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The two experiments reported here examine how an inter-aural time diffefi@xeinteracts with

two other cues, mistuning and onset asynchrony, in reducing the contribution of a single frequency
component to the perception of a vowel’s identity. Previous experiments have shown that although
ITD is generally rather ineffective at segregating a simultaneous harmonic frequency component
from a vowel, it can produce some segregation when listeners have already been exposed to the
isolated segregated component. A difference in ITD increases segregation overall in experiment 1
where the to-be-segregated component can also have a different onset time from the remainder of
the vowel, and experiment 2 shows a similar result when the to-be-segregated component is
mistuned. However, segregation by ITD is present just as strongly on trials when there is neither
mistuning nor a difference in onset-time as on trials where these additional cues are present.
Segregation on trials when there is neither mistuning nor a difference in onset-time is however
larger in the present experiment which mixed all conditions together than in similar trials in an
earlier experiment that had a blocked dedign J. Darwin and R. W. Hukin, J. Acoust. Soc. Am.

102 2316-2324(1997)]. The results show that segregation by ITD increases when other more
potent cues are present in the experiment. 1898 Acoustical Society of America.
[S0001-496608)00302-9

PACS numbers: 43.66.Mk, 43.66.Pn, 43.66.Qp, 43.71J@¢H)]

INTRODUCTION hancing the segregation of a harmonic from a vowel under
conditions where the listener has been made aware of an
In the normal environment, a single cue that is useful forappropriate separate sound source. Using the same subjects
the perceptual segregation of a sound source rarely occurs & are used in the present experiments, Darwin and Hukin
isolation. Frequency components originating from one sound1997, exp. 1looked at the ability of a difference in ITD to
source will generally differ from those originating from an- segregate a harmonic from the percept of a vowel's identity
other in a variety of ways: they may have different onsetunder two different types of presentatigmeasured by a
times, be part of different harmonic series, and come fronthange in the phoneme boundary betwaénard £/ along a
different directions. Experiments that have varied these cues; continuun). Underblockedpresentation subjects heard a
individually have shown that the auditory system can exploitblock of trials in which one of the harmonics of a vowel had
at least some of these cues to perceptually segregate freither the same or a different ITD from the remaining har-
guency components into different putative sound sources. monics. A difference in ITD gave no change in the phoneme
For example, there is clear evidence from experimentdoundary, indicating no segregation of the harmonic from
on vowel perception that mistuning a single harmoiar-  the vowel. However, when these trials wenéxedwith oth-
win and Gardner, 1986; Darwin and Sandell, 19%dving it  ers in which the vowel was preceded by a tone corresponding
a different onset time from the rest of the vow@arwin, to the to-be-segregated harmonic, then a difference in ITD
1984, or playing it to the opposite ear from the rest of thedid produce segregation, even in trials that lacked the pre-
vowel (Hukin and Darwin, 199bwill substantially remove it ceding tone sequence. Subsequent experim{@aswin and
from the perception of vowel identity. These cues also affecHukin, 1997 showed that this across-trial facilitation re-
other tasks, suggesting that the segregation that they providpiired the presence of a tone that corresponded both in iden-
is a robust phenomenofCarlyon, 1994; Darwin and Car- tity and ITD to the to-be-segregated tone.
lyon, 1995; Hill and Bailey, 1997 Such perceptual grouping The present experiments ask whether the use of a differ-
does not occur so straightforwardly as a result of differencegnce in ITD can also be facilitated by other, more integral
in interaural time differencdTD). A large difference in ITD  cues to segregation. In particular it asks whether the effec-
(c. =600us9) is either ineffective or very weak, when it is tiveness of a difference in ITD in segregating a harmonic
the only cue, at segregating either simultaneous, formantlikélom a vowel is increased when it has a difference in onset
noise bands into vowellike paif€ulling and Summerfield, time from the remainder of a vowel, or when it is mistuned
1995 or in segregating an individual harmonic from the per-relative to the other harmonics in the vowel.
ception of the vowel identity of a simultaneous steady-state  Evidence that the processing of ITD is not independent
vowel (Hukin and Darwin, 1995; Darwin and Hukin, 1997 of perceptual grouping cues such as onset asynchrony and
However, a difference in ITDcan be effective at en- mistuning comes from experiments on the localization of
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complex tones. The experiments exploit the result that listen-  The experiment uses a well-established paradiber-
ers use consistency of ITD across frequency to localize ain, 1989 to measure the extent to which a 500-Hz compo-
band-limited noisdTrahiotis and Stern, 198%r tonal com- nent is segregated from a steady-state vowel. The segrega-
plex (Hill and Darwin, 1996. A 500-Hz tone with an inter- tion is measured as the shift in the phoneme boundary along
aural phase difference that leads on the left ear by threea first formant £;) continuum between the vowels and
quarters of a cycld1l.5 mg will be heard on the right in /e/. Physical, and by inference perceptual, removal of the
isolation because of phase ambiguity and a preference of tHearmonic results in a phoneme-boundary shift to higher
binaural system for short ITDs. However, if it is presented amominal F, values. In order to increase the size of phoneme
part of a broader-band tonal complex whose other compoboundary shift that removal of the 500-Hz component pro-
nents share the sani&.5 mg ITD, the whole complex will  duces, conditions are also included in which the level of the
be heard on the left, apparently because the binaural systef®0-Hz component has been increased by 6 dB.
gives weight to the consistency d¢an albeit long ITD The 500-Hz component is given five different onset
across frequency. This across-frequency integration of ITDasynchronies ranging from 0 to 40 ms in order to provide
can, however, be disturbed either by mistuning or by varyingsome, but not complete, segregation by onset asynchrony.
the onset time of the 500-Hz component. A few perdent The 500-Hz component is also given either the same ITD as
3%) mistuning, or a few tens of milliseconds. 40 mg the rest of the vowelwhich is always presented with an ITD
delay in onset time is sufficient to perceptually segregate thieading on the left earor the opposite ITD.
component from the complex, and to cause it to be hearg\ Method
back towards its original location on the Idfill and Dar- '
win, 1996. These results argue for the subjective location of ~ The basic stimuli were similar to those used in Hukin
a sound being determined after some perceptual groupingnd Darwin(1995, exp. 2 On each trial subjects classified a
has occurred. single vowel as1/ or /e/. The vowel was 56 ms in duration
The present experiments use vowel identification rathepn a fundamental of 125 Hz and variedrn frequency from
than subjective location as a measure of segregation. OW96 to 521 Hz in seven steps. Harmonic amplitudes were
previous experiments have indicated that grouping by ITDcalculated from the source and transfer function of the Klatt
can be influenced by other grouping cues, such as onsé€t980 synthesizer in serial mode with the first three formant
asynchrony and mistuning, in two ways. These two waydandwidths at 90, 110, and 170 Hz and the second and third
make different predictions for experiments in which trials formant frequencies at 2100 and 2900 Hz, respectively. The
which either do or do not have the other grouping cues00-Hz component of the vowel was presented either with
mixed together in the same block. the same ITD as the rest of the vowel
First, by analogy with Hill and Darwin’s localization (+666us, with the left ear leadingor with the opposite ear
experiments, onset asynchrony or mistuning could influencéeading. The 500-Hz component started 0, 10, 20, 30, or 40
grouping by ITD within a trial by providing a segregated ms before the rest of the vowel. Another condition was run
tone which can then be localized separately by its differenin which the 500-Hz component was physically absgrt
ITD. This mechanism predicts that ITD should be more ef-500-H2. Nine subjects with normal hearing took two differ-
fective at segregating a harmonic from a vowel on trialsent blocks of trials on separate days. The 500-Hz component
when the other grouping cues are present than on trials whetas given an additional gain of 6 dB in the second block of
the harmonic is both synchronous and exactly in tune. Infortrials. Each block had 770 trials: 10 replications of
mal listening to the sounds used in the present experimeni&; values<11l conditions (no 500-Hz5 onset asynchro-
indicated that it was very easy to hear a sufficiently mistunediies X2 gaing. Other experimental details were as in Hukin
or asynchronous harmonic that had a different ITD from theand Darwin(1995, exp. 2
rest of the vowel as a separate sound in a distinct location.
Second, other grouping cues can influence grouping by
ITD by the across-trial facilitation mechanism described earB. Results

lier: the segregated and separately localized tone can facili- Phoneme boundaries were estimated from each subject’s

tate segregation by l.TD on triaI; when Oth?r groupir_lg CU€ata in each condition. Mean boundaries are shown in Fig. 1.
are not present. This across-trial mechanism predicts thaIthe results replicate previous results on segregation by onset

ITD should algo be effective on trials which do not haVeasynchrony and in addition show a clear effect of segregation
another grouping cue present. by ITD

The first experiment examines how segregation by ITD Physically removing the 500-Hz 0-dB component in-

'S mfluencgd by onsgt_a§ynchrony, and _the §econd EXPETtreases the phoneme boundary by about 35 Hz and removing

ment examines how it is influenced by mistuning. the 500-Hz 6-dB component increases the phoneme bound-
ary by about 45 Hz. Giving the 500 -Hz component an onset

| EXPERIMENT 1: ONSET ASYNCHRONY AND ITD asynchrony of up to 4(_) ms increases the phonemel poundary
by up to about 20 Hz in both the 0- ankl6-dB conditions

The first experiment examines how the ability of a dif- (F, 3,=21.4,p<<0.0001, indicating that onset asynchrony is

ference in ITD to segregate a harmonic from the perceptiopartly removing the component from the calculation of

of a vowel's identity is influenced by that harmonic also vowel quality. Giving the 500-Hz component a different ITD

having a different onset time from the rest of the vowel.  from the rest of the vowel further increases the phoneme
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Il. EXPERIMENT 2: MISTUNING AND ITD
The second experiment examines how the ability of a
@ 1666 ps Q difference in ITD to segregate a harmonic from the percep-
tion of vowel’s identity is influenced by that harmonic being
—_ - mistuned relative to the rest of the vowel.
— C— A. Stimuli
R
- ..._ -

L The stimuli for this experiment were similar to those of
Experiment 1 except that the vowel duration was increased
to 200 ms, all components were synchronous, and the
480 0 dB 500-Hz component was mistuned by 0%,1%, +2%,
no 500 +3%, and+=4%. The longer duration of 200 ms was cho-
4704 sen to be the same as that used in the previous vowel experi-
ment on mistuningDarwin and Gardner, 1986The ampli-
460- tude of the mistuned harmonic was held constant when it
450.] was mistuned. Again the 0- antl6-dB conditions were run
in that order on separate days.
g 440
% B. Results
5 no 500 ' ' ' Phoneme boundaries were estimated for each subject’s
8 4704 + data in each condition. Mean boundaries are shown in Fig. 2.
o ) L The results replicate previous experiments on segregation by
4604 ’ mistuning and in addition show a clear, though overall small,
effect of segregation by ITD. Physically removing the
450 500-Hz component again increases the phoneme boundary
by about 35 Hz for the 0-dB condition and about 45 Hz for
440 the +6-dB condition. Mistuning the 500-Hz component
generally increases the phoneme boundamyadratic trend
430 ; T . F16=37.0,p<0.002, although the increase is more marked

0 10 t 20h 30 40 for the +6-dB condition than for the 0-dBFgg,—4.4, p
onset asynchrony (ms) < 0.0 and for negative than for positive mistuningsear
trendF4 g=36.5, p<0.002. The phoneme boundary is fur-
FIG. 1. Phoneme boundaries in experiment 1 along/ate/ continuum, for ther incfeased when the 500-Hz component has a different
vowels with the 500-Hz component differing in onset asynchrony and in _ .
ITD from the rest of the vowel. Stimulus conditions are illustrated in the _ITD from Fhe -res.t_of the VOWG(IFLB— 67.0,p<0.900]). This
upper part of the figure, with frequency components placed on the ear thdficrease is significant for both the6-dB condition(8 Hz,
had the ITD lead. In the L condition all components had an ITD of F, .=45.2, p<0.00) and for the 0-dB condition4 Hz,
+666 us, with the left ear leading. In the R condition the 500-Hz compo- =" _ < ; _ <
nent was given an ITD of 666 us. In the lower panel the 500-Hz compo- ,'[:hl'g_'_ EGGOB,p r?d(l)tloj?’l ?Ednlsf l?i?]el(glng 7'::]’;;“ g.O_?hfor iz
nent has been given an additional gain of 6 dB across all conditions. € - co O an fo e 0- co . O. : _e S _e
of the increase with ITD does not vary with mistuning; in

particular, it is not smaller for zero mistuning.

boundary(F , g= 33.3,p<0.0003. Although both the 17-Hz Across_—trial facil_itation of segregation by ITD was t_ested
increase with ITD for thet 6-dB condition(F, g=27.9, p bY C(zjmhparlng the size of _the p_hr:)nr:-:-me fbour:jda_n;] S:]"fts ob-
<0.00) and the 8-Hz increase for the 0-dB condition aretalne ere at zero mistuning with those found with the same

- . . subjects and similar, though shorter, stimuli presented under
significant(F, g=16.8, p<<0.009, the increase is larger for . . . .
the +6-dB condition(F , y=8.4, p<0.02. Overall, the size blocked conditions in Darwin and Hukii1997, exp. L The

. . shift is significantly larger in the present experiment than in
of the increase with ITD does not depend on onset aSYMhe previous experiment for their+6-dB conditions
chrony; in particular, it is not smaller at 0-ms onset asyn—(F =5.4,p<0.05 but not for their+0-dB condition
chrony than at other asynchronies. 1= ' '

Across-trial facilitation of segregation by ITD was tested _ .
by comparing the size of the phoneme boundary shifts obC. Discussion

tained here at 0-ms asynchrony with those found with the  Both experiments have shown clear evidence of segre-
same subjects and the same stimuli presented in blocked cogation by ITD which adds to but does not interact with the
ditions in Darwin and Hukin(1997, exp. 1 The shift is  segregation due to onset asynchrony or mistuning. Segrega-
significantly larger in the present experiment than in the pretion by ITD is present just as strongly on those trials when
vious experiment, implying across-trial facilitation, for their there is no onset asynchrony or mistuning, as on those when
+6-dB conditions(F, g=8.1, p<0.025 but not for their these additional cues are present. This result contrasts with
+0-dB conditions. the weak or lack of segregation found when ITD is the only
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explicitly present as a precursor tone; in the present experi-
- ments the tone could be heard out as a separate sound by
virtue of its onset asynchrony or mistuning and localized on
Q +666 us Q the opposite side to the rest of the vowel. The present results
thus confirm that such across-trial effects can facilitate seg-
_— — regation by ITD, at least for the-6-dB condition(where
—— — phoneme boundary shifts are larger
Segregation by ITD produces boundary shifts that are
twice as large in combination with onset asynchrony than

L
- - ®-- with mistuning. A possible reason for this is that listeners
have a clearer image of the 500-Hz tone as a separate and

+4% 4

e}

480 0dB distinctly localized sound source when it starts earlier than
470 no 500 the rest of the vowel than when it is synchronous but mis-
tuned. Although the average shifts produced by mistuning
460 and onset asynchrony are comparable in these experiments, it
is possible that the 500-Hz tone is more clearly localized to
4504 the opposite side when it leads the vowel. We have not for-
mally investigated this possibility.
T 440 An entirely separate feature of the mistuning data is that
= negative mistunings produce more substantial shifts in the
§ phoneme boundar§80 Hz) than do positive mistuningpar-
3 ticularly for the +6-dB condition. Fitting the data in Fig. 2
2 4704 with a second-order polynomial decomposes the initially
- asymmetric function into a symmetric second-order compo-
460+ nent representing the U-shaped results expected from segre-
gation due to mistuning, and a linear component representing
450+ the linear asymmetry. The linear component of the phoneme
boundaries for thet-6-dB L data has a change of about 20
440 Hz between+4% mistuning.(The remaining second-order
430 component for thet 6-dB L data gives a shift of about 20

Hz for an absolute mistuning of 4%, which is comparable to
that produced by an onset asynchrony of 40)ms.

There are two possible reasons for the asymmetry. One
FIG. 2. Phoneme boundaries in experiment 2 along/aike/ continuum for IS that it is a result of keeping the level of the mistuned
vowels with the 500-Hz componenfmistuned and giﬁering in ITD from the 500-Hz constant rather than Ie_ttlng it follow the spectral en-
rest of the vowel. In the L condition all components had an ITe-@66,s ~ VElOpe. Its constant level deviated from a 450-Hz formant
with the left ear leading. In the R condition the 500-Hz component wasenvelope by about 1 and—3 dB for +4% and—4% mis-
given an ITD 0f—§§6,u5. In the lower panel the 500-Hz component has tunings, respectively. From the data of F&ya 6-dB increase
been given an additional gain of 6 dB. in level shifts the boundary by about 10 Hz, so changes of
this size could give a total asymmetry of about 7 Hz to the
phoneme boundary, which is considerably smaller than that
actually found. This explanation could be responsible for the
slighter asymmetry seen in the 0-dB data. However, both of

It is likely that both the mechanisms proposed in theth,e previous experiment®arwin and Gardner, 1986; Dar-
Introduction are occurring here. First, onset asynchrony ang" and_ Sandell, 1_994_that have shown _phoneme bour_wdar_y
mistuning allow a harmonic from the vowel to be localized shifts with harmonic mistuning havg varied level to mamtam_
as a separate sound source. This may be a sufficient expl pectral envelope, but only the earlier study gave asymmetric

nation for the additional removal by ITD of the harmonic ata. . . . , .
from the vowel percept that we have found in trials where The second possible reason is that listener’s estimates of

substantial amounts of onset asynchrony or mistuning arg‘e Fi frequenc;_/ are being d|re_ctly |r_1fluenced t.)y the fr_e-
present. However, in order to explain why ITD also removedduency of the mistuned harmonic. This explanation predicts

the harmonic from the vowel percept on trials when neithe (;hange of abqut 40 Hz, which is twice that observed, so
of these other cues are present, we must also appeal to tﬁ'g'ther explanation is clearly to be preferred.

across-trial effect previously reported with mixed presenta—III SUMMARY
tion by Hukin and Darwin(1995, exp. 2 and replicated in '

Darwin and Hukin(1997. In all these experiments listeners The two experiments reported here have shown that ITD
could hear, on some trials at least, an additional sound soura@an be used to perceptually segregate a harmonic from the
corresponding to the tone that was to be segregated by ITZalculation of a vowel’s identity when it occurs in conjunc-

In the previous experiments that additional sound source wason with other cues to perceptual segregation—onset asyn-

4 3 2 1 0 1 2 3 4
mistuning of 4th harmonic (%)

cue available to the listener in a block of tridfSulling and
Summerfield, 1995; Hukin and Darwin, 1995; Darwin and
Hukin, 1997.
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chrony and mistuning. Segregation by ITD also occurred inculling, J. F., and Summerfield, Q1999. “Perceptual separation of con-
the present experiments on trials in which other segregationcurrent speech sounds: Absence of across-frequency grouping by common
cues were absent. Since a difference in ITD has previousl}s'me_ra“ra' delay,” J. Acoust. Soc. An98, 785-797.
been shown to be ineffective at such perceptual seareqatia arwin, C. J.(1984). “Perceiving vowels in the presence of another sound:
o ) _p p 9 _g nconstraints on formant perception,” J. Acoust. Soc. A6, 1636—1647.
when it is the only cue in a b!ock of trials, two mechanismsparwin, C. J., and Carlyon, R. R1999. “Auditory grouping,” in The
are proposed as an explanation for the present results. handbook of perception and cognition, Volume 6, Hearéwdited by B. C.
First, onset asynchrony or mistuning can segregate aJ- Moore(Academic, Londop pp. 387—-424. .
harmonic which may then in turn be localized on the oppo-PaWin. C. J., and Gardner, R. B1986. "Mistuning a harmonic of a
. . . . . vowel: Grouping and phase effects on vowel quality,” J. Acoust. Soc.
site side to the vowel by virtue of a difference in ITD. Sec- Am. 79, 838-845
_Ond, when listeners hear a separate_sound source COVreSpO_rﬂﬂrwin, C. J., and Hukin, R. W(1997. “Perceptual segregation of a har-
ing to the to-be-segregated harmonic, segregation by ITD ismonic from a vowel by interaural time difference and frequency proxim-
facilitated on other trials in the same experimental block. ~ity,” J. Acoust. Soc. Am.102, 2316-2324.
In normal listening situations, where there are multiplePawin. C. J., and Sandell, G. 01994. “Effect of coherent frequency
. . . . modulation on grouping the harmonics of a vowel,” J. Acoust. Soc. Am.
cues to perceptual segregation, the first mechanism is likely gz 5g64_ 2965
to be th? most |mporta.nt'.. However, the Secon_d meChan_'Smill, N. 1., and Bailey, P. J(1997. “Profile analysis with an asynchronous
does point to the possibility that ITD may be important in target: Evidence for auditory grouping,” J. Acoust. Soc. A2, 477—

tracking a particular sound source over time. 481.
Hill, N. 1., and Darwin, C. J.(1996. “Lateralisation of a perturbed har-

monic: effects of onset asynchrony and mistuning,” J. Acoust. Soc. Am.
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