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Ü�, 4�, �jt: Äu�²1���V�c;�ï

ã 1 Äu�²1���ïV�c;

Figure 1 Bilingual lexicon induction from non-parallel corpora

ØL, duÅì�ÈXÚ3�5�²1��þÔö����J�k�Jp, 3�²1���^�

e, ��ÔöÅì�ÈXÚw�Ø��1. ¤±, ïÄ<
Ì�'5|^�²1���ïV�c;, �

ó�, Äu�²1��¼�c®?O��È�£. ã1´d?Ö�«¿ã. ��, ü«�ó�©�¿Ø

p��È, �Ù¥E,�3kd��c®�È�£�ø�÷, Xã¥�ÓôÚ�Ú¬éA�cé, �

´3���²1�^�e, d?Ö4ä]Ô.

V�c;Jøc®�Â�ª�ó�d&E,´�«��V�]. §Ø=´u<ó?6Ú¦^,

�éuNõª�óg,�ó?n?Ö�ék�Ï, ~Xª�ó&Eu¢ [1]!Åì�È [2]!ª�ó

I5Ý� [3]�. 3�ó]"y�|µe, �ø|^�V�]é�, V�c;~~´�êØõ��

«À�,�  �3X�þ$!5���¯K,k�$�ëù��V�]���vk. 3ù«�¹

e, |^�²1���ï!*¿!UõV�c;(Ú¡V�c;�ï) , Ï~´mÐ�Yª�óg,�

ó?n�7�Ú½.

2 �'ó�

V�c;�ï´��ïÄ{¤���È�ª�óg,�ó?n?Ö, 3þV"=kïÄmÐ.

ïÄg´�Nþ�±©�nÚ:

• 1�Ú, òü«�ó¥�z�cL«��þ;

• 1�Ú, �ü«�ó��þ�mïáéX, ���k�V��þ�m;

• 1nÚ, 3V��þ�m¥?1�é, ¼�V�c;.

31�Ú¥, @Ï��{��|^ü���þ�ÚOþXPMI���þL« [4, 5]. Cc5, ��

X�ÝÆS�ïÄ9�, Äu ²�ä�.ÆS���cL«(Ï¡c�þ) [6]��
2�A^. ù«

c�þL«��V�c;�ï��{�m
#�g´. äNó, c�þ3ù�?Ö¥�k±eü«

¦^�ª.

1�«�ª´òþã1�Ú¥��þL«�^Äu ²�ä�.�c�þ [7∼13]. ù«�ª
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¥I�Æ :&E�Æ

yinyue

wudao

music

dance

(b)(a)

yinyue

wudao

music

dance

ã 2 Hubness¯K

Figure 2 The hubness problem

±Mikolov�<3Google�¤�ó���L [7]: ¦�¦^word2vec [6]3ü���þÔö��c�þ,

�¤1�Ú, ��¦^��«fc;�¤1�Ú¥ü«�ó�þ�m�ïá.

1�«�ª´ò1�ÚÚ1�ÚéÜå5, ��Ôö ²�ä�.���k�V�c�þ�m.

ÔöL§¥�
éXü«�ó�c�þ�m, Ï~I�¦^V�iÒ&Ò, ù«iÒ&Ò�/ª�U

´�Ù?Oéà� [14], éf?Oéà� [15∼22], ½c?Oéà�(=«fc;) [23∼26]. ù«�ª
±Gouws�<3Google�¤�ó���L [19]: ¦�¦^éf?Oéà�²1��, ¿�²1éé�

þ!�céàb�, ±d��éXü«�óc�þ�m�iÒ&Ò.

�©òÌ�'5Äuc�þ�Ø¦^²1���V�c;�ï�{. �,#,�Äuc�þ�

�{4�/í?
V�c;�ï�ïÄ, �´3�ïL§����!E,�3k�)û�]Ô, �

)hubness¯K!�cõÈ¯K!V�iÒ&Ò"y¯K. 3�e5�13Ù¥, òäN0�ù
¯K,

¿�é5/0�Aéù
]Ô��Y.äNó,13.1Ù�éhubness¯K,13.2Ù�é�cõÈ¯K,

13.3∼3.5Ù�éV�iÒ&Ò"y, D���ÃiÒ�|µ.

3 ïÄSN

3.1 Äuearth mover’s distance�c®�È�é

ù°ó��éV�c;�ï�1nÚ¥�3�¤¢hubness¯K. 3ù�Ú¥, ·�®²¼�
�

k�V�c�þ�m, y3I�l¥¼�V�c;. ù�ÚÏ~´æ^�C��é�¤�: éu��

�óc�þ, 38I�óc�þ�m¥�é���C�c�þ���È(J. ,, �C��é~

~��Xã2(a)¤«�¯K. ã¥�«~V�c�þ�mÐ«
ü��ó¥©c�þÚü�8I�

ó=©c�þ, ©O^�¬Ú�:L«. �^�C�é�ó�“ÑW”Ú“Í�”?1�é�, �£�

�È(Jþ�“music”, d�“Í�”�È�Ø, “music”�¡�“hub”, ùÒ´hubness¯K [10, 11]. ù

�¯K3V�c�þ�m¥2��3, �du�C��é��þ´�«ÛÜ�ö�, ÏdØ�;�/

É�ù�¯K�K�.

XÛâU¼�Xã2(b)¤«��(�ÈQ? �
;��C��é�ÛÜ5, ·��Ä?1�Û�

����, ÙÄ�g��±/de¡�'�\±`². òã¥��:À�èæ, �¬À��É, §��

���Lèæ�NÈÚ�É�NÈ, ½ö`�A��. 3ã2�«~¥, ¤k��Ñ��. 3ù�

�½e, ·�F"^����N�d5£ÄèæW÷�É, �d´d£Äèæ�ålÚNÈ�¦È

ïþ�. �±��,ã2(b)¥��Þ=�L
ù�«~e��`£Ä�Y,ù��Y�Ð�±À�c
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Ü�, 4�, �jt: Äu�²1���V�c;�ï

qiche

chexiang

automobile

car

ã 3 Earth mover’s distance?n�cõÈy�

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

®�È�(J. l�*w, du“music”èæ¥�Yè®²�Ü^5W“ÑW”�É, §òØ¬�Z�“Í

�”�É,ld“dance”èæKIW÷“Í�”�É.l÷*w, �N£Ä�d���z¦�·��±�

Ä�Û�&E, l�Ñ�C��é�ÛÜ5, Aéhubness¯K.

þã'��L��Û����g�3êÆþ�±^earth mover’s distance (EMD)5¢y,§�¶

i�´5uþã�'�. ÙéAXe��55y¯K:

min

Vt∑
i=1

Vs∑
j=1

WijCij

s.t. Wij > 0

Vs∑
j=1

Wij 6 ti, i ∈ {1, ..., Vt}

Vt∑
i=1

Wij = sj , j ∈ {1, ..., Vs} ,

(1)

Ù¥, Vs�L�óc®L��, Vt�L8I�óc®L��, Cij�L1i�èæ�1j��É�m�å

l, ti�L1i�èæ�NÈ, sj�L1j��É�NÈ, Wij�`z¯K�ûüCþ, �Ll1i�èæ=

£�1j��É�YèNÈ, Ïd, 8I¼ê=���z�N�£Ä�d. ¦)�¤�, �"�Wij�=

�L1j��óc�1i�8I�óc�m�3�È'X.

3¢�¥, ·�uy, ¦^EMD?1c®�È�±��'�C��Ð��J [27].

3.2 Äuearth mover’s distance�Kz��cõÈ�.

�cõÈ��´���óc38I�ó¥�3Xõ«�U��È.�cõÈy�3g,�ó�

m´2��3� [28], ¢Sþ, 3ü«�ó�c®�m, $��U�3XE,�õéõ�éA'X.

¦+�cõÈy�é~�, �c�V�c;�ï�{Ï~3ï��Ø��Ä, ´ò¯K��{

z��é��È��/. 3�éc®�È�ã, XJI��£õ�c®�ÈÿÀ, K¦^KC��é,

��ÈÿÀêþKL¯k�½¿�´�½�. ��, �cõÈy��U��éÐ�?n.

3¦^EMD?nhubness¯K�, ·��uy§LyÑ?n�cõÈ�Uå: éuz��ó

c, §UgÄ(½�ÈÿÀ�ê8, Ø�KC�o´�£K��ÈÿÀ. ù��J�±lã3¥wÑ.

3ù�~f¥, ¥©c“ð�”�3X“automobile”Ú“car”ü�=©�È, “car”qéAX¥©c“ð
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…

cat

mat

fish

milk

…

…

鱼

牛奶

猫

花

…

ã 4 ÄuÛCþ�V����.

Figure 4 Bilingual matching model based on latent variables

�”Ú“��”. d�, XJ·��¥©c“ð�”Ú=©c“car”D�����, Xã¥�¬Ú�:��

�¤«, KEMD¦)��=�ã¥�Þ¤«��(�È(J.

c¡·�¦^EMD�,b½®²¼�
V�c�þ�m,òEMD^3V�c;�ï�1nÚ5

���C��é. �
U
�Ð/u�EMD?n�cõÈy��Uå, ·�JÑòEMDÚ\V�c

�þ�ÔöL§¥. 3Ôö�8I¼ê¥, EMD��Ù¥��±�K�/ªë�Ôö, ¦�Ôö��

�V�c�þU
�Ð/ÓP�cõÈy�. §��JÏL¢���
<y [29].

3.3 ÄuÛCþ�V����.

��5`, �
¼�V�c�þ�m, I�,«/ª�V�iÒ&Òrü«�óéXå5, ~^

�V�iÒ&Ò±«fc;�/ª�3. ¦+·�F"|^�²1���ïV�c;, �  E,I

�¦^V�], k��ÿ¦^þ�Ø�. ù�·�¦^�²1���Ð©´���, Ï�3]"

y�|µe, �ø|^�V�]�~k�, ùÒ´V�iÒ&Ò"y¯K.

éd, ·�F"¦�U~�éu«fc;��6, ½ö`, �½��5�k��«fc;, ·�F

"éÙ\±¿©|^, ¦�V�c�þ�mU
�Ð/ïáå5. ÙÄ�g�´ù��: Äk|^Ð

©«fc;�ü«�ó�c�þ�mïáÐÚ�éX,ù�L§���±ÚÑ�
#�������

Ècé, XJ�±òù
#��Ècé|^å5, AT�±�Ð/éXü«�ó�c�þ�m, l

�±ÚÑ�õ��Ècé, XdS�e�. 3«¿ã4¥, ¢��LÐ©�½�«f�Ècé, J��

Ld3��øu÷|^��Ècé. ·�òþã�{¥d3��ÈcéL«�ÛCþ, ïáå��Û

Cþ�., ÙÆSL§�±æ^EMª�S�Ôö, ù�L§TÐéAXþã��*�{. ·�òù�

�.¡�ÄuÛCþ�V����.. 3¢�¥, ·�uy, =^10|«f�ÈcéÒU¤õòü«

�ó�c�þ�méXå5 [30].

3.4 Äué|ÆS�ÃiÒV�c;�ï

÷XiÒ&Ò"y��Ý?�Ú�\, ·��Ä´Ä�U��Ø¦^?ÛV�iÒ&Ò, ==|

^�²1���ïV�c;. ùØ=é��"yV�]�$]�ó�m
ë�Ù¦�ó��U,

�V«
<a�óL«c®Vg�U�3XÊH(�. ¾�w, �kü«�ó�ü���, ��Æ

�V��c®'éq�´Ø�U�. ,, �e5·�òw�ù¢Sþ´�1�. Äk, ·�*	�e

ã5. ã¥¤«�Ü�ß�Ú=��c�þ´©OÕá/3�g�ó�ü���þÔö���, ØL

�±w�, ü«�ó�ü�c�þ�mLyÑCq�Ó�5, ù¿�X�3�5N�U
Cq/ë�
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Ü�, 4�, �jt: Äu�²1���V�c;�ï

caballo (horse)

cerdo (pig)

gato (cat)

horse

pig

cat

Spanish English

ã 5 Ü�ß�Ú=��ü�c�þ�m

Figure 5 Monolingual word embedding spaces of Spanish and English

ùü��m. c<ó� [7]|^«fc;5ÆSù��5N�, y3, ·�F"��Ø¦^V�iÒ

&Ò, ÏdI��O�«�{5ÆSù�N�, ù��{ØU�6u«f�Ècéù«?O�iÒ

&Ò. ·��(a5gu)¤é|�ä [31], rc�þ�ª�óN�ÆSï�¤��é|iZ.

ã6(a)Ð«
é|ÆS�Ä�(�. ã¥, �¬�L�óc�þ, �:�L8I�óc�þ. �

��.dp�é|�üÜ©|¤,=)¤ìGÚ�OìD. )¤ìGKIÆSéXü��ó�m��5

N�,§�8I´ò�óc�þN��8I�ó�m�,�8I�óc�þJ±«©. �OìDKI

�Oc�þ´d)¤ìGN��5�, �´ý��8I�óc�þ, §�8I´F"¦�U�OO(.

��,)¤ìGÚ�OìD�8I´p�é|�. ù��é|8I�±L«�minG maxD V (D,G)�/

ª, Ù�¼êV (D,G)�

V (D,G)

=Ey∼py [logD (y)] +

Ex∼px
[log (1−D (G (x)))] ,

(2)

Ù¥, x��óc�þ, px��óc�þÑl�©Ù, y�pyK�L8I�ó.

âd, �±�Ñ�OìD���¼ê�

LD = − logD (y)− log (1−D (Gx)) . (3)

�
{zÎÒ, ùp�Ñ���¼ê¥=k�é�ó�8I�óc�þ.

)¤ìG���¼ê�

LG = − logD (Gx) . (4)

d/ª��©/ªlog (1−D (Gx))k¤ØÓ, Ï�§�é�´Ôö.

XJÔö¤õ,)¤ìGÆ���5N�U
�Ð/éXü��ó�m,�OìD©a�O(Ç

K�$. ,, �Ï~�)¤é|�äaq, ã6(a)¤«�Ä��.Ôöå5��~(J. Ïd, ·�

�O
�X�U?��., Xã6(b)(c)¤«.

3ã6(b)¥, ·�Ø=F")¤ìG�Ð/ò�óc�þN��8I�ó�m, �F"§�=

�G>ò8I�óc�þN�£�ó�m,3ü��m¥�k���OìKI�O.ü��Oì�

��¼ê�caq, )¤ì���¼ê�

LG = − logD1 (Gx)− logD2

(
G>y

)
. (5)
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(b)

D1

0/1

G GT

D2

1/0

(a)

D

0/1

G

(c)

D

0/1

G GT

LR

~

ã 6 é|ÆS

Figure 6 Adversarial training

3ã6(c)¥, �óc�þ²d)¤ìGN��8I�ó�m�, qdÙ=�G>N�£�ó�

m, �ª�c�þA�Ð©��óc�þ¦�U�q, �q§Ý�d{u�qÝïþ. 3ù��.

e, )¤ì���¼ê�

LG = − logD (Gx)− λ cos
(
x,G>Gx

)
, (6)

Ù¥λ´²ï8I¼ê¥ü���ëê.

d	, ·��&¢
�'�ÔöEâ, ¦�ÔöU
^|?1. �ª, 3¢�¥, ·�¤õ¢y


Ø¦^?ÛV�iÒ&ÒéXü«�ó�c�þ�m,¦�üX�Äu�²1���V�c;�ï¤

��U [32].

3.5 Äuearth mover’s distance��z�ÃiÒV�c;�ï

c¡, ¡éÃiÒ/�ü«�ó�c�þ�mïáéX�¯K, ·�ÏLï�����*�é|

iZ\±)û. �e5, ·�}Ál�\êÆz��Ý?1ï�. ùØ=¦·��±l,���Ýw

�é|ÆS, ��ÃiÒéXV�c�þ�mJø
#��U.

¡éü�k�éX�c�þ�m,·��8I´Ïé���5N�¦ùü��m¥�c�þU�

Ð/éà, ��´Ø¦^«fc;. «fc;¥�¹�´c®?O�ª�óiÒ&Ò, �
;�¦

^ù«?O�iÒ&Ò, ·��Ä¦^c®L?O�OK5���5N��ÆS. �d, ·���{

´òc�þÀ�VÇ©Ù, ò©Ù�m�ål��c®L?O�OK. ù��ï��ª¦·��±�

Ä�«/ª�©Ùål. ¢Sþ, c¡é|ÆS��{��±�3ù�µeew�, Ï�é|ÆSÛ

ª/`z
Jensen-Shannon divergence [31]. �´éuc®�È�?Ö5`, �UkÙ¦�Ð�©Ùå

løÀJ. duearth mover’s distance (EMD)�´©Ù�mål��«Ýþ, ¿�c¡®²w�, §é

c®�È?Ö�~·Ü, ¤±·��Ä¦^EMD��c®L?O�OK5���5N��ÆS, =Ï
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G
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(
pG(x), py
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Ù¥pG(x)�L²LGN����óc�þ©Ù, py�L8I�óc�þ©Ù.

ØL, �9EMD�`z¯K¦)å5�ék]Ô, �d, ·��O
ü«�Y. 1�«�Y|^


WGAN [33],§�±À�`zEMD�GANC«;1�«�Y��òEMD�\þãúª(7),}Á?1

��`z. �ªuy, üö�(ÜU
½k�/��zEMD, é��A�N� [34].
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?Ø
c<ó�¥�3��
]Ô, ¿�é5/�Ñ
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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 bilingual lexicon induction, non-parallel corpora, bilingual word embeddings, cross-lingual natural

language processing, artificial intelligence
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