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Abstract  Human beings fundamentally hear sound through both ears, referred as
binaural hearing. Most indices of transportation noise for measuring subjective responses
such as an annoyance are, however, based on measurement using a microphone. Binaural
signal, measured by ‘head and torso simulator’, is different from monaural signal,
measured by a microphone, because it includes more information of physical phenomena
like acoustical reflection and diffraction. Consequently, subjective responses to monaural
and binaural signals would be discriminated. In order to identify this fact, events of
transportation were measured using torso simulator and a microphone at the same site and
time. Stimuli which were obtained through signal processing of measured noise events
have been presented to subjects in simulated environment. This paper shows their
difference through laboratory experiments.

1. INTRODUCTION

Environmental noises, such as transportation noise, recreational noise, industrial noise and
community noise is recognized as environmental pollutions. Noise assessment and regulation
is having been done in many countries. Physical quantities of environmental noise
assessment are acquired through measuring by a microphone. But, human beings’ hearing is
physiologically two channel input system and hearing sound includes physical phenomena in
pinna, head and body [1~2]. Thus, noise level as well as frequency characteristics of ears are
discriminated from those of signals measured by a microphone. In this study, transportation
noise events were measured at the same time using both microphone and torso simulator in
order to know binaural effects on subjective responses. And the stimuli for subjective tests
were made on the basis of each measured signal. Signals measured by a microphone were
reproduced monaurally and signals measured by a torso simulator were reproduced
binaurally. Therefore, the former were named as monaural signals and the latter were named



as binaural signals in this paper only. Amplitude and spectrum for subjective test were
carefully calibrated to minimize the difference between original and processed sound. In this
laboratory study, subjective response is represented as an annoyance scale which mainly used
in dose-response relationships from socio-acoustical study, or field study [3~6]. Subjects are
instructed to mark annoyance scale by themselves after the exposure of transportation noise
event like several precedent researches [7~10].

Note that A-weighted sound exposure level, denoted by Lag, of monaural sound was only
used as a noise exposure indicator. Provided that physical quantity exposed at the same
location and time had difference, it would not proper that only Lag of monaural sound was
used as a noise exposure indicator in both cases. Ambiguity of binaural noise level caused by
inconsistency between left and right ear is one reason for choosing Lag of monaural sound as
noise exposure indicator. And it is another reason that relative position between a
microphone and a torso simulator was almost same and measurement was conducted at the
same time. This paper would propose a necessity of reflection of binaural effects on
transportation noises in instantaneous annoyance through comparison of response between
monaural and binaural hearing.

2. MEASUREMENT AND STIMULUS

2.1 Noise measurements

A microphone (B&K 4190) and ‘head and torso simulator’ (B&K 4100) were placed 1.7m
above the ground. And both were placed about 15m away from the edge of road and railway
and were placed about 100m away from a takeoff and touchdown point for aircraft. These
were directly connected to portable pulse (B&K 3560C) for real-time monitoring and spectral
analysis. Except for road traffic noise, noise was recorded as a single event considering their
intermittent passing pattern. Sampling rate is set to 65536 Hz with 16 bit quantization.
Measurement were performed in open environment and other measurement conditions have
been conformed to the description of 1ISO1996-1, 1996-2 [11~12].
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Figure 1: Spectrum of monaural (left fig.) and binaural (vight fig.) signal of railway noise. Monaural and
binaural recording was done at the same time. Solid line represents approaching of railway vehicle to
measurement devices and dash dotted line represents that railway vehicle is passing by in front of measurement
devices and dotted line represent recession of railway vehicle after measurement devices.



Figure 1 is frequency characteristics of railway noise measured by a microphone (left fig.)
and ‘head and torso simulator’ (right fig.). From figure 1, noise level of ‘head and torso
simulator’ is higher than that of a microphone in approximately from 2 kHz to 5 kHz. This
reflects acoustical features by head and pinna. The other noise sources also had similar
frequency characteristics.

2.2 Constitution of stimuli

Stimuli based on measured signals for laboratory experiment were composed of 6 test sets.
Samples of three noise sources were arranged randomly and silence between each noise event
was lasted at least 10 seconds in every test set for subjects not to be influenced from prior
noise events during. Also, fade-in and fade-out effects were added in the wave files of noise
events artificially on purpose of elimination of discontinuous sound caused by level
difference between artificial null sound and ambient noise of the location where
transportation noises had been recorded. Equal fraction of three noise events, which were
aircraft noise, railway noise and road traffic noise, was assigned to stimuli. Both commercial
and military aircraft events were included in aircraft noise events.

3. LABORATORY EXPERIMENT

3.1 Subjects

Figure 2 shows the percentage of subjects according to sex and ages and total number of
subjects participated in laboratory experiment. Summation of numbers in parenthesis is total
number of subjects, or 377.
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Figure 2: Percentage and total number of subjects participated in laboratory experiment.



3.2 Procedures

The subjects experiment was performed at an anechoic chamber because of disturbance
from other noise sources. The size of test section is 3.2 x 3.2 x 2.1 m® and cut off frequency is
approximately 200 Hz. All of subjects have been tested by 2 sets of stimuli. Subjects were
exposed to both monaural and binaural transportation noise and evaluated the extent of
annoyance through questionnaire by themselves. Annoyance rating scale adopted in this
experiment is 11-points numerical scale, ranging from zero to ten. “10” means “extremely
annoyed” and “0” means “not annoyed at all.”

4. STATISTICAL ANALYSIS

Linear regression analysis based on WLS (Weighted Least Square) method was conducted.
Each mean annoyance score was weighted by the number of data. Figure 3~5 represent mean
annoyance score as a function of A-weighted single event sound exposure level and
regression curves. Tablel shows that relationship (R>0.9) between Laeg and mean annoyance
was extremely high in all case. Significance of F-value in 6 linear regression models shown
through table 2 was less than 0.01 (P<0.05). Consequently, all of linear regression models are
significantly effective.

Table 1: Regression equations of three noise sources according to monaural and binaural noise exposure,
Y represent mean annoyance scores and X represent A-weighted sound exposure levels

Regressions | Monaural noise exposure R? Binaural noise exposure R?
Aircraft Y =-5.221 +0.136 X 0.955 Y =-5.156 + 0.146 X 0.987
Railway Y =-5.086 + 0.142 X 0.937 Y =-6.184 + 0.155 X 0.990
Road traffic | Y =-6.435+0.144 X 0.900 Y =-5221 +0.162 X 0.924

Table 2: Summery of linear regression analysis about annoyance response to monaural & binaural noise
exposure of aircraft, railway and road traffic vehicle

Source Aircraft Railway Road traffic

E/);r;osure Monaural | Binaural Monaural | Binaural Monaural | Binaural
SE 5.3016 2.9742 4.7213 1.9667 5.9709 5.7132
d. f. (1,8) (1,8) (1,8) (1,8) ,7) 1,7)

F value 170.787 631.842 118.571 823.030 63.281 85.040
Sig. of F <0.0001 <0.0001 <0.0001 <0.0001 0.002 <0.0001
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Figure 3: Comparison of mean annoyance score and regressions acquired by monaural and binaural aircraft
noise exposures. Solid line represents regressions through monaural aircraft noise exposures and dash dotted
line represents regressions through binaural aircraft noise exposures. A mean annoyance score through
monaural aircraft noise exposures, [ 1: mean annoyance score through binaural aircraft noise exposures
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Figure 4: Comparison of mean annoyance score and regressions acquired by monaural and binaural railway
noise exposures. Solid line represents regressions through monaural railway noise exposures and dash dotted
line represents regressions through binaural railway noise exposures. A: mean annoyance score through
monaural railway noise exposures, [1: mean annoyance score through binaural railway noise exposures
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Figure 5: Comparison of mean annoyance score and regressions acquired by monaural and binaural traffic
noise exposures. Solid line represents regressions through monaural traffic noise exposures and dash dotted
line represents regressions through binaural traffic noise exposures. A mean annoyance score through
monaural traffic noise exposures, L1: mean annoyance score through binaural traffic noise exposures

The difference of responses to monaural and binaural sound exposure of each transportation
noise source was compared in the ¢-test.

In case of aircraft noise exposure, F-value is 1.16 and significance of F-value was 0.0071
(P<0.05). Variances of annoyance response to monaural and binaural noise exposures were
unequal. Under the unequal variance, #-value was -7.08 and significance of 7-value was less
than 0.0001 (P<0.05). So, the difference of the two cases is statistically significant.

In case of railway noise exposure, F-value is 1.03 and significance of F-value was 0.7312
(P>0.05). Variances of annoyance response to monaural and binaural noise exposures were
equal. Under the equal variance, ¢-value was -4.10 and significance of 7-value was less than
0.0001 (P<0.05). So, the difference of the two cases is statistically significant.

In case of road traffic noise exposure, F-value is 1.17 and significance of F-value was
0.0550 (P>0.05). Variances of annoyance response to monaural and binaural noise exposures
were equal. Under the equal variance, r-value was -3.78 and significance of z-value was less
than 0.0001 (P<0.05). So, the difference of the two cases is statistically significant.

Consequently, monaural and binaural exposures of transportation noise events effects on
subjective response to those.

5. CONCLUDING REMARKS

As a result of statistically analysis, P-values in all noise sources were less than 0.05.
Therefore, it was demonstrated that subjective response to monaural and binaural noise
exposure of aircraft, railway and road traffic vehicles is different.

In this paper, it was confirmed that the signal input into human ears was different from
measured signal by microphone. Also, the difference of subjective response to monaural and



binaural noise exposure was statistically identified through #-test of data obtained from
laboratory experiment.

Accordingly, when noise levels measured by a microphone are used in assessment of
immediate response to transportation noise, correction of binaural effects should be necessary.
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