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BE ST EER T4 Z8UHEN (connectionist temporal classification, CTC) #4235 5 2 AR AT s M4k, o
RN T ANEFEZRME, @EET MMM CTC FEEBEAIVEREREN, $% CTC BAlH blank fF53L= 8
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Abstract The end-to-end acoustic modeling method based on connectionist temporal classification (CTC) criterion
is studied and optimized in this paper. We study on the performance of CTC acoustic models with different acoustic
features, modeling units and architectures. A modeling unit related unshared blank method is proposed to improve
the modeling defects caused by the blank sharing in the CTC model. And a model initialization method that put
the association information between the modeling units into the neural network is introduced to further improves the
performance of the CTC model. Experiments were carried out on the 300-hour Switchboard dataset. Results show that
the proposed CTC model trained with non-shared blanks, time-delay neural networks and the initialization method with
association information between the modeling units achieves an absolute 1.1% reduction in word error rate as well as
a 3.3-time speedup over the baseline system. The experimental results show that the proposed method is effective for

end-to-end acoustic modeling.
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entropy, CE) #ENFATSEN G, ZRINGBIE AR
X R, FIESEFENSG—4 GMM Fpr A
U I B IE HEAT SR A X 5%, T RSP 4 Rt o 2
W] 28 AR ) B AL RE R B BB, AR S ARTE
HIXFFAERE, GMM ST L0 R3O
REML, LT SOHER =7 REs S 5
WHEFLALEE, NG REx H AR K. Hik
| — Tl 21 35 44 5 ~J 7 ¥ R AR AL Aok 22 09 2% ) N R U
TR Y BT — RT3 R B0,

CTC HENIAR T CE #EM, BRI 45 5 N\ i
RS Z [a] WS DG R AT AL, HAUAL H in 2 A
KACIE AR TE Fr 5172 W 28 vh g HE AR, TR ARS8
CFFIHENFRZWEEEE, MM EE 3%
5 NFFAE R it SCA P R X 5506 &, AT 5%
IS, P AR R T RS
3t 1)

CTC HEN BRI T #2248 7 2 BEAL 1 3
ZRbBR, HARLRRE BEAEXT T4 CE B
RAE—EWEE, A CTC FEEIMHRE,
ASCHE—ANAFFHY 300 /NET HESC BTG IE F HUIE &
Switchboard-1 #7928, X CTC FE2EMIARILELL
T #EAT T W FAR R 0

(1) FEFRIEM@EBEEIT: BRI T
MFCC #il fbank PiFivE A ZREXT CTC A
PERERYSEM, KEIEE S CTC BB A EHRHE. A&
JEX T EARFEERITT T CTC BABIRHA. hT
CTC R HT A BRI TT, FHIASC
T PR RPN BT R SO S B
FHRM ET UM =B 5 R, LR RRZX
FB TR AN = F & R KRR CTC A
RIRRARE R, X530k 11 i sEie—2.

(2) JEILZE blank: CTC J7¥ETE M 250 i 77 S
B I— IS blank £F-5 FRFATHRIBIXT ¥, A3
P — P @A ST ST blank 773, BURESE
CTC " A @A TCIL 2 —A blank #J7K & =
CTC MBI PERE. 2T @A TR MRS blank 7] LA
B> blank £-5 1 FRE T CHEINTEMW IS, F7T U
ik CTC BLAYFE A R A I ZR &3

(3) MZgLEts. CTC HENH 455 BA KA
B 7 2 90 245 2 M AT AR 511 A e &
M 4% (recurrent neural network, RNN) B A+ 46
B0 4Z (long short-term memory, LSTM)M? #4574
RNN | BPIEMZ W45 (time-delay neural network,
TDNN) U= [k LA Kb B AE ), (HEZ5 A
EU 388 U 42 0 2% BN R B A SOXE EE T 40 0 SR

TDNN il LSTM #4778 CTC BiAIMERE. o5
ZE L EH] TDNN-CTC 8B LA FEfS 5 LSTM-CTC
FEARUA 4 (IR ANE B, (EAEI SR B I TDNN-CTC
BRI, J& LSTM-CTC Al 3.3 £,

(4) BEEIBIGRAL: SCHR 20 HARH T —Fii 22
BRI TTIR, R BRI 2 (B i SRR B AE
PRI IR AL BT BN B L R 24 2 W, ARSCBI NI T
2% TDNN-CTC B HATHIAG M, FHEXT A SO
AESLE blank FFS7ERIARLET 22K T B FOR[F 1Y
WFETFT: K blank FOMMSLFFSFIHE blank SCHK
FIHA W & BT 5TV 60, S8 &K IR blank
WA ISL AR5 AT R AL W BOR B4, X EL R AL A
1AL E TDNN-CTC BEARIZERAA 5 IRE LRS T
FHXF 2.0% (TR,

1 CTC BRI
1.1 CTC &N

CTC #EMIH Alex Graves #2116 42 F
PR BEE W H BRI, 18 CTC BRI ZRit
— SN blank 58BN G500 br 13 A £F
SR, AT LA 2R 4 Xt T AN R B e otk
A5, T CTC HEME g ST — e F, 5 M4 iy —
A th 7S RE RIS AR e BB BERR PRI S, T
FRiZkn i F 51 h—4 CTC iR, F 78 4
FE ZBR P 5 AHAR blank £F-5 2 [A] B B 5 45 I 4F
T, BRI EBRFFIHH blank £75, MTHIR (0 £
7 blank):

F(0AA © ©BB 0 BC) = ABBC. (1)

HIARIERF S 2 W] LAFRR ] AR 3] 2 BB
H CTC B ES . IMATEREHMANTS « WL
T, WEFS 2 WREBERNTHEIX (2) Frs:

Pr(slz) = 3 Pr(pla) o)
pEP(2)
H, o(z) AET z WITE CTC BEREHMES, p A
B(z) Ry —2% CTC 42, Pr(z|x) W] LAEILETE
B (forward-backward algorithm) 31552

|z|

Pr(z|x) = Za(t,u)ﬁ(t,u), (3)

u=1
Hrp, 2/ FRWH blank FRSREFS]. AT 2
RS M, TEEMFEMGIRE 2 #1788 5%
¥ blank FF5EA 2z WEE, RETEGEFAHLR
R WA A —4 blank £+5, MBHTIARE 2/,
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FHI |2'|=2|z|+1. a(t,u) BARFEERZ t IFF5
u BB CTC BARMERE R, FHALIARYE ¢ — 1 B
ZI09 o HIE AT RAE] W, B, u) BaREF
HIEBZ] ¢ U5 o FFIRM TG CTC BARMEZ
A, FERTRAARYE ¢ + 1 BAIE 6 [EB IR HAE.

FFARHE R AR, AL “CAT” XA
HIAME R TSR, Went ARG R EIRE 2
TERta) gl ERRTF, iR 1 prR. B R blank,
HIERE T ZTS, BHZURES HAERE blank £75
HERE 2 BN E RS, THEZRE
BRECHLI N M EPRE N EFE, W —BZPIRES AT
DI B AE 4 i R E BEEE 2 blank £F5, LA B#
bk blank F| z FH T — N EF RS AR SH]
RS blank, T —BFZ] HAE 4 B 7E blank £F5 5§
BB T E RS,

CTC Wl%s Hbri e Kb /E AR Pr(z|x),
H I LAEFT A GEAESE S LRHURRECh:

L(S)=~ > InPr(z[). (4)
(x,2z)eS
B2, AT R RBOR 315 M & R iR E, AR
JE Bt iR X M B4 (error back-propagation)
TR, R M KSR,
1.2 Je=E blank

CTC # blank 55 H A —~1F A2 AT LA
D0 245 By i 1 S, G T 4% T NF A — e N R
25— RTERI BN, XA —J7 T 24 f A RRAE i
T AR S SO A R T 5 MR I, R4 T LA A
H blank F¥5; FH—J7H 45 AFFIER A TP
ARk E Z AR ARSI, Mt rl Dik i blank 7F
T BINE 2 FEFERREIIE O, JESCHIRE “you” HYK

T-2 T-1 T
B 1 CTC W& mEitnEE

HH, BAER /i)MW u) ZIEAFED R A SR

UL, /i) MEEREA ju) RGHI PR R,
BAWIRRR AR, SXTXFELL, 7E CE BEALIISR
B, SARIEARTE B4 50 ] X 5 45 R A T o A A R e, T
CTC AN A @ L 4t blank 755 5 FRA B AHRA
CHZ AR RS,

- ® /(s)
J u

B2 thiRxERER

1E CTC MBIR LRt F2 P, BT Frg gl
HICH B TR AR —4 blank fF5&ik, %
BERLFE I et R HH BRI BR B 1 i HH blank, &S5
P22 0 25 g i AE A IR B DLl blank, 2 [H] Je 4
ELRMES S, Blank FEMHE S KTES
SEMESHNWE, FEARXRINGEIEEL R T
blank, 5L 7E Y 5 23 72 A%t )1 25 5000 1 A1)
KGR, BRI PERE S A — 2 .

BN XA, ASSCHRH T —FiE T T
g3ESEEE blank 73R CTC BIRITHGE. %51k
BB BB ITH A — N S HAHSEH blank £75,
FITSLAY blank BURJESE blank JEEH R, KA
M7 blank -5 1T EAE P SUIFAL: B E, AR
T HLTC IR IR IR S T LA 35 B A A blank £F5
FeRR, XS AN R A 4T B BT [H] TR 1A IR S 1S
AHRH X 4y, AR A o ks 4 HoR, A7y
blank £F5 30T 5 @B ICZ [RIFAE S, X R
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{fi7E CTC YNGrad B K blank £F5, %L
PR SWOCHR B AN A @B T b, FTRART Ik K&
WGREIES blank FF5 W, MRS T IIZ5EE
FIAZE,

K HHEILE blank FF-5@ELH) CTC B4R PR ]
TEBATHN . @R TTE LR S H
HILHT blank #5%, HEREF T — @A TA
SHE. Ei, CTC BARFIMNEZ EEBLS F A H
A (5) FR:

F(AA @ ©@ABB 0 BCoc) = ABBC,  (5)

Hrp, 0. FRE TEMEIT « i blank £75.

HIbF ey, SRAFEILE blank #HITEM, S
HMIANFS o, HIEFS] 2 MERMEE Pr(zlz) {55
ATLAEA R (3) FIARE mARITEAR. HETE
FA TR R R A T IO ZEREAT RS M,
AFAEFRIARE 2 FEBALEREA blank £F5, H
TERMREZ FHA A RE blank 45, 55|
2'(|2'|=2]z]) . BAVILL “CAT” XA BIA M F K7
F R, X IEILEE blank @A CTC HiJE M1
Ha TR, WE 3 Prm. B REFE blank,
HERERTZE/FS, BHENZRES HEERRE 2 #
HIE—NE RS, PHEEZERS BN Y #
LHPRE N FT R, WF—BF 2R 2 7] DU 88 78 24 5
TR BRI ARG blank £5, 7] B Rk
it blank #| z F T —PERAFT; MRS EDR
2 blank, M — 2] HAE4S B 76 5 4 BT i %] — 2K
#J blank £F-5 8 BkE T4 & R4F5.

FINETFEIE N, R ITH S blank
HEATEALR) CTC BELTE M I b R B AT AR R A &
P, A SO R ARAD AR B T SOk 8 H i AR
B, ZSCHR S — PR IACE BRARSHL (weighted
finite-state transducers, WFST) f] CTC A fiAG 77
Y TEZITIES, MRS ET IR WEST M4 3 sz

®
O
o

) WSFT F%% G, L fil T ZETWM, 1 (6) Frx:
S = T o min(det(L o G)), (6)

Her, s BMmmMe, G M L a5IRRES A
WFST FliAdL WFST, “o” {0FEE SZEH, min Al
det 43 7R X 0 45 3364 T B/ MR B s AL AR 4R 21, T
NIZR/R CTC ARERNAMETT (E &) B R,
P — AT A, BH T 5 T 7T AR 2]
A BIIIRARE ). SR blank @RS, T Frig
MBS 1.1 TRk (1) Fridiy FARoRERIX.
i, FEALFET 5 iz e, BEIRTRES AR 3 MR
5 “AAAAA”, “OAAAA”, “OAA @ @, T ¥iX 3
ANFFERB S BRI LR ST A7, TR HEILEE blank
BT, T B 1.2 M 6) kER, #
BEFLITAHOE blank 23 Wi 21 HAH 0 @A HL T,
a “AAADAQA”, “AAAADN” FT “AOA OA ©OAOA”
X HI B E] A", A THETXS, BITAT
RFERZE WEST, B FAEASCFENEFEHT BT
SO = F R TERAL, R G fA I 2% A 3 TR B2
WEH=FHRENFT RN WEST M4 A2, 5 21 65
W% S kg AT =X (7) 3R

S = T o min(det(C o min(det(L o G)))). (7)

1.3 BEMHEZME

CTC BRI A VP10 A 20 i L RS,
WSRREFE 4 25 T SRS B, E AT LAER R H
W7 A4 B 4 1 0 T R 24 WIDIR S 44 1 O I ) T
E I CTC HENE ¥ 256 A KL AZE J1H LSTM
W AT B 1Y | HE T LSTM W% His I3 2 i
e, ML TR MM SR T ME 2R, F471
G K,

FIASCHE 14 F142 ) — PR FEZS #  TDNN
W24 4 CTC #H1T#AL. TDNN W4 Fa—21

O

T-2 T-1 T

Bl 3 HTIE3t% blank # CTC HiEMITHREE
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BN H T — R TR 2 i PF 82, X Fhoy
ARBHMEEFERP L TXER, ATTEARK
IFEEALRE ). W1 T TDNN J&—Firis s p s, Mo
LERFPANAEAEE T 3F, BT S B
B R R ARG BRI S, IR 2
BEEEALT LSTM R4,

2 JER LR

i Kaldil'™ YEESCHLEIE R4 Switch-
board b JRIF L4, XEIEHEILAE L 300 /NEtiE
., Hr Switchboard-1 K A 2 ML I FR 4R,
Hub5°00 YE Rl 4R, SEg rh B AT A 7 # 4 N-gram
BT AL HAUMESARALE R Switchboard $(#E4
(2935 3M Bd]) YNGRy =Joiiad, HI T —ilfieg, X
1ES AR —/ oA, B Switchboard #1 Fisher
B L2y 24aM BaR]) YIGAEE], HTEIT.
TESER R F AT SR 18 FR i 7 i BT A I 2515 &
AT T BRI RO, X R G6 5 SR R IE R
M FREFFEAT 0.9, 1.0 Al 1.1 =R L4
3. BRI B BRI i E v, R mA
HI BB HEATZ A
2.1 FERFHEMBRETIR

R CTC AR R R R R 5,
FATE X T A F A 2R R BL R TX CTC
RUPERE AT SE M . FEH T P2 45 P 2 B R P TR
FEAE: foank FEAE &1 F MECCRS) IR T30 46, X
T fhank FHE, FATRIOCHER 11 BT 1 9 25 7
BN I 80 4EAY fhank, fE—1T-5 FHHT P WS =1
HEFTPRE, 195 640 4 NHFHE; X T MFCC $#E,
FATHRIN 40 LERFEFF A B — il 5 HAT 5 A T T
PrE, 3k 200 ZEVE NS EN . BEFRRIEDI SR
A CTC BB Mz T EFFEMHEE R (context-
independent phone, Cl-phone) #AIFIAL S T X/
H B =% % (context-dependent phone, CD-phone) £
Al Hrr, Cl-phone BRL R 240 17 si¥Ch 47, &
FHREFER, WA blank; CD-phone BRI ¥ 4%
T RO 3541, A 3540 PR R RIFRE
B =F F M —4> blank , 24 HF g M 28 55— R 3
JEHy LA LSTM M 4%, &4 LSTM 244 1024 4
WIZHIE, R 1GHT LRER.

1 3, 4 519 AR — BB EST
HIRANA SRR R, N Em B RPaEH, KA
CD-phone g%y CTC 2 BRI SRR iR %
HIRIE TR, X 53CHR 11 i ssie—8, R

&5y GMM 1 CE BB il 268y 5 —3. CD-
phone 45 15 R INFE, SRR, A
HORBIRIPERE AR T, WY, FTRAEH CTC #iAIFE
fbank fl MFCC B Fft A [l FFAE L ) U 45 R A —
H, BT fbank FHEMMALELRER, iHHEBE
K, BEHETRERFEATRA MFCC FHAELE A4
A, B4EG LSTM M4 45#F1 CD-phone 747 #AK
By CTC 2RI AL RS,

F 1 FERREM R AT R AR

~ BB (WER%)
FHIE ey LiSTH
3-gram 4-gram

CI-phone 23.5 21.9
Fbank

CD-phone 21.6 20.3

CI-phone 23.5 22.1
MFCC

CD-phone 21.5 20.3

2.2 JEHE blank

ASER X 1.2 F5 iR B JE L blank JrkM A
BEH TR, TR HERE SERERE K, W
2% {1 T ROk 7080, HePLAE 3540 A Zead ok
WERZEJ5H) CD-phone 1 3540 N SLH blank, 3 2
T HRERLRGHXT G R,

# 2 RAFEFE blank §y CTC BB GHLLXT HLIEER

F4EIRE (WER%
B = ( )
3-gram 4-gram
H2g 21.5 20.3
JEFE blank 20.8 19.6

2 45 RATIE M TEIE S HRLK 3-gram il 4-
gram MIZ4E T, RAIEILEE blank i CTC BLALFHXT
F IR, FEIRFARHRR LH LR 0.7% BT
W, PEREARTISRA THE: $—RIEILE blank &
HERMEN, FEBSCEMEW, # CTC A
BORLBE T IIREA0; 58 2R L2 blank #2757 BRI
WISEARE R, [ P71 4 H M — 3 blank
FENESEE T4 blank M= AR, H2
JEILTE blank 2RI A H A7 AR, TR A5
B, 7EALRF, HETHELRS, JEHLE blank £
R Y 2538 BE T R 20% .

2.3 TDNN-CTC #&E!

g R A TDNN R AL LSTM M 245247
CTC g@#E. FrH TDNN iy 7 2R %, &) 576 137
R, MEFRMARED B {-1,0,1}, {-1,0,
1,2}, {-3,0,3}, {-3,0,3}, {-3,0,3}, {~6,-3,0},
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{0}, He2E 1 ERy {-1,0,1} BCEASR A FRE
Bt —1, ¢, t+1 ZmiPgrEiE A Mg rs A, ¢ R
LT, F 3 45T TDNN-CTC #iAl 5 LSTM-
CTC AR PEREXT L ZE R, TP A R A JE L=
blank ZAH,

# 3 RJ§ TDNN/LSTM-CTC Rl W, 250 45 3

3 RS (WERY)
HBEETT kfps
3-gram 4-gram
LSTM 20.8 19.6 1.9
TDNN 20.8 19.5 6.3

F 3 P RJE—FNFRR T BB ZRET 2 B,
FANLAE 1000 1 /s, FJLAE H TDNN-CTC HiAI7ETH]
FRE LRI LSTM-CTC BIBIEA —F, XJ&H
THEL BRI R, TDNN M2 i IR 12 25k 7T
U RSH LT XER, EARLEEES, 87
J& TDNN JERTH2 30 M A5 5, &% 17 Wik st
HFE 12 MiRRFE. FEIt TDNN /478347 T
B P AR HE A 15 R AR5 T LSTM M 48 @i 12
FARH(E B, {H TDNN 45 fill 2538 B /& LSTM
Mg iy 3.3 fiF, MEWERRATHATE: B, &
SCE AR LSTM W48 435 21M 234, T TDNN [
S H R 9.8M, LSTM W 225 & TDNN &
Hy 2.1 4 HIK, SEgmroR A SCER 19 R HI T
PIIGR LSTM W%, B —/m)iE Y] 53 i B 2 < BE %
PEHR A minibatch 7 XHATIATING, HIRFME
IR LTI UE B E KR, M BRI 8
AWMAES, FH LSTM MEELEI Gt =E X
B ITTRITH.

2.4 REVNIEILIEEE

ZHTHI SR R, 2 4% Y S EER R R 1R 4L
9, FESCHK 20 HERH —Fh &M & an ik ik, W]
PR AR BT 2 (8] A AH B OGRS Bl 31 4 25 0 2%
2, TR E B A ERE. AR PR A1/E 2.3 77
Y TDNN-CTC #EARIFER 5] N iZw)ahk 77 B3t
EEXT CTC BIAIH Y blank FF-5 X% 7 LTI,

H 5 1 B4 Cl-phone 5 CD-phone Z [H] {7k
FRFR; RENRE—EREFRRHETREMHET
T, B R ARFE—A Cl-phone, 25255 W 46 4,
TR IR WL 56 RO 2 T 15 X B il 0 4% 4 HH 5
M A E AR A R, 4% B A AUE D
BEATRERLRIAG AL, A SCHE HH Y HEIEZE blank £F
B, WOTZR T WAL B—Fola blank
LB CD-phone Mg E| M —MCEMZITH

R BRI RS — R RR L 46 2T
T R fUE Cl-blank, HAHM K CD-blank 7 5 [F]Bk
StOvERERE. BATXAFE B R E R IR EREST T 5%
%, (HIER 4 R RS T Bl GRERVIIRERN 9)
TR LR

F 4 WX R AE R

I WHHRE (WER%)
3-gram 4-gram
BEHL 20.8 19.5
JE1 20.7 19.3
ik 2 20.4 19.1

TE ) 3 AR BRIRERAUE D SN HE
BBV AR E R —3, DA HENLE R T4, 7T
i, BRI e — R T TDNN-CTC #i%]
HIRAIERE, EO¥F blank fF-5WAE 5% R A H By
SLAFS AT BT SR M RERR A TR, R AEXS T
Sk 20 Hi7E DNN I ONN Bi#l FEE P 5% 1
AHXF R B R e, TDNN-CTC B R B %
T HA AN 2%, J5F P RE /&4 L% H TDNN X
Y B SO B SCE Y 1.3 6%, 3 2 A E SR Y5
T SREBREN .

2.5 CTC 5 CE &NIXftL3L3E

g, ALRAGHT CTC M CE B MEN Fy Xt
Fszgh sk R, szgh g CTC AR 2.4 35 iy el
CTC #i#l, CE #iAIRA S CTC #SiAHM ) TDNN
45k, CD-phone #ARE, Fffat SCHR 21 W7k T
BRIIGaAL, Z5RNER 5 R,

# 5 CTC 1 CE %M b sem 4t 5

WHRE (WER%)
HEN
3-gram 4-gram
CE 18.4 16.9
CTC 20.4 19.1

M 5 FE[LIFEH, 7E Switchboard F(¥E4E -
CTC HiAIAH T CE #iA, 7EiRAR N IRE L4t
w1 2.1%, ZEEREHIE. HETE CTC ALK
R TAE, BHERRMBMERE R B TERH
JT/NE) FA BE RS B4 R (10— 11.22)

3 4

AN FFEARIE, PR EAMET, blank £5,
2 W 45 25 0 DL AL AR 4L 5 A E T CTC =
AT T BN 2 A BRI M. EemET
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GHMBELRY, RERE T IEILE blank J7Ext
CTC HIARIVERBREATHGH, S24n 3R B VL W] AT R
RIS EELEXT 0.7% WS, B2 TR A4S TDNN
M2 4T CTC @A LSTM-CTC BRI TR I,
RBAEBASAHE AR B TR 8L T, TDNN-CTC
WAL FSHEE D, BAGMEME R, TR
4R I 25 A B, BRI SRR B 292 LSTM-CTC #y
3.3 fF. #E—, BATEFER] AL EE BB ST ]
R BefE B R G  MiZM 4 2 fh, {#18 TDNN-CTC
MR IR BIRE B XTHR T 0.4%, R ARAETE 5 ALY
3-gram B}, TDNNCTC MR FIRFHE R F] 20.4%,
AR F LR LSTM-CTC RS 21.5%, 1 RE 4 xt#2
=T 11%., HRIEASTAEIEET, CTC BRI
5 CE BiEIRXT H R 7R RS B LIEAETEA /MY 22
B, TEHE—LIFR.

& £ X B
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