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ABSTRACT With the ongoing spread and functional improvement of hearables, we may soon find ourselves
in a society where users are wearing hearables at all times. In a hearable environment of this kind, the constant
presentation of aural information to users may impede their ability to hear external noises that require
their attention. For example, suppose the constant presentation of information in a particular frequency
band causes a reduction in the subjective perception of sound pressure (loudness) of the corresponding
frequency band. In such a case, the response to environmental sounds that indicate danger (e.g., the sound
of an approaching car or an emergency alarm) may be delayed, leading to potential disaster. In this study,
we investigated 1) how the presentation of a sound of a specific frequency through a hearable affects the
loudness; and 2) which stimulus sound is most effective for recovering the decrease in loudness. In the first
investigation, a loudspeaker presented the sound of a specific frequency that imitates environmental sound,
and a hearable gave a stimulus sound of a particular frequency based on the frequency of the loudspeaker
sound. The results showed that the loudness decreased by more than 10.0% in all stimulus sounds listened to
with hearables, and the amount of the decrease tended to be larger the closer the frequency of the loudspeaker
sound was to that of the hearable sound. In the second investigation, we hypothesized that the presence of
specific recovery stimulus sounds would be effective in quickly restoring any loudness that had decreased,
and the results showed that the amount of recovery was greater for all the recovery stimulus sounds we used
compared to when the stimulus sounds were not presented.

INDEX TERMS Hearables, human–computer interaction, loudness recovery, loudness reduction, wearable
computers.

I. INTRODUCTION
In recent years, the demand for earphone-type wearable
computers called ‘‘hearables’’ has been increasing [1], [2].
Hearables are connected to devices such as smartphones
to enable device operation by voice and the acquisition of

The associate editor coordinating the review of this manuscript and
approving it for publication was Alessio Vecchio.

information by audio. Many hearables feature a transparency
mode, which captures the external sound by means of
an outside microphone and plays it back from the inside
speaker, as well as various noise-canceling functions. Further
capabilities are expected in the future, such as manipulating
human auditory perception [3] and acquiring user’s biometric
information [4]. Therefore, we may soon find ourselves in
a hearable environment in which users wear hearables at all
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times. In light of such a hearable environment, this study
focuses on human auditory perception. Auditory information
is essential sensory information because it not only enables us
to hear music and announcements but also helps us identify
danger by sound. Auditory information is transmitted from
the outer to the middle and inner ear in the auditory peripheral
system and converted into electrical signals in the inner ear.
For the perception of sound direction, research has shown
that the head-related transfer function, a characteristic of the
change in the frequency response of sound depending on the
auricle, can be expressed as a physical quantity [5]. Although
various auditory characteristics have been clarified, we focus
in the current study on changes in the subjective perception
of sound pressure (loudness) due to auditory habituation. One
example of loudness reduction is the phenomenon where the
sound after listening to loud music seems quieter than before
listening to music [6]. While loudness reduction typically
occurs across frequencies for general sounds, when we
consider the presentation of information in a hearable, there
may be cases where sounds are presented only at a specific
frequency/frequency band, e.g., a person may only hear
certain sounds through manipulating auditory perception [3]
or by listening to music that has been excessively equalized.
The human auditory nerve responds differently to different
frequencies [7], [8], so listening to a particular frequency
could cause a loudness change at certain frequencies. If this
phenomenon occurs when, for example, a user is listening to
sounds in the same frequency band as a car horn or emergency
alarm, which are environmental sounds that represent danger,
the user’s response might be delayed, which could lead
to unexpected peril (Fig. 1(a)). In a pervasive environment
where audio is constantly presented through a hearable, a user
wearing a hearable may experience a reduction in loudness
without being aware of it. In other words, although it is
possible to be aware of the difficulty in hearing sounds when
the loudness reduction in all frequency bands, it is difficult to
notice a decrease in the loudness only in specific frequency
bands because the user can hear sounds other than the specific
frequencies as normal. Studies have shown that the loudness
returns to the normal state after maintaining silence for a
certain period after the loudness reduction [9]; however, it is
not realistic to enforce silence for extended periods during
the daily use of a hearable. On the other hand, since certain
natural sounds, such as birdsong and running water, can
possibly contribute to the recovery of attention and stress,
the presentation of certain sounds may be effective in the
quick recovery of loudness reduction [10] (Fig. 1(b)). Since
it is easier to present specific sounds to the device wearer in
a hearable environment, effective recovery sounds could be
utilized immediately after a decrease in loudness.

In light of this background, we conducted two investiga-
tions (Fig. 1) to examine (i) how the presentation of a sound
of a specific frequency through a hearable affects the user’s
perception of loudness, and (ii) which stimulus sound would
be most effective for recovering the decrease in loudness.
In the first investigation, a sound of a specific frequency is

presented by a loudspeaker to imitate environmental sound,
and a stimulus sound of a specific frequency based on the
frequency of the loudspeaker sound is presented through a
hearable. Participants periodically estimated the loudness of
the presented loudspeaker sound, and the effect of listening
to the stimulus sound on the loudness was determined from
the change in the estimated value. The results showed that
the loudness decreased by more than 10.0% for all stimulus
sounds listened to with hearables, and the amount of the
decrease tended to be larger the closer the frequencies of
the loudspeaker sound were to those of the hearable sound.
In the second investigation, we hypothesized that the presence
of specific recovery stimulus sounds would be effective in
quickly restoring the decreased loudness. We investigated the
effect on recovery by presenting recovery stimulus sounds
with multiple sound effects after the loudness had decreased
and then comparing the loudness before and after the
presentation. The results showed that the amount of recovery
was greater for all the recovery stimulus sounds compared
to when no stimulus sounds were presented. Our findings
also indicated that listening to a sound with a band-stop filter
applied to a specific frequency of white noise and a fade-out
effect was the most effective in restoring loudness reduction.

The main contributions of this paper are as follows.

• We clarified the issue of loudness reduction in a hearable
environment.

• We confirmed that a reduction in loudness at certain
frequencies occurs in a hearable environment.

• We investigated the recovery stimulus sound for
frequency-selective loudness reduction and demon-
strated that it effectively restores loudness.

Section II of this paper describes related research.
In Sections III and IV, we present our experiments on the
loudness change and effective recovery sound, respectively.
Section V discusses the application of loudness recovery to
hearables. We conclude in Section VI with a brief summary
and mention of future work.

II. RELATED WORK
A. HEARING ASSISTANCE AND ENHANCEMENT IN
HEARABLES
There are many products and studies related to hearables
designed to assist or extend the functionality of the user’s
hearing. NuraTrue is a wireless earbud that calculates
auditory sensitivity by playing various sounds into the ear
and measuring the otoacoustic emissions produced and then
automatically adjusts the sound to the user’s ear characteris-
tics [11]. LinkBuds are a type of always-worn earphones that,
in contrast to earplug-type earphones, allow users to listen
to their surroundings and conversations without blocking
the ear canals [12]. Jabra sells earphones with a feature
that optimizes call volume according to ambient noise [13].
Wei et al. have developed earphones with a better frequency
response in the frequency band below 1000 Hz than ordinary
earphones by using graphene, a material with excellent

VOLUME 12, 2024 49917



H. Watanabe et al.: Investigation of Frequency-Selective Loudness Reduction

FIGURE 1. Overview of (a) frequency-selective loudness reduction and (b) recovery stimulus for loudness reduction.

electrical conductivity [14]. Hoshina et al. investigated the
effect of the active noise control (ANC) function on the output
level from earphones in noisy environments and confirmed
that it can mitigate the risk of hearing loss [15]. Yamanobe
et al. measured the balance function using earphones with
a built-in accelerometer and identified a positive correlation
with results using a stadiometer, indicating the usefulness
of measuring balance with a non-medical device [16]. Ando
et al. showed that it is possible to recognize face-related
movements such as opening and closing the mouth and
changing the direction of the face by acquiring changes in air
pressure inside the ear canal using a barometric sensor [17].
Taniguchi et al. confirmed that an earphone-type sensor
equipped with a light-emitting diode and a phototransistor
can be utilized to measure the shape change of the ear
canal caused by tongue movement, which can be used in
applications such as music players [18]. Choi et al. utilized
earphones with a built-in optical heart rate sensor and an
accelerometer to acquire changes in facial muscle movement
and confirmed that the earphones could detect and recognize
seven facial expressions of the user, including anger and
surprise [19].
Although a wide range of research has investigated how to

improve the comfort and sound quality of hearables and of
user-device interaction, to the best of our knowledge, none of
these studies have considered the effect on hearing caused by
the specific frequency of sound emitted by the hearable.

B. LOUDNESS CHANGE
Several studies have examined changes in loudness, espe-
cially those changes caused by listening to earphone sound
alone. Carterette investigated the effect of noise on the
loudness of the comparison sound by presenting both a
noise stimulus with multiple frequency bandwidths centered
at 1500 Hz and a comparison tone at 1500 Hz through
earphones, and adjusting the volume of the comparison sound
every minute. The results showed that the loudness reduction
was the largest when the stimulus sound was the same as the
comparison sound, and that the reduction decreased when
the noise had a wide bandwidth [20]. Wagner et al. utilized
magnitude estimation to examine the effect on hearing of a
comparison sound in which six specific frequency stimulus
sounds ranging from 500 to 8000 Hz were presented to
one ear with earphones at 80-dB SPL and then presented

to either ear at the same frequency at 70-dB SPL. Their
findings showed that the loudness was reduced by 28% to
40%, with the amount of the reduction increasing for lower-
frequency sounds [21]. Hellman et al. continuously presented
four different sound volumes ranging from 5-dB SPL to
40-dB SPL to the right ear via earphones and examined
the change in loudness of these sounds using magnitude
estimation. The results showed that the loudness of the 40-dB
SPL sound decreased by approximately 20% and that of the
5-dB SPL sound by 70% to 100% [22]. Botte et al. presented
intermittent tones to one ear and continuous comparison
tones to the opposite ear using earphones and examined
the change in loudness in comparison listening when the
speed of intermittency was varied under intermittent tone
stimulation [23]. They confirmed that the amount of decrease
in loudness tended to increase as the speed of intermittency
increased. Charron et al. presented both intermittent stimulus
tones and continuous comparison tones to one ear using
an earphone and examined the change in loudness while
listening to comparison tones of 21 different specific
frequencies in response to an intermittent tone stimulus of
one specific frequency [24]. They found that the loudness
decreased the most when the stimulus and comparison tones
had the same frequency, and that the amount of the decrease
lessened as the frequency difference between the stimulus and
test tones increased.

To the best of our knowledge, the above studies on changes
in loudness have only verified the loudness reduction using
sound heard through earphones; in other words, the effects
of the sound stimulation of a hearable on the hearing of
environmental sounds have not been investigated. In a hear-
able environment, it is assumed that the user always receives
information from the hearable and also hears environmental
sounds through transparency mode. Therefore, in this study,
we investigate the effects of sound stimulation through a
hearable on listening to environmental sounds.

C. RECOVERY OF LOUDNESS REDUCTION
Research on the recovery of loudness has been conducted
mainly by examining recovery times and trends due to
silence. Hirsh et al. presented a series of low-frequency
sounds at 120-dB SPL for 3 min and periodically investigated
changes in the minimum audible threshold [9]. The results
showed that the thresholds temporarily returned to normal or
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recovered to above normal within about 1 minute after the
presentation of the continuous sound, and that the thresholds
that returned to normal rose again when a 500-Hz sound was
used.Ward et al. showed that the recovery time for a threshold
loss of 14.0 dB is approximately 16 hours [25]. They also
investigated the trend of hearing recovery by periodically
measuring the threshold after a minimum audible threshold
loss of approximately 50 dB [26]. The results showed that
although recovery occurred as a function of the logarithm of
time from 200 to 500 minutes after stimulation, it was a linear
function of time thereafter. Mills et al. investigated recovery
times by periodically examining subsequent changes in
minimum audible thresholds under two conditions: 24 hours
of low-frequency octave-band noise at 84-dB SPL or 8 hours
at 90-dB SPL [27]. Their findings showed that recovery
took approximately 48 hours under the former condition
and approximately 12 hours under the latter. Bell et al.
investigated the effects of three variables on threshold low-
ering and recovery: stimulus sound frequency, loudness, and
silence time to minimum audible threshold verification [28].
They found that the thresholds increased in proportion to
the loudness of the stimulus sound and that continuous
measurement of thresholds resulted in slower recovery than
whenmeasurements were made after a silent condition. Arieh
et al. tested the time required for recovery by comparing the
volume of the target sound and the comparison sound and
having the participants select the louder one after multiple
bursts of 80-dB SPL sound [29]. The recovery time was
70.5 s after five presentations and 129 s after 40 presentations,
indicating that the recovery time increased monotonically
with the number of times the stimulus sound was presented.
Scharf et al. examined the recovery from loudness reduction
induced by 160 seconds of intermittent sound stimulation
to one ear at 60-dB SPL and found that it occurred after
30 seconds or more of silence [30].
Although these studies have clarified various aspects of

the recovery of loudness, they examined the transition of
recovery during a state of silence in which no sound is
presented after the loudness has decreased. In the actual
use of a hearable, a recovery method that forces silence
every time loudness decreases is impractical because it would
cause undue inconvenience to the wearer of the device. Since
loudness reduction is caused by the sounds heard, loudness
can be quickly restored by providing specific sound stimuli.
In a hearable environment, it is possible to utilize sound
stimuli for loudness recovery and effectively prevent danger
caused by loudness reduction because sound information can
be presented at all times. Therefore, we investigate which
sounds are most effective in restoring the loudness reduction
presented by a hearable.

III. INVESTIGATION OF FREQUENCY-SELECTIVE
LOUDNESS REDUCTION
We first investigate the effect of a specific frequency sound
stimulus given through a hearable on the loudness when
listening to loudspeaker sounds that imitate environmental

FIGURE 2. Overview of experiment 1.

sounds. Fig. 2 shows the overview of the experiment in
this section, where participants were asked to quantify the
perceived loudness of the loudspeaker sounds presented to
them, and the change in loudness was evaluated by comparing
the values before and after listening to the specific frequency
sound.

A. EXPERIMENTAL SETUP
This experiment was conducted in the environment shown
in Fig. 3 using the settings in Fig. 4. Participants wore
hearables (Anker Liberty Air 2 pro) with transparency mode
enabled on both ears. A loudspeaker (Fostex PM0.4C) located
in front of the participants played a sinusoidal sound of
a specific frequency for 84 seconds continuously at 60-dB
SPL. Participants estimated the magnitude of the loudspeaker
sound with a positive integer at a specific time indicated by
a PC placed at hand and input the value using a keyboard.
The estimation was done at the timing denoted by the black
circle in Fig. 4, i.e., for the first time at five seconds after
the start of the loudspeaker sound, for the second time at
15 seconds, for the third time at 22 seconds, and every eight
seconds thereafter for a total of ten estimations.

The earphone sound was played at 70-dB SPL for
24 seconds, beginning 20 seconds after the start of loud-
speaker sound playback. Table 1 lists the frequencies of the
speaker and earphonewe used: 500Hz, 1000Hz, and 3000Hz
for the loudspeaker and seven types for the earphone based

FIGURE 3. Participant during experiment.

FIGURE 4. Sound playback time and estimated timing (black circle).
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TABLE 1. Speaker and earphone frequencies.

on the frequency of each loudspeaker sound. The human
auditory nerve responds to different parts at different frequen-
cies and is thought to have auditory filters with different cen-
ter frequencies and bandwidths at different locations [7], [8],
so considering the bandwidth of the auditory filter with the
frequency of the loudspeaker sound, we decided to investigate
the sound of five specific frequencies within the bandwidth
and two specific frequencies outside the bandwidth. For
an initial control experiment in which no earphone sound
was played, participants performed 21 trials (3 loudspeaker
sounds × 7 earphone sounds) and three trials (3 loudspeaker
sounds × no stimulus sound), for a total of 24 trials.
A 90-second interval was permitted between trials to avoid
any effect from the previous trial. The participants were ten
males in their 20s. This experiment was conducted with the
approval of the Human Ethics Committee of Kobe University
(04-41).

B. RESULTS
We obtained the loudness change ACt by

ACt = 100(E1 − Et )/E1, (1)

where t is time and Et is the estimated value at time t . ACt
takes values ranging from 0% to 100%. The larger the value,
the more difficult the participant perceives the loudspeaker
sound to hear, indicating the amount of loudness reduction.

Figs. 5, 6, and 7 show the average decrease in loudness for
all participants when listening to speaker sounds at 500 Hz,
1000 Hz, and 3000 Hz, respectively. The horizontal axis
indicates the time from the start of the loudspeaker sound
presentation, the vertical axis indicates the amount of the
loudness reduction, and the light-brown area indicates the
interval of the earphone sound presentation. The 24-second
period during which the earphone sound was presented
was excluded from the estimation because the participants
heard both the earphone sound and the loudspeaker sound
at the same time, which made it difficult to estimate the
loudspeaker sound alone. In Fig. 5, the earphone sound that
decreased the loudness the most for the 500-Hz loudspeaker
sound was the stimulus sound at 500 Hz (i.e., the same
frequency as the loudspeaker sound) and showed a maximum
decrease of 50.6% at E6. The minimum decrease in loudness
when the earphone sound was presented was 17.4% of
the stimulus with a 1000-Hz sound at E10. In Fig. 6, the
earphone sound with the greatest loudness reduction for

FIGURE 5. Loudness reduction at 500-Hz loudspeaker sound.

FIGURE 6. Loudness reduction at 1000-Hz loudspeaker sound.

FIGURE 7. Loudness reduction at 3000-Hz loudspeaker sound.

the 1000-Hz loudspeaker sound was the 1000-Hz stimulus
sound, with a maximum reduction of 56.1 % at E6. The
minimum decrease in loudness when the earphone sound
was presented was 16.7% of the stimulus with the 2000-Hz
sound at E10. In Fig. 7, the earphone sound with the greatest
loudness reduction for the 3000-Hz loudspeaker sound was
the 3000-Hz stimulus sound, with a maximum reduction of
62.1 % at E6. The minimum decrease in loudness when the
earphone sound was presented was 28.8% of the stimulus
with the 6000-Hz sound at E10.

For all loudspeaker sounds, the loudness remained almost
unchanged with a decrease of approximately 3% when the
earphone sounds were not presented. In contrast, when
the earphone sound was presented, the loudness decreased
rapidly. The amount of the decrease was greatest when the
frequencies of the loudspeaker sound and the earphone sound
were the same, and we can confirm that the loudness hardly
recovered in the 40 seconds after the decrease.

Figs. 8, 9, and 10 show the average decrease in loudness for
all participants when listening to speaker sounds of 500 Hz,
1000 Hz, and 3000 Hz, respectively, at E10. The horizontal
axis shows the frequency of the earphone sound, and the
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FIGURE 8. Loudness reduction at E10 in 500-Hz loudspeaker sound.

FIGURE 9. Loudness reduction at E10 in 1000-Hz loudspeaker sound.

FIGURE 10. Loudness reduction at E10 in 3000-Hz loudspeaker sound.

vertical axis shows the amount of the loudness reduction.
We can confirm here that the loudness decreased the most
when the frequencies of the loudspeaker sound and the
earphone sound were the same, and that the amount of the
decrease in loudness tended to be lower when the frequency
difference between the loudspeaker sound and the earphone
sound increased. Also, the results were roughly symmetrical
on the logarithmic frequency axis for the amount of reduction
in loudness. Comparing the amount of loudness reduction
when the frequencies of the loudspeaker sound and the
earphone sound were the same, we found that the amount of
the reduction increased as the frequency increased: by 45.6%
when the loudspeaker sound was 500 Hz, by 48.9% when it
was 1000 Hz, and by 55.8% when it was 3000 Hz. For all
loudspeaker sounds, the loudness did not decrease the most
when the frequency of the earphone sound was twice the
frequency of the loudspeaker sound.

Tables 2, 3, and 4 summarize the minimum, maximum,
and mean loudness reduction for all participants for each
speaker sound (500 Hz, 1000 Hz, and 3000 Hz, respectively)
at E10. As we can see, for both the minimum and maximum

TABLE 2. Minimum, maximum, and mean loudness reduction at E10 for
500-Hz loudspeaker sound.

TABLE 3. Minimum, maximum, and mean loudness reduction at E10 for
1000-Hz loudspeaker sound.

TABLE 4. Minimum, maximum, and mean loudness reduction at E10 for
3000-Hz loudspeaker sound.

values, the loudness reduction tended to be larger when the
frequencies of the loudspeaker sound and the earphone sound
were the same, and the reduction became smaller as the
frequency difference increased. Focusing on the minimum
value, we can see that the amount of decrease in loudness
remained around 10% and that there were stimulus sounds
with a 0 % decrease in loudness. In contrast, focusing on the
maximum value, some stimulus sounds had a 90% reduction
in loudnesswhen the loudspeaker soundwas 3000Hz.We can
also see that the larger the frequency of the loudspeaker
sound, the larger themaximum amount of the decrease tended
to be.

C. DISCUSSION
In the above experiment, we assumed that loudness would
change with the stimulation of a specific frequency of sound
presented through earphones, and that the amount of change
would differ for each frequency of sound. As hypothesized,
the loudness of the loudspeaker sound was decreased by
the stimulation of the earphone sound, and the amount of
decrease in loudness was larger when the frequency of the
earphone sound was similar to that of the loudspeaker sound.
We therefore conclude that, in a hearable environment, the
loudness of the ambient sound obtained by the transparency
mode changes depending on the sound emitted by the
hearable.

The mean reduction in loudness for all stimulus sounds
with earphones was greater than 10.0%. This is because
the earphone sound was presented at 10-dB SPL louder
than the loudspeaker sound. Our findings also revealed
that the loudness decreased with higher-frequency sounds.
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FIGURE 11. Overview of experiment 2.

Although the stimulus duration here was short (24 seconds),
the earphone sound stimulus may have a greater effect on
the loudness of the high-frequency band in environmental
sound listening. These results suggest that presenting the
stimulus sound with earphones at a higher volume and for
a longer period may cause a further decrease in loudness.
Tables 2, 3, and 4 show that there were individual differences
in the amount of loudness reduction. When the frequencies
of the loudspeaker and earphone sounds were equal, some
participants showed a reduction in the loudness of 90% or
more, while others showed a maximum reduction of 6%.
However, we confirmed that the loudness reduction was
greater when the frequency of the earphone sound and
the loudspeaker sound were similar, indicating that the
stimulation by the sound of a specific frequency affects the
hearing of the user wearing the hearable.

IV. RECOVERY METHOD FOR LOUDNESS REDUCTION
While certain sounds can decrease loudness, as described
in the previous section, it is also possible that the loudness
change can be restored by presenting sounds that include
all of the frequency band components that are expected to
activate the entire hair cells in the ear, or by presenting sounds
that affect the psychological rather than the physical aspect
of the ear. Therefore, in this section, we investigate which
stimulus sounds are effective in restoring reduced loudness.
Fig. 11 shows an overview of this experiment. We used
the same procedure as in the previous section to decrease
loudness, and then presented the recovery stimulus again to
investigate whether it is effective in restoring the loudness
decrease.

A. EXPERIMENTAL SETUP
We conducted this experiment in the environment shown in
Fig. 3. The presentation times of the loudspeaker sound and
the earphone sound are shown in Fig. 12. Participants wore
earphones with the transparency mode enabled in both ears
and listened to a loudspeaker sound of a specific frequency
created by a sine wave continuously at 60-dB SPL for

FIGURE 12. Sound playback time and estimated timing (black circles).

110 seconds from a loudspeaker placed in front of them. They
then estimated the perceived magnitude of the loudspeaker
sound at a specific time indicated by the PC placed in front
of them using a positive integer, and input the value using the
keyboard. The estimation was done at the timing denoted by
the black circle in Fig. 12, i.e., for the first time at five seconds
after the start of the loudspeaker sound, for the second time
at 15 seconds, for the third time at 22 seconds, and every
eight seconds thereafter until the eighth time. Furthermore,
72 seconds after the start of the loudspeaker sound, a ninth
estimation was performed, and another one thereafter every
eight seconds for a total of 13 estimations. As in the previous
section, the first earphone sound was played at 70-dB SPL
for 24 seconds, beginning 20 seconds after the start of the
loudspeaker sound playback to produce a loudness reduction.
The second earphone sound was a stimulus sound intended
to restore loudness reduction and was played at 60-dB SPL
for ten seconds, beginning 60 seconds after the start of
loudspeaker sound playback.

The frequency of the loudspeaker sound we utilized
was 1000 Hz, and the stimulus for loudness reduction was the
same as the frequency of the loudspeaker sound (1000 Hz)
that reduced the loudness the most in the previous section.
As the second earphone sounds (recovery stimulus sounds),
we selected the 11 types listed in Table 5 for a comprehensive
survey. These recovery sounds were selected because pink
noise is expected to have a relaxing effect thanks to its 1/f
fluctuation, the sweep sound can activate the entire hair cells
in the ear, and the white noise with a band-stop filter (BSF)
applied contains all the frequency components that are not
included in the first stimulus sound. The audio effects (fade-
in, fade-out, fade-in/out, and intermittent) were also selected
based on the assumption that they would positively affect the
recovery. Participants performed a total of 12 trials, including
a control experiment in which the recovery stimulus was not
played. A 90-second interval was set between each trial to
avoid any effects from the previous trial. The participants
were 20 males in their 20s, eight of whom had participated
in the experiment described in the previous section. This
experiment was conducted with the approval of the Ethics
Committee of Kobe University (04-42).

B. RESULTS
The results are shown in Fig. 13. As we can see, even when
the same 1000-Hz stimulus sound was used to decrease the
loudness, the amount of decrease varied depending on the
trial. Therefore, we focus only on the amount of change
before and after the recovery stimulus. Themetric of recovery
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TABLE 5. Stimulus sounds and effects used for recovering loudness
reduction (BSF: band-stop filter, FI: fade-in, FO: fade-out, FIO:
fade-in/out, and IEN: intermittence).

FIGURE 13. Loudness reduction rate.

FIGURE 14. Amount of recovery for each stimulus sound.

from loudness reduction is obtained by

Rect = AC7 − ACt (t ≥ 7). (2)

Based on Eq. 1, the loudness reduction rate at the seventh
presentation (just before the recovery stimulus sound) and the
loudness reduction rate at the tth presentation are calculated.
The difference between the two is used to determine the
amount of recovery of loudness before and after the recovery
stimulus.

Fig. 14 shows the amount of recovery of loudness by
listening to each recovery stimulus sound. The horizontal axis
indicates the number of times the loudness was estimated,
the vertical axis indicates the amount of loudness recovery,
and the light-blue area indicates the interval of the recovery
stimulus sound presentation. Note that the eighth estimation
timing was excluded because it was difficult to estimate only
the loudspeaker sound due to the challenge of simultaneously
listening to the earphone sound and the loudspeaker sound.
As we can see, the loudness tended to recover gradually
after the recovery stimulus sound was presented. Compared

FIGURE 15. Recovery rate for each stimulus sound at the ninth evaluation.

FIGURE 16. Recovery rate for each recovery stimulus sound.

to the case in which no stimulus sounds were presented
(baseline), the recovery was greater for all stimulus sounds
and estimation timings. Fig. 15 shows the recovery rate for
each stimulus sound at the ninth estimation point, where we
can see that, for all recovery stimuli, the amount of recovery
was greater than the baseline. The stimulus sound with the
highest recovery was the BSF-applied sound with a fade-out
effect, and the stimulus sound with the lowest recovery was
the sweep sound.

Table 6 lists the recovery rate at all recovery sounds. In the
baseline, the amount of recovery from the ninth estimation
to the thirteenth estimation was 5.2%. In contrast, eight
out of 11 recovery stimulus sounds recovered more than
5.2% when the recovery stimulus was presented. In the ninth
evaluation, which is immediately after the recovery stimulus,
nine recovery stimuli showed a recovery rate more than
1.5 times higher than the case where no recovery stimulus
was presented.

Comparing the recovery rate at the thirteenth time for the
baseline and the recovery rate at the ninth time when the
stimulus sound was presented, we can see that the recovery
rate was higher than that of the baseline for the two types of
recovery stimulus sound (pink noise and BSF + fade-out).
In other words, the recovery stimulus sound causes faster
recovery and greater recovery than the baseline.

Fig. 16 shows the recovery rate results summarized by
recovery sound. As we can see, BSF had the highest recovery
rate at the ninth estimation timing. The recovery rate for
the sweep sound remained at the same level as the baseline;
however, at the thirteenth estimation timing, the recovery
rates converged at the same level for the three recovery
sounds. These results suggest that BSF is better for faster and
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TABLE 6. Recovery rate (FI: fade-in, FO: fade-out, and FIO: fade-in/out, and IEN: intermittence).

FIGURE 17. Recovery rate for each sound effect.

more effective recovery after loudness reduction, although the
recovery rate is eventually comparable regardless of which
recovery sound is selected.

Figure 17 shows the recovery rate results summarized
by the audio effect. As we can see, while there were
variations in the recovery rates for each effect, no significant
differences could be confirmed. FO had the highest recovery
rate throughout the ninth to thirteenth estimation timings,
suggesting that the FO effect is most effective for recovery.

C. DISCUSSION
1) EFFECT OF RECOVERY STIMULUS SOUND
The experimental results in Fig. 15 indicate that, compared
to the baseline, the recovery rate was greater for all recovery
stimuli at the ninth estimation. This is presumably because
the recovery stimulus mitigated the habituation to the first
stimulus. In this experiment, since the sound pressure level of
the loudspeaker sound and the recovery stimulus sound were
the same, we conclude that the recovery was not due to the
volume of the recovery stimulus but rather to the effect of
hearing a recovery stimulus sound with a different frequency
component than the first stimulus.

Although the recovery rate did not reach 100%, this is
presumably due to the loudness reduction caused by the larger
earphone sound (70-dB SPL) than the loudspeaker sound
(60-dB SPL). The presentation of the recovery stimulus
improved the loudness reduction between frequencies; how-
ever, it was difficult to improve the loudness reduction caused
by the difference between the earphone and loudspeaker
sound pressure levels themselves.

From Fig. 14, we can confirm that the recovery rate
between the eleventh and thirteenth estimations did not
change significantly depending on the presence or absence

of the recovery stimulus; however, the recovery rate at the
ninth and tenth estimations, which were immediately after the
recovery stimulus sound was presented, was larger than that
of the baseline. The mean recovery rate for the ninth estima-
tion of all stimulus sounds was 8.5%, which is higher than
the 4.7% recovery rate for the baseline. This suggests that
the recovery stimulus presentation is particularly effective for
recovery immediately after a decrease in loudness, and that
the participant returns to normal hearing more quickly than if
the recovery sound is not presented.

2) LIMITATION
In this experiment, we set a 90-second interval between
trials to avoid any potential influence from the previous trial;
however, for some participants, the loudness did not return to
normal even after 90 seconds, and this may have influenced
the next trial. Also, participants had to estimate themagnitude
of sound approximately every eight seconds; however, this
period may be too short considering that they had to both
manually enter a numerical value and correct any input
errors. Moreover, focusing on this task may have distracted
the participants from properly listening to the loudspeaker
sounds. Therefore, more consideration should be given to the
interval between trials and task content in the future.

The experiment was conducted assuming an environment
in which the earphone sound was louder than the ambient
sound. In future work, it will also be necessary to investigate
the change in loudness in an environment where the
environmental sound level is equal to or louder than the
earphone sound level.

Participants in this experiment were asked to estimate the
magnitude of the loudspeaker sounds five times after the
presentation of the recovery sound; however, it is possible
that they needed to estimate the loudness until it returned to
normal. Table 6 shows that the BSF + FO sound had the
largest amount of recovery immediately after the recovery
sound; however, the pink noise + IEN and the sweep sound
had large recovery amounts from the ninth to thirteenth
recovery times. Therefore, if the estimation was continued
after the thirteenth session, the recovery of these two sounds
would be the largest and could return to normal in the
shortest amount of time. Moreover, these two recovery
sounds seemed as though they were presented multiple times
to the participant, and this may have influenced the higher
recovery between the ninth and thirteenth estimation timings.
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The relationship between the amount of recovery and the
recovery sound at longer periods should be investigated in
the future, taking into account the multiple presentations of
the recovery stimulus sound.

Finally, we used pure tones to conduct a basic investigation
of loudness changes and the recovery of loudness at specific
frequencies; however, in an actual environment, sounds
containing multiple frequencies (e.g., voices and music) are
likely to be included. In addition, the recovery stimulus
sound should not be noise but rather a stimulus sound
that provides information to the user while recovering the
loudness. Therefore, the reduction and recovery of loudness
involving multiple frequencies should be investigated in the
future.

V. APPLICATION OF FREQUENCY-SELECTIVE LOUDNESS
REDUCTION PREVENTION AND RECOVERY METHODS
In Sections III and IV, we examined the occurrence of
loudness reduction at selective frequencies in hearables and
clarified the effects of methods for recovering from these
degradations. In this section, we discuss how to incorporate
methods to prevent or recover from these problems into actual
applications of hearables.

A. MANIPULATING FREQUENCY OF PLAYBACK SOUND
The results in Section III demonstrate that it is necessary
to avoid listening to sounds that are biased only to
specific frequencies to prevent loudness reduction at specific
frequencies. In a hearable environment, each individual may
listen tomusic with his/her preferred equalization, whichmay
result in a bias toward a specific frequency or may present
sounds at a specific biased frequency through manipulation
of the external sound frequency [3]. We therefore feel it
would be beneficial to de-emphasize only a specific band
by using an equalizer (Fig. 18(a)) or to shift the frequency
presentation band at regular intervals when a setting biased
toward a specific frequency continues for a certain period.
These measures will prevent the occurrence of loudness
reduction in specific frequencies.

B. PRESENTING RECOVERY STIMULUS AS BACKGROUND
SOUND
Although the technique discussed above can prevent loudness
reduction in specific frequencies, loudness reduction may
occur anyway because it is not always possible to cope
with all potential loudness reductions. Therefore, when a
loudness reduction occurs, we aim to recover the loudness
reduction by playing a recovery sound. Assuming that the
hearables are used in daily life, we will discuss the places
that can be dangerous if the loudness is reduced. In particular,
we consider two main locations where environmental sounds
need to be heard.

The first location is in a train station, where the sounds
of approaching trains, whistles, and announcements are used
to warn people of danger. Therefore, when these sounds are
detected by the hearables, the decreased loudness can be

FIGURE 18. Recovery stimulus sound presentation in applications.

recovered by presenting the user with a recovery stimulus
sound.

The second location is on roads, especially near inter-
sections. As in train stations, the sounds of approaching
cars, horns, and sirens are important environmental sounds.
Walking on the side of these roads with a reduced loudness
is dangerous and the loudness should always be restored
to normal. In such an environment, the user needs to be
presented with the recovery sound multiple times, so it
is ideal to present the recovery stimulus sound with as
little discomfort as possible. One approach would be to use
the recovery stimulus sound as the background sound for
notifications or announcements from the hearables. We feel
this presentation method would prevent danger without
inconvenience while simultaneously presenting peripheral
information and route guidance (Fig. 18(b)).

VI. CONCLUSION
In this study, we investigated how listening to sounds of
specific frequencies through a hearable affects loudnesswhile
listening to environmental sounds and explored which recov-
ery sounds are most effective in restoring loudness reduction.
Our findings showed that loudness could be reduced by more
than 10% after stimulation with all earphone sounds. We also
confirmed that the loudness decreased when the frequency of
the loudspeaker sound and the earphone sound approximated
each other, and that the presentation of the sound of a specific
frequency affected the loudness of the specific frequency
during environmental sound listening. After the loudness was
decreased, we presented a recovery stimulus to participants
wearing earphones to investigate its effects on the decreased
loudness and confirmed that all tested recovery stimuli were
effective in restoring loudness. In particular, the recovery
rate immediately after the presentation of the BSF sound
with a fade-out effect was approximately 7% greater than
that without the recovery stimulus sound. Future studies
will include the investigation of changes in loudness caused
by speech or music that emphasize or attenuate specific
frequency bands, as well as an exploration of the timing of
the presentation of recovery sounds that is most effective in
restoring loudness.
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