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1. Abstract

This reportdescribesa seriesof experimentson the segregatiorof mixed vowels,
using techniques designéalimprove sensitivityto segregatiorcues. The first experiment
was to test and calibrate thesetechniques. It provided detailed information on how
identificationdependson combinedfactorsof relativelevel and Fg difference. We found
that an inter-vowel level mismatch,combinedwith a taskin which the subjectis free to
answerone or two vowels, can greatly enhancethe sensitivity of the double-vowel
identification paradigm.

The secondexperimentnvestigatedhe possibility that the AFQ effects observedin

classic"double vowel" studiesmight be conditional on the phasepatternsof the vowels
employed,as recenttheoriesof vowel segregatiorbasedon temporalbeat patternsand
pitch period asynchrony might lead us to believe. We fdittied evidencethat intra-vowel

or inter-vowel phase patterns determine segregation, whether at unisom\éaif&%.

The third experimentnvestigatedmore preciselywhetherphaseeffects could have
caused an artifact in a previous experiment on harmonicityfowe no evidenceof such
an artifact.

The fourth experiment reinforced this conclusionrgplicatingthreemain conditions
of the harmonicity experiment witstimuli designedo minimize eventualphaseor beating
effects. We found, as previously, a strong dependency of identificatitre harmonicity
of the ground (interfering) vowel, consistemth the hypothesisof harmoniccancellation.
Howeverwe no longerobservedhe paradoxicakeffect of target harmonicity (oppositeto
that predictedby the harmonicenhancemenhypothesis)that we had found previously.
Target harmonicity had no measurable effect.

The fifth experiment replicated several conditions of the previous experiosntsa
more classictask. Our one-or-tworesponsetask is sensitiveto cues that signal the
multiplicity of sourceswithin a stimulus,whereaghe classictwo vowel forced response
task ignoresthesecues,and is mainly sensitiveto cuesthat determinemutual masking
betweernvowels. Replicationwith the samesubjectsand conditionsallowedus to assess
the impactof the new task, andto establisha basisof comparisonwith prior results. As
expected, we found smaller effects with the classic task, but overall patterns were similar.

The sixth experimentwas a full replication our previous harmonicity experiment,
usingthe classictwo-responsdask. We found as before a strong effect of background
harmonicity, but no effect of target harmonicity. The results once more support the
cancellation hypothesis but not the enhancement hypothesis.

The seventh experiment investigated two conditions in which the target and
backgroundwere both harmonicand had the samenominal Fg. In one condition the

inharmonic patterns were identical, in the other they were different. ldentificatigpoeas
in thefirst case,asfor harmonicstimuli at unison. It was betterin the secondcase. No
conclusion of interest is drawn from this result.
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2. Introduction
It is well known that when severtdlkersspeaktogether differencesin fundamental
frequency (IB) between voices make the speech of each talker easier to understarid. Fig.

modified from de Cheveigné, et al. (1995), summarizes some of the classicaobtiited
in experiments using pairs of synthetic vowels.
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togetherpartialsthat belongto the samevoice. Thisis a form of harmonicenhancement.
However there is evidence that cancellation is more effective for real JplegCheveigne,
1993b, 1994; d€heveignéet al. 1994a).Therealsoevidencethatit is actuallyemployed
by the auditory system in situations such as double-vowel experimer@s¢deignéet al.
1994, 1995; Summerfield and Culling, 1992b; Culletgl., 1994;Lea, 1992). Evidence
in favor of enhancement is so far much weaker.

However, recentlyother mechanismfiavebeensuggestedbasedon aspectsof the

temporal patternsthat co-vary with AFQ. These mechanismsdo not directly involve
harmonicity as in Fo-guided segregation.As such, they escapeour dichotomy of

enhancements. cancellation. Temporalpatternsare phasedependentandthis raisesthe
guestionof whether the segregationeffects observedin double-vowelexperimentsare
conditioned by the particular phase patterns employed.

In planning the following experiments,we were particularly concernedby the
possibility that the phase patterns that occurred in stimuli of our experimentson
harmonicity (de Cheveignéet al., 1995) might haveproducedsomeof the effectsthat we
attributed to harmonicity. Our primary goal was to clarify this question.

3. General methods

3.1. Stimuli , presentation and subjects
Stimuli for all experimentsconsistedin either single or double synthetic vowels
representing the set of Japanese vowels /a/, /i/, lul, lel, lol. Details of synthesis are given

Appendix A. Stimuli were presentedvia headphonegStax SR+/\), at a sound pressure
level of 63 to 70 dBA. The sound system wabbratedusing a Bruel&Kjaer artificial ear
(sound level meter type 2231, half-inch microphone type 4134dpjectswere seatedn a

sound-treated booth or room, facing a computer terminal that was used poayiyetsand

gatherresponsesSubjectswere six native speakersof Japanesetwo male and four

female, aged 18 to 27Two belongedto ATR staff, andfour were studentsaid for their

services.

3.2. Task and scoring

In all experimentgexceptthe last three), subjectswere presentedonce with each
stimulusandrequestedo answereitherone or two vowels. They were informed that the
stimuli could contain one or two vowels, that the vowels belonged to th& set, /i/, /o/,
/u/, and that, in the case of two vowels, the vowels within a pair were different. wEney
told that the vowels were syntheticand might soundstrange andthatin somecasesthey
might not be intelligible. They had the possibility to answer "x" instead of a \thatthey
could not identify. They could pauseat will, in which casethe last stimulus before the
pause was presented again after the pause. A session tylas@tibetweenone andtwo
hours.

Singlevowel stimuli were scoredonce: the responsewas consideredcorrectif the
response contained the name of the vowel (regardless of whether the mgpentiecdne
or two vowels). Double vowel stimuli were scoredtwice, oncefor eachvowel. The
responsdor eachvowel was classified accordingto its nature (phoneme,Fo, phase,

harmonicity), the nature of the second vowel, tHrad eventualrelationship(AF, relative

level). For all stimuli, the number of vowels responded was noted.

This scoring method provides "constituent correct” scoresg#iaals from the more
familiar methodof counting responsesn which both vowels are correct ("combination-
correct"scores,asin Fig. 1). Our methoddoublesthe numberof responseghat can be
exploited,and allows scoresto be calculatedseparatelyfor eachvowel as a function its
state (frequency, phase, harmonicity, etc.) tuedstateof the vowel thatis mixed with it.
One can thus measure how segregation depends on characteristics ahthbgekground
(Lea, 1992; de Cheveigné et al., 1995).
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3.3. Design

Each of the six subjects performfage sessionswith the stimulusset, on five days.
This designwas chosenpreferablyto a designwith more subjectsbut fewer sessions
becausewe expectedstrong individual differences. Such differencesare possibly of
interestin themselvesput they may weakenthe power of a repeatedmeasuresanalysis
(which tests for the generality of conclusions over the populaaompledby the subjects).
Given the presentdesign,we can interpretthe significanceof an effect at either of two
levels of generality:

a) the effect is robust over the populati@s judgedby a repeatedneasuresnalysis
with random factor subject),

b) the effect is significant for at leastone subject(as judged by an overall fixed-
effects ANOVA, or a fixed-effect ANOVA for that subject), but possibly too different
between subjects to allow inferences at the population level.

The lattersort of interpretationis importantif we wish to give weightto the finding
that an effect imot significant.

The sevenexperimentsiescribedherewere carriedout in three stages. First stage
was Experimentl, from which was derived the level mismatchapplied in following
experiments. The second stage comprigaeriments2-4, andthe third stagecomprised
Experimentsb-7. Stimuli for experimentsvithin a stagewere presentedogetherwithin
each session, in interleaved fashion. Subjects performed a total of 15 sessions altogether.
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4. Experiment 1

4.1. Introduction

Experiment 1 is a preliminargxperimentdesignedo determinean appropriatanter-
vowel level to eliminate ceiling effects and improve the sensitivity of the double-vowel
identification paradigm.

A problem often noted in double vowel experiments is the sstiof effects. This
may be duein partto ceiling effects:identificationat unisonis perfectfor certainsubjects
and/or vowel pairs, leaving no rodior improvementwith Fg differences. De Cheveigné

etal. (1995) reasonedhat this might happenfor one vowel within a pair if therewas a
seriouslevel mismatch,and they tried to determinecorrective level factors to balance
mutual masking. However that reasoningwas flawed: thereis no guaranteghat, once
levels are balanced both vowels won't suffer ceiling effects. Here, we apply on the
contrarya systematiclevel imbalance,to avoid the regionin which identificationis at a
ceiling. Experiment 1 was designed to thstideaand determineappropriatdevel factors
to use in subsequent experiments.

Classicdoublevowel experimentgequiresubjectsto answerntwo vowels for every
stimulus. This has severalconsequences) the taskis uncomfortablewhen only one
vowel canbe heard,b) the subjectmay usea particularvowel as a defaultresponsethus
unwittingly scoring perfect identification fahat vowel, c) segregatiorcuesthat signalthe
multiplicity of sourcesare ignored, d) the subjectis under pressureto improve her
performanceso there may be training effects. It seemsthat training may contributeto
reducethe size of effects (Assmannand Summerfield,1994). Insteadof requiring two
vowel responseswe told our subjectsthat the stimuli containedeither single or double
vowels, and we requestedhemto answereither one or two vowels. The number of
vowels responded is in itself an interesting measure.

4.2. Methods
Single vowelswere synthesizedn Klatt phaseat frequencieof 124 Hz and 132.5
Hz (see Appendix A for details). Double vowels consisted of two vowelstisgttameFQ

(AFp = 0%) or different Bs (AFQ = 6%), scaled to obtain a level offset of -200, 0, 10,
or 20 dB, and added. The sum was then scaled to a fixed RMS. level. StimubiGfems
in duration with 20 ms raised cosine onset and offset ramps.

Double vowel conditions within a stimulus set were: (10 unordeogee!| pairs)x (5

levels) x (2AFQs) x (2 Fp orders)x (3 repetitions)= 600 double-vowelstimuli. To these
were added 240 single vowel stim(Bi vowels) x (2 Fos) x (24 repetitions). A relatively
large proportion of single vowels was includedto ensurethat the stimulus set was as
described to the subjects. It also allowsdo checksingle vowelsfor possibleeffectsof
synthesisparametergFo, phase,harmonicity) on vowel quality. Stimulus order was
randomizedor eachsession.Sessiongenerallyrequiredbetweenone and two hoursto
complete, including pauses. Each subject performed five sessions on separate days.

4.3. Results

4.3.1. Single vowels

Identification rates were calculated for evegwel, frequency,subject,and session.
Each datgoint was basedon 24 responses.Overall identificationrate was 99.75%. The
lowest rate fora vowel was 99.2% (/I/) andthe lowestratefor a subjectwas 99.3% (N).
Evidently, subjectshad no difficulty identifying the syntheticvowels. About 10% of all
single vowels evoked two-vowel responses,with considerabledifferences between
subjects (27% for K, 2% for U), but only small differenbesweenvowels, and no effect
of frequency.

4.3.2. Double vowels
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4.3.2.1. Satistical analysis

The data were analyzed in several steps:

1) Constituent-correddentification rateswere calculatedfor eachvowel pair, level
mismatch,Fg, AFQ, subject and session, averagedover repetition. Each data point
representedhreeresponses. A preliminary fixed-effects ANOVA was performedwith

factors PAIR, Fo, AFp and SUBJECT, and first order interactions. No effect or
interaction involving B was significant. In other words: at unison it madedifferenceto

any subjectwhetherthe vowels were at 125 or 132.5Hz; at a AFQ of 6% it madeno

differenceif the targetwas at 125 Hz and the backgroundat 132.5 Hz, or vice-versa.
Giventhe variousways in which Fg caninteractwith formant structure,and given the

sensitivity of our methods to other factors, this result is perhaps surprising.
2) Scoreswere averagedover Fg and transformed according to the formula

arcsin(2*rate-1}o makedistributionsmore homogenousRelativelevelsof +10 and +20
dB were eliminatedfrom analysis,asthey were strongly affectedby ceiling effects. The
scoreswere submittedto a repeated-measurdgNOVA with fixed factors PAIR, LEVEL

andAFp, and random factor SUBJECT. All fixed factors and interactions signgficant

(p<0.0001 for all bufFQ: p=0.001, and\FQ*LEVEL: p=0.0024). The SUBJECTfactor

was not significant, nor wasits interactionwith LEVEL, or with LEVEL*PAIR), but all
otherinteractionswere significant, reflecting differencesbetweensubjectsin their detailed
pattern of performance.

D T
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vowels responded

target correct

Fig 2. Top: numberof vowels respondedper stimulus, bottom: target
identification rate. The abscissais level of target vowel relative to
background vowel.Filled symbolsarefor unison,opensymbolsarefor a
6% difference in B. The rightmost point§) represents single vowels.
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4.3.2.2. Effect of level

Fig. 2 (lower part) shows the average identification rafasction of relative level
between vowels, for bothFgs. Identification increases monotonically in botses. The
upper part of Fig. 2 showsthat the numberof vowels respondeds largestwhen both
vowels have the same level, and drops off if either vowel is stronger.

A goal of Experimentl wasto determinethe best"operatingpoint” for subsequent
experiments. A performancdevel of 60-70%seemsappropriateto avoid ceiling effects,
and is not so low as to discourage subjects. Interpolating from the results, a targgtdevel
15 dB seems appropriate for experiments that usAfgy@as a baseline. If 0% AFQ were
the baseline, a target level of -5 dB might be bettetheltlirectionof the effectis known,
other choices may be preferable. For example a target level of -G@vdhe largestAFQ

effects in our data.
Large effects provide no benefitif uncontrolledvariability also becomedarge. To

check for this possibilityve formedthe ratio betweenthe AFQ effect (differencein scores

between6% and unison)averagedover all conditionsother than level, and the standard
deviation calculated over these conditions. The ratio was highest at -10 dB (Fig. 3).

1.4 —

AFO effect/ o
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Fig. 3. Ratio between thig-g effect (differencebetweenidentificationrates
at 0 and6% AFQ) andits standarddeviationover all conditions(otherthan
AFQ and level).

4.3.2.2. Effect of AFQ

The size of théFg effect depends on level, and is largest whendtgetvowel is -

10 dB belowthe vowel it is mixed with. Interpolatingbetweendatapointsin Fig. 2 and
taking the horizontal distancebetweencurves at an ordinate of about 70%, yields a
differenceof about14 dB, which is comparableto the 17 dB shift in maskedthreshold
measured by Culling et al. (1994) in an adaptive task.
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Combination-correctatesfor the equal-levelconditionare plottedin Fig. 1 together
with results of previous studies. Tvagpectsarestriking. Oneis the relatively large size

of the AFQ effectin our results,probablya benefitof the one-or-tworesponseask. The

otheris the relatively high rate obtainedat 6% AFQ, despitethe fact that the one-or-two
response task could have lead to relatively low combination-correct scores.

At a AFg of 6%, almostall stimuli evoke two-vowel responsesat unison the

proportionis muchsmaller(Fig. 2, top). AFg thus functionsas a strong "multiplicity"
cue. When a subject only responds gowel, the responsdo the otheroneis countedas
false, so such "multiplicity” cues contribute magnify effectson identification. A similar
remark might be made concerningthe thresholdtechniqueusedby Summerfield(1992,
Summerfieldand Culling, 1992a,Culling etal., 1994): correctresponsesare impossible
unlessthe interval containingthe target stimulusis correctly recognized. This may also
depend on "multiplicity” cues.

TheAFq effect is marked even whehe relative level of the targetis low. This can

be interpretedas evidencethat the auditory system uses strategiesother than harmonic
enhancement: enhancement requikieswledgeof the targetFg, which shouldbe difficult

to estimateat low SNR. In a similar experimentthat also manipulatedrelative level and

AFQ, McKeown (1992) insteadfound that AFQ effectswere reducedbeyond10-12 dB

level mismatch. That may havebeenthe result of a floor effect: the identification levels
reported were overall much lower than the ones we found.

The dependencyf identificationon level with andwithout AFQ (lower part of Fig.

2) is similar to the dependency of recognition @eSNR in a speechrecognitionsystem,
with and without noise-reduction processing based on cancellation (de Cheveignéle1994;
Cheveigné, et al., 1994a).

4.3.2.3. Vowel pair, subject and session effects
Differences in patterns between vowel pairs and subjects are discuggguendices
B and C, and serial differences across sessions in Appendix D.

4.4. Conclusion
The one-or-two responsetask improves the sensitivity of the double-vowel
identification paradigm, probably by tapping "multiplicity cues" that the classic two-
response task ignores. The number of vowels responded is in itself an interesisge.
Subjects find the task more "natural”, and easier than when two responses are required.
Ceiling effects are reduced and effects are stronger if the target leseles reduced
relativeto the background. A level of -15 dB seemsappropriatefor experimentghat use

the 6 %AFQ condition as a baseline.
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5. Experiment 2
5.1. Introduction

Experiment 2 was designed to verify whetherAkg effectfoundin classic"double

vowel" experiments depends on the phase patterns of the vowel stimulimigintive the
case if segregation occurred according to eitthéwo mechanismshat haverecentlybeen
proposed: PPA (Pitch Period Asynchrony), and beats.

5.1.1. PPA
An Fq difference isequivalentto a graduallyincreasingtime shift of onewaveform

relativeto another. If avowel's short-termenergyis not uniformly distributedwithin its
period (given some definition of "short-time energy"), then the maskingit causesor

receives may vary with time alignmertFg might in this way causeeithervowel or both

to be better perceived. This is the Pitch Period Asynchrony (PPA) mechanism.

Summerfieldand Assmann(1991) investigatedwhethersuch a time lag per se is
sufficientin the absenceof mistuning. They presentedubjectswith syntheticvowels of
same B (50 or 100 Hz), with and withouttame shift of one half a period. The time shift
producedan significant improvementin identification at 50 Hz, but not at 100 Hz.
Assmann and Summerfield (1994) did find a significant improvement at 108sMzll as
otherevidencethat PPA contributesto segregation. However they failed to replicatethe
time-shift effect with inexperienced subjects.

Estimatesof the equivalentrectangularduration (ERD) of the auditory temporal
window are of the sameorder (6-13 ms) (Plack and Moore, 1990) as the fundamental
periodsusedin double-vowelexperiments,so one might expect period featuresto be
smoothed out too much f&tPA to work. HoweverKohlrauschand Sander(1995) found
that masking of a short pure-tone target varieddsuchas 17 dB within the periodof a
100 Hz masker. The variation was smaller (about 6 dBfwaidamentabf 220 Hz. At a
given masker § the variationwas large when the maskercomponentsverein sine phase
or m+ Schroedemphase(which both presumablyproduce highly modulatedpatternsof
activity within auditory channels) but small with a m- Schroedemphasemasker(which
presumably produces flatter modulation patterns).

Several experimentssuggestthat vowel identification might dependon uneven
maskingwithin a masker'sfundamentaperiod. Moore and Alcantara(1995) synthesized
harmonic "vowels" with a fundamentaf 100 Hz and a spectralenvelopethat was flat on
average. "Formantsiere definedby amplitudemodulationof groupsof two consecutive
harmonics at a ratef 10 Hz. For cosinephasethe stimuli could be identified asvowels,
despite their flat average spectrum. For random phase, identification was at chance level.

Traunmdller (1987) used the amplitude spectrura gibttal sourcetogetherwith the
phasespectrumof a glottal tract to synthesizenine Swedish"vowels". Therewere no
spectral amplitude peaks present to signal the formamtseveralsubjectscould label the
stimuli consistently if the gr-was low enough (71 or 100 Hz). Labeliwgs lessconsistent

at higher frequencies (141 and 28@), andat 283 Hz it fell to chancelevel. The "phase
vowels" wereintelligible via earphonesbut not when presentedhrougha loudspeakem
an ordinary room.

Palmer, et al. (1987) observeda changewith phaseof the position of the F1
phonemeboundaryalong a /e/-/l/ continuum. The harmonic manipulatedwas the 4th
harmonic (500Hz) o 125 Hz fundamental. The boundarymoveddown from 450Hz to
430 Hz whenthe phaseshiftedby 90 degreeselative to the phaseproducedby a Klatt
synthesizer. This suggests that the phase shift produced a 20 Hz rise in the perceived F1
the stimuli. The authors also performed a physiological experimewiich similar stimuli
(with a fundamentalof 100 Hz) were presentedo guinea pigs, and the responsewas
recordedfrom a population of auditory-nervefibers. Without the phase shift, fiber
responses below 1 kHzere equally dominatedby frequenciesof 400 or 500 Hz. With a
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90 degreephaseshift, they were dominatedmainly by the higher component.Such a
change in response pattern could explain a rise in perceived F1.

All three results can be explained in a similar fashi&timuli with cosinephaseand
a flat spectrum (as in Moore's experiment) have a peaked wave forpndtiatesstrongly
modulatedactivity within peripheralchannelsas long as the Fg is low enoughand the

channel CF high enough (Horst, et 4986). Vowelsin sine, cosineor Klatt phasealso
createrelatively strongmodulationwithin peripheralchannelqseeFig. A-3). Within the
dips of this modulation, masking may be relatively we&aisingor lowering the level of
a group of componentsasin Moore's experiment,is equivalentto addingthemto the
original signal in the same or opposing phase. The added compstamisut during the
dips in the cosine masker, aack perceivedasvowels. The random-phasenaskerhasno
such dips, hence tHack of effectin thatcase.ln Palmer'sexperimentthe phaseshift of
the 500 Hz componentcan also be interpretedas the addition of this componentto the
original wave form (with suitablephaseand amplitude),so that it standsout within the
interval of lowactivity within the period, as suggestedy the physiologicalrecordings.If
phase transitions at the formants in Traunmudiller's stipralilucedtemporaleffectssimilar
to local phase shifts, a similar explanation would account for his results.

PPA effectsdependon particular phase-dependentave form patterns,and vowel

identification depends on phasea variety of situations. Onemay askif the AFQ effects

found in classicdouble-vowelexperimentsalso dependon phase.In the extreme,one
might wonder if they exist at all when vowels are synthesized with random phase patterns!

5.1.2. Beats

PPA requires the auditory system to have a temporal resolutioarfmeghto follow
fluctuations on the scale of the fundamentalperiod. However wave form interaction
between vowels caalso produceinterferencepatternsthat are static, or vary accordingto
slow beat patterns. WhereasPPA requires particular intra-vowel phase patterns that
produce”peaky” wave forms or patternsof activity within peripheralchannels(together
with an inter-vowel phase pattern equivalent tore lag), beatsessentiallydependon on-
goinginter-vowel phase relationships.

Culling and Darwin (1994) suggestedhat beatsin the low-frequency(F1) region

might explain improvements of identificatiovith small AFgs. Assmannand Summerfield

(1994) found that successive 50 ms intervals excised from a 200 ms double vowsbivere
equallyidentifiable. Identification ratesfor the bestinterval were compatiblewith the idea
that the auditory system takes advantageeattsto choose within the 200 ms stimulus,a
favorable interval on which to base identification.

Two partials that fall within a peripheral filter channel viadlatat a rate equalto their
frequency difference. The beat will be appreciable if the partials are similar in amplitude.
will affect identificationif it occursin a spectralregionthat determinesa vowel's identity,
and at a rate that is not too fasttrackedby the auditory system. Beatsmay affect not
only the short-term spectrum, but also the overall spectrum of the stinulisssall beat
periods arentegraldivisors of the stimulusduration,the overall spectrumwill dependon
starting phases: the amplitude spectrthefconstituentvowels do not suffice to determine
the spectrum of the sum.

Fig. 4 illustratesthe beatpatternthat might occurfor an/ae/doublevowel in which
the /a/ is 12 dB more intenglganthe /e/ (so that the spectralenvelopesavesimilar levels
near formants F1 and F2 of /e/). The beating might effectively signal the preséme#bf
despite the low spectrum level at its formants (Assmann and Summerfield, 1994).

If phase-dependemtave form interactionsaffect vowel identification and contribute

to AFQ effects, one may wonder whether the "AFQ effect” is due in part to some

particularly unfavorable inter-vowel phase pattern that prodoeesdentification scoresat
unison. If so, the phenomenon ofy*§uidedsegregation'might be specificto this phase

pattern.
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Experiment 2 measured thé&Q effectin threeconditions. In the SS condition both

vowels were in sine phase. Wave forms were thus peaky (as irpKiett)and alignedat
unison, providing ideal conditions for a PPA effect. In thed®Rdition, both vowelshad
the same"random” phasepattern. Therewas thus no clear peak within the period, but

temporalfeatureswere neverthelesslignedat unison, and shiftedwhentherewas a AFQ

(possibly supporting "weak" form of the PPA mechanism).In the RR' condition,each
vowel had a different "random” phasepattern. Wave forms thus sharedno particular
temporal feature, and there was no particular alignment at unisewesthe "weak" form
of PPA should be defeated. In both 88 andthe RR conditions,inter-vowel phasewas
zero at unison so vector summation produced a spectrum edbktom of the spectraof
the individual vowels. In the RR' condition the spectrumat unison was the result of
"random" vector summation.

50-
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Fig. 4. Excitation patterns for an /ae/ double vowel in whichdhis 12 dB
more intense than the /e/. The vowels had fundameritdl24 and 132 Hz
respectively. The excitatigpatternswere derivedfrom an FFT basedon a
16 ms Hanning-shapeavindow, smoothedaccordingto the formulae of
(Moore and Glasberg.,1983). The thick curves delimit the range of
variation of the excitation pattern for tbtembinedstimulusover its 250 ms
duration. The thin dotted curve represents the excitation pattern for /e/ alone.

5.2. Methods
Single vowelswere synthesizedn sine phase(S) and either of two randomphase
patterns (R and R') at frequencies of 124 and 132 Hz, allaskigg of 0% and 6.45% to

be explored.SeeAppendixA. for details.Vowels were pairedwith an inter-vowel level
mismatch of 15 dB. Phase patterns wateer SS (both vowelsin sine phase),RR (both
vowelswith the same"random”phasepattern)or RR' (differentrandomphasepatterns).
The random phase patterns are those labete@l2 in Fig. A-3. Therewere (20 ordered

pairs) x (3 phaseconditions)x (2 AFQs) x (2 Fo orders)= 240 stimuli. Thesewere
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interleaved together with stimuli of Experiments 3 arahd single vowels (200) in blocks
of 600 stimuli.

5.3. Results

Resultsaredisplayedin Fig. 5. The AFQ effectis practicallyidenticalfor all phase

patterns. There are strong differencesbetweensubjects(crossesin Fig. C-1) that can
partly be predicted from individual results in Exp. 1.

104
—m- S/S
-O- R/IR'

o8

target correct
vowels responded

00— 104

AFO AFO

Fig. 5. ldentification rate (left) and numbenaiwelsrespondedright), as
a function ofAFq, for three phase patterns.

5.4. Conclusion

The classicAFQ effect is in no way specific to Klatt or sine intra-vowel phase
patternsthat producepeakedwave forms, or to a particular inter-vowel phasepattern.
Either our phase manipulationsfailed to affect the cues that underlie PPA or beat

mechanisms, or else these mechanisms are not responsible for segregat\i.with
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6. Experiment 3

6.1. Introduction

In a previousexperiment(de Cheveignéet al., 1995), we presentedsubjectswith
pairs of vowels, each of which was either harmonimbarmonic. We found that vowels
were better identified if they were inharmonic thiathey were harmonic. They werealso
betteridentified if the backgroundwas harmonic ratherthan inharmonic. Theseresults
were interpretedas supportinga particular class of segregationmechanism:harmonic
cancellation.

However, all our stimuli were synthesizedwith an initial sine phase. Harmonic
stimuli kept this phase throughout the stimulus, but inharmsimrawili could be interpreted
as graduallyshifting to a randomphasepattern. If phaseaffectedidentification, then the
effects we attributed to harmonicity might simply have been an artifadbcalease. If so,
harmonicstimuli synthesizedvith thosephasepatternsshould show a similar patternof
effects.

Specifically, giventwo harmonicvowels synthesizedvith a AFQ sufficientto cause
segregation (3% in our previoesperiment,6.45% in the presentexperiment)jf we find
the following pattern:

RS>RR

SS>SR
RS>SS
RR>SR

where X/Y represents the identification rate of a tamgestateX with a backgroundvowel
in state Y, then we will have identified a possible artifact in the results of de Cheetajné
(1995).

6.2. Methods
ConditionsS/S and R/R" were sharedwith Exp. 2, otherswere interleavedwith

conditions of that experiment. In all conditioA$;p was 6.45%.

6.3. Results
Identificationrateswere calculatedfor the four conditionsof interest,averagedver
Fo and session,and transformedaccordingto the formula arcsin(2*rate-1)to obtain

distributionscloserto normal.. Eachdatapoint was basedon 10 judgments. Data were
submittedto a repeatedmeasuresANOVA with fixed factors PAIR and PHASE, and
random factor SUBJECT. Neither PHASE nor any interaction involving itsiggmficant,
implying that the patternof phaseeffects (supposingthey exist) is too variable across
subjectsto be generalizedo the population.To testwhetherPHASE effectsexist for any
individual subjects, more sensitive tests were performed. Data were averagedover
SUBJECT ratherthan SESSION, and submittedto a fixed effect ANOVA with factors
PHASE and PAIR. Neffectof PHASE or interactionwas significant. Finally datawere
averaged over PAIR instead of SUBJECT and analyzed in the same fashion , w@méhe
negative result.

Data from the three phase conditions (S/S, RR') at unisonin Exp. 2 werealso
averaged over session and analylmedphaseeffects. A repeatedneasureANOVA with
fixed factors PHASE and PAIR and random factor SUBJEGdwedno significanteffect
involving PHASE. Again, more sensitive analyses were performed:

1) Datawere averagedover SUBJECT ratherthan SESSION and submittedto a
repeated-measures ANOVA with factors PHASE and PAIR randomfactor SESSION.
The PHASE effect and its interaction wBAIR were significant (respectivelyp=0.01 and
p<0.0001).
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2) Data were averagedover PAIR and submittedto a repeatedneasuresANOVA
with fixed factors PHASE and SUBJECandrandomfactor SESSION. PHASE andits
interaction with the SUBJECT factor were significant (respectively p=0.01 and p<0.0001).
The small phaseeffect at unisonis explainablefrom the fact that phaseaffectsthe
outcome of vector summation, and therefore the overall spectra of the stimuli.

6.4. Conclusion
There is little evidence of any phase effects, excephigbnwherephasedetermines
the spectrum as a result of vector summation of the single vowel compoBsetsin that

case the effectare small. Thereis no certainly no evidenceof the artifact hypothesizedn
the Introduction.
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7. Experiment 4
7.1. Introduction

Experiment 3 ruled out the possibility of a phase artifact in the experiment repprted
de Cheveigné et al. (1995). We nevertheless wished to replicate the main coodliti@s
experimentto lift any doubts aboutits generality. Experiment4 repeatedthree crucial

conditions(H/H, I/H and H/l at 6.45% AFQ) using stimuli designedto minimize the

usefulness of PPA or beat cues.
From past results we can assume that segregatimursfor harmonicvowels at this

AFQ. Perturbingthe harmonicity of the target should impair the efficacy of harmonic

enhancemennechanisms.Likewise, makingthe backgroundinharmonicshould disrupt
harmonic cancellation.

7.2. Methods
Onecondition (H/H) was commonwith Experiments2 and 3 (R/R' phase,6.45%

AFQ). The other two (I/H and H/l) were interleavetth conditionsof thoseexperiments.

Steps were taken to reduce the usefulness of PPA or beat cues:

1) Intra-vowel starting phasewas "random" to reduce the salience of temporal
featureswithin the period. Phasepatternswere different betweenvowels, so any residual
temporal features were not common to both vowels.

2) Inter-vowel starting phasewas "random"”, and remained "random" with the

ongoing phase shifts caused#yp or inharmonicity. Thereis thuslittle reasonto expect

wave form interactions to favor one condition over another.

3) All component frequencies were multiples of 4 Hz, so thepeni®d of all stimuli
was 250 ms, the effective duration of the stimulus. The long-term spectrumstifribis
thus could not depend on the choice of starting phases.

4) Within pairs containing an inharmoniowel, no partialswere closerthan16 Hz.
To use spectral changes causedbgts the auditory systemmust samplethe beatpattern
with aresolutionbetterthan about30 ms. Of course,this cannotbe excluded,but we
expect it to be more difficult than with slower beats. See Appendix A for details.

7.3. Results

7.3.1. Double vowels

Identification rates were averagedover frequency and session,and transformed
accordingto the formula arcsin(2*rate-1). A repeatedmeasuresANOVA was performed
with fixed factors HARMONICITY andPAIR, andrandomfactor SUBJECT. All factors
and interactionswere significant (p<0.0001), except HARMONICITY*SUBJECT. The
effects are illustratedh Fig. 6. ldentificationis betterby 21% whenthe groundvowel is
harmonicthan when it is inharmonic. This is evidently not due to exploitation of a
"multiplicity cue": the number of vowels respondechearly the same.Harmonicity of the
target makes no significant difference to either identification or response count.

The effect of groundharmonicityis consistentwith what we found previously (de
Cheveigné et al., 1995), but seven times larger. This confirms once aghypttbesisof
harmonic cancellation. On tletherhandthe lack of effect of targetharmonicitycontrasts
with our previousfinding of a 3% advantagdor inharmonictargets. An explanationwe
had offered for that result (paradoxicalbecauseopposite the prediction for harmonic
enhancement), was that the auditory system applied cancellation indiscriminatehgtand
harmonic target might fall victim to it more easily treminharmonictarget. The relatively
low level of the target level here (-15 dBjay makeits cancellationunlikely. Cancellation
requires estimation of thepfef the vowel to cancel, which is difficult to at low SNR.
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It is somewhatsurprising that inharmonic targets don't give worse recognition
scores,as subjectsreport inharmonicstimuli as somewhatstrangeand not vowel-like.
Single vowelswere identified better than 99.5% whatevertheir harmonicstate,but it is
interestingto note that inharmonicvowels evokedmore response463%) than harmonic
vowels (8%). Inharmonicity seemsto function as a "multiplicity” cue similar to an FQ
difference between harmonic vowels.

1.0 - 2.0 H
0.8 e 1.8 —IIHH/H """""""""""
H/I
3
*g g 1 —
: g
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> @
IS N . e —
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>
1 — 1,2
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Fig. 6. Identification ratéleft) and numberof vowelsrespondedright) as
a function of target/ground harmonic state. Nomik is 6.45%.

7.4. Conclusion

We successfully replicated our previous finding that targetbetteridentified when
the ground is harmonic. Given our precautions to avoid PPA and beat cues, andale lack
effect of phase, we can rule out the possibility of a phase-related artithetresultsof de
Cheveignéet al. (1995). On the other hand we failed to replicate our previous
(paradoxical) finding of a better identification of inharmonic targets.
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8. Experiment 5

8.1. Introduction

Our methodsappearto yield larger effects than usually reportedin double-vowel
experiments.This improvementcan be attributedto two factors:the one-or-two-response
task, and the level mismatch. Experiment5 seekedto determinethe part of each, by
repeatingsomeconditionsof the previousexperimentswith a classictwo-vowel forced-
response task, using the sasubjectsand stimuli. It alsogaveus a basisfor comparison
with previous studies.

The two-response task reduces the usefulne$aufiplicity cues”,so identification
depends essentially on cues that determine the efficacy of "unmasking" mechanisms.

8.2. Methods
We replicated four conditions of Experimegteind4: H/H at unison,andH/H, I/H

and H/I at aAFg of 6%. Thesewereinterleavedwith conditionsof Experimentss and7,

in stimulus sets containing400 double vowels in randomorder, and no single vowels.
Subjectswere five (K, M, N, T, U,) of the six that participatedin the previous
experiments. They were informed that all stimuli contained two vowels, anithéyahust
responda pair of two differentvowels. The"x" responsevasno longerallowed. They
were told to make their "best guess" if they could not hear two vowels.

Stimuli were presentedn five sessionson different days. Due to a mistake,two
conditions (I/H and H/I at unison) were not included in the stimulus set on thegssion.
Statisticalanalysesvere conductedon eitherall five sessiongxcludingthose conditions,
or the four last sessions including all conditions, as appropriate.

8.3. Results

Fig. 7 compares thaverageresultsof the five subjectswith thosethey obtainedfor
the same conditions in Experiments 3 and 4. Identification was olettlwith the two-
vowel forcedresponsdask, as might be expectedsincesubjectscanno longerget away
with answeringonly onevowel. Improvementwas greatestfor conditionsthat gave low

rates, leading to a reduction in effect size that was appredatiee AFQ effect, but small

for the background harmonicity effect.
We expectedrather large training effects over sessionswith the two-vowel forced
response task. This was hardly the case (see Appendix E).
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Fig. 7. Left: identificationrateas a function of AFg for the samesubjects
usingtwo different tasks(two-responseand one-or-tworesponse). Right:
identificationrate as a function of the harmonicstatesof targetand ground
for the same subjects using both tasks. Nomipalifference is 6.45%,
8.4. Conclusion
The two-responsetask yielded higher identification rates than the one-or-two
responsdask for the condition that lacked "multiplicity” cues(H/H at unison). It thus
contributed toenlargethe AFQ effect. It did not changethe patternof identificationrates

for conditions that already evoked multipessponsesapartfrom a slight uniform increase
in identification rate.
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9. Experiment 6

9.1. Introduction
Experiment6 is a replicationof all conditionsof the experimentdescribedby de
Cheveignéet al. (1995), usingthe classictwo-responsaask. Main differenceswith that

experiment are a larger nomidgtQ (6.45% rather than 2.9%), a lower relative levethe

target(-15 dB ratherthan O dB), and different initial phaserelationships(randomrather
thansine). Otherdifferencesconcernthe vowel set(oneallophoneeachof five Japanese
vowels, rather than ten allophoneseach of five French vowels), the definition of
inharmonic vowels (see Appendix A), and the subjects (5 Japanese speaketisaadier
French speakers).

9.2. Methods

Four of the conditionswere thoseusedin Experiment5. Otherswere interleaved
with thoseof Experiment5 and7. The task was the classictwo-vowel responsetask.
Inharmoniccomponenfrequencypatternswere designedso that component®f a double
vowel were spacedat least16 Hz apart(AppendixA). At unisonin thel/l condition the
vowels in a pair had different inharmonic patterns.

9.3. Results

Fig. 8 showsthe results,togetherwith thoseof de Cheveignéet al. (1995). The
much larger effects in our new experimenttend to mask the similarity of ground
harmonicity effect: targets aeasierto identify with a harmonicbackgroundgexceptwhen
the target is also harmonic and has the sepgén which caseharmonicityis of no avail).

A major differenceis that we no longer see the effect of target harmonicity found
previously.

Several factors may explain the difference in effect size between the two experiments:
1) In the experimentof de Cheveignéet al. (1995), inharmonic sounds had partials
displacedfrom harmonicvaluesby randomamountssmaller than 3%. In the present
experiment, displacements were larger (up to 6.45%, with a minimum of 16Hz).
2) The -15dB target level avoided ceiling effects in the presgueriment. In the previous
experiment,intra-stimulusvariability was supposedo play that samerole by lowering
overall identificationrate. However the effectivenessof that measuremay have been
limited, for example ilsomeallophoneswereidentified perfectlywhereasothersproduced
systematic errors.
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Fig. 8. Identification rate as a function of ground harmonicity for eatimeof
targetharmonicitystates,at unisonand with different Fgs. Thin lines: (de

Cheveigné, et al., 1995), thick lines: this study.

9.4. Conclusion

As we found before,identificationof the targetdependson the harmonicity of the
ground. This is compatible with the harmonic cancellation hypothddmmonicity of the
target itself makes no difference, contrary to our previous paradoxical finding that
harmonicity of a target madel@ss easy to identify, opposite to tipeedictionsof harmonic

enhancement. In either case, the data fail to support the hypothesisof harmonic
enhancement.
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10.Experiment 7

10.1. Introduction

In the I/l condition at unison in the previous experiment,the pattern of partial
frequenciesof eachvowel in a pair was different. Experiment7 compareshat condition
(denotedherel/l_diff) with a similar condition (denotedl/I_same)in which both vowels
are inharmonic but with theame pattern of partial frequencies.

10.2. Methods
The I/I_same condition was interleaved with conditions of Experiments 5 and 6.

10.3. Results

Fig. 9 compareghe I/l_samecondition (inharmonic,samepattern) with the H/H
(harmonic, same pattern) and I/ _diff (inharmonic, different pattern) conditions.
Identificationin the I/l_samecondition is similar to thatin the H/H condition at unison.
This can be due to the fact that partial frequenciesare all the same (thus eliminating a
"partial mismatch" cue), or to tHact that both conditionsdefeatany mechanisnbasedon
harmonicity.
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0.8
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\/1_diff

target correct

H/H I/l_same
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Fig. 9. Identification rate for several patternsof partial frequencies.
Nominal Fps of both vowels are the same.

10.4. Conclusion

Better identification in thé/l_diff conditionrelativeto the othertwo could be dueto
increasedmismatchbetweenpartials, or to a mechanismexploiting residualharmonicity
within the inharmonic vowels. Inharmonic patterns are derived from harmonic patteans by
relatively mild perturbation. Inharmonicvowels have a clear pitch (which, interestingly,
varieswith the vowel). It is conceivablethat segregatiorcan occur basedon residual
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harmonicity, imperfect or local to a frequency region. The result of this particular
experiment does not allow us to decide between these different possibilities.
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11.General conclusions and summary

1) Reducingthe level of one vowel relative to the other in the double-vowel
identification paradigm improved sensitivity by avoiding ceiling effects.

2) Allowing subjectsto respondone or two vowels insteadof forcing them to
respondiwo also contributedto improvethe sensitivity of the paradigm.The number of
vowels answered is a sensitive indicator of "multiplicity” cues. Subjects report thaskhe
is easier, and training effects may be reduced.

3) Phase relationships among partials of a vowel or betwa&als hadno effecton
vowel identification. We found no evidence to suggest a phase-reldifadtin a previous
experiment on harmonicity (de Cheveigné et al. 1995).

4) In a replicationof that experiment,employing pairs of vowels that were either
harmonicor inharmonic,targetvowels were better identified when the backgroundwas
harmonic, inagreementvith the hypothesisof harmoniccancellation. Targetharmonicity
madeno difference,contraryto the predictionsof the harmonicenhancementypothesis.
We did not replicate our earlier finding of a better identificatiomladrmonic targets.

5) Results were similar when the one-or-two-response task was replaaethbsic
two-response task, but effect sizes were reduced.

6) Overall, the results suggest thia¢ auditory systemusesthe strategyof harmonic
cancellation to segregate harmonic sounds such as vowels. It does not seem to ofake use
harmonic enhancement, and there was little evidence thatdseRitsh Period Asynchrony
(PPA) are involved in segregation.
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Appendix A. Stimuli.

Tokens of the five Japanese vowels /a/, /i/, /ul, lel, lo/ were synthesizexspedtial
envelopescalculated accordingto the formulae specified by Klatt (1980). Formant
frequenciesand bandwidthsare given in Table A-1. The first four formant frequencies
have values suggested by Hirahara Katb (1992), the fifth formantwas setto 4200Hz
for all vowels. Formantbandwidthswere given fixed valuesfor all vowels, as usedfor
example byCulling and Summerfield(1995). Waveforms of all stimuli were scaledto a
uniform level of 65dB RMS. beforepresentation. Table A-1 indicatesthe RMS. level of
vowel wave forms before scaling (so-called"equal effort”), and also the dB(A) sound
pressure levels for single vowels, measured with an artificial ear.

la/ Il u/ lel /ol BW
F1 750 281 312 469 468 90
F2 1187 | 2281 1219 | 2031 | 781 110
F3 2595 | 3187 [ 2469 | 2687 | 2656 | 170
F4 3781 | 3781 [ 3406 | 3375| 3281 | 250
F5 4200 | 4200 | 4200 [ 4200 | 4200 | 300
dB RMS. after synthesis 46.9 | 40.6 | 404 | 41.8| 445
dB(A) SPL 70.0 | 63.0[ 63.6 | 67.4] 66.2

Table 1: Formantrequenciesand bandwidthsof all syntheticvowels. Also
shown are the RMS. levels in dB (re: 1.0)lod vowels after synthesisand
before scaling to a uniform RMS. level, and the SPL levels in dB(A)
produced by the scaled vowels, as measured with the artificial ear.

Fig. A-1 showsthe spectralenvelopegscaledby the sameamountas the wave
forms). For each vowel pair, Table A-2 gives the levahefenvelopeat formantsF1 and
F2 of the first vowel, relative to the envelope level ofseeondvowel. This indicatesthe
degreeto which the formantsof the target"stick out” of the envelopeof the background
vowel. Fig. A-2 shows estimatesof the excitation patternsfor each vowel. Excitation
patterns were calculated by taking the FFT of a 16 ms Hanning-shaped wihgewods)
of a 100Hz vowel, and applying spectralsmoothingaccordingto formulaeof Moore and
Glasberg (1983).



F1 F2
a 37 37
au 31 14
ae 25 27
ao 11 5
ia 20 21
iu 2 25
ie 12 5
i0 14 36
ua 21 -9
ui 6 25
ue 13 15
uo 14 25
ea 19 31
el 24 27
eu 19 38
€o -1 47
oa 20 -6
ol 24 28
ou 20 22
oe 1 17

dB

Table A-2. For each vowel pair, the table gives the spectral envelopeievel
the first vowel at formants F1 and F2, relativelrte envelopeof the second
vowel (vertical distance between curves in Fig. A-1).
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Fig. A-1: Envelopes of the synthetic vowels.
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3) Each partial must be at least 16 Hz from:

a) the frequency of the previous partial of the series,

b) the frequency of any partial of tbiher vowel,

c) the mirror images of these frequencies relative to the partial's harfreapency

(to avoid any systematic shift)
4) Within these constraints, the partial is chosen randomly.

In orderto satisfy constraint3, different patternswere synthesizedor both of the
nominal frequenciesused. When both vowels were inharmonic, their partials were
randomlychosenby pairs that jointly satisfiedthe previousconstraints,and assignedat
randomto either vowel. Constraint3 was relaxedfor the secondharmonic(as it was
incompatible with constraint 2 at that frequency).

Finally, a measure of inharmonicityas definedas the sum of absolutedifferences
between consecutive partial frequencies divided by their raihks measuras sensitiveto
local ratherthan cross-spectruninarmonicity patterns,and puts relatively less weight on
higher partials. For eachcondition 30 inharmonicpatternswere producedand screened
according to this measure, and thestchosen. The frequencyof aninharmonicvowel is
by convention the frequency of the harmonic series on which it is based.

Fig. A-3 (nexttwo pages)Ripple at the output of an auditory filter bank
(Holdsworthet al., 1988), asa function of channelfrequency,for all five
vowels synthesized at 100 Hz, and for various phase patterns.



Appendix B. Vowel-specific effects in Experiment 1.

Fig. B-1 shows the identification rate and number of vowels respondedifadual
vowel pairs, averagedover subjectsand sessions.There are considerabledifferences
between pairs.

At unison,the plots for somepairs(/io/, /eol/,/eul,/ael,etc.)do not crossat O dB
relative level, suggesting that within these pairs one vowel dominates the dthexplain
such particularities, a first guess would be that our procedure of matching \oywelS.
produced a loudness mismatcHowever,insofarasloudnesss reflectedby A-weighted
SPL measurements (Table A-1)oaidnessmismatchwithin /ae/for exampleshouldhave
produced a shift in the opposite direction.

Anotherhypothesigs thatidentificationof a vowel startsto degradeat a level such
that the spectralpeaksof formantF1 (resp.F2) mergeswith the othervowel's spectrum.
To testthis idea, we formed a new parameteiby subtractingfrom the inter-vowel level
parametethe particularvalue at which formantF1 (resp.F2) disappearsnto the spectral
envelopeof the ground. Graphicallythe parametecanbe seenas the vertical separation
between target and background spectral envelatdes (resp. F2) of the targetin Fig. A-
1. If our conjecture is correct, these parameters should bepgedidtorsof performance.
To test the idea, we formexdlinear modelthatfit identificationby eitherlevel, or our two

new parameters (together wiirg). Despitea largernumberof parametersthe two new

parameters producelessgoodfit thansimply level (r2 = 0.45 vs. 0.51). Evidently this
simple "formant disappearing” model is inadequate.

The effectof AFQ on identificationvariesfrom vowel to vowel. For exampleit is

large for /ue/ (descending lines in graph labeled /eu/), and small for /eo/. Siiffdeences
appear for the number of vowels respondétie asymmetryin effectsbetweenvowelsin

a pair contradicts the principle of symmetric segregation that is assumed torhlghary
segregation mechanisms (Bregman, 1990).

To attemptto explain vowel-pair specificitiesin AFg effect, let us assumethat
segregatioroccursaccordingto the beatshypothesis:identification improveswhen there
are strong beats near important formants. Stingbeatsshouldoccurwhentargetand
backgroundenvelopesavesimilar levels. To testthis hypothesiswe againformed two
new parametergor eachtarget-groundpair, this time representinghe absolute difference
between envelopes at formdrfit (resp.F2) of the target. We comparedheseparameters
to a single parameter formed by subtracting -1GrdBh the level parameteand taking the
absolutevalue. Again, the fit was less good despitethe larger number of parameters

(r2=0.20 vs. 0.26). This model is clearly inadequate, possibly becdsgedtcrude,and
possibly because beats do not determine segregation in this case.

Meddis's model of concurrent vowentification sorts peripheralauditory channels
accordingto whetheror not they respondwith the periodicity of the dominantvowel (the
one whose periodicity dominates tbeerall response{Meddisand Hewitt., 1992). If all

channelsare dominatedby the sameperiodicity, the model cannotwork, so AFg should

haveno effect. This might be the caseif thereis a large level mismatch{this modeling
remains to be done...}

Fig. B-1 (next page). Identification rate (lines with markers), mndberof
vowels responded(lines) as a function of inter-vowel level, for Fg
differencesof 0% (thick lines and filled symbols)and 6% (thin lines and
opensymbols)andfor all vowel pairs. The identification rate of the first
vowel of eachpair is representedby the continuous(ascending)ines, that
of the secondby the dotted (descending)lines. Extreme points ()
correspond to single vowel conditions.
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Appendix C Subject-specific effects in Experiment 1.
Fig. C-1. showsthe numberof vowels respondedand identification rate for all

subjects. The mostvisible differenceis the degreeto which AF(g affectsidentification or

the number of vowels responded. Effects are lwgsubjectT, andsmallfor subjectK.
The smallereffectsfor K are partly (but not entirely) dueto higherscoresat unison. An
explanationis that this subjectignoredthe multiplicity cue and systematicallygave two
responsesas suggestedy the relatively high numberof vowels respondedfor single
vowels.

Identification is evidently affectedby the numberof vowels responded,and thus
indirectly by "multiplicity cues". Quite interestingin this respectare identification rates
conditional on two responseqFig. C-2), and the results of Experiment5 in which
multiplicity cues were thwarted by the use of the two-response task.
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Fig. C-1. Number ofrowelsrespondedthin lines) andidentificationrates
(thick lines) as a function of relative level, at unison (filled markans)at a

AFQ of 6% (openmarkers),for eachsubject. Crossesareresultsobtained
in Exp. 2 (target at -15 dB) fdxFos of 0 and 6.45%.
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Fig. C-2. Identification ratesconditionalon a two-vowel response,as a
function of relative level betweenvowels, for all six subjects. Thick lines

are for unison, thin lines are for 6.45%,.
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Fig. C-3 (next pages):ldentification rate as a function of relative level at

unison(thick lines) andwith a AFQ of 6.45% (thin lines), for eachvowel
pair and eachindividual subject. Extreme points with valuesnear 1.0
representhe targetvowel alone. Extremepoints with valuesnearO are
meaningless. Error bars represent standard error over sessions.



Fig C-4 (next pages): Number of vowels respondedfaaction of relative

level at unisor(thick lines) andwith a AFQ of 6.45% (thin lines), for each
vowel pair and eachindividual subject. Extreme points representsingle

vowels.
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Appendix D. Session effects
Session-to-session variations were examineamgparticularitiesrelatedto the two
different tasks used.

Experiment 1

Fig D-1 (left) shows the averageidentification rate over sessions. There is a
significant improvementwith sessionnumber (p<.0001), as indicated by a repeated
measuresanalysis with fixed factors LEVEL, DELTA and SESSION (treated as a
regressor),and random factor SUBJECT. No interaction was significant.  Mean
identification over the last two sessions is about 5% higher than over the first three.
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Fig. D-1. Identificationrate (left) and numberof vowels respondedright)
as a function of session number in Exp. 1, for all subjects.

Experiments 2-4

Sessions were commao Experiments2-4. Variationsover sessionsareillustrated
in Fig D-2. The downwardtrendin the numberof vowelsrespondeds significantat the
population level (p<.0001), as indicated by a repeated measures ANOVAxedHactors
CONDITION (AFg and harmonicity combined) alfESSION(treatedas a regressorand

randomfactor SUBJECT.Interactionwith SUBJECT was also significant (p<.0001). A
similar analysis of the identification rate showed no significant trend.
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Fig. D-2. Identificationrate (left) and numberof vowelsrespondedright)
as a function of session number in Experiments 2-4, for all subjects.

Experiments 5-7
Fig D-3. showsthe variationin identificationrate over sessions. We expectedthat
the new task would induce strong learning effects; this was not the case.
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Fig. D-3. Identification rate as a functieh sessiomumberin Experiments
5-7 for all subjects.
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