene, multisensory enhancement, perceptual capture, and attentional resources. These 

will be summarized below to give a sense of the rich empirical perceptual capacities that 

are taken up in colocative audiovisual practices. 

4.4.1. The Perceptual Background 

According to principles established in the fields of environmental psychology 

(Gibson, 1966) and auditory scene analysis (Bregman, 1990), vision is superior for 

conveying information about objects, while audition is superior for providing information 

about events. A colocative system thus has better ‘evental resolution’ relative to other 

forms of audiovisual display, enhancing attentional notice of new events tied to their 

dynamic visual representation. In the field of audio postproduction for moving image 

media, principles of sound design have been developed to improve overall clarity of 

information by assigning sound sources to different emitters in a spatialized array 

(Holman, 2007). Spatialized audio information is clearer for perception and understanding, 

as masking and interference effects are minimized when many audio channels are not 

overloaded into a few loudspeakers. A wide body of empirical evidence has shown that 

distinct neurocognitive systems encode semantic and spatial positioning information in 

different pathways, via an action-based positional ‘how system’ and a semantic ‘what 

system’ (Richardson and Spivey, 2000). Screen-based auditory colocalization of visual 
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cues can be understood as a new ‘attentional resource’ (Wickens, 2008) harnessed by 

colocative systems. 

The capacity of human listeners to localize sound in a free field has been the 

subject of extensive psychophysical investigation. Sound localization is performed by the 

auditory system in the horizontal plane by interaural differences of the phases and levels 

of wavefronts arriving differently at each ear, and by differences in the dynamic envelopes 

of frequency components. In the vertical dimension, spatial discrimination occurs primarily 

through differences in harmonic spectra produced by the pinna (the outer ear). Auditory 

localization is typically measured in a bipolar coordinate system defined by azimuth and 

elevation, for horizontal and vertical degrees, respectively. With simple multimodal stimuli, 

localization is organized within general ‘fusion areas’ of co-occurring auditory and visual 

signals. Localization is generally better along a horizontal dimension, however vertical 

localization can be superior in the areas most peripheral to a listener (Makous and 

Middlebrooks, 1990). The MAA (Minimum Audible Angle) measures the precision, or the 

just noticeable difference, of sounds positioned in different locations. The MAA is 

frequency dependent and varies with laterality, and for anterior (frontal) sounds ranges 

from 1° to 3° for sounds close to the midline, to 7° or more for the most peripheral sounds. 

The perception of the movement of sound across a 2D plane is defined through the 

Minimum Audible Movement Angle (MAMA). MAMAs are affected by azimuth, duration of 

the sound, velocity (distance covered in time), bandwidth (wide band sounds feature 

smaller angles relative to pure tones), and training. Ignoring training effects, the optimal 

velocity for accurate auditory movement perception ranges between 1°/second to 20°/s 

(Carlile and Leung, 2016). Listeners are also able to accurately identify the movement 

paths for trajectories of auditory cues. The figures below illustrate some of the relevant 

auditory spatial resolution findings from the empirical literature, which can inform 

colocative system design as well as the poetics of works developed for such systems. 
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Figure 4.7: (A) Stimulus and response locations drawn on an imaginary sphere, as if looking from a point 30° 
to a subject’s right and elevated 10°, with stimulus shown as asterisks and open circles indicating five 
responses to localization cues (Middlebrooks and Green, 1991).  (B) Visual-auditory fusion areas of 
perceived coincidence of simple multimodal stimuli (Godfroy et al., 2003).  (C) Stimulus and response 
pattern of forced choice recognition of auditory movement paths, where the paths have alphanumeric 
shapes. The dark diagonal vector indicates the propensity of accurately identifying auditory movement paths 
in the shape of letters and numbers, with stimulus shown on the X axis and response on the Y axis 
(Hollander and Furness III, 1994). (D) A conceptual model for spatial quality evaluation, consisting of 
Source, Ensemble, Environmental and Scene dimensions (Rumsey, 2002). 

Our senses have evolved to work in a coordinated fashion, not in isolation as 

separate processing systems. The daily environment consists of multisensory data flows 

which provide concurrent and complementary information about the same external event 

or object, to maximize accurate detection and minimize error probabilities. Perceptual 

discrimination works to either integrate or segregate multisensory cues, depending on 

spatiotemporal coincidence, to decide whether these cues originate from the same or 

different sources and events. Spatial dislocation between visuals and audio can result in 

conflict perceptual situations that need to be resolved, usually favoring one or another 

sensory modality, typically through sensory merging or separation (Ursino et al., 2011; 

McGovern et al., 2016). Incongruent stimuli received across sensory modalities are 

usually ‘captured’ by a ‘dominant’ modality through cross-modal modulation and 
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dominance (e.g. the so-called ‘ventriloquism effect”). However, such sensory capture 

phenomena can be modified through training effects, which have been shown to reduce 

the magnitude of audio-visual ventriloquism and to narrow the temporal window for the 

perception of simultaneity. 

 

Figure 4.8: (A) Cross-modal dominance or ‘capture’ between audio, visual and haptic modalities (Soto-
Faracol et al., 2004). (B) Ventriloquism effect measured against baseline stimuli (McGovern et al., 2016). (C) 
Pre- and Post-training data showing a reduction in the magnitude of the ventriloquism effect. 

Multisensory integration of auditory and visual modalities has an amplification 

effect on information processing, resulting in faster reaction times and lower error rates 

compared to unimodal stimuli. Multisensory integration involves neuronal activity in the 

Superior Colliculus, though enhancements in unimodal neurons also results from cross-

modal modulation. These enhancements can be significant (called “super-additive”) or 

moderate (“simple-additive”). Sensory degradation can also result through information 

overload of too many competing signals (“sub-additive” enhancement) (Ursino et al., 

2011). 

 

Figure 4.9:  Multimodal auditory-visual enhancement, showing faster reaction times and greater accuracy for 
simple stimuli presented in a combination of auditory-visual (AV) stimuli relative to unimodal visual-only (Vi) 
and audition-only (Au) stimulus in a psychophysical study (Giard and Peronnet, 1999). 



218 

 

Figure 4.10: (A) Neuronal model showing multisensory enhancement of two superimposed crossmodal stimuli 
of the same intensity. 100% indicates the threshold between super-additivity and sub-additivity. Enhancement 
decreases with the strength of the stimulus, as per the inverse effectiveness principle. (B) Neuronal response 
modelling of the visual unisensory area when modulated by auditory information and feedback reinforced 
through continuation of the multimodal stimulus. (Ursino et al., 2011). 

Crossmodal attention shifting, which can be either object or location-based, occurs 

when a location cue in one modality guides attention to stimuli in another modality in goal-

driven (top down) or stimulus-driven (bottom up) recursive cognitive processes (Wright 

and Ward, 2008). 

4.4.2. The Auditory Scene 

The concept of the soundscene, as a new design parameter for the soundtrack 

which reconfigures either classic or intensified spatial continuity, takes its other (than the 

soundtrack) conceptual motivation from the field of Auditory Scene Analysis (ASA). Early 

auditory research was to a large extent based on the “medical study of deafness” 

(Bregman, 1990, p.1) with focal areas on sensation of weak sounds, perception of 

loudness, and noise exposure. Auditory scene analysis (ASA) addresses “perceptual or 

ecological questions about audition” which are concerned with “higher level principles of 

organization.” ASA, which both describes a field of research and the actual perceptual 

analysis of sensory inputs performed by our auditory system, parses the complex mixture 

of environmental sounds to produce perception of individual sounds. For example, in the 

spectrograms below, the image on the left shows the harmonic and temporal evolution of 

the word “shoe” while on the right, that same word is embedded in a richer acoustic context 

of other sounds. ASA studies how it is that our cognitive capacities can extract information 

about different acoustic events occurring simultaneously as part of the same auditory field 

of co-occurring sounds. 
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Figure 4.11:spectrograms of the word “shoe” spoken in isolation, and amongst other sounds 

The term ‘stream’ in ASA is used in preference to the more general notion of a 

‘sound.’ Streams in an auditory scene communicate information about events, and an 

event may have multiple sounds. Indeed, even the word “shoe” has a “shhh” and an “ooo” 

phoneme and could be said to comprise multiple sounds. Or an auditory stream such as 

footsteps can be taken as a single acoustic event or described as multiple sounds. An 

auditory scene is the general field from which specific kinds of information are transduced 

from the environment by our auditory system. The use of spectrograms in this example is 

not accidental or merely convenient, as “there is some reason to believe that the human 

auditory system provides the brain with a pattern of neural excitation that is very much like 

a spectrogram” (p.7). 

The central phenomena of ASA are the ‘grouping’ of streams, the principles of the 

general ‘belongingness’ of sounds so that we attach them to streams. Scene analysis 

refers to the neurological processes which parse the signal inputs to our auditory system 

and synthesizes information about the environment through perception. 

The goal of scene analysis is the recovery of separate descriptions of each 
separate thing in the environment. What are these things? In vision, we are 
focused on objects. Light is reflected off objects, bounces back and forth 
between them, and eventually some of it reaches our eyes. Our visual 
sense uses this light to form separate descriptions of the individual objects. 
These descriptions include the object’s shape, size, distance, coloring, and 
so on. 

Then what sort of information is conveyed by sound? Sound is created 
when things of various types happen. The wind blows, an animal scurries 
through a clearing, the fire burns, a person calls. Acoustic information, 
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therefore, tells us about physical “happenings.” Many happenings go on at 
the same time in the world, each one a distinct event. If we are to react to 
them as distinct, there should be a level of mental description in which there 
are separate representations of individual ones. (pp.9-10). 

In ASA, stream refers to the “perceptual representation” and sound or acoustic 

event refer to “the physical cause” (p.10). A stream is analogous to an object in visual 

experience, and our auditory system assigns properties to specific events since many 

things frequently occur at any given time, so that we do not perceive a general “mush 

of...properties” (p.11). Audition provides complementary information to vision, conveying 

the acoustic energy that belongs to visual objects as they undergo events. While with 

visual objects things can occlude each other, in the sonic world it is as though all objects 

are transparent to each other. We can hear happenings through or behind objects or 

around corners. 

This belongingness of sounds to streams, which convey the happenings of objects, 

appears to depend on general gestalt principles, such as similarity, proximity, continuity, 

closure and exclusive allocation. Our auditory system constructs multiple representations 

or interpretations of stimuli in parallel, setting up a competition between built up 

descriptions of environmental information. These alternate perceptions may enter 

awareness periodically or even be switched to with intentional effort. As in Gestalt, within-

group and between-group “forces of attraction” (p.20) set up a competition for attentional 

representation. “In general, all the Gestalt principles of grouping can be interpreted as 

rules for scene analysis” (p.24). Sounds with strong similarities to each other, whether in 

spatial location, frequency, harmonic spectra, or intensities will tend to be grouped as 

belonging to the same event. At the same time, however, scene analysis adds new 

conceptual resources, since “the Gestalt theorists saw the principles of organization as 

following from the general properties of neural tissue [and] they focused on similarities 

between the senses rather than on the differences” (p.36). ASA distinguishes effects 

specific to audition, e.g. the communication of events in a transparent acoustic world. “For 

humans, sound serves to supplement vision by supplying information about the nature of 

events, defining the “energetics” of a situation” (p.37). 

Having evolved in a world of mixtures, humans have developed heuristic 
mechanisms capable of decomposing them. Because the conditions under 
which decomposition must be done are extremely variable, no single 
method is guaranteed to succeed. Therefore, a number of heuristic criteria 
must be used to decide how to group the acoustic evidence. These criteria 
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are allowed to combine their effects in a process very much like voting. No 
one factor will necessarily vote correctly, but if there are many of them, 
competing with or reinforcing one another, the right description of the input 
should generally emerge. (p.33) 

Sounds convey information about “a coherent physical event” (p.39). To accurately 

model an event, scene analysis sets up multiple competing heuristics which combine to 

give a final shape to auditory experience. Despite the evident importance of spatial 

localization of sound sources, frequency (as in perceived pitch, not rate of occurrence) 

heuristics seem to be the most dominant in the overall perceptual ‘voting’ which parses 

the streams. Moreover, frequency information in the real world, as opposed to the 

laboratory, is usually complex, and so the harmonic frequencies which comprise a unified 

timbre is perhaps the most salient cue against which other heuristics are compared. 

Timbre, however, poses an interesting nuance to the notion that streams communicate 

happenings, since timbral information says much about the ‘body’ of a sound producing 

object, being tied to many physical dimensions (e.g. material, density, weight, shape, 

surrounding environment) of a physical object. While ASA authors tend not pursue this 

thought of the ‘object-ness’ of timbre, if it is true that harmonic-frequency components of 

sounds play the strongest role shaping the perception of a stream, as appears to be 

suggested by the ASA literature, then this does point to an object-prioritization of the 

auditory system, albeit of course a focus that is concerned with something that is 

happening to that object. 

Bregman indicates that spatial position is one of the strongest heuristics in parsing 

an auditory scene: 

We will now shift our attention to one of the strongest scene-analysis 
principles. This is the one that says that acoustic components that can be 
localized as coming from the same position in space should be assigned 
to the same stream. We know that the cue of spatial location is a very 
important one in allowing a listener to follow the words of one speaker in a 
noisy environment. If we cover one of our ears in such a situation our ability 
to select the desired voice gets much worse. (p.292) 

This is a reference to the famous ‘cocktail party effect’ which allows us to single 

out a speaker’s voice in a crowded and loud social environment. One difficulty presented 

in understanding the role that spatial location plays in articulating streams is the tendency 

of too-similar sounds to ‘fuse’ into the same tone, an effect greatly exacerbated by the 

practice of using single frequency sinusoidal tones in ASA laboratory experiments. 
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Bregman notes some psychoacoustic evidence that the same sine wave based tone 

emanating from different speaker positions can be distinguished by their locations. 

However, many of these experiments are designed to measure sensory “fusion, but not 

its opposite– independent localization” (p.295). This has been under-studied, and 

Bregman comments, 

There will have to be extensive research on separate judgments of 
locations for simultaneous pure tones before we can know exactly how 
finely tuned the auditory system is for making separate frequency-specific 
localizations. The research will be hard to do because the mere 
simultaneity of the tones will tend to fuse them. We may need special 
indirect methods for the study of such localizations.  

What is even more striking is that the other cues get a voice in deciding not 
only how many sounds are present but even where they are coming from 
in space. The auditory system seems to want to hear all the parts of one 
sound as coming from the same location, and so when other cues favor the 
fusion of components, discrepant localizations for these components may 
be ignored. It is as if the auditory system wanted to tell a nice, consistent 
story about the sound (p.305).  

Despite these intriguing insights into the semi-fictional character of percepts– the 

way the auditory system may sometimes privilege coherence over correspondence, to put 

it one way– one of the epistemological claims of ASA is that the non-pathological 

functioning of the auditory system indeed produces accurate and corresponding 

representations of external stimuli. A ‘successful’ percept in this context is typically one 

where the report by the subject matches the known actual stimulus presented by the 

experimenters. 

4.4.3. Attentional Resources 

Multiple Resource Theory (MRT) is a framework for addressing and predicting 

“multitask workload overload” (Wickens, 2008, p.451) through design considerations 

based on its ‘4D model’ of modality-based cognitive resources. Its robustness over time 

has been based on two premises: that there should be plausible neurological structures 

to support these four dimensions, and that the framework should be relatively easy to 

use in making design considerations. It has been applied often towards predicting 

breakdowns in dual-task workload, e.g. in situations like when use of a mobile phone 

can degrade performance of driving, due to competition for mental resources. The four 

dimensions are modelled as: 
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1) Stages of Processing defined as the spectrum Perception-Cognition-
Responding 

2) Codes of Processing which distinguishes verbal and linguistic versus 
spatial (e.g. kinesthetic) activities 

3) Modalities which distinguish auditory from visual perceptions. 

4) Visual Channels which distinguish between focal and ambient vision. 

These four dimensions have been diagrammed as: 

 

Figure 4.12: 4D model of attentional resources, from Wickens (2008) 

The premise for design is that time-sharing performance in multi-tasking will be 

better when cognitive demands are parsed across multiple levels (e.g. visual/auditory, 

spatial/linguistic) rather than competing for attention in the same zone of resources. This 

model has been translated into mathematical models which aim for predictive value in 

system performance evaluation. The specific neurological bases for the model are as 

follows (p.451): 

1) “Perceptual-cognitive activity” is associated with the brain’s central sulcis 
area, while “motor and action oriented activity is anterior.” 

2) Spatial and verbal activities are distributed across left and right 
hemispheres of the brain. 
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3) “Auditory and visual processes are distinctly associated with auditory and 
visual cortices.” 

4) “Focal and ambient vision are supported by ventral and dorsal visual 
pathways, respectively.” 

With this “neurophysiological plausibility” in place, Wickens discusses the design 

applicability as follows: 

I felt it important that the dimensions of the model coincide with relatively 
straightforward decisions that a designer could make in configuring a task 
or work space to support multitask activities: Should one use a keyboard 
or voice? Spoken words, tones, or text? Graphs or digits? Can one ask 
people to control while engaged in visual search or memory rehearsal? 

These two aspects of the model– its neurological underpinnings and its ease for 

use in design– has enabled it to “stand the test of time in its ability to account for three 

decades of dual-task research and to support design decisions.” Other research led by 

Boles (1998, 2002, 2007, cited by Wickens, 2008) have added subprocesses to the model, 

such as differentiating within auditory resources “spatial positioning, spatial quantitative, 

auditory linguistic, and auditory emotional resources.” The 4D model is implemented as a 

matrix of values, for example: 

 

Figure 4.13: Wickens (2002, p. 169) 
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The above grid leaves out the focal/ambient distinction, as well as auditory 

subprocesses, but gives an idea of a particular application. There are two types of 

quantification produced by the grid, a “demand component” and “resource conflict 

component” or a “total interference component” (Wickens, 2008, p.452). The values are 

based on a gradient of “demand component” whereby tasks are rated as being either 

“automated” (= 0), “easy” (= 1) or difficult (= 2), “independently of which resource may be 

demanded” which means that the resources are not weighted. In this way, a dual task 

demand score can range “from 0 (two automated tasks) to 4 (two difficult tasks). The 

resource conflict values can range from 0 to 8, as they are taken as the sum of the two 

activities competing for the same resource. The scores produced by the matrices serve 

as predictive indication of breakdown in competing tasks: 

Only in the region where overload is imposed by multiple tasks does the 
multiple resource theory make an important contribution to mental workload 
by predicting how much performance will fail. (p.453). 

Wickens suggests that the tactile should be considered as an additional modality 

in future research. However, the tactile itself is a subdivision of the notion of the “haptic” 

and is paired theoretically with the “kinesthetic.” (Quora Robotics, n.d., n.p.), which 

suggests a new modality pairing in a similar manner to the other modal pairs, which would 

yield the contrast sets of verbal/spatial, visual/auditory, focal/ambient + tactile/kinesthetic. 

Wickens’ notion of “response” includes the kinesthetic as an output (completing a task) 

rather than as an input (informing a task), and thus the very notion of a spatial task is 

implicitly based on a modality that could also be its own independent dimension as a 

resource. For example, in driving the kinesthetic act of steering would be an output 

interacting with the input of the kinesthetic sense of a body and car’s roll and lean as one 

of the modal dimensions. 

The separation of spatial and verbal resources seemingly accounts for the 
relatively high degree of efficiency with which manual and vocal responses 
can be timeshared, assuming that manual responses are usually spatial in 
nature (tracking, steering, joystick or mouse movement) and vocal ones 
are usually verbal (speaking). (Wickens, 2002, p.166) 

With respect to colocative audiovisual systems, this relationship between 

attentional resources and task performance more directly connects to interactive media 

and applications areas where viewer-listeners are also users. Games, simulations, 

telepresence and other interactive and immersive environments engage users with 
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cinematic experiences in which task performance takes on a clearer role in the 

construction of a soundscene than would be the case with linear media such as narrative 

film and video. 

4.5. Phenomenology 

Since its founding by Husserl, phenomenology has developed a vast literature 

encompassing a family of related approaches and methodologies, with variations in its 

schools of thought characterized by antecedent descriptors such as transcendental, 

cognitive, structural, hermeneutic, existential, social, psychological, biological, empirical 

and experimental phenomenology, to name the more prominent kinds. What all these 

approaches have in common is a grounding in the first person subjective perspective 

validated by intersubjective corroboration. Despite the proliferation in styles of 

phenomenological inquiry, one can broadly distinguish all forms of phenomenological 

thought with respect to the way the natural attitude is regarded, and the specific status of 

the epoche– the suspension or ‘bracketing’ of the natural attitude, regarding all 

phenomena strictly as constitutive acts of consciousness, and deprived of external and 

habituated reality. 

The phenomenological explication I will describe below is somewhat mid-way 

between a ‘full embrace’ of the natural attitude through lifeworld analysis– an alternative 

approach developed by thinkers such as Alfred Schutz and Harold Garfinkel– and 

structural, also sometimes called cognitive and transcendental phenomenology, as 

developed originally by Husserl. ‘Transcendental’ in this sense means inquiry into the 

conditions for the possibility of consciousness, which is worth noting since sometimes in 

English the term is taken to mean ‘transcendent’ which would imply something beyond 

consciousness. The Husserlian style inquires into permanent ideal structures of mind, or 

‘eidetic essences’ that are in principle intersubjectively available to anyone’s 

consciousness, and which are revealed through the process of epoche. The middle 

approach I will illustrate– which can be described as an inquiry into the cognitive structures 

of experience through lifeworld analysis– has affinities with Merleau-Ponty’s focus on 

embodied experience and Horst’s argument that most psychophysical data is in fact 

phenomenological in character. As Merleau-Ponty’s writing and ideas are well-known, I 

will discuss Horst’s conception of the phenomenological character of psychophysical data 
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in more detail, since this will also serve the dual purpose of tying together the empirical 

and experiment-based themes of the previous section into the overall poetics account. 

Horst’s conception of phenomenology can be characterized as an approach that 

dispenses with the procedure of epoche, since in his view what is most critical for an 

approach to be considered phenomenological is that it rely on a first-person report that 

has intersubjective validity. In the context experiment design, the ‘contamination’ of 

perceptual data by attention, decision making and memory– which are understood as 

higher order cognitive processes– is an ongoing debate within the psychophysical fields. 

These fields may include other areas and terms used, such as “psychophysiology,” 

“neurocognition” and so forth. It is not the goal here to elucidate all the varieties of 

empirical research into perception, and so I will use the term “psychophysics” to describe 

experiment-based approaches to perception. Typically perceptual experiments share 

certain common features, such as the use of very simple stimuli (e.g. sine waves or white 

noise), a lab-based setting where the researcher can manipulate variables to understand 

effects, a high number of randomized trials, and some manner of eliciting the experience 

of the human subject, for instance by pressing a button, moving a lever, or merely looking 

in some direction while an eye or head tracking apparatus documents saccadic 

movements or head position, and so forth. Because the bulk of psychophysical research 

depends on obtaining a human response to stimuli to yield a data point, Horst argues that 

in a very fundamental sense, such experiments have at their core phenomenological data. 

There are forms of perceptual experiments which are more neurological in 

character, in which perceptual responses can be detected at the level of neurons but which 

never register in conscious experience. Research into blindsight, or “the ability of 

individuals with blindness to detect and respond to visual stimuli despite lacking 

awareness of having seen anything” (“Blindsight,” Merriam-Webster) is of this kind, where 

there is no phenomenological correlate to a neurological event. However, most 

psychophysical research is dependent on obtaining first person reports of subjective 

experiences, which Horst argues makes phenomenology central to the psychophysical 

enterprise. 

[S]ince psychophysics is the major supplier of data that constrain theories 
of perception, phenomenological properties make up an important portion 
of the data that theories of perception try to explain (p.1) 
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Psychophysics is widely regarded as the portion of psychology that really 
has become scientific, and it depends very heavily upon phenomenology. 
On the one hand, its domain includes phenomenologically described 
mental states (percepts). On the other hand, its methodology requires 
subjective access to the first-person, experiential, phenomenological 
character of these percepts. And without such a phenomenologically-
based psychophysics we lose many of the data that it is the business of 
theoretical psychology of perception to explain (p.14) 

[T]he best established part of scientific psychology is essentially committed 
to phenomenological properties of mental states, both as its domain and 
as a necessary part of its methodology (p.16) 

So long as one allows that subjective reports may be elicited in ways other than 

through verbal accounts– as specified by traditional phenomenological approaches– and 

if one does not require of phenomenology that it always embody the methodology of 

epoche, Horst’s argument is compelling and can be considered as a lifeworld-grounded 

conception of phenomenological research. Instead of the complete suspension of the 

natural attitude, what reveals the eidetic-cognitive structures of perception– the form of 

the constituting acts of consciousness– in psychophysical research is experimental 

method: multiple subjects, many randomized trials, and methods for obtaining the first-

person report of experience. Thus, experimental psychophysical phenomenology can be 

understood both as being grounded in the natural attitude and lifeworld, and aiming for 

Husserlian ideal types of cognitive structures. 

For our purposes of focusing on the poetics of colocative sound design, every 

home-based entertainment system provides the intersubjective context which in principle 

is available to anyone to experience for themselves the perceptual condition I will now 

describe. Namely, I will claim that much of the phenomenon of visual capture in media– 

the sensory dominance of auditory location by visuals, also called “the ventriloquism 

effect”– is of an attentional, not a perceptual, character, and thus is easily overdriven 

through the development of new perceptual and attentional thresholds as one gains 

embodied experience with colocative audiovisual systems. 

With regards to the ventriloquism effect– the visual capture of sound so that the 

audio emitters’ actual location is not disruptive to visually mediated experience– we can 

distinguish a perceptual and an attentional component. Since the norm with audiovisual 

media, especially in the context of home-based systems, involves spatially dislocated 

sound sources relative to the image area, much of our acceptance of sound emanating 
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from dislocated speakers is based on our general habitus with media, and not on hard-

wired neurological or cognitive capacities. 

Habitus is a term mobilized by Bourdieu to refer to those embedded and 
embodied dispositions produced and reproduced in the mediation between 
objective—or material—conditions and subjective experience; or, to put it 
more simply, the ways in which—without any conscious effort on our part—
our habits are intertwined with our social and material habitat. (Lacey, 
2017, loc. 5709) 

During a home viewing of audiovisual media, very little attentional effort is required 

to perceive the sound emanating from spatially dislocated point sources. Recalling 

Bordwell’s point that bottom-up and top-down feedback processes cannot proceed all the 

way up or down through the processing levels, we can describe this attentional shift as a 

cognitive operation that takes place between his posited levels of Appropriation and 

Comprehension. The ease with which it is possible to discern that dialogue playing in one’s 

living room setup is actually emanating from a spot somewhere beneath the bottom of the 

screen, or that sound effects and music are coming from sources well beyond the screen 

edges, points to the non-perceptual component at work in the daily ventriloquist effect of 

our lifeworld media habits.  When sound and image emanate from very close spatial 

positions, the perceptual component of the visual capture of sound takes over at a level in 

between perception and comprehension, and no amount of willful appropriation could 

change what we experience (or at least, much cognitive effort must be expended to try to 

override the perceptual capture). The attentional component becomes more apparent as 

the distance between a sound and its image increases. It is phenomenologically possible 

to discern three levels of sound-image localization with respect to the ventriloquism effect: 

1) ‘true’ multimodal fusion, wherein the audio emanates from within the spatial ‘fusion 

areas’ described by Godfroy et al. (2003); 2) Visual capture, in which the incongruence in 

spatial position between sound and image is resolved by cognitively favoring the image 

as the locus of the sound; and 3) Attentional acceptance of dislocated point sources, 

established by habituated experience with audiovisual systems. One can experience 

these three phenomenological structures simply by moving one’s speakers around in the 

living room with respect to the video screen, a simple exercise which offers intersubjective 

corroboration for this set of distinctions. 

As perceptual and attentional thresholds shift through habituation to colocative 

sound design, one becomes attuned to noticing when sounds are ‘out of place’ with their 
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image in a colocative display, since this combination of sound and image produces new 

expectations and sensitivities toward audiovisual media. During the audio post-production 

phases of colocative sound design, the sense of colocation between sound and image 

becomes just another aspect of the overall multisensory experience to pay attention to. 

This reinforces experiential dimensions with respect to traditional dislocative media, i.e. it 

becomes ever easier to notice how odd it is, in a typical home setup, that sounds 

associated with moving images are in fact often located several feet away, to the left of 

the right of the screen. Put another way, the attentional component of the ventriloquism 

effect can be understood as an “audile technique” (Lacey, 2017, loc. 5713) building 

everyday “auditory capital” which is 

accumulated via the deliberate cultivation of specific listening skills, but 
also via a process of gradual “incorporation” of historically contingent 
listening techniques. In its objectified form, auditory capital is accumulated 
in specific material, acoustic and media objects, for example both the sonic 
arts and the various technologies that mediate sound (loc 5693). 

Colocative audiovisual systems reveal that our usual manner of perceiving 

synchronized media through spatially dislocated sensory information channels involves 

an attentional habit, whereas we may have hitherto regarded it as a form of natural 

perception. 

4.6. Acoustic Considerations 

A brief discussion of the acoustic (electrical-mechanical) aspects of colocative 

sound design is warranted. Both the Allosphere and Pixelphonic systems rely on a 

spatialized array of audio emitters which are essentially point sources, which can in 

principle be utilized with either discrete channels (i.e. one channel of sound assigned to 

each emitter), or make use of a diffusion approach whereby the same signal is routed to 

multiple emitters. Another approach, matrixed audio information, was used in older Dolby 

Stereo systems but has been surpassed as memory storage and processing speeds have 

improved, removing past limits on the number of channels that can be accommodated by 

today’s digital media (Kerins, 2010, loc. 634). There are today considered to be three kinds 

of audio representations: channel-based, object-based, and transform domain (He, 2017). 

In typical film, video and musical media, audio is channel based, in the sense that discrete 

audio tracks are bussed to a more limited number of channels from which they become 

encoded onto the final medium. For instance, a film’s mix may have hundreds of audio 
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tracks where clips are sorted according to a general information architecture– the most 

common categories being Voice, Effects and Music– but during mixdown these hundreds 

of discrete tracks are bussed to a final output format, such as 5.1 (five channels and one 

low frequency effects channel). With object-based audio, which is more typical of gaming 

platforms, sounds are attached to virtual objects within virtual spaces, though a channel-

based approach might still be used for cutscenes of linear animation in between game 

play. Within games, the assignment to an audio emitter in a spatialized array– for instance, 

a home entertainment 5.1 surround system– is performed in real-time and based on a 

user’s interactions. A transform-domain representation of audio aims to reproduce an 

originally propagating wavefront. For example, one can arrange dozens of microphones 

at a locale, and play them back through a similar array of speakers, with the idea of 

reconstituting the original acoustic wavefronts. As hardware platforms, both the Allosphere 

and Pixelphonics could accommodate, in theory at least, any of these forms of sonic 

representation. It would be more a matter for the software and signal distribution to 

determine what approach to audio representation is being used in each instance. 

Moreover, one possibility with Pixelphonics is the assignment of audio channels beyond 

the screen area, since nothing in principle confines each discrete channel to the screen. 

This is also possible in a sense with the Allosphere, however since it designed as an 

immersive sphere, any non-screen audio channels would be located outside the acoustic 

envelope of the display. 

With a vibrating screen concept, the acoustic phenomenon of planar dispersion 

fills up the screen space in between each audio exciter with sound (depicted below) which 

would not be the case with a speaker array. Pixelphonics thus produces more ‘smeared’ 

point-sources relative to what would be the case with a speaker-based system such as 

the Allosphere, since the screen vibrates beyond the exciter in an attenuated gradient 

across the entire surface. In both systems, the spatial distance between emitters would 

ultimately be determined through factors in which the scale effects of the display size are 

incorporated into the hardware configuration and system design. 
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Figure 4.14: (A) A 64-channel Pixelphonic architecture, organized as a 6x10 matrix of audio exciters 
vibrating the screen, with 4 channels of audio located outside the screen area. (B) The planar dispersion of 
an audio exciter vibrating a screen, which produces an attenuation of sound between the emitters (“Tech 
Note,” n.a., n.d.). 

4.7. Synthesizing a Poetics of Colocative Sound Design 

Having situated audiovisual colocation in its most important theoretic and practical 

contexts, we can now offer some provisional statements as to what constitutes its form of 

“screen-centric” (Kerins, 2013, loc. 11,349) poetics. We can say: Audiovisual colocation 

emplaces sounds with their visual sources, and in doing so increases the resolution of the 

perceived and comprehended rendering of events on screen. It requires the construction 

of a soundscene which is a new design requirement for the soundtrack, to avoid 

disorienting and dislocative effects when integrated with other continuity techniques. A 

soundscene reconfigures spatial continuity regarding the rendering of visualized sonic 

events, which has repercussions for shot planning and scene editing. Audiences of 

colocative works will develop a refined perceptual and attentional sense of when such 

sounds are or are not adequately emplaced with their visual cues, via a reduction in the 

magnitude of the ventriloquism effect. There are three primary colocative techniques: 1) 

to emplace sounds by locating them within visual-auditory fusion areas that are formed at 

the level of perceptual organization; 2) to create new movement paths and trajectories for 

sounds within the screen area; and 3) to use sound to draw attention to images in the 

ambient visual field which may not be at the center of focal attention, through crossmodal 

attention shifting. Like many developments in new audiovisual technologies, there is an 

implicit gesture toward realism and fidelity to natural perception, since in everyday 
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experience sounds do in fact emanate from object-sources undergoing events in a 

spatiotemporal context. 

These general poetic principles apply to any application of colocative audiovisual 

media: games, film, animation, teleconferencing, simulation-based training, scientific 

visualization, command and control installations, process control displays, linear or 

interactive media, and so on. Where these principles would not apply of course would be 

instances in which a contrarian aesthetics is being introduced which deliberately refuses 

colocation, in an analogous manner that some avant-garde works eschew synchronized 

sound. However, even this eschewing can itself be a reference to and take as its baseline 

the non-avant-garde principles and practices. 

The poetics associated with colocative sound design will in some ways run counter 

to certain tendencies in criticism, aesthetics and commentary. There is a trope one 

frequently comes across, to the effect of sound’s ephemeral and ungraspable character, 

a sense of its being bodiless and invisible, exceeding conceptual and perceptual 

capacities to pin it down, and since it is time-based, lacks edges or boundaries. Sound is 

said to have a “radical heterogeneity” (Connor, 2013, loc. 2303). The body of sound is 

“diffuse and intermittent. It is intense, but evanescent. It has no place to reside or come to 

rest. The image on the screen installs us at the point of view, every seat being the 

monarch’s seat, the best seat in the house. The sound of the screen is not primarily ‘on’ 

the screen, but in the listener” (loc. 2473). “Sound, as Michel Chion has emphasized, has 

no frame. There is nothing to hold it in, so there is nothing to hold it in” (loc. 2466). “Sound, 

like water, has no border, no clear outline to distinguish it from not it” (Kim-Cohn, 2017, 

loc. 1,630). “What I want to suggest is that sonic bodies don’t exist” (loc. 1636). Sounds 

“suggest a spatiality less concrete and more ephemeral” (LaBelle, 2017, loc.7146). 

Can we not understand the spaces generated by sound as always already 
unfixed, vibrant, and coproduced? Built from a multiplicity of events and 
actants that comingle and conflict moment by moment, and whose 
invisibility may throw into question what constitutes identity? (loc. 7144) 

While much about this trope makes a kind of exaggerated intuitive sense which 

plays up sound’s temporal dimensions, we saw above that in fact psychophysical 

experiments have identified spatial ‘fusion areas’ for coincident auditory-visual stimuli, and 

that trajectory-based spatial shapes of sound are accurately identifiable. By dynamically 

associating sounds in time-based media with their visual cues, colocative sound design 
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breaks with this sensibility of sound lacking a body, spatial definition and boundary, 

primarily through an emplacement effect which produces an alternative experience to what 

has been characterized as “schizophonic sound (i.e., sound that is split from its source 

and recontextualized)” (Herbert, 2017, loc. 5976). Emplacement is the colocative 

equivalent to a notion like “in sync” that emerged in synchronization practices. Similarly, 

just as synchronized media can sometimes be out of sync (usually read as a disruptive 

mistake but sometimes exploited for creative purposes), emplacement likewise gives rise 

to the new possibility of sound being ‘non-emplaced.’ 

Audiovisual colocative media can be integrated with and complementary to 

established techniques and experiences involving surround sound. The Allosphere, for 

instance, is also a surround array, albeit one that completely envelopes one within a 

spherical environment. The Pixelphonic system articulates the screen area itself, which 

can be adjoined to a surround system, and its screen is scalable and flexible to the point 

of offering some degree of envelopment as well, depending on its spatial construction and 

scale. Screen-centric emplacement, in other words, can coexist with the envelopment 

approach that has been the dominant focus of spatialized cinematic audio since 

Fantasound. 

Colocated audiovisuals have been imagined before, but now there are at least two 

working systems which pose solutions to this possibility. 

But if sound could be localized either on screen or in the orchestra pit, then 
it could also, at least theoretically, be reproduced at different spots on the 
screen, depending on where the person speaking is portrayed. Never to 
my knowledge realized, this project, reported by J.C. Kroesen in July 1928, 
demonstrates the extent to which early technicians assumed the necessity 
of tying sound to the image. “The screen,” said Kroesen, “should be divided 
and so arranged that sound will be reproduced only at or as near the point 
of action as possible. (Altman, 1992b, p.48) 

Ideally, as stereo expert Harvey Fletcher has pointed out, every square 
inch of the screen should have a separate speaker for sound, while an 
infinite number of speakers and tracks would be needed to duplicate 
sounds emanating from offscreen space. (Belton, 1992, p. 165) 

Whether colocative sound design brings film “closer to life,” one can suggest that 

it may increase the presence aspect of immersive mediated experiences, which is a 

discussion for another place and time. 
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Chapter 5. Looking Ahead: Lines of Development 
for the Pixelphonic System 

Abstract 

This final section of the thesis looks ahead to possible future application areas of 

the Pixelphonic audiovisual colocation display system. Technology commercialization is 

discussed as part of involvement in a Vancouver startup incubator program. Lines of 

inquiry for further research are discussed as well as possibilities for product development 

in a variety of industries and market areas.   

5.1. From Prototype To…. 

This essay discusses possibilities for future application areas of the Pixelphonic 

system (hereafter PS). In the contemporary university innovation lingo of ‘knowledge 

mobilization,’ a subcategory of which is more generally known as ‘technology transfer’ or 

‘the commercialization of research,’ PS in its current state of development is a prototype 

showing proof of concept that is awaiting ‘industry validation.’ Such validation occurs, it is 

said, when representatives from industry affirm that there is market potential for the 

technology. This affirmation can take a variety of forms, such as technology licensing, 

investment rounds with venture capital or angel investment groups, establishing a viable 

business model with the ‘minimal viable product,’ or obtaining government R&D contracts, 

depending on the role and route that the researcher-inventor wants or is able to pursue. 

The patent filing is supposed to have as one of its social effects the production of a market 

incentive for further R&D, and eventually, should all go well, the launch of new product 

lines. Industry does not have a stellar track record with the validation of new audiovisual 

technologies; recall that Lee de Forest’s first demonstrations of sound-on-film in 1923 was 

rejected by the movie business bigwigs in New York who found it unimpressive and 

unnecessary, even though it would eventually replace sound-on-disc within a decade as 

the industry standard. And even when industry does embrace a new technology, such as 

Dolby Stereo or Digital Surround, audiences don’t necessarily embrace all the ensuing 

changes in cinematic technique, such as dialogue displaced from screen center, or sounds 

emanating from the walls of the theater serving unclear, and distracting, purposes, or 

decibel levels that annoy, or the need to buy more speakers than a living room can 
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manage based on domestic aesthetics, etc. So, industry validation is not a straightforward 

concept, process or event: perfectly valid technologies may at first be deemed invalid from 

a commercial point of view, or might lead to invalid techniques, from the position of 

audience reception. Patenting the technology based on the proof of concept prototype has 

been modelled as the first and earliest ‘Imagining’ or ‘Basic Research’ phase of the 

technology commercialization process (Jolly, 1997). 

This final section of the dissertation looks ahead to the planned application areas 

for PS. The word “planned” here should be taken in the tentative sense that some research 

paths have been identified, which regardless of whether the technology is commercialized 

or not, will at least serve as an input for grant applications and future research agendas 

which can yield publications and further prototypes as an output. Some of these planned 

applications already exist in the form of content scenarios developed for demonstration 

purposes which have been rapid prototyped as part of the overall system proof of concept. 

 

Figure 5.1: Conceptual renderings of the Pixelphonic system at different scales and in different contexts. 
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5.2. Application Areas 

The applications areas that have been identified have been organized below under 

the following headings: Home, Workplace, Education, Industry and Public Spaces. 

5.2.1. Home 

In entrepreneurial contexts, one is often asked what the “killer app” for a new 

technology might be, and what the technology might look like as a commercial product. 

The killer app that is imagined for PS is home gaming. There are significant industry 

challenges to be overcome for this to materialize, however. Manufacturers of gaming 

platforms and display technologies as well as content developers would need to 

coordinate significant production resources for PS to become a new form of home 

entertainment technology. Other uses in the home include video and general sonic 

display. The home-based systems below are imagined as off-the-shelf, plug-and-play 

screen elements to be integrated with other components in a typical entertainment system 

living room or media room setup. The systems described assume a minimum of 32 

channels analogous to the current prototype, but in principle the total array of emitters can 

be more or less than this. The total number of emitters would be based on a height-times-

width multiple, e.g. 8x4, 6x3, 6x9 and so on, depending on the scale and aspect ratio of 

the PS display. The design of the current prototype is largely based on capitalizing on a 

serendipity of materials: a common construction material is the 8’ x 4’  sheet (32 sq. ft. of 

Alupanel, in this instance), and the highest number of audio channels obtainable from a 

single USB cable is 32 via the Orion 32 AD/DA unit. So this serendipity around the number 

32 is exploited in the current prototype design. 

Home Gaming 

PS could be built into a gaming console with USB or other data output that can 

accommodate 32+ channels of audio embedded in the data signal (e.g. transmitting two 

WAV PCM files, each of which can encode up to 18 channels of information). The output 

from a so-equipped gaming console would provide input to a screen element that is either 

suitable for projection or comprise a very thin video display such as can be integrated with 

a OLED technologies. PS-suitable games need to be pre-formatted by the content 

developer for colocative output, by allowing the virtual sound objects in the game to map 
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their sound effect components according to an XY grid which positions the sound in the 

corresponding screen location. For more three dimensional sonic effects on 2D displays, 

an additional virtual Z axis might be usable for 3D video imagery– whether 3D means the 

Cartesian coordinate system used in any vector-based game environment, or even 

stereoscopic 3D visual effects. This virtual Z axis could be linked to accompanying audio 

processes. For example, sounds that are spatially closer have louder higher frequency 

components in their spectra, less reverberation and reflection, and of course are louder; 

all these acoustic parameters can be linked to both a computational Z axis in a video 

display for either traditional 2D or stereoscopic 3D imagery. All this preformatting would 

be done through a layer of code which is re-used across games which assigns the audio 

components of virtual objects to the spatial coordinate in the screen display. A PS display 

can also complement traditional surround sound living room setups, since its spatialization 

is restricted to the screen and image area. An alternative to popular consumer electronics 

approaches might aim instead for uptake in indie game communities, and employ web or 

computer-based gaming combined with DIY electronics and maker-style approaches to 

home entertainment and equipment modification and hacking. 

Home Video 

A video streaming box, such as an Apple TV or Chromecast, can come equipped 

with a USB or other data output with 32+ channels of audio embedded in the data signal, 

e.g. transmitting two WAV PCM files, each of which can encode up to 18 channels of 

information. Alternately a ‘smart tv’ that integrates streaming technology, or a ‘smart 

projector’ with integrated streaming services, could be other varieties of such colocative 

systems. The video media would be pre-formatted during the post-production process for 

PS output, by allowing individual audio tracks of a multichannel sound mix to be allocated 

according to the XY grid of sound exciters, which position the sound in the corresponding 

screen location. While it is possible that machine learning and computer vision algorithms 

could process some video media for colocation in real time, it is more likely, given extant 

practices, that PS formatted content would make use of a channel-grid overlay of the 

moving image to guide emplacement of sounds, combined with multitrack routing logic 

(i.e. bussing) and assisted through the development of new interfaces for manipulating 

colocated audiovisuals. As described above, a virtual Z axis could also be employed for 

audio processing related to stereoscopic 3D effects. An example of how PS could be used 

to enhance stereoscopic 3D would be to allocate an ensemble of emitters during 
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particularly dramatic moments in 3D video where some object is shown suddenly jutting 

out toward the audience as a special effect of the kind that elicits involuntary flinching 

responses. 

 

Figure 5.2: Colocative channel grid overlaid on video media (Gitgirl, Igmon, 2014) for purposes of 
emplacement during audio post-production. 

 

Multi-stream video interface 

As part of a cable channel guide, DVR skimming of sections of recorded content, 

or similar video browsing contexts, multiple streams of video could be positioned in a grid 

across a PS display. A user can momentarily ‘tune in’ to the audio component of the 

represented video stream, so that the sound comes from the associated screen area of 

the PS display. Once selected by the user for viewing, the screen would expand to a full-

size window and the PS becomes a general video display. This application requires 

colocative output in a cable or DVR box to provide an input to the screen element. 
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Figure 5.3: Demo content for ‘tuning in’ to colocated video clips. 

 

General Sonic Display 

The screen can also function as a substitute for audio speakers, as part of a 

general entertainment setup in which the screen surface acts as the sound production 

mechanism for a speakerless AV system, whether for home or office. As a sonic display, 

PS works on a diffusion model, distributing multiple mono or stereo audio channels 

throughout the grid of sound exciters, acting as a distributed mode radiator. These ‘sonic 

walls’ could also be used at larger scales that go beyond the home context, or as outdoor 

patio components and so on. A general sonic display might be of interest to users seeking 

to conserve space in their living spaces by not installing separate speaker elements, as 

for instance might be the case with the development of ever-smaller condos in urban areas 

experiencing densification booms in their real estate markets. 

5.2.2. Workplace 

Workplace systems are generally more complex and expensive than home-based 

systems, and there are typically a much smaller number of vendors and contractors in any 

market to sell, install and service these more specialized products. Workplace audiovisual 

media is often configured to facilitate two-way communication, e.g. through video 
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conferencing (hereafter VC) and telepresence, and may implement various methods for 

supporting and guiding attention or even vigilance in high workload and performance-

oriented, collaborative, and highly mediated environments replete with multiple 

information-rich display types. An exception to this are one-way communication systems 

such as those that support virtual slide-based presentations, but even these could 

conceivably make use of colocative systems if integrated into the general AV environment 

as a type of display to call upon as multimedia content. 

Communications, Command and Control 

Real-time communications environments which combine audiovisual feeds and 

information overlays with multi-channel communications could take advantage of PS for 

the enhanced reaction times and lower error rates, and stress reduction through the 

processing of multimodal information more clearly, afforded by using sound to localize 

spatialized visual information. Such a system should enhance situational awareness for 

mission critical decision making. 

 

Figure 5.4: Conceptual rendering of PS as a command and control installation. 

Work-based Telepresence 

Video conferencing (hereafter VC) of multiple participants present on the same 

video screen can improve overall media transparency and presence effects by tying the 

speakers’ voices to their position on the video screen. Colocation would make it easier to 
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discern which telepresent person is speaking. This scenario requires a new kind of audio 

breakout box for audio channel routing (like those described above, e.g. console or 

streaming device, but for real-time compressed audiovisual streaming) so that the signal 

is formatted for the PS display by the VC system and service. 

Process Control 

Visual displays of large networks of technical systems, such as are found in the 

management and regulation of power grids, train systems and nuclear power plants, 

present large fields of visual information which cannot continuously be at the center of 

visual focal attention. Co-located audio can use sound to draw attention to areas of the 

visual displays, enhancing reaction times, lowering error rates, reducing stress through 

processing information more clearly, and calling attention to visually displayed objects and 

information that may not be at the center of visual focal attention. 

Remote Air Traffic Control 

Air traffic communications are developing new kinds of remote facilities whereby 

the traffic controllers may be positioned many miles away from the airport. These new 

facilities employ a wall of high definition video monitors which frontally present a 360-

degree view of the airport runways for remote air traffic controllers, as demonstrated by 

the new London airport facility designed by Saab Group. Co-located audio can use sound 

to draw attention to the visual displays, enhancing reaction times and calling attention to 

visually displayed objects and information overlays that may not be at the center of visual 

focal attention, like process control and command and control designs. 

5.2.3. Industry 

Development of any of these application areas requires significant cooperation and 

partnership across industries, including technology licensing, manufacture of specialty 

components, component integration, fabrication, parts sourcing and distribution. This 

heading of ‘industry’ covers B2B scenarios where PS technology is situated within general 

global supply chains. For PS to become a general purpose audiovisual technology, 

strategies for developing a complex multi-sided business model need to be developed 

addressing all the various social and technical interactions and networks. 
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Figure 5.5: slide from author presentation at BC Innovation Council. 

 

Pro Audio Hardware 

Intersecting with several of the application areas, ‘pro audio’ covers a range of 

industry hardware and software systems across film, games, military, home, music, 

entertainment and television, particularly around post-production processes, display 

systems, structural materials, acoustics and transducer design. 

Audio and Video Editing Software 

To produce content for PS, new audio and video production and postproduction 

hardware and software systems need to be developed to shape content for colocated 

sound and visuals. 

5.2.4. Education 

The clearest connection to educational applications involves the design of more 

engaging simulations of phenomena, which in principle would also include immersive, 

interactive virtual training environments that utilize 3D worlds and other spatialized 

renderings where learning in general and learning transfer in particular– “the ability of a 
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learner to successfully apply the behavior, knowledge, and skills acquired in a learning 

event to the job, with a resulting improvement in job performance” (Improving Learning 

Transfer, Feb 28, 2014)– are desired. 

Simulation-based Training 

A specialized PS system could be developed for education scenarios, e.g. 

teaching students physics and acoustics or other subject matter where animated content 

might be used for effective pedagogy (to recall the special affinity of PS with animation-

based media). PS for teachers could incorporate other tools that enhance classroom 

experience, e.g. live drawing and whiteboard type interactions. Another application would 

be immersive simulations, where virtual environments can deliver better verisimilitude to 

events, or feature better presence qualities, for training purposes. 

5.2.5. Public Spaces 

PS installations can be architectural in scale. Museums, space centers, zoos, 

aquariums, theme parks, airports, casinos, new high density developments, public transit, 

and similar venues– either indoors or outside (the technology can be made waterproof 

and weather resistant)– can make use of PS as a new kind of media facade or video wall. 

Two types of public gaming-related venues have been specifically targeted for the next 

phase of investigation, VR arcades and escape rooms. 

Large Scale Immersive Environments and Interactive Displays 

Customized PS installations for airports, casinos, hotels, museums, amusement 

parks and other large public spaces can be created on a client and bespoke basis to 

achieve site specific objectives. 

Art and Performance 

There are numerous creative applications– e.g. for theaters, opera, galleries and 

performance spaces– that can utilize PS affordances. Any kind of media application with 

moving image and sound can be processed and presented on a PS system. 
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Virtual Arcades 

VR sales of home systems have been lower than anticipated, with consumers 

reluctant to invest in additional gaming gear for their home-based systems. Also, homes 

are often not suitable to exploring a virtual reality, since it is easy to for users to bump into 

the surrounding furniture and walls. Many VR games require very large interfaces that will 

not make their way into a domestic space, such as life-sized motorcycles or 360 degree 

treadmills. For these and other reasons, VR arcades have been expanding dramatically 

in many countries. 

In part, the growth can be attributed to the high cost of entry to VR (around 
$2000 a system) and the space needed to play it. Plus, even if you own 
one, you’re unlikely to have two systems, so forget about playing with 
friends, hence the entrepreneurial interest. 

“People are seeing the business opportunity [in virtual reality arcades],” 
says Frank Soqui, general manager of VR and gaming at Intel. “There are 
cafes in South Korea that are destinations, where teams of people will go 
and eat and play and socialize —  arcades by definition are a social 
experience.” (Stone, Aug 2, 2017) 

VR arcades are more popular in Asian countries – more than 3000 venues in China 

(Fink, Dec 19, 2017)– but growing in popularity in many countries. 

  Escape Rooms 

Escape rooms are another recently emerged market for gaming in real spaces that 

can range from room to warehouse size. Entry costs can be very low, with documented 

costs of an escape room ranging from as low as $10,000 to as high as $150,000. Because 

of the low cost of setting up these facilities, is a highly-fragmented market with very few 

‘big industry players’ and mostly characterized by small businesses who may own only 

one relatively low budget facility. 

Depending on where you go you might enter an escape room with actors, 
custom electronics, fitness challenges, high fidelity sets of shows, secret 
society members that will entice you to join in semi-ritualistic meetings, 
recruiters, weekend-long games in hotels, or simply a bunch of puzzles and 
props bought on the internet. Most of these escape room variants produce 
profitable businesses — for now. (Crosti, Oct 11, 2017). 

This social place-based gaming format originated in Asia, with SCARP’s Live 

Room Escape in Tokyo established in 2007 (History and Origin of Escape Games), but 
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has gained considerable popularity globally. In Beijing, there is one escape room per 

63,000 people, compared to New York with one escape room per 167,000 people. Like 

VR arcades, escape rooms are an Asian-led phenomenon 

5.2.6. Market Segments 

Below, these application areas are tied to the respective industries’ market size 

and formal economic designations. This provides a snapshot of the sectors of the 

economy and their market value in which PS can become a new standardized format of 

audiovisual media presentation. Since the technology operates at the same fundamental 

perceptual level as synchronized or surround sound, which are integrated into many 

audiovisual technologies, colocated sound and image may also become integrated into 

many aspects and implementations of audiovisual display, media, content creation and 

system design. 

Note that there will be some overlap in the market areas noted below, e.g. ‘Pro 

Audio’ will clearly intersect with other industry areas shown. At the same time, emerging 

areas are not included, such as car audio, where with the electronification and 

autonomizing of vehicles, car-based media displays are increasing in their overall size, 

and may be another area for future application. Also, some areas below, such as Art, are 

quite broad and would include other economic components that would not be relevant. 

Thus, it is not possible to accurately calculate a potential ‘market size’ for PS since there 

would be significant interrelationships between the segments. Also, market sizing for new 

technologies is usually done in a bottom up manner, e.g. calculating the cost of 

components or licenses of specific products within the overall market, and the numbers 

shown below are more in the vein of a top-down overview of entire market areas, and are 

thus intended as a general reference and data point. The sum total below is based on the 

imperfect but useful assumption of separate markets that can be added in a linear fashion, 

which is intended mainly to show the relative size of the markets to each other rather than 

to definitively measure an overall market space. Virtual reality arcades and escape rooms 

are not shown separately but assumed covered by the category of ‘gaming.’ PS is 

envisioned as a technology to be licensed to various manufacturers whose products are 

developed for these market segments. A speculative valuation of PS could essentially be 

made up of the percentage of market share multiplied by the percentage of the cost of the 

license as a component of the technology within that segment. E.g. assuming 5% market 
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penetration of PS within a segment and comprising 1/1000th of the cost of the associated 

technology, one could produce a tentative valuation to be used in discussions with 

potential industry partners. 

 

Figure 5.6: Spreadsheet excerpt showing breakdown of all Pixelphonic components used in a bottom up 
market sizing estimation. 

In contrast, a bottom-up market sizing would calculate number of units sold within 

a Target Market or TAM consisting of likely buyers. The Total Market is a sub-area of the 

Served Available Market or SAM, which is everyone reached in the sales channels. The 

SAM in turn is a sub-area of the Total Available Market or TAM. An example of a bottom 

up market sizing for PS is to aim for use in 200 VR arcade facilities, which is ~15% of the 

current number of units, but in an industry which is growing exponentially on an annual 

basis. An estimated cost of $25,000 per unit yields an initial sales goal of around $5m 

within the first few years. All market sizing entails guesswork but to chart a strategy one 

needs to be concrete with the numbers to launch a viable business. 

Industry overview– dollars are in USD: 

1. Global Home Audio Equipment Industry: est. $20.68B by 2019. 3 

2. Global Games Market: $108.9B in 2017.  4 

                                                
3 NASDAQ Global News Wire: https://globenewswire.com/news-
release/2016/01/20/803252/0/en/Home-Audio-Equipment-Market-Expected-to-Reach-USD-20-
68-Billion-in-2019-Transparency-Market-Research.html 
4  Global Games Market Report: https://newzoo.com/insights/articles/the-global-games-market-
will-reach-108-9-billion-in-2017-with-mobile-taking-42/ 
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3. Global TV Market: est. $372.91B by 2021. 5 

4. Global Display Market: $169.17B by 2022. 6 

5. Global Command and Control Market: est. $16.5B by 2020. 7 

6. Global Telepresence Market: $2.63B by 2022. 8 

7. Home streaming media device: est. units 382m by 20219 ~$13.37B (e.g. 
$35/device) 

8. Global art market $63.8B in 2015. 10 

9. Military and Simulation Training Market: est. $12.67B by 2021.11  

10. Industrial Communications Market: $130.33B by 2022. 12 

11. Air Traffic Control: $5.52B by 2020.13  

12. Global Human Machine Interface Market: est. $5.58B by 2019.14  

13. Pro Audio: $500B. 15 

                                                
5 Business Wire: http://www.businesswire.com/news/home/20170320005646/en/Global-TV-
Market---Drivers-Forecast-Technavio 
6 Markets and Markets: http://www.marketsandmarkets.com/PressReleases/display.asp 
7 Mordor Intelligence: https://www.mordorintelligence.com/industry-reports/command-and-
control-systems-market 
8 Markets and Markets: http://www.marketsandmarkets.com/PressReleases/telepresence-
videoconferencing.asp 
9 Business Insider: http://www.businessinsider.com/the-streaming-media-device-report-market-
forecasts-top-players-and-consumer-viewing-trends-that-will-shape-the-market-2016-2 
10 Artnet: https://news.artnet.com/market/tefaf-2016-art-market-report-443615 
11 Markets and Markets: http://www.marketsandmarkets.com/PressReleases/military-simulation-
virtual-training.asp 
12 Markets and Markets: http://www.marketsandmarkets.com/PressReleases/industrial-
communication.asp 
13 Markets and Markets: http://www.marketsandmarkets.com/PressReleases/air-traffic-control-
equipment.asp 

14 NASDAQ Global News Wire: https://globenewswire.com/news-
release/2014/09/23/667730/10099657/en/Human-Machine-Interface-Market-Is-Expected-to-
Exceed-USD-5-579-0-Million-by-2019-Transparency-Market-Research.html 
-0-Million-by-2019-Transparency-Market-Research.html 

15 Tape Op: http://tapeop.com/interviews/100/the-future/ 
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14. Audio and Video Editing Software: $4.77B16  

Total Market Size of Industries for Employment of PS by Summing each 

Category (industry overlaps not accounted for): $1,442 B (approx. $1.44 trillion) 

 

Figure 5.7: A data point used in a top down approach to market sizing, showing relative size of markets in 
$billions USD 

 

Figure 5.8: relative proportion of each industry segment 

                                                
16 Business Wire: http://www.businesswire.com/news/home/20170412005199/en/Audio-Video-
Editing-Software-Market---Global 
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5.3. The Next Horizon 

This section considers application areas which can be glimpsed today as more 

remote future possibilities in contrast to the areas described in the previous section. 

5.3.1. Video Wallpaper 

Interactive ‘wallpaper’ screens are the future of TV. 
Wall-sized, total-immersion TVs will change how you watch your favourite shows 
(New Scientist, May 16, 2012) 

 

 The idea that one day our walls will be covered with video screen wallpaper has 

been around for a long time, though we are clearly far from what this might look like in an 

everyday sense. For example, in what aisle at Home Depot would we find the stack of 

crated and assemblable video panels? What hand or power tools would we use to get 

these domestic video panels to fit around our rooms’ corners, countertops and cabinetry? 

Such systems, if integrating colocative audiovisuals, could offer amazing possibilities for 

any architectural space, whether indoors or outside. For example, if one’s dining room 

were set to an audiovisual tropical beach mise-en-scène, thumps of coconuts could be 

colocated with the fruit-shedding tree. Likely such a sound moment would comprise three 

elements: a higher frequency (and thus more locatable) element of the coconut falling 

through palm leaves; a midrange ‘thump’ as it hits the ground but which is less localizable; 

and an LFE channel with a non-localizable and perhaps even subsonic visceral “oomph” 

sound for visceral feel and enhancement. Another example would be carrying on a 

Facetime-like cellular phone conversation with a caller’s avatar as one walks around the 

house, or putting the children in front of intelligent tutors-in-the-walls who offer engaging 

educational lessons and so on. 

5.3.2. Interiors of Electric Autonomous Vehicles 

The electrification of the automobile, integrated with its informatic and autonomous 

developments, are already beginning to produce very large screen areas in vehicle interior 

displays, as can be found in any of the Tesla models, but also others such as the 2018 

Volvo XC60. Many traditional driver controls are capable of being represented by screen-

based media, e.g. climate adjustments, music playback, review of vehicle settings, etc. It 
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remains to be seen whether autonomous vehicles will retain a manual control component, 

or whether car interiors will increasingly come to resemble our living rooms. As viewing 

freedom and screen size increase within automobiles, there are possible uses of 

colocative sound, since such interiors can possess qualities analogous to home or 

workplace applications. Electric vehicles are much quieter compared to their combustion 

engine counterparts, which may produce more opportunities for refined audio effects and 

uses. 

5.3.3. Non-virtual Sound for VR 

Virtual sound replicates inter-aural and outer ear phase, level and spectral 

differences to mathematically synthesize sounds, via head related transfer functions 

(HRTFs), that aim to reproduce the sense of 3D spatialized sound using only two 

headphones. As noted in the Introduction (part 1 of the dissertation), there are significant 

issues associated with virtual sound, such as: a) everyone’s head is different in shape and 

size, b) virtual and binaural sounds often inadvertently place sounds inside the head rather 

than convey an exogenous sense, c) there are often front-back spatial confusions as to 

where a sound is perceived to be, and d) lack of sufficient low frequency response. These 

complex and systemic issues with the technology appear to be analogous to the problems 

associated with matrixed Dolby Stereo technologies, which often failed to assign sounds 

to the proper channels to the frustration of filmmakers: “Stanley Kubrick ultimately found 

playback of matrixed sounds so unpredictable that he chose to continue making his films 

in mono throughout the era of Dolby Stereo's dominance” (Kerins, 2010, loc. 400). 

One possibility for VR applications is to combine a 360° treadmill, such as the 

Virtuix Omni (Virtuix Omni, 2016) with a 360° enclosure that colocates sounds in real 

space via individual point sources in an actual array instead of using HRTFs, so that one 

does not need to depend on algorithms to artificially place processed sounds in one’s ears 

and hope that all artifacts have been eliminated in the delivery of the intended experience. 

Recalling the concept of the soundscene, we might call such a device a ‘soundscreen’ 

since it would be a real-space audio emitter where the screened visual object is actually 

located within a VR headset, and so has no imagery associated with the surface of the 

emitter itself. While it may at first seem that a VR user on a 360° treadmill is effectively 

contained within what could be considered an audio ‘sweet spot,’ and thus potentially in a 

good spatial position for the production of intended phantom images associated with 
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stereo techniques, because the interactors on such treadmills can rotate their position and 

face any area of the soundscreen, it would in fact be impossible to design for this position 

as a sweet spot since it will always be changing its orientation. This constant change of 

position would likely throw a designer back into the original problem of creating algorithms 

that would now have to account not just for differences in everyone’s head, but now also 

everyone’s body, since such an ideal sweet spot would also be dependent on the height 

of the user, and perhaps other physical characteristics. Thus, a point source approach 

through surrounding planar arrays would likely yield the best results. Point sources have 

been applied to deal with similar issues in the context of surround arrays in electroacoustic 

music performance: 

The key to designing such a space is to treat the loudspeaker as a point 
source, and avoid the illusion of what are called “phantom images” that 
appear between the speakers but collapse when the listener is not placed 
exactly between them (Truax, 2013, loc. 6799). 

5.3.4. Distributed Remote Environments 

Imagine a worker deep in a tunnel of a dam or mine shaft, in which there is an 

audio element built into the surroundings that affords two-way communication between 

the worker and other personnel. As the worker moves through space, the conversation 

follows, tracking their bodily position with sensors and assigning sound to the appropriate 

sound exciter element based on the movement of the worker through the space. Such a 

communication system may be necessary where wireless signals cannot be transmitted. 

Here, the PS is operating as a purely audio display, though there could be ‘waystations’ 

positioned at various points where there is a live video feed as well. The idea is to convert 

the surrounding space itself into a two-way communication channel, since engineering-

wise any speaker can be made to work like a microphone and vice versa. Here, the PS 

display could also act as both a microphone and a speaker, allowing for communication 

in extreme, distributed and/or remote environments. A variation of this system could be an 

updated version of the novelty attraction ‘whisper-spaces’ that are sometimes found in 

science museums and public places, where architectural acoustics are used to focus a 

speaker’s voice at a distance, to be heard by another person located far away, even when 

speaking softly. In this instance, PS would act in a kind of computational mimicry of this 

idea, mainly for purposes of fun or amusement. 
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5.4. Experience and Performance Themes 

All the aforementioned application areas would require well funded R&D and in 

situ sandboxing to support not just the design and production of PS-related product lines 

but also to understand the experiential aspects and use cases through inquiry into human-

technology interactions. Below I outline some possible research themes and a potential 

program of investigations to further develop the technology, in which PS is used as a 

laboratory instrument to conduct further inquiry. 

5.4.1. Perceptual Resolution 

Sound design techniques have contributed general principles to organizing 

hundreds of simultaneous audio channels for clear perception and communication of 

multimodal media, particularly in film. Soundtrack information is parsed out across 

different levels of cognitive processing, such as linguistic (dialogue), functional (sound 

effects) and affective (music) sound layers, resulting in the sound mixing ideal of ‘dense 

clarity–clear density’ (Murch, 2005) which limits the number of prominent sounds co-

occurring at any given time by parsing them out across this cognitive continuum. 

The number of channels used in an audiovisual mix also increases the perceptual 

resolution for hearing a greater number of individual sounds and perceiving their details 

with more clarity. 

Psychoacoustics confirms that increasing the number of channels 
increases the number of individual sounds the audience can hear. (Kerins, 
2010, loc. 792). 

[T]he brain “sorts” sounds in part by comparing the sounds coming from 
one ear to those coming from the other; if two sounds originate in different 
places– such as different speakers in a movie theater– it is easier for the 
brain to separate them and hear each individually (loc. 795) 

The net results of these psychoacoustic phenomena are that digital 
surround sound allows filmmakers to put more separately perceptible 
sounds in the soundtrack at any given moment. “Greater complexity, 
there’s no doubt about that, more perceptible sounds, absolutely,” says 
Tomlinson Holman about the effect of digital surround on aural aesthetics 
(loc. 797, emphasis in original). 

To date, of course, it is with surround sound systems that these effects have been 

documented and studied. It remains for future research with colocative audiovisual 
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systems to determine whether this increase in sound source resolution also applies to a 

greater number of channels within the screen area. 

5.4.2. Presence and Immersion 

The concepts of Presence and Immersion can be frustratingly vague, contradictory 

and occasionally unrigorous. Sometimes the terms are given strictly tautological 

definitions, as in: “Immersion, the extent to which a person feels immersed in a task or 

virtual world…” (Huhtala, Isokoski, and Ovaska, 2012). In everyday use, they are 

sometimes used interchangeably, and in theoretical discourse there are a multiplicity of 

positions which present coherent internal logics but which cannot escape the inherently 

polysemic aspect of the words themselves, since they are terms derived from everyday 

natural language. To use ‘presence’ and ‘immersion’ as theoretical concepts, one has to 

create a construct which either ignores related meanings or connects the terms to other 

binary constructs. For example, in one well developed explication, Presence is linked to 

the Subjective (personal experience) and Immersion to the Objective (features of the 

technology): “We propose that immersion should be reserved for the description of the 

objective characteristics of a virtual reality device, and that presence should be described 

as the effect that this immersion produces on the behaviour of the subject” (Mestre and 

Vercher, 2011, p.93). This is a useful construct but far from complete, insofar as one can 

also find other binary constructs, such as Content/Platform, or State/Activity to link these 

terms to. Presence and Immersion are often measured through questionnaire methods– 

with such tools literally named ‘the presence questionnaire’ (Witmer and Singer, 1998) or 

‘the immersion questionnaire’ (Jennett et al., 2008) which have been developed under 

rigorous, or at least statistically corroborated, psychometric procedures. 

There is a multiplicity of definitions and continuing debate about the precise 

meaning of these terms because of their polysemic and contextual character. Indeed, 

there is an academic journal17 devoted to the concept of Presence in which debates 

continue to ferment. Any rigorous use of these concepts should be based on a particular 

research practice which specifies their intended use. To acknowledge this heterogeneity 

of meanings and constructs that have developed over the past couple decades, below I 

have diagrammed a set of important themes linked together into a general discursive field 

                                                
17 Presence: Teleoperators and Virtual Environments, MIT Press. 
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of technologies and effects which articulates what I take to be the key interconnected ideas 

and approaches. This field construct replaces the alternative possibility of aiming for a 

new definition of what Presence and Immersion ‘really are’ or what they ‘really should be,’ 

a task that seems too redolent of now tedious debates about the ‘true’ nature of interaction, 

for instance. 

The figure below captures some of the main concepts that emerge out of reading 

the Presence/Immersion literature. What the diagram models is that there are dimensions 

to these terms which pertain to Content, Technology and Experience that interact with 

each other and concatenate some of the more pervasive terminological meanings and 

uses. 

 

Figure 5.9: Presence and Immersion as a discursive field of technology-content effects on mediated 
experiences 

What the model illustrates is the following: Some have argued that there is always 

a baseline cognitive interaction or “interpretive participation” (Salen and Zimmerman, 2004, 

p.59) of our minds with the world. When directed at mediated forms such as narrative, this 

cognition can develop into the “suspension of disbelief” (Coleridge, 1817) or what Janet 

Murray has rephrased as “the active creation of belief” (Jan 30th, 2012, blog) which 
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denotes a strong mental absorption, “involvement” (one of McLuhan’s favorite words to 

describe media effects), “engrossment” (Nacke and Lindley, 2008) or “engagement” 

(Haans and IJsselsteijn, 2012). Following Bazin’s poetics of cinema, media forms can be 

positioned along a continuum between document and fantasy, or photo-realistic 

representation of the world– “recording reality” (Bordwell, 2007, p.14) produced by the 

camera apparatus, and manipulation of that technology animated by an “urge to abstract 

from reality, to create artifice.” This latter impetus leads to spectacle or the “cinema of 

attractions” (Gunning, 1986). The diagram, however, is meant to apply to any mediated 

experience in which one might use terms like Immersion and Presence, and is not 

restricted to literature or film, but can include games or music and any relevant media form. 

Also, the notion of ‘content’ in this context is not paired with a conceptual binary term such 

as ‘form’ but is inclusive of formal and perceptual features (e.g. color schemes, narrative 

design, contrast ratios, layout, resolution, auditory quality, etc.) since what matters here is 

that the content is delivered through some technology. 

Mihaly Csikszentmihalyi’s concept of “flow” (Nakamura and Csikszentmihalyi, 

2014) is a concept often used in discussions of presence and immersion. It is situated 

here as a crossover between content and technology because its application in this 

context typically involves some form of interactivity, such as game play. Flow is said to 

occur within a ‘flow channel’ in which challenge and skill level are appropriately matched. 

If one’s skills are too high and the challenge to low (or vice versa) it is hard to achieve the 

state of flow, defined as a state in which someone  

is engaged in a challenging task, working away, making progress, while 
being fully absorbed. Activity and lack of self-consciousness are the key 
elements of flow. MC broke the concept down further, proposing 8 
necessary and jointly sufficient criteria and features. Flow is when a person 
[1] is engaged in a doable task, [2] can focus, [3] has a clear goal, [4] 
receives immediate feedback, [5] moves without worrying, [6] has a sense 
of control, [7] has suspended the sense of self, and [8] has temporarily lost 
a sense of time (Mesner, Feb. 16th, 2015). 

Flow, like all the italicized terms in the diagram of the Presence/Immersion 

discursive field above– which reference media, experiential or system features– should 

be understood as capable of being fed forward into more elaborated states and systems. 

For example, flow’s placement at a crossover between content and technology means 

that it can also be an aspect of ‘ideal’ types of fully immersive experiences, such as 

Murray’s holodeck (1998), which exhibit very high presence. But flow can also appear in 
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low resolution gameplay systems, and does not require the latest gear and highest fidelity, 

the lowest latency rates, the fastest processor and largest RAM, physically blocking out 

the world, etc. 

Defined subjectively, presence “is the subjective experience of being in one place 

or environment, even when one is physically situated in another” (Witmer and Singer, 

1998). Slater et al. (2009) argue for a more objective conception of presence which is 

“directly observable and measurable” (p.193), in contrast to the “subjective feeling or state” 

of “being there.” They relate presence instead to activity and response to mediated 

environments, offering a set of necessary conditions to be fulfilled by this notion of 

presence:  

(a) consistent low latency sensorimotor loop between sensory data and 
proprioception; (b) statistical plausibility: images must be statistically 
plausible in relation to the probability distribution of images over natural 
scenes. A constraint on this plausibility is the level of immersion; (c) 
behaviour-response correlations: Presence may be enhanced and 
maintained over time by appropriate correlations between the state and 
behaviour of participants and responses within the environment, 
correlations that show appropriate responses to the activity of the 
participants.  

Similarly, they define ‘immersion’ in an objective frame, defined by the ways that 

“a system delivers displays (in all sensory modalities) and tracking that preserves fidelity 

in relation to their equivalent real-world sensory modalities” (p.195). While the notion of 

“fidelity” here may seem to be qualitative at its core– since it is ultimately a kind of sensorial 

value judgment– they ground their notion of fidelity in specific technology features such 

as field of view, frame rate, latency, stereo image, head tracking, and haptic affordances. 

Slater et al. (2009) argue that presence is a response to certain immersive system features, 

both of which can be observed and measured objectively. Other objective measures that 

have been proposed are physiological in nature, and include “heart rate, respiration rate, 

skin resistance, skin temperature and peripheral brain wave EEG activity” (Weiderhold et 

al., 2001, p.176). 

Some have proposed mixed methods which triangulate both subjective and 

objective measures, arguing “that immersion can be measured subjectively (through 

questionnaires) as well as objectively (task completion time, eye movements)” (Jennett et 

al., 2008, p.641). Slater (1999) usefully identified a key system design feature for 
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immersion as “the extent to which the actual system delivers a surrounding environment, 

one which shuts out sensations from the ‘real world’, which accommodates many sensory 

modalities, has rich representational capability, and so on” (p.560). 

Other qualities related to presence and immersion that are often referenced in the 

literature include fidelity, resolution, vividness and realism. These have often been shown 

to have at best indirect effects, if any, on presence and immersion. Storms and Zyda (2000) 

found that “the quality of realism in [virtual environments] must be a function of both 

auditory and visual display fidelities inclusive of each other” (2000, p.557). Stevens and 

Kincaid (2015) found that fidelity had no impact on performance in simulation-based 

training, where the greatest effects were found instead to be related to effects of presence 

and not realism. Ocasio-De Jesus, Kennedy and Whittinghill (2013) similarly found that in 

virtual environments, graphical fidelity alone produced no measurable physiological 

response when detecting changes in galvanic skin resistance. Thus, it would be interesting 

to probe how PS systems perform relative to already studied systems by employing similar 

methodologies to new PS display formats and applications. 

5.4.3. Errors and Reaction Times 

Colocated audiovisuals, when integrated into general communication 

technologies, could potentially provide enhanced situational awareness by harnessing the 

increased temporal resolution of sound to draw attention to screen areas which may not 

be at the center of focal attention. Colocation should result in faster reaction times and 

lower error rates in performance, while also creating more naturalistic communication 

environments. Some psychoacoustic limitations of can be overcome using sound design 

based on embodied cognitive metaphors. For example, many perceptual experiments 

note reduced spatial acuity when locating auditory sources in the vertical dimension. 

However, our listening abilities are conditioned by a universal ‘up-down’ metaphor (Tolaas, 

1991) in which ‘low’ frequencies are encoded spatially ‘downward’ (thus, their “lowness”) 

and conversely, ‘high’ frequencies are encoded in a relatively higher spatial position. This 

up-down/high-low cognitive metaphor which maps perceived pitch to the vertical 

dimension of space can be parameterized in the PS output. As part of training and mastery 

of the system by its users, higher frequencies can be assigned a larger vertical coordinate 

in a scene relative to lower frequencies. 
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In the field of auditory display, rhetorical strategies have been developed to 

optimize sonic information in critical use contexts. In life monitoring systems, for instance, 

breath-like sounds have been found to be ideal for monitoring respiratory data (Brazil and 

Fernstrom, 2011). Colocated audiovisual media should increase the sense of presence 

(‘being there’) in immersive displays, which correlates with better performance in military 

simulation-based training (Stevens and Kincaid, 2015) and supports the suspension of 

disbelief and learner engagement (Hamstra et al., 2014) for optimizing learning transfer in 

the trainee. 

 

Figure 5.10: (A) increase in the percentage of correct identifications through use of rhetoric-based sound 
design in interactive auditory displays (Polotti and Lemaitre, 2013). (B) Performance scores correlate with 
Presence ratings in immersive displays used in simulation-based military training (Stevens and Kincaid, 
2015). 

Crossmodal attention shifting, which can be either object or location-based, occurs 

when a location cue in one modality guides attention to stimuli in another modality in goal-

driven (top down) or stimulus-driven (bottom up) recursive cognitive processes (Wright 

and Ward, 2008). There are significant modality impacts on workload, stress and 

performance (Cao, Theune and Niiholt, 2009). Colocating auditory and visual cues should 

improve performance issues such as ‘getting lost’ in multiple-display systems (Hollnagel 

and Woods, 1983). Confusing and conflicting information increases anxiety, which causes 

attentional narrowing, increased distractibility and degraded executive functions such as 

sustained vigilance, and undermines the efficiency, speed and quality in selecting task-

relevant information (Russell and Hatfield, 2013). Computer mediated communication 

generally is more stressful, as measured by cardiovascular responses, relative to face-to-

face communications (Ferrer et al., 2010). Environmental input (Hancock, 1989) stressors 

in complex computer mediated systems which are potentially mitigated through colocated 

audiovisual display include demands on motor adjustment, feature extraction, and 
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response choice (Sanders, 1983) caused by a misfit of task, technology, environment and 

work organization in relation to personal capacities (Smith, Conway and Karsh, 1999).   

PS affects an overall more naturalistic and transparent, i.e. seemingly less 

mediated, communication experience, which can foster enhanced self-efficacy, immersion, 

and presence. The representations produced by the system should support better 

information extraction in task environments defined by the interaction between strategies, 

affordances and demands (Roth, Patterson and Mumaw, 2001). Colocated audiovisual 

media can be a ‘leverage point’ for improving performance of attention management, 

mental simulation, and common ground maintenance (Endsley et al., 2007) and which can 

improve the robustness and reliability of multimodal interfaces, increasing communication 

bandwidth and supporting alternative communication methods (James and Sebe, 2007). 

By emulating natural perception, colocated audiovisual media matches system design 

features to human cognition characteristics, which is the core design principle of cognitive 

engineering. 

5.4.4. Limitations of Current Approaches to Spatial Audio 

Current technologies used to produce spatial audio effects and interactions can be 

broadly divided into surround array (e.g. Ambisonics) and headphone based (e.g. use of 

algorithms based on head-related transfer functions– HRTFs– for 3D virtual audio) 

approaches. Ambisonics and headphone VR audio are the two principle ‘competitor’ 

technologies for PS, if viewed from a market entry angle. These other technologies do not 

colocate sound and image through spatial proximity of the audio signal to the visual 

objects and events. As mentioned above, virtual audio delivered through headphones can 

suffer from front-back confusions, or distracting placement of sound in the center of a 

listener’s head, due to poor translations between the DSP algorithms and the differing 

shapes and sizes of individuals’ heads. Ambisonics, like many other spatial audio 

approaches, is heavily dependent on a spatial ‘sweet spot’ which assumes a listener at an 

ideal spatial position relative to the audio monitors. The effects of PS can be perceived 

from a wider range of positions because the audio is emitted from close spatial proximity 

of the visuals (just as occurs in everyday experience), and the size and shapes of listeners’ 

heads also does not matter, since this is also not usually of great consequence in any 

unmediated auditory-visual situation. 
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Interviews18 with members of industry have provided further insights into issues 

with these two technologies. Littlstar’s Director of Media Technology noted that 

“Ambisonics is not as compelling as hoped for, and binauralization doesn’t cut it for 

localization.” At the same time, there are few alternatives to Ambisonics for immersive 

sound in large environments, and the use of Ambisonics is growing in new formats such 

as 360-degree video spaces, according to an audio designer at Zero Latency in Australia, 

which specializes in free-roam VR– virtual reality experiences in larger spaces which allow 

for more wide-ranging movements of users. The CEO of CTRL V virtual reality arcade in 

Toronto has found that since most visitors are not seasoned VR game players, they 

require one side of the headphone speakers to be removed so that players can hear 

instructions from the support staff. This reduces 3D virtual sound, when used in an actual 

commercial facility, to essentially a mono mix on one side of the player’s head! Visitors to 

VR arcades are typified by children having birthday parties or co-workers having office 

social events. These frequent users of such systems usually need a lot of coaching from 

staff in the use of the technology, and so often dispose with one half of the headphone 

output to engage effectively with the virtual reality. 

Some form factor issues have also emerged in the industry interviews. The user 

experience of VR arcades– an industry currently in an exponential growth phase, 

estimated to grow to $45b within a few years (Stone, Aug 2, 2017)– is far from being a 

comfortable and naturalistic experience, as players’ bodies are often heavily encumbered 

by VR headsets, headphones, and sometimes vibration-producing clothing (to mimic the 

effect of gunshots). Additionally, this technology is often not wireless, and so players are 

strung up to cables as well. In a VR arcade context, PS can become a way of removing 

burdensome technology from the body, externalizing audio into the surrounding enclosure 

which colocates sounds to the imagery in the virtual environment. This enclosure would 

be of a VR booth variety, with multiple site visitors assigned their own VR enclosure, to 

meet up together again in the virtual environment as their avatars. 

A similar form factor problem exists for escape rooms, which is also an industry in 

an exponential growth phase, estimated at 300% growth per year now (Crosti, Feb 10, 

2017). Escape rooms tend to rely on very simple sound design, for instance the playback 

                                                
18 I have not named my sources here, as these interviews were done as part of market validation 
and customer discovery process and I did not request permission to publish and name the 
interviewees. 
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of background city ambiences, through placement of hidden speakers (speakers and other 

media are hidden as much as possible to make the space more immersive). However, as 

this genre of real space gaming experience matures, new kinds of audio effects are being 

sought. The owner of Countdown Escape Room in Coquitlam, British Columbia, for 

example, is exploring more complex uses of sound for his facilities, such as projecting a 

ghost’s voice into a listener’s ear. This company is currently planning an Alice in 

Wonderland themed escape room with a 50-foot wall showing projections of various 

characters from the Lewis Carroll story. In this kind of context, PS could be used to 

colocate the sounds of characters on the walls along with their projected imagery. 

When attempting to bring an invention to market, the technology commercialization 

literature, startup incubators and accelerator networks typically advise one to select a very 

narrow focus as the ‘beachhead’ to land the technology, with the idea of gradually 

expanding into other market segments once the first commercially viable business model 

has been found. Identifying the appropriate beachhead is a goal of the ‘customer discovery 

process’ (Blank and Dorf, 2012). For PS, gaming has been selected as the ideal 

beachhead and general market segment for finding industry partners to explore 

sandboxing the technology though next generation prototypes. This beachhead selection 

process also typically seeks out the ‘low hanging fruit’ within the market segment (i.e. low 

cost, low risk, relatively accessible, etc.). For PS development, my participation in New 

Ventures BC’s Market Validation Training Program, and the 21 industry interviews to date, 

have identified VR arcades and escape rooms as the low hanging fruit gaming 

subsegments for trialing the commercial viability of PS and providing more real use 

contexts for further research and development. Moreover, targeting VR arcades and 

escape rooms allows practical inquiry into the two main embodiments of the PS prototype, 

with screen-based systems serving escape room contexts and the modular wall panelling 

system suitable for VR enclosures. A local Vancouver indie game design company, 

MegaToast, is considering developing some modifications for the Unity platform and 

FMOD audio engine to make PS a more accessible technology for indie game designers, 

for use in either screen-based or VR gaming displays. 

To systematically study these research themes, the following objectives have been 

developed for a Mitacs Accelerate matching grant application: 
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Objective 1: Colocative Representation in Virtual Worlds 

In virtual environments, sounds are attached to virtual objects. The rendering and 

representation of acoustic events tied to their visual sources has not been elaborated or 

developed in previous research in virtual worlds and 3D animation. This phase of the 

research would establish the general context for colocative content in virtual 

representations. 

Objective 2: Eye and Head Tracking experiments with colocative media 

This aspect of the research (concurrent with Objectives 1, 4 and 5) would compare 

the basic performance and attentional characteristics of Pixelphonics to non-colocative 

(i.e. standard multi-channel) audiovisual systems. Eye and head tracking equipment will 

be used to do A/B comparisons between colocated and noncolocative media systems 

using different content types, e.g. video, gaming, animation, video conferencing and 

control room scenarios, and explore differences in reaction times and error rates. During 

Objectives 1 and 4, these studies will be done with content related to simulation-based 

training, video conferencing and control room design features. During Objective 5, these 

studies will be repeated with new curved screens and immersive 360-degree displays and 

also expand this research into virtual reality media. 

Objective 3: Study Presence and Immersion Effects 

The previous two phases will set up a well-developed backdrop for probing more 

deeply into a fuller understanding of the subjective experiential qualities of colocative 

media, for instance by using presence and immersion questionnaires, or enhancing the 

flow experience in gameplay by using sound to draw attention to screen areas in ways 

which foster challenge, fun and skill. 

Objective 4: Telepresence 

This phase of the research would construct a prototype video conferencing system 

utilizing new display layouts based on the Pixelphonic affordances. The goal here is to 

see if colocative approach to sound and window layouts can improve the overall 

intelligibility and communication clarity of video conferencing systems when many 

speakers are present and displayed at the same time in the system. By tying the voices 

to the faces displayed in their respective screen areas, it is hypothesized that Pixelphonics 
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will improve the overall quality of telepresence experiences. The research will integrate 

ethnography and user studies into iterative design of new interfaces. The applied contexts 

to be modelled will be video conferencing rooms and control rooms for emergency crisis 

scenarios. 

Objective 5: Acoustics, Vibrations and Materials science 

PS works on either projection-based systems or very thin video monitors such as 

OLED displays. Since the screen itself is vibrating and producing sound, many acoustic, 

material and vibration considerations need to be better understood and refined in order to 

produce more optimally engineered colocative audiovisual display systems. This phase of 

the research would focus on building the knowledge base for vibrating video screen 

systems which serves also as the primary sound emitter. Also of interest is the use of 

integrating 3d printing technologies to create material bridges between typical sound 

exciter designs and non-flat surfaces. Materials used in additive manufacturing processes 

will be studied for their acoustic properties when applied to curved surfaces acting as 

acoustic radiator panels while also serving image display functions. 

Objective 6: Machine Learning and Computer Vision 

Colocative audiovisual content will need new kinds of software applications for its 

production. One route to explore is the role that computer vision can play in identifying the 

visual objects within the displayed media, to which the associated sounds should be 

dynamically attached in the screen area. Machine learning would allow for more efficient 

sound-image pairings to make the overall process of media production more efficient. 

 Objective 7: New Interfaces for Colocative Media Displays 

New interfaces for connecting visual media objects to audio sonic objects will 

need to be developed. In this research phase, new interfaces ideas and prototypes will 

be developed to explore how best to articulate new forms of human-information 

interaction with colocative audiovisual media, by discovering the most cognitively salient 

features and interactions for manipulating media for colocative presentation. 
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Objective 8: Wave Field Synthesis Applications 

 As 2D array of audio emitters attached to the backside of a screen surface, PS 

could also be used in new applications for representational realism. For example, with 

documentary content, a field recording technique utilizing 32 microphones in a grid frame 

can be used to describe the sound field that will eventually be played back on a colocative 

audiovisual system. This research phase would build on prior research in wave field 

synthesis (WFS) to understand how WFS can be implemented in audiovisual contexts on 

a colocative display. The approach here is research-creation with a focus on creative 

practices and audience effects. 

5.5. Conclusion 

One of the more surprising findings of running media content through the PS which 

had been formatted for traditional AV playback was how few opportunities there were for 

colocative effects in the films and tv shows screened. Seeking possibilities for interesting 

emplacement effects changes the way that one views moving image media. For example, 

raster-based content (either film or video) seemed to feature many shots of large heads 

centered in the screen, or action scenes in which the action was ‘too small’ a component 

of the overall image, such as clanging swords that were spatially tiny due to 

foreshortening, and not actually doing much in the visuals from an XY coordinate 

perspective since they were overall too centered in the frame. This was in stark contrast 

to vector-based imagery, such as animations and recorded interactive gameplay 

walkthroughs, where the screen area was much more aggressively pursued as a field for 

intense and complex trajectory paths of visual objects. An interesting production possibility 

for colocative sound design is that it can put sound ‘in the driver seat’ for images in a new 

way, since as a screen-centric sonic medium (because the sound is the screen!) it has 

ramifications for all aspects of visual design. This new potential effect on creative practices 

is a stark contrast with much media scholarship that has lamented sound’s ‘subordination’ 

to image or its relative lack of valorization compared to cinematic imagery, acting, visual 

effects and narrative. To the extent that the colocative emplacement effects required by 

the soundscene drives new forms of decision making for shot composition and editing, 

this should enhance the overall role for sound and even its prominence, which Whittingdon 

(2007) argues has been increasing in industry prestige since the development of the 

sound designer role in the 1970s. 
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Over the past forty years, film sound has not only rivaled the innovative 
imagery of contemporary Hollywood cinema, which is replete with visual 
spectacles and special effects, but in some ways sound has surpassed it 
in status and privilege because of the emergence of cinema (loc. 24). 

While ‘quality’ sound has been a feature of film goers’ cinematic experience since 

this earlier period of the first widespread adoption of the key Dolby technologies, sound in 

the workplace continues to be a ‘pain point,’ to use the entrepreneurial parlance. Whether 

with PA announcement systems, placing orders from open car windows in drive-throughs, 

choppy Skype calls or just putting the mobile phone on speaker, it seems we may never 

get audio right in everyday practical contexts. Telepresence and VC technologies are 

within this category of workaday pain-sound, where the pain can come from loss of signal, 

poor vocal resolution, interrupting ‘spam’ calls attempting to gain access to the network, 

poor microphone pickup, feedback echoes, distortion, and of relevance to PS– not being 

able to tell which of the many windowed heads may be speaking in a VC call. Clearly PS 

will not be able to address all the pain points of VC sound, but assuming a stable signal in 

a sound treated room in which all participants in the session are wearing headphone mics– 

already now the variables for pain-sound seem to be accumulating beyond the point of 

feasible total system management– being able to tell which talking head-window is 

speaking should help with the overall telepresence experience. Workplace audio goes 

beyond speech of course. Warning signals and audio feedback to system processes and 

states, and the spatial sorting of information in complex screen arrays could also benefit 

from colocation of audio and visual cues, especially as they relate to accurate identification 

and reduce the time and annoyance of looking all around to find the visual counterpart to 

these auditory signals. 

While most of this discussion has focused on colocative audiovisuals within a 

general frame of representation– improving function and performance; accuracy and 

reaction times; fidelity and resolution; realism and fantasy; expanding the possibilities for 

mimesis, emotion and audiovisual techniques– it’s important not to lose site of non-

representational uses, such as for visual music works. An important general technique in 

art and design is intentional misuse, or the taking up of affordances in ways unanticipated 

by the tool creators. Here at the conclusion we should not foreclose these unforeseen 

misuses, even though it has largely been the ‘job’ of this essay to comprehensively map 

out all the possible future scenarios and use cases for PS. PS should continuously be, as 

all media technologies and display formats in fact never cease to be, experimented with 
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in the ongoing search for new forms, affects, effects and expressions in electronic and 

computational media. 

 

Figure 5.11:  still from a PS content scenario illustrating a visual music concept, with each audio exciter 
mapped to a large pixel. Aleatoric music generates the grid-music pattern, with each pixel tied to a whole 
tone of a synthesized timbre and colocated with an emitter. Whole tones are used so that the algorithm does 
not inadvertently suggest a tonally weighted key structure, i.e. seeming to produce a pitch pattern in a 
certain key. The loudness of the tone, also stochastically generated, is mapped to the pixel’s brightness, so 
that a louder tone is also brighter. Colors are completely random. The rows are like that of musical 
instruments where there is a linear progression in pitch. The lowest pitch is at screen bottom left and the 
highest pitch located at screen top right. The pitches ascend in left-to-right and bottom to top fashion.  
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