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ABSTRACT

Study of Spontaneous Speech Recognition based on Stochastic Language
Modeling

There are two types of natural language modeling. One covers the class of
deterministic models like network grammar or context free grammar, that
exploit some known specific properties of the language. The other includes
the class of statistical models like bigram or trigram in which one tries
to characterize the statistical properties of the corpus. These statistical
models include stochastic context free grammar and Markov process, a sort
of non-deterministic finite state automaton.

A lot of text data is needed to study statistical language models. In
English, the Brown corpus and AP corpus are well known. However, such
sources for Japanese have only just been created. As one example, newspa-
pers are now available on CD-ROM.

In this paper, we describe stochastic language modeling with emphasis
on the bigram model and trigram model. We also describe the efficiency of
these models for continuous speech recognition. Moreover, a spontaneous
speech recognition system based on stochastic language models is described.

Chapter 1 describes the background, motivation, and special features of
this study.

In Chapter 2, we outline some common speech recognition models and
algorithms like one-pass Viterbi decoding, HMM, and the Baum-Welch al-
gorithm.

In Chapter 3, we study N-gram modeling for language processing, espe-
cially in terms of entropy and cover rates.

In Chapter 4, we study the effectiveness of bigrams and trigrams of Kana,
Kanji, and part-of-speech. And we carried out an experiment for newspa-
pers and X-ray CT scanning reports, ATR international conference tasks,
respectively.

In Chapter 5, we describe a spontaneous speech recognition algorithm
based on word trigram models. Focusing on spontaneous speech recognition,
we propose a skip phone procedure to handle the many filled pauses and false
starts observed in spontaneous speech. Even though the proposed method
employs a simple procedure, we obtain a 47.7% sentence recognition rate for
spontaneous speech. Including semantically correct sentences, the sentence
recognition rate is about 75%.

In Chapter 6, we present a preliminary study of spontaneous speech recog-
nition, describing both the acoustic and linguistic characteristics of sponta-

neous speech. A preliminary study was done to compare spontaneous and
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read speech. In hand-labeled spontaneous speech, the labeling uncertainty
increased by about 50%. A phoneme recognition experiment yielded a two
fold increase in the error rate. Filled pauses appeared in 40% of 11,000
sentences of spontaneous speech utterances and false starts were found in
10% of the sentences.

In Chapter 7, we investigate the amount of information contained by
accents in speech signals. It is very difficult to measure the amount of infor-
mation in accents because these concepts are not clearly defined. Therefore,
Kana-Kanji translations are used. First, the number of Kanji candidates
that are translated using syllable information is counted. Second, the num-
ber of Kanji candidates that are translated using syllable and accent infor-
mation is counted. Their ratio indicates that the amount of information in
accents is 5.16 bits. Although this quantity is small compared to Japanese
syllables, it is important for speech recognition.

In Chapter 8, we consider signals that originate from a number of sources.
As an application of a multiple signal source identification problem, an
experiment is performed on unknown speaker identification. The results
indicate that the model is sensitive to the initial values of the Ergodic HMM
and that employing the long-distance LPC cepstrum is effective for signal
preprocessing.

In Chapter 9, we investigate statistical network grammar using Ergodic
Hidden Markov Model(HMM). HMM is very rich in mathematical struc-
ture so that language models are determined more precisely than that with
stochastic network grammar or Markov processes. In this chapter, we de-
velop a statistical network grammar automatically from about 4000 words
using Ergodic HMM. The resultant model indicates that some grammatical
features exist even though the process was automatic.

Finally, in Chapter 10, we summarize our work and describe open or

further problems.
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000000 ErgodicHMM OOOOOOOOOOODODOOOOOOO
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2.1 HMM(Hidden Markov Model, 0 0 00O O
0ooo)

HMMOOOOOODOOOOOOO0O00000000000000000
0000 4O0HMMOOOOO0OO0O000000000000000000O
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000 hidden(00000000000000
0 [60]0
HMMOOOOOOOOOO0OO00000000000000000000
0000000000000000000000000000 HMMOOO
000 HMMOOOOOOOOOO0O0O00000000000000 Moore
00000000000000 MealyDOOODOOOO0D000000Mealy
0000000 HMMOOOOOOO [60)00 00 Moore 0 00O Mealy O
00000000000000

T :0o0ooooo

01,09, ...,0T :gooad

N :0oo

L :0o0oooooo

S ={s} :pggooag

S¢ :00¢t0oboooogo
1,7 :0ooga

v={vi.vg,..,v} 00000000000

000ddooooo0ogooooo,0o0o000o A,0oboooggg B,
ubooboOd~0000000O0DO0O0OO0

A = Aaij | aij = P(sey1 =j | se =)} (1<i,j<N) (2.1)
B = A{bi(or) | bij(or) = Plot | s4—1 =1,5 = j)} (1<4,j <N,1<t D)
x = {m|m=P(so=i)} (1<i<N) (2.3)



00000000 ooooobOoHEMMOODOODOODOOOO
A= (A,B,n) (2.4)
oooood
01,09, ...,0T (op=v, 1 <k<L,1<t<T)
goodoboboboooooobbboood

1. 0000bo0o0-~0000000DO0OO

2. 000000000844 =7j00000000s,=c00000000
a;; DO0O0O0O0OOOOOO

3. 000000000000000000000D0000 b(e) 000
gbooooood

4. 2.000

HMMOOOOOOOOOOOOODDOOOOOOOOO000 ErgodicOiO
00000000000 00000 lefttoright 0OOOOODOO 2100
OO0 HMMOleft toright 0000000000

O 2.1: 300 left-to-right HMM

o0 HMMODOOOOOO0O0ODODODOOOOO00a0bODOOOOO
gbooobooooooboobobooobd o =10,m =0,m3 =00000
o0 sSsoo0ooo0oooooooooooooooooooogboe3nn
000000000D0o00o00o0o0o0oooUoOU])o000Doo0ooo
OO0 000000000000 DPOOOODOODOOOD ;000000
U0s; 0000 s;000030000000000000 080000 a0



goodo20000 bODOODODODOODOODOOODODODOODODOOODO
0000000000 aab0 00000 OD0OO0DOOODO HMMODOODOO
00000000 ”aab” OO00OD0D0DO0O0OD0DOOO0DOOOS; —81 — 82 — S3
0si—s9—s90—s30s1—81—s1—s3030000000O0000O000O0

03x08x05x1.0x06x05 = 0.036
05x1.0x04x03x06x05 = 0.018
03x08x03x08x%x02x1.0 = 0.01152

oood
000000 HMMDO aabO0O0OO0O0O0O0OOCOOODO

0.036 4 0.018 4- 0.01152 = 0.06552

oood
HMMOOOOOOOOOODODOOoOooooooooooooooooo

0000000000000 O0O0DOO0O0O0ODOOODOOOODOOOOO

00000000 s1—s1—s2—s30000 (21.700)0

2.1.1 HMMOOOOO
HMMOOOOOOOODOOOOOODOOOO0OO0O0000O0 [60](4]0

1. 00000000
0000 O = 01,00,...,or 0 HMMA(7,A,B) 0000000000
000 A0 0OOOOOOOO PO|AN)DD0D00O0

2. 000000
0000000 0000000 P(O|AN)000000000000 A
000000 A, BOOOOOO

3. 0000000o0n
oo0oxOOOOoOoOobOoooOoooooOoooooboogooooo
gbobooboobooooboooooboooooo

4. 000000
ooooooooooobo gMMOOOOODOOO

5. O0OOOO0O00O0O
oooooOobobooobooboooboobooooooon

1. 0000 2130002.00000000 2160003. 00000 2.1.7
gooboooodogod. s.00oooooboboooooboooooooon



2.1.2 HMMUOOOOODOOOO

211 00000000000000000000000O00DO00O00 [4]
[60]0

2.1.3 Forward-Backward OO O OO0

HMM A(m, A,B)00000 O = 01,09,...,o00 0000000 P(O|A)D
0000000000 7T00000000000000000000000
000000000000000 S=se,s1,..,s70 0000000000
0oOooooooo

PO|8,\) =[] PO | 5,2 (2.5)

t=1
gobooboobooobgoobooo

P(O | S, )‘) = bsosl(ol) : b31$2(02) Tt bST—lsT(OT) (26)
doooOoooO sSooooooooooooog

P(S|A) = Ts0s6,05555--0sp_ sy

aSoS1aS182"'a‘sT715T (27)
goooooboOoOob0oobOOoOo AOQOODOOOODOOOOO

P(O|X) = > PO|NPO]|SN
allS

= Z Tso@sgsy Dsgsy (01)  Asysybs155(02) + oo+ sy s70sp_y57(DB)

allsg...sT

O00o00o0ooooooo O(QTNT)DDDDDDDDDDDDDDDDDD
000000000000 00000000 forward-backward D00 00O
oooono

2.1.4 Forward probability

ob+«000 o1,00,...,0 00 0000000000000 yO0000000
oooooooooon

at(j) = P(01;027“'70t75t :] | A) (29)

P(O|)N)0 «(j)00000000000000000000000000
oooo
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Forward probability

1. 000
00000 j(1<j<N)0D00OO0

ao(j) = (2.10)
good

2. 0000
000 (t=1,..,7)0000000000 j(1<j<N)O
O000w(j) 00000000000

N
a(§) =D a1 (i)aijbii(or) (2.11)
=1
3. 0
N
PO XN =) ar(i) (2.12)

=1

000000000000000000000000 a—1(6) 00 w(j)
1<j<N)0O00O000OO0

02200000021 0HMMO00000 aeb0000000000
0000000000000000000000000000000000
000000000000000000000000000000w(j)0
00000000000000000000000000000000000
0000000000 O(N2T)0000

000 P(a,a,b|A) = as(3) =0.06552 00 00

2.1.5 Backward probability

forward probability 0 0000000000000 OOQDODOOO Obackward
probability 0D 0000000000000 MmA,B)00000O0OO ¢0O
oo+«0000
00 0441,0t42,..,0y 00000000000 OCOOO

Bi(i) = P(0t+1, 0142, .., 07,81 = i | A) (2.13)

00 6(:)00000000000

11



022000000 (e)000O

backward probability

1. 000
OD00004#(1<i<N)ODOOODO

Br(i) =1 (2.14)
oood
2. 0000
o000 (¢t=7-1,..,0000000000004(1<i<N)000O0OpB 000CO0O0OO
ooooo
N
Bi(i) = aijbij(01)Brs (4) (2.15)
j=1
3. 00O
N
PO XN =Y mpo(i) (2.16)
=1

0000 o0OO00 MNDOOODOO forward probability 0 000 OO
oood
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2.1.6 Baum-Welch 000000

002 0000000O000000O000000000ADOODOOO0
00000000000000000Baum-Weleh 000000 (0000
0000000000

000 AOOOO00 O=01,00,..,o0p, 00000000000000 t0
0000000000000 &G,j) 00000000000

&(i,j) = P(simi =14, =7]0,N) (2.17)
~ay1(i)agibig(00) Be(4)
_ iy (1<t<T) (2.18)

0000000000000 0000+¢t000 jO00000 w(j)OoOOOO

%(j) = Plse=3]0,7) (2.19)
N
= > &g (1<t<T) (2.20)
i=1

00 w()0 &(3,j/) 000000 AD0O0O00MA—AO0O0D0O0O0OO0O0O0

Baum-Welch algorithm

1. 000000

2.000000

D&l g) Y ara(i)aibi;(00)Bi(5)
=1 =1

> yiali) > a1 ()81 (i)
t=1 t=1

aij =

3. 00000000

> &l g) D ara(i)aibis(0n)Bi(j)

bij(ot) _ s.t.op=vp _ s.t. vy

5 =
<l
I =

B

T
th(i,j) ay—1(2)a;;bij (o) Be(4)

“
Il
—

(2.21)

(2.22)

(2.23)

000000 AOO0DOODOO0O0O0O0OO

A=A — ooooboooogon
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2. P(O|X) > P(O] N - 000000 oO0000000
000000 000

Baum-WelchOOOOOOOOO0O0OD0O0OO0O0O0O0OOOOO0OOOOOOO
00000000 0000000D000 gradient0 0000000 0OO0OO
O0O0Do0oOoboO0OO0Olocal maxmum 000000000 OO0DOCOOOO
O00000ooDooo0oD0o0oD0o0gog leftlight 000000 QoonO
ooooooooooOoOoODObOOOOOODDDODODOOOOOO Ergodic
HMMOOOOOOOOOOOOOOOO [4]o

2.1.7 Viterbi DO OOOO

Viterbhi 0000000000 NODOOOODOOOODOOOOOOOOS =
s1,82,...sy U0 00000 0O0OOOOOOOOOOOOOOOO0O
oo0o0 A XNOOO0D0OO0O000 O=o01,09,..,op 000000000003 s=
$1,82,.,s7 0000000000 ¢000:000000000000 6,(¢)
ooobooo
0i(i) =  max  p(s1,82,...,8 = 1,01,09,...,0¢ | A) (2.24)

§1,82;--,8t—1

Oo0¢++100000000000O0000O00O00O0OO00O0OO0O
o41(J) = [m?X5t(i)aij] ~bij(0r41) (2.25)

00¢00:00000000000000000000000 ¢(j)000
oo0000000 prO0O0O0O0OOOOO0O0O s, 0000000000
goboboobooboobooobon
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Viterbi 000000

1. 000
2.0000
5¢(5)
A0)
3. 00

max [0;—1(2)ai;bij(ot)]

1<i<N

argmax[0;—1(1)ai;bi;(os)] (1<t<T,1<j<N)

1<i<N

P =

4. 0000O000DOOOO

@eggv[%(i)]

argmax|ér(i)]
1<i<N

st =Pr(si )0 <t <T—1)

(2.28)
(2.29)

(2.30)
(2.31)

(2.32)

4.0000 s3,s7,....s-, 000000000000 e@O0O0O0O0O0OOO
O Viterhi OOOOOO OOOOODOOOOO 230000

0 23: Viterchi HO0O0O0O0O00DO00ODO

15




2.1.8 000000

forward-backward D 0000000000« (4) 0 B(¢) D0DOOOODO
gobooboooboboboobobobobooboboboboboobobooboboooo
gooboooboooboooboboooboobobuooobboooo
goo0oooboob0ooooDoooobobooOo HMMO 21900000
O000000000000000000000000000000a(d) 0
4()00000000000000D0000D00000DOOO [60] 40
00000000000 forward-backward 000000 OO0OOODOO

1. 00000000000 forward probability

(a)

000
00000 (1<i<N)OOOO

ag (i) = ag(i) = m (2.33)
a{)(z) = C()Oéé(’&) = C()Oé()(i) (234)

goog

0ooo
000 (t=1,..,7)0000000000i(1<i<N)0000
o, 00000000000

N
ap (i) =Y aj_y(4)ajibji(or) (2.35)
o) (i) = Cyait (i) = CoCy...Cran (i) (2.36)
oooo
0o
T
poO|xN=]]¢c (2.37)
t=0

00000000000000000000000000000
0000000000 P(O|A)OO0O00O0O0

T
log P(O | A) =log(—>_ C) (2.38)

t=0

goooo+«0OoO0oOoO0O0O0O00o00O0 c,000000O0ooo0o

N -1
Cy = Z o (i)] (2.39)
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0000000000000
N
D aj(i) =1 (2.40)
i=1

OOO0O00O0Oforward probability 000000000 COCOCOCOO

. 00000000000 backward probability
backward probability 0 O forward probability 0000000000
ogooooooo
() 00000 (1<i<N)0OOO
Br(i) = Br(i) =1 (2.41)
Br(i) = CrBr(i) = Crpr(i) (2.42)
ogogdod

(b) 00O (t=T-1,..,000000000000i(1<i<N)O0
00@ 00000000000

N

B (i) = Z ijbij(0141)B141(5) (2.43)
j=1

Bi(i) = CiB; (i) = CiCy—1...Ct B4 (4) (2.44)

000000000000000 o@)0B)() 00000000000
0 ()06 0000000000000000

aj(i) = JJ Craui) (2.45)
gy = J[C-B0) (2.46)

.bo0booobooboooobooobooonoa

000000000000000000000000000000
() DOOOOO
7 = oy () B (4) (1<i<N) (2.47)

(by 00DODODODO

T
D ah i (Daizhis(00)B3(5)
t=1

(2.48)

aij =

Z a;—l(i)@l&—l(i)/ct—l
t=1

17



(¢ 00ODODOOO0

T
Z OZQ 1 CL” z](ot)/@t( )

t=1

bij(o) = — — (2.49)

Z i)a;;bi;(04) B (5)

=1

219 00000 HMM

HMMOOOOO HMMOOOOOOOO HEMMOOO0OO0O0O00DO HMM
obobooooooooboobooooooooboooooobO HMMOOO
goobooobooo,0b0lobOib0OobOobDOobDO0obOO0ObOO0ObOO0ObD HEMM
gboooobobooodn oo

oooo0o0O HMMOODOOOOODO b;(0,) 0000000000000

M,
b;(0) = > CimN(O4; ttm jm) (2.50)
m=1
oOooo
M; .. O0O0j0000000
Cim .. 00,;0000000mO00000
N(;M,Z) .. 000000 pODOODOOO0O XO0000D0O00D00O0

NGp,X)DOODDODODODOoooooo

N(Osp, ) = M exp(—5 (0~ (O -pw)  (251)
Ooog
n .. O0OoOoooooo
O-wt .. O—pDODODOOO
5| .. $O0000
»t .. ¥XOoooo

00000 HMMOOOQO forward probability () 000000000
oood

N-1
= (D ai(t = 1)ai;)b;(Or) (2.52)
=2

1<j<N1<t<T

oon
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041(1) =1
a;(1) = a1;b;(01)
1<j<N
an(T) = ZNzlaz(T)aiN
00000 HMM OODOO backward probability ﬂz(t) goooooon
googg

N—

H

a;;b;(Op41) 65 (t + 1) (2.53)

=2
1<i<N,T>t>1

<.

oon
Bi(T) = ain
1<i<N
Bi(1) = 275" b (00)B;(1)
forward probability, backward probability 00 000 OO0 HMM 0O 00O

O Baum-Welch OO OOOO0OD0ODO0OOOO0OO0O0O0O0O0ODOOOOOOOO
ooo

. S 11% Sy o (t)aizhy( 1) B (t+ 1)
Aij = R 1 T 7 (254)
Er 1R, Z ( )Bz( )
1§r§R,1<z<N,1<j<N
P, = Z(P =an(T) of r'thobservation)

T

R S Te)

iy = (2.55)
’ E§=1ZtT=IL§m(t)
. ERE 1L )(OF — fijm OF — fijm)*
S = =1 jm]i ) 7f fj JOF = ftjm) (2.56)
Uil Xl L, (1)
ZR Z 1L (8
i = =1 m( ) (2.57)
ER 12 L;(t)
ooo
T T 1
L, (t) = Lj(t) = Eaj(t)ﬂj(t) (2.58)
T 1 T ' I s
L]m( ) = EU]‘ (t)ijbjm(Ot )ﬁ] (t)bjs(ot) (2'59)
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r alj ’Lf t=1
Uit) = 2.60

0o { YN tal(t — 1)a;; otherwise (2.60)
2.1.10 HMMOOOODOODO

plvy | 9) 000 +0000000000 vwwOOOOOOODOOOOOO
HMMONOOOOOOOOOOODOOOOOOOooOooO [60]0

N
plor i) = Y aibi(vy)..004i00000 v, 0000000  (2.61)
j=1
K
H(K |i) = = p(vg|i)logyp(vy |i)..100000000000H262)
k=1
N
H(\) = Y wH(K|i)..000A0000000 (2.63)
=1
0ooo
N HMM 0000
K .. 0000O0oOoOooo0
Qij e 0000000000000
bij(Uk) . 000000, ;00000009 0000000
Wi e, 000000000

000000 0000000000000 [83]0

Ergodic MM ODOODOO0D S;000000000n00000000
000000 S,000000 (p000000)0 6000000000
) 00000000000

N
az(-;H'l) = Z ail,al(,?) (2.64)
v=1

N
alm ™ = N7 g gl (2.65)

ij w vy
v=1

nDDDDDDDDDDDaE?)DDDDDDDDDDDDDDD S; 0000
000000 s, 0000000000000000 [BDoOoUo0oO

lim al(»;l) = w; (2.66)

n—oo

Ubob0Ob0w;00000000000000000000000000000
S;000000000000000 w; 00000000000
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N
> wi=1 (2.67)
j=1
N
Zwiaij =wj (268)
=1

oo0ooooooo0odoon wy 0026700 2680000000000
obooooooboooooon
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22 JUOO0O0boboooooobn

0000000000000 OO000 DPO one-pass DPO Level building
O000O0O0O0O0CCOODOO0O0OD00ODDO0D treetrellis 00 O0O0OOO
00000000000 00000000000000 treetrellisd 00O
Viterbi 00O (one-pass DP) 000000000 O0OOOOOO

2.2.1 tree-trellis0 00O

0000000000 O0O00000000000D0000000tree-trellis
ogoooooda

gobodddoobobooooooobooooooboboooooooo
godod0o0oodoobooobo0doooooNOOoOoooboboooooa
(N-best 00 0)0000O00OU00OD0OD0OOUOOOOOODOODODODOOO
000000000 (Viterhi) DODOOOOOOOOOO (trellis) D000
000000 TeellisDOO0O00O0OODODODOOOOODOODOOOOOOOO
0000ooooHMMOOODOOO000000D0O0000000 duration
controll 000000000 DOO0ODOODODOOODOODOOOODODOOOO
Ob00ddoobobobooooobobooooooboboooooooooa
goo

0000000000000 000 HMMOOOO0O0O0O0O0O0O00000
Odb0dooobobooooobooooobooboooooobouoooooa
db00ddooboboooooboooooooboooooobooooooa
000 bigram OOODO CYKOODOODOO leftright 0000000000
gooooooooooa

00000 TrellisOOODDODODODO tree-trellis 000 OO0OO0O0OODOO
021 0000 240000000000 ,00000000000 (L=
wp, W1, Ws, ..., We—1) JO00000

0240000000000 000000DOO0000O0O0OOOOOOO
w, 0wy, 020000000 HMM O 4-state 3-loop D OO OO 0O0O 20
gooooooo HMMOO0OO0OO00OO000000OO0OO0OOOOOOOoOoOoOoa
gddbdUdeocmdoooboudt—100000 w, OO ODo2ZJO0O 00O
oobot¢+—-100000 w, OO0 10300 oo t—100000
w, 00 2004000 00000 ¢t0000O00O0 w, OOO 2008100 00
000 +—100000 200 w,,w, OO0 00ODoc@10O0 O0O0OO0OO t—-1
00000200 we,w, OOO OODocTMWOOO0OOOO¢tOOO0OO 200
we,w, 000 0010000000 ¢t000O0O0 200 we,wy OO 00
gobooooooooboo

tree-trellis 0000 trelis 00000 O0O0O0O0O00O0OOODO OODOOO
gdoboooooooooooobooboooboooooboooouooon
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N
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a a0y Wa

M g, _
t1 Time (frame) !
N J
Grid: score maximum likelihood from t=0 to t'

0 2.4: tree-trelis0 0000000003

ggodobobobooooobobboooooobbbboooooobobo
0000000004 ol 000000000 D0D0O0ODOO0ODODO

gobooooboooooboboOooobOboOoooobooooooooooo
ggodobbobooooobobobobooooobobobboooooooboobo
000000000onoO0Odo70o 000000 O0OOODDOOO
goo

oboooobooooooboooog

gboboboooboooboooboouobboobboobboon
gboooboboboboobobodbo7docdI 0001000000000
O bigramP(wp|w,)?%, (a: language weight) 00 000000000000
bigram OO OO HMMOOOOOOOOOO

2.2.2 Viterbi 000 ( one-pass DP )

Viterbi DO O (one-pass DP) D00 00000000000 0OO0OOOO
gbooboobooboobooooboooobobooooobooogon
oboooOooboooooboooobooooooboonbo 220000

Oo25000000000000000000000000000000O
w, 0w, 020000000 HMM O 4-state 3-loop DOOODO 000 20
oooooobooHMMODOOOOOOO0OODODOOOOOODOOOOOO
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dbon00¢t-1000000 w, OO0 OO0 ¢t—-10000000
w, 000 103 00¢:t000000 w, 000 O0MWe4gdOO¢t—-10000
00w OO0 20083100 ¢t—-1000000 w, OO0 2006100 ¢t0O0O
Ubobdw, OO0 2000000000000 0O00O00O0ODO0ODOODOO

ooboboobooboooboobuooboobobobooboooboobon
gbooboobooboboboobooboboobobobobobuoboboo
J000oc@ol000c4J0000DODOODODO0ODODODOODOODOO
gobgoboobooboobuooboobobboboooboobooon
ugobobooooboooobbooobbooobbooobboooono
o300 olojho6UUIUIDNUOODOODOODOODO

000000 bigram 00000000003 oA bigram OO (p(wa|wa)®)
0000000047 bigram 00 (p(we|ws)®), (a: language weight) 0 O O
oobooooboooboo

ggodobbobbooooobobo

4 N

State of HMM

o
t-1 g t
o’
\Joc? Time (frame)

>

L Grid: score maximum likelihood from t=0 to t' J

0 2.5: one-pass OO 0OOO0O

2.2.3 tree-trellisO0 00O ViterbiOOOOOO

OO0D0DOtree-trellis 0000 Viterbi DO OOOOO0OOOODODOOODODO
0000000000000 0o000o0ooooooooooonoooogn
00d0o0oo0ooooooo0oodoDooooooooooooooon
02300000000000000000000O00O000

O 0 Otree-trellis0 000 ViterbiOOOOOODOOOOOODOOOO Otree-
trellis0 0 0000000000000 O00O0OOO0O0OViterhiDOOOOO
00000 000ooo0oooooogoooooooooooooooon
00000 tree-trellisO 000 ViterbiDOOOOODOOOODOOODOOO
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0000000000 HMMOODOOODOODOOODOOO context dependent
oooooOooooDoDoOOOoOOOooOoOOOODOOODODODODOOOOOO0
0000000000 0000Od triphone 000 O context-dependent model
oo0oo0ooOooooooUoooo0ooooDooOoooooooooogo
000oo0ooOooooo0ooooooooooooooooooooogo
OO00left-right 000000000000 O0OODOOOOOOOOOO

23 0O0O0O0ODODO0O

obooooooooooon 22100 222000000000000
gboooooobooobooboboooobooooobobooo

gboobOobooobooboooobobooboobooooboooo
gboooooooobooo

23.1 000000
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text-closed; 0 O O O :4,096; a:1
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00000000 52%000000000000000000000000
gbooooooooo
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6.2 UUOLOOOOOOLOObLOOOO

oboooboobooobooboobooob4b00bbooboobobobooboo
gbooboobooooboooobooooboboooooboooon
gbooooboooobooooboooobooboooobooogon
obooboobooobooboboooobooobooooboobooooobooogoon
goooobooo booboobogoboobooooooooooobogoo
gboooooooobooooboooooobooboooooooo booo
gboooboooooooboooooooooboboobbed4dn0bonOOoOonOnO
oboooboobobooobobooooboooobobooboooobooooon
gbooooboooboobobooboobooo

gobobooooooboobooooobooooooobooooooobooogo
oboooobooooobobooooobooobooboooooboooon
obooboooboobooobobooooooooobobooooobooooon
goboooboooboooooboooboooobooobooobooon

6.2.1 0OU000O0OO0OOOODOOOOOOOOO0O0

obbooobomobooooobooobboooboooooooooooono
oobooobooooooobooobooobooooboooboboooOon 6.2
oooUoooOoo“o)pooU0o0000b0000 “c00”00O00000
gbooooboooonbo

oobooobooooboooobeecbOOObOOOObOOOOODO6.70O
ooo

100%

80%] 42% 41% 52% 63%
(49/116) (136/333) (94/180) (122/195)

60%]]

40%]

Occurrence in percent

20%]

0%
MTK MMY FKN FAK

Speaker

066 000000000DOOOO
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2.6% 2.7% 2.2% 3.6%

= (3/116) (9/333) (4/180) (7/195)
S 4%
o
(0]
o
=
(0]
(&)
c
(0]
E
>
(6]
[&]
O
MTK MMY FKN FAK
Speaker

U667 000000000OOOOO

obooooobooooobooog

1. 0000000000000000000000000 40%0 0 60%0
goooooo

2. 0000000000000 00000O00O0O0000OO 2%00 4%0
gooooao

6.2.2 [0000O0O0DOOO0ODOO

000000000000000000000000000000000
00000000000 [50),[33),[66)00000000000000000
000000000000000000000000000000000 6.8
oooo
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100.0%

€
[0}
O 80.0%
()
o
£ 60.0%
()
2
S 40.0%
E
o
8 20.0%
(@]

0.0%

HdH 9%
Srotorm — 14
& > 10.0%"] \\1\‘\.0\'\
HdH12% H > 20%
\;E‘:f,\ B sov,
\‘x‘x‘{\"{\
MTK MMY FKN

HH 13%

\\3}0) 3°/

'\'\.'\.'\.

H > 20%

FAK
Speaker

068 000000000000
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063 000000000000O0O0

ooo gooo (ooo oooo |ogo oood
goo 604 |ODOOOOOO 1 |[0O00d 115
oood 268 |D0OO0OOOODOOO0O g§ |[ODO0O0O0O0 48
ooooog 2 |O0O00ooO 466 |0 OO0 1
goooo 1 |[DO00o0ooo 4 |0D00000O 8
goooo 5 |O0OO0OO0OO0O0O0O0 3 |000 2
ooogd v |[0b0oood 3 |000 61
oood 151 |[DOoO0O0Od 2 |0DbOoOo 13
goooo 1 |[bDOo0o0 13 |O00Oo 1
oood 1 |[DOobooo 1 000 7
ooooo 1 |[DO0b0ooo 1 0000 11
googd 1809 |ODOO 22 |[DO0O0O 1
goooo 2025 |OOOOOO 4 (0000 1
ooooooo 1 |[DOoobooo 62 (OO0 4
ooooo 77 |j0oOoooo 11 |0DbO0o0o 1
gooood 3 |UbhOoboogo 1 |[bDOobooo 2
goooo 1 |[bDOo0o0 47 DOO0OO0O0DOOO 1
oood 1 |[DOobooo 13 000 1
oood 1 |[DO0o0O0ooo 1 |[DOoboo 2
goo 26 |[DO0OO 1 000 263
oood 58 (OO0 59 |[bDO0O0O 8
ooooo 1 |[DOo0O0 196 |[DO0OO 186
ooooo 2 |D0OoOooog 1 |[DOobooo 1
goo 23 |[bDO0O0O 2 |ObOo 176
oood 71 (0000 1 |[DO000oooo 1
ooooo 26 |[DO0O0O 9 |[00O0O0OO0O0 1
ooooog 2 |ODbOO 9 |[ooOod )
good 1 |[DOoboo 4 000 2
oood 7 |O0OO0O 4 (0000 1
oono 1040 00000 1 |[bO0O 1
good 3106 |[ODO0OO0O0 1 |[bDooo 1
goooo 1 |[bO0 g |ODO00O0 1
oooooog 1 |[DOo0O0 2 |Ob0Oo 1
ooooo 1 (D000 1 |[bDO0O 27
gooood 1 |[booo 2 |ObOoo 19
goooogd 256 |O00O0O 1 0000 1
ooooooo 2 |00O0O 2 |000O0Oo0 1
oooooooo 1 |[DO0O0 1 (D000 1
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064 00000000000000000000O0

oo
good
goog

oood

ooo
oood

0oooooo
000
00000000000000000
0oooooo

oooo
00000MO000000000
0000000000000000
0MO0000000000000
0000000000000
0000000000000

1300 1160 394300 (MTK)
1800 3330 11520 00 (MMY)
1300 1800 6918 00 (FKN)
1400 1950 7588 0 0 (FAK)
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gbooobooboooobooog

1. 000000 50%00 75%00000000000000000000O

2.00000000000O0O0O00DbOO00OODbOOOO0DOOODbOO00
oo ooboOoooobooooooo

6.3

6.3.1

oooobobogooooobood

gobbobuooooboobogo

obooobooobooooboobooooboooobooooboooo
0000000 65000000000000000000 [R2)D000OOO
gbooooboooobobooobooooooboobooooobooogon
obooooobooboooboobooooboooooonoo

65 000000000000O

1

000000000000000000000
00: 000000000000000000000 @M
0000000000000000000000000Mm
00 /aiueo/00000000000000
0000000 /aeo/00000000000MO
00MO00000/o/0/e/00000000000M
0000000000000000
00:000@MO000000000000000
/N/ODODOO/uN/O 00000000
00//000000000000000000
00:000000000000000000000(
0000000000000MO0000000000
000000000000

6.3.2

gobbooggoboboooobo

1. 0oboobooooobooog

goboooboooboooooboboooboooboooooboooon
ooboooooooobooobooboboooboooboooboooooon
gobooobooboooooooboooooobooooooooboboooo 4
gobooboooboobooobooobooooboooegnn
ooooobooooobooboooog
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40%
mm Spontaneous
31.5% 30.1% e Read
30.0% 29.5% 26.5% 28.7%
24.9% 23.8%

30%

20%

10%-

Occurrence in percent

MTK MMY FKN FAK
Speaker

069 000000000000O0O00O0O0O0O

() 0000000000 0DOOOO0OUOODOOO0OUOODOOOOO
00000000 25%00 32%000000000000000
0000 24%00 30%0 000000000

(b DDOUOOOOUOOOOUOOOOUODOOOOUOODOOOO
ooooo

(¢ O0DODODODODOODOOOOODOOOOOOOOOOOOO
0000000000o0ooooo MMY OO 2%(29.5% — 30.1%)
000000000000 00 FAKOO 21%(23.8% — 28.7%)
ooooo

000 fiy/, /ug/, Nl /Nif, /i), fmf, fku/, fab/, fuw/,
fuy/, funfs [Nb/, NG, [N, Jaaf, Jeel, feifs fiifs [kif,
/o,0/, Jou/, /s,u/, /shi/, /uu/ 0000000000000 OOO
gbobooboboboboboboobbobboboboboo
000000 0000 /e/0/u/00000 /g/0/n/00000000
gogooooo

.0ob0ooooboooobooboooooobon

uboboooooboboobooooobooboobobooooooann
bobOooboobooboooooooobobooboooooboonn
obooooobobooboboboooooobobooooooboon
oboboooooboooobooboobooobooboobooooooboon
goboooboobooooobobooboooboboooobooon
obooOoobooboobooooooobooboboobooooooon
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O000000ooO0o0oooooooo0 ATROOOOO0OOOOOOOO
0 (D0-D5) 00000000000 DSADOOODODOODOOOO DSC
ooooooboooogoobooon

obooboooooooboooeloobobooboOobOobOoOonoOon
gooobood

(a)

(b)

ggboaboabooobboobuooboaboaoboooon
0O MTK OO 33%(23.9% — 31.7%)00 0 FKN O O 15% (23.0%
—264%) 000000

00000000000000000000000000 /a/00
0000000 (MTK:4.0% — 13.3%, FKN:3.9% — 8.1%)0 O
0000/m/0000000 (MTK:1.0% — 18.1%, FKN:1.6% —
10.8%)0

00o00o0oo0o0ooo /4000000000000

gdbouobuodaboaboobbooobuaaboaooaoo
gobooboobobooobooboobooboooboooon
000000000 (MTK:31.7%, FKN:26.4%)0

gogbooboobooboboobooboobooboooo
gboooooobooooooboooon
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Occurrence in percent

Occurrence in percent

(%),

30

1 (5223/29972)

30

(a) Speaker: MTK
23.3%  23.9%

(1538/6815) (1628/6817)

17.4%

31.7%

(2403/7584)

word read speech read speech
speech (phrase) (sentence)
) (b) Speaker: FKN
17.5% 22.1% 23.0%
1 (5248/29972) (1508/6815) (1565/6815)

spontaneous
speech

26.4%

(3398/12879)

rd
speech

W oo read speech

(sentence)

read speech
(phrase)

spontaneous
speech

0 610: 0DOO0OOOODOOOOODOODOOOOODOOOO
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6.3.3 0OUOO0O0OO0OO0DOOOO0OO0OO0

1. 0o0obooooooon

oboboooboobooobooboboobooobobooDoboooboo
goooobooboooboooboboooboooboooobooon
gbooooOoboooobooboooboel1noOonOO

10
mm Spontaneous
= Read
9] 8.60 8.57 8.61 8.54
8.32 8.47 8.52 8.06

Speech rate (morae/sec)
oo

6 MTK MMY FKN FAK
Speaker

g e6.l1l: 0000000000 DO0ODOODbOODbDOOn

obobobooooooobobooobooboobobooboooobon
geocbpoobobOobOobOobDOobDobDoooooobobon
goo
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g 66: 0000000000O0OOO

() 0000
00 MTK MMY FKN FAK
00 |00 (ms) OO0OD0 |00 (ms) ODOO0O0 |00 (ms) D000 |00 (ms) 0000
a 92.6 49.1 87.6 41.0 86.1 38.2 93.4 63.4
i 72.0 36.1 65.1 39.1 64.2 36.8 70.5 45.5
u 85.0 62.0 77.0 53.8 69.0 43.4 77.7 45.5
e 93.5 64.3 92.7 72.2 80.6 44.3 85.0 53.7
o 91.8 61.5 97.4 71.6 92.5 59.6 101.3 74.5
p 61.4 7.1 17.4 6.9 20.7 7.8 12.8 45
t 41.4 21.0 20.4 7.1 17.2 5.7 14.8 5.8
k 49.3 19.9 36.3 19.3 30.2 105 26.6 12.1
b 48.3 13.4 11.1 5.0 118 4.4 11.7 2.4
d 43.5 16.9 12.0 4.7 11.6 4.0 10.8 3.3
g 45.9 25.3 13.8 4.7 13.9 5.5 14.3 5.2
m 53.1 17.3 47.1 19.6 52.6 15.6 51.8 17.2
n 48.2 18.3 41.6 20.0 47.9 19.1 53.4 24.6
N 75.7 24.0 66.6 37.5 55.2 28.2 70.7 32.4

(byooO oo
00 MTK MMY FKN FAK
00 |00 (ms) 0000 |00 (ms) 0000 |00 (ms) 0000 |00 (ms) 0000
a 100.2 57.5 88.7 36.3 88.0 33.3 91.5 43.1
i 81.3 46.9 70.8 36.3 63.6 30.9 70.7 35.1
u 76.1 48.6 71.2 42.0 66.8 39.4 73.3 385
e 92.2 67.3 85.6 58.6 73.6 28.6 82.3 41.8
o 86.9 50.2 91.7 53.5 86.5 38.5 94.5 46.7
p 61.3 14.1 17.6 7.4 16.8 45 17.9 8.9
t 40.1 22.9 18.6 6.7 15.3 4.6 13.8 4.3
k 425 18.7 35.0 18.1 28.1 105 28.1 12.8
b 52.9 38.9 9.7 2.2 11.6 5.1 10.0 0.0
d 43.1 18.7 11.7 4.1 11.3 3.1 10.0 2.5
g 45.6 26.7 19.7 9.8 13.6 5.7 13.5 4.0
m 53.4 18.1 48.1 19.0 A7.2 14.2 50.1 14.6
n 47.3 15.5 445 21.7 44.1 17.6 48.4 16.1
N 103.6 57.4 70.2 33.4 63.3 37.7 65.3 24.1

114




gbobooboobooooboobooood

() 000000000000 OOOOOOOOOOOUOOODOOO
00O 8.5(morae/sec) 0 O 8.6(morae/sec) DO 0O

(b D0DO0OOO00O0OOOODO0UO0O0O00O0OOOODO 8.1(morae/sec)
00 8.5(morae/sec) 00 OO

(c) 00 FAKOODOOODOOOOOODOO /000000000
000000000000000 /u/,/e/,/o/0000000000

(d) DOMTKOOOODOOOOODODODODOOOODODOOOOOOO
gboooooooobooo

2. 00/a/0/k/0000000000

00000 MMYOOOOOO /a/0/k/00000000O0OO0OO 6.12
obooboooobooboobooboooboobooobooboooon
0000000000 /a/0000000000000000000O0O
000000000000 00o0000/k/000000000000
goooooooon

6.3.4 0000 (phone accuracy) 00 OJOOOO0O

goddbobboooooobbbboooooobbboooooobbo
O (phone correct) 00000000 (phone accuracy)[60],[15] 0 4.3.1.3 0
gobooooog

1. 0000

ooboooobooooboboooobooobooooboooooooon
obobooooboobobobobooobooboboobooobon
00000000000000000000 HTK Software Tools[15]
gooo0o0O0O0O0O0O0O0O0O0O0 LlpCcO00ODOOOOOOOHMM
oboooboobooobobooboooobooooerybobooooonDOo

gbooobOobooooobooooobooo

() 000000000 0ODCOO0OOUOOOO0OOOOOUOOOOO
00000 Baum-WelchOOOOOO 40000000000
gbooooobooooboob ogon

(b DDODODOOOODCOOOOODOOOOUODOOOOOOOOOOO
gboooooboooogo 300
(¢ O0DOOOO0OUDOODOOOODOOOOOOODOOOOO

00000 (one-pass DP) 00000000 D0OOO0OOOODO
goooog
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6000000000

ogood 26 00

OO0oooooonO  12kHz

od 0020000 2000000

goood g s500

ocoooood log power 4+ 16 0 LPCcepstrum
+ Alog power + 16 0 Acepstrum

oooooo 20ms

gooogoaa Hms

LpCOO 16 O

oooooo 16 0

googono 4-state 3-loop 3 mixture

Gaussian continuous HMM (diagoal)

(d) DO0O00OD0O0OD0OO00O00DO0000O0O0O (phone correct)
0000000 (phone accuracy) 00O OO0

2.000000000D0000O0ODOODO

0613000000000000000000 (phone correct) 00O O
0000 (phone accuracy) 0000000000000 OOOOOO
6.80000

gbooooobooooooboooon

() J000DD0OO0O0O00O0DDO0OUO0OUO0DO0O0OO0ODDOOOO
ooo

(b) 00O0DDOOOO (phone correct) 00 65% ~ 72%0 00 O
(c) 0DDODODOOO (phone accuracy) 0 058% ~ 63%0 00 0

(d) DO0D0O0DD0OUO0O0ODOUOO0ODO0OUOO0O0 ™% ~10%0000
goo

() 0O0ODODOOODOOOUOD /W/OOOODDOUOODOOUODO
goooon

3. 000boo0oooboobooog

gobooooboooobooobooooooooboooooon
00000000 EHMMO0000000000000 ViterbiOODO
ooboooooboobooobooboooobooboooobboooon
oooooooooobooooboooobooooboboboooooooD
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6.4

1.

obooobooobooobooobbooobooobobobooon
oboocoooboooob200000000000

dodoe700000000D0D00OD000ODOO0OODODODOODO
OO0O0O0OD0DHMMOODOODO 10 mixtures 00000 0O 3 mixtures O
0do000ooooooooooooooooooooooooooon
do0o0ooDoOO0o00D 6140000000000 00O0DOOO0DOOONO
00000000000o000o000oooooooooooOooon
00000000 DbO00DbO00e6.15000000000D000D0O00O
ooooog

() 000000000000000000000000000000
00000000000000000000000 MTKOO 160%
00000 (21.6% — 37.6%)00000 FKN OOO 240%0 O
00000 (18.8% — 44.4%)0

(b DDOOO0OO0O0OOUOOOOO0OUOOOOO0OOOOUOOOOOO
ooooooOoooO0 (MTK:37.6% — 16.0%, FKN:44.4% —
15.0%) 000 00000000000000000000O0O0
000 (MTK:21.6%, FKN:18.8%) 0000000

(¢) 0000000000000000000000/4/0000000
00 (MTK:43.9%, FKN:27.9%)000 0000000000000
000000000000 /w/0000000000(MTK:78.9%,
FKN:66.7%)00

(d) D00D00DD0OO0DO0O0O0DDOO0DDO0O0O0O0DDO0OO0O0O0OOOOO0OO
gbooooboooooobo

(e DOODOODUDDODOOOUOUCODOOODOUODOOOOOOOOOO
obobooooooooobobooooooooboobobon
obooooog

oo

gbooooOobooooobooon

gbobobobooooobobooooobboboboboban
0000 40%00 65%000000000000000000000O
bobOooooboobobobooboooboobobobooooboonn
0000 (1900000000000 0000O0000O00oO0oOo
gboooboooobooobgooaoboo

gboboboooooboboooboooboboobuobobooooonn
O00000000000000O0 (34000 [gojouooooooo
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gboooboooboobooobooboooobooboooooooon
00000 (1900000000000 000oooooooUoo
00000000000 66) 00 NHKOOOOOODOOOOOOO
gobodooboboooboooobooooooooooooooooon
goboooboooboobooobooooooooobooooon
obooOooooboobobOooooobooboobobooboooobon
oooooooboo

.bob0ooooboooobooon

00000000000000000000000000000000
000002%004%000000000000000000000
0000000000000000000000000000000
00000000000000000000000000000000
00000 [50]0

00000 [ 0000000000000 0O0O00O0UO0DOOO
O00000000000000 9% 000000000000000
O00o00ooO0oo [eoo0oo0oo0oooooooooo
ooboboooooboobOoboooooboobOobOooDobooobooD
00000000 3% 0000000000000 52%000000
gboooooooon

.gbooboobooboboo

gooooooooooobbbbbbbboboooouooooooo
oobooooooooopMMOOOOODOOODOOOoOOoOooo
oobobooboboobbooobobooobobooobooooo
000000000 6%000000000000000000000
2000 00000000000000000000000000O00OO0
000000 (phone accuracy) D00 7%0 0 10%00000000
ooooboboooboboooobooboboboomoboooo
00 HMMUODOUOOU0ODDOO0OO0OoobOOooobooboboooboooo
gogoboboboboooooboboobog

obobooobooboooobobooobooobobooooboobooD
gboooboobooooobooboooooboooobooobooooon
gbooobOobooooobooooboooboooon

.gbooboobooobg

gboobobgoboboboobobooboboobboobooa
gbobobobobbooooopoobobobobobobobob
40%00 65%0 000000000 2%00 4% 0000000000
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obodobooooobooooboobbooobooobooooboooon
oboocoooboooogon

obobOooooboobobOoooooboboboboooooboon
0001)000000oo0o0oooo0oooooo Bru2)oood
0000000000000 0000000000 [23)22103)000
0000000000000000000 (44,34 00000000
000000 800000000000 0000Uooo0ooooo
oboboooooboobobOoooooobooboboobooobon
oooooooboooog
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300

250

200

150

100

50

Nunber of Cccurrence

_TESR)

0 40 80 120 160 200 240 280 320 360 400 440 480
ms

Duration

250

200

150

Nunber of Qccurrence

i f

0 40 80 120 160 200 240 280 320 360 400 440 480

Duration

200 |

06.12: 00/a/000/k/00000000 (00 MMY)
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100%

80% ]

60% |

40% |

20% |

0%

Phone Correct

mm Spontaneous
= I!l)ead

71.4% 75.8% 73.4% 74.8%

65.3% 72% 71.7% 69.3%
FKN FAK

%
MTK MMY

Speaker

100%

80% 1

60% A

40% 1

20% 1

0%

Phone Accuracy

62.1%

=) Sﬁ)ontaneous
(| ead

68.1% 63.6% 65.7%

57.7% é 58.6% 58.5%
FKN FAK

MTK MMY

Speaker

0613 00000000 0DoOoOO (%)
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068 00000000

() 00 MTK (00000/00000)

oad
a i u e o)
83.1% 0.0% 1.5% 3% 7.5%
(167/201) (0/201) ( 3/201) (6/201) ( 15/201)
0.7% 85.1% 3.9% 3.9% 0.7%
(1/128) (109/128) | (5/128) (5/128) (1/128)
7.3% 4.8% 48.7% 2.4% 9.7%
(6/82) (4/ 82) ( 40/ 82) (2/82) (8/82)
3.0% 13.7% 1.5% 76.3% 2.2%
(4/131) (18/131) | (2/131) | (100/131) | ( 3/131)
3.5% 0.7% 5.7% 2.8% 80.0%
( 5/140) ( 1/140) (1 8/140) (14/140) | (112/140)
(byOO MMY (DOOOO/00000)
oad
a i u e o)
93.2% 0.1% 0.7% 3.0% 1.1%
(633/679) (1/679) (5/679) (21/679) ( 8/679)
0.0% 81.4% 3.2% 4.9% 0.0%

( 0/426) (347/426) | (14/426) | ( 21/426) (10/426)
1.2% 4.0% 45.6% 3.4% 7.1%
(14/320) (13/320) | (146/320) | ( 11/320) | ( 23/320)
1.4% 3.4% 2.2% 83.4% 0.7%

( 6/405) ( 14/405) (19/405) (338/405) ( 3/405)
1.5% 0.0% 1.7% 3.4% 88.5%

( 8/522) (0/522) (19/522) (118/522) | (462/522)

()00 FKN (DOOOO/O00000)
od
a i u e o)

83.7% 0.4% 1.9% 4.6% 1.5%
(381/455) (12/455) (19/455) (121/455) (7/455)

0.0% 76.4% 2.0% 3.8% 0.3%
(0/289) (221/289) | (6/289) (11/289) (11/289)

1.4% 0.9% 52.6% 9.7% 4.3%

( 3/205) (12/205) (108/205) | ( 20/205) (19/205)
0.4% 4.8% 3.0% 84.1% 0.0%
(1/227) (11/227) (7/227) (191/227) (0/227)
1.2% 0.0% 4.4% 0.3% 88.6%
(4/318) (0/318) (14/318) (1/318) | (282/318)

(d) 00 FAK (DOOOo/oooono)
oad
a i u e o)

80.6% 0.0% 4.1% 4.7% 2.0%
(393/487) | (0/487) | (20/487) | ( 23/487) | ( 10/487)

0.0% 73.9% 1.1% 7.9% 0.3%
(10/265) (196/265) | ( 3/265) (121/265) (1/265)

6.0% 3.5% 43.2% 6.0% 4.0%
(12/199) (7/199) (86/199) | ( 12/199) ( 8/199)

0.8% 9.0% 19 2.8% 78.6% 0.4%
(2/244) (122/244) 87/244) (192/244) (1/244)

2.6% 0.0% 3.9% 1.5% 83.7%
(10/381) (0/381) (15/381) | (6/381) (319/381)




(%) (a) Speaker: MTK
01 89% 127% 216% 37.6%
(1090/12216)  (660/5206) (1108/5120)  (1912/5084)
40 T
o
©
= 30 1
o
w20 1
10 1
0 -
w o r d read speech read speech spontaneous
speech  (phrase) (sentence) speech
(%) (b) Speaker:FKN
50 2.2% 10.5% 18.8% 44 4%
(268/12196)  (549/5236) (977/5186) (4129/9296)
o 40
©
§ 30
W 29
10 -
0
w o r d read speech read speech spontaneous
speech  (phrase) (sentence) speech

0 614: 000000000O00DOO0OOODOOOOODOO:bO0OO0OO0
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(%) (a) Speaker: MTK
2071 2.9% 5.1% 12.7%  16.0%

(357/12216)  (127/2507) (315/2479) (445/2780)

Error rate

w o r dread speech read speech spontaneous
speech  (phrase) (sentence) speech

) (b) Speaker:FKN
201 42%  72%  11.0% 15.0%

(514/12196) (183/2530) (276/2506) (702/4691)

Error rate
S

w o r d read speech read speech spontaneous
speech  (phrase) (sentence) speech

gels: dpoobooobooobooboobobbobbo:.o0bonobo

124



070 0ODO00000000O0000
oogoogodod

0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0 [47]21]0000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
000000000000000000000000000
000000000000000000000000000000000
00000000000000000000 [81]0 SingerD [77] 0000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000
000000000000000000000 (000000000)00
000000000000000000000000000000 (7100
0000000000000000000000000000000000
000000000000000000000000000000 13.57%0
0000000000000000000000000000000000
00000 [54)[71)0
000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000

125



00000 Fp, power, duration 0 00000000000 D0OOCOO0ODOO
oboooobooooobobooobooooobooboooobooogoon
obooooobooooobooooooooboooDoo

7.1 OOoudooooobboobobboooooan
N

0000000000000 Fy, power, duration, 0000000000
gbooooobooboboooooboboboboboobDobooooboon
goboboooboooboobuoobuooboboboboooboobooo
good

00000 o00o0ooooDo0obo0oo00oobobDooooooDoooDon
goboooobooobooboobobbooboooo

7.1.1 000000

00000000000000000000 000000000000
O0E=-log, P(I)0000000000000000 P)000 00
0000000

0000000000 /0000000000000000000000
0000000000000 E0D00O0DDOOOOOOOOONOO0O0OO0
00000000000000 70000 (00000000000000
00000000000000000000000000000000000
0000000000000000000000000000000000
0000000000000000000000000000000000
000000000000000000000000000000000

712 0J00O00O0O0OOOO0OO0OOOO0OO0oObOOOoOoooDn
g

oboooooboooobooboooobooboobooooboooo
gbooooboobooooboobobooboobobooooobobooooboaoon
obooooboooooboboooboooooboobooooobooogon
oboooboobooooboobobooooboooobobooboooobooooon
gbooboobooooboooobooooobooobooooobooogon
gooo

l. 0oboobooboooooboobooooboobOooooooo

126



2.0000b00O00Cb000bOO0ObOOobOObb0OO00ObObOObObOObOOn
obooOoooobooboboooooboobooooooboobon
gbooobooboooooboooobooobog el0obnoog

. 0obobobobocboobooboboobooobobobooooobn
obooOooooboobooOooooobooboooooooooboon
obooobobobdcabO0bOobooobobobooboboboobooon
o c20000

4 0000000000000000000000000000000
0000000000000000000000000000000
00000000000000000000000000000000
00000 EDO00O0O0 —logy(c2/c1) 0000000

713 0O00OO00oOoooboobooobo

Or7i0000bO0bO0b0OO0obOO0O0o0oooobDob0obobooobooonon
ooooooboOo “bcooooboboorobogooo
goobobooooooobobooooooobooooooboboooooooon
o0oo0oooooooo «cooooooboobo”0o0bb0o0oooooooo
oboooboobooooobobooooboooobobooboooobooogoon
oobodbooooooooooobooooooooooobDOoDOoDbOoDoOo “o
ooooobooOoro«cooboooOoOoro«oooboooooro«“oon
oooooo”ooooooooon
obooobooboooobooboooobooooboobooboooo
gbobooboobooobooooooboboooooooomooon
0000000000000 000 “00000¥00d¥0n” 000000
04 00D000000D00000“0”0000000000000000
gooooooooooboobooooooooobobooooobooogo
gboobooboooobooooboooooboboooobooogon
o000 “cobooooooo"o“cobo0oOoDpoo”booooooobooo
obooobOoboooobobobooboobooobooboboooboooo
oboooooobooooobobobooooooobooboboooobooogo
gbooboobooooboooobooooobobooooobooogn
oboobOoobooooobobooobooboooooboooon

127



AN [FAT A % 3T 7 )
ERER ERER+ 7oV MER
VIVONXAFTS DEVD hEA FHE
/
Tk EEIN TR 7oV N —EFTH
EFEMEX EEMEX

Y Y
B 1) FAIHIGEIRIT B 1) FlIHIFZRITA
B2) FAlTABERIT B2) FAlTABERIT
B 3) FAlIFhERIS/ .
B4) PAEARERIT/

A A

e

o7 00b0000cO0ob0oboOoobooboboooooboo

7.2 OUouodoobooooboobboooooooan
goooobgooooobod

721 0OO00OO0O0OO0OO0OOO0

obbOvi2000000000000000000O000O0O000O000
obooobooboooboobobooobooooobobooboooobooogoon
oboooooooobooboooooooooboboboooobooogo
gboobooboooboobooooboooobobooooobooooon
oboooobooooobobobooboobooooobooooboooon
gbooooooobooooobooo

128



722 0O00O0O0OOOOOODOOODOOODOODOO0

gboobOoboooobooboobobooboobooooboooo
gboobooboooobobobooobooboboooboooboooooonn
oboooobooooobobooobooooobooboooooboooon
[l6]46)0000000000000DO0OO0OOOOOOOOODOODOOO
ooooooooooooooooooooooooooooooog «gr
O “oc"0oooboboo0oooooooboobobooooooobooOogo
ooooo

oboooooobooooobobobooooboobooboooooboooo
oobooo0o r12000000000000000000O000O00O00OO
gbooooboooooboobooooobooooga

1. 0oobobobooooboboobOobobooobooobooboboonoo
oboboboooooboobobooobooboboboobooobon
gboooobooooooboobooobooooo

2. 000000000000O000O0OO00DOOODOOOOOO0O0OO0OO0
obooOoooobooboboboooboobooboboobooobon
gooobooooobooboooooooon

. 00boboboboooooboobobooboooboobOooboooboon
obooOobooooooboobobooobooboobobooboooobon
gooooooboooobobooooobooogon

4. 000000bOOO0O0bOOOO0ODbOOoO0OobOOoOoobOOoOoobOoboOoOoon
obooOoooobooboooooobooboobobooboooobon
oboboooooobobooobooobobooobooobon
gooobooooon

goboboobooboobooboobobboobooboobon
gboboooboobobooori200b000b000oooobooobooon
gboobooboooobooooboooooboobooooobooogon
gobobooboobooboobooboboboboobooobooon
goobboobbooobboobbbooobbboooboboooobo
gboooobooooboooooon

723 0O000O0OODODOOOOOOOOODOOObOOOODbOOO
goon

gr200000000000000000000000000000000
oooooooooOo “cobboooo”ooooo

129



0000000000000 0000D0DD0000DODDooOooOoon
gooooooo “0oooO¥ooOdo0’0000ooo
0000000000000 00000000000000D0O0ononoo
0000 “0000000000”0000000000000000000
00000000000 “000000000”0“00000000o»g«
0OoOoOoO0O0O0O0”’0“0000000070“000000000”0000
0oo0o0000OooooD

000000000000 000000D0D0000000D00000nO
0000000000000 00000D0D00000D0O0DooOooon
0000000000000 0000O00D0O00000000O

Bl ‘0000000007 —
‘opooOdoood¥oo”

B2 ‘0000000007 —
‘OopooOdooooo”

B3 ‘000000007 —
“‘OpooooooOdoo”

B4 ‘000000007 —
‘opooomoooo”

B5 ‘0000000007 —
‘opooOfooooodoo”

000000000000000000000000 0000080000
M00”000000B1)000000000000000 B2)000000
000000000000000000000B3) 00000000000
00000000000000000000B4) 000000000000
000000000000000000000 B5)00000000000
0000 000000000000000000000000000000
00000000000000000000000000000000000
0000000000000000000000 EO —logy(2/4) = 1(bits)
oooo

7.3 4Ouogg

7.3.1 0000

gbobooboobooooboooboooorv2200000000000
obooooobooooobon

130



1. 0ooao

gboogoi92b00booboooooboooooboooboon
goboobooooooooboooooooooooooooooon
oboboobobobobo soboboobooooboooooboono 71
oooo

071000000000

goodo ooooobo oboboobo ooo oo ooo o
gooobo 0Oobogo oooob oobooob obOogo
0o 00 oooooo oooo ooooo boo oo
oooooob oobo boooo oobob oo boo
gooo o0ooooboo oooooo obob ooo oo
o0 000 o0oo0oooo oooogo ooo 0O oobogoo
gooo oo ooobo oo boob ooboo boog o
ooo oooboob oobobo booobo oo ooobo o
gboo bOoboooo obOooogo

2. 0000000000000

oobooOoooboooooboooooooooboooooboooon
0000000000 0000000000ooooDoooooo 99.8%0
000000000000 9%%000 470000000000 00
goboobooboobo3soboobooboobooboooon
obobO100o0o0000o0o0o0oocoobooboob 1000000
ob2000000000000000000 1000000000
ooboooobooooooobboobooooooooooobooD
gboboobooooobooboobooboooon

3. 0000000

ooboooooooobobooobooobooooboobooOooooon
gboooboooboooooooboboooobooboooooonD+
000000 BRYUUi0D00000oU0oon0o0oooUoUoo
ooboobOooooboooooooboOoobooooooooooooon
ooboooboooboooboobobooooooooooooooon
oboboooooboobobooooooobobOooobooobooD
o01o0o000oo0o0oobo0o0 «coo0r’oo00bo0 “boorobo
ooooD <00 “0r0oO000DbO00ooOoocOoooDooooDo
oooooooooD «Ccoo’0l1gooooooooOogoooooo
ooooooboooogob ie0oboonDO

131



4. 000000
gbooobOoobooooboboooboooboo

() JOO0D0O0O0OOO0ODO0O0OOO0OOO0

o000 ppO0000DCOO0OOODOOODOOOODODOO
ggbooboaboobboobooboaboaoboobooon
00000000000000000000 E10 —logy(P) O
goo

(b 00D0D000000000000
0000 A,,00000000000000D00000000
00000000000000000000000000000
00000000000000000000000000000
000000000 E, O —log,(P) 0000

(¢ DOODOOOODOOOOOO

0000 AO00000000000D0O00O0O0DOOODOO0O0O
gboboooooooboobobooooobooooboboobo
obooobooobooooboboobooOoooooboon By
0O —log,(P;) 0000

7.3.2 0O0O0OO

1. 0ob0obooooboboobooboooon

ooboooboooooobrv3bbooooooooooooboooon
oooooooODoODOO0O0O0ODO0O0O0O00o0ooOg leghbbOODODO
ob0OxO00O0obOooooboooboooobooooobooooooon
c00o0b0ObDOOOOObOObOODObOUOObLObLODbODODOOO
boboooooboobobooooobobobobobooooboann
obobOoooobooboboooocoobobobooboooobon
oooood

oobooobooboooboobooobOoobooOoobooooooOoon
gbobdoboooobgbobobooobgobobobooban
goobooobooboboobobooboboobooobobon
gbobooboobooooboobooog

2. 0000000000000 0000D000DO0ODOODOODOO
ooooor200000000000DOO0O0DOO0ODOOObOOOOD
D000 321bit00000000000000000 197pit000 0O
00000000000 516bit000D00O00O0ODOODO

132



072 0000000000000 (bit)

oo goo (oo
obooooobooog 3.21 3.37
oooobooooo 1.97 1.62
oooooboo 5.16 3.20
booobooboooobooooon

0000 [60]00000000000000000000 5.55bit00
oboobooooobooboooowoooooooboobooooon
Oo0DOo00b0o0bOoobooboOooDoO serbitdbOOnnOnO
bobOoooobooobooboboboooboobobobooooboonn
obooooOoboooobobooonod

74 OUooodoooooooooboobn

obooooOobooooobooooboobooooobooooobooono
goboboobooboobooboobobbobooobooobooon
gobobooboobooobon

74.1 000000 OOOO0OO0OOOOO0ObOOOOoOOn
g

oboooooobooooobooboooobooboobooooboooo
gboboooobooooboobooooobooooboooboooooon
oboooOoboooooboboooboooooboobooooobooogon
oooo

1. 000ooboooooooon

2.00000000000DO0DOOOOOOOOOOODObOObODO
goooogd

. 000boboooboboooobooboooooobon

4. 00b0O00OO0O0obOoOoOoOobOOobOOoOobocOobOoboo

oooo98200 10 50000000D00D 10000D0ODOOO
gboobooboooobooooboooooboboooobooogon
2867700 130068000 00000000O0OO0OOOOOOOOOOOO

133



E = —1og,[(28677/(130068 + 28677)] = 2.47(bit)
0ooo

742 0O00000O0OOOOOOOOOOOOODODObDObOO

00 [7]00000000000000000000000000000
000000000000 1357%0000000000000000000
000000000 —logy(0.1357) = 2.88(bits) 00 O O

743 0O0000O0O0O0OOOOOODOOOOOOOO

oboooOoboooooboboooboobooooboooobooono
goooooo

e JOOO

gbobobooooooooobgobboboobobobobob
gbooobOobooooobooooboooono

e JUDOODOODODODO

oobooooooobooooobooooooobooboooooon
oooobOoboooobooboboooboboooooDbo

e JOODOOODO

obobooooooobobooooooobooooooobooobooD
oooobooooboooobooooboooooboooooooooon
ooooboobooooboooboooobooooobooobooooon
gooooOobooooobobooooobooooon

oboooooooov22000000000000000000000
oboooboooboooooboboooooooobooboooobooooon
gboobooboooboobooooboooooboobooooboooon
gboooOobooooboboooboooooboobooooobooogon
oboooobooooobOoboboooboboooooboonoo

7.5 OO
7.5.1 O00O00OO0OOO0OOOOOOOO0bOO0bOO0bOobOobO
g

gboobOobooooboooobobooboobooooboooo
oooobooOoooobooooboooooooobooooooooooon

134



gboobooboooboobooooboooobobooooobooooon
oooooooooooooo 20000 “bO0OOOOOOO0rO0OOO
gboooo oooooboooooouoobooobooobooobobooobogoo
ooooobooo0oooooo pOODOOOOOOODODOOOOOO
gboooobooooboooobooooobooboooobooogon
000000000 EO —log,(P)OD0OD0UOOOODOOOOO 2.26bit0
obogoossoooooooboooobooboboboobobooDbooD
gboobOobooooboooobooooboboooooboooon
ooo

7.5.2 0OO00O0OO0OOOO0ODOOOODOOOODOODOO0

00000000000 (REVISE)DOOOUOOUOOOooOooooooo
oooboooboboobooboooboooboboobOooooboooobooo
0000000 000O0o0ooe%o00oo0ooooooo [21joo00
oboboooooogovr2000000000000DbOO0O00OO0OO0OOn
obooooooooooooboon

o r30boboobooooboboooooobobooooo oo
goooog

ugbood (oogab good good
goog (obgob goog goood
goog (booo oood good
ooogo (bOooo |obooboo

00000000000000000000000000 —1og,(0.855) =
0.23(bits) D0 0O0O0D0ODO0OO0OODOOODOOOOOUODOOUDOODOOOOO
gbooboobooooboooobooooobooboooobooogon
obooooboooobobooooooooboobooooobooogon
gooboobooobooboooboaooboo

753 U00OOOOOODOODOOO

gboboobooboooobooboobobooboobooooboooo
gboboooooooooboboboooooooooboobobo 3o
“ObDoOO0”0O00000000ODOCOO0OU0ObOOoDObObODOOoOOo
ooboooopoobooboobooooooooboboooooboboooooo

135



gboboooboooobooobobooo 217400boobobooooobooooon
oboooboooboobo elobbooooobooboooooooobooon
oooooooobo 720000000000 0Db00D00000bO0ODbOD
gobooobo odooobobooboooooobbooooboooon
gboooobooooboooobooooobooboooobooogon
oboobooboooooboboboooooooooboooooboooon
oooooooooobobooooooooooboo

754 0O00O0O0O0OOO0ODOOODOODOODOODOODO

0000000 (000 R)ODODODODO0DDODO0DO0O0D00D0O0DOUOoOOOO0
obooooboooooboboooboooooboobooooobooogon
obooobooboooobooooboobooooobooooboon

obooooobooooobooboooobooooboooooboooog
gobooobooobOooobooooooooboooboooooooon
oboooobooooobobooooooooobooboooooboooon
gboooboooboooooboboboooboooooobobooboooobooogo
gobobooooboooboooobooobooobooooooooobooon

gbooobOobooooboobooboboooobooooboooo
obooooboooooboboooooooooobooooobooooon
goboboobobooooooooobooobooooooboooboooooboooo
gboobOobooooboooooboooooboobooooobooogon
gbooooboboooooboboooboboooooo

7.6 040U

gboooOoboooobooooboobooboobooooboooo
oboooobooboooboboooooooooobooooobooooon
goboboboooobooobooooboooboooboooboooobooOooo
gboobooboooobooooboooobobooooobooogn
oboooobooboooboboooooooobooboooooboooon
obooobooboboooboboobooooooooboobooooobooooon
oboooboooboooooboooooboobooboooobooobooo

gboobooboobooboooboobobooboobooooboooo
ooooOo0ooo s16bit00000O0OO0DODOODOOOOOOODDOOO
O00oO000ooOg se7hit000O000DODOOO0ODODOOOOOODDOOO
gbooooobooooboobooogoobooo

gboobOoboooobooboobobooboobooooboooo
oboooobooooobobooobooooobooboooooboooon

136



gbooooboooboobooboooboooooooboooobooooon
obooooboooobobooobooooooobooooboooon
gboooboooboooooboboboooooooobobooboooobooogoo
gboobooboooobooooboooobooboooooboooon
gboooobooooboobooooooaon

137



AH
A) BEAFERITL

BEF—BR-TI/EVIER

EREHR+T oY MER

TR ETEHR

EFRAEXLYX

B1) FAlIHiFERITL

B2) FIKBFBERITK

B3) RIMzERITL

B4) RERZRITL 262
B5) ®EAFxEFSITL

BF—ER-TI/EVIIER

EREH+ 7oV MER
Y

Y
b1) DH#YU hxAt FHE_
b2) DH#YD AhxAt FHE
b3) DEVT hFxA FHE
ba) DEY ThXA FHE
bs) DEVT AxA ¥uSHs

07200000000000000000O0C00O0O0C00O0O0O0O0O0O0O00OO
goooo

138



SR T O K= K 5 b ik

102— ! X ® (g @ X

101]" L xa ol x"o. A"

"> e X

o< LY ° x ® oXxo

o N xX
A A ®, A %o

°
s a2 . A A
.

n ] | | [ ) ‘ [ 1 1] A

0 10 20 30 40 50

XHES
BREFTEHCE > THASIGEFRLR LY OXOH
ERNF—HTHEFREXLYXOEK
ERBLUT7IEY MIBRN—HT 2EFRALZ LY OXDOK
ERBELUT7I/EVMIBRELIUT I €Y MED—HT B EFRE
LY XD

73 00000000000000

139



0 80 Ergodic HMMU O OO O
Joooooooooon
Jooodooo

obo NOOOooOobOoobooboobooboboboobooboboboo
booboooooobooboobooooooobobooboooobooogoo
gboobOobooobooboooobooooboboooooboooon
0000000000 000O0U0O00O00OD [30oo0ooooooooo
obooooboboobooooooobobooobbooooboooooooon
boooboooooobooboooboooooooobobooboooobooogo
000 60000000000 0O0DO

oboobobooooobooooboooobooobooboobooobo 4000
oboooooooboo

1. 00o00boooogooboobooonog

2.0000000 0DOoOOobOOoOoOoOOoboOoobooon

. 0obooDboOO0ooobOO0oooooDO0oo  NODDOODDOODOOOOoO
4. 00000 NOOOOOOoo

ooooooooobo NOOODOooObOoboobooboooooboo
gboobooboooobooooobooooobobooooobooogn
oboooooboooooboooo

0000 left-to-right HMM OO OOOOOOOOOOODOOCOODOO
0000000000000 00000 4000000000 oo00o
gbooooboobooooobobooooobooooobobooooan
00000000000oo0ooooooooDDODOoOleft-to-right 00 HMM
booboooooobooboooooooooobooboboooobooogoo
00000000000000 Ergodice HMM OO0O0D0OOO0O 421000
Ergodic HMM OOO0OOOO0OOOO0ODOOODOOOODOOOOOOOOD
oboooobooboooboboooobooooooboobooooobooogoon
ooooooog

gbboobOobooboobooobooboboooboobooooboooo
obooooboooobooooboobo40000b000b00b0000

140



OO0 LpCcOCO0O0O000OODOOOOO0OU0OODOOOOODODOOOOOO
000Uoooer.5%00000000000000000000OOOO0
00000000000000000000000000 8%000000
gbooboobooooboooobooooboooboooooboooon
goooon

000000000000 000o0o0o0oooooooo [9oooo
00000000000 00000oDOO0O0000O0n0Ouuniversal 00O
O000o00ooooooooOD KulbackDOODOODOOOOOOOO
00000000o0Ooo 8900000000 U0ooooUooooo
oboooOoboooboobooooobooboob 100obooboOoboooon
0000000000000 VQcusteringOOOOOOOOODOOOO
00000000000000000000 42)000000000000
oboooobooooboboooboooooboobooooobooogon
oboooboobobooobobooobooooobobooooobooooon
oboooooobooooobobobooooooooobboooobooogo
goo

8.1 UUOLOUOLOOOLODOOODLDOOOO

8.1.1 UO00OO0OOO

0810000000,000000000000000000 X =
(x)(t=1,2,..,7)0000000000KO000000 X (k=1,2,...K)
00000000000 N(KK)DODDOOO C; (j=1,2,..,N)00
00000D00000000000000000000 X,000000
(x4, \41.wy,) (0000t =0t =T) 00000 My (=t —tg_y) O
000

0000000000000000000000000000000000
000000000000000000000000000 t(k=1,2,...,K—
1)000000 KOOOOOOO N(KK)OOOOODOOO0O0O0O0o00o0
0NOODODOOOOOODO

8.2 FErgodic HMM 0O 0OO0O0O0O

8.2.1 Ergodic HMM

oooo0 NOODOOooooooooobooooobboooooobooo
OO0Ergodic HMM 00000000000 O0DOOOOOOOODDOOO
obooooboooooboboooboooooooboooooboooon

141



BRINRI bV

e TAVF—Va Y
COSREY VYT

—

AF3IY

GO

08l 00b00000o00oboooooobooon

gboooboooo 200000

1. 0000 XO0OO0O0O0OOO0O0 HMMOOOOOO MOO0OO0000
00000000000000MO0000000 MOOO0OO0000O
n=(r) 0000000 A=(a;;) 0000000000 B = (b;(1))
0000000000

2. HMMOO0ODOO MOOOOD XO0OODOOoOoooooooo
obooooOobooooobooooooboooomm

Ergodic HMM OO OOODOOOOO 820000

8.2.2 HMMOUOOOOOODO

HMMOOOOOD MODOOODOOOOBaum-Welch OO0D0O0OOOO
0000000000 EMOOODOOD 40 MODOODOODOODOOOO
oooooooo0oooobooo0oo eMMODOOOO0O0ODOOOOO000
0000000000 000000000O0UoO0oUoOo0n 4jooooo
obooooobooooooDo

142



(:.— K®F 0 )

CMM/ﬁx—&#EE
(

Baum-Welch¥H)

/

(ﬁi@%ﬁ»ﬁ?&ﬁﬂo)ﬁi)

Y

Cza‘x vr—v3 VBJ:Z))

DSR8YVT

O 8.2: Ergodic HMM OOODOOOOODOOOOOOOOOOODODOOO

823 0LU0O0OOOOLOOOOLOODOOD

O00O00OBaum-Welch 000000000 OO0DOOODOOOOOOO
oboooboobooooobobooooboooobobooboooobooogoon
00000 Viterhi DOO0O0O000O forward D0 000000 OO0OOOO
gbooboobooboooooboboooooobooooobobooooan
ooooooo s ={sf,.,sx}00000000DO0OOOOOODOODO
oooooooooboo

1. Viterbi DO O0ODOO

ocoooo0oHMMODOOOOO MOOODOOD oOoDOOOOODO
OO0O000DOoOoO0O00O0O0OViterhi OOOOOODOOOOOODODOO
0021.7000)0Viterhi 0000000000000

143



(a) 00D ie{l,..,N}ODODOO
61(1) = logm; 4+ log bi(01), ¢1(i) =0 (8.1)
ogood
(b) 000 t=2,., 700000000 je{l,..,N}OOO
5:(4) = mlax[ét,l(i) + log a;; +logb;j(o:)], (8.2)
¢1(j) = argmax[d;—1 (i) + log ai;] (8.3)

(¢ DOOOCOOO0OOOOOOOODOOOOTOOOOOOOO
obooooooo

mgxP(O,S | M) = maxdr(j) (8.4)
j
st = argmax o (j) (8.5)
J

(d) DOO0¢=T-1,.,1000000000000000C0OO
ooooo

st = Gr41(5141) (8.6)

2. forward 0O OO OO

OO0DO0O00O0000000 Viterhi ODOOD0OO0O00OO forward O
oboboobooboboobooooooooooboooobD gMM OO0
000 MOOOOOO ooOoOoOoOoOoOoOopDoOoOoooogoooo
obobOoooooooboobobooboboobooboboooooboon
000000000 forward 0000000 DOOOO

144



(a) 000 ie{l,..,N}OOODO
81(i) = m; X bi(01) (8.7)
s3 :argmiaxél(i) (8.8)
(b) 000 t=2,.., 700000000 je{l,.,N}OOO

8¢(4) =Y _[6:-1(i) x aij x bj(o4)] (8.9)

%

s; = argmax d:(j) (8.10)
J

(¢ DOOOOOO0OODOOOOOODOOOOOOTOOOOOO
goooboooobogao

> P(O,S|M)=> ér(j) (8.11)
S j

s = argmax o7 (j) (8.12)
J

83 UUODOOOOOOO

oboooooboobooboooobooboooooboooobooono
goooooooooo0ooooOoooooobooooDo rpCcooooOoO
gobgoboobooboobooboobobboobooboooboon
gbooooooooo

8.3.1 000D

000000000 (ATR524000000)0000000000O0OOO
gboooooooooboobooo4000bo0oooobobooooboon 8o
gbobl1oooobl1ooobobobooooooooooooooan
obobl1obO0bobOoboboooooboooboobooobooobooboooboan
0010000080000 00O0b0oOo0obooooooboOD 320
oooooobooboobo 1gboobooo0obooogoono 830bOon

gbooobobsboooobooobooboooobooo10o00obaon
gboooogi,ooooon

145



MALE1 MALE3 MALE2 MALE4 ... MALE2 MALE1 MALE3

-
8 WORDS
(1 BLOCK)

l

TOTAL 32 BLOCK

083 00000000000on

8.3.2 UU0OOLDOOU

o0oooooo0ooDoUooDoOoooOooooooo LpCcoooooOd
(100160)000000000000ODO 810000 Universal DO OOO
OO0000O0O0000O0000DD EedidOOOOOOOOOODO

g8l 00o0o0dan

ooooo LpCOO00O0DODODOO
0ooooo 12 kHz
LPCOO 140
oooooog 160
0000 21.3 ms (256 O)
Do00000on 10.7 ms (128 0 )
oooag (1-0.97271)
000D0ooooo 256

8.3.3 HMMUOOOOODOODO

HMMOOOOOOOOOODOOOODODoOOoOooOoOoooooooooo
0000000 (MooreO)OOODO (discrete) HMMOOO OO OOOO
goboboooboooboobuoob 40b0b00obog

O00Baum-Welch O 0000000000000 OOOODOOODOOO
00000000000000000000000000000 39000
oboooobooooobos3sbobobooooboooobobooooon

1. 0000 0000000000000 0000
HMMOOOODOD MOOOOOOOOOOODOOOOO0OOO0O 9 0

146



ooooooD A9opooooooooo BOooooooooooo
0000000000000 000000000000000000
ooo0o00o0oooooon

2.0000 0000D0O00DOO0O0ODO0ODO0ODbOn

0000000000000 oooooo BOoooooooooo
00000 @ 0oo0o0o0o00 0 A9ooooooon

3. 0000 D00b000oob0oboboboobobooooboon

00000000000 00o0oonn0 @ ooooooo A9 oo
oooooooooooo BO ooooooooooooo BOn
0000000000 Baum-Welch 000000000000

83.4 UUUOO0OOLOOOUO

Viterhi 0000000 forward OO0 O0D0OO0OO0O0O0OO0OO0OODOODOO
gobogobooboobooboooboobobbobooboooboon
gboobooboooobooog

1 T
R= ngx;d(ﬂxt),a(st)) (8.13)

0000 000000000000 (1,2,...,N)OOOOOOOS, OO
ooooooooooobdo0oboooooooo100ooooobbooo
opooon

oooooooooooooooooooo sOODOOON!OOOOO
obooooboooooboboooooboooooboooobooogon
00000 24=4)00OO0O0O0O000O0O0O0OOOOOOOO0O

ooo00oooooOoOo0o0oOoooooOoLPCOOOOOOOOOOOOO
gbooooboobobobOooboobobooooobooboooooonn
ooboo0oooobooooooobcooboboooobooooooooooon
oobooooooooobooobooooobooooooooboooboooOoon
ooooooooooooooEHMMOODOOOODOOOODOOOO

8.4 Ergodic HMM 0000000 0O0O0OO0OO
googdg

8.4.1 UU0O0OOOOOOO0

LpCOO000O00O0O0O00O0O 213ms000000000000O0O 840
oboobooooooooboooboooosgoooooooooboooon

147



gbobooboooo suobooboobobobobobo le0obooon
oboooobooooboo 1200000000000 0Db000000000
oboboobooo gMMOOO0OO0OO0O0O0O00oO0O00000b00o00oobDgn
oO0ID0O0DOUO0OOOUODOUDODOm Aae [0 Viterhi DOODOODOODO
O0000000Oo0oO forward JO0OODOOOCOCOOOOODODODOOO

oboooobooooooobooo

(%
100 J]
90! a, b exact (Forward search)
()]
© 80
5
= 707
E [
2 60
‘B —— b: exact (M terbi search)
@50, 0 T " b:exact (Forward search)
®) a,b: exact (Mterbi search)
401
01 7 o
| —e—b:randonfM terbi search)
L o= . random (Forwar d sear ch)
101
0 T
0 100 200

Nundber of lterations

U84 00D00000000O0O0OO

Viterhi 00 ODO0O0O forward 000000000 OODOOOO
gobooobooboooooboooboooboobooooboooon
forward 00000000 94.0% 000000000 ViterhiOO OO
0000 483%0 00000 00000000000 Viterbi 00O
ooboooooobooobbooobooooooboooooooD
0000 forward 00 000O0O0OOODOOOOCOCOOOOOO
obooobOobooooobooooboboooooonn

.00000000 BYOoOoOoOO0O0O0O0O000O0 200000000
O 7%%0000000000000000000000000O000OO0
Dooooooo BYODoOoOoOOOO0000000000000

148



00 30%00 35%00000000000000000000000
oobooooboobooooboooboooooooboooooooon
ooboooboooboboobboooooooooooboooooooon
ubobooooobobooboboobooboooobooboooooaonn
gbooooOoboooooboon

8.4.2 UUUDLOLOUOOODLODODO

obooobooboooobobobooobooboobooboboooboooo
0000000 4000000000000 oo0DooUoOoooUO
gboobooboooobooooboooobobooooobooogon
OO00DO0OO0O0OOOUniversal DO0O0D00OO0O0D00O 26064000000
obooboobooooobobooooooooobobooboooobooogoD
ooooooobooobOobobOooo eb0obOoboooooboOobDOon
gboobooobooobooboooobooboosbooooooooon
obo0o1280000000000000000HMMOOO0O 16000000
gbooboooooobooboboobooooooooboobooboooobooogo
ghubibbobooooobooboobobooobooboobooboon

gbooobooboooobooog

l. 0ooboooboooobooboooobooooooboooboon
goooo

2.00000 128ms000000000OO0O0O0O 25600064000
gbobooboboooboboooboo 128ms 0000000 OOOOO
ge4D00 2600000000000

3. 000000600000 41mmsOO000DOOOODODOOOODO

gboooooboboooboobooooobooooooo

obooooooboooooboobooooboooobooooboooo
gbooooboobboobooboobooboobooooboooboooon
oboooobooooOooboooooobbobO0oonb0og 6883ms000n
00000 440000000000 ErgodicHMMOOOOODOOOOOO
oboooooooobooboboooooboobooboboooobooo

gboobOoboobooboooboobobooboobooooboooo
oboooobooooobobooobooooooboobooooobooogon
gbooboooboooobooboboboooooboooboobooboooobooogo
gbobooooooboooobooobooboooobooooooooobooon
gboooobooooboooobooooooboobooooobooogn
oboooobooooobooboooobooon

149



(%
100

901

801

dassification rate

307

—e— \Viterbi MQ 64
| Orens Forward VQ 64
20 Mterbi  \VQ 256
------ - Forward  MQ 256
107
0 T T T
0 200 400 600 800

Whndow | ength (ns)

gg8s: 00boooooobooon

8.4.3 UUUOOLOOOOOO

0000 Universal 00000000000 OO0DOOOODOOCOODOOO
gobooobooboobooboobooboobooboooboon
gboobooboooboobooooboooooboobooooobooogon
obooooOoboooboobooobooog 260000onoooooooon
gobgboobodgboobooboobobboboobooobogaon
ooo0oboooboooboobobobOo0obuobDooDbOonbon 341.3ms O
170./ms000000000O0O0000O0O0O0CO0O00OO0O00O000O000000
gbobO8eldb0OonOOoOOOoODOOObOOOOOOe400000 341ms
goboobooobooobooboooobo

8.4.4 UUU0UOLOUOLOOOODLDODOO

Baum-Welch 0000000000000 000CO0OOO0OO0COOO0O0OO
gboooobooooobobooobooooobooboooooboooon
obooobooboooobobooobooooboobooboooobooooon

150



(%
80
(0]
©
- 701
o
T
(&)
= 601
[7)]
8
@]
501
| & M terbi EWndow 341, 3m;g
407 L. Oeree Forward (Wndow 341. 3ns
————— Mterbi (Wndow 170. 7ns
------- - Forward (Wndow 170. 7ns
30 ' '
01632 64 100 128 200 256 300
Nunber of VQ

Og86: 00000000000 O0O0ObOOo0n

000 3413ms000000000O0O0D 64000 HMMOODDO 16000
obbooooobooobooooboooooooobobooooobooooooon
ob0 1000000000000 80b00b0obOboO0ooOoDO 12800
oooooosroooobOOo0oooooooobobo0ooooooooDogo
ooooooOoEMMOOOOOOOO0ODODOOOODOOOOODO

8.4.5 UUUOOLOOOU

goboboobooboobuoobooboobobbobooboobon
ooo0ooo0o0o0o0obO0obO 1600000 Baum-Welch DODODOOO
gboobOoboooobooooboooobo sgbooboobooon
oboO0osgboobooooboooobooooobooooboooon
oooooobOobD oboboobobD 413ms0000000O00OODOODO
oboooboooooooobooboooobooooeMMOODOOOOoOOooO
00000000 10%000000000000 %O ODOOOOOOO
oood

151



(%
100
oset 1
o o ~set 2
= 90 1 a” . oset 3
s o aset 4
s . ° -set 5
o | ., tyoco . s set 6
I 80 mE Ly N - set 7
° . R +set 8
) oo AXO N
é@ 70' E]. . +2A(AAO
O ¢ Y x
Dfo(?gx 4 Aﬁ-

60 - #°.°£25+ )

50 @

40 - - e

-3.4 -3.5 -3.6 -3.7 -3.8
log likelihood
087 000000Ooon
8.5 U0

gboobOobooboobooboobobooobooboooooboooo
oboooobooboooboboooboooooboobooooobooooon
ooo

1. Baum-Welch OO OOO0OO000O0OO0ODOOOOODOO

HMMOOOOOOOOOOOOODOOOOoooOoooooooo
obobooobooboooooooooooooooonD gMM OO0
O0000000oUoo 788%0000000000000000U0OO
3413ms000000000O000O0O0 64000000000000O0
00000 Baum-Welch 0 OO OO0D0OOOOOOOCOODOOOODO
0962%00000000000000000000000000O0O0O
gboboobobooobobooooboooobobooog

2.00000000

oobooooboooobobooobooobooooboobooooooon
00000000000000000000000000000 (8.13)(0

152



(%

100
Mterbi (selection nethod)
gl Oeeee Forward (sel ection net hod)
© Mterbi (base-line)
s | & Forward (base-1ine)
= 807
o
."(%
@ 701
@]
601
501
40 ; -
01632 64 100 128 200 256 300
Nurber of VQ

088 0uboooooooboooooboobooonoo

goboooboobooooboooobooboooboooobooon
oooobooobooooooboooobobooOoobbooooon
gboooooboooooboobooooooboo

.Dooocooooog

goooooooooOoOOOOLPCOOOOOOOOOOOOOO
gbooboobOooobooooobooobooobooobooooooon
oooobooooboooboooboooboooobooooooon
gooooobooooboboooogooboo

. Ergodic HMM OO0 0O O

goboooboooboooobobooooooooooooobooon
O00000000000000O0ErgodicHMMOOOOODDOOO
oboboooooboobooboboooooboobooboobooobon
ooooo

.semi0 0000 HMMOOOOOOOO HMM

153



HMMOOOOOO0O0OO0000OO0O0000000000o0o0o0o0o
obobo HoMMOOOOOOOOOOOOOooOoooO0oo00oo00oo0an
OHMMOOOOOOOOOOOOOOoOoOooOooooooboobOoD
00 vQUiOoOoOoooooooooooooooooooooood
gobooobooboOooboooboboooobooobooooboooon
0000000 semiO0O0O0O0O HMM4|OOOOOOOOOOO

6. 00000 NDOO

ooboobooboobooboboooboobo40b00bO0Ob0OoDOO
gobobooooboooboboooooooobooboooobooooon
ooooooboooooon

86 0UUOUO

O00000000DO0O000D0O000O0O000DO0O000DOOErgodic
oMM OOO0ODO00OO0oOoo0ooooOoboboooooooboobobooo
gobgobooboobooboboboboobooboobo

1. 000000000000 00DO0DO0000D0ODO0OdErgodic
HMMOODOOOOoOOODOoOoooDOoooooOooobooooboog
gbooooobooog

2. HMMOOOO0OO0OO0O0DOOO0OO0DOOO00O0O0DOO0O000DO00000
googoboooboobgooobobooboo

. 00000000000 dmsboODOOODOOOODODO LPCO
oboooboooooooboboooboobooooooboboooobooon

4. 000O00OOO0bOOO0OOOobOoOobocOobOOobOoOOoOOoboOooonOag

154



090 Ergodic HMMUO O OO O
Joooooooooon
HENREEN

00000000000000000000000000000000000
000000000 [31]0 Obigrandtrigram 00000000000 [40][49]
o000

000000000000000000000000000000000
0000000000000000000000000000000000
000000000000000000 bigram O trigam 00000000
0000000000000000000000000000000000
0000 [40)0000000000000000000000000000
0000000000000000000000000000000000
00000000000000000000000000000 [28][39)0

0000000000000000000000 (HMM)OO0OO0O000
000 [280HMMOO0O0O0O00O00O0000O0O0O0O0O0O0D000 Ergodic
HMMOODOOOOOOOOOOODOOO00OO00D0O000000000
Ergodic MM OOOOOO0D0O00000000000000000000
00000000000000000000000000000000000
00000000000000000Ergodic HMMOOOOOODODOOO
00000000000000000000 HMM O Baum-Welch 0000
0000000000000000000000000000000000
000000000000000000000000000 Ergodic HMM
00000000000000000000 Baum-Welch0ODOOOODO0O
0000000000000000000000000000000000
o000

000000 [570000000000000000000000000
000D000000bigram O trigram 0 0 0 0 O Ergodic HMM OO 0 0 O
000000000000000000000000 Ergodic HAMM OO0
000000000000000000000 [28)[39)0000000000
00000000000 [38000000000000000000000
0000000000 HMMOOOOOOOOOOO0O0OO0O0O0000000
0000000000000 Baum-Weleh 000000000000000

155



gbooooboooobobooodg

00000 ATROOOOOOOO (ADD)[lojooO0oO0o0oooooooo
000 (Ergodic HMM OO OOOOOOOODDOOOODOO0OOOOOOO
O00000DO0O00DErgodice HMMOOOODOOODOOOOOOO
gboooobooooboboooobooooobooboooobooogon
000 Ergodic HMM OOODOOOOOOOOOODOOOODOODOOOO
00000000000 0000000O0ooOo [94]195)0

1 bio[K] )

iﬁb?ﬁﬂﬁﬂp |

A bo[K] |
AR RBEER pi
’Vﬁ%%ﬁﬁﬁgﬁ aij

J 2 VRV HEEER bij[K]

-
Baum-Welch Algorithm

4 L

WEOELy bT—U3E

O 9.1: Ergodic HMM OOODOOOOO0ODOOOOOOOOOODOOOOO

9.1 UUObObuooooobooogg

9.1.1 000000000
9.1.1.1 00000

o0o0ooooo gMMOOOOO0O0O0oOO0O0OO00O00o0oooDOoO00o
00000000000U0oO0UooO0o(oooooooUuoooo)o
oboooboobooooboboooobooooboobooboooobooogoon
ooooooooooo

(0o ) — (ooo)
(00 ) — (00)Y(ooo)
(0oo) — 00000 (000 )000000

ooboooobooooooooobooobooooboboooooooboooo
goboooooooooooooboooobbooooboboooobooon
000000000o0000o00ooo0o0oooOooooOo@EWooooo O

156



ubobo 0 0 00 boboobooboooboboboooboooooboaon
0000000O00)000000o0oo0o0ooUoooOOooUoooooo
gbooooobooooooboobooogooo
oooooooooobo 240000000

ooo oo goog 0bOoo go go

ooo ooo0 o000 oono ooo oood
ooo ooo OO0 ooo oooo o0OOooo
gooo 0O00b0 oOoo uoog 0bOooo oO0Od

9.1.1.2 000O0OO0OO

000000000000000000000000 perplexityd 2.1.10 0
0000000 Operplexity 0000000000000000000000
00000 L0 10000000000000 H(L)OOODO000000
00000 H(L)ODDO0O000000000000000000 29400
00000 100000000000000000000000 LO00L
00000000 Hy(L) 00OD0D0001000000000000 H(L)
00000000000000000000000F,(L)00000000
000 [60]0

L = {w|w =waws.. wb, ...00LOO0DO (9.1)
Ho(L) = = P(w})log, P(w}), ...00LO00O00o0O0 (9.2)
'IU;L‘C
1 ) )
H(L) = thfw@b&Pm@, ...00L01000000000@.8)
w
F,(L) = 2H®), ...00LO00D0000O00  (9.4)

9.1.2 00000

0000000000000 0D0D00D000DATROOOOOOOO (ADD)
(3.3.1000)00000O00UDOO0200000000000O0OOOOOO
000000000 (0O SETIOSET2) 0000000 ODOUOOOOOO
obooooooooooboobooobooooboboboooobooogoo
gboobOobooboobobooobooooboobooooobooogon
obOooooboobobooobooobobooooooboobooooooboon

157



gbooboobooobooboooooboooooboobooooboooon
oboooooooo 910000

09100000

(a) SET1

000 28500
0oooOoooo 1008
ooooo 209000 /00
nfufufalalufals 9.02
0ooooo0 000000

1| 12469 ooo 15%

2 | 7835 004000 | 12%

3| 4438 0oo 11%
40 3758 00 5%

(b) SET2

0oo 30419
oooooooo 1078
ooooo 215000 /00
0ooooooo 8.82
oooooo oooooo

1| 12326 000 18%

2 9282 004000 | 13%

3 4500 00 6%
40 4311 00 4%

gboo saboo2000000010000000000O00DOO0O0
oboooobooobooboooboooboobobo 100010000000
O0000000O0000UO0O0OoD 1000000000000 ooooooo
0000000000000 00000000000U0OD 11)Jpoo0o020
OoOoooooooooOoOosSEnioooooooooOoog seEr2odd
ooooo

158



9.1.2.1 0O00O0OOO

2000000 (SETIOSET2) 000000000000 0OOOOOOO
00 (200,500,800,1000)Ergodic HMMOUOOOOOO0O

SETIOSET200000000000000000OO00COOO0OCDO0OOO
oboomooooooooboooooboooooooomobooooon
oboboooboooooboobooobooobooboomoHEMMOODOOOO
ooooooboooooom

HMMOODOODOODOODBaum-WelchODOOODOOOD OO DOBaum-
Welch 0000000000 OCO0O0O0O0DOOOOODOOOOODOOO
oooooooooUOo P O A)OOODOODOODOODOODOOOO
ooooooooooooo

ErgodicODOO HMMOOODOOOOODOOOODOOOODOOOO
oboooobooooobobooooooooooboooobooooon
gbooobooobooboobooooooooooEeMMOOOooOooO
goooon

1. 00b0o0boobooobob

00000000000000000000000000000 (0O
O00o0o0oo 100, 1000, 10000) DO O00DO0O0O0ODOODOOO (200,
500,800,1000)HMMOICOOOOOOOOOOOOO

oo0OSETIOO0O0OO00O0ODOOO0O0OOOOOOODOOOO0O00O0
obooooobooooobooooooooon

000000 10°00000000000000000000 100
obooOooboobooboooooooboobooooooboooon
ooo

0 92000000000000000000000000000DO
ooboboooooboboboooobooooboobOooooobooon
0000000 (looOOO10000000 8000100000000 10
00)0000000000O00000oo0UoOoUooOoooooo
ooooboooboooooboooboooobooooooooon
bobOooooooooboboooooobooboboobooooboonn
gbooooOoboooobobooooobooogon

2. 0000000000000D0O0O

00000000000000000000O00oO200000 (SETIO
SET2)0 00000000000 (200,500,800,1000) HMM
OoOOoOOoOOoOoOOOSETIOSET20000000O0O0O0O0O0O0O
000000000HMMOOODOOOOOODODOOOO0OO 10750

159



092000000000 000D000OO

SET1
oood 2 5 8 10
o000 3.06 2.33 2.05 2.08
100000 3.17 2.39 2.05 2.30
10000 O O 3.29 2.50 247 2.38

oboobooobOoboooboooboooooooboonbo woon
ooooooobooog

U993 00bo0ooobobooonod

(a) SET1
ooo 2 5 8 10
entropy | 3.27 | 2.43 | 2.23 | 2.38
(b) SET2
ooo 2 5 8 10
entropy | 3.18 | 2.41 | 2.27 | 2.14

gbobobobobobobobobgo 9.3b0b00ouonoooan
ooooboooboooooobooobooooboooboobooooooon
oboooobooboooobooooobooboooon

9.1.2.2 Ergodic HMM OODOOO

0920500 HMMUODOODOOOOOOO 930800 HEMMDOOO
ooooooOo 940 1000 HMMODOODOODOODOOO

goooooooEpMMOOOOOOOOOOOOOO A O0OO0OOOO
oooooooofb B OOODOODOOOOOOOOODODOOOLO
obooobooboobooooboooooooooooo gMMODOOOO
gboooobooobooboboooobooooboboooboobooon

gboooooboooobooboooooboooooono

1. 0OobO0o0oood

e 200 HMMOUODODODODODODOOOODLDODODO3O
gboboooooooboobobooooobooooboboobo

160



JanY

R
=
———o

e .

wmE
BRE

&7 4
4@ 2
BH4H 2

XBFE 4
@ .3
A 2

0.2
0.1

0.3

BEE 4
YE4F 3
mgA 2

) 0.5
_» 3 B@®E .5 0.1
0.1 A 4 02

go
go

(a)

(b)

()

e (0
og
og

e 0

092500 HMMOOOOODOOOOO

gboobooooooboobobooooooooboboon
gbobooobooooboobboooboooboobooooo

00000000000000000000000000000
000000000000000000000(800 HMM
0 9.3 000 oQo5 )
000000000000000000000000000
000000000000000000000000000
oooooo

200 HMMOOOOOOOOOOOO0O0OOOOOOOO
0000000000000000000000000000
000000000000000000000000000
000000000000000000000000000
000000000000000000000000000
ooooo

obobOoboboliooo3boobobobooboooon
gooooooooEsMMOODOOOOOooDOooOoOOooDOo
gooooooooon

gbooboooboboooboobooboobobooobobon

161




RS
.4

. 6
HREA.2 &4
MgE .2 0.4 /
0.2 0.1

- i B 6

093800  HMMOUODOOOOODOOOO

gbobooooooobooboboooooooobooboobo
oboboooooooboobobooooooooboobobon
oono

() D000DOD0OO0050008000 HMMOOOOODOOO
000000000000000000000000000
000000000000

(b) 10000 HMMOOO[0OO — 00 |00 -000]0
000000000000000000000000000
000000000000000000000000000
000000000000000000000000000
000000000000000000000000000
0oooo

2.0000000000D00000O0O00

0000000000000 000000oooo0 (00+00000
0 000 0000 0000 00000)00000000ooDOoo
goooooooon

oboboooooboobobooooooboobobooboooooboon
gobooobooooobooobooboooooboooooooon
oboooOooboooooboooobooooono

162




/—|&m¥.9| o 7¥

N s 1

mMEA 1

BALHA. 1 r 0.3
2@ .3

28 .5
0.4 PUERIE

01| 0.3)|mam 1 £
ABE .2 MR .8
RBLH.2 HHBE. 1
mE 4 06 .
1.0 .
gl 7 ‘
T D
*am .2
45 .5/ 0.3
BALE 1 kg
o4f |BE_ 2
v 4 |xmm e L ikl BT 2 | — 9
B, 5 EA£H 1 L
/ fam 2 B s 0.4
5 ) |4ssm 2 || #wm 3 23 6 wgm 1l 0.2
( 0.5 |®memme || mummE7 o |
0.5
o0 mpn 2 [ | m@E o

0.2
B@@ 7 0.1

0941000 BEMMOOCOO0OOOCOOOD

oMMOODOOO0O00OO0OO000oOo00o0oo00o00o0oboo0o0obooo
goooboooboobooo

(a) 00000000 ay,b;(k)00000000 (00)00000
000O00000000000

(b) 00OOOO0O00000000000000000000000
000000000000000001.000000

oobooooooooboooobboooooooboobooooooD
oooooooooooooooboboOoobD EHMMOOOOOOODO
goooooo

gboboobooboooboobooooboooooboooboooobooon

« 00000000D00000000D0D00000000000
0000000000000000000000 (00 0000
00)000000010300000000000000000
00000000000000000000000

e 000000000 DO0O0D0DNO0O0O0DO0O0O0DN0O0O(OO
00000000000000000000000000000
0 00D000000000000 000 0000000
000000069.5%, 1.9%, 28.5% (SET1)D0000)

163




gboooboobooooboobobooboobooboooboooooon

e 500 HMMOOIDODOODOODOODODODOOOO 1IDO
g2000000000000000000O0O00O00DO00DOAO0
oboooobooooobOooowoboooooooboooon
obo1l1gbooooboedboboboOobD 200000000
gboooooobdob 2000000000000 0000a0
gboooobooooooobo

e 800 HMMOUOUOODDOOODOOOODOOO 2005000
gooooooooooooDoOoOoOOObOOOObOsS00 HMM
gboboooooooboobobobooobooooobooboobo
oooooooobboOoboog2s10000boboonoog 2
gboboooooooboobobobooooooobobobn
oboobooooooobooobooobooobooooo 22000
gbooooooooon

e 1000 HMMUOODODOODOOOOOODOOODOOOODOO
goboobooboobboooboobuoobooboboooon
gboooobooooboooo

. 0o0obooboobooobooboo

00000000000000000000000000000000
00000000000000000(000000000 11% (SET1)0
3% (SET2)) 000000000000 00000000000000
00(00000000000000000300000000069.5%,
1.9%, 28.5% (SET1)0 86.1%, 3.2%, 10.6% (SET2) 000 0)

e J00D0DDOOUOUOOOOODOSETIO SET20D00000O
gooooooooboooobooooooooobooooooooDoon
000000000000000000000000 SET1(16.8%)
00 SET221.1% 0000000000000 00OOOO0OOO

e 0000D0O0D0000D0 SET1(1.9%) 00 SET2 (3.2%) 00
0000000000SET200000000000000000
00000000050 HMMOOOOOOOOOOO0000O0O
00000000000000000000000

9.1.23 0O00O0OO0OOOOOO

gbooooOobooooboboooboobooobooboooobooono
000 (1000 HMMOSET20entropy = 1.98) 0000000 O0OOOO

164



gos0bb0bO0obooobouoboobooobooooobooooooon
obooooooboooooboon

BIF & EGR

© >
%5
© > %

@ A 28

R G

A

FRehE

095 1000 HMMOOOOOODOOOOO

oos5000pbooooogMMiIDOooOooooO ooboboooogo
gbooo0oboooboobbboOobod o0—o6 Oo4—o09000000
00000000 ob— ol HDod—olDOUOODOODOODOODOOO
obooooOoboo0ooob0obboobO0obo0oobo0oboooobOobondoed
— 09 J0O0O0DO0O0OO0OOOo7og02000000000O0O0DOOOOONO
00 olo20809 OUOOOOODOOODOOODOOODOOODOOODOOODO
oboooobooooobobooobooooobooboooooboooon
goOdobdb oj000304 DOUOOUODUODOOODUODODOOOODO
goboobooboobooobon

000000000 0— 01 Oos—»o01 Ood3— ol OODOOODOOODO
obobooooobooooobobooboobOoboooooobooboooooon
gobgobooboobooboobobobobbobooboooboon
gbooooobooooboobooogoobooo

goooooooon

HoMMOOOOO0O0OoOooOoooooooboobooooobobooooon
gobooboobooboobooboobobobobooboooboon
gboobooboooboobooooboooooboboooobooogoon
oooooooooooooooboooooobooboo BMMOOOOOOO

165



gboobooboooboobooooboooobobooooobooooon
obooooooooooboboooooon

oobobooobooboobooboooboobooboboobooooooboDo
ooooooDHMMOOO0OOOOOOO0O0ODOOOO0O00O0ODOOO0OO000
gbobooobobooooobobooooobooooooboooogon
oboobooboooooboboooboooooboobooooobooooon
ooboooboooooo

gbooobooboooobooooboboooboobooooboooo
gboooobooooboooobooooboobooooobooogon
obooobooobooooo gMMOOO0OO0O0OO0O0O0O0O0CO0O0O0O00000
goooo

9.1.3 000

HMMOOOOOOOOOODOOOODODOOoOoDOoOOooooooooo
obooooboobooobobooooobooooboobooooboooon
goooooog

oooooHEMMOOO0O0OO0OOO0O0O0O0ODOOOO000O0DODODOOOO
oooHEHMMDOOOOO0ODOOOO0OOO0O00DOO0OO0ODODO0OO0OOOOO0
obooboobooooobobooobooooooboobooooobooooon
goooooob EMMOODOOOOODOO0OO0OOO0OOO0DOOO0DboOoooD
gboobooboooobooooboooooboooboooooboooon
gboooOoboooooboooobooooboobooooobooogon
oboobooboooooboooooooboooonog

obooooooboooooboobooooboooobooooboooo
gobooobooobOooooboooboooboboooboooooooon

9.2 UOLOUgobbobbOoobuoobuobd

9.2.1 HMMUOOOOODOOODOOO

O0000Ergodic HMM OO O0O0OO0OO0OO0ODOOOOOOOOODOO
gboobooboooobooooboooobooboooobooogon
000000000 ErgodicHMMOOOOOODODOOOODOOOOO
goboboobooboobooboobobboboooboooboaon
goboobbooobooboboobooboobooboobooonoo
gboooooboooooooo

obooooOoboooooboobooOooboooooboooobooono
gobobooaobooabooboooboaoboan

166



Baum-Welch Algorithm

= -

EEO>ERy PO—U3E

| VRIS EER b

i Doulk]
#HEAIRRERESR Pi
IREERIER aij

ij[K]

096 OMMOOODOOOOOOOO

9.22 0O00O0OO

HMMOOOOOOOOOOOOOOUOOOOOADDATROOOOOOO
0)0000 “00000000000OO0”o80000000DOOoOoOn
0940000
0940000000000D00000DO00OCODOOOOODOOOOO
gdobobooodobooboooouooboououobouoouooooo
gdooobooodobooboouobOo 9s00MbOouonooooon
ood0o000oooouooooooooooooooooooogo
O[ojoooooo
gobddddoooooooooooooooooboedsOboooonOon
go200000odoooooooboooooooooonoooonDo
0oo0ooooooooooo 9.6e0nononO 970000 980000
0oo00do0DOd0oodooDOo0oU0oDOooDoOoUooDOooDoOooOoon
Oe4l7000000000O0O0O0O0O0O
O000000oooooeoo0Oooooooonssest00noooog
Oset 00000000000 OOOOO 100000 setCOOODO 200000
setd 400000 set DO ODDOOOODOOODO set30 000000 0dd1000,
0dd2000, odd400000 O 0O 0O O set O even1000, even2000, even4000 0 00 O
0000000000000 (set)D0000000O0O0OOO0ODOOO 990
0ooo0oOo Al OO A8sOOOO
gdobooooooooouobooo

167




094 000

oo oooo

oo ooooooooboooobboooboobooooao
ob oo oo

oboo0o obooo obbooob oo

oo oogoo

gboocoooooooobooooobobbooboooboo

obooooooO0Ooboobo oo obooboooogo oo

oo oobooboooobooooooooboooboboobbooOooooo
oo oo oo

gboo0o oo o0ooobooobooooboboooooobobbOooOboogoobboon
obOboooobooboooooan

g o5 000b0ooboonbon

gobodab ob aobooo|jboboan
goboobooo ogo googood
gbooo oo ooogoob gooooo

1. 0oobOoobooboobobooooobooobooooboooboOooooooo
ooooo

2.0000000000 130000000 99 OOOOOOODOO
gbooobooooooobooog

. Ubooobomooooob11oooboooboooooonoo
gioodoboooomooooobooooboooooboaoon

4. 0000000000 ODOoOoOoOOoOooOboOobbooOobo Obooooo
goooooo

obooooOobooooboboboobooboooobooboooobooono
oooooooooboo

168




0960000

ooo oo goo ooo ooo
oooo 0Oob oboooo booo googo
ooogo obOgo oono gooo obOoog
ooo ooo goo ogoog goo
oo oon oono oon oono

09700000

goo g go g go g go
oooo 0Oo0bo o0Ooob oOoobooo bOooboo oO0oobo

9.2.3 Ergodic HMMUOUOOOOOOOOOOODOOODOO
ggooobod

000000000000 set 0odd1000, 0odd2000, 0odd4000 O Ergodic
HMMOOOOOODODOOOOOOOOHMMOOOODOOOO OErgodic HMM
Jddo000o0Uooooduoooduoooooooooooon

000000000 Ergodic HMMODOOOODOOOODOOOODOODOO
gdoboooooooboouoboobooobooooboooouooon
0O ABIIOOOOOOOOOOO

II:m =1/N,A: a;; = random, B : b;;(vy) = random (9.5)

D000 1<i,j<N, 1<k<L, Y0 ay =10, Y bij(vp) = 1.0
N:000O, L:0000000000
000000000000000000000000

obooobOo -0obooooog
ooooog

ooooooOoooooooooEeMMOOOODOOOOO

098 00000

go o04g oo bOo0 oo o0o0 0O

169



099 00000

set 0dd1000 | 0odd2000 | 0dd4000 || even1000 | even2000 | even40000
oo 1000 2000 4000 1000 2000 4000
ooo 13299 20730 57354 13824 21114 56826
ooooog 13.30 10.37 14.34 13.82 10.56 14.21
ooooo 99 99 128 81 81 118

00000000000 4000 Ergodic HMM(2OOO0O40008000
1600)000000000000000O0O0OQO 0dd1000, 0dd2000, 0dd4000
0000 (16000 odd400000)0 000000000 OOODOOOOO
00O000o00o0o0oOooooobD0oboo0oonboO 8sbd 8000 Ergodic
HMMOOOODOOODO 2000000000000 odd40000000O
obooooobooooooob g100000

0 910: 0000D0O0ODOODOO

HMM OO0 0000000 Ergodic HMM
HMMOOOO 200,400,800,1600
HMMOOOOOOO |00

00 .-0000 0o

0ooooooo 0oooo
0000000000 |0000

0ooooo 0o

00O 6418

00000 set 0dd4000,0dd2000,0dd1000
0ooooO 4000 00,2000 O ,1000 O
oooo 57354 0 0,20730 0 0,13299 0 O
0ooooO 00000 1%00

9.24 0O0O0OO

00000 Ergodic HMMOUOOODOOOOHMMOOOOODOOOO
gboooooooooooo

9.2.4.1 Ergodic HMM OO0

Ergodic HMM OOOODOOOOODOO

170



1.00000 (ODoooooOUoUODOoOooOooOoUOO)yOoOoooOoo
ooo

cho @R OBE EE 2% ¥ B <Y
K45 R4 TE4FE Thesm a4 T4 Rad  BhiEmFEkiER

2. 0000000000000 O0DbODOOOO0OOOODbODODbOO0

ooooo

RAEEB T

QELNG :
B S R HHEE
S55 R4F % f2m  20%
§n° Boim  jox [:::i:> ¥arm  70%
T EEsw  10% BBFRLE 3%
EE  E@eE  10%
EY S plcar 25%
55 Eihs 5%
B E@4E 5%
T  DEAKLE 3%

3. (00000 xUO0O0O0)Os%0000000000ooooooo
googoog

REBEBHE X HSFEEAHESE 5%XKiEhH v b Kt 8o
K45 20% K& 8% 2
40% X E@LFE  T0% [ > B£28% > EEB28%

BhENEIRIETE 3% BB 1 % O—(2)

oboooooboooooboobooono 911 noonoo

obooobooboooooboboboooobooooobooooboooo
0000000000000 00 (000000 xoooo)oooooo
00000000000 000U00o0U000O0 (Dooooooo)Oooo

oood

1. 200 ErgodicHMM O OODOO

2000 Ergodic HMM ODOOOODOOODOOO 97000000
OO00000ooooboO0 91200002000 Ergodic HMM OO DO
oboooooooooon

171




0911 000boooogn

goo oo ogog | go goo go god g goo | oo
goog (oo gog | go goo ao gooog (oo goo | o
goo go ooo |go goo ao oo go goo (o
gon ao ooo | go gooog |00 oo go goo (o
good (4o uo g goo uo uod u

(a) 0000O0ockoc@O0000000O0OD0O0OO0OOOOOO00
00000 (c0=0l00=00000000000000000

goooog

(b DO0O0DODOO0D0DOO0OO0DOOODOO0OODOOOOOOO (O
00000Uo0o0)0000 (bOooUooooO0oUo)ODUooo
0000000000 0DOO0DOOODOOODOO00n Ergodic
HMMOOOOOOOOOOOOOOOOO (00000000
O0=00)oD000O0DO0O0COOUODOOOOOODOOODOOOO

ooog

(¢ DOODDOOUOOOOOUDOOOUOOOUOOOOO

0 9.12: 200 Ergodic HMM O0O0O0OO

oooooo | mp=0.002 m = 0.998
000000 | agp =0.36 a1 = 0.64
ajp — 0.54 ail = 0.46

2. 400 Ergodic HMM OODOOO

4000 Ergodic HMM ODOODOODOOOOOOO 98000000

goooboooooboo 91340000

0000 ErgodicHMMUODOOODOO0O0O0O0O0O0O0DOOOOOO
doooooobooobooooooooboooooooooooooon

goooooOboooooobobobbooooboooooooooooooon

00000000000 400 ErgodicHMMOOOODOOOOOODOO

() 0000000000000 UODO0O0DcOOOOUDOO

gooog

(b 00DO0OO0O0O0UO0O00Oo@OOOODO (o260 0IOO0OOO

172




- ~15%
() A=V )—K REEBEBRERE —> 1 5%~25%
—_— 2 5%~

1 3% BhE - $£9%
& 6% Eh 7%
4 20%
B - & 6%
1 0
HEBh 25%
WE-A 6%
B 6%
{%Bh 5%

0 9.7: 200 Ergodic HMM OODOODO

(¢ 00U0OD0OO0OOUOOOOUOOOOUODOOOOOOOOOO®3

000000 (0230200203 000000OO0OOO0O
0000000000002 00000 (02302000000
000000000003 00000 (o303 00000
goog

0 9.13: 400 Ergodic HMM OOOOOO

ooooogd | mp=000 m =100 7 =0.00 w3 =0.00

Oo00ooogd | ap =038 ap; =041 ape =0.07 ags =0.14

a1 = 0.27 al]p = 0.43 alg = 0.17 a13 = 0.13
a0 = 035 ag1 = 011 ago — 022 a3 = 032
asp = 0.04 asy = 0.48 asy = 0.23 ass = 0.25

3. 800 Ergodic HMM OOODODO

8000 Ergodic HMM ODOOOODOOODOOO 99000000

oooobooboooboo 9140000

o99obooooooooooonoboono40bobooooooooon
obobooooboobgobooooboobobobooboooboon
oo0ooooo0oooooboooooobooooo2000400000
OO0000D0O0000D00O00000D0O000000800 Ergodic

oMM OOO0O0OO00O00000000

() 00000000000

173



=3 — K B - 48%
O A=% V) —R 8- 6%
— ~15%
REBBHEE —> 15%~25%
—  25%~ 2

R 1 8%
BE 8%
gl 5%

FE-RA7%

B2 1 %REBIT 7%

0 9.8: 400 Ergodic HMM O OOOD

000 (D00U00oooO0)00oO0 (ooooooooo)o
00000000 (00000000)e@UOOOOOOOO
good

(by DOODDOOOOUOOOOODO

oobooOooobooooooboooooooOoobooooooobon
gobobooooooooboooooboboooobooboo0ooonDboes
0000 (cdo=03 000000004000 (c40506>
0400000000000 0@0O00 (cLodo05=0000
oboooooooobooo

gbobooobcdbokd»Ubl0ckOOOOOOOOON
gbooooboooooboooobooobootboyoonboooon
ob00o0bO0o0obO0o0b0o0obO0obbo0dbboed=ocoononO
ooobobOoboobobobobuoboubobUobUobb
gboboooooooboboboooboe@ubOobOoOOOn
oboooooomoobooooobooooooooooonn
gboooooobooooooboobo

(¢ DOODOOODO
000000000 (02 0Qo40507, (o050 0000
0000000000o0000O0DO0oo0ooooooooooo
gobooboodd

174




0 9.14: 800 Ergodic HMM OO OOOO

j=0 | j=1 | j=2 | j=3 | j=4 | j=5 | j=6 | j=71

000000 & | 0.999 | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

000000 ay
i=0 0.20 | 0.15 | 0.18 | 0.05 | 0.05 | 0.03 | 0.02 | 0.33
i=1 0.02 | 0.04 | 0.05 | 005 | 004 | 035 | 0.28 | 0.17
=2 029 | 0.05 | 0.12 | 0.03 | 0.15 | 0.24 | 0.02 | 0.10
i=3 002 | 057 | 023 | 0.03 | 0.01 | 0.05 | 0.02 | 0.06
i=4 0.02 | 0.01 | 0.08 | 0.19 | 0.18 | 0.26 | 0.24 | 0.03
i=5 0.04 | 0.04 | 0.10 | 0.10 | 0.31 | 0.06 | 0.17 | 0.19
i=6 027 | 0.02 | 0.19 | 003 | 0.16 | 0.04 | 0.01 | 0.28
=7 005 | 0.14 | 024 | 0.09 | 0.05 | 0.04 | 0.09 | 0.30

i. J0oc2=0000000 (94%)

ii. 000200070000 (28%) OO0 (25%)
iii. 00020004 000 (94%)

iv. 000220005000 (73%) DOO (18%)
v. 00ok 0005000 (39%) 000 (27%)
vii Dok 0007000 (80%) OO0 (7%)

00000 BO 8O0 Ergodic HMMOOODOOOOOOOOODO
goo

4. 1600 Ergodic HMM OOOOO

16000 Ergodic HMMODODODODODDDODODODD 910000000
0000000000000 0000ooooooO (o 9.1500)00
00000%000000000000000000000 916 00
goo

16000 Ergodic HMMOOUOODOOOO0ODODOOO0OOOOOODO
obobOooooboobobOoooooboboboboobooooboon
obooooobooooooboooon

OoobOOobooobOOoooobooobOobooOobooobo2000
0 (c2030000000000000000O0O00OOOOOOOOO
googoood

oobooobooooboooobooooobooooooooooooooon
doooooooooooooooooboooboooobboboobon

175



REEBHE 5o O A=vers—k
15%~25% 15 7 %R 5 %

B 1 6 %#KBH6 %

B 4%
glFE 5%

BB 1%
B 5%

0 9.9: 800 Ergodic HMM O OOODO

oobooooobooobobooobooobOoboooooobooon
O000000o00o0o0oo0ooDbD0oO0O00000000 1600 Ergodic
HMMODOOOOOODOOOOODOOOOOoooo

() 00000000000
000000000408000000000000000000
00 (0203 00000000000000000000000
00023 20000000000000000000000%
0000000000000

(by 0OODODODO
000000000506 0000l 090000000000
000
O0eMOIO0O0O0O0O0ONDNOO0O0O0O0O0ONON000000]
00000000000000000000000000000
000000000000000000000000MO0000
00000000000000000000000000000
00000000000000

(¢ DODOUDOOOODO

176




0915000000000 2

goo oo ogog | go goo go god g goo | oo
goog (o ogog | o goo g goog | O goo | o
goo O ooo | O goo O oo O goo (o
gon O ooo | Od gooog |00 oo O goo (o
good | d uo U goo u uod u

0 9.16: 16 0 0 Ergodic HMM ODOOOOOO

mo | 0.00 || m4 | 0.00 | 7g | 0.00 || w12 | 0.00
m | 0.00 || w5 | 0.00 | 79 | 0.00 || w13 | 0.00
my | 0.89 || s | 0.00 || 10 | 0.00 || w14 | 0.00
m3 | 0.11 || w7 | 0.00 || 711 | 0.00 || 715 | 0.00

8000 Ergodic HMMOOOOODOOODOOOOOODDOO
obbo0oleooboooobooooooooooboooooon
obdbD00e»d0000D00ODOO0O0ODOOOcx4AOO0OODO
gbhoobOdopioI3000O0O0oooooobooooong
gbooobooboboboobooboobOobobdogald O
gbobooooooooobobobooooooboobOoboon
obobooooooobooboobooOooooooooboOobooon
0000000000000 cQe400000000DOODODO
gboboobooobooboooooooooboooooon
gbob00c@bOOobOobOOoOOOOOobOObOObOboOonOOn
obobooooooobooboobooboooooooobooboobn
gboooboooboooooboooobo8boobooooooOmo
gboooobobooboob leobO0oboOoO0ombooooon
gbooooboooooboobooooon

ooooooo
00000000000000000000000® %1000
000000000000000800000000D000000
0000000000 0000000000000000000
oooooag

i. 000060008000 (86%)

ii. 0ok 0008000 (87%)

iii. 0008 0005000 (63%) OO0 (28%)

177




(:) 0 89 e ”‘1 596
TR IERER o o RERBHEE [ %r2s%
! Bitk1 6

BiF 8

T23#10

#16%E10

#K26#B14

%81 2

0 9.10: 16 00O Ergodic HMM OO DO OO

iv. 000900050000 (57%) 0DOO (23%)
v. 00090007 000 (93%)

vi. 0Ool2- 0003 000(46%) OOO0O (35%)
vii. D0ol2 0005 000 (55%) OO0 (24%)
viii. 000120008 000 (75%)

ix. 00ol2 00012000 (74%) 000D DDO (24%)

O0O00dCcOoOoogdoledd Ergodie HMMOOOOOOODOO
gbooobooooooooon

9.24.2 000000COOOOOOOCOOOOO

1. 00000oooog

0000000000 ErgodicHMMOOOOOODOODOOOHMM
ooboooboboooboooooboooooooooEeMMOOODO
OO0 Baum-Welch 000000000000 0OOCOO0OOOOOODO
oobooobooobooooboooobooooboooooboooon

178




O (text-open data) 000000000 (text-closed data) DO 0O O
OO0000O00O00ErgodicHMM OOOOODOOOOODOODOOOO

.gbogooooo

000000000 000D0O Ergodic HMM O text-closed data O
00 text-open data 0 00000000000 OODOOODO O forward
probability 012.1.40000000000000000OC0OO0OOOOO
000000010°°0000000000

obooooOoooooo 9110oooon

S UV HEEE

] #apREREER

XXy & HhY &% XXy & WO HEER

05050250 08X(02X05)X(02X05)X(0.2X 0.5)=0.0008
0-0—-1-0 08X(02X05)X(0.8X1.0)X(05X1.0)=0.032
0-0—-1—1 08X(02X05)X(0.8X1.0)X(0.5X0.6)=0.0384
1->1>1->0 02X(05X0.4)X(05X0.4)X(0.5X 1.0)=0.004

XXy & £ Y HHEE 0.0752

0911: 000000000

00000000000 x0 y0 200 Ergedic AMMOO00DDO
00000000 911 00000000000000 HMMO “xxy”
000000000000000000

e HMMO “xxy” 000000000DD0000 (000000)0

e 000DDODDOODOO

e 0000000DDDODDO (00D0O0 “xxy” 0000000)0

gobobooobooobbooobbooboboooboooon
gbooobooboooobooon

.oooooon

ooboooooooooooooooooobooboobooooo2.1.10
oboomooboooooooboooobooobooboboooooon
0 AN0OOOOOOO0OOD HA)OOOOOOOoOoOooooooooooo

179



H(\) OO yes/no000000000000000O0COO00O0O02HW
0000000000000000000000000000000
00000000000000000000000000000000

ooo

4. 0000

0dd4000 DO ODOODOO0OODO Ergodic HMM OO OO text-open
dataOtext-closed data 0000 4000000 00000000OO0O0O
00 HMMOOOOOOOOODODDODOOO0O0d 9.17,0 9.12,0 9.130

goo

0917 00000000000

Ergodic HMM | ODOO0O0O0O oooo
gooad text-closed data | text-open data
200 7.53 -76.48 -77.37
400 6.70 -69.34 -71.30
8§00 5.99 -62.93 -67.48
1600 5.29 -56.81 -64.50
I
A
O
- 8
AN
H 6
4
2
oL | | |
2 4 8 16
HMM DIRRES

0912:. 0000000000

0 9.17,0 9.12,0 913 ODO0OHMMOOOOOODOOOOODO
obooooooooboobooooooon

180



—e— closed data
-50.0 _—C— opendata

TR A R

-60.0
-70.0
-80.0
\ \ \ \
2 4 8 16
HMM DIREERL

0913 0000

OO00Ergodic HMMOOODDOOOODOOOO0ODOOOODOOOO
obooOooooboobobOoooooboobooooooboooboonn
ooboobooobooooobbooboooooboobooboooooooon
gboboobobooooboboooboobooooboooooboaon

0000000000000 0text-closed data O text-open data 00 O
0000000000000 0000000D0OdAO text-open data O
text-closed data 0 0 OO0 000000 DO00ODOODOOOOODOOO
0000000000 0000 evendO00000O0O0O0OO0OONO 9900
oood

.0Dob0ocooOo0ooooboooon

obooOobOoboooboboooooobobooboooooon
OO0000O0O00D00O00200040008000 Ergodic HMM O
0dd10000 0dd20000 odd4000 D OO0 0000 OO OO O text-open
data000O0DDODDOOOOCOODOOO0O0O0000O0O evend40000 O
oboooooooooboogn 91800 9140000000000
oboooboobooooobooooboooboobob 9180000

091800 914000000 HHMMOOOOOOOODOOODOO
text-open data 000 0000000000000 O0OCOOOOOOO
gbooobOoboooobooooboobooooobooon

181



09.183: 00000000oooogn

ood ogoooo ogooooo (goodgo ogooooo
0dd1000 even4000 -82.60 7.20
2 0dd2000 even4000 -80.43 7.22
0dd4000 even4000 -77.37 7.53
0dd1000 evend(000 -77.33 6.35
4 0dd2000 even4000 -75.22 6.34
0dd4000 even4000 -71.30 6.72
0dd1000 evend(000 -76.31 5.58
8 0dd2000 even4000 -73.35 5.59
0dd4000 even4000 -67.48 6.00

9.25 UUO0OOOOOOOO

OO0000OErgodic HMM OOOOOODOOOODOOOODOOODODOO
oboooooboobooooooobobooooobooboobooooooboon
gooooooooooon

9.2.,5.1 0O0O0OO

0000000000 00000000 one-pass DP (222000)00
0000000000 0oooo0oHMMOOOOOO0OO0O0OOOOOOOO0
0 odd40000 0000000 24,80 Ergodic HMM O OOOOOOOOO
0000doOo 9. 19ddoboooodooooooooonO odd4000 OO
000dgdos38000o0ooooooo0ggooooggoooogooo
9.150000

0000000000000 text-open data,text-closed data 0 0 0 00O
00000000O0o0dd400000000000000000O000O0OOo0dd4000
0000000 380000040380 000000 ErgodicHMMOOOO
O000Otext-closeddata0 00 0000000000000 00O0O0OOOO
40380 00 00000000DO0O00O0OO0ODO0ODOOO0O0O0O0 odd4000 0
oo0oDooOoOoooooOoo

0000000000000 000000d Ergodic HMM OO Viterbi O
000000000000 0DO0O00oO0oO0oOO0O0DOoOOogdonErgodic
HMMOOODOOOOO

oooooOo :ooboboboobog =1:16
(000000000000 o=16)0000000O0O0OO0OODOCOOO
obooooboobooooobo40960000000000000

182



B
Iy
g -60.0 -
& 8 KK
E}\— -70.0
! 4 4REE
2 JREE
-80.0 -

]

1000 2000 4000

$¥BF— 58

0914:00000000000O0D0ODOO

9.2.,5.2 0O0O0OO

09200000 91600000000 O0ODOOOOODOODODOO
0000 (0000000000000 0)00000000000 bigram
(00000000000 0UD «=1)00000000000O00O0O0O0O0
000 ()0D000 (00000000 /O00000000)0000

text-open 0000000 Ergodic HMM OOO bigram OO OOOO0OO
0000000000Ergodic HMM OOO bigramO0O000000O0O0OO
000000000000 00000000Otext-closedd 0000000
ooooooooooogoo

9.2,5.3 0O00O0OO0OOOODOODOODODOOO

Ergodic HMM OOO0OOO0O0OO0O0OOOODOOODOOOODOOOODO
O00Oo0O000O00D0O000O00D 800 Ergodic HMMO 800000
oddd00000O0O0DOODOOOODOOOODODOOOODOODOOODDOO
gboooooooobobob2o0boboboobcoobobobann
obo0o 9230000000000000

0 921 00000000 Ergodic HMM OODOO0OOODOOOODOO
odd4000 000000 OOOOOODOODOD text-closed data OO OO
O0000O000000D0O0000 ErgodicHMMOOOOODOOOOOO
ob0ooooobob 100 30b0bo0booooobooooboooan
1%000000o0o0oooooo

183



0919 00000000000

000000 5200
0O0ooooo 40030000000000 HMM
0000000000000
0000000000

00 00000000 10 (MAU)
0oooooo log 000 +160 LPCOOOOODO
+Alog 000 + 160 LPCAOODOODOD
0O0o0o0oo 00000000 12kHz

000000 20ms

000000 5ms

0000 4096

0oooo 43500

0Ooo0o0oo 000000 (MAU)
380

092100000000000000O00DOODObODOoODOobDOooDoOoon
ggodobbobtooooobobboooooobbbboooooobbo
O000D0O000O0DbO0O0 10000 800 Ergodie HMMOOODOOOO
000 (40 Ergodic HMM) OO OO (90 Ergodic HMM) OO OO 13%(5
0)000000000ooO0o0ooooOoooooon

o0o0o0oo0ooDooooooooooonD 917ooon

bobobob 2o0b0bo0oboobobobooog8booooboon
0000000 0D000000 91700O0DODODOOO Ergodic HMM
gogooobobobooooon

0 920: 0000000

gooon ogood
oo 29.0% (11/38)
text-open data | text-closed data
200 Ergodic HMM | 31.5% (12/38) | 34.2% (13/38)
400 Ergodic HMM | 36.8% ( ) | 39.5% (15/38)
800 Ergodic HMM | 39.5% (15/38) | 47.3% (18/38)
( )
( )

16 O O Ergodic HMM | 36.8%
00 bigram 34.3%

52.7% (20/38)

184



0921: 0000p0o0ooooobooobogn

goog oooooo oood ooo
googo (boobo (oooo |booo
1 749 12.61 5.99 -126.39 | -62.93 | 47.3%
2 20 6.21 -126.53 | -64.48 | 42.1%
3 20 6.14 -126.36 | -64.36 | 39.5%
4 20 6.03 -126.43 | -63.68 | 44.7%
) 20 6.27 -126.10 | -64.71 | 34.2%
6 20 6.09 -126.41 | -64.95 | 36.8%
7 20 6.10 -126.24 | -64.06 | 36.8%
8 20 6.16 -126.47 | -64.62 | 39.5%
9 20 6.13 -126.32 | -65.07 | 31.6%
9.2.6 UU

1. HMMODOOOO0ODO0OO0O00D0OO0

0000 Ergodic HMM OOOOODOO Ergodic HMMOOOOOO
000000000000 text-open data O text-closed data 0 0O 0O
00000D00000ErgodicHMMOOOOOOODOOODOOOO
Baum-WelchOOOOOOOOOOO0OO0O00000O0O0O0OOOOO
O00o000Doo0DoU0oDoU0oDOoU0ooUoDoUoDoooDooon
00000o0O0000o0o00oooooooooooooooooon
O0Ergodic HMM ODODOOODOOO0ODOODOOODOOOOOOO
oo0ooooooooogod

OO0OErgodic HMMOOOOOOOO0OOOODODOODOOODOO
gboooouoouobgboboboooouoouobooboobooboan
gbboooooobobobobooooooooboobobobon
gobooobooobbooobooobbooooboooboooooooo
ooooboooobooobooboooobooooboooooooon
ggooooooooboboboboboboboboboboboon
gboooboobooboooboobooon

2.0000000

00000 ErgodicHMM OODODOODOOODOOOOOOOOOO
00000 Otext-open datal text-closed data0 0000000000
0000000000000 000000000Ergodic HMM OO0
o00o0oDo0ooOoooO0ooooooooooooooooon
oooooogd

185



oooooobOO0 HEMMOOOOODOOOO0OODOOOOO0O0ODODOO
oboooobobOoooobooboooooobobooooooboon
9253000 booooooboobooboboooboooooDooD
gbooobOoboooobobooooobooogn

3. 000000

OO0D00O0ODErgodic HMMOOODOOOOODOOODOODOOOODO
Baum-Welch 00 000000000DO0O0OOOO0OOOODOOOO
obooOooooboobobOoooooboobooooooboooboon
gboboodoboobobooboboobobooboobaoban

8§ 000 Ergodic HMM O odd4000 D00 0DOD0O0OOOOOO0O00ODOS
00 Ergodic HMM OOOO0O0OO0OODOOODOOODOOO8ODOO
000000640 (0D 80Ux 800)DDOOOOOOOOO 410752
0O (@800x 800x 64180 0)000 4107520 00000000
O0Oodd4000 000000 57354000000

oMM OOOOOOO0OO0OO0OO00OO0O0O0000b0oo00o0o00oobooonoo
oooobooboooooooooboooobooooooboooooooD
gobooobooobobooooboooooooboooooooon
gbooobOoboooobobooooobooogoooon

4. 00000

obobOooobobOoooooooobo 40000000000
Ergodic HMM O OO0OOODOOOOODOOOOODOOOOCODOO
0000 Ergodic HMM OO0O00O0OOOCOODOOCOODOODOO
goboooboooboboooboooboobooooboooooooon
goooooooon

0000000000 00O0ErgodicHMMOOOOOOODODOOO
gboboboooobogobobobobobooooooboobobon
OO00D0OO00000 Baum-WelchOOOOOOOOODOOODO
oobooooboooooOoooobooooooooboooooooon
gboboboboooooobobobobobobobobooboban
gbooooobooooboboooooboboooogan

obooOoooobooboobobooobooboobobooooooboon
gboooooooboboboboboboooboboboban
gbobobobooooooboboboboooooooooboobob
gboboobOobooooboooobooboooooboon

5. bbobOooboobooobon

gbobooboooboobobobooocooboboboboooobonn
obobOooo0oooooobobooooo9220b0bO0OonOOn

186



ooooooooobobooooooooobooooono “coooooon
oooooooooooooooo0ooOooooorooooobooon
oboboooobooooboboboooboobOobooboooboD
HMMDOOOOOODOOOOO0ooOoooooooooooo

6. 00000000

obOooog 9220000000000000000000DO00O
OO00set000O000O0DODOOOO 1000 O, 20000, 400000 data
set OO0OO 99000evend odd000OO0ODOODOOOODOO
gbobooboooobooboboobobooboobobobooooboonn
OO0DO0O00 9.220 odd4000 00 OO O OO 2000 O O odd1000,
0dd4000 00000000 (00O 200000 odd2000 OO O O)

0922:.00000 2

set 0dd1000 | 0dd2000 | odd4000 O O 0O 20000 | odd4000
oo 1000 2000 2000 4000
ooo 13299 20730 36624 57354
ooooog 13.30 10.37 18.31 14.34
goooo 99 99 128 128

092000000000000000000000O0O00O0O00AO
goooobooboooooboo 200000b00

0dd1000,0dd2000 0 0000000 0dd4000 00000000 A.70
000D00dd20000 0000 M O00000000000000000
00 19.95%0 0dd1000(12.70%), odd4000 (15.25%) 0000000
0 00dd2000 0 (0dd10000) 00000000000 30000000
050000000000dd200000 300000000000000
0dd1000,0dd4000 0 0000000000000 00dd1000 0000
00000000000030004000000000000000
0dd4000000000000000000

000 8000 Ergodic HMM O 0dd1000, odd2000 0000000 0O
0000000 91800 9190000(odd40000 00 0OO0OOOO
go9n0gm

OO0O0O0ODDOOO00000000b0OO odd200000000 HMM
O00DoO0DOOOOOOODOOODDOOOD HMMOOODDO
OD0odd4000 00000 HMMODOOOOOODOOODOOODO
ooboooboooooobooboooboooooboooooooon

187



oboooboooboboooboboooooboooobooooobooooon
oboooooboooooon

100000200000 set 0000000 0oddOeven OO0 OO 40000
obobooo400000020000000000000000000
DbOOob0ob0O0O0datasetDO0 0000000 O0OOOOOOOODO
ooo

9.2.7 OO0

O0000OErgodic HMM O OOOOOOOOOOOOODOOOOOOO
oo b oooobobooao
O0000000Baum-Welch 000000 021600000 HMMOO
000000000000 OErgodic HMMOODOOOODOOODOOOO
ooooo

9.21000Ergodic HMM O OODOODOOODOOOOODOODODOOOO
OO0 HMMOOOOOOOOErgodic HMMOOOODOOOODOOOOO
000o0o0o0oDooooooooooOoooDooooooooooogo
000000000000 0000ErgodicHMMOOOOOOOOOODOO
ogooooooooobobobobobboooooooooooooooobooon

9.2420000000000000OU text-open data O text-closed data
000000000000 000Ergodic HMMOOOOOOOODOOOO
goodooooobobboboooubobooboooooobbooboog
oo ooooboooa

O0000000ErgodicHMMOOOOOOOOOOODOOODODOO
000000 o00ooooooooooooooooooooooooogo
00000000000 000000000000D0DOd0dErgodic HMM O
oo0ooooO0ooooogoUoooodUooooO0ooooooooDooog

9250000000 ErgodicHMMOODOOOOOOOOOODOOOOO
00000000000 DO text-open datall text-closed data OO0 OO0 00O 0O
OdooooooooooooooooooooooodMMOOOOoooOon
000oo0ooO0oooooooooooooo

925300 00HMMOODODOOO0OODODOOOOOOOOOOOOO
goboooobooboooooobuoooobobooooobooo
goboddoodooooboooobbooooboooooooooa
00000000 B%O000000000000000000000000
00000o000ooooOooooooooooooooooooooogo
goboooobobuooooobudoooobobooooobooo
gooooao

188



9.3 U0O0O0O0O0ODLOOODOODOOLD Baum-Welch
goouobogoooooboooad

00000000000000 (Ergedic) 000 HMMOOOOOODOO
0000000000000000000000000000000000
0000000000000000000Baum-Welch 000000000
0000000000000000000000000000000 [28)00
0000000000000000000000000000000000
0000000000000000000000000000000000
perplexity 000 0 bigram 000000000 [57] [94] [37)0000000
0000000 Ergodic AMMOOOODODOO0OO0OOO0O0O0000O0O0O0
0000 Baum-Welch 0 0000000000000000000 Ergodic
HMMOOODOOOOOOOOOOOOO00000000000000000

9.3.1 O0O0O0OOO0OOODOODOOO Baum-Welch OO
ggn

000000000 NO Ergodic HMM OOOOOO A=(II,A,B)O0O
oboooooooo

O=ry(i)i=1,.,N oooooO
A=an(i,j)i=1,.,N,j=1,.,N oooooo
B=by(i,j,k)i=1,.,N,j=1,.,N,k=1,.,V 00000000

ooovooooo
goboboooboobuoobobobobobooboooo
ol OUOOODLODbOUOOOO
Baum-Welch 00000000000 0OODOOOOODOOOOOOOODO
o0o0ooo by(i,j, k) 0000000000 O0OOOO0ODODOOOOOOO
ggodooo
00000 forward probability ey (j) D00 DO000O0O0O0O

at(j) = [Z O‘t—l(i)aN(iaj)}bN(iajv Ot) (96)

goboboooboobooboooobooobog

a (]) _ Zz[at—l(z)aN(%j)]bN(Za.]a Ot) Zf bN(Z,ja Ot) >C
! 0.0 if bn(i,j,00) <C

189



0000000000000000000000000000 ¢O 10.073%
0000000000000000000 [371000000000000
c200000000

0000000 Ergodic HMMOOOOOODOOODODOOOOOOOO
00000000000000000000000000N 000 Ergodic
HMM OOOOOO0OO0O0ODOO0O0O0000O0002N 000 Ergodic HMM O
0000000000000000000000000000000000

Ton (i) = 0.5 x wn (i/2) i=1,.,2N (9.8)

asn (i, 7) = 0.5 x an(i/2,5/2) i=1,.,2N,j=1,.,2N (9.9)

000 /00000oo0ooooooo
goboooboooboooooboobooobooobbooobooobooo

ban (4,4, k) = by (i/2,7/2,k) x random(i, j, k) (9.10)
i=1,.,2N,j=1,..2N,k=1,.,V
000 Y, bon(i,j k) =1.0000000000000

0000000 Ergodie HMMOOOOOOOOO0OOOOOOODOOO
goooooog

1. 0000 Ergodic HMM OOOO0DOOOO0OOOODOOODDOOOOO
obioobooboooooboboooobon

2. 000000000000 HEMMOOODODOOODOODOOOO

. 000boobbogboooooobooo NODODO HEMMODOO
ooooo2NDO0 HMMOOOODOOOOOODOO

4. 00000000000 HMMOOODOOOOOOOOOOO

9.3.2 Ergodic HMMUOOUOOUOOOOODODOOOOO
g

0000000 Baum-WelchOOOOOOOOOOOOOODOOOOO
gobobooaoboobooboobooboaoboaod

190



9.3.2.1 0O0O0OO

O00000000ATROOOOOOOO (ADD)[10)000 “0O000
goooo0oooooo0ooooOorooo0oooOoooogno 92300
goo

0923: 00000000000ODO

HMM OO0 ooooooo
ooooo 6420 0 O
oooooo 8475 O
o0ooQ 5,7354

HMMODOOOODOOOODO 40000000
Baum-Welch OO OOOOOOODOO

9.3.2.2 00000OO0OOCOOOOOOOOO

oobooobooOoooboobooobooboooobOoobobooboooon
O00000DooOOo0O000000n0 Baum-WelechOOOOOOOOOOO
oobobooooboooooooooobooooooboogooooD 9200
goog

000 Ergodic HMM OODOOOO0OOOCOOOOOODOOOODOOOO
goooooooo

gboobOoboobooboobooboobooboobooooboooo
O0000D0O0O00000D0O0000o0oo0DO 5120 ErgodiccHMM O
ob0oobooobOoboooboonooboog 2106967 DOOOODOOODOO
O00000ooo0o0o00oooooDO0 Baum-WelchOOOOOOOOO
000000000000000 0.125% 0000000000000 0O

00000000 DOO0O0OD0O00D00000 bigramOOOOOODODOO
37,75200 00 trigram 00 78,1380 000000000000 DO DOErgodic-
HMMOOOOOOoODOoooooooboooo

9.3.23 0O00O0OOO

Ergodic HMM OODOODOODOODOOOODOOOOOOOOOOODOD
O00000oDoO0O00000000D000 Baum-WelchOOOOOOO
OO0oo0oooo0009210000000000000 bigramOOO0O0O
trigram 000000000000

191



000 Baum-Welch OO0 O0D0O0OO0O00OO00O0DODODOOODOOOO
oboooobooono 2000000000000000000O0000O0O
ooooobooobooboos2booooooooboobooooon 320
O0000 Baum-Welch OO0 00000000000 ODODOOOOOOOO
gboooobooboboobooobobuoboooooboobooooooboonn
O000o0oo0oDoOOo00o0000oooDOof Baum-WelchODOOOOQOOoooOo
gboooboooboooooboooooboboboooobooooon

000000 128000 Ergodic HMMOUOODDOOODDOO bigram O
gbooooboooon

9.3.3 UU0OUOOOoO0Od

O0O0O00 ErgodieHMMOODOOOODOOOOOOOOODOODODO
goboboooboobgao

9.3.3.1 0O0O0OO

ooobooooooooooooooooooo EHMMOOOODOOOO
O00D0O0000O000000O0d Ergodice HMMOOOOOODOOOO
000 Ergodic HMM OODOOOOOOOOOOODOOOODOOOOOO
g0b0o0goooooogooobooelsooooooboooobobogoo
0000000oooooo0o0o0oooDoObo0o00o0ooD0D text-closed
data DOOO0DOOOODOOY9250000000000000
obooooooooo 92 0000n

0924 00000000000

dooooonD (400 30000000000 HMM
OO000D000 | log power + 16 O LPCcepstrum
+ Alog power + 16 0 Acepstrum

gooono obooooobo1l1gb2e200000
gooono 43500

oood 4096

oooooo ooooog 380

oood go

192



9.3.3.2 0O0OO0OO

0 9.22 0 text-closed data 00 OO0 O000O0O0O0OO0OOOOO0O OO
bigram 000 trigram D0 00000000 DOOODOOOOOOOOOOO
0128000000 bigramOOOOO0OOOO0DODOOO

09230 text-open OO0 O0O00O0O00O00O0O0O0DOO0ODOOOOOOO
obooob43.130000000000000000000 trigram0d 00O
oo0ooDoOooboooOoboOon 1280 Ergodice HMMUOOOODOOO
044.7% 0000000000 trigram 0 44.7000000000000
gbooooooad

9.34 U0UU

1. AMMOOO0O0O0ogo

Baum-Welch 00000000000 OO0OOCOOOCOOCOOOOCOO
gobobooobooobbooobbooobooobooooon
gobooobooooooboooooooooooooooooon
ooboooobooooobooobooobooOoooooooooooooon
gbobobooboobobobobobobooboobobobob
gboboobOobooooboboooobooboo

2. 2nd order HMM

0000000000 0000000 2ndorder HMM ODOOOO0OO
2nd order HMM OO OODOOOODOODOOOOOOODODODOOO
googo

3. 00000000

Oo0o0o000o0o0O00O000O00O00DbDO0ob0O00oDbOO0b000 Baum-
WelchOOODOOODOOOOOOOOOODOOODOOODOOODOO
OOErgodicHMM OOOOODOOOOOOOOOOOOODDOO
oboooooboboooooooooooboboobooooooon
gboooooboooooaon

9.3.5 00O

00000000oooooooooon0 Baum-Welch OOO0O0O000d
gobgobooboobooboooboobobbobooboooboon
0000000000000 Baum-WelchOOOOOOODOOOOOOO
oboooOoboooooboboooooooobooboooooboooon
gobobooboooboobooboobobbobooboooboon

193



000000O0000ooO0000o0oO0000ob0o0o0O000D Baum-Welch
oboooobooooobobooobooboooobooboooobooogon
0000000000 ErgodiceHMMOOOOOODOOOOODODOOOO
oooooDoDoOoO0O0O00000000D0D000 bigramOO0O0O0000OO
gboooOobooooobooooboooooobooboooobooogon
OO00o0O0o00oDo0og0bDBaum-WelchOODOOOOODOOOOOO
0000000000000 lecalmaxnum 0000000 O0OOCOCOOOO
gboobooboooobobooooboooooobooonoo

94 00O

O0OO0O0OD00OErgodic EMMOO0O0O0000O0O0O0O0O0O0O0O0O0O0O0O0OO
ooooooooooobObbOObOOO00O00o0oOooooooooob0 HMM
OO00o0000 216000000 Baum-Welch 0ODOOOO0DOOOOOO
O000O0O0OErgodic HMMOOOOODOOOOODOOOODOOOO

9.10000000000000HMMOOOOOOOOOOOOOOOO
obooooboobooobobooooobooobooboooooboooon
oboooboobooooboboooobooooobobooboooobooooon
opooon

920000000000000000000 ErgodicHMMODOOOO
gbobooooooooboooobooboooobooobooOoobooooon
Ergodic HMM OODOOO0ODOOOODOOOODOOOODOOOODOOOODO
oooboooooooooooobooooooobboooooboogooogo
O0Ergodic HMM OOOOO0O0OOODODOOODOOOOOOODODOOOO
oboooobooooobooboooobooon

930000000000 000DO0O0O00 Baum-Welch OOOO0OO
gbooboobooooboooobooooboobooooobooogon
O0000000000000 ErgodicHMMOODOOOOODOOOOO
ooooooOCocO0o0o0ooDooboO0o0Od bigramOOO0OOO0ODODOOO
goooooooooobooogooooo

O00000D00OOErgodic HMMOOOOOOOOOODOOODDOO
O0Baum-Welch 0000000000000 OCOOOOODOOOOOO
obooooooooon

194



ooooo

ooo

gboobooboooogo
gboooobooooboboooooboooon
oboooobooooboobooooon

ooo
gbbooboobooooboooobobooobobooobooboon
gbooooboooobooooooooon
gboooooboooobobooooboooboon
ooooog
gboooobooooboboood
oboooobooooboboooooboooon
obooooooboooooboboboooboboooon
obooooooboooooboobobooooo

goo
gboooooboooobooboooobooon
goooog
gbooooboooobooboooobobooooboon
goo
oboooobooooobooboooobooon
ooo

goood

gboooooboooooboooon
obooooooooon
oboooooooooooo

gooooao

obooooooooon
obooooobooooobooboon
obooooooooogoo
gbooooboooobobooo
obooooog
gbooooobooooobobobooogooo
oooooooooooo
gboooobooooooboon

ooooooo
obooooooboooooboobooogobooooobooboooooboo
gboooobooooboooon

gooooo

0915 0000
195




(%)

ﬁ%‘
RS bigram(closed)
K S0 &&@' """"""""
40 - ala
0 & Ploramopen)
EEEFTINEL
20 —
| | |
2 4 8
HMM DR RES
0916 0000000
B (%)
B 50
g
! @
®
®
40 0
® 0]
®
O]
30 -
| | | |
-66.0 -65.0 -64.0 -63.0
SRR A iCEESR

0917 gooon

196



#4Bh2 9%EBN1 6%

B8 % . " Dwm - H8%

2 0%
&)1 0%

0 9.18: odd1000 0 00O OO 800 Ergodic HMM

81 2%

&2 8%
& 8%

%S L EFH%6 | (@MW

ElF 7%

O 9.19: odd2000 000000 800 Ergodic HMM

197




(2]
g o Basic
g Baum-Welch
g107~
g
€ 106
o)
=2
105 Improved
Baum-Welch
104
1 10 100 1000

Number of states

0 920 HMMOOOOOOODOOOODOOOOODOOOO

Basic
Baum-Welch

Improved
Baum-Welch

T~

=

Bigram

Trigram

10 100 1000
Number of states

0921:00000000000DO000O0

198




(%)

100

Sentence recognition rate

801

601

407

201

Trigram

Ergodic HMM

10 100 1000

Number of states

0 9.22: text-closed data OO0 0000 O

(%)

100

80 1

60 1

40 -

Recognitntion rate

20 4

Trigram:
Word Accuarcy
-m---- -E-r-;‘-.-(rlml--lq“-ﬂrrrrrrﬂrrrrrrﬂ;' ------ -
D“--“ Ergodic HMM: QLT
T Word Accuracy
rigram:

Sentence recognition rate

Ergodic HMM:
Sentence recognition rate

10 100
Number of states

1000

0 9.23: text-open data OO0 OO0 00O

199




100 OO

oooobo NgramOOOOUODOODODOOOODOOODOOOODOODO
gboobooboooobooooboooobobooooobooogn
oboooobooooboobooog
02000004000000000000000DODOOOOO0OOOO
goooooooooooooooboooboobobogob210000HEMM
00000 (Baum-Welch DOO0O0O0O0)0O ViterhiOOOOOOOOOODO
22000000000000000DO0O0O0O0O00OO0DOOOOO0ODOO
0000000000000 0OO0D0OO0000 tree-trellis00 00O Viterbi
000 (one-pass DP ) 00000000000 2300000000000
gboooobooooboobooooboboooooboooooan
03dbooooobooooobobobooboboooboobobooboooono
oooooboboooboboooboooooobooooooooboooos1n
oo0o00o0o0oopooo32000 XoCcroooooooooooossg
OO0 ATROOOOOOOOOQOOOODOOOOOOOOOODOOOOOO
000000000 % 00000000000o0ooooon 2%000
obooooooooooboboooooooooboboboooobooogo
gbooboobooooboooobooooboboooobooogn
gboooooboooobooboooobooooonoo
0400000000000 N-gramOOOOOO0OO0OOO0OO4.100
O0000Db0OD0000 bigramOODO trigram D 00000000000
gbooboobooboobobooobooooooboobooooobooogon
0000 text-opendata D000 0ODO0O0OC0OOCOOCOO00OOOO0O00O00O00ODO4.2
O00dooo bigramOOOOOOOOOOOOOOOOOODODODOOOO
ooooO0O0 XocCcroooooooooooooooooooooooo
O00D0oO0000000bigr,amOOOOOOODOOOOOOOODOOOO
OOoOoOO0O0OD0OD0OO0OD430000ATRODODODOOOOOOOOOOOO
ooooooo HMMOODO trigram 00000000000 OCODOOOO
oo0ooooo00ooobo0on0 NgramOOOOO0ODOOOOODODOOOOO
os0000000000000b0o000bo0o0obooooo0oooboo0on
obooobooboboooboboooboooooboobooboooobooogoon
oboooooobooobooboobooooooobobboooobooogo
0000000000000 0DO0000000DDOperplexity 00000

200



gbobooooboobobooobooooboosrgbooooooooobooon
obooooboooooboboooooboooobooboooobooogon
gbooobooooooobobooboooooooobooboboooobooogo
gboobooboooboobooooboooobooobooooobooooon
gobobooboboooobooooboobooooos3bboonoobooon
oboooobooboooboboooooooooobooooobooooon
obooooooboooooboooog
gedbooooboooboobooboobooooboooobooono
gbel10000000DOOOOOCOO0OODOODOOOOOOOOODOOD
000000 s0% 000000000000000000000O00OO0
010%00000 4900000000620 0000000000000
gboobooboooobooooboooooboobooooobooogn
gboboobOoooobooboooooboboooboooobe30noOon4g
obooobooboboooboboboooooooobooboboooobooooon
oboooooooobooboooooooooooboboooobooogo
gooooao
r0o0o0oO0o0oO0O0obOOobO0ooOo0oobOoOobOoboOooocoOoboOobOonoo
oobooo Fe, 000, 0000000D0000D0O000O0DOO0OODOODO
obooooooooooboooooooooobooboboooobooogo
gbooooooboobobOooooboobooborioboobobobon
obooooboooooboboooboooooboobooooobooooon
boooooboooobooboboooooooooboboboooobooogoo
gbooboobooooboooobooooboobooooobooogoon
ooo0O0O0O0O0o0O0oooooooDoOooD s21bit000000oooooo
OO0oo0o0 197it000000000000000 s5.16bit000O00OO
goooooooooooboobooogooo
o8oiooOo0onDO NODOOOOOoOooDOOOooDbOoOoooooooo
ooboobOooobooooboobobooobooobooos20000
Ergodic HMM OO ODOOOOOOOOOOODOOS30O0DO0OOODOOO
oooooboooobooobboobboooobooobbooooboos400bDOon
gboobooboooobooooboooobobooooobooogon
0O3lms00000CO0OO0O0OO LPCOOOOOODOOODOOOOOO
oboobooobooooobobooooooooobobooboooobooooon
gboooobooooboboobooboooo
O9000D0Ergodic HMM OOOOO00OO0OODOOODOOODDOO
O00000DOOErgodic HMMOODOOOODOOODOOODOOO
oboooboooboooooboboobooooooooboobooboooobooogo
O0D000 Baum-Welch OO OO0OO0OOO0O0OOO0 HMMOOOOOOOOO
gboboooboboobobooooboooobooobooooboooong1non

201



oooooooooooHMMODOOOOODOOOOOODOODOOOO
0000o0O00oooooooooooooDoooooooooooogo
goobooooboobuooooobbuooooboboooobobooao
000009200000 0000000000000O00 Ergodic HMM OO
000oo0oo00oooo0ooooooooooooooooooooogo
O000Ergodic HMM OO OOOOOOOOODDOOOODOOOODOOOO
oo oooooobbod
O00D000O0OErgodic HMM ODOOOOOOOOOOODOOOODOOOO
00000Do0o0O0o00O0ooooooooooooopoY9s3Oooooon
0000000000000 Baum-Welch 0000000000 OCOCOOO
0000000000000 0000000 ErgodicHMMODOOOOO
000000000000 Ergodice HMMOOOODOOOODOOOOOO
000000000000 0D0000ooOo0n bigramOOOOOOOOO
goboooooobooooooobooooon
gobodoooobooooooobodoooobboooooon
00000 text-open data O text-closed data OO0 00 O000OOOOOOO
00000o0o00ooooooooDooooooooog200000000
0000000000 O text-open data O text-closed data 00000 00O
goo0odoooobooooooobobuooooooboo
00000oo00o0ooooooooo0ooooOooooooooooo
0000000000000 oooooooooooooooooooooO
gooodboobooobobooobob oo oobuoooooo
oo0o0oooooooooUooooooooDoooooooooooogo
ooooooooooooooooooon
gbooooooobooboobooooooboboobooobooooboo
garbage 000000000000 DOOOOODOO garbhageD OO OOOO
ooooooOoooooooooooooooooo

202



HEN

0ooooooooooDooooooooooon
ooooboobooooboboboooobooooboobooboooog
0000000 DOOOO00O0 NTTOOOODODODOOmMOO ODoOoONTT
00 0000ONTTOOO OOOONTTOOOOODOO 00000 NTTO
0oo0do0doo0ooooDoooooooooooooooooooooon
oooDoooooHMMOOOOOOODOODOOOOOOO ATROOO
000o00Do0oo00oo00ooooooooooooooO ATROO
0000000000000 0Dooo000oo0o0D Dooooo ATROO
0 NECO OO deleted-interpolation 0 0 0 0 0O O trigram 0 0 O 0O Viterbi
00000DbO0O0O0ObO0O0O0ObOObO0ObO0ObOO0ObOO0O0OOOnUBaum-Welch
00o00000O0ooOOoDOoOo NTTODOODOOOODODOOOODOOO
0 00boO000O00ooOd0ooOddooDoooooooooooooogon
00 000000 0O000oOooooo NTTO O OO 00oOooOoOo ooo
oobo0obO0O booob booobOooobobooobboooooooo
ODOATROODODOOOO0OOOOOO0OODDO ODODOOOO0 OOoOogo
O ATROO NHKOOODOOOOOOODODOOODODODOOODoOoooo
0XOCrToooooooooooooOoOoUO oooNTTOODDODOOOO
000000000 00oDo0oooO00 O0DoDATROOOOOOOOO
000 000000 oobodooOoobooboooOoooobooobooon
00000000 0D00D OO0 0ooooooDoooooDooo oogoo
ooooooooooOobOobooOOooOoooOobooboboooobooobooo
goooobooboOoboooooOoooOgbobooooooooooooD o
00000 NTTOOOOOOODODOOODOODOD 0O0D0ODOO0ODO ATROOOOOO
000 000 000000 ATROOO NTTOODOODODODOOOO
oooooooooo
gooooOdoOOdooOoOOobOOoboOooOobDOobouoboOobDOoboooog
00o0ddood0oOo0ooO0o0oO0 oooooooooOoooooogo
0000000000000 0o0oooooooooooooogn
ooobobO0obO0obOobOOobOO0obO0obOOobOO0U0ob0 Uoboogooooo o
000000000 00OO0oDOOo0oOooONTTOOODOODOODOODO DOO
0o0o0oooooooooopDoooooooog
oooooooooooboon

203



oo

[1]

2]

[4]

00 00, “0000000000007, 0000, Vol.33, No.l1,
pp.1359-1366 (1992-11).

o0 oo0,0000,00 0,“mMOd00000000O00O000O OO
oooobooooboooooboooo”,o0boooooboooog,
CS90-55, (Dec. 1990).

0o oo,00 00,00 0,“00000000000000000
ogdoooooooooooooooor,oobooooooag, Vol.30,
No.4, pp.467-477 (1989.4).

X.D. Huang, Y. Ariki and M.A. Jack, “Hidden Marcov Models for
Speech Recognition”, Edinburgh University Press, Edinburgh (1990).

00 00,00 0,0000,000,0000000000000
07, 0000000000, NL61-5, (1987).

A.Asadi, R.Schwartz and J.Makhoul, “ Automatic Modeling for
Adding New Words to a Large Vocabulary Continuous Speech Recog-
nition System”, Proc. ICASSP91, (1991).

A.Averbuch, “An IBM PC Based Large-Vocabulary Isolated-
Utterance Speech Recognizer”, Proc. ICASSP86, Vol.1, 2.4.1, pp.53-
56, (1986).

G.Yu, M.Siu, H.Gish, “An Unsupervised, Sequential, Learning Algo-
rithm for the segmentaion of Speech Waveform with Multiple Speak-
ers”, Proc. of ICASSP92, 2-189 (Apr.1992).

H.Gish, G.Yu, “Clustering of Speakers Engaged in Dialog”, Proc. of
Speech Research Symposium XII (Jun.1992).

00 00,00 000,000,0000000007, 0000
0004000000000, Vol. 1, pp.486-487 (1990).

00 00,“0000000000000000007, 0000000
4100000000, pp.3-83-84, (1990)

204



[12]

[16]

[17]

[18]

[19]

[20]

[22]

[23]

[25]

G.D.Forney, “the Viterbi Algorithm”, Proc.of IEEE, Vol.61, pp.268-
278 (1973).

00 00, “0000000000000”, 0000000000,
No.1351, pp.5-329 (1981).

00 00,0000,40000000000000000007,00
0000000, 56A-11, pp.717-724 (1973-12).

Cambridge University Engineering Department Speech Group and
Entopic Research Laboratories Inc., “HTK:Hidden Markov Model
Toolkit V1.5”, (23 Sepember 1993).

00 00,00 00,“000000000007, 000000000,
D-104, Vol.J63-D, pp.715-720, (1980)

00 00,00 00,“000000000000000000000
0007, 00000000000, pp.219-220, (Oct. 1992)

Higgins A.L., Wohlford R.E., "Keyword recognition using template
concatenation”, Proc.ICASSP85, pp.1233-1236, (March 1985).

ooo,0000,0000,“00000O0DOOOOOOO0O,Od
000000000, NLC86-11 (1986).

00 0,000,“000000000000000000000000
0000000000000000007, 000000000, Vol.25,
No.2, pp.298-305, (1984.3)

oo o,0000,0000,00000,“000000000
07, 00000000000 3600 90, (1987)

00 00,00 00,“000000000000000000000
0000 », 00000000000, 1-4-2, pp.3-4, (Mar. 1993).

000 00,00 00,00 OO0, “Garbage HIMMOOOODOO O
000000000007, 00000000000, Vol.J77-A, No.2,
pp.215-222, (1994.2).

00 00,00 00,0,¢00000000000000007,00
0000000000 3R-2, 0000 0000000000, (@000
ooo)

oo,00 OO, “coboboboboobobooooooobooboDbo
0000oO0”, 00000000000, pp.145-146, (1988.10)

205



[26]

[27]

28]

[29]

[30]

[37]

oooo,000,0000,“C00D0O0O00DOOOODDOO?,
0000oo0oOo oooo, SP91-96, (1991-12).

F.Jelinek, “Self-Organized Language Modeling for Speech Recogni-
tion”, Readings in Speech Recognition, Morgan Kaufmann Publish-
ers, Inc. San Mateo, California pp.450-506, (1990)

F. Jelinek, R.L.Mercer, S.Roukos, “Principle of Lexical Language
Modeling for Speech Recognition”, In S. Furui and M. M. Sondhi,
editors, Advances in Speech Signal Processing, pp.651-699, Marcel
Dekker, Inc., New York, New York. (1992).

00 00,00 00,“0000000000000 SPOJUS-SYNODO
000007, 000000000000, SP93-20 pp.49-56, (1993-06).

Kenji Kita, Takeshi Kawabata, Toshiyuki Hanazawa, “HMM Speech
Recognition Using Stochastic Language Models”, ICASSP90, J.
Acoust. Soc. Jpn. (E) 12, 3 pp.99-105, (1991)

000,00 00,000,0000000000000007,00
000000000, 3-5-3, pp.93-94, (Mar. 1991)

000,000,“000000000000000000007,00
000004100000000, pp.2-237-238, (1990)

000,00 00,00 00,“00000000000000000
0000”,000000,00000000000000 93-SLP-1-2,
pp.7-10, (1993).

00 0,00,0000,0000,0000000000000
000000000007, 000000,0000000000000
0, 92-SLP-3-4, (1992).

0000,0000,000,¢000000000000000000
0000”7, 00000000000, 2-P-4, (1991-10).

Kucera.H., Francis, W.N., “Computational Analysis of Present-day
American English”, Brown University Express. Providence, Rhode
Island. (1967).

T. Kuhn, et al., “Ergodic Hidden Markov Models and Polygrams for
Language Modeling”, Proceeding of ICASSP94, Vol. 1, pp.357-360,
(1994).

J.Kupiec, “Robust Part-of-Speech Tagging Using A Hidden Markov
Model”, Computer Speech and Language, Vol. 6, pp.225-242, (1992).

206



[39]

[40]

[46]

[47]

[48]

[49]

[50]

[51]

K.Lari, S.J.Young, “The Estimation of Stochastic Context-Free
Grammars Using The Inside-Outside Algorithm”, speech recoginition,
Computer Speech and Language, Vol. 4, pp.35-56, (1990).

Kai-Fu Lee, “Large-Vovabulary Speaker Independent Continuous
Speech Recognitton: The SPHINX System”, 15213 CMU-CS-88-148,
(April 18, 1988).

G.Maltese, F.Mancini, “An Automatic Technique to Include Gram-
martical And Morphological Information in a Trigram-Based Statis-
tical Language Model”, ICASSP92, Vol.1, pp.157-160, (1992).

o0 oo,0000,““000000HMMOOO0DOOO”, D00
ooooooog, 3-6-14, (1991-10).

00 00,00 00, “branch&bound 00 0O 0O 0O Bottom-up 0 0O O
oooooooooo”,0o0goooo, S85-79, O pp.611-620

OoooO,0o0o00,00o00,«0c0o0oooooooobboboooOoag
0000000 7, 000000000000, SP92-108, (Dec. 1992).

000,00 00, “igram D00000000000000000
0000 HMMOOODOOO”, 00000000000, D-2, Vol.j73-
D-2, No.9 pp.1383-1392, (1990).

00 o0o,“0b00o00oo0o0o0bOobobooooor,0ooooag
000, Vol.25, No.6, pp.970-979, (1984.11)

00 00,00 00 “00000000000000007, 0000
00000, Vol.27, No.11, pp.1053-1061, (1936).

00 00, “000000000000000 Baum-Welch 000 O
0000000000000007, 00000000000, 1-Q-6,
pp.153-154, (1994-10) .

00 00,00 00,00 0,“00000000000000000
00000000000000000000000007, 00000
0000, D-2, Vol.J75-D-2, No.1, pp.11-20, (Jan.1992).

00 00,000 00, “0000000000000000000
0000000007, 000000000000 SPY1-100, pp.71-78,
(Nov. 1991)

00 00,0000, “BIGRAMODOOCOOODO HMMOODOOOO
Oo0O0”, 00000000000, 3-5-15, pp.117-118, (1991-04).

207



[52]

[53]

[54]

[65]

00 00,00 00, “000 tigram 00000000000000
000000000000000000”, 000000000000,
SP93-127, pp.71-78, (1994-01).

00 00,00 OO, 00 O, “00000O0O0DOOoODOOoOOO0O g
000Do0dooOoDoOoOooO”, 0b000ooooboooon , SP88-29,
pp.63-70, (June 1988).

oo oo,0b0 00,00 0 “obOoobO0oOobDOoOobDOoOoooo
000000000007, 00000000000, 3-3-11, pp.89-90,
(Oct. 1989)

00 00,000 00,000 tigram 0000000000000
000007, 00000000000, 2Q-7, pp.185-186, (1992-10).

oo oo,bo00 oo, “eMMOOOOO0OOoOoO”, gooogooog
4500000000, 4F-01, (1992-10).

000,00 00,00 00 ,“0000000 bigram, trigram O
0000000000007, 00000000000000, SP90-5,
pp.49-56, (1990).

00 00,0, “dMM-LROOOOCOOOCOOCOOOOOO0”, 00
000000000, 1-5-23, pp.45-46, (Oct. 1991).

000 “00000goo”,000Uoo (o s900
o0 oo, “0c0obobooooobor,boobooobooO, 198s.

00 00,“00000000000000000000000000
0D000”, 00000000000, 00000BO00OOOO0
pp.137-144, 00000O0ODO.

C.Nakatani and J.Hirschberg, “A Speech-First Model for Repair De-
tection and correction”, In Proceedings 31st Annual meeting of the-

Association for computational linguistics, pp.46-53, (1993).

00 000,“0000000000000 OnePassDPOO0OO
000007, 00000000000, pp.91-92, (Mar. 1990)

00 ObO,00 0ODO,000 00, “0c0b0000 HMMOODOOO
ooooodooooboooobooor,gogbooobooooo, 2-Q-17,
pp-191-192, (Mar. 1992).

Lawrence R. Rabiner, “A Tutorial on Hidden Markov Models and Se-
lected Applications in Speech Recognition”, pp.267-295, IEEE (1989)

208



[66]

[70]

[71]

oooo,000,000,“00000000000007,000
0000ooO0oOooooooo, 93-10, pp.71-78 (Jan. 1993)

Toshiya Sakano, Tsuyoshi Morimoto, “Efficiency of Linguistic Gram-
mar For Speech Recognition”, TASTED International Conferrence
SIGNAL PROCESSING AND DIGITAL FILTERING (1990)

0000,0000,0000,0000,“0000000000 O
00000000000000000DPOOOOOOOOO”, 00
0000000, Vol.J71-D, No.9, pp.1650-1659, (Sep. 1988).

Rechard schwarts, et., “Comparative Experiments on Large Vocabu-
lary Speech Recongition”, ARPA Human Langauge Technology Work-
shop, (Mar. 1993)

L.E.Shanon, “Predection and entropy of printed English”, Bell Syst.
Tech. J., 30, pp.50-64, (1951)

00 0,00 00 “0000000000000000000000
0000000000000, 000000 17-7, pp.317-322 (Dec.
1990)

00 00, “Trigram Model 0 0000000000007, 0000
00000000, SP87-23, pp.9-16, (1987).

00 0o00,0,“000 0000 0007, (1987-10).

00 00,00 000,000,¢0000000000000000
000000007, 037000000000, pp.1000-1001, (1988).

E.Shriberg, J.Bear and J.Dowding, “Automatic detection and corrc-
tion of repairs in Human-Computer Dialog”, Proc. Speech and Natual
Language Workshop, pp.419-424, (1992).

00 00,0000,“000000000007, 0000 Vol.27 No.8,
pp.947-953, (1986)

H.Singer “Pitch Dependent Phone Modelling for HMM Based Speech
Recognition”, Proc. ICASSP92, 36.1, pp.273-276, (Mar. 1992)

00 00,0000,0000,00 00,00 00, “000 Dictation
000000000000 0000”, 0000000000000
Vol.90 No.374 SP90-70 pp.17-24, (1990)

00 00,00 00,00 00,“NO000000000CCC00000
00000000000000000000000007, 00000
0000 D-2 Vol.J76-D-2 No.12, pp.2477-2485, (1993-12)

209



[80]

[90]

00 oo,b0 00,00 00O, “b00000bO00O0OooooOog
oood”, 0ogdoobo, 0bo0o0000ooooooog, 93-SLpe-1-3
pp.11-18, (1993).

000,00 00,000 00 “0000000000000000
00”, 00000000000, 1-3-20, pp.39-40, (Mar. 1990)

00 00,00 00,00 0,00 00,“000000000000
00000000007, SP87-19, (1987).

0O00,“00007, 0000, (1978).

00 00,00 00,000 00,“9MMOOCO0O0OOCOO0OCOO0
000007, 00000000000, SIG-SLUD-9201-6, pp.47-54,
(1992).

oo o, “0c00oooooooooooo”, boooooooag,
Vol.77, No.9, pp.957-967, (1994-9).

00 00,000,0,¢000000000000000000000
0007, 000000000, D-2, Volj72-D-2, No.8, pp.1284-1290,
(1989.4)

oo oo,0o00b,0b0 b0, “cocoboooobbooboooo
0ooooo»,00o0000ooooon, 1-5-11, pp.21-22, (Oct. 1991).

00 00,000 “000000000007, 0000000000
00, SP90-36, pp.17-22, (1990.8).

Wayne Ward and Sunil Issar, “Recent Improvements in the CMU Spo-
ken Language Understanding System”, ARPA HUMAN LANGUAGE
TECHNOLOGY WORKSHOP, pp.208-211, (Mar. 1994).

00 00,00 0,“00000000000000000000000
0000?, 000000000, D-2 Vol.J75-D-2 No.12 pp.2202-2009,
(1992-12).

00 00,00,¢00000000000000007, 000000
0, S85-62, pp.477-484

Wilpon G., Lee C. and Rabiner R., * Application of Hidden Markov
Models for Recognition of a Limited Set of Words in Unconstrained
Speech”, Proc. ICASSP89, pp.254-257, (May 1989).

Xuedong Huang, et.al “An Overview of the SPHINX-2 Speech Recog-
nition System”, ARPA Human Language Technology Workshop (Mar.
1993).

210



[94]

[95]

[96]

[100]

[101]

[102]

00 00,00 00,000 00,“dHMMO0O0OOOOOOOO0O
00000007, 00000004500000000, Vol. 3, pp.227-
228, (1992.10).

00 00,00 00,000 00,dMMO0OOOOOOCOCOOOO0
0000007, 00000000000, Vol.1, pp.193-194, (1992.10).

00 00,“HMMO00O000O00O0O00O00007, 000000
000000000 (1993).

00 00,00 0,00 00, “0000000000000000
000000007, 000000000 Vol.11, No.11, pp.1322-1330,
(1992).

00 0,“000000007, ATR Techinical Report TR-1-0008 (Nov,
1987).

Victor Zue, Et al “ Pegasus: A Spoken Language Interface for On-Line
Air Travel Planning”, ARPA Human Language Technology Work-
shop, pp.196-201, (Mar. 1994).

Victor Zue, James Glass, David Goodine, et al. “The MIT ATIS Sys-
tem: Preliminary Development, Spontaneous Speech Data Collection,
And Performance Evaluation”, Proc. Eurospeech 91, pp.537-540, Gen-
ova, Italy, (Sep. 1991)

Victor Zue, Nancy Daly, et al, “The Collection and Preliminay Anal-
ysis of a Spontaneous Speech Database”, Proc. DARPA Workshop
1989, pp.126-134, (1989).

000 00,00 00,00 000,“00000000000000
000000000007, 00000004000000 pp.1-490-491,
(1990)

211



0 OA

Joogood

gobgogobs20bboboboobuooboobbooboobooon

goooo

000000 0DbO0ODOOoOoOooggoobOODOnoOoDOnsetdbOOnDOn
O0set000000O0O0O0O0O0ODOOOO 100000 setOOOOO 200000
setd400000 set 000D DODOO0ODOODOO set3 0000000 0dd1000,
0dd2000, odd40000 0 0 00O O set O even1000, even2000, even4000 O O O
oooooood

0 A1: 0000000 (odd1000)

ood ooo 000 |00 (%) |Co0o0oooood
1 oood 1915 14.40 1.915
2 ooo 1900 14.29 1.900
3 goo 1651 12.41 1.651
4 oono 1028 7.73 1.028
5 ooo 912 6.86 0.912
6 ooog 780 5.87 0.780
7 good 596 4.48 0.596
8 ooo 552 4.15 0.552
9 ooo 514 3.86 0.514
10 oo 512 3.85 0.512

212



0 A2: 0000000 (odd2000)

00 ooo 000 |00 (%) |cooOoooood
1 oood 2937 14.17 1.468
2 ooo 2878 13.88 1.439
3 goo 2586 12.47 1.293
4 ooo 1672 8.07 0.836
5 ooo 1473 7.11 0.737
6 oono 1307 6.30 0.653
7 good 1208 5.83 0.604
8 ooog 858 4.14 0.429
9 ao 775 3.74 0.388
10 ooo 712 3.43 0.356

0O A3: 0000000 (odd4000)

g oono ooo |00 %) |D00Do0oooo
1 oood 8590 14.98 2.147
2 goo 7832 13.66 1.958
3 ooo 7778 13.56 1.944
4 ooo 4886 8.52 1.222
5 oono 4404 7.68 1.101
6 good 3813 6.65 0.953
7 oood 2849 4.97 0.712
8 ao 2065 3.60 0.516
9 goo 1997 3.48 0.499
10 oono 1586 2.77 0.397

213



0 A4: 0000000 (evenl000)

00 ooo 000 |00 (%) |cooOoooood
1 oood 2089 15.11 2.089
2 ooo 1989 14.39 1.989
3 goo 1819 13.16 1.819
4 ooo 1105 7.99 1.105
5 goo 938 6.79 0.938
6 oood 816 5.90 0.816
7 good 646 4.67 0.646
8 ooo 509 3.68 0.509
9 ao 503 3.64 0.503
10 ooo 463 3.35 0.463

0O A5 0000000 (even2000)

g oono ooo |00 %) |D00Do0oooo
1 oono 3008 14.25 1.504
2 good 3004 14.23 1.502
3 ooo 2662 12.61 1.331
4 ooo 1756 8.32 0.878
5 oono 1473 6.98 0.737
6 good 1258 5.96 0.629
7 ooo 1237 5.86 0.619
8 oood 913 4.32 0.457
9 go 780 3.69 0.390
10 oono 664 3.14 0.332

214



0O A6: 0000000 (evend000)

00 | 000 |000 |00 (%) | 000000000
1 |oDooo | 8424 14.82 2.106
2 ooo 7948 13.99 1.987
3 ooo 7744 13.63 1.936
4 | O0OO 4932 8.68 1.233
5 ooo 4281 7.53 1.070
6 |000O0 | 3723 6.55 0.931
7 |oooo | 2835 4.99 0.709
8 oo 2072 3.65 0.518
9 ooo 1973 3.47 0.493
10 | ooo 1547 2.72 0.387
0A7: 000000 odd
0dd1000 0dd2000 0dd4000
00000 |00 | (%) |00 | (%) | 00| (%)
1 127 | 12.70 | 399 | 19.95 | 610 | 15.25

18 | 1.80 86 | 4.30 | 140 | 3.50
77| 700 | 125 | 6.25 | 206 | 5.15
152 | 15.20 | 222 | 11.10 | 356 | 8.90
52 | 5.20 92 | 4.60 | 190 | 4.75
10 10 570 | 57.00 | 1273 | 63.65 | 2136 | 53.40
110 20 201 | 20.10 | 453 | 22.65 | 901 | 22.53
210 30 113 | 11.30 | 153 | 7.65 | 449 | 11.22
310 40 62 | 6.20 66 | 3.30 | 252 | 6.30
410 50 30 | 3.00 30 | 1.50 | 111 | 2.77
510 130 24 | 240 25| 1.25| 148 | 3.70

U o= W N

215



0 A8 000000 even

even1000 even2000 evend000

ooooo | oo (%) | OO (%) | OO (%)
1 107 | 10.70 | 375 | 18.75 | 547 | 13.68

2 15 1.50 79 | 3.95 131 3.27

3 75 | 7.50 134 | 6.70 | 259 | 6.47

4 139 | 13.90 | 210 | 10.50 | 362 | 9.05

5 51 5.10 87 | 4.35 172 | 4.30

10 10 526 | 52.60 | 1239 | 61.95 | 2107 | 52.68
110 20 232 | 23.20 | 482 | 24.10 | 943 | 23.57
210 30 128 | 12.80 160 | 8.00 | 454 | 11.35
310 40 64 | 6.40 66 | 3.30 | 250 | 6.25
410 50 30 | 3.00 32 1.60 116 | 2.90
510 130 20 | 2.00 21 1.05 130 | 4.25

216



[0 OB 800 Ergodic HMM [
[ O

00000 92000000000 800 ErgodicHMMOOODOOOO
oboooooooo

1. 0000b000o00on

1 4%

a1 1%
E# 5%

B 8%
&) 5%

O B1.00000O00O0ODO

8000 Ergodic HMM OO O200040000000000000
O000000000o@MOOODO (0B=cQo~=onIDOOODO
gboooooboooobobooooboboooogn

ooboooobooooobooooobobooooboobooooooon
oood

e JJo0B=>00000000O (50%) ODOO (10%)

217



e D0o0G+>0D007000 (19%) DOOODO (10%) 0000 (8%)
ooo (7%)

e 00070007 D000 (16%) 0000 (10%) DOOOO
9%) 0000 (6%)

2.000000

B48%

O B2 00000

0990000000000 0000DOD0OO000DDODOErgodic
HMMOOOOODODOOOOOODODOOOO0O0O0ooooooooooo
D0000000oe3»M OO0 00000000 0OODOODO
(0 B200)000UOOOO0OODOOOODOUOOOOO

e Jdo0=0001

ooooooo (11%) Doooooo (%) 00 ooomoo
oooo
e J0o(=0002

00000 (23%) 0000 (%) 00 000 oooom
oon0
e Jdo3=0001

000 (00o0o,31%) 0000 (18%) Dooomoomuooo

218




e 00030002
0000 (13%) 000 (4%) 00 000mMOo00

e J0o=M0ODOO01
000 (%) 0oo0 (%) 00 D0o0moUomooo

e JJo&=0OO02
ooooo (%) 00 Doomooomoomoo

bobooooobooooboboooooobooboboobooooonn
gbooobooooooooo

D03 000000000ODOD0O0ADDOODOOODODOODDOOOO
boboboboooboboooobobobobobOoindo3s
ocgoboOoOoOoOOoOOOoOoOobOOoOoOoOOoOoobOobOOooOoooDooonn
oooood

ODO0onDOO0O00DOODOOOODOOOODOOObODObOOOOno
obobOooooboobobooooooobooboboobooooboon
oboooooboooooobooon

Ud0oc@bOOODODOOOOOOODODODOOOOOOODOD
00000000000000000000000 (e00000O
0000000000000 25%0000)0000000010000
oopooobooboooboooooooooooooobbooooooo
gbbooooobmoooooboobooooobooobooooon
obooooOobooooobooboooooboooon

gbobooboboboboooooooobpoboobobobob
gboboobOooboooboobooobooboboooooboooo

.gbooooboooon

8000 Ergodic HMMOOOOOOOODOO00O0000000000O
00000000000000000000000000030000
(c40k030 (0 B300)I00D00O0000O004000 (0405
063040 (0 B40OD)00O0000000O0D006000 (0] 04
o5+ 060 (0 B5SOD0)000D0000D00000O0O0OOO0O
0000D0000000000

(a) DOO
0 B300000000000000000000000000
00000000000

e D0o4> 0003
0000 (50%) OO0 (26%) 0000 (10%) 000000
0000

219



Bh&) - 5%

O B3 000000

U0 B300000000D0O0O0ODO0O0OO0OOOx10O0DO0OOO
goboobogoboboooboobooboobooboboooo
O000o30000CODODD (OUCODbDUDDOO)OODOO
00o0000U0ooomo(@)oooooooo(@)oooog
00((@)000 (0o)obooDOo0DoOooUoOUOoOooDOooOooUo
gboooooao

(b)y OOO
0B400000D0O0ODOODODOOODOODOOODODOODO
ooooooooood

e o4 0004

Ooooo (50%) 0000 (23%) D0 0D0D0MO0DmMOUoo
e o= 0004

o000 (15%) 0000 (%) 00 oomoooooo
good
e JHoG=0004

000 (64%) O0O0OODD (21%) D0O0DO0OO0O0DO0OM OO0
e o= 0OOO06

0000 (16%) D000 (8%) DooUuomooo

220




0O B4: 000000

O0o4100000000D0O0D0OO0ODODODOOOO04Db00O0
0000000000000 (ec40h)00000000OO4
uboboooooboboooobOoboboooboonodio4s
och@d I DOIDODOOODmMOUbOObOOOOOOOmMDOO
U0o0Mmobooooobooobbo00bo0ogbiblo4o0q100O
0097% 0000000000000 0000M0O00mMon
goooooooobooobbOO00 +0000 booooooobooo

oo DIO0IUIDDOOUODOODLDOODOOONOo=0oMm0O
0000 (0000 3% 000000000000 0oo (0
0) 0000 (Do0o0oU0oo0O0oooOoUooooUoo

ooo

U Bs000000O0O00O0ODOOODOO0OODOOOOOOOOD
gboboooooooboboboooooooobooboboon
gbooooboooboobooooobooobooboooboomo
obmoooboobooboooooboooboooboobooboOooon
googoood

gbooooboooobooboobooboooooooo
e J0ol=0006

221




O Bbs:0O0O0O0OOO

0000 (94%)
e D0o4> 0006

0000 (69%) 0000 (000000,17%) 00 000
e D005 0006

000 (37%) 0000000 (14%) 0D000((7%) 00
0000

gobooboobmbomoboobobbobbooboon
gbobooooooobobobooooobooboboboodol
gbobooooooobobooboooobobobooonogdod
gdgboobodgbooboobbdbonobuoonogoanod
oboobooboooboobDobobOobobooooobodo4an
gbooooooooboboboooooooooboobobo
obobooboocooobdeoxbooobooboobobooooon
gbbogboboobobobobboobobdddiloeo=00
o510 000000000000 00D 13% 000000000
0000 (0)Doooooooooooood

4. 0000000000
ooboOooooOoooboooeozooooooboobboooobn

222




O B6:O00O00DO

goooo

(02> 000405070 B600)00000OOODODOOOOOO
00000eDO0000000000D00D00000000 (ok 05
07000000000MO000000 00 40000000 000
ooooo

uboboooboobooboooooobobobooboobooooonn
(0000000 00)00U00OO0O00UDODODOOOO0OOOO
obooooOobooooobooooboobooooobo

e J002>0000 000 (94%)

e D0o02=00070000 (28%) 00O (25%) 00 DO0mMODOO
94%)

73%) 000 (18%)

39%) 000 (27%)

80%) 00O (%)

e 00220004 000 (
e J0o2=0005000 (
e J0ok0005 000 (
(

O0ok=0007000

223




0 OC 1600 Ergodic HMM
0og

0000092000000000 1600 ErgodicHMMOOOOOOOO
oboooooooo

1. 0000b00ooooon

O clodiopoooooooooooooooooooooono 2o
4080000000000 0OO0O0O0O0ODOOO (c203 0000
oooooooo

A5

:: ;i: 23

e 122
NN
ONUI©

0O cl.0oooooooooo

e 00020003
0000 (33%) 0000 (16%) 00 00000000MmMO0

224



gboooo

e 00030003
000 (8%) 000 (8%) 00 0000 0000

e 00030005
0000 (32%) 00000 (24%) 0000 (19%)

oobOooobooooobOobooOoooooboooboo0oezonn
obooboooobooooboboobobDbbe»3 200000000
obooboobogbouoboobooooboobooooooon
obooooobogoblebOoObO2000000000000000AO
ooooooo

.oOooooo

O c200000000D0OO0O00OO

T23#10

#13]

O

0O C2 00000

000000000506 0T 00l 090l @000000000000

gbooooooooooboobooooon

e D005 0009
0000 (10%) 00000 (8%) D000D0MmMmOo00o

225




e o5 00012
000ooomoog(@oo)yooomoo

e J0o= 0000

00 (oo)o 31%) Uoooooo (oo, 18%) ooooo
00 (0o0)o
e J0o=M0O0OO01

00 (0D0)O (20%) o000 (%) Dooomo (0Do)o

e D007 0009
00 (00)0(15%) 000 (000,10%) 00000mMO (00)0

e D007 00010
000(@O000,67%) 000D00MOMmMO (00)XDO000

e D007 00012
00 (00)0 (19%) 00 (00)3d (10%) 00000mMmO00
oooo

e Jdo6=0001
0000@B1%) 0000 (14%) oo 0ooo

e J0Oo6=000l0
0000(73%) 00000 (UUoOO0)ooDmuooo

e D006 00012
0000(38%) 000(0D000,20%) 00000MO0MmMmO
000

O000000oooooooo0o0o0ooooooggbodboeeOO
oobo0obooobooooboooobooboexonOOoooooon
gbdobdobooboooooooobobobooooooboooban
gbhoboobosuboobobobonooooobobbobon
gbooobooooooooon

Ubocx3jgbooobbObobOooboboooboooboboobooon
oobooobooobooobooboooooobooOoobbooooon
0000000 Ergodie HEMMOOOODOOOODODODODOODOOCOOO
oooooobooooooo

.000000000D0 (bobooooooooo

0 Cc300000000000D0o0nououp4000d Ergodic HMM
oboobooobooboooobooooobobooobooobooboos
000 Ergodic HMM OOOOOOOOOODOOODOOOODOOOO
goooooOooOOOoO0oO0o0oOoOoOoOogoo ¢c300 Cc30000 16
booOoobooboobooooboobuobooooooooooon

226



gbobooboboobdbDoddI00O0ObOUOOOO0OODOOOocx4O
obooobooooogbolol0ooooooooooooooon
ooboobooobooobooobobobooooboboooboooooo
obodooboobooooooobooooboooooooooooooon
gboboobooooooobooog

@ % QIS%Z;
b

B
|
o

SHY

0O C3 00D0o000d

(a) OO0
0000000080l 00000D0DONDO (0 C300)00
00000000000000000000000000000
000000000000000000000000000

e D0o& O0oll
0000 (21%) 0000 (10%) 00000mMO00
e D0o& O0cl3
0000 (21%) 000 (14%) 00000MO0mMO00
e ODol2> 00013
000 (21%) 0000 (10%) 0000D0MmMmOo0o0
e D0ol5 0000
0000 (28%) 0000 (13%) 0000 (11%) 0000

227




(8%)
e ol 0006

0000 (94%)
e 0ol 00oll

0000(60%) D000 (14%) 000 (12%) 00D0ooo
e [J0ol5000l3

0000 (55%) 0000 (24%) D0DO0DOomMOoOomoon

gbdobobooboooobobooboobobooboboan
gogboobooboobbooboobooboobooboooo
gbooooboooooobo
obobooooobobo0omuoboboobobeagboooon
Ubogiboooobooboboboooooboobobobn
gboooood

000800000 DU0O0D0 (D0L)bODLOUDUOOOooOUD
gbobobobob 1000000000008 0l 000
0000000000000 O0o01s>00c@OO0n0onoonog
gobogbooaobooan

good

0c40000000000O0O0O0O0O0OO

Jo0d00d0ocQo40D00OD00ODOODODOOOOODOODOOg
gboobooooo

e [JHo(=0001
000 (66%) OO0O00OO00O (11%) DoooOo
e J0oG=0O0o0ll
00000 (44%) 000 (38%) 00000 ooooo
e o= 00o0l13
000 (77%) 0000000 (19%)
e o4 0O0o07
0000 (34%) 00D (14%) Doooooo (11%) 00
good
e o4& O0Oo0ll
0000 (b1%) D00DD00O0 (28%) DODOODOOOO
e o4 [000l3
OO0oooo,2%) ooooo (28%) oooomoo

gbobobobooooooooobobobobobooobo
gbobooobotdbo@UbOoOoOOoOObOObOObOOOOOn
gbooooboooooobooog

228



WA

L
#WA29

#A5

L8

0O C4 0000000

(c) OO0
0C5000000000000000
00D0D0OD0OOOolpellelB00000000000000000
0ooooo0oooooa
e JJok=00013000 (36%) OO0 (23%) 00O (22%)
e O0ole>0D0o0l OO0 (93%)

OO0olgs00020000 (97%)

O0oles 0001100000 (96%)

e O0ole> 000140000 (100%)

O0olx 00020000 (99%)

e D00l 000100000 (98%)

OO0ole 000120000 (97%)

e D00l 000130000 (99%)

OO0l 000140000 (58%) OO0 (41%)

e U003 0007000 (87%) ODDODO (13%)

O0013>0008 000 (67%) 0000 (13%)

229




Bh#k1 6
BhF 8

A

W/

ov

O Cs 000000

gbobooobooooboooooooobooobooooboooon
gubobooboobomoooooooooooob web0boOo0O
00@MO0O00O0o0O00o0O0oo00ooO0oUoOoOoD BUOoOoOo
000000000o000ooOo0oUooOoo)ooooguuono
gboboooboooboobooooobooobobooooboooooooon
gooobobooobmoboboooboboobooooobooooDo
oooooobooooboOoooooooboooEMMOOOO
obooooboooooobooooboooooobon

4. 0000000000 ODDOOoDbOOoOOoOoDbOobO0oOo
gboooooboooobobooooooboooo

(a) 0OO
0C60000000000000000000
80000000000000000000000Oc6mMO0
00000000000000000000000000000
0000000006 000000000000000000
0000000000062 00023 00000000000
000000000000000000000

230




12

Bik10

21 C

9

Ly

O CeO00DOOO

(b) OODO

goooooooooooo croooo

0 c70000000U0O0OoO0OoDoUOoOoDOooUm((U)ooo
gboooboooo0ooboobooob0oobooobbOdnoels o0
obOo00o0ooOooOobOobOoendl@0oooooobooooon
gbobooooooobooboboboooobooooobooboon
0000000000000 O0o®I= 0000181000000

gobogoood

gboosuobobuoboomooooobmoooooooon
0000000 O00b0b000004= 0003000400

000
(c) OO0

gooopoooooooogo csOoooo

gUbbbOoobooooobooooobooooboooooboobooo
oooDoOO0O0000oooDDO0O00000ooo0oDbDbO000o10142

gboooooooboo

5. 0O00O0O0OO0O0OO

231




BhF 8

S H¥

B

/

OCroopoood

00000000800 ErgodicHMMOOOODOOOOOODDODO
obooob0OdbO0o®O0000000000

00000008 000 (86%)
OO0ok 0008000 (87%)
e D0o& 0005000 (63%) OO0 (000,28%)

e D0o09>00050000 (57%) ODOO (23%) O0O0D0DMMO
000

e J00% 0007 000 (93%)

OO0ol2s 0003 D00 (46%) 0000 (0000,35%) OO
0o0moo

e 000l2>0005000 (55%) 000 (24%) 0000 OO
e 00ol2: 0008000 (75%) OOOOOOODO
e DDol2 00012000 (74%) 0OOO0OD (24%)

ObOoboooooooooooOooooooobOnoooooon
gboboobooboobobobooboboobobobooooon
googobooboobgooobobooboo

232




Bh#k1 6

O cCcs dopoood

233




O cogopoood

234



