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Abstract

This paper describes an efficient method of
improving the noise-robustness of speech
recognition in a noisy car environment by
considering the acoustic features of a car's interior
noise. We analyzed the relationship between the
Articulation Index values and the recognition
rates in car environments under different driving
conditions. We clarified that the recognition rate
significantly worsens when the engine noise
(periodic sound) components in the frequency
range above 200 Hz were large. We developed a

preprocessing method to improve the noise-
robustness despite large amounts of engine noise.
With this method, the cutoff frequency of the
front-end high-pass filter is adaptively changed
from 200 through 400 Hz according to the level
of the engine noise components. The use of this
method improved the average recognition rate for
all eight cars under the second range acceleration
condition by 11.9%, with the recognition rate for
one of the cars being improved considerably by
38.6%.

Robust speech recognition, Car interior noise, Noise suppression, High-pass filter,
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1. Introduction

Recently, to improve driver safety and
convenience, human-machine interfaces employing
speech recognition have been widely adopted for in-
vehicle information equipment such as navigation
systems. One of the greatest problems facing speech
recognition in car environments is the degradation of
the recognition performance as a result of car
interior noise while driving. Many research projects
into noise-robust speech recognition in car
environments have been performed and, as a result,
robustness has improved remarkably in recent
years.l"‘) For stationary or slowly varying additive
noise, such as road and wind noise in car
environments, spectral subtraction is a simple and
efficient speech enhancement method.> ® Non-
linear spectral subtraction has also been proposed
recently and has been shown to offer better
performance.” ® Both spectral subtraction and non-
linear spectral subtraction use a time-averaged
estimate of the noise spectra as their noise
information. They do not, however, take the
acoustic features of noise into account.

The acoustic features of car interior noise vary
depending on the type of the car and the driving
conditions, such as the vehicle speed, engine revs,
road surface, and the direction and/or strength of the
wind. This study considers only the car interior
noise that is caused by the car itself and the driving
conditions, such as engine noise, road noise and
wind noise. Acoustically, engine noise is composed
of periodic sound components at frequencies of less
than 1000 Hz, road noise is composed of random
noise components at frequencies of less than 1000
Hz, and wind noise is composed of random noise
components at frequencies above 500 Hz inside the
car. To efficiently improve the robustness of speech
recognition in noisy car environments, we should
consider the acoustic features of the car interior
noise. Unfortunately, relatively few studies have
specifically considered the acoustic features of noise
in the development of noise-robust speech
recognition.

The purpose of this study was to develop an
efficient method of improving the noise-robustness
of speech recognition in noisy car environments by
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considering the acoustic features of the car interior
noise. We performed a speaker-independent isolated %
word recognition experiment in noisy environments
under various driving conditions in eight types of car
to clarify the acoustic features of the noise that
affects the degradation of the recognition
performance. We also developed an engine-noise-
adaptive high-pass filtering method to improve the
noise-robustness despite there being large amounts
of engine noise.

2. Recognition experiment and analysis

2.1 Speech and noise data

The recognition experiment used clean speech data
and car interior noise data that had been recorded
inside each of the eight cars. For the clean speech
data, we recorded ten speakers' (five male and five
female) voices, uttering 100 isolated words via a
loudspeaker positioned to a point corresponding to a
driver's mouth with a non-directional microphone
mounted on the driver's sun visor. The output level
of the loudspeaker was adjusted to that of one male
speaker's average level. For the noise data, the
interior noise data from eight cars was recorded
under the driving conditions shown in Fig. 1.

The driving conditions included acceleration,
deceleration, constant speed and coarse road
surfaces. For the experiment, we made noise-
overlapped speech data by adding the car interior
noise data to the clean speech data.

2. 2 Recognition experiment

A speaker-independent isolated word recognition
experiment was carried out using a speech
recognition system that is based on the hidden
Markov model (HMM). The noise-overlapped
speech data was preprocessed by a 200-Hz high-pass
filter, because this frequency range features an
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Fig. 1 The driving conditions for speech recognition
experiments.
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extremely large amount of noise components but
very few speech components. Furthermore, this data
was processed by non-linear spectral subtraction for
speech enhancement.®> ® The representation of
speech was based on the LPC analysis. Speech was
sampled at 12 kHz and features (16 cepstrum
coefficients, 16 delta-cepstrum coefficients, log
power, and delta log power) were extracted from
Hamming-windowed 20-ms frames at a rate of 10
ms.

2. 3 Experimental results and analysis

Figure 2 shows the recognition results for noisy
environments encountered under various driving
conditions in eight different types of cars. We can
see that the recognition rates differed between the
eight cars and that they deteriorated significantly
under acceleration conditions. However, they did
not deteriorate so much in the case of coarse road
surface conditions (driving condition No.8). The
reason for this is that the main components of the
road noise caused by the coarse road surface are of
frequencies less than 200 Hz.

We examined the relationship between several
acoustic features of the car interior noise after the
200-Hz HPF processing, and the recognition rates
under constant speed conditions (driving conditions
No.7, 8, 11, 12). The correlation coefficients of the
typical acoustic features are listed below:
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Recognition rate (%)
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The number of the driving conditions
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C(2000cc) —@— F(4000cc)

Fig. 2 Recognition results for noisy environments under
various driving conditions in eight different types
of cars.
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- A-weighted overall level: r = 0.82

- Partial overall level above 450 Hz: r = 0.90

-Articulation Index: r = 0.96

There is a good correlation between the
Articulation Index values for the noise and the
recognition rates. The Articulation Index is a
physical measure that is highly correlated with the
intelligibility of speech. It is calculated by summing
the evaluated values derived from the 1/3-octave
band level of noise and the band-specific weighting
factors of the 1/3-octave bands.” '” Therefore,
speech recognition performance in steady noise
environments can be evaluated based on the
Articulation Index. This means that the performance
is degraded by the amount of noise in the main
frequency bands of speech.

Figure 3 shows the relationship between the
Articulation Index values and the recognition rates
under the driving conditions encountered in the eight
different cars. From this figure, we can determine
the following:

(1) The recognition rates deteriorated under
acceleration, relative to constant speed conditions,
even though the Articulation Index values were the
same.
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Fig. 3 Relationship between the Articulation Index
values and the recognition rates under the driving
conditions encountered in the eight different cars.



(2) The recognition rates under many of the
acceleration or deceleration conditions deteriorated
considerably in spite of the Articulation Index values
being the same.

The first result indicates that the recognition
performance was degraded in non-steady noise
environments compared to steady noise
environments, in spite of the Articulation Index
values being the same. We verified this
phenomenon by performing another experiment
using simple non-steady noise that simulated car
interior noise.

To investigate the cause of the second result,
above, we analyzed the frequency spectrums of the
two car interior noise samples shown in Fig. 3.
Figure 4 shows the analysis results before the 200-
Hz HPF processing. Figure 4(a) shows an example
in which the recognition rate is not low (driving
condition No.2 with car F), and Fig. 4(b) shows an
example in which the recognition rate is relatively
low (driving condition No.2 with car E). From these
figures, we found that the recognition rate
deteriorated considerably when the large amounts of
engine noise (periodic sound) components
constituted a part of the frequency range above 200
Hz.

3. Adaptive high-pass filtering

3.1 Method
From the analysis results described above, we
developed a preprocessing method to improve the
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Fig. 4 Frequency spectrum analysis results of car
interior noise. (a) An example in which the
recognition rate is not low. (b) An example in
which the recognition rate is relatively low.
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noise-robustness when there is a considerable
amount of engine noise. With this method, the %
cutoff frequency of the front-end high-pass filter is
adaptively changed from 200 through 400 Hz
according to the level of the engine noise (periodic
sound) components.

The level of the engine noise components (L.,) can
be estimated from the difference between the power
of the frequency spectrum Pg and the power of the
spectrum envelope P of the noise, as follows.™

Loy =10 10g (Pg/PE) coeceeeecceccennnseccennnnns 1)

The frequency range was set to between 200 and
1000 Hz by considering the frequency area of the
engine noise. The spectrum envelope was calculated
from the liftered FFT cepstrum.

Figure 5 shows an analysis example of the
frequency spectrum and spectrum envelope of the
car interior noise under acceleration condition
(driving condition No.2 with car E). It can be seen
that the engine noise (periodic sound) components
are a major constituent of the frequency range above
200 Hz. The L, of this noise was 4.2 dB, and 400
Hz HPF processing produced the best recognition
performance. On the other hand, L., for the steady
noise under all constant speed conditions did not
exceed 1.6 dB, and 200-Hz HPF processing
produced the best recognition performance.

From the examinations described above, we were
able to determine a suitable cutoff frequency for
HPF f, . for L, as follows:
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Fig. 5 An analysis example of the frequency
spectrum and spectrum envelope of the car
interior noise under acceleration condition
(driving condition No.2 with car E).
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200Hz L., < 1.8dB
fotorf =| 300Hz 1.8 <=1L,,<2.3dB:ccccceeee. (2)
400Hz L, <= 2.3dB

A 500-Hz HPF degraded the recognition
performance in all the environments evaluated in
this study. This means that the speech frequency
components above 400 Hz are necessary for speech
recognition, even though the components were
contaminated by noise.

Table 1 lists L, and f,,o under acceleration
conditions (driving condition: No.2) for each car.
As shown here, the proposed method selects the
HPF cutoff frequency according to the level of the
engine noise components.

3.2 Results

A speaker-independent isolated word recognition
experiment was performed to evaluate the
performance of the proposed method. The noise-
overlapped speech data was preprocessed by engine-
noise adaptive HPF instead of 200-Hz HPF. The
other conditions were the same as in the first
experiment.

Figure 6 shows the recognition results under the
second range acceleration condition (driving

Table 1 L., and f_,« under the accelerating condition
(driving condition: No.2).

Car A B C D E F G H
L,(dB) 20 1.9 25 30 42 21 22 23
fuon(Hz) 300 300 400 400 400 300 300 400
80— B 200Hz HPF+NSS
< 70 B Adaptive HPF+NSS
5 60
‘g 50
S 40
§, 30,
g 20
T 19
0

Fig. 6  Recognition results under the second range
acceleration condition (driving condition : No.2).
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condition: No.2). The average recognition rate for
all eight cars under this condition was improved by
11.9 % through the use of this method, and the
recognition rate for car E was improved by a
considerable 38.6 %.

Figure 7 shows the relationship between the
Articulation Index values and the recognition rates
under a range of driving conditions for all eight cars
when using the engine-noise-adaptive high-pass
filtering. The relative deterioration under several
different acceleration or deceleration conditions was
improved, so the correlation coefficient between the
Articulation Index values and the recognition rates
under all acceleration and deceleration conditions
rose from 0.88 to 0.94.

This result indicates that the correspondence
between the machine performance and human
performance of speech recognition was improved by
the proposed method. However, the machine
performance is still poor under conditions of non-
steady noise.

4. Conclusions

We developed an engine-noise-adaptive high-pass
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Fig. 7 Relationship between the Articulation Index
values and the recognition rates under a
range of driving conditions for all eight cars
when using the engine-noise-adaptive high-
pass filtering.



filtering method to improve the noise-robustness of
speech recognition in noisy car environments. This
was developed from our considering the relationship
between the Articulation Index, which represents
one of the acoustic features of noise, and the
recognition rate. The method is relatively simple,
and is also effective in improving the recognition
performance despite its being degraded by large
amounts of engine noise. Taking the acoustic
features of noise into account as we did for this
study appears to be an efficient approach to realizing
noise-robust speech recognition. In the future,
robust speech recognition under non-steady noise
conditions should be examined.
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