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ABSTRACT

Temporal processing of the time trajectories in the log-
arithmic spectrum domain, performed in cepstral mean
subtraction, in computation of dynamic features in
speech, or in RASTA processing, is becoming a common
procedure in current ASR. Such temporal processing ef-
fectively enhances some components of the modulation
spectrum of speech while suppressing others. It is there-
fore important to know the relative importance of various
components of the modulation spectrum of speech. In this
study we report on the effect of band-pass filtering of the
time trajectories of spectral envelopes on speech recogni-
tion. Results indicate the relative importance of differ-
ent components of the modulation spectrum of speech for

ASR.

1. INTRODUCTION

In current automatic speech recognition (ASR), temporal
processing of time trajectories in the logarithmic spec-
trum domain is becoming a common procedure. Such pro-
cessing effectively modifies the so-called modulation spec-
trum of speech [3]. It is therefore important to know the
relative importance of various components of the modu-
lation spectrum of speech for both human speech commu-
nication and for ASR. Cepstral mean subtraction (CMS)
[1] suppresses the DC components of the time trajecto-
ries of the cepstrum to alleviate the effects of the convo-
lutional noise introduced, e.g., by the frequency charac-
teristics of the communications channel (additive in loga-
rithmic spectrum or cepstrum). Such temporal processing
effectively enhances some components of the modulation
spectrum while suppressing others. Thus, in dynamic fea-
tures [2], components of the modulation spectrum around
10 Hz are typically enhanced while lower and higher com-
ponents are suppressed [3]. RelAtive SpecTrAl processing
(RASTA) [3] passes components of the modulation spec-
trum between about 1 and 12 Hz.

Perceptual experiments for Japanese syllables, conducted
using band-pass filtered time trajectories of LPC cep-
strum in the residual-exited LPC system, indicate the
relative importance of various components of the modula-
tion spectrum of speech for speech intelligibility [4]. The
results of these experiments suggest that most of the in-
formation necessary to preserve intelligibility is the range
between 1 and 16 Hz.

In this study we report the effect of similar filtering of the
time trajectories of spectral envelopes on speech recogni-
tion.
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Figure 1: Recognition results for the band-passed time
trajectories.

2. SPEECH RECOGNITION
EXPERIMENTS AND
PERCEPTUAL EXPERIMENTS

To investigate the relative importance of different modula-
tion frequencies for ASR, we performed recognition exper-
iments using 216 phonemically-balanced Japanese words.
The system was trained on clean speech while the test
data were recorded using a hand-held microphone in a
computer room (approximately 55 dB background noise).
The training data were drawn from set C of ATR Japanese
database and consisted of samples from 10 male native
speakers. These tokens, sampled at 20 kHz and quan-
tized to 16 bits, were downsampled to 10 kHz. The test
data, uttered by 5 male native speakers, were sampled
at 11.025 kHz (also 16 bit quantization). These tokens
were passed through a FFT-based filter bank and sepa-
rated logarithmically into 16 equal parts every 12.5 ms.
These were converted to logarithmic values by the Lin-
Log function[5],

y:log(l—l—Jx), (1)
where J is a signal-dependent positive constant. The

amplitude-warping transform (1) is linear-like for J < 1
and logarithmic-like for J > 1.
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Figure 2: Comparison with the perceptual experiments.

After this process, the time trajectories were filtered with
a 511-tap FIR filter. As we were mainly interested in the
relative changes in ASR performance with changes of FIR
filter shape rather than in highest obtainable scores, the
ASR was done using a simple-but-efficient DTW-based
recognizer.

Figure 1 shows recognition results for different band-pass
filters applied in the modulation domain. The vertical
axis shows the recognition accuracy, while the other axes
indicate the lower cutoff frequency fr and the upper cutoff
frequency fu of the band-pass filters. For some band-pass
conditions (indicated by bold letters) there is a notice-
able improvement in the recognition accuracy comparing
to the accuracy (86%) of the baseline (i.e., no filtering)
system.

Figure 2 shows the relative importance of different mod-
ulation frequencies. These data were derived by differ-
entiating the surface of the function shown in Figure 1
with a subsequent averaging of all differentials in a given
frequency range. *

For example, the average improvement resulting from in-

IFor example, consider the improvement of the recognition
accuracy resulting from inclusion of a modulation frequency
range between 2 and 4 Hz. In Figure 1, the recognition accu-
racy is 90.6% at fr = 2 Hz, fy = 16 Hz, and it is 65.5% at
fr = 4 Hz, fy = 16 Hz. Accordingly, the improvement re-
sulting from inclusion of the range between 2 and 4 Hz under
fu = 16 Hz is 25.1%. We can also calculate the improvement
resulting from inclusion of the range between 2 and 4 Hz under
fr = 1 Hz by subtracting the accuracy at f; = 1Hz, fyy = 2Hz
from the accuracy at f;, =1 Hz, fy = 4 Hz.
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Figure 3: Improvement of recognition accuracy by in-
cluding each modulation frequency

clusion of the range between 2 and 4 Hz is defined by

(e )~ )+ 3 A2, o) — w4, )]

fr<2 fu>4

where p(fi1, f2) is the recognition accuracy at fr = fi,
fu = fo. I fr = fu = f then p(f, f) is the prior prob-
ability, which is 1/(the number of words) in this ASR

experiment,.

Average differences in the recognition accuracy are shown
in Figure 2. Here each bar indicates average improvement
in ASR accuracy resulting from inclusion of a given mod-
ulation frequency band. For comparison, results of a sim-
ilar evaluation using data from perceptual experiments [4]
are also shown in Figure 2.

The results indicate that most of the useful linguistic in-
formation is in the modulation frequency components be-
tween 1 Hz and 16 Hz, with the dominant component
at around 4 Hz. In perceptual experiments, which used
noise-free speech, some benefit was derived from including
the modulation frequency range between 0 and 1 Hz. This
range is clearly not useful from the ASR point of view,
however. With speech from realistic environment, the
modulation frequency components below 1 Hz or above
16 Hz do not contain any useful information and hence
may be excluded from the ASR process. The outcome
of this experiment is consistent with the current RASTA
processing of speech.

Figure 3 shows the details in the improvement of recog-
nition accuracy for different modulation frequencies. The
trends shown in Figure 2 and Figure 3 are similar, al-
though the extent of improvement is different because the
ranges of the modulation frequencies are different.



Table 1: Conditions of word recognition experiment (1)

-7

13 words
Task Bellcore digit database
(0-9, zero, oh, yes, no)
Recognizer DTW

20 speakers

Training (10 males and 10 females)
50 speakers

Test (25 males and 25 females)

Sampling frequency || 8 kHz

Window length 25 ms

Frame period 12.5 ms

Table 2: Conditions of word recognition experiment (8)
- (13)

216 words

Task ATR Japanese database
set C

Recognizer DTW

Training 10 male speakers

Test 10 male speakers

Sampling frequency || 10 kHz
Window length 25 ms
12.5 ms

Frame period

3. RELATIVE IMPORTANCE OF
MODULATION FREQUENCIES
IN VARIOUS ENVIRONMENTS

The relative importance of different modulation frequency
components may change with environment. We hence in-
vestigated the relative importance of different modulation
frequency components in various noise environments.

In these experiments, the English words database shown
in Table 1 and the Japanese database shown in Table
2 were used. The system was trained on clean speech,
while the test data were degraded by convolutional noise
and additive background noise.

Figure 4 shows normalized improvements of recognition
accuracy in various environments. Environments (14) and
(15) in Figure 4 are the same as those in Figure 2. To
compare the different cases, improvements are normalized
by the maximum value. Black rectangles indicate a de-
crease 1n the recognition performance caused by including
a given modulation frequency band.

The range below 2 Hz or above 8 Hz becomes less impor-
tant in noisy environments. Especially, the range below 1
Hz noticeably degrades the recognition accuracy in noisy
environments.

Greenberg [6] suggests that speech can withstand channel
decorrelations as long as about 120 ms without significant

loss in intelligibility. This would be consistent with our
results which show that the range of modulation frequency
between 2 Hz and 8 Hz (125 ms) is always important in
any environment.

4. CONCLUSION

The effect of filtering the time trajectories of spectral en-
velopes on speech recognition was investigated. These
results indicate that: (1) most of the useful linguistic in-
formation is in modulation frequency components from
the range between 1 Hz and 16 Hz, with the dominant
component at around 4 Hz, (2) the range of modulation
frequency between 2 Hz and 8 Hz is useful in all environ-
ments, (3) in a clean environment, all ranges are useful,
(4) in a noisy environment, the range below 2 Hz or above
16 Hz sometimes degrades the recognition accuracy. The
outcomes of these experiments are consistent with the cur-
rent RASTA processing of speech.
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Figure 4: Normalized improvements of recognition accuracy in various environments



