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Fig.1 Modulation-frequency characteristics of CMS,
Delta, and RASTA.
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Table 1 Conditions of ASR experiments.

13 words
Task Bellcore digit database
(0-9, zero, oh, yes, no)
HMM (HTK Toolkit)
150 speakers (75 males
and 75 females)
50 speakers (25 males
and 25 females)
Sampling frequency 8kHz
Window length 25 ms
Frame period 12.5 ms

Recognizer

Training

Test
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Table 2 Added noise.

Voice Babble
Buccaneer jet traveling at 190 knots;
cockpit noise
Buccaneer jet traveling at 450 knots;
cockpit noise

babble
buccaneerl

buccaneer2

destroyerengine Destroyer: Engine room noise
destroyerops Destroyer: Operations Room
f16 F-16 cockpit noise

factoryl Noise on floor of car factory
factory2 Noise in car production hall
hfchannel HF Radio Channel Noise

leopard Leopard 2 military vehicle noise
m109 M109 tank noise

machinegun Machine Gun

pink Pink Noise

volvo Passenger compartment noise
white White Noise
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Table 3 Word error rate with and without filtering
important modulation frequency band.

0000000000 (%)
00000000 00000000

MFCC PLP MFCC
+CMS  4+CMS  +FIR PLPHFIR
filter length — — 511 511 63
clean 1.7 1.5 2.2 2.5 2.1
[ooooj
babble 21.5 27.5 22.1 22.0 21.3
buccaneerl 21.7 27.5 15.5 13.6 14.9
buccaneer2 21.8 26.6 17.7 15.8 17.0
destroyerengine 19.0 26.3 17.5 20.0 22.3
destroyerops 16.9 21.9 12.9 13.0 13.8
f16 21.5 27.5 18.8 15.2 17.7
factoryl 20.9 27.0 17.2 15.2 17.0
factory?2 16.0 18.0 13.7 104 12.3
hfchannel 23.1 22.8 20.8 16.6 17.3
leopard 15.5 18.7 149 114 125
m109 15.8 19.3 12,5 10.7 11.5
machinegun 50.2 44.6 37.0 35.6 35.0
pink 19.0 22.6 16.5 12.8 15.7
volvo 7.0 6.1 7.2 4.0 4.5
white 19.6 19.7 18.0 14.2 16.6
mean 20.6 23.7 175 15.4 16.6
feature size 39 27 39 27 27

MFCCO PLPOO CMSO 000000000000
00000000 (A,A%)00000O0MFCC+FIR
0 PLP4+FIRO OMFCCO PLPODODOOOO FIR
0000000000000000000 FIROODO
000 300000000000 511000000
00 FIROODOOOD2010Hz2000000000
0000000000000000000000 FIR
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000 20000000500000000
0000000D00000000000000000
00000000 300 clean0000000000O
0000000D0D0000000 2000000
0000000000000 0mean 0000000
00000000000000
00000000000000000000000
00000000000O0MFCCOPLPOOOOD
000000000000000000000000
0000000000000 1%0 2000000
OO0Oclean] 000000 000000000000
000000000000000000000000

Relative amplitude [dB]

B T T 100
Modulation frequency [Hz]

03 0000 FIROOOOOOOOOOOO
Fig.3 Modulation frequency characteristics of FIR
filter used.
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Table 4 Word error rate using multiple modulation-
frequency bands extracted by 63-tap FIR fil-
ters.

ooooo %)
oo0oooo
2 3 4 5

clean 2.0 2.0 2.0 2.3 2.2
[ooooj

babble 21.8 19.7 18.8 18.3 19.0
buccaneerl 14.5 13.7 11.5 11.5 114
buccaneer2 17.7 15.7 13,9 13.7 13.7
destroyerengine 23.7 19.8 18.2 18.5 18.2
destroyerops 12.5 123 11.3 11.6 11.7
f16 17.0 15.2 13.5 13.5 13.3
factoryl 16.0 14.4 12.3 12.1 12.3
factory?2 10.7 9.9 8.6 8.6 8.8
hfchannel 18.7 16.7 149 146 14.6
leopard 13.5 14.2 12.3 11.4 11.5
m109 11.0 104 9.4 9.6 9.2
machinegun 32.1 31.8 30.5 29.5 30.5
pink 13.8 12.5 11.3 10.8 10.7
volvo 5.2 5.4 5.0 4.8 4.7
white 15.0 13.3 11.8 11.8 12.0
mean 16.2 15.0 13.5 13.4 134
feature size 18 27 36 45 54
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Fig.4 Modulation-frequency characteristics of DFT
filters.
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Table 5 Word error rate using multiple modulation-
frequency bands extracted by DFT.

ooooo %)

@ ® © @
clean 2.5 2.5 2.2 1.7
[ooooj
babble 26.3 18.1 18.7 17.9
buccaneerl 15.0 10.1 10.3 10.0
buccaneer2 15.3 11.7 11.9 129
destroyerengine 22.3 16.6 17.3 16.2
destroyerops 14.0 10.8 11.0 10.7
f16 18.8 12.1 12.5 13.0
factoryl 16.9 11.1 11.5 12.1
factory2 12.1 7.7 83 8.0
hfchannel 17.3 129 128 124
leopard 11.6 10.8 10.3 12.8
m109 11.9 9.0 9.2 9.0
machinegun 38.5 26.2 26.8 28.5
pink 14.3 9.5 9.9 9.9
volvo 5.4 4.9 4.1 4.3
white 15.1 10.7 10.5 10.3
mean 17.0 12.1 12.3 12.5
feature size 36 90 126 54
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Fig.5 Average word error rate for various noise con-
ditions.
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