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ABSTRACT* 

The perception of speech and its intelligibility have long 
been studied in relation to monaural factors (i.e. 
reverberation and clarity). On the other hand, especially in 
more complex settings, binaural hearing is necessary to 
achieve performance. The deployment of effective binaural 
processes is strongly influenced by the layout of source, 
masker(s) and receivers, by reverberation and also by the 
type of reflections in the impulse response. Scattered 
reflections are well-known to provide a spatially spread 
wavefront, a time-distributed response and uncorrelated 
binaural signals compared to specular ones. This work 
discusses the various effects mentioned above and presents 
some recent results on the role of correlation in this context. 
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1. INTRODUCTION 

Intelligibility has strong foundations in monaural signal 
analysis. A single impulse response provides information 
on both reverberation and the temporal distribution of 
energy [1,2]. On the latter aspect, 50 ms has been indicated 
for decades as the useful time limit for the integration of the 
first reflections (see standard [3]). In recent years a 
systematic investigation and verification of how single 
reflections are actually aggregated to the direct sound has 
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begun. In the work [4] it was shown that, for a single 
reflection, the delay and direction are largely independent, 
even if frontal reflections are more effective for spectral 
reasons [5] and it was found that reflections much later than 
50 ms can be integrated as long as they are in phase with 
the direct sound [6]. Finally, the effective time limit seems 
to depend on the room [7]. Simple, essentially monaural, 
models such as C50, U50 and STI do not capture this 
complexity as they provide energetic predictions that are 
not specific either by position (a given value of the indicator 
is always associated with the same intelligibility 
disregarding location details apart distance from the source) 
or by listener. Furthermore, even limiting oneself to 
energetic masking noise (informative masking introduces a 
further degree of complexity), it is very complicated with 
the previous models to manage noises fluctuating over time 
and in the spectrum. On the other hand, it is known that for 
the phenomena of "listening in the dips (LD)" [8] and 
"glimpsing (GP)" [9] human hearing works best when it can 
benefit from short time-spectral windows with favorable 
signal-to-noise ratios (SNR ). 

2. BINAURAL EFFECTS 

Hearing with two ears is essential in many realistic contexts 
and always produces better results than a single channel 
[10]. At the basis of this effectiveness are the mechanisms 
of comparison between the right and left channels which are 
well explained (although not entirely) by the so-called E-C 
equalization-cancellation theory [11] and by the "better ear" 
effect. Hearing processes occurring in the olivary complex 
structures extract delay times, levels and estimates of the 
correlation between signals, using this information for 
target signal and masker in order to improve SNR. In 
particular, the system works as if it realigned the masking 
signal thanks to the estimation of the delay, compensated it 
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for amplitude and finally subtracted it from one channel to 
the other; by so doing the portion of noise which is 
correlated between the two ears can be eliminated. The 
effectiveness of the process therefore depends on how well 
the noise signals are correlated between channels. The 
"better ear" is instead directly attributable to the shielding 
effect of the head with respect to lateral noise sources. The 
manifestation of this ability, which takes place over not-too-
short time intervals, is experimentally measured with the 
spatial release from masking (SRM) quantity [12]. This 
quantity is the difference in dB between the threshold 
values for a certain intelligibility measured with co-located 
source and masker and shifting the masker by a certain 
angle. Since the threshold with an angled masker is lower 
(therefore better performance) then SRM is positive (except 
in rare cases which are not of interest here) and can even 
reach about ten dB in anechoic conditions for openings of 
90° - 100 ° [13]. 

3. REVERBERATION AND THE RELATED 
EFFECTS 

Reverberation in a room has multiple effects on the signals 
received. Reflections with an excessive delay corrupt the 
signal because they cannot be integrated: in practice they 
become part of the masker, even in the monaural hypothesis 
alone. Added to this is that the reverberant tail "fills" any 
gaps available for fluctuating noise and therefore the LD 
and GP mechanisms also offer reduced support. In binaural 
hearing, the right-left level differences decrease making the 
"better ear" less effective; above all, reverberation makes 
the extraction of the binaural cues on which the E-C 
mechanism is based more critical. It is therefore not 
surprising that intelligibility is poorer with inadequate 
reverberation. In particular, it has been discussed how the 
correlation of the masking decreases with the increase of 
reverberation and this makes the E-C process almost 
ineffective for a completely uncorrelated noise [14, 15]. The 
precise evaluation of the disadvantage in a reverberated 
context compared to an anechoic one also in terms of 
binaural performance can be detected with worse SRM 
values with the same geometric condition between the 
target and masking source [16]. It should be noted that the 
performances are still better than monaural listening in the 
same context.  

4. CORRELATION AND THE TYPE OF 
REFLECTIONS 

The emphasis on the correlation of the masker probably 
derives from the fact that the frontal target speech at a short 
distance maintains a sufficient correlation even in not too 
reverberant conditions. Recently, the roles of the correlation 
of the target and the masking noise have been studied 
together. Favorable monaural conditions have been 
established in terms of reverberation and clarity and the 
typology of the reflections has been changed [17] to 
manipulate the correlation of signals. This was obtained by 
changing three first reflections from specular to diffuse, the 
latter obtained from direct measurements on a Schroeder 
diffuser [18]. Working with a diffuse isotropic noise (and 
therefore with low correlation) it was seen that the condition 
which ensured greater correlation of the source also 
provided more intelligibility. In a further study [16] 
concentrated noise was used, working with the SRM. Two 
notable results have been obtained: both the correlation of 
the source and of the masker is important and the former is 
prevailing over the latter, at least as far as it is associated 
with a larger correlation value. The best performance is 
obtained (higher SRM) when both the target and the masker 
are associated with specular reflections, while, if the 
reflections are scattered, the performance is worse. This 
result provides a fairly direct indication at the room 
acoustical design level pointing to the provision of specular 
reflections to support speech via correlation. 

5. THE SPECIAL CASE OF ANCIENT THEATRES 

In ancient theaters such as Greek or Roman theatres the 
binaural impulse response between the source in the 
orchestra and a listener in the cavea is characterized, after 
the direct sound, by the scattered components produced by 
the steps. Although such type of reflections typically 
reduces the correlation at the ears, in this case the 
correlation between the right-left channels is instead still 
high [19]. This is explained by the centrally symmetrical 
orientation of the audience towards the source which 
minimizes the differences between the ears and, above all, 
by the fact that scattering occurs primarily on the listener's 
sagittal plane and less on the coronal one. The result is that 
the two ears receive reflections resulting from scattering, 
but almost equal to each other on the left and right sides. 
This allows the listener to trigger the binaural mechanisms 
seen previously. The correlation of the target source can be 
a factor which, together with others already known [20], 
ensures good intelligibility even in these large outdoor 
environments. 
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