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ABSTRACT* 

A binaural model was developed to predict speech 
intelligibility for hearing-impaired and normal-hearing 
(NH) listeners in modulated and stationary noises, at low 
and high levels of reverberation. It combines two existing 
models. First, the Leclère et al. (2015) model takes binaural 
room impulse responses (BRIRs) as input to compute 
binaural useful-to-detrimental (U/D). It accounts for the 
temporal smearing of the target speech in reverberant 
environments, but only works with stationary noises for NH 
listeners. Second, the Vicente et al. (2020) model takes the 
speech and noise signals at the ears as inputs and accounts 
for hearing loss by creating an internal noise depending on 
the listener; but it cannot account for the detrimental effect 
of reverberation smearing the target speech. The new model 
takes the audiogram, BRIRs and ear signals as inputs to 
account for both temporal smearing and hearing loss and 
works for both stationary and modulated noises. It was 
tested by comparing its predictions with speech reception 
thresholds measured in seven experiments. The predictions 
obtained were as accurate as those obtained with the two 
previous models that cannot be used to predict all datasets. 
Several methods to determine the U/D limit were 
compared. 
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1. INTRODUCTION 

The spatial release from masking (SRM) is defined as the 
ability to benefit from spatially separated target and masker 
sources (Bronkhorst & Plomp, 1988). It is essential to 
speech intelligibility in binaural environments. It can be 
divided in two mechanisms, better-ear listening and 
binaural unmasking. Better-ear listening originates from 
interaural level differences between the target and masker 
signals at the two ears, while binaural unmasking relies on 
interaural time differences between the target and the 
masker. SRM is reduced for hearing-impaired (HI) 
listeners, mainly because of their elevated hearing 
thresholds (Glyde et al., 2011). 

Reverberation has several effects on speech intelligibility. It 
temporally smears the target speech (Houtgast & 
Steeneken, 1985), reduces the efficiency of the “dip 
listening” mechanism, that is to say the intelligibility gain 
due to the masker’s temporal modulations (Festen & 
Plomp, 1990), and decreases the SRM (Plomp, 1976). HI 
listeners are also affected by these effects, at least as much 
as NH listeners (Cueille et al., 2022; Xia et al., 2018). 

Most binaural speech intelligibility models can predict 
SRM and the effect of reverberation on SRM (Lavandier & 
Best, 2020). There exists some models which can also 
account for the effect of hearing loss (Beutelmann & 
Brand, 2006; Vicente et al., 2020), but they usually cannot 
predict the influence of the temporal smearing of the target 
speech caused by reverberation. Other models can predict 
the effect of the temporal smearing of the target, but only 
with NH listeners (Leclère et al., 2015). To the best of our 
knowledge, the only model which can account for both the 
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effect of hearing loss and the effect of the temporal 
smearing of the target speech has never been tested with HI 
listeners (Rennies et al., 2011). 

The main objective of this study was to develop a binaural 
model able to predict speech intelligibility for hearing-
impaired listeners in binaural and reverberant conditions. In 
order to do so, the models of Leclère et al., 2015 and 
Vicente et al., 2020 (called here leclere2015 and 
vicente2020) were combined.  

2. MODEL DESCRIPTION 

2.1 Original models 

Both the leclere2015 and vicente2020 models are based on 
the same model developed by Lavandier & Culling, 2010 
(called lavandier2010) here. This model takes the BRIRs 
recorded at the ears of the listener as inputs. It predicts the 
better-ear listening and the binaural unmasking by 
frequency bands, before being averaged with a SII 
weighting. The sum of the resulting better-ear listening and 
binaural unmasking is defined as a binaural ratio. 
Differences between predicted binaural ratios can be 
compared to differences between SRTs. This model can 
predict SRM and the effect of reverberation on SRM. 
However it cannot predict the effect of the temporal 
smearing of the target speech and of the dip listening. 
Furthermore, it only works with NH listeners. 

The leclere2015 model is an extension of the lavandier2010 
model, with a similar structure. Its main difference is that 
the target BRIR is separated in an early and a late part. The 
early part is considered as useful to speech intelligibility, 
while the late part is considered as detrimental and is 
concatenated with the masker BRIR. This allows to 
consider the effect of the temporal smearing of the target 
speech caused by reverberation. However it only works 
with NH listeners and cannot predict the dip listening 
benefit. 

The vicente2020 model takes the target and masker signals 
at the ears of the listener as inputs. The better-ear listening 
and binaural unmasking are computed by time bands in 
order to take into account the effect of the masker’s 
temporal modulations. Another major difference is that the 
vicente2020 model also takes the listener’s audiogram as 

input. An internal noise is created based on the audiogram 
and the external noise level (that is to say, the masker level). 
The masker sound level at each ear is taken as the highest 
level between the internal noise level and the external noise 
level. This allows to predict the influence of hearing loss. 
However, this model cannot predict the effect of the 
temporal smearing of the target speech. 

2.2 Proposed model 

The proposed model combines the leclere2015 and 
vicente2020 models. It consists in applying the vicente2020 
model on different inputs. The original speech and noise 
materials, the BRIRs recorded at the ears, and the listener’s 
audiograms are taken as inputs. The stimuli used in the 
experiment can then be recreated by convoluting the speech 
and noise materials with the BRIRs. However, the target 
BRIR is separated in an early and a late part before 
convolution. The speech material is convolved with both 
the early and late target BRIR. The early target signal is 
considered as the useful signal and is taken as input in the 
vicente2020 model. The late target signal is summed with 
the masker signal (that is to say, the noise material 
convolved with the masker BRIR), and this sum is taken as 
input in the vicente2020 model as the detrimental signal. 

2.3 BRIR separation parameters 

The target BRIR separation part is done with linear 
windows. Both the early and late target BRIRs consist of a 
flat part as well as a linear decreasing (for the early BRIR) 
or increasing (for the late BRIR) part. Two parameters must 
be determined. The early-late-limit (ELL) is defined as the 
duration of the flat part of the early BRIR. The decay 
duration (DD) is defined as the duration of the linear 
decrease of the early BRIR. Leclère et al. (2015) showed 
that the leclere2015 model gave more accurate predictions 
when these parameters were room dependant. 

Four early-late separation methods were used with the 
proposed model. A room independent separation proposed 
by Leclère et al. (2015) was tested, with an ELL and a DD 
fixed at 30 ms and 25 ms respectively. A separation based 
on the work of Lindau et al., 2012 was also tested, where 
the ELL was considered as the perceptual mixing time 
while the DD remained fixed at 25 ms. The third version 
was based on a linear regression between the ELL and the 
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IACC, developed by Kokabi et al., 2018. The fourth 
version was an attempt to link the ELL with a short-term 
IACC, based on the work of (Rennies et al., 2019). 

3. DATASETS 

Six datasets were used to test the models predictions.  
(Collin & Lavandier, 2013 - Exp.1-3-4; Cueille et al., 
2022; Lavandier et al., 2012 - Exp.1; Lavandier & 
Culling, 2008 - Exp.3). The Lavandier et al., 2012 dataset 
allowed to see the SRM and the effect of reverberation on 
SRM. The Lavandier & Culling, 2008 dataset allowed to 
see the influence of reverberation on SRM and the temporal 
smearing of the speech. The Collin & Lavandier, 2013 
datasets allowed to see the effect of reverberation on dip 
listening and SRM. The Cueille et al., 2022 allowed to 
predict the effect of reverberation on dip listening as well as 
the temporal smearing of the target in monaural conditions. 
It also was the only dataset with HI listeners. 

4. RESULTS 

The four model versions gave similar performances with 
all datasets. Pearson’s correlation coefficients between 
measured and predicted SRTs ranged between 0.8 and 
0.99. Mean absolute errors ranged between 0.2 dB and 
1.5 dB. Largest absolute errors ranged between 1.5 and 
3.7 dB. The versions based on the work of Kokabi et al., 
2018 and on the short-term IACC gave slightly less 
accurate predicions with the datasets with high target 
temporal smearing, that is to say the experiment 3 of 
Collin & Lavandier, 2013 and Lavandier & Culling, 
2008. The dataset from Cueille et al., 2022 was slightly 
less accurately predicted than the others. 

5. DISCUSSION 

The four versions of the proposed model give accurate 
predictions with all datasets and are at least able to predict 
the trends of the studied effects. The slightly less accurate 
predictions of the Kokabi version might be explained by the 
fact that the ELL-IACC linear regression was developed for 
low and intermediary reverberation levels and was not 
tested at high reverberation levels. It appears that using a 
room independent ELL separation might be more 
convenient, as its implementation is simpler, and the 
predictions are as accurate as the other versions.  

The proposed model gives better predictions than the 
vicente2020 and the leclere2015 models. The predictions of 
the vicente2020 model are accurate only with datasets with 
no temporal smearing, while the leclere2015 model is 
inaccurate with datasets with a temporally modulated 
masker and/or HI listeners. 

Overall, the proposed model appears to work correctly. 
However, the datasets used here only allow to test the 
different mechanisms (SRM, target temporal smearing, dip 
listening…) separately. Furthermore, the only dataset with 
HI listeners has monaural conditions with no SRM. It could 
be interesting to test this model with HI listeners in binaural 
conditions.  
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