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Across-ear interference from parametrically degraded synthetic
speech signals in a dichotic cocktail-party listening task
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Recent results have shown that listeners attending to the quieter of two speech signals in one ear (the
target ear) are highly susceptible to interference from normal or time-reversed speech signals
presented in the unattended ear. However, speech-shaped noise signals have little impact on the
segregation of speech in the opposite ear. This suggests that there is a fundamental difference
between the across-ear interference effects of speech and nonspeech signals. In this experiment, the
intelligibility and contralateral-ear masking characteristics of three synthetic speech signals with
parametrically adjustable speech-like properties were examined: (1) a modulated noise-band (MNB)
speech signal composed of fixed-frequency bands of envelope-modulated noise; (2) a modulated
sine-band (MSB) speech signal composed of fixed-frequency amplitude-modulated sinewaves; and
(3) a “sinewave speech” signal composed of sine waves tracking the first four formants of speech.
In all three cases, a systematic decrease in performance in the two-talker target-ear listening task
was found as the number of bands in the contralateral speech-like masker increased. These results
suggest that speech-like fluctuations in the spectral envelope of a signal play an important role in
determining the amount of across-ear interference that a signal will produce in a dichotic

cocktail-party listening task.

I. INTRODUCTION

Of all the difficult acoustic environments that occur in
the everyday lives of human listeners, some of the most chal-
lenging involve the so-called “cocktail party problem™ of

 listening to what one talker is saying when other talkers are

speaking at the same time (Cherry, 1953). From a signal
processing standpoint, this problem is extremely difficult,
and even after years of intensive research the designers of
automatic speech recognition systems still have not devel-
oped adequately robust algorithms for segregating speech in
a wide variety of multitalker environments (Stern, 1998).
Yet, normal-hearing human listeners are generally quite ca-
pable of understanding speech even in extremely complex
situations that involve multiple simultaneous talkers in a re-
verberant environment.

Over the past 50 years, a great deal of research has been
devoted to determining how listeners are able to achieve this
success [see Yost (1997), Bronkhorst (2000), and Ebata
(2003) for recent reviews of this literature]. In part, the an-
swer lies in the inherent ability of human listeners to exploit
differences in the voice characteristics of the different talk-
ers, either in terms of fundamental frequency and intonation
(Brokx and Nooteboom, 1982; Darwin and Hukin, 2000; de
Cheveigne, 1993), vocal tract length (Darwin et al., 2003), or
overall speaking level (Egan et al., 1954; Brungart, 2001b).
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In most situations, however, these monaural speech segrega-
tion cues are augmented by the binaural interaural level dif-
ferences (ILDs) and interaural phase differences (IPDs) that
occur when the target and interfering speech signals originate
from different spatial locations relative to the listener
(Bronkhorst and Plomp, 1988). These binaural difference
cues enhance multitalker speech segregation in two ways:
first, they introduce acoustic differences in the signals at the
two ears that can be equivalent to as much as a 6-10-dB
increase in the effective signal-to-noise ratio {(SNR) of the
target speech [e.g., see Zurek (1993)]; and second, they
cause the target and masking signals to appear to originate
from different locations in space, thus making it easier to
selectively attend to one of the two speech signals (Freyman
et al., 1999).

In real-world listening environments, it is difficult to de-
termine relative contributions these two types of binaural
segregation cues make to the spatial unmasking of speech.
Because all sound sources in realistic environments transmit
some energy to each of the listener’s two ears, some portion
of the target speech signal will always be acoustically
masked out by the interfering speech no matter how far apart
the two sources are located. Thus, to the extent that listeners
are unable to segregate widely separated speech signals in
the free field, we cannot be sure whether the reason is be-
cause some portion of the target signal was obscured by the
masker or because the two talkers did not “sound” far
enough apart for the listener to perfectly segregate them.

0001-4966/2005/117(1)/292/13/$22.50



There is, however, a somewhat artificial experimental ma-
nipulation that can be used to by-pass this inherent problem
in real-world speech segregation. By presenting the target
and masking signals “dichotically” over headphones (i.e.,
with one talker in one ear and one talker in the other ear), it
is possible to generate a stimulus with two talkers who ap-
pear to originate from different places but have no acoustic
overlap that could lead to energetic masking of the target.

Most of the experiments that have been conducted in
these kinds of dichotic listening situations have shown that
audio signals presented in one ear have little or no impact on
the ability of normal-hearing adults to selectively attend to
unrelated audio signals in the other ear. For example, Cherry
(1953) has shown that a listener’s ability to attend to a mon-
aurally presented speech signal is unaffected by the presence
of a distracting speech signal in the opposite ear. Other re-
searchers have found similar results for the perception of
dichotically separated speech signals (Druliman and
Bronkhorst, 2000) and for the detection of tones in the pres-
ence of contralaterally presented random-frequency informa-
tional maskers (Neff, 1995; Wightman et al., 2003). How-
ever, recent results have shown that the ability to ignore a
distracting sound in the unattended ear can break down when
a second distracting sound is also present in the same ear as
the target signal. For example, Kidd and his colleagues (Kidd
et al., 2003) have shown that the presence of a random-
frequency masker in the listener’s unattended ear can some-
times impair the detection of a monaurally presented tone in
the opposite ear when a second random-frequency masker is
simultaneously presented in the same ear as the target tone.
Similarly, Brungart and Simpson (2002) have shown that the
presence of an interfering speech signal in the unattended ear
can substantially impair the comprehension of a target
speech signal in the opposite ear when a second independent
interfering signal is simultaneously presented in the same ear
as the target speech. Although other studies of dichotic
speech perception have shown that listeners who are in-
structed to attend to a monaurally presented speech signal
can be distracted by speech signals in the unattended ear that
contain information that is surprising, unexpected, and/or rel-
evant to the listener [such as an unexpected occurrence of the
listener’s first name (Moray, 1959; Wood and Cowan, 1995;
Conway ef al., 2001)] or related in some way to the speech
signal in the target ear [such as a midsentence swap between
the signals in the target and unattended ears (Treisman,
1960)], historically there has been little evidence that irrel-
evant speech signals generate substantial amounts of across-
ear interference in dichotic speech perception. The signifi-
cance of Brungart and Simpson’s (2002) finding is that it
indicates that listeners in a dichotic listening task can be
distracted by speech signals presented in the unattended ear
even when those signals are unrelated to the target speech
signals and completely devoid of any information that might
be of interest to the listener outside the scope of the experi-
mental task.

One intriguing aspect of Brungart and Simpson’s di-
chotic speech segregation experiment was that significant
across-ear interference occurred only for contralateral signals
that were qualitatively *‘speech-like:” single-talker speech,
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multiple-talker speech, and time-reversed speech all caused
across-ear interference, but speech-shaped noise did not. Fur-
thermore, when the signal-to-noise ratio (SNR) in the target
ear was less than 0 dB, time-reversed speech actually caused
just as much across-ear interference as normal speech. Thus,
it appears that, despite their obvious dissimilarities, normal
speech signals and time-reversed speech signals share a com-
mon set of acoustic features that (a) interfere in some way
with central speech processing, and (b) are not present in
Gaussian noise. This conclusion suggests that some impor-
tant insights into the processes that listeners use to segregate
competing speech signals could be obtained by identifying
the acoustic characteristics that cause audio signals to pro-
duce across-ear interference in dichotic listening. Further-
more, there is reason to believe that the underlying mecha-
nisms that cause across-ear interference to occur for
contralateral speech maskers in Brungart and Simpson’s di-
chotic task might also extend into more realistic binaural
listening situations where the target and masking signals are
presented in different directions relative to the listener rather
than in completely different ears. Indeed, such an effect
might explain the relatively larger degradations in perfor-
mance that have been shown to occur when a second speech
masker is added to a stimulus containing two spatially sepa-
rated competing speech sigals opposed to when a second
noise masker is added to a stimulus containing a speech sig-
nal masked by a spatially separated noise source. Peissig and
Kollmeier (1997), for example, found a 6.2-dB increase in
speech reception threshold (SRT) when a second interfering
talker was added to a speech signal masked by one compet-
ing talker, but only a 2-dB increase in SRT when a second
interfering noise was added to a speech signal masked by
one competing noise source. In a similar study, Hawley ef al.
(2004) reported a 9-dB increase in SRT with the addition of
a second speech competitor to a stimulus containing two
spatially separated speech signals, but only a 4-dB increase
with the addition of a second noise competitor to a stimulus
containing a target speech signal masked by a single spatially
separated noise. Relatively large degradations in perfor-
mance have also been shown to occur when a second inter-
fering talker is added to a monaural stimulus containing two
competing talkers (Brungart et al, 2001; Hawley et al.,
2004). All of these results might be closely related to the
Brungart and Simpson finding that listeners are able to use
spatial location to segregate a target speech signal from one
competing talker, but that they are unable to use location to
segregate a speech signal from two competing talkers at dif-
ferent locations at the same time.

In this paper, we attempt to further explore the acoustic
characteristics that cause a signal to interfere with dichotic
speech segregation by examining the across-ear interference
effects of three different types of highly intelligible but quali-
tatively unnatural synthetic speech signals and comparing
them to the across-ear interference effects of normal speech.
The results are discussed in terms of their implications for
human speech segregation.
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. GENERAL METHODOLOGY

All three of the experiments conducted in this study
were based on the coordinate response measure (CRM) for
multitalker communications research, a call-sign, color, and
number-based intelligibility test (Moore, 1981) that is par-
ticularly well suited for listening tasks that involve more than
one simultaneous speech signal (Moore, 1981; Brungart
et al., 2001; Brungart and Simpson, 2002). In a typical trial
in the CRM task, a listener is presented with one or more
sentences of the form “Ready (call sign) go to (color) (num-
ber) now” and asked to identify the color and number com-
bination that was directly addressed to a preassigned “tar-
get” call sign (usually “baron”). In this series of
experiments, the CRM phrases were drawn from a publicly
available corpus (Bolia et al., 2000) that consists of CRM
phrases spoken by four male and four female talkers with all
possible combinations of eight call signs (“arrow,” ‘“baron,”
“charlie,” “‘eagle,”” “hopper,” “laker,” “ringo,” “tiger”),
four colors (“blue,” *‘green,” “‘red,” “white”), and eight
numbers (1~8), for a total of 2048 unique sentences.

Two different types of experiments were conducted with
each of the three different synthetic speech signals examined
in this study. Both involved listeners who were seated at one
of three identical Windows-based PC computers located in
three different quiet listening rooms. The first type of experi-
ment was a straightforward single-talker listening experi-
ment that examined the overall intelligibility of the different
synthetic CRM speech signals. In each trial of these intelli-
gibility experiments, a target phrase was randomly selected
from all the available synthetic phrases containing the target
call sign “‘baron,” scaled to a comfortable listening level
(roughly 70 dB SPL), and presented to the listener over
headphones (AKG240) through a 24-bit sound card (Creative
Labs Audigy). The listener’s task was simply to use the com-
puter mouse to select the color and number combination con-
tained in the stimulus from a grid of colored digits displayed
on the CRT of the control computer.

The second type of experiment was a replication of the
dichotic CRM listening task first used by Brungart and Sim-
pson (2002). In each trial of this task, the signal presented to
the right (target) ear always consisted of a mixture of two
simultaneous phrases from the unprocessed natural-speech
CRM corpus: a target phrase, which was randomly selected
from the phrases containing the call sign “baron,” and a
masking phrase, which was randomly selected from all the
phrases spoken by a different same-sex talker that contained
a different call sign, color, and number from the target
phrase. The rms level of the target phrase was also scaled
relative to the masking phrase to produce one of five differ-
ent signal-to-noise ratios (—8, —4, 0, 4, or 8 dB).

The signal presented to the left (unattended) ear con-
sisted of (a) silence; (b) a second masking phrase randomly
selected from all the phrases in the standard CRM corpus
spoken by a different talker of the same sex as the target
talker that contained a different call sign, color, and number
than either of the two phrases in the target ear; or (c) a
synthetic CRM speech signal that was generated according
to the procedures outlined in the following sections.

The participants in this dichotic CRM task were in-
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structed to listen in the right ear for the target phrase con-
taining the call sign “baron” and respond by selecting the
color and number coordinates contained in that target phrase
from the array of colored digits displayed on the screen -of
the control computer.

The next three sections describe how these experiments
were implemented with the three different types of synthetic
speech signals that were examined in this investigation of
dichotic cocktail-party listening.

. MODULATED NOISE-BAND SPEECH

One example of a stimulus that is qualitatively much
different from speech but still highly intelligible is modu-
lated noise-band (MNB) speech. MNB speech consists of
fixed-frequency bands of noise that are independently ampli-
tude modulated to match the envelopes of the corresponding
frequency regions in an arbitrary target speech signal (Shan-
non et al., 1995). When MNB speech is generated from a
relatively large number of independently modulated bands of
noise, it closely resembles whispered or unvoiced speech.
However, as the number of modulated bands is reduced, the
spectral detail in the target speech signal is lost and the MNB
speech becomes progressively less similar to normal speech.
Previous research has shown that MNB speech produces
near-perfect vowel intelligibility with eight or more fre-
quency bands, and near-perfect sentence intelligibility with
five or more frequency bands (Dorman et al., 1997). As the
number of bands is reduced below five, intelligibility system-
atically decreases until it approaches chance performance in
the one-band case where the stimulus is reduced to an
amplitude-modulated broadband noise.

As discussed earlier, previous experiments have shown
that continuous noise produces little or no across-ear inter-
ference in dichotic listening, but that speech does. Because
MNB speech systematically changes from a qualitatively
noise-like stimulus to a more speech-like stimulus as the
number of frequency bands increases, one might also expect
the number of frequency bands in MNB speech to influence
the amount of across-ear interference it causes in dichotic
listening. Experiment 1 was conducted to test this hypoth-
esis. The experiment was divided into two parts. Experiment
la examined MNB speech intelligibility as a function of the
number of independently modulated frequency bands in the
stimulus. Experiment 1b examined the contralateral interfer-
ence effects these MNB stimuli caused in a dichotic cocktail-
party listening task.

A. Experiment 1a: Intelligibility
1. Methods

a. Listeners. Nine paid volunteer listeners (four male
and five female) participated in the experiment. All had clini-
cally normal hearing (thresholds less than 15 dB HL from
500 Hz to 8 kHz), and their ages ranged from 19-53 years.
All of the listeners had participated in previous experiments
that utilized the speech materials used in this study.

b. MNB speech materials. For the purposes of this
study, only a subset of the standard CRM corpus was pro-
cessed to generate MNB speech. This subset consisted of all
the phrases containing the call signs “tiger,” “eagle,” and

Brungart ef al.: Contralateral interference from synthetic speech



TABLE 1. Cutoff frequencies (in kHz) of the independent frequency bands used to gencrate the MNB speech in experiment 1.

Number of bands  Start 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
1 0.05 4.00
2 0.05 086 4.00
3 0.05 0.47 1.45 4.00
5 0.05 0.26 0.61 1.18 217 4.00
10 0.05 0.14 0.26 041 0.61 0.86 1.18 .61 2.17 2.94 4,00
15 0.05 0.11 0.18 0.26 0.35 047 0.61 0.77 0.96 1.18 1.45 1.78 2.17 2.66 325 400

“baron” spoken by two male talkers (talkers 2 and 3 from
the corpus) and two female talkers (talkers 6 and 7 from the
corpus), for a total of 384 phrases.

The phrases were converted to MNB stimuli with the
PRAAT speech processing software package (Boersma, 1993).
The phrases were first downsampled to 20 kHz and low-pass
filtered at 4 kHz. They were then converted into the fre-
quency domain with an FFT, divided into the required num-
ber of subbands,' and converted back in the time domain
where the intensity contours of each subband were extracted
by squaring the signals and convolving them with a 64-ms
Kaiser window. A pink-noise excitation signal was then con-
verted into the frequency domain, divided into the same
number of subbands as the speech stimulus, and converted
back into the time domain. Each subband of this noise stimu-
lus was amplitude modulated with the intensity contour ex-
tracted from the corresponding subband of the speech signal,
and the resulting amplitude-modulated noise bands were

" added together to construct the final MNB speech signal.

Six different MNB stimuli were generated for each
phrase in the reduced corpus, each with a different number of
independently modulated frequency bands (1, 2, 3, 5, 10, and
15). Thus, a total of 2304 sentences was available for use in
the experiment. Note that the frequency bands were equally
spaced on an ERB scale in the range from 50 Hz to 4 kHz, as
illustrated in Table I.

c. Procedure. The experiment was conducted according
to the procedures for CRM intelligibility testing outlined in
Sec. II. The data collection was divided into six blocks of 60
trials, with each block containing ten trials for each of the six

possible numbers of bands in the MNB corpus (1, 2, 3, 5, 10,
or 15). Thus, each listener participated in a total of 60 trials
for each number of bands tested in the experiment.

2. Results and discussion

The results of experiment la are shown in the left panel
of Fig. 1. The intelligibility of the MNB speech increased
systematically from around 15% to near 100% as the number
of bands increased from one to five. For comparison, we
have also replotted the results for the two speech corpora
(out of a total of five tested) that produced the best and worst
overall performance in Dorman er al.’s (1997) evaluation of
the intelligibility of MNB speech: the Iowa Consonant Test
of 16 consonants in an /aCa/ format spoken by a single male
talker (Tyler et al., 1986) [which was also the speech corpus
used in the earlier study by Shannon (1995)]; and a multi-
talker vowel intelligibility test comprised of the 11 vowels in
the words “hawed, heed, hid, hayed, head, had, hod, hood,
hoed, who’d, and heard” spoken by three men, three women,
and three girls (Hillenbrand et al., 1995). These results show
that the intelligibility levels obtained with the CRM corpus
used in this experiment were roughly comparable to those
reported for the relatively easy Jowa Consonant Test used in
earliecr MNB experiments by Shannon (1995) and Dorman
et al. (1997).

B. Experiment 1b: Across-ear interference
1. Methods

a. Listeners. The same nine listeners who participated in
experiment la also participated in experiment 1b.
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b. Procedure. The experiment was conducted according
to the procedures for the dichotic CRM task outlined in Sec.
11. In the conditions where the masking phrase presented in
the left ear consisted of synthetic speech, that masking
phrase was randomly selected from the MNB-processed
CRM phrases that contained a different call sign, color, and
number than either of the two phrases in the target ear
When the normal speech phrase was used in the unattended
ear, it was low-pass filtered to 4 kHz to match the bandwidth
of the MNB-processed speech stimuli and then scaled to
match the rms level of the masking talker in the target ear.
When the MNB speech was used in the unattended ear, it
was also scaled to match the overall rms level of the masking
talker in the target ear.

The data collection was divided into 40 blocks of 80
trials, with two repetitions of each of the eight possible con-
tralateral masking conditions (silence, normal speech, or 1-,
2-, 3-, 5-, 10-, or 15-band MNB speech) at each of the five
target-ear SNR values in each block. Thus, each of the nine
listeners participated in a total of 80 trials for each combina-
tion of contralateral masker and target-ear SNR tested in the
experiment.

2. Results and discussion

The results of the experiment are shown in the middle
and right-hand panels of Fig. 1. The middie panel shows
performance as a function of the SNR in the target ear for the
conditions with no sound, MNB speech, or normal speech in
the contralateral ear. For simplicity, all of the different MNB
conditions have been averaged together to create the middle
curve in the panel. In the no-sound and normal-speech con-
trol conditions, the results were similar to those in an earlier
experiment that used the same CRM stimuli and the same
dichotic listening task used in this experiment (Brungart and
Simpson, 2002). In the condition with no contralateral
masker (black squares), performance increased as the SNR
increased above 0 dB, but plateaued at approximately 80%
correct responses for SNR values at or below 0 dB. In the
condition with a normal speech contralateral masker (open
circles), performance was similar to the no-sound condition
when the SNR was +8 dB, but it decreased much more
rapidly with decreasing SNR. As a consequence, perfor-
mance at —8-dB SNR was roughly 20 percentage points
worse with a contralateral speech masker than it was with no
contralateral masking signal. The gray diamonds show per-
formance averaged across the six MNB speech conditions of
the experiment. As we hypothesized, the results for the MNB
speech consistently fell between those for the no-sound and
normal-speech contralateral masking conditions. This sug-
gests that MNB speech causes more contralateral interfer-
ence than no masker, but less interference than a normal
speech masker.

The middle panel of Fig. I also indicates that the con-
tralateral maskers had the greatest impact on performance
when the target-ear SNR was less than 0 dB. Consequently,
the right panel of Fig. 1 focuses on the differences between
the MNB-speech conditions in trials where the target-ear
SNR was negative. For comparison, shaded regions of the
figure show mean performance =1 standard error in the no-
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sound and normal-speech control conditions of the experi-
ment. These results show that there was indeed a systematic
decrease in performance as the number of frequency bands in
the MNB speech increased. A one-factor within-subjects
ANOVA on the arcsine-transformed results of the individual
subjects for each of the eight contralateral masking condi-
tions (no sound, normal speech, and 1-, 2-, 3-, 5-, 10-, or
15-band MNB speech) indicated that this effect was statisti-
cally significant (F(7s5=15.58, p<0.0001), and a subse-
quent post hoc test (Fisher LSD, p<0.05) indicated the fol-
lowing significant results:

(1) All the MNB speech conditions were significantly worse
than the no-sound control condition.

(2) All the MNB speech conditions except the 15-band con-
dition were significantly better than the normal-speech
control condition.

Thus, it seems that even the single-band MNB speech
distractor, which scored only slightly better than chance in
the intelligibility test in experiment la, produced a signifi-
cant amount of across-ear interference in the dichotic listen-
ing task of experiment 1b. As the number of frequency bands
increased, so did the across-ear interference caused by the
MNB speech. However, the amount of interference did not
plateau at the 5-band level where intelligibility reached near
100% performance in experiment la. Rather, it continued to
increase until the 15-band point, where the MNB speech was
producing nearly as much contralateral interference as nor-
mal speech.

IV. MODULATED SINE-BAND SPEECH

Modulated noise-band speech is qualitatively much dif-
ferent from normal voiced speech, but when it consists of a
large number of frequency channels it can sound similar to
whispered or unvoiced speech. Thus, it is conceivable that
the increase in across-ear masking that occurred in the 13-
band condition of experiment 1 could be directly related to
the similarity of the speech in that condition to natural whis-
pered speech. It is possible, however, to generate a stimulus
that contains the spectral information similar to MNB speech
but sounds unnatural even when it contains a large number of
frequency channels. This speech is generated by replacing
the amplitude-modulated noise bands in MNB speech with
amplitude-modulated sine waves fixed at the center frequen-
cies of those bands. Previous experiments that have com-
pared this type of modulated sine-band (MSB) speech to
MNB speech have found very little difference in intelligibil-
ity between the two types of simulated speech (Dorman
et al., 1997), despite the large qualitative difference between
the two types of speech signals. Experiment 2 was conducted
to evaluate the amount of across-ear interference generated
by MSB speech in a dichotic cocktail-party listening task.

A. Experiment 2a: Intelligibility
1. Methods

a. Listeners. Eight paid volunteer listeners with clini-
cally normal hearing (five male and three female) partici-
pated in the experiment. Six of the listeners were also par-
ticipants in experiments la and 1b.
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b. Speech materials. The MSB speech stimuli were de-
rived from the male-talker sentences from the same CRM
speech corpus used in experiment 1.> These stimuli were
processed with a technique that Arbogast efal (2002)
adapted from cochlear implant simulation software originally
developed by the House Ear Institute. The sentences in the
CRM corpus were first downsampled from 40 to 20 kHz.
Then, they were high-pass filtered at 1200 Hz with a first-
order Butterworth filter and processed with a bank of 15
fourth-order 1/3rd-octave Butterworth filters with logarithmi-
cally spaced center frequencies ranging from 215 to 4891 Hz
with a ratio of successive center frequencies of 1.25. The
envelopes of each of these channels were extracted by half-
wave rectifying the bandpass-filtered signals and low-pass
filtering them at 50 Hz. Then, these envelopes were used to
modulate pure tones with zero starting phases and center
frequencies at the midpoints of each filter band. Individual
sound files were created for each of these 15 bands for the
256 CRM phrases spoken by each of the male talkers in the
CRM corpus, and the stimuli used in the experiment were
generated by randomly selecting 1-10 of these individual
bands from the same original CRM phrase and summing
them together electronically.

c. Procedure. Other than the method used to generate
the speech stimuli, the experimental procedure was essen-
tially identical to the one used in experiment la. Each block
of trials in the experiment consisted of 12 repetitions of each
of the 10 MSB speech conditions of the experiment (i.e.,
110 individual randomly selected bands). Each listener par-
ticipated in 10 blocks of trials, so a total of 960 trials was
collected in each of the 10 conditions of the experiment (8
listeners X 10 blocks X 12 repetitions).

2. Results and discussion

The left panel of Fig. 2 shows the intelligibility results
from experiment 2a. Intelligibility was poor (<20%) in the
one-band condition, but it increased systematically with the
number of bands, plateauing at near 100% performance
when five independent frequency bands were present in the
stimulus. Overall, this performance function is very similar
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to the one obtained with the MNB-processed CRM stimuli in
experiment la (plotted in the left panel of Fig. 1). The intel-
ligibility scores were, however, slightly higher than those
reported for the MSB-processed Iowa consonants in the ear-
lier experiment by Dorman et al. (1997), which have been
replotted in the figure for comparison. Comparing Figs. 1
and 2, it is apparent that the CRM stimuli used in this ex-
periment produced intelligibility levels that were very similar
to those obtained for the Iowa consonants in the MNB pro-
cessing condition, but somewhat better than those obtained
for the Jowa consonants in the MSB condition. This differ-
ence may, in part, be due to the fact that Dorman and his
colleagues generated their MSB stimuli with modulated sin-

. ewave bands that were always evenly distributed across the
speech spectrum, while the stimuli in this experiment were
generated with modulated sinewave bands that were ran-
domly selected from the 1/3rd-octave bands that were avail-
able in the 15-band MSB processed speech. The difference
might also simply be due to the semantic differences be-
tween the two speech corpora. In either case, the results
shown in Fig. 2 indicate that the random-frequency MSB
speech used in experiment 2a produced intelligibility in the
CRM task that was comparable to that obtained for MNB
speech generated with the same number of frequency bands
in experiment la.

B. Experiment 2b: Across-ear interference
1. Methods

a. Listeners. Seven of the eight listeners who partici-
pated in experiment 2a also participated in experiment 2b.

b. Speech materials. The MSB conditions of experiment
2b used the same stimulus processing as described in experi-
ment 2a. In addition to these MSB speech conditions, a 15-
band random sine-band (RSB) speech control condition was
also tested. The RSB speech was produced by randomizing
the phase component of a standard 15-band MSB speech
signal. This was accomplished by multiplying the long-term
complex spectrum (FFT) of a randomly selected 15-band
MSB speech signal by the long-term complex spectrum of a
broadband Gaussian noise and taking the inverse FFT of this
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multiplied frequency-domain signal (Arbogast et al., 2002).
This processing resulted in an unintelligible waveform that
was spectrally identical to the MSB speech but contained no
phonetic information about the original utterance.

c. Procedure. Experiment 2b used the same dichotic
CRM task used in experiment 1b, with the exception that
only two of the talkers were used as target talkers (the male
talker 1 and the female talker 6) with the same target talker
used in every stimulus presentation within the same block of
trials. In the conditions where the masking phrase presented
in the left ear consisted of synthetic speech, that masking
phrase consisted of MSB speech with 1, 2, 3, 5, 7, 10, or 15
bands or RSB speech with 15 bands. In all cases, the mask-
ing speech signal was selected to have a different color and
number than either of the two phrases in the target ear.

The data collection was divided into blocks of approxi-
mately 70 trials with each subject participating in roughly
100 blocks, for a total of 6864 trials per subject or 48 048
trials in the experiment. All subjects participated in all con-
ditions, and the total number of trials per condition ranged
from 1698 trials for the 15-band RSB speech condition to
7305 trials for the 15-band MSB speech condition.

2, Results and discussion

The middle and right-hand panels of Fig. 2 show the
overall results of experiment 2b. The middle panel shows
performance as a function of the SNR in the target ear for the
conditions with no sound, RSB speech, MSB speech, or nor-
mal speech in the contralateral ear. Again, the different MSB
conditions have been averaged together to simplify the visual
presentation of the data in this panel. The results show that
the no-sound (black squares) and normal-speech (open
circles) control conditions were essentially identical to the
corresponding conditions of experiment 1b (shown in Fig.
1). Also, as with the MNB speech in experiment 1b, the
results with the MSB speech in experiment 2b consistently
fell between these two control conditions. In contrast, perfor-
mance with the 15-band RSB speech (open triangles) was
essentially identical to the no-sound control condition.

The right panel of Fig. 2 shows performance in the dif-
ferent MSB-speech conditions averaged across trials where
the target-ear SNR was less than 0 dB. Again, the shaded
regions of the figure show mean performance *1 standard
error in the no-sound and normal-speech control conditions
of the experiment. Performance in the 15-band RSB condi-
tion is also shown by the white triangle. The arcsine-
transformed data from the individual subjects in each of the
11 contralateral masking conditions (no sound, normal
speech, 1-, 2-, 3-, 4-, 5-, 7-, 10-, or 15-band MSB speech or
RSB speech) were also subjected to a one-factor within-
subjects ANOVA, which indicated that the main effect of the
contralateral masking condition was statistically significant
(Fo060=9.52, p<0.0001). A subsequent post hoc test
(Fisher LSD, p<0.05) revealed the following significant ef-
fects:

(1) All the MSB speech conditions except the 1-band con-
dition were significantly worse than the no-sound control
condition.®
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(2) All the MSB speech conditions were significantly better
than the normal-speech control condition.

(3) The 1-, 2-, and 4-band conditions were significantly bet-
ter than the 7-, 10-, and 15-band conditions.

(4) There was no significant difference between the 15-band
RSB condition and the no-audio control condition.

As in the MNB condition, the results show a general
trend of increasing across-ear interference with an increasing
number of frequency bands. However, in the limiting 15-
band case, performance appeared to be slightly better relative
to the normal-speech control condition with MSB speech.
This may reflect the fact that 15-band MNB speech sounds
similar to natural whispered speech, while MSB speech
sounds decidedly unnatural even with 15 frequency bands.

It is also interesting to note that the RSB speech failed to
produce any measurable across-ear interference even though
it contained all 15 possible frequency bands. The long-term
magnitude spectrum of this RSB speech signal was identical
to that of the 15-band MSB speech, so it seems that the
across-ear interference caused by the MSB speech cannot be
explained by spectral content alone. Rather, it seems that the
speech-like temporal modulations in the individual bands of
the MSB speech were critical to the across-ear interference
effects that occurred with those stimuli, This seems to be
consistent with our earlier finding that the contralateral noise
that was shaped to match the long-term rms spectrum of
CRM speech produced little or no across-ear interference in
the dichotic CRM task (Brungart and Simpson, 2002). It is
also consistent with the results of Arbogast ef /. (2002), who
also found a substantial difference between the masking
properties of MSB and RSB speech in normal binaural lis-
tening environments. In their experiment, they randomly se-
lected 8 of the 15 bands for use in the target speech signal,
and allocated 6 of the remaining bands either to an MSB
speech masker or an RSB speech masker. Their results
showed that the speech reception threshold (SRT) was 22 dB
lower with RSB masking speech than it was with MSB
masking speech, presumably because the speech-like MSB
masker was more easily confused with the target speech sig-
nal. Our results show that this masking difference between
MSB and RSB speech extends to the case where the target
and masking speech signals are presented to different ears.

V. SINEWAVE SPEECH

An additional type of “speech-like” stimulus that is
qualitatively different from speech but still highly intelligible
is so-called “sinewave speech,” which consists of a small
number of time-varying amplitude-modulated sine waves
that track the formant frequencies of a speech signal (Remez
et al., 1981). Experiment 3 was conducted to determine
whether this kind of stimulus also produces across-ear inter-
ference in a dichotic cocktail-party listening task.

A. Experiment 3a: Intelligibility
1. Methods

a. Listeners. Nine paid volunteer listeners with clini-
cally normal hearing (four male and five female) participated
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The error bars represent the 95% confidence intervals for cach data point.

in the experiment. Six of the nine listeners had previously
participated in experiment 1, and four had previously partici-
pated in experiment 2.

b. Speech Materials. The sinewave speech stimuli were
processed directly from the CRM speech corpus using LPC-
based MATLAB script files that have been made publicly
available on the Internet by Ellis (2003). These scripts esti-
mate the magnitudes and frequencies of the first four for-
mants in each 2.6-ms frame from the filter pole positions
derived from an LPC analysis. The CRM sentences were
resampled to an 8-kHz rate prior to performing this LPC
analysis, resynthesized into sinewave speech, and then resa-
mpled to a 50-kHz rate prior to presentation to the listeners.
This processing was done in real time within each trial of the
experiment.

c. Procedure. Again, the procedure used in experiment
3a was essentially identical to the one used in experiments 1a
and 2a. In each trial of the experiment, a target phrase was
randomly selected from all the phrases containing the target
call sign “baron” in the CRM corpus. This target phrase was
processed into sinewave speech, and then one, two, three, or
four of the first four formants were randomly selected for
inclusion in the stimulus. The data collection was divided
into 10 blocks of 60 trials, with each block containing 15
trials for each of the four possible numbers of formants (1, 2,
3, or 4). Thus, each listener participated in a total of 600
trials in the experiment.

2. Results and discussion

The left panel of Fig. 3 shows the intelligibility results
from experiment 3a. The major difference between these re-
sults and the earlier results with the MNB and MSB speech
signals in experiments la and 2a is the much higher intelli-
gibility score that was achieved with just a single randomly
selected formant (near 60%, versus less than 20% for the
other two stimulus types). This reflects the fact that the sin-
ewave speech adapts itself to track variations in the frequen-
cies of the formants, while the MSB and MNB stimuli pro-
vide spectral information only in fixed frequency regions.
Note that intelligibility approaches 100% for sinewave
speech stimuli comprised of three or more randomly selected
formants.
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B. Experiment 3b: Across-ear interference

1. Methods

a. Listeners. The same nine listeners who participated in
experiment 3a also participated in experiment 3b.

b. Procedure. The procedure used in experiment 3b was
essentially identical to the one used in experiment 1b. When
a synthetic speech signal was presented in the left ear, it
consisted of sinewave speech that was generated with 1, 2, 3,
or 4 randomly selected formants using the procedure out-
lined in the previous section. When a natural speech phrase
was presented in the unattended ear, it was low-pass filtered
to 4 kHz to match the maximum bandwidth of the sinewave
speech stimuli. In all cases, the interfering speech signal in
the contralateral ear was scaled to match the rms level of the
masking talker in the target ear.

The data collection was divided into 24 blocks of 60
trials, with two repetitions of each of the six possible con-
tralateral masking conditions (silence, normal speech, or 1-,
2-, 3-, or 4-band sinewave speech) at each of the five target-
ear SNR values in each block. Thus, each of the nine listen-
ers participated in 1440 trials in the experiment, for a total of
432 trials for each combination of target-ear SNR and
contralateral-ear masker tested in the experiment.

2. Results and discussion

The results of experiment 3b are shown in the right two
panels of Fig. 3. The middle panel of the figure shows per-
formance as a function of the target-ear SNR. Again, the four
sinewave-speech conditions have been averaged together
into a single curve (shaded diamonds) to allow an easy com-
parison to the no-sound (black circles) and normal-speech
(open circle) control conditions. Although performance in
these control conditions was markedly lower than in experi-
ments 1b and 2b (presumably because of the different mix of
subjects), the overall pattern of performance was the same: a
plateauing in performance at negative SNR values in the
no-sound condition, and a roughly 20-percentage point de-
crease in performance in the normal-speech condition at'an
SNR of —8 dB.

Performance with the sinewave-speech contralateral
maskers (gray diamonds) again fell between these two con-
trol conditions, with the largest decrease relative to the no-
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sound condition occurring at negative target-ear SNR values.
The right panel of Fig. 3 shows performance as a function of
the number of formant frequencies in the contralateral sin-
ewave speech masker averaged across trials where the target-
ear SNR was less than 0 dB. As before, the arcsine-
transformed data from the individual subjects in each of the
six contralateral masking conditions (no sound, normal
speech, and 1-, 2-, 3-, or 4-formant sinewave speech) were
analyzed by a within-subjects ANOVA, which indicated that
the main effect of the contralateral masking condition was
statistically significant (F'(s 40y=11.13, p<0.0001). A subse-
quent post hoc test (Fisher LSD, p<0.05) found the follow-
ing significant differences:

(1) All the sinewave speech conditions except the 1-formant
condition were significantly worse than the no-sound
control condition.

(2) All the sinewave speech conditions except the 4-formant
condition were significantly better than the normal-
speech control condition.

(3) Performance in the 1-formant condition was significantly
better than the 3- and 4-formant conditions.

Thus, we see that, as with the other types of simulated
speech signals tested in these experiments, sinewave speech
tends to produce more across-ear interference than noise in
dichotic listening, but less interference than normal speech.
Also, the data suggest that sinewave speech may be some-
what more efficient at generating across-ear interference than
MSB or MNB speech. Sinewave speech produced almost as
much interference as normal speech with just 4 formant fre-
quency bands, a level of interference that required 15 bands
for the MNB speech and never occurred with the MSB
speech. However, it should be noted that, like MSB speech,
the sinewave speech stimuli never sounded remotely similar
to any type of natural speech even with the largest number of
frequency bands tested. Thus, it seems that the difference in
across-ear interference that occurred between experiment 1b
and experiment 2b cannot be accounted for solely by the
whisper-like characteristics of MNB speech when it contains
a large number of frequency bands.

VI. GENERAL DISCUSSION

This paper has presented the results of three experiments
comparing the across-ear interference generated by three dis-
tinct types of simulated speech to the amount of across-ear
interference that occurs with a normal speech signal. Al-
though the three types of simulated speech were qualitatively
much different, their contralateral masking characteristics
were similar: (1) all produced some amount of contralateral
interference when they contained only one or two frequency
bands; (2) the amount of contralateral interference increased
systematically with the number of frequency bands; and (3)
performance for the maximum number of frequency bands
tested approached the normal-speech control condition.

The results of the experiments described in this paper,
along with those of our earlier study examining the effects of
a contralateral masker on dichotic speech perception (Brun-
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gart and Simpson, 2002), allow us to answer a number of
important questions regarding the across-ear interference that
occurs in dichotic cocktail-party listening.

(1) Is there a threshold level of similarity to speech that must
be reached in order for a speech-like signal to generate
across-ear interference in a dichotic cocktail-party lis-
tening task? No. With all three of the synthetic speech
stimuli we tested, the amount of across-ear interference
increased gradually as the number of bands increased.
Similarly, in our earlier experiment, there was a gradual
decrease in across-ear interference as the speech signal
in the contralateral ear was masked with noise (Brungart
and Simpson, 2002). This argues against the existence of
a ““threshold” level of speech-like attributes that must be
reached in order for a contralaterally presented speech
signal to interfere with speech perception in the opposite
ear.

(2) Is long-term spectral similarity to speech necessary or
sufficient for a signal to generate across-ear interference
in a dichotic cocktail-party listening task? No. In our
earlier experiment, we showed that Gaussian noise that
was spectrally shaped to match the long-term spectrum
of speech caused little or no across-ear interference in
dichotic listening. In this series of experiments, we dem-
onstrated that at least two types of signals with long-term
spectra that differed dramatically from normal speech
(MSB speech and sinewave speech) generated substan-
tial amounts of across-ear interference. From these two
results, we can conclude that spectral similarity to
speech is neither necessary nor sufficient for a sound to
produce across-ear interference in dichotic listening.
Further evidence for the relatively minor role that long-
term spectrum plays in contralateral masking was pro-
vided by the results of experiment 2b: the long-term
spectrum of the 15-band RSB speech contralateral
masker used in that experiment was identical to the spec-
trum of the 15-band MSB speech, but the RSB speech
produced far less contralateral interference than the MSB
speech masker. Again, this suggests that overall spec-
trum is a relatively unimportant parameter in determin-
ing the amount of across-ear interference a contralateral
masking signal will generate.

(3) Is intelligibility necessary for a signal to generate
across-ear interference in a dichotic cocktail-party lis-
tening task? No. In our earlier experiment, we demon-
strated that time-reversed speech produced just as much
across-ear interference as normal speech when the
target-ear signal-to-noise ratio was less than 0 dB. Thus,
it appears that unintelligible signals can produce just as
much contralateral interference as intelligible signals in
dichotic listening.

(4) Is intelligibility sufficient for a signal to generate across-
ear interference in a dichotic cocktail-party listening
task? Probably. We have not tested all of the synthetic
signals that could conceivably be used to generate intel-
ligible speech, but we have examined three of the least
speech-like signals that have been demonstrated to con-
tain usable verbal information, and we have shown that
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(5)

(6)

all three produce significant amounts of across-ear inter-
ference in dichotic listening. This leads us to suspect that
any signal capable of conveying the useful phonetic in-
formation contained in normal speech will produce some
across-ear interference in a dichotic cocktail-party task.
However, we should point out that, to this point, we have
only tested signals that have been gated on and off at
approximately the same time as the target speech. It is
possible that adaptation might allow listeners to perform
better in the dichotic listening task if the contralateral
masker were a continuous speech signal that was turned
on some time before the onset of the target speech.

Are speech-like temporal modulations in the spectral en-
velope of a signal sufficient to generate across-ear inter-
Jerence in a dichotic cocktail-party listening task? Yes.
The MNB speech differed from broadband speech-
shaped noise only in terms of the introduction of speech-
like modulations in the spectral envelope, and these
modulations were sufficient to generate a substantial
amount of contralateral interference in the dichotic lis-
tening task. Similarly, the MSB speech differed from the
RSB speech only in terms of its envelope modulations,
and these modulations were sufficient to generate a sub-
stantial amount of across-ear interference. However, it is
important to note that the modulations that appear to be
most critical to the across-ear interference effects dem-
onstrated in these experiments are the varying narrow-
band temporal modulations that occur in speech, and that
the contralateral masking effects of these modulations
are probably limited to listening tasks where the target
signal is also speech-like. Listening tasks involving non-
speech target signals may be more sensitive to contralat-
eral interference from signals with different qualitative
characteristics and different modulation patterns. Kidd
et al. (2003), for example, examined performance in a
nonspeech dichotic listening task that required listeners
to detect fixed-frequency pulsed tone targets in the pres-
ence of tone or noise maskers and found that contralat-
erally presented fixed-frequency tone complexes that
were coherently gated with the target produced signifi-
cant amounts of across-ear interference, but that con-
tralaterally presented notch-filtered noise that was coher-
ently gated with the target did not. Thus, in that case,
significant across-ear interference only occurred when
the contralateral masking signal was synchronously
gated with and qualitatively similar to the target signal.
Consequently, it is likely that the contralaterally pre-
sented synthetic speech signals that caused significant
across-ear interference in this experiment would have
little or no effect on performance in the dichotic tone-
detection task examined by Kidd and his colleagues.
Thus, while speech-like modulations appear to be suffi-
cient to produce across-ear interference in dichotic
speech perception tasks, other factors—such as qualita-
tive target—masker similarity—can strongly influence the
across-ear interference effects that occur in other kinds
of listening tasks.

Are speech-like temporal modulations in the spectral en-
velope of a signal necessary to generate across-ear in-

J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005

(7)

Brungart et al.: Contralateral interference from synthetic speech

10

terference in a dichotic cocktail-party listening task?
Possibly. We have not yet tested any signals that gener-
ate a substantial amount of across-ear interference and
do not have speech-like temporal envelope fluctuations.
Thus, while we cannot rule out the possibility that such
signals exist, we do not yet have any evidence to dem-
onstrate that signals without speech-like envelope fluc-
tuations can cause across-ear interference in dichotic
cocktail-party listening.

What are the requirements for modulations in the spec-
tral envelope of a signal to be "speech-like” in the sense
that they will produce significant amounts of across-ear
interference in a dichotic cocktail-party listening task?
This is perhaps the most interesting remaining research
question related to the contralateral interference effects
we have demonstrated in our dichotic listening experi-
ments. All of our experiments to this point suggest that
certain types of contralaterally presented audio signals
are identified as “speech-like” by some preattentive cen-
tral auditory processing mechanism, and that signals that
fall into this category interfere with a listener’s ability to
segregate speech signals presented in the opposite ear.
The results of this experiment strongly suggest that
speech-like modulations in the spectral envelope play an
important role in determining what kinds of signals are
identified as speech-like by this central processing. Fur-
thermore, our earlier results have shown that these
speech-like fluctuations do not necessarily have to be
intelligible to cause interference: time-reversed speech,
which is unintelligible but has envelope fluctuations
similar to those in normal speech, produces nearly as
much across-ear interference as normal speech. At this
point, however, it is not clear what the parameters are
that determine whether or not these envelope fluctuations
are speech-like. What range of modulation frequencies
will generate this type of interference? Do the modula-
tion frequencies have to vary over time like they do in
natural speech, or will constant envelope modulations
cause the same amount of contralateral interference? Do
the modulations have to be correlated across frequency
as they are in natural speech, or do independent speech-
like envelope modulations (such as those that would oc-
cur with a stimulus matching the envelopes of different
utterances at different frequency regions) also interfere?
The answers to these questions are important, because
they have the potential to provide valuable insights into
the processing methods that listeners unconsciously use
to segregate complicated auditory scenes containing
more than one simultaneous speech signal. This informa-
tion might also provide some new ideas about how to
produce machine listening devices capable of segregat-
ing multiple-talker listening environments using the
same strategies that human listeners use for these segre-
gation tasks. At this point, however, only further research
can provide the answers to these important questions
about dichotic speech perception.
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VIl. SUMMARY AND CONCLUSIONS

In this series of three experiments, we have demon-
strated that three subjectively very different types of syn-
thetic speech signals (MNB speech, MSB speech, and sin-
ewave speech) have similar effects on speech intelligibility
when they are presented to the unattended ear in a dichotic
cocktail-party listening task. In all three cases, there was a
systematic decrease in performance in the two-talker target-
ear listening task when the number of frequency.bands in the
contralateral speech-like masker increased. These results
suggest that speech-like fluctuations in the spectral envelope
of a signal play an important role in determining the amount
of across-ear interference that signal will produce in a di-
chotic cocktail-party listening task.

In closing, it is perhaps useful to take a step back and
consider how this finding relates to our more general under-
standing of how listeners process multiple simultaneous
speech signals in real-world cocktail party listening environ-
ments. Clearly, the stimuli examined in this experiment are
artificial in the sense that they would never occur in real-
world listening. Indeed, even the more general realm of di-
chotic listening is somewhat unrealistic, because real-world
speech signals are almost always perceived binaurally rather
than monaurally. However, what these results do allow us to
do is begin to gain some insights into the point at which the
auditory system starts to make a distinction between signals
that are speech-like and should be processed when the lis-
tener is performing a speech perception task and those that
are “noise-like” and should be discarded. In the long term,
these insights might also help us understand the acoustic
features that make it difficult for listeners to segregate simul-
taneously presented speech signals that, from a purely acous-
tic standpoint, should individually be clearly audible [a con-
cept sometimes referred to as informational masking (Kidd
et al., 1998; Freyman et al., 2001, 1999; Brungart, 2001b)].
Further research is now needed to fully examine the relation-
ship between the temporal fluctuations that occur in the en-
velopes of a speech-like masking signal! and the amount of
masking such a signal will produce when it is presented in
the unattended ear in a dichotic cocktail-party listening task,
and to determine the extent to which a similar kind of inter-
ference might occur in more realistic binaural cocktail-party
listening tasks that more accurately represent the difficulties
listeners encounter in real-world verbal communication.
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APPENDIX: FREQUENCY WEIGHTING WITH MSB
AND SINEWAVE SPEECH

In speech perception, different frequency regions vary in
terms of their relative contributions to overall intelligibility.
This attribute of speech perception is one of the foundations
of the Articulation Index (AI), which assigns different
weights to each 1/3rd-octave band to account for differences
in the relative importance of each band in the perception of
phonetically balanced speech (French and Steinberg, 1947).
However, the coordinate response measure speech materials
used in these experiments are not phonetically balanced, so
their frequency-dependent intelligibility characteristics may
differ from those that would ordinarily occur with traditional
speech perception tasks (Brungart, 2001a). Thus, it may be
useful to analyze the results of experiments 2a and 3a to
examine the contributions that different frequency regions
made to the overall perception of the CRM stimuli.

Figure 4 shows how performance varied across the pos-
sible frequency component combinations that could occur
with the MSB stimuli in experiment 2a and with the sin-
ewave speech stimuli in experiment 3a. In the left panel,
each curve represents mean performance across all the MSB
speech trials in experiment 2a that contained the indicated
number of frequency bands. Within each curve, the data
points represent mean performance across all the stimuli
with that particular number of bands that contained the fre-
quency component indicated by the abscissa. Thus, in the
one-band curve (circles), each data point represents perfor-
mance in stimulus presentations that contained only the des-
ignated frequency component. In the two-band curve (lefi-
pointing triangles), each data point represents mean
performance across all the trials that contained the desig-
nated band plus one other randomly selected band. And, in
the five-band curve, each data point represents mean perfor-
mance across all the trials that contained the designated band
plus four other randomly selected bands.

From the one-band curve, it is immediately apparent that
the most important frequency component for overall intelli-
gibility in the CRM task was the modulated sinewave at 520
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Hz. In fact, the listeners were able to correctly identify both
the color and the number in the stimulus almost half the time
when the 520-Hz component was the only frequency com-
ponent present in the stimulus. In comparison, most of the
other frequency bands generated only about 10% correct per-
formance when they were presented in isolation. Interest-
ingly, the 520-Hz band is much lower in frequency than the
most highly weighted 1/3rd-octave band in the calculation of
the Al, which is centered at 2 kHz (French and Steinberg,
1947). This suggests that the phonetic information in the
CRM speech corpus is concentrated in a lower frequency
range than the phonetic information in long-term running
speech.

As additional frequency bands were added to the MSB
CRM stimuli, the specific bands contained in the stimuli be-
came increasingly less important until, in the four-band case,
the presence of any particular band no longer had any mean-
ingful impact on the overall intelligibility of the stimuli. This
suggests that highly intelligible MSB speech can be gener-
ated from any five randomly selected bands out of the 15
frequency bands tested in experiment 2.

The right panel of Fig. 4 shows the relative intelligibility
contributions of each of the four formant frequencies tested
in the sinewave speech stimuli of experiment 3a. As before,
each curve represents a different number of formants, and
each data point represents average performance across all the
trials with the designated number of sinewave components
that happened to contain the formant indicated by the ab-
scissa. Again, these results show that there were large differ-
ences across the different formant combinations when the
number of frequency components was low. Indeed, the data
show that intelligibility was close to 100% when just the
second formant was present in the stimulus, but was less than
10% when only the fourth formant was present in the stimu-
lus. The performance variations across the different possible
combinations largely disappeared when a second formant
was added to the stimulus,

The dramatic variations in performance across the dif-
ferent formant combinations in experiment 3a suggest that
perhaps there might also have been a significant variation in
the amount of contralateral interference caused by these dif-
ferent sinewave speech stimuli. In order to test this hypoth-
esis, the overall performance level was calculated for each of
the 15 possible combinations of 1, 2, 3, or 4 formants in the
contralateral masking conditions of experiment 3b, and the
correlation coefficient was calculated between the scores in
these 15 conditions and the intelligibility scores in the 15
corresponding conditions of experiment 3a. The resulting r
value was —0.009, suggesting that intelligibility may be a
relatively poor predictor of the across-ear interference that
will occur when a speech-like masking signal is presented in
the unattended ear in a dichotic cocktail party listening task.

"This division was accomplished with the Filter (Pass Hann) command in
PRAAT. Scc the PRAAT documentation (Boersma, 1993) for more details.
*The MNB speech could be male or female independent of the sex of the
target talker. However, becausc all voicing information is removed, there is
little or no apparent difference between male and female MNB specch.
3Again, becausc all of the voicing information was removed, there was little
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or no discernible difference between male and female talkers in the MSB
speech.

“In comparing this technique to the onc used to produce the stimuli in the
earlier study by Dorman er al. (1997), it is important to note that this
processing technique involves the exclusion of some specch envelope in-
formation when the number of bands is reduced, while with Dorman’s
technique the speech envelope information is not excluded but rather aver-
aged over a larger bandwidth when the number of bands decreases.

*Note that on the surface this seems to contrast-with the mean results shown
in Fig. 2, which show a mean for the 1-band condition that is comparable to
the 2-band condition with a slightly smaller error bar. However, a post hoc
LSD test on the arcsinc-transformed data indicates that the 1-band MSB
speech signal is not significantly different from the no-sound control con-
dition (p=0.0615). The discrepancy reflects the fact that the ANOVA
cvaluatcd the arcsine-transformed data of the individual listeners, while
Fig. 2 shows the mcan data pooled across all the listeners.

Arbogast, T., Mason, C., and Kidd, G. (2002). “The cffect of spatial sepa-
ration on informational and cncrgetic masking of speech,” J. Acoust. Soc.
Am. 112, 2086-2098.

Bocrsma, P. (1993). *“Accurate short term analysis of the fundamental fre-
quency and the harmonics-to-noise ratio of a sampled sound,” Proceed-
ings of the Institute of Phonctic Sciences of the University of Amsterdam,
97-110.

Bolia, R., Nelson, W., Ericson, M., and Simpson, B. (2000). “A speech
corpus for multitalker communications rescarch,” J. Acoust. Soc. Am.
107, 1065-1066.

Brokx, J., and Nootcboom, S. (1982). “Intonation and the perceptual scpa-
ration of simultancous voices,” J. Phonetics 10, 23-36.

Bronkhorst, A. (2000). “The cocktail party phenomenon: A review of re-
search on specch intelligibility in multiple-talker conditions,” Acustica 86,
117-128.

Bronkhorst, A., and Plomp, R. (1988). *“The effcct of head-induced interau-
ral time and level difference on speech intelligibility in noise,” J. Acoust.
Soc. Am. 83, 1508-1516.

Brungart, D. (2001a). “‘Evaluation of specch intelligibility with the coordi-
natc responsc mcasure,” J, Acoust. Soc. Am. 109, 2276-2279.

Brungart, D. (2001b). “Informational and cnergetic masking effects in the
perception of two simultancous talkers,” J. Acoust. Soc. Am. 109, 1101~
1109.

Brungart, D., and Simpson, B. (2002). “Within-car and across-car intcrfer-
ence in a cocktail-party listening task,” J. Acoust. Soc. Am. 112, 2985~
2995.

Brungart, D., Simpson, B., Ericson, M., and Scott, K. (2001). “Informa-
tional and encrgetic masking effects in the perception of multiple simul-
tancous talkers,” J. Acoust. Soc. Am. 110, 2527-2538.

Cherry, E. (1953). “Some cxperiments on the recognition of specch, with
onc and two ears,” J. Acoust. Soc. Am. 25, 975-979.

Conway, R., Cowan, N., and Bunting, M. (2001). *“The cocktail party phe-
nomenon revisited: The importance of working memory capacity,” Psy-
chon. Bull. Rev. 8, 331-335.

Darwin, C., and Hukin, R. (2000). “Effcctivencss of spatial cucs, prosody,
and talker characteristics in sclective attention,” J. Acoust. Soc. Am. 107,
970-977.

Darwin, C., Brungart, D., and Simpson, B. (2003). “Effects of fundamental
frequency and vocal-tract length changes on attention to onc of two simul-
tancous talkers,” J. Acoust. Soc. Am. 114, 2913-2922.

de Cheveigne, A. (1993). “Separation of concurrent harmonic sounds: Fun-
damental frequency estimation and a time-domain cancellation model of
auditory processing,” J. Acoust. Soc. Am. 93, 3271-3290.

Dorman, M., Loizou, P., and Raincy, D. (1997). “Specch intelligibility as a
function of the number of channcls of stimulation for signal processors
using sine-wave and noisc-band outputs,” J. Acoust. Soc. Am, 102, 2403~
2411.

Drullman, R., and Bronkhorst, A. (2000). “Multichannel speech intclligibil-
ity and talker recognition using monaural, binaural, and threc-dimensional
auditory presentation,” J. Acoust. Soc. Am. 107, 2224-2235.

Ebata, M. (2003). “Spatial unmasking and attention related to the cocktail
party problem,” Acous. Sci. Technol. 24, 208-219.

Egan, J.,, Cartcrette, E., and Thwing, E. (1954). “Factors affecting multi-
channel listening,” J. Acoust. Soc. Am. 26, 774-782.

Ellis, D. (2003). “Sinewave Speech Analysis/Synthesis in MATLAB,” hitp://
www.cc.columbia.cdu/dpwe/resources/matlab/sws/

Brungart et al.: Contralateral interference from synthetic speech 303

12



French, N, and Stcinberg, J. (1947). “Factors governing the intelligibility of
speech sounds,” J. Acoust. Soc. Am. 19, 90-119.

Freyman, R., Balakrishnan, U., and Helfer, K. (2001). “Spatial release from
informational masking in speech recognition,” J. Acoust. Soc. Am. 109,
2112-2122.

Freyman, R., Helfer, K., McCall, D., and Clifton, R. (1999). “The rolc of
pereeived spatial separation in the unmasking of speech,” J. Acoust. Soc.
Am. 106, 3578-3587.

Hawley, M., Litovsky, R., and Culling, J. (2004). “Thc benefit of binaural
hearing in a cocktail party: Effect of location and type of interferer,” J.
Acoust. Soc. Am. 115, 833-843.

Hillenbrand, 1., Getty, L., Clark, M., and Wheeler, K. (1995). “Acoustic
characteristics of American English vowels,” J. Acoust. Soc. Am. 97,
3099-3111.

Kidd, G. J., Mason, C., Rohtla, T., and Deliwala, P. (1998). “Relecase from
informational masking duc to the spatial separation of sources in the iden-
tification of nonspecch auditory patterns,” J. Acoust. Soc. Am. 104, 422
431,

Kidd, G. J,, Mason, C., Arbogast, T., Brungart, D., and Simpson, B. (2003).
“Informational masking caused by contralateral stimulation,” J. Acoust.
Soc. Am. 113, 1594-1603.

Moore, T. (1981). ““Voicc communication jamming rescarch,” in AGARD
Conference Proceedings 331: Aural Communication in Aviation, pp. 2:1-
2:6. Neuilly-Sur-Scinc, France.

Moray, N. (1959). ““Attcntion in dichotic listening: Affective cues and the
influence of instructions,” Q. J. Exp. Psychol. 9, 56-60.

Neff, D. (1995). “Signal properties that reduce masking by simultancous
random-frequency maskers,” J. Acoust. Soc. Am. 98, 1909-1920.

Pcissig, J., and Kollmeier, B. (1997). “Directivity of binaural noisc reduc-
tion in spatial multiple noise-sourcc arrangements for normal and impaired
listeners,” J. Acoust. Soc. Am. 35, 1660-1670.

304  J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005

Remez, R., Rubin, P., Pisoni, D., and Carrell, T. (1981). “Specch perception
without traditional speech cucs,” Science 212, 947-950.

Shannon, R. V,, Zeng, F., Kamath, V., Wygonski, J., and Ekelid, M. (1995).
“Speech recognition with primarily temporal cues,” Scicnce 270, 303~
304.

Stern, R. (1998). “Robust speech recognition,” in Survey of the State of the
Art in Human Language Technology, edited by R. Cole, J. Mariani, H.
Uszkoreit, G. Varile, A. Zaemen, A. Zampolli, and V. Zue (Cambridge
University Press, Cambridge).

Trcisman, A. (1960). “Contextual cues in sclective listening,” Q. J. Exp.
Psychol. 12, 242-248.

Tyler, R., Prcece, J., and Tye-Murray, N. (1986). “The Iowa audiovisual
speech perception laser videodisk,” in Laser Videsodisc and Laboratory
Report (Department of Otolaryngology, Head and Neck Surgery, Univer-
sity of lowa Hospital and Clinics, lowa City, 1A).

Wightman, F., Callahan, M., Lutfi, R, Kistler, D., and Oh, E. (2003). “Chil-
dren’s detection of pure-tonc signals: Informational masking with con-
tralatcral maskers,” J. Acoust. Soc. Am. 113, 3297-3305.

Wood, N., and Cowan, N. (1995). “The cocktail party phenomenon revis-
ited: Attention and memory in the classic selective listening procedure of
Cherry,” J. Exp. Psychol. 124, 243-262.

Yost, W. (1997). “The cocktail party problem: Forty years latcr,” in Binau-
ral and Spatial Hearing in Real and Virtual Environments, cdited by R. H.
Gilkey and T. R. Anderson (Erlbaum, Hillsdale, N.1.), pp. 329-348.

Zurek, P. M. (1993). “Binaural advantages and dircctional effects in speech
intelligibility,” in Acoustical Factors Affecting Hearing Aid Performance,
2nd cd,, cdited by G. Studebaker and 1. Hochberg (Allyn and Bacon,
Portland).

Brungart et al.: Contralateral interference from synthetic speech

13



