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Abstract We report on the effect of band-pass filtering of the time trajectories of spectral envelopes
on speech recognition. Several types of recognizers, several types of features, and several types of filters
are studied. Results indicate the relative importance of different components of the modulation spectrum
of speech for ASR. General conclusions are: (1) most of the useful linguistic information is in modulation
frequency components from the range between 1 and 16 Hz, with the dominant component at around
4 Hz, (2) it is important to preserve the phase information in modulation frequency domain, (3) The
features which include components at around 4 Hz in modulation spectrum outperform the conventional
delta features, (4) The features which represent the several modulation frequency bands with appropriate

center frequency and band width increase recognition performance.
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E database set C
% Feat FFT-based filter
(%). eature bank output
© @ . 511-tap linear phase
Speech g . % Eecoggziol:‘ Filter FIR filter
4;5; : § ! Recognizer DTW
9 . @ Speaker 10 male speakers
*g Training | Sampling || 10 kHz, 16 bit
g Recording || an anechoic room
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X 1: Block diagram of the ASR system with tem- Test Sampling { 11.025 kHz, 16 bit
poral processing. Recording | a computer room
Window length 25 ms
Frame period 12.5 ms
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[ 4: Comparison with the perceptual experiments.
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X 5: Improvement of recognition accuracy by in-
cluding each modulation frequency.
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Task Bellcore digit database
(0-9, zero, oh, yes, no)
Recognizer DTW
Training 20 speakers (10 males
and 10 females)
est 50 speakers (25 males
and 25 females)
Sampling frequency || 8 kHz
Window length 25 ms
Frame period 12.5 ms
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Task Bellcore digit database
(0-9, zero, oh, yes, no)

Recognizer HMM

Training 150 speakers (75 males
and 75 females)

Test 50 speakers (25 males
and 25 females)

Sampling frequency || 8 kHz

Window length 25 ms

Frame period 12.5 ms
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3 4: Recognition results of conventional delta fea-
tures and 2-D cepstrum using selected part of the
modulation spectrum. (WER: Word Error Rate).

Feat Static |[Featurd WER [%]
cature feature | size [ Clean | Noisy
A A? yes 27 1.7 | 217

2-D cepstrum (DCT)| yes 27 0.9 12.8
2-D cepstrum (DFT)] yes 45 0.9 4.6

A A? no 18 2.8 28.8
2-D cepstrum (DCT)| no 18 4.2 4.8
2-D cepstrum (DFT)| no 36 3.4 3.5

7 5: Recognition results in various phase condi-
tions. (WER: Word Error Rate).

Static [Featurd WER [%)]

feature | size | Clean | Noisy

2-D cepstrum (DFT)| yes 45 0.9 4.6
Real part yes 27 1.5 14.2

Imaginary part yes 27 1.1 10.3
Absolute values yes 27 5.2 24.2
2-D cepstrum (DFT)| no 36 3.4 35
Real part no 18 7.7 10.5

Imaginary part no 18 8.0 11.8
Absolute values no 18 22.5 38.8

Feature
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2. 32 A DFT DE 23 MG FERH L, Zh
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Wb,
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# 6: Recognition results using multi-resolution.

(WER: Word Error Rate).

DET g | g9 | gg |[Feocomg WER (2] I
size size |[Clean| Noisy

T — ] — ] 18 ] 24 249 | (a)
Order | — 12,31 — | 36 || 34| 3.5 | (b)
of — (256 90 [ 28] 23 | ()

DFT | 1
compo-

2,3 [ — 54 171 6.2 | (d)
-~ 12,3
nents | 1 | 2,3
— 12,3

6126 || 20 ] 25 || (o)
6 144 [ 15| 22 || ()
2 754 [[14] 1.9 | (g)

4 &

ASR IZBITAEFHANRY PIVEIOHTHEEN
WOWTHER L7z, 2O/FE, UToZ &d%b
otz

EREEHROIZE ALY 1~mHz@ AR E
WHBICHFE L. ZOFTHEFOTEHEE (syllabic
rate) IZXfI09 % 4 Hz ﬁk.f)‘ﬁi%)ﬁ?fﬁ)éo A

L7328 A7 (DTW, HMM), ##& (FB, MFCC,

PLP), 7 1V & ¥t (FIEALHE FIR, DFT) D&\
2053, FROEMARL L,

2) BFARYZ PVIZBWTIEMHBRLEETH S,
3) 4 He fhEDEFHE B ECHELT V52 &

TENEHE L RS EOERIEONS,

4) BE % OB L wIEIEE b OB T N

P EFBEBETHWAZ LI2L ), Fakthe
BESIMET 5,

PLEDFERIT, — M FH S TV 2 B EELER
DEELIDD bolBVWERHEHAL, EFHANT
NO—EHDOAREFERTAHIENEETHS I & ER
LTwh,

Oregon Graduate Institute of Science

and Technology ® Sangita Tibrewala, Narendranath

Malayath, Sarel van Vuuren. % L T University of
California, Davis @ Carlos Avendano P12
BHBELIET, AR THEYTEE T L-ER
HERFORBFHENHIEZ . Indian Institute of Tech-
nology @ B. Yegnanarayana #J% 125 < BE#HE L
9,

SE N

(1] B. S. Atal (1974), “Effectiveness of linear predic-
tion characteristics of the speech wave for auto-

matic speaker identification and verification,” J.
Acoust. Soc. Amer., Vol. 55, No. 6, pp. 1304 - 1312.

[2] S. Furui (1986), “Speaker-independent isolated
word recognition using dynamic features of speech
spectrum,” IEEE Trans. Acoust. Speech Signal
Process., Vol. ASSP-34, No. 1, pp. 52 - 59.

(3] H. Hermansky and N. Morgan (1994), “RASTA
processing of speech,” IEEE Trans. Speech and Au-
dio Process., Vol. 2, No. 4, pp. 578 ~ 589.

(4] T. Houtgast and H. J. M. Steeneken (1985), “A
review of the MTF concept in room acoustics and
its use for estimating speech intelligibility in audi-
toria,” J. Acoust. Soc. Amer., Vol. 77, pp. 1069
1077.

[5] R. Drullman, J. M. Festen, and R. Plomp (1994),
“Effect of temporal envelope smearing on speech
perception,” J. Acoust. Soc. Amer., Vol. 95, pp.
1053 - 1064.

(6] R. Drullman, J. M. Festen, and R. Plomp (1994),
“Effect of reducing slow temporal modulations on
speech perception,” J. Acoust. Soc. Amer., Vol. 95,
pp. 2670 - 2680.

[7] T. Arai, M. Pavel, H. Hermansky and C. Avendano
(1996). “Intelligibility of speech with filtered time
trajectories of spectral envelopes,” In Proc. of the
ICSLP, Philadelphia, pp. 2490 - 2493.

[8] H. Hermansky, N. Morgan and H. Hirsch (1993),
“Recognition of speech in additive and convolu-
tional noise based on RASTA spectral processing,”
Proc. IEEE ICASSP, Minneapolis, MN, pp. 11-83
- 11-86.

[9] S. Greenberg (1996), “Understanding speech un-
derstanding -— Towards a unified theory of speech
perception,” In Proc. of the ESCA Tutorial and
Advanced Research Workshop on the Auditory Ba-

sis of Speech Perception, Keele, England, pp. 1 -
8.

[10] H. Hermansky (1990), “Perceptual linear predic-
tive (PLP) analysis for speech,” J. Acoust. Soc.
Amer., Vol. 87, No. 4, pp. 1738 - 1752.

(11] 43 2, bk IE (1976), “2 KT 7 A b5 L% F
R 28RS, BFBIEF KXW, Vol. J59-A,
No. 12, pp. 1096 — 1103.

(12] detf IE, F#0 BE— (1989), “2 KT ALY T Ak 5
LD - BV AV A MEFEEFRR BTE
fEFRFICEE, Vol. J72-A, No. 4, pp. 640 - 647.

[13) B. Milner (1996), “Inclusion of temporal informa-
tion into features for speech recognition,” In Proc.
of the ICSLP, Philadelphia, pp. 256 — 259.

[14] N. Kanedera, T. Arai, H. Hermansky, and M. Pavel
(1997), “On the importance of various modula-
tion frequencies for speech recognition,” Proc. Eu-
rospeech ’97, Rhodes, Greece, pp. 1079 — 1082.

NI | -El ectronic Library Service



I nformation Processing Society of Japan

FB (DTW)

= FB (HMM)
[IMFCC (HMM)
PLP (HMM)

i

Normalized contribution to recognition performance

0-1

1-2 2-4 4-8 8-16 16-32 32y
Range of modulation frequency [Hz]

(a) Bellcore digit database.

Normalized contribution to recognition performance

-FB (DTW)
= FB (HMM)
MFCC (HMM)
PLP (HMM)

0-1

1-2 24 48 816 16-32 32y
Range of modulation frequency [Hz]

(b) Bellcore digit database degraded by additive
noise (10 dB) and convolutional noise (HPF, 6

dB/oct).

6: Normalized contributions to recognition per-

formance for different recognizers and different fea-

tures.
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(b) Noisy

7: Normalized contribution to recognition per-

formance for DFT filtering.
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