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Abstract

Subjects were presentedwith pairs of concurrentvowels, and were
requested to report one or two vowfds eachstimulus. Vowels within a pair
had either thesameaveraggdundamentafrequency(F), or Fos differentby 3

or 6%. The B of each vowel was either constaot,elsefrequency-modulated

(FM) at arateof 4Hz with a peakexcursionof 3%. Vowels were eitherboth
harmonic or both inharmonic (partials randomly displaagd3%, 0% or 3%).
Onevowel within eachpair was alwaysstrongerthan the other by 15 dB, to
reduce ceiling effect®r the weakervowel ("target"). The proportionof trials
for which the weakervowel was identified was recorded,togetherwith the
proportion of two-vowel responses. The experimentwas expectedto be
sensitiveto severalmechanismdy which the identification of a targetvowel
might be affectedby frequencymodulationof that vowel, or of the competing
vowel. The two-vowel responseand identification rateswere greaterwhen the
average Bs differed by 3%or 6% than0%. Neithermeasurevas affectedby
the presenceof FM within the stimulus, or the modulation of the target or
competing vowel. Identification was slightly legsod when both vowelswere
modulated coherently (or static) than when modulation was incoherent.

Howeverincoherentmodulationalsoimplied greatermaximumAFQ, and one

cannotrule out the possibility that this causedbetteridentification. Overall,
resultsagreewith previousstudiesthat suggesthat FM haslittle or no effects

beyond those attributed to FM-induced differences in fundamental frequency.

A. Introduction

Fourier analysisallows harmonic sounds, such as voiced speech,to be
represente@s a numberof discretecomponentsequally spacedin frequency.
This has led to two expectations concerrimgway suchsoundsare perceived
in the presenceof competingsounds.1) The regular patternof components,
similar to the visible texture @& surface,shouldcontributeto the perceptionof
a harmonicsoundthat is partially occludedby interference Componentghat
share the regularity belong to the target, angremainingcomponentsnay be
attributedto interference.2) When the fundamentalfrequencyof the sound
changes,all its componentsshift in parallel on a logarithmic scale. This
commonmovementshould further aid the auditory systemto group together
componentdelongingto the target,and exclude componentof other sounds
that don't followthe samemovement Differently modulatedsoundsshouldbe
easyto segregateand perceiveas separateentities. This idea, originally put
forward by Helmoltz (1885), has become especially appealingwithin the
frameworkof Auditory SceneAnalysis (Bregman,1990), asa prime example
of grouping by "common fate".
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Experimentationwith mixtures of harmonic and inharmonic vowels has
failed to confirm the first expectation.According to that expectationa target
vowel mixed with a competingvowel should be less easyto hearif it is
inharmonicratherthanharmonic.This is not the case.The targetis however
easierto identify if the competingvowel is harmonic,ratherthan inharmonic
(Summerfield and Culling 1992, Lea 1992, de Cheveignéet al. 1995,
1997a,b).To take a visual analogueijt is asif objectsof any texture were
visible againsta striped background,but striped objectsthemselvesvere not
particularly conspicuous, whatewe textureof the background. Indeed,if a
targetis harmonicand hasthe sameF(Q as a competingsound, the benefit of

harmonicity of the competitas lost. This explainsthe low identificationrates

observed afAFp=0% in double-vowel experiments (Scheffers 1983).

Likewise, the secondxpectatiorhasfailed to be confirmedexperimentally.
Identification of a harmonic target may indeed be enhanced whemdtdslated
incoherentlywith a harmonicmasker,howeverthis occursonly if modulation

introducesFq differences(AFg) that would not have occurredwith coherent
modulation.If for exampleFM is superimposean a static Fg difference,so

that the averag@Fo remains thesame thereis no differencebetweencoherent

modulationand incoherentmodulation(Summerfield1992). Subjectsdo not
seemto take advantageof the common movementof target partials, or its
incoherence withhe background Carlyon (1991) showedthat subjectscannot
detectcoherentmodulationof two partials, unlesstheir frequenciesform a
harmonicrelationthat incoherentmodulationwould disrupt. He arguedthat if
the cue cannotbe detectedjt cannotbe usedto group partials belongingto a
target.Effectsreportedby Wilson et al. (1990) and Cohenand Chen (1992)
seemedo contradictthis conclusion,but Carlyon (1994) showedthat they
shouldbe attributedto differencesin harmonicity,combinationtones,or beats
that co-occurwith incoherentFM, ratherthanto a mechanisnthat compares
modulation patterns of partiatecrossdrequency.Neverthelessf-urukawaand
Moore (1996) found that detection of {iesenceof FM on pairsof puretones
(as opposed to detection of the coherenaaadulationbetweernthem) benefits
from accross-frequency integration of information, degendon whetherthe
modulationis coherentor not. This implies that FM coherenceshould be
detectable between components just above their modulation threshold.
Summerfield(1992) reasonedhat FM effects might be observablewhen

harmonicity cues due to FM-induced AFQ are reduced. He measured
identification thresholdsfor synthetic vowels in the presenceof vowel-like
maskers. For staticharmonictargetsand maskersthresholdswere lower for
different Fps than forsameF(Qs, but modulatingeitherthe maskeror the target
gave nofurther benefit,as notedearlier. For inharmonictargetsand maskers,
however, a modulated target with a static competitdthavea lower threshold
thana) a static target, whateverthe competitor,b) a modulatedtargetwith a
modulatedcompetitor. In the latter casenitadeno differenceif the modulation
of the competitor was coherent with that of thegetor not. This appeardo be
a genuineFM effect: harmonicitycueswere absentor weak, as evidentin the
fact that static targetswith modulatedcompetitors showed no lowering of
thresholds. However is not what one would expecton the basisof grouping
by commonfate of targetpartials:a) A static target mixed with a modulated
competitorreapsno benefit, nor does a modulatedtarget with a modulated

competitor, despite incoherence of modulation. b) The target componeamis do

need to be modulated coherently for the effect to occur (Culling and
Summerfield 1995).

Summerfield(1992) suggestedhat the target modulation effect could be
explainedby FM-inducedamplitudemodulation(AM) arising on the skirts of
peripheralauditory filters nearthe formant peaksof the target. AM would
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signal the presence of the formants among relatstebngerstatic correlatesof
the masker. Suchis not the casefor a modulatedmasker,becausehe strong
AM pattern that occurs all over the spectrum is haafliigctedwhenthe weaker
targetis present.However, Marin and McAdams investigatedin detail the
nature and effectiveness of FM-induced AM cues. Subjects matchtmiritent
frequency of a harmonic one-formant sound embeddedin a harmonic
background. AM cueswere restrictedto those producedby partials moving
along the skirts of peripheral filtersy using“flat" formantscomprisedof two
or three adjacent harmonics, and maskersfor which the corresponding
harmonicswere absent. Using a computersimulation of peripheralfiltering,
they estimated the amouot FM-inducedAM producedwithin eachchannelat
threshold. They comparedthis to the amount of modulation produced at
threshold in a similataskin which formantswere amplitude-modulatedather
than frequency modulated. The amoahmodulationproducedin the FM task
was far below thatrequiredin the AM task, from which they concludedthat
FM-induced AM wasotthe cue used by their subjects. They suggestedhnat
cue might involve beat patterns caused by the interaction of adjacent
componentsmistuned from a harmonic ratio, rather than simply close in
frequency. Such interactions do not modulate the envelope of filter outputs.

Thus it appearghat the increasedntelligibility observedwhen competing
speakers have different intonation patterns (Cherry 1953, Brokx and
Nooteboom 1982) results from two mechanisms:

1) InstantaneousFQ differences allow harmonic portions of an

interfering voice to be suppressedSummerfieldand Culling 1992, de
Cheveignéet al. 1995, 1997a,b). Without them, targets would be
suppressedogetherwith the masker. FM of the maskeris actually
detrimental in reverberantconditions, becauseperiodicity is smeared
(reflected sounds arriving at the eae producedat variousphaseof the
FM) (Culling etal., 1994). Modulatedtargetsare not adverselyaffected
by reverberation, which reinforces the conclusion that Fo-guided
segregatiordoesnot operateby enhancementf harmonic targets, but
rather by suppression of harmonic interference.

2) Frequency modulation oftargetmay induceamplitudemodulation
or beatsin spectralregionsimportantfor the identification of a target.
This is of benefit only if the masker is statatherwisemodulationwould
occur in all regions) and inharmonic (otherwisethe maskercould be
suppressedby more effective harmonic cancellation).FM-induced AM
ariseswhether partials of the target are modulatedcoherentlyor not,
which explainswhy the benefitis the samein both cases(Culling and
Summerfield 1995).

In additionto thesetwo mechanismghat affect identification directly, FM
affectsperceptionin other ways. McAdams (1989) and Marin and McAdams
(1991) presentedsubjectswith "triads" of vowels synthesizedwvith Fgs in a
ratio of 1.33,andaskedthemto ratethe "prominence"of eachvowel. Vowels
were judgedto be more prominentwhen they were modulated,particularly if
the othertwo vowelswere not modulated. When the two competingvowels
weremodulated,it madeno differencewhetherthe modulationwas coherent
betweenall threevowels, or incoherent. This patternresembleghat observed
by Summerfield(1992): the mistunedpair of competingvowels in Marin and
McAdams' experimentis similar to the inharmonicmaskerin Summerfield's
experiment,and prominenceratings and identification ratesdependon target
and masker modulation in a similar fashion, as noted by Culling and
Summerfield (1995). One difference is that, whereas masker modulation
eliminatedthe effect of targetmodulationin Summerfield'sexperimentjt only
reduced it in Marin and McAdams's.
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Thereis alsoevidencethat FM may affect the numberof sourcesperceived
(Gardneretal. 1989, McAdams 1984). Paradigmssuch as concurrent-vowel
identification tasks (Scheffers,1983) are not sensitiveto multiplicity cues,
becausesubjectsare requiredto reporttwo vowels whateverthe stimulus. A
modified taskthat allows one or two responsegor eachstimulus allows the
taskto be sensitiveto suchcues(de Cheveignéet al. 1997a,b).This provided
the motivation for the present experiment which @esignedo be sensitiveto
a varietyof hypotheticalmechanism$y which FM might affect the perception
of speech.

B. Experiment

In this sectionwe first outline somedifferencesbetweenour paradigmand
the conventionalconcurrentvowel identification paradigm.We then describe
our stimuli and synthesismethods,and the set of conditionsselectedfor the
experiment. Finally, we list seriesof hypotheticalmechanism$y which FM
might affectperceptionof concurrentvowels. Eachis associatedvith specific
"predictions” concerning the outcome of the experiment.

1. Design

The experiment was based on the conventional concurrent vowel
identification paradigm (Scheffers,1983; Assmannand Summerfield, 1990;
Culling and Darwin 1993), with threemodificationsdesignedo makeit more
sensitive and versatile (de Cheveigné et al. 1997a,b):

Stimuli were scoredwice, oncefor eachvowel within the pair (Lea 1992).
Each vowel in turn was nominatedthe "target", and the outcome of its
identification was recorded according to the natfréhat vowel andthat of the
other vowel (the "competitor"). Roles of target and competitor were then
reversed, leading to two scores per stimulus. This procedure yields
"constituent-correct'rates insteadof the conventional "combination-correct
ratesthat count trials for which both vowels were correctly identified. It is
conceivable that some cue might affect eaoWwelsin a differentdirection,and
lead to a null effect on combination-correct scor@s.elseone vowel might be
systematicallymis-identified, maskingeffects affecting the other. Constituent-
correct scores remain sensitive in both cases. Theyabdso effectsspecificto
asymmetric configurations (for example a modulated vowel with an
unmodulated competitor, etc.) to be investigated.

The stimulus set contained both single and double vowels, and swigzets
requested toeportone or two vowelson eachtrial (ratherthanthe two-vowel
responsdypically requiredin suchexperiments).Both the identification rates
and the two-vowel responserates are thus sensitiveto cues that signal the
presence afmultiple sourcesvithin the stimulus. Thetaskis typical of natural
situations where the number of sources to attend to is not known a priori.

An amplitude mismatch of 15 dB was introduced betweenvowels, to
enhancehe sensitivity of identification of the weakervowel to conditions of
interest. This is alsotypical of natural situations,in which competingvoices
rarely sharethe samelevel. Identification scoresfor the strongervowel are
usually perfect and therefore discarded.

2. Subjects
There were 10 japanese and 12 french subjects.
3. Stimuli

Syntheticvowels representedhe five vowels/a/, /i/, /el, /o/, /ul of French
(french subjects)or of Japanes@apanesesubjects). Formantfrequenciesand
bandwidthsarelistedin Table1l. Vowel tokenswere270msin durationwith
onset and offsets shaped B§ ms raised-cosingamps(250 ms between-6dB
points). Fundamentafrequenciesvere eitherconstantat 124, 128 or 132Hz,
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or sinusoidallymodulatedaroundthesevalueswith a peak excursionof 3 %.

Double-vowels could thus be synthesized vliffps of approximately0%, 3%
and 6%. The modulation rate was 4 Hz, andpiseod of modulation(250 ms)
was thereforeequalto the effective durationof the stimulus. The modulation
hadeithera "u" shape(cosinephase),or a "n" shape(oppositephase). The
unmodulated(static) stateis noted"_". Tokenswere also synthesizedwith
partials following an inharmonic series obtained by randomly shifting the
frequencyof each partial of a harmonic seriesby -3%, 0% or 3%. These
conventions ensure, at least for static stimuli, that all beats ocaunuaitiple of
4Hz, and thus complete an integer number of periods within the 250ms
stimulus. The long-termspectrumthus doesnot dependon starting phase(de
Cheveignéet al. 1997b). Additional componentsntroducedby FM also have
4Hz spacing, so this property is preserved. All stimuli startedvititthe same
"random" phase (pattern "R" used by de Cheveigné et al. 1997b).
The"FQ" of aninharmonicvowel is definedasthat of the harmonicvowel

beforeshifting. The sameinharmonicpatternwas usedfor all vowels and all
Fos. Vowels were synthesized at a sampling ratsbd€Hz in doublefloating-

point precision,using an implementationof Klatt's synthesizer(Klatt 1980,
Culling 1996). After synthesis, all single vowtekenswere scaledto the same
RMS value and storedon disk in floating point format. Double vowels were
created'on thefly" during the experimentoy taking two single vowel tokens,
scalingone by a factor of 15 dB, adding them, and scaling the sum to a
standardRMS value. The resultwas convertedto short integer and output
diotically to earphonesat a level between 63-70 dB as measuredby a
Bruel&Kjaer artificial ear (soundlevel metertype 2231, half-inch microphone
type 4134).

Table 1. Formant frequenciesand bandwidths used for synthesizing
JapanesgHirahara and Kato, 1992) and French (Boe et al. 1993)
vowels.

lal lel I lo/ u/ BW

P fr p fr P fr P fr p fr

F1 | 750 | 742 469 | 395 |281 |252 [468 [399 [312 [276 |90

F2 [1187]1266]| 2031]| 2027|2281 2202] /81 |829 |1219[ /33 [110

F3 [2595]2330] 2687| 2552|3187 3242] 2656| 2143| 2469[{21/1{17/0

F4 13781 3457|3375]| 3438| 3781| 3937] 3281 3445] 3406] 3506 250

F5 14200[4200]4200] 4200{4200] 4200] 4200{ 4200] 4200]| 4200{ 300

4. Conditions

The stimulus set containedboth single vowels and double vowels. The
single vowels conditionswere those describedin the previous section. For

double vowels, subsetof 16 conditionsof AFg and modulationwas selected

from a total of 108 o0ssibleconditions((3 AFps) x 2 (targetharmoniciesX (3
target modulatiorpatterns)x (2 groundharmonicities)x (3 groundmodulation
patterns)).The subsetwas designedto allow all the hypothesedo be tested
while keeping the number of stimuwiiithin reasonabldimits. In all casespoth
vowelswithin a pair havethe sameharmonicity state, either harmonic(H) or
inharmonic(l). The notationx/y indicatesthat the target (weaker vowel) is
modulatedn statex while the competitor(strongervowel) is in statey. For
example” /m" signifies a static target with a modulatedcompetitor. When
necessary, the shape of modulation ("n" or "u") may be specified, aastied

AFQ andharmonicstate.For example"H3_/n" specifiesthat the competitor's
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modulation waveform washapedasan "n", both vowelswereharmonic,and
the AFg was 3%. Conditions are:

» Both harmonicAFg=0% (HO0). Modulation: / , n/n and u/u.

* Both harmonicAFQ=3% (H3). Modulation:all combinationsof _,
nandu (_/_, n/n, u/u, nlu,un,n/_,ul/_, In, [u).

* Both harmonicAF9=6% (H6). Modulation: _/ .

* Both inharmonicAFQ = 3% (13). Modulation: _/ , /n,n/_.
Thereasondor chosingthis particularsubsetwill becomeapparenin Sec.
5, that describeshypotheticalmechanism®f sensitivityto FM. Thesel6 AFQ
and modulationconditionswere crossedwith all 20 orderedpairs of distinct

vowels. They were also crossedwith 2 valuesof absoluteFg (at AFQ=0) or

absoluteFg order (at AFg # 0). In otherwords, eachconditionwas repeated
with the assignment ofgs to vowels reversed. From previceperimentsve
expected no effect of absolutg, but we wishedto avoid the possibility that a
subject might associate a particutanditionwith a particularabsoluteFg. An

exception to thisule was madefor conditions3_/nand3n/_: the unmodulated
vowel (_) alwayshadthe lower F(, so the two vowels startedand stoppedat

the same @ For 3_/u and 3u/_ thenmodulatedsowel was the higherone, so

both vowels again started and stoppedtogether. The justification of this
exception is explained in Section XXXX (hypotheses 7 and 8).

At a nominal AFQ of 3%, the instantaneou#é\Fg for conditions(_/ , n/n,
u/u) is constantand equal to 3%. For conditions(n/_, u/_, /n, _/u), the

instantaneoudFQ variesbetween0 and6%, but its averageremainsequal to
3%. In conditions (n/u, u/n), thepFracks crossndthe averaganstantaneous

AFQ is slightly greater.

The stimulus set thus comprised640 double vowel conditions. To these
wereadded(3 Fgs) x (3 modulationpatterns)x (2 harmonicity states)x (10
repetitions)= 180 single vowels. The single vowels allow us to control for
effects specifido the vowels themselvegatherthantheir combinations. Their
relatively large number ensuresthat the stimulus set is consistentwith the
description madéo the subjects.The total stimulussetcomprised820 stimuli,
presented in a single session.

Subjects were seated in a sourehtedboothor room (at ATR for japanese
subjects,at IRCAM for french subjects).They were seatedin front of a
computerscreenthat gave instructionsand prompts, and they respondedby
meansof the keyboard. They wereinformedthat eachstimuluscould contain
one or two vowels, anthey were instructedto pressoneor two keys(a, e, i,
0, u) accordingto what they heard. Pressingthe return key recorded this
responseandtriggereda new presentationSubjectswere allowed to interrupt
the sessionat will by pressing"Q" insteadof an answer.In this case,the
stimulus precedingthe pausewas presentedagain after the pause. Sessions
took between 40 and 90 minutes to complete.

5. Hypotheses

The stimulus set allows a range of hypothesedo be tested. Some are
mutually exclusive. Others contradict curr&nbwledge but were nevertheless
included according to the principle of "suspension of disbelietheropethat
the experiment may reveal unexpecsdfidcts. For eachhypothesisve present
the experimental outcomes that it predicts.
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1) The presenceof FM within a stimulus increasesthe impressionof
multiple sources. This assumptionis reasonablesince FM can be
interpretedas a form of inharmonicity. Double-vowelresponseshould
be evoked moreften for stimuli that containmodulatedconstituentghan
for thosethat don't. If we denote"N(condition)" as the proportion of
double-vowel responses for that condition:

N(H_) < N(Hn, Hu), N(I_) < N(In, lu) (single vowels)

N(HO_/ ) < N(HOn/n), N(HOu/u)

N(H3_/ ) < N(H3n/n, H3u/u, H3n/u, H3u/n, H3n/_, H3u/_,

H3_/n, H3_/u)

N(I3 /)< N(|3n/ 13_/n)
2) The presenceof FM within a stimulus decreaseghe impressionof
multiple sources This assumptions reasonabléf one assumeshat FM
reinforces the cohesion of coherently modulated partials. This mighebe
case particularly for inharmonic vowels that ladhesion Predictionsare
oppositethoseof the previoushypothesis.If we add the restriction that
modulation must be coherentamong all partials (not just within each
constituent vowel), then the predictions are reduced to:

N(H_) > N(Hn, Hu), N(I_) > N(In, lu) (single vowels)

N(HO_/ ) > N(HOn/n), N(HOu/u)

N(H3_/_) > N(H3n/n), N(H3u/u)
3) Identificationis betterif the competitoris static rather than modulated
For examplethis might be the caseif a) segregatioroccursby harmonic
cancellationof the competingvowel, andb) the Fg estimationprocessis
somewhat sluggish (Moore and Sek, 1996):

[((H3n/_) > I(H3n/u, H3n/n)

[(H3u/_) > I(H3u/n, H3u/u)

I(H3_/ ) > I(H3_/n, H3 /u)
4) Identificationis betterif the competitoris modulatedrather than static
For example this might be the cabestimationof the competingvowel's
Fo were easier wheib is modulatedratherthan static. Predictionsare the
opposite of the previous hypothesis.
5) Identificationis betterif the targetis static rather than modulated.For
example this might be the caseif segregationoccured by harmonic
enhancement of tharget,andif estimationof its FQ were easierwhenit
IS static rather than modulated:

[((H3_/n) > I1(H3n/n, H3u/n)

[(H3_/u) > I(H3u/u, H3n/u)

[(H3_/ ) > 1(H3n/_, H3u/ )
6) Identification is better if the target is modulatedrather than static.
Predictions of this hypothesis are opposite those of the previous one.
7) Identificationis betterif the competingvowel's modulationhasan "n"
shaperather than a "u" shape For examplethis might be the caseif
segregatloroccuredby harmoniccancellationandif Fg estimationwere

easieror more precisefor a peak of modulationthan for a dip. Pitch
discriminationhasbeenshownto be betterat peaksthanat dips of wide
modulation patterns (Demany and Clement, 1995). Modulation raigt
be less detectablefor one direction than another (Carlyon and Stubbs,
1989). Actually, an "n"-shapedmodulationhas one peak, but also two
half-dips, one at each extremity. Betterdstimation at th@eakmight be
compensatetty worse estimationat eachextremity. To avoid this, the
stimuli were designed so that, in thé and_/u conditions,the staticand
modulated vowels started and stoppéth the sameFo. For example,in
the _/n condition, the staticvowel (_) alwayshadthe lower Fg, and the

modulatedvowel (n) the higher Fg. In the _/u condition the Fgs were
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reversed, and vowels again started staghpedat unison. In the absence

of aAFQ, differences in shape at the extremities should have no effect.

9) Identificationis betterif the targetmodulationhasan "n" shaperather
than an "u" shape This hypothesisis analogousto the previous one,
replacingthe assumptionof harmonic cancellationby that of harmonic
enhancement.
In addition to hypotheticaleffectsrelatedto thesehypothesesthere are
others that we expect from previous results.
10) From results of Summerfield (1992) we expect modulaepttswith
a static competitorto be better identified than static targets with any
competitor, or modulated targets with a modulated competitor, for
example:

[((H3n/_) > I(H3n/n, H3n/u, H3_/_, H3_/n, H3_/u)
11) From resultsof conventionaldouble-vowelexperimentswe expect
identification to be better when there iABQ betweenstaticor coherently
modulated vowels:

I((HO / )< I(H3 / ,H6 /)

[((HONn/n, HOu/u) < I(H3n/n, H3u/u)
The 0% and 6% static harmonic conditions were used in previous
experiments (deCheveigné et al. 1997ajj may serveas a comparison
basis.
12) From previous experimentson harmonicity (de Cheveignéet al.

1995), we expect inharmonicity at 3% nominal AFg to degrade
indentification relative to equivalent harmonic conditions:

13/ ) <I(H3_/)

[(13n/_, 13_/n) < I(H3n/_, H3_/n).
C. Results
1. Analysis

Identification rates for double-vowels were submitted tepeated-measures

analysisof variancewith a single 16-level factor. Probabilitiesreflect, where
necessary, an adjustment of the degredeetiomby a factor that correctsfor
the inherentcorrelationof repeatedneasurement§¢Geisserand Greenhouse,
1958). The effect was significant [F(21,441)=47.32,p<.0001, GG=0.108,
and will be described idetail in in the following paragraphs.ldentification of
single vowels was essentially perfect.

Two-vowel response rates for both single and double-vowel conditieres
likewise submitted to a repeated-measures analysis of varianca siithle 22-
level factor (single vowel conditions were included, as they evoked an
appreciable number aivo-vowel responses)The single effect was significant
[F(15,315)=50.04,p<.0001, GG=0.233], and will also be describedin the
following paragraphs.

2. AFQ
The two-vowel response rate for static harmonic conditiopktsedin Fig.

1 (a) asafunction of AFQ, togetherwith datafrom equivalentconditionsof a
previousexperiment(de Cheveignéet al. 1997b). The number of responses
increases between 0 and 3% [F(1,441) = 440£3)002] and thenasymptotes
(the differencebetween3% and 6% just missessignificance[F(1,441)=6.46,
p=.059]). The target-correctidentification rate is plotted in Fig. 1 (b). It
increases betweed and 3% [F(1,315)=90.14,p<0.0001]andfrom thereto
6% [F(1,315)=6.52,p=0.044]. Effectsfor both measuresre smallerthan in
the previous experiment.
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Fig. 1 (a) Proportionof two-vowel responsesand (b) proportion of

correct responses for the targeeaker)vowel, asa function of AFQ for
staticharmonicvowel pairsin this study (filled symbols)anda previous
study with equivalentconditions (open symbols) (de Cheveignéet al.
1997b)

3. Harmonicity

Comparisons can be made betweenditionsthat exist with both harmonic
and inharmonic vowels. For single vowels, the proportion of two-vowel
responsess plottedin Fig. 2 (a) (triangles).It is greaterfor vowels that are
harmonicratherthaninharmonic[F(1,441)=48.41,p=0.0016],asobservedn
a previousexperiment(de Cheveignéet al. 1997b). In contrast,for double

vowels (conditions_/_, n/_, /nat AFp=3%), the two-vowel responseate is
smaller when both vowels are inharmonicratherthan harmonic (Fig. 2 (a),
triangles) [F(1,441)=48.28,p=.0016]. This result is understandablef one
considersthat targetsare less easyto segregatefrom an inharmonicthan a
harmonic background (de Cheveigné et al. 1995, 1997b).

Identification of single vowels is essentiapigrfectandwon't be discussed.
For of doublevowels, the targetidentificationrateis betterwhenboth vowels
are harmonicratherthaninharmonic(Fig. 2(b)) [F(1,315)=228.96 p<.0001].
From previous results (de Cheveigné 1997b) we can attribute this to tkteafact
the competing vowel is more difficult to cancel when it is inharmonic ratiaer
harmonic.
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Fig. 2 (a) Proportion of two-vowel responsesand (b) proportion of
target-correct responsess a function of the harmonicstateof the single

vowel (triangles), or of both vowels in a pair (circles).

4. Presence of FM
We expectedthat the presenceof FM within a stimulus might affect the
number ofvowelsreported eitheraugmentingt or diminuishingit, andthatit

might thus also affect identification. Fig. 3 compaxes-vowel responseaates

(a) and target-correctidentification rates (b) for comparableconditions that
differ by the presenceor absenceof FM. The differencesbetweenthe two are

not significant.
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Fig. 3 (a) Proportionof two-vowel responsesand (b) target-correct
identificationrate accordingto whetherFM is absent("none") or present
("some™) within the stimulus. Inverted triangles: (H3 /) vs (H3n/n,
H3u/u, H3n/_, H3u/_, H3 /n, H3 /u); triangles: (I3_/_) vs (I3n/_,

I3_/n); losanges(HO_/ ) vs (HOn/n, HOu/u); circles (1_) vs (In, lu);

squares: (H_) vs (Hn, Hu).

5. FM coherence

A comparisorcan be madebetweenconditionsin which the modulationis
coherent (H3_/ _, H3n/n, H3u/u) or incoherent (H3m3u/ _,H3 /n,H3n/_).
The difference infwo-vowel responseate (Fig 4(a)) missessignificanceat the
0.05 level [F(1,441)=3.67,p=0.067], but the differencein identification rates
is marginally significant [F(1,315)=8.84=0.028]:targetsare betteridentified
(59.1% vs 53.5%) when both vowels haveincoherenimodulationpatterns(or
oneis modulatedandthe other not) thanwhenthey have coherentmodulation
patterns (or are both static).
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Fig. 4. (a): Proportion of two-vowel responsesas a function of FM

coherencefor harmonicpairs at AFg=3%. Markerson the left are for

(_/_,n/n,u/u), and those on the right are(for , u/_, /n, /u). Theline
joins the meansof both groups. (b): Same,proportion of target-correct
responses.

6. FM of target

Comparisondetweenconditionsthat differ in modulation state of the
target, for example (n/_, u/_) vs (_/_), or (ndiy) vs (_/u, _/n) yeild no
significant differences.

7. FM of competitor

Comparisonsbetween conditions that differ in modulation state of the
competingvowel, for example(_/n, /u)vs (_/ ), or (n/n, u/u) vs (u/_, n/_)
yeild no significant differences. From Summerfield's (1992) resuftswould
have expectedidentification to be better for modulatedtargetswith a static
competitor (u/_n/_) might be betterthan eitherunmodulatedargets(_/ , /n,
_/u) or modulated targets with a modulatesnpetitor(n/n, u/u, n/u, u/n). No
such effect was found, either for harmonic vowels, or inharmonic vowels
(13n/_vs 13_/n).

8. FM shape
If the effectivenesof FM-inducedF(Q differenceswere dependanbn the

modulation shape, as we argued we should expéiffieaencebetween /u and
_In, or else between u/_and n/_. No difference was found betweempé#iese
or any other that differ by the shape of their modulation.
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D. Discussion

Effects of AFQ are similar to those observedpreviously, but somewhat

smallerthanwe found in a similar experimentwith equivalentconditionsand
different subjects.Inharmonicityincreaseshe numberof perceivedsourcesin

the caseof single vowels. For double vowels at AFg=3%, the tendencyis

countered by thencreasedlifficulty in suppressing non-harmoniaccompeting
vowel. A previousexperimentwith inharmonicstimuli (de Cheveignéet al.
1997b) lacked the I/l condition, and thus had not revealed this effect.

Inharmonicity also reducesidentification relative to that obtainedat AFo=3%

with harmonic stimuli. In fact it is not significantly better thanZsitg=0% with

harmonic stimuli.
Effects involving FM were either weak (coherenceeffect) or inexistent
(presenceof FM, targetFM, competitorFM, shapeof FM). IncoherentFM

resultsin larger peakvaluesof AFQ (6%) than coherentFM (3%), and this
might accounfor the coherenceeffect. Indeed,two-vowel responseatesand

identification rateswere similar for incoherentlymodulatedpairs at AF0=3%

and static pairs at 6%. Such confusion is difficult to avoid in practice.
Using inharmonictargetand maskingvowels, Summerfield(1992) found
that a modulatedtargetwith a static maskerwas betteridentified than a static
target with any maskegr any targetwith a modulatedmasker. Basedon this
result we would expectI(13n/_) > I(I3_/n). We found no such effect. A
possible explanation may lie the different definition of “inharmonic”vowels.
Partials of our inharmonic vowels were displaced#b, 0% or 3%, andthus
formedthreesparseharmonicserieswith ratherclosefundamentalsThe same
pattern of displacements was used for all vowels apall&d so partialsf an

inharmonic double vowel @tFg=3% fell on four harmoniseries. In contrast,

partial frequenciesof Summerfield's inharmonic vowels were randomly
distributedover a much wider range(-Fo/2, +Fg/2). His stimuli were also
longer (400 ms 250 ms here), and static FOs were larger (2 or 4 semitones,
against 1/2 semitone here).

From the prominenceesultsof McAdams(1989) and Marin and McAdams
(1991) we expected=M might affect the numberof sourcesheard, perhapsin
the absence of identification effects. This failed to be the case.

Overall, our experiment providet conclusiveevidencethat FM canaffect
segregation, othahaneffectsmediatedby the instantaneouslifferencesof Fg

that FM may induce.

E. Conclusion

A double-vowelidentification experimentwas designedto be sensitiveto
several hypothetical mechanisimg which frequencymodulationcan affect the
perceptionof concurrentspeechsounds. Coherentlymodulatedvowels were
slightly lesswell identified thanincoherentlymodulatedvowels, but the effect

was small and compoundedwith differencesin maximum instaneousAFQ.

Noneof the other hypothesized=M effect was found. Overall, the dataare
consistentwith the hypothesisthat segregationeffects sometimesobserved
betweenfrequency modulatedsoundsare entirely the consequenceof FM-

induced instantaneoug) Eifferences.
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