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Across-frequency processing by common interaural time ddlBR) in spatial unmasking was
investigated by measuring speech reception threstiSi$9 for high- and low-frequency bands of

target speech presented against concurrent speech or a noise masker. Experiment 1 indicated that
presenting one of these target bands with an ITB-600 us and the other with zero ITDike the

maskey provided some release from masking, but full binaural advantage was only measured when
both target bands were given an ITD-6600 us. Experiment 2 showed that full binaural advantage
could also be achieved when the high- and low-frequency bands were presented with ITDs of equal
but opposite magnitudé+=500 us). In experiment 3, the masker was also split into high- and
low-frequency bands with ITDs of equal but opposite magnit¢d&00 us). The ITD of the
low-frequency target band matched that of the high-frequency masking band and vice versa. SRTs
indicated that, as long as the target and masker differed in ITD within each frequency band, full
binaural advantage could be achieved. These results suggest that the mechanism underlying spatial
unmasking exploits differences in ITD independently within each frequency channeR00®
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I. INTRODUCTION ever, two lines of evidence suggest that this is not the case.

The masked threshold of speech is lower when it is spa- First, the perceived location of a sound can be disrupted
tially separated from its masker than when the two sound¥ithout any significant effect on binaural release from mask-
share a common direction. This effect is called the binauraing (Licklider, 1948; Carharet al, 1967, 1968; 1969; Ed-
intelligibility level difference (BILD). The BILD has been monds and Culling, in pressFor example, the masked
described as being dependent on improvements in the audhreshold of speech heard against a masker with zero ITD
bility of the target speech arising from differences in inter-(and therefore perceived centralig lower for target speech
aural level differencéILD) and interaural time delafiTD)  presented out of phase at the two e@usrceived to be dif-
between the two soundéBronkhorst and Plomp, 1988; fysely located than for target speech that has a fixed ITD
Zurek, 1992. This paper focuses on the binaural gain in,nq is heard to be clearly lateralized. In addition, theories of
intelligibility associated with ITDe.g., Schubert, 1956; Lev- speech intelligibility for spatially separated sountsg.,

it a_nd Rabiner, 196‘_0aand how ITD s exploited .by the Levitt and Rabiner, 1967b; Zurek, 199predict improve-
auditory system to bring about release from masking. Three . .
experiments are reported in which we tested for the impor—men_tS in the maske_d threshold of target §peech ag a function
tance of providing a common ITD across different frequency®! Pinaural unmasking rather than perceived location.
regions to the BILD. Second, ITD has been demonstrated to be a relatively
The effect of spatial separation on the segregation ofveak cue for the segregation of competing sounds. For in-
sounds has also been described in terms of selective attentiiance, Hukin and Darwifl995 showed that a single har-
(e.g., Hirsh, 1950; Broadbent, 1954; Darwin and Hukin,monic could be segregated from other harmonics in a vowel
1999; Freymaret al, 1999; Darwin and Hukin, 2000; Frey- sound if its onset time was altered but not if it was given a
manet al, 2001, 2004 That is, it is thought that focusing different ITD. That is, despite the harmonic having a differ-
one’s attention on the perceived location of the desirednt ITD from the rest of the vowel sound, listeners group the
speech might aid the formation and perceptual segregation gdne harmonic with the other components of the vowel. In

the target as an auditory event from that of a masking Soun%ddition, listeners do not appear to exploit ITD when group-

'_rhe relationship between lateralization a_nd binaural dete(‘,l-ng| sounds across frequendgulling and Summerfield,
tion of sounds has been an open question for many yeal

(e.g., Hirsh, 1948: Licklider, 1948; Haftest al, 1969: a r1'5993 unless they are given considerable amounts of training
number of investigations have considered the relative imporgDrenngnet al, 2093' Culling and S_ummgrﬂelujlg%) pre_-
tance of spatial location in the segregation of sounds coms€nted listeners with four formant-like noise bafids., their
pared to other cueBregman, 1990; Kubovy and Van Valk- frequencies approximated the first and second formants of
enburg, 2001; Neuhoff, 2003Given that ITD contributes to SPeechwhich could give rise to the perception of two whis-
both the perceived lateral position of a sound souRay- pered vowel sounds. They found that listeners were unable to
leigh, 1876, 190¥and to binaural unmasking, it is tempting correctly identify (with above-chance performancthe two

to suggest that the latter is dependent on the former. Howvowels if presented with different ITDs, but could do so
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when the two vowels were presented to different ears. ConBILD was tested by presenting listeners with target stimuli

sequently, it has been argued that the auditory system ignoréisat had different ITDs at different frequencies. Three experi-

spatial correspondences between different frequency chaments were conducted to explore various strategies for se-

nels, preferring to exploit within-channel interaural differ- lecting and canceling competing sounde., target speech

ences between concurrent soui@slling and Summerfield, heard against either competing speech or a broadband-noise

1995; Akeroyd, 2004 maskey across frequency using ITD; the BILDs measured
There are a number of models that describe how ITDsuggest that the auditory system is able to exploit ITD inde-

might be exploited for binaural unmaskirfpr an overview pendently within each frequency channel.

see Colburn and Durlach, 1978; Blauert, 198®wever, the

two most well known are vector theofyeffress, 197Rand

the equalization-cancellatiofE-C) model (Durlach, 1960; ||. GENERAL METHODS

1963; 1972; Breebaasdt al, 200]). The Jeffress model as-

sumes that ITD is exploited by a binaural processor consis

ing of a series of frequency-dependent coincidence detectors Cardiff University psychology undergraduate students

connected by delay lines. The auditory system is thought tavere recruited and awarded course credit in return for their

be able to compare the activity of this binaural processoparticipation. All participants reported normal hearing and

over a range of interaural delays in order to perform a crosspoke English as their first language. Each participant was a

correlation of the input at the two ears. Durlach’s modelnaive listener(i.e., they had little or no previous experience

assumes that, if the target sound and its masker are spatialily tests of auditory perceptiorand contributed data to only

separated, then it should be possible to apply a set of trangne experiment in a single session lasting approximately 45

formations to the signal such that the noise can be elimimin.

nated. For instance, when the target has a different ITD from

that of the masker, equalization can be achieved by applying

an internal delay in order to compensate for the interauraB. Stimuli

configuration of the noistThe noise can then be canceled

from the binaural signal by subtracting the now-equalized rray processor via a TDT psychoacoustics (BD1, FT6,

target and masker waveforms from one another in order t ) .
9 . wav . . : A4, HB6 through Sennheiser HD 590 headphones in a
deliver an improved signal-to-noise ratio. Consequently, the .

; . . ?lngle-walled IAC sound-attenuating booth. Sentences from
model a_ccu_rately _predlct_s_ that the optimal case fpr blnaurathe MIT recordings of the speaker CW reading the Harvard
unmasking in a given critical ban@.g., the detection of a entence List{IEEE, 1969 were used as target items. The
tone in noisg is when the tone is presented out of phase afS . ! y

masker was either a sentence from the speaker(&yain

Lhaerstwo ears and the noise is presented in phase at the tV\(Pom MIT recordings of the Harvard sentence ljsts Brown

. . noise (i.e., a broadband noise with a 6-dB/octave spectral
Culling and Summerfield1995 proposed an elabora- roll-off). Brown noise produces greater energetic maskin
tion of Durlach’'s model, the modified equalization- . b 9 g g

cancellation(mE-O), in order to account for the apparent for low frequencies than for higher frequencies, and roughly

T . i he low-f hasis of h.
indifference of the auditory system to ITD across frequencyapproxmates the low-frequency emphasis of speec

for the grouping of sounds. They suggested that, as the
grouping of sounds across frequency does not appear to be | i
constrained by spatial correspondences between different fré& High- and low-pass filters
quency channels, then the equalization step of spatial un- In order to test for the importance of a common ITD
masking must be free to use the best ITD within each freacross frequency, stimuli were spectrally divided into high-
quency channel. Subsequently, the mE-C model has beend low-pass filtered frequency bands. This manipulation al-
used to explain the results of a number of binaural phenomlowed the high- and low-frequency regions of the signal to
ena(Culling and Summerfield, 1995; Culling, 1998; Culling be configured independently of each otkiez., given differ-
et al. 1999. More recently, Akeroyd2004 looked for evi- ent ITDS. By doing this, the effect of spatial separation on
dence of this within-channel mechanism in the binaural unthe intelligibility of speech in different frequency regions
masking of complex tones against a broadband masker. Alcould be tested.
eroyd found that, even when each component of a harmonic  In experiments 1, 2, and 3, the stimuli were presented as
complex was presented with a different ITD, detection of thea pair of high- and low-pass filtered frequency bands using
complex was undiminished. These results suggest that th&l2-point FIR filters with linear phase anell000 dB/octave
decision mechanism responsible for choosing the best delagutoffs. The high- and low-frequency bands were separated
in the equalization process is free to do so independentlpy a 1-ERB(equivalent rectangular bandwidttMoore and
within each frequency channel. Glasberg, 198Bgap centered at splitting frequencies of 750
This paper investigates whether a channel-independemtnd 1500 Hz in experiment 1 and 750, 1500, and 3000 Hz in
mechanism for exploiting ITOsuch as that assumed in the experiments 2 and Gee Table | for a summary of the exact
mE-C model can account for the binaural gains in the intel- filter cutoffs). This gap prevented energy in frequency chan-
ligibility of speech in noise associated with spatial separanels close to the splitting frequency from creating a con-
tion. In particular, the importance of a common ITD to the founding interaural interaction.

tA' Participants

Stimuli were presented to the listener using a TDT AP2
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spectrally divide the stimuli about a given splitting frequency. The low-
frequency band was created by low-pass filtering the stimuli at a cutoff
frequency of% of the equivalent rectangular bandwidth below the splitting
frequency. The high-frequency band was created by high-pass filtering the
stimuli at a cutoff frequency oé of the equivalent rectangular bandwidth
above the splitting frequency.

Frequency (Hz)

TABLE |. Summary of the upper and lower cutoff frequencies used to |

Baseline l Consistent

000 To' T500 5000 To' T4s00
Low-pass High-pass ITD (ps) ITD (us)
L Mask

Splitting frequency(Hz) cutoff (Hz) cutoff (Hz) EI asket

Target
3000 (experiments 2 and)3 2821 3186 L ibuti Hich buti T Mask
1500 (all experiment}s 1409 1592 ow-contribution 1gh-contr1 utlon. arget + Masker
750 (all experiments 700 802 - = - Splitting frequency

Frequency (Hz)

D. Procedure

_ -500 o' 1+500 5000 To" T+500
Speech reception thresholSRT9 were measured for ITD (us) ITD (ps)
each participant in all conditions. The SRT is the masked . ) ) ) )
level in dB of the taraet speech for a criterion level of un- FIG. 1. A schematic illustration of the ITD configurations of experiment 1:

. . 9 p Stimuli are represented as high- and low-pass filtered frequency bands pre-
derstanding. In this case, it was measured for the report Qfented at distinct ITDs. Target speech bands are depicted in white with black
keywords from the target sentence with an accuracy of 50%sutline, masker bands are depicted in black, and regions that have both
The SRT measurement was implemented using the 1-up/{aroet and masker sharing a common ITD are shown in gray. The splitting

. P . 9 P }fequency used to divide the high- and low-pass bai@8¢ or 1500 Hzis
down adaptive threshold method described by Plomp ané

. . : ) hown as a dashed line.
Mimpen (1979. Participants were presented with ten trials

fOfF e?chfexzerlmfental cotru:_ltlon; '3 ofrder_t(t)_ e“m'n?ﬁe fjhfedependent on the listener’s reported accuracy in the previous
efiects of order of presentation and of variations In the dity,, ¢ e participant reported transcribing two or fewer

ficulty dotfhthgf;arge: materﬁlls t?e. clonfdmons were rOtatf‘.dkeywords correctly on one trial, the level of the target on the
around the difierent speech materials for SUCCESSIVE partiCly i via| was increased by 2 dB; otherwise, the level of the

pants. That is, each participant heard all the target/mask%rget was decreased by 2 dB. After all ten trials had been

speeph materials in the same order; only the order of th resented, the SRT was determined to be the mean presenta-
cond|'t|ons was changed.. S.RTS were also measure:d fqr Yfn level used for the last seven trigise., trials 3—19 and
practice conditions consisting of only monaural stimuli SO\vhat would have been the 11th trial.
that listeners could familiarize themselves with the experi-
mental procedure; thresholds for these practice stimuli are
not reported. lll. EXPERIMENT 1

For the first trial in each condition, the target speech was  Experiment 1 was a preliminary experiment to establish
presented at a very low levet-28 dB) compared to that of the importance of both high and low frequencies to speech
the masking sound. A message presented via a computer téntelligibility in our experimental paradigm. Its purpose was
minal, viewed through the booth window, prompted the lis-to ascertain the binaural gain in intelligibility for different
tener to either enter a transcrifsing a computer keyboard frequency regions of target speech. In order to do this we
located inside the boothor to replay the stimulus. If the employed a method similar to that of Levitt and Rabiner
participant replayed the stimulus the level of the target(19674. Levitt and Rabiner tested for the importance of dif-
speech was increased by 4 dB. The first trial could be referent frequency regions of single words heard against a
played in this way until it was loud enough to be judgedbroadband Gaussian noise in binaural release from masking
partially intelligible by the listenefi.e., they felt they could using interaural phase opposition. Here, we measured the
hear approximately half the sentehcat this point, the par-  binaural advantage due to ITD for high- and low-frequency
ticipant entered a transcript of the words that they thoughtegions of sentences heard against either a Brown-noise or
they had heard. Next, the correct transcript for the currentompeting-speech masker.
target sentence was displayed on the computer terminal juit
below the participant’s response. This reference transcript”
contained five keywords(presented in upper case— SRTs for target speech presented against a concurrent
nonkeywords were presented in lower gaJehe participant masker with zero ITD were measured in eight conditions: 2
was then prompted to enter the number of keywords that hesplitting frequencieg750 and 1500 Hzx4 ITD configura-
she had correctly identifiedscoring 0—5%. The procedure tions(see Fig. L baseline(both high and low frequencies at
then entered a second phase in which the stimulus wazero ITD); consistent(both high and low frequencies with
played only once before the participant was required to tran-+500-us ITD); high-contribution (high frequencies were
scribe the target sentence. presented with 50@s ITD while low frequencies were pre-

In the second phase, a fresh target sentence was preented with no ITD; andlow-contribution(low frequencies
sented on each of the remaining triéi®., trials 2—10 and  were presented with 50@s ITD while high frequencies
the level of the target speech for each of these trials wawere presented with no ITDExperiment 1 was completed

Design
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FIG. 2. Mean SRTs of the baselireircles, high-contribution(upward
triangles, low-contribution(downward trianglels and consisten¢squares
ITD configurations of experiment 1 for two groups of listen¢Bsown-
noise masker, dashed lines; competing-speech masker, soligl. |Eweer
bars show standard error. Plots for the high-contribution and low-
contribution condition SRTs are offset along thexis in order to improve
visibility of the error bars.

consistent ¢=9.95, p<0.001), high contribution vs low
contribution @=4.67, p<0.05), and low contribution vs
consistent §=5.28,p<<0.05).

For experiment 1b, a two-way repeated-measures
ANOVA revealed that there was no main effect of splitting
frequency, nor was there a significant interaction with ITD
configuration, but there was a significant main effect of ITD
configuration F(3,23)=17.71,p<<0.001]. Tukey HSD tests
for the pairwise comparisons of the ITD configurations
showed that the comparison of high contribution vs low con-
tribution was not significantly different. However, significant
differences were found for all other comparisons: baseline vs
consistent §=10.21,p<0.001), baseline vs low contribu-
tion (gq=5.27, p<0.05), baseline vs high contribution
(g=4.00, p<0.05), high contribution vs consistent
(g=6.21, p<0.001), and low contribution vs consistent
(g=4.94,p<0.05).

A number of researchers have explored the importance
of different frequency regions on the intelligibility of speech
(e.g., Schubert and Schultz, 1962; Levitt and Rabiner, 1967a
and have typically found that binaural unmasking for detec-
tion is largely dependent upon interaural phase differences in
the low-frequency(e.g., <1000 H2 region. Experiment 1
tested for the importance of high- and low-frequency bands
of target speech to the BILD at two splitting frequencies, and
found that neither band alonge., when presented with a

by two groups of participants. SRTs were measured for targedifferent ITD to that of the maskgwas sufficient to produce

speech presented against a Brown-noise masker in expe
ment 1a(16 participants and against competing speech in
experiment 124 participants

B. Results and discussion

Figure 2 shows the pattern of SRTs for each condition

full binaural advantage. SRTs measured in the consistent ITD
configuration were lower than those measured for the high-
contribution and low-contribution conditions. However, the
low-contribution configuration tended to produce lower
thresholds than the high-contribution configuration, espe-
cially when combined with a splitting frequency of 1500 Hz.
As noted above, thresholds measured against the

against Brown-noisddashed linesand competing-speech competing-speech masker were substantially lower than

(solid lines maskers. The baseline condition has the highe
SRTs in both groups and the consistent condition the lowes
the high-contribution and low-contribution condition SRTs
were intermediate. This result suggests that both the hig
and low-frequency regions of the target speech were requir
in order to achieve full binaural advanta¢gs measured in

the consistent conditionAlthough the pattern of thresholds

measured against both types of masker were very similar, the
SRTs measured against the competing-speech masker wetd

approximately 12 dB lowefi.e., speech intelligibility was
better against competing speech than against the Bro
noise.

A two-way repeated-measures analysis of varianc
(ANOVA) was performed on the SRTs of experiment 1a, an
no effect of splitting frequency or interaction between ITD

S

b

ose measured against the Brown-noise masker. Indeed,
ese thresholds are much lower than those reported in pre-
vious studies that have investigated the effects of spatial

hs_eparation on speech intelligibility which reported SRTs in

e region of—20 dB for stimuli with similar spatial con-

etrﬁ%urations(e.g., Hawleyet al., 2004. However, it should be

noted that in the current study the competing voice was that
f a second male talker and not, as in many other studies, the
me talker as the target voice. This is likely to have pro-
vided the listener with any number of other cues, arising

Wﬁgom differences between the two voices, upon which segre-

gation could be based.

V. EXPERIMENT 2

Experiment 2 was designed to investigate the impor-

configuration(baseline, high-contribution, low-contribution, tance of common ITD for binaural unmasking. Specifically,
and consistentand splitting frequency750 and 1500 Hz  we investigated the effect of across-frequency consistency in
was found. However, there was a significant main effect of TD on the intelligibility of target speech. In order to do this
ITD configuration[ F(3,15)=34.90,p<<0.001]. Tukey pair- we presented listeners with stimuli that had been manipu-
wise tests showed that the comparison of baseline vs higlated so that different frequency regions of the target speech
contribution was not significantly different. However, sig- had either the same or opposing ITDs. If the auditory system
nificant differences were found for other comparisons: baseis able to exploit ITD independently within each frequency
line vs consistent =13.65, p<0.001), baseline vs low channel, then presenting high- and low-frequency bands of
contribution @=8.37, p<0.001), high contribution vs the target speech with different ITDs should have no effect
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£ oo}
é* |:| Target 22
% . Target + Masker 24T
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= = = = Splitting frequency
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ITD (us) 750 1500 3000

Splitting Frequency (Hz)
FIG. 3. A schematic illustration of the ITD configurations of experiment 2. o o )
Stimuli are represented in high- and low-pass bands presented at distinfiG- 4. Mean SRTs of the baselifercles), split (diamonds, and consistent
ITDs. Target speech bands are depicted in white with black outline, maskejsquares ITD configurations of experiment 2 for two groups of listeners
bands are depicted in black, and regions that have both target and maskrown-noise masker, dashed lines; competing-speech masker, solid lines
sharing a common ITD are shown in gray. The splitting frequency used tderror bars show standard error. Plots for the split condition SRTs are offset
divide the high- and low-pass bant&50, 1500, or 3000 Hzs shown as a along thex axis in order to improve visibility of the error bars.
dotted line.

on speech intelligibility. Alternatively, if the BILD is depen- and no statistically significant interaction between ITD con-
dent on a strategy involving the selection of information at afiguration and splitting frequency, but there was a significant
common ITD across frequency, then one might predict thatmain effect of ITD configuration [F(2,17)=109.91,

speech intelligibility in such a condition would be disrupted, p<<0.001]. Tukey HSD pairwise tests showed that the com-
as listeners would be constrained to selecting only one of thparison of consistent vs split was not significantly different.

two possible target speech bands. However, significant differences were found for the baseline
vs split (q=18.31, p<0.001) and baseline vs consistent
A. Design (g=18.00,p<0.001) comparisons.

- : For experiment 2b, a two-way ANOVA with repeated
SRTs were measured for target speech split into a pair of ; -
. . . measures found no main effect of splitting frequency and no
high- and low-pass filtered frequency bands against a con-, _,. .. S . . :
. T o . statistically significant interaction with ITD, but there was a
current masker over nine conditions: 3 splitting frequencies

; ! . main effect of ITD configuration [F(2,17)=5.23,
(3000, 150.0’ and 750 H;(3 ITD conf_lgurat|ons{see F'g.' 3 £>< 0.05]. Tukey HSD pairwise tests showed that the com-
The baseline and consistent conditions from experiment

were reused and joined by a third conditicit (high fre- parison of gon.sllstent Vs split was not significantly d|ffe_rent.
. . However, significant differences were found for comparisons
qguencies were presented with 8500-us ITD and low-

frequencies were presented with-e600-us ITD). Experi- betw_een bas_ellne vs splig € 3.53,p<0.05) and baseline vs
ment 2 was completed by two new groups of partici amscon5|stentQ—4.29,p<0.05).
P y group P P . The results of experiment 2 indicate that the intelligibil-

SRTs were measured for target speech presented against, a :
: . ; e ity of masked speech does not require the target speech to be
Brown-noise masker in experiment 2b8 participants and

against competing speech in experiment(®h participants presented with an ITD consistent with a particular direction
9 peting sp P P P across different frequency regions in order for full binaural

advantage to be achieved. ITD can be exploited to recover
target speech at high and low frequencies even when the
Figure 4 shows that SRTs were poorésghesj in the  ITDs of these frequency bands indicate sources in different
baseline condition, but improved in the consistent and splihemifields. Consequently, it is argued that listeners do not
conditions giving a BILD of approximately 3—4 dB in ex- group information across frequency at a common ITD.
periments 2a and 2b. Again, the SRTs measured against tiiRather, the contribution of the target speech bands presented
competing-speech maskésolid lineg were approximately with opposing ITDs to the BILD suggests that listeners were
12 dB lower than those obtained against the Brown-nois@ble to exploit ITD within each frequency band indepen-
masker (dashed lines but the pattern of results for both dently. However, there are two alternative explanations that

B. Results and discussion

groups was similar. might also account for the BILDs observed in this experi-
A two-way repeated-measures ANOVA was performedment.
on the SRTs, with two within-subject facto(sTD configu- First, one might argue that the SRTs measured in the

ration, three levels; splitting frequency, three leyelor ex-  split condition reflect the contribution of both high and low
periment 2a, there was no main effect of splitting frequencyfrequencies, but not their simultaneous contributions. One
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could imagine, for example, an attention-switching mecha- Baseli .
X ) A . X aseline Consistent
nism which allows the auditory system to select information =) N
from different locations over time. Second, one might sug- T E
gest that, rather than selecting sounds with a fixed ITD Q g
across frequency, the auditory system simply cancels inter- % -_—————— § -----
fering sounds at a fixed ITD. Consequently, presenting the E E
high- and low-frequency regions of the target speech with
opposing ITDs would have little effect on the unmasking -500 0 +500  -500 0 +500
process. These issues were addressed in experiment 3. ITD (us) ITD (us)
. Swapped
&
> - Masker
V. EXPERIMENT 3 g [ Torger
. % _________ &
The results of experiment 1 demonstrated that recovery £ - Target + Masker
of both the high- and low-frequency target bands is required Solittin f
in order to obtain full binaural advantage. Furthermore, ex- -500 0 500~ RPHEMEEguency
periment 2 showed that listeners could exploit differences in ITD (us)

ITD between target speech and a concurrent masker even . ) ) ) .

. FIG. 5. A schematic illustration of the ITD configurations of experiment 3.
when different frequency bands of the target speech WeTimuli are represented in high- and low-pass bands presented at distinct
presented with different ITDs. It was suggested that this in{TDs. Target speech bands are depicted in white with black outline, masker
dicated that the auditory system is able to exploit difference$ands are depicted in black, and regions that have both target and masker
in ITD between he target and the masker within each fre i1 3 R 110 e Stown B ey The spind oo v e
quency channel independently. However, while the results of yoed line.
experiment 2 suggest that the auditory system is not con-
strained to select information at a particular ITD, the result :

. T . . oo A. Design
was inconclusive in other respects. First, it was difficult to
determine whether different frequency regions of a target In experiment 3, both the target speech and the masker
sound presented with different ITDs contribute to binauralwere presented as a pair of high- and low-pass bands sepa-
unmasking simultaneously or whether their contributions areated by splitting frequencies of 750, 1500, or 3000 Hz. SRTs
pooled together over time. Second, experiment 2 did not conwere measured for three configuratiasee Fig. % of target
sider what role the ITD of the masking sound might have hadand masker ITDs: baseliniboth target and masker were pre-
in the unmasking process. Consequently, experiment 3 wagented with a+500-us ITD), consistent(the target speech
designed to test whether a common ITD could be used twas presented with &500us ITD while the masker was
drive either:(i) an attention-switching mechanism for select- presented with a-500-us ITD), and swappedthe high-
ing target speech presented with different ITDs at differenfrequency target speech band and the low-frequency masker
frequencies, ofii) a mechanism that cancels at a fixed inter-band were presented with 2500-us ITD while the low-
nal delay rather than selecting the target speech. frequency target speech band and the high-frequency masker

Speech intelligibility was measured forsavappedTD band were presented with4a500-us ITD). Two new groups
configuration(i.e., the ITD of the target at low frequencies of nine listeners took part in this study. SRTs were measured
matched that of the masker at high frequencies and vicéor target speech presented against a Brown-noise masker in
versg. When the target and masker have their ITDs in theexperiment 3a and against competing speech in experiment
high-frequency and low-frequency regions swapped, ib.
should not be possible to integrate information across fre-
guency at a common ITD without recovering a mixture ofB Results and discussion
target and masker. No amount of attention switching in this™
condition will remove the presence of the masker. Further-  Figure 6 shows the mean SRTs for the two groups of
more, it should be impossible to selectively cancel out thdisteners in experiment 3. Intelligibility was poorest for the
masker across frequency in the swapped condition, as aryaseline condition, but improved in the consistent and
target speech with the same ITD as the masker will also bewapped conditions, giving a BILDs of approximately 4 dB
canceled. Consequently, if the auditory system is restricted tor the Brown-noise maskegidashed linesand competing-
the exploitation of a common ITD across frequency, thenspeech maskefsolid lineg groups. Again, thresholds were
speech intelligibility should suffer in the swapped ITD con- lower and more variabl@.e., larger error bajsagainst com-
figuration (i.e., SRTs for the swapped ITD configuration peting speech than against Brown noise
should be markedly higher than those measured for the con- A two-way repeated-measures ANOVA was performed
sistent ITD configuration However, if the SRTs measured on the SRTs of experiment 3a and showed a significant main
under consistent and swapped conditions are indistinguisteffect of ITD[F(2,8)=60.57,p<0.001] and of splitting fre-
able, then a strategy for exploiting within-channel differ- quency [F(2,8)=6.35, p<<0.05]. Tukey pairwise tests
ences in ITD independent of frequency will be supported. showed that the following comparisons were not signifi-
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VI. GENERAL DISCUSSION

O Baseline

¢ Swapped In this paper we explored the binaural gain in speech

o Consistent intelligibility arising from differences in ITD between target
8 Brown-noise masker speech and a single concurrent masker. Three experiments
-10F G L= =] were conducted to test whether the segregation of spatially
12} separated sounds is dependent on the consistency of ITD
1al Qr::—‘—'—"“""M across different frequency bands; in particular, whether or

not the binaural gain in speech intelligibility was constrained

6 F to the exploitation of a single ITD across frequency. Partici-

mean SRT (dB)

Competing-speech masker . . .
18 F PEToeP pants were presented with high- and low-frequency regions
20 k of target speech and a masker of either Brown noise or com-

peting speech under a number of binaural configurations. It

2T was found that as long as the target and masker had a differ-
24 r ent ITD in each frequency channel, the size of the BILD was
26 | unaffected.

750 1500 3000 A. Within-channel processing of ITD

Splitting F H . : o N .
pliting Frequency (Hz) The primary aim of this investigation was to determine

FIG. 6. Mean SRTs of the baselitieircles, swappeddiamonds, and con-  how ITD is exploited by the binaural system in order to
sistent(squares ITD configurations of experiment 3 for two groups of lis- segregate target speech from a concurrent masker. This issue
teners(Brown-noise masker, dashed lines; competing-speech masker, SOI.\?\IaS addressed in experiments 2 and 3. These experiments
lines). Error bars show standard error. Plots for the swapped condition SRTs . . ’ .
are offset along the axis in order to improve visibility of the error bars. ~ Were designed to test which of a number of strategies for
segregating spatially separated sounds best described the

SRTs measured for high- and low-frequency regions of target

cantly different; swapped vs consistent, 1500 vs 3000 HzSPeech presented in a number of binaural configurations. In
and 3000 vs 750 Hz. However, significant differences werd@rticular, we were interested in determinifigwhether the
found for all other comparisons: baseline vs consistenptdregation of target speech from a concurrent b.Ut _spatlally
(q=13.80, p<0.001), baseline vs swapped;13.14, separated masker was _dependent on the exploitation of a
p<0.001), and 750 vs 1500 Hzj€ 4.95, p<0.05). common ITD for selecting or canceling sound elements

isti across frequency, ofii) whether the auditory system was
Statistical analyses (two-way repeated measures d Y, ofii) y sy

) o free to choose the best ITD within each frequency channel in
ANOVA) of experiment 3b indicated that there was no effect

i ) ) k order to improve the audibility of the target.
of splitting frequency. However, ITD configuration yielded a In experiment 2, the target speech was split into high-

significant effec{ F(2,8)="7.35,p<0.05]. Tukey HSD com-  and |ow-frequency regions each with a different ITD. It es-
parisons showed that the SRTs of the swapped and consistegblished that binaural advantage could be achieved even
conditions were not significantly different, but differenceswhen the high- and low-frequency regions of the target
were found for baseline vs consisterg<5.19, p<<0.05)  speech were given ITDs of equal but opposite magnitude.
and baseline vs swapped=3.96,p<0.05). This suggests that the auditory system is not constrained to
Experiment 3 was designed to test whether listeners simselect information at a particular ITD across frequency, as
ply make use of the best ITD within each frequency channetloing so would have resulted in a BILD based on the con-
to segregate a target sentence from its masker or wheth&ibution of only the high frequencies or only the low fre-
they use some strategy that is dependent on the lateralizatitvencies. We suggested that the most likely interpretation
of sounds(i.e., requiring a common ITD across all frequency Was that listeners were able to exploit the diff_erence in ITD
channels The swapped condition was crucial to this test asP&tWween the target and masker for both the high frequencies
participants were presented with the target and masker &"d the low frequencies simultaneously. However, at least
each ITD. The viability of two strategies for exploiting a two o.ther_al_ternatl\{es exist. .
common ITD for the segregation of concurrent sounds was F!rst, itis possible for .the BILDs of expenme_nt 2 to be
. . . oo explained by the exploitation of a common ITD in order to
evaluated and found lacking. Neither attention switching nor
cancel the masker rather than select the target. The recovery

cancellation by common ITD provides a suitable explanatlonOf target speech from a concurrent masker is often imple-

of the data. If participants had employed either of these straty anted in computational models of spatial unmasking by

egies then the SRTs measured for the swapped conditiof| racting the masking sound from the compound wave-
would have been much higher than those measured in thg (e.g., Durlach’s E-C model and beamforming tech-
consistent condition. However, SRTs were found to beyiques for automatic speech recognitioA similar proce-
equivalent in consistent and swapped conditions, suggestirgure has been proposed to describe the existence of the pitch
that listeners make use of differences in ITD between targgbercepts) that listeners experience when presented with di-
and masker within each frequency channel independentlghotically delayed noise@Bilsen and Goldstein, 1974

rather than by selectively grouping or canceling information ~ Second, this experiment did not rule out the possibility
at one ITD across all frequency channels. that listeners might be able to switch the focus of their atten-
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tion from one moment to the next.e., in order to piece under such conditions by either selecting a clearly localized
together the contributions of the high- and low-frequencytarget or by canceling a clearly localized maskee., the
bands of target speech over timéeissig and Kollmeier perceived location of the other sound is largely irreleyant
(1997 discussed the possibility of an attention-switching Experiment 3, on the other hand, provided a control for the
strategy as a mechanism for improving speech intelligibilitydissociation of perceived location and spatial unmasking. By
against multiple masking sounds. However, rather than sugensuring that different portions of target speech and masker
gesting that this mechanism selects target speech, they sugere presented with the same ITD, it was not possible to
gested that the binaural system employs this strategy for ca@xtract information residing at one ITD.e., at one spatial
celing multiple maskers. Because the waveform of speech i®cation across frequency in order to either select the target
modulated, when multiple voices are presented concurrentlgr cancel the masking sound.

there will be, at any time, instantaneous differences between

these envelopes that produce differences in the signal-td3. Informational masking

noise ratio. They suggested that the auditory system is able 5 number of studies have attempted to distinguish the
to exploit these spectro-temporal gaps in order to cancel thgrects of different types of sounds as maskers. In particular,
most intense competing voice at a given point in time. Byg gistinction has been made between energetic maskers and
doing so, this process is able to produce gains in the intellijyformational maskergPollack, 1975; Watsoet al, 1976
gibility of the target speech presented in a stimulus Containdepending on which stage in the segregation process the in-
ing multiple speech sources arriving from different direc-terference takes pladidd et al, 1994. Interference at pe-
tions. However, Hawleyet al. (2004 recently cast doubt ipheral stages of processing is described as energetic mask-
upon the effectiveness of this attention-switching strategy byng (j.e., the target and masker both contain energy at the
investigating the effects of speech-spectrum-shaped nois@gme critical bands On the other hand, informational
modulated by the temporal envelope of the target on thenaskers cause interference at some higher level of process-
BILD. Such maskers provided listeners with the same opporing (i.e., uncertainty at the decision stage prevents the target
tunities for exploiting spectro-temporal gaps as a competingand masker from being perceptually segregatetbnse-
speech masker. If attention switching is a viable strategy foguently, it has been suggested that informational masking
canceling the maskes) in such a situation, then one might can produce an excess of maskifig., in addition to any
expect the intelligibility of target speech heard against eacknergetic masking caused by the interfering souRdrther-

type of masker to be comparable, but this was not the casgnore, it has been suggested that the spatial separation or
SRTs indicated that listeners received gl’eater benefit frorapparent Spatia| separation of two sounds can provide a re-
spatial separation when either speech or reversed-speefdase from informational maskingFreymanet al, 1999;
maskers were used rather than speech-shaped or speegtungart, 2001; Brungast al, 2001; Freymaret al, 2001,
modulated noise maskers. 2004).

Experiment 3 was designed to address the three ques- |t is possible to consider both competing speech and
tions left open in experiment 2. First, whether a commonBrown noise as energetic maskers. Competing speech can
ITD is used to cancel the masker across frequency. Secongliso be considered to be an informational masker, as it might
whether listeners can exploit different ITDs at different mo-produce interference at a number of levels other than at the
ments in time(i.e., attention switching Third, whether the  peripheral levele.g., semantically, syntactically, or similar-
auditory system is free to exploit the best ITD within eachity of pitch). Given that all three of the experiments reported
frequency channel. In order to test for the importance ofin this paper were conducted against both a Brown-noise
these strategies to the BILD, we devised a conditioe.,  masker and competing speech, one might expect to see some
swapped ITD in which support for either of the first two evidence for informational masking or release from informa-
strategies would result in a detriment in speech intelligibility, tional masking in the SRTs that we measured. In particular,
while if the BILD was unaffected by such a binaural con- one might expect some additional improvements in speech
figuration this would provide support for the third proposi- intelligibility against the competing-speech masker due to
tion (i.e., a within-channel mechanignAs the SRT for this  spatial separation that are not evident in the thresholds mea-
swapped-ITD condition was indistinguishable from that ofsured for target speech presented against Brown noise. How-
the consistent condition, we suggest that the auditory systemver, while these experiments certainly demonstrate a differ-
is free to choose the best ITD within each frequency channeatnce in the amount of masking produced by Brown noise and
in order to maximize the audibility of target speech against a&competing speech, it is difficult to describe this effect in
concurrent masker. Consequently, this result appears to suferms of informational masking for two reasons.
port Culling and Summerfield'§1995 mE-C model. At the First, the SRTs measured against competing speech were
same time, this experiment also supports the dissociation beensistently lowelin the region of 12 dBthan those mea-
tween perceived location and the effects of spatial separatiosured for target speech heard against the Brown-noise
on speech intelligibility(e.g., Licklider, 1948; Carhast al., masker. Furthermore, the difference between competing-
1967, 1968; 196pP Previously, the relationship between per- speech and Brown-noise interference was probably underes-
ceived location and spatial unmasking was confounded btimated here because Brown noise has much of its energy at
the fact that, while one of the sounds was diffusely locatedyery low frequencies which might have limited the degree to
the other was clearly localized. That being the case, on#hich it masked the target speech. This effect likely reflects
might argue that full binaural advantage can be achievethe difference in energetic masking afforded by each of the
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speech maskers were less effective than a purely energetid109- _ ,
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