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Subjects identified concurrent synthetic vowel pairs that differed in relative amplitude and
fundamental frequencyHy). Subjects were allowed to report one or two vowels for each stimulus,
rather than forced to report two vowels as was the case in previously reported experiments of the
same type. At all relative amplitudes, identification was better at a fundamental frequency difference
(AFg) of 6% than at 0%, but the effect was larger when the target vowel amplitude was below that
of the competing vowe{—10 or —20 dB). The existence of &F effect when the target is weak
relative to the competing vowel is interpreted as evidence that segregation occurs according to a
mechanism of cancellation based on the harmonic structure of the competing vowel. Enhancement
of the target based on its own harmonic structure is unlikely, given the difficulty of estimating the
fundamental frequency of a weak target. Details of the pattern of identification as a function of
amplitude and vowel pair were found to be incompatible with a current model of vowel segregation.
© 1997 Acoustical Society of Amerid&0001-496807)03904-7

PACS numbers: 43.71.An, 43.71.Es, 43.66.Ba, 43.66/\L$]

INTRODUCTION experiments. For that purpose, we measured identification
rate as a function of botlAF, and relative amplitude be-
Various experiments have shown that identification oftween vowels. This experiment allows a link to be made
two synthetic vowels that are mixed together improves wherpetween the classic paradigm in which identification rates
the vowels differ in fundamental frequenély,) (Scheffers, are measured with constant stim(fig. 1), and more recent
1983; Summerfield and Assmann, 1991; Culling and Darwinparadigms in which thresholds of identification are deter-
1993, 1994; Assmann and Summerfield, 199he results mined adaptivelyDemany and Semal, 1990; Assmann and
of several of these studies are shown in Fig. 1. Despite difSummerfield, 1990; Summerfield, 1992: Summerfield and
ferences in task, vowel set, subjects, etc., a common trend Gulling, 1992; Cullinget al, 1994; Culling and Summer-
that identification improves as the, difference(AF) in-  field, 1995. Finally, the dependency of identification on
creases between vowels. However, it has been noted theslative amplitude andF, may be used to test theories of
identification is far above chance AtF;,=0%, and yet re- vowel perception or segregation.
mains less than perfect whény's are different. McKeown (1992 performed a similar experiment using
The limited effect ofF differences may be due partly to double-vowel stimuli withAFy's of 0%, 25%, and 100%
ceiling effects. If identification is perfect aiF,=0% for (relative to the lowelF;). Relative amplitude between vow-
certain subjects or conditions, there is no room left for im-els was varied betweer14 and 14 dB in 2-dB steps, by
provement withAF,. De Cheveigneet al. (19953 reasoned reducing the amplitude of either vowel from the equal-
that such might be the case for one vowel within a pair if itamplitude condition(thereby reducing the overall stimulus
dominated its companion. They tried to determine correctivdevel). The experiment we report here used a larger range
amplitude factors to balance relative dominance and mutud20-20 dB, a larger steg10 dB), and overall rms ampli-
masking. However, that reasoning was flawed: There is nothtude was held constant for all stimuli. McKeown required
ing to guarantee that, once the balance is attained, identifsubjects to identify a “dominant vowel” and a second
cation of both vowels will not be at ceiling. In the present vowel, and analyzed results separately for each. We also
study, we followed the opposite course and introduced a sysscored the constituents of vowel pairs separately, but accord-
tematic amplitude imbalance to reduce ceiling effects for théng to stimulus properties rather than a subjective judgement.
weaker vowel. The first aim of the study was to test that idea,  In the classic double vowel identification paradigm, sub-
and determine good amplitude imbalance factors for futurgects are presented with two vowels and requested to identify
both of them, whether they are both audible or not. This has
3portions of this work were presented at a meeting of the Acoustical Societseveral drawbacksa) The task is uncomfortable when one

of Japan and as an ATR Human Information Processing Research Labon{(-owel is inaUdible_and the subject must guebgthe subject
tories technical reportde Cheveignel995; de Cheveignet al, 1995h. may use one particular vowel as a default response, and thus
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For a given vowel pair, all four combinations of the two
--/- Scheffers (1983) , ,
- o Culling & Darwin (1993) Fy's were used to producAFys of 0% and 6%. Vowels

- @ Culling & Darwin (1994) within a pair were always different. There were three repeti-
-&- Summerfield & Assmann (1991)

e Assmann & Summerfield (1994) tions of each condition, for a total of 600 double-vowel
—{1-de Cheveigné et al. (1995) stimuli (2 AF's)X(5 amplitude differencgs (10 unordered
this study: vowel pairgx(2 F, ordergx(3 repetitions. To these were

-O— 0dB, -1~ 10dB, —A— 20dB

added 240 single vowel stimul2 Fy's)X(5 vowel9x (24
repetitiong. A relatively large number of single vowels were
included to ensure that the stimulus set was consistent with
the description given to the subjects. It also allowed us to
verify that vowel quality was acceptable and unaffected by
synthesis parameters suchfag
Subjects were six native speakers of Japanese, aged 18
to 26 years. Two were mal&, S) and four femaléN, M, T,
U). Two were members of the ATR staffN, M), and the
other four were students paid for their services. Each subject
performed five sessions on different days. Subjects were
seated in a sound-treated booth or room, in front of a com-
puter terminal that was used to give prompts and gather re-
sults. Each stimulus was presented once, and the subjects
were requested to give one or two responses, according to
the number of vowels they perceived to be present. The sub-
jects were informed that the stimulus contained one or two
vowels belonging to the set /a/, /i/, /ul, le/, lo/, and that, in the
case of double vowels, vowels within a pair were different.
They were not allowed to answer twice the same vowel, but
AFO in semitones they had the option to answerx” instead of a vowel that
they could not identify. They could pause at will, in which
FIG. 1. Proportion of “both correct” identification as a functionaf, for ~ case the last stimulus before the pause was presented again

proportion both correct

0.0 | 1 | i
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previous studiegthin lines, and for this reportthick lines. after the pause. A session typically lasted between one and
two hours. There was no feedback.
unwittingly score perfect identification on that vowet) The answers were scored to obtain three meas(ags:

segregation cues that signal the multiplicity of sources aré\veragenumber of vowels reporteger stimulus. This is the
ignored; andd) subjects are under pressure to improve theifProportion of stimuli that elicited two responses, regardless
identification. This might enhance training effects that mayof whether they were correct or not, and regardless of
contribute to reduce the size afF, effects(Assmann and Whether the stimulus contained one vowel or tWho)
Summerfield, 1994 Instead of requiring two vowel re- Combination-correct identification ratélhis is the propor-
sponses, we told our subjects that the stimuli contained eithdfon of double-vowel stimuli for which both constituents
single or double vowels, and we requested them to give eivere correctly identified. It is the measure most commonly
ther one or two answers. This task is typical of natural situteported for double-vowel experimentsFig. 1) (c)

ations where segregation occurs, and the number of vowefgonstituent-correct identification raté ea, 1992; de Chev-
reported is an interesting measure. eigneet al, 19953. In the case of double vowels, this rate

was obtained by scoring each stimulus twice, once for each

vowel. A constituent was scored as correctly identified if it
| METHODS was matched by the response vowel or, if two responses

were given, by either of the two response vowels. In the case

Steady-state Japanese vowels /a/, /i/, /ul, lel, and /dif single vowels, each stimulus was scored as correct if the

were synthesized at two fundamental frequencies: 125 anstimulus vowel was matched by the response vofgelei-
132.5 Hz, with equal rms signal amplitude. Details of thether of the response vowels if two responses were given
vowels and synthesis technique are given in the Appendix. For the first two measures, the order of vowels within a
Double vowels were created by scaling one vowel by a factopair is ignored. In counting conditions we consider three lev-
(=20, —10, 0, 10, or 20 dB adding the two vowels, and els of intervowel amplitude differend®, 10, 20 dB, and ten
setting the rms amplitude of the sum to a standard valueconditions of unordered vowel pair, in addition to two levels
Stimuli were 200 ms in duration, with 20-ms raised-cosineof AF (0%, 6%. The third measure distinguishes the order
onset and offset ramps. They were presented to subjects vid vowels within a pair(target/background There are 20
headphonegStax SRA), at a sound-pressure level betweenlevels of ordered vowel pair, and 5-levels of target-to-
63 and 70 dBA. The sound system was calibrated using background rms level20, —10, 0, 10, 20 dBaccording to
Bruel&Kjaer artificial eansound level meter type 2231, half- whether the vowel being considerdthe “target”) is the
inch microphone type 4134 weaker or the stronger within the pair. In addition, there are
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FIG. 2. Number of vowels reported as a function of rms intervowel ampli-
tude difference, forAF,=0% (filled symbols and AF,=6% (open sym-
bols). The triangle represents single vowels.

two levels ofAF, (0%,6%9, and also two levels of absolute
Fo (low/low versus high/high, and low/high versus high/
low).
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FIG. 3. Target-correct identification rate as a function of rms target-to-
background level, fodA F,=0% (filled symbolg and AF,=6% (open sym-
bols). Crosses represent rates obtained with the same subjeets5atB in

a similar experimentde Cheveigneet al, 1997. The triangle represents
single vowels.

tively little variability. The other factors werdFy(2), or-
dered vowel PAIR(20) and absoluteFy(2). Significant
effects were noted for factorsAF, [F(1,5=51.80,
p=0.0008, AMPLITUDE [F(2,10=200.31, p<0.0001,
GG=0.64] and PAIR [F(19,95=5.91, p=0.0045, GG
=0.18], as well as for interactions betweéxF, and AM-

The number of vowels reported per stimulus is plotted inPLITUDE [F(2,10=11.45, p=0.008, GG=0.7], AMPLI-
Fig. 2 as a function of amplitude difference for both valuesTUDE and PAIR[F(38,190=4.00, p=0.013, GG=0.11],

of AF,. The triangle is for single vowels. For double vowels

and AF, and PAIR[F(19,99=4.65, p=0.02, GG=0.15].

atAF,=0%, subjects tended to report two vowels when bothThe main effect of , order was not significant, nor were any

stimulus vowels had the same rms amplity@edB). When
either vowel was strongdil0 and 20 dB, they more often

of the interactions involving it. In other words, At ,=0%
it made no difference whether both vowels were at 125 or

reported a single vowel, but they still reported two vowels132.5 Hz, and, atF,=6%, it made no difference whether
for a certain proportion of trials, even when the stimulusthe target was the lower or the higher of the two frequencies,

contained only one vowsdltriangle. At AF,=6% they al-
most always reported two vowels. Thig, seems to func-
tion as a cue indicating thmultiplicity of sources within the
stimulus.

whatever the vowel pair or amplitude difference. Given the

various ways in whiclir, can interact with formant structure,
this result is perhaps surprising.
Constituent-correct identification rates are plotted in Fig.

Combination-correct scores are plotted in Fig. 1 as & as a function of amplitude difference for both values of

function of AF, for all three values of amplitude difference.
At 0 dB theAF effect is similar, if somewhat larger, to that

AF,. As one might expect, identification of a vowel was
better when its relative amplitude was greater. It was also

reported in previous studies. At 10 and 20 dB the overalbetter atAF,=6% than atAF,=0%, particularly when the

rates are lower but thAF, effect remains large.
Constituent-correct identification rates for double vow-

els were analyzed in more detail. Rates averaged over se

sion (5) and repetition(3) were subjected to a repeated-
measures analysis of variancNOVA). Probabilities

target amplitude was low—20 or —10 dB).

§T Vowel pairs

Results for two particular pairs are described in detail.

reflect, where necessary, an adjustment of the degrees ®he first pair, /o#-/u/, serves later on in Sec. Il E to test a
freedom by a factor that corrects for the inherent correlatioomodel of double-vowel segregatiofMeddis and Hewitt,

of repeated measuremeriSeisser and Greenhouse, 1958
Only the three lowest—20, —10, 0 dB of the five levels of

target-to-background AMPLITUDE were retained, as re-

1992. The second pair, /ef/lo/, was chosen to illustrate the

variety of response patterns for different pairs. Figure 4

shows the number of vowels reported for both pairs. The

sponses were essentially perfect at 10 and 20 dB, with relgattern for /o#-/u/ is typical of the averagéFig. 2), but that
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lel+/ol (bottom) as a function of the amplitude of the first vowel relative to
FIG. 4. Number of vowels reported for vowel pairs#dii/ (top) and /e/ e second, atF,=0% (filled symbol3 and AF,=6% (open symbols

+/o/ (bottom as a function of the amplitude of the first vowel relative to the ;Asd():endl?g Itlrr:es(contlr:juous alrg f:)hr the .f'r‘f‘lf .VOWTI' descendlr:g 'Iln(lzdaot- |
second, at\F,=0% (filled symbol$ and AF,=6% (open symbols Tri- ed) are for the second vowel in the pair. Triangles represent single vowels.

angles represent single vowels.

for /e/+/ol is asymmetric:AF, has less effect on the re-
sponse count when /o/ is dominant and /e/ is weak than vice
versa. Figure 5 shows the identification rate for the same
pairs. The pattern of identification for components oft/a/

is typical of the averagéFig. 3), and the same is true for the
/ol vowel of /ek-/o/ (Fig. 5, lower panel, descending, dotted
lineg. However for /e/ the effect ofAF is very small,
mainly because the identification rate is highAg ,=0%.
The patterns for the vowels within this pair are quite asym-
metric. Vowel-pair specificities are discussed in terms of
possible models of vowel segregation in Secs. Il D and E.

number reported

C. Subject differences

Results of three subject&, T, and M) are presented in
Figs. 6—8 to illustrate differences between subjects. The ef-
fect of AF, on the number of vowels reported was overall
larger for T and M than for KFig. 6). The same was true for
the identification ratgFig. 7). This was mainly due to the
fact that K had higher identification rates/sf,=0% than T
and M, and also a lower rate at20 dB andAF,=6%. The
identification rateconditionalon a two-vowel responsg-ig.

8) reveals marked intersubject differences, mainly at
AF,=0%. Conditional rates for subject M are high, perhaps
because she was more conservative than other subjects in
reporting two vowels, and thus more often correct when she
did so. However, they are also high TOI‘ SUbjeCt K,’ despite th?—lG. 6. Number of vowels reported for three subjects as a function of rms
fact that he was the least conservative in reporting two VOWsntenyowel amplitude difference, aAF,=0% (filed symbol3 and at
els. The one-or-two response task probably exaggerates inf,=6% (open symbols Triangles represent single vowels.
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of correct responses for stimuli that evoked two resporfeeshree subjects
FIG. 7. Identification rate as a function of rms target-to-background levelas a function of rms target-to-background leveA&t,=0% (filled symbolg
for three subjects, atF,=0% (filled symbolg and atAF,=6% (open sym- and atAF,=6% (open symbols Triangles represent single vowels.
bols). Triangles represent single vowels.

B. Interaction with relative amplitude

tersubject differences, as subjects may use their freedom dif-

: The effects ofAFO0 at low target amplitudes are relevant
ferently when permitted to report one or two vowels.

to voice segregation in everyday life, since naturally compet-
ing voices rarely stay at the same amplitude. When a target
voice is weaker it can benefit fromi,-guided segregation,

D. Single vowels whereas when it is stronger, segregation is less necessary.
Drawing a horizontal line in Fig. 3 at a performance level of

The stimulus set contained 240 single vowels in additionm%’ theA F, effect appears to be equivalent to an amplitude
to 600 double vowels. For single vowels, the overall identi-jittarence of about 13 dB. This may be compared with the

fication rate was 99.75%. The lowest rate for a subjgeb-  17_45 shift in masked threshol(70% correck found by
ject N) was 99.3%, and the lowest rate for a vowe) was  cyling et al. (1994 using an adaptive technique. There are
99.2%. Evidently subjects had no difficulty identifying any o¢ jeast two possible explanations for the increase in effect
of the vowels. About 10% of all single vowels evoked tWo- g6 4 targets get weaker. One is that lower identification
vowel responses, with considerable differences between S”Pétes reduce ceiling effects, as we aimed for when we de-
jects (27% for subject K, 2% for subject)Jbut only small

i : signed the experiment. The other is that estimation of the
differences between vowels. No effect 6§ was evident.

competing vowel'sk, (required by segregation models that
invoke harmonic cancellatigris more accurate when targets
are weak. If the first explanation were correct, then other
11l. DISCUSSION manipulations that make the task more difficult should also
A AF. effect produce large effects._lnste_ad, Assman.n and Summerfield
Feo (1990 found that reducing stimulus duration from 200 to 52
To allow comparison with previous results, ms practically abolishedF, effects. De Cheveignet al.
combination-correct scores were plotted in Fig. 1. He, (19953 used a stimulus set with high intravowel variability
effect at O dB appears to be larger than in previous studieso reduce overall performance, yet they obtained relatively
Our one-or-two response task probably enhanced effect sizemall AF effects. Shackletort al. (1994 manipulated for-
as discussed by Cheveigaeal. (1997. Assmann and Sum- mant frequencies to increase the chance of confusions and
merfield (1994 also found relatively large effects, possibly reduce ceiling effects, but thkeF effect sizes they obtained
because their subjects were allowed to make “both-same’ivere not particularly large. Within their data, identification
responses. These may have played a role similar to “singlerate and effect size both varied considerably across subjects
vowel” responses in our task, with the result of relatively and binaural conditions, but there was no systematic relation-
low identification rates aAF,=0%, as in our experiment.  ship between the two quantities.
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15 D. Segregation based on beats

It has been suggested that, for smshk,'s, segregation
mechanisms might exploit beat patterns that occur when
there is a difference iRy (Assmann and Summerfield, 1994;
Culling and Darwin, 1994; Culling and Summerfield, 1995
For example, beats near the formants of a weaker vowel
might reveal the presence of those formafuts Cheveigne
et al, 1997, Fig. ). Beats at a vowel formant will be strong

1 | | if the spectral envelopes of both vowels have the same am-
-10 0 10 20 plitude near that formarftlf formant F1 (respectivelyF2)
target-to-background level (dB) ' determines a target vowel’s identitysF, effects should be

large at a relative amplitude for which spectral envelopes of
FIG. 9. Ratio between thaF, effect(difference between identification rate  both vowels coincide in th&1 (respectivelyF2) region of
at AF;=6% and 0% and its standard deviatioftalculated over levels of the target. In other words, for each vowel pair we should be
ISUBIJECT, SESSION, and PAJRas a function of rms target-to-background able to predict the size of theF, effect given the difference
evel in envelope amplitude of the two vowels in the region of the
formants of the target.

Whatever the explanation, an amplitude mismatch in-  Tq test whether beats might have played a role in the
creases\F, effect size for the weaker vowel. Large effects cyrrent experiment, we chose two parameters representing
are of practical interest because they are relatively easy tghe absolute amplitude difference between vowel envelopes
demonstrate with statistical confidence. However, that benyt formantF1 (respectively,F2) of the target vowel(This
efit would be lost if large effects were accompanied by ancorresponds to the vertical distance between curves in Fig.
equally large variability. Figure 9 shows that this is not thea1 at each of the first two formants of the targea. linear
case: the ratio of effect size to standard deviataiculated regression model was then formed, based on these two pa-
over levels of SUBJECT, PAIR, and SESSIDIN greater at  rameters, to predict the difference between identification rate
—20 and—10 dB than at 0, 10, and 20 dB. In general, if an atAF,=0% and at\F,=6%. This model was compared to a
experiment measures small effects relative to a baseline, thgscond regression model predicting simply that A, ef-
identiﬂcation rate for that ba.se”ne Should not be too f(igh fect is uniform'y greatest at a target amp“tude_elo dB
avoid ceiling effectsnor too low(to avoid floor effects and The two-parameter model fitéess well than the one-
subject frustration Taking 70% as a compromise, and the parameter modelr?=0.20 vs 0.26, despite its larger num-
AF=6% condition of our experiment as a baseline, a targeper of parameters. This model is clearly inadequate, possibly
amplitude of about-15 dB should be appropriate to avoid pecause it is too crude, possibly because beats did not deter-
ceiling effects. This value is used by de Cheveigtel.  mine segregation in this experiment. The question of beats is

(1997 to design a sensitive test of phase and harmonicitysxamined in further detail in a companion pagee Chev-
effects. If the baseline wer&F,=0%, a target amplitude of eigneet al, 1997.

0 or —5 dB might be better. The most effective amplitude
bias depends on the experiment.
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E. Meddis and Hewitt's channel selection model

Meddis and Hewitt(1992 proposed a model for the
identification of concurrent vowels with same or different

The AF, effect was strong when the amplitude of the Fy's. The model is based on an array of autocorrelation func-
target vowel was-10 or —20 dB relative to the competing tions (ACF) calculated within individual channels output by
vowel. In contrast, the\F effect measured by McKeown a model of peripheral filtering and hair-cell transduction. The
(1992 vanished beyond a 12-dB amplitude mismatch, bufpattern is summed across channels to obtain a summary au-
that may have been the result of floor effeGtentification  tocorrelation functionfSACH. The largest peak in the sum-
rates were overall lowgr A AF, effect at low amplitudes mary autocorrelation serves to estimate the period of the
can hardly be explained by a segregation strategy using thttdominant” vowel. In the same authors’ pitch perception
target'sF, (harmonic enhancemenbecause that parameter model(Meddis and Hewitt, 1991 a similar peak served as a
is difficult to estimate when the target-to-background ratio iscue to the pitch. To account for better identification of
small. Harmonic enhancement might work when the target islouble vowels when there is a differencefy, the model
strong, but it is difficult to demonstrate segregation in thatsupposes that individual ACFs that show a peak at the period
case because of ceiling effects. of the dominant vowel are selected and attributed to that

On the other hand the result is compatible with the hy-vowel. The remaining channels are attributed to the other
pothesis of harmonic cancellation, already supported byowel. ACFs within each group are summed, and the sums
other experimental datd.ea, 1992; Summerfield and Cull- are matched to templates to identify both vowels. When
ing, 1992; de Cheveignd 994; de Cheveignet al, 1995a, there is an amplitude mismatch between vowels, the partition
1997. Cancellation requires estimation of the competingbetween channels is likely to be determined on the basis of
vowel's F, and this is relatively easy when the target’s am-the periodicity of the stronger vowel, and thus the weaker
plitude is low. vowel can be said to have been segregated according to the

C. Enhancement versus cancellation
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tween channels. To summarize, Meddis and Hewitt's model

5 ‘ ! can explain the main aspects of our data, but notAlfg
8 75 lul ’ effects observed at low target-to-background levels for cer-
E . . -
T : < 01/ tain vowel pairs.
>
g 125 <02 IV. CONCLUSIONS
15 ¢ : ‘ ) g . .
d%) 175 lu2 Identification of concurrent synthetic vowels was mea-
= ' ': sured as a function of amplitude difference axie,, using a
g 20 ¢ ' ‘ ‘ ‘ task in which subjects could report one or two vowels. Main
8 225 [,/ dominant Jo/ dominant | results were as follows. S
© 25} : ; \ ; ; ] (1) The number of vowels reported and the identification
20 -10 0 10 20 rate were greater atF,=6% than atAF,=0%. For equal-
level of /o/ vs /u/ (dB) amplitude vowel pairs, the effect afF, on identification

was larger than previously reported, presumably because ef-
FIG. 10. Dominance of auditory-model channels by periods corresponoling]]ceCts were enhanced by t.he One-or-two response task.
to the fundamental of /U125 H2), left of crooked line, and the fundamental (2) The AFO effect size was greatler when the target
of /o/ (132.5 H2, right of crooked line, as a function of channel frequency VOwel was weaker by 10 to 20 dB relative to the competing
in ERB (vertical scalg and amplitude of /o/ relative to /@horizontal scalg vowel. This may be explained as due either to reduced ceil-
Arrows indicate formant frequencies of each vowel. ing effects, or to more effective harmonic cancellation, since
the competing vowel's, is easier to estimate when the
principle of harmonic cancellation. In this respect the modetarget is weak.
is compatible with our findings, as discussed in Sec. Il C. (3) The existence of a\F, effect when the target is
We implemented Meddis and Hewitt's model using aweak relative to the competing vowel is difficult to reconcile
software model of peripheral filtering and hair-cell transduc-with the hypothesis of harmonic enhancement of the target.
tion (Holdsworthet al, 1988; Meddis, 1988; Culling, 1996 (4) Patterns of response for specific vowel pairs were not
that produced a nerve fiber discharge firing probabilitycompatible with a simple model that assumed that identifi-
within channels spaced along an ERB sdaguivalent rect-  cation should be better when large beats occur near formant
angular bandwidth; Moore and Glasberg, 1p8Ba density frequencies of the target vowel.
of four channels per ERB, between 80 Hz and 4 kHz. ACFs  (5) AF, effects observed at low target-to-background
were calculated and summed to obtain a SACF from whichevels(—20 dB) for certain vowel pairs were not compatible
the dominant period was determined. Each channel was agsith Meddis and Hewitt's 1992 channel selection model.
signed to one or the other vowel according to whether or not
its ACF attained its highest value within 3% of the period of ACKNOWLEDGMENTS
the dominant vowet. The partition between channels at dif-
ferent amplitudes is illustrated in Fig. 10 for the vowel pair
/ol+/ul atAF,=6%. To the left of the crooked line channels
are dominated by /u/, to the right they are dominated by /o/
As either vowel is made stronger, the partition changes to it
advantage, as more channels respond with that vowel's pe
odicity. When /o/ is 20 dB below /ufleft-hand sidg the
partition isolates channels ne&l and F2 of /o/, from
which that vowel might be identified. However when /o/ is
20 dB above /u/, its periodicity dominatedl channels and

The experiments were carried out at ATR Human Infor-
mation Processing Laboratories, within a research collabora-
tion agreement with the Centre National de la Recherche
Scientifique. The first author thanks ATR for its kind hospi-
r%gxlity and CNRS for leave of absence.dlle Marin, Jean
Laroche, and Steve McAdams participated in the preparation
of these experiments. Hiroaki Kato and lkuyo Masuda con-
tributed useful ideas and advice and Rieko Kubo supervised
the experiments. Thanks to John Culling of the MRC Insti-

leaves no channels to represent /u/.A¥5, does not produce tL:.te ?f Heartlgg .Reseirih ;gr proo\lngln? tg\e softwarfe f(d)r
a partition, the model cannot predict the improvement withtS IPE us syn ?S'S’ and 1o him an efetrh ssmann _o; e
AF, that we observed for the vowel /u/ when it was 20 dB ailed comments on previous versions of the manuscript.
weaker than /ofFig. 5, top panel, dotted lines, absciszD
dB). This problem occurs for 5 pairs out of 20.

Our implementation of Meddis and Hewitt's model Vowels were /a/, [il, lul, lel, and /o/ of Japanese. The
failed to predictAF effects for weak targets. However, it first four formants had frequencies suggested by Hirahara
would be unwise to reject the model on that account, for aind Kato(1992), the fifth was set to 4200 Hz for all vowels.
least two reasons. The first is that it might perform betterThe same bandwidths were used for all vowels, as in Culling
with filters narrower than those used in the gammatone simuand Summerfield(1995. Formant frequencies and band-
lation. The second is that the auditory system might use avidths are shown in Table Al. Vowels were synthesized us-
more sensitive criterion to detect that a channel is not coming an implementation of Klatt's synthesizéKlatt, 1980;
pletely dominated by the period of the stronger vowel. ACulling, 1996. Table Al indicates the rms levels produced
scheme involving such a criterion is investigated in a com-by the synthesize(so-called “equal effort” levels Wave-
panion papelde Cheveignel1997), together with a model forms were then scaled so the rms amplitudes of all vowels
that allows for segregatiomwithin channels instead of be- were the same. Table Al shows the resulting sound-pressure
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TABLE Al. Frequencies and bandwidths of vowels, together with the rms|eyvels delivered by the earphones, as measured by the artifi-

amplitude produced by the synthesizer for each vowel, and the soun

pressure level at the earphone measured with an artificialadear rms

amplitudes had been made equal

la/ 1l ul el /ol  BW
F1 750 281 312 469 468 90
F2 1187 2281 1219 2031 781 110
F3 2595 3187 2469 2687 2656 170
Fa 3781 3781 3406 3375 3281 250
F5 4200 4200 4200 4200 4200 300
dB rms after synthesis 46.9 40.6 40.4 41.8 44.5
dB (A) SPL 70.0 63.0 63.6 67.4 66.2
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FIG. Al. Spectral envelopes of all five vowels.

%ial ear. Spectral envelopéscaled by the same amount as

the waveforms are plotted in Fig. Al. Estimates of basilar
membrane excitation patterns for each vowel are plotted in
Fig. A2. Excitation patterns were calculated by taking the
FFT of a 16-ms Hanning-shaped window of a 125-Hz vowel
(two periods, and applying spectral smoothing according to
formulas of Moore and Glasberd983.

The “x” answer was counted as if the subject had reported an incorrect
vowel. The option was rarely used by the subjects, and in subsequent ex-
periments it was removed.

2In the low-frequency region where partials are resolved, the amplitude of
beats of adjacent partials depends upon the levels of their excitation pat-
terns within each channel. Excitation may locally be equal even if spectral
envelopes do not coincide. However, given the smdll,, excitation pat-
terns of the lowest partials tend to overlap, and the range of intervowel
levels over which they may coincide is therefore narrow and near the int-
ervowel level for which spectral envelopes coincide. At higher frequencies
where partials are not resolved, excitation patterns are wide and best beats
also occur when the spectral envelopes coincide.

3This selection criterion is a departure from Meddis and Hewitt's model, in
the interest of clarity. In his model, the dominant period was derived from
the largest peak in the summary AQWwithin a certain range and indi-
vidual channels were classified according to whether their ACF had a
“peak” at the dominant period. A peak was defined as any point higher
than its left and right neighbors. This definition can lead to somewhat
erratic results when ACF’s are “noisy.” Our modification produced pat-
terns that are better suited for illustration purposes. It does not betray the
spirit of the model or reduce its chance of success.
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