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The two experiments reported here examine how an inter-aural time difference~ITD! interacts 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 design@C. 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. ©1998 Acoustical Society of America.
@S0001-4966~98!00302-6#

PACS numbers: 43.66.Mk, 43.66.Pn, 43.66.Qp, 43.71.Es@JWH#
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INTRODUCTION

In the normal environment, a single cue that is useful
the perceptual segregation of a sound source rarely occu
isolation. Frequency components originating from one so
source will generally differ from those originating from a
other in a variety of ways: they may have different on
times, be part of different harmonic series, and come fr
different directions. Experiments that have varied these c
individually have shown that the auditory system can exp
at least some of these cues to perceptually segregate
quency components into different putative sound source

For example, there is clear evidence from experime
on vowel perception that mistuning a single harmonic~Dar-
win and Gardner, 1986; Darwin and Sandell, 1994!, giving it
a different onset time from the rest of the vowel~Darwin,
1984!, or playing it to the opposite ear from the rest of t
vowel ~Hukin and Darwin, 1995! will substantially remove it
from the perception of vowel identity. These cues also aff
other tasks, suggesting that the segregation that they pro
is a robust phenomenon~Carlyon, 1994; Darwin and Car
lyon, 1995; Hill and Bailey, 1997!. Such perceptual groupin
does not occur so straightforwardly as a result of differen
in interaural time difference~ITD!. A large difference in ITD
~c. 6600ms! is either ineffective or very weak, when it i
the only cue, at segregating either simultaneous, forman
noise bands into vowellike pairs~Culling and Summerfield,
1995! or in segregating an individual harmonic from the pe
ception of the vowel identity of a simultaneous steady-st
vowel ~Hukin and Darwin, 1995; Darwin and Hukin, 1997!.

However, a difference in ITDcan be effective at en-
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hancing the segregation of a harmonic from a vowel un
conditions where the listener has been made aware o
appropriate separate sound source. Using the same sub
as are used in the present experiments, Darwin and Hu
~1997, exp. 1! looked at the ability of a difference in ITD to
segregate a harmonic from the percept of a vowel’s iden
under two different types of presentation~measured by a
change in the phoneme boundary between /(/ and /}/ along a
F1 continuum!. Underblockedpresentation subjects heard
block of trials in which one of the harmonics of a vowel ha
either the same or a different ITD from the remaining h
monics. A difference in ITD gave no change in the phone
boundary, indicating no segregation of the harmonic fro
the vowel. However, when these trials weremixedwith oth-
ers in which the vowel was preceded by a tone correspond
to the to-be-segregated harmonic, then a difference in I
did produce segregation, even in trials that lacked the p
ceding tone sequence. Subsequent experiments~Darwin and
Hukin, 1997! showed that this across-trial facilitation re
quired the presence of a tone that corresponded both in i
tity and ITD to the to-be-segregated tone.

The present experiments ask whether the use of a dif
ence in ITD can also be facilitated by other, more integ
cues to segregation. In particular it asks whether the ef
tiveness of a difference in ITD in segregating a harmo
from a vowel is increased when it has a difference in on
time from the remainder of a vowel, or when it is mistun
relative to the other harmonics in the vowel.

Evidence that the processing of ITD is not independ
of perceptual grouping cues such as onset asynchrony
mistuning comes from experiments on the localization
10803(2)/1080/5/$10.00 © 1998 Acoustical Society of America
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complex tones. The experiments exploit the result that list
ers use consistency of ITD across frequency to localiz
band-limited noise~Trahiotis and Stern, 1989! or tonal com-
plex ~Hill and Darwin, 1996!. A 500-Hz tone with an inter-
aural phase difference that leads on the left ear by th
quarters of a cycle~1.5 ms! will be heard on the right in
isolation because of phase ambiguity and a preference o
binaural system for short ITDs. However, if it is presented
part of a broader-band tonal complex whose other com
nents share the same~1.5 ms! ITD, the whole complex will
be heard on the left, apparently because the binaural sy
gives weight to the consistency of~an albeit long! ITD
across frequency. This across-frequency integration of I
can, however, be disturbed either by mistuning or by vary
the onset time of the 500-Hz component. A few percent~c.
3%! mistuning, or a few tens of milliseconds~c. 40 ms!
delay in onset time is sufficient to perceptually segregate
component from the complex, and to cause it to be he
back towards its original location on the left~Hill and Dar-
win, 1996!. These results argue for the subjective location
a sound being determined after some perceptual grou
has occurred.

The present experiments use vowel identification rat
than subjective location as a measure of segregation.
previous experiments have indicated that grouping by I
can be influenced by other grouping cues, such as o
asynchrony and mistuning, in two ways. These two wa
make different predictions for experiments in which tria
which either do or do not have the other grouping cu
mixed together in the same block.

First, by analogy with Hill and Darwin’s localization
experiments, onset asynchrony or mistuning could influe
grouping by ITD within a trial by providing a segregate
tone which can then be localized separately by its differ
ITD. This mechanism predicts that ITD should be more
fective at segregating a harmonic from a vowel on tri
when the other grouping cues are present than on trials w
the harmonic is both synchronous and exactly in tune. In
mal listening to the sounds used in the present experim
indicated that it was very easy to hear a sufficiently mistun
or asynchronous harmonic that had a different ITD from
rest of the vowel as a separate sound in a distinct locati

Second, other grouping cues can influence grouping
ITD by the across-trial facilitation mechanism described e
lier: the segregated and separately localized tone can fa
tate segregation by ITD on trials when other grouping c
are not present. This across-trial mechanism predicts
ITD should also be effective on trials which do not ha
another grouping cue present.

The first experiment examines how segregation by I
is influenced by onset asynchrony, and the second exp
ment examines how it is influenced by mistuning.

I. EXPERIMENT 1: ONSET ASYNCHRONY AND ITD

The first experiment examines how the ability of a d
ference in ITD to segregate a harmonic from the percep
of a vowel’s identity is influenced by that harmonic al
having a different onset time from the rest of the vowel.
1081 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998
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The experiment uses a well-established paradigm~Dar-
win, 1984! to measure the extent to which a 500-Hz comp
nent is segregated from a steady-state vowel. The segr
tion is measured as the shift in the phoneme boundary a
a first formant (F1) continuum between the vowels /(/ and
/}/. Physical, and by inference perceptual, removal of
harmonic results in a phoneme-boundary shift to hig
nominalF1 values. In order to increase the size of phone
boundary shift that removal of the 500-Hz component p
duces, conditions are also included in which the level of
500-Hz component has been increased by 6 dB.

The 500-Hz component is given five different ons
asynchronies ranging from 0 to 40 ms in order to prov
some, but not complete, segregation by onset asynchr
The 500-Hz component is also given either the same ITD
the rest of the vowel~which is always presented with an ITD
leading on the left ear! or the opposite ITD.

A. Method

The basic stimuli were similar to those used in Huk
and Darwin~1995, exp. 2!. On each trial subjects classified
single vowel as /(/ or /}/. The vowel was 56 ms in duration
on a fundamental of 125 Hz and varied inF1 frequency from
396 to 521 Hz in seven steps. Harmonic amplitudes w
calculated from the source and transfer function of the K
~1980! synthesizer in serial mode with the first three forma
bandwidths at 90, 110, and 170 Hz and the second and t
formant frequencies at 2100 and 2900 Hz, respectively.
500-Hz component of the vowel was presented either w
the same ITD as the rest of the vow
~1666ms, with the left ear leading! or with the opposite ear
leading. The 500-Hz component started 0, 10, 20, 30, or
ms before the rest of the vowel. Another condition was r
in which the 500-Hz component was physically absent~no
500-Hz!. Nine subjects with normal hearing took two diffe
ent blocks of trials on separate days. The 500-Hz compon
was given an additional gain of 6 dB in the second block
trials. Each block had 770 trials: 10 replications
7F1 values311 conditions (no 500-Hz15 onset asynchro-
nies32 gains!. Other experimental details were as in Huk
and Darwin~1995, exp. 2!.

B. Results

Phoneme boundaries were estimated from each subje
data in each condition. Mean boundaries are shown in Fig
The results replicate previous results on segregation by o
asynchrony and in addition show a clear effect of segrega
by ITD.

Physically removing the 500-Hz 0-dB component i
creases the phoneme boundary by about 35 Hz and remo
the 500-Hz 6-dB component increases the phoneme bo
ary by about 45 Hz. Giving the 500 -Hz component an on
asynchrony of up to 40 ms increases the phoneme boun
by up to about 20 Hz in both the 0- and16-dB conditions
~F4,32521.4,p,0.0001!, indicating that onset asynchrony
partly removing the component from the calculation
vowel quality. Giving the 500-Hz component a different IT
from the rest of the vowel further increases the phone
1081C. J. Darwin and R. W. Hukin: Grouping by ITD
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boundary~F1,8533.3,p,0.0005!. Although both the 17-Hz
increase with ITD for the16-dB condition~F1,8527.9, p
,0.001! and the 8-Hz increase for the 0-dB condition a
significant~F1,8516.8, p,0.005!, the increase is larger fo
the 16-dB condition~F1,858.4, p,0.02!. Overall, the size
of the increase with ITD does not depend on onset as
chrony; in particular, it is not smaller at 0-ms onset asy
chrony than at other asynchronies.

Across-trial facilitation of segregation by ITD was test
by comparing the size of the phoneme boundary shifts
tained here at 0-ms asynchrony with those found with
same subjects and the same stimuli presented in blocked
ditions in Darwin and Hukin~1997, exp. 1!. The shift is
significantly larger in the present experiment than in the p
vious experiment, implying across-trial facilitation, for the
16-dB conditions~F1,858.1, p,0.025! but not for their
10-dB conditions.

FIG. 1. Phoneme boundaries in experiment 1 along an /(/–/}/ continuum, for
vowels with the 500-Hz component differing in onset asynchrony and
ITD from the rest of the vowel. Stimulus conditions are illustrated in t
upper part of the figure, with frequency components placed on the ear
had the ITD lead. In the L condition all components had an ITD
1666ms, with the left ear leading. In the R condition the 500-Hz comp
nent was given an ITD of2666ms. In the lower panel the 500-Hz compo
nent has been given an additional gain of 6 dB across all conditions.
1082 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998
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II. EXPERIMENT 2: MISTUNING AND ITD

The second experiment examines how the ability o
difference in ITD to segregate a harmonic from the perc
tion of vowel’s identity is influenced by that harmonic bein
mistuned relative to the rest of the vowel.

A. Stimuli

The stimuli for this experiment were similar to those
Experiment 1 except that the vowel duration was increa
to 200 ms, all components were synchronous, and
500-Hz component was mistuned by 0%,61%, 62%,
63%, and64%. The longer duration of 200 ms was ch
sen to be the same as that used in the previous vowel ex
ment on mistuning~Darwin and Gardner, 1986!. The ampli-
tude of the mistuned harmonic was held constant whe
was mistuned. Again the 0- and16-dB conditions were run
in that order on separate days.

B. Results

Phoneme boundaries were estimated for each subje
data in each condition. Mean boundaries are shown in Fig
The results replicate previous experiments on segregatio
mistuning and in addition show a clear, though overall sm
effect of segregation by ITD. Physically removing th
500-Hz component again increases the phoneme boun
by about 35 Hz for the 0-dB condition and about 45 Hz f
the 16-dB condition. Mistuning the 500-Hz compone
generally increases the phoneme boundary~quadratic trend
F1,8537.0,p,0.002!, although the increase is more marke
for the 16-dB condition than for the 0-dB~F8,6454.4, p
,0.01! and for negative than for positive mistunings~linear
trend F1,8536.5, p,0.002!. The phoneme boundary is fur
ther increased when the 500-Hz component has a diffe
ITD from the rest of the vowel~F1,8567.0,p,0.0001!. This
increase is significant for both the16-dB condition~8 Hz,
F1,8545.2, p,0.001! and for the 0-dB condition~4 Hz,
F1,8526.0, p,0.001! and is larger~F1,857.3, p,0.05! for
the 16-dB condition than for the 0-dB condition. The siz
of the increase with ITD does not vary with mistuning;
particular, it is not smaller for zero mistuning.

Across-trial facilitation of segregation by ITD was teste
by comparing the size of the phoneme boundary shifts
tained here at zero mistuning with those found with the sa
subjects and similar, though shorter, stimuli presented un
blocked conditions in Darwin and Hukin~1997, exp. 1!. The
shift is significantly larger in the present experiment than
the previous experiment for their16-dB conditions
~F1,855.4, p,0.05! but not for their10-dB condition.

C. Discussion

Both experiments have shown clear evidence of seg
gation by ITD which adds to but does not interact with t
segregation due to onset asynchrony or mistuning. Segr
tion by ITD is present just as strongly on those trials wh
there is no onset asynchrony or mistuning, as on those w
these additional cues are present. This result contrasts
the weak or lack of segregation found when ITD is the on
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cue available to the listener in a block of trials~Culling and
Summerfield, 1995; Hukin and Darwin, 1995; Darwin a
Hukin, 1997!.

It is likely that both the mechanisms proposed in t
Introduction are occurring here. First, onset asynchrony
mistuning allow a harmonic from the vowel to be localiz
as a separate sound source. This may be a sufficient e
nation for the additional removal by ITD of the harmon
from the vowel percept that we have found in trials whe
substantial amounts of onset asynchrony or mistuning
present. However, in order to explain why ITD also remov
the harmonic from the vowel percept on trials when neit
of these other cues are present, we must also appeal t
across-trial effect previously reported with mixed presen
tion by Hukin and Darwin~1995, exp. 2! and replicated in
Darwin and Hukin~1997!. In all these experiments listene
could hear, on some trials at least, an additional sound so
corresponding to the tone that was to be segregated by
In the previous experiments that additional sound source

FIG. 2. Phoneme boundaries in experiment 2 along an /(/–/}/ continuum for
vowels with the 500-Hz component mistuned and differing in ITD from t
rest of the vowel. In the L condition all components had an ITD of1666ms
with the left ear leading. In the R condition the 500-Hz component w
given an ITD of2666ms. In the lower panel the 500-Hz component h
been given an additional gain of 6 dB.
1083 J. Acoust. Soc. Am., Vol. 103, No. 2, February 1998
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explicitly present as a precursor tone; in the present exp
ments the tone could be heard out as a separate soun
virtue of its onset asynchrony or mistuning and localized
the opposite side to the rest of the vowel. The present res
thus confirm that such across-trial effects can facilitate s
regation by ITD, at least for the16-dB condition~where
phoneme boundary shifts are larger!.

Segregation by ITD produces boundary shifts that
twice as large in combination with onset asynchrony th
with mistuning. A possible reason for this is that listene
have a clearer image of the 500-Hz tone as a separate
distinctly localized sound source when it starts earlier th
the rest of the vowel than when it is synchronous but m
tuned. Although the average shifts produced by mistun
and onset asynchrony are comparable in these experimen
is possible that the 500-Hz tone is more clearly localized
the opposite side when it leads the vowel. We have not
mally investigated this possibility.

An entirely separate feature of the mistuning data is t
negative mistunings produce more substantial shifts in
phoneme boundary~30 Hz! than do positive mistunings~par-
ticularly for the16-dB condition!. Fitting the data in Fig. 2
with a second-order polynomial decomposes the initia
asymmetric function into a symmetric second-order com
nent representing the U-shaped results expected from se
gation due to mistuning, and a linear component represen
the linear asymmetry. The linear component of the phone
boundaries for the16-dB L data has a change of about 2
Hz between64% mistuning.~The remaining second-orde
component for the16-dB L data gives a shift of about 2
Hz for an absolute mistuning of 4%, which is comparable
that produced by an onset asynchrony of 40 ms.!

There are two possible reasons for the asymmetry. O
is that it is a result of keeping the level of the mistun
500-Hz constant rather than letting it follow the spectral e
velope. Its constant level deviated from a 450-Hz forma
envelope by about11 and23 dB for 14% and24% mis-
tunings, respectively. From the data of Fig. 2 a 6-dB increase
in level shifts the boundary by about 10 Hz, so changes
this size could give a total asymmetry of about 7 Hz to t
phoneme boundary, which is considerably smaller than
actually found. This explanation could be responsible for
slighter asymmetry seen in the 0-dB data. However, both
the previous experiments~Darwin and Gardner, 1986; Dar
win and Sandell, 1994!, that have shown phoneme bounda
shifts with harmonic mistuning have varied level to mainta
spectral envelope, but only the earlier study gave asymme
data.

The second possible reason is that listener’s estimate
the F1 frequency are being directly influenced by the fr
quency of the mistuned harmonic. This explanation pred
a change of about 40 Hz, which is twice that observed,
neither explanation is clearly to be preferred.

III. SUMMARY

The two experiments reported here have shown that I
can be used to perceptually segregate a harmonic from
calculation of a vowel’s identity when it occurs in conjun
tion with other cues to perceptual segregation—onset as

s
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’ J.
chrony and mistuning. Segregation by ITD also occurred
the present experiments on trials in which other segrega
cues were absent. Since a difference in ITD has previou
been shown to be ineffective at such perceptual segrega
when it is the only cue in a block of trials, two mechanism
are proposed as an explanation for the present results.

First, onset asynchrony or mistuning can segregat
harmonic which may then in turn be localized on the opp
site side to the vowel by virtue of a difference in ITD. Se
ond, when listeners hear a separate sound source corres
ing to the to-be-segregated harmonic, segregation by ITD
facilitated on other trials in the same experimental block.

In normal listening situations, where there are multip
cues to perceptual segregation, the first mechanism is li
to be the most important. However, the second mechan
does point to the possibility that ITD may be important
tracking a particular sound source over time.
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