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Abstract

A microphone for personal communication is placed inside the external auditory canal
of a user. A pair of ear-muffs equipped with Active Noise Control (ANC) are fitted
onto the head of the user. The combination of passive and active noise reduction makes
communication more reliable when performed in noisy environments.

In this paper, a Hidden Markov Model (HMM) speech recognition system is used to assess
the quality of speech signals recorded using an ear-mic combined with ANC. In addition,
speech recognition itself can be of interest in many situations. For example, many
functions in a vehicle can be controlled by instructions spoken by the user and speech
controlled functionality improves safety. Hence, speech recognition is a growing field
in vehicular technology. If the speech intelligibility and by that the speech recognition
robustness could be increased in a speech recognition controlled system implemented in
a vehicle, the safety would be further improved.

1. Introduction

Many occupations of today requires the usage of personal preservative equipment such
as a pair of ear-muffs to attenuate high sound pressure levels. The primary concern with
high sound pressure level noise is not only the potential risk of damage to the hearing.
Such a noise is also annoying and during periods of long exposure, it causes fatigue,
vertigo, nausea and loss of concentration.



Active noise control is an attractive alternative or complement to passive reduction of
unwanted noise since the latter implies heavy and bulky absorbers. ANC is an effective
way of cancelling noise at frequencies below approximately 1000 Hz [1].

Today, ear-muffs equipped with ANC are commercially available but there are still prob-
lems when trying to communicate in a noisy environment. The idea that a microphone
for communication purposes can be placed at other locations of the body than just in
front of the mouth, is by no means a new one. Different locations of the body, such as the
throat or forehead, has been used to attach an accelerometer (i.e. a tactile microphone)
[2], [3]. The external auditory canal (EAC) has also been investigated as an alternative
microphone location [4], [5].

Since the 1950s, a system for fool-proof speech recognition has been a distant goal for
researchers in the field. A problem that earlier was considered rather easily solved,
has now proven to be a difficult task since the human communication is a more subtle
process than initially was anticipated. Nevertheless, advances in computer technology
and computational power have to some degree compensated our lack of knowledge about
the human speech and hearing system [6], [7].

One of the major challenges of the speech recognition problem is to make the system
robust to background noise. The fact that speech recognition accuracy is highly sensitive
to noise, is indeed unfortunate since many every day tasks that would benefit from a
speech recognition system, is performed in noisy environments. For example, flight safety
would probably improve if some of the functions in the airplane could be managed by
speech regardless of the surrounding noise situation.

In this paper, a HMM speech recognition system is used to assess the quality of speech
signals recorded using an ear-mic combined with ANC. Since the combination of ANC
and ear-muffs attenuates broadband noise inside the EAC, the speech recognition accu-
racy will increase. This increase in speech recognition reliability can be viewed upon as
an objective measure of the speech quality and intelligibility increase.

Furthermore, reliable and accurate speech recognition of course has an intrinsic value
since many tasks would benefit from being voice controlled.

Finally, the ANC will not only attenuate the low frequency components of the surround-
ing noise but also compensate for the low-pass filtering property of the mouth-to-ear
channel, increasing the quality and intelligibility of the speech signal [8].

2. Presentation of the Problem

The measurement setup and signal paths are illustrated in Fig. 1. The speech signal, s,
originating from the human speech organ propagates mainly through the skull, causing
the interior wall of the EAC to vibrate. The external acoustic path, i.e. the air borne
speech sound transmission, is assumed to be negligible due to the attenuation by the ear-
muffs. The high frequency part of the surrounding noise w is attenuated by the passive
absorbers in the ear-muffs but the speech signal inside the EAC is still contaminated
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Figure 1: Measurement setup and signal paths. (1) Bone conducted speech signal. (2) Ear-mic inserted
in custom-made acrylic earplug. (3) ANC reference microphone and loudspeaker. (4) Passive ear-muff.
(5) Surrounding noise. (6) Digital output speech signal from ear-mic.

by the low frequency components of the noise that passive absorbers are unable to
attenuate efficiently. However, the ANC attenuates those remaining noise components.
The resulting speech signal, x(t), is picked up by the ear-mic and properly sampled and
bandlimited by the analog-to-digital converter (ADC) forming the digital output signal
x(n). This signal is finally presented to the speech recognition system.

Speech recognition is traditionally performed in two separate steps: Initially, a number
of words are chosen (i.e. a training set) and these words are pronounced and presented
to the speech recognition system repeatedly. This is referred to as the training phase.
When the speech recognition system has been trained, new occurrences of the chosen
words are presented to the system in order to perform speech recognition. This is referred
to as the test phase. The terms ‘training phase’ and ‘test phase’ will be used to describe
these different steps of speech recognition for the remainder of this paper.

3. Evaluation

A narrow canal was drilled in a custom-made, acrylic ear-plug and a thin microphone
probe was inserted into this canal. The effects of using microphone probes are thoroughly
investigated in [9]. A small-size microphone was attached to the other end of the probe,
see Fig. 2. The ear-plug was inserted into the EAC of the test person and the ANC
equipped ear-muffs were then fitted onto the head.

The training phase of the speech recognition system was performed with the measure-
ment setup shown in Fig. 1 but no surrounding noise was present. For evaluation pur-
poses, two training sets were recorded: One with the ANC disabled and one with the
ANC enabled. A total of five different words repeated 20 times each by a male talker,
were used in the training phase. The bandwidth was limited to 4 kHz.

In order to test the speech recognition capabilities in a noisy environment, recordings
were made in a car travelling at a speed of 90 km/h. The five words used in the training
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Figure 2: Custom-made acrylic ear-plug with microphone and microphone probe attached.

phase were pronounced repeatedly and randomly 30 times with the ANC disabled as
well as enabled. The same male talker was used both in the training phase and the test
phase. As a demonstration of the impact of the ANC on the noisy signal recorded inside
the EAC, a time plot and a spectrogram of such a signal is shown in Fig. 3.

It should also be mentioned that the speech recognition system used in this paper, is
highly sensitive to surrounding noise and that recordings made with the microphone
placed in a more orthodox way, e.g. placed as a hands-free microphone, results in very
poor Signal-To-Noise Ratio and hence a speech recognition rate that is virtually zero
and hence of no practical use or interest.

4. Results

The results are tabulated in Tab. 1 and plotted in Fig. 4. It is logical to train and
test using the same prerequisites, i.e. if speech recognition will be performed with ANC
enabled, the training should also be performed with ANC enabled and vice versa. With
this in mind, bar A and bar D in Fig. 4 are the most interesting ones. When employing
ANC, the recognition rate increases by more than 50 percentage units. Apparently,
the ANC has a considerable effect on the speech recognition capabilities in a noisy
environment. Hence, from the view of the HMM, the speech quality is considerably
improved.

Conclusions

A speech recognition system based on a Hidden Markov Model is highly sensitive to noisy
input signals. The presence of noise will severely degrade the performance of the system.
However, when using an ear-mic combined with a pair of ANC equipped ear-muffs in a
noisy environment, the number of correct recognized words increases noticeably. This
can be interpreted as an increase in speech quality and intelligibility.
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Figure 3: Microphone signal recorded inside the EAC. (Upper plot) Time plot of sequence where the
ANC first was disabled and then enabled after approximately 5.5 s. (Lower plot) Spectrogram of
sequence from upper plot.

Trained with ANC off Trained with ANC on
Cor Del Fal Cor Del Fal

Tested, ANC off 23.3% 7 60.0% 18 16.7% 5 3.3% 1 90.0% 27 6.7% 2
Tested, ANC on 50.0% 15 23.3% 7 26.7% 8 76.7% 23 10.0% 3 13.3% 4
Cor = Number of correct recognized words.
Del = Number of words that existed in input but never was detected.
Fal = Number of words that was falsely detected.
All figures are given both in percent (italic font) and absolute number.

Table 1: Speech recognition results using a total of 30 words as input in each test scenario. The training
phase words were recorded in a silent environment and the testing phase words were recorded in a car
travelling at a speed of 90 km/h.
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Figure 4: Speech recognition results. (A) Both training and testing performed with ANC disabled. (B)
Training performed with ANC enabled, testing performed with ANC disabled. (C) Training performed
with ANC disabled, testing performed with ANC enabled. (D) Both training and testing performed
with ANC enabled. Lower plot legend: Cor — Number of correct recognized words. Del — Number of
words that existed in input but never was detected. Fal — Number of words falsely recognized.
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1. M. Winberg, S. Johansson, T. Lagö, I. Claesson, “A New Passive/Active Hybrid
Headset for a Helicopter Application”, International Journal of Acoustics and Vi-
bration, 1999, no. 2, pp. 51–58.

2. D. W. Martin, “Magnetic Throat Microphone of High Sensitivity”, Journal of the
Acoustical Society of America, 1947, no. 1, pp. 43–50.

3. H. M. Moser, H. J. Oyer,“Relative Intesities of Sounds at Various Anatomical Lo-
cations of the Head and Neck during Phonation of the Vowels”, Journal of the
Acoustical Society of America, 1958, no. 4, pp. 275–277.

4. R. D. Black, “Ear-Insert Microphone”, Journal of the Acoustical Society of America,
1957, no. 2, pp. 260–264.

5. S. Aoki, K. Mitsuhashi, Y. Nishino, T. Sakurai, “Noise-suppressing Compact Mi-
crophone/Receiver Unit”, NTT-Review, 1998, no. 6, pp. 102–108.

6. L. Rabiner, B. H. Juang, Fundamentals of Speech Recognition, Prentice-Hall, New
Jersey, 1993

7. J. R. Deller Jr., J. G. Proakis, J. H. L. Hansen, Discrete-Time Processing of Speech
Signals, Macmillan Publishing Company, 1993

8. N. Westerlund, M. Dahl, I. Claesson, “In-Ear Microphone Equalization Exploiting
an Active Noise Control” in Proc. of Internoise, August 2001, Invited Paper.

9. P. A. Hellström, “Miniature microphone probe tube measurements in the external
auditory canal”, Journal of the Acoustical Society of America, 1993, no. 2, pp.
907–919.


