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An Investigation of Hybrid CTC-Attention Modeling in
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AT AR i ¥ Ui (End-to-End )58 5 HREAY (R B » AL T3P 54 S Wiy gE &
TR o I hmsE F W > R EWNE B o A R B
(Connectionist Temporal Classification, CTC)EH ;3 5 J7f5 %I (Attention Model) » A
SSCE G & ARTRERTEAERIE) CTC-Attention S 2 U pASEE 8 5
R 1 DUTRE HE 25 1 5 S MRRIOARE - Foltt - ERIPISTAT BURLAE 20
RAHEEREIE 0 SHET CTC-Attention SEABUIEST 0 1 1IHEM
RS AE P Sl E SRR Y B B dd R AN 4R SR BT TDNN-LFMMI
A » CTC-Attention & & AI{E B A8 FA NG - o] B ARG — M 1bAE
(Generalization) °

Abstract

The recent emergence of end-to-end automatic speech recognition (ASR)
frameworks has streamlined the complicated modeling procedures of ASR systems
in contrast to the conventional deep neural network-hidden Markov (DNN-HMM)
ASR systems. Among the most popular end-to-end ASR approaches are the
connectionist temporal classification (CTC) and the attention-based
encoder-decoder model (Attention Model). In this paper, we explore the utility of
combining CTC and the attention model in an attempt to yield better ASR

performance. we also analyze the impact of the combination weight and the
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performance of the resulting CTC-Attention hybrid system on recognizing short
utterances. Experiments on a Mandarin Chinese meeting corpus demonstrate that
the CTC-Attention hybrid system delivers better performance on short utterance
recognition in comparison to one of the state-of-the-art DNN-HMM settings,
namely, the so-called TDNN-LFMMI system.

AR © CTC - Attention ~ Ui ¥fim o SCRE = MG ~ A0 UMk

Keywords: CTC, Attention-based Encoder-Decoder, End-to-End Mandarin
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1. 4&5% (Introduction)

PEE T 2R RE BRI R 2R MBS WER b RS s 45 &
A FefE R (Deep Neural Network-Hidden Markov Model, DNN-HMM) (Hinton et al.,
2012) B 4R Y & B R & 5 Y 45 & P2 ek =% 7] R #5128 (Gaussian Mixture Model-Hidden
Markov Model, GMM-HMM) (Rabiner, 1989) (Gales & Yang, 2008)fHLL » fFF R
(Character Error Rate, CER) {1548 554 (Word Error Rate, WER)A T KB T - 2R1M »
%5 DNN-HMM CLHUS R EEATRCER » {H DNN EEEL R (4654 7555 K] F 5B 5 (S 9% 2 B
RFEPEAT GRS > By T AP e 2 S - R EM I A T BRI A4 (Recurrent
Neural Network, RNN) (Hochreiter & Schmidhuber, 1997) (Gers, Schmidhuber & Cummins,
1999) 5z & 55 HAEC B (Long Short-Term Memory, LSTM) (Graves, Mohamed & Hinton,
2013) (Graves, Jaitly & Mohamed, 2013) (Sak, Senior & Beaufays, 2014) (Sak, Vinyals &
Heigold, 2014) (Li & Wu, 2015)2H sl Z2AEAY - i2 R S A0 B DNN AH[E » £E5/ SRS
72 S i/ NAE B J#(Cross Entropy, CE)AYAERI] » i B L gES0F i — 2045 & 71| =8 71l =X
Il 4% (Kingsbury, Sainath & Soltau, 2012) (Vesely, Ghoshal, Burget & Povey, 2013){5-%I| 5 4F
HIBERR S -

SE W AT LA — TP S R SRR » R AR RE S ek e L Y S e
TE(RSE S Wk asVE Ik R - Rl AR ~ SRS R 385 5e BURS ER - 3l HLAES)II %R
DNN 7 » 215 E M TE 3| 4R07 GMM-HMM i 5 8157 i i B 5 - PRI B ZEEE 7MY T
BRI EE o HRINMESAIEE S Wk S8 > CTC 3l a6 HIj (o 15 A BRI m ] ey B R R
1 PR A A iy L 3 FE B Y 7 (Character) 3 3% 25 (Phone) (Graves et al., 2013) (Graves,
Fernandez, Gomez & Schmidhuber, 2006) » &£ FE R & # K CEE AF 3000 /NIF)ESFES
B % FE S BE 5 (Soltau, Liao & Sak, 2016) (Li, Ye, Das, Zhao & Gong, 2018) » il H {Ff#HE
R A BB S A ERAVEUEN 2 RlmEimavdl 9 7= - S5—J7H » A& CTC
Ui B S AU AT R - HESY Attention HYMERR I HIAC A RS LA B2 B FH A 2% (I B 75 IS
(Bahdanau, Cho & Bengio, 2015) (Xu et al., 2015) » (Chorowski, Bahdanau, Serdyuk, Cho &
Bengio, 2015)thi% FEAE AU JE F A GE 5 WAV b 558880 CTC #Y WER - {E1&4EH
MEE TR T FEREFERIVENL T » Attention I WER & 22 58 18 T HHE SRR 4T
iy CLDNN-HMM ###I(Convolutional Long Short-Term Memory, Fully Connected Deep
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Neural Networks, CLDNN) (Chan, Jaitly, Le & Vinyals, 2016) °
BIE AT 0301 07 S ATHBERA 475119 DNN-HMM 31 R B L 7E D R T
LRSI B4R DNN-HMM 8045 —Ey2280 - At > (Kim, Hori & Watanabe, 2017)
(Watanabe, Hori, Kim, Hershey & Hayash, 2017) » {§iFf§ CTC-Attention f&%J (Hybrid
CTC-Attention Model) © 3% /7% B45& CTC Bl Attention FEIUAY (T ELE 284S » HINE
A CTC Jl#H Attention FEATAPTT SRR (Misalignment) 2 U s AR - £F(Kim et al,
2017) (Watanabe et al., 2017){J & a4 S EE 1R » CTC-Attention fHEAI R/ D E BRI T » BEH
FRETHE 2R DNN-HMM FERIFHEERA - R AR S AN A i th
e MRS 7 25T - PRI ERAT 3 F
1. “R[E] Attention #EHIVHERAE R © I RAAEREEEERGE R T 383 Coverage Location
RUSREL Location #HiI4T » iR A BRI Z -
2. CTC WREEE N YRGS R 2 2 8 —RORERIEIL T » L5200 S 2 R B A R m
#4575 CTC =X, Attention fEHY -
3. CTC-Attention JE &R FIsE A HE 2 2 8 1 FAWRERERS b - EEHIERHY CTC #E
EEREHSE > o] IS BRI ITRE -

2. 7374 (Method)

2.1 CTC (Connectionist Temporal Classification)

GE—BRRER T WEEREFY X K—EEE LERFY] C» HfC={ceU|l=
1,.., L} U BAEERESREES - A H CTC 5 A THHIMYZE A - (F AR 53 52
BEEEAVERT Y FR RS = {s,eUU {< blank >}|t = 1,..T} - X ¥JE C AYTRERIK
AR AY

P(CIX) = Z P(C|S, X)P(S|X)
S

~ Zp(cmp(sp() (1)
S

HIFY CTC fREscs— R RV S i A S EF 7 R R(F1r > NEEP(CIS, X) = P(CIS) > H
P(CIS)ATLATH Ry CTC ARERAEAY > AT LL53 Bl H R 2 #(Bayes’ Rule) ~ 8574 (Chain
Rule)FERH  H &M A PRI BILAVERE T HER Fy -
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P(SIC)P(C)

P(C|S) = P(S)

P(C
np(5t|5t 1C) PES§ ()

He o PO R FRIEAINEES AL » P(S) R —IREEATSERMER > P(s,|s,—q,C) Rk AESH
Bt Ry T (A2 O - CTC K EAlERE L VEEEA51 C 3%l
c¢' = {< blank >,c;, < blank >,c,, < blank >, ...c. }
={c';eUu{<blank >}l =1,..2L + 1} 3)

TREEERS D (5501, C) FILAFR 1
1 s;=cjands,_; =c'; for all possible |
P(se|se-.C) 1 s;=cjands;_; =c'j_4 forall possilble l
sy =c'pand s;_; = ¢';_, for all possible even |
0 otherwise
HARFP o3 i Ry By HMM /Y 5 3R (Self-loop) - 8% 22 T —IRR& - i1 255 =(EALEAEL R
EEIT H' Joc, BRI IR RS S Bk blank jiRER » WI[E T EIRYFRELSRE

“

& 1. CTC friizig
[Figure 1. CTC’s topology]

)7 > P(SIX) By CTC B E25 AN > gz UARIERHR - A A BRI EIL R AT AR
REy

T
P(S|X) = 1_[ P(s¢|S1, ) Sp—1,X)
t=1

T
~ 1_[ P(s:1%) )
t=1
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H AP (s¢|X) Ry softmax HthHYEER > &r Baliz((2) ~ 2(5) » A/ LIGE]

T
P(O)
P~ H P(stlse-1, OOP(sel) iy ©
i CTC ) E e BoE M R erre » L TTE# A
T
Pec(€1X) = ) [ [PCsilsecr, ©OPGsel) )
$ t=1

3R CTC B ARk il 7 5 B/ MBS R i (Loss Function) f#/2—In P (C71X)
C* Ryl SREE MY IR 15 i S AR SR > 18I e BGEU N FRIH i ) AR SR AT REOK: -

2.2 Attention f&EAI (Attention-based Encoder-Decoder Network)
FRHIF CTC B H B IE T FFRIR BT Attention F5EHY B #2 if ) SRR HE S
TR IR » HEEERATERS

L
Pt (C1X) = nP(CﬂX; C1:1-1) (8)
1=1
P(c|X, cy.q—1) FT LA NHIAFHES ¢
h: = Encoder(X) )
¢ LocationAttention:
Fl =K * a;_q (10)
thanh(%ql_1 + Whht + Wfflt) (11)
€ r =1 CoverageLocationAttention:
Fl =K % a;_q (12)
v =Y al (13)
\ g tanh(W, q;_1 + Wihe + Wy fie + Wyvy,) (14)
exp(yeit)
Ay =——— 15
™ Siexp(rer) (15)
ry = Yioahy (16)
p(c;|X, c1.1-1) = Decoder(ry, q,, ¢;—1) (17)

Hrheky Encoder HYFEHGIRAE & > ay /s Attention HYMEE e /E Softmax 152 > ifij v
FygREEMEEERY Sharpen Factor » A o #5H Decoder MYREEGRAERIE Q-1 £ Query &
MR Key-Value hf5%ley > g~ Wq ~ Wy ~ We ~ W B ]I SRIVEIE S8 - Fi ks
Location Attention f#F(Chorowski et al., 2015) 51 fH— %38 FE @ K B2 #8517 Attention [H]
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& {aq, 0y, ...q_q REEW R E8EE > FI={flL, {12, ..., fIT} ° v B Coverage Attention |
(Watanabe et al., 2017)H & F 4 $%:F7A Decoder #EE1 Attention FEEE 3 i » AL %]
Y H HY7&A7 SE RE# K /D 4 A 85 3% (Insertion) i i3 £ 3% (Deletion) Yy Hi 3R » DLz I B AKAY
WER =Y, CER - Attention 5| SRHF 48 2 B th [E A 75 2 i/ IME— In Pt (€| X) - Attention
FEAUEL CTC B 2= BAT R AT 5T B 0 5 O K (N 7 -

2.3 CTC-Attentionf&E! (Hybrid CTC-Attention model)
PR SES BB S HE RS 7 L AR » BT DA CTC o S A {18 3 A 0 I S ol HH A BT MR
TEBZALRE - 55— 5T > Attention FEA A E IR B HH Y A2 B A BPRS AL S 8 AT E S - (Kim
et al., 2017) (Watanabe et al., 2017)iF & CTC BAEKEME AEEEILEL » & Attention f&
I CTC 45 E1ELTHEE - @47\ (R Attention FEAYYESS > WEEH X
= Attention A UG G ERFE B PR SRR RGRE - 45 & 70(7) FzX(8) » CTC-Attention JE &
TR A7 38 A 1 4H & WA RIS 1 B A o LIk A9 5 iR ] DAZRORK

Lyor = —(AUnPe(C1X) + (1 — DinPyy (C1X)) (18)

Hrep A0VEE R 0 <A < 1> MAEMEMEERE - > I ERFEH CTC K Attention Y
Ho IRRE

logp(cnlcl:n—b hl:T')

= alogpcic(cnlcin-1, hyp) + (1 — a)logpase (cnlcrin—1, hypr) (19)

2.4 BEEEERAR] (Acoustic model)

KR AT B A Encoder Hi73(E AV 2 RIEHY VGG Jg il | /\Jg Long Short-Term
Memory Projection(LSTMP) » LSTMP (Sak et al., 2014)72 LSTM HIYH » @il &
ARHE— B AL LSTM HYZRERIZLAE « 1 VGG B (Chan et al., 2016)fY < FIEAIHY LSTM 45
T&1E Ry Encoder AHLL » (] VGG AR AE(Watanabe et al., 2018)3B7 T £ KL HUIF L &
BN EAH LSTM KL FAFTER I VGG-LSTMP {E & Encoder 5S¢ B AH T ZLRE AR 2
Ho X A ARHE > C REMNFER P - ISEUERRADE R = » S8
EEISHE 23 izl 19
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Projection layer |
1 1 ¥ 1
BLSTM |
t t t t
Projection layer |
1 1 1 1
BLSTM |
1 T T T
[ VGG . |
T t t
Lo T 4 VGG 4 i |
e 2 [ )

[B] 2. CTC-Attention &4 fE7401%
[Figure 2. Hybrid CTC-Attention model architecture]

3. BEpGE R E M (Experiments and Results)

3.1 EEEERIBIEE (Corpus and Setup)

RS E R AVEER R B aRat il - B BB 1 S U SR R AV SRR - H
SR SRR+ TR — M S BT o e s TIOR3 )9
KRB ER A B R B - (1« 3o I - ARy Sismt » &
HAYEME - HallSREF 230 /NI - MOHEEERATE 2.6 /NSRS EHRITANS - SIMNER
—H#ASN 3 /N ADHIER R - HNE R 2 R AEs)ISREE R R i R AV A 450 - (RS L
B -

L ERVETNGEE ~ JEE M B i

[Table 1. hours of training set and test set ]

BRI B &k

s LE 230 367434
HIEEE 2.6 2306
(SRENERES 3 2809

FHEE - FAFIE T 80 4EHY Filterbank il Pitch Hjgl 5 BEELHAYES 7 » FRAFIE N
& VGG Jg . /\z LSTMP {F & Encoder » LSTMP &4 320 {f B 5T > Decoder Z547HI
fHFH B g 300 {E B CHY LSTM » 41[E 2 Fiir~ © Attention 14745 5| £y Location Jz Coverage
Location o g5 A3 Fe M HF I SR R AV S F Ry sBitall SR - 4R 3 RNN SES A -
FI4REF CTC FEERLE 0.5 > ARSI A (Watanabe et al., 2017)fY 65 H0A M A1 1
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Shallow Fusion (Gulcehre et al., 2015)#y 775 » f&i ABHSMYRE S BT B AR EE RS I
SUEE » B AE _F{# F Espnet (Watanabe et al., 2018) T H. » 5548 B3t T Kaldi (Povey
et al., 2011) T  H & {F i i =8 1 & 49 % (Time-delay Neural Network, TDNN)%E &
Lattice-free Maximum Mutual Information (LF-MMI) (Povey et al., 2016 )]l 4§ iY 2 ELFE R B
It ¥ e B AR RS P

3.2 EERGEE (Experiment result)

—e— location
—a&— coverage location

28

274

25 4

24 1

0.5 0.6 0.7 0.8 0.9 10
CTC Weight

0.1 0.2 0.3 0.4

167 3.7/ CTC JEE L A5 CER #IZEE

[Figure 3. Character error rate when using different CTC weight in test set]
3 fifi Uk CTC HyREEE - el Uk CER. it CTC HyRE B A MRt 2 n] AR B
WMAAERN T XEARNENRELLES - HEBGERGH - M3 Location
Coverage Location Er#8FifEEEfy 0.5 (FHENEE FRIRL  MiEERE CTC 22
Attention #}{# CER A _FFH#E: - & CTC HEEE Fy 1.0 B Al Ry {34k CTC Y » 77 EfiE
2 5y 0.0 B By {847 Attention %Y - 52— H] » Coverage Location {F{F—FE8 ~NH CER &
EE Location Attention BRI > [RIFEFRATHE— L3 Hr HRIESE IR -
F& 2. /a] Attention F#7y7eEE

[Table 2. Different attention mechanism performance in test set]

Attention CER #Deletion #Insertion
location 24.7 3637 1474
Coverage location 23.7 3378 1467

FHIE 3 B0 CTC AYREERS Y 0.5 BFEL CER Fyffl > NULR | ek e T HyHas
3 > CER 437l B 24.7 ¢ 23.7 - FEEERAVEE RS > FMI3EBH Coverage M HIIIEAI R
% > FEASHREL N bR EE A Lo e — 2 HeE AN IAE CER | - H P aTEER
R Coverage #il] > 5z im0 T AU HY R B 78 S 2 EE S ENEE S R -
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5391 TDNN-LFMMI R IR SEAY CER By 17% > AHELZ N RFIRV AT A P 22 -

-8~ location
—a— coverage location

CER

0.1 0.2 0.3 0.4 0.5 0.6 0.7 o.e 09 10
CTC Weight

B 4. T/ CTC EEE AT R CER #IsEF
[Figure 4. Character error rate when using different CTC weight in external short
utterance test set]

EERNEET > FFTEEIMNLE CTC-Attention JE S A G AR LRI
FHiE 4 o] UG FIEE—HEE T HY CER » BLFiT—{EHIEN AV E BafEZ » Location HHIHYEE
HIRZ if#s Coverage Location #F - #iHIE [F R A]GEfE R 55 A 850 » {15 Coverage Location
AR A3 Coverage HEHIAVIER » RIMFRIAIE < M CTC #EEf 1.0 IF - BIEFEH
CTC figtly > MTEER RS Ry fERIA > HIRATTREERY CTC MR By T fifd vl H iy S
FR AR/ N i AR B R A IE DL M e E T 1 Attention #5548 » 7, HAFH " 41[](Chan et al.,
2016) HYEERSES & MEEE I BLE| SREE A f 8 722 SRR IS il 2k Y CER 87257 %
SRR By CTC EEEY T E) 1 > tLIEF| CTC-Attention R & AR ER EEFEA) &
TP

7& 3.7 /] Attention SE#)F T T HEE 250

[Table 3. Different attention mechanism performance in in external short utterance
test set]

Model CER
location 64.8
Coverage location 67.7
TDNN-LFMMI 85.5
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4. GEsmEERAESY (Conclusion and Future works)

AT am S ERET T WA Y U a2 WEeRAY 0 U774 AR CTC-Attention f5 RURE B ¥ 55 4]
= 6 A W S U S o e % B AE 46 5E A W B CTC-Attention 5% Y AH R (€ AH &2 1>
TDNN-LFMMI (YN - [FEF B A RESIEEE 1) R L B B R ry 58 - 55
—J71 A6 H AP EAF R TN B AR RGBS A R AR R AR Y R -

AT RAE Fp 5 e IR A o B2 42 I EF 2 (B AL FII SR Y 5 75 W (Pereyra, Tucker,
Chorowski, Kaiser & Hinton, 2017) » gE%#E % Overconfidence » L 5z Cold Fusion (Sriram,
Jun, Satheesh & Coates, 2018) {5l %F%E S AN A THSLFISREE S HA » DL EJT/AH AR
5 EIFAD AR B HOR S - FRMHEAR SRR ISR R E AL T - AR - 1F
sE = A AR A B A sl SR 825 LAY MITEE IR » 67 52 RE 1 B ah A DR BRI M T S ixf%
B R T A ERESI T 2 E SR [E Y Attention % - DU A B AVFH A A P 22 i
R EERERE S R AR - DABARF AR SR BE 1S B (R AV F S5 5R 2 -
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