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Abstract

The effects of the bandwidth of high-frequency sounds on loudness are investigated. Loudness matches are obtained

using a two-interval, adaptive forced-choice procedure converging on the point of subjective equality by following a simple

1-up, 1-down rule. Loudness increases significantly when the sound has a 1/3 octave band compared with smaller

bandwidth sounds, confirming the effect of bandwidth of high-frequency sounds.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Changes in frequency and bandwidth affect the perceived loudness of a stimulus, even when the intensity is
constant [1]. Previous studies have concluded that the loudness of a noise remains constant as the bandwidth
of the noise increases up to a critical bandwidth (CB). Thereafter, the loudness increases with increasing
bandwidth under the same sound pressure conditions [2,3]. Other studies have indicated that the loudness of a
sharply filtered noise increases as the filter bandwidth decreases when the bandwidth of the signal is within the
CB, suggesting a tonal component to loudness [4,5]. However, the sounds used in the previous studies were of
a frequency between 250 and 5200Hz.

Recently, it has been warned that very high-frequency sound could cause annoyance, tinnitus, headaches,
fatigue and even nausea [6]. Some industrial and commercial appliances generate high-frequency sounds
(48 kHz). These include TV converters [7], functional magnetic resonance imagers and associated equipment
[8], dental turbines [9], animal repellents [10] and railway noise [11]. The previous studies show existence of
high-frequency sounds (48 kHz); however, they did not investigate the subjective response to high-frequency
sounds [7–9,11]. Most of the sounds used in previous psychoacoustic studies were of a frequency below 8 kHz,
and only a few systematic reports have investigated how the humans perceive sounds with a frequency above
8 kHz, leaving this a large gap in our understanding of the primary perception of sounds, such as loudness.
ee front matter r 2008 Elsevier Ltd. All rights reserved.
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Therefore, this study evaluates the effects of the bandwidth of high-frequency sounds (48 kHz) on their
loudness.

2. Method

Ten normal-hearing subjects (22–37 years old) took part in the experiment. They all had normal
audiological status and no history of neurological diseases. Informed consent was obtained from each subject
after the nature of the study was explained. The study was approved by the ethics committee of the National
Institute of Advanced Industrial Science and Technology (AIST), Japan.

Pure tones, 1/12, 1/6 and 1/3 octave band noise with center frequencies of 8, 12 and 16 kHz were used.
Digitally generated white noise with a sampling rate of 48 kHz was used to produce bandpass noise. The
duration of the stimuli used during the experiments was 0.5 s, including linear rise and fall ramps of 10ms. The
sounds were digital-to-analog converted with a 16-bit sound card and sampling rate of 48 kHz. The sounds
were presented diotically at a sound pressure level (SPL) of 60 dB through insert earphones (Etymotic
Research ER-2) with 29-cm plastic tubes and eartips inserted into the ear canals. To produce a flat frequency
response at the eardrum for frequencies up to 16 kHz and minimize variability due to earphone placement, the
insert earphones were used in this study. The transfer function of the whole setup, which was measured with
an ear simulator (Brüel & Kjær Ear Simulator Type 4157) that included a microphone, a preamplifier and an
adaptor connected to the eartip, showed bandpass characteristics with a bandwidth from approximately 500
to 5000Hz. To account for the transfer characteristics of the transmission system, the amplitude of each
spectral component was multiplied by a factor compensating for the system’s frequency-specific loss in SPL,
preserving the original spectral profile of the stimuli.

Loudness matches were obtained using a two-interval, adaptive forced-choice (2AFC) procedure
converging on the point of subjective equality (PSE) by following a simple 1-up, 1-down rule [12] in an
anechoic and soundproof room. In each trial, the fixed (test) and variable (reference) sounds were presented in
a random order with equal, a priori probability, separated by a 500-ms pause. The test sound was a pure tone
or bandpass noise and the reference sound was a 1-kHz pure tone. The subject’s task was to indicate which
sound was louder by pressing a key. For each adaptive track, the overall level of the test sound was fixed at
60 dB SPL and the starting level of the reference sound was 50 dB SPL. The level of the reference sound was
controlled by an adaptive procedure: whenever the subject judged the reference sound to be louder than the
test, its SPL was lowered by a given amount; whenever the subject judged the test sound to be louder, the SPL
of the reference sound was increased by that same amount. The initial step size was 5 dB; after two reversals
(that is, changes in the direction of the adaptive track), it was decreased to 2 dB. A total of 12 reversals were
collected for each adaptive track; the arithmetic mean of the last four was used to estimate the PSE.

The effects of stimulus parameters (the center frequency and the bandwidth) on the perceived loudness were
statistically analyzed by a repeated-measure analysis of variance (ANOVA) with two within-subject factors:
center frequency� bandwidth. Where appropriate, probabilities were adjusted by the Greenhouse–Geisser
correction. Post-hoc comparisons were carried out using the Newman–Keuls test.

3. Results

Fig. 1 shows the SPL that was required for the 1-kHz pure tone to balance the loudness of the stimuli
presented at a SPL of 60 dB in the higher-frequency range (48 kHz). Perceived loudness decreased with
increasing center frequency. The main effects of the center frequency (F(2, 18) ¼ 43.44, po0.001) and
bandwidth (F(3, 27) ¼ 9.26, e ¼ 0.597, po0.005) on the loudness were significant. The interactions between
center frequency and bandwidth were not significant (F(6, 54) ¼ 1.30, p ¼ 0.27).

4. Discussion and conclusions

Previous research has indicated that perceived loudness remains constant provided the bandwidth of a
sound is less than the CB, but that loudness increases with increasing bandwidth if the bandwidth is increased
beyond the CB at center frequencies of 500, 1000 and 2000Hz [2,4]. The CB calculated as a function of center
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Fig. 1. SPLs for a 1-kHz reference pure tone as a function of bandwidth for (K) 8 kHz, (.) 12 kHz and (m) 16 kHz stimuli. The asterisks

indicate statistical significance (*po0.05, **po0.01; post-hoc Newman–Keuls test).
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Fig. 2. Comparisons of CB, 1/3 octave and 1/6 octave bandwidths.
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frequency [13] is represented by the dotted line in Fig. 2. At a center frequency of 8.5 kHz, loudness increases
clearly for a bandwidth larger than 700Hz, which corresponds to between 1/12 and 1/6 octave bandwidth [14].
In this study, the loudness significantly increased when the bandwidth was 1/3 of an octave compared with
smaller bandwidth sounds. The loudness increased more rapidly between 1/6 and 1/3 octave bandwidth than
between 1/12 and 1/6 octave bandwidth. This is roughly consistent with the previous finding at a center
frequency of 8.5 kHz [14].
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In this study, the pure tone judged louder than the 1/12 and 1/6 octave band noise at center frequencies of 8
and 12 kHz. This is consistent with previous findings at center frequencies of 0.25, 0.5, 1 and 2 kHz [4,5]. The
increase in loudness of a pure tone might reflect the effect of a tonal component to loudness. At a center
frequency of 16 kHz, the loudness of the pure tone was approximately the same as that of the 1/12 and 1/6
octave band noise. This result might be due to audible frequency range. Absolute thresholds increase rapidly
for frequencies above 15 kHz [15]. Broader bandwidth sounds include lower frequency components that have
lower thresholds. Thus, the effect of a tonal component might be weakened at a center frequency of 16 kHz.
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