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Abstract—Recently, stereo audio technologies have been pro-
posed to control sound-image localization based on binaural
effects. Precedence effect, which occurs when sounds arrive from
different directions with a slight time difference, allows listeners
to perceive a sound-image in the direction of the first-arriving
sound. Moreover, hypersonic effect suggests that inaudible high-
frequency sounds influence the perception of audible sounds.
Considering the potential of ultrasound in controlling sound-
image localization, we have previously proposed a sound-image
augmentation method with ultrasonic signals, named pre-virtual-
leading hypersonic signals. In this method, a sound-image is
constructed using stereo technologies, while these signals enhance
directional perception. These signals are designed based on the
tactile perception of ultrasounds. This method has been demon-
strated to be effective in limited conditions, though the sensory
perception mechanism has not yet been fully clarified. This
paper focuses on whether the signals are perceived auditorily or
tactilely. We conducted evaluation experiments and demonstrated
the effectiveness of the proposed method.

I. INTRODUCTION

In recent decades, there has been growing interest in tech-
nologies for reproducing highly realistic sound fields that can
represent sound to listeners with a high sense of presence
[1]. Highly realistic sound reproduction technologies can be
broadly classified into two categories: those based on psychoa-
coustic models, such as 5.1 ch. surround systems [2] and 22.2
ch. surround systems [3]; and those based on physical acoustic
models, such as wavefront synthesis [4] and ambisonics [5].
Among the psychoacoustic models, various methods for repro-
ducing the direction of sound have been proposed [6], [7], [8].
These methods are based on extensions of stereo sound-image
control and have been proposed to control sound-image using
binaural effects.

Some of these methods utilize the precedence effect, which
is one of the binaural effects. The precedence effect is a phe-
nomenon in which a sound-image emphasized toward the first-
arriving direct sound when similar sounds arrive from different
directions with a slight time difference [9], [10]. This allows
sound-images to be localized in directions otherwise difficult
with conventional methods, making it useful for augmenting
sound-image perception in stereo audio. Moreover, sound-
image control methods using the precedence effect have been
proposed [11], [12]. In these methods, audible sound is de-
layed appropriately to augment localization of sound-images.
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These methods have been applied to evacuation guidance. In
these methods, the sound-image can be presented only in the
direction of the loudspeaker.

Moreover, it has been reported that emitted ultrasounds
can influence auditory perception, and this phenomenon is
known as hypersonic effect [13]. Regarding the hypersonic
effect, two variations of this effect have been reported: a
hypersonic negative effect, where the effect is suppressed, and
a hypersonic positive effect, where the effect is enhanced.
Reports have indicated that the occurrence of these effects is
related to the ultrasound frequency band. Furthermore, it has
been reported that when an ultrasound is amplitude-modulated
with a low-frequency signal, the ultrasound can be perceived
on the skin surface [14]. This phenomenon is known as
vibrotactile perception, and it is possible to enhance ultrasound
perception. The vibrotactile perception is the most sensitive at
approximately 250 Hz [15]. Therefore, using the envelope can
enhance ultrasound perception.

Considering the potential of ultrasound in controlling
sound-image localization, we have previously proposed a
sound-image augmentation method with ultrasonic signals,
named pre-virtual-leading hypersonic signals[16], [17]. In this
method, a sound-image is constructed with stereo technology,
while these signals enhance directional perception. These
signals are designed based on the tactile perception of ultra-
sounds. This method has been demonstrated to be effective in
limited conditions, though the sensory perception mechanism
has not yet been fully clarified. Moreover, it has not been
investigated whether these hypersonic signals are perceived
auditorily or tactilely. In this paper, we conducted two evalua-
tion experiments. First, we conducted evaluation experiments
to confirm whether the pre-virtual-leading hypersonic signals
are perceived auditorily or tactilely and to clarify the sensory
perception mechanism. Second, we conducted evaluation ex-
periments on augmented sound-image enhancement to evaluate
the effectiveness of the proposed method.

II. SOUND-IMAGE PERCEPTION CUES

In psychoacoustic models, sound-images are presented by
reproducing the sensations at the listening point caused by
binaural effects such as interaural time difference (ITD) and
interaural level difference (ILD) [18]. These effects involve



differences in arrival time and sound pressure at each ear,
enabling perception of sound direction and spatial impression,
especially in the horizontal plane. In addition, the precedence
effect is one of the binaural effect about the time difference
between each ear, and the difference exceeds a physically cal-
culable threshold. The precedence effect can lead the listener to
localize the sound-image in a direction that is difficult to per-
ceive with other binaural effects. Therefore, it can be utilized
to augment sound-image perception. Moreover, it has been
reported that ultrasounds change the sensation of listeners. This
phenomenon is known as the hypersonic effect [13], which
occurrence depends on the frequency band of ultrasound.
Furthermore, humans can perceive ultrasounds other than by
hearing. For example, tactile feedback methods have shown
that applying low-frequency envelopes to ultrasounds enables
perception through skin.

A. Horizontal Sound-image Perception Cues

In the horizontal direction, sound direction is mainly per-
ceived based on ITD and ILD. The ITD is the arrival time
difference in sound emitted from a certain position due to
the distance between the ears[19]. In sound-image construction
using stereo technology, the direction and position of a sound-
image perceived by the listener can be controlled by adding a
time difference to the signals emitted from each loudspeaker
in accordance with the sound-image construction direction.

The interaural time difference 7rp can be obtained by

dsinf

TITD = , (D
v

where 6 denotes the sound-image construction direction, d
denotes interaural distance, and v denotes sound speed and
the difference value is about 0.5 ms at the maximum. Up
to this value, as the difference between the signals emitted
from each channel increases, the sound-image shifts from the
center between the two loudspeakers toward the loudspeaker
that emits the preceding sound. When the difference between
the sound emitted from each channel exceeds this maximum
value, the sound-image localizes to the loudspeaker position
due to the precedence effect [20].

The ILD is the energy difference between the sounds reach-
ing each ear. This difference is caused by the distance between
the ears when sound is emitted from a certain position. It is
also one of the cues to perceive the horizontal direction and
position of sound along with the ITD.

The precedence effect is a perceptual phenomenon related
to the localization of the sound direction and position. When
similar sounds are emitted from different directions with a
slight time difference that exceeds a physically calculable
threshold, the sound-image localizes toward the direction of
the first direct sound [9], [10]. This effect can lead the sound-
image to a direction that is difficult to perceive with other
binaural effects. Therefore, it can be utilized to augment sound
perception. The precedence effect typically occurs with time
differences between 2 and 100 ms [10], which is much larger

Fig. 1. Concept of the pre-virtual-leading hypersonic signals.

than the maximum ITD. Therefore, this effect is a psychologi-
cal perception that does not correspond with physical phenom-
ena. When the time difference is large, listeners perceive the
sound-images as separating into two sounds. When the time
difference is larger than about 0.5 ms and smaller than about
2 ms, listeners perceive the sound-image in the middle of the
two sound sources.

B. Discussion of Ultrasound Influence on Sound-image Per-
ception Cues

It has been reported that emitted ultrasounds change the
listener’s sensation of sound, and this phenomenon is known
as the hypersonic effect [13]. Regarding the hypersonic effect,
both a hypersonic negative effect, in which the effect is
suppressed, and a hypersonic positive effect, in which the
effect is enhanced, and the reports have indicated that the
occurrence of these effects is related to the frequency band
of the ultrasound. The hypersonic positive effect is strongest
around 80,000 Hz. In addition, it has been reported that
humans can perceive ultrasounds other than by hearing. For
example, tactile feedback methods have been proposed in
which amplitude-modulated ultrasonic signals emitted from
loudspeakers exert on the skin. Since the frequency response
of the vibrotactile sensation peaks around 250 Hz, ultrasounds
with low-frequency envelopes are utilized in this study. Con-
sequently, the precedence effect caused by these signals is
expected to be perceived easily.

III. PROPOSED METHOD FOR AUGMENTED SOUND-IMAGE
ENHANCEMENT USING PRE-VIRTUAL-LEADING
HYPERSONIC SIGNALS

Figure 1 shows the concept of the pre-virtual-leading hy-
personic signals. In this paper, we focus on the precedence
effect, and propose an augmented sound-image enhancement
using pre-virtual-leading hypersonic signals. First, a delay is
added to main signals so that they are emitted after the pre-
virtual-leading hypersonic signals. Next, we design the pre-
virtual-leading hypersonic signals. In this method, we use
ultrasonic signals for the leading signals because ultrasounds
are inaudible, and thus do not interfere with the main signal
content. However, ultrasound signals are difficult to perceive.
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Fig. 2.  Overview of the proposed method.
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Fig. 3. Concept of the proposed method in time-frequency domain.

Human vibrotactile sensitivity is highest at around 250 Hz,
we use ultrasound signals generated by upper sideband (USB)
amplitude modulation [21] of a low-frequency signal around
250 Hz as pre-virtual-leading hypersonic signals. In this way,
these signals in the ultrasonic band can be designed while
maintaining the low-frequency envelope. As a result, these
signals stimulate the listener’s vibrotactile sensations, and
enhance the perception of the hypersonic signals. In addition, a
phenomenon known as the hypersonic positive effect, in which
the effect of the hypersonic effect is enhanced, has been re-
ported. This effect is strongest around 80,000 Hz [13]. A delay
is also added to the designed pre-virtual-leading hypersonic
signals. These signals provide the precedence effect and are
added to the delayed main signals. In this way, augmented
sound perception using pre-virtual-leading hypersonic signals
is achieved.

Figure 2 shows the overview of the proposed method. Here
Smain(t) 18 the main signal, Tipain; and Tmaing are the delay
times added to the main signals emitted from each channel,
Spvi(t) is the pre-virtual-leading hypersonic signal, sq(t) is
the carrier wave, si,(t) is the USB modulated pre-virtual-
leading hypersonic signal, 7,v1; and Ty, are the delay time
added to pre-virtual-leading hypersonic signals emitted from
each channel, and sy, (t) and sg(t) are the signals emitted from
each channel. Figure 3 shows the concept of the signals in the

proposed method, where s; ;. () and s} ;. (t) are the main

signals emitted from each channel after adding delay, fp.1 is
the envelope frequency of the pre-virtual-leading hypersonic
signal, f. is the carrier frequency of the USB amplitude
modulation, fi.n is the highest frequency of main signal,
Tlen,,y 18 the length of the pre-virtual-leading hypersonic signal,
and Tien,,,,, s the length of the main signal.

First, in Step 1 in Fig. 2, delay is added to the main signals
so that they are emitted after the pre-virtual-leading hypersonic
signals, which modifies the sound-image localization of the
main signals based on the ITD. Tyain,, and Tmaing are calcu-
lated based on the time panning method as shown in Eq.(1).
Equation(2) shows the time difference between L ch. and R ch.
main signals, and Egs. (3) and (4) show the signals to which
delay is added.

Tmain = Tmainy, — Tmaing>
dsinf
= — (2)
SinainL (t) =  Smain (t — Tmainy, )7 (3)
SinainR (t) = Smain(t — Tmaing ) . (4)

Next, in Step 2, we design the pre-virtual-leading hypersonic
signals. These signal is an ultrasonic signal, hence we add
a low-frequency envelope to it and listeners can perceive the
signal easily. In this study, sine wave signals that induce the
hypersonic effect are used as the carrier signals s.(¢), and
sine wave signals that induce vibrotactile sensations are used
as pre-virtual-leading signals sp,1(¢). These signals are shown
in Egs. (5) and (6).

Se(t) = Accos(2mfct), )

spui(t) = Apicos(2m fpuit). (6)

In this way, a pre-virtual-leading hypersonic signal can be
designed with a low-frequency envelope while keeping it in
the ultrasonic band. Egs. (7) and (8) show the equations for the
USB modulated wave and its modulation factor, respectively.

spal(t) = (14 mspa(t))Accos(2m fet)
—MSpv1(t) Acsin(2m fct), @)
m "j:l, ®)

where Ac is the maximum amplitude of the carrier wave, m
is the modulation factor (0 < m < 1), Apyi is the maximum
amplitude of the pre-virtual-leading hypersonic signal, and
Spvi(t) is the pre-virtual-leading hypersonic signal with a phase
shift of 7/2. In addition, from Egs.(5), (6), (7), and (8), the
USB modulated pre-virtual-leading hypersonic signal can be
expanded by using the trigonometric addition formulas as in
the following.
spalt) = Accos(2mfet) + mAcspyi(t)cos(2m fet)
—mAcSpu (t)sin(2r fct),
= Accos(2mfc.t)
+Apvicos(27 fonit)cos(2m fot)
—Apuisin(27 fout)sin(27 fet),
= Accos(27f.t)

+ALcos(2m(fe + fou)t)- ©)
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In this case, if the frequency of the pre-virtual-leading
hypersonic signal f. is audible or below fp iy, the signal
affects listening to the contents of the main signals. Therefore,
the constraint conditions of the pre-virtual-leading hypersonic
signals are shown in Egs. (10) and (11).

fc > fmaim (10)
fe > 20000 Hz. (11)

Finally, in Step 3, we add time delays to the designed pre-
virtual-leading hypersonic signals. These signals provide the
precedence effect, and are added to the delayed main signals.
In this way, augmented sound perception using pre-virtual-
leading hypersonic signals is achieved. s;\,l(t) modulated by
USB in Step 2 is delayed on each channel and added to the
main signal s'(¢) generated in Step 1. Equations (12) and (13)
show the equations for the signals emitted from each channel.

SL (t) = s;nainL (t) + s;)vl(t - TPV1L)7 (12)
SR(t) = SinainR (t) + S;)vl(t - TPVIR)' (13)

As a result, the precedence effect occurs in the pre-virtual-
leading hypersonic signals, and an augmented sound-image
enhancement using pre-virtual-leading hypersonic signals is
achieved.

IV. EVALUATION EXPERIMENT ON SENSORY PERCEPTION
OF PRE-VIRTUAL-LEADING HYPERSONIC SIGNALS

A. Experimental Conditions on Sensory Perception of Pre-
virtual-leading Hypersonic Signals

To confirm whether the pre-virtual-leading hypersonic sig-
nals are perceived auditorily or tactilely, we conducted eval-
uation experiments. Subjects wore earmuff to block auditory
perception and a combination of a face mask, face shield and
gloves to block tactile perception in the corresponding body
regions. This equipment and conditions are showed in Tables I
and II, respectively. In this experiment, only the hypersonic sig-
nals were emitted, and they were emitted simultaneously from

Fig. 4. Experimental arrangement on sensory perception of pre-virtual-leading
hypersonic signals.

TABLE I
EXPERIMENTAL EQUIPMENT ON SENSORY PERCEPTION OF
PRE-VIRTUAL-LEADING HYPERSONIC SIGNALS.

Technics, SB-G90M2

Technics, SU-G700M2
RME, ADI-2 Pro FS

Electro-dynamic loudspeaker
Power amplifier
Audio interface

Raincoat Kajimeiku, 1222
Earmuff PELTOR, HTM79A
Face mask osakimedical, 51420
Face shield Yamasho, YPS-001
Gloves Atsutashizai, No.606

TABLE II
EXPERIMENTAL EVALUATION PATTERNS ON SENSORY PERCEPTION OF
PRE-VIRTUAL-LEADING HYPERSONIC SIGNALS.

Pattern Description

All free No raincoat, no earmuff, no face mask and shield, no gloves
Auditory only Wear raincoat, face mask and shield, and gloves, no earmuff
Tact.(face) only Wear raincoat and earmuff, no face mask and shield, no gloves
Tact.(hand) only ‘Wear raincoat, earmuff, face mask and shield, no gloves

ATl blocked Wear raincoat, earmuff, face mask and shield, and gloves

TABLE III
EXPERIMENTAL CONDITIONS ON SENSORY PERCEPTION OF
PRE-VIRTUAL-LEADING HYPERSONIC SIGNALS.

Reverberation time Ty =0.3s
Ambient noise level L =24.6dB
Sampling frequency 384,000 Hz
Quantization 24 bits

both channels. We used three low-frequencies and a steady
envelopes: fpvl = (100 Hz, 250 Hz, 600 Hz). Also, we used
four carrier frequencies: f. = (20,000 Hz, 40,000 Hz, 80,000
Hz, 100,000 Hz). In each condition, we used the modulation
factor as m = 1.00. In addition, we conducted the experiment
under five sensory deprivation conditions involving auditory
and tactile perception as shown in Table II. The All free
condition allowed auditory and tactile perception, the Auditory
only condition allowed for auditory perception, the Tact.(face)
only condition allowed for tactile perception on the face, the
Tact.(hand) only condition allowed for tactile perception on the
hand, and the All block condition deprived both auditory and
tactile perception. Thus, a total of 4 x4 x 5 = 80 patterns were
evaluated in this experiment. The equipment and the subject
arrangement in the experiments are shown in Fig. 4. Subjects
were asked whether the hypersonic signals can be perceived
in each condition. The experimental environment is shown in
Table III. At the listening position, the sound pressure level
was 100 dB for the hypersonic signal with f. = 20,000 Hz
and a steady envelope, and 45 dB for the main signal. The
number of subjects was 10 (1 female and 9 males), aged 21
to 24 years.

B. Experimental Results on Sensory Perception of Pre-virtual-
leading Hypersonic Signals

Figure 5 shows the results of the experiment whether the
signals can be perceived in auditory or tactile. The horizontal
axis is the frequency of the pre-virtual-leading hypersonic
signals, and the vertical axis is the correct answer rate. Error
bars indicate the range of standard deviations added positively
or negatively to the percentage correct for each condition. The
results show that the pre-virtual-leading hypersonic signals can

Fig. 5. Correct answer rate for each condition of sensory deprivation.
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Fig. 6. Correct answer rate for carrier frequencies in each condition of
sensory deprivation.

Fig. 7. Correct answer rate for envelope frequencies in each condition of
sensory deprivation.

be perceived by auditory. Also, Fig. 6 shows the results of
the experiment for carrier frequencies in each condition, these
results reflect the auditory perception of the hypersonic signals.
These results shows that conditions of f. = (20,000 Hz, 40,000
Hz, 80,000 Hz) are perceived sufficiently, but the condition of
fe = 100,000 Hz is not perceived well. This may be due to
individual differences in ultrasonic perception or limitations
of the equipment used. In addition, Fig. 7 shows the results
of the experiment for envelope frequencies in each condition,
which reflect the tactile perception of the hypersonic signals.
The results show no clear trend or notable difference among
the fpy1 in each condition.

V. EVALUATION EXPERIMENT FOR AUGMENTED
SOUND-IMAGE ENHANCEMENT

A. Experimental Conditions for Augmented Sound-image En-
hancement

To evaluate the effectiveness of the proposed method, we
conducted evaluation experiments for augmented sound-image
enhancement. In our experiments, we used three low-frequency
envelopes: fp1 = (100 Hz, 250 Hz, 600 Hz), and four carrier
frequencies: f. = (20,000 Hz, 40,000 Hz, 80,000 Hz, 100,000

TABLE IV
EXPERIMENTAL CONDITIONS FOR AUGMENTED SOUND-IMAGE
ENHANCEMENT.
Reverberation time Too =045
Ambient noise level L =324dB
Sampling frequency 384,000 Hz
Quantization 24 bits
TABLE V
EXPERIMENTAL EQUIPMENT FOR AUGMENTED SOUND-IMAGE
ENHANCEMENT.

Technics, SB-G90M2
Technics, SU-G700M2
RME, ADI-2 Pro FS

Electro-dynamic loudspeaker
Power amplifier
Audio interface

Fig. 8. Correct answer rate for combinations (fpyi, fc)-

Hz), so we obtained 12 conditions in total. In each condition,
we used the modulation factor as m = 1.00. The delay
times of the pre-virtual-leading hypersonic signals in each
channel Tpvip, Tpvig are (Tpviy, Tpvig) = (2 ms, 0 ms), (0
ms, 2 ms), (0 ms, 0 ms), and either the left or right pre-
virtual-leading hypersonic signal preceded the other or the left
and right pre-virtual-leading hypersonic signals were emitted
simultaneously. This delay time is equivalent to the direction of
each loudspeaker in these experimental conditions. The delay
times of main signals Tyain; and Tmaing, Were set in Tmain, =
Tmaing - 1his makes the sound-image localized in front of the
subject. The time difference between the preceding pre-virtual-
leading hypersonic signal and main signals was 1,000 ms. The
length of the pre-virtual-leading hypersonic signals Tien,,,, Was
set to 5,000 ms, and the length of the main signal Tien,,,,
was set to 20 ms. For the main signal, we used white noise
with a bandwidth of 0 to 16,000 Hz. In the experiments, we
had subjects sit in the position shown in Fig. 4. The subjects
were asked to answer whether the perceived sound-image was
“shifted to the left,” “shifted to the right,” or “stationary”
compared to when the signal was emitted without the pre-
virtual-leading hypersonic signal. We define the correct answer
as being when the direction of the sound-image perceived by
the subject matched the direction of the preceding pre-virtual-
leading hypersonic signal, and we calculated the correct answer
rate. In the case when the left and right pre-virtual-leading
hypersonic signals were emitted simultaneously, we specify
that the correct answer is “stationary”.

Experimental environment and equipment used are listed in
Tables IV and V. At the listening position, the sound pressure
level was 100 dB for the hypersonic signal with f. = 20,000
Hz and a steady envelope, and 45 dB for the main signal. The
experimental arrangement were same as in the experiment on
sensory perception, and it is shown in Fig. 4.

B. Experimental Results for Augmented Sound-image En-
hancement

Figure 8 shows the correct answer rate for each condition.
The horizontal axis is the frequency of the pre-virtual-leading
hypersonic signals, and the vertical axis is the correct answer
rate. Error bars indicate the range of standard deviations added
positively or negatively to the percentage correct for each
condition. The dashed line indicates a reference level of 33.3%,
which is the expected value for the correct answer rate when
answering randomly. From Fig. 8, (fpv1, fo) = (100 Hz, 40,000
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Fig. 9. Correct answer rate for combinations (fpv1, fc)-

Hz), (100 Hz, 80,000 Hz), (250 Hz, 80,000 Hz), and (600
Hz, 40,000 Hz), the correct answer rate obtained exceeded
the expected value (33.3%). Figure 9 shows detailed answer
rates for combinations (fpvi, fo). Especially, from Fig. 9(c),
the percentages of responses that matched the correct answers
were higher than the percentage of the other options chosen. In
addition, Tukey’s multiple comparison test was conducted on
the correct answer rates between (fp1, fo) = (250 Hz, 80,000
Hz) and (fpu, fo) = (250 Hz, 20,000 Hz), (250 Hz, 40,000
Hz), (250 Hz, 100,000 Hz). In this case, there are significant
differences at the significance level o = 0.05 in the conditions
of (fpv1, fe) = (250 Hz, 40,000 Hz) and (250 Hz, 80,000 Hz).
Therefore, we found the proposed method to be effective when
(fov1, fc) = (250 Hz, 80,000 Hz).

From the results of this experiment for augmented sound-
image enhancement, the pre-virtual-leading hypersonic signals
were perceived most strongly at (fpv1, fo) = (250 Hz, 80,000
Hz). In addition, from the experiment on sensory perception,
hypersonic signals are mainly perceived auditorily. Also, The
frequency band in which the hypersonic positive effect occurs
the most strongly is around 80,000 Hz [13]. Therefore, we
concluded that the proposed method has high correlation with
the hypersonic positive effect.

VI. CONCLUSIONS

In this paper, we proposed a method of augmented sound
perception by adding pre-virtual-leading hypersonic signals
to the main signal presented in front of the listener. We
examined whether these signals are perceived auditorily or
tactilely, and the carrier and envelope of the pre-virtual-leading
hypersonic signals. Evaluation experiments revealed that the
signals were mainly perceived auditory, and we demonstrated
a strong correlation between the hypersonic positive effect and
our method. In the future, we plan to conduct experiments to
investigate the time difference between the pre-virtual-leading
hypersonic signal and the main signal. Moreover, we also
aim to increase the number of participants considering their
diversity, in order to obtain accurate conclusions.
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