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Abstract

Bone-conduction (BC) headphones enable listeners to hear
sounds through BC while leaving the ear canal (EC) open to en-
able surrounding air-conducted (AC) sound to pass through at
the same time. However, the intelligibility of presented speech
using BC headphones is degraded by BC transmission, espe-
cially in noisy environments. This paper proposes a method
for improving the word intelligibility of presented BC speech
under noisy conditions. The method consists of two types of
emphasis: higher-frequency emphasis and consonant empha-
sis. In the higher-frequency emphasis, frequency components
attenuated due to BC transmission were compensated by the
inverse-filtering of the transfer function obtained from the regio-
temporalis (RT) vibration or the EC radiated sound. In the con-
sonant emphasis, consonant sections with 20-ms short-formant
trajectories of subsequent vowels in speech signals were locally
amplified by a constant gain. The results of word intelligibility
tests showed that both types of emphasis had significant im-
provements in comparison with no-emphasis. Moreover, we
found that the proposed method had the best improvements un-
der all conditions.

Index Terms: Bone-conduction headphones, speech intelligi-
bility, high-frequency emphasis, consonant emphasis

1. Introduction

Bone-conduction (BC) hearing is one of the applications for au-
ditory augmentation and hearing aids. While ordinary audio de-
vices generate airborne sound through air-conduction (AC), BC
transducers generate vibration in the surrounding bone or skin
close to the ear to produce auditory perception. The current
growth in precision apparatuses has enabled the development
of techniques for BC hearing.

In particular, extrinsic (i.e., transcutaneous) BC transduc-
ers conduct vibration to the skull bone via intact skin and soft
tissue, and they can be easily used as BC headphones with head-
bands, glasses, or other mechanisms [1]. BC headphones have
a big advantage compared with ordinary AC devices. Listeners
can receive sounds through BC while leaving the ear canal (EC)
open to receive surrounding AC sound at the same time. They
can also continue perceiving sounds through BC even though
they receive loud background noise through AC. Based on these
advantages, a technique for mixing real and computer-generated
audio for augmented reality application using BC devices has
been proposed [2].

However, a substantial problem remains regarding poor
speech intelligibility when listening to speech through BC head-
phones. In quiet environments, the intelligibility of speech pre-
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Figure 1: Transfer function of RT vibration relative to AC

speech (chained line) and that of EC radiated sound relative
to AC speech (solid line) measured by Toya et al. [8]

sented by BC headphones (i.e., BC speech intelligibility) is re-
ported not to be different from that with AC headsets [3]. On
the other hand, in noisy environments, BC speech intelligibility
is reported to be seriously degraded in comparison with AC [4].

Although speech restoration methods for recorded BC
speech with BC microphones have been proposed [5], the im-
provement in the intelligibility for presented speech using BC
headphones with the EC opened is assumed to be much more
difficult unless the input speech signal is successfully manipu-
lated beforehand.

BC headphones are subject to signal attenuation especially
at high frequencies [1], and this attenuation is assumed to be
caused by differences in transmission characteristics between
BC and AC pathways. On that basis, we designed a pre-
manipulation method for improving BC speech intelligibility
under noisy conditions.

2. Proposed Method
2.1. Concepts for BC speech emphasis

Physiological studies [6, 7] hypothesized that vibration in the
skull bone and soft tissue produces auditory perception due to
sound pressure induced in the EC, and inertial force in the mid-
dle ear ossicles and cochlea.

Toya et al. [8] measured the transmission characteristics of
two observable BC pathways: vibration of the redio temporalis
(RT) and sound radiated in the EC during vocalization. Figure 1
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Figure 2: Schematic illustration of proposed method overview for improving intelligibility of bone-conducted speech
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Figure 3: Schematic illustration of procedures of high-
frequency emphasis

shows the measured transfer function of RT vibration relative to
AC speech and that of EC radiated sound relative to AC speech.
Those measurement results showed the following tendencies:
(1) higher-frequency components were linearly attenuated es-
pecially for RT vibration, and (2) frequency components below
5 kHz, which are important for speech perception, were modi-
fied due to the BC transmission.

Moreover, BC transmission causes poor amplitude of the
consonant [9]. Such tendency is assumed to be caused by the
attenuation of the higher-frequency components because un-
voiced consonants have flat amplitude spectra, while vowels
have negative spectral tilts [10]. Considering that the empha-
sis of the consonants is effective for AC speech intelligibil-
ity [11, 12], it may also be effective as pre-processing for im-
proving BC speech intelligibility.

We hypothesized that the compensation of both the spectral
attenuation and the consonant-amplitude modification are effec-
tive for improving BC speech intelligibility. Figure 2 schemat-
ically illustrates the overview of the proposed method, which
consists of (I) Higher-frequency emphasis and (II) Conso-
nant emphasis (CE).

2.2. IIR filter design for higher-frequency emphasis

Figure 3 schematically illustrates the procedure of the high-
frequency emphasis. Here, two types of emphasis filters
were developed, first-order high-frequency emphasis (FOE) and
higher-order high-frequency emphasis (HOE), to separately fo-
cus on both a linear decrease in the spectral tilt and local spectral
modification. Note that a HOE filter was applied with FOE as a
cascade filter during the HOE process.

We used infinite impulse response (IIR) filtering for FOE
and HOE. The filter characteristics of FOE Hrog/(z) and those
of HOE Huow(z) are described as follows:

Hrog(z) =1+biz ", (1)
_ Eszo arz”"*

25:1 bz =k

where b1, ar (ag = 1) and by, are the filter coefficients, and

K is the order of the filter. In the case of HOE, the order K was

Huor(z) )
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Figure 4: Schematic illustration of procedures of consonant em-
phasis

set as K = 42. The filter coefficients in Eq. (1) and (2) were de-
termined using the modified Yule-Walker method (MYW) [13]
so that the variance of the error between the desired amplitude
and the filter response was minimized.

In this study, the inverse characteristics of the transfer func-
tions derived from the RT and the EC (shown in Fig. 1) were
utilized as the desired amplitude characteristics. Therefore, a
total of four different emphasis filters (RT-FOE, RT-HOE, EC-
FOE and EC-HOE) were designed.

2.3. Detection of consonant sections and local amplification

Figure 4 schematically illustrates the procedure of CE. CE con-
sists of two steps as follows:

Detection of consonant sections: Let the input speech sig-
nal be z[n]. The consonant sections were determined in refer-
ence to the relative amplitude level P.[n]. P.[n] was defined as
follows:

el 3)
ealn]’

en[n] = LPF|Hilbert{ HPF(z[n])}|,

ea[n] = LPF|Hilbert{z[n]}|

P,[n] = 20log,,

where LPF denotes the low-pass filtering with the cut-off fre-
quency 100 Hz, and HPF denotes the high-pass filtering with
the cut-off frequency 5000 Hz. In this study, the signal index
m satisfying P,[m] > —12 dB was regarded as the index for
consonant sections.

Local amplification: Let the initial and final index of a cer-
tain consonant section be mo and menq, respectively. In addi-
tion to the determined consonant sections (1mo < m < Mend),
an additional number of samples Niocus = fsTlocus corre-
sponding to short-formant trajectories of subsequent vowels
were utilized as the sections for local amplification. Note that
fs and Tiocus denote the sampling frequency and the time in-
terval for short-formant transitions, respectively. Here, Tiocus
was set to 20 ms considering that formant-transitions generally
last for approximately 10 ms from the end of the consonant sec-
tions [14].



For the determined sections (mg < m < Mend + Niocus)s
the signal x[m] was locally amplified with a +12-dB gain.
Moreover, a cosine-taper manipulation was applied to each sub-
sequent 10-ms time interval from the end of each section to
avoid a sudden fluctuation of signals due to the amplification.

3. Evaluation

Japanese word intelligibility tests were conducted for the eval-
uation of the high-frequency emphasis and CE.

3.1. Speech data

The speech data used in the experiment were selected from the
dataset of familiarity-controlled word lists FW07 [15]. FW07
contains four-morae Japanese words, divided into four different
familiarity ranks (1: low familiarity, 2: lower-middle familiarity,
3: upper-middle familiarity and 4: high familiarity). The speech
data were recorded at a 48,000-Hz sampling frequency and 16-
bits quantization.

3.2. Apparatus

Figure 5 schematically illustrates the experimental setup for the
word intelligibility tests. The experiment was conducted in a
soundproof room. The experimental stimuli were presented
through a BC transducer (Temco Japan Co., Ltd. KEO08-01)
with an amplifier (audio-technica AT-HA5000). The transducer
was fixed on both sides of the participants’ heads (between the
temple-regions and pinnas) The input RMS voltage of the BC
transducer was 0.37 V, and the maximum absolute input volt-
age was lower than 1.0 V. Pink noise was presented through
a loudspeaker (Eclipse TD508MK3) with a powered amplifier
(Yamaha P4050). The loudspeaker was placed 70 cm behind
the participants. The presentation of the stimuli was controlled
using MATLAB 2014a on a PC (LG Sharkoon, Windows 8.1)
and routed through an A/D converter (Fireface UCX). The sam-
pling frequency was 48,000 Hz and the number of quantizing
bits were 16. A PC screen and keyboard were placed in front of
the participants.

3.3. Test (I): Evaluation of various types of filters for
higher-frequency emphasis

Test (I) was conducted to evaluate the effectiveness of the var-
ious types of filters for the higher-frequency emphasis alone.
Here, the speech data filtered with four different filter types (RT-
FOE, RT-HOE, EC-FOE and EC-HOE) and without any em-
phasis (no emphasis) were prepared. Pink noise at three noise
levels (sound pressure levels of 55, 65, and 75 dB) for AC pre-
sentation was used to mimic various levels of noisy environ-
ments. The total number of conditions was 60 (i.e., 5 types of
filters x 4 familiarity ranks x 3 noise levels).

Ten male students aged 23 to 26 participated in this exper-
iment. All the participants were native Japanese speakers who
had normal hearing.

The participants were asked to listen to Japanese four-
morae words presented through the BC transducer and to type
them using the PC keyboard one by one. The number of trials
for each participant in a condition was 20, and a total of 60 con-
ditions (i.e., 1200 trials) were set. The mean correct rate of the
words was calculated as the word recognition rate for each type
of filter, familiarity rank, and noise level.
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Figure 5: Schematic illustration of experimental setup for word
intelligibility tests

3.4. Test (II): Evaluation of CE and both emphasis

Test (IT) was conducted to evaluate the effectiveness of CE alone
and a combination of two emphases (i.e., the proposed method)
under determination of the most effective higher-frequency em-
phasis filter in Test (I). Here, the speech data processed with
three different types of emphasis (higher-frequency emphasis,
CE and combined emphasis) and without any emphasis (no em-
phasis) were prepared. The same pink noise as Test (I) at two
noise levels (55 and 75 dB) was used. The total number of con-
ditions was 32 (i.e., 4 types of emphasis X 4 familiarity ranks
X 2 noise levels).

Ten students (six males and four females) aged 23 to 26
participated in this experiment. All the participants were native
Japanese speakers who had normal hearing.

The experiment was conducted using the same procedure
as Test (I). The total number of trials was 640. The word recog-
nition rate was calculated for each type of emphasis, familiarity
rank, and noise level.

4. Results
4.1. Word recognition rate for Test (I)

Figure 6 shows the mean word recognition rate derived from
Test (I) for the (a) 55-dB and (b) 75-dB noise levels. The error
bar shows the standard error. A three-way repeated measures
analysis of variance (ANOVA) showed significant main effects
on the word recognition rate for the types of filters [F'(4, 36) =
11.68, p < 0.01], familiarity ranks [F(3,27) = 190.23,
p < 0.01], and noise levels [F(2,18) = 67.5, p < 0.01].
Significant interactions were found between the types of filters
and noise levels [F'(8,72) = 2.85, p < 0.01]. A post-hoc
test showed significant effects of the types of filters on the word
recognition rates at the 65-dB and 75-dB noise levels [65 dB:
F(4,108) = 5.83, p < 0.05; 75 dB F'(4,108) = 12.16,
p < 0.01]. The significance cords of the p-values for a mul-
tiple comparison using the Holm-Bonferroni method are shown
in Fig. 6 as “*” (p < 0.05) and “**” (p < 0.01). The word
recognition rates of RT-FOE and RT-HOE were significantly
higher than those of any other types of filters. No significant
differences were evident in the word recognition rate between
RT-FOE and RT-HOE. For the upcoming investigation, RT-FOE
was utilized as the higher-frequency emphasis.



OFamiliarity 1
mFamiliarity 2
mFamiliarity 3
mFamiliarity 4

(a) 55-dB noise level

—_
(=}

+ 1

Word recognition rate
e o 29
= o >

o
)

S
=

phests Y\T—YOE &T‘“OE §CFO EC—\"OE

No e

(b) 75-dB noise level

1.0 ' H

0.8

0.6

0.4

Word recognition rate

@i¥OF o OB o ¥OF o pOb

o e

Figure 6: Mean word recognition rate for (a) 55-dB and (b)
75-dB noise levels for each type of filter and familiarity rank
derived from word intelligibility tests (I). The error bar shows
the standard error. “*” and “**” show significant differences
atp < 0.05 and p < 0.01, respectively.

4.2. Word recognition rate for Test (II)

Figure 7 shows the mean word recognition rate derived from
Test (II) for the (a) 55-dB and (c) 75-dB noise levels. A
three-way ANOVA showed significant main effects on the word
recognition rate for the types of emphasis [F'(3,27) = 6.49,
p < 0.01], the familiarity ranks [F'(3,27) = 119.13, p <
0.01], and the noise levels [F'(1,9) = 348.53, p < 0.01].
Significant interactions were found between the types of em-
phasis and the noise levels [F'(3,27) = 4.78, p < 0.01].
A post-hoc test showed significant effects of the types of em-
phasis on the word recognition rates at the 75-dB noise level
[F(3,54) = 11.25, p < 0.01]. The significance cords of the
p-values for a multiple comparison using the Holm-Bonferroni
method are shown in Fig. 7 as “*” and “**”” While the word
recognition rate of CE alone was significantly higher than that
without emphasis, the word recognition rate of RT-FOE+CE
was significantly higher than those of any other types of em-
phasis.

5. Discussion

The results in Test (I) suggest that only RT-FOE and RT-HOE
are effective for high-frequency emphasis under noisy condi-
tions. Considering the fact, known as the Lombard effect, that
speakers tend to boost the frequency components between 2 to 4
kHz under noisy conditions [16], we hypothesized such compo-
nents to be strongly related to speech intelligibility for listeners
in noisy environments. RT-FOE and RT-HOE were assumed to
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Figure 7: Mean word recognition rate for (a) 55-dB and (b) 75-
dB noise levels for each type of emphasis and familiarity rank
derived from word intelligibility test (II). The error bar shows
the standard error. “*” and “**” show significant differences
atp < 0.05 and p < 0.01, respectively.

compensate successfully for the attenuated components.

No significant differences in the word recognition rate be-
tween RT-FOE and RT-HOE suggest that the compensation of
the global spectral tilt is mainly effective for improving BC
speech intelligibility rather than the compensation of the spec-
tral fine modification.

The results in Test (II) suggested that a combination of two
emphases is more effective than a single emphasis (RT-FOE or
CE alone) in a noisy condition. Here, the compensation of both
the spectral attenuation and the consonant attenuation was re-
vealed to be an effective solution for improving BC speech in-
telligibility.

6. Conclusions

This paper proposed a method for improving BC speech intel-
ligibility under noisy conditions. The method consists of two
types of emphasis: higher-frequency emphasis and consonant
emphasis. The results of word intelligibility tests showed the
following: (1) higher-frequency emphasis with the compensa-
tion of the RT transfer function relative to the AC is effective,
(2) consonant emphasis is effective, and (3) a combination of
two types of emphasis enables the best improvements in BC
speech intelligibility.
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