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The five experiments reported here examine the conditions under which sounds differing in their
interaural time differencélTD) are segregated for the purposes of perceiving a vowel’s identity.
Experiment 1 confirms previous findings thigta difference in ITD provides only a very weak cue

for segregating a vowel's 500-Hz harmonic from the remainder of an isolated vigvwwelnbedding

the harmonic in a series of 500-Hz tones produces some segregation, which is enhanced if the
harmonic and the tones differ in ITD from the rest of the vowel; éiigl when these latter sounds

are presented in the same block as isolated vowels, they facilitate segregation of the harmonic by
ITD in the isolated vowels. The subsequent experiments show that this last effect, across-trial
facilitation, is only produced by sounds which cue both the frequency and the ITD of the harmonic;
either alone is insufficient. We also show th@t:a single cue tone at the frequency of the harmonic

is sufficient to facilitate the use of ITD in groupingi) sequential organization by frequency
proximity dominates over sequential organization by ITD when simultaneous sound sources are
present; andiii ) the effectiveness of a cue tone can be abolished by capturing it into a synchronous
harmonic complex. The experiments clarify the conditions under which ITDs contribute to the
segregation of simultaneous sounds. 1897 Acoustical Society of America.
[S0001-496607)01610-X

PACS numbers: 43.66.Mk, 43.66.Pn, 43.66.Qp, 43.7LJR¢H]

INTRODUCTION grouping of specific cues to direction. In particular, Culling

This paper addresses the relationship between two diignd Summerfield(1993 have dernonstr.ated, somewhat
that interaural time differencé$TDs)

ferent grouping cues: common frequency and interaural timgounterintuitively, i /
difference (ITD). It is well-established that rapidly played cannot be used by the auditory system to segregate simulta-

tones that are similar in frequency will be more likely to NM€0US “sou.nds. Trley presented listeners with two simulta-
form a single coherent stream or melody than will tones thaf'€0us “whispered” vowels each of whose first two formants
are very different in frequencyBregman and Campbell, Were represented by a pair of noise bands. They found that
1971; van Noorden, 1975Such coherence allows a pure although listeners could use a common interaural level dif-
tone that is part of a complex to be perceptually removed byerénce(lLD) to group together formants for vowel identifi-

a precursor tonal sequence with a consequent change in tiggtion, they were unable to use a common ITD. Listeners
complex’s timbre(Bregman and Pinker, 1978vowel qual-  Were no better at identifying the vowel they heard on the left
ity (Darwin et al, 1989, or pitch(Darwin et al, 1995. Fre- ~ When the noise bands of the target vowel had a different ITD

quency proximity thus helps to define a sound source acrodst390us) from those of the other voweH390us) than
time. when all four noise bands had the same ITD. The finding is
An alternative way to define a sound source across timéhe more surprising since low-frequency ITDs are the domi-
is to exploit the fact that a sound source tends to come froriant cue for lateralizing complex sounds in azimQiight-
a particular direction. Evidence for auditory grouping ac-man and Kistler, 1992
cording to direction is more varied. Although, the identifica- ~ The generality of the conclusion that listeners are unable
tion of speeci{Cherry and Taylor, 1954o0r a tune(Deutsch, to use ITDs to segregate simultaneous sounds was ques-
1979 is severely disturbed by alternating the signal betweeriioned by Hukin and Darwiri1995. They examined the ef-
the ears, the disturbance is reduced by adding another soufgctiveness of an ITD difference in segregating the 500-Hz
to the opposite eafSchubert and Parker, 1956; Deutsch,fourth harmonic of a vowel from the remaining harmonics.
1979—a finding which diminishes the usefulness of sequenThey measured the extent of the segregation through the shift
tial grouping by common direction when multiple soundin the phoneme boundary between the vowelsahnd £/
sources are present. A well-known example where groupinglong a first-formant continuuniDarwin and Sutherland,
by frequency-proximity dominates over grouping by lateral1984. This paradigm relies on the fact that the distinction
position is in the opening bars of the last movement ofbetweend and £/ can be cued by a change in first formant
Tschaikovsky’s Sixth SymphongDeutsch, 1982 Here the frequency E1). Listeners can readily label sounds along a
notes of the melody and of the accompanying “second viocontinuum differing inF1 as eitheri/ or /e/; their phoneme
lin” part alternate between the first and second violmwho  boundary is then established at the 50% identification point.
would originally have sat on the conductor’s left and rjght In our previous experiments this boundary normally occurs
Recently, attention has been paid to the use in auditorpat anF1 of around 450 Hz. The perceived frequency of the
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first formant itself depends on the relative amplitude ofreasons, first to ensure that the within-trial segregation by
nearby harmonicgDarwin and Gardner, 1985so that if the  ITD and the across-trial facilitation of segregation by ITD
amplitude of a harmonic close to the first-formant frequencythat Hukin and Darwin reported were robust, and second to
is changed, the corresponding change in the percei/ed allow data from the same subjects to be compared across the
can be detected by a shift in thg-fe/ phoneme boundary. remaining experiments.
The technique is sensitive to changes of around 1 dB in thi Method
level of harmonics close té-1. If the 500-Hz harmonic “~
makes a reduced contribution to the vowel quality as a result  The method used in these experiments was the same as
of experimental manipulations, then the phoneme boundarthat used by Hukin and Darwif1995. The contribution that
should shift to higher nomindt1 values. the 500-Hz component of a vowel makes to its categorization

In partial support of Culling and Summerfield’s conclu- as eitherd or /e/ was estimated from the phoneme boundary
sion that segregation of simultaneous sounds is not detealong anF1 continuum. Physical or perceptual removal of
mined by ITD differences, Hukin and Darwii999 found the 500-Hz component from the vowel gives a shift in the
that an ITD difference of-666us between the 500-Hz phoneme boundary to higher nominal formant frequencies.
component and the rest of the vowel gave a far smaller shifin order to provide some calibration of the size of the effect,
in the phoneme boundary than did an infinite ILD difference.different continua had different physical gains of the 500-Hz
The difference in ILD gave a shift in the phoneme boundarycomponent, in addition to those introduced by varying the
that was equivalent to a physical reduction in the level of theF 1 frequency.
500-Hz component of over 8 dB, whereas the ITD gave a  The original vowel continuum contained six sounds
reduction of about 2 dB. However, they did find that differ- whose first formant frequency varied between 379 and 500
ences in ITD promoted segregation under slightly differentHz to give a percept that changed fromdt low values of
stimulus conditions. F1 to // at high values. The second- and third-formant fre-

The conditions were derived from an earlier experimentquencies were fixed at 2100 and 2900 Hz, respectively. The
(Darwin et al, 1989 on grouping by frequency proximity bandwidths of the three formants were kept constant at 90,
which had shown that embedding a vowel in a short se410, and 170 Hz. All sounds were synthesized on a funda-
quence of 500-Hz tones reduced the contribution of thenental frequency of 125 Hz and at a level such that the
500-Hz harmonic to the vowéimeasured as described above 500-Hz component of the member of the ba&ledB gain
by a shift in the phoneme boundaryWe will refer to this  continuum with anF1 of 500 Hz was 60 dB SPL. The du-
effect as within-trial segregation by tonal context. Hukin andration of the vowels was 56 ménduding 16-ms raised-
Darwin (1999 showed that this segregation was greatercosine on- and off-ramps
when all the 500-Hz tonegurrounding tones and the har- From this basic continuum were derived four sets of
monic of the vowel were given a different ITD from the rest experimental continua in which the amplitude of the 500-Hz
of the vowel (i 666#5) We will refer to this latter effect as Component was either 0 dB-,3 dB, +6 dB, or+9dB rela-
within-trial segregation by ITD. tive to that in the basic continuum. Each condition in the

Hukin and Darwin also showed that when a block of fo|lowing experiments thus consists of 24 different stimuli: 6
trials contained trials that did contain the tone sequence ] yaluesx 4 gains of the 500-Hz component. In all condi-
mixed together with the original stimulthat did not contain tions, the vowel components other than the 500 Hz were all
a tone sequengethen the latter sounds did show some segyresented binaurally with an ITD that led on the left ear
regation due to ITD(although recall that they showed no (ITD=+666us). The 500-Hz component was presented
segregation when presented separatélje will refer to this  \yjth either the same ITD as the other vowel components
effect as across-trial facilitation of segregation by ITD. condition L), or an ITD that led on the right edcondition

In the present paper we first replicate.the experiment OR: ITD=—-666us) to give a total of eight vowel continua.
Hukin and Darwin, using a group of subjects who will be These two sets of four continua constituted the two uncued
used for all the experiments. We then sh@xperiments 2 -ynditions.
and 3 that across-trial facilitation of segregation by ITD Two further, cued conditionéLL, RR) were made by
requires that the cue provides information about both th‘?)receding each vowel with four, and following it with two,
tonal quality and the lateral position of the harmonic that is5g9_Hz cue tones identicéincluding in leve) to its 500-Hz
to be segregated; neither is sufficient alone. That such acrosggmponent and with the same ITD af666us. The cue
trial facilitation can be produced by trials with only a single (5hes were separated from each other and the vowel by 160
cue tone is shown in experiment 4. This experiment alsqng The various conditions are illustrated in Fig. 1.
demonstrates the important result that within-trial segrega- Subjects listened to the stimuli under two different
tion by ITD depends only on the ITD of the cue tone, not ony,qqeq of presentation. With blocked presentation the L and
the ITD of the segregated harmonic. Experiment 5.show§z conditions were given in one block of trials, and the LL
that none of the above effects occur when the cue is |tselénd RR conditions in a separate block. With mixed presen-
grouped into a separate complex. tation all four conditions were randomized together. With

] each mode of presentation subjects identified ten tokens of

I EXPERIMENT 1: TONE SEQUENCE AND ITD each stimulus in a pseudo-random order within blocks.

The first experiment replicated the first experiment of  The sounds were synthesized by harmonic summation in
Hukin and Darwin(1995. The replication was made for two real time with 16-bit resolution and at a sample rate of 44.1
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FIG. 1. Phoneme boundariésith standard errors across subjecttong an FIG. 2. Phoneme boundaries for mixed presentation in experiment 1.

li/-/el continuum, with different additional gains on the 500-Hz component

of the vowel for blocked presentation in experiment 1. With blocked pre- . . .
sentation, the uncued conditiofis,R) are presented in one block, and the N€Me boundaries in the L condition move to lower frequen-

cued(LL,RR) in a separate block. cies as the gain of the 500-Hz component increased, thus
demonstrating the sensitivity of the paradigm to physical

kHz using custom softwaréRussell and Darwin, 199Dn a  changes in the level of that component. An increase in the
Digidesign Protools board attached to an Apple MacintosHrequency of the phoneme boundary corresponds to a de-
lIfx, which also controlled the experiment. The vowel spec-crease in the effective level of the 500-Hz component.

tral envelopes were calculated using source and transfer

functions taken from the Klatt synthesizer in serial model. Blocked presentation

(Klatt, 1980. The outputs of the Protools interface were con-  Gijying the 500-Hz component of the vowel a different
nected to Tucker-Davis PA3 programmable attenuator$tp has no significant effect on the phoneme boundary
which were used to set the overall level for the experiment congition L vs R:F, g= 3.8, p>0.05. This result supports
Subjects I_istened over Sennheiser HD414 headphones i”@ulling and Summer‘ﬁe|d'$1995 conclusion that a differ-
double-skinned IAC booth. ~ ence in ITD is an ineffective cue for segregation. As also
Subjects were told tha_t they wo_uld hgar a vowel in theirfound previously by Hukin and Darwif1995, a tonal con-
left ear which could be eithew//as in "pit,” or /e/ as in  text produces two effects. First, it is effective at perceptually
pet,” and that they might also hear a tone in either ear,removing the 500-Hz harmonic from the vowel: the LL con-
which t_hey were to ignore. They signalled their response oRjition has significantly higher(F; =5.8, p<0.05 and
each trial using the “i” and “e” keys on the Mac keyboard. fatter—across changes in gairiF= ,,= 6.0, p<0.005 pho-
Each trial followed 500 ms after the response to the previougeme boundaries than does the L conditiaithin-trial seg-
one. _ . ' . regation by tonal contextSecond, it allows ITD to produce
The same nine subjects took part in each experiment, alljgitional segregation: The RR condition has much higher

of whom had previous experience of similar vowel identifi- ¢ — 29 4,p<0.002) phoneme boundaries than the LL con-
cation experiments. All were native speakers of British En-yjtion (within-trial segregation by ITD

glish with normal pure-tone thresholds over the range of fre-

quenf:ies of interest in thi; experiment. Tvyo subjects h.a(%. Mixed presentation

contributed data to experiment 2 of Hukin and Darwin -

(1995. Phoneme boundaries were estimated for each sub- 1 he results for the L, LL, and RR condition are very
ject's data in each continuum using an automatically fittecSimilar with mixed and with blocked presentation. But, as
rescaled tanh functiohAll curve fits were checked by eye. found in the Hukin and Darwin's earlier experiment, the re-
Analysis of variance was carried out on these phoneméuns_f_or the_: R condition are d|ffere_nt. Putting the L and R
boundaries with SuperANOVAAbacus Concepts, Incus- conditions in the same block of trials as the LL and RR

ing the Greenhouse-Geisser adjustment for correlatiofonditions leads to the R condition having a significantly
among repeated measures. higher phoneme boundary than the L conditién g=13.9,

p<0.01). This increase in the boundary in the R compared to

the L condition is larger with mixed than with blocked pre-

sentation (F, g=8.5, p<0.02—across-trial facilitation of
Figures 1 and 2 show the mean phoneme boundaries arsgregation by ITD.

their standard errors across subjects. The results closely rep- This experiment has replicated the three results reported

licated the results of experiment 2 of Hukin and Darwinin experiment 2 of Hukin and Darwif1995. First, giving

(1995. As expected, for both modes of presentation, phothe 500-Hz component of a vowel a different ITD from the

B. Results and discussion
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remaining components leads to no significant segregation ¢ -
that component as measured by a shift in phoneme boundar
Second, embedding the vowel in a sequence of 500-Hz tone
leads to some segregation of the 500-Hz harmd@within-
trial segregation by tonal contéxtvhich is substantially in-
creased when all the 500-Hz tones are given a different ITL
from the rest of the vowelwithin-trial segregation by ITD
Third, mixing trials that contain the tone sequence with those
that do not increases the segregation by ITD of the 500-H:
component from the vowel on trials without a tonal se-
guence: across-trial facilitation of segregation by ITD.

The following two experiments examine what aspect of
the mixed presentation is responsible for inducing increase
segregation by ITD in the R condition. Experiment 2 asks
whether exposure to only the frequency of the 500-Hz tone i
sufficient; experiment 3 asks whether exposure to the loce
tion of an additional, contralateral sound source is sufficient 9 subjects

4 T T
%0 0 3 6 9

Il. EXPERIMENT 2: FREQUENCY ONLY gain of 500 Hz component in vowel (dB)

F1 boundary (Hz)

This experiment asks whether the across-trial facilitation
of segregation by ITD found by Hukin and Darwii995  FIG. 3. Phoneme boundaries in experiment 2. The experiment used mixed
and replicated in experiment 1 can be produced when sulresentation of a subset of conditions from experiment 1.
jects only have knowledge of the frequency of the to-be-
segregated tone, rather than knowledge of both its frequenajon to have higher phoneme boundaries than the L, which it
and its ITD. does not. Facilitation of segregation is significantly smaller
These experiments found that a difference in ITD be-here(F; g=22.7,p<0.002 than that found in the previous
tween the 500-Hz harmonic of a vowel and the remainder okxperiment when both frequency and ITD information was
the vowel was much more effective at removing that har-available from the tonal context. So, making subjects aware
monic from the calculation of vowel quality in blocks of that there is a separate sound source present at 500-Hz during
trials which also contained vowels embedded in a 500-Hzhe same block of trials is not sufficient to induce segregation
tone sequence that shared the harmonic’s distinct ITD. Thef the 500-Hz tone by ITD in the R condition. The condi-
tone sequence on some trials thus shared both the frequentigns necessary for across-trial induction of segregation by
and the ITD of the to-be-segregated tone. Can a similalITD must therefore include some information about the lo-
across-trial effect be obtained when the tone sequence onbation (or the ITD) of the additional sound source.
gives frequency, but not ITD information about the to-be- Is any sound with the same ITD a sufficient cue to give
segregated tone? To answer this question experiment 2 raeross-trial facilitation of segregation? The following experi-
peats the mixed block part of experiment 1, but omits thement asks whether a narrow-band noise centered around the
condition in which the tone sequence has an ITD that leadfrequency of the tone can give such across-trial facilitation.
on the right ear. Experiment 3 also asks whether such a narrow-band noise
A Stimuli can produce the within-trial segregation either by context or

by ITD found with tone sequences.
The experiment used mixed presentation of the L, R, and

LL conditions of experiment 1. These three conditions were
presented in a single mixed block of 720 tri&l® replica- !ll. EXPERIMENT 3: NARROW-BAND NOISE
tions of 6 sounds from each continuum4 levels of the A nethod

500-Hz componenk 3 condition$ to the same nine subjects ) . o ] )
of experiment 1. The experiment was identical in design to experiment 1

except that the 500-Hz six-tone sequence used in the LL and
RR conditions of experiment 1 was replaced by a similar
sequence of six narrow-band noises. The noise was centered
The mean phoneme boundaries and their standard erroesound 500 Hz with a bandwidth of 70 Hz. It consisted of
are shown in Fig. 3. Replicating the previously found within- harmonics 47-54 of a flat amplitude, random-phase signal
trial segregating effect of a tone sequence, phoneme boungith a fundamental of 10 Hz. The level of the noise in the
aries are significantly high¢F, g=11.1,p<<0.02 and flatter ~ 0-dB conditions was such that, when passed through a
(F324=9.7,p<0.00J in the presence of the tone sequence(fourth-ordey gammatone filter centered on 500 Hz, it had
(condition LL) than without it(condition L). However, there the same energy as that of the 500-Hz component of a vowel
is no evidence that the frequency information present in thén the original continuum withF1=500 Hz. Its level was
tone sequence produces an across-trial facilitation of segréacremented in steps of 3 dB with the level of the 500-Hz
gation by ITD. If there were, we would expect the R condi- component of the vowel. The narrow-band noise thus pro-

B. Results and discussion
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FIG. 4. Phoneme boundaries for blocked presentation in experiment 3. Thigrence in phoneme boundary between the R and L conditions averaged

experiment was similar to experiment 1 but used narrow-band noise as tHaeross the four levels of the 500-Hz component. The extent of across-trial
cue. facilitation is given by the difference between the mixed and the blocked

conditions for each type of cue sequence.

vides similar energy in the auditory channel responding to a

500-Hz tone, but is different in timbre, and so is less likely top>0.3) nor flatter(F3 ,,= 1.8, p>0.1) than the LL. The se-
stream with the 500-Hz component of the vowel. The sam@uence of noise bursts thus produces no within-trial segrega-
nine subjects took the experiment. tion by ITD.

B. Results
2. Mixed presentation

1. Blocked presentation The pattern of results with mixed presentation is very
The phoneme boundaries for blocked presentation argimilar to that found with blocked presentatigfig. 5). Al-
shown in Fig. 4. As found in experiment 1, giving the though the difference in phoneme boundary between the L
500-Hz component of the vowel a different ITD again has noand R conditions is marginally significar(f, ¢=6.3, p
significant effect on the phoneme boundary: The R condi<<0.09), the size of the effect is small and it is in the opposite
tion’s boundaries are not significantly highéf, ;=0.3, p  direction to that expected if segregation were occurring. A
>0.5) or flatter (F3 4= 1.2, p>0.3) than the L condition’s. sequence of noise bursts leading on the opposite ear thus
However, unlike experiment 1, a change in ITD also has ngloes not produce any across-trial facilitation of segregation
effect when the vowel is put in a sequence of narrow-bandy ITD. The tonal sequence in experiment 1 produces sig-

noise bursts: The RR condition is neither higliEg g=1.0,  nificantly more across-trial facilitatiorfaveraging across
level of the 500-Hz componenthan does the noise sequence
in experiment 3(F; g= 18.04,p<0.005, as illustrated in
Figs. 6.

The noise sequence flattens the phoneme boundary func-
tion slightly: The LL condition gives flatter phoneme bound-
aries than the I(F 3 ,,=4.8,p<0.02. Overall, the noise con-
text produces smaller changes in the phoneme boundaries
than did the tonal context of experiment(E,g=8.7, p
<0.02. Since the small change produced by the noise con-
text (although not that produced by the tonal contéastin-
dependent of ITD, it could be the result of peripheral adap-
tation to the 500-Hz noise band reducing the response to the
500-Hz harmonic of the vowel.

1 In summary, a sequence of 500-Hz narrow-band noise
4209 o supjects bursts is much less effective than a tone sequence at produc-
m'xzd presenaron : : 3 ing either within-trial or across-trial effects of ITD on group-

gain of 500 Hz component in vowel (dB) ing. Taking experiments 2 and 3 together, subjects need very
specific information about the nature of an additional sound
FIG. 5. Phoneme boundaries for mixed presentation in experiment 3. Thgfource before they S_hOW across-trial facilitation of Segr,e_ga_
experiment was similar to experiment 1 but used narrow-band noise as tHdON by ITD: Information about both the ITD and the specific
cue. tonal quality of the sound is necessary.
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FIG. 7. Phoneme boundaries in the uncued conditions of experiment 4 wit§iX conditions(mixed L, R, LL, RL, LR, and RR Each
blocked and mixed presentation. The experiment was similar to experimermixed block thus had 720 trial® replicationsx 6 F1 val-
1 but used a single tone as the cue. ues X4 levels levels of the 500-Hz componex2 lateral-
izations of the 500-Hz componemit3 types of cue tone: no
cue tone,+ 666 us). The trials within each block were pre-

IV. EXPERIMENT 4: SINGLE CUE .
sented in different, pseudo-random orders.

Experiment 4 differed from experiment 1 in two ways. _ _
First, the tonal context used was a single 500-Hz precursdg- Results and discussion

tone rather than multiple tones. A single cue tone, although |t the present cueing paradigm with a single precursor
providing less sequential grouping than four tones, extendg,ne were as effective as experiment 1 was with four preced-
the generality of the effects that we have found. Secondiﬂg and two following tones, we would expect to find)
conditions were included to investigate the interaction beyithin-trial segregation by tonal conteftL and RR condi-
tween grouping by frequency proximity and by ITD. In par- tions giving higher-frequency boundaries than L and R, re-
tlculgr, the precursor.SOO-Hz tone was pIaygd with an ITDspectively; (ii) within-trial segregation by ITDOIRR condi-
favoring one ear, while the 5_00-H_z harmonic of the vowelijgn giving higher-frequency boundaries tha) liii ) across-
was played with an ITD favoring either the same or the op-ig| facilitation of segregation by ITBR condition giving a
posite ear. Deutscfi979 found that sequential grouping by greater increase in boundary frequency over the L condition
frequency dominated over the ear of presentation for thgith mixed than with blocked presentation
identification of tunes whose notes alternated between the |, addition, the experiment asked whether sequential
ears only when each notg of the tune was accompanied by ouping by frequency can overrule grouping by ITD. The
drone note to the opposite ear. If a similar dominance okyperiment included two conditions where the 500-Hz cue
sequential grouping by frequency proximity over ITD occurSigne and the 500-Hz harmonic of the vowel had opposite
for our stimuli, then the extent to which the 500-Hz compo-|Tpg (conditions LR and RL If the cue tone can, by virtue
nent_is removed from the vowel should depend less on itgy g proximity in frequency to the vowel harmonic, segre-
location than on that of the precursor tone. gate the harmonic from the vowel regardless of their relative
A. Method ITDs, then we might findiv) similar, high phoneme bound-
» . ) aries in the RR and RL conditions on the one hand, and

‘The L and R conditions were identical to those of ex-|o\er houndaries in the LL and LR conditions on the other.
periment 1. Four further, cued conditiofid., LR, RL, RR) All four effects were found in the present experiment,
were made by preceding the vowel with a single 500'Hzalthough, as found previouslyDarwin et al, 1989, the

precursor “cue” tone identical to its 500-Hz component bUtsingIe cue tone produced weaker segregation than did a
with an ITD of £666 us that was independent of the ITD of longer sequence.

the 500-Hz tone in the vowel. The first letter in the condition B

name refers to the leading ear for the cue tone, the second fo Uncued conditions

the leading ear for the 500-Hz harmonic of the vowel. The  Looking first at the results from the block of trials which

cue tone ended 160 ms before the onset of the vowel. Theonsisted only of the uncued conditioffS§g. 7), we find, as

various conditions are illustrated in Figs. 7 and 8. expected from previous experiments, that giving the 500-Hz
The experiment was run in three blocks: one with tencomponent of the vowel a different ITD has no effect on the

repetitions of just the two uncued conditiofidocked L and phoneme boundaries: With blocked presentation condition R

R), and two mixed blocks, each with five repetitions of all is no different from condition L(F; g=3.8, p>0.05.
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Looking now at the results from the uncued conditionsother harmonically related sounds and so has a more labile
with mixed rather than blocked presentation, the R conditiorsubjective locatior(cf. Hill and Darwin, 1998.
has significant higher boundaries than the(F; g=6.7, p The irrelevance of the ITD of the 500-Hz harmonic to
<0.0H5, a difference which increases with the gain of thethe extent to which it is segregated from the vowel by a cue
500-Hz component(F;,,=5.6, p<<0.01). Moreover, this tone reinforces Culling and Summerfield’s conclusion that
relative increase is significantly bigger with mixed than with ITD is a very poor segregating cue for simultaneous sounds.
blocked presentatiorn(F;,,=3.7, p<0.05. These differ- Differences in ITD can however influence the segregating
ences replicate with a single cue tone the across-trial facilipower (via frequency proximity of isolated sounds pre-
tation of segregation by ITD from experiment 1 in which sented at different times.
cues to the frequency and location of a separate sound source In summary, experiment 4 has shown:
from other trials in the same experimental block allow the

segregating effect of a difference in ITD to emerge. (i) within-trial segregation by tonal context. A single cue

tone at the frequency of the 500-Hz component of a
vowel can produce some segregation of that compo-

2. Cued conditions nent from a vowel when all sounds have the same

Figure 8 shows the results for mixed presentation. The ITD. This effect is only significant at higher levels of
within-trial segregation by tonal context produced by a the 500-Hz component;
single cue tone when all sounds have the same ITD is weakli)  within-trial segregation by ITD. When the cue tone
the LL condition is not significantly different overall from has a different ITD 666 us) from the other sounds
the L condition(F; g=2.0,p>0.01). However, more specific (+666us), segregation of the 500-Hz harmonic
post hoccontrasts(based on the expected pattern of results from the vowel is substantial. An important new find-
from earlier experimenjswithin this main effect show that ing is that this segregation occurs regardless of the
the two higher gains of the LL condition have a higher ITD of the 500-Hz harmonic;
boundary than those of the L conditidr-6 dB: p<<0.02; (i) across-trial facilitation of segregation by ITD. For the
+9 dB: p<0.002. Overall weak segregation from a single uncued conditions with mixed presentatigncluding
preceding tone is compatible with the earlier findigrwin trials with the single cue tone present in the same
et al, 1989 that the extent to which a harmonic is segre- block of trialg, there is significantly more segregation
gated from a vowel increases as the number of preceding by ITD than with blocked presentation.

tones increases upto four.
Preceding the vowel by a single cue tone having th ]
same level and ITD as the 500-Hz component of the vowe(IeY' EXPERIMENT 5: COMPLEX SINGLE CUE
but a different ITD from the rest of the sounds, produces  Experiment 5 acts as a control experiment for the results
substantial changes in the frequencies of the phonemef experiment 4 being due to purely local effects around 500
boundaries. The phoneme boundaries are at a higher fr¢tz. The explanations that we have offered for the segregat-
quency for the RR condition than for the (R, g=18.2,p  ing effects of a tonal context have been based on principles
<0.009. Moreover, the increase in boundary frequency isof perceptual organisation. These principles are further in-
greater for the RR condition than for the LL condition voked in experiment 2 to construct conditions where there
(F1g=11.1, p<<0.02. This last result extends to a single should be no grouping by frequency proximity and so no
precursor tone the result of our previous pafid¢ukin and  tendency for the cue tone to segregate the 500-Hz harmonic
Darwin, 1995 that differences in ITD produce within-trial from the vowel.
segregation by ITD, enhancing the segregating effect of a In this experiment we add four higher harmonics of
tonal context on the harmonic of a vowel. 166.7 Hz synchronously to the 500-Hz cue tone. The 500-Hz
However, there is an additional, novel feature of thecue tone should then form part of a single 166.7-Hz complex
results of this experiment: The shift in the phoneme boundand not therefore be free to form a separate perceptual group
ary in the cue tone conditions relative to the uncued condiwith the 500-Hz harmonic of the vowel. A similar manipu-
tions is determined more by the ITD of the cue tdifg g  Ilation has been used to regroup the leading portion of a com-
=16.5,p<0.009, than by the ITD of the harmonic in the ponent of a complex to prevent it being removed, by virtue
vowel (F1 g=5.6,p<0.05. As a measure of the dominance of its onset time, from the calculation of vowel qual{ar-
of the cue tone’s ITD over the harmonic’s ITD, the RL con- win and Sutherland, 1984pitch (Ciocca and Darwin, 1993
dition has significantly higheff-; g=10.8,p<<0.02 and flat-  or profile analysigHill and Bailey, 1997. If the effects that
ter (F3,4=4.1, p<0.05 phoneme boundaries than the LR we have found in the first experiment are due to mechanisms
condition. that are purely local to 500 Hz, then we would expect them
The likely explanation for this last result is that sequen-also to appear in this experiment. If they are due to percep-
tial grouping by frequency proximity exerts a dominant in- tual grouping, then they all should disappear.
fluence in causing the two 500-Hz tones to group together
(perhaps with the apparent location of the second being afa—"
tributed to that of the first, cue topeThis dominance of the The experiment was similar to the mixed part of experi-
cue tone’s location is likely to depend on the fact that the cuenent 1, and used the same subjects. In addition to the cue
tone is presented alon@nd so has a clear locatiprwhile  tone, all conditions also contained a tonal complex that was
the harmonic of the vowel is presented simultaneously wittsimultaneous with the cue tone, but could be presented with

Method
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ride the difference in ITD. This result is another example of
the weakness of the grouping exerted by differences in ITD
in simultaneous sounds.

It is also clear that there is no across-trial facilitation of
RReL RReR segregation by ITD in this experiment. As found in experi-
ment 3, this across-trial facilitation cannot be induced simply
by having interspersed trials that have any sound presented
with a different ITD. The present experiment has also shown
that it is not sufficient to have the cue tone physically present
with the appropriate ITD if it is being perceptually integrated
into a different percept.
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VI. SUMMARY

The present experiments have confirmed previous re-
sults showing that in blocks of trials where only the harmon-
ics of a vowel are all present simultaneously, there is no
significant segregation of a single harmonic by IT&peri-

FIG. 9. Phoneme boundaries in experiment 5. The experiment was similaments 1, 2, and 4
to experiment 4 but used a complex tone as the cue. They have also clarified the conditions under which
some perceptual segregation by ITD can occur for simulta-

the same or different ITDs. The additional complex consisted!®0US sounds. Some segregation by [ uncued trials
of the fourth through seventh harmonics of 166.7 Hz. Thedoes occur if other trials are present in the same block in
amplitude of the 500-Hz cue tone which constituted the thirdVhich multiple cue tonegexperiment 1 or a single cue tone
harmonic of the complex’s harmonic series was the same d§XPeriment 4are present before the vowel, sharing the har-
in the previous experimenti.e., identical to that of the Monic’s frequencyand ITD (experiments 2 and)3 This
500-Hz harmonic that it precededut the amplitude of the across-trial facilitation of segregation by ITD is abolished if
higher harmonics fell at-6 dB/oct. The various conditions the cue tone itself forms part of a separate complex tone

are shown diagrammatically in Fig. 9. The 500-Hz cue tond &Xperiment 5 - -
always had the same ITD as the 500-Hz harmonic of the  The experiments have also clarified the conditions under
vowel. This ITD could be either- 666 us. The ITD of the which precursor events can segregate a harmonic from a

additional complex was alsa 666 us but varied indepen- VOWel:

dently to give four different conditions. (i)  asingle 500-Hz cue tone is more effective at remov-
ing the 500-Hz harmonic from a vowel when the cue
tone has a different ITD from the vowel than when it
B. Results and discussion has the same ITD. However, this segregation is not
influenced by the ITD of the harmonic in the vowel
(experiment %
a single 500-Hz cue tone i®t effective at removing
the 500-Hz harmonic from a vowel when the cue tone
is itself captured in a simultaneous harmonic complex
(experiment 5. The extent of this capture is itself un-
affected by the relative ITDs of the cue and captor
tones.

4209 subjects
mixed presentation

0 3 6 9
gain of 500 Hz component in vowel (dB)

Phoneme boundaries for the two uncued and the four
cued conditions are shown in Fig. 9. There are no differenceai)
in phoneme boundary across the different conditifs,o
=2.4,p>0.1). Adding a complex that is harmonically re-
lated to the cue tone has prevented it from producing any
segregation of the 500-Hz harmonic from the vowel. The
segregation found in the first experiment is thus unlikely to
be due to processes that are local to 500 Hz. Rather, it is
more likely to be due to mechanisms of perceptual organisa- There are two overall conclusions from these experi-
tion which, in the cued conditions of experiment 1, recognizements. The first confirms Culling and Summerfield’'s conten-
the 500-Hz cue tone as a separate sound source with a digen that grouping of purely simultaneous sounds by ITD is
tinct location. This source is able to capture the 500-Hz harweak. An individual harmonic cannot be segregated from a
monic of the vowel, by the principle of frequency proximity. vowel on the basis of a difference in ITD unless the listener
But experiment 5 has shown that the 500-Hz cue tone losealready has clear evidence for a separate sound source. This
this ability when it is itself part of a separate harmonic com-evidence must be quite specific: The sound source that in-
plex. duces across-trial segregation by ITD needs to share the ITD

Capture of the 500-Hz cue tone by the complex occursand specific tonal quality of the to-be-segregated harmonic;
regardless of their relative ITDs. For example, there is nmeither narrow-band noise with an appropriate ITD, nor a
significant difference between the uncued L condition andb00-Hz tone with an inappropriate ITD suffice. The weak-
the LLcR condition where, although the cue tone has theness of grouping by simultaneous ITD, when the listener has
same ITD as the complete vowel, the additional complex hago such additional evidence for an extra sound source, sits
the opposite ITD. Here the shared onset, offset, and hamwell with experiments that have demonstrated that listeners
monic relations between the cue tone and the complex overan integrate ITD across simultaneously present frequencies
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