Binaural processing model based on contralateral inhibition.
II1. Dependence on temporal parameters
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This paper and two accompanying papgBseebaartet al,, J. Acoust. Soc. Am110, 1074—-1088
(200D; 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 differencéd’Ds) and those measuring interaural correlation
just-noticeable differencegnd’s) as a function of bandwidth. @001 Acoustical Society of
America. [DOI: 10.1121/1.1383299

PACS numbers: 43.66.Pn, 43.66.Ba, 43.66[DWG]

I. INTRODUCTION duration which was long compared to the temporal resolu-
This is the third paper describing our binaural signaltlon of both the monaural and binaural stages of the model

detection model and its ability to predict binaural detection("e" 200 ms or Ipnge}r W_e _demonstrated that the mode| is
thresholds in a great variety of experimental conditions. Thid/6"Y successful in describing the threshold dependence on
model basically consists of three stag@eebaartet al, spectral stimulus pa_rameters and th_at this success can,.to a
20014. The first stage simulates the effective signal processiarge extent, be attributed to an optimal combination of in-
ing of the basilar membrane and the inner hair cells andormation across auditory channels.
includes adaptation by means of adaptation lo@muet al., In the current paper, we focus on the temporal properties
1996a. Binaural interaction is modeled in the second stagedf the stimuli, keeping the spectral parameters constant. Two
by means of a contralateral inhibition mechanism: the modeimportant temporal properties are studied intensively. The
computes the squared difference signal between the left arfifst concerns temporahtegration It has been shown that
right ears as a function of time, frequency channel, internathe binaural system is able to integrate binaural cues tempo-
interaural delay(7 in secondy and internal interaural level rally if such a process enhances a detection task. For ex-
adjustment« in dB). These binaural signals are corrupted byample, an increase of the signal duration in an M@®ndi-
internal noise and subsequently analyzed by the third stage tion results in a decrease of the signal threshold for signal
the model, the central processor. The model is used as afurations up to 300 m&wicker and Zwicker, 1984; Wilson
artificial observer in a three-interval, forced-choice proce-and Fowler, 1986; Wilson and Fugleberg, 1987; Bernstein
dure, and the central processor matches the representationsd Trahiotis, 1999 The second property is related to the
of the presented stimuli to templatéderived during previ-  temporalresolutionof the binaural auditory system. Several
ous presentationson this basis the model indicates which gygies have revealed that the auditory system is sluggish in
interval contains the signal. _ its processing of interaural differences. For example, the
In the second paper of this seri¢Breebaartetal. — inimum audible angle of a sound source strongly depends

2001bd mOd?l prt§d|ct|?tnhs for b|tna|ural detetcuon fv;/ﬁre t(_j's'ﬁn its velocity (Perrott and Musicant, 197.7Experiments
cussed as a function ot the Spectral parameters ot the stimu I'sing time-varying interaural intensity differenc@iDs) re-

keeping the temporal parameters constant. All stimuli had Jealed that 11D detection shows a low-pass behavior with a

3 — . _ cutoff frequency of about 20 H&Grantham, 1984 The de-
Now at: Philips Research Laboratories Eindhoven, Prof. Holstlaan 4,t . fd . b . h
NL-5656 AA Eindhoven, The Netherlands. Electronic mail: ectlon_ of dynamic ITDs seems to be even V‘_lorse’ Grantham
jeroen.breebaart@philips.com 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. Detection
experiments performed with a masker which has a time-
varying interaural correlation show that the binaural auditory
system has a time constant between 44 and 243 m)
(Grantham and Wightman, 1979; Kollmeier and Gilkey,
1990; Culling and Summerfield, 1998; Akeroyd and Sum-
merfield, 1999, which is rather high compared to the 4 to 44
ms for monaural processing<olimeier and Gilkey, 1990;
Plack and Moore, 1990The aim of the current study is to
demonstrate that the model presented in Breebegal.
(20012 can also account for these temporal phenomena.

stage results in thresholds of interaural differences

that depend on the interaural cross correlation of the

reference stimuli.

Optimal detector in the central processor. The El-type

element outputs are corrupted by an additive internal

noise. Subsequently, the internal representations of
the external stimuli are compared to a template that

consists of the average masker-alone representation.
The differences between the actual stimulus and the
template are weighted and integrated both in the time-
and the frequency domain according to an optimal

criterion. This enables the optimal detector to reduce
the influence of the internal noise, and to accumulate
information about the signal by adapting its observa-
tion interval (matched temporal integrafor

Il. METHOD
A. Relevant stages of the model

In the Introduction, a coarse description of the generaB. procedure and stimuli
model setup was given. In this section, the stages of the ) o
model that are relevant for the simulations described in this 1€ Procedure, the method of generation of stimuli, and
paper(i.e., temporal behaviprare discussed in more detail. the model calibration were the same as those d_escrlbed in the
For a detailed description of the complete model, see BregiPectral paperBreebaartet al, _20015' In pa_rt|cu|a_r, all
baartet al. (20014. model pararr_\eters were kept fixed for all S|mulat|ons Qe—

scribed in this paper and were the same as in the previous

(i)  Filtering of the gammatone filterbank. The filterbank paper. For details regarding the procedure and model calibra-

present in the peripheral processing stage determinegon, refer to Breebaast al. (2001D. In all simulations, the

the spectral resolution of the model, in line with the duration, level, on- and offset ramps, bandwidth, and onset

equivalent rectangular bandwidttERB) estimates delay of both the maskers and signals equaled the values

published by Glasberg and Moo(&990. Due to the used in the experiments with human subjects. If more data

limited bandwidth of the filters in the gammatone fil- sets from various authors with different experimental settings

terbank, ringing occurs which influences forward- were used, the experimental settings from one of these stud-

masking thresholds for very short signal delays. ies were used for determining the model simulations. Com-
(i) A chain of five adaptation loops is included in the parison with the other data sets was possible because in such

peripheral preprocessor. These adaptation loops limigonditions, we either calculated binaural masking level dif-

the detectability of short low-level signals presentedferences(BMLDs) or normalized the thresholds with the

shortly after the offset of a high-level masker. Due to spectral level of the masking noise.

this limitation, the monaural detection model by Dau

et al. (19963 has been successful in predicting detec-|||. SIMULATIONS

tion performance in monaural nonsimultaneous mask- )

ing conditions(Dau et al, 1996b, 1997, Because the - NS and NpSm correlation dependence for

current model includes the same stages as the modé\f'deband noise

by Dauet al. (19964, this predictive scope is inher- This section deals with the detection of a signal in the

ited by our model. Furthermore, because the binaurapresence of a masker with vario(fixed) values of the in-

interaction follows the peripheral adaptatiof. teraural correlatiorip). Similar stimuli were discussed in the

Kohlrausch and Fassel, 199binaural forward mask- spectral pape(Breebaartet al, 2001b, Sec. Il EE focusing

ing will also be limited in its steepness through the mainly on the bandwidth dependence of the masker. In this

presence of the adaptation loops. section, the nonstationary behavior of interaural differences
(i) Central temporal window. In the binaural processor,in such conditions will be discussed. By “nonstationary” we

El-type elements calculate the squared-difference sigmean that the expected values of the statistical properties,

nal between the outputs of the peripheral processosuch as the interaural correlation, are constant, but that these

for each auditory filter. These difference signals areproperties evaluated on a short-time basis change as a func-

convolved with a double-sided exponential window tion of time within each interval. It is therefore valuable to

with an equivalent rectangular duratioBRD) of 60  discuss MSw thresholds in the current paper, since these

ms to account for a limited binaural temporal resolu-experiments reflect the detection of a change indis&ibu-

tion. Because this window operates on the differenceion of interaural differences rather than the detection of the

signal, the same window is used to analyze 1IDs andoresenceof interaural cues.

ITDs as well as binaural detection data. Robinson and Jeffreg4963 measured thresholds for a
(iv) Compressive input—output characteristic of El-typewideband NS# condition. They used a 150-ms, 500-Hz

elements. The temporally smoothed difference signatone as signal presented in a 150-ms noise masker. The

of the El-type elements is compressed logarithmicallymasker had a spectral level of 50 dB/Hz. Their data are

In combination with an additive internal noise, this shown in the left panel of Fig. lopen symbols together
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with the model predictiongfilled symbols. The binaural In a very similar way, it can be shown that the addition

masking level differencéBMLD) is shown as a function of of an interaurally out-of-phase signgb,.(t)] to the same
the interaural masker correlation. For a correlation-df the  masker results in
condition corresponds to NeSand a large BMLD is ob- _ 2 >
served, which decreases with decreasing correlation. If the E(1)=(2=2p)N2(1) +4Sy (V). @
masker is interaurally uncorrelatéd=0), a BMLD of only The processes in the model that follow the El-type ele-
2 to 3 dB is present, which completely disappears if thement basically consist of time averaging resulting in a run-
correlation is decreased further toware4. ning averagee of the energy of (2-2p)N,(t), followed by

The right panel shows data for a monaural sigh&., the logarithmic input—output relation of the El-type ele-
NpSm), adapted from Wilbanks and Whitmor@968. In ments. As can be observed from E8), a decreasing inter-
this experiment, a 200-ms signal was used, also with a freaural correlatiorp results in an increasing amount of masker
guency of 500 Hz. The spectral masker level was 33 dB/Hzenergy that cannot be canceled by the El-type elements. As
The data show a similar curve as the®r condition, with  described in the first papéBreebaaret al,, 20013, this re-
two important differences. First, the BMLD pt=+1is 6 dB  sults in higher signal thresholds due to the logarithmic
smaller for the MSm condition. Second, almost no BMLD is input—output behavior. The above explanation also holds for
observed in the pSm condition withp=0, while the NbSm  the NoSm condition, except for the fact that the amount of
condition still shows a BMLD of a few dB at this masker signal energy in Eq4) is decreased by a factor of 4. Thus,
correlation. to achieve a similar change iB as for an S signal, the

To understand why the BMLDs decrease with a decreassignal level must be increased by 6 dB, an effect that is
in the masker correlation, it is useful to first have a closerclearly found in the data fop>0.7. For lower correlation
look at the way these partially correlated maskers are generalues, the signal level in the d8m condition approaches
ated. Usually, the p masker is obtained by combining the the monaural threshold and hence thresholds remain constant
waveforms of two or three independent noise sources. W# the correlation is reduced further.
will focus on the method using two noise sources, keeping in
mind that the method using three noise sources is in principl
similar (cf. van der Heijden and Trahiotis, 19917f two in-
dependent noise sources having time-domain waveforms Breebaart and Kohlrauscl{200l) measured NS
given byN;(t) andN,(t) are used to generate a noise with thresholds as a function of both the correlation and the
an interaural correlation qf, the left and right channels tY  masker bandwidth. The masker duration was 300 ms. A
and R¢) consist of the following linear combination of these 500-Hz sinusoid with a duration of 200 ms was used as the

%. NpS thresholds for narrow-band noise

noises: signal. Breebaart and Kohlraus¢B001 found that for a
narrow-band masker with a bandwidth of 10 Hz, thresholds
L(t)= %\/5\/1+pN1(t)+ %\/E\/l—pNz(t), varied more with the interaural correlation than for a wide-
R(t)=%\/§mN1(t)—%\/§mNz(t)- oy band masker. The narrow-band masker resulted in a much

steeper curve for correlations between 0.8 ariddcompared
r h imulus | d h del. and if to the wideband case. This is depicted in Fig. 2. Both the
such a stimu us 1s presente _to the model, and | WelO—Hz—wide(square}sand the 1000-Hz-widétriangles data
neglect the processing of the peripheral preprocessor, thé?re shown as a function of the masker correlation. The black
vyaveforms LO) and RO) enter an El-type element tha_t op- symbols denote the model predictions; the white symbols are
tlmaIIy_canceIs the maskéng internal de!ay or level adjust- experimental data. The separation between the narrow-band
ment, i.e., 7=a=0). In our implementatior(see Breebaart .4 he proadband data is due to the choice of a constant
etal, 20013, the output(E) of the El-type element is then overall masker level of 65 dB SPL, which gives a higher

given by spectral level for the 10-Hz-wide masker.
E(t)=(L(t)—R(1)2 ) Breebaart and Kohlrausd2001) argued that the differ-
ences between the 10-Hz curve and the 1000-Hz curve are
Substitution of Eq(1) into Eq.(2) results in due to the fact that two different factors limit the detection
process: internal errors and external variability. For the wide-
E(t)=(2—-2p)N3(t). (3 band masker, the thresholds are determined by the internal
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70 signal are transformed by the same process. Thus, for the
narrow-band condition witlp at or below 0.98, thresholds
are relatively high due to the “external” variability if.
Only whenp=1 does external variability play no role, and
thresholds are only determined by the internal error and are
therefore relatively low.

Threshold [dB SPL]
[9)] [=)]
o o

~
o

C. Interaural cross-correlation discrimination

Gabriel and Colburn(1981) measured just-noticeable
30 differences(jnd’s) in interaural cross correlation from two
06 07 08 09 1 reference correlation® and+1) at several bandwidths. The
Masker interaural correlation total noise level was kept constant at 75 dB SPL and the
FIG. 2. Running-noise p5 thresholds for a masker bandwidth of 10 Hz stimuli were spectrally centered at 500 Hz. At a reference
(squaresand 1000 Hztriangles. The overall masker level was 65 dB SPL correlation of+1, their results indicated that for bandwidths
for both bandwidths. The black symbols are model predictions; the whitdess than 115 Hz the correlation jnd was equal to about
symbols are data adapted from Breebaart and Kohlra(Eado. 0.004, while for larger bandwidths, the jnd increased mono-
tonically with the noise bandwidth. On the other hand, at a
errors. In our model, the specific relation between thresholdeference correlation of 0, the jrakcreasedvith increasing
and interaural correlation results from the logarithmic input—bandwidth, having a value of 0.7 for narrow-band stin{@li
output curve present in the El-type elements which was exHz) and 0.3 for the broadband ca@00 H2. Their results
plained in Sec. Il A. are summarized in Fig. 3. The left panel shows the correla-
For the narrow-band condition, other factors are impor-tion jnd’s at a reference correlation efl, the right panel at
tant. The temporal sluggishness filter effectively calculates @ reference correlation of 0. The white symbols are the ex-
running average of the output of E@) if a masker alone is perimental data for different subjects; the black symbols de-
present. This output increases if the signal is present. Baiote model predictions.
cause this output serves as a decision variable, the model The model predictions for a reference correlationtdf
must look for fluctuations in this variable that are attributable(left pane) show a completely different behavior from the
to the addition of the signal. Since the squared waveform oéxperimental data: the experimental data increase with in-
N,(t) is present in Eq(3), a running average df,(t) is  creasing bandwidth, while the model predictions show a
obtained, multiplied with a scalar which depends on the inimonotonic decrease with increasing bandwidth. Only for the
teraural correlation. If the bandwidth dF, is very small, the data at 40 and 115 Hz is there a close resemblance between
energy estimat& shows large fluctuations due to the limited model predictions and experimental data. The decrease in
number of degrees of freedom in the noise. If the standardorrelation jnd with increasing bandwidth for the model can
deviation of these fluctuations is larger than thengein E ~ be explained as follows. For all bandwidths, the reference
due to the addition of the signal with a certain level, it is verycondition has a correlation of 1. Consequently, the stimulus
unlikely that the model is able to detect the signal because afan be eliminated completely by the model. Thus, the refer-
the large amount a$timulus variability This is exactly what  ence intervals result in no internal activity for El-type ele-
happens in the narrow-bandpSr condition. Instead of be- ments that are optimally tuned to this detection task. If the
ing limited by internal errors, the thresholds are limited byinteraural correlation of the stimulus is reduced, the masker
external stimulus fluctuations if<1. Since the amount &  cannot be canceled completely, which results in some activ-
energy increases with decreasing correlafias can be ob- ity in the model. If the stimulus bandwidth is sméle., 3 to
served from Eq(3)], the amount of fluctuations i also 10 H2z), this cue for detection is available in the on-frequency
increases with decreasing correlation, hence resulting in infilter and in some adjacent filters due to spread of excitation.
creasing thresholds. This property is not altered by the logaif the bandwidth is increased, the number of auditory filters
rithmic input—output function of the El-type elements, sincethat contains information about the change in the correlation
both the fluctuations and the change in the output due to thimcreases since the change in the interaural correlation occurs

Reference correlation +1 Reference correlation 0
0.04 0.8

FIG. 3. Just-noticeable differences in the interaural cor-
relation at a reference correlation #fl (left pane) and

0 (right panel as a function of the bandwidth of the
0.4 stimulus. The white symbols are experimental data
adapted from Gabriel and Colbuf981) for two dif-
ferent subjects. The filled symbols are model predic-
tions.
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FIG. 4. NoSr thresholds as a function of the signal
duration. Data in the left panel are for a signal fre-
quency of 500 Hz, in the right panel for a signal of 4
kHz. The white squares are data adapted from Wilson
and Fugleberd1987, the upward triangles from Yost
(1985, the downward triangles from Wilson and
Fowler (1986, and the diamonds from Bernstein and
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Trahiotis (1999. The black symbols are model predic-
0 0 tions. Thresholds are given as signal levelmasker
2 4 8 16 32 64 128 256 2 4 8 16 32 64 128 256 spectrum level.
Signal duration [ms] Signal! duration [ms]

at the complete spectrum of the stimulus. This enables th&ins interaural differences which are present within a short
model to integrate information across auditory filters, resultperiod of time compared to the duration of the binaural win-
ing in an effective reduction of the internal noise. This in dow (about 60 ms As described in the first model paper
turn results in lower thresholds, as observed in the modelBreebaaret al., 20014, the output of each El-type element
predictions. This effect is not observed in the experimentals averaged over time by a temporal integrator. Consequently,
data, however. the cue for detection at theveragedoutput of such a tem-
The right panel of Fig. 3 shows data for the referenceyoral window is strongly reduced for a very short signal.
correlation of 0. Both model predictions and experimentalrherefore, the signal must have a relatively high level to
data show a decrease in the correlation jnd with increasingjici 5 change in the averaged output that can be detected by

in the corre!atlon jnd can be gxpla!ned by considering Stlmuoutput of the temporal window increases and hence the sig-
lus uncertainty. If the bandwidth is very sm&8 Hz), the :
: . nal level decreases at threshold. Since the output of the tem-
fluctuations in the output of the El-type elements are very . . : .
oral averager is proportional to the signal energy, this pro-

large (see Sec. Il B. Increases in the bandwidth result in P )
mogre(degrees of f?;:edom in the masker and hence less uRESS accounts for a decrease of 3 dB for each doubling of the
f signal duration, as long as the signal duration does not

certainty in the output of the El elements. This decreased )
uncertainty is reflected by the decrease in the correlation jndEXceed the time constant of the temporal averager. For dura-
For bandwidths beyond 115 Hz, increases in the bandwidtfons exceeding 60 ms, this process does not influence the
have almost no effect on the stimulus uncertainty becausgetection process.

these parts of the stimulus fall outside the auditory filter and ~ An additional effect of 1.5 dB per duration doubling
hence thresholds remain constant. results from the reduction of the internal error with increas-

ing signal duration by the optimal detector. A longer signal
duration means that the average output is available for a
longer time. This enables the model to reduce the internal
An important property that has a very strong effect Ongrror in the decision variable in a similar way as was de-
thresholds in an NoBcondition is the duration of the signal. gcriped for spectral integration of informatiésee Breebaart
The threshold behavior in this experimental paradigm basig; al, 2001b, for details After the temporal averager, an

pally reflgcts the'ability of .the binaural audit.ory system 10, y4itive noise is combined with the output of the El-type
integrateinformation over time. Several studies showed an

: . . ; X lements, followed by an optimal detector. If, after the tem-
increase in detection performance of up to 25 dB if the &gnaE

o ) oral integrator, the cue for detection is available for a long
duration is increased from 2 to 250 rtf. Yost, 1985; Wil- . . )
son and Fowler, 1986; Wilson and Fugleberg, 1987: Bem;ume, the optimal detector can decrease the amount of noise

stein and Trahiotis, 1999 The results of these studies are in its decision variable by integrating the El-element output

shown in Fig. 4(white symbol3 for a center frequency of over the total signal duration. In this way, a doubling in the
500 Hz (left pane) and for 4 kHz (right panel. Since in signal duration results in a doubling in the overall difference

these studies different noise levels were used ranging froff? OUtPUt betvyeer_1 masker an_d masker plus signal, while the
26.3 to 47 dB/Hz, we expressed thresholds as the ratio bé@mount of noise increases with the square root of 2. Hence,
tween signal level and spectral masker density. The threstihe detectability of the signal is increased, which results in a
olds decrease with a slope of 4.5 dB/oct for durations up tdower threshold. Thresholds are expected to decrease with

about 60 ms, while for longer durations, this slope is shal-L-> dB per doubling of signal duration. Thus, the combined

lower (1.5 dB/oct. The model predictions are shown by the effect of the processes described above accounts for the 4.5

black symbols in Fig. 4. They were derived for a 500-msdB per doubling for signal durations below 60 ms and 1.5 dB

wideband noise masker with a spectral energy density opeyond 60 ms.

36.2 dB/Hz(similar to Wilson and Fugleberg, 1987 The slope of 4.5 dB/doubling for signal durations below
The model predictions show a very similar signal- 60 ms and 1.5 dB/doubling beyond 60 ms is also present in

duration dependence to the experimental data. These resutf¥e model simulations at 4 kHazight panel of Fig. 4 Ex-

can be explained as follows. First, consider a signal of veryept for an overall difference of about 4 dB, these model

short duration(2 mg. In this case, the signal interval con- predictions are very close to the experimental data, although

D. NoS+ signal duration

J. Acoust. Soc. Am., Vol. 110, No. 2, Aug. 2001 Breebaart et al.: Binaural processing model. Ill. 1109
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% FIG. 5. NoSr thresholds as a function of the masker

duration. The upper-left panel denotes experimental
data with a forward fringe, the upper-right panel with a
backward fringe. The lower panel shows thresholds for
a signal temporally centered in a masker for four differ-
10 25 50 100 250 500 1000 10 25 50 100 250 500 1000 ent masker durationesquares denote 500 ms, upward

Forward fringe [ms] Backward fringe [ms] triangles 100 ms, downward triangles 50 ms, and dia-
monds 25 mpas a function of the center frequency. The
white squares in the upper panels are experimental data
for a 500-Hz, 32-ms signal adapted from Robinson and
Trahiotis (1972, the upward triangles are from the
same study with a 256-ms signal, the diamonds are
adapted from Zwicker and Zwickét984) for a 400-Hz
signal. The black symbols are model predictions for a
500-Hz, 20-ms signal.
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the difference in slope below and beyond 60 ms cannot béas no activity for a masker alone and has some activity
deduced from the experimental data. during the presence of the signal. Since this activity is used
as a cue for the detection, and since it does not depend on the
duration of the masker, the model’s predictions do not, in
principle, depend on the masker duration. The decrease in

Besides reports on the duration of the signal, severathresholds for very short forward fringes is a consequence of
studies have been published on the effect of the duration dhe monaural adaptation loog®au et al, 1996a. These
the masker. Basically three configurations have been testethops are not completely charged during the first 25 ms of
The first uses a forward noise fringe of variable len@iob-  the stimulus and a substantial overshoot in the output of the
inson and Trahiotis, 1972; Zwicker and Zwicker, 1984; Yost,adaptation loops exists just after the onset. If interaural dif-
1985, while in the second configuration, a backward noiseferences are presented within this short period of time, they
fringe is used(Trahiotiset al, 1972; Zwicker and Zwicker, Wwill result in a stronger change at the output of El-type ele-
1984; Yost, 1985 A third condition includes a signal which ments than if they were presented with a longer forward
is temporally centered in the mask&ohlrausch, 1986 The  masker fringe. Therefore, the thresholds are up to 5 dB lower
duration of the fringe in these studies varied between 10 anduring the first 25 ms. This effect is clearly visible in the
256 ms; the center frequency was always 500&kcept for  upper-left panel of Fig. 5 for short forward fringes and in the
Zwicker and Zwicker, 1984, using 400 HzMost experi- lower panel(with the centered signalin the latter case,
ments were performed with relatively short sign@lg to 32  simulated thresholds are more than 10 dB lower than the
ms). The experimental results are shown in Fig. 5. Theexperimental data for a 25-ms maské&.5-ms forward
upper-left panel shows data for a forward fringe, the upperfringe). For masker durations of 50 ms and beyond, the
right panel for a backward fringe. The lower panel showsmodel predicts nearly constant thresholds, while the experi-
four different curves for four different masker duratidi2s,  mental data show a slight decrease with increasing masker
50, 100, and 500 msas a function of center frequency. The duration. On the other hand, the backward fringe has no in-
white symbols are data from different data sets, the blackluence on the state of the adaptation loops; hence, the
symbols are the model predictions for a 20-ms, 500-Hz sigthresholds do not depend on the duration of the backward
nal added to a broadband masker with a level of 50 dB/HAringe, as demonstrated in the right panel of Fig. 5.

(similar to Trahiotiset al,, 1979. Thresholds are expressed
as the ratio between signal energy and spectral masker de
sity to enable comparison between data ets.

The predicted thresholds hardly change if the masker The previous sections dealt with the ability of the bin-
duration is varied. This is in contrast to what is observed ifaural auditory system timtegrateinformation over time. Be-
the signal duration is changed, as discussed in Sec. D. Asides integration, another very important temporal property
maximum decrease of 5 dB is observed experimentally if thehat can be measured is the tempaedolutionof the sys-
forward masker fringe is increasétp-left panel of Fig. 5 tem. In analogy to the frequency-domain phase transition
The model predictions show no effect of the masker durationvhich we discussed in the accompanying pafneebaart
at all, except for very short forward fringes. The absence of &t al, 2001b, an interaural phase transition can be applied in
distinct effect of masker duration is expected, since the outthe time domain. As the spectral phase transition enabled the
put of an El-type element optimally tuned for this condition estimation of the spectral resolution, the time-domain

E. NoS# masker duration

E.-Maskers with phase transitions in the time domain
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equivalent enables estimation of the temporal resolutionhalf of the total stimulugthis condition is referred to as
One possible realization of such a phase transition is & m(—15dBN#S], while the data in the lower-right panel
masker which is first interaurally in phase and then interauwere obtained for a 15-dB increase at the stimulus center.
rally out of phase. This condition is referred to as#®ar if The open symbols denote data from different subjects
an interaurally out-of-phase signal is used. In a similar wayadapted from Kollmeier and Gilke§1990; the filled sym-
N#7oSw refers to a masker that is interaurally out of phasebols are model predictions. Clearly, the time constant for
first, followed by an in-phase noise. If the signal is centeredprocessing monaural cues is much shorter than for the pro-
within the in-phase masker portion, the effective condition iscessing of binaural cues. The ability of the present model to
NoSw and a large BMLD is observed. On the other hand, ifalso predict monaural forward- and backward masking relies
the signal is presented during the out-of-phase masker poon a completely different process from that involved in pre-
tion, no BMLD is expected. Experimental data have showndicting the binaural temporal resolution effects. The monau-
that for signal positions close to the masker phase transitiomal data are predicted due to the presence of the adaptation
a gradual change of the threshold is obserifaalimeier and  loops prior to any binaural interaction. Since the model in-
Gilkey, 1990; Holubeet al,, 1998. The experimental data of corporates all the stages of the monaural model described by
individual subjects from Kollmeier and Gilke{1990 are  Dauet al. (19964, b, it inherits the predictive power of that
shown in Fig. 6. These data were measured with a 500-Hanodel for all cases where no binaural interaction is needed.
20-ms signal added to a broadband noise with a spectral An extension of the experiment with one masker phase
energy density of 40 dB/Hz. The thresholds are plotted as &ansition in the time domain is obtained by using two phase
function of the signal center relative to the occurrence of thearansitions. Culling and Summerfie{@998 measured detec-
phase transition of the masker. The upper-left panel corretion thresholds of a 500-Hz 20-mszSsignal which was
sponds to an MWoSm condition, the upper-right panel to added to a broadband in-phase noise magkey of variable
No#Sar. In both conditions, a gradual change in threshold isduration, preceded and followed by 400 ms of interaurally
observed near the phase transitiorms. The model predic- uncorrelated noise. The spectral energy density of the noise
tions (black symbols have a similar gradual change in was 40 dB/Hz. We refer to this condition as NueuSCull-
threshold as the experimental data and follow the loweing and Summerfield1998 found that thresholds decrease
bound of the four subjects. by up to 12 dB with increasing No duration from 20 to 960
The gradual change as observed in Fig. 6 is thought tans. The data are shown in Fig. 7. The white symbols are data
reflect thetemporal resolutiorof the binaural auditory sys- for three different subjects; the black symbols are model pre-
tem. In the model, this resolution is limited by the temporaldictions.
averager at the output of all El-type elements; the stepwise For No durations between 20 and 400 ms, the modeled
masker correlation change is heavily smoothed by the avethresholds agree well with the subjects’ data. For further in-
ager, and hence thresholds show a gradual change insteadaséases in No duration there is a discrepancy, because the
a stepwise one. experimental data tend to decrease further, while the mod-
The lower panels in Fig. 6 show data obtained for aeled thresholds remain constant. This indicates that the tem-
corresponding “monaural” condition. Both the signal and poral resolution of the human binaural auditory system is
the two masker portions were presented interaurally out ofery well represented by the model, but that some really
phase(N7N#7Sw), and one of the masker portions was de-long-term processes with a temporal extension of 500 ms and
creased in level by 15 dB. The data in the lower-left panelmore are not covered by our present model structure.
were obtained for a masker that drops by 15 dB at the second Besides using stepwise correlation changes in the
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FIG. 7. NuouSr detection thresholds as a function of the duration of the NoF|G, 9. Modulation depttin dB) required for discrimination of interaural

noise. White symbols are experimental data for different subjects adaptefi_phase modulation from out-of-phase modulation as a function of the

from Culling and Summerfiel998; black symbols are model predictions. modulation frequency. The white symbols denote results for different sub-
jects adapted from Grantha(984); the black symbols are model predic-
tions.

masker, experiments have also been performed with a sinu-

soidally changing interaural masker correlation. Holube(;_ Discrimination of dynamic interaural intensity

et al. (1998 measured the detectability of a 500-Hz, 20-msdifferences

signal as a function of the correlation modulation period. The -

'9 np . Grantham(1984) measured observers’ ability to detect
signal was always centered at a temporal position where e

. ~ “time-varying interaural intensity differences. The stimuli
ther an No or Nr noise was present. The masker duration ying y

2500 for th dulati iods of 2 41 (ionsisted of interaurally uncorrelated noises of which the
was ms for theé moduiation periods of 2= an san nvelopes were sinusoidally modulated. The task was to dis-
750 ms for shorter periods. A bandlimited maskerl to 1

. criminate between a modulation which was interaurally in
kHz) was used with an overall level of 75 dB SPL. The jase and a modulation which was interaurally out of phase,
results (white symbol$ combined with model predictions he |atter resulting in interaural intensity differences. The
(black symbols are shown in Fig. 8. The left panel corre- y5ise ysed in this experiment had a bandwidth of 0.4 octaves
sponds to a signal presentation at a position where the nois&ntered at 500 Hz and had a level of 75 dB SPL. The stimu-
was interaurally in phase, the right panel where it was out of,,s guration was 1000 ms. The results of Granthd984)
phase. Thresholds are expressed relative to the monaur@pen symbolscombined with the model predictiorifilled
(NoSo thresholds. symbol3 are shown in Fig. 9.

The thresholds for the signal presentation centered on  As can be observed in Fig. 9, the thresholds increase
No decrease with increasing modulation period. This is theith increasing modulation rate, indicating a low-pass modu-
result of the decreasing amount ofmoise at the input of |ation function of the binaural auditory system. Although the
the temporal window of the El-type element during the pre-data show large variations across subjects, the model predic-
sentation of the signal. A similar argument holds for the pre+ions are a good representation of the subject denoted by the
sentation during the M masker phase. With decreasing pe-downward triangles. The general trend is that of a low-pass
riod, an increasing amount of N noise is present in the filter; the modulation index required at threshold increases
El-type element during signal presentation, resulting inwith increasing modulation frequency. In our model, this can
higher thresholds. be understood as follows. The unmodulated noise that was

In contrast to earlier modeling approach@®limeier  used had an interaural correlation of 0. If a sinusoidal modu-
and Gilkey, 1990; Holubet al., 1998, our implementation lation is superimposed on the noise waveform, the interaural
does explain data for stepwise and sinusoidal correlatiomorrelation of the noise remains unchanged. Now, consider
modulation with thesametemporal window. We will come the output of an El-type element centered at the stimulus
back to this observation in the General Discusgi®ec. I\). center frequency and=7=0. For the interaurally in-phase

FIG. 8. Detection thresholds for ammSignal presented

0 in a noise masker with a sinusoidally modulated inter-
aural correlation. Thresholds are plotted relative to the
-5 monaural(NoSo threshold. The left panel corresponds
to a signal presentation at a point where the interaural
masker correlation was 1, the right panel to a masker
correlation of—1. The white symbols are data adapted
from Holubeet al.(1998; the black symbols are model
predictions.
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Threshold re NoSo [dB]
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modulator(i.e., the reference stimylithe output of the El-
type element has a similar pattern as the modulator: during 100
positive modulator phases the masker energy is increased

and hence the uncorrelated masker results in an increased Ei 80

amount of activity. On the other hand, a negative modulator a

phase results in a decrease in the El activity. These modula- 5 60

tions are, however, only present for low modulation frequen- %

cies (<10 H2); for higher modulation frequencies the El- £ 40
[

output modulation depth decreases due to the temporal 20
averaging. Thus, as long as the modulation period is beyond
the time constant of the temporal averager of the El-type
elements, the externally presented monaural modulation is
reflected by a modulation of the El-type element output. The
out-of-phase modulator results in hardly any modulation infiG. 10. Peak interaural time difference in microseconds at threshold as a
the El-type element output: every attenuati@e., negative  function of the modulation frequency for the detection of sinusoidally vary-
modulator phaseof the eft-ear signal is accompanied by an "9 eraua e eiferences, The open symbols wre expermeta cat
amplification of the right-ear signdl.e., a positive modula- jects: the black symbols are model predictions.

tor phasg and vice versa, resulting in only a very small

effect on the El activity. Thus, as long as the modulations iq
the El-type output due to the in-phase modulator are clearl
visible (i.e., slow modulations the model shows a low
modulation threshold which increases with increasing modu
lation frequency.

0
25 5 10 20 50 100 200 500
Modulation frequency [Hz]

s related to the fact that the ITD at the onset of the signal is
¥et to 0 and changes sinusoidally during the stimulus. If a
modulation rate of 10 Hz is used, the first maximum in the
ITD occurs 25 ms after the stimulus onset. At a modulation
rate of 20 Hz, the maximum occurs at 12.5 ms, etc. As dis-
cussed in Sec. lll E, interaural differences closer to the onset

H. Discrimination of dynamic interaural time of the stimulus result in lower thresholds due to the over-
differences shoot in the peripheral adaptation loops. Therefore, the ITD
thresholds shown in Fig. 10 decrease with increasing modu-

Grantham and Wightmafnl978 measured the detect-
ability of sinusoidally time-varying interaural time differ-
ences present in a low-pass noise. The spectra of the nOi?eBinaural forward maskin
stimuli were approximately flat between 10 and 3000 Hz." 9
The presentation level was 70 dB SPL, the duration 440 ms. In the previous experiments, the signal was always pre-
Grantham and Wightmal978 found that the peak ITD sented simultaneously with the masker. If a short signal is
required for detection strongly depends on the modulatiompresentedafter the masker, a phenomenon referred to as for-
frequency, having a value of about 28 at a modulation rate ward masking is observed. For signals that are presented at
of 0 Hz, which increases to 9@s at 20 Hz. Interestingly, the increasing delays with respect to the masker offset, the
thresholds decrease again for higher modulation rates, reactiresholds decrease gradually towards the absolute threshold
ing a value of about 3@s at a modulation rate of 500 Hz. instead of showing a stepwise charigé Punch and Carhart,
The results are shown in Fig. 10. The white symbols denotd973; Yama, 1992; Kohlrausch and Fassel, 299his el-
the experimental data; the black symbols are model predicevation is observed for signal delays of up to 200 ms. More-
tions. over, a binaural release of masking can be observed if the

The bell-shaped curve which is seen in the experimentadignal is presented interaurally out of phase compared to an
data is not observed in the model predictions. Consideringn-phase signal. For example, Yamd992 measured
the properties of the model, this is expected, since the aveferward-masking thresholds for a 10-ms, 250-Hz signal com-
age or peak interaural difference that occurs in this stimuludined with a low-pas$0-2.5 kHz, overall level of 70 dB
does not depend on the modulation rate. Therefore, th8PL), 500-ms running noise. Linear ramps of 5-ms duration
model predictions do not show a bell-shaped curve but dewere used to gate both signal and masker. The results show a
crease monotonically by a factor of about 2.5. This decreasBMLD of about 14 dB for simultaneous masking, which

lation rate.

n
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FIG. 12. Forward-masking thresholds for a 20-ms So
signal (left pane) and an Sr signal (right panel as a
function of the time difference between masker and sig-
nal offset. A 300-ms frozen-noiséNo) served as the
masker. The white symbols are experimental data
adapted from Kohlrausch and Fas§E997); the black
symbols are model predictions.
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decreases to a few dB for signal delays of 100 ms, as can déence, a substantial BMLD is only found for signal delays
observed in the left panel of Fig. 11. Thresholds are shown asp to 20 ms. Kohlrausch and Fas$&bB97 also measured
a function of the time difference between signal and maskeforward masking thresholds for a 20-ms masker. The wave-
offset. The squares denote monauia., NoS9 thresholds; form of this short masker was identical to the last 20 ms of
the triangles denote binauréNoSw) thresholds. The right the long masker. The results are shown in Fig. 13 in the same
panel shows the corresponding BMLDs, for both the modeformat as Fig. 12.
and the experimental data. The main difference between the threshold behavior of
As can be observed from Fig. 11, the mo@@hck sym-  300-ms and 20-ms maskers is the slope of the forward-
bolsg) shows a similar threshold behavior as the experimentamasking curve, which is steeper for the short masker. In the
data. For simultaneous masking, a BMLD of 14 dB is ob-model, this steeper curve is the result of the fact that the
served in the experimental data and a few dB less for thadaptation loops which are part of the peripheral preproces-
model predictions. Both the binaural and monaural forwardsor are not completely “charged” if a masker of only 20 ms
masking thresholds show a decrease towards the absolugused(Dau et al., 19961).
threshold, which is about 35 dB for both the So and S Also in this condition, the model shows BMLDs only
signal. In the region of 0 to 100 ms, a substantial BMLD canfor signal delays of up to 20 ms, perfectly in line with the
be observed which is, however, smaller than the BMLD forexperimental data. The difference in BMLD behavior be-
simultaneous masking. tween the conditions shown Fig. 11 on the one hand and in
Results that seem to be in contradiction with those found-igs. 12 and 13 on the other hand is related to the difference
by Yama (1992 were obtained by Kohlrausch and Fasselin signal duration that was used. Yari992 used a rela-
(1997. Their forward-masking experiments only showedtively short signal(10 mg, while Kohlrausch and Fassel
BMLDs for signal delays up to 20 ms instead of the 100 ms(1997 used a 20-ms signal. If a short signal is presented to
found by Yama(1992. The data were obtained with a the model, the onset of the signal will result in an increase of
300-ms frozen-noise masker which was spectrally flat bethe output of the peripheral adaptation loops compared to the
tween 20 and 1000 Hz. The overall masker level was 70 dButput in the absence of the signal. On the other hand, if the
SPL. A 20-ms, 500-Hz signal was used. The same valuesignal is turned off, the adaptation loops deg least par-
were used to obtain the model predictions. However, thdially) adapted to théhighen input signal; hence, the signal
frozen-noise sample was different from the one used in theffset results in a decrease of the output. Moreover, due to
experiments. The results and model predictions are shown ithe adaptation of the system, the activity after the offset will
Fig. 12. The left panel corresponds to monaural conditionde lessthan if no signalwas present. An example of this
(NoSo, the right panel to binaural conditiorisloSm). property can be seen in the lower panel of Fig. 7 of Dau
In the NoSo condition, thresholds start to decrease aset al. (1996a: the presence of the signal results in both an
soon as the offset of the signal occurs after the masker offsebvershoot at the signal onset and an undershoot at the signal
In contrast, No& thresholds remain constant for signal de- offset. If the duration is sufficiently long compared to the
lays up to about 10 ms. For larger signal delays, the thresitemporal resolution of the monaural system, the model can
olds gradually decrease with signal delay towards the absaise both the overshoot at the onset of the signal and the
lute threshold. This decrease is stronger for the monauralndershoot at the offset of the signal to detect the signal’s
(NoSo condition than the binauralNoSw) condition.  presence. If a very short signal is used, however, the tempo-
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FIG. 13. Forward-masking thresholds for a 20-ms So

signal (left pane) and an Sr signal (right panel as a
function of the time difference between masker and sig-
nal offset. In this case, the masker had a duration of
only 20 ms. The white symbols are experimental data
adapted from Kohlrausch and Fas§E997); the black
symbols are model predictions.
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ral averager at the output of the adaptation loops partially =~ The simulations as a function of interaural correlation
cancels the undershoot by the overshoot, resulting in and bandwidth revealed that the detection performance of the
smaller overall effect at the output of the temporal averagemmodel can in principle be limited by two sources of errors,
In the binaural case, the temporal window does not reducaamely stimulus uncertainty in the externally presented sig-
the detectability of the signal because the window is appliechals and errors in the internal accurdayternal noisg

after the computation of thequared differenceetween the The data in Figs. 6 and (tepwise correlation change in
left and right channels. Therefore, monaural thresholds arthe time domainrevealed that a double-exponential window
elevated more strongly if the signal duration is decreaseebith time constants of 30 m&quivalent rectangular dura-
from 20 to 10 ms than binaural thresholds. This is also obtion, or ERD, of 60 mscan account for the limited temporal
served in the model predictions. If a 20-ms signal is usedesolution of the binaural system which is observed in differ-
(Figs. 12 and 1B both the monaural and binaural cues areent experiments, which often reveals different underlying
about equally strong and no BMLD is observed for signaltemporal windows. The shape and ERD of the window were
delays beyond 20 ms. When using a 10-ms signal, howeveghosen to fit the experimental results of Kollmeier and
the monaural thresholds are elevated more than the binaurglilkey (1990. A somewhat larger value for the ERD of 100
thresholds, resulting in a BMLD which is still present evenms was found by Culling and Summerfie{d998. Their

for signal delays up to 100 ms. estimate was based on a Gaussian window. They also fitted
their data with a double-exponential window, resulting in
IV. GENERAL DISCUSSION ERDs between 48 and 117 ms, which is much closer to the

We have shown that our binaural model is quite succesgemporal window we used throughout the whole paper.
ful in describing the dependence of binaural detection threshlhese results support the fact that the ERD itself is not a
olds on temporal stimulus properties. These properties invery valuable property to discuss without mentioning the
clude the effect of signal and masker duration, forwargWindow shape from which it is derived.
masking, and detection against stimuli with a time-varying ~ 'he data in Fig. 8 were obtained for a sinusoidally
interaural correlation. By means of a temporal integrator fol-changing masker correlation. The ERD found by Holube
lowed by an optimal detector in the time domain, the modeft al. (1998 that fitted these data(using a double-
accounts both for temporal resolution and for temporal inte€xponential window was 91 to 122 ms. A similar experi-
gration properties within a single framework. It is interestingment by Grantham and Wightmat979 revealed an ERD
to note that a similar framework in the spectral domain isOf 139 to 189 ms. Despite these rather large ERDs compared
present in the modei.e., a set of bandpass filters followed to the ERD of our model, the simulations give a good fit to
by an optimal detector in the frequency domaialso lead- the data. This suggests that not only the shape of the tempo-
ing to very good predictions as a function of spectral stimu4al window, but also the stimulus configuration has an influ-
lus parameterésee Breebaast al., 20010. ence on the ERD that is estimated from experimental data:

Although many of the simulations shown in this paperexperiments with stepwise correlation changes result in
and in the previous papers show a good fit between the dat@wer estimates of the time constants than sinusoidal corre-
and the predictions, very similar results would probably belation changegKollmeier and Gilkey, 1990; Holubet al,
obtained if the basic El interaction in the model was replaced 998.
by an EE(or cross-correlationinteraction. There are, how- A possible explanation for these differences in the esti-
ever, some specific experimental conditions that may givénate of the ERD was given by Holule al. (1998. They
rise to some modeling difficulties. In the first model paperstated that “the reason for this mismatch seems to be the
(Breebaaret al, 20013, we expected that models based ondifferent detection strategies employed for the various tasks
the interaural cross correlation may not account for the effecthat are affected by the consistency of binaural information
of both signal and masker duration. Two methods of computacross frequency and time.” In their fitting procedure, Koll-
ing the interaural correlation were discussed. The first commeier and Gilkey(1990 and Holubeet al. (1998 obtained
prised computation over the complete stimulus., masker the predicted thresholds by computing the weighted integra-
duration. We argued that this method would result in ation of the instantaneous interaural cross correlatibrthe
strong increase of detection thresholds with an increase deémporal center of the signakFor the sinusoidal changes in
masker duration, which is not found in experimental datathe correlation, it is likely that this detection strategy results
The second method comprised computation of the correlan the highest signal-to-masker ratio, given the fact that both
tion only for the stimulus part that contains the signal. In thisthe temporal window and the correlation modulation are
case, a maximum effect of 1.5 dB/oct of signal duration issymmetric around that moment. It is not obvious, however,
expected, which is not in line with experimental resultsthat this strategy is also optimal for the stepwise correlation
showing a stronger influence of signal duration for durationshanges. In fact, an analysis of the optimal detector in our
below about 60 ms. It is therefore difficult to explain the model revealed that within the framework of our model, the
effects of both masker and signal duration with a modeloptimal position for detecting the signal is about 10 ms fur-
based on cross correlation. The simulation results in Sedher away from the masker phase transitioe., off-time
11D and Il E show that a model based on El-type interac-listening. Hence, by analyzing the correlation slightly away
tion in combination with an optimal detector shows a perfor-from the temporal center of the signal, lower thresholds are
mance which is more in line with the experimentally ob- obtained. Consequently, the fitting procedure used by Koll-
tained results. meier and Gilkey(1990 and Holubeet al. (1998 for step-
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wise correlation changegnderestimateshe time constants width of the masking noise. The predicted thresholds as well
present in the system. This is perfectly in line with theiras the experimental data show approximately constant
experimental results: the time constants for stepwise correlaghresholds for bandwidths up to twice the ERB of the periph-
tion changes were about a factor of 2 lower than for theeral filters. We expect that a position-variable model, inde-
sinusoidal correlation changes. pendently of whether the binaural interaction is based on EE
One of the experimental findings that the present modebr El processing, cannot account for this result. The addition
could not account for is the bandwidth dependence of interof an Sr signal to a diotic masker results in the presence of
aural correlation jnd’s for a reference correlationfef (see  dynamically varying IIDs and ITDs in the stimulus. The rate
Fig. 3. The experimental data show a substantial decrease of fluctuation of these differences depends on the bandwidth;
performance with bandwidth, while the model’'s performancea larger bandwidth corresponds to faster fluctuations. Conse-
increases. A possible explanation for this discrepancy is thaquently, the No& thresholds for a position-variable model
the binaural auditory system can only integrate cues acrogye expected to increase with increasing bandwidth, which is
frequency if these cueare highly correlatedacross auditory not in line with the experimental data. In summary, we do
filters. Since the data show the strongest increase in the copot see how the absence of an effect of the ITD modulation
relation jnd for bandwidths beyond the ERB of the auditoryrate in bandlimited No& conditions and the clear effect of
filters, it is likely that the increase in the thresholds results TD modulation shown by Grantham and Wightme®78
from across-frequency effects instead of within-filter stimu-can be explained with the same detection mechanism.
lus properties. If a stimulus with a correlation #fL is pre- Finally, the strong overshoot in the peripheral adaptation
sented, the stimulus can be canceled completely. The redut@ops which results in lower detection thresholds for a bin-
tion of the correlation can thus in the model be detected byaural signal presented during the first 25 ms of the masker is
an increase in the residual noise after optimal cancellation. [@n unwanted effect. In a certain way, we can end this series
the noise is broadband, this residue is in principle indepenof binaural modeling papers with a remark similar to one
dent across peripheral filters. Our model does not incorporat@ade at the end of the discussion by dual. (19960. The
the correlation of cues across frequency. However, it could@mporal dynamics and nonlinear compression effects of the
be possible that the binaural auditory system does. adaptation loops are useful in understanding a number of
Another experimenta| result that cannot be accounted fobinaural effects like binaural forward maSking and the influ-
by the model is the |0W_pass characteristic that is obtaine&nce of overall interaural level differences on binaural un-
with dynamically varying ITDS(Fig. 10. A model that can masking and on lateralization, while for some specific con-
account for these data is the position-variable model of Sterfitions, their temporal dynamic is too strong. Obviously, we
and Bachorski1983. In their model, the intracranial locus SO far have not found the optimal realization of this stage.
of the stimulus is estimated by computing a weighted centherefore, we will, together with our colleagues in Olden-
troid of the running cross-correlation function. The runningPurg, continue in our efforts to improve the understanding of
cross-correlation function is computed using an exponenthis part of our monaural and binaural models.
tially decaying averaging window with a fixed time constant.
If the ITD is modulated with a period that is longer than the
duration of the temporal averager, the peak of the runnian‘CK'\'OWLEDGMENTS
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tude of the time-varying centroid of the cross correlation

decreasesSince this centroid is used as a decision variableithe data adapted from Zwicker and Zwickei984 were measured at
thresholds increase with increasing modulation rate. In fact400-Hz center frequency instead of 500 Hz. In contrast to the other studies,
the model of Stern and Bachorgiioa83 was very successful their masking noise was not spectrally flat but had a spectral energy distri-

. L. . . - bution that is referred to amiform masking noisél'he amplitude spectrum
In predlctlng the data shown in Fig. 10 for the left side of the of this noise type is spectrally flat from O to 500 Hz and decreases with 10

bell-shaped curve. dB/dec above 500 Hz. To be able to use their data, we calculated the
It would in principle be possible to modify our model in  spectral energy density of their masking noise at 400-Hz center frequency

such a way that it does not use increases in the activity in théd used this value to plot the data.

El-type pattern but rather an estimate of the position of the

sound source as a decision variable. This can be facilitate . .

b . h " f th . ithin th /gkeroyd, M. A., and Summerfield, A. @1999. “A binaural analog of gap

Yy scanning the position of the minimum within the El-type " getection.” J. Acoust. Soc. AmL05, 2807—2820.
element activity pattern. The reason that we did not base thBermstein, L. R., and Trahiotis, €1999. “The effects of signal duration on
model’'s decision process on a position variable is that suchNoSo and No& thresholds at 500 Hz and 4 kHz,” J. Acoust. Soc. Am.

; : 105 1776-1783.
an approach has a detrimental effect on the fits of other dat%'reebaart, J., and Kohlrausch, ®001). “The influence of interaural stimu-

For example, in our secgnd pap(éireebaarlet. al, 2001b, lus uncertainty on binaural signal detection,” J. Acoust. Soc. AGS,
NoSr thresholds were discussed as a function of the band-331-345.
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