263
A = OJJ% $18F SPLICE 719t 38 BAFe A5+

Performance Improvement of SPLICE—based Noise Compensation for
Robust Speech Recognition
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Hyung Soon Kim - Doo Hee Kim

ABSTRACT

One of major problems in speech recognition is performance degradation due to
the mismatch between the training and test environments. Recently, Stereo—based
Piecewise LInear Compensation for Environments (SPLICE), which is frame—based
bias removal algorithm for cepstral enhancement using stereo training data and
noisy speech model as a mixture of Gaussians, was proposed and showed good
performance in noisy environments. In this paper, we propose several methods to
improve the conventional SPLICE. First we apply Cepstral Mean Subtraction (CMS)
as a preprocessor to SPLICE, instead of applying it as a postprocessor. Secondly, to
compensate residual distortion after SPLICE processing;, two—stage SPLICE is
proposed. Thirdly we employ phonetic information for training SPLICE model.
According to experiments on the Aurora 2 database, proposed method outperformed
the conventional SPLICE and we achieved a 50% decrease in word error rate over

the Aurora baseline system.

Keywords: Robust Speech Recognition, SPLICE, Noise Estimation, Gaussian
Mixture Model, Residual Noise
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£ wglolt}, ®r)ol= RASTA[2], 29 EY 274 [3], 3 21749 (Cepstral
Mean Subtraction, CMS) [4], Z&8 3L Vector Taylor Series(VTS) 5] S0 QoH o5
& J1EY ARy AR T2 WA glo] AAE YR FHo| JhedttE FAol
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Ho ARS S FE S0l Bl HLE 2HHL dolEe &89 Gaussian
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2. SPLICE 4
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23 Add g3 AT 249 AA2EY ¥E yo ddM gy F A e A
A2 3o

A HA e B 249 AAEY BEJ M N9 Gaussian mixtureZ ZE¥Y
g # Slthe Aol



A5 A QAL 93 SPLICE 7|4t &8 BAY As8A 265

()= p(y|k)pk) (D

k=t
AN py1b)=Ny:p.E) 1L pk), p, R 5T 47 k WA Gaussian mixture?]
AMRGE, FI9E T3 FEA ¥Eeln. A7 & @Fvid ol @ Gaussian
mixture Z2(GMM) & /NEF oz FAAUG. _
F A A2 AE SA0] FARE o ARE 49 BrHEHe FF SAHY HL
HEjgl Ay A FAE HATE Zolth. oy AYPAL dygPT sHgsd 43
49 ZAE A4 U 237 §F BEE d2H 2o 2dE F Uk

p(x|y,k)=N(x;y +r,,I'}) (2)

A7IM r, & 1, = k¥A mixtured] tSHE BAHUEY F4E 4349 FEAL
"o},

2.2. AXEY BAY

1_4

g ¥ 7182 SPLICE oA #e 34 oist de49 ﬂi%‘ﬂ'z}% 2xf
(Minimum Mean Squared Error, MMSE) %32 7}9-3}7) &)} J% &Xo] Fol

< @ MMSEZ 33 9349 2% 7|zt o3 o] Fojx|q,
Rupise = EIX[y1= Y p(k | V)E, [x]y, 4] 3

k
2 (2)o] gsiA o33 Zo] YL
Xppesr =Y + Zp(k |y)r, 4)
k

5, 9542 47 mixtured] HEEHE 23 dHEY 715 Fol o8 2dE 5+ U

HE TES AA 2 @) plk|y) € B3 2ol ks & 5 o
1 k =argmax p(kiy)
i)(kly)s{ ‘ 2
0 otherwise

dutx o2 SPLICE W4lo|A= A2 (static) Fe}e] Bt ol delta el E] o))
HAME EFHA BAE &l F7] Y43te] low—pass EE o] &3l o o} F
X BANEE smoothingdl] =th[11].
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2.3. SPLICE &# ,
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2 (8)9 A% W ZTAY A2 RS 83& YA JE2 A (time—varying)
FRAE g3 F UAvke Aol Aoy, FHLFE d& Agd S &7 ZHd
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3. SPLICE %4 7|49 44 % & A% Add s

3.1. CMSE @A g el A1&% SPLICE %4

71&¢] SPLICE =894+ Cepstral Mean Subtraction (CMS)ol] 23t :HERY
A& SPLICE A2 ¥ #33ch[11]. AL F EAo] A& (time—invariant) ©]EHd,
o] gF& AAEH FFolN SAEANE Hal= A5 Fe9] nloloj X (bias) HEH
2 23899, A S FFHEHE Agste CMS AL B3 afdoz AAE ¥
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o]Fo] CMSE &8l AT B 5] oR g A4E 5
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o7 QA% YPFL Y sl 1228 CMSE SPLICEY AARE AT H$ o] ¢
o] SPLICES} A& FA3AA d&E 73 & Ut o] FAE #HA3] A3l & =
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NE Aoldt olHF SHAEE TS ddl £ =EdMe 54 FEE ol&sY
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p(Y)=2.Y p(y|k,s)pk|s)p(s) (9)
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A1 p(y|k, s)—N(y;ph,zh)"‘]‘7 s k= 47 &4 Q929 mixture Q€ Xolt
e A0 U 44 =AE gEREIE USH 21,

p(ylk,s)=N(y;n .  Zp ) (10)
- 9849 MMSE 4 #2 o83 gol vehd & Qo
Rppse =Y+ 2, 0, Pk, s Y)r (1D
o] W EAHEHE ot Zo] FAEH

) _Zp(k,slyn)(x"—y”) 12)

Y plhsly,)

4714 @ AlelE Viterbi HaB ol A& A2 (forced alignment) & T3 2 5
A HEY S FEE L F U2BR ps]y,)=6(s, ~s)7F BT mEA

pk,sly,)=plkly,.s)p(s]y,) (13)
= plk1y,,)8(s, =5)

o] 1, g3 go] HAHEE F& 5 Ut}

> plkly,.)8(s, —sXx,-y,)
r,, =—
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A2 Aole 7 A8 =ZHde giEd 24 FRE & £ glon, ugA JEY
SPLICE®} EY3tAl &85,

3.3. ZF IS HAS A% 2 @4 SPLICE ¥4

SPLICES Z& SAHE 9 7we] @& A WL 7129 2404 Aage
7z Wt 9ol Axa 7)Moz 7ol shsaitie Adol Aok Jed BE 4 L4
A #ASE AAGEAE BAY SANE] FF -QH—l.‘(reSAdual distortion)e] A =
£ BAo)l Yon, B3 ojg@ #H 9IS SNRO| W& HEe| o] A FA
877 Q4B Mz BYNE P} B i-c#oﬂ/\i‘ ZE AT Qe
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o] WdiME ¥ 18 Zo] 1A FEE AATR Fo BFAF) o FEL
SPLICEE 2 A& &3l dFE »AsA €0 1312 F43= SPLICEE 71&9 ¥
A7 A Fg 499 dsliA GMMF AH L dolEE o] 83t T nAAHE
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4.1. AE8H

Aurora 2 HolEH|o|A[1]E & AeA 4F Ae7tA9 Fo A& xAE PAL
TIDigit DB[9]e] A4l @239 #5& dHAHCE tid Holth Aurora 2 DBE Fd# 1
olEi¢} HIAE HolEHZ TREY JoH HAE dolH: AYEAHL FL3n ME
€ F3o] daln FH9 subset(set A, set B)# HE@EA o] T subsetlZ F A 7Y
9] subset22 FA4H Uth 7 subsetE5S AR 343 20 dB, 15 dB, 10 dB, 5 dB.
0 dB, =5 dB®] SNRZ 7HAES &) gaizich. @ E=& clean ZES multi—
condition =2 F 7Hx2 UFrolA th. Clean REE #go] dallzx] & 7)32%
2gozwk HMM 22€ sk HolL multi-condition ZEE clean ZEO|A A§
& FAE A dlolEE 20 MY subsetZ YFolA clean 20 dB, 15 dB, 10 dB,
5 dBY) 5 7kX19) SNRel a|A set Aol AHSEIATE 4 BF F&S 22 B wlolE
£ o] g3ty HMM ZE-& 43 Ao},

Aurora baseline AlA®E SAHE £&5L 98 WI007 front—end[10] 2 Al43tH
olZA& 12 A MFCC& 0 # AAEYH g8z 23 JUAE F2Z2s5h. Aurora
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baseline A|AEE 12 2 MFCC® 21 ovA 283 2428 deltadt delta—delta T
e £33t £ 39 A SANEE AT A4 REE Aurora B7HE 9l
ozl FeHe] Q= HTK AIHES Agsgon, ol& 2+ 48 2 3 /19 Gaussian
Bzt w2 dol 2 16 MY AEE AHgE T 55 29 3 RS Aol 74 3 2
N8 Gaussiang *}%5}—‘:— o] mdo|t}[1]. ¥ 12 Aurora 2 DBY baseline 4% 2
ol QA5 HrsH= 0dBAA 20dB7HA S SNRel| ohsis €t

E 1. Aurora WI007 AAZ 2 @ AAE (%)
Absolute performance

42 48278 9 AE

B =FoA Argd FebdEe 13 A 2-A2EY (MFCC) 2 2A 7]&9 SPLICE
(1118h Bgst =4 stelMe Aevlns Hﬁﬂ, WIQ07 front—end® W3l =7
(magnitude) 2FAEHE AME-3tE Al A (power) 2HEHS AHE3H FE31% 0
23 YA Ao 0 A RAEHE AMEsATh E8 o] d A o] Aurora baseline
Axde] FARG Adgol % ¢S YW FE 42 256 /i Gaussian
mixture® 29 3509, cleand X3t multi—conditionol X AL HAD & F
9 SNRel W&t & 17 719 Gaussian mixture model®] T4 =A™ & 2+ Aurora 2
DBell thsiA H7te & =&l T8 SPLICE 48 Zoloh

X 2. B =% Fd% SPLICEY 29" A7
Absolute performance

0.86% |
60.85% | 33.21%

31.56%

7129 SPLICE +=%[11]19 Z#¢ vasl 2 AFA TS Ho] Asol 2F =
< ¢ F Aed, ol FE S48 dig GMM At 433 FAF}A g o=
Adafl FFE 2 AE g FEEAH Bd Y o] T 2A0R AYEY Aelrt
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B =woA Add e B disia dge Aol ¥ 3% B 4+
& Y BAS gl CMSE SPLICE A @AM FHLAI A Aajoly, A
2 vy Hokg o, 7]&9 SPLICEE AH43 792 84.93%°14 88.41%
=& & 5 JdeH, & 29 vus B o g FHo] TYLH set AY
set BRTH A& o] thE set Col tisiM A4 gl 0 &4 HAZE & & At
ol 3.1 HolX A3 g npg} Zo] CMSE SPLICE A Ao Ab&ste] QAT BA

Feo) Mdd HEoz Foldn.
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ALIOra hoenarho a 0) - FESUHS
A B Percentaq
Subwa Batle Ca dibition  Avrage Restarand - Siredt Arpa Saia Agae Sbna Strect Acraep Owera proveie
Qe R | BT | BB | BB i B4 | BT | BB | BB v ®B77 | Bol [FoAsiER: L 45
WosRl B3 | BB | B | BM RO R2 | 78 | ®M | ®’B 8wy | os Eanabs 285%
& JERIEZRIEXIEEY FB| TN | G4 | g g0 | gros 1 0.26
Of:ild 950 | %616 | 6% | wR [ oo | B0 | um | sU D % | us LA 2 16%
il 064 | 8077 | R4 | 084 [ERE 72 | 86 | 838 | 70 FRmE 05 | 6B Chdk: 2547,
0B B5 | BM4 | TH | B HMPE 6o | €17 | 0L | @B 7301 | G062 [Ea 48 29,06%
B 221 | BB | uw | 4% o] 720 | 34 | 20 | A% BB | A Vi - 3340 )
AGEE 0130 a0 R0, 915 3. 8866 O30 8006, 89 % 076 . 8948 <M 0.
290.05%
23 22X 2.6 2232 a a3 5 v, 2255 8 295 X
o Glea d () ~ FResUlts
A B Fercentag
Qbna Bdle o: dibtion - Avrae ‘Restarg ‘u::” Aljse Satiar Arar Sbna Sred Adar Owera Yovene
G RE | @15 | @ | @u B ®% | w15 | 26 | wu B ®e | QB o7 0 2%,
o8- EAAESEEYEEYR 5V ERNECNEENED ¥ CURIEER 4 =e 61.68%
B 6o | 95 | 70 | w1 il o | sw | o | g 65 | BH HERDIEKET 27%
OLERE 2B | 17 | 12 | @& R @ | w41 | 960 | %01 2% | 211 HRRIY, 8.09%
B U3 | BO | 7% | B’P B 6 | 8B | 8% | s EERIEXRE ws °
0 021 | 565 | 6168 | 6149 Bl 0B | BB | 18 | Aot IEDRIEDE SRS »e 0z
B 204 | 18®2 | % | 7@ bl 2864 | 1947 | 5065 | 2185 [ q 24 | 98 i 22
AGIE B 25 B2 8783 649 86 83 888785 866 86.66 86 8516 856 86.49
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t2og 2AA JRE o]f% SPLICE Wd) didst S £33t o] 43
A= WA Lol Aol &L clean training €A HI°lHE ©] €3l monophone &
Z o|RE o] g3ty 7l FE (forced alignment) & T3 &4 #Hold IRE
. G £ zeroolA nineZtA 181 ohE EFEY 11 MY RAE P48k 21
o, B2 TP 22 /jS) S2F AHEEIATh V1€ 256 A9 mixturesl5 9}
A A&Er] Y8 7 S0 disiA 12 1S mixtureZ2 F4E GMME
7 gao i VQE GMME Xx71338t1 EM €1 FE 53 4222
A4t olgA TR SREEE o] 83ty Z Sael tig RAAYEHE FIgith

® 59 % 62 CMSE AXE=E ALgsty 2488 ARE o4& SPLICE Ed¥
Hgste] Agst Aot} AA dol AAFo] CMST AAMe 2 H L SPLICE A3
88.41%°014 89.39%2 FAEN M, Aurora 2 baseline AlAHE T3 AhH A <1
FHES 47.60%°14 50.01%2 FFEHASTE B F Utk ol SFINHE 4vF
GMMeo g Zddte ARG, A48 JRE 1esty #4873
S Wdgo] FAHT i og Foldrh
¥ =¥l SPLICE A8 $Fo CMSE &3t 71€9 SPLICE ¥t 348
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¥ 6. 24383 P E o]&3% SPLICEY 2
ALIFO onditio g - Results
wa Babb btio < Restaura = o o 0 bwa EX erag 0O pro

Qe ®w | 9 | B | B85 ®e | 0 | BB | 8BS ®E | VB 8.9 0.30
0B 610 | 9846 | W54 | 75 gr88 | gl | 824 | B4 |31 | g % 29.02%

dB o748 | or2 | W00 | 7.2 9708 | 9734 | %60 | %688 970 | %70 97.24 A.60%
0dB 600 | %574 | 684 | 9491 @77 | 9468 | UL | 616 g | ues [EodA 5.0 9,69
dB 00 | BB | B4 | 0F 8651 | 6.3 | 8.8 | 865 05 | &% 89.18 A.88%
0dB 7568 | 668 | W41 | B4 2% | 017 | 15 | MM %24 | 7 0 30.06%
a8 263 | 851 | 4047 | 4554 645 | B05 | B74 | 3545 [ 381 | 694 PGS 6.63

780 01,4 3955 3 4 9 87.32 89.28 89 0 39 46 £9.49 90.4 0

> 8.93°
23.60 1 30 0 0 0 2t
ALIrO ea g - Resuilts
owa Babble A brtics Average: Restaura o AP0 atio Average bwe et £rag O a pro

Glea B% | 915 | %908 | @17 o o8 | 915 [ w8 | w17 I 8% | 912 EwoiEE:n

0B o764 | w5 | We0 | 916 5 ores | o7 | 987 | Be A o791 | o773 i 9.0

B 665 | o1 | 9185 | 665 B g | &8 | 7.3 | @18 %53 | s@ e %.8

0B @75 | %654 | 650 | 9N w77 | 2% | %40 | 506 o | 9187 |[reasiRd:

d8 §738 | @791 | 208 | 8§01 s | 8449 | 72 | 6760 §7.35 | 8473 hieaodi A 8.18%
08 014 | 640 | 702 | 6785 6328 | 6345 | 68%5 | 6680 €030 | 647 ¥l 6684 9.89%
B 57 | 681 | 887 | BB 202 | 288 | 248 | 205% 3466 | 2005 ) 4 4.567

eaoe os) 88.70 ) 87.9 89.0 87.44 8690 89 89.10 §8.20 83.80 .90 88.4

09%
0 0 0 a5° 22 0

£
dlo

o AFAZT AL 9T 2 A SPLICE #¢ AFL Fysiqd. A7 942
< 24%37] 4% SPLICEAXNE & &S &4 tialiA 256 /WS mixtureE AHE-3}
o Fgaen, o YoM 2 @49 SPLICEE &3 e CMSE 4353t
AY A3st ¥ 73 E 8¢ AEe] glul EeollM B uiel o] 7]&9] SPLICES
2 u, A AAEL 84.93%04 87.92%% FAHASH, A2 FAEL 31.56%0]
A 45.33%% worR T

do ml

90.81 88.94 90.09
85.83 86.33 85.26

| 24.58% | 19.45% | 38.92%
63.36% | 69.11% | 56.45% |
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¥ 8. #RAT BAS A% 2 &4 SPLICEY Z#
Aurora 2 Multicondition Training - Results
B c
St Apot  Saion Avarege Subnay V- Strest M A\Ha;f: Overall

N8 BVF  N009 - VRN

B2 4 8.74% 245% 166% 17.8% 1500% .77 19455 451T% R BI%

6B . B &Y 4 ®H18 3B

R7F 708 6651 B3% 8F% 71.37% 614F%% 7342% 68796 61% 5.5k 56I% H4F%

I3 25 2 @4 SPLICEE 53 #3S 24T ZHE SNR wet 49 2 Ao,
oAz o) SNRol W2 10 dB, 5 dB, 0 dB% -5 dBoA A 5] Zol A oH, &
AX)7} & clean—condition®]A ©] #¥o] tf2 FAAYS & = U

|ESPLICE BSPLICE1+SPLICE2

100
. 90
* 80
w70
< 60
ol 50

40
$ 30

20

10

multi~condition - * | clean=condition

7% 2.SNRe] @& 2 @7 SPLICEZ 34 23} vl (2] 45 (%))

E 05 A 9% 48 ARES F9 2oFF Rolth E2¥H 2483 3»
g AHg% SPLICE W4o] 4% ®@eld /b3 $5¥¢ 828 + don, 1 Bgow
CMSE AHdel 283 SPLICE %4, 2 @4 SPLICE 4], 71£9 SPLICE %4, 18



718 24248 938 SPLICE 7|4 &S HAFY AlF3EAr 275

-

o?.:

i baseline® €A%t 2 @A SPLICE 49 A% 7]&9 SPLICE ¥ Ht&
o] L3l % CMSE Ao 43 SPLICE %4l vlsix & vA&r|= A%
Hgolx= A%l ©23c. ol 2 @A SPLICE ¥4 H$ A, 7122 SPLICE
3 vhR7IAE CMSE SPLICE ol%o] A48ee nasttas AMIA Zgeds
2l &3 Aoln, oo} tigh F/HEA E AsAM #SE A7 et iy wdd
}.

2o o

2 oz I

A

¥ 9.SNRel Oist 2 ¢xElFe A vz(de A4 EF (@)

Clean Only Training Multicondition Training

clean 20dB 15dB 10dB 5dB 0dB -5dB|Clean 20dB 15dB 10dB 5dB 0dB —-5dB

Baseline 199.03 94.0785.0465.5238.6117.09 8.53(98.5297.3596.2993.7985.5259.0024.50

71&9
SPLICE
CMS &
% SPLICE
Phonetic
SPLICE
24
SPLICE

99.07 97.8896.3891.7078.1548.5320.67{98.8698.0397.1394.31 85.0962.06 28.47
99.07 98.1896.8193.2784.5959.5922.28{98.86 98.2597.4595.2389.3171.4833.40
99.08 98.0196.8193.6287.0066.8431.04{98.9898.1597.2495.0689.1872.01 37.27

99.07 98.0196.6893.0883.7258.1022.16{98.8698.14 97.3595.04 88.5870.4932.77
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A AR AF5E RS F7) 8 2 @4 SPLICES A &35t BHe A¢sry
o} o] €& 71&2] SPLICE7} Aurora 2 baseline AlA®[12]9) tiaiA 31.56%2) wol
Y FHES L}E}L&I o) e, 242 wol A4 FAEL 47.60%9 45.33%F TAA
R 281 S4EE JRE ol g3 &S —3—*3 Edx 24 dEE 451 CMSE

AR AHEToEN H 50.01%9 04 TAHEL 9€ F UYL

71€9] SPLICE d7elAMe gl EHEHH %’%E}% AEEHE ]88k SPLICE
EdE 74¢o2M SPLICE E334A velhudx gL 28 34 dis) 2A4e
FFANE FEB TR 3 noise mean normalization, NMN) 8+ 27134 & S8 <12)
des FHACR FAANATG(1L]. ¢z B =FM AL Pag NMNS E3tste
A€ o AMAIIE Wt Sol dis A7 A" Aol
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