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Abstract

A Portable Acoustic Caption Decoder enables a
person who is deaf or hard-of-hearing to have access
to audio announcements in public places if the
auditory  presentation — accompanies — embedded
transcripts. Despite of discouraging results of studies
indicating the low robustness of a signal that is
transmitted through the air, our decoder successfully
detected signals emitted from a loudspeaker located 77
meters away. Embedded bits were conveyed by white-
noise in 16-bits digital (fs=44.1 kHz; 1,411 kbps) at
4bps using echo-hiding technique. The sound pressure
level of the 77-meter point was as low as 46dB.
Autocepstrum diagrams of the point showed that each
of the embedded bits keep good “spikes”. Although,
further experiments are needed, the results will
encourage researchers to use “airborne stego-sound”
to explore more practical applications.

1. Introduction

One of the main characteristics of Information
Hiding (IH) technology is, necedless to say, the
capability to accompany transcript data without
perceptual degradation of original sources for
convenient levels. This is important when we establish
quality universal design (UD) features for multimedia.

Compared to other fields, such as Web content and
TV programs, the awareness level of accessibility in
the field of audio public announcements still lags
considerably behind. For example, W3C insists
“auditory presentation must be accompanied by text

transcription” and recommends the SMIL specification
[1], while the U.S. Federal Communication
Commission mandates Closed Captioning for TV as
well as DTV [2]. The specification is also fixed.

It is necessary to establish standards and concrete
specifications for implementation in the field of public
audio announcement to enhance the lives of people
who are deaf or hard-of-hearing. In fact, there are
several proposed techniques for “audio for all”. These
include radio waves and the Internet as carriers [3].
However, the authors believe that audio information
must be transmitted by identical media of the original
source, which in this case is sound.

The chief uniqueness of this approach is based on
the idea that sound conveys information exclusively to
the people who are within the range of that sound. This
is different from other approaches such as using radio
waves and telephones via the Internet. This allows
people in the same place at the same time to appreciate
the same information conveyed by the specific
information of the sound. Figure 1 illustrates this idea
and some trade-off with regard to current technologies.

In the field of information hiding research, a few
recent studies have already focused on enhancing the
lives of people who are deaf or hard-of-hearing using
technology [4][5]. Since these studies concern low
robustness, they proposed reasonable strategies to
improve the robustness of embedded transcript
information.

Along these lines, to promote the practical use of
the promised technology, we developed a prototype
portable acoustic caption decoder for enhancing the
lives of students of schools for the deaf and hard-of-
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hearing by ensuring that each of them receives
announcements much more easily in the school.

Media Identity Robustness/Accuracy

Radio Wave Trans.
STEGO-sound Trans.

Voice Recoénition

Figure 1. Possible technologies for UD in the field
and current trade-off

2. Students’ needs and requirements for
the new system

Because the primary aim was to develop a device
that enables each student to have good access to audio
information in schools, we conducted a survey as
follows.

The School for the Deaf, University of Tsukuba,
one of the special schools for children affiliated to the
university, started to use character-based broadcast
systems (CBBS) in 2004. The CBBS system displays
information through its character display terminal
(CDT), which is fixed on the wall. Each CDT displays
11 two-bytes-characters at a time with a character size
of 35.7mm in height. A flash light is attached to arouse
attention. The system has pros and cons. We therefore
conducted (1) a questionnaire survey regarding
students’ satisfaction and the usability of CBBS to
determine students’ needs for a new system and (2)
analysis of 800 messages that have been delivered by
CBBS in the school so far.

2.1 Result of the questionnaire survey

112 students belonging to the school’s high school
department participated and responded to a
questionnaire of 10 items regarding the quality of
CBBS and readability of CDTs. The students were
divided into two groups. Group 1 consisted of students
in a classroom where a CDT is set up. Group 2
consisted of students belonging to a class without any
CDTs. (N.B. a CDT is attached to a wall of each floor
of the school building.) Although the results were not
statistically significant, the main results were as
follows:

1. Group 2 seems to be less satisfied with the
number of the characters presented by the CDT than
Group 1(x*(1)=3.41, p<.10).

2. Group2 seems to be less satisfied with the
scrolling speed of the characters presented by the CDT
than Group 1 (x* (1)=3.64, p<.10).

Overall, 71.5% of the students were not fully
satisfied with the functions of the CDT. The results
also show that they need information everywhere in
the school (e.g. they need CDT in the bathroom, gym,
and playground).

The following comment was very important. “I am
afraid that, in an emergency, we need CBBS terminals
wherever students are. Without this system, since we
do not have sufficient information, we would hardly
know what is happening.”

2.2 Results of message analysis

A total of 800 messages delivered by CBBS at the
school were examined. We categorized and classified
them by dates, duration, and places to which they were
delivered, and then determined the function of the
contents. As a result, it was concluded that, assuming
that we use message ID codes and the number of
students is 256, 26 bits of information can represent all
the messages broadcasted.

3. System configuration
3.1 Hardware

In this study, our portable acoustic caption decoder
consisted of a mobile computer with a 4.5 inch
WSVGA display screen and 512MB of RAM with
16GB flash memory (SONY VGN-UX90S) and a
small and compact electret condenser microphone
(SONY ECM-DS30P) so that its size was as small as
165mmx95mm and its weight was 600g including an
auxiliary  battery. The microphone’s response
bandwidth was 100-10000 Hz and its sensitivity 40dB.

3.2 Software configuration
3.2.1 Decoding thread

The decoding thread detected and identified
whether the incoming data represent “Zero” or “One”
based on echo-hiding technique [6] and then sent them
to a queue. It was assumed that the incoming sound
was as follows: 44.1kHz; 1,411kbs; containing 120
bits of embedded data in 30 seconds (i.e. 4bps).
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3.2.2 Displaying thread

Data from the queue were continuously received
and manipulated by the display thread so that messages
appeared on the display monitor without any loss of
data sequence.

The Display monitor was divided into two domains,
one indicating the receiving status and the other
indicating messages in floating characters. Colors and
sizes can be changed according to users’ preferences.

4. Experiments

Two experiments were carried out to evaluate
practical performance levels of the prototype decoder.
Since our primary goal is to provide a portable caption
decoder in a school setting, we chose two venues for
the experiments: (1) a floor with a corridor and various
rooms; (2) a courtyard similar to a school playground.

In these experiments, we used a 30-second white-
noise containing 120 bits of information. Matlab
(ver.7.1.0.246) was used to embed a bits sequence
based on echo-hiding technique. The sound source was
provided by a Sony Walkman NW-E40S connected to
a loudspeaker (Sony SRS-T77). Sound pressure levels
were measured by a sound level meter (Ono-sokki LA
500).

4.1 Experiment 1

Experiment 1 was carried out in the first floor of an
office building. The floor plan is shown in Figure 2 (on
the last page of this paper for technical reasons). The
corridor was 2.3meters wide and 2.25mmeters high.
All the doors were left open. The floor consisted of
more than 30 rooms with various doors so that the
results of the experiment would be practical.

We checked 23 points including the corridor as well
as some of the rooms.

In Figure 2, numbers indicate the sound levels at the
points where detection was successful. The sound level
of the source was 77dB. Although we never missed
any bits at these indicated points, we checked whether
we could detect three continuous bytes (24bits)
successfully. We confirmed that, at the end of the
corridor, located 77 meters from the sound source, the
decoder continuously received correct bit trains at
46dB. Also, the decoder detected the bit train correctly
in a room with a sound pressure level of less than
40dB.

As shown in Figure 3, autocepstrum diagrams
indicate that each of the embedded bits still kept good
“spike” even when sound data traveled a long way. For

the spikes of bit “one”, data from the 77-meter-point
(see Figure 3(b)) were more stable and “mature” than
that from the 5-meter-point (see Figure 3(a)).

Even when the decoder detected correct bit stream,
we found some low spikes in those diagrams.

3 “ONE”
2
é—
< “ZERO”
Time [ms]
(a)
3 “ONE”
=)
= l
g
< D.s}»--\f- S — frennnees e . S PR Booeees fomees “ZERO”
UEI 2 4 i} ) 10 12 14 16 18 20
Time [ms]
(b)

Figure 3. Sample of autocepstrum peaks at (a) 5-
meter-point and (b) 77-meter-point

4.2. Experiment 2

Experiment 2 was carried out on a square field of
lawn as shown in Figure 4. Experiment conditions
were exactly the same as in Experiment 1 except for
the sound pressure level of the source.

The decoder continuously detected the bit stream
correctly within a 32-meter line from the sound source
where the sound pressure level was over 50-55dB. The
weather was fine and the wind came from the south-
west at 6m/s (from the bottom in the figure).

Figure 4. Experiment venue 2

_33_



5. Discussion

Recent studies have reported that the robustness of
airborne sound is not sufficient if the technology is
based on a simple echo-hiding method [4][5]. Using
airborne sound itself, there are also many uncertainties
because when a signal is transmitted through the air
and re-sampled with a microphone, it is subjected to
possibly unknown nonlinear modifications [6] as well
as various additive noises.

Although the results obtained here suggest an
optimistic prognosis for using this technology for
practical applications, further investigations will be
needed to clarify what really happened and did not
happen during the transmission process.

Furthermore, since the ultimate goal of the authors
is to establish universal design (UD) environments for
public audio announcements, it is particularly
important to establish accessibility standards for
airborne audio messages so that the technology can be
used for everyday applications.

6. Conclusion

In this study, a portable acoustic caption decoder
was developed based on echo-hiding technique and
evaluated using airborne sound. The decoder
successfully detected embedded data at a 77-meter
point from a loudspeaker. The minimum sound
pressure level was less than 40 dB. The results
demonstrated not only the robustness of embedded
data in airborne sounds but also the capability of HI
technologies accompanying a mobile computer to play
a role of useful assistive technology.

Further investigations are needed to clarify the
parameters that affect performance levels as well as
establish accessibility standards for airborne audio
messages.
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ABSTRACT. A Portable Acoustic Caption Decoder enables a person who is deaf or hard-
of-hearing to have access to audio announcements in public places if the auditory pre-
sentation accompanies embedded transcripts. Despite of discouraging results of studies
indicating the low robustness of a signal that is transmitted through the air, our decoder
successfully detected signals emitted from a loudspeaker located 77m away. Embedded
bits were conveyed by white-noise in 16-bits digital (fs=44.1kHz; 1,411kbps) at 4bps us-
ing echo-hiding technique. The sound pressure level of the 77m point was as low as
46dB. Autocepstrum diagrams of the point showed that each of the embedded bits keep
good “spikes”. We also confirmed that embedded bits sequence can be detected in a whole
floor of a building using its real PA system. Although, further experiments are needed, the
results will encourage researchers to use “airborne stego-sound” to explore more practical
applications.

Keywords: Intelligent information hiding, Air-borne sound, Universal design, Disability

1. Introduction. One of the main characteristics of information hiding (IH) technol-
ogy is, needless to say, the capability to accompany transcript data without superfluous
perceptual degradation of original sources. This is important when we establish quality
universal design (UD) features for multimedia.

Compared to other fields, such as Web content and TV programs, the awareness level
of accessibility in the field of audio public announcements still lags considerably behind.
For example, W3C insists “auditory presentation must be accompanied by text transcrip-
tion” and recommends the SMIL specification [1], while the U.S. Federal Communication
Commission mandates Closed Captioning for TV as well as DTV [2]. The specification
for this closed captioning is also fixed.

It is necessary to establish standards and concrete specifications for implementation in
the field of public audio announcement to enhance the lives of people who are deaf or
hard-of-hearing. In fact, there are several proposed techniques for “audio for all”. These
include radio waves and the Internet as carriers [3]. However, the authors believe that to
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realize true universal-design communications, audio information must be transmitted by
identical media of the original source, which in this case is sound.

The chief uniqueness of this approach is based on the idea that sound conveys informa-
tion exclusively to the people who are within the range of that sound. This is different
from other approaches such as using radio waves and telephones via the Internet. This
allows people in the same place at the same time to appreciate the same information
conveyed by the specific information of the sound. Figure 1 illustrates this idea and some
trade-off with regard to current technologies. Regard with Public Announcement (PA)
system, the voice recognition technology has not yet been good enough for its accuracy
in this field while radio wave transmission technology has very high robustness and accu-
racy but using different medium. We believe that data hiding technology is promising to
establish some universal design features in this field.

Media Identity Robustness/Accuracy

Voice Recoénition ) Radio Wave Trans.
STEGO-sound Trans.

Fi1GURE 1. Possible technologies for UD in the field and current trade-off

In the field of information hiding research, a few recent studies have already focused on
enhancing the lives of people who are deaf or hard-of-hearing using technology [4,5]. Since
these studies concern low robustness, they proposed reasonable strategies to improve the
robustness of embedded transcript information.

Along these lines, to promote the practical use of the promised technology, we developed
a prototype portable acoustic caption decoder for enhancing the lives of students of schools
for the deaf and hard-of-hearing by ensuring that each of them receives announcements
much more easily than at present in the school.

2. Students’ Needs and Requirements for the new System. Because the primary
aim was to develop a device that enables each student to have good access to audio
information in schools, we conducted a survey as follows.

The School for the Deaf, University of Tsukuba, one of the special schools for children
affiliated to the university, started to use character-based broadcast systems (CBBS) in
2004. The CBBS system displays information through its character display terminal
(CDT), which is fixed on the wall or ceiling. Each CDT displays 11 two-bytes-characters
at a time with a character size of 35.7mm in height. A flash light is attached to arouse
attention. The system has pros and cons. We therefore conducted (1) a questionnaire
survey regarding students’ satisfaction and the usability of CBBS to determine students’
needs for a new system and (2) analysis of 800 messages that have been delivered by
CBBS in the school so far.

2.1. Result of the questionnaire survey. In this survey, 112 students belonging to
the school’s high school department participated and responded to a questionnaire of 10
items regarding the quality of CBBS and readability of CDTs. The students were divided

_42_



PORTABLE ACOUSTIC CAPTION DECODER

FIGURE 2. CDT is fixed in the ceiling at the school (The sentence on the
display reads “The first class pupils in general department should....”)

into two groups. Group 1 consisted of students in a classroom where a CDT is set up.
Group 2 consisted of students belonging to a class without any CDTs. (N.B. a CDT is
attached to a wall of each floor of the school building.) Although the results were not
statistically significant, the main results were as follows.

1) Group 2 seems to be less satisfied with the number of the characters presented by
the CDT than Group 1(x*(1) = 3.41, p < .10).

2) Group 2 seems to be less satisfied with the scrolling speed of the characters presented
by the CDT than Group 1 (x%(1) = 3.64, p < .10).

Overall, 71.5% of the students were not fully satisfied with the functions of the CDT.
The results also show that they need information everywhere in the school (e.g. they need
CDT in the bathroom, gym, and playground).

The following comment was very important. “I am afraid that, in an emergency, we
need CBBS terminals wherever students are. Without this system, since we do not have
sufficient information, we would hardly know what is happening.”

FIGURE 3. Concept design for the system (The sentence reads “It will be
fine today...”)

Following keywords were derived: Portable, Personal, Individualized, Anytime, Any-
where, etc. Figure 3 shows derived concept of Acoustic Caption Decoder.
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2.2. Results of message analysis. A total of 800 messages delivered by CBBS at the
school were examined. We categorized and classified them by dates, duration, and places
to which they were delivered, and then determined the function of the contents. As a
result, it was concluded that, assuming that we use message ID codes and the number of
students is 256, 26bits of information can represent all the messages to be broadcasted.

3. System Configuration.

3.1. Hardware. In this study, our portable acoustic caption decoder consisted of a mo-
bile computer with a 4.5inch WSVGA display screen and 512MB of RAM with 16GB flash
memory (SONY VGN-UX90S) and a small and compact electret condenser microphone
(SONY ECM-DS30P) so that its size was as small as 165mm x 95mm and its weight was
600g including an auxiliary battery. The microphone’s response bandwidth was 100 to
10000Hz and its sensitivity 40dB.

3.2. Software configuration.

3.2.1. Decoding thread. The decoding thread detected and identified whether the incom-
ing data represent “Zero” or “One” based on echo-hiding technique [6] and then sent them
to a queue. It was assumed that the incoming sound was as follows: sampling frequency
of 44.1kHz, quantization of 16bits; containing 120bits of embedded data in 30 seconds
(i.e. 4bps).

3.2.2. Displaying thread. Data from the queue were continuously received and manipu-
lated by the display thread so that messages appeared on the display monitor without
any loss of data sequence.

The Display monitor was divided into two domains, one indicating the receiving status
and the other indicating messages in floating characters. Colors and sizes can be changed
according to users’ preferences.

95mm

4.5inch LCD

. Microphone

FIGURE 4. Appearance of the portable acoustic caption decoder (The sen-
tence on the diplays reads “The deadline of the registration is today..."”)
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4. Experiments. Three experiments were carried out to evaluate practical performance
levels of the prototype decoder. Since our primary goal is to provide a portable caption
decoder in a school setting, in the first two experiments the sound was radiated from a
portable loudspeaker and two venues were chosen as follows: (1) a floor with a corridor and
various rooms; (2) a courtyard similar to a school playground. In the third experiments,
to examine the usability of the proposed system in more practical conditions, the real PA
system of the school.

In these experiments, we used a 30-second white-noise containing 120bits of information.
Matlab (ver.7.1.0.246) was used to embed a bits sequence based on echo-hiding technique.
The sound source was provided by a Sony Walkman NW-E40S connected to a loudspeaker
(Sony SRS-T77) in Experiment 1 and Experiment 2 while the PA system of the school
(Panasonic’s WL-7550) was used in Experiment 3. Sound pressure levels were measured
by a sound level meter (Ono-sokki LA 500).

4.1. Experiment 1. Experiment 1 was carried out in the first floor of an office building.
The floor plan is shown in Figure 2. The corridor was 2.3m wide and 2.25m high. All
the doors were left open. The floor consisted of more than 30 rooms with various doors
so that the results of the experiment would be practical.

We checked 23 points including the corridor as well as some of the rooms.

Tm

|

4 -\ 1 a o
Snoozelen Guidance
therapy room 3
room
1 ;
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purpose
room

Conference
room

corridor f corridor
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‘33 | 4 faiting on dock 4 —“— T
lidang Pl 1 || room W_ ton Playroom 2 Audiofl.
oo 1 rom ] (il sidanee) Stockteot ftest |1CD
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T l 1 =
| | Playr
Low vision

testing [
room

F1GURE 5. Floor plan of experiment venue 1
(The numbers indicate sound pressure level of the points where detection was successful)

In Figure 5, numbers indicate the sound levels at the points where detection was suc-
cessful. The sound pressure level at the distance of 30cm from the sound source was
77dB. Although we never missed any bits at these indicated points, we checked whether
we could detect three continuous bytes (24bits) successfully. We confirmed that, at the
end of the corridor, located 77m from the sound source, the decoder continuously received
correct bit trains at a sound pressure level of 46dB. Also, the decoder detected the bit
train correctly in a room with a sound pressure level of less than 40dB.

As shown in Figure 6, autocepstrum diagrams indicate that each of the embedded bits
still kept good “spike” even when sound data traveled a long way. Peaks at 12ms and
10ms denote “one” and “zero”, respectively in this study. For the spikes of bit “one”,
data from the 77-m-point (see Figure 6(b)) were more stable and “mature” than that
from the 5-m-point (see Figure 6(a)).
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Even when the decoder detected correct bit stream, we found some low spikes in those
diagrams.

o IV VNS U U NS UG AN AU SO N “ONE”
L 0 S O 05 % o
= 0 2 4 i 8 10 12 14 16 18 20
£
< osfJaadd l ....... — ’,-----:I“ZERO”
10 20
Time [ms]
(a)
[0}
©
2
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: o
2 4 ] g 10 12 14 16 18 20
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FIGURE 6. Sample of autocepstrum peaks at (a) 5-m-point and (b) 77-m-point

4.2. Experiment 2. Experiment 2 was carried out on a square field of lawn as shown
in Figure 4. Experiment conditions were exactly the same as in Experiment 1 except for
the sound pressure level of the source.

The decoder continuously detected the bit stream correctly within a 32-m line from the
sound source where the sound pressure level was over 50 to 55dB. Outskirts of this region
where the sound pressure level was lower than 50dB, errors were detected. The weather
was fine and the wind came from the south-west at 6m/s (from the bottom in the figure).

FIGURE 7. Experiment venue 2

4.3. Experiment 3. In this experiment, we used the same sound data as in the previous
experiments and use the real PA system, Panasonic’s WL-7550 instead of use potable
speaker system. The PA system equipped with its mixer WU-M60A. Originally, a 16cm
dynamic ceiling speaker, Victor’s SB-X166, is built in the ceiling every 10m in the corridor
and each of the rooms has same dynamic loudspeaker except in the rest room indicated
below. The sound source was provided by an analog audio output of a sound card of
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a computer to WL-7550PA system located the central operating room of the building.
Sound pressure levels were measured by the sound level meter.

It was confirmed that embedded bits sequence were detected successfully in a whole
floor of this building shown below except one room, a toilet without a loudspeaker which
has bem thick steel door (as indicated asterisk 1) and in which the sound pressure level
was as low as 40dB maximum in this experiment. On the other hand, embedded data
was successfully detected in a small compartment of a toilet (as indicated asterisk 2
in the figure). The sound pressure level was 54dB when the decoder detected the bits
stream. This toilet has a ventilation fan so that its background noise level was 44dB in
the compartment.

In Figure 8, two kinds of numbers are seen in a room layout. The number with paren-
thesis is the background noise level while the other indicates the sound pressure level
when the PA system is generating the sound source sequence. Rooms without numbers
were closed during this experiment. The criteria of the correctness used in this case were
the same as in Experiment 1.

49 45 52 46
(22) (23) (23) (24)
B I 7
> 52 ~ 58 (27~36)

52 51 52 i X Y
(24) ol 41)
gl N 20 In jIU‘l N Il —]
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FIGURE 8. Experiment venue 3 (the same floor as Experiment 1 was conducted)

5. Discussion. Recent studies have reported that the robustness of airborne sound is
not sufficient if the technology is based on a simple echo-hiding method [4,5]. Using air-
borne sound itself, there are also many uncertainties because when a signal is transmitted
through the air and re-sampled with a microphone, it is subjected to possibly unknown
nonlinear modifications [6] as well as various additive noises.

Also, in the echo method, audio watermarks are embedded by convolving a host audio
signal with an echo kernel. Time-lag between the first echo and the direct sound takes
discrete values enabling digital watermarking. However, in this method, if the coefficient
is set to a large value to make embedded watermarks robust, the sound quality of the
host signal becomes quite unnatural by the comb-filtering by the echo kernel, which is
referred to as the coloring effect. If air propagation can be a very severe condition for
audio watermarking, large coefficient value should be used to ensure robust detection but
this causes significant sound quality degradation.

In the other hand, an innovative scheme for robust image watermarking based on vector
quantization for transmitting over noisy channels was proposed [7-9]. This kind of robust
watermarking technique can be applied to acoustic signals with various additive noises
we are facing.
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Although the results obtained here suggest an optimistic prognosis for using this tech-
nology for practical applications, further investigations will be needed to clarify what
really happened and did not happen during the transmission process.

Furthermore, since the ultimate goal of the authors is to establish universal design (UD)
environments for public audio announcements, it is particularly important to establish
accessibility standards for airborne audio messages so that the technology can be used for
everyday applications.

6. Conclusions. In this study, a portable acoustic caption decoder was developed based
on echo-hiding technique and evaluated using airborne sound. The decoder successfully
detected embedded data at a point 77m apart from a small portable loudspeaker with a
sound pressure level of less than 40dB. It was also confirmed that embedded bits sequence
was detected in a whole floor of a building using the real PA system equipped for the
school. The results demonstrated not only the robustness of embedded data in airborne
sounds but also the capability of HI technologies accompanying a mobile computer to
play a role of useful assistive technology.

Further investigations are needed to clarify the parameters that affect performance
levels as well as establish accessibility standards for airborne audio messages.
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