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FRREGA JtRATE9 B 10HREER | ERATEXE HE I B aAHS | ERXNARHG 1
iPhone 6s5iPhone 6s Plus , FiSHEEEHEE , FEIMAT 3D Touch EANRBMNAMERIA,

iPhone 6s56s Plus

IEANtETFRE , FERERHR LIERIMEL TiPhone 65f16s Plus , #riZBEREEE , MNLLCEIRY
R, SMRHLIHEE.

SAN FRANCISCO — September 9, 2015 — Apple® today announced iPhone® 6s and iPhone
6s Plus, the most advanced iPhones ever, adding a powerful new dimension to iPhone’s
revolutionary Multi-Touch™ interface. The new iPhones introduce 3D Touch, which senses
force to enable intuitive new ways to access features and interact with content. iPhone 6s
and iPhone 6s Plus feature Retina® HD displays made from the strongest glass on any
smartphone and 7000 series aluminum, the same alloy used in the aerospace industry, in
gorgeous metallic finishes that now include rose gold.
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Figure 1 Bilingual lexicon induction from non-parallel corpora
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Figure 2 The hubness problem

PLMikolov& N TEGoogle5E B TAE A [7]: A 1fF Fword2vec [6]7F BB 1AL LIl 215 2117 (7] &,
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R BRI T [14], A)TFENI T [15~22], 81 Xt 55 1 (RP A7l i) [23~26]). X770
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H3.3~3 5 RE R BME 5=, JI R e BRI 5.
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3 Earth mover’s distanceftIE—iAZiFIM K

Figure 3 The earth mover’s distance dealing with multiple alternative translation

TCRIRRRIE R, WA, T “music” EHEFR R+ L& 4 DR <5 R Y, B A SR T 5%
BE YU, AT EH “dance” -t ME 41 STIEH “ BRI SUIH. MZWE, BARRE s AR 1 s MU AR R AT T A%
R4 RIS B, AT S AR R AR A 4R R M, X hubness i 1.

AR Ee AR B 4 R AL L AR AE 2% B i] LA H earth mover’s distance (EMD) SRSZHL, ‘B4
FIEAE SRR T LR A LG rgy. T R R Fr 28 1 0Kl il R

Vi Vs
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Horp, VAARIE SIAER KD, VARE B ARE SIRIER KD, C RS A T HE S 28 NI 2 18] 1R
&, tARRER A L HERARR, o ACRF TR RIER, Wi AL A ) s A &, AR MR L HERS
5 A GURIE ARRR, Rk, H b ek B R0 i MU BRI RE S AN . SR SE RS, AEZHIW;, (B R
AR VRE R 5 5 HARTE 5 1A Z MR R A,

FESREE R, FATRIL, 8 I EMDBEAT 1] V88 12 AT ARG L SRl 41 SE 4 FRSCR [27].

3.2 HTearth mover’s distancelEN|{LH—17] % iFIEE

— W ZEARIE — NG AL B hRE S P EEE 2P R, 2 KA RRIEF L
(B2 ) 2 AFER) (28], SLbr b, FEPTFE 5 (IR (8], L2 nT REAE A B AR 2 0 2 1) B K &,

JE 1 Z BRI AR W, BT U ] )l J7 VA0 B AR AN AN T 5 R, T R 1) R L
% — BT EERE . AR SRR b B, W SR 75 R 0] 22 AN e R ek, A KT B A4k,
HE PR B B KU SE 48 € IF HAZ e . "I, — 18 2 B GOR RErS SR 47 1 AL 2.

14 FHEMDAL Blhubness i) @), FATIE RKILE R H AL —17 L2 RERE /. W TENEES
], ERE E S e BRIk A, T AVBR KT Q0 S 2 IR KA. XA R AT AN B3 A .
TEXANMTF 7, A SR YR 4R A FE 2 “automobile” Fl “car” BN UL SCRITE, 1 “car” XA B35 A TR 95,
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Figure 4 Bilingual matching model based on latent variables

ZEn MVZE R . B, G SR IATT SR YRR R SR “car” K BOK AR, 0 Pl o 7 oM B i (4K
N7, WIEMD SR % 2 Ja RIS & R i Sk s i) 1 i B 1 4 2R

A A FHEMDI, ABUE L3R4S 1 XUE ] ) 2 Ta), TR EMID AR XU ] LA S R 2 =20 ok
WAREGE AR AR, v 1 Ae 8 B AP R AR EMDAC B —id] 2 PRI R RE /7, AT LU EMD 51 A XU 1]
R YIZRd R . EIIZRE B R et EMDAE v Hh—T CLE N R 2 5l gk, 15012515 2
PRI 1] 1) 8 e A8 B A AR — 1] 2 PRI R BRI SEEG A3 31 T B [29).

3.3 ETREENIELARKRE

R, T RSO R [ AR, R SO S OUOE R ST A E SRR, W
AU S B A5 5 A3 St T SR A AN B A AR P AT TR B 00T 1A 3t (BAEAE TR 7R
FEFIXGE BT, A R R RIS AN, X5 BAE AR AT ER R RS 15 1, BUOAAE BTk
Z WA ECR, AR A0 SRR AT R, R R XU M 5 B = ]

Xttt B 1A B AT BE IR/ NS TR R A, BE U, 45— NIRRT BR KR TR i, 3RATIA
SN FIR AT 70 R RS, A4 003 1) 17 2 A e 6 S A g ar ok, A BRI AR A S A
R A SO AR PR ) A (R AL (R R, XA IR — AT LS| — 23 A O v FE
PR, 0 ST DLKEX L5 (0 B RO R TR, 12 mT DLBE B s AR P A T 5 R3] 1) B 1R, AT
FTELS] B 2 (B, AR &, R Ak, SRR 4 E RO TR RN, AR
FVGAL I P AR A P AR R X JRA DR R AR vh B AR B R 0 s AR AR B, L — MR
A E R ez S R AT BRI EM S A, XA ARG 10 N FR ) B ARE. JATRE A
BB T AR B R XUE VL ECAR R, fESEa T, BATAIL, ORI 10ZH A3~ 13 1] F Aot RE A8 LIt i A
B 5 I 7] B s (AR AR [30].

3.4 ETWMFINTEETIERLE

R INBE SR Z A DR, JAT55 A 15 AT RE 58 4 A AR T XGE B 5, (XA
FIAEPAT RGBT 1] . AN 56 42k = XU BEUR AR BEURE 5 11T 13 B AR 5 W] BE,
1M HIG R T ARG F Ros IS e SiRas . F—F, RAPIMIES K RiEER, HEy
FXCE FRNC OB ATRER. ST, 45 TORBATRE BIXSChr ERFATH. B, BATUE T
5. B A BTz 1) 7 HIE 2 5 AN SR 1 PR ] 17 R 20 ol O A 5 B i 5 I SRR R RNk e B, AT
R ULE B, PR 5 1K S 1] [ s (A R I DL ) (RS, X OR A A AR 2R MR R RE S I DLt % 12
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b caballo (horse) 1t horse
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Spanish English
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Figure 5 Monolingual word embedding spaces of Spanish and English

KA. BTN AR (7)) R b 1] SR 2 31X AN S g, T ILAE, JA1 19 B2 50 4 ANl 00 e
G, P BT — 7R SR AN WU, T IR AN 7 VA AN BEMR T8 1 1 X T A 8 a1 e B
B, AT RIEK B T A SO PUm s [31], HE10 F) & 1B 1E 5 WU 7 ] @R — XK.

Kl6(a) 7R 1 XL S ARG K. B, T PARERIEIE F i &, [ pRR B ARG S i 8. 8
MBS B AR B PSS AL, BIAE AR GRS AR D. A2 s G A 517 ST R I N8 5 S [ 4t
AT, B0 PSR 5 1 LW 8 E BRI 25 SR, 5 AR 2 R LA S S8 D 9 5%
9 R o A RS GRS AR 0, SR UL bl ol i, 190 b A SR
AL, AR AR GRS 25 DI H A e FARXHURY. XA T H AR A AR 7R Nming maxp V (D, G)HITE
X, HERHV (D, G)NH

V(D,G)
=Eyp, [log D (y)] + (2)
E,np, log (1= D (G (@)
S, R i R, p, SR 2 ) BRI A, 5 p, MR A5 o
P, LA 0 3 DI R RN

Lp = —log D (y) —log (1 - D(Gx)). 3)
N T AT S, XS H B4R R A — X ETE F 5 HARE S A &
A AR G AT R BN
Lg =—log D (Gx). (4)

TR R Rog (1 — D (Gx) B FIAE, RS A 5 Il Z5.

WRINGRER T, 2B A G 31 R 2R P S 8 4% S ey Hb T R A1 35 2 1), 177 48 01 88 D7 SR HERf R
MIASEA. SRTHT, 5385 (1 A B B 28 28400, 16 (a) T B BE AR LI Gt Skt B TR . [RIE, 3RAT]
Wit 7 — R AN S A, K6 (b) () Fis.

FEE6(b)H, AT A A R A G I MK JRE 5 17 1) B 1) HARIE 5 2510, I8 e
BGT W HARE S i [m) s R EE 2, A S A S — AN A ST L AR ER I
K BRI L, T AR RS B4R BRI

Lg = —log Dy (Gz) —log Dy (Gy). (5)



R (S R

0/1 0/1 0/1
t ¢ ¢
D D, D
m e ® m e ® m e ®
[ el
G G GT G GT
1 KN I S
o'} " u® e a
i
D,
v
1/0

@) (b) ©

6 IHE>

Figure 6 Adversarial training

FEE6 (), J5TE 5 i 10 B2 AR AR G B HARE 5 B fE, XHHEEGT S RIJEE 5+
], 5 24 B ] i) 2 S 5 A0 AR B YR TS 5 i) 1) R AT REARARL, ARADURE B2 W] e R o2 AR A T i /R XA
T, AR R RN

Lg = —log D (Gx) — Acos (z, GTGa:) , (6)

Forp O T A el b I RS A

HEAh, FATIERZR 7 AHREIINGREOR, MV ZRREIMIBEAT. B2, LI, TATRIIEI 1
ANASE P A X B 15 5 Bk 2R P AR T 5 X)) 1) 4 ) A1 B Al P 3 T AR AT TR B XU 1] AL Sl R
NFTRE [32].

3.5 HTearth mover’s distancefx/MELE LIS BENE R HEE

HTHT, THD6S TG M B R RS 5 119 1] 1] o 22 A) NI 2 10 1) R, AT Tl i A — AN L IR e
WML e, 2ok, AT TN A BE AT . XAME AT A — AR
REXTPLE ], R T MBI 2 003 1] [ 1 2 R 3L 1738 F T .

TR PR A A A B 2R P 1] [ 25 ), FRATTY B b 4R — S P B A 79 A2 T o ) ] ) B B A
T i 5%, 17 PR ) AN R . 3] L B ) R TV O S IR BME S, N T Rl
FHIZ A 3 () M5, FRATT 5 AT ARV R G0 B HE R Fa T 2 MR RS (1) 2 =) Rk, FRATTAG AR
e N1 ) S AN 50 A1, K 43 A 2 TR PR P B 1 SR il Y 3R R PR v U 3 1) By A R ATT T LA
FEEMIE R MRS, SR b, 3 iuas I 7 vE AT DUSHE X MESE R B fF, X HLas 2] e
AR AL T Jensen-Shannon divergence [31]. {H7&%F TRV FH R4 55 K UG, AT R HoAth 55 4 (1 73 A bR
EALIERE. i Tearth mover’s distance (EMD)tH /2707 2 [BIEE S 1 —Fh &, - Hiri &g 2, ext
WCRI SSRGS, T AFRAT 2 s FH EMDAE Al 2 200 (1) HE W K45 T 2t Bt 1) 2% 21, RIS

7



AR, RIVE, FNSERA: JE T ARTAT TR R XS 1] S 2

Chinese embeddings
A gou A
ma n G horse
[ | ==
- S
N N dog
mao \ ma
. | - \4
v gou
4 horse
[ ]
dgg kitten
kitten L
cat ¢ mao
English embeddings " English and transformed Chinese embeddings

7 Earth mover’s distancefgz/M{F 3]

Figure 7 Learning by earth mover’s distance minimization

AW G, ARG 5 2T W 5 BIA A B 04 5 H AR TE 5 093 17 B Al 2 (8] FEMD S /Mb, 4
K7TR R 830 4 A0RT LR 7S en R R 3

mgn EMD (pg(m),py) , (7)
Horbipe o) REBELIE GO J5 1 IEE 5 1A [R5 50 A, py AR H FRIE 5 1] A 2 70 A
AN, W REMD IR AL ] R A L R ARG BRAR, ik, AT T WM TR, 2B —Fhor £F A
TWGAN [33], & A IR EMD FIGANAR F; 28 —Fpy Z HEHEMDARN FIR AR (7), ikt 47
B, BRI, W 4G Re A8 1A At i /IMEEMD, $%EAH B (S [34].

4 BE

FEASC R, BATIORIE R 1)U, an el M Y AR 18 5 AP AT T RRBUATC 00 B R R1iR. Al
e T AT AR AF R — 2e bk, JREEXT S Y 1 e T S T AR T AT TR R 0 A i AR
PR, SXAME ST AR K BIEE T A5 18], 1008 R RCR I B8 R 9 i1 5 AR B2 T I R SRR B = 37
st oRFE.

SE

1 Levow G A, Oard D W, Resnik P. Dictionary-based techniques for cross-language information retrieval. Information

Processing & Management, 2005.

2 Och F J, Ney H. A Systematic Comparison of Various Statistical Alignment Models. CL, 2003.

3 Tackstrom O, Das D, Petrov S, et al. Token and Type Constraints for Cross-Lingual Part-of-Speech Tagging. TACL,
2013.
Rapp R. Automatic Identification of Word Translations from Unrelated English and German Corpora. In: ACL. 1999.
Gaussier E, Renders J, Matveeva I, et al. A Geometric View on Bilingual Lexicon Extraction from Comparable
Corpora. In: ACL. 2004.



HERFE 5 R

10

11

12
13

14

15

16

17
18

19

20

21
22

23
24

25

26

27

28

29

30

31

32

33
34

Mikolov T, Sutskever I, Chen K, et al. Distributed Representations of Words and Phrases and their Compositionality.
In: NIPS. 2013.

Mikolov T, Le Q V, Sutskever I. Exploiting Similarities among Languages for Machine Translation. arXiv:1309.4168
[es], 2013.

Faruqui M, Dyer C. Improving Vector Space Word Representations Using Multilingual Correlation. In: EACL. 2014.
Lu A, Wang W, Bansal M, et al. Deep Multilingual Correlation for Improved Word Embeddings. In: NAACL-HLT.
2015.

Dinu G, Lazaridou A, Baroni M. Improving Zero-Shot Learning by Mitigating the Hubness Problem. In: ICLR
Workshop. 2015.

Lazaridou A, Dinu G, Baroni M. Hubness and Pollution: Delving into Cross-Space Mapping for Zero-Shot Learning.
In: ACL-IJCNLP. 2015.

Ammar W, Mulcaire G, Tsvetkov Y, et al. Massively Multilingual Word Embeddings. arXiv:1602.01925 [cs], 2016.
Smith S, Turban D, Hamblin S, et al. Offline bilingual word vectors, orthogonal transformations and the inverted
softmax. In: ICLR. 2017.

Vulic I, Moens M F. Bilingual Word Embeddings from Non-Parallel Document-Aligned Data Applied to Bilingual
Lexicon Induction. In: ACL-IJCNLP. 2015.

Zou W Y, Socher R, Cer D, et al. Bilingual Word Embeddings for Phrase-Based Machine Translation. In: EMNLP.
2013.

Chandar A P S, Lauly S, Larochelle H, et al. An Autoencoder Approach to Learning Bilingual Word Representations.
In: NIPS. 2014.

Hermann K M, Blunsom P. Multilingual Distributed Representations without Word Alignment. In: ICLR. 2014.
Kocisky T, Hermann K M, Blunsom P. Learning Bilingual Word Representations by Marginalizing Alignments. In:
ACL. 2014.

Gouws S, Bengio Y, Corrado G. BilBOWA: Fast Bilingual Distributed Representations without Word Alignments. In:
ICML. 2015.

Luong T, Pham H, Manning C D. Bilingual Word Representations with Monolingual Quality in Mind. In: Proceedings
of the 1st Workshop on Vector Space Modeling for Natural Language Processing. 2015.

Coulmance J, Marty J M, Wenzek G, et al. Trans-gram, Fast Cross-lingual Word-embeddings. In: EMNLP. 2015.
Oshikiri T, Fukui K, Shimodaira H. Cross-Lingual Word Representations via Spectral Graph Embeddings. In: ACL.
2016.

Gouws S, Sogaard A. Simple task-specific bilingual word embeddings. In: NAACL-HLT. 2015.

Wick M, Kanani P, Pocock A. Minimally-Constrained Multilingual Embeddings via Artificial Code-Switching. In:
AAAL 2016.

Duong L, Kanayama H, Ma T, et al. Learning Crosslingual Word Embeddings without Bilingual Corpora. In:
EMNLP. 2016.

Shi T, Liu Z, Liu Y, et al. Learning Cross-lingual Word Embeddings via Matrix Co-factorization. In: ACL-IJCNLP.
2015.

Zhang M, Liu Y, Luan H, et al. Building Earth Mover’s Distance on Bilingual Word Embeddings for Machine
Translation. In: AAAIL 2016.

Resnik P, Yarowsky D. Distinguishing systems and distinguishing senses: new evaluation methods for Word Sense
Disambiguation. Natural Language Engineering, 1999.

Zhang M, Liu Y, Luan H, et al. Inducing Bilingual Lexica From Non-Parallel Data With Earth Mover’s Distance
Regularization. In: COLING. 2016.

Zhang M, Peng H, Liu Y, et al. Bilingual Lexicon Induction From Non-Parallel Data With Minimal Supervision. In:
AAAL 2017.

Goodfellow I, Pouget-Abadie J, Mirza M, et al. Generative Adversarial Nets. In: NIPS. 2014.

Zhang M, Liu Y, Luan H, et al. Adversarial Training for Unsupervised Bilingual Lexicon Induction. In: ACL. 2017.
Arjovsky M, Chintala S, Bottou L. Wasserstein GAN. arXiv:1701.07875 [cs, stat], 2017.

Zhang M, Liu Y, Luan H, et al. Earth Mover’s Distance Minimization for Unsupervised Bilingual Lexicon Induction.
In: EMNLP. 2017.



ek, XIVE, MPEHA: 2T AT R RN Sk 2

Bilingual lexicon induction from non-parallel corpora

Meng ZHANG 23, Yang LIUL23" & Maosong SUN'2:3

1. Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China;
2. State Key Laboratory of Intelligent Technology and Systems, Tsinghua University, Beijing 100084, China;
3. Tsinghua National Laboratory for Information Science and Technology, Tsinghua University, Beijing 100084,

China

* Corresponding author. E-mail: liuyang2011@tsinghua.edu.cn

Abstract In cross-lingual natural language processing, the lack of parallel data is a serious problem. However,

this is rather common in scenarios with scarce language resources. In this case, better utilizing translational

equivalence encoded in non-parallel corpora becomes more important. Due to the non-parallelism of the corpora,
acquiring translational equivalence is faced with the challenging problem of small data or unsupervised learning,
and the result usually takes the form of a bilingual lexicon. Not only is this an important research problem in the

field of artificial intelligence, but it also has great application value in scenarios with scarce language resources.

This paper introduces a series of our work to address problems in prior research, exploring how to obtain better

bilingual lexica with non-parallel corpora from various perspectives.

Keywords Dbilingual lexicon induction, non-parallel corpora, bilingual word embeddings, cross-lingual natural

language processing, artificial intelligence
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