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Summary

Binaural hearing is beneficial in suppressing the audibility of echoes in reverberant environments.
Echo suppression has typically been investigated utilising a single reflection, and often at high direct-
to-reverberant energy ratios (DRRs) where the reflection is barely audible. In natural environments,
however, reverberation comprises a large number of reflections and DRR may be relatively low. The
aim of this investigation was to quantify binaural echo suppression in the presence of reverberation
by assessing its salience in monaural and binaural listening. A short speech segment and an impulsive
finger snap were used as direct sound, and a simple reverberation model with frequency-dependent
Tso between 0.5 and 2.0 s was used to create stimuli with different DRRs. The stimuli were spatialised
using non-individual head-related transfer functions and played back over headphones. In an adaptive
matching paradigm, a diotic or dichotic reference sound was fixed at 0 dB DRR, and the DRR of
a monaural or diotic comparison sound was varied via a two-alternative forced-choice procedure.
Twelve listeners participated, and on each trial, their task was to judge which of the two sounds,
the reference or the comparison played back in random order, was more reverberant. The results
show that between 2-6 dB higher DRR is needed for a monaural sound to be matched in perceived
reverberation with the binaural sound, the effect being largest for the impulsive sound and when
matched against the dichotic reference. This is in agreement with earlier studies on echo suppression

of a single reflection.

PACS no. 43.66.Pn, 43.66.Rq

1. Introduction

The binaural auditory system offers many advantages
compared to monaural listening. One of the most im-
portant advantages is better localization of sound due
to interaural time and level differences (ITD and ILD,
respectively), which are absent in monaural listen-
ing [1]. Binaural hearing is also more effective over
monaural hearing in the transduction of acoustic sig-
nals to auditory percepts, due to binaural summation
of loudness [2]. Binaural cues further allow the au-
ditory system to enhance the perception of a sound
signal in the presence of noise and competing sound
sources [3], and to bolster the unreflected signal com-
ponents in a reverberant environment [1].

In most natural enviroments, the sounds that we
hear are accompanied by delayed reflections from
many different directions. However, these reflections
often go unnoticed [4]. This suppression of reverbera-
tion has been suggested to be largely due to binaural
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processing, although monaural mechanisms for echo
suppression have also been proposed recently [5].

One of the earliest reports on binaural suppression
of reverberation was published by Koenig in 1950 [6].
He listened to the signals of an acoustic reception sys-
tem consisting of two microphones, placed at the ears
of a manikin that provided signals to the observer’s
earphones. Switching between one-channel and two-
channel (binaural) listening led Koenig to the con-
clusion that in binaural listening, reverberation and
background noises were much less detectable. This in-
formal observation was corroborated by Danilenko (as
summarised in [1]), demonstrating that the percep-
tion of modulation of a signal in a reverberant room
is more accurate binaurally than monaurally, while
there is no difference in performance in an anechoic
environment.

In order to quantify binaural suppression of re-
flected sound, diotic and dichotic echo thresholds were
later measured by Zurek [7] with different echo de-
lays. His hypothesis was that if the binaural system
suppresses the effects of echoes, one might expect that
the detection of delayed sound will be poorer in the
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dichotic case, in which there are ITDs and ILDs asso-
ciated with the echo, than in the diotic case, in which
the stimulus is identical at the two ears. The results
showed that with echo delays of less than 5-10 ms,
the thresholds for the diotic echo were about 10 dB
lower than for the dichotic signal, in agreement with
Zurek’s hypothesis.

As opposed to a single reflection at a level where
an echo is barely audible, natural reverberation com-
prises sound that has reflected a number of times
from obstacles, and the acoustic energy of reverbera-
tion might be comparable to that of the direct sound.
Thus, in this paper, the salience of reverberation is
investigated at around 0 dB direct-to-reverberant en-
ergy ratio (DRR) by matching monaural and binaural
listening in perceived reverberation via an adaptive
paradigm.

2. Method

2.1. Participants

Twelve listeners (one female, 11 male) participated in
the experiment. All listeners were recruited from an
acoustics course held at Aalto University, and none of
the listeners reported any known hearing problems. In
addition, five listeners naive to the task were recruited
to an informal pilot study to test the functionality of
the paradigm in matching different conditions for per-
ceived reverberation. The listeners of the pilot study
did not participate in the actual test.

2.2. Stimuli

Both a continuous and an impulsive sound sample
were used as stimuli in the experiment. The samples
were generated from anechoic recordings of continu-
ous speech and a finger snap. The length of the speech
sample (English phrase: the number eight-one-nine)
and the finger snap was 1.5 and 0.03 s without rever-
beration, respectively, and A-weighting was applied
to align them in level.

A simple reverberation model [8] was used to add
reverberant energy to the stimuli. Twelve virtual loud-
speakers were spaced 30° apart in the horizontal plane
and direct sound was always reproduced with the
loudspeaker at 0° azimuth. Reverberant sound was
reproduced with all loudspeakers and it was gener-
ated from white noise, by using an independent noise
sample for each loudspeaker. The noise samples were
passed through an octave filter bank and different
reverberation times (Tgo) were assigned to each fre-
quency band, decreasing towards high frequencies. For
the speech sample, Tso was from 2 s at low frequen-
cies to 0.5 s at high frequencies and for the finger
snap it was from 1.5 s to 0.5 s, respectively. Rever-
beration for both stimuli was obtained by convolv-
ing them with the noise samples and applying an
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temporal envelope with a linear attack and an expo-
nential decay. Finally, the direct and the reverberant
sounds were spatialised by convolving each sound with
head-related impulse responses (HRIRs) measured for
an artificial head (Cortex Manikin Mk2) correspond-
ing to the directions of the virtual loudspeakers. The
HRIRs were prepared such that they were perfectly
symmetrical across the two ears. The resulting sounds
from the computations were then mixed to obtain var-
ious DRRs.

In order to prevent listeners to base their judgment
merely on the length of the decay in reverberation, the
reverberation tail was removed from the speech sam-
ple. The tail was removed by applying a raised-cosine
ramp of 2 ms in length to the sample, resulting in a
segment of reverberant speech but without an audi-
ble decay after the speech segment. For the impulsive
finger snap, the reverberation tail was held intact. Fi-
nally, the stimuli were presented to the listeners at a
comfortable listening level over headphones.

2.3. Apparatus

The participants were seated inside an anechoic cham-
ber for the listening test. The stimuli were played back
from a laptop (MacBook Pro) via a high-quality au-
dio interface (MOTU Traveler Mk3) and open-back
headphones (Sennheiser HD-595). The participants’
responses were collected using a graphical user in-
terface with two buttons. All signal processing for
preparing the stimuli, programming the experiment
and analysing the results was done using MatLab.

2.4. Procedure

An adaptive, two-interval, two-alternative, l-up/1-
down forced-choice procedure [9] was used in obtain-
ing matches for perceived reverberation. On each trial,
the participants were presented with a pair of sounds,
the reference and the comparison in random order,
and their task was to judge which of the two sounds
was more reverberant. The DRR of the reference was
kept constant at 0 dB DRR and the DRR of the com-
parison sound was altered via the adaptive procedure.
If the comparison sound was perceived as more rever-
berant, its DRR was increased to make it less rever-
berant in the next trial. Vice versa, if the reference
sound was perceived to be more reverberant in a trial,
the DRR of the comparison sound was decreased. Two
starting levels, +10 and -10 dB DRR, were used. The
initial step size for the DRR was 4 dB, and after two
reversals in the track it was decreased to 2 dB. Eight
reversals were obtained for each adaptive track and
the point of subjective equality (PSE) was computed
as a median of the last four reversals of the track.
Matches for perceived reverberation were obtained
for both sound samples between four different play-
back modes: In the dichotic mode, direct and reber-
berant sound was delivered to the listeners as such
from the reverberation model, while in the diotic



FORUM ACUSTICUM 2011
27. June - 1. July, Aalborg

Table I. Different test conditions listed by comparison
vs. reference playback mode, sound sample type and the
direct-to-reverberant ratio starting level.

Comparison vs. reference Sample Level
g h +10 dB
Monaural reverb vs. peec —10 dB
Dichotic Fi +10 dB
inger snap |——o-Tm
Speech jig gg
Monaural vs. Dichotic o 710 dB
inger snap |—5- 4w
Speech +10 dB
.. —10 dB

Monaural vs. Diotic
Fi +10 dB
inger snap —<5-15
Speech tig 25

Diotic vs. Dichotic
Fi +10 dB
inger snap |——o-7m

mode, the signal at one ear from the model was deliv-
ered to both ears. In the monaural reverb mode, direct
sound was delivered to both ears, while all reverberant
energy was summed and delivered to one ear only. Fi-
nally, in the monaural mode, the other earphone was
muted, and the level of the monaural mode was in-
creased by 6 dB to make it approximately equal in
loudness with the samples delivered to both ears [10].
For half of the monaural cases the left-ear, and for the
other half, the right-ear signal was used. The test con-
ditions of the experiment are summarised in Table I
with the comparison and reference playback mode to
be matched via the adaptive procedure, as well with
the sound sample and DRR starting level for each
adaptive track.

The adaptive tracks were further organized into
four blocks: one block included tracks with the
monaural mode as a comparison sound and others
included only diotic or dichotic sounds. This was
adopted based on the feedback from pilot testing,
where the listeners reported being confused with
sound coming randomly to one or two ears. Plac-
ing the monaural tracks in a separate block aimed
to reducing the confusing effect of different playback
modes. Thus, each block consisted of one playback
mode, with a track each for both sound samples
(speech and finger snap) and with +10 dB and -10 dB
DRR starting levels, totalling to four tracks per block.
Within one block, the adaptive tracks were interleaved
randomly such that the probability of choosing each
track was based on the number of remaining reversals
in the track.

Each block was repeated once resulting in a total of
eight blocks and the presentation order of the blocks
was governed by a 4x4 Latin square [11] resulting in
a fully randomized testing procedure. Prior to the ex-
periment, the listeners had one block of training (5-7
mins) to get acquainted with the test procedure. In
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the experiment proper, the listeners had a chance to
have a break after each block and a mandatory longer
break was held after four blocks. The total duration
of the experiment was approximately 70 mins.

3. Results and Discussion

The hypothesis of the experiment was that reverber-
ation is more salient in monaural than in binaural
listening, and a higher DRR for monaural presenta-
tion would thus be required for a match in perceived
reverberation with binaural presentation. For each of
the conditions, the PSE was calculated as the median
of the last four reversals obtained from each listener
in each adaptive track. Given the noisiness of the data
and the presence of outliers, the median was chosen
as a robust measure of central tendency.

To test the data against the hypotheses, a Wilcoxon
signed rank test was performed for each test condi-
tion. Data for all conditions was tested against the
null hypothesis that it comes from a distribution with
zero median, i.e., the median PSE of the reference
and the comparison condition is zero. To increase
the power of the statistical tests, data were collapsed
across listeners and repetitions. Since no substan-
tial differences between the two starting levels, i.e.
+10 dB and —10 dB DRR were found in pilot test-
ing, data from different starting levels were consid-
ered a repetition and thus collapsed as well. Bonfer-
roni correction was applied to all p-values to account
for multiple testing.

Figure 1 shows box plots of the data obtained
from each test condition. A Wilcoxon signed rank test
shows that the null hypothesis, i.e., that the data of
each condition stem from a distribution with zero me-
dian, can be rejected at the 5% significance level for
all tested conditions, except for the speech playback
in the monaural reverb and in the diotic vs. dichotic
condition. The analysis of the monaural playback con-
dition suggests that reverberation is more salient if lis-
tened to with one ear only and compared to dichotic
playback. For both speech and finger snap sounds, the
interquartile range of the PSE data lies above 0 dB
DRR. When comparing monaural and diotic playback
to one another, the statistical analysis and the distri-
bution of the data indicate that reverberation is also
more salient in monaural than in diotic playback, al-
though the effect size is smaller than in the case of
the dichotic reference. This finding is in agreement
with the observations by Koenig [6] on differences in
perceived reverberation in monaural and binaural lis-
tening.

However, diotic vs. dichotic playback resulted in a
median PSE fairly close to 0 dB DRR and the effect
size is considerably smaller than what was demon-
strated by Zurek [7] on differences in echo thresholds
between diotic and dichotic presentation (up to 10
dB). Furthermore, although the null hypothesis may
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Figure 1. Box plot of matches (point of subjective equality; PSE) for perceived reverberation in various conditions. The
conditions (comparison vs. reference) and their p-values of a Wilcoxon signed rank test for zero median PSE are shown
on the left and right sides of each box plot, respectively. The direct-to-reverberant ratio (DRR) on the ordinate denotes
the DRR required for the comparison to be matched in perveiced reverberation with the reference at 0 dB DRR.

Table II. Mean and median PSEs of perceived reverberation in various conditions. A Wilcoxon signed-rank test indicates
significant differences of the median PSE between speech and finger snap sounds in all conditions except for monaural

reverb.
Condition Monaural reverb Monaural Monaural vs. diotic Diotic vs. dichotic
Sound type Speech  Finger snap Speech Finger snap Speech  Finger snap  Speech Finger snap
Mean PSE (dB) -2.0 3.6 1.7 7.5 1.3 2.7 -1.0 2.6
Median PSE (dB) 0 0 2 6 2 2 0 2
p-value 1 * < 0.001 *0.033 * < 0.001

be rejected for the finger snap sound in the monau-
ral reverb and in the diotic vs. dichotic conditions,
the distribution of the data indicates that the PSE
is not substantially different from 0 dB DRR. Thus,
the data do not support the hypothesis that rever-
beration is more salient if the reverb is summed and
presented to one ear only (monaural reverb), or if the
same signal is played back to both ears (diotic), when
compared to dichotic playback. Informal interviews
with the participants of the present study revealed
that the monaural reverb condition was considered
unnatural and difficult to compare with dichotic play-
back. Therefore, some listeners may have completed
the monaural reverb test runs partly by issuing ran-
dom answers, which could explain the large variance
in the data and the presence of outliers.

To compare the median PSEs of the two different
sound types, a test against the null hypothesis that
the data for the speech sound come from a distribu-

tion with a median equal to the data for the finger
snap sound was performed. The mean and median
PSE values for each condition are summarised in Ta-
ble II. A Wilcoxon signed rank test indicates signif-
icant differences of the median PSE between speech
and finger snap sounds for all conditions except for
monaural reverb. Although the difference is signifi-
cant for the diotic vs. monaural and the diotic vs.
dichotic conditions, it is not found to be substantial.
In the monaural condition, however, speech yielded a
PSE of 2 dB DRR, compared to 6 dB DRR with the
finger snap sound (see Table IT). This indicates that
reverberation is more salient in monaural playback
with a short impulsive sound than with a continuous
complex sound. The reason for this might lie in the
presence of a reverberation tail in the finger snap sam-
ples, whilst the reverberation tail was removed from
the speech samples. However, a more thorough anal-
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ysis and more experimental data would be necessary
to investigate this further.

In this study, the suppression reverberation, as op-
posed to a single echo, was investigated. Therefore, a
direct comparison to e.g., by Zurek [7], may not be
warranted. In [7], the largests effects between diotic
and dichotic presentation were seen for echo delays
of less than 10 ms. Furthermore, monaural echo sup-
pression has been shown to have the largest effect for
delays on the order of 1-2 ms. It is thus unlikely that
the present experimental paradigm is able to tap into
these suppression mechanisms due to more complex,
decaying reverberation present in all conditions. The
findings of this study on quantifying the difference in
DRR in various playback modes probably bear more
resemblence to the observations by Koenig [6] on the
salience of reverberation in monaural and binaural lis-
tening.

Understanding the perceptual effects of reverbera-
tion is important in many acoustical applications. In
telecommunications, sound may be delivered to one
or two ears and if the sound to be delivered is con-
taminated by large amounts of reverberant energy,
the playback mode (monaural vs. binaural) may im-
pose different requirements for algorithms to suppress
reverberation. In binaural modeling of the loudness
percept [2, 10], it is also important to know whether
direct and reflected sounds need to be weighted dif-
ferently and how they may be perceptually parsed by
the binaural auditory system [12]. Finally, knowledge
of reverberation perception is essential in the develop-
ment of auditory models based on physiological pro-
cesses [13], as well as in an attempt to improve the
performance of auditory models in more complex, re-
alistic acoustic environments. Future work is needed
to uncover and quantify binaural suppression of re-
verberation with a larger range of stimuli and exper-
imental conditions.

4. Conclusion

The salience of reverberation with various playback
conditions and two sound types was investigated in
this paper. Reverberation was generated with a sim-
ple computational model and matches in perceived
reverberation between monaural, diotic and dichotic
playback were obtained from listeners by varying the
DRR in a listening experiment utilising an adaptive
procedure.

The results show that reverberation is more salient
in monaural (and partly in diotic) listening when com-
pared to dichotic presentation, the effect being quan-
tifiable and largest for an impulsive sound. At max-
imum, 6 dB higher DRR was required for monaural
presentation to be equal in perceived reverberation
with dichotic playback. The results are in agreement
with earlier studies of binaural suppression of single
echoes.
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