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This study examined spatial release from masking �SRM� when a target talker was masked by
competing talkers or by other types of sounds. The focus was on the role of interaural time
differences �ITDs� and time-varying interaural level differences �ILDs� under conditions varying in
the strength of informational masking �IM�. In the first experiment, a target talker was masked by
two other talkers that were either colocated with the target or were symmetrically spatially separated
from the target with the stimuli presented through loudspeakers. The sounds were filtered into
different frequency regions to restrict the available interaural cues. The largest SRM occurred for the
broadband condition followed by a low-pass condition. However, even the highest frequency
bandpass-filtered condition �3–6 kHz� yielded a significant SRM. In the second experiment the
stimuli were presented via earphones. The listeners identified the speech of a target talker masked
by one or two other talkers or noises when the maskers were colocated with the target or were
perceptually separated by ITDs. The results revealed a complex pattern of masking in which the
factors affecting performance in colocated and spatially separated conditions are to a large degree
independent. © 2010 Acoustical Society of America. �DOI: 10.1121/1.3478781�

PACS number�s�: 43.66.Lj, 43.66.Dc, 43.66.Pn �MAA� Pages: 1965–1978
I. INTRODUCTION

There is a long history of study of the beneficial effects
of spatially separating a target talker from one or more mask-
ing sounds. Among the earliest studies were the reports by
Licklider �1948� revealing that the interaural phase relations
of target and masker played through earphones were crucial
to performance, and by Hirsh �1950� who showed that the
spatial location of target and masker presented via loud-
speakers could significantly affect speech intelligibility.
Kock �1950� also demonstrated large detectability advan-
tages when a speech target was varied in horizontal azimuth
relative to a noise masker. These early studies were compel-
ling examples of how binaural differences—termed interau-
ral time �ITD� and interaural level �ILD� differences-could
be used by the listener to extract one sound source from
among other competing sound sources.

Like much of the work of that era examining binaural
hearing, those early reports typically used Gaussian noise as
the masker �however, see discussion of “subjective” impres-
sions of binaural hearing by Koenig, 1950�. Although Gauss-
ian noise, broadband or band limited, is easy to quantify and
the interpretation of its masking effects is fairly straight-
forward, it is rarely representative of the competition among
sources in realistic communication situations. Often the dif-
ficulty experienced by a listener in selecting one sound
source among multiple sound sources is related to aspects of
the masking sounds that are not captured by noise. In par-
ticular, when the target is speech from one talker, the speech
of other talkers may significantly interfere with comprehend-
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ing the information from the target �although such interfer-
ence is of course not limited to speech sounds, but occurs for
other combinations of similar target�s� and masker�s� cf.
Kidd et al., 1998; Best et al., 2005�. This difference was
recognized in studies by Pollack and Pickett �1958�, Shubert
and Schultz �1962�, and Carhart et al. �1969�, among others.
The effects of noise masking were often explained as limita-
tions due to peripheral overlap of excitation �e.g., Fletcher,
1940�. However, the interpretation of listener performance in
complex multitalker environments is also thought to involve
less well understood processes such as sound source segre-
gation �cf. Bregman, 1990� and central factors such as atten-
tion and memory �see classic references by Cherry, 1953,
and Broadbent, 1958, Ch. 2; as well as the recent chapter on
informational masking by Kidd et al., 2008a�.

In a recent study, Marrone et al. �2008a� reported a spa-
tial release from masking �SRM� of about 13 dB for a target
talker masked by two independent masker talkers. The SRM
was computed as the difference between thresholds �target-
to-masker ratio, T/M, for 50% correct identification� in dB
for conditions in which the sounds were colocated or spa-
tially separated. This large effect occurred despite the reduc-
tion in the usefulness of simple acoustic head shadow differ-
ences which were minimized by symmetric placement in
azimuth of the two maskers. The term “simple” here means
that the magnitude of head shadow is computed over a rela-
tively long integration time. Although there was no SRM
found in a monaural condition, which presumably provides a
control for better ear listening, Marrone et al. �2008a� specu-
lated that short-term differences in T/M in one ear or the
other �i.e., time-varying ILDs or “moments of better-ear ad-
vantage”� might still aid in segregating the sound sources,

potentially contributing to the overall SRM observed. Be-
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cause these “glimpses” of the stimuli are inherently binaural
in nature, their putative effects would not be expected to be
revealed when listening monaurally.

The magnitude of SRM found in various experiments
must be interpreted cautiously. Although binaural differences
clearly are the basis for SRM, the underlying mechanisms
exploiting ITDs and ILDs may be different in different cir-
cumstances. The early binaural studies referenced above
were strongly influenced by two empirical results that ap-
peared to be directly related: the demonstration of large ad-
vantages in the detectability of a pure-tone signal in noise,
and large advantages in speech recognition in noise, when
the stimuli were presented dichotically, both referenced to
performance when all of the stimuli were diotic or monotic.
The dichotic condition causing the largest advantage was
usually for the target presented � radians out of phase with
an in-phase masker. In fact, the “masking-level difference”
�MLD� for detection has been invoked as an explanation for
the dichotic advantage in speech recognition for speech tar-
gets in noise presented either under headphones �e.g., Levitt
and Rabiner, 1967� or via loudspeakers �e.g., Zurek, 1993�.
According to that interpretation, the MLD may be viewed
simply as an improvement in T/M in the various frequency
channels without necessarily specifying the underlying
mechanism �e.g., an equalization-cancellation mechanism,
Durlach, 1963, 1972; Akeroyd, 2004; Culling, 2007; or a
binaural decorrelation mechanism, e.g., Culling and Colburn,
2000, Culling et al., 2006�.

The relationship between the MLD for detection and the
binaural advantage for speech recognition is less clear when
the masker�s� are speech rather than noise. This is due in
large part to the understanding that energetic masking
�EM�—within-channel competition for an adequate neural
representation of the target in the presence of the
masker�s�—is much less of a factor for speech than for noise
maskers �e.g., Carhart et al., 1969; Freyman et al., 2001;
Noble and Perrett, 2002; Arbogast et al. 2002; Brungart et
al., 2006�. The SRM observed in speech-on-speech masking,
in fact, often appears to be governed more by perceptual and
cognitive factors causing release from informational masking
�IM� than by lower-level MLD mechanisms �cf. Kidd et al.,
2008a�. This conclusion has some important implications for
the interpretation of SRM in multitalker environments

In the study by Marrone et al. �2008a�, there were three
simultaneous talkers of the same sex uttering similar sen-
tences, a situation thought to be dominated by IM. When all
three—the target and two maskers—were colocated, thresh-
old T/Ms were approximately 2–3 dB, a finding that appears
to be fairly consistent across various studies using similar
stimuli and/or methods �cf., Brungart et al., 2001; Marrone et
al., 2008b; Carr, 2010�. When the maskers were symmetri-
cally spatially separated from the target �at �90°�, threshold
T/Ms were much lower, about �11 dB, resulting in the large
SRM. However, another type of release from masking was
observed when the speech of the masker talkers was time-
reversed. In that case, threshold T/Ms in the colocated con-
dition were nearly 12 dB lower than for forward speech �cf.
Freyman et al., 2001; Rhebergen et al., 2005�. In the spa-

tially separated condition, the threshold T/Ms were lower for
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reversed vs. forward speech as well, but only by about 5 dB.
If one considers only the magnitude of the SRM, the conclu-
sion from Marrone et al. would be that SRM is much smaller
for reversed speech than for forward speech. However, Mar-
rone et al. speculated that once the IM had been reduced �by
time-reversal or spatial separation� there was little IM left to
reduce via other means �cf. Freyman et al., 2001�. Hence,
there was relatively little spatial benefit seen for time-
reversed maskers and conversely relatively little benefit of
time-reversal for spatially separated maskers. Presumably
other source segregation manipulations such as using differ-
ent sex voices for the target and masker talkers would have a
similar effect �cf. Freyman et al., 1999; Noble and Perrett,
2002; Allen et al., 2008; Carr, 2010�; that is, a release from
IM would be seen for the colocated maskers with little addi-
tional release observed with spatial separation. Because of
these differences in the cues available to segregate sources
that are colocated, not all speech-on-speech masking situa-
tions will produce large SRM and, in fact, SRM may be
reduced under the very conditions producing the best overall
performance.

The following experiments were intended to examine
further the factors contributing to spatial release from mask-
ing in the three-talker listening condition investigated by
Marrone et al. �2008a�. In Experiment 1, the contribution of
ITD and ILD cues was investigated by filtering the stimuli
into different frequency regions. In Experiment 2, the influ-
ence of the number and type of maskers was studied under
various presentation conditions in which the stimuli were
separated only by ITD cues.

II. EXPERIMENT 1

In order to determine the contribution of ITDs and ILDs
to the SRM seen in the Marrone et al. �2008a� paradigm,
filtered stimuli were used. Because ITDs and ILDs are
known to be most effective in different frequency regions
�cf. Zurek, 1993�, filtering the stimuli is a useful approach to
determining the effectiveness of these cues. It was expected
that low-pass filtering of targets and maskers would reveal
the extent to which ITD cues were useful, high-pass filtering
would limit the cues to those arising primarily from ILDs,
including acoustic head shadow or better ear effects, and
stimuli limited to a midrange of frequencies, where neither
cue is particularly strong, may or may not show any benefit
of spatial separation. In addition, because identical filtering
of target and maskers could increase the perceived similarity
of the sounds, potentially making the task more difficult and
influenced more by IM, the experiment was repeated with
stimuli in which only the target was filtered. Because high-
frequency better-ear cues were limited by the symmetric
masker placement, it was expected that only those conditions
in which the critical information was carried by low frequen-
cies �e.g., below about 1500 Hz� would show a significant
SRM �cf. Dubno et al., 2002�. However, that expectation was
tempered by the limited data available for speech masking
other speech under conditions in which the stimuli were

filtered.
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A. Methods

The stimuli and procedures were similar to those em-
ployed by Marrone et al. �2008a�. The sounds were pre-
sented via loudspeakers in a large �approximately 12 ft, 4 in.
long, 13 ft wide, 7 ft, 6 in. high� custom IAC �Industrial
Acoustics Co.� booth with the typical perforated metal ceil-
ing and wall panels and a carpeted floor. The listener was
seated in the center of a semicircle of loudspeakers �from left
to right in front� positioned 5 ft away. Subjectively, the room
has little noticeable reverberation. The direct-to-reverberant
ratio �estimated using impulse responses� averaged 6.3 dB
for the source positions at 0° and 90° azimuth, and modula-
tion transfer functions �measured according to RASTI proce-
dures� indicated no decrease in modulation depth and hence
no predicted decrease in speech intelligibility. The details of
these measurements were provided in Kidd et al. �2005�.

The task was closed set speech identification using the
coordinate response measure corpus �“CRM,” Bolia et al.,
2000� and the target and both maskers were independent sen-
tences from that corpus spoken by different female talkers.
The test has the structure “Ready �callsign� go to �color�
�number� now.” There are eight callsigns, four colors, and
eight numbers; and on any given trial the callsigns, colors,
and numbers spoken by the three talkers �target and two
maskers� were mutually exclusive and chosen randomly. In
these experiments the target sentence was denoted by the use
of the callsign “Baron” on every trial and the listeners were
instructed to report the color and number spoken by the tar-
get talker. The response was counted correct only if both the
color and the number from the target sentence were reported
accurately. The target level was fixed at 50 dB SPL while a
1-up 1-down adaptive procedure was used to estimate the
masker level corresponding to 50% correct identification.
The two masker sentences were always equal to each other in
level. The results are expressed as target-to-masker ratio at
threshold �T/M� in dB. A T/M of 0 dB would indicate that
the target sentence was at the same level as each individual
masker �and therefore approximately 3 dB lower than the
sum of the level of the two maskers�. Both target and masker
sentences were filtered identically to create four different
conditions that differed in frequency range: “broadband”
which was from 0 to 6 kHz; “low-frequency,” which was
low-pass filtered at 1.5 kHz; “mid-frequency,” which was
bandpass filtered from 1.5–3 kHz; and “high-frequency,”
which was bandpass filtered from 3–6 kHz.

In the first part of the experiment, a subset of spatial
conditions from Marrone et al. �2008a� was tested. In that
study, the results for maskers placed symmetrically at �45°
did not differ from the results for the �90° condition and
therefore the �45° condition was not tested here. That left
three spatial conditions: one in which the target and both
maskers were colocated at 0° azimuth, and two in which the
target was presented at 0° and the maskers were symmetri-
cally placed to the left and right of the listener at either �15°
or �90°.

The listeners were five young adults with normal hear-
ing as determined by standard audiometry. They completed

two or three blocks of target-only identification �at the fixed
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level used for the target� for each filter condition, two or
three adaptive threshold estimates for the target in quiet for
each filter condition, and six adaptive threshold estimates for
each filter condition and spatial configuration in the masked
conditions. In all conditions, speech identification perfor-
mance was near 100% correct in the absence of the maskers.
The listeners participated for three 2-h sessions with each
session conducted on a different day.

In the second part of this experiment, two of the same
listeners and six additional normal-hearing young adults
served as subjects. The speech maskers were always broad-
band while the target was filtered into the same four fre-
quency regions described above. The broadband condition
thus represents a replication of the broadband condition from
the first part of the experiment. In addition, because the in-
tent of this manipulation was to compare the amount of spa-
tial release from masking, only the colocated and �90° sepa-
ration spatial conditions were tested. Otherwise, the
procedures were identical to those previously described. This
part of the experiment required two listening sessions.

B. Results

Figure 1 shows the group-mean threshold T/Ms in dB
for each of the spatial configurations and filter conditions.
The left panel displays the results when all three sentences
�target and both maskers� were filtered identically �“all fil-
tered”� while the right panel displays the results when only
the target was filtered �“target filtered”�. First, considering
the results contained in the left panel, the T/M at threshold in
the colocated broadband condition �asterisks; about 2.6 dB�
was very similar to that reported previously by Marrone et
al. �2008a� for nearly identical conditions. Filtering the
stimuli raised the thresholds for the colocated condition to
about 7 dB T/M for both the mid-�squares� and high-
frequency �triangles� conditions. The threshold for the low-
pass filtered condition �circles� was intermediate at around 4
dB. Thus, when target and maskers were colocated, threshold
T/Ms varied over a range of about 5 dB as a result of filter-
ing.

For the spatially separated condition, the threshold T/Ms
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FIG. 1. The results from Experiment 1 expressed as target-to-masker ratio
�T/M� in dB. The data are group means and associated standard deviations
for the target-masker spatial separations that were tested. The left panel
shows the results when target and maskers were filtered equally. The right
panel shows the results when the maskers were broadband and only the
target was filtered. In both panels, the data for different frequency regions
are indicated by the different symbols. The data points are offset slightly
along the abscissa and connected by lines for clarity of presentation.
were substantially lower in some cases, particularly when the
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stimuli were broadband or low-pass filtered. As in the Mar-
rone et al. study, there was a substantial benefit from a spa-
tial separation of only �15° for these two cases, suggesting
fairly sharp spatial “tuning” for these stimuli and procedures.
For the �90° separation, threshold T/Ms ranged from about
�10 dB for the broadband condition to about 3 dB for the
high-frequency condition. Thus, thresholds varied consider-
ably more in the spatially separated condition than in the
colocated condition. A repeated-measures analysis of vari-
ance indicated that both frequency range �F�3,12�
=211.2, p�0.001� and spatial condition �F�2,8�=40.1, p
�0.003� were significant main factors. Furthermore, as
would be expected from inspection of the left panel of Fig. 1,
the interaction was also significant �F�6,24�=12.2, p
=0.025�.

The difference in performance between individual lis-
teners was in some cases substantial as indicated, for ex-
ample, by the error bars for the broadband condition �aster-
isks�. The performance across listeners for the colocated case
varied by only about 2 dB �a range of thresholds of only 1.4
to 3.3 dB� whereas their performance for the �90° case var-
ied over almost 10 dB ��14.5 to �4.7�. A similar trend was
seen for the other filter conditions.

In the right panel, displaying the results from the target-
filtered conditions, the pattern of results was very similar to
that which occurred when all of the stimuli were filtered,
except for the mid-frequency �1.5–3 kHz� condition
�squares�. For some reason that is not clear to us, threshold
T/Ms were lower by several dB for both colocated and spa-
tially separated conditions compared to the same frequency
range condition in the left panel. This finding needs further
evaluation before any firm conclusions may be drawn. Oth-
erwise, the results from the two conditions �left and right
panels of Fig. 1� were nearly identical. It should be pointed
out that, as in the first part of the experiment, these T/Ms are
defined by the overall level of both target and individual
maskers, and on this basis they look quite similar. It appears
that these trends due to spatial separation and frequency
range may occur when only the target is restricted in fre-
quency content. Thus, with the possible exception of the
mid-frequency result, the qualitative differences in the sound
of the target and masker due to this manipulation did not lead
to substantially different findings. An alternative way to rep-
resent the T/Ms for the results plotted in the right panel of
Fig. 1 would be to reference the target to the masker level
only in the frequency region matching the target band. Based
on that computation the thresholds in the broadband condi-
tion would not change, the low-frequency thresholds would
increase by only about 0.4 dB �because most of the masker
energy is already in this region�, the mid-frequency thresh-
olds would increase by about 11.8 dB, and the high-
frequency thresholds would increase by about 20 dB. These
adjustments might be warranted if an attempt was made to
factor in the influence of the greater amount of EM that
would likely result from the additional masker energy out-
side of the target frequency region relative to the case of both
target and masker filtered identically.

Individual differences were noteworthy here as well.

The high-frequency condition produced the largest intersub-
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ject variability for both colocated and separated cases of any
of the conditions shown in either panel. The thresholds com-
prising these two points varied across listeners by nearly 20
dB. Two of the eight listeners had threshold T/Ms greater
than 10 dB �computed re. the entire masker bandwidth� in
the colocated condition �a value at least 6 dB higher than any
of the other listeners�, while one listener had an unusually
low threshold T/M of �11.6 dB for the �90° spatial
separation—a value that was nearly 10 dB better than the
next best threshold.

The amount of SRM for each of these conditions is plot-
ted in Fig. 2. These values do not depend on which masker
reference level is used. In each case, the filled bar of the pair
indicates the SRM when all stimuli are filtered in the same
way while the open bar indicates SRM in the target-filtered
conditions. In all cases, the target-filtered conditions resulted
in slightly less SRM on average than when all stimuli were
filtered equally. The SRM in both of the broadband cases
�recall that they are identical except for the participating lis-
teners� was about 12 dB—which was quite similar to that
which has been reported previously by Marrone et al.
�2008a�. In the other filtered conditions, less of an SRM was
observed. To compare the SRM values obtained for filtering
both target and masker and only the target, a repeated-
measures analysis of variance on the SRM values was con-
ducted with filter condition �all filtered or target filtered� as
the between-subjects factor and with frequency region
�broadband, low frequency, mid frequency and high fre-
quency� as the within-subjects factor. For this analysis only,
the two listeners who completed both experiments were
eliminated from the target filtered group. Frequency region
was highly significant �F�3,27�=28.05, p�0.001�, filter
condition was not significant �F�1,9�=0.074, p=0.79�, and
the interaction was not significant �F�3,27�=0.38, p
=0.77�. This is consistent with the impression given from
Fig. 2 that the filtering of the masker did not change the
SRM.

C. Discussion

In the first experiment, a large SRM was found for two
speech maskers symmetrically separated from a speech tar-
get that was similar to that reported by Marrone et al.
�2008a� for broadband targets and maskers. Restricting the
frequency region to below 1.5 kHz reduced the SRM some-
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what and greater reductions were observed for mid- and
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high-frequency bandpass conditions. However, all of the fre-
quency regions tested potentially contributed to the SRM
found in the broadband condition. When all of the stimuli
were filtered equally the mid- and high-frequency conditions
resulted in SRMs of about 5 dB. This is rather surprising
given that better ear effects �or ILDs� due to head shadow are
greatly reduced by the symmetric placement of the maskers
and less than 1 dB of SRM was found by Marrone et al. in a
broadband “monaural” control condition �with one ear oc-
cluded by an earplug and earmuff�. In the current study, we
re-tested the listener who had the largest SRM in the high-
frequency condition when both target and masker were fil-
tered identically in the same “monaural” control used by
Marrone et al. and also found less than 1 dB of SRM. There-
fore, it appears that there is some binaural information in the
mid- and high-frequency regions beyond simple head
shadow that can produce an SRM.1

A reduction in SRM with high-pass or low-pass filtering
under conditions of two masker talkers symmetrically placed
around the target �in azimuth� was also reported by Noble
and Perrett �2002� although the remaining SRM in their
study was approximately equal for both the high-and low-
pass filtering. In that study, the amount of SRM in the broad-
band condition �about 5 dB� was much less than found here
so the reductions due to filtering were rather modest, leaving
SRMs on the order of 2 dB. The results of a separate �un-
published� experiment from our laboratory in which identical
filtering was applied with only ITDs separating the high-
frequency stimuli suggest that ILDs, not ITDs, give rise to
this SRM. Thus it appears that, in the absence of effective
ITD cues �i.e., at high frequencies, cf. Schimmel et al. 2008�,
listeners can use brief epochs of ILDs favoring one ear or the
other to perceptually segregate a target even when there are
no long-term ILDs. Note that the conclusion that this effect
is truly binaural is supported by the lack of any SRM in the
monaural control condition reported by Marrone et al.
�2008a� and informally measured on one listener here.

The relative spectral composition of the different stimuli
has received less attention in the SRM literature than other
factors. It seems clear that the patterns of performance found
here in both colocated and separated conditions are primarily
mediated by the frequency content of the target. Filtering the
target into the various band-limited conditions presented
against broadband maskers yielded threshold T/Ms and
SRMs that were not appreciably different than when both
target and maskers were filtered equally. It seemed possible,
for example, that the mismatch in bandwidth between target
and masker would provide a qualitative segregation cue
much like that which occurs for differences in fundamental
frequency between target and masker. However, there is no
such evidence in the current findings. Except for the mid-
frequency condition �target bandpass filtered from 1.5 to 3
kHz� the threshold T/Ms for the mismatched target-masker
spectra were equal to or slightly higher than most of the
corresponding threshold T/Ms for the equal-bandwidth case.
The picture that emerges here is that all three of the fre-
quency regions that were tested contribute to the overall
SRM found in the broadband case or at least contain useable

information. This seems likely to be a perceptual mechanism
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in which SRM- and more specifically performance in the
spatially separated condition—depends on the integration of
speech information across the spectrum strengthening the
target as a separate auditory “object” from the maskers.

III. EXPERIMENT 2

A second experiment was conducted with the stimuli
presented via earphones and separated in apparent interaural
location only by ITDs. Because of this mode of presentation
none of the results could be attributed to or influenced by
ILDs or better ear advantages, even those occurring over the
brief time frames discussed above. In this experiment several
other aspects of the masking were of interest, including the
number of maskers �one or two� and their type �speech,
noise, reversed speech�. The variability in the amount of
SRM often found when comparing across studies likely re-
flects the influence of these specific design choices and in-
cludes how much EM and/or IM is present �cf. Kidd et al.,
1998; Freyman et al., 1999; Brungart et al., 2001; Noble and
Perrett, 2002; Arbogast et al. 2002; Best et al., 2005�.

In the first part of this experiment the differences in
performance for one vs. two maskers were investigated. It
seems likely that the cues available for segregating sound
sources are quite different for the different numbers of
maskers. The influence of head shadow on spatially sepa-
rated conditions is much greater for single �or asymmetri-
cally placed� maskers than for dual �symmetrically placed�
maskers. Removing this factor by separating sources only by
ITD permits a more direct estimation of the ability of listen-
ers to segregate the target through binaural processing with-
out the confound of acoustic head shadow differences.

As discussed above, threshold T/M for two speech
maskers colocated with the target �broadband� tends to be
near 2–3 dB for these methods and is fairly consistent across
studies. On the other hand, threshold T/M for a single speech
masker masking a target voice—again, in the colocated
condition—is often much lower than that value �more than
may be accounted for by the decrease in masker energy� and
appears to vary more across subjects and studies �cf. Carhart
et al., 1969; Brungart, 2001; Arbogast et al. 2002; Culling, et
al., 2003; Hawley et al., 2004; Rakerd et al., 2006�. Because
the colocated condition for speech-on-speech masking is
thought to be dominated by IM, the perceptual factors form-
ing the basis for segregation may differ substantially depend-
ing on whether there are one or two maskers. For instance,
when attempting to track a particular voice it could be easier
to follow over time when there are more �or longer� glimpses
available. Fewer opportunities to glimpse the target during
envelope minima would occur when the target is embedded
in two independent masker talkers than one. It has also been
shown to be possible to listen to the softer talker when there
are only two talkers �e.g., Egan et al., 1954; Dirks and
Bower, 1969; Brungart, 2001� whereas according to Brungart
et al. �2001� this cue is not reliable with three talkers. Some
listeners may be able to exploit these cues leading to greatly
reduced IM in the reference �colocated� condition which con-

sequently affects the amount of SRM that is observed.
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The masking produced by different types of maskers
�i.e., maskers other than speech� was also investigated, with
the intent being to assess performance under conditions hav-
ing different amounts of IM/EM. For the two-masker case
we tested conditions in which one masker was speech �pre-
dominantly informational, in this context� and the other was
noise �energetic�. Currently, the interaction of different types
of maskers in this situation is not well known. However, in a
recent report by Agus et al. 2009, a speech-plus-noise
masker was used to help quantify amounts of EM and IM. It
was assumed that the combined masker had roughly the
same amount of EM as the noise-alone masker and therefore
differences in performance for the two masker types could be
attributed to IM. In the present study, the combination of the
two maskers may simply produce a result intermediate to
that produced by each separately or one masker may domi-
nate. Furthermore, it may matter which masker is colocated
with the target- and presumably at the focus of attention- and
which is spatially/perceptually separated and therefore out-
side of the focus of attention. This stimulus manipulation
may thus be informative regarding the viability of a nulling
or cancellation type of mechanism applied to the masker
sources �cf. Durlach et al., 2003; Gallun et al., 2005; Brun-
gart et al., 2007�. To date this issue has been explored only in
the Brungart et al. �2007� study, to our knowledge, where
essentially no advantage in target intelligibility was found for
a two-talker masker when only one talker was moved away
from the colocated target and other masker talker.

The rationale supporting this experiment is that the mag-
nitude of the spatial release from speech-on-speech masking
observed in a given experiment depends crucially on the de-
tails of the design of the experiment. It is only by fully un-
derstanding the impact of these design details, which, as per
discussion above may affect colocated and separated condi-
tions somewhat differently, that SRM may be interpreted.

A. Methods

As with the first experiment, the second experiment also
used a closed-set speech identification task. The speech cor-
pus was custom made and is described in more detail in a

TABLE I. A listing of the stimuli and conditions teste
indicated by DNT �did not test� and the conditions
present are indicated by N/A.

Masker type

One masker

Colocated
Separated
�+600 �s�

Forward speech 3 3

Reversed speech 3 3

SSSM noise 3 3

Speech-like noise 3 3

Speech plus SSSM N/A N/A

aSpeech colocated and noise separated.
bNoise colocated and speech separated.
previous publication �Kidd et al., 2008b�. The structure of
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the speech test is somewhat like the CRM and is also similar
to an earlier test by Hagerman �1982; also see Spieth et al.,
1954�. In this case, there are five words in a sentence with
each word chosen from one of eight alternatives for each
word position. All of the words were monosyllabic and were
recorded when spoken in isolation with neutral inflection so
that all combinations of words could be constructed creating
a large set �85� of unique sentences without coarticulation
effects or temporally “smeared” word boundaries. The struc-
ture was always �name��verb��number��adjective��object�.
Combinations created in this manner yield syntactically cor-
rect but unpredictable sentences. An example is “Bob found
three old shoes.”

There were 21 experimental conditions made up of com-
binations of number of maskers, type of masker and spatial
conditions �see Table I�. The 5-word target source was des-
ignated by the name “Bob” and the remaining four words
from that talker were scored. There were two numbers of
maskers, one or two, and four types of maskers: two kinds of
noise, reversed speech and speech. The speech maskers,
when present, were also five-word sentences from the same
corpus and constructed in the same way as the targets but all
talkers and words were different from the target and each
other �in the case of more than one masker�. All of the talkers
were females and the two or three sentences presented on a
given trial were always different talkers chosen randomly
from a set of eight. The target and masker talkers were al-
ways constant across the five words within a sentence but
changed from trial to trial. Temporally reversed speech
maskers were created by choosing the words exactly as in the
forward speech case but applying the time-reversal for each
individual word waveform before concatenation into a five-
word string. Hence the first reversed word in a masker was
always from the “name” choices, the second was a time-
reversed verb, and so on.

For the two types of noise, one was speech-shaped
speech-modulated �SSSM� noise and the other was called
“speech-like” noise. Both noises were based on choosing
words in the same manner as for the speech maskers so that
each noise masker consisted of 5 bursts of noise that were

xperiment 2. The conditions that were not tested are
were not applicable because only one masker was

Two maskers

Spatial condition

olocated

Symmetrically
separated

��600 �s�

One colocated
and one separated

�+600 �s�

3 3 3

3 3 DNT
3 3 DNT
3 3 DNT
3 3 3

a
3

b

d in E
that

C

equal in duration to the masker words for which they were
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substituted. In the case of SSSM noise, the broadband enve-
lope of the chosen word was used to modulate broadband
noise that had the same long-term average spectrum as the
entire speech corpus and then each noise burst was concat-
enated. For the speech-like noise,2 the only difference was
that the spectrum was also taken from that particular choice
of masker word and was not an average over the entire cor-
pus. In some two-masker conditions, one masker was speech
while the second masker was the SSSM noise. Each word or
noise burst was normalized to the same rms value and the
T/M was specified by the level of the target sentence relative
to the individual level of each masker sequence. Because the
words vary naturally in duration there was no imposed time
alignment other than the fact that all sequences �target and
one or two maskers� began at the same time and had an equal
number of words. Sometimes target sentences were longer
and sometimes shorter than masker sequences.

In the reference condition �colocated�, the target and
masker�s� were presented diotically. For the spatial separa-
tion conditions the target was diotic and the masker�s� were
separated from the target by an ITD of 600 �s. The single
masker conditions employed a 600 �s ITD leading toward
the right ear. When two maskers were present they either had
opposing ITDs of �600 �s �symmetrically “spatially” sepa-
rated� or one was colocated with the target �presented dioti-
cally� while the other had a 600 �s ITD leading in the right
ear.

In all cases, the level of the individual masker�s� was
fixed at 60 dB SPL and the target level was varied adaptively
using a one-up one-down technique to estimate T/M at
threshold �50% correct sentence identification�. In order for a
response to be counted correct, all four of the scored words
in a target sentence had to be reported correctly.

There were four listeners with normal hearing, each of
whom participated for eight 2 h sessions. At the beginning of
the experiment, three threshold estimates for the target sen-
tence in quiet were obtained. These trials also served to fa-
miliarize the listeners with the corpus and the response inter-
face. In the masked conditions, six threshold estimates per
condition were obtained and averaged.

B. Results

Figure 3 shows the group mean results from Experiment
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FIG. 3. The results of Experiment 2 plotted as T/M at threshold for one
masker �left panel� and for two maskers �right panel� of the same type. The
spatial configurations are indicated along the abscissa. The individual func-
tions with different symbols in each panel represent the type of masker �see
legend�. The data points are offset and connected only for clarity of presen-
tation.
2 for one �left panel� and two �right panel� maskers. In the

J. Acoust. Soc. Am., Vol. 128, No. 4, October 2010
case of two maskers, only the conditions in which both
maskers were of the same type and both were either colo-
cated with the target or were symmetrically separated from
the target �i.e., had opposing ITDs� are shown in this figure.
For the single masker �left panel�, the threshold T/Ms varied
over a range of about 10 dB in the colocated condition de-
pending on masker type. The highest threshold was mea-
sured for SSSM noise �circles; �16.5 dB T/M� while the
lowest threshold was observed for the reversed-speech
masker �triangles� at a T/M of �26.3 dB. The individual
differences were relatively small except for the speech
masker condition �diamonds� where the standard deviation
was three to four times larger than the other conditions. For
the colocated condition in the two-masker case �right panel�,
thresholds varied over an even wider range with the thresh-
old for the speech maskers �diamonds� at about 1 dB T/M
and the threshold for the reversed-speech maskers �triangles�
falling near �16 dB T/M. The threshold for the speech
masker was about 10 dB higher than any of the other masker
types but, unlike the one-masker case, varied little across
listeners.

For the separated conditions the range of threshold T/Ms
across masker types was smaller at about 7.5 dB for one
masker and about 6 dB for two maskers. In both the one-
masker and two-masker cases the lowest thresholds were ob-
tained for the reversed-speech masker and the highest thresh-
olds were for the SSSM noise masker. A repeated-measures
analysis of variance indicated that all three main effects:
masker type �F�3,9�=33.1, p�0.001�, number of maskers
�F�1,3�=553.5, p�0.001� and spatial condition �F�1,3�
=3523.9, p�0.001� were significant. All three of the two-
way interactions and the three-way interaction were also sig-
nificant. Most obvious in the figure was the three-way inter-
action in which the highest threshold was for the speech
masker when there were two maskers that were colocated
with the target.

One general result is that the threshold T/Ms were
higher for all of the two-masker conditions than for the cor-
responding one-masker conditions. As noted above, for these
listeners, threshold T/M was about 1 dB when two speech
maskers were colocated with the target, which is about the
same as past reports using similar closed-set speech tests. By
comparison, threshold T/Ms when only one speech masker
was colocated with the target averaged about �22 dB. This
is an enormous, and somewhat surprising, difference in
thresholds that will be revisited in the discussion section. The
group mean difference in threshold T/Ms for one versus two
maskers �i.e., the additional masking due to the presence of a
second masker of the same type� is illustrated in Fig. 4 for
the conditions shown in Fig. 3. All of these values were
higher than could be accounted for simply by the expected 3
dB increase in total masker power caused by adding a second
independent masker �shown by the dashed line in the figure;
recall that T/M is computed as the level of the target relative
to the level of each individual masker�. The largest amount
of additional masking by far is for speech maskers colocated
with the target, which exceeded 20 dB. Otherwise, for the
two types of noise as well as reversed speech, increasing the

number of maskers from one to two produced an increase in
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threshold T/M of about 7–11 dB in both colocated and spa-
tially separated conditions.

The two-talker speech masker also yielded much larger
SRM than any of the other maskers. This is apparent in Fig.
5, which shows the SRM for each condition. The SRM for
the two-talker masker was just over 15 dB, a value somewhat
larger than the 12.6 dB reported previously by Marrone et al.
�2008a�. For the other maskers, the SRMs were smaller than
for the speech maskers due largely to lower T/Ms at thresh-
old in the colocated condition. The SRM observed for the
SSSM noise maskers was about 3 dB �2.8 dB for one masker
and 3.6 dB for two maskers�. The values of SRM for the
speech-like noise maskers were nearly identical to those
from the SSSM noise, while even smaller SRMs were ob-
tained for the reversed-speech maskers.

The difference between forward and reversed speech—
both in terms of threshold T/M and SRM-was substantial,
also consistent with the report by Marrone et al. �2008a�.
Although there may be some differences in the EM produced
by the two types of masker presentation �cf. Rhebergen et
al., 2005�, any such effects are likely to be much smaller
than the differences found here and, in this case, may also be
reduced relative to naturally spoken sentences given that the
words were recorded in isolation and reversed individually.
So, comparison of the two provides one means of gauging
the approximate amount of IM that may be attributed to the
meaningfulness of the maskers. The largest reduction in
masking due to time reversal was about 17 dB for the two-
speech masker colocated condition �Fig. 3�.

The second part of Experiment 2 focused on two special
situations where there were always two maskers but they
were different in some way from the two-masker conditions
tested above. These two situations involved the combination
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FIG. 5. Spatial release from masking for the conditions displayed in Fig. 3.
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while the right bar of each pair is for two maskers.
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of a speech masker with a noise masker �referred to as a
“mixed masker”� and one masker colocated with the target
with the other masker separated from the target �“mixed
separation”�. The exact conditions tested are those listed in
the last row and last column of Table I. The only mixed-
masker case was for the combination of SSSM noise and
speech. The only mixed-separation cases were for two
speech maskers or the mixed masker. The results are pre-
sented in Fig. 6.

In considering these data, there are a number of com-
parisons that are of interest. In order to facilitate making
these comparisons, some of the conditions from the previous
part of Experiment 2 are also shown in Fig. 6 along with the
new results. The left panel shows the threshold T/Ms while
the right panel gives the SRM. The abscissa in both cases
indicates the spatial-separation condition and the masker
types are indicated by the shading of the bars: black for noise
maskers, gray for mixed maskers and white for speech
maskers. For the mixed maskers, the S or N indicates which
masker of the pair was separated.

For two speech maskers �left panel, white bars�, reading
left to right, the bars indicate group mean threshold T/Ms for
maskers colocated with the target �T /M=0.9 dB�, one
speech masker colocated with and the other separated from
the target by 600 �s ITD �T /M=−11.3 dB�, and both
maskers symmetrically separated from the target �T /M=
−14.8 dB�. Relative to the case where both speech maskers
were colocated with the target, moving one of the maskers
away produced an SRM of about 12 dB on average �right
panel, white bar in left group� although there were large
differences across listeners for this condition. Moving the
second speech masker away from the target so that both were
separated reduced thresholds by another 3.5 dB yielding an
SRM of about 16 dB �right panel, rightmost white bar�.

In contrast to this large effect of separation by ITD for
two speech maskers, the values for two SSSM noise maskers
were quite different. When the two independent SSSM
maskers were colocated with the target, threshold T/M was
about �9.5 dB �left panel, leftmost black bar�. This value is
thus about 10 dB lower than for the case of two colocated
speech maskers. When both noise maskers were separated by
�600 �s ITDs, threshold T/Ms were reduced to about
�12.3 dB �left panel, black bar in right group of bars�. This
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FIG. 6. Results from the mixed masker and mixed separation conditions
�see text�. The left panel shows the threshold T/Ms while the right panel
shows the resulting SRM for each condition. The values for two maskers of
the same type �speech or noise� are replotted from Figs. 3 and 5.
yielded an SRM of only about 2.8 dB �right panel black bar�.

Kidd et al.: Spatial release from masking



Because of this small SRM when both maskers were sepa-
rated, the �presumably� intermediate case of mixed separa-
tion was not tested.

In the mixed-masker case one masker was speech and
the other was SSSM noise. All of the mixed masker condi-
tions produced threshold T/Ms higher than those found for
the single speech or single SSSM noise maskers �Fig. 3� in
either colocated or separated conditions. The threshold T/M
for this combined masker in the colocated case �leftmost
gray bar in left panel of Fig. 6� fell in between the corre-
sponding thresholds for either two noise or two speech
maskers. When one masker was colocated with the target and
the other masker was moved away, there was a large differ-
ence in threshold T/M depending on which masker was colo-
cated. When the speech masker was colocated and the noise
was separated, the average threshold T/M was �3.7 dB �gray
bar marked “N” in middle group of left panel� and a negative
SRM was observed �right panel, gray bar marked “N;” note
that the reference for computing SRM in this case is the
mixed-masker colocated threshold�. It has been shown in
previous studies that noise sometimes can affect the masking
caused by speech in rather counterintuitive ways when there
is a complex segregation task to perform �cf. Brungart and
Simpson, 2002; Gallun et al., 2005; Best et al., 2010�. The
extent to which this negative SRM, if confirmed, is related to
the speech/noise interactions reported in these other studies
is not clear at present and requires further study. However, at
the very least, there appears to be no positive SRM in this
case at all. In contrast, when the speech masker was spatially
separated and the noise was colocated with the target �thresh-
old T/M indicated by gray bar marked “S” in left panel of
Fig. 6�, an SRM of approximately 5 dB was found �gray bar
marked “S” in right panel�. This is nearly as large an SRM as
when both maskers are separated �6.1 dB, rightmost gray bar
in right panel for symmetrically separated case�. Thus, the
difference between moving the speech masker away from the
target plus noise masker and moving the noise masker away
from the target plus speech masker, was about 7 dB �thresh-
old T/Ms of �3.7 versus �11.1 dB, difference between
middle gray bars left panel�. This strongly suggests that it
was the location of the speech masker relative to the target
that tended to determine how much masking occurred in
these conditions. However, that generalization must be tem-
pered by some of the other, complex interactions apparent in
these data as discussed more fully below.

C. Discussion

In the second experiment, the influence of the type and
number of maskers on SRM was investigated using only ITD
cues to separate the sounds in perceived interaural location.
For all conditions limited to unintelligible maskers �one or
two reversed speech, SSSM noise, or speech-like noise
maskers� the SRMs were consistently small, ranging from
only 1.4 to 3.5 dB. This finding supports the conclusion that
SRM is relatively small in the absence of better ear cues
under conditions dominated by EM. For all conditions in
which a forward speech masker was perceptually separated

from the target, regardless of whether it was the only masker
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or was in combination with another speech or noise masker,
the SRMs were larger ranging from 4.9 to 15.7 dB. Within
this wide range, the two largest SRMs were found for the
situation of two speech maskers when one or both were sepa-
rated from the target �SRMs of 12.2 and 15.7 dB respectively
relative to both colocated�. This finding is consistent with the
interpretation that large SRMs may be produced under con-
ditions dominated by IM. The determining factor in produc-
ing this large SRM appears to be the reference condition
comprised of the target colocated with two speech maskers.
This produced the highest T/M at threshold of all conditions
tested and thus provides the opportunity for the greatest re-
lease from masking. When one speech masker was separated
and one was colocated, spatial “tuning” �cf. Arbogast and
Kidd 2000; Marrone et al., 2008a; Allen et al., 2008� may
effectively “attenuate” the separated speech masker allowing
the remaining colocated masker to be segregated by
monaural/diotic cues much as appears to happen when only
one speech masker is present and is at the target location �cf.
Figure 3�. As suggested by past work on spatial tuning mea-
sured perceptually, the phenomenon appears to be complex
and sensitive to the specific procedures employed. For ex-
ample, the threshold T/M for the mixed-masker mixed-
separation case when the speech masker is separated from
the target �Fig. 6 left panel, gray bar marked “S,” �11.1 dB�
was essentially the same as the mixed-separation result for
two speech maskers �white bar in same group, �11.3 dB�
despite the fact that the thresholds for the single speech and
SSSM noise maskers were quite different in both colocated
and separated conditions �Fig. 3�. Under these conditions at
least, it did not matter whether the colocated masker was
speech or noise when a second speech masker was spatially
separated from the target. This does not support the idea that
the masker at the point of attentional focus is the sole deter-
minant of the amount of masking especially when one of the
maskers is predominantly energetic.

Although substantially smaller, the next largest SRMs
for any two-masker situation occurred for the mixed-masker
case of speech plus SSSM noise. When both the speech and
the noise maskers were separated from the target the SRM
was 6.1 dB �compared to both colocated�, and it was 4.9 dB
when only the speech was separated, leaving the noise
masker colocated with the target. The odd case was also for
a mixed masker with mixed separation. When the noise
masker was separated leaving the speech masker colocated
with the target an SRM of �2.5 dB �again relative to both
colocated� was found. Given the substantial variation within
and across subjects in these conditions it is not known
whether this comparatively small effect represents no SRM
or if it is genuinely a case of what Brungart and Simpson
�2005� call the “reverse cocktail party effect.” In their study
that effect was observed when a monaural target plus two
speech maskers were presented in the same ear with one of
the masker talkers at a lower level than the other. The softer
talker became more salient when moved to the opposite ear,
they argued, and hence produced greater interference than
when presented ipsilaterally in that masker context. In the
present study when a target talker, another talker and an

SSSM noise were all presented diotically, the noise masker
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likely simultaneously masked both the target and masker
talkers. Moving the noise to the side �via ITD� potentially
enhanced the salience of the colocated masker talker produc-
ing an effect qualitatively similar to that reported by Brun-
gart and Simpson �2005�. Although the interpretations of
both of these findings rely on the increased salience of one
masker when shifting from diotic �or monaural� to dichotic
presentation conditions, note that here the increased masking
was due to the colocated masker whereas Brungart and Sim-
pson conclude that the increase in masking was presumably
due to the separated masker.

1. Additional masking or “multimasker penalty”

Another interesting finding in Experiment 2 was that
greater �and often much greater� masking was produced by
two speech maskers than by one. This is an issue that is
fundamental to the findings reported here but is not fully
understood. There has been other evidence presented for a
“multimasker penalty” in which adding a second masker is
much more deleterious than might be anticipated based
purely on the increase in masker energy �e.g., Yost et al.,
1996; Bronkhorst, 2000; Freyman et al., 2004; Durlach,
2006; Iyer et al., 2009; Brungart et al., 2009�. In those re-
ports the multimasker penalty was greater when the two
maskers were speech—especially highly similar speech—
than other sounds �cf. Iyer et al., 2009� thus giving the lis-
tener two sources of comprehensible information to ignore.
This raises the possibility that the important factor in produc-
ing the multimasker penalty may be the extent to which the
limitation on performance results from IM where the target
and masker are easily confused. It should be noted that fur-
ther increases in the number of independent speech maskers
�beyond two� may decrease the amount of IM �and conse-
quently lessen SRM� as the informational component is re-
duced and the maskers approach babble or speechlike noise
�cf. Freyman et al., 2004�.

In the Iyer et al. �2009� report they proposed a metric in
which an intelligibility score could be obtained that essen-
tially corrects for randomly choosing the key words spoken
by one of N talkers in a closed-set forced-choice procedure
such as the speech tests used here. The assumption is that
when there are multiple talkers the listener’s problem is in
following the target talker from the initial word �in these
cases the callsign indicating the target� to the key words �i.e.,
maintaining the integrity of the speech “stream”�. In their
analysis it is assumed that multiple key word combinations
are heard and one is chosen at random because it is not
known which one came from the target talker. The estimated
effect on performance is much larger for three talkers than
for two talkers consistent with a multimasker penalty. How-
ever, the results for two maskers—one of which is speech—
that have been corrected for this random-choice process in-
dicated that performance was similar across various masker
types even if the third source is not speech. This suggests
that simply having three sources makes it more difficult to
follow any one source over time.

In the present study, whatever cues the listeners were
using to solve the one speech-masker task were compro-

mised when the number of speech maskers was increased to
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two, or when a noise was added. Both of these manipulations
may have the effect of reducing the number or depth of the
dips in the combined masker envelope in which the target is
at a favorable T/M. This putative “glimpsing” or “listening in
the dips” explanation does not necessarily imply a mecha-
nism that provides a release from EM. The spectro-temporal
glimpses provided by such brief epochs may have a strong
perceptual effect enhancing segregation, stream continuity
over time, and/or source selection �cf. discussion Experiment
1�. Thus, this large difference in the effectiveness between
one and two speech maskers may reflect differences in the
ability to use the various cues available to segregate the tar-
get from the maskers and follow it over time under the two
conditions. Our group of subjects in Experiment 2 appeared
to be particularly successful in segregating a speech target
from a single speech masker presented from the same loca-
tion, based on the very low T/Ms at threshold of about �22
dB measured in that condition, despite the fact that the task
required a correct response to all four keywords to decrease
the T/M in the tracking procedure. Recalling that our sen-
tences are constructed from words spoken in isolation it is
possible that the lack of coarticulation affords better
glimpses of target words. It is also possible that there is good
fundamental frequency separation among the talkers in this
corpus or that the differences in other vocal characteristics
provide strong cues. The T/Ms found here are generally simi-
lar to the single masker case reported by Carhart et al. �1969�
using different materials �spondee targets and sentence
maskers� but roughly similar spatial conditions �diotic versus
opposing ITDs of 800 �s�. Despite the similarity for the
one-talker masker case though the Carhart et al. study found
a threshold T/M that was 9 dB better than the current results
for the two-talker case, i.e., substantially less additional
masking than found here. The smaller threshold difference
between one and two masker talkers in the Carhart et al.
study is not necessarily surprising given that the masker
speech was presumably less similar to the target speech than
here. Furthermore, Carhart et al.’s procedure did not provide
the same opportunity for response confusions as with the
stimuli/methods used here.

2. Effectiveness of different masker types

When there was only one masker, masking effective-
ness, as inferred from the threshold T/Ms in both the colo-
cated case and the spatially separated case, was greatest for
SSSM noise, followed by speech-like noise, speech, and re-
versed speech. In the two-masker case, when both maskers
were the same and the two maskers were colocated with the
target, the order of masking effectiveness changed such that
speech was most effective, followed by SSSM noise, speech-
like noise and reversed speech. The mixed masker case pre-
dictably fell in between the thresholds for two SSSM noise
maskers and two speech maskers. When two maskers were
symmetrically separated from the target the threshold T/Ms
all fell within a 6 dB range. In the mixed-separation case the
most effective masker was the mixed masker when the
speech was colocated with the target �and the SSSM noise
was separated� with a threshold T/M of �3.7 dB. The other

two cases tested, two speech maskers or the mixed masker
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with the speech separated, both had threshold T/Ms of about
�11 dB. Considering the cases of two maskers in which at
least one was speech, when a colocated speech masker was
replaced with noise the threshold T/Ms generally improved
whereas, if a separated speech masker was replaced by noise
there was little change �with the exception of the mixed-
masker mixed-separation case when the noise was separated
being worse than for mixed separation with two speech
maskers�.

For speech, noise or speech plus noise, Carhart et al.
�1969� found similar results. Noise was more effective than
speech as a single masker but less effective when there were
two maskers of the same type regardless of whether they
were colocated or symmetrically separated �via opposing
ITDs of 800 �s�. They also measured a mixed-masker con-
dition of speech plus noise and found that it was intermediate
to two speech or two noise maskers for both colocated and
separated conditions. They did not test the mixed separation
case tested here.

In an extensive report containing the results from a va-
riety of diotic conditions, Iyer et al. �2009� presented data
and drew several conclusions that are relevant to this study.
In their single masker cases, none of the “contextually-
irrelevant” maskers �e.g., reversed speech, foreign language
speech, modulated noise or even intelligible speech that was
contextually different and hence not “confusable” with the
target� decreased the intelligibility of a CRM target sentence
unless they were presented substantially higher in level than
the target �Fig. 5, p. 20�. In the two-masker cases, they con-
cluded that there was no evidence for a “multimasker pen-
alty” when the maskers were these same irrelevant types.
However, as they state and is evident from their Fig. 6 �p. 21�
this is only the case for positive T/Ms. Regardless, the two-
CRM-sentence masker produced poor performance through-
out the range of T/Ms tested and the combinations of a CRM
sentence masker with an irrelevant masker were intermediate
in performance to that and to two irrelevant maskers. Both
masker types that contained at least one CRM sentence also
resulted in a substantial multimasker penalty. There is also
evidence in their findings that the difference between various
irrelevant masker types only shows up at negative T/Ms,
presumably because the differences in EM effects would be
relatively stronger. A remarkable result was that the type of
second masker made little difference, even at low T/Ms,
once a CRM sentence masker was present and all combina-
tions of a CRM masker and an irrelevant masker were nearly
as detrimental as two CRM sentence maskers.

It is interesting that in the current study reversed speech
was always less effective than either type of noise, whether
as a single or double masker and whether colocated or sepa-
rated. It is possible that the reversed speech both reduces IM
and allows better spectral-temporal glimpses of the target
than modulated noise because the noise modulation is like a
single-channel vocoder and the noise spectra were long term
averages. Better glimpses may also be the reason that the
speech-like noise thresholds were always intermediate to the
SSSM noise and reversed-speech maskers regardless of
whether there were one or two maskers and whether they

were colocated or separated. Speech-shaped speech-
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modulated noise is often used as the EM control for speech
but if its spectro-temporal features were made sufficiently
similar �e.g., if the modulation were applied in multiple fre-
quency channels� it would soon become intelligible. In that
case perhaps the reversed-speech masker, while not perfect,
is a better indication of the approximate amount of IM in the
forward speech.

3. Forward versus reversed speech

Although the reversed-speech thresholds were the low-
est at each condition, the largest difference between forward
and reversed speech occurred for two maskers of the same
type in the colocated condition �Fig. 3�. In that case, the T/M
at threshold for reversed speech was about 17 dB lower than
the corresponding threshold for forward speech. This is an
even greater effect than that reported by Marrone et al.
�2008a� which, on average, was about 12 dB for CRM sen-
tences. There is a long history of study comparing the effects
of forward and reversed speech �e.g., Cherry and Taylor
1954� and the theoretical issues involved in that comparison
have been discussed in some detail dating at least from the
report by Kimura �1967; see also Kimura and Folb, 1968�.
The most consistent issue appears to be whether the mean-
ingfulness of forward speech creates more masking or “dis-
traction” than the same speech played backwards. Kimura
and Folb �1968� were primarily concerned with uncovering
differences between ears in the processing of speech vs. non-
speech. Using a dichotic listening paradigm, they concluded
that reversed speech was processed “…by neurophysiologi-
cal systems overlapping those for normal speech
sounds…and provides strong support for the suggestion that
the critical distinguishing characteristics of speech sounds
are not related to meaningfulness, familiarity, or conceptual
content” �p. 396�. In a chapter reviewing the distraction ef-
fects of various “irrelevant” sounds on the serial recall of
visually presented information, Jones �1995� stated “…that
reversed speech has effects equivalent to those of normal
narrative speech �Jones, 1990� �which� further confirms the
hypothesis that meaning plays a minor role, but also rein-
forces the suspicion that some process related to the low-
level analysis of speech is at work” �p. 89�. In the Jones
�1990� work to which he refers in the chapter, forward
speech, reversed speech and speech in a foreign language
�Welsh� each had an equally disruptive effect on perfor-
mance and all were more disruptive than noise interference.
In a speech-on-speech masking experiment with two talkers
Brungart and Simpson �2002� compared forward and re-
versed speech in the unattended ear when there was both a
target and masker talker in the attended ear. In that case, the
effectiveness of forward and reversed speech contralateral
maskers depended on T/M. When the T/M in the target ear
was positive contralateral forward speech was somewhat det-
rimental �relative to no contralateral masker� while reversed
speech was not. However, at T/Ms of 0 dB and lower, for-
ward and reversed speech maskers were equally detrimental.
In contrast to these studies suggesting that forward and re-
versed speech may be processed similarly and might have
equal distraction effects, other studies have found substantial

differences. Freyman et al. �2001� concluded that some—but
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not all—of the IM they observed in a speech-on-speech
masking experiment could be attributed to the meaningful-
ness of the maskers. In their colocated condition, they found
differences between forward and reversed speech of about 6
dB or more �depending on S/N� as inferred from the
performance-level functions they present �see Fig. 8, p.
2119�. As with the current study, though, some SRM was
observed even for the reversed speech suggesting that time-
reversal may not completely overcome IM, or it is possible
the remaining SRM is due to binaural processing and there-
fore on the order of that seen for noise maskers. Hawley et
al. �2004� also found less masking for colocated reversed
speech maskers than for forward speech maskers. However,
in the condition most like those tested here �two interfering
talkers colocated with the target speech�, the advantage ap-
peared to be less than 5 dB. Likewise, relatively small dif-
ferences between forward and reversed speech maskers have
been reported by Noble and Perrett �2002�. For conditions in
which there is less IM for a colocated speech masker �per-
haps because of other segregation cues like different sex
talkers� it is possible that reversing the masker speech pro-
vides only a small benefit �relative to colocated forward
speech� but almost completely eliminates the IM that is
present. In that case, the SRM would be based on the remain-
ing EM and would be expected to be much less. Because it is
thought that the benefit of temporal reversal of speech is
mostly due to the loss of intelligibility of the distracter and
hence confusability with the target it is not surprising that a
similar release from IM can occur when the speech is in a
language that is foreign to the listener �cf. Freyman et al.,
2001; Van Engen and Bradlow, 2007; Iyer et al., 2009�.

None of these studies, however, have found the large
effects reported by Marrone et al. �2008a� and here �cf. Fig-
ure 3�. One possible factor in the different findings is that
both the Marrone et al. study and the current study used a
closed-set speech identification task in which the masker
words could be confused with the target words because they
both were drawn from the same set and hence were allow-
able response alternatives. One would think that if that were
the basis for the different magnitudes of the forward versus
reversed speech effects, it would be reflected in greater
masking in the colocated forward-speech condition. How-
ever, the T/Ms in that case are roughly similar to those re-
ported by Freyman et al. �2001� and Hawley et al. �2004�;
instead the main difference was seen for the colocated re-
versed speech values. The threshold T/Ms for our single
masker talker case are much lower than those reported by
Hawley et al. �2004�, although they are very close to that
reported by Carhart et al. �1969� at �22.3 dB. It may be that
our subjects are unusually proficient at sound source segre-
gation, our stimuli provide better target glimpses, or that
some other details of the procedure contributed to the differ-
ent findings. However, our results and those of Marrone et al.
�2008a� seem to warrant the observation that forward and
reversed speech may produce very different amounts of IM
under certain conditions. Thus, broad generalizations about
the two being processed equivalently—at least with respect

to masking—are not supported by these results.
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IV. SUMMARY

In the first experiment, speech-on-speech masking was
studied under conditions in which the stimuli were spatially
separated in a sound field and subjected to various types of
filtering in order to determine the contributions of different
frequency regions to spatial release from masking �SRM�.
The results indicated that the lowest thresholds in spatially
separated conditions occurred when the listener had access to
the full bandwidth of the stimulus, suggesting that the bin-
aural cues produced in different frequency regions were in-
tegrated to maximize performance.

In a second experiment, the binaural cues were limited
to interaural time differences �ITDs� with the stimuli pre-
sented through earphones. These conditions allowed the ex-
amination of the effects of the type of masking that was
produced �i.e., varying proportions of energetic and informa-
tional masking, EM and IM, respectively� and the sometimes
subtle differences owing to the number and relative percep-
tual locations of the independent maskers that were present.
The results revealed that large SRM could be produced when
target and masker�s� were separated only by ITDs, but this
only occurred when significant IM was present. Furthermore,
the factors governing thresholds were to some degree differ-
ent in colocated and separated conditions, suggesting that
SRM alone does not provide a very complete characteriza-
tion of listener performance.
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1The loudspeaker locations, heights and orientations were verified relative
to the position of the listener. The listeners were not restrained in their
seats and their head movements were not monitored. They were instructed
to face the forward loudspeaker �0° azimuth� during testing with their
heads supported by a headrest that orients the head in the forward position.
The target was always presented from the loudspeaker directly in front.
However, because head movements were not physically prohibited it is
possible that the head position re. the loudspeakers was slightly asymmet-
ric for some listeners or that movements caused small acoustic asymme-
tries during testing. Our experience with this system in multiple studies
has convinced us that the advantage of the comfort of this arrangement
outweighs the greater control that might be achieved by a more rigid head
restraint system for experiments requiring extended listening.

2The “speech-like noise” masker used in Experiment 2 was called “speech-
like” because it had that quality, sometimes sounding like the vowels from
the words it had been based on. It was created by choosing an appropriate
masker word, obtaining its spectrum and applying that spectrum to Gauss-
ian noise. This masking stimulus varied qualitatively from word to word,
was dominated by the energy and spectral shape of the vowels in the word,
and was unintelligible. This masker was included because it has a strong
speech-like character which varies significantly from word to word but
does not preserve the normal amplitude fluctuations of intelligible speech.
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