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Abstract

It is important for alarm signals to be accurately perceived in
any environments to avoid many dangerous situations. How-
ever, often cases of inaudible alarm signals arise because
some interferences such as the masking effects of noise oc-
cur in noisy environments. In this study, to investigate the
perception of the alarm signals, the masked threshold of bin-
aural alarm signals in noise was measured as a function of
interaural time difference (ITD) in which the frequency of
the alarm signals is varied from 1.5 to 2.5 kHz. The results
showed that the perception of the alarm signal is influenced
not only by the ITD but also by the interaural phase differ-
ence (IPD) of the signal. This influence depends on signal
frequency. This suggests that ITD and IPD at the alarm sig-
nal frequency have to be considered to convey warnings ac-
curately and efficiently without loss of information.

1. Introduction

Alarm signals should be perceived accurately and effi-
ciently even in real environments to know when and what
events occur. However, some interferences such as the mask-
ing effects of noise occur in noisy environments so that the
perception of alarm signal is disturbed. This is a serious prob-
lem because this leads to many dangerous situations for per-
sons who should hear alarm signals. Therefore, it is impor-
tant to present alarm signals that can be accurately perceived
in any environments.

The masked threshold can be improved using spatial cues
in binaural hearing when the signal and noise are spatially
separated. This is referred to as “spatial release from mask-
ing (SRM)” [1]. If SRM occurs for alarm signals in the same
situations, it can suppress the influence of noise on alarm sig-
nals, facilitating the perception of their existence and direc-
tions, so that it can help us for designing the alarm signal
presentations in noisy environments.

It is well known that interaural time difference (ITD) and
interaural level difference (ILD) are used as dominant cue in
SRM [3]. However, we do not know how the influence of ITD
and ILD in SRM are. In addition, alarm signals are, in gen-
eral, used in real environments (free sound field). However,
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in this case, it is difficult to remove the influence of reverber-
ation and background noise on the perceptual characteristics
related to SRM as well as to investigate the influence of ITD
and ILD in SRM, separately.

In this paper, as the first step toward to investigate the
perception of the binaural alarm signals in SRM, we down-
size experiments in a free sound field into experiments in a
sound-proof room as the experimental design, to cancel out
the effects of the surrounding background noise and rever-
beration. Dominant cue of ITD in SRM is used in all experi-
ments because ITD can be easily controlled in stimuli rather
than ILD. Thus, the masked thresholds of binaural alarm sig-
nals in noise were measured as a function of ITD induced by
alarm signals by varying the frequency of the components,
using the following two experiments.

In experiment I, to determine perceptual characteristics
when only ITD was given as cue, masked threshold was mea-
sured as a function of ITD induced by pulse train signals. In
experiment II, to determine perceptual characteristics when
ITD and IPD are given as cues, masked threshold was mea-
sured as a function of ITD induced by alarm signals. We
then discuss the perceptual characteristics related to SRM ob-
tained through the two experiments.

2. Experiment I

2.1 Purpose

The purposes of this experiment are as follows: to show the
importance of ITD and to determine whether the perceptual
characteristics are similar to those reported by Saberi et al.
[1]. Therefore, to determine perceptual characteristics when
only ITD is given as cue, masked threshold was measured as
a function of ITD induced by pulse train signals.

2.2 Subjects

Eight graduate students aged between 23 and 32, seven
male and one female, participated in this experiment. All had
normal hearing (15 dB HL from 125 Hz to 8 kHz) and some
previous experiences in other auditory experiments.
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Figure 1: Illustration of difference in arrival time between
both ears of sound wave from sound source in direction at
angle 6 radians to the observer

2.3 Stimuli

Pulse train signals were used as stimuli. The pulse signal
was a 1 second click train consisting of 62.5 us rectangular
pulses presented at a rate of 100 pulse/s. This click signal
is almost the same signal as that Saberi et al. used [1]. The
noise was white noise presented for 2 seconds. The sampling
frequency of the signal and noise was 48 kHz.

Figure 1 shows an illustration of difference in arrival time
between both ears of a sound wave from a sound source in
a direction at an angle 6 radians to the observer. In general,
ITD is described as:

ITD = g:£(0+sin6) (1)
d = 0+rsind (2)

where 7 in meters is the radius of the head, # in radians
(=% < 6 < 7) is the direction of the sound source, ¢ in
m/s is the sound velocity and d in meters is the route differ-
ence between both ears. In this experiment,  was 0.09 m
and the sound velocity was 343.5 m/s. 6 was set to 75, %,
Z, %, 32 and § (15°, 30°, 45°, 60°, 75° and 90°) so that
the signal source was moved on the right of the subject when
the median plane was assumed to be 0°. Only ITD was set
to signals. The signal - noise configurations are described as
follows. The condition that both the signal and the noise lo-
cated at 0° is denoted by SeNo. The signal at #° and noise at
0o is SeNo.

2.4 Procedure

Figure 2 shows the diagram of the apparatus used in the
experiment. The experiment was carried out in a sound-proof
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Figure 2: Diagram of the apparatus used in the experiment
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room. Stimuli were presented to each subject through head-
phones (Sennheiser HDA200) while the subject was oper-
ating the application designed on a laptop PC (Sony VAIO
PCG-505). This application establishes serial communica-
tion with the Linux server to present stimuli, for responding
subject’s requests. In addition, this application records the
answers by each subject.

The method of limits was used to measure masked thresh-
olds for this experiment. There are descending and ascend-
ing series in the method of limits. In descending series, when
the experiment began, the sound pressure level of the signals
in the stimuli was chosen randomly from the range that the
subject can distinctly perceive the signal. Then, the sound
pressure level of the signals was varied from high to low. In
ascending series, when the experiment began, the sound pres-
sure level of the signals was chosen randomly from the range
that the subject cannot distinctly perceive the signal, and then,
the sound pressure level of the signals was varied from low
to high. The signal was presented for 1 s in a noise for 2
s. The timing that the signal was presented in the noise was
changed randomly, not to be perceived the timing by the sub-
jects. While the noise was presented by 65 dB SPL, the signal
was varied in 1 dB steps and was presented to subject. The
subject was required to answer to either “I heard” or “I did
not hear” the signal in the noise after the stimulus had been
presented. Both descending series and ascending series were
carried out 10 trials. When the difference in the mean of each
series was 2 dB or less, masked threshold was determined as
the mean of all measurements.

2.5 Results

Figure 3 shows the measured masked thresholds obtained
for the pulse train signal. The threshold is plotted as rela-
tive threshold against the SoNo condition. Error bars represent
standard deviations. Masked threshold decreased as the sig-
nals were moved on the right of the subject. This resultis sim-
ilar to that obtained when the stimulus was presented in the
free sound field reported by Saberi et al. [1]. When the stim-
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Figure 3: Mean masked thresholds obtained for the pulse

train signal: The threshold is plotted relative to the thresh-

old under the SeNo condition. Filled circles and error bars

show mean value and standard deviation of relative masked
thresholds.

ulus was presented in such a free sound field, masked thresh-
old decreased by about 15 dB under the condition of S«No. In
this experiment, masked threshold decreased by about 7.6 dB
when only ITD is varied. Therefore, it was shown that SRM
occurred as induced by ITD only. In addition, the importance
of ITD was shown for the reason that a high extent of release
from masking of about 7.6 dB occurred by varying ITD only.

3. Experiment IT

3.1 Purpose

In this experiment, three alarm signals that changed the fre-
quency of the components (1.5, 2.0 and 2.5 kHz) were used
as signals in the stimuli. ITD of the alarm signals are set to
operat the signal direction. However, in this case, interaural
phase difference (IPD) as well as ITD could be used as cue.
Thus, in order to explore perceptual characteristics related
to SRM when ITD and IPD were given as cues, the masked
threshold of alarm signals in noise was measured as a func-
tion of ITD induced by alarm signals. In addition, it is known
that a frequency of about 2 kHz is good for the component
frequency of the alarm signals. However, localization ability
using ITD for a pure tone is generally reduced when the com-
ponent frequency of a pure tone is about 1.5 kHz. IPD is used
for localization when the frequency is lower than 1.5 kHz and
interaural level difference (ILD) is used when the frequency
is higher than 1.8 kHz, as the main cue [4]. This paper inves-
tigates whether SRM occurs when lower or higher frequency
components than 1.5 kHz are used for alarm signal.
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3.2 Subjects, procedure, and stimuli

The subjects and procedure were the same as those in ex-
periment I.

Three alarm signals were used. The alarm signals were
signals that conveyed most warnings provided by JIS S 0013
[2]. These signals were repeated patterns of ON and OFF
(ON = 0.1 s, OFF = 0.05 s) for 1 s. The frequencies of the
components of the alarm signals were 1.5, 2.0 and 2.5 kHz.
The noise was white noise presented for 2 seconds. The sam-
pling frequency of all the signals was 48 kHz. ITDs were set
to be the same as those in experiment 1.

3.3 Results

Figure 4 (a) shows the mean masked thresholds obtained
for eight subjects using the 1.5 kHz alarm signal. All thresh-
olds are plotted relative to the threshold under the SeNo condi-
tion. Error bars represent standard deviations. Similarly, Fig.
4 (b) shows the case in which the frequency of the compo-
nent is 2.0 kHz, and Fig. 4 (c) shows the case in which the
frequency of the component is 2.5 kHz. In Fig. 4 (a), masked
threshold was decreased by about 2.3 dB at the maximum
under a SasNo condition. The graph of the masked threshold
showed a decreasing tendency from SoNo to S«sNo and a in-
creasing tendency from SssNo to SwNo. The masked threshold
under the S«No condition showed a masked threshold similar
to that under the SoNo condition. ,

This result can be interpreted by the binaural masking level
difference (BMLD). BMLD is level difference (dB) between
masked threshold MLo dB when homophasic white noise and
pure tone are mixed and presented and masked threshold
ML~ dB when homophasic white noise and antiphasic pure
tone are mixed and presented in both ears. The BMLDs val-
ues are 15 dB at maximum at low frequencies (about 500 Hz)
and 2 ~ 3 dB at frequencies higher than 1.5 kHz [4]. When
the component frequency of the alarm signal is 1.5 kHz, time
per period of the 1.5 kHz sine wave is about 0.67 ms. This
time is the same as that for ITD that is observed under the
S«No condition.

In other words, under the SsNo condition, the alarm signal
is presented under the condition that one period is just shifted
between both ears. Therefore, it is thought that a high thresh-
old was obtained because it became extremely near that under
the condition that the homophasic alarm signal is presented
between both ears. Similarly, under the S:sNo condition, it is
thought that a low threshold was obtained because the phase
of the alarm signal was shifted by one-half period between
both ears.

Figures 4 (b) and 4 (c) show similar tendency. In Fig. 4
(b), the component frequency of the alarm signal is 2.0 kHz.
The time per period of the 2.0 kHz sine wave is about 0.5
ms, which is the same as that for ITD that is observed under
the SeNo condition. Therefore, a high threshold was obtained
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because the alarm signal became homophasic between both
ears under the S«No condition, and a low threshold was ob-
tained because the alarm signal became antiphasic between
both ears under the S»No condition.

In Fig. 4 (c), the component frequency of the alarm signal
is 2.5 kHz. The time per period of the 2.5 kHz sine wave is
about 0.4 ms, which is the same as that for ITD that occurs
under the SsNo condition. Therefore, a high threshold was
obtained because the alarm signal became homophasic be-
tween both ears under the S«sNo condition, and a low thresh-
old was obtained because the alarm signal became antipha-
sic between both ears under the SisNo condition and the S+sNo
condition.

From these experiment results, it was shown that the com-
ponent frequency of alarm signals influences the perception
of alarm signals. Therefore, when the perception of alarm
signals is considered, ITD and IPD should also be consid-
ered.

4, Conclusion

In this paper, two experiments were carried out using pulse
train signals and three alarm signals to determine the percep-
tual characteristics of alarm signals. In experiment I, pulse
train signals were used. It was shown that SRM occurs when
using only ITD. Therefore, the importance of ITD was shown
for the reason that a high degree of release from masking oc-
curred by changing only ITD. In experiment I1, alarm signals
were used. Results showed that the perception of alarm sig-
nals is influenced not only by their ITD but also their IPD,
and that depends on the frequency of the components of the
signals. This suggests that it is preferable to use alarm sig-
nals in which ITD can be used as cue and presented to be-
come antiphasic by both ears to convey warnings accurately
and efficiently without loss of information. '
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Figure 4: Mean masked thresholds: (a) 1.5 kHz alarm signal,
(b) 2.0 kHz alarm signal and (c) 2.5 kHz alarm signal. All
figures are drawn in that in the same format as Fig. 3.

Journal of Signal Processing, Vol. 10, No. 4, July 2006




