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The extent to which the 500-Hz component of a steady-state vowel contributed to its phonemic
category was measured by estimating the position of the /I/~/e/ phoneme boundary along a first
formant (F1) continuum. Shifts in the phoneme boundary were calibrated against shifts produced by
physical changes in the level of the 500-Hz component. When the 500-Hz component was presented
contralateral to the rest of the vowel, the phoneme boundary changed by an amount equivalent to a
physical reduction in the level of the component of about 5 dB (experiment 1). However, giving the
500-Hz component an interaural time difference (ITD) of —666 us and the remainder of the vowel
an ITD of +666 us did not reduce the component’s contribution to vowel quality (experiment 2).
Placing the 500-Hz component of the vowel in a sequence of 500-Hz tones substantially reduced the
contribution of the 500-Hz component; the contribution was further reduced by giving both the tone
sequence and the component an ITD of —666 us and the rest of the vowel one of +666 us
(experiment 2). When these tone-sequence conditions were presented in the same experimental
block as the ITD conditions without a preceding tone sequence, these latter conditions did then show
an effect of grouping by ITD. The results suggest that listeners can perceptually segregate sound on
the basis of different ITDs, but that this segregation is substantially enhanced if the direction has
previously been cued. © 1995 Acoustical Society of America.

PACS numbers: 43.66.Mk, 43.66.Pn, 43.66.Qp, 43.71.Es

INTRODUCTION

Since different sound sources usually reach a listener
from different directions, there is an a priori case for the
auditory system using directional information to help it to
group separately components that originate from different
sound sources. Perceptual grouping, though, is only one of at
least three possible factors which may be responsible for the
increase in intelligibility generally found when a target signal
(such as speech) arrives at the listener from a different direc-
tion from an interfering signal. Release from monaural
(Koenig, 1950; Plomp, 1976) or binaural (Licklider, 1948;
Bronkhorst and Plomp, 1988) masking may also contribute.

There is evidence that such perceptual segregation does
play a role in both sequential and simultaneous organization.
Both speech (Cherry and Taylor, 1954; Huggins, 1964) and
sequences of tones (Deutsch, 1979) become less identifiable
when they are alternated between the ears. Simultaneously
presented components can also be segregated by ear: Listen-
ers can detect much smaller intensity increments in a profile
analysis task, (using logarithmically spaced frequency com-
ponents) when the target component is presented to the same
ear as the background than when it is presented to the oppo-
site ear (Green and Kidd, 1983).

Conversely, a number of different studies have found
either no, or only weak evidence for perceptual segregation
according to ear. Adding noise or another tone to the oppo-
site ear improves the identification of speech or tonal se-
quences alternated between the ears (Schubert and Parker,
1956; Deutsch, 1979); Deutsch’s (1975) scale illusion dem-
onstrates more dramatically the inability, under similar con-
ditions, of the auditory system to organize the input by ear.
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In simultaneous organization, speech sounds can be readily
identified when their component formants are led to opposite
ears (Broadbent and Ladefoged, 1957; Rand, 1974; Cutting,
1976; Darwin, 1981), and the pitch of a complex tone can be
computed almost as well when its frequency components are
distributed across the ears as when its components are played
to a single ear (Houtsma and Goldstein, 1972; Beerends and
Houtsma, 1989; Darwin and Ciocca, 1992).

The question of whether simultaneous sound can be dif-
ferentially grouped according to common interaural timing
cues has been the subject of recent interest. Culling and
Summerfield (1995) presented listeners with two simulta-
neous “‘whispered” vowels each of whose first two formants
were represented by a pair of noise bands. They found that
listeners were no better at idéntifying the vowel they heard
on the left when the noise bands of the target vowel had a
different interaural time différence (ITD) (+390 us) from
those of the other vowel (—390 1s) than when all four noise
bands had the same ITD with the left ear leading (+390 us).
This result argues against listeners being able to use a com-
mon ITD across different frequencies to perceptually segre-
gate simultaneous complex sounds.

Conversely, there is evidence that listeners may be able
to use ITDs to help segregate simultaneous sounds. The im-
provement in identification of pairs of simultaneous vowels
that occurs when the two vowels are played on different
pitches (Scheffers, 1983) is greater when the vowels also
differ in ITD (+400 us) than when they do not (Shackleton
and Meddis, 1992; Shackleton et al., 1994). However, it is
not clear what are the relative contributions of masking and
grouping to this effect.

Evidence that the auditory system can at least recognize
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common ITDs across frequency comes from observations on
the lateralization of noise bands (Jeffress, 1972). As a noise
band, centered on 500 Hz and with an ITD of 1500 us,
increase in bandwidth from 50 to 200 Hz, it appears to move
from the lagging to the leading side (Trahiotis and Stern,
1989). This phenomena can be explained by assuming that
the auditory system recognizes common ITDs across fre-
quency either by summing them (Schackleton er al., 1992),
or by a more elaborate calculation (Trahiotis and Stern.
1989). A similar phenomenon can be demonstrated for vari-
able depth FM tones (Hukin and Darwin. 1994) and also for
different bandwidth harmonic complex sounds (Hill and Dar-
win, 1993; Hill, 1994).

The present paper examines to what extent the auditory
system can use binaural cues to segregate a low-numbered
harmonic from the percept of vowel quality. In particular, it
asks whether a harmonic that is played to the ear opposite to
the remainder of a vowel can still contribute to that vowel’s
quality (experiment 1); it goes on to ask whether a difference
in jnteraural timing can produce similar effects (experiment
2). The particular paradigm that we use—identification of
vowels differing in their first formant frequency, requires the
subject to compute the relative levels of harmonics in the
first formant region. It thus has some similarities with the
profile analysis task referred to above, where clear segrega-
tion occurred by ear. Coriversely, the speech and pitch tasks
described above, that have shown little evidence for segrega-
tion by ear, do not critically depend on the relative levels of
different components across the ears. The paradigm has the
advantage over experiments requiring the identification of
pairs of simultaneous vowels in that all the frequency com-
ponents relevant to the calculation of the first formant fre-
quency are well resolved by the auditory system and so
should be little affected by monaural or binaural masking
effects; they are also in the frequency range in which ITD is
an effective cue to lateralization. The identification of a
single vowel is also a simpler task than the identification of
paris of vowels, where the mechanisms underlying the im-
provement in identification with differences in fundamental
frequency are complex and not fully understood (Culling and
Darwin, 1993; Culling and Darwin, 1994).

In the following experiments we are concerned solely
with the extent to which lateralization cues can segregate a
component from a harmonic vowel for the purpose of iden-
tifying its vowel quality. This is logically a separate question
from whether the 500-Hz component can be heard out as a
separate sound, or whether it forms a distinct auditory
stream. There is considerable evidence that the effectiveness
of a cue in segregating a sound may differ substantially de-
pending on how ‘“‘segregation” is measured (Darwin and
Carlyon, 1995; Hukin and Darwin, 1995).

I. EXPERIMENT 1

The first experiment establishes a paradigm for investi-
gating the extent to which binaural information influences
the contribution that a single harmonic makes to vowel qual-
ity. The paradigm is similar to one used previously to inves-
tigate the effects of onset asynchrony (Darwin, 1984) and
inharmonicity (Darwin and Gardner, 1986) on segregating a
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single harmonic from a vowel percept, but has been extended
to allow a quantitative calibration of the effect against actual
changes in the level of the harmonic in question.

The paradigm relies on the fact that the distinction be-
tween /I/ and /e/ can be cued by a change in first formant
frequency (F1I). Listeners can readily label sounds along a
continuum differing in F1 as either /I/ or /e/; their phoneme
boundary is then established at the 50% identification point.
In our previous experiments this boundary normally occurs
at an F1 at around 450 Hz. The frequency of the first formant
itself depends on the relative amplitude of nearby harmonics
(Darwin and Gardner, 1985), so that if the amplitude of a
harmonic close to the first formant frequency is changed, the
corresponding change in the perceived F1 can be detected by
a shift in the /I/-/e/ phoneme boundary. The technique is
sensitive to changes of around 1 dB in the level of harmonics
close 1o F1. In this experiment, we first calibrate the /I/-/¢g/
phoneme boundary against changes in level of the 500-Hz
component of the vowel; we then ask how the contribution
of this harmonic to the calculation of F1 is changed by pre-
senting it either diotically or dichotically to the monotic re-
mainder of the vowel. If the 500-Hz tone makes a reduced
contribution to the vowel quality as a result of these manipu-
lations, then the phoneme boundary should shift to higher
nominal F1 values.

A. Stimuli

The vowels presented 10 listeners differed along three
dimensions: (i) The F1 frequency used to synthesize them;
(ii) the additional gain given to the 500-Hz component; and
(iii) whether presentation of the 500-Hz component was ip-
silateral to the rest of the vowel, contralateral to the rest of
the vowel or diotic. The six different F1’s varied between
395 and 500 Hz in 21-Hz steps to give a percept that
changed from /1I/ at low values of F1 to /e/ at high values.
With ipsilateral presentation seven additional gains were
given to the 500-Hz component: ~9, —6, —3,0, +3, +6, or
+9 dB. With diotic and contralateral presentation only the
last four gains were used. The actual level of the 500-Hz tone
in a particular stimulus was thus a function of both the F1
value and the additional gain. In the +0-dB gain condition
the Jevel of the 500-Hz component was 10.5 dB higher when
F1 was 500 Hz then when F1 was 395 Hz.

The remaining, constant stimulus properties were as fol-
lows. The second and third formant frequencies were fixed at
2100 and 2900 Hz, respectively. The half-power bandwidths
of the three formants were kept constant at 90, 110, and 170
Hz. All sounds were synthesized on a fundamental frequency
of 125 Hz and had a duration of 56 ms. The vowel was
always presented to the left ear.

The sounds were digitally synthesized in real time with a
sample rate of 44.1 kHz using custom software (Russell,
1992) on a Digidesign Audiomedia board attached to an
Apple Mac Ilfx which also controlled the experiment. The
vowel spectra were produced by summing harmonics with
amplitudes and phases given by the serial vocal tract transfer
function of Klatt (1980). The sounds were output through the
Audiomedia’s 16-bit DACs and antialiasing filters, low-pass
filtered at 10 kHz and amplified using a custom-built head-
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phone amplifier. Subjects heard the stimuli over Sennheiser
HD414 headphones in a double-skinned IAC booth; the
500-Hz component of the member of the original continuum
with an F1 of 500 Hz was at a level of 60 dB SPL.

B. Procedure

The experiment was run in two blocks: One block used
only ipsilateral presentation and the other used both diotic
and contralateral. The ipsilateral block contained 420 trials
(ten replications of six F1 values at each of the seven gains)
and the diotic and contralateral block contained 480 trials
(ten replications of six F1 values at each of the four levels
for two lateral positions). The trials in each block were pre-
sented in different, pseudorandom orders. Subjects were told
that they would hear a vowel in their left ear which could be
either /I/ as in “pit” or /e/ as in “pet,” and that they might
also hear a tone in their right ear, which they were to ignore.
They signaled their response on each trial using the “i” and
“e” keys on the Mac keyboard. Each sound followed 500 ms
after the response to. the previous one. Subjects could repeat
the previous sound by pressing the “‘escape” key. Each ex-
perimental block was immediately preceded by a short famil-
iarization session, in which the subjects were given one ex-
ample of each stimulus used in that block.

Nine subjects took part in the experiment, all of whom
had previous experience of vowel identification experiments.
All were native speakers of British English with normal
pure-tone thresholds over the range of frequencies of interest
in this experiment.

C. Results

Phoneme boundaries for each subject were estimated
from the number of “i” responses to the ten repetitions of the
six stimuli, differing in F1, in each condition. The F1 bound-
ary for each subject was estimated by a least-squares fit of a
rescaled tanh function' to the data in each of the 15 different
gain and presentation conditions.

The average F1 boundaries across subjects are shown in
Fig. 1. Altering the gain of the 500-Hz component has a clear
effect on the phoneme boundary with ipsilateral, diotic, and
contralateral presentation. All three show an almost linear
relationship (accounting for at least 98% of the variance)
between the change in gain of the 500-Hz component (in dB)
and the F1 boundary. As the gain of the 500-Hz component
is increased above its original value (0 dB), the phoneme
boundary moves to lower F1 values. This decrease in the
boundary frequency is presumably due to the perceptually
estimated F1 value increasing with the increased level of the
harmonic just above the formant frequency. A similar, but
opposite change occurs as the 500-Hz component’s gain is
reduced below its original value.

Regression lines fitted through each set of data point
have slopes (and standard errors of fit) of ~5.9 Hz/dB (1.2
Hz), —4.8 Hz/dB (0.88 Hz), and —3.6 Hz/dB (0.18 Hz) for
ipsilateral, diotic, and contralateral presentation, respectively.
Analysis of variance on the 0- to +9-dB data points showed
significant main effects of condition (F, =51.4, p<<0.0001),
and of level (F;;4=74.6, p<<0.0001) and a significant inter-
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FIG. 1. First formant phoneme boundaries between /I/ and /e/ and standard
errors across nine subjects for 56-ms steady-state vowels in experiment 1 as
a function of the gain of the vowel’s fourth harmonic (500 Hz) for condi-
tions where that component is presented either ipsilateral (ipsi) or contralat-
eral (contra) to the remainder of the vowel, or diotically (mid).

action between conditions and level (Fg4=4.1, p<0.01).
These significant effects were due almost entirely to con-
tralateral presentation being different from ipsilateral
(F,4=347.0, p<0.0001) and diotic (F; 3=260.4, p<0.0001),
which barely differed (F; 3=6.2, p<0.02).

Looking first at the difference between the ipsilateral
and contralateral presentation: Putting the 500-Hz compo-
nent at its original level (gain of 0 dB) into the contralateral
rather than ipsilateral ear leads to an increase in phoneme
boundary frequency of about 30 Hz, which is equivalent to a
reduction in gain of the SOO-HZ;’component of about 5 dB.
The direction of this change is appropriate for an explanation
in terms of auditory grouping, but not with one based on
release from ipsilateral masking (Rand, 1974) or a change in
loudness mediated by suppression (Moore et al., 1985). If
the effect of putting the 500-Hz component into the opposite
ear were simply to make it more prominent or louder, the
boundary change should have been in the opposite direction.
But if the effect of putting the 500-Hz component into the
opposite ear were to remove it (partially) from the calcula-
tion of vowel quality, then we would expect a shift in pho-
neme boundary in the direction that we have found. It is
possible though that this shift may have been reduced by the
500-Hz tone being heard as louder in the contralateral than in
the ipsilateral condition.

The data from contralateral presentation also have a
shallower slope than the ipsilateral data, so that increases in
gain have less effect on the phoneme boundary with con-
tralateral presentation than with ipsilateral. It is not clear
what causes this difference. It is possible that partial percep-
tual removal of a component is not equivalent to a simple
reduction in level, so that the apparent reduction is level
dependent. Alternatively, it may be that a component that
exceeds by too much its normal level in a vowel will be
more effectively grouped out of the vowel than components
that plausibly fall under a vowel-like envelope (Darwin,
1984).

The lack of any substantial difference between ipsilat-
eral and diotic presentation is harder to interpret because of
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possible changes in loudness of the 500-Hz tone caused by it
being presented to both ears. For instance, the slight upward
shift in phoneme boundary could the result of a more sub-
stantial upward shift caused by grouping out the 500-Hz
component being reduced by a loudness increase due to bin-
aural loudness summation.

D. Discussion

The first experiment has shown that presenting the
500-Hz component of a vowel to the opposite ear from the
remainder of the vowel produces a phoneme-boundary shift
equivalent to a physical reduction of about 5 dB in its level.
Since the loudness of the 500-Hz component may have in-
creased by presenting it dichotically rather than monotically
to the rest of the vowel, the 5-dB reduction might have been
greater had we matched loudness rather than objective gain
across ipsilateral and contralateral presentation. Similarly,
presenting the 500-Hz component diotically may have in-
creased its loudness relative to the other two conditions thus
increasing its contribution to the vowel. Whatever the rela-
tive role of grouping and changes in loudness to the effects
that this experiment has found, the substantial difference in
phoneme boundary between ipsilateral and contralateral pre-
sentation has provided a tool to investigate the effectiveness
of interaural time differences (ITDs) for auditory grouping in
vowel perception.

Although contralateral presentation of the 500-Hz com-
ponent does reduce its effective contribution to the quality of
the vowel, it is clear from the slope of the contralateral func-
tion that changes in its level are still influencing the vowel’s
quality. Subjects can apparently compute a spectral envelope
in the F1 region from the levels of components that go to
different ears. This result contrasts with the difficulty that
subjects have with contralateral presentation of a single com-
ponent in a profile analysis task using logarithmically spaced
components (Green and Kidd, 1983). It is possible that this
difference between ipsilateral and contralateral presentation
would be reduced if the profile analysis task were done with
harmonically related rather than logarithmically spaced com-
ponents, but unpublished experiments by Kidd (personal
communication) have not shown any substantial improve-
ment in the dichotic profile analysis task when harmonically
related sounds are used.

Il. EXPERIMENT 2

The second experiment asked whether listeners can seg-
regate one harmonic from a vowel using ITDs rather than the
dichotic versus monotic presentation used in the first experi-
ment. A pilot experiment had indicated that ITDs gave rather
weaker effects than those in the first experiment, so experi-
ment 2 also included another manipulation designed 1o en-
hance the grouping effect of ITDs.

The idea behind the additional manipulation is that the
auditory system may be more able to segregate one compo-
nent of a simultancous complex differentially if it has re-
cently heard a sound coming from the direction of that com-
ponent. For example, there is evidence from experiments on
dichotic listening to consonant—vowel syllables that selzctive
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FIG. 2. Schematic of sounds used in experiment 2. All the sounds are
presented binaurally, but with different ITDs. The bottom right panel illus-
trates the fone sequence R condition in which the vowel (minus its 500-Hz
component) is presented with an ITD of +666 us, whereas the sequence of
500-Hz tones (including the 500-Hz component of the vowel) is presented
with an ITD of —666 ps.

attention to one ear is more effective if the to-be-attended ear
is cued by a brief tone, than if the subject is merely in-
structed to report the syllable on that ear (Mondor and Bry-
den, 1991; Mondor and Brvden, 1992). A cue tone on one
side can also speed-up decisions made about the location of
sounds subsequently presented to that side (Spence and
Driver, 1994). Grouping mechanisms also need to organize
the auditory input into potential sound sources that may be
extended in time. A powerful sequential grouping principle is
frequency proximity, whereby tones that are similar in fre-
quency tend to be grouped together into a melodic line
(Bregman and Campbell, 1971; Dowling, 1973). This prin-
ciple can be used to segregate energy added to a single har-
monic of a vowel. Using the same /I/—/¢/ identification task
as used in experiment 1, Darwin et al. (1989) showed that
the phoneme boundary shift produced by giving the 500-Hz
component of each vowel 6 dB added energy is at least
partly removed from the calculation of vowel quality if the
vowel is preceded by a train of four tones at 500 Hz. This
removal probably occurs because the added 500-Hz energy
forms a separate auditory stream with the preceding tone
sequence. The removal of this extra energy from the vowel at
the harmonic frequency is more complete when the vowel is
also followed by two similar tones.

Experiment 2 uses a similar manipulation to try to obtain
evidence for grouping by ITD. It includes conditions in
which the vowel is embedded in a sequence of tones at 500
Hz, and asks whether the 500-Hz component is removed
more effectively from the vowel when both it and the se-
quence of tones have a different ITD from the rest of the
vowel than when they have the same ITD. Figure 2 shows
the stimulus contiguration for the condition in which the
500-Hz tone sequence (including the 500-Hz tone that is
nominally part of the vowel) is presented with an ITD that
localizes it to the ear opposite to the rest of the vowel.

The experiment also looks at whether any cuing effect of
the sequence of tones is specific to a particular trial or
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whether the presence of a tone sequence on one trial may
help segregation by ITD on a subsequent trial that lacks the
tone sequence. In order to test whether such across-trial ef-
fects occur, the experiment compares blocked and mixed pre-
sentation. In the blocked conditions, trails with the tone se-
quence are presented in a different block from those without
the tone sequence. In the mixed condition, the different types
of trials are all randomized together. If across-trial effects are
taking place then we would expect to find increased evidence
for segregation by ITD in the mixed over the blocked case
for trials on which the tone sequence is absent.

To summarize: This experiment asks three questions.
First, can an ITD perceptually segregate a single harmonic
from a vowel? Second, is this segregation enhanced by an
appropriate preceding cue? Third, is the effect of this cue
restricted to a particular trial?

A. Stimuli and procedure

The 0-, +3-, +6-, and +9-dB gain manipulations from
experiment 1 were used here but in four different presenta-
tion conditions. In all conditions the vowel components other
than the 500-Hz were all presented binaurally with an ITD
that led on the left ear by 666 us. In the “tone L condition
the 500-Hz tone was also presented with the same ITD. In
the “tone R” condition the ITD for the 500-Hz tone led on
the right ear by 666 us. These stimulus conditions are illus-
trated in the upper part of Fig. 2.

Two other conditions embedded the vowel in a brief
sequence of 500-Hz tones. In the “‘tone sequence L’ condi-
tion the vowel was preceded by four and followed by two
56-ms, 500-Hz tones separated by 160 ms. The level of the
500-ms tones in the sequence was the same as the level of
the 500-ms tone in the vowel in that particular condition (this
level varied as before depending on the F1 of the vowel and
the additional gain that had been given it). All the sounds had
an ITD of 666 us with the left ear leading.

The *tone sequence R” condition was similar except
that all the 500-Hz tones (including that in the vowel) had an
ITD of 666 us with the right ear leading. ITDs were pro-
duced by delaying the entire waveform to one ear, so that
both the fine structure of the sound and the envelope were
delayed.

Each of these four conditions was presented to seven
listeners (six of whom had taken part in experiment 1) in two
ways. With blocked presentation, the same subjects heard the
tone L and tone R conditions in one block and the tone
sequence L and tone sequence R conditions in a different
block; block order was counterbalanced across subjects. With
mixed presentation subjects heard all four conditions ran-
domized together. The procedure was otherwise similar to
experiment 1.

B. Resulits
1. Blocked presentation

Mean phoneme boundaries across the seven subjects for
the tone L and tone R conditions under blocked presentation
are given by the open symbols in Fig. 3. The increase of gain
of the 500-Hz component progressively lowers the phoneme
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FIG. 3. First formant phoneme boundaries between /I/ and /¢/ and standard
errors across seven subjects for 56-ms steady-state vowels in experiment 2
as a function of the gain of the vowel’s fourth harmonic (500 Hz). The four
different stimulus conditions were presented in separate blocks of trials.
boundary as in experiment 1 (F; ¢=15.6, p<<0.01). As before,
the change is linear with slopes (standard error of fit) of —4.8
Hz/dB (0.51 Hz) and —4.5 Hz/dB (0.39) for tone L and tone
R, respectively. In the tone R condition the tone is still being
(partially) incorporated into the calculation of vowel quality.
The two conditions do however differ significantly overall
(F16=15.6, p<0.01), with the phoneme boundaries in the
tone R condition being at a higher frequency than in the tone
L condition. The difference in ITD between the 500-Hz tone
and the rest of the vowel in the tone R condition therefore
does allow some perceptual segregation from the vowel.
However, the size of this effect is small, amounting to a shift
of only 10 Hz in F1 (equivalent to —2 dB) at 9 dB compared
with a shift of some 50 Hz (equivalent to —8.4 dB) from
ipsilateral to contralateral at 9-dB gain in experiment 1. ITD
thus provides much weaker segregation for a single har-
monic than does the contralateral presentation of experiment
1.

When the 500-Hz tone is embedded in a sequence of
similar tones, the results are quite different as shown by the
filled symbols in Fig. 3. There are two differences. First, the
tone sequence removes the effect of the gain of the 500-Hz
component (F|s=1.4, p>0.1), giving essentially flat func-
tions in Fig. 3; second there is a substantial effect of ITD,
with phoneme boundaries shifting to higher F1 values with
contralateral presentation when the 500-Hz tones have a dif-
ferent ITD to that of the rest of the vowel (F|=15.3,
p<0.1). The slopes (standard error of fit) for the tone se-
quence L and R conditions are respectively —1.0 dB/Hz
(221 Hz) and 1.7 (1.06).

The effect of embedding the 500-Hz tone in a sequence
of similar tones confirms previous results that a surrounding
tone sequence can perceptually remove energy from a vowel
at the tones’ frequency (Darwin et al., 1989). The ipsilateral
tone sequence (tone sequence L) gives boundary shifts
equivalent to removing rather little energy in the 0-dB gain
condition (compared with the tone L condition), but equiva-
lent to significant amounts in the 6- and 9-dB conditions.

Unfortunately this experiment did not include a condi-
tion in which the 500-Hz component was physically re-
moved from the vowel. This condition would have provided
a baseline against which to measure the effectiveness of dif-
ferent conditions for perceptually removing the 500-Hz com-
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FIG. 4. Results in experiment 2 as in Fig. 3, but the four different stimulus
conditions were presented randomized together in the same block of trials.

ponent. However, the effect of physical removal found in
each of two previous experiments that have used very similar
stimuli was to give an increase in the phoneme boundary of
about 25 Hz (Darwin and Gardner, 1986; Hukin and Darwin,
1993). A somewhat larger change would probably have been
found in this experiment, since a gain change in the 500-Hz
component of —9 dB in experiment 1 gave an increase of 45
Hz in the phoneme boundary. An increase of 33 Hz is found
in the tone sequence R condition at 0 dB, rising to 52 Hz for
the +9-dB condition (relative to tone L 0 dB) indicating that
a contralateral 500-Hz tone sequence removes a substantial
part of the energy at the frequency from the vowel.

2. Mixed presentation

Under mixed presentation the results (Fig. 4) are very
similar to those with blocked presentation, but with onz im-
portant exception: There is now a substantial difference be-
tween the tone L and the tone R conditions. Increasing the
gain of the 500-Hz component in the tone R condition now
has almost no effect on the F1 boundary (slope=0.4 Hz/dB;
standard error=1.0 Hz), indicating that ITD is effective even
without a surrounding tone sequence at perceptually remov-
ing at least part of the 500-Hz component from the vowel.
The tone R condition behaves very similarly with mixed pre-
sentation as the tone sequence L condition. In an analysis of
variance on the tone L and tone R conditions, there is a
significant main effect of tone L/tone R presentation
(F16=39.7, p<0.001) and a significant interaction between
presentation and gain (F, 4=6.8, p<<0.005).

C. Discussion

This experiment shows, first, that a large ITD difference
by itself produces less segregation than the contralateral pre-
sentation used in experiment 1. A difference of =666 us in
ITD between the 500-Hz component of a vowel and the re-
maining components produces a much smaller reduction in
the contribution made by that component to the vowel for the
calculation of vowel quality than does presenting the 500-Hz
component at the opposite ear. This very weak effect of ITD
on grouping for vowel identification is compatible with the
failure of Culling and Summerfield (1995) to find any evi-
dence for differential grouping of the formants of a vowel
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pair by ITD. The difference that we have found between
contralateral and ITD presentation would not have been pre-
dicted from the finding (Shackleton et al., 1994) that con-
tralateral presentation was no more effective than a 400-us
ITD at improving the identification of simultaneous vowel
pairs, but it 1s possible that masking rather than grouping
effects were responsible for the improvement (Culling and
Summerfield, 1995).

Second, this experiment has also shown that the weak
segregation produced by an ITD for isolated simultaneous
sounds can be substantially increased by the temporal con-
text of a series of similar tone. If the tone-to-be-segregated is
part of a brief sequence of tones which all share the same
ITD, then there is substantial segregation from a vowel
which has a different ITD. A consistent feature of the data
from the two experiments is that the slopes of the functions
relating F1 boundary to gain of the 500-Hz component are
flatter in condition where there is more segregation of the
500-Hz component from the vowel. A completely flat func-
tion indicates that the effective contribution of the 500-Hz
component to the vowel is the same, regardless of its actual
level. This result is not surprising in the sequence conditions
where the surrounding tone sequence has the same level as
the 500-Hz component—a more intense surrounding might
be expected to pull out more either by adaptation or by
grouping. The tone sequence L condition of experiment 2
however contrasts with the condition with contralateral pre-
sentation in experiment 1. The former gives a flat function
whereas the latter gives one with a significant, albeit re-
duced, slope. It is not clear why these two conditions should
give different slopes, nor indeed why ITDs should be less
effective than ILDs in segregating a harmonic from a vowel.
Further experiments are needed to examine parametrically
the effect of different sizes of ITD and ILD and the relation
of their segregating effect to subjective position of the
500-Hz component, both in isolation and when presented
with the vowel. Our informal impression is that contralateral
presentation is more effective at letting the listener hear out
the 500-Hz component in a separate spatial position than is
an ITD of 666 us.

Third, the increased segregation produced by this tem-
poral context generalizes to trials in the same block that do
not have the context. This generalization across trial suggests
that subjects’ attention might be being directed to possible
sounds on the right side by the obvious presence of a tone
series on that side during other trials. If this effect is a gen-
eral attentional one, then it should persist when spatial direc-
tion is cued by sounds that are unrelated to those that are to
be segregated. A temporal context consisting of short noise
bursts, rather than tone bursts, should produce the across-
trial generalization. A further experimental question is
whether both the segregation and the generalization would
still occur when the lateralization of the tone sequences is
cued by intensity differences rather than ITDs.

lll. SUMMARY AND CONCLUSIONS

These two experiments have measured the extent to
which the 500-Hz, 4th harmonic of a front vowel can be
segregated from it by contralateral presentation in interaural
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time (+666 us) differences. The amount of segregation was
measured by the change in the /I/~/e¢/ phoneme boundary
along an F1 continuum.

(i) When the 500-Hz component of vowels along an F1
continuum was physically changed in level by up to +9 dB,
the /I/-/¢/ phoneme boundary changed linearly by —6 Hz/
dB.

(ii) Putting the 500-Hz component (with up to 9 dB
increase in level) in the opposite ear from the remainder of
the vowel, produced an increase in the phoneme boundary
equivalent to a reduction of between 5 and 8 dB in its level
(depending on its gain), indicating that the 500-Hz compo-
nent had been partially segregated from the vowel.

(iii) A much smaller increase in the phoneme boundary
resulted when the 500-Hz component was given a different
ITD from the remainder of the vowel.

(iv) Embedding the 500-Hz component in a short series
of similar tones substantially increased the segregation of the
tone from the vowel.

(v) This segregation was further substantially increased
when all the 500-Hz tones were given a different ITD from
the remainder of the vowel.

(vi) The small effect of TTD described in (iii) above was
substantially increased when trials of that condition were
mixed with trials of the conditions in (iv) and (v).
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The rescaled tanh function

1
1+e 5% ,

where a is the boundary and s the slope parameter, provided a sufficiently
good fit and allowed convenient boundary estimation using the general
curve fit function of the “Kaleidagraph v.3.0.1”" program (Abelbeck Soft-
ware) with ¢ and s as free parameters. All curve fits were checked by eye.
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