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Summary

The ability to detect and understand a source of interest (a “target”) in the presence of a competing source
(a “masker”) is better when the sources are spatially separated than when they are at the same location, an
effect known as “spatial unmasking”. Many models account for spatial unmasking by predicting reduction of
within-frequency-band masking; however, recent studies report significant spatial unmasking even when within-
band “energetic masking” is minimal. The current study examines whether spatial unmasking depends on the
veracity and kinds of spatial cues present when the target and masker are similar and processed to have little
spectral overlap. For the tested stimuli, traditional within-band models predict (at most) a modest amount of
spatial unmasking that varies with condition. Instead, we observe large spatial unmasking effects. Moreover,
after accounting for the broadband target and masker intensities at the acoustically better ear, the amount of
spatial unmasking is essentially independent of the kind of spatial cues that cause the target and masker the be
perceived at different locations. Only at the lowest target-to-masker ratios (when within-band masking becomes
significant) does the amount of spatial unmasking depend on the interaural phase differences in target and masker.
These results emphasize that the relative overall intensities of the masker and target are critical for predicting
how much perceptual interference the masker causes, even when “energetic masking” is minimal. We believe
that in everyday settings, both traditional bottom-up factors and a higher- level mechanism depending on spatial
perception contribute to spatial unmasking. We argue that the latter mechanism is a form of spatial attention,
critical for meditating competition between similar, simultaneous sources in everyday settings.

PACS no. 43.66.Pn, 43.66.Pn, 43.55.Br

1. Introduction

There are many studies of “spatial unmasking” that show
that a listener’s ability to detect and/or understand a sound
source of interest (a “target”) improves when it comes
from a different direction than a competing source (a
“masker”). Spatial unmasking has been demonstrated in
both detection tasks (e.g., see [1]) as well as in supra-
threshold tasks such as comprehending speech (e.g., see
[2D.

In traditional models of spatial unmasking, the masking
source is assumed to reduce the audibility of the target sig-
nal within each critical frequency band. Two distinct spa-
tial factors can influence the audibility of the target (e.g.,
see [3, 4]): 1) energy effects, whereby the relative energy
of the target and masker at the ears changes with target
and masker location, altering target audibility in each fre-
quency band; and 2) binaural processing, which allows lis-
teners to detect the presence of target energy in a particular
band if the target and masker contain different interaural
time and / or level differences.
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If a target is directly in front of the listener and a masker
to the right of the listener, the target-to-masker energy ratio
(TMR) in each frequency will generally be larger at the left
ear than the right ear due to head-shadow effects. Listening
only to the left-ear signal would yield better performance
in this condition than when sources are co-located. This
“better ear” acoustic effect can account for much of the
spatial unmasking that is observed in many studies (partic-
ularly for stimuli that have frequencies above 2 kHz, where
head-shadow effects play a large role; e.g., see [5]).

Binaural processing assumed to improve performance
by allowing a listener to detect target energy that would be
masked otherwise. In conditions where the TMR within a
critical band is low, the masker signal dominates the total
signal reaching the ears of the listener. At very low within-
band TMRs, the pattern of activity in neurons sensitive to
interaural time differences (ITDs) will also be dominated
by the interaural time difference in the masker. However,
at slightly higher TMRs, before the monaural response at
either ear is noticeably altered by the presence of a target
with a different ITD than the masker, the target alters the
neural response of ITD-sensitive neurons. In particular, the
relatively quiet target decreases the overall firing rate of
brainstem neurons that would respond well to the masker-
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alone stimulus, because the target causes interaural decor-
relation. This binaural mechanism appears to operate sep-
arately in each frequency channel. Specifically, across fre-
quency, the target ITDs need not be consistent with any
single location in space to produce the entire benefit, as
long as the target and masker ITDs within each frequency
channel differ appropriately [6, 7]. Such results suggest
that spatial unmasking does not rely upon differences in
perceived location, but rather on more peripheral, process-
ing mechanisms working independently in each frequency
channel (e.g., [7]).

In most conditions where target and masker are distinct
in their spectro-temporal characteristics (including detect-
ing a tone in noise background or understanding a talker
in steady-state noise), traditional models that take into ac-
count better-ear acoustic effects and binaural processing
give relatively accurate predictions of how much spatial
unmasking occurs [8, 4]. However, more recent studies
show that perceived spatial location sometimes influences
spatial unmasking in ways that are not predicted by such
analysis. In general, such spatial unmasking arises in con-
ditions in which there is “informational masking,” i.e.,
masking that is not caused by interference in the periph-
eral representation of the target by the masker (e.g., see
(9D.

Freyman and colleagues [10, 11] found that listeners
were better at understanding a target talker from straight
ahead when presented with two copies of a masking sig-
nal (one from the right, one slightly delayed from straight
ahead) than when presented with the masker signal only
from straight ahead. Freyman et al. attributed these re-
sults to differences in the perceived locations of target and
masker. Because of the precedence effect [12], the tempo-
rally leading copy of the masker resulted in a shift of the
perceived masker location away from the target. However,
this difference in perceived location had little effect on tar-
get understanding when the masker was a noise source,
easy to distinguish from the target speech. Only when the
masker was speech, similar to the target, did adding a lead-
ing copy of the masker from the side of the listener im-
prove the ability to understand the target source.

Traditional binaural models predict that in reverberant
conditions, less binaural masking should occur because
the left- and right-ear signals are interaurally decorrelated
by reverberant energy [13, 4]. Consistent with this obser-
vation, spatial unmasking often decreases with increasing
levels of reverberation [13, 4]. However, Kidd and col-
leagues [2] recently demonstrated that, even in a rever-
berant setting, perceiving a masker and target at differ-
ent locations can improve performance when target and
masker are similar. In their study, a small number of nar-
rowband signals derived from an original speech signal
were summed to produce an intelligible speech-like target.
Sources were manipulated to control the degree to which
they overlapped in their spectral content as a way of teas-
ing apart contributions from “energetic masking” (reduc-
tion in the reliability of the peripheral representation of the
portions of the target due to the presence of the masker).
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When presented with a noise masker that did not signifi-
cantly overlap the target in frequency, there was very little
masking or spatial unmasking, regardless of the environ-
ment. When presented with a noise masker that overlapped
the spectral content of the target, there was a large amount
of masking as well as significant spatial unmasking, but
the amount of spatial unmasking decreased with increas-
ing reverberant energy. Finally, when presented with an-
other spectrally sparse speech-like masker that did not
overlap the spectral content of the target, there was sub-
stantial masking, large amounts of spatial unmasking, and
robust spatial unmasking even when there was significant
reverberant energy.

These results suggest that there is another factor con-
tributing to spatial unmasking in cases where energetic
masking is not the main limitation on performance and the
target and masker have similar spectro-temporal content
(e.g., for speech masked by speech or by time-reversed
speech; however, not for speech in steady-state noise or
temporally-modulated broadband noise; e.g., see [14, 15]).
When target and masker are easily confused with one an-
other (i.e., in the presence of this specific form of “infor-
mational masking;” [9, 16]), differences in the perceived
locations of target and masker appear to produce spatial
unmasking.

These past studies were conducted with loudspeakers
in anechoic space or a room, making it difficult to quan-
tify exactly how the TMR at each ear varied with experi-
mental condition. The current study used binaural stimuli
presented over headphones rather than speakers in a sound
field or in anechoic space. In addition to verifying that sim-
ilar effects occur using headphone stimuli, the current ex-
perimental approach allows us to quantify any differences
in the target and masker energies in the signals available
to the listener in each spatial configuration and condition
(i.e., to account for the acoustic better-ear effect).

We wished to verify the hypothesis that when target and
masker are similar and therefore easy to confuse with one
another, differences in the perceived locations of the tar-
get and masker allow a listener to focus on the signal at
a desired location, producing spatial unmasking (e.g., see
[17, 18]). Moreover, we wondered whether the amount of
spatial unmasking that we obtained would depend on the
veracity of the spatial cues that caused the perceived loca-
tions of target and masker to differ. On one hand, simulat-
ing sources with realistic spatial cues (e.g., using full head-
related impulse responses, HRIRs) produce more compact
spatial percepts than when only a subset of cues is present
(e.g., using only interaural time differences; see [19]), and
the spatial extent of the perceived sources might influence
how helpful perceived spatial separation is for segregating
target from masker. On the other hand, if all that is neces-
sary to attend to the target is any difference that is salient,
any combination of spatial cues may be sufficient for the
full effect.

In order to reduce the contributions of within-band
masking, we used spectrally sparse target and masker sig-
nals that had very little spectral overlap (e.g., see [20]) but
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that were similar in their spectro-temporal characteristics
(and easily confused with each other). From the results of
Kidd and his colleagues [2], such conditions produce sig-
nificant spatial unmasking even when there is very little
energetic masking, in contrast to what happens with dis-
similar target and masker with similar spectral overlap,
where essentially no masking (or spatial unmasking) is
obtained. To test whether any manipulation of the target
and masker signals that produced differences in perceived
location produces similar spatial unmasking, we manip-
ulated the kinds of spatial cues used to control the per-
ceived locations of target and masker. Amongst the condi-
tions was one in which interaural phase differences (IPDs)
in the target and masker were identically zero, a case that
traditional binaural models predict would provide little or
no spatial unmasking, even if within-band masking plays
some role (despite our efforts to minimize these effects).
Results suggest that in complex settings, spatial unmask-
ing occurs through energy effects at the ears, bottom-up
binaural processing, and some higher-level mechanism,
possibly a form of top-down spatial attention that helps
mediate competition for central resources caused by si-
multaneous sources.

2. Methods

2.1. Subjects

Four college-aged students participated in the study. All
subjects had normal hearing as confirmed by an audio-
metric screening. Subjects were paid for their participa-
tion in the experiment. Most subjects were naive, having
no prior experience in psychophysical studies, although all
received training to familiarize them with the stimuli and
procedures before formal data collection began (see Pro-
cedures, below).

2.2. Stimuli

Raw speech stimuli were taken from the Coordinate Re-
sponse Measure corpus (e.g., see [21]), which consists of
sentences of the form “Ready <call sign>, go to <color>
<number> now.” In the sentences we used, the call sign
was one of the set [“Baron,” “Eagle,” “Tiger,” and “Ar-
row”]; the color was one of the set [white, red, blue,
green]; and the number was one of the digits between one
and eight, excluding the number seven (as it is the only
two-syllable digit and is therefore relatively easy to iden-
tify). For each session, one of the four male talkers was
randomly selected as the target talker.

In each trial, two different sentences were used as
sources. One utterance, designated as the target, always
contained a particular call sign that was selected randomly
for each experimental session. The second utterance (des-
ignated the masker) was chosen to contain one of the other
three call signs, chosen randomly from trial to trial. In all
cases, the numbers and colors in the competing utterances
were randomly chosen, although target and masker colors

and numbers were constrained to differ from each other
within each trial, as were the target and masker talkers.

In order to reduce the energetic interference between
target and masker, each speech signal was processed to
produce intelligible speech-like signals that had little over-
lap in the frequency domain (see also [20]). Each target
and masker speech signal was band-pass filtered into 16
frequency bands of 1/3 octave width, with center frequen-
cies spaced evenly on a logarithmic scale between 175 Hz
and 5.6kHz, every one-third octave. On each individual
trial, eight of the 16 target bands were chosen randomly
to construct the target. To ensure that the spectral con-
tent was somewhat balanced from trial to trial, the eight
random bands were chosen such that four were selected
from the lower eight bands (175-882Hz) and four were
selected from the upper eight bands (1.1-5.6 kHz). The re-
maining eight bands were used to construct the masker,
using otherwise identical processing. In all cases, the tar-
get and masker signals were constructed by summing eight
modulated sinusoids whose center frequencies equaled the
center frequencies of the randomly selected bands. The
modulation envelope multiplying each sinusoidal carrier
was derived from the envelope of the corresponding third-
octave band of the original target or masker speech sig-
nal, calculated using the Hilbert transform. The left- and
right-ear signals were constructed by summing modulated
sinusoids that differed for the two ears in order to produce
different aspects of the spatial cues contained in pseudo-
anechoic head-HRIRs measured on a KEMAR manikin
at a distance of one meter (for details of HRIR measure-
ments, see [22]).

Three different processing schemes, differing in what
spatial cues were generated in the binaural target and
masker, were used (producing full-cue, envelope-only, and
carrier-only stimuli) in order to measure the degree to
which the amount of spatial unmasking depended on the
kinds of spatial cues present in the stimuli. This process-
ing was applied separately, but identically, to target and
masker stimuli.

Figure 1 shows flow charts illustrating the three process-
ing schemes described here. Full-cue stimuli (Figure 1a)
were generated by 1) extracting the Hilbert-transform en-
velopes within each of the selected eight third-octave
bands, 2) multiplying the eight envelopes with appropri-
ate sinusoidal carriers at each of the band center frequen-
cies, 3) convolving each narrowband signal by the HRIR
from the desired location, and 4) summing the eight re-
sulting binaural signals to produce the final binaural sig-
nal. Envelope-only stimuli (Figure 1b) were generated by
1) band-pass filtering the HRIR-processed speech stimuli,
2) extracting the Hilbert-transform envelopes from each
of the eight narrowband binaural signals to produce left-
and right-ear envelope signals for each band, 3) multiply-
ing the left- and right-ear envelopes for each band by the
same sinusoidal carrier, generating eight left-right pairs
of modulated sinusoids, and 4) summing the eight binau-
ral modulated sinusoids to produce the final binaural sig-
nal. Carrier-only stimuli (Figure 1c) were generated by
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Figure 1. Three different processing schemes were used to generate stimuli, as shown in the above block diagrams. The three processing
schemes differed in how the left- and right-ear head-related impulse responses (HRIRs), h;(t,6) and h,(t, ), were used to impart
spatial cues in the stimuli, as shown. In the carrier-only stimuli, modified HRIRSs [h;(¢,6) and h;.(t,6)] were used that had the same
frequency-dependent phase shift as the original HRIRs, but which had unity gain at all frequencies. In all cases, the input speech was
filtered into eight randomly selected third-octave bands, the envelope in each band was extracted and used to modulate appropriate

sinusoidal carriers, and the results summed.

1) convolving the appropriate eight sinusoidal carriers by
the HRIR from the desired location to produce left- and
right-ear carrier signals for each band, 2) equalizing the
level of the resulting left- and right-ear sinusoids so that
they differed only in their phase, 3) extracting the Hilbert-
transform envelopes within each of the eight third-octave
bands of the original speech signal, 4) multiplying the left-
and right-ear sinusoidal carriers for each band by the ap-
propriate modulation envelope, generating eight left-right
pairs of modulated sinusoids, and 5) summing the eight
binaural modulated sinusoids to produce the final binaural
signal.

As a result of this processing, the full-cue stimuli sim-
ulated all of the spatial cues that would be present if a
source consisting of modulated sinusoids had been pre-
sented from the appropriate location in space. Envelope-
only stimuli had interaural level differences that were com-
parable to those in the full-cue stimuli as well as interaural
time differences in the modulation envelopes of each car-
rier; however, the interaural phase differences in the fine
structure of the stimuli were zero. Finally, in the carrier-
only stimuli, the carrier sinusoids had fine-time interau-
ral phase differences (but no interaural level differences)
appropriate for a sinusoidal source of that frequency at
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the HRIR location. However, the carrier-only stimuli con-
tained no spatial cues in their modulation envelopes, which
were identical in each band at the two ears.

Despite these differences, all three spatial processing
approaches produced signals whose perceived lateral lo-
cation was straight ahead when processed with a 0° HRIR
and was far to the right of midline when processed with
a 90° HRIR. Furthermore, the resulting stimuli, although
qualitatively unlike natural speech, were all intelligible in
quiet for experienced subjects. In fact, all subjects were
screened to ensure that they were able to identify target
words from eight-band (non-spatialized) sentences pre-
sented in quiet. All four subjects achieved scores equal to
or greater than 95% correct on this screening.

The original target and masker raw speech signals were
first normalized to have the same root-mean-square (RMS)
energy prior to any spatial or envelope processing. Follow-
ing this normalization, the level of the original target was
decreased as necessary to set the desired target- to-masker
energy ratio (TMR), holding the masker level constant.
The TMR between the unprocessed target and masker sig-
nals (henceforth referred to as TMR,,m) was set to one
of six values chosen randomly for each trial, spanning the
range from —40dB to +10dB, every 10dB.
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Table 1. Average and standard deviation of the absolute level of the target (in root-mean-square dB SPL) for the full-cue condition. For
each spatial configuration and ear, the mean (and standard deviation) absolute level of the target was computed by averaging over the

stimuli used in the experiments.

—40dB —30dB —20dB —10dB 0dB 10dB
Target 0°, left ear 351(1.9) | 456(1.6) | 550(1.9) | 659(1.7) | 758(14) | 84.9(L9)
Masker 0° rightear | 334 (1.9) | 44.0(1.6) | 533(1.8) | 64.1(1.5 | 742(1.3) | 83.2(L9)
Target 90°, left car 2872.1) | 388(1.9) | 47621 | 57924 | 68324 | 77.62.3)
Masker 90° rightear | 33.2(1.8) | 434(13) | 524(1.6) | 628(1.6) | 73.0(1.9) | 823(1.9)
Target 0°, left car 357(1.3) | 454(1.0) | 54.8(1.9) | 64917 | 752(1.7) | 84.6(1.9)
Masker 90° rightear | 34.0(1.3) | 43.6(1.1) | 53.1(1.9) | 633017 | 73.7(1.7) | 82.9(2.0)
Target 90°, left ear 27925 | 387(1.9) | 477(1.8) | 583(1.8) | 684(1.9) | 78421
Masker 0° rightear | 32.5(22) | 432(1.8) | 521(14) | 627(1.7) | 73.0(1.8) | 83.1(L7)

Table II. Average target-to-masker energy ratio (TMR) at the left and right ears, computed over 1152 target / masker pairs, when the

nominal TMR of the stimuli (prior to spatial processing) is zero.

Target 0°, Masker 0° Target 90°, Masker 90° Target 0°, Masker 90° Target 90°, Masker 0°

left ear right ear left ear right ear left ear right ear left ear right ear
Full cue 0.2 (2.8) 0.3 (2.8) -0.4 (4.3) -0.2(3.3) 7.3(3.9) 1.03.7) -7.0(3.4) -0.5(3.1)
Envelope only -0.5(2.9) -0.5(2.9) -0.3(4.4) -0.4 (3.5) 7.5(1.1) 1.1(2.9) -1.6 (3.4) -1.03.1)
Carrier only -04(2.4) -04(2.4) 0.3(2.7) 0.3(2.7) -0.2(2.5) -0.2(2.5) 0.1(2.3) 0.1(2.3)

After scaling the target as necessary, the target and
masker signals were separately processed as shown in Fig-
ure 1 to generate appropriate binaural target and masker
signals. These binaural target and masker signals were
then summed and scaled to have the same peak ampli-
tude (in order to maximize the useful dynamic range at
playback). This processing resulted in TMRs at the left
and right ears that could differ from TMR,,,m, as well
as a small random overall level rove (approximately 1—
2dB from trial to trial; see Table I). Moreover, the aver-
age TMR in the two ears varied systematically as a result
of the spatial processing (varying from —7.0 to +7.3dB,
depending on which ear is considered, which spatial con-
figuration simulated, and which spatial processing scheme
employed; see Table II). The TMR at the ear with the better
acoustic TMR will be denoted as TMR},, to distinguish it
from the TMR set in the pre-processed target and masker,
TMR 01, - The presentation levels of the target and masker
are analyzed further in the section below entitled Abso-
lute and Relative Target Presentation Levels, with results
reported in Tables I and II. As discussed below, the tar-
get was fully intelligible in quiet at even the lowest level,
which had an average absolute root-mean-square level of
28 dB SPL in the left ear and 33 dB SPL in the right ear.

The main rationale for using three different forms of
spatial cues in the stimuli was to test whether the amount
of spatial unmasking depends on the realism of the spatial
cues when the main source of masking is due to difficulty
in separating target and masker, not inaudibility of the tar-
get. However, the particular choices of spatial processing
were also guided by our desire to separate out spatial un-
masking effects that are due to traditional within-band bin-

aural unmasking mechanisms and those due to spatial per-
ception. Although the stimuli were processed to have lit-
tle spectral overlap, it is impossible to completely eradi-
cate energetic masking. However, for the chosen stimulus
conditions, traditional interaural cross-correlation models
(e.g., [23, 24, 25, 26, 27]) that can account for spatial
release of within-band masking predict that the amount
of spatial unmasking should be smaller for envelope-only
stimuli than for full-cue or carrier-only stimuli. Figure 2
illustrates why this is the case.

Figure 2 shows the response of a cross-correlation-
based binaural model as a function of time for combina-
tions of a target (a 551-Hz channel of processed speech as
in Figure 1 with spatial cues for 90°) and a masker (broad-
band noise at 0°). Each panel shows the model response to
target alone (level set to 38 dB SPL), masker alone (with
level set to 50dB SPL), or target plus masker (produc-
ing a within-band target-to-masker energy ratio of -12dB,
roughly the magnitude of the smallest within-band target-
to-masker ratio that arose in the current experiments). To-
tal left- and right-ear signals were first processed through a
computational ANF model [28]. The running, normalized
cross-correlation of the left- and right-ear 551-Hz channel
ANF responses was then computed in a rectangular time
window (7.2 ms).

The top left panel of Figure 2 shows the auditory nerve
fiber response to the target speech signal (note that at
this time scale, the ANF inputs look very similar for all
conditions, so only the full-cue response is shown). The
top right-hand panel shows the response of the model
to the (full-cue) broadband noise at 0° (note that for a
masker at 0°, the model response would be essentially the
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Figure 2. A binaural cross-correlation model predicts that en-
velope-only processing of a target stimulus should produce less
spatial unmasking than full-cue or carrier-only processing. The
top left panel shows the auditory nerve response as a function
of time at one ear for the target stimulus. Each of the remain-
ing panels shows the time-varying output of a binaural cross-
correlation model tuned to 551 Hz (see text for details). The
vertical axis represents different interaural time differences in
the cross-correlation function. Color represents the value of the
cross-correlation function, with red representing large values and
blue representing low values. The top right panel shows model
responses for a third-octave wide noise centered at 551 Hz. The
left column shows model responses for a sample band of speech
processed using the envelope-only, full-cue, and carrier-only pro-
cessing schemes (see text). The right-hand panels in rows 2—4
show the model response for the sum of the corresponding target
speech and the noise sample when the target-to-masker energy
ratio is —12dB.

same for envelope-only and carrier-only stimuli). Rows
2, 3, and 4 in the left column shows the model response
for the envelope-only (second row), full-cue (third row),
and carrier-only (bottom row) targets. All target-only re-
sponses (left column) show slow modulations of on-off
activity correlated with the envelope energy fluctuations in
the speech band (see top left panel). Because the envelope-
only processed stimulus has zero ITD in the 551-Hz tone
carrier, the model output for this stimulus (second row)
shows activity peaks at zero ITD. In contrast, the peaks in
the full-cue and carrier-only conditions (third and bottom
rows) produce activity peaks near 0.8 ms. The right col-
umn of Figure 2 shows the model responses for the sum of
the broadband noise and the corresponding targets. The re-
sponses to noise plus full-cue target and noise plus carrier-
only target show large fluctuations when the instantaneous
energy in the target is high, enabling detection of these
portions of the target. In contrast, the response to the noise
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plus envelope-only target shows almost no fluctuations,
illustrating why traditional models of spatial unmasking
will predict less unmasking for envelope-only stimuli than
for full-cue or carrier-only stimuli. To the extent that all
spatial-cue conditions yield similar spatial unmasking, any
traditional, within-band binaural model will not be able to
account for these results.

2.3. Procedures

Each subject performed the initial screening described
above to verify that they could understand the target in
quiet. Following this screening, subjects each performed
one training session followed by 12 formal experimental
sessions, each of which lasted roughly one hour. The train-
ing session and each formal experimental session were
identical in their construct, consisting of multiple blocks.
The target call sign was fixed throughout a session, but var-
ied randomly from session to session. The spatial config-
uration of the target and masker and the spatial cue condi-
tion (full-cue, envelope-only, and carrier-only) were held
fixed in each block, but varied randomly from block to
block. There were four spatial configurations tested: target
and masker co-located at 0°, target and masker co-located
at 90°, target at 0° and masker at 90°, and target at 90°
and masker at 0°. Within each session, each subject per-
formed one block of each combination of four spatial con-
figurations and three spatial cue conditions, for a total of
12 blocks per session.

Each block consisted of 48 trials, corresponding to 8 tri-
als at each of the six TMRSom, in random order. Thus,
within each session, subjects completed 8 trials at each
TMR,om, spatial configuration, and spatial cue condition
for a total of 576 trials per session. Across the 12 ses-
sions, subjects performed 96 trials for each TMRop, in
each condition.

Throughout each session, a computer screen displayed
a message reminding the subject which call sign was the
target and the location (front or side) from which the tar-
get would appear. At the end of each trial, subjects in-
dicated the target color and number through a graphical
user interface (GUI). The computer controlling the experi-
ment recorded subject responses. After each trial, correct-
answer feedback was provided by a written message indi-
cating the correct color and number.

3. Results

Results were very consistent from subject to subject so
only across-subject averages and standard deviations are
reported. In general, performance increased with increas-
ing target to masker ratio across the range of TMRg,0m
tested.

3.1. Percent Correct

For all tasks, the percentage of correct trials was calculated
as a function of the TMR o . Trials were considered “cor-
rect” only if both the color and number of the target were
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Figure 3. Performance improves with increasing target-to-mas-
ker level and with perceived spatial separation between target
and masker for all spatial cue conditions. The top row shows
percent correct performance as a function of TMR;,om, averaged
across subject (error bars show across-subject standard devia-
tion). Panels show results for full-cue processing, envelope-only
processing, and carrier-only processing, from left to right. Each
panel shows results for the four spatial configurations of target
and masker, with target and masker spatially separated (dashed
lines) or co-located (solid lines); and for target at 0° (open dark
symbols) or target at 90° (filled light symbols). The bottom row
shows the same results as a function of TMRy,. (correcting for
differences in the acoustic TMR at the better ear).

correctly identified. Given that there are four possible col-
ors and seven possible numbers, chance performance was
1/4x1/7 or roughly 4%.

The top row of Figure 3 shows the average percent cor-
rect as a function of TMR,,,, in each spatial configuration
and condition, averaged across subjects (results in the bot-
tom row are discussed below). The error bars show the
across-subject standard deviation. Results for the full-cue,
envelope-only, and carrier-only spatial cue conditions, are
shown in the first, second, and third columns of the figure,
respectively.

Results are essentially identical when the target and
masker are at the same spatial location, independent of
spatial cue condition and whether the sources are at 0°
or 90°. For these co-located target and masker conditions
(solid lines), performance is near 10% key words correct
at the lowest TMR o1, (approaching chance performance),
increases roughly linearly with increasing TMR,op, up to
-10dB, and is roughly equal for TMR o, between -10 and
10 dB. For some conditions (most notably, for the 0° target
and masker in the envelope-only and carrier-only condi-

tions, shown by open symbols and solid lines in the mid-
dle and right panels), there is some indication that perfor-
mance is actually worse at 0 dB TMR,,,p, than at —10dB
TMR,om - This effect has been seen in previous studies and
has been attributed to the listener making additional confu-
sions between target and masker when they are at the same
levels [29]. When the target is slightly less intense than
the masker (but still audible and easy to hear, for instance
at —10dB TMR,,,,;,) performance is assumed to improve
because listeners can use the target-masker level differ-
ence to focus attention on the quieter talker. Although not
explicitly tested here, we believe that performance in the
spatially co-located conditions would improve if TMR o,
was increased beyond +10 dB.

For all three spatial cue conditions, performance gen-
erally improves when target and masker are at different
locations (in all panels, dashed lines generally are above
solid lines); however, the exact size and nature of the im-
provement depends on spatial configuration as well as on
which spatial cues are presented. For all three spatial-cue
conditions, performance asymptotes near 100% correct at
large TMR oy When target and masker are spatially sep-
arated. At lower TMR,,,, however, there are differences
between the three spatial-cue conditions. For full-cue and
envelope-only stimuli (left and center panels of Figure 3),
performance is best when the target is straight ahead and
the masker is to the right of the listener (dashed lines with
open symbols) and is intermediate when the target is at 90°
and the masker is straight ahead (dashed lines and filled
symbols; although at large TMR,,om, there is no discern-
able difference between the two spatially-separated target
and masker configurations because performance asymp-
totes at high performance levels). Furthermore, results for
the full-cue and envelope-only cues are very similar (com-
pare left and center panels in Figure 3). For the carrier-
only stimuli, performance is equal for the two spatially
separated spatial configurations for all conditions (com-
pare the two dashed lines in the right-most panel), and
generally lower than performance for comparable full-cue
and envelope-only stimuli (for target at 0° and masker at
90°). The extent to which these differences across spatial
cue condition can be attributed to differences in the TMR
at the ears is considered further in subsequent sections.

3.2. Absolute and relative target presentation levels

Because we changed the target level to achieve the desired
TMR;om and then scaled each stimulus independently,
the absolute level of the target varied systematically with
TMR;,om, spatial configuration, and spatial cue condition
as well as randomly from trial to trial. Informal tests con-
firmed that the target was always intelligible (performance
was near 100% correct), even at the lowest absolute levels
used. Thus, any changes in the ability to identify the target
across TMRy,om, spatial configuration, and / or spatial cue
condition can be attributed to the presence of the masking
signal. We also computed the absolute presentation lev-
els (indB SPL) of the target in the full-cue condition, the
condition for which the absolute presentation level of the
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target varied the most. Table I shows the mean and stan-
dard deviation of the RMS levels of a full-cue target in dB
SPL as a function of TMR,,,,,, for each spatial cue con-
figuration, for the left and right ears. These results show
that the minimum mean absolute level of the target was
27.9dB SPL (in the left ear for the case when TMR,o,,,
was -40 dB and the target was at 90°), roughly akin to lis-
tening to whispered speech (e.g., see [30, p. 11]).

Just as the absolute target level varied systematically
with spatial configuration and spatial cue condition, the
average TMRs in the signals at the ears varied and did not
always match TMRy,p,, the ratio of the raw target energy
to the raw masker energy. Even for a fixed spatial configu-
ration and spatial-cue condition, there was variation in the
TMR in the left- and right-ear stimuli across different tri-
als. However, these random fluctuations were independent
of TMRnom .

We computed the mean and variability in the root-mean-
square TMR in the final left- and right-ear stimuli for
all spatial configurations and spatial cue conditions. Ta-
ble II summarizes the results of this analysis assuming
that TMR o, is zero (for other values of TMR, o, the
actual TMR at the ears is equal to TMR, o, plus the value
observed when TMR,,,., is zero). Results in the first two
columns show the TMRs in the left- and right-ear signals
when target and masker are co-located. These results con-
firm that, on average, the left- and right-ear signals have
essentially the same TMR when target and masker are sim-
ulated from the same spatial location, equal to TMR;,om
(zero for the condition shown in Table II). For all config-
urations, the TMR in the near, right ear does not vary sys-
tematically with spatial configuration or spatial cue con-
dition and is essentially equal to TMRo, (i.e., given the
trial-to-trial variability in the stimuli), primarily because
the acoustic better-ear advantage relies on the acoustic
head shadow, which is negligible in the near ear when
the target moves from 0° to 90°. Focusing on the full-cue
configurations (top two rows in Table II), there are sys-
tematic deviations between TMR,,,,, and the average ob-
served TMRs in the left ear when target and masker are at
different locations. When the target is at 0° and the masker
is at 90°, the average full-cue left-ear TMR is 7.3 dB larger
than TMR,,o,. When the target is at 90° and the masker
is at 0°, the average TMR in the left ear is —7.0dB com-
pared to TMRom. Results for the envelope-only TMRs
(middle rows in Table I) are roughly the same as those
of the full-cue TMRs. Finally, because carrier-only stimuli
contained no head-shadow effects (only fine-time interau-
ral phase difference cues), their actual TMR was always
roughly equal to TMR;,om (bottom rows in Table II).

3.3. Performance after accounting for better-ear
effects

The bottom panels in Figure 3 show the same results ap-
pearing in the top panels of the figure, but as a function
of TMRy, rather than TMR,,,m,. In order to correct for the
energy differences discussed above, each of the psychome-
tric functions shown in the top of the figure were shifted
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by the average change in TMR at the better ear due to the
spatial processing, given in Table II.

Results in the bottom row of Figure 3 show that changes
in TMRy, due to spatial processing account for many of
the effects observed in the top of the figure. Within each
of the lower panels, the curves for the two spatial con-
figurations where the target and masker were at the same
location lie on top of each other (solid lines in the bottom
panels of Figure 3); similarly, the curves for the two con-
figurations where target and masker are spatially separated
also lie on top of each other (dashed lines in each panel).
However, for a given TMR},, the conditions in which the
sources were perceived to come from different locations
produce better performance than the conditions in which
both sources were in the same direction (in all three panels
in the bottom row of Figure 3, the dashed lines lie above
the solid lines). For TMRsy,. of —20 dB or greater, perfor-
mance is essentially identical for all three kinds of spatial
processing. For instance, for performance at the 50% cor-
rect level, the benefit of spatial separation is equivalent to
a roughly 5 dB increase in TMR}, (consider the horizon-
tal separation between solid and dashed lines in each of
the bottom panels of Figure 3 at the vertical position cor-
responding to 50% correct). However, there is a hint that
performance is slightly worse for the envelope-only con-
dition than for both full-cue and carrier-only conditions at
the lowest TMRy., an effect discussed further in the next
section.

3.4. Spatial unmasking after accounting for better-
ear effects

To quantify spatial unmasking, we wished to directly com-
pare performance for spatially separated and spatially co-
incident configurations, after taking into account TMRp.
However, because we controlled TMR,,o,,, not TMRy,e,
we first had to interpolate results in order to compare per-
formance in spatially separated and spatially coincident
conditions.

For each subject in each condition, we used the psycho-
metric function relating performance to TMRy, (see bot-
tom panels of Figure 3) and interpolated to estimate perfor-
mance at every TMR}, from -40dB to +10dB, in five dB
steps. We generated two average psychometric functions,
one for spatially separated and one for co-located sources.
For the two co-located source configurations, we averaged
percent correct estimates at each value of TMRy,, from -
40dB to +10dB. For the two spatially separated configu-
rations, we averaged the interpolated percent correct esti-
mates at each value of TMRy, for which both curves were
defined. However, because the values of TMRy,. that were
presented varied with processing condition and spatial
configuration, there were some values of TMRy, where
only one of the functions was defined. At these points (e.g.,
TMR} = —40dB), we estimated the percent correct in the
combined psychometric function from the single defined
value from one spatial configuration.

This interpolation and averaging process resulted in two
psychometric functions for each listener in each spatial cue
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Figure 4. After accounting for TMRy,., the amount of spatial un-
masking is similar for full-cue, envelope-only, and carrier-only
stimuli when the target is loud; however, at the lowest target in-
tensities, there is less spatial unmasking for the envelope-only
stimuli than for full-cue or carrier-only stimuli. The improve-
ment (amount of spatial unmasking in percent correct) is plot-
ted as a function of TMRy, averaged across subject (error bars
show across-subject standard deviation). In each condition, the
psychometric functions as a function of TMRy,. were linearly in-
terpolated to predict performance. The two curves for spatially
separated target and masker were averaged to estimate perfor-
mance when sources are separate; similarly, the curves when tar-
get and masker were co-located were averaged. The difference
of these curves was computed for each subject, and then aver-
aged. At each TMRy., a single-way ANOVAs tested the hypoth-
esis that spatial unmasking varied with stimulus type. The inset,
showing the probability that the null hypothesis is true, disproves
the null hypothesis when TMRy,e is less than —20 dB.

condition, one for co-located stimuli and one for separated
stimuli, with points every five dB in TMR},. Individually
for each spatial cue condition and listener, we subtracted
the estimated percent correct for co-located sources from
the estimated percent correct when the sources were sep-
arated as a function of TMRy,.. The resulting curves esti-
mate how much spatial separation of the target and masker
improves performance (in units of percent correct) for
each condition and each listener as a function of TMR},.

Figure 4 shows the average curves, collapsed across
subject (error bars show across subject standard devia-
tion). For all TMRy,. greater than about —20dB, the im-
provement is independent of spatial cue condition. How-
ever, at the lowest TMRy,, there is less improvement in
performance with spatial separation in the envelope-only
condition than for the full-cue and carrier-only conditions
(which produce essentially the same improvement).

The null hypothesis, that stimulus type did not affect
spatial unmasking, was tested using one-way ANOVA
analysis on the data at each TMRy, for which all three
curves were defined. Results showed that the null hypoth-
esis could be rejected for all TMRp <-20dB (p < 0.05).
This is illustrated in the inset at the top of Figure 4, which

shows the probability that the null hypothesis is true as a
function of TMRye.

This analysis shows that above and beyond any spatial
unmasking caused by changes in TMRy,, performance is
better when target and masker are perceived at different
spatial locations than when they are heard at the same lo-
cation. At favorable target levels, the improvement is the
same, independent of what spatial cue processing produces
the differences in perceived location. However, at less fa-
vorable TMRy,., there is slightly more spatial unmasking
for the full-cue and carrier-only processed stimuli than for
the envelope-only stimuli.

3.5. Within-band spectral overlap

Although the target and masker stimuli were created to
have little spectral overlap, there was, nonetheless, some
overlap between target and masker spectra. Because the
target and masker bands and tokens were chosen ran-
domly, the degree of overlap varied from trial to trial. In
order to estimate how much spectral overlap occurred, we
analyzed how much masker energy fell within each target
band 1) when both adjacent frequency bands contained a
masker (a worst case analysis), 2) when the band above
was masker and the band below was target, and 3) when
the band below was masker and the band above was tar-
get. TMRyanq, the average within-band TMR, was calcu-
lated for each third-octave band, spatial processing con-
dition, and talker when TMR,,,,, was zero and the target
and masker were both at 0°(the spatial configuration cre-
ating the lowest TMR for a given value of TMRop,). Of
course, the average within-band TMR depends on spatial
configuration. Similarly, our simple analyses ignore up-
ward spread of masking (and thus undoubtedly underes-
timate within-band effects). However, these subtleties are
ignored here, as the goal of this analysis was to roughly es-
timate the TMR,,,,, at which within-band interference be-
tween target and masker might begin to affect a listener’s
ability to hear the target in a particular band and prove that
such interference cannot account for the observed interfer-
ence caused by the masker across the broad range of TMRs
we used (not to quantify in detail, for each condition, ex-
actly how large such interference was).

Figure 5 plots TMRpana for the three cases (masker
above the target band, masker below the target band, and
masker above and below the target band) for each of the
individual talkers used in the study and for each of the
spatial-cue processing conditions. The thick black line
shows what the within-band TMR would be in the worst
case, when both adjacent bands are masker; the two dashed
lines show the within-band TMR for the cases when only
only the band above (dotted line) or the band below is
masker (dot-dashed line).

The worst-case (masker above and below) average
TMRpang varies between approximately +30dB and
+60dB. TMRpang depends only weakly on spatial-cue
condition, but does vary with band center frequency and
talker. The lowest within-band TMR is approximately
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Figure 5. Some masker energy did fall within a critical band of the target, although the overlap was insignificant for TMR,om greater
than —20 dB. Each panel shows the within-band TMR for each possible target band when the target and masker are co-located at
0°and TMR.om was 0dB. Panels show results for each talker and for each spatial-cue processing scheme. Results were computed by
averaging the within-band TMR for all stimuli for each target band for three different cases: 1) when the next-lower frequency band
contained masker and the next-higher band contained target (dotted line), 2) when the next-higher frequency band contained masker
and the next-lower band contained target (dot-dashed line), and 3) when both the next-lower and the next-higher frequency bands
contained masker (solid line). Note that both the next-lower and next-higher frequency band could also contain target, in which case
the within-band TMR would be significantly greater than the values shown.

+25 dB, occurring for a target in band four when there is a
masker in band five for talkers 1-3.

This analysis suggests that the masker will not cause any
significant within-band masking of the target for TMR o,
greater than —20dB. However, spectral overlap will be-
come increasingly influential as TMR,,n, decreases below
—20dB.

4. Summary and discussion

Previous results suggest that perceived differences in tar-
get and masker location, rather than release from within-
band energetic masking, contribute to spatial unmasking
when target and masker are statistically similar [17, 16, 2].
Our results are consistent with these past studies in show-
ing that spatial unmasking occurs in conditions where
there should be little within-frequency-band interaction of
target and masker. However, in addition, because the cur-
rent study was performed using virtual auditory stimuli,
we were able to extend these previous results by 1) ana-
lyzing the relative levels of target and masker at the ears
of the listener and 2) controlling the form of the spatial
cues present in the stimuli.

In the current study, energetic masking was mini-
mized in order to emphasize spatial unmasking that ari-
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ses through differences in perceived location. Target and
masker were identically generated from eight randomly
selected, non-overlapping narrow bands of speech taken
from the same corpus. As a result, target and masker are
easily confused, but cause little within-band interference
of one another. We found that target intelligibility im-
proves with spatial separation because: 1) intelligibility in-
creases as the broadband TMR at the acoustically better
ear increases, and 2) target intelligibility improves when
target and masker are perceived in different locations. For
the current task and stimuli, the first factor (changes in the
broadband TMR,) can account for nearly 7.5 dB of spa-
tial unmasking when the target is straight ahead and the
masker at 90° (see Table II, where for envelope-only pro-
cessing, the TMR is +7.5dB when target is at 0° and the
masker is at 90°). The second factor (differences in per-
ceived location) accounts for an additional 5 dB of spatial
unmasking near 50% threshold, regardless of the spatial
cue condition or which spatially separated configuration
is considered (in the lower panels of Figure 3, the psy-
chometric functions for spatially separated sources, shown
by dashed lines, are displaced to the left of results when
sources are co-located, shown with solid lines). In fact,
whenever TMR, o, is greater than —20dB and the spec-
tral overlap between target and masker is negligible, this



Shinn-Cunningham et al.: Spatial unmasking

ACTA ACUSTICA UNITED WITH ACUSTICA
Vol. 91 (2005)

second factor (perceiving target and masker at different lo-
cations) produces the same amount of spatial unmasking,
independent of spatial cue condition. Thus, when ener-
getic masking is not a significant factor in the interference
caused by the masker, 1) realistic cues are no more effec-
tive in producing spatial unmasking than reduced spatial
cues, and 2) interaural phase differences in the target and
masker are not necessary to produce spatial unmasking.

Traditional models of spatial unmasking are based on
detecting otherwise inaudible parts of the target through
within-frequency-band binaural analysis, often performed
independently in each channel (e.g., see [20, 7]). In the
current experiment, within-band interference is significant
only when TMR,,p, is less than —20dB, yet spatial un-
masking is observed across all the TMRs tested. Further-
more, traditional binaural models predict that full-cue and
carrier-only conditions should produce more spatial un-
masking than envelope-only conditions. However, when
TMR,,0,, is large in the current experiments, the amount
of spatial unmasking that occurs due to differences in per-
ceived location is the same for all spatial cue conditions.
Unlike what has been concluded in some previous stud-
ies (e.g., see [15]), better-ear acoustic effects and interau-
ral time differences in target and masker are not sufficient
to account for the spatial unmasking we find. In order to
account for the current results (and the results of previous
studies implicating perceived spatial location in spatial un-
masking), models must look across frequency and must
also explicitly incorporate computation of source location.

Consistent with some past results, our analysis suggests
that the broadband TMR at the better ear accounts for
a portion of the spatial unmasking we observe (e.g., see
[8, 15]); however, some other studies have found condi-
tions in which binaural performance is worse than perfor-
mance with the acoustically better ear, suggesting that lis-
teners cannot truly “turn off” the bad acoustic ear when
listening to binaural stimuli (e.g., see [31, 32, 33]). Those
past studies that show worse binaural performance than
better-ear monaural performance differ from the current
study in that 1) the dominant masking effects are within
band, rather than more central in origin and 2) the signal
level in the worse acoustic ear is relatively intense. Either
of these factors may explain why, in the current study, one
can predict performance by considering the TMR in the
better ear, whereas one cannot ignore what happens in the
worse acoustic ear in these other studies.

In the current experiments, TMR o, Was controlled by
decreasing the target level. It is theoretically possible that
some of the decrease in target intelligibility with decreas-
ing TMR,,,,, might be due to the absolute target level
becoming too low. However, informal listening tests con-
firmed that the target was fully intelligible in quiet at the
most extreme target attenuations used. Thus, the decreases
in performance with decreasing TMR o1, can be attributed
to interference from the masker. At the lowest values of
TMRom it is likely that some of the masker interference
on target intelligibility is from energetic overlap of target
and masker within a critical band. When there is energetic

overlap of target and masker, the amount of spatial un-
masking should depend on the spatial-cue condition. In-
deed, there was less spatial unmasking for envelope-only
conditions than the other spatial-cue conditions at low sig-
nal levels. However, for larger TMR},e, the amount of un-
masking attributed to differences in perceived location was
independent of spatial-cue condition. These results sup-
port the conclusion that for most of the current conditions
the masker does not degrade target audibility in a tradi-
tional sense, but causes some kind of central interference.

We believe that when the target and masker are per-
ceived at different spatial locations, the listener can reduce
the central interference caused by the more salient (more
intense, louder) masker by focusing attention on the target.
This idea is consistent with recent studies that have sug-
gested that differences between target and masker in many
different physical dimensions can aid target understand-
ing: differences in fundamental frequency, talker gender,
voice timbre, sound level, and perceived location have all
been suggested as possible cues that can be used to re-
duce interference between otherwise similar targets and
maskers (e.g., see [34, 35, 36, 37, 38, 39, 16]).

In vision, attention to a particular spatial position facil-
itates neural responses to visual stimuli at the attended lo-
cation and suppresses responses from other locations (see
[40] for a recent review). Models of visual attention postu-
late that every visual stimulus has some inherent salience.
‘When multiple objects compete for limited neural process-
ing resources, the relative salience of target and masker
determines how well observers can process each of the
competing stimuli; moreover, attention to some stimulus
attribute (such as object color, location, etc.) can enhance
the relative salience of objects with that attribute [40, 41].
Similar explanations may apply to the current results, in
which the relative auditory salience of target and masker
depends directly on TMRp,. Increasing TMRy, increases
how effective the target is at competing for neural re-
sources by increasing the relative salience of the target.
Moreover, perceived differences between the spatial loca-
tions of the target and masker allow the listener to engage
spatial attention, increasing the salience of a target at the
attended location and reducing the interference caused by
a masker at a different location. In this view, attention to a
source at a particular location effectively “turns down” the
masker level and “turns up” the target level, leading to less
interference of the masker on target perception.

These results are consistent with the idea that top-down
attention can reduce central interference when the target
and masker are qualitatively different in one or more di-
mensions. By construct, central interference is the primary
type of masker interference in the current experiments,
and target and masker differ only in their perceived loca-
tion. Thus, differences in perceived location make a signif-
icant contribution to spatial unmasking in the current study
where there is little contribution from traditional within-
channel factors and no other perceptual dimensions along
which target and masker differ (no other cues to guide
top-down attention). Of course, in many everyday circum-
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stances, target and masker do overlap in their spectral con-
tent. In these cases, target audibility within each critical
band probably plays a large role in limiting performance,
and traditional bottom-up factors are likely to dominate
how much spatial unmasking will be observed. Similarly,
in most everyday settings, target and masker will differ in
multiple dimensions in addition to spatial location, so that
differences in perceived location play a less critical role in
reducing interference.

While the current results help to define the different
ways in which perceived spatial separation between target
and masker can lead to spatial unmasking, much work re-
mains. Additional experiments are necessary to tease apart
the roles and relative importance of peripheral, bottom-up
and central, top-down factors in spatial unmasking, and to
begin to develop a comprehensive model explaining the
many types of interference that can occur between a target
and a masker.

5. Conclusions

We conclude that there are at least four mechanisms by
which spatial separation of a target and a competing
masker source leads to spatial unmasking:

1) Spatial separation of a target and masker generally in-
creases TMRypang, the target-to-masker energy ratio within
a critical band at the acoustically better ear. Within each
frequency channel, the narrowband TMR directly affects
audibility of the target energy in a given channel: improve-
ments in the narrowband TMR at the better ear can in-
crease how much of the target is audible in that channel
(a bottom-up, stimulus driven mechanism contributing to
spatial unmasking).

2) When target and masker overlap in their spectro-
temporal content and are at different lateral angles, the
addition of a target can produce interaural decorrelation
of the total signal at the ears that can allow a listener
to detect a low-level target in a particular time and fre-
quency through bottom-up binaural processing. However,
this mechanism cannot produce spatial unmasking if the
target and masker do not overlap in their spectral con-
tent (compared to the effective bandwidth of the cross-
correlation computation). In the current study, this fac-
tor probably accounts for the small differences in the
amount of spatial unmasking observed for the three kinds
of spatial-cue processing at the lowest TMRs tested.

3) Spatial separation of a target and masker generally in-
creases TMRy,., the RMS target-to-masker energy ratio at
the better ear computed across all frequencies. The current
results show that even in conditions where there is little
spectral overlap between target and masker, increasing the
broadband TMR at the better ear improves speech intelli-
gibility (as much as 7.5 dB in the current experiment).

4) Differences in perceived location allow a listener to fo-
cus attention on a target signal and reduce interference
from a concurrent masker. In the current experiment, this
benefit is roughly the same (equivalent of a 5 dB improve-
ment in broadband TMR at threshold) regardless of what
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spatial cues lead to differences in perceived location. How-
ever, this top-down contribution to spatial unmasking is
only likely to influence results when target and masker are
easily confused, and may be redundant when target and
masker differ in other, non-spatial dimensions.
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