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Introduction

The apparent source width (ASW) describes the per-
ceived spatial extent of a sound source, which has been
shown to be an important subjective attribute to charac-
terize the quality of concert halls [5]. Furthermore, the
ASW describes how punctuated a sound source is per-
ceived by a listener, which is relevant for everyday com-
munication and may facilitate sound source localisation
and speech intelligibility [7]. In particular, in multi-talker
environments the perception of focused sound sources al-
lows the separation of the concurrent sources.
Contributing cues to ASW perception are fluctuations
of interaural time differences (ITDs) and interaural level
differences (ILDs) caused by room reflections [1]. Whit-
mer et al. ([7], [8]) showed that hearing-impaired (HI)
listeners have a reduced sensitivity towards ASW percep-
tion compared to normal-hearing (NH) listeners. They
argued that this reduced sensitivity of HI listeners might
be caused by a degraded temporal fine structure (TFS)
processing, which in turn reduces their performance in
ITD discrimination tasks. It is therefore important to an-
alyze how hearing aid (HA) processing affects ASW per-
ception and whether a HA can potentially improve ASW
perception in the HI listeners. One important component
of HA signal processing is wide-dynamic range compres-
sion (WDRC). Wiggins and Seeber [9] found that com-
pression had an impact on lateralization due to changes
in ILDs, but not on ASW. However, they only tested NH
listeners using binaural simulations (based on HRTFS)
via headphones.

In the present study, three research goals were consid-
ered: The first goal was the individual characterisation of
ASW perception in NH and HI listeners in realistic acous-
tic conditions. Hence, listening tests were conducted in
a standardised listening room using natural stimuli, such
as speech and music. Secondly, the influence of HA pro-
cessing on ASW was investigated. Therefore, a HA with
linear processing was compared to a HA with WDRC.
Finally, a simple computational model was used to anal-
yse the presented stimuli regarding their binaural cue
statistics. The model outputs were compared to the psy-
choacoustic measurements.

Method

For the listening test, five sounds were reproduced via
loudspeakers to generate distinctive perceptions of ASW.
The listening setup is shown in Figure 1. Three loud-
speaker pairs, with loudspeakers of type Dynaudio BMG6,
were installed in a line array in a standardised IEC listen-
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ing room with a reverberation time of T3¢9 = 0.4 s. Their
opening angles and distances to the listening position are
specified in Table 1. In addition, a center loudspeaker
was used as a reference.

Each loudspeaker pair produced a phantom source in the
center of the line-array. The ASW of the phantom source
was controlled by the opening angle of the loudspeakers
(see [2]) and by applying the ”efficient source widening”
algorithm described in [10]. The algorithm sinusoidally
modulated the phase spectrum, which created dynamic
fluctuations in the binaural cues. The algorithm pro-
duced two FIR filters, one for the left and one for the
right loudspeaker channel, which were convolved with
the mono source signals. Each filter consisted of 5 fil-
ter coefficients separated by N = T - f; samples, where
T and f; denoted the periodic modulation interval and
the sampling frequency, respectively. The modulation
depth was specified by ® = 7/T, where 7 described the
time-delay modulation depth. The variable parameters
of the algorithm were set to NV = 132 samples, choosing
fs = 44.1 kHz and T = 3 ms (in the range of recom-
mended values by [10]). The modulation depth ® was
set individually for each loudspeaker pair. The parame-
ters for the five distinct sounds are summarized in Table
1. In [10], ASW was found to correlate well with the in-
teraural cross-correlation, IACCgg, where low correlation
values indicated a broad sound image. According to the
definition in [5], IACCggs averages the IACC of the first
80 ms of the impulse response (IR) over three frequency
bands with center frequencies at 0.5, 1 and 2 kHz. To
verify the five distinct sounds used in the present study,
the TACCg3 was measured via a head and torso simulator
(HATS) at the listening position. Here, the entire signal
duration was used and the results are listed in Table 1.
In [6], it was suggested to use the entire signal directly
rather than only the IR for the prediction of spatial per-
ception.
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Figure 1: Sketch of the experimental set-up and proce-
dure. The loudspeaker pairs (see Table 1) generate a phantom
source at 0 degree. Subjects were asked to indicate the ASW
in degree on the given scale, separately for the left and right
boundary of the source image.
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Table 1: Parameters for the five distinct sounds and the
corresponding TACCgs values for all signals.

Parameters TACCgs
Sound | LS ang. | dist. | ® . .
] m] | [] noise | speech | guitar

#1 +42.5 | 2,29 | 30 | 0.49 0.43 0.61
#2 +30 1,95 | 40 | 0.47 0.53 0.54
#3 +30 1,95 | 20 | 0.62 0.67 0.63
#4 +16 1.74 | 20 | 0.71 0.73 0.80
#5 +0 1.69 | - 0.82 0.85 0.80

The three different signals were anechoic speech (a male
talker) and anechoic guitar (a classical acoustic guitar
playing staccato chords) excerpts representing natural
signals. In addition, (non-frozen) pink noise was used as
a technical signal for comparison. The duration of each
stimulus was 6 s. The processed signals were presented
to the listeners at 70 dB SPL (with a maximal deviation
of 40.3/ —1 dB SPL) based on the long-term root mean
square (RMS) value of the individual signals.

In total three different conditions were tested: Besides
the reference condition without HA [w/o HA], a HA was
used with two programs, linear processing [HAlin] and
WDRC [HAcomp|. The HAs were of type Widex Dream
440 Fusion and were fitted to the individual group of
listeners. The HA on both ears were operating indepen-
dently, i.e. no cross link was used. The HA used an om-
nidirectional microphone for the sound capturing and no
further signal processing, such as beam-forming, noise-
reduction or feedback control, was applied. The ear-plug
was inserted in a listener’s ear with a closed fitting. For
the HI listeners, linear amplification was applied. The in-
sertion gain was calculated as half the average across all
listeners’ audiograms following the NAL-R(P) rationale
[4]. This was possible due to the homogeneous audio-
grams across all HI listeners. For NH listeners, no am-
plification was applied. The WDRC used a compression
ratio of 2:1, an attack and release time of 11.5 ms and
100 ms, respectively, and a threshold of 35 dB. In total,
45 stimuli were tested per HA condition. The HA con-
ditions were arranged by a Latin-rectangular design and
the stimuli were presented in randomised order. Each
stimulus was presented three times. In the listening ex-
periment, 6 NH (5 male and 1 female) and 6 HI (male)
listeners participated. The NH listeners were 27 to 32
years old and had a hearing threshold below +20 dB HL.
The HI listeners ranged from 59 to 75 in age and were
diagnosed with a cochlear hearing loss. All HI listeners
used their own hearing aid for at least 4 months.

The listening test procedure was adapted from [3]. Lis-
teners were asked to indicate ASW by separately identify-
ing the left most and right most extension of the phantom
sound source. The entire loudspeaker setup was covered
with an acoustically transparent curtain to avoid any vi-
sual influence of the loudspeakers on the listener. Lis-
teners had to project their acoustical perception of ASW
on a visual degree scale in front of the curtain, as illus-
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trated in Figure 1. The same scale was displayed on a
touchscreen that listeners used to make their choices, sep-
arately for the left and right boundary of the perceived
sound. Each sound was evaluated individually. In addi-
tion, a reference sound (sound #5 with pink noise) was
available to the listener throughout the entire experimen-
tal procedure.

Psychoacoustic results

The results of the psychoacoustic measurements are
shown in Figure 2. In the top panels, the differences
in ASW perception among the three signals, speech, gui-
tar and pink noise (represented by the different colours
and symbols) are displayed. On the ordinate the 5 differ-
ent sounds are represented, where sound #1 corresponds
to a wide sound and sound #5 to a narrow sound. On
the abscissa the perceived ASW is indicated for the left
(negative) and right boundary (positive), separately. The
results for ASW represent median values, obtained across
all listeners and repetitions. Error bars indicate the 25th
and 75th percentiles.
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Figure 2: Averaged ASW results for NH (left) and HI lis-
teners (right). ASW is shown in degrees on the x-axis, as left
and right expansion of the sound source, as a function of dis-
tinct sounds, sound #1 (wide) to #5 (narrow). Plotted are
the median and respective 25th and 75th percentiles. Top:
For all source signals in the condition without hearing aid
[w/o HA]. Bottom: For all hearing aid conditions [w/o HA],
[HAlin] and [HAcomp] in case of the pink noise signal. The
various conditions are represented by the different colours and
symbols.

For the NH listeners (top left panel), ASW decreases
symmetrically for the left and right boundary with in-
creasing sound number, resulting in a V-shaped pattern.
This indicates a clear distinction in ASW perception of
the provided sounds. Hereby, pink noise (downwards
pointing triangle) provides the largest dynamic range,
i.e. the difference between the wide (+40 degrees) and
the narrow (£10 degrees) sound sources. The dynamic
range is slightly reduced (by 5 to 10 degrees on both
sides) for the two natural signals, speech and guitar (up-



wards pointing triangle and square, respectively). Note
that the ana-lysis of IACCgs shown in Table 1 is not
consistent with the psychoacoustic data in some cases
(e.g. comparing sound #1 with sound #2 for pink noise
and for guitar and sound #4 with sound #5 for gui-
tar). Hence, the IACCgs-based prediction of ASW fails
in these cases.

For the HI listeners (top right panel), the slope of the
two boundaries and the dynamic range are significantly
reduced for all three signals. Both, wide sounds (sound
#5) are perceived narrower and narrow sounds (sound
#1) are widened compared to NH listeners. This clearly
indicates a reduced sensitivity of the HI listeners with
respect to ASW perception compared to NH listeners.
However, the pink noise signal produces perceptual dif-
ferences in ASW across the presented sounds, with a
small dynamic range from —20 degrees left and +15 de-
grees right (for wide sources) to 10 degrees (for narrow
sources). The other two signals result in a complete in-
sensitivity with respect to ASW perception. The slight
asymmetry in their results is due to larger individual dif-
ferences in ASW perception.

The insensitivity of the HI listeners regarding ASW per-
ception might have consequences for their ability to sep-
arate sound sources: In reverberant spaces (represented
by sound #1), their perceived space appears to be com-
pressed to a smaller dynamic range compared to NH lis-
teners. With such compression source separation might
become more difficult. In acoustically dry environments
(represented by sound #1), narrow sources are broadened
for the HI listeners. Broadened source images might be
more difficult to distinguish from other sources. Both
aspects suggest a reduced accuracy in terms of spatial
perception, which is in line with the results reported in
[7].

In the bottom panels of Figure 2, the differences among
the HA conditions are presented for the pink noise sig-
nal. Considering the results for the HA condition with
WDRC ([HAcomp], squares), the differences between the
two listener groups are noticeable: For the NH listen-
ers, the WDRC processing causes overall narrower sound
sources, especially for sounds #1 and #3. For the HI,
the WDRC rather produced wider sound sources. Fur-
ther, the pattern becomes more asymmetric due to in-
dividual perceptual differences. The results for the HA
with linear processing ([HAlin], upwards pointing trian-
gle) are very close to the results with activated WDRC
[HAcomp]. This indicates that most of the changes in
ASW perception were due to the use of the HA itself
rather than due to the WDRC.

Binaural cue analysis

In the following, an analysis of ITD and ILD is shown
in form of histograms. They describe the relative oc-
currence of the two binaural cues and were obtained
from binaural HATS recordings at the listener position
in case of the pink noise signal. For this purpose, a time-
frequency analysis was performed, using a fourth-order
gammatone filterbank with 1-ERB wide filters for cen-
ter frequencies ranging from 131 to 13563 Hz. The ITDs
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and ILDs for each frequency channel were computed for
frames of 20 ms with 50 % overlap. Figure 3 shows the
ITD histograms for the different HA conditions (from top
to bottom panel). The histograms are shown for wide
sounds (sound #1, left panel) and narrow sounds (sound
#5, right panel). Between these two extremes, the spread
of ITDs reduces, especially at low frequencies, such that
their relative occurrence focuses more around the center
position. For the HA conditions ([HAlin] and [HAcomp]
for HI listeners), the ITDs show a similar pattern as for
the condition without HA [w/o HA]. This indicates that
the HA did not alter the ITD statistics.

Figure 4 displays the histograms for the ILDs. The no-
tion is identical to the one in Figure 3. Comparing wide
sounds (left panel) and narrow sounds (right panel), the
spread of ILDs is reduced here as well even though less
prominent as for I'TDs. Considering the two HA condi-
tions [HAlin] and [HAcomp], a change in the ILD pat-
tern compared to the case without hearing aid [w/o HA]
is visible, especially for narrow sounds. Here, the ILD
pattern reveals a frequency-dependent distortion, i.e. a
shift of ILDs from their central position. The changes
in ILD statistics might be responsible for the slight cor-
responding change in ASW perception for both listener
groups. These opposite ASW perceptions, i.e. narrower
sounds for NH listeners and wider sounds for HI listen-
ers, might be explained by different sensitivities to ILD
fluctuations in the two listener groups. Even though, the
impact of the HA was minimal, it suggests that HI lis-
teners are still sensitive, to some extent, to the changes
in the ILD statistics. ILDs might be used to control or
restore a more natural ASW perception in individual lis-
teners that are insensitive regarding ITD fluctuations.
However, such hypothesis requires further investigations.

Summary and conclusions

In this study, ASW perception was investigated in NH
and HI listeners. While the NH listeners were able to dis-
tinguish the ASW of the presented sounds, it was found
that HI listeners were insensitive towards this percept,
which is consistent with previous studies ([7], [8]). In
NH listeners, pink noise was the most sensitive stimulus
showing the largest dynamic range of perceived ASW i.e.
the difference between wide and narrow sources. In HI
listeners, pink noise was the only stimulus that produced
minimal changes in ASW perception.

Further, the influence of HA processing on ASW per-
ception was evaluated. The HA was used with two pro-
grams: Linear processing and WDRC. The average re-
sults showed a similar effect of both programs: While for
the NH listeners, the dynamic range of ASW perceptions
was reduced, HI listeners perceived the stimuli with a
wider ASW. Even though the impact of HA processing
was small, wearing a HA might make source separation
more difficult for HI listeners.

A computational model provided a detailed analysis of
the statistics of I'TDs and ILDs. The statistics of both
cues reflected ASW perception in the sense that a wide
distribution corresponded to a wide ASW perception and
narrow distribution to a narrow ASW perception. The
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Figure 3: Relative occurrences of I'TDs per frequency chan-
nel shown in form of histograms. Results for the pink noise
source signal were obtained for the widest (sound #1, left
panels) and the narrowest (sound #5, right panels) sound.
A dark color represents a high relative occurrence of ITDs.
The accumulated distribution across all frequency channels
(center of gravity) is shown at the right part of each panel.
From top to bottom panel: conditions [w/o HA], [HAlin] for
HI listeners, [HAcomp] for HI listeners.

same analysis including HA processing revealed that the
ITD statistics remained largely unchanged, whereas the
ILD statistics were distorted. Therefore, changes of the
ILD statistic might have primarily affected ASW percep-
tion. This was the case for both HA programs. Future
studies could elaborate the idea of restoring ASW per-
ception with HA by controlling the ILD statistics.
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