
���������
	���������������
	������������! ��#"%$'&(��	
) �
	!�+*,��&-*+./�0�1�12� 3�4���5���������& ) �
	!�!6%�56%�1$!�

7�8#9�:<;>=?8A@CBCDFEHGJI

KMLCNPORQTSVUWSVXHSVY�Z�U\[]Y>O

^5_a`cbcd�egf-bihkj�l Y>mVY�U\Q+n�opUrqHY![in�mVU\Y>Sts�L-uHQTSvnJSVU\QTSVU\wxn-y{z
Y>S l L{qHQ|n-}R}Hy\UrYcq1SVLM~+nJm�S��
LJu��t�A}<YcY>w l4� ~aL]�R��Svn-�-�iU\OR�A�aS l n�S�n-Q�Q�L(wcUrnJSVY5o�LJmvqHQ�UrO�n�SVY>�{S�SVL�S l YcUWm�wcL-m�mVY��
Q�}<L-OgqHU\OH�0~aL]�?� j�l Y�z�n��tL-mVUWSts�LJu�S l LiQ�Y�z
Y>S l L{qHQ�n-ORn-yWsAQ�Y�n��R�AYxq?��Q�z�nJy\y
OHYcU\� l{� L-m l L(L{q4L-u�o�L-mvqHQ5U\z
}<LiQ�U\OR��Q�Liz
Y/u�LJmVz�L-u��/n�mV�]L�[�mVYcQTS�mVU\w>SVU\L-O|��NPO
S l UrQ�o�L-mV��o�Y�U\z
}Ry\Ycz
YcO(S�n-ORq�wcL-z
}gn�mVY�n��R�AYxq�y\YcOR�JS l�l UrqHqHYcO��/nJmV�iLJ[
z
L{qAYcy ��� �#�#��opUWS l n/[in�mVUFn � y\Y5yrY>OR�-S l �/n�mV�]L�[�w l n-U\O ����  �#¡¢��£¤S l Y�yrnJS��
SVY>mMU\Qc�gU\O#}HmVU\OHwcU\}Ry\Yi�gwcn-}gn � y\Y�L-u¥qHY�SVYcw>SVU\OR�
y\LiOH��qHU\QTSvn-OHwcY�qHYc}<Y>OgqHY>ORwcU\YcQc�H¦�Y
Q l L�o§S l nJS�S l Y ��  �#¡¨z
L{qHY>y¥}<Y�m�u�L-mVz
Q � Y�S�SVY>m�UrO©SVY>mVz
Q1L-u¢n-wcwcXAmvn-w>s�n-ORq
nJyrz
L-QTSªYx«(Xgn-y\yWs5U\O�SVY>mVz
Q¢LJuaSvn-�-�iU\OR�CSVU\z
Yi�HnJyrQ�L�qALiU\OR��[]Y>m�s�o�Y>yry,U\O�S�mvnJUrOHU\OR�
SVU\z
Yi� � L�o�Yc[]Y>mx�?S l Y ��  �#¡�z
Y>S l L{q�nJw>SVXgnJyryWs�u�nJU\yrQ1SVL�wxn-}ASVXHmVY�mVYcn-y\yWs%y\L-OR�
qAUrQTSvnJORwcY�qAYc}<YcORqHYcOHwcU\YcQc�gnJOgq�o�Y�n-ORn-yWsAQ�Y1S l Y�mVYxnJQ�LiOHQªu�L-mªQ�XRw l�� Y l nx[AU\L-XHmx�

¬ R®ª¯<°?±1²�³�´¤¯?µV±ª®

9�I�GJ¶/·?D�@�D�¸�¹A·?·?@>8H¹H¸c=�;�8�7�¹{;�:?@c¹{º�»¥¹AI?¼A:,¹A¼AG�½p@�8<¸JG-¾>¾vD�I?¼0¿P7�»¥½MÀk¾v:,¼A¼AGi¾V;c¾�;>=,¹(;kÁ�G
¸J¹{I/º�G-¹A@�I�;�=?G�¸J8A¶/·?º�D�¸-¹(;>G-Â/¹{I,Â�G�Ãg;>GJI,¾�DFEHG�¾V;>@�:|¸x;�:,@�G�8{Äaº�¹{I?¼H:,¹{¼HGMÅgÆ�¾�G-¹A@>¸c=,DFI?¼k¸�8H¶�Ç
¶�8HI0·|¹(;v;>GJ@>I,¾
D�I0DF;>¾�:,¾vGHÈÉD�Â<GJIR;�DFÊ,GiÂ0EgD�¹�½p@�8HÅ,¹{Å,DFº�Dr;VÆ0Ë�=?GJ8H@�ÆHÌaË�=,D�¾
º�G-¹HÂ?¾C;�8�·?@>8AÅ?Ç
¹{Å?D�ºFD�¾v;�D�¸/¶�8<Â<G-º�¾k8AÄ�º�D�I?¼A:?D�¾v;�D�¸/·?=?GJI,8A¶/GJI,¹�Á1=?8R¾vG/·,¹A@>¹A¶/G�;�G-@>¾k¹A@�G/D�I,Â<:,¸JG-Â�ÅgÆÍ;�=,G
¹{·?·?º�D�¸J¹(;>DF8HI%8AÄ�¾v;>¹{;�D�¾V;>D�¸-¹{ºÉ¹{I|Â%¶#¹H¸c=?DFI,GCº�G-¹A@�I,DFI?¼�¶/G�;>=?8<Â?¾JÌ

Ë�=?D�¾�Á�8A@>ÎÏ¸�8HI,¸�G-IH;>@>¹{;�Gi¾%8HIÏÐ,Ñ(ÒxÓtÔvÕVÖcÔT×tÐ,Ø>ØcÙcÚÛÑ(ÜaÑ(Ý\Þ]×xß�×xÈ�;>=,¹(;�D�¾JÈ�¹{;v;>@�D�Å?:<;>DFI?¼�;>8
ÁM8H@>Â?¾©DFIà¸�8HIH;>G�Ãg;�;�=?G-DF@�¸�8H@�@>G-¾�·|8HI,Â<G-IH;%·,¹{@�;vÇT8{Ä�Ç�¾v·¤GJGi¸c=á¿â½�8Rã,À#;c¹{¼,Ì1ãgG-EAGJ@c¹{ºk¸�8H¶�Ç
·?:<;>¹{;�D�8AI,¹Aº?º�DFI?¼H:?D�¾V;>D�¸M;>¹H¾vÎ<¾¢Å¤GJI,G�Ê?;¢Äâ@>8A¶ä¾v:,¸c=#¹AI,¹{º�Æ<¾vD�¾JÈ(¾�:,¸c=#¹A¾�·,¹A@>¾�D�I?¼,È{¹A:<;�8H¶/¹{;�D�¸
;�@c¹{I,¾�º�¹{;�D�8AIÉÈg¼H@>¹A¶�¶#¹A@�¸J8A@>@�Gi¸x;>DF8HI%¹{I|Â©D�I<Äâ8A@>¶#¹(;>DF8HI%GJÃR;>@>¹H¸x;>DF8HIÉÌ

åÍ¹{IgÆ�Á�8A@cÂ?¾C=,¹]EAG�¶�8H@�G�;>=,¹{I�8AI?G�·¤8H¾>¾vD�Å?º�G�½�8gã�;c¹{¼,ÈaÁ1=?D�¸c=�D�¾
Â<D�¾>¹{¶5Å,DF¼H:,¹(;>G-Â
ÅRÆÍ;�=?G�¸J8AIR;�GJÃR;
D�I4Á1=?D�¸c=0;�=,G-¾�G�Á�8A@cÂ?¾C8<¸J¸J:?@-ÌÉæ�8(ÁMG-EAG-@-ÈaGJEHGJI�Á1Dr;>=�¸J8AIR;�GJÃg;�:,¹Aº¢DFI<Ç
Äâ8A@>¶/¹{;�D�8AI�¾v8H¶/GCÁ�8A@cÂ?¾�@>GJ¶#¹{D�I�¹A¶5Å?D�¼A:,8A:,¾-Ì

ãgGJEHGJ@c¹{º,¸J8A¶/·?:<;c¹(;�D�8AI|¹{º|¹A·?·?@>8H¹H¸c=?G-¾¢:|¾vGC¾V;c¹(;�D�¾v;�D�¸J¹{º¤¶/G�;>=?8<Â?¾p;>85¶/8<Â<GJº¤@>GJº�¹(;�D�8AI|¾
Å|GJ;VÁMG-GJIÍÁ�8A@cÂ?¾-È<;>¹A¼H¾�¹AI,Â�¸�8HIR;�G�Ãg;c¾JÈ|Á1=?D�¸c=0¹{@>G
I?8A@>¶#¹{º�ºFÆ�¸�8H¶�·,:<;�GiÂ�ÅgÆ%G-¶�·,ºF8(ÆgD�I?¼
¾v8H¶�GCÄâ8H@�¶ç8AÄ�¾�:?·¤GJ@>EgD�¾�G-Â%ºFGi¹{@>I?D�I?¼5Äâ@>8A¶è¹�¶#¹AIR:|¹{º�ºFÆ#;c¹{¼H¼AG-Â�¸�8H@�·,:,¾JÌ

9Û;�@c¹AÂ?Dr;>DF8HI,¹{º�ºFÆ�:,¾�G-ÂÍ¶�GJ;�=?8<Â�D�¾�;�=?G/æ�D�Â?Â<G-I0åÍ¹A@�ÎH8(E%å�8<Â<G-º�¿Pæ�åÍå0À5é�êxëTÈ¤;�=,¹{;
;>¹{¼R¾#¹�ÁM8H@>Â�¼AGJI,GJ@c¹{º�ºFÆ�ÅgÆ�¹AI,¹{º�Æ<¾vD�I?¼0;�=?G�;c¹{¼R¾�8AÄ�;>=?G�;VÁ�80·?@>GJEgD�8A:,¾/Á�8A@cÂ?¾-Ì¢Ë�=?D�¾
¶�GJ;�=?8<Â�Á�8A@>Î<¾�ìR:?DF;�G5ÁMG-ºFºtÈ,¸�º�¹A¾>¾�DrÄâÆgD�I?¼#¸�8A@>@>G-¸x;>ºFÆ#¶/8H@�Gk;>=,¹{I�íAîgïð8AÄ!;>=?G
ÁM8H@>Â,¾�8{Ä¢¹
½�8H@v;>:?¼A:,G-¾�G�¸J8A@>·?:,¾-ÌaË�=,D�¾k@>GJº�¹(;>DFEHGJº�Æ�¼A@>G-¹(;
¹A¸-¸�:?@c¹A¸JÆ�D�¾�Â?:?G�;�8�;�=?G/Äñ¹H¸x;k;�=|¹(;
¶/8H¾v;
¸�8AIR;>G�Ãg;�:,¹AºªÂ<G-·|G-I,Â<GJI|¸�D�G-¾
D�¾�¾�=?8A@�;5Â<D�¾V;c¹{I,¸JG-Â+È¥¾�8�;�=,¹{;�òV:,¾v;�;�=,G/;VÁM8�·?@>GJEgD�8A:,¾C;c¹{¼R¾
¸J¹{I0Â<G�;>GJ@>¶�D�I?G5;�=?G�;>¹A¼©8{Äª¹©ÁM8H@>ÂÉÌ¤ó�:<;k¸�8AI|¾vD�Â<GJ@>D�I?¼#;�=|¹(;C;�=?G�;>¹A¼A¼AD�I?¼�¹H¸J¸�:,@>¹H¸�Æ�8{Ä
¾vG-EAGJ@c¹{º�GJÃgD�¾v;�D�I?¼�ºFD�¶/Dr;>G-ÂgÇ�¸�8HIR;�G�Ãg;
¶/G�;>=?8<Â?¾�=,¹]EHG�·,@>¹H¸x;�D�¸J¹AºFº�Æ�¸J8AIgEAG-@�¼HG-Â�;>8Í¹�E]¹AºF:,G



DFI<ÄâG-@�D�8A@�;>8Ïê����gï�¿
∼
í��Aï�ÀxÈ¢¹{I�G�Ãg;>@>¹�·¤8A@�;�D�8AI�8AÄCG���¸�D�GJI,¸JÆ�¸�8H:?º�Â�Å¤G�@>G-¹H¸c=?G-Â�Â<G�Ç

EAGJº�8A·,DFI?¼%¶/G�;�=,8gÂ,¾�;>=,¹(;�¸J8AI,¾�D�Â?GJ@CºF8HI?¼AG-@�Â<D�¾V;c¹{I,¸JG�Â?GJ·¤GJI,Â<G-I,¸�D�G-¾-ÌÉæ�8(Á�GJEHGJ@iÈ|Â<:,G5;>8
Â?¹(;c¹%¾�·,¹{@c¾�GJI?Gi¾�¾-È¤¸J8AIR;�GJÃg;>¾CÁ1Dr;>=�¾vD��JG�¼A@>G-¹{;�GJ@�;�=|¹{I0;VÁM8�¸J¹AI0=,¹A@>Â?ºFÆ�D�¶/·?@�8(EHG�¹H¸J¸�:?Ç
@>¹H¸�Æ58HI/;�=?Gi¾vG�¶�GJ;�=?8<Â?¾-ÈH¾�D�I,¸�G�¾�GJEHGJ@c¹{º?¸J8AIR;�GJÃR;c¾p8<¸J¸J:?@p8HI?ºFÆ�8AI|¸�G1D�I#;�=?G�¸�8A@>·?:,¾-ÈA¹AI,Â
;�=?G-@�GJÄâ8A@>G5¸J¹AI?I?8{;C¸J¹{·?;�:?@>G5¹{IgÆ�Â<GJ·¤GJI|Â<GJI,¸JÆAÌaË�=?D�¾�¸-¹{I�Å¤G�¾�GJGJI�G-EAG-IÍÁ1Dr;>=�¸�8HIR;�G�Ãg;c¾
8{Ä!¾�D	�-GC;VÁM8|ÈR¹H¾�¾�=?8(Á1I%DFI©;�=?Gk@>G-¾�:?ºr;c¾k¿PãgGi¸x;�D�8AI�
RÀ�Ì<å�8A@>GJ8(EHGJ@iÈ{;�=,G�;>DF¶/GkI?Gi¸�G-¾>¾>¹{@>Æ5;>8
;�@c¹{D�I�¹#æ�åÍå ¶/8<Â<GJºtÈ?;>=,¹(;�D�¾JÈ,;�8�¸J8A:?IR;�¹{I|Â©;>8©¸J¹Aº�¸J:?º�¹(;�GC;>=?G�·?@>8AÅ,¹AÅ?D�ºFDF;�D�G-¾18AÄ!;c¹{¼R¾
DFI�¸�8HIR;�G�Ãg;iÈÉD�¾�:,¾v:|¹{º�ºFÆ�;�8g8�º�¹A@�¼HGAÈaÁ1DF;�= ¹{I4GJÃg·¤8AI,GJIR;�D�¹{º¢¼H@�8(Á�;>=08HI0;>=?G#Ig:?¶5Å¤GJ@58{Ä
ÁM8H@>Â?¾M¸�8HI,¾vD�Â<G-@�GiÂ/DFI©;�=?GC¸�8AIR;>G�Ãg;-ÌgË�=?GC8{;�=,GJ@ª¶/GJ;�=?8<Â�Á�G�¾v;�:|Â<Æ#D�¾�p¹{@>D�¹{Å?º�G�»ÉG-I?¼{;>=
åÍ¹{@>ÎA8(E��M=,¹ADFI,¾
¿���»!å���ÀxÈ,¹AI,Â�ÁMGk:,¾�GkDr;1;>8�;�@>Æ#;�8#¸J¹A·<;�:,@�G��(Ñ(ÒxßñÑ��JÝFØ�º�8AI?¼/Â<D�¾V;c¹{I,¸JG
Â<GJ·¤GJI,Â?G-¸�D�G-¾-ÈR;�=g:,¾�8(EAG-@>¸J8A¶/D�I?¼
;�=,G-¾�G�·?@>8AÅ,ºFG-¶/¾�¹{I|Â#@�Gi¹A¸c=?D�I?¼5;�=,¹{;�GJÃR;>@>¹5G���¸�D�GJI|¸�ÆAÌ

Ë�=?D�¾�ÁM8H@�Î%·?@>G-¾�GJIR;>¾�¹©¸�8A¶/·,¹A@�D�¾�8AI�Å|GJ;VÁMG-GJI�;VÁ�8�¶/G�;�=,8gÂ,¾�¹{·,·?ºFD�G-Â�;�8�½�8Rã%;c¹{¼AÇ
¼AD�I?¼Í8{Ä1½�8A@�;�:,¼A:?Gi¾vG��+;�=?G�¸�º�¹A¾>¾vD�¸J¹AºFº�Æ�:|¾vGiÂ�æ�åÍå�¶/GJ;�=?8<Â+È�¹{I,Â�;>=?G©I,8{;�¾�8ÍÎgI?8(Á1I
��»¥å��§¶/GJ;�=?8<Â+Ì��T;�¹{º�¾v8#·,@�Gi¾vG-IH;c¾�¹#¾v;�:,Â<Æ�¹{Å¤8A:?;�;�=?G�;�@>G-¹(;>¶/GJIR;�8{Äp¾�=?8A@�;-È,¹]EHGJ@c¹{¼HGAÈ
¹{I,Â©ºF8HI?¼�Â?D�¾v;>¹AI,¸�GkÂ<GJ·¤GJI|Â<GJI,¸JDFGi¾�DFI%;�=?Gkó�@>¹��JD�ºFD�¹{I©½�8H@v;>:?¼A:,G-¾�G�Á1=?G-I%:,¾�D�I?¼��C»¥å���Ì
�0G�8AÅ<;c¹{D�I?G-Â�¹A¸J¸J:?@c¹A¸�Æ�@>G-¾�:?ºr;c¾�EHGJ@>Æ�I,G-¹{@�;�=?G�Å¤G-¾v;C8HI?G-¾�@�G-·|8H@v;>G-Â�Äâ8H@�½�8A@�;�:,¼A:?Gi¾vGHÈ
¹{I,ÂÍ¹Aº�¾�8�Á1DF;�=�;>@>¹ADFI,DFI?¼�¹{I,ÂÍG�Ã<G-¸J:<;�D�8AI�;>DF¶/G-¾CÁ�GJº�º¥Å¤GJº�ºF8(Á ;>=?G�G�Ã<D�¾v;�D�I?¼�8HI?G-¾�D�IÍºFDF;vÇ
GJ@c¹(;�:,@�GHÌ

Ë�=?G#¹{@�;�D�¸�º�G�D�¾
8H@�¼R¹{I?D��JGiÂ�¹A¾C;>=?G/Äâ8Aº�º�8(Á1DFI?¼|Ì¥ãgG-¸�;�D�8AI���Å?@>DFG��,ÆÍ·?@>G-¾�GJIR;>¾C;>=?G�¹{·?Ç
·?ºFD�¸J¹{;�D�8AI�8AÄ ��»!å���;�8�;�=,G�½�8Rã#;>¹{¼H¼AD�I?¼�·?@>8AÅ,ºFG-¶�Ì<ãgGi¸x;�D�8AI%î5Â<Gi¾�¸J@�D�Å|Gi¾p;>=?G�;>¹{¼H¼AG-@>¾�!
DF¶/·?º�GJ¶/GJIR;c¹(;�D�8AI¥Ì,Ë�=?G�8HÅ<;>¹ADFI?GiÂ©@>G-¾�:?ºF;>¾�¹A@�G
¹AI,¹{º�Æ<¾vGiÂ©D�I�ãgG-¸�;�D�8AI"
,È|¹{I,Â�¹#¸�8H¶/·,¹{@�Ç
D�¾�8AI0Á1Dr;>=0¾�DF¶/D�º�¹A@�@>G-¾�:?ºF;>¾CDFI0ºFDF;�G-@>¹{;�:?@>G5D�¾k¾v=,8(Á1IÍDFI�ãgGi¸x;�D�8AI$#<Ì%�M8AI,¸JºF:|¾vD�8AI,¾C¹{Å¤8A:?;
;�=?G�¹A·?·?º�D�¸-¹(;�D�8AI�8{Ä!;�=?G
¶/GJ;�=?8<Â?¾�¹A@�GC;>=?GJI�Â<D�¾�¸J:,¾>¾vGiÂ©D�IÍãgG-¸�;�D�8AI"&?Ì

' (*)�°,µ+)-,/.103240¥®65¢¯87:9;)�°8<p±>=@?�76)¢µv®6A

Ë�=?G�D�Â<Gi¹�D�¾�;>84¹AºFº�8(Á';>=?G�¶/GJ¶/8A@>Æ�8{Äk¹�å�¹{@>ÎA8(E�¸c=,¹{D�I�;�84=,¹]EAG�E(¹{@>D�¹AÅ?º�G%º�GJI?¼A;�=ÉÈ
Â<GJ·¤GJI,Â?DFI?¼�8HI�;�=?G�8HÅ,¾vG-@�EHG-Â�·,¹A¾v;#E]¹AºF:,G-¾-ÌB�0G�Á1D�º�º�G�Ã<·?º�¹{D�I�;>=?G�¸J8AI,¸JGJ·<;#8{ÄC�p¹{@>DFÇ
¹{Å?º�G�»¥GJI?¼A;�=0å�¹{@>ÎA8(E"�M=|¹{D�I,¾�¸J8AI,¾�D�Â<GJ@>DFI,¼�;�=,G�½�8Rã�;>¹{¼H¼AD�I?¼©¸J8AIR;�GJÃR;iÌED?8A@k¹#Äâ8H@�¶#¹Aº
Â<G-¾>¸�@>DF·?;�D�8AI�¾vG-G�éF�<È î]ëTÌ

�M8AI,¾�D�Â?GJ@5¹Íå�¹{@>ÎA8(EÍ¸c=,¹ADFI�Á1DF;�=�¹�Ê,I?DF;�GAÈ!º�¹A@�¼HG#8A@cÂ<GJ@
k
Ì!»¥G�;

li
Å|G�¹�;>¹A¼,È¥¹AI,Â

li−k,i−1
Å|G�;�=?G�;>¹A¼H¾�·?@>G-¸�GiÂ<D�I?¼

li
ÌaË�=,G�D�Â<G-¹©8{ÄM¹©E(¹{@>D�¹AÅ?ºFG�ºFG-I?¼{;>=Í¶/GJ¶/8A@>Æ�¸J¹AI�Å¤G

¾vG-GJI�¹H¾�¹�¸�:<;/8{Ä�D�@>@�G-ºFG-E]¹AIR;�¾v;>¹(;>G-¾5Äâ@�8H¶ ;�=?G
li−k,i−1

=?D�¾V;>8A@>ÆAÌG�0G�¸J¹AºFºM;�=?G�¾�G�;/8{Ä
;�=?Gi¾vG�¾v;>¹{;�G-¾�;>=?G©ÙcÕ(Ü|ÓTØIHHÓª8{Ä

li
Ì

BCDFEHGJI0¹%;c¹{¼
li
È+DF;>¾�¸J8AIR;�GJÃg;

li−h,i−1
È
h ≤ k

È+D�¾k¼AD�EAG-I�ÅgÆ�;>=?GÍÙ>Õ{Ü,Ó�ØJHHÓ¥ÖLK<ÜaÙ�ÓtßñÕ(Ü
c(li−k,i−1)

Ì+Ë�=?G�¾V;c¹(;>G-¾1;>=,¹(;kÂ<G�;>GJ@>¶/DFI?G5;�=?G�·?@>8AÅ,¹AÅ?D�ºFDF;�D�G-¾�8{Ä�;�=?GM��»!å��à¹{@>G�¼HDFEHGJI
ÅRÆ%;�=,G5E(¹{º�:?G-¾�8{Ä¢;�=,G5¸�8HIH;>G�Ãg;�Äâ:?I|¸x;�D�8AI|¾�8{Ä¢;>=?G
;c¹{¼H¾-Ì,Ë�=?Gi¾vG�¾V;c¹(;�Gi¾�¹A@�G
@>GJ·?@>G-¾�GJIR;>G-Â
¹A¾1¹�;�@>GJGHÌ

9�ÙcÕ(Ü,Ó�ØIHAÓ�ÓtÒ�ØcØ�D�¾ª¹
;�@>GJG�Á1DF;�=©¹�@�8g8{;MI?8<Â<G�D�I#;�=?G�;�8H·ÉÈ{Äâ@>8A¶äÁ1=?D�¸c=�@>¹A¶/DrÊ|¸-¹(;>DF8HI,¾
¼A8�Â<8(Á1IÉÈª¾�:,¸c=�;�=,¹{;©G-¹H¸c=�D�IR;�G-@�I,¹Aº1I?8<Â<G�=,¹H¾�¹(;#¶/8H¾v;

|L|
¾�8AI,¾-È¢Á1=?G-@�G

L
D�¾/;�=?G

;>¹{¼R¾vGJ;-Ì�Nª¹A¸c=ÍE(¹AºF:?G�8{Äª¹�¸J8AIR;�GJÃg;�Äâ:?I,¸�;�D�8AI
c(·)

D�¾�@>GJ·?@>G-¾�GJIR;>G-Â�¹A¾�¹#Å?@c¹{I,¸c=�8AÄª¾v:|¸c=
;�@>GJGAÌGD?8H@5G�Ã?¹A¶�·,ºFGHÈ¥;>=?G%¸J8AIR;�GJÃR;�¼AD�EAGJI�ÅgÆ

c(li−k,i−1)
D�¾5@�G-·?@>G-¾�GJIR;�GiÂ�¹A¾5¹ÍÅ?@>¹AI,¸c=

Á1=?8H¾�G�¾�:?Å<ÇTÅ?@c¹{I,¸c=/D�I�;�=,G�;�8H·©D�¾MÂ?G�;�G-@�¶/D�I?G-Â�ÅRÆ
li−1

ÈH;>=?G�I,G�Ãg;�¾�:?Å<ÇTÅ?@c¹{I,¸c=#ÅgÆ
li−2

È
¹{I,Â�¾v8/8HIÉÈ?:?IR;�D�º+;>=?G
ºFGi¹(ÄVÈ?Â<GJ;�G-@�¶/D�I?G-Â�ÅgÆ

li−h

Ì



Ë�=?G�·,¹A@>¹A¶�GJ;�G-@>¾�8AÄ+¹4��»¥å���¹A@�G�;>=?G�:,I,Â<GJ@>º�ÆRD�I?¼kÄâ:?I|¸x;�D�8AI|¾
c(·)

¹AI,Â�;�=,GJD�@ª·?@>8AÅ<Ç
¹{Å?D�ºFDF;�D�G-¾-ÌaË¥8�8HÅ<;>¹ADFIÍ;�=?Gi¾vG�·|¹{@c¹{¶/G�;>GJ@c¾1ÁMG�:,¾�G5¹�EHGJ@c¾vD�8AI�8{Ä¢;>=?G�¸J8AIR;�GJÃg;�¹{º�¼A8H@�DF;�=?¶
8{Ä��1D�¾>¾�¹AI?GJI é 
{ëTÌED�DF@c¾V;iÈaDr;kÅ?:?D�º�Â,¾
¹�Å?D�¼�¸J8AIR;�GJÃg;�;>@�G-GAÈ¤:,¾vD�I?¼�¹#;>@>¹ADFI?D�I?¼�¸�8H@�·?:|¾JÌ D?8H@
¹�;>¹A¼

li
È�DF;>¾�¶/¹{Ã<DF¶#¹{ºM=?D�¾V;>8A@>Æ

li−k,i−1
D�¾�·?º�¹A¸JG-Â�¹A¾�¹ÍÅ?@c¹{I|¸c=�D�I�;>=?G�;>@�G-GAÌ�Ë�=?GJIÉÈ

;�=?G�¹AºF¼H8A@>Dr;>=?¶á:,¾�G-¾p¹k·,@�:?I,DFI?¼CÄâ:?I|¸x;�D�8AI�¸J8AI,¾�D�Â<GJ@>DFI,¼C¹kº�8<¸J¹{º|Â<G-¸JD�¾�DF8HI�¸J@�DF;�G-@�D�8AI¥Ì{Ë�=?D�¾
·?@�:,I?DFI,¼�¸�:<;c¾18��Í;>=?G�D�@�@>GJº�GJE(¹AIH;�¾v;>¹{;�G-¾1Äâ@�8H¶ç;�=,Gk;>¹{¼R¾�!,=?D�¾v;�8H@�D�G-¾-Ì8D?8H@�G-¹H¸c=%º�G-¹{Ä

u
8{Ä

;�=?G5¸J8AIR;�GJÃg;�;�@>GJGHÈ,¹{I,Â�Å,@>¹AI,¸c=
v
;�=|¹(;�¼H8RGi¾�Äâ@>8A¶ç;>=?G5@>8g8{;1;>8/;�=?G�:?·?·¤GJ@�I,8gÂ?G�8{Ä

u
È

u
D�¾1·,@�:?I,G-Â©Äâ@�8H¶';�=?Gk;>@�G-G
DrÄ

∆vu =
∑

l∈L

P (l|vu) log

(

P (l|vu)

P (l|v)

)

C(vu) < K,
¿vêiÀ

Á1=?GJ@>G
C(vu)

D�¾�;>=?G©Ig:?¶�Å|G-@�8AÄ�8<¸J¸�:,@�@>GJI,¸JG-¾58{Ä1;�=,G%¾�G-ìR:?GJI|¸�G
vu

D�I�;>=?G©;>@>¹ADFI,DFI?¼
¸�8A@>·?:,¾-È?¹{I|Â

K
D�¾�¹�;�=?@>G-¾�=?8Aº�Â%E]¹AºF:,GAÈ?¸J¹AºFº�G-Â©;�=,G©Ù�K<Ó�]Ñ{Ý K,Ø�8AÄ¥;>=?G�¸�8HIH;>G�Ãg;�;�@>GJGHÈ

�TÄ�;�=?G�·?@>8AÅ,¹AÅ?D�ºFDF;VÆ48{Ä�¹Í;>¹{¼4Â<8gG-¾�I?8A;/¸c=,¹AI?¼AG%¶5:,¸c=�Å|GJ;VÁMG-GJI�¸J8AI,¾�D�Â<GJ@>DFI,¼Í;�=,G
GJIR;�D�@�G5Å?@>¹AI,¸c=�;�8H¼AGJ;�=?G-@�Á1DF;�=Í;>=?G5º�G-¹{Ä�¿ñ¹AºFº!·,¹A¾v;�=?D�¾v;�8A@>Æ?À1¹{I|ÂÍ¸�8HI,¾vD�Â<G-@�D�I?¼#8AI,ºFÆ�;�=,G
Å?@>¹AI,¸c=�¿â;�=?G/=?D�¾v;�8A@>Æ�Á1DF;�=?8H:<;
;�=?G/8Hº�Â<Gi¾V;k;c¹{¼RÀ�È¤;�=?G-I�;>=?G#ºFGi¹(Ä�Â<8gG-¾CI?8{;
I?G-G-Â�;�8�Å¤G
¸�8AI|¾vD�Â<GJ@>G-ÂÉÈ?¹{I,Â�¸J¹AI%Å¤G
@�G-¶/8(EAG-Â�Äâ@�8H¶';�=,Gk;�@>GJGAÌ

� ���� .10	� 0¥®M¯ )�¯?µV±ª®

�0G�=|¹]EAGkDF¶/·?º�GJ¶/G-IH;>G-Â�;VÁ�8#½�8Rã©;>¹A¼A¼AG-@>¾-È<8AI,G
Å,¹A¾�G-Â�8AI"�C»¥å�� ¹{I|Â%8HI?G
Å,¹H¾vGiÂ%8HI
æ�åÍå�Ì

Ë�=?G%æ�åÍå ;>¹A¼A¼HGJ@5:|¾vGi¾5¾�G-¸�8HI,Â�8H@>Â<G-@�åÍ¹A@�ÎH8(EÍ¶/8<Â<GJº�¾�
 ;>=,¹(;�D�¾-È¥;>=?G%;>¹{¼�8{Ä
¹%Á�8A@cÂ�Â?GJ·¤GJI,Â?¾�8AI0;�=?G#Á�8A@cÂ�DF;>¾�GJºFÄ�¹AI,Â�8AI0;�=?G/;VÁ�8�·?@�G-EgDF8H:,¾C;>¹A¼H¾�
3Á1=?G-@�G�;�=,G
¾V;c¹(;�Gi¾É@>GJ·?@>G-¾�GJIR;a;�=,Gp;>¹A¼H¾É¹AI,ÂC;�=,Gp8AÅ,¾�GJ@>E(¹(;>DF8HI,¾+@>GJ·?@>G-¾�GJIR;a;�=?GMÁM8H@>Â,¾JÌJË�=,G¢;�@c¹{I,¾�DF;�D�8AI
·?@�8HÅ,¹{Å,DFº�Dr;>DFGi¾kÂ<GJ·¤GJI,Â�8HI�;>=?G�¾V;c¹(;>G-¾-È+DFI0;�=?D�¾�¸-¹A¾�G�·,¹ADF@c¾C8{ÄM;>¹{¼R¾JÈÉ¹AI,Â�;�=?G#8H:<;>¸J8A¶/G
·?@�8HÅ,¹{Å,DFº�Dr;>DFGi¾ªÂ<G-·|G-I,Â#8HI#;�=?GCÂ<G-¾v;�D�I,¹{;�D�8AI�¾v;>¹(;>GAÌ�D?8H@�¶#¹{º�º�ÆAÈAÁ�G�Á1D�¾v=�;�8
Ê,I|Â/;�=?GCÅ¤G-¾v;
¾vGiìH:,GJI,¸JG
8{Ä�;>¹{¼R¾

l1 . . . lT
Äâ8H@�¹/¼AD�EAG-I�¾�G-ìR:?G-I,¸�G
8AÄ�Á�8A@cÂ?¾

w1 . . . wT

8{Ä¢¾vD��JG
T
È?;�=,¹{;

D�¾-È

arg max
l1...lT

[

T
∏

i=1

P (li|li−1, li−2)P (wi|li)

]

¿ �HÀ

Á1=?GJ@>G
l0
¹{I,Â

l−1
¹A@�Gk¾vG-IR;�GJI|¸�G
¾V;c¹{@�;�D�I?¼/¶#¹{@>ÎAGJ@c¾-Ì

Ë�=?G�·?@>8AÅ|¹{Å?D�ºFDF;�D�G-¾�¹{@>GÍGi¾V;>DF¶#¹(;>G-Â¨Äâ@>8A¶�¹ ;>¹{¼H¼AGiÂ§¸�8H@�·?:|¾JÌ�0G�:,¾�G�¶#¹(Ã<D�¶5:?¶
ºFD�ÎAG-ºFD�=?8g8<Â¨·?@�8HÅ,¹{Å,DFº�Dr;>DFGi¾

P̂
ÈMÁ1=?D�¸c= ¹{@>GÍÂ<GJ@>DFEHG-Â�Äâ@>8A¶ ;�=?G0@�G-º�¹{;�D�EAG�Äâ@>G-ìR:?G-I,¸�D�G-¾©8{Ä

ÁM8H@>Â?¾�¹{I,Â�¾�G-ìR:?GJI|¸�G-¾�8{Ä�;>¹A¼H¾-Ì�D?8H@�G�Ã?¹A¶�·,ºFGHÈ<;�=?G�·?@>8AÅ,¹AÅ?DFº�DF;VÆ©8{Äp¹�;c¹{¼
l3
¼HDFEHGJI�;�=,G

¾vGiìH:,GJI,¸JG
l1, l2

D�¾1GiìR:,¹{º¥;�8/;�=,G�Ig:?¶5Å¤GJ@�8{Ä�;�D�¶�Gi¾1;>=?G
;�=,@�G-G
;>¹A¼H¾18<¸J¸J:?@�D�IÍ¾vGiìR:?GJI,¸JG
¿
l1, l2, l3

ÀkD�I�;�=?G©¸J8A@>·?:,¾
Â<D�EgD�Â?G-Â�ÅgÆÍ;�=,G#IR:,¶5Å¤GJ@�8AÄM;>DF¶/G-¾58AI?º�Æ�;>=?G#;VÁ�8�·,@�G-ERD�8A:|¾
;>¹{¼R¾�8<¸J¸�:,@1DFI�¾vGiìR:?GJI,¸JG#¿

l1, l2
À�Ì,Ë�=,¹{;�D�¾-È

P̂ (l3|l1, l2) = C(l1,l2,l3)
C(l1,l2)

Ì
��I/;�=?G �C»¥å���;c¹{¼H¼AGJ@�;>=?G�¾�G-ìR:?G-I,¸�Gi¾¢8{Äa;c¹{¼H¾ª8AÅ<;c¹{D�I?G-Â�Äâ@>8A¶ ;�=?G�;�@c¹{D�I?D�I?¼�¸�8H@�·?:|¾

¹{@>G5:,¾�G-ÂÍ;�8%ÄâGJG-ÂÍ;�=?G/¸�8HIR;�G�Ãg;C;�@>GJGHÈ¤Á1=,D�¸c=�¹{Ä�;�G-@C·,@�:?I,G-Â�Â?G�Ê,I?Gi¾�;�=?G/¸�8HIH;>G�Ãg;CÄâ:?I,¸xÇ
;�D�8AI,¾-Ì¥Ë�=?D�¾
Á�¹]ÆAÈaÄâ8A@�¹%¼HDFEHGJI�¾�G-ìR:?GJI|¸�G/8{Ä�;>¹A¼H¾

li−k,i−1
È+;>=?G#·?@>8AÅ,¹AÅ?DFº�DF;VÆ�;�=,¹{;�;�=,G

I?G�Ãg;1;>¹A¼/D�¾
li
D�¾1¼AD�EAG-I©ÅgÆ

P (li|c(li−k,i−1))
Ì



�0G�Â<Gi¸�D�Â<G-Â©;�8#:|¾vGC;�=,G
E]¹AºF:,GC8AÄ
K
¼HDFEHGJI�ÅRÆ%¹{I�G-ìR:,¹(;>DF8HI�Â?G�Ê,I?GiÂ�GJ¶/·?D�@�D�¸J¹AºFº�Æ �

K =
log(n)

log(|L|)
·

n

|S|
,

¿ñîRÀ

Á1=?GJ@>G
|L|

D�¾�;>=?G1¾vD��JG�8{Ä|;�=?G�;c¹{¼H¾�G�;iÈ
|S|

;>=?G1Ig:?¶5Å¤GJ@�8{Äa¾vG-IR;�GJI|¸�G-¾-È(¹{I,Â
n
;>=?G�Ig:?¶5Å¤GJ@

8{Ä!Á�8A@cÂ?¾�8{Ä!;�=?Gk;>@>¹ADFI,DFI?¼/¸�8H@�·,:,¾JÌ D,8A@�;�=,GCÁ1=,8Aº�G�;>@>¹ADFI,DFI?¼/¸�8H@�·,:,¾
¿
775, 602

Á�8A@cÂ?¾cÀxÈ
K
Á�¹H¾�G-ìR:,¹{º?;�8

54.6615
Ì(Ë�=?G�@�Gi¾v:?ºF;>¾¢¾�=?8(Á�G-Â�DFI©ã<G-¸x;>DF8HI�

ÁMG-@�G18HÅ<;>¹ADFI?GiÂ�Á1Dr;>=/;�=?D�¾

G-ìR:,¹(;>DF8HIÉÌ

����� ���	��
���������������������������! �"

�Ï=?GJI�¹�;�G�Ãg;�D�¾�;>¹{¼H¼AGiÂ+È¥Á�8A@cÂ?¾
I?G-Áä;�8�;>=?G�;>@>¹ADFI?D�I?¼�¸J8A@>·?:,¾�¹A@�G�Äâ8A:?I,ÂÉÌ�Ë�=g:,¾-È¥D�I
8A@cÂ<GJ@�;�8/;c¹{¼�;�=,GJ¶ ¶/8H@�Gk¸�8H@�@>G-¸�;�º�Æ�¹A¾�·¤8H¾>¾vD�Å?º�GAÈ,¹/¾�·|Gi¸�D�¹{ºa;�@>G-¹{;�¶/GJIR;1D�¾1I?GJGiÂ<G-ÂÉÌ

�0G%:,¾vGiÂ�;VÁM80¸�8A¶/·?º�GJ¶/G-IH;c¹{@>Æ0¶/GJ;�=?8<Â?¾-Ì�Ë�=,G�Ê,@c¾V;�¸�8AI|¾vD�¾V;c¾�D�I @>G-¾v;�@>D�¸�;�D�I?¼�;�=,G
·|8R¾�¾�DFÅ,ºFG�;>¹{¼R¾¢Äâ8H@M¹{I#:,I?ÎgI?8(Á1I�Á�8A@cÂ+ÈAG-ºFD�¶/DFI,¹{;�D�I?¼5¸JºF8R¾vGiÂ�;>¹{¼R¾JÌ�#�ÝFÕ]×JØ%$�Ó�Ñ'&{×cÈRº�DFÎHG�;�=,G
¹{@�;�D�¸�º�G-¾1¹{I|Â�;>=?G�¸�8HI(òV:?I,¸�;�D�8AI,¾-È,¹{@>G�;�=?8R¾vGk;c¹{¼H¾M;>=,¹(;�¹A@�Gk8AI,ºFÆ©¹H¾�¾�D�¼AI?GiÂ�;>8/¹�º�DF¶/DF;�GiÂ
IR:,¶5Å¤GJ@�8AÄ¢Â?D �aGJ@>GJIR;�Á�8A@cÂ?¾-Ì�(pG�;�8A;�=?G-@1;>¹A¼H¾1º�DFÎHG�EAG-@�Å|¾1¹{I,Â�I?8H:?I,¾�¸-¹{I�Å¤G5¹A¾>¾vD�¼AI,G-Â
;�8#¹/¼A@>G-¹{;�Ig:?¶�Å|G-@18{Ä¢Â<D�¾v;�D�I,¸�;�ÁM8H@>Â?¾-È<¹{I,Â%;>=?GJ@>G�Äâ8H@�Gk¹{@>G
¸J¹{º�º�G-Â4Õ>Ð,Ø�Ü0ÓTÑ)&(×xÌ

��Ik;�=?Gª¾�G-¸J8AI,ÂC¶/G�;>=?8<ÂC;�=?GªÁM8H@>ÂE! ¾a¶/8A@>·?=?8HºF8H¼AÆ�¹AI,¹{º�Æ��JG-ÂÉÌ��0Gª:,¾vGM¹1¾vD�¶/·?ºFDFÊ|¸-¹(;�GiÂ
¾v: �/Ã§¹{I|¹{º�Æg¾�D�¾%* �1¹ ;�@>GJG�D�¾%Å?:?D�ºr;�Á1Dr;>=§;>=?G�¾�: �/Ã<G-¾%8{Ä5¹AºFºkÁ�8A@cÂ?¾�8AÄ
;�=?G0;�@c¹{D�I?D�I?¼
¸�8A@>·?:,¾ª;�=|¹(;�=,¹]EAGC¹{I©8H·|G-I�;c¹{¼�+RI?GJÃR;iÈR;�=?D�¾�;�@>GJG�D�¾�I?8H@�¶#¹{º�D��JG-ÂÉÈR¸J@�Gi¹(;�D�I?¼�·?@�8HÅ,¹{Å,DFº�Dr;VÆ
Â<D�¾v;�@>D�Å?:<;�D�8AI|¾'+A;�=?G-IÉÈAÄâ8H@ª¹{I#:,I?ÎgI?8(Á1I#ÁM8H@>ÂÉÈA¹
¾vGi¹{@c¸c=�Äâ8A@pDF;>¾M¼A@>G-¹{;�G-¾v;p¾v:8��Ã/G�Ã<D�¾V;>DFI,¼
DFI©;�=?G�;�@>GJGCD�¾�¶#¹AÂ?GAÈR@�GJ;�:?@>I?D�I?¼�;>=?Gk·?@�8HÅ,¹{Å,DFº�Dr;>DFGi¾p8AÄÉ;�=?GC·¤8H¾>¾vD�Å?º�G�;c¹{¼H¾-Ì �0Gk¸�8HI,¾vD�Â<G-@
¹A¾¢;>=?G�¾�: �/Ã/8{ÄÉ¹
Á�8A@cÂ/:,¾vGiÂ�;�8�Å,:?DFº�Â/;>=?G�;>@�G-G1;�=?G�º�¹H¾V;M=,¹{ºFÄ+8{Ä+;�=,G�ÁM8H@>ÂÉÌHå�8H@�G-8(EAGJ@iÈ
ÁMG/¸c=?G-¸cÎ�;>8�¾�GJG/DFÄª;>=?G�Ê,@>¾v;kºFGJ;v;�G-@k8{Ä�¹%Á�8A@cÂÍD�¾�:,·?·|G-@>¸-¹A¾�G�¹AI,ÂÍDFÄ�¾�8,ÈaDFÄª;>=?D�¾kÁ�8A@cÂ
D�¾kI?8A;�¾vG-IH;>GJI,¸JG#¾V;c¹{@�;�D�I?¼,ÈaÁ�G/¹H¾�¾�D�¼AIÍ;>8�Dr;�¹�=?D�¼A=?G-@C·,@�8HÅ,¹{Å?D�º�Dr;VÆ�8AÄMÅ¤GJD�I?¼�¹%·,@�8H·|G-@
I?8A:?I¥Ì

, -M0 AH¯8A�)¢®�²/. 0 Ag³6.V¯8A

óM8A;�=5;>¹{¼H¼AG-@>¾!ÁMG-@�GMDF¶/·?º�GJ¶/G-IH;>G-Â�:,¾�DFI?¼10�2�2k¹{I,Â43657#¿98|Ó�Ñ(Ü:$HÑ(Ò;$=<,Ø'>�ÐaÝFÑ(Ó�Ø@?�ß��JÒ�Ñ(ÒxÞgÀxÈ
¹{I,Â�Á�GJ@>G�¸J8A¶/·?D�ºFGiÂ0Á1DF;�=BA2�2�EAG-@>¾�D�8AI0î,Ì î,Ì 
|ÌÉË�=?G/;�Gi¾V;c¾kÁMG-@�G/¶#¹AÂ?G#8AI4¹�¶/¹H¸c=?D�I?G
G-ìR:?D�·?·|GiÂ�Á1Dr;>=�8HI?GC��IR;�GJº¥½�G-IR;�D�:?¶ 
/·?@>8<¸�G-¾>¾�8A@�8{Ä�î/Bkæ6�AÈ,¹AI,Â�ê�Bkó§8{Ä ��9�å Ì

Ë�=?G�;c¹{¼H¼AGJ@c¾¢Á�GJ@>G�;>@>¹ADFI?GiÂ©¹AI,Â#;>G-¾v;�G-Â©Á1Dr;>=�;>=?GC<<ÞAÙcÚ?ÕED�Ò�ÑiÚ?Ø�¸J8A@>·?:,¾�é #(ëtÈgÁ1=?D�¸c=
:,¾vGi¾%¹�¾vGJ;�8AÄ5î6FAî�;c¹{¼R¾%¹AI,ÂÏ¸�8HIH;c¹{D�I,¾%E]¹A@�D�8A:|¾/;�GJÃR;c¾%Äâ@�8H¶ =?D�¾v;�8A@>D�¸J¹{º�½�8A@�;�:?¼H:?G-¾�G
¶/¹AIg:,¹{º�ºFÆ�;>¹{¼H¼AGiÂ+È?D�I�¹�;>8{;c¹{ºÉ8AÄ

1, 035, 593
Á�8A@cÂ?¾-Ì?Ë�=?G-¾�G
ÁM8H@>Â,¾�ÁMG-@�G
¾�·?ºFDF;v;>G-Â�D�IR;�8

¹4;�@c¹{D�I?D�I?¼ ¸�8H@�·?:|¾�¸�8HIH;c¹{D�I?D�I?¼
775, 602

Á�8A@cÂ?¾-Èª¹{I,ÂÏ¹�;>G-¾v;�D�I?¼�¸J8A@>·?:,¾�¸J8AIR;>¹ADFI?D�I?¼
259, 991

ÁM8H@>Â,¾JÌ
�0G�GJÃ<G-¸�:?;�G-Â�¾�G�;c¾�8AÄM;>G-¾v;>¾�E(¹A@�ÆgD�I?¼�;�=?G%¾vD��JG�8AÄ�;�=?G#;>@>¹ADFI,DFI?¼0¸�8A@>·?:,¾-È¥¸c=?8g8R¾vD�I?¼

5%, 10%, . . . , 95%, 100%
8{ÄaDF;>¾ª¾�GJIR;>GJI,¸JG-¾¢¹{I|Â�GJÃ<G-¸�:?;�D�I?¼�ê���;>DF¶/G-¾ªÁ1Dr;>=#G-¹H¸c=�8HI?G18{Ä

;�=?Gi¾vG5¾�D��JG-¾5¿â@c¹{I,Â<8H¶/D	�-DFI?¼�;>=?G5¾�GJIR;�G-I,¸�Gi¾1G-¹H¸c=%;>DF¶/G]ÀxÈ¤Å?:<;�¹AºFÁ�¹]Æ<¾�:,¾vD�I?¼/;>=?G
;�Gi¾V;>DFI,¼
¸�8A@>·?:,¾�Á1DF;�=,8A:<;�¶/8<Â<DFÊ|¸J¹{;�D�8AI,¾-Ì
G j�l Y�SVY>mVzäQ�X6Hk��o�YCXHQ�Y�z
YxnJORQJIñ�gOgnJyaQ�Yx«(XRY>ORwcY�L-u!w l nJmvnJw>SVY>mVQ�LJu�nko�LJmvq6KV�<o l n�S�U\Q�OHL-S
ORYcw>YcQ�QVnJmVU\yWs#nCy\U\OR�-XRU\QTSVU\wxn-y\yWs/Q�U\�-ORUW�gwxnJO(SMQ�X6Hk�?�



D!D�¼A:,@�G�ê�¾�=?8(Á�¾
¹A¸-¸�:?@c¹A¸JÆ��/@�Gi¾v:?ºF;>¾
Äâ8A@�Å¤8{;>=4;>¹{¼H¼AG-@>¾-ÌE�T;�¸J¹AI4Å|G©¾�GJG-I4;�=,¹{;�;�=,G

 89

 90

 91

 92

 93

 94

 95

 96

 0  100000  200000  300000  400000  500000  600000  700000  800000

A
c

c
ur

a
c

y 
(%

)

Number of Training Words

Tagger
VLMC Tagger
HMM Tagger

Average time

total

de etiquetagem

de treinamento

����� h��Rh|� �#�äSvn-�i�-Y>m
	 Q�nJOgq ��  �#¡�SvnJ�i�iY�m
	 Q�n-wcw>XHmvn-w�s(�

��»¥å�� ;>¹{¼H¼AG-@1=,¹A¾�¸�8AI|¾vD�¾V;>GJIR;�º�Æ%¹�¼A@>G-¹(;>GJ@�¹H¸J¸J:?@>¹H¸�Æ#;>=,¹{IÍ;�=?G5æ�åÍå ;c¹{¼A¼HGJ@ ! ¾�8HI?G6+
Äâ8A@�;>=?G�Á1=,8Aº�G�¸�8H@�·?:|¾JÈ

95.51%
8(EAG-@

93.48%
ÌªË�=,G*��»!å�� ;>¹A¼A¼HGJ@ ! ¾#¸J:?@�EHGÍ¼A@>8(Á�¾

ìH:,D�¸cÎHGJ@p;>=,¹{I�;�=?Gkæ�åÍå ;>¹{¼H¼AG-@�! ¾¢8AI,GAÌgó�¹H¾vGiÂ/8AI#;>=?D�¾MD�I<Äâ8H@�¶#¹(;>DF8HI#ÁMGC¸J¹AI©¾�¹]Æ�;�=|¹(;-È
GJEAG-I4DFI,¸J@�Gi¹A¾�DFI,¼�;�=?G�Ig:?¶�Å|G-@58AÄ�Á�8A@cÂ?¾
D�I4;�=?G�;�@c¹{D�I?DFI,¼Í¸�8A@>·?:,¾-È+;>=?G©æ�å�å ;>¹A¼A¼AG-@
Á1DFº�ºÉI?8A;�@>G-¹H¸c=©;>=?G�¹A¸-¸�:?@c¹A¸JÆ/8{Ä�;�=?G �C»¥å��Ï;>¹A¼A¼AG-@-Ì

��IÍ;�=,G�¼H@>¹A·?=Í8{Äª;�=?G�D�DF¼H:?@�G��#;>=?@>GJG/¸�:?@>EAGi¾�¹{@>G�¾�=?8(Á1IÉÈa@>GJ·?@>G-¾�GJIR;>DFI?¼�;�=?G�;�8A;>¹{º
¹A¸J¸J:?@c¹A¸�ÆC8{Ä,;�=?G ��»!å��0;c¹{¼A¼HGJ@iÈJDF;>¾¢¹H¸J¸�:,@>¹H¸�Æ�Äâ8A@�ÎRI,8(Á1I5Á�8A@cÂ?¾JÈi¹{I,Â5Dr;c¾�¹A¸J¸J:?@c¹A¸�ÆCÄâ8H@
:?I?ÎgI?8(Á1I�Á�8A@cÂ?¾-Ì��Ï=?G-I©:,¾�D�I?¼�;>=?G�G-IR;�D�@�G�;�@c¹{D�I?DFI,¼�¸�8H@�·,:,¾JÈ

69.53%
8AÄ+;�=?Gk:?I,ÎRI,8(Á1I

ÁM8H@>Â?¾5¹{@>G©¸�8H@�@>G-¸�;�º�ÆÍ;>¹A¼A¼HG-Â+Ì>�ÏDr;>= 8AI?º�Æ
5%

8{Ä�;�=?G©;�@c¹{D�I?D�I?¼�¸�8H@�·,:,¾JÈ¥;�=?G�¹]EAG-@>¹A¼AG
¹A¸J¸J:?@c¹A¸�Æ0Äâ8A@�:?I?ÎgI?8(Á1I�ÁM8H@>Â?¾5Á�¹H¾58HI?º�Æ

63.97%
È!¹�Â<D �¤G-@�G-I,¸�G%8{Ä�¶/8H@�G#;>=,¹{I

5%
Ì

�M8AI,¾�D�Â?GJ@>DFI?¼�;�=?G�Äñ¹A¸�;�;�=|¹(;C;�=?G�Ig:?¶5Å¤GJ@C8{Äp:?I,ÎRI,8(Á1IÍÁM8H@>Â,¾�D�¾�¼H@�Gi¹(;�G-@�Á1=?G-IÍ:,¾�DFI,¼
¹�¾v¶#¹{º�º�GJ@/;�@c¹{D�I?D�I?¼ ¸�8H@�·,:,¾JÈ�;>=?D�¾�Â<D �¤G-@�G-I,¸�G�@>GJ·?@>G-¾�GJIR;c¾#¹{·?·?@>8]Ã<DF¶#¹{;�GJº�Æ

4%
8{Äk;�=?G

;�G-¾v;�D�I?¼�¸�8H@�·?:|¾JÈ|Á1=?D�¸c=0¶/G-¹{I|¾�¶/8A@>G�;>=,¹{I
10, 650

;c¹{¼H¼AD�I?¼�¶/D�¾v;>¹AÎAGi¾JÌ �ÏDr;>=�@>G-¾�·|Gi¸x;
;�8�ÎgI?8(Á1IkÁ�8A@cÂ?¾JÈ�;�=?Gª¹]EHGJ@c¹{¼HG�¹H¸J¸�:,@>¹H¸�Æ�Á1DF;�=

5%
8AÄR;>=?G¢;>@>¹ADFI?D�I?¼�¸J8A@>·?:,¾+Á�¹A¾

94.20%
È

¹{I,Â5Á1Dr;>=�;�=,G�G-IR;�D�@�G�¸�8A@>·?:,¾
96.39%

ÌiË�=?D�¾�Â<D �¤G-@�G-I,¸�GMD�¾�¹{·,·?@�8]Ã<D�¶#¹(;�G-ºFÆ
3, 872

Á�8A@cÂ?¾-È
¹{Å¤8A:<;

1.49%
8{Ä!;�=?Gk;>G-¾v;�D�I?¼�¸�8H@�·?:|¾JÌ

��I
;�=?G�æ�åÍå';>¹{¼H¼AG-@-Èx;>=?G�·|G-@>¸JGJIR;>¹A¼AG¢8{Ä?:,I?ÎgI?8(Á1I
ÁM8H@>Â,¾¥¸�8H@�@>G-¸�;�º�Æ�;c¹{¼A¼HG-ÂkE(¹{@>D�G-Â
Äâ@�8H¶

62.37%
Á1DF;�=

5%
8AÄ+;�=?G�;�@c¹{D�I?DFI,¼5¸�8H@�·?:|¾JÈ(;>8

68.81%
Á1DF;�=#;>=?G�G-IH;>DF@>G�¸J8A@>·?:,¾)+A¹

�� s�n-wcw>XHmvn-w�s5o�Y1z
Yxn-O�S l YM}HmVL-}<L-m�SVU\LiO/LJuao�LJmvqHQ�uFmVLiz S l YMSVYcQTSVU\OR�Cw>L-mV}RXHQ�SVL�o l Urw l S l Y
Svn-�-�iY>m�n-Q�Q�U\�iOHQªS l Y�wcLJm�mVYcw>SªSvn-�H�



 60

 65

 70

 75

 80

 85

 90

 95

 100

 0  100000  200000  300000  400000  500000  600000  700000  800000

A
c

c
ur

a
c

y 
(%

)

Number of Training Words

Average Accuracy
Total
of Known Words
of Unknown Words

� � � h � h?��  �#¡�Svn-�i�-Y>m
	 Q�nJwcwcXHmvnJw>s�u�LJm��{ORLxopO�n-Ogq5XROH�AOHLxopO�o�LJmvqHQc�

Â<D �aGJ@>GJI|¸�G�8AÄ
6.5%

ÈHÁ1=,D�¸c=�D�I�;>=?G6�C»¥å���;>¹{¼H¼AG-@pÁ�¹H¾p8AÄ
5%
ÌgË�=?D�¾�¸J¹AI�Å¤G�G�Ã<·?º�¹{D�I?GiÂ

ÅRÆÍ;�=?G�Äñ¹A¸�;k;�=,¹{;C;>=?G�æ�å�å ;c¹{¼A¼HGJ@k¸�8HI,¾vD�Â<G-@>¾CEAG-@�Æ�¾�¶#¹{º�ºp¸�8AIR;>G�Ãg;>¾-È+¹{I,Â�;�=?G-@�GJÄâ8A@>G
Dr;CGJI,Â?¾�8A:<;CºFGi¹]EgDFI?¼/;>=?G�¸c=,8AD�¸�G�8AÄ�;>=?G5Å¤G-¾v;�;c¹{¼#Äâ8H@�¹AI�:?I?ÎgI?8(Á1I�Á�8A@cÂ%8HI?º�Æ©;>8�;�=,G
¾v: �/Ã�;�@>GJGAÌRË�=?D�¾¢D�¾pÁ1=RÆ/¹{I/D�I,¸�@>G-¹H¾vG�D�I/;�=?G�IR:,¶5Å¤GJ@p8AÄ|;>@>¹ADFI?D�I?¼
Á�8A@cÂ?¾�D�¶�·,@�8(EHG-¾�;�=,G
¹A¸J¸J:?@c¹A¸�Æ/Äâ8H@�;�=?G
:,I?ÎgI?8(Á1I%Á�8A@cÂ?¾-Ì

Ë�=?G�Äñ¹A¸�;p;�=,¹{;¢;�=?G�æ�åÍå ;c¹{¼A¼HGJ@p¸J8AI,¾�D�Â?GJ@c¾�EAGJ@>Æ5¾�¶#¹{º�º,¸�8HIH;>G�Ãg;ª¹{º�¾�8
G�Ã<·?º�¹{D�I,¾�;�=,G
DFIR;�G-@�Gi¾V;>DFI,¼©@>G-¾�:?ºr;C8AÅ<;c¹{D�I?G-Â�Äâ8A@�;�=?G�ÎgI?8(Á1I�ÁM8H@>Â,¾JÌaË�=?G5E(¹A@�D�¹(;>DF8HI�DFI�;�=?G/¹A¸-¸�:?@c¹A¸JÆ
¹A¸J¸J8A@cÂ<D�I?¼C;�8
;>=?G�¾�D	�-G�8{Ä¤;�=?G�;�@c¹{D�I?D�I?¼�¸�8H@�·?:|¾�Á�¹H¾p¾v¶#¹AºFº �

93.62%
Á1DF;�=

5%
8AÄaDF;-ÈR¹{I,Â

94.32%
Á1Dr;>=�;�=,G�GJIR;�D�@>G©¸�8H@�·?:|¾JÌ¥9èÂ<D �¤G-@�G-I,¸�G�8AÄ18AI?º�Æ

0.7%
È�¹{¼R¹{D�I,¾V;

2.19%
Äâ@>8A¶

;�=?G���»¥å�� ;>¹A¼A¼AG-@-Ì|Ë�=,¹(;CD�¾-È|Å¤G-¸-¹{:,¾�G�;>=?G�æ�åÍå ;c¹{¼H¼AGJ@�¸�8AI|¾vD�Â<GJ@c¾�¾�¶#¹{º�º�¸J8AIR;�GJÃg;>¾-È
;>¹{¼H¼AD�I?¼�;�=,GpÎgI?8(Á1IkÁM8H@>Â?¾ÉD�¾¥ºFDF;v;>ºFGMDFI �|:?GJI,¸JG-ÂkÅgÆ�;�=?Gª;>¹{¼H¼AD�I?¼�8{Äg;�=,Gª:?I?ÎgI?8(Á1IkÁ�8A@cÂ?¾-Ì
Ë�=?D�¾ª¾v=?8(Á�¾�;>=,¹(;iÈH¹{;¢;�=?G�¾>¹{¶/G�;>DF¶/G1;>=,¹(;¢;>=?G ��»!å�� ;>¹A¼A¼AG-@�;�@>G-¹(;c¾¢Å¤G�;v;>GJ@M:?I?ÎgI?8(Á1I
ÁM8H@>Â?¾-È+¾vD�I,¸JG�DF;�:,¾�G-¾kÅ?D�¼A¼HGJ@
¸�8HIR;�G�Ãg;c¾
¹A¾
¹{D�Â+È+DF;�D�¾
¹Aº�¾�8�¶/8A@>G�¾�GJI,¾�D�Å?ºFG/;>8�GJEAG-IR;�:,¹Aº
;>¹{¼H¼AD�I?¼�¶�D�¾v;>¹{ÎHG-¾-È?¹{I,Â%¶#¹]Æ�Á1@>8AI?¼HºFÆ/;c¹{¼#¹�ÁM8H@>Â%ÅgÆ�DFI8�,:?GJI|¸�G
8{Ä!;�=?G�¸J8AIR;�GJÃg;-Ì

D!D�¼A:,@�G#î�¾�=?8(Á�¾�;�=?G©¸J:?@>EAG-¾C8AÄM;>=?G©¹]EAG-@>¹A¼AG5;�@c¹{D�I?DFI,¼�¹AI,Â0;>¹A¼A¼AD�I?¼%;�D�¶/G-¾
;c¹{ÎHGJI
ÅRÆ�;�=?G/;c¹{¼H¼AGJ@c¾CÁ1Dr;>=�@�Gi¾v·¤G-¸�;k;�8�;�=,G�Ig:?¶5Å¤GJ@�8AÄ�Á�8A@cÂ?¾C:,¾�G-Â0;�8�;>@>¹ADFI�;>=?GJ¶�Ì¥ó�8{;>=
;�@c¹{D�I?DFI,¼0¹{I|Â�;>¹A¼A¼HDFI?¼Í;�D�¶�Gi¾�Äâ8A@�;�=?G�æ�å�å�;>¹A¼A¼HGJ@�¹A@�G�¾vº�D�¼A=R;�º�Æ�¾v¶#¹{º�º�GJ@�;�=,¹AI ;�=,G
8AI?Gi¾¢Äâ8A@p;�=?G/��»¥å���;c¹{¼H¼AGJ@iÌAó�:<;ªD�I/Äñ¹A¸�;-Èg¸�8HI,¾vD�Â<G-@�D�I?¼C;�=?G�;�8A;>¹{º|G�Ã<G-¸J:<;�D�8AI/;>DF¶/G�8AÄÉ¹
;>¹{¼H¼AG-@p¹A¾�;>=?G�¾�:?¶�8AÄaDF;>¾p;�@c¹{D�I?D�I?¼
¹{I,Â�;c¹{¼A¼HDFI,¼�;>DF¶/Gi¾�¿ñ¹AI,Â/¾v8H¶/G�¸�8AI|¾V;c¹{IR;p8(EAG-@�=?Gi¹AÂ
;�D�¶�GkÄâ8H@�¾vÆ<¾v;�G-¶ç8A·¤GJ@c¹(;>DF8HI,¾>À�ÈR;�=?G
¸�:,@�EHGC8AÄ¥;>=?G�æ�åÍå ;c¹{¼A¼HGJ@ ! ¾MG�Ã<Gi¸�:<;>DF8HI©;>DF¶/G
=,¹H¾
¹#¸�8A@>@>GJº�¹(;�D�8AI%8{Ä

0.9956
Èg¹{I,Â%;�=,G4��»!å��¨;c¹{¼H¼AGJ@ ! ¾M8HI?G
8{Ä

0.9969
Ì<Ë�=?D�¾�¶�Gi¹{I,¾1;�=,¹{;

Å|8A;�=�;>¹A¼A¼AG-@>¾�=,¹]EHGkºFD�I?G-¹A@�¸�8H¶�·,ºFGJÃgDF;VÆ�8(EHGJ@�;�D�¶/GAÈ,¹AI,Â�¾v8/Å¤8{;�=�¹A@�GkG-ìR:,¹AºFº�Æ�G��#¸JDFG-IR;
Á1Dr;>=�@>G-¾�·¤G-¸x;�;>8#G�Ã<G-¸J:<;�D�8AI%;�D�¶/GAÌ



 0

 10

 20

 30

 40

 50

 60

 70

 80

 90

 100

 0  100000  200000  300000  400000  500000  600000  700000  800000

Ti
m

e
 (

s)

Number of Training Words

Average Time
VLMC training time
VLMC tagging time

HMM training time
HMM tagging time

����� h��?h?� �#�äSvn-�-�iY>m
	 QMn-Ogq ��  �#¡�SvnJ�i�iY�m
	 QMnx[]Y>mvnJ�iY�S�mvn-U\OHUrOH��n-ORq5Svn-�-�iU\OR�kSVU\z
YcQc�

æ�8(Á�GJEAG-@-È+I,8{;�G©;�=,¹{;�;�=,G%æ�å�å ;>¹A¼A¼AG-@�! ¾k;>@>¹ADFI?D�I?¼�;>DF¶/G%D�¾5@�G-º�¹{;�D�EAGJº�Æ�º�8(Á
Ì!Ë�=,G
G�Ã<·?º�¹{I,¹{;�D�8AI4D�¾
;�=,¹{;5ÁMG�Â?D�Â�I?8A;5¶#¹{ÎAG�¹AIgÆ�;�@c¹{D�I?D�I?¼�Dr;>GJ@c¹(;>DF8HI0Äâ8H@
Dr;iÈ!¹H¾
I?8A@>¶#¹{º�ºFÆ
D�¾�Â?8AI?GHÌ���I�;�=?G5¸J8AIR;�@c¹{@>ÆAÈgÁ�G�òV:,¾v;�ºFGi¹{@>I?G-Â%;>=?G
·?@>8AÅ,¹AÅ?DFº�DF;�D�G-¾�;>=?@�8H:?¼A=%;�=,G
;�@c¹{D�I?D�I?¼
¸�8A@>·?:,¾-ÌgË�=?D�¾�Á�¹A¾�Â<8HI?G�Å¤G-¸-¹{:,¾�G�;>=?GC;�D�¶/G�I?G-G-Â<GiÂ�Äâ8H@ª;>=?GC;�@c¹{D�I?D�I?¼5·?@>8<¸�Gi¾�¾MÁ�¹H¾p;>8g8
¼A@>G-¹(;iÈ¥¹{@>8A:,I,Â

4622
¾�G-¸J8AI,Â,¾©¿ñî��%;�D�¶/G-¾5¼A@>G-¹(;>GJ@
;>=,¹{I�Á1Dr;>=?8A:<;5;�@c¹{D�I?DFI,¼RÀxÈ�¹{I,Â�;�=?G

¹A¸J¸J:?@c¹A¸�ÆÍÂ?D�Â�I?8A;�DF¶/·?@>8(EAG/¹A¾k¶�:,¸c=�¹H¾kG�Ã<·¤G-¸x;>G-Â+Ì!å�8A@>GJ8(EHGJ@iÈ|Á�8A@>Î<¾�º�D�ÎAG/;�=,G#8AI?Gi¾
8{Ä �M=g:?@c¸c=�é &]ëª¹{I|Â���G �18R¾vG�éF�]ëp¹{º�¾v8�¸�8HºFº�G-¸�;k¾v;>¹{;�D�¾V;>D�¸-¹{º�DFI?Äâ8A@>¶/¹{;�D�8AI�Äâ@>8A¶�¹©;>¹A¼A¼HG-Â
¸�8A@>·?:,¾�D�I,¾v;�Gi¹AÂ%8{Ä!:|¾vD�I?¼/;�=,G
·?@�8<¸JG-¾>¾M8AÄ¥;>@>¹ADFI?D�I?¼�Äâ8A@�æ�åÍå�Ì

D!D�¼A:,@�GM
�¾�=?8(Á�¾�;�=,G�Ig:?¶�Å|G-@
8{Ä�¾V;c¹(;�Gi¾C8{Äª;VÁ�8%;>¹{¼R¾CÅ?:?D�ºr;�ÅgÆ�;�=,G/æ�åÍå ;>¹A¼A¼AG-@
Â<:?@>DFI?¼C;>@>¹ADFI?D�I?¼|Ì D!D�¼A:,@�G #k¾�=?8(Á�¾!;�=?G�¼H@�8(Á�;>=58AÄ|;>=?G1Ig:?¶5Å¤GJ@¢8AÄ¤I?8<Â<Gi¾¢D�I�;>=?G ��»!å��
;>¹{¼H¼AG-@�! ¾�¸J8AIR;�GJÃg;�;>@�G-GAÌ>�M8A¶/·,¹A@�D�I?¼%Å|8A;�=0Ê,¼A:?@>G-¾-ÈaDr;�¸-¹{I�Å¤G�¾�GJGJI�;�=,¹{;k;�=?G/Ig:?¶5Å¤GJ@
8{Ä¥¾v;>¹(;>G-¾ªDFI#;>=?G�æ�åÍå ;c¹{¼A¼HGJ@¢D�¾ª¶/8H@�G1;>=,¹{I/;>=?@>GJG�;>DF¶/Gi¾ªº�¹{@>¼AG-@�;�=,¹AI#;�=?G�Ig:?¶5Å¤GJ@M8{Ä
I?8<Â<G-¾�DFI�;>=?G4��»!å��§;>¹A¼A¼AG-@-È?¾�=?8(Á1D�I?¼/;�=|¹(;�¶#¹{IgÆ�¾vGiìH:,GJI,¸JG-¾18AÄ�;VÁ�8/;>¹A¼H¾�Äâ@>8A¶è;�=,G
;�@c¹{D�I?DFI,¼5¸�8H@�·?:|¾p¹{@>G�¸�8HI,¾vGiìR:?GJI,¸JG18{ÄÉ¾�·,¹{@c¾vG�Â,¹(;>¹,ÈH¹AI,Â#Â<8�I?8A;M¹AÂ,Â/¶5:,¸c=#ÎgI?8(Á1º�G-Â<¼HG
@�G-ºFG-E]¹AIR;�Äâ8H@�;�=?Gk;c¹{¼H¼AD�I?¼,Ì

��;�=?G-@¢@�Gi¾v:?ºF;>¾pÁMG-@�G1¹{º�¾�8C¼HGJI?G-@>¹{;�GiÂ+È(Å?:<;p;>=?G-¾�G�¹{@>G�8A¶/DF;v;�GiÂ#Â<:?G�;>8�¾v·,¹H¸�G�@>G-¾v;�@>D�¸�Ç
;�D�8AI,¾-Ì?Ë�=?G
D�IH;>GJ@>G-¾v;�GiÂ©@>G-¹HÂ<GJ@1¸J¹AI�¸J8AI,¾�:?ºF;�é @>G�ÄâG-@�G-I,¸�GCÁ1DF;�=?8Hº�ÂgëTÌ

� . 0 .+)!¯ 0¥²���±p°8< A

9 ¸J:?@�@>GJIR;>ºFÆ/Á�GJº�º|ÎgI?8(Á1I#;c¹{¼H¼AGJ@MD�¾M;>=?G�8HI?G�8AÄ!ó�@�D�º�º!é F(ëTÈgÁ1=?D�¸c=©D�¾�Å,¹H¾vGiÂ#8AI©;�@c¹{I,¾vÄâ8A@�Ç
¶/¹{;�D�8AI�@>:?ºFGi¾1¹{I,Â�¹H¸c=?DFG-EAGi¾�¹A@�8H:?I,Â

95.4%
8AÄ�¹H¸J¸J:?@>¹H¸�Æ#D�I�;�=?G4�4¹{º�º!ãR;>@�G-G�;
	H8A:?@>I,¹{º

¿ � ã�	gÀ�é í(ë NpI?¼HºFD�¾�=%¸�8H@�·,:,¾JÌ�D?8H@p;>=?G�½�8H@v;>:?¼A:?Gi¾vGHÈ �M=|¹A¸�:,@M¹{I|Â�D�DFI,¼AGJ@�éFê �(ëa·?@>8A·¤8H¾�G-Â



 3000

 4000

 5000

 6000

 7000

 8000

 9000

 10000

 0  100000  200000  300000  400000  500000  600000  700000  800000

N
um

b
e

r o
f T

w
o

 T
a

g
s 

St
a

te
s

Number of Training Words

Training
Corpus Size

5%
10%
15%
20%
25%
30%
35%
40%
45%
50%
55%
60%
65%
70%
75%
80%
85%
90%
95%

100%
Mean

����� h��¤h KMXRz � Y�m�LJuaQTSvnJSVY>Q¢L-u¤SPo�L�Svn-�-Q¢L � SvnJU\ORYxq � skS l Y � �#��SvnJ�i�-Y>mpopU\S l mVYcQ�}<Ycw�S�SVL�S l Y
O{XHz � Y>m¢LJuao�LJmvqHQpU\O�S�mvn-U\OHUrOH�H�

 0

 500

 1000

 1500

 2000

 2500

 3000

 0  100000  200000  300000  400000  500000  600000  700000  800000

N
um

b
e

r o
f N

o
d

e
s 

in
 th

e
 C

o
nt

e
xt

 T
re

e

Number of Training Words

����� h��?h ZMmVLxo¢S l LJuaS l Y1O{XHz � Y>m�L-uÉORL{qAYcQ¢U\O�S l Y ��  �#¡�SvnJ�i�iY�m
	 QMwcLiO(SVY>�{S¢S�mVYcY-�



¹{I,Â�D�¶�·,ºFG-¶�G-IR;�G-Â�¹�E]¹A@�D�¹{IR;
8{Ä�;>=?G©ó�@�D�º�º ! ¾
¶/G�;>=?8<Â+È!¹AI,Â�8AÅ<;c¹{D�I?G-Â�@>G-¹A¾�8AI|¹{Å?º�G/@�GJÇ
¾v:?ºF;>¾-Ì¢91Ä�;>GJ@/;�=|¹(; D!D�I?¼HGJ@�éFêHêxë1:,¾�G-Â�¾�8A¶/G�8A·<;>DF¶/D��-¹{;�D�8AI ;>G-¸c=?I,D�ìR:?Gi¾�¹AI,Â 8HÅ<;>¹ADFI?GiÂ
Å|GJ;v;�G-@�@>G-¾�:?ºr;c¾JÈ?¹A@�8H:?I,Â

95.43%
8AÄ�¹H¸J¸J:?@>¹H¸�Æ#8HI©;>=?G�ËªÆ<¸c=?8/ó�@>¹A=?G/é #]ë!¸�8H@�·?:|¾JÌ

9�¶/8AI?¼�;>=?G
;>¹A¼A¼HGJ@c¾ª;>=,¹(;�:|¾vG�¾v;>¹{;�D�¾V;>D�¸-¹{ºÉ¶/8<Â<GJº�¾ ��¹{;�I,¹A·,¹{@>Îg=?D�éFê �]ë¥D�¶/·?º�GJ¶/GJIR;>¾
8AI?G
Å,¹H¾vGiÂ�8AI�åÍ¹(Ã<D�¶5:?¶ NpIR;�@>8A·gÆAÈ?Á1=,D�¸c=�8AÅ?;>¹{D�I,¾

96.6%
8AÄ�¹H¸J¸�:,@>¹H¸�Æ#8AI�;>=?G4� ã�	

¸�8A@>·?:,¾-Ì,ó�@c¹{IR;>¾ké�ê-î]ë�DF¶/·?º�GJ¶/G-IH;c¾�¹/;c¹{¼A¼HGJ@�Å,¹H¾vGiÂ%8HIÍæ�åÍå ;>=,¹(;C¹A¸c=?D�GJEHG-¾1¹{I�¹H¸J¸�:?Ç
@>¹H¸�Æ�8{Ä

96.7%
Ì��1G-¸JGJIR;�º�ÆAÈRË¥8H:<;>¹AI?8(E(¹#é�ê�
(ë+¾v=,8(ÁMGiÂ#¹k;>¹A¼A¼AG-@ªÅ,¹H¾vGiÂ/8AI��MD�¸�º�D�¸ ��GJ·¤GJI<Ç

Â<GJI,Â?Æ�7�G�;VÁ�8A@>Î¤È,Á1=?D�¸c=�8AÅ<;c¹{D�I,¾
97.24%

8AÄ¢¹H¸J¸J:?@>¹H¸�ÆHÈ,¸�º�¹{D�¶/DFI?¼�;�=?D�¾�D�¾1;>=?G�¾v;>¹{;�G�8AÄ
;�=?G�¹{@�;�Äâ8A@�NpI?¼Aº�D�¾v=ÉÌ-D?8H@5½�8A@�;�:,¼A:?Gi¾vGHÈ!9�D�@>G-¾�é�ê #]ë�¹HÂ?¹{·<;c¾�E(¹{@>D�8A:,¾ NªI?¼Aº�D�¾�=�;c¹{¼A¼HGJ@c¾
¹{I,Â�¾v=,8(Á�¾�;>=?GJD�@
@�Gi¾v:,ºr;c¾�Äâ8H@k½�8H@v;>:?¼A:,G-¾�GAÌ+Ë�=?G/Å|Gi¾V;
8HI?G�¹H¸c=?D�GJEAGi¾

90.25%
8{Ä�¹A¸-¸�:<Ç

@>¹H¸�ÆAÈ{¹AI,Â/D�¾¢8AÅ<;c¹{D�I?G-Â�ÅgÆ�;>=?G�¹HÂ?¹{·<;c¹(;>DF8HI�8AÄ|;>=?G���¹{;�I,¹A·,¹{@>Îg=?D ! ¾¢åÍ¹{Ã<DF¶�:?¶ NpIR;>@�8H·RÆ
;>¹{¼H¼AG-@-Ì

� ?0±M®�´E.v³/AgµV±ª®/A

�0G�Å,:?DFºF;�;VÁ�8�½�8gã�;>¹{¼H¼AG-@>¾CÄâ8H@
½�8H@v;>:?¼A:,G-¾�GAÈÉ8HI?G/Å,¹A¾�G-Â�8AI�;>=?G#;�@c¹AÂ?Dr;>DF8HI,¹{º�ºFÆ�:,¾vGiÂ
æ�åÍå�È|¹{I,Â�8AI,GCÅ|¹A¾�G-Â%8AI���»¥å���È,¹�@�Gi¸�GJIR;�;�=,GJ8A@>G�;>D�¸k¾v;>¹{;�D�¾V;>D�¸-¹{º+¶/8<Â<GJºtÌ

�ÏDr;>=�¹AI�¹A¸-¸�:?@c¹A¸JÆ08AÄ
95.51%

Á1Dr;>= ;�=,G��C»¥å��ä;>¹{¼H¼AG-@�Á�G%8HÅ<;>¹ADFI,G-Â�¹�@�Gi¾v:,ºr;
EAGJ@>Æ4¸�º�8H¾�G�;�80;�=,G%Å¤G-¾v;�8HI?G-¾�@>GJ·¤8A@�;�G-Â�Äâ8A@�½�8H@v;>:?¼A:,G-¾�GÍéFê �<È�ê #gÈ�êAêxëTÌ¢9�º�¾v8|È�;�=?G%;�D�¶/G
¾v·¤GJIR;�D�I%;>@>¹ADFI,DFI?¼�Á1DF;�=�¶/8A@>G�;>=,¹{I

775, 000
Á�8A@cÂ?¾�¹{I|Â©D�I�;>¹{¼H¼AD�I?¼/¹{º�¶�8R¾V;

260, 000¿
1, 035, 593

D�I�;�8{;c¹{º�À�D�¾1EAG-@�Æ©Äñ¹A¾v;-È<;>=?8A:?¼H=�ÁMG�¸-¹{I?I,8{;�¸�8H¶/·,¹{@>GkDr;�;�8#8{;>=?GJ@�;>¹{¼H¼AG-@>¾
DFI�º�Dr;>GJ@c¹(;�:,@�G
¾�DFI,¸JGC;�=?D�¾1@>G-¾�:?ºr;1D�¾1I?8H@�¶#¹{º�º�Æ#I?8{;�·?@>G-¾�GJIR;>G-Â�¿ñGJEHGJI�¾v8|È<ÁMGk@>GJ·¤8A@�;�;�=,¹{;
;�=?G ��»!å���;>¹{¼H¼AG-@¥;>8R8HÎ<¾!8HI?º�Æ

157
¾�G-¸�8HI,Â?¾!;�8C;>@>¹ADFI�¹{I,Â5;>¹A¼�Á1DF;�=�;�=,G�¶/D�ºFº�D�8AI�ÁM8H@>Â?¾

¾V;c¹(;�GiÂ�¹{Å¤8(EAGAÈg@>:?I?I?D�I?¼/8AI�¸c=?Gi¹{·�¶/¹H¸c=?D�I?GiÀ�Ì
�Ï=?GJI0DFI,¾v;�@>:,¸�;�D�I?¼�;>=?G��C»¥å��à;>¹{¼H¼AG-@�;�8�¸�8HI,¾vD�Â<G-@�º�8AI?¼HGJ@k¸�8AIR;>G�Ãg;>¾-È|DF;kÁ�¹H¾�I?8A;

¹{Å?º�G1;�8�Â?G�;�Gi¸x;ª¶#¹AIRÆ�º�8AI?¼�Â<D�¾v;>¹{I|¸�G�Â<G-·|G-I,Â<GJI|¸�D�G-¾-ÌHå�8H@�G-8(EAGJ@iÈ]DFI|¾V;>@�:,¸�;�D�I?¼�DF;p;�8�¸�8AI?Ç
¾vD�Â<GJ@�I?8A;�¾�8CºF8HI?¼C¸J8AIR;�GJÃg;>¾�=,¹]EAGMDF¶/·?@>8(EAGiÂk;�=,G�·¤GJ@�Äâ8A@>¶#¹{I,¸JGC¿ñDFI�;�G-@�¶#¾�8{Ä¤¹A¸J¸J:?@c¹A¸�Æ?À�Ì
ãg8�Á�G�¸�8AI|¸�º�:,Â<GM;�=,¹{;-È(Á1=?G-I5=,¹]EgD�I?¼�º�G-¾>¾�ºF8HI?¼�¸J8AIR;�GJÃg;>¾�¹]E(¹{D�º�¹AÅ?ºFGHÈJ;>=?G�;>¹A¼A¼AG-@�¸c=,8R8R¾vGi¾
¾v=?8H@v;�¹{I,Â#@>G-¸JGJIR;M¸J8AIR;�GJÃR;c¾JÈHÁ1=,¹(;�DF¶/·?@>8(EAGi¾¢;>=?G�·¤GJ@�Äâ8A@>¶#¹{I,¸JG�¹{I,Â#¾�=?8(Á�¾p;�=,¹{;ª;�=,GJ@>G
¹{@>GCº�8AI,¼�¸J8AIR;�GJÃR;c¾�;�=,¹{;�Â<G-¸-¹]Æ�DF;-Ì

Ë�=?8A:?¼H="�p¹{@>D�¹AÅ?ºFG
»¥GJI?¼A;�=ÍåÍ¹A@�ÎH8(E �M=,¹{D�I,¾�Â<8©I?8{;�¸-¹{·<;>:?@�G
EHGJ@>Æ©º�8AI?¼�¸J8AIR;�GJÃg;>¾-È
;�=?G-Æ�·|G-@vÄâ8H@�¶�¸J8AI,¾�D�¾v;�G-IR;�º�Æ�Å¤G�;�;�G-@kÄâ8A@k·,¹{@�;vÇT8{Ä�Ç�¾�·|G-G-¸c=Í¹{I|¹{º�Æg¾�D�¾�;>=,¹{I�;�=?G#¸�º�¹A¾>¾�D�¸-¹{º�Æ
¹{·?·?º�D�G-Â�;�=?G-8A@>ÆÍ8{Ä�Ê?Ã<G-Â08A@cÂ<GJ@
åÍ¹A@�ÎH8(E*�M=,¹{D�I,¾-ÌE�0G#¼HDFEHG�@>G-¾�:?ºF;>¾C;>=,¹(;�¹{º�º�8(Á�:,¾C;>8
8AÅ,¾�GJ@>EAG�º�DF¶/DF;>¹(;>DF8HI,¾ª¹AI,Â/¹AÂ<E(¹AIH;c¹{¼HG-¾�8{Äa;>=?G�¹{·,·?ºFD�¸J¹{;�D�8AI/8{ÄÉ¾v;>¹{;�D�¾V;>D�¸-¹{º?¶/8<Â<GJº�¾pÅ|¹A¾�G-Â
8AI �C»¥å��/��;�=,GJÆ�º�G-¹{@>I�E(¹{@>DF8H:,¾�¾v=?8H@v;�¹{I,Â�¹]EAGJ@c¹{¼HG#Â<D�¾v;>¹AI,¸�G©Ê?Ã<G-Â�¸�8AIR;>G�Ãg;>¾�¿

d ≤
6
ÀxÈ¤Å?:<;C;�=,GJÆÍÂ<8%I?8{;k=,¹]EAG5¼AGJI,GJ@c¹{º�D	�i¹(;�D�I?¼�¸-¹{·,¹H¸�DF;VÆ©;>8%º�G-¹A@�I�º�DFI,¼A:?D�¾V;>D�¸�·?=?G-I?8A¶/G-I,¹
8g¸-¸�:?@>D�I?¼�D�I5E(¹{@>D�¹AÅ?º�Gª¸�8HIH;>G�Ãg;>¾�¹{I|Â
8{Ä,º�8AI,¼AGJ@�Â<D�¾V;c¹{I,¸JGAÌ D?:<;>:?@�G�@>G-¾�G-¹{@c¸c=kDFI�¾V;c¹(;>D�¾v;�D�¸J¹Aº
ºFD�I?¼A:,D�¾v;�D�¸J¾�@�G-¼H¹A@>Â<D�I?¼#º�8AI?¼©@>¹AI?¼AG�Â<G-·|G-I,Â<G-I,¸�D�G-¾k¾�=?8A:?º�Â�¸�8HI,¸�G-IR;�@c¹(;�G5DFIÍ8A;�=?G-@�Á�¹]Æ<¾
8{Ä¢¾v8HºFEgD�I?¼5;>=?D�¾1ºFD�¶/Dr;c¹(;>DF8HIÉÌ

. 0��I0¥°80¥®�´ 0>A

� ���Mn � U\ORY>mx�   � �����	�äSVXASVL-mVUrn-y�L-O l UrqRqAYcO�z�nJmV�iLJ[�z
L{qHY>yrQ�n-ORq4Q�Ycy\Ycw>SVYxq nJ}R}Ry\U\wxn�SVUrL-ORQ
U\O�Q�}<YcY>w l mVY>wcLi�-ORUWSVU\LiO|�©NPO
�¤~ÉmVL(wcY>YxqHU\OR�-QkL-upS l Y
N�����¢� � Liy\XRz
Y����/L-uªORLA���{� � ������� �
��������� � �



�{� ��� l y\z�nJORO|�g~a�r�?¦%sHOHY>mx� ��� �H��� � nJmVUrn � y\YCy\YcOH�-S l z�nJmV�]L�[�w l nJU\ORQc� �MOHOgnJyrQML-u¢�{SvnJSVU\QTSVU\wcQ
��� � �i� � ������� ��� ��� � � �
	

	 �����Jw l y\Y>mx�É�%�\� �� l y\z�n-OHO|�|~a��� � n�mVUrn � y\Y
y\YcOH�-S l z�nJmV�iLJ[�w l nJUrOHQ��É��Y>S l L{qHL-yrL-�-s(�+w>Lizk�
}HXHSVU\OR��n-ORq�Q�LJu�Sto�nJmVYi��ªYcQ�YxnJmVw l �ªYc}<LJm�S ��� �A� �ÉUrqH�iY>ORLiQ�Q�U\Q�w l Y j Ycw l OHU\Q�w l Y � L(w l Q�w l XRy\Y
� � j�� ���g¡ � � ��������� � mVUrw l �g�{opUWS��cY�mVyFnJOgq � � ��� �i�ª�AYcz
U\Ogn�m¢u�XAmM�{SvnJSVU\QTSVU\�<�

�H���ªU\Q�QVn-OHYcO|���H��� �¨XHORU\[]Y>mVQVnJyaqHnJSvn
wcLiz
}AmVYcQ�Q�U\LiO#QTsAQTSVYcz/�¢N ���� j mvnJORQc�<NPOHu�LJmVz/� j�l YcL-m�s
����� ��� � ������	 ��� ��� �������

�{�1N �   ����K�NT¡ ���/~�n-Ogq�NT� �É���1�A~ ��¡�LJmV}RXRQ �MOHL-SvniqAL�qHL©~aL-m�SVXH�iX �cQ � UrQTS�!JmVU\wcL j sAw l L
� mvn l Y-� � � ��� �-� �¢wcY>Q�QVniqHLCYcz � ��� �{�

�A��¡ l XAmVw l ��"k� ¦¨��� �0QTSVL(w l nJQTSVU\wª}RnJm�SVQ+}AmVLi�-mvnJz§n-ORq�ORL-XRO�} l mvnJQ�Y�}gn�mVQ�Y>mÉu�LJm!XHOHmVYcQTS�mVU\w>SVYcq
SVY��ASx��NPO
�,~+mVL(wcYcYxqAU\OR�iQ�LJu�S l Y�Q�YcwcL-Ogq%w>LiOHu�Y>mVYcOHwcYkLiO �M}H}Ry\U\Yxq�OgnJSVXAmvn-yÉyrn-OH�iXgnJ�iYk}AmVL-�
w>YcQ�Q�U\OR�H� �MXHQTSVUrO,� j Y>�Hn-Qc� �MQ�Q�L(wcUrn�SVUrL-O#u�L-m�¡�L-z
}RXHSvn�SVU\LiOgnJy   U\OR�iXHU\QTSVUrw>Q � ������� � �
	 ��� � � 	

�{�$#�Y��ML-Q�Yi�a�?� �H���©ZMmvn-z
z�n�SVU\wxn-y¥wxnJSVY>�iL-m�s�qHU\QVn-z � U\�iXRnJSVU\LiO � s©QTSvnJSVU\QTSVU\wxnJy�Li}ASVUrz
U%�xn�SVU\LiO|�
¡�L-z
}RXASvnJSVU\LiORn-y   U\OR�-XRU\QTSVU\wcQ � ��� ������� � 	�� � 	��

� � � mVUry\y�� �¢���&��ORQ�XH}<Y>mV[{U\Q�YxqCy\YxnJmVOHU\OR��L-u,qAUrQVnJz � Ur�-Xgn�SVUrL-OkmVXRy\YcQÉu�LJm�}gn�m�S�LJu?Q�}<YcYcw l Svn-�-�iU\OR�A�
NPO('�n�mVL�[AQ��(s(�)#C�\�¥¡ l XHmVw l �*"k�\�ÉYxqAQc� �¥~+mVL(wcYcYcqHU\OR�-QkL-uªS l Y j�l UWmvq�¦�LJmV�AQ l Li}ÍLiO � Y>m�s
  nJmV�-Yk¡�LJmV}<L-mvnA�¤�{Liz
Y>mVQ�Y>Sx�RK�Y>o+�iY>mVQ�Y>s(� �MQ�Q�L(wcUrnJSVU\L-O©u�L-m�¡�L-z
}RXHSvn�SVU\LiOgnJy   U\OH�iXRU\QTSVU\wcQ
� ����� �i� � � �
	

� ���/n�mVwcXRQc�¢�%� ~+�\�ª�An-O(SVL-mVU\OHUâ� � �\�p�/n�mVwcU\OR�{U\Y>opU\w
�i�M�%� ����� � XRU\yrqHU\OR�Ín�yrnJmV�-Y�nJOROHL-SvnJSVYcq
w>L-mV}RXHQkL-u�YcOR�-yrU\Q l � j�l Y/}<YcOHO�S�mVYcY � n-OH�<�4¡�L-z
}RXASvnJSVU\LiORn-y   U\OR�-XRU\QTSVU\wcQ � � � �-� � ����� �(�
	 ��	 � 	�	��

�
� � �ªy\[]YcQc�i¡M� #C� ¡M�r�-,aU\OR�iY�mx�{�%��� �+SVUr«(XRY>SvnJ�iYcz§qAL�}<L-m�SVXH�iX.�>Q+wcy0/-Q�Q�U\wcL � nJQ�YxniqHn�Ycz¨w
!JmV}<L-mvn{�
NPO
�,~+mVL(wcYcYxqAU\OR�iQ1LJu�N � �ÉORwcL-O(S�mVL�}RnJmvn�L�~+mVL(wcYcQ�QVn-z
Y>O{SVL#¡�Liz
}RXASvn-wcU\L-Ogn-yÉqHn  21 OH�iXRn
~aLJm�SVXR�-XRYcQVn �ÉQ�w>mVUWSvnkY�,gnJyFn-qRn � ~��43�~�3 � ��� ��� 5¥[iL-mvnA�g~aL-m�SVXH�]n-y � ������� � � � �����

��� ��,aU\OH�iY>mx�R�%��� j76 wcOHU\wxn-QªqHY�L-SVU\z
U%�xn�8�9JLkqHn�}HmVY>wcU\Q�9-LkYcz
}AmVYc�]n-qRnJQ�ORL�Y>SVUr«{XHY>SvniqAL-m j sAw l L
� mvn l Y-��NPO
�¤~ÉmVL(wcY>YxqHU\OR�-Q�LJu � �ÉORwcL-O{S�mVL�}gnJmvn/L/~ÉmVL(wcY>Q�QVn-z
YcO(SVL©¡�Liz
}HXHSvnJwcU\LiOgnJy�qHn
 21 OR�iXRn1~aL-m�SVXH�iXRY>QVn �ÉQ�w>mVUWSvn�Y:,Rn-yrniqHn � ~��43�~�3 � � ����� ��� ��SVU � n-Urn{� � mvn��>Ury � � ����� � ��� � ���

� �{���MnJSVORn-}RnJmV� l U�� ����� ��z�nJ�AU\zCXRz YcO(S�mVLi}(s5z
L{qHYcy?u�LJm�}RnJm�S��ñL-uF�ñQ�}<YcYcw l Svn-�-�iU\OR�A�¢NtO �g~+mVL-�
w>YcYxqHU\OH�iQCLJupS l Y �¥z
}HUWmVUrwcn-yp��Y>S l L{qHQ�UrOÍK�nJSVXHmvnJy   n-OR�-XgnJ�iY/~+mVL(wcYcQ�Q�U\OH��¡�L-OHu�Y�mVYcORwcY-�
�MORU\[]Y>mVQ�UWSPs�L-u¥~aYcOHORQTsAy\[inJORUrn � ����� �i�

�
	 � � mvn-O(SVQc� j ��� j O{S ��n0QTSvn�SVUrQTSVU\wxnJyC}RnJm�S��ñL-uF�PQ�}<Y>Ycw l Svn-�-�iY>mx�çNPO
�M~ÉmVL(w>YcYxqHU\OH�iQ�L-ukS l Y
�{UW�AS l �ª}R}HyrU\Yxq�K�nJSVXAmvn-y   nJOR�-Xgn-�-Y�~+mVL(wcYcQ�Q�U\OR��¡�LiOAu�Y>mVYcOHwcY � �ªK   ~É� � ����� ���-�AYxn�S�SVyrY-�x¦ �
� � ����� �

� �H� j LiXHSvnJORL�[-nA�;"k�\�;"1y\YcU\O|��#C�\�,�/n-OHORU\OR�A�,¡M� #C�\�|�AU\OR�-Y>mx��'C���<,RYxn�SVXHmVY>�âmVU\w l }RnJm�S��ñL-uF�ñQ�}<YcYcw l
SvnJ�i�-UrOH�CopUWS l nCw�sHw>yrU\w1qAYc}<YcORqHYcOHw>s�ORY>SPo�LJmV�?�aNtO
�H~+mVL(wcYcYxqAU\OR�iQpLJu �� Aj �ñK � �ª¡   � ����	 �
� � ����	 � ����������� �

� �{� �ªUWmVYcQc����� � � =����0NPz
}Ry\Ycz
YcO(Svn�8�9-LA�ÉniqHn-}HSvn�8�9-LA��w>Liz � U\Ogn�8
9-L©Y/nx[inJy\UFn�8�9-L�qHY�Y�SVUF«(XHY>SvnJ�
qAL-mVYcQM}gn�mvn5L5}<L-m�SVXH�iX.�>Q�qHL � mvnJQ�U\yâ��#�U\Q�Q�Y>m�Svn�8�9JL/qAY�z
YcQTS�mvn-qHLA�<NtOHQTSVU\SVXASVL5qHYC¡�U0�>ORwcUrn-Q
�/n�SVYcz>/JSVU\wxnJQ/Y�¡�Liz
}RXASvn�8�9JLH���MORU\[]Y>mVQ�UrqRn-qHY%qHY�� 9JL�~+nJXRy\L���¡�n-z
}RXHQ/�?9-L�¡�nJmVy\LiQ
� � ����� �


