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An experiment investigated the effects of amplitude rdtie85 to 35 dB in 10-dB stepsand
fundamental frequency differenc®%, 3%, 6%, and 12%on the identification of pairs of
concurrent synthetic vowels. Vowels as weak-&25 dB relative to their competitor were easier to
identify in the presence of a fundamental frequency differedde,). Vowels as weak as-35 dB

were not. Identification was generally the sama Bt =3%, 6%, and 12% for all amplitude ratios:
unfavorable amplitude ratios could not be compensated by lafgis. Data for each vowel pair

and each amplitude ratio, AtF,=0%), were compared to the spectral envelope of the stimulus at
the same ratio, in order to determine which spectral cues determined identification. This information
was then used to interpret the pattern of improvement Wik} for each vowel pair, to better
understand mechanisms Bf-guided segregation. Identification of a vowel was possible in the
presence of strong cues belonging to its competitor, as long as cues to its own fdfhaaridF2

were prominentAF, enhanced the prominence of a target vowel's cues, even when the spectrum
of the target was up to 10 dB below that of its competitor at all frequencies. The results are
incompatible with models of segregation based on harmonic enhancement, beats, or channel
selection. ©1999 Acoustical Society of Amerid&0001-4969)01307-7

PACS numbers: 43.66.Ba, 43.71.An, 43.71[B&S]

INTRODUCTION In a recent studyde Cheveigneet al, 19973, we per-

. . . . formed a constant-stimuli experiment similar to that of

Soutces, some of which e must atend 1o, others which wICKEOHN, WhAF 5’ of 0% and 6% and targeycompetor
’ ' amplitude ratios of-20 to 20 dB in 10-dB steps. The effects

must ignore. Their amplitudes are rarely the same. W'thofAFo turned out to be particularly strong for weak targets.

luck, the target might have a greater amplitude than its com- : . .
petitors, and be easy to hear. O, at least such might be T;;Iéhe experiment to be reported here is an extension of that

. T ) experiment to a wider range of amplitude raties35 to 35
case during soméme intervalthat the auditory system can . ,
o : . . dB, in 10-dB steps and a larger set diF's (0%, 3%, 6%,
attend to, or within somepectral regionthat it can isolate

by simple filtering. However, it often occurs that a target is_lz%))' In the previous expgrlment, vowels were syntheglzed
weaker than the interference most of the time, and in mosl! Klatt phase,” which simulates the pattern OT starting
frequency regions, in which case the auditory system mugilases of natural vowekKlatt, 1980. Corresponding par-
employ a more sophisticated process to segregate one frofit'S had different starting phases, resulting in a complex
the other. pattern of vector summation &F,=0%. In the current

Experiments that investigate the usefulness of harmonicEXPeriment, corresponding partials of both vowels are given

ity or AF, cues are usually performed with pairs of vowels identical starting phases, wi_th the result that the spe.ctral en-
of approximately equal amplitudesee de Cheveignet al, velopes of doubIe-yovyeI stimuli are easier to pred!ct. Be-
1995, 1997b for reviews Exceptions are an experiment by yond a general curiosity abqut performance_ over this larger
McKeown (1992, who introduced systematic intervowel Parameter space, the experiment was motivated by several
amplitude differences in addition to thaF, parameter, SPecific questionda) Is there a minimum target/competitor
similar experiments by Meyer and Berthommi@@95, and ~ ratio below which aAF, is ineffective? (b) Is there a

a series of experiments that used an adaptive paradigm fg2deoff between amplitude ratio add=,? In other words,
determine identification threshold@Demany and Semal, Might a largeAF, be effective at target levels so low that a
1990; Assmann and Summerfield, 1990; Summerfield, 1998Mmall AF, is ineffective?(c) What spectral features deter-
Summerfield and Culling, 1992; Culling, Summerfield, andmine vowel identification in this situation? When the relative

Marshall, 1994; Culling and Summerfield, 199%hresholds amplitude is varied, the spectrum of the stimulus varies be-
with that paradigm ranged typically betweerb and —25  tween that of one vowel and that of the other. Features that
dB, depending upon the condition, demonstrating that rela@llow identification of the first vowelwhatever they may be:
tively accurate identificatiori70%) of weak targets is pos- formants, center of gravity, ejdfade away, while those that

sible, especially when segregation cues are present. allow identification of the other are strengthened. By corre-
lating these changes with response rates, it is possible to

dpart of this work was described in an ATR technical rejidet Cheveigne know which Cues. are necessa.ry for V(_)WGl identification. The
199743, pattern of errors itself may be instructive. The set of detailed
DElectronic mail: cheveign@ircam.fr responses for individual vowel pairs is thus a good test bed
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TABLE |. Formant frequenciegHirahara and Kato, 1992and bandwidths
(BW).

lal lel hil lo/ u/ BW
F1 750 469 281 468 312 90
F2 1187 2031 2281 781 1219 110
F3 2595 2687 3187 2656 2469 170
F4 3781 3375 3781 3281 3406 250
F5 4200 4200 4200 4200 4200 300

for models of vowel perception, in the footsteps of Assmann
and Summerfield1989.

This paper is based on one experiment, the results of
which are described in three parts. First, responses are aver-
aged over vowel pairs and analyzed as a functiofl6f and
target/competitor amplitude ratio. Next, response rates for
individual vowel pairs atAF,=0% are compared to their
spectral envelopes, to determine what spectral features are
important for perception of vowels in competition. Finally,
the increase withAF, of the percentage of correct vowel
responses is analyzed for each vowel pair. The aim is to
make sense dkF effects based on what the previous analy-
sis told us about cues to identification. Such detailed analysis
should provide insight as to the nature lBf-guided segre-
gation.

frequency (Hz)

I. METHODS FIG. 1. (a) Spectral envelopes of single vowels /o/ and(tkick lines and

- . weighted sums with amplitude ratios ranging fren35 to 35 dB in 10-dB
MethOdS_Wer_e similar to those of de. Chevelml' steps(thin lines. Dotted lines correspond to stimuli dominated by /o/, full
(1997a, b. Stimuli were based on synthetic tokens of Japaines to stimuli dominated by /u/. In some places the thin lines are indistinct
nese vowels /a/, lel, /il, o/, lul, with frequencies and bandbecause they merged with the thick lines. Single vowels were not used as
widths listed in Table [Single vowels are denoted between stimuli. The plot includes the first three forman81, F2, andF3), but

. excludesF4 andF5. (b) Spectral envelopes determining the amplitudes of
slashes(/al), and so are vowel pair§ae) when the target/ partials of an /oe/ double vowel whexF,#0%. Partials belonging to the

competitor relationship is unimportant. When necessary t@armonic series of /e/ are determined by the thick line, and those belonging
distinguish a target and a competitor, the vowels are sepae /o/ by the thin lines for each value of the o/e amplitude ratio. Dotted lines

rated by a slaska/e (target/competit()r] Vowels were syn- corresponq t‘o stimuli dominated by _/o/, fgll lines to stimuli dgminated t_)y
thesized at a sampling rate of 20 kHz. Their duration Waﬁlel' The origin of the ordinate scale is arbitrary: what counts is the relative
evels between envelopes.
270 ms, including 20-ms raised-cosine onsets and offsets
(250-ms “effective duration” between-6-dB points-unda-
mental frequencieg,'s) ranged from 124 to 140 Hz. The indistinct in places because they merged with one or the
starting phase of each harmonic was given a “random”other thick lines. As the amplitude ratio varies fron85 to
value that was the same for all vowels in all conditions. Suct85 dB, the spectral envelope of the pair gradually metamor-
a random phase pattern produces vowel waveforms that aphoses from that of one vowel to that of the other. Another
less peaky than sine, cosine, or Klatt phgs®duced by the example is the vowel pair /ou/ in Fig.(&. Single vowels
formulas of Klatt, 1980 All vowel tokens were scaled to the (represented as thick linewere not used as stimuli.
same standard rms amplitude after synthesis. At AF,#0, the spectrum of the vowel pair is made up
Vowels were paired, one vowel was scaled with respecof two interleaved harmonic series, each a scaled version of
to the other by a factor chosen betweeB5 and 35 dB in the spectrum of a constituent vowel. This is illustrated for
10-dB steps, the two were added, and their sum was scaled Wmwel pair /oe/ in Fig. (b). The thick line determines the
the standard rms amplitude. Double-vowel stimuli are thusamplitude of partials of /e/, and the thin lines determine that
weighted sums of their constituents. AF,=0, the starting of partials of /o/ for each of the values of the o/e amplitude
phase of each harmonic is the same in both vowels, andhtio. Dotted lines are for positive values of the o/e ratio, and
therefore its amplitude in the sum can be calculated withoutull lines for negative values. The origin of the ordinate in
considering complex phase-dependent vector summatiothis plot is arbitrary: of interest is the relative amplitude of
The double-vowel spectral envelope is therefore theone vowel versus the other. Notice for example that when the
weighted sum of the individual vowel spectra, with the sameo/e amplitude ratio is-35, —25, or—15 dB, the spectrum is
weighting factors as the vowels themselves. This is illus-dominated everywhere by /e/. For other values, it is domi-
trated for the vowel pair /oe/ in Fig.(d). Thick lines repre- nated by the first vowel in some places, and by the second in
sent spectra of individual vowels, and each of the eight thirothers. It is never dominated by /o/ everywhere. Another
lines represents the spectrum of a weighted sum. Some aexample is the vowel pair /ou/ in Fig(ld. These two vowel
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The response for each double-vowel stimulus was
scored twice: each vowel in turn was nominated the “target”
and the other the “competitor,” and then the roles were
reversed. A target was deemed identified if its name was
among the one or two vowels reported by the subject. The
proportion of vowels correctly identifie@onstituent-correct,
or target-correct identification rgtevas calculated for each
condition. The average number of vowels reported per stimu-
lus was also recorded. For pair-wise analysis, response rates
were recorded for all five vowels: the two constituent vowels
and the three not present in the stimulus but sometimes re-
ported nevertheless.

Il. RESULTS
A. Results averaged over pairs

Identification rates were submitted to a repeated-
measures analysis of varian@&NOVA) with factors ampli-
tude ratio and\F,. Probabilities reflect, where necessary, a
correction factor applied to the degrees of freedom to com-
pensate for the correlation of repeated meas(Bessser and
Greenhouse, 19%8Amplitude ratio was highly significarjt
F(7,98)=420.12, p<0.0001, GG=0.34], as wasAF, [
F(3,42)=96.32, p<0.0001, GG=0.45. Their interaction

frequency (Hz) was also highly significanfF(21,294)=27.60, p<<0.0001,
GG=0.20] (a trivial consequence of the fact that the scores
FIG. 2. Same as Fig. 1, for /ou/. had a limited range Identification rates are plotted in Fig.

3(a), together with rates measured in a previous experiment
pairs are used to discuss pair-wise results in Sec. Il. Thevith different subjectg§de Cheveignhet al, 1997a. Results
other eight vowel pairs are described in the Appendix. were similar between experiments, except that weak targets

Fundamental frequencies were chosen by pairs arithat AF;=0% were better identified in the present experi-
metically centered on 132 Hz, to obtaltFy's of approxi- ment. Identification rates increased as a function of target/
mately 129%(124, 140 Hz, 6% (128, 136 HZ, 3% (130, 134  competitor amplitude raticAF, had no measurable effect at
Hz), and 0% (132 H2. Fy's were placed symmetrically —35, 15, 25, and 35 dB, but at all other amplitude ratios
about 132 Hz to avoid any influence of the mégn and all  identification increased withF,. The greatest increase was
conditions were repeated with bofty orders(low/high and  between 0% and 3%. The step from 3% to 6% was signifi-
high/low). cant at—15 dB [F(1,294)=19.81, p=0.007, GG=0.20),

Vowels within a pair were always different. There were but not at other ratios. The difference between 6% and 12%
a total of(vowel pair=/ae/, /ail, /aol, /aul, /eil, leol, leul, lio/, was not significant at any ratio.
fiu/, lou) X (amplitude ratie= —35, —25, —15, -5, 5, 15, 25, With respect to the first two questions raised in the In-
35dB) X (2Fjorders)X (AF,=0%, 3%, 6%, 12%=640 troduction, it can be saida) AF, effects exist down to a
double-vowel stimuli within a stimulus set. Ideally, the target/competitor ratio of-25 dB, but at—35 dB they are
stimulus set should have contained a proportion of singléoo small to be measurablé) At all amplitude ratios, large
vowels to make it consistent with the description made to the\F's (6% or 12% are no more effective than smalF,'s
subjectgsee below. However, the 25- and 35-dB amplitude (3%). The plateau beyond 3% or 6% in the improvement of
ratio conditions are very similar to single vowels, astdcto  identification withAF,, previously observed for equal am-
sensusingle vowels were omitted to reduce the stimulus seplitude vowels, persists at target/competitor ratios down to

size. —25 dB. There is no tradeoff betweexF, and amplitude
Subjects were 15 Japanese studgiseven male and ratio.
eight female, aged 18 to 22 yearscruited for a series of ten The average number of vowels reported per stimulus

experiments on concurrent vowel identification and paid fowas also submitted to a repeated-measures ANOVA with
their services. The experiment described in this paper wafactors amplitude ratio andF,. Amplitude ratio was highly
the third of that series. The subjects were told that a stimulusignificant[F(3,42)=83.32,p<0.0001,GG=0.40], as was
could be either a single vowel, or two simultaneous vowelsAF, [F(3,42)=42.57,p<0.001,GG=0.42] and their inter-
that were not the same, and they were instructed to repogction[F(9,126)=16.11,p<0.0001,GG=0.31]. The num-
freely one or two vowels according to what they heard.ber of vowels reported is plotted in Fig(l8, together with
There was no feedback. Stimuli were presented diotically vialata from the previous studygle Cheveigneet al, 19973.
earphones, at a level of 63 to 70 dBA SRlepending on the The number of vowels reported was greater at 3% than 0% at
pair). all amplitude ratios except 35 dB. The increment between
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1O T ground showed the largest increase in correctly identified
_ (@) target vowel as a function dfF,, whereas e/o showed the
g 08~ smallest. The pair /ou/ illustrated a previous modeling study
8 (de Cheveigngl9970, and both pairs were described in de-
g o6 this study: |7} tail in a previous experimental studge Cheveigneet al.,
IS - 12% K . K .
£ 04 6% | | 19973. Other pairs are described in the Appendix.
= 18; Patterns of excitation along the basilar membrane
Q ° . .
S o2 previous: || (Moore and Glasberg, 198%re an attractive alternative to
= o o oo spectral envelopes. They shdessdetail than spectral enve-
0.0 L1 44 T lopes at high frequencies because of limited spectral resolu-
35 25 -15 -5 5 15 25 35 tion and/or masking, andnore detail at low frequencies
amplitude ratio (dB) where individual harmonics are resolved by the ear. Spectral
envelopes were nevertheless, preferred for the following rea-
20p . ' sons.(a) Formant positions, that are known to correlate well
3 with vowel quality, are evident in spectral envelopés)
§ 85 Excitation patterns display dfy-dependent structure at low
g 16l frequencies that makes their plots less legible. Vowel identi-
2 fication is known to be relatively insensitive E,, suggest-
% 14L ing that this sort of detail is not helpful in the present dis-
5 cussion.(c) Excitation patterns embody one particular form
E 124 of auditory processing, but there may be others that they do
€ not reflect as wellfor example, vowel quality might be de-
1.0 ) L | = rived from time-domain cues, as suggested by Meddis and
5 15 25 35 Hewitt, 1992. A description closer to acoustics implies less
amplitude ratio (dB) commitment in this respect.

FIG. 3. (a) Target identification rate as a function of target/competitor am-
plitude ratio, forAFy's of 0%, 3%, 6%, and 12%. Error bars represgine 1. ANOVASs for the 35-dB subset

standard error of the mean. Open symbols are from a previous étedy Pri he d - f . . | . f
Cheviegre1997a. (b) Average number of vowels reported per stimulus as ror to the description of pair-wise resu.tfs, a Se”es_ 0
a function of the amplitude ratio between vowels. ANOVAs was performed on a subset of conditions to derive
a rough estimate of the variability of responses. Analysis of
3% and (6%, 12% was not significant, except at 25 dB variance of the full data set was impractical because of its
[F(1,126)=8.47,p=0.027,GG=0.31. The increment be- Size and complexity, and possibly unjustified because of the

tween 6% and 12% was not significant at any ratio. severe inhomogeneity of variancgsany data points were at
ceiling or floop. In vowel pairs with a 35-dB amplitude ratio,

the weaker vowel affects perception in a negligible way: re-
sponses do not vary according to its identity, and rates are

Originally, the experiment was designed to exploit datahardly affected byAF, [Fig. 3(@)]. It is reasonable to assume
averaged over vowel paif@s in most studies of this type that these stimuli are essentially identical to the stronger
However the detailed vowel-pair-specific responses can beowel by itself. Each vowel appeared as the 35-dB-stronger
used to find what features underlie the perception of steadyowel four times in the stimulus set, and one can take ad-
state vowelgat least when they compete with other vowels vantage of this repetition to get an estimate of the variability
Response rates at each amplitude ratio can be compared @b responses in these conditions.
the shape of the spectrum at the same ratio, and responses for Five independent ANOVAs were performed, one for
each vowel can be related to the presence and strength eich response categofyowel). For each, the dependent
particular spectral features. This proposal has at least thra@riable was the proportion of trials for whi¢h) that vowel
weaknesseqa The amount of information is considerable was reported, andb) the stronger vowel was some other
and expensive to describ@n) Pair-specific data are less re- vowel. The nature of the stronger vowel was the independent
liable than average dat&0 responses per data point vs §00 factor (four level9, while the weaker vowel served as a ran-
and reliability itself is difficult to evaluate(c) The spectral dom factor(four levelg. Results are given in Table Il. The
envelope, with respect to which the data are analyzed, mapwer two lines of the table show that, with the exception of
not be representative of spectral features available to the auif, the number of times a spurious vowel was reported de-
ditory system. These weaknesses are counterbalanced by thended significantlyg=0.05) on the nature of the stronger
insight that vowel-pair-specific patterns provide concerningvowel. The pattern of means is discussed later. The impor-
vowel identification. tant thing to note for now is that th&tandard deviatiorof

To keep the description within reasonable limits, tworesponses ranged between 3% and 5.5%. These values hold
pairs (/oe/ and /ou/ are selected for detailed presentation.for the 35-dB ratio, but they will nevertheless be considered
The latter(/oul) is typical of the majority of vowel pairs as representative of variability of responses rates of weak target
far asAF effects are concerned, whereas the former comvowels and spurious vowels at other ratios. Based on this
bines two exceptional patterns: ofl@/ target and /e/ back- estimate, one can be sure that the effects described in this

B. Pair-wise results
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TABLE Il. Response rates for each of the five vowels, at a 35-dB amplitude ratid Bget 0%. The stronger

vowel was reported on all trials: rates shown are for each of the four other vowels that could eventually be
reported together with it. They are given as a function of the nature of the stronger vowel. The significance of
that factor is tested by a set of ANOVASs, one per column, using the “weaker vowel” factor as a random factor
(lower two lineg. Standard deviations are calculated from the part of variance that is not accounted for by the
“stronger vowel” factor.

Response vowel lal lel il lol ul
stronger=/a/ e 7.1% 3.6% 0.9% 6.3%
stronger=/e/ 8.0% B 8.9% 1.8% 18.8%
stronger=/i/ 4.5% 1.8% e 0.0% 18.8%
stronger=/o/ 0.0% 0.1% 2.7% e 14.3%
stronger=/u/ 13.4% 0.1% 3.6% 8.9% .
standard deviation 3.62% 3.02% 3.52% 3.04% 5.48%
F(3,3) 9.83 3.95 2.6 7.19 4.61
p 0.0015 0.036 0.1 0.005 0.023

paper(always greater than 10%, and often consistent across The spectral envelope for an o/e ratio 6 dB (for
several similar conditionsare reliable. which identification fell to 50% s the uppermost full line
nearF2 of /o/. The envelope for-15 dB (for which identi-
o fication fell to 20% is the next-to-uppermost. The drop in
2. Pair-wise results at - AFy=0% identification rate was presumably caused by the fading

Results are presented in this section for two vowel pairsaway of the spectral peak B2 of /o/. This illustrates a third
/oel and /ou/. The other eight are described in the Appendixprinciple: identification of a vowel requires the presence of
Responses to the two constituent vowels and to the threeues to both its formants1 andF2. The spectrum nedf2
vowels not present in the stimulyspurious responsgsre  of /e/ hardly changed between these conditions: the drop in
considered for each pair. For the vowel pair /oe/, responsglentification of /o/ had nothing to do with competition from
rates for each of the five vowels are plotted in Figa)4 cues to /el.

Thick lines represent the proportion of responses for which  Let us now consider responses for the second constituent
the constituent vowels were correctly identified. Thin linesvowel, /e/. Identification was relatively poor at o/e ratios of
represent response rates for the three other vowels. 25 and 35 dB, and relatively good at 15 dB and below.

Let us first consider responses for the first constituentReferring to Fig. 1, an o/e ratio of 15 dB corresponds to the
/ol. Identification was poor up to an o/e amplitude ratio ofnext-to-uppermost dotted line neB2 of /e/. Ratios of 25
—15 dB, and good at 5 dB and above. By comparing re-and 35 dB correspond to the lowest dotted lines. The spec-
sponses for each value of the abscissa in FHg) with the  trum hardly differs between conditions in the commeh
corresponding envelope in Fig(d, changes in the spectrum region, or near formanE2 of the competing vowel /o/.
can be related to changes in identificatibid. is the same for
both vowels, and the shape and absolute amplitude of that
part of the spectrum hardly change across conditions.
Changes in identification can therefore be attributed to other
features, presumably in tHe2 region of /o/.

The spectral envelope for an o/e ratio of 5 @& which
identification was goodis the lowest dotted line near for-
mantF2 of /o/ in Fig. Xa). There is quite a clear peak &2
of /o/, and below 1 kHz the spectrum hardly differs from that
of /o/. However, at 2 kHz there is a clear peakF& of /e/
that is not usually found in the spectrum of /o/. The presence

response rate (AF,=0%)

of this spurious cue did not prevent /o/ from being identified g
(the cue did not lack perceptual prominence, judging from ue
the high identification rates for /e/ at the same ratibhis %
illustrates a first principle: identification of a vowel is not g
prevented by the mere presence of cues belonging to another g
vowel. I
Both vowels of the /oe/ pair were simultaneously iden- S ook . o7
tified over a range of relative amplitud¢s and 15 dB, g 35 2515 5 5 15 25 35

despite the fact that both vowels had the sdfie This il- ofe ratio (dB)

lustrates a second principle: a formant peak may be shared , _
FIG. 4. (a) Response rates for vowel pair /oe/ as a function of the o/e

between vowels. The rule of exclusive aIIocat(cB’regman,. amplitude ratio, for the constituent vowels /o/ and (tkick lines and the
1999 does not apply. Bregman noted many other exceptiongree vowels not in the stimulugg/, /i/, /u). (b) Difference in response rates
to this rule. betweenAF o=12% andAF,=0%.
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response rate (AF,=0%)

rate(AF,=12%) - rate(AF;=0%)

FIG. 5. Same as Fig. 4, for vowel pair /ou/.
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requires that cues for both itS1 and F2 be prominent.
However, it is not clear what determines the prominence of a
formant cue. Referring back to o/e when the amplitude ratio
was reduced from 5 te-15 dB, the peak a2 of /o/ under-
went at least three changes: its absolute amplitude was re-
duced, its amplitude relative to neighboring peaks was re-
duced, and its local prominendésharpness,” and height
relative to the neighboring spectriivas reducedFig. 1).

The first factor is unlikely to be decisiVeee the Appendix

but it is harder to decide between the other two factors.

3. Pair-wise patterns of AF, effects

The previous description of vowel identification at
AF,=0% constitutes a good backdrop against which to ana-
lyze vowel-specific patterns dfF, effects. Results are again
presented in detail for vowel pairs /oe/ and /ou/. For the
vowel pair /oe/, thedifferencein response rates between
AFo=12% andAF,=0% is plotted in Fig. &). The dif-
ference is plotted as a function of the o/e amplitude ratio for
both component vowel§o/ and /e/, thick linesas well as

Rather, identification seems to have varied with the spectrdbr the other three vowel@a/, /i/, /u/, thin lines. A positive

changes in the region d¥2 of /o/. It is not certain what
caused the loss of perceptual prominence of B# cue:

value implies that the response rate for that vowel increased
when aAF, was introduced. These plots may be compared

upward masking from the lower part of the spectrum, maskito the “baseline” rates measured AF,=0% for the same

ing by ambient noise, or some other cause.
Similar comparisons can be made for the pair /ou/, be-
tween responsefFig. 5a)] and spectral envelopgdig.

pair [Fig. 4@)].
Let us consider first the vowel /o/. At an o/e amplitude
ratio of —15 dB, the proportion of stimuli for which /o/ was

2(a)]. This pair is somewhat atypical in that the range overreported increased by almost 0.8, the largest effect of all
which both vowels are identified is rather restricted. There isrowel pairs. As /o/ has the sankel frequency as its com-
a tradeoff between responses as if, contrary to other vowedetitor, it was argued previously that identification was lim-
pairs, simultaneous perception of both vowels were difficultited by the(lack of) prominence of cues to ifS2. The spec-

It is interesting to note the large proportion of spurioustral envelope of the vowel pair &F,=0% is shown in Fig.

/al responses for o/u amplitudes ranging frer5 to 5 dB.
Referring to Fig. 2a), it appears that thE2 formants of /o/
and /u/ were being interpreted as formakts andF2 of /a/

1(a). At an o/e ratio of—-15 dB, the envelope shows a mod-
est shoulder aF2 of /o/ (second-to-topmost full line Ap-
parently theAF, increased the prominence of this cue, al-

(see Fig. Al for a picture of /a/, or Table | for its formant lowing /o/ to be identified on almost all trialAF, was also
frequencies This interpretation coexisted with /o/ responseseffective at—5 dB, but the effect is smaller because of a

(at low u/o ratio$ and /u/ response&t higher u/o ratios

ceiling effect. It was also ineffective at25 dB, presumably

implying that the same formant was being perceptuallypbecause the cue was too weak to be saved bythg.

shared between /a/ and one of the constituent vovaais

Figure Xb) shows the spectral envelopes that determine

other counterexample for the rule of exclusive allocation the relative amplitudes of partials belonging to the two har-
According to which vowel was reported in addition to /a/, monic series that make up the double vowelAdt,+# 0%.

this interpretation left theF1 of the other vowel “or-

At an o/e amplitude ratio of-15 dB, the spectral envelope

phaned;” that is, not interpreted as belonging to a vowel. Itof /o/ at F2 is slightly below that of its competitof—1.7
is conceivable that this is what limited the number of timesdB), and at—5 dB it peaks 8.3 dB above its competitor's

this otherwise plausible interpretation was made.

envelope. The\F, was effective in both situations, but not

A final detall to notice is the high proportion of /u/ re- at —25 dB whenF2 of /o/ peaked at-11.7 dB below the
sponses at high o/u ratios. This would be ascribed to chananvelope of its competitor. This gives a first hint of the con-
if it weren't that /u/ responses were common for all pairsditions under which a\F, may be effective. A more com-
dominated by /o/fTable Il). Such /u/ responses were also plete discussion follows later.

common for pairs dominated by /e/ or /i/. The effect is easier
to explain for /i/(/u/ and /i/ have similaF 1’s) than for /o/ or

Let us now consider the vowel /e/. The e/o target/
competitor pair was exceptional in showing increase of

/el: nothing in their spectrum seems to support perception afesponse rate withh F, [thick dotted line in Fig. &)]. The

lul.

lack of improvement for /e/ may be explained in at least two

As detailed in the Appendix, the three “principles” hold ways. First, theF2 of /e/ is prominent whatever the ampli-
for most other vowel pairs. Identification is not disrupted bytude ratio(Fig. A1), and has little to gain fromAF,. Indeed,
the mere presence of spurious cues, the same formant ctige /e/ response rate At-,=0% was relatively high at all
can be shared by both vowels, and identification of a voweamplitude ratios. Second, its frequency is relatively high
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(2031 H32. Hypothetical within-channel segregation mecha-previous study; but not—35 dB. New also is the observation
nisms (de Cheveigne 1997H might be less effective at that response rates were roughly the samARg's of 3%,
higher frequencies. 6%, and 12%, whatever the amplitude ratio. There was no
For the vowel pair /ou/, the difference in response ratesradeoff betweem\F, and amplitude ratio: a less favorable
betweenAF,=12% andAF,=0% is plotted in Fig. 5. Let ratio could not be compensated by a larde¥,. The AF,
us consider first the vowel /o/. TheF effect was negligible effect was greatest at15 dB, both on average and for most
at —35 dB. It was strong at o/u ratios 6f25 and—15 dB,  vowel pairs, which justifies the choice of this ratio to reduce
and weaker for higher ratios because of ceiling effects. Theeiling effects in this kind of experiment.
spectral envelope of the vowel pair&F,=0% is shown in With some exceptions, pair-wise patterns\df, effects
Fig. 2a). F1 andF2 of /o/ show up as shoulders that are were similar across vowel pairs. Identification usually im-
modest at—15 dB (second-to-topmost full ling and even proved over a range of target/competitor ratifzs example,
more modest at-25 dB. Apparently the\F, increased their —25 to —5 dB for o/u, which argues for the usefulness of
prominence, allowing /o/ to be identified on 60% of all trials this cue in everyday life. The pair-wise results may be inter-

at —25 dB, and 80% at-15 dB. preted with respect to various hypotheses and theories of
Figure 2b) shows the spectral envelopes that determingound organization and segregation.
the harmonic series of the constituent vowela\&t,# 0%. The asymmetry of effects dfF, on both vowels of /oe/

At an o/u amplitude ratio of-15 dB theF1 andF2 of /o/ s one striking exception to the auditory scene analysis rule,
dominate the interformant valley of the envelope of /u/ by laccording to which effects of primitive segregation should be
and 3.7 dB, respectively. At25 dB, they peaked at 9 and symmetric(Bregman, 1990 A similar exception was found
6.3 dB, respectivelybelowthat envelope, bulFy was nev-  in the identification of pairs of harmonic and inharmonic
ertheless effective. It was, however, ineffective-é85 dB,  vowels (de Cheveigneet al, 1995. Another principle, that
whereF1 andF2 of /o/ peaked, respectively, at 19 and 16.3of “exclusive allocation,” was also violated in the case of
dB below their competitor’s envelope. vowels that shared a formant but were nevertheless both well

Let us consider next the vowel /u/. The, effect was  jdentified. Bregmar(1990 noted many other exceptions to
strong at o/u ratios of 5 and 15 dB, and weaker at lower o/yhis rule.
ratios because of the Ceiling effect. For hlgher raﬁmeaker Computer models have been proposed to “Segregate”
lul), the effect was also small. The spectral envelope of th&ound objects based on a two-dimensional time-frequency
vowel pair atAFo=0% is shown in Fig. @). F1 andF2 of  map. A first dimensior(tonotopid is an index into a filter
/ul show up as small peaks at an o/u ratio of 5 dB, and apank representing cochlear filtering, and the second dimen-
modest shoulders at 15 dopmost and second-to-topmost sjon s time. Spectro-temporal regions are assigned to differ-
dotted lines near these formanthese cues are even more ent sources based on periodicity informatioften estimated
modest at 25 and 35 dB. Evidently theF, increased their  from the autocorrelation functionin response to a mixture
perceptual prominence. Referring to Figbp at an o/u am-  of periodic sounds, the map may show regions that are domi-
plitude ratio of 5 dB, theF1 andF2 of /u/ dominate the nated by one period or another. The map is partitioned on the
envelope of /o/ by 3.4 and 14.7 dB, respectively. At 15 dB,pasis of this information and the parts attributed to the vari-
F1 peaked_ at 6.6 dB below the envelope of /o/, &@dat 4.7 ;5 soundgWeintraub, 1985; Cooke, 1991; Brown, 1992:
dB above it. Meddis and Hewitt, 1992; Ellis, 1996Many conditions

I_t is interesting to note thaJsFO_reduced the number_ of \were found where the spectrum wastirely dominated by
spurious /a/ responses at o/u ratios-625 to 5 dB. This  4ne yowel, and a partition was therefore not possible. Such

might be explained in two ways. According to one, whenp,gqels fail in those conditions and cannot explain the strong
formantsF2 of /o/ and /u/ are excited with differefi,’s, AF, effects that were observed.

they are harder to group together as formafitsandF2 of Beats between partials of both vowels have been pro-
/al. According to the othe\F, increased the prominence of posed to explain the effects of smalF,'s (Assmann and
theF1 of /u/ that would be orphaned &{25, —15, and—5 Summerfield, 1994; Culling and Darwin, 1994n previous
dB, or that ofF 1 of /o/ that would be orphaned at 5 dB. The g, gies, we found evidence that weakens this hypottidsis
latter explanation is favored later on in the paper. At an O/'“bheveigrieat al, 1995, 1997a, b The present study adds the
rattio of 15 dB, the proportion of /a/ responseereasedwith bservation that, for many vowel paitAF, effects are not
AFO'. This is probably. a consequence of the 'ncrease(greatest at amplitude ratios where beats have maximal am-
prominence of2 of /u, interpreted a§2 of /al. I plitude near target formants. Effects are instead large at ra-
Patt.erns OB\ F, effects for other pairs are detailed in the tios for which the strongest beats should occur in regions
Appendix. unrelated to formant peaks.
In a previous study, it was speculated that a “multiplic-
lll. DISCUSSION ity” cue might encourage subjects to report two vowels, and
Results averaged over pairs were similar to those founthus indirectly increase correct response rates in difficult
in a previous experimentde Cheveighe1997a. AF, in-  conditions(such as low target/competitor rafifor which
creased both the average number of vowels reported and tlieies to thadentity of the weaker vowel are hard to obtain
proportion of vowels correctly identified, particularly for the (de Cheveignet al, 1997a,b. The lack of any example of a
weaker vowel of each pair. New is the observation thit, uniform increase in response rate of all four vow@listinct
effects were measurable down te25 dB (—20 dB in the from the stronger oneargues against this hypothesis.
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Across-spectrum grouping by, is an attractive hypoth- large differences due to an extra formant have a dispropor-
esis. Formants belonging to the same vowel might bdionate weight that may mask similarity over the rest of the
grouped by commoF, and thus segregated from those of aspectrum. Pattern matching is likely to be unreliable.
competitor with a differenE,. The data do not support this The problem might be alleviated by replacing the square
hypothesis. Consider for example a target vowel that sharestey a compressive nonlinearity, so as to emphasize small dis-
formant with a stronger competing vowel. Tlig of the tributed differences over large localized ones. Another solu-
common formant is that of the stronger vowel, and it theretion might be to synthesizhybrid templates(similar to the
fore differs from theF, of the weak vowel’s other formant spectral envelopes in Fig. Aland perform matching to
when AF,#0%. This should prevent correct grouping andthem. A related scheme was proposed by Kopec and Bush
produce a drop in identification, whereas an improvement1989 for recognition of mixed speech. A third solution
was observed instead. Another example was found in thwould be to somehow mark the spurious channels as unreli-
Appendix: for a/i, theAF, increased the number of incorrect able, and exclude them from the distance calculation. A
Jul responses more than that of correct /i responses, wheretgurth would be to include onlyositive template-minus-
grouping byF, should instead have favored /i/ and excludedtoken differences in the distance calculation. They alone con-
/ul. Culling and Darwin(1993 also found evidence against Stitute strong evidence of a mismatch: negative differences
this hypothesis: a vowel pair in which,’s were swapped might be simply due to the dominance of part of the spec-
between first and second formafise F1 of one vowel was trum by the competitor. The last two schemes are among the
excited with the samé&, as theF2 of the othey benefited “missing data” techniques proposed for speech recognition
from aAF,, despite the fact that differefit,’s excited the by Cooke, Morris, and Greef1996, 1997.

E1 andF2 of each vowel. Our discussion of cues to vowel identification has limi-

Harmonic enhancemenﬂjesigna’[es the genera| hypoth- tations that were pointed out earlier. The spectral envelope
esis according to which thE, of a target is exploited to differs from the representation available to the auditory sys-
segregate it from interference. Across-formant grouping is 4&m. Only formantd$=1 andF2 were considered, and higher
variant of this hypothesis, but there are others. Previous worformants were ignored. The description in terms of formants
argued against this hypothesis, in particular because of théself may be questionetRosner and Pickering, 1984No
difficulty of estimating the targeE, for weak targetsde  account was taken of the fact that subjects usually had to
Cheveigﬁ%t al, 1997a This argument is reinforced here: choose the weaker vowel from a limited set of candidates
there is no way the auditory system coulilectly estimate (four), and that choosing one was equivalent to excluding the
the F, of a target vowel that is at least 10 dB beneath itsthree others. Prominence of cues was evaluated qualitatively
competitor at all frequencies. based on visual criteria, quantitatively based on amplitude

On the other hand, the results are consistent with thé&lifferences between target and competitor at formant peaks
hypothesis that theompetitor's R is used to suppress it of the target, and in(_jire_ctly based on response rates. The
(harmonic cancellation That F, is easy to estimate when relevance of those criteria to vowel perception is, hovv_evgr,
the competitor is strong. One plausible model of harmonic¢inSure. The next step should be to construct quantitative
cancellation is the channel selection model of Meddis andn0dels and test them on the response data. That is beyond
Hewitt (1992. However, it requires that at leasbmechan- the scope of t_he present paper, but raw data of thl_s and other
nels be dominated by the weaker vowel, and thus it cannciimilar experiments are freely available to the interested
explain the entire data set. Another cancellation model igeader.
based on the time-domain “cancellation filter” of de Chev-
eigne (1993, 1997h That model can operate at any ampli- IV. CONCLUSIONS
tude ratio in principle, although in practice its implementa-(1) AF, improved the identification of vowels as weak as
tion would face limits due to noise and imperfect linearity of —25 dB relative to their competitor, but at35 dB the
transduction and neural processing. Within each channel, a effects were no longer measurable.
neural cancellation filter suppresses the components of th@) Improvement for weak targets was generally no greater
competitor(based on its perigd and the remainder of this at AFy=6% or 12 % than al\F,=3%, whatever the
operation constitutes evidence of the weaker vowel. The fil-  target/competitor ratio. There was no tradeoff between
ter's dynamic range needs to be sufficient for this remainder factors: an unfavorable amplitude ratio could not be
to be distinguishable from noise. The limited amplitude  compensated by a largés.
range over whiclAF 4, was effective might reflect the limited (3) Identification of a vowel was generally not affected by

dynamic range of such a mechanism. the presence and prominence of cues belonging to the
Vowel identification was not impaired by the mere pres-  competing vowel. It depended only on the prominence of
ence of cues to another vowel. A nonz&rb, rendered cues the target vowel’s cues.

to both vowels more prominent, but there was no evidenced) Patterns of identification could generally be understood
that the increased prominence of cues to one vowel was det- by assuming that the cues to identification of a vowel
rimental to the other. There was no evidence of a cognitive  were itsF1 andF2. However, the generality or unique-

competition between cues to each vowel. For pattern- ness of this interpretation were not tested. In general,
matching, an extra formant peak poses a problem for a identification of a vowel required that both its formants

template-matching model using a Euclidean distance. Spec- be individually prominent, or else shared with the com-
tral differences are squared before summation, and locally petitor, or at least potentially masked by the competitor.
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(5) Sharing of a formant between vowels was not detrimen-  Open circles are response rates for the target vowel
tal to the identification of either vowel. The principle of (generally weaker and crosses are rates for the competitor
“exclusive allocation” did not apply. (generally stronggr Smooth lines represent a fit to these

(6) AF, improved target identification for certain vowel data by the following function:
pairs over a wide range of amplitude rati@g least 20 _ —(a/2)(x—b
dB). This confirms the ecological value &f,-guided R()=1/(1+e (@20, (A1)
segregation. On average, and for most vowel padiis,  whereR s the response ratg,is the amplitude ratio in dBy
effects were largest at 15 dB. is theR=0.5 intercept in dB, and is the slope at intercept

(7) AF, effects were observed when the target's spectrain dB™*. For each vowel pair, the function was fit to eight
envelope was up to 10 dB below that of the competitor.response-rate data poir(ts35 to 35 dB using the nonlinear
Below that level AF effects were rare and small. fit procedure of theivmp statistics packag€SAS Institute.

(8) Results were consistent with the hypothesis that segregalagged lines near the abscissa are response rates for the three
tion is based on a mechanism of harmonic cancellationvowels not present in the stimulus. Whatever its role, each
The limited dynamic range aiF effects may be inter- vowel (/a/, /e/, eto. is coded in a distinctive line styldull,
preted as reflecting the limited accuracy of that mechadotted, etg.that is the same for all graphs.
nism. Parameters of the fit for each target/competitor pair are

given in Table Al. The smallest interceflt) was —24 dB,
for a/i (Fig. A2), and the greatest was2 dB, for u/a. The
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kindly provided the software for stimulus synthesis, and In these data there are many examples of the “first prin-

Willy Serniclaes kindly offered advice on statistical analy5|s.ciple,,, according to which identification of a vowel is not
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helpful advice on a previous version of this manuscript. prevented by cues belonging to a competing vowel. The tar-

get is usually well identified at ratios for which cues to the
competing vowel are conspicuous in the spectral envelope
(Fig. Al). When the target/competitor ratio is increased,
these cues change while target identification does not. Con-
A. Spectral envelopes at AF;=0% versely, when the ratio is decreased, they change very little
while target identification changes greatly. One can wonder
whether these cues, that avesually prominent (and also
&wmerically on a log scaleare alsgoerceptuallyprominent.

An answer can be found in the fact that, in most panels of
Fig. A2, the fit curves intersect at a high value. This indicates

stimuli) by the eight thin lines. Some of these are indistincttr:;\i,f/(_)?;/zrréi Ceergg'r,:uzi”ngsffgit?vne]pg‘;}‘iemriat;]?s(;bf:ggstggt 3??
in places because they merged with one or the other thick P ptually ' 9 J

li ruptive effects of cues to a competing vowel exist, but are
ines. - ) o .
masked by ceiling effects. This objection cannot be waived
completely. One can, however, note that subjects were under
no pressure to report two vowels, and that when they did so
must indicate the presence of convincing cues.

Each vowel(targe} is considered in competition with The second principle is that both vowels can share a
each of the other vowelgompetitoj. Response rates for all common formant, and nevertheless both be identified simul-
20 target/competitor pairs a&tF,=0% are plotted in Fig. taneously. The principle of exclusive allocation described by
A2 as a function of the target/competitor amplitude ratio.Bregman(1990 does not hold. Four pairs out of ten share a
Each row of graphs corresponds to the same target vowelprmant: /ao/, /au/, loe/, and /igFig. Al).
and each column to the same competitor vowel. The diago- The third principle is that identification of a vowel re-
nal is empty because vowels were not paired with themquires that botH=1 andF2 be prominent. The necessity of
selves. Graphs that fall symmetrically relative to the diagonathe presence of cues tmoth formants is easiest to see in
correspond to both orderings of the same stimulus (fair  vowel pairs that share a formant. The spectral region of the
example, a/e and e/a both correspond to)/agith oppo- common formant generally changes little across conditions,
sitely oriented abscissas. They share two abscissa values:ahd identification appears to vary with the prominence of the
dB on one corresponds t65 dB on the other. other formant. Target/competitor pairs for which this is true

APPENDIX: DETAILS OF PAIR-WISE RESULTS

Spectral envelopes of all paifsther than /oe/ and /ou/
at AF;=0% are plotted in Fig. Al. Envelopes for /oe/ and
/ou/ were plotted in Figs. 1 and 2. In each graph, isolate
vowels(which were not presented as stimdre represented
by thick lines, and mixtureswhich were presented as

B. Pair-wise results at AFy;=0%
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FIG. Al. Spectral envelopes of single vowélsick lines and weighted sums of pairs of vowetin lineg, with amplitude ratios ranging from 35 to 35
dB in 10-dB steps. The plots include the first three formdhts, F2, andF3), but excludeF4 andF5. Each graph corresponds to a different vowel pair.
Together with Figs. (& and Za), all ten vowel pairs are covered.

are a/o, o/a, alu, u/a, ole, elo, ilu, and ufi. For a given vowelhence of target formantgFigs. A1l and 1a)]. Evidence
the “critical formant” can be eitheF1 or F2. For example, against it comes from e/o: the “local prominence” of the
in a/u identification varied with the prominencefel of /a/, peak atF2 of /e/ hardly changed over the range over which
whereas in a/o it varied with that of its2. identification of /e/ variedFig. 1(a)].

Response rates decrease when cueb loand/orF2 It is worth examining the spectral shapes for which for-
become less prominent. However, prominence is not easy tmant cues were perceptuallyeffective Setting an arbitrary
define objectively. As noted in Sec. I B 2, at least three facthreshold at 10% and scanning through Fig. A2, one notes a
tors might underlie the prominence of formant peaks: theircertain number of data points that fall below this threshold.
absoluteamplitude, their amplitudeelative to the competi- The corresponding spectral envelopes show cues to the target
tor's formants, and theilocal prominence(amplitude rela- formants that are very modest indeed. The spectral envelope
tive to the neighboring spectral envelope, and “sharpngss” of the stimulus often differs by no more than a few dB from
Absolute amplitude is probably not a determining factor, aghat of the competitor alone. An example is the85-dB
presentation levels were reasonably high, and thresholds faalue of the a/e ratiflowest dotted line near formants of /a/

a given target vowel varied among competitéfable Al). in the appropriate plot of Fig. Al Slightly more conspicu-
Support for local prominence comes from the fact that theous “noneffective” cues are the shoulderfa2 of /a/ at—25
lowest intercepts in Table Al are for g/-24 dB), a/u(—23  dB for a/o(second-to-lowest dotted line in Fig. Alor the
dB), and e/o(—18 dB), for which the deep interformant val- peak at~2 of /e/ at—25 dB for e/o(second-to-lowest dotted
leys of the competing vowels seem to favor the local promidine in Fig. 1). Perceptually ineffective cues are objectively
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FIG. A2. Pair-wise responses &F ;= 0%. Each graph represents the response rates for all five vowels as a functions of the amplitude ratio. Graphs are given
for each of the 20 target/competitor vowel pairs. Graphs on a row share the samddargetlly weakgr graphs in a column share the same competitor
(generally stronggr Open circles are data points for the target; crosses are data points for the competitor. Smooth lines are a function fit to(#ess¢heata

text). The jagged lines near the abscissa are response rates for the three vowels other than target and ¢tGppeties” vowel responses

very weak. By contrast, only slightly less modest spectrathe stronger vowel. While there is a sort of “noise floor”
cues suffice to affect identification on a measurable numbegvident in the spurious vowel responses in Fig. A2, it is not

of trials. random: responses were usually dominated by one vowel,
sometimes two, rarely three or fo(the only example of four
2. Spurious responses responses greater than 10% is th&5-dB point of e/u in

One might have imagined that the presence of a veryrig. A2). The dominant responséther than the strong
weak vowel would have a rather indistinct effect, causingvowel) was usually the weaker stimulus vowel, but at low
subjects to report at random a second vowel in addition t@mplitude ratios it was sometimes superseded by another
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TABLE Al. First column: names of target/competitor vowel pairs. Second and third column: ratio between
spectral envelopes of target and competitoFat and F2 of target(when both vowels have the same rms
amplitudg. Fourth and fifth column: intercefabscissa at 50¥and slope at intercept of the fit to the target
identification psychometric function. Last two columns: ratio between target and competitor spectral envelopes
atF1 andF2 of target at criteriorisee the text Values are given only for target/competitor pairs for which the
AF, effect size reached the criterion val(@3), and only for formants that controlled target identification
(shared formants were excluded

Ratio (dB) Psychometric function Ratio at criteriqdB)
Pair atF1 atF2 intercept(dB) slope(dB™1) atF1 atF2
ale 21.3 23.8 -13 0.32 6.3 8.8
ali 32.4 34.1 —24 0.44 7.4 9.1
alo 8.9 32.2 -12 0.51 17.2
alu 27.3 14.3 -23 0.35 o
ela 13.3 26.3 -8 0.24 -1.7 11.3
eli 18.6 235 -9 0.40 —-6.4
elo -0.9 42 —18 0.29
elu 15.0 34.6 -10 0.24 -10 9.6
ila 13.6 16.1 -8 0.26
ile 7.5 1.0 —4 0.42 7.5
ilo 8.8 31.4 —-12 0.39 —-6.2 16.4
ilu 0.5 22.1 -10 0.44 7.1
ola 14.2 -7.7 -5 0.24 -10.8
ole 0.9 13.3 -5 0.36 —-1.7
ofi 19.6 24.2 -11 0.21 4.6 9.2
olu 16.0 18.7 ) 0.33 -9 -6.3
u/a 14.1 -11.7 -2 0.22 -0.9
ule 7.3 10.3 -3 0.26 -7.7 —-4.7
ufi 2.9 20.7 -11 0.24 5.7
olu 8.4 19.7 -3 0.32 —6.6 4.7

vowel not present in the stimulus. Response rates for inditen, they were the result of cues present in the stimulus being
vidual spurious vowels were as large as 20%. reassembled in an incorrect but plausible way. In view of this

The vowel /a/ was often reported for stimuli dominatedfact, it is perhaps surprising that they did not occur more
by /u/ (last column in Fig. A2 The two vowels share similar often.
F2’s, but it is hard to explain why /a/ was reported in the
absence of evidence of itS1, except in the case of /ou/ c. pair-wise patterns of A F, effects
where theF2 of /o/ can be interpreted as thd of /a/(Sec.
Il B 2). The vowel /e/ was only rarely reported as a spuriousl' AFo
response. The vowel /i/ was often reported for the pair e/u at  Differences in response rates betwekh,=12% and
—15 and -5 dB. Apparently theF1 of /u/ andF2 of /le/ AF,=0% are plotted in Fig. A3 for eight of the ten vowel
were interpreted as belonging to (FFig. Al), an interpreta- pairs. The other tw@/oe/ and /ou/were plotted in Figs. &)
tion that leaves orphaned tt€l of /e/. The vowel /o/ was and §b). For most target/competitor pairdF, was effec-
reported at certain levels for pairs e/u and e/a. This is easy ttive over a range of amplitude ratios. For sota¢e, e/a, o/a,
explain in the case of e/&1’s of /e/ and /a/ can be inter- ul/a, ile, elu, ule, ofi, ufi, o/u, udhe range was at least 20
preted a1 andF2 of /o/, and it is perhaps surprising that dB, for others it was more limite¢a/o, i/0. The upperend
this interpretation was not made more often. Finally, theof the range is the result of a ceiling effect: identification that
vowel /u/ was often reported for stimuli strongly dominatedis good atAF,=0% cannot be improved by AF,. The
by /i/, lel, or /o/(Table ll). The vowel /u/ has a simild1 to  lower limit reflects the breakdown of segregation mecha-
fil, but it shares no formants with /e/ or /o/. On the othernisms when the target was too weak. This limit is worth
hand, it has ar2 similar to that of /a/, but /u/ responses examining in detail, as it may give cues to the nature of the
were less common with that vowel than with the other threesegregation mechanisms. Let us quantify the “lower limit”
It is hard to account for the large number of /u/ responses foas the lowest amplitude ratio for which the increase with
stimuli that lack either it&1 (a/o) or its F2 (/eil/, /io/), or  AF, exceeded a criterion valy@.3). This criterion is purely
both (/feo)). The vowel /u/ may possibly serve as a sort ofarbitrary and unrelated to any judgment of significance. The
“default” response. It is perhaps worth noting that the vowel criterion was not met for three target/competitor pairs out of
/ul is often devocalized in Japanese. 20 (i/a, a/u, and e/p For the others it was met at eithe25

To summarize, spurious vowel responses were generallgB (a/i, o/a, efi, e/u, o/uor at —15 dB (remaining pairs
not random. They sometimes occurred despite the lack of The amplitude ratios between spectral envelopes of tar-
specific cues to the vowel reportétypically /u)). More of-  get and competitor at formantsl andF2 of the target, at

effects for constituent vowels
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[— esis fares less well for pairs that havepasitive ratio at
criterion. Starting from the ratio at criterion, a reduction
shouldincreasethe size ofAF, effects, contrary to what is
observed. Conversely, an increase in ratio should diminish
the amplitude of beats at formant peaks, thus diminishing
AF effect size, again contrary to what is observed. When a
formant peak emerges above its competitor's spectrum, the
locus of maximum beats splits and shifts along each flank of
the formant peak. This might lead to confusion if beats were
used to signal formant positionAF effects were neverthe-
less strong in such conditions. The beat hypothesis is thus
hard to reconcile with these data.

The ideal, linear version of the harmonic cancellation
model can exploit the presence of a mistuned target, however
weak (de Cheveigngl997h. In practice, the dynamic range
of the mechanism would be limited by noise and the imper-
fect linearity of a neural cancellation filter. The smallest ratio
of envelopes at criteriof—10.8 might be interpreted as
reflecting the limit of the dynamic range of such neural pro-
cessing. However, in that case it is hard to explain why cor-
responding figures are not similar for other vowels.

Three vowel pairs gavAF, effects too small to meet
the 0.3 criterion(i/a, a/u, and e/p The case of e/o was dis-
cussed in Sec. IIB 3. For a/u, identification of /a/ depended

increase

increase

increase

increase

increase

increase

increase

[0]

3 05 on the prominence of itf1, that emerged relatively well

£ 00f : between formants of /u/ at all level§ig. Al), leading to
35 25 45 5 5 15 25 35 good identification ahF,=0% and thus smalAF, effects.

ampiitude ratio (dB) For i/a the small effect size is partly due to a tendency to
FIG. A3. Increase in response rates betwAép=0% and 12% as a func- group theF1 of /_ll and theF2 of /"_:1/ together and interpret
tion of intervowel amplitude ratio, for eight vowel paiithe other two are  them as /u/. This occurred despite the fact that these two
plotted in Figs. 4b) and §b)]. Thick lines: responses for vowels presentin formants were excited by differefffy’s, an argument against
the stimulus. Thin lines: spurious vowel responses. the hypothesis of across-frequency grouping of formants by
Fo.
criterion, are given in the last two columns of Table Al. A few data points show decreasen identification rate

Excluded from this table are data for the three pairs thai’mh A.FO’ but the effects were small and probably.due to
experimental noise. It seems safe to say thig was either

missed the criterion, and for formants that were shared beh ficial indiff t 10 identificati ding to th
tween target and competitor and were therefore prominent i eneticial or nditterent to identification according 1o he
condition, but never detrimental.

all conditions. For some pairs, the ratios at both target for-
mants(or at the single formant that controlled identification
were positive(ale, ali, alo, ilu, ofi, u)i For others they were
negative(eli, ile, o/a, ole, o/u, u/a, uleFor a few pairs, one
ratio was negative, the other positive. The range of values In many cases, &F, increased the response rates for
was quite wide:—10.8 to 17.3 dB. spurious vowels as well gor instead of correct vowels. In

This pattern can be confronted with three possible moda few cases they wemreducedinstead. This section reviews
els of concurrent vowel segregation: channel seledfided-  the conditions in which a\F affected spurious responses
dis and Hewitt, 1992 beats(Assmann and Summerfield, for each vowel pair.
1994; Culling and Darwin, 1994and harmonic cancellation For /ou/, the decrease in /a/ responses Wiff, for o/u
(de Cheveighg1997h. Channel selection requires that the ratios of —25 to 5 dB(and its increase at 15 ¢Bvere noted
target vowel dominate at least some parts of the spectrum: ih Sec. II B 3. For /ae(Fig. A3), the number of /o/ responses
cannot explaimAF effects for a target everywhere weaker increased at an a/e ratio of 25 dB. A possible explanation is
than its competitor. It thus cannot account for the full datathat AF, increased the prominence of thd of /e/ that was
set. interpreted as belonging to /o/. The amplitude of Eiepeak

Beats should be most effective when they are strong abf /e/ relative to /a/ in that condition was11.7 dB. For /ai/,
formants of the target, that is, when the amplitude ratio atat a/i ratios of 15 and 25 dB, the number of incorrect /u/
those formants is close to 0 dB. Thel0.8-dB amplitude responses increased more than that of correct /i/ responses.
ratio at criterion for o/a is consistent with that hypothesis: theApparently,AF, enhanced the prominence BfL of /i/, re-
resulting modulation depth of about 30% is possibly effec-quired for both interpretations. It is not clear why the incor-
tive, and it decreases with a further reduction in o/a ratioyect interpretation was preferred. If anything, formant group-
consistent with the decrease Af effect size. The hypoth- ing by Fy should have favored the correct interpretation

2. AF, effects for spurious vowel responses
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