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Neural Machine Translation Models using Binarized

Prediction and Error Correction

Yusuke OpAlt, PuiLip Arraur', Granam Neusicih!, Korcuiro Yosuino® 1t

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
tenths, and also improving decoding speed on CPUs by x5 to x10.
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gbobooobobooobobooobobooobobooobobooobobobooboboooD
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000 Arthurl NeubigD O OGO OO goboooooooooboooooooooooon

gboboobobooboboobobooboboobobooboboobOobooD
gboboooboboooboboooboooobobDoobobDoobobDboobOobDbooo
gboboooboboooboboooboooobobooobobooobobooobobooooD
gbobooboboobobooboboobobooboboobobooboboon
gbobooobobobooobobooooboboooboboboooboboboooonD 30
gbobgoboobobobobooooobobooooobobobooob sbobooo
gboboboboo N—-100000000000b00b000bO0bO0obD0ObD otTHERODO OO
gbooboobobbooboobuooboobUo  oHERODOODOOODOODOODOO
gbobo3b00obooobooobobobooobo0obobooDoobUobobobUobooo
gbobooboboooboboobooboooboboobobooobobooobobooD
gboboobobooboboobobooboboobobooboboobobogon
gbobooobobooobobooobobooobooboobooboobo

. if id(w) < N,
Pr(w|h) := Yid(w) if id(w) (16)
vy - m(w, k), otherwise,
, expu’
vo= 17
Soi exp ] "
u = Whah + B, (18)
B
m(w h) = J] b+ 1 =b)(1 ), (19)

i=1
0000000000000 Wy eRN>*H 0 8, eRNODDDDDDDDODDDODODO Oid(w)

O0O0000oDOo0Od rank(w) 0O0OOOOO0OO0ODOOOCOOO0OODOOOOOOOOO
gbobooobobooobobooobobooooboooobooooo

. ln(id(w)), if id(w) < N, 20)
Iy (N) + g, otherwise,

Iy(i) == AyLy(v',i), (21)

Iz = XgLg(q,b), (22)

O0o0oboonbO 0O 0000000000000 O00O0O00DbO0O0ObOOObO0ObOO0OD
gbobobobDoooobobobobobooooboobobobonDO sy =2=100
obobooboboooboboobobooobobDoobobobooboboboobOobDbooo
00000 (2000000O0o0000OOo0oO00oDOU0OU0U0bD. AhOOODOOODOODOOOO
obobooobooooo
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| ELOEHE Y M ; —> 011, LA fL
P [ Pty
V:{a, b} --------- “b”tbf
_ ' HexE
B=3 b LT :
b/( “a,??) — [000] *ﬁﬁ - - -:- -- -:'
b'(“b”) = [111] 000 o
D

04 00OO0O0OO0OOOODOOOOODOODOO

oooobooboobooboobooboooobobooobooooboboobOoboon
O0OOH(N+logV)ODOOOOOOODOODOOOOODODODODOOOODODODOOOND
vooobooooboobooooboobobooobooboboboboooboboboooobo
gboboobobooboboobobooboboobobooboboobobooon
gbobooobobooobobooobon

OO0000000000oooooDOo0CCCOO000ggouoooooooO (Chen et al.
2016a) 0000 DOO0O0O0ODO (Graveet al. 2017) 000000000000 OODOOOOODO
gboboobobooobobooboobooobobooboboooboboooboboooD
gobogbobooboboobogoboooobooboooobobooobobooooooong
gboboooboboooboboooboboooboboooboboooboboooboboooD
gboboobobooboboobobooboboobobooboboobobooon
goooboobooooobooboobobobo2b0booboobobooboobDoboobo
gboobooz200000000000b00b00bobobobobobobobobooooo

42 0O0O0OO0OO0OO0OOO

gbooboobgoooboobgooboobooboooboboobobooboboobobon
O0000d0doooooooo0o0ooooDoooO0dghDoooooooogooooo
gbooboooobooboobooboobobobloboobooboobobooboon
000000000000000000000000000 {0,1} 00000000000
gboboobobooboboobobooboboobobooboboobOoboooD
obobooobobooooo

0400000000000000000O0O00DOOD 200000 «, 9”0 300
0000000000000 0000000000000000000 [ooo], [111)00000O
obobooboooboboboooobobooooboooooobobo soboboooo
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000 Arthurl NeubigD O OGO OO goboooooooooboooooooooooon

q (©OO0000-+++000)

§ ez

b’ (02002 0)+eseee+(110/0)

® sk

q (OO0 ++++- OO

'S TS5 —%MRIX

b OBl | 4 B0~

i i
(a) FH I (b) A ik Iy

05 Jbooboobooooboboooobooodg

0000000000001 000o000bO0ooDo0ooDo0ooOOoooOooDoOoDoooooon
000bOO0o0OOo0o0ob0obOooOooDoob0obOOooOobDOoob 4000000000000
obobOoobOobooobobooobUoboUoobOobDoobooDUoobobDoobOobDooo
00000000000 000O0ooooDoDoO0O0O0O0O0OO0O0O0OOdd (Shannon 1948) 00O OO
o0obOoboOo0oboob0obO0ooob0obO0oDoobOU0bUo JOob0Dobooobobooooog
O000oooooo0o0gd |(d—1)/2)000000000000O0DOO000O0OOODOO0OO
000000bO00O0o0obO0obO0o0obOooOo0oobO0obODOo0obOOobODOoOobOooDoOoobOOoooOoon
opoooooobao
00000O0o00OobO0o0oO0obOoOOobOoo0oDOoboooobOoOOoDoboooOooboooonoo
000000000 000000000000000000000 (Dietterich and Bakiri 1995;
Klautau, Jevtié¢, and Orlitsky 2003; Liu 2006; Kouzani and Nasireding 2009; Kouzani 2010; Ferng
and Lin 2011, 2013) 0 0000000000000 0O0ODO Algorithm 1 00O0OO0OOOOO
00000000000 bOO0oD00DbOO0oD00DbOO0oDO00DbOO0oDO0o0DbOOoDOoODOOoDoOOn
gooboooobobooobobobo oobbooobbooobbbooobDbbooon
000000DOO0DO0o0bO0oD00bOoDO0oobOO0Do00bOOoDoobOOoDoooOOooDoOon
000000DOO0DOO00bOO0obOO00bOO0oDOO00obOO0oDOOo0oDbOOobOOoOobOOoDoOoOooOOoobooOn
0ooooobooooboooooa
O5(k)05b)0000000C0O0O0ODOOO0OODOOOO0OODOOOO0ODODOOOOO
goooopooooooooo (w)yDOODOOODOOOOODODOOOODO

b (b(w)) = b (b(w)), by(b(w)), -~ , blp (b(w))] : {0,1}7 — {0,1}” (23)

0000000 B(B)>BO0O0OC00ODOO0O0O0O000OODOODDODODOODOOODODOODOOOO
000000 y(w)JODOOODOOOOOODOOODOOOOOOOOODOOODOOOO
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00000000000000000 ¢b(w)) OOOOOODODOOODODOODOODODOOOOO
0000 B0 BOOOOOODOOOOD OoWB/B)=0(1l)000000000O0O0ODOOOOO
gbobooobOobooobooboooboboooo

0000000000 000000000000000000000000 ¢ghy00O0OO0O
oboboooboooo

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

0000000000000000000000qh) 00000000000000000O
0000000 () 000000 ¥()000000000(0,1)¥ 000000000 (000
000000000000 000000)000000000000000000000003
0000000000000 000000000000000000000000000CO0
50000000000000000000000000000000000000
0000000000000 0000000000000000000000000000
0000000000000000000000000000000000000000O0
00000000000000000000000 40 10000000000000000
0000000000000000000000000000000000000000000
0000000000000 00000000000000000000000000000
0000000000000000000000 10000000000000000000
000000000000000000000000000000000000000000
0000000000000 000000000000000000000000000O0
0000000000000000000000000000000000000000O0
0000000000000 00000000000000000000000 qk)0 00
0 10000000000000000000000000000000000000000
0000000000000 0000000000000000000000000
000000000000000000000000000 (Viterbi 1967) 000000 O
000000000000000000000000000000000000000000
0000000000000 000000000000000000000000000CO0
00000000000000000000000000000000000000000O0
000000000000000000000000000

Algorithm 2 0000000000000 00000000O0O0O0O0O0O0O000000O0OO
0 [1001111] DO O [1101101] 000 0000000000000 00O0O0OO0O00000000
000000000000000 «fi .. j] =[x, - ,z]0z-y:=Y,zy 000000000
0000000000000000000000000000000 Algorithm 300000
0000000000000 2oy 00000 0 y 0000000 Algorithm 300000
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000 Arthurl NeubigD O OGO OO goboooooooooboooooooooooon

Algorithm 2 00000000000 0OOOOOOOOOOO0O
Require: b € {0,1}”
Ensure: b € {0,1}*P+9 — 0000000000
{ b, f1<t<B
z[t] == i
0, otherwise
yi = 2[t—6 .. 1] - [1001111] mod 2
yi = 2z[t—6 .. 1] - [1101101] mod 2

b/ — [yiay%fy%:ygv' o 7y1B+67y]23+6}

Algorithm 300000000000 OO0O0OODOOODOOOO

2(B+6)

Require: g € (0,1)
Ensure: g€ {0,1}’ =00000000000
0, if s = [000000]
—o00, otherwise
[x] 0 8°™[1 .. 5]
] 0s°%) - [1001111] mod 2
02(z, s ] 0 s°7) - [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°™))
& (0, 87, 1) = fp1[87° (2, 5°)] + ¢/ (w, 5™, 1)
({ooooo)
fort=1— B+6do
for s € {0,1}° do

&« arg max, (o3 ¢’ (2, 8™, 1)

dols | s €{0,1}°] «

Sprev(:L, Scur) I
) =

o1(z, s) = ([x
= ([z

cur) .

re[8°Y] <= sP*V (%, s
Bl - ¢ (2,5 1)
end for

CLlI')

end for
'« [000000]
{00oooo }
fort=DB —1do
8"+ riye[s’]
Gy < 81
end for
q < [q1,42, sl

00000 (viterbi 1967) 00000000000 O0OOOOOOODODODODOOOOOOOOOO
000000000000 gh00DODOCOOOO0OO0ODOCOO0OO0DODODOOOAlgorithm
jdo0gd0ooooooboobo ceybObObOODbObDODbDODObOODODODOODOODOOODO
gbobooboboobobooboboobooboobobooboboobobooo
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U1 gboboooooboooood

oo ASPEC | BTEC
aood En < Ja
Train | 2.00 M | 465. k
od Dev 1,790 510
Test 1,812 508
goooo v | 65536 25000

5 OO0

51 U000

000000 bO000Oo0000O00O0oO00bO0o0oDOO0o0oDDbOOo0OoDbOoOooDbOOoOooDooOag
000000000 ASPEC (Nakazawa, Yaguchi, Uchimoto, Utiyama, Sumita, Kurohashi, and
Isahara 2016) O BTEC (Takezawa 1999) 00 0 DASPECO OO 200 00 OBTEC OO OOODO
000bOOo0OOo0o0ooobOooooo100o0ob0o0o0b00obOooOoo0oobOOooboOooooo
gooobooboobooobooooboooobooooDoboobooboobobooobog
0000000000 000DO0OO0OO0O0O0O00d Moses (Koehn, Hoang, Birch, Callison-Burch,
Federico, Bertoldi, Cowan, Shen, Moran, Zens, Dyer, Bojar, Constantin, and Herbst 2007) O O
000 tokenizer.perl 10 I 0IOOODODOODODOOOOO KyTea (Neubig, Nakata, and Mori
2011) 000000000000 Moses 0OOODO lowercase.perl JO0OOOOOOOOOO
00000DbO0bOO0bOobOO0oDOooDoDOoooDOOooDOo v—-300ooooooooo vNk OO
ooooon

oooobooooooboooooobb00oU0 C++000oDbbOoOoboboboOoOoo
00000000000 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 2017a) 000000000
O0O0O0O 100 GPU (NVIDIA GeForce GTX TITAN X) OO00O0OOCOOOODOOOOOOO
0000000000000 0O GpUDO cPUDOODOODOODO

00000O0o00O0obO0o0oO0oOoOobOoo0DooboooOobOoOobOOoooDooooooonoo
O00000000000000000000000000000 U000 RNN (Bahdanau et al.
2014) 0000000000000 Luong 0000 Concat Global Attention 0 0O O (Luong
etal. 2015) 000000CO0O00ODOOOCOOOODOOCO RNNODODOOOOOOUO
000000 100 LSTM (Gers, Schmidhuber, and Cummins 2000) 0000000000
O000O00O0000O RNNOOODOOODO 30% 0000000 OODropoutd (Srivastava,
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000 Arthurl NeubigD O OGO OO goboooooooooboooooooooooon

U2 0gbobooooooboooon

oo oo ooooo
Softmaz 0000000000000 0 2(a)

Adaptive2-N | Head 000 NO 200000000000000000 |03000000000
Binary 0ooooooooo 0 2(b)

Hybrid-N 0000000000 NOOOOOO 03

Binary-EC | Binary 0000000000000 0 2(b),0 5
Hybrid-N-EC | Hybrid-N 00000000000000 03,05

Hinton, Krizhevsky, Sutskever, and Salakhutdinov 2014) OO0 0000000000 OOOOO
00000 Adam 0000 (Kingmaand Ba2014) 000000 Adam O00O0000O00O0OO
a=0.001,5=095=099,=1000000000000000000000 64000
0000000000000 0000000000000000000000 BLEU (Papineni,
Roukos, Ward, and Zhu 2002) OO0 O O00O0OCOO0ODO 1000 0000000000000000
000000DO0ODOO00bOO00O00bOO0oDOO00obO0oDOO0o0oDOOoDOOoOobOOoDoOoOooOOoooOn
0000000 BLEUOOOOO Nk ODOOOOOOOoDOO0OoOuwKOOOoODoooooo
000000DOO00OO00b00OO0o0bOO0ObOOo0ooOobOooooona

020000000000000000000DO0ODOD0OO0DDO0ODbOO0ObOD0ObOUObOOoDOoObOo
00000000000 DOO00bOO00bOO0ODODOO0O0DbOO00ODOO0ODODO NODOODDOOoOoo
00o00o00obOOoo0Ooobooo0obOOoo0bOobOo0obO0o 20b000DbOobDoOobOOobOoOon
(Grave et al. 2017) 00000000000 OOOODODOOOOOOOO

5.2 UOO4QOoodg

U300000 Test DUOUOODODOO BLEULUDODOOOOODOOOD BOOOOOOo4OOOO
000000 #,«.00000000000000000 #wegbO0O0doonooooonon
OD00000D00000 Softmex OO0DOODOODO 40000 -0000O0DODOOODO
gbbobobobobobobobobobobUob e 7yODbO0ODbODbODODOD 180,000
Uobobooooboboooobobio0o0oobDbodd Test UOUOOODO BLEUDOOOO
oboeb700000000CO000O0DOO0 BLEUOOOODOODOOOOoOoOooooboooo
Ub0000oooobobobOobbev 0000 BLEUDOOOOODODODODODO 50
O00O00 Test 0O0OD0OO BLEUODOOOO 3000000000000

5.2.1 0OO0OO
0000000 00bO0ob00o0OnDgnSeftmexr OODO0OODODOO0ODOODOOODOODOOO
oooobooooboboooobooooooboooooboooooOoooOog Softmax
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03 0000 BLEUDUOOODOOOODOOOO Softmer 0D DODOODO

oooo | ooo BLEU % B #ow | #wp Softmaz 0000
En — Ja Ja — En #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 2144 | — 65537 |33.6M 1/1.00 1.00

ASPEC | Binary 13.78 6.953 16 16 | 821k 1/4.10k 0.698
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 1226k 1/1.49k 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 1/314 0.707
Softmaz 47.72 45.22 — 25000 | 12.8 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 | 12.8 M 1/1.00 1.00

BTEC | Binary 31.83 31.90 15 15| 770k 1/1.67k 0.738
Hybrid-512 44.23 43.50 15 527 | 270. k. 1/47.4 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 | 1.07M 1/12.0 0.760

000007% 00000000000000000000000000000000000
0000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
0000000000000000000000000 OEV)0000000000000
000000 E0O000D0OO00O0D00000D0000000000000000000
HOOOO (000 O(E/H)=0(1)) 0000000000001 00000000000
000000000000000000000000000000000000000000
000000000000000000000000000000000000000000
00000 2200000000000000000000000000000000000
000000000000000000000000000000000000000000
000000000000000000000020000000000000000000
0000000100000000000
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000 Arthurl NeubigD O OGO OO goboooooooooboooooooooooon

U4 00OO0OOOODOOOO

OO0O0oo0O0O0 (En—Ja)
oooo (ooo Train [ms/00000)] Test [ms/0O |

(GPU) (GPU) (CPU)

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

ASPEC | Binary 711.2 73.08 122.3
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

Softmaz 325.0 34.35 3233
Adaptive2-512 397.4 29.00 129.7
Adaptive2-2048 387.8 29.19 128.4

BTEC | Binary 250.7 27.98  54.62
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

5.2.2 00O0OO

Binary 0 BLEUODOOOODOOODODODODOOODOODOODOODOOOOOOODOO
gobooobooboboboOo 3sgboboobooboobooboobbooboobbooboobooo
gobooooboobooboboboboobooboobooboboobo0bUdHybrid-N
O Binery-EC 00O Binegry OOODO0D0ODOOO0ODO BLEUOODOODODOOOOODDOOODO
o Softmer OO OD0O0OOO0ODOOODODOOO0ODOOODOOODOOODODOOOD
gboooooobobooobooboboobobobOobooobobOobooobOon Binary-EC
O Hybrid-512 000000000000ODOOCO 1/lo00doooooooogooooon
BLEU OODOOOOOOOOOoOOoOooobobooobobooooboboooooboooo
obobobOobOobOobOoboobooooo2b00b0b0obOobOnDg Hybrid-N-EC OOO
OO000D0O00000D0ob0O0oO0n0g Softmer OODOUODOOODOO BLEUDODODOOO
gbobooboboobobooboobooobobDoobobDoobobDoobOobDboOoD
oooooooooooooooooooooooooooooooooOoD BTECOOO
o0 Softmex OO0 0ODOODOODOOODODOOO0ODOODODOODOODOODOODODODODODODO
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35%
30%1
25%+
D 20%_
e h
10% ,, Hybrid-512-EC ~ -------- Hybrid-512
5% Binary-EC =~ -------- Binary
& Softmax
O% - T T T T T
0 30 60 90 120 150 180

ERFEA I =Ny FH (x1000)

0 6 180,000 0000000000 (ASPEC En — Ja).

O0b000ooouoDoooboob0oOobooOonoogU Adaptive2-N O Hybrid-N-EC O OO0
OO0ASPEC OO Adaptive2-512 0 Hybrid-2048-EC 00000 OBTEC OO Adaptive2-2048 O
Hybrid-2048-£CO00000000O0OO0OO0OO0ODOOOOOOOODOOOODOOOODOOODO
goooboooboobooboooobooboobooobobobDobooboobobobooboo
gboboobobooboboobobooboboobobooboboobOoboooD
gbooooooooboobobobobobooooooooDoboobooboboboboobo
oo0b0O00obOOo00bOo0oobOo0o0boo0oobooOOoUobOoOOoobooOOoOobOOooOO ASPEC
O0D0000000DbO0O0bo0oO0oOoOn Adaptive2-2048 O Hybrid-2048-EC 0000000
000000000 O0o00o0bOoOoBTECOOOODOODOODOOOODOO Softmex OO0
OO0000000000000O00Do0ooDOoOoDn Adeptive2-N DOODOOODOOODOOOO
00000000000 000Adaptive2-2048 00000000000 Softmez 000000
gboboobobooboboobobooboboobobooboboobobooD
obobooobooooo

5.2.3 0OOOO

04000000000000000000000 Softmez OODOODOODODOOODOO
Ooobooooobo ceubO0OOO0ODOOOODOO ASPECO 1000BTECO 50000
oboboobobooobobooobobooobobDoobobobooboboboobOobDbooD
ooboobooooboooooboooooooboooobDOobooogoD ceuboOoO
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000 Arthur NeubigD OO O OO 0od0bO00o0obOo0oOo0obobOooobooooooo

50%
45%
40%1 i

D 35%- b —

= L TR e an BT M
30%- hﬁfh“f#‘ ' SRR ARLE SIS I

S Hybrid-512-EC  -------- Hybrid-512
25% ' Binary-EC =~ -------- Binary
200/ .'I“f' ................ SOftmaX
0 . T T T T T
0 30 60 90 120 150 180

ERFEA I =Ny FH (x1000)

O 7 180,000 0000000000 (BTEC En — Ja).

gbobooboboobobooboboobobooboboobobooboboon
00000000000 DO000O00O0D0ObO0O0OUOD0ObDO0ODbDOn Adaptive2-N OO0
gooGpUOODOOOOOOODOOOOOODOOOOOODOOOOOODOODOOO
goooooboobbooooogooobbb bbb uooobobbbbooooo
OOoooooocpPUOODOODOOOODOOOSoftmex 00000000 Adaptive2-N O OO
goooooboobooooogoooobbb b oooobobbooooo
gbobobooooobobobobooooboboboooobobobOoooobooGrPU
gbobooboboobobooboboobobooboboobobooboboon
O0D0O0O0000D0O0ODOODO Adaptive2-512 00 Adaptive2-2048 000000000 0OO
gboboobobooboobo2b00b00bo0oboobobooobobooboboon
O (Grave et al. 2017)0

0000000000000 (Graveet al. 2017) OOO0O0OO0OODOOCOODOOODOOOOO
O0000 Adaptive2-N OO OOD0OO Softmex OO0 00000 0OOODOODOODOODOODOOO
gbobooobobooobobooboboooboboobobooobobooboboOooD
gbobooboboobobooboboobobooboboobobooboboon
gbobooobobooobobooobobooobobooobobooobobobooboboooD
gbobooboboobobooboboobobooboboobobooboboon
oot uouguuuouobboiblb byNet OO0 oooog
gboboobobooboboobobooboboobobooboboobOobooD
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50%

------ BTEC-Softmax
=——t——= BTEC-Hybrid

--------- BTEC-Binary

BLEU

------ ASPEC-Softmax
=——4— ASPEC-Hybrid

--------- ASPEC-Binary

0 8 Hybrid-NOOODO NODOOOOOOOO BLEUOOO (En — Ja).

gbobooobobooobobooobobooobobooobobooobobobooboboooD
gboboobobooboboobobooboboobobooboboobobooon
obobooboboooboboooboobooobobooobobobooboboboobOobbooo
gboboobobooboboobobooboboobobooboboobOobooon
gbobooboo400000000D0ODODOOOOOODODODODOODOODODODO
gboboobobooobobooboboooboboooboboooboboooboboooD
gbobooboboobobooboboobobooboboobobooboboon
gbobooobobooobobooobobooobobooobobooobobooobOobooD
OO0O0O0OO0O0000 (Neubig, Goldberg, and Dyer 2017b) 0 0 0 0000CO0O0OO0OO00O00OO
goboboboboboobobobobobobobobobbobOobobobobboboooo
Hybrid-NO Hybrid-N-EC 00000000 ODOOO0OOOOOODOOOOOOOODOOOn.
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