—EFESFAlERYETEERAW EZ 2 —FIVEERET L

/N &S - Philip Arthur’ © Graham Neubighfft -
e et S RALLNCI F S I

KL TIX, =2—FIVEIRET IV CHIEE 2 5 BB ORI - ZHGFHHEEY, =
R 5 & 72 PRI L0 RIBICHIR T 2 FEE2IRET 5. REFETIIIERD
VI MY 7 ADE)ICKEHEEOR T R HERDO LD TIE % L, FHFEISRISA
oy ME Tl LX), BEMNICHEEOREL KDL, Zh
&0, mORFEN LA CHEREONBEE T CHIBORHEE HIITETH
L, ZOXIBETNVEV TRy 2 AL ) QHEEDHL C, BAATHEME L2
WCIEFFRBEOKT 2L, Zo0ko, R CIHIRRTEOWRELHET L7720
2, PERELEDRAET IV, BIUTHEMFGICHNT LRV ETIETFEO#H L VW) 2
BOUBRLIRET L. HE - EHFIRSY 27 2 HOCZ3FMERIC LD, BEEHINE
ik & g L CIRSEE O BLEU 23K RETH D L L b1, MIBICET S X E
V&0 VICHRE L, CPU TOETHEL 5 5005 10 BRI LT TH
B ERT.

F—7— K Za— I VBRI SIS TH, Y ETE

Neural Machine Translation Models using Binarized

Prediction and Error Correction

Yusuke OpA® i, PuiLip ARTHURT, GrRAHAM NEUBIGHTT Korcniro Yosuino® 111t

and SATOSHI NAKAMURAT

In this paper, we propose a new method for calculating the output layer in neural
machine translation systems with largely reduced computation cost based on binary
code. The method is performed by predicting a bit array instead of actual output
symbols to obtain word probabilities, and can reduce computation time/memory re-
quirements of the output layer to be logarithmic in vocabulary size in the best case.
In addition, since learning proposed model is more difficult than softmax models, we
also introduce two approaches to improve translation quality of the proposed model:
combining softmax and our models and using error-correcting codes. Experiments on
English-Japanese bidirectional translation tasks show proposed models achieve that
their BLEU approach the softmax, while reducing memory usage on the order of one
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tenths, and also improving decoding speed on CPUs by x5 to x10.

Key Words: Neural Machine Translation, Binalized Prediction, Error Correction

1 ’EU&IC

FWENR Y A7 A TE D Z O EMRICHTHEE ZHEFE L 2WIBE, TOREIISERE S
DFEFELR VAT AP LED D L. GEEY A Ik~ BRI L ORI ITR
B RIT92%, FROIEERICHAE I N TS = 2 — F VEIERE T )V (Sutskever, Vinyals, and
Le 2014) TlX, FEEY A XOMWINIAE) ENHETH 5. 1id=>a3—% (Encoder: ff
Fib#R), 73—% (Decoder: 5% B L OVEREMNE (Attention) &N L4 DA v +
7 — 7 ED 5 % A EIFRE 7V (Bahdanau, Cho, and Bengio 2014; Luong, Pham, and Manning
2015) TH Y, —a—FNVEHRETIVE L THBIHER SN AHETHL. T a—FidA
D32 BNV @i 22 o7 FIVESGIZERL, ZoFEHmED LIZTa -ty R
Ve 1LETOMEICRES 5. T2 a—=FL7a—YONHHEIZETVIZEI o THRATH D,
WP AIEH D) L b =2 —F )4 v T —72 (Recurrent Neural Network: RNN) % ]
WTHERL SN D, [FEERII Ty a— S PER LR PVICHT 2EAFEMES525ET
VT, Fa—=FHREIO Y ¥ ARNVHEEIEH T 2 ORTER 2 A5 5.

CIT, =a—=J WAy NI =7 THEESFOBN 2 Y Y RV el Bd, 7 VoA

BOS This is neural translation EOS ™
O

Iva—%

R —

1 Tra—% - 7Fa—FEFVIIEEMEZEA LN =2 - VEIRRET VOREL. 209
5, WHRBIZBITHNEANT DL b BEEANOERPRE REtERA E 2 5.
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Ty ARV ENENRT PV EDHELEREIT ) LEDRH L. Z ORFEUIFEC B CRiE
E b ANBANIERSEOHIEDS 2 b b 20, MR EIEICE T AT
WoLZxE L, MIIEENES S W B ERMO T H S 24 W HEL ERT 2 UENH L7290 TH
B, HEEEROTNITY XN E L TERET A IR 2R - 2RFEEOKRE 2 TE2 80
L7-Wt, EEMNREIEI A MRS A XK T 528 e, FIRETVERESE - EH
TL5ECTOMEE 25, FEBE, —2—F )y NT— 272K 5 HEEEE T b Bl OrEHEm
LFETHEV 7 by 7 AL, BRICEINLIERFEOR T 2ENBO—KEGE L L
TREICFIE T A 720, FHERIEEREY A XTI, oz, BHEOREZWHICL
THEELT 20V EELFETCHLLEEZ 5.

COMBEIZ LB SINTBY, 22 TRAT S L)1, TEREA RRIFESIRESNTE
7o, WHEAET 512Hh72o TOXFRSIIA TH Y, (ERFEIMI2ELISHIL L9
ELTVENEENENRELR L, COWT, FICEELEZOND 4ADDOBHZLITIIRT
BIERMEE Tkl L2, PR RIRICIRT LCTid e 62w, BRI, Bz

V7 by 7 AL WL CHEREOMWRESHERTTRE, Ho Vi, WMEETHNTLE
WHEREE ERTTRETH A FHESLE E L.

ZREIE (FEREXEVE) WAL AT)ZLELTLIFELFETT L720TRKBELD T A
T ADEGREREIR BRSPS LIETH ), i TN A OFHREIEOHIF DR LR
TOEZEFATIIZE S 2. L OBBRICHERTRELR Y AT A2 HET L7012, F
FEEPTELZE) DA E)HEO T CTEETRETH L LEN D 5.

BFEIXNER (ETRE) WREZRY) SHICEET 2 FHEAE T L, @87 2 —F 2 5231]
RECHIUITV AT LT 2 —= 73RS L, $7EHRICESER Y AT A
BFHEBRERC L — ARV LI L L b, 2RI E R, EHE R
N FHEEEAH TR S IZR S, 0720 7% CPU T R ICEIET fE 2 T
EEDET L,

WHIETE & QIEMME  SEFE L IR, /85 A — & OB GPU Z0iRu by %
FORAEREZHEHT 22 LD TELE A H L. BHLOES RFETHILUL, FH
I 2O O et EEROBEICE 2 Z LD ETH 5.

INHLOBEOY L, WINOEHH ZFICENT 2 00 FHARORR L 72 5. REFET
RIS 2R E B RRICBE L C, EFNVOEREB COFEREZHIT A 2 L ICERE
BEX BREEIBETFETRLIERNOEVWY 7 b~y 7 AEF )V EFASREOFER % B i
kL7

REFRICLAMNBIEY 7 b~y 7 AL IZERY), FEERPOHEGEICH L THEHEA 2T 25
B2 Li3frbhwv. 2ofbh), FHFEII—EL2MEFLE LT, Ty MNZH
EOFRBE LB THEE T2 LT, HBMICEEOHRELXIT). COFETHVL L
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T, WOHHEWNLRYET o MEOHEZ n By NOREMF L CERBT LI EXMEEL 25
7o, ZOHEFI LB - ZZEEHEEEZFHEY A XV IS LT OlogV) £ THASES
CEDTHEE 2 B,

REFEOERN LT AT TIEIO L) ICHMZD, EEBTRT L HIC, BIZTHEF 5O AR
WL FETIIITRBEIER TR E R TRIBIERTLTLE ) L) MEPH 5. K
LTEHEIL, COMBEICH LT 2 MEOBEA»r OREFELTUETLIFELEATL. $7
ROV T I~y 7 AETIVEIGIIEAT S Z &T, WM &SR 08 L TRl
WL T2 FEeRET D, T2, 2520 00EERER M ESE572012, R ETIE
5, FRIZEARTTS (Viterbi 1967) 12 & 2 TUEALZ M5

FEEETIX, TMEF T TFHE RS OWETHEIZONT, #HEORL L 2 MEOKH - H3E
RS 227 # O CHIRBEOLE 21T/, TOFELY, BETEIMERDOY 7 h< vy
AL Bl WEITUSE 2 TRETH 5 & & b2, HNBOBEICLER/ T XA —5H, BX
ORERMOMEHICBNTY 7 <y 72 AL ) ENRTVWSE I L 2R,

2 FMLRETES CWERME

2.1 BHinzvI by 7XETFTIVOERL

VEEDZ2—F VEIFRETF VT, ZLDEFTANT Ry FEHEFIEN L HEOFRT
FEx ATIBIZEAL TS, DF 0, GBEY A XV L UBEORIITOERZER RY 2%z,
0HIEHLHEIDidw) e {r eN| 1<z <V} ISHIBTHRITLOAK 1, MOKITTE 0 &
HHALANT MU equ) € RY ZHFEOERIE WS, AR TEFICHIBICOWTERT S
7280, DI HFERERICE T A GBI S CHWSENOAZIEL THVWL I L ET5. X,

RY DER2EH

14
R&h:{m|w€RAWO<m<lA§:m:1} (1)
i=1

EV RICDOA T T) ANGHOZEMERL, K equw) 13D &) EZOHMIINMET L. ZI»
5, Trky PRITHELNLE XY MVIIREDRERE L B L T 2R EERMo—f L i
Ry ENTEL, ZITRFMNEMFLEL 2, 3T Mz @ i HHOEKRZEL, DED
KIZBWTH, hox7 Uiz L CRORET W b DL T 5.

AR 7 = 2 — T IVEIRRE T VoM IE Tk, MAOEh vV RocY 7 M~ v 7 ARG
veRY, &, HLHEw DT VR y FEY e, EDKAELY PR —ERAMET S &) 8
FA=FEFET L, MRS L9, BEEHENICE 1 EBoelety v LA
RFZENTE, HEBMBOREIZUTOTIEE 2 5.
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Ly (v,id(w)) :=H (eid(w), v) , (2)
1%
= — Ujq(w) T log Z exp u;, (3)
i=1
expu
R 4
Zly:l exp u; )
u :=Wp.,h+ B,. (5)

ZZT, Wp, e RV & 8, e RV IZARETHFEWRRZ/IT A= THY), hIZHNEOHF
BICHWBRENEONRY MV, H L h ORTEEERT. $72 expu 1IN7 MV w IZHT2E
KT OB THY, o7 PV L THHAKOELETH L2 0ETS. T Uk
FNEHII7ZZ—DODERN 1 THLNZ Pvozon, X (2) 2 XKEL Y huE—DERIHES
THRT22 TR B) PO NE. HHEOENELOENIDEEEIND Ay YT =7 OH
X, h L THORBICERETA2E2TORZ MULEHEAELLZLOEZEZ LT L v, X (5) L HH
M, By 7 b~y 7 AETIVOERIREIZIE OHV) 7200 OFR - ZZRFHEEILE L 72
L. Z0HL, EhBowIc H I SBBZHED S TRETHRDITE ENL 2 ENL 00
WXL, BB ARV BHEHAT23— N2> TETHOHARENERZRIRT L2 L L7
") (Sutskever et al. 2014), HJEOFIHEE I CEHELEL 52 5.

2.2 HABDOEEICET 3ERFE
B oBRELti, = 2—IVEIRET IV EREBEO R Y b — 2 #iE %2 FoE T IVEEO L

MRFHEDODEDTH Y, e RBRTICED L FEIREINTNL, b OFIRSITEL

TOE) BT NV—TIZHETE, FV—T DR LFHEI L O OB & B & AR IO

THETH 5.

BUIBICSLIBNBOAREIDEIR FdEOLHIC, VI vy 7 ZAETIVOFHHE LR -
ZZMEDIZOHY) b, KTNV—=T&T 5 FHEL, FERFEADET VI L TR
WHEAZAT, BENBOY A X H OKES%2M/NT 52 8T, RN EHEOEM =17
)Tl HBMELTWS, 72, WHEOERIOATZR L, EFNVORIESEZ HI
THFHFEIZOWTHARI V=TT HLDEEZOSND.
CDE)BEZESL BN RTEE LR, FHBFALRNTA=FD ) VAL
EBEOFHENDOFGAVN SN O X FIFELTL E ) EAHMY (Weight Pruning) (See
Luong, and Manning 2016) , FEFEAETNVORBEN LB 2HMT—7 L L, Th%x
BB 2 LD/ RET IV EHFET 578 (Distillation) (Kim and Rush 2016) 7 &
BT HNE, WTNOFHEIIBWTH, 2OFRTIENENOTEMETH Y, FHEY
A XV ICE L TRICOFHEEIHERF S NS B D 5.
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ERQ/HDOER RKIINV—TIBT5FHE, BhUVEDOY A X H RUOEEY AV 222
b7d

A RO BRI EEAINZ 2 Z L CRlR M T 2 2L 2 HME L THB
BRI A L) IR LORETFRIZOT NV =TI/ T 5.

#Y 7 k¥ v 7 X (Hierarchical Softmax) (Morin and Bengio 2005) Ti&, Z/AK
WTHFREZWEEWIZ 2 7 A8 ) 7 Lztk, ROWRPLELESL LD ZML %
TAEEEE LTHICHE L T 2 & THEEDHEEZ1TH . 20 L X HEOA N
L, ROWPOHFEICEDL FTISEH L 722 TORIEIZET 5 85RO/ &
LTHOLNG., AFEEZHVLGE, T XTOHEICHT R KO 2803 EFAT
DY, BRI BWCGERS N2 Do 2 ORI E T 2 iR & TERMr ORI s
. COX) EFERLBHT LI LT, BN SN HEFEO KR EEAIRGE S iz
Wb D1, B O BRIE SR 2 BARIIC IS O(H log V) £ THIE 5 = & 25T : 7
Bl =T, RICEENLHEDOEIIV -1 THY), TWENPEED/ST A —5 & F>
oo, EEROZEMFERIIY 7 b~y 7 AR OHV) %0, IRFTXA—=FD
RFFICLE R A ) OHIBIEIIFRETE v, FoREZEH T 5 2 L I2 X D EHEFIE
DAL 2720, WHIFTHEZAIT) IIEFEEOTRPLE L 2 5.

R Y 7 b~y 7 ZTHFEICHIGT 2 H 5O M52 FEHTL2ETVTH L LE
AONDD, Bl bBEDPOHFEL M FLL, 2oy MIzFETLFEELTT
IW—L7T7 1 I)V2 (Bloom Filter) Z#H 3 507848 % (Serra and Karatzoglou 2017).
COFETRTANVIHOEE Y PALIH DIERE LEME L TET NV O¥E 2175
TWBY, 74 NVY BEROFEICZLY, By MNiI»6 HEELZEILT 2 5408 ER
THoH720, BHIRZIILO L LERY A7 NEHEHT 2038 L wEEZLS
ns.

X%2vY 7 k¥v 72X (Differentiated Softmax) (Chen, Grangier, and Auli 2016a) T
&, HEEZ O 7V =TI, ENEND 7 ) — T2 EE DR B 5 &G
SHLZ LT, HBI/NS ZATHIOMA G LS THIE A RI L, FHEFRH - il 2 €
VEOWMETOMEEZERLTWE. THIE/ST A= 5175 Wy, & EH5 Y 0175
CEET 2 e LS L, L2 AN - ZREEHEEOBLATIE OHY) 25 LA R
<, FBEEY A XV ML 72 ORI O CIREN?ER L. /2, Beb7V—TI2
B9 A HFEMOBEE YR THoHo 2enTad, &fFaHory b -2 % H
WHY 7 by 7 ALRET A LUEOFIATFREI N TV S,

WeY 7 ¥y 7 X (Adaptive Softmax) (Grave, Joulin, Cissé, Grangier, and Jégou

=

R

£

iy

<r

&
H

R

v

1

SH.
An
-
—

LB INDEHFEOR AT ZFAT 2 LEDNDH Y6, RIEIN2ETORIIN L CRHEiSLETH D,

L EOEHEHEEL OHY) L b,
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2017) Tl&, HFEZ HBMHEICEASWTHEO 7V — 7208 L, 3 EHERD 7 IV —
TIBWTHEDY 7 MYy 7 A%ETT L. ZOLETV—THNOHEEL I, &
BHEEO IV —TZOL DI BT A2 T VA BMLTEBX, V7 Yy ZRI2ko
TEDTNVPERMENGEIEELT L7V =T THYY 7 b~y 7 AFHEEZT .
COFFETIE, NT A=Y HDMBHEE SV — T OWEDF B EDY 7 b= v 7 A
POETHEMLTBY, #EIHHTAIIV—THE G ET56E, T A—FICHT A
ZEHEHHEEIX OHV +G)) L%b. —HT, FOv 7 M~y 7 ATERSN L D572
TN—TBT H/87 A= IHEEHY 7 b~y 7 2L FRRICERINS 20, FEN
GHDBOFEO KD 2 EHEEI N —TDV T Y 7 ADRTERTTH I ENT
&, BMEIEEOEHESRAD L. 72721, E SN HEEO KIR @25 75V Of%
FEIZ Lo TEIRRES N AR WITEEEYH ), COMLRENY 7 b~y 7 A LHETH 5.
LightRNN (Li, Qin, Yang, and Liu 2016) 3% HiEIZ 2 O R 27 kv MR %
HY YT HIEHEEZ 200V T MYy 7 ADORKIIHRT A I & THIEORR - 22/
HEEZ OHVV) ICHKT A THETHSL. ZOTFFETIE22o0Y 7 b~y 7 A% RNN
DL LIFHNZE) BT L7280, RNN ORFIRIZEFEDOY 7 b~ v 7 ADH ;9 £ 245
B, ARE LTI Y 7 by 7 AL DRIERICEIET 2 2 L2 LT 5.
T/, AIEOZEEERLHNTT vohy MRIAOE ) B T2EIET 52 & T, HEERE
I DM ESEETHEIIOVTHIREL TV 5.

Yo TG WMIBHIERT ARG = 2ROF R LISEM T A2 FEL LT, @42 o

AERT NV ERIRL, o EEMRTI L EDOEREIREE LTFEET LY TUL YT
EVHEH E NS Z LB A (Gutmann and Hyvirinen 2010; Mnih and Teh 2012; Mikolov,
Sutskever, Chen, Corrado, and Dean 2013). Z L5 OFEIIFEHEEIZGEEY A XV O
BRtHEEANORELIM R 2 EDTE, FEHEEFEL M ESED T EDRETHL—H
T A MFIZIZTTOE TV L CREHFIEE AL EE 55, ZHFHERE, oo x—%
BICE L CTZTCOETFTNVEFE—TH Y, TTOETMEEZHER L2 T T80T
BEAHWTA2TETHLESZ L. T2, MEGAOERMTHEICLI TR, T
)y 7 EOBRICHI AR 2T B 5ENS 5.
YT TEOMRNRICHE LT, HEEHTOMER AT LTI A—S
Bauligd 5 FEDRE SN TS (Chen, Mou, Xu, Li, and Jin 2016b). Z OFFETIL,
FHFEOHFERZ FOEMN L 720l HFEO T HERHAOMIEA L L TEFRT L2 LT
2y M= NOINT A= 5 BIIET A EMEIRE Y ERT A XV 00 EHEER vV
GRXTIE V/ =8k IZEE) ICHIRL TWwa, Mz VvoHWERIZY 7 v~y
AL[F—ThiH720, ZOFF TIIHEMOBRIESZITEIEE ML TCLEH 28, H
TN TR AT A E TIOREE RN L TV,
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BEDEE D LEOFENTRCGERIGZ 6N T COREITETH LD L, FHROE
HABEZLEETLZLETV 200N ELLTLE) FEMEHEINL 20D 5.
& HAIZ IR & L TXF 2 M3 % F: (Ling, Trancoso, Dyer, and Black 2015) 2°
ZEIToNL2,, TNELYa—FRTa— Y OERT LR ENHEY HW286 L1
NTCELLEMLTCLE Y RED DL, LV EFTHELELT, FERT7T-FII&EN
BETOLFHN ZWET 2HLFHOEGEFEL, Theifms LT T
7 — K (Subword) & (Wu, Schuster, Chen, Le, Norouzi, Macherey, Krikun, Cao, Gao,
Macherey, Klingner, Shah, Johnson, Liu, Kaiser, Gouws, Kato, Kudom Kazawa, Stevens,
Kurian, Patil, Wang, Young, Smith, Riesa, Rudnick, Vinyals, Corrado, Hughes, and Dean
2016; Sennrich, Haddow, and Birch 2016; Chitnis and DeNero 2015; Mikolov, Sutskever,
Deoras, Le, Kombrink, and Cernocky 2012) 232817 5115, Fhget 4 X & @YJICiE L,
=X L@ b Sz 77 — FoINE, HEES & L THE L WRE O RIIE
EBTELIEDPHMONTVDLY, RS 7T — FEEGOFE IS 5 MR
WL 72 B2

3 EFSTRAICEDKEEHREET IV

AWFETIRET 5 FEE, WINRLEEOFIRED ) b, MERSAOERIE SV TRHEE
ZHIRS 5 TED 7 V=TG5, AHCTIIRERTEOEAMZERL, KOHMZ TEH,
5 DOMEREDUH T EIZ OV TEAT 5.

3.1 ZERSEHAVEEOREFE

B 2(a) (ZPERDY 7 b< v 7 AETIVIC X LHGEHEEET V2 FRT. L7214 2(b) 13ARMZE
TRET 2 MEFT e HVWHEEEET Ve RT. REFHEEV 7 by 7 227V EIER
RV, FHEOAERMERE ETAVNEERD L 2 LIMTHY, ZEFEOKY Yy N OEBIER
75 M HFEO L BHEROREEZIT) . £,

b(w) := [by(w), ba(w), -+~ ,bp(w)] : V — {0,1}7 (6)

B EEE w [CHEENNT Ay MIETH. Z2TH bi(w) € {0, 1} 1 ZZFNZNIT L7z w 12
B35 MEREMBTH Y, BIEE Y MICEINL NS OMBOMEEE T4, 72V L5k
FERT. BB, AEIIBTS V IZHFEID d(w) DR )V EEEL, EBOERY A X V| &

2 https://github.com/google/sentencepiece |2, Google #LDIR%ET 2477 — FET N TdHh % SentencePiece 1ZH
THNLOPOEBFERVAN SN TE Y, BAFOREEGNH A DELEGE%E, L) BENZISHIZOW
ThHEmsNn T (2017 4 9 A 30 HBIE - GitHub 2 3 v M5 73).
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S o)

v [QO0000O00000 w=+eeeees+ COO) > arg max
(@) V7 b=y 7 AT X BHEE

'EMmmJ
q (OOseeeeesO) )y £ N5 DR NS BEEER H S

(b) MR SHEE
K2 v7bbvy 7 ZAETNVEREFEIIBITZMEOKGTOMER

FERRLZ 22 THERLTEL.

dkim e IHELZ$ 272012, b(w), BEIOE Y ML BFENOM S HOFE-1() - {0,1}F -V
R LCTUT O L) BHIFIELET 20D LT 5.

o b(w) IFHFEID id(w) ICB L CTHETH L. 2F D,

id(w) # id(w") = b(w) # b(w'). (7)

LT B, ORI, FEFICKHEY X L TR 7201 0EETH 53,
o b)) WXEHMEHTHY, EFREIL {0,1}F 2R THLH. 2F D b (b(w)) =w DY
MOEEDIZ, b)) DIFICEENLINE)DIIEDLLT, HHWHE Y MNIHH LD
HEEICHEM TSN TWA b0 LTS, Zofil#id, FIFRETFIVORLEMEIC X ) IER
AR Ey MIDER SN LM REMEEZ T 27201 ETH L L L BT, 42 HiTEA
THEYFTIERFSOMRME L TOEETH .
INHOHFICEY, V BEOREL TR T 2720 E Ry MrELT

B > [log, V] (8)

ARG E LTREONS.
REFHEOLTIETIE, bw) DEE Y P71 & 7% DS

q(h) == [q1(h),q2(h), - ,qs(h)] € [0,1]" (9)

DHIWNT id(w) DEFHIREHRINTVEHDET 5.
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7, X (10) 1CRTEHIE, BIEOENEOME h 26N L72u Y AT 4 v 7 [[l)FE
TIVTHEET 5.

q(h) :U(thh+13q)7 (10)
o(x) ::He%p(—a:)' (11)

22T Wiy € REXH & B, € RB I¥BFTELRT A -5 ThHEH, TNE), &2HEE w P
q(h) P HER S NAHERIE, q(h) CEENLEE Y b O & OHEOR

B

Pr(id(w)[h) := [ ] (bi(w)gi(h) + (1 = bs(w))(1 — ¢i(h))) (12)

i=1
ELTHONG., EBERPRREZLE Y MlE g(h) 5155121%, HIZ ¢;(h) >1/2 Th
DAL, ZH)TRIFT 0 ey P EFTIUS v,

CZETTRUA L2y PHNZRS 2 HRIIEFR ISk O TH Y, HEEL Ey Mlzkt
JBEREDFHEIEHALRDIONEZOND. E72, HIIRET ML o TED L) ARy MDE
DY THREDPRENTH L 0IEHFTIEZ . ZODARZETIE, FHarFEkke L TEER O
F) B TFETEBRICHRETVOFEE 217\, TOPTREMIZR O SWEIFIEE 2 iisk L
7z Algorithm 1 |Z/R$HEEOMBUHEIZ IO S FEZ M L724. 22T, UNK (unknown) (35
FIZEZ I N VHEE, BOS (begin-of-sentence) (&AL, EOS (end-of-sentence) | KFLH T
H5. F7zrank(w) € Nog 1358 7 — & RO MBUHE RS  FHFEONEM. T 5. Algorithm
1V;55vbﬂ®%béfiw%%¢%&$&(-—m& V]) TharIEVRiESNL. F

EALOE Y FOMAEDENHEOBB L ZOMBHELZRL TWHEEZONL—F, T
M@Iﬁ v MIET AW EE YD, HERICETAHEDANDOED L) RIERLREFL Tk
WEEZLNS.

3.2 1HEREH
BERDETIL &M, RETEIC L 2 WBIAEE % BV CHRE A@tﬂﬁ’a
LE4T9. 0w, €y MO0 OEEREIRC 5L 25 (%) RS TETH Y, 70

=€, ifqg=0b,
Ls(g )y (13)
> €r, otherwise.

Tz NETHAH. 22T e e RIFEERBEBORMETH ), FEIITVEL 2.

4 Algorithm 1 PAMIHERICER L 2 FE L LTIE, %£47% 7 ¥ ¥ 4, Huffman 7% (Huffman 1952), Brown
Clustering (Brown, Desouza, Mercer, Pietra, and Lai 1992), word2vec DHFENRT MV OFFFIZHD W 7-E ) 24
TEPH D, MEROHFFIZOWTIIRRELY 0 THH LI L TRIERE LTH- 7.
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HIRIICHERE TV A BT HHM T, 2oL ) RERMKE LTKELY POE—
B
Ls(g,b) == (bilogq; + (1 — b;)log(1 — g,)), (14)

i=1
MV LOPET Ly, FRITFEERIC &) TR

B

Ls(g,b) =Y (¢ — b))’ (15)

=1
2D SR e BT EEME A B3 5 Z LSRR S 7z, T o7zw, FEERCTIIAL
e LTt (15) 2T 528 & L7

3.3 “EFESTFAETIOSES

TEFF T E WA oM B ot EE L, EHEER - RREEEE L LIy MBI
MLTOMHB) &7%%h. ZIZTHEEE Yy MIBOEND BTIZ Algorithm 1 T/RL7AZ L) ik d
RN FEE RS, ZORERIZOMHlogV) IZFE LD, TRV 7 M <y
JAETIVCRELEINT OHV) LI L THEFI/NS L, 2V EEO T XVE#RNT 5
ETFNVELTCIRNDFIHEETH L L E2 NS, FlE LTV =65536 =26 & L7z#a, )
JBIZLEL SNDLDIF 16 €y MFD/85 XA =5 Th ), fEki:E L T 16/65536 = 1/4096
BEEFTRIA—SHEDPHRINEZ L LS.

ZIT, ZEF T T VIIIERTFETH HREER Y 7 R~ v 7 A (Morin and Bengio 2005)
W ZEA LD LRI D 2 LD TH L. BERMIZIE, HEEOE Y MI~NOH D
YCEZGFEO—FEIIEDSNTT) HIEREN Y 7 h~ vy 7 A LREFEOLBHTH Y, %
Ey MOEEICE y MEORBEEMGEL B\, BLOTHA O —RECTEICHE /8T
A= RMEHTS 2 M RLED. INHOHIICLD, REFEOE Y Ml b OFE v MISE
EIZBHNFIHE T2 2 ERETH Y, KX (10) THRLZZ L DI, EEWZHE—DITHIZL S
MEL L THRBTRTH L. ZOREUL, I—RETFED GPU 4 EOWHIFHEIZEL L 25HR%

Algorithm 1 FEERCHAH L72HEE2 O ¥y MIANDOE ) B TFE
Require: w € V U {UNK, BOS,E0S}
Ensure: b€ {0,1}% = w IZHIET 5 v Ml

0, if w = UNK

1, if w = BOS
-

2, if w = E0S

2 + rank(w), otherwise
b; := /27" mod 2
b+ [bhbg,“' ,bB]
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B L TR IR LICEHETRETH LI LR L TWwWAS, T2, Uy MNEOEEEZREL
e, By NTEOMY. LIHEERENLOFEICRBERELRE Yy MNIZ2EB5N5 5L KB
VI NI T AL ERL D,

4 _EFESTFHETIIOUR

AUET TR L7 B2 TS FIN2IE, BIFSE O CRIEDN R > T b, FEBRTRT
912, ZEFF Pl BATHWFRET VL, ROV T I~y 7 AET NV E]KLT
KIBCHFTBEOR T2 I L L2, 41HE 428 TR, 20X HFHBEOMEL F
B A70, 2 MEOWBREATAZ L CMEESTFHETVOMFIEELM LEEsF
BeRET 5.

41 VI bYy I REZERESFRADREESET IV

HRS ORGSO =27 T L MBI Zipf OB (Zipf 1949) 12069 S BN TED,
FERT— 5 EEOIZL A LR —IBOBHMFEOA RG> TR LEERL. ZOME, =2 —F)
HERE T VO IR 5N A AR S HEFEHRO b O Z L 4, gz o5 &
QBT R NTREMED D B &\ D BN H 5. DY 7 b~y 7 AEFLTIE, KHED
AT EZFNEIIL L7285 A=5 FHOTHEE L TB Y, HEOHMBEEOR Y ISR
LEBIX NS D/8T A= 2RI HT B CHBES Tz —F, REFETH L MM
BT TV CIRA—D/8T A — & CHIEE L FPEOT IS 2 BEDH ) 220
LOLBCFLEOC Y NFIOEH L EEFEIC L > THESNTLE ) T H L. =0
AT B WAA L LT, BB HOBO T E EFVIICSHEL, — O
FIEBE G2 VLT A ENELLNL., COLIREFLE LT, AHiciZE 312
RV T hYy s AL CEFEEFHORAGETVERET 5. FMERICE, K3 EMOY T
vy 7 AT, BN -1 X TOHIMGEE [ZOMOBEE ] (ZH24 3 2507 0THER % w55
LEFNEEET L, HUEAMNTAICE, T OTHRR G2V 7 b~y 7 ABTHEEL

Y_ -
SAHEE HADEE
3 V7bhvyr AL TlHESTFHORESETI
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ZOHM 3 ABMOME/FFHEEIC L ) BRI B EFEOC y MR HET D, L) ZE#EED
HEZIT). 2T, V7 Yy 7 ARBEEFFHEEEN TV L72XF A —=F1280)
FHEINL 720, FEBRICIEEFFHESTRETH 2 5IEET L. TOFHEICL D EHEOER
WL, V7 b~y 7 ABOMR L ZMEFSHEEIC L 2RO E 2D,

. if id(w) < N,
Pr(wlh) :={ @) it id(w) (16)
vy - m(w, k), otherwise,
expu’
v = 17
il expuj "
u’ =Whowh + Bu, (18)
B
m(w,h) =[] (bigi + (1 = b:)(1 - q:)) (19)

i=1
EELZENTESL, T2T Wy eRV¥XH L g, e RN IZFEEWHEL /ST A =5 TH ), id(w)
(S HFED HBUHEE ONER rank(w) 12OV TERENTWE LD ET S, T/, BEEEIELY
T ARy ABOARET Y PO =t G SHEEOIRLOM TERLTE,

L:{mmw» i id(w) < N, o0

I3 (N) + g, otherwise,

Z'H(Z) ::AHLH(’U/’ Z)a (21)
s :=ALg(q,b), (22)

D, ZIZT Ay EXg VT M2y 7 AL TMEHBHEDFRER RO DLNAIN—I85
A=Y THbD. ZTNHIETEBRIITTEDLETZD, KR TIIEHEOZDIZ Ay = A =1 DA
AR L7z Wik L9112, HLFEOHEICIEY 7 M~y 7 AL MBS T HlOWE %
T2, 2 (20) DHTIBIZBIT RS 2E 21U, BiUg h L0 ZETIEmE O A
VLTWBEZ NGNS,
REETVORERIE, V7 vy 7 AGOBENN X0 BH % ZAERF 5 llE 7OV 5 80
L, O(H(N +logV)) & %%, 1272V 7 b~y 7 ABIIEHHEOAZMRET L7720, N X
V ERB L CEFEIFEFINSzoNZ LR, EBORE I A bOBINZZIZER
EL ORI ENPFBENDE. VT Yy 2 ABOKRE S EELSE L EOFFIEE~D
HRBIZOWTIE, EBRTHLIAET 5.

REETF VL VHEEGEERVEEZ ST VI EZIE, X5V 7 b=y 2 A (Chen et al.
2016a) R#JHY 7 b 7 A (Grave et al. 2017) THWOHMNTz, HEE7 FAY TEIZRLEH A
ATEEEHCDFENTE o TS, 7272, KV 7 vy 7 ATREEE HTED
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HAICHARITONTVEDIZR L, BREETVTREES ALY NI —2Z2MHHLTEBY, B
NEOMEE T KM ORI LSRR L, it BREETVEEALTLET VA
ROFHEHEZ/NSLSHZONLDTHE. T2, BRETTVOGRLVERE Y 7 v~y 7 A2
EEWZ 756, LY 7 MYy 7 ADGERD 2 OBE L ETIVINI—HT S, 20D, R’
BETNVE20EHEIEY 7 M~y 7 ADFEEICUELMA-bDOERZ LI L LTRETH 5.

4.2 BVYETEF=S0OEA

HIE F CCTlRARZMA 2 TMES T T TV, BXOREGETFIVIE, #HT5 HEES B
O EZER L TV ARWETHEDZ D 5. BAFWIZIE, qh) 1ZETOE Y F2iRh) 2 {HEE
LB NEIE L WHEEZTFHT A2 ENTES, 1 By Mo T R D HiFEZ T
LCLEHWREMEDGH L. CoOMEIE, Yy MIEEOZER {0,1}F 12 TOHEIEICHE
ENTVLZLIZERTLZHDOTHY, €y M LTS 2DICEEEZEAT S Z & TF
WTEBIDEEZLND.

M 41ZZ0EZZHRLFTRLIZLDTHSD. T T 2HEEOHGE <@’ “b” % 3 € v
MEAHLCTHEET S L a2F 2, FHERIZENEN [Fo] Ey 000, [111] 1B S5
bDOLEZRL, ZOL)REY MNIOREZEIRT S L, BELFELOMIZIE3EY PO »
FHEEERFOZ L ERD, 1 By FETOMENTHIUL, FOREICHLELE Y Myl EE
WYL ETIROHFEFZIELEITCTRETH L2 D% h 5. M4 TREE L2 DELDIERIK
BOFTRLTWA. TOXHIZ, EBISERSDEEM T SNy MEL ORI 44
AR L2 ETEAOY Y MRRY RFFA T A FHE, RV ETIEFFS (Shannon 1948) O HULM
REZTHADH, LY EANICIE, €y MIRESDRES d Yy Yo v THEEER RO L
& B bFEefkclEme |(d—1)/2] Ev NETOMY) 25 IEWRETH L 2 LMo Tw
5. ZOMBIGERLRVETEFRICL > TEZTAEHTH Y, /I v 7l 713
FEREE & 2N 5.

MOETER 7 7 AGHMEIERT 2 E 2 3L CRESNTBY, Y A7 TL12) L FiE%

| ELOEEEY

V — {“3777 “bw}
B=3

b/ (“a”) = [000]
b/(ccb”) — [111}

4 JUERFFEBUI L 2 T O H 2 6]
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BEMT A 2 LT, Hiflil s 7 A5HITH T HEMEDTR T S (Dietterich and Bakiri 1995;
Klautau, Jevtié¢, and Orlitsky 2003; Liu 2006; Kouzani and Nasireding 2009; Kouzani 2010; Ferng
and Lin 2011, 2013). ABFZETIE, FFEDF ) ETIETHE%Z Algorithm 1 THRHNL L E > FFIA
B2 2 L TR ZITY, MEFTFHANIUREOEAZIT). 22T, BRICRDETIE
PRRES N2 7 T A TR 4 100 BEREEZD 7 7 A %2> Th/zolZxh L, ABET
R A X6 CCHEERED 7 7 A 2T 2 LE P ), MEOHEME IR E (5~
B HICEBPLETH A, KR TIE, COL)BEREZ I AGEMEICB N TLIRDET
IEFEOEHPENTHHZ L ZRT.

5(a) L 5(b) X3V ETEFERBA L IEOEHE - 72 MEOEBER LTS, %8
BHOIE, FIEERAE Y M b(w) 23 SEHSOELL 55 TTERE Y M

b (b(w)) == [B (b(w)), by(b(w)), -+ , By (B(w))] : {0,1}% — {0,1}7 (23)

125§, 22T B(B) > BIEIELFEOL Y MIIIZEENLE Y MITHL. ZOGIRITHE
HThD, % bw) 2LV KELREMOBECICENEICEELET L ERD. —a—
FINVHREF VI ZDOTLELRE Y M b (b(w) # M TEET L. 4B, BEIRZREDETIE
FHTIE B I BoEmAERRE 2F) OB'/B)=0(1) TH Y, i) EIEFEOBEHR%T
g O EE BRI ZALL 2V EITEZETH 5.

FRET VD O EBROBEZ BT HEIE, 7V X D HEE SRR g(h) 2012, TC
DHFEIZH Y5 B HESF

d(g(h) = [di(g(h),d:(a(h)), - ,ds(a(h))] : [0,1]% — [0,1)" (24

~—

DFETLEITH. TOLERVETIEOFMRIZLD, qh) IZZENLLLV OB FFEINGL T
Lind, B gl)dbnl b v() OEMEHTHY, (0,15 EERERE L %D (I
FERDVBERIZR 2 L) B ANDPEAEL ) L) FE2 &R THL. ZZETOHERT,
3HEICEALZE Y NI A2 HIFIEER D ETIEOB AR O3 &89 h 5. TD720,

q (000000000 | ¢ [COX000-0%0)
§ s TSTEOES
b’ (QD0DL0)eeeee++(110/0) e T5—%RIX
K/ s ;
0)1)seesee(0 : 0)1)seeses(0
l)....%@ (w] q....gm ]
(a) 7 i (b) 4 B

5 FYETIEZEA L2 E0FEE - 7 2 MEOBE
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B 5 ek H—OHHEE Yy MIROBEEN T FETH L ERRTIEPTRTH S,

ZIT, MYETEFECL YIRSy MOFEIL, BIRRE T VORI E
G2 HEEZOND. EOL) Yy MNIDPRETHLHPITHHTIEZVA, 22 TIEES
LWIBLIZOW T oW 2w ). £9, 4131 By FEIIEWTRRZR D ETEfF50—
ECTHiHD, —2a—FNVty bT—=2OHE LTIHLRIIHEEY TRV ERE LG 5.
L, BLEY MIOETOY Yy MPEEII-FHLTBY), Za—F )ty M7=l
bRZLEZEY POEVWEXFITEY, FHWIZ 1 EY FL2FE LW LR—DET IV
2o TCLEIDLSLTHAH. Z02D, ILEAHBEOE Y ML, ¥y MELSHREZED BH
WIZR L DMEAE RO ENEFT LW EHIITE 2. /2, WHESEDOLI Yy FAD %
BT B ONEEBTIER WD, 525 MISET L) #3953 I Re 2 Tk 2 84K
BOWELRTHLEEZLOND. HIZ, Za—FVAhy hT—2 0T A1 qh) 130 5
51 OMOEFMHETHY, HasEy ML) L DERERFL VD EEZ LN, &
DIz, TNHOMEGAEEZEEFH LTy MIZETTELTESLIVET L,

INSE TRV FTIEFELE LT, AWZETILEARTT T (Viterbi 1967) 52 & &
L7z, BIARFFIIATE Y MIENAIR=IXFG A= THLEARE v MIOEAARFTESL
SN, By MIHOBENAEIZH Ly FRILPMIZE R D720, Ty AREY FRDIZ
FRICHEICEMET 2 L V) D D 5. L72MESERICES By MBS FEREZ WL 2
LT, By PTLOMRZEHEEZET LI LEDPRTHS.

Algorithm 2 (FFEBRTEBIZH W/ ZERAABFEOT VI AL THSL. ZIT, HANT b
v [1001111] 3 X O [1101101) IZFRTEBRO R L ) BEEORRED b FHAERER L7 T DN
T ARERLCEDZ. &8, zfi.jl =[xz, z-y:=> 2y THD. BAHRFZ
ZH—DICRALTEISN L THEEBOE S TEIIES 5745, FEERTIE Algorithm 3 | IR 7V T
D ALZMEH L, 22 Taoy 37 Ml & y OFEAEZET. Algorithm 3 ¥ F ET )L
1) A4 (Viterbi 1967) ICEDCFETH D, BAAFFEZRAYIVITET VO—fHE LT}
WL, AT SNTHERE] q(h) 2 SHERIICR D ZURITOE Y Ml ZHEET S, Algorithm 3

Algorithm 2 FEERCTHH L 72 B A AATFFOINELT VT X A
Require: b € {0,1}”

Ensure: b’ € {0,1}2(B+9 = R LS Nz v M

by, if1<t<B

0, otherwise

yi == [t — 6 .. t] - [1001111] mod 2

yi =2t —6 .. 1] - [1101101] mod 2

b/ < [y%7y%7y%ayg7 o 7y1B+67y2B+6}

z[t] ==
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Algorithm 3 FEERTHH L 72 BAAARFF5OET 7 IV T X L

2(B+6)

Require: g € (0,1)
Ensure: g € {0,1}? = #fcsn/zco v M5
sols | s (0.1 { & if 5= (000000
—o00, otherwise
PV (x, 8 = [x] 0 $°"[1 .. 5]
o1(z, 8) := ([z] 0 8°™) - [1001111] mod 2
02(z, s) 1= ([x] 0 ") - [1101101] mod 2
9(q, ) :=blogq+ (1 —b)log(1 — q)
9'(z, 8™, 1) == g(qai—1, 01(z,5°")) + g(qat, 02(z, s°™))
B (@, 85 1) 1= o1 [ (2, 8] + g (2, 577, 1)
{ B % 5 )
fort=1— B+6do
for s € {0,1}° do
& ¢ arg max, oy ¢’ (2, 8™, 1)
re[8UT] < 8PV (2, 5)
Buls™] e & (5, 577, 1)
end for
end for
s’ « [000000]
{ A &R )
fort=B —1do
8"+ riye[s’]

(it — 5,1
end for
q~<— [517527"' 7q~B]
W — RS, FEBIZIE CPU LTI RETH ), =2 —F A4y NI —27 DFf

DEESN TRz, FRRETVHEORREEAORZEII#IT L ENTTHRTH 5.

5 XER

5.1 EERERTE

REFEOWHRKE L LT 572012, #£H - HEBFHOFRS 27 TOEBREIT-72.
iR L7232 —73A1& ASPEC (Nakazawa, Yaguchi, Uchimoto, Utiyama, Sumita, Kurohashi, and
Isahara 2016) & BTEC (Takezawa 1999) T V), ASPEC (3 £z 200 /73, BTEC (F#GE - 7 A
FHUA O R EE T =8 L Lz, F1ICT—XAOFEMERT. TS50 —/8 23
LERHEET A XOMCHGEIRKE SRR L7090, BGEIERT 2 ET7NVOEREY KT 5
DI DEZEZ LN D, HFED — 2 fEIZIZ Moses (Koehn, Hoang, Birch, Callison-Burch,
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® 1 FERIHEH L2 — 320

Eai ASPEC | BTEC
SRR En « Ja
Train | 2.00 M | 465. k
XH Dev 1,790 510
Test 1,812 508
FEEY A AV | 65536 | 25000

Federico, Bertoldi, Cowan, Shen, Moran, Zens, Dyer, Bojar, Constantin, and Herbst 2007) |25

FM 5 tokenizer.perl M L, HAFED b— 7 »{LiZIE KyTea (Neubig, Nakata, and Mori
2011) ZfFH L7z, F72[A L { Moses 2% £115 lowercase.perl |2 X D /NFALZIT 5 72,
AR HEE O MBI D W GERIRL, HMBURMAT V — 3 L& ) RE& WHEFIX 4T UNK ii7
(ZiEH L7

Za—INVHRETVEEGLETOT VT ALE C++ STt L, =2 —F
* v M — 27 OREEIZIE DyNet (Neubig, Dyer, Goldberg, Matthews, Ammar, Anastasopoulos,
Ballesteros, Chiang, Clothiaux, Cohn, Duh, Faruqui, Gan, Garrette, Ji, Kong, Kuncoro, Kumar,
Malaviya, Michel, Oda, Richardson, Saphra, Swayamdipta, and Yin 2017) Zf{iH L7z, &To
E5)ViE 1 0 GPU (NVIDIA GeForce GTX TITAN X) % VT8 L7z, 572 MBI LT
(&, FEATHRER 2 MEES 572912 GPU L& CPU Lo} Tf7 - 72.

WREFEINERDO Y 7 b3 J AETNVERL DI NEDOARTH Y, MOEHFIE5ELEIZH
—THb. —a2—IFNVERETVEROMBIZIE, = 32— %12 AU RNN (Bahdanau et al.
2014) , FEHHEL X732 — %1% Luong 512 & % Concat Global Attention E7 )V (Luong
et al. 2015) 2 L7z, = a—=¥BLUTa—F 2T 5 RNN (2iE, AJJ - &H -
77— M&2E&EL 1 D LSTM (Gers, Schmidhuber, and Cummins 2000) Z i/ L7z, F 7258
FEREMT L2012, £ RNN OATIFRDA 30% O Ky 777 kb (Dropout) (Srivastava,
Hinton, Krizhevsky, Sutskever, and Salakhutdinov 2014) & A L7z, =a2—F V% v T —7
DFEIIE Adam Fo# AR (Kingma and Ba 2014) ZffH L7z, Adam O/NA/8—35 A — ¥ (%
a=0.001,5 =098 =0.999, e = 108 TREE L, LRIZHEDWTT IV —FLEN7z64 LI &
b IZNy FER T o7 ZETIVOFHMI IR LT - /INCF % B L 72 \» BLEU (Papineni,
Roukos, Ward, and Zhu 2002) Zfff L, I =/Vv F 1000 HOFEEHIHKETT 5T LIZATATO
FHEEITo72. BB, CTICKRAREIFET AL EZIELCHERE L0 E ) a2 aHliT 5729
(2, AREERTO BLEU OFHEIIZIX UNK b N RICEDO TWAHA, UNK ZHL) BV TEHE L 72
BETHRMN R AT T OBMIEFAKTH S Z L 2FEL L THL.

K 2IIAERTHE L - FEO B2 RS, FICREFEIIOVWTL, BAEETIVERDET
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EOBHAOLE BLINREETNVIIBIFAY T MYy 7 ABOY A X N IZXL 508 % ER
CEOREET S, Tz, REETIVEOEIRILEARELR 2 7EOWREO#IGY T bY v 7 A
(Grave et al. 2017) IZ2WTH EBRZATV, [FARIZHERROMIE 217 - 72.

52 EREREER

F 32K THD Test T— #1287 5 BLEU, M5Oy b B L HJETEBIZFHE
ENDMDMEEL #ous, HIBOHEEIZNLERINT A =55 #wp, BLOHMIIE L ET IV EHE
IBIF BT A=Y D Softmar & DIEEZIRT. K 4 12I3FEFE - HAFET TOLETHEOF

R 2 AT ETFTVOLEE M

eAyin iR K2R
Softmaz V7 vy s A (ERFE) 2(a)
Adaptive2-N | Head 4 A N O 2 5E@EIGY 7 b~y 7 A (BERTHE) |[M3ov 7~y 7 21t
Binary B2 T AERF 5T 2(b)
Hybrid-N VI NIy 7 A A XN OREETIV X3
Binary-EC Binary O _fEfF 5 12 BA R 5 % #H 2(b), X 5
Hybrid-N-EC' | Hybrid-N O _AHF5 |2 EA A5 % W H 3, X5

xR 3 £FTFHEDBLEU, HAORBDINTG X—5E %D Softmaz (2% 5 =

, . BLEU % Softmaz & DI
JTA TV En — Ja Ja — En B How | #wp #w.,3 All
Softmaz 31.13 21.14 — 65536 | 33.6 M 1/1 1
Adaptive2-512 29.96 19.70 — 65537 | 33.6 M 1/1.00 1.00
Adaptive2-2048 31.18 21.44 — 65537 | 33.6 M 1/1.00 1.00
Binary 13.78 6.953 16 16 | 821k 1/4.10k 0.698
ASPEC Hybrid-512 22.81 13.95 16 528 | 271. k  1/124. 0.700
Hybrid-2048 27.73 16.92 16 2064 | 1.06 M 1/31.8 0.707
Binary-EC 25.95 18.02 44 44 [ 226k 1/149k 0.698
Hybrid-512-EC 29.07 18.66 44 556 | 285. k  1/118. 0.700
Hybrid-2048-EC 30.05 19.66 44 2092 | 1.07TM 1/31.4 0.707
Softmaz 47.72 45.22 — 25000 | 128 M 1/1 1
Adaptive2-512 45.49 45.03 — 25001 | 12.8 M 1/1.00 1.00
Adaptive2-2048 48.33 45.22 — 25001 | 128 M 1/1.00 1.00
Binary 31.83 31.90 15 15| 770k 1/1.67k 0.738
BTEC Hybrid-512 44.23 43.50 15 527 | 270. k  1/474 0.743
Hybrid-2048 46.13 45.76 15 2063 | 1.06 M 1/12.1 0.759
Binary-EC 44.48 41.21 42 42 | 21.5k  1/595. 0.738
Hybrid-512-EC 47.20 46.52 42 554 | 284. k  1/45.1 0.744
Hybrid-2048-EC 48.17 46.58 42 2090 | 1.0T M 1/12.0 0.760
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R 4 KTHOTIIRIHEH

FIGEIHRERE (En—Ja)

a—I%A ETNW Train [ms /3 =73y F] | Test [ms /]
(GPU) (GPU) (CPU)

Softmax 1026. 121.6 2539.
Adaptive2-512 1113. 84.31 884.3
Adaptive2-2048 1085. 81.17 595.2

Binary 711.2 73.08 122.3

ASPEC Hybrid-512 843.6 81.28 127.5
Hybrid-2048 837.1 82.28 159.3
Binary-EC 712.0 78.75 164.0
Hybrid-512-EC 850.3 80.30  180.2
Hybrid-2048-EC 851.6 77.83  201.3

Softmazx 325.0 34.35 323.3
Adaptive2-512 397.4 29.00 129.7
Adaptive2-2048 387.8 29.19 128.4

Binary 250.7 27.98 54.62

BTEC Hybrid-512 300.7 28.83 66.13
Hybrid-2048 307.7 28.25 67.40
Binary-EC 255.6 28.02 69.76
Hybrid-512-EC 307.8 28.44  56.98
Hybrid-2048-EC 311.0 28.47  69.44

B - 7 A MREICBIT A FETRER 2R, £72M6, 71235 EEAR I =V y 7% 180,000
FTOEHRICBITE Y 7 b~y 7 ARUREFLED Test 77— L TO BLEU OZAL% IR
. K6, TOHLR L), FEFO BLEU OZBIIARLETH Y, BTS20
EILDSETH L. 2D, Dev 7— % ET BLEU 28K & o 72t & i & L7z 5 i
RIZDWT Test 77— % 1T BLEU %3k®, £ 3 12320 FHEER L7

5.2.1 ZRExE

9, MEFEOVTIIZBWTY, Softmar LI L TKIGICHNIED/NT X — & % H]
WL TWDLZENPMHRTEL., ETNVEERDOINT A= HTIE, WINORETED Softmaz
EIHELT70% BEO/RT A=7 Iz 6N TBY, FEMIIIERkoY 7 b~y 7 ZET
WTRE L SNTZHNEDOT2OD/NT X —F PIRITEER LNV E THE SNz L E 2 b5,
B, BODONTA—FORFFEILy a—FBLOITI—5DANIIZBIT 5 HEENRT My
ELTHREINTWDZLDTHY), TNHIFMKKRE LT OEV) 2170 AE) ZZMEZHEE LT
W5, ZZTEIIESHE - HWSEZ L OHFENRY MUVICHW SN L RITEZZDS, #AIZ1E
H EFEE (2F) OE/H)=0(1)) L AT ZEDPTRTH L. 1HTHERZLHIZ, Th
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35%
30% A
25%-
o 20%
o A
5 15%+ ¢
10% Hybrid-512-EC ~ --==---~ Hybrid-512
5% A Binary-EC =~ -------- Binary
Softmax
0% T . . : .
0 30 60 90 120 150 180
FHFEAI =Ny FE (x1000)
X 6 180,000 AL X TOERDOHERE (ASPEC En — Ja)
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5DINT A= ZFOHIIARFIEORN R TIE R VA, HE & FAEOFSbEEAT L Z L
WHETH L EZEZOND. TOL) LFEFFRETNVIIE ) BT 2035 BONFEHRET
HbH. F228THRRIEHIC, BEEY T MYy 7 ADNT A — 5 FUIERICHE MR Y 7
F<w 7 ZALWETHY, FHTZ 70— THIZWHE L7255 7208mL Twab, BAERRIZIE,
REBRTHH L@ Y 7 b~y 7 Z35EB 2 Th L7290, WHEOY A X1dga—/3A
DA X1 EZRLIKREE LR S,
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5.2.2 BIERIEE

Binary ® BLEU fEIZEH T 5 &, oOWTNOFEE L TH KIEIERNEE 2> TWw5
CENEESND. TS 3 HITHRALFEEDLS TR SIS AR TH Y, Wl TS T
TIETHEBEICRIER D 5 & V) BB A KL TWb EE2 N5, TN EIIIBIIC, Hybrid-N
& Binary-EC Tl& Binary &L TH4IZEWV BLEU 2R LTB D, FEEZEICL > T
1312 Softmaz (AT AMEZZER L TWAEIZ EDV005, oMM, REETNVERDET
T OEANEL LS MEFSFHICH L THERITH L Z L E2RL TS, F#IZ Binary-EC
& Hybrid-512 %S B L, BB D/NT A —=F A 1/10 BELZOIZH DL 5 FERYIZE W
BLEU Z#EW L TBY, ZOMENLE Y MNCTUEMEEZEAT S Z &L D HEEEEON L
WRIRNTHD LT LN TE S, F/2, 2HEOLE AW HEA L7z Hybrid-N-EC TIXHE
e ARBEOMENR SN, BRERSE TIE Softmazr L [AEZ%FNLI O BLEU Z3EH L TW5
CEDNBIETEL. ZOBHNL, BEETTNVEBRYFTIEOmMENFEL L THMAERLTE
D, MAGDLELIETIVEVRIRERTIEDNTEETHL LS 2 5. HIZ BTEC I2BW
T, Softmaz DEWEIFUEEE & 2 o72DIE, T—SAOBEIH LTV 7 bv v 7 ZAED /3
TA—IENEY e RES TR0 ENPEZ NS, Adaptive2-N & Hybrid-N-EC O LT
%, ASPEC Tl Adaptive2-512 & Hybrid-2048-EC HFEHEEE, BTEC Tl Adaptive2-2048 &
Hybrid-2048-EC DRSERBEOMEELE E 2 5D, IO DOFFEORGH 2 ENIAHVIES IV —
TOHEHEIZY 7 MY vV ALBRDEIEFZOEL LM LrORTHY, FETIVICX
LAVTEOHEEREE Z MENICK L w0 sEZ5NE. #nY 7 MYy 7 A LRETF
FOREET IV CTEMPIECHT 2T A= BV EEP O TREREER 2L 2E2 5 L
WIS 7 b=y 7 AOFFREENRAETIVE D EL A 2 EHRIZE Z 5, EBS ASPEC
TIEHVFET N — T DY A AWPEEETH 5 Adaptive2-2048 & Hybrid-2048-EC TIIHIE DM
FEHUEES RV LB S5, BTEC CHEDOMWRESHEL L TW 5 DIE, Softmar & DI
RTOEM LI, I—3AOWBEITHT 5 Adaptive2-N O#F 72737 X — & FhBIR
LTWwWhbEEZOLNS. F72, Adaptive2-2048 1I\VT DI —I3ATYH Softmar £ 1) E\ AR
RERLTBY, THIREETIVERMKIS, HEORBBHEICESWHELZSH L2 L
WX BRREEZ NS,

5.2.3 BEFEI%IR

£ 4 OFHERHICERT5 L, WINOREFED Softmar LWL TEMIZENWEL T3
DG A. FEIC CPU EToO T A MROFATHEE L ASPEC T 10 5, BTEC T 5 f5H2EEIC
FHETH Y, WORFIEGRERSIEFTE 2 VEREETHREFEIRWICEHETRTH L &
ZRLTWA, F72, BYETEFEOHES T LT AL IFWTNIOEERTYH CPU ETEITL
T35, THUSGERT 25 EHEORTIIFRET VEEN O R L L SN TH L 2 &2V
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2D, CORTHRNETEFEOBEHIRNTH L EERLTWAE,. Adaptive2-N (ZBH L
TlX, GPU ETOT X MROFATHEIIRETE L HB 2 WEREZRLTB Y, BB
JEZEDSWCTHEYIZY 7 by 7 AR GET LT TOEVERILIERIEONL Z L 2R L
Twb. —J), CPU LTOT7T A MEOHAEIX, Softmaz & L 721213 Adaptive2-N TH 1
DEBELENTVE EF AP, REFFEIFEIZZOHE P HEREERRE VO ERE L -
T3, COFETHEOERIHGVHOHEICET DFIHEELZ ML TWwb EEZ 5N, GPU
D E D REHALD TR TR VIR T TIE, KRk E L TEHEEZ0 L 0% HIET 5 F HA°
KEWZ EDPEEINL. 2B, Adaptive2-512 £ 0 Adaptive2-2048 O3 IZEIE L T
BRI, BEMLTREIN TV 2 5EROFETHELDO ML — P+ 71T 58 mE —T
% (Grave et al. 2017).

ZZT, @ItV 7 b~y 7 X (Grave et al. 2017) OARD HIYIEFFEER OFIK T dH % 75,
KREBRTIX Adaptive2-N O EREHIAY Softmar & L THTHIML TH Y, FEmRLOMER
WZHES TV W EDHEREI NS, TIUEI =Ny FEREOER LEOMBEICERT 5 DT
L. FEMIZE, @ISV 7 MYy 7 AFHEEFEOWERICHPFEO A A TEAEEZENT S
EDSHRETH D, TOLE) FLFRAMMT 2EETH VLI L THEROHIRHAERS NS
LOTHL., REBOLE, A7 —7 2PN T 27 A NEEOBESZISFEH L, FE
BICHIRRE ) O@mE R O N T b, —7, FEIFICIE DyNet & FlW 72 EZ O L,
SNV FICEINLZET—F IR L CHEOFEZIT ) LESD Y, & HELTHE L2
L% S VHFEICHHGEL BVENRIEL TCWA LI R, 2y VT =227 =% T DKM
GUEATEAET B BB~ ORLAHE L v, REBRTIEZ ORMEZ #2720, HHFEIC LT
LY I—DOFMAEINNEEZ THEEZToTWAEA, TOLX0FHERIIEEDOY 7 by
JAERIELLL R, FREEBEESEMICR 5, EROFEMFEIYV T vy 2 ALY
LIETT 5. F4 TEEBICZORMEEMELELE Z>T0D, JUHNR=2—F )4y b
T—=27 0V —=VBEZOMBEICHLTE0E) 0L, T—F TEIZR LD Ay M7 — 7 HEED
Hzonle s, V—VEITTHEMIUET 28N Z2FH > T a0 E) 2IKFELTwE,. 2
DL BFEOEME LT, EBOR Y T —ZFHEOBERNICI =Ny FEREORELE 1T
) FhDE 2 55 (Neubig, Goldberg, and Dyer 2017). %8, REFETHLREETIVIZ
BLTY, 579 7 ECIREILY 7 b~y 7 ZEZIERBO Ay T =7 fid&EE > THBY
Hybrid-N, Hybrid-N-EC O5EEH b LR M ULEEIZL 24 —/N—~vy F2EHEA TS,

524 BRAEETIVOBHRBEENDZE

M 81X Hybrid-N I2BWTY 7 v~y 7 ABOKE S N ZIEEMIZEL S & 7-BoORRE
ENDOEETHL., ZZTREETNVOEFRLY, Softmaz & Binary \3ETNENN % V &
LICRRE L7 EDOBIRTH Y, Hybrid-N |2 X 2FFFEE QLN LIRE FRZFEbT L%
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50%
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Ao, FERE, 8 OHiIFRIEBB L% Softmar & Binary O ZHERLTBYH, 22256
BEETNVOY T M3y 7 ABORESEFFREEIZE N L — N 7OBRRH 5 2 L3550
%. 72 BTEC & ASPEC OHfifiz 2N ThEI%$ 5L, BTEC TIZL /IS N (BIZIE
N = 1024 F2RE) TEIRRFGELDY Softmaz MATIZEIM L TV A DIZK L, ASPEC Tld L) K& 7%
NIZBWTHHEORMLENAONS., 2295, NICL2ERBEOLHLT — /S X HERO
BEE LRI TR0 EEZLNL. 2F ), L)L IR E2EET 56
I N ELTREREENDZENTE, INVHLVI— /SR %LI1ZERER N 2T S
VENSHDLEEZ ONL, F72K 3 TRLZEIIZ, RVETEZIHTAZ L TRAETVE
LD SEFRE O L2SIFECE 5720, FEBREO N OfEIZIEM 8 AHEANNE DL
INEGEFRRETHIENTRETHDLEZR D,

5.2.5 HEEDOHIFEE CHTREEOREFR

Wi EF COFERLY, IWEFFEICL 23— 28K E L CORMFUEE MOV TILH
L7 LaL, =2— 7 VEIRRIZH)ISC R BEE AL CBRIICAER T 2 ET IV TH Y, Bk
07 BEEHAL ORI L CHEma W ETh b, M9, 10 lIRTDIE, £3, 41IRLE
7 FEIZOWT, HARGE Test 77— ¥ HOZKHGEL EE 77— 5 P COMBBEDNAN T/ Vv —7
ftL, £7 V=TI OVWTL= T I LHBEBLPEERELRLZLDOTHSL. 22T, #E
KOFHEIL BLEU O EICHER L, FHHERIZOWTIZ BLEU O EOS % EfE 7 — 5 12E
XHZ LT ETEEL. B, D8P0 LA 3MEENIMEE 0 LSRR L7,

9 HHEHZRIZOVWTIEVWTROTE - a— 3210 BnCH IIFRBEOE* R LTBY, T
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HEDEEIRAL
M9 #THEo HBMEZ D=7 5 AHEERE (ASPEC En — Ja)

BB L D &R R EOMEAFER TE L. 2 Binary D&, fOTFEE R TET
DTN —T TEEIRNMEEL 2> TBY, B HEFTFHTIIED L) ZRHED ) <
WET LI ENTERWTZ L2924, F72 ASPEC & BTEC Offi 2 —/3Z2 T, HBHE )
B EOHECHHENMET L, 2okI AT v ) h@oEmzRLTBY,
T—IRAD AL YRMGENRECEHENRTVE ZE0S, ZHESIEICIBOM S Ok
FRATVWDLIDEEZOND.

— AN R B TV — T L7286, BIEED 7V — TR RERES S C £ F D
DEBICIENEREDS S CEE HMEMICH 5. NEFE L L CTRREERIZHBASEMETH D, N
B L H— DTNV THIET ZIITHEHSHEPEL b EE2bNE. 25 BLU6 1L ASPEC
B LU BTEC O HAFEFE T — 7 12BI1T 2HMFEZA, WE & b MBUHEA® 64 ALOfF T THE

o 3k
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