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Chapter 1

INTRODUCTION

1.1Background

Initial reports suggestetiat human perception of sound source laterality depended solely
on the differences in level of a signal at the two éaug, Rayleigh, 1875however, this notion
was amended in favor of tlokiplex theory of sound localizatigRayleigh, P07), which has
persisted for more than a century. The duplex theory states timat source localization in the
horizontal plane is determined primarily by two frequedependent binaural cues: the
difference in level at the two ears (interaural laliference; ILD), and the difference in the
arrival time, or phase, of sound at ti@tears (interaural time difference and interaural phase
difference; ITD and IPD). Specifically, Rayleigh suggested the ILD is more effective for high
frequencies, abovabout 1.5 kHz, where the head is able to attenuate short wavelengths and
create devd imbalance between the two ears, with the more intense side indicating the origin of
the sound source. Conversely, frequencies below about 1.5 kHz are able to beddredwead,
and therefore provide much weaker ILDs, if any. Instead, the compardtuaglr wavelengths
below about 1.5 kHz provide ITDs that indicate laterality based on arrival time, with perceived
azimuth drawn toward the earlier side. As will becdssed below, subsequent work has
provided a more comprehensive, but ultimately incategplinderstanding of the relationship

between these two binaural cues.



1.1.1Binaural cues for azimuthal sound source localization

In an elegant experimerlil Is (1960)put the duplex theory to the test by comparing the
just noticeable differences (JNDs) in time and level of a sdietdistimulus to JNDs in level
obtained using a dichotic stimulus under headphones, across a range of frequencies (octaves and
inter-octaves from 0.25 8 kHz, and 10 kHz). Results revealed thatdiohotic intensity JND
function matched that of the soufidld JND function between 1156 kHz, while the functions
diverged significantly at frequencies below 1.5 kHz, as predictedebgiuple theory.
Complimentary findings were reported Bwislocki and Feldman (1956)vho measuredNDs
in dichotic phase as a function of frequency. They showed interaural phase JNDs increased with
increasing frequency, becoming too large to measure at approximately 1.3 kHz. Taken together,
these studies provide evidence in favor of the frequspeyfic nature of ITDs and ILDs for
pure tone stimuli.

However, as pure tones rarely exist in natural settings, it is important to examine the
nature of binaural cues using more complex stillightman and Kistler (1992)sked listeners
to judge the perceived locations of wideband and 5 kHz highpass fiigreads.They filtered
all stimuli using soundield-to-eardrum transfer functions measured for each participant, which
simulated soundield cues under headphongee Wightman & Kistler, 1989 for details of the
stimulusgeneration) Specifically, they manipulated the interaural phase to indicate a static
location (0, -45°, or 9C) and recorded listener responses of apparent location to ILDs (and
spectral cues) indicating various other directions. Results showedsthaglin erge®idn p
corresponded to the ITD for wideband stimuli (which contained both high and low frequencies),
regardless of the ILD value. In contrast, the perceived azimuth of the 5 kHz highpass stimuli

relied on the ILD. These results support theegahduple theory, and also suggest that ITD is



the dominant cue for localization when both high and low frequencies are present in the same
signal.

McFadden and Pasanen (19@tasured lateralization accuracy using noise signals of
various bandwidths (centered around either 500 or 4000 Hz), as well-&@nvoomplexes #t
variedin rate and depth of modulation. They found that as stimulus bandwidth increased, smaller
ITDs were able to achieve the same lateralization accuracy as larger ITDs. Interestingly, with a
bandwidth of 800 Hz, lateralization performance was theedamstiruli centered around 500
Hz and 4000 Hz. For twtone complexes, ITD cues were more effective for larger frequency
separations (up to a point) and deeper modulation depths. McFadden and Pasanen interpreted
their findings as suggesting three typéiteraual timing cues: (1) onset time differences
(arrival time is earlier at one ear); (2) ongoing time differences (fine structure phase
relationship); and (3) envelope time differences (slow envelope fluctuations present in a signal at
least 1 ms irduration) The existence of envelope differences in complex signals invalidates the
frequency specificity of the duplex theory for signals other than pure tones; that is, envelope cues
provide timing differences at frequencies above the physiologicaslwhphas locking.

Hafter and Dye J§1983)further studied the effects of rate of change in the stimulus
envelope by manipulating the interclick interval (ICI) present in trains of clicks (ICls tested were
1, 2, 5, or 10 ms). The 1 istener sftdrontoaes k was
interval to another in a twmterval, forced choice experiment. Results showed that with longer
ICIs, most listeners were able to use the ITD present in each click with equal efficiency.
However, at shorter ICIs, performance decreased, stiggdED information was not fully
integrated at high click rates. Findings frémeyman et al. (1998id in understanding these

results by demonstrating a relationship between onset delay and the degree of ambiguity of



ongoing cues. Specificallzreyman et al. (1998howed that lateralization is determined largely
by onset cues when onggi cues a ambiguous (as in the short ICI trains of Hafter and Dye,
1983). Conversely, if the ongoing cues are salient then onset dominance does not play a major
role in lateralizationMacpherson and Middlebrooks (20@@)nfirmed several of the findings
already discussed, as well aklang thatmonaural spectral cues have little or no influence on
perceived azimutfsee also Hofman et al., 1998)

Thus, the duplex theory providearly irsight into the relationship between ITD and ILD
cues for pure tone stimuli, but fails to account for the observed data involving complex stimuli.
While subsequent work has accounted for several behavioral phenomena in violation of the
duplex theoy, the rdationship between interaural differences in time and level have yet to be
fully understood. For instance, the seemingly straightforward question of determining the ITD
required to offset an opposing ILD has yielded a variety of results thatdlepea nmber of
factors(e.g., David Jr et al., 1959; Hafter & Carrier, 1972; Ignaz et al., 2014; McFadden et al.,
1972; Young Jr & Levine, 19777 he discrepancies in perceived azimuth when directly setting
onebinaural cue against the other represents adgimedtal unexplained phenomenon in the
processing of binaural cues for spatial hearing, and is the focusafriieatstudy. The sections
that follow discuss the literature pertaining to binaural interaeti@hpropose a novel research

study to addresseexisting gap in the current knowledge base.

1.1.2Trading of interaural time and level differences
A direct method used to investigate the relationship between ITDs and ILDs is to set the
cues into oppositiorthat is, to create a time delfavoring one ear, and a level difference

favoring the ppositeear.According toBlauert (1997, p. 165}he first reports of cue trading



wereKlemm (1920)and(Wittmann, 1925)Klemm (1920)positioned a listener between two
telephones that had been modified to produce identical intensity and timber. Among various

other bnaural hearing experiments, the following scenario and experimental question emerged:

€ | Bgch ein Intensitsunterschied herstellen, unter dessen Wirkung das
subjektive Hirfeld sicher auf die Seite desidteren Schalls hiiiberrickte.

Lal sich nun deser Einfl® des Intensdtsverhaltnisses durch einen
entgegengesetzten Zeitarschied so ausgleichen, dal3 dasféld wieder

in die Mitte ruckt?pg. 130)

ea | evel di fference was introduced, wi t h
auditory sensation was ey pushed over to the side of the stronger sound.

Does this intensity relationship balance out with the intrbdoof a time

difference in the opposite direction, in such a way that the subjective

sensation is pushed back to the center? (TranslatramisTMoore)

Classically the unit of measure ohé time or level difference required to offset the
complimentay cue has beein ratio form:us/dB.Shaxby and Gage (193@)ined the term
trading ratio, which is commonly used in the literatuemd reported a value of 1i&/dB. That
is, listeners required 1.j4s of ight-leading ITD per decibel of lefavoring ILD to center an
intracranial imageBecause this terminology assumes a linear relationshigbatWwDandILD

effectivenessand that assumption can be violated, this document uses the term tetatiog,



afterLang and Buchner (8). The section below discusses several methods used to measure

tradingrelations, followed by a review of the major findings.

1.2 Psychoplgsicalparadigms in the cugading literature

1.2.1Centering

While results of trading studies are often described in ps/dB, there are a variety of
methods to obtain the data. For instar@fgaxby and Gage (193@¥roduced a centering method
of measuring the equivalea function by asking listeners to adjust the amount of-tegiding
ITD in a stimulus with a fixed, lefbiased ILD until the intracranial image was centered at the
midline (see also David Jr et al., 1959; Deatherage & Hirsh, 1959; Harris,. I9@D)lata were
plotted as values of ITD (in us) along the ordinate as a function of several fixed IUB tested
along the abscissa. A constant was derived froear fits of the data that explained the linear

relationship between the two cuedr@adingratio per s@.

1.2.2Pointing
Moushegian and Jeffress (19%®roduced a type of matching procedure using a target
and pointer. Experimentersgsented a pure tone with a fixed ITD and ILD (the targétjle
|l i steners adjusted the |1 TD of a noise Apointe
target(see also Feddersen et al., 199Hey reported a trading relation of 218dB using a 500
Hz pure toneWhitworth and Jeffress (196&mployed a similar technique, using 500 Hz pure
tones for both target and pointer. The target and pointer were presented in alternation, with the
listener adjusting the ITD in real time. Trading ratios ranged from<dB to 20us/dB

(discussed in depthelow). In yet another variatioioung Jr and Levine (197 &sked listeners



to adjust a pure tone pointer to mtatbe location of a noise target. They reported trading
relations ranging from 40 80 us/dB at 500 HzHafter and Jeffress (196&gsted pure tone and
noise stimuli in the same experiment, both with and without a standard diotic reference. They
report a range of trading relations, ranging froni Z0 us/dB for tonal stimuli, and 85 to 150

ps/dB for highpassclicks.

1.2.3Methodof limits

Young (1976sed the method of limits to obtain a trading relation by asking listeners to
reporttheposiin  of an i ntracrani al i mage using the
experimenters adjusted the ILD in the presence of a fixed ITD. Listeners made these reports as
the auditory image moved from a random starting position and crossed the niidériatensity
needed to center the intracranial image when moving it back across the midline was considered
the ILD value required to offset the ITD. At 400 Hz, the trading relation was approximately 80

us/dB.

1.2.4Detection
Hafter and Carrier (1972heasured psychometriarfctions using a sarrdifferent
method. Each trial consisted of two, 500 Hz tone bursts tmtef/al, forced choice (2IFC) task
(see also Domnitz & Colburn, 1977) For t he fAsamed condition,
the fAidi fferento condition contained a diotdi

respondredtddi ffehere were any perceived dif

bot

c

fe

ot herwise they r espdweaeptbtted aloagile ordinatd asscagunction sf o f



fixed ILD values tested along the abscissa. The parameter vestetiel TD value. The mean

trading relation was approximately 19 us/dB.

1.3 Responséndication techniques
While there are a variety of techniques used to collect participants responses of perceived
azimuth, this document divides them into two main typéecentric and egocénic. Both types

are discussed below.

1.3.1Allocentric responding

This document refers to fallocentrico resp
observer to indicate the perceived location of a target using an external refesamples of
this techngue include asking participants to indicate an apparent source by positioning a dot on a
diagram of a head wearing earphones as seen from &laimgl & Buchner, 2008)or pointing

to a location on a sphere positioned in front of the particifiaititey et al., 1995)

1.3.2Egocentric responding

This document r ef asestrategies ds &wmwhicheda morrequirea r e s p
shift in first-person perspective. Examples of reporting that maintain a participatdred
reference include shining a spotlight on a semicircular strip placed in front of the participant
(Butler & Naunton, 1962and verbally calling out response coordingi&sghtman & Kistler,
1992) A particularly intuitive example was implemented®tecker (2010)Iin a centering task,
participants were asked to adjust the ILD present in a stimulus with a fixed ITD by rotating their

heads. The ILD was calculated to be equal in magnitude and opposite to tigrhead



azimuth.Turning the head toward the ITD caused the image to move toward the interaural
midline, and turning in the opposite direction moved the image away from center (i.e., when the
ILD and ITD favored the same direction). In a separate gtsicker (2010also asked

participants to indicate the perceived azimuth of single stimulus presentations (using the method

of constant stimujiMOCS) by headturn. Thecurrentstudymadeuseof the second type aask.

1.3.3Headpointing, lateralization and virtual reality

Gilkeyetal. (1995) nt roduced the AGodbébs eye | ocaliza
and compared it to several other response techniques used for recording perceived azimuth. The
GELP method, mentioned briefly above, makes use of a sphere pakitidnent of the listener,
who uses a stylus to point to the corresponding location of an acoustic signal. This technique was
compared to localization data from studies that recorded perceived azimuth by asking listeners to
call out coordinateBNightman & Kistler, 1989and point their heads in the direction of the
perceived sourcéMakous & Middlebrooks, 1990 hey found the heagointing technique
produced results that most clhsmatched the actual soutfield locations of the stimuli. It
seems reasonable that an intuitive action, such as orienting toward a sound source, yielded more
accurate localization judgments than the GELP method, which requires the listeners to alter the
frame of reference to antexnalized object. Heapointing also proved more accurate than
verbally calling out estimated coordinates, despite the egocentric nature of both tasks. It appears
that the instinctiveness of orienting the head in the direcfiarsound might offer an adntage
over other egocentric techniques.

Considering that heaglointing yields the most accurate localization results, a pertinent

guestion is whether this technique can be used to indicate the perception of an intracageial im



presented under headptes. Results frorBtecker (20103uggest heagointing is a valid
method even without the use of sotfiedd stimuli. Localization data from his study were
systematia@and sensitive to the stugharameters, and participants reported turning their heads in
the direction of a perceived intracranial image was quick and intuitive. The ease of translating a
Al ateralizationo task out s iJafressand €ayldr €196d) i s i n
who compared an externalized lateralization task (assigning an azimuthal posspaicénto
stimuli presentedinder headphones) to similar data obtained in the sheldd Stevens &
Newman, 1936)They showed that judgments were very similar betweedgheme and sourd
field stimuli, without the need for additional practice to externalize the headphone stimuli.
Participants reported the task was easy, despite the fact they perceived the sound intracranially
and indicated position using lamps positionpdraximately 6 ft away. la binaural interaction
study,Lang and Buchner (200&gined listeners using headated transfer functions (to
simulate the sounfield and achieve percepts outside the head), but used unfiltered stimuli
during the testing session. They also regab”gystematic and sensitikesults, without reported
difficulty from participants.

In light of the results described above, therentstudy usd a heaepointing technique
to record participant responses. In an effort to increase the intuitive nathestechnique and
createimproved realism, the hegbinting procedurevasperformed in a virtual reality (VR)
environmentVan Veen et al. (1998&dvocate that virtual reality offers several benefits to
laboratory tests. For instance, they mention the precise control of seasyimanipulation of
paraneters, interactivity between subject and environment, improved multisensory realism, and
multiple methods of recording responses. theentstudyutilized VR to simulate an outdoor,

free-field environment. This step adds realito previous heagointingprocedures, which
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required listeners to orient to sound sources in the presence of a variety of potential visual
anchors present in the laboratory (e.g., speakers, wall and floor patterns). VR also offers the
potential for congitent visual input when t@sg across studies and physical laboratory locations.
It is important to note thahis dissertatiordoes not concertie influence of visual cues or VR

on TRs. Ratherthese experiments weasfirst step toward using VR in futistudies for

increased fee validity and more complex manipulation of audiovisual interaction. The VR

environment is described in detail in tBeneraMethods.

1.4 Complicationsn quantifying trading relations
Consistent with the variety of factors dypin determining the fragency selectivity of
binaural cues discussatiove multiple parameters affect ITD/ILD equivalence relations: the cue
being adjuste@Young Jr & Levine, 1977)task(Lang & Buchner, 2008adaptatior{Thurlow &
Jack, 1973)cue magnitudéDavid Jr et al., 1959¥eedbackCarlile et al., 2001 )thedistance of
the cues from the listen€ghinnCunningham et al., 2000interclick interval(Stecker, 2010Q)
relative laterality between cu@dloushegian & Jeffress, 1959)aturalnesgGaik, 1993)

masking(Teas, 182); and whether a reference tone is pregigmaz et al., 2014)

1.4.1Inconplete trading
The complex nature of binaural cue interaction is complicated by the finding that the
trade between time and intensity is incompl(etg., Hafter & Carrier, 1972)n other words,
there isno value of one cue that perceptually offsets the other cue compléddigr and Carrier
(1972)demonstrated thisbyenasur i ng psychometric functions f

difference between a diotic and dichotic signal in a 2IFC task (described earlier). Following a
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standard, diotic sighaa fixed ITD was presented (0, 10, 20, 30 angigthe parameterver a

range of ILDs (abscissd).i st ener s 6 s ensi d,which wag plattedsalongthé c ul a't
ordinate. The range of ILDs tested included values that were both higher andHaw the ILD

that yielded poor est d eddénectionsonith minina indichtingaireo d u c e
least sensitive combination of ITD and ILD values. Notably, all of the function minima revealed
sensitivity abovel' = 0, implying incompletenessf the trade between time and intensity. From

these results, Hafter drCarrier determined (1) the trade between time and intensity is

incomplete; and (2) a partial trade does exist (function shapes depended on the ITD and ILD

values). A third observatiowas that the weight of each cue differed widely across participants,

despite welpracticed listeners (no less than 32,000 observations).

1.4.2Perception of dual images

A relatedcomplicating factor when measuring trading relations is the perception of two
auditory images reported by some studies examining binaural interantien headphon€s.g.,
Banister, 1926; Hafter & Jeffress, B)@Vhitworth & Jeffress, 1961YWhitworth and Jeffress
(1961)investigated a ph@menon described Wanister (1926)wherein opposing interaural
cues led to the perception of two separate auditory imaAgedescribed abov&Yyhitworth and
Jeffress (1961asked listeners to adjust the ITD of @348z pointer until it coincided with the
perceived azimuth of a fixed 500 Hz target. The talige was always 0 dB, with the ITD fixed
at one of seven valu¢8, £90, +180, and £270 ps). The pointer ILD was also fixed at one of
seven values (0, +3, +6, a9 dB) while isteners adjusted the ITDhe results were plotted as
the ILD of the signallang the abscissa, the ITD of the signal as the parameter, and the ITD

adjustment, in us, along the ordinate (Begurel). The data reveatelisteners were able to use
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the acoustic pointer to indicate the perceived azimuth of two intracranial images: one image that
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While the absolute values of the time and intensity relations reportéthkworth and

Jeffress (19619lo not always agree precisely with other reported valuesysastent finding
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across studies diRsshows the time image produces a comparatively snralierthan the

intensity imageHafter and Jeffress (1968liggested that the wide rargfdrading relations

across studies may be due to the presence of dual images. They argue that because it takes
extensive training for a listener to perceive and interact withlddoiages, participants may
unwittingly respond to one image on some trials and the complimentary image on others, within
the same experimental session. For example, a listener who responded to the intensity image on
one trial would require a larger offeg ITD than when the same listener responded to the time
image.

The existence of a poorly understood, confounding factor that leads to variations in
trading relations is a fundamental deficit in obtaining reliable information pertaining to binaural
cueinteraction. As mentioned above, two main hypotheses have been proposed to account for
the different trading relations that seem to depend on either time or a combination of time and

intensity cues (discussed below).

1.4.3Existing hypotheses for ctadependentrading
Regression

In contrast to the theory proposedtgfter and Jeffress (1968hat variations itrading
relations can be explained by the perception of dual imagasiotis and Kappauf (1978)
proposed a judgmental bias can account for thespeeific trading data. They cite similar
differential results in the psychophysical literature at lavgen using the MOA to measure a
common function obtained by matchingriables of different dimensions. They discuss
vibrotactile data fronSheldon (1978 as discussed Wappauf (1975)In brief, participants

matched the abruptness of a vibrotactile standard by adjustengfawo parameters of a similar
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vibrotactile target: rise time, aridi n a | amplitudsurfediclohe mamtd Wvag
produced depending on whether the participants adjusted rise time or amplitude. Specifically,
when time was adjusted, the final walwas closer to the rise time of the standard. Conversely,
when amptude was adjusted, the final value was closer to the amplitude value of the standard.
I n other words, Athe observerdéds matching s
onthed mensi on b eKappauf, a975)Tinss tadjusting the ILD of a pointer to match
a diotic standard would result in a smaller ILD derinator because the adjusted ILD value
would regress toward 0 dB,sdting in an artificially large trading value. For exampl@R of
33 us/dB (ITD =400us, ILD = 12 dB) increasewith an ILD biased closer to 0 dBO us/dB
(ITD =400 pus, ILD = 4 dB)The opposite effect on the ratio occurs whenlTD is adjusted.
The original 33 ps/dB would shrink to just 8 ps/dB (ITD = 100 ps, ILD = 12 dB). These trading
relations are biased in the same direction as the reportedamuéntensitybased equivalence
relations reported in existing studies.
Attenti onal upweighting
Lang and Buchner (2008, 200®ppose a different account for the differenc@irs
depending on the cue lireg adjusted. In a first experimeitiRswere measured using the MOA,
where listeners used a slider presented on a computer screen to adjust the ILD (or ITD) of a
target with a fixed, opposing value of the complimentary cue. The listarege instructedt
center the auditory image. The stimulus was played in a loop (ISI = 500 ms) until adjustments
were completed, and the final values of ITD and ILD that produced a centered percept were
recorded. In a second experiment, participantsgddge location o$timuli presented aingle
time thatcontairedthe same values of ITD and ILD required to center the target from the

previous experiment. Listeners indicated perceived azimuth by positioning a red dot in relation to
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a representative dramg of a head. Theesults revealed that previously centered percepts

obtained using the MOA no longer appeared at midline when presented in isolation. Instead,

Lang and Buchnebracrkeop cerftfeedc ta, fwshheirfeti n t he previ
perceived closer tthe location of the static cue presented during the adjustment experiment

(Figure?2).

Lang and Buchner (2008, 200&gue that increased attention to the cue being adjusted
during the MOA task results in a perceptual upweighting of the adjuste. For example, the
artificially inflated weight of the ILD cue during adjtment would lead to an ILD insufficient to
offset the opposing ITD when both cues were presented as a single stimulus in a localization task
(i.e., when neither cue benefitt)dm increased attention). The insufficient ILD creates an
imbalance favoringite ITD, resulting in a percept shifted more toward the location indicated by
the nowdominant ITD. The implication for measuring TRs is that adjusting the ILD leads to
smaller equired level differences, and thus larger trading ratios. Conversely, agljingiiTD
leads to smaller required time differences and smaller trading ratios. This patterrspéciiie
trading relations is consistent with the regression hypothesiglhas the values reported in the

binaural interaction literature.
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Figure2. Graphical representation of the stifick effect described by Lang and Buchner (2088Y.he auditory

image is perceived 350 the left due to a 400s ITD favoring the left eaB. Method of adjustment experiment,

requiringthe participant to offset the fixed ITD by adjusting the I0he green arrow shows the perceived location

of the intracranial image at midline after therticipant introduced an opposing 4 dB ILThe effectiveness of the

ILD is increased due to attemgj to that cue during adjustmeg. Localization experiment, presenting the same

values obtained in A, in isolatidihe., without the attentional benéfiThe green arrow shows the intracranial image

is no longer sufficient toenter the auditory imagend the percegtas fishi fted backo toward t

Regression andattentional upweighting

In an effort to determine whether regression or upweighting acted alone or in concert to
influence trading relationsgnaz et al. (2014neasured equivalence relations both with and
without the presence of a referertone in the same participants. They found that while cue
specific trading relations occurred iretabsence of a reference tone, confirming the experiments
of Lang and Buchner (2008, 200%he shiftbackeffect was greater when a reference was
presented in alternation with the target, in support of the regression hypothesis. Taken together,
the data revedhe existence of a perceptual phenomenon that differentially affects trading

relations depending dhe cue being adjusted in an MOA task. The mechanism may involve top
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down control from attentional processes, but is also modulated by stimulus paraneeténe (
presence or absence of an acoustic reference).
Adaptation

Thecurrentstudy suggests aitd possibility to account for the cukependent nature of
TRs: auditory spatial adaptation. The section below introduces the concept of spatial adaptation
in the auditory system and illustrates how adaptive processes can account for the existing

binauralcue trading relationship findings.

1.5Adaptation in the spatial auditory system

1.5.1Adaptive localization aftereffects

Fligel (1920¥irst investigated the effect of prolonged, monaural exposure to sound on
the azimuthal localization ability of the human auditory system. He showed that while binaural
presentation of a tone resulted in a centesxdgpt in the head, following monaurapesure to
an adapting tone (from 0.2512 minutes), the same binaural presentation resulted in a perceived
shift in the auditory image away from the adapted ear. Because the auditory image shifted in
apparent locain away from the adapted earji§élreasoned the adaptor induced fatigue in the
exposed ear, creating a preponderance of perceptual sensitivity favoring the unadapted ear.
However,Bartett and Mark (1922jound similar reults using a binaural adaptor, suggesting the
mechanism is more nuanced than simple neuronal fatsgeealso Jones & Bunting, 1949)
Thurlow and Jack (1973)ystematically tested the lateral placement of adaptors and probes for
both ITD and ILDcues. Consistent with the early litenauthey always noted a shift in the
probe away from the adaptor. Specifically, eccentric adaptors of either cue typeearneddc

probes of the same cue type to shift toward the midline, while midline adaptsesdcprobes to
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shift away from the midhe (Figure3). The effects of using adaptor/probe pairs of mixed cue

types revealed results that waneonclusve.

A B

VAVAY

’

OpsITD > 0dBILD 400 pus ITD

A\

Figure3. An illustration of the auditory localization aftereffdmm Thurlow and Jack (1973). A. The green
arrow illustrates midline perception of the intracranial image resulting from a diotic stimulus. B. The greer
shows that following a preceding adaptitre signal carrying a 40@s ITD), the same diotic stimusuis
perceived displaced away from the adaptor (i.e., away from the midline).

Canévet and Meunier (199d)easured the shift of a 4degree probe following a midline
adaptor, and found increasing drift of the probe with increasiimgtion of the adapto€anévet
and Meunier (1996)epeated their findings in the soufield as well as underdadphones.
Meunier et al. (1996fsted the adaptive aftereffect over a range of stimulus frequencies and
bandwidths. They found the shift thfe probe was larger using a narrbandnoise (NBN)
centered at 4 kHz comparedtivanNBN centered at 1 kHz. They also found that the effect was
greatest when a broadband adaptdr §2kHz) overlapped in frequency with the probe (i.e.,
greater effectdr 4 kHz NBN than 1 kHz NBN). The direction of the shift was always away from

the position of the adaptor.
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Kashino and Mhida (1998kystematically examined the frequency and ITD selectivity
of the localization aftereffect. They found the effect was greatest when the frequencies of the
adaptor and probe were similar, with the perceived shift disappearing for frequgraratsons
greater than onbkalf octave. The results also suggested the aftereffect is selective to ITD value.
The magnitude of the shi f §graatastwhéndTDpdiffereddy s ap p
250ps, and decreased for ITDs greater and lebser this valudor a tone at 4000 Hz
Consistent with previous work, the perceptual shift in probe location was always away from the
position of the adaptoBraasch and Hartung (200&s0 confirmed theeeminglyrepulsive
effect of an adaptor on a probe, and showed that the effect was greater iaregi@rb

compared to anechoic conditions.

1.5.2Similarities across psychophysical tasks

An interesting observation is the similarity in methodologies between studies ofjtradin
relations using th&®1OA and studies of auditory spatial adaptation. Many ofrdmirig relation
studies using thB1OA described earlier use a paradigm that presents a standard and target in
alternation. The result is repeated exposure to a staticatlosydd by a changing (adjusted)
complimentarycueK o p | o e t shaved that displdcément of a probe in the presence of a
preceding stimulus cawccur witha singleadaptompresentationywith an adaptoduration of only
2 ms.One interpretation of these results is th&ngthy period of adaptatié®not a prerequisite
to elicit the localization aftereffect.

Another similarityacross MOA and adaptation tas&she interstimulus interval (ISI).
The ISIs used iIMOA studies of binaural interaction typically range fromaghly 200 to 500 ms

(e.q., Hafter & Carrier, 1972; Lang & Buchner, 200B)is range overlaps with ISls that
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produce the loc&ation aftereffec{ e . g . , Kashino & Nishida, 1998;

et al., 2006) Furthermore, the standard and targeWl@A taskscan beof the same frequency
(e.g., Lang & Buchner, 2009; Whitworth & Jeffress, 1961)ich has been shown to produce
spatial adaptive aftereffects of the greatest magniieide Kashino & Nishida, 1998)

It seems reasonable that espgecific trading relations reportég studies of binaural
interaction using th&OA could be contaminated by introducing the auditory localization

aftereffect, due to the similar methodologies across studies.

1.5.3Adaptation and binaural interaction

While it seems reasonable that similar hogls could lead to similarerceptual effects,
an important consideration is whether one binaural cue can adapt the complimentary cue at all.
Phillips et al. (2006investigated the relationship between ITD and ILD by measuring
psychometric functions for each cue type alone,thadfollowing an adaptor of the
complimentary cue type (e.g., an ITD adaptordwid by an ILD probe). Thasychometric
functions were consistently displaced from the adaptor, indicating that complimentary cue types
can indeed serve as adaptors. Consistent with the @agnadaptation literature, the probe was

always displaced awaydm the adaptor, suggestingcommon mechanism.

1.5.4Adaptation and cuspecific trades

It seems possible that auditory spatial adaptation could account for the observed findings
in trading relations obtained using thEA. As in the discussion concerning regression and the
attentionshift model, a 331s/dB ratio (ITD =400us, ILD = 12 dB) decreases when adjusting

the ITD in anMOA centering task. The repeated presentation of a BtwlardLD (ITD =0
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ps) favoring theleft could serve as an adaptorthe ajusted ITD target. Theesult is thaga

smallerITD is required to offset the ILEb center thepercept because as the target approaches

the I LD Aadaptoro it is displ acoeadfsettoeW®r d mi d|l
and center the image is not necessary usiayItBA. This effect could conceivably occur with

or without a reference tone. In the absence of a reference, the static ILD could serve as an

adaptor and the changing ITD cue as the probe. ixgigal presence ofraidline reference

tonewould lead to aneen greater displacement of the perdepin midling because the

repeated reference tone would become the adaptor. This scemadaccount for the same

pattern of results demonstrated gpaz et al., (2014) (i.e., greater stéick effect in the

presence of a reference tone).

Another possible role for adaptation is to increase neural thresholds for the static cue over
time, creating an artificial imbalance favoring the adjusted cus.i$hin essence, a scenario
opposite that proposed hyng and Buchner (2008)ho agued that attention to the adjusted
cue led to greater weighting. There is in fact precedence for the weakening of a cue leading to
changes iR, rather than an increase in weighting. Ste¢R64.0) showed that decreasing the
interclick interval betweeaussiaffiltered impulses below 5 ms abolished the envelope cues
necessary to extract ITD. This led to a shift in the equivalence function that favored the ILD.
Subsequent analysis confirméxb tshift was due to weakened ITD cues, rather than an increase
in ILD effectiveness. Consistent with the findings of Stecker (2010), adaptation of the repeated
cue would create a preponderance of activation favoring the adjusted cue due to a reduction in

neural response to the static Gueotan increase in firing tthe adjusted cue.
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1.6 Purpose othecurrent study

It has been shown that despite great advances in our understanding of the relationship
between the azimuthal cues for sound source localization, current knowledge cannot explain the
cuespecific nature ofheir interaction. The motivatiomehind this studyasto provide novel
insight into the fundamental nature of binaural spatial cuesderto advance current
understanding of basic auditory spatial perceptianthit end,tis studyinvestigate the
potential influence of the auditory localizationea#iffect on binaural cUERs using a head
pointing technique in a virtual reality environment.

Threeexperiments wee carried out Experiment 1 measutd Rsobtained using the
MOA. Listeners adjustedie amount of ITD required to center a stimulus containing one of
several fixed ILDs, and vice verdaxperiment 2 measulel Rsobtained using a hegubinting
technique similar t&tecker (2010)Combinations of ITD and ILDverepresented in isolation,
and the oriented head angle indiciperceived azimuth. Experiment &asidentical to
Experiment 2, with the addition of an adapting train precedauiprobe.

It washypotlesized that the reka from Experiment 1 and Experiment 3 (I©A task
and the adaptation paradigmdmd produce similafRs. That is, adaptation present in the
MOCS adaptor conditions would reproduce the-dependent effects obtained from the MOA
task Accordingly, the esultsobtainedfrom Experiment 2 (th@o-adaptotheadpointing task)
should differ from Experiments 1 and 3, because thadaptor MOCS task does not allow for
adaptationSpecifically, the TR from the radaptor MOCS task shoulié between those
obtaired from the other experimentsthesehypotheses are validated, simildRsbetween the

MOA and adaptation paradigm will provide evidence suggesting auditory spatial adaptation is

23



involved intrading ITDs and ILDs. &h a finding woul have implication$or the interpretation

of past workand forthe design ofuture studies investigating binaural cue interaction.
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Chapter 2

GENERAL METHODS

2.1 Participants

Tenadultlistenerswvere recruitedrom Vanderbilt Universityfor this study.One
participant vas excluded due to inability to complete the task. The remaining nine participants (8
females; aged 24 33 years; M = 28 years) completed all tagidsparticipants had normal,
symmetrical heang at octave frequencies from 268000 Hz(< 25 dB HL) veified using
standard audiometric procedures for air conduction thresholds. There was no history of
neurogenic or otologic disease, as evidenced byregedfrt. All participants reported normat, o
corrected normal visal acuity and color vision. Participgs were compensated for their time.

This study was approved by the Vanderbilt Institutional Review Board.

2.2 Testing environment and apparatus

All sessions were conducted in a sodrehted roomParticipants wore an Oculus Rift

virtual reality headseh(tps://oculus.comy while seated in a swivel chair approximately 1 m
from dual motion sensors. The custom virtual environment was coded using the Unity3D game

ergine (ttps://unity3d.comversion 2018.2.1f19n a custorbuilt PCrunning Steam VR

(version 201701-30, Valve Corporation, Bellevue WA USAJhe virtual environment placed

the participant in the center of a circulaagl f or m, wi th red helium ball
outer plaform perimeter in ddegree steps. The only orienting cue was that the balloon at midline

was green. The larger area was an outdoor setting consisting of uniform grass and clear sky to

avoid visudreference points, while also creating the vislivalem of a free field Figure4).
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Figure4. The virtual realityenvironmentseen during the localization experiments. The green balloon visually marks
the midline. The reticle (above green baly moves with the head and is used to indicate perceived azimuth.

Participants interacted with the environment to makeoresgs via standard Oculus handheld
controllers. Each controller had two push buttons, a thumbstick button, a trigger, and a grip
button.Various input methods were used for eaxperiment(discussed in the experiment
specific methods)rhe spatial positio of the heaamounted device (HMD) was tracked using the
Ri ftdébs onboard gyroscope.

A reticle in the center of the visual fieldlfowed participant head movements, allowing
themto aim at individual balloonsimply by orienting the head his paradigm wsaalso used to
maintain proper head position at the onset of each trial. Participants were instructed to keep the
reticle centeredn the green balloon (midline) either throughout the experiment (Experiment 1),

or to begin a new trial after head pointiigxperiments 2and3). If the reticle moved away from
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the green balloon, the experiment stopped and a green box appeared at rheélieeperiment
continued only after the reticle was returned to the green box for 2 seconds.

A second PC (Dell, Inc.) rummg MATLAB (Mathworks, Natick, MA) communicated
with thepresentation computer running tbaity3D game engine via transmissiomtol
protocolinternet protoco(TCF/IP). Behavioral tasks for all experiments were coded in
MATLAB. These scripts also comtiled the virtual reality environmenta triggers to call
custom Unity3D functions (e.g., balloon pop, reset environmant)to store responses and

HMD position dataA diagram of the setup is providedkigureb.
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Figureb. The experimental setufphe blue (bottom) computer runs MATLAB, which controls the virtual scen

rendered by the green (top) computer. The blue computedelisers audio directly to the insert earphones. The
green computer records and sends responses and head position to the blue computer for storage.
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2.3 Stimuli

All sounds weresynthesizedising MATLAB. Because synchronization between auditory
and visual stuli were not of importance to the study, no timing calibration measurements were
made between the audio onset and Unity3D function execution. Audiitonylisvere
synthesized at 48.828 kH{ZuckerDavis Technologies RP2.1, Alachua, FL) and presented via
ER-2 insert earphones (Etymotic, Elk Grove Village, IL). Stimuli were presented from the
MATLAB PC, bypassing the Unity3D audio device completdlly.stimuli consisted 0600 Hz
pure tonesvith a duration of B0 ms.Unless modified by introducing an ILD, all stimuli were
presentect a level of 65 dBA. Tones wegated using raised cosine ramps of 20 orstibn to
avoid spectral transients. Differences in arrival time at the two ears areputed by shifting
the whde waveform of one channel relative to the other in time. Level differences were achieved
by halving the desired ILD and applying offsats a reduction to one channel, and as an increase
to the other channel.

Pure tones at 508z were chosen for severaasons. First, 500 Hz provides a robust,
lateralizing cue for manipulation of ITO¥&wislocki & Feldman, 1956)while also being
sensitive to ILDs under headphones. Second, 500 Hz tones allow the results of the current study
to be compared with existing studies of binaural cue interaction, which have commonly used 500
Hz pure tone stimulie.g., Harris, 1960; Lang & Buchner, 2009; Whitworth & Jeffress, 1961)
Third, the use of 500 Hz pure tones allowed for precise control over the frequency content of the
stimuli. Due to the exploratory nature ofdlstudy, we felt it reasonable to accept the drawbacks
of using pure tones, which inade being contrived, laboratory stimuli, and the relative

ineffectiveness of ILD cues at low frequencies in sefield listening(Mills, 1960).
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2.4Procedure

A total of three experiments were conducted. Experiment 1 sought to replicate the MOA
literature, by using a centering task to obtain TRs when adjusting the ITD and ILD, respectively.
Experiment 1 consisted of two visits, eadmsisting of approximately two hours. Exipent 2
obtained TRs using a singgesentation localization task, in order to remove the possibility of
adaptive effects. This experiment consisted of one visit of approximately 2 hours. Experiment 3
was the same as Experiment 2, but introduced adgpaiims before the single presentations of
the probe stimulus. This experiment resulted in TRs affected by either ITD or ILD adaptors that
matched the corresponding cue in the probe. Experiment 3 consisted of two visits of
approximately 2 hours each. Ttwal time required to for each participant was then
approximately ten hours over five visits.

Where possible, each experimentsentedtimuli using one of two presentation
patterns: cue types were either intermixed within a siexgeerimental sesside.g., trials
contained ITD and ILD adaptors within the same block), or only a single cue type was presented
in any one session (e.g., session 1 coatHinD adaptors only, session 2 contained ILD
adaptors only)This was done to exane whether repeatezkposure to a single cue type over
time rendered listeners more sensitive to adaetifexts.To this end, one group of participants
waspresented intermixed cues (the Mixed gro8p, S2, S3, S5 and S&nd one group of
participantsvaspresented a singlcue type during any one session (the Fixed gi8dpS7, S8,
S9. Conditions were counterbalanced for Experiment for both groups, and further

counterbalanced by cue type for the Fixed group.
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Chapters 3 through 5 present each erpemt asa self-contaned data set. Comparisons
across experiments dfiest made in Chapter 6. Chapter 7 serves as a general discussion of the

study as a whole, and Chapter 8 is a concise summary of the major conclusions.
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Chapter 3

EXPERIMENT I MOA (CENTERING TASK)

3.1Experimentalmethods

3.1.1Stimuli

The stimuli inExperiment were synthesized using the parameters described in the
General MethodsTrials consisted of looped, alternating presentations of standard and target
tones. The standard tone always carried a 0 dB Id a Ous ITD. The target tone consisted of
either a fixed ILD (03, £6, or £9 dB), or a fixed ITD (0, £100, £200, or £30f) gnd a
variable, complimentary cue used to center the test tone to midlineyidldisd14 different
conditions. The cue valuegere chosen aftahitworth and Jeffress (1961Who had
successfully demonstrated incontplérading using these values with 500 Hz tones. The variable
complimentary cue was adjestby the participant (describdxklowin the Procedure), and
started at a random value ranging from £3 to £9 dB, 004t +300 s for ILD and ITD cues,
respective}. The standard and target tones were separated by a 400 ms interstimulus interval.
Each standartarget pair was separated by a silent interval of 600 msintheased duration of
theintertrial interval wasntroduced to render standawarget pairs mar easily recognizable,
due to reported difficulty segregating tharsduring pilot testingsee also Domnitz & Colburn,

1977)
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3.1.2Procedure

Participants completed a centering tasth insert egphones. Stimuli were presented
using themethod of adjustmenMOA). Participantsnitiated each trial by pulling the trigger on
the right Oalus Rift controller. A brief animation (three balloons bioigp indicated the trigger
pull had been read and the trial had beduithis experiment, the virtual environment served to
ensure partipants kept their heads centered during the task (dedénltke General Methods)
and to provide visual consistenagross experimentbut otherwise there was no interaction with
the VR surroundings for EMOA task.The variable cue of the target tomas adjusted by the
participant using the handheld OcuRit controllers until the target tone was perceived as
coming from the midline (i.e., overlapping the standard tone in perceived azimuth). The right
controller increased the time or level advaettmthe right earafrival timelead or higher level).
Theleft controller increased the time or level advantage to the left ear. Adjustments were made
by pressing one of the push buttons or the grip butt@adfcontroller. When the adjustable cue
wasthe ITD, pressing the push button increased the time testgps of 10 g, and pressing the
grip button increased the time lead in steps of ilOQp to at900us maximum). When the
adjustable cue was the ILD, pressing the push button increased thdiffevence in steps of 0.1
dB, and pressing the grip boittincreased the level difference in steps of 1 dB (uplt®dB
maximum). After participant®ere satisfied that the target tone had been centbedushed
the thumbstick on the right contket to end the trial and record the cue valmrother
animation(color changesgignaled the thumbstick press had been read and the trial had ended.

Each session began with at least 8 practice trials. During this time, participants could ask
guestions ad were given as much time as necessary to familiarizesttlees with the controls.

After 8 practice trialsadditional practicevas providedintil a participant reported comfort with
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the task Practice data were inspected to engpa@rdormance was broadly consistent with
expectations: e.g., a fixed, righar level advantage was perceptually centered by the participant
introducing a leftear time advantag@ total of 8 judgements were maderitg data collection
for each of the 14 conditions (112 recorded responses).

Five participants wer presentettials randomly from any of the sevenpossiblelTD (0,
+100, £200, or £300¢) and ILD (0, £3, £6, or £9 dB) fixectuevalues That is,those 5
participants adjusted both cue types intermixed within the same sessiay(the Mixed
group) The remaining 4 particamts were only presented trials of one cue type per sdtisen

Fixed group)

3.1.3Data andAnalyses

The final cue value chosen to centhe static, complementary cue was recorded at the
end of each trial. The values of the 8 judgments per condition weraged into a single data
point, after removing outlierby determining their thabsolute deviation from the mediéreys
et al., 2013)A total of 28 outliers were removed across all participants and conditions
(approximately 6% of data points)All data were plotted with ITDWS) along the ordinate, and
ILD (dB) along the absciss@herefore, ITD judgments are fixed along the abscissa according to
the fixed ILD value against which the adjustment was midd values indicate timing
judgmentsalong the ordinateConversely, thellD judgments are fixed along the ordinate,
according to the fixed ITD valuggainst which the level judgments were made. Level
judgementsre indicated along the abscisBata frombothconditiors are showrwithin a single

plot (seeFigure7).
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The datgpointsfor ITD and ILD fixed cue valuewere fit using linear regressiomhe
resulting slope was taken as the trading relaticdhat conditionin other wordseach
paricipant produced two TRs: one based on the slope of the data points when adjusting the ITD
(hencefortTDagj), and one based on the slope of the data points when adjusting the ILD
(hencefortlLDagj). Thegroup meanTDagjand ILDagj TRS were compared umj a bootstrapped
pairedsampleg-test If cue tradingrequireddiffering TRsbased on the cue being adjusted
center the auditory percefats hypothesized and consistent with the literature);tistwill
revealthe mean TRs are statistically diféet from each other.

The reliability of the data over time was measured using thergitimethod. This
approach groups the firdjudgments and the secoAgudgments for each cue condition. The
corrdation between thearly and later judgmenis anindication of the extent to which firsialf
and secondhalf responses contributed to the mean response. If the scores are well correlated to

each other, the data are considered reliable.

3.2Results
Data fom all nine participants contributed to the résiNo participants wereeliably
able to offset ILD values af6 or £ 9 dB with any amount of ITDRarticipants were only
consistentlyable to offsetLD cues at values of 0 dB ar® dB. Consequently, the TRs for the
MOA task are derived from the slopktbree data pointger conditionnstead otheintended
sevenlt should be noted thalé last burlisteners were not tested in the £9 dB ILD cibiod at
all. Potential explanations for the truncatadge of testabli.D values are considered in the

Discussion.
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3.2.1Descriptive statistics for the MOA task

For all but one listendr = 0.29) the split-half reliability of the data revealegignificart
correlations betweethe first 4and second judgmentqrange:r = 056to r = 0.94).Individual
plotsof the correlations are providedkigure6. Overall, the data indicate participant responses
were stable throughout the task, excluding learning effeatigueor changes in response
strategy accounting for thresults.Similar staistical results were achieved whether the listener
displaying low splithalf reliability was retained or not, therefore that participant has been
included in all subsequent analyses.

A further quantification of the data is providedrigure7, whereerror bars denotine
standard error around the mdaneach individual mean judgment, for each condition.
additionto the reliability over time revealed by thglis-half test, the standard erdoars show
little deviation ofindividual judgments around the metor both ITDugjand ILDag TRs (SEM =
3.45us/dBand 5.79us/dB, respectively)

The results of the Shapiwilk normality test revealeche MOA task data were normally
distributed. Howeve, Bart |l et t 6s t est betweedTChaodildgenei ty of
conditionsfailed to reject the null hypothesis{@quared = 22.93 < 0.05), indicating the
variance across conditions was unegAgbropriate statistical tests were choseratcount fo

the violation.

3.2.2Mixed vs. Fixed groups
Unequal variancetess (Welch twesample testtomparing the Mixed and Fixed group
TRs wereconducted to determine whether the manner in which the cues wesatpreg.e.,

mixing cue types, or presenting ordysingle cue type per session) influenced the results-The
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tessrevealed no significant differences between the Mixed and Fixed groups for either the
ITDadj TR (Mmixed = 25.8uS/dB; Mfixed = 30.5us/dB; t(4.5) = 0.6 p > 0.5)or the ILDugj TR

(Mmixed = 37 us/dB; Mixed = 41.5us/dB;t(4.3) = 0.33p > 0.5), suggesting the MOA is not

sensitive to intermixing cue types within a session. Because there were no statistical differences
between groupsubsequent analyses of the MOA took place on the pooladtdatinteresting

to note, thatlespite théack of statistical difference between the Mixed and Fixed groups, there

is a visual trend for more consistency in responses over time for the Fixed grobg(seé).

3.2.3TR: Adjusting ITD (fixed ILD)
Individual TRsobtainedwhen participantadjusedthe value of the ITD in the presence
of various fixed ILDsare shown irFigure7 (blue points) The mean TR while adjusting the ITD

was 27.91us/dB (range = 15 to 44|8s/dB, SEM = 3.45us/dB).

3.2.4TR: Adjusting ILD (fixed ITD)
Individual TRswhen participants adjusted the value of the ILD in the presence of various
fixed ITDs are shown ifrigure? (green points)The mean TR while adjusting the ILDaw

39.01us/dB fange= 19.9to 69.1us/dB, SEM = 5.79us/dB).

3.2.5Comparison between ITd) and ILDagj trading relations

A bootstrappegairedsampleg-test(10,000 rplications)compamg TRsbetween
conditionsreveded a significant differenceetweerthe ITDag; (M = 2791 us/dB) and ILDagj (M
= 39.01ps/dB)for the MOA task {(8) = 387, 95%CI(-1.88, 1.81)p < 0.01, d = 1.29).

Individual (thin lines)and mearfthick lines)slopes arsuperimposeth Figure 8.
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Figure6. Splithalf reliability for Experiment 1for each participant. The last 4 judgments are plotted@sction
of the first 4 judgments. Each panel includes responses collapsed acragah@DLD.q conditions. Each circle
represents a single response. The red line shows the best linear fit of the data.
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Figure?. Individual TRsfrom Experiment 1Blue circles indicate the required ITD (us) to offset a variety of fixed
ILDs (fixed values labeled along the abscissa in dB). Green squares indicate the required ILD (dB) to offset a
variety offixed ITDs (fixed values laeled along the ordinate in us). Error bars denote standard error of the mean.
Each panel represents data from one participant. The slopes of the respective data points were taken as trading

relations and are given in the loweft of the panels.

39

s)

ITD (n

0 100

-100

S8 MOA

@® Adjusting ITD
\{‘\ @ Adjusting ILD

1 |
Adj. ITD: 18.44 ns/dB

Adj. ILD: 22.87 ps/dB

0
ILD (dB)



Figure 8. Mean TRdrom Experiment 1Thin, solid blue lines represent the slopes from all participants while
adjusting the ITD. Thin, dashed green lines represent the slopes from all participants while adjusting the ILD. Thick
lines (solid and dashed) show the group mean slopesTRg.when participants adjusted the ITD and ILD,
respectively.
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