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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 arp8tr condition for both running and frozen-noise maskers using a
three interval, forced-choid@IFC) 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 closé too 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 differéibDs$ 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 theo001©
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PACS numbers: 43.66.Pn, 43.66.Ba, 43.66.DWG]

I. INTRODUCTION tions, the slope relating BMLDs to interaural correlation was
shallower. The stimuli used by Robinson and Jeff(d€63

For a period of more than 50 years, the phenomenon ofvere composed by adding interaurally correlated noise with
the binaural masking level differen¢BMLD) has intrigued  an interaurally uncorrelated noise. The relative intensities of
psychoacousticians. It has been shown that the interaural caoth sources determined theeaninteraural correlation. The
relation of both the masker and the signal are important paeonsequence of this method for generating the stimuli is that
rameters influencing binaural detection thresholds. For exfor the masking noise alone, the interaural c(igs, interau-
ample, when a low-frequency out-of-phase sinusoid is addeghl time- and intensity differencesfluctuate randomly.
to an in-phase broadband noise maskeoSw condition,  Moreover, because finite-length masker samples are used,
the threshold of audibility is up to 15 dB lower compared tothe actual correlation within an observation interval can de-
that for an in-phase sinusoidal sign@e., NoSo condition, viate considerably from the adjusted mean correlation. Thus,
cf. Hirsh, 1948; Hafter and Carrier, 1969; Zurek andin terms of binaural cues, the masker contains uncertainty.
Durlach, 1987. If the signal has an interaural correlation of The addition of the & signal results in a change in the mean
+1 and an out-of-phase masker is uged., an NrSo con-  of the interaural cues but does not reduce the randomness of
dition), BMLDs of up to 12 dB are reporte@effresset al,  the interaural cues.

1952, 1962; Breebaast al,, 1998. Analogous to monaural conditiorisutfi, 1990, binau-

In experiments where the masker correlation was variedal masking can be attributed to two different sources. The
between—1 and+1 using Sr signals, Robinson and Jeffress first results from the limited resolution of the binaural audi-
(1963 found a monotonic increase in the BMLD with in- tory system and has been termed energetic masking by Lutfi.
creasing interaural correlation. Small reductions freth of  In models of binaural processing, this source of masking is
the interaural masker correlation in ap$ér condition led to  included as internal noise. For example, the EC theory sum-
a large decrease of the BMLD, while for smaller correla-marizes the internal errors of timing and amplitude represen-
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tation in the factok, which is directly related to the BMLD. wide range of center frequencies. Because this correlation
The second source of masking results from the uncertaintgpproach is widely accepted, we will discuss stimulus uncer-
associated with the trial-to-trial variation of the binaural cuestainty first in terms of this concept.
used to detect the signé&talled informational masking by An interaurally partially correlated noise can be gener-
Lutfi). This source of masking has not, as far as we arated by adding an interaurally correlated ndidg(t)] and
aware, been addressed explicitly so far in binaural models. lan interaurally out-of-phase noigdl .(t)]. In the following
standard MLD conditions like No& the masker contains no we assume that these two independent noise sources have the
uncertainty in terms of binaural cues: the interaural correlasame rms value. To end up with a long-term normalized
tion is always exactly one, the energy of the difference signainteraural correlation op, the left-ear signal Li) and the
between right and left masker is zero, and the interaural difright-ear signal Rf) are combined as follows:
ferences in time and intensity are always exactly zero.

Because it is well—knowr31/ that the Zluditory Zystem can  L(1)=3v2{1+pNg(t)+3v21—pN_(1),
benefit from the presence of binaural cues in a detection task, 1)
it is interesting to study the influence of uncertainty in these R(t)=3v21+pNo(t) = 5vV2v1—pN(1).
cues and the extent to which uncertainty limits detection.
Or.1e of the pogsibilities to remove stimulus gncertainty is bythe short-term energy estimat@<., integrated over one in-
using frozennoise. Thresholds for frozen binaural maskers,, . -\'in 4 31FC taskof Ny andN.., E, andE,,, respec-

would thus reflect the amount of energetic masking. The d'f'tively, can deviate substantially from their expectée.,

ference in detection performance between running noise aqgng-tern') values provided that the product of time and

frozen_n(_)lse '”d"’"?“es the amount of informational mas_k'ngoandwidth is small. Furthermore, the samples taken from the
and this is the main topic of the present paper. Data will b

- . Swo noise sources can be partially correlated. Fluctuation of
pr.esented_ that were megsured under conditions V‘_”th an#:/e short-term estimate of the noise energy leads to a vari-
W.'thOUt stlmulus. uncertainty. 'I_'hrge common thec_mes forability in the interaural correlation for a finite-length noise
binaural processinghe g:hangg N mteragral cqrrela}tlon, the interval [see the Appendix, EJA2), and Gabriel and Col-
EC theory and processing of interaural intensity d|fferencesburn 1981; Richards, 1987The interaural correlation of a
or 1IDs, and interaural time differences, or ITDwill be ' ' '

: o . finite sample will be referred to asffective correlationpe,
discussed for their ability to predict these data. We selecte hile the mean interaural correlatigive., the expected value

these theories because they are often used to explain binau Ipeﬁ) will be referred to aseference correlationp.

fm;? s_smg_.l_tln taddlt:jo_nt, t’;]hey havet b;—zen dlsct_ussed kr_ece_nty We determined the probability distribution for the inter-
or their ability o preaict the amount ot energetic masking in g, 5| correlation for an pS# condition as a function of the

binaural conditions with non-Gaussian maskéseebaart signal-to-noise ratio, the bandwidth, and the duration of the

etal, 1999. Because, as we stated above, stimulus UNCel asker. From the mathematical expressions for the effective

Torrelation probability distribution as given in the Appendix,
we found that three important factors affect the distribution
for the effective correlation.
1. STIMULUS UNCERTAINTY Bandwidth and duration of the noise. With increasing
duration and bandwidth, the variance of the effective corre-
lation, pes, Will decrease as a result of the decreasing vari-
It is often assumed that a change in the interaural correances oftE, andE , (see the Appendix
lation induced by adding a signal to a masker can be used as The reference correlation. For a reference correlation of
a detection cue in binaural masking experiments. Varioust1 (and —1), there is no correlation uncertainty, and the
mathematical details have been published treating changes @ffective correlation will always be-1 (—1). On the other
the interaural correlation for different experimental para-hand, for reference correlations betweerd and +1, the
digms. For example, Domnitz and Colbu(h976 argued effective correlation will follow a distribution rather than
that models based on interaural correlation and models basé@ve a fixed value. For a reference correlation close to zero,
on interaural differences yield similar predictions for NoS the width of the effective correlation distribution will be wid-
conditions with Gaussian noise. Breebagtral. (1999 pre-  est(i.e., the correlation uncertainty is maximum
sented data with non-Gaussian noise maskers for which this The presence or absence of the signal. The addition of
close correspondence between the change in the cross cores St signal results in a shift of the mean interaural corre-
lation and the size of the interaural differences is no longetation towards—1.
found. Durlachet al. (1986 determined an analytical expres- To demonstrate the effect of these properties upon the
sion for the interaural correlation in an NeScondition.  correlation uncertainty, probability density functigRDF9
Analytical expressions for the interaural waveform correla-for a 300-ms noise and three different combinations of ref-
tion and the interaural envelope correlation were derived byrence correlation and noise bandwidth are shown in Fig. 1.
van de Par and Kohlrausdi995 for NoS# and later also Each panel shows two distributions, one for the noise alone
for NoSm(van de Par and Kohlrausch, 1998ernstein and (solid line) and one for noise plus signéllashed ling The
Trahiotis(1996 showed that for No% stimuli, the interaural  signal had a duration of 200 ms, was temporally centered in
correlation of the stimuli after peripheral preprocessing didthe noise, and had a level of 10 dB below the masker level
account for their NoSo vs NaSdiscrimination results for a (i.e., SIN=—10dB). It is clear that thewidth of the PDF

Because botiN, andN,. stem from random processes,

we provide such an analysis in the following section.

A. Interaural correlation
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FIG. 1. Probability density functions for the effective interaural correlation. The left panel corresponds to a bandwidth of 10 Hz and a refezlation cor

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 ;masker alone
the dashed lines represent a 300-ms masker with a 200ansgy8al. The distributions were calculated for the complete 300-ms interval. The signal-to-masker

ratio was—10 dB.

decreases with increasing bandwidtl® Hz in the left panel, reference correlation of O decreases by a factor of 2. More-
100 Hz in the middle and right pangland with increasing over, the change in the correlation jnd was largest for band-
correlation(0.9 in the left and middle panels, 0.8 in the right width below the critical bandwidth. For masker bandwidths
pane), indicating less correlation uncertainty. Furthermore,beyond the critical bandwidth, the correlation jnd did not
the peak of the curve migrates towards higher correlatiorthange by a large amount. This might indicate that the inter-
values for decreasing bandwidth. This results from the fachal interaural correlation is evaluated after filtering in the
that the interaural correlation is a nonlinear function of theperiphery of the auditory system. For a reference correlation
noise energiek , andE, . If the mean interaural correlation of +1, the correlation jnd remained approximately constant
is set to 0.9 and the bandwidth is 10 Hz, it can be observetbr bandwidths up to the critical bandwidth. However, an
in the left panel of Fig. 1 that there is a finite probability for increase in the correlation jnd was observed when the band-
correlation values to be smaller than 0.8, a value that differsvidth was increased well beyond this value. Although criti-
by more than 0.1 from the mean interaural correlation. Thiscal band filtering seems to play a role under these conditions,
property is highly asymmetric; correlations higher thath  this increase in thresholds is not yet understood. The data
cannot occur. If, despite this asymmetric property, the meanbtained by van der Heijden and Trahiotis998 showed
correlation is 0.9, the peak of the curve must occur at dhat the correlation dependence of thresholds is much stron-
correlation greater than 0.9. ger at narrow bandwidttB8 Hz) than at large bandwidt®00

The addition of the $ signal results in a shift of the Hz). This corresponds to the notion that correlation uncer-
curves towards lower correlation values. Furthermore, théainty influences detection, because the probability density
distributions show a small increase in their widths. In the leftfunction for the correlation is wider at narrow bandwidths
panel(10-Hz bandwidth, the shift of the curve is small com- (see Fig. L
pared to the width of the distributions. Thus, from a signal-  The consequences of the use of frozen noise upon cor-
detection point of view, it is likely that at this signal-to- relation uncertainty are very simple. If exactly the same
masker ratio, interaural correlation uncertainty can influenceoise waveform is used in each trial and each token of a
the detection performance. For a bandwidth of 100 Hz and anultiple-interval, forced-choice procedure, there is no uncer-
reference correlation of 0.@middle panel, the curves for tainty in the masker interval; the interaural correlation al-
masker alone and masker plus signal show a smaller overlapiays has the same value. The addition of thesgnal re-
If the reference correlation is reduced to Qight pane), the  sults in a deviation from this fixed value. The actual value
amount of overlap is increased. We can conclude that botdepends on the signal-to-noise ratio: a higher signal level
the bandwidth and the reference correlation of the noise havesults in a lower correlation.
a strong effect on the detectability of the signal in terms of
interaural correlation. If human observers indeed use the in-
teraural correlation as a decision variable, thresholds shoulg' The EC theory
depend on the stimulus parameters that determine the Durlach’s EC theory(Durlach, 1963 is another well-
amount of correlation uncertainty. known theory to account for BMLDs. According to this

In fact, experimental data from Gabriel Colbui®81)  theory the waveforms which arrive at both ears are modified
and van der Heijden and Trahioti€998 confirm this hy- by an interaural time delay and an interaural level adjustment
pothesis. Gabriel and Colbufa981) found that if the band- in such a way that the masker waveforms are equaljitesl
width of a noise stimulus is increased from 5 to 1000 Hz, theE process This process is performed imperfectly as a result
interaural correlation just noticeable differenGad) for a  of internal errors. Subsequently, the stimulus in one ear is
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FIG. 2. Probability density functions fdt: (see the tejtfor different values of the reference correlation and the masker bandwidth. The format is the same
as in Fig. 1.

subtracted from the stimulus in the other ézancellation, or  the stimulus(the power of the difference signal is frozen
C process In binaural conditions, this process often leads toand the only limitation for detection is internal noise.

an improvement of the signal-to-masker ratio and hence to

the prediction of a positive BMLD. In an p&z condition no ) o ) )

equalization is available that yields a signal-to-masker rati¢>: Interaural differences in time and intensity

improvement. Hence, the improvement in signal-to-masker  The interaural difference@lDs and ITD9 present in an
ratio is obtained by calculating the amount of masker energynteraurally partially correlated noise fluctuate as a function
that is removed by the cancellation process. From(Ey.it of time. In a running-noise condition, the random fluctua-
can be seen that the common part of the masking noise witions can be described in terms of a probability distribution.
be removed and that the, masker portion remains. Thus, We determined these probability distributions by computing
the amount of stimulus energy that remains after the ECa partially correlated noise in the digital domain of sufficient

process equals duration (3 s at a sample rate of 32 kiHzAfter a Hilbert
transform of the left and right signals, the interaural intensity
Egc=2(1—p)E,+4Eg, (2 differences and interaural time differences were obtained.

From these differences, histograms were computed which are
whereEg denotes the signal energy aBdc is the energy of (close approximations of the PDFs of the 1IDs and ITDs.
the difference signal between the left and right ears. The us€his procedure was repeated for masker plus signal for a
of the difference energy as a decision variable was also sugignal-to-masker ratio of-10 dB. The results are shown in
gested by Breebaaet al. (1999 for NoSw stimuli with non-  Fig. 3. The format is the same as Figs. 1 and 2. The left
Gaussian maskers. If no signal is preséiy,is simply zero.  panels correspond to a masker bandwidth of 10 Hz and a
Assuming thatEgc is used as a decision variable, stimulusreference correlation of 0.9; the middle panels to a band-
uncertainty will influence the detection task becakseis a  width of 100 Hz and a correlation of 0.9, and the right panels
random variable with a certain mean and standard deviatiorio a bandwidth of 100 Hz and a reference correlation of 0.8.
EquationgA4) to (A6) in the Appendix give a description of The solid lines represent distributions for the maskers alone,
the variability ofE .. A graphical representation of this de- the dashed lines for masker plus signal. The upper panels
scription is shown in Fig. 2. The format is the same as in Figrepresent the interaural phase differenéé*D); the lower
1; the left and middle panels correspond to a reference copanels represent the IIDs.
relation of 0.9, the right panel to 0.8. The bandwidth of the = The following facts can be observed in Fig. 3. First, if
noise is 10 Hz in the left panel and 100 Hz in the otherwe compare the middle panels to the left pangls., the
panels. Each panel contains two curves; the solid lines regeffect of bandwidtlh no difference is observed. Thus, the
resent the PDF foEg. for a masker alone, the dashed lineswidth of the PDF for the interaural differences does not de-
for masker plus signal. For simplicity it is assumed that thepend on the bandwidth and the range of variation of the IIDs
rms value of the noise sources equalibitrary unitg and and ITDs does not change systematically with bandwidth.
the signal-to-masker ratio is10 dB. The masker had a du- The rate of variation does, however, increase if the band-
ration of 300 ms. The curves in Fig. 2 show a similar behav-width is increased. This property is important for our hypoth-
ior as in Fig. 1; a wider bandwidth or a higher referenceesis about stimulus uncertainty. It if often assumed that the
correlation results in a narrower distribution B, and  binaural auditory system is sluggish in processing binaural
hence a better detectability of the signal. cues(cf. Grantham and Wightman, 1978, 1979; Grantham,

If a frozen-noise sample is useH,. has a fixed value. 1984; Kollmeier and Gilkey, 1990; Culling and Summer-
Hence, no uncertainty in terms of the EC theory is present ifield, 1998. Thus, because the amount of uncertaintypos
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FIG. 3. Probability density functions for the IP@pper panelsand IID (lower panelgin the same format as Figs. 1 and 2.

changed by the masker bandwidth, it is expected that threshvas added to the temporal center of one of the masker inter-
olds will increasewith increasing bandwidth as a result of vals. Feedback was provided after each response of the sub-
the increase in the rate of fluctuation of the 1IDs and ITDs.ject.
This is in contrast to the expectations based on the EC theory The signal level was adjusted according to a two-down,
or models based on interaural correlation; these models prene-up rule(Levitt, 1971, tracking the 70.7% correct score
dict adecreasewith increasing bandwidth. within a 3IFC paradigm. This correspondsd6=1.26. The

The solid line in the right panel of Fig. 3 demonstratesinitial step size for adjusting the level was 8 dB. The step
that a decreasing interaural correlation results in an increassize was halved after every second track reversal until it
in the width of the PDF, a similar effect as observed in thereached 1 dB. The run was then continued for another eight
curves for the correlation and the EC theory. The addition ofeversals. The median level at these last eight reversals was
the signal has a different effect on the PDFs compared to thesed as the threshold value. At least three threshold values
two other models discussed in this paper. Instead of a shift oere obtained for each parameter value and subject. All
the mean, an increase in the width of the distribution is obstimuli were generated digitally and converted to analog sig-
served. This property makes it more difficult to analyze theséals with a two-channel, 16-bit D/A converter at a sampling
PDFs in terms of detectability. Nevertheless, the observatiorate of 32 kHz. The stimuli were presented over Beyer Dy-
that a change in the bandwidth results in different expectanamic DT990 headphones.
tions for the three theories makes it valuable also to discuss The 300-ms masker samples were obtained by adding

our data in terms of [IDs and ITDs. interaurally in-phase noise and interaurally out-of-phase
noise with the appropriate weighting factdigq. (1)]. For
IIl. EXPERIMENT | running-noise conditions, the noise samples for each interval

were obtained by randomly selecting 300-ms segments from
a two-channel, 2000-ms bandpass-noise buffer. The 2000-ms
A three-interval, forced-choice procedure with adaptivenoise buffer was created in the frequency domain by select-
signal-level adjustment was used to determine maskethg the desired frequency range from the Fourier transforms
thresholds. Three masker intervals of 300-ms duration weref two independent 2000-ms broadband Gaussian noises. Af-
separated by pauses of 300 ms. A signal of 200-ms duratioter an inverse Fourier transform, and combination of the two

A. Procedure and stimuli
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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 othev panels sho
individual thresholds for three subjects. The squares correspond to a masker bandwidth of 10 Hz, the upward triangles to 100 Hz, and the dogleward trian
to 1000 Hz. The open symbols represent running-noise conditions; the filled symbols represent frozen-noise conditions. The isolated syenitdiéoepres
reference data. Error bars denote the standard error of the mean. The masker level for all three bandwidths was 65 dB.

noise signals according to E¢l), the two-channe(for the  from these runs was used as threshold value. All noise
left and right earsbandlimited noise buffer with the speci- maskers were presented at an overall level of 65 dB SPL.
fied reference correlation was obtained. It is important to  The 200-ms signals were interaurally out-of-phase sinu-
note that the specified reference correlation is the correlatiosoids with a frequency of 500 Hz. In order to avoid spectral

of the 2000-ms noise buffer. The correlations of shorter segsplatter, the signals and the maskers were gated with 50-ms
ments(like the 300-ms noise segments used in the runningraised-cosine ramps. Thresholds are expressed as the means
noise experimenjswill in general deviate from this exact of at least three repetitions per condition and subject. Binau-
value (see Fig. L ral masked thresholds were measured f@Sh conditions,

For frozen-noise conditions, only one fixed 300-mswhere the bandwidth of the noise was either 10, 100, or 1000
noise sample was used for which the interaural correlatiotdz. The center frequency of the noise masker was always
was equal to the reference correlatfoithis noise sample 500 Hz. Reference correlations pf=1, 0.98, 0.96, 0.93,
was generated by adding two independent bandlimited nois@.87, 0.81, and 0.64 were used. In addition, NoSo thresholds
samples of 300 ms with fixedrms value. These bandlimited were also obtained. Three well-trained subjects with normal
noise samples were generated in the same way as the noisearing participated in the experiments.
buffers for random-noise conditions followed by a normal-
ization of their rms values. The partially correlated noise wasB Results
then generated by combining the noises according tdHq. '

The same noise sample was used during one run. To exclude The experimental data are shown in Fig. 4 as a function
the possibility that the frozen-noise thresholds would dependf the reference correlation. The bottom-right panel shows
on the specific waveform of the token, a different frozen-the mean thresholds, while the other panels show individual
noise sample was used for each run, and the mean threshdlttesholds for the three subjects. The squares correspond to a
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masker bandwidth of 10 Hz, the upward triangles correspon€. Discussion
to 100 Hz, and the downward triangles to 1000 Hz. The open Following our hypothesis that stimulus uncertainty in-

symbols represent running-noise conditions; the filled symy,ences S thresholds, the difference between frozen and
bols represent frozen-noise conditions. The NoSo thresml%nning-noise conditions should be larger at lower reference
are plotted in the upper-right corners of each panel. The errasgrrelations, as a result of the fact that stimulus uncertainty
bars denote the standard error of the mean. increases with decreasing correlation. In addition, frozen-
For both running- and frozen-noise conditions, theand running-noise thresholds should be equal for a reference
NpSw thresholds increase with decreasing reference correlaorrelation of+1, because no uncertainty in terms of binau-
tion. This increase is strongest for the 10-Hz running-noiseal cues is present in the masker intervals. These effects are
masker, which increases by 18.8 dB if the correlation is declearly visible in our datdFig. 4) for the bandwidths of 10
creased fromt+1 to 0.64. For the 100-Hz-wide and 1000-Hz- and 100 Hz. For a bandwidth of 1000 Hz, there is almost no
wide running-noise conditions, the increase amounts to 15.8ifference between the running and frozen-noise conditions
and 10 dB, respective|y_ These values are in good agreemefqr all values of the reference correlation. This suggests that
with data from van der Heijden and Trahio{998. For  for this value of the masker bandwidth, stimulus uncertainty
frozen-noise maskers, the increase amounts to 12, 13.3, af@es not influence the detection of the signal and the thresh-
9.2 dB, for the 10-, 100-, and 1000-Hz-wide conditions, re-0lds are limited by internal nois@imilar to the frozen-noise
spectively. datg. Interestingly, the data that are limited by mtemal er-
The thresholds for frozen and running-noise maskers arfPrs also show a dependence on the masker correlation. This

approximately equal for a reference correlationtdt, while :cmphes :Ihat_tr;e net elffect Or tthe mtecr)nal n0|sgbr_rl1_;Jstt bg Iarlger
for decreasing reference correlations, the difference betweel' Sa €r Interaural corretations. ©ne possibiiity to Imple-
. : . . ment this property in a quantitative binaural model is given
frozen and running-noise maskers increases, especially for
the narrow-band conditions. The reference correlations a'p Breebaaret al. (.ZO.OD' . :
hich f q . . thresholds b diff For the quantitative analysis of our data in terms of the
whic rofzen atr: :jun_r;r;]g—?mse resdo S fecon:)e ('j e,LenE)inaural models described in Sec. Il, we will concentrate on
are 0.98 for a bandwidth of 10 Hz and 0.93 for a bandwidthy,,se conditions where, presumably, external variability is

of 100 Hz. As interaural correlation decreases the differenceaominant over internal noise. In terms of the terminology

between running- and frozen-noise conditions reach 7 dB fof,geq by Lutfi(1990, we are interested in conditions with a
the 10-Hz-wide masker, and 4 dB for the 100-Hz-wide con-gypstantial amount of informational masking. As a measure
dition. For the 1000-Hz-wide maskers, the thresholds fofor this we take the difference between running- and frozen-
running and frozen noise are very similar. noise thresholds. Substantial differences are observed for a
The differences between the 100-Hz and 1000-Hz con10-Hz-wide masker and reference correlations at or below
ditions vary considerably across reference correlations, botp.98, and for a 100-Hz-wide masker at or below 0.93. For the
for running and frozen-noise conditions. For running noise, 1000-Hz data, the difference is small at all correlation values
the difference in thresholds amounts to 9 dB for a referencand those data are therefore not included in the analysis.
correlation of+1 and increases up to a value of 14 dB fora  The influence of external variability in the binaural data
reference correlation of 0.64. For frozen noise, these valueis stronger at 10 Hz than at 100-Hz bandwidth. This supports
are 10.6 and 13.3 dB, respectively. Because the overathe expectations based on the EC theory and on correlation
masker level was kept constant, a difference of about 10 d@ncertainty, because both models predict a stronger differ-
between 100-Hz and 1000-Hz thresholds would corresponfnce between frozen and running noise at narrower band-
to a constant signal-to-noise ratio at the output of an auditory¥idths. The data are, however, not in line with the expecta-
filter with a bandwidth of 78 HZ1 equivalent rectangular UONS based on the evaluation of IID and ITD cues. The
bandwidth(ERB) at 500 Hz, Glasberg and Moore, 1990 distributions of these. cues do no@ depend on the bangiW|dth,
The NoSo thresholds faunning noise show a decrease and hence no effect is expected if uncertainty is considered.

with increasing masker bandwidth. The signal-to-noise ratianCIUOIingl the effect of binaural sluggishness, this should lead

decreases from-4 dB at 10 Hz to 0 dB at 100 Hz and finally to_ an mcr_ease n thres_hold with an_ Increase in m_asker band-
. . width. This, however, is not found in the data, which show a
to —11 dB at 1000 Hz, very similar to experimental data

from van de Par and Kohlraus¢h997, 1999. In contrast, g:ﬁ;ﬁiﬁh of the running-noise thresholds with increasing
for frozgnnmse, ths NgS%tEresr;;Ids Zre Ver{j'mf"ar fﬁr the In order to verify the hypotheses based on the EC theory
10- and 100-Hz bandwidth (SAN—2dB), while for the ;4 the interaural correlation quantitatively, we computed
1000-Hz bandwidth, the threshold is 10 dB lower. In generaly,e getectability of the running-noise thresholds shown in
the relation between running- and frozen-noise thresholds igjg 4 pased on the two models for those conditions in which
the NoSo condition equals that forplim with p<0.95. For  detection is apparently limited by stimulus uncertaifitg.,

the smallest reference correlatigre., p=0.64), the running- p=<0.98 at 10-Hz bandwidth and<0.93 at 100-Hz band-
noise BMLD for a bandwidth of 10 and 100 Hz is almost width). For the interaural correlation, the detectability was
zero (except for subject JB, who has a BMLD of 5 dB for calculated using the distribution of the interaural correlation
this condition. For the 1000-Hz-wide condition, the BMLD expressed in terms of Fisher’ (see the Appendix The

is 6 dB for p=0.64, consistent with data from Robinson andrationale for the transformation from correlationZdies in
Jeffress(1963. the fact that the correlation probability does not have a
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FIG. 5. Detectability indexd’ in terms of interaural correlation for the FIG. 6. Detectability indexd’ in terms ofEgc for the running-noise NS
running-noise WS conditions as a function of the reference correlation. conditions as a function of the reference correlation. The squares denote the
The squares denote the 10-Hz-wide condition and the upward triangles thk0-Hz-wide condition and the upward triangles the 100-Hz-wide condition.

100-Hz-wide condition. ) )
With the help of Eqs(A4) to (A6) and(A18) in the Appen-

Gaussian distribution, while FisheZsdoes have an approxi- dix, the detectability index in terms dfgc can be deter-
ined for the conditions limited by stimulus uncertainty.

mately Gaussian distribution. For both the masker alone an o - ) .

) .. ._These indices are shown in Fig. 6, in the same format as in
the masker plus test signal at threshold, the probability dlsi:i 5
tributions forZ were computed and from these distributions, g'AI.I values ford’ in terms of E~ are much higher than
the sensitivity indexd’” was calculated. For the sinusoidal EC 9

signals, a length of 200 ms including 50-ms ramps was useg]e theoretical value of 1.26. This indicates tEat is not a

. : valid descriptor for the influence of stimulus variability.
to calculate the change in correlation. For the masker-alone ; .
An important remark can be made if the values @or

correlation interval, a duration of 200 ms was assumed, beére compared for the correlatigfig. 5 and the EC theory

cause this corresponds tq the signal length and hence t?&ig. 6). The values are completely different for these theo-
duration from which the binaural system can extract useful.

. . T : ries, the latter being much higher. This observation is par-
information concerning interaural correlation changes. Pe.. : . :
. . . P . _ticularly of interest given the analysis of Greé€t992. He
ripheral preprocessing was simulated by first filtering the sig- . . ; .
) . . stated that a correlation model leads to identical predictions
nals with a fourth-order gammatone filter with a center fre- ; T
. as an EC model in an NoSo vs NeSliscrimination para-
quency of 500 Hz and a bandwidth of 78 k. Glasberg ; . . o :
) - digm. Figures 5 and 6 show that this conclusion is not valid

and Moore, 1990 The values fod’ are shown in Fig. 5. o . . .

The saquares denote the 10-Hz masker condition and thfgr conditions that are dominated by stimulus uncertainty.

q In summary, both the 10-Hz-wide and the 100-Hz-wide

upward triangles the 100-Hz condition. Clearly, most valuesConditions show larae differences between the runnina and
of d’ are higher than the theoretical value of 1.26 that result 9 9

from the applied procedure. The values dif across refer- ?rozen—noise conditions, indicating that stimulus uncertainty
bp P ) dominates the detection process. This effect is smaller at 100

ence correlations are re]aﬂvely constan? for 10-Hz bandmdtthz than at 10-Hz bandwidth. The thresholds decrease with
and increase systematically towards high reference correla-

tions for 100-Hz bandwidth. Only the 10-Hz condition shows 2" Ncreasen masker bandwidth in the running-noise condi-
: o . tions, which is not in line with expectations based on the
a fair agreement witld’ in terms of the correlation uncer-

tainty. From this simulation it appears that the correlation? 0°¢°5IN9 of IID and ITD cues. An uncertainty analysis in

L . -~ . terms of the EC theory revealed that an EC process fails to
uncertainty is a valid statistic only for the 10-Hz-wide con- . . . .
dition. account for the thresholds found in the running-noise condi-

The large values ofl’ for the 100-Hz-wide conditions tions. :
o ; : oo The only close match between experimental data and
may indicate that, in the processing of these stimuli in the

auditory system, information is lost. An optimal detector predictions was found for the 10-Hz-wide conditions based

L - . - n the interaural cross correlation. If one assumes that stimu-
basing its decision on the correlation change within the 20 : - . N
. . us uncertainty limits the detection and the correlation is a
ms of signal duration, would perform much better than the . L - .
. . ) : ..~ valid statistic for describing thresholds, the psychometric
subjects, given the high values @f for correlation discrimi-

: . . : function for an NbS# condition as a function of the signal
nation. Such a loss of information might be caused by th : L
; . Tevel can be predicted. To study to what extent this is true, a
fact that the subjects are not able to process the whole stimu-

lus but extract a decision variable based on a shorter part Osfecond expenmen_t was p_erformed, where predicted and mea-
the sample. sured psychometric functions were compared.

Another possibility is that the correlation hypothesis is|v. EXPERIMENT I
not correct and that detection behavior can be better de- -
scribed by another statistic, for example based on the Eé‘ Procedure and stimull
theory. Equatior(2) gives the relation between the decision In order to further examine the role of stimulus uncer-
variable Egc and the source of stimulus uncertainty,, . tainty in an NoS7r condition, we determined the psychomet-
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FIG. 7. Proportions correct as a function of the signal level for a running-ngiSsrNondition for p=0.98 (upper-left pane| p=0.96 (upper-right pane|
and p=0.87 (lower-left panel. The different symbols represent different subjects. The bandwidth of the masker was 10 Hz. The solid line represents the
predictions according to a correlation-uncertainty mddek the text

ric functions for running-noise conditions at bandwidths of We calculated the predicted proportions correct as a
10 and 100 Hz for reference correlations of 0.98, 0.96, andunction of the signal level based on the sensitivity index
0.87. Proportions correct were determined in a 2IFC procefd’) determined from the correlation uncertainty. The values
dure with 50 trials per condition by 3 subjects. The generafor d’ were converted to proportions corréph by comput-
tion of the stimuli and the method of presentation to theing the area under the normal curve updidv2 (see Green
subjects were similar to the method described in experimerdnd Swets, 1966

I. The signal levels used to determine the subjects’ perfor-
mance were 46 to 66 dB SPL at 10-Hz bandwidth and 42 to _ fd"‘fzi o ¥2gx 3)
62 dB SPL at 100-Hz bandwidth with a step size of 2 dB. V2 '

—oo 2

The predicted proportions correct are shown by the solid

lines in Figs. 7 and 8. For a bandwidth of 10 Hz, the curves

B. Results lie on top, close to the subjects’ responses, indicating that the
data can quite accurately be describ@edpecially for the

The proportions correct for the g7 condition as a 7 g - ) ]
function of the signal level are shown in Fig. 7 for a maskerSubject denoted by “xj by the stimulus uncertainty in the

bandwidth of 10 Hz and in Fig. 8 for a bandwidth of 100 Hz. Intéraural correlation. However, at 100-Hz bandwidth, the

The different symbols denote different subjects. The upperSUPiects perform worse than the predictions based on the
left panel represents data fpr=0.98, the upper-right panel cqrrela}tmn uncert_aunty. Th|s indicates that correlation uncer-

for p=0.96, and the lower panel far=0.87. The data show tainty is not a valid descriptor for the 100-Hz data.

an increase in the proportion of correct responses from 0.5 to

1 if the signal level is increased from 45 to 65 dB SPL atC Discussion

10-Hz bandwidth and from 40 to 60 dB SPL at 100-Hz band-~"
width. The solid lines represent the proportions correct based Because of the close correspondence between the pre-
on the correlation probability density functions. dicted and observed psychometric functions for the 10-Hz-
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FIG. 8. Same as Fig. 7 for a masker bandwidth of 100 Hz.

wide maskers, it is likely that stimulus uncertainty limits the

detection and that this uncertainty expressed in terms of the
interaural correlation is a valid way to predict thresholds. For
the 100-Hz condition, however, such an analysis overesti-

mates the performance of the subjects.

We want to emphasize that although the interaural cor-

relation is a valid detection statistic @escribingthe 10-Hz-

wide running-noise conditions, this does not prove that ob-
serves indeed use this particular measure. We have shown,
however, that stimulus uncertainty can play an important role
in binaural detection paradigms. To further investigate the
role of the interaural correlation as a detection statistic and

To one of these noise samples, the signal was added. For
each trial, a different noise sample was calculated ac-
cording to the frozen-noise algorithm described in Sec.
[lIA. This implies that both the interaural correlation
and the power of the interaural difference signal was
fixed across all intervals of a run, but each noise sample
was a different realization under the above constraints.
Thus, across trials, the waveforms arriving at both ears
were totally different, but the interaural correlation and
the power of the interaural difference signal of the
masker was fixed.

the role of stimulus uncertainty, we performed a third experi-(2) Interleaved. Similar to the fixed-condition, each trial

ment. This experiment is a compromise between the running-

noise condition(i.e., with stimulus uncertainfyand the
frozen-noise conditior(i.e., absolutely no stimulus uncer-
tainty). Two conditions were tested, which we refer to as
“fixed-p” and “interleaved.”

V. EXPERIMENT Il
A. Procedure and stimuli

The following experimental paradigms were used:

consisted of three identical masker intervals, and again
one interval contained the signal. However, the number

of masker realizations was reduced to two. Thus, two

frozen-noise samples were calculated as described in
Sec. Il A. For each trial, one of these realizations was

chosen at random and used as the masker in all three
intervals of this trial.

The measurement procedure, the signal durations and levels,
and the method of presentation to the subjects were the same

(1) Fixedp. In this condition, each trial consisted of three as described in Sec. Il A. We measured thresholds for two
intervals which contained exactly the same noise samplenasker bandwidth§€l0 and 100 Hg and two masker corre-
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FIG. 9. Mean thresholds across three subjects for the running-(raise fixedp (fix), interleaved(int), and frozen-noiséfro) conditions. The upper panels
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 and 0.87,
respectively.

lations (0.93 and 0.8Y. Three subjects participated in this stant. For three out of four conditions, this also resulted in an
experiment. increase in thresholds. The differences between frozen-noise
and fixedp are about 6 dB at 10-Hz bandwidth and 4 dB at
100-Hz bandwidth. Finally, the highest level of stimulus un-
certainty in the present experimergi®., running noisgre-
The mean thresholds across subjects are shown in Fig. Sulted on average in very similar thresholds to those in the
The upper panels show thresholds for a masker bandwidth dfxed-p conditions®
10 Hz; the lower panels correspond to 100-Hz bandwidth.
The left and right panels correspond to an interaural correla-, . .
- . C. Discussion
tion of 0.93 and 0.87, respectively. In each panel, four
threshold values are shown. From left to right, these are  Some striking remarks can be made with respect to the
thresholds for the running-noise condition of experiment Ithresholds for stimuli with a fixed interaural correlatigre.,
(labeled “run™), the thresholds for the fixed-condition the fixedp, the interleaved, and the frozen-noise conditjons
(“fix” ), the interleaved conditiof“int” ), and the frozen- If the binaural auditory system uses the interaural correlation
noise condition of experiment(I‘fro” ). of each token as a decision variable, the processing of the
As described above, these conditions reflect differentmasker alone would result in an internal estimate of the ex-
levels of stimulus uncertainty. The first level corresponds taernally presented interaural correlation. This internal value
absolutely no stimulus uncertaintfrozen-noise conditions is fixed and only limited by internal noise. The addition of
and this condition results in uniformly lower thresholds thanthe signal results in a decrease of the interaural correlation
all other conditions. If the level of stimulus uncertainty is and can thus be detected. Based on such an interaural-
increased by a small stdthe interleaved conditionthresh-  correlation processing, all the thresholds for the conditions
olds increase by 1 to 3 dB for all tested conditions. A thirdwith a fixed interaural correlation should give the same
level of stimulus uncertainty was to apply only one restric-thresholds. This was not found in our data.
tion to the masker stimuli: the overall interaural correlation One reason for the differences across these conditions
and hence the power of the difference signal had to be cormay be peripheral filtering. The externally presented stimu-

B. Results
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FIG. 10. Left panel: simulated correlation distribution for a 10-Hz-widg,simulus with a reference correlation of 0.87. These distributions were obtained
for running noiserunning, running noise after peripheral filteriifjltered), and for fixedp conditions after peripheral filteringixed). Right panel: standard
deviations for the same stimuli as in the left panel for different values for the masker bandwidth and correlation.

lus has a fixed interaural correlation. Peripheral filtering ining produces uncertainty in the interaural correlation. The
the cochlea results in frequency-dependent phase shifts in tleagnitude of this correlation uncertainty is, however, not
presented waveforms at both ears. These phase shifts ressilifficient to explain the thresholds of the fixpdtondition.

in a change in the interaural correlation. Therefore, for theWe computed the values for the detectability index in terms
fixed-p condition, the interaural correlation of different to- of interaural correlation for the fixed-condition after pe-
kens after peripheral filtering follows a distribution rather ripheral filtering as described in Sec. IlI B. Adl' values for
than having a fixed value. To evaluate this hypothesis quarthe filtered fixede condition were above 27, indicating that
titatively, we computed 1000 partially correlated noises fol-subjects performed worse than expected from correlation un-
lowing three different procedures: certainty introduced by peripheral filtering.

(1) Running-noise samples which are generated in the same An -|mport£_;m_t conplusmn that can k_)e drawn from these
way as described in Sec. Il A. results is that it is unlikely that the auditory system uses the

(2) The same running-noise samples after filtering by &nteraural correlation of the complete token as a decision
fourth-order gammatone filter with a center frequency Ofvariat?le. These .results also show that the overall power of
500 Hz. This filter simulates the effect of peripheral fil- the difference signal of the complete token as a decision
tering in the inner ear; and variable is not a valid descriptor of how the auditory system

(3) Fixedp samples generated as described in Sec. Il AProcesses pistimuli. , o
also after filtering with the gammatone filter. A possibility to explain the results qualitatively is based
on the idea of internal templatéPauet al,, 1996a, b; Bree-

An example of the correlation distributions that were baart and Kohlrausch, 198%ssume that listeners develop
found with this procedure is given in the left panel of Fig. an internal representation of the interaural differences that
10. In this example, the bandwidth of the noise was 10 Hzoccur as a function of time if a masker alone is presented.
and the reference correlation was 0.87. The solid line is th&uch a template can be obtained from the masker-alone in-
distribution for running noise without filteringi.e., proce- tervals in the 3IFC task. One possible realization would be
dure 1. The dashed line corresponds to proceduré.€, the running average of the difference power based on a time
running noise after peripheral filteringClearly, these distri- constant that is smaller than the duration of the tokens. If
butions are very similar, indicating that peripheral filtering such a template exists, then the task of the listener is to
does not change the statistics of the interaural correlation fomatch the template to the internal representation of the actu-
running noise. The distribution for fixed-after peripheral ally presented stimuli.
filtering is shown by the dotted line. In line with our hypoth- For example, in an Nof condition, the masker alone
esis, the distribution has a substantially reduced standard deentains no interaural differences. Hence, the template con-
viation. The values for the standard deviation of the correlasists of a sequence of zero interaural differences. The addi-
tion distribution are shown in the right panel of Fig. 10. Thetion of the signal results in changes in the interaural differ-
black bars correspond to the running-noise procedure withences which can be detected. In this case, there is no
out filtering (number 1 in the above descriptiprthe gray uncertainty in the masker-alone representation. The same
bars denote running noise after peripheral filterigyy and  holds for the frozen-noise conditions. All masker-alone in-
the white bars denote fixedlsamples after peripheral filter- tervals are identical, resulting in the same template. The only
ing (3). Thex axis indicates the combinations of bandwidth task that a listener has to perform is to detect which interval
and reference correlation of the noise for each condition. Alproduces an internal representation that differs from the tem-
fixed-p conditions have a nonzero amount of correlation un-plate. This process is in principle limited by internal noise
certainty. This supports the hypothesis that peripheral filteronly.
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If two different Np t_o_kens are L_Jsed in random ordee., L(t)=2v2\1+pNg(t)+3v2V1—pN_(t)+ (1),
the interleaved condition detection becomes somewhat (A1)
more complicated. For perfect detection, the listener has to  R(t)=3v2{1+ pNg(t)—3v2/1—pN_(t)—S(1).
store tvyo tem_plate@ane for each.tokenand must be able to As a result of fluctuations in the energy of a finite-length
recognize which masker token is used before the templates . .

. . interval of the Gaussian-noise samphg(t) andN (t), the
are compared with the actual stimulus. If the wrong template : . ;
. . : . . effective correlation f.5) of the masker sample may deviate
is matched with the stimulus, all intervals from the trial re- : . .
sult in an imperfect match of the template. This increases thferom the desired reference correlatigy). Because the noise

' SourcesNy(t) andN (t) are independent, the effectiviee.,

r ility of choosing the wrong interval, and hence detec-: ; LT .
Eo%bsgrfo);n?aﬁcgodec?easees ong interval, a enc eCphyS|caIIy occurring interaural correlation dg¢) for the

For the fixedp condition, finally, it is only possible to NpS stimulus can be written ageglecting the correlation

. . . between the two independent noise soufdgandN . ; see
derive an averaged template based on many different nmsq
also footnote 2

realizations. This explains the increase in thresholds with
respect to the interleaved and frozen conditions, in which the (0.5+0.50)Ey—(0.5-0.5)E ., — Eq

template has a close relation to the actual stimulus. In such a  Pef™ (g 50 5,)E +(0.5— 0.50)E . + E,’ (A2)
view, fixedp and running-noise conditions are equivalent

with respect to the detection Strategy_ The f|¥ecbnd|t|on, WhereEX is defined as the energy of the stimulus of duration
however, does allow comparison of internal representations, according to

across the three intervals within a trial. Given our experimen- T
tal data, which show no statistically significant difference E.= f NZ(t)dt. (A3)
between fixegp and running-noise conditions, we can con- —Tr2

clude that such an across-interval comparison does not give a  From Rice(1959, it is known that for a Gaussian-noise

significant detection advantage in our conditions. sample E is distributed normally according to:

VI. GENERAL CONCLUSIONS p(E) = e[f(Eme)ﬁ/zgé' (Ad)
The results suggest that for binaural signal detection oEV2m

with partially correlated noises, two factors play an impor-ywith

tant role:

(1) The reference correlation. With decreasing masker cor- mE:TJ o(f)df, (A5)
relation, the NS thresholds increase; and 0

(2) Stimulus uncertainty. Our results show that uncertaintyand
in binaural cues reduces detection performance, espe- .
cially in narrow-band conditions. UE:TL w?(f)df. (AB)

An unresolved issue concerning the data presented in ,
this paper is the method of internal binaural processing. We . Here, (f) refers to the spectral power density of the
have shown that the three theories testbe interaural cor- NCIS€ source. The relation between the energigs,, and
relation, the EC theory, or the processing of IIDs and ITDs Es for a certainpe according to Eq(A2) is given by
cannot account for the results found in this study. The data g =qoE_+ gE,, (A7)
suggest that the auditory system is able to use internal tem-
plates in the process of binaural signal detection. QuantitaW"[h

tive tests to support this notion are, however, beyond the 0.5- 0.5\ { 1+ pest
scope of this paper and have yet to be performed. a= =1, (A8)
0.5+0.50/ | 1— pegt
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correlation ofpgg, we have to sum all possibilities of these
For the generation of an p&# stimulus, two indepen- realizations

dent noise sourcesy(t) andN . (t) with the same rms value

are used, which are combined as follows to yiklt) and P(pe) Aper= > Pe(Eo) AEoPe(E,)AE,,, (A10)
R(t) for the left and right ears, respectively: Ex

APPENDIX
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which results in

, MNpS7— MNP
IE, d'= T (A18)
p(Peﬁ): J pE(aEﬂT+BES)pE(Eﬁ)_dEﬂl (All) O-NPSW O-Np
E. IPef
and hence We assume that the correlation between the si§mald the noisé\ is zero.

Although this is mathematically not correct for a finite-length interval, a
computational analysis revealed that the effect of these correlations is neg-

P(peit) = —22— ligible in our analysis. N _ _
O£ The correlation between two finite-length samples from independent noise
9 9 sources is almost nevaxactly zero. In our analysis and generation of
—(aE + BEs—mg)“—(E,—mg) stimuli, however, we assume that this correlation is zero. To justify this
X e €X 20_2 assumption, we generated 1000 intervals of interaurally partially correlated
™ E noise and determined the width of the probability density functions for the
JE interaural correlation aftefl) combination of the signals according to Eq.
0 dE (A12) (1), and(2) combination of the signals according to Ed) after normal-
Opett ™ izing the energies of the noise samples to a fixed véiee, there was no
energy fluctuation for this cageThe width of the probability density func-
with tion for a reference correlation of O after normalization of the noise inter-
vals was approximately 20times narrower than without normalization.
JEy 0.5-0.5 2 £ This indicates that for the way we generated thesimuli (i.e., with two
= — 2En independent noise sourgesnergy fluctuation is the main cause for corre-
Ipest 0.5+0.5 (1= per) lation fluctuations. Another reason why this assumption is reasonable is the
2 fact that the processing of the cochlea results in phase shifts in the pre-
4 5 E.. (A13) sented stimuli. It is possible to generate a waveform with an exact interau-
(1—per)“(0.5+0.50) 3 ral correlation. But, this is only possible for the waveforms arriving at the

) ) eardrums. After the processing in the peripheral hearing system, phase
In summary, if the spectral shape of the noise source andhifts result in changes in the correlation. It is therefore not so valuable to

the sample duration are known, Eq85) and (A6) supply take the correlation between waveforms into account, because this property

2 ; ; changes by the processing of the cochlea.
values forme and 0. For a given signal energls and a 3A MANOVA analysis of the data shown in Fig. 9 was performed with the

given reference correlatiop, Eq. (12) gives the probability  foliowing independent parameters: amount of stimulus uncertainty, stimu-
density for the occurrence of a certain interaural correlation.lus bandwidth, interaural correlation, and subject. The analysis revealed
A difficulty arising from the probability density function that bandwidth, correlation, and amount of stimulus uncertainty were sta-
. . . : tistically significant effects at a 95% confidence interval. A multiple com-
given by the_ above equations Is that for co_rre_latlo_ns close tOparison procedurdFisher’s least significant difference methodn the
1, the function becomes skewed. If the distribution for the means for the different values of stimulus uncertainty revealed that the
interaural correlation were Gaussian, it would be easier tocontrast for running noise vs fixggwas not statistically significant. On the
calculate parameters like the detectability inaExfor two other hand, the contrasts between fixgednterleaved, and frozen condi-
. s . . tions were all statistically significant at a 95% confidence interval.
different distributions. Therefore, the Fisheto-Z transfor- v s9 0
mation is used. This transformation results in a probability

density function that behaves approximately normal, and is

given by Bernstein, L. R., and Trahiotis, G1996. “The normalized correlation:
Accounting for binaural detection across center frequency,” J. Acoust.
1+ pesr Soc. Am.100, 3774-3787.
Z=0.5 In . (A14) Breebaart, D. J., van de Par, S., and Kohlrausch;2801. “A model for
1= pest the effective signal processing in the binaural auditory system based on

contralateral inhibition. I. Model setup,” J. Acoust. Soc. Afgubmitted.

Thus, for a giverz, the corresponding interaural corre- Breebaart, J., and Kohlrausch, @999. “A new binaural detection model

lation becomes based on contralateral inhibition,” ifPsychophysics, Physiology and
9z Models of Hearing edited by T. Dau, V. Hohmann, and B. Kollmeier
e~r—1 (World Scientific, Singapope pp. 195-206.
pEff:m’ (A15) Breebaart, J., van de Par, S., and Kohlrausch(1898. “Binaural signal

detection with phase-shifted and time-delayed noise maskers,” J. Acoust.

Soc. Am.103 2079-2083.
and hence Breebaart, J., van de Par, S., and Kohlrausch;1899. “The contribution
dp 4e2Z of static and dynamically varying ITDs and IIDs to binaural detection,” J.
eff _ (A16) Acoust. Soc. Am106, 979-992.
dz  (e**+1)% Culling, J. F., and Summerfield, @998. “Measurements of the binaural

temporal window using a detection task,” J. Acoust. Soc. AG8 3540—
The probability density function foZ is then given by 3553.
Dau, T., Pschel, D., and Kohlrausch, A1996a. “A quantitative model of
dpeff the ‘effective’ signal processing in the auditory system: |. Model struc-
P(2)=p(per) 57 (A7) ture,” J. Acoust. Soc. Am99, 3615—-3622.
Dau, T., Pschel, D., and Kohlrausch, A1996b. “A quantitative model of

TP . : . the ‘effective’ signal processing in the auditory system: Il. Simulations
The detectability index for the p&# condition is deter nd measurements,” J. Acoust. Soc. A9, 3623-3631,

mined by the means and the standard deviat_ior_ls in terms gsmnitz, R. H., and Colburn, H. $1976. “Analysis of binaural detection
Z as follows. The meaiiu) and standard deviatior(g) of models for dependence on interaural target parameters,” J. Acoust. Soc.
the distributions ofp(Z) are determined for both masker Am. 59, 598-601.

. _ Durlach, N. 1.(1963. “Equalization and cancellation theory of binaural
alone and masker plus Slgr(aj’Np' O'N,,' MNpsm ONpsm € masking-level differences,” J. Acoust. Soc. ABb, 1206—1218.

spectively. The detectability index is then obtained as Durlach, N. I., Gabriel, K. J., Colburn, H. S., and Trahiotis, (€986.

344 J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 J. Breebaart and A. Kohlrausch: Binaural detection 344



“Interaural correlation discrimination: Il. Relation to binaural unmask- Levitt, H. (1971). “Transformed up—down methods in psychoacoustics,” J.

ing,” J. Acoust. Soc. Am79, 1548-1557. Acoust. Soc. Am49, 467-477.
Gabriel, K. J., and Colburn, H. $1981). “Interaural correlation discrimi- Lutfi, R. A. (1990. “How much masking is informational masking?” J.
nation: |. Bandwidth and level dependence,” J. Acoust. Soc. &8). Acoust. Soc. Am88, 2607—2610.
1394-1401. Rice, S. 0.(1959. Selected Papers on Noise and Stochastic Processes
Glasberg, B. R., and Moore, B. C. @990. “Derivation of auditory filter (Dover, New York, Chap. “Mathematical analysis of random noise.”
shapes from notched-noise data,” Hear. RE&.103-138. Richards, V. M.(1987. “Monaural envelope correlation perception,” J.
Grantham, D. W(1984). “Discrimination of dynamic interaural intensity Acoust. Soc. Am82, 1621-1630.
differences,” J. Acoust. Soc. AnY.6, 71-76. Robinson, D., and Jeffress, (1963. “Effect of varying the interaural noise
Grantham, D. W., and Wightman, F. [1978. “Detectability of varying correlation on the detectability of tonal signals,” J. Acoust. Soc. 86).
interaural temporal differences,” J. Acoust. Soc. A83, 511-523. 1947-1952.

Grantham, D. W., and Wightman, F. [1979. “Detectability of a pulsed  van de Par, S., and Kohlrausch, @995. “Analytical expressions for the
tone in the presence of a masker with time-varying interaural correlation,” envelope correlation of certain narrow-band stimuli,” J. Acoust. Soc. Am.

J. Acoust. Soc. Am65, 1509-1517. 98, 3157-3169.
Green, D.(1992. “On the similarity of two theories of comodulation mask- van de Par, S., and Kohlrausch, A997. “A new approach to comparing
ing release,” J. Acoust. Soc. An91, 1769. binaural masking level differences at low and high frequencies,” J.
Green, D. M., and Swets, J. A1966. Signal Detection Theory and Psy-  Acoust. Soc. Am101, 1671-1680.
chophysicgWiley, New York). van de Par, S., and Kohlrausch, A998. “Analytical expressions for the
Hafter, E. R., and Carrier, S. ¢1969. “Masking-level differences ob- envelope correlation of narrow-band stimuli used in CMR and BMLD
tained with a pulsed tonal masker,” J. Acoust. Soc. A, 1041-1047. research,” J. Acoust. Soc. An103 3605-3620.
Hirsh, 1. (1948. “The influence of interaural phase on interaural summation van de Par, S., and Kohlrausch, A999. “Dependence of binaural mask-
and inhibition,” J. Acoust. Soc. An20, 536-544. ing level differences on center frequency, masker bandwidth, and interau-
Jeffress, L. A., Blodgett, H. C., and Deatherage, B(1852. “The mask- ral parameters,” J. Acoust. Soc. Arh06, 1940-1947.
ing of tones by white noise as a function of the interaural phases of bottvan der Heijden, M., and Trahiotis, ©1998. “Binaural detection as a
components. |. 500 cycles,” J. Acoust. Soc. A4, 523-527. function of interaural correlation and bandwidth of masking noise: Impli-
Jeffress, L. A., Blodgett, H. C., and Deatherage, B.(ER62. “Masking cations for estimates of spectral resolution,” J. Acoust. Soc. AG8
and interaural phase. Il. 167 cycles,” J. Acoust. Soc. 84).1124—-1126. 1609-1614.

Kollmeier, B., and Gilkey, R. H(1990. “Binaural forward and backward  Zurek, P. M., and Durlach, N. [1987. “Masker-bandwidth dependence in
masking: Evidence for sluggishness in binaural detection,” J. Acoust. Soc. homophasic and antiphasic tone detection,” J. Acoust. Soc.84m59—
Am. 87, 1709-1719. 464.

345  J. Acoust. Soc. Am., Vol. 109, No. 1, January 2001 J. Breebaart and A. Kohlrausch: Binaural detection =~ 345



