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Abstract

The application of direct manipulation principlesthe audio domain, by taking advantage of the
directional nature of hearing and contemporaryuairtaudio systems is a design proposal that coeld b
applied in a variety of application areas includingual and augmented reality, mobile Human Coraput
Interaction and also applications for visually irmpd people.

However, no research has been done on assessinfpahibility of the audio modality for
supporting the deictic or pointing based interaticommon in direct manipulation interfaces. The
success of a direct manipulation environment iseddpnt on fast and accurate pointing, however it is
questionable whether our hearing sense can sugiodcquisition of targets in the way vision doEse

research questions the thesis investigates aredtfired to be:

RQ1 How can we overcome the perceptual problems inidpatidio displays and support
spatial audio target acquisition?
RQ 2 What are the factors that affect deictic spatialiatarget acquisition?

RQ 3 How can we evaluate the usability of deictic spatiadio target acquisition?

The Research Questions are answered using exiggéngture and by performing experimental
investigations. It is found in the literature thhée lower spatial resolution of hearing does nalvjate
detailed support for primary and secondary submerdgsnin the way vision does. The problem is
amplified by limitations in the fidelity of commaeat spatial audio reproduction systems.

The thesis proceeds by examining the feasibility spatial audio target acquisition in an
experimental context. It is found that feedback kedrtargets areas are necessary for participants to
successfully point to spatial audio targets. Initad, it is found that the gesture used affecesgblection
effectiveness of spatial audio target acquisitidinen selecting a feedback marked spatial audioexiem
it is found that targets should be associated withidth of 9°, 16° and 18.5° depending respectivaly
whether users use a touch tablet, their handseir lieads to select to enable 70.7% selection sacce
rate.

The second experiment shows that the type of feddbsed to enhance localization ability affects
the efficiency and the effectiveness of the intéoac Feedback marked audio elements are foundkto b
the best solution compared to loudness or real tir@ntation update cues.

The third experiment proposes and evaluates aa$atilio target acquisition task which is found
to be usable and insensitive to bone conductareseptation. Monaural presentation is found to dgra
interaction speed by a factor of 2 due to the lostlization cues. In addition, it is found thatden

headphone presentation the task of acquiring ebfesdmarked spatial audio element is highly coteela



with Fitts’ law and thus the techniques used fer ¢lvaluation of visual target acquisition can bpliag
in the spatial audio domain.

In the fourth experiment, this result is verifiendaa detailed quantification of the effect of targe
width and the ratio of distance to target to tangelth is obtained. In addition, the selection taskound
to be usable when mobile, however a degradatiopeoformance in the order of 20% is observed.
Feedback marking the display elements is foundmaetffect perceive workload or percentage preferred
walking speed. Finally, when feedback is removeat Htquisition task is found to be prone to serious
performance problems mostly related to the accuoésglections.

Based on the experiments and the theoretical apalys thesis contributes by disambiguating the
task of selecting a spatial audio target and piogigstimators of display parameters and a number o
guidelines for designers. In addition, a theorétfcamework inspired from visual target acquisititm
found to be appropriate for the evaluation of tbquasition of feedback marked spatial audio targjets

setting the foundation for future investigationgasture interaction with spatial audio displays.
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1 Introduction

The thesis is concerned with interaction designdeictic spatial audio target acquisition. The
term target acquisition refers to the process ofingptowards the direction of and subsequentlycizlg
a target. The word deictic originates from the Greerd * ', which means to point. In effect, the
thesis examines a certain type of gesture intemnacthe acquisition of a spatial audio target using

pointing gesture. The Oxford English Dictionarp][slefines gesture as
ges-turen.: a movement of part of the body to express aa @emeaning.

Thus, in the literal sense, pointing communicates direction of an object or event as this is
experienced by an observer. This natural way ofmanicating has been extensively and successfully
used in human computer interaction to accompligaraction with physical and virtual displays. For
interaction with physical systems, we are mostrofeuired to move our hands so that we are inaobnt
with a control element and subsequently press @iwr move a lever. In personal computing desktop
systems, pointing is the basis for all types oériattion supported by modern direct manipulatioer us
interfaces. Any type of manipulation requires ugerfirst point to the desired display element caniy
using a virtual pointer controlled by a physicaVvide, such as a mouse.

Direct manipulation interfaces build on a metaphorconceptual mapping from the physical
reality of the computer to a model world [43]. Suechmapping enables users to interact with familiar
entities without having to understand the compledarlying operations that take place inside a cderpu
and are handled transparently by the operatingsyaind the hardware resources. Users interactthth
model world as opposed to the computer world, byimdating the model world elements in a way akin
to the way we would interact with such a model wdoifl it had a physical dimension, in this way
supporting the metaphor. The most commonly usedphet is the one of a desktop with entities such as
folders and files and application windows coupleithviamiliar operations like pointing, dragging and
dropping and deleting that provide interaction witie model world. The desktop metaphor implemented
according to the direct manipulation principlesfisigntly describes most current commercial graphic
user interfaces for almost all types of applicadion

Of critical importance is the provision of immediafeedback with respect to user actions.
Feedback closes the loop between human and maechideis there to inform users about the
interpretation of their actions by the system.atidition, a major factor that contributes to thecass of
desktop systems is the utilization of signs, inftven of icons. Icons enhance the clarity and assth of
the display, without compromising understandabhilityagine how a desktop interface would look like i

only text was used instead of icons. There is pggbisical basis for the use of icons in the disgliage



users can interact faster with them compared &rating with text [112]. The design of icons isbad
on the science of semiotics, the science thatesuglgns as a mean of communication.

The success of an interface design has to be neghsline concept associated with the success of
interface designs is the one of usability. Usapiiit of multidimensional nature. The varying levels
usability dimensions provide metrics of the sucaafsa design, both in terms of user performance and
satisfaction. Usability evaluation enables us &niify problems in interface design and providaigsohs
that make a display easier to use.

Direct manipulation interfaces rely on pointing tsual items to accomplish interaction. This
reliance resulted in the necessity to develop nukthio evaluate the usability of pointing techniquése
methodology currently adopted by the human compinéeraction community stems from the
observations of Paul Fitts [37]. Based on the wafritts and other researchers such as Welford][127
and MacKenzie [74], it is possible to charactetizgnan performance in variable pointing tasks, using
empirical procedures that include objective measergs of performance and subjective user experience
assessment in benchmark tasks.

Although interaction with modern user interfacesmainly through vision, audition has been
found to significantly contribute to the user expece. Audio, when used as a complementary feedback
channel, éssentially succeeds in making the model worlchefdomputer consistent in its visual and
auditory aspects and therefore increase usersirfgelof direct engagement or mimesis with the model
world’ as noted by Gaver [43]. Audio as a complementaeglback channel has been found to effectively
increase the usability of widgets. Sonifically entxd widget design has been extensively studied by
Brewster [17]. Such widgets succeed in increasirg usability of graphical widgets by reducing the
number of errors users make and the time it taked¢over from them. In particular, in the case of
mobile users audio was found to effectively rediarget size, without affecting user performance ewh
used as a complementary feedback channel, audialbaseen found to effectively assist monitoring
tasks, such as document download progress andderaodntext information for users focused in a
primary visual task as is found in Chapter 3 . Ntoue applications designs exist for this purposkare
described in the literature review.

Audio only eyes free interaction based on pointiag been proposed by Cohen and Ludwig [69]
and Edwards [33]. Cohen and Ludwig proposed to takeantage of the directional characteristics of
hearing to extend the notion of a window systenthés appears in desktop interfaces to the audio
domain. They named their concept ‘Audio Windowas'theory, audio windows are an attempt to transfer
the direct manipulation principles common in graahiuser interfaces to the audio domain. In thig,wa
they provide a general term that encompasses r@ttdmanipulation auditory displays. Edwards [33]
proposed that direct manipulation interfaces catrdresformed using auditory objects to become esabl
for blind users. Edwards defined an auditory coga#g for each display element ‘auditory objects’,

defined by their spatial location, a name, an actind a tone. Users were able to get detailedrirdtion
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on the object’s functionality through speech byspheg the mouse button. Edwards approach led to a
number of applications that provide audio only prdation of visual displays for blind users.

The thesis tries to examine the applicability ofh€o's views in the context of future human
computer interaction. The desktop metaphor hagtselen in the context of technological possibditié
the age of their development. At the time of itselepment the only display options available fontaun
computer interaction were a screen and a speakireicomputer. Control options were limited to the
ones offered by mice and keyboards. A behavioutalysof a user interacting with a computer would
reveal a sitting person, interacting with virtuabms appearing on a two dimensional screen byiolick
the buttons of his control device. It could be mlad that the desktop metaphor was so successfalibec
it was quite suitable for the two dimensional sorgeople were obliged to use. The virtual pointer
controlled by a mouse was such a success becguswitied an ergonomic option to efficiently cortao
virtual pointer on the screen. It took advantagethaf fact that computers were placed on a desk to
provide good support for the user's hands whiley ttvere manipulating the hardware device. Today's
technology offers new possibilities that can beduge improve the status of humans interacting with
machines.

Nowadays there is considerable work on mobile huncamputer interaction, pervasive
computing, motion tracking devices, wireless inggraccess and GPS tracking. It is not hard to think
therefore that the desktop model will soon beconsdéquate. Motion tracking devices allow us to
capture physical movement. In this sense, it issipdes for systems to infer not virtual but physical
gestures in 3D space as well as to use physicalement to control virtual pointers. The size of
computers is shrinking, already in the market ippassible to buy computing devices which feature
location tracking, are internet enabled and fiimodest sized coat pocket. There is no reasdirtk of
a display as two dimensional anymore. Augmented\aridal reality makes it possible to depict three
dimensional objects on top of the real world. Cotdfeuman computer interaction research is lookorg f
new spaces for display, spaces that can transpasmplement each other in stationary and mobile
interaction contexts. Visual based interaction carsufficiently cover the new contexts of use [29].

It is interesting to observe that the evolutiorsaneen size is inversely proportional to that ahpater
size. Although computer size is shrinking visualptlhy size is increasing out of the need to accodat®o
the ever increasing amount of information we arpiired to deal with. In this sense it is hard t@gime
how the current visual interaction paradigms wditlih contexts different than the common officeeon
Already small screen devices for mobile use hagsificant usability problems.

Human computer interaction is now applied in newadegms and contexts of use. This
transformation has to happen both in terms of dis@nd in terms of control. Among other display
options such as touch or smell, spatial audiopsoanising candidate. Our hearing sense is sopatstic
and is capable of working with semiotic informatif20, 43, 81]. In principle, most of the informatio

that is presented using vision could be presenséauaudition. In addition, spatial audio systeimat t
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take advantage of the direction and distance tngckapabilities of our auditory system can enaiiect!
manipulation designs in the audio domain. Most irtgatly, an audio display is eyes-free, no screen i
required and user’s vision does not have to be meduwith interaction. Spatial audio displays can
therefore provide a feasible, portable way to etémwhich is extremely suitable for mobile users an
eyes free interaction.

Control options will have to comply with the contexf use of spatial audio displays, in other
words to support mobile and eyes free interactidne reasonable candidate for such a development is
command based control based on speech recogngiam Momadic Radio by Sawhney and Schmandt
[103]. However, such an option is not effectivarinbile contexts due to the poor performance of dpee
recognition technology in low signal to noise ratiand also due to privacy concerns. Gesture control
appears to be a more viable option for mobile udaesto human ability to perform gestures when teobi
without significantly affecting their walking patte by taking advantage of our kinaesthetic system.
Evidence for this can be found both in the studigsBrewsteret al. [19] as well in the study by
Pirhonnen et al. [93]. These studies demonstrdiedpbtential of audio for interface presentation an
gestures as a control option for mobile users.

In particular, pointing based interactions are expe to be a major control option for spatial audio
displays. Pointing based interaction succeedstaking into account the directional information eded
in spatial audio. In this way it provides a goodrshg point to form the basis for direct manipidat
types of design. Pointing can be performed in abemof ways, physically using different parts o th
body such as hand, head or virtually by controllingual pointers. In this sense, it can serve as a
multimodal input technique for the control of spathudio displays. However, pointing to audio tésge
has been little studying. Although methods for amtihg the usability of visual target acquisition

techniques exist, the same is not the case foragatdio target acquisition. The thesis aims lotHiis

gap.

1.1 Motivation & Aims

The thesis builds on the promising concept of Audiindows [28] and research results that
indicate that gesture interaction with spatial audiisplays can support mobile human computer
interaction. The Audio Windows concept is mostlgdretical and little evaluation has been done. To
assess its potential empirical evaluation is nexgsdue to perceptual problems that occur in virtua
spatial audio environments such as localizatioareand confusions with respect to sound directioH.[
The thesis will investigate the fundamental intéoac aspect of ‘Audio Window' interfaces, namely
pointing based interaction with a spatial audigear To achieve this, the thesis will seek a fraomto
evaluate deictic spatial audio target acquisitiod alentify the factors that affect performance asér
satisfaction. The goal is, based on the evaluagsnlts, to propose a target acquisition desighlih

enable usable interaction.



1.2 Research Questions

The thesis states that to create usable spatiab alispblays it is necessary to become able to

answer the following questions:

RQ1 How can we overcome the perceptual problems inigdpatidio displays and support
spatial audio target acquisition?
RQ 2 What are the factors that affect deictic spatialiatarget acquisition?

RQ 3 How can we evaluate the usability of deictic spatialio target acquisition?

Answering these questions will enable the desigmeittic target acquisition tasks for spatial

audio displays and identify application areas wisereh interaction is suitable.

1.3 Thesis Walkthrough

The thesis starts with Chapter 2, which examinestiapaudio perception in real and virtual
environments. This Chapter presents a literatuvéewe on the way people perceive the direction and
distance of a sound. In this sense, the propesfiehirectional hearing are understood and the jembl
that can emerge when interacting with spatial audigets are identified with the goal of guiding
investigation on Research Question 1. Chapters@ ptovides background on spatial audio systems
which is necessary for understanding the discussiogpatial audio displays in Chapter 3.

In Chapter 3 a review of application designs ths# spatial audio is presented. In addition, major
design issues that are fundamental for the devedopmnd evaluation of direct manipulation interface
are identified. A review of direct manipulationénfaces is presented and the essential requirertrexits
support the usability of such interfaces are i#ériThe literature review also verifies that theegrch
questions the thesis investigates are novel.

Chapter 4 examines in detail the methodology amdretical background of the evaluation of
visual target acquisition tasks or, more specificalimed movement tasks. Models of aimed movement
to visual targets are presented together with ieeretical perspectives that have been associated w
them. A comparison between existing models is pleditogether with the context in which they are
applicable. The chapter also contains a reviewhef dapplication of the models in human computer
interaction and the rationale for the use of thedef® to provide comparisons between different
interaction techniques and prediction of perforneant interaction with visual displays. Chapter 4 is
purely concerned with visual interaction. Giventtha prior research has examined deictic spatidicau
target acquisition, research on visually suppod@ded movements is used by the thesis to provide

insight on answering Research Questions 1 & 3. @hajpconcludes the literature review. The reghef



chapters provide experimental investigations irg@tic spatial audio target acquisition in the hontal
plane.

Chapter 5 presents an experimental evaluationeofdasibility of spatial audio target acquisition
in an exocentric display, the importance of fee#tlraarking the target area and the effectiveneskret
acquisition gestures. This chapter is mostly relabeResearch Question 1 and 2. Feedback is fauhd t
crucial for the effective interaction and the effet pointing gesture on spatial audio target asitjon is
confirmed. Pointing using the hand is found to benpsing enough compared to nodding using the head
and selecting using a stylus on a touch tabletsitaken further.

Chapter 6 compares interaction in egocentric amatextric displays with or without a number of
feedback cues in the presence of distracters arid affect on interaction effectiveness and effici
An evaluation method inspired by visual target asitjon studies is proposed to assess the effetteof
different feedback cues. Interaction in egocentiésigns is found to be fast but not accurate while
interaction in exocentric designs using the speciilection task is found to be slow but accurate.
Feedback marked spatial audio elements are fourmdrtgpensate for time and accuracy deficiencies in
both cases. The investigations in this Chapterral@ed to all Research Questions and provide the
necessary data so that a step forward in the desigatial audio target acquisition can be taken.

In Chapter 7, the results of the experiments inpBira6 are used to create a spatial audio
acquisition task that is evaluated under threeodytion options and two display designs in thesgnee
of distracting sounds. The results indicate thatsFlaw could be used to model spatial audio targe
acquisition in the frontal horizontal plane where tHisplay is presented using headphones and is a
research direction that should be taken furtheraithgall Research Questions are addressed in this
Chapter. An evaluation approach inspired by visaigjet acquisition is found to be promising ane:etf$
of spectral and binaural cue deprivation, targettvand the ratio of distance to target over tavgdth
are found.

Chapter 8 presents an evaluation design that casdmbto evaluate spatial audio target acquisition
using pointing gestures that can be applied ircse of mobile participants. The design is appliedhe
selection task presented in Chapter 7. The effeictarget width and the ratio of distance to targget
target width on spatial audio target acquisitioe &xamined for the case of standing and mobile
participants. Fitts’ law is found to account forasipl audio target acquisition. The Chapter again
investigates all Research Questions. With respedRdsearch Question 1 it verifies the necessity of
feedback marked audio areas to support spatiabaadjet acquisition and identifies effects of nlibpi
on spatial audio target acquisition related to Bede Question 2. The evaluation method proposed is
found to successfully examine a multitude of aspeetcessary for the successful design of the aterf
and therefore contributes to Research Question 3.

Finally, Chapter 9 summarizes the contributions fandings of the thesis as well as presents the

limitations of the research and future work thaildaundertaken to resolve them.



2 Spatial Sound Perception in Real & Virtual

Environments

2.1 Introduction

The goal of this chapter is to examine the litexain spatial sound perception in real and virtual
environments and to provide background on virtpatisl audio systems and their limitations. Thesoza
for investigating perception of sound location éalrenvironments is because it sets a benchmaitkdor
fidelity that can be achieved in virtual environrten

Spatial sound perception in real environments i@n@red in psychology literature mostly by
empirical studies. Similar methods are used touatal virtual spatial audio systems. Existing litera
provides the physical parameters that affect spsdiand perception as well as the limitations aisdéed
with sound localization.

Virtual audio systems employ binaural technologgetiier with signal processing techniques to
create the impression of directional hearing. \dftaudio environments have been evaluated in detail
from a psychoacoustical point of view and theirefity has been compared to the real world. Such
evaluations and comparisons are usually done aimngoof localization accuracy. In general, percapti
of sound location in contemporary virtual enviromm®eis not as accurate as in the real world. This i
mainly attributed to technological limitations.

Due to the fact that the thesis deals with the sttipn of spatial audio targets an understandihg o
spatial sound perception is necessary. Estimatédseambiguity inherent in the location of souné g
in virtual environments are of particular interete goal being to assess the effect of localimatio

problems on interaction and to recommend desigitisols.

2.2 Theory of Sound Localization

Before going into the details of the theory of sblmcalization, it is useful to distinguish between
physical events in the real world and perceivethtsvereated based on information available thraugh
senses. In this sense, the location sound evertvadimensions depending on the frame of refereace
physical, objective one and a perceptual, subjeative. Subjective estimates of the location ofundo
event are obtained based on temporal and speetoafriation arriving in our auditory system. Thesrie
of sound localization are trying to establish hadvistprocess is performed. In this context, sound
localization is defined by Blauert [14] as ‘... then or rule by which the location of an auditory etve
(e.g. its direction or distance) is related to acdic attribute or attributes of a sound eventbanother
event that is somehow correlated with the speeifient’. Studies of sound localization have revethed

there is a certain ambiguity in the location of s@vents. The term localization error is useceferrto
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the uncertainty in sound position estimations, lesé is revealed in the responses of people asked t
judge the direction of a sound event in a certaay.wrhe term Minimum Audible Angle (MAA) or
localization blur refers to the smallest perceptibhange in the direction of a sound. Two attripute
define our impression of the location of a soutsldirection and its distance. In the context eftiesis,
localization error is more relevant than localiaatiblur since it represents the error in listener’s
judgements rather than the resolution of the anglggstem, in a real or a virtual auditory enviragmm

The position of a physical or perceived sound evemulefined relative to the head of the listener

using three variables distance, azimuth and elewalihey are illustrated in Figure 1.

Figure 1.An illustration of azimuth, elevation and distance, the variables that are used to
define the position of a sound source relative tolsstener's head. 0° of azimuth corresponds roughly
to the direction of a user’'s nose. The point of refrence is assumed to be in the centre of the head,
adapted from [61].

In addition, the space around the head of a listengartitioned according to Figure 2 for ease of
reference. This is done to provide a common wayefer to certain areas around our heads that are
interesting from a psychoacoustical point of vieWo give an example the median plane defines am are
that is symmetrical with respect to the ears dstmher and the sound pressure variations at tfseoéa
listener for sounds positioned in the median plarequite similar. For most locations in the honizd
plane, the sound pressure at the ears of a listiffiers substantially due to the interferencehs head, a
fact that is considered beneficial in determinihg tocation of the sound. This is the reason that a

spatial audio display designs presented in Se&tiosed sounds positioned in the horizontal plane.
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Figure 2. lllustration of the median, frontal and horizontal frames. These areas are
commonly used to refer to the location of soundsetative to the head of a person due to the fact

that they result in certain physical properties forthe signal that reaches the ear, adapted from [61]

Auditory localization theories use concepts fromeTuplex Theory by Lord Raleigh [98]. The
Duplex Theory explained human sound localizatioilitathased on the differences of sound pressure
that arrive at the two ears. These differencealted interaural or binaural differences. They manly
interaural level differences, interaural time diffiaces in the frequency range of up to 1.5 kHz and
interaural time differences between the envelopeshe signals. These differences occur naturally
because of the presence of the head. For exampteyrad emitting for the left side, effectively rbas
the left ear faster than the right ear and the dquressure level on the left ear is higher thanotie on
the right due to certain frequencies being reflédig the head. This phenomenon is also called head
shadowing [85].

Interaural level differences are particularly praenit in high frequencies (over 1.5 kHz) where the
wavelength can be considered to be small in corspario the head. At such situations level diffeesnc
can be in the order of 35dB. On the other hand ey negligible for frequencies below 500 Hz.
Interaural time differences range from O (for argbstraight ahead) to about 0.69 ms for a sourdeat
sides. Interaural time differences are particulamportant for the localization of low frequencyusals
where it is suggested that they dominate percepfibhigh frequencies, many cycles of phase difiese
between the ears can appear and for this reasooubiis ambiguous.

Interaural differences can sufficiently explain sduocalization in the frontal horizontal plane.
However, the theory cannot account for certainarelaere the information arriving at the ear carbet
uniquely associated with a single position in spddese areas include the median plane and théspoin
on what has been named, the ‘cone of confusior]: [B% cone or cones of confusion are loci of cantst
interaural time and intensity differences. In FE®; it can be seen that points on the cone véglliltan

the same interaural time and intensity differences.
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Figure 3. An illustration of the cone of confusion.Sounds located around the cone result in
the same interaural time and intensity differencesand it is thought that this the reason that their

position cannot be reliably identified in the abseoe of pinnae cues, adapted from [97].

The apparent inability to recognize the positiorsofinds in certain areas is not only a limitation
of the model but in certain cases it is also a gqaral limitation. This limitation is manifested the
phenomenon of confusions. Confusions are most camynfimnt-back but up-down confusions have also
been observed. In such situations, a sound tHatated in front (or above) a listener appearsaasiicg
from behind (or below). For broadband sounds plaedugh loudspeakers confusions may appear at a
rate of up to 10% [83]. This phenomenon is paréidyl strong in the median plane. Blauert [14]
mentioned that in the median plane a signal thataios energy in specific frequency bands is likely
be judged as coming from the front or back irreipecof where the sound is actually located. This
phenomenon is really extreme for narrow band sghalving bandwidth of less than 2/3 of an octave
[14, 83]. In this case, localization depends nottlom location of the sound but only on its spectral
content. As more recent research [83, 87] indicapestral cues play an important role in localmatas
long as elevation is concerned. These cues resataply as an effect of our outer ears. As thersbu
reaches the outer ear it undergoes certain disisrtdue to reflections. These distortions are taerc
dependent and result in amplification or attenumtid certain frequency components. It is believeat t
the auditory system associates distortions to icedimections therefore: they play an importanterai
localization for non-zero elevation values. Fosttgason they form part of theories of spatial ingar

In conclusion, the auditory system utilises binadiferences in combination with spectral cues
to estimate the direction of a sound event. Thegieed direction of a sound can be predicted tertaimn
extent based on interaural differences and itstegdezontent. However, due to the empirical natofe
most of the studies of spatial hearing, it is ety difficult to form a broad picture of how exfcthe
auditory system estimates the location of souncdhisvélost of the studies study localization in ¢oad

areas of space and with certain usually narrowlstimauli. In addition, studies try to simulate what
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called the free field that is environments whereotions are eliminated. In this sense, the resait
valid in their own context and indicative of theldies of our hearing system however they mighpegr
as conflicting with studies in other experimentahtexts and might not be directly applicable inlrea
world situations. The next section provides detaild estimates on localization accuracy in a nurber

situations that are relevant to the developmeti®thesis.

2.3 Spatial Sound Perception in Real Environments

According to the previous section, the three mostrinent cues from psychology studies that can
be used to display information using spatial awatie direction, distance and motion of sound events.
Perception of direction has been widely studied hadg been shown to be consistent for people with
normal hearing. In addition, to a certain extentdh be explained theoretically. In this sensestag
literature can help a designer understand thedtioits and design directional interactions withrebu
events. Perception of distance has not been stuiddtail. Some results exist and overall indidtzt
judgements on distance depend on factors that soe®tcannot be controlled by design such as
familiarity with the sounds [84]. However, it isund that there is some consistency in judgemerds an
the possibility of using distance cues in the digpshould not be completely abandoned. Detection of
motion essentially combines direction and distapeeception. In addition, moving displays have the
advantage that they are attention grabbing. Thealitire indicates that motion can be a useful desig|

for the display of appropriate information.

2.3.1 Notes on the Perception of Direction

Localization error has been measured in setupshimgpreal sound sources. In the past, most
studies aimed at estimating localization error le torizontal median planes due to technological
limitations mostly associated with loudspeaker fmsing. However, more recent studies employ
multiple loudspeakers arrangements and in thisespravide a better picture on how localization erro
varies in various directions around the human body.

Localization error primarily depends on the positand the spectral content of the target sound.
When judging the azimuthal position of a sound gviecalization ability is dominated by the interalu
cues [14, 84]. Neither the spectrum of the sound the outer ear influence localization ability
significantly. However, for sounds at the sidesval elevated sounds and sounds to the rear sfenkr,
spectral cues due to the distortion effect of theeoear (pinnae) becomes important and in somescas
dominant. This is due to the fact that interautedscbecome ambiguous in the loci of cones of caorfus
The effect of pinnae is quite important for highduencies, due to the fact that at longer wavethsnidte
interaction with pinnae is negligible. Middlebroofg] puts the threshold after which the effecttluod

outer ear becomes important at 4 kHz while Mootd & 6 kHz and more.
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The region of most precise spatial hearing lieshim forward direction of the horizontal plane
[14]. Figure 4 provides an illustration of how ld¢ization error varies for broadband sounds pos#m
the horizontal plane. It is evident that there ubstantial variation and a maximum value of £10° is
observed at the sides of the listener. Resultseniéied in a more recent study [84] where smalérsbrs

for azimuth are in the order of 2° and increasdfor certain areas to the rear of the listener.
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Figure 4. Localization error at a number of angles,adapted from [14]. Mean perceived

direction as well as its deviation are illustratedor sounds originating at the direction of the arraw.

Apart from localization error, another way to esttmlocalization error is through estimating the
minimum audible angles. Minimum audible angles (MAddrrespond to the smallest detectable change
in angular position. This is essentially differéman localization error in the sense that listeaeesasked
to discriminate whether two sounds come from thmesgosition or not as opposed to judging the
direction of a single sound. In a study by Millsthvsinusoidal stimuli (referred in [85] pp. 218) A
was smallest (about 1°) for stimuli directly in fitoof the listener for frequencies up to 1kHz.
Performance worsens around 1500-1800 Hz. Whendfegence direction is moved away from 0° in
azimuth MAA can grow up to 7° for low frequencigmwever for frequencies above 1.5 kHz it may

grow so much that for certain directions it canmetestimated. Data are presented in Figure 5.
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Figure 5. The minimum audible angle (MAA) for sinuidal signals, plotted as a function of
frequency, each curve shows results for a differenteference direction. As can be seen for certain
directions of a sound, the minimum audible anglesan vary a lot as a function of frequency,
adapted from [85].

Measurements of sound localization were also pewdr by Oldfield and Parker [89, 90]. The
authors found that in the case of absent pinnag iogeeased substantially elevation error and thelrer
of front-back reversals. The authors also found Wizen pointing is used by subjects to indicatensiou
source position substantial motor error is founddounds at the back of the users, which is nohdou
when other methods of declaring sound positioruaesl.

Localization ability is degraded for areas influeddyy the cone of confusion phenomenon (see
Figure 3). This is observed in higher localizatemor values and front-back and up-down confusions.
The region of most inaccurate perception is inrtieglian plane. For broadband sources, localizatiar e
in the median plane varies from £9° at 0° elevatick0° at 36° elevation, £35° at 90° elevation ath8°
at 144° elevation [14, 84]. For elevated sourceswehere, the azimuthal component of localizatioarer
is usually close to the one observed in the hotedgiane however, the total error is higher mauhlg to
elevation.

Localization error depends to a certain extent lo@ frequency content of the sound. This
dependence is largely associated with the effeptrofae (the outer ear) on sound waves reachingahe
We are better at estimating the location of broadksounds with substantial spectral variation divee

[85]. To give an example, for sounds displaced &odvin the horizontal plane, there is experimental
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evidence that localization error varies from a minm value of about 1° for impulses (clicks) to a
maximum of 4.4° for sinusoids. It is believed thatalization in the horizontal plane is relatively
invariant to the spectral content of a sound soacdinaural cues dominate perception. In the media
plane, however, the spectral content of the sowndce is important. This, in effect, influences the
perception of direction for sounds located on tod # the back of a listener. Again, broadbandadign
result in smaller localization error values. Thaaept of directional bands has been developed ayest

to account for perception of sound direction in thedian plane in relation to the frequency contdra
signal. Figure 6 provides an illustration of thencept of the directional bands as these have been

estimated experimentally.

v h v h
directional bands v ::I B
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Figure 6 lllustration of the concept of directional bands, adapted from [14]. H stands for
behind, v for forwards. Sounds containing frequencycomponents inside the bands are perceived as

coming from backwards or forward, irrespective of heir actual direction.

Relevant to the concept of directional bands is adbacept of boosted bands. Boosted bands
correspond to frequency regions that are boostethéyouter ear. These regions can be identified in
certain peaks and dips of the outer ear transfection, that are direction dependent. Such frequenc
bands however, can only be coarsely thought toopenmn among people. The phenomenon might not
be possible to describe in such a consistent weysageople due to individual differences. In thses
where narrowband noise on a band that correspandscértain direction dependent peak of the transfe
function of the outer ear is played in isolationgdlization responses correspond to the particular
direction [14, 84].

However, such observations can only be assocwithdcertainty with bandlimited signals. When
the signal is broadband, the relative saliencédefftequency bands might not be the same. An issaie
is debatable is to what extent spectral cues araubal or monoaural. Monaural cues have been found
sufficient for localization in the vertical dimepsi (elevation) and in limited cases of people wigaring
impairment in one ear, moderately successful foaliaation in azimuth. However, there is no conédn
body of research on the matter as yet.

Head movements are also thought to assist in threepton of direction of sound events lying on
cones of confusion and in the median plane. Itheen argued that head movements provide cues that
help disambiguate sound position when confusioriodiowever, recent studies show that although
head movements help to reduce confusions they ateeliminated [21]. The possibility of head
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movements is also dependent on the duration otiheulus. For short stimuli (less than 300ms) head
movements are not observed. In most of the styskeple were able to localize elevated sounds while
their heads were kept still. So head movementsheathought to act complementary to spectral cues.
Familiarity with the sound source is also helpaliaviating confusions [85].

Finally, it is worth noting the ‘precedence effecThe effect is relevant in situations where
reflections are present in the environment, asuiseqcommonly the case in enclosed spaces. In such
situations, perception of sound direction is doredaby the direct sound that reaches the ear.
Reflections, as long as they are close enoughnie to be perceptually grouped with the direct sound
event and not be perceived as echoes, are noemtilng perception of direction. This fact explams

ability to localize sounds in enclosed spaces.

2.3.2 Notes on the perception of distance

Apart from sound direction, distance to sound ev&na potentially promising design tool. From a
perceptual point of view it has been found to dejprmarily on the sound pressure level at thetjmosi
of the listener. In general, judgements of absotlistance are in better agreement with actual niista
when listeners are familiar with the sound souBgch familiarity may be achieved through training,
through everyday experience.

An acoustic analysis is useful in assisting theeustnding of the perception of distance. This is
because the influence of the head on the acoustitfaries with the distance to the sound soufce.
distances less than 3m the listener can be comsiderlie in the near field of the sound sourcesuoh
cases, the curvatures of the wavefront arrivinghat head cannot be neglected. In this sense, the
spectrum of the ear input signals cannot be coresideniform and it changes at different positiohthe
listener. For distances between 3m and 15m thetbirlg that depends on distance is the sound preessu
level. The influence of the head on the sound spects minimal. At distances of more than 15m sound
pressure level is still important but attenuatidrnttee high frequency components of the sound ie als
observed, due the sound wave propagating throughAdditional factors that are considered by the
auditory system are reflections and reverberatidsiormal listening experience involves listening to
sounds in enclosed spaces. In these situatiomsctiohs and room reverberation come into play.

In medium distances between 3m and 15m and inrde ffeld, a doubling of distance results
acoustically in a 6 dB reduction of sound presdevel. However, it has been shown by von Bakesy as
well as Laws referenced in [14], that a doublingh# perceived distance is achieved by reducingdou
pressure level by 20dB. This implies that when jodgdistance based on sound pressure level the
perceived distance increases less rapidly thamad¢heal distance of the sound source itself. VokeBg
referenced in [14], hypothesized because of #asan, the auditory space is of a limited totadetxand

there is an outer limit to the distance of auditevgnts, called the ‘auditory horizon’.
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Figure 7 illustrates how perceived distance vaaies function of actual distance from sound for
three levels of speech: whispering, normal speewh @lling out loudly. It can be shown that the
aforementioned phenomenon appeared only for whirgpeFor normal speech there was a certain
correspondence between perceived and actual déstansound event and for calling out loudly the
distance to sound event was overestimated. Thdtseme somewhat surprising given that distance for
calling out loudly was estimated to lie in greatlistance that normal level despite the higher sound
pressure level. This fact stresses the importafi¢anailiarity with the signal and its context. Ewidtly
calling out loudly is associated by everyday exgere with talking to someone at a larger distaadact
that biases our estimations of distance.

— -

whispering

distance of the auditory event

09 3 6 9m

distance of the sound source (speaker) —=

Figure 7, Perception of distance vs. the actual dance from the source, adapted from [14]. If
an one to one relationship between actual and perised distance the result would be a straight line
with a slope of 45°.

Ashmeackt al [6] have shown that listeners can discriminaffedinces in the distance of sound
sources as well as could be expected from the aptirse of intensity cues. In addition, in [5], iasv
shown that the change in intensity that occurs wéstener walks towards a sound source can peovid
an absolute cue to distance. This cue was effeetwem when the overall intensity of the source was
varied randomly from trial to trial. This resultdgite important since it shows that absolute junigets
of distance that otherwise are difficult to achiaugless high familiarity with sounds exists, can be
achieved through moving towards the sound.

For distances greater than 15m, attenuation of fiighuencies due to propagation becomes

significant. This cue works together with furtheteauation of sound pressure level. It has beendou
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that this cue is used by the auditory system imgijugl relative distance e.g. far, rather than atisolu
distance.

For sounds in distances less than 3m, apart framdsgressure level changes spectral changes
due to the interaction with the head come into plais believed [14] that the auditory system enadibs
distortion of the spectrum of the ear input sigradsides evaluating sound pressure level. At distan
higher then 25 cm the influence of the spectrabdi®ns is small. It has not yet been determinditty
spectral attributes are evaluated.

In most everyday situations listening is perfornmedooms. In this case a certain factor that does
not appear when considering the free field is odftes. It has been found that the ratio of direct
reflected sound and the time delay between thetdaed the reflected sound provides cues to distanc
[85].

Another issue that is associated with distanceitgds what has been called ‘inside-the-head
locatedness’ (IHL) [14]. This term refers to theepbmenon where a sound source is perceived to be
located ‘inside’ the head of the listener. Thisanmon phenomenon especially related to headphone
reproduction. The reason for IHL is not particujaclear. However, Laws referenced in [14] was dble
verify experimentally that IHL is related to theffdrence of the signal when presented by loudspsake
versus when presented by headphones. When souraprisduced by headphones, sound waves are
emitted on the axis of the ears and very closén¢oentrances of the ear canals. This can leadhearli
distortions of the ear input signals. Moreovertdes such as attenuation of the signal caused dith
medium are not present when sound is reproducdeagiphones. Laws, was able to avoid this effect by
equalizing the signal from headphones to becoméasito ear input signals when sound was reproduced
by loudspeakers. According to this result freedfiefualization of headphones seems to be necessary

avoid the unpleasant IHL phenomenon.

2.3.3 Cross Modal Effects

It has been argued that cross modal effects, dogubecause of visual information can influence
the perception of the location of a sound even®]1Rerceived body position and perceived body amoti
bias auditory spatial perception. When vestibulaesc give rise to illusory perceptions, exocentric
auditory localization judgements are biased. The texocentric refers to judgements based in a fraime
reference not residing on the body of the listetresuch cases, the responses of participantsfaete
by their perceived body positions.

Auditory spatial judgements can also be biasedibyal or proprioceptive spatial information. In
such cases, the auditory sources are displacedrdswhe location of the visual or proprioceptive
stimulus. When visual and acoustic spatial cuesimreonflict, the bias is so strong that listeners
sometimes perceive the auditory stimulus as arifioig the same point as the visual stimulus. This i
known as the ventriloquism effect as mentionedLit0]. Visual cues bias auditory perception to atge
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extent than auditory cues bias visual perceptiarditdry localization judgements are typically desped
by about 50%-80% of the difference between thealismd the audio stimulus. Audio cues bias visual
perception to a degree of about 6%. The same isituapplies to bias by proprioceptive stimuli.

The above values are however dependent on expddmeonditions and represent extreme
situations. When people know that differences mifist between the competing modalities the effects
are notably smaller. However, it should be noted thisual aids, such as reference frames, helgaydi

localisation judgements and they assist spatiarimétion processing.

2.3.4 Perception of Auditory Motion

Auditory motion is an interesting cue from a degigint of view, due to the fact that it is attemtio
grabbing. Moving sounds might have a variety ofli@pfions in human computer interaction, since they
provide the opportunity to sonify moving displaglents that can be used in games and other irtaract
contexts. There is debate in the literature on hdreauditory movement detection is done using simees
subsystem that is used for the detection of divactind distance. That is, researchers questionhehet
the auditory system has developed specialized helenments for the detection of motion. Grantha®ji [4
hypothesized that movement detection is done basqukerceptual estimators of the position difference
between the trajectory onset and termination ardethpsed time. However, Perrettal [91] showed
that listeners could discriminate between tardgeds travel the same distance in the same time rattaki
same trajectory, but use different acceleration deceleration patterns, implying that either listen
sample the trajectory in more than one point orentues are used for the determination of auditory
motion.

Lutfi and Wang [72] provide an analysis of the tiefareliance of the acoustic cues that are used
to discriminate auditory motion as well as thredsdbr the discrimination of two moving sound s@s.c
They have found that at moderate velocity leveld@f/sec, intensity and interaural time differenags
preferred for the discrimination of displacemeniyjles the Doppler effect expressed as the rate ahga
in frequency, is preferred for the discriminatiohwvelocity and acceleration. At high velocities, time
order of 50m/sec the Doppler effects prevail in dicrimination of auditory motion. Thresholds foe
discrimination of two auditory targets were expegsas an equivalent change in incident angle dweer t
total duration of the signal. They were 15° for pti&ement discrimination, 11° for velocity
discrimination and 8° for acceleration discrimioati

It is, however, the case that localization of mgvaources is not as accurate as the one of static
sources. In a study by Grolat al [50] it was found that localization error for ning sources was at

least double the one for static ones.
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2.4 Spatial Audio Reproduction in Virtual Environme nts

Spatial audio reproduction in virtual environmeistachieved using principally two methods. The
first of these methods is called ambisonics. Amtiis® [78] or surround sound techniques attempt to
reconstruct the acoustic field as this would bthé sounds were physically present in the enviraime
by using loudspeaker arrangements. A number ofrmdifft methodologies have been developed for
rendering the sound field, see for example [12,88, Different loudspeaker arrangements have been
proposed in the literature, ranging from four, wudspeakers arrays that use large numbers of
loudspeakers in geometric arrangements such as oulsipherical. This technique provides good spatia
audio quality; however, its main disadvantage &t the spatial impression effect only appears in a
certain area of the space enclosed by the loudspgatvhich is usually called the ‘sweet spot’. In
addition, this technology is not mobile due to iedyon loudspeaker reproduction; therefore usevs ba
be confined in space. For this reason, its appioas mostly in spaces such as living rooms, tessand
cinemas. These properties make this technique tatdeiin the scope of the thesis and for this nedisis
not reviewed further.

The second option for spatial audio production BTH (Head Related Transfer Function) filtering
[14, 44, 85]. HRTF filtering is based on the asstiompthat humans will tend to perceive the same
auditory event when presented with the same eart isignals as the ones occurring in the real world.
HRTFs are measured empirically and capture thegptigg of the acoustic path to the inner ear, oo
the effects of the outer ears (pinnae). When HRarEsapplied to a monophonic sound signal they resul
in a binaural signal that is perceived as emitfiogn a given direction in space. HRTF filtering caa
implemented in real time and can thus provide atghde way to produce spatial audio. HRTF
reproduction can be performed either using two $pagkers as is examined in detail by Gardner [¢1] a
well as using headphones as for example in Wesizal. [128]. In the former case, it is necessary to
perform cross-talk cancellation to avoid interfar@nbetween the left and right ear input signals.
Loudspeaker reproduction is not relevant to theithedue to the requirement that interaction cddd
performed in a mobile setting. Loudspeaker repradoovould require that the user is confined incgpa
and therefore cannot support mobile interactions.this reason only the case of headphone reprinduct

is considered in this chapter.

2.4.1 Details on HRTF Estimation and Implementation

The invention of HRTF filtering is largely based peychoacoustics research. As discussed in
Section 2.2, the auditory system localizes sourgisguinteraural differences for azimuth and spéctra
cues for elevation. The spectral cues are mostyy tduthe effect of the outer ear. All cues might be
combined in a transfer function that captures ttoperties of the path from the sound source tarther

ear.
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Estimation of the transfer function can done ind¢bhatext of a psychoacoustic procedure [14, 42].
Small microphones are inserted in the ear cavitetord the signal that arrives to the ear. Incietext
of HRTF measurements, the external ear is assumdzk ta linear time invariant filter and thus its
frequency response at different angles can be agihby dividing the power spectrum of the sigrial a
the beginning of the ear tube by the power spectifithe original signal played. Such measuremergs a
done with sounds emitting from loudspeakers fronumber of locations that sample the area around the
listener's head. A number of such measurementgegaged to reduce the noise of the measurements. In
this way, a database of angular frequency respassgeated that can be subsequently used to positi
sound signal arbitrarily. For unknown positions freguency response is estimated by interpolatieg t
closest known frequency responses.

Due to the fact that the process of estimating HRDF individuals is laborious, researchers tried
to use HRTFs from mannequins built in a way thairagimates an average human outer ear, head and
torso or from a single ‘representative’ listen&@hese HRTFs are called generalized or non-indiVizeed
[14, 128]. The advantage of using generalized HRiERfat they provide a general way to create 3D
audio, without the need for individual measurement®e disadvantage is 3D audio fidelity degradation
The effect is discussed in Section 2.4.2.

HRTF measurements are assumed to be free fieldumasnts. They are usually performed in an
anechoic chamber that eliminates reflections. H@nei is argued that if sounds are synthesizethén
free field, localization is not as accurate and rié®ult effect is unnatural compared to sound rénge
that takes into account reflections from a natueproduction space. For this reason it is suggetbizd
further treatment of the sounds should be perfortoedhitate reflections from the room. However sthi
feature is not always available in commercial impdatations.

HRTF filtering is computationally intensive, andarder to achieve a fast implementation a digital
signal processing technique called sectioned comiool has to be performed to the input signal. The
filtering is done in the frequency domain using @fiehe digital signal processing methods availdbte
this purpose [61]. By using HRTF filtering, sourahdie positioned at an arbitrary point around ter.u
However, sound localization is not as accuratenagél life and the possibility of having more thame
sound can furthermore error the perceived sounti@o$50, 68].

Finally, for simulation of virtual 3D worlds it isnportant to provide real time update of the sound
positions relative to the direction and the distang the listener. This is usually achieved by gsin
tracking devices placed on the head of listenershis way, the orientation and distance of listerte
the sources in the 3D world can be estimated aisdriformation can be used to update sound position
relative to the listener. However, this means that sounds have to be filtered frequently to appsar
coming from their new positions. This process respiisignificant computational power and limits the
application of this technique in low computatiopalwer devices. In addition, for convincing realiaat

the update rate has to be very fast (less than )0 antiming requirement that is not possible insmo
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current operating systems. In effect, most peoplice the process, however most can adapt to it and
take advantage of head movements to disambiguafasions with respect to sound position. The effect

of lag are also discussed in detail in Section22.4.

2.4.2 Sound Localization in systems using HRTF filt  ering

HRTF filtering provides relatively good spatialimat, however the localization error and the
number of reversals in an HRTF based system ietattgan in the real world, especially when using
generalized HRTF functions. Wightman and KistleBI]l compared localization using loudspeakers to
localization using individualized HRTF functionshdy found that judgements of the azimuth of sound
position when using real sounds from loudspeakedsvehen using headphone presented individualized
HRTFs filtered signals were correlated at 98% wittual sound positions in both cases. With resgect
elevation their figures were 90% and 82%. Confusiavere at a rate of about 6% when using
loudspeakers and 11% in the virtual case. Meapolafeserror of judgement ranged from 16° to 30°,
when trained participants had to verbally repoctrgbdirection. Their results indicate that HRTEefilng
using individualized transfer functions can suctighscreate a spatial audio impression with lozation
errors comparable to the real world sound locabmatHowever, it was found that confusions are more
likely in a virtual than a real environment. Anathenportant observation was that there were large
individual differences between participants. Sonereasignificantly more able to localize sounds than
the rest both in free field and in the virtual eowiment. In addition, it should be noted that the
participants in Wightman & Kistler's experiment weexperienced in sound localization judgements.
Sound localization estimations were spoken ouhieyparticipants in degrees.

Another study that evaluated the fidelity of thimensional sound reproduction using a virtual
auditory display was the one by Langengijk and Rhamst [65]. This study also compared sound
localization in the free field to sound localizatiosing HRTFs and headphones, however the compariso
is not made in terms of absolute localization judgats, rather on whether listeners could discriteina
real from virtual sounds. The experimenters useektlexperimental methods to test the discriminagion
real and virtual sources. The first one was a yetask where listeners had to indicate whether thene
listening to the real or the virtual source, theossl was a 2 alternative forced choice method hed t
third was an oddball design with four intervals,endn listeners had to identify in which quadrantuzie
them a sound was located. Experimenters used thdilized HRTF functions and in addition an

acoustically open transducer placed in front of¢aeof the listener, rather than headphones.
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Figure 8. The acoustically open transducer used byangendijk and Bronkhorst. The

trnsducer is positioned at a distance to the ear tallow for a microphone to be placed in the ear.

Sounds were played either from a loudspeaker paositi in one out of six possible locations or
were HRTF filtered and played from the transdutewa in Figure 8. Listeners were asked whether they
could discriminate between the real and the HRTéréd sound stimuli. The results indicated thatsib
methods listeners could not discriminate between¢lal and virtual sound above chance levels.

This experiment also investigated whether interfiataof HRTF functions affected localization
performance. Interpolation is used to calculat¢d®TF set for an unknown position from known HRTF
sets that correspond to neighbouring positions. &merimenters examined the effect of direction of
interpolation, the interpolation interval and stlimeariability on the discrimination tasks betweesal
and virtual sounds. They found that interpolatiinection produced a significant effect with vertiead
horizontal interpolation rating better than diagoma addition, consistency of the stimuli was fduto
improve listeners’ ability to discriminate betwethie real and virtual sounds. When a flat noise tspet
was used, listeners were better at discriminatmgds compared to the case when the energy codtaine
at different frequency bands of the stimuli wasiedrrandomly between trials. This indicates that
listeners use timbral (spectral) cues that canrbgquely associated with certain sound directiongnvh
making a localization judgement. Finally, the ligtes were not able to perceive the difference betwe
interpolated and real measured HRTFs when the pokation interval was less than 6°. This was
correlated to the magnitude of the error in HRTEn&&tion that is introduced by the interpolation

procedure. The researchers state that acoustifaletices between 1.5 and 2.5 dB per 1/3 octaudtres
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in timbre differences that are not associated Vattalization by listeners. If however the error esds
2.5 dB then it can affect the judgement of soumation.

Bronkhorst [21], evaluated localization for realdavirtual sound sources using individualized
HRTF functions. The sound stimulus was a harmoigicad with a fundamental frequency of 250 Hz and
between 16 and 60 evenly spaced harmonics. Tlemdist that participated in the experiment performed
localization judgements using two different tasks.the first the so called ‘head pointing’ taske th
stimulus was played repeatedly until a localizati@msponse was obtained from the participants.
Participants had to turn their heads until theyeaercing the target sound. The second task used onl
short stimuli and did not involve head movementsthis task the participants of the experiment tead
indicate the quadrant of the horizontal plane fratrich the sound originated as well as whether the
sound was above or below them. These tasks weferped for both real and virtual sound sources.
Two HRTF filters were used one that contained 26ihits and one with 1024 points. The longer filter
effectively contains a larger portion of the impulesponse. 13 positions in the azimuth and 7 én th
elevation axis were used for stimulus presentationthe pointing task only positions in front ofeth
listeners were used. In addition, the bandwidtthefstimulus was varied, stimuli contained eith@ro2
60 harmonic components for the real sounds an@8,640 or 60 components for the virtual sounds. For
the head pointing task mean absolute errors warerrstio reduce as the frequency range of the stimuli
was increased. For virtual sources mean absolute was about 20° for a cut-off frequency of 4 ki
was reduced to 14° for a cut-off frequency of 1&kHor real sources, the variation was betweerfdr4®
a cut-off frequency of 8 kHz to slightly less thBdr for a cut-off frequency of 18 kHz. Localizatierror
was found to be significantly greater for virtuaingpared to real sounds. This variability was modtlg
to elevation errors, errors in azimuth judgementgrencomparable between real and virtual sources.
Response time was also found to reduce based ooesfraquency, from 6.1s to 4.8s on average. It was
not however, affected by source type and sourcéi@oesThe confusion task was not targeted towards
accuracy but rather towards confusion percentagibsraspect to sound direction. The rate of comfusi
was found to be significantly higher for virtual mapared to real sound sources and decreased
significantly as signal cut-off frequency increaseldwever, the frequency dependence was verifidgl on
for real and not for virtual sources. Filter sizasanot found to significantly influence the resulisie
results of this study indicate that significantdbization cues are contained in the frequency reglmove
7 kHz that were not appropriately simulated byHHTF filtering technique employed.

Wenzel et al [128] investigated localization using non-indivalized HRTF functions. They
compared localization in the free field with localfion using HRTF functions measured on a singtelgo
localizer. The listeners that participated in tigeriment were inexperienced. One of the mainirisl
of the study is the relatively high individual @ifences between the experiment participants. OfLéhe
persons that participated in the study, 12 gavéaimesponses while the other 4 responded pooitly w

respect to stimuli locations. For the 12 particisawho behaved similarly, localization in free diednd
23



using non-individualized HRTFs is comparable widsgect to azimuth judgements. With respect to
elevation, judgements deviated more between tleeffedd and the non-individualized HRTF conditions.
The authors do not provide explicit informationthie error rates however, from the figures error loan
estimated to be at maximum 30°. For the particpanith poor performance error rates were
considerably higher and vary in a way that is diffi to quantify. Of considerable importance, is th
particularly high rate of confusions that were aled in this study. Free field confusions were 6.5%
mean value but were increased by 3.8% for virtoarses for the participant group that performed.wel
For the participant group with poor performancefasions were 32.2% in mean with a maximum value
of 43%. This means that participants were confusitk respect to the direction of almost half of the
stimuli. Similar confusion rates have been obsgivepinnae occluded free field localization stisdae
fact that casts doubt on the validity of the mammeg HRTF functions in this study. Front-back
confusions were much less than up down ones. Thétseof this study indicate that non-individuatize
HRTFs maybe used for the creation of virtual spadiadio impressions, however the high rate of
confusions and problems with modelling elevatechslsumay hinder their applicability.

Wenzel and Foster [129] investigated the percepdffalcts of interpolating non-individualized
HRTF functions. They found the effects of interpiola to be relatively small compared to the effeafts
using non-individualized HRTF functions.

Wightman and Kistler [132] investigated whether dheat sound source movements can help in
alleviating the phenomena of confusions. Partidipamtheir experiment were asked to judge thetiona
of the sound stimuli, without moving their headgving their heads in a free style manner and moving
their heads so that their nose was pointing todihection of the sound stimuli. Individualized HRI F
were used and the conditions were replicated foh free field sounds played from loudspeakers and
virtual sounds created by HRTF filtering. Whendistrs were asked to move their heads, the soudd fie
was updated in real time based on information enatientation of the participants’ head. According
the results, head movements helped in reducing fitbguency of confusions, however no major
improvement in the localization accuracy was obsgnf he benefit was for both the real world and the
virtual condition. It should be noted however, thiz¢ confusion rates were higher in the virtualecas
compared to the real. In a second experiment tHeeishowed that sound source movement that is not
controlled by the listener does not help in allémig. confusions. This implies that in order to reduhe
frequency of confusions, sound source movement brisbntrolled by the listener. The listener muest b
aware of the direction of the movement through ofeedback mechanisms, such as proprioception in
order to interpret the dynamic acoustic cues.

Due to the benefit of active listening, the processising feedback from head movements to
disambiguate confusions, further studies have lieg®e to examine implementation parameters of this
option. Wenzel [130], investigated the effect okteyn latency on localization accuracy in systems

implementing active listening. In the experimentstem latency varied in levels of 33.8ms, 100.4ms,
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250.4ms and 500.3ms. Latency refers to the timgsethfrom the transduction of an event or actioohs

as the movement of the head, until the consequerfcd® action cause the equivalent change in the
virtual sound source. The results indicated thealization judgements were accurate even whendgten
was at its highest value. However, there was aifgignt main effect of latency on localization erro
with localization accuracy degrading as latencyréased. Mean absolute error angle was 25° for a
latency value of 33.8ms and ranged up to 32° femigy value of 500.3ms. Front-back confusions were
minimal and unaffected by latency. Up-down confasiovere affected by latency however planned
comparisons showed that only the pairs of 33.8mds5®0.3ms differed significantly. Finally, latenksd

to be at least 250ms to be readily perceived by#rdcipants of the experiment.

Brungartet al. [23] also investigated the interaction of headkea latency, source duration and
response time in the active localization of virtsalinds in the horizontal plane. They found thatdhe
tracker latency less than 73ms had no effect, eeitt the speed nor in the accuracy of localization
judgements. They found that for higher latency gajuocalization judgments with no time constraint
were not affected. However, when participants fadespond within a given short time range, they
consistently larger localization errors were obedrvThe authors also found that localization aayura
was improved by increasing stimulus duration ancewieus able to recommend that designers should use
long sounds in exocentric displays so that theyaanpensate to a certain extent for localizationrer
due to latency.

Begault [8] investigated the effects of synthetwarberation on localization in virtual audio
environments. He also used non-individualized HRUiRctions. This study is particularly interesting
because synthetic reverberation creates a ricleerexperience. Usually sounds in a virtual audgpldy
are rendered as emitting in the free field; howgthés does not correspond to real life experieitehis
sense it is interesting to examine whether revethmr will create a positive effect on localization
judgements. Reverberation was created by usingflbeo reflections, 64 early reflections from walts
the room and a late reverberation using noise.eRiédins were HRTF filtered depending on their
direction of arrival. This study used sounds tha&revlocated in the horizontal plane at eye levél (0
elevation). For most of the participants, revertieradid not help alleviate front-back confusiomndich
remained at a rather high level of about 33%. Alteohzimuth judgements were significantly worse in
the reverberant case compared to the free field. ddean absolute deviation from target was 11.9° fo
the dry soundscape and 22.9° for the reverberaat lonaddition, responses were more dispersedein th
reverberant case with standard deviations beinhehnigh phenomenon that was observed in this stady i
that judgements of sound direction were biased tdsvthe sides. In addition, most participants tertde
perceive sounds as elevated at a mean elevatiae wall2° for the dry and 23° for the reverberaasec
Reverberation was found however, to help alleviaéeproblem of intracranial localization. Reverlmgra
sounds were significantly less susceptible to araaial localization. It is worth noting that intranial

localization was nearly eliminated in the reveriém@ase while it was quite evident for some sulsj@tt
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the free field case. In conclusion, when elevatierused in a virtual audio display that uses non-
individualized HRTF functions, an improvement o thxternalization of sounds is observed however
this is to the detriment of localization accura€iis can be explained by the effect of non-indialized
HRTFs that is probably amplified when reflectioms also filtered by them.

In another study by Begaukt al. [10], the impact of head tracking, reverberationd a
individualized HRTF on sound localization was inigsted in a single experiment. The stimuli in the
study was speech, a more realistic stimuli comp&re@aussian noise or trains of Gaussian noiseepuls
that are commonly used in psychoacoustic experisnegttmuli ware positioned at 0° elevation for six
positions in azimuth distributed in a circular asgaund a user at eye level. The choice for Watien
was made because of the speech stimuli that wesd. Uspparently, speech stimuli do not contain
sufficient energy in the high frequency spectrurat tis thought to contribute to elevation judgements
The experiment compared anechoic presentationmfisto presentation using early reflections, duidi
auralization that contained early reflections amdnn reverberation processing, under presentatiom us
individualized and non-individualized head relateansfer functions, in a head tracked or non head
tracked acoustic environment. An interactive graptfi a head was used by listeners to indicate the
position of the speech stimuli in each trial. Raptnts oriented the graphic using a mouse sattfeted
the perceived direction of the sound event. Althostmuli were constrained in elevation, the graphi
could be oriented with respect to elevation. Neefof head tracking or HRTF type was observed for
azimuth localization errors. A significant main exft of reverberation was, however, observed. In
addition, when non-individualized HRTFs were uskead tracking was found to improve localization
accuracy. Mean absolute localization error was @pprately 23° for anechoic, and around 16° for the
reverberant conditions. No effect of head tracldngiRTF type was observed for elevation localizatio
errors. A significant main effect of reverberatioms observed, which however was in the opposite
direction compared to azimuth errors. Reverberatias found to increase the magnitude of the mean
elevation error. Mean elevation error was 28.7°tfar reverberant compared to 17.6° for the anechoic
conditions. Head tracking was found to significantkduce front back confusions, with mean values
being 28% for the head tracked compared to 59%hfnon-head tracked conditions. Participantsis th
experiment were asked to provide distance judgesriéiat were used to judge the externalization ef th
sound event. There was a significant main effeatee€rberation on the externalization of sounds. On
average, participants felt sounds were coming feotlistance greater than the one of their headsata
of 79% under reverberant conditions compared t@% 4inder the anechoic conditions. No significant
main effect of head tracking or any other treatmegas observed with respect to externalization error
The fact that individualized HRTFs did not incredsealization accuracy was attributed by the awghor
on the relative small variation of interaural tigiéferences when comparing the ones measured a&nd th

ones represented by the model HRTF.
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2.5 Discussion

The psychoacoustics literature review provides ulsefight on the potential of 3D audio as a
display modality. The literature verifies that vial spatial audio systems can convey a spatialoaudi
impression that is comparable to, however slightlgrse than the real world directional hearing
experience. The main problems with virtual audistegns are localization error, confusions of dicacti
and externalization of sound. The two first prokdesitso appear in the real world, however theiratfife
more pronounced in virtual systems. In the follogvbext, a number of hypotheses of the effect of the
problems in the perception of direction on intei@ciill be outlined together with potential solutis to
overcome the problems. In the thesis, distancenaatibn are not considered explicitly as designgpol
due to the fact that they cannot be judged comgigtand that the thesis focuses on interactiom wie
direction of spatial audio elements. For this ogasi0 speculation on their potential and their
shortcomings is provided.

The discussion shows that localization error depadsound direction. This in effect will result
in different display elements being localized witlgher ambiguity than others. The solution to this
problem is to either compensate by design to pmwaidiniform target size or work with variable displ
element sizes. The problem of confusions is expettanfluence performance in the display to a grea
extent. The problem becomes more pronounced becaast of the commercial spatial audio systems
use generic HRTFs. This is due to the fact thateti®eno widely available system for individual HRT
measurements and, in addition, because of thettiattthe process of HRTF filtering is laborious and
requires specialized equipment. With generic HRT®isfusion rates can be up to 40%, indicating that
certain users will become confused on the directbrthe display elements in nearly half of their
selection attempts. Such a fact is unacceptabia &aisability point of view. For this reason angteyn
which uses non-individualized HRTFs and tries tce uslevation and front-back cues without
compensating for the confusion problem is expectedface serious usability problems. With
individualized HRTFs the problem becomes less pumoped so it can be recommended that systems
using elevation and front back cues should bemglgin individualized HRTFs.

Sound source externalization is a requirement fatial audio systems because although it does
not affect perception of direction, it can resultannoyance and an unnatural feeling. To overcdrae t
problem, special considerations with respect torépeoduction system have to be made. For headphone
reproduction or reproduction using earphones, jis¢em has to compensate for the frequency response
of the transducer. Using open headphones, or headgimounted at a distance from the ear are expecte
to further help in alleviating the problem. Thenme a&ommercial solutions for portable reproduction
systems that use loudspeakers. One solution ishtbelder mounted loudspeaker system used in [103].
However, social and privacy issues make such dignlless desirable than headphone reproduction for

systems that are to be used in a mobile conteshduld be noted here that headphone reproducéisn h
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the problem of alienating the user from the nataralio environment. Such a problem may be overcome
using bone-conductance headphones or acoustiqaly beadphones.

In order to proceed with display design, the filstision that has to be made is regarding the
selection of the display space. Based on the datéaalization error, the area of the most accurate
perception of direction is the area that lies i fitont and on the horizontal plane. In this apsaception
of direction is dominated by azimuth perception @&ntherefore based on interaural time and intgnsit
cues. In addition, perception of direction in thiga is invariant to problems related to non-irdirailized
transfer functions due to the fact that interautiffierences depend on head size, a factor thatwvari
substantially less than outer ear shape. By infognthe user on the display area it is also possible
overcome the problem of confusions. This is dught® fact that knowledge that the display area is
restricted to the front will result in the user fising on azimuth cues and ignoring cues related to
elevation. For all these reasons, display designthim frontal horizontal dimension is the most
conservative and safe choice, which is expecteditimize the negative influence of the uncertain
nature of auditory localization.

The literature also provides insight in sound desiBased on the review, it is possible to
recommend that designers use broadband soundssulitstantial variation over their time course to
enhance localization ability. However, for a digpkrea that is constrained according to the previou
paragraph, this constraint can be relaxed due dofdbt that azimuth perception is more invariant to
spectral cues compared to elevation perception. édewy narrowband signals should be avoided to
decrease the likelihood of elevation misperceptems reduce the cognitive demand on the user.

In the aforementioned ways, many of the problentated to the perception of direction are
alleviated. What is important, however, is to exagnwhether virtual spatial audio systems can suppor
aimed movements. Although not directly referredthin literature, it is evident that audition doeg no
provide a way to separate the boundary betweetathjet and the background. This is to a certaieréxt
due to localization error but in addition due te tfact that audition does not explicitly carry bdary
information. In this sense, it can be argued thatd is lack of support for corrective submovemémis
lead the user on to a target. Any effort to resttite user onto a certain target area is due te fac
problems, especially when considering a scalalbdtesy that should support a large number of display

elements. It might be necessary therefore to elglimediate target size information to the user.

2.6 Conclusions

In conclusion, the literature review indicates thia¢re are a number of shortcomings in the
perception of direction that have to be overcomsuggport interaction with a spatial audio displsipst
of these shortcomings are also present when péngesound direction in the real world however their
magnitude is less. These shortcomings can be sumedaas: localization error, confusions and theafse

non-individualized HRTFs. Localization error causasmbiguity when judging sound position, with
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listeners not being able to perceive with accutheyexact position of the sound. In addition, thersl
signal cannot successfully convey information om dimensions of the sounding object and the space i
occupies.

Problems with modelling elevation and front backedapal cues will essentially result in higher
values of localization error for elevated soundd eonfusions of sound direction. The ratio whermsth
confusions appear is critical. As was discussethé chapter when using non-individualized HRTFs,
confusions can be in the region of 40% for untrdiligteners, a fact that greatly diminishes thétytof
these cues. Using individualized HRTFs can helpwercome this problem however, such an option is
not available for the mass population and in addithe problem is not eliminated.

With respect to Research Question 1, it is theeetrident that in order to support spatial audio
target acquisition it is necessary to overcome pheblem of localization error and the problem of
confusions. Overcoming the problem of confusiorns lsa achieved by constraining the display area that
can be used effectively to the frontal horizontlne where perception of azimuth is uniform across
people. Localization error is expected to resulambiguous feedback with respect to the exact sound
location and the space it occupies in the displaggét width). This limitation is critical becaudetailed
information is necessary in order to support aimemvements as will be shown in Chapter 4 and it
appears that feedback will have to be providedtopensate for it.

In the thesis, only the effect of the shortcomingstarget acquisition is examined. As has been
mentioned earlier, issues related to the presentati sound sources in the display area are very
important in the context of direct manipulation. wver, the complexity of the issue is such thafit
not be considered appropriately in the thesishénexperiments presented in the thesis an efforiaide
to overcome target acquisition shortcomings bygiedby constraining display space and by augmenting
the selection task. For this reason a number ofrradtive selection techniques are evaluated

experimentally with the goal of becoming able tgiga a usable selection task.
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3 A Review of Existing Research in Spatial Audio

Displays

3.1 Introduction

This chapter provides a summary of applications hizae used spatial audio and an overview of
the design choices that have been made in thedeajyms. As was mentioned in Chapter 2, spatial
audio systems essentially succeed in presentimyadsas appearing to emit from a certain direciion
space. This is achieved by filtering the sound aligmsing filters that capture the properties of the
transmission path between the location of the samilting object and our inner ear. These filtais a
different for each individual and the technologguits in sound localization performance with simila
accuracy as in the real world. Most current systelmasvever, use non-individualized filters and as a
result localization accuracy is slightly degraded @ addition the problem of confusions appeate T
term confusions refers to the case when listenersefve a sound that is emitting from the back as
emitting from the front and vice versa or a soumat is emitting from below as emitting from abovela
vice versa. Most of the spatial audio systems waeskig non individualized HRTF filters and the
phenomenon of confusions can appear at high rafecilly for non trained users. Application design
that use spatial audio make use of systems to mraseinds in the display as emitting from a certain
direction in space. The result is what has beeleda spatial audio display. Spatial audio displases
coupled with a control mechanism to result in iatéive systems where information is presented using
the audio channel. When the application domainiregut, the location of the sounds in spatial audi
displays is updated in real time with respect $telier position in the real or a virtual world, lelireg
what has been called the active localization digirsounds. Spatial audio systems may reproduaedso
either through headphones or loudspeaker presemtati

Many of the studies in spatial audio displays domald on any design rationale, they are rather
ad hoc proposals and quite often no or only infdrevaluation is made. Some of the studies howeler,
provide formal evaluation with respect to certaispthy aspects and their results can be generalized

Based on the literature review, the chapter prae¢eddentify particular design aspects common
in the literature and brings them together to hbfpreader acquire an overview of the state ofatihén

the field focusing in:

design choices with respect to display architecture
reproduction options
the control mechanisms that are used to enablegtten with spatial audio displays

the application areas where spatial audio has beedh
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implementation issues

A large number of the applications that will be g@eted are based on the concept of Audio
Windows, an attempt to transfer direct manipulagoimciples into the spatial audio domain. However,
the potential of the audio modality to support thiisd of gesture interaction has not been asseaast
first place. For this reason, the chapter conclwid#s an investigation into the underlying cognéiand
perceptual factors that support direct manipulatind identifies the requirements that the comhbamatif
control input using gestures and presentation tifrabe audio modality should comply with, in order
auditory direct manipulation to work.

With respect to the Research Questions outlinetthénintroduction, this Chapter contributes by
identifying that they are novel and by providingight on the direct manipulation requirements itti

into ways they might be answered.

3.2 Review of Application Designs based on spatial audio

Research in spatial audio displays is mostly careith providing designs and ideas about how
people could interact with spatial audio soundsentain application areas. Most of the designsimre
accordance with the ‘Audio Windows’ concept thatswaroposed by Cohen and Ludwig [28]. The
‘Audio Windows’ concept refers to the applicatioh the direct manipulation principles in the audio
domain based on the ability of the human auditgstean to perform directional listening. The feadipi

of the concept is examined in accordance with trectimanipulation rationale in Section 3.8.

3.2.1 Handy Sound & MAW

Cohen [27] presented two applications based oratlttio windows concept, Handy Sound and
MAW. In Handy Sound, Cohen provides a framework {msture interaction with spatial audio.
According to the design users wear a DataGlovetthata Polhemus sensor on it. In this way datden t
position and posture of a user’s hand can be ddaibising this information, interaction with spétia
audio sounds is performed. This is done by phylsicahnipulating sound source position. Users could
grab a sound and move it around in space and tlease it in its new position. In addition, usersld
point to a sound to bring to the foreground andfquer finger gesturing to highlight it. Two finger
postures were also used, one with fingers exterahetl fingers closed. The first highlighted a sound
whereas the other cancelled the highlight effeepdéhding on the current gesture, appropriate audio
feedback was provided to the user. Three typesudfoafeedback were used: spotlight, muffle and
highlight. Spotlighting was applied when the usaswpointing to the sound. The aim of spotlighting a
highlighting was to increase the brightness of tdrget sound however, no implementation details are
given. Their difference was that highlighting isrgistent, whereas spotlighting is only applied wlaen
user points to the source. Muffling was implemerded low pass filter.
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Cohen suggested that feedback can be given byirfit@perators that when applied to a target
sound, change its perceived qualities. Cohen nathede perceptual operators ffiltears’. Cohen
considered filtears as tools to embolden or itadia sound in the display. For example, makinguatioa
element sound as a whisper could provide an indicatf a certain auxiliary status of a sound if légab
to the voice of a trusted advisor in a teleconfeirg scenario. In addition, the filtears’ are usted
highlight or muffle a display element. However, @atdoes not provide proposals on the implementation
of filtears, rather he suggests that they mightbe out of the digital filtering possibilities thaxist in
filtering a sound without altering its timbre orgitading its intelligibility.

MAW is a more applied version of the ‘Audio Windswconcept in the context of
teleconferencing, In the MAW design, participantsaiteleconferencing scenario are given a position
space and their voices are spatialised. A MAW iserssumed to be sitting on an orientation tracked
chair that denotes his or her orientation relativéhe speakers, and also to be wearing a DataGlove
MAW the orientation of the speakers is updatedeial time with respect to the orientation of therpuse
resulting in what is otherwise called an exocendigplay. In addition, hand gesturing is enableat th
allows the user to interact with the sounds in amea similar to Handy Sound. A user can apply tager
sound effect to a sound and reposition the speakelss/her own satisfaction. None of the systems
proposed by Cohen were evaluated. Cohen’s wonkdahe basis of spatial audio display design by
introducing gesture interaction with 3D audio aaddback. His proposals are very interesting batgel
number of issues related to the usability and #msigh of such systems are not addressed. In particu
the suitability of spatial audio in supporting ditemanipulation based interaction is not examined.
However, this early work is the basis of all resbain spatial audio display from the time of its

publication onwards.

3.2.2 Spatial Audio & Teleconferencing

Baldis [7] presented a study on the effects ofiapaiudio positioning of sounds, on memory,
comprehension and preference during desktop teléepences. In this study, three different settiwgse
examined: a non-spatial, where all conference mesnim@ces were played through a single loudspeaker
in front of the listener, a co-located where foaudspeakers were used located at (-15°,-5°,5°,15°)
azimuth and one scaled, where loudspeakers wemedglat (-60°,-20°,20°,60°) azimuth. As can be
inferred no virtual spatial audio system was ussind location was communicated through speaker
positioning. Speaker identification was better lie scaled, followed by the co-located and finallg t
non-spatial condition. Spatial presentation ma@agier for participants to determine which cordemas
speaking, requiring them to pay less attentiomédonferee who was speaking and resulted in amalbve
better impression of the conference. In additigmtial audio enhanced their comprehension of the
conference and was preferred to non-spatial prasent The benefit of using spatial audio was in
general increased with increased spatial separation
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3.2.3 Head Mounted Spatial Audio Pie Menus

Of considerable interest is the study by Brewstieal [19]. They investigated different design
options for the creation of a spatial audio disgfmymobile/wearable computing that was controltsd
the head of the users and the gesture of nodding.idea was that users could nod to the location of
sounds in the display to select them. Three comgetiesigns were compared: an egocentric, an
exocentric and an exocentric periodical. All digsldeatured four sound elements. In the egocecase
sounds were positioned at the four cardinal pairitis a separation of 90°. In both exocentric digplall
sounds were positioned in front of the user atriratis of 40°. In the exocentric cases, there wapet
for a backwards nodding gesture that repositiohedsbunds in front of the user when he or she turne
for 180 degrees. Audio feedback was given whensus@re crossing boundaries between allocated
active display areas. In the exocentric periodierfiace, sounds were played one after the othezreas
for remaining two designs sounds were playing siamglously. Error rates were in the order of 20%.
Brewsteret al mentioned that their system could be used foligadon in hierarchical audio menu
structures while mobile. In the evaluation users ttawalk 20m laps around obstacles set up in ennoo
the university while interacting with two egoceatidnd one exocentric display, where selection was
performed by head nodding. With respect to timemato select, the egocentric display was signitigan
faster than the rest of the displays followed bypamntric and exocentric periodic. In relation tésth
participants completed the tasks in significandwér laps in the egocentric compared to the reghef
displays. In addition, it was found that when usiing egocentric display participants were able dtkvat
around 70% of their preferred walking speed, whilgntaining half of their walking speed in the rest
the conditions.

A similar design for static users was proposed bigpien et al. [30]. The proposed a direct
manipulation type of display that featured spadiadio elements positioned at 30° intervals. A maxim
of four elements would be played depending on thentation of the user's head. Users would interact
with the system using gestures and speech recognitiowever, their system was at a developmentestag
and no evaluation results were presented.

Finally, a pie menu proposal for hierarchical memvigation was the one by Cooper and Petrie
[29]. They proposed to arrange sounds according meetaphor that resembles the solar system where
users could locate elements of interest and ‘ca®enith them in order to achieve their goals. Thei
system was however under development at the tinits gfresentation and no evaluation results on the

feasibility of the idea exist.

3.2.4 Grid Menu

Another proposal of an interface for audio hieram@hmenu navigation is the one by Savidisal.
[102]. In this study a proposal for a hand gestoterface that supports pointing to 3D audio tesgeas

presented. The system assumed a seated user wiapindeg to 3D audio items that were located in a
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grid front of him or her. Unfortunately no evaluatior design recommendations were provided by the
authors.

A large number of designs for spatial audio inteega come from the MIT group of Chris
Schmandt. The work from this group is mainly adsires interaction with spoken information, such as
news streams, documents, radio and phone callsresdaging. The designs are using spatial audio to
assist simultaneous presentation of multiple audfiormation streams and gestures for interacting an

navigating in the spatial audio environments.

3.2.5 AudioStreamer

The very first of these designs is Audiostream@b]1Audiostreamer is an application designed to
enable listeners to attend to three spatializedilsémeous news streams positioned at -60°, 0° &Adn6
azimuth, at the level of the user’'s nose. Newsasirs were amplified or attenuated based on infeeenc
of user interest towards each of them. Amplificatigas proportional to user interest but it decayét
time to enable listening to the rest of the newsashs and to reflect a potential diminishing ofruse
interest towards the news stream. User interestcadasilated by the number of head movements towards
an information stream. Head movements were trablyesl head tracking device. Three levels of interest
were defined. At the highest level, only the newsasm in focus was audible and the time before the
amplification started to fade was maximum. At tlieeo two levels a 20dB and 10dB gain was applied to
the desired stream and the fading started fastke flews streams were tracked to reveal story
boundaries. On such an event, users were notiffeal §ine tone while at the same time the levehef t
associated news stream was amplified by 10 dB. dpdication shows how the spatial audio’s support
for attending simultaneous information streamssieduin a context different from teleconferencirg t

one of simultaneous attending of news streams.

3.2.6 Dynamic Soundscape

Spatial audio has also been used for browsing aéxtdormation as in Dynamic Soundscape by
Kobayashi and Schmandt [62]. Document contents wmesented using synthetic speech, as if
metaphorically spoken by a speaker. The lengtthefdocument was mapped to a circular orbit around
the head of the user. In this way, apart from aatnten indication of content’s context was alsovied
by the location of the speaker relative to the 'sskead. Simultaneous speakers could be initiaied b
pointing at the desired location on the speakeit.drbthis way different parts of the document kbbe
accessed simultaneously. Three control options weesl: a touchpad, a knob and a gesture interface.
Gestures or the control device could be used tiaiaia speaker at a certain location on the autiit also
grab and reposition a speaker. To assist intelliyipdifferent timbres were used for each speak€he

system was not evaluated.
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3.2.7 Audio Hallway

Spatial audio has also been used for the creafiofirtoal audio environments as in the Audio
Hallway by Schmandt [104]. In this application,igtval 3D audio hallway that was augmented withesid
rooms was implemented. The application was targetedws browsing. The idea was to use the each of
the rooms off the hallway to present detailed neweerpts of a common category, while a user moving
along the hallway could obtain an overview of tlemtent in each room, in a fashion similar to a user
eavesdropping. Movement in the virtual world wastoalled by the user’s head. By moving their heads
upwards or downwards users were able to move baxk farth in the hallway, velocity being
proportional to the head degree motion. The systeam designed so that there was certain overlap
between the rooms so that the audio overviews &djacent rooms were concurrently audible to enhance
the browsing experience. Audio overviews were adeih version of the whole story. The hallway was
designed so that three audio overviews were heamhaimum. One was played in one ear and the rest
on the other ear, one displaced to the front areddisplaced to the back of the user. Users couigr en
room of interest by nodding their head towardsdinection of the room. When inside a room usersewer
able to hear the content of up to eight storiedy dour of which could be audible at the same time
depending on the direction of the user’s head. Stbees were presented in a radial pie menu int fod
the user’s head. In order to increase the separafidthe stories, a fish eye approach was usedhés
user’s head rotated a virtual lens moved acrosstidéo sources so that a small movement of the head
resulted in a greater distorted movement of thecasu Informal evaluation revealed that the hallywast
of the system was difficult to use, the most imaottproblem being that users could not browse
effectively when moving at high speeds along thiéuag. However, most users were comfortable with

browsing stories once inside a room.

3.2.8 Nomadic Radio

Spatial audio has also been used in the contextnadbile application in Nomadic Radio [103] by
Sawhney and Schmandt. Nomadic Radio is an applitdérgeted at supporting messaging in mobile
contexts. Output in Nomadic Radio is displayed gsspatial audio reproduced by shoulder mounted
loudspeakers and input is done by a command voagbuhrough a speech recognition interface.
Nomadic Radio offers two modes of interaction witbssages, navigation and notification. Notification
utilizes filtering and prioritization techniques determine the timely nature of information andifyahe
user in an appropriate manner. Notification leveldynamically scaled and adapted by inferring
interruptability based on user’s recent activityd azontext of the environment. The system utilizas a
algorithm to decide on the priority of an arrivimgessage based on a variety of information mainly
available in the user’s calendar, contacts andttistl This information is combined with usagedeand
an estimation of the likelihood the user is engagezbnversation to decide on an appropriate roatifbn

mode for incoming messages or phone calls. Thene weven notification levels that constituted a
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scalable auditory presentation method. Audio messagere formatted according to current notification
level. The formats were silence (i.e. no presemigtiambient cues, non speech cues, synthesizedtspe
previews, voice excerpts and foreground renderigetl on a spatial mapping designed to catch user’s
attention. Navigation allows users to actively bsewnessages via a synchronized combination of non-
speech audio, synthetic speech and spatial authaitgues. In navigation mode, the user was abdedn
through his messages with the aid of a spatialuay®ach message was played at a different locatian
circle around a user so that its time of arrivabwi@noted, with a certain overlap between intersags
onset times. The presentation level was set byske out of the ones available by the supporteldisiea
auditory presentation implementation. Informal eredilon showed the system to be usable, however the
command vocabulary was in certain cases difficaltramember. For this reason, a preview of the
available commands was also available. NomadicdRiadielevant to the thesis since it uses spatidica

in a mobile context. Indeed, the authors used yles &ee interaction spatial audio enables in #sgh

of an application for mobile users. However, cohtas not done using direct manipulation but rather

through an agent based approach built on a commagabulary using speech recognition.

3.2.9 Virtual Audio Guidance and Alert System for C  ommercial Aircraft Operations

Begaultet al. [9] investigated the effectiveness of spatial auftir the guidance and alert of
commercial aircraft operations. In an experimemtipipants were asked to acquire a visual targét i
help of a 3D audio cue that sonified the positibnhe visual element and a monaural cue that iredud
no information on the position of the visual targehey found that 3D audio improved the acquisition
time of visual targets, however it did not afféot number of targets acquired.

Bronkhorstet al. [22] investigated whether a 3D audio display caccesfully convey directional
information in a flight simulation scenario. Theged individualized HRTF's in an exocentric design t
sonify the direction and distance to a target aftciParticipants were tested in a flight simulatioat
featured a display designed to assist search. 3$istide display was either a visual display, ask@io
display alone, the combination of the 3D audio #ralvisual display or no assisitng display. Pavtcits
were fastest when using both displays, followed3y audio, visual and no display. However, the
differences among the 3D audio the visual and trahination of the two were not significant. The
results indicate that 3D audio improves the seasthvisual tasks, however the results were not
conclusive. A verification of the fact that spataldio aids the acquisition of visual targets wasrioled
by Boliaet al.[15].

3.2.103D Web Browser & WIRE

A more recent system using spatial audio was agrdntive 3D audio browser by Goose and
Moller [48]. In this system, spatial audio was usasl a tool to support browsing of web pages.

Presentation of audio information was done in tbeizZiontal plane in front of a listener. Document
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content was spoken out by a listener that was glaaectly in front of the user. Three differentices
were used for speaking out titles, normal textimkd respectively. At periodic time intervals therrent
position as a percentage of the whole documenttilemgs announced by a female voice positioned
appropriately upon a semi-circle in front of theudVhen titles or links were encountered an eavcas
played at an appropriate position along the senieiin front of the user to indicate the title okls
position in the document. Although interaction was explicitly considered in this design, a propgdea
sonification of link traversals was provided. A rgmeech sound moving from the original to the
destination position in the document was used Ha purpose. The sound followed a low trajectory in
front of the user for intra-document links and wilggg at a high trajectory for inter document teasals.
The system provided the option for a fast-pacedudmmnt preview or for selected presentation of
formatted document content such as links, headimgstructural grammatical information. The system
presented in this paragraph formed the basis ofwad system by one of the authors that used $patia
audio to enable web browsing for people driving][46 this system a commercial radio interface was
used, where stations corresponded to links to #es'sifavorite pages. The presentation was done by
speakers positioned appropriately on the sidekefitiver. For both systems no evaluation resuisew
presented. Goose also studied how accuracy ofitatiain varies along a semicircle spanning leftigit

in front of the user for egocentric presentatios. @an be seen in Figure 9, after about 45° and 135°
sounds tended to be perceived as originating flmrsitdes of the user. No details on the experirmasnt
given in the paper, however the results indicate the effective area where is limited due to the

localization problem.

Perceplible angle Curve perceptible te a human

180

&

Figure 9. Localization accuracy as a function of agle in front of the user, 0 and 180
correspond to extreme left and extreme right. It isseen that people tend to perceive sounds as

coming from the sides even when they originate frordiagonal directions, adapted from [48].
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3.2.11Active Localization of Virtual Sounds

Loomis [68] performed a detailed evaluation of #utive localization of virtual sounds. Active
localization refers to the process users orienngedves towards a destination based on localizaties.
The system was based on stereo cues and loudndateu communicate target position in space.
Auditory cues were updated in real time dependimgurrent user orientation and position. User jpmsit
and orientation was tracked by cameras. Users swareessful in getting close to the target, howdvey
had problems realizing that they were close enduaghe target. Distance update of sound sources was
found to be enough to enable front-back disambignainherent in stereo panning. However, an
elaborate model for distance modelling was usediaratidition the field of navigation was constraine
in a room. This study showed that audio cues afficemt to guide a user to a target however no
comparison was made to evaluate the effectiverfesavigation compared to other methodologies, such

as sight.

3.2.12Audio GPS

More recent auditory navigation systems rely on GRSking for user positioning. However,
problems with GPS positioning, mainly due to noiseyerage and accuracy pose certain limits to the
success of such systems. Hollatdal [57] developed AudioGPS. They used stereo pantungesent
target location and indicated front and back ugimag distinct sounds, a harpsichord for the frond an
muted trombone sound for behind. The system conld discern user direction based on the position
data gathered from the GPS device, because italidmploy a magnetometer to infer user directidre T
sound design capabilities of the system enablers uegoerceive eight positions in space, the ohéisea
four cardinal points plus four intermediate oneswdver, when more precision was required, the user
could match a ‘chase’ sound to the position ofribeigation sound to achieve better accuracy. Digtan
to the sound was communicated by the repetitiorogasf the navigation tone. When close to tardes, t
tone repeated itself quickly but when farther avilayepeated itself slowly. Alternative encodings of
distance included repeating the navigation tonéxedfnumber of times numbers indicating an actual
distance division. For example five clicks couldused to indicate 50m of distance. Informal evadtuat

showed that the system could be usable howeveitations in technology used hindered its usability.

3.2.13GPS Tunes

Another attempt in the direction of audio assistasligation was the one by Strachetral [116].
In this work an audio navigation system based emest panning was developed, however the audio
stimulus was music and distance was communicatied) tise loudness of the music signal. This system
is the first to provide audio guided GPS positignin a handheld device. Informal evaluation showed

that users were quite successful in using the sysighe sense that they could reach the desirgdtta
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3.2.14Diary in the Sky

In Diary in the Sky [121] by Walkeret al, spatial audio was used to test the effectivenéss
potential mobile calendar application. A comparis@s made with respect to the items recalled ctiyrec
after users browsed for the same time in the visaldndar interface offered in PalmOS and a spatial
audio calendar display that was designed by theoasit In the spatial audio interface the events of
certain day were presented using speech and $patiain a circle round the head of the user atetel
of his or her nose at a position that was variecbating to the time the event was programmed to
happen. Participants responded to questions theg designed to test the recall of the day’s evasta
function of the presentation modality. Users parfed significantly better when results were presente
using audio, compared to when they were presensegdyuhe visual interface. In addition, the audio

interface demanded significantly less subjectivekiomd compared to the visual interface.

3.2.15Monitoring Background Activities (Spatial Au dio Progress Bar)

In a study by Walker and Brewster [122], spatiadia was used for monitoring background tasks
in the (attentional) background. A spatial audiogoess bar design was given as an example. Thgndesi
consists of two sounds, a ‘lub’ component posittbirefront of the user that is used as a refereacd,a
‘dub’ component that is positioned on a circle ambthe user to indicate task progress. The tramafer
is encoded in the time difference between the ptaten of the two sounds. When the task ends
successfully two identical sounds are played imtfiaf the user. In the case of a download staly oimé
‘lub’ sound is played to indicate progress stalh éxperiment was designed to evaluate the spatéiba
progress bar design versus a standard visual p®ber design for participants immersed in a faneigd
visual task. According to the results, participawtre able to monitor background task progress more
accurately using audio, however response times netaignificantly affected by modality. Users were
able to progress faster in the foreground taskénaudio condition compared to visual one. Ovetlad,
spatial audio progress bar also required less stivgeworkload. In addition, this study showed that

participants were more sensitive in the audio dionlicompared to the visual one.

3.2.16 AudioDoom

Of considerable interest is the application of gppaudio in audio games. Audio games are a
relatively new class of computer games that useaoatal display the game environment and enable
interaction. In [70], Lubreras and Sanchez preseAiedioDoom, a 3D first person audio game for blind
children. AudioDoom works by splitting the navigatdpace into small atomic environments. Atomic
environments define the minimal scenario of actioa given moment. While in an atomic environment,
the child can interact with entities at differemtxels, this is areas around it. The linear connectif the
atomic environments was used to define a corriNanigable space is organized into several corridors
giving a semantic and argumentative connection dfyperstory and the space. The corridors are
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modelled as contexts and the doors as links. Thld cbuld perform a number of activities, to move
forward to the next atomic environment by takingt@p, to open a door, to make a turn and to interac
with an entity in a certain way. Interaction withtiées was performed by either picking up objemts
shooting at enemy creatures represented with solhdduation of the game was performed by asking
blind children to navigate and interact with the ZDdio environment and consequently build a
representation of the environment using LEGO blodkse results showed that blind children could
sufficiently reconstruct the 3D audio virtual wortldey were experiencing in the game, indicating tha

spatial audio is an effective means of communigagipatial information also for the visually impaire

As a summary, the design studies in the literataveal that spatial audio systems are useful in
tele-conferencing systems because they enhandégibiity of simultaneous presentation. They also
show that spatial audio can be successfully usemwey background information for users engaged in
visual tasks. Interaction in exocentric interfacess found to be slower that in egocentric ones. In
addition, it is known that users have a problem ingnto exocentric spatial audio targets and theynoa
experience fast closure when asked to identify tivey have reached an exocentric audio targetllfzina
the perceptual impression of the direction of ansbilnat appears on diagonal directions is biasedris

the sides of the user.

3.3 Summary of the Design Choices in Spatial Audio Displays

In this section, design choices in spatial audispldiys are identified based on the literature
review. The design parameter space can be segmémiedthe parameters related to the spatial
arrangement of the display and parameters relatéldet presentation of the display. With respedh®
spatial arrangement of the display the relevanigdgsarameters are each element’s orientatiorantist
and motion. All these parameters can be defindeeielative to the user (egocentric design) aativgd
to the world (exocentric design). These aspectsbheaseen individually for each display element afi w
as in relation with the rest of the display element

Other design parameters include the semiotic magptinat will be used for display presentation,
which can be in the form of auditory icons [43]rams [13] and speech [99]. Although this aspect of
display design is not within the thesis contexshart overview of signs for auditory display is yiced
in Section 3.8.2. Finally, intra-display elemenffetiences can result as design choices, a facofferts
another field of choice for the designer. Suchedéhces can be the amount and the nature of tie&r@pe
overlap between display elements, relationshipsvden their inter-onset intervals and relationships
between their individual properties such as thiythhm, pitch and register and the rest of the nalisic
listening related properties. These should be densd from the point of view of display intellidiity in
context with auditory scene analysis [16] but dats@onjunction with aesthetic aspects. Due to #et f

that the thesis is dealing with the design of po@interactions and how these might affect thetiapa
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arrangement of the display, it does not explicitbnsider design options related to musical or elayy
listening and speech processing. Such optionsgertant in their own scope, in the context of tugi
scene analysis [16], and need to be individuallgsatered. However, they are out of the scope of the
thesis and apart from referring to them when relevhe thesis does not attempt to disambiguate the

related issues.

3.3.1 The Effect of choices on the Spatial Paramete rs of the Display Elements

With respect to orientation, distance and soundanpthe design choices have to be made in a
way that no intelligibility deficiencies are encdered in the display and interaction with the dagpl
elements is usable. The relative orientation of digplay elements to the user can lead to serious
problems if the phenomenon of confusions is enayedt As was discussed in Chapter 2, a major
shortcoming in state of the art virtual audio sgstéas confusions with respect to elevation andtflatk
direction of a sound event. Attempting thereforetibse such a cue will result in a large numbkcases
where users will be confused with respect to theadirection of the sound, a fact that will resol
increased interaction time and user frustratiopeeilly when they are not familiar with the digpl&or
this reason, elevation and front-back cues have titke used in applications based on spatial audi
displays. Most designs are confined in the fromtalthe whole of the horizontal plane. Although
front/back confusions might appear in that casevelf informing users that elements lay in the fedn
direction, forces them to utilize azimuth cues pag less attention to the front-back cues.

The alignment of the sounds in the display is doméwo main ways. One follows a circular
approach where sounds are placed on the circuntiergiha circle at the level of the user’s earsthia
design elevation cues are not used, but in somesdasnt back cues have been used as in the work of
Brewsteret al [19]. It is the case however, that most of theligs are confined to the frontal horizontal
plane. An optional design has also used the frdmbaizontal plane however, sounds were placed in a
straight line in front of the user [48]. The mapblem with this design is that the distancehef$ound
to the user becomes larger as sounds appear @idéwand for this reason sounds to the sidesase |
loud than the ones appearing in front. Compensdtinghis effect will essentially result in the cidar
impression that has been discussed earlier irptrisgraph.

The absolute orientation of the display elemengs alffects their spatial separation. The spatial
separation of the display elements is a designnpeber that is influential both in terms of inteiant
performance as well as in terms of display intédiigy. Literature on the Cocktail Party Effect][4
reveals that the intelligibility of audio displayements is increased with their spatial separation.
addition, the spatial separation between displaynehts defines implicitly the target width that kcbbe
allocated to elements. It can be inferred from ¢hiests that when display elements are placed ¢twse

each other, intelligibility as well as interactigmoblems could emerge. It is therefore of intertest
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investigate this issue in detail to understand affects of the aforementioned parameters. Such an
investigation is undertaken in the context of thests in Chapter 7.

Distance and sound motion are design parametershéva not been used extensively in spatial
audio display design. With respect to distance, régson for this is that it is hard to make absolut
judgements of it, especially for unfamiliar sourcas was discussed in Chapter 2. However, its s
in implying the relative proximity to a sound evdras and could be used in navigational studies) asc
[116]. The situation with sound motion is similéncreased localization errors have been observed in
sound motion studies, a fact that implies thatugefulness might emerge from its attention grabbing

potential rather than from its localization projest

3.3.2 Egocentric vs. Exocentric Designs

Due to their spatial nature, orientation, distaaod sound motion can be defined in two frames of
reference, relative to world and relative to therus$f users and sources are considered mobileysbd
frame of reference is also implicitly affecting hole display will appear in the other frame of refee.

For example, if display elements are defined iixedf position in the earth coordinate system, daiton

and distance of a sound relative to a mobile wsér such a case changes as the user moves. ©thére
hand, if the sounds were defined fixed in the ssedordinate system, the result would be that they
would appear as moving together with the user e wlorld coordinate system. These ends appear to
define a design continuum that spans from exoaeritri egocentric. In between, different design
manipulations can be performed, for example a desigf an exocentric display might choose to digpla

in real time the orientation of display elemenatigle to the user, but not the distance as in {B7jice
versa Such decisions are dictated both by the apptinarea but also by the perceptual aspects relevant
to the intelligibility requirements of the display.

Egocentric displays are more suitable for intemacthat has a repeatable pattern, like interaction
with lists or menus because display elements avayal in a fixed position relative to the user ahdst
they are easy to remember and acquisition time irinrmzed. Therefore, they are quite suitable for
displays designed to follow a direct manipulatigpet of interaction. Such a design is also paridul
useful for mobile users. When mobile, users chamgentation often and thus keeping the display
elements fixed to them would help them to rementbeir positions and preserve their interaction
patterns.

In exocentric displays, display element positions apdated in real-time relative to the user
orientation and appear to be fixed to the worldo&entric presentations are quite useful for asgjsti
navigation tasks either in virtual or real world$ie applications presented in Sections 3.2.7, 3.arid
3.2.13 are examples of exocentric displays. Thaimnbenefit is that the presentation in such digpla

implies that the audio information presented lieshie world outside the user and for this reas@n th
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sound it emits comes from a different direction efeging on the orientation and distance relation
between the user and the sound emitting event.

In an exocentric display, the audio scene is upatereal-time based on the orientation of the
user relative to the direction of the display elatse Such a technique is usually implemented uaing
head-tracking device that provides the orientatibthe user’s head and this information is delidete
the spatial audio engine, which updates soundipnsiin real time. As a consequence, a sound shat i
defined to be to the left of the user will appearirafront when the user’'s head is facing left.rirra
sound localization point of view, active listenihglps to alleviate up/down and front/back confusion
sound direction. However, its effectiveness on liaation accuracy is small if any, (see Chapterljs
the case however, that such a cue can theoreticaiove accuracy if used in the appropriate way. F
example, a user interacting in such a display camenuntil the sound appears to be in front. Thi®ac
is quite beneficial from an accuracy point of vieimce sound localization is most accurate for seund
front of a user. Improvements in selection accuamld therefore be expected when such a techngque
used. On the other hand, the need for continuaitsiyding to the available orientation cues migisuft
in selection time deficiencies. The strength o teffect can vary with the extent to which the user
required to use the real time updated orientati@sc

In an egocentric display, sound position is fixedthie user and thus in such a display one can
expect that localization accuracy will vary wittetposition of the display elements. In additiorghsa
display is prone to confusions since no mechanisovercoming this phenomenon is provided. For this
reason, localization accuracy in such a displaylevte lower. On the other hand, due to the reltive
simple nature of the display, interaction is expddb be fast, if it is not influenced by errorasad by
the localization problems.

Finally, an egocentric display is ‘light’ in terne$ computational requirements. In fact, there is no
even the necessity of a spatial audio engine. Séiles] can be HRTF filtered off-line and then rad
as simple wav files. On the contrary, an exocemti$play is computationally heavy as the sound ecen
has to be rendered at a very fast rate if the réstd be convincing. In addition, there is thgquieement
for user tracking so that relative position ancentation towards the display elements is monitohed
virtual world such an issue is not necessarily@am. However, in the case of applications for iteob
users, there are limitations in commercially au#éaracking devices (such as GPS) that might lusér
satisfaction. However, when considering the impletaton of such schemes in low computational
power mobile devices limitations emerge. One sofutdb such a problem has been proposed by Goose et
al. [47, 92]. The idea is to use the expanding natvinfrastructure to stream audio to the devicbschy
will then act as content reproducers. Such an opsi@n interesting one to consider when the upddée
required is not limited by the bandwidth and perfance of the network infrastructure. However, & ha

to be evaluated in order to understand the linfigsuch an implementation strategy.
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3.4 Reproduction

Decisions on the reproduction options in spatiadiawlisplays are largely made based on the
target application area. Reproduction using loudkess is a viable option for users that are exjgetde
interact with the display outside a formal sociahiext and where user mobility is confined to small
areas. Possible application areas would includeehemtertainment systems, driving situations andeff
environments where only one person would interaith the system. Alternatives include loudspeaker
systems that can be mounted on the shoulders afséreas is discussed in Section 3.2.8. Although su
systems allow the user to move freely, the probtdéroperating them in a social context has not been
solved.

Headphone reproduction is a viable alternativeitsmdpplicability is high due to the large number
of people who use headphones, especially when emmitve but also on other situations. Headphone
reproduction provides good spatialization qualitg ahe large number of headphone types availalile su
all user styles. However, the major disadvantageeafiphone reproduction is the fact that it mayuolec
the natural audio environment from the user, ataat is important when people move in the reallevor
The problem can be partly alleviated by using opwadphones. A number of more promising
alternatives include bone conductance reproductiod monaural presentation. A more thorough

discussion on the issue is provided in the cordéExperiment 3 in Section 7.3.

3.5 Control

The main control options that are found in therditure of interacting with elements in spatial
audio displays are gesture control (either thropigysical movements or virtual pointers controlleihg
hardware devices, like knobs or mice), and corticdbugh a command dictionary recognized through

speech recognition software.

3.5.1 Gesture Control

Gesture control is particularly relevant to thesthesince it forms the basis of direct manipulation
interactive systems. Gesture control can be acdsehgul either solely based on pointing and dragging
actions or based on a richer gesture vocabulatyctra be used to provide higher level control opgio
The former case is the simpler and has been primvée quite effective in direct manipulation syssem
in particular in controlling the desktop metaphGesture vocabularies could provide faster inteoacti
For example, to delete a display element a delestuge could be performed while the item is in &cu
instead of dragging the item in the recycle binwidweer, remembering gestures from a vocabulary is a
cognitive operation that requires frequent use Beadning. In addition, gesture recognition systems
require training to achieve high recognition rafes complex gestures, due to the fact that there is

substantial variation in the way gestures are pewo by people.
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In this sense, one can speculate that as the sizehe complexity of the vocabulary increases
usability problems might emerge. On the other handple pointing and dragging gestures are easy to
recognise and are performed consistently for latgeses of people. For this reason, the thesissés
on simple gestures and examines pointing-basedatitens. Another reason for this choice is that th
elemental pointing-based interaction is the fouiotabf any direct manipulation system and needseto
resolved before more advanced gestures can belimted into the system.

Finally, another argument for the using gesturethnthesis is that they can be easily performed

when mobile based on kinaesthetic feedback, aisésisked in Section 8.3.

3.5.2 Control through a Speech Recognized Command V  ocabulary

A proposal for spatial audio display control, thats done in the context of the Nomadic Radio
application by Shawney and Schmandt [103], is tfatontrol through a command vocabulary that is
recognized by a speech recognition engine. Thentgabh has its merits, however its main disadvargtage
are the fact that training is required for the sheeecognition engine to work and in addition, the
recognition rates might be not satisfactory whem diistem is operated in a noisy environment such as
for example, when a user is mobile. In additiorerasnight feel uncomfortable with such an optiomin
social environment. Finally, such a solution is deding from a cognitive point of view since a uksas
to remember the control vocabulary at all timese &hthors recognized this shortcoming and provated
option for command vocabulary playback in theirtsgs However, such an option is not efficient in
cases where the system is not used frequently tiedack of support for active exploration mighider

their usability.

3.5.3 The Control Option chosen in the Thesis

In the thesis context, gesture control is the naggiropriate. This is due to the scope and the
application areas in which the system is expeaiddriction. The direct manipulation paradigm reles
fast and accurate pointing actions that are a fofrigesture control. In addition, the applicatioerathe
system is targeted to is mobile human computerant®n, due to the ‘eyes free’ nature of the digpl
Gesture control is a natural solution in mobileteats due to the fact that gestures can be perfbeyes
free based on kinaesthetic feedback. The thesis foptphysical gestures rather than the stylus dase
control that has been commonly used in mobile castéhe reason for this is that stylus based obntr
has been found by Pirhonen al [93] to be harder to perform when mobile compai@dontrol using
physical gestures. In the literature pointing taliautems has been performed using hand (see 8ectio
3.2.1,3.2.6,3.2.4), head (see Section 3.2.7,3@3jirtual pointers (see Section 3.2.6). Howevée t
different control options have not been evaluatgairest each other. In addition, the usability ohtsyd

audio target acquisition using gestures has nat beamined.
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Gesture recognition is done through tracking desricuch devices can track attributes such as
position and orientation, as well as velocity armtederation and this information can be used for
recognising movement patterns that correspond ttuges. Such gestures can be as simple as the
direction of pointing, but can also be comprisednigre complex movement patterns. Until recently the
technology behind such tracking devices requireckdvicontact with base stations, a fact that greatly
hindered their use in contexts such as mobile cémgpuDue to the fact that such technologies astlus

in the thesis a review is provided at this poiritttan be used for future reference.

3.5.4 Tracking Technology Alternatives

A tracking system that has been widely used is Rbthemus Fastrack [94]. It works using
electromagnetic tracking and thus it functions ewdien obstacles exist between the device and & us
It provides six degrees of freedom, cartesian atational coordinates. However, it does requireaseb
station and on top of that a cable connection betwbe device and the base station. Users can move
however within reasonable distance from the bastost due to the large cable length; however this
characteristic of the device makes it inapproprfatdarge scale experiments with devices on th@ano
On the other hand, the device is very accurateraasonably stable. Another advantage is the fadt th
the device offers the possibility to control upféair trackers simultaneously, thus giving the opyaity
to track several parts of the body at the same.tithe Polhemus Fastrack system is depicted in Eigur
10.

Figure 10. The Polhemus FastTrack System

Other tracking options include the Intersense tra@rdevice [58]. This is a very small portable
head tracking device, working by means of inedihsing, that is able to provide 3 degrees of oeed
that can map to the orientation of the head. Atgadaantage of the device is that it is USB powered
does not involve the use of a separate statiorre@fegence unit. This means that the device coeldded

on the move, when appropriately plugged to a wdarabmputer. Unfortunately, the readings obtained
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from the device are not stable to the point whesedliability is compromised. A picture of thisviee is

illustrated in Figure 11.

Figure 11. The Intersense Intertrax tracker

Another tracking possibility is a device that canworn on the user’'s hand such a virtual glove
[101]. These provide information of the positiordarientation of the user’s hand as well as thdyves
of the fingers. In this sense they can be use@dongnising grabbing gestures, pointing gesturessand
forth. However, these devices also require a wicednection to a base station and for this reason
although useful they are not considered appropifathe context of the thesis. An example of such a

device is the P5 glove that is displayed in Figlee

Figure 12. The P5 glove

Finally, a tracking device that was found to beusate and reliable enough for the investigations
that are undertaken in the thesis is the MT-9Bkeadrom XSENS [133]. The MT-9B is presented in
Figure 13. It provides static accuracy of less thaand its dimensions are 3x3x3 cm.
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Figure 13. The MT-9B tracker.

This device works using a combination of inertrahgnetic and acceleration sensing and provides
three degrees of freedom orientation measuremenigell as acceleration and velocity estimationa at
rate of up to 100 Hz. It can be connected to a al@arcomputer through a cable, is powered from
batteries, it is very light and small enough toifiside a user’s palm, and does not require ang bas
station. In this sense such a device is perfecti®rexperimentation that is done in the thesisfanthis
reason it is used in all experiments chapters dpant the first that is presented in Chapter Sthie first
experiment a Polhemus Fastrack device has beerduset the fact that the MT-9B was not availalile a
this point. The Polhemus device has the reliabitdguired, and due to the fact that mobility was
constrained in the first experiment it providediable solution. For the rest of the experimentatis,
in particular the one in Chapter 8, the mobilitipalances of the Polhemus system would not suffice f

the experimental task.

3.6 Application Areas

As can be seen in the review, spatial audio has Ipeenarily used in three contexts: desktop
computing, virtual reality and mobile human compum¢eraction. It was used either as the sole meéns
display output or supplementary to visual inforroatdisplay. In desktop computing, spatial audio has
been used to enable users to effectively monitakdr@und activities while occupied with a visual
foreground task. The rationale for using spatialiaun this domain is the omni-presence of our mggar
sense that alleviates the problem of occlusion ihatommon in vision. In addition, certain propasal
have been made for the creation of auditory dinezhipulation interfaces where interaction with gdat
audio display elements is done in a fashion simtitathe way it is performed in visual displays. Buc
systems enable users to interact with menu strestior example and also create audio desktopsamat

be manipulated based on pointing actions.
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In the context of virtual reality, spatial audioshdeen mainly used to either enhance the
experience of interacting with a visual virtual ligedisplay but as well to create virtual auditosprids.
Virtual auditory worlds can be used as a meansrésgnt information in space but also to provide an
environment for supporting a gaming experience.ti8paudio displays have also been proposed for
mobile human computer interaction, because thevigeoa portable and eyes free way to interacthis t
way, users can navigate freely in the environmehmiteninteracting with a system that where output is
done using audio. The main application areas ofialpaudio displays are presented in Table 1. It is
worth noting that some of the applications were ddsgeting the visually impaired community, howeve
this application area is out of the context of tthesis.

An issue of particular interest in all applicatiorss sound design for display presentation.
Application designers can choose between speecimamdpeech sound, the choices not being mutually
exclusive. This distinction is rather fundamentabudio display design and decisions on which tgpe
support for each type of display output are pritgamade based on the application domain and the
interaction type that the display is designed fopsut. This issue is treated briefly in Section, 3i@ce it
is outside the scope of the thesis.

Desktop Virtual Reality Mobile HCI
Teleconferencing MAW - [27]
Monitoring [122]
Direct Manipulation | Dynamic Soundscape [62] Audio Hallway WIRE [46]
3D Web Browser [48] [104]
Audio Streamer [105]
Grid Menus [102] Pie Menus [19]
Audio Games AudioDoom [70]
Messaging Nomadic Radio [103]
Navigation AudioGPS [57]
GPSTunes [116]

Table 1. A summary of application areas for SpatiaAudio Displays

The number of application areas supported by dpatidio displays is limited. This is due to the
fact that spatial audio reproduction technology baly been made available commercially in the past
decade and became available for desktop and mabiteputers more recently. Application areas
considered so far include mainly, news, radio amcuchent browsing, messaging, supporting navigation
in real and virtual worlds and interaction with auchenus.

The designs are, with few exceptions, simple antheabe thought to account properly for the

design space. Spatial audio display design hadewt examined in detail. No coherent proposald exis
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for frameworks that can support application develept. Most designers resort to a trial and error
approach that potentially is not rewarding in terafsusability. There is a lack of comparative and

evaluative studies to provide recommendations @igdeand indicate the benefits and shortcomings of
interaction with sound. In addition, there is as ye body of research on the appropriate areas for

applying spatial audio in application design.

3.7 Implementation Issues

The implementation of a spatial audio display asctontrol is dependent on the application area
the display is targeted to. In any case the mampmments of a spatial audio display are the audio
spatialization engine, the control algorithms, gwmundscape update system and the event handling
mechanism. These subsystems can be computatiateihianding due to the large number of real time
operations that are necessary. However, it is plesg constrain the computational demand by design

The least computationally demanding situation & thihere the display is based on the playback
of wav files which are presented in an egocentr@nner. In that case, signal processing can be
performed off-line and there is minimal demand oargiscape generation. The system however, should
support a mechanism for changes in the positidheflisplay elements, based on user demand, irhwhic
case re-filtering is necessary to present the aysplement from its new location. Such a systemlmn
implemented in contemporary, low computational polgndheld devices such the iPaq [56] or wearable
computers.

In the case of a large scale exocentric systemeterywhere sound positions have to be adjusted
in real time with minimal latency, faster systenugls as laptops or desktop computers are required or
dedicated hardware connected to a low computatipoaler device. Unfortunately, such connectivity
options are not readily available in handheld deviand therefore such an option is not common.

If, in addition, the soundscape is generated ihtee using sound synthesis algorithms, then the
computational demand is further increased. Theofismund synthesis algorithms in display generation
can prove particularly useful since they providdiays to adjust certain parameters of display elgme
in real time. For example, it is possible to altez pitch or timbre of a sound or add reverberatma
certain element. Such options can be particulasgful for providing feedback as well as for minimg
the memory requirements of the display. Sound ®gishalgorithms model sounds based on sets of
parameters that require significantly less memamgared to storing a sound in a wav file format. In
addition, the parameters are easily manipulatechémge the timbre and pitch of a sound as weltsas i
loudness. It is also quite common that the paransgace can successfully represent a large vaofety
timbres. Opting for a sound model for soundscapeiggion minimizes therefore memory demands and
provides an easy and consistent solution for piogidfeedback. The downside is increased

computational demands that might result in thisitsmh being unfeasible in certain contexts.
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To conclude, if the display is to be used in norsiteosituations, such as an office environment,
then there is no particular limitation in computatl demand. The extent to which spatial audio
applications are superior to visual ones is howeladratable and until research is published on cross
modal comparisons no definite answer can be gitwever, in mobile situations rich exocentric
displays and sound synthesis algorithms are otihefpossibilities of contemporary handheld systems.
An alternative option in these cases is the ongaafrable computers. Alternatively, The designesuach
cases might wish to compromise display complexdyathieve a solution that works well in low
computational power device. It is however the dase as technology improves more complex display
arrangements will be possible to implement in hatdiland wearable devices. This argument justifies

research investigations into more complex spatidiadisplays.

3.8 Identifying the requirements for supporting dir ect manipulation

Most of the applications that use spatial audiob@®ed on the Audio Windows metaphor [27, 28]
in which sense they are trying to apply direct rpatdtion in the audio domain. However, there is no
scientific background on how and whether the dimemnipulation principles could be applied in the
audio domain. For this reason this section invastiy the requirements for supporting direct
manipulation and examines to what extent these haga verified to be supported by our hearing sense

Direct manipulation emerged as a solution to thebjgm of how to present the interface
affordances, mappings and constraints so that id eainceptual / cognitive model is supported and
interaction flow is not hindered. Interfaces toteyss that are designed based on the manipulatidg an
browsing interaction model are classified as direahipulation interfaces [111]. Direct manipulatisra
term coined by Shneiderman in 1982 [113] to déscrxisting successful systems. According to
Shneiderman,these systems all had rapid, incremental and rébleractions, selection by pointing and
immediate feedback (100-millisecond updates for adtions). An integrated portrait of direct
manipulation is given in [111] and it includes:

Continuous presentation of the of the objects actibras of interest with meaningful visual
metaphors

Physical actions or presses of labelled buttorte&usof complex syntax

Rapid incremental reversible operations whose effeacthe objects of interest is immediately
visible

The objects and actions of interest in direct malaifion interfaces are rarely the actual system
entities. Instead the interface builds on metaphisesd to create virtual objects on virtual platferim a
convincing manner. The metaphor is the basis ofctirceptual model the user forms of the system as
this emerges through the perception and interpoetatf the perceivable aspects of the interfacether

words, the conceptual model is of symbolic natlm&eraction is performed in the symbolic world that
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according to direct manipulation directives mustdasigned according to familiar paradigms so that i
supports familiar actions.

According to direct manipulation directives, usirteract with the virtual objects in a way akin to
the one used to manipulate similar objects in &a world. The most fundamental interaction modes a
therefore analogies to physical actions used irghéworld such as pointing and dragging and dirapp
Using these interaction modes, it is possible tootke user interest on a certain interface elementedl
as to rearrange the metaphor space to suit theidiodil needs. Of critical importance to the sucadghe
design is the provision of feedback. The role efifeack is to close the loop between the metaptamesp
and the users and to allow them to perceive the sfahe display as this is emerging out of thicomes
of their actions. In this way it enables usersdoomnplish their goals.

The success of direct manipulation is to a bigrxtieie to that it enables people to deal with task
execution problems at the perceptual, rather thancognitive level, by taking advantage of peraepti
action mappings indicated by the environment rathan asking them to perform analytical problem
solving [100, 119]. This is due to the fact thatgeptual processing is fast, effortless and prosaed
parallel whereas analytical problem solving is sldaborious and proceeds in a serial fashion. Such
observations came out as the results of experimehere participants dealt with the same simple
problems in either a perceptual or a cognitive wagswers that resulted from perceptual processing
were close but not exactly correct with performaeghibiting small standard deviation [106]. On the
contrary, when analytical thinking was used, exatdwers appeared more often, performance however
(i.e. both in terms of time to arrive at the angvexthibited much higher (ten times more) deviatibhis
is because analytical thinking can lead to big akiss if a wrong path to solution is taken, however
perceptual criteria depend on observations andepaxd analogies that are experienced in a consisten
way across groups of people as psychophysical ndseadicates. Consequently, behaviour based on
perceptual and cue-action mapping skills can ba tertain extent predicted for a wide class of the
population whereas the same is not necessarily winen analytical problem solving is concerned.
Furthermore, behaviour at the perceptual level imesoautomated by repetition thus resulting in &lkig
efficient way to deal with problems that reappear.

This rationale is behind modern interface designthie sense that it encourages exploratory
learning and goal accomplishment based on perdepiea that guide action. Exploratory learning refe
to the process of learning a system’s functionddityexploring its functions. The conceptual modethe
interface emerges as the result of a successflbmetpry learning process.

Based on the aforementioned discussion it is plesdi pinpoint the most important human

abilities that are used in interacting with dire@nipulation interfaces:
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space perception that enables us to differentiat@een display elements

motor skills that enable us to integrate extermmlwell as kinaesthetic feedback to reach a
desired position in space

the ability to use semiotic information to createceptual models assisting us to comprehend an
interactive system and form appropriate goals

the ability to engage in a closed loop and intdrpine feedback provided by the interface to

evaluate our actions and validate our conceptualainof the system

Space perception enables us to perceive the diffegatial positions that have been allocated to
the different display elements and associate theepad display elements in relation with their tigda
location. Motor skills, complemented by externafj(evisual) and (internal) kinaesthetic feedbacatda
us to reach a desired location so that we can ecqund manipulate an element of interest. Our tadsili
in comprehending and producing signs enable usféo the association of virtual objects in the rpatar
space to their functionality and subsequently deadd the relevance of the objects with respecturo o
current goal. The ability to act in a closed loopd®a of behaviour results in an engagement with the
system and facilitates an exploratory mode of liearn

Most direct manipulation interfaces are visual.sTisi due to the fact that our visual sense is self
sufficient in terms of space perception, adequatsupporting aimed movements and quite powerful in
depicting and capturing symbolic representations atfjects. However if one considers the
aforementioned requirements of direct manipulatierfaces it is possible to infer that these skiflight
also supported by audition [85]. This fact led e tevelopment of auditory direct manipulation viahic

was conceptualized under the notion of ‘Audio Wiwdb The next section presents the concept.

3.8.1 Auditory Direct Manipulation

Based on the directional nature of hearing andability to process auditory symbolic information
Cohen and Ludwig proposed Audio Windows [69]. lastef spatially positioned icons Cohen & Ludwig
proposed to use spatially positioned sounds. Thepgsed manipulation of the audio elements to be
done using pointing based manipulations either utjnophysical gestures or by using virtual audio
pointers controlled by a hardware device. The fjnaroposed that feedback should be given using
perceptual audio operators that slightly changendsuas a result of a certain signal transformation.
According to Coherthe idea is to create a just noticeable differénem acoustic enhancement that is
noticeable but ignorable, unambiguous but unintres{27]. According to the proposal such feedback
can be provided by filtering, echoes, reverberatioequalization.

The proposal of audio windows was associated witsleconferencing scenario. The application
of the concept in a more general context that intlude the use of iconic information has not been

evaluated. This is a major issue considering tliact application of the principles of visual diapl
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construction in the audio domain is often not felesand results in unusable systems [63]. The reaso
for this can be sought in the differences betwe&iorn and audition. These differences include
limitations in localization accuracy, the temponaiture of sound versus the spatial persistent @aitir
visual stimulation, the limitations on the numbéparallel information streams that can be proctdse
our auditory system due to the phenomenon of mgskna the ambiguity in the judgement of perceptual
qualities of sounds such as pitch, loudness, lenlerberation and so forth. The development of
successful direct manipulation spatial audio systevhviously requires further research. The major
research issues include:

the adequacy of auditory localization as a feedlzhenel to support aimed movement tasks

the development of symbolic auditory informationdats ability to support metaphors

the adequacy of auditory symbolic information ipgarting complex interaction tasks

the adequacy of auditory feedback as an indicdtthieosystem and elements state in a complex

audio environment

the formulation of evaluation methodologies for etjve comparisons on the aforementioned
issues
Of the aforementioned issues the only one whenme tisea body of research is the development of
symbolic information for auditory display. The tiewill focus on the first two of these issues.

3.8.2 Auditory Signs

The formal study of signs requires a classificatiomvever the plethora of signs can easily lead to
a rather daunting list. For this reason, a diviskased on the level of arbitrariness of each siggn i
commonly used that uses three main categories f@gprding to this division a sign can be:
Symbolic, denoting a fundamentally arbitrary relaship between signifier and signified that

has to be learned

Iconic, denoting a relationship based on the rédamee of the signifier to the signified that can

be directly perceived

Indexical, denoting a relationship that can be tkxhdoy the signifier through a inference
process
Gaver [43] tried to transfer the notion of iconieneentions for sign construction into the audio

domain. Gaver’'s terminology is slightly differembin one used in semiotic literature and he refers t
signs as perceptual mappings, used to enable yperteive the model world of the computer (the
metaphor used to present the computer). He cladgiérceptual mappings into symbolic, nomic (Icpnic
and metaphorical which as can be seen in Tabls &,rephrase of the terminology used by semiotics.
Blattner [13] also proposed certain methodologiesreate auditory signs. Although not directly refey
to semiotics (Blattner refers to Marcus [79]), Heoasubdivides sign mappings into representational,

abstract, semi-abstract. Blatther does not refexcty to the notion of signs, he thinks of all skesub-
54



categories as icons. Blattner’s icons are essbntidlat semiotics refer to as signs, a fact thaessally

reveals the analogy between semiotics and Blattraard Gaver’s definitions.

Sign Divisions
Gaver Blattner Semiotics
Symbolic Abstract Symbolic
Metaphorical Semi-Abstract Indexical
Iconic Representational Iconic

Table 2. A summary of views on sign divisions andce associated terminology.

In looking for signs for auditory display, reseagch utilized the abilities of human auditory
perception. From a psychological point of view, ity pattern recognition enables humans to perform
three listening modes: everyday listening, muslsdéning and speech processing. Musical listening
refers to attributes of sound (pitch, timbre, rimthdynamics) and their interplay per se, whereas
everyday listening refers to the process of listgnior the hearing attributes of the sound genegati
events. To give an example, the process of undelisig that it was a wooden door that just closed
behind us is one of everyday listening while thecpss of observing the pitch interplay between two
musical instruments is one of musical listeninge&h processing refers to the particular process of
auditory pattern recognition that enables us tagige and process speech.

It should be mentioned that the distinction betwéstening modes is not one of the physical
auditory event; it rather refers to the listeninperience and is therefore of psychological nat8igns
for audio displays are derived from the pool of pattern recognition potential and can be clasbiéie
speech sounds, auditory icons [43] and earcons [13]

Sound design based on auditory icons is a methggdlmt builds on everyday listening and uses
iconic and indexical mappings for the creation aflitory signs. Objects in the display are assigned
physical properties, like material, size etc andemwhnteraction with the objects is performed a
corresponding sound is played. The methodology axeated to supplement visual displays with sound,
covering an important design gap of that period.

Earcons provide an alternative design methodologget on structured musical listening. The
design elements for earcon design are sound atglas these are experienced through musicalifigten
timbre, pitch, rhythm, register and dynamics. THerementioned parameters are manipulated for
creating earcons. There are two main earcon caesgoone-element and compound. One-element
earcons may be digitized sounds, a sound createdsggthesizer, a single note or a motive. One-eh¢m
earcons may be used to represent simple, bastwnamonly occurring user-interface entities sucheas k
clicks, cursors, or selection mechanisms, commmr enessages etc. In this way a primary set ofogerc

is created that can be used consequently to cceatpound earcons. Compound earcons are essentially
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used to provide feedback for more complex displpgrations. Three construction methods exist for
creating compound earcons, combining, inheriting ransforming. Combined earcons are created by
placing two otherwise existing earcons in successidsing inheritance operations hierarchical earcon
families can be derived. Blattner proposes to useitched rhythm for the most abstract level, fokal

by pitch, timbre and finally register and dynamiasthe different levels of hierarchy. Earcons haeen
extensively evaluated by Brewster [17, 20]. McGooJd0] proposed using spatial audio to improve the
comprehension of simultaneously presented earcons.

Sound design based on speech, is a methodologyesssntially uses symbolic, linguistic
mappings. Such a design methodology is very powsifice any type of meaning can be presented.
Speech based interfaces have been successfullyiruggérfaces for blind users, for a thorough esvi
the reader is directed to the book by Raman [98E Tationale for using speech in an audio disptay i
essentially the same as using text in a visualaysispeech is useful as a supplementary tool voltieer
types of auditory signs do not suffice and is esakfor the presentation of documents containing
linguistic information.

Overusing speech will however result in an annoydigplay. It is worth noting that the time it
takes for a spoken message to be said increadesheitength of the message, therefore over-utitina
of speech in an interface may result in slow infation presentation. Iconic and Indexical auditagns
however, are quicker to present and if successfidlsigned faster to perceive and interact withthis
way, they can carry information in a more efficievdty and for this reason they can be used for imgjld
the display core and basic metaphor. However, ih&grpretation can be ambiguous and therefore thei

usefulness might be compromised in situations whlamity is of critical importance.

3.9 Discussion

The review provided in the beginning of this chaptveals the state of the art in spatial audio
display research. Judging from the number of appba areas that spatial audio has been applied it
possible to conclude that although the field is newas great potential. Spatial audio could play a
important role in fields such as users with vismgpairment, virtual reality, mobile computing ansl @
feedback channel for visual systems. Certain met@phuch as time to space and the metaphor of a
spatially positioned speaker speaking out documeane been found to be supported by this modality.

It is however, evident that the development sdhés been based on the intuition of the developers
and few research results into the design of spatidio displays are available. These findings can b
summarized in that interaction with an egocentigpldy is faster compared to that in an exocenthiat
spatialised audio assists the perception of simetias speech streams in teleconference settinggand
that exocentric spatial audio can be used to asaisgation tasks, however increased homing times a
commonly observed. These findings also verified Hpatial audio could be successfully used to cgnve

background information for users engaged in a piyrvésual task. It can also support certain metapho
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such as the one of time to space, where certaplagidocations correspond to time attributes of the
object of interest, such as time of arrival.

The design of spatial audio displays has been basethr mostly on the direct manipulation
paradigm. Designs have been either egocentric ocesmric. There is however, a substantial gap in
evaluation studies that show how to design suctesysin a usable way. In all cases, sounds areglac
in the frontal horizontal plane with a few excep8ahat use front back cues to differentiate betvtbe
front and the back of a user. Such a choice iffiggttrom a psychoacoustic point of view sinceidiefy
the display to be in that area alleviates by detfignproblem of confusions. Indeed that large csiofu
rate observed when using non-individualized HRE& major obstacle in expanding the display afea.
would be interesting in this sense to investigatetver the display area could be extended by using
individualized HRTF functions which reduce the agsibn rates users would experience.

The pointing based interactions that are encoudtiereirect manipulation displays have not been
considered in a fashion similar to the one encaedtén visual displays as this is found to be tasecin
Chapter 4. Only Friedlander [39] investigating gimig to audio targets in a matter similar to the ased
in visual pointing tasks, however in this study thegets were not spatialised and there was natdire
contact with the display elements. In that sertsetsue of spatial audio target acquisition hasbren
examined. No modelling effort has been tried andddition the effect of target width and distange t
target in spatial audio displays remains to a gesédnt unknown. Investigating such issues canigeov
insight on issues relating to display segmentatind scalability. Most of the studies so far haverbe
using up to four sources however their alignmerd presentation mode has not been investigated in
detail. In that sense questions, like how many sterdisplay can accommodate and how they can be
presented cannot be answered.

Sound design for spatial audio displays is alspeai$ied to a large extent. Although the concepts
of auditory icons earcons and speech are relewhfr ability to support metaphors and enable
interaction in a purely audio environment has regrbexamined. Finally, the different gestures tizaie
been used in the literature have not been testaidistigeach other and it is unclear in what situnstidney
are more appropriate.

In this sense, designers are left to their own aes/and cannot proceed based on guidelines and
design recommendation as is the case in visiondoagglications. This is largely due to the fact tinast
of the design proposals have not been evaluatecttamrdfore the shortcomings of the designs in the
literature have not been revealed. The thesis torasver this gap by evaluating the fundamentd tds
spatial audio target acquisition.

Issues related to display presentation, the cneatib metaphors based on semiotic audio
information and of interaction in more complex dégparrangements are not treated in thesis. Indke
of the text spatial audio target acquisition ismaiksed and based on the findings a selection task an

display segmentation guidelines are obtained. $ufohmation can be used in the future to form thsig
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of more complex display arrangements where issetged to presentation and interaction in more

complex displays can be examined in detail.

3.10 Conclusions

This chapter reviewed the design trends in spatiadio display research. Display designs,
reproduction options, control and possible applicatreas have been presented. The review indicates
that, although a substantial number of proposakt éx different application areas, the literatiseshort
of studies focusing on the design aspects of siglays. The thesis subject of disambiguating apati
audio target acquisition in the manner presentethénResearch Questions is found to be novel and to
contribute to the already available body of redeanche field.

The material developed in this chapter reveals tiiatcreation of successful direct manipulation
spatial audio interfaces requires the verificatibthe ability of our hearing sense to provide:

Adequate differentiation of display elements irpat&@al sense

Support for control based on aimed movements

Creation of successful semiotic mappings to compateia valid conceptual model

Support for closed loop control based on audiobieell to help users to evaluate the results of
their actions and validate their conceptual models

Of these questions none apart from the third orseble®n so far evaluated in the context that has
been defined by contemporary Human Computer Intieracesearch. In order to achieve the creation of
successful direct manipulation spatial audio irteet it is necessary to perform studies that wiglds
light on the appropriate design options for sugpgrit. The thesis focuses on whether our audisenyse
can provide adequate support for control basedimecamovements. The type of studies necessary for
the disambiguation of the aforementioned reseashei are controlled user studies that aim to etealua
the usability of spatial audio target acquisitianaa interaction method in direct manipulationrifatees.

To draw inspiration for the design and the condurctf such studies, the thesis looks into the ixjst
body of research that has been developed in euwaduaimed movements in the visual domain (Chapter
4) as well as psychoacoustical research to undetsthe potential of directional hearing. This
information is considered essential for answerihg tesearch questions set by the thesis which are

repeated here.

RQ1 How can we overcome the perceptual problems iniadpatdio displays and support
spatial audio target acquisition?
RQ 2 What are the factors that affect deictic spatialiatarget acquisition?
RQ 3 How can we evaluate the usability of deictic spatiadio target acquisition?
The next chapter is providing a review of existimgthodologies for the evaluation of aimed

movements.
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4 Evaluating & Modelling Pointing Interactions

4.1 Introduction

Understanding human aimed movement is criticalhi@ ¢tontext of the thesis because it will
provide insight into how to create a usable spatiatlio selection task. Given that visual aimed
movements have been found to be successful inathiext of contemporary human computer interaction
systems, understanding how they are performed,imjirove our understanding of the enhancements
required in the design of spatial audio target aitijon tasks.

Evaluating, modelling and understanding motor bahavin humans reaching for visual targets
using a part of their body is an active resear@aan psychology, ergonomics and human computer
interaction. In psychology, research is focusethadelling and understanding human motor behaviour i
what has been callesimed movement$Such research has had great impact in ergoncemidshuman
factors, since the psychophysical models shed bighthe effectiveness of different control mechansis
and presentation modes used in physical or viitiatactive systems. A number of competing modéls o
performance irmimed movemerdr otherwise statethrget acquisition taskhave been proposed. These
models can be classified into three main categoliggrithmic, linear and power models. They focus
mainly on modelling the time required to reach egé location as a function of themplitude of
movemen{an alternative term for distance to target) tardet width The application of the models has
been found to be valid for movements performed bréety of parts of the human body, such as hand,
fingers, head and wrist movements.

In addition, the behaviour predicted by the modeishatural human movement has been found to
be valid for modelling the control of virtual poéms, a fact that makes such studies especiallyaetao
human computer interaction. Two main theories hbgen developed to account for the descriptive
power of the models: the deterministic and thelsdstic iterative corrections theories [82]. Theoties
differentiate between an initial ballistic submowah towards the target followed by corrective
submovements that help direct the movement intdatget using visual feedback. This chapter prasent
existing models, the theories developed to explae rationale for the success of the models and a

number of relevant studies that illustrate the pgibn of the models and their predictive power.

4.2 Empirically Derived Models

Models of human movement are mainly empiricallyivdet, based on observations of time
patterns during aimed human movement studies. Thst mommon experimental setup for aimed
movement studies is the one presented in Figur@adicipants are asked to reciprocally move toahe
the two targets and movement amplitude and targdthvare controlled by the experimenter. Dependent

variables are time, error rates and more recentlyyement displacement and velocity patterns. Quite
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commonly target width and distance to target ajasteld in between blocks of trials and participaarts
subsequently asked to repeat the task. Accuraayaement has been considered a side factor until
recently, due to the fact that target width in moisthe studies is such that low error ratios eseally
expected and observed. Research is focused invilgenovement time under normal conditions. Net
movement time is considered when possible by thgerxental design. Time measurements should
therefore not include the time to initiate movemémtaction time) or the time to indicate movement
termination. However, in some cases limitationsrigasurement equipment and experimental design
cannot support such an option. All of the studiesdeh movement time as a function of the ratio of
distance to target to target width (A/W). Movemeiigplacement, velocity and acceleration are also
considered by recent studies as these are registieye tracking technologies, such as inertial,

electromagnetic or camera based sensing.
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Figure 14. Fitts’ Experimental Design, a participan selecting two targets in a discrete

fashion. Participant is shown resting in the home @sition waiting for a signal to start moving to the
indicated direction (adapted from [37]). Participarts return to the home position after selection.

When participants alternate between the targets caimuously, the task is called continuous.

The experiments investigating aimed movement ircipskpgy require participants to perform the
task in either a spatially or a temporally constedi manner. This is ensured by the experimental
instructions which may ask participants to conastrin finishing their movement inside the target
region or to concentrate in performing their movatsithin a certain (usually short) time frame.the
heart of the manipulation is the so callsgéed-accuracy trade 8fthat is inherent in aimed movement.

The trade off essentially describes the intuitibservation that more time to move to a target redult
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in greater selection accuracy. Spatially consticitasks mainly reveal the fine structure of theective
submovements that occur when participants try tdreetheir limbs with respect to the target regids.a
result, the number of errors is minimal but movetriene variation might be considerable. On thesoth
hand, temporal constraints reveal more of the dbariatics of the initial movement towards the &rg
area. Consequently, error rates and movement emdyariability are increased, however movement time
is better controlled. In human computer interactitarature the applied nature of the researchltesu
experimental instructions where participants aguired to focus both on the speed as well as in the
accuracy of movement.

It is useful to distinguish between two styles o€ls studies: those facilitating discreet and those
facilitating continuous movements. In the continsi@ase, participants are instructed to continuously
alternate between the two targets. In the discrate, participants are instructed to wait at a home
position, usually at the centre of the experimeptatform, until a signal that indicates the moveie
direction for the next trial is presented and sghbsatly start to move. After movement is finished
participants are asked to return to the home posénd wait for the next trial.

The aforementioned experimental setups are typitatudies involving real targets and physical
movement. In recent studies, both in psychologywadl as in human computer interaction and
ergonomics, virtual targets presented on a compsteeen are commonly used. In such cases,
participants perform the aimed movements usingiairpointers controlled by hardware devices such as
mice, joysticks etc. In such studies, targets camptesented in different fashions such as in aigaicl
pattern, where manipulations of more independerialbles such as angle of approach to the target, is
feasible. Despite the alterations of the experimlgpairadigm obtained data are consistent with flata
physical movement studies, in that way verifying tilobal nature and validity of the models thatever

developed using the early experimental setups.

4.2.1 Effective Target Width

Considerable variability with respect to aimed muoeat endpoints has been observed in aimed
movement studies. This variability provides a wellinded indication that noise is inherent in aimed
movements. It has been shown that movement endpfoiildw a normal distribution around the centre of
the target area [36]. This leads to the conclughan human movement is perturbed by white noise. Fo
target widths that allow sufficiently easy targegithis movement variability results in certainogmrates.
Experimentation however has shown error rates fzeni@ on the Index of Difficulty [31, 82, 107],
increasing with increasing target amplitude. Wadewell and Wallace as well as Cagtlal. [24, 120]
have also found a significant main effect betwegorerate and target width, with errors increasasg
target width decreased but no main effect between eate and distance to target. The range ofrgliro

such cases is around 4% [74], a criterion thatogansed to infer the optimality of a target widtoice.

61



For very narrow or too wide targets, observatiogseal that movement endpoints can be
concentrated in areas that might not corresportidet@xperimentally defined target area and carithere
smaller or larger. This situation occurs when pggéints act as if relatively narrow targets areewithan
what they really are or as if relatively wide taigare narrower than they really are. This in effem
compress the range of subjective target widths ewetpto the range of objective target widths making
changes in objective target width have less etfeamh they would have otherwise.

These observations led to the introduction of thengity of effective target width [74, 126].
Effective target width essentially represents thenan perspective of the target areas as this appyar
observing the histograms of the endpoints of aimesdements. This subjective nature of the effective
target width concept led some researchers to wsdettm subjective target width instead of effective
target width, as in [82].

The rationale behind the introduction of effecttaeget width is to improve the goodness of fit of
aimed movement time models. However, effectiveaivgdth has not been used extensively in Fitts' la
studies with the exception of [74, 82, 126]. IntfddacKenzie [74] found that using effective target
width instead of objective target width during mbéemulation did not prove to provide significantl
better results.

Apart from improving the goodness of fit, effectitarget width can be used as an indicator of the
optimality of target width selection. The rationdt® such an application is that when effectivegédr
width is less than objective, the target is togéafor a user to select. In the opposite caseoitiges an
indication that a target is too small to selectthis way, target size for certain interaction gares can
be predicted based on the standard deviation ofrenégéments. Such an option, has not been investigat

in the literature.

4.2.1.1 Effective Target Width Estimation

In practice, the considerations arising from mogatrendpoint variability have led researchers to
suggest ways to normalize target width ( W ) toeffective target width ( W) [75, 126] for modelling
purposes. MacKenzie [74] citing Welford [126] pnetsetwo methods for performing the normalization.
Effective target width can be calculated as in Hgualbased on , the standard deviation of the

movement endpoint.

W, =4.133% Equation 1

The derivation is based on the fact that for anmadistribution of variance, an area of size W
would contain 96% of the observations (endpoirs)error rate of 4% is therefore expected, evereund
optimal aimed movement conditions. Such an errte nadicates that subjective and objective target

widths coincide. Error rates smaller or higher th&h provide an indication that subjective and ofdyec
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target widths do not coincide. In such cases,dfdlror rate is known, say n%, it is possible tcudate
the effective target width using a table of z seofiehe procedure starts by determining a z valah that
+z contains 100-n percent of the area under thienammal curve. Effective target width is giventiis

case by

W, = 2-06% W Equation 2

4.2.2 Logarithmic Models

The very first modelling effort was the one by &#87]. Fitts based his modelling approach on the
information theory modelling perspective that iviesved in Section 4.3. The modelling effort is
developed around the central concept of the IndeéXeoformance. According to Fitts [37] the index of

performance can be calculated as in Equation 3:

_log, (2A/W) Equation 3

I
P MT

In Equation 3 W is the target width and A is theptitnde of movement to the centre of the target
area. MT is the movement time required to reachtdhget. The logarithmic term is called thelex of
Difficulty. The Equation effectively states that movementtimproportional to the Index of Difficulty
and inversely proportional to the Index of Perfonce This statement predicts a linear relationship

between movement time and index of difficulty. Etipa4 provides the model.

MT =a+ b|Og2 (ZA/W) Equation 4

The parameter (also calledintercep) and parameter b (also callstbpg are task dependent
parameters estimated using linear regression. fdrpeter is close to zero, the inverse of b is an
estimator of the Index of Performance. Time to méwea target has been found to correlate with
Equation4 see for example MacKenzie [74]. It has been arghatl parameter when net movement
time is considered, should equal or be very claseero. However, this is rarely the case. Non-zero
values are mostly attributed to additive factorfe@fng movement initiation and termination time.
Movement termination time is an artefact of theexkpental design. It corresponds to the time nelii
to terminate a trial, in many such computer relatedlies, it is associated with the time requiedlick
the mouse button, a common method used to termimatéal. Movement initiation time sometimes
cannot be eliminated due to measurement limitatiotise experimental design.

There is some controversy in the literature on fitiganic models mostly with respect to the
definition of the index of difficulty. Welford [137proposed the following model, which has been fbun
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to give a better fit to data compared to the Fiwsmulation for low indices of difficulty as meotied in
[75] .

MT =a+ blogz(V—C +05) Equation 5

MacKenzie and Buxton [74, 76] proposed anotheraimm where target width is associated with
movement noise and the signal term to the amplibfdaovement to result in Equation 6. MacKenzie’'s
formulation is the most contemporary alterationgased to Fitts’ law. It has been found [76] to pdeva

better fit to experimental data, compared to Fitismulation.

A Equation 6
MT =a+ blogz(W +1)

4.2.2.1 Benefits & Disadvantages of the Logarithmic Models

Fitts’ law has proven to be a very useful tool @imsigners. No matter what problems appeared
with the model, it has always been found to coteelaell under ‘normal’ conditions. In addition, it
inspired a lot of research in human motor behavend it has been used in organizing workspaces in
environments where repeated movements are necedsaaygdition, the rationale behind the Index of
Performance inspired experimental manipulations seaved to characterize the efficiency of différen
movement tasks and interaction techniques. The islda calculate the Index of Performance, for a
number of devices, under the same experimental daskthen used this quantity to characterize the
efficiency of the devices.

One of the issues that restrict the applicatioRiti§’ law is its one dimensional nature. In human
computer interaction contexts targets are essintiab dimensional and therefore there is a certain
ambiguity with how the law must be applied. In sedmtexts, the formulation of the index of diffitul
as it appears in Equation 4 and Equation 5 can tieatkgative values, if A becomes less than W/2. A
negative index of difficulty does not have a phgbinterpretation. For one dimensional selecticgksa
such a prediction is not very unreasonable sincerwthe movement amplitude required to reach the
target is less than W/2 the movement starting josiis already inside the target area but for two
dimensional targets this is a serious problem. e is examined in detail in Section 4.4.1.

MacKenzie’s formulation is the only one providingaesitive value for the index of difficulty for
all possible A and W values. The formulation hagrbg@roven useful in applying Fitts’ law in two
dimensional target acquisition and it should beeddhat it affords better modelling of additivetfas.

Fitts’ formulation has also been criticised forlaf fit in the region of small indices of difficiy,

ID values around or less than 2. In Fitts’ origiexberiment there was considerable variation fer th
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index of performance when the index of difficultasv2. For indices of difficulty between 3 and Hdr

of Performance varied between 9.58 and 11.54 ldtsspcond, however it was only 5 for Index of
Difficulty of 2, data available by Fitts as well BracKenzie [37, 74]. In many studies, a lack obfithe

law for low indices of difficulty has been observeltying to follow this data trend revisions of the
original model were proposed in Equation 5 and Equoa6. Equation 6 results at smoother slopes at
lower Indices of Difficulty, a fact accommodated thy additive terms in the logarithm with value<Ods

and 1 respectively. This affordance explains to esartent the better fit of these equations to data
especially to lower indices of difficulty. Howevatll equations predict that the smaller the amgétof
movement the less time it should take to perforhis Thight not be exactly so considering that thiseo
fluctuations in the human motor system result iwdo signal to noise ratios for relatively short
movement amplitudes (weak signals) compared to foogements.

Furthermore, Fitts’ formulation of the index of fiiilty suggests that distance to target is
influencing time to home twice as much as targetthvi This argument does not appear to hold under
careful examination. Sheridan [108] showed thatcédns in target width cause a disproportionate
increase in movement time when compared with similereases in target amplitude. This has also been
independently verified by Meyeat al [82]. Equation 5 and Equation 6 are improving Fildsv in this
aspect, predicting a contribution of the same mtagdeiin movement time for the quantities of distatw
target and target width.

Finally, all logarithmic models have been develofmdspatially constrained or dual tasks, in both
cases tasks where accuracy of movement endpointim@gsrtant and corrective submovements were
taken into account. It has been reported in tleeditire [82, 107] that they cannot account asfaatiily

as other model types for temporally constrainekistas

4.2.3 Linear Models

Linear models have been found to apply in two nigtdtfferent situations. The first is temporarily
constrained tasks and the second is in movementsgh constrained paths.

With respect to the first case the first observafiar a linear model based on movement time data
from a temporally constrained task has been don&diymidtet al. [107]. As has been mentioned in
Section 4.2, the characteristic of temporally caaised tasks is the relatively higher movement entup
variability that is the result of the relativelyrist time constraints. According to Schmidt®npulse
variability model the standard deviation in endpoint coordinates icund to be a linear function of
average velocity calculated as distance over timsdquation 7. In Equation 7 A is the amplitude o

movement and MT the movement time.
W, =a+bA/MT Equation 7

The model essentially predicts a linear relatiopshetween movement time and A/W for

temporally constrained tasks. Schmidt [107] vedifihese predictions for movements over relatively
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short distances. However, the relationship wassadfied for movements that lasted longer than 230
290 ms is considered the time limit user which thevement is ballistic and controlled mainly by
kinaesthetic feedback. After this time period exédrfeedback through the senses is used, a fdwior t
makes movement time a logarithmic function of theeix of difficulty. An intermediate situation where
the task is temporarily constrained but a secondalbynovement is allowed is related to the powerehod
presented by Meyesat al[82] and is presented in Section 4.2.4.

A linear model on the time to complete a movementen substantially different conditions has
been proposed by Friedlandet al [39]. In this study, homing to non-visual targétsa bulls eye
(marking) menu based on auditory or tactile feellhaas investigated. In each trial of their experine
participants were asked to move into one out of foain menu directions while counting certain steps
that were associated with the ring width in thddalye menu. Audio and tactile feedback had bestede
as a means of marking ring widths to define thgdain the display. According to the results, a@&n
model was more appropriately accounting for movertieres. This implies that participants followed a
different behaviour in their targeting strategyeTduthors verified that distance to target andetangdth
indeed affect time to select. The formula thatabthors suggest for the approximation of time tgehis
MT =a + b " Equation 8

In the Friedlandeet al study participants were only informed on the di@tthey should move
and the number of concentric circles they had tsgito reach the target. The fundamental difference
between the two tasks is that in Fitts’ law stugiegticipants are perceptually aware through tbeirses
of target position, whereas in the Friedlander gasécipants verify they have reached the targetugh
a cognitive process. It is interesting to obsehat A/W is the number of concentric circles papigits
had to cross, a fact revealing movement time is #dase was proportional to the number of items
participants had to cross to get to the target.

Although not directly related to aimed movementdis it is interesting to refer to a model of
Accot & Zhai [1], namely the steering law which éomms to Equatior8. The steering law applies to
trajectory based tasks where the user has to tedorf) a constrained path. Such a trajectory isctipb

in Figure 15.
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Figure 15. lllustration of the trajectory encountered when a user moves the a virtual pointer
through a constrained path, of length A and width W A linear model has been found to predict

movement time in such a case.
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4.2.4 Power Models

The general form of the power models is given inu&igpn 9 as proposed by Kvaolseth [64]. In
Equation 9, A and W are distance to target andetavgdth and a, b, ¢ are constants estimated by

regression.

MT = aA"W® Equation 9

Equation 9 has been found to give better fit compato the logarithmic or linear models.
However, this is greatly attributed to the extrgrée of freedom in the equation. If b = -c thetakies the

form of

MT = a(AW)° Equation 10

If the base 2 logarithm is taken, Equation 10 canubed to predict the base 2 logarithm of
movement time in a manner similar to Fitts’ law. ydeet al [82] proposed a power model for predicting
movement time where b=1/2.

MT =a+b, AW Equation 11

The model in Equation 11 can be derived analyfichlised on certain theoretical assumptions
with respect to user movement pattern and moveraadpoint variability. Section 4.3 refers to the
rationale behind the model. In short, Meyer andeeagjues tried to provide a unified conceptual
framework encompassing both the linear as welhaddgarithmic model, in that way trying to deserib
performance combining results from spatially andgerarily constrained movement tasks. They verified
that visual target acquisition consists of a priynfallowed by corrective submovements. In the priyna
submovement a linear speed/accuracy trade offserebd whereas the corrective submovements result
in a logarithmic speed accuracy trade off. Basedtlis experimentally verified hypothesis on
submovement nature they provided an analytic deoiwafor total movement time that resulted in

Equation 10 which was verified to account well tmtal movement times.

4.3 Theoretical Investigations & the Speed-Accuracy Trade-Off

Based on the review of models of aimed movementigoal targets, it can be observed that a
number of ways exist to model aimed movement toalisargets. It is within the scope of the thesis t
identify which of the models is most appropriate tlee task under examination. So far, it can beiedg
that a factor that will influence the applicabilitf each model is the nature of the task, i.e. idrethe

task is spatially or temporarily constrained. Hoa\wsubstantial information can be obtained by also
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examining the theory behind each of the modelss Thformation is mostly related to how people
perform these movements and what kind of feedblael tise in the process. The next section presents
the theory behind each of the models and triedeatify components of the theories that can be tsed
explain the acquisition task that is going to bereied in the thesis. Apart from examining the

aforementioned issue theoretically experimentagatigation is provided in Chapters 7 and 8.

4.3.1 The information theoretic perspective

Logarithmic models stem from a research schoolniydn psychology, that claims that aimed
human movement can be modelled based on informdtieary. Human performance theories of this
school seek an approach to the study of informatimeessing within the nervous system and in k@lati
to communication with the environment. This apploa@s applied in a number of studies on different
information processing related topics, such asaheogaction time. In such a task it has been obsderv
that reaction time increases with the logarithnmthef possible options and linearly with the amount o
information in the stimuli. Of critical relevance aimed movement studies was the calculation of the
information capacity of the human motor system. Tifermational capacity essentially represents the
rate at which the motor system transmits infornmatibhis cannot be considered constant and it depend
on the amount of information transmitted, trainarmgl task characteristics [36].

Fitts proposed a method for calculating the infdioral capacity of the motor system as the ratio
of the difficulty of a certain task expressed itspdivided by the time required to complete trektd he
difficulty of the task was seen by Fitts as relaiethe information inherent in the task. He therefused
the base-2 logarithm of Weber’s ratio to express dHficulty of movement task of amplitude A to a
target of width W. If seen from the Weber’s lawmtaaf view, the amplitude of movement correspomds t
the stimulus and W/2 to correspond to the noticedifference with respect to the stimulus. Accogdio
Weber-Fechner's law [35] the differential change parceived magnitude p is a function of the
differential increase in the stimulus dS and thee®f the stimulus S as given by Equation 12.

Weber's law assumes the constant k to be one hawiveas been subsequently found that in

certain situations this is not the case.

dp= kd_S Equation 12
q

~

If Equation 12 is integrated it results in Equatib®, where $is the threshold of the stimulus

below which it is not perceived at all.

p=kInS- kinS, Equation 13
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Applying the law in the perceived difficulty of thmovement Fitts’ set S to be the amplitude of
movement and Scorresponds to half the target width, the area afutvidth the movement is not
considered valid anymore. Substituting in Equati@nresults in the familiar expression of the inaéx

difficulty as this is described by Fitts. It is givagain here in Equation 14.
ID =log, 2A/W Equation 14

Fitts used the base 2 logarithm in the integraitn@tead of the natural logarithm so that the result
can be calculated in bits in accordance to therinédion theory. The capacity of the system is
subsequently calculated by dividing ID to the moeaftrtime as in Equation 1. It is therefore evidbat
Fitts applied the information theoretic perspeciiv® the difficulty of a task as this has beernesated
using Weber's law.

A different approach that results in a logarithmiodel is the one presented by MacKenzie and
was provided in Equation 6. MacKenzie provided aletdhat makes direct use of Shannon’s theorem
17 quoted in [37, 74], which states that the effecinformation capacity C of a communications eyst
of bandwidth B expressed in bits/sec as in Equdtin

C = Blog, S+N Equation 15

In Equation 15, S is the signal power and N thes@agiower. Assuming that the signal corresponds
to the amplitude of movement (A) and that noiserépresented by the width of the target (W),
MacKenzie proposed Equation 6. This equation isatttarised by the fact that it conforms purely with
the information theoretic point of view without nia§g use of Weber's law to estimate perceived
difficulty. In practice the equation is not markedlifferent than the one proposed by Fitts excepttie
difference that the rate of decrease in movemeard ts smoother for low ID levels a fact that conferto
empirical observations. In addition, it provides equal weight in the determination of movement time

for amplitude to target and target width fact tbamforms better to empirical results.

4.3.2 The iterative corrections model

An alternative way to explain Equation 14 was pded by Crossman and Goodeve [31]. The

model assumes that an overall movement from aialilidme position to a target region includes deser

of discrete submovements made on the basis of sefesdback. Each submovement supposedly has a

well defined beginning and an end, takes a consitauetincrement to complete (t) and travels a camist

proportion (p) of the remaining distance to the centre of thgeta The model is deterministic in the

sense that it incorporates no random variabilitg thu neuromotor noise or other stochastic factohe

extents and the duration of component submovensatassumed to have fixed values across movement
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trials involving the same combination of targettaiice and width. Termination of submovement series
occurs as soon as a submovement ends inside &t tagion. According to the model at submovement

n, the total distance covered is

psAl- py)™* Equation 16

In Equation16 A is the amplitude of movement required to redoh target. The remaining
distance after the"hmovement is

n

Py Equation 17

Solving for n yields
1 2D

- Equation 18
log,p - W

n=

According to the model, each submovement taketahttme t, so the total time to the targenis
or

MT =Clog, 2D Equation 19
W

C is a positive constant determined by
t
log, p

Equation 20

The logarithm base two is used when solving fomnorder to provide consistency with the
information theory formulations that are expressedits. One interesting prediction of the model is
based on the idea that each ballistic submovenseotganized so that the error can be reduced on the
basis of feedback from the preceding submovemewto®lingly, a higher number of corrective
movements will improve the accuracy of aiming buwill increase the total movement time. This
observation is the foundation of what has been ddrtspeed-accuracy trade off in goal orientated

aiming’.

4.3.3 The stochastic optimized submovements model

The deterministic iterative corrections model pikehfor a period of about twenty years. A

significant contribution of the model is the reation that a series of movements is required téoper
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aimed movement. A primary submovement is used ireghkthe limb close to the target and secondary
submovements to fine tune the accuracy of the mewémin illustration is provided in Figure 16.
However, recently obtained kinematical data shoat the model has to be refined. In particular,
there is considerable variability to submovemenmntetiand final positioning dependent on distance to
target and target width, according to experimed#h mentioned in [82]. In addition, when the atii®
performed in visual feedback deprivation conditioas in [134], the variability of the primary
submovement is particularly pronounced. This valitgbis not accounted by the model due to its

deterministic nature [82].

Target Reglon

e . |

YELOCITY

-
e DISTANCE D

Figure 16. Outline of the assumptions of the determistic iterative-correction model with
respect to movement trajectory. The horizontal axisrepresents distance and the vertical axis
velocity. The curves correspond to successive subwanents between an initial home position and a

target region.

A rather wide spread view in the literature istttree number of submovements is dependent on
the time available to complete the task. Experimmgon [11, 25] showed that for time constrained
movements in the period of less than 290ms suaptian is not possible. Schmidtalt [107] studied in
detail the effect of time constraints in the movetmerhey found that for short, time constrained
movements the variability in the muscular forcesules in great variability in the spatial endpaifithe
movement. A similar hypothesis for targets in lalistances was not verified however, presumably, due
to the fact that long distances provide an oppdstdar an online correcting process to operate.

These findings led Meyer and colleagues [82] tovig® the most contemporary of models
namely, the stochastic optimized submovement modehe model distinguishes between a primary
submovement and a secondary submovement that dstaseorrect the first one as happening in the
single correction model. The model differs from theterministic one since it takes into account the
variability that is present in submovement timed anbmovement endpoints and relates them to factors
imposed by the movement context such as moveméatityein a stochastic manner. According to the
model the primary and secondary submovement entipaie assumed to follow a normal distribution

around the centre of the target. The standard tlemias assumed to be proportional to movement
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velocity according to Equatiol. In Equation21 D, is mean displacement of the primary submovement,

T, is the mean primary submovement time and K isrestamt.

S =KV, =K D,/T, Equation 21
If s the deviation of the primary submovement enapioom the target, then if
|D| 3 W/2 Equation 22

a second submovement follows whose endpoints stdrdkviations are according to Equati2® In
Equation21, T, is the mean time of the second submovements the deviation of the primary

submovement endpoint and K is a constant.

S, =KD/Ty, Equation 23

Based on the aforementioned models and rather eorrglfebraic manipulations, Meyet al,
provided equations that predict the time and thereate of aimed movement. It is worth noting ttias
study was the first that considered error rateieitiyl as a function of A/W. Movement time is calated
of the some of the first and the second submovesndfeyeret al considered only two submovements;
however this is a hypothesis that has not beerfiegriFurthermore, for subsequent submovements the
equations become prohibitively and unnecessaritgptex, considering especially the simplicity oftfit

law and its high correlation with different kindsraovement data.

MT = 2K (29,/D/W - \/W/D )/ g,Jq- W/D) Equation 24

Where K is the slope of the speed accuracy traflaraf is a parameter calculated by an iterative

procedure. Error rates are given by

p. = (- ¢, ){1- c,)=2(1- Cz)(l‘ Nl_]/ q\D/W)- 1]) Equation 25

In Equation 25 c1 and c2 are the corresponding ginitibes that the primary and secondary
submovements end inside the target regions and déxtes the probability that a random variablda wit
zero mean and unit variance is less than x. c2daraed to be constant and determined by experiinenta
data, for Meyer’s study it was 0.95.

In conclusion, the review indicates that aimed nmo@ets to visual targets are performed using an
initial ballistic movement followed by correctivaitimovements. A successful acquisition task should
therefore provide feedback to support these movesnénthe following section a number of studiestth

verified the applicability of the aforementioned aets are reviewed to provide evidence on the large
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scope of models. Such information is useful sindadicates that with successful design spatiali@ud

target acquisition could be modelled in a similayw

4.4 Applications in Human Computer Interaction

Fitts’ law has been extensively used in the contéxtuman computer interaction to model the
aimed movement to virtual targets. The number afliss that involve Fitts’ law in some way are
numerous and a complete review is out of the sobpleis chapter. This chapter focuses on a fewissud
in order to inform the reader on the suitability Fifts’ law and the ways it can be used as a toal t
allows useful comparisons that provide insight riyamith respect to the efficiency and effectiveness
interaction.

The first researchers who reported promising resfalt the application of Fitts’ law in human
computer interaction were Caed al.[24]. They verified that Fitts’ law applies in targetiagtual visual
targets. This work was also the first to use Fiisv as a method of comparison between devices. The
idea is that when a model for interaction with tfevice is developed it can subsequently servehr t
comparison of the device to other ones. In padicuhe quantity of the Index of Performance cdp te
compare devices. The particular study targeteccsete of text characters, using a mouse, an isametr
joystick, text keys and step keys. Independentatdes were distance to target in cm, target width i
characters and approach angle in degrees. Thet affetearning was also quantified by asking
participants to perform the task in subsequentkdod@he mouse was found to be the most efficient
device with IP=10.4 bits/sec, joystick following thi4.5 bits/sec. With respect to movement times,
mouse was the fastest (MT = 1660ms), followed lygtick (MT = 1830 ms), followed by text keys (MT
= 1830 ms) with last being the step keys (MT=251§).nfrrors rates averaged from 5% to 13%.
Approach angle only had an effect for the joystiwdreasing time by 3% for approach along the diagon
axis. Welford’s variation of Fitts’ law was usedthis study.

In a study by Drury [32], Fitts’ law was used atal for foot pedal design. Subjects tapped back
and forth between two pedals using their preferi@ot. Independent variables were amplitude of
movement and pedal sizes. IDs ranged from 0.534tp Rits and IP was 11.8 bits/sec. Error rate was |
than 3.3%.

Jagasinski and Monk [59], applied Fitts’ law to aaget acquisition task using a displacement
joystick and a head mounted control that used ttating infrared beams. Subjects moved a cursa on
screen to select a circular target using both obwiptions and selected it by staying on targetnfiore
than 344 ms. This target selection criterion igri@sting since it allows the control of additivettas
such as selection time. Experimental factors werplitude of movement, target size and approacheangl
in degrees and the two control mechanisms. Indit&ifficulties in the study ranged between 2.(bt6

bits. Movement time and index of difficulty corredd at .99 showing the head control can be a viable
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control option. Index of performance was 5 bits/$ée errors were observed given the special conimol
the selection criterion.

Soet al [115] presented a Fitts’ law study where partcifs were required to select a target using
their heads in a head-coupled virtual environmeesgnted through a head mounted display. Partitsipan
were controlling a head slave pointer in the virermvironment. Dependent variables were reactiow ti
and movement time and independent variables tavigith, distance to target and lag between the actio
of the user and the movement of the virtual cur3dwee lag values were used 0, 133 and 267 ms
respectively. Indices of difficulty ranged from 2.8 3, with index of performance being 3.8. Lagsw
found to significantly affect reaction time andalsignificant interaction was found between lag and
target width but not between lag and distance itgeta Reaction time was not affected by target hyidt
distance to target or lag.

Fitts’ law has also been applied in an eye tracldhgly by Ware and Mikaelian [125], where
targets were selected by three methods, a hardwaten, dwell time on target (400 ms) and an on-
screen button. Welford’s formulation was used, éadiof difficulty ranging from -1.0 to 1.8 bits.h&@
highest IP was 13.7 bits/sec. for the hardwareobu#tnd 9.3 bits/sec for the dwelling time selection
procedure. Error rates were quite high ranging f&b% for the hardware button to 22% for the on-
screen button. As investigators noted eye tracking fast selection procedure as long as accuracy
demands are minimal.

Another application of Fitts’ law with the purposd comparing three control devices in a
benchmark task is the one by MacKenzie [77]. Is gtudy, the same task was performed by particspant
operating three different devices. By calculatiig tindex of performance MacKenzie was able to
conclude on the efficiency of each control deviod aompare them. The devices tested in the studg we
a mouse, a trackball and a tablet and the compaviss done both for pointing and for dragging taiks
this particular study the mouse was found to beffisient as a tablet in pointing both of them fgin
significantly better than a trackball. With respctdragging the tablet was found to be the mdatieft
technique, followed by the mouse and the trackball.

Recent applications of Fitts’ law include text gnin mobile phones. Silfverbergt al. [114],
verified that text entry on phones using eitherttiemb or the index finger can be sufficiently mitetk
using Fitts’ law. Indices of performance were répadrto be 15.625 and 19.2 respectively.

It is worth mentioning again the study by Friedlanétal. [39], where targeting in a non-visual
bulls eye menu like the one in Figure 17 was ingastd. Rings were marked with either tactile adiau
feedback and participants were instructed on thection and number of rings they should cross. As
already presented in Section 4.2.3, movement tiasefound to be a linear relationship of distance to
target and target width, however it should be noerad that Fitts’ law also correlated very well witte

data.
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Figure 17. Selection from a bulls eye menu as then® used by Friedlanderet al. Adapted
from [39].

4.4.1 Applying Fitts Law to two and three dimension al targets

A problem that had to be tackled to apply Fitts¥la acquisition tasks in contemporary HCI is
the fact that the targets are two dimensional, e&®rFitts’ model is one dimensional. However, the
analysis involved in such cases is not directlgvaht to the thesis since it deals with one dinterai
targets. For reasons of completeness, it is justtioreed that MacKenzie [76] examined four candidate
models for two dimensional target acquisition. Tingt substituted width for the projected width weal
relative to the angle of approach to the targetrede the second called ‘the smaller of model that
substituted for W the smaller of either width oiighe of the target. The third and fourth models éhav
been proposed in a previous study by Gillanaktin [45], the target area and the sum of target
dimensions. To accommodate the problem with thetiegyindices of difficulty Mackenzie proposed the
variation to Fitts’ that was already presented gqud#tion 6. According to the results, the ‘smallér o
model as well as angle of approach model correlagsti to Equation 6 and were considered to associat
better with target width when modelling pointing t@o dimensional targets. The angle of approach
transform is probably the most theoretically s@jgproach since it can be used as a general meathod t
successfully transform a two dimensional targetthe one dimensional quantity required for the
application of Fitts’ law.

A more recent study on resolving this problem wadqgrmed by Accot and Zai [2]. Based on the
results of a thorough analysis on a number of cdimgpemodels and theoretical analysis the authors

proposed Equation 26.

2 2 Equation 26
MT =a+blog, \/% +h % +1
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In their studies the index of performance was fotmthe in the order of 5.9 bits/sec. Error rates
were in the order of 4%. Grossman and BalakrishBdhproposed Equation 27 as a model for trivariate

targets.

2

A
MT =a+blog, f(J)W +

2

Equation 27
+h(J) S

A 2
m

This was verified by the experimental data andxnofedifficulty was approximately 2. Error rates
were in the order of 15%. However, it should beeddhat in the experiment small target sizes weesglu
which effectively increased target sizes, howetvpravided insight on target size for similar irgtetions.

Finally, Guiard and Beaudouin-Lafon [53] investigghttarget acquisition in multiscale electronic
worlds. They investigated whether Fitts’ law woudd applicable in the case of a pointing action that
involved zooming and panning to reach the targed @f a document. The results indicated that Hats’
could appropriately model movement time for thektasder consideration. It is interesting to notatth
modelling involved an intercept of near to zerouealin accordance with the theoretical expectatains
the authors. In addition, the authors showed thatvvsize influences the interaction bandwidth
(throughput), however this is only happening in tlase of small view sizes. For large view sizesrémo

than 40 pixels) view size does not influence irt8oa bandwidth.

4.5 Comments on the models, their scope and theirt  heoretical
backgrounds

There is some controversy with respect to the \eayntodels can be applied and which model is
better for certain tasks. The most fundamentaediffice with respect to the model application istdis&
nature, in particular whether the task is spatiatytemporally constrained. In the former case the
logarithmic models have been found to be most gpjate. In the latter case, a linear speed accuracy
trade off is mostly appropriate for the primary sudvement, but when secondary submovements are also
considered the model by Meyer (Equation 11) is idamed most appropriate. In applied sciences sach a
ergonomics and human computer interaction, the rithgmic model and particularly the one by
MacKenzie (Equation 6) is the one that is useds Thdue to the spatially constrained nature otdk&s.
Logarithmic models are used for tasks where acguim@n important factor such as when interacting
with user interfaces. The models that focus on temailly constrained tasks are however useful in
unravelling the nature of movements and the way #ire performed. Verification of the existence of
submovements and their nature is largely due tdiesuon temporarily constrained tasks. Figure 18

presents the competing models.
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Figure 18. A graph showing movement time predictios for the competing models, for model
values of intercept = 0.5 and slope = 0.28.

As can be observed in Figure 18, the models inteetethe A/W value of 1. For values lower than
that the models predict movement times (from fasteslower) as Fitts’, Linear, MacKenzie and Meyer.
For A/W values higher than one the situation is dpposite and the models rate with respect to their
movement predictions (from faster to slower) as d&teyacKenzie, Fitts’ and Linear. The movement
time predictions of the models are very similar iiodices of difficulty up to approximately threeor
lower values of intercept, the similarity extendshtgher ID values. However, as the slope increttses
differences of the models become more pronounceded@ on this fact, one can expect that it is e&sier
characterize a task based on an appropriate mdumh the experimental task can be performed at high

A/W ratios or the slope values are high, implyietatively low index of performance values.
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Figure 19. A graph showing Index of Difficulty predctions for the competing models, for

model values of intercept = 0.5 and slope = 0.28.

Figure 19 presents the Index of Difficulty pred@ias of the models. The situation is analogous to
the time predictions, with task predicted to badabeing rated at lower Index of Difficulty valueghe
figure also shows the negative index of difficyttgdiction of Fitts’ law for A/W values of less th8.5.

Of considerable importance in the performance afeacquisition tasks is the role of practice.
Citing all the studies on the effect of practiceig of the scope of the thesis. It is howeverestathat
researchers agree that movement time is reducechenutacy of movement improved as a result of
practice [95]. Both movement time and accuracynggiimprove after training and performance can be
twice as good compared to that observed in the stabes of task performance [134]. It is alsodhse
that the duration and span of the secondary subments decreases while the duration and span of the
primary submovements increases as user’s becona bained in a certain movement task [34, 95, 96]

To explain the effects of practice it has been edgihat a performer progresses from a closed loop
mode of control that is dependent on the procegsimgline feedback to a more centrally driven motle
control that is less dependent on afferent infolmmatHowever, recent research [34] indicates thist is
not the case. Participants are moving in the saateenn and secondary submovements still occur no
matter what the practice level is [82, 95]. Suipgly enough, submovements also occur when visual
feedback is deprived after task initiation [82, 984]. It is quite important to note that both é@miporally
constrained tasks as well as Fitts’ law in spatialbnstrained tasks Equation 11 applies under Visua

feedback deprivation as shown by Meyer as well afiatle & Newel [82, 124]. Researchers used visual
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feedback deprivation to identify whether visualdeack is important for the primary or the subseguen
submovements or for both. Recent research agre¢swith respect to the secondary submovements
visual feedback is absolutely necessary [82, 95198]. A large number of misses occurs when feeklba
is deprived when secondary submovements are exkcdéthough the variation in the primary
submovement might not be great as the one of sacprsdibmovements [82], recent research indicated
that there is online processing of visual feedlialng the first submovement as well [96, 134], buer

this is affecting the overall movement to a lessdent.

The observation that corrective submovementsatitur when visual feedback is deprived from
participants is very interesting. The exact expii@maof why this happens is however, largely uncléa
has been argued that corrective submovements [2d] Ibe controlled either based on kinaesthetic
feedback (mostly in physical movement studies) e tb a certain movement pre-programming that
occurs prior to movement initiation. It has alsoeteargued that the performance of secondary
submovements in the absence of visual informasadue to a time minimization pattern that partioiga
follow in such a case, and therefore movementsnateperformed slowly and carefully, but rather

through a hasty primary submovement that is folldlwg secondary submovements.

4.6 Conclusions

This chapter presented the methodology and therdtieal background that is currently used in
evaluating aimed movement, a general categoryitibhtdes pointing to visual targets. It is intenegtto
note that in human computer interaction, tasksspagially constrained and therefore the logarithmic
models are best suited for their modelling as foumd plethora of studies. The regression parameter
(intercept and slope) that result from fitting tlegarithmic models are used to uniquely assess the
efficiency of a particular interaction techniqueasgd on the slope it is possible to calculate nidex of
Performance, a parameter that indicates how acpatiinteraction technique behaves under different
levels of task difficulty. The higher the Index Bérformance the more insensitive is a certain fask
increasing Indices of Difficulty. When reaction #mand selection time are included in the time
measurements, the intercept value provides infaomatn reaction time and on the efficiency of the
selection procedure associated with the task. Whisris not the case, intercept values should bgeclo
zero.

It is quite surprising that the effect of targetthi has not been considered explicitly in human
computer interaction studies. In psychology redeatchas been found to affect both time and the
accuracy of movement [82, 96], however even in ttismtext no detailed investigation has been
performed. This is therefore an interesting ista is extensively investigated in the thesis.

Finally, of great importance are the observatioms tbe fine nature of aimed movement.
Experiments in psychology identified that aimed exment consist of a primary followed by secondary

submovements. The primary submovement brings [jeatits close to the target and the secondary
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submovements fine tune the movement with respettiedarget region. The rather insensitive natdre o
the primary submovement to detailed feedback (peas from studies on visual feedback deprivation)
makes deictic spatial audio target acquisition @sing venture. However, the importance of dethile
feedback on the accuracy of the secondary submavemight compromise the success of the task given
that auditory localization is blurred and less aata than visual localization. As was explained in
Chapter 2, the perception of sound direction ini@esvironments is poor compared to the visual spac
perception. In particular, evidence was providedt tlocalization error and the lack of support for
secondary submovements due to the absence of aiyahle border separating the target from the
background are inherent in spatial sound perceptide therefore evident that to result in spatiatio
target acquisition of comparable speed and accucaeigion, feedback has to be provided.

In short, this chapter provides the following peittiat are relevant to the thesis, in particuldh wi

respect to Research Questions 1 & 3:

The success of an acquisition task depends on dhquate support of a primary (ballistic)
movement followed by corrective submovements

The wide applicability of Fitts’ law implies that might provide an appropriate model for a
spatial audio target acquisition task (with adegquatipport for primary and secondary
submovements)

An acquisition task where the target is constraifedizontally but not vertically can be
modelled as a one dimensional acquisition task

A spatially constrained one dimensional task astieeexamined in the thesis (see Chapter 7) is

likely to conform to a logarithmic model
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5 An initial investigation into spatial audio targ et

acquisition

5.1 Introduction

This chapter presents an initial investigation iptanting interaction with a spatial audio display.
The investigation targets mainly Research Questio&s2. It investigates the feasibility of the siph
audio target acquisition task and effect of fee#tbdtcalso aims to observe how interaction accuriacy
influenced by different pointing gestures and algaan initial estimator on display target size as a

function of the pointing gesture used.

5.2 Rationale

To construct the first experiment, it is necessargrovide:

A spatial audio display design
Selection procedures

A method to estimate the accuracy of selections

The display used in the experiment will place saund a plane around the user’s head at the
height of the ears to avoid problems related toatien perception, as was explained in Chapterhz T
whole circular area around a user’s head is useati€d audio rendering is done using non-individzed
HRTFs due to the availability and ease of use & technique. As mentioned in Chapter 2, using
individualized HRTFs requires measuring each imtliel’'s HRTFs. Such an option requires specialized
equipment and space and cannot be thought to badilyr available option for the mass population at
least at the time of the development of the thesis.

A key issue in 3D audio design is the number ofreesi that can be presented simultaneously. It
has been shown that performance in identificatroonitoring and intelligibility tasks degrades ag th
number of audio display elements increases [81]Jmdminds stem from the same point in the display.
Spatial separation, however, forms a basic dimengio auditory stream segregation and thus can
possibly increase the number of sources users ealnwdth. In the experiment, just one sound soisce
used, as an estimation of selection angles isatbfir the simplest case, before more sophisticsdedd
designs are considered later in the thesis.

The experiment features two conditions, one whbeesexperimental target area is marked with
feedback and a second where the area is not mavitedeedback. There are three reasons for using

feedback. The first is to provide additional cumsdvercoming front back confusions. If the usesisked
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to reach the feedback area and make sure he/henezanthe feedback sound, then it is reasonable to
expect that the front back confusion phenomenoh lvéilminimized, even when misperceptions occur.
The second is that feedback will explicitly dentateget size and background target separation atidsin
way it could force participants select in smallenget areas. The third reason is that feedbackpisated
to reduce final positioning times and assist in toerse of the experiment. In studies that employed
active navigation in a sound field with no feedhaak for example in Loomis [68], users could home t
the target relatively fast but increased final poring times were observed. Finally, effectivegetr
widths are estimated at different angles aroundea’si body. This is done to identify possible stbec
effectiveness shortcomings due to motor deficiencie

Because of the fact that the display uses sound@saind the user’s head and also because non-
individualized HRTFs are used, an exocentric desgrhosen for this experiment and the effectivenes
of target acquisition is examined with and withéesgdback. An exocentric design is interesting fram
HCI point of view because it offers the possibiliti/sonifying objects of interest to the user tli@atin a
fixed position in the world, thus assisting navigattasks as explained in Section 3.3. In additiorgn
exocentric design, if users are asked to selecuadsby physically turning to it, target soundslvié
lying in the area of maximum localization accuratyselection thus minimizing the effect of locatiaa
error. In this way problems related to the variatad localization accuracy around the user’'s headcd:
be overcome. Finally, an exocentric design dud¢ofact that it supports active listening providesans
of disambiguating confusions. According to thisicatle, the selection procedure that is examined
requires the user to turn so as the sound soupesapto be coming in front of him/her and theréeis
asked to perform a selection gesture. Based oritdrature, it is expected that users will be atde
disambiguate front back confusions and select sowvith minimum effect of localisation error. Three
different soundscape browsing and sound select@tuges are investigated in the experiment. Tis¢ fir
is browsing using the user’s head and selectiondmding, the second browsing by physical movement
of the user’s hand and selection by ‘clicking’, ahd third browsing by moving a stylus, that colgra
virtual pointer on a touch tablet and selecting diigking a stylus button. More on the selection
procedures are provided in Section 5.4. These gestiave been used in different contexts in Spatial
Audio Display research as was mentioned in Se@&ibn

Finally, an adaptive psychophysical method was tsezstimate the angle interval that results in
70% of a user’'s selections being on target. Theomdor this is that such procedures have been
successfully used for a long time for the estinrati appropriate values of physical quantities tleault
in certain subjective impressions. Such procedareaseful in answering questions such as: Whagis
appropriate value of a physical quantity that wodglult in a certain subjective impression withegtain
probability? Such a question in the context of thiperiment is transformed into: What is an apgdeter

value of target size so that people will be ablesétect on target with a certain probability? More
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specifically a two-down one-up method is used. iBact.3 provides the necessary background on
adaptive psychophysical methods.

A study in a similar context is the one of Walk&R3], where it was found that the area that was
associated to an acoustic beacon by the systemtedf@auditory navigation performance. However, this
study was concerned with navigation in virtual @i environments and did not involve physical

pointing to a spatial audio source.

5.3 Adaptive Psychophysical Methods

A number of methods have been developed in psycrsigdl research in order to estimate stimuli
values that satisfy a variety of perceptual prapserivith a certain probability. The goal is to sapp
systematic exploration within sensory systems eflitmits of detection and discrimination among $mi
and confusable stimuli. In addition it is usualkysited to obtain general measures of behaviouratteat
subsequently interpreted as an indirect measurpeafeption. The most suitable methods for such
measurements are adaptive methods. Adaptive methaeks the advantage that they converge at the
stimuli value of interest, thus avoiding the nedgs® evaluate performance at fully sampled stimul
values.

Adaptive methods are characterized by the factatstmulus is adjusted depending on the course
of an experiment until a value that satisfies sal@sired properties with a certain probability iaateed.
They result in measures of performance on psycteipalytasks as a function of stimulus strength or
other characteristics. The result constitutes whaalled a psychometric function [66]. The psycletnic
function provides fundamental data for psychoptsysigith abscissa being the stimulus magnitude and
the ordinate measuring the subjective responseutrdays, the most commonly used methods are the
Parameter Estimation by Sequential Testing (PES®yqulure [117, 118], the Maximum-Likelihood
Adaptive Procedures [66] and the Staircase or Upabprocedures [67].

In PEST procedures, stimuli are presented for @icenumber of times at a fixed level and then a
statistical test is performed to check whethergrenfince at that level is better or poorer thartahgeted
performance level. If this is not the case stinedel is adjusted, based on a predefined stepasidethe
procedure is repeated. Stimuli is increased ifgraréince falls below the targeted level and dectedse
performance is above the desired level. Step sizésb adjusted (reduced) during the proceduredaro
to obtain more reliable estimates. Modern PEST g¢umames use data from all trials to construct a
psychometric function that is subsequently usegstonate the optimal step size for the next trial.

In Maximum Likelihood Methods, the performance sties that are obtained by standard PEST
procedures are supplied to an algorithm that atterpfit a psychometric function to them. The new
stimulus value is then determined not based onsgepbut rather based on the prediction obtairyetthd
psychometric function. New data are used to uptieesychometric function at each experimental. tria

A maximum likelihood algorithm is typically usedrffitting the psychometric function.
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Finally, a widely used psychophysical method is $taircase or Up-Down method. Up - Down
procedures work by setting the stimulus to a certavel at the beginning of an experiment and then
decreasing or increasing the stimulus based orobservation of a specific pattern in the subject’s
response. The phenomenon that occurs when thetidireaf stimulus change is reversed is called a
reversal. Up-Down methods that decrease the stsrafter a valid answer and increase stimulus after
invalid answer converge to the 50% point of theoeisded psychometric function. A point of this
function that corresponds to 50% would imply thiathés stimulus level, 50% of the answers would be
expected to be ‘valid’. The drawback of this prasedis that it is strongly depended on a partidipan
maintaining a stable response criterion. Fluctuatiof the response criterion will lead to large
fluctuations in the threshold estimates. To overedhis problem, psychophysical methods often aim at
estimating as threshold the point at which the gbility of correct responses is halfway betweerfgmr
and chance response, namely the 75% point. Byiratéhe rule of stimulus change, different points o
the psychometric function can be estimated. Thisipdation of the rule constitutes what has been
called transformed up-down methods as discussddebiy [67]. The point of the psychometric function
that the adaptive procedure will converge can sélkcalculated based on the fact that the prolabilia
‘valid’ or an ‘invalid’ sequence will equal 0.5. Fexample, if the stimuli decrement is triggeredtivp
correct responses, then the method is expectedrivecge at the 70.7% point of the psychometric
function. By adjusting the rule, other points tietpsychometric can be estimated. However, full
sampling of the function is often hard to obtaireda the large number of experimental trials rezplir
Kaernbach [60] proposed a method to obtain estenattger a target performance level, that is based o
simple rather than a transformed up-down methodhd®ahan adjusting the pattern for required for a
stimulus adjustment, Kaernbach proposed using ithple Up-Down pattern but using a different step
size for stimulus reductions than the one usedsfonulus increments. In such a case, the targeted
performance leveb, can be used to estimate the ratio of downwandpivard step size change r, using
the formular = (1-p)/p. The method is more efficient compared to complaxsformed up-down
procedures, however, the benefit is rather smaillsfmple ones (as the two down — one up) and in
addition there is the drawback that the large diffiee in step sizes might result in participaniadpable
to anticipate stimulus changes and adjust thepamses accordingly.

In the experiment a two down one up procedure ésl is estimate angle intervals that will allow
efficient selection of a spatial audio source. Tikisione due to the fact that such a staircaseaddth
best suited for providing initial information onpsychometric function that is otherwise undetermine
Indeed, as mentioned by Leek [66], the maximumlitik®d procedures involve fairly complex stimulus
placement rules and in cases development of thickglstimates from the tracking data. In additioayth
require the assumption of a particular form of timelerlying psychometric function, which is not well

established for some psychometric tasks. The PE&had in addition, is expected to converge to the

84



appropriate stimulus value, in a relatively largecaint of trials, that is in general more than time o
required by a simple Up Down method.

The method is expected to converge at an anglevalt€target width) where 70.7% of the
selections will be on target. Although the estirdapmint of the psychometric function is expected to
provide optimal performance, the two down one wpdure is preferred from other methods for reasons
of efficiency. As will be seen in the experimentsdeption, a number of up down procedures will be
required to decide on minimum target widths thdt aliow efficient selections at different positienFor

this reason, minimizing the time requirements efélxperiment is of particular interest in this stud

5.4 Experiment

An experiment was designed to answer questionshenfeéasibility of spatial audio target
acquisition and the role of feedback as well agdliewing ones:
What is the minimum display area needed for theotiffe selection of a sound source?
How is this area affected by the selection gestare] what selection gesture is the most
accurate?
Which gesture was subjectively the easiest and omsafortable to perform?

The experimental task involved two stages. In thgifming, users had to orient the sound to their
front using a browsing gesture. Subsequently, thay to perform a selection gesture associated with
each browsing gesture to select the target. There two participant groups, one where the targed ar
was feedback marked and another where no feedbaglgiwen when the users were on the target area.

The three browsing gestures were: browsing withhied, browsing with the hand and browsing
using a touch tablet. These gestures differ wisipeet to how common they are in everyday life. fitse
is the normal way humans perform active listeningh the position of the sound being updated as the
user’s head moves, so should be very easy to perfbine second is more like holding a microphone and
moving it around in space to listen for sounds. Tdoation of the sounds in the display is updatased
on the direction of the right index finger. Dirextiis inferred by a 2D vector defined by the positof
the head and the position of the index finger ef tiser. The third gesture can be thought as aeragir
in the sense that it cannot be mapped to a realdwmase. The user moves a stylus around the
circumference of a circle on a tablet (the cenfrthe tablet marks the centre of the audio spacd)the
position of the sound source is determined by thieis direction with respect to the centre of tablét.

In early pilot testing this type of sound positiegiproved to be confusing if a user was to staelaction
from the lower hemisphere. This was due to the tlaat sounds moved as if the participant was lagkin
backwards, although the participant was actualbkileg forwards. For this reason, left and right ever
reversed in case the user began browsing in therlbemisphere. By doing this, the optimal pathhi® t
next sound could be found by always moving on ihgectowards the direction in which the sound cue

was perceived to be stronger.
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The selection gestures were: nodding with the heexling the index finger as if clicking a non-
existent mouse button, and clicking a button abglaon the side of the stylus to indicate selectlon
this experiment, three combinations of the aboveevegamined: browsing with the head and selecting b
nodding, browsing with the hand and selecting bstgrgng with the index finger, and browsing witteth
pen on the tablet and selecting by clicking. Headdf#stylus tracking was used to update the soupdsca

in real time to improve localization performance.

5.5 Stimuli and Apparatus

The aim of the experiment was to look at how theimum angle interval that allows efficient
selection of an audio source varies with respediitection of sound event and interaction technique
used. A single target sound was used that was glicene of eight locations around the participants
head (every 45° starting from 0° in front of thes nose) at a distance of two meters. This stisiwas
a 0.9 second broadband electronic synthesizer soepéated every 1.2 seconds.

For the participant group that received feedbaeky wimple audio feedback was used to indicate
that the user was within the target region and @aelect the sound source successfully. This veod
percussive sound that was played repeatedly whie user was ‘on target’ (i.e. within the current
selection region) to assist each user in localizhgy sound. This was played from the directionhef t
target sound. Sounds were played via headphonespaiilly positioned in real time using the HRTF
filtering implementation from Microsoft's DirectX 8PI. Sound positions were updated every 50msec.

To perform gesture recognition and finger trackinfolhemus Fastrack was used that provides
position and orientation data, and two sensors Fsgere 20). One sensor was mounted on top of the
headphones to determine head orientation and belpcbgnize the nod gestures. A second sensor was
mounted on top of the index finger to determine dhientation of the hand relative to the head and t
recognize the clicking gesture in the hand conditiy Wacom tablet was used for the tablet condition

Nodding and clicking was calculated using veloeisgimators inferred from the position data.

86



Figure 20. Selecting a virtual 3D audio source inhe hand pointing condition.

5.6 Experimental Design & Hypotheses

The experiment design involved a between subjext®f (whether participants received or did
not receive on-target feedback) and two within-saty factors with each participant using each ef th
three interaction techniques in a counterbalanae®ro There were two within-subjects independent
variables: sound location (eight different levedsd interaction technique (three levels). The ddpeh
variables were absolute deviation from target igrdes and effective selection angle also in degrees
Participants were also asked to rate the threeaictien techniques used for browsing and seleaiimg

scale from one to ten with respect to how comfdetaimd how easy to use they found them.

5.6.1 Hypotheses

Before the experiment it was hypothesized that
1 the effective selection angle, the ease of usett@mdomfort that would be experienced by each

subject would be affected by the gesture used.
2 the effective selection angle would not vary asrection of the position of the target sound due

to the fact that selection would be performed wtientarget sound was in front of the user and

thus localization error would be the same irrespecif target sound position.

5.7 Experimental Task

The patrticipant’s task was to browse the soundsaoajmg the indicated browsing gesture until the
sound was in front and then select the target sausinly the associated selection gesture. The target

sound repeated until the participant performedecten. Upon selection, the stimulus was preseimted
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different location randomly out of the set of agbile positions. The whole process was repeatetalinti
up-down methods for each position converged. Adogrtb the up-down rule the target width was varied
between trials; it was reduced after two on-taggéctions and increased after one off target tefec
The step was initially 2° but was halved to 1° maftee third reversal occurred. It should be noteat t
participants were unaware of this process; theyewsestructed to perform selections based only alicau
feedback and localization cues. Participants stwwedring the headphones and tracker. They could turn
around and move/point as they wished and were giviegst after each condition. The experiment could
not be conducted in a fully mobile way with useralking due to the tracking technology needed for

gesture recognition — participants had to stayiwitAnge of the Polhemus receiver.

5.8 Procedure & Participants

Participants were trained for a short period befoeing tested in each condition to ensure they
were familiar with the interaction techniques. Thasrformed eight selections using each interaction
technique before embarking on the experiment. Pmotesting, participants’ localisation skills were
checked to rule out hearing problems and to fanskathem with the sound signal they would hear.
During this 3D sound training, participants werekeas to indicate verbally the direction they had
perceived the sound source was coming from. Thererpnter subsequently corrected them in case they
were wrong and tried to direct their attention be trelevant cues. Thereafter, they embarked on the
experiment and were tested in all three interadié@hniques according to the order that was didthie
the experimental design. The experiment lastedceqapately one hour. The plan was to test twenty fou
participants, twelve with and twelve without feedkaOnly four participants were tested in the non-
feedback case since the task proved to be toadiffto perform. Twelve participants took part et
feedback case: five females and seven males witk eanging from 19 to 30 years. Participants were
asked whether they were facing any hearing defitésnand if they did they were excluded from the

experiment.

5.9 Results

The analysis presented here is based on the rantlttare available in the associated section of
Appendix 1. The up-down method was expected to eaeson the point of the associated psychometric
function where 70.7% of the selections would betanget. To estimate this point the angle intenaas
these were updated by the up-down rule were averageeraging included only the angle intervals that
occurred after the second reversal. The up-dowhadetonverged only for the feedback case. Responses
in the non-feedback case were such that the up-doethod did not converge and thus no results are
presented for this case.

A 3x8 two factor ANOVA was performed to examine wier sound location and interaction

technique affected the effective selection angtein® location was not found to have a significaairm
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effect (F(7, 77) = 2.241, p = 0.121). However, thavas a significant main effect for interaction
technique (F(2, 22) = 10.777, p < 0.001). There m@mteraction between location and techniquer-Pai
wise comparisons using Bonferroni confidence irdeadjustments showed that the tablet condition was
significantly more accurate than the other two téghes, but no significant differences were found
between the hand and head. Figure 21 shows the efésntive angle intervals for the three interactio
techniques with respect to direction of the sodfukt-hoc one way ANOVAs showed that sound position
did not have a significant main effect in the cakthe tablet and the head but did have one ircdse of
hand pointing, F(7,77) = 56.127, p = 0.036.

These results define the one side interval arousduace. To give an example of how these data
could be applied, if an exocentric 3D audio useerface (enabled with active listening) using audio
feedback and controlled by a stylus on a toucletaklas developed, the designer should allow at ka
on each sideof a sound positioned at 90° relative to the frointhe user so that a user would be able to

select the sound with selection success rateioriher of 70.7%.
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Figure 21. Effective selection angle as a functionf sound direction for each interaction

technique.
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In addition, to the data provided in Figure 21, meand standard deviation values are provided in

Table 3, to complete the picture.

Tablet Hand Head
Mean Std Mean Std Mean Std

0° 4.06° 2.46° 7.01° 3.03° 9.85° 5.68°
45° 4.19° 2.94° 7.78° 3.68° 9.85° 5.55°
90° 4.11° 2.52° 7.62° 5.02° 8.53° 3.86°
135° 4.80° 2.71° 9.20° 6.60° 9.10° 3.69°
180° 4.62° 2.10° 11.15° 8.59° 9.71° 5.10°
225° 4.81° 2.46° 13.58° 8.53° 8.86° 4.4°
270° 3.65° 1.95° 8.93° 3.62° 8.86° 4.22°
315° 3.60° 1.96° 8.61° 4.50° 8.74° 4.41°

Table 3. Mean Effective Angle and Standard Deviatios for all interaction techniques.

The absolute deviations from target of the usemdedions were also analyzed. Ninety
measurements for all different directions were uge8x8 two factor ANOVA showed a significant main
effect for interaction technique (F (2,192) = 3719 = 0.001). Direction also had a significant mai
effect (F (7,672) = 4.025, p = 0.001). There wadgaificant interaction between technique and dioec
(F(14,1344) = 4.336, p = 0.001). Pair-wise compmanss Bonferroni confidence interval adjustments
showed that the tablet condition was significaribtter than the others, but there was no significan
difference between head and hand. With respedidadlirection of the sound event, direction 225° was
significantly different from directions 0°, 45°, 90135°, 270°, 315° and direction 180° was différen
from 45°, 270°, 315°. Figure 22 illustrates measadite deviation from target and its standard d&na
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Figure 22.Mean absolute deviation from target andts standard deviation versus sound

direction and interaction technique.

As mentioned, each participant was asked to ratk efthe interaction methods in terms of how
easy and how comfortable he/she found them torba,szale from 1 to 10. Figure 23 shows the mefns o

the results for ease of use.
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Figure 23. Mean ease of use ratings for each interion technique.

A statistical analysis of variance showed inteattinethod to be a significant factor (F (2, 22) =
5.8, p = 0.009). Bonferroni t-tests verified talilebe significantly harder to use, but showed tatisical

difference between hand and head.
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Figure 24. Mean Comfort ratings for each interactim technique

A similar analysis on how comfortable the use & three devices was showed no significant
difference between devices. Figure 24 shows conmfi@dns for the three interaction methods. It should
be noted that participants have performed a latyeber of selection using the three interaction esh
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to allow the up-down methods to converge in thedhdifferent conditions and the eight differentrabu
positions. In that sense, when observing the grapbsolute values should be taken into account
carefully. However, the ratings of the three desicelative to each other can be used to infer Hoay t

are ordered relative to each other with respeetise of use and comfort.

5.10 Discussion

The results of the study showed that gesture iatierawith a 3D audio source can be performed
effectively in the presence of localization feedbdn the non-feedback case, with few exceptioesugh-
down procedure did not converge. Based on thisrfqdesting was not completed in this case. Thke fa
that the procedure did not converge indicates plaaticipants were not able to locate the targeh wit
confidence in this case. Such a finding can béated mainly to front-back confusions and inatgBtto
maintain a stable criterion on the perceived sodinelction in the given experimental scenario. Irjee
given that participants did not receive feedbaakgdt sound position was located all around paditis
and non-individualized HRTFs were used, high caofusates and localization error would be expected
with detrimental effect on the convergence of thebwn procedure. Indeed, the up-down procedure
either diverged or unusable estimates of target wigre obtained. For the small number of partidgpan
that were able to complete the procedure, anglenatds were similar to the ones obtained in the
feedback case, however, experiment time was mugtiehi It should also be noted that the participahts
the experiment had no experience in localizingnif8D audio sources.

In the presence of localization feedback, howether,novel browsing and selection methods that
were tested were found to be effective. Users wvabie to perform active listening using the tablleg
head and the hand without any particular difficultyterms of selection effectiveness, the browsing
selection methods can be rated as tablet, handh@ad. The ordering can be explained in terms of the
resolution that the three different mechanisms igivA stylus controlled touch tablet provides acimu
better minimum possible displacement compared ¢ohiad or the hand of a person. By constructing
histograms of deviation data it was verified th tesults of the up-down procedure would indekxival
70% percent of the selections to be on targehdukl be mentioned, however, that more reversalddvo
result in having more accurate results. This waspegsible to do since a within-subjects design and
short experiment duration was targeted by the éxartal design. Experiment time was kept in theeord
of one hour to avoid effects caused by fatigueedife selection angles are likely to reduce witlcfice
and improved feedback design.

When considering the three interaction methodsyatild not be expected that the direction of
sound would be a significant factor in the resaftshis study. This is due to the fact that usetscted a
sound when it was in front of them. Such a predictivas verified in the effective angle case where
location was not found to have a significant maffect. However, in the deviation analysis, certain

angles were different from others. This was moatlyund the direction of 225° degrees. The reason fo
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this difference can be described by the mecharfitiseabrowsing and selection modalities. A closek

at the graphs and Table 3 reveals the techniqueshsed this difference was browsing by hand. As w
observed during testing, some right-handed pastitp found it difficult to point to that locatioif,they
had not turned their bodies first (they had to hemound their body causing them to stretch, redytiie
accuracy of their selections). A significant numbéparticipants indeed tried to point without tung
their bodies, a result that influenced the accuiache browsing and selection processes. The ti@mia
in the selection strategy can also be verified ey targer standard deviations that occurred fos thi
particular region.

By analyzing how the ease of use scores are ordérésl found that users find browsing the
orientation updated sound space to be equally eilsgr using the head or using the hand. The touch
tablet however, although more accurate, was nadrdtighly. This can be associated with the
unnaturalness of the browsing process. In the dilvercases, participants used a natural process for
browsing the space, such as moving their headsruiaed one by moving their hand in a synchronous
way with their head. The unnaturalness of the ped®wever, is tightly coupled with the exocentric
nature of the display. In an egocentric display iersound position remains stable relative to tstetier,
such a result might not be verified.

When considering the effective angles, it can beeoked that if accuracy was the only factor to be
taken into account, an audio user interface coelctdnstructed having all eight sounds locations, an

possibly more.

5.11 Conclusions, Guidelines & Future Directions

Experimental hypothesis 1 it was found to be valielsture affected the effective selection angle,
the comfort and the ease of use participants expesd. Experimental hypothesis 2 was found to be
partly valid with exception of selection using thand gesture. This is consistent with the findin§s
Oldfield and Parker [89, 90] where pointing to sdsiin the back was found to result in increasecomot
error. In our case significantly higher effectivedextion angles were also observed when the tametd
was on the back of the participants.

The experiment showed that gesture interaction \&ithexocentric spatial audio display is a
feasible task in the presence of on-target feeddackuch a case, it was observed that participaate
able to orient themselves with respect to the s@muoice and select within reasonable limits of eacy
Without feedback however, problems related to fwatk confusions and the relative inability of
listeners to orient themselves successfully witthia target region resulted in ineffective interauti
Three different gestures for browsing and seleciimga 3D soundscape were examined and their
effectiveness in terms of accuracy was assessewsrg and selecting using a touch tablet proveukto
more accurate than using a hand or a head gebtowever, browsing and selecting using the handher t

head were found to be easier and more comfortaplihd users. Effective selection angles that would
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allow efficient selection were estimated for eatfieriaction technique and at eight sound locatioosral

the user using an adaptive psychophysical methbd. résults showed that these different interaction
techniques were effective and could be used intadunobile device to provide a flexible, eyes fresy

to interact with a system. It was found howeveat thrientation cues from an actively orientategldig
were not sufficient and in addition that convenéibtechniques using virtual pointers produced high
cognitive loads within such a context. With the Igohdesigning a spatial audio selection taskgsit i
therefore necessary to broaden the area of reseatioblude egocentric displays and other locailirat
cue options. Furthermore, restricting the displpgce to lie only in front of the user might alsdphia
alleviating confusions in a more effective way.dddition, an evaluation method has to be devised to
include efficiency measures and more formal wayasgess user satisfaction. Indeed, in the expetimen
large time differences were observed between teebfeck and non-feedback case. These were not
however, quantified in the experiment as this sgras an initial study into the feasibility of the
interaction techniques under examination. Given éx@x, the verification of the effectiveness of the
interaction techniques under examination and tiésal observations, the next experiments will bdo
explicitly evaluate the efficiency and user satitifan aspects of gesture interaction with a spatiadio
display.

Finally, as future research direction for develapef exocentric interfaces where selection is
important, hybrid methods of browsing and selectiogld be examined. For example, browsing the
virtual soundscape using the head but selectimggu$ie hand, could result in a solution that isropt
from the point of user satisfaction but also effiti from a scalability point of view. The same abbk
true for browsing using the head and selecting gusintouch tablet for example. However, these
assumptions have to be tested and verified expatathg to ensure their usability and reveal possibl
shortcomings.

With respect to Research Question 1 this experirabatved that if feedback marked areas are
used in a spatial audio display the task of saigdi spatial audio target becomes feasible. Wiheaet to
Research Question 2, the study showed that theirgessed significantly affects the accuracy of user
selections. Based on the experimental results dauof guidelines for developers are provided:

When it is desirable to provide front/back cuesmexocentric display to listeners using non
individualized HRTF functions, it is necessary tarinthe target area with feedback so that the
selection task becomes usable.

Natural options of browsing an exocentric displsiych as by head movements, are easier and
more comfortable to perform by users.

When selecting a feedback marked spatial audioetémmsing a stylus operated touch tablet 9°
around the target should result on 70.7% seledigitess rate. This number becomes 16° and
18.5° for selecting using the hand and head ofuder respectively. In the hand case, this

number refers to selections in front of the user.
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6 An investigation into deictic interaction in
egocentric and exocentric displays. The effect of

feedback cues and distracter sounds.

6.1 Introduction

In this chapter the methodology that was used énpitevious experiment is extended and used to
evaluate a number of designs that aim to enhanicgimy efficiency using a number of feedback cuaes.
this way, a preliminary attempt to answer Rese§ahstion 3 is made. A distinction between egocentri
and exocentric displays is made and two feedbaek ave used in each of the display types to examine
their effect on performance. The experiment is etgmbto provide the necessary insight for answering
Research Question 1 and lead to the design of ttakpadio target acquisition task. Furthermorésit
expected to provide more material for answeringeResh Question 2 by identifying the effect of
feedback types that differ in a fundamental way.

In addition, this experiment is investigating ttéeet of distracting sound sources on interaction.
This is done with respect to Research Question @rder to identify whether distracter sounds affect
spatial audio target acquisition. Justification flois investigation is provided by the fact thatle real-
world, an audio display is expected to feature mitven one display element. In this sense, it is

interesting to question how interaction will beeafied.

6.2 Rationale

Based on the discussion in Section 3.3.2, it carcdrecluded that egocentric and exocentric
designs have some fundamental differences in tefrapplication areas and it is also expected tbates
notable differences would be expected in interactfatterns. Given that both display types are
considered useful each in its own scope, it is sy to see whether these differences would be
observed experimentally and whether they are plestibquantify. Furthermore, both display types may
suffer either from effectiveness or efficiency tethdeficiencies. The results of the experimensgméed
in Section 5, also indicated the important effeagtdback has on interaction. It is therefore necgdsa
investigate whether feedback cues imposed on th&sie designs can counter these problems. Feedback
can however, be provided by a variety of methodsthe merits and drawbacks of each technique have
to be investigated. In particular, it is necesdargxamine how performance is affected by a nurolber
prominent feedback cues, such as loudness, oiigmigpdate and the simple timbre cue that was irsed
the previous experiment.

In order to gain more conclusive results, the ¢iffecess of feedback has to be evaluated against
variable display element numbers. In this way, #ffect of distracting sounds in the display on
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interaction can be examined. Although similar efedave been widely investigated from an
intelligibility point of view, the effects on intaction have not been evaluated in the past. Basd¢lese
observations the aim of this experiment is defiasdo evaluate a number of prominent feedback cue
types and study how interaction assisted by eagtibfeck cue is affected by increasing the number of
display elements in egocentric and exocentric faters.

The chapter provides background on the effectsnofillaneous presentation of audio streams on
interaction as well as on feedback design, befateneling the evaluation technique and proceedir wi

the experiment.

6.3 An introduction to the issues associated with s imultaneous
presentation of audio streams

The most important effects of display content deriaction with a complex spatial audio display
are expected to emerge as the result of intelligiproblems and possibly problems related to éased
user workload due to inappropriate sound desigre filhmer possibility has been investigated in the
psychoacoustics literature. The latter remains hewelargely, unexplored and more research is
necessary in order to develop sound design guikelin

When interacting with a spatial audio display aruse€aced with a complex audio environment
where multiple sounds might coexist (including sdsifrom the real audio environment surrounding the
user). From this point of view, interaction wittspatial audio display is highly associated withidkae
and selective hearing attention tasks [109]. Dididdtention tasks are those in which the user must
follow more than one information stream at a tifBelective attention tasks are tasks where atteigion
focused on only one of multiple information strearfRer example, listening simultaneously to two
speakers in a teleconference scenario is a divgddegttion task, since the user is required to whded
the ‘meaning’ conveyed by both of the display elataeOn the other hand, the task of selectinggetar
audio element is a selective attention task, siheaiser has to focus on the target element withidht of
the display elements acting as distracters. Igibllity problems in both cases mainly stem frone th
phenomenon of masking.

Masking is defined as the process or the amoumtthgh the threshold of audibility for one sound
is raised by the presence of another sound [85]erwWhudio display elements are presented
simultaneously masking can lead to one or moréheint being inaudible if there is significant spectra
overlap between them together with marked levdeddhces [85]. In general, masking in spatial audio
display is less of a problem due to the fact thlwhltarget signals and maskers might possess thdivi
spectral and temporal structure that has been prtmvassist auditory stream segregation. In addifio
spatial audio displays sounds are presented frdfareint spatial locations. In such cases, the nthske

threshold is lower compared to when sounds areepted from the same locations. This phenomenon is
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called binaural release from maskingnd is one of the advantages that spatial audiplalis have
compared to non-spatial audio displays [85].

Binaural release from masking has been used taixfile ability of the human auditory system
to focus in one of multiple audio streams that aresented simultaneously, known as the ‘Cocktail
Party Effect’ [4]. The individual differences afund signals between ears have been found to p&hel
in reducing the threshold of audibility for soungisesented in the presence of maskers. For all these
reasons, performance in selective attention taskadceptable in spatial audio displays as lonthas
levels between display elements do not have biterdifices [109]. It should be noted that divided
attention tasks are more demanding and the befiefit spatial separation is less than in selective
attention tasks. As reported in [109], at O dB ¢arip masker ratio participants performed at a esgc
rate of 95% in the selective attention task but gshecess rate in the divided attention task wayg onl
slightly more than 70%.

In addition to the aforementioned masking typeg &sown as energetic masking, there is also the
case of informational masking. Informational magkstems from the observation that high levels of
masker uncertainty result in higher masked threh@ll]. Given this observation it is reasonalole t
assume that consistency in the timbre of the dysplaments is an aid to a user interacting witpatial
audio display. In addition, spatial separation aisproves performance and reduces the effect of
informational masking [38]. It has also been fotimat previous knowledge of the position of thergéda
is beneficial to intelligibility performance in saitive and divided attention tasks so keeping displ
elements fixed relative to the user may prove heiadf Therefore, in a familiar spatial audio dsyplthe
amount of informational masking is expected to lheimmal.

According to the review, spatial audio displaysns¢e favor both types of attention tasks in terms
of intelligibility and masking avoidance. Howevéhne effect display ‘clutter’ has on interactionriet
clear as most of the studies focus on intelligipitather than performance. From this point of viévis
interesting to examine how and whether user pedoga would be influenced by variable levels of

display content (as would happen in any real system

6.4 Feedback Cues

Feedback can be either constrained in the displeg that is implicitly assigned to the sound in
focus or be provided by continuously updating gldig parameter, possibly coupled to user movement.
A simple way to provide feedback is by playing ateenal sound source whenever the user is on target
This type of feedback cue is going to be referedd a timbre cue in the rest of the chapter. Hewev
such type of feedback can be altered so as pigthmic or spectral variations of the sound repnésg
the display element are played whenever it hassfodis has been found in the previous chapter, this
approach is effective and can successfully impreslection speed and accuracy. Such a choice is not

unnatural and it is justified by the fact that feadk has to be provided anyway to inform on theesur
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display state, for example to show whether a aerthsplay element is in focus or that it has been
selected etc. With appropriate design such feedliack also be used for the additional purpose of
assisting users in disambiguating display eleme@sitipn and overcoming speed and accuracy related
deficiencies. More specifically this type of feedkamight be used to either improve final positignin
time in an exocentric display or compensate foruemty deficiencies in an egocentric display. Final
positioning time is the elapsed time from when arwnters the target area to the moment a seleistion
made. Even when targeting visual targets, on-tafgetiback has been found to produce marked
differences in final positioning times as found Alamatsuet al. [3]. In this study, auditory, tactile,
colour and all three combined feedback types werspared as a means to indicate that the pointer was
over the target. An analysis on final positioningds gave a ranking of tactile, combined, audidouwo
and normal. The differences in mean times werepnmbounced but were significant and based on this
study it can be concluded that feedback can impfimad positioning times. Final positioning is algo
significant problem in audio displays [68]. In axperimental study Loomist al. asked participants to
locate a sound by physically moving to it. Soundifion was updated in real time using distance and
orientation cues depending on the user’s relatgtion with respect to the target. The authorsébu
that people could quickly get to the target souadree however, there was a significant delay until
participants were convinced that they were actuatlyarget.

Feedback can also be provided by adjusting dispameters to give hints on the position of
display elements. This is done using informatitow user position, obtained through orientation or
position tracking equipment. An example of sucheehhique would be updating the loudness of the
display element at which the user is pointing. Saatue can be designed by means of a function that
relates the attenuation applied to each displajmeft to the user’s distance from the display elémen
Continuous or discrete attenuation levels can leml,uthe latter done through mapping of attenuation
levels to different ranges of user distance todarg loudness based cue can guide the user tgetta
display element location since the loudness ofghdicular element will increase as the user moves
closer to the display element. In addition, suctua effectively adjusts the target to masker ratiahe
display and as such it is helpful in the contexenhfancing divided as well as selective attentidris is
also important in mobile settings as it can helproeme problems of masking by display or other real
world sounds. At very high attenuation levels thiedness cue is effectively reducing display popartat
since elements far from the user’s pointing dimttivill be rendered inaudible. This might become
problematic since continuous contact with displeyrents is not preserved.

An exocentric display implicitly provides orientati cues to the listener due to the on-line
updating of sound position relative to user ponititf a user is advised that a sound will be inuc
whenever it is in front of the user, a display bsowg and selection strategy can be devised that thee

readily available orientation cues. Given the aggilility of such options in display design, it is
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interesting to evaluate different movement-coupgtstiback cues and rate them according to the henefi

they bring to interaction.

6.5 Evaluation Methodology

As was said in the introduction the evaluation radtiogy is extended in this chapter to include
more aspects of the usability of pointing actioRerformance is evaluated in terms of efficiency and
effectiveness by measuring time and accuracy saasgsectively, in a spatial audio target acquisitio
task. User satisfaction is estimated by using tSAN TLX workload questionnaire [54]. Using the
guestionnaire participants rated their subjectixgeeience in a number of factors that are consiléwe
influence subjective workload during interactiomeEe scores can be subsequently used to calcodate t
perceived workload in a certain interaction context

Finally, two additional standard measures from lttexature on evaluating pointing actions are
introduced: effective target width and throughptihroughput is defined as:

Equation 28

I
Throughput= —2£
anp MT

ID¢ being the index of difficulty and MT the moveméinte. Index of difficulty is defined as:

ID, =log, WR +1 Equation 29

e

W, is the effective target width calculated basedtenstandard deviation of measurements and

represents the distribution of selection coordisa@mputed over a sequence of trials. It is caledlas:

W, =4.133 SD, Equation 30

SD, is the standard deviation in the selection coaidi®s measured along the axis of approach to
the target. To apply the above formulation in dudg D is defined to be the angular distance pigsits
had to move to reach the target, measured in degfde particular measures have been proposed for
evaluating visual target acquisition, however tareattempt is made to extend their applicatiorpttial
audio selection tasks. This is justified becaussiapaudio is providing a directional cue and #iere
the spatial audio target acquisition procedurelmnonsidered similar to visual target acquisitiés far
as effective target width is concerned the appbecais not questionable due to the fact that Equafi8
does not involve any terms that can be thoughelamte to modality. With respect to throughput, ight

be possible to question the appropriateness dbtimeulation Equation 29 as a measure of difficufya
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spatial audio target acquisition task. It is indeedopen question whether the formulation of Equa#i9
can be applied to spatial audio selection tasksvever, the thesis proceeds with using the formurtati
and uses it uniformly in this study for all feedkaties given, because it provides useful insigtat their
effectiveness. Chapters 7 and 8 consider in dedadither such formulations are appropriate for gpati

audio target acquisition tasks.

6.6 Experiment

An experiment was designed to evaluate interadtiothe presence of the discussed feedback
cues, input being accomplished by means of a phlypiginting gesture. According to the rationale the
feedback cues are evaluated in a display with elatisplay populations to obtain information on witeat
their effectiveness is affected. The term displagylations refers to the number of display eleméras
are presented in the display.

Interaction with the display is accomplished instetudy using simple physical gestures that are
recognized by the system using motion trackerssiehiygestures are a suitable solution for intémgdn

mobile contexts due to the fact they can be pedormithout using stylus or similar devices.

6.7 Experiment Design & Hypotheses

The Independent Variables are orientation updagtween-subjects) that differentiates between
the egocentric and exocentric interface, feedbgpk tand distracter population (both within-subjects
Dependent variables are time to complete a triadubar deviation from target, throughput and effext
target widths as well as subjective workload. Bgréints were split into two groups: one with oraign
update enabled in the display and the other witholhe feedback type variable was introduced to
accommodate the loudness and timbre cue. A voidl leas used to provide the control condition of
direct pointing in egocentric and exocentric iraeds. The combination of orientation update and
feedback type resulted in six different feedback combinations. The control condition was provithgd
the combination of no orientation update and nalfeek cue and essentially represents direct pgintin
The loudness and the timbre cues were tested withwathout the orientation update cue to examine
what is the effect of cue combinations. Displapylation was also tested as a within subjects fawii
all participants tested in all available levelsdidplay content. The maximum number of sounds @ th
display was seven including the target sound aadrimimum just one, the target sound. The design of

the experiment is presented in detail in Table 4.

Orientation Update Feedback Type Number of Displeyments
None 1,2,3,4,5,6,7
Yes (Exocentric) Loudness 1,2,3,4,5,6,7
Timbre 1,2,3,4,5,6,7
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None 1,2,3,4,5,6,7
No (Egocentric) Loudness 1,2,3,4,5,6,7
Timbre 1,2,3,4,5,6,7

Table 4. Experimental Design. The independent varlades, orientation update, feedback type

and number of display elements and their associatddvels.

6.7.1

1

Experimental Hypotheses

Before the experiment it was hypothesized that:
Interaction in the egocentric display would be dadbut less accurate that interaction in the
exocentric display
The timbre cue was expected to result in usabkraction in both cases, however its success
would be compromised by the fact that no directtacnwith the target element would be
available in the beginning of each trial. Howe\he repetitive nature of the task was expected to
smooth this problem
The success of the loudness cue was expected ¢torbpromised by the fact that it does not
directly provide directional information. It is trefore expected to improve accuracy compared
to the egocentric case, however its success inetmeentric case depends on the extend
participants would utilize the combination of théeatation and loudness cues. Furthermore, the
lack of continuous contact with the target in thegibning of each trial was available is also

expected to influence interaction in a negative .way

4 Distracter sounds were expected to influence perdorce in a negative way.

6.8

Stimuli & Apparatus

Participants were tested in a spatial audio disghay is presented in Figure 25. Display content

was constrained to a maximum of seven audio elesn&iments were positioned on the arc of a circle

of radius of 3m starting from -70° and up to 70thaan inter-element distance of 20° at the levahef

user’'s nose. The selection of a 3m distance waddaltlee fact that this sets the sounds in the fiatt

where spectral cues are rather uniform and do regend on sound position. Interaction was

accomplished by means of an Xsens MT-9B orientatianker (www.xsens.com), which participants

held in their hand. Headphones were used to présesounds.
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Figure 25. Experimental Task, Visualization of thehand of a participant alternating between

the two targets while tested in the display.

When the display featured orientation update, squusitions were updated automatically based
on the direction of the user’'s hand. The DieselR&ngine (www.am3d.cojrwas used for spatial audio
rendering of the display elements. The DieselPowgitte was found to be better compared to the
DirectX as the evaluation results presented inAppendix showed. The loudness cue was implemented
using a continuous bell-shaped attenuation functiesigned so that when a participant was pointing
straight at the location of a display element ne@iring elements were played at half their origiaakl.

The shape of the function was such that sounds tila@ the focused and the neighbouring ones were
played at zero level so that they were inaudibléeruation levels were continuous. To implement the
timbre cue each display element was assigned antig area of 20°. When using the timbre cue only
the display element in whose effective area the wse pointing was audible. On entering the effecti
area of a display element, the associated soundclaged from the beginning. This type of feedbagk i
similar to the case where a different sound orréatian of an element sound is used to inform ther wf

a display element being in focus, with the notabféerence that no continuous contact exists whth t
other target elements.

One target sound appeared in the display in edah d@nd this was a human voice saying
‘Woohoo’. To provide a rather uniform sound matkrenimal sounds were used for the rest of the
display elements that were used as distracters.didteacter population was chosen randomly for each
particular trial out of a maximum of six soundshebe were the sounds of a kitten meowing, a puppy
barking, a horse whining, a cockerel crowing, &kat chirping and a hen clucking. The sounds were
equalized to have roughly the same loudness. Soweds HRTF-filtered in real time to provide the
impression of them emitting from a certain positinrspace. Sounds were programmed to play as omni-
directional sound sources and no directional chearistics were used. The sounds in the displayatejle

with a 400msec pause until a selection was madse®mnd durations were not constrained.
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6.9 Experimental Task

The experimental task was to select the targetdsosing the feedback cues that were available in
each condition. To select the target sound ppditdis had to point at its perceived direction drmeht
rotate the hand slightly downwards to indicate g@a. The target sound alternated between thebedt
and rightmost display slot in every other trial.id'lwas done in order to minimize searching time and
allow for the effects of the distracting sounds #mel combinations of the feedback cues to appds. T
number of display elements was selected randonityr po a new trial out of a maximum of seven.
Display element positions were filled from the difen of the target according to the number of ldigp
elements for each trial. A visualization of the esimental task was provided in Figure 25. The fask
designed in accordance to the original Fitts’ pgampttask paradigm with the difference that disteact
sounds were also played in between the targetajisgements and that stimuli were placed in an arc
rather than in a straight line.

When the display featured the orientation update garticipants were asked to use the updated
orientation cues and select a sound when it wafadnt of them. When using the loudness cue
participants were asked to select when the sounsl ataits loudest. When using the timbre cue
participants were asked to select when they coedd the target sound. When using combination o$ cue
participants were asked to use both cues on their initiative. A participants performing the task i

shown in Figure 26.

Figure 26. Performing the task in Experiment 2. A ger is illustrated selecting a 3D audio

source.
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6.10 Procedure & Participants

There was a counterbalanced testing order for ftiénasubjects factors. Participants were trained
briefly prior to embarking on each of the withinbgects conditions. This was done mostly to famitiar
themselves with the cues available in each comd@amwell as with the experimental equipment. Fajnt
angle at selection and time to complete trials weoarded throughout the experiment. After comptgti
each of the trial sets participants were askedotoplete NASA TLX forms in order to estimate the
subjective workload associated with each trial isessTwelve participants were tested 11 male and 1
female with mean age of 22 years. Participantsrzagrevious experience with interacting with aniaud
display. They were paid 5£ for their participati®articipants were asked whether they were facinyg a
hearing deficiencies and if they did they were eded from the experiment. Total experiment time

varied between 30 minutes and one hour.

6.11 Results

The analysis presented here is based on the rantltittare available in the associated section of
Appendix 1. The results section is organized iedhsubsections. The first is concerned with thdyaisa
of movement times, the second with the analysisdefiation from target scores and additional
observations concerning throughput and effectivdthg as these were calculated for each feedback cue

and their combinations. The third is concerned withjective workload analysis.

6.11.1Time Analysis

Independent Variable Significance Level
Orientation Update F(1,94) = 8.524, p=0.004
Feedback Cue F(2,188) = 116.541, p<0.001
Number of Display Elements F(6,564) = 5.731, p<0.00
Update * Feedback Cue F(2,188) = 74.792, p<0.001
Update * Elements Number Not Significant
Display Elements * Feedback Not Significant

Table 5. Between and within subjects main effectsnd the interaction between the
independent variables in the experiment in time teselect measurements. F-values and significance

levels are also presented.

A (2x3x7) ANOVA with orientation update as a betwesibjects factor showed a significant main
effect of orientation update, display type and nambf display elements. The effect of the interacti
between the orientation update and the other feddtizes was also significant. The results are ptede

in Table 5. Mean times as a function of displayteahfor all examined cases can be found in Fig@ure
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Figure 27. Mean Times to Complete Trials as a funiin of the number of the display

elements for each feedback type used in the experdmt.

Given the main effects observgmhst hoct-tests with Bonferroni confidence interval adjnent
were performed to check for differences betweendifferent feedback cues. All feedback cues were
found to differ significantly with the exception ttie two interfaces that used the timbre cue where
sounds were presented one at a time. Utilizatiorthef orientation update cue was found to slow
interaction. The ordering of feedback cues withpees to speed is therefore: direct pointing, timbre
orientation update, loudness & orientation updaité lwudness alone (see Figure 27). Interactiongusin
the combination of the orientation and loudnessresalted in faster interaction compared to ushe t
loudness cue alone but slower than using the atient update cue. It is also interesting to obsénet
the interface where active listening was enabled mare sensitive to increasing the number of dyspla
elements than the interface where orientation @udats disabled. The associated curves show a clear

increasing trend. Table 6 presented the meanstandad deviations of the time measurements.

O/U | Cue 1 2 3 4 5 6 7 Mean
5.3 5.6 5.6 5.8 6.0 6.2 6.1 5.8
None
1.7) (1.4) (2.2) (1.8) (1.8) (1.9) (1.9)
55 6.5 5.9 6.6 6.3 7.2 6.5 6.4
Yes | Loudness
(2.2) (2.4) (2.5) (2.6) (2.3) (2.9) (3.4)
5 5.3 4.3 5.1 5.4 5.5 4.8 5

Timbre
2.7) (2.9) (2.3) (3.0) 3.2) (3.0) (2.2)
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2.6 2.9 2.6 2.8 2.5 2.6 2.6 2.65

None
(0.8) (1.2) (0.9) (0.9) (0.8) (0.9) (0.7)
7.5 7.9 7.3 7.0 6.8 8.0 7.4 7.4
No Loudness
(2.5) (3.35) a.7) (2.4) (2.8) (3.2) (2.5)
5.0 5.0 4.5 5.1 4.7 5.9 5.0 5

Timbre
(3.0 (2.2) (2.2) (2.3) (2.0) (3.2) (2.0)

Table 6. Means and standard deviations for the timeneasurements in this experiment as a
function of display population and feedback cue. QJ refers to whether orientation update was

present in the display. The measuremements are iersonds.

6.11.2 Accuracy Analysis, Throughput and Effective Target Widths

Accuracy was calculated as the absolute differdret@veen user pointing direction and target
position. A (2x3x7) ANOVA on absolute deviation®ifin target showed a significant main effect of the
orientation update cue, display type but not of hemof display elements. The interaction between
feedback cue and orientation update was signifiatwas the interaction of display elements aed th

three feedback cues. Significance levels can bedf@u Table 7.

Figure 28. Mean absolute deviation from target andts standard deviation means calculated

using data from all cases of the number of displaglements factor.
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Given the main effects observed in overall accupmst hoccomparisons were performed for all
combinations of feedback cues to order them withpeet to accuracy. All feedback cues and
combinations were found to differ significantly.i@ntation update was found to significantly enhance
the accuracy of selections. In general, high stahdviations were observed in user selections. The
different feedback cues can be rated with respecadcuracy as: orientation update, loudness and
orientation update, timbre, loudness only and Knalirect pointing. Mean accuracy ratings for all
feedback combinations across all display populatiame plotted in Figure 28. To compare the differen
feedback cues in a more systematic way, the measfiteroughputandeffective target widtlare used.
The accuracy ratings in our study exhibited a lag®unt of between-subject variation. This is due t
the influence of throughput and effective widthulés To give an indication, the range of throughgnd
effective width values for the participants of #hgeriment is provided in Table 8.

The between subject variation can be explainechbyskill required by the tasks and the absence
of any training. The data presented were measucgd participants that had no experience in the doun
localization task or in the use of virtual audiedback cues. It is expected however that performariit
improve through training. The results presentedtheeefore representative of an untrained populatio

and thus represent a safe approach to design vdieg tine feedback cues under study.

Independent Variable Significance Level
Orientation Update F(1,94) = 854.725, p<0.001
Feedback Cue F(2,188) = 43.552, p<0.001
Number of Display Elements Not Significant

Update * Feedback Cue F(2,188) = 36.674, p<0.001
Update * Elements Number Not Significant

Display Elements * Feedback F(12,1128) = 3, p<0.001

Table 7. The effect of the independent variables caccuracy scores, F values and significance

levels.

Effective target widths for the different feedbdgkes averaged across all subjects and all display
populations are presented in Figure 29. The effedtirget widths when doubled will result in cldee
perfect selection rates. In terms of target sine&|the different feedback cues are ordered @ntation
update, loudness & orientation, timbre, loudnessaland direct pointing to a static audio target.
Throughputs were calculated according to Equa2®and are presented in Figure 30. It can be observed
that, despite the rather large effective targethgddirect selection proved to be the most efficighen

throughput is concerned.
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Cue Throughput Width
Direct pointing 0.55-1.33 22 - 54
Loudness 0.29-0.53 21-28
Timbre 0.4-0.95 14 - 28
Orientation update 0.51-0.78 8-12
Loudness & Orientation 0.38-0.94 12-19
Timbre & Orientation 0.4-1.18 13-25

Table 8. Throughput and effective target width varations between participants.

The rating of the different feedback cues in tewhshroughput is: direct pointing, orientation
update, timbre, loudness and orientation, loudaémse. Throughput comparisons are quite usefulesinc
they combine accuracy and timing information in améorm measure. An ANOVA was performed on
throughput and target width measures as these alganed for each participant and for all display
populations in the experiment. The result showed dsplay population was not a significant facfor,
this reason throughput and effective width data mmesented averaged across all display element

populations.

Figure 29. Effective target widths for the differen feedback cues calculated across all display

populations.
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6.11.3Workload Analysis

NASA TLX sheets were filled by the participantseaftompleting each trial set. Mean workload

values are presented in Table 9.

Simultaneous Envelope Timbre
Exocentric 4.87 (1.09) 4.79 (1.34) 4.3 (1.58)
Egocentric 3.04 (1.00) 4.15 (1.07) 3.45(0.92)

Table 9. Mean Workload Values for the participantsthat took part in the experiment. In

parentheses, standard deviation values are preseute

A 2x3 ANOVA showed no significant main effect ofitheer feedback cues nor orientation update.
It is however, worth noting that workload valuesvien the egocentric and exocentric displays differ
substantially in the simultaneous case as a twestld reveal ( t = 3.004, p = 0.013 ). Detailed
investigation on each parameter of the NASA TLXdeshowed that the orientation update cue had a
significant main effect on mental demand F(1,1(.683, p<0.013, time pressure F(1,10) = 6.503, p =
0.027 and frustration experienced F(1,10) = 5.97€0.033. When orientation update was enabled
participants felt higher time pressure and charaetd the task as requiring more mental demand and
causing more frustration. The feedback cue hadgaifgiant main effect for the measures of mental
demand F(2,20) = 6.920, p = 0.005, performancel laghieved F(2.20) = 5.825, p = 0.009 and
annoyance experienced F(2,20) = 3.845, p = 0.0B&.sllent interface was found to require less nienta
demand from the loudness enabled interface, itlessannoying than the envelope interface and made

participants believe that they performed betten tinathe other cases.

6.12 Discussion

One of the major findings of this study is the tlaweuracy trade-off that is associated with
movement-coupled cues. Both in the orientation tgdend the loudness cases, participants were
significantly slower than in the cases where cuesewot updated continuously in the display. Inhsuc
cases, although there is an improvement in accutheyhigh timing demands compromise the benefit.
This is quite evident in the throughput ratings mhthe accuracy superiority of the movement-coupled
cues was cancelled out by the increased movemaestiThe reason for the increased time demand is
that such cues require continuous target attainoheaito the fact that each movement users maketsffe
the perceived soundscape and forces them to reraeatheir current position with respect to thgear
This can result in increased time taken especielign users are close to their final position. Temand
for continuous target attainment would be relaxgdplboviding discrete levels for certain distance to
target intervals. Increased final positioning tines/e been associated with orientation update hiarot

studies, such as [68]. On the other hand, movecmniled cues were shown to be useful in reducing
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target size, as is shown by the effective targelthei associated with these tasks. The most suatessf
case of the orientation update feedback cue redjyirst one third of the effective width required by
direct pointing.

The loudness cue rated reasonably well when usedombination with orientation update,
however when used alone was less effective. Insenise, the loudness cue is not very useful istassi
pointing based interactions. However, due to the tlais cue is effectively adjusting focused eletrten
distracter element level ratios, it can be quitefulsin assisting selective and divided attentiarthe
display, an option that can be very useful whemabile settings. The timbre related cue, ratedequitl|
in terms of time and accuracy. However, its suceess limited due to the lack of continuous contact
with the target. This type of cue resulted in arg@iag action that reduced interaction speed. imseof
throughput, this type of cue was competitive with brientation update cue.

When considering egocentric vs. exocentric intex$ait was found that they are both prone to
interaction efficiency and effectiveness probleinghe exocentric display participants were alntbste
times more accurate than in the egocentric, ats#tree time being two times slower. The timbre cue
reduced the localization error by two times in ¢gocentric display but it increased interactionesbly
the same factor. However, it should be noted thattarget sound was not audible when the timbre cue
was used in this sense the effect on interactieeds expected to be less when the user is haliagt
contact with the display elements as is found imér 8. In the exocentric display the timbre caoly o
improved interaction speed by 20% but it degradedu@cy by about 70%. In this sense the
improvement is not that pronounced in this caseaif\gwhen participants were tested with the timbre
cue, the target sound was not audible in the baginof the trial. In the opposite case it is expedcthat
the improvement on interaction speed would be higineaddition, it should be noted that the tangat
in the same position in all trials. When targetippos is unknown it is expected that the benefit on
interaction speed will be higher, however this is ®ssue whose clarification requires further
experimentation.

It is worth considering the results of this expexith with respect to designing a spatial audio
pointing task. The results show that the differeumts alone are not sufficient due to the time-amur

trade-offs that were observed.
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Figure 30. Mean Throughput for the different feedbak cues calculated across all display

populations.

Solutions to this problem can be sought in cue dpatlons. As has been found, performance
ranges between the limits set by the individuakonben they are combined. For example, combiniag th
orientation update cue (which was more accurate tha loudness cue) with the loudness cue resinted
more accurate performance than the loudness cume &lot was less accurate than the orientation cue
alone. A similar trend was observed for the resthef cue combinations. Combining cues results in a
compromise, which can be also used constructivelnhance cues that need to be used but are lacking
in a certain interaction aspect. For a task thdit e performed repeatedly, combining direct paigti
with a timbre cue would result in an interactioattfs fast and accurate.

The experiment also focused on the effect of dititng sounds on interaction. Interaction using
the non-movement coupled cues was not affectesdrgasing the number of distracting sounds. This is
the case in direct pointing and in the timbre aukere time to select and accuracy of selection weds
affected by increasing the number of sounds irdibplay. For the rest, a rising trend on movemiené t
was observed, however with no significant effectagnuracy. Time to select ranged between 5 sec. for
one target and up to 6 sec for 6 or 7 elementldrdisplay in the orientation update case, an asgef
20%. In the loudness case, a similar trend wasrobde

The results of this study can be used to desigmawgul spatial audio window applications. They
can be useful in predicting performance when usimgrtain cue in the display and deciding on pésssib
combinations of cues. Depending on the requiremeiés application, a designer might use the result
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to decide on the use of cues that can be effeatiterms of effectiveness and efficiency. Due te th
mobile aspect of this type of interaction this stwdn help in the design of usable mobile appliceti
that take advantage of the audio modality and gestcognition to facilitate interaction and overen

the problems that stem from the variability impobgdnovement.

6.13 Conclusions, Guidelines & Future Directions

Experimental hypothesis 1 was found to be validerbction was significantly slower in the
egocentric compared to exocentric display. Expentaiehypothesis 2 was also found to be valid, the
timbre cue was found to result in usable interactimwever its efficiency was compromised by thet fa
that there was no direct contact to the displaynelgs. Experimental hypothesis 3 was also veritiegl,
loudness cue improved accuracy compared to direaitipg but it was not as successful as the
orientation update cue. Experimental hypothesisad feund to be partly valid. It affected interantio
the exocentric display but not in the egocentric.

A study comparing feedback cues with the objectiff@nhancing pointing efficiency in deictic
spatial audio displays was presented. Participavese tested in a systematically varied display
environment to examine the effect of distractempldig elements on interaction. Movement-coupled
feedback cues effectively reduced effective tangdths, but the efficiency of the cues was found¢o
compromised due to the reduction in speed causetthdoyequirement of continuous target attainment
these cues impose. Movement-coupled cues werdalsd to be sensitive to display population, direc
pointing cues not being affected significantly. éleeck cue combinations were found to improve the le
effective cues but degrade the more effective onask of continuous contact with the target wasfibu
to negatively influence interaction speed. The ltesueveal that spatial audio display design is
challenging, but with appropriate design it is plolgsto overcome interaction uncertainty and previd
solutions that are applicable in human computeradtion.

With respect to the Research Questions outlinez etlaluation method used in this Chapter was
found to successfully identify various interact@spects thus paving the way for a more complete@ms
to Research Question 3. With respect to Resear@st@u 1, it was found that feedback marked display
areas are the best way to support spatial audiettaicquisition. With respect to Research Quegtiah
was found that the type of feedback used to inditatget sound position affects spatial audio targe
acquisition. When the feedback cue is continuoushpped to user movement, there is also an effect of
distracting display elements.

With respect to the future directions, the resaftthis experiment provide sufficient knowledge in
order to design a spatial audio target acquisitask, attempted in Chapter 7. Based on the reaults

number of guidelines are also provided.
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Interaction in both egocentric and exocentric fisees without feedback is prone to
effectiveness or efficiency deficiencies and theigleer should seek a way to compensate for
them. Feedback marked audio display areas canssfotlg alleviate this problem.

A designer should not rely on a loudness basedadeliver directional information. Such a cue
is useful in improving intelligibility rates howerdts success as a directional cue is limited.
Increasing the number of display elements doesigaificantly influence interaction in familiar
egocentric displays. In exocentric displays, howgwmecause of the higher cognitive load
imposed by the real time updated localization ciregeasing the number of display elements

affects interaction speed in a negative way.
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7 An investigation on the effects of Reproduction
Equipment, Target Size and Inter-Target Separation

on Gesture Interaction with a Spatial Audio Display

7.1 Introduction

In this Chapter a spatial audio target acquisitiask is designed based on the results of the
experiment presented in Chapter 6 and accordinbeiaequirements of Research Question 1. Then the
task is evaluated so that inferences can be madbeoeffect of reproduction equipment and display
segmentation. An investigation on the approprisgsrud the models of visual target acquisition oatisp
audio target acquisition is performed to furtheplere Research Question 3. In addition, three wiffe
reproduction techniques and two display segmemattoategies are examined to identify more factors
affecting spatial audio target acquisition and thueviding more insight into answering Research

Question 2.

7.2 Rationale

The results of the study presented in Chapter @vetidhat spatial audio target acquisition in the
absence of feedback in both egocentric and exdcemterfaces is prone to either efficiency or
effectiveness deficiencies. Loudness cues, althauggtiul as intelligibility feedback, were not foutml
substantially improve the effectiveness and efficie of interaction. However, the simple recognition
based timbre cue was found to work in a satisfgoteay both in the cases of egocentric and exoaentri
interfaces. Interaction using this cue resultedh@ best performance both in terms of efficiencd an
effectiveness.

The spatial audio acquisition task will take placean egocentric display. This decision is made
due to the mobile nature of interaction that trek ia expected to support. As mentioned in Se@&iGt2,
egocentric designs are expected to provide betigpast for interactions that are of a repetitiveuna,
such as deictic ones, and are expected to be pextbwhen mobile. This is due to the fact that
interaction in an egocentric display is less denrandéh terms of time taken and also because display
element position remains unchanged relevant tagke as he or she moves in the real world.

The proposed target acquisition task that will keneined in the rest of thesis is therefore the one
of selecting an egocentric spatial audio elemenfiged in space in front of the user whose posit®on

marked by audio feedback in pre-defined targetlajsprea that has been allocated to it.
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Figure 31 illustrates the spatial audio target &itjon task that is proposed and is going to be
examined in this and the next chapter. As can ba sethe Figure, the relevant parameters are tbese

the target area and distance to target.

N\
N
Figure 31.The spatial audio acquisition task undeexamination. A is the distance to target
and W the target width.

The task will be examined in this experiment in tways. The first is against three different

reproduction techniques and the second is agaiastlisplay designs.

7.3 Background on the examined reproduction techniq ues

In most of the designs, evaluations and psychodicosisidies in the literature, both in Chapter 2
and Chapter 3, sounds in the spatial audio display presented through headphones. Headphone
presentation can, however, be a disadvantage i sgplication areas for spatial audio displays. Our
auditory sense is valuable when mobile both for momicating and as an alerting mechanism. Blocking
it can be irritating and possibly dangerous, depandn the interaction context. For example, baibtg
to hear cars when crossing the road is importaavtid accidents. One way to overcome this probgem
by using alternative reproduction devices. Nomadmdio [103], a spatial audio interface targeted
primarily at messaging, was designed to work orukley mounted speakers to overcome this problem.
This approach, however, can be indiscrete due hergpeople overhearing sounds emitting from the
loudspeakers. In noisy environments intelligibilisyalso likely to be reduced by the interferentether

sounds. Goose and Safia [46] used speakers foalspatlio presentation since their proposed system
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was designed for inside a car. This option howeigea, context specific solution and cannot be &obpli
generally in mobile situations.

In this experiment two alternative reproduction ides are evaluated and compared to standard
headphone presentation. In particular, monaurasgmtation and bone conductance presentation are
evaluated and compared to presentation using ndmeedphones. Both of these options are interesting
since they provide the possibility of unblocking thudio channel at the same time as the useripattis
in a digital audio experience.

Monaural presentation is achieved by playing thendousing only a single earphone (such as
most mobile phone speakers or hands-free kitsk fHuhnique has the advantage that it allows feradn
the two ears to monitor the real audio environmeétawever, sound localization is based on binaural
cues, i.e. differences between the signals arriginboth ears, so the spatial impression is degrade
monaural situations. The impression of space inaumal presentation does occur (mainly due to the
effect of the outer ear) but localization judgmests far from accurate [14]. Therefore, it is nseeg to
investigate whether the localization cues are gtemough to make a successful spatial audio irterfa

Reproduction using bone conductance headphonescmmplished by transmitting vibrations
through the skull of the user. Such headphonesirfeat vibrating surface that is mounted on the efde
the head in front of each ear. The mounting medamaris very similar to standard headphones, with the
difference that the outer ear is completely opeibrations propagate through the skull to stimuke
ear and thus become audible. The perceived sogndlsiill, however, be distorted by the transmition
path, increasing the signal to noise ratio. Repectidn fidelity is thus lower than normal headphanes
Nevertheless, this reproduction technique can teaithtelligible impressions of speech or music. sThi
may not be the case for spatial audio, due toahethat the subtle pinnae effects applied thradBi F
filtering will be distorted. Some cues will remain, particular inter-aural intensity and time diffaces.
These cues can produce a spatial impression sitoilstereo reproduction which may be enough to form
an overview of the spatial structure of a simpleiawisplay, for example one that is based on the
horizontal axis in front of the user.

Given the disadvantages of these reproduction dewiwer standard headphones, an experimental
evaluation is necessary to see how interaction lvéllaffected. Studying these alternative reproducti
devices is useful since it can provide insight owlo combine the real with a digital audio envireant,
as well as into how feedback can be used to famlitnteraction in the presence of weak localizatio

cues.
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Figure 32. The different headphone types used in ¢hexperiment, bottom left is the single
earpiece (Panasonic RP-HS50), top left are the bomenductance headphones (Vonia EZ — 3200P)
and to the right are the Sennheiser HD 200 headphes.

7.4 Background on the examined display segmentation techniques

From a display segmentation point of view, the tjoasbeing investigated in this experiment is
how to allocate display area to display elementa miform manner. Such a decision directly affects
target size and target separation and therefoegaiction. The effect of these parameters on intierac
has to be taken into account before a decisionppmopriate values can be made. With reference to
Chapter 4, target size and distance to target taffextime to select a target and therefore intemac
efficiency. The results from Chapter 5 indicatet ttaaget width affects the accuracy of user sedesti
and therefore interaction effectiveness. Howevareaased target width leads to increased interaém
distance. An understanding of the effect of these variables on interaction, both independently and
relative to each other, is therefore necessarydoged with display design in a formal way.

Target width should be adjusted depending on tiséuge that is used in the display, as has been
shown in Chapter 5. Obviously its size should mopdbelow a certain minimum value that would enable
effective interaction. According to the results@hapter 5 and Chapter 6, for a hand based physical
pointing task in an exocentric spatial audio digptathe presence of feedback, 16 degrees targithwi
would result in approximately 70.7% success. Assgna slope of one for the associated psychometric

function, about 20° would be required for a setattiate in the vicinity of 100%. It should be notbdt
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no data on the psychometric function of this pattic task have been found and thus this assumption
the slope of the function is purely hypotheticabwéver, it is used later on in the study and fas th
reason it is derived here.

When seeking a way to characterize the effectrgtasize and distance to target on spatial audio
target acquisition, it is unavoidable to draw onstmg results in visual target acquisition thatreve
presented in Chapter 4. Selecting a feedback maalkdib display element based on the direction ef th
sound event either by a real or virtual pointingtgee has many similarities to homing to a visaagét,
as in Fitts’ law experiments. This is due to thet flhat participants are informed on the directidrthe
sound event by spatial audio and they are assurdtieotarget boundaries by imposed audio feedback.
However, a different sensory modality is used fogre localization compared to vision and as hasbee
described in the previous section, users have @ pescise impression of target location. Results of
studies focusing on visual targets can thereforeeseell as a starting point that can help to idgnt
parameters that affect this type of interactior. ths reason further analysis in the thesis ietam the
quantities of distance to target and target widlthesthey have been proven to affect virtuallypalinting
tasks and serve as a well founded starting pointstach an investigation. It is hypothesized that
interaction in a spatial audio display is affecbgdthe prominent variables of target width andatise to
target in a manner similar to what has been desdriy Fitts’ law [73]. However, given the noveltf o
the interaction technique and the absence of asmyitsein the literature, the pointing based 3D audi
selection task has to be examined to reach cowncisigin the properties of this interaction technique

As discussed in Chapter 4, all relevant models isfial target acquisition are a function of
distance to target over target width. Display degiboices such as target size and inter-targeraima
depend on the relative salience of distance andhwad well as on whether the actual model is
logarithmic or linear. If the saliency of distantetarget is equally important to target width themy
increase in distance followed by an equal incremetdrget width will not affect time to select ttarget.

If distance has more salience than width then disglements must be placed as close as possible
keeping a reasonable target width. On the othed hiwidth prevails then it is worth placing theunds
in the display utilizing the whole display area.

In an attempt to make an initial investigation ba aforementioned issues interaction is examined
in two display settings, one where sounds are fdlaseclose to each other as possible and one where
sounds are placed as far as part from each othgosasble, while maintaining a constant A/W (dis&n
to target to target width) ratio in both displays.order to test which of the hypotheses prevais
displays were designed that are characterized bgleqtios of distance to target and target widthe
MINIMAL interface contained four sounds each haviagget width of 20°. Sounds were placed every
20° starting from -30° and up to 30°. Sound lawadiwere thus at -30°, -10°, 10°, 30°. The MAXIMAL
interface also contained four sounds, each hawnget width of 45°. Sounds were placed every 45°

starting from -67° and up to 67°. The interface vgaced on the circumference of a circle in the
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horizontal plane with 0° in front of the user's mosExperiment trials were designed to require
participants to move between the available posipains in both interfaces thus resulting in distaaccs
of 20°, 40° and 60° for the MINIMAL interface and% 90°, 135° for the MAXIMAL interface. The

ratios of distance to target to target width wesestant in both displays having values of 1, 2 and

7.5 Experimental Design

The experiment design is presented in Table 1Gidgeants were split in two groups. Variable
Display was tested as a within-subjects variablepatticipants being tested in both displays in a
counterbalanced order. Variable Reproduction watetke as a between subjects variable to reduce
experiment time. Half of the participants performtbeé experimental task wearing normal and Bone

Conductance headphones, and the other half weaongal headphones and monaural presentation.

Distance to target and target width values forttie displays as well as the target locations aes¢mted

in Table 10. These variables are associated twdtiable Display however they will become releviamt

the experiment task as well as in the Results &ecti

Reproduction Display As|W Target Locations
HD MINIMAL 20°, 40°, 60°/20° -30°,-10°,10°,30°
Group A MAXIMAL 45°,90°,135°/45° | _g7° _p° 22° 67°
BC MINIMAL 20°, 40°, 60°/20° -30°-10°,10°,30°
MAXIMAL 45°,90°,135°/45° | _g7° .20 22° 67°
HD MINIMAL 20°, 40°, 60°/20° -30°,-10°,10°,30°
Group B MAXIMAL 45°,90°,135°/45° | _g7° .02° 22° 67°
MA MINIMAL 20°, 40°, 60°/20° -30° -10°,10°,30°
MAXIMAL 45°,90°,135°/45° | _g7° .02° 22° 67°

Table 10. Experiment Design: HD stands for Headphaes, BC for Bone Conductance, MA

for Monaural, A for distance to target and W for target width. The independent variables

reproduction and display type are shown together wvth their associated values and the design

choices they had resulted into for the sound posiths in the display, their target width and the

distances between them.

7.5.1 Experimental Hypotheses

Prior to the experiment it was hypothesized that:

1 Reproduction Technique will affect time to seldot ttarget. Interaction speed is expected to

decrease in the bone conductance and monaural tesasise of the weaker localization cues

120



2 Accuracy is not expected to be affected by reprtdoctechnique because of the feedback
marked target areas that are considered suffitbegiide users to the target.

3 With respect to the effect of the two display agaments, Fitts’ law would predict a similar
time to select the target.

4 An improvement in accuracy would be expected byl#énger target sizes in the MAXIMAL
display, however since 20° are considered to reisulselection success rates close to the

performance ceiling the extent of the improvemdoigd not be very big.

7.6 Experimental Task

The experimental task was designed to represeatranon scenario in interaction with a deictic
spatial audio display where users must select adsemitting from somewhere in space in front ofthe
using a tracker held in their hand. Participaniaity had to listen for a target sound, playeddalation
from a certain position in space. The target soandurred in one out of the four display element
positions. The remaining three display elementtpos were filled with distracter sounds. In eaghlt
an announcement of target sound position was dodetlden the target sound played continuously
together with three distracter sounds. To seleettéinget sound participants had to point at itatioo
and make a downwards wrist gesture to indicatecsete Participants received audio feedback (the
sound of people cheering) when they were withinténget sound’s area. Sounds were placed according
to the MAXIMAL or the MINIMAL specification (see Tiae 10) in the horizontal plane. The target sound

was placed in the leftmost position in every secaistt to equalize the distance pairs.

7.7 Stimuli & Apparatus

The aim of the experiment was to assess the effédte three different reproduction devices on
target selection performance in a spatial audieriate. Figure 32 shows the different devices used.
These were: standard Sennheiser HD250 closed-leadtphones, Vonia EZ-3200P bone conductance
headphones and a Panasonic RP-HS50 earpiece (uepoodusing standard headphones will also be
referred to as binaural listening). An XSENS MT-6Bentation tracker (www.xsens.com) was used to
track user orientation and the selection gestuiesddPower Enginewww.am3d.com was used to
spatialise the sounds in the display.

To avoid any effects related to timbre, the samexdavas used for both distracters and the target
sound. This was a short (0.5 sec.) segment of wioise. To improve intelligibility, a 300ms onset
difference between neighbouring sounds was intredu€ounting from left to right, this resulted het
second sound starting 300ms later than the finshadothe third 600 ms later and the fourth 900 aesr|
than the first sound. Sounds repeated after a S®@eriod of silence. All sounds in the display were

played at the same level.
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7.8 Procedure & Participants

Participants performed the task according to theigthepresented in Table 10. There was a short
training session prior to testing, during whichithgerformance was monitored to make sure that they
understood the task. After participants successfidimpleted four consecutive trials during thentirag
session, the testing started. Participants wetedés the two experimental conditions associat&l the
groups shown in Table 1, one followed by the othex counterbalanced order.

Sixteen participants were tested (17 to 27 yeamagef mean age of 21 years, 2 females and 14
males). Participants were paid £5 for their pgrtition. Participants were asked whether they warimg
any hearing deficiencies and if they did they wexeluded from the experiment. Time to completdsria
angular deviation from target and movement patteas recorded for each trial during the experiment.
After testing in each experimental condition papiémts completed a modified NASA TLX subjective
workload assessment form that included the fact@nmoyance [19, 54]. The experiment lasted half an
hour. In total 128 measurements were available Ipeel combination for the monaural and bone
conductance cases and 256 for the standard heaglglase. The setup was the same as in Chapter 6.

Figure 26 can be used as a reference.

7.9 Results

The analysis presented here is based on the rantlttare available in the associated section of
Appendix 1. The analysis involved two within-sulifecomparisons, one for each participant group and

one between-subjects comparison to compare borductance and monaural presentation.

7.9.1 Time Analysis

The time taken to complete trials was analyzed gusinrepeated measures ANOVA. Within
subjects ANOVAs were used to test monaural prefientass. headphone presentation and bone
conductance vs. headphone presentation and a betadgects ANOVA was used to test bone
conductance vs. monaural presentation. The aforéomex analyses followed a 2 (reproduction
technique) x 2 (display type) x 3 (A/W ratio) desig

In all analyses display type was found to havegaicant main effect on interaction F(1, 127) =
74.214, p<0.001 in the headphone vs. monaural cosgma F(1,127) = 136.23, p<0.001 in the
headphone vs. bone conductance comparison andbBj152109.282, p<0.001 in the bone conductance
vs. monaural comparison. As is also evident froguFé 33, interaction was significantly faster ir th
MAXIMAL interface.

With respect to the effect of reproduction equiptr@ninteraction speed, no significant difference

was found between the headphone and bone condagiaesentation. However, there was a significant
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main effect of reproduction technique between thenawral and headphone conditions F(1,127) =
166.234, p<0.001 and the monaural and bone comtetzonditions F(1,254) = 2769.391, p<0.001.

A/W ratio was also found to have a significant meffect in all comparisons, F(2,254) = 9.152,
p<0.001 in the headphone vs. monaural comparis()2%4) = 35.687, p<0.001 in the headphone vs.
bone conductance comparison and F(2,508) = 7.689,001 in the bone conductance vs. monaural
comparison. The effect of A/\W however, varied unifty only in the headphone and bone conductance
case of the MAXIMAL display.

Hl 2040
[ 45/90
Il 60/135

Time (Sec.)

HD BC MA HD BC MA
MINIMAL MAXIMAL

Figure 33 Mean time and standard deviation for thethree presentation methods the two
display designs and associated distance paths. THiest line in the legend corresponds to the

distances in the minimal display, while the seconith the distances in the maximal display.

7.9.2 Accuracy & Workload Analysis

Based on the orientation measurements for eaclectiele percentage correct ratings for each
condition were calculated and can be found in T@blAs can be observed the wide angle span of each
target resulted in high success rates for all myprtion types. Reproduction device was not found to

affect accuracy.
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MINIMAL MAXIMAL
1 2 3 Mean 1 2 3 Mean

94.53 92.18 87.1 99.6 94.14 93.75

HD 91.27 95.83
(0.06) (0.07) (0.09) (0.02) (0.09) (0.08)
92.97 85.16 88.28 93.75 94.53

BC 88.57 100 (0) 96.09
(0.05) (0.14) (0.08) (0.09) (0.07)
92.97 96.09 92.97 97.66 98.4 93.75

MA 94.01 96.6
(0.06) (0.07) (0.07) (0.03) (0.03) (0.07)

Table 11. Accuracy Success Rates (%) for all Reprodtion Techniques, Displays and A/W
Ratios. In parentheses standard deviations are gine ( HD stands for Headphones, BC for Bone

Conductance and MA for Monaural presentation)

Three ANOVAs were performed on the accuracy scaedn the Time analysis. Reproduction
Technique did not have a significant main effecsancess rates when comparing bone-conductance and
monaural reproduction or when comparing bone cotacthee and headphone presentation. There was a
significant main effect of reproduction techniquehem comparing headphones and monaural
presentation, F(1,7) = 10.188, p = 0.015. By infipgcTable 11, it can be inferred that this diffece is
localized in the MINIMAL case, where participanten on average more accurate in the monaural case
than in the headphone presentation case.

Display type had a significant main effect on s@sceates when comparing bone conductance
with headphone presentation F(1,7) = 19.723, p08®as well as when comparing bone conductance
with monaural presentation, F(1,14) = 6.463, p 828. There was no significant main effect of digpla
type when comparing headphone and monaural preemta

Finally, there was a significant main effect of A/i&tio when comparing bone conductance vs.
headphone presentation F(2,14) = 5.408, p=0.018nwbmparing monaural vs. headphone presentation
F(2,14) = 4.829, p = 0.025 but not when comparimgnaural vs. bone conductance presentation, F(2,28)
=2.568, p = 0.095.

Data from modified NASA TLX forms (including an amyance factor) that measure subjective
workload were also analyzed. No significant diffeze in overall workload was found in any of the
comparisons of reproduction equipment. Therefarbjestive workload was not affected by reproduction
type. The effect of display type on subjective woakl could not be identified due to the experimenta
procedure. Participants were tested in both dispfpgs in a continuous way with no break and were

unaware of the change in the display type duriegetkperiment.
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7.9.3 Additional Observations

Movement trajectories were analyzed and the meaa participants spent in overshooting the
target during all trials and for all sound posisdn the experiment were calculated. Figure 34 shitnart
participants spent more time overshooting in theNNMIAL display arrangement, compared to the
MAXIMAL, as would be expected. In particular, théd°1sound location resulted in the highest
overshooting time. The MAXIMAL interface resulted negligible overshooting time for most of the

cases, as the targets were large.

16 T

| & Maximal
0O  Minimal

141 4

0.8 o 4
0.6 4

0.4 4

Mean time spent in Overshooting - Headphones

0.2 B

| IR Y I O B

-80 -60 -40 -20 0 20 40 60 80
Target Location (Degrees)

Figure 34. Mean time spent in overshooting the tget per display type, headphone case.

The same procedure was repeated for the bone camdecheadphones, mean time spent in
overshooting the target is presented in Figure IB®an be observed that in both cases participants

frequently overshoot the target when interactinthexMINIMAL display.
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Figure 35. Mean time spent in overshooting the tamt in the case of bone conductance

headphones

In addition, histograms were calculated, for the wisplay types with respect to the position at

which participants indicated selection. Figure Bévgs selection histograms for the headphone case.
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Figure 36. Histograms of selection angles for alatget positions, headphone presentation.
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Histograms for the bone conductance and monausascare presented in Figure 37 and Figure

38.

Figure 37.

presentation

50 25 25 25
40 20 20 20
30 15 15 15
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50 20 20 20
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10 5 5 5
0 0 0 0
17 67 a7 2 22 28 28 22 72 17 67 117

Target Locations

Histograms of selection angles for allatget positions, bone conductance

Participants were relatively consistent in thelestons and they targeted in a manner that isequit

close to the normal distribution. It is also intineg to see that the most frequent selection angkre

quite close to the actual sound positions. Howewemost of the sound locations, participants were

selecting slightly after the target position.
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Figure 38. Histograms of selection angles for albtget positions, monaural presentation

A one sample Kolmogorov-Smirnoff test was perfornedest for normality of the distributions.

In the headphone case, in all but the -67° andi@itions, the histograms proved to follow the narm

distribution. The results are summarized in Tal#leResults for the bone-conductance case are pegsen

in Table 13. Finally, results for the monaural casepresented in Table 14.

\° -30 -10 10 30 -67 -22 22 67
Y4 1.2 .8 1.2 15 4.3 11 0.8 1.2
S 12 .53 .13 X X .16 .48 .13

Table 12. One sample Kolmogorov-Smirnof Z scores iy significance levels determined by

the asymptotic distribution for the headphone case.

\° -30 -10 10 30 -67 -22 22 67
z 1.064 .566 .788 1.094 2.382 1.173 749 .906
s 207 .906 .564 182 X 128 .629 .384

Table 13. One sample Kolmogorov-Smirnof Z scores iy significance levels determined by

the asymptotic distribution for the bone-conductane case.
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\° -30 -10 10 30 -67 -22 22 67
z 2.287 .689 1.233 .697 4.218 1.041 439 .604
s X .730 .096 716 X .229 991 .852

Table 14. One sample Kolmogorov-Smirnof Z scores iy significance levels determined by

the asymptotic distribution for the monaural case.

The time scores for the headphone and bone contigcta the MAXIMAL case appear to follow
a modelling option that might conform to the modelesented in Chapter 4. In particular linear
regression is performed on mean selection timek mispect to Equation 6 and Equation 8 to find out
whether the results can be modelled by any of them.

In the MAXIMAL display headphone case, the logarib model results in an intercept a = 1.45
and slope b = 0.4044, and the regression accodate®% of the variance {r= 0.8887). The linear
model gave an intercept value of 1.67 and a sléj9e1® while it accounted for 90% of the variantie=(
0.82). While a large amount of the variance wasoacted by the models, the correlation was not
significant, F = 7.99, p = 0.21 for the logarithmiodel and F = 4.56, p = 0.28.

The procedure proposed by Friedlander [39] was fmecdomparing the goodness of fit of the two
models and although Fitts’ model accounted for mofethe variance, the difference between the
goodness of fit of the two models was not foundbéosignificant using the Hotteling’s t-test. Howeve
based on?values only it was decided to use Fitts’ modetatculate a performance index that can be
indicative at this early stage. The Index of Parfance for the MAXIMAL case was 2.47. The data for
the MINIMAL case could not be explained satisfaityoby any of the models therefore no further
analysis was performed.

The same procedure was repeated for the bone camteccase. The logarithmic model resulted
in an intercept value of 0.9 and a slope value.@2 Qvhile the linear model in an intercept valuelct
and a slope value of 0.37. The correlation wasifsigmt in the case of the linear model F = 1.38,
p<0.001 with the model accounting for 100% of theiance (f= 1), while the logarithmic model did not
correlate significantly by a small amount, F = 3.6 = 0.07. According to Hotteling’s t-test, thieelar
model is a better predictor of performance in tbeeébconductance case, t = 4.22, p<0.01.

To complete the picture the standard deviationsetéctions are presented next. It was observed
that the standard deviation of deviations from ¢adgecomes higher as the target width is increased.
Participants adjusted to the larger feedback areh their selections were more spread. It is also

interesting to observe that the standard deviatweslightly higher in the monaural case.
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\° -30° -10° 10° 30° Mean -67° -22° 22° 67° Meah

Headphones 5.177 4.68 6.3 8.92° 6.26° 21.38° 9r0.p 15.43° 15.94° 15.94°

Bone 553° | 569°| 841°| 698 6.66°| 16.14°
Conductance

Monaural 7.99° 5.36° 8.5° 6.7° 7.149 27.76° 12.18°11.32° 15.85° 16.78°

10.27° 16.33°12.15° 13.73°

Table 15. Standard deviations of selections with spect to target sound position.

7.10 Discussion

The study provides a multitude of findings that énde be seen separately in order for useful
conclusions to be made. For this reason, the impios of the results related to the three diffeeen
reproduction techniques are examined first. Thelicapons of the results related to the two display
arrangements and the observations in movement aturacy patterns and the modelling of time to

acquire the target are presented in the seconaptim discussion.

7.10.1Discussion on the Effects of Reproduction Eq  uipment

The results of this study show that alternativpraduction techniques can replace standard
headphones in spatial audio systems. Interactigerutne three reproduction techniques was consisten
in terms of the time differences observed betwbdenMAXIMAL and the MINIMAL display. Accuracy
was high and within the same range in all dispktyirsgs and participants scored high in terms otess
rates. In this sense the three reproduction tecesiccan be considered effective, with two notable
differences. The first is the lack of sufficientelitional cues in the monaural case and the settend
linear vs. logarithmic contrast in time to acquihe target in the MAXIMAL display as a function of
distance to target to target width ratio betweenlkibne conductance and the headphone presentation.

Monaural presentation was found to slow interactidhis is due to the fact that binaural
differences important in making judgments of souticection are not available under monaural
conditions. This results in extended search tinwstlie target display elements, a fact that slows
interaction. In fact, as can be observed from #dseilts, monaural presentation slowed interactioorisy
and half to two times in the context of our taskwéver, the time to complete tasks was not comglete
unrealistic from a usability point of view. Thisggests that in a display where the user is familiiin
the positions of the elements, interaction speedeumonaural reproduction is likely to reduce. This
reproduction technique could also be used for ptewp speech, playing music and other content
presentation tasks. In addition, our auditory syste still sensitive to loudness, pitch and othenrsl
attribute differences under monaural conditionsesSehcould also be used to guide the user to attarge
sound, compensating for the lost directional cuéswever, extra care must be taken if presenting
simultaneous audio streams under monaural conditimtause the phenomenon of masking is much

stronger in monaural cases than in binaural oneksasssed in Section 7.3. This leads to the ceiuiu
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that under monaural conditions the amount of cdriteat can be rendered simultaneously in the dyspla
will definitely be lower than in the binaural case.

In the context of the experimental task, bone cotahce presentation was found to be as fast and
in the same range of accuracy as binaural pregemtaflthough it cannot be argued that bone
conductance headphones can produce a comparabhi@ sparession to standard headphones, it is the
case that the more ‘stereo like’ cue was sufficterguide the users to the target sound. It shaldd be
stressed that the easily perceptible audio feedbaekcontributed significantly to the success drsis
both in the bone-conductance and the monaural cRsgsdly presented and perceived feedback is very
important with low-fidelity spatial audio reprodian techniques, because it can compensate for the
weaker localization cues. Consequently, a ‘stelike’directional cue combined with good feedback ca
successfully guide users to a spatially positiciaedet sound.

However, time to select the target varied logarittaity as a function of distance to target to targe
width in the headphone case while it varied lingamlthe bone conductance case. The differenchédn t
time measurements however is not significant imgeof time taken for the A/W ratios used in thisdst
This fact implies a different selection motor st in the two cases. As can be observed by insgect
Figure 34 and Figure 35, participants spent mane in overshooting in the headphone than in theebon
conductance case. This implies that participantyvemiomore slowly towards the target in the bone
conductance case thus being able to stop their menewhen the feedback marked area was reached.
Such a behaviour could be explained as a movemiémiawelatively constant speed towards the taaget
if searching for the feedback area, a behaviouilairto the one observed in the Friedlander stu88}.[

In other words, participants were not very confidem target position and for this reason they pedeel
with the task in a careful manner. In the headphzase however, the large time spent in overshooting
reveals that participants were more confident etdrget position, however, due to the localizagamr
they often overshoot it. Such a process resultédemecessity for more corrective submovementg;twh

in effect resulted in the more smooth logarithn@iation between time and the ration between distamc
target and target width.

7.10.2Discussion on the Effects of Display Segment  ation and Interaction Patterns

The MAXIMAL interface proved to be significantly $ter than the MINIMAL in all cases of
reproduction technique used, although participhatsto move a longer distance to reach the tabge.
to the fact that the ratios of distance to targed garget width (A/W) were constant in both display
settings, it can be concluded that the relativeeseé of target width was higher than that of distato
target for the two display arrangements in the exinbf the experimental task. From a design pofnt o
view this indicates that it is beneficial to allahe target width to grow when space in the disptay
available. This result is also justified from a plsg-acoustical point of view since increased tavgdth
results in increased target separation, a situdtiah is known to benefit display intelligibilityAs is
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discussed in [109] intelligibility for audio seléa and divided attention tasks is improved withHar

spatial separation of display elements. As a sittérfg the results of the experiment indicate thattask
of the acquisition of a feedback marked audio el@nagea is sensitive to scaling the A/W ratiosaet f
that has been verified to also be the case foalisuget acquisition tasks [40, 52].

In the bone conductance and headphone cases MAXEMAL display it was found that trial
completion times depended on the ratio of distancerget over target width in an ordered way. This
was in accordance with the interaction models prteskin Chapter 4, which relate distance to tatget
selection time.

In terms of accuracy, participants were successfbbth displays however, a time cost appeared
in the MINIMAL display which contained narrower ¢gts. Considering the psychometric function
associated with the particular task it is possiblg the 20° interval lies prior to the performaneding,
rather in the area where improvement on selectesris still possible. The lower selection succass
in the MINIMAL display arrangement verifies thaetlarea of 20° was more difficult to target compared
to the 45° one in the context of this particulapesment. A small degradation in accuracy was found
when A/W rations were increased. Such a findingassistent with the findings in Chapter 4. In our
particular case this phenomenon can also be exuaby considering the gesture involved and the
tracking technology used in the experiment. Duethe fact that an orientation tracker was used,
participants had to adjust the direction of theilnps relative to their arms when making selecti@isen
that all participants were right-handed it can lypdthesized that this is more conveniently done for
targets to the left. When the target is to thetrigis hard to fully point to the correct direatiavithout
stretching the arm or turning the body. For tleiason, when participants are required to movege la
distance to reach a target or when performing ectieh in a specific direction that is uncomfortalilis
advisable to use higher target widths to compenfsataccuracy and timing deficiencies. These effect
were more evident in the case of the headphoneband conductance reproduction rather than in the
monaural case where participants were forced byatsieto pay extra attention.

When considering the results of the experiment ftbenpoint of view of the interaction models
presented in Chapter 4, two major discrepanciesaifihe first relates to the fact that although A/W
ratios were the same between the two displaysfiignt time differences have been observed. A scon
discrepancy was the fact that movement times inMh&IMAL display were not consistent with the
behaviour predicted by any of the interaction medélhe only objective finding that can be used to
explain these discrepancies is the increased owetisly time in the MINIMAL display. However, a
variety of factors might have contributed to suchevent and for this reason it cannot be uniquely
assigned to one of them. The factors that are dersil relevant are confusions with respect to targe
position due to the distracter sounds, the higteues of target width and distance to target in the
MAXIMAL case and the apparently higher saliencetafget width versus distance to target and a

possible side bias with respect to the target jposihat has also been observed in other studies.
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Although the target size in the MINIMAL case wag l@nough to allow effective selection, it
might have been narrow in the way that more time veguired for the participants to place their land
with confidence inside it. This might have result@dan interaction pattern different than the one
observed in Fitts’ law tasks. Participants had @aacentrate more and for this reason extra time was
necessary for them to place the tracking deviceénthe feedback area.

With respect to the effect of distracting sountspuld be hypothesized that because the timbre of
both target and distracting sounds was white nagkthat the onset separation was not particulanly,
participants might have confused the target withdistracter while performing the task.

Finally, as has been observed in other studies §Batial audio stimuli emitting in the area
between directly in front and the sides tend topeeceived with a bias towards the sides. In the
headphone case of the MINIMAL display where soundse not close to the sides, such an effect might
have contributed to a more hasty ballistic firstvetment that was directed to a target area thataapge
in a location displaced more to the sides comp#oetthe target location. In the bone conductance cas
however, this effect was found to be less probdbketo the more careful movement strategy partitgpa
adopted. In order to clarify the reason a new tak to be devised which will not involve distracte
sounds and will use more sound locations than tieeused in the experiment. The time differenceceffe
can be explained logically, given the fact that f@ry low target widths one can expect that when
keeping A/W constant and decreasing target widthoate point the very low target width value will
result in significantly slower acquisition times.

It is interesting to observe the distributions elestion angles. The majority of selections followe
the normal distribution and selections in only ifea of the sound locations histograms deviatedhfro
the normal. In the case of headphone and bone ctartte presentation histograms were sharper
compared to the monaural case, a fact that casdigreed to the more clear perception of the divaabf
the feedback sound. In [3], non-directional feedtban target position resulted in wider histogranfis o
selection angles, compared to the non-feedback basever no test on normality was presented. Arcle
perception of the directionality of feedback can therefore assumed to assist in sharpening the
histograms of selections. This essentially implies the stronger the directional cue the closkctens
will be to the actual sound position.

The MAXIMAL interface was consistent with the Fitteormulation. This is verified by the
regression results which could account for aim@86 ®f the variance. The index of performance fer th
particular interface was approximately 2.5. Thideiss compared to the performance indices found by
MacKenzie in [77] for pointing using three diffetedevices in a visual target acquisition task.
MacKenzie found performance indices of 4.5, 4.9 arglfor pointing to a visual target using a mouse,
tablet and trackball devices respectively. It caralgued though that the presence of the distraoterds
and the use of the same sound for elements inispéagl negatively affected the performance indexa |

simpler display the performance index would reabbnbe expected to be higher.
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The sound stimulus that was used in the experimvastwhite noise for all display elements. This
is beneficial with respect to sound localizatiomcgi white noise is a broadband type of stimulusasd
inhibits a great deal of spectral variation ovendi The above characteristics are considered ist ass
sound localization [14]. In a spatial audio displesed to accomplish human computer interactionewhit
noise does not provide a good solution for elensonification. Other types of stimuli are more
appropriate since white noise is not suitable felivéring semantic information. For a display desig
to align elements based on azimuth, it is not etquethat localization performance will diminish nhuc
when other types of sound stimuli are used. In faxtconfusions or other deficiencies have been
observed for sounds that are constrained with mtgpeelevation as in the display used in thisipalar
study. In this sense, although localization mighisbghtly worse depending on the sounds in thelals
the overall direction of the stimuli will be recaged. This fact, in combination with feedback matrke
display elements will result in interaction beharigimilar to the one observed in this study. |éfvation
was to be used the situation might become problematice confusions are more likely to happen. The
presence of audio feedback however will certairdyphalleviate this problem, search time for display

elements however might become an issue if confesioe@ common in the display.

7.11 Conclusions, Guidelines and Future Directions

Experimental hypothesis 1 was verified, reprodurcttechnique significantly affected time to
select the target. However, there was no differdreteveen the headphone and bone conductance cases.
Experimental hypothesis 2 was verified, feedbacls wkearly audible in all reproduction cases and
reproduction technique did not affect the accuratyselections. Experimental hypothesis 3 was not
verified, time to select was different in the MINAY and MAXIMAL cases due to a scaling effect that
was observed. Experimental hypothesis 4 was vdrifié¢o significant improvement in accuracy was
observed in the MAXIMAL display due to the fact thhe 20° interval used in the MINIMAL display
was enough to reach a ceiling effect on accuracy.

The results of the study showed that the spatidicatarget acquisition task that was designed and
examined is robust, efficient and effective and banperformed in the presence of distracting sounds
even when these share the same timbre and areat®pday a small time difference from the target
sound. In this sense, an answer to Research Quédstias been found. In addition the selection ek
found feasible to perform using bone-conductanak rmonaural presentation mostly due to the positive
effect of easily perceptible feedback. The sucoésdternative reproduction techniques is promisiog
overcoming the problem of user isolation from thalraudio world without compromising performance.
The results showed that, with appropriate desigteraction with a spatial audio display using bone
conductance headphones can be as fast and acasritteraction using standard headphones. Although
monaural presentation was found to slow interactilo@ selection times in our study showed thatadlsk

is not unfeasible under monaural presentationhis sense and with respect to Research Question 2,
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another factor that emerges which affects spatidicatarget acquisition is the quality of the lozation
cues that are made available to the user.

This study examined spatial audio display desigingstigating the relative salience of distance
to target to target width. The results showed taajet width was more important than distance tgeta
in the context of pointing-based gesture interactidth a spatial audio display. Increased targee si
improved time ratings in the spatial sound selectask and was found to be a useful tool in acéognt
for misperceptions of sound source positions anectdon incurred weaknesses of the motor mechanisms
that support physical gestures. However, the censtibns of Guiard [52] should be taken into ac¢oun
It is the case that the experimental manipulatioivaried difficulty as well as scale. The solutiwould
be to test at fully crossed target width and distato target values. However, this was not posgibtbe
scope of this experiment. In this sense the reshduld be taken as an indication which would reguir
further experimentation to confirm.

The use of a spatially positioned sound as audédltfack resulted in a normal distribution
accounting for the participants’ selections. Theuhls showed that, given a sufficiently large targee,
spatial audio target acquisition in the presenceawdio feedback can be modelled using the Fitts’
formulation when the display was presented thronghdphones. This justifies the evaluation method
inspired by visual target acquisition and provifiesher insight to answer Research Question 3. When
bone conductance presentation was used targetsitamuiwas significantly better modelled by a linea
model, a fact that implies that participants usedose careful selection strategy, due to the deaiation
in the quality of the directional cues.

The utilization of such models paves the way foedi comparison of interaction techniques for
spatial audio target acquisition and modality iretegent comparisons of pointing based interaction
techniques. The Index of Performance for gestusedbapatial audio target acquisition was foundeto b
less than but comparable to virtual pointer vistaafet acquisition tasks and the time and accuracy
ratings support the claim that interaction with gatgal audio display can be applied in real world
applications.

The study also provided novel findings with resgeckitts’ law research. It was found that target
width has a greater salience than distance tottémghe context of our experimental task and ahsd
differences appear in the time to acquire the tangeen A/W ratio varies. In addition it was fourttht
models of target acquisition could not apply in tiase of the MINIMAL display. This finding canno¢ b
uniquely accounted for by the study, since it islear whether it should be attributed to the diting
sounds, misperceptions of sound position or toeffiect of small target width. Further investigatiisn
therefore necessary to clarify this issue in aiapatidio acquisition task with no distracters iiveal.

Such an investigation is undertaken in the nexptgra

Based on the results of the study a number of ¢jnekefor developers have been developed:
135



When keeping contact with the real world audio emwvinent is important, designers should
consider the possibility of monaural and bone cotahce presentation of the display.
Designers should be careful when scaling A/W ratiesause significant differences in time to

select emerge despite A/W ratios being the same.
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8 An Investigation into the effects of Mobility,
Feedback and Index of Difficulty on Spatial Audio

Target Acquisition in the Frontal Horizontal Plane

8.1 Introduction

In this Chapter, an attempt is made to design ahuation methodology that can create design
specifications for deictic spatial audio systemsctSa methodology should be able to specify design
parameters that will result in usable interactiagthva spatial audio display. In addition, this nthlogy
should uncover context dependent effects such dslityceffects and also quantify the benefit inddce
by the acquisition task design.

In the previous chapters, the issues that have foesnd to affect interaction speed and accuracy
were feedback design and Index of Difficulty. Thealeation technique should therefore quantify the
effect of Index of Difficulty, result in estimatingppropriate target sizes and provide insight an th
success of potential feedback designs. Effectsectlm the context of use of the application shaleb
be possible to determine using the evaluation tecien

With respect to Research Question 3 the study ibaéts by providing an evaluation design that
is able to describe the acquisition task in manyswaVith respect to Research Question 2 furtheycesf
of mobility and feedback as well as a detailed gtigmtion onto the effects of target width and kodé

Difficulty is undertaken.

8.2 Rationale

In Chapter 7, the selection task that was desigreexifound to be usable. Participants were able to
perform the task successfully, in the presencdsifatter sounds. However, a number of issues eaderg
that could not be explained solely based on thelte®f the previous experiment mainly due to the
presence of the distracters. The results of theeraxent however, imply that for particular valuefs o
target width, in addition to interaction accuracyeraction speed is affected even when Indices of
Difficulty remain constant. Distance to target ipected to have a less significant role inside thiget
width range of values. Although target width valuwesre sufficient for effective selection in the yioaus
experiment, it is reasonable to assume that foefovalues the effects that have been observedbwill
even more pronounced. For this reason, it is nacgs$s search the range of possible target widthes
and identify the area where performance is opti@atimality is defined in this sense as the targeth
and distance to target over target width rangeatfies where interaction effectiveness is high dad a

interaction speed can be expressed in terms of Féttv as in visual target acquisition experiments.
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Accomplishing this goal will enable a designer tcide on appropriate target width and distance to
target values and expect that interaction perfooman this range of values will be predictable loase

the laws of visual target acquisition. To achievis goal it is necessary to observe interactioa wider
range of target width values and ratios of distatioemrget to target width.

The success of the selection task presented in t&hap was only verified with standing
participants. Due to the fact that a promising egapilon area for spatial audio displays is mobikenan
computer interaction, it is necessary to investigaliether the task can be successfully performediliy
mobile context. To examine this issue it is necgsta ask users to perform the task while walking i
accordance with the literature in the field. In iéidd, it will be interesting to observe, the opéihtarget
width and distance to target values for this paliiccase and how walking affects interaction speed
accuracy.

Furthermore, as has been found in Chapter 6, tteesa of the selection task is largely due to the
feedback marked target areas. However, in thisystachet positions were confined in space. In this
sense, it is necessary to investigate interactiamiegocentric display in more target locatiorg @so in
the absence of feedback to fully quantify the bierefluced by feedback marked audio elements and to
decide appropriately on the potential of a nonHeelft marked spatial audio display.

Finally, the evaluation technique that will be usmth give answers to all these questions in a
uniform and efficient way. Seeking a methodologgttban reveal at once most of the findings from the
previous experiments can lead to efficient evatuatif other types of pointing gestures, feedbadiges
or application contexts and result in design speatibns that can be readily used for the develogroé
a pointing based interactive system employing gestand spatial audio.

Before proceeding with the experiment design, &emewn studies that have addressed mobility on

an experimental context is provided.

8.3 Mobility

Although a large number of studies exist on intéoaicwith devices on the move, few look in a
quantifiable way on the effect of mobility on indetion. Most seek ways to develop applications for
people on the move and also identify applicaticaarwhere such an attempt will be successful.

Given the fact that spatial audio displays proadeeyes-free way to interact, they are considered
well suited for mobile HCI. Designing for mobilears, however, is considered a challenging task. The
two major challenges are the limited display ahed is available and the effect of mobility on tdwatrol
actions of the user. As has already been mentighedjesign approach used in the thesis is topatéab
audio for display presentation and deictic gestimesontrol. Both of these choices help reduceldiael
on user’s visual attention and are therefore slatédy mobile interaction. Gestures are a very esent
way of communicating in mobile situations. Most plkeocan perform gestures whilst moving. For

example it is very easy to point to something orraise a hand to greet someone while walking.
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Empirical evaluation by Pirhoneat al. [93] showed gestures to be a more convenient Wayteracting
with a system compared to common stylus basedaictien techniques that require visual attention and
inhibit our movement. A very common result in usipstudies of systems supporting control based on
visual feedback is that users have to interrupt thevement in order to interact with their compste
Brewsteret al. [19] found that an egocentric spatial audio digphdth directional head nodding
gestures for selection could be used successfuiilevmobile, however no investigation on targeesiz
and Fitts’ law was performed. Users were able teratt with the system whilst walking at an averafje
69% of their normal walking speed. Empirical evidertherefore exists that gesture controlled spatial
audio displays are usable in mobile contexts. is éxperiment, the focus is however on pointinggsi
the hand. It will be investigated how walking speelil be affected by target size as well as how itityb
will affect selection times and selection accurdayaddition, a comparison will be done to the diag
case so that differences in performance can bma&®d. Such a comparison had not been done in the
Brewster et al. These results will help in understanding how digpteesign has to be altered to

compensate for the effects of mobility.

8.4 Experiment Design & Hypotheses

An experiment was designed to test the experimdngabtheses. Participants performed the task
in Figure 31 according to the design presentedahld 16. Of the independent variables in Table 16,
mobility, target width and A/W were tested withimbgects, whereas feedback was tested between
subjects. Participants were split in two groupss performing the experiment with on target feedback
and the other without. Both groups performed thgeeixmental task standing and walking in a counter-
balanced order.

Walking speed was calculated by dividing the nundfdaps participants performed with the total
time this took. Preferred walking speed in thistipatar walking route was measured by asking
participants to walk five laps without performirtgetaudio selection task.

Dependent variables were time to select, selectiarcess ratios, perceived workload (using
NASA TLX workload sheets including an annoyancetdag percentage preferred walking speed and
steps to select the target. Percentage Preferrékiny&peed is the percentage of participants’qrefl

walking speed they maintain when performing a digetEsk while walking.

139



DV v Levels

Time Feedback Yes/No
Accuracy Target See Table 17
Walking Speed Width
Steps Distance to See Table 17
Workload target
Mobility Standing/Mobile

Table 16. Dependent and independent variables us@dthe experiment and their levels.

The research questions are concerned with theteffdeedback, mobility and Index of Difficulty
on deictic spatial egocentric audio target acqoisiin the horizontal plane. The hypotheses are:
1 Feedback in the form of audio on-target confirnmatisill affect accuracy of selections and
interaction speed
2 Mobility will affect selection time and selectionauracy

3 Index of difficulty will affect selection time

8.4.1 Target Width and Distance to Target Manipulat ion

Due to the importance of target width on selectamturacy and efficiency, this variable is
manipulated at six levels: 10°, 15°, 20°, 25°, a8t 35°. Based on the results of Chapter 7 it wbeld
expected that performance will be affected botteims of both interaction effectiveness and intéwac
efficiency at these target width values. With retge effectiveness it would be expected that tsult
will constitute part of the associated psychoméiinction with selection success ratios increasinga
function of target width until a ceiling effect isached. With respect to efficiency it is expedteat the
difficulty incurred at the target width area of 1@fll result in longer times to select the targete if
Indices of Difficulty remain the same in the targétith values. The magnitude of this effect is ectpd
to diminish for larger target widths. The exactrgaifter which the effect will become negligibleliviie
determined by the results of the experiment.

A number of distances to target (A) are associaiill each target width value. As can be seen in
Table 17, variables are selected so that A/W ragosin constant for most of the cases. Fitts’ vawuld
predict no significant differences in time measuzats between target width values. However, based on
the results of the previous experiment it is expédhat differences will arise as a result of tiécdlty
that is associated with small target widths. Thedif A/W ratios examined is small. This is mostiyne
to restrict the number of trials each participaas o perform but also due to the fact that for the
particular task it is hard to obtain high ID valu@$is is due to the restricted display area in study
(the area in front of the user) and the relativatge target sizes that have to be used in ordpraeide

usable pointing. For this reason, for target widdfisl0° and 35°, it was decided that tests shoed b
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performed for additional values of ID, namely 3 @&8. In the former case, this was done to gameso
insight on what is happening at higher IDs andhim latter because using an ID of 2 would result in
distance that would lie to the back of the userre@lg our test area was in front. It should be mast
here that the concept of target width only affaeter performance when participants get feedback. Fo
the group where no feedback was given, ID is npeeted to affect the results. The relevant variable
this case is distance to target.

To examine the hypotheses outlined and the apjlityabf Fitts’ law (at least for the particular
indices of difficulty) on spatial audio target aggition it was decided to examine the effect ofy&dr

width and distance to target at the levels preskint@able 17.

W A ID AIW
10° 1 1
10° 30° 2 3
70° 3 7
15° 1 1
15° 27° 15 1.83
45° 2 3
20° 1 1
20° 36° 15 1.83
60° 2 3
25° 1 1
25° 46° 15 1.83
75° 2 3
20° 1 1
30° 55° 15 1.83
90° 2 3
35° 1 1
35° 64° 15 1.83
87° 1.8 2.48

Table 17. Target Widths (W), Distances to Target (A and Indices of Difficulty (IDs) and

A/W Ratios used in the experiment.

8.5 Experimental Task

The task participants had to perform was to sellet spatial audio target, in the associated

combination of the experimental conditions. Distaht target and target width for each trial wasctied
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randomly out of one of the rows presented in TalleParticipants repeatedly performed the tasK 8nti
observations from each row of Table 17 were obthitserall each participant performed 108 selestion
standing and 108 walking. Depending on the experiaiecondition combination they were either
standing or mobile and received or did not recébeslback. To select the target sound participaaudstt
move their hand in the direction of the target sband perform a downwards gesture with their witists
indicate selection. Audio feedback was providechtticate that the selection gesture was recogriiged
the system. Participants performed the selectimesadter the other in a serial fashion, the stgriaint

for each gesture was the terminating point of tlevipus one. When mobile, participants had to vilalk
figure of eight laps around three traffic coned thed been placed in the lab. The cones were 1t@rsne
apart, providing a rather challenging route. Thiaswdone to provide a realistic scenario forcing

participants to pay attention to their movement.

Figure 39. A participant selecting a virtual 3D soad source while walking and wearing the

experimental apparatus.

8.6 Stimuli & Apparatus

The stimulus was half a second of white noise ripgéself after half a second of silence, played
at the height of the user’s nose at a distancernéters. Feedback was provided to the appropriatgpg

by the sound of people cheering when participamtevinside the target width that was assigned ¢b ea
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trial. The feedback sound was played from the sdimgetion as the target when participants entened t
target area.

To create a truly mobile test bed a small laptos waed that was placed in a rucksack that
participants wore on their backs and ran the progunaed to control the hardware and the stimuli.hEac
participant was equipped with two MT-9B (www.xsexmsn) orientation trackers. One of them was
placed in a small belt-mounted case that was placége middle of each user’s waist. This trackeisw
used to record user movement and calculate the auoflsteps taken. The other was held in the right
palm of each participant. The difference in oritiota readings between the two trackers was used to
infer pointing direction of the hand relative tethody. In this way, an estimate of pointing di@tiwvas
available while participants could freely move pase. HRTF filtering was done on the laptop ushe t
DieselPower Implementation 3D Audio APl (www.am3ur). The API provides an HRTF filtering
implementation that uses generic (non-individuaizBlRTF functions). Localization using non-
individualized HRTFs is worse compared to local@atusing individualized HRTF functions, however
the effect in sound localization on the frontal ikontal plane is non-significant. Sennheiser HD 433

headphones were used to present the sounds.

8.7 Procedure & Participants

Participants were assigned to one of the two graumkwere briefed on the experimental task.
They were asked whether they were facing any hgatéficiencies and if they did they were excluded
from the experiment. Participants were instructed bnce the experiment started they would expeegien
a sound which would be perceived as playing frofixed position somewhere between their left and
their right and always in front.

They were told that their task would be to moverthand to the position of the target as fast as
possible and perform a downward hand gesture ticatel the sound position. When participants were
part of the feedback group they were told to make shey heard the feedback sound before proceeding
with their selection.

In total, 24 participants were tested 6 females Hhdhales with an age span of 18-42 years (mean
27). All were students from the University of Glaggand were paid £5 for their participation. Minima

training with respect to the use of the equipmeas given to participants prior to performing to thsk.

8.8 Results

The analysis presented here is based on the rantltitare available in the associated section of
Appendix 1. Due to target width having no affectioteraction in the no-feedback case, given thaiis
not implicitly perceptible an overall mobility (¥)feedback (2) analysis of variance was perfornies. f
Mobility was found to have a significant main effean time to select a target (F(1,2590)=141.24,

p<0.001). Feedback was also found to have a gsigmifi main effect on selection time
143



(F(1,2590)=1134.909, p<0.001). Mobility was foundhiave a significant main effect on the accuracy of
selections as measured by the absolute deviatmn farget, F(1,2590) = 616.054, p<0.001. Feedback
was found to have a significant main effect onabeuracy of selections, F(1,2590)=1148.477, p<0.001
Participants were slower and less accurate whenilenobthey were slower but more accurate
when they received feedback. Given the main effebtserved, the thesis proceeds with two separate
analyses for participants performing the task vaitld without feedback. Results are illustrated guFe
40. It is interesting to observe that when congmemean accuracy and speed values the improvesnent
accuracy is much higher that the degradation iedpAccuracy was four times worse when no feedback
was given, while the decrement in interaction speeticed by feedback was only about 40% for
standing participants. For mobile participants aacy was also improved by a factor of about 3 while
interaction speed was increased twice. This shdwas the provision of feedback benefits interaction

performance both in standing and mobile situations.
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Figure 40. Means and standard deviations of the timand accuracy scores for standing and

mobile participants who did and did not receive fedback
8.8.1 Performance with on-target feedback

8.8.1.1 Time Analysis

Figure 41 presents mean selection times for ppdits that received feedback as a function of

mobility, target width and Index of Difficulty.
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Figure 41. Mean time scores for participants who reeived on-target feedback as a function

of ID and target width.

An overall mobility (2) x width (6) x A/W (3) anadjs of variance was performed on the time
scores of the participants that received feedb@ekults are presented in Table 18. The resultsrooaf
significant main effect of mobility, width and A/\tio. Interaction between mobility and target \uids
well as between width and A/W ratio was also sigaifit. For standing participarp®st-hoct-tests using
the Bonferroni confidence interval adjustment réviéime scores for target width of 10° to differ
significantly from all the rest, with no other difences found. Time scores for all A/W ratios wertend

to differ significantly for standing participants.

T s
M F(1,143)=34,619,p<0.00]  F(1,11)=122.335,p<0.001
W F(5,715)=38.071,p<0.001  F(5,55)=23.861,p<0.001
AW F(2,286)=11.421,p<0.01 F(2,22)=4.690,p<0.02
MXW F(5,715)=17.230,p<0.00] F(5,55)=23.861,p<0.01]
MXA/W F(2,286)=5.819,p<0.01 N/S
WxA/W N/S N/S

Table 18. ANOVA results for participants that receved feedback (T is time and S (%)
success ratio). M stands for mobility, W for targetwidth and A/W for the ratio of distance to target
to target width.
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For mobile participants A/W ratios did not haveigngicant main effect on selection times. Pair-
wise comparisons showed selection time for width$05, 15° and 20° to differ significantly from af
the other target widths and between themselvegeThas no difference in selection times betweegetar
widths of 25° and 30° which, however, differed fraththe rest; no difference between 30° and 3%F an
25° and no difference between 35° and 30° targdthsiwere found. Figure 42 shows time scores for al

tested target widths averaged over A/W ratios.
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Figure 42. Time & Success scores as a function afrget width for standing and mobile users

who received on-target feedback averaged over A/MAatios.

8.8.1.2 Success Ratio Analysis

An overall mobility (2) x width (6) x A/W (3) anadys of variance was performed for success
scores for participants who received feedback. cHele success scores refers the percentage of trial
participants selected within the feedback markexh.aResults are presented in Table 18. The results
confirm a significant main effect of mobility, widtand A/W ratios. Success ratios increased withetar
width and decreased when participants when moliteraction between mobility and target width was
found to have a significant effect on success stétest hocanalysis comparing mobile and standing
participants showed A/W ratios to have a significaiain effect on success ratios for mobile butfoot
standing users. Figure 42 shows how success naiesd for the aforementioned cases, averaged over
A/W values.

8.8.1.3 Steps Analysis

A width (6) x A/W (3) analysis of variance was perhed on the number of steps taken per

selection for (mobile) participants who got feedbakhe results showed width to have a significaatrm
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effect F (5,355) = 23.836, p<0.001. No effect ofAAfatio was found. Figure 43 presents the results
grouped over A/W ratios. Grand mean was 5.6 steps.
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10 15 20 25 30 35
Target Width

Figure 43. Mean steps until selection as a functioof target width.

8.8.2 Performance without feedback

Without feedback target width was not evident totipgpants and therefore is not a relevant
variable. The factors affecting performance in ttése are distance to target and mobility. A within
subjects analysis of variance (mobility (2) x dmta (15) (see Table 2) on time scores reveals a
significant main effect of both mobility and distan(F(1,71) = 31.040, p<0.001 and F(17,1207) =72.49
p<0.005).
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Figure 44. Mean time scores for participants that @ not receive on-target feedback as a
function of distance to target groups and mobility.
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Post hog pair-wise Bonferroni confidence interval adjustadsts showed interaction to be faster
for mobile participants compared to standing orse® (Figure 44). Means of the three distance groups
that result from averaging time scores every sstatdices (with respect to Table 2) are presented. A
similar analysis on standard deviation from tangatealed a significant main effect of mobility with
participants being less accurate when mobile, asvishby Bonferronipost hoct-tests. No effect of
distance was found in the no feedback case. Figfoirghows the selection accuracy for each targathwid
when standing and mobile. Participants were sigaifily less accurate when mobile. It can be observe
that very large target widths would be required dédfective interaction under these conditions. With
respect to steps taken to select overall distamtargiet produced a significant main effect (F @207) =
2.2111, p=0.003). On average, participants perfdrafgout two (1.74) steps before proceeding to each

selection.

8.9 Walking Speed Analysis

An analysis was performed to test the effect ofiffsek on percentage preferred walking speed for
mobile participants. No significant difference wiasind between participants using feedback and no
feedback. Both, however, were significantly lesmtparticipants’ normal walking speed.

Means were 71% for the no feedback case and 76%héofeedback case, a finding consistent
with [3].

8.10 Workload Analysis

A mobility (2) x feedback (2) analysis of varianseowed mobility to have a significant main
effect on overall perceived workload (F(1,22) =48B, p<0.001), with mobility increasing perceived
workload by about 30%, (Mean Standing Workload 653.Mean Mobile Workload = 4.8, max 10).
Feedback did not have a significant main effecbweerall perceived workload. A more detailed analysi
showed mobility to have a significant main effeet mental demand (F(1,23) = 13.089, p<0.001),
physical demand (F(1,23) = 5.741, p<0.03), effogganded (F(1,23) = 12.032, p<0.005), performance
level achieved (F(1,23) = 9.304, p<0.01) and fat&in experienced (F(1,23) = 13.301, p<0.001).

Mobility did not affect time pressure and annoyaegperienced.
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Figure 45. Success ratios as a function of targetidth for standing and mobile users (no on-
target feedback)

8.11 Can Fitts’ law be used to describe 3D audio ta  rget acquisition?

Is it possible to model spatial audio target adtjais in terms of Fitts’ law? This analysis is
performed only for participants that received fesakb Linear regression on time measurements was
performed for the three models in Equations 1, @ Grfior W values in the usable range that is 0@r 2
for standing participants and over 30° for mobitees These values were chosen because no sighifican
difference was observed in time ratings as candmn $n the results section. Regression results are
presented in Table 19 and Figure 46.

For standing participants, it can be observed bt logarithmic models correlated significantly,
the model of Equation 2 correlating significantigtier as the z statistic, using Fisher’'s Z tramafiiion
of the correlation coefficients, revealed (z = 2.p80.05). The linear model, although providingthig
correlation, did not correlate significantly (p 088). Given the significant correlation values thdex
of Performance can be calculated for standing @pdints. This was approximately 1.6 which is about
half what has been found in the literature for ipgrénts interacting with a visual display using a
trackball [13]. For mobile users this calculatiorasvnot made since the models did not correlate

significantly. Throughput values were also calcedafor standing participants giving values of @43
and 0.63.
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Figure 46. Linear Regression lines, mean time scaeand standard deviations as a function

of Index of Difficulty

This is about 3.5 times less than that measurednteraction with virtual pointers in visual
displays. Throughput was calculated using A/W valaed not the effective target width formulation
because effective target widths were unreasonaply &dnd dependent on target size. For example, for
target width of 25°, effective target width was 36%d success ratio in the order of 95%, 36° theeefo
does not provide a better estimate of target witithhoughput increased for increased distance getar
Indeed, the time measurements reveal that, atawest IDs, participants became confused since the
feedback area was too close to their initial positiTime scores in throughput calculations include

reaction time and selection time (therefore thrqugtvalues might be underestimated).

R’ R, R IP
S 0.999* 0.991 0.995* 1.57
M 0.86 0.92 0.82 X

Table 19. Goodness of fit comparisons between thiedar and logarithmic models. * denotes

that correlation was significant at the p<0.05 leve R%, R%, R% stand for the R statistic for

McKenzie, Linear and Fitts’ models. IP is the indexof performance. S stands for standing and M

for mobile participants.
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8.12 Discussion

The results of this study verify to a great extiet experimental hypotheses. Mobility was found
to cause slower and less accurate interaction. éeg&dwas found to decrease interaction speed but
increase interaction accuracy and interaction wegatively affected by increased Index of Difficulty
The success ratios in the no-feedback conditiorwstiat performance in deictic interaction with an
egocentric display without feedback is very poarcdan be observed that such a display can hardly
accommodate more than three targets in the arfranihof the user. In mobile situations, the maximu
number of targets would be two. It has to be sawdver, that target position was varying randomly i
this experiment, in this sense the effects of iegriare not taken into account in the results. ighinbe
the case that when interacting with a familiar Bigpone more target might be feasible. Surprisingly
when mobile, participants were faster in their sdms when on-target feedback was not given.
Participants commented that when mobile they weteahle to pay much attention to the target pasitio
and they mostly selected on a left right basis.yT$ead that when standing they were able to payemor
attention to the target sound and infer more omdtsition. Consequently, they adopted a more chrefu
strategy for their selections that resulted in éased selection times. This finding is therefotebaited
to the negative attitude participants formed towahe® system when mobile.

On-target feedback was found to improve performamigsificantly for standing users and, based
on the results of this study, is considered necgdsaenable usable gesture interaction with aiabat
audio display. Feedback design is, however, clitlear standing users, it was found that time tectds
not affected by target width for widths of 15° ambre. The fact that target time is affected by A/W
scaling is not novel and was verified in studieshia visual domain [40, 52]. Based on out restiis t
effect is minimized for target widths over 15°. Hower, target widths between 20° to 25° were found t
be necessary to provide successful selection agiesraf 90% and more. On these grounds, targehwidt
of 20° or more are recommended for standing usassequently, such a display could accommodate up
to 8 elements in front of a user. On-target feelbaas found to be moderately successful in the oase
mobile users. It did not affect their walking spe@dnpared to the case of no feedback, nor dictieese
the perceived workload. However, as shown in Figd2esuccess rates of more than 75% were not
possible to achieve for the target widths that wieisted in this study. Although time to select when
mobile with a target width of 35° was relativelysé to the one observed for standing users, itaappe
that wider targets than this are necessary to &sereuccess rates. Observing Figure 42 it canceede
that the performance curve has not saturated asrdasing target width further will benefit interiact
both from an accuracy and speed point of view. &loee, mobility was found to influence performance
in the feedback case in a negative way. Even \aithel targets there is a 20% increase in seledtioest
and an approximately 20% decrease in selectionracgulincreasing target width is a solution as fbun

in this study, however this approach is not optibedause it reduces the number of elements th&agisp
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can accommodate. Alternative ways to overcome #n@bility introduced in mobile contexts have to be
examined to reduce the negative effect that wasdoin this study. Appropriate filtering of the
movement signals is a promising solution for overty mobility problems and provide an experience
that will resemble the standing case more closely.

The modalities chosen for display presentation #80io) and control (gestures) have been proven
in the study to provide a mobile way to interacthwthe system. Users did not have to stop at airwh
performing the task, neither with nor without feadk. As can be seen in the number of steps totdbkec
target analysis at appropriate target widths usen® able to select a target approximately evergeth
steps, a promising finding given the relatively @icated walking route they had to follow. In adiolit,
the resulting percentage preferred walking speetbie to the preferred one, with a mean of ab8et.7
Given the random target positions in this experitnemen higher figures can be anticipated for users
interacting with a familiar system.

According to the results presented, it appears ithéd possible to view spatial audio target
acquisition in terms of Fitts’ law. This is partlatdy encouraging since it shows that this type of
interaction is an efficient one, comparable tornatgion with visual displays. This issue is of partar
importance since it enables cross-modal comparisonthe context of tasks under examination. In
addition, it provides a predictive tool for perfante in gesture interaction with spatial audio.rEie
the case of mobile participants, high, although sighificant, correlations were observed. The caxpl
walking route participants had to follow definiteontributed to this finding. In another context
involving a simpler walking route it might proveafgble to calculate the difference in the index of
performance between standing and walking conditiénsther design is necessary in order to create
pointing tasks that can be described by Fitts lawnbbile contexts. In conclusion, this study regdah
number of major factors that affect performanceléictic interaction with a spatial audio displayhel
selection task that was proposed and examined ewaxifto be usable for standing users and to allow
mobile users to interact with a walking speed clasé¢heir normal one, while at the same degrading
selection success rates and time at the level &f. Zhiven the elementary design that was employed in
the experiment the results enable us to be optorast the future of gesture interaction with spadiadio

in mobile contexts.

8.13 Conclusions and Guidelines

All experimental hypotheses were verified. Feedbafflcted time and accuracy of selections,
mobility affected interaction speed and accuraayiadex of difficulty affected time to select agdat.

The results of an empirical study that showed nitgbileedback and Index of Difficulty to have a
significant effect on spatial audio target acqigsitwere presented. The acquisition task design was
found to result in usable deictic interaction with effect on walking speed or workload compared to

interaction without feedback. Spatial audio targequisition was found to be sufficiently descriiad
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terms of Fitts law, when proper target width cheieeere made. A detailed investigation on the efééct
target size on time and accuracy of selections prasented. Participants were able to walk at 73%
percent of their normal walking speed, mobility deing performance by 20%. Deictic interaction with
3D audio displays is shown to be a feasible satufiw future human computer interaction designs.

With respect to Research Question 1 this chaptetribotes by showing that the acquisition
design that was proposed does not affect percei@ttload and can be used by mobile users. With
respect to Research Question 2 novel findings wegsented on the effect of the Index of Difficultlye
effects of mobility and feedback deprivation. Fipalith respect to Research Question 3 the evialnat
technique proposed was justified since the acdpisitask complied with Fitts’ law. An Index of
Performance of approximately 2 can be expectedstimding participants which is about half the one
observed for visual interaction using virtual peist

Based on the results of this study the followingpramendations to designers can be made:

Both in standing and in mobile situations, proviglifeedback marked audio elements will
improve interaction and will not affect perceivedrikload or walking speed.

Designers should expect an approximately 20% detgion of performance when people using
their system are mobile. They could compensatecoprdingly increasing target widths in the

system.
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9 Conclusions

9.1 Introduction

In this chapter, a summary of the results of thesithand its contributions will be presented. In
addition, the limitations of the thesis are diseas&nd proposals are made on how they could be

overcome in future work.

9.2 Summary of the Thesis

The thesis began by reviewing the literature in fiedd of spatial audio display design and
identified that the question of how direct manipigla principles could be applied in deictic spatabio
display design has not been examined. In Chaptérv@s found that the following properties must be

supported for auditory direct manipulation to behis:

Adequate differentiation of display elements irpat&@al sense

Support for control based on aimed movements

Creation of successful semiotic mappings to compateia valid conceptual model

Support for closed loop control based on audiobieell to help users to evaluate the results of

their actions and validate their conceptual models

According to the literature only the third has bexamtly researched and evaluated in the field of
audio display design. This, however, has mostlynbdene in the context of creating auditory semiotic
information and the validation of whether and toatvextent a valid conceptual model can be supported
by spatial audio semiotic information is still &lfl under investigation. The thesis did not addtbiss
issue but rather focused on the first two pointsethier spatial audio can support adequate diffiextéont
of display elements in a spatial sense and whdtlean support control based on aimed movements.

To obtain further insight on the issue of aimed pments, the thesis examined visual target
acquisition with two goals. The first was to idéntivhat are the perceptual and motor skills thapsut
aimed movements and the second to identify an atialumethodology that can be applied on a spatial
audio acquisition task. With respect to the firsalgaccording to the review presented in Chapteired
movements to visual targets are performed by mednan initial ballistic movement followed by
corrective submovements. The literature indicates tisual and proprioceptive feedback throughbat t
aimed movement contributes to the successful aclisimpent of this task.

With respect to the second goal it was found tligibm supported aimed movements in ‘normal’
ranges of difficulty are characterized by the Idhanic model proposed by Fitts and revised by
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MacKenzie. Although linear as well as power modxiist, these do not apply in the case of the dhatia
constrained tasks that are typical in Human Complmtieraction. The thesis therefore opted to obtain
time measurements for spatial audio target aciuisiask and to verify whether they would conforn t
Fitts’ law. In relation, however, to the definitiarf usability, apart from examining the aforemené&d
issue, it is of importance to examine the effectass of the acquisition technique in terms of siglec
success rates as well as user satisfaction. Dtleetearly stage of development in the field thesithés
investigating the latter issue is handled by edimgamental workload using NASA TLX forms [54].

The thesis proceeded by examining available psyhesical literature, in Chapter 2. According
to the findings, it was concluded that pointingatespatial audio target lacks the attributes thakema
pointing to visual targets so successful. Contempgospatial audio systems use non-individualized
HRTFs and are prone to increased localization exsowell as front-back and up-down confusions. It
appears that the attribute which can be judged mossistently, within known values of localization
error, for a wide population without training isimuth. In addition, a major issue that was founthist
the border separating a spatial audio sound fremdtkground can be ambiguous.

These findings result in certain limitations fodasigner. The first is that display area should be
confined to the frontal horizontal plane. Such aislen can successfully overcome problems related t
confusions and in addition result in consistenfgprients of sound direction for a wide class of suser
However, even in this case there is no way to atei¢o the user which area is associated with aadlo
display element by the system.

As the review indicates, the research questionsattegaraised by the thesis are novel and have not

been examined in the literature. The research ipussare repeated here.

RQ1 How can we overcome the perceptual problems iniadpatdio displays and support
spatial audio target acquisition?
RQ 2 What are the factors that affect deictic spatialiatarget acquisition?

RQ 3 How can we evaluate the usability of deictic spatiadio target acquisition?

With the goal of designing of a spatial audio téis&t overcomes the limitations of directional
hearing, the thesis proceeded with experimentaédtigations in this field. Four experiments were
presented, the first two concerned with obtainlmgiecessary information with respect to the design
spatial audio target acquisition task and thetlastwith the evaluation of this task.

The first experiment addressed the problem of edihg target size in spatial audio target
acquisition as a function of the gesture used. Wais a feasibility study that was helpful in idéntig
and verifying the problems that would be expecteddictic interaction with a spatial audio displaye
study used an exocentric display, where participaltl and did not receive feedback and used three

different gestures to browse and select a singlgetasound in the soundscape. The results shovetd th
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interaction was unfeasible for a large number atigigants that did not receive feedback. Interacti
with feedback proved to be feasible and estimatéarget widths that result in selection effectigss in

the order of 70.7% were obtained. It was found thatresolution and movement support offered by the
use of a stylus on a touch tablet was the mostflogaleto the effectiveness of target acquisitithwas
followed by selections using the hand and selestimsing the head of the user. However, mostly due t
the exocentric nature of the display, the succéskeotablet solution was compromised by the faat t
participants did not find it easy nor comfortalbdeperform compared to hand and head acquisitioe. Du
to the fact that more research was found to bessecg to design a spatial audio target acquistash, it
was decided to proceed in the next experimentsguie hand gesture, because it could performed
naturally and resulted in high effectiveness.

The aim of the second experiment was to examirferdift feedback types as means of enhancing
the usability of deictic interaction with a spatialdio display and identify the effect of distragtisounds
on interaction. The results of the experiment shibwee speed accuracy trade off when comparing
egocentric and exocentric interfaces. In the foroase, interaction is fast but not accurate, wiseirethe
latter it is accurate but slow. Imposing a loudness did not help in terms of interaction efficigrand
effectiveness. Audio marking the target area, h@rewas found, to compensate for accuracy errors in
egocentric and interaction speed in exocentriafiates. The effect of distracting sounds only appeda
in the case where the feedback cue was continuausiyped to the pointing direction. In this case
interaction speed was affected in a negative wayyelver, no effect on interaction accuracy was
observed. Interaction in an egocentric display édback marked target areas is therefore a pimgnis
solution where interaction performance is not aéfddy distracting sounds.

With the goal of designing a spatial audio targejussition task that could be applied in a wide
variety of contexts, it was decided to examine tileimteraction in an egocentric display where ¢drg
areas are feedback marked. This task was evalimt€tiapter 7, in a challenging experimental design
where distracter sounds that had the same timbifeeasrget sound were used. It was found to bkleisa
and in addition possible to perform using alternaesentation modes that alleviate the problemsef u
isolation for the real world auditory environmefmhese modes were bone conductance headphones and
monaural presentation. Interaction accuracy wasffetted by presentation mode and interactiondspee
was reduced only in the case of monaural presentdiie to the restricted localization cues. In tioialj
the experiment provided promising results in thategt of modelling spatial audio target acquisition
using the models of visual target acquisition. Unteadphone presentation high correlation with a
logarithmic model was observed, however the reswiése not conclusive due to the presence of
distracter sounds. According to the results ofetkgeriment, target width was found to be more irtgoar
than distance to target in the context of the deacquisition task.

The thesis concludes in Chapter 8 with an experiatatesign that can be used for a variety of

feedback types and gestures. In the last experjrti@ntarget acquisition task is examined in detad
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the effects of target width that were found in eay are quantified. The acquisition task that was
designed is found to be usable when mobile. Inatteence of feedback, although interaction wasrfaste
the inadequate support for aimed movements lealdigjtoaccuracy errors that restrain the scalabdlitg
applicability of this option. The importance of t#ack is stressed by the findings of this studyl in
addition, feedback is found not to affect walkingesd nor perceived workload. A reduction in
performance in the order of 20% was observed wleaple were mobile. Finally, the acquisition task
was found to comply with Fitts’ law, a fact thabpides additional support for its usability. An exdof
performance in the region of 2 should be expectedstanding people interacting with spatial audio

targets, which is about half the one observed ffaral interactions using virtual pointers.

9.3 Thesis Contributions

The major findings of the thesis are the desigma gpatial audio target acquisition task and the
formulation of a methodology for its evaluation. tWrespect to the Research Questions that weri@ set

the beginning of the thesis, the following answes be given at this point.

RQ 1. How can we overcome the perceptual problems atiapaudio displays and support
spatial audio target acquisition?

In order to support spatial audio target acquisitih is necessary to overcome the problem of
localization error and the problem of confusionghwiespect to sound direction. The latter can be
overcome by restricting the display area. In otddind out how the former problem can be resolites
necessary to identify what are the cues that domstvisual target acquisition successful. Visaabet
acquisition is supported by the detailed feedbacokiged by vision with respect to the target arEais
information is used both to support the first Isdili submovement and also to support the corrective
submovements that guaranty selection effectivenielse. more detailed the information given by the
feedback cue the better the accuracy and speedwhiith users will select the spatial audio target.
Therefore to overcome this problem it is necessarymark’ the target area. Feedback marked audio
targets were the best solution to compensate fmptbblems of directional hearing. This finding was
supported by the success of the acquisition taskvwias proposed in Chapter 7 and the negativetedfec
performance that was observed under feedback deijorivin Chapter 8.

RQ 2: What are the factors that affect deictic spatialio target acquisition?

The experiments in the thesis identified a numbkrfagtors that affect spatial audio target
acquisition. They showed that deictic spatial audiget acquisition is affected by the pointingtges

that is used, the type of feedback cues that aengb users with respect to target sound posititnsize
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of and the distance to the target area, the quaflitiie localization cues that are provided andcthrtext
of use in the case of mobile users.

It was found that performance quickly deterioratesfeedback deprivation situations. In an
egocentric display is feedback is not provided witBpect to target position, accuracy is worse by a
factor of almost four while the benefit in speedoidy in the order of 50%. The thesis also provided
guantitative measurements on the effect of targethwsize on the speed and the accuracy of the
acquisition of feedback marked spatial audio targétith reference to the experiments and the
technology used in the thesis it was found thatiapaudio target acquisition in an egocentric thygpgs
invariant to scaling A/W ratios for target widthgen 15° however a target width of 20° is necessary
result in accuracy scores higher than 90%. It shbelnoted here that the effect of the equipmedttam
gesture used for pointing is also dramatic, giveat when using a touch tablet the required target s
was almost half compared to using a physical paingesture using the hand and or the head. Mobility
results in degradation of performance in the omd&0%. Finally, it was found that the task of stileg a
spatial audio sound when walking results in a wejlépeed that is about 73% the one people have unde
normal conditions.

In addition, it was found that the quality of tleealization cues is crucial when the spatial audio
element sizes are feedback marked. In particule, feedback cue ensures that interaction will be
effective. With respect to the efficiency of intetian it was found that a stereo like cue simitathte one
induced by bone conductance headphones can efficignide selections for sounds in the frontal
horizontal plane, which is explained by the faatthzimuth localization in this area is dominated b
interaural cues. Monaural presentation was fourdkfyrade interaction speed by a factor of 2.

Finally, the thesis found that there is a dualigtveen interaction in egocentric vs. exocentric
interfaces. When no other feedback is given toigpents and in the context of our experimentaktas
participants were three times less accurate iretfeeentric display, being two times faster at thees
time.

RQ 3: How can we evaluate the usability of deictictedaudio target acquisition?

Based on the results of the thesis, it can be aded that the usability of a particular spatialiaud
target acquisition technique can be evaluated imamner similar to the one used in visual target
acquisition studies. It is necessary to examineragtion speed, interaction accuracy and user
satisfaction. Furthermore, the notion of the IndéPerformance was found to be applicable in treeca
of feedback marked spatial audio targets and s thnse can be used to compare between futuré targe
acquisition techniques. The thesis also foundFittg’ law can model the acquisition of feedback kea

areas. The thesis found that the proposed acauiditisk is about half as efficient, compared twalis
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interaction with virtual pointers and these findnipdicate that it is possible to perform cross atod
comparisons based on objective quantities.
A number of guidelines were derived from the experts performed in the thesis. These are

brought together here, as follows:

1 Both in standing and in mobile situations, provglfeedback marked spatial audio elements will
improve interaction performance and will not affpetrceived workload or walking speed. This
is true for both egocentric and exocentric intezfac

2 Target size in an egocentric display controlledpmnting using the hand of a standing user
should be more than 20°.

3 When keeping contact with the real world audio smwinent is important, designers should
consider the possibility of monaural or bone condunce presentation of the display. In the latter
case, interaction speed and accuracy should reimaisame. In the former, there is a decrease on
interaction speed by a factor of 2.

4 Natural options of browsing a real time updatedualr auditory environment, such as head
movements, are preferred by users.

5 Increasing the number of display elements will r&gnificantly influence interaction
performance in familiar egocentric displays as l@asyno intelligibility problems appear. In
exocentric displays, however, because of the higlognitive load imposed by the real time
updated localization cues, increasing the numbeliggflay elements affects interaction speed in
a negative way.

6 When selecting a feedback marked spatial audioarieémnsing a stylus operated touch tablet 9°
around the target should result in 70.7% selectiaccess rate. This number becomes 16° and
18.5° for selecting using the hand and head ofifle respectively. In the hand case, this number
refers to selections in front of the user.

7 A designer should not rely on a loudness basedacdeliver directional information. Such a cue
is useful in improving intelligibility rates howerdts success as a directional cue is limited.

8 Designers should expect an approximately 20% ide&tion of performance when people using
their system are mobile. They could compensatedsgrdingly increasing target widths in the
system.

9  When possible, designers should allow for disgiag to grow, increasing target width since its
effect is beneficiary from an accuracy point ofwjend its effect is more important than that of

distance.

In conclusion, the thesis contributes to the figldpatial audio display design by disambiguating

the task of pointing to an audio target. Priorhe thesis, this aspect of interaction with a spaii@lio
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display had not been examined. The thesis idedtifievel effects of gesture, feedback, mobility and
index of difficulty on spatial audio target acqtitmn. In addition, the thesis provided estimatescfertain
parameters of display design, especially with respeetarget width. Furthermore, the thesis coutebl
with the design of a spatial audio acquisition tHskt was found to be usable both for standingfand
mobile users and can be performed using alternatpeoduction techniques that alleviate the probdém
user isolation from his/hers real audio environméiinally, the thesis contributed with an evaluatio
technique that can be used to evaluate and ob¢aigrdinformation on a number of different designd

feedback types in a fast and uniform manner.

9.4 Thesis Limitations & Future Directions

In general the undertakings in the thesis did mleviiseful insight with respect to the research
questions that were set. However, there are a nuofdenitations that need to be considered. Itidtio
be noted firstly that the thesis is limited in thentext of spatial audio display design because no
consideration has been made with respect to soesigjm for spatial audio displays, in the sense ithat
did not examine the extent that auditory semiotappings can support a valid conceptual model. iBhis
due to the fact that such a study is too wide tadmgsidered in the context of the thesis. Althotlgg
thesis was successful in providing a pointing temkspatial audio displays, in order for the fiedfl
spatial audio display design to develop it is neagsfor further research to be performed withdbal
of evaluating auditory semiotic information and plés/ presentation issues. The discussion on the
limitations of the thesis will proceed by firstixamining the limitations with respect to the anssrat

were given to the research questions.

RQ 1: How can we overcome the perceptual problems atiapaudio displays and support

spatial audio target acquisition?

The thesis found that the major problems with gpatiidio target acquisition result from the fact
that the auditory image that we create for a virsmunding’ object does not convey clearly infotina
with respect to the exact position of the objecit®size in the display. The thesis compensatedhis
problem by marking the object’s area with audiadfesck. However, the thesis had to constrain thaystu
in the frontal horizontal plane to avoid the prablef confusions, which restricts the display aeahe
front of the user. In this sense, the display dhe& could be used based on the findings of thsighie

limited and might not be enough for particular agations.

RQ 2: What are the factors that affect deictic spatiadio target acquisition?
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The thesis successfully identified a number of dextthat affect deictic spatial audio target
acquisition, in particular with respect to the ubgbof the selection process. However, the thekisnot
look into aspects related to sound design and tteets of simultaneous presentation of sounds. The
problem of how to create a soundscape that carsée for everyday tasks is a rather challenging one
since it has to satisfy aesthetical, intelligilyiland usability aspects at the same time. A usawere of
an audio display all the time and there is no watyhim to close his ears to elements that are fiot o
interest to him. In this sense the design mustush,sthat it does not overload the user and atdmee
time supports active exploration by ensuring thedibility’ of the display elements. The thesis doet
address this issue directly and in this sense factated to this aspect of design would be exuetd
influence performance in ways that have not beeiness$ed in the text.

In addition the thesis did not investigate in dethé gestures that were used in the context of
Chapter 5, although these were promising in terfnsetection effectiveness. Further study using the
experimental design developed in Chapter 8, coeldhérformed to show how exactly these gestures
could be applied in spatial audio display design.

Furthermore, although the designed selection taa& found to comply with models of visual
target acquisition, a detailed investigation was performed for the feedback designs that were used
the experiment performed in Chapter 6. The reasathat at that point of thesis development it was
necessary to quickly obtain information on the majidferences between the different feedback types
and not model arm movement in the presence of\ihkiated feedback. The utilization of the notion of
throughput in the context of that experiment ig¢figre arbitrary and awaiting further evidence tiows
whether the notion of the index of difficulty wheansidering the tasks in the particular experinigain
appropriate quantity. However, this metric was fburseful in providing a uniform measure for the
evaluation of the feedback designs under considerafEuture work could well investigate whethertsuc
a model of the index of difficulty is appropriater finteraction using the feedback cues evaluated in
Chapter 6.

Finally, all the experiments in the thesis did aesess the effects of practice. This issue is quite
interesting since performance is expected to impawd in this sense estimates of design parantbtgrs

would suit skilled users could be obtained.

RQ 3: How can we evaluate the usability of deictictedaudio target acquisition?

The thesis found that the acquisition of feedbaekk®d spatial audio targets can be evaluated in a
similar way to the one that is used to evaluateattiuisition of visual targets. However, it wasodisund
that target width plays an important role that adrive described using Fitts’ law. The final expei
showed that when considering target width in aldisp psychometric function appears when selection

success rates are considered vs. target widthcéesaful modelling attempt of this function woudgsult
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in a uniform measure for estimating the succesthefselection technique which, when considered in
relation to the index of performance, can providsiraple way to evaluate the effectiveness of each
interaction technique.

With respect to the fourth experiment it has tanbged, that the range of indices of difficulty was
limited. In this sense, it would be interestingdiesign further experiments to examine the compéianfc
interaction speed with Fitts’ law at other indiggsdifficulty. In particular, with respect to thissue it
appears as an interesting research direction, forpe further experimentation on the applicabildf
Fitts’ law in the non feedback case and in the cdiseobile users.

In addition to the Research Questions, the thesialtdsuccessfully with the problem of
overcoming user isolation from the real auditoryismnment, by using bone conductance and monaural
presentation. However, issues related to bone atadce presentation and the effect of background
noise on intelligibility have not been examinedisito be expected that interference from the weald
soundscape will have to be taken into account wiesigning the interface so that a balance is aebiev
where the overlapping of the two audio environmealuiss not result in masking problems. In this sense
it would be necessary to perform further experirag¢atobtain design specifications for bone conchasa
and monaural presentation.

Another limitation of the thesis is that althougbasal audio displays could be applied in a
significant number of application areas, the thekiss not directly address this issue. The empirica
research that was carried out, mainly addresseshbmark tasks, with people performing spatial audio
target acquisition standing, with the exceptionChiapter 8, where mobility is also taken into act¢oun
This was done due to the fact that no body of rebean the field the thesis is investigating exisi the
time of thesis development and for that reasorstiope of the studies had to be contained to benthma

ones that can serve as the foundation for futwiest in more complex displays and applicationsrea

9.5 Future Research

The future work section is again organized accardiinthe Research Questions.

RQ 1: How can we overcome the perceptual problems atiapaudio displays and support

spatial audio target acquisition?

With respect to RQ1, future research can addresprbblem of expanding the display area. The
most important problem in this direction is the afeconfusions because they will result in a badis
movement in the wrong direction and an inefficiantjuisition process. To a certain extent this bl
can be alleviated using non-individualized HRTF dimns and providing adequate training.
Alternatively, implicit cues to the overall direoti could be given using other feedback channels asc

vibro-tactile stimulation or providing timbre cueEhe problem of localization error can be overcome
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using feedback marked spatial audio elements ankingnesure the display elements are separated
appropriately. Future research could therefore dtigate the potential of the proposed solutions in
expanding the display space. This way front-bacHl alevation cues will become available to the

designer and interaction in grid like structuregdwo dimensional targets will be supported.

RQ 2: What are the factors that affect deictic spatiadio target acquisition?

As was mentioned in the Limitations Section it éessary to perform future work in the direction
of display presentation and sound design for spatidio displays. This is because aspects of displa
presentation can affect interaction and it is tieenecessary to find a way to balance these tsmal/
aspects. Proposals with respect to display pretsemthave therefore to be evaluated in order td fin
presentation method that does not restrict theilityadif the display.

With respect to all the experiments presented entttesis future research could investigate the
effects of practice in spatial audio target acdjaisi In this way, estimations on the limits of f;emance
for acquiring spatial audio targets will be obtaine

Gesture type was found to be a factor that signifily influences interaction performance. The
three gestures that were used in Chapter 5 weessitil in their own respect, however they were not
examined thoroughly. In this sense it would berggéng to investigate how all these types of gestu
can be integrated so that the resulting systemigigevmultimodal input. Furthermore, physical paigti
could be replaced by virtual pointers controlledblogly part movements. Such gestures are more it#ima
and therefore could be more socially acceptable.

Feedback marked areas were found to successfuliplenspatial audio target acquisition.
However, different options for feedback marking ¢helio elements were not identified. An examination
is required therefore on whether spectral or others can successfully substitute the feedbacklate t

was used in the thesis.

RQ 3: How can we evaluate the usability of deictictedaudio target acquisition?

The thesis proposed and showed that the acquigifi@edback marked spatial audio targets can
be evaluated using the techniques used for viangéts. Future work on the field could examine Wwhet
the acquisition of audio targets in the presencedifferent cues could be described using similar
formulations. It would also be interesting to exaenthe acquisition of spatial audio targets in ghér
range of indices of difficulty. In this way, it possible to further examine different pointing gess both
physical as well as using virtual pointers and ilggddge on their efficiency and effectiveness eTdata

on hand pointing could be used as benchmark onaltote future comparisons.
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The thesis also identified performance degradaf@mmmobile participants. It is therefore of
interest to investigate how this issue can be vesblsing either systems that can isolate the teffec
movement and filter it our or provide sufficienetiback for error recovery. Feedback for error recpv
had been found useful in the case of mobile uskcsiwent handheld systems in the work of Brewster
[18].

As can be seen from the future directions, theishéas paved the way for answering a
considerable number of research questions in $pat@io display research. The work in the thesis ca
serve as the foundation onto which future invesitiga in gesture interaction with a spatial audspthy
can be performed. Upon success, an extended spata display equipped with multimodal input will

provide a paradigm for shaping our future persemdio spaces.
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10 APPENDIX

The companion CD ROM contains the data and therdeats that were used in the experiments
presented in the thesis. The data are provided®PBSSformat which can be used to perform the analyse

that were presented in the thesis. Here the coofegdch file in the CD ROM is presented.

File Description

Files In Folder: Experimental Data & Forms\Expenvni&\

\expl_data\expl_easy comf.sav Easy of Use and @bmfo

Ratings

\expl_data\expl_deviations.sav Absolute  Deviatiorisom
Target as a Function of Sound

Location and Gesture Used

\expl_data\expl_ up_down_results.sav Results of the Down
method as a Function of Sound

Location and Gesture Used

\expl_docs\expl_evaluation.doc The form contairingy ease

of use and comfort scales

\expl_docs\expl partic_eval.doc The sheet containin
instructions on the informal test to
informally evaluate the localization

abilities of each participant

\expl_docs\expl_feedback.doc Instructions for the

participants that received feedback

\expl_docs\expl no_feedback.doc Instructions for e |th

participants that did not receiye

feedback
\expl_docs\expl_information_form.doc The experimeéntormation
form
\expl_docs\expl_consent_form.doc The consent farticjpants
had to sign

Files In Folder: Experimental Data & Forms\Expenin2\
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\exp2_data\exp2_acc_signed_analysis.sav

Signectimvifrom Target

\exp2_data\exp2_accur_abs_analysis.sav

Unsigned iatidev  from
Target

\exp2_data\exp2_time_analysis.sav

Time to Comflatds

\exp2_data\exp2_TLX.xls

Modified NASA TLX form

\exp2_docs\exp2_consent.doc

Consent & Informatomf

\exp2_docs\exp2_no_orientation.doc

Instructions feisting the

exocentric display

\exp2_docs\exp2_orientation.doc

Instruction for tites the

egocentric display

\exp2_docs\workload_estimation.doc

Instructions  owWorkload

Estimation

Files In Folder: Experimental Data & Forms\Expenvna\

\exp3_dataltime_one_bone.sav

Time measurementsthier
monaural vs. bone conductan

conditions

\exp3_dataltime_head_one.sav

Time measurementsthi®

monaural vs. headphone conditions

\exp3_data\time_head_bone.sav

Time measurementsthfor

monaural vs. headphone conditions

\exp3_data\succ_one_head.sav

Selection successfoatthe

monaural vs. headphone conditions

\exp3_data\succ_one_bone.sav

Selection successfoatthe
monaural vs. bone conductan

conditions

\exp3_data\succ_bone_head.sav

Selection successfoatthe
bone conductance vs. headphg

conditions

\exp3_data\hist_one.sav

Histogram data for thg

monaural case

\exp3_data\hist_bone.sav

Histogram data for the bon

conductance case

\exp3_data\hist_head.sav

Histogram data for the

headphone case
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\exp3_data\NASA.xls

NASA TLX scores

\exp3_data\all_time_data.sav

The Time Measureméots

All the Conditions in the Experiment]

\exp3_docs\exp3_consent_form.doc

Consent & Infaondorm

\exp3_docs\exp3_instructions.doc

Instructions

\exp3_docs\NASA_TLX.doc

Modified NASA TLX form

\exp3_docs\workload_estimation.doc

Instructions  owWworkload

Estimation

Files In Folder: Experimental Data & Forms\Expenirné\

\exp4_data\spss_time_standing_feedback.sav

Time sWMements  for
Standing Participants the receiv
Feedback

\exp4_data\spss_time_mobile_feedback.sav

Time  Meamnts for|
Mobile Participants that receive
Feedback

\exp4_data\spss_time_distance_no_feedback.sav

Timse a Function o
Distance to Target for participan

that did not receive feedback

ts

\exp4_data\spss_time_analysis_feedback.sav

TimsWements for all the
cases where participants receiv
feedback

D

\exp4_data\spss_success_ratios_standing_no_distance Selection Success Rates

standing participants grouped oV

target widths

for

er

\exp4_data\spss_success_ratios_feedback.sav

BerleBliccess Rates f

Participants that Received Feedbac

Dr

\exp4_data\spss_steps_overall_no_width_all_aws.sa\

Steps to select grouped p
target width

\exp4_data\spss_steps_no_feedback.sav

Steps &b welparticipants

that did not receive feedback

\exp4_data\spss_steps_mobile_feedback.sav

Stepdot for participants

that received feedback

\exp4_data\spss_steps_distance_no_feedback.sav

s tBt&elect as Function

Distance to Target for participan

of

(s
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that did not receive feedback

\exp4_data\spss_overall_workoload.sav

Workload Goispn

\exp4_data\spss_distance_success.sav

SelectiorrsSuRates as [a

Function of Distance

\exp4_data\spss_dev_distance_no_feedback.sav

Deviftom Target as &

Function of Distance

\exp4_data\overall_analysis_time.sav

Overall Timealfsis (data
grouped over A/W & Target Width)

\exp4_data\overall_analysis_accuracy.sav

Overallcubacy Analysis

—

(data grouped over A/W & Targe
Width)

\exp4_data\NASA.xls

NASA TLX scores

\exp4_docs\Participant Consent Form.doc

Consemif@ination Form

\exp4_docs\instructions.doc

Instructions for Paptots

that did not receive feedback

\exp4_docs\instructions_feedback.doc

Instructiorss  Participants

that received feedback

\exp4_docs\NASA.doc

Modified NASA TLX form

\exp4_docs\workload_estimation.doc

Introduction  t&Vorkload

Measurements
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