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Abstract

Abstract

This work primarily concentrates on dialectal Chinese speech recognition,
which is almost unavoidable for LVCSR(Large Vocbulary Continuous Speech
Recognition). Taking the Wu-dialect as the target language, we attempt to
establish a WDC speech recognizer from an available PTH speech recognizer,
based on the Initial-Final structure of the Chinese language, in combination
with dialect-specific linguistic knowledge. Moreover, it’s shown that the
proposed framework can be transferred with little effort to other languages as
well as other dialects. The contributions of this work are as follows:

1. A highly scalable framework for dialectal Chinese speech recognition.
In China there exist many dialects, such that it’s impossible to build a
dialect-specific recognizer for each dialect due to the huge cost and the time
consumption. On the other hand, with the popularity of Putonghua, there are
many words imported from Putonghua into the various dialects. The dialectal
Chinese is affected by both of the Putonghua and the dialect. Therefore, it’s
practical to build dialectal Chinese recognizers on the basis of readily
available Putonghua recognizers. Motivated by such an assumption, we come
up with a general framework for dialectal Chinese recognition. Within the
framework, it’s shown how a Putonghua speech recognizer can be transformed
into a dialectal Chinese recognizer via acoustic modeling, pronunciation
lexicon modeling, language modeling and a decoder. The proposed framework
is of simple architecture, low cost, high scalability and easy deployment.

2. Two automatic speech corpus selection algorithms called RHF
(Restricting High-Frequency units) and ELF (Encouraging Low-Frequency
units). Two algorithms are proposed and compared. The ELF is much better
than the RHF method for designing a corpus for training purposes, for it is
guaranteed that most low-frequency units will appear a certain number of

times.



Abstract

3. XIF(eXtented Initial/Finals) based context-dependent modeling and
optimization method. In contrast to the standard IFs, the XIF take the
combination of Initial and Final into account; what’s more, it regularizes these
combinations so that each Chinese syllable is composed of an Initial and a
Final. In doing so, under the context-dependent scenario, the number of
triphones is reduced significantly, from approximately 120k to 30k, while at
the same time the improvement in performance is achieved effectively. In
Putonghua recognition, the adoption of XIFs could lead to 12.84% in SER
reduction. Accordingly, in Wu-dialectal Chinese recognition, 4.11% and
9.36% WER were obtained for the spontaneous and the read-style speech
respectively.

4. Base-form/surface-form based AM adaptation for WDC recognition
and a multi-pronunciation lexicon generating algorithm based on IF-Mapping
Rules. The IF-Mapping rules are collected from expert knowledge and a small
speech  corpus. Combined with an IF-Mapping rules based
multi-pronunciation lexicon, acoustic adaptation can primely solve the
pronunciation variation on the acoustic level. Totally, 16.32% and 36.58%
CER(Character Error Rate) reduction can be obtained.

5. Multi-Pronunciation Expansion (MPE) based on Accumulated
Uni-gram. More pronunciations help model pronunciation variations, but also
lead to more confusion; there must be some restrictions over the added
variability. To implement this, we take the accumulated uni-gram probability
(AUP) as our criterion. That is to say, the criterion can determine the
multi-pronunciation according to its Uni-gram probability. However, for the
ones lower than the predefined threshold, no pronunciation modeling is
applied. In terms of the experiments, the scale of the lexicon is halved without
apparent degradation in performance. On average, each word consists of 1.2
pronunciation entries.

Key words: dialectal Chinese speech; continuous speech recognition;
pronunciation variation modeling; speech corpus design
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Chinese

11121
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LVCSR, Large Vocabulary Continuous Speech Recognition

90%
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Markov Model !
ASR Automatic Speech Recognition
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Broadcast News evaluation task™®!
CER Character Error Rate 21.38%

61.89%
72.17% CER
2004
NSF Workshop ~ JHU The Jhons Hopkins
University CLSP The Center for Language and Speech
Processing “ 7z
Dialectal Chinese Speech Recognition [eIt]
Workshop
1.2
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< { MLLR
MAP
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1.1
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LSA Latent Semantic Analysis

(20] FO
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[21] GMM [22]
[23]
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[26]
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Izl Icl Is/
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Acoustic Adaptation Lexicon Adaptation
[26][28][29][30][31][32][33][34] 1.1
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PVM Pronunciation Variation Modeling

PM Pronunciation Modeling
Jurafsky ““Speech and Language Processing: An Introduction to

Natural Language Processing, Computational Linguistics”” SLP
B9 strik
[40]
[41][42]
43][44]i4°] Gassian Mixture
[46] [47]
1.1
Spontaneous speech
WER
Word Error Rate [28](29]30]
1.1
[28] 20 ( ) 39.2% 68.5%
[29] 3 (MLLR) 52.5% 63.1%
[30] 52 (MLLR) 43.5% 49.3%
39.2%
68.5%
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WDC 2004
863
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1,440
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[49][50]
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W =WW, ---W (1-1) (@-2)kH

\7V=argmax P(W | X) 1-1
W = arg max P(X |FY(V>)<I;(W) =arg max P(X|W)P(W) 1-2
1-2 P(X|W) W X
P(W) w
P(X) P(W)
1-3 1-4 P2
P(W) = POVW, W, ) = [ T PO [ H) 1-3
Wi Hi Bi-gram
P(W) = POK)POY, (W) | POV, W, W, ) 1-4
Bi-gram
P(W)
P(X|W) 1-2
Y P(X|W)
P(X|W) =Y P(X|Y,W)P(Y|W) 1-5
Y =YY,-Y, w P(Y|W)
w Y
Y



Y B B=BB, B,

1-6
P(X|W)= Z P(X|B,Y,W)P(B|Y,W)P(Y |W)

1-6 B

1-7

P(X|W) =2 P(X|B)P(B|W)

1-6 B
1-6 S S=S8S,-S.
P(X|B,Y,W)

P(X|B,Y,W):ZP(X|S,B,Y,W)P(S|B,Y,W)

1-6

P(XIW) =Y P(X|S,B,Y,W)P(S|B,Y,W)P(B|Y,W)P(Y | W)

P(BY,W)P(Y|W) Pw.v(B)
S
P(X|W)= > P(X|S)P(S|B,Y,W)P,(B)

Y,B,S

1-10 P(X|S) S
S P(S|B,Y,W)
S
1
2
1
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1-6

1-7

1-8

1-9
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PTH-IFE gPTH-IF gPTH
WDC-IF Wu-Dialectal Chinese
Initial/Finals gWDC-IF gwpe
Z P(X|SF™)P(S"™|B,Y,W)P, (B) 111
Y,B,s"TH -
P(X|W)=
Z P(X|S""°)P(S""°|B,Y,W)PR, (B) 1-12
Y,B,SWDC
SPTH SWDC
3
2

Substitution
Insertion/Deletion

P(S|B,Y, W) s B
ns=nb B Bi
Bi-1 Bi Wei  Yai S
P(SIB,Y,W) =[] P(S, B, B, Ys Wy) 1-13
i=1
ClLC2 C3 P(S,1B,,B, Yy W, )
C1 Si Bi WBi YBi
C2 § B;i Bi.1  Wsg; Ygi
C3 S Bi Ysi Wi
Wi Wi
Cl C2 C3

1-13
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ﬁ I:)(S‘i | Bi ’WBi)

(CD

PSIBY.W)={ [[P(S 18,8, W,) (C2)

i=1

1-11 1-12

PTH-IF WDC-IF
Wi

Ysi

1.2

12

ﬁ P(S; 1B, Yg Wg)  (C3)

PTH-IF

1-14

1-15
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1-14 1-15
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[53] [54]
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[57][58][59]
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2.1
N D
d D
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F D
TH D
Score(D) D
2.2.1
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D S S
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2-1 D i S
[
Score, (Score, >1)
NormScore, = -
Joh I S (Score, <1) 2-2
1-log(Score;)
2-2 Score, <1
01
Score, >1
RHF
1 S; S i=1,2,....n
2 F D
N n
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D di 0 i=12,...n

TH=aF (a>1)

S SentScore=0
for
{
k
if d >TH 1 D
{ AverageScore=MIN_SCORE
else
{
TH —d
Score, = k
Sk
. 1
if Scoree<l  NormScore, = ——————
1-log(Score,)
else NormScore, = Score,
Score, =log(NormScore, )
}
SentScore = SentScore + Score
}
AverageScore = SentScore // num
num
if CheckNum
{ 4}

CheckNum

21
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2.2.3

22

if S AverageScore MIN_SCORE
{ TH  TH+bF b>0 4%
S D
Si di i =1,2,....n
if D N { 4}
else { D }
1
ELF Encouraging Low-Frequency units
S
D D D
t S D S
D
D
D Score(D)
D d i=12,..n
di d, <d, <..<d,



3 [d,,d,,...d,]  Score(D)
D D

Score(D) =[d,, d,,...d,]  Score(D)=[d,"d,",...d,"] Score(D) = Score(D’)

d, <d;’
d =d,’ d, <d,"
d1=d1 dK—lsz—l dK <dK
1 S N D
S«S-D
2 D t Score(D —{t})
3 for S S

if Score((D —{t}) U{s}) > Score(D)

D« (D-{thU{s} S« (S—-{s}hU{t} t s

D t Score(D —{t})
3
D
D
D
2.2.4
800,000
15 20 6,000
2.1
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2.1 RHF ELF

Di-IF
a 90
70
RHF ELF ELF
RHF
b 10 RHF
500 ELF
1,000 4,500 RHF
ELF
2.3 WDC
2.3.1
100 50 50
2.2
40 41 2.3

80 20
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2.2
26-40 27 25 52
41-50 23 25 48
2.3
41 41 82
9 9 18
2.2
1A 1B 2A 2B 3A 3B
70
59
60 |
50
40
30 F 27
20
10
10 a
0 0 |
0
1A 1B 2A 2B 3A 3B

2.2
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2.2 2B 3A 1A 1B

65 6,500 60
_— ELF
—_ 800,000 5)

5
2.4

2.4

Topic Sub-Topics
6 12 3

2.3.2

2.5
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2.5
HZ
PY
PTH-IF
IF
Wu-IF
Misc
SAMPA
SAMPA
SAMPA-C
[62][63](64] SAMPA-C
SAMPA-C
2.3.3
20 TrainSet
TestSet
2.6
2.7
2.6 TrainSet 20

001 3A 055 3A
003 3A 060 2B
004 3A 063 2B
013 3A 065 3A
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2.6 TrainSet 20
017 3A 069 2A
018 2B 081 3A
026 3A 085 3A
036 3A 090 2B
037 3A 094 3A
050 3A 095 2B

2.7 TestSet 20
032 3B 008 2A
035 3B 009 2B
043 3A 011 2B
046 3A 012 2B
047 3A 016 2B
053 3B 054 2B
059 3B 061 2B
076 3B 064 2B
098 3A 066 2A
099 3B 067 2A

2.8
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2.8
20 1.4 970
20 1.8 1,300
20 1.3 739
20 1.7 1,100
1.4
1.3 1,000
2.4
ELF
WDC
WDC

ELF
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3.1
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3.2

Network

[65]

3.3

3.1

base-form/surface-form MLLR

3.2
3.4

ANN Artificial Neural
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cbcPm [ HMM
XIF
Tri-XIF
3.2.1
[67] senonel®®
Triphone
1
2
3
Word
Syllable Phone Diphone Triphone "
senone!®® Triphone
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IF Di-IF Tri-IF Phone Diphone
Triphone [67][69][70]
senone
GIF [711172]
. XIF eXtended
Initial/Final
Wu-IF
WDC-IF
1
400 1,300 [69]
2
35 31

[731[74]
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3.1

22 13

b,c,ch,d, f g, h, j Kk, I, mn,ng, al, a, le, el, eN, e, Ci, CHi, Bi,
p.q,r s, sh, t, x, z, zh oU, o, u, Vv

3
59 3.2

3.2

21 38

b,p,m f,d, t,nlI a, ai, an, ang, ao, e, ei, en, eng, er,
g, k, h,j,q, x, 0, ong, ou, i, ii, iii, ia, ian, iang, iao, ie
zh, ch, sh, r, z, c, s, in, ing, iong, iou,
u, ua, uai, uan, uang, uei, uen, ueng, uo,
Vv, van, ve, vn

[69][70][75]

3.2.2

863
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“a,, “an71 “WU,’

1
12
2
“Wu’, “du,, /u/
“yang,, “yi yang’, “du,’ “du Wu,,
XIF
6 {a 0o e vy w v}
3.3 27 38 i il {z ¢ s} {zh
ch sh r} i
12 3
3.3
27 38
b,p, m, f,d t,nlI, a, ai, an, ang, ao, e, ei, en, eng, er,
g, k, h,j,q, X, 0, ong, ou, i, ii, iii, ia, ian, iang, iao, ie,
zh, ch, sh, r, z, ¢, s, in, ing, iong, iou,
_a,_0, €, Y, W, _V u, ua, uai, uan, uang, uei, uen, ueng, uo,

V, van, ve, vin

35



3.2.3

[76]77] ““Yes/No”~

HMM
HMM
HMM
1
[721[781[791[80]
22 39 3.4
3.5
3.4

Sonorant {m, n, I}

Stop {b,d, g, p, t, k}

Labial {b, p, m}
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3.4
Labial2 {b, p, m, f}
Affricate {z, zh, j, c, ch, q}
Zerol {_a, _o, e, _y, _w,_v}
Zero2 {y, _w, _v}
Zero3 {_a, _o, _e}
3.5
HighFront {i,u, v}
n Open_n {an, en}
ng Open_ng {ang, eng}

Tri-XIF 66

66><3=198
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State Pool

R_Affricate”

3.1

b-an+f
p-an+m
f-an+z
s-an+t

X :{lexzv"" XN}
xzz{xf,xz{...,x;}

X =X'UX?

L Lt

L2

3.1

[76]

L(S) =log P(X |S)

X

X'NX? =

38

N

HMM

fan/

R_Nasal?

L _Affricate?




L(S)

[77]

Q(S) =22 7 (x)1og N(x | 4(S), 2 (S))

X seS

75(Xt) X S N(.|H'Z)
Y Q(S) L(S)
Q(S)2Q(S) = L(S)> L(S)
Q(S)
4
6
3 HMM 3.2

NN

3.2 Triphone/Tri-XIF

3.3

39

3-1

3-2

HMM



3.3
2 4
8 40
Tri-XIF
° XIF
([ J
Tri-XIF
° Tri-XIF
° Tri-XIF
3.2.4

[81][82]
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Tri-XIF

o>

>»

B

A

(771

FA Forced Alignment

X

B =argmax P(X |B)P(B| W)
B

=argmax Y P(X,A|B)P(B|W)
B A

~argmax P(X,A|B)P(B|W)
B,A

W

41

o>
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R_qgs2?

3.6

3.6 1 (L_gs1)/\(R_gs1) 2
(L_gs1)/\('R_gsl) /\(R_gs3)

QS
3.4 3.5 LQS
RQS
QS=LQSURQS 3-4
LQS RQS
LQS' RQS'

LQS' = LQSU{qs|gs € LQS} 3-5
RQS' = RQSU{as| gs € RQS} 3-6
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gs gs
DQS
DQS={L_qgs&R _gs|L_0gseLQS,R_qgseRQS?} 3-7
L_gs R_gs
Qs QsS'
QS'=QSUDQS 3-8
Qs’
200
Qs’
3.3
3.3.1 wDC

““sound change”~
““phone change””
In/ n

[72]
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WDC-IF
3.6
3.6 PTH-IF WDC-1F
WDC-IF
PTH-IF Wu-IF

a, ai, an, ang, ao, e, ei, en, eng, er, i, ia, ian, iang, iao, ie, e>, eer, ie<, ieu, eu,

ii,iii, in, ing, iong, iou, o, ong, ou, u, ua, uai, uan, uang, io”, ioong, iuu, ni,

uei, uen, ueng, uo, v, van, ve, vn, j, k, I, m, n, b, c, ch, d, 0, oong, voe, voong

f,g,h,p,q,r,s,sh,t X z zh

PTH-IF 21 38
59 3.2 Wu-IF
WDC-IF PTH-IF 13 Wu-IF Wu-IF
WDC-IF
1-12 gwbe WDC-IF
WDC-IF
WDC-XIF
3.3.2
Sl SD
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MLLR Maximum Likelihood Linear Regression

MLLR
1-11
surface-form
1-12 gwbce
surface-form
base-form
surface-form
/sl “c 7z
Is/
““shi4 shi2”~
7z 3.7 /sl [Ish/
base-form

[83][84]
MAP [85][86][87]
[88][891[90][91]
MLLR
MLLR
1_ 12 SPTH SWDC
base-form
1-11 gPTH
base-form
surface-form
base-form /sh/ /sh/
““shang4 hai3”” ““sang4 hai3”~
fshl s/ ““si4 si2””
“« i “€si4 shi2”~ o

surface-form
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S sh
S sh
3.7
Base-form base-form
/sh/ Is/ Ish/ /sh/
/sl Ish/
surface-form
/sh/ /sl
Is/
base-form
3.8

°s
x Sh

48



°S
x sh
-20 -15 -10 -5
b) base-form  MLLR
°Ss
x sh
-20 -15 -10 -5
C) surface-form  MLLR
3.8 /s/ /sh/
a) b) base-form MLLR c¢) surface-form  MLLR
3.8 IslIsh/
base-form  MLLR surface-form
MLLR
base-form



3.4

surface-form

Tri-XIF

Izl Isl

12

base-form

““zilsi0””
Izhl Ish/ “e 77

XIF
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WDC-IF
Wu-1F

base-form  surface-form MLLR
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4.1

surface-form

[94][95][96][97]

[72][101]

PV Pronunciation Variation

PM

[92][93]

52

base-form

[98][99][100]



4.2

IF-Mapping Rules

Uni-gram
AUP
AUP
200
4.1 4.2
4.3 AUP 4.4
PTH-IF Mapping
WDC-IF Mapping
Syllable Mapping
zh iii sh iii
PTH-IF zh->z  sh->s iii->ii

zh iii sh iii

ziisii

zhiii sii

z ii sh iii

53



Izh! i/
hil il il
[72]
20
4.2.1 PTH-IF
len/  [leng/ Izh!  Iz/
Y 1-11 1-14

P(SIB,Y,W)~]JP(S"™ IB,W,)

i=1

4-1
H P (S PTH
B, PTH-IF ™™ B,
PTH-IF W, B P (5™]B) PTH-IF
B =S™™ P(S|B,Y,W) S
We, 4.3
4.1 [102][103][104]
va. (SiPTH | BI) 1
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4.1 PTH-1F
zh z eng en
z zh en eng
ch c ing in
c ch in ing
sh S r I
S sh
4.1 31
PTH-IF 4.2
4.2 PTH-IF
(%) (%) (%)
a a 88.57 iao iao 87.69 r I 22.05
ai ai 91.29 iao e 5.03 S S 84.38
an an 91.73 ie ie 94.16 S sh 10.00
ang ang 91.58 i i 83.33 sh S 54.17
ao ao 94.09 i ii 50.69 sh sh 32.18
b b 91.75 iii iii 35.10 t t 90.64
c o 85.83 in in 57.85 u u 92.72
ch c 81.63 in ing 35.12 ua ua 88.98
ch ch 11.56 ing ing 80.33 uai uai 78.72
d d 91.37 ing in 10.77 uan uan 91.40
e e 91.99 iong iong 94.00 uang uang 86.21
ei ei 94.12 iou iou 90.44 uei uei 92.43

55



4.2 PTH-1F
(%) (%) (%)
en en 73.90 j j 91.38 uen uen 73.33
en eng 17.63 k k 94.55 uo uo 92.90
eng eng 64.23 | I 93.32 % v 90.20
eng en 29.67 m m 96.19 van van 84.47
er er 96.36 n n 93.85 ve ve 90.08
f f 90.69 ng ng 93.02 vn vn 74.29
g g 91.39 0 0 84.00 X X 92.22
h h 86.23 ong ong 91.20 z z 86.50
i i 92.17 ou ou 84.20 zh z 73.21
ia ia 93.94 p p 93.99 zh zh 16.60
ian ian 94.01 q q 94.53
iang iang 89.66 r r 65.75
4.2
20
4-2 Proby, 4-1

P (S7™B)

56



Probg; = P(S|B) :@xmo% 4-2
#(B
4-2 S B
4.1 4.2
4.1
4.2.2 WDC-IF
lio/ liao/
WDC-IF
PTH-IF  WDC-IF
13 Wu-IF
4.3 PTH-IF  WDC-IF
PTH-IF  PTH-IF PTH-IF Wu-IF
WDC-IF PTH-IF Wu-IF
4.3 PTH-IF WDC-IF
/ PTH-IF WDC-IF (%)
en eng 18.31
eng en 30.08
iii i 51.67
in ing 37.19
PTH-IF ing in 11.24
10 r I 22.83
S sh 10.00
ch c 81.29
sh S 50.38

zh Z 74.59

57



4.3 PTH-1F WDC-I1F

/ PTH-IF WDC-IF (%)
ai e> 8.51
ao o" 39.48
er eer 65.45
iao io" 35.18
ie ie< 26.80
PTH-IF iong ioong 48.00
13 iou iuu 30.48
iou ieu 24.94
n ni 9.33
ong oong 46.67
ou eu 51.53
ve voe 47.93
vn voong 22.86

10 PTH-IF PTH-IF
PTH-IF 13 PTH-IF  Wu-IF PTH-IF

{e>, o, eer, i0", ie<, ioong, iuu, ieu, ni, oong, eu, voe voong}
Ivoong/
4-1

P(S|B,Y,W)~[]P(5"|B,.W,)
- 4-3
= H PW (SiWDC | Bi)
=1

WDC-IF S

WDC-IF
PTH-IF le>/

58



fail
4.2.3
WDC-IF
““shi”” Ish/ /sl
fiii/ fii/
4-1
P(S|B,Y, W)~ H P(SiWDC |B,Y B, ’WBi)
- 4-4
=[P, (5"°IB.Ys)
i=1 '
P, (SY°1B,Y ) 4-5
ProbS|BVYB
_ _#(S,B)Yy)
Probg,, = Prob(S | B’YB)_#E(B—XSX1OO% 4-5
4-5 Ys
/
““guo”” e 7 ““guo’”
T & 9 “guai”
4.3

AUP

59



Uni-gram
W,
PW, (SiPTH | Bi) WBi AUP
AUP
1 Uni-gram
2 Uni-gram
Uni-gram
C )
0.000
</s> 0.10782136 0.108
0.03608752 0.144
0.02161165 0.194
0.01907339 0.213
0.00005742 0.899 <«
0.00005742
0.00005742 0.900 “«—
0.00005742
0.00005742 0.901 «—
0.00000124 1.000°
0.00000124 1.000°

4.1

60




4.1 AUP
</s>
0.90 AUP “
4.4
4.4
0.80 0.80018502 -3.594763 416
0.90 0.90050580 -4.240960 1,292
0.92 0.92081776 -4.419749 1,735
0.94 0.94120825 -4.624082 2,427
0.96 0.96064531 -4.867548 3,543
0.98 0.98000226 -5.250755 5,838
1.00 1.00000000 15,724
4-4 = & B
> 0.90 “ 77 -3.594763
4.1 1,292
“ ”” 0.90050580 1,292

STD AUP=0% MLP Most Likely Pronunciation

61



[106][107]

4.4

200

4.4.1

STD MLP

Bi-gram

200

4.5

[52][108][109][110] [111]

MLP

[1][2][103][104][105]

60 70

62



4.4.2

[52]

Uni-gram  Bi-gram

4.5

AUP

ISCSLP2004

63

15k



5.1
HTK [112 SRILM
[113]
5.2
5.3
5.2
5.2.1
863 863
863 863
[58]
1,560
A B CD A B C
520 D 863

70 10

64



3

MECCIL141[115]

HMM 3
6
1
14 A AN 42
100Hz 1
CMN Cepstral Mean Normalization [*eI7]
400
SER Syllable Error Rate
5.1 5.2 5.1
5.1 SER
1 2 4 8
phone 74.93 66.17 59.65 53.75
IF 61.86 54 .59 48.26 43.14
XI1F 60.44 52.84 46.43 41.85
Syllable 44 .30 38.14 32.71 29.07
5.1
5.2
Syllable
8 Tri-XIF  Tri-IF  Triphone
39.04% 30.07% 24.42%
8 Tri-XIF  Tri-IF

65

Triphone



12.84% 19.34%
5.2 SER
1 2 4 8
Syllable 44 .30 38.14 32.71 29.07
Triphone 31.73 27.18 23.39 21.97
Tri-IF 30.25 26.08 22.51 20.33
Tri-XIF 26.19 23.11 19.64 17.72
5.3
5.2
5.3
Syllable 2,412
Triphone 10,851
Tri-IF 11,452
Tri-XIF 11,708
Tri-XIF
12

66



5.2.2
Tri-XIF
1 Tri-XIF
2
1
2
6%
3
5.2.3
1
3
863
JHU

Tri-XIF

5%

Baseline

20%

CLSP

—MBN Mandarin Broadcast News 53]

67

2

30

8%
4%

0.6



JHU 39 MFCC 13

JAN AN 42
863
863
MBN
HMM 863
3,000
14
Bi-gram
MBN
NIST 1997 NIST 1997
Broadcast News evaluation task®! 21.38%
Test
set 61.89% 72.17%
5.3
5.2.3
PTH-IF WDC-IF /

CER/SER

68



5.3.1
5.3.2
5.1
1) Baseline
2) Experts
3) surface-form  MLLR SF
4) base-form  MLLR BF
5) surface-form  MLLR WDC-IF AUP 80
SF  AUP80
6) base-form  MLLR PTH-IF AUP 80
BF AUP80
75.0 T
70.0
g 65.0
x
o
T 60.0
L
@)
55.0
50.0 Baseline Experts SF+AUP80 | BF+AUP80
BWCER(%) | 7217 71.62 65.47 63.89 62.32 62.98
OSER(%) | 65.03 64.16 57.54 55.83 54.65 55.00
5.1
/ CER/SER

69



5.3

CER (%)

5.2

MLLR
MLLR
surface-form MLLR AUP
CER AUP
65.5
65.0 |
64.5 |
64.0 |
635 |
63.0 |
625 |
62.0
0% 80% 90% 94% 96% 100%
——BF —=—SF
5.2 AUP CER
surface-form (SF) base-form (BF) MLLR
AUP 0%
100% p% 0<p<100
p%
AUP
base-form  surface-form  MLLR

70



5.3.3
65.0 -
. 550
S
]
7y 45.0
o
L
© 350
%07 SF+AUPS | SF+AUPS
+ +
Baseline | Experts SF 0 0+WDCW
BMCER(%)| 61.98 59.03 47.42 44.65 44.34
O SER(%) 48,74 46.49 33.89 31.70 31.59
a) base-form  MLLR
65.0 -
55.0 ~
S
]
7y 45.0
I
L
O
35.0
201 BE+AUPS | BF+AUPS
. + +
Baseline | Experts BF 0 0+WDCW
WCER(%)| 61.98 59.03 45.44 43.81 43.37
O SER(%) 48.74 46.49 32.69 31.42 31.07
b) surface-form  MLLR
5.3
/ CER/SER
5.3 5.4
5.3 base-form  surface-form MLLR

71




AUP
WDCW 0.5
1%
47.5
470 | \
46.5
g 46.0 | \
x 455
L
O 450 |
445 |
44.0
435 L L !
0% 80% 90% 94% 96% 100%
——BF —®—SF
5.4 AUP CER
surface-form (SF) base-form (BF) MLLR
5.4 AUP CER
base-form MLLR surface-form

MLLR AUP 100%

72



3.0
2.5
2.0
1.5
1.0
0% 80% 90% 94% 96% 100%
—e— BF(PTH-IF) —=— SF(WDC-IF)
5.5 AUP
5.5 AUP

base-form/surface-form
PTH-IF/WDC-IF
SF

1.38 1.70
2.5

5.6

STD MLP STD MLP

STD  MLP

1.03

MLP

AUP

73

BF/SF

AUP 80%
1.23 5.5
AUP 94%

STD
MLP

BF



50.0
450 | -
S EMLP
D 400 | W Std
% CIStd+MLP
(@)
0 | I AUPSO
30.0 ‘h“‘.l'

BF CER(%) SFCER(%) BFSER(%) SF SER(%)

5.6
5.3.4
15k
surface-form  base-form  MLLR
WDC-XIF WDC-IF 5.4
base-form MLLR
CER
5.4 CER

WDC-IF WDC-XIF

62.98 60.39 4.11

43.37 39.31 9.36

74



5.4
Beam
2 3
55
5.5 CER
WDC-IF WDC-XIF
56.00 54.53 2.63
38.65 34.67 10.30

5.5

75



6.1

surface-form/base-form

ELF

76

MLLR



8 Tri-XIF  Tri-IF  Triphone
12.84% 19.34%

2 10%
4 surface-form/baseform
AUP
1
13.65% 30.03%
16.32% 36.58% base-form  MLLR
5.49% 13.49%
1 WDC
61.89% 34.67%
72.17% 54.53%
1.1 30%~60%
21.38%
20%
34.67%

77



6.2

JHU
Workshop 2000 2004
1
2
ICSLP2004 ““From Knowledge-Ignorant

to Knowledge-Rich Modeling: A New Speech Research Paradigm for Next

Generation Automatic Speech Recognition”” [118]

78



Word-Graph
Lattice

Bi-gram

79

Tri-gram



[1]
[2]
[3]

[4]
[5]
[6]
[7]
[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

1992
1992

Rabiner L R. A tutorial on hidden Markov models and selected applications in
speech recognition. Proceedings of the IEEE. 1989, 77(2): 257-285

. http://htk.eng.cam.ac.uk/
IBM. http://www.watson.ibm.com/
CMU. http://www.speech.cs.cmu.edu/
Microsoft. http://www.microsoft.com/speech/
ATT. http://public.research.att.com/

Huang X-D, Alleva F, Hon H-W, et al. The Sphinx-11 speech recognition system: an
overview. Computer Speech and Language. 1993, 7(2): 137-148

Viavoice. http://www-3.ibm.com/software/speech/
Dragon Systems. Dragon Dictate, 2000. http://www.dragonsys.com/

Yan P-J, Zheng F. Context directed speech recognition in dialogue systems. International
Symposium on Tonal Aspects of Languages: Emphasis on Tone Languages. 2004,
225~228

Liu Z, Wang Y. Audio indexing and retrieval. Handbook of Video Databases Design and
Applications, CRC Press. 2003. 483~510

Gu L, Gao Y-Q. Use of maximum entropy in natural word generation for statistical
concept-based speech-to-speech translation. In: Interspeech’2005. 2005. 3189~3192

NIST. The 1997 Hub-4NE evaluation plan for recognition of Broadcast News, in
Spanish and Mandarin.
http://www.nist.gov/speech/tests/bnr/hub4ne_97/current_plan.htm, 1997

http://www.clsp.jhu.edu/workshops/

Sproad R, Zheng F, Gu L, et al. Dialectal Chinese speech recognition: Final Report.
CLSP Summer Workshop. 2004. 1~82

Wang H-Y, Heuven V J van. Mutual intelligibility of american, Chinese and
dutch-accented speakers of English. In: Interspeech'2005. 2005. 2225~2228

Hong Y, Abeer A, Abe K, et al. Pronunciation variations of Spanish-accented
English spoken by young children. In: Interspeech'2005. 2005. 749~752

80



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Lim B P, Li H-Z, Ma B. Using local & global phonotactic features in Chinese
dialect identification. In; ICASSP'2005. 2005, 1:577-580

Huang R, Hansen JHL. Dialect/accent classification via boosted word modeling. in:
ICASSP'2005. 2005, 1:585-588.

Chen T, Huang C, Chang E, et al. Automatic accent identification using Gaussian
mixture model. IEEE workshop on ASRU'2001. 2001.

Tobias C, Rainer G, Satoshi N. Speech recognition for multiple non-native accent
groups with speaker-group-dependent acoustic models. In: Interspeech'2004. 2004.
1509~1512

Sun X. Pitch accent prediction using ensemble machine learning. In: ICSLP'2002.
2002. 561~564

Yuan J-H, Brenier J M, Jurafsky D. Pitch accent prediction: Effects of genre and
speaker. In: Interspeech'2005. 2005. 1409~1412

Raux A. Automated lexical adaptation and speaker clustering based on
pronunciation habits for non-native speech recognition. In: Interspeech'’2004. 2004.
613~616

Zheng Y-L, Sproat R, Gu L, et al. Accent detection and speech recognition for
Shanghai-accented Mandarin. In: Interspeech'2005. 2005. 217~220

Ikeno A, Pellom B, Cer D, et al. Issues in recognition of Spanish-accented
spontaneous English. In: Proceedings of IEEE/ISCA Workshop on Spontaneous
Speech Processing and Recognition. Tokyo, Japan. 2003

Tomokiyo L-M. Recognizing non-native speech: characterizing and adapting to
non-native usage in LVCSR. PhD Thesis, Carnegie Mellon University, 2001

Wang Z-R, Schultz T and Waibel A. Comparison of acoustic model adaptation
techniques on non-native speech. In: International Conference on Acoustics, Speech
and Signal Processing (ICASSP'2003). 2003, 1:540-543

Huang C. Accent issue in large vocabulary continuous speech recognition.
Microsoft Research Technical Report. MSR-TR-2001-69, 2001

Huang C, Chen T, Chang E. Accent issue in large vocabulary continuous speech
recognition. International Journal of Speech Technology, Kluwer Academic
Publishers. 2004, 7(2):141-153

Tjalve M, Huckvale M. Pronunciation variation modelling using accent features. In:
Interspeech'2005. 2005. 1341~1344

Aalburg S, Hoege H. Foreign-accented speaker-independent speech recognition. In:
Interspeech'2004. 2004. 1465~1468

81



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Leggetter C J, woodland P C. Maximum likelihood linear regression for speaker
adaptation of continuous density hidden Markov models. Computer Speech and
Language. 1995, 9:171-186

Gales M J, Woodland P C. Mean and variance adaptation within the MLLR
framework. Computer Speech and Language. 1996, 10: 249-264

Lee C-H, Lin C-H, Juang B-H. A study on speaker adaptation of parameters of
continuous density hidden Markov models. IEEE Trans. SP, 1991, 39(4): 806-814

Lee C-H, Gauvain J L. Speaker adaptation based on MAP estimation of HMM
parameters. In: Proc. Int. Conf. Acoustics, Speech, and Signal Processing, 1993, 2:
652-655

Jurafsky D, et al. What kind of pronunciation variation is hard for triphones to
model? In: International Conference on Acoustics, Speech and Signal Processing
(ICASSP'2001). 2001, 577~580.

Strik H and Cucchiarini C. Modeling pronunciation variation for ASR: A survey of
the literature. Speech Communication. 1999, 29: 225-246

Byrne W, Finke M, Khudanpur S, et al. Pronunciation modelling using a
hand-labelled corpus for conversational speech recognition. In: International
Conference on Acoustics, Speech and Signal Processing (ICASSP'1998). Settle,
USA, 1998. 313~316

Wester M. Pronunciation modeling for ASR - knowledge-based and data-derived
methods. Computer Speech and Language. 2003, 17:69-85

Bell A, Jurafsky D, Fosler-Lussier E, et al. Effects of disfluencies, predictability,
and utterance position on word form variation in English conversation. Journal of
the Acoustical Society of America. 2003, 113(2):1001-1024

Fosler-Lussier E. A tutorial on pronunciation modeling for large vocabulary speech
recognition. In: S. Renals and G. Grefenstette, Text and Speech Triggered
Information  Access, Springer Verlag, Berlin, 2003. (also available:
http://www.cse.ohio-state.edu/~fosler/publications.html)

Liu Y, Fung P. State-dependent phonetic tied mixtures with pronunciation modeling
for spontaneous speech recognition. IEEE Transactions on Speech and Audio
Processing. 2004, 14(4):351-364

Liu Y, Fung P. Modeling partial pronunciation variations for spontaneous mandarin
speech recognition. In Computer Speech & Language. 2003, 17(4):357-379

Liu Y, Fung P. Partial change accent models for accented Mandarin speech
recognition. In: Proceedings of the IEEE Workshop on Automatic Speech
Recognition and Understanding (ASRU'2003). 2003.

82



[48]
[49]

[50]
[51]
[52]
[53]
[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

http://www.chineseldc.org/doc/CLDC-SPC-2004-005/intro.htm

Liu M-K, Xu B. Accent-specific Mandarin adaptation based on pronunciation
modeling technology. In: ICSLP'2000. 2000, 2:330-333

Zhang H-Y. Xu B. Geometric constrained maximum likelihood linear regression on
Mandarin dialect adaptation. In:Eurospeech'2003. 2003. 1465~1468

Huang X-D, Acero A, Hon H-W. Spoken language processing: A guide to theory,
algorithm and system development. Prentice Hall. 2001

Rosenfeld R. Two decades of statistical language modeling: Where do we go from
here? In: Proceedings of the IEEE. 2000, 88:1270-1278

LDC. http://www.ldc.upenn.edu/
ELRA. http://www.elra.info/
CCC. http://www.cccforum.org

Zheng T F. Making full use of Chinese speech corpora. Invited Keynote Speech,
Oriental-COCOSDA.. 2003. 9~23

Sun J-S, Wang Z-Y, Wang X. Construction of the lexicon for continuous acoustic
model training. In: Proc. of the Improvement of Intelligence Computer Interface
and Application. 2000. 161~121

1998

. 2003

Li M, Junkawitsch J, Yun T. An incremental approach to selection of well balanced
corpus. In: 8th Aust. Int. Conf. Speech Sci. & Tech.. 2000. 440~444

. 2005, 22(2) 140-146
Chen X-X., Li A-J., et al. An application of SAMPA-C for standard Chinese. In:
International Conference on Spoken Language Processing (ICSLP'2000). 2000,
4:652-655
Li A-J., Chen X-X., et al. The phonetic labeling on read and spontaneous discourse

corpora. In: International Conference on Spoken Language Processing
(ICSLP'2000). 2000, 4:724-727

Zheng F, Song Z-J, Fung P, et al. Modeling pronunciation variation using
context-dependent weighting and B/S refined acoustic modelling. In:
EuroSpeech'2001. 2001, 1:57-60

83



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]
[79]
[80]
[81]

Wei W, Van Vuuren S. Improved neural network training of inter-word context
units for connected digit recognition. In: ICASSP'98. 1998. 497~500

Zheng F, Chai H-X, Shi Z-J, et al. A real-world speech recognition system based on
CDCPMs. In: Int. Conf. On Computer Processing of Oriental Languages
(ICCPOL'97). 1997, 1:204-207

1995

Hwang M-Y, Huang X, Alleva F. Predicting unseen triphones with senones. In:
Proc. Int. Conf. Acoustics, Speech, Signal Processing. Minneapolis. 1993. 311~314

. 1999,
10(4)  436-444

2001

Zheng F, Song Z-J, Fung P, et al. Mandarin pronunciation modeling based on CASS
corpus. J. Computer Science & Technology. 2002, 17(3): 249-263

[ 1-
2001

Lee C-H, Rabiner L, Pieraccini R, et al. Acoustic modeling for large vocabulary
speech recognition. Computer Speech and Language. 1990, 4(2): 127-165

Young S J, Woodland P C. Tree-based state tying for high accuracy acoustic
modeling. In: Proc ARPA Human Language Tech Workshop. Plainsboro, NJ:
Morgan Kaufmann Publisher. 1994. 307~312

(NCMMSC6). 2001. 2799~2802

Reichl W, Chou W. Decision trees state tying based on segmental clustering for
acoustic  modeling. In: Int. Conf. of Acoustics, Speech, Signal
Processing(ICASSP'98). Seattle, Washington: IEEE Press. 1998, 801~804

Reichl W, Chou W. Robust decision tree state tying for continuous speech
recognition. IEEE Trans Speech and Audio Proc. 2000, 8(5): 555-566

1990
1997 42(4) 3-20
2000

Gao S., Xu B, Huang T-Y. Class-triphone acoustic modeling based on decision tree
for Mandarin continuous speech recognition. In: International Symposium on
Chinese Spoken Language Processing (ISCSLP' 98). 1998. 44~48

84



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

Duchateau J, Demuynck K, Van. Compernolle D. A novel node splitting criterion in
decision tree construction for semi-continuous HMMs. In: Eurospeech'97. Rhodes,
1997. 1183~1186

Digalakis V V, Rtischev D, Neumeyer L G. Speaker adaptation using constrained
estimation of Gaussian mixture. IEEE Trans. on Speech and Audio Process. 1995, 3(5):
357-366

2001

Lee C-H, Lin C-H, Juang B-H. A study on speaker adaptation of parameters of
continuous density hidden Markov models. IEEE Trans. SP. 1991, 39(4): 806-814

Lee C-H, Gauvain J L. Speaker adaptation based on MAP estimation of HMM
parameters. In: Proc. Int. Conf. Acoustics, Speech, and Signal Processing. 1993, 2:
652-655

Huo Q, Chan C, Lee C-H. Bayesian adaptive learning of the parameters of hidden

Markov model for speech recognition. IEEE Trans. On Speech and Audio
Processing. 1995, 3(5): 334-345

Leggetter C J, Woodland P C. Maximum likelihood linear regression for speaker
adaptation of continuous density hidden Markov models. Computer Speech and
Language. 1995, 9:171-185

Leggetter C J, Woodland P C. Flexible speaker adaptation for large vocabulary
speech recognition. In: Proc. Eurospeech. 1995. 1155~1158

Leggetter C J. Improved acoustic modeling for HMMs using linear transformations.
Ph.D. thesis. Cambridge University. 1995

Gales M J F. Maximum likelihood linear transformation for HMM-based speech
recognition. Computer Speech and Language. 1998, 12:75-98

Cohen P S, Mercer R L. The phonological component of an automatic speech

recognition system. In: Reddy, D.R. (ed.), Speech Recognition. Academic Press,
Inc., New York. 1975. 275~320

Lamel L, Adda G. On designing pronunciation lexicons for large vocabulary
continuous speech recognition. In: Proc. of ICSLP-96. Philadelphia, 1996. 6~9

Amdal |, Korkmazskiy F, Surendran A C. Joint pronunciation modelling of
non-native speakers using data-driven methods. In: Proc. of ICSLP'2000. 2000.
622~625

Riley M, Byrne W, Finke M, et al. Stochastic pronunciation modelling from
hand-labelled phonetic corpora. Speech Communication. 1999, 29(2-4):209-224

85



[96] Williams G, Renals S. Confidence measures for evaluating pronunciation models.
In: Proc. of the ESCA Workshop 'Modeling Pronunciation Variation for Automatic
Speech Recognition'. 1998. 151~156

[97] Kessens J M, Cucchiarini C, Strik H. Data-driven method for modeling
pronunciation variation. Speech communication. 2003, 40(4), 517-534

[98] Ravishankar M, Eskenazi M. Automatic generation of context-dependent
pronunciations. In: Proc. of EuroSpeech'97. Rhodes, 1997. 2467~2470

[99] Kessens J M, Wester M, Strik H. Improving the performance of a Dutch CSR by
modelling within-word and cross-word pronunciation variation. Speech
Communication. 1999, 29(2-4):193-207

[100] Holter T. Maximum likelihood modelling of pronunciation in automatic speech
recognition. Ph.D. thesis. Norwegian University of Science and Technology. 1997

[101] Torre D, Villarrubia L, Hernndez L, et al. Automatic alternative transcription
generation and vocabulary selection for flexible word recognizers. In: Proc. of
ICASSP'97. Munich, 1997. 1463~1466

[102] Zzheng F, Wu J, Song Z-J. Improving the syllable-synchronous network search
algorithm for word decoding in continuous Chinese speech recognition. J.
Computer Science & Technology. 2000, 15(5):461-471

[103] : ) 1993
[104] : : 1994
[105] : : 1995

[106] Schiel F, Kipp A, Tillmann H G. Statistical modelling of pronunciation: It's not the
model, It's the data. ESCA Workshop on Pronunciation Variation for Automatic
Speech Recognition. Kerkrade, 1998. 131~136

[107] Riley M D, Ljojle A. Automatic generation of detailed pronunciation lexicons. In:
Automatic Speech and Speaker Recognition. Kluwer Academic Pubs. 1996. Ch. 12,
285-301

[108] Witten | H, Bell T C. The zero-frequency problem: Estimating the probabilities of
novel events in adaptive text compression. IEEE Trans. On Information Theory.
1991, 37(4):1085-1094

[109] Katz S M. Estimation of probabilities from sparse data for the language model
component of a speech recognizer. IEEE Trans. On Acoustic, Speech and Signal
Processing. 1987, 35(3):400-401

[110] Jelinek F, Mercer R L. Interpolated estimation of Markov source parameters from
sparse data. In: Gelsema D and Kanal L, eds. North-Holland: Pattern Recognition in
Practice. 1980

86



[111] . [ ]
2000
[112] Young S, Evermann G, Hain T, et al. The HTK book (for HTK Version 3.2.1).
http://htk.eng.cam.ac.uk, 2002

[113] Stolcke A. SRILM - an extensible language modeling toolkit. In: International
Conference on Spoken Language Processing (ICSLP'2002). Denver, 2002,
2:901-904

[114] Davis S B, Mermelstein P. Comparison of parametric representation for
monosyllabic word recognition in continuously spoken sentences. IEEE Trans. on
Acoustic, Speech and Signal Processing. 1980, 28(4):357-366

[115] Zheng F, Zhang G-L. Integrating the energy information into MFCC. In:
International Conference on Spoken Language Processing (ICSLP'2000). 2000,
1:389-292

[116] Viikki O, Laurila K. Noise robust HMM-based speech recognition using segmental
cepstral feature vector normalization. In: ESCA-NATO Workshop on Robust
Speech Recognition for Unknown Communication Channels. 1997. 107~110

[117] Viikki O, Laurila K. Cepstral domain segmental feature vector normalization for
noise robust speech recognition. Speech Communication. 1998, 25:133-147

[118] Lee C-H. From knowledge-ignorant to knowledge-rich modeling: A new speech
research paradigm for next generation automatic speech recognition. In:
ICSLP'2004. Plenary Session 2. 2004

87



88




Position
Method Bilabial | Labiodental | Dental Dorsal Veolar | Guttural
b [p] d [t] g [K]
Unaspirated
Voiceless : A A
_ p [p] t [t] k [K]
Plosive Aspirated
bb [b] dd [d] g9 [g] [?]
Voiced
z[ts] | ][9]
Unaspirated
Voiceless , ,
c [ts] g [t»]
Affricate Aspirated
_ ji[d7]
Voiced
m [m] n [n] ni [A]
Nasal
I [1] ng [P]
Lateral
Fricative
f [f] s [s] X [»] h” [h]
Voiceless
ff [v] ss [z] XX [ ] hh [&]
Voiced
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Single vowel

i [i] u [u] v [y]
i [i]
iio [{]
Compound vowel
a [A] ia [iA] ua [uA]
a>[8] ia>[ig] ua>[u§]
0=6 [C] i07=i6 [iC]
0 [0]
eu=e [°)/[°M]/[°U] ieu [i°]/[i°M]
e< [e] ie< [ie] ue< [ue]
en=¢ [E] ien=ie=ié [iE] ue”=ué [uE]
e> [Q] ie> [iQ] ue> [uQ]
oe [O] uoe [u0] voe [yO]
iuu [iu]
Compound vowel followed by a nasal
a<~ [a] ia<~ [ia] ua<~ [ua]
a~ [A] ia~ [iA] ua~ [uA]
a>~ [§] ia>~ [i§] ua>~ [u§]
en [En)/[E”] in=ien [in] un=uen [uEn] vn= ven [yEn]/[yn]
eng [ED] ing [iP] ueng [UED] veng [yED]/[yP]
oong [0oD] ioong [ioD] voong [yoD]
Vowel of Entering Sound
a<k [a?] ia<k [ia?] ua<k [ua?]
a>k [87] ia>k [i87] ua>k [u8?]
ok [07] iok [i07] vok [yo?]
07k [C7?] unk [uC?]
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(1]
(2]
(3]
(4]
(5]
(6]

oek [07?] voek [y0?]
ek [E?] iek [iE?] uek [UE?]
ie<k [ie?]
i>k [17] ii>k [i17] visk [y1?]
Individual Syllable
eer [Er]/ [El] m [m] n[nl/["] ng [P]
/ IPA
ZCunsil4
1
2 Ibb/, 1dd/, Iggl, fjjl, Ixx, Issl, Iffl, [hh/ Iol, 1dl, Igl, 11, I, Isl,
Ifl, In/
3 [7] W 1a/ lii/ Izil, Icil,
and /si/ liii/ Izhil  Ichil Ishil  Iril

1997
. 1988
. 2002
. 2000
. 2001
. 2000
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