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ABSTRACT

Auditory continuity is a powerful illusion which has
implicationsfor the efficient coding of sound. Although
auditory continuity has been studied extensively as a
monauralphenomenonthere have been few reportsof the
influenceof binauralfactors.Hartmann[1] and Kashino &
Warren[2] reportthatwhenatonealternatesvith anoise,the
continuity thresholdof the toneis lower when the tone and
noisediffer in their interauraltiming. Herewe aconfirmthe
binaural contribution to continuity continuity using
Huggins pitch [3]. We alternate a Huggins-pitch noise
(target)with a negative-phas&chroedercomplex (inducer)
and find that pulsationthresholdsare lower when listeners
judge continuity of the pitch perceptwithin the Huggins
noise,thanwhen they judge continuity of the noise itself.
Wealso demonstratehat binaural continuity is determined
by the relative ITDs of the targe and inducerrather than by
their perceived spatial positions and introduce a simple
modelto accountfor our findings, which assumeghat the
toneis heardas pulsatingif thereis a detectabledip in the
outputof eitherof threechannelstwo monaural[4] and one
binauralchannel.

1. INTRODUCTION

Most soundghat we hearare partially maskedin frequency
and time by other sounds. Yet neither our perceptual
experiencenor our ability to recognisesounds,is unduly
disturbedby suchmasking. In the laboratory,this can be
demonstratedly two relatedillusions. First, we experience
as continuous a sound that is briefly replaced by an
appropriatelynore-intensesound[5-7]. For example,noise
burstsalternatingwith brief periodsof silenceareheard as
pulsing,butturninto a continuousnoisewhen the silences
betweenthemarereplacecdby amoreintensenoiseof similar
spectrum. The louder noise induces continuity of the
quieternoise. A similar illusion occurswhen gapsbhetween
tone pulsesarefilled with a loud enoughnoise. The two
effects have been termed respectively “homophonic
induction” and “heterophonicindudion" by Warren [8],
sincein the former casethe spectralcompositionof the two
soundsare similar, but in the latter they are radically
different. Secondweperceptuallyrestorepredictablespeech
segmentghat arereplacedby an appiopriate noise [9, 10].
Two relatedeffects also occur for speechstimuli with parts
repeatedlyemovedand maskingnoiseinserted:thereis an
impression of continuity for the speech [5] and, for
redundant speech, there is also an improvement in
intelligibility [11, 12]. The generalexplanatoryprinciple
behind these “auditory continuity” and perceptual
restoration phenomenais that they occur when the
interrupting noise would have maskedthe deleted sourd
had it actually been present In other words they occur
whenthe listenerlacksinformationthatthe deletedsoundis
actuallyabsent.

A considerablamountof researchhas investigatedboth
of thesephenomenanonaurally{for recentexanplesseel3,
14]. Little attention, however, has been paid to their
interaction with binaural processes concerned with
determiningthe spatial locations of soundsor detecting
soundsn adverseenvironments.

Only three papershave looked at auditory coninuity
with binaural stimulation. Hartmann [1] and Kashino &
Warren[2] measurectontinuity thresholdgor equivalently
pulsationthresholds¥or tonesalternatingwith diotic noise
(heterophonicinduction). Both papersreport that when
low-frequencytoneswerepresentedvith reversedgoolarity in
oneear(NoSm) continuitythresholdsverelower by about6
dB than when the polarity was not reversed(NoSo). This
resultindicatesthat the maskingnoisewaslesseffectivein
the NoSmt thanin the NoSo. Both authors conclude that
effectssimilarto (thoughperhapssmallerthan) the binaural
masking-leveldifference can be obtained with continuity
thresholds.No mechanisnhasbeenproposedor this effect.
In particularit is not clear whetherthe effect is due to the
different phaserelations of the stimuli per se or to the
sounds'different locations.One’s suljective impressionof
NoSris of the diotic noisein the middle of the headwith the
reversedpolarity continuoustone coming from one side.
Kashino& Warrenalso reversedthe polarity of the noise,
rather thanthe tone, (NTiSo) and found a similar changein
continuity threshold. Here the location of the noise is
diffuse aboutthe midline while the the tone is compactly
localisedon the mid-line.

Thurlow [4], by contrast, manipulated interaural
intensityrelationsbetweenalternatingpairs of diotic white
noisebursts(homophonicinduction). On the basisof his
results, he arguedthat, a binaurally-presentedsound will
only be heard as discontinuousif it can be heard as
discontinuousn eitherearalone. Thurlow thus proposes
monauralcondition for binaural continuity. However,the
results of the other two paperssuggeststhat Thurlow's
monauralcondition for continuity (if it generalisesfrom
homophonicto heterophonidnduction) may be necessary,
but not sufficient: a binaurally reversed polarity tone in
diotic noise(NoSm) which is heardascontinuousin eachear
separatelymay be heardasdiscontinuousinaurally.

The first experimentthat we report here confirms the
binauralcontributionto auditory continuity using Huggins
pitch [3], a binauralwhite noisethat generates weakpitch
sensationwhen presentedbinaurally, but not monaurally.
We alternate a Huggins-pitch noise with a negative-
Schroeder-phassomplex[15] - asoundwith avery different
timbre - and ask listenersto judge the continuity either of
the Hugginsnoise itself, or of the pitch generatedby the
Hugginsnoise. In keepingwith the conclusionsof Kashino
and Warrenwedemonstrat¢hatthe Hugginsstimulusneeds
to be quieterto give continuity of its (lateralised) pitch
perceptthanof the (centeredpercepbf the noiseitself.

The second experimentuses soundssimilar to those
usedby Kashino & Warren,but additionally manipulates
interauralinstensitydifferenceso askwhetherthe decreased
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continuity threshold produced by an interaural time
difference is due to the ITD per se, or to the different
perceivedspatialpositionsproduceddy the ITDs.

Finally weintroducea schematidinauralmodel that can
accountqualitativelyfor the results.

2. EXPERIMENT 1

In this experimentwe confirm that there is a binaural
contributionto auditory continuity by asking listenersto
judgethe perceivedcontinuity of a pitch that can only be
heardasaresultof binauralinteraction. We ask whetherthe
thresholdfor continuity of this pitch is lower thanthat for
continuity of the noisethatgenerateghe pitch.

2.1. Stimuli & Procedure

On eachtrial listenersheard eight alternationsof two 120-
mssoundsthe targetand the inducer,with overlagping 10-
msrise-falltimes. The targetwasa Huggins-pitchstimulus,
the inducerwasa negative-Schroeder-phasemplex,which
actedasthe inducerof continuityfor the othersound.

For the Huggins-pitchstimulus one ear of the listener
receiveda 300Hz to 1-kHz band-pasdiltered white noise;
the otherreceivedsimultaneouslyhe samenoise,but with a
one ERB wide (77 Hz) linear phasechangefrom 0 to 21
around500Hz. Whenthe signalto eitherearis heardalone
the perceptis simply of a band-passoise; but both ears
togethemivesthe perceptof a weakpitch at 500 Hz to one
side,with aband-passooisein the centerof the head.

The inducing sound was a negative-Schroeder-phase

complex. Suchsoundsaredesignedo haveamaximally flat

waveform envelope and were used to provide good
induction of auditory continuity for the Huggins stimulus
with a very different tim bre, without the risk of clipping of

extremenoisesamples.The complexconsistedof an equal-
amplitudeharmonicserieswith afundamentabf 60 Hz. The
phaseof the ith harmonicwas —Ti (i-1)/n, and the resulting
complex was band-passfiltered (Hann-filter with 100-Hz
skirts) between300 and 1400Hz. The resultantsoundwas
playeddiotically and gave the perceptof a low-frequency
buzzin the centerof the head.

To calibrate the relative levels of the two sounds,they
were first filtered in a way that modelled the cochlear
responsat 500 Hz (4™-order gammatonefilter with center
frequency500Hz and bandwidth77 Hz). Therelative levels
of the two soundswerethen adjustedto give equal energy
throughthe filter in the 0-dB condition and the Huggins
stimulusthen attenuatedn 1 dB stepsto —12 dB to give a
total of 13 stimuli. Sevenaudiometrically-normalisteners,
experiencedn psychoacoustitests,weretestedtwice on a
randomsequencef 10 examplesof the sounds. One test
usedattenuation® through-8 dB and they were askedto
judge on eachtrial whetherthe noise (as distinct from the
buzz) soundedcontinuousor pulsing. The other test used
all the stimuli andlistenerswereaskedto judge whetherthe
weakpitchin the noisesoundedtontinuousor pulsing.

2.2. Results

Figure 1 shows the average percent of trials on which
listenersheardthe Hugginsnoise (squarespr the Huggins
pitch (triangles) as pulsing rathe than continuousas a
function of the level of the noise relative to the inducing
complex. Thedatafrom individual listenerswerefitted with
an inversetanh function to find the attenuationlevel on
which theyperceivedcontinuity on 50% of the trials in each

test (the pulsationthreshold). The means of theselevels
were-4.5 dB and-7.0 dB for the noisejudgmentsand for the
speechudgmentsrespectivelygiving a meandifference of
2.4(+0.58 s.e.m.)dB; a differencewhich givests = 4.2,p <
0.0050n a1-tailedtest.
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Figure 1.Percent of trials on which listeners heard

the Huggins noise or the Huggins pitch as pulsing

rather than continuous as a function of the level of
the noise relative to the inducing complex.

2.3. Discussion

This experimenhasdemonstratedibinauralcontributionto
auditory continuity using the Huggins pitch - a percept
which only arises binaurally. The pitch sensation is
inaudible at either ear alone, and only arises through
binaural interaction. The binaural contribution to
continuity is directly implicated by the fact that the
Hugginsstimulushasto be 2.4 dB quieter (relative to the
inducing complexsound)for listenersto hearthe Huggins
pitch ascontinuoughanfor themto hearthe Hugginsnoise
itself as continuous. This observationcomplementghose
madeby Kashinoand Warrenand by Hartmannwho varied
the interaural phase relations of tones in noise in
establishingabinauralcontributionto auditorycontinuity.
None of theseexperimentshowever determinewhether
nature of the binaural contribution. Specifically, it is
importantto know whetherthe contributionarisesat a low-
level wheredifferent interauralcues to spatial location are
dealt with separatelyor at a higher level where they are
combinedo give asuljectivelocationto asound.

3. EXPERIMENT 2

This secondexperimenseparates binaural contributionto

auditorycontinuitythatis dueto subjectivespatiallocation
from one thatis due simply to the relative interaural time-

differencesf the targetand inducersounds. We makethis
separation by using individually-determined interaural
level differencedo returnto the mid-line a soundlateralised
by ITD.
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3.1. Method

We first determinedfor eachof our listenersthe interaural
level differenceneededo retum to their subjectivemidline
a 120-ms500-Hz tone that had an ITD of +300 ps. The
averagdevel neededvasabout8 dB andso thislevelwill be
usedto referto conditionsthathadthe ILD.

We then measuredhe pulsationthresholdfor the 500-
Hz tone, alternatingwith the samebinaural negative-phase
Schroedecomplexasusedin Experimentl, for a variety of
ITD/ILD combinationshownin the table:

ITD ILD Pulsation
(ps) (dB) Threshold (dB)
300 0 -5.4

0 0 -3.8
-300 0 -5.2
300 -8 -3.6

0 -8 -2.0

I I

-300 8 -3.6

0 8 -1.3

Entries inbolditalic represent conditions where the
tone was perceived (along with the continuity-inducing
noise) in the midline. The design of the experiment allows
us to compare the pulsation threshold for pairs of
conditions with the same ILD, but which differ in ITD. If
continuity is influenced by spatial location, then higher
pulsation thresholds should be obtained fortblel italic
conditions, irrespective of their ITD. However, if continuity
is determined by ITD, the higher (less negative) continuity

thresholds should be obtained in conditions that have 0 ps

ITD rather than £300 ps ITD.

3.2. Results

Illustrative identification functions for the upperand the
lower pairsof conditionsin the table are shownin Figure 2.
In both the upperand the lower panelsthe lower pulsation
thresholdoccursfor the conditionwherethe tone has +300
ps ITD, eventhoughin the lower panel that condition has
the tone heard (along with the inducing noise) in the
midline. Thepulsationthresholdsfor all the conditionsare
shownin the table. In all casesthe pulsationthresholdis

lower for soundghathave+300usITD ratherthanO ps ITD.

Pulsation threshold thus varies with ITD, not with

subjectivelocation.

3.3. Discussion

Experiment2 has shown that the binaural contribution to
auditory continuity is determinedby ITD rather than by
subjectivelocation. Models of auditory continuity might
then be basedon existing models of other phenomena
relatedto the processingf ITD. We now pre€nt an outline
of a theory of binaural continuity based loosely on
Durlach'sECmodelof binauralprocessind16].

Let us assume, following Durlach, that a central
decision-makingprocess has access to the output of
auditory filters from each ear separately,and also to the
outputof a third binaural channelrepresentinghe cross-
productof the signalsfrom correspondinguditoryfilters at
the two ears(after level equalization). Let us also assume
that with monaural presentationlisteners hear the target
soundascontinuousf thereis no energydip in the output

of relevantauditoryfilters during the inducing sound. For
binaural soundslet us also finally assumethat listeners
only hear the soundas continuous provided there is no
energydip in both of the monauralchannels,and in the
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Figure2. Percentof trials on which listeners
heard the tone as pulsating rather than
continuousas a functionof the level of the
tonerelativeto the inducingnoise

binauralchannel. Processinghe soundsthat we have used
througha binauralmodelincorporatingthesefeatures[17]

givesat leastqualitative agreementvith the resultsthat we
have obtained; specifically it predicts lower pulsation
thresholdgfor the conditionsthat have £300 us ITDs than
for thosethathave OusITDs.

4. CONCLUSIONS

The two experimentsdescribed here have confirmed a
binaural contribution to auditory continuity using
Huggins-pitch sounds,and have demonstratedthat this
binauralcontributionarisesat the level of processeshat are
sensitiveto ITD rather than spatial position. We have
sketchedan explanatorymodelfor the effects that we have
found which will make a binaural sound continuous
providedthat there areno energydips during the inducing
soundin eitherof two monauralchannelsor in a binaural
channel responding to the cross-product of the two
monaurakhannels.
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