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Abgtract
Erol J. Ozmeral: The Role of Upward Spread of Masking in the Ability to Benefit from
Asynchronous Glimpsing of Masked Speech

(Under the direction of Joseph W. Hall 11 and Emily Buss)

Previous studies have used asynchronous amplitude modulated (AM) maskersto
investigate the ability of listenersto glimpse across frequency bandsin a speech recognition
task and achieve are ease from masking when compared to unmodulated maskers (Howard-
Jones and Rosen, 1993). In general, unmasking has been achieved only when frequency
bands were spectrally wide. We hypothes ze that previous work failed to show glimpsing for
narrower bands due to the effects of upward spread of masking (USM) at the periphery. The
current study contrasted previous masking conditions with a new method aimed at
eliminating the del eterious effects of USM. Specifically, we presented the even and odd
numbered bands of the asynchronous AM masker and target speech to opposite ears (dichotic
gimulation). In experiment 1, results showed between 5 and 8 dB more masking releasein
the dichotic than the diotic asynchronous AM condition. Experiment 2 tested the effect of
stimulus set-size on the ability to integrate across frequency bands. Results were comparable
to experiment 1 for a closed-set task, but no benefit to dichotic asynchronous AM masking
was observed in an open-set task. By listening to bandsin the asynchronous AM masker
dichotically, subjects were able to achieve greater unmasking with narrow frequency bands

than previously had been shown. [Work supported by NIH R01 DC000418]
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Chapter |

Introduction

Masking of speech signals

In everyday listening environments, following a conversation amidst numerous
competing sounds can be complicated by target inaudibility and/or the confus ons made by
smilar sounding sources. Traditionally, researchers have studied two forms of competition,
or masking, of target speech signals. “ Energetic masking” occurs when a masker overlaps
with atarget signal in both time and frequency, thereby causing the target to be inaudible.
When ateacher must raise his or her voice above the sound of a classroom fan in order to be
heard, thisis an example of compensating for energetic masking. The second form of
masking involves higher-level cognitive processing, which can occur if the masker is
perceptually smilar to thetarget or if the masker is presented contralateral to the target.
Central masking, for example, can betheresult of contralateral interference possibly related
but not limited to confusions with the masking sound (Martin and Digiovanni, 1979). The
classcal example of informational masking isthe confusons associated with understanding

speech in the company of multiple other talkers (Cherry, 1953; Bronkhorst, 2000).

Synchronous amplitude modulated masking
In natural settings, such asanoisy city street or crowded bar, there isa combination of
interfering soundsthat fluctuate in time and frequency depending on their sources. Because

most natural masking noisestend to vary in their spectro-temporal structure, listeners are



sometimes able to take advantage of the redundancy in speech acrosstime and frequency by
attending to regionsin the signal which have the best signal to noiseratio (SNR; Miller and
Licklider, 1950; Dirksand Bower, 1970; Howard-Jones and Rosen, 1993). Since seady-date
noise is not the normin natural settings, amplitude modulated (AM) maskers are often

argued to reflect real-world scenarios. Often, these natural stimuli are comodulated (i.e.,
synchronous phase) across all frequencies (Nelken et al., 1999). It isduring the“ off” phase
of AM maskersthat target speech hasthe best SNR. Taking advantage of the high SNR at the
masker minima, also known as glimpsing (Li and Loizou, 2007; Gnandaet al., 2008) or dip-
listening (Peterset al., 1998), typically leads to improved identification, commonly measured

by the speech reception threshold (SRT).

In one of the earliest sudies on the effects of masker modulation on speech intdligibility,
Miller and Licklider (1950) observed that speech inteligibility in the presence of a
fluctuating masker was highly dependent on therate of fluctuation. As the rate of modulation
decreases below 200 Hz, inteligibility increases until around 10 Hz; however, as
modulations arelowered below 10 Hz, entire words tend to be masked, and subsequently,
performance declines. Thisfinding has been shown to also depend on the type of speech
material as well as the type of response measure employed (Buss et al., 2009). In addition to
sudiesthat have found modulation rate to be an important parameter (Miller and Licklider,
1950; Busset al., 2009), the amount of masking rel ease incurred by introducing masker AM
can vary depending on the modulation depth (Gnansa et al., 2008), aswell asintensty level

of the masker (Summersand Molis, 2004; George et al., 2006).



Asynchronous amplitude modulated masking

Howard-Jones and Rosen (1993) tested the hypothes s that masking rel ease associated
with masker AM depends on the epochs of improved SNR coinciding across frequency.
Their innovative design tested maskers which were separated into a given number of
frequency channels, or bands, which were then amplitude modulated on and off at arate of
10 Hz. Howard-Jones and Rosen controlled the phase of AM in neighboring bands, and that
modulation was either in phase (synchronous) or 180 degrees out of phase (asynchronous).
When the AM was out-of-phase in neighboring bands (i.e., asynchronously modulated), the
masker resembled a checkerboard when viewed by its time-frequency representation, or
spectrogram (Figure 1; Howard-Jones and Rosen, 1993). Figure 1 shows an example
spectrogram of a 4-band asynchronous AM pink noise. The researcherstested vowel -
consonant-vowel (VCV) identification in three primary masking conditions. unmodulated,
synchronous AM, and asynchronous AM pink noise with varying numbers of frequency
bands. Pink noise, whichis smilar to white noise but instead has equal power per octave, is
sometimes used in studies of speech perception because its spectral shape roughly follows
the long-term spectrum of speech. It was found that synchronous AM noise improved
thresholds by 23 dB relative to the unmodulated noise condition; that is, there wasa 23-dB
masking release. In asynchronous AM conditions, there was some masking rel ease when
noise was filtered into 2 or 4 frequency bands -- 15.5 dB and 6 dB, respectively -- but close
to zero unmasking was observed in the 8- or 16-band conditions. I nterestingly, it was shown
that thresholds in the 2-band asynchronous AM condition were significantly lower (i.e.,
better) than conditionsin which one band was modulated and the other was | eft unmodulated.

In other words, listeners were not performing well in the asynchronous modulation condition



based solely on information present in a subset of bands, but instead showed evidence of
speech integration for signals that were unmasked asynchronoudy across time and frequency.
Thisresult wasinterpreted as showing evidence for “uncomodulated glimpsing.” However,

evidence of uncomodulated glimpsing did not occur in the 8 and 16 band cases.

It remains unclear why Howard-Jones and Rosen (1993) failed to find evidence of
asynchronous glimpsing with greater than two bands. One possbility isthat thereisa
perceptual limit on the ability to integrate asynchronous speech information when speech is
digtributed across alarge number of frequency bands, but other evidence makes thisunlikey
(Busset al., 2004). In a speech identification experiment, Buss and colleagues (2004)
determined masked identification thresholds for AM speech filtered into 2, 4, 8, or 16
frequency bands. Speech reception thresholds were determined for this modulated speech
presented in a steady-gtate pink noise. Speech tokens were either synchronoudy or
asynchronously modulated. Results of this study showed only a modest benefit for
synchronous AM compared to asynchronous AM when the speech itself is modulated, and
therefore, provided evidence for spectro-temporal integration of asynchronous speech

information even when there are as many as 16 relatively narrow bands.

Thisfinding -- that integration is possible for greater than 2 or 4 bands of
asynchronously modulated speech -- prompted cons deration of alternative explanations for
Howard-Jones and Rosen’ s failure to find evidence in complimentary conditions where the
noi se was asynchronoudy modulated. One possi ble explanation for why synchronous AM
noi se had the largest masking release in Howard-Jones and Rosen’ s data isthat better
performance in the synchronous AM noise isaided by comodulated masking release (CMR;

Hall et al., 1984). In short, CMR isthe improvement in detection threshol ds seen when



comodulated off-frequency maskers are added to an on-frequency masked target. While

CMR could have played somerolein the results of Howard-Jones and Rosen, it isunlikely to
account for synchronous/asynchronous AM differences on the order of 20 dB. Studies have
shown CMR to haverdatively small contributionsto performance with suprathreshold
gtimuli, including speech (Grose and Hall, 1992; Hall et al., 1997; Kwon, 2002; Busset al .,

2003).

Another poss hility isthat better performance in the synchronous than asynchronous
AM noi se condition may be dueto the negative effect of upward spread of masking
associated with the asynchronous AM noise. Upward spread of masking (USM) isthe
phenomenon in which a masker positioned bel ow the target in frequency will cause
substantial energetic masking of that target. The amount of masking (in dB) is greatest when
the masker isat ahigh intengty (Wegd and Lane, 1924). In the case of asynchronous AM
masking, as described above, the advantage of selectively listening to unmasked frequency
regions of target speech islikely to be reduced dueto the USM from the lower frequency
regions in which the masker isinthe“on” phase of AM (Figure2). That is, when an even-
numbered frequency band isin the* off” phase of modulation, thereisa neighboring odd-
numbered band just below it which is“on” and contributing energetic masking. The sameis
true for each odd-numbered band, with the exception of the first, lowest frequency band. This
effect is expected to be more detrimental when the frequency bands are narrow since any
upward spread can mask a large proportion of the neighboring unmasked region. Hence,
each masker has greater potential to degrade performance via USM when therearelarge

numbers of bands, dueto close proximity to neighboring speech bands.



Figure 2 showsthe spectrograms of the output of a bank of auditory filters smulated
by 128 gammatone filters (Slaney, 1998) for asynchronous AM noise separated into elther 4
(Ieft) or 8 (right) bands. With fewer, broader bands, USM does not affect the frequency
regions associated with the noisein the “ off” phase nearly as much asit may when there are
more, narrow bands. It is clear from these plots that asthe number of bands increases,
excitation associated with the unmasked regions also increases. Thisisin accord with the
results of asHoward-Jones and Rosen (1993), who showed | ess benefit of asynchronous AM

masking for multiple, narrower masker bands.

Since listeners can integrate speech information distributed across a large number of
asynchronous speech bands, as Buss and coll eagues (2004) showed, Howard-Jones and
Rosen may have shown only minimal integration because USM degraded the quality of the
available speech. Importantly, Howard-Jones and Rosen presented diotic stimuli, meaning
that all stimuli were presented to both ears symmetrically. Since USM occurs when
asynchronous AM maskers are summed together at the periphery, it is expected that the
effects of USM should be greatly diminished or diminated if the even and odd numbered
bands are presented to opposite ears. Figure 3 showsthe spectrogram of just the even and just
the odd bands for an 8-band asynchronous AM masker, asthey would be represented by the
auditory periphery in adichotic presentation. So, by dividing the bands across the ears, the
peaks of modulation will no longer exert USM on the dips of modulation in the higher

neighboring band, leaving the listener a better opportunity to identify the speech.



Chapter 11

Experiment 1

Experiment 1la

Thefirst experiment adhered closdy to the work by Howard-Jones and Rosen (1993),
and included dichotic conditions, in which the even- and odd-numbered bands of stimuli
were presented to opposite ears. This method was chosen because it should reduce the effect
of USM at the periphery, which could underlie Howard-Jones and Rosen’ s failure to show
uncomodulated glimpsing for asynchronous AM maskers with greater than two bands. The
goal isto determine whether asynchronous glimps ng in the Howard-Jones and Rosen study
was limited by USM, and whether the auditory system can indeed integrate asynchronous
cues for speech identification across time and frequency with narrower spectral bands than

seen before,

Method

Observers. Six native English speaking, young adults with no history of hearing loss
or ear problems were recruited from the Chape Hill community. All participants were
screened for normal 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, 1996). No

preference was made regarding sex or race.



Materials. The speech material wasrestricted to five tokens of each of 12 intervocalic
consonants ([bdfgk mnpstvz] asin[ama]) spoken and recorded by an adult female
speaker fromthislab. Speech tokens were 523-664 ms, with a mean duration of 608 ms.
Recordings were sampled at 44.1 kHz and digitally scaled to equal-rms|level acrosstokens,
then filtered into 2, 4, 8, or 16 frequency bands. Filter bandwidth was equivalent in
logarithmic units, with bands spanning 0.1 to 10 kHz. Bands were generated using sixth
order Butterworth band-pass filters. Speech tokens were up-sampled to 48828 Hz to conform

to hardware specifications.

All masking noises were based on 0.1 to 10 kHz pink noise which, by definition,
contains equal energy per octave band. Stimuli were generated digitally with duration equal
to the longest possible speech token plus 300 ms (964 mstotal duration), sampled at 48828
Hz. Modulated maskers were either modulated synchronoudy (Sync) or asynchronoudy
(Async) across frequency, with a modulation rate of 10 Hz. To create these stimuli, first, pink
noise was filtered us ng the same procedure 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 consecutive bands (for example, see Figure 2). In
order to limit spectral energy to the specified frequency region, 10-msraised cosnes were

used to smooth these modulation transitions.

Maskers could be presented either monaurally (&), diotically (D), or dichotically (A).
Monaural stimulation presents stimuli only to a single ear. Diotic stimulation presentsthe
same bandsto each ear, while dichotic stimulation presents the odd-numbered bandsto the

left ear and the even-numbered bandsto theright ear. Inall cases, speech bands were



presented with complimentary masker bands, and in some cases, only the masker bands were

presented to an ear.

Design. An adaptive ‘up-down’ procedure was used to determine the speech reception
threshold (SRT). The adaptive computer-controlled test procedure used a custom graphical
user interface (GUI) administered through Matlab on a PC. Stimuli were presented through a
pair of insert headphones (Etymotic ER-2) in a single-wall, sound-treated booth. The leve 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 dueto
filtering. Theinitial masking level was set to 10 dB below pilot threshold level s determined
for each condition. The level of the masking noise was turned up or down, depending on
whether the previous response was correct or not. A correct response was followed by atrial
in which the masker level increased by 4 dB, and an incorrect response was followed by a
trial in which the masker was attenuated by 4 dB. The subject’ s estimated threshold was
determined by computing the mean masker level at the last 24 of 26 track reversals. The test
conditions were randomly arranged to avoid order effects. Each subject performed between
three and four tests for each condition. The fourth estimate was measured if the first three
thresholds were not al within 3 dB of each other. This occurred across all subjects for
roughly 16 of the 21 conditions. Overall testing time was roughly 4 hours, typically spread

out over three non-consecutive sessons.

Procedure. During the test, each speech token, randomly sel ected with replacement,
was presented with the masker. Subjectsresponded by clicking a button on the GUI
corresponding to the consonant heard out of a possible 12 consonants. In all, there were 21

test conditions. All thresholds were analyzed relative to the unmodulated noise condition



(Unmod). Two conditions used synchronous AM, one diotic and one dichotic (Sync-D and 8-
Sync-A, respectively). For each asynchronous diotic and dichotic condition (Async-D and
Async-A, respectively), stimuli were processed into 2, 4, 8, or 16 bands for a total of 8
additional test conditions. The key distinction between diotic and dichotic configurationsis
that the former hasall stimulus bands presented to both ears, whereasthe latter has just the

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

Additionally, there were Async-A control conditionsin which only the even or odd
numbered speech bands were presented in the dichotic noise (Async-A-EVEN and Async-A-
ODD, respectively) for atotal of 8 dichotic controls. And finally, there were two controls for
the Async-D condition filtered with 8 frequency bands and presented in a single ear (8-ODD-

@ and 8-EVEN-O). For reference, see Table 1.

Resaults and Discusson

Figure 4 showsthe mean SRTsfor each masker condition, expressed relative to the
SRT for unmodulated pink noise. The SRTsfor all conditions and bands are significantly
different from the reference (Unmod) SRT (paired t-tests; p< .05) except for the 2- and 4-
band Async-A-ODD conditions. Release from masking is greatest for the two Sync
conditions (average of 23.8 dB), intermediate for the Async-A conditions (ranging from 22.2
to 14.4 dB as band number increases), and least for the Async-D conditions (ranging from
17.1t0 5.9 dB as band number increases). The difference in masking release between the two
asynchronous conditionsis between 5 and 8.5 dB, with greater masking release for the
dichotic conditions. It isimportant to also note that the roughly 23-dB release from masking
observed in the Sync conditionsis the same as that found by Howard-Jones and Rosen

(1993). While we did find release for the Async-D condition at all bands, finding less

10



masking as the number of bands increases was also similar to the trends reported by Howard-
Jones and Rosen. A linear contrast in aone-way ANOV A with 4 level s of band confirmed

thistrend (F[1,5]=201.9, p < .001).

Control measures taken in the study are useful in assessing the poss bility that a
listener was smply attending to a subset of bands— either the even or the odd bands -- for the
Async conditions, thereby not actually integrating across time and frequency. The 8-band,
monaural controls (8-ODD-@ and 8-EVEN-@) presented half of the stimuli to a single ear,
whereas the dichotic controls (Async-A-ODD and Async-A-EVEN) only removed half of the
speech bands and kept the alternate noise bandsin the opposite ear intact. The data show that
the monaural controlstend to have greater rel ease from masking than their respective
dichotic controls, for example, at 8 bands, rel ease from masking in the 8-EVEN-@ condition
is5.8 dB greater than the condition in which the contralateral noiseis added (8-Async-A-
EVEN). Thismay be related to the presence of noise in the opposite ear creating cross-ear

interference, a poss bility that will be addressed later on in the discussion.

In addition to the difference between the monaural and dichotic controls, it is
important to point out the effect of adding additional speech information to the dichotic
controls, asin the Async-A conditions. While adding only noiseto the opposite ear createsa
deficit in masking release compared to a monaural control, the inclusion of opposite-ear
speech information increasesrelease by 4.1 - 12.7 dB depending on the number of bands. In
other words, thereis more masking release in the Async-A conditionsthan in the dichotic
controls for all numbers of bands. This difference was confirmed with arepeated measure
ANOVA, including threeleve's of dichotic condition (Async-A, Async-A-EVEN, and

Async-A-ODD) and four levels of band number (2, 4, 8, and 16). Theanalysisindicates

11



significant main effects of condition (F[2, 10]= 49.97; p < .001), band number (F[3, 15]=
27.66; p < .001), and a significant interaction (F[6, 30] = 11.04; p <.001). Combining the
two dichotic controls to reflect only the better-case scenario (i.e., the maximum single-band
reease) gill yieldsa significant main effect of condition (F[1, 5]= 50.03; p =.001) and band
number (F[3,15]= 39.90; p < .001), but no interaction. Unlike Howard-Jones and Rosen’s
sudy, these results at greater than two bands suggest that brief epochs of improved SNR do
not need to be synchronous across frequency in order to contribute to speech reception, and

thiswill be examined further in the general discussion.

Information Transmission. One method of analyzing the difference between
conditionsisto cal culate the amount of information transmitted to the listener on the basis of
linguistic features of the stimuli (Miller and Nicely, 1955). Miller and Nicely identified five
features that differentiate consonantsin the English language. The features are based on
articulation of the consonants and include: voicing, nasality, affrication, duration, and place
of articulation. Based on information transfer analysis and treating each feature as a channel
for information, Miller and Nicdy break down a simple confusion matrix into smaller
matrices based on each of the five separate channels. Thiskind of feature analysis can
provide us with an understanding of which speech features transmit the most information
towards accurate speech recognition, and al so allow us to contrast speech information across
conditions. For example, it isof interest to know whether information transmission differs

between the presence of asynchronous dichotic and asynchronous diotic maskers.

A feature analysis was performed on the data of the current study to learn more about
possible interactions between information content of the stimuli and the masker modulation

manipulations. We were most interested in seeing whether there were effects beyond the

12



hypothesized elimination of USM and whether there were inherent transmission differences
for speech masked by synchronous and asynchronous AM maskers. Percent transmission (in
bits per stimulus) was cal culated by dividing the number of transmitted bits by the total
number of bits possibleif no mistakes were made. Data were based on the individual error
analyses of each listener (i.e., confusion matrices for each condition). Thisanalysiswasfirst
performed on each condition to determineif information transmission was indeed dependent
on the type of masker modulation presented to the listener. Table 2 shows the percent
transmission results for each of the five features for each condition. High percentage
indicates more efficient transmisson of information for that feature. In general, percent
transmission is highest for Nasal features and lowest for Affrication and Place features. Since
the asynchronous diotic/dichotic manipulation is of particular interest, results from Table 2
are graphically shown in Figure 5 asa function of band number. As can be seen in Figure5,
the nasality feature transmits information more efficiently than any other feature for these
conditions, meaning listeners do not make many errorsin categorizing a stimulus as nasal

(/m/ or /In/) compared to non-nasal (all other consonants).

Perhaps most importantly, the results of error analyss can show us the contribution to
performance from each consonant. In other words, we can determine the trial-by-trial
accuracy during a condition based on each individual trial and collapse across like
consonants. Figure 6 shows the proportion of correct responses for each target consonant (i.e.,
the diagonal of a confusion matrix; e.g., see Table 3-5) plotted for each of the 8-bands Sync
and Async conditions. A 3-factor repeated measures ANOV A with 2 levels of simulation
(diotic or dichotic), 2 levels of condition (Sync or Async), and 12 levels of consonant (all

VCVs) showed no significant main effects of stimulation or condition, but a significant main

13



effect of consonant (F[11,55]=14.9, p < .001). Thistellsusthat while each individual
consonant contributed to performance unequally, this effect of consonant did not differ
across stimulation and modulation conditions. If sphericity isnot assumed, two-way
interactions and the three-way interaction between factors failed to reach significance (o >
0.05). From Figure 6, it is clear that not all consonants are the same in difficulty. For example,
the nasal consonant /n/ was the consonant associated with the best identification.
Furthermore, because there were no interactions between factors, varied difficulty among

consonants did not affect individual conditions differently.

Upward spread of masking. Theresults of this sudy support the idea that the diotic
asynchronous glimpsing observed by Howard-Jones and Rosen (1993) was limited by effects
related to energetic masking at the auditory periphery. Masker bands in the “ on” -phase likely
introduced energetic masking into the neighboring spectral regions that were associated with
the “ off” —phase of modulation. Thiswould be especially true for neighboring bands above
the maskersin frequency (i.e., USM; Wegel and Lane, 1924). By presenting the alternating
bandsto opposite ears, the current sudy diminated the effect of USM, and the result was
between 5 and 8 dB of additional release from masking in the Async-A condition. Sincethis
unmasking was greater than that associated with the control conditions, it is argued that
listeners were integrating speech information across frequency and across ears, taking
advantage of regions of high SNR distributed across frequency. This congtitutes

uncomodulated glimpsing.

Central masking. Another important point to consider is the effect that central
masking may have had in the Async-A conditionsand their controls. It is puzzling why

masking release for the 8-Async-A and 16-Async-A conditions was smaller than for the

14



Sync-A conditions. Asynchronous masking e evated thresholds by 7.3 and 8.3 dB for the 8-
Async-A and 16-Async-A conditions, respectively. The answer may liein aform of central
masking that may affect asynchronous AM masking independently of presentation type (e.g.
dichotic or diotic). That is, contralateral maskers do not contribute to energetic masking, but
they might introduce masking at a central level inthe brain. This effect could berelated to
findingsin theliterature described as central masking (Martin et al., 1965; Martin and

Digiovanni, 1979) or informational masking (Zwidocki, 1971; Smith et al., 2000).

In a study by Brungart and Simpson (2002) listeners were found to have greater
difficulty identifying monaural 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-
gate noise, indicating that the contralateral competition requiresa signal qualitatively smilar
to the target to cause a disruption in speech segregation. While the present study did not use
competing speech as maskers, the maskers were spectro-temporally more complex than
seady-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 monaural controlsthanin
dichotic controls; therefore, it is possible that the addition of the contralateral, opposite-phase
masker in the dichotic controls greatly reduced unmasking due to central effects. This can be
seen in Figure 4, which showsthe 8-band odd- and even-band monaural controls are

associated with 2.9 and 5.8 dB more unmasking than the dichotic controls, respectively.

Furthermore, a masking effect attributabl e to across-ear interference may also have
occurred due to miscuing. Such an effect may trigger the attention of the listener through a

weighting processin which regions of masker minima may be given high weights due to
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optimal SNR. Conversely, when maskersare at their highest leve, i.e. low SNR, these
weights may be reduced. In the current study, masker minima co-occur with masker maxima
at other frequencies, which may lead to miscues for the listener’ sattention. Since this effect
is not necessarily dependent on the presentation type (e.g. diotic or dichotic), it follows that
performance in the diotic asynchronous AM conditionsin the present study and in Howard-

Jones and Rosen’ s study may al so be detrimental ly affect by miscuing.

Experiment 1b

Data in experiment 1a supported the conclusion that there was indeed an added
advantage to dichotically presenting the asynchronous speech and maskers, such that masker
bands presented to each ear were synchronously modulated, but that modulation was out of
phase across ears. The data al so supported the hypothesisthat reducing the effect of USM
alows listeners to take advantage of information present during epochs of advantageous
SNR. However, an unforeseen percept was noted for the Async-A conditions; specifically, it
was possible to perceive the masker as spatially separated from the target speech. Not all
subjects reported perceived spatial separation, but when the percept was noticed, the target
was heard as coming from a central |ocation while the masker was perceived astwo
independent streams, one located at each ear. Without further experimentation, the role of
perceived spatial separation in the rel ease from masking in the dichotic conditions could not

be fully evaluated.

Perceived spatial separation. While it has been generally shown that masked speech
recognition can be aided by spatially separating the target speech sound from competing
sources (Hirsh, 1950; Dirks and Wilson, 1969; Saberi et al., 1991; Freyman et al., 1999), the

amount of spatial release from masking (SRM) tendsto be lessthan 10 dB (Freyman et al.,
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1999; Arbogast et al., 2002). In general, greater improvements from spatially separating a
target and noise are obtained when there is a breakdown in segregation or attention dueto the
smilarity between the signal and masker (Brungart et al., 2005; Edmonds and Culling,
2006). Conversdy, the pink noise maskersused in experiment 1la are perceptually distinct
from the target speech signals. Therefore, speech recognition in the present task islesslikely
to be affected by difficultiesin sound source segregation. Furthermore, since the data show
greater than 14 dB release from masking in the Async-A conditions, it isunlikely that such
unmasking is solely due to the perceived spatial separation. In order to evaluate the possible
role of SRM, however, a series of unmasking tests was conducted. The amount of unmasking

associated with SRM was assessed in the absence of manipulations designed to reduce USM.

Masking-level difference. Locating the source of a sound is generally understood to
involve two binaural cues: theinteraural time difference (ITD), which isthe differencein
time of arrival of a sound at the two ears, and the interaural leve difference (ILD), whichis
the signal level disparity between the ears (in dB). When a masker (N) and signal (S) have
the same binaural characteristics, detection and identification can have thresholds noticeably
higher than when N and S have different in binaural characteristics. Thisimprovement in
sgnal detection arising from binaural difference cues has been termed the masking-level
difference (MLD; Hirsh, 1948; Moore, 2003). Inthe MLD paradigm, researchers determine
the threshold for a masked signal in which both N and S have identical binaural
characteristics, resulting in similar binaural percepts, and compare those thresholds to the
caseinwhich N and S have different binaural characteristics, resulting in different spatial
percepts. MLDs can vary depending on the type of signal (e.g., speech) or masker (e.g., pink

noise) and their respective spectral and temporal characterigtics (e.g. modulation depth,
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bandwidth, intengty; see Moore, 2003). The current experiment determined the MLD for
masking conditions tested in experiment 1ain order to Smulate possble contributions of

SRM inthe Async-A conditions.

Method
Observers. Six observers were recruited in experiment 1b, all meeting theincluson
criteria stated above. Threelisteners had previoudy participated in experiment 1a, two were

naive listeners, and one was excluded from data analys s dueto floor effects.

Design. For direct comparison to the first experiment, experiment 1b tested each of
three modulation types (Unmod, Sync, and Async) from experiment 1a. The procedures and
simuli wereidentical to those described above with the foll owing exceptions. For each
modulation type, the reference stimuli were presented in a sngle ear (i.e., monaurally;
abbreviated NmSm), and binaural cues were introduced with contralateral masking noise.
This approach maintains the same conditions of USM in the sgnal ear, whilea so allowing
the manipulation of the binaural cues. Two conditions with binaural cuesavailable were
assessed while keeping the speech signal monaural (Sm): 1) masker presented diotically
(No), and 2) uncorrelated noise presented between the ears (Nu). Thefirst binaural condition
can have the percept of the masker centrally located while the signal isdistinctly lateralized
to one sde, and the second condition can have a percept of masker non-discrete in postion,

yet recognizably separate from the clearly lateralized signal position.

Procedure. Subjects responded by clicking a button on the GUI corresponding to the
consonant heard, sdl ecting from among the 12 alternatives. In all, there were three

modulation types (Unmod, Sync, and Async) with three spatial configurations (Nm, No, Nu),
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for atotal of 9 conditions. The Async conditions were filtered into 8 bands. Each subject
performed at |east three threshold estimates in each condition. In the event that a particular
condition yielded greater than 3 dB variability for a given subject, that condition was run one
additional time. This occurred on average for 6 of the9 conditions. Overall testing time was

roughly 2 hours spread out over two sessons.

Resaults and Discuss on

MLD was cal culated asthe difference in threshold between the reference case without
binaural cues (NmSm) and either of the two test cases with binaural cues (NoSm and NuSm).
Figure 7 showsthe mean MLDsfor each of three modulation types. The MLD for the Sync
NoSm condition isthe only MLD to reach significance (p=.014) in atwo-tailed student-t te<t,
but when multiple comparisons Bonferroni correction isused, the value is no longer
significant at the a = .05 level. The Unmod and Async NoSm conditions also neared
ggnificant MLDs (p=.086 and p=.061, respectively). Interestingly, while the NoSm MLDs
tend to be higher than the NuSm MLDsatwo-way ANOVA with 3 levels of condition
(Unmod, Sync, and Async) and 2 leve s of binaural configuration (NoSm and NuSm) yielded
no main effects of binaural configuration. There was also no main effect of condition and no

interaction between the two.

Contribution of spatial release from masking. Masking level differences for
recognition of speech stimuli in experiment 1b were found to be minimal for all modulation
conditions. Thisiscongstent with previous studiesthat have found recognition of speech
simuli to beless affected by binaural differences than speech detection in noise (Levitt and
Rabiner, 1967b; a; Wilson et al., 1982; Culling and Colburn, 2000). For example, Wilson and

colleaguestested recognition of 36 spondaic wordsin two binaural configurations, NoSo and
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NoSr (where 7 indicates 180° out-of-phase between the ears). The mean MLD for these
configurations was 7.2 dB, but ranged from 4.4 to 10.0 dB depending on the specific
spondee. Inthe current study, the largest and only satistically significant MLD was found to

be 3.4 dB in the Sync condition.

One explanation for MLD differences between the Wilson et al. (1982) study and the
present one relates to the type of target speech used in the two studies. Specifically, spondees
have been shown to have important cues at relatively low frequencies where the MLD tends
to belarge, whereas VCV s depend more upon high frequencies wherethe MLD has been
found to be small (Carhart et al., 1966). The current data along with previous work (e.g.,
Wilson et al., 1982) suggest that perceived spatial separation between speech and noise
smulated by interaural differences hasaminimal contribution to inteligibility differences
seen in the current study (compare amaximum MLD of 3.1 dB for the Async conditionin
experiment 1b to as much as 8.5-dB greater masking release in the Async-A condition

compared to the Async-D condition in experiment 1a).

Summary of Experiment 1a and 1b

Howard-Jones and Rosen (1993) showed that uncomodulated glimpsing of speechin
asynchoronous AM maskersis possble for small numbers of bands. The current study shows
that presenting odd numbered bands to one ear and even numbered bands to the other ear
improves the ability of thelistener to identify the target speech. According to our hypothes's,
thisisadirect result of the eimination of USM from neighboring bandsin the diotic
presentation. Comparison of the Async-A condition and dichotic controlsin experiment 1a
shows the degree to which information is combined across ears. Experiment 1b shows that

thisimprovement iswell beyond the improvement expected by a best-case spatial unmasking

20



scenario. However, it should be noted that as the number of bands increases, and
consequently the bandwidth of each band narrows, performance sill decreasesrelative to the
Sync conditions, which begs the question of what other congtraints are placed on the listener
when the masker is asynchronoudy modulated. By splitting the alternating bands to separate
ears, factors such as central masking effects may counter the improvements seen by the

dimination of USM.
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Chapter 111

Experiment 2

Rationale

Results from experiment 1aand 1b show evidence of asynchronousintegration
everywhere except in the 2-band case, where very good performance was obtained in the
Async-A-EVEN condition. Additionally, release from masking relative to the unmodul ated
control condition was as much as 22.2 dB in the dichotic asynchronous condition, just
dightly below the roughly 23-dB release for the two Sync conditions. Experiment 1b
confirmed that any perceived spatial separation between the masker and signal in the dichotic
conditions was insufficient to account for the large release from masking seen in experiment
la. Also, sncethere wasan additional benefit of having both sets of masked speech bandsin
the Async-A conditions over the dichotic controls -- 4.1 t0 12.7 dB greater masking rel ease,
depending on the number of frequency bands — it was determined that listeners did not utilize

just the bands presented to a sSingle ear.

Of interest to the current study was the robustness of this effect when more speech
information isrequired in order to make a correct response. The response set-size for gpeech
identification can change the benefit of masker AM due to changesin the amount of detail
needed to perform the task. In a study by Buss and colleagues (2009), masking rel ease for

words in synchronous AM noise was found to be different depending on the set-sze of the



speech recognition task. When listeners were asked to identify a target word without
congraints, masking rel ease was smaller than when they were asked to select from among
three alternatives: in one set of conditions, masking ranged from 8.7 dB (open-set) to 14.5 dB
(closed-set) for coherent 10-Hz AM modulation. The authors argued that reducing constraints
on the response alternatives increases the amount of information necessary to perform well

on thetask. It followsthat 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 uncomodulated glimpsing asa function of set-size. It was
expected that, as Buss et al.(2009) showed, Sync conditions would have |ess unmasking for
an open-set identification task than a closed-set identification task. This may consequently
limit the overall unmasking for Async conditions. However, due to the importance of speech
redundancy in an open set task, it is possible that uncomodulated glimpsing will be
associated with greater evidence of integration acrosstime and frequency dueto the
insufficient information present in each subset of bands (just odd and just even). Therefore, it
is unclear whether reduced masking release will obscure greater need for integrated
information. However, theinitial hypotheses are that the elimination of USM will produce a
general benefit for dichotic stimulation compared to diotic stimulation, and more evidence of

glimpsing may occur in the open-set task than the closed-set task.

Method

Observers. Ten observers participated in experiment 2, and all met incluson criteria
dated above. Five participants weretested in the open-set protocol and five in the closed-set
protocol. Seven of ten participants had been tested on one or both of the previous two

experiments.
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Materials. The speech material for experiment 2 was a set of 500 CNC words
(Peterson and L ehiste, 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 8-kHz second order Butterworth low-pass filter. Recordings
were digitally scaled to equal-rmslevel acrosstokens. Speech tokens were up-sampled to
48828 Hz to conform to hardware specifications. Filtering the speech into frequency bands

(2, 4, 8, and 16) was performed us ng the same methods described above for experiment 1a.

All masking stimuli wereidentical to thosein the experiment 1a with the exception
that stimuli were generated digitally, with duration equal to the longest poss ble speech token
plus 300 ms (1,292 mstotal duration), sampled at 48828 Hz. All stimuli could be presented
monaurally (@), diotically (D) or dichotically (A). Dichotic stimulation presented the odd-

numbered bands to the left ear and the even-numbered bandsto theright ear.

Design. An adaptive ‘ 2-up-1-down’ procedure was used to determinethe SRT. The
same hardware, data collection, target sound level, masker level step size, and listening
environment were used as in the first two experiments. The subject’ s estimated SRT was
computed asthe mean masker level at the last of 10 of 12 response reversals, and test

conditions were randomly arranged to avoid order effects.

For this experiment, two protocols were employed. Thefirst protocol was a 4-
alternative-forced choice identification (closed-1D) task. Listenersresponded by clicking a
button corresponding to the presented CNC word from a display of four choices. The second
procedure, a free response identification (open-1D) task, allowed the listener to respond by

repeating the target word aloud; at that point the listener was visually presented with the
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correct regponse and prompted to score his or her response as correct or incorrect using
buttons displayed on the computer screen. An experimenter monitored the experimental
sesson, including spot checks for correct self-scoring. Asin experiment 1a, there were 21
experimental conditions. 1 reference condition (Unmod), 2 synchronous AM conditions
(Sync-D and Sync-A), and 2 test conditions (Async-D and Async-A) with either 2, 4, 8, or 16
bands. Dichotic controls were tested for each Async-A condition, and there were additional
8-band monaural controls (8-ODD-@ and 8-EVEN-@). For reference, see Table 1. In the
event that a particular condition yielded greater than 3 dB variability for a given subject, that
condition was run one additional time. Thisoccurred acrossall subjects for roughly 12 of the
21 conditionsin the closed-ID task and 17 of the 21 conditionsin the open-1D task. Overall
testing time was roughly 4 hours per procedure, spread out over three separate 1-1.5 hour

Sessons.

Results and Discussion

Closed-set speech reception thresholds. Figure 8 shows the mean SRTs for each
masker condition, expressed relative to the SRT for unmodulated pink noise. Release from
masking is greatest for the Sync-D conditions (average of 22.8 dB), intermediate for Async-A
conditions (ranging from 23.2 to 18.4 dB rel ease as band number increases), and least for the
Async-D conditions (ranging from 17.7 to 5.1 dB as band number increases). Once again, as
Howard-Jones and Rosen (1993) observed, an increase in band number in the Async-D
conditionsreduced the overall performance relative to the synchronous conditions.
Submitting the Async-D and Async-A thresholds to a two-way ANOVA with 2 levels of
condition and 4 levels of bands confirms a main effect of condition (F[1,4]=27.69], p < .01),

amain effect of bands (F[3,12]=19.3, p < .001), and a significant interaction (F[3,12]=6.71, p
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<.01). Theinteraction can be seen by the increasein SRT for the Async-D conditions as
band number increases, compared to therelatively flat function of thesholds for the Async-A
conditions. Just asthe data from experiment 1a sugges, there isa clear advantagein
masking release for dichotic asynchronous AM maskers (Async-A) over the diotic
counterparts (Async-D). The mean data show between 5.5 and 13.5 dB greater masking
release inthe Async-A conditions, and the main effect of condition was confirmed by the

ANOVA.

Control measures were taken to rule out the possbility that a listener was attending to
either the even or odd bands alone. The data show a clear benefit for dichotic asynchronous
masker presentation over the dichotic controls. Specifically, SRTsfor the Async-A condition
averaged 6.9 dB lessthan Async-A-ODD and 8.4 dB lessthan Async-A-EVEN. By allowing
the listener more speech information in the Async-A conditions, performanceis better than
when only the odd or even speech bands are present. Thisis evidence for integration across

ears and frequency bands.

Open-set speech reception thresholds. Figure 9 shows the mean SRTs open-set data,
expressed relative to the SRT for unmodulated pink noise. Symbolsand line styles reflect the
associated masker condition. Masking release for both Sync conditions was dramatically
reduced for the open-set relative to the close-set protocols, with an average of 9.4 dB
masking rel ease. Consequently, it is not surprising that masking release in the Async
conditions would al so be significantly reduced when compared to the cl osed-set protocol. For
the Async-D conditions, masking release ranged from 7.6 to 4.2 dB asthe number of bands
increased. In comparison, for the Async-A conditions, masking rel ease ranged from 9.0 t0 5.9

dB. A two-way ANOVA with 2 levels of condition and 4 levels of band confirms no main
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effect of condition (F[1,5]=1.8, p=.237). Figure 10 showsthe individual SRTsrdativeto
the reference condition (Unmod) as a function of band number. Whileit was surprisng that
there was no sgnificant difference between diotic and dichotic presentations, individual
differences show that masking release varied greatly for most of the conditions. In particular,
one subject (top left) cong stently performed better in the Async-D conditions when

compared to the dichotic counterpart.

Control conditions, which presented only half of the spectral speech bands alone (8-
ODD-@ and 8-EVEN-@) or with contralateral asynchronous noise (Async-A-ODD and
Async-A-EVEN), had sgnificantly higher SRTsthan the reference condition (Unmod). This
is consigent with the notion that arelatively 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 s certainly lack.

The magnitude of uncomodulated glimpsing was cal culated as the difference between
thresholdsin the Async-A and the better of the two control conditions. Mean values of
uncomodulated glimpsing are plotted as a function of the number of bandsin Figure 11, with
symbol and line-style reflecting response conditions. In open-set data, glimpsing ranges
from 16.3t0 9.2 dB depending on band number (solid line). Contrast those numbers to the
case for the closed-set protocol, in which glimpsing is cal culated to range from only 7.8 to
5.8 dB (dotted line). A repeated measures ANOV A was performed to evaluate the effect of
response protocol on the magnitude of uncomodulated glimpsing. There were 4 within-
subjects levels of band and a between-subject factor of protocol, and results confirm a main
effect of protocol (F[1,8]=20.7, p<.005). Thisindicatesthat there is greater evidence of

integration across time and frequency in the open set than the closed set protocol. Therefore,
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while unmasking asa wholeis greatly reduced in the open-set protocol, the magnitude of

uncomodulated glimpsing is sgnificantly greater than in the closed-set protocol.

While this experiment did indicate a significant difference between diotic and
dichotic asynchronous AM conditions in the closed-set task, no difference was observed in
the open-set task. The explanation for thisislikdy to be based in the nature of USM (Wege
and Lane, 1924). Itisdocumented that USM islevel dependent, such that at higher
intensties, target frequencies above a masker frequency are more detrimentally affected by
the spread of excitation (Mooreet al., 1998). In this study, atarget level was chosen to
provide the highest level of masking without being uncomfortable for the listener. Sincethe
Sync conditions were associated with the best performance (i.e., highest masker level), these
conditions essentially dictated thetarget level, 45 dB SPL. Once thislevel was chosenin
experiment 13, it was kept constant for subsequent experiments for comparison purposes. As
areault, in the open-set protocol of experiment 2 which had reduced unmasking, itislikely
that masking levels did not reach high enough intensties to produces large effects of USM.
Therefore, sncethe Async-D case was not likely to be substantially affected by USM, it is
logical that separation between the ears (Async-A) would not have the beneficial outcome

that it had in prior experimentsin the study.

Thisinterpretation was evaluated with pilot data for the 8-band conditionsin the
open-set task, in which the target level wasincreased by 10 dB. Mean results from 2
listeners, shownin Figure 12, confirmed an advantage in dichotic presentation of the
asynchronous AM. That is, there wasa nearly 10-dB difference between thresholdsin the
Async-D and Async-A conditions. This is consistent with the interpretation that the higher

sgnal level isassociated with greater USM inthe Async-D, supporting greater benefit of
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dichotic presentation. Therefore, if thetarget level were increased in a future experiment, we
would expect greater effects of USM in the Async-D conditions and therefore more

improvement with dichotic stimulation.

Lastly, integration was calculated as the difference between the SRTsin the Async-A
conditions and the better of the two control conditions, Async-A-ODD or Async-A-EVEN.
Uncomodulated glimpsing was found to be significantly greater than zeros for both the open

and the closed set data, with mean values of 12 and 6 dB, respectively.
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Chapter 1V

General Discussion

To understand how listeners comprehend speech under noisy conditions, it is
important to investigate the spectro-temporal structure of the interfering noise, or masker, as
well as the amount of information necessary for adequate speech recognition. To Smulate
real-world listening situations in the lab, researchers commonly mask speech tokenswith an
AM broadband noise to determine the ability of a listener to integrate temporally discrete
samples of speech information (Miller and Licklider, 1950; Wilson and Carhart, 1969; Festen
and Plomp, 1990; Eisenberg et al., 1995; Bacon et al., 1998). The capacity to attend to and
integrate information in epochs of high SNRs coincident with masker minima has been
termed dip-listening or glimpsing (Gnansa et al., 2008). This method can assessthe
advantages of having intermittent speech cues versus speech masked by continuous noise,
but failsto capture natural listening environmentsin which speechis corrupted by noise
fluctuating in both time and frequency. The present sudy used arguably morerealistic
maskers since both time and frequency were modulated, but one could till argue that

asynchronous AM maskersare far from natural sounding.

Effect of dichotic stimulation
The current study built upon previous work by Howard-Jones and Rosen (1993) who
tested the hypothesisthat listeners can combine brief glimpses of speech in different

frequency regions even if those glimpses do not occur synchronoudy intime. The authors



tested two types of AM maskers: noise was filtered into logarithmical ly distributed bands,
and those bands were modulated either synchronoudy asynchronoudy. At 2 or 4 bands,
consonant identification in the presence of asynchronous AM noise wasreatively good
compared to synchronous AM. However, performance in the asynchronous AM condition
became much worse as band number increased. I n addition, Bussand colleagues (2004) have
shown modulating speech masked by a broadband noise resulted in smilar thresholds
whether the speech was modulated synchronously or asynchronoudy across frequency
regions. Both of these studies together suggest that glimpsing is not exclusive to temporal
dipsthat coincide across frequency, but also pertains to asynchronous glimpses distributed
over frequency. What was puzzling from the Buss et al. sudy was why asynchronous
modulated speech showed similar thresholds for all numbers of bands, whereas Howard-

Jones and Rosen failed to show uncomodulated glimpsi ng beyond two bands.

One hypothes s regarding the apparent discrepancy between Busset al. and Howard-
Jones and Rosen is based on USM. As stated previously, a masking effect can occur at high
intensitiesin which alower frequency band energetically extendsto higher frequencies. The
overall result is masking of a target message which is not spectrally overlapping with the
masker. In Howard-Jones and Rosen’ s study, USM may have disrupted masker minima,
which areideal regionsfor glimpsing. On the other hand, sncethe Buss et al. sudy
employed a modulated speech stimulusin the presence of a steady noise, USM was not an

issue because the noise was not modulated.

Because USM isa peripheral phenomenon, it was hypothes zed that presenting even
numbered bands to one ear and odd numbered bandsto the other ear would improve

performance. The first experiment of the present study tested 6 normal hearing listeners
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ability to identify vowel -consonant-vowe (VCV) speech tokensin the presence of
synchronous or asynchronous AM maskers either presented diotically or dichotically. The
study followed the Howard-Jones and Rosen (1993) study, with the additional manipulation
of dichotic stimulus presentation. Control conditions were designed to include only half of
the speech bands— ether just the odd or just the even numbered bands — to look for evidence
of integration of speech information across bands. In some of these control conditionsthe
masker was al so restricted to just even or just odd bands, and in other conditionsthe
contralateral asynchronous masker was present. These conditions proved highly informative
when compared to the asynchronous masking cases, and supported an estimate of the degree

of uncomodulated glimpsing.

To summarize the results of the first experiment, listeners benefitted from the
presence of the synchronous AM masker when comparing SRTsto the reference case
(unmodulated broadband noise). Asin the Howard-Jones and Rosen study, diotic
presentation of the asynchronous AM masker had mixed results. For 2 bands, performance
was good, but not as good as in the synchronous conditions. As band number increased,
thresholds in the asynchronous diotic conditions rose. Our study separated the even and odd
bands between the ears and showed s gnificant improvement, but not a full recovery to the
threshold seen in synchronous masking. Dichotic presentation of the asynchronous AM
masker improved performance by 5 to 8 dB compared to the corresponding diotic conditions.
Asin the diotic conditions, asynchronous dichotic masking rel ease declined as band number
increased. Performance on control conditions confirmed the fact that listeners were indeed
glimpsing information from both earsin the dichotic asynchronous AM conditions, soitis

unclear what limited performancein these conditions from reaching level s seen for the
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synchronous AM conditions. One possibility isthat listeners had greater difficulty in the
asynchronous condition because masker minima, or dips, in the even bands coincided with
masker maxima, or peaks, in the odd bands and vice versa. Peaksin half of the masker bands
may have discouraged the listener from attending to the dips in the other half of the bands by
reducing the perceptual wel ghts given to the information in the dips (Buus, 1985). This may
have al so played an important role in the Howard-Jones and Rosen (1993) study. Since our
design does not allow an evaluation of the possible role of miscuing, it isunclear what role

miscuing played in both diotic and dichotic asynchronous AM conditions.

Effect of spatial release from masking

In experiment 1a, presenting even and odd numbered bands to separate ears was
found to be more beneficial than presenting all bands to each ear, but it was unclear whether
thiswas entirely dueto eliminating USM. The alternate hypothesisthat was tested in
experiment 1b wasthat perceived spatial separation between target and masker could account
for the added benefit of dichotic presentation. In experiment 1b, an MLD paradigm was
designed to smulate a best-case scenario of SRM for the three modulation conditionsin

experiment 1a (Unmod, Sync, and Async).

Masking noise was ether presented monaurally (Nm) or it was presented binaurally,
either perfectly correlated between the ears (No) or uncorrelated (Nu). Targets were always
presented monaurally (Sm) in order to avoid changing effectsrelated to USM. The monaural
signal resulted in a segregation of signal and masker in the binaural masker conditions
(NoSm and NuSm). The MLD was calculated as the difference between the NmSm
thresholds and either the NoSm or NuSm thresholds. Data reveal ed that there was no more

than 4 dB of MLD for any condition, meaning that perceived spatial separation between

33



target and masker did not yield large benefits. In contrast, data from experiment 1a had up to
8.5-dB greater masking releasein the Async-A condition compared to the Async-D
condition. Therefore, whileitispossblethat SRM contributed to the better performancein
the Async-A than the Async-D conditions, the magnitude of SRM for these stimuli suggest
that diminating USM ismore likely the cause of the better masking release in the dichotic

condition in experiment la.

Effect of speech task set-size

Experiment 2 was designed to assess the nature of asynchronous AM masking asa
function of speech identification task. Previousresearch hasreported that the amount of
unmasking is determined somewhat by the complexity of speech information required to
perform a speech recognition task. Particularly, Bussand colleagues (2009) recently
observed that manipulating the set-size of speech identification tasks can greatly alter the
needed amount of the target signal to perform well. They argue that as set-size increases,
meaning the number of poss ble choicesrises, listenersrequire more speech information to
identify thetarget. The researcherstested normal hearing listeners on speech identification
of CNC words in the presence of either unmodulated noise or synchronous AM noise. Task
set-9 ze was mani pulated between groups by either asking the subjectsto identify the target
word in a 3-alternative forced choice (3-AFC-1D) paradigm or to report back the word they
heard as a free regponse, sometimes described as an open set identification (open-1D). At 10-
Hz masker modulation, masking release in the 3-AFC-I1D group wasroughly 7 dB greater
than in the open-ID group. Thisis cong stent with our results in experiment 2, which show
unmasking to be 13.4 dB greater in the closed-set task than the open-set task for synchronous

AM maskers. However, the interpretation of this difference is confounded by the fact that
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masker level waslower at threshold in the open-I1D protocol due to the task’s greater
difficulty. So, while we did observe greater unmasking in the closed-ID task, lessintense
maskersin the open-1D may have reduced the overall unmasking independent of the task

difficulty.

Theresaults of this study provide insght into the effect of speech task set szeon
uncomodulated glimpsing. While overall unmasking may decline in the open-set task, it was
possible that uncomodulated glimpsing would be increased in the open-set task relative to the
closed-set task. Anincrease in uncomodulated glimpsing was hypothesi zed for the open-set
protocol dueto moreimportance placed on all available speech information. Since
uncomodulated glimpsing was cal culated asthe difference between thresholdsin the dichotic
asynchronous AM conditions and those of the best dichatic control, insufficient cuesin either
the even or odd bands alone would impact the dichotic controls more severely in the open-set
than the closed-set protocol. In fact, the results show that the least amount of glimpsing (in
dB) in the open-set task was till greater than greatest amount of glimpsing in the closed-set
task. This outcome supported our hypothess that the open-set condition would be associated

with reduced masking release and increased evidence of uncomodulated glimpsing.

Conclusions

The present study tested whether uncomodulated glimpsing in Howard-Jones and
Rosen’ s (1993) study was limited by the peripheral phenomenon of USM, particularly for
large numbers of bands. By presenting even bands and odd bands of asynchronous AM
maskers to opposite ears, we have shown that significantly greater release from masking is
possible with dichotic presentation even when maskers are filtered into as many as 16 bands.

While no benefit to dichotic presentation over diotic presentations was observed in the open-
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set task, it islikdy that the low masker leve at threshold played arolein thisresult. Future
studies may show that at high enough presentation levels, the listenersare able to take

advantage of dichotic presentations.

This study shows more evidence that normal hearing listeners are ableto integrate
speech information asynchronoudy masked in time and frequency. The current maskers are,
however, predictable in their spectro-temporal structure, and therefore do not reflect the
randomness of many natural masking environments. Nevertheless, this sudy has possble
implications for hearing aid design for those with hearing impairment. For example, bilateral
auditory prostheses could implement processing strategiesthat could ameliorate the
disruptive effects of USM between neighboring frequency region by splitting even and odd
numbered bands to opposite ears. Further studieswould need to be conducted to show that
hearing impaired listenersindeed benefit from dichotic listening of asynchronous AM

maskers.
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Figures
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Figure 1. Spectrogram of 4-band checkerboard masker (Howard-Jones & Rosen, 1993).
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Figure 2: Time-frequency plots (spectrograms) of asynchronous noise at the output of a bank
of auditory filters, smulated by 128 gammatone filters (Slaney, 1998). Higher energy in the
noise isrepresented by dark shading, and regions with very low energy arerepresented by
white. Regions of pink noiseinthe*off” phase of modulation are more greatly affected by
upward spread of masking (USM) when the asynchronous AM noiseisfiltered into 8 bands
(right side) versus4 bands (1eft sSde).
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Figure 3: Time-frequency plots (spectrograms) of odd (Ieft) and even (right) bands alone for
an 8-band asynchronous AM masker at the output of a bank of auditory filters, smulated by
128 gammatone filters (Slaney, 1998). Contralateral upward spread of masking (USM) does
not mask the ipsilateral signal.
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indicate standard error (n = 6).
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Figure5: The rdative information transmitted (in percent) is plotted as a function of number
of bands for each feature in the diotic (left) and dichotic (right) asynchronous AM conditions
of experiment 1a.
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varieswiddy, but isreatively independent of condition or stimulation type.
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Figure 12: Pilot data for experiment 2 (open-set) in which the target level wasincreased by
10 dB. Data sugges that the advantage of dichotic presentation is evident for higher masker
intengties.
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Tables

Table 1: Conditionsin experiments 1aand 2, and pilot data (experiment 3).

. L. . . Signal Masker .
Condition Abbreviation Stimulation . Modulation Bands
Presentation
Pattern
1 Unmod diotic full no AM n/a
2 Sync-D diotic full sync AM n/a
3 2-Async-D diotic full async AM 2
4 4-Async-D diotic full async AM 4
5 8-Async-D diotic full async AM 8
6 16-Async-D diotic full async AM 16
7 8-0DD-¢ left ear just-odd just-odd 8
8 8-EVEN-g¢ right ear just-even just-even 8
9 Sync-A dichotic split sync AM 8
10 2-Async-A dichotic split async AM 2
11 4-Async-A dichotic split async AM 4
12 8-Async-A dichotic split async AM 8
13 16-Async-A dichotic split async AM 16
14 2-Async-A-ODD dichotic just-odd async AM 2
15 4-Async-A-ODD dichotic just-odd async AM 4
16 8-Async-A-ODD dichotic just-odd async AM 8
17 16-Async-A-ODD  dichotic just-odd async AM 16
18 2-Async-A-EVEN  dichotic just-even async AM 2
19 4-Async-A-EVEN  dichotic just-even async AM 4
20 8-Async-A-EVEN  dichotic just-even async AM 8
21 16-Async-A-EVEN  dichotic just-even async AM 16
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Table 2: Percent transmission (in bits per stimulus) for all conditions and for each feature
separately (Miller and Nicely, 1955).

Condition Abbreviation All Voice Nasal Frict Durat Place
1 Unmod 42% 55 61 16 27 22
2 Sync-D 45 52 77 19 32 28
3 2-Async-D 38 37 65 19 48 25
4 4-Async-D 37 46 53 15 32 21
5 8-Async-D 40 54 67 16 26 16
6 16-Async-D 39 46 67 16 30 20
7 8-0ODD-¢ 44 58 62 15 22 32
8 8-EVEN-¢ 44 54 86 22 40 19
9 Sync-A 45 54 74 16 33 31
10 2-Async-A 43 49 80 22 42 23
11 4-Async-A 41 47 70 21 35 28
12 8-Async-A 45 52 78 18 42 26
13 16-Async-A 44 53 68 14 33 26
14 2-Async-A-ODD 44 70 96 18 15 10
15 4-Async-A-ODD 44 56 86 11 8 30
16 8-Async-A-ODD 42 56 63 13 19 25
17 16-Async-A-ODD | 40 52 65 20 37 19
18 2-Async-A-EVEN 39 33 57 21 52 32
19 4-Async-A-EVEN 44 60 68 28 62 14
20 8-Async-A-EVEN 44 55 86 26 48 17
21 16-Async-A-EVEN | 42 51 61 27 56 26

! Importantly, the sum of the bits per channel should equal approximately the transmission calculated for the
five channels taken together, but due to redundancy in speech, this sumistypically greater than the composite
cdculation.
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Table 3: Confusion matrix for Sync-D condition in experiment la.

/b /df /L Jgl /K Im/ o Inf o s/ N [z
/b/ |40 06 01 .14 .02 .09 .03 .03 .01 20 .01
/d/ .56 .30 .02 .05 .07
/f/ | .15 16 04 07 03 01 .08 .18 .16 .08 .3
/g/ .10 81 03 .03 .01
/k/ .05 .03 .63 02 2 8 16 .1 1
/m/ | .01 01 .01 .68 .28
/n/ .01 .01 .98
/p/ | .01 07 .04 .17 .01 37 03 .28 .02
/s/ 01 .01 .03 .03 .70 07 .16
/t/ 07 .03 .23 01 .07 .08 .51 .01
/v/ |23 .06 .02 .28 .02 .02 .02 01 .01 27 06
/z2/ | .04 .15 A1 .04 01 .14 04 .06 40
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Table 4: Confusion matrix for 8-Async-D condition in experiment la.

/b ydl A gl I /m/Inf el S W N2/
/b/ |68 01 03 .01 08 .01 .01 A1 .04
/d/ | .05 .41 27 01 .01 .06 02 .01 .01 .13
/f/ .01 .07 .20 09 .13 01 11 16 12 .05 .05
/g/ |03 .19 .01 49 03 .01 .12 01 .01 .03 .01 .04
/k/ 03 .04 51 01 .05 .20 .05 .09 .01
/m/ 66 31 .01 .01
/n/ A1 .88 .02
/p/ .08 24 01 .01 .32 04 .28
/s/ | .03 06 .04 .04 01 .03 .66 06 .01 .04
/t/ .01 .05 A1 01 .18 .06 57 01
N/ |33 .07 A5 .08 .06 .04 .01 21 04
/z2/ |.06 .11 04 .04 04 06 .06 .04 .08 .47
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Table 5: Confusion matrix for 8-Async-A condition in experiment la.

/bl jdl /gl /I /m/[ /nf o/ s/ N N2
/b/ |38 01 01 .18 .03 10 .09 01 .17 .01
/d/ | .02 .38 .40 .02 .06 .02 .02 .09
/f/ 14 .05 14 09 .27 .02 .01 .07 .01 .08 .08 .02
/g/ .03 .88 03 .01 .01 .01 .01 .01
/k/ .01 .01 .04 .70 .02 .04 15 .01 .02
/m/ | .01 70 26 .01 .01 .01
/n/ .03 .96 .01
/p/ .02 .09 .03 .37 .22 .27
/s/ .01 .06 .01 .01 .62 .28
/t/ .02 .02 02 .23 .02 .03 02 .63 02 .02
N/ 21 .05 .01 .38 .03 .05 .03 .01 .23
/2/ A1 .08 .24 .01 .01 .04 .01 .04 .46
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