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Abstract

The goal of language modeling (LM) attempts to capture the regularities of natural
languages. It uses large amounts of training text for model training so as to help predict
the most likely upcoming word given a word history. Therefore, it plays an
indispensable role in automatic speech recognition (ASR). The N-gram language
model, which determines the probability of an upcoming word given its preceding N-1
word history, is most prominently used. When N is small, a typical N-gram language
model lacks the ability of rendering long-span lexical information. On the other hand,
when N becomes larger, it will suffer from the data sparseness problem because of
insufficient training data. With this acknowledged, research on the neural network-based
language model (NNLM), or more specifically, the feed-forward NNLM, has attracted
considerable attention of researchers and practitioners in recent years. This is attributed to
the fact that the feed-forward NNLM can mitigate the data sparseness problem when
estimating the probability of an upcoming word given its corresponding word history
through mapping them into a continuous space. In addition to the feed-forward NNLM,
a recent trend is to use the recurrent neural network-based language model (RNNLM)
to construct the language model for ASR, which can make efficient use of the
long-span lexical information inherent in the word history in a recursive fashion.

In this thesis, we not only investigate to leverage extra information relevant to the
word history for RNNLM, but also devise a dynamic model estimation method to
obtain an utterance-specific RNNLM. We experimentally observe that our proposed
methods can show promise and perform well when compared to the existing LM
methods on a large vocabulary continuous speech recognition (LVCSR) task.

Keywords: automatic speech recognition, language modeling, feed-forward neural

network, recurrent neural network
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12



Estimation, MLE) - ;ﬁ d 2 HEEAL P N i 4 0=t Hi(Word Count) % i B N i
WEHS I LS o MW A B

CW, Wiy, W)

P(w |w._,w )= 2-3
( i | i-2 i l) C(Wi,z,Wi,l) ( )

B C()& 7B 7 e MR I Reeh i -
N@F\?p ]&Q?J—:%%é_q' i * e I”??'ﬁ) _-‘!Zwﬁrif ’—&L"«.},——7 7 &

2 -

BEE o g A~ MR o2 % (Curse of Dimensionality) 2 34 ffsn % R AL @ 3
e E N@F T HAE L oA X FF R R F RN Pl ke &

TRMAERC RN KK TR ARET A -

ERET TR R A PT RET HIS KA S g g o 2007] ¢

() FARM T A T BN F S RS 7 & Bk a Ea E i EiEg
SR @ A0 AR io- FAlGRE S AR FREF L R RIS
F 3o de s P~ 73] (Cache Model)[Kuhn, 1988]~72 F¢ & 5 # & #-3](Mixed-order
Markov Model)[Saul and Pereira, 1997]4c f§ & % 3% 7 # 3] (Trigger-based

Language Model)[Troncoso et al., 2004] % -

(Z) PR uAp M eF 5 W3 R F By Bt p L gugn o B AR AR HRR R
LEGAP IR K o FFd 2 2aR L Bl i PRSP ane IR
P2 RO (o0 Tt BT s 2 0 BoA N R AP TR AR ek
REF 0 fE 0 4o 55 B N i 35 % $-73) (Class-based N-gram Model)[Brown et al.,
1992]¢ & £ ;8 5 ¥ % #-7)(Aggregate Markov Model, AMM)[Troncoso et al.,

2004]% -

13



(Z)Fro S E T B3] LA nE T AR 8 P R IR 0 R Y
/;-%’f#j\ﬁp"fﬁ‘iﬂ"\) FREDEN > RHEE G EERT N o M
Fl4e © B 3F 5 #5321 (Structured Language Model)[Chelba and Jelinek, 2000]

44
o

(z) > 2AMAPMGES WA PRAN GRS E T B3 B RS- w2
FRHpIMPE2HE - FLFAATRIF AR I 20 BRI PRAE

I

&S

FOUAR N R A AT AE A N E AP M hd AE o Blde R
#-7] (Mixture-based Language Model)[Clarkson and Robinson, 1997] ~ ## % &
4 47 (Laten Semantic Analysis, LSA)[Bellegarda, 2005] ~ # & ;% /& E & 4 17
(Probabilistic Latent Semantic Analysis, PLSA) [Gildea and Hofmann, 1999]4- %

s gk 41 5. 2 4 fe(Latent Dirichlet Allocation, LDA) [Tam and Schultz, 2005] % -

peb s B F I AR E AT E N ART AR &P A2 B0 L EY

IR U

14



23  FTHrR N2 EF T A
231  #&FHNED T

FIR AT B AL N E T B ENN T AP RS ] N PRRE TS
B A NE T R E N R R R T K EF A B BB R a2k

FAEF B AR 7] o F P #w N T 2 B H *ﬁ“ ' Bl (Word Graph or Lattice)
KA 2 Mg & iF 3% 5 7 (M-best list) » #-H & 372 & (Reranking) % 35 &
BRI R E 7] 0 A BE (A enyea g o d 3 gw) 38 20 gy (Discriminative
Training)sh 2 2 > F B N3F S M A T > FERNE T A DRI S B
(Machine Translation, MT) ~ p X#F 3 aJZ @ BE A 27 7 « #8583 3 #34

BV LAEAT 0 B ARG 5 H o Rl R R o
® Al

AR AAED HRIEDT RS R OF AR E 2 ¥ L

|59 % #-3]7 B& %x & 2 (Perceptron)[Rosenblatt, 1958] ~ B~ i* 45 &5 3" 3
(Minimum Error Rate Training, MERT)[Och, 2003] ~ 2 #* if i+ 3% ¥ fcsn |4 57
(Global Conditional Log-linear Model, GCLM)[Roark et al., 2007] % 1 & ;% 2 38 i &
73 4 fes 4 #7] (Weighted Global Conditional Log-linear Model, WGCLM)[Oba et

al., 2010] %

R B F 5 i (Perceptron) sndz Jh UK SEA SRR B 4o B 0 & 2002 £ > F
B4 4 Collins[Collins, 2002]#-R =% & & 2 g * >t p #2555 &JLY » ¥ 3% 2005
ERET E T AN [Gaoetal, 2005]F o R Biw E 2 E b T3 E 2
(Least Squared Error, LSE) % ¥ 5 # B & 4f S #ic(Loss Function) > 2 % % £t 5 & $cs
B IFERR B R M FF AR A2 A BcA T D SAR ] AR o B B B

VRS R RS R S N R L St e el R A

15



Lic 4 Lo T g5 &Y R (Over-Training) sni 482 A ¥ 35 5 &z

BAERMFEZHE S FF 22 FZ2% TRFEAMEL 7 RE-TIRE

PR AEFEE B YA VR(MERT) AP 5] V3FF R R
FERG I Y E o - fih{;m A AEEERATEAE S FR T EFT A
AR ARG o B C B EF IR e 0 T AR 5 - 81k g £ (Sample
Weight) szt » # 30 F B F - BiEE PR ZIFES N33 AV RpEFaOE & 2
B 1Y 4530 3 2003 & d Och #73% 41 7 Jig % Ay B sim > @ 2008 &
pF » Kobayashi % ¥ + [Kobayashi et al., 2008] 01 #-3% § FE0 AR 48 ot > 2 g & o
AT EE S RE VYN S E T S NCVTEE ) ST SRS R R
FIE PR DEIES > FL g FRiES- it 4 o Ls FlRREFL R AT R

AL R R Rk -

PR E N SR (GCLM) e P R B F B TR 7 eh
s AR Ak > H{mA £ 2007 & Roark ¥ 8 13 Uik i 18 (Weighted
Finite State Automata, WFSA)§ 1% 2 3 1F 2 Nl i3] 7 7 R % 3035 5 e
BEROEIERE D o d 2B FE N FERAPHAIT B0 A MaFF e
TR PR A o F R § NIRE R DROR AL 0 A - i 4 R E4 2

ROBFAEZEE ] P HFIIRLET -

£ 28 N SR A (WGCLM) B B3 58 6% 2 5% S e 4 503 o
wid o 2010 £ Oba 5 ¥ 44k A€ 4 » 238 5 2 5 HEM L] 752
W ME BRERARA A - BRSBTSt kAT E - ERETA

A RERAER > BE BIFERAFENVRG A PRSI o A I ARG

BAP AR S F E'J;iiﬁi)ifj&:é&i ~FEA FrAg s o % 021 3 L fEENE

16
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THAlZ o B LS GE R A s WE S R R E A Y M

T B W SRR S A BB A A L BadES S8 £~ S8k Score
SR e g R FRE S o, PSR d K T RS o

LF 3
£ A

Perceptron
MERT
GCLM

WGCLM

L

Perceptron =%Z(Scom( iR,ﬂ)—Score( - ﬁ))z

i=1

ami,hkﬂ-exp(Score( ., 4)—ScoreW;®, 1))
3" exp(Score(W: ; ) Score(Wi®, 2))

=

N log— exp(Score( A ))
i Zexp (Score(W; ;, 1))

:ilog M exp(Score(Wi A))
i-1 Za)wu exp (SCOI’G(VVl J,/l))

j=1

Fo2-11 A REENIRNGES AL
® PiTeniE
\

d s 2 B BEFR Y Niich Boir % Hp v § 5 55

20 gt~ o2 B S g U iLangE i o Bt Huang s;?if[Huang et al.,

2007][Arisoy et al., 2010][Sak et al., 2010] ¢ * 7 |+ (Part-of-speech, POS) ~ ¢ %

H2 $h = (Prosody) & 175 Frffc > B fy & ¥ AFEwnFT kAT FEFA A

[]

17



232 A EREFTH

2.3.2.1 KA SRR A

#pA 5 e it (Neural Networks)4z ik 4 1 47 £ (Artificial Intelligence) » ~ # £ 5 X
1 #4054 ik (Artificial Neural Networks, ANN) = 2 7 3§ P68 & 27 X $7— % et
45 p 1940 & B 44 8 7B 4o 0 A 5 2 (Neuron) 538 (F 4058 > 305 4ok & B4

S e AL 0 AT 2 F’*m@é—ﬁhé EER G o KT BIE A g BB

v ,Tﬁ,? Bar o F RIS B m«fr—ﬁ T & Ferdd S B P P A A

»-

SRR G S AN NE P M RS RO A RR A - E 5l

i
e Ho¥ R R R IE Y £ (Perceptron) & % — B F B A aEA SRR GEIE o KA
AT SR G AT R B R 235 B K A A SRR T

=g e

(=) &2 & T 7 @i 4

(=) % %4 % (Fault Tolerance)s; 4

(2) #3 BV ~ BA5EE - p 2 A {0k & 74 2R (Associative Memory) i 4
() P R d it foad®- SO B2 iR B AL

(T) ¥ A B SES > 4oA2 ~ A4 88 2 B (VLSI Implementation) % §

() 17 1 2aLE § fo R § Bt enlicd A

%O B BE A SRS S B ERY Y f BT oA



B (Over Training) ¢ 2" 5% 7 & (Under Training) - % i = i@ & 2150 » ¥ i E R &5

A

=F

v

Bl 2-1: %&b ) BT LB

loacs

TR A gV Ed > ERAFGEOATHERIEERER S F 20 FURF L B

AN T REEPTER] o b B A R P A G Al p By g2 - T
- RS KRR A T E g2 iz e B E[Villiers and Barnard, 1992] - § £ & & #k

PrSRlAERe g  EYFFY pER4 > &2 %5455 %% & & (Local
Minimum) » @ 2t & f2 5 BcP = SR g ER T aT e B B B AEE U E] 2-1
ko R0 KA SRR AFD > A E(Global Minimum)#r * g3 2 L HRAR T
*% ;= (Gradient Decent Method) > e ¢t 2 5 ¥ it ¢ HHF I He b B o @ % 7R
HR P R g g R At TR T AR A Rk

PURF AL s g B g Y 5 (Learning Rate)~ < At 2 B F A FAL F L

FARBEY 27 ko 7 AT 7] A FE[Rojas, 1996] -
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® LR Y i (Supervised Learning Network)

B R i 4 g (Perceptron)

B ip @ E ;¢ 4 B (Back-Propagation Neural Network, BPN)

B Y & g (Learning Vector Quantization, LVQ)

B % N4 5 e g (Probabilistic Neural Network, PNN)

B~ @ vf 5§ (Counter-Propagation Network, CPN)
® IV E Y i (Unsupervised Learning Network)

B e spk 5§ 4 52 (Self-Organizing Map, SOM)

B p i R+ R % B FL(Adaptive Resonance Theory Network, ART)
® &Y g (Associate Learning Network)

B 7 & ==f gt (Hopfield Neural Network, HNN)

B e R 2o R 4 B2 (Bi-directional Associative Memory, BAM)
® B if it & * gk (Optimization Application Network) -

B 7 ¥ zef -3 s i (Hopfield-Tank Neural Network, HTN)

B 20 R g ik (Annealed Neural Network, ANN)

He » xH% T A AE 0 A ] B 4 3¢ 2 4 (Feed-Forward Network)feifix 3¢ 2
- (Recurrent Network) = £ 5 = 4§ 5* 3¢ 1 (Feed-Back Network) » & iaj e dﬂz
V”)U@Q?J @N&iﬁ%] v ots g SH - BHB B - FRESTAGE L
PR o

20



T RALF R TR R S RIEE R A BT R o A

B B4R 3135 5 PR AT T B0 2VE > T R4 A SRR T T A R e

b
e
o

<
C KEA R i N AEA SRR B

J

N
CHEA SRR AT FARIEZ APMAA T F

J

N\
« NNLM#p B 72 5 B 4o B

J

N
» RNNLM® 423 B 22 3 I+ & NNLM# B

J

Bl 2-2 @ A GRpE S AT ER
233  HpA RRRFT A REH

A SRRE WA - BT B 2 A SRR > BERPEY AT
(Continuous Representation) & f#;4&- N 17 7 | a R 252 258> ¥ ¢ A fvie

Rl 4 4 BN T B ke o

am@#@%&mm@%’%ﬁﬁ;Pfﬁﬁ%é%%ﬁ&ﬁﬁﬁﬁg$&

N

W% £ 0 Towsey [Towsey et al., 1998] i * vfie 3% g4l (S pt RIER[ o ¢ T - B

T

HREPE . B oRSR B A 0 KRR AP0 S L o e b AT S

21



PRI 2 B S LSRR R R

Foob g e R N A SRR BT B AT NN SR U
PRAE (7 & BEdanT 0 iz Bengio % 4  [Bengio et al,, 1993, 1994] 5 . -
1% ¥ & T *%# ;2 (Gradient Descent Method)»+ vk ;8 g4 ‘G iepe ? > 308 ¥ L §F
BAOFTREL A A A BEFLERTACFREEG BY ZRRFFP TR
THRFHERECFAFESN S o RFSEFER R ERIGE DT GRS

- :’z%ﬁ?g&ﬁvﬁﬁjz\ﬁgmf%l% F @R PR 5N R AR R

- 1996 & - Lawrence [Lawrence etal., 1996] % & ¥ - 3 & 7 fcffifie ;% 447
SRR FH&EE Y B d U & g (EIman Network): 4 s 3% 454 g
B E Y g E e 2 A Sk Ty Lk SR SRR A S

R o JEA T pE N g P g Y o

PRR A ~ 1] 2000 # 0 iRy B et A SRt T Al > 2 Y Xudr
Rudnicky [Xu and Rudnicky, 2000]+* # 7 #f4! G833 Al @ N @ F 3 #
A FEREFF TN CRERDEY i EARAR T BN E T A AR A
7% 7 A se & (Perplexity) ! 3g47 S i 5 B3l # 5 ehon o R E v f ARl
PR v BN A kehRF S e

Bengio [Bengio et al., 2001]*+ 2001 & p| &_i * 7 70 4 ;N 5540 S et F 2K
Bt T2 b BEsEA S RECEARE K > P At N A B R b en

Mo W FILPIP G ENRE G T B R e i R o

Goodman [Goodman, 2001] B -5 40 (G e i385 #4122 2 s 35 3 3] ot oo

I HAVR £3F A e % R EF E > doP-B-1i03] (Cache Model) % 5 %) i

(Class-based Model) » 2. ¢ Schwenk [Schwenk et al., 2004, 2005, 2007]#-2_ J& * %A

22
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RS o g A#HF RS -

w A G RRE T IO BB AR PR g Recie s F ALL LR
EHAFRR o d TR 2 e kB e b R (Hidden Layer) 3 0t
(Output Layer)z. Fen< £38 3 > sg SPFAF LA RE o ¥ 1 $30pand 7 2 5
ZF AR IIH BRI e PN B E et 2 b G OOV R AT
KA TR BRGE S HOAIY LG - B skenfailc i Tt Alexandrescu % £ X
[Alexandrescu and Kirchhoff, 2006]#—= #5045 & § $ k5| - B e £ > 5 B e
B AR A S i GRS AL BB E et - ho R A Y JURE

FIEES NE B £ 0 T2 BRI bR e

2009 # > Mikolov % ?i [Mikolov et al., 2009] i# * #g4¢ ‘& i35 5 B3] A
73% (Inflective Language)srzg 3 + > d 373 B EF 3 S AL L 0 Flt b
BEZARGAAFTPROEE AL B2 B~ i S ABP fois Hies

(Backoff):# = #i3] b d > »c % 4§ B F o

k& » Zamora-Martinez % § % [Zamora-Martinez et al., 2009] 4 ¥+ 55 4¢ 15 e 52,
B R A OPFEFAFRRREFT T o B PRTFFRAI T F AT AL
1R BB R e o 32 3 FE & 5N (Hierarchy)sde & 0 -7 B FE e

MPE esp A SR RE S AR & 0 i BIEE 02 BB~ (Cache) s & o

e # > Park iﬁi[Park etal., 2010] 444 & P Faid 2 HA) 1 - Bhekig > ¢
i1 4 ~ & (Input Layer)#e » — 1 4% %358 2] OOV 2 H-7) 3t i3 Rl 5
® 3 e AR T R e ROt e gt fh o e 0 T - K i s K (Adaptation Layer)
WA SRR FIHAUNERL? > FRES T FREFF T 24D

#4H
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7 Mikolov % & - [Mikolov et al., 2010] & 2010 # P % & 3 3 #-2] & vhie 5
KA TR BF B e N SRR HUE CRE S TR AR
Toiie SUREA SRR T WAl B o R E NEF T NG (i

g B oo

2011 # p= > Mikolov % # - [Mikolov et al., 2011]:#-%i — & #73% I ehifie 3% 45

A GRepeE T WAl 4 W > 51~ 9 Goodman * &  [Goodman et al., 2001]#4%
MR L o Rl R A RN - RN R ol R g L R
P Frha B 4o r - K R H5K (Compression Layer) o B2 #R = a2 w4
- B e A T EEER o et Le B %?‘{[Le etal., 2011] 5] A sg4d 5 4
L7 WAl R R g e o AU AR R GRS 2 BRI S

0 B et g b > Kang ¥ #  [Kang et al, 2011] S 474 ST S

Hoal Bl » oc oo F40iRiR & F TP~ B0 st T TR R HGEF IF

Vo0 xR R g T WA A A R T R 2 e
BEA S RERGE D AR S bldc@ e N i 35 % f-3][Oparin et al., 2012] ~ # *

¥ i ;% (Maximum Entropy)[Mikolov et al., 2011]#2 £-B~3% = $i-3][Zamora-Martinez

etal, 2012]% -

B v,!f 7 Mikolov » ¥ % ﬁ—g; BfE A SR T B TS RARE s 4
Sarikaya % p ~ & ﬁ [Sarikaya et al., 2010] # % % & fr3F 3 # 3| (Tie-Mixture
Language Modeling)frag4? 5 4 5428 2 #07) ot 2 2 Mikolov % 8 % [Mikolov et
al.,, 2011)4-% R a0iF 27 HoA) Bk — vb i o TP o AT U (B g Al SRR T i

A2 5T g ARAEE £ o

o e UG R A A R T I i S R
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7ok B R FEST I O0V AL~ T AR B 4

T HOA Tl

‘&.r
\Tn

B AR R B R R AT 2 a0 TR e R S R PR

BB REAE (TRTi 0 4 W ¥ ¢h A AT S sg[Oparinetal., 2012] :
® HEjpiEfrerie

TR % ,?ﬁé—ﬁﬁf\éﬁﬁﬁ%ﬂ:%i@f'ﬁi@’i‘% TH A B kR S E

Bk 0] e e deifin A S e 3 gk e

d TR G R B BHCYE Y 0 R IR A i s ki A

PR R R - i S SRR

BT R M R BT WA B SRR o
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¥ Bi 2:\%3\! A= %ﬁg‘ép% ﬁ_anj qy\ 2 %\%_g y,%

>3\ 2.
E - Ea
AR REES B LT ONE S A A SRR L 4B S RRE
% 4] (Neural Network-based Language Modeling, NNLM){esfie 3% 54 G e e 3f
= #-3] (Recurrent Neural Network-based Language Modeling, RNNLM) -

sk Yi(0) = T(net;) Ty ye(t)=gnet) gy

e
® | netj(t) =xvjixi(t)+60; | @ | netc(t) =XvX;(t) + 6 | @
i ]
® ® ®
‘'L V BE W
> | >
o ® ®

Bl 310 B4 A TR R

311 E@EN M ERR
3.1.1.1 2 1‘#_

MG PR T R A A R A SRR R G 2 A R
(Input Layer) ~ "E& % (Hidden Layer){-# * & (Output Layer) = § ¥ § # F 4c » -
K 4% % & (Projection Layer) » * % #-fr € i@ A 7 F AR B I L@ H 2 W £0F i

FE R B R EREE AR AR R H e PR AR
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UERE S RO PRy 5 B FIEE Y-S L P Sy FAE
REDFR SN * A2 RPROBIESE - FRELF O S LF R
(Synapse) k @i & ot S B 3LV HRER U B AT 0 K2 B ORFR
%E%%ﬁoﬁ34${ﬁﬁﬁﬁﬁgﬁﬁ#ﬁ,d{ﬁ%ﬁﬁﬁ@@&o%T

KA ALK TR &

[ ﬁ»@

W

AR

ﬁ%%\‘f%%ﬁ% é]\:‘é’é\’],é/;% %J é_l\:‘rf’]a:,_é:,ll %'%\/ )
SR e 2 SR R Tl SRS R R L)
Al AL S Co VPRI B = e e AU E S - R TR i
By iBEaE HY 5 15N T% Bl o N ZRR i o

(3-1)
i

{1 if 5 ¥ & ID
Xi (t) =

BB SRR R XA EEEREV RBE A REV § ELD
CHAREFOREV Y 2 T F IR SRR SR TS RE B o 5
@ﬂ;ﬁ»%@%%@ﬁi%%%ﬁﬁ%%pwﬁﬁj@%§%%%%$i@ﬁ
R EBLEEE 0 0 5 % ] BIERA SBBIEE o net(t): B ] BIEKA
%%ﬁ%%m’mmma j BrREEE & B
net; (t) = Zvjixi (t) +6;
yi(t) = f(net;)
# ¢ o f(net) & B s v Sofic(Activation Function) » @ g Sofick R A 5 T 7
A 0 g% 30 #i(Sigmoid Function) ~ B #74 #+ a0 #c(Gauss Action Function) ~ &

WA+ S #ic(Hyperbolic Tangent Function) ~ % B & 14 &y #c (Piecewise-Linear

27



Function)fr g% |+ & fic(Bipolar Function) - 5 7 % x%%l D ER A0 L2 A&

R R R 2 TIT SRk IR

F(x) = —— (3-3)
l+e
® 2N

i

\

Lol B SRR R L BB ERE W R R

MR T U E

=

P

nety (t) = Zij Yi (t) + 6«
) (3-4)

yi(t) = g(nety)
ﬂﬂ’Wwi¥k%%%%$%%¥j%ﬁ%%$+m@.%im’@;“k@%
A SRR o net() 5 F K B SR~ By S B Kk B
oo Rk L egahERfrs 1o B fdh g(nety) & it B+ BF Y Sl
(Softmax Activation Function) » » &_i& #% I #ic(Transfer Function)si— #& o 4o 5% &

4 = .
E

(3-5)

eX

g(X) = K

2.8

3.1.1.2 R g NPE A S

BB B k2 1 0 I §d A S c(Error Function)it ¥ i £ e
(Error Vector) 12 "% Mﬁ%] i (Output Value)f-#p ¢ i@ (Desired Value) & e £ §E > 5 ¥

R T R KPR B BRI KR 2 B o A RIEEL e

ek

e 3% 5 92w £ d (Desired Vector)j# < #j i+ £ y (Output Vector) » # # # %

9
|l
-

A CRRFIIHARTREG T- BFrE T B o BFUT L@
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BT E Rk .%E?x%i%Jﬂ'. R e d { ATE AW 2 42 % o
W(t+1)=W()+AW (3-6)

He >W(E+D) 22BN AR FREEL tHlafg e W) s PR gtz 8
|

Loa AWREAPERES . g ALLA LA IBDTE !
152
E(t) = Ezek (t) (3-7)
k

ex (t) =dk (t) — yk (t) (3-8)

HY 5 E L34 Sl B chE 35 324 (Mean-Squared Error) » e & 7 24
BY R KBAR A AANEP RS R KABART YA AR EY S kA

Boo BF Y HRT FEHIELW Biks 7 17 [Boden, 2002] :

OE(t) oy« (t) onety(t)
oY« (t) onet (t) oW

oYk (t) onety (1)

=0 e ) ow (3-9)
- 709 (net (©) T2

= 17 ()9’ (net« (1) y; (1)

P A T o A K SRR B R LR AV o V(D) BB~

PUERE Y L L E V() SRR Bt L -

V(t+1) =V () + AV (3-10)
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EW
oV

__OE(t) oyk(t) onetq(t) dy;(t)
" oy (1) nety (1) oy; (1) oV
6netk (t) ayj (t)
IOREY

= e (09 (nets ()W 241

= ey (t)g'(net ()W - f'(net; (t))Z Xi (t)

AV =-n

=1ex (1) 9" (net (1))

=ec (t)g'(nety (t))W - net; (t)(L— net; (t))z Xi (t)

WAR
[}
BYR
Wiz
\ Ty
L__IN
@
""" ®
——— -
®
L IN
] / e 2 i
1@
L IN

Bl 32 44 RS A
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(3-11)

Py =P(w=1| h)
p2=P(w;=2| h)

Py=P(w=N| h)

N



MU SRR AT AR 6 anE o MIT AT N B 32 o g~ K RIS ATIRRIGE D

R FM B R FhA T o 4ol 32977 Bl £ w = B T T
Lo S AV G - Be A SRRRE D A - m & B @ * one-of-N

- "‘E‘-f” ﬁnl% ’ 'Y'J'hr' Wi m?\'r—k' A =S Lﬁf;ﬂ-Nm‘?’ﬂ‘:’ ’ Fqﬁ gvl"a_i‘?\l—,ﬂé#

PR BFHFLTARSIRDE N KR FE AR Y - SHH 337

)

ORI IR LR G B AR L T o B Wig s Wi
Wi @R A BB L @R S A VT L fRD] RR S g e % AP
o RIT R AR R E KT LB Bl A B R ] e B A 000 T
% % 4 % §5(The dog runs in the bedroom) | = " 5% % 42 4_# (A cat walks in the
room) jo FHt Wy R F IR AHEE 0 GF A RVRFHY MR DT EE- B

Pk i KRR 0 B A A TR R AR R - B L T

F AL NG P IR T A A TR R AL R T R
FEARAERRAEE LI WAIY S BB FRNREERGRT - B
FNRAT A o FR R hp T AR PR S T AR R B A
TV BRI FERB R e TR EERE REY o AR
BamkiRfehA- o A SRk P A Sk RIALS - B i 38325 (7
AEREF SRR - DR R ol A B BT i K- o 50
fende® 0 A R EE - g G LA FERID ke o T AR A P(xi|h) - &

fo P & g & m}% 'F’?F‘ Pl L2 1§¢/ﬁﬁ RN ﬁ’r’fé'\f °
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312 gl gRr
3.1.2.1 %4

F OB SRAEAY SR o (R SN aE A SR A RAF DI 4 0 - R
e >+ 1990 # d Elman #74¢ B e i & 4§ (Elman Networks)[Elman, 1990] -
F 4 EE A B Y T - SRR SRR Pl 8 1R g R
5% el s do g L 4§k (Jordan Networks)[Jordan, 1986] {:L%—ﬁi;] a mﬁi;—l
MR BRLET - FRFEERE R e dhie SN A S e B (Bi-directional
RNN)[Schuster and Paliwal]f] * € Fitfo A k Fm kg > & * 083 B
WoVEEAY AT el R B S B FE A L N aEAY 5 g (Hierarchical RNN) % o A3~
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ik VAR SRR SET 5 B 340 e i LR R
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g ke g o doB) 35 40T o f A TEFR ol R G B2 -
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FUREAY SRR E 5 PF B 2 (Temporal Processing)siie 4 0 — 40k 305 g sE A ehde

Bo¥ gL & v i a8 2 (Stability) ~ ¥ 45 1+ (Controllability) 2 # @ % |+
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ﬁ%”’ﬁﬁéﬁb#é@ﬁﬂg’ﬁ¥$ﬁ$%ﬁﬁﬂ@ﬁﬁ§%

33



(Backpropagation Through Time)[Werbos, 1990] -
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RAKPFRBET —r+13 T oL 8 fc T 5 P w0 chpF 8L o
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yi(t) = f(ZVjiXi (t)+Zu,—,—y,—(t—1)) (3-13)

FIRE VL UD{ATRT 2 58 (3-14)fr 58 (3-15) %k £47

6Et0ta| (T -7+ l,T) I oE (t)
AV =— _— =0 3-14
7 v (DNry (314

AU _— 6Et0ta|(T —T+1,T) __ il 8E(t)
U L~ au (3-15)
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PR S RRES A BRI %ﬁrrﬁf] 4-5 9557 o — B4 ii@‘kf*’ﬁ 20 4 2F

o

shit B B3 & 0 8 3w £ (Unigram Word Vector) 4 77 » & i {7 A 3 (Clustering)

A AT a2 L K T35 8 # (K-means)[MacQueen, 1967] » #i% i A
FiEls 0 NPT L BT ADIBGE O KPR L B N SR EE T
Al B3R u'ur»}; VREAT L LPHEH - BREFSHPEY E - HIRFTOLNE A

BonEgcEE v £ & 7T e B (Mean Vector) » gt 3RA T I & - P & flR

FZaE e BRFARTBTIORT 7 N4k E T

Lp
Vp’k
k=1
v (4-2)
p Lp
P v s 5 p¥E? s komEdime g VA pHESIHEeE L i
VIRGEFHET T DIPGE P2 i
-~k FFoRPBFOFREERRIE T A PRIRF oL H AWK

B forr KA HBAEE » B & RB4p i & (Similarity) » £ F Begr i ¥ ik
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BRERFIHAWEREFOFKke? MiES GRS S% - L2 B

s
=
9

T o MR &= ﬁl‘tg"" EA

(1) EBAp 2B be* HEE 2 1 0h 3 2 B E Bfoill 35 & bR L BGE S 3 0

)T»*‘uﬂi“’“réﬁ RIS e ¥ TR AT

RNNLMy, =arg mgx cos(Uy,RNNLM ;) (4-4)
Fpb 2l Uy e 7 4 7 & 2 (4-5) o

PUx) = Pranemu (Uk) (4-5)

H ¥ 5 RNNLMy, & & #7pvsE 3 ko anvae sV agad SR pe s 2 13 7] 54 (4-4)

o PE PHEY e E AL 2 i N A SRR E D T

xS

(2) AR EEZ S F2 GG d P ERRERE S PEIRGE S
Frergp R KR Flpt ok ZRRERFE AR FAP MR RS P £ 72 8RE
FRIFRF N 4 raz § 7 RSk e @RI E EVIRGE S

e & iy & -

cos(Uy,RNNLM
Fop =250 ) (4-6)

> cos(Ux,RNNLM ;)
=1

5 2 D) A B O A L 9 AT HmE S 0D A B

P
PaunLmi (Wt) = Z}fk,p : PRNNLMp (Wt) (4-7)
p=1
A Peaneve (We) 5 B13EE 7 7 BBl W A3 AU & 2 vhae sV aEAY (S et g

T B3 S e Pa, (W) 5 B RIGP W % p 32 dfar sV R SR GE S BEAL A
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(3) AP A I=g &4
PR TAAR AR DR MU g 0k > MR A e g TRl 32 3 (Uniform) ke £ 7
Hoo F|p m?‘[‘k}iﬁz—gj@}‘f’ N PN fﬁ‘ﬂtﬂkp% .

1

P =1 (4-8)

HY P LA

B SRS AT U TNk AT

Pannimy (We) = Zﬂk,p - Pranem, (We) (4-9)

p=1

Bkt APRERE AL BB EF R FTHD > LRI L g% T

B ERGER A B K AR o
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511  AFAAFRBEES AR

LT R A R TS PR AGE S SR SR Y R BT

¥ 2~ 3 aHE B 30 (Tree-copy Search) 1 2 3P Bl &F £ 304 o
(=) Hhce

AR AT AT Y 2 F B G 0 Y 0 BT g A
(Heteroscedastic Linear Discriminative Analysis, HLDA)[Kumar, 1997]% & & < 4p i
R 3 & (Maximum Likelihood Linear Transformation, MLLT)[Gales, 1998]# #&
PRER S AR AR R RS ER A e b S Ap R AU
gk EE 30T Hae B RFR R TR T I98 ¥ B dicr 4] (Cepstral

Mean and Variance Normalization, CMVN)+4r 33 3% & # #ic -
(=) ®E#a7

BEFRARNA o d N R 2 R F AP A w5 B2 2 2 INITIAL 503
7 E OGR4 i = FINAL 53] 0 & 4«0 INITIAL $23] 5 22 46 > FINAL #3] % 38
fhoFla B ¢ XL B BEEF S 1 21 L & INITIAL $23) o &
5 112 48 > 7+ 4p B 25 427 (Right-Context-Dependent Model, RCD Model) » #- % 4«
4 - fm#F (Silence)#-A] » = F 151 BHEERA o H P X BHA| Y 5 356 B

Jefi(State) o @ & - B L 15 128 BB ETAF T E A HBENR LA H o B H

-

BAl g L gd &< i 4p i & & pl(Maximum Likelihood Estimation, MLE)?" @ %

B 5] 143 % 43 (Minimum Phone Error, MPE)[Povey, 2004]2" 3k 1 # % & 18
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YL F 7000 BEFE o AGEd £ E A RHEFOT UAD IR o A ks
TREAY LBF @M g B3 A 4 37en4F £ 3 (Compound

Words) o $t3+3F 4 ¢ i FAp AR B 0 ldeww, o A SR A= SR T S |

(Forward Bigram) % = Pr (W; | W) £ {5 = = i@ (Backward Bigram) & (w |w, ) g

o is e 2 s S e s P (wy [ w)R (W wy)  iE R w e w, BE S

ik 3z [Chen et al., 2004] -

BFRFFRES T -2 32T 2 F BRhheim L g m7enm . 4
FI* Faamt B S S i f o7 e oo e (Thresholds)k = > 2 2 4
IFpRE- 1L FROEF o RS RET FAABATE e » RAFE P > FF-

BEF A= FAF BwaRTL -
(x) PR Hlaew

* AR X FRAGFFF R 2 A EEY L3 4 (Left-to-right) ~ § 1= F #
(Frame-synchronous) 1z @ 48 @WEF > % » AP afe & - B4 L (Arc) it & -
B INITIAL & FINAL 5£ 58 5 7 % #74] > d 12 & 2h(Root) | = — 1 ¥ & 2-(Leaf)

FREIL R A BRA - B AR P BT A A AR R R RS L

Sl
s
P

FIAER RS T A Al A kP AR e A HARE R

LEIOFPEE B A2 € P P Bl R A4 B (Tree Copies) » # B3 5 A0 £

S

7 aviE 3 WA A R 3P A 7 (History Word Sequence) » f 2 b > 3E PF A 4 07
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2§45 (Partial Path)4e % #7 4p I cnffE € 30 B 71 € ARGFAF e fe — 550 oHAE AT

MR TREAGY B T A B0 B =k (State-level) s ok (Viterbi)ds iE R H0F o

R BRI BArF A R 2RC PIEE SRR AT - BREFE VAR
A2 FF > ARFRA AT REESEDT R 2RL FLEF AR IRES

3 f ¢ G A 7 0 R § a8 17 £ % & (Recombination) » % fit A ficy o 3w

SRR SR A2 - RATIRRRAHAF W Ao Pl PR AT KA

st AR A R TR - R RMIT S IWERREER £ T
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Flar T ROEFRSET AR L SR EEFFIEL KB AL T AP

F1# & § $& (Beam Search) Ho e » #-4 Hfe (M end % DT & & B (7T 4L o

Peh o R B AR eI bl DR A A ] R E AT
DR Lol g 22 05 P EF 04 j25 e i k2 2 39 Fl(Word
Graph) » i 43 B F & % { BFFenE 2 B > €487 - X FEH LRI EE
(Word Graph Rescoring) » 45 21 & & chsgasza B 71 o fh 5 5P - % i W=

Fofe ALt * - @ioF 7 wealo RAOE PP AR Y = e el e
() FBEIEFE M-BE 5% 5% (M-Best)z & 4

PR P RAE UIEFE L rE 2 R PR E BA L AR EERRATRY
AR B BFERTF L HESRRESAFIE T S BE S Hc e d
PR A S i F A AE S A TR R e S WA blde
2R R N A SRRF ISP INERFLATEAE c BF R
FRFREFAFVIEF > PR FETR B A8 FLF AR KT
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News, MATBN)[Wang et al., 2005] - <> ARLATH# 3541 §_2001 & % 2003 # Fd » Fx
T Fo B(SLG)E 2 X TARMPTS)E T4l - A8 p 3 S EPATHF > 2P s

§E - PIMAREATE > 23197 B PFLES FTALE P Fike o iR
P G T EEEHERARE 2 RBFEY LM AP
FEFTR FHENLET &S PNFITREFATEA BN o B NFATHE S A
Fhee ko HHATE G ¢ 7 5 k37 2 A (Field Reporters)sF 2 £2 % 3% ¥ (Interviewees)

A

g HRTR LRI B DRSS T AT
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Fehv FyR o Flm pXETF SR 2 ¢ FIL A E A BN FER s F g
XREHEOREL o A BRI ZT R AREY Lo EEsERd FH

vE VA SRR R B PR RFHLs A NS H- L

7 vl 2R

\“1‘

& E R SALETHE 2001 & 3 2002 # R Rt ﬁ v w5 PR F R 30,600 &

(923 PE)~ PR B 224 1,997 9 (9 15 P2 4 B B 3542 1,998 ¢1(5 1.5/ BF) -
H-o LR L 5 SARFTH 2003 & 3 e —*Ff v ] G BB R 3,643
(920 )RR B A 307 (K15 )R HFE BER 202 9 (9 15 BF)
dodo B-l¥roR o R AR HR A UEAERE LA > £ o E R hdE it it

R SRRETHEY Lo g Y L8 o

BF A PGE A S A AATH 2001 3 2002 # h 3R e E AL 0 & 30,632
(923 ) 2P e 71 R &Y RGEN 30,600 &

oA B im0 e E L E ok p 2001 1 2002 £ ¢ 2 i Ak (Central
News Agency, CNA)s< FATHEM » P 7237 H- I FFBP 2 F > 5d #73
216893 N+ g B e %7 A4 * SRI Language Modeling Toolkit (SRILM)

PIRA @ 4 Katz Back-off i i % [Katz, 1987] % f# -5 42 ff# cR? 4L o
513 #3 WAk

BRI RFEEY O TRE T A SRR S 2 & 803 8 435 (Error Rate) & T

H| o 495 £ PRS2 B e e 2 a5 4R (U.S. NIST F.O.M. Metric) » #-
FE SR B forRs g R ¢ v $ J5d # i 4L4](Dynamic Programming) = ;¢

FEEEF P A Alignment) o xyp E = (Unit)72 > ¥ A 5 F 45 255 (Character
Error Rate, CER) £ 3244 3% 5 (Word Error Rate, WER) » 3 < # i § & * 3945355
FOEERERE A A v GRS TR € A 2 AT AU AL
FIA R F B kR R AR -

49



W AEY 0 3 F P H AV A ¢ 5 5 (Substitution) ~ #& » (Insertion) ¢z bkwhjﬂf
(Deletion) % 45 274w o F]pt 48 15 7 0T 7 2 3N3E (73 By F 1 oFE 3 (Accuracy)

2 F 45327 (Error rate) :

33@$=Hg'nm% (5-1)

S+1+D 100% (5-2)

He o H3d 3¢tk (Hi)E dc® o | 3 Q383 h8 e N 5o
SRR E AHE - HEF NG LyrRL S

Voh- B LT RE T A 5N 53 A sk (Perplexity) o H % & 40T
FHR- BETHAUTUE - BRIEFAIIW Zw 87| hE R 24 £ > 70

TR 8% 3035 5] W F ehR 3 % i@ (Cross-Entropy) » B ¥ iT i 5 ¢

r(\N)——ngz P-(W) (5-3)

B A W e & % P(W) T ey 45 RS — R B GRS i AR o A ki

[

FEHAlE AR LR
PPL(VV) — ZHF(W) (5'4)

BRALBLZFZHATE A FRIAIWY & - Bieam(B )T ofpiE s 27
BAF FER AR S T HOAI I endg iRl en T 354 4 & (Average Branching Factor) - ]

B - BIET AR SRR R SIP E - BRI RIS AR A
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