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Abstract

In this paper, we propose a novel scheme in performing feature statistics normalization

techniques for robust speech recognition. In the proposed approach, the processed

temporal-domain feature sequence is first converted into the modulation spectral domain. The
magnitude part of the modulation spectrum is decomposed into non-uniform sub-band
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segments, and then each sub-band segment is individually processed by the well-known
normalization methods, like mean normalization (MN), mean and variance normalization
(MVN) and histogram equalization (HEQ). Finally, we reconstruct the feature stream with all
the modified sub-band magnitude spectral segments and the original phase spectrum using
the inverse DFT. With this process, the components that correspond to more important
modulation spectral bands in the feature sequence can be processed separately. For the
Aurora-2 clean-condition training task, the new proposed sub-band spectral MN, MVN and
HEQ provide relative error rate reductions of 18.66% and 23.58% over the conventional
temporal MVN and HEQ, respectively.
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Telecommunication Union, ITU)[IO]’?{’?FTT Ry |[E‘@fﬁ?@f’ o
) FH f‘%ﬁ@?? TR AR

+ I?:fuj’ g ﬁ‘%g% PR RRTTI P Y Bz AN e I?J%FT% [ HEMFCC) » [ HH
- BT R R SR A A -

VI 8 kHz

jF"[ HER H (frame size) 25 ms, 200 &ﬁ

HiAET F(frame shift) 10 ms, 80 R
RGO AR 1-0.97z2"
Jid ﬁi?fj%r“ (window) @i (Hamming window)
T REEET) 256 B
VROH 2 l"”(ﬁlter bank) IR FH = F iz RO BN > H 23 (@ = EL"HJ%;@EL'%E'
MFCC 13 5#(c1~c12, log-energy) + AMFCC
13 5+ AAMFCC 13 5 > 4 39 5
oo T B

25 MMRL ) B = R p A BLE] (hidden Markov model, HMM)[11] {4} & 55 A5 B
(acoustic models)VE|F¢ - & 5 f | 11 W By M5 2] (zero, one, two, ..., nine *oh)l') 7&'/??5»?}
(silence)Si & » & [l 6L € Wy STOMRNE - (Mg 1201y TR
(2) B PRI

g A 25U SRR T | ﬁww&%wﬁﬁgﬁw%:,ﬁwm%
ﬁﬁ & | [%F (absolute error rate reductlon AR)E'HW’HT% = [ 1 (relative error rate
reduction 1, RR )3 |5 Fr#Fetiofecie 5L RSy eforatiote (baseline) F40 ™ » T 1oseriefsss,
SIS ﬁiyﬁsﬁn{ciﬁf & 2 (relative error rate reduction 2, RRy) » kL5 j #iF
ARG S 2 ﬂ,—f?g;ﬁ fi F:I Bt ?UEIJ?FEI}—\‘J: _{E[y_F o E —I—E’T“Uﬂ—‘ 73 H“E =4 (3-1) ~ =
(3-2) ~ X (3-3)F 5

) & & (feature vector)

AR (%) = (Frpiis — ERERHIE) < 100% #(3-1)
FHEE - ERERNEE \
A () = [%ffoié = R #GD)

DIRBORIREIR — 2IRBUAPER
100% — A*ﬁﬁﬁxfi¥5¥§ﬁ%$

RR, (%) = [ ]x 100% =4(3-3)
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VE [P R E SB-SMN 1 & SB-SMVN 1 P [i* 2 1 RN IIES P IfY > SB-SMN
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SARLA S PRI 1= 7 SRS R L P ) D“IIWFF&E SN LT
Ho fr‘E'rT“*/FF&*ﬂﬁﬂip IFi m%ﬁsﬁk Ermiﬂfrﬁa: 'NWF F(RRy)E% - SB-SMNy)
f 8.31% » SB-SMVN )V 32. 64% » SB-SHE @4)[ 7.56%

Method Set A Set B Set C |average| AR RR; RR,
Baseline 71.98 67.79 78.28 71.56 — — —
FB-SMN 77.43 76.26 78.05 77.08 5.52 19.41 —

SB-SMN(») 77.87 | 77.26 | 78.36 | 77.72 6.16 21.66 2.79
SB-SMNg3) 78.21 | 76.37 | 80.82 | 77.99 6.43 22.61 3.97
SB-SMN4) 79.12 | 77.26 | 82.20 | 78.99 7.43 26.13 8.31
FB-SMVN 79.03 | 81.19 | 78.29 | 79.75 8.19 28.80 —
SB-SMVN(;, 80.06 | 81.97 | 79.28 | 80.67 9.11 32.03 4.54
SB-SMVNg3, 80.84 | 82.59 | 80.89 | 81.55 9.99 35.13 8.89
SB-SMVN4, 85.94 | 87.06 | 85.79 | 86.36 | 14.80 | 52.04 | 32.64
FB-SHE 89.71 | 90.03 | 88.27 | 89.55 | 17.99 | 63.26 —
SB-SHE(,) 89.76 | 90.09 | 88.40 | 89.62 | 18.06 | 63.50 0.67
SB-SHE 3, 90.13 | 90.47 | 88.68 | 89.98 | 18.42 | 64.77 4.11
SB-SHE 4 90.59 | 90.69 | 89.13 | 90.34 | 18.78 | 66.03 7.56
Fo PRIIRHARET T [k L I RRPRE R (o) 7 PR

(1) L (Lt 3 8 I BT [ 1 Bt
x> éﬂll > I3 P Uﬁ!’ MFCC F’jf’%«f’”f Eﬁ*ﬁwﬁﬁj R L [ = 0 F
(e A/ZEE AR T [ iiﬁj&ﬂ.%° 535 j[ﬁflzﬁ —’TTUF[ %;@%FFFIL##EI ) F[IEH]:
J@‘}'Jﬁj Caine I IRE A" o U
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(1) &=l gﬁﬁﬁ ISl A [k A [Efiﬂﬁ'ﬁfﬁ@”ﬁﬂfrtﬁl S SR R
I > ’Fbe IS 7 %?ﬁ%ﬁ?}b » BN - SB-SMNgyidi £ CMN iy
Pk ﬁ 88.02% » I CMN AusEk 81.66%%* SB- SMN(L 4)g PR 78.99% > fﬂ E|
HIFGVIIFA, A7 SB-SMNwjifj CMIN | ﬁm Ik ] P
uigﬁ\? "*hfhpjjj TV T jf;t IR %DF' . I/Nif}&gﬁ@i‘f Tt 35
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RR, E" 12.70% > SB- SMN(4){ F HEQ FIJ RRz B 4.98% o

(3) SB-SMN(—4)7] J[Z¥ CMVN ~ MVA * HEQ i#i £ > [IifE#= 24" 2] 90.00% ; [
FYFZ5 [ AP THT Y — RARE P 35 (SB-SMN)A £ CMVN » MVA * HEQ - J[Jji*
FEEH SR HPuIsE -

Method Set A | Set B | Set C |average| AR RR; RR,;
Baseline 7198 | 67.79 | 78.28 | 71.56 — — —
CMN 80.69 | 83.41 | 80.09 | 81.66 — — —
FB-SMN 82.34 | 84.06 | 81.61 | 82.88 | 1.22 | 6.65 —
CMN SB-SMN(,) 80.89 | 82.22 | 80.24 | 81.29 | -0.37 | -2.02 | -9.29
SB-SMN(3) 83.67 | 84.63 | 82.69 | 83.86 | 2.20 | 12.00 | 5.72
SB-SMN(4) 88.09 | 88.64 | 86.63 | 88.02 | 6.36 | 34.68 | 30.02
CMVN 83.55 | 83.75 | 81.57 | 83.23 — — —
FB-SMN 87.81 | 88.18 | 86.27 | 87.65 | 4.42 | 26.36 —
CMYN SB-SMN(,) 89.08 | 89.39 | 87.39 | 88.87 | 5.64 | 33.63 | 9.88
SB-SMN 3 89.63 | 89.97 | 88.37 | 89.51 | 6.28 | 37.45 | 15.06
SB-SMN(4) 89.86 | 90.09 | 88.20 | 89.62 | 6.39 | 38.10 | 15.95
MVA 86.69 | 86.89 | 84.98 | 86.43 — — —
FB-SMN 88.89 | 89.19 | 87.54 | 83.74 | 2.31 | 17.02 —
A SB-SMN2 89.87 | 90.17 | 88.77 | 89.77 | 3.34 | 2461 | 9.15
SB-SMNg3) 90.08 | 90.51 | 88.94 | 90.02 | 3.59 | 26.46 | 11.37
SB-SMNs | 90.36 | 90.59 | 88.94 | 90.17 | 3.74 | 27.56 | 12.70
HEQ 86.90 | 87.73 | 87.56 | 87.36 — - —
FB-SMN 89.10 | 89.70 | 89.20 | 89.36 | 2.00 | 15.82 —
HEQ SB-SMN- | 89.20 | 89.81 | 89.30 | 89.46 | 2.10 | 16.61 | 0.94
SB-SMN-3) | 89.15 | 89.89 | 89.35 | 89.48 | 2.12 | 16.77 | 1.13
SB-SMN( -4 | 89.54 | 90.28 | 89.82 | 89.89 | 2.53 | 20.02 | 4.98

HZ SMIN B (IR BT [0 ek (e

AT S5 R R ) (LR {3 SR B 3 Bt
é’?%‘ FTTFT’

(1) AP GG 19 R BT A Iﬁw R BT - (R

EAPPERTHE s - B P P - TR Jr  SB-SMVNyidh {§ CMVN i

FH 1T 89.87% 1 CMVN [t 83.23%% SB-SMV N 585 86.36% » #i¢ !

EI'I,FIEJMEJE\JA%F] o
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SMVN ii’?t l*’ﬁfﬁ AT iuwwa{ﬂﬁﬁﬁguﬁfﬂﬁm % o 1[I SB-SMVN,
'EFF CMN [iY RR; £ 20.73% » SB- SMVN(4)1’EF CMVN [Y RR, £ 21.17% » SB-SMVN,
A (1 MVA Y RR, 1% 16.99% > SB- SMVN(4)1’EFFI HEQ fi% RR; £ 9.80% -

Method Set A | Set B | Set C |average, AR RR, RR,
Baseline 71.98 | 67.79 | 78.28 | 71.56 — — —
CMN 80.69 | 83.41 | 80.09 | 81.66 — — —
FB-SMVN 87.38 | 87.73 | 85.61 | 87.17 | 5.51 | 30.04 —

R SB-SMVN(,, | 88.60 | 88.89 | 86.83 | 88.36 | 6.70 | 36.53 | 9.28
SB-SMVN) | 89.77 | 89.90 | 88.17 | 89.50 | 7.84 | 42.75 | 18.16
SB-SMVN) | 90.01 | 90.35 | 88.43 | 89.83 | 8.17 | 44.55 | 20.73
CMVN 83.55 | 83.75 | 81.57 | 83.23 - — —
FB-SMVN 87.33 | 87.80 | 85.47 | 87.15 | 3.92 | 23.38 —

CMVN SB-SMVN(;, | 88.54 | 88.84 | 86.80 | 88.31 | 5.08 | 30.29 | 9.03
SB-SMVN) | 89.72 | 89.90 | 88.03 | 89.45 | 6.22 | 37.09 | 17.90
SB-SMVN) | 90.11 | 90.37 | 88.42 | 89.87 | 6.64 | 39.59 | 21.17

MVA 86.69 | 86.89 | 84.98 | 86.43 — — —
FB-SMVN 88.18 | 88.60 | 86.39 | 87.99 | 1.56 | 11.50 —

MVA SB-SMVN(,, | 89.27 | 89.49 | 87.58 | 89.02 | 2.59 | 19.09 | 8.58
SB-SMVN) | 89.69 | 89.95 | 88.36 | 89.52 | 3.09 | 22.77 | 12.74
SB-SMVNy) | 90.27 | 90.45 | 88.71 | 90.03 | 3.60 | 26.53 | 16.99

HEQ 86.90 | 87.73 | 87.56 | 87.36 — — —
FB-SMVN 89.05 | 89.55 | 89.26 | 89.29 | 1.93 | 15.27 —

HEQ SB-SMVN(;, | 89.33 | 89.81 | 89.40 | 89.54 | 2.18 | 17.25 | 2.33
SB-SMVN, | 89.95 | 90.35 | 89.91 | 90.11 | 2.75 | 21.76 | 7.66
SB-SMVN(, | 90.19 | 90.59 | 90.17 | 90.34 | 2.98 | 23.58 | 9.80
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(2) fEhT i PERESSL [5 J*U'“ WIRRET 18 % > BCT ‘??Ef[%ﬁ%%ﬁ‘:’
M| SHE Hﬁ*ﬂ o T ?ﬁ”‘ *UD“‘W‘FF&EHW%EM B o ﬂ fl1 SB-SHE()
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MVA {1 RR; 5 2.60% » SB-SHEwii ( HEQ fiY RR; ¥ 6.19% -

Method Set A | Set B | Set C |average, AR RR; RR,
Baseline 71.98 | 67.79 | 78.28 | 71.56 - — -
CMN 80.69 | 83.41 | 80.09 | 81.66 - — -
FB-SHE 89.45 | 90.08 | 88.24 | 89.46 | 7.80 | 42.53 -
SB-SHE ) 89.44 | 89.97 | 88.24 | 89.41 | 7.75 | 42.26 | -0.47
CMN SB-SHE;3) 89.90 | 90.29 | 88.68 | 89.81 | 8.15 | 44.44 | 3.32
SB-SHE 4 90.20 | 90.63 | 89.06 | 90.14 | 8.48 | 46.24 | 6.45
CMVN 83.55 | 83.75 | 81.57 | 83.23 — — -
FB-SHE 89.42 | 89.87 | 88.07 | 89.33 | 6.10 | 36.37 -
MV SB-SHEy) 89.45 | 89.96 | 88.23 | 89.41 | 6.18 | 36.85 | 0.75
SB-SHE 3, 89.74 | 90.22 | 88.61 | 89.70 | 6.47 | 38.58 | 3.47
SB-SHE 4 90.23 | 90.67 | 89.10 | 90.18 | 6.95 | 41.44 | 7.97
MVA 86.69 | 86.89 | 84.98 | 86.43 - — -
FB-SHE 89.97 | 90.50 | 88.98 | 89.99 | 3.56 | 26.23 -
. SB-SHE ) 89.98 | 90.49 | 88.98 | 89.98 | 3.55 | 26.16 | -0.10
SB-SHE_3) 90.25 | 90.65 | 89.30 | 90.22 | 3.79 | 27.92 | 2.30
SB-SHE 4 90.25 | 90.76 | 89.22 | 90.25 | 3.82 | 28.15 | 2.60
HEQ 86.90 | 87.73 | 87.56 | 87.36 - — -
FB-SHE 89.24 | 90.09 | 89.61 | 89.66 | 2.30 | 18.20 -
HEQ SB-SHE,) 89.22 | 90.08 | 89.44 | 89.61 | 2.25 | 17.80 | -0.48
SB-SHE 3, 89.48 | 90.30 | 89.82 | 89.87 | 2.51 | 19.86 | 2.03
SB-SHE 4 89.91 | 90.75 | 90.17 | 90.30 | 2.94 | 23.26 | 6.19
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