
Using Self-Supervised Word Segmentation in
Chinese Information Retrieval

Fuchun Peng
�

Xiangji Huang
�

Dale Schuurmans
�

Nick Cercone
�

Stephen Robertson
���������	�

����������������������������
��� �! ���" #��$&%'�(! )"��

*�! �,+-���/.0	�����
,1 �2�3$4.0	�����
,1 �2�3$5�6	7��	"87	

9;:=<?>�@BA#CED?FHG�IKJLA#CMDKNEJ?OP@QDKAER;@BSTR;U?A#@LVLW�I�XYJLZT@,STO[U�UM\ R]J^"_ !` �

�(*L�a�b�dce�#*L�K	�

 �f7$6�6	7��g�
h!`8�i(��$&%kjmlkjY	7�"8n�o! �,+p%��(! )"��

*�! �,+E$/q����"8��4�7$6%�jrlkj
s @BS,W�t�uPRBSTU s U?:vZ]\ RBUQt

ABSTRACTw @x>ESTU?>�U s @'J s @BOP:vy s I#>�@BSTz�u s @]N�X�U?ShNMy s @;C?t�@;A�ZhJLZTuPUQA{ZT@;RhG#A#u[|�I#@:}U?S�~�G#uPA#@ s @�u[AM:�ULSTt'JLZTuPUQA�ST@BZbSTuP@;z?J?O=\��3G#u s t�@BZTG#U�N�R;U?t��#uPAE@ sZTGE@�J?NEz?J?A�ZhJ?C?@ s U?:5ZbShJQNEu`ZTuPUQA#J?OeNEuPRBZTuPU?AKJLSb���#J s @]N�J?>E>ESTU�JLR,GE@ sX�u`ZTG-RhGKJ�ShJ?RBZT@BS��#J s @]N�JL>#>MSTU�J?RhG#@ s DeX�GEuPO[@�U�z�@BSTRBUQt�uPA#C�t'J?A��UL:6ZTG#@BuPS s GEU?SbZTR;U?t�u[AEC s \����M>�@BSTuPt�@;A�Z s UQA��3���4~�N#JLZhJ s G#U]XRBUQt�>KJ�ShJ?�EO[@�>�@,Sb:�U?STt'JLA#R;@oZTU���U?ZTG{ZTG#@�NMu[R,ZTu[U?AKJ�Sb���#J s @]N�J?AKNZTGE@�RhGKJLShJLRBZT@BS��KJ s @]N�JL>#>MSTU�J?RhG#@ s \-��U]X3@Bz�@BS]DYU?IES't�@BZTGEU�N�u sRBUQt�>#OP@BZT@BOP�{O[J?AECQI#J?CQ@'uPAKNM@;>�@;A#NE@;A�Z&JLAKN�IEA s IE>�@BSTz�u s @;N�D�X�G#uPR,G>MSTU�zMu[NM@ s J�>ESTUQt�u s uPA#C5J]z�@;A�I#@�:}U?S7R;U?A s ZbSTI#R,ZTu[AEC�JLR;R;IMShJLZT@�toI#O`ZTu`yOPuPA#C?IKJLO6U?S�RBSTU sbs y�OPuPA#C?IKJLO6uPAE:�ULSTt'JLZTuPUQA�ST@,ZbSTu[@BzQJLO s � s ZT@;t s ZTGKJ�ZJ�ST@��K@B�MuP�#OP@�JLAKN�J?N#JL>EZTuPz�@Q\

1. INTRODUCTION�3GE@�uPA#RBST@]J s uPA#C'uPA�ZT@,ST@ s Zeu[A�RBSTU sbs yrOPuPA#CQI#J?O�JLAKN�t�I#O`ZTuPOPuPA#CQI#J?O�uPAEy:}U?STt'J�ZTu[U?A�ST@BZbSTuP@;z?J?OeGKJ s RBST@;JLZT@]N�ZTGE@�R,G#J?OPOP@;A#C?@�U?:/NM@ s uPCQA#uPAECJLR;R;IMShJLZT@�uPAE:}U?STt'JLZTuPU?A�ST@BZbSTuP@;z?J?O s � s ZT@;t s :�ULS/� s u[J?A�O[J?A#C?IKJLCQ@ ss IER,G�J s ~�G#uPAE@ s @QDE�3GKJLu"J?AKN��QJ?>KJLA#@ s @?\��EU?S3toI#O`ZTuPOPu[AECQI#J?OKuPAE:}U?Sbyt'J�ZTuPUQAoST@,ZbSTu[@BzQJLOEu`Z2u s uPt�>�ULSbZhJ?A�Z�ZTU�G#J�zQ@YJ?A�J?N#JL>EZhJ?�EOP@ s � s ZT@BtX�GEuPR,G�R]JLA{��@/@]J s u[O`��>�ULSbZT@]N�ZTU�AE@BXnNMUQt'JLu[A s JLAKN�O[J?AECQIKJLCQ@ s \�5U]X3@;z�@,S]D?uPA&NM@ s uPCQA#uPAECeuPAM:�U?STt'J�ZTuPUQA�ST@BZbSTuP@;z?J?O s � s ZT@;t s :�ULSaZTG#@ s @O[JLA#CQI#J?C?@ s UQA#@2:=JLR;@ s ZTG#@2RhGKJ?OPOP@;AECQ@3UL:KJ?N#NMST@ sbs u[AEC5ZTGE@2X�U?ShN s @;C?yt�@BA�ZhJ�ZTuPUQA'>ESTU?�#OP@;t�J s >KJ�SbZ3U?:�ZTG#@�ST@BZbSTuP@;z?J?O">ESTU�R;@ sbs \��3G#JLZYu s DIEA#OPuP��@&�7A#CQOPu s G�D#uPA�� s u[JLA�O[J?A#C?IKJLCQ@ s DKX�U?ShN s J�ST@�A#U?Ze@B�M>EO[uPR;u`ZTO`�NM@;OPuPt�uPZT@;N{����X�GEuPZT@ s >KJ?RB@Q\��3GEu s R,ST@]JLZT@ s�s uPC?A#u`�KR]JLA�Z&>ESTUQ�EOP@;t s��ULZTGxuPA�uPA�ZT@,ST>EST@BZTuPA#C6|�IE@BSTuP@ s J?AKNou[A�u[A#NE@B�MuPA#C5ZTG#@YZT@B��Z7R;U?ST>EI s \�3GE@xX3ULShN s @;CQt�@BA�ZhJ�ZTuPUQAd>MSTUQ�#OP@;t�uPA�� s u[J?AdO[J?AECQI#J?CQ@ s G#J s��@B@;A�GE@]J]z�u[O`��ST@ s @]JLSTRhG#@]N�uPA{ZTGE@o>#J s Z6NE@;R]J?NE@k�P ?D�<MD�¡MD7 �¢�D4 ;¡MD¢� QDY¢Q¢�DY¢?¡�£r\�¤
A�ZTGE@�ST@BZbSTuP@;z?J?OYZhJ s �d:�U?S�ZTG#@ s @kOvJLA#C?IKJ?C?@ s D3ZTGE@�ES s Z s ZT@;>�ZTU5u[A#NE@B�MuPA#C5u s ZTU5ZTUQ��@;AEuP¥;@�ZTG#@�R;UQOPOP@;RBZTuPUQA�\2��ShJQNMu`ZTu[U?AEyJLOPOP��ZTGE@BST@&GKJ]z�@&��@;@;A�Z�X3U�J?>E>ESTU�JLR,GE@ s ZhJL��@;A�ZTU�ZTUQ�Q@;A#uP¥]J�ZTu[U?A�¦ZTGE@/NEuPRBZTuPUQA#JLSb���#J s @]N�JL>#>ESTUQJ?RhG{J?AKN�ZTGE@&R,G#JLShJ?R,ZT@BS6�#J s @]N�JL>Ey>MSTU�JLR,G��P ]§�D4 ]¨MD�¢?©�£r\�¤
A�ZTG#@�NEuPRBZTuPUQA#JLSb�{�KJ s @]N�JL>#>ESTUQJ?RhG�D�UQAE@>MST@By�NE@B�#A#@ s JkOP@B�MuPR;UQA�R;UQA�ZhJ?uPAEu[AEC�JkO[J�STCQ@�A�I#to��@BS6UL:�~�G#uPAE@ s @X�U?ShN s J?A#N�ZTGE@;A�I s @ s G#@;IMSTu s ZTuPRkt�@BZTG#U�N s�s I#RhG�J s t'J��Mu[toI#tt'J�ZTR,GEuPA#CxZTU s @;C?t�@;A�ZeZTGE@o~�G#uPA#@ s @ s @;A�ZT@;AER;@ s \�¤�A�ZTG#@&RhGKJLShJLRByZT@,S(�KJ s @]N&J?>E>ESTU�JLR,G�D s @;A�ZT@;A#R;@ s JLST@7ZTUQ�Q@;A#uP¥;@]N s uPt�>EOP������ZhJ?��uPA#C

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, to
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
Copyright 2001 ACM X-XXXXX-XX-X/XX/XX ... ª 5.00.

@]JLR,GkR,G#JLShJ?R,ZT@BS�ZTU���@�J/�KJ s uPR6IEA#u`Z]\2«�ULZTG�U?:aZTG#@ s @�JL>#>MSTU�J?RhG#@ sGKJ]z�@'J?NEz?J?A�ZhJ?C?@ s J?A#NdNEu s JQNMzQJLA�ZhJ?CQ@ s \��3G#@�NMu[R,ZTu[U?AKJ�Sb���#J s @]NJ?>E>ESTUQJ?RhG/u s ZTG#@7@]JLSTOPuP@ s Z7JLAKN6t�U s Z�X�u[NE@BOP�6I s @]N�t�@BZTGEU�N�uPA�~�GEu`yA#@ s @�¤
�&\"¤�Z�GKJ s ZTG#@�JQNEz?J?A�ZhJLCQ@/U?:�ST@;|�IEu`STu[AEC s t'JLOPO[@,S�uPAMzQ@BSbZT@]NuPAKNM@B���#OP@QD2J?RhG#uP@;z�uPA#C�:=J s ZT@BS�ST@,ZbSTu[@BzQJLO s >�@;@]N"D7J?A#N��K@B�MuP�#O`��J?O`yOPU]X�u[AEC�JQNENEu`ZTuPUQA#J?O7OPu[AECQIEu s ZTuPRxuPAM:�U?STt'J�ZTuPUQA�ZTU���@�uPAER;U?ST>�ULShJLZT@]NuPA�ZTU{uPA�ZTU�ZTG#@�ST@BZbSTuP@;z?J?O s � s ZT@Bt­¬=@?\ CM\ s �MAEUQA��Mt sh® \��3G#@�t�U s Z>ESTU?t�uPA#@;A�Z�NEu s J?NEz?J?A�ZhJ?C?@�U?:�ZTG#@�NMuPRBZTuPUQAKJ�Sb���#J s @]N�J?>#>MSTU�JLR,Gu s ZTG#JLZ�u`Z'ST@]|�I#u`ST@ s JdOvJ�STCQ@�>EST@,y
NM@B�KAE@]N�OP@B�MuPR;U?A�D�X�G#uPRhG�A#ULSbyt'J?OPO`��toI s Z2��@5RBUQA s ZbSTIERBZT@]N����xG#J?AKNxX�u`ZTG s uPCQA#u`�#R]J?A�Z�JLt�UQI#A�ZU?:oO[J?��ULS�J?A#N�ZTu[t�@?\�¯�ULST@;U�z�@BS]D5ZTG#@{O[@,�EuPR;U?A�R;UQA s ZbSTI#RBZT@]N-uPAUQAE@xO[J?AECQIKJLCQ@�°LNEU?t'J?uPA�u s A#U?Z&>�ULSbZhJ?�EO[@xZTU�J?AEU?ZTG#@,SoO[JLA#CQIECQ@�°]yNEU?t'J?uPA�DMJLAKN'u`Z�u s z�u`SbZTIKJLOPOP�'uPt�>�U sbs u[�EOP@�ZTUoOPu s Z5J?OPO�ZTG#@6~�G#uPA#@ s @X3ULShN s uPAdJ�NMuPRBZTuPUQAKJ�Sb� s uPAER;@�ZTG#@ s @BZ/U?:3X�U?ShN s u s UQ>�@;AMyr@;AKNM@]N� ±�£m\��5AkJQN#NMu`ZTu[U?AKJLO s G#ULSbZTR;UQt�uPAECxU?:(ZTGE@�ZbShJQNMu`ZTu[U?AKJLOat'JL�MuPt�IEtt'JLZTRhG#uPAEC{t�@,ZTG#U�N�I s @]N�uPA�ZTGE@�NMu[R,ZTu[U?AKJ�Sb��J?>#>MSTU�JLR,G�u s ZTGKJLZJxRhGKJLShJLRBZT@BS s @]|�I#@;AER;@�u s JLO`XYJ;� s�s @;C?t�@;A�ZT@]NkZTG#@ s JLt�@6XYJ;��ST@,yC�J�ShNEOP@ sbs UL:�R;U?A�ZT@B��Z]D2X�GEuPR,G�R;OP@]J�STOP��z�uPUQO[J�ZT@ s ZTG#@'ZbSTI#@�AKJ�ZTIEST@U?:4~�GEuPA#@ s @�ZT@B��Z]\2¤
A�ZTG#@�RhGKJLShJLRBZT@BS5�KJ s @]N�J?>E>ESTUQJ?RhG�DMZTG#@�t�U s Z>ESTU?t�uPA#@;A�Z�J?NEz?J?A�ZhJ?C?@�u s ZTG#JLZeu`Z�NMU�@ s A#ULZeST@;|�IEu`ST@6>EST@By�NM@B�KAE@]NOP@B�MuPR;UQA�\Y�2J?RhG�R,G#JLShJLRBZT@BS5u s R;U?A s u[NE@BST@;N�J s Jx�KJ s u[R&IEA#u`Z]\��5U]XYy@;z�@,S]D�ZTG#@5NEu s JQNMzQJLA�ZhJLCQ@ s uPA#R;OPIKNM@5G�IECQ@eu[A#NE@B���KOP@QD�t�IER,G s O[U]X�@BSST@BZbSTuP@;z?J?O s >�@;@]N"D�J?A#N/ZTGE@4:=JLRBZ7ZTGKJ�Z7uPZ2u s NEu`²�R;IEO`Z�ZTU�uPA#R;ULST>�U?ShJ�ZT@OPuPA#CQIEu s ZTu[R&uPAE:}U?STt'J�ZTu[U?A�U?:2JLA��k��uPAKN"\«�ULZTG�ZTG#@�NMuPRBZTuPUQAKJ�Sb���KJ s @;N�J?A#N�ZTG#@�R,G#JLShJ?R,ZT@BS��KJ s @;N�J?>My>ESTUQJ?RhG#@ s GKJ]z�@���@;@;A s IER;R;@ sbs :}I#OPO`�'J?>E>#OPuP@]N�ZTUo~�G#uPA#@ s @5uPAE:}U?STt'J�yZTuPUQA/ST@BZbSTuP@;zQJLOEuPA&ST@;R;@;A�Z�X�U?ST�'� ³ED�±�D# B³?£m\4´�z�@BShJLO[O=DLZTG#@3RhGKJ�ShJ?RBZT@,S�KJ s @]N�JL>#>MSTU�J?RhG�G#J s ZT@;A#NE@]N�ZTU5�MuP@;O[No��@BZbZT@,S�ST@BZbSTuP@;zQJLOE>MST@;R;u s uPUQA� §�DM �§�D�¢LµL£mD�JLAKN6ZTG#@,ST@B:�ULST@�ZTG#@BST@2u s J?AoJLSTC?I#t�@;A�ZaJ?��U?IEZ(X�GE@BZTG#@BSX3ULShN s @;CQt�@BA�ZhJ�ZTuPUQA�u s A#@;R;@ sbs JLSb��J�Z6JLOPO�:�ULS&~�GEu[AE@ s @&¤
�&\#�5U]XYy@;z�@,S]D s UQt�@6ST@ s @]JLSTRhG#@BS s �` ]¨MD"¢?©L£aGKJ]z�@&J�STCQI#@;N�ZTGKJLZ�ZTGE@BST@�@B�Mu`Z ss UQt�@�u[AEG#@BST@BA�Z/NMu`²�R;I#O`ZTuP@ s uPA�ZTG#@�R,G#JLShJ?R,ZT@BS/�KJ s @;NdJ?>E>ESTU�JLR,G�\�#ULS�@B�EJLt�>#OP@QD�J5t�U�NE@BSTA'~�GEuPA#@ s @�¤
� s � s ZT@;t s G#U?I#O[Nx��@�J?�EO[@YZTUZhJ?�Q@euPA�ZTU/J?R;RBUQI#A�Z�t�U?ST@YZTGKJLA6FHI s Z4RhGKJLShJLRBZT@BS�u[AM:�ULSTt'JLZTuPUQA�D��#IEZs G#U?I#O[N�JLO s U���@�J?�EO[@5ZTU�@B�M>#OPU?uPZ s U?>#G#u s ZTuPR]J�ZT@]NkZT@;RhG#AEuv|�IE@ s3s I#RhGJ s O[JLZT@BA�Z s @;t'JLA�ZTu[R�u[A#NE@B�MuPA#Ck�` ]<L£(J?A#N�|�I#@BSb�'@,�E>#J?A s u[U?Ad¬mJ s uPA�7A#CQOPu s Gd¤�� ® D"X�G#uPRhGdJ�ST@�J?OPO2�KJ s @;N�UQA�¶�·L¸b¹?ºT\'�3G�I s D�ST@ s @]J�STR,GUQA�~�G#uPAE@ s @�X3ULShN s @;C?t�@;A�ZhJLZTuPUQA{ST@;t'J?uPA s J?A{uPt�>�U?SbZhJ?A�Z�U?>�@;A>ESTU?�#OP@;t�:}U?Se¤
� s � s ZT@;t s \¤
A�ZTGEu s >KJL>�@BS]D"X3@�>MSTUQ>�U s @xJ?A��4¯ky��#J s @]N�t�@BZTGEU�N�:�U?So~�GEu`yA#@ s @3uPAE:�ULSTt'JLZTuPUQAoST@BZbSTuP@;zQJLOMX�GEuPR,GoGKJ s t'JLA��&U?:KZTGE@3JQNMzQJLA�ZhJ?CQ@ sU?:/��ULZTG�ZTG#@�RhGKJLShJLRBZT@BS��KJ s @;N-J?>#>MSTU�JLR,G�JLAKN�ZTG#@�NMuPRBZTuPUQAKJ�Sb��KJ s @]N�J?>#>MSTU�JLR,G�D�X�G#uPOP@�U�z�@BSTRBUQt�uPA#C�t'J?A���UL:�ZTGE@ s GEU?SbZTR;U?txyuPA#C s U?:7��ULZTG�t�@BZTG#U�N s \ w @�R]J?OPO(U?IES�J?>#>MSTU�JLR,GdºB»B¼ ½B¾mºT¿LÀE»,¸hÁ]Â�ºB»b¹ºB»mÃ?Ä'»,Å#ÆrÇLÆ=Âm·?Å#\7¤�A�º;»B¼ ½,¾rºT¿�ÀE»,¸,Á]Â}º;»b¹�ºB»rÃ?Ä�»,Å#ÆrÇ?Æ=Â=·?Å#DQA#Ue>EST@]NM@B�KAE@]NOP@B�MuPR;UQAku s ST@;|�IEu`ST@]N�\7¤�A s ZT@]J?N�DMJ?OPO"ZTGKJ�ZYu s A#@;@]NM@]N�u s JoO[JLSTC?@�I#AEys @;C?t�@;A�ZT@]NkZbShJ?uPAEu[AEC�R;U?ST>EI s
È X�G#uPRhG�u s JLO[t�U s Z6JLO`XYJ;� s @]J s �kZTU



U?�EZhJLu[A�\ w @&J?IEZTU?t'JLZTuPR]JLO[O`�kOP@]JLSTA�JxOP@B�MuPR;UQA�J?AKNkO[@,�EuPR]JLO�NEu s ZbSTu`y�EIEZTuPUQA':}STU?t�ZTG#@eZbShJ?uPA#uPA#CoR;U?ST>EI s ���'I s u[AEC/ZTGE@6�4¯ J?OPCQULSTu`ZTG#t�` ;©L£mD�J?A#N6ZTG#@;A s @;CQt�@BA�Z�ZTG#@4R;UQOPOP@;RBZTuPUQA s I s uPA#CeZTG#@ � u`ZT@BST�#u�JLO[C?U?ySTu`ZTGEt�� ¢L<L£m\���AEOPu[�Q@3>EST@;z�uPUQI s ��¯ X�U?ShN s @;C?t�@;A�ZhJLZTuPUQA�t�@BZTG#U�N s�` ]¢�£mD�X�GE@BST@/UQA#@oOP@B�Mu[RBUQA�u s OP@]JLSTA�Z]D�X3@oOP@]JLSTA�Z
X�U�OP@B�MuPR;U?A s ¬�:}U?SST@;J s UQA s UQIEZTOPuPA#@;N/��@;OPU]X ® \���u[AER;@�U?IES s @;C?t�@;A�ZhJLZTuPUQAoJ?>E>ESTUQJ?RhGou sRBUQt�>#OP@BZT@BOP�{IEA s I#>�@,STzMu s @]N{J?A#N{O[JLA#CQI#J?C?@�uPA#NE@;>�@;A#NE@;A�Z]D�u`Z&R]J?A��@�@;J s uPO`��JQNEJ?>MZT@]N�ZTUxULZTG#@BSeO[J?AECQI#J?CQ@ s \�3GE@�ST@ s Z/U?:YZTG#@�>#J?>�@BSou s ULSTC�JLA#uP¥;@]N�J s :}UQOPOPU�X s \���@;RBZTuPUQA�¢�ES s Zeu[A�ZbSTU�NMI#R;@ s ZTGE@ s @;O`:}y s IE>�@BSTz�u s @;NkX3ULShN s @;CQt�@BA�ZhJ�ZTuPUQA�JLO[C?U?ySTu`ZTGEt�D�J?A#N��M@BRBZTuPUQA-<�ZTGE@;A��MSTu[@,�#��NE@ s R,STu[��@ s ZTGE@�X3@;uPC?G�ZTuPAECt�@,ZTG#U�N s X3@eI s @euPA�ZTG#@�@B�M>�@BSTuPt�@;A�Z s \��M@BRBZTuPUQA'³�ZTG#@;A�>MST@ s @;A�Z sZTGE@6@B�M>�@BSTuPt�@;A�Z s X3@�G#J]z�@6R;U?AKNEIERBZT@]N�UQAkZTGE@��3�5��~-N#J�ZhJ s @BZ]\~�U?A#R;OPI s u[U?A s JLST@�CQuPz�@BA�uPA��M@BRBZTuPUQA�§�\

2. SELF-SUPERVISED SEGMENTATION�EU?S6ZTGE@oR;U?A�z�@;A#uP@;AER;@�UL:�AEUQAMyH~�GEuPA#@ s @ s >�@]J?��uPA#C'ST@]JQNM@BS]D"X3@xuPO`yOPI s ZbShJLZT@kZTGE@�~�GEuPA#@ s @ s @BCQt�@;A�ZhJLZTuPU?A�>MSTUQ�EO[@Bt s ����@;t�>EO[U]�MuPA#CJLA�J�SbZTu`�KR;u[J?O��7A#C?OPu s G s @;C?t�@;A�ZhJLZTuPUQA/>ESTU?�#OP@;t�X�G#@BST@2ZTG#@�X�G#u`ZT@ s y>#J?R;@�GKJ s ��@;@;A�ST@;t�U�z�@]N���@BZ
X�@;@;A�X3ULShN s J?A#N�ZTGE@kZhJ s ��u s ZTUST@BR;U�z�@BS�ZTG#@k>ESTU?>�@BS�X3ULShN s @;C?t�@;A�ZhJLZTuPUQA�:}STU?t ZTG#@�RBUQA?F
UQuPA#@;NZT@,�MZ]\��aU�I#A#NE@BS s ZhJLAKN�GEU�X�UQAE@�R]J?A���@;C?uPAxZTU�t'J?��@Y>MSTUQC?ST@ sbs UQAZTGEu s >ESTU?�#OP@;t�DQA#U?ZT@�ZTGKJ�Z�uPA'J6C?@;A#@BShJLOKX3ULShN s @;CQt�@;A�ZhJ�ZTu[U?A�ZhJ s �X�GE@BST@&ZTG#@BST@/JLST@/A#U�u[NM@;A�ZTuP:v�Mu[AEC�t'JLST��@,S s ��@BZ�X3@;@BA�X3U?ShN s D"UQAE@RBUQI#O[N�@
	"@;R,ZTu[zQ@;O`��@B�M>EO[U?u`Z��LÅ�·L¶2Å�X�U?ShN s ZTU'CQI#u[NM@&ZTGE@ s @;CQt�@;AMyZhJ�ZTuPUQA�UL:KIEA#��A#U]X�A�X3ULShN s � ¨L£m\2�#ULS�@B�EJ?t�>EO[@?D?u`:EZTG#@4X�U?ShN�
��T·?Äx¾À#¿MÆ�»,¸��/u s JLO`ST@]JQN��x��A#U]X�A�ZTGE@;A�IE>�UQA s @;@Bu[AEC�ZTG#@3ZT@B��Z�
��T·?Ä5ÀK¿�Æm¾»,¸hº��BÂr»,Å��h»���u`Z/u s A#JLZTIEShJLO�ZTU s @;CQt�@BA�Z�
,º��BÂr»,Å��h»���J s J�>�U sbs uP�#OP@AE@BX X3ULShN�\���U�@B�M>#OPUQu`Z�ZTGEu s U?� s @BSTz?JLZTuPU?A�DaX�@�NE@Bz�@;OPUQ>�J?Ad�4¯�#J s @]N�X3ULShN�NMu s R;U�z�@BSb��t�@BZTGEU�N�ZTGKJ�Z6u s J�zQJ�STuvJLA�Z�U?: s ZhJ?A#N#JLShN�4¯ ZbShJLuPA#uPA#CMD��#IMZ�J]z�U?u[N s CQ@BZbZTuPA#C�ZbShJL>#>�@]N�uPA�OPU�R]JLOKt'JL�MuPt'J�����Q@;@;>#uPAEC�Z
X�U�O[@,�EuPR;U?A s ¦�J��T·?¸T»'OP@B�Mu[RBUQA�X�GEu[RhG�R;U?A�ZhJLuPA s X3ULShN sZTG#JLZ6JLST@5F
IKNMCQ@]N�ZTU'��@oZbSTI s Z
X3ULSbZTG���D"J?A#N�J��TÇ?ÅK¹?Âm¹�Ç?Æ�»�OP@B�MuPR;U?AX�GEuPR,G'R;U?A�ZhJLuPA s JLOPOKU?ZTGE@BS�R;J?AKNMu[N#JLZT@�X3ULShN s ZTGKJLZ�JLST@eA#ULZ�uPAxZTGE@RBU?ST@�OP@B�MuPR;UQA�\��3GE@�ST@;t'J?uPA#NE@BS�UL:�ZTGEu s�s @BRBZTuPUQA�NM@ s RBSTuP��@ s UQIMSIEA s IE>�@BSTz�u s @;N�X3ULShN s @;C?t�@;A�ZhJLZTuPUQA�JLOPCQU?STu`ZTGEt0uPA�NE@BZhJLu[O=\

2.1 EM segmentation and training� sbs I#t�@xX�@�G#J]z�@'J s @]|�I#@;AER;@'U?:eRhGKJLShJLRBZT@BS s������ � � ������� �
 ZTG#JLZ5X3@oX�u s G�ZTU s @BCQt�@;A�Z6uPA�ZTU'R,G�IEA#� s"!#�%$ � $ ���&��� $�' D�X�GE@BST@( u s ZTG#@5A�I#t���@,S3U?:aR,G#JLShJLRBZT@BS s uPA�ZTGE@ s @]|�I#@BA#R;@�JLAKN*) u s ZTGE@A�IEt���@BS�U?:EX3U?ShN s uPA/ZTGE@ s @;C?t�@;A�ZhJLZTuPUQA�\���@,ST@�RhGMIEA#� s+$�, X�uPOPOM��@RhG#U s @;A�:}STU?t�ZTG#@�R;ULST@/OP@B�MuPR;U?A�- � � 9 $ ,/./0 �   . ����� .21 - � 1 VoULS5ZTGE@R;J?AKNMu[N#JLZT@kOP@B�Mu[RBUQA3- � � 9 $54 .76 �   . ����� .81 - � 1 V�\�¤�:�X3@kJ?O`ST@]J?NM�G#J]z�@�ZTG#@k>ESTU?�KJ?�EuPO[u`Z���NMu s ZbSTu[�EIEZTuPUQA s:9;� 9 9 ,51 9 , ��< ¬ $ , ® ./0 �  . ���&� .81 - � 1 VkNE@,�KA#@;N{U�z�@BS&ZTGE@xR;U?ST@�OP@B�MuPR;U?A�J?A#N�= � 98= 4 1 = 4>�< ¬ $?4L® .76 �   . �&��� .81 - � 1 VdU�z�@,SkZTGE@�R]J?A#NEu[N#J�ZT@{OP@B�MuPR;U?A�DeZTG#@;A�X�@R;J?A�ST@;R;U�z�@,S�ZTGE@�t�U s Z�OPuP��@;O`� s @;C?t�@;A�ZhJLZTuPUQA�U?:�ZTG#@ s @;|�IE@;A#RB@�@�A� � � ���&��� �� uPA�ZTU�RhG�I#AE� sB!C�@$ � $ �8���&� $�' J s :�UQOPOPU]X s \��(u`S s Z]D:}U?S2JLA��&C?uPz�@;A s @;CQt�@;A�ZhJ�ZTu[U?A ! UL: � DLX3@�R;J?A�R;J?OPR;I#O[J�ZT@�ZTG#@�FHUQuPA�ZOPuP��@;OPuPG#U�U�N�UL: ! J?AKN � ���

<ED�F8G ¬ ! . � 1 9 . = ®��
'"HI
,KJ �

< ¬ $L,�®¢
'NMI
4
J �

< ¬ $54�®¢ �  
¢ '

'I
O J � <

¬ $ O ®

X�GE@BST@P) � u s ZTG#@�A�I#to��@BS7U?:"RhG�I#A#� s U�R;R;IMSbSTuPA#C&uPAxZTG#@�R;U?ST@�OP@B��yuPR;U?A�DQ) � u s ZTG#@YA�I#to��@BS7U?:"RhG�I#AE� s U�RBR;IESbSTuPA#C�uPAxZTGE@YR]J?A#NEu[N#J�ZT@OP@B�MuPR;U?A�D�J?AKN $ O R]J?A�R;U?t�@�:vSTUQt @;u`ZTG#@BS�O[@,�EuPR;U?A�\�¬SR�U?ZT@'ZTGKJ�Z@;J?RhG�RhG�I#AE� $ O toI s Z/R;UQt�@�:vSTUQt @B�EJ?RBZTO`�dU?A#@�U?:�ZTG#@'R;ULST@'U?SR;J?AKNMu[N#JLZT@�OP@B�MuPR;UQA s \ ® ´�IESoZhJ s �du s ZTU��#AKN�ZTGE@ s @;C?t�@;A�ZhJLZTuPUQA

!�T ZTG#JLZeJLR,GEu[@Bz�@ s ZTG#@�t'J��EuPtoI#t O[uP��@BO[uPGEU�U�N�¦
! T �VUWD�XWYZUW[\ 9 <ED8F�G ¬ ! 1 �^]?9 . = ® V
�VUWD�XWYZUW[\ 9 <ED8F�G ¬ ! . � 1 9 . = ® V ¬H  ®

_ uPz�@;A�Jd>MSTUQ�KJL�#uPOPu`Z
�-NMu s ZbSTu[�EIEZTuPUQA�NE@B�#A#@]N���� 9 J?A#N�=�U�z�@BSZTG#@�OP@B�MuPR;U?A�DaZTGE@ � u`ZT@BST�Eu4JLOPCQU?STu`ZTGEt � ¢?<�£3R]JLAd��@xI s @]N�ZTU�@B²�yR;uP@;A�ZTO`��R;U?t�>#IEZT@3ZTGE@5��@ s Z s @;C?t�@;A�ZhJLZTuPUQA ! UL:aRhGKJ�ShJ?RBZT@,S s ZbSTuPA#C� \ ��U]X3@Bz�@BS]Do¼[»TÇL¸,ÅEÂ�Å�Ã�X�GEuPR,G�>ESTU?�KJL�#uPOPuPZTuP@ s ZTU�I s @{CQuPz�@;A�JZbShJ?uPAEu[AEC�R;ULST>#I s u s ZTG#@�F
UQ��U?:YZTG#@x��¯ J?OPC?U?STu`ZTG#t�\��#U?OPO[U]X�uPA#C�` ]©�£rDEZTG#@�>#JLShJ?t�@,ZT@BSYST@Byr@ s ZTuPt'JLZTuPUQAk:�U?STtoI#O[J s J�ST@&J s :�U?O[OPU]X s \
9 O�` �, � acbNd ¬ $ ,e. !7®gf^<ED8F�G ¬ ! . � 1 9 O . = O ®

aCheiEa b d ¬ $L, . !2®jf^<ED�F8G ¬ ! . � 1 9 O . =kO ®
¬r¢ ®

= O�` �4 � a bld ¬ $ 4m. !2®jf^<ED�F8G ¬ ! . � 1 9 O . = O ®
aChonpa b d ¬ $54 . !7®gf^<ED8F�G ¬ ! . � 1 9 O . =kO ®

¬m< ®
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