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Abstract — Several binaural speech intelligibility models simulate human binaural processing using the
Equalization-Cancellation (EC) mechanism, incorporating processing inaccuracies based on tone-in-noise
detection at 500 Hz. Despite this, such inaccuracies are typically assumed to be frequency-independent in
binaural speech intelligibility models. This study examines the validity of that assumption and explores
how auditory filter bandwidth affects binaural masking release. Experiment I measured tone detection
thresholds across frequencies from 250 to 2000 Hz in 12 normal-hearing and 5 hearing-impaired listeners,
varying the interaural phase difference (IPD) of noise between 0 and 57. Results were compared with
EC model predictions. Binaural inaccuracies showed a low-pass effect, reducing binaural masking level
differences (BMLDs) at higher frequencies. However, the EC model inaccurately predicted BMLDs at
250 Hz. Experiment II involved a subset of listeners performing speech-in-noise intelligibility tasks with
low-pass filtered speech. This allowed assessment of whether tone-in-noise detection could predict speech
recognition thresholds (SRTs), particularly in hearing-impaired individuals whose low-frequency hearing
remained near normal. Findings revealed that adapting the model’s binaural inaccuracies improved SRT
predictions beyond audiometric thresholds alone.
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Hearing impairment

1 Introduction The EC model [10] uses interaural differences in the
. ) S target signal and the interfering signal to improve the
Several binaural speech 1nt.e111g1b111ty models have suc- signal-to-noise ratio (SNR) especially at low frequencies.
.cessfl.lll.y.l.)een usesl to pr'edlc’.c the outcome of Spee:ch In the EC model, first, the left ear and right ear chan-
1ntel%1g1b;hty experﬁmen‘cs 1:11. c.hﬁ'erent acou}itlc scenar?dc? S nels are equalized in level, such that the interaural level
rangig iroin anec'I(‘)}llC con 1(tilolns to rsver erant 30? - difference (ILD) is compensated. In a second step, the
tions (e.8. [1 8). These models can e e nteranral time difference (ITD) or the inferaural phase
and a back—’end which quantifies the usable speech infor: .difference (IPD) between the left and right ear is equal-
mation in the acoustical signal. The front-end usually 1zec_1 Su?h that the SNR at the OT“pm of the EC stage,
. which is calculated by subtracting left and right ear
consists of a band-pass filterbank (e.g. a gammatone .

) . .. channel from each other, is improved. The EC process-
filterbank; [9]) to mimic the frequency selectivity of | be wsed to describe th ‘ ; X
the auditory system and an equalization-cancellation g can. ¢ used 1o describe .e ou <.:ome 0 ‘expe.rl—
(EC) mechanism [10] to model the effective binaural ments with narrow-band target signals like tone-in-noise

detection tasks, but also for broad-band signals like

auditory processing of human listeners. The back-end ) -
usually consists of an intrusive model like the Speech speech, where independent EC processing across fre-

Intelligibility Index (SII; [11]), the Speech Transmission = dUeBCY bands is assumgd. In this way, the EC s‘qage
Index (STI; [12]), the short-time Objective Intelligibility ~ ¢an account for the binaural release from masking,

(STOI; [13]) measure or a non-intrusive model (for an WmCh is observ.ed When a target source and an inter-
overview see e.g. [14]). fering source differ in their ITDs or IPDs, or — more

ecologically relevant — if they differ in their spatial
*Corresponding author: location. Binaural processing inaccuracies have been
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resolution of the equalization process in level and time.
Consequently, no perfect cancellation can be achieved
if the binaural processing inaccuracies are used and
the SNR improvement is limited. The binaural pro-
cessing inaccuracies have first been derived by Durlach
[10], where the ITD inaccuracy was assumed to be a
normally-distributed random variable with zero mean and
a standard deviation of 105 pus. An analytical formula for
calculating the BMLD according to Durlach [10] has been
introduced by Culling et al. [15] and is given by:

k — cos(¢ps + on)

BMLD = 10 - logy[ :
— PN

i (1)

where ¢g and ¢y are the phases of the target signal
and the interfering noise, and py is the interaural coher-
ence of the noise. The term k incorporates the frequency
dependency of the BMLD and the binaural processing
inaccuracies. It is given by

k=(1+02%) e 8, (2)

with o, = 0.25 and o5 = 0.00105.

These binaural processing inaccuracies have been
modified by vom Hdovel [16], who fitted the binaural pro-
cessing inaccuracies to binaural tone-in-noise detection
thresholds obtained in an experiment by Langford and
Jeffress [17] for jittering the ITD and to binaural tone-in-
noise detection thresholds obtained in an experiment by
Egan [18] for jittering the ILD. Both measurements were
obtained for a single frequency of 500 Hz with normal-
hearing listeners. In the experiment by Langford and
Jeffress [17] tone detection thresholds were obtained in
broadband noise, where the ITD of the noise was var-
ied. In the experiment by Egan [18], the tone detection
thresholds were obtained, while the ILD of the noise was
varied. The processing inaccuracies derived by vom Hovel
[16] are assumed to be normally distributed random vari-
ables with zero mean, and — in contrast to Durlach [10] —
a standard deviation which is a function of ITD and ILD,
respectively. These standard deviations of the processing
inaccuracies are given by

A
75 = o0 - [1+ 1], g
and o
Oc =00 * [1 + (7)p]7 (4)
Qg
with o590 = 65 us, Ag = 1.6 ms, 0,9 = 1.5dB, ag = 15dB,
and p = 1.6 [16].

These values have for example been used in the bin-
aural speech intelligibility models by Beutelmann et al.
[2] and Andersen et al. [5], Hauth and Brand [7], and
Hauth et al. [8]. Figure 1 shows the standard deviations
of the ITD and ILD inaccuracies as derived by vom Hovel
[16]. The standard deviation of the ITD processing inac-
curacy is defined in the time domain and assumed to grow
linearly with ITD. The standard deviation for an ITD
of Ops (and thus the intercept) was set to 65ps. The
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Figure 1. Standard deviations of the I'TD error o5 and ILD
error o. in the EC mechanism derived by vom Hovel [16].
The standard deviation of the ITD error is assumed to grow
linearly with increasing I'TD, while the ILD error in dB grows
exponentially with increasing ILD (in dB).

standard deviation of the ILD processing inaccuracy is
assumed to grow exponentially with increasing absolute
value of the ILD. In the binaural speech intelligibility
models mentioned above, these processing inaccuracies
are applied in each frequency band, and therefore, are
assumed to be independent of center frequency. However,
it is unclear if this assumption is valid, because, to our
knowledge, a frequency dependency of the binaural pro-
cessing inaccuracies by vom Hoével [16] and its behavior
for large ITDs has not yet been investigated especially at
frequencies lower than 500 Hz and compared to predic-
tions of binaural speech intelligibility models using the
EC model.

Binaural unmasking, which relies on ITDs or IPDs,
gets worse with increasing frequency (e.g. [19]). The same
holds for the ability of the auditory system to preserve
the temporal fine structure of a stimulus, which gets also
worse with increasing frequency and is often called “phase
locking”. The loss of phase locking has been regarded
as the main reason for the reduction of BMLDs with
increasing frequency [20, 21]. The time domain implemen-
tation of the binaural processing inaccuracies in the EC
mechanism by Durlach [10] and vom Hovel [16] generally
accounts for this finding for the Ny.S; or NSy condition
(where either the phase of the speech or the noise is inter-
aurally inverted, while the phase of the respective other
is not). The constant ITD inaccuracy leads to an increas-
ing IPD inaccuracy with increasing frequency resulting in
a decreasing BMLD with increasing frequency. However,
this implementation implies that the predicted BMLD
at 250Hz is even higher than at 500 Hz. In the litera-
ture, there are different findings for BMLDs at frequencies
lower than 500 Hz: In the early work by Hirsh [22], slightly
lower BMLDs have been reported for the NSy condi-
tion at 200 Hz compared to 500 Hz, but higher BMLDs in
the NoS, condition (see their Fig. 3 or Tab. 1). van de
Par and Kohlrausch [19] investigated the effect of masker
bandwidth and center frequency on binaural release from
masking. Their data indicate that the binaural release
from masking gets smaller for frequencies below 500 Hz
in the N;Sp condition (see their Fig. 1). Taken together,
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it is still not clear, whether predicting BMLDs in tone-in-
noise detection experiments at different center frequencies
might require frequency dependent binaural processing
inaccuracies in the EC model especially at low frequen-
cies, if the processing inaccuracies by vom Hével [16] are
used.

Moreover, this study analyzed if the binaural process-
ing inaccuracy can be described as a function of ITD and
how predictions with the EC model incorporating these
binaural processing inaccuracies change for large ITDs.
Physiological measurements in mammals suggest that the
binaural neurons respond best to an ITD which is within
a half-cycle (m) of the corresponding frequency band
[23]. That’s why nearly all binaural models have followed
Durlach [24] in restricting the binaural processing stages
to use equalization delays within the so called “m-limit”.
Both questions were addressed in Experiment I, where
the frequency dependency of BMLD curves was investi-
gated in 12 listeners with normal hearing and 5 listeners
with high-frequency hearing loss. The results obtained
in the listening experiments were compared to BMLD
predictions of the EC model.

In Experiment II, binaural speech intelligibility exper-
iments were performed by a subset of the same listeners
in order to test the hypothesis, if tone-detection perfor-
mance is reflected in binaural speech reception thresh-
olds (SRTs), i.e., if better tone detection is related to
better SRTs. We expected, that this experiment might
reveal differences in binaural unmasking between listen-
ers with normal and with impaired hearing, which could
potentially be used to improve SRT predictions for lis-
teners with impaired hearing. In this study, the binau-
ral speech intelligibility model by Beutelmann et al. [2]
was used, which considers the individual pure-tone audio-
gram using a threshold simulating noise. However, it has
been shown that the effect of hearing impairment was
not fully accounted for by incorporating the audiogram
alone as it does not reflect, for instance, supra-threshold
deficits [25, 26] and potential individual binaural pro-
cessing capabilities. In a study conducted by Neher et
al. [27] it was shown that listeners with hearing impair-
ment differed in their binaural intelligibility difference
(BILD), which is the binaural release from masking by
spatially separating the target speech source from the
interfering noise source in a speech intelligibility exper-
iment, and BMLDs at 500 Hz even though they were
matched in age, hearing loss (according to the pure-
tone audiogram), and cognitive factors. This finding
suggested that supra-threshold deficits are reflected in
binaural tone detection thresholds and should, therefore,
also be accounted for in binaural speech intelligibility
models.

The SRTs of Experiment IT were predicted using BSIM
with individual adapted binaural processing inaccuracies,
which were derived based on the binaural tone detection
thresholds from Experiment I. It was hypothesized that
these individually adjusted binaural processing inaccura-
cies lead to better predictions of the individual SRTs.
Both listeners with normal hearing and with hearing
impairment performed SRT measurements for low-pass
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Figure 2. Audiograms of the listeners with hearing impair-
ment. The left and right panels show the audiogram of the left
and right ear, respectively.

filtered speech with a cut-off frequency of 1500 Hz, in
order to exclude effects of high frequency hearing loss
and to focus on the frequency region, where binaural
unmasking can be assumed to be largest.

2 Methods

2.1 Listeners

12 listeners with normal hearing and 5 listeners with
impaired hearing participated in Experiment 1. 8 of the
12 normally hearing listeners and the hearing-impaired
listeners of Experiment I also participated in Experiment
II. Normal hearing was guaranteed by standard pure-tone
audiometry at the frequencies 125, 250, 500, 1000, 2000,
3000, 4000, 6000, and 8000 Hz, where none of the thresh-
olds exceeded 20 dB HL. Hearing impaired listeners with
nearly normal hearing at frequencies up to 1000 Hz were
chosen in order to reduce low-frequency audibility effects
on the BMLD measurements. Figure 2 shows the indi-
vidual audiograms of the listeners with impaired hearing.
Up to 1000 Hz, these listeners had audiometric thresholds,
which were better than 30dB HL.

2.2 Experiment I: binaural tone-in-noise detection

The first experiment was a binaural tone-in-noise
detection task, similar to the BMLD measurements by
Langford and Jeffress [17]. Binaural tone-in-noise detec-
tion thresholds were determined for carrier frequencies of
250, 500, 750, 1000, 1500, and 2000 Hz for listeners with
normal hearing and for 500, 750, 1000, and 1500 Hz for
the listeners with impaired hearing. Tone detection was
investigated in Gaussian white noise, which was bandpass
filtered between 100-4000 Hz. The broad-band noise was
preferred over narrow band noise because it allows for an
easier discrimination between target tone and interfering
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noise. Moreover, the experiments by Langford and Jef-
fress [17] and Egan [18] were also performed using broad-
band noise. A 3-alternative-forced-choice (AFC) 1-up-2-
down procedure converging to the 70.7% correct point
on the psychometric function was used to determine tone
detection thresholds.

2.3 Apparatus

The stimuli were generated using MATLAB (Math-
Works, Natick, MA, USA) using the AFC Toolbox
(Version 1.4), developed by Stephan Ewert at Carl von
Ossietzky Universitdt, Oldenburg, Germany, and pre-
sented binaurally via an RME Fireface UC soundcard
(Audio AG, Haimhausen, Germany) and HD 650 head-
phones (Sennheiser, Wedemark, Germany). The sound
output was calibrated to dB SPL using a Briiel&Kjaer
(B&K, Neerum, Denmark) 4153 artificial ear, a B&K 4134
half-inch microphone, a B&K 2669 preamplifier, and a
B&K 2610 measuring amplifier. The noise level was set to
75dB SPL and the level of the tone was varied to find the
individual threshold. The experiments were conducted in
a double-walled, sound-attenuated booth.

2.4 Stimuli

The target tone was always presented diotically (Sp),
i.e., the same signal was presented to both ears. Accord-
ing to Langford and Jeffress [17], the tested ITDs of the
noise were selected to mirror fixed IPDs for each tested
frequency ranging from 0 to 57 in steps of 7/2 leading
to frequency dependent ITDs. For example, ITDs rang-
ing from 0 to 5ms in steps of 0.5 ms were used at 500 Hz,
while the ITDs ranging from 0 ms to 10 ms in steps of 1 ms
were used at 250 Hz. This method was chosen, because
binaural release from masking is largest using IPD of 7
in either the tone or the noise. The tone duration was set
to 300 ms with 50 ms raised-cosine ramps.

2.5 Experiment ll: binaural speech-in-noise
experiments

In Experiment II, a binaural speech-in-noise test was
conducted with the same listeners as in Experiment I.
Speech intelligibility experiments were conducted using
the Oldenburg Sentence Test (OlSa, [28-30]) in speech-
shaped stationary noise with the same long term average
spectrum of the speech. In the remainder of this arti-
cle, this noise is referred to as “Olnoise”. OlSa sentences
consist of five-word-sentences with a fixed grammati-
cal structure noun-verb-numeral-adjective-object, where
each word is randomly selected from a list of 10 words. To
determine the SRT for 50% correctly understood words,
an adaptive procedure was used for controlling the level
of the speech (Eq. 9, [31]) and the SRT was estimated
using a maximum likelihood fit. Each SRT was deter-
mined using a list of 20 sentences, which was randomly

selected out of 45 lists. Because the main focus of this
study lay on the binaural processing capabilities of the
listeners, speech and noise stimuli were modified as fol-
lows: Both speech and noise signals were low-pass filtered
with a cut off frequency of 1500 Hz in order to minimize
the influence of the high frequency hearing loss for the lis-
teners with hearing impairment while keeping their abil-
ity for binaurally processing the signals, which is most
effective at low frequencies. To be able to compare the
results obtained for normal-hearing listeners and hearing-
impaired listeners, the listeners with normal hearing were
provided with the same stimuli as the hearing-impaired
listeners. In total, 4 SRTs were obtained for each lis-
tener: (1) monaurals SRT for the left ear, (2) monaural
SRTs for the right ear, (3) diotic SRTs, i.e., the same
signals are presented to the left and right ear (NySp),
and (4) dichotic SRTs, where the phase of the noise was
inverted between both ears (NSp). This was done in
order to be able to compare the outcome of the speech
intelligibility tests with the binaural tone-in-noise detec-
tion experiment in a frequency region, where the listeners
with hearing impairment showed nearly normal hearing
thresholds according to the audiogram.

2.6 Model predictions

The binaural speech intelligibility model (BSIM, [2])
consist of two stages: the front-end, that predicts the
improvement of the SNR, due to binaural unmasking and
better ear listening, and the back-end that predicts the
speech intelligibility. In the front-end, the EC model is
applied in order to predict the improvement of the SNR
due to binaural processing. To achieve this, the input sig-
nal is filtered into 30 ERB-spaced [32] frequency bands
using a gammatone filter bank [9]. The listener’s individ-
ual hearing threshold is considered by adding a Threshold
Simulating Noise (TSN) to each ear. This TSN is calcu-
lated by adding the frequency specific dB HL values to the
threshold of normal hearing listener in dB SPL as defined
in EN-ISO389-7 [33], where the threshold is determined
binaurally in the free-field and is referred to as Minimum
Audible Field (MAF). The TSN is uncorrelated between
the ears, so that the EC model cannot cancel it. After-
wards, EC processing is applied in each frequency chan-
nel to improve the SNR. Finally, the resulting SNR is
compared to the monaural SNRs at the left and right
ear channel and the maximum of all three alternatives is
considered as the result of the first stage.

The model’s back-end uses the output of the front-end
and estimates the speech intelligibility using the Speech
Intelligibility Index (SII, [11]). The SII is calculated essen-
tially as a weighted sum of the band-specific SNRs. Before
the summation, the band-specific SNRs are limited to a
range from —15dB and 15dB. The weighting is given
by a band importance function, which mimics the impor-
tance of the individual frequency bands for human speech
recognition, resulting in an SII value between 0 and 1. In
this study, the NNS (various nonsense syllable tests where
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most of the English phonems occur equally often) weight-
ing function [11] was used. The resulting SII values can
then be mapped to intelligibility values. In this study,
only SRT values are analyzed. Therefore, only the refer-
ence SII at the SRT is required, which we set to an SII
value of 0.2. This values matches the SRT of —7.1dB
of listeners with normal-hearing for OlSa sentences in
broadband speech shaped noise [30]. The front-end of
the model without using the back-end was applied to the
signals of Experiment I in order to evaluate how closely
the tone-in-noise threshold of the model can be predicted
by BSIMs front-end. This was done in two ways: Firstly,
using the frequency independent processing errors derived
for 500 Hz by vom Hével [16] in the EC processing, in
order to test the hypothesis of frequency independent bin-
aural processing inaccuracies. And secondly, using opti-
mized frequency dependent binaural processing accura-
cies, in order to test the hypothesis, that this can improve
the prediction accuracy.

The complete BSIM consisting of front-end and back-
end is then applied to the results of Experiment II.
Again, this was done using the original frequency inde-
pendent binaural processing inaccuracies and the fre-
quency dependent processing accuracies derived based on
the results of Experiment I. The underlying hypothesis of
this approach is that the same enhancement mechanism
is used by the human auditory system for narrow-band
target signals as in tone-in-noise detection tasks and for
broad-band target signals as in speech-in-noise tasks.

3 Results

3.1 Experiment I: binaural tone-in-noise
measurements

Figure 3 shows the BMLDs obtained in the binaural
tone-in-noise detection task for the 12 listeners with nor-
mal hearing and the BMLDs predicted by the EC model.
The BMLD denotes the relative improvement of the tone
detection threshold in the dichotic condition relative to
the diotic condition. The BMLD is high if the ITD of the
noise results in a phase shift corresponding to odd (1, 3,
5) multiples of 7 at the tested frequency, and low if the
ITD corresponds to phase shifts of even (2, 4) multiples
of 7. This results in a periodic pattern of the BMLD,
which can be observed in Figure 3 and is referred to as
“Jeffress curves”. The largest BMLD of approximately
11dB can be observed at 500 Hz for an I'TD of the noise
of 1ms, corresponding to a phase shift of m, which is
in line with results from the literature (e.g. [17]). With
increasing frequency, the maximum achievable BMLD is
reduced by approximately 4dB at 1000 Hz and by 6 dB
at 2000Hz. This finding is in line with literature (e.g.
[19]), where a correlation between the binaural release
from masking and the capability of phase locking on the
auditory nerve was observed. Interestingly, the BMLD
observed for an IPD of ?jf, which corresponds to an ITD
of 750 us at 500 Hz, is always as good as for an IPD of
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Figure 3. Binaural Masking Level Differences (BMLD) mea-
sured in 12 listeners with normal hearing (gray diamonds).
The tested frequencies of the tone were 250, 500, 750, 1000,
1500, and 2000 Hz. The IPD of the noise was varied from
0 to 57 in steps of 0.57, leading to a frequency dependent
ITD. For example, an IPD of 7 corresponds to an ITD of the
noise of 1 ms at 500 Hz and to 0.5ms at 1000 Hz. Addition-
ally, the IPD of 3T corresponding to an ITD of 0.75ms at
500 Hz was measured for all frequencies, which corresponds
approximately to the maximum anatomically achievable ITD
considering human head size. Two model versions were used:
one with 1 ERB wide auditory filters and one with 2.3 ERB
wide auditory filters.

7 for all tested frequencies. For the tested frequency of
250Hz (top-left panel of Fig. 3), the BMLD is reduced
compared to the 500 Hz condition: For an IPD of the
noise of 7, the BMLD at 250Hz is 8 dB, which is 3dB
lower than the BMLD obtained at 500 Hz. The reason for
this is two-fold: Firstly, the diotic threshold is lower at
250Hz than at 500 Hz, because the auditory filter can
be assumed to be narrower at 250Hz than at 500 Hz.
According to the definition of the equivalent rectangu-
lar bandwidth (ERB = 24.7 - (4.37 - f[kHz] + 1) [32]), the
reduction of masking by using the filter at 250 Hz and the
same broad band noise can be up to 1.8 dB. This can also
be found in the data, where the median diotic threshold
at 250 Hz is reduced by 1.25dB compared to the diotic
threshold at 500 Hz, which is slightly lower than the the-
oretical value according to the ERB formula described
above (see Fig. 4).

Secondly, the dichotic thresholds are statistically sig-
nificantly increased by approximately 2dB in the 250 Hz
condition compared to the 500 Hz condition (¢-test, p =
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_ Comparison of Thresholds at 250 Hz and 500 Hz
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Figure 4. Diotic (NoSo) and dichotic (NxSo) tone detection
thresholds obtained at 250 Hz (open circles) and 500 Hz (open

diamonds).

0.021). In addition to the effect of center frequency on
BMLD, an effect of the tested IPD can be observed:
With increasing IPD of the noise, the maximum achiev-
able BMLD decreases from 7 to 3w and from 3w to 57
almost independently of center frequency. Figure 5 shows
the differences between BMLDs (ABMLD) between 7
and 37 (left panel) and between 37 and 57 (right panel).
Note, that the ABMLDs are identical to the differences
between the dichotic tone detection thresholds, as the
diotic thresholds are compensated due to the difference
calculation. The largest difference in dichotic tone detec-
tion thresholds can be observed at 250 Hz, where the
median difference is —4.8 dB. At 500 Hz, a difference of
—4dB is observed, which is reduced to —2.5dB at 750 Hz,
to —2dB at 1500 Hz, and to 0.8 dB at 2000 Hz. A Bonfer-
roni corrected pair-wise comparison revealed a statistical
difference in the BMLD differences between 250 Hz and
750 Hz as well as between 250 Hz and 2000 Hz. Moreover,
the difference observed at 500 Hz was statistically signif-
icant different from the difference observed at 2000 Hz.
No statistical difference was observed in the tone detec-
tion threshold differences between an IPD of 37 and 57
at the tested frequencies. The differences are in the range
from —2.8 to —3 dB independent of frequency, except for
250 Hz and 150 Hz, where the difference is below —2dB.

3.2 EC-model predictions: effects of phase shift and
frequency

Consistent to the model by Durlach [24], the EC stage
with processing inaccuracies derived by vom Hovel [16]
is able to predict the decreasing BMLD with increasing
frequency (connected black dots of Fig. 3). This is a con-
sequence of the model’s processing inaccuracy, which is
defined in the time domain and thus, its effect increases
with increasing frequency, where an IPD of 7 corresponds
to an ITD which is decreased by a factor of 2 per fre-
quency increase of one octave. However, for 250 Hz, the
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Figure 5. Difference between BMLDs (ABMLD) for an IPD
of m and an IPD of 3w (left panel) and for an IPD of 3w and
an IPD of 57 (right panel). A negative ABMLD indicates that
the tone detection threshold obtained at an IPD of 7 is lower
(better) than at the tone detection threshold obtained at an
IPD of 3.

predicted BMLD for the delay corresponding to a phase
shift of 7 is with about 16 dB much larger than the mea-
sured BMLD with about 9dB. Similar differences were
also found for an ITD of 6 ms (37). While the measured
BMLDs for 250 Hz tend to be smaller compared to the
500 Hz condition, the predicted BMLD is larger.

Moreover, it can be seen, that even though the BMLD
is generally well predicted for the first cycle (from 0:27),
the prediction gets worse for larger I'TDs of the noise. The
BMLDs are overpredicted even though the binaural pro-
cessing inaccuracy of the model increases with increasing
ITD.

The effect of reduced BMLDs for an IPD of 37 or 57
relative to 7 is conserved because a side maximum (and
not the main peak) of the cross-correlation function is
used for estimating the ITD. Therefore, the cancellation
is not as effective as it is for an IPD of 7. The linearly
growing errors introduced by vom Hovel [16] basically
mirror the effect of the 7-limit. Both are incorporated in
the BSIM model and do not affect the relative differences
of the predicted BMLD for odd multiples of 7.

3.3 EC-model predictions: use of wider auditory filters

As mentioned above, the 7-limit depends on the width
of the auditory filters. We evaluated if BMLD predictions
change when the EC model is used with effectively wider
binaural auditory filters. This is motivated by Beutel-
mann et al. [34] who showed that wider (binaural) periph-
eral filters better explain SRTs in noise, when the IPD
of the noise differed in adjacent frequency bands. This
does not mean that the human auditory filters per se are
wider just because binaural processing is involved. These
“wider” binaural filters might just indicate that across
frequency processing (using two different auditory filters
across ears) takes place in binaural processing, which can
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Figure 6. Individual BMLDs for the hearing-impaired listen-

ers in comparison with the normal hearing data and model
data.

be modeled in a simplified way by increasing the band-
widths of the monaural auditory filters. Beutelmann et al.
[34] found that increasing the bandwidth of the auditory
filters by a factor of 2.3 led to the maximum congruency
between predicted and observed SRTs.

In order to test the hypothesis that across frequency
processing affects the BMLD in tone in noise experi-
ments especially for ITDs, which are larger than the
frequency specific w-limit, we used the same binaural
bandwidth (2.3 ERB) for the EC model. As hypothe-
sized, this approach improved the prediction accuracy for
ITDs, which are larger than the corresponding periods
of the gammatone filters, especially for frequencies below
1000 Hz. The results are shown by the black triangles in
Figure 3. The predictions of the first BMLD cycle (from 0
to 27) are only little affected by the wider binaural filters.

3.4 Listeners with hearing loss

A subset of the tone in noise experiments for the
frequencies 500, 750, 1000, and 1500 Hz was also per-
formed by 5 listeners with high frequency hearing loss.
Figure 6 shows the individual BMLDs for the listeners
with hearing impairment. The results show a large vari-
ability across listeners. HI1 (black squares) performs best
at 500Hz (even better than most of the normal hear-
ing listeners and as good as the EC model), while HI1
performs worst at 1500 Hz. This indicates that binau-
ral unmasking in these hearing-impaired listeners can be
reduced on a very individual level even though the hear-
ing loss in these listeners at the test frequencies would
be typically regarded as close to negligible. In the fol-
lowing we evaluate, if reduced BMLDs in tone-in-noise
experiments was related to a reduced binaural unmask-
ing in speech-in-noise experiments and how this can be
included in the model.

SRT for Lowpass Filtered Speech

2
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Figure 7. SRTs of the normal-hearing listeners (box plots)
and hearing-impaired listeners (individual datapoints). The
listening conditions are: monaurally left ear (“MonL”),
monaurally right ear (“MonR”), diotic, and dichotic with
interaurally phase-inverted noise. Model predictions (black
bullets) are only shown for the diotic and dichotic condi-
tion. The BSIM prediction with ITD processing inaccuracy
matched to the average of listeners HI2, HI3, HI4, and HI5
is shown as diamond. HI1 can be considered as binaurally
normally hearing.

3.5 Experiment ll: binaural speech in noise
experiments

Figure 7 shows the SRTs, where both speech and
noise were low-pass filtered with a cut-off frequency of
1500 Hz. Boxplots indicate the SRT's of 8 normally hear-
ing listeners, the individual SRTs of the listeners with
impaired hearing are shown as squares in the same way
as in Experiment I. SRTs were obtained for the left and
right ear, separately. Additionally, the diotic SRTs and
the dichotic SRTs, where the phase of the noise was
interaurally inverted, were measured.

In the monaural conditions and in the diotic condi-
tion, the median SRTs for the normal-hearing listeners
are observed at —3 to —4dB. In the dichotic condition,
SRTs are reduced by 7dB, such that a median SRT of
—11dB is obtained. One listener even achieved an SRT
of —17dB. Based on the individual results observed in
the tone-in-noise detection task, the individual binaural
processing inaccuracy was derived for each listener with
hearing impairment. The individual BMLD obtained at
500 Hz and a time delay of the noise corresponding to an
interaural phase shift of m was chosen as a reference for fit-
ting the binaural processing inaccuracy of the EC mech-
anism. This binaural processing inaccuracy was derived
by changing it adaptively until the difference between
measured BMLD and predicted BMLD was smaller than
0.25dB. The individual values for each hearing-impaired
listener are shown in Table 1. Note, that BSIM already
considers the listener’s individual hearing loss using a
threshold-simulating noise. In these simulations we eval-
uate, if the additional consideration of a reduced binau-
ral processing accuracy can improve BSIMs prediction
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Table 1. BMLD measured at 500 Hz and corresponding binaural processing inaccuracy (given as o, in Eq. (1)) in
the EC mechanism. The reference value of o4, for normally hearing listeners according to vom Hovel [16] is 65 ps.

Listener | Measured BMLD [dB] | Processing inaccuracy [us]
HI1 13.9 45
HI2 8.7 95
HI3 7.7 110
HI4 9.2 90
HI5 9.2 90

accuracy. Note that assessment of the individual binau-
ral processing inaccuracies from Experiment I was rather
roughly estimated and that the resulting differences in
predicted SRTs between HI2, HI3, HI4, and HI5 were
rather small. Consequently, we present the model predic-
tion for only one average value of the standard devia-
tion of the processing inaccuracy of 100 us. For listener
HI3, the assumed standard deviation of 65 pus for normally
hearing listeners was used, as HI1 can be considered as
normally hearing listener in both, the tone-in-noise and
the speech-in-noise experiment. The other listeners with
impaired hearing, however, show worse performance in
both, the tone-in-noise and in the speech-in-noise experi-
ment. Furthermore, these hearing-impaired listeners show
worse monaural and diotic SRTs as well.

BSIM slightly overestimates the SRT in the diotic con-
dition, but matches the median SRT in the dichotic con-
dition. By increasing the model’s internal standard devi-
ation of ITD inaccuracy from 65 us to 100 us, the pre-
dicted dichotic SRT is increased by approximately 3dB
and shows better agreement with the listeners with hear-
ing impairment except for HI1, who performs like the
listeners with normal hearing.

4 General discussion

4.1 Frequency dependency of binaural processing
inaccuracy

Binaural tone-in-noise detection experiments were
performed to investigate the frequency dependency of
BMLDs. The BMLDs obtained with 12 listeners with nor-
mal hearing were compared to predictions using an EC
model, where binaural processing inaccuracies were con-
sidered. So far, these inaccuracies were solely determined
for 500 Hz and assumed to jitter temporal information
rather than phase information. It has been shown that
the inaccuracy investigated for 500 Hz, which has origi-
nally been applied by vom Hovel [16] to the EC model,
can be used to predict BMLDs also for higher frequencies.
Because the binaural processing inaccuracy is defined to
have a constant standard deviation in microseconds, the
detrimental effect becomes more prominent with increas-
ing frequency as the cancellation requires an equalized
phase.

The finding, that the binaural unmasking becomes less
effective with increasing frequency can be explained by

the fact that an accurate coding of the temporal fine
structure is required by the binaural system to achieve
a high BMLD. The loss of phase locking with increas-
ing frequency is assumed to limit the performance in the
dichotic conditions of binaural tone-in-noise experiments
(e.g. Bernstein and Trahiotis [20]). The same trend is
captured by the EC model, even though phase locking
is not explicitly accounted for in the model. However,
the processing inaccuracies are implemented in the time
domain. With increasing frequency, the effect of the inac-
curacy gets larger as the same phase relation between
both ears is achieved at a much smaller delay. There-
fore, the impact of the delay inaccuracy gets larger with
increasing frequency, leading to a less accurate equaliza-
tion in time and, consequently, to a less effective can-
cellation of the interfering source or noise. At 250 Hz, a
larger deviation between the perceptual data and the pre-
dicted BMLD was observed. In the dichotic condition,
the thresholds for 250 Hz are only slightly worse than in
the 500 Hz condition. However, the EC mechanism pre-
dicts the thresholds to be even better than at 500 Hz.
Therefore, the standard deviation of the processing inac-
curacy needs to be increased to 130 us at 250 Hz, while
it can remain to be 65 us at frequencies of 500 Hz and
above. The reduced BMLD at 250 Hz in the NSy is con-
sistent with the findings by Hirsh [22] and van de Par
and Kohlrausch [19]. However, the increased processing
inaccuracy does not agree with the findings in the Ny.S;
condition by Hirsh [22], where larger BMLD of approx.
14 dB was observed at 200 Hz compared to approx. 10dB
at 500 Hz. Instead, the predicted BMLD would remain at
approx. 15dB for the 500 Hz tone and the 250 Hz tone
if the increased standard deviation of 130 us is used at
250 Hz. In the dissertation by Zerbs [35], where a binau-
ral model for tone detection experiments was developed,
the model predicted the BMLD to be larger at 250 Hz in
the NyS, condition, the measurements however showed
the same BMLD of approx. 15dB in both the 250 Hz and
the 500 Hz condition. In the NSy condition, the BMLD
was shown to be smaller at 250 Hz than at 500Hz in
Zerbs [35]. The differences in BMLDs at lower frequencies
observed by Hirsh [22] and later studies might be caused
by the different methods used to obtain the thresholds.
While Hirsh [22] used a method of adjustment and a dura-
tion of 1s for the tone with expert listeners, later stud-
ies used a 3 AFC task with shorter durations of 300 ms.
Moreover, in our study, the thresholds were not obtained
with expert listeners.
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The periodic pattern with increasing ITD, which can
be observed at 500Hz and higher frequencies, is less
prominent at 250 Hz. This might be caused by the rel-
atively large ITDs of more than 5ms, which are much
larger than any ITD the auditory system usually has to
deal with and therefore might be too large to be used by
the human binaural system.

4.2 Increased filter bandwidth of the EC model

The same data was modeled using the EC model
according to Beutelmann et al. [34] with 2.3 ERB wide
filters instead of 1 ERB wide filters like in Beutelmann
et al. [2]. The 2.3 ERB wide filters better described the
perceptual data than the 1 ERB wide filters. This indi-
cates that the 2.3 ERB wide filters not only explain the
binaural unmasking of broadband speech signals better
(as concluded in [34]) but also of the narrow band sig-
nal used here. However, changing the effective binaural
bandwidth only influences BMLDs for I'TDs which corre-
spond to IPDs larger than 27. This can be explained by
the fact that by increasing the bandwidth of the auditory
filters, the correlation of the secondary maxima between
left and right ear is reduced leading to a reduction of
predicted BMLDs.

In Culling [36], a combination of broader binaural fil-
ters and delay dependent binaural processing inaccuracies
lead to the best predictions of BMLDs over a range of dif-
ferent center frequencies. This overlaps with our findings
as a combination of delay dependent binaural processing
inaccuracies and broader binaural filters yielded the best
results, especially for large delays. Besides these two fac-
tors, taking the m—limit in the estimation process of the
ITD into account is crucial for predicting the periodic pat-
tern of BMLDs for multiples of 7. In our case, however,
it is necessary to include a larger processing inaccuracy
at lower frequencies, which has not been used by Culling
[36]. The reason for this the different observations made
in the underlying data set, which might be caused by the
different methods used to obtain the thresholds.

4.3 Individualization of processing inaccuracies for
listeners with impaired hearing

The listeners with impaired hearing showed a large
variance of BMLDs. Four of five listeners had a reduced
BMLD, and one listener showed BMLDs at 500 Hz, which
were as good as the BMLDs for listeners with nor-
mal hearing. However, these findings were not consistent
across frequencies.

In the binaural speech intelligibility experiment, those
listeners with impaired hearing, who showed a reduced
BMLD in the tone detection task at 500 Hz, also showed
reduced binaural release from masking for speech. The
hearing-impaired listener with normal-hearing BMLDs
showed a normal-hearing binaural release from mask-
ing for speech. Similar observations were made in a

study by Neher et al. [27], where a negative association
between BILD and SRTs was observed (higher BILDs
were associated to lower SRTSs). Interestingly, in their
experiment it was also shown, that listeners with higher
BILDs benefited more from low-frequency binaural cues
in spatial speech intelligibility experiments than from low
frequency SNR improvement provided by the tested algo-
rithm, while listeners with low BILDs showed more ben-
efit from low-frequency SNR improvement than from a
preservation of binaural cues.

In order to evaluate whether the predictions of BSIM
can be improved by taking these differences between lis-
teners better into account, the processing inaccuracy in
the EC stage of BSIM was adapted in order to fit the
BMLD at 500 Hz: Four listeners with impaired hearing
where considered with virtually the same ITD inaccu-
racy of 100 us while one listener with impaired hearing
was considered with the normal-hearing standard devia-
tion of 65 ps. This led to an increase of predicted SRT's in
the dichotic condition and on average better agreement
with measured SRTs for the hearing-impaired listeners.
This indicates that binaural tone-in-noise detection data
might be used to adapt the binaural inaccuracy in the EC
model in order to improve individual speech intelligibility
predictions. This has to be evaluated with more listeners
in an experiment where the tone-in-noise BMLD is mea-
sured at 500 Hz in order to predict the BMLD for speech.
However, the individualized prediction of the BMLD for
speech failed for the listeners with normal hearing because
the variation observed in the tone detection thresholds
was much smaller than the variation in the binaural SRTs.
This might be due to the low-pass filtered speech stimuli,
which were used to increase the effect size in the SRT
measurements, as this might have caused the problem
that the normally hearing listeners did not reach optimal
performance as they were not used to low-pass filtered
speech, even though some training was provided.

Given these observations, we, so far, hesitate to recom-
mend using binaural 500 Hz tone-in-noise detection tasks
to individualize BSIM’s predictions of SRT data. Before
such a recommendation might be justified, much more
data of listeners with normal and with impaired hearing
is required for both tone-in-noise detection and BMLDs
for speech. This is far beyond the scope of this study,
which had a too extensive measurement scope per listener
for a large sample of listeners with hearing impairment.
For that reason, we encourage to measure tone-in-noise
detection in studies about binaural speech recognition, so
that future studies can answer this question.

5 Conclusions

— In this study it was shown that the processing inac-
curacy in EC processing suggested by vom Hovel [16],
which has so far only been evaluated for binaural
tone-in-noise detection at 500 Hz, also holds for higher
frequencies. This also holds for the processing
inaccuracies by Durlach [24] and is a consequence of
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the realization of the errors in the time domain as
they implicitly mirror the loss of phase locking in the
auditory system with increasing frequency.

— For lower frequencies (we tested 250 Hz), the process-
ing inaccuracy of the EC stage needs to be increased to
approximately 130 ps in order to account for dichotic
tone-in-noise detection thresholds at 250 Hz leading
to a bandpass characteristic of the EC processing
inaccuracies rather than a low pass characteristic.

— Broader binaural filters (2.3 ERB) better describe
measured BMLDs for large ITDs/IPDs of the noise,
indicating that across frequency processing plays a
role in binaural unmasking, which has also been
observed by Culling [36].

— Furthermore, it was shown for a small ensemble of
listeners with hearing impairment that binaural tone-
in-noise detection thresholds at 500 Hz can be used
to derive estimate an increased binaural processing
inaccuracies, which improved the prediction accu-
racy of the EC-model even for other frequencies and
which can help to improve individual binaural speech
intelligibility predictions of BSIM.
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