Augmentation of Acoustic Shadow for Presenting a Sense of Existence
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Abstract
Humans can perceive the existence and the
position of non-sound object aurally, without
visual information. It is known that the key
factor of this ability is the perception of “Acoustic
Shadow”, which is related to the background
noise and to the absence of high frequencies in
its spectrum. Nowadays, virtual acoustical
obstacle can already be aurally presented by
sound convolved with acoustic transfer function,
which was applied to training environments for
the people who cannot see. Unlimited to the
welfare technology, our purpose is not only to
achieve “realism”, but also to “augment” and
enhance it. We proposed a novel method to
augment the perception for presenting a sense of
existence which can be applied to any virtual
environment. We found that an effective sense
can be created by decreasing high frequency
component and increasing low frequency
component simultaneously. The acoustic filter
parameters were decided and verified by visual
tasks and an application experiment. The results
indicated that our proposal can present a sense
of existence and modulate user’s attention.

1. Introduction
Humans can perceive the existence and the
position of non-sound object aurally, without
visual information. It is known that the key
factor of this ability is the perception of “Acoustic
Shadow”, which is related to the background
noise and to the absence of high frequencies in
its spectrum. This ability is also known as the
amazing ability of blind which is called “auditory
obstacle perception” or “obstacle sense” [1]. The
factors of this perception may include the
impression due to the change of acoustic field
caused by the reflected sound [2] [3] [4] [5]. The
reduction in volume due to absorption is another
factor [6] (Figure 1). Nowadays, virtual
acoustical obstacle can already been aurally
presented by sound convolved with acoustic

transfer
function
measured
under
the
environment with obstacle by dummy head
microphone [7]. The technique can be applied to
the blind mobility aid and orientation training
environments for the blind [7].
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Figure 1. Schematic explanation of acoustic shadow perception.
The sound heard by the listener is combined with
attenuation and coloration. Both lead to the
disappearance of the sound image.

Previous research has elucidated the principles
of Acoustic Shadow perception with the goal to
develop barrier-free technologies for the visually
impaired. However, the methods require highcost calculation and hard to apply to the
interactive situation. Our work focuses on the
simplification of the principle so that it is easy to
apply and possible exaggeration of the effect by
using the Acoustic Shadow.
In this paper, first, an overview of the previous
studies on Acoustic Shadow is given. Based on
our previous findings, decreasing high frequency
component and increasing low frequency
component simultaneously create a more
effective perception of acoustic shadow. A new
approach combining with visual task to evaluate
our proposal was conducted. Besides evaluation
experiments, we also explores a new application
based on presenting a dent on the sofa and
“augmenting” acoustic shadow sound together to

provide user a richer sensory awareness. The
work is meant to be a contribution to sonic
representation of existence in computergenerated virtual environments.

2. Related Works
The term Acoustic Shadow (AS) implies a strict
analogy to the visual phenomenon of shadows
and designates the perceivable transformations
that bodies cast on the flow of energy in which
they are placed [8]. The awareness of the
presence and location of silent objects was a wellknown phenomenon commonly described as
“facial vision” and presented as a mysteriously
accurate tactile capacity gifted to some rare
individuals [9]. The French philosopher, Denis
Dideror, in ‘The Letter on the Blinds’ explains
extensively how his fictional blind character had
trained his other senses to acquire detailed
information on the world around him.
After this publication, a significant amount of
research has been conducted relating this ability.
Supa et al. organized the previous works as two
theories; sense of the skin and of the auditory [9].
After the systematic studies, they reported that
the factor of Acoustic Shadow was not due to skin
sensation, but resulted from auditory stimuli.
Seki et al. reported that the change in pitch
resulting from the acoustic coloration is an
essential “factor” in perceiving the obstacle [10].
The study of the perception of obstacles by
blind people also clearly reveals the difference
between the blind and the sighted. Miura et al.
indicated that the blind can estimate the obstacle
distance more precisely than the sighted [11].
The results also indicates that the sighted tend
to focus on the quantitatively represented
changes such as pitch and loudness of the sound,
while the blind are inclined to focus not only on
the quantitative sound change, but also on
qualitative impression in the sound changes [11].
However, to the best of our knowledge, this
effect has never been extended to exaggerate the
perception of acoustic shadow. To close this gap,
we have proposed and evaluated a novel method
to augment the sense which is easier to apply by
(1) Decreasing high frequency component and
(2) Increasing total volume [12]
Based on previous findings, the acoustic filter
parameters 400Hz (low pass filter), +10dB
(enhancement of the low frequency component)
were decided.
We have conducted our experiments with only
audio modality in the previous experiments.
However,
in
computer-generated
virtual
environment, audio modality is synchronized

with visual modality. It has also been reported
that visual input tends to dominate other
modalities in perceptual and memorial reports
[13]. As a result, it is insufficient to evaluate our
proposal without appending visual modality.

3. Evaluation Experiment
3.1 The Whack-a-Mole Prototype
We adopted a game called Whack-a-Mole as our
idealized visual task. The goal of the original
Whack-a-Mole game is to hit as many moles as
possible with a toy mallet while they pop up from
holes in a cabinet. The game is intended to
incorporate tests for reaction time, short-term
memory, visual attention and action control
which are consistent with the great interest of
our study [14].
3.2 Hardware Setup and Game Design
The physical UI of the prototype consisted of 4
push buttons with built-in LED lights which
were controlled by Arduino microcontroller
(Figure 2). The LED switches were mounted on
boxes with the size of 70×70×20mm, two placed
in the middle with 150mm intervals, and the
other two placed at the peripheral, 350mm
(Figure 3). This placement aimed to make the
participants observe the leftmost and rightmost
LED with peripheral vision which is ordinarily
difficult. The participants were required to push
the lighted button as fast as possible.

Figure 2. System Configuration

Figure 3. Hardware setup with 4 LED switches and speakers

The design and the gameplay of the Whack-aMole prototype followed the design of the original
game. During the game, Acoustic Shadow was

presented by the speaker simultaneously with
the appearance of moles (in our case, LED
lighting), drawing attention to a certain direction.
To be consistent with our previous study, sound
stimuli (light music “NAIHOUSURUDAIICHI”)
was generated and modified with acoustic
parameters: 400Hz, +10dB by puredata [12]. We
assumed that- presenting Acoustic Shadow can
arouse people’s attention. This would result in
the improvement of performance in reaction time
to a certain direction.
In this evaluation experiment, there were 4
conditions of time difference for presenting
Acoustic Shadow- no filter (only music was
played), 0.2s, 2s, 4s before LED lighting. It is
known that there is a general “Inhibition of
return” phenomenon in attention task, which
implies that initial attention “inhibit” repeated
attention after a certain amount of time (about
0.2s to 4s) [15]. Different latencies were set to
observe if this phenomenon would affect the
result.

20(times)×4(conditions)=80 times of pushing. In
order to eliminate the influence of order effects,
we
pseudo-randomize
the
experimental
procedure which is shown in Table 1.
A total of 4 participants (3 male, 1 female)
completed the experiment. The mean age of
participants was 23.6 with a standard deviation
of 2.13. The reaction time for each trial was
recorded.

Figure 5. Experiment Overview

3.3 Procedure

Table 1.

The experiment was carried out in a quiet room.
Participants were instructed to press the LED
switch as soon as possible after it was lit. They
were permitted to use both hands.
The procedure of each trial is shown in Figure
4. For example, in the condition 0.2s, the LED
was lit 0.2s beforehand. First, the standard
sound was binaurally presented to the subject.
After that the sound from the same direction of
the LED was gradually changed by applying the
low pass filter. The change took 0.5s, and the
duration of the stimulus was 2s. After each trial,
the sound returned to the standard sound in
another 0.5s.
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Figure 4. Schematic representation of experiment procedure.
The horizontal axis indicates time. The vertical axis
indicates the acoustic parameter- 400Hz, +10dB

During the experiment, the LEDs was lit
randomly,
and
the
participants
pushed
4(buttons)×5(times)=20 times. One among the 4
conditions was randomly chosen, resulting in

ParticipantA
ParticipantB
ParticipantC
ParticipantD

Experiment Procedure

3.4 Results and Discussion
The experiment results are shown in Figure 6.
The two LEDs placed in the central and the two
LEDs placed leftmost and rightmost can be
considered as the same respectively. As a result,
the experiment is a 8 conditions 2 factors WithinSubject Factor( 2 button positions: central,
peripheral × 4 Acoustic shadows presenting
conditions: no filter, 0.2s, 2s, 4s).
The horizontal axis represents the conditions
of time difference between presenting Acoustic
Shadows and LED lighting. The vertical axis
represents reaction time. The red and blue bars
represent the two LEDs placed in the central and
peripheral respectively. As predicted, the reaction
time of the peripheral becomes shorter, while the
central reaction time remains almost the same.
The phenomenon of “Inhibition of return” was
not observed.

Actual
Place

2

1.8

Remote
Location

1.6

Reaction Time(s)

1.4

1.2
1

peripheral

0.8
0.6

central

0.4
0.2
0

no filter

0.2s

2s

4s

Acoustic Shadows Presenting Conditions

Figure 6. Means and standard error bars for the reaction time

ANOVA with two factors, Acoustic Shadows
presenting conditions (No, 0.2s, 2s, 4s) and LED
positions (central, peripheral) were conducted.
There was significant main effect of LED
positions (F(2,8)=31.15; p<0.05). However, there
was no significant main effect of Acoustic
Shadows presenting conditions (F(2,8)=0.70; n.s.).

Figure 7. Concept illustration of Sofa Telecommunication project

4. Application
The previous section has partially verified that
our proposal can create an effective sense. It is to
our great interest to utilize our method in sonic
representation of existence.
4.1 The Sofa Telecommunication Prototype
Telecommunication has played a significant role
in social relationships and changed the way
people exchange information [16].
The Sofa Tele-communication project developed
in our lab by Kumagai et al. focuses on positional
relation between the users in Telecommunication
[17]. This project intends to present a sensation
of existence of remote person by seat deformation
of the sofa with an actuator. The concept of this
project is illustrated in Figure 7. By providing
the deformation on the sofa, the user would have
the illusion that two people, separated by
distance, are interacting with a shared space
(Figure 8).

Figure 8. Sofa Telecommunication device( Sofa is dented)

The system consists of sofa, metal plate, DC
motor (Maxon Motor Co., Ltd, 309047, 60W),
motor driver (Okatech Co., Ltd, JW-143-2), wire,
micro-controller
(mbed).
The
system
configuration is shown in Figure 9. The metal
plate placed on the sofa is attached vertically to
the DC motor on the bottom of sofa. By sending
current reference to the motor, the metal plate is
pulled down and creates a deformation on the
surface of the sofa.

Figure 9. Sofa Telecommunication system configuration

It has already been proved that the current
device can provide the user a sense of sitting
beside. This experiment aims to create higher
perceived realism and intensity of existence, by
combing acoustic shadow to the same side of the
deformation.

4.2 Experiment
4.2.1 Materials
Participants: There were N=5 participants (3
female, 2 male) with normal hearing in our
experiment. Participants were not aware of the
purpose of the experiment before. The mean age
of participants was 23.3 with a standard
deviation of 2.23.
Experiment parameter:
Sofa dent, Acoustic Shadow, Sofa dent & Acoustic
Shadow
In Sofa dent condition, sofa dent and musicwithout Acoustic Shadow is presented. In
Acoustic Shadow condition, sofa is not dented but
the Acoustic Shadow implemented sound is
presented. In Sofa dent& Acoustic shadow
condition, sofa dent and Acoustic Shadow is
presented to the same side (Figure 10).The order
of each condition was randomly arranged.

Figure 11.
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Figure 12.
Schematic representation of experiment
procedure. The horizontal axis indicates time. The vertical
axis indicates the acoustic parameter (red line) and sofa
dent (blue line).
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Apparatus: Noise-cancelling headphone was used.
The
same
light
music
named“NAIHOUSURUDAICHI” was generated and
modified by puredata.
4.2.2 Procedure
Participants were asked to seat on the sofa and
make themselves comfortable. At first there were
told that “the purpose of the experiment will be
to evaluate if there is somebody sitting beside
you on the sofa and how intensity is the feeling.”
Throughout the experiment, participants were
blindfolded and seated on the sofa (Figure 11).
Figure 12 illustrates the condition of sofa dent
& Acoustic shadow. To present a more realistic
sensation, we present the sound 0.5s beforehand,
and then dented the sofa. It aims to simulate the
situation when people come and sit on the sofa,
and then going away.

Participants completed 15 trials, consisting of
combination of 3 conditions (Sofa dent, Acoustic
Shadow, Sofa dent & Acoustic Shadow) × 5
repetitions. Sequences of conditions were
balanced to avoid order effects. After each trial,
participants
verbally
rated
their
“sofa”
experience using two dependent measures:
Perceived realism of existence: “Did you feel like
somebody is sitting beside you on sofa, on a scale
between 0-100?”
Perceived existence intensity: “How intense was
the sensation of existence, on a scale between 0100?”
4.2.3 Results and Discussion
Figure 13 shows the result. Horizontal axis is the
conditions, and vertical axis is the average rate
of realism and intensity. As predicted, Acoustic
Shadow condition and sofa dent condition were
overall fairly weaker than the combination
condition. The sofa dent & Acoustic Shadow
condition was reported the highest-73.4 and 70.4
in perceived realism and perceived intensity
respectively.
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5. Conclusion and Future Work
In this paper, we evaluated our method to
present a more effective Acoustic Shadow by
decreasing high frequency component and
increasing
low
frequency
component
simultaneously [12]. The evaluation experiment
combining with visual task has shown that it can
modulate user’s attention. Furthermore, in the
application based on presenting a dent on the
sofa, “augmented” acoustic shadow sound was
able to offer higher realism and intensity of
existence.
In the future, the sensory awareness of space
will be extended to arbitrary direction by placing
more speakers as the sound source. We also
expect that, the movement of the object can be
simulated by deciding the filtering timing. With
the implementation of the augmented Acoustic
Shadow, the auditory space will be felt as a
subjective experience, and much more suited to
engage in creative interactions with imaginary
space of the images.
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