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This paper and two accompanying papers@Breebaartet al., J. Acoust. Soc. Am.110, 1074–1088
~2001!; 110, 1089–1104~2001!# describe a computational model for the signal processing of the
binaural auditory system. The model consists of several stages of monaural and binaural
preprocessing combined with an optimal detector. Simulations of binaural masking experiments
were performed as a function of temporal stimulus parameters and compared to psychophysical data
adapted from literature. For this purpose, the model was used as an artificial observer in a
three-interval, forced-choice procedure. All model parameters were kept constant for all simulations.
Model predictions were obtained as a function of the interaural correlation of a masking noise and
as a function of both masker and signal duration. Furthermore, maskers with a time-varying
interaural correlation were used. Predictions were also obtained for stimuli with time-varying
interaural time or intensity differences. Finally, binaural forward-masking conditions were
simulated. The results show that the combination of a temporal integrator followed by an optimal
detector in the time domain can account for all conditions that were tested, except for those using
periodically varying interaural time differences~ITDs! and those measuring interaural correlation
just-noticeable differences~jnd’s! as a function of bandwidth. ©2001 Acoustical Society of
America. @DOI: 10.1121/1.1383299#

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

This is the third paper describing our binaural sign
detection model and its ability to predict binaural detect
thresholds in a great variety of experimental conditions. T
model basically consists of three stages~Breebaartet al.,
2001a!. The first stage simulates the effective signal proce
ing of the basilar membrane and the inner hair cells a
includes adaptation by means of adaptation loops~Dauet al.,
1996a!. Binaural interaction is modeled in the second sta
by means of a contralateral inhibition mechanism: the mo
computes the squared difference signal between the left
right ears as a function of time, frequency channel, inter
interaural delay~t in seconds!, and internal interaural leve
adjustment~a in dB!. These binaural signals are corrupted
internal noise and subsequently analyzed by the third stag
the model, the central processor. The model is used a
artificial observer in a three-interval, forced-choice proc
dure, and the central processor matches the representa
of the presented stimuli to templates~derived during previ-
ous presentations!; on this basis the model indicates whic
interval contains the signal.

In the second paper of this series~Breebaartet al.,
2001b!, model predictions for binaural detection were d
cussed as a function of the spectral parameters of the stim
keeping the temporal parameters constant. All stimuli ha

a!Now at: Philips Research Laboratories Eindhoven, Prof. Holstlaan
NL-5656 AA Eindhoven, The Netherlands. Electronic ma
jeroen.breebaart@philips.com
J. Acoust. Soc. Am. 110 (2), Aug. 2001 0001-4966/2001/110(2)/1
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duration which was long compared to the temporal reso
tion of both the monaural and binaural stages of the mo
~i.e., 200 ms or longer!. We demonstrated that the model
very successful in describing the threshold dependence
spectral stimulus parameters and that this success can,
large extent, be attributed to an optimal combination of
formation across auditory channels.

In the current paper, we focus on the temporal proper
of the stimuli, keeping the spectral parameters constant. T
important temporal properties are studied intensively. T
first concerns temporalintegration. It has been shown tha
the binaural system is able to integrate binaural cues tem
rally if such a process enhances a detection task. For
ample, an increase of the signal duration in an NoSp condi-
tion results in a decrease of the signal threshold for sig
durations up to 300 ms~Zwicker and Zwicker, 1984; Wilson
and Fowler, 1986; Wilson and Fugleberg, 1987; Bernst
and Trahiotis, 1999!. The second property is related to th
temporalresolutionof the binaural auditory system. Sever
studies have revealed that the auditory system is sluggis
its processing of interaural differences. For example,
minimum audible angle of a sound source strongly depe
on its velocity ~Perrott and Musicant, 1977!. Experiments
using time-varying interaural intensity differences~IIDs! re-
vealed that IID detection shows a low-pass behavior wit
cutoff frequency of about 20 Hz~Grantham, 1984!. The de-
tection of dynamic ITDs seems to be even worse; Granth
and Wightman~1978! showed that ITD detection has a low

,
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pass response with a cutoff frequency of 2 to 5 Hz. Detec
experiments performed with a masker which has a tim
varying interaural correlation show that the binaural audit
system has a time constant between 44 and 243
~Grantham and Wightman, 1979; Kollmeier and Gilke
1990; Culling and Summerfield, 1998; Akeroyd and Su
merfield, 1999!, which is rather high compared to the 4 to 4
ms for monaural processing~Kollmeier and Gilkey, 1990;
Plack and Moore, 1990!. The aim of the current study is t
demonstrate that the model presented in Breebaartet al.
~2001a! can also account for these temporal phenomena

II. METHOD

A. Relevant stages of the model

In the Introduction, a coarse description of the gene
model setup was given. In this section, the stages of
model that are relevant for the simulations described in
paper~i.e., temporal behavior! are discussed in more deta
For a detailed description of the complete model, see B
baartet al. ~2001a!.

~i! Filtering of the gammatone filterbank. The filterban
present in the peripheral processing stage determ
the spectral resolution of the model, in line with th
equivalent rectangular bandwidth~ERB! estimates
published by Glasberg and Moore~1990!. Due to the
limited bandwidth of the filters in the gammatone fi
terbank, ringing occurs which influences forwar
masking thresholds for very short signal delays.

~ii ! A chain of five adaptation loops is included in th
peripheral preprocessor. These adaptation loops l
the detectability of short low-level signals present
shortly after the offset of a high-level masker. Due
this limitation, the monaural detection model by Da
et al. ~1996a! has been successful in predicting dete
tion performance in monaural nonsimultaneous ma
ing conditions~Dau et al., 1996b, 1997!. Because the
current model includes the same stages as the m
by Dau et al. ~1996a!, this predictive scope is inher
ited by our model. Furthermore, because the binau
interaction follows the peripheral adaptation~cf.
Kohlrausch and Fassel, 1997!, binaural forward mask-
ing will also be limited in its steepness through t
presence of the adaptation loops.

~iii ! Central temporal window. In the binaural process
EI-type elements calculate the squared-difference
nal between the outputs of the peripheral proces
for each auditory filter. These difference signals a
convolved with a double-sided exponential windo
with an equivalent rectangular duration~ERD! of 60
ms to account for a limited binaural temporal reso
tion. Because this window operates on the differen
signal, the same window is used to analyze IIDs a
ITDs as well as binaural detection data.

~iv! Compressive input–output characteristic of EI-ty
elements. The temporally smoothed difference sig
of the EI-type elements is compressed logarithmica
In combination with an additive internal noise, th
1106 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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stage results in thresholds of interaural differenc
that depend on the interaural cross correlation of
reference stimuli.

~v! Optimal detector in the central processor. The EI-ty
element outputs are corrupted by an additive inter
noise. Subsequently, the internal representations
the external stimuli are compared to a template t
consists of the average masker-alone representa
The differences between the actual stimulus and
template are weighted and integrated both in the tim
and the frequency domain according to an optim
criterion. This enables the optimal detector to redu
the influence of the internal noise, and to accumul
information about the signal by adapting its observ
tion interval ~matched temporal integrator!.

B. Procedure and stimuli

The procedure, the method of generation of stimuli, a
the model calibration were the same as those described in
spectral paper~Breebaartet al., 2001b!. In particular, all
model parameters were kept fixed for all simulations d
scribed in this paper and were the same as in the prev
paper. For details regarding the procedure and model cali
tion, refer to Breebaartet al. ~2001b!. In all simulations, the
duration, level, on- and offset ramps, bandwidth, and on
delay of both the maskers and signals equaled the va
used in the experiments with human subjects. If more d
sets from various authors with different experimental settin
were used, the experimental settings from one of these s
ies were used for determining the model simulations. Co
parison with the other data sets was possible because in
conditions, we either calculated binaural masking level d
ferences~BMLDs! or normalized the thresholds with th
spectral level of the masking noise.

III. SIMULATIONS

A. NrSp and NrSm correlation dependence for
wideband noise

This section deals with the detection of a signal in t
presence of a masker with various~fixed! values of the in-
teraural correlation~r!. Similar stimuli were discussed in th
spectral paper~Breebaartet al., 2001b, Sec. III E! focusing
mainly on the bandwidth dependence of the masker. In
section, the nonstationary behavior of interaural differen
in such conditions will be discussed. By ‘‘nonstationary’’ w
mean that the expected values of the statistical proper
such as the interaural correlation, are constant, but that t
properties evaluated on a short-time basis change as a f
tion of time within each interval. It is therefore valuable
discuss NrSp thresholds in the current paper, since the
experiments reflect the detection of a change in thedistribu-
tion of interaural differences rather than the detection of
presenceof interaural cues.

Robinson and Jeffress~1963! measured thresholds for
wideband NrSp condition. They used a 150-ms, 500-H
tone as signal presented in a 150-ms noise masker.
masker had a spectral level of 50 dB/Hz. Their data
shown in the left panel of Fig. 1~open symbols!, together
Breebaart et al.: Binaural processing model. III.
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FIG. 1. NrSp ~left panel! and NrSm ~right panel!
BMLDs as a function of the interaural masker correl
tion. The white symbols are experimental data adap
from Robinson and Jeffress~1963! for NrSp and from
Wilbanks and Whitmore~1968! for NrSm. The black
symbols are model predictions.
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with the model predictions~filled symbols!. The binaural
masking level difference~BMLD ! is shown as a function o
the interaural masker correlation. For a correlation of11, the
condition corresponds to NoSp and a large BMLD is ob-
served, which decreases with decreasing correlation. If
masker is interaurally uncorrelated~r50!, a BMLD of only
2 to 3 dB is present, which completely disappears if
correlation is decreased further towards21.

The right panel shows data for a monaural signal~i.e.,
NrSm!, adapted from Wilbanks and Whitmore~1968!. In
this experiment, a 200-ms signal was used, also with a
quency of 500 Hz. The spectral masker level was 33 dB/
The data show a similar curve as the NrSp condition, with
two important differences. First, the BMLD atr511 is 6 dB
smaller for the NrSm condition. Second, almost no BMLD
observed in the NrSm condition withr50, while the NrSp
condition still shows a BMLD of a few dB at this maske
correlation.

To understand why the BMLDs decrease with a decre
in the masker correlation, it is useful to first have a clo
look at the way these partially correlated maskers are ge
ated. Usually, the Nr masker is obtained by combining th
waveforms of two or three independent noise sources.
will focus on the method using two noise sources, keeping
mind that the method using three noise sources is in princ
similar ~cf. van der Heijden and Trahiotis, 1997!. If two in-
dependent noise sources having time-domain wavefo
given byN1(t) andN2(t) are used to generate a noise w
an interaural correlation ofr, the left and right channels L(t)
and R(t) consist of the following linear combination of thes
noises:

L~ t !5 1
2A2A11rN1~ t !1 1

2A2A12rN2~ t !,

R~ t !5 1
2A2A11rN1~ t !2 1

2A2A12rN2~ t !.
~1!

If such a stimulus is presented to the model, and if
neglect the processing of the peripheral preprocessor,
waveforms L(t) and R(t) enter an EI-type element that op
timally cancels the masker~no internal delay or level adjust
ment, i.e.,t5a50!. In our implementation~see Breebaar
et al., 2001a!, the output~E! of the EI-type element is then
given by

E~ t !5~L~ t !2R~ t !!2. ~2!

Substitution of Eq.~1! into Eq. ~2! results in

E~ t !5~222r!N2
2~ t !. ~3!
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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In a very similar way, it can be shown that the additio
of an interaurally out-of-phase signal@Sp(t)# to the same
masker results in

E~ t !5~222r!N2
2~ t !14Sp

2 ~ t !. ~4!

The processes in the model that follow the EI-type e
ment basically consist of time averaging resulting in a ru
ning averageE of the energy of (222r)N2(t), followed by
the logarithmic input–output relation of the EI-type el
ments. As can be observed from Eq.~3!, a decreasing inter-
aural correlationr results in an increasing amount of mask
energy that cannot be canceled by the EI-type elements
described in the first paper~Breebaartet al., 2001a!, this re-
sults in higher signal thresholds due to the logarithm
input–output behavior. The above explanation also holds
the NrSm condition, except for the fact that the amount
signal energy in Eq.~4! is decreased by a factor of 4. Thu
to achieve a similar change inE as for an Sp signal, the
signal level must be increased by 6 dB, an effect tha
clearly found in the data forr.0.7. For lower correlation
values, the signal level in the NrSm condition approache
the monaural threshold and hence thresholds remain con
if the correlation is reduced further.

B. NrSp thresholds for narrow-band noise

Breebaart and Kohlrausch~2001! measured NrSp
thresholds as a function of both the correlation and
masker bandwidth. The masker duration was 300 ms
500-Hz sinusoid with a duration of 200 ms was used as
signal. Breebaart and Kohlrausch~2001! found that for a
narrow-band masker with a bandwidth of 10 Hz, thresho
varied more with the interaural correlation than for a wid
band masker. The narrow-band masker resulted in a m
steeper curve for correlations between 0.8 and11 compared
to the wideband case. This is depicted in Fig. 2. Both
10-Hz-wide~squares! and the 1000-Hz-wide~triangles! data
are shown as a function of the masker correlation. The bl
symbols denote the model predictions; the white symbols
experimental data. The separation between the narrow-b
and the broadband data is due to the choice of a cons
overall masker level of 65 dB SPL, which gives a high
spectral level for the 10-Hz-wide masker.

Breebaart and Kohlrausch~2001! argued that the differ-
ences between the 10-Hz curve and the 1000-Hz curve
due to the fact that two different factors limit the detecti
process: internal errors and external variability. For the wi
band masker, the thresholds are determined by the inte
1107Breebaart et al.: Binaural processing model. III.
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errors. In our model, the specific relation between thresh
and interaural correlation results from the logarithmic inpu
output curve present in the EI-type elements which was
plained in Sec. II A.

For the narrow-band condition, other factors are imp
tant. The temporal sluggishness filter effectively calculate
running average of the output of Eq.~3! if a masker alone is
present. This output increases if the signal is present.
cause this output serves as a decision variable, the m
must look for fluctuations in this variable that are attributa
to the addition of the signal. Since the squared waveform
N2(t) is present in Eq.~3!, a running average ofN2(t) is
obtained, multiplied with a scalar which depends on the
teraural correlation. If the bandwidth ofN2 is very small, the
energy estimateE shows large fluctuations due to the limite
number of degrees of freedom in the noise. If the stand
deviation of these fluctuations is larger than thechangein E
due to the addition of the signal with a certain level, it is ve
unlikely that the model is able to detect the signal becaus
the large amount ofstimulus variability. This is exactly what
happens in the narrow-band NrSp condition. Instead of be-
ing limited by internal errors, the thresholds are limited
external stimulus fluctuations ifr,1. Since the amount ofE
energy increases with decreasing correlation@as can be ob-
served from Eq.~3!#, the amount of fluctuations inE also
increases with decreasing correlation, hence resulting in
creasing thresholds. This property is not altered by the lo
rithmic input–output function of the EI-type elements, sin
both the fluctuations and the change in the output due to

FIG. 2. Running-noise NrSp thresholds for a masker bandwidth of 10 H
~squares! and 1000 Hz~triangles!. The overall masker level was 65 dB SP
for both bandwidths. The black symbols are model predictions; the w
symbols are data adapted from Breebaart and Kohlrausch~2001!.
1108 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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signal are transformed by the same process. Thus, for
narrow-band condition withr at or below 0.98, threshold
are relatively high due to the ‘‘external’’ variability inE.
Only whenr51 does external variability play no role, an
thresholds are only determined by the internal error and
therefore relatively low.

C. Interaural cross-correlation discrimination

Gabriel and Colburn~1981! measured just-noticeabl
differences~jnd’s! in interaural cross correlation from tw
reference correlations~0 and11! at several bandwidths. Th
total noise level was kept constant at 75 dB SPL and
stimuli were spectrally centered at 500 Hz. At a referen
correlation of11, their results indicated that for bandwidth
less than 115 Hz the correlation jnd was equal to ab
0.004, while for larger bandwidths, the jnd increased mo
tonically with the noise bandwidth. On the other hand, a
reference correlation of 0, the jnddecreasedwith increasing
bandwidth, having a value of 0.7 for narrow-band stimuli~3
Hz! and 0.3 for the broadband case~4500 Hz!. Their results
are summarized in Fig. 3. The left panel shows the corre
tion jnd’s at a reference correlation of11, the right panel at
a reference correlation of 0. The white symbols are the
perimental data for different subjects; the black symbols
note model predictions.

The model predictions for a reference correlation of11
~left panel! show a completely different behavior from th
experimental data: the experimental data increase with
creasing bandwidth, while the model predictions show
monotonic decrease with increasing bandwidth. Only for
data at 40 and 115 Hz is there a close resemblance betw
model predictions and experimental data. The decreas
correlation jnd with increasing bandwidth for the model c
be explained as follows. For all bandwidths, the referen
condition has a correlation of11. Consequently, the stimulu
can be eliminated completely by the model. Thus, the re
ence intervals result in no internal activity for EI-type el
ments that are optimally tuned to this detection task. If
interaural correlation of the stimulus is reduced, the mas
cannot be canceled completely, which results in some ac
ity in the model. If the stimulus bandwidth is small~i.e., 3 to
10 Hz!, this cue for detection is available in the on-frequen
filter and in some adjacent filters due to spread of excitati
If the bandwidth is increased, the number of auditory filte
that contains information about the change in the correla
increases since the change in the interaural correlation oc

e

or-

ta

ic-
FIG. 3. Just-noticeable differences in the interaural c
relation at a reference correlation of11 ~left panel! and
0 ~right panel! as a function of the bandwidth of the
stimulus. The white symbols are experimental da
adapted from Gabriel and Colburn~1981! for two dif-
ferent subjects. The filled symbols are model pred
tions.
Breebaart et al.: Binaural processing model. III.
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duration. Data in the left panel are for a signal fr
quency of 500 Hz, in the right panel for a signal of
kHz. The white squares are data adapted from Wils
and Fugleberg~1987!, the upward triangles from Yos
~1985!, the downward triangles from Wilson an
Fowler ~1986!, and the diamonds from Bernstein an
Trahiotis ~1999!. The black symbols are model predic
tions. Thresholds are given as signal levelre masker
spectrum level.
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at the complete spectrum of the stimulus. This enables
model to integrate information across auditory filters, res
ing in an effective reduction of the internal noise. This
turn results in lower thresholds, as observed in the mo
predictions. This effect is not observed in the experimen
data, however.

The right panel of Fig. 3 shows data for the referen
correlation of 0. Both model predictions and experimen
data show a decrease in the correlation jnd with increas
bandwidth, although the model is more sensitive to chan
in the correlation at bandwidths beyond 40 Hz. This decre
in the correlation jnd can be explained by considering stim
lus uncertainty. If the bandwidth is very small~3 Hz!, the
fluctuations in the output of the EI-type elements are v
large ~see Sec. III B.!. Increases in the bandwidth result
more degrees of freedom in the masker and hence less
certainty in the output of the EI elements. This decrea
uncertainty is reflected by the decrease in the correlation
For bandwidths beyond 115 Hz, increases in the bandw
have almost no effect on the stimulus uncertainty beca
these parts of the stimulus fall outside the auditory filter a
hence thresholds remain constant.

D. NoSp signal duration

An important property that has a very strong effect
thresholds in an NoSp condition is the duration of the signa
The threshold behavior in this experimental paradigm b
cally reflects the ability of the binaural auditory system
integrate information over time. Several studies showed
increase in detection performance of up to 25 dB if the sig
duration is increased from 2 to 250 ms~cf. Yost, 1985; Wil-
son and Fowler, 1986; Wilson and Fugleberg, 1987; Be
stein and Trahiotis, 1999!. The results of these studies a
shown in Fig. 4~white symbols! for a center frequency o
500 Hz ~left panel! and for 4 kHz ~right panel!. Since in
these studies different noise levels were used ranging f
26.3 to 47 dB/Hz, we expressed thresholds as the ratio
tween signal level and spectral masker density. The thre
olds decrease with a slope of 4.5 dB/oct for durations up
about 60 ms, while for longer durations, this slope is sh
lower ~1.5 dB/oct!. The model predictions are shown by th
black symbols in Fig. 4. They were derived for a 500-m
wideband noise masker with a spectral energy density
36.2 dB/Hz~similar to Wilson and Fugleberg, 1987!.

The model predictions show a very similar signa
duration dependence to the experimental data. These re
can be explained as follows. First, consider a signal of v
short duration~2 ms!. In this case, the signal interval con
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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tains interaural differences which are present within a sh
period of time compared to the duration of the binaural w
dow ~about 60 ms!. As described in the first model pape
~Breebaartet al., 2001a!, the output of each EI-type elemen
is averaged over time by a temporal integrator. Conseque
the cue for detection at theaveragedoutput of such a tem-
poral window is strongly reduced for a very short sign
Therefore, the signal must have a relatively high level
elicit a change in the averaged output that can be detecte
the model. If the duration of the signal is increased but d
not exceed the duration of the temporal window, the aver
output of the temporal window increases and hence the
nal level decreases at threshold. Since the output of the t
poral averager is proportional to the signal energy, this p
cess accounts for a decrease of 3 dB for each doubling o
of signal duration, as long as the signal duration does
exceed the time constant of the temporal averager. For d
tions exceeding 60 ms, this process does not influence
detection process.

An additional effect of 1.5 dB per duration doublin
results from the reduction of the internal error with increa
ing signal duration by the optimal detector. A longer sign
duration means that the average output is available fo
longer time. This enables the model to reduce the inter
error in the decision variable in a similar way as was d
scribed for spectral integration of information~see Breebaar
et al., 2001b, for details!. After the temporal averager, a
additive noise is combined with the output of the EI-ty
elements, followed by an optimal detector. If, after the te
poral integrator, the cue for detection is available for a lo
time, the optimal detector can decrease the amount of n
in its decision variable by integrating the EI-element outp
over the total signal duration. In this way, a doubling in t
signal duration results in a doubling in the overall differen
in output between masker and masker plus signal, while
amount of noise increases with the square root of 2. Hen
the detectability of the signal is increased, which results i
lower threshold. Thresholds are expected to decrease
1.5 dB per doubling of signal duration. Thus, the combin
effect of the processes described above accounts for the
dB per doubling for signal durations below 60 ms and 1.5
beyond 60 ms.

The slope of 4.5 dB/doubling for signal durations belo
60 ms and 1.5 dB/doubling beyond 60 ms is also presen
the model simulations at 4 kHz~right panel of Fig. 4!. Ex-
cept for an overall difference of about 4 dB, these mo
predictions are very close to the experimental data, altho
1109Breebaart et al.: Binaural processing model. III.
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FIG. 5. NoSp thresholds as a function of the maske
duration. The upper-left panel denotes experimen
data with a forward fringe, the upper-right panel with
backward fringe. The lower panel shows thresholds
a signal temporally centered in a masker for four diffe
ent masker durations~squares denote 500 ms, upwa
triangles 100 ms, downward triangles 50 ms, and d
monds 25 ms! as a function of the center frequency. Th
white squares in the upper panels are experimental d
for a 500-Hz, 32-ms signal adapted from Robinson a
Trahiotis ~1972!, the upward triangles are from th
same study with a 256-ms signal, the diamonds
adapted from Zwicker and Zwicker~1984! for a 400-Hz
signal. The black symbols are model predictions for
500-Hz, 20-ms signal.
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the difference in slope below and beyond 60 ms canno
deduced from the experimental data.

E. NoSp masker duration

Besides reports on the duration of the signal, seve
studies have been published on the effect of the duratio
the masker. Basically three configurations have been tes
The first uses a forward noise fringe of variable length~Rob-
inson and Trahiotis, 1972; Zwicker and Zwicker, 1984; Yo
1985!, while in the second configuration, a backward no
fringe is used~Trahiotis et al., 1972; Zwicker and Zwicker,
1984; Yost, 1985!. A third condition includes a signal which
is temporally centered in the masker~Kohlrausch, 1986!. The
duration of the fringe in these studies varied between 10
256 ms; the center frequency was always 500 Hz~except for
Zwicker and Zwicker, 1984, using 400 Hz!. Most experi-
ments were performed with relatively short signals~10 to 32
ms!. The experimental results are shown in Fig. 5. T
upper-left panel shows data for a forward fringe, the upp
right panel for a backward fringe. The lower panel sho
four different curves for four different masker durations~25,
50, 100, and 500 ms! as a function of center frequency. Th
white symbols are data from different data sets, the bl
symbols are the model predictions for a 20-ms, 500-Hz s
nal added to a broadband masker with a level of 50 dB
~similar to Trahiotiset al., 1972!. Thresholds are expresse
as the ratio between signal energy and spectral masker
sity to enable comparison between data sets.1

The predicted thresholds hardly change if the mas
duration is varied. This is in contrast to what is observed
the signal duration is changed, as discussed in Sec. D
maximum decrease of 5 dB is observed experimentally if
forward masker fringe is increased~top-left panel of Fig. 5!.
The model predictions show no effect of the masker dura
at all, except for very short forward fringes. The absence o
distinct effect of masker duration is expected, since the o
put of an EI-type element optimally tuned for this conditio
1110 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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has no activity for a masker alone and has some acti
during the presence of the signal. Since this activity is u
as a cue for the detection, and since it does not depend o
duration of the masker, the model’s predictions do not,
principle, depend on the masker duration. The decreas
thresholds for very short forward fringes is a consequenc
the monaural adaptation loops~Dau et al., 1996a!. These
loops are not completely charged during the first 25 ms
the stimulus and a substantial overshoot in the output of
adaptation loops exists just after the onset. If interaural
ferences are presented within this short period of time, t
will result in a stronger change at the output of EI-type e
ments than if they were presented with a longer forwa
masker fringe. Therefore, the thresholds are up to 5 dB lo
during the first 25 ms. This effect is clearly visible in th
upper-left panel of Fig. 5 for short forward fringes and in t
lower panel~with the centered signal!. In the latter case,
simulated thresholds are more than 10 dB lower than
experimental data for a 25-ms masker~2.5-ms forward
fringe!. For masker durations of 50 ms and beyond,
model predicts nearly constant thresholds, while the exp
mental data show a slight decrease with increasing ma
duration. On the other hand, the backward fringe has no
fluence on the state of the adaptation loops; hence,
thresholds do not depend on the duration of the backw
fringe, as demonstrated in the right panel of Fig. 5.

F. Maskers with phase transitions in the time domain

The previous sections dealt with the ability of the bi
aural auditory system tointegrateinformation over time. Be-
sides integration, another very important temporal prope
that can be measured is the temporalresolutionof the sys-
tem. In analogy to the frequency-domain phase transit
which we discussed in the accompanying paper~Breebaart
et al., 2001b!, an interaural phase transition can be applied
the time domain. As the spectral phase transition enabled
estimation of the spectral resolution, the time-doma
Breebaart et al.: Binaural processing model. III.
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FIG. 6. NpoSp ~upper-left panel! and NopSp ~upper-
right panel! thresholds as a function of the tempor
position of the signal center relative to the maske
phase transition. The lower-left and lower-right pane
correspond to the monaural Np~215dB!NpSp and
~215dB!NpNpSp conditions, respectively~see the
text!. The 0-dB point on the ordinate denotes the no
transient NpSp thresholds. White symbols are exper
mental data for different subjects adapted from Ko
meier and Gilkey~1990!; the black symbols are mode
predictions.
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the
equivalent enables estimation of the temporal resolut
One possible realization of such a phase transition i
masker which is first interaurally in phase and then inter
rally out of phase. This condition is referred to as NopSp if
an interaurally out-of-phase signal is used. In a similar w
NpoSp refers to a masker that is interaurally out of pha
first, followed by an in-phase noise. If the signal is cente
within the in-phase masker portion, the effective condition
NoSp and a large BMLD is observed. On the other hand
the signal is presented during the out-of-phase masker
tion, no BMLD is expected. Experimental data have sho
that for signal positions close to the masker phase transit
a gradual change of the threshold is observed~Kollmeier and
Gilkey, 1990; Holubeet al., 1998!. The experimental data o
individual subjects from Kollmeier and Gilkey~1990! are
shown in Fig. 6. These data were measured with a 500-
20-ms signal added to a broadband noise with a spe
energy density of 40 dB/Hz. The thresholds are plotted a
function of the signal center relative to the occurrence of
phase transition of the masker. The upper-left panel co
sponds to an NpoSp condition, the upper-right panel t
NopSp. In both conditions, a gradual change in threshold
observed near the phase transition~0 ms!. The model predic-
tions ~black symbols! have a similar gradual change
threshold as the experimental data and follow the low
bound of the four subjects.

The gradual change as observed in Fig. 6 is though
reflect thetemporal resolutionof the binaural auditory sys
tem. In the model, this resolution is limited by the tempo
averager at the output of all EI-type elements; the stepw
masker correlation change is heavily smoothed by the a
ager, and hence thresholds show a gradual change inste
a stepwise one.

The lower panels in Fig. 6 show data obtained for
corresponding ‘‘monaural’’ condition. Both the signal an
the two masker portions were presented interaurally ou
phase~NpNpSp!, and one of the masker portions was d
creased in level by 15 dB. The data in the lower-left pa
were obtained for a masker that drops by 15 dB at the sec
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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half of the total stimulus@this condition is referred to as
Np~215dB!NpSp#, while the data in the lower-right pane
were obtained for a 15-dB increase at the stimulus cen
The open symbols denote data from different subje
adapted from Kollmeier and Gilkey~1990!; the filled sym-
bols are model predictions. Clearly, the time constant
processing monaural cues is much shorter than for the
cessing of binaural cues. The ability of the present mode
also predict monaural forward- and backward masking re
on a completely different process from that involved in p
dicting the binaural temporal resolution effects. The mon
ral data are predicted due to the presence of the adapta
loops prior to any binaural interaction. Since the model
corporates all the stages of the monaural model describe
Dau et al. ~1996a, b!, it inherits the predictive power of tha
model for all cases where no binaural interaction is need

An extension of the experiment with one masker pha
transition in the time domain is obtained by using two pha
transitions. Culling and Summerfield~1998! measured detec
tion thresholds of a 500-Hz 20-ms Sp signal which was
added to a broadband in-phase noise masker~No! of variable
duration, preceded and followed by 400 ms of interaura
uncorrelated noise. The spectral energy density of the n
was 40 dB/Hz. We refer to this condition as NuouSp. Cull-
ing and Summerfield~1998! found that thresholds decreas
by up to 12 dB with increasing No duration from 20 to 96
ms. The data are shown in Fig. 7. The white symbols are d
for three different subjects; the black symbols are model p
dictions.

For No durations between 20 and 400 ms, the mode
thresholds agree well with the subjects’ data. For further
creases in No duration there is a discrepancy, because
experimental data tend to decrease further, while the m
eled thresholds remain constant. This indicates that the t
poral resolution of the human binaural auditory system
very well represented by the model, but that some rea
long-term processes with a temporal extension of 500 ms
more are not covered by our present model structure.

Besides using stepwise correlation changes in
1111Breebaart et al.: Binaural processing model. III.
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masker, experiments have also been performed with a s
soidally changing interaural masker correlation. Holu
et al. ~1998! measured the detectability of a 500-Hz, 20-m
signal as a function of the correlation modulation period. T
signal was always centered at a temporal position where
ther an No or Np noise was present. The masker durati
was 2500 ms for the modulation periods of 2- and 1 s a
750 ms for shorter periods. A bandlimited masker~0.1 to 1
kHz! was used with an overall level of 75 dB SPL. Th
results ~white symbols! combined with model prediction
~black symbols! are shown in Fig. 8. The left panel corre
sponds to a signal presentation at a position where the n
was interaurally in phase, the right panel where it was ou
phase. Thresholds are expressed relative to the mona
~NoSo! thresholds.

The thresholds for the signal presentation centered
No decrease with increasing modulation period. This is
result of the decreasing amount of Np noise at the input of
the temporal window of the EI-type element during the p
sentation of the signal. A similar argument holds for the p
sentation during the Np masker phase. With decreasing p
riod, an increasing amount of Np noise is present in the
EI-type element during signal presentation, resulting
higher thresholds.

In contrast to earlier modeling approaches~Kollmeier
and Gilkey, 1990; Holubeet al., 1998!, our implementation
does explain data for stepwise and sinusoidal correla
modulation with thesametemporal window. We will come
back to this observation in the General Discussion~Sec. IV!.

FIG. 7. NuouSp detection thresholds as a function of the duration of the
noise. White symbols are experimental data for different subjects ada
from Culling and Summerfield~1998!; black symbols are model predictions
1112 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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G. Discrimination of dynamic interaural intensity
differences

Grantham~1984! measured observers’ ability to dete
time-varying interaural intensity differences. The stimu
consisted of interaurally uncorrelated noises of which
envelopes were sinusoidally modulated. The task was to
criminate between a modulation which was interaurally
phase and a modulation which was interaurally out of pha
the latter resulting in interaural intensity differences. T
noise used in this experiment had a bandwidth of 0.4 octa
centered at 500 Hz and had a level of 75 dB SPL. The stim
lus duration was 1000 ms. The results of Grantham~1984!
~open symbols! combined with the model predictions~filled
symbols! are shown in Fig. 9.

As can be observed in Fig. 9, the thresholds incre
with increasing modulation rate, indicating a low-pass mod
lation function of the binaural auditory system. Although t
data show large variations across subjects, the model pre
tions are a good representation of the subject denoted by
downward triangles. The general trend is that of a low-p
filter; the modulation index required at threshold increa
with increasing modulation frequency. In our model, this c
be understood as follows. The unmodulated noise that
used had an interaural correlation of 0. If a sinusoidal mo
lation is superimposed on the noise waveform, the intera
correlation of the noise remains unchanged. Now, cons
the output of an EI-type element centered at the stimu
center frequency anda5t50. For the interaurally in-phase

ed
FIG. 9. Modulation depth~in dB! required for discrimination of interaura
in-phase modulation from out-of-phase modulation as a function of
modulation frequency. The white symbols denote results for different s
jects adapted from Grantham~1984!; the black symbols are model predic
tions.
r-
he
s
ral
r
d
l

FIG. 8. Detection thresholds for an Sp signal presented
in a noise masker with a sinusoidally modulated inte
aural correlation. Thresholds are plotted relative to t
monaural~NoSo! threshold. The left panel correspond
to a signal presentation at a point where the interau
masker correlation was11, the right panel to a maske
correlation of21. The white symbols are data adapte
from Holubeet al. ~1998!; the black symbols are mode
predictions.
Breebaart et al.: Binaural processing model. III.
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modulator~i.e., the reference stimuli!, the output of the EI-
type element has a similar pattern as the modulator: du
positive modulator phases the masker energy is increa
and hence the uncorrelated masker results in an incre
amount of activity. On the other hand, a negative modula
phase results in a decrease in the EI activity. These mod
tions are, however, only present for low modulation frequ
cies ~,10 Hz!; for higher modulation frequencies the E
output modulation depth decreases due to the temp
averaging. Thus, as long as the modulation period is bey
the time constant of the temporal averager of the EI-ty
elements, the externally presented monaural modulatio
reflected by a modulation of the EI-type element output. T
out-of-phase modulator results in hardly any modulation
the EI-type element output: every attenuation~i.e., negative
modulator phase! of the left-ear signal is accompanied by a
amplification of the right-ear signal~i.e., a positive modula-
tor phase! and vice versa, resulting in only a very sma
effect on the EI activity. Thus, as long as the modulations
the EI-type output due to the in-phase modulator are cle
visible ~i.e., slow modulations!, the model shows a low
modulation threshold which increases with increasing mo
lation frequency.

H. Discrimination of dynamic interaural time
differences

Grantham and Wightman~1978! measured the detec
ability of sinusoidally time-varying interaural time differ
ences present in a low-pass noise. The spectra of the n
stimuli were approximately flat between 10 and 3000 H
The presentation level was 70 dB SPL, the duration 440
Grantham and Wightman~1978! found that the peak ITD
required for detection strongly depends on the modula
frequency, having a value of about 30ms at a modulation rate
of 0 Hz, which increases to 90ms at 20 Hz. Interestingly, the
thresholds decrease again for higher modulation rates, re
ing a value of about 30ms at a modulation rate of 500 Hz
The results are shown in Fig. 10. The white symbols den
the experimental data; the black symbols are model pre
tions.

The bell-shaped curve which is seen in the experime
data is not observed in the model predictions. Conside
the properties of the model, this is expected, since the a
age or peak interaural difference that occurs in this stimu
does not depend on the modulation rate. Therefore,
model predictions do not show a bell-shaped curve but
crease monotonically by a factor of about 2.5. This decre
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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is related to the fact that the ITD at the onset of the signa
set to 0 and changes sinusoidally during the stimulus.
modulation rate of 10 Hz is used, the first maximum in t
ITD occurs 25 ms after the stimulus onset. At a modulat
rate of 20 Hz, the maximum occurs at 12.5 ms, etc. As d
cussed in Sec. III E, interaural differences closer to the on
of the stimulus result in lower thresholds due to the ov
shoot in the peripheral adaptation loops. Therefore, the I
thresholds shown in Fig. 10 decrease with increasing mo
lation rate.

I. Binaural forward masking

In the previous experiments, the signal was always p
sented simultaneously with the masker. If a short signa
presentedafter the masker, a phenomenon referred to as f
ward masking is observed. For signals that are presente
increasing delays with respect to the masker offset,
thresholds decrease gradually towards the absolute thres
instead of showing a stepwise change~cf. Punch and Carhart
1973; Yama, 1992; Kohlrausch and Fassel, 1997!. This el-
evation is observed for signal delays of up to 200 ms. Mo
over, a binaural release of masking can be observed if
signal is presented interaurally out of phase compared to
in-phase signal. For example, Yama~1992! measured
forward-masking thresholds for a 10-ms, 250-Hz signal co
bined with a low-pass~0–2.5 kHz, overall level of 70 dB
SPL!, 500-ms running noise. Linear ramps of 5-ms durat
were used to gate both signal and masker. The results sh
BMLD of about 14 dB for simultaneous masking, whic

FIG. 10. Peak interaural time difference in microseconds at threshold
function of the modulation frequency for the detection of sinusoidally va
ing interaural time differences. The open symbols are experimental
adapted from Grantham and Wightman~1978! representing different sub-
jects; the black symbols are model predictions.
ra-
ls
FIG. 11. Signal thresholds for NoSp ~triangles! and
NoSo conditions~squares! as a function of the time
difference between masker and signal offset~left panel!
and corresponding BMLDs~right panel!. White sym-
bols are experimental data adapted from Yama~1992!;
black symbols are model predictions. The signal du
tion was 10 ms. The symbols at the left in both pane
denote thresholds for simultaneous masking.
1113Breebaart et al.: Binaural processing model. III.
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FIG. 12. Forward-masking thresholds for a 20-ms S
signal ~left panel! and an Sp signal ~right panel! as a
function of the time difference between masker and s
nal offset. A 300-ms frozen-noise~No! served as the
masker. The white symbols are experimental da
adapted from Kohlrausch and Fassel~1997!; the black
symbols are model predictions.
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decreases to a few dB for signal delays of 100 ms, as ca
observed in the left panel of Fig. 11. Thresholds are show
a function of the time difference between signal and mas
offset. The squares denote monaural~i.e., NoSo! thresholds;
the triangles denote binaural~NoSp! thresholds. The right
panel shows the corresponding BMLDs, for both the mo
and the experimental data.

As can be observed from Fig. 11, the model~black sym-
bols! shows a similar threshold behavior as the experime
data. For simultaneous masking, a BMLD of 14 dB is o
served in the experimental data and a few dB less for
model predictions. Both the binaural and monaural forwa
masking thresholds show a decrease towards the abs
threshold, which is about 35 dB for both the So andp
signal. In the region of 0 to 100 ms, a substantial BMLD c
be observed which is, however, smaller than the BMLD
simultaneous masking.

Results that seem to be in contradiction with those fou
by Yama ~1992! were obtained by Kohlrausch and Fass
~1997!. Their forward-masking experiments only show
BMLDs for signal delays up to 20 ms instead of the 100
found by Yama ~1992!. The data were obtained with
300-ms frozen-noise masker which was spectrally flat
tween 20 and 1000 Hz. The overall masker level was 70
SPL. A 20-ms, 500-Hz signal was used. The same va
were used to obtain the model predictions. However,
frozen-noise sample was different from the one used in
experiments. The results and model predictions are show
Fig. 12. The left panel corresponds to monaural conditi
~NoSo!, the right panel to binaural conditions~NoSp!.

In the NoSo condition, thresholds start to decrease
soon as the offset of the signal occurs after the masker of
In contrast, NoSp thresholds remain constant for signal d
lays up to about 10 ms. For larger signal delays, the thre
olds gradually decrease with signal delay towards the ab
lute threshold. This decrease is stronger for the mona
~NoSo! condition than the binaural~NoSp! condition.
1114 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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Hence, a substantial BMLD is only found for signal dela
up to 20 ms. Kohlrausch and Fassel~1997! also measured
forward masking thresholds for a 20-ms masker. The wa
form of this short masker was identical to the last 20 ms
the long masker. The results are shown in Fig. 13 in the sa
format as Fig. 12.

The main difference between the threshold behavior
300-ms and 20-ms maskers is the slope of the forwa
masking curve, which is steeper for the short masker. In
model, this steeper curve is the result of the fact that
adaptation loops which are part of the peripheral preproc
sor are not completely ‘‘charged’’ if a masker of only 20 m
is used~Dau et al., 1996b!.

Also in this condition, the model shows BMLDs onl
for signal delays of up to 20 ms, perfectly in line with th
experimental data. The difference in BMLD behavior b
tween the conditions shown Fig. 11 on the one hand an
Figs. 12 and 13 on the other hand is related to the differe
in signal duration that was used. Yama~1992! used a rela-
tively short signal~10 ms!, while Kohlrausch and Fasse
~1997! used a 20-ms signal. If a short signal is presented
the model, the onset of the signal will result in an increase
the output of the peripheral adaptation loops compared to
output in the absence of the signal. On the other hand, if
signal is turned off, the adaptation loops are~at least par-
tially! adapted to the~higher! input signal; hence, the signa
offset results in a decrease of the output. Moreover, due
the adaptation of the system, the activity after the offset w
be less than if no signal was present. An example of thi
property can be seen in the lower panel of Fig. 7 of D
et al. ~1996a!: the presence of the signal results in both
overshoot at the signal onset and an undershoot at the s
offset. If the duration is sufficiently long compared to th
temporal resolution of the monaural system, the model
use both the overshoot at the onset of the signal and
undershoot at the offset of the signal to detect the sign
presence. If a very short signal is used, however, the tem
o

ig-
of
ta
FIG. 13. Forward-masking thresholds for a 20-ms S
signal ~left panel! and an Sp signal ~right panel! as a
function of the time difference between masker and s
nal offset. In this case, the masker had a duration
only 20 ms. The white symbols are experimental da
adapted from Kohlrausch and Fassel~1997!; the black
symbols are model predictions.
Breebaart et al.: Binaural processing model. III.
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ral averager at the output of the adaptation loops parti
cancels the undershoot by the overshoot, resulting i
smaller overall effect at the output of the temporal averag
In the binaural case, the temporal window does not red
the detectability of the signal because the window is app
after the computation of thesquared differencebetween the
left and right channels. Therefore, monaural thresholds
elevated more strongly if the signal duration is decrea
from 20 to 10 ms than binaural thresholds. This is also
served in the model predictions. If a 20-ms signal is us
~Figs. 12 and 13!, both the monaural and binaural cues a
about equally strong and no BMLD is observed for sign
delays beyond 20 ms. When using a 10-ms signal, howe
the monaural thresholds are elevated more than the bina
thresholds, resulting in a BMLD which is still present ev
for signal delays up to 100 ms.

IV. GENERAL DISCUSSION

We have shown that our binaural model is quite succe
ful in describing the dependence of binaural detection thre
olds on temporal stimulus properties. These properties
clude the effect of signal and masker duration, forwa
masking, and detection against stimuli with a time-varyi
interaural correlation. By means of a temporal integrator f
lowed by an optimal detector in the time domain, the mo
accounts both for temporal resolution and for temporal in
gration properties within a single framework. It is interesti
to note that a similar framework in the spectral domain
present in the model~i.e., a set of bandpass filters followe
by an optimal detector in the frequency domain!, also lead-
ing to very good predictions as a function of spectral stim
lus parameters~see Breebaartet al., 2001b!.

Although many of the simulations shown in this pap
and in the previous papers show a good fit between the
and the predictions, very similar results would probably
obtained if the basic EI interaction in the model was repla
by an EE~or cross-correlation! interaction. There are, how
ever, some specific experimental conditions that may g
rise to some modeling difficulties. In the first model pap
~Breebaartet al., 2001a!, we expected that models based
the interaural cross correlation may not account for the ef
of both signal and masker duration. Two methods of comp
ing the interaural correlation were discussed. The first co
prised computation over the complete stimulus~i.e., masker
duration!. We argued that this method would result in
strong increase of detection thresholds with an increas
masker duration, which is not found in experimental da
The second method comprised computation of the corr
tion only for the stimulus part that contains the signal. In t
case, a maximum effect of 1.5 dB/oct of signal duration
expected, which is not in line with experimental resu
showing a stronger influence of signal duration for duratio
below about 60 ms. It is therefore difficult to explain th
effects of both masker and signal duration with a mo
based on cross correlation. The simulation results in S
III D and III E show that a model based on EI-type intera
tion in combination with an optimal detector shows a perf
mance which is more in line with the experimentally o
tained results.
J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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The simulations as a function of interaural correlati
and bandwidth revealed that the detection performance of
model can in principle be limited by two sources of erro
namely stimulus uncertainty in the externally presented s
nals and errors in the internal accuracy~internal noise!.

The data in Figs. 6 and 7~stepwise correlation change i
the time domain! revealed that a double-exponential windo
with time constants of 30 ms~equivalent rectangular dura
tion, or ERD, of 60 ms! can account for the limited tempora
resolution of the binaural system which is observed in diff
ent experiments, which often reveals different underlyi
temporal windows. The shape and ERD of the window w
chosen to fit the experimental results of Kollmeier a
Gilkey ~1990!. A somewhat larger value for the ERD of 10
ms was found by Culling and Summerfield~1998!. Their
estimate was based on a Gaussian window. They also fi
their data with a double-exponential window, resulting
ERDs between 48 and 117 ms, which is much closer to
temporal window we used throughout the whole pap
These results support the fact that the ERD itself is no
very valuable property to discuss without mentioning t
window shape from which it is derived.

The data in Fig. 8 were obtained for a sinusoida
changing masker correlation. The ERD found by Holu
et al. ~1998! that fitted these data~using a double-
exponential window! was 91 to 122 ms. A similar experi
ment by Grantham and Wightman~1979! revealed an ERD
of 139 to 189 ms. Despite these rather large ERDs compa
to the ERD of our model, the simulations give a good fit
the data. This suggests that not only the shape of the tem
ral window, but also the stimulus configuration has an infl
ence on the ERD that is estimated from experimental d
experiments with stepwise correlation changes result
lower estimates of the time constants than sinusoidal co
lation changes~Kollmeier and Gilkey, 1990; Holubeet al.,
1998!.

A possible explanation for these differences in the e
mate of the ERD was given by Holubeet al. ~1998!. They
stated that ‘‘the reason for this mismatch seems to be
different detection strategies employed for the various ta
that are affected by the consistency of binaural informat
across frequency and time.’’ In their fitting procedure, Ko
meier and Gilkey~1990! and Holubeet al. ~1998! obtained
the predicted thresholds by computing the weighted integ
tion of the instantaneous interaural cross correlationat the
temporal center of the signal. For the sinusoidal changes i
the correlation, it is likely that this detection strategy resu
in the highest signal-to-masker ratio, given the fact that b
the temporal window and the correlation modulation a
symmetric around that moment. It is not obvious, howev
that this strategy is also optimal for the stepwise correlat
changes. In fact, an analysis of the optimal detector in
model revealed that within the framework of our model, t
optimal position for detecting the signal is about 10 ms f
ther away from the masker phase transition~i.e., off-time
listening!. Hence, by analyzing the correlation slightly awa
from the temporal center of the signal, lower thresholds
obtained. Consequently, the fitting procedure used by K
meier and Gilkey~1990! and Holubeet al. ~1998! for step-
1115Breebaart et al.: Binaural processing model. III.
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wise correlation changesunderestimatesthe time constants
present in the system. This is perfectly in line with the
experimental results: the time constants for stepwise corr
tion changes were about a factor of 2 lower than for
sinusoidal correlation changes.

One of the experimental findings that the present mo
could not account for is the bandwidth dependence of in
aural correlation jnd’s for a reference correlation of11 ~see
Fig. 3!. The experimental data show a substantial decreas
performance with bandwidth, while the model’s performan
increases. A possible explanation for this discrepancy is
the binaural auditory system can only integrate cues ac
frequency if these cuesare highly correlatedacross auditory
filters. Since the data show the strongest increase in the
relation jnd for bandwidths beyond the ERB of the audito
filters, it is likely that the increase in the thresholds resu
from across-frequency effects instead of within-filter stim
lus properties. If a stimulus with a correlation of11 is pre-
sented, the stimulus can be canceled completely. The re
tion of the correlation can thus in the model be detected
an increase in the residual noise after optimal cancellation
the noise is broadband, this residue is in principle indep
dent across peripheral filters. Our model does not incorpo
the correlation of cues across frequency. However, it co
be possible that the binaural auditory system does.

Another experimental result that cannot be accounted
by the model is the low-pass characteristic that is obtai
with dynamically varying ITDs~Fig. 10!. A model that can
account for these data is the position-variable model of S
and Bachorski~1983!. In their model, the intracranial locu
of the stimulus is estimated by computing a weighted c
troid of the running cross-correlation function. The runni
cross-correlation function is computed using an expon
tially decaying averaging window with a fixed time consta
If the ITD is modulated with a period that is longer than t
duration of the temporal averager, the peak of the runn
cross-correlation function follows the externally presen
ITD. Consequently, the weighted centroid modulates si
larly. If the ITD modulation frequency is increased, the lo
pass characteristic of the running cross correlation avera
the ITD over time. This results in a lower but wider peak
the cross-correlation function. Moreover, the maximum d
placement of the peak decreases. Consequently, the a
tude of the time-varying centroid of the cross correlati
decreases. Since this centroid is used as a decision variab
thresholds increase with increasing modulation rate. In f
the model of Stern and Bachorski~1983! was very successfu
in predicting the data shown in Fig. 10 for the left side of t
bell-shaped curve.

It would in principle be possible to modify our model i
such a way that it does not use increases in the activity in
EI-type pattern but rather an estimate of the position of
sound source as a decision variable. This can be facilita
by scanning the position of the minimum within the EI-typ
element activity pattern. The reason that we did not base
model’s decision process on a position variable is that s
an approach has a detrimental effect on the fits of other d
For example, in our second paper~Breebaartet al., 2001b!,
NoSp thresholds were discussed as a function of the ba
1116 J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001
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width of the masking noise. The predicted thresholds as w
as the experimental data show approximately cons
thresholds for bandwidths up to twice the ERB of the perip
eral filters. We expect that a position-variable model, ind
pendently of whether the binaural interaction is based on
or EI processing, cannot account for this result. The addit
of an Sp signal to a diotic masker results in the presence
dynamically varying IIDs and ITDs in the stimulus. The ra
of fluctuation of these differences depends on the bandwi
a larger bandwidth corresponds to faster fluctuations. Con
quently, the NoSp thresholds for a position-variable mod
are expected to increase with increasing bandwidth, whic
not in line with the experimental data. In summary, we
not see how the absence of an effect of the ITD modulat
rate in bandlimited NoSp conditions and the clear effect o
ITD modulation shown by Grantham and Wightman~1978!
can be explained with the same detection mechanism.

Finally, the strong overshoot in the peripheral adaptat
loops which results in lower detection thresholds for a b
aural signal presented during the first 25 ms of the maske
an unwanted effect. In a certain way, we can end this se
of binaural modeling papers with a remark similar to o
made at the end of the discussion by Dauet al. ~1996b!. The
temporal dynamics and nonlinear compression effects of
adaptation loops are useful in understanding a numbe
binaural effects like binaural forward masking and the infl
ence of overall interaural level differences on binaural u
masking and on lateralization, while for some specific co
ditions, their temporal dynamic is too strong. Obviously, w
so far have not found the optimal realization of this sta
Therefore, we will, together with our colleagues in Olde
burg, continue in our efforts to improve the understanding
this part of our monaural and binaural models.
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1The data adapted from Zwicker and Zwicker~1984! were measured at
400-Hz center frequency instead of 500 Hz. In contrast to the other stu
their masking noise was not spectrally flat but had a spectral energy d
bution that is referred to asuniform masking noise. The amplitude spectrum
of this noise type is spectrally flat from 0 to 500 Hz and decreases with
dB/dec above 500 Hz. To be able to use their data, we calculated
spectral energy density of their masking noise at 400-Hz center freque
and used this value to plot the data.
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