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A Study on Corpus-based Text-to-Speech and Speech
Recognition for Hakka Language
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Abstract

In this project, we studied three speech processing topics for Hakka language: (1) the
development of a high-quality Hakka text-to-speech (HTTS) system, (2) the implementation of a
Hakka speech recognizer, and (3) the study in prosodic rules of special Hakka words. The study
was conducted maily on the major sub-dialect — “Si-xian Hakka” spoken in Taiwan. Several
important issues were investigated, including (1) The collection and processing of lexicon, text
databases and speech databases; (2) The realization of a high-performance text analyzer; (3)
Prosody modeling of special Hakka words; (4) The implementation of the HTTS system; (5)

Language modeling; and (6) The realization of the Hakka/mixed Hakka-Mandarin speech
recognizer.

Keywords: Hakka text-to-speech system, Hakka speech recognition, Si-xian Hakka,
Prosody, Language modeling
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# 1.2 RMSEs of the five synthesized prosody parameters.

Inside Test Outside

Test

FO Contour 1.9ms 2.2ms
Pause Duration 56.8ms 65.4ms
Initial Duration 20.7ms 25.6ms
Final Duration 42.9ms 45.7ms
Energy Level 3.7dB 4.3dB
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~IE B & Ak ki(unit selection synthesis system)#t & & M1 enEF FF e dp g AR e ttﬂi%]
ﬂim;%j%‘#ff* gt S 2 FEF S R - B AN BT 2 %
$c & = ;% (parametric speech synthesis) » 7 3t 8 B F R EPEFZF P ERE A &2 0 A

é)".ﬁ*%’“ﬂ Sdcts o BRI VVRE I R0R] - &7 Hh 14 (Portable) 2 i & 2 (Flexibility)
Fgofkamgdh o 37 & ko AT ERNE T A A anEf & &k 2y (HMM-based Speech
Synthe5|s System, HTS)[29,30] &_zk ** parametric speech synthesis &2 z_ & &/ ¥ & B 5 &
s AR B i A o 8 R Rp ReE g
AT MR AERNE T AEAE S L2 s 2

T kS A ZE AR 3.1 Ton

¥

ES S ES
S

mly

’1( “\A‘u'?

2 k%

3t HMM
’I é' ;\' F_;g

1\
™
ml4
&
T

B3l 232 3#F3 15

R AEE FETI X w(Text Analysis) ~ &% 5 2 H4) ~ 2 A 45 B2 A HMM 2
T SN aﬁﬁl »Ed ¥T39 % SLias 39 (Segmentation) 2 3 M4 42z (Part of Speech
Tagging) » # ¥ ¢ ﬁ%ﬁﬁ?ﬁ” BAFE R AT 3 BA > 2 AT B Hw - [ J‘bﬁ»mﬁiﬂ 53
*EFHEARIE HHRES %ﬂt’ﬁ—? HTS 5 Flip &2 #53% ~ 5 & fr5 % O HMM
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3.1 ¥ 4 simit

PR FRES AT - B SR - BRES0 S AL R
FTHAGPR AR B AR A R R MR e R 6 RP L S ahE L
AL R 3 EFI Y RERME A o 4 R 3.2

ﬁ%)\—@ =
WAL E A

B
T

B 3.2: #7334 3L

HPY A REA2HR AT RBE AN

1) ~FrRi-E~
ﬁ%l%ﬁ’l?‘ 7% ® ¥ i@ 7 ASCII code 2 Big-5 code » fz& » =
“r3 71 ASCII code #& = BIGScode B\ B3R N K- o blde TE 1045 & | ¥ 5
"G A1945# ) A 2t R AR BB LG 2 fRE g - H AP iRk b
el 2 felm @i T ol g yeb o jkahmegd ose gt T  F -l
t“’* » BFT 's?;ﬂfr;‘?;%@ F-Ho 3 i in pow g 8 £ Big-5code ¢
T REHELEF o

O]

14



(2) »@HE~

L H AP m{ﬁﬁ—g‘iﬁ/\mv R IR e ARSI D - NG S AN < L ANV
HAfdboemaor@ii haTmpdiked ) 4% L8 2903 4 anigE o hie
G

(®) ke
PR B AT S A et T i amriie b o B G E A Y E 4
LS EE A

@) 0 =

rEAERGEY W T2 (2993 ) P33 AL 8 E @8 eimEm
Ly (PazF) B FRELRGE 2V LWL 5 ¢ 0 FIM I R AR £ B ek
AR R

FiIFES S RFE AWFLAIGES? B ane R RE L KBTI PR
TECERBEA M GES Y E MR GRE A LR REE L PR ERaPR

r»EPATFEIEICH A PLLSIEATRHETFRAE W, M E PR

P(TIW(S,B))fr P(B[S) & 5 % 4 o 7 Flig i 2 cnd ic » e 1538 B A ok B o & 9755
Bod A % o

3.21 ¢ 2 5 iERgis s 0T
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if 4 5g 3¢ (Conditional Random Field ) % * fifkiifes 45 B 7 F 4L > bldep R3F
B - fEEw) N enfs 4] > A 2001 # o Lafferty[31] A o BE TS

WA B g 8 e R A S & T 0 3 8 B R A 5 e

Fom A LALTFHREFET > RET - BREDRES T L RLET
BERFX > RP(Y[X)EiEAFHY TG Ed o T3 hF

Y" =argmax, P(Y|X) (3-2)

XA Ay P 849 23 2R7CH o4k s X TR&#E | > C AR, ~C, &
" EMeh,aC, 2 TE ) S YRARZPEERARS] > FRisrT §ar

B C,
WA AT R R AL T BESS, - @ P(Y|X)41r"f FAEL o A0

exp[iz F (Y =y Y., X )j (3-3)

t=1 i=l

P(Y[X)=

N(X)3 2R 57 m@erd feiafeids - P(Y]X)=1 fi (Y, =y,Y, X)
y
2T BAX LBty | PSS BRI 0N L.

(Y,

t-1,

- { 1, if y=y, is satisfied and x = X, (3-4)

0, otherwise

blde > BFIX 2 TREEeHE | - Y ASI(REFH)S TBESS, (y,=B, ~ y,=B,

i

Ys=S~ ¥, =8) F t=2/ £, (Y, =EY, =B, X, =#) =1 @ 1,4,,...,. 4 5 i 2B
DRF LY B Y L e B oo

322¢% 2 &2

dnE B hEd - BRGPER - BP0 TR e R T s
ALY FEY L F 2 LS BE YRR AW EAHT R Y - BRI -
B Gt A B ik § AT RAT T 4R Zhao[32] 4 2006 & “13k e % L B o
7 ’3" IﬁJngL‘/—‘g; "g; v :5' {811821B3iMaE’S} ’ —;E v Bl S BZ?‘" B3’4°\ F—JJ%\’EEZ—)‘:": (R ﬂ;;

FehH 3l MB|R A3 Y S B3 A2 2wkt > E4 733

o BHTAE 0 SKAM 3.
;w@%ﬁ%@ﬁmﬁ%ﬁ@CWﬂﬁﬂi%ﬁﬂvwﬂﬁ"&ﬁwﬁéﬁ@%

B 5P ORE T AIIAIB TS o hUVRIAEE o CRFE++2 5 B FACH KA 4 FAcR
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oo FHCHE R A T A PR ACRR) 0 AT AV 2 R R B A TR
et 31 #rdm o H¥ 3 A Cos BEFEPM ~#kF F A~ Dy B F A Ey s e
WA RS WL, 2 WT, B35 #iic s Zhao[32]#73k ) 5 @ AT 3 4 » & B F 7 e igh
H T3 By 13 DPyfr DT, A 38 A feshiv s 3902 #5ffc > DP 2 DT, M >t elr - B 5
PEESIEA NI T A AR P AT s bldrae 3¢ F e ¥
Kk § L & LW 0 0 T Lk B UL I0A A R o

BiT AR R PP AR > AP E BREARGEAMIEE S ST sk L Bk
FRoR > AP TR R R OR A B 3.2

3 3.1 ¢ 2 42 i EREEE D U

R a s
Cn |ERIFIT
By |ERITICHIEE

PMi [ERTTF IR S RAsb 5

WL, £ 50 81 i S B & E Ay TR R Z s

WT, |[{Eaa A3 B & BRI F eI R &Ry THYEE I E (B, B2, Bs M,E,S)
DP, (fE[E—f-E sl DRI B & & pr ey ke Z st MLsE e & &y oT
Ay Ea] R i R A

DT, [EE AT T A IR & E AT T IeH i R - 1 EEEE1E B & & Ay ehyE R Al
AEHNIRAE - E AT T Y AR

Dn [ERIFITES HET

En |ERITIURE RIS E

#0327 2 A2 iE RS Y A R R

ki =

Cnt s Cn,Crit ,(Crt Cn ), (Co Cout ), (Crt Crer), PM, FICHLEERIT T A
(BnBn1), (BriBn), (Bre2Bria ) e AR

(WLy WTh ), (WTna WTy WThi), (WLy WT, DL, DTr) #n] .36 K B AR B A
(Co Dnt Drsa ) BFFIuAs

(Eni En), (En Enia), (Ena En Enna) P FICE

3237 % @ik
i1 (Part of Speech, POS)¥ 11 f* & — B3P e+ P cigg 2 £ ¢ > @ @ hihcE ~ o
oA o jﬁiﬁ%‘ﬁﬂf AAANBERGEEE(A LY N=3)» &7 & B p ko
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SR R ERE RN SN S EENES P EECE R ol S R
B o SRE AR R T h SR PR iRdAe A 3.3 2 & 34 974 A

5339 2 Pb s i AR U A R

L |2
e el
0 : I EEERETToE
PM, |1: "
3: Mo T v T T v T T
2 HA AR 5E
WL, [|ERilE R
LPOS, Hren B R 0 ARk s R R R A S MR &
4 . T—  #9 LPOS, % "Chb_Di_D Neu
e el AR EA B - RIEZ sS85 — [+t
B THywE Y FC R T4
LC el AR EE B - ARz s S e —(E5 T
" Bt T4ySEE  BYFC, B TH
% 34 % 2 P ile 2 iE AT PU R
R ==
PM;,.1PMiPMps1 FERE TR &
LPOS,.1, LPOS;, LPOS.1, (LPOS,,LPOS,,), (LPOS,1LPOS,),
POS &:H
(LPOS,LPOS.1), (LPOS;.1 LPOS;:2 )
WL,, FC,, LC, PNz SELEECT
33 EF WP ILEs
ERRREAR A S ;F%F%‘}'—"m] i’ﬂzz‘u“*"‘ kﬁk‘ 3&’5 ’”ﬁ»!r'é q*‘:"/r’@*ﬁ’ééj

g Bl AR TR L REWL ~ E3 1‘# PRPIILE P 2 AR
JE¢¢ %Qﬂﬁﬂﬂﬂﬁmio

EAGEREE S 2 Sl BAKE LR R o F AR R0F T R e
w R R 3 ﬂﬁ?wﬁwﬁﬁﬁ*£wngﬂﬂwW*ﬁﬂvé RF
BB 2 N PL B E BRI RS s B fSd ¢ 2 EEERB D

¥

3

—
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P
P8 B TTS s sid 4 224 £ & w3 ol ﬂfrﬁlf SIMPE B B el P T

WMo Al XEE W he —}A\ RGP R EAFL I RN c AP A&
Yo KRG r%ﬁ.ﬁ:%ﬁ @‘;;ﬁ‘ﬁ‘g*%%‘J AR L R £ % g SR EGE ?‘?‘%J s
TIEFRFFVNHRL  F S FLPFE T e R 549;_\;* I A
B KR e B oW CArnE 2 BcE 4o d 35 41
% 35 ;%;\:J-E‘ o )J_ A
W 1 2 3 4 5 6 7 | 8 | total
@isdc | 6747 | 18078 | 5095 | 4217 | 250 | 80 | 60 |14 |34541
L L AR A E R oy R AEST R AP RARE L Y &
PR IRPL ARk WAt B Pl 2 FHE A4 367w .
% 3.6 R L A
PE 1 2 3 4 5 6 | 7 | 8| total
@isdc | 91 | 5296 | 5521 | 3401 | 293 | 75 | 80 |12 | 14769
332+§ RNl
Gl s i v’ﬂfré?f;—i O R L S Il o i SRR
B BT 250 R RS Tl ToiiRe E A TR ERRE S
d ; i BRI :". 1 °
?\F*mf# TrRF2EF AR A RE A Swfd o AN EAF o e T E S

ggow:ﬁﬁ‘@{;}ﬂﬁ— PR EAF o de DB EAE S TR B, (F RS N R
R F ) o e B A AR e ,;Kﬁﬁ:ﬁif@ vhet TH 2 mbemie Tie ) 254 Te
d o -@odmEien Ty 24 T A T3 OKTVFF{;}F] [} elallis g TR
Ea Sy - BATR e T F Ed T el E e el 2 -2 4475
d g ,5{5&},5%‘5’:,&%@_’ e BB BT PEE o0 T LK
SR RN Tl LR R ?9—*”1‘#??’#?'1“& B S 5
Ho gAY 2 HEFRRIATIRG o decinl () gal (RO AR E %S clal (RO
ey - R - ?;v%m’]‘#;v o PR & e 5U pfri‘g FIER I oo@m &
B hr BERGEE Y B K Lo Tl R SR Y AR A & A fotie 5
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A P AT RFPE ) Erdlitan T2 2 0 ARIERA] ) o d HAJZRRAP B

ENPEEF FLAFRA e » A S S R A& 3.7 £ 3.8 9757 o & 37
PN EFEAORG ;iaﬁwemf#;aw 1> 2 3.8 & R FACRIE T 7 e R Rl A

- LReEFd P TR EEF

* 3T HEFH*

EiEaraasall EREEEIY] | B EE ]
XXY(2) A HHXK
X-XY-Y HZHZFF RS
V+ T IZLBIEIEE+(V) A /¢
Fralte R ¢ ISR RIS M1 | 20 RR A A |4k FEA
P T8 + AR B B HA R (= 1A
VG+RBIEIEIN THE T 5 Fy 5 Fs

% 38 REFET AP AN

[kl S5 AR e AR G B F s AR A | EEE S
V+A+EGEEH BRI |VHEHEIGEE/ | B
A+ G D AR+ EL TRED
i X++Y EF RS 5 X+E+Y (SR8
VBIVHA ARG GIARRIA N A B2 A 48| VHE S S
£\ +Na /NRER  [4H+Na RLINER

333 TEHEFRHE
,i’%;%m@ﬁ—'%afg.—gﬂ I R R F AP R g g F s gy
FEP R FEATEFF oW TEER, (FR) P T FR TE ) PEFFS 0T
g Ta, A 3 T, S RpE T, (M) LEFY R
FEE*w T4 AR LA BY 2 RAR -
BEHGNR A FEUPFE APIH N FTROER I BE IR PL 0 AL
T IFEE A PR R R hm FR R T o e plY RE e R TR R4
T3 TR ey o3 TR PR N Repanie s i TVACVC, - @
v 3 T agpre &Rl 5 TNes Nfy » 7t T | Az 3@ M A e £
% TNes Nf_VAC VC » fe gt ;fé G 2 W Bt %ﬁﬂ% P R RS A Y
pod AP AT B a2 e L ARenETR S RS 0 £ 7 E AW
51 AR %47ﬂHBbﬁﬂ?ﬁﬂﬂfwﬁ%m&&ﬁﬁﬁ&ﬁ?ﬁﬂ 3
e s B kpiTens F )¢ 2 TNa NFVC ) » 3 #-H 4o x thH 32 > Jo T 5

DR

%]
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EHRE TR P P S POS | E S5 /POS| A #E 4 NS 5A] 82 POS

B |UNS Z/Nes_Nf Na_Nf VC
FEIVC BEIVAC_VC

MRS EFFN? RPN RS A S A0 R F 0 Ry LR H AR
R e S A R T

34 HMM-based iz § & = B

AR NE T L A HE S &2k % (HMM-based Speech Synthesis System,
HTS)[29,30] £_F # & & 5 ¥ thé =0 > il iueng 250 & =2 kst o A0 iz
F AN EEGRF AT IBE R R BT R mﬁ? VRO TE RS E A
GRS REEARDEMN Y - 2 e o AT YIRE S L R S AR NS
Bk o AS B A% HTS 1 (FRIT « AP ard ® el KBRS ALE ~ 2 A ApM T2
VEERAFY BGFR 6 S W TRNIBAIE Rk Bude rI3d5 o

341HMM-based 7§ & & 2 3t

ETHMM 2353 £ 3 A AR HdcB 33477 » LR A S PIRIE A S5 BRI

(=) pE:

ﬂW%wﬂ”%?ﬂ@ﬁﬁaw+’lJﬂ%ﬁ@ﬂﬁé*&’éﬁﬁﬁﬂﬁ
(spectrum, 1 f ®#E )2 2 B & g e £ 0@ 2 ELI% 4 (excitation,logF0) 14 2 H # i
e £ 83 RO F R 0k foe Ao 4T BA 4T IR e % 4R F&‘Sﬁ?
PR BRI NGB WA AR Y A E AR Ap R ¢ 7 A
Mg A E 2 AP EZLEd HMM 'R - 24 & & & H ~ehg 8 PFachcd]
PR AR rd R AR PSR S H RN R e A F I
~ ~4p B S HMM 3] -

(=) &ppg:
RO F R F o d S e iR kIR TR > £ 5 B ERR
*%%ﬁ“(%%ﬁ%}ﬁ%&47$i@fﬁ)aﬁ%ﬁwﬁﬂéwkﬁéiﬁﬁ$
T34 S E A2 AR SRR ] BB A A v I AE D H 2 HMM
jJ;nﬁ%%&aiﬁﬁ;,,%ﬁwﬁu&wﬁ@vpﬁ&ﬁ&ﬁw@ﬂ%@muw
Spectrum Approximation filter, MLSA filter) & = 3% § 3t ?,i%] Ao

&> HMM 2 3% 4 ARt 2B (1) ¢ ph PO LES 2FE

E o P FRE FRAT rm@.;ss—mﬁ £o(2) 2B A GERSS T X 3] (Multi-space
Probablllty Distrioution HMM, MSD-HMM) » 247 20§ § e B0 (e &5 fwn F
TOfRARANE Bl R R 03 i > MSD-HMM Bt 2 R § reh S

ol
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A= o f iy SR AF o QYA B g £ B B o gy
B g e B0 0 3 & S PR B MLSA filter 245 f g 3 s BB R 535 B o

| HER R

 RATE

ipe

i et

Y

3 v
S R TS S8
PR B
— |
HMM3/ 5% |«

ESHR

2 RAPTE | HMMH-A] R R = 23k
\
) ) s v
i WTIE 1o AR P FRAE > EAES
?

#3m2  fhge

1

e ks

Y

RS
\
W

\
ml4
™
o
S
E=y
e

Bl 3.30 AR E T A A2 3

342 % I,ﬁf"’ AE« rﬁé‘»#t'* 5w E
P8 el w B2 B HTS &t

=4 M en =R B ARE g R AR o A &R
AL S 2 :ti FBct N FE A E WAL o

in-

34218 8% %%

fBLArd B ae P B Y 2 logFO BB AL 5 4 ik £-#k(Static feature) o i &
FIH s L S H A o j&l{#fﬁi

TG ;5 i"f"”{ BT o AR g
F)§ & 4k 1 $  $-dic(Dynamic feature) i

SRR A WS PR R B2 L
A LE S FER O HMM 53] S b o 18 ks Hé*HMM TER E SR ARRY B
L A=

AAeH AR Aot o AT HMM 5§ & 2 B

Sl i SR RN ECE
Voeds fE S BcE P EF A SBARF M o S MRS @] RS ER iE: R A
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R Sl 2 B Sl B WS Al SRR > 2 SRR AT B R €

£ o =[0(1),6(2), c(M)] 5 Br i mht bl i 3 £ (GlAAE RHe) 7 A

v e - IEE A, 0 B D FEE G S BACE ST

A'c.= > o (i)c, > n=0,1,2 (3-5)

&

o (i) 4 7 % nFEE LSBT P Bt codE I ST I Bl T AT (E Y P

IR S AR L™ i 5 8 8 2 o

n n n n
" = (l),...,a)_L(n),...,a)O,...,a)L(n),...,O (3-6)
L t L

BRSEARLEFR DR LA EF L NP ESFRTHER 0" P G 17
o R R 4T
1 1
AC, =—C,,, ——=C,_. 3-7
=56~ 56 1)
2
A'C = (Ct—l _Ct)+(ct+1 _Ct) (3-8)
AR 42 o - FEE ZFED R SleenB

Bl3.4: - FE2 - pEE A B R ]
d B lj'ﬁﬂ’, ’» — ]‘vb?frvﬁg%:ﬁﬁftffrp Z j\_e/m%;@%‘}gt}-;.ﬁ M, 87— BEAUZ



Agrf e Lo - § A f e i

R S o O3 S B 2 H
S SRR NEN T R RS SR ST Y 8 R T

EE'#E] -4‘: o 1\. IFB ﬁ&_%;

B3 LTS N Y

@)
|
—
HO
o

n
o
4
[
3
=
@]
—.
-
(@]
N,
o3
3
bei
o
7
3\
B
=

4o 3.5 #77 :

O W C

C; Ol 1{0]|0 --- / C 1
Aﬂf_ D f— [} % “ e MT
&”D 2|-1{0 --- K
] 0[1[0 -
| 3MT .. 3MT
D-:[“
= 0lof1
acy 0[50
g
ol e 0]-1)2

T —

135 faELisa L H

Wt i B £ 3MT x MT » #- R A i iy
Bx EMT x14 ~ 3] 3MT x1 o

\\ﬁr
i
3
gl
o
o
3
=2
\\\Xr
e
9
Il
o
\\\Xr
i
[

3422 282 2 FE 2
Wl AR 2 35 Joy RIFEAR e A A4 B E o PR R (82 4P M
% S8R 7SS, Sy 0 i HMM B23I5E Rl (e T RIBR B AN A,,.., Ay 0 12 3]

%%+ % 0,0,,....0, * O, & d T5iEw» & 4 (Mean vector) 2 = % B #+ &

U, (Covariance matrix)#te & @ = » 4 frU h@ R & 3 3G S8 - [F& & S8 2 =
FRds il S lcen B AR E TR BN iR 2 2 B 3

B RS ENC, AN FIFH SR BP0 S EE S R S SRR R
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3.6 &1 °

HMM model
B HMM model
y
A m ...... /\ ......... A
h 4 2y Iy
i C=Rr=(WUw)" (WU )
C, Chevvvvnnnnenn Colvnnennnnn vas C,

B 3.6: ¥ =7 X B

EARRMESE A 5e B30 0={0,0,,..,0,) BFALEBH»F ¢

S HMM 53 A= {4 A,y | o B2 0T 300 % & 5 A [, i,y | 0 5 R B

o Ay =diag[U,U,,...U ] AP ZEH IR EF oI AZE2 07 BF 5% hC > 4

T"{ﬁ I Bz nC @ P(O|A)“ﬁ BAaiEo He O=WC - o P(O|A)E’~§'¢fﬁ'{f§_%§'§l] .

log P(o|A):—%(o—AU)' A (0-Ay)-K (3-9)

#e K:%Iog|AU|—gMN log27 » O p B o
B S HC s o Bimcs R e 2 SRS E

ologP(WC|A)
oC

=0 (3-10)
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WU 'WC =WU"'xu (3-11)
LA PET C C=RTr

A9 R=WUWad r=WUy -

343 3§
BEFEFEFONRL B R FAEF IR AN L EFE PR TR AT
PENLLELHE AT H SRR E R FE 7]\5#56;5:{-;}:;;? L A H AL B B

4+ o A fmd HTK (Hidden Markov Toolkit) 24 1) #=* % .,54 ST HMM #3] » #975 3
ALig 7 3 4]+ 2] (Forced Alignment) o ¥k 2.5 38 > H ¥ & 2 12 A | 34
¥ % #(Mel-frequency Cepstral Coefficients, MFCCs) £ i: ¥ ¥+#c & (log energy) » % H — ¢
Hem B2 IR o Aot oA e B HRIE S & 38 o § = o) (frame size) 5 32ms
3 == 4% (frame rate)zx % 5ms o

d HTK B34 2 2818 > AP R* A% T2 BETRp 02357

EH A B p—‘* ek &7\/,}@; oy A AR SUE S S Mg TR T S
3@: B A SRR 2 BAEFRH S M EEES AR 2 2 e ak i
BlBHA 0 B HMM ghp # i*J Tl BRI PR AT A A mf’iuzf;i GRS IEL A
Boo B EFREVIOF T UGIEFFF i B g (8 100 2§52 ) 0 {8 EF I A
TR K p BES LR o

N

2 2, 4L
& ko

344% *pH TR

EAHRSER R B FE IR R Fr WA TF“Q e RS
N H A2 H R 2 j\;}gﬁkgﬁfm P AR ET NS RS A A E A e
S H AT e HTS 2 SUF B 15> ~4p Bl ﬁ.‘%ﬁrzi—%‘\#ﬁﬂ: LR UREREE 5
HooE e R i#ﬁiﬂf@‘f« SHch £ AFF o AL TR hESE AL B
# (short pause, sp) 3t > % 3.9 5 2 A4p Rl T Ao P ¢
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%390 ¢ AMph T AR

Rt l/ﬁiﬁﬁ(mltlallfmallsp)
pl u%l% [RERFETH
p2  |ERIEREERETH
p3 | N —{EEEHERRHFTH
27657 (Syllable)
t1 A (A
2 |ERIEETE
t3 | N —{EE e
wl | E R EVALE (E AT EOK)
w2 | E AT P EVALE (E R I EOK)
w6 | EEIL B A e
sl |&ERIEEIEA F AL E (LRI EK)
2 |ERIEHEITE @qﬂﬂﬁmﬁ(ﬁééﬁéﬁiﬁ)
B O A TR
1: 0
PM ; ; -
4: Eﬂmﬂfr_ﬁ*”
5 IAERETTR
=i (Word)
w3 AT E5E 2 E S 4H
w4 | E AT EE 2 A
w5 | N fE5E 2 {E 4
POS1{Ri—{ElEaHY ] 14
POS2|& FifgaHYza] 14
POS3| T~ —{Elza Az 14
a](Sentence)
s3  |AT—{lE AT Ha 2 {E 4 A
s4  |ERIEFH&E LK
s5 | N —fEa)FH 2R FAH A

345 ML W R A S

AR AR ST L FRD OHTS Z 2 AP ¢ RGN EEEFAF o 57

EXBGEHEAHNES AP R
#B BT ﬁF‘TF\:B%g°
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(=) f=HE Al TRy erEAZHARELL-BEIHE~

PoOBRFEF R RS RS BEE #9 R A
> OBAFINEIRESEL S TR
> BEFEEY A a~e~i~o u~ii BA#H

(= FAM CARFTF

> FAawv ags (L5~ 55)

Y
0
hn)
g\\

B #c
() #Eamu T L AE Az HGS L - AN

> #21.2-3-4-5-8

346 BIIE T

Ak Bfo HTS #r0d mHMMﬁ‘-’ 118 » A TTS 59 (vpF > 2282
ERMFRDER > AR EF N A p RITPAIREG o A FM\%'%’I% E“ **éﬂ‘f e
e FREF RS FHF R EAY VD 2 FERFHEF DRFEEE L bAr i
wa—\—w\_k-ff‘%{mv ""ﬂ]:f'v'"’" B Wi’ﬁ*g ’%&'F'm]f‘l °4)3

F L Aol AL R PP AR RBER R
HREE 0 Rk ity 23R o

—HRA R - BFEEET T & AP - BRI F AT AR
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1084 syllable 4,710 4,707 9,417
I 380 380 760

432 BF K2 2
(a) # Hx 5 B~

B ] o ﬁ' A FEFI AL HEFFFE 2 FRERRES L2
P m hFF gy P o BRILE AR il RS R Gk
(Mel-Frequency Cepstrum Coefficient, MFCC) » 77 7 » #-i¢ * J e ddicr 1 32 £ )2
% P ¥ (Hamming window) * # =4 10 %f/'j S-ELFHFE122MFCC4et L &
Gl R ie 13 Mkl - FFE - PR % £ (delta and delta-delta) 5 32 %8 v H % aag
Al REFPLERE T “‘f-i e E Gl W 38 Aw B AL AMTES T
2 BB Ptk AF Y B G4 H T EE 1 AR E] 2 (Cepstrum Mean
Normalization, CMN);@‘%;LL iﬁ"‘f P REFER G AE R

(b) ¥ 3% HF a2 2=
d %@ % Flat Start 2/ SUES B0 B B RGE & JF TE 3 A epE A i 1 BB FE AR
A EFOREFS FEFARA RS FLEIR  FIAFE LI F &P AR
Fp* #i-3] (Right-context-dependent Initial / Final Model, RCD) %43 5 F 4L g & e 2> £
g &y 2= 8 PVRE FHEEHA > HaE 2 4240 B 45 97 o
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Syllable to
RCD-I/F phone Phone set
AM Dictionary
Speech

Bace —

Train Train Tri-phone
Forced Mono-phone Tri-phone P
Alignment AM AM AM

Question
Set

Transcription

Syllable Mono-phone
Boundary AM
Information

B 45: HF BFHA2& 2004

Ay 2 B BB A 13 4 (phone) 5 H o g &%F = i 4 2% #-73](Cross-word
Tri-phone Model, Trl-phone) & - B A2 HMM #2335 * 3 B¢ = I + (left-to-right) e
A di(state) & o @ * B E @ E AR ﬁﬁﬁiﬁmgﬁﬁgﬁég%ﬁma
%m€’#$aa%@&mix1’ﬂﬂ@%fgiﬂﬁﬁm;ﬁﬁFEWﬁﬁﬁf@

AT HMM BCR] e i = % 4 3w b ik # #H(Classification and Regression Trees,
CART) i $8cA Feh™ 2 > @ % 357 F AR AL R i AR 40 > i 1R Ao i
T o

OR:E 2 55 ERE
éﬁﬂéw‘%w ﬁmwﬁﬂﬁ’ﬂﬂ’$£*4i%°”ﬁ*mw‘?

I =
v FP H

~

#-7] (Mono-phone Model) i HMM #-73| engedpst 8 > B F {4 2 Ar 2 & cnd & 2P
MR BFEA S HGERESN2 & %EJ%* 4335 M 8) s 2> FF g =
i 3 % #73](Bilingual Tri-phone Model) » H 2= = i f24c 8] 4.6 #7177 ©
< Cluster <> < Question <>
Rule Set
cl;?sl(t:;rlffl:ts Clustering Tr:A;;E:Igne
‘
‘ ‘
Distance Mono-phone
Bl 4.6 B T3S
A433FFEIZ R
R 46 BFEFHAE T AEFFR RN BFR BT T
Bk Flo BEHEA G RERBAFAF T E L PR FREASEFE T £
ﬁmgﬁﬁ%%&“mﬁ*ﬁmx%’mﬁga%yiﬁgmﬁﬁﬁ Hiepwek
?iﬁﬁmW£5?%ﬁ%a%%°wM%P”${¢ﬂb TERDRFR FHRELFS

B - BABOEF T R R X I F YRR OEF R EE IR LR AN - 5

B3

i e
p
e

o
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EFA AR AT EF AR PRy R0 R EREFT PHEELEA = o T
FRFEFESEFF A GOSN LR g FhTES g E R
Wi 4 RiEd > Fodek 413112 £ 414 -

# 413 WEFH % &
BARE(L7)
(©) (8) (4) -
Mb Mn Mm Myl Me Men M FNULLL
Mc Mp Myl Meh Mng M _FNULL2
M_ch M_q M wul Mo M_yi3
Md Mr Ma M_wu3
M_f M_sh M_er
Mg M M_yi2
M h Mt M_yu?2
Mj MXx M_wu?2
Mk Mz
M1 M zh
2414 L35 % &
BEEE(LT)
B E(21) fiE o TE BRE s
2) (6) ®
HHH Hm HI H.uyil H a H ek H_FNULL
HNH Hn H wul H_eh H_em
Hb H.ng H_ii H_en
Hc Hp H o H_eng
Hd HJg H wu2 H_ep
Hf H.s H_yi2 H_et
H g H_t H_wu3
Hh Huyv H_yi3
Hj HX
Hk Hz

by 3 2E4ed
B LATIES R A IR BIREAAI REI R L3R BET T6
BH 2 o Fhmdck 415 9757 o
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£ 415 ERLHLEEL S S

BARE(34)
B 5(42) frE o TE R s
(©) (14) (12)
Mb Ms Hk Myl M_e M_en M _FNULL1
Mc Mt Hm Myul Meh M ng M_FNULL2
Mch Mx Hn Mwul M_o M_yi3 H_FNULL
Md Mz Hng Huyil M_a M_wu3
Mf Mzh Hp Hwul M_er H ek
Mg Mm HJg M_yi2 H_em
Mh HHH Hs M_yu?2 H_en
Mj HNH H_t M_wu2 H_eng
Mk Hb Huv H_a H_ep
M_I Hc HX H_eh H_et
Mn Hd Hz H_ii H_wu3
Mp Hf H_I H o H_yi3
Mg H.Jg H_wu?2
Mr H.h H_yi2
Msh Hj

(c) log-likelihood measurement
Log-likelihood measurement [35,36] & ¥fipf § & B4~ 8T hg & w3 B B FEd e

B 050 £ 0, & % KEWT 5§ F A NS ESS] RS BE FHAMEM LR

HFEL A5t (3.1) 7

1& 1
D( ) EZ ( i,klMi)_EZ ( klM) (4-1)
k=1
FIFN(3.1) & I e T 2 s H BT 350 @ (7 3 log-likelihood measurement :
1
Di’j=§(D(Mi,Mj)+D(Mj,Mi)) (4.2)

29 £(0,IM;) 5 O, 3 % HA M, 5 Log-likelihood o # 3+ & 43¢ (4.3) %7 7 » & *
& 4L 2 (Viterbi algorithm) 45 91 e i e f5

1 T
f (Oi,k M i ) = T log (mxax{ax(o)x(l)nbx(t) (Oi,k,t)ax(t)x(t+1) }] (4.3)

Oy ®7 5 O, * chi t B &5 s sample - x(t) 2 7 5 %t sample #7/ <

v 44

state » a, g, » F X(1) 2 X(t+1) A % o b, 5 ¥ X(t) B state 5 likelihood -
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( |kt) ZCJmN( |kt’zujm’ ) (44)

m# & &b & state ¥ % miE mixture > ¢, %1 5 b e state ¥ % m B mixture >

weight - & & - log-likelihood measurement % e/ 424 5 = i 3% » ¥ Fde ™ !
R 1 B EESREEE R sy S R I R aasE i RV VIS5 RS
fEt (forced alignment) -

DB 2 - N EEERESEE T R > PIAQ.2)5 R n—HRE = (Fh ) R

log-likelihood measurement - HLE D, ; °

AR 3 MUESTR MY D, ) M B S — Y RIEERERE A N PR -

% 4.16 % 129 log-likelihood measurement 3+ & & % 3 2. B 3 # #03) (hpede » 1995 5F
BE - H- PR R T o
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% 4.16 : log-likelihood distance

22T AT 2B
O L N ...l I il S—
SR FEISEOIE  BREA SESHEE
1 4.264 H_eng Ei=|=2) M_ng =)=
2 4.408 H a TTH M a yIn=1
3 4.444 H_en Ei=|=2) M_en HHE
4 4815 H_yi2 TTH M_yi2 TUHE
5 4972 H_eh Nz, M_eh yIn=1
6  5.065 H_I o M_| B i)
7 5251 H wu2 T M_wu?2 T
8 5472 H s o M_s (=25,
9 6.127 H m R} M_m Rt
10  6.469 H_yil v M_yil ViN=1
11 6.479 H n B} M_n B i)
12 6.526 H x R} M_x R}
13 6.542 H_et BHEE M_yi3 HHEE
14  6.646 H z R} M z R}
15  6.669 H_t L=35x M_t iE45A
16  6.678 H p BR M _p L=35,
17  6.684 H b (=25, M_b R}
18  6.726 H_h B} M_h B
19 6.878 H o TLE M_o TLE
20 6.886 H j Rt M_j =
21  6.936 H c L35 M ¢ L2385,
22 7214 H_d L) M _d =
23 7.286 H_f L35, M_f E=45A
24 7.589 H_ii N=1 M_FNULL2 ZEHaT)
25  8.070 H_q Bi M_q L2385,
26 8277 H_ek BHEE M_wu3 HHEE
27 9324  H_wu3 Ei=]ES M e yIn=1
28  9.363 H_ng A M_r =
29  9.437 H g &t} M_g =38
30 10.306 H_yi3 R M_er n=1
31 10.860 H_FNULL ZEBETT M_yu2 n=1
32 10.916 H k L35, M_k Rt
33 11.791 H_HH L35, M_sh Rt
34 12343 H wul =3 M_wul =3
35 13.354 H_em fi=(=2} M_FNULL1 ZE B L)
36 16.263 H_NH B} M_yul =3
37 18.600 Hv =38 M_ch =38,
38 22677 H.ep R M_zh L= 38
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BF ONRBAAFEFAE PR S S EE R R AT 22 By
He 8245 UAB~AF 1B~ ~F5BMEEE2B «Fwoick 417 12 418¢

%417 %;3‘:;:‘} % C Z‘\'Fé\vl,q ]gm'l‘:—]%

BHEE(26)
R (28) & TE BRE
4 ©) (10)
Cbhb Cs Hv Cuyil Ca C _eng H_FNULL
Cc Ct Mch Hwiul Ceh C en M_FNULL1
Cd Cx Mg Myl Co Hek M FNULL2
Cf Cz Mk Mwul C wu2 H em
Ch HHH Mg C yi2 H_ep
Cj HNH M H_ii H et
C Hg M_sh M e H wu3
Cm Hk Mzh M _er H_yi3
Cn H.nNng M yu2 M_wu3
Cp H{ M i3
% 418 & @EHo %
s
iy SR apte seRbew

BEE K GE

Phone 38 38 76 54 40.7%
Initial 21 21 42 28 50%
Final 40 71 111 100 11%
Syllable 411 673 1,084 1,008 7.5%

44 E#FF3 3
441 B+ EFF 7 w1l
AAEEETHALEHEF R(eXR) €7 i JE a4
Ciexa (W| W )
Pbaseline (Wi |Wi—1) = CtextA (\Ni—l)
Basetine (Wi—l) Roasetine (Wi ) , Ootherwise

+ Coan (Wi W) 2k

_ Cn(w)
(%)= G (W)

P

baseline

 Croan (W) 2K

Coxn (*) % T30 B B3> F (textA) 1 7= i o

51
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442% - £FF 7 %3
ﬂ?r%m?*?%éﬂﬁﬁ*’@“&“ﬁ**éiﬁ%%%%%f yﬁ%&
A2 fFEnen(R 19,213 B bi-gram) #rruF A s r —i H i 3
W Rl RIFFT AL SRS
PRypIRF 2 5 ﬂﬂ@’%ﬁ%i%%éiﬁﬁﬂ’?u*ﬁwéigéﬁyﬁﬁ
R EEFHERT REPEESE NFF NI AT BT B Sioe 8

R kT R e =

. Join Join Join
Baii/lllne Hakka »  Mandarin Mandarin
POS inf. POS Inf. LM
Stage 1 Stage 3
LM LM

470 5% F3E T A A

4ol 4.7 57 LI BHE S SEH B BT A AR RET R4

%
> =2y ke =T > X)L = = =21 o % L
E Pl R 3F 0 47 L FEE % 3 ol H 2% #‘QVT A

Pasetine (W | y Croan (W, W) 2K
. (W Twy) (Wiyy W) 2

P Wy . (4.7)
( | i 1)( POS W |\NP ) (1 ,B) trans (\N| |\N|—1)) ' Otheanse
il
ou)-| ™) Coun() 2K @
| (ﬁ pos ( I) (1 ﬂ) trans( |)) , otherwise
"t! ¢ a(vvi—l):]'_ (Z - I:)baseline (Vvl |\Ni—1) ;T I:)pos (VVI I\Ni—l) é‘ T “:’T—d F" ‘*‘F'—'E\) HLT‘L* o
w; eC(Wi_g,W; )=
FF’ P % ]] trans (Vvl |\Ni—l) ;’3" W;%;%; %E:ill ?"{%Li‘i ﬁf"‘] :g“ ;Iz"iﬁ-'q‘ 'Br }é'l l/é'f‘»

FHmhh oo

(@) ¢ FTHFHT AE 2 5F 5 103l (Stagel)
ER AR s 5 N e e B[R & % PEEF 3 > 2 % class N-gram model 5
WIEfCR M o BIPiE e FiT T 3 P8 uﬁu: AeFAL R A AR A o
ar;\ (4.9)% 3 (4.10)#7 7
Poos (Wi W)= D> Ry (W 1G(w))Py (G(W)IG (W 1)) Py (G (Wes) I Wi y) (4.9)

G(w)G(w4)

'fr'
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29 G(w) %7 2w iEw anpiEiiie s P (G(w)|G(w,)) P, (G(w)) %+ 2 #

AL Ry (G (W) W) 1o Ry (W IG (W) #7183 37 i 42 3 T e i B 1102

R e S PITICI R R0 2 PR e B RICT - § £ PRl
LI C 2 R3S R (B)PIAD Ko R L R el

’%

) CtextB (G (Vvl
textB (G

Py (G(w)IG(w,) ZW D)) (4.11)

Cooxs (G(W,))

R (G(w))= G%)Ctexm (G(w) (4.12)

M OEEE SRR R R R Ao s RER R E R T kA B 2t A
A BRR ANEd A T EENEF I EMNEFLiC)FEA ko HP A1t
FEYROEFWIEEFREORBRE T L AT R ¢ FF DEFFIE S AL R4
Fove iy mEdgwik LEBHEMARI T R 'i?‘:frf‘”’ Wiy
PR D oo ATiEs BHEA B B ES BRIARRE S
PextB (G(W|)|W|) ! CtextB (Wi’G( |))2k
= Pit (G(W,) W, )P, (G(w, .
R (G(w)lw) a, s (G (%) 1) R (G (W) , otherwise (4.13)
> P (G(w)
G(w)
%AGMHN)
WECmmW k v P 2 s SIS ’ LA
2 s, =1- (G2 Sk E- BV EE > FHBST T K R
zpextB( )

BT ALt RR B RA B F 2 RR P LN Ao B T -

BHRAS Fli R a2 498 EEREEP (\NilG(\Ni)) CRIgE 2

FRB B PR AL T A B Y BRI R e N R
&@HGmmzaﬁﬂwﬂw)

R (G(w))
#49 PR

baseline (\Nl) b S LT Al e ¥ o

Pbaseline (VVI ) (414)
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R fmsbﬁ;w 3R R AT EF FFHE 0 T
S P AHF T A7 Ve

.:l[;]! 1E)»’ -|%q+$;&,7-

el . Build Hakka
Build Entry and
Translation —b» yar
Model Translation
Mapping Model

Mandari Build Mandarin Retrain Hakka Hakka
a_P arin Entry and POS —® Entry and POS Entry and POS
ext Mapping Model Mapping Model Mapping Model

Mandarin

Train
> Mandarin
POS Model

B 4.8 RFEFHEF AF 7 A a2 A2 F

B 4.8 5 R 77 Ao 2 i A2 - A & 21" FE FREEF I
I“* ’%ﬁv* PR LR EHEI O X YRR AR L I REPEFEY 2
R AR R BN S SRR o TR A AR L BRCE a4 E BE

B
ZPM (G(Mi)|Mi)PT(M (W|)|W|) ’M(Wi):Mi

P e (G (W) [ W) =4 ™ _ (4.15)
P, (G(w;)|w) , otherwise

By (16 ) =z M)y (4.16)

Coum (G(M14),G(M,)) 417

Py (G(M)IG(M,))=

}1 R (4 17),, d J;&]Fg F R m;?éﬁi?‘; » 34(4.15) 2 5%(4.16) 5 A PFHE-RE D
S iz BHCAS A N(4.9)F N(410)¢ T

}

-k
s
ol
ﬁ?“
ot
¥
=y
R
i)
£
l-r'
i
=
—
5
Wi

B B TR R B Y M AR RERE L M(W) A5 B EF W R

F0 R, (G(M)IM) 2 7 B s &1 af et 03] 5 P (M (W) W) £ 7 £ 38305 22



BRI R, (G(w)) £ 7 RIF P I 90 unigram § R, (W) £ 7 BT -

RSy B R - Henh B o
A FRRFEF 0 TR T REFEE RGO D 2 RE R
‘1’] ) “'F'FS’\?’ 1l |é * FE? _Ei mﬁ*"*‘l-'ﬂs ’\ ) )ugbﬁ: * @:m’}ﬁ_

Cooan (G(M)))

PM (G(Mi))= Z CtextM (G(Mi)) (4.18)
émm)
e
P, (G(Mi)ll\/li)=c““tM (6(M.).M,) (4.19)

CtextM ( Mi )

#‘%‘% r' B2 ""{ bk’ %ﬁ’%m %@’Fkﬂlj 3T fr@f)ﬁqu =l % e l/':w{ ""E’ %uﬂ‘rﬁ*f@g\
Hoo T A AR A *Um%%?§lﬂim@#ﬁ%ggﬁim He 4 1fLze

m%%?%Wﬂ@#@ﬁﬁ%—ﬁ@@vi’&qﬁ%ég%ﬁﬁgﬁﬁﬁ RN

GRS A e S BR S o B0 RS ECNT I o 2 A BT RS B R R R
B
PtextB(M (Vvl)lvvl) ! CtextB(\Ni’M(\Ni))Zk
Pr (M (Wi)|Wi)_ : PtextB(M (Wl)lwi)PTrans( ( )) ’ otherwise (420)
( )le'rans('vI (VVI))
M (w;

> PtextB(M(wi)IWi)

W'EctextB(W M( )) k

He o =1-— ok H— B W BcE  F MBS HS K PR

2P (M () 1)

Y AR T ) W R R TN

Bt Bl 2 0 23e 8T BRI A B e BB RIS N cBn R
W RS A AR i 60,000 302 MM G T A 5 2 R A
Whod 419 w7

% 4.19 1 WF fF2 60,000 37 A F R
Al

VAN

TR TgE s

Casel 14,636 57.3%

Case 2 9,487 37.1%

Case 3 1,419 5.6%
&5t 25,532
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> Casel

PR R FAREET R o AR FERY
v IFB F‘-ﬁhr—g EET 60,000 FI

HEARA HIE BER=E K

Fla bt enig feca 9 B R KEE 7 i AP H I T TP AR
T st ip il E A W G Al A T
P

TranS(M (Wi))= Pv (M (Wi ))

> Case 2

K] 2% 2 &J’ ’*Lﬁ’» =

(4.21)

LN S Al TR ARE Y FERY Anoai ok
SEELE TS IE 5 = LR R RS &L o

7 60,000 3 P o pLIRA R F G R RFEFIE R B
R

— ANBEEZRE —FZETEREF  ALEE

Y & X1 2T 201 0C 2] 2 B 4 N
e 7 BRFEF R R TS

bl THE , AEIRERIEER TR BHERES T, A1 THY 5 4K

LS I SR SRR e R 0 e S
Z % 60,000 PR s > L 5T Sl A i
I:?I'rans('vl(\Ni)):PM (M(VVI) I\/|11|\/|2’ Mn)

M

(4.22)
=PM(M1)P ( 2| 1) PM(Mnan-l)
B ndorRERTFI nBRFIEES o
» Case3
ﬁ*J}i S 2R N g ST gﬁfé’ffrﬁig\“ Fiie o kAREEd ®iEam 60,000 37 e
’3\; ’%KA:\{[—‘]I ﬁ#ﬂzF%z }3 ’
B4
-
BEE 7T B ADRE- F
I;IJ'Q\T'
rEE, e THE, Bl O THEEES, 3%
e ﬂﬁfﬁ‘r Wuﬁ‘g SfuE i B &Y RE 60,000F 3t e FapRiE ARE Y F
ALY AU RPE S R d RFEF Y BELETT S Fj‘e.’”T-"lﬁ’ﬁT’WjL;Eﬁﬁbﬁfﬁ?

RG] A e
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(c) & BFF:E % Bl 7 2 35 5 103 (Staged)

S LR ﬁﬁfﬂkﬁﬁ”w%%¥iﬁ@“wwﬁ?ﬁﬁﬁhﬂvﬁﬁﬂoﬁ%%%-
Bt 419 ¢ w s REiE gt i Case 1 enfiim o wuf W RFE R EE P A Hoehah
& 0T .

Prrans (Wi |WH)= Z R (Wi M (Wi )) P (M (Wl)l M (Wifl))PT (M (WH)|WH) (4.23)

w7 o)
2R (WIM (W)= B (M (W) ) & 8585005 82 et Rl S
P (M (W) M (W) % BIE3E 3 B3] 0+ 1293845 5 + 60,000 37 -

# 4.20 : Stage 3 £3F:F 7 HEAIR A R R

T Ve B

(perplexity)
0s, trans SE F
(Pos. 1) “Siskamil HIstaER
(1,0) 979 1,320
(0.95, 0.05) 1,229 1,725
(0.9,0.1) 1,238 1,730
(0.8,0.2) 1,230 1,756
(0.7, 0.3) 1,251 1,796
45 EF#T HY
PEAAEHD 2 REF AR RARPE A PP YR EFES
FRFTOF IR LA TFF TR NORF R RE N S G LSRG AT D
?ﬁ’?@@%%¢@fﬂo
G| et

BRI 222 (4Rt iEek)
(EEFEEE) HEWAE EgER

ﬂ%»ﬁﬁjﬁkiﬁﬁﬂﬁﬁﬁéikuﬁp AT R DEFFSF
P TIE A B2 IR R RGE T A R e

_r
e
¥
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Bl 4.9 5 BeEsd 7 A EINARR > * B8RP WEFAE vt o] %533
TR RE PR B B Y A ficdo N (4.24) 3 5 (4.25) 4 F
k

P(IM)=—— , M, ehili I
( I) Cbilingual(lvl) Ie Ilngua (424)

#d Cyy M) &7 e Bk BF@iFdkp o k 5 BF@F gy ord gt
bilingual

Bled ¥ s 2 AT @3 P P i o

P(w [w_,)=1-k)P(w|w_)
P(M, Ivvi,1)=—cb"m k,(M)
P(B,|B.,)= g“ak (4.25)
P(M,|M,,) =G W)
P(w, [M,)=(1-k)P(w)

He BA7EEFE Va hRFFEMSEFREW S P(w w,)feP(w) 5 4.4 &

EAE =i gk =2 el VR I
Bl b R e RB2ZF TR ¢ P FEAFE DA BT AH PR

AR drd 421 9P o
%0421 F HAR AR Rl

N Bigram Perplexity
A=t o=
Flsatrt  AEEEE
Baseline 19,213 1,149 1,559
gy StagE 1 7,712,200 1,013 1,366
= = == %U ) ) ) )

ratint = AL Stage2 12,003,727 979 1,320
Stage 3 20,762,457 1,229 1,725
Baseline 16,312,103 ; 885
EECESE=HEAl  Stagel 24,008,914 892
Stage 2 28,300,441 882
Stage3 37,075,131 853

W4 42l 7 ERBZBAFR
(1) Z3F3F % #3] - tp ¥ baseline m 7 » Stage 1 2 Stage 2 $f3 Z 353F § 75l

FoAE MG T R P AR R R o 4 Stage 3 Frde S 0 H P R4

R AR AT R FAIRRS NG FRE -
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(2) #3E3F 7 #4) - Stagel I Stage3 $>+ p HF el 4 & o R BT N £ 5
dem MEA o
(3) Stage2 #2 Stage3 thZ B HEZPEEE R A 7 0 HR A R Stage3 P & % 30

Stage2 ; fe &> A FEFREFEFH  BRA RIAApF che P IMBIRLY G F

46 RE%ES 2 1%
PEBAEAF TG R RKTE SR DT E 5

46.1 BFHAF =%

- RS A 2 f:'xs'é %:#%‘eﬂ 5”%;1—4 R3FG s AT g RArE 2 2 JBER S
5 #3(Mix) ~ B33 22 #5031(M) ~ 235 85 53 (H)Z{ REFL IR E B2 B3 5 7
(H+M) % = B &5 3] fp@%;:m ZEILS SRR 3 422 44 BRI GMM g o

% 4.22 : $-3) mixture #i#

Model Unit Mixture
H RCD-I/F 19,813
H Tri-ph. 19,784
M Tri-ph. 52,807
Mix  Tri-ph. 52,627
H+M  Tri-ph. 72,591

~

SF o R A R T 2 5 % 1 A S LR g PR s B
PR R %w\"g} G FEILIOL e o

xx)
>R L LR
404230 7 BEECY C BrEL3 SEODEREEAL G SRS R

Model Unit Syllable Text Cor. Acc. Del. Sub. Ins. Total
H RCD-I/F H H 5136 50.18 598 8,789 228 19,299
H Tri-ph. H H 5352 5231 557 8,413 234 19,299
Mix  Tri-ph. H H 5216 50.87 580 8,652 250 19,299
H+M  Tri-ph. H+M H 49.99 4857 541 9,111 274 19,299
Mix  Tri-ph. Mix H 43.43 4220 592 10,326 237 19,299

d & 4.23 7 g MR & B HAIMIE 2R EFHAI(D2 F FrRLF ik
P RS ﬁ‘?%s—i 5 @ FELF A3 EFE RCD-1/F %5 #3]40 % 7 Tri-phone %%
BRI B SRR EEERAH LSS SaprRs R L6
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RE >y FIELR O] RS EETRIEFERES & (FrRLE & 1,008 B &
E%@ﬁaﬁﬁﬁﬁﬁﬂﬂmmmawﬁm%pm%i% FHETRIRG  FHFHEEF
FEAE e FRLF TR R F(d 50.87 % 3 42.20) 0 BIF FTHAFFRES F
FLEREIEFEFELLAANSORES S GEeEEAT4cE 5.3 A E R L H L BE
BERANLED L RFAp G S e B b o Jpld S I f R F
T AT R EEFRAY - R DI BRI B RGER KR 70 RE
A EFER o M B EZ B EE AN 2 HIM B2 -

% 4.24 : Substitution p? &3 4 * ¥ :‘:IFL(>4O K)o wmt Lz oE
E@j(y?l}mufanbljazﬁﬁ

0 Eriv o v

HE44  Substitution(%) 4 [FHERZESE = A R 2
1 31.5 H_zien M_jian 10 54
2 29.8 H_me M_mei 13 47
3 29.4 H_mien M_mian 15 51
4 29.3 H so M_sou 10 41
5 28.4 H zo M_zou 8 67
6 28.4 H_zung M_zong 19 116
7 28.1 H_do M_dou 99 541
8 26.9 H_tung M_tong 34 104
9 26.7 H_sii M_si 47 265
10 26.5 H_gau M_gao 20 98

Foeo ﬂanF = % e HMM ﬁ:i'l °

> ORED ERFLLR

B FHAFARER 2425 s dFmysnd i od AV 5 I EFREES
A2 R EF A2 f & FRLF VR B S FRLF LT 2 PR T R0
HHEE e BT 0 RS EE A SEIELY O RS SRS EERE S SR
B G BA GEF Ao PR EELE T R R FIT G AR S RE O IGEREREF
HIPGERL R o i A BEE T S HMM D R e ot BRI T T
BFERE 84 3 E B A R F e B A SR

24250 7 BE RO HIELS SETREARERL S SRS R

Model Unit Syllable Text Cor. Acc. Del. Sub. Ins. Total
M Tri-ph. M M 71.28 70.63 416 8,553 201 31,252
Mix  Tri-ph. M M 7051 69.96 478 8,739 171 31,252
H+M  Tri-ph. H+M M 71.20 70.56 420 8,580 202 31,252
Mix  Tri-ph.  Mix M 69.75 69.19 476 8,978 175 31,252

> R SRR
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Bt HEEREEEH A & R A R 2 R Y R
L e wz_g L ?Eﬂu LRUHEEA L ETEUS I RE LR
R BT L b gt e 426 47

#4.261 7 b B EFRIFFA LS SRR

Model Unit Syllable Text Cor. Acc. Del. Sub. Ins. Total

H+M  Tri-ph. H+M  Mix 30.60 28.76 239 6,296 174 9,417
Mix  Tri-ph. Mix Mix 37.58 36.75 331 5547 78 9,417

i 4267 GRLFVEIRY @Y BREFARIRLE O BFRE
PARRWEREEL FENT s LA LSS o P2
T 6 HZ FFHAIEY A ET PG & R e A L -

BB ) e
= R r‘]f@v*u

462 £FH 3 HAUN =

R R R AL E R D WA RRR S At o TR E S Bl g o P A
L E B T R DT T R S AR .

dO R R PR EE T D T R R B ATIR S - R R

%IﬁﬁﬁJ%iﬁgﬁngﬂ?%’uﬁ%a%iﬁo

B EFEERA L SR LA B3R A (Right-context-dependent
Initial/Final Model, RCD) » = - %vﬁ 2. HMM 234 % 3 B d = 3 + (left-to-right) e
i (state) £ 51 0 A FE* 2 HMM #-3 RI4R* S B RE k&7 « 2P & - BREMTE32
B % 274 # 2. % 218 & ficd] (Gaussian Mixture Model, GMM)# i H e S ¥z » % > %
FHA 2 HMM 3% 22 f & 5pad4cd 427 2 4 428 #77 o

# 4.27 : HMM #-3] 2. 3% 2

HMM S AE 7 INRE(ES HAIEE
Right-context-dependent Initial 3 87
Final 5 71
Silence 3 1
Short pause 1 1

% 4.28 : RCD #-8 474] % & 7pind

Correc
t
51.38 50.19 601 8,801 230 19,338

Accuracy Deletion Substitution Insertion Total

BE ORRY PESEFEAHENADEFF S RAREIRLT 5 - B G
CEFWHEFTA NSRBI L ORFFPETAFZBIAE L RFE AT
ARG EFERA A WArd 429 4 430 2 431 4% o
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% 4.29 1 E3F % A1 (Word) e
LM Co;rec Accuracy Deletion Substitution Insertion Total
Free grammar  23.31 21.44 1,770 6,934 212 11,350
Baseline 42.05 40.79 2,026 4,551 143 11,350
Stage 1 45.81 42.99 1,436 4,715 320 11,350
Stage 2 46.99 44.45 1,530 4,487 288 11,350
Stage 3 47.28 44.56 1,476 4,508 309 11,350
% 4.30 @ %3% 3% 5 W4 F (Character) 3335

LM Co;rec Accuracy Deletion Substitution Insertion Total

Free grammar  45.43 42.67 316 10,236 534 19,338
Baseline 60.15 58.99 475 7,232 223 19,338
Stage 1 62.11 60.79 401 6,926 255 19,338
Stage 2 63.26 62.17 546 6,559 211 19,338
Stage 3 63.28 62.12 513 6,588 225 19,338

% 431 : £33 2 43 & (Syllable) 7z &

LM Co;rec Accuracy Deletion Substitution Insertion Total
Free grammar  60.88 57.97 344 7,221 562 19,338
Baseline 67.58 66.29 501 5,768 249 19,338
Stage 1 70.05 68.63 421 5,371 275 19,338
Stage 2 70.26 69.07 565 5,187 230 19,338
Stage 3 70.44 69.18 532 5,184 244 19,338
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80
70
60
50 -
40 -
30 A
20 1
10 A

66.2968.6369.0769.18

o8 9960.7962.1762.12

Accuracy (%)

Word Character Syllable

B Baseline M Stage1 M Stage2 M Stage 3

410 2355 Walymad

Tk
=

d B 410 23R EAIRLS T g N EFARE T HAIE o r T T
f6 0 2 g A FAREF EFRLET PP EORS B ErRLF R °
B4 RIFE R TSP Ly i StagellM 32 7 1.46% o #t EEsRLA T 0
AR LFARFRRGT I HN AL APRLE R G P AL > ot s P
BFEiF gt my -

BFLSPTFE T UHI O IR FRR S 5 B F R o ATt R B IR L
baseline % % #-4] % Stage 1 *# Stage 2 3% % 3l chyRd S § b i chypF v 3 =
B 411 5 P Rgde 2 g if o

-

30.00
20.00
10.00

0.00

90.00
80.00
70.00

g 60.00

& 50.00
(1]
5 40.00

3

<

M baseline M stagel M stage2

B 411 : 8T H3e P A §T o4 e i 2. TOP20(37 i = #c % »% 15 =)

PGRE S  0 d BURR I R RS R

63



80
70
__ 60
<
\5 50
s 40 -
8 30 .
Q
< 20 A
10 A
0 -
B baseline Mstagel M stage2
4.12 : SRR RCE B B R LAY SR GRS 40 X)

E S VA R I LA E G R REFET AL G AT
ﬁﬂoéﬁﬁmﬂ’z ﬁ(@%&?@hﬁﬂ& @¥’ﬁtaﬁﬁmﬁﬁ<%9
W OR R 0 AT R 4 FAE e P e 2 S gﬁan P Ag o ¥ %L.Es*p z 3 (Nb) e
ﬁ”*wfﬁx’hﬂ F] ¥ *aﬁ»F@Sfﬂ%’ﬁaéﬁéﬁ%@iém%’%

RHEELE TR
plek s Bo4e » FIETE S BEA] T (Stage 3)BF o #3T Stage2lM @ 3 o 3 FRRR S R
B2 011% B R el o pARTNG TART - s R RNFF TR
Aleobigram i TR TP 2y B o -~ EEWFORFOHBERE RS  AM G
ﬂ?i“?i°:‘r%fﬂm*ﬁ?%méwgw¥mﬁ@ AN EAE 1Y T
7 MEFRETR T AAN I HEORFE D HERY RFF D AT Y
2
F

463 H#FF R FERT &

R g FRRR A& 0 P AR R ART L SRR LS L R R &
LEZ A BERAI RV R o T2 462 & EFF S AT &ED] 0 4o r
R # 7 W3] 73 (Stage3) >t Stage2 @ 3 & 2k I 2 PAE o AT L I TR
BEAIRK 3 A4 W4 Stage2 2 Stage3 h% 35 5 1Al 0 4 » WFEF 2 F G Bk ahe gk

PR BRI DEFERREFLAN I PN ALF OREF AR A NEFE A

P REEEFant b5 L3 iE s 7380 2206) o IRy R A A E T B
(Stage2 % Stage3d) » 4 W ¥HEE R & BEHAI(MiX) 2 B 4% & & S EF 531 (HHM) Bt
Fanb oz A 47 o FmpRL S ded 432 4T o d A0 EFFRLF T P R O MIX
FEFHAIFELF P B HIM 8 F 503 kit o 2 ¥ 0 BRI BRREE

T R R > 4o ik 4.33 T
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%4321 EEIRRI 2R

AM LM Unit Cor. Acc. Del. Sub. Ins. Total
None Syllable 3758 36.75 331 5547 78 9,417

Word 40.15 37.16 349 1,413 88 2,944
Character 56.03 54.33 137 1,934 80 4,710
Syllable 57.98 56.24 140 1,839 82 4,710
Bilingual ~ Word 4158 37.84 303 1417 110 2,944
(Stage 3) Character 57.15 55.27 126 1892 389 4,710
Syllable 58.13 56.14 131 1,841 94 4,710

None Syllable 30.60 28.76 239 6,296 174 9,417
Word 25.44 21.33 463 1,732 121 2,944
Character 40.08 34.86 134 2,688 246 4,710
Syllable 43.42 38.09 140 2,525 251 4,710
Bilingual Word  26.12 21.98 443 1,732 122 2,944
(Stage 3) Character 40.83 35.61 142 2,645 246 4,710
Syllable 43.84 38.47 150 2495 253 4,710

Bilingual
Mix  (Stage 2)

Bilingual
H+M  (Stage 2)

#4330 T E IRALPIRLE A 4
L% () R
LR EREEE % SEINE A

AM LM

Bilingual 28 56 (630) 16.12 (119) 1.04 (23) 72.49 (535) 2,206 738
H+M  (Stage 2)

Bilingual 2910 (642) 17.21(127) 1.04(23) 71.82(530) 2,206 738

(Stage 3)

Bilingual 3409 (752) 58.27 (430) 2.22(49) 32.25(238) 2,206 738
Mix (Stage 2)

Bilingual 3586 (791) 58.67 (433) 1.99 (44) 33.06 (244) 2,206 738
(Stage 3)

d P4 RS Stage 33F T WAIH AT Stage 2 @ T FWFELAFAAEE R o Mix B
BRI RF kg et anfles s BRI R F AFRLL 2 o AN EF L A2 oo ir
B2 HIM BFHAIFRARF R FE R 5 FRus 23550 o B ¥ 0 BREE § S FRLIER

/.1{*;‘%2
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% 4341 B R SRR G SFELY AT

FEER% () B

AM LM
FEOIEHER EREEMER & - > & KuE BEEE
N 55.15 79.31
Bilingual 17.78 (263)  0.80 (26) 3,231 1,479
(Stage 2) (1,782) (1,173)
H+M
. 55.15 71.76
Bilingual 19.13 (283) 0.84 (27) 3,231 1,479
(Stage 3) (1,782) (1,150)
N 55.15
Bilingual 64.16 (949) 1.80(58) 32.86 (486) 3,231 1,479
(Stage 2) (1,782)
Mix
. 55.15
Bilingual 64.64 (956) 1.86 (60) 32.45(480) 3,231 1,479

(Stage 3) (1,782)

d A& 4347 50 MIX BFHAIP RS BES & asdy o £2 < W% MRES &5
e B A F oty BIR% Hﬂﬂ%ﬁﬁ = Mix B8 #7403 & esns o
é”%&ﬁ?{,ﬁm’E{?m¥m4ﬁpmkiﬂ’ﬁﬂ{ﬂﬁFHWﬁﬂ$¥%
WF%':’% ;‘:fl%;zk; i.r';%':’% 5" > =3 Mﬁi‘g\' r'FPFF ""’H;T g EE’ ﬂ\{’@;{ﬁ]ﬁ;r‘ﬁ—% 5" ’ 3@
i I RS G et zii_aﬁl °
70
58.2758.67
60
°
< 50
o
g 40
3 28.56 29.1
< 30
o
S 20 - 16.1217.21
=

Hakka(H+M) Mandarin(H+M) Hakka(Mix) Mandarin(Mix)

B (Stage 2) M (Stage 3)

B 4130 3 2 E3 T B8 333 Fens FRnd 1 i

§ Bl 413 7 5 41 Stage3 i+ A ¥ BEIE S kg A d 0 4§ L
Mix %5 #53] & H+M BF 53] F > WE 2 E TR 'FK?)‘S A e ¥ oA A T G
RFZF 7 NG R AR TUETEREEFRVHEEZF R kR &> @
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B Y PR OPF I > Stage3 3 3 i P AR Stage2 3F 7 WA o &2 F > HEE
B el B o 4o @) 4.14 17

70

60 55 155515

50

40

30
20

Syllable Accuracy (%)

10

0

Hakka(Stage2) Mandarin(Stage2) Hakka(Stage3) Mandarin(Stage3)

B H+Mm B Mix

M 4141 3 b 85 021500 3535 5 FHLL FRLS R

o HHM B8 #5038 Mix B8 #0317 2 > 2§ Aig * Stage2 3% 2 fA) & Stage3 3#F
A HRRES %‘ﬂmi”%'p.’&’—?,a (I f"a?i%A R H EF R S FRLF LT B o MiX
BE R FIe b Fandqg > A F afet o
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CFREFL - EE TR FRLE M R

AP &P R fERE EF I T L REER B PeF L ARER
@%L%’K&@%&J%WﬁfMfﬁgﬁﬁﬁ‘#ﬁﬁﬁﬁ’?E?Fw RN R
e E R (PR EER AR ﬁ‘“‘j?%Wﬂ) 2 B PFAM R
¥ ﬁ&—wﬁbl FRREBZFAEDALZRMGE LR RT3 FH 2244
FRIR* o

AFLZFL2 PR FT 2L AP ELF R B SR AR
PR T e BRI AER AR — e T’ ir L o R s T
TS kR EE K T A LSRR § P Cam 2l | f¢ 7 (v %2300 chikdg » 2R
HFPWE VA e RT RAREL P F o R TR BTV VR, Y j AR
B IR L enF R o 215 0 AP SRR BT AT THT ) AT iR o fAPF ke i o
oS B B A S 2 NIEE KA TATA D L F T B 05, d L -
o B FRE T-7 ) 2 2@ 3R 2 HFREF L (delininative
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g’y B 84 E B R (tentative) bl e d o AP E 03 éfﬁﬁﬁ*},‘rfﬁm*ﬁ
ko edee FREAERFLHT2 8 T, a0 dldxFefs [F-Fw-4-
e Poeg Uit ] (de i A S F T ) A T R TS T R A
EiE- AR e AR T T MY - g R e § 2 REGF BR
‘i’fﬁrv‘r?v F 4% G- BN (odw A FEWTEGF o H FAF o F ) A QIEJ(;L&_I— e
%*f%%*%ﬂmrﬁjﬁr RN T R R T
AL B B R B R B T R L ] fl 0 A PR

ﬁ7ﬁﬁﬂmrﬁJ”J#ﬁﬁ?%*%mia,’%L’am% NALR o e

v "f‘f‘i*ﬁﬁ"ﬁé /"%‘Fr‘ﬂw Rt oo BRHESNPFLARD T - B - B

mﬁﬁw&’ﬂ TR EERET F RPER RS B A TR 2 A%
B4R (immediate anter1or) Bt P S R i BN (B A ]
(de B2 772 o 3 nra (D) B ERARER T T - g A G R
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SEidil s AR P S (N o AL
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B e | FE | B | B | @A | E | B | 3| @l | 7E | OFE
1 bi b i 30 bok b ok 59 piak p lak
2 be b e 31 buk b uk 60 pok p ok
3 ba b a 32 pi p [ 61 piok p iok
4 bia b ia 33 pa p a 62 puk p uk
5 bo b 0 34 pia p ia 63 mi m i
6 bu b u 35 po p 0 64 me m e
7 biu b iu 36 pu p u 65 ma m a
8 bai b ai 37 piu p iu 66 mia m ia
9 boi b oi 38 pai p ai 67 mo m 0

10 beu b eu 39 poi p oi 68 mu m

11 bau b au 40 peu p eu 69 mai m ai
12 bin b in 41 pau p au 70 moi m oi
13 ben b en 42 pin p in 71 meu m eu
14 bien b ien 43 pen p en 72 mau m au
15 ban b an 44 pien p ien 73 miau m iau
16 bun b un 45 pan p an 74 min m in
17 bang b ang | 46 pon p on 75 men m en
18 | biang b iang | 47 pun p un 76 mien m ien
19 bong b ong | 48 pang p ang | 77 man m an
20 | biong b iong | 49 | piang p jlang | 78 mun m un
21 bung b ung | 50 pong p ong | 79 mang m ang
22 bit b it 51 | piong p iong | 80 miang m | iang
23 bet b et 52 pung p ung | 81 mong m | ong
24 biet b iet 53 pit p it 82 miong m | iong
25 bat b at 54 pet p et 83 mung m ung
26 bot b ot 55 piet p iet 84 mit m it
27 but b ut 56 pat p at 85 met m et
28 bak b ak 57 put p ut 86 miet m iet
29 biak b iak | 58 pak p ak 87 mat m at
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B | @A | v | O | B | EE | 75 | OE | B | EH 5 | O
88 mut m ut 117 ve v e 146 deu d eu
89 mak m ak 118 va v a 147 dau d au
90 mok m ok | 119 VO v 0 148 diau d lau
91 muk m uk 120 vu v u 149 dem d em
92 fi f i 121 vai v ai 150 dam d am
93 fe f e 122 VOI v oi 151 diam d ilam
94 fa f a 123 van v an 152 din d in
95 fo f 0 124 | von v on 153 den d en
96 fu f u 125 vun v un 154 dien d ien
97 fai f ai 126 | vang % ang | 155 dan d an
98 foi f oi 127 | vong % ong | 156 don d on
99 feu f eu | 128 | vung % ung | 157 dun d un
100 | fam f am | 129 vet v et 158 | dang d ang
101 fin f in 130 vat % at 159 | dong d ong
102 | fen f en 131 vut % ut 160 | diong d iong
103 | fan f an 132 | vak % ak | 161 | dung d ung
104 | fon f on | 133 | vok % ok | 162 dep d ep
105 | fun f un | 134 | wvuk % uk | 163 dap d ap
106 | fang f ang | 135 di d [ 164 diap d iap
107 | fong f ong | 136 de d e 165 dit d it
108 | fung f ung | 137 da d a 166 det d et
109 | fap f ap 138 dia d ia 167 diet d iet
110 fit f it 139 do d 0 168 dat d at
111 fet f et 140 dio d io 169 dot d ot
112 fat f at 141 du d u 170 dut d ut
113 | fok f ok | 142 diu d iu 171 dak d ak
114 fut f ut 143 dai d ai 172 diak d iak
115 | fuk f uk 144 doi d oi 173 dok d ok
116 Vi % i 145 dui d ui 174 diok d iok
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B | BH | v | O | 5% | EF | R | Y | B | @l | 78 | OF
175 | duk d uk 204 | tet t et 233 | nap n ap
176 ti t i 205 tiet t iet 234 nit n it
177 te t e 206 tat t at 235 net n et
178 ta t a 207 tot t ot 236 nat n at
179 to t 0 208 tut t ut 237 not n ot
180 tu t u 209 tak t ak 238 | nak n ak
181 tiu t iu 210 | tok t ok 239 | nuk n uk
182 tai t ai 211 | tuk t uk 240 li I i
183 toi t oi 212 ni n i 241 le | e
184 tui t ui 213 ne n e 242 la I a
185 teu t eu 214 na n a 243 lo I 0
186 | tiau t lau 215 no n 0 244 lio I i0
187 | tiem t iem 216 nu n u 245 lu | u
188 | tam t am 217 niu n iu 246 liu | iu
189 | tiam t lam | 218 nai n ai 247 lai | ai
190 tin t in 219 nui n ui 248 loi | oi
191 ten t en 220 | neu n eu 249 lui | ui
192 | tien t ien 221 | nau n au 250 leu | eu
193 tan t an 222 | niau n jau 251 lau | au
194 | ton t on 223 | nem n em 252 liau | jau
195 tun t un 224 | nam n am 253 lim | im
196 | tang t ang | 225 nin n in 254 | lem | em
197 | tong t ong | 226 | nen n en 255 | lam | am
198 | tiong t iong | 227 | nan n an 256 | liam I iam
199 | tung t ung | 228 | non n on 257 lin I in
200 | tep t ep 229 | nun n un 258 | lien I ien
201 | tap t ap 230 | nang n ang | 259 lan I an
202 | tiap t iap 231 | nong n ong | 260 lon I on
203 tit t it 232 | nung n ung | 261 | lion I ion
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wE | BN | TR | BE | BB | BE | 78 | B | 5% | @i | 7E | §F
262 lun I un 291 zio z i0 320 | zep z ep
263 | lang I ang | 292 zu z u 321 | zap y ap
264 | liang I lang | 293 ziu z iu 322 | ziap y iap
265 | long I ong | 294 zai z ai 323 ziit VA it
266 | liong I iong | 295 zoi z oi 324 zit VA it
267 | lung I ung | 296 | zui z ui 325 | zet z et
268 | liung I iung | 297 | zeu z eu 326 | ziet z iet
269 lip I ip 298 | zau z au 327 zat z at
270 lep I ep 299 | ziau z lau | 328 | zot z ot
271 lap I ap 300 | ziim z im | 329 | zut z ut
272 | liap I iap 301 | zim z im 330 | zak z ak
273 lit I it 302 | zem z em 331 | ziak z iak
274 let I et 303 | zam z am 332 | zok z ok
275 liet I iet 304 | ziam z lam | 333 | ziok z iok
276 lat I at 305 | ziin z iin 334 | zuk z uk
277 lot I ot 306 zin z in 335 | ziuk z iuk
278 lut I ut 307 | zen z en 336 cii C i
279 lak I ak 308 | zien z ien 337 ci c i
280 | liak I iak | 309 | zan z an 338 ce C e
281 lok I ok 310 | zon z on 339 ca C a
282 | liok I iok | 311 | zun z un 340 cia C ia
283 luk I uk 312 | zang z ang | 341 co c 0
284 | liuk I iuk | 313 | ziang z lang | 342 cio c i0
285 zii z i 314 | zong z ong | 343 cu c u
286 zi z i 315 | ziong z iong | 344 ciu c iu
287 ze z e 316 | zung z ung | 345 cai c ai
288 za z a 317 | ziung z iung | 346 | coi c 0i
289 Zia z ia 318 | ziip z ip 347 cui c ui
290 Z0 z 0 319 zip z ip 348 | ceu c eu
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wE | BN | TR | BE | BB | BE | 78 | B | 5% | @i | 7E | §F
349 | cau c au 378 | cut c ut 407 | sen S en
350 | ciau C iau 379 | cak c ak 408 | sien S ien
351 | ciim c iim | 380 | ciak c lak | 409 | san S an
352 | cim c im 381 | cok c ok 410 | son S on
353 | cam C am 382 | ciok c iok | 411 | sun S un
354 | ciam C lam | 383 | cuk C uk 412 | sang S ang
355 | ciin C iin 384 | ciuk C iuk | 413 | siang S iang
356 | cin C in 385 sii S i 414 | song S ong
357 | cen C en 386 Si S [ 415 | siong S iong
358 | cien C ien 387 se S e 416 | sung S ung
359 | can c an 388 sa S a 417 | siung S iung
360 | con C on 389 sia S ia 418 | siip S ip
361 | cion C iong | 390 SO S 0 419 | sip S ip
362 | cun c un 391 sio S i0 420 | sep S ep
363 | cang c ang | 392 su S u 421 | sap S ap
364 | ciang c lang | 393 siu S iu 422 | siap S iap
365 | cong c ong | 394 sai S ai 423 | siit S it
366 | ciong c iong | 395 soi S oi 424 sit S it
367 | cung c ung | 396 sui S ui 425 set S et
368 | ciung c iung | 397 | seu S eu 426 | siet S iet
369 cip c ip 398 | sau S au 427 sat S at
370 | cap c ap 399 | siau S iau 428 | sot S ot
371 | ciap c iap 400 | siim S im | 429 | sut S ut
372 ciit c iit 401 | sim S im 430 | sak S ak
373 cit c it 402 | sem S em 431 | siak S iak
374 cet c et 403 | sam S am 432 | sok S ok
375 | ciet c iet 404 | siam S lam | 433 | siok S iok
376 cat c at 405 | siin S iin 434 | suk S uk
377 cot c ot 406 sin S in 435 | siuk S iuk




wE | BN | TR | BE | BB | BE | 78 | B | 5% | @i | 7E | §F
436 gi g i 465 | gang g ang | 494 kia k ia
437 ge g e 466 | giang g lang | 495 | kua k ua
438 gie g ie 467 | gong g ong | 496 ko k 0
439 ga g a 468 | giong g iong | 497 kio k i0
440 gia g ia 469 | gung g ung | 498 ku k u
441 | gua g ua 470 | giung g iung | 499 | kiu k iu
442 go g 0 471 |guang| @ uang | 500 kai k ai
443 | gio g i0 472 | qgip g ip 501 | kuai k uai
444 gu g u 473 | giep g iep 502 koi k oi
445 giu g iu 474 | gap g ap 503 | kioi k ioi
446 | guai g uai 475 | giap g iap 504 | kui k ui
447 | goi g oi 476 git g it 505 | keu k eu
448 | qui g ui 477 | giet g iet 506 | kau k au
449 | gau g au 478 | guet g uet 507 | kieu k ieu
450 | gieu g ieu 479 | gat g at 508 | kiau k iau
451 | giau g iau 480 | guat g uat 509 | kim k im
452 | gim g im 481 | got g ot 510 | kam k am
453 | giem g iem | 482 | gut g ut 511 | kiam k iam
454 | gam g am | 483 | gak g ak 512 | kiem k iem
455 | giam g iam | 484 | giak g iak | 513 kin k in
456 gin g in 485 | gok g ok 514 | ken k en
457 | gen g en 486 | giok g iok | 515 | Kien k ien
458 | gien g ien 487 | guk g uk 516 | kan k an
459 | guen g uen | 488 | giuk g iuk | 517 | kuan k uan
460 | gan g an 489 | guak g uak | 518 | kon k on
461 | guan g uan | 490 Ki k i 519 | kun k un
462 | gon g on 491 Kie k ie 520 | kiun k iun
463 | gun g un 492 | kue k ue 521 | kang k ang
464 | giun g iun | 493 ka k a 522 | kiang k iang
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wE | BN | TR | BE | BB | BE | 78 | B | 5% | @i | 7E | §F
523 | kong Kk ong | 552 | nguai | ng uai 581 | ngok | ng ok
524 | kiong Kk iong | 553 | ngoi ng oi 582 | ngiok | ng iok
525 | kung Kk ung | 554 | ngui ng ui 583 | ngiuk | ng uk
526 | kiung Kk iung | 555 | ngau | ng au 584 hi h i
527 | Kkip Kk ip 556 | ngieu | ng ieu 585 he h e
528 | kep Kk ep 557 | ngiau | ng iau 586 ha h a
529 | kap Kk ap 558 | ngim | ng im 587 hia h ia
530 | kiap Kk iap 559 | ngiem| ng iem | 588 ho h 0
531 kit Kk it 560 | ngam | ng am 589 | hio h i0
532 | Kkiet k iet 561 |ngiam| ng lam | 590 | hiu h iu
533 | Kkat k at 562 | ngin | ng in 591 hai h ai
534 | kut k ut 563 | ngien | ng ien 592 | hoi h oi
535 | Kkiut Kk iut 564 | ngan | ng an 593 | heu h eu
536 | kak Kk ak 565 |nguan| ng uan | 594 | hau h au
537 | kiak k iak | 566 | ngion | ng ion | 595 | hieu h ieu
538 | kok k ok 567 | ngiun | ng iun | 596 | hiau h iau
539 | kiok k iok | 568 |ngang| ng ang | 597 | him h im
540 | kuk k uk 569 |ngiang| ng jlang | 598 | hem h em
541 | kiuk k iuk | 570 |ngong| ng ong | 599 | ham h am
542 | kuak k uak | 571 |ngiong| ng iong | 600 | hiam h iam
543 ngi ng i 572 |ngiung| ng iung | 601 hin h in
544 | ngie ng ie 573 | ngip ng ip 602 | hen h en
545 | nga ng a 574 | ngap | ng ap 603 | hien h ien
546 | ngia ng ia 575 | ngiap | ng iap 604 | han h an
547 | ngo ng 0 576 | ngit ng it 605 | hon h on
548 | ngio ng io 577 | ngiet | ng iet 606 | hiun h iun
549 | ngu ng u 578 | ngat ng at 607 | hang h ang
550 | ngiu ng iu 579 | ngut ng ut 608 | hong h ong
551 | ngai ng ai 580 | ngiak | ng iak 609 | hiong h iong
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w5 | B | TE | B | B | EH " | By | BB | Bl | 7E | BE
610 | hiung h iung | 639 | am |INULL| am 668 | ng ng |FNULL
611 | hiing h iing | 640 | iam [INULL| iam | 669 iui  [INULL| iui
612 | hip h ip 641 in  [INULL| in 670 |ngung| ng ung
613 | hap h ap 642 | en [INULL| en 671 | nguk | ng uk
614 | hiap h iap | 643 | ien |[INULL| ien
615 hit h it 644 an |[INULL| an
616 | het h et 645 | on [INULL| on
617 | hiet h iet 646 | iun [INULL| iun
618 | hat h at 647 | ang |[INULL| ang
619 | hot h ot 648 | iang [INULL| iang
620 | hak h ak | 649 | ong [INULL| ong
621 | hok h ok | 650 | iong [INULL| iong
622 | hiuk h iuk | 651 | iung |[INULL| iung
623 i |INULL| i 652 ip |[INULL| ip
624 e |INULL| e 653 | ep |[INULL| ep
625 ie |[INULL| ie 654 | ap |[INULL| ap
626 a |INULL| a 655 | iap [INULL| iap
627 ia |[INULL| ia 656 it [INULL| it
628 o |[INULL| o 657 et |[INULL| et
629 io [INULL| io 658 iet |INULL| iet
630 iu |[INULL| iu 659 at [INULL| at
631 ai  [INULL| ai 660 ot |[INULL| ot
632 oi |INULL| oi 661 | iut |[INULL| iut
633 | eu |INULL| eu 662 | ak [INULL| ak
634 | au |INULL| au 663 | iak [INULL| iak
635 | ieu |INULL| ieu | 664 | ok [INULL| ok
636 | iau |INULL| iau | 665 | iok [INULL| iok
637 | im |INULL| im | 666 | iuk [INULL| iuk
638 | em |INULL| em | 667 m m |[FNULL
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Abstract

In this paper, a Hakka Text-to-Speech (TTS)
system is implemented. It is an HMM-based speech
synthesis system. The work focuses on the realization
of a Hakka parser to tag the input text into word and
POS sequences. The difficulty lies in the lack of a large
text corpus to train a robust Hakka parser. Motivated
by the fact that Hakka is a dialect of Mandarin Chinese
s0 as to share many linguistic properties of Chinese, we
adopt a new approach to constructing a Hakka parser
via extending an existing CRF-based Chinese parser to
attach a Hakka dictionary and incorporate some Hakka
word construction rules. Besides, a pause predictor is
designed to estimate the inter-syllable locations to
insert pauses for improving the fluency of the
synthesized speech. A subjective quality test confirms
that the Hakka TTS system is a promising one.

1. Introduction

In Taiwan, there are three major languages
including Mandarin, Min-Nan/Taiwanese and Hakka.
Over 90% people speak Mandarin, about 70% whose
mother-tongue are Taiwanese, and only 10% speak
Hakka. In the past, there are only few studies in both
Min-Nan and Hakka TTS [1,2]. This is due in part to
the lack of a unified written form representation and in
part to the difficulty of collecting a large speech
database. In recent years, Taiwan government started to
pay more attention to mother-tongue education
including Hakka. This motivates us to realize a useful
Hakka TTS system for the society in this study.

Hakka includes several sub-dialects, namely Hoi-
Liuk, Si-Rhan, Ta-Pu, etc. We choose Si-Rhan as the
target in this study. Just like Mandarin and Min-Nan,
Hakka speech is a monosyllabic and tonal language.
Each character is pronounced as a syllable carrying a
lexical tone. There are only 671 base-syllables and 6
tones. All base-syllables have the same initial-final
structure like Mandarin and Min-Nan base-syllables.
There are 17 initials and 72 finals. Although Hakka

speech has similar linguistic characteristics as
Mandarin speech, its written form is just going to be
standardized. This is mainly pushed by the Council for
Hakka Affairs of Taiwan. But, the written system is
still not popular nowadays in Taiwan. Three main types
of word written forms can be found. Many Hakka
words directly use the written forms of the Chinese
words with the same meaning. Some Hakka words are
represented by their own specific Chinese character
strings. Usually, the character string can be pronounced
in Mandarin with sound similar to the Hakka word it
represents. Lastly, some extraordinary syllables are
represented in the Romanization form. Due to the fact
that the written form of Hakka is not widely used yet, it
is difficult to collect a large text corpus. This makes the
text analysis very difficult for Hakka language.

In this paper, the design and implementation of a
Hakka TTS system is presented. The HMM-based
Text-to-Speech (HTS) [3,4] technique is adopted to
realize the system. The study pays special efforts on the
issue of realizing a reliable Hakka parser using
insufficient Hakka texts with the help of an existing
Chinese parser. Besides, a pause predictor is also
implemented to improve the HTS-based speech
synthesis.

The paper is organized as follows. Section 2
presents the proposed Hakka TTS system. All
functional blocks of the system are discussed in detail.
Experimental results that evaluate the system’s
performance are discusses in Section 3. Some
conclusions are given in the last section.

2. The Implementation of Hakka TTS

The Hakka TTS system is composed of four main
parts: parser, pause predictor, context analyzer and
HMM-based synthesizer. The input text is firstly
tagged in the text analyzer into word and POS
sequences. Then, the pause predictor estimates the
inter-syllable locations to insert pauses. The context
analyzer then generates the synthesis unit and some
language parameters. Lastly, the HMM-based
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synthesizer produces duration, pitch, and spectral
parameters to generate the output synthesized speech.
In the following, we discuss each part in more detail.

2.1 The Hakka Parser

In this study, we adopt a new approach to
constructing the Hakka parser because we do not have
a large text corpus to train a robust Hakka parser. The
Hakka parser is an extended version of an existing
Conditional Random Field [5] (CRF)-based Chinese
parser attaching with a Hakka dictionary and

incorporating with some Hakka word construction rules.

The use of this approach is motivated by the fact that
Hakka is a dialect of Mandarin Chinese so as to share
many linguistic properties of Chinese, including using
the same Chinese character set, using many Chinese
words, and having a similar syntactic structure. An
analysis of a well-tagged Hakka text corpus, which
consists of many short articles of stories with total size
of 63,158 syllables, reveals that the percentage of using
Chinese words is as high as 48.97%. So, a Chinese
parser can be used to assist in tagging Hakka texts,
especially for processing those words commonly used
in both Chinese and Hakka languages. As for the words
with different form, we attach a Hakka dictionary and
incorporate some Hakka word construction rules to
process them.

Figure 1 displays a block diagram of the proposed
Hakka parser. It consists of five parts, including
symbol normalization, word segmentation, POS tagger,
word construction and grapheme to phone. Since the
proposed Hakka parser is an extended version of an
existing Chinese parser, we first introduce the Chinese
parser and then describe its extension to Hakka
language in the following.

2.1.1 The CRF-based Chinese Parser
2.1.1.1 Symbol normalization

Since the Chinese parser takes BIG5 tokens to
process word segmentation, the symbol normalization
converts the format of input character sequence from
ASCII to BIG5. Besides, it normalizes various BIG5
codes of each punctuation mark (PM) type to a single
representative BIG5 code.

2.1.1.2 Word segmentation and POS tagging
Word segmentation and POS tagging can be
formulated by

W",S" =argmax P(W,S |C)
o (1)
=argmax P(S |W,C)P(W |C)

where W , S and C represent word, POS and
character sequences, respectively; PW |C) and

P(S|W,C) are correspondingly word segmentation
and POS tagging model. In this study, both word
segmentation and POS tagging models are
implemented by the technique of Conditional Random
Field (CRF) [5,6]. To simplify the decoding process in
Eq. (1), top-N (N=3 in this study) word segmentation
sequences are firstly generated by P(W |C) and then

rescored by P(S|W,C).

Character sequence

Symbol
Normalization

Character sequence l L

Word Segmentation Chinese Lexicon
Top-N Candidates i L ) .
of word sequence, Words/POSs

POS Tagger

i

Words/POSs sequence {}

Word construction Word construction Rules

[

Words/POSs sequence@

Grapheme to phone

Pronunciation dictionary

}

Word/POS Sequence, and phonetic/phonological label

Fig.1: A block diagram of the proposed Hakka parser.

The CRF-based word segmentation can be viewed
as a label-tagging problem. The word sequence W is
expressed by a tag sequence Y that represents character
positions in words. In this study, a six-tag label set [6]
that includes B; (1% character in a word), B, (2" in a
word), B; (3" in a word), M (middle in a word), E (end
in a word), and S (single character word) is utilized.
Hence, the CRF-based word segmentation model is
expressed by

PW |C)=P(Y|C)
~ 1 T | ~ (2)
= N(C)exp(;;/l. (Y, = y,YwC)J

where N(C) is a normalization factor to ensure
ZP(Y |C)=1; | represents the number of feature
Y

functions; and f. (Y, =v,Y,,,C) is a feature function
defined by

1, if C=h. is satisfied and y=y
fi (Yt:y,Yu,C):{ i k

3
0, otherwise ®)
where h; represents the j-th possible feature context;
y, is the k-th possible tag to be labeled. Generally,

feature contexts are organized into several groups,



referred to as “feature templates”. Table 1 displays the
feature templates used in this study.

Table 1: Feature templates used for word segmentation

Feature description
C, Character
R, Radical of Chinese character

PM, Pronunciation mark(0,1)

Length of the longest sub-character string
WL, containing the current character that matches the
entry in the Chinese lexicon.
Six-tag label of the current character that is inside
of the longest sub-character string containing the

Whh current character that matches the entry in the
Chinese lexicon.

DP length of maximum repeated string in the sentence

" (long-term parameter)

Six-tag label tags of current character in the

DT, maximum repeated string in the sentence (long-
term parameter)

D, Is the current character a digit?

E, Is current character a English alphabet?

Feature template (separated by comma)
Character context: C,,,C,,C,,,Cr,,C" ,(C,, C...)
Radical context: (R, R ),(R; R, ),(R,., R.,)
Lexicon information: (WL, WT,), WT,";" ,(WL, WT, DP, DT, )
Digit information (D, C, D,,,)

alphabet information: E;,, E™, EM

n-17

Notice that the four features (C,,, PM,, Dy, E,, WL,
and WT,) were proposed by Zhao [6]. We suggest
addng the other three features (i.e. R,, DP, and DT,) to
model words that is related to their radicals or proper
nouns that are frequently repeated in a paragraph but
not included in the lexicon.

The POS tagging modeling is also realized by
CRF with targets of 46 POS classes and features of
word, and candidate POSs, etc. Table 2 displays the
feature templates used for POS tagging.

2.1.1.3 Word construction

Some word types cannot be directly identified by
the CRF-based word segmentation due to their high
productivity. They include determinative-measure
compound words, derivational words and reduplication
words. Some word construction rules are incorporated
to identify these words using some components, such as
stem, affix and POS, obtained by the CRF-based word
segmentation and POS tagging.

2.1.1.4 Grapheme to phone

The function of grapheme-to-pone is to generate
the phonetic and phonological transcriptions, like the
syllable type and lexical tone of each syllable, for

speech synthesis. Here, this is simply implemented by
looking up the pronunciation dictionary for each word
tokenized by the word segmentation and POS tagger.

Table 2: Feature templates used for POS tagging.
Feature description
PM,  Type of punctuation marks

WL, Length of the current word in character.

All possible POSs of the current word (available if the
LS, current word can be found in the Chinese/Hakka

lexicon)

The first character in the current word(available if the
FC,  current word can NOT be found in the Chinese/Hakka

lexicon)

The last character in the current word(available if the
LC,  current word can NOT be found in the Chinese/Hakka

lexicon)

Feature template (separated by comma)

PM context: PM"}
Candidate POS context:
LS,,,Ls,,LS,,, LS, LS,
Special features for words not included in the lexicon: wL, ,

FC,, LC

Lsrrlwl , LS n+2

n+l

n

2.2 Extension to Realize the Hakka Parser

We now extend the above CRF-based Chinese
parser to a Hakka parser by attaching a Hakka
dictionary and incorporating some Hakka word
construction rules. The Hakka dictionary contains
34541 entries. Words in the Hakka dictionary are of
higher priority to use than those of the Chinese
dictionary. Two sets of word construction rules are
used. One is the rules commonly used for Chinese and
Hakka languages, and another is the parallel rules used
respectively for the two languages. They are listed in
Tables 3 and 4, respectively.

2.3 Pause Predictor

Silent pause (SP) insertion plays a very important role
in TTS to influence the fluency and naturalness of the
synthesized speech. When conducting the HTS training,
SP is treated as an HMM unit when its duration is
larger than a threshold (set to be 0.03 second in this
study); otherwise it is ignored. But, in the test phase,
the existence/absence of SP is not known and can only
be predicted from the input linguistic features. Thus, a
pause insertion predictor is essential for TTS. It is
generally agreed that all inter-syllable locations
accompanying punctuation marks should be mapped to
SPs. Besides, some word or syntactic boundaries may
also need to insert SPs for improving the naturalness of
the synthesized speech. This is especially true for
synthesizing a long sentential utterance. In this study, a



CRF-based pause predictor is constructed with the
targets of the two classes (SP existence and SP absence)
and the contextual linguistic features around the current
word juncture. The feature and template set used to
construct the CRF-based pause predictor is summarized
in Table5. In the test phase, the existence/absence of
SP on each word juncture is determined by the well-
trained CRF-based predictor using the input linguistic
features. Then, the SP labels to be used in the HTS
synthesizer are formed.

Table 3: The set of word construction rules commonly
used for Chinese and Hakka languages.

. Chinese Hakka
word construction rules
example | example
XXY(2Z) B pp=
X-XY-Y JcEcEE R FF
V+7 ¥ 18515 5 B ]

L M7 | E JE
e @ S IRMITIRIT o e e

B/ 1iw
PG B G s |z i it=}
VG+ 4 [=/iE[2 7 [ 7 74 1784

Table 4: The set of parallel word construction rules
used respectively for Chinese and Hakka languages.

Chinese word . Hakka word
. Chinese - Hakka
construction construction
example example
rules rules
V+7 +30/A/30 |5 342 V2 +3Ae/) (2 4
ARtk A AR kAR H+ R4 S
A+ X+H4%+Y AR T A% 5 %f,‘+x+%f,‘+Y %’r‘%%’r‘i
VB/VH+7 k/4
Al BIA TR ekt R F (V+3 F #®=F
U2
/-] /" +Na o) bk 4k fm+Na fmdk i3

2.4 Context Analyzer

The context analyzer is designed to form the
labels representing the contextual linguistic information
for each HMM synthesis unit by using the outputs of
the Hakka parser. In the study, syllable initials, syllable
finals, and SP are taken as the basic synthesis unit. In
the training of HTS, the labels hence contain the
initial/final-level ~ segmentation  information, the
contextual phonetic information, and some word-level
and sentence-level linguistic features. Table 6 lists the
labels generated by the context analyzer. In the test
phase, the labels contain the same information as in the
training phase, except for the two labels indicating the
beginning/end timing information of HMM units

because these two labels refer to HMM synthesis units’
durations to be predicted by the duration model in HTS.

Table 5: Features and templates used in the CRF-based
SP predictor.
Feature description
PM,  Pronunciation mark following word n
WL,  Word length in syllable of word n
POS, POS of word n

I Initial type of the first syllable in word n
F, Final type of the last syllable in word n
Template
PM,,,PM_,PM, ,,PM" PM,

WL, , WL, WL, , WL, , WL,
POS, ,, POS, , POS, ,

In+1’ Fn ’( In+1+ Fn )!( Posn + In+1+ Fn)

n+2
n+1 7 n+2 ’WLn—Z

Table 6: The labels generated by the context analyzer.

T1/T2 Beginning/end times of HMM unit
Previous(PRE)/current(CUR)/following(FOL)

PUP2IP3 | nitial/Final/sp

t1/t2/t3 Lexical tones of PRE/CUR/FOL syllable
Syllable position in a lexical word (LW)

WIWZ - orward/backward)

s1/s2 Syllable position in a sentence
(forward/backward)

PM Punctuation mark after the current syllable

w3/w4/ws  Lengths of PRE/CUR/FOL LWs in syllable
P1/P2/P3  POSs of PRE/CUR/FOL LWs

s3/s4/s5  Lengths of PRE/CUR/FOL sentences in syllable

2.5 HMM-based Speech Synthesizer

The standard context-dependent HMM training for
speech synthesis [4,5] is adopted here to
simultaneously construct spectral, fO and state duration
models using the labels generated by the context
analyzer and SP predictor. Five-state left-to-right
HMMs are used to model each synthesis unit of
syllable initial and final. Speech signal is converted
into 24-dimensional mel-generalized cepstral (MGC)
sequence in 5ms interval. The question set used for the
decision-tree based context clustering of HMMs is
formed by using the context labels. To achieve a better
tree clustering result, we merge some individual
linguistic features to form several complex questions
according to their effects on spectral and prosody
productions. For examples, the initial/final types are
classified by the manner or place of articulation; lexical
tones are tied according to their FO level in the syllable



beginning or ending; POS categories are merged into
broader classes, etc. There are in total 2001 questions
formed for the decision-tree based context clustering of
HMMs in this study.

3. Experimental Results

In this section, some experiments were conducted to
examine the performances of the CRF-based parser, the
pause predictor, and the Hakka TTS.

3.1 The CRF-based Parser
3.1.1. The Chinese Parser

The training and test corpora used for the Chinese
CRF-based parser are those used in the Chinese Word
Segmentation Competition Test hosted by the SIGHAN
of the Association for Computational Linguistics [6].
Their sizes are 8,350,369 and 196,867 words,
respectively. The corpus used for training and testing
the POS tagger is the Academia Sinica Balanced
Corpus of Modern Chinese V.3.0 [7]. Its size is
5,841,942 words. It is divided into two sets: a
4,426,886-word training set and a 484,070-word test
set. The number of POS classes is 46. The Chinese
lexicon used contains 88,142 entries. The experimental
results of word segmentation by the CRF-based
Chinese parser are displayed in Table 7. High F-scores
of 96.4 and 98.9 were achieved in the inside and
outside tests. For POS parser, accuracy rates of 96.0%
and 94.7% were obtained in the inside and outside tests,
respectively.

Table 7: Experimental results of word segmentation by
the CRF-based Chinese parser.

precision recall F-score
Inside test 96.0% 96.8% 96.4
Outside test 98.9% 98.8% 98.9

3.1.2. The Hakka Parser

A novel entitled “Fr]fkaET 4R in the book by
Gong [8] is used to test the performance of the Hakka
parser. It is composed of 42 short articles with total
length of 63,158 syllables or 36,450 words. Two
experiments were examined. Exp A is conducted by the
Chinese parser and Exp B by the Hakka parser. The
experimental results of Hakka word segmentation are
displayed in Table 8. It can be found from the table that
the F-score of directly using the Chinese parser is 74
and raises to 82.9 as the Hakka parser is used. This
confirms the effectiveness of the proposed Hakka
parser. Moreover, the accuracy rates of POS tagging is
59.4% for Exp A and 77.1% for Exp B.

Table 8: Experimental results of Hakka word

segmentation.

precision recall F-score
Exp A 71.1% 77.2% 74.0
Exp B 84.0% 81.8% 82.9

3.2 The Pause Predictor

A read-speech corpus was used to examine the
performance of the proposed CRF-based pause
predictor. It was generated by a male speaker. The
associated texts are the articles of the above text corpus.
It is divided into two sets: 36,991 words for training
and 4,095 words for test. We set a durational threshold
of 25 ms to determine whether there is a pause (SP) at
an inter-word boundary. A scheme to simply set pauses
at all PMs was also tested and taken as the baseline. An
accuracy rate of 85.7% was obtained by the baseline
scheme. For the proposed predictor, accuracy rates of
87% and 88% were achieved in the inside and outside
tests, respectively. The confusion matrix for the outside
test is displayed in Table 9.

Table 9: The confusion matrix of pause prediction for
the outside test. (# and * denote true and predicted ones,
respectively)

Sp* Non-SP*
sp* 1035 363
Non-SP* 150 2409

3.3 The Quality Test of Synthesized Speech

Two speech data sets were used to test the speech
quality of the synthesized speech. They were generated
by a male speaker and a female respectively, and
consisted of 63,158 and 42,337 syllables. Table 10
shows the results of objective RMSE tests for the
HMM-based syntheses of syllable duration and syllable
pitch contour.

Table 10: Experimental results of objective RMSE
tests

Inside test  Outside test
. Female  37.35(Hz) 45.64(Hz)
Duration RMSE “\1ole 16.08(Hz)  19.4(H2)
. Female  37.31(ms) 33.13(ms)
Pitch RMSE
e Male  45.13(ms)  47.57(ms)

Then, a subjective test was conducted to evaluate
the naturalness of the two TTS systems using different
pause prediction schemes. The baseline system is the
one with pauses inserted to all PM locations. Another is



the one using the proposed CRF-based pause predictor.
The number of subjects involved in the test was ten
(five females and five males). All the subjects’ mother
tongues are Hakka. Utterances of ten sentences in the
test set were chosen. The shortest and longest sentences
had 20 and 72 characters, respectively. Subjects were
requested to grade each test utterance in a five-level
mean opinion score (MOS) as shown in Table 11.
Table 11: Five-level MOS
MOS 5 4 3 2 1
Quality Excellent Good Fair Poor Bad

Figure 2 displays the experimental results. It can be
found from the figure that the system with the CRF-
based pause predictor performed better than the
baseline system. We also find that the male voices
sounded much more natural than the female voices.
This is mainly resulted from the higher quality of the
training dataset of the male speech.

i H Male Female
5t
PM

CRF-based pause predictor

Fig. 2: MOSs of two TTS systems.

4. Conclusion

The design and implementation of an HMM-
based Hakka TTS system is presented in this paper.
This study focuses on the realization of a reliable
Hakka parser based on an existing CRF-based Chinese
parser. Experimental results showed that the proposed
Hakka parser is effective as we incorporate some
Hakka word construction rules and attach a Hakka
lexicon to the Chinese parser. Furthermore, the
naturalness of the synthesized speech was improved by
using a CRF-based pause predictor. Further study to

use more Chinese language information to assist in
improving the Hakka parser is worth doing in the future.
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Abstract—A first study on Hakka and mixed Hakka-Mandarin
speech recognition (SR) is reported in this paper. The main focus
of the study is on solving the problem of the lack of a large text
corpus for training a reliable language model. In the Hakka SR,
several methods to use the information of part of speech and
Hakka-Chinese word translation to assist in language modeling
are proposed. For mixed language SR, a method to train a mixed
Hakka-Mandarin acoustic model is suggested. Experimental
results show that the proposed language and acoustic modeling
approaches are promising for Hakka and mixed
Hakka-Mandarin SR.

Keywords-speech recognition; language model, acoustic model;
Hakka; Mandarin

l. INTRODUCTION

There are three major languages in Taiwan, including
Mandarin, Min-Nan, and Hakka. Only 10% people’s
mother-tongues are Hakka. In the past, there are only few
studies in Hakka speech processing [1,2] due to the difficulty
in collecting Hakka speech and text corpora. Recently, both
Taiwan government and society started to pay more attention
to mother-tongue education, especially in Hakka. Now, there
are many broadcast media, like the Hakka-TV [3] and the
Hakka-radio [4], broadcast news in Hakka or mixed Hakka
and Mandarin. The need for a Hakka/mixed Hakka-Mandarin
dictation system is expected in the near future. This motivates
us to accomplish two speech recognition prototype systems: (1)
a Hakka speech recognition system and, (2) a mixed
Hakka-Mandarin speech recognition system.

Hakka includes several sub-dialects, namely Hoi-Liuk,
Si-Rhan, Ta-Pu, etc. We choose Si-Rhan in this study. Just
like Mandarin, Si-Rhan Hakka speech is a monosyllabic and
tonal language. Although Hakka speech has similar linguistic
characteristics as Mandarin speech, it does not have a standard
written form. The written form is a hybrid one which uses
Chinese characters to represent ordinary words and represents
some extraordinary syllables in the Romanization form.
Unfortunately, only few Hakka experts could write in Hakka
texts. This makes the collection of a large-size Hakka text
corpus for constructing a reliable language model (LM) very
difficult. To overcome this problem in the Hakka speech
recognition task, we incorporate POS (part of speech)-based
LM, Hakka-Mandarin word translation, and Mandarin LM to
help to construct a more reliable Hakka LM. This is mainly
motivated by the fact that Hakka has similar linguistic

This work was supported by NSC of Taiwan under contract
NSC98-2221-E-009-075-MY3.

characteristics as Mandarin in syntactic structure. The
effectiveness of the proposed Hakka language modeling
approaches will be examined by simulations using a Hakka
speech corpus.

Besides, to accomplish the mixed Hakka-Mandarin
speech recognition task, a shared phone set is required. In this
study, the shared phone set is obtained by the log-likelihood
measurement method [5,6] using a large-size Mandarin speech
corpus and a median-size Hakka speech corpus. Then, a
standard decision-tree based context clustering of HMMs is
conducted to construct a set of state-clustered, cross-word
tri-phone HMMs. As for the LM used in this bilingual speech
recognition task, we simply extend the Hakka LM utilized in
the Hakka speech recognition task to include some
frequently-used Mandarin words. Its performance will be
evaluated by simulations using a mixed Hakka-Mandarin
speech corpus with its texts being mainly Hakka words
embedded with one or two Mandarin words. We believe that
the proposed approach can be applied to speech recognition of
other dialects of Chinese in Taiwan, like Min-Nan, Hoi-Liuk
Hakka, and Ta-Pu Hakka, etc.

The paper is organized as follows. Section Il presents the
speech and text corpora used in this study. The Hakka speech
recognition system is described in Section Ill. In Section IV,
the study on mixed Hakka-Mandarin speech recognition is
discussed. Some conclusions are given in the last section.

Il. DATABASE

This section briefly describes the database used in the study.
It contains two parts: the speech corpus and the text corpus.

A. Speech corpora

The experimental speech corpora are all recorded in
reading style, including the Si-Rhan Hakka speech corpus, the
TCC300 corpus, and a mixed Hakka-Mandarin speech corpus.
All the speech data are recorded through microphone and
digitized at 16kHz sampling rate with 16-bit resolution. The
Si-Rhan Hakka speech corpus is used to train the HMM-based
acoustic models for both Hakka and mixed Hakka-Mandarin
speech recognitions. It consists of 110 utterances spoken by 92
speakers with its texts being selected from the book ‘The
Taiwan Hakka Literature Collections’ [7]. The TCC300 is
used in the acoustic models training for the mixed
Hakka-Mandarin speech recognition. It is generated by 300
speakers including 150 females and 150 males. Each speaker
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reads 37 utterances in average. The mixed Hakka-Mandarin
speech corpus is used to conduct a test of mixed
Hakka-Mandarin speech recognition. It is generated by 19
speakers and each speaker uttered 40 utterances in average. Its
texts are mainly written in Hakka and embedded with
Mandarin words in a ratio of 2206/738. Table 1 summarizes
the main information about the speech corpora mentioned
above.

Table 1. SUMMARY OF SPEECH CORPUS
Corpus No. of Speakers No. of Syllables
Trainin 68 134,612
Hakka (H) ning
Test 24 19,388
Mandarin (M) Train 300 332,708
Mixed H-M Test 19 4,710

B. Textcorpora

The text corpora used in this study can be divided into two
parts: Mandarin and Hakka. The Hakka part consists of the
following three types of texts:
® TextA: It contains many short articles collected from

Internet. It is word-segmented by an automatic word

matching algorithm [8] with the Dict lexicon discussed

below.

® TextB: It is a Hakka-Chinese parallel-text corpus. It is
constructed by firstly selecting Hakka articles from the
book ‘The Taiwan Hakka Literature Collections’ [7], then
tagged into word and POS sequences, and lastly translated
into Chinese text by a Hakka expert.

® Dict: It is a 43,521-word Hakka lexicon. Each word entry
is associated with the pronunciation and POS tag. About

26,000 entries have also Chinese translation.

The Chinese corpus (TextM) is a large database with texts
collected from Sinorama magazine [9] and the CIRB [10].
CIRB is a database built for information retrieval competition.
Table 2 summarizes the main information about the text
corpora.

Table 2. SUMMARY OF THE TEXT CORPORA
Corpus No. of Words No. of word entries
TextA 143,341 15,115
TextB 46,581 8,068
Dict 43,521
TextM 117,163,131 591,825

I1l. HAKKA SPEECH RECOGNITION SYSTEM

A. Acoustic model

The acoustic model (AM) is trained using the Hakka
speech corpus. It is composed of 87 Right-context-dependent
(RCD) 3-state initial HMM models and 71 5-state final HMM
models. Each state is a 32-mixture GMM. Acoustic feature
vector used in this study consists of 38 components (12 MFCC
parameters, and their first and second order time derivatives,
and energy parameter’s first and second order time
derivatives), which is analyzed at a 10-msec frame rate with a
32-msec  Hamming window size. Cepstrum Mean

Normalization (CMN) is employed to compensate the bias of
channel and/or speaker. Table 3 summarizes the main
information about the AM.

Table 3. SUMMARY OF THE HAKKA AM
Classification No. of models No. of states | No. of mixtures
Initial 87 261 8,352
Final 71 355 11,360
Silence 1 3 96
Short pause 1 1 32

B. Baseline langague model

The baseline language model (LM) is a conventional
n-gram model. An n-gram LM uses the last n-1 words of the
history as its sole information source. Thus a bigram predicts
w, from w_, by

Corona (W1 W)
Pbsl (W| | \lel) CTextA (\Ni,l) (1)
where C...(+) denotes the count of samples in TextA.

In a particle realization, Katz’ backoff smoothing method
[11] is adopted to obtain a more robust bigram LM. Due to the
small size of TextA, most bigrams are backoffed to unigrams.
Only 19,213 bigrams are estimated from TextA. Table 4
displays the performance of the baseline Hakka speech
recognition system.

Table 4. PERFORMANCE OF THE BASELINE SYSTEM ON THE HAKKA
TEST CORPUS
LM Accuracy (%)
Word Character Syllable
Free grammar 21.44 42.67 57.97
Baseline 40.79 58.99 66.29

C. Improvement on LM

Since the data of TextA is not sufficient to construct a
robust bigram language model, some useful syntactic and
Hakka-Chinese translation information is incorporated to help
to construct a robust Hakka LM. The proposed improved LM
is formulated by

P(w [w,)
I:>bsl (VVI | Wi—l)’ CtextA (\Ni—l’ \Nl ) 2 k (2)
=19 (Wi-l) Ppos (Wi | Wi-l)
+O!2 (\Ni—l) Ptrans (Wi | \Ni—l)' OtherWise

where P, () isan LM using POS information and PR, (.)
is an LM using translation information.

1) Stage 1: Incoporating POS information from Hakka
text corpus

We first use the POS information to construct a
class-based LM. Each POS category is treated as a class. The
model is formulated by

P (W [Wy) = > P(w[G(w))-

G (w).G(w.1) (3)
P(G(W)IG(W_,))-P(G(w_,)lw)



where  G(w) denotes the POS of

P(G(w)|G(w_,)) isaPOS bigram model estimated directly
from the  manually-labeled  Hakka  text  corpus
(TextB); P(w |G(w;)) and P(G(w_,)|w_,) are word-POS and
POS-word models describing the relationships between words
and their possible syntactic roles. The two models are
estimated from TextB and the Hakka dictionary (Dict).
Although TextB contains well-annotated word and POS
information, not all word-POS statistics can be directly
obtained from it because it is relatively small to contain only
8,068 word entries. To obtain more robust estimations of
word-POS statistics, the information stored in Dict is
incorporated to assist in providing the word-POS information.
Therefore, the POS-word model is estimated by

P(G(o) )

word  w, ;

TexlB ( ) | W, |, CTextB (G (Wi ),Wi ) >k (4)
D'Ct ( (WI ) | W, ) TextB (G( i )) , otherwiese
I:?I'extB ( )
G(w)
where
> Pue(G(w)w)
1=1— W; €Creg (Wi, G(w )2k

D P (G(W ) W) !

Wi

Prece (G(W) W) is  the
estimated from TextB; Py, (G(W )|w ) represents the

POS-word statistics in Dict; and P (G(w)) is the

unigram POS LM estimated from TextB. Since Dict contains
only POS-word information, the POS-word statistics in Dict is
given by a fair floor value set to be the inverse of the count of
POS entries listed in Dict given the word. Then the word-POS
model can be estimated by

P(G(w)Iw,
P( 16 ()= E .
PTextB (G (VVI ))
where P(G(w)|w) is estimated by Eq. (4); and P(w;)isa
word unigram LM estimated from TextA and TextB.

POS-word statistics directly

P(w,) (5)

2) Stage 2: |Incoporating POS information from
Mandarin text corpus and Mandarin-Hakka bilingual
dictionary

In this stage, the properties that Hakka and Mandarin
Chinese are similar in their syntax and bilingual word
translation information are utilized to construct a more robust
Hakka LM. Since Hakka is a dialect of Chinese, they are very
similar in the syntactic structure. To use the information, we
assume that the POS bigram of Hakka is identical to that of
Mandarin Chinese. Therefore, the parameter of POS bigram

P(G(w)|G(w_,)) in Eq. (3) can be directly replaced by the
one estimated from the Chinese text corpus (TextM).

Furthermore, to improve the estimation robustness of the
POS-word model and the word-POS model shown in Egs. (4)
and (5), Hakka-Chinese word translation information in Dict is
used. In Dict, 26,524 out of 43,521 Hakka words are mapped
to 25,532 Chinese entries. After analyzing those translation
pairs, we classify them into the following three cases:
> Casel

Each Hakka word is mapped to one or more Chinese
entries. Each Chinese entry is composed of one lexical word
and can be found in the Mandarin LM. Some examples are

given below:

Hakka Mandarin translation entries English
2P Bk, R, EAR, P grandpa
Fo CERE W LB CHE a bird
v G, W, e, @ vl d interjections
EEX T %4 New Year’s Eve
NERE® o F & Moon Festival
E 1R factory
* B T B tool
» Case?2

A Chinese translation entry is composed of a sequence of
words, a phrase, or a sentence. Those Chinese translations can
not be directly found in the Mandarin LM. But after
decomposing them into word strings, all their constituent
words can be found in Mandarin LM. Some examples are

given below:

Hakka Mandarin translation entries English

? ok B A about one and half acres
% I8 R+ - If which item

I B + # just doing

# W+ eh his

»  Case3

Mandarin translation entries of this case are both similar
to those of Case 1 and Case 2, but some of their (decomposed)
words can not be found in Mandarin LM. Most of them are
very low frequency words. Some examples are given below:

Hakka Mandarin translation entries English
A A junk
H#H¥ RS aplant

Table 5 lists the statistics of these three cases.

Table 5. SUMMARY OF MANDARIN TRANSLATION ENTRIES
Classification No. of entries (%)
Case 1 14,636 (57.3%)
Case 2 9,487 (37.1%)
Case 3 1,419 (5.6%)
Total 25,532

Based on the above analysis, the improved POS-word
model and the word-POS model can be obtained by

P (G(w)[w)
> Ry (G(M

P(6(n)1w).

M) P (M, [w,), M, «Case 1 ®

M (w; ) ¢ Case 1
and




. P (G(w)lw) .
P (W |G(W))=—"F—P (W, ()
where M; =M (w;) denotes a possible Chinese translation of

the Hakka word w found in Dict; B (M, |w) is the
Hakka-to-Chinese word translation probability obtained by

P (M. |w;)
( (W)1),  Cru (M (W) ) 2k
p) Poic (M (W) 1) Te*‘M(M(W‘)) otherwiese “
Z Prexu ( ) 7

M (w)

Pos(M (W)W ) represents the probability of w, being
translated as a Mandarin word M (w,) estimated from the

Hakka-Mandarin parallel text corpus (TextB); Py (M (w)|w;)
represents the Mandarin-Hakka word pair statistics in Dict;
and P, (M(w)) is the unigram LM estimated from TextM.
Since Dict contains only Mandarin-Hakka word translation
pair information, the statistics P, (M (w)|w) is given by a
fair floor value set to be the inverse of the number of possible
Mandarin translation entries listed in Dict mapped with w;.
Py (G(M;)IM,) is the POS-word model of Mandarin Chinese

that can be directly estimated from TextM. The resulting
improved Hakka word unigram model is expressed by

Py (M(w)), M (w;) e Case 1
Py (M (W) =M, M)
P*(Wi): =By (Ml)PM (M2|M1)"'PM (Mnan-l)’ )
M (w, ) e Case 2
P(w), otherwise

where B, (M(w)) and P,(M,|M,,) denote the Chinese

unigram and bigram LMs estimated from TextM; and P(w;)
is the unigram Hakka LM estimated in stage 1.

3) Stage 3: Incoporating the information of Chinese
word bigram model and Mandarin-Hakka bilingual
dictionary.

This stage utilizes word-by-word Hakka-Mandarin

translation information given by TextB and Dict. The Hakka
LM using word translation information (+) is formulated

trans

by
trans (W | )
ZPT(W‘lM‘)'P (M IM )P (M [wiy), 10
" CTextB( i-17 ii—l) >k and Mii—l eCasel ( )
P (w), otherwise

where P (w|M;) and P (M,,|w_) are Hakka-Mandarin
and Mandarin-Hakka translation probability estimated from
TextB (the latter is shown in Eq. (8)); B, (M, |M,_,) represents

the Mandarin bigram LM; P"(w) is the improved Hakka

word unigram model shown in Eq. (9). It can be seen from Egq.
(10) that, as more Hakka-Mandarin translation pairs occur in
TextB, the Hakka bigram will relies more on the
corresponding Mandarin bigram (B, (M, |M,_,)); otherwise it

will be backoffed to the unigram P"(w;).

D. Experimental Results

The performances of these three proposed approaches to
construct the improved LM for Hakka speech recognition are
evaluated using the Si-Rhan Hakka speech corpus introduced
in Section Il. Fig. 1 displays the experimental results. It can be
seen from the figure that the recognition performance was
gradually improved as more information is incorporated in a
higher stage to assist in constructing the improved LM.
Specifically, the word recognition rate increased 2.2% over
the baseline system as we used the POS information of Hakka
language in Stage 1. Another 1.5% increase was gained as we
added the POS information of Chinese in Stage 2. Lastly, a
small improvement of 0.1% was gained when we further
incorporated the information of Chinese word bigram model
through the Hakka-Chinese word translation. These results
show that the reliable Chinese LM can be used to assist in
constructing more reliable LMs for improving the Hakka
speech recognition. We believe that this is mainly resulted
from the property that Hakka and Chinese have very similar

Syntactic structure.
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Figure 1. Comprison of language model performance.

It is noted that the improvement of Stage 3 is negligibly
small. Some possible reasons are discussed as follows. First,
only about 61% of Hakka words have the translated Chinese
words in the Hakka-Chinese dictionary (Dict). Many frequent
or important Hakka words may have no Chinese word
mappings so that the abundant information of Chinese LM is
nothing to do with them. Second, the text corpora of Hakka
and Chinese contain different types of articles. The Chinese
text corpus is large and general to contain plenty of types of
articles, while the Hakka text corpus is small and contains
articles of Hakka-specific historic stories. So, their
information contents are not matched. We hence need to put
more efforts on this issue in the future.



IV. ASTUDY ON MIXED HAKKA-MANDARIN SPEECH
RECOGNITION

In this preliminary study, the mixed Hakka-Mandarin
speech corpus is used to evaluate the proposed acoustic and
language modelings. Since the size of the mixed
Hakka-Mandarin speech corpus is not large enough to
construct a reliable bilingual acoustic model, both the Si-Rhan
Hakka speech corpus and TCC300 Mandarin corpus are used
to construct a more robust bilingual acoustic model. In
language modeling, due to the fact that there is no sufficient
mix Hakka-Mandarin text for LM training, the Hakka LM
obtained in 111.C is modified to include the Mandarin words
embedded in the mixed Hakka-Mandarin speech corpus.
These embedded Mandarin words are some frequently-used
proper nouns or new words. The details of the acoustic model
and the language model used in the mixed Hakka-Mandarin
speech recognition are described in the following sections.

A. Bilingual acoustic model

1) Phone combination

To conduct a mixed Hakka-Mandarin speech recognition
task, a suitable bilingual phone set is required. The bilingual
phone set used in this study is created by combining 38
Mandarin phones and 38 Hakka phones using the
log-likelihood measurement [5,6]. The  distance
(log-likelihood) between two 3-state left-to-right mono-phone

models 4 and 4; is defined by:

D(4,4;)=log f (O 1 4)—log f (O] %) (11)
where O, denotes a sequence of observations labeled as phone i;
and f(O,|4) is the probability density function (PDF) of the

observations. Since the distance is not symmetric, the average
distance can be calculated as follows:

D, :%(D(ﬂ.i,lj>+D(ij,l,)) (12)

The combinations of Hakka-Mandarin phone pairs in this
study must satisfy the following two principles: (1) one Hakka
phone can only be combined with one Mandarin phone; (2)
the phones to be combined are located in the same phonetic
context in the syllable structure (i.e. initial, medial, vowel, or
coda). After calculating the log-likelihood distance in Eq. (12),
the top-22 nearest Hakka-Mandarin phone pairs are merged to
form a 54-phone bilingual phone set. Among these 22 merged
phone pairs, 14 phones are located at initial, 1 at medial, 5 at
vowel and 2 at coda. Table 6 lists the top-10 nearest
Hakka-Mandarin phone pairs.

2) Tri-phone model training

After obtaining the bilingual phone set (54 phones), a
standard decision-tree based context clustering of HMMs is
conducted to construct state-clustered, cross-word tri-phone
HMMs. Three-state left-to-right HMMs are used to model
each clustered tri-phone. The question set used for the
decision-tree based context clustering is formed by using the
left and right phonetic contexts. For comparison, mono-lingual

tri-phone models of Mandarin and Hakka are also constructed.
Table 7 shows the statistics of these three tri-phone models.

Table 6. LOG-LIKILIHOOD DISTANCES OF TOP-10 NEAREST PHONE
PAIRS
Hakka Mandarin
Rank Distance model model
1 4.264 H_eng | coda | M_ng | coda
2 4.408 H_a | vowel | M_a | vowel
3 4.444 H_en | coda | M_en | coda
4 4.815 H_yi2 | vowel | M_yi2 | vowel
5 4.972 H_eh | vowel | M_eh | vowel
6 5.065 H_I | initial | M_I initial
7 5.251 H_wu2 | vowel | M_wu2 | vowel
8 5.472 H_s | initial | M_s | initial
9 6.127 H_m | initial | M_m | initial
10 6.469 H_yil | medial | M_yil | medial
Table 7. THE STATISTICS OF THE TRI-PHONE MODELS (MIX:

HAKKA-MANDARIN COMBINED TRI-PHONE MODEL, H: HAKKA TRI-PHONE
MODEL, M: MANDARIN TRI-PHONE MODEL)

. Logical Physical Total
Model |Phone # | Question # state # state # mixture #
Mix 54 454 31868 3291 52,627
H 38 196 15521 620 19,784
M 38 180 19806 3301 52,807

B. Language model

Each utterance of the mixed Hakka-Mandarin speech
corpus is mainly a sentential Hakka utterance embedded with
one or several Mandarin words. Two examples are given in
the following:

SEERON B RN B 2 B (AER% W)

(BEfEE) EH & K G FE g BB
where words in the bracket are Mandarin words and are
delimited by spaces. To include Mandarin words in the mixed
Hakka-Mandarin speech recognition task, the space of the
Hakka word bigrams obtained in I11.C is discounted for
additionally modeling Hakka-Mandarin, Mandarin-Hakka and
Mandarin-Mandarin word transitions. Therefore, the bilingual
LM is formulated by

Pbl (Wi |Wi-1):(1_k)P(Wi |Wi-1)
k
Ry (M; |WH)=M
R (B | Bi—l) = K (13)
Ry (M | Mi—l):m
Py (Wi | Mi—l) =(1_k)P(VVi)
where B, e(DictM,DictH) can be a Mandarin word

M, eDictM or a Hakka word w, eDictH ; DictM and

DictH represent the Mandarin word set and the Hakka word
set in the bilingual dictionary, respectively; k is the ratio of
Mandarin word count to Hakka word count in the mixed

Hakka-Mandarin speech corpus; |DictM| represents the
count of Mandarin word in the bilingual dictionary. In this



study, the bilingual dictionary contains 43,521 Hakka words
and 738 Mandarin words.

C. Experiments and Results

The experimental results are displayed in Table 8 and Fig. 2. It
can be found from Table 8 that the scheme using the bilingual
mixed AM (Mix) performs much better than that using the
directly-combined AM (H+M) for both bilingual LMs
modified from the two Hakka LMs derived in Stages 2 and 3.
We also find from Fig. 2 that both Hakka and Mandarin words
are improved by using the mixed AM. Moreover, the
improvement is more significant for Mandarin words.

Table 8. PERFORMANCES ON BILINGUAL CORPUS BY LANGUAGE MODEL
Accuracy (%)
AM LM Word | Character Syllable
Mix Stage 2 | 37.16 54.33 56.24
Stage 3 | 37.84 55.27 56.14
HeM Stage 2 | 21.33 34.86 38.09
Stage 3 | 21.98 35.61 38.47
70 58.27 58.67
__ 60
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Figure 2. Comprison of language model performance.

Table 9 displays the analysis on syllable accuracy and
inter-language syllable confusions. It can be seen from the
table that the use of Mix AM can greatly improve the accuracy
of Mandarin syllables and reduce the confusion of recognizing
Mandarin syllables as Hakka syllables (M—>H). Although the
accuracy of Hakka syllables by using the Mix AM remains the
same as the one using the H+M AM, the accuracy of Hakka
words is significantly improved (as shown in Figure 2). This is
probably because the reduction of M->H syllable confusion
makes less insertion errors of Hakka words. This result
reconfirms the effectiveness of the proposed Mix AM
modeling.

V. CONCLUSION

In this paper, a first study on Hakka and mixed
Hakka-Mandarin speech recognition has been discussed.
Several methods of language modeling have been proposed to
help to solve the problem of lacking large text corpus in
Hakka SR. For mixed Hakka-Mandarin SR, a new method of
training a single mixed AM was discussed. Experimental

results confirmed the effectivenesses of these proposed
methods. Further study to use more Chinese language
information to assist in improving the Hakka LM is worth
doing in the future.

Table 9. ANALYSIS ON SYLLABLE ACCURACY OF HAKKA (H),
MANDARIN (M), AND INTER-LANGUAGE CONFUSIONS OF H>M AND M>H IN
THE BILINGUAL SPEECH RECOGNITION.

AM LM % (count)

H M

H—->M M —H

H+M [Stage 2| 55.15 (1,782) | 17.78(263) |0.80 (26)] 79.31 (1,173)

Stage 3| 55.15 (1,782) | 19.13 (283) |0.84 (27)| 77.76 (1,150)
Mix |Stage 2| 55.15 (1,782) | 64.16 (949) |1.80 (58)| 32.86 (486)
Stage 3| 55.15 (1,782) | 64.64 (956) |1.86 (60)| 32.45 (480)

Total syllable number = 3,231 (H) + 1,479 (M) = 4,730
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In this paper we concern ourselves with the multiple aspectual functions denoted by the
Hakka aspect marker -a>-Ii, which widely distributes in the deliminative construction, the
tentative construction, the iterative construction, and the immediate anterior construction.
Based on a mini corpus and the cross-aspectual analyses on -a>-Iifi], we propose that there is a
semantic core shared by -a”>-1f in the above-mentioned Hakka aspectual constructions, which
can be defined as scaling the extent of an action down, a definition like that indicated by the
Hakka postverbal diminutive e /7 or like the meaning of Mandarin verbal classifier yi-xia —
N, referring to a short period of time and pragmatically serving as a downtoner. With this
essential meaning, -a>-f expresses the meaning of doing something a little bit in the
deliminative construction [verb;( verb; )-a> le?/-a®] as in (1), conveys the meaning of slightly
engaging tentative actions in the tentative construction [try-verb-see-a” le*!/-a*'] as in (2),
refers to repeated actions by collocating with a reduplicated verb and the classical Hakka
diminutive e /7in the iterative construction of [verbi-a> -verb;-e®] as in (3), and functions
as an immediate anterior marker in the construction of [verb-a> -complement] where the core
meaning of -a”>-fi] has been metaphorically transformed from a short period of time into a
tight temporal relational meaning between two events: in the single-event sentence it profiles
an immediate relationship between the moment of speech and the event time indicated by the
sentence, generating the meaning of just. See example (4). Nonetheless, in a
complex-event sentence with the first event clause containing the construction of
[verb-a®®-complement], a>-fi indicates an immediate sequential order of the two events.
Example (5) illustrates. Also, due to the temporally close relationship denoted by -a®-
between two events, a pragmatic habitual reading is derived from contexts with the first event
interpreted as the condition under which the second event occurs as shown in (6). This
explains why the clasue tung-a-do ‘B2 as soon as one moves’ has been idiomatized into a
phrase bearing the meaning of English always in progressive sentences, indicating one’s
annoying habitual behavior. See (7).

@ gie-zag se-moi-e an-zam, m hang-giam-a*, sii voi bun-ngin giug-zeu o!
The girl is wonderful.  If you are not in close contact with her, she’ll be chased
away.

(2) m pa na! hi cii-siid-kon-a>>, iu mo hem ng mai!
Go ahead! Just have a taste for it.  You are not forced to purchase it.



(3) gi died-do i-heu, ia-ha hang-lu bai-a**-bai-e.

After falling over, he is now hobbling around.
(4) ng-kon! ngid-teu cud-a**-loi, han ziang na!

Look! The sun has just risen. What a beautiful sight!.

(5) gi mug-zu sab- a>-log, ziu soi-ted le

As soon as his eyes closed, he fell asleep (the next minute).
(6) gi du- a>-do ngin, ciu oi dab ngin-ne gien-teu .

Whenever he meets someone, he likes to put his arm around his/her shoulder.
(7 A-vong-baf tung- a>>-do ziu ien ngin, mon ngin oi tung gi hang giam.

Uncle A-Vong is always complaining. No one likes to be near to him.

Key words: Hakka aspect markers, Hakka a°, deliminative, tentative, iterative,
immediate anterior
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7) {EEER AR R A *° 5F] -
(AR S A K A

BRI 240 tHIR KRR IR DR » HaEM I+ H1E RaEais S IV IIRE
W03 P 7 A E BN RS 5 (deliminatives - B 8) FIE s
(tentatives - FLG1 9) » S ey 47 > thAIRREERILV W V ()4EHE—REAV ] V
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