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ABSTRACT

This report describes ten experiments on concurrent vogggegation and identifica-
tion. Experiments are numbered from 1 to 10.

Experiment 1 was designed to be sensitive to a variety of tiygiiwal mechanisms
by which frequency modulation (FM) might affect identificat. The results were
mostly negative, in the sense that no effect was found thadaoot be attributed to
other factors. The only "FM effect" observed was that idé#iion was better for in-
coherent than for coherent modulation. However this effiexgt small, and one cannot
rule out that it was caused by unavoidable differences imptttern of instantaneous
AF, between FM conditions.

Experiment 2 explored the identification of 3 concurrent gtsivAs for in the case
of 2 concurrent vowels, a difference iy between vowels aided identification.

Experiment 3 explored the effects &Af, and amplitude differences between vow-
els over a relatively wide range. Presence aklB, helped identification when the
target/competitor amplitude ratio was low (down to -25 dBh)e effect disappeared
at -35 dB. In general identification was better at 3 % than at, ®dbthere was little
difference betweer\Fo, = 3 %, 6 % or 12 %. One might have expected lardérs
to be more effective at low target amplitudes. Such was reot#se.

Experiment 4 explored the region of very smalF,s, while controlling for phase
effects and beats. As it turned out, the smalls&, used, 0.375 %, was sufficient to
cause segregation. This did not seem to be the consequeheatgiatterns caused by
theAFo.

Experiment 5 explored\F, effects at short durations (125 and 62.5 ms), while
again controlling for phase effectaF, effects were somewhat weaker at 62.5 and at
125 ms than at 250 ms, but they were still quite large and fogmnit.

Experiment 6 attempted to find evidence for harmonic enhraeoé Double-vowel
stimuli were divided into two short pulses separated byensi. Thd-s of the target
and competitor shared the same value in the first pulse, andlomother or both could
differ from this value by 6 % in the second pulse. It was expédthat a jump in target
Fo might impair harmonic enhancement and reduce the identiditaate. No such
effect was found.

Experiment 7 reproduced the 3-vowel experiment with a 3eldarced response
task, instead of the 1,2 or 3 response task of Exp. 2. The &irced response
task is less affected by "multiplicity” cues. A comparisatween Exp. 2 and Exp. 7
allows other cues to be factored out, so the role of multigylzues can be assessed.

Experiment 8 was an extension of Exp. 4 to even smallEgs (0.1 and 0.2 %).
An additional intervowel phase relation (antiphase) was ahcluded. As in Exp. 4,



effects of AF, were observed at 0.8 and 0.4 % (equivalent to the 0.75 and Q@7
conditions of Exp. 4) but not at 0.2 or 0.1 %. Phase (same phasatiphase) had
little effect at 0.2, 0.4 or 0.8 %. It had some effect at 0 arid%.

Experiment 9 investigated the effect of formant bandwidtlsegregation. Formant
bandwidth is known to have surprisingly little effect on vewdentification, but it
affects the "peakiness" of the spectrum and so is likely tecatthe way a vowel's
features emerge from the spectrum of a concurrent vowel gaich was indeed the
case: in general a vowel was much better identified if its forbbandwidths were
narrower than normal (by a factor of 2), rather than widentharmal (by a factor
of 2). Somewhat unexpectedly, identification was bettendf interfering vowel had
wide bandwiths rather than narrow. Narrowing the formamichédths of a vowel has
effects similar to raising its RMS amplitude.

Experiment 10 attempted to find evidence of harmonic enhmene (improved
identification based on the harmonic structure of a targethbasuring identification
of static or frequency modulated diphthongs (sequentiaklpairs) that were partially
masked by a noise (harmonic or inharmonic) with a vowel-$igectrum. Enhancement
was expected to cause better identification of targets witfaticF,. No such effect
was observed.

1 Introduction

A previous series of experiments carried out at ATR (de Cigeve1995, 1996, 1997,
de Cheveigné et al. 1995, 1997a,b) used the concurrent vderification paradigm
to study effects ofAF, amplitude differences between vowels, and phase. Thsiclas
paradigm was modified in several ways: a) a systematic iotegl/level mismatch
was introduced to avoid ceiling effects, b) the task allowee or two responses per
stimulus (rather than two-vowel in the classic task), thakimg it sensitive to cues that
signal the multiplicity of sources within a stimulus, ¢) vels within the stimulus were
scored separately rather than together, resultirapirstituent correcscores sensitive
to factors that affect constituent vowels asymetrically.

A motivation in designing these experiments was the hopehlkanodified paradigm
might bring new insight to issues for which experimentati@s so far yielded puz-
zling or unconclusive results. Such is the case of FM (freguenodulation). We also
wished to investigate new issues (such as the perceptioro than two concurrent
sources), and the effects of certain parameters (amplitaide AF,) in ranges hitherto
unexplored.

Some of the ten experiments are related to each other, senm@trSome are rela-
tively straightforward. Others involve complex issuespmplex design, or a complex
pattern of results. They are not necessarily describeceioldarest possible fashion in
this report (hopefully they will be in future papers). Thader is warned of the risk of
"information overload".

After an initial section on methods common to all experirsepich experiment is
described in more or less self-contained fashion. The Idaifithe statistical analyses
are all grouped in an appendix at the end of the report. No B-levels are reported
in the body of the report.



2 General Methods
2.1 Subjects

There were four subsets of subjects:
1. 5 Japanese subjects (ATR staff) each performed a seddiperiment 1.

2. 15 Japanese subjects (students, 7 male and 8 female, &ge®2 years, paid
for their services) each performed a session of Experimkengs 3, 4, 5, 7, 8,
and 10. They also performed preliminary versions of Expenita 6 and 9.

3. 15 Japanese subjects (students, 8 male and 7 female, &ge®2 years, paid
for their services) each performed a session of Experinigrés7 and 9.

4. 12 French subjects each performed a session of Experiinémning stimuli
based on French vowels, but otherwise equivalent to thosd s Japanese
subjects).

In summary, Experiment 1 (on FM) was run with a total of 32 setyg (20 Japanese,
12 French). Experiments 2 and 7 (on triple vowels) were ruth 8 subjects. The
other experiments were run with 15 subjects.

2.2  Stimuli

Stimuli were either single, double or in some cases triplgels. Vowels were syn-
thetic tokens of the five vowels /a/, /i/, Iul/, lel, lo/ of Jagse (or, for the 12 french
subjects in Exp. 1, of French). Formant frequencies andwalds for Japanese are
listed in de Cheveigné et al. (1997a, Table I), and for batlgleages in de Cheveigné
and Marin (1996). Vowel tokens were obtained by additivetlsggis using a soft-
ware implementation of Klatt's synthesizer (Klatt, 198Qlihg, 1996) at 20 kHz with
double floating point precision. They were 270 ms in duratigith onsets and off-
sets shaped by 20 ms raised-cosine ramps, leading to awcti\effeduration of 250
ms between -6dB points. Starting phases were set to a "rdhgattern that was the
same for all conditions and experiments (pattern "R" of deveélgne et al. 1997b).
Fundamental frequencieB{) ranged between 124 and 140 HEqs were static for
all experiments except Experiments. 1, 6 and 10, where tbeldde either static or
modulated. Vowels were always harmonic, except in Exp. lrevtieey were either
harmonic or inharmonic.

After synthesis, all single vowels were scaled to a standalvalue and stored
on disk in single precision floating point format. During tsgeriments, double and
triple vowels were created "on the fly" by adding single vawn(elentually with a level
mismatch), and setting the sum to a standard rms value. B{smgle, double or triple
vowels) were converted to 16 bit integer format and outpaoticilly to earphones from
the NeXT. The gain was adjusted so that the sound presswaiedas in the range 63-
70 dB(A), as measured by a Bruel& Kjaer artificial ear (sousmakl meter type 2231,
half-inch microphone type 4134, flat coupler plate).

2.3 Experiment design and task

In most cases, the experiments used the conventional aem¢wowel identification
paradigm (Scheffers, 1983; Assmann and Summerfield, 1980in§G and Darwin
1993), with the following three modifications (de Cheveigtél. 1997a,b):



¢ Each stimulus was scored as many times as it contained vo8atgle vow-
els were scored once, double vowels twice, and triple votheée times. When
scoring a stimulus, each vowel in turn was nominated thgétér The target was
deemed identified if its name was among the vowels reportatidogubject for
that stimulus. This outcome was recorded according to ttgeta nature, and
the nature of the other vowel or vowels that were mixed witidbmpetitors").
Roles of target and competitor(s) were then exchangedjngad as many
scores per stimulus as there were vowels. This proceduldegiéconstituent-
correct” rates, rather than the more commonly used "cortibm&orrect" rates
that count trials for which all vowels are correctly idergtdfi Constituent-correct
rates are possibly a more sensitive measure. For exampédfean might affect
each vowel of a pair in a different direction, leading to almffect in terms
of combination-correct score. The constituent-correstescemains sensitive in
this case. Effects of asymmetric configurations (for exangpinodulated vowel
with an unmodulated competitor, etc.) may also be investjm detail.

e For all experiments except 7 and 10, subjects were alloweéeptort a variable
number of vowels on each trial. In general the stimulus seluded stimuli
made up of a variable number of vowels, and subjects werened of that fact.
This is typical of natural situations where the number ofrses to attend to is
not known a priori. The number of vowels reported is a measeresitive to
"multiplicity” cues.

The stimulus set of Exp. 2 contained single, double anderniplels, and the
subjects could answer 1, 2 or 3 vowels for each stimulus. fimikis set of Ex-
periment 7 contained only triple vowels, and subjects hadport three vowels.
Stimuli of experiment 10 were partially masked diphthoraggl the subject had
to report both vowels in each diphthong.

¢ In general, an amplitude mismatch was introduced betweemligato enhance
the sensitivity of identification of the weaker vowel to cdtiwhs of interest. This
is typical of natural situations in which competing voicesely share the same
level. Identification scores for the stronger vowel werealisuperfect and were
ignored.

Subjects were seated in a sound treated booth or room, indfarcomputer screen
that gave prompts and instructions, and they responded bpsnaf a keyboard.

2.4 Data analysis

Data were analyzed using repeated-measures ANOVA. Thigasaompares the av-
erage effect (main effects or interactions) with the vatighof the effect between
subjects. It is thus insensitive to effects that are speaiflg to certain subjects.

Each experiment was designed as a combination of simpleriements sharing
certain conditions. This was to avoid repetition of commonditions in the interest
of economy. Analysis of variance was performed on subsetseofiata. There was
usually some overlap between subsets.

Each experiment involved a rather large number of testsyatid10 experiments
in all, the probability of a false positive is rather large.e\tveat the F- and p-levels
produced by the ANOVASs and contrasts as descriptive quesitand we do not attempt
to apply corrective factors. We leave it to the reader to stdjis or her confidence in
the significance of these results. Caveat lector!



3 Experimentl: FM

3.1 Motivation

Frequency modulation (FM) has been cited as a prime exanfplgommon fate" in

Auditory Scene Analysis (McAdams, 1984; Bregman, 1990Jti&la that are coher-
ently modulated "move together" accross the spectrum, hodld@ stand out if the
background is static, or is modulated incoherently withtdrget. In a striking exper-
iment cited by McAdams (1984), vibrato made a sound "pop &ath a harmonic
background of same periodicity.

Careful experiments have shown that the effect of FM canllysba explained
by the instantaneousF, that is induced by the modulation (Summerfield, 1992; Car-
lyon, 1991; Culling, Summerfield and Marshall, 1994; Cidland Summerfield, 1995;
Marin and McAdams 1991). However it is difficult to acceptrihare no effects spe-
cific to modulation per se, because:

e The "common fate" model is appealing.

e FM (vibrato) is commonly used by musicians, and it is logicaguess that its
role to enhance segregation of the part played by the muasigan the musical
background.

e It is conceivable that previous experiments failed to reviea effects of FM
because of lack of sensitivity, because other effects (agdiarmonicity) were
overwhelming, or because the experimental context somébimed subjects to
ignore FM-based cues that would nevertheless be used indayelife.

e Certain genuine FM effects have been demonstrated (seesdeighé and Marin
1996 for a discussion).

Experiment 1 was designed to test for a wide range of imagdgrfalld-based mech-
anisms, using a relatively sensitive paradigm. In this wayheoped to reveal effects
that had previously escaped detection. Failing that, apgasing that our efforts were
convincing, our lack of success would be evidence that thpothesized effects do
not exist. We would then be relatively confident that the higpees that predicted
them were false. According to this logic, we give their chatwsome hypotheses that
are a priori unlikely, given current knowledge, to make dinat "no stones were left
unturned". The reader is warned that the set of hypothesathier heteroclite.

As it turned out, most hypotheses were not supported by ttae taorder for this
negative result to have some value, we must explain in detajyl each mechanism
mighthave been effective, and how the experiment was designezldersitive to it.

Hypotheses were:

¢ Modulation of the target affects its identificatidfor example, suppose that seg-
regation of targets occurs according to a mechanism thaitaerto their period-
icity. If modulationaids F, estimation, then identification should be improved.
If it hinders |y estimation, then identification should instead be impairbd
both cases we expect an effect specific to target modulation.

¢ Modulation of the competing vowel affects identificatiothaf target There is
strong evidence that segregation occurs according to aanesh of harmonic

IHarmonic segregation hypothesis - So far we have no evidiatéhis hypothesis is true.



cancellation that suppresses the competing vowel. Grahigdand supposing
that modulation of the competing vowel aids estimation ®fif, identification
should be enhanced by modulation. If instéadestimation is hindered by the
modulation, identification should be impaired. In both case expect identifi-
cation of a target vowel to be affected by modulation of theeidhat competes
with it.

¢ |dentification depends on the shape of modulation ("n" v9."Wemany and
Clément (1995) demonstrated that pitch discriminationezls in modulation
is better than that of dips (at least for wide modulation aragés). It is conceiv-
able that a similar asymmetry might affect thgestimation step that is required
for segregation. Identification might thus depend on thestaf target mod-
ulation (in the hypothesis of harmonic enhancement), orstigpe of ground
modulation (in the hypothesis of harmonic cancellation).

¢ Modulation might affect the number of vowels reporded thus indirectly iden-
tification. For example modulation might make the stimulusreninharmonic
(because FM produces sidebands) and increase the numioeiroés perceived.
Or it might instead enhance the "cohesion" of the stimulus, decrease the
number of sources perceived. This latter effect, supposiegists, might be
stronger for inharmonic vowels that "lack cohesion", aretéfore tend to evoke
the perception of multiple sounds.

¢ Auditory Scene Analysis theory (Bregman 1990) leads uspeetxthaincoher-
entmodulation of target and competitor might provoke the petioe of more
sources, and thus indirectly lead to better identification.

¢ Results obtained by Summerfield (1992) for pairs of inharmeowels lead us
to expect that identification might be better fomadulatectarget on arstatic
ground, rather than, either a static target (whatever thergt), or a modulated
target on a modulated ground (whether the ground is modltaiberently or
incoherently with the target).

The stimulus set was designed to test all of these hypothgkesany additional un-
forseen mechanisms that they might trigger. We were thasively confident at the
outstart in our chances of finding real FM effects.

3.2 Stimuli

The stimulus set contained both single and double vowetgy|&vowels were synthe-
sized at average,s of 124, 128 and 132 Hz. Vowels could thus be paired wikh s of
0 and approximately 3 and 6 %, was either constant, or else modulated with a single
cycle of a cosine-shaped modulator. Peak modulation was &¥rdximately 4 Hz),
and the modulation rate was 4 Hz. Modulator phase could bereibsine, denoted as
"u", or its opposite, denoted as "n" (unmodulated vowelsdamoted as " _"). Vowels
were either harmonic or inharmonic. Inharmonic vowels wargined by randomly
shifting each partial frequency of a harmonic vowel by -3r@ &6 (approximately 4
Hz). This "random" pattern of partial frequencies was thmes#or all repetitions of all
inharmonic vowels, whatever tle .

This choice ofs, inharmonicity pattern, and FM rate ensured that all camepts
(including those induced by the FM) were multiples of 4 Hxeirse of the duration of
the stimulus (250 ms between -6 dB points). The stimulus Wwas &ctually periodic



with a period equal to the stimulus duration. This allows @dvecontrol of the effect
of starting phase on the long-term spectrum magnfude

Single vowel conditions were all 18 combinations bf, (= 124, 128, 132 Hz) x
(harmonicity = I, H) x (modulation shape = _,n,u). Each wgseeted twice for each
of the 5 vowels, leading to a total of 180 single vowels witthia stimulus set.

Double vowels were formed by adding single vowels with allevismatch of 15
dB. One vowel (the "target") was thus weaker than the othd5gB. Identification of
the stronger vowel ("the background") tended to be perfedtherefore uninteresting.
We measured only identification of the weaker vowel.

Ignoring the order of, (low vs hi), there are a priori 108 possible double vowel
conditions: (3AFs) x (2 target harmonicities) x (2 ground harmonicities) xd®et
modulation shapes) x (3 background modulation shapes)s Sétiis too large to be
practical. We therefore selected a subset of 16 condititatsatre sufficient to test our
hypotheses. These conditions were (notation X/Y indicttes X is the state of the
target or weaker vowel, and Y that the stronger or competovgel):

e (harmonicity = H/H) x AFq = 0) x (modulation = _/ _, n/n, u/u). The instanta-
neousAF, is everywhere 0.

cormpetior

/ n/n u/u

e (harmonicity = H/H) x AF, = 3%) x (modulation = _/_, n/n, u/u, n/u, u/n,
n/_, u/_, _/n, _/u). All combinations of target and compuetinodulation are
included. For conditions _/ , n/n and u/u, the instantasédty, is constant and
equal to 3%. For conditions (_/n, /u, n/_, u/_)itis vareabut equal to 3% on
average (it starts at zero, peaks at 6%, and ends at zero)xoRditions (n/u,

2The long-term spectrum magnitude was independantofrsggptiase of all partials that did not coincide.
It depended on the phase of partials that did coincideAAt = 0 with coherent modulation, all partials
coincided. Phases being the same for all vowels, partialeddip in phase, and so the spectrum was
independent of starting phase. At~, # 0, for static vowels, no partials coincided, so the spectwas
again independent of starting phase. However, in the cas®dfilated vowels, each partial was "split" into
a series of partials spaced by 4 Hz, and the compound spetiiusepended on starting phases in a way
that is unfortunately difficult to predict or control.



u/n), theF, tracks cross and the averagdé-, is somewhat larger than 3 %.

<

n/u

u/n

N\

e (harmonicity = H/H) x AF, = 6%) x (modulation=_/ ).

6%

e (harmonicity = I/1) x AFy = 3%) x (modulation=_/_, _/n,n/_).

both inharmonic

— ~ SN\

_/n

These 16 conditions were crossed with 20 ordered vowel paiveels within a pair
distinct). They were also crossed with two values of absdfgtor Fy order. From
previous experiments we expected no effect of this factarne wished to avoid the
possibility that a subject might associate a particulardéion with a particular=g.

An exception to this rule was made for conditions H3_/n and/MH3theunmodulated
vowel (_) always had thiewer Fy, so theF, s of both vowels started and stopped at the
same value. Likewise, in conditions H3u/_ and H3_/u the whmhated vowel had the
higherFq, again so that th&, tracks of both vowels started and stopped at the same
value

The stimulus set thus comprised (16 interesting condi}inr{g Fys) x (20 vowel
pairs) for a total of 640 double vowels. These were mixed oamg with the 180 single
vowels for a total of 820 stimuli. These were presented imglsisession that typically
took 40 to 90 minutes to complete.

3This convention was intended to make it easier to interpossible differences between "u" and "n"-
shaped modulation. A "n"-shaped modulator has one maxinbutrglso two "half* minima, at onset and
offset.F estimation at these points might might also depend on médnlshape, in an opposite way from
the central part. However, given our choice of modulatiottguas, theAF, at onset and offset is zero, so
accuracy of, estimation at these points cannot affect identificationapgheffects, if they exist, are thus
limited to the central part of the modulator waveform.



3.3 Results

Results reported here include data for subject subsetarig?4. The design and stim-
ulus set was identical in all cases, except that French sighjeared stimuli based on
French vowels. Graphs display results for both the entibgesti set, and for subset 2
to allow comparison with Experiments 2-10.

Scores were averaged oveygs (because we expect no significant effect), and over
vowels or vowel pairs (because we are not interested in fleistg Details of ANOVA
and contrasts are given in Appendix A.

3.4 Effect of AF,

As expected from previous experimentsi-, had a strong effect on both timember
of vowels reportedand theidentification rateof the weaker vowel (-15 dB). Fig. 1
shows the number of vowels reported (a) and the identificaitite (b) as a function of
AF, for staticF, conditions. Data for subset 2 are plotted as dotted linesa bha
previous experiment, also at -15 dB but with different satgeare plotted as dot-dash
lines (de Cheveigné et al. 1977b). The difference betweena®@® % is significant
for both measures.
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Fig. 1 (a) Average number of vowels reported per stimulus as a fomcf AFq, av-
eraged over all 32 subjects (subsets 1, 2, 4). Dotted lineesmts data for subset
2. Dot-dash lines are data obtained in a previous experimétit the same stimuli but
different subjects (de Cheveigné et al. 1997b). Error bapsesent one standard error.
(b) Target-correct identification rate as a functionaf.
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3.4.1 Effects of harmonicity

Inharmonic stimuli were included in the stimulus set maitdlyest the hypothesis that
FM might counteract their lack of "coherence”, leading taeffect of modulation on
the number of* vowels reported. Harmonicity per se was notaajor concern, but we
nevertheless report the effects observed.

Harmonicity did not affect identification afinglevowels, whatever their modula-
tion state. It did however increase the number of vowelsntepo 1.42 for inharmonic
vowels vs 1.11 for harmonic vowels (Sect. A.1).

For double vowels (nominakF, of 3 %) harmonicity had the opposite effect. Sub-
jects reported on average 1.60 vowels per pair of inharmasels, vs 1.76 per pair
of harmonic vowels (at the same nominkF,). Harmonicity also affected identifi-
cation: 57.7 % for harmonic and 33.5 % for inharmonic vowdisom past results,
we can attribute this effect to the fact that harmonic cdatieh is less effective if the
competitor is inharmonic.

3.5 FM effects
3.5.1 coherent FM

The presence of coherent FM of both vowels had no effecteeith the number of
vowels reported, or on the identification rate. There wasifferdnce between condi-
tions _/_, n/n, u/u. This was true both&f, = 0 andAF, = 3 %.

3.5.2 Shape of FM ("n" vs "u")

The shapeof modulation had no effect. It made no difference whethedufation
had the shape of a peak ("n") or a valley ("u"). This was truetivér the target was
modulated (n/_vs u/ ), the ground (_/nvs _/u) or both (n/a/i3, (n/u vs u/n).

3.5.3 Conditions (n/u, u/n) versus others

The F, tracks for conditions (n/u, u/n) cross, implying that therage instantaneous
AF, is larger than for other conditions. Indeed, they evokedararswers, and pro-
duced greater identification rates than the other conditidth a nominalAF, of 3%.
This difference is not particularly informative, so we wbniention these conditions
again in the following.

3.5.4 Target FM

We evoked the hypothesis that FM of the target vowel migh¢mieine segregation.
Interaction between target and ground modulation was higjghificant, and it is best
to ignore the significant main effect of target FM on the nundieowels reported and
identification rate and concentrate on simple effects.

When the ground was static, target FM had a highly signifieffiect (Fig. 2, full
symbols). The same was true when the ground was modulatgddFopen symbols).
However these effects were opposite in sign. The data dae®fiect a mechanism
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sensitive to target modulation per se.

20FF T
1.0 FF T
1.8
08 -
pe)
[0}
5 -
(6]
S 16} . g
o 8 06
S 3 %>—<§
o (@]
> @
B —
o 14 — S
o Tt 04 —
£ ol
5 o
= 5
12k -
0.2 _
1.0 & +
STATIC MODULATED 0.0k +
STATIC MODULATED

target FM
target FM

Fig. 2 Left: average number of vowels reported per stimulus as atfon of target
modulation, averaged over all 32 subjects. Full symbolatisground, open symbols:
modulated ground. Error bars represent one standard errRight: target-correct
identification rate.

3.55 Ground FM

We also evoked the hypothesis that identification of theetangight be affected by
modulation of the competing vowel. The main effect of growvak not significant.
When the target was static (Fig. 2, left), ground FM had aifgnt effect, and the
same was true when the target was modulated (Fig. 2, righdjveMer these effects
were opposite in sign . The data cannot be described as nefleciround modulation-
specific mechanism.

3.5.6 Modulated target on static ground

Another hypothesis was that modulated targets with statigpetitors might be easier
to identify than either static targets, or targets - modateindifferent - with modulated
competitors. Summerfield (1992) found evidence of thisceffer inharmonic but
not harmonic vowel pairs. We found no evidence of the effectither harmonic or
inharmonic vowels. The effect would have shown up as an astmyrbetween n/_and
_/n, which we did not observe.
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3.6 Coherence of FM

A final hypothesis was thabherenceof FM might determine segregation. Conditions
for which target and ground were modulated incoherentlyrénpoecisely: one modu-
lated, the other static) evoked significantly more respeii$e/8 vs 1.74), and gave a
significantly higher identification score (58.9 % vs 54.8 #grt conditions for which
both vowels were modulated coherently, or both were static.

The data can thus be described as reflecting an effect of Firenbe. However
this effect is small, especially when compared\tb, or harmonicity effects. Itis con-
cievable that it is a consequence of the greater peak imstaotsAF, (6 %) observed
in incoherently modulated conditions.

That interpretation would have been eliminated if iderdificn rate or number of
vowels were greater than for a statid~; of 6 %. Such was not the case: scores for
incoherently modulated pairs fell between those for stativel pairs atAF; = 3 %
(1.73, 54.6 %) and\F, = 6 % (1.82 and 61.9 %). We thus cannot guarantee that this
"FM" effect is really the result of modulation per se.

3.7 Conclusion

Despite our efforts to tap a wide variety of FM mechanismsl, despite the sensitivity
of the experiment, we found no evidence that FM per se afsgisegation, apart from
an effect of FM coherence. This effect was small in compartsceffects ofAF, and
harmonicity, and we cannot exclude that it was caused byiffexehce in maximum
instantaneoudF, between coherently and incoherently modulated conditions
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4 Experiment 2: Segregation of 3 concurrent vowels

4.1 Introduction

[Warning: this experiment is complex and difficult to undarsl. It is best to read
about Exp. 7 first, and then come back to Exp. 2]

Concurrent vowel segregation experiments usually involee vowels. This is a
reasonable restriction, to keep the experiments simpldf lraves open the question
of how the auditory system deals with the very common situnatif more than two
sources present in the environment.

One thesis is that the auditory system prepares an intexpe¢sentation, usually
some form of spectrotemporal map, within which correlatesach source are sepa-
rated. What the subject actually hears depends on the fsalsort of "perceptual
shopping" within this representation. This is implicit iomputational auditory scene
analysis (CASA) models such as those of Mellinger (1991)okeo(1991), Brown
(1992) or Ellis (1996). A priori,the representation migbt@modate an arbitrary num-
ber of sources. One can thus imagine perceiving three or wowvels at a time, given
sufficient segregation cues such as FO differences.

Another thesis is that there are never more than two entitiedved: a "target",
and whatever else is in the auditory environment (the "bamlkgd", or "competing
sounds"). When a sound is the object of attention, the aryd#igstem singles out its
correlates, and those of all competing sounds are lumpestitegto form a "back-
ground". It is conceivable that the auditory system mighitti@én a number of "target-
ground" parses at a low level. At any moment the auditoryesystould choose among
these dichotomies. The main difference with the previoesithis that the auditory
system would never manipulate more than two entities at a.tit each instant one
would hear one vowel among the three, together with an wrgifitiated background.

A third thesis is that the auditory system proceeds by sigsprg each sound in
turn. The difference with the first thesis is mainly one of &mgs: the first thesis
concentrated on the target(s), this one concentrates tnseatd considered as an in-
terferer. The success of the previous schemes presumagidynded on target charac-
teristics (such as periodicity). The success of this schagpends on characteristics of
the interfering sound(s), according to whether or not threyemsy to suppress. Again,
one can conceive that the auditory system might maintaimabeu of parses at a low
level, each the result of cancelling the correlates of omaane sources.

The "suppression” thesis is partially supported by expenital results that suggest
thatF,-guided segregation is the resultt@rmonic cancellatiof competing sounds.
Targets are easier to hear if the interference is periodin thit is not. This is why
identification of two concurrent vowels is better when eaab &different,. However
when there aréhree concurrent vowels, each vowel is in competition witvo other
vowels. One can consider these two vowels as a single unglitiated competitor
(thesis 2). In that case it should be hard to suppress if tbecoanpeting vowels have
different Fys, because their sum is not periodic. However one can alssidamthe
vowels as periodic competitors that can be removed one thiteother (thesis 3). In
that case identification of the target vowel should be nedatieasy.

A related question pertains to thamber of sources heariiVhere subjects are free
to report one vowel or two for stimuli containing one or twawals, they tend to report
two if a) the stimulus is inharmonic (vowels have differénfs), or b) the stimulus
contains two different vowels with similar amplitudes. Yheport only one vowel
if @) the stimulus is harmonic (a single vowel or two vowelshwéamer), or b) its
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spectral envelope is close to that of a single vowel (singleel, or vowels mixed with
a large amplitude difference). What happens if the subpeedree to report one, two
or threevowels, and the stimulus contains one, two or three vowelt$, ene, two or
three different,s? Presumably, when there is one vowel andfenghey will tend to
report a single vowel. With multiple vowels and multigigs, they will report several
vowels more often, but what is the actual pattern? Do thegrtapore vowels with
three vowels than two? More with thrégs than two?

Part of the answer comes from an experiment by Kashino anahblia (1995).
Subjects listening to the concurrent speech of severakspgaccurately reported their
number when this number was one or two. As the number of speal@eased to 11,
the number of voices reported increased much more slowty an asymptote at 4.
This asymptote might indicate the maximum number of soutftaiscan be resolved.
However it might also be related to the imperfect periogtioftspeech, or to a cognitive
limit on the number of voices that can be kept track of at hidénels.

The aim of Experiment 2 was to explore this question usinguiicontaining a
variable number of synthetic vowels (1, 2 or 3) and a task iiciwithe subject was
free to report 1, 2 or 3 vowels. The parameters of this expgtrwere the number of
vowels present and the relationship between thgir(all same, two same one different,
all different).

4.2 Methods
4.2.1 Subjects

The experiment was first performed with 15 Japanese sulfgdiset 2). Some effects
of interest were only marginally significant, so it was decido extend the experiment
to 15 more subjects (subset 3), for a total of 30 subjects.

4.2.2 Stimuli

The stimulus set comprised single, double, and triple vewélor ease in stimulus
specification and generation, every stimulus was the suthreévowels, different or

not. For triple vowels, the three components were differéutr double vowels, two
component vowels were identical and the third differentr $ingle vowels, all three
components were the same. Ignoring order, there are 35atiffeombinations of 3
component vowels:

e [aaa, eeeg, iii, 000, uuu]. These produced single vowels.

¢ [aee, aii, aoo, auu, eaa, eii, €00, euu, iaa, iee, uoo, i@y,aEe, Oii, ouu, uaa,
uee, uii, uoo]. These produced double vowels. One vowelappeice in the
sum, so its amplitude is 6 dB greater than that of the other.

¢ [aei, aio, aou, aeo, aiu, aeu, eio, eou, eiu, iou]. Theseysemtigenuine triple
vowels.

To balance the number of single, double and triple vowelfiwithe stimulus set,
single vowels were repeated 4 times and triple vowels tweagling to a total of 60
"triplets".

Component vowels were synthesized &,3: 124, 132 and 140 Hz. This allowed
three different patterns d¥,: all same, all different, two same-one different. The set
of Fy patterns was crossed with that of vowel patterns. This ig &mgonceive in
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the case of triple vowels: the three vowels had either alstimaeF,, or all three had
differentFys, or two vowels shared dfy different from the third vowel. It is also easy
to conceive in the case of single vowels: the single voweliderharmonic(all Fgs
the same), oinharmonic(made up of two or three harmonic series).

The case of double vowels is a bit more subtle. Both vowel$dcbhave the same
Fo, or the weaker vowel could have oRg and the stronger vowel anothies. How-
ever the stronger vowel could also harmonic(made up of two harmonic series).
This case can be split into two: either tRgs of the interference were both different
from that of the target, or one of them was the same as thatdétiet.

Number of vowels and number &s (independent harmonic series) were thus
crossed almost orthogonally. A few precautions were nacgde balance the stimuli
with respect toF, (to avoid that some conditions would have only higks while
others only lowFs, etc.) [The reader might want to skip this]:

¢ Alldifferent. The middle frequency (132 Hz) has a speciatss: it is equidistant
from the other two. Each vowel must have an equal chance ytipée'odd man
out", so the all-different condition must be realized in 3yaia

e Two same, one different. Twieys are involved. We restrict ourselves to the case
where they are contiguous and exclude the case where thegxteme (that
would imply a largerAF,). Two vowels have the sant&, and one a different
Fo. Each vowel must have an equal chance to play "odd man outVesoust
realize this condition in three ways.

¢ All sameF,. For uniformity with the other two cases, this one is repgae
times.

To summarize, each of the three conditiong-gfpattern was realized in three ways
(Fo orders). This led to (&, patterns) x (3o orders) x (60 triplets) = 540 conditions.

AbsoluteF, was not expected to have an effect (de Cheveigné 1997a) Seetrhed
wise to balance the probability of occurence of ekghor F, order, to avoid the pos-
sibility that a subject might learn to associate a given @iorwith a givenF,. Fgs
were assigned at random, and this assignment was renewachagession.

4.2.3 Task

Subjects were informed that each stimulus was a single, [darftriple vowel, and
they were requested to report one, two or three vowels fdr sémulus.

4.2.4 Scoring

Let us distinguish the cases of single, double and tripleslsw

For single vowels, we measured the number of vowels repartddhe identifica-
tion rate (probably perfect) as a function of the patternBpfxxx, xxy, xyz).

For double vowels, we considered each vowel in turn. One weaskvw-6 dB),
the other strong (+6 dB). For the weaker vowel, there wekg patterns to consider
(notation target/ground): x/xx, x/yy, x/xy and x/yz. In tfiest, both vowels were
harmonic with the samg,. In the second, both were harmonic with differégs. In
the third, the ground was the superposition of two harmoeiies, one of which was
the same as the target. In the fourth, both harmonic serigeeafround were different
from that of the target. In all four cases, ttaggetwas harmonic.
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For the stronger vowel there were alsé& ¢ patterns to consider: xx/x, xx/y, xyly,
and xy/z. In the first, both vowels were harmonic with the s&meln the second, they
were both harmonic with differeft,s. In the third, the target was the superposition of
two harmonic series, one of which was the same as that of thndr In the fourth,
the target was the superposition of two harmonic serieshbidi differed from that of
the ground. In all four cases, tiggoundwas harmonic.

Finally, for triple vowels we considered each of the threeeis in turn. Each was
"weak" in the sense that it was in competition with two othewels. There were four
Fo patterns: x/xx, x/yy, x/xy, x/yz. In the first, the target hidd same~, as its two
competitors. In the second, the competitors had the $amdifferent from the target.

In the third, the competitors had differdrts, one of which was the same as the target.
In the fourth, the-o of both competing vowels were different from that of the &drg

We measured the target identification rate and number of leorgported in all of

these cases.

4.3 Results
The details of ANOVAs and contrasts are given in Appendix B.

4.3.1 Number of vowels reported

Figure 3 shows the average number of vowels reported as éidaraf the number

of differentFys present in the stimulus, for single vowels (squares), doutwels
(triangles) and triple vowels (circles). For double vowelade up of twoF,s, one

can distinguish two cases. In the first (downward pointirangles), each vowel was
harmonic and had its owR,. In the second (upward pointing triangles), one vowel
was harmonic, but the other was the sum of two different haimeeries (one of
which had the samEgas the other vowel). The number of vowels reported increased
monotonically with the number of different vowels withiretstimulus, and also with
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the number of differenfegs within the stimulus.

3.0H | | =

Number of vowels

number of vowels reported

in stimulus: _
1.5 1
-/ 2
—0-3
1 2 3

number of FOs present

Fig. 3 Number of vowels reported as a function of thedattern, for single (squares)
, double (triangles) and triple vowels (circles). See textthe difference between
upward and downward pointing triangles. Error bars repmasene standard error.

Data for the two different two-vowel twé conditions were pooled together, and
the data set was subjected to a repeated-measures ANOVAfaeithrs number of
vowels (1, 2, 3) and number &fs (1, 2, 3). Both main factors were highly significant.
Their interaction was significant but rather small. The namdf vowels reported was
greater for two vowels than one, and greater for three thahig last difference was
only marginally significant). The number of vowels reporédso increased with the
number ofFys present. It was greater for two than for dfg but the difference
between 2 and 3 was not significant.

When the stimulus was singlevowel with one Fy, subjects rarely reported more
than 1 vowel (average: 1.16). They reported more vowelsdfdtimulus was either
inharmonic (2 or 3Fys) or was the mixture of 2 or 3 vowels. However even with 3
vowels and Fgs, the number of vowels reported was less than 3 (averagé). 56g-
regation was certainly not sufficient for the subjects tdizeahat there were 3 vowels
on all trials. It is also interesting to note thatlaublevowel with two Fys evoked a
relatively high average number of responses (2.44). Saticegwas apparently not
sufficiently good to convince the subjects that the stimotugtained only 2 vowels.
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In addition to the "average number of vowels reported" sctive proportion of
trials for which subjects reported 1, 2 and 3 vowels might bmterest. We did not
attempt to analyze the data in that way.

4.3.2 ldentification

Single vowels were identified almost perfectly, whatever tlumber ofys involved
(Sect. B.4).

For double vowels, we distinguished weak (-6dB) and streitgiB) targets.

For weak targets (Fig. 4(a)), identification was poor whendbmpetitor was har-
monic and had the santg as the target (x/xx). It was best when the competitor was
harmonic and had a differeRt, from the target (x/yy). When the competitor was inhar-
monic and containeHgs that were both different from the target (x/yz), identifica
was slightly impaired (the contrast with x/yy is marginadlignificant). It was more
severely impaired if one of the two competiRgs was the same as the target (x/xy).

These results are overall consistent with the hypothesisghthe auditory sys-
tem removes interference by harmonic cancellation of thepatitor (s), b) several
harmonic series may be cancelled, but ¢) two harmonic saereesomewhat harder to
remove than one, and d) the task is harder still if one of timepaiingF,s is the same
as that of the target (removing it would remove the target).

The task of segregating three vowels thus does not seem much harder than
segregating two. A word of caution however: much of the défece between x/xx
and other conditions may be duertaltiplicity cues that affect the tendency to report
several vowels, and thus indirectly the identification (#tés is controlled for in Exp.
7).

The conditions x/xx and x/yy may be compared to conditioregiua a previous
double-vowel experiment withAF, of 6 % (vs 6.45 % here) and a level mismatch of
10 dB (vs 6 dB here) (de Cheveigné 1997a). Those data areg@latthe dotted lines
in Fig. 4(a, b).

For stronger targets (Fig. 4(b)), identification was ovepatter than for weaker
targets. The difference between x/xx and the other threditons was significant,
but the differences among the latter were not. In all thoseetisonditions the weaker
competing vowel was harmonic. Previous experiments (devé&ipeé 1997b) found
that identification was not degraded when the target wasindwaic rather than har-
monic. It is thus not surprising that identification was negrhded when the target
contained twd-qs and was thus inharmonic (xy/z), even if one of these By®was
the same was that of the competitor (xy/y). However iderdifan rates were overall
very high, so the lack of difference between xx/y, xyly andzpay also be explained
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by a ceiling effect.
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Fig. 4 (a) Identification rate of the weaker (-6 dB) vowel as a funmtof the tar-
get/ground kg pattern. Error bars represent one standard error. The dibttee rep-
resents rates measured in a similar experiment at -10 dB (uev€igné et al. 1997a).
(b) Same for the stronger (+6 dB) vowel. The dotted line repnés rates measured in
a similar experiment at +10 dB.

For triple vowels (Fig. 5) identification was poor when botmpetitors had the
samek, as the target (x/xx). It was best when both competitors hadstmer,,
different from the target (x/yy). ldentification was somewimpaired if the two com-
petitors had differenEgs (x/yz) (the contrast with x/yy was marginally significant)
It was even more impaired if one of the two competlgs was the same as that of
the target (x/xy). These results are consistent with theothgses mentioned above
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(double vowels).
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Fig. 5 Identification rate of vowels within a triple vowel, as a ftioa of the tar-
get/ground k pattern.

Figure 6 compares the identification of a vowel mixed with thiféerent competing
vowels (triple vowel) to that of a vowel mixed with twice thanse competing vowel
(double vowel, weak target). For the differéfg-conditions, identification was bet-
ter when the competitor consisted of twice the same vowtigrahan two different
vowels. The reduced identification in the latter case canttoibated to more effec-
tive masking (masker energy is distributed rather thantkatat a few formants), or
a cognitive confusion effect, due to the greater number ofele. However neither
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explanation accounts for the fact that there wasffectwhenF,s were the same.

1.0fF I I T

proportion target correct

0.4} .

0.2~ --O-- 2 vowels B
—e— 3 vowels

0.0k I I +

X/XX x/yy X/Xy xlyz

target/ground FO pattern

Fig. 6 Target identification rate as a function of the target/grduf, pattern. Open
symbols: the competitors are different vowels (3 vowel)edrisymbols: they are twice
the same vowel (2 vowel).

4.4 Discussion

Subjects reported more vowels when the stimulus contaimed/owels than one, but
the smaller difference between three and two was only mallgisignificant. They
also reported more vowels when the stimulus containedRygrather than one, but
the smaller difference between three and two was not signific

This is consistent with the results of Kashino and Hirah&a&96) that found that
subjects underestimated the number of concurrent voices titis number was greater
than 2.

Identification of members of triple vowels improved when thiget had a different
Fo from both of its competitors. This improvement was sligihdgluced when the com-
petitors had differerft,s among themselves, and therefore constituted a foinhaf-
monicinterference. This result is to be compared with previoda tizat showed that
identification was impaired when interference was inharim¢se Cheveigné 1997b).

Identification in the x/yz condition, although reduced tiekato the x/yy condi-
tion, was significantly better than in the x/xx condition. iFmight be interpreted
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as meaning that the auditory system can perform simultaneancellation of several
interfering harmonic interferers.

However, much of the effects are due to low identificatioesah the x/xx state,
where allFys are the same and the stimulus is harmonic. Subjects tergdat fewer
vowels in that case, and this of course affects the idertiidicaate. Experiment 7
replicates the three-vowel experiment with a task in whighjects had to report 3
vowels for all stimuli.
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5 Experiment 3: The effect of AF; over a wide range
of amplitudes

5.1 Introduction

Previous experiments explored the interaction betweeel land AF, (McKeown,
1992; de Cheveigné et al. 1997a), and found thkt effects were relatively large
for weak targets, and smaller for strong targets. Howewerahge of levels andFys
explored was limited. Here we use a wider range. We wish terdehe how weak a
target may become beforkF, effects vanish, and whether this limit depends on the
size of theAF,.

5.2 Methods

The task was similar to that used in Experiment1, and prevéaperiments (de Cheveigné
et al. 1997a,b). The stimulus set consisted of double vomelde by adding single
vowels. Single vowels were synthesized whits of 124, 128, 130, 132, 134, 136, 140
Hz, with "random" phaseF,s were paired to obtaihFys of 0 % (132, 132 Hz), 3
% (130, 134 Hz), 6 % (128, 136 Hz) and 12 % (124, 140 Hz). Vowedsevadded
with amplitude differences of 5, 15, 25 and 35 dB (leadingaigét/competitor ratios
ranging from -35 to 35 dB in 10 dB steps). There werd-(4) x (4 amplitude dif-
ferences) x (20 ordered pairs) x Forders) = 640 pairs. The stimulus set contained
no single vowels (we reasoned that double vowels with an ituagl mismatch of 25

or 35 dB are very close to being single vowels, and that inatusf single vowels
was not necessary for the stimulus set to be consistent gttieéscription made to the
subjects).

5.3 Results

Details of ANOVA and contrasts are shown in Appendix. C.

5.3.1 Number of vowels reported

Figure 7 shows the average number of vowels reported as idared amplitude mis-
match between vowels. For eadt, the number of vowels reported decreased with
amplitude mismatch. This is understandable, as a largeimmelmismatch makes
the stimulus similar to a single vowel. At all amplitudes ept35 dB, the number of
vowels reported was significantly greater wh&f, # 0 than whenAF, = 0 (at 35
dB there was no significant effect). The difference betweét 8nd (6, 12 %) was
marginally significant at 25 dB, but not at other amplitudost of the AF, effect
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occured between 0 and 3%, and very little beyond.

number of vowels reported

1.0 1 I I 1
5 15 25 35

amplitude mismatch (dB)

Fig. 7 Number of vowels reported as a function of intervowel aragbtdifference, for
eachAF,.

5.3.2 Identification rate

Figure 8 shows the target-correct identification rate asetfan of the target/competitor
ratio, for eachAF,. Identification was better when the target was strong reddt the
competitor. It was also better whexF, # 0 than whemAF, = 0 at target/competitor
ratios of -25, -15, -5 and 5 dB (there was no significant ef&&e85 dB, or at 15, 25 or
35 dB). The difference between 3 % and (6, 12 %) was signifiaasit5 dB but not at
other levels. Again, th&F, effect is mostly limited to the difference between 0 and 3
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Fig. 8 Target-correct identification rate as a function of intewa amplitude differ-
ence, for each\Fg.

5.4 The effect of absolutd-,

In previous experiments, we found no evidence that ideatifbo might be affected by
the absolute |y of the target or competitor (de Cheveigné et al. 1997a,b)\wdver
the range of,s was smaller in that experiment. Here the range is largecesive
included aAF, = 12 % condition.

Response data fahFq = 3, 6, and 12 % were reanalyzed to measure the target
identification rate as a function of target (low vs high). The data were analyzed
separately for each amplitude ratio, by an ANOVA with fast@kF, = 3, 6, 12 %) x
(Fo = low, high).

At -25 dB, there was a significant main effectfef and no interaction with\F.
Targets were identified less well at the highgr(0.29 %) than at the lowdf, (0.38
%). At all other amplitude ratio$;o and its interaction with\F, were not significant.

The lack of effect at -15 dB and higher is consistent with aevjpus observation
of a lack of effect at -20 and -10 dB target/competitor rati¢hy the effect is evident
at -25 dB is a mystery. It is conceivable that thé&, effect observed at -25 dB is
due entirely to one or two pairs, that happen to show a seitgito Fo. We have not
investigated this question.
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5.5 Discussion

Results were similar to those reported by de Cheveigné ét@97b). The new exper-
iment adds the following information:

o AF, affects both identification and the number of vowels repbfte targets
as weak as -25 dB relative to the competing vowel. Our previata showed
improvement down to -20 dB (de Cheveigné et al. 1997a). AuB3%he effect
was too small to be measurable. We have thus an idea of the lowie of
measurable effects.

e Most of theAF effect occured between 0 and 3 %, beyond which scores were
hardly affected byAF,. This pattern was observed by previous authors for
equal-amplitude targets. Our results extend it to weaketarg A priori, the
plateau of identification rate at larg&F4s could have been attributed to a ceil-
ing effect. If so, weak targets would have benefitted morefeolargerAFgs.
Such was not the case.

The detailed pattern as a function of vowel pair should bel igdest models of
vowel perception. We did not attempt to do so here. Experird@onfirmed that most
AF, effects occur in the region of smallFys. This emphasizes the need to explore
this region where most of the changes in segregation occhat i€ the purpose of
Experiment 4.
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6 Experiment4: AF, effects at smallAF;s

6.1 Introduction

In double vowel experiments, most of the improvement in idieation occurs within
the range of smalleshFgs, between 0 % and the lowest non-zero value of the pa-
rameter set (typically 6, 3 or 1.5 %). This region of the pagtanspace has not been
investigated in detail (most efforts have concentratedhemange of large\Fqs, where
differences in identification are small).

A difficulty with small AFgs is that they give rise to beat patterns with long periods.
When the beat period is longer than the stimulus, the long-gpectrum depends on
starting phase, and is not unequivocally determined\5y. This problem is often
not recognized or controlled for, and it is possible thatet reported for smalhFgs
were specific to the particular portion of the beat period ttzgpened to be included
in the stimulus (or more generally, to the particular stayfpbhase relationship between
partials of both vowels).

The aim of this experiment was to explore the sm&H region, while controlling
for the effects of phase-dependent interaction.

6.2 Methods

The task was the same as for Experiments 1 and 3. Subjectgel@tbat a stimulus
could consist of one or two vowels, and they were free to repoe vowel or two.
However, as in Experiment 3, the stimulus set contained dalyble vowels.*his is

a departure from our doctrine of ensuring that the stimuéisssconsistent with the
description made to the subjects. The stimulus set cortta@narge number of condi-
tions with an amplitude mismatch of 15 dB, and\&, at or near zero. We reasoned
that describing the stimulus set as containing "both siagk double vowels" would
seem plausible to the subjects, and that single vowels wareetessary. Including a
significant proportion of single vowels would have made timagus set too big.

The double vowels were made by adding pairs of single vowdlskys centered
on 132 Hz:AF, = 6 % (128, 136 Hz), 3 % (130, 134 Hz), 1.5 % (131, 133 Hz), 0.75
% (131.5,132.5Hz) and 0.375 % (131.75, 132.25 Hrgl were placed symmetrically
about 132 Hz to ensure that subjects would not be influencetiffeyences in mean
Fq.

The stimulus duration of 250 ms (between -6 dB points) is Eguthe beat period
at AFy = 3 % (4 Hz). When theAF, is smaller than 3 %, the stimulus contains
only a fraction of a beat period. For example at 0.375 % thraugtis represents one
eighth of a beat period. The overall spectrum of the stimtius depends on the
particular portion of the beat period that was selected, iaiglconceivable that this
might affect the way it is identified. To control for this pdsfity, conditions were
repeated with as many successive segments as necessamet@dualf beat period
Se reasoned (incorrectly) that the beat pattern would be stnical in time, and that
sampling one half of its period was sufficient. Our stimuletsis therefore incomplete.
Nevertheless, with 2 successive segments at 0.75 % and 4stgat 0.375 %, the
sample is complete enough to reveal eventual phase eflectsy case, the stimulus
set was already very large and could not have accomodategistiowli. While this is

T
Sw
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but a small sample of possible phase relationships, it fEcgritly wide to alert us to
a possible phase-specificity ofF effects at smalAFgs.

The AFy = 0.375 % condition was thus synthesized in 4 different warsi Each
was a successive segment of a beat pattern, that is the twpocamt vowels were
summed with a increasingly large delay (1/16, 3/16, 5/166 0of a period). We also
synthesized four versions of tid-, = 0 % with the same intervowel delay. In this way,
each of the four\F, = 0.375 % segments could be compared toFa = 0 % segment
of similar global spectrum. A previous study showed thatsratll AFys, succes-
sive segments excised from a double-vowel may producer€iftédentification scores
(Assmann and Summerfield 1994). It has been proposed sutpdtéerns might en-
hance identification of vowels within pairs, and might thosaunt for "AF,éffects at
small AFys. If such were the case, we would observe a) differenceseegtwiffer-
ent segments (intervowel phases), at hath, = 0.375 % andAFy, = 0 %, and b) no
difference between corresponding segments as a functiom-gf

There were thus: one phase patterrA®, = 6, 3, 1.5 %, two atAF, = 0.75
%, and four atAF, = 0, 0.375 %. Each condition was realized with tg orders
(low/high and high/low), and with an amplitude mismatch airil 15 dB. Conditions
were doubled at 15 dB, in order that each condition be redhlitdeast once with a
weak (-15 dB) target. There were thus @g@and phase conditions) x & orders) x (3
amplitudes) x (10 unordered vowel pairs) = 780 stimuli witaistimulus set.

From previous results, we expect effects to be clearest & @B amplitude mis-
match. A 0 dB amplitude mismatch was nevertheless includedlow comparison
with previous reports of beat effects. The amplitude ofrist&ons such as beats is
likely to be largest when both vowels have the same amplitude

6.3 Results
Details of ANOVA and contrasts are given in Appendix D. Résul

6.3.1 Phase effects at smallFgs

The number of vowels reported is plotted in Fig. 9 for vowepéitmde ratios of 15 dB

(a) and 0 dB (b). At both amplitudes the main effectd¥, was significant: subjects
reported two vowels more often when there wasR,. The main effect of phase was
barely significant at 0 dB, and not significant at 15 dB. Theriattion was significant
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at 15 dB, but not at 0 dB.
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Fig. 9 (a) Number of vowels reported as a function of the segmenbaufphase or
delay between vowels) faxF, = 0 % (filled symbols) and 0.375 % (open symbols),
for an amplitude mismatch of 15 dB. (b) Same, for an amplitaenatch of O dB.

The target-correct identification rate is plotted in Fig faQtarget/competitor ratios
of -15 dB (a) and 0 dB (b). The main effect afF, was not significant at 0 dB, but
it was at -15 dB: subjects identified targets more accuratélgn AF, was not zero.
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Phase and interaction were not significant.

1.0 FF | | H
1.0 FF [ | =
a) 0dB
@ (o) 0dB
0.8 |- —
0.8 |
©
[0 -—
S g
8 06} — £
o) 8 06} —
9 -—
s S
c T
S =
t 041 — ]
S =
S— 5 041 —
g 3
S
0.2
0.2 | ]
AFO:
O— 0.325 % —O— 0.325 %
o —--0%
0.0 k- | 0%
1 2 3 4 0.0 &= ] ] =
1 2 3 4

segment number
segment number

Fig. 10 (a) Target-correct identification rate as a function of tlegmient number (phase)
for AFy = 0 % (filled symbols) and 0.375 % (open symbols), for an amgétmis-
match of 15 dB. (b) Same, for an amplitude mismatch of O dB.

6.3.2 AF, effect

Scores atAF, =0, 0.375 and 0.75 % were averaged over segments (phaseje Bify
shows the number of vowels reported as a functio&fy for amplitude differences
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of 15 dB (squares) or 0 dB (circles).
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Fig. 11 Number of vowels reported as a function®F, for an amplitude difference
of 0 dB (circles) or 15 dB (squares).
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Figure 12 shows the target-correct identificaton rate asnation of AF, for a
target/competitor ratio of 15 dB (squares) or O dB (circles)
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Fig. 12 Target-correct identification rate as a function &t for a target/competitor
ratio of O dB (circles) or 15 dB (squares).

6.4 Discussion

Both the number of vowels reported and the identificatiop matreased with\AF,
even for aAF, as small as 0.375 % (1/16th of a semitone, or 0.5 Hz). Contaary
a theory that has been put forward to explain segregatiomatl s\Fys (Assmann
and Summerfield, 1994; Culling and Darwin, 1994), thi§, effect does not seem to
be the result of beats. In agreement with that theory, wedawidence that scores
were dependent on the particular segment of the beat paltatnvas chosen for the
stimulus. However, each successive segmentfag = 0.375 % was better identified
than a corresponding segmentf, with the same average phase relationship.

Itis interesting that identification rate and number of viswveported are enhanced
by aAF, so small that the stimulus contains only 1/8th of a beat gerio
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7 Experiment5: Duration

7.1 Introduction

Assmann and Summerfield found thisF, effects observed at 200 ms duration van-
ished at 52.5 ms duration. Assmann and Summerfield (199#yfthat successive 50
ms segments excised from a 200 ms double-vowel stimulus matrequally identifi-
able.

Short stimulus durations pose the same problem as shfglk: if the stimulus is
shorter than the beat period, its global spectrum depentisegpart of the beat period
that it occupies. In other words the global spectrum is pisaessitive, and without
specification of this phase the description of the stimwusot complete.

The aim of Experiment 5 was to explore effects of the duraiarameter in the
same fashion as Experiment 4 explored f#e, parameter. We controlled for phase
effects by repeating the smallest duration stimuli twi@ghetime with a different por-
tion of the beat period.

7.2 Methods

Double vowels were synthesized witfF,s of 0 % (132, 132 Hz), 3 % (130, 134 Hz)
and 6 % (128, 136 Hz). Stimulus durations were 145 ms and 83,5nith 20 ms
raised cosine onsets and offsets. The durations betweeB gbits were 125 and
62.5 ms (as compared to 250 ms for Exp. 4).

The stimuli were synthesized with two different intervow#drting phases, corre-
sponding to the ongoing phases at the center points of twaessaive quarters of a beat
period.®

Levels were 0dB ane:-15 dB. There were a total of (AF;s) x (2 phases) x (2
durations) x (&= orders) x (10 unordered pairs) = 720 stimuli.

7.3 Results

Figure 13 shows the number of vowels reported as a functioARf, for each of
the durations and phase conditions, at an amplitude mi$ntdté5 dB (a) and 0 dB
(b). Dotted lines (circles) represent data obtained with 8% stimuli in Exp. 4.
Whatever the duration, the number of vowels reported irsa@avith increasing\F,.
When there was a level mismatch of 15 dB, the increase Avith was smaller at short
than at long durations. Duration affected more the step &tvd and 3 % than that

6Stimuli at 125 ms should have been synthesized with only trase, by mistake they were synthesized
with both. Responses for these two phases were pooled.
"The stimulus sets of Exp. 4 and 5 were not the same, so thisaisop is not perfectly fair
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between 3 and 6 %.
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Fig. 13 Number of vowels reported as a function®F, for each duration, at 15 dB
(a) and 0 dB (b) amplitude difference. Dotted lines and esdlepresent data obtained
at 250 ms in Experiment 4.

Figure 14 shows the target-correct identification rate amatfon ofAF,, for each
of the durations and phase conditions at -15 dB (left) and (rafht). Dotted lines
(circles) represent data obtained with 250 ms stimuli in.EkjVhatever the duration,
the identification rate increased withF,. When the target/competitor ratio was -
15 dB, the increase withF, was smaller at short than at long durations. Duration
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affected more the step between 0 and 3 % than that between@&%nd
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Fig. 14 Target-correct identification rate as a function afF, for each duration, at
-15 dB (a) and 0 dB (b) target/competitor ratio. Dotted lirzasl circles represent data
obtained at 250 ms in Experiment 4.

7.4 Discussion

In contrast to the results of Assmann and Summerfield (199%2.5 ms stimuli, we
observed cleaAF, effects for stimuli of 62.5 ms. This difference might be eaipked
by the difference in task. Our subjects were allowed to repoe or two vowels,
whereas those of Assmann and Summerfield had to report twelsdar each stimu-
lus. Our subjects may have been influenced by multiplicigsguvhereas theirs had to
ignore them and use only "unmasking" cues. It is conceiviifdethose cues vanish
for short stimuli, while multiplicity cues remain. One shidmote also that our effects
were relatively small for equal amplitude vowel pairs.

In contrast to the results of Assmann and Summerfield (1994)fccessive 50 ms
portions excised from a 200 ms double-vowel stimulus, wafbio significant effect
of the phase factor (equivalent to successive segments editgoattern). This may be
simply because our sampling of the phase factor was differen
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8 Experiment 6: In search of harmonic enhancement

8.1 Introduction

Models of harmonic segregation come in two flavors: harmenlancement and har-
monic cancellation (de Cheveigné, 1993; de Cheveigné,et395). According to the
former, the harmonic structure of a target sound is usedub itput" of interference.
According to the latter, the harmonic structure of intezfere may be used to suppress
it. So far, the balance of evidence is in favor of harmonice#iation, and against har-
monic enhancement (Lea 1992; Summerfield and Culling, 1882 heveigné et al.
1995, 1997a,b). Nevertheless, the principle of harmoni@eoement underlies many
models, in particular "auditory scene analysis" modelsy@sas many algorithms for
"speech enhancement". It is an appealing principle, andaitldvbe surprising if the
auditory system made no use of the harmonic structure oétswghatsoever.

The aim of this experiment, as well as of Experiment 8, is terapt to find a role
for target harmonicity. So far we found no evidence that iveg for simultaneous
grouping or segregation; our hypothesis here is that iesefor "sequential grouping".

This experiment is based on the hypotheses that segregmtiglatively ineffective
for short durations (Assmann and Summerfield 1990; see aigernent 5), and that
the Fy, estimation mechanism is somewhat "sluggish”, and may bleddwy certain
patterns of transitions.

8.2 Methods

Stimuli consisted of double vowels, formed by pairing sengbwels (same or differ-
ent) and adding them with an amplitude difference of 15 dRhEsingle vowel itself
consisted of two consecutive 82.5 ms pulses, shaped with2@ised cosine ramps
(62.5 ms between -6 dB points), separated by 105 ms of sileflce total duration
of each stimulus was 270 ms (250 ms between -6 dB points) a®#t af our other
experiments.

The Fq of each pulse was chosen among 124, 128, 132 and 136 HzF&hef
the two consecutive pulses could be the same, or they coffiéd iy 3 or 6 % (4 or 8
Hz). A single vowel can thus be seen as modulated in amplifwith a "hole" in the
middle) and in some cases in frequency (a transition acthes$ole™).

Single vowels were paired to form double vowels with thedaiing constraint: a)
the AFq of the first pulse was zero, b) within the second pulseRhef each vowel
was either the same as in the first pulse, or different by 6 % 4B Hhe accepted
transitions are illustrated in Figure 15. The target is shaw a dotted. line.

124 wemm  — — — — —
108 —  — . — N — — —
132 — — — — —_— — — N
136 — — — — — — — —

Fig. 15 F, patterns used in Experiment 6. Only patterns "anchored" &4 Hiz are
shown. The stimulus set also included patterns "anchored128 and 124 Hz that
are not shown, for a total of 1649atterns. Dotted lines represent the target (weaker
vowel).
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There were (16 patterns) x (25 ordered pairs) x (2 repet)ieB00 stimuli. Pairs in
which both vowels were the same constituted single vowemgbnic or inharmonic,
according to thé pattern). There were 160 such "single vowels".

The task was as in other experiments, to report one or twolgdaeeach stimulus.

8.3 results

Details of ANOVA and contrasts are given in Appendix F. Restported are for 14
subjects (data for one subject was still missing at the tifiverbing).

Results were averaged over all four startis. There are four differeri, pat-
terns:

1. Fo =0, nojumpinkg,

2. Fg=0,a6% jumpirFg,

3. Fq =6 % (on second pulse), no jump in target, competitor jump8 &y,
4. Fy =6 % (on second pulse), no jump in competitor, target jumps By,

The number of vowels reported was greater when there wasaaatite in-, dur-
ing the second pulse (1.81) than when s were the same (1.55). The identification
rate was also greater (0.51 vs 0.35). However inAlig = 0 % condition it made no
difference whether or not there was a 6 % jumg-inof both vowels, and in the&\Fq
=6 % condition it made no difference whether the target orctirapetitor jumped by
6 %.

8.4 Discussion

Both measures were affected by thé, of the second pulse. Neither measure was
significantly affected by the pattern &f transitions of either the target or the com-
peting vowel. In particular in the\F; = 6 % condition, there was no evidence that a
jump in targetFo impaired identification. Either our hypothesis of segregabased

on target, continuity was false, or our efforts to impair the tar§gttracking ability

of the auditory system were insufficient.
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9 Experiment 7: Triple vowels with a 3-vowel forced
response task

9.1 Introduction

Experiment 2 investigated the segregation and identifinaif mixtures of three vow-
els. Subjects were allowed to answer one, two or three volwelsach stimulus, ac-
cording to what they heard. Identification of a hard-to-haawel was mainly deter-
mined by whether or not the subject decided to report threelo That is, identifica-
tion rate was strongly dependent on "multiplicity” cues.

This experiment investigates the same situation, but wheltipticity cues are
disabled (because the subject must report three vowels).

9.2 Methods

Stimuli were a subset of the stimuli of Experiment 2. Only giem triple vowels were

included. There were (10 triplets) x & patterns) x (3 orders) x (8 repetitions) =
720 stimuli. The task was similar to that of Experiment 2,eptahat the stimulus set
only contained triple vowel stimuli, and subjects were iiegglito report 3 vowels for

each stimulus.

9.3 Results

Details of ANOVA and contrasts are given in Appendix G.

Figure 16 shows the target-correct identification rate asnatfon ofF, pattern,
together with a similar score measured for triple vowels xpétiment 2. Identifica-
tion is worst when all vowels have the safg (x/xx) and best when both competitors
have the samé&,, different from the target (x/yy). ldentification is lessagbwhen
competitors have differeriys, both distinct from the target (x/yz). However it is bet-
ter than when all vowels have the saffg (x/xx). This suggests that segregation is
still effective, despite the inharmonicity of the "maskéstim of competing vowels).
In other words, harmonic cancellation of two competing hamia series is possible,
although it is much less effective than one. This is confirtogdhe fact that identifi-
cation is impaired if one of the competitors has the s&mas the target (cancellation
of that competitor would cancel the target). Identificatiothe (x/xy) condition is not
significantly different from that in the (x/xx) condition.

Identification was overall better that that measured in Erpent 2. This is easy to
understand as a consequence of the 3-vowel response fastethtthough one cannot
exclude a contribution of training). Comparing patternsas experiments, the pat-
tern across conditions (x/yy), (x/xy) and (x/yz) is simitetween the two experiments,
apart from the overall difference in rate. The (x/xx) coratitis different. The differ-
ence between that condition and the others was much gredsepi 2 than in Exp. 7,
essentially because subjects tended to (and were alloweejtort fewer vowels. One
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last thing to note is that standard errors are smaller in Expan in Exp. 2.

proportion target correct

06 A response required: —]
d —e— 3 vowel
-O- 1-3 vowel (Exp 2)
oSpgp— P P +
X/XX xlyy x/xy xlyz
FO pattern

Fig. 16 Target-correct identification rates as a function of thegetcompetitor
pattern obtained in Exp. 7 (filled symbols) and Exp. 2 (opentsys).
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10 Experiment 8: VERY small AF,

10.1 Introduction

Experiment 4 exploredhF, effects for smallAFgs. Unexpectedly, effects were found
with AFgs as low as the lowest value in the range (0.375 %). The firstadithis
experiment was to extend the ranget6,s that were smaller still.

In Experiment 4 (as in many double-vowel experiements)Rhe all clustered
around a single baseline value (132 Hz). The auditory systéght conceivably use
this fact to enhance filtering properties near that frequetfcso, performance might
be degraded if the baselifie were roving. A second aim of this experiment was to
test for that possibility. Delt&, conditions were constructed wiffys near 124, 128
and 132 Hz.

An outcome of Experiment 4 was that performance dependghtbfion phase at
AFy =0, 0.375 %. The space of possible phase relations is vasthanconditions
tested in Experiment 4 (adjacent portions of a beat patteeng but a sample. The
present experiment takes one more sample: comparison s beaieen vowel pairs
with same starting phase, and opposite (pi) starting phase.

10.2 Methods

The task was the same as in Exp. 4. Single vowels were syn#teai-, s of 124, 128
and 132 Hz, and also & s that were higher by 0.125, 0.25, 0.5 and 1 Hz. They were
paired and added with an amplitude mismatch of 5 or 15 dB, tm fdouble vowels
with AFgs of 0.125, 0.25, 0.5 and 1 Hz, or approximately 0.1, 0.2,@8 % (the 0.4
and 0.8 % conditions are equivalent to the 0.375 % and 0.75riditions of Exp. 4).
Both vowels were added in phase, or one vowel was invertgdhése) before addition.

There were: (5 delta fOs) x (2 phases) x (2 amplitudes)kg@ders) x (20 ordered
pairs) = 800 stimuli. Absolutey,was chosen randomly from trial to trial.

10.3 Results
Details of ANOVA and contrasts are given in Appendix H.

10.3.1 Effects of phase

Number of vowels reported At a 15 dB amplitude difference, a repeated-measures
ANOVA with factors AF, and starting phase (same phase vs opposite phase) indicated
a significant effect ofAF, and a marginally significant effect of phase.

Subjects reported slightly fewer vowels when vowels weideddn antiphase than
in phase. The interaction withF, was not significant. Figure 17 (a) shows the number
of vowels reported as a function of the starting phase watiip beween vowels of a
pair, at eachAFg.

At 5 dB the AF, effect was again highly significant, but neither the phasecef
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nor the interaction were significant (Fig. 17 (b)).

16— | -

1o |

number of vowels reported

number of vowels reported

. . 0 180
starting phase difference (degrees)

starting phase difference (degrees)

Fig. 17 Number of vowels reported as a function of starting phasatiehship (in
phase vs opposite phase), for several valueslef. Left: 15 dB amplitude difference,
Right: 5 dB amplitude difference.

Identification rate  When the target/competitor ratio was -15 dB, the main effett
AF, and phase were significant, as was their interaction. Fig8r@eft) shows the
identification rate as a function of phase, for differentses ofAF,. When there was
a non-zeraAFg, the effect of phase was not significant. Wh&R, = 0 it was highly
significant. Adding vowels at unison in opposite phase dyéatpaired identification
of the weak target.

When the target/competitor ratio was -5 dB, the main effettsF, and phase and
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Fig. 18 Identification rate as a function of starting phase relasbip (in phase vs
opposite phase), for several valuesXf,. Left: 15 dB amplitude difference, Right: 5
dB amplitude difference.

10.3.2 Effects ofAF,

Number of vowels reported Figure 19 shows the number of vowels reported as a
function of AF, (averaged over phase), for an amplitude mismatch of 15 d8 ¢{e
5 dB (right). Dotted line in Fig. 19 (left) represents dataadbed in Experiment 4 for
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similar stimuli.
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Fig. 19 Number of vowels reported as a function&fg,. Left: 15 dB amplitude
difference. The dotted line represents data obtained ineEREent 4. Right: 5 dB
amplitude difference.

Figure 20 shows the identificaton rate as a function&f, (averaged over phase),
for a target/competitor ratio of -15 dB (left) or -5 dB (rightDotted line in Fig. 20
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(left) represents data obtained in Experiment 4 for sinstamuli.
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Fig. 20 Target identification rate as a function &fF,. Left: -15 dB target/competitor
ratio. Right: -5 dB target/competitor ratio. Dotted line fapresents data obtained in
Experiment 4.

10.4 Discussion

The data are overall consistent with those of Experiment Berd@ are some phase
effects, the most striking being the effect of a phase redeasAF, = 0 % when
the target/competitor ratio = -15 dB. Both vowels have thaeatarting phase, so a
phase reversal actually creadipsin the compound spectrum at the formants of the
weaker vowel. This explains why identification is poor at & tiegree phase shift. It
is interesting to note that AF, of 0.1 % is sufficient to abolish this penalty.

A AF, as small as 0.4 % is useful for segregation but effectslefs smaller than
that are indistiguishable from experimental noise andispsmphase effects. We have
thus an estimate of the lower limit &Fgs that supporf,-guided segregation.
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11 Experiment 9: Effects of formant bandwidth

11.1 Introduction

Changes in formant bandwidth have a surprising small efiactowel identification
(Rosner and Pickering, 1994). They affect neither phonem@daries, nor the ability
to classify spectra reliably as vowels, even if when banthedre doubled or quadru-
pled relative to their "normal" values. Identification ispaired only if the bandwidths
are so wide that the spectrum is severely smeared.

On the other hand, in our concurrent vowel identificationegipents we have
found that subjects can detect the presence of vowels thasamuch as 20 dB (de
Cheveigné et al. 1997a) or 25 dB (exp. 3) weaker than a conmgpetiwel, even with-
out the aid of aAF,. Having detected its presence, they can also identify it goal
proportion of trial§. In the absence ahF,-based segregation cues, the auditory sys-
tem presumably looks for evidence of the weaker vowel in feesal region between
the formants of its competitor.

Narrow formants should be beneficial to segregation in twgswva) spectral fea-
tures of the target should "emerge" more easily becauseatieesharp, and b) masking
by the competitor should be less severe, because the vaky®en its formants are
deeper. The present experiment investigates the effeatsaking the bandwidth of
either vowel (or both) either wider than "normal” by a factdr2, or narrower than
normal by a factor of two. Target-correct scoring of narneide vs wide/narrow pairs
allows us to decide between a) and b) above.

11.2 Methods

Single vowels were synthesized with formant bandwidths there either one half
("narrow") or twice ("wide") their normal values, &s of 124 and 132 Hz. Spectral
envelopes for narrow and wide vowels are plotted in Fig. 2he Tange is limited
to 2500 Hz for clarity. Double vowels were created by addiimgle vowels with an
amplitude ratio of 5, 15 or 25 dB=,s were the sameF, = 0 %) or different(6 %).
The bandwidths of both vowels could be either wide or narnatm,(n/w, w/n, w/w).

8We have not checked formally whether identification is abzhance at the lowest amplitudes.
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Fig. 21 Spectral envelopes of vowels. Dotted lines: wide formawisé normal band-
width). Continuous lines: narrow formants (half normal loiavidth). The abscissa is
limited to the region of the lower two formants.

There were (20 ordered pairs) x (3 amplitude ratios) XA@yS) X (2 FgS) x (4
bandwidth combinations) = 960 double vowel conditions.gBithe large size number
of double vowels, single vowels were not included (pairdwait amplitude ratio of 25
dB are sufficiently similar to single vowels for the stimubegt to match the description
made to the subjects: a set containing "both double andesimglels").

11.3 Results

Details of ANOVA are given in Appendix |. Anovas were perfadseparately at each
amplitude ratio.

11.3.1 Number of vowels reported

15 dB amplitude ratio The pattern of results is most orderly at 15 dB amplitude
ratio. Formant bandwidth may be treated as two orthogowr#bfa: bandwidth of the
weaker vowel (wbw), and bandwidth of the stronger vowel (siivne ANOVA shows
that the main factors oAF,, wbw and sbw are highly significant, but their interaction
is either not significantAFy x sbw,AFg x wbw, AFy x wbw x sbw) or marginally
significant but small (wbwx sbw). Each factor has its own effect, independent from
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other factors, and the effects of all add up linearly.
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Fig. 22 Number of vowels reported as a function of formant bandwaéithe stronger
vowel (abscissa), and weaker vowel (dotted: narrow, camtirs: wide). (aAF, =0
%, (b) AF, = 6 %.

Results forAF, = 0 % are shown in Fig. 22 (a). The number of vowels reported
is greater when the bandwidth of tisronger vowel is wide rather than narrowit
is also greater when the bandwidth of tleaker vowel is narrow rather than wide
The phase patterns of both vowels are identical, so thettispesnvelopes add up
linearly, and the spectral envelope of the sum is relatiegalyy to predict in terms of
the formant positions, amplitudes, and shapes of the caestivowels. If formants of
the weaker vowel are narrow, they will emerge within theexgdl between formants of
the stronger vowel. It they are wide they will be less conspits. This explains the
effect of formant bandwidth of the weaker vowel.

When formants of the stronger vowel are narrow, they emelegrlg from the
compound spectrum and the stimulus sounds like a singlelvéMieen they are wide,
the spectrum is less like that of a single vowel and a two-Voesponse is more likely.
This explains the effect of formant bandwidth of the strangmvel.

At AFq =6 % (Fig. 22 (b), the number of vowels reported is greaten tita\F,
= 0 %, as observed previously (de Cheveigné et al. 1997alg. effect of formant
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bandwidth is similar to that observed Af, = 0 %. It is interesting to compare the
magnitude of the effects of target bandwidth (0.14) and cstitqr bandwidth (0.21)
with that of AF, (0.29). The effect of formant bandwidth is surprisinghygeralthough
not quite as large as that offF.

Formant bandwidth effects can also be compared with thatldf dB change in
amplitude ratio, from 15 to 25 dB (0.16). Formant peak ampgitof a narrow-formant
vowel is about 7 dB greater than that of a wide-formant voaed] the valley between
formants is about 5 dB deeper. If bandwidth effects were digto the local ampli-
tude differences they induce, one would have expected ¢ffeicts to be smaller than
observed.

Comparison between 5, 15 and 25 dB amplitude ratios The number of vowels re-
ported for pairs with the santg, is plotted in Fig. 23 as a function of the bandwidths of
the weaker and stronger vowel of each pair (notation: weakel-bandwidth/strong-
vowel-bandwidth), for amplitude ratios of 5, 15 and 25 dBfeEfs of bandwidth are
similar at 15 and 25 dB, but smaller and less orderly at 5 dB.

At AFy = 6 % the pattern is similar (Fig. 24. Effects at 5 dB are smadtél,
possibly because of a ceiling effect.

2.0F——— e e T

number of vowels reported

formant bandwidths (weak/strong)

Fig. 23 Number of vowels reported as a function of formant bandwaéithe stronger
and weaker vowels (notation: weak-vowel-bandwidth/gireowel-bandwidth)AF,
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=0 %.

number of vowels reported

n/n n/w w/n w/w
formant bandwidths (weak/strong)

Fig. 24 Number of vowels reported as a function of formant bandwaéithe stronger
and weaker vowels (notation: weak-vowel-bandwidth/gireowel-bandwidth)AF,
=6 %.

11.4 Identification

Identification is measured separately for each vowel in g paiwe reason in terms
of target/competitor amplitude rati¢rather than just amplitude ratio between vowels),
formant bandwidth of the targésame as the weaker vowel if the target/competitor am-
plitude ratio is negative), and bandwidth of the competiogel (same as the stronger
vowel if the target/competitor amplitude ratio is negative

-15 dB target/competitor ratio At -15 dB the pattern of identification appears quite
orderly if bandwidth is treated as two orthogonal factorie Thain effects of target
bandwidth, competitor bandwidth ard=, are highly significant, and their interactions
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are marginally or non- significant, and in any case small.

1.0F 1 T 1.0F —

target: )

a target:

( ) -O- narrow (b) --O- narrow
—{- wide —{ wide

0.8 u

0.6 . .
0.6 .

proportion target correct
o
proportion target correct

0 %
o - 6 %
0.0~ ' 0.0 1 .

narrow wide

competitor narrow wide

competitor

Fig. 25 Identification rate as a function of formant bandwidth of tmenpeting vowel
(abscissa), and the target (dotted: narrow, continuousleyi (a)AF, =0 %, (b) AF,
=6 %.

Consider first the pattern atF, = 0 % (Fig. 25 (a)). ldentification is better if
the target formants are narrow than wide. This is undersialedas narrow formants
should allow the peaks of the weaker target vowel to bettargewithin a spectrum
dominated by the stronger competitor. Identification is &lstter if the formants of the
competing vowel are wide rather than narrow. This is soméwshgorising, as valleys
between formants of the competitor &es deepvhen bandwidths are wide. Masking
should therefore be greater for target formants fallinghiest valleys. The result can
be explained by assuming that competitor formants are deswpetitive" when they
are wide rather than narrow, and don't disrupt identificatsd the target formants so
much. It is also conceivable that identification is detemdimainly by the tendency
to report two vowels (when only one vowel is reported, theeotis necessarily not
identified). Replication of the experiment with a two-voviggiced response task might
resolve this issue.

Identification is overall better & F, = 6 % (Fig. 25 (b)). The effects of bandwidth
are similar to those observed at 0 %. At this amplitude rdtie, effects of target
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bandwidth, competitor bandwidth anlF, are independent and affect identification
additively.

Other amplitude ratios For AF, = 0 %, the identification rate is plotted in Fig. 26
as a function of target and competitor bandwidths, for eaet/competitor amplitude
ratio. The bandwidth effect is overall the same at all amgls, with evidence of a
floor effect at low amplitudes (-25 dB) and a strong ceilinfgetf at high amplitudes

(15 and 25 dB). The pattern is similar At = 6 % (Fig. 27), but identification rates
are overall higher.

Restricting ourselves to the -15 and -5 dB levels, whereceffef AF, and band-
width are similar and regular, it is interesting to compdre agnitude of the effects
of target bandwidth (0.20), competitor bandwidth (0.18F, (0.19) and a 10 dB step
in amplitude ratio (0.28). One could argue that the apprexéty 7 dB greater formant
peak amplitude of a narrow-formant vowel can account foreffiect of target band-
width. The approximately 5 dB lower valley amplitude of rawrformant competitors
would lead us to expect an effect of the magitude similar & tWhich was observed
(0.16), but of opposite sign.

0 %

amplitude ratio:
—O— 25dB
—{+ 15dB
—-/A— 5dB
—V— -5dB
—— -15dB
—— -25dB

proportion target correct

bandwidths

Fig. 26 Target-correct identification rate as a function of formd@ndwidth of the
target and competitor (notation: target-bandwidth/contilee-bandwidth) for several
target/competitor amplitude ratiog\Fy = 0 %.
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Fig. 27 Target-correct identification rate as a function of formdmandwidth of the
target and competitor (notation: target-bandwidth/contilee-bandwidth) for several
target/competitor amplitude ratiog\Fy = 6 %.

11.5 Discussion

Formant bandwith has a strong effect on the number of vowegisrted and the identi-
fication rate. The effects of target and competitor bandwédale more or less indepen-
dent, and of the same order of magnitude as the effect of 8R4, with which they
combine more or less additively.

When both vowels have the same bandwidth, identificatiosiglly better if this
common bandwidth is narrow. However the effect is smalk #iirprising that narrow-
ing the competitor’s formants does not enhance targetifiteiion, as the narrowing
also deepens the valleys between the interfering formamtshould help the target's
formants to emerge (Fig. 28).

The strong effect of formant bandwidth on segregation istémkscontrast to its
negligeable role in identification of isolated vowels. A e®iwith narrow formant
bandwidths has a competitive advantage relative to voigdsnarrower bandwidths.
It would be interesting to know whether individual voiceattfistand out" have this
characteristic, and whether formant bandwidth is a caeadh stressed or emotional
speech. The detailed pattern as a function of vowel pairdcbalused to test models
of vowel perception. We did not attempt to do so here.
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Fig. 28 Spectral envelopes of an /il masker (dotted lines), andtedehy the addition
to the masker of a weak /a/ (continuous line). Target/coitggetmplitude ratio is 25
dB. Each plot is for a different combination of target/cottitoe formant bandwidth.
AFq =6 %.
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12 Experiment 10: In search of enhancement, part Il.

12.1 Introduction

As pointed out in the Introduction to Experiment5, the hyysis of harmonic en-
hancement (improved identification of harmonic targetajti@ctive, and many models
of concurrent harmonic sound separation (eg speech sepgratodels and methods
are based on it. However there is little experimental eviden favor of it: the har-
monic state of targets has little effect on their identifimat

One possibility is that theontinuityof the targef is a useful cue for segregation
in noise. For example the targefs might be estimated while the interference is
weak, and that knowledge applied when the interferencadngt Fo estimation is
difficult when the interference is strong, so such the extiatpon of Fy information
might be useful. The mechanism would not be triggered wikicsstimuli, and this
could explain why our previous attempts to find enhancemenéwnsuccessful.

In this experiment, we use dynamic stimuli that approxinsatguential vowel pairs.
We shall improperly use the term "diphthong" to describenquairs (properly speak-
ing, a diphthong is a vowel-like phoneme with a changing spet). The spectrum
starts out resembling one vowel and terminates resembhiothar, after a smooth
transition. TheF; may stay the same during the transition, or it may changehege
with the spectral envelope. Each stimulus is partially redslty an interfering noise
that starts at the beginning of the transition ramp. Theesilgjtask is to report both
vowels. The first is easy to hear, but the second vowel is sgvarasked, so identifi-
cation should be strongly dependent on eventual segregalienomena. For example
a mechanism dependent By continuity might be more effective if the, remains the
same, than if it changes between the first and the secondgfahts diphthong.

By using dynamic stimuli, this experiment takes one (mgdgsp in the direction
of "real" speech.

12.2 Methods

Stimuli consisted of targets partially masked by noiseg&ts were synthetic sequen-
tial vowel pairs, based on the five Japanese vowels. All peére allowed, including
pairs with the same vowel. Stimulus duration was 270 ms withm® raised cosine
onsets and offsets. The 250 ms portion between -6 dB poirgsdivéded into four
equal 62.5 ms segments. The spectral envelope was constamj the first and last
segment, with a linear transition of envelope parametensn@nt frequencies) during
the middle two segments. TH&, could be either constant throughout the stimulus
(124, 128, 132 or 136 Hz), or else constant during the firstlastdsegments, with a
linear transition of about 6 % (124—>132 Hz, 136—>128 Hz,)etluring the middle
two segments.

The masker was 270 ms in duration and shaped with a singglraissine window.
The masker was delayed by 62.5 ms relative to the target. Tdsken onset thus
preceded the beginning of the target transition ramp by 1,Gnsthe maximum of the
masker envelope coincided with the end of the transitiorptafine masking level thus
increased during the ramp. It decreased somewhat durifiptiesteady-state portion
of the target, but remained at a level sufficient to mask thetign effectively.

The masker was either periodic or noise-like. A periodic keasvas made by
summing all five vowels with equal RMS amplitude. Es could be 124, 128, 132
or 138 Hz. ThisF, was either the same as the firkal of the target AFy = 0 %), or
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else different AF, = 6 %). Noise-like maskers were made by shaping gaussiae nois
with the same spectral envelope. There were four differergenlike maskers, based
on four different noise tokens.

There were thus three different masker states: noisegéwodic (samé-, during
masked part), periodic (differeft, during masked part). The masker RMS amplitude
was 12 dB greater than that of the target for periodic maskers 2 dB for noise-like
maskers. RMS amplitudes were calculated over the 270 msioluc the target, and
the 270 ms duration of the (delayed) masker.

There were (25 vowel pairs) x (4 startifrgs) x (2 targef, patterns) x (3 masker
states) = 600 stimuli.

If enhancement were effective, we would expect identiftcatd be better for tar-
gets with static than modulatéd s, at least when the masker is noise-like or periodic
with AFy =6 %. WhenAF, = 0 %, the stati¢, should be of no benefit.

12.3 Results

The results are illustrated in Fig. 29. When the masker wéserlke, or periodic with

an F, that differed from that of the latter part of the target, itiication rates were
notbetter for a static than for a modulated target (they wera;significantly, slightly
worse). Our prediction based on the enhancement hypotliasiotconfirmed. When
the masker was periodic and &g that was the same as that of the last segment of
the target, identification was slightly but significantlyttee for unmodulated targets
relative to modulated targets. This effect is not easy tdag®pln the modulated case,
theF, of the target differed from that of the masker during the raama the auditory
system might have gleaned information from that part to oaprinformation. Such
was not the case.

The significant difference between "S" and "D" conditiongesponds to the clas-
sic AF, effect. Comparisons between either of these and the "N"itiondire mean-
ingless, as target amplitudes are different. (The factitteattification was more or less
the same for a +12 dB harmonic masker and a +2 dB noise-likkenasdicates that
the noise-like masker was considerably more disruptive.)

Once again, we have failed to find support for the harmoni@aeoément hypoth-
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Fig. 29 Identification rate as a function of masker state (S = harmpsame k, D =
harmonic, different &, N = noise like), for targets with a constant Kfilled symbols)
or aramped i (open symbols).
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