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This paper investigated the influence of stimulus uncertainty in binaural detection experiments and
the predictions of several binaural models for such conditions. Masked thresholds of a 500-Hz
sinusoid were measured in an NrSp condition for both running and frozen-noise maskers using a
three interval, forced-choice~3IFC! procedure. The nominal masker correlation varied between 0.64
and 1, and the bandwidth of the masker was either 10, 100, or 1000 Hz. The running-noise
thresholds were expected to be higher than the frozen-noise thresholds because of stimulus
uncertainty in the running-noise conditions. For an interaural correlation close to11, no difference
between frozen-noise and running-noise thresholds was expected for all values of the masker
bandwidth. These expectations were supported by the experimental data: for interaural correlations
less than 1.0, substantial differences between frozen and running-noise conditions were observed for
bandwidths of 10 and 100 Hz. Two additional conditions were tested to further investigate the
influence of stimulus uncertainty. In the first condition a different masker sample was chosen on
each trial, but the correlation of the masker was forced to a fixed value. In the second condition one
of two independent frozen-noise maskers was randomly chosen on each trial. Results from these
experiments emphasized the influence of stimulus uncertainty in binaural detection tasks: if the
degree of uncertainty in binaural cues was reduced, thresholds decreased towards thresholds in the
conditions without any stimulus uncertainty. In the analysis of the data, stimulus uncertainty was
expressed in terms of three theories of binaural processing: the interaural correlation, the EC theory,
and a model based on the processing of interaural intensity differences~IIDs! and interaural time
differences~ITDs!. This analysis revealed that none of the theories tested could quantitatively
account for the observed thresholds. In addition, it was found that, in conditions with stimulus
uncertainty, predictions based on correlation differ from those based on the EC theory. ©2001
Acoustical Society of America.@DOI: 10.1121/1.1320472#

PACS numbers: 43.66.Pn, 43.66.Ba, 43.66.Dc@DWG#
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I. INTRODUCTION

For a period of more than 50 years, the phenomeno
the binaural masking level difference~BMLD ! has intrigued
psychoacousticians. It has been shown that the interaural
relation of both the masker and the signal are important
rameters influencing binaural detection thresholds. For
ample, when a low-frequency out-of-phase sinusoid is ad
to an in-phase broadband noise masker~NoSp condition!,
the threshold of audibility is up to 15 dB lower compared
that for an in-phase sinusoidal signal~i.e., NoSo condition,
cf. Hirsh, 1948; Hafter and Carrier, 1969; Zurek a
Durlach, 1987!. If the signal has an interaural correlation
11 and an out-of-phase masker is used~i.e., an NpSo con-
dition!, BMLDs of up to 12 dB are reported~Jeffresset al.,
1952, 1962; Breebaartet al., 1998!.

In experiments where the masker correlation was va
between21 and11 using Sp signals, Robinson and Jeffres
~1963! found a monotonic increase in the BMLD with in
creasing interaural correlation. Small reductions from11 of
the interaural masker correlation in an NrSp condition led to
a large decrease of the BMLD, while for smaller corre
331 J. Acoust. Soc. Am. 109 (1), January 2001 0001-4966/2001/1
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tions, the slope relating BMLDs to interaural correlation w
shallower. The stimuli used by Robinson and Jeffress~1963!
were composed by adding interaurally correlated noise w
an interaurally uncorrelated noise. The relative intensities
both sources determined themeaninteraural correlation. The
consequence of this method for generating the stimuli is
for the masking noise alone, the interaural cues~i.e., interau-
ral time- and intensity differences! fluctuate randomly.
Moreover, because finite-length masker samples are u
the actual correlation within an observation interval can
viate considerably from the adjusted mean correlation. Th
in terms of binaural cues, the masker contains uncertai
The addition of the Sp signal results in a change in the mea
of the interaural cues but does not reduce the randomnes
the interaural cues.

Analogous to monaural conditions~Lutfi, 1990!, binau-
ral masking can be attributed to two different sources. T
first results from the limited resolution of the binaural aud
tory system and has been termed energetic masking by L
In models of binaural processing, this source of masking
included as internal noise. For example, the EC theory s
marizes the internal errors of timing and amplitude repres
33109(1)/331/15/$18.00 © 2001 Acoustical Society of America
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tation in the factork, which is directly related to the BMLD
The second source of masking results from the uncerta
associated with the trial-to-trial variation of the binaural cu
used to detect the signal~called informational masking by
Lutfi!. This source of masking has not, as far as we
aware, been addressed explicitly so far in binaural models
standard MLD conditions like NoSp, the masker contains n
uncertainty in terms of binaural cues: the interaural corre
tion is always exactly one, the energy of the difference sig
between right and left masker is zero, and the interaural
ferences in time and intensity are always exactly zero.

Because it is well-known that the auditory system c
benefit from the presence of binaural cues in a detection t
it is interesting to study the influence of uncertainty in the
cues and the extent to which uncertainty limits detecti
One of the possibilities to remove stimulus uncertainty is
using frozennoise. Thresholds for frozen binaural maske
would thus reflect the amount of energetic masking. The
ference in detection performance between running noise
frozen noise indicates the amount of informational mask
and this is the main topic of the present paper. Data will
presented that were measured under conditions with
without stimulus uncertainty. Three common theories
binaural processing~the change in interaural correlation, th
EC theory and processing of interaural intensity differenc
or IIDs, and interaural time differences, or ITDs! will be
discussed for their ability to predict these data. We selec
these theories because they are often used to explain bin
processing. In addition, they have been discussed rece
for their ability to predict the amount of energetic masking
binaural conditions with non-Gaussian maskers~Breebaart
et al., 1999!. Because, as we stated above, stimulus un
tainty has not been analyzed so far in terms of these mod
we provide such an analysis in the following section.

II. STIMULUS UNCERTAINTY

A. Interaural correlation

It is often assumed that a change in the interaural co
lation induced by adding a signal to a masker can be use
a detection cue in binaural masking experiments. Vari
mathematical details have been published treating chang
the interaural correlation for different experimental pa
digms. For example, Domnitz and Colburn~1976! argued
that models based on interaural correlation and models b
on interaural differences yield similar predictions for NoSp
conditions with Gaussian noise. Breebaartet al. ~1999! pre-
sented data with non-Gaussian noise maskers for which
close correspondence between the change in the cross c
lation and the size of the interaural differences is no lon
found. Durlachet al. ~1986! determined an analytical expre
sion for the interaural correlation in an NoSp condition.
Analytical expressions for the interaural waveform corre
tion and the interaural envelope correlation were derived
van de Par and Kohlrausch~1995! for NoSp and later also
for NoSm~van de Par and Kohlrausch, 1998!. Bernstein and
Trahiotis~1996! showed that for NoSp stimuli, the interaural
correlation of the stimuli after peripheral preprocessing
account for their NoSo vs NoSp discrimination results for a
332 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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wide range of center frequencies. Because this correla
approach is widely accepted, we will discuss stimulus unc
tainty first in terms of this concept.

An interaurally partially correlated noise can be gen
ated by adding an interaurally correlated noise@N0(t)# and
an interaurally out-of-phase noise@Np(t)#. In the following
we assume that these two independent noise sources hav
same rms value. To end up with a long-term normaliz
interaural correlation ofr, the left-ear signal L(t) and the
right-ear signal R(t) are combined as follows:

L~ t !5 1
2&A11rN0~ t !1 1

2&A12rNp~ t !,
~1!

R~ t !5 1
2&A11rN0~ t !2 1

2&A12rNp~ t !.

Because bothN0 andNp stem from random processe
the short-term energy estimates~i.e., integrated over one in
terval in a 3IFC task! of N0 and Np , E0 and Ep , respec-
tively, can deviate substantially from their expected~i.e.,
long-term! values provided that the product of time an
bandwidth is small. Furthermore, the samples taken from
two noise sources can be partially correlated. Fluctuation
the short-term estimate of the noise energy leads to a v
ability in the interaural correlation for a finite-length nois
interval @see the Appendix, Eq.~A2!, and Gabriel and Col-
burn, 1981; Richards, 1987#. The interaural correlation of a
finite sample will be referred to aseffective correlation, reff ,
while the mean interaural correlation~i.e., the expected value
of reff! will be referred to asreference correlation, r.

We determined the probability distribution for the inte
aural correlation for an NrSp condition as a function of the
signal-to-noise ratio, the bandwidth, and the duration of
masker. From the mathematical expressions for the effec
correlation probability distribution as given in the Appendi
we found that three important factors affect the distributi
for the effective correlation.

Bandwidth and duration of the noise. With increasi
duration and bandwidth, the variance of the effective cor
lation, reff , will decrease as a result of the decreasing va
ances ofE0 andEp ~see the Appendix!.

The reference correlation. For a reference correlation
11 ~and 21!, there is no correlation uncertainty, and th
effective correlation will always be11 ~21!. On the other
hand, for reference correlations between21 and 11, the
effective correlation will follow a distribution rather tha
have a fixed value. For a reference correlation close to z
the width of the effective correlation distribution will be wid
est ~i.e., the correlation uncertainty is maximum!.

The presence or absence of the signal. The addition
an Sp signal results in a shift of the mean interaural cor
lation towards21.

To demonstrate the effect of these properties upon
correlation uncertainty, probability density function~PDFs!
for a 300-ms noise and three different combinations of r
erence correlation and noise bandwidth are shown in Fig
Each panel shows two distributions, one for the noise al
~solid line! and one for noise plus signal~dashed line!. The
signal had a duration of 200 ms, was temporally centere
the noise, and had a level of 10 dB below the masker le
~i.e., S/N5210 dB!. It is clear that thewidth of the PDF
332J. Breebaart and A. Kohlrausch: Binaural detection
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asker alone
asker
FIG. 1. Probability density functions for the effective interaural correlation. The left panel corresponds to a bandwidth of 10 Hz and a reference crelation
of 0.9. For the middle and right panels, these parameters were 100 Hz, 0.9 and 100 Hz, 0.8, respectively. The solid lines represent a 300-ms m;
the dashed lines represent a 300-ms masker with a 200-ms Sp signal. The distributions were calculated for the complete 300-ms interval. The signal-to-m
ratio was210 dB.
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decreases with increasing bandwidth~10 Hz in the left panel,
100 Hz in the middle and right panels! and with increasing
correlation~0.9 in the left and middle panels, 0.8 in the rig
panel!, indicating less correlation uncertainty. Furthermo
the peak of the curve migrates towards higher correla
values for decreasing bandwidth. This results from the f
that the interaural correlation is a nonlinear function of t
noise energiesEp andEo . If the mean interaural correlatio
is set to 0.9 and the bandwidth is 10 Hz, it can be obser
in the left panel of Fig. 1 that there is a finite probability f
correlation values to be smaller than 0.8, a value that dif
by more than 0.1 from the mean interaural correlation. T
property is highly asymmetric; correlations higher than11
cannot occur. If, despite this asymmetric property, the m
correlation is 0.9, the peak of the curve must occur a
correlation greater than 0.9.

The addition of the Sp signal results in a shift of the
curves towards lower correlation values. Furthermore,
distributions show a small increase in their widths. In the l
panel~10-Hz bandwidth!, the shift of the curve is small com
pared to the width of the distributions. Thus, from a sign
detection point of view, it is likely that at this signal-to
masker ratio, interaural correlation uncertainty can influe
the detection performance. For a bandwidth of 100 Hz an
reference correlation of 0.9~middle panel!, the curves for
masker alone and masker plus signal show a smaller ove
If the reference correlation is reduced to 0.8~right panel!, the
amount of overlap is increased. We can conclude that b
the bandwidth and the reference correlation of the noise h
a strong effect on the detectability of the signal in terms
interaural correlation. If human observers indeed use the
teraural correlation as a decision variable, thresholds sh
depend on the stimulus parameters that determine
amount of correlation uncertainty.

In fact, experimental data from Gabriel Colburn~1981!
and van der Heijden and Trahiotis~1998! confirm this hy-
pothesis. Gabriel and Colburn~1981! found that if the band-
width of a noise stimulus is increased from 5 to 1000 Hz,
interaural correlation just noticeable difference~jnd! for a
333 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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reference correlation of 0 decreases by a factor of 2. Mo
over, the change in the correlation jnd was largest for ba
width below the critical bandwidth. For masker bandwidt
beyond the critical bandwidth, the correlation jnd did n
change by a large amount. This might indicate that the in
nal interaural correlation is evaluated after filtering in t
periphery of the auditory system. For a reference correla
of 11, the correlation jnd remained approximately const
for bandwidths up to the critical bandwidth. However,
increase in the correlation jnd was observed when the ba
width was increased well beyond this value. Although cr
cal band filtering seems to play a role under these conditio
this increase in thresholds is not yet understood. The d
obtained by van der Heijden and Trahiotis~1998! showed
that the correlation dependence of thresholds is much st
ger at narrow bandwidth~3 Hz! than at large bandwidth~900
Hz!. This corresponds to the notion that correlation unc
tainty influences detection, because the probability den
function for the correlation is wider at narrow bandwidt
~see Fig. 1!.

The consequences of the use of frozen noise upon
relation uncertainty are very simple. If exactly the sam
noise waveform is used in each trial and each token o
multiple-interval, forced-choice procedure, there is no unc
tainty in the masker interval; the interaural correlation
ways has the same value. The addition of the Sp signal re-
sults in a deviation from this fixed value. The actual val
depends on the signal-to-noise ratio: a higher signal le
results in a lower correlation.

B. The EC theory

Durlach’s EC theory~Durlach, 1963! is another well-
known theory to account for BMLDs. According to thi
theory the waveforms which arrive at both ears are modifi
by an interaural time delay and an interaural level adjustm
in such a way that the masker waveforms are equalized~the
E process!. This process is performed imperfectly as a res
of internal errors. Subsequently, the stimulus in one ea
333J. Breebaart and A. Kohlrausch: Binaural detection



same
FIG. 2. Probability density functions forEEC ~see the text! for different values of the reference correlation and the masker bandwidth. The format is the
as in Fig. 1.
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subtracted from the stimulus in the other ear~cancellation, or
C process!. In binaural conditions, this process often leads
an improvement of the signal-to-masker ratio and hence
the prediction of a positive BMLD. In an NrSp condition no
equalization is available that yields a signal-to-masker ra
improvement. Hence, the improvement in signal-to-mas
ratio is obtained by calculating the amount of masker ene
that is removed by the cancellation process. From Eq.~1!, it
can be seen that the common part of the masking noise
be removed and that theNp masker portion remains. Thus
the amount of stimulus energy that remains after the E
process equals1

EEC52~12r!Ep14ES , ~2!

whereES denotes the signal energy andEEC is the energy of
the difference signal between the left and right ears. The
of the difference energy as a decision variable was also
gested by Breebaartet al. ~1999! for NoSp stimuli with non-
Gaussian maskers. If no signal is present,ES is simply zero.
Assuming thatEEC is used as a decision variable, stimul
uncertainty will influence the detection task becauseEp is a
random variable with a certain mean and standard deviat
Equations~A4! to ~A6! in the Appendix give a description o
the variability ofEp . A graphical representation of this de
scription is shown in Fig. 2. The format is the same as in F
1; the left and middle panels correspond to a reference
relation of 0.9, the right panel to 0.8. The bandwidth of t
noise is 10 Hz in the left panel and 100 Hz in the oth
panels. Each panel contains two curves; the solid lines
resent the PDF forEEC for a masker alone, the dashed lin
for masker plus signal. For simplicity it is assumed that
rms value of the noise sources equals 1~arbitrary units! and
the signal-to-masker ratio is210 dB. The masker had a du
ration of 300 ms. The curves in Fig. 2 show a similar beh
ior as in Fig. 1; a wider bandwidth or a higher referen
correlation results in a narrower distribution ofEEC, and
hence a better detectability of the signal.

If a frozen-noise sample is used,Ep has a fixed value.
Hence, no uncertainty in terms of the EC theory is presen
334 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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the stimulus~the power of the difference signal is frozen!
and the only limitation for detection is internal noise.

C. Interaural differences in time and intensity

The interaural differences~IIDs and ITDs! present in an
interaurally partially correlated noise fluctuate as a funct
of time. In a running-noise condition, the random fluctu
tions can be described in terms of a probability distributio
We determined these probability distributions by comput
a partially correlated noise in the digital domain of sufficie
duration ~3 s at a sample rate of 32 kHz!. After a Hilbert
transform of the left and right signals, the interaural intens
differences and interaural time differences were obtain
From these differences, histograms were computed which
~close! approximations of the PDFs of the IIDs and ITD
This procedure was repeated for masker plus signal fo
signal-to-masker ratio of210 dB. The results are shown i
Fig. 3. The format is the same as Figs. 1 and 2. The
panels correspond to a masker bandwidth of 10 Hz an
reference correlation of 0.9; the middle panels to a ba
width of 100 Hz and a correlation of 0.9, and the right pan
to a bandwidth of 100 Hz and a reference correlation of 0
The solid lines represent distributions for the maskers alo
the dashed lines for masker plus signal. The upper pa
represent the interaural phase differences~IPD!; the lower
panels represent the IIDs.

The following facts can be observed in Fig. 3. First,
we compare the middle panels to the left panels~i.e., the
effect of bandwidth!, no difference is observed. Thus, th
width of the PDF for the interaural differences does not d
pend on the bandwidth and the range of variation of the II
and ITDs does not change systematically with bandwid
The rate of variation does, however, increase if the ban
width is increased. This property is important for our hypo
esis about stimulus uncertainty. It if often assumed that
binaural auditory system is sluggish in processing binau
cues~cf. Grantham and Wightman, 1978, 1979; Grantha
1984; Kollmeier and Gilkey, 1990; Culling and Summe
field, 1998!. Thus, because the amount of uncertainty isnot
334J. Breebaart and A. Kohlrausch: Binaural detection



FIG. 3. Probability density functions for the IPD~upper panels! and IID ~lower panels! in the same format as Figs. 1 and 2.
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changed by the masker bandwidth, it is expected that thr
olds will increasewith increasing bandwidth as a result
the increase in the rate of fluctuation of the IIDs and ITD
This is in contrast to the expectations based on the EC th
or models based on interaural correlation; these models
dict a decreasewith increasing bandwidth.

The solid line in the right panel of Fig. 3 demonstrat
that a decreasing interaural correlation results in an incre
in the width of the PDF, a similar effect as observed in t
curves for the correlation and the EC theory. The addition
the signal has a different effect on the PDFs compared to
two other models discussed in this paper. Instead of a shi
the mean, an increase in the width of the distribution is
served. This property makes it more difficult to analyze th
PDFs in terms of detectability. Nevertheless, the observa
that a change in the bandwidth results in different expe
tions for the three theories makes it valuable also to disc
our data in terms of IIDs and ITDs.

III. EXPERIMENT I

A. Procedure and stimuli

A three-interval, forced-choice procedure with adapt
signal-level adjustment was used to determine mas
thresholds. Three masker intervals of 300-ms duration w
separated by pauses of 300 ms. A signal of 200-ms dura
335 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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was added to the temporal center of one of the masker in
vals. Feedback was provided after each response of the
ject.

The signal level was adjusted according to a two-dow
one-up rule~Levitt, 1971!, tracking the 70.7% correct scor
within a 3IFC paradigm. This corresponds tod851.26. The
initial step size for adjusting the level was 8 dB. The st
size was halved after every second track reversal unt
reached 1 dB. The run was then continued for another e
reversals. The median level at these last eight reversals
used as the threshold value. At least three threshold va
were obtained for each parameter value and subject.
stimuli were generated digitally and converted to analog s
nals with a two-channel, 16-bit D/A converter at a sampli
rate of 32 kHz. The stimuli were presented over Beyer D
namic DT990 headphones.

The 300-ms masker samples were obtained by add
interaurally in-phase noise and interaurally out-of-pha
noise with the appropriate weighting factors@Eq. ~1!#. For
running-noise conditions, the noise samples for each inte
were obtained by randomly selecting 300-ms segments f
a two-channel, 2000-ms bandpass-noise buffer. The 2000
noise buffer was created in the frequency domain by sel
ing the desired frequency range from the Fourier transfo
of two independent 2000-ms broadband Gaussian noises
ter an inverse Fourier transform, and combination of the t
335J. Breebaart and A. Kohlrausch: Binaural detection
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FIG. 4. Binaural masked thresholds as a function of the reference correlation. The bottom-right panel shows the mean thresholds; the other pw
individual thresholds for three subjects. The squares correspond to a masker bandwidth of 10 Hz, the upward triangles to 100 Hz, and the downwagles
to 1000 Hz. The open symbols represent running-noise conditions; the filled symbols represent frozen-noise conditions. The isolated symbols reprent NoSo
reference data. Error bars denote the standard error of the mean. The masker level for all three bandwidths was 65 dB.
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noise signals according to Eq.~1!, the two-channel~for the
left and right ears! bandlimited noise buffer with the spec
fied reference correlation was obtained. It is important
note that the specified reference correlation is the correla
of the 2000-ms noise buffer. The correlations of shorter s
ments~like the 300-ms noise segments used in the runni
noise experiments! will in general deviate from this exac
value ~see Fig. 1!.

For frozen-noise conditions, only one fixed 300-m
noise sample was used for which the interaural correla
was equal to the reference correlation.2 This noise sample
was generated by adding two independent bandlimited n
samples of 300 ms with afixedrms value. These bandlimite
noise samples were generated in the same way as the
buffers for random-noise conditions followed by a norm
ization of their rms values. The partially correlated noise w
then generated by combining the noises according to Eq.~1!.
The same noise sample was used during one run. To exc
the possibility that the frozen-noise thresholds would dep
on the specific waveform of the token, a different froze
noise sample was used for each run, and the mean thres
336 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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from these runs was used as threshold value. All no
maskers were presented at an overall level of 65 dB SP

The 200-ms signals were interaurally out-of-phase si
soids with a frequency of 500 Hz. In order to avoid spect
splatter, the signals and the maskers were gated with 50
raised-cosine ramps. Thresholds are expressed as the m
of at least three repetitions per condition and subject. Bin
ral masked thresholds were measured for NrSp conditions,
where the bandwidth of the noise was either 10, 100, or 1
Hz. The center frequency of the noise masker was alw
500 Hz. Reference correlations ofr51, 0.98, 0.96, 0.93,
0.87, 0.81, and 0.64 were used. In addition, NoSo thresh
were also obtained. Three well-trained subjects with norm
hearing participated in the experiments.

B. Results

The experimental data are shown in Fig. 4 as a funct
of the reference correlation. The bottom-right panel sho
the mean thresholds, while the other panels show individ
thresholds for the three subjects. The squares correspond
336J. Breebaart and A. Kohlrausch: Binaural detection
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a

masker bandwidth of 10 Hz, the upward triangles corresp
to 100 Hz, and the downward triangles to 1000 Hz. The o
symbols represent running-noise conditions; the filled sy
bols represent frozen-noise conditions. The NoSo thresh
are plotted in the upper-right corners of each panel. The e
bars denote the standard error of the mean.

For both running- and frozen-noise conditions, t
NrSp thresholds increase with decreasing reference corr
tion. This increase is strongest for the 10-Hz running-no
masker, which increases by 18.8 dB if the correlation is
creased from11 to 0.64. For the 100-Hz-wide and 1000-H
wide running-noise conditions, the increase amounts to 1
and 10 dB, respectively. These values are in good agreem
with data from van der Heijden and Trahiotis~1998!. For
frozen-noise maskers, the increase amounts to 12, 13.3
9.2 dB, for the 10-, 100-, and 1000-Hz-wide conditions,
spectively.

The thresholds for frozen and running-noise maskers
approximately equal for a reference correlation of11, while
for decreasing reference correlations, the difference betw
frozen and running-noise maskers increases, especially
the narrow-band conditions. The reference correlations
which frozen and running-noise thresholds become differ
are 0.98 for a bandwidth of 10 Hz and 0.93 for a bandwi
of 100 Hz. As interaural correlation decreases the differen
between running- and frozen-noise conditions reach 7 dB
the 10-Hz-wide masker, and 4 dB for the 100-Hz-wide co
dition. For the 1000-Hz-wide maskers, the thresholds
running and frozen noise are very similar.

The differences between the 100-Hz and 1000-Hz c
ditions vary considerably across reference correlations, b
for running and frozen-noise conditions. For running noi
the difference in thresholds amounts to 9 dB for a refere
correlation of11 and increases up to a value of 14 dB for
reference correlation of 0.64. For frozen noise, these va
are 10.6 and 13.3 dB, respectively. Because the ove
masker level was kept constant, a difference of about 10
between 100-Hz and 1000-Hz thresholds would corresp
to a constant signal-to-noise ratio at the output of an audi
filter with a bandwidth of 78 Hz@1 equivalent rectangula
bandwidth~ERB! at 500 Hz, Glasberg and Moore, 1990#.

The NoSo thresholds forrunningnoise show a decreas
with increasing masker bandwidth. The signal-to-noise ra
decreases from14 dB at 10 Hz to 0 dB at 100 Hz and finall
to 211 dB at 1000 Hz, very similar to experimental da
from van de Par and Kohlrausch~1997, 1999!. In contrast,
for frozennoise, the NoSo thresholds are very similar for t
10- and 100-Hz bandwidth (S/N522 dB), while for the
1000-Hz bandwidth, the threshold is 10 dB lower. In gene
the relation between running- and frozen-noise threshold
the NoSo condition equals that for NrSp with r,0.95. For
the smallest reference correlation~i.e.,r50.64!, the running-
noise BMLD for a bandwidth of 10 and 100 Hz is almo
zero ~except for subject JB, who has a BMLD of 5 dB fo
this condition!. For the 1000-Hz-wide condition, the BMLD
is 6 dB forr50.64, consistent with data from Robinson a
Jeffress~1963!.
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C. Discussion

Following our hypothesis that stimulus uncertainty i
fluences NrSp thresholds, the difference between frozen a
running-noise conditions should be larger at lower refere
correlations, as a result of the fact that stimulus uncerta
increases with decreasing correlation. In addition, froz
and running-noise thresholds should be equal for a refere
correlation of11, because no uncertainty in terms of bina
ral cues is present in the masker intervals. These effects
clearly visible in our data~Fig. 4! for the bandwidths of 10
and 100 Hz. For a bandwidth of 1000 Hz, there is almost
difference between the running and frozen-noise conditi
for all values of the reference correlation. This suggests
for this value of the masker bandwidth, stimulus uncertai
does not influence the detection of the signal and the thre
olds are limited by internal noise~similar to the frozen-noise
data!. Interestingly, the data that are limited by internal e
rors also show a dependence on the masker correlation.
implies that the net effect of the internal noise must be lar
for smaller interaural correlations. One possibility to impl
ment this property in a quantitative binaural model is giv
in Breebaartet al. ~2001!.

For the quantitative analysis of our data in terms of t
binaural models described in Sec. II, we will concentrate
those conditions where, presumably, external variability
dominant over internal noise. In terms of the terminolo
used by Lutfi~1990!, we are interested in conditions with
substantial amount of informational masking. As a meas
for this we take the difference between running- and froz
noise thresholds. Substantial differences are observed f
10-Hz-wide masker and reference correlations at or be
0.98, and for a 100-Hz-wide masker at or below 0.93. For
1000-Hz data, the difference is small at all correlation valu
and those data are therefore not included in the analysis

The influence of external variability in the binaural da
is stronger at 10 Hz than at 100-Hz bandwidth. This suppo
the expectations based on the EC theory and on correla
uncertainty, because both models predict a stronger dif
ence between frozen and running noise at narrower ba
widths. The data are, however, not in line with the expec
tions based on the evaluation of IID and ITD cues. T
distributions of these cues do not depend on the bandwi
and hence no effect is expected if uncertainty is conside
Including the effect of binaural sluggishness, this should le
to an increase in threshold with an increase in masker ba
width. This, however, is not found in the data, which show
decrease of the running-noise thresholds with increas
bandwidth.

In order to verify the hypotheses based on the EC the
and the interaural correlation quantitatively, we compu
the detectability of the running-noise thresholds shown
Fig. 4 based on the two models for those conditions in wh
detection is apparently limited by stimulus uncertainty~i.e.,
r<0.98 at 10-Hz bandwidth andr<0.93 at 100-Hz band-
width!. For the interaural correlation, the detectability w
calculated using the distribution of the interaural correlat
expressed in terms of Fisher’sZ ~see the Appendix!. The
rationale for the transformation from correlation toZ lies in
the fact that the correlation probability does not have
337J. Breebaart and A. Kohlrausch: Binaural detection
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Gaussian distribution, while Fisher’sZ does have an approxi
mately Gaussian distribution. For both the masker alone
the masker plus test signal at threshold, the probability
tributions forZ were computed and from these distribution
the sensitivity indexd8 was calculated. For the sinusoid
signals, a length of 200 ms including 50-ms ramps was u
to calculate the change in correlation. For the masker-al
correlation interval, a duration of 200 ms was assumed,
cause this corresponds to the signal length and hence
duration from which the binaural system can extract use
information concerning interaural correlation changes.
ripheral preprocessing was simulated by first filtering the s
nals with a fourth-order gammatone filter with a center f
quency of 500 Hz and a bandwidth of 78 Hz~cf. Glasberg
and Moore, 1990!. The values ford8 are shown in Fig. 5.

The squares denote the 10-Hz masker condition and
upward triangles the 100-Hz condition. Clearly, most valu
of d8 are higher than the theoretical value of 1.26 that res
from the applied procedure. The values ofd8 across refer-
ence correlations are relatively constant for 10-Hz bandw
and increase systematically towards high reference corr
tions for 100-Hz bandwidth. Only the 10-Hz condition show
a fair agreement withd8 in terms of the correlation uncer
tainty. From this simulation it appears that the correlat
uncertainty is a valid statistic only for the 10-Hz-wide co
dition.

The large values ofd8 for the 100-Hz-wide conditions
may indicate that, in the processing of these stimuli in
auditory system, information is lost. An optimal detecto
basing its decision on the correlation change within the 2
ms of signal duration, would perform much better than
subjects, given the high values ofd8 for correlation discrimi-
nation. Such a loss of information might be caused by
fact that the subjects are not able to process the whole st
lus but extract a decision variable based on a shorter pa
the sample.

Another possibility is that the correlation hypothesis
not correct and that detection behavior can be better
scribed by another statistic, for example based on the
theory. Equation~2! gives the relation between the decisio
variable EEC and the source of stimulus uncertainty,Ep .

FIG. 5. Detectability indexd8 in terms of interaural correlation for the
running-noise NrSp conditions as a function of the reference correlatio
The squares denote the 10-Hz-wide condition and the upward triangle
100-Hz-wide condition.
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With the help of Eqs.~A4! to ~A6! and~A18! in the Appen-
dix, the detectability index in terms ofEEC can be deter-
mined for the conditions limited by stimulus uncertaint
These indices are shown in Fig. 6, in the same format a
Fig. 5.

All values for d8 in terms ofEEC are much higher than
the theoretical value of 1.26. This indicates thatEEC is not a
valid descriptor for the influence of stimulus variability.

An important remark can be made if the values ford8
are compared for the correlation~Fig. 5! and the EC theory
~Fig. 6!. The values are completely different for these the
ries, the latter being much higher. This observation is p
ticularly of interest given the analysis of Green~1992!. He
stated that a correlation model leads to identical predicti
as an EC model in an NoSo vs NoSp discrimination para-
digm. Figures 5 and 6 show that this conclusion is not va
for conditions that are dominated by stimulus uncertainty

In summary, both the 10-Hz-wide and the 100-Hz-wi
conditions show large differences between the running
frozen-noise conditions, indicating that stimulus uncertai
dominates the detection process. This effect is smaller at
Hz than at 10-Hz bandwidth. The thresholds decrease w
an increase in masker bandwidth in the running-noise co
tions, which is not in line with expectations based on t
processing of IID and ITD cues. An uncertainty analysis
terms of the EC theory revealed that an EC process fail
account for the thresholds found in the running-noise con
tions.

The only close match between experimental data
predictions was found for the 10-Hz-wide conditions bas
on the interaural cross correlation. If one assumes that sti
lus uncertainty limits the detection and the correlation is
valid statistic for describing thresholds, the psychome
function for an NrSp condition as a function of the signa
level can be predicted. To study to what extent this is true
second experiment was performed, where predicted and m
sured psychometric functions were compared.

IV. EXPERIMENT II

A. Procedure and stimuli

In order to further examine the role of stimulus unce
tainty in an NrSp condition, we determined the psychome

he

FIG. 6. Detectability indexd8 in terms ofEEC for the running-noise NrSp
conditions as a function of the reference correlation. The squares denot
10-Hz-wide condition and the upward triangles the 100-Hz-wide conditi
338J. Breebaart and A. Kohlrausch: Binaural detection



ents the

FIG. 7. Proportions correct as a function of the signal level for a running-noise NrSp condition forr50.98 ~upper-left panel!, r50.96 ~upper-right panel!,
and r50.87 ~lower-left panel!. The different symbols represent different subjects. The bandwidth of the masker was 10 Hz. The solid line repres
predictions according to a correlation-uncertainty model~see the text!.
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ric functions for running-noise conditions at bandwidths
10 and 100 Hz for reference correlations of 0.98, 0.96,
0.87. Proportions correct were determined in a 2IFC pro
dure with 50 trials per condition by 3 subjects. The gene
tion of the stimuli and the method of presentation to t
subjects were similar to the method described in experim
I. The signal levels used to determine the subjects’ per
mance were 46 to 66 dB SPL at 10-Hz bandwidth and 42
62 dB SPL at 100-Hz bandwidth with a step size of 2 dB

B. Results

The proportions correct for the NrSp condition as a
function of the signal level are shown in Fig. 7 for a mask
bandwidth of 10 Hz and in Fig. 8 for a bandwidth of 100 H
The different symbols denote different subjects. The upp
left panel represents data forr50.98, the upper-right pane
for r50.96, and the lower panel forr50.87. The data show
an increase in the proportion of correct responses from 0.
1 if the signal level is increased from 45 to 65 dB SPL
10-Hz bandwidth and from 40 to 60 dB SPL at 100-Hz ban
width. The solid lines represent the proportions correct ba
on the correlation probability density functions.
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We calculated the predicted proportions correct as
function of the signal level based on the sensitivity ind
(d8) determined from the correlation uncertainty. The valu
for d8 were converted to proportions correct~p! by comput-
ing the area under the normal curve up tod8/& ~see Green
and Swets, 1966!:

p5E
2`

d8/& 1

A2p
e2x2/2dx. ~3!

The predicted proportions correct are shown by the so
lines in Figs. 7 and 8. For a bandwidth of 10 Hz, the curv
lie on top, close to the subjects’ responses, indicating that
data can quite accurately be described~especially for the
subject denoted by ‘‘x’’! by the stimulus uncertainty in the
interaural correlation. However, at 100-Hz bandwidth, t
subjects perform worse than the predictions based on
correlation uncertainty. This indicates that correlation unc
tainty is not a valid descriptor for the 100-Hz data.

C. Discussion

Because of the close correspondence between the
dicted and observed psychometric functions for the 10-H
339J. Breebaart and A. Kohlrausch: Binaural detection



FIG. 8. Same as Fig. 7 for a masker bandwidth of 100 Hz.
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wide maskers, it is likely that stimulus uncertainty limits th
detection and that this uncertainty expressed in terms of
interaural correlation is a valid way to predict thresholds. F
the 100-Hz condition, however, such an analysis overe
mates the performance of the subjects.

We want to emphasize that although the interaural c
relation is a valid detection statistic indescribingthe 10-Hz-
wide running-noise conditions, this does not prove that
serves indeed use this particular measure. We have sh
however, that stimulus uncertainty can play an important r
in binaural detection paradigms. To further investigate
role of the interaural correlation as a detection statistic
the role of stimulus uncertainty, we performed a third expe
ment. This experiment is a compromise between the runn
noise condition ~i.e., with stimulus uncertainty! and the
frozen-noise condition~i.e., absolutely no stimulus unce
tainty!. Two conditions were tested, which we refer to
‘‘fixed-r’’ and ‘‘interleaved.’’

V. EXPERIMENT III

A. Procedure and stimuli

The following experimental paradigms were used:

~1! Fixed-r. In this condition, each trial consisted of thre
intervals which contained exactly the same noise sam
340 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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To one of these noise samples, the signal was added
each trial, a different noise sample was calculated
cording to the frozen-noise algorithm described in S
III A. This implies that both the interaural correlatio
and the power of the interaural difference signal w
fixed across all intervals of a run, but each noise sam
was a different realization under the above constrain
Thus, across trials, the waveforms arriving at both e
were totally different, but the interaural correlation an
the power of the interaural difference signal of th
masker was fixed.

~2! Interleaved. Similar to the fixed-r condition, each trial
consisted of three identical masker intervals, and ag
one interval contained the signal. However, the num
of masker realizations was reduced to two. Thus, t
frozen-noise samples were calculated as described
Sec. III A. For each trial, one of these realizations w
chosen at random and used as the masker in all th
intervals of this trial.

The measurement procedure, the signal durations and le
and the method of presentation to the subjects were the s
as described in Sec. III A. We measured thresholds for
masker bandwidths~10 and 100 Hz! and two masker corre
340J. Breebaart and A. Kohlrausch: Binaural detection



s
and 0.87,
FIG. 9. Mean thresholds across three subjects for the running-noise~run!, fixed-r ~fix!, interleaved~int!, and frozen-noise~fro! conditions. The upper panel
show thresholds for a bandwidth of 10 Hz, the lower panels for 100 Hz. The left and right panels correspond to an interaural correlation of 0.93
respectively.
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lations ~0.93 and 0.87!. Three subjects participated in th
experiment.

B. Results

The mean thresholds across subjects are shown in Fi
The upper panels show thresholds for a masker bandwidt
10 Hz; the lower panels correspond to 100-Hz bandwid
The left and right panels correspond to an interaural corr
tion of 0.93 and 0.87, respectively. In each panel, fo
threshold values are shown. From left to right, these
thresholds for the running-noise condition of experimen
~labeled ‘‘run’’!, the thresholds for the fixed-r condition
~‘‘fix’’ !, the interleaved condition~‘‘int’’ !, and the frozen-
noise condition of experiment I~‘‘fro’’ !.

As described above, these conditions reflect differ
levels of stimulus uncertainty. The first level corresponds
absolutely no stimulus uncertainty~frozen-noise conditions!
and this condition results in uniformly lower thresholds th
all other conditions. If the level of stimulus uncertainty
increased by a small step~the interleaved condition!, thresh-
olds increase by 1 to 3 dB for all tested conditions. A th
level of stimulus uncertainty was to apply only one restr
tion to the masker stimuli: the overall interaural correlati
and hence the power of the difference signal had to be c
341 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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stant. For three out of four conditions, this also resulted in
increase in thresholds. The differences between frozen-n
and fixed-r are about 6 dB at 10-Hz bandwidth and 4 dB
100-Hz bandwidth. Finally, the highest level of stimulus u
certainty in the present experiments~i.e., running noise! re-
sulted on average in very similar thresholds to those in
fixed-r conditions.3

C. Discussion

Some striking remarks can be made with respect to
thresholds for stimuli with a fixed interaural correlation~i.e.,
the fixed-r, the interleaved, and the frozen-noise condition!.
If the binaural auditory system uses the interaural correla
of each token as a decision variable, the processing of
masker alone would result in an internal estimate of the
ternally presented interaural correlation. This internal va
is fixed and only limited by internal noise. The addition
the signal results in a decrease of the interaural correla
and can thus be detected. Based on such an intera
correlation processing, all the thresholds for the conditio
with a fixed interaural correlation should give the sam
thresholds. This was not found in our data.

One reason for the differences across these condit
may be peripheral filtering. The externally presented stim
341J. Breebaart and A. Kohlrausch: Binaural detection



ined
FIG. 10. Left panel: simulated correlation distribution for a 10-Hz-wide, Nr stimulus with a reference correlation of 0.87. These distributions were obta
for running noise~running!, running noise after peripheral filtering~filtered!, and for fixed-r conditions after peripheral filtering~fixed!. Right panel: standard
deviations for the same stimuli as in the left panel for different values for the masker bandwidth and correlation.
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lus has a fixed interaural correlation. Peripheral filtering
the cochlea results in frequency-dependent phase shifts in
presented waveforms at both ears. These phase shifts r
in a change in the interaural correlation. Therefore, for
fixed-r condition, the interaural correlation of different to
kens after peripheral filtering follows a distribution rath
than having a fixed value. To evaluate this hypothesis qu
titatively, we computed 1000 partially correlated noises f
lowing three different procedures:

~1! Running-noise samples which are generated in the s
way as described in Sec. III A.

~2! The same running-noise samples after filtering by
fourth-order gammatone filter with a center frequency
500 Hz. This filter simulates the effect of peripheral fi
tering in the inner ear; and

~3! Fixed-r samples generated as described in Sec. II
also after filtering with the gammatone filter.

An example of the correlation distributions that we
found with this procedure is given in the left panel of Fi
10. In this example, the bandwidth of the noise was 10
and the reference correlation was 0.87. The solid line is
distribution for running noise without filtering~i.e., proce-
dure 1!. The dashed line corresponds to procedure 2~i.e.,
running noise after peripheral filtering!. Clearly, these distri-
butions are very similar, indicating that peripheral filterin
does not change the statistics of the interaural correlation
running noise. The distribution for fixed-r after peripheral
filtering is shown by the dotted line. In line with our hypoth
esis, the distribution has a substantially reduced standard
viation. The values for the standard deviation of the corre
tion distribution are shown in the right panel of Fig. 10. T
black bars correspond to the running-noise procedure w
out filtering ~number 1 in the above description!; the gray
bars denote running noise after peripheral filtering~2!, and
the white bars denote fixed-r samples after peripheral filter
ing ~3!. The x axis indicates the combinations of bandwid
and reference correlation of the noise for each condition.
fixed-r conditions have a nonzero amount of correlation u
certainty. This supports the hypothesis that peripheral fil
342 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001
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ing produces uncertainty in the interaural correlation. T
magnitude of this correlation uncertainty is, however, n
sufficient to explain the thresholds of the fixed-r condition.
We computed the values for the detectability index in ter
of interaural correlation for the fixed-r condition after pe-
ripheral filtering as described in Sec. III B. Alld8 values for
the filtered fixed-r condition were above 27, indicating tha
subjects performed worse than expected from correlation
certainty introduced by peripheral filtering.

An important conclusion that can be drawn from the
results is that it is unlikely that the auditory system uses
interaural correlation of the complete token as a decis
variable. These results also show that the overall powe
the difference signal of the complete token as a decis
variable is not a valid descriptor of how the auditory syste
processes Nr stimuli.

A possibility to explain the results qualitatively is base
on the idea of internal templates~Dauet al., 1996a, b; Bree-
baart and Kohlrausch, 1999!. Assume that listeners develo
an internal representation of the interaural differences
occur as a function of time if a masker alone is present
Such a template can be obtained from the masker-alone
tervals in the 3IFC task. One possible realization would
the running average of the difference power based on a t
constant that is smaller than the duration of the tokens
such a template exists, then the task of the listener is
match the template to the internal representation of the a
ally presented stimuli.

For example, in an NoSp condition, the masker alone
contains no interaural differences. Hence, the template c
sists of a sequence of zero interaural differences. The a
tion of the signal results in changes in the interaural diff
ences which can be detected. In this case, there is
uncertainty in the masker-alone representation. The s
holds for the frozen-noise conditions. All masker-alone
tervals are identical, resulting in the same template. The o
task that a listener has to perform is to detect which inter
produces an internal representation that differs from the t
plate. This process is in principle limited by internal noi
only.
342J. Breebaart and A. Kohlrausch: Binaural detection
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If two different Nr tokens are used in random order~i.e.,
the interleaved condition!, detection becomes somewh
more complicated. For perfect detection, the listener ha
store two templates~one for each token! and must be able to
recognize which masker token is used before the templ
are compared with the actual stimulus. If the wrong templ
is matched with the stimulus, all intervals from the trial r
sult in an imperfect match of the template. This increases
probability of choosing the wrong interval, and hence det
tion performance decreases.

For the fixed-r condition, finally, it is only possible to
derive an averaged template based on many different n
realizations. This explains the increase in thresholds w
respect to the interleaved and frozen conditions, in which
template has a close relation to the actual stimulus. In su
view, fixed-r and running-noise conditions are equivale
with respect to the detection strategy. The fixed-r condition,
however, does allow comparison of internal representati
across the three intervals within a trial. Given our experim
tal data, which show no statistically significant differen
between fixed-r and running-noise conditions, we can co
clude that such an across-interval comparison does not g
significant detection advantage in our conditions.

VI. GENERAL CONCLUSIONS

The results suggest that for binaural signal detect
with partially correlated noises, two factors play an impo
tant role:

~1! The reference correlation. With decreasing masker c
relation, the NrSp thresholds increase; and

~2! Stimulus uncertainty. Our results show that uncertai
in binaural cues reduces detection performance, e
cially in narrow-band conditions.

An unresolved issue concerning the data presente
this paper is the method of internal binaural processing.
have shown that the three theories tested~the interaural cor-
relation, the EC theory, or the processing of IIDs and ITD!
cannot account for the results found in this study. The d
suggest that the auditory system is able to use internal t
plates in the process of binaural signal detection. Quan
tive tests to support this notion are, however, beyond
scope of this paper and have yet to be performed.
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APPENDIX

For the generation of an NrSp stimulus, two indepen-
dent noise sourcesN0(t) andNp(t) with the same rms value
are used, which are combined as follows to yieldL(t) and
R(t) for the left and right ears, respectively:
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L~ t !5 1
2&A11rN0~ t !1 1

2&A12rNp~ t !1S~ t !,
~A1!

R~ t !5 1
2&A11rN0~ t !2 1

2&A12rNp~ t !2S~ t !.

As a result of fluctuations in the energy of a finite-leng
interval of the Gaussian-noise samplesN0(t) andNp(t), the
effective correlation (reff) of the masker sample may devia
from the desired reference correlation~r!. Because the noise
sourcesN0(t) andNp(t) are independent, the effective~i.e.,
physically occurring! interaural correlation (reff) for the
NrSp stimulus can be written as~neglecting the correlation
between the two independent noise sourcesN0 andNp ; see
also footnote 2!

reff5
~0.510.5r!E02~0.520.5r!Ep2Es

~0.510.5r!E01~0.520.5r!Ep1Es
, ~A2!

whereEx is defined as the energy of the stimulus of durati
T, according to

Ex5E
2T/2

T/2

Nx
2~ t !dt. ~A3!

From Rice~1959!, it is known that for a Gaussian-nois
sample,E is distributed normally according to:

p~E!5
1

sEA2p
e@2~E2mE!2#/2sE

2
, ~A4!

with

mE5TE
0

`

v~ f !d f , ~A5!

and

sE
25TE

0

`

v2~ f !d f . ~A6!

Here, v( f ) refers to the spectral power density of th
noise source. The relation between the energiesE0, Ep , and
Es for a certainreff according to Eq.~A2! is given by

E05aEp1bEs , ~A7!

with

a5S 0.520.5r

0.510.5r D S 11reff

12reff
D , ~A8!

and

b5
11reff

~12reff!~0.510.5r!
. ~A9!

One way to realize a correlation ofreff is to fix Ep at a
certain value and compute the necessary value ofE0 accord-
ing to Eq.~A7!. The probability for that realization ofreff is
then equal to the product of the probabilitiespE(E0) and
pE(Ep). Because there are many possible ways to realiz
correlation ofreff , we have to sum all possibilities of thes
realizations

p~reff!Dreff5(
Ep

pE~E0!DE0pE~Ep!DEp , ~A10!
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which results in

p~reff!5E
Ep

pE~aEp1bEs!pE~Ep!
]E0

]reff
dEp , ~A11!

and hence

p~reff!5
1

sE
22p

3E
Ep

expS 2~aEp1bEs2mE!22~Ep2mE!2

2sE
2 D

3
]E0

]reff
dEp , ~A12!

with

]E0

]reff
5

0.520.5r

0.510.5r

2

~12reff!
2 Ep

1
2

~12reff!
2~0.510.5r!

Es . ~A13!

In summary, if the spectral shape of the noise source
the sample duration are known, Eqs.~A5! and ~A6! supply
values formE and sE

2. For a given signal energyEs and a
given reference correlationr, Eq. ~12! gives the probability
density for the occurrence of a certain interaural correlati

A difficulty arising from the probability density function
given by the above equations is that for correlations clos
1, the function becomes skewed. If the distribution for t
interaural correlation were Gaussian, it would be easie
calculate parameters like the detectability indexd8 for two
different distributions. Therefore, the Fisherr-to-Z transfor-
mation is used. This transformation results in a probabi
density function that behaves approximately normal, and
given by

Z50.5 ln
11reff

12reff
. ~A14!

Thus, for a givenZ, the corresponding interaural corre
lation becomes

reff5
e2Z21

e2Z11
, ~A15!

and hence

dreff

dZ
5

4e2Z

~e2Z11!2 . ~A16!

The probability density function forZ is then given by

p~Z!5p~reff!
dreff

dZ
. ~A17!

The detectability index for the NrSp condition is deter-
mined by the means and the standard deviations in term
Z as follows. The mean~m! and standard deviations~s! of
the distributions ofp(Z) are determined for both maske
alone and masker plus signal~mNr

, sNr
, mNrSp, sNrSp, re-

spectively!. The detectability index is then obtained as
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d

.

to

to

y
is

of

d85
mNrSp2mNr

AsNrSp
2 1sNr

2
. ~A18!

1We assume that the correlation between the signalSand the noiseN is zero.
Although this is mathematically not correct for a finite-length interval,
computational analysis revealed that the effect of these correlations is
ligible in our analysis.

2The correlation between two finite-length samples from independent n
sources is almost neverexactly zero. In our analysis and generation o
stimuli, however, we assume that this correlation is zero. To justify t
assumption, we generated 1000 intervals of interaurally partially correl
noise and determined the width of the probability density functions for
interaural correlation after~1! combination of the signals according to Eq
~1!, and~2! combination of the signals according to Eq.~1! after normal-
izing the energies of the noise samples to a fixed value~i.e., there was no
energy fluctuation for this case!. The width of the probability density func-
tion for a reference correlation of 0 after normalization of the noise int
vals was approximately 105 times narrower than without normalization
This indicates that for the way we generated the Nr stimuli ~i.e., with two
independent noise sources!, energy fluctuation is the main cause for corr
lation fluctuations. Another reason why this assumption is reasonable i
fact that the processing of the cochlea results in phase shifts in the
sented stimuli. It is possible to generate a waveform with an exact inte
ral correlation. But, this is only possible for the waveforms arriving at t
eardrums. After the processing in the peripheral hearing system, p
shifts result in changes in the correlation. It is therefore not so valuabl
take the correlation between waveforms into account, because this pro
changes by the processing of the cochlea.

3A MANOVA analysis of the data shown in Fig. 9 was performed with t
following independent parameters: amount of stimulus uncertainty, sti
lus bandwidth, interaural correlation, and subject. The analysis reve
that bandwidth, correlation, and amount of stimulus uncertainty were
tistically significant effects at a 95% confidence interval. A multiple co
parison procedure~Fisher’s least significant difference method! on the
means for the different values of stimulus uncertainty revealed that
contrast for running noise vs fixed-r was not statistically significant. On the
other hand, the contrasts between fixed-r, interleaved, and frozen condi
tions were all statistically significant at a 95% confidence interval.
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