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Howard-Jones and Rosen [(1993). J. Acoust. Soc. Am. 93, 2915–2922] investigated the ability to

integrate glimpses of speech that are separated in time and frequency using a “checkerboard” masker,

with asynchronous amplitude modulation (AM) across frequency. Asynchronous glimpsing was dem-

onstrated only for spectrally wide frequency bands. It is possible that the reduced evidence of spec-

tro-temporal integration with narrower bands was due to spread of masking at the periphery. The

present study tested this hypothesis with a dichotic condition, in which the even- and odd-numbered

bands of the target speech and asynchronous AM masker were presented to opposite ears, minimizing

the deleterious effects of masking spread. For closed-set consonant recognition, thresholds were

5.1–8.5 dB better for dichotic than for monotic asynchronous AM conditions. Results were similar

for closed-set word recognition, but for open-set word recognition the benefit of dichotic presentation

was more modest and level dependent, consistent with the effects of spread of masking being level

dependent. There was greater evidence of asynchronous glimpsing in the open-set than closed-set

tasks. Presenting stimuli dichotically supported asynchronous glimpsing with narrower frequency

bands than previously shown, though the magnitude of glimpsing was reduced for narrower band-

widths even in some dichotic conditions. VC 2012 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4730976]

PACS number(s): 43.71.Rt, 43.66.Dc [LD] Pages: 1152–1164

I. INTRODUCTION

In natural settings, such as a noisy city street or crowded

party, there is a combination of interfering sounds that fluctu-

ate in time and frequency depending on their sources.

Because most natural masking noises tend to vary in their

spectro-temporal structure, listeners are sometimes able to

take advantage of the redundancy in speech across time and

frequency by attending to regions in the stimulus which have

the best signal-to-noise ratios (SNRs; Miller and Licklider,

1950; Dirks and Bower, 1970; Howard-Jones and Rosen,

1993). Often, these natural stimuli are comodulated, with

coherent envelopes across frequency (Nelken et al., 1999). It

is during the low-amplitude portions of modulated maskers

that target speech has the best SNR. Taking advantage of the

high SNR at the masker minima, also known as glimpsing (Li

and Loizou, 2007; Gnansia et al., 2008) or dip-listening (e.g.,

Peters et al., 1998), typically leads to improved identification.

In one of the earliest studies on the effects of masker

modulation on speech intelligibility, Miller and Licklider

(1950) observed that performance is highly dependent on the

rate of masker fluctuation. As the rate of modulation decreases

below 200 Hz, intelligibility increases until around 10 Hz;

however, as modulation rates are lowered below 10 Hz, entire

words tend to be masked, and subsequently, performance

declines. The optimal rate of modulation has been shown to

depend on the type of speech material and the number of pos-

sible response alternatives (Buss et al., 2009). In addition to

studies that have found modulation rate to be an important pa-

rameter (Miller and Licklider, 1950; Buss et al., 2009), the

amount of masking release incurred by introducing masker

amplitude modulation (AM) is larger for deeper masker modu-

lation depth (Gnansia et al., 2008), and for more intense

maskers (Summers and Molis, 2004; George et al., 2006).

Whereas most studies of masker fluctuation have

evaluated envelope fluctuations that are coherent across fre-

quency, naturally occurring maskers often contain spectro-

temporally complex fluctuations. Howard-Jones and Rosen

(1993) tested the hypothesis that masking release associ-

ated with masker AM depends on the epochs of improved

SNR coinciding across frequency. Their innovative design

tested noise maskers that were separated into frequency

channels, or bands, which spanned 100 to 10 000 Hz in

equal log steps. These bands were then amplitude modu-

lated on and off in a square-wave fashion at a rate of 10 Hz.

Howard-Jones and Rosen controlled the phase of AM in

neighboring bands, so that modulation was either in-phase

(synchronous) or 180 degrees out-of-phase (asynchronous).

When the AM was out-of-phase in neighboring bands,

the masker resembled a checkerboard when viewed by its

time-frequency representation, or spectrogram. The task

was consonant identification in a vowel-consonant-vowel

(VCV) context, and the masker was a pink noise that had

no modulation, synchronous AM, or asynchronous AM,

with varying numbers of frequency bands. It was found that

synchronous AM noise improved thresholds by 23 dB rela-

tive to the unmodulated noise condition; that is, there was a

23-dB masking release when the masker was coherently

amplitude modulated. In asynchronous AM conditions,
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there was some masking release when noise was filtered

into two or four frequency bands—15.5 dB and 6 dB,

respectively—but close to zero unmasking was observed in

the 8- or 16-band conditions. Interestingly, it was shown

that thresholds for the 2-band asynchronous AM condition

were significantly higher (i.e., better) than for conditions in

which one band was modulated and the other was left

unmodulated. This led to the conclusion that masking

release in the asynchronous modulation condition was not

based solely on information present in a subset of bands,

but instead demonstrated speech integration for signals that

were unmasked asynchronously across time and frequency.

Although thresholds were lower in the 4-band asynchro-

nous AM condition than the unmodulated condition, thresh-

olds were no better in the asynchronous AM condition than

in a control condition where two bands were modulated and

the other two were left unmodulated. Howard-Jones and

Rosen (1993) therefore concluded that although asynchro-

nous glimpsing occurred in the 2-band condition, it was not

evident in the 4-, 8-, and 16-band cases.

It remains unclear why Howard-Jones and Rosen (1993)

found no evidence of asynchronous glimpsing with greater

than two bands. One possibility is that there is a perceptual

limit on the ability to integrate asynchronous speech informa-

tion when speech is distributed across a large number of fre-

quency bands, but other evidence makes this unlikely (Buss

et al., 2004). In a speech identification experiment, Buss and

colleagues (2004) determined masked identification thresh-

olds for synchronous and asynchronous AM speech filtered

into 2, 4, 8, or 16 frequency bands. Speech reception thresh-

olds were determined for the modulated speech presented in

a steady-state pink noise. Results of this study showed com-

parable benefit of synchronous AM and asynchronous AM

when the speech itself was modulated, regardless of the num-

ber of bands. This result provided evidence for spectro-

temporal integration of asynchronous speech information

even when there were as many as 16 relatively narrow bands.

This AM speech result—that integration is possible for

greater than two or four bands of asynchronously modulated

speech—prompts consideration of alternative explanations for

the failure of Howard-Jones and Rosen (1993) to find evi-

dence of asynchronous glimpsing in parallel conditions where

the noise was asynchronously modulated. One possible expla-

nation for why synchronous AM noise had the largest mask-

ing release in the data of Howard-Jones and Rosen is that

better performance in the synchronous AM noise is aided by

comodulation masking release (CMR; Hall et al., 1984). In

short, CMR is the improvement in detection thresholds seen

when comodulated off-frequency maskers are added to an on-

frequency masked target. While CMR could have played

some role in the results of Howard-Jones and Rosen, it is

unlikely to account for synchronous/asynchronous AM differ-

ences that were on the order of 20 dB; studies have shown

CMR to have relatively small contributions to performance

with supra-threshold stimuli, including speech (Grose and

Hall, 1992; Hall et al., 1997; Kwon, 2002; Buss et al., 2003).

Another possibility is that better performance in the syn-

chronous than asynchronous AM noise conditions may be

due to spread of masking associated with the asynchronous

AM noise (Howard-Jones and Rosen, 1993). Spread of

masking is the phenomenon in which a masker in a neigh-

boring frequency region causes substantial energetic mask-

ing of a target stimulus. The amount of masking (in dB) is

greatest when the masker is relatively intense (Wegel and

Lane, 1924; Moore et al., 1998). In the case of asynchronous

AM masking, the advantage of selectively listening to

unmasked frequency regions of target speech is likely to be

reduced due to the spread of masking from the neighboring

frequency regions, in which the masker is in the “on”-phase

of AM. That is, when an even- or odd-numbered frequency

band is in the “off”-phase of modulation, there is a neighbor-

ing odd- or even-numbered band, respectively, above and/or

below it, which is “on” and contributing energetic masking.

This effect is expected to be more detrimental when the fre-

quency bands are narrow, since any spread can mask a larger

proportion of the neighboring unmasked region. Hence, each

masker has greater potential to degrade performance via

spread of masking when there are large numbers of narrow

bands, due to close proximity to neighboring bands.

Since listeners can integrate speech information distrib-

uted across a large number of asynchronous speech bands

under some conditions (Buss et al., 2004), Howard-Jones

and Rosen (1993) may have shown only minimal integration

because spread of masking degraded the quality of the avail-

able speech. Importantly, Howard-Jones and Rosen pre-

sented their stimuli diotically, meaning that all stimuli were

presented to both ears symmetrically. Since spread of mask-

ing occurs when asynchronous AM maskers are summed to-

gether at the periphery, it is expected that the effects of

masking spread should be greatly diminished or eliminated

if the even- and odd-numbered bands are presented to oppo-

site ears. By separating the bands across the ears, the peaks

of modulation will no longer exert spread of masking on the

dips of modulation in the neighboring bands, providing the

listener a better opportunity to identify the speech.

II. EXPERIMENT 1

The first experiment generally followed the methods of

Howard-Jones and Rosen (1993), but included dichotic con-

ditions, in which the even- and odd-numbered stimulus

bands were presented to opposite ears, and novel control

conditions, in which only even- or odd-number speech bands

were presented along with full or partial maskers. Dichotic

presentation was chosen because it reduces the effect of

masking spread at the periphery, which could underlie the

fact that Howard-Jones and Rosen did not find asynchronous

glimpsing with greater than two bands. The goal was to

determine whether asynchronous glimpsing in the Howard-

Jones and Rosen study was limited by spread of masking,

and whether the auditory system can indeed integrate asyn-

chronous cues for speech identification across time and fre-

quency with narrower spectral bands than seen before.

A. Methods

1. Listeners

Six native English speaking, young adults with no his-

tory of hearing loss or ear problems were recruited from the
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Chapel Hill community. All listeners were screened for nor-

mal hearing, with a criterion of pure tone thresholds of

20 dB hearing level or better at octave frequencies from 250

to 8000 Hz in both ears (ANSI, 1994).

2. Stimuli

The speech material included 12 intervocalic consonants

([b d f g k m n p s t v z] as in [ama]) spoken by an adult

female speaker from this lab. There were five recordings of

each stimulus, for a total of 60 recordings. These speech

tokens were 528–664 ms in duration, with a mean duration

of 608 ms. Recordings were made at a 44100-Hz sampling

rate, but they were subsequently up-sampled to 48828 Hz to

conform to hardware specifications. Each token was digitally

scaled so that all samples had an equal root-mean-square

(rms) level. These stimuli were then filtered into 2, 4, 8, or

16 frequency bands using sixth-order Butterworth band-pass

filters. Filter bandwidth was equivalent in logarithmic units,

with bands spanning 100 to 10 000 Hz.

The maskers were pink noise samples that, by definition,

contained equal energy per octave band. Each masker sam-

ple was generated digitally with duration equal to the longest

possible speech token plus 300 ms (964 ms total duration).

When speech tokens were present, presentations began

150 ms after the onset of the masker. Modulated maskers

were either modulated synchronously (Sync) or asynchro-

nously (Async) across frequency, with a modulation rate of

10 Hz and random starting phase. The following steps were

performed to create these stimuli. First, pink noise was fil-

tered using the same procedure and parameters discussed

above for the speech stimuli. Second, each frequency band

was modulated on and off at 10 Hz, with a starting phase

alternating between starting on and starting off for consecu-

tive bands in Async conditions. In order to limit spectral

energy to the specified frequency region, 10-ms raised

cosines were used to smooth these modulation transitions.

Maskers could be presented either monotically to the

left or right ear (L or R, respectively) or dichotically (D).

Dichotic stimulation presents the odd-numbered bands to the

left ear and the even-numbered bands to the right ear.

Monotic stimulation was chosen over diotic to avoid diotic

summation which can account for nearly 20% better speech

reception thresholds (SRTs) than monotic presentations

(Davis and Haggard, 1982).1 When speech bands were pres-

ent, they were summed with the associated masker bands. In

some cases, masker bands were presented without the associ-

ated speech bands.

3. Procedure and conditions

An adaptive “up-down” procedure was used to determine

the SRTs corresponding to 50% correct identification (Levitt,

1971). The adaptive computer-controlled test procedure used

a custom graphical user interface administered through MAT-

LAB on a personal computer. Stimuli were presented through

a pair of insert headphones (Etymotic ER-2, Elk Grove

Village, IL), and listeners were seated in a single-wall, sound-

treated booth. The level of the speech was fixed at 45 dB

sound pressure level (SPL) before filtering into bands, and no

adjustment of the speech level was made to offset the overall

energy reduction due to filtering. The initial masker level was

set to 10 dB below pilot threshold levels determined for each

condition. The level of the masking noise was turned up or

down by 4 dB, depending on whether the previous response

was correct or incorrect, respectively. The listener’s estimated

threshold was determined by computing the mean masker

level at the last 24 of 26 track reversals. Thresholds were

blocked by condition, and the order of conditions was quasi-

randomly selected for each listener to avoid order effects.

Each listener performed between three and four tests for each

condition. The fourth estimate was obtained if the first three

thresholds were not all within 3 dB of each other. Across sub-

jects, this occurred for 14–18 of the 21 conditions. Overall

testing time was roughly 4 h, typically spread out over three

non-consecutive sessions.

During the test, the speech token associated with each

interval was randomly selected with replacement. Listeners

responded by clicking a button on the computer screen corre-

sponding to the consonant heard, out of a possible 12 conso-

nants. In all, there were 21 test conditions, which are

illustrated in Fig. 1 (see also Table I). All thresholds were

referenced to the unmodulated noise condition (Unmod).

Two conditions used synchronous AM, one monotic (Sync-

R) and one dichotic (Sync-D); the Sync-D was generated

only for the 8-band condition. For each asynchronous

monotic and dichotic condition (Async-R and Async-D,

respectively), stimuli were processed into 2, 4, 8, or 16 bands

for a total of eight asynchronous test conditions. The key dis-

tinction between monotic (L or R) and dichotic (D) configu-

rations is that the former has stimulus bands presented to one

ear, whereas the latter has just the even bands presented to

the right ear and just the odd bands presented to the left ear.

There were two types of control condition for the

Async-D conditions. One was just like Async-D, but the

speech bands were present in only one of the ears: in Async-

D-EVEN, the even speech bands were presented to the right

ear, and the even and odd noise bands were presented to the

right and left ears, respectively; in Async-D-ODD, the odd

speech bands were presented to the left ear, and the even and

odd noise bands were again presented to the right and left

ears, respectively (see Fig. 1). These control conditions were

intended to reveal whether performance in the Async-D con-

ditions could be accounted for solely by either the even or

odd speech bands. These controls were run for all four of the

Async band number conditions. Note that in these control

conditions, one of the ears receives no speech signal, but

does receive masking bands that are “on” when the speech

bands in the other ear are unmasked (i.e., the ipsilateral

maskers are in “off”-phase). Two additional control condi-

tions were run to determine whether these noise bands, con-

tralateral to the speech bands, had any masking effect. One

was like Async-D, except only the right ear received input

(Async-R-EVEN). The other was like Async-D, except that

only the left ear received input (Async-L-ODD). This type

of control was run only for the 8-band case.

Both types of control conditions used here differed from

those used by Howard-Jones and Rosen (1993). In that study,

the modulated even (or odd) masker bands were presented
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with an unmodulated masker in the frequency regions asso-

ciated with the odd (or even) bands. These steady masker

bands could introduce spread of masking, similar to that

hypothesized in the Async-R conditions. For the purpose of

demonstrating spectro-temporal integration of speech in

even and odd bands in the Async-D conditions, control con-

ditions free from spread of masking were necessary. The

present control conditions therefore omit this steady masker

in the complementary (non-speech) spectral region.

In this paradigm, masking release is quantified as the dif-

ference in threshold between a condition with modulated noise

and the unmodulated noise (Unmod) condition. Greater

FIG. 1. Schematic of masker conditions in all experiments. Primary conditions are represented on the top row, and controls are shown below. The order of the

primary conditions in the top row is an indication of the expected ranking in thresholds, with the best performance starting on the left, with the two Sync condi-

tions, and the worst performance on the right, with the Unmod condition. As the legend indicates, each condition is represented as a 2-by-2 box in which the

left and right columns represent stimulation of the left and right ears, respectively, and the top and bottom rows represent the speech and noise stimuli, respec-

tively. In each box, frequency from 0.1 to 10 kHz is represented vertically, and a time span of 200 ms is represented horizontally. Speech is represented via

spectrogram, and noise is represented by black spectro-temporal regions indicating the “on” periods of masker modulation. Amplitude modulation was per-

formed at a rate of 10 Hz, and frequency bands were filtered in equal widths on a logarithmic scale. The numbers of bands tested per condition are given in the

shaded regions below the conditions.

TABLE I. Mean SRTs (in dB SNR) from experiment 1 are reported for each stimulus condition. The standard error of the mean (n¼ 6) is shown in parenthe-

ses below the associated mean. For the dichotic control conditions, the condition associated with better performance is indicated by an asterisk for each num-

ber of bands. Recall that control conditions included only half of the speech bands of the associated Async condition; for example, the 8-band controls

included only four bands of speech.

Number of bands

Conditions Unfiltered 2 4 8 16

Primary data Unmod �1.9 (0.5)

Sync-R �26.7 (2.1)

Sync-D �24.2 (1.6)

Async-R �19.1 (0.9) �15.4 (0.6) �9.1 (0.6) �7.8 (0.4)

Async-D �24.2 (1.5) �22.8 (1.1) �17.4 (1.7) �16.3 (1.6)

Controls Async-D-ODD �2.6 (1.7) �6.4 (2.3) �5.3 (1.4) �9.1 (1.0)*

Async-D-EVEN �20.0 (1.6)* �10.1 (3.0)* �8.6 (2.2)* �6.3 (1.3)

Async-L-ODD �8.2 (2.5)

Async-R-EVEN �14.4 (1.8)

Supplemental data Unmod �4.7 (0.4)

Async-L-ODD �7.1 (0.5) �7.8 (0.3)

þ steady EVEN

Async-R-EVEN �12.5 (2.2)* �8.5 (1.3)*

þ steady ODD
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masking release is expected in the Async-D than the Async-R

conditions, and this difference will be referred to as a

“dichotic advantage.” The ability to combine information that

is separated in time and frequency, “asynchronous glimpsing,”

is defined as the difference between an Async-D condition and

the better of the two complementary dichotic control condi-

tions (either Async-D-ODD or Async-D-EVEN).

B. Results

Figure 2 shows the mean SRTs (in dB SNR) for the

asynchronous and synchronous masker conditions as well as

the better Async-D control, expressed relative to the SRT for

unmodulated pink noise. Error bars show one standard error

of the mean, and symbols indicate the AM masker condi-

tions, as defined in the legend. Mean SRTs are also presented

in Table I for all conditions. The mean SRT in the reference

(Unmod) condition is –1.9 dB SNR, and the SRTs for all

conditions and bands shown in Fig. 1 are significantly lower

than this reference (paired t-test; p< 0.05). Thresholds in the

Sync-R and Sync-D conditions are not significantly different

(t5¼ 1.18, p¼ 0.29), so the average of these two conditions

is shown in the data figure (Sync, average).

Figure 2 shows that release from masking (i.e., the abso-

lute difference between a condition and the reference condi-

tion) is greatest for the Sync-R and Sync-D conditions

(average of 23.9 dB better threshold), intermediate for the

Async-D conditions (ranging from 22.2 to 14.4 dB as band

number increases), and least for the Async-R conditions

(ranging from 17.1 to 5.9 dB as band number increases). A

two-way repeated-measures analysis of variance (ANOVA)

was performed to compare performance in the Async-D and

Async-R conditions, with two levels of condition and four

levels of band number. This analysis yielded a main effect of

condition (F1,5¼ 49.5, p¼ 0.001), a main effect of the num-

ber of bands (F3,15¼ 54.4, p< 0.001), and no interaction

(F3,15¼ 2.20, p¼ 0.13). The difference in masking release

between the dichotic and monotic asynchronous conditions

is between 5.1 and 8.5 dB, with greater masking release for

the dichotic conditions. If the effect of spread of masking is

greater for larger numbers of bands, and if the benefit of

dichotic presentation is predominantly due to reduced effects

of spread of masking, then the difference between Async-D
and Async-R conditions should increase with numbers of

bands. A planned linear contrast on the condition-by-band

interaction indicates a non-significant trend in this direction

(F1,5¼ 5.51, p¼ 0.06). It is important to note that the

roughly 23-dB release from masking observed in the Sync

conditions is the same as that found by Howard-Jones and

Rosen (1993). However, in contrast to Howard-Jones and

Rosen, this study does find that performance for the Async-

R condition is better than performance for unmodulated

noise at all numbers of bands, though there is a similar

reduction in performance as the number of bands increases.

A linear contrast in a one-way ANOVA with four levels of

number of bands confirmed the increase in thresholds with

the number of bands (F1,5¼ 201.9, p< 0.001).

Control measures taken in the study are useful in assess-

ing the possibility that a listener was simply attending to a

subset of bands—either the even or the odd bands—for the

Async conditions, thereby not actually integrating across fre-

quency and time. As can be seen in Fig. 2, performance in

the Async-D conditions was uniformly superior to that

obtained in the Async-D-ODD and Async-D-EVEN control

conditions (Async-D, better control). The masking release is

4.1–21.6 dB greater in the Async-D conditions than in the

dichotic control conditions, depending on the number of

bands and the particular subset. To evaluate this statistically,

mean SNRs across listeners were compared in the two

dichotic control conditions (Async-D-EVEN and Async-D-

ODD). The “better control” condition, the odd or even con-

dition with the better threshold (lower SNR), was identified

for each number of bands. Individual data for these better

control conditions were evaluated relative to the Async-D
condition with a repeated-measures ANOVA, including two

levels of dichotic condition (Async-D and the better control)

and four levels of band number (2, 4, 8, and 16). The analy-

sis indicates significant main effects of condition (F1,5

¼ 45.7; p¼ 0.001) and the number of bands (F3,15¼ 52.0;

p< 0.001), and no interaction (F3,15¼ 2.7; p¼ 0.08). This

indicates that performance in the Async-D condition was

consistently better than that possible with either the odd or

the even speech bands alone. In other words, listeners were

making use of information from spectral regions associated

with both the even and odd bands, and this integration was

not dependent on the number of bands. This is in contrast to

the results of Howard-Jones and Rosen (1993), who used

only diotic stimulation and found evidence of asynchronous

glimpsing for two bands, but not for greater numbers of

bands.

Recall that in the Async-D-EVEN and Async-D-ODD

conditions, the non-speech ear receives complementary

bands of noise that are modulated out-of-phase relative to

the masker bands in the signal ear. The monotic control con-

ditions (Async-L-ODD and Async-R-EVEN) allow us to

assess whether these noise bands, contralateral to the speech

bands, had a masking effect. A masking effect did occur,

with the monotic control conditions producing better SNRs

than their respective dichotic controls at eight bands (see

Table I); for example, performance in the Async-R-EVEN

FIG. 2. Mean SRTs in experiment 1 are plotted for modulated noise condi-

tions relative to the unmodulated condition. The difference in mean thresh-

olds relative to the Unmod condition at 2, 4, 8, or 16 bands are plotted for

the monotic asynchronous condition (circles), the dichotic asynchronous

condition (triangles), the better dichotic control condition (bowties), and the

mean of the monotic and dichotic synchronous conditions (8-band only;

stars). Error bars indicate standard error of the mean (n¼ 6).
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condition is 5.8 dB better than the condition in which the

contralateral masker is present (8-band, Async-D-EVEN).

This difference may be related to the presence of noise in the

opposite ear creating cross-ear interference, a possibility that

will be addressed in the discussion.

C. Discussion

1. Energetic masking release

Howard-Jones and Rosen (1993) showed that asynchro-

nous glimpsing of speech in asynchronous AM maskers is

possible for small numbers of bands. The current study

showed that presenting odd-numbered bands to one ear and

even-numbered bands to the other ear improved the ability of

the listener to identify the target speech. According to our hy-

pothesis, this was a direct result of the elimination of periph-

eral masking spread that arose from neighboring bands in the

monotic presentation. Specifically, the monotic masker bands

in the “on”-phase likely introduced energetic masking into

the neighboring spectral regions that were associated with the

“off”-phase of modulation. This would have been especially

likely for frequency regions above the upper cutoff of a

masking band (Wegel and Lane, 1924). By presenting the

alternating bands to opposite ears, the current study elimi-

nated the effect of masking spread, and the result was an av-

erage of 7.3 dB more release from masking in the Async-D
conditions compared to Async-R conditions. Since perform-

ance in the Async-D conditions was better than that associ-

ated with the dichotic control conditions, it is argued that

listeners were integrating speech information across fre-

quency and across ears, taking advantage of regions of high

SNR distributed across frequency. This constitutes asynchro-

nous glimpsing.

An alternate interpretation of the better thresholds in

Async-D conditions than dichotic controls is that listeners are

simply selecting the better subset of bands (even or odd) to

attend to on a trial-by-trial basis in the Async-D conditions.

This might be a good strategy if the critical information nec-

essary to identify some consonants were better represented in

even bands and the information necessary to identify other

consonants were better represented in the odd bands. If listen-

ers used different subsets of bands on a trial-by-trial basis,

then performance would suffer in the control conditions due

to elimination of one set of bands. While it is theoretically

possible that listeners made use of information in different

subsets of bands in the Async-D condition, there are two con-

siderations that make this unlikely. First, previous data for the

stimulus recordings used here suggest that the information

necessary for correct identification is relatively uniformly dis-

tributed across odd- and even-numbered bands for individual

consonants (Buss et al., 2004). Second, consonant confusion

matrices were analyzed for all conditions in the present study,

and it was determined that while individual consonants were

identified with varying accuracy, there was no evidence of

consistently different error patterns in the just odd and just

even control conditions. Interestingly, there was no evidence

of a difference in error patterns between the Async-D and

dichotic control conditions. These considerations strongly

favor the interpretation that listeners were integrating across

time and frequency in the Async-D conditions.2

2. Contralateral masking

It should be noted that as the number of bands increased,

and consequently the bandwidth of each band narrowed, per-

formance in the Async-D conditions decreased relative to the

Sync conditions. This begs the question of what constraints

other than spread of masking are placed on the listener when

the masker was asynchronously modulated. An important

point to consider is the effect that contralateral masking may

have had in the Async-D conditions and their controls. Spe-

cifically, contralateral maskers may have introduced mask-

ing at a higher perceptual level. This effect could be related

to findings in the literature described as central masking

(Martin et al., 1965; Martin and Digiovanni, 1979) or infor-

mational masking (Brungart and Simpson, 2002). Frequency

effects have been observed in central masking, such that

contralateral maskers are more effective when they are spec-

trally close to the target frequency (Zwislocki et al., 1968).

It is possible that central masking was greater for larger

numbers of narrower maskers due to spectral proximity.

In a study by Brungart and Simpson (2002), listeners

were found to have greater difficulty identifying monotic

speech when it was masked by a dichotic speech competitor

than when the competing speech was only in the ipsilateral

ear. This effect disappeared when the contralateral ear (i.e.,

the opposite ear from the target speech) was presented with

steady-state noise, a result interpreted as indicating that the

contralateral competition requires a stimulus qualitatively

similar to the target to cause a disruption in speech segrega-

tion. While the present study did not use competing speech

as maskers, the maskers were spectro-temporally more com-

plex than steady-state or even synchronous AM noise. The

data show that identifying speech with only half the bands

presented to a single ear was less difficult in the monotic

controls than in dichotic controls (SRTs in the 8-band,

Async-L-ODD and Async-R-EVEN conditions are better

than the 8-band, Async-D-ODD and Async-D-EVEN condi-

tions by 2.9 and 5.8 dB, respectively); this is consistent with

an interpretation that the addition of the contralateral,

opposite-phase masker in the dichotic controls greatly

reduced unmasking due to central effects.

One possible way to conceive of across-ear interference

is in terms of perceptual “miscuing” related to the phase of

masker modulation. Buus (1985) proposed that the temporal

envelope of a masker could alter perceptual weights in signal

detection, such that more weight was applied during noise

modulation minima (where the SNR was relatively good)

and less weight during modulation maxima. It is possible

that a related form of perceptual weighting contributes to the

results of the present experiment. In the dichotic control con-

ditions, when the masker was at a minimum in the signal

ear, the masker was at a maximum in the contralateral ear. It

is possible that the presence of masker peaks in the contralat-

eral ear acted to reduce the weight given to the epochs of

masker minima in the signal ear. This effect is not necessar-

ily dependent on the presentation type (e.g., monotic or
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dichotic), so it follows that performance in the monotic asyn-

chronous AM conditions in the present study and in diotic

asynchronous AM conditions in Howard-Jones and Rosen’s

study may have also been detrimentally affected by

miscuing.

3. Spectro-temporal integration in asynchronous
monotic AM

The data pattern in Fig. 2 could give the impression that

there is no asynchronous glimpsing for two bands in the

Async-R condition. Such a result would be inconsistent with

the findings of Howard-Jones and Rosen (1993). One reason

for this apparent discrepancy could be the nature of the con-

trol conditions used in these two studies. Whereas the

dichotic control conditions in the present study did not have

a signal in complementary spectral regions at a single ear,

the control conditions of Howard-Jones and Rosen presented

steady maskers in the complementary spectral regions. Inclu-

sion of steady maskers in the previous study could have ele-

vated thresholds via the introduction of spread of masking.

Although elimination of masking spread in the control con-

ditions was desirable for estimation of asynchronous glimps-

ing in the Async-D conditions of the present study, it may

not provide an appropriate reference for asynchronous

glimpsing in the Async-R conditions.

Supplemental data were collected to determine whether

the presence of steady maskers in the control condition is an

important procedural factor. Data were collected on four lis-

teners (two original participants and two practiced, new par-

ticipants). Monotic presentations included an unmodulated

noise condition and two control conditions incorporating

modulated and steady masker bands, following the proce-

dures of Howard-Jones and Rosen (1993). Control condi-

tions were based on either two or four bands, and they

included either even or odd numbered stimulus bands

(speech and AM noise), as well as bands of steady noise in

the spectral regions of the complementary odd or even bands

(see Fig. 1; Async-L-ODD* and Async-R-EVEN*). The

mean SRT in the unmodulated condition was lower in the

supplementary data than in the primary experiment (2.8 dB),

an effect we attribute to individual differences. Despite good

performance in the baseline condition for these listeners,

the SRT in the better control condition was worse than

that in the associated Async-D better controls of the main

experiment, with differences of 7.6 dB (2-band) and 1.6 dB

(4-band). Performance in the Async-R conditions was better

than that in the steady-band control conditions, an effect of

6.6 dB (2-band) and 6.9 dB (4-band); these results indicate

substantial glimpsing in the Async-R condition when spread

of masking is incorporated into the control condition.

Although some apparent differences between the out-

comes of the present experiment and the experiment of

Howard-Jones and Rosen appear to be accounted for by the

different control conditions, a difference in results for the

Async-R condition is harder to explain. Whereas we found

that the Async-R SRTs for 8 and 16 bands were better than

for unmodulated noise, Howard-Jones and Rosen found that

the SRTs in asynchronously modulated noise were no better

for 8 and 16 bands than for unmodulated noise. One factor

that could account for this difference is presentation level.

The stimulation level is not reported in Howard-Jones and

Rosen (1993), but if a higher level were used than in the

present experiment, this would result in greater spread of

masking and less ability to benefit from modulation with

large numbers of bands.

III. EXPERIMENT 2

Results from experiment 1 showed evidence of asyn-

chronous integration in the dichotic stimulus conditions.

Additionally, release from masking relative to the unmodu-

lated control condition was as much as 22.3 dB in the dichotic

asynchronous condition, just slightly below the roughly 23-

dB release for the two Sync conditions. Because there was an

additional benefit of having both sets of masked speech bands

in the Async-D conditions over the dichotic controls—with

between 4.1 and 7.2 dB greater masking release, depending

on the number of frequency bands—it seems unlikely that lis-

teners used just the bands presented to a single ear.

The second experiment tested the robustness of the

dichotic benefit when more detailed speech information is

required in order to make a correct response. The response

set-size for speech identification can change the benefit of

masker AM due to differences in the amount of detail needed

to perform the task. In a study by Buss and colleagues

(2009), masking release for words in synchronous AM noise

was found to differ depending on the set-size of the speech

recognition task. When listeners were asked to identify a tar-

get word without constraints, masking release was smaller

than when they were asked to select from among three alter-

natives: In one set of conditions, masking ranged from 8.7 dB

(open-set) to 14.5 dB (closed-set) for synchronous 10-Hz am-

plitude modulation. The authors argued that reducing con-

straints on the response alternatives increases the amount of

information necessary to perform well on the task, and there-

fore reduces the ability to do well based on sparse glimpses

of the speech. It follows that if the set-size is manipulated for

the identification tasks, listeners will have greater difficulty

in the conditions with the least acoustic speech information.

Experiment 2 examined asynchronous glimpsing as a

function of response set-size. Due to the importance of

speech redundancy in an open-set task and the paucity of in-

formation present in each subset of bands (just odd and just

even), a greater reliance on integration across time and fre-

quency in the asynchronous AM condition is expected. As in

experiment 1, it was expected that the elimination of mask-

ing spread would produce a general benefit for dichotic stim-

ulation compared to monotic stimulation, with more

evidence of glimpsing in an open-set task than a closed-set

word recognition task.

A. Method

1. Listeners

Ten listeners participated in experiment 2, and all met

inclusion criteria stated in experiment 1. Five listeners were

tested in the open-set protocol and five in the closed-set
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protocol. Four of the ten listeners had been previously tested

on experiment 1.

2. Stimuli

The speech material for experiment 2 was a set of 500

consonant-nucleus-consonant (CNC) words (Peterson and

Lehiste, 1962), spoken by an adult male with an American

accent. Recordings were 444–992 ms, with a mean duration

of 744 ms. The sampling rate was 24414 Hz, and all signals

were passed through an 8000-Hz second order Butterworth

low-pass filter. Recordings were digitally scaled to equal-

rms level across tokens. Speech tokens were up-sampled to

48828 Hz to conform to hardware specifications. Filtering

the speech into 2, 4, 8, or 16 frequency bands was

performed using the same methods described above for

experiment 1.

All masking stimuli were identical to those in experi-

ment 1 with the exception that stimulus duration was equal

to the longest possible speech token plus 300 ms (1292 ms

total duration). All stimuli could be presented monotically

(L or R) or dichotically (D). Dichotic stimulation presented

the odd-numbered bands to the left ear and the even-

numbered bands to the right ear.

3. Procedure

The level of the speech target was fixed, and the masker

level was varied using an adaptive “2-up-1-down” procedure

to determine the SRT associated with 71% correct (Levitt,

1971). The same hardware, target sound level, masker level

step size, and listening environment were used as in the first

experiment. Each SRT estimate was computed as the mean

masker level at the last of 10 of 12 track reversals, and test

conditions were randomly arranged to avoid order effects.

For this experiment, two protocols were employed. The

first protocol was a closed-set, 4-alternative-forced choice

identification task. The listener responded by clicking a button

corresponding to the presented CNC word from a display of

four choices, including the target and three randomly selected

foils. The second protocol was an open-set, free response

identification task. The listener responded by repeating the

target word aloud; at that point the listener was visually pre-

sented with the correct response and prompted to score his or

her response as correct or incorrect using buttons displayed

on the computer screen. An experimenter monitored the ex-

perimental session, including spot checks for correct self-

scoring. As in experiment 1, there were 21 experimental con-

ditions: one reference condition (Unmod), two synchronous

AM conditions (Sync-R and Sync-D with eight bands), and

two asynchronous conditions (Async-R and Async-D) with 2,

4, 8, or 16 bands. Dichotic controls were tested for each

Async-D condition, and there were additional 8-band monotic

controls (Async-L-ODD and Async-R-EVEN), as in experi-

ment 1 (see Fig. 1 for reference). A minimum of three thresh-

old estimates was obtained in all conditions. In the event that

thresholds in a particular condition varied by more than 3 dB,

an additional threshold was collected. This occurred for 7–15

of the 21 conditions in the closed-set task and for 14–20 of

the 21 conditions in the open-set task, depending on the lis-

tener. Overall testing time was roughly 4 h per protocol,

spread out over three separate 1–1.5 h sessions.

B. Results and discussion

1. Closed-set speech reception thresholds

Figure 3 (left panel) shows the mean SRTs (in dB SNR)

for each masker condition in the closed-set protocol relative

to the reference condition and follows the same plotting

convention as in Fig. 2 (see also Table II). The reference

(Unmod) condition had a mean SRT of –9.3 dB SNR. Note

that this threshold is better than that obtained in the unmodu-

lated noise condition of experiment 1 (�1.9 dB SNR), con-

sistent with an interpretation that the present four-alternative

word task was easier than the 12-choice consonant task of

experiment 1, despite the fact that this closed-set task

tracked a higher percent correct (71% vs 50%). Release from

masking in the closed-set tasks was not significantly differ-

ent for the Sync-R and Sync-D conditions (t4¼ 1.03,

p¼ 0.36), with a mean of 22.7 dB. This value is similar to

that observed in experiment 1. The Async-D masking release

ranged from 23.2 to 18.4 dB as band number increased, and

Async-R masking release ranged from 17.7 to 5.1 dB as

band number increased. Once again, as Howard-Jones and

Rosen (1993) observed, an increase in band number in the

Async-R conditions reduced the overall performance relative

to the synchronous conditions, though, in the present study,

a masking release in the Async-R conditions was obtained

for all numbers of bands. Submitting the Async-R and

Async-D thresholds to a two-way ANOVA with two levels

of condition and four levels of number of bands confirmed a

main effect of condition (F1,4¼ 27.1, p< 0.01), a main effect

of number of bands (F3,12¼ 20.1, p< 0.001), and a signifi-

cant interaction (F3,12¼ 6.57, p< 0.01). The interaction was

due to the relatively steep increase in SRT for the Async-R

FIG. 3. Mean SRTs for the closed-set (left

panel) and open-set (middle panel) protocols

in experiment 2 are plotted for modulated

noise conditions relative to the unmodulated

condition. Supplementary data for an open-

set protocol with target presented at 55 dB

SPL are plotted in the right panel. Plotting

style follows from Fig. 2. Error bars indicate

standard error of the mean (n¼ 5).
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conditions as band number increased beyond four, compared

to the relatively flatter function of thresholds for the Async-

D conditions. Just as the data from experiment 1 suggested,

there was a clear increase in masking release for dichotic

asynchronous AM conditions (Async-D) compared to the

corresponding monotic conditions (Async-R), with a mean

difference of 5.5 to 13.3 dB.

As in experiment 1, the present Async-D data showed a

clear benefit for dichotic asynchronous masker presentation

over the dichotic controls (see Fig. 3). Submitting the Async-

D and better control thresholds to a two-way ANOVA with

two levels of condition and four levels of number of bands

confirmed a main effect of condition (F1,4¼ 73.4, p¼ 0.001),

a main effect of number of bands (F3,12¼ 9.83, p¼ 0.001),

and no significant interaction (F3,12¼ 0.37, p¼ 0.77). Aver-

aged over the band number conditions, SRTs for the Async-D
condition were 6.6 dB better than for the better dichotic con-

trol. By providing the listener with more speech information

in the Async-D conditions, performance was better than

when only the odd or even speech bands were present. This

provides evidence for integration across ears and frequency

bands. For the 8-band conditions, thresholds were 4.5 and

5.1 dB better in the monotic than the dichotic control condi-

tions (odd and even, respectively). These results indicate that

including contralateral masker bands with out-of-phase mod-

ulation hurts performance, as in experiment 1.

Whereas results from the Async-D conditions likely

reflect asynchronous glimpsing, performance in the Async-R

conditions was comparable to or worse than that in the better

Async-D control condition. Better performance in the control

conditions likely reflects the benefits of eliminating spread of

masking. Recall that the dichotic control conditions presented

either the odd- or even-numbered speech and AM noise

bands to one ear, and the remaining masker bands to the other

ear. This dichotic masker presentation would improve the pe-

ripheral representation of speech bands during masker min-

ima. For the closed-set tasks, this information was sufficient

to support performance that was comparable to or better than

that in the Async-R conditions, when all speech bands were

present.

2. Open-set speech reception thresholds

Overall, thresholds were poorer in the open-set than the

closed-set conditions. The mean SRT in the reference

(Unmod) condition was 5.7 dB SNR, consistent with the rel-

ative difficulty of the task. Results in the two Sync condi-

tions were not significantly different (t4¼ 0.06, p¼ 0.95),

TABLE II. Mean SRTs (in dB SNR) from experiment 2 are reported for each stimulus condition. The standard error of the mean (n¼ 5) is shown in parenthe-

ses below the associated mean. For the dichotic control conditions, the condition associated with better performance is indicated by an asterisk for each num-

ber of bands. Recall that control conditions included only half of the speech bands of the associated Async condition; for example, the 8-band control included

only four bands of speech.

Number of bands

Conditions Unfiltered 2 4 8 16

Closed-set Unmod �9.2 (0.2)

Sync-R �32.2 (1.6)

Sync-D �31.7 (1.8)

Async-R �27.0 (1.9) �22.2 (1.5) �17.2 (1.4) �14.4 (1.1)

Async-D �32.5 (1.7) �28.1 (2.5) �28.6 (2.0) �27.7 (2.8)

Async-D-ODD �24.7* (3.3) �21.2 (2.7) �22.3* (2.4) �21.5* (3.2)

Async-D-EVEN �20.8 (2.8) �22.0* (2.2) �20.5 (4.0) �20.4 (1.6)

Async-L-ODD �26.9 (3.4)

Async-R-EVEN �25.6 (2.5)

Open-set Unmod 5.7 (1.3)

Sync-R �3.6 (3.0)

Sync-D �3.7 (2.7)

Async-R �1.9 (1.2) 0.7 (1.5) 2.4 (1.1) 1.5 (1.7)

Async-D �3.3 (2.2) �0.3 (1.5) 1.0 (1.4) �0.2 (1.7)

Async-D-ODD 24.4 (0.3) 17.2 (1.6) 11.2 (2.9) 10.8 (2.4)

Async-D-EVEN 13.1* (1.6) 11.7* (2.1) 10.3* (2.4) 10.3* (2.4)

Async-L-ODD 9.0 (2.7)

Async-R-EVEN 10.4 (3.5)

Supplemental data Unmod 6.8 (0.9)

Sync-R �7.6 (1.8)

Sync-D �5.6 (1.6)

Async-R 1.3 (2.4) �1.3 (0.7) 2.1 (1.82) 1.7 (0.9)

Async-D �5.3 (2.2) �2.7 (1.6) �2.3 (0.7) �3.2 (1.4)

Async-D-ODD 32.8 (1.2) 10.0 (1.2) 8.5 (1.8) 6.4* (1.6)

Async-D-EVEN 6.4* (1.9) 7.3* (1.5) 6.9* (1.3) 7.9 (1.0)

Async-L-ODD 7.5 (2.2)

Async-R-EVEN 3.5 (1.6)

1160 J. Acoust. Soc. Am., Vol. 132, No. 2, August 2012 Ozmeral et al.: Asynchronous glimpsing of speech

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  131.247.13.61 On: Fri, 20 Jun 2014 17:27:21



with an average of 9.4 dB masking release (Fig. 3, middle

panel). Table II also shows the mean SRTs (in dB SNR).

More masking release with synchronous masker modulation

for a closed-set task than an open-set task has precedent in

the literature (Buss et al., 2009) and may be related to the

finding of greater masking release for conditions associated

with better performance in the baseline condition (Bernstein

and Brungart, 2011). In light of the reduced masking release

in the synchronous AM conditions, it is not surprising that

masking release in the Async conditions was also markedly

reduced when compared to the closed-set protocol. For the

Async-R conditions, masking release ranged from 7.6 to

3.3 dB across the different band number conditions. In com-

parison, for the Async-D conditions, masking release ranged

from 9.0 to 4.7 dB. A two-way ANOVA with two levels of

condition and four levels of number of bands yielded a main

effect of number of bands (F3,12¼ 4.84, p< 0.05), no main

effect of condition (F1,4¼ 1.20, p¼ 0.33), and no interaction

(F3,12¼ 0.03, p¼ 0.99).

Inspection of Fig. 3 shows a benefit for dichotic asyn-

chronous masker presentation over the dichotic controls.

Submitting the Async-D and better dichotic control thresh-

olds to a two-way ANOVA with two levels of condition and

four levels of number of bands confirmed a main effect of

condition (F1,4¼ 203.2, p< 0.001), no effect of number of

bands (F3,12¼ 0.22, p¼ 0.88), and a significant interaction

(F3,12¼ 4.28, p< 0.05). That interaction was due to a greater

difference between Async-D and control conditions for the

lower band numbers than the higher band numbers. Mean

SRTs in the Async-D conditions were on average 12.1 dB

less than the better dichotic controls. By providing the lis-

tener with more speech information in the Async-D condi-

tions, performance was better than when only the odd or

even speech bands were present. This was evidence for inte-

gration across ears and frequency bands. Thresholds were

similar in the monotic and dichotic 8-band control condi-

tions, which differed by 2.2 dB or less. These results are con-

sistent with the notion that a relatively difficult speech task

such as open-set word recognition requires a great deal of

speech detail and redundancy (Buss et al., 2009), which

these control conditions lacked.

In contrast to the closed-set data, the open-set task per-

formance in the Async-R conditions was consistently supe-

rior to that in the dichotic controls. This is likely due to the

fact that whereas just the even or just the odd bands sup-

ported relatively good performance in the closed-set task,

this was not the case in the open-set task. These results indi-

cate that asynchronous glimpsing occurred for the Async-R

despite the presence of spread of masking.

3. Asynchronous glimpsing

Whereas masking release is defined relative to the

Unmod baseline, asynchronous glimpsing is the ability to

combine information across frequency regions containing

asynchronously modulated masker bands. The magnitude of

asynchronous glimpsing was calculated as the difference

between thresholds in the Async-D and the better of the two

dichotic control conditions (Async-D-EVEN and Async-D-

ODD). Mean values of asynchronous glimpsing are plotted

as a function of the number of bands in Fig. 4, with symbol

style reflecting response conditions as defined in the legend.

In open-set data, glimpsing ranged from 16.4 to 9.4 dB

depending on the number of bands (open symbol). Contrast

those numbers to the case for the closed-set protocol, in

which glimpsing ranged from only 7.8 to 6.1 dB (filled sym-

bol). A repeated-measures ANOVA was performed to evalu-

ate the effect of response protocol on the magnitude of

asynchronous glimpsing. There were four within-subjects

levels of band and a between-subject factor of protocol.

Results confirmed a main effect of protocol (F1,8¼ 23.0,

p¼ 0.001), a main effect of the number of bands

(F3,24¼ 3.69, p< 0.05), but no interaction between number

of bands and protocol (F3,24¼ 1.39, p¼ 0.27). This reflects

the fact that there is greater evidence of integration across

time and frequency in the open set than the closed set proto-

col, but glimpsing was reduced similarly between protocols

as the number of bands increased. Therefore, while perform-

ance in the modulated masker condition was worse overall in

the open-set protocol, the magnitude of asynchronous glimps-

ing was significantly greater than in the closed-set protocol.

This task effect is consistent with the hypothesis that asyn-

chronous glimpsing is likely to be more pronounced when

detailed speech cues are needed, as in the open-set task.

4. Supplemental data on possible level effects

While this experiment demonstrated a significant differ-

ence between monotic and dichotic asynchronous AM condi-

tions in the closed-set task, no significant difference was

observed in the open-set task. The explanation for this may

be based in the nature of masking spread at high presentation

levels, such that spread of masking increases particularly on

the high side of the masker (Wegel and Lane, 1924; Moore

et al., 1998). In this study, presentation for the target speech

was chosen so that the masker was loud but comfortable in

the easiest condition. Since the Sync conditions were

FIG. 4. Asynchronous glimpsing in experiment 2, calculated as the differ-

ence in SRT between the dichotic asynchronous condition and the better of

two dichotic control conditions (Async-D-EVEN and Async-D-ODD). Sym-

bols indicate the test protocol, as defined in the legend.
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associated with the best performance (i.e., highest masker

level), these conditions essentially dictated the target level,

45 dB SPL. Once this level was chosen in experiment 1, it

was kept constant for experiment 2 in order to facilitate com-

parison of datasets. As a result, in the open-set protocol of

experiment 2, which was more difficult than the other proto-

cols, it is likely that masker levels did not reach high enough

intensities to produce large effects of spread of masking. If

the Async-R condition was not substantially affected by

spread of masking, it is logical that separation of the stimu-

lus bands between the ears (Async-D) would not have the

beneficial outcome that it had in other conditions.

This interpretation was evaluated by collecting addi-

tional data in the open-set task of experiment 2, but with the

target level increased from 45 to 55 dB SPL. Mean SRTs rel-

ative to baseline from five naı̈ve subjects are plotted in Fig. 3

(right panel) and reported in Table II (in dB SNR). Increasing

the target level by 10 dB increased the baseline threshold to

48.2 dB SPL, or 6.8 dB SNR. As shown in the figure, masking

release was greater for dichotic than monotic conditions, con-

sistent with an interpretation that an increase in overall level

can result in greater spread of masking and, therefore, a

dichotic listening advantage. A two-way ANOVA confirmed

a main effect of condition between Async-R and Async-D
(F1,4¼ 27.1, p< 0.01), but no main effect of the number of

bands (F3,12¼ 0.87, p¼ 0.48), and no interaction between

condition and number of bands (F3,12¼ 0.82, p¼ 0.51). Com-

pared to the asynchronous dichotic condition (Async-D),

thresholds were on average 4.3 dB poorer in the Async-R

condition. The 8-band Async-D threshold is on average

7.8 dB better than the monotic control conditions. Asynchro-

nous glimpsing calculated for these supplemental data is

shown in Fig. 4. While there tends to be reduced asynchro-

nous glimpsing in the supplemental compared to the primary

open-set data, glimpsing tended to be greater in the supple-

mental open-set data than in the closed-set data. This shows

that while the open-set task relies more heavily on asynchro-

nous glimpsing than the closed-set task, this task effect is

reduced at higher presentation levels, in which speech cues

may be more salient in the dichotic controls.

While the supplemental open-set data are interpreted as

reflecting greater spread of masking, it is possible that

increased audibility of low-level speech cues could have

played a role in these results. Audibility of speech does not

ensure that all speech cues are audible, and it is possible

that some low-level speech cues were audible at 55 dB SPL

but not 45 dB SPL. This possibility is supported by the find-

ing that audibility of cues that are 28 dB below the peak rms

level can affect performance (Studebaker et al., 1999).

While these low-level cues may not be critical for speech

presented in quiet or in steady noise, they may become

critical to recognition in modulated noise, where the cues

available are temporally sparse. If audibility were an impor-

tant factor in the performance associated with these stimuli,

masking release in the synchronous conditions would be

greater at the higher than the lower presentation level. This

was the case: Averaging across Sync-R and Sync-D condi-

tions, masking release was 9.4 and 13.4 dB for the 45 and

55 dB SPL speech levels, respectively. While low-level cues

may have played a role in the better Sync performance, it is

unclear how the increased audibility of low-level cues could

have reduced the difference between the Async-R and

Async-D conditions. It is a logical possibility that audibility

could impact asynchronous glimpsing. However, it is more

parsimonious to argue that low- and high-level speech cues

are integrated across time and frequency in a similar way,

and that spread of masking is the critical difference between

the primary and supplemental open-set data.

IV. GENERAL DISCUSSION

The present study tested the idea that asynchronous

glimpsing of speech could be aided by dichotic presentation,

in which neighboring frequency bands are separated between

the ears. It is important to understand how listeners integrate

partial speech information across time and frequency since

real-world acoustic environments are not always spectro-

temporally uniform. Experiment 1 extended the work of

Howard-Jones and Rosen (1993) by presenting asynchro-

nously masked speech dichotically, whereas the previous work

had only presented stimuli diotically. By presenting stimuli

dichotically, with even and odd frequency bands separated to

opposite ears, peripheral spread of masking was avoided. The

results show that asynchronous glimpsing of speech is achiev-

able for 2–16 bands, and poorer performance in dichotic con-

trols than dichotic asynchronous conditions provided evidence

against the possibility that listeners were relying on informa-

tion in just the even or just the odd numbered bands.

While the dichotic presentation of the asynchronous

AM masker improved asynchronous glimpsing, the data of

experiment 1 show a significant decline in performance as

band number increased regardless of whether stimuli were

presented monotically or dichotically. This result is similar

to the pattern of results seen by Howard-Jones and Rosen.

Assuming that the effects of masking spread have been elim-

inated in the Async-D condition, it is unclear why perform-

ance would decline at higher band numbers. This is

especially interesting given the results of Buss et al. (2004),

showing that performances remained relatively consistent

across all band numbers when the speech was modulated

out-of-phase. Further, the difference between Async-D and

Async-R thresholds should increase with increasing number

of bands, to the extent that spread of masking has a larger

effect on the Async-R performance with larger numbers of

bands. This trend was significant only for the closed-set data

of experiment 2. One possibility is that listeners had greater

difficulty in the asynchronous condition because masker

minima in the even bands coincided with masker maxima in

the odd bands, and vice versa. The masker peaks may have

reduced perceptual weights associated with speech informa-

tion in the coincident masker dips, thereby limiting benefit

related to asynchronous glimpsing (Buus, 1985). Such

reduced weights would limit the ability to benefit from

reduced spread of masking. To be fully consistent with the

data, however, such an effect would have to depend on the

speech material (VCVs and CNC words) and/or the listener’s

task; it is unclear why that might be the case. One reason

there may be differences in effects with different speech
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material lies in the relative temporal width of important

speech cues between VCVs and CNC words. Specifically,

the VCVs require a much shorter temporal glimpse for con-

sonant recognition, whereas the CNC words rely more heav-

ily on the longer vowel information. This difference in

required temporal glimpse for accurate speech recognition

may interact with the type of presentation (monotic or

dichotic), but further experiments would be necessary to

understand why.

Experiment 2 was designed to assess the nature of asyn-

chronous AM masking as a function of speech identification

task. Previous research has indicated that the amount of

unmasking is influenced by the complexity of speech informa-

tion required to perform a speech recognition task. Particularly,

Buss et al. (2009) recently observed that manipulating the set-

size of speech identification tasks can greatly alter the amount

of the target signal information required to perform well. In a

speech recognition task using CNC words, Buss et al. found

masking release for synchronous AM maskers in a closed-set

task was roughly 7 dB greater than in an open-set task. This is

broadly consistent with our results in experiment 2, which

showed unmasking to be 13.4 dB greater in the closed-set task

than the open-set task for synchronous AM maskers when the

target speech is played at 45 dB SPL. For asynchronous AM

masking of a 45-dB-SPL signal, our experiment showed that a

difference between monotic and dichotic listening was present

only in the closed-set protocol. The interpretation of this differ-

ence is confounded by the fact that masker level was lower at

threshold in the open-set protocol due to greater difficulty of

the task. Supplementary data, in which the target level was

increased by 10 dB, did show a benefit for dichotic listening.

This is consistent with the idea that spread of masking hinders

monotic asynchronous glimpsing at relative high stimulus level,

where spread of masking is largest.

The results of experiment 2 and the supplementary data

provide insight into the effect of speech task set size on asyn-

chronous glimpsing. While overall unmasking declined in the

open-set task, there was greater evidence of asynchronous

glimpsing in the open-set than the closed-set task (Fig. 4). An

increase in asynchronous glimpsing was hypothesized for the

open-set protocol due to greater requirements on the amount of

speech information necessary to perform the task. Since asyn-

chronous glimpsing was calculated as the difference between

thresholds in the dichotic asynchronous AM conditions and

those of the better dichotic control, insufficient cues in either

the even or odd bands alone would have impacted the dichotic

controls more severely in the open-set than the closed-set task.

In fact, the results showed that the smallest estimate of asyn-

chronous glimpsing (in dB) in the open-set task was greater

than the largest estimate of glimpsing in the closed-set task.

This outcome supported our hypothesis that the open-set condi-

tion would be associated with reduced masking release and

increased evidence of asynchronous glimpsing.

V. CONCLUSIONS AND POSSIBLE CLINICAL
RELEVANCE

The present study tested whether asynchronous glimps-

ing in Howard-Jones and Rosen’s (1993) study was limited

by the peripheral spread of masking, particularly for large

numbers of narrow bands. By presenting even bands and odd

bands of speech and asynchronous AM maskers to opposite

ears, we have shown that significantly greater release from

masking is possible with dichotic presentation. A benefit of

asynchronous masker modulation is obtained even when

maskers are filtered into as many as 16 bands. However, it

should be noted that performance declined as the number of

bands increased for both monotic and dichotic asynchronous

conditions in experiment 1. The present data do not allow an

unambiguous account of this effect, but it is possible that it

may be related to some detrimental effect of miscuing. Addi-

tionally, while no benefit of dichotic over monotic presenta-

tion of asynchronous stimuli was observed in the primary

open-set task of experiment 2, it is likely that the low masker

level at threshold played a role in this result, as supported by

the supplementary data.

This study provides new evidence that normal-hearing lis-

teners are able to integrate speech information asynchronously

across time and frequency. The current maskers are predict-

able in their spectro-temporal structure, and therefore do not

reflect the randomness of many natural masking environ-

ments. Nevertheless, this study has possible implications for

hearing aid design for those with hearing impairment. For

example, bilateral auditory prostheses could implement proc-

essing strategies to ameliorate the disruptive effects of mask-

ing spread between neighboring frequency regions by splitting

even and odd numbered bands to opposite ears (Franklin,

1981; Lunner et al., 1993). Since effects of masking spread

might be even more pronounced in hearing-impaired listeners

due to reduced frequency selectivity (Florentine et al., 1980),

further study would be required to evaluate the effect of band

number on asynchronous glimpsing of dichotic information in

hearing-impaired listeners.
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