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Spatial release from masking was studied in a three-talker soundfield listening experiment. The
target talker was presented at 0° azimuth and the maskers were either colocated or symmetrically
positioned around the target, with a different masker talker on each side. The symmetric placement
greatly reduced any “better ear” listening advantage. When the maskers were separated from the
target by �15°, the average spatial release from masking was 8 dB. Wider separations increased the
release to more than 12 dB. This large effect was eliminated when binaural cues and perceived
spatial separation were degraded by covering one ear with an earplug and earmuff. Increasing
reverberation in the room increased the target-to-masker ratio �T /M� for the separated, but not
colocated, conditions reducing the release from masking, although a significant advantage of spatial
separation remained. Time reversing the masker speech improved performance in both the colocated
and spatially separated cases but lowered T /M the most for the colocated condition, also resulting
in a reduction in the spatial release from masking. Overall, the spatial tuning observed appears to
depend on the presence of interaural differences that improve the perceptual segregation of sources
and facilitate the focus of attention at a point in space. © 2008 Acoustical Society of America.
�DOI: 10.1121/1.2945710�
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I. INTRODUCTION

There are a number of examples in the auditory system
of selective responses along a simple stimulus dimension.
Perhaps the most obvious and best understood example is
stimulus frequency where the tuned responses of the periph-
eral transduction mechanism have been thoroughly mapped
out and examined. Beyond peripheral filtering, however, are
instances in which the actions of higher level processes lead
to performance that reveals an enhanced degree of selectiv-
ity. Greenberg and Larkin �1968�, for example, used the
probe-signal method to demonstrate tuning in the frequency
domain that was not attributable to peripheral filtering but
rather to the focus of attention at an expected signal fre-
quency. Similar findings revealing the role of expectation
and selectivity have been reported for other dimensions, such
as duration �e.g., Wright and Dai, 1994�, spectral shape �Hill
et al., 1998�, and modulation frequency �e.g., Wright and
Dai, 1998�.

The behavioral evidence for tuning along the spatial
�azimuthal� dimension is less compelling and surprisingly
limited �cf. Scharf, 1998�. Clearly, certain neurons in the
brainstem or cortex exhibit selective responses to the pri-
mary binaural cues of interaural time and level differences
�e.g., Goldberg and Brown, 1968; Middlebrooks and Petti-
grew, 1981; Yin and Kuwada, 1983; Tsuchitani, 1988; Yin
and Chan, 1990; Sterbing et al., 2003; Stecker et al., 2003;
King et al., 2007� so that, akin to the example of frequency
noted previously, there is a basis in auditory physiology for
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expecting tuned responses to spatial location. Further, there
is electrophysiological evidence suggesting that higher-level
processes affect selectivity in azimuth. Teder-Salejarvi and
Hillyard �1998� and Teder-Salejarvi et al. �1999� have dem-
onstrated changes in event-related potentials �ERPs� in hu-
mans based on attended versus unattended locations of a
sound stimulus. When a test stimulus was presented at an
attended location, larger ERPs were obtained than when pre-
sented at unattended locations. Filter bandwidths inferred
from their data were often sharply tuned, in some cases less
than 5°. Psychophysical evidence for the important role of
attentional focus in location, based on presentation of speech
stimuli at likely versus unlikely locations, has also been pre-
sented recently by Kidd et al. �2005b� and Brungart et al.
�2006�.

Studies of masking in sound fields also provide ex-
amples of a selective response to spatial location. More
masking occurs when target and masker�s� are colocated than
when they are separated in azimuth. This selective response,
a progressive reduction in masking as source separation in-
creases, could be interpreted as evidence for tuned spatial
channels analogous to frequency channels. However, the re-
lease from masking that occurs due to spatial separation of
sound sources is a complex phenomenon comprising both
lower-level and higher-level components �e.g., Kidd et al.,
1998; Freyman et al., 1999; Arbogast et al., 2002; Drennan
et al., 2003, 2007; Hawley et al., 2004; Best et al., 2005,
2006� and it is not always apparent which factor drives re-
lease from masking. Thus, the mechanism�s� responsible for
the apparent tuned response is unclear and may be different
in different conditions. The main lower-level components

that are thought to provide a basis for spatial release from
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masking are the “better ear advantage” �attending to the ear
with the more favorable target-to-masker ratio �T /M� caused
by the acoustic filtering of the head�1 and “binaural analysis”
�defined here as within-channel improvement in T /M due to
a masking-level-difference �MLD� type of mechanism,
where the terms within and across channel refer to frequency
channels�. The relevant higher-level components are less
clearly understood but are thought to reflect �at least� the
combined actions of perceptual segregation of sources and
the focus of attention at a point in space �cf. Kidd et al.,
2005b�. The type of masking that is present may have a
profound effect on the pattern of results as source separation
is varied. For example, Kidd et al. �1998� found small �less
than 5 dB, on average, for mid- and low-frequency targets�
amounts of spatial release from masking in a nonspeech pat-
tern identification task for a noise masker producing prima-
rily energetic masking. For the same listeners, targets, and
task the spatial release from a primarily informational
masker �sequences of random-frequency tone complexes
producing little if any energetic masking� was, on average, as
much as 20 dB at low and high target frequencies. The Kidd
et al. �1998� results revealed a progressive and pronounced
decline in T /M for the informational masking condition as
spatial separation of target and masker varied from colocated
to 180°. However, although the results for both energetic and
informational maskers were consistent with a tuned response
�although of very different magnitudes�, and both clearly de-
pended on the binaural cues of interaural time �ITD� and
level �ILD� differences, the underlying mechanisms were
thought to be fundamentally different. For the energetic
masker, by far the largest spatial release occurred for the
high frequency target and followed the published values for
head shadow �e.g., Shaw, 1974� fairly closely after taking
into account the mildly reverberant room. Predictions for
spatial release from energetic masking for speech in noise
are based on the same two factors and are generally success-
ful in accounting for the empirical results �cf. Zurek, 1993;
Bronkhorst, 2000�. For the informational masker used by
Kidd et al. �1998�, head shadow may have been one factor,
although the across-channel nature of the masking compli-
cates the interpretation of the effect. Binaural analysis almost
certainly was not a factor because the masking was not
within-channel masking leading to the conclusion that
higher-level factors were primarily responsible.

Another example of a spatially tuned response obtained
perceptually that appeared to be due largely to higher level
processes was reported by Arbogast and Kidd �2000�. They
used a variant on the probe-signal method to examine tuning
in azimuth. The task was to identify the upward or down-
ward trajectory of a sequence of tone pulses presented
through a loudspeaker. Sequences of tonal masking sounds
were presented from several other loudspeakers roughly con-
currently with the target. The target was most likely to be
presented at one location but on a small proportion of the
trials it was randomly presented from other locations. The
masker frequencies were randomized and remote from the
target, limiting energetic masking while emphasizing infor-
mational masking. Both accuracy and response times were

better at the more likely target location than at less likely
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locations, which Arbogast and Kidd �2000� interpreted as
evidence for spatial filtering. The filter-like responses they
observed appeared to be fairly sharply tuned although the
effects were relatively small and the attenuation characteris-
tics of the “filter” could not be accurately determined.

Thus, there is some psychophysical evidence that sug-
gests tuning in azimuth. However, the evidence is incomplete
and in some cases inconsistent. For example, in contrast to
the �apparently� sharply tuned pattern of masked responses
reported by Arbogast and Kidd �2000�, Boehnke and Phillips
�1999� found evidence indicating much broader perceptual
tuning based on the results of a gap detection task. Based on
their results, they proposed two broadly tuned, overlapping
spatial channels located in the left and right auditory hemi-
fields. However, that interpretation also has been questioned
�Oxenham, 2000�. Other studies using different paradigms
have also suggested the presence of spatial channels or fil-
ters. For example, Carlile et al. �2001� used a procedure in
which localization judgments following exposure to noise at
one location were altered in a manner consistent with the
presence of a set of spatially arranged �in azimuth� filters.

For the masking results, at least, the role of head
shadow, in which the magnitude of the acoustic effect varies
with spatial position and frequency, complicates determining
how the other factors contribute to spatial tuning. One ap-
proach to minimizing the role of head shadow is the sym-
metric placement of two maskers around a target. This ap-
proach has been used by several investigators �e.g., Helfer,
1992; Peissig and Kollmeier, 1997; Bronkhorst and Plomp,
1992; Noble and Perrett, 2002; Li et al., 2004� to examine
spatial release from masking that occurs beyond any acous-
tical “better ear listening” effects. However, only the study
by Noble and Perrett �2002� provides an indication of spatial
tuning when the target is one talker and the maskers are other
independent talkers, symmetrically placed around the target.
They tested two spatial separations, �30° and �90° �in ad-
dition to colocated� and found that the relatively small
amount of spatial release �approximately 4 dB� for the �30°
condition increased by about 1 dB for the �90° condition.
Somewhat like the Arbogast and Kidd �2000� study, it is
possible to conclude that the selectivity of a perceptual filter
was sharper than the narrowest spacing tested but the precise
properties of the filter could not be determined.

In recent years, interest has turned to speech-on-speech
masking, in part because it represents a common everyday
listening situation, but also because higher level processes
seem to be more of a factor in determining spatial release. In
two studies �Arbogast et al., 2002; Kidd et al., 2005a�, much
larger amounts of spatial release were found for speech-on-
speech masking than in noise-masked control conditions pro-
ducing primarily energetic masking. Further, in the Kidd
et al. �2005a� study, there was also a differential effect of
reverberation depending on masker type. Increased rever-
beration increased the T /M at threshold for both colocated
and spatially separated conditions, with a large amount of
spatial release still apparent. Other studies, however, �cf.

Culling et al., 2003� have reported that increased reverbera-
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tion completely eliminates spatial release for speech. Thus,
currently, the role of reverberation in spatial release from
speech-on-speech masking is uncertain.

In the present study our goal was to examine spatial
release from masking under conditions producing different
amounts of energetic and informational masking of speech
and in rooms with varying degrees of reverberation. The
energetic/informational masking distinction was varied by
using different types of masking stimuli and reverberation
was varied by changing the sound absorption characteristics
of the listening environment. This study attempts to answer
the question of whether or not a filter-like function can be
measured in these situations when the listener’s task is to
selectively attend to one talker at a particular location and
the interfering sources are progressively separated �sym-
metrically� from the target.

II. METHODS

A. Listeners

Six normal hearing adult volunteers �5 female, 1 male�
between 25 and 43 years of age participated in this study.
The listeners had audiometric thresholds of 20 dB HL�hear-
ing level re: ANSI 3.6–2004� or better in each ear for octave
frequencies from 250 to 8000 Hz. Listeners participated in
the experiment in four to six sessions that were approxi-
mately two hours each �including short breaks� and were
paid for their participation. One additional listener with an
anacusic ear after the auditory nerve was severed surgically
was tested on a subset of the conditions �see Sec. II D 2�.

B. Stimuli

The four female talkers from the Coordinate Response
Measure �CRM� speech identification test �Bolia et al., 2000�
were used for the target and masker sentences. Each sentence
in this corpus has the following structure: “Ready �callsign�
go to �color� �number� now.” The corpus contains all pos-
sible combinations of eight callsigns, four colors, and eight
numbers. On each trial, the listener heard three sentences
spoken by three different randomly chosen talkers. Each sen-
tence had a different callsign, color, and number. One of the
sentences was the target, denoted by the callsign “Baron.”
The target and masker talkers varied from trial to trial. Once
the target sentence was selected, the two masker sentences
were then chosen without replacement from the remaining
set of possible talkers, callsigns, colors, and numbers.

In addition, a subset of listeners was tested in a condi-
tion where the speech of the two masker talkers was tempo-
rally reversed �see Sec. III D�. The purpose of this manipu-
lation was to test a condition under which the masker had
spectrotemporal properties similar to natural speech �and
therefore produces about the same amount of energetic
masking� but was expected to produce less informational
masking because it was not intelligible.

C. Room characteristics

The experiment was conducted in a single-walled Indus-

trial Acoustics Company �IAC� sound booth �12 ft 4 in. long,
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13 ft wide, and 7 ft 6 in. high� with stimuli presented
through loudspeakers �Acoustic Research 215 PS�. This
room was designed to allow for changing the reverberation
characteristics with panels of different acoustic reflectivity,
such as acoustic foam or Plexiglas®. Two room conditions
were used for this experiment. In one low-reverberation con-
dition, the surfaces were untreated and had the typical perfo-
rated metal surface that is standard in IAC booths and a
carpeted floor �the “BARE” room�. In the second high-
reverberation condition, all surfaces were covered with
Plexiglas® panels to increase the acoustic reflections in the
room �the “PLEX” room�. Various measurements of the
room acoustics for these conditions were described by Kidd
et al. �2005a�, documenting the increase in reverberation as a
result of adding Plexiglas® panels to the room. For example,
there was a greater than 7 dB decrease in the direct to rever-
berant energy ratio �from 6.3 to −0.9 dB for BARE versus
PLEX, respectively� as measured at the approximate position
of the listener’s head 5 ft from the loudspeaker. Also, the
reverberation time �as measured using pulse trains with the
loudspeakers in the configuration used in the present study�
increased by approximately a factor of 4 �from 0.06 s to just
over 0.25 s when the surfaces were covered with Plexi-
glas®.�

D. Procedures

1. General

Listeners were seated in the sound booth in the center of
an array of seven loudspeakers arranged in a semicircle with
a 5 ft radius in the horizontal plane at a height approximately
level with the listener’s ears. The loudspeakers were located
at 0° �directly in front of the listener�, �15°, �45°, and
�90° �directly to the right and left of the listener�.

The computer used to control the experiment was lo-
cated outside the booth along with the Tucker-Davis Tech-
nologies �TDT� hardware used to present the stimuli. Stimuli
were played at a 40-kHz rate via a 16-bit, 8-channel digital-
to-analog converter �DA3-8�, low-pass filtered at 20 kHz
�FT-6�, and attenuated �PA-4�. The target sentence was
routed through a programmable switch �SS-1�. On trials
when the target and maskers were colocated �0° spatial sepa-
ration�, the two masker sentences were digitally added, then
routed through separate digital-to-analog converter channels,
filters, and attenuators before being combined in a mixer
�SM3�, passed through a power amplifier �Tascam�, and
routed to the loudspeaker. On trials when the maskers were
spatially separated from the target, each sentence was routed
through separate digital-to-analog converter channels, filters,
attenuators, and power amplifiers �Tascam�, and played
through separate loudspeakers.

The system was calibrated before each session so that
the loudspeakers were correctly positioned �5 ft from listener
at head height� and the output level measured with a Brüel
&Kjær microphone suspended in that position for a given
input was verified and the same from each loudspeaker. For a
flat-spectrum Gaussian noise of the same level at the input to

the loudspeakers measured at the position of the listener, the
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overall SPL was approximately 3 dB higher in the more re-
verberant room �PLEX�. This correction was made when the
results are reported in dB SPL.

The task was 1-interval 4�8-alternative forced-choice
�four colors: red, white, blue, and green and the numbers
1–8� in which the listeners were asked to identify the color
and number from the sentence with the callsign Baron. Lis-
teners were instructed to keep their head facing forward �to-
ward the target loudspeaker at 0° azimuth� but were not re-
strained. Responses were entered on a handheld keypad with
a liquid crystal display �Q-term-II�. The word “Listen” ap-
peared on the display at the beginning of each trial. After
stimulus presentation, listeners responded to the prompts,
“Color �B R W G�?” and “Number �1–8�?” on the keypad.
For a response to be scored as correct the listener had to
identify both the color and number accurately. Feedback was
given on each trial �e.g., “Correct, it was red six”�. To famil-
iarize listeners with these procedures, they initially com-
pleted two 30-trial blocks with sentences presented in quiet
at 60 dB SPL. Every listener had 100% correct speech iden-
tification in that condition.

Threshold for target identification was measured in quiet
�no maskers� in each room condition using a one-up, one-
down adaptive procedure to estimate the 50% correct point
on the psychometric function �Levitt, 1971�. Each track had
a minimum of 30 trials and 9 reversals �typically many more
than 9 were obtained� to estimate threshold. The threshold
estimate was computed after discarding the first three or four
reversals �whichever produced an even number� and thus
was based on at least the last six reversals. The initial step
size was 4 dB and was reduced to 2 dB after three reversals.
Two estimates of threshold in quiet were measured and av-
eraged. If the threshold estimates were more than 5 dB dif-
ferent from one another, an additional two estimates were
collected and used in the average.

In all other blocks of trials, the target was presented
simultaneously with two maskers. The target level was fixed
at 60 dB SPL and the masker level was varied adaptively
using the same procedure as for quiet threshold measure-
ments. The two maskers always had the same rms level. At
the beginning of each adaptive track, the target was clearly
audible above the maskers �+20 dB T /M�. The masker level
was varied adaptively in 4 dB steps initially and then in 2 dB
steps following the third reversal. Each track had a minimum
of 30 trials and at least 9 reversals �typically many more than
9 were obtained�. The threshold estimate was computed after
discarding the first three or four reversals �whichever pro-
duced an even number� and thus was based on at least the
last six reversals. Threshold estimates were averaged over
eight adaptive tracks per condition. Trials were blocked by
spatial configuration of the maskers. The maskers were either
colocated �0°�, near ��15° �, intermediate ��45° �, or far
��90° �. The blocks were presented in random order, such
that the masker location changed after every two adaptive
tracks. To facilitate comparisons across conditions, masked
thresholds will all be expressed as T /M’s in decibels. The
T /M is calculated as the fixed target level minus the level of

the individual maskers at adaptive threshold.

J. Acoust. Soc. Am., Vol. 124, No. 2, August 2008
2. “Monaural” control condition

Although there is no acoustically better-ear when the
masker talkers are symmetric about the target talker based on
the long-term rms value, there is the possibility that the head
shadowed representations in the two ears are different
enough in the spatially separated cases from the colocated
case to provide some benefit of spatial separation. For ex-
ample, in the �90° case because each masker talker is es-
sentially low-pass filtered by the head before it is received by
the far ear, the sum of the two maskers will be frequency-
dependent and different from what the spectra are for the
colocated case. Thus, it is conceivable that the benefit of
spatial separation could be due to monaural cues. In addition,
there is presumably a complicated pattern of interaural dif-
ferences that would lead to moments of improved T /M at
each ear. To test the possibility that such information could
be useful in performing the task, listeners wore commercially
available hearing protectors �an earplug and earmuff� on one
ear �left� and repeated a subset of the spatial conditions. This
will be referred to as the monaural condition even though it
is not strictly monaural listening, but a means of reducing
binaural cues �and controlling for the potential acoustic ben-
efit of spatial separation�. All six listeners were tested with
an earplug and earmuff in a subset of spatial configurations
�0° and �90°�. To compare to true monaural listening, one
additional listener with an anacusic ear was tested.

The hearing protectors used were disposable E-A-R®
plugs and the AOSafety® Economy Earmuff, both manufac-
tured by the Aearo Company. In order to estimate the amount
of attenuation obtained, listeners wore earplugs in both ears
and both earmuffs while speech threshold estimates were ob-
tained in quiet. If they did not achieve at least 35 dB of
attenuation ��5 dB� relative to their unoccluded speech
thresholds, the earplugs were reinserted, the earmuffs were
repositioned, and new threshold estimates were obtained.
The earplug and earmuff from the right ear were then re-
moved from the headband, which had been modified so that
it could be positioned comfortably on the listener’s head. The
monaural earmuff was held in place by the tightness of the
headband.

3. Time-reversed speech maskers

The speech stimuli and procedures used in the current
experiment were chosen to emphasize informational mask-
ing. Time-reversed speech maskers were also tested to deter-
mine the effect of decreasing the amount of informational
masking. Time-reversed speech maskers may be considered
less effective informational maskers than time-forward
speech because of their lack of meaning, but preserve the
spectrotemporal complexity of natural speech. This point is
discussed in more detail in later sections and in the Appen-
dix. Five of the six listeners were tested with time-reversed
speech maskers for a subset of the spatial configurations
�masker locations at 0° and �90°�. The masker sentences
were selected from trial to trial in the same manner as for the
forward speech but were played backwards. The procedures
for these conditions were otherwise identical to those de-

scribed earlier.
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ration
III. RESULTS

The unmasked adaptive thresholds �50% correct points�
were within two decibels of one another in the two room
conditions. The mean threshold in quiet for target speech at
0° azimuth was 13.5 dB SPL �with a standard error, SE, of
1.3 dB� in the room condition with low-reverberation and
15.5 dB SPL �SE=1.2 dB� in the more reverberant room �af-
ter correcting for the 3 dB difference in overall SPL�.

The left-hand panel of Fig. 1 displays the group mean
thresholds �and �1 standard error about the mean� for target
color and number identification in the presence of two com-
peting talkers as a function of the angular separation between
target and maskers. It illustrates the main effects of both
spatial separation and reverberation. The abscissa is the de-
gree of separation between the target and maskers in azi-
muth, from 0° �no separation, or colocated� to �90°. The
ordinate is T /M at threshold in decibels. There are two func-
tions displayed: one for the results obtained in the low-
reverberation room �BARE: filled circles connected by solid
lines� and the other for the results obtained in the room with
more reverberation �PLEX: open circles connected by dotted
lines�. A repeated-measures analysis of variance �ANOVA�
confirmed that there were significant main effects of spatial
separation �F�3,15�=70.1, p�0.001� and room reverbera-
tion �F�1,5�=33.6, p=0.002� on T /M at threshold. Post-hoc
analyses �pairwise comparisons� within each room condition
indicated that the spatial separations were significantly dif-
ferent from one another �p�0.05� with the exception of
�45° versus �90°. There was also a significant interaction
between spatial separation and reverberation �F�3,15�
=11.5, p�0.001� confirming the result that is apparent from
the nonparallel functions plotted in the left-hand panel of
Fig. 1.

The highest average T /M’s were found for the colocated
case, regardless of room condition. When the target and
masker talkers were colocated, there was essentially no dif-
ference between the T /M at threshold in the two room con-
ditions �3.0 dB, SE=0.3 dB for BARE and 3.4 dB, SE
=0.4 dB for PLEX�. Also, thresholds in the colocated condi-
tion were consistent across listeners in both rooms as evident
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Overall, thresholds decreased as the amount of spatial
separation between the target and maskers increased for both
rooms. In the low-reverberation room �BARE�, when the
maskers were spatially separated from the target by �15°,
thresholds decreased to −5.7 dB �SE=1.8 dB�. Thresholds
decreased further with greater spatial separation, but the av-
erage results were essentially the same at �45° and �90°
�thresholds of −9.3 dB �SE=1.6� and −9.6 dB �SE=1.5�, re-
spectively�. The same pattern was true in the more reverber-
ant room �PLEX�, although the decrease in thresholds was
less pronounced. At �15°, thresholds decreased to −2.7 dB
�SE=1 dB�. For the greater spatial separations, thresholds
decreased further and the values were again comparable to
one another �−4.9 dB �SE=1.2� at �45° and −4.2 dB �SE
=1.0� at �90°�. Individual differences were noted in the
maximum decrease in threshold with increasing spatial sepa-
ration, although the overall pattern of results was consistent
across all listeners �see Fig. 2� with most of the benefit oc-
curring in the first �15° separation.

A. Spatial release from masking

These results can also be evaluated in terms of the
amount of spatial release from masking. For each listener
this value was calculated as the T /M at threshold for the
colocated condition minus the T /M at threshold in the spa-
tially separated conditions. The results of this computation
are displayed in the right-hand panel of Fig. 1. The groups of
bars are for the 3 spatial separations while the ordinate is the
amount of spatial release from masking in decibels. The val-
ues shown are group mean differences and standard errors. In
the low-reverberation room �BARE�, there was 8.6 dB of
spatial release from masking �SE=1.7 dB� when the two
masker talkers were presented from �15°. There was nearly
4 dB additional benefit of moving the maskers to either of
the wider spatial separations �total spatial release of 12.3 dB
�SE=1.4� at �45° and 12.6 dB �SE=1.4� at �90°�. In the
more reverberant room, there was approximately 2 dB less
release from masking when the maskers were at �15°
�PLEX: 6.2 dB �SE=0.8��. The average amount of spatial
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and �90° was still substantial �8.3 dB �SE=0.9� and 7.6 dB
�SE=0.7�, respectively�, although it was less than in the low-
reverberation room.

B. Spatial tuning

A useful way of summarizing the relationship between
spatial separation of the symmetrically placed maskers and
the reduction in masking is to compute best-fitting filter
functions based on the masked results. The interpretation of
these filter functions as evidence of spatial tuning is consid-
ered in the Discussion. The form of the filter applied to the
data was the familiar roex�p ,r� filter commonly used to char-
acterize auditory filters in the frequency domain �e.g., Patter-
son et al., 1982; Glasberg and Moore, 1986�. This filter was
chosen both for computational convenience and because it
provides estimates of not only the bandwidth but also the
range of the filter �maximum amount of “attenuation”�. How-
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FIG. 2. Individual results plotted for the same conditions as shown in Fig. 1.
Error bars are �1 standard error of the mean. The lines are best-fitting filter
functions �see the text and Table I�.

TABLE I. Filter characteristics from best-fitting roe
from individual listener data displayed in Fig. 2.

Listener

BARE

3 dB down
point

��deg�

Maximum r

�dB�

L1 5 15
L2 9 11.6
L3 22 7.7
L4 5 15.3
L5 5 15.5
L6 6 10.4

Intersubject
mean

�standard
deviation�

�8.7
�6.7�

12.6
�3.2�
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ever, this choice was not meant to suggest that it is the “cor-
rect” filter shape for the processes involved. The filters were
computed on the results from individual listeners—partly to
highlight the differences among listeners—and are shown in
Fig. 2. The abscissa is the angular separation between target
and maskers in degrees, and the ordinate is the T /M at
threshold in decibels. Thus, the curves all begin at the point
denoting 0° separation and then display an attenuation char-
acteristic as spatial separation increased and thresholds de-
creased. In order to show the individual listener T /M’s, the
curves were not normalized to 0 dB attenuation; therefore
the attenuation values are equivalent to the amount of spatial
release, which is obtained by subtracting the T /M for a spa-
tially separated condition from the T /M for the colocated
condition. The two functions and associated data points rep-
resent the two room conditions �BARE: filled circles, PLEX:
open circles�. The bandwidth of the filters �assuming a sym-
metric filter2 computed from the 3 dB down point�, the maxi-
mum attenuation, or range, of the filter �representing the
value r in decibels in the roex filter expression� and the an-
gular separation at which the maximum release was achieved
are presented in Table I. The angular separation was defined
as the smallest separation that was equal to the maximum
release in dB on the fitted function. For 5 of the 6 listeners,
the −3 dB bandwidth occurred at less than �10° separation
for both rooms’ functions with the average value near �6°.
The remaining listener, L3, appears to be something of an
outlier with respect to these measurements. The range of the
filter/maximum masking release on the fitted functions var-
ied across listeners from roughly 8 to 15 dB for the low-
reverberation room �BARE� and 4–10 dB in the more rever-
berant room �PLEX�. The angular separations at which the
maximum release was first reached ranged from 31° to 55°
with the exception of the function for Listener 3 in the low-
reverberation room, which did not show asymptotic behavior
in the range tested.

C. Monaural listening

As mentioned in Sec. II, the amount of attenuation ob-
tained with the monaural hearing protectors was estimated
by measuring the speech identification threshold in quiet as

,r� filter functions computed on masked thresholds

PLEX

3 dB down
point

��deg�

Maximum release

g� �dB� ��deg�

9 8.5 47
7 7.8 33
15 4.2 37
6 8.8 33
6 9.9 33
6 8.6 31

2
�

�8.2
�3.5�

8.0
�3.5�

�35.7
�5.9�
x �p

elease

��de

37
55
90
33
35
33

�47.
�22.6
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the listener wore hearing protectors on both ears and com-
paring that value to the one measured in the unoccluded case.
Averaged across all listeners and sessions, the amount of
attenuation achieved was 38.1 dB �SE=1.7 dB�, relative to
each listener’s unoccluded speech threshold.

The left-hand panel of Fig. 3 displays the T /M’s at
threshold in the monaural condition for the colocated and
�90° separation conditions in the two room conditions
�BARE: filled triangles, PLEX: open triangles�. Also shown
for reference are the mean data curves from Fig. 1 for bin-
aural �unoccluded� listening for the same spatial conditions
�a solid gray line for the BARE room result and a dashed
gray line for the PLEX room result�. The average threshold
for speech identification with colocated target and maskers
was essentially the same regardless of whether the listeners
were performing the task monaurally �listening with the ear-
plug and earmuff� or binaurally �unoccluded� for both room
conditions. The average T /M at 0° for the monaural listening
condition in the low-reverberation room was 2.5 dB �SE
=0.2 dB� and was 3.3 dB �SE=0.6� in the more reverberant
room; both T /M’s were within one decibel of the results for
binaural listening.

The most striking �although not unexpected� finding in
the monaural data was that wearing the hearing protectors on
one ear nearly eliminated the benefit of spatial separation.
When the maskers were presented at �90°, the average
T /M’s for the masked speech thresholds were approximately
equivalent to the colocated thresholds in both room condi-
tions. In the low-reverberation room, the average T /M at
�90° was 2.2 dB �SE=0.7 dB� and in the more reverberant
room, it was 3.7 dB �SE=0.5 dB�. For both room conditions,
the average monaural T /M’s at threshold in the colocated
and spatially separated conditions were not statistically dif-
ferent from the average T /M for the binaural colocated
thresholds in a repeated-measures ANOVA �BARE: F�2,4�
=1.3, p=0.36; PLEX: F�2,4�=0.410, p=0.69�. In addition,
the one truly monaural listener �complete unilateral deafness
following vestibular schwannoma removal� who was tested
showed no difference in the T /M at threshold for the colo-
cated versus separated conditions in both rooms. The severe
reduction in spatial release from masking in the monaural
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FIG. 3. �Left� Mean T /M at threshold at 0° and �90° in both rooms for th
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of the mean. The group mean T /M’s from Fig. 1 �binaural listening, forward
line�. �Right� Mean spatial release from masking �dB�, calculated on an indi
in the left-hand panel.
condition is shown clearly in the right-hand panel of Fig. 3,
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which displays spatial release for the binaural listening con-
dition in the center pair of bars and the monaural listening
condition in the right-most pair of bars for both room condi-
tions. By inference, any acoustic differences between the
colocated and separated conditions that were present monau-
rally were insufficient to explain the spatial release from
masking found in the binaural condition.

D. Effect of masker type

Figure 3 �left-hand panel� also shows the group means
and standard errors for the colocated and �90° spatially
separated conditions using time-reversed speech maskers
�squares�. The corresponding time-forward mean results are
again provided for comparison �BARE: solid gray line;
PLEX: dashed gray line�. In the colocated condition, the av-
erage T /M at threshold was lower with the time-reversed
speech maskers than when the maskers were intelligible in
both room conditions. In the low-reverberation room, mean
threshold T /M at 0° was −9.3 dB �SE=1.2 dB�, which was
12.3 dB lower than with the forward-speech maskers. A simi-
lar result was found in the more reverberant room, where
group-mean threshold at 0° was −5.8 dB �SE=0.6 dB�. This
was 9.2 dB lower than the corresponding threshold with
forward-speech maskers. When the maskers were presented
at �90° there was a modest benefit of spatial separation in
both room conditions. In the low-reverberation room, mean
threshold at �90° was −13.4 dB �SE=0.5 dB�, correspond-
ing to 4.1 dB spatial release. In the more reverberant room,
there was 2.3 dB spatial release, as mean threshold at �90°
was −8.1 dB �SE=0.1 dB�. As compared to the forward-
speech maskers, all of the threshold T /M’s were lower for
the reversed speech maskers, but the greater reductions oc-
curred for the colocated condition. Further, the amount of
reduction in T /M was similar for both room conditions. This
effect reduced the mean spatial release from masking ob-
served with the reversed speech maskers, although the ben-
efit remained statistically significant. Spatial release for the
reversed speech condition is plotted in the left-most pair of
bars in the right-hand panel of Fig. 3. A two-factor repeated-
measures ANOVA on T /M at threshold for the reversed
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subject factors confirmed there were significant main effects
for room �F�1,4�=63.3, p=0.001� and spatial conditions
�F�1,4�=19.2, p=0.01�. The interaction between room and
spatial condition was also significant �F�1,4�=11.7, p
=0.03�.

IV. DISCUSSION

The current findings support the notion of a tuned re-
sponse in azimuth resulting in a filter-like pattern of masking
results. This conclusion is based on the progressive decrease
in T /M at masked threshold with increasing spatial separa-
tion of symmetrically placed speech maskers over a narrow
range of azimuths. The magnitude of the effect varied across
listeners but, on average, was more than 12 dB in the low-
reverberation room. This effect appears to be mediated by a
variety of aspects of the listening environment, stimuli, and
task. However, this benefit did not appear to increase in pro-
portion to increasing differences in target-masker azimuth
across the range of values tested �see Fig. 1�. Instead, most of
this effect was obtained within the first 15° of spatial sepa-
ration of sources with the full benefit for most listeners real-
ized by about 45°. The −3 dB bandwidths from the fitted
filter functions are thus quite narrow with the average value
less than �10°. The bandwidths computed here are similar to
the narrow bandwidths found by Teder-Salejarvi et al.�1999�.

The tuning primarily reflects, we believe, a reduction in
informational masking as the target and masker are spatially
separated. Although it is difficult to determine the relative
amounts of energetic and informational masking that are
present in a speech-on-speech masking task, there are several
factors that suggest that this is the case. The large release
from masking in the colocated condition when the masker
speech is reversed is consistent with a reduction in informa-
tional masking. However, this technique only provides a
rough approximation of the amount of informational mask-
ing that occurs and is based on the assumption that energetic
masking is equivalent when speech maskers are played back-
wards or forwards—an assumption that may not hold in
some cases �e.g., Rhebergen et al., 2005�. Unlike broadband
noise, reversed speech has similar temporal fluctuations to
normal speech, making it intermediate to noise and speech
along a hypothetical continuum of target–masker similarity.
Further, there is the possibility that the similar and highly
structured nature of target and masker sentences used in the
current study differentially affects the amount of energetic
masking present in time-forward and reversed maskers. In
order to examine this possibility, a control experiment using
speech-shaped speech-envelope-modulated noise that took
its modulation pattern from forward and time-reversed
speech was conducted with four additional listeners. This
experiment is described in the Appendix. The conclusion
drawn from those data is that the reduction in masking for
the time-reversed maskers cannot be attributed to a decrease
in energetic masking but must be due to a decrease in infor-
mational masking. Further, the spatial release found in both
conditions was much less than was found here for speech
maskers and was in good agreement with past results in

which noise maskers were presented from symmetric loca-
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tions around a speech target �e.g., Bronkhorst and Plomp,
1992; Helfer, 1992; Peissing and Kollmeier, 1997; Noble and
Perrett, 2002�. There is also other work, notably that of
Brungart et al. �2006�, that has suggested that the majority of
masking that occurs in the coordinate response measure task
employing speech maskers is informational in nature.

The type of masking present in the colocated condition
of this study has implications for the mechanisms respon-
sible for spatial release. Clearly, the basis for the reduction in
thresholds in the spatially separated conditions is the pres-
ence of interaural differences. This conclusion is supported
by the results of the monaural condition in which no signifi-
cant spatial release was found. In the symmetric masker con-
figuration, there was no overall acoustical better ear advan-
tage. Measurements made on a Knowles Electronics Manikin
for Acoustic Research showed that the overall level �root
mean square computed over entire sentence� of either of the
maskers alone or target plus maskers differed by less than
1 dB across ears from all of the different spatial configura-
tions tested in the experiment. However, this does not rule
out the possibility that there could be short-term fluctuations
in level or overall spectral differences due to head shadow
effects, resulting in epochs of better T /M when the maskers
are spatially separated from the target. Unlike the asymmetry
leading to a “better ear” typical with spatial separation of a
target and a single masker, the two ears receive roughly
equal fluctuations of T /M but either ear may be “better” in
the spatially separate case as compared to the colocated case3

at certain moments in time. If this could explain some of the
large spatial release from masking observed, then listeners
should exhibit some spatial release when listening monau-
rally. However, the benefit of spatial separation was elimi-
nated in the condition simulating monaural listening. As a
further control, we tested a subset of the listeners while both
ears were covered with hearing protectors. After increasing
the target level to compensate for the attenuation �i.e., pre-
sented at the same sensation level�, the spatial release was
restored. This assured that the loss of normal pinna cues was
not the reason for the difference. Thus, the advantages found
here clearly depend on binaural listening.

Previous findings using speech maskers placed sym-
metrically around a speech target are most relevant to the
current results. Noble and Perrett �2002� studied the spatial
release from masking for a target speech source masked by
symmetrically placed speech, speechlike, or noise maskers.
In a soundfield experiment with maskers placed at �30°,
they found about a 4 dB spatial release for two speech
maskers. This was smaller than the spatial release found in
the current study for �15° of separation. They found even
smaller releases when the maskers were noise. In one experi-
ment, they also measured performance for speech masker
placements of �90° and found only about a 1 dB further
increase �relative to �30°� in spatial release. Given the filter
widths computed here �attenuation maxima at about 38° ex-
cluding Listener 3 who had atypically large bandwidths�,
their results appear to be consistent with ours except that the
magnitude of their spatial release was substantially less. It

seems likely that their smaller spatial release from speech
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masking is a consequence of their stimuli and tasks produc-
ing smaller amounts of informational masking than those in
the present study.

Spatial release from masking in single noise-masker
conditions increases with increasing target-masker separation
over a range of values �e.g., Plomp, 1976; Plomp and
Mimpen, 1981�, a result that is consistent with the predic-
tions of Zurek’s �1993� model. Also, a speech target masked
by a single speech masker follows a similar pattern of spatial
release. Asymmetric, single masker placement could result in
a function like those shown in Fig. 2 for either type of
masker as it is progressively separated from a speech target.
However, although both noise-masking-speech and speech-
masking-speech produce declining threshold functions in the
asymmetric placement condition, the fact that the two differ
in the symmetric placement condition is, we believe, quite
significant and is consistent with the conclusion that the un-
derlying mechanisms are different as well. This interpreta-
tion is in agreement with Noble and Perrett’s conclusions
despite the discrepancy in the size of the effect. Additionally,
the recent work of Brungart et al. �2006� suggesting that
energetic masking is not a major factor for speech materials
and procedures similar to those used here calls into question
any strong role of binaural analysis �i.e., within-channel im-
provements in T /M, or “masking level differences”�.
Bronkhorst �2000� has proposed a straight-forward approach
to the prediction of spatial release for a speech target pre-
sented from the front in the multiple masker case. Based on
his equation �Bronkhorst, 2000, p. 123� and the parameters
he estimated by fitting data from several studies, the predic-
tion for the amount of spatial release for two maskers placed
symmetrically at �90° is about 2 dB. That value is consis-
tent with empirical reports of spatial release from noise
maskers �e.g., Noble and Perrett, 2002�, although it is some-
what smaller than the 4.6 dB effect found by Bronkhorst and
Plomp �1992� for a modulated noise masker. For the proce-
dures and target stimuli used in the current study, we found a
value of about 1.5 dB in the low-reverberation room when
measured empirically using broadband noise maskers4 and
about 3.5 dB for either time-forward or -reversed speech-
shaped speech-envelope-modulated noise �refer to the Ap-
pendix�. Thus, when the primary limitation on performance
is energetic masking, the conditions tested in this study yield
comparatively small spatial advantages. It appears to be pos-
sible that the presence of a high degree of informational
masking is necessary �but not necessarily sufficient� to ob-
serve the large and sharply tuned effects found here. It is also
clear that models of spatial release that only take into ac-
count better-ear listening and binaural analysis cannot pre-
dict these large effects.

The interpretation of the current results is that the great-
est amount of informational masking was present in the colo-
cated condition for the forward-speech maskers. Either spa-
tial separation of the stimuli or time reversing the maskers
caused a large reduction in the informational masking. Once
the informational masking was reduced by means of decreas-
ing target-masker similarity by time-reversing the masker,
further reductions due to spatial separation were minimal and

possibly indicate that performance had reached a limit im-
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posed by the remaining energetic masking. The conclusion
then is that the amount of informational masking in a task
influences the degree of spatial benefit observed after elimi-
nating the better-ear advantage. This interpretation is consis-
tent with the relatively small amounts of spatial release from
masking observed in previous studies that used various en-
ergetic maskers or presented the stimuli in low-uncertainty
conditions or provided other strong perceptual segregation
cues �cf. Kidd et al., 1998; Arbogast et al., 2002; Noble and
Perrett, 2002; Hawley et al., 2004; Culling et al., 2004; Best
et al., 2005�.

One of the factors influencing the magnitude of spatial
release observed was the amount of reverberation in the lis-
tening environment. There was less spatial release from
masking in the more reverberant room �the PLEX condition�.
Although the T /M’s at threshold were stable across room
conditions for the colocated target and maskers, the T /M’s at
threshold were higher in the more reverberant room when the
maskers were spatially separated.

Increasing reverberation did not affect the colocated
thresholds in the current three-talker experiment, but did in
the two-talker experiments of Plomp �1976�, Culling et
al.�2003�, and Kidd et al. �2005a�. This might be explained
by several factors, including differences between studies in
the stimuli and procedures used and in the amount of rever-
beration present. In the two studies using rooms or simula-
tions with longer reverberation times than those of the cur-
rent experiment �Plomp, 1976; Culling et al., 2003�,
increasing reverberation increased T /M by 2–4 dB for the
colocated condition. However, in both studies the T /M’s in
the colocated conditions were generally lower �better� than
those found here, likely because there was only a single
masker talker. Importantly, the effect of increasing reverbera-
tion on the benefit of spatial separation found here is some-
what different than that reported by Kidd et al. �2005a� in the
same room conditions for a single masker either colocated
with the target at 0° or spatially separated at 90°. In that
study, when the masker was another speech signal �targets
and maskers were comprised of multiple narrow and mutu-
ally exclusive frequency bands�, a large release from mask-
ing was preserved in the more reverberant room �16.0 dB in
PLEX versus 16.7 dB in BARE�. The main difference be-
tween the results of the two studies is that the group mean
T /M’s at threshold in the colocated condition were more
variable and lower in the earlier study. As noted previously,
the colocated thresholds found here for two speech maskers
were remarkably constant across listeners and room condi-
tions including the monaural control. In the earlier study, the
range of performance across listeners in the colocated case
for a single masker was much larger. The lower mean thresh-
olds in the earlier study, combined with the larger intersub-
ject differences, suggest that the source segregation cues
were different. Although we do not know for certain, it
seems possible that thresholds in the colocated, two-talker
masker used here are determined simply by relative level.
When three talkers of the same sex uttering similar sentences
are colocated, there may be insufficient cues �e.g., F0 differ-
ences, timbre differences, etc.� to segregate the target until it

is the loudest of the three voices. The values of T /M at
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threshold were around 2–3 dB meaning that the target was
that much higher in level than either masker alone or ap-
proximately equal to the sum of the maskers. These values
are comparable to performance in a study by Brungart et al.
�2001� for monaural segregation of three same-sex talkers
using the same stimuli. In the Kidd et al. �2005a� study, other
segregation cues—notably timbre differences resulting from
the narrowband processing of the speech targets and maskers
�see also Arbogast et al., 2002�—provided another means for
segregating the sounds. It is possible that the timbre cue was
disrupted by reverberation, causing thresholds to increase in
the colocated condition about as much as in the spatially
separated condition. Future work is necessary to determine
whether longer reverberation times than those used here
would disrupt the relative level segregation cue and further
increase the colocated thresholds for two or more masker
talkers.

A related issue is that the large individual differences in
spatial release found here are almost entirely attributable to
differences in performance in the spatially separated condi-
tions. The level cue that we speculate forms the basis for
segregation in the colocated case seems to be one that most
listeners were able to use quite effectively and is robust with
respect to this amount of reverberation. However, in the spa-
tially separated conditions, the ability to use interaural dif-
ferences to segregate and selectively attend to the target—
and ignore the maskers—varied widely across listeners. The
large individual differences found in the spatially separated
condition are not unlike the large individual differences
found in the ability to use various segregation cues to over-
come informational masking �e.g., Neff and Dethlefs, 1995;
Durlach et al., 2003; Richards et al., 2002�.

Threshold T /M increased in the spatially separated con-
dition with increasing reverberation. This finding supports
earlier work by Helfer �1992� using nonsense syllables
masked by symmetrically positioned “cafeteria noise” and by
Kidd et al. �2005a� and Culling et al. �2003� for asymmetric
speech maskers. However, the conclusion that can be drawn
from the current data differs from that of Culling et al.
�2003� for several reasons. They observed that the benefit of
spatial separation was eliminated with increasing reverbera-
tion. Several differences in the design of their experiment
and the current experiment could help to explain this appar-
ent discrepancy. First, because they were interested in the
interaction of F0 contours �intonated, monotonous, or in-
verted� with spatial separation and reverberation, the task
they used consisted of identifying key words from a male
talker in the presence of a single female talker. This poten-
tially involved less informational masking than in the present
study as a strong segregation cue was present in all condi-
tions. Their thresholds for the colocated case were better and
the release from masking with spatial separation in the simu-
lated anechoic space was smaller than in the current results.
In addition, the elimination of the effect in reverberation, as
well as the overall increase in thresholds in reverberation,
may have been due to the greater amount of reverberation
present in their experiment.

Considered across these various studies, reverberation

clearly adversely affects performance in multitalker situa-
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tions. Culling et al. �2003�, Kidd et al. �2005a� and the cur-
rent results have all demonstrated that the T /M at threshold
increases with increasing reverberation when the competing
talkers are spatially separated from the target. The most
likely reason for this effect, we believe, is that the temporal
“smearing” caused by reverberation reduces the interaural
time and level differences that normally help the listener seg-
regate the different sound sources and permit the listener to
focus attention on the target. Performance in the absence of
spatial cues appears to depend on the availability of other
cues �e.g., overall level differences� for segregating the target
from the colocated maskers that are less sensitive to the tem-
poral smearing caused by this amount of increased reverbera-
tion. Therefore, whether spatial release per se is reduced,
and, if so, to what extent, appears to depend on the specific
conditions tested in the experiment.

V. SUMMARY AND CONCLUSIONS

The motivation for the current study was to better un-
derstand the processes that allow listeners to selectively at-
tend to one source while ignoring competing sources in re-
alistic room conditions. Listeners gave a selective response
to a talker located straight ahead in the presence of two colo-
cated or symmetrically positioned interfering talkers. Over-
all, filter-like properties were observed in the pattern of re-
sponses and it seems likely that this effect depends on the
specifics of the stimuli and task. The spatial advantage ob-
served appears to be a consequence of the listener using in-
teraural differences to improve perceptual segregation of the
target from the maskers and to focus attention at a point in
space in order to overcome informational masking.

Spatial release from masking increased in these experi-
ments as a function of increasing target–masker separation in
azimuth from 0° to �45° with negligible improvement for
increasing spatial separation further to �90°. Most of this
release occurred for the initial separation of �15°, suggest-
ing that even small spatial separations provide large percep-
tual benefits. The spatial filters that were computed from the
results were quite narrow �generally less than �10° at the
3 dB down points� and maximum values of attenuation were
mostly achieved in the range of �30° to �45°. A relatively
large amount of spatial release was observed in this task, in
excess of 12 dB for the larger separations, when listening
binaurally in the low-reverberation room. When participants
listened with one ear occluded by an earplug and earmuff to
simulate monaural listening, spatial release was nearly elimi-
nated; the average T /M’s in the colocated and spatially sepa-
rated conditions were not statistically different from the av-
erage T /M for the binaural colocated condition. The control
conditions of time-reversed speech maskers, modulated noise
maskers, and Gaussian noise maskers all produced much less
spatial release than was obtained for the time-forward speech
maskers. The large effects produced when informational
masking was emphasized allow us to highlight the impor-
tance of the perceptual aspects of a process that has tradi-
tionally been thought of as explainable by fairly low level
processes as in the model proposed by Zurek �1993�, to ac-

count for spatial release from masking for speech in noise.
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When room reverberation was increased, a fairly large
spatial release from speech-on-speech masking �over 8 dB�
was still present. As in the low-reverberation room, most of
the spatial release occurred for the initial �15° separation. In
the more reverberant room, listeners needed a more favor-
able T /M to identify the target when the talkers were spa-
tially separated, but the same T /M when the talkers were
colocated. Thus, increasing reverberation reduced the spatial
advantage. We speculate that the segregation cues in the
colocated condition resulted from stimulus level differences
that were unchanged by increasing reverberation. In the spa-
tially separated conditions, the segregation cues were likely
differences in perceived location based on interaural timing
and level differences that were disrupted by the increase in
reverberation.

Time reversing the maskers resulted in a greater change
in performance for the colocated condition than in the spa-
tially separated condition and this reduced the spatial release
from masking. The reduction in similarity between target and
masker provided a large segregation benefit. When the talk-
ers were spatially separated, there was less improvement due
to time-reversing the maskers possibly because of the large
improvement already achieved through spatial separation.
This suggests that informational masking is greater when
there are fewer segregation cues.
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APPENDIX

A potential explanation advanced for the reversed
speech result �reduced T /M at threshold especially for the
colocated condition� is that the forward speech produced
more energetic masking than the reversed speech because of
the coherence of the target and masker envelopes. Because
all of the sentences—both targets and maskers—have the
same structure and are to some degree time aligned, the en-
velopes of the targets and maskers are positively correlated
�near 0.5 by our estimates�. Reversed speech, however, di-
minishes the correlation between target and masker �near
zero or slightly negative�. If the peaks in the envelopes are
more highly correlated in the time-forward case, then it is
possible that the spectral overlap is also greater, whereas a

lower envelope correlation with time-reversed maskers could
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provide a better opportunity for extracting target information
in envelope minima. Because this alternative explanation for
the reversed-speech result affects the extent to which we can
attribute the colocated findings to informational masking, an
additional experiment was conducted to examine this possi-
bility in more detail. A new group of four listeners was re-
cruited and tested using the envelopes of the forward and
time-reversed speech maskers to modulate speech-shaped
noise �derived from the corpus of speech used in the experi-
ment�. Following some preliminary analysis and listening
experience, the envelope low-pass cutoff was set at 10 Hz.
Speech-shaped speech-modulated noise was used because it
is generally considered to produce primarily energetic mask-
ing of speech with little concomitant informational masking.
Because the envelopes are derived from forward versus re-
versed speech, the extent to which the target and masker
envelopes overlap is about the same as for actual speech. The
test procedures used were identical to those employed in the
main experiment with samples of the time-forward or
-reversed noises replacing the speech maskers. If the differ-
ence between forward and reversed speech maskers was due
to greater energetic masking in the forward speech maskers,
or to a better opportunity to extract target information in the
masker envelope minima for the reversed speech, then there
should be less masking obtained for the reversed speech-
modulated noise masker than for the forward speech-
modulated noise masker.

The results indicated no significant difference between
forward and reversed noise at either spatial condition: colo-
cated and �90°. For the colocated condition, the group mean
T /M’s were about −6.5 dB, whereas the corresponding val-
ues for the spatially separated condition were about −10 dB.
These values, including the approximately 3.5 dB spatial re-
lease from masking, are in good agreement with similar val-
ues reported by Bronkhorst and Plomp �1992�.

Our interpretation of the results of this control experi-
ment is that, despite the greater temporal overlap of the tar-
get and masker envelopes in the time-forward condition than
in the time-reversed condition, the amount of energetic
masking was about the same. Therefore, the previous conclu-
sions regarding the large improvements in T /M at threshold
for reversed speech maskers compared to forward speech
maskers being attributable to a release from informational
masking appears to be supported by these results. It seems
likely that the generally sparse spectral overlap of the CRM
materials, as reported by Brungart et al. �2006�, causes only
small amounts of energetic masking even when the target
and masker envelopes are somewhat coherent. The generali-
zation of this finding to other speech intelligibility results
should be made with caution, if at all, because of the closed-
set highly structured nature of the CRM test and stimuli.

1What happens to the information from the “poorer ear” when considering
the advantage of better ear listening is not always stated explicitly. If the
two ears are considered separate channels, then the best strategy should be
to optimally combine information from each. So, the poorer ear would
contribute to the overall percept. If combining the inputs to the two chan-
nels results in a single representation or image that is, in some sense,

noisier than the better input, then summation would be disadvantageous.
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However, if the listener is able to select only a single channel, then obvi-
ously attending to the better ear is advantageous.

2Although we do not have any direct evidence regarding the �a� symmetry
of the filter, there is some evidence from closely related conditions �Kidd
et al., 2005b� suggesting a preference for attending to stimuli presented
from the right-hand side in highly uncertain listening conditions. Whether
this would affect filter symmetry is not known and because of the sym-
metric placement of the maskers, there is not a way to evaluate filter
asymmetry in the current design.

3Apart from the complex spectrotemporal patterns that may be different for
the colocated and spatially separated conditions, imagine this extremely
over simplified example to illustrate the point. The target presented from
0° arrives roughly equally at the two ears however, each of the two
maskers when presented from �90° are essentially low-pass filtered by
the head when received in the opposite ears. Therefore, the high frequency
masker energy from one of the two sources is reduced in each ear relative
to the case of both maskers arriving equally at the two ears when colo-
cated with the target. Whether or not these effects should actually aid in
identifying the target is not obvious but the results of the monaural control
condition would appear to suggest that they do not.

4It has been demonstrated previously by Bronkhorst and Plomp �1992� and
Noble and Perrett �2002� that the spatial release for two symmetrically
placed independent Gaussian noise maskers is quite small—on the order
of one or two decibels. We double checked this finding for the stimuli and
procedures used in the current experiment by replacing the speech maskers
with two independent broadband noises. The average spatial release from
masking for a group of four listeners �two who participated in the speech
masking experiments and two new listeners� for the symmetrically placed
noises was essentially the same in both room reverberation conditions
�BARE: 1.5 dB and PLEX: 0.9 dB�. This is consistent with the previous
results referenced earlier.
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