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Opening RemarksB�CED�CGF�HID J4KML N4CGOQP1CGPRN4S�TUPVOQCGTQF�OQTWD�H-KML FXL Y)CGF+Y[Z�KWCGF+CGF+Y[Z.L�FX\�CGF�]
N4T^J4_�J4T`N4CGF+YWCGF[HID�J4KMLaN4CGD)FbHcJ4D�Ked�CGD)fGD)Y�CEOQL�fgTQFhN4CiN4CGTQPQjlkmTQF�D)KWTRPVT`]
nho TQF+OQCGF�Y-_�J4DapqTQO`N4P0SXL&r�T'OQD)FhNVJ4CGd o N4T&\mN4DlL�FsT`t[_7D�F+TQFhN4CEL�f�Y J4D&u-N4S
CGFvOQD)KW_�fET^N4TsL�F+\w_+L JVN4CEL�f	PVT nho TQF�OQTs\�L NxL�d+L�PVTQPQj�y�S�TsPqNVJ o O`N o JxL�fY�TQF+D�KWCGOQPvCGF�CGN4CELaN4CEr)TzL CGKWPMN4D$OQL NxL�fGD�Y"N4S�T�PqNVJ o O`N o J4T`]{H o F+O`N4CGD)FCGF[HID�J4KMLaN4CGD)F5HcD�JM_[J4D�N4TQCGF+PQj5|}\�r�L�F+O`TQPUCGF:N4T`O^S�F+D)fGD�Y�~"P o OxS5L�P
KWCGO`J4D)L JVJxLQ~[P'SXL&r�T�fEL o F+OxS+T&\RN4S+T�P o d��+TQfE\1D H7Y)TQF�D)KWCGOQP�L�F+\�_[J4D�]
N4T`D)KWCGOQP2N4D:PqN o \�~�N4S+T�Y)T`F+TQPQZs_[J4D�N4TQCGF�PQZsL�F+\�N4S+T�J4TQY o f�LaN4D�JV~Y�TQF+TlT`t[_�J4T`PVPVCED�FWOQCiJ4O o CiNVJV~�CEF�PVCE\�T-N4S+T-OQT`fEf�j'��S+L N�O^S+L JxL O`N4T`J4CG�QTQP
N4S�TUPqNxL N4TWD H�N4S+T1�XTQfE\�CEPsN4S�T��XDhD�\�D�H�\�L NxLvN4S+L NsT`t[CGPqN4PsN4D�\+LQ~
D J�N4S+L NRCGP�L�FhN4CGOQCG_XL N4TQ\�CGF�N4S+T�H o N o J4T)��\+LaNxLvN4SXLaN�F�TQT&\[PRN4D2d7T
KWCGF�T&\wN4D�S+TQfG_ o F+fGDhO^�WN4S�T�PVTQO`J4T`N4P�D HgN4S+T�OQT`fEf�j��sF+D&u�fGT&\[Y)TRT`t�]
NVJxL O`N4T&\2H�J4D)K�P o OxS�L�F+L�fi~[PVCEPlO&L F�d7T o PVT&\bT`��T`O`N4CGr�TQfi~vN4DWd7T^NVN4T`J
\[TQPVCGY)F:F+T`u�\[J o Y)PQZ�D���T`J�d7T`NVN4T`J�KWT&\�CGO&L f�O&L J4Twr�CEL�\[CEL�Y)F�D)PqN4CGO
N4T`PqN4PRN4S+L N1OQD�K�d+CGF�TUCGF�HID J4KML N4CGD)FzHcJ4D)K�K o fiN4CG_+fGTUPVD o J4OQTQPQZgL�FX\CGKW_[J4D r)T�PVOQCGTQFhN4Ci�XORL�F+\vOQfGCGF+CGO&L f0_[JxL�O`N4CGOQT)j

��S+CGfGT�NVJ4T`KWTQFX\[D o Pg_[J4D)Y J4TQPVPS+L�P�d7TQTQFUKML�\�T-Dar�T`J'N4S+T�~�T&L J4PQZ
KML Fh~�D�HN4S�T�H o FX\�L�KWTQFhNxL�fg_[J4D)d�fET`KWP�CGF�d+CGD�CEF[HID J4KML N4CGOQPQZ�P o O^SL P�_�J4D N4TQCGF�PqNVJ o O`N o J4T�_�J4TQ\�CGO`N4CGD)FRD�J�Y)TQF�T��XF+\�CGF+Y[Z L J4T�PqN4CEfGfhD�_7TQF.j
��L NxLUKWCGF+CGF+Y�u�CEfGfg_�f�LQ~2L�H o FX\+L KWTQFhNxL�f�J4D)fGT1CEF o FX\[T`J4PqNxL�F+\�CGF+YY�TQF+T�T`t[_�J4TQPVPVCGD)F	Zg\�J o Yv\�TQPVCGY)F�L�F+\zD�N4S�T`JRTQKWT`J4Y�CGF+Yw_�J4D)d�fGTQKWP
CGFbY�TQF+D�KWCGOQPmL FX\w_�J4D�N4T`D)KWCGOQPQj� o JVN4S�T`J4KWD�J4T)Z[N4T`t�N�KWCGF+CGF+Y1u�CGfEf
d7TWH o FX\�L�KWTQFhNxL f�CGF;T`t�NVJxL O`N4CGF+Y���F+D&u�fGT&\�Y�TWHcJ4D)K�N4S+TWY J4D&u�CEF�Y
fGCiN4T`JxLaN o J4TRCGF2d+CGD�CEF[HID J4KML N4CGOQPQj

y�S�T;Y)D)L�f1D�HUN4S�CGP2u�D J4�[PVS�D)_�u-L�P�N4D5TQF+OQD o JxL Y)T;�s����J4T`]
PVTQL J4OxS+T`J4P-N4D�NxL ��T�D�FvN4S+TmF o KWT`J4D o POxSXL fEfGTQF�Y)TQP�N4SXLaN�BCGD)CGF[HID�JV]
KMLaN4CGOQPRD���T`J4PQj2y�S+TUuD�J4��PVS+D�_;HIT&LaN o J4TQP�L�F;CGF�r�CiN4T&\�NxL fE��HcJ4D�K
LvF+D�N4TQ\zT`t[_7T`JVNRCGF�N4S�T��XTQfE\�ZgL�F+\�N4S�TUfEL N4TQPqN�\+LaNxL2KWCGF+CGF+YwJ4T`]
PVTQL J4OxS1CGFsd�CED�CGF�HID J4KML N4CGOQP0H�J4D)K@u�D J4f�\sOQfEL PVP0J4TQPVT&LaJ4O^S�T`J4PQj��;TgT`F�]
O`D o JxL Y)T&\v_XL�_7T^J4PN4SXLaN�_�J4D)_7D�PVT�F+Dar�T`f�\+L NxL1KWCGF+CGF+YRN4TQOxS+F+C nho T`P
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HID J�NxL PV��P�P o O^S�L�PQ�UkmTQF+TMT`t[_�J4T`PVPVCED�F$L�F+L�fi~[PVCGPQ���gJ4D�N4TQCGFX�  l¡�|
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CGO&L�f0L�F+\vOQfGCGF+CGO&L f0CGF�HcD�J4KML N4CGOQPQj
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N4S+TWuD�J4��PVS+D�_.j�¬�L�OxS$_XL _7T`JRu-L�P1J4TQr�CGT`u�T&\;dh~�L N�fGT&L�PqN�N4S�J4TQT
KWTQK�d7T`J4PsD�H-N4S�TW_�J4D)Y JxL�K�OQD�KWKWCGNVN4T`T)j2�F�PVD�KWTwOQL�PVTQPRu�S+T`J4T
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L�d�fGT�N4DWL�PVPVTQK�d+fGTRL�r�T^JV~vT^t�O`CGN4CGF�YU_�J4D�Y�JxL�Kbj
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S+T`fE_2CEFwJ4TQr�CGT`u�CGF+YUN4S+TmP o d+KWCGPVPVCGD)F�PQj
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8:55›9:00am: Opening Remarks

9:00›10:00am: Session I: Proteins
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10:00›10:30am: Coffee Break

10:30›12:00: Session II: Genomics and Health

¹�ð&¼�» ¾)¼ ½4ð�ð)» ¾)¼����
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12:00›1:30pm: Lunch

1:30›3:10am: Session III: Sequences and Microarrays
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3:10›3:30pm: Coffee Break

3:30›4:30pm: Session IV: Protein Interaction Networks and Bioentity Recognition
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1.2 Research Question & Motivationì Ö-×�àUÛ[×?Ü1ÕzØ)ÞJÙbÕzÖ�ß;ÕGêF×�ß;âz×�ä)ÞUÞ7é�Ø)Ù[ð0ÕzÞ0ßJÙ[Ü1ê&×�â@Ö[×�âz×�Ý!ßJÙbæ�×
Ü1Õ£ß;Õz×!ç�ßjÜXáqÞ7ä)ä)Þ!êXÜ�þ� ßjÙbÕzÖ-×�âz×wæ�×�ßJÙ2×	��Ý?Ø)×?ÙUÕ�ÕzÞUÞJä�ÕzÖ�ßjÕGç-Ø)ÜfÝ?Þ;è%×�âzÜGã�ÞjÕzØ)áqÜ�áqâzÞJã
ßwÖ[×�Õz×�âzÞJð7×?Ù-×?Þ7Û-Ü5Üf×�Õ5Þjá�Üf×!àUÛ[×�Ù[Ý?×?Ü=êXÖ-×?Ù0þ

 ë��¤Ø9ç�ÕzÖ_ÞJá«×!ßjÝ�Ö_ã�ÞJÕzØ�á�Ø)ÜXÙ[ÞjÕ5é�Ù-Þ;êXÙ
�Uë��Û-ã�æ�×�âFÞJá�ã�ÞjÕzØ)áqÜ=ÕzÞ�æ�×�á�ÞJÛ[Ù�ç�Ø)ÜLÙ-ÞJÕLé�Ù[Þ!êXÙ��
�m×#ÕfâfåOÕzÞ�×��-Ú-ä)ÞJâz×&ÕzÖ-Ø9Ü�Ú�âzÞ7æ-ä9×�ã�æUåOßJÚ-Ú[ä�å�Ø9Ù-ð5ÕzÖ-×&Õz×?Ý£Ö[Ù[Ø9àUÛ[×�Ü
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Ø)Ù�� 
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 �lñdÜf×?×2ßJä)ÜfÞ���×?Ý�ÕzØ)Þ7Ù���ë 
 Ø)Ù ÕzÖ-Ø9Ü�Ú[ßJÚ�×�â�áqÞJâ_ßJÙ Ø)ã�Ú-âzÞ;è%×!ç
ÜfÛ-æ[Üf×!àUÛ-×?Ù[Ý?×XÜf×?ä)×?Ý�ÕzØ9ÞJÙ0ã�×�ÕzÖ-Þ�ç û ï7Ø)Õ&Ø)ÜFßJÜfÜfÛ-ã�×!ç�ÕzÖ�ß;Õ#ÕzÖ-×�âz×5Ø)Ü&ß
ÜfØ)Ù-ð7ä)×�ã�ÞjÕzØ)á�ë� �Þ!êF×�è%×�â!ïUØ�ÕFØ)Ü#Ú�Þ7ÜfÜfØ)æ[ä)×5ÕzÖ[ßjÕPÕzÖ[×�âz×Xã^ß?å�æ�×Xã�Þjâz×
ÕzÖ[ßJÙ^Þ7Ù-×5ã�ÞjÕzØ�á+Ø)Ù�ÕzÖ[×XÜf×�ÕFÞJá3ÜfÛ[æ-Üf×!àUÛ[×?Ù-Ý?×?Ü?ë ì Þ@ç-×?ßJä[êXØ�ÕzÖ^ÕzÖ[Ø)Ü
Ú�âzÞ7æ-ä9×�ã�ï�êF×�Û-Üf×!çmß_Üf×!àUÛ[×?Ù-Ý?×�Ý?ä)Û[Ü1Õz×�âzØ9Ù-ðcßJä)ð7ÞjâzØ�ÕzÖ[ãËØ)Ù[ÜfÚ[Ø�âz×!ç
æUåmÞ7Û-â�Ú-âz×?è�Ø)Þ7Û-Ü�ßjÚ[Ú-âzÞ7ßJÝ£Ö�� �!�Së î Ù-Ü1Õz×!ß7çoÞJáLÝ?ä)Û-Ü1Õz×�âzØ)Ù[ðcÕzÖ[×^Ø)Ù-þ
Ú-Û-Õ5Üf×!àUÛ[×?Ù-Ý?×?Ü5ç-Ø�âz×?Ý�Õzä�åcßjÜ�Ø)Ù+ï�ß^Üf×�Õ�Þjá&ÜfÛ-æ[Üf×!àUÛ[×�Ù[Ý?×?ÜLÞJáP×!àUÛ[ßJä
ä)×?Ù-ðJÕzÖ^ß;âz×LðJ×?Ù[×�â£ßjÕz×!ç�ßjÙ�ç�ÕzÖ[×�Ù�Ý?ä)Û[Ü1Õz×�âz×!ç�Û[ÜfØ)Ù[ðGÞJÛ-â#Ý?ä)Û[Ü1Õz×�âzØ)Ù-ð
ßjä)ð7ÞJâzØ�ÕzÖ-ã ßJÜ�ç-×?ÜfÝ�âzØ9æ�×?çBØ)Ù���×?Ý�ÕzØ)Þ7Ù-Ü"��ë �Uï��Uë ��ï#ßJÙ[ç#��ë $-ë ì Ö[Ø)Ü
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2. METHODOLOGY% Ø)è%×�ÙOßFä�ß;âzð7×&ç[ßjÕ£ßFÜf×�Õ4ÞJá'&¢Ú-âzÞjÕz×?Ø)ÙGÜf×!àUÛ[×?Ù-Ý?×?Ü�(*)�+,(.-!+�/	/0/0+1(32Oï
ÕzÖ-×�ðJÞ%ßJäPØ)Ü�ÕzÞ0Ø9ç�×?ÙUÕzØ)á�åRÕzÖ[×wÝ?Þ7Ù-Üf×�âzè%×!çRâz×?ð7Ø)ÞJÙ[Ü�ÕzÖ�ß;Õ�âz×?Ú�âz×?Üf×?ÙUÕ
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= ë�>4Ø9ä�Õz×�â5ßjÙ�ç0Üf×?ä)×?Ý�Õ5ã�ÞjÕzØ�á�Ü?ë
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2.1.1 Two Conditions for Patterns.ì Ö[×«Ý?ÞJÙ�ç�Ø)ÕzØ)ÞJÙOáqÞJâ�Ü1Õ£ßjÕzØ)Ü1ÕzØ)Ý!ßJäUÜfØ)ð7Ù-Ø���Ý!ßjÙ[Ý?×PÞJá-ß=Ú�ß;ÕfÕz×�âzÙ�Ø)ÙOÞ7Û-â
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uKv ú�×GÕ9þ~â@à#ÖhÜ�Ö$w�ú�à4ÖCØ{Ò'ü\úyx�Ò"×Gú�â@à)ä�ØGÖCà=Ò	ü�á;Ò	ú�ü�Ù#ØGÖ@ä&Ò'à4Ö$w�ú\Ò�ä�Ò	à=Ü
ÛcÖzs�â@à4Ü4Ò'Øcý�ú�à#á/Ö$sC×Gú�â@à#Û%ØGÖ�ÛcÙ4ü�×Gú�à�tMá/ØGâWw¾ú{wOw�Ù4à#â@ÛcÙ4Ú#Ú#ØGÖ�ÛcÛcú�â	à¤Ò	Û
sCâ"wOw�â@à.s�Ò'Ù4ÛcÖ�Û�â	á|w�â'Øc×{Ò	ü�ú�×§ý�}�ã5~��Eç
� Ù#ü�×Gú\Ú#ü�Ö � ý ÖCü\âWw�Ò�âLs$s�Ù�ØGÛ v ú�×GÕhØGÖ�ü\Ò'×Gúy�¡ÖCü�ýhÕ4úyt@ÕháwØGÖ5� Ù4Ö�à2sCý

ú�à�Ò@Ü�Ù4ü�×GÛ�â��¡ÖCØ,����Ñ���ç �	æU�W�¸â	áK×GÕ#ÖN��Ý�Ú~â@Ú4Ù#ü\Ò'×Gú�â@à]ÒWt@Ö�Ü7���U��Ó
sCâ"w�Ú=Ò"ØGÖ�Ü v ú�×GÕIý â	Ù4à�t	ÖCØxÒ	Ü#Ù#ü�×GÛKÑ���ç �"�@å"�9â	á#×GÕ4Ö���Ý�Ú~â@Ú#Ù4ü\Ò'×Gú�â	à
Ò�t@Ö�Ü�æW� u ��� Ó?�"ç#�]ÖgÕ ý#Ú~â'×GÕ4Ö�Ûcúyx�ÖF×GÕ4Ò'×x×GÕ#â@ÛcÖ v Õ4â�Ò"ØGÖ�Ü#ú\ÒWt	à4â@ÛcÖ�Ü
v ú�×GÕ � Ù#ü�×Gú�Ú#ü\Ö � ý Ö�ü�âWw�Ò¦Ò'×�Ò�ý â@Ù#à�t¦Ò�t@ÖMÑ�Ù4à=Ü�ÖCØ,�U�@ÓIÕ4Ò��@Ö�Ò
t	Ö�à4Ö�×Gú{s?Ú�ØGÖ�Ü#ú�ÛcÚ~â@Ûcú�×Gú�â@à%×Gâ�×GÕ4ÖgÜ�ú\ÛcÖ�Ò	ÛcÖ@ç��1á4×GÕ4ú�Ûsú\Ûx×GÕ#Ö�s�Ò	ÛcÖ	ä¡×GÕ4Ö�à
ú�×%w�Ò�ý�þ~Ö�Ú~â	ÛcÛcú�þ4ü�Ö�×Gâ?ÛcÖ�Ö�Ü#ú��¥ÖCØGÖ�à2s�Ö�Û)ú\à�Ý�Þ�ß�Ú4Ò'×c×GÖCØGà#ÛNþ~ÖC× v Ö�Ö�à� Ù#ü�×Gú\Ú#ü�Ö � ý¡Ö�ü�â"w�Ò�Ú4Ò'×Gú�Ö�à ×GÛ&Ü#ú\ÒWt	à4â@ÛcÖ�Ü]þ~ÖCá;â'ØGÖ�×GÕ4Ö�ÒWt	Ö�â	á��"�
� Ý�â@Ù�Ø�s�Ö"�sÕ ×c×GÚY� �W�'ÛcÖ�ÖCØ�ç s�Ò'à�s�Ö�Ø�ç t	â��

Ñ�Ú#ØGÖ�Ü#ú�ÛcÚ~â@ÛcÖ�Ü4Ó�Ò	à4Ü(×GÕ#â@ÛcÖ�Ü#ú\ÒWt	à4â@ÛcÖ�Ü]Ò'áw×GÖCØ�×GÕ4Ö�ÒWt	Ö%â	á��W�MÑ�à4â	×
Ú#ØGÖ�Ü#ú�ÛcÚ~â@ÛcÖ�Ü4Ó�ä	Ò	à=Ü v Ö)s�Ò'à�Ù#ÛcÖ_×GÕ#Ö�ÛcÖ�Ü#ú��¥ÖCØGÖ�à2s�Ö�Û)×Gâ�t@Ò	ú�à�ú�à#Ûcú{t	Õ ×
ú�à ×Gâ�×GÕ#ÖFÜ#ú�ÛcÖ�Ò'ÛcÖ@ç��1á�×GÕ4ú�Û6Õ ý�Ú~â	×GÕ#Ö�Ûcú�Û6ú�Û6á�Ò'ü\ÛcÖ	ä¡×GÕ4Ö�àIú�×sÛcÕ4â	Ù4ü\ÜIà4â	×
þ~Ö%Ú~â	ÛcÛcú\þ#ü�Ö%×Gâ�Ú#ØGÖ�Ü#úysC× �1Ú#ØGÖ�Ü�ú\ÛcÚ~â	ÛcÖ�Ü2�'��Û�çZ�1à4â	×IÚ�ØGÖ�Ü#ú�ÛcÚ~â	ÛcÖ�Ü2�
v ú�×GÕ¦ÒWszs�Ù#Ø{Ò�sCý�Ûcúyt	à4ú���s�Ò'à ×Gü�ý�þ~ÖC×c×GÖCØ?×GÕ4Ò	à's{Õ=Ò'à�s�Ö	ç

2. METHODOLOGY� Ù#Ø�Ü4Ò'×{Ò ÛcÖC×?�Ns�â	à4Ûcú�Ûe×GÛIâ	áKÙ4à4Ú#Õ=Ò'ÛcÖ�Ü]Ý�Þ�ß�Ü4Ò"×{Ò�á/â	ØN�"� Ú=Ò��
×Gú�Ö�à ×GÛ�ä¥þ=Ò'ÛcÖ�Ü�â@àMæ"�W�"��Ý�Þ�ß_Û�ä~×{Ò���ú�à2t�×GÕ#Ö�á;â	Ø�w[ÛcÕ4â v à(ú�àR�6ú{t��
Ù#ØGÖ�ã@Ñ�þ~Ó�ç�ÔFÕ4Ö+s�ü\Ò	ÛcÛX�@Ò'ü\Ù#Ö�Û�Ò'ØGÖf�§Ú#ØGÖ�Ü#ú�ÛcÚ~â@ÛcÖ�Ü0��Ò'à=Ü=�1à4â	×�Ú#ØGÖ?�
Ü#ú�ÛcÚ~â	ÛcÖ�Ü2�&Ò	Û�Ü#ÖCÛ�sCØGú�þ~Ö�Ü%Ò'×_×GÕ4ÖgÖCà=Ü�â'á6Ý�Ö$sC×Gú�â@à�ã@ç_ÔFÕ4Ö��"���§Ú#ØGÖ?�
Ü#ú�ÛcÚ~â	ÛcÖ�Ü2�¦Ú4Ò'×Gú�Ö�à ×GÛ v ÖCØGÖ Ü�úwÒ�t@à#â@ÛcÖ�Ü v ú�×GÕ � Ù#ü�×Gú\Ú#ü�Ö � ý¡Ö�ü�â"w�Ò
þ~ÖCá/â	ØGÖIÒWt	ÖV�U��ä v Õ#ú�ü\Ö�×GÕ#ÖX�"�7�§à#â	×?Ú#ØGÖ�Ü#ú�ÛcÚ~â@ÛcÖ�Ü0��Ú4Ò'×Gú�Ö�à ×GÛ v ÖCØGÖÜ#ú\Ò�t@à4â	ÛcÖ�Ü�Ò"á/×GÖCØ�Ò�t@ÖR����çUû�úyt@Õ4w�â@ü�Ö$s�Ù#üwÒ"Ø v Ö�úyt	Õ�×%ù�Þ�÷ v Ò'ÛÚ#ØGâ�Ü�Ù�s�Ö�Ü�á/ØGâWw Ú~Ö�ØGú\Ú#Õ4ÖCØ{Ò'ü)þ#ü�â â�Ü�ü�ý0w�Ú#Õ4âLsCý�×GÖ�ÛFáwØGâ"wÀÚ=Ò"×Gú\ÖCà�×GÛ
v ú�×GÕ � Ù4ü�×Gú�Ú4ü�Ö � ý ÖCü\âWw�Ò�Ù4Ûcú�à�t.s�â@à��¡ÖCà�×Gú�â	à=Ò	ü%w�ÖC×GÕ4â�Ü�Û�ç�ù�Þ�÷
v Ò'ÛFÛcÙ4þ#ÛcÖ5� Ù4Ö�à ×Gü�ý�ÛcÖ�à ×K×Gâ � Ø�s�Õ#ú\ÜO Kú�â@Û�s�ú�Ö�à2s�Ö�Û�¡�¢�ç_Ý�Þ�ß7t	Ö�à4â��
×§ý�Ú#ú\à2t v Ò'ÛNÚ~ÖCØcá/â	Ø�w�Ö�Ü�Ù#Ûcú�à�t�ÒFÚ#ØGâ	Ú#ØGú�ÖC×{Ò'ØcýIÝ�Þ�ß|�l�eÔ ¡�¢ Ú#ØGúyw�ÖCØ��
Öz£�×GÖ�à#Ûcú\â	à%×GÖ$s{Õ4à4â	ü�â"t	ý çsÝ�Þ�ß|�l�eÔ�Ú#ØGúyw�ÖCØ_Öz£�×GÖ�à#Ûcú�â@à�ú�ÛFÒVw�ÖC×GÕ#â�Ü
â	á�ú�Ûcâ@ü\Ò"×Gú\à2t�×GÕ#ÖsÚ#ØGÖ$s�ú�ÛcÖ_ü�âLs�Ò'×Gú�â@à&â	á�×GÕ#Ö_Ûcú�×GÖsâ	á#ÒgÛcÙ4ÛcÚ~ÖzsC×GÖ�ÜIÝ�Þ�ß
Ò	à4Ü�Ù�×Gú\ü�úyx�ú�à�t�×GÕ4Ö%ú�à4Õ#ÖCØGÖ�à ×&ÒWszs�Ù#Ø{Ò�sCýMâ	ágù�Þ�÷ Ú~â	ü�ý2w�Ö�Ø{Ò	ÛcÖ�×Gâ
Ü#Ö�×GÖCØ�w�ú�à4Ö�×GÕ4Ö�Ò	ü�ü�Ö�ü�Ö�×§ý�Ú~Ö â	Ø�×GÕ4Ö�Ò	þ4ÛcÖCà�s�Ö�â	á�×GÕ=Ò'×�Ý�Þ�ß?ç7�§à
â	Ø{Ü�ÖCØ�×Gâ.s�â@à4Ü#Ù2sC×&Ý�Þ�ß��l�§Ô�Ú#ØGúyw�ÖCØ�Öz£�×GÖ�à4Ûcú�â	à)ä)Ò ù�Þ�÷´Ú#ØGúyw�ÖCØ
Ñ�Ý�Þ�ß��l�§Ô�ßxØGúyw�ÖCØ�Óxú\Û_Õ ý�þ#ØGú\Ü#úyx�Ö�Ü&×GâI×GÕ#ÖgÛGÒWw�Ú#ü\Ö?ù�Þ�÷�â@à#Ö?þ=Ò	ÛcÖ
Ú~â@Ûcú�×Gú�â@à(ÛcÕ#â	Øc×�â	áx×GÕ4Ö�ÛcÙ#ÛcÚ~Ö$sC×GÖ�Ü(Ý�Þ�ß�Ûcú�×GÖ	çgù�Þ�÷�Ú~â@ü�ý0w�ÖCØ{Ò	ÛcÖ
ú�ÛK×GÕ4ÖCà�Ò	Ü4Ü#Ö�Ü Ò'à=Ü�ú�×gú�à4ÛcÖCØc×GÛF×GÕ#Ö�Ò'Ú4Ú�ØGâ@Ú#ØGú\Ò"×GÖXs�âWw�Ú4ü�Ö$w�Ö�à ×{Ò'Øcý
×GÖCØ�w�ú�à=Ò"×Gú�à�t%þ4Ò	ÛcÖ&Ò'×?×GÕ4Ö�ÛcÙ#ÛcÚ~Ö$sC×GÖ�Ü�Ý�Þ�ß�ü�âLs�Ò'×Gú�â@àVçFù�Ö�×GÖ$sC×Gú�â@à
â	áV×GÕ4Ö?Ûcú�à�t	ü�Ö�þ=Ò'ÛcÖ�Ö?£�×GÖCà4Ûcú�â@à�ú�ÛFÒ�s$s�â"w�Ú#ü�ú\ÛcÕ#Ö�Ü�þ ý&s�â	à��¡Ö�à ×Gú�â@à=Ò'ü
w�ÖC×GÕ#â�Ü#Û�çNÔFÕ4Ö�ØGÖCÛcÙ4ü�×xú�ÛxÒ�Ü#ú�ØGÖ$sC×)ØGÖ�Ò@Ü��1â	Ù#×|w�Ö�×GÕ4â�Ü�â	á4Ü#Ö�×GÖ$sC×Gú�à�t
Ý�Þ�ß_Û�×GÕ=Ò'×�sCØGÖ�Ò'×GÖCÛ�ÒIÛcúyw�Ú4ü�Ö�þ#ú\à4Ò'Øcý9�1þ4ú�×���â'á#t@ÖCà4ÖC×Gúys�ú�à#á/â	Ø�w�Ò��
×Gú�â@àVçxÔFÕ4ÖKÝ�Þ�ß�sCâ�Ü#Ö_Ûeý#Ûe×GÖzw>s�â	Ù4Ú#ü\ÖCÛxÝ�Þ�ß��l�§Ôft	Ö�à4â'×§ý�Ú4ú�à�tF×GÖzs�Õ0�
à4â	ü�â"t	ý v ú�×GÕ�×GÕ4Ö�÷Z�~ý0w�ÖC×cØGú�£%ø�Ö�à��6ü�Öz£ ¡�¢ Ú4ü\Ò'×cá/â	Ø�wÇ×Gâ+sCØGÖ�Ò"×GÖ�Ò
�¡ÖCØGÛGÒ"×Gú�ü\Ö	ä?Õ4úyt@Õ0�§Ü�Ö�à4Ûcú�×1ýUÝ�Þ�ßÁÛ�s�â'ØGú\à2t�Ûeý�Ûe×GÖ$w�ç=�1àU×GÕ4Ö�Ò	ÛcÛGÒ�ý ä
w�Ù#ü�×Gú\Ú#ü�Öz£�ß ö¥¤ ú�Ûsá;â	ü\ü�â v Ö�Ü þ ý&Ûcâ@ü�Ù#×Gú�â	à Ú#Õ=Ò'ÛcÖ�Ý�Þ�ß|�l�eÔhÚ#ØGúyw�ÖCØ
Öz£�×GÖ�à#Ûcú\â	à)ç_ÔFÕ#Ö�Ý�Þ�ß|���§Ô�Ú�ØGâ�Ü#Ù2sC×GÛFÒ"ØGÖ�×GÕ#Ö�à�Õ�ý�þ�ØGúwÜ�úyx�Ö�Ü�×Gâ�×GÕ4Ö
ø�Ö�à��6ü\Ö?£�s{Õ4ú�Ú u ×GÕ#Ö�Ûcâ'Øc×Gú\à2t'w�Ö$s{Õ=Ò'à4ú�Û�w[á/â	Ø�×GÕ#Ö&w�Ù#ü�×Gú\Ú#ü�Öz£�Ö�Ü
ØGÖ�Ò�sC×Gú�â@à4Û¦}�ã$�W�Eç��1à�×GÕ4ÖgÚ�ØGÖ�ÛcÖ�à ×sÛe×GÙ=Ü�ý ä¡æW�"�"�&Ý�Þ�ßsÛ v ÖCØGÖ?ú�à0�@Ö�Ûe×Gú��t¡Ò"×GÖ�Ü�â	à��W��Ú=Ò"×Gú�Ö�à ×GÛ�ç_ÔFÕ4ÖIÝ�Þ�ßsÛ v ÖCØGÖ�à#â	×gÛcÖCü\ÖzsC×GÖ�Ü�þ4Ò	ÛcÖ�Ü â@à
Ú#ØGú�â'Ø¥��à4â v ü�Ö�Ü0t@Ö?â	á!t	Ö�à4ÖC×Gúys?Ü�ú\ÛcÚ~â	Ûcú�×Gú\â	à�×Gâ � Ù4ü�×Gú�Ú4ü�Ö � ý Ö�ü�â"w�Ò�§
Ø{Ò'×GÕ#ÖCØ�ä¡×GÕ#Ö�Ý�Þ�ßsÛ v ÖCØGÖ�ÛcÖ�ü�Ö$sC×GÖ�Ü%×Gâ\t	ú{�@ÖZt	â â�Ü�â��@ÖCØ{Ò	ü�ü�s�â��¡Ö�Ø{ÒWt@Ö
â	á4×GÕ4ÖFÕ�Ù�w�Ò'à+t@Ö�à#â"w�Ö@çxÝ�Þ�ßsÛ v Ö�ØGÖ�s�Õ#â@ÛcÖ�à�Ûcâ�×GÕ=Ò"×x×GÕ4ÖCý v â@Ù4ü\Üþ~Ö�Öz�¡Ö�à4ü�ý�ÛcÚ4ÒWs�Ö�Ü Ò'×�Ò'Ú4Ú�ØGâ�£�úyw�Ò'×GÖCü�ý%Ö$�¡ÖCØcý¦ã¦w�Ö$t¡Ò'þ=Ò'ÛcÖ�ÒWsCØGâ	ÛcÛ
×GÕ4Ö�Õ�Ù2w�Ò	àRt@ÖCà4â"w�Ö	ç�÷ÇÜ�Ö�à4ÛcÖ�Ø+s�â��¡ÖCØ{ÒWt	Ö v â	Ù4ü\Ü]þ~Ö�Ü�Ö�Ûcú�Ø{Ò	þ#ü\Ö
þ4Ù�× v Ò'Û¦s�â	Ûe×���Ú#ØGâ@Õ#ú�þ4ú�×Gúy�¡Ö@ç�hÖ�Ö$w�Ú4ü�â�ý Ö�Üh×GÕ4Ö�Ò	Ú4Ú�ØGâ¡Ò�s�Õ8â'á�ü�ú�à4Ö�Ò"Ø�Ý�¨ � Û�Ò'Û â	Ù#ØHs{Õ4â��
ÛcÖ�à�w�â�Ü#Ö�ü�ú�à�t¦Ò'üyt@â	ØGú�×GÕ2w�ç©�hÖ©s{Õ4â	ÛcÖ Ý0¨ � Û�á;â	ØI×GÕ#ú\Û�×{Ò'Û��Mþ~Ö?�
s�Ò'Ù4ÛcÖ�×GÕ#ÖCýMÒ'ØGÖ v Ö�ü�üsÛcÙ4ú�×GÖ�ÜM×Gâ�Ü#Ö�Ò'ü v ú�×GÕMú�à ×GÖCØ{ÒWsC×Gú�â	à4Û&ÒWw�â	à�t
á;Ö�Ò'×GÙ#ØGÖCÛ�Ò'à=Ü ØGÖ�Ü#Ù4à4Ü4Ò'à�×Ká;Ö�Ò"×GÙ#ØGÖ�Û�ç)�§à�Ú=Ò'Øc×Gúys�Ù#ü\Ò'Ø�ä v Ö�Ù4ÛcÖ�Ü�×GÕ4Ö
Ò	üyt	â	ØGú�×GÕ�w Ý�¨ ��ª�«y¬$5® } ~���¯@ç| KÖ$s�Ò'Ù4ÛcÖ�Ý0¨ � ÛxÒ	ÛcÛcÙ2w�ÖK×GÕ=Ò"×sÒ	ü�ü�á;Ö�Ò��
×GÙ#ØGÖCÛ�Ò'ØGÖ�à�Ù2w�ÖCØGúys�Ò	ü�ä v Ö�à4ÖCÖ�Ü#Ö�Ü�×Gâ.s�â@à��¡Ö�Øc×�×GÕ4Ö�Ü#ú�Û�sCØGÖC×GÖ&á;Ö�Ò��
×GÙ#ØGÖCÛ)á/ØGâWwG�6úyt@Ù�ØGÖ�ã¡Ñ�þ=ÓVú�à ×Gâ�s�â@à ×Gú�à�Ù4â@Ù#Û)á/Ö�Ò'×GÙ�ØGÖ�Û�ç#�hÖ v ú�ü�ü�à#â vÚ#ØGÖCÛcÖ�à ×sÒ�þ�ØGú\Ö�á4ØGÖ$��ú�Ö v â	á¥Ý0¨ � ×GÖ$s�Õ#à4â	ü\âWt	ý�×Gâ�Õ4Ö�ü�Ú&â@Ù#ØxØGÖ�Ò@Ü#Ö�ØGÛ
Ù4à4Ü#ÖCØGÛe×{Ò'à=Ü%×GÕ4ÖZw�â	×Gúy�	Ò'×Gú�â@à�þ~Ö�Õ#ú�à=Ü�â@Ù�ØgÚ=Ò"Øc×Gú{sCÙ4ü\Ò'Ø�w�Ö�×GÕ4â�Ü�â	á
s�â	à0�@ÖCØc×Gú�à�t�Ý�Þ�ß�á;Ö�Ò"×GÙ#ØGÖ�Û?ú�à ×Gâ%à�Ù�w�ÖCØGúys�Ò'ü<�	Ò	ü�Ù#Ö�Û�ç
�§à�ú�×GÛgÛcúyw�Ú4ü�Ö�Ûe×Fá/â	Ø�w�ä#Ò�ÛcÙ#Ú4Ú~â'Øc×��¡Ö$sC×Gâ'Ø�w�ÒWs{Õ4ú�à#Ö�ú�Û?Ò	à�Ò	üyt@â��

ØGú�×GÕ�wÀ×GÕ=Ò"×�Ò'×c×GÖzw�Ú#×GÛ?×GâH�4à=Ü¦Ò�ü�ú\à#Ö�Ò'Ø�ÛcÖ�Ú=Ò"Ø{Ò'×Gâ	Ø�þ~ÖC× v Ö�Ö�à¦×GÕ4Ö
Ü4Ò"×{Ò�Ú~â	ú\à ×GÛ�â'á�× v â6s�ü\Ò	ÛcÛcÖCÛ�ä�Ò	ÛH�6úyt@Ù�ØGÖ(å�ú�ü�ü\Ù#Ûe×cØ{Ò'×GÖ�Û�ç�Ý0¨ � Û
ÛcÖ�Ö$��×Gâ,w�Ò�£�ú{w�úyx�Ög×GÕ#ÖZw�Ò"Ø�t@ú�à)ä�â'ØK×GÕ#Ö�ÛcÖCÚ=Ò'Ø{Ò"×Gú�â@à þ~ÖC× v Ö�Ö�à�×GÕ4Ö
× v â&s�ü\Ò'ÛcÛcÖ�Û�ä=ú�à�â'Ø{Ü#ÖCØK×Gâ�úyw�Ú#ØGâ��¡Ö�×GÕ4ÖXs{Õ=Ò'à�s�Ö�â	á|w�Ò���ú\à2t�Ò�s$s�Ù0�
�CÔFÕ#Ö�à#Ö v Ý�Þ�ß�Ü4Ò"×{Ò&ÛcÖC×Fú\Û?Ò5�	Ò	ú�ü\Ò	þ#ü\Ö�â@à#ü\ú�à#Ö�á/ØGâWwÇ×GÕ4Ö�Ò	Ù�×GÕ4â'ØGÛÒ'×�Õ ×c×GÚY� �W�'ü\ÒWw�þ~ÖCØc×Gü\Ò	þ)ç Ù4ÒWw�Û�ç Ö�Ü#Ù��'Ú#Ù4þ4ü�úys�Ü#Ò'×{Ò�ç Õ ×�w�ç
¯�ßsÙ4þ#ü�ú{sCü�ý�Ò5�@Ò'ú�üwÒ'þ4ü�Ö&Ò'×�Õ ×c×GÚY� �"�"Û���w�ü\úyt	Õ�×�ç °§â¡ÒWs{Õ4úyw�Û�ç â	Ø�t�ç
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Feature X

"Predisposed"

"Not Predisposed"

±�²�³�´%µ�¶�·<¸X¹@º5´%»#»�¼�µ�½\¾�¶0¿"½$¼�µ&À�Á�¿�Â#²^ÃY¶.Äl¼�µNÅ#²iÆ)¶�µ�¶0Ã!½5²�Á2½zÇ
²�Ã%³9È�¶�½DÉN¶�¶0Ã4½DÉ,¼�¿UÊ�Á�º5º$¶2º©È<ËKÀ�Á�ÌY²ÍÀ7²�ÎU²^Ã%³9½5Â%¶�À�Á2µ�³�²^Ã)Ï
ÐEÑÓÒ,Â#²^º3²^ºKÅ%¼�Ã%¶E²^ÃA½5Â%¶EÔ]Ç�Å%²ÍÀ�¶0Ã#º5²�¼�ÃYÁ�ÊRº$»#Á�¿W¶EÅ%¶LÇ
Õ Ã%¶0ÅoÈYË>ÔÖÃ<´|À�¶�µ�²^¿"Á�Ê{Ç�¾2Á�Ê^´%¶0ÅMÄl¶0Á2½5´%µ�¶0º"Ñ4×zÃM½5Â#²�ºfº5²^ÀfÇ
»#Ê�¶7¶�Ì<Á�À�»|Êi¶!Ï�½5ÂY¶0µ�¶�Á�µ�¶�¼�Ã#Ê�Ë=½DÉN¼�Äl¶�Á�½5´Yµ�¶0º"Ï)ØÙÁ�Ã#Å3ÚOÏ
º$¼SÔÜÛÞÝ�Ñàß]¼�µWÀ�Á�Ê^ÊiË�Ï.Â%¼2É,¶�¾�¶�µ�Ï&ÔáÉN¼�´#Ê^ÅâÈ�¶GÀR´#¿WÂ
³�µ�¶�Á2½$¶�µ�ÑQ×zÃSÁoÂ%²�³�Â%¶�µ5Ç�Å#²ÍÀf¶2Ã%º5²�¼�Ã%Á�Ê.º$»%Á�¿"¶�Ï+½5Â%¶�Ê�²^Ã%¶�Á�µ
º$¶�»#Á2µ�Á�½$¼�µ]²^º©Á�Â<Ë<»�¶�µ�»#Ê�Á�Ã%¶Rµ�Á�½$Â%¶�µ.½$Â%Á�Ã=Á�Ê^²^Ã%¶�Ñ

ãDä�å�æ¦ç0ã�æ5è2éyêzå�éyëWì�í¥ëWì©î^ï0å�ï2ã�æZè�ä�åDä0ð)ñ�ä�ò0éyóOéyô$éyì�õ\å�ö�æ�óHä�ã�õ"éyìOê5äWì
÷ æHø�éyæzù�æ$è6äWíNäWì6ëWç2å�éyóOéyô5ä�å�éyëWì6åDäWí�úfí�ë"ûyø"ä ÷ ûyæ.ï�í�éyì�õ�ûyéyì�æ$ä�ãNëWã
üLï�ä"è0ãDä�å�éyê.ç0ã�ë"õ�ãDäWóOóOéyì�õ'å�æzê?ö2ì�é{üLï�æ$í$ð ý¦î�ê$ë"ï0ã�í�æ"þ�éyì6ç2ãDä�êzå�éyê$æ
å�ö2æzã�æXóHä$ÿ ÷ æ¦ì�ë+õ"ëLë�è.ûyé{ì2æ5ä�ã�í�æzç�ä�ãDä�å�ëWã�ë�î%å�ö�æXè�ä�åDä0ð��0ï2ç�ç�ë�ã�å
ø"æ$êzå�ëWã�óHäWêDö�éyì�æ$í ÷ ä�í�æ5è[ëWì>ú"æzã�ì�æ$ûVî�ï�ì2êzå�éyë"ì�í'ê5äWì[æ��Oê$éyæ$ìLå�û�ÿ
ç0ã�ë�è2ï2ê$æ�í�æ$ç�ä�ãDä�å�ë�ã�í�å�ö�ä�å�ä�ã�æ�ì�ë"ì��lû{éyì2æ5ä�ã�� Ý	� ð�
¦æ$øUæzã�å�ö2æ$ûyæ$í�í$þ"å�ö2æ
ëWï2å�ç2ï2å�ëWî<äVûyéyì�æ5ä�ã���\ñ éyí)æ$äWí�éyæzã¥å�ëXï�ì�è0æzã�í åDäWì�è©äWì�è&õ"ûyæ5ä�ìOéyì��
í�éyõWö�å�í�î�ã�ëWó���æ��!æ$êzå�éyøUæ$û�ÿLþUî�æ5ä�å�ï0ã�æ$í)å�ö�ä�å¥õ"æzå¥ûiä�ã�õ"æZê$ëLæ��Oêzé{æzì�å�í¥é{ì
å�ö2æ¥î^ï2ì�êzå�éyëWì©ëWî�å�ö2æ�ûyéyì�æ5ä�ã)í�æzç�ä�ãDä�å�ëWã)ä�ã�æ�óOë�ã�æ�éyóOç�ëWã�åDä�ì�å%å�ö�äWì
å�ö2ë"í�æ&å�ö�ä�å+õWæzå+í�óHäWûyû�ê$ëLæ��Oêzé{æzì�å�í$ð���ì7äWè�è0éyå�éyëWìYþYû{éyì2æ5ä�ã���Vñ'í
ö�ä5øUæ&õWé{ø"æ$ì ÷ æzå�å�æ?ãVã�æ$í�ï�û�å�íVå�ö�äWì7ë�å�ö�æzãVúUæzã�ì�æzû�� ÷ äWí�æ5è���Vñ'í\é{ì
í�æzøUæzãDäWû<í å�ï�è0éyæ$í�ëWî#óOé{ê?ã�ëUä�ã�ãDä$ÿ.è2ä�åDä0þ0éyì�êzû{ï�è2éyì�õNë"ï0ã�ç2ã�éyëWã�ù¥ëWã�ú
ù�é�å�ö'ñ'ï�û�å�éyç�ûyæ+ñ]ÿLæzû{ëWóHä0ð���ö2æzã�æzî�ëWã�æ"þ0î^ë�ã�å�ö�æZç2ã�æ$í�æ$ìLå)ù�ëWã�ú©ù¥æ
ï2í�æ�ûyé{ì2æ5ä�ã���Vñ'í$ð��|ò2ç�æ?ã�é{óOæzì�å�éyì2õ¦ù�é�å�ö���
���è2ä�åDäXï2í�é{ì2õ\ëWå�ö2æzã
ú"æzã�ì�æ$û!î^ï2ì�êzå�éyëWì�í�éyí¦ä&è2é�ã�æ$êzå�éyë"ì]î^ëWãZî^ï0å�ï2ã�æXù¥ëWã�ú�ð

��äWêDö���
��:î�æ5ä�å�ï0ã�æ,éyì�ëWï2ãXè�ä�åDä&í�æzåZåDäWúUæ$íZë"ì2æ\ëWî|å�ö0ã�æ$æ+ç�ë"í �
í�é ÷ û{æ.ì�ëWì��lì�ï�óOæzã�éyê5ä�û�ø"ä�û{ï2æ$í"!fæ$é�å�ö�æzãNö�æzå�æ?ã�ë"ôzÿ0õ"ëWï�íNëWãNë"ì�æHë�î
å�ù�ë,ö�ëWóOë"ôzÿ0õ"ëWï�í)í�æzå�å�éyì�õ"í�#Íí�æ$æ�$#éyõWï2ã�æ&%('�! ÷ ï0å���\ñ'í)ã�æ$ü�ï2é�ã�æ
ì�ï2óOæzã�éyê5äWû�î^æ$ä�å�ï2ã�æzí$ð)��ö2æzã�æzî�ëWã�æ\ù�æ\ê$ëWì�øUæzã�å�å�ö�æZå�ö2ã�æ$æ\ç�ëWí�í�é ÷ ûyæ
øWäWûyï2æ$í)î�ëWã�ä*��
+��î�æ5ä�å�ï0ã�æ¦å�ëVå�ö�æZøWäWûyï�æ$í��,%"þ�-+äWì�è�.&%"þUù�ö2æzã�æ/-
ã�æzç2ã�æ$í�æ$ìLå�í�ö�æ?å�æzã�ë"ôzÿ0õWë"ï�í$ð106æ�ä�ã ÷ é�å�ãDä�ã�éyû�ÿ&êDö�ëLëWí�æ�ë"ì�æ¥ö�ë"óOëWôzÿ��
õWë"ï2í|ê5äWí�æ¥å�ëZí�æzå|å�ë2�,%�ä�ì�è\å�ö�æ�ëWå�ö�æ?ã|å�ë¦í�æzå%å�ë+.&%Wð�3¦í%ù¥æ¥í�æ$æ¥é{ì
$#éyõWï2ã�æ+4�þLù�ö�æ$ìOï2í�éyì�õ\å�ö�éyí¥óOæ?å�ö�ë�èNù�é�å�ö.ä\û{éyì2æ5ä�ã���\ñ�þLé�å�ù�éyû{û
÷ æ+éyóOç�ë"í�í�é ÷ û{æ+å�ëOóOë�è2æzûYå�ö�æ\ê$äWí�æ+ù�ö�æzã�æ,ö�æzå�æ?ã�ë"ôzÿ0õ"ëWí�é�å ÿ�î�ëWãXä
ç�ä�ã�å�éyê$ï2ûiä�ã2��
+��éyí)é{ì�è2éyê5ä�å�é{ø"æZë�î!ë"ì2æZêzûiä�í�í)ù�ö2é{ûyæZö�ëWóOë"ôzÿ0õ"ëWí�é�å ÿ
éyí�éyì�è0éyê5ä�å�éyøUæ¦ëWî%å�ö2æXë�å�ö�æzã5þ0í�éyì�ê$æXéyå�é{í�ì2ëWå�ç�ëWí�í�é ÷ ûyæXå�ë&í�æzç�ä�ãDä�å�æ
-Rî�ã�ëWó ÷ ëWå�ö5�,% äWì�è6%.ù�é�å�ö=äfí�é{ì2õ"ûyæ�ûyéyì�æ"ð7$�ë�ãHæzò2äWóOç�ûyæ"þ)é�å
éyí¦ì�ëWåXç�ë"í�í�é ÷ ûyæ,å�ë.í�ä$ÿ]å�ö�ä�å¦æ$é�å�ö�æ?ã98�8>ë�ã"���>éyí¦é{ì�è2éyê5ä�å�é{ø"æNë�î: ç2ã�æ5è0éyí�ç�ë"í�æ5è�;]ù�ö�éyûyæ�8��oéyíVéyì�è2éyê5ä�å�éyøUæNëWî : ì�ë�å\ç2ã�æ$è2éyí�ç�ë"í�æ5è!ð ;

¦æ$øUæzã�å�ö2æ$ûyæ$í�í$þ�é�å,é{í,ç�ë"í�í�é ÷ û{æHå�ë è0é{í å�éyì2õ"ï�éyí�ö�ö�ä�ø�éyì�õ'ì�ë ê$ëWç�éyæ$í
ë�î<84î�ã�ëWó ö�ä5ø�éyì�õNä�å�ûyæ5ä�í å�ë"ì�æXê$ë"çLÿLþ�ëWã�å�ë&è2éyí å�éyì�õWï�éyí�ö'ö�ä�ø�éyì�õ
å�ù�ë©êzë"ç�éyæ$íZëWî�8=îiã�ë"ó ö�ä5ø�éyì�õNô$æzã�ëOëWãZëWì�æ\ê$ëWç�éyæ$í9#=$#éyõ"ï2ã�æ94>'?ð? é{í�ê?ã�é{óOéyì�ä�å�éyì�õ ÷ äWí�æ5è6ï2ç�ë"ì7å�ö2æOç2ã�æ$í�æ$ì2ê$æHëWã&ä ÷ í�æ$ì�ê$æHë�îZä
í�éyì2õ"ûyæ ÷ äWí�æfäWç2ç�æ5ä�ã�íHå�ë ÷ æ óOë�ã�æ ÷ éyë"ûyë"õWéyê5äWûyû�ÿ3ã�æ$ûyæ$øWäWìLåHå�ö�äWì
è0éyí�êzã�éyóOé{ì�ä�å�éyì�õNí�ë"ûyæ$û�ÿ ÷ äWí�æ$è.ï2ç�ë"ìHå�ö�æXç0ã�æ$í�æ$ì2ê$æVëWãZä ÷ í�æ$ì2ê$æVë�î
ö2ë"óOëWôzÿ0õ"ë"í�é�å�ÿLð7��ì:ë�ãDè2æzãOî�ëWã.äfö�æzå�æzã�ëWôzÿ0õ"ëWï�í©î^æ$ä�å�ï2ã�æ]å�ë7ì�ë�å

CT TTCC
−1 +10

TTTCCC andfromDivide CCTCTT andfromDivide

±�²�³�´%µ�¶A@<¸*B'²i¾%²^º5²i¼�Ã#ºOÈ�¶0½DÉ,¶0¶0Ã:Ä�¶�Á�½$´%µ�¶f¾0Á�Ê�´%¶0º©½5Â%Á�½OÁ2µ�¶
»�¼�º5º5²�È|Êi¶&ÉO²�½$ÂR½$Â%¶\ÇDC�ÏFE<ÏHGIC+¶0Ã#¿W¼YÅ%²^Ã%³H¼�Ä�J<ß�K3Ä�¶�Á�½$´%µ�¶2º"Ñ
ß'¼�½$²^¿"¶�½5ÂYÁ�½,²�½N²^ºNÃY¼�½+»�¼�º5º5²�È|Ê�¶�½z¼7Å#²i¾%²^ÅY¶'È�¼�½5Â7LMLON�ÇDC�P
Á�Ã%Å=ÒNÒQNRGIC�P,Älµ�¼!ÀSLNÒTN EHPNÉ©²�½5ÂKÁ�Ê^²^Ã%¶�Á2µUJWVYX Ñ

ç2ã�æ$è2éyí�ç�ë"í�æRê5ä�ì�ê$æzã5þ�ù�ö2æzã�æ5äWí.æ$é�å�ö�æ?ã]ë�î\å�ö�æ�å�ù�ë�ö�ëWóOë"ôzÿ0õWë"ï�í
í åDä�å�æzíNè0ë2þ<å�ö�æNõ"æ$ì2æOç2ã�ë�è2ï2êzå�íVë�î�æ$é�å�ö�æzã,ä�ûyû{æzû{éyêHøWä�ã�é{äWìLåVù¥ë"ï�û{è
÷ æ¦è2æ$ûyæzå�æzã�éyëWï�í¥éyìHí�ï��©ê$éyæ$ìLå�üLï�ä�ìLå�éyå�éyæ$í$þ ÷ ï2å)éyì©å�ö�æ�ê5äWí�æ¦ëWî<ö�æ?åR�
æzã�ëWôzÿ0õ"ë"í�é�å�ÿLþ�ì�æ$é�å�ö�æ?ã¥ù�ëWï�û{è ÷ æ¦ç0ã�æ$í�æ$ìLå)é{ìHí�ï��Oê$éyæ$ìLå�üLï�ä�ìLå�éyå�éyæ$í
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� 1 øH2 1 ù(2 3 3 3�2 1 ü � 1 ø
2 1 ù(2 3 3 342 ��ü^-�× .;ì Ú .^í Ú�î5î-îRÚ .�ï Ø
3.2 Clues from the genomeÎI³�º#±3È�³�ºFÉY¹�¸B¶X¹	¸ ºLÀ;³�³�µ�³�Á Æ Â�±3È	¸�¶�³-ÈAÇI¶�¹	³5´�³8±�ºX¸ µ�» ¶�¹�³5´X±3Ë�Å
·;» ´#¶V¸Bµg¶a» À	º#³5´�½ ¸B¶�±�» µFÁ3³�¸"È�±�µ�¿C¶�»CÈ�±*²S³5´�³�µg¶DËF»�È�³�Á�Á�±�µ	¿Z» ¼SÁ�³�µ�¿ ¶�¹�Å
é8³5å�¶�³�µ	º#±�» µ	º(�{º�¶#´�³5µ	¿ ¶�¹�º�ÕL¸~º#·;³�Â�±�³�º(�?¿ ³�µ	» ËF³L±3º�µ	»B¶ Æ µ	±*¼h»B´�Ë8Ç
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gih gjglk glh g�g+m gih gjgjn gih glk glh g+m
oRpNq#r
ksgjg�g tiu g-v t�u m-v nlu w�v xlu nyv w�wiu z�v
kVn�g�g {lu |yv {iu |-v kjk�u w-v m-tiu |-v x�giu n-v
m-gjg�g kVwlu w�v kV|lu m-v m�zlu {-v n�{lu tjv kV|jnlu g-v
m�n�g�g kVxlu x�v m�mlu tjv w+n}u g-v kym-{iu n-v tjg+mlu myv
w�gjg�g t}m}u g�v w�ziu�ksv {jglu<kIv mlkswiu�ksv n�|�xiu z-v
p_r
ksgjg�g w+n}u�ksv w�xiu z�v t+zlu |yv w+|}u x�v n�|lu g�v
kVn�g�g kst�t�u g�v ksw+nlu g-v kVw�tiu g�v kVwjmlu�ksv kVnlkju myv
m-gjg�g nj|-ziu x�v n-xjgiu z-v t+zjglu tjv nlkIt�u {�v t+|lkju�kIv
m�n�g�g kVg�g+|lu |yv kVgjnjn}u x-v {+n�zlu n-v {ikIt�u tjv zj|�wiu t�v
w�gjg�g mjm-x�t�u w-v kst+n-tiu w-v kVnjn�|lu z�v kV{jmj|lu g-v kym-{jwlu myv

o!p_q#r�~-pFr
ksgjg�g k�kju t}� kjk�u wj� kVglu {+� kV|lu w+� n�{lu wj�
kVn�g�g xiu |j� |lu mj� zlu t+� ksziu |j� t+glu gj�
m-gjg�g mlu w+� wiu�ky� xlu gj� k�kju nj� w+|}u<kV�
m�n�g�g kju x+� mlu�ky� wlu |�� kIt�u mj� t+xlu gj�
w�gjg�g kju {+� mlu x+� n}u zj� k�kju�ky� tjtiu xj�
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¬)�®R¯)®V° v�±�²�³?± ¯!´�°�µ�¶}¬�¯�°�µ�¶i· ²�¸ · vs¹�ºO» ®;�°y¼j®!¬ ±L½�± ·f¬V¾ ± ¬)�®I¯ » · v ®
¬)�®F¿�¯ ± ´�°-´�·�À�·�¬OÁ ±�³ µ ± ¯�¯)®sµI¬)ÀfÁ�Â�Ãi· ²�¸ ±j² ®_¿�¯)®s¼l· ±jÄ�v À�Á ¸�Ä ® v�v ® ½ ¿ ±�Å
v ·f¬)· ±j² ° ³ ¬)®I¯ Æ
Ç v ¬)®s¿ v_» ·�À�À�´�®!À ±V»¨È�É ´ Ä ¬ ²�± ¬ º µ Ä ¯�¯)® ² ¬\¿ Ä ¬�°-¬)·�¼+®
¿�°-¬);ÊË· v ¼+®I¯�Á Ä�² À�·�¶+®sÀfÁ�¬ ± ´�®¨¬)�®Ì° Ä ¬)�® ² ¬)·�µ ±j² ® È ¾ » �·�µ�/°�·�Í v
°y¬ µ ±j² ¬�¯ ± À�À�· ²�¸ ¬OÁ�¿�®!Î_®I¯�¯ ± ¯ vsu
Ï µsµ ± ¯ ½ · ²�¸ ¬ ± ¬)�®�¿�¯ ±}±�³R±�³;Ð �® ± ¯)®sÍ k · ²ÒÑfkV{yÓ ¾_¬)�®I¯)®�°y¯)®

¬)i¯)®s®R®I¯�¯ ± ¯¨®s¼+® ² ¬ v · ³Ô» ® » ¯ ±�²�¸ À�Á v ®I¬ ±�² ®#°-Íb´�· ¸�Ä�±�Ä�v ¿ ±�v ·�¬)· ±�²
° ³ ¬)®I¯ÌÆ
Ç v ¬)®s¿ v;¥ ¬)�®I¯)®j¾ p ÏRÕ Î�ÖÌ× v\³?± µ Ä�v · v¨±�² Æ «�¹PØ#ª · vÌ½iÄ ®!¬ ±
¿i¯ ± ´�°�´�·�À�· v ¬)·�µ!®IÃl¬)® ²�v · ±�²�vNÄ�v · ²�¸;³?±}± À<· ²�¸ ¿i¯ ± ´�® v ¾ ØÌÙ ° ²�½LØ Ú °y¯)®
¯)®IÀA°y¬)® ½ ¬ ±�½ ®I¬)®�¯)ÍL· ² · v ¬)·<µb®IÃl¬)® ²�v · ±j²�v µV° Ä�v ® ½ ´lÁ�¬ »F± · ½ ® ² ¬)·�µV°�À
v�Ä ´ v ®VÛ Ä ® ² µs® v · ² ¬)�®b¬�°y¯ ¸ ®I¬ u Õ · ² µs® ±j² À�Á Ø ª ½ ®s¿�® ²�½�v#±�² ¬)�®
µ� ± ·�µs® ±�³ Æ Ç » �·<À�® Ø Ù ° ²�½�Ø Ú ¯)®IÜ�®sµI¬ v ¬)�® ½ °y¬�°�¿�¯ ± ¿�®I¯�¬ÝÁ}¾ » ®
» ·�À�À ½ · v µ Ä�v�vÌØ ª · ²Þ½ ®�¬�°�·�Àd�®I¯)® uFß�± ¯)® ½ ® v µ�¯)·<¿i¬)· ±j²�v ±�³ ¬)�®!¯)® v ¬
¬ »F± °y¯)® ²�± ¬5¯)®s¿�®V°-¬)® ½ ° ²�½ µV° ² ´�® ³?±�Ä�²�½ ®sÀ v ® » �®I¯)®\· ² ¿�¯)®s¼l· ±jÄ�v
À�·f¬)®I¯�°y¬ Ä ¯)® ÑfkV{ ¾ {-Ó3u
Ï v�v�Ä ÍL®�¬)�°-¬�° v ¿ Ä ¯)· ±jÄ�v ¿�°-¬)Ô¾ v ¬�°y¯�¬)· ²�¸ °-¬�¿ ±jv ·f¬)· ±j²6à ¾¨· v

®�Ãi¬)® ²�½ ® ½ ¬ ± ¿ ±jv ·f¬)· ±j²8àdá Æ
Ç u
â ®I¬�ã5äÞ´�®e¬)�®L¿�¯ ± ´�°�´�·�À<·f¬OÁ ±-³
®�Ãi¬)® ²�½ · ²�¸/Ä ¿�¬ ± ¿ ±�v ·�¬)· ±�²'à%áæå ¾�¬)�® ² µsÀ�®V°-¯)ÀfÁ¡ãEç�è kju Î ³ ¬)�®
®�Ãi¬)® ²�v · ±j²e³ ¯ ± Í à-á�å ¬ ±Rà-á�å_á¡k · v µV° Ä�v ® ½ ´}Á�° ³?±}± À�· ²�¸ ¿i¯ ± ´�®j¾
¬)�® ² ¬)�® v ·f¬ Ä °-¬)· ±�² · v ¬)�® v °�ÍL®;° v ¬)�°-¬ · ²'Ñfks{-Ó3¹
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o ±V»ù» ®bµs°�À�µ Ä À<°y¬)®e¬)�®b¿i¯ ± ´�°�´�·�À�·f¬ÝÁ ±-³ ° ² ®IÃl¬)® ²�v · ±�² µV° Ä�v ® ½
´}Á ³ °�À v ® ² ® ¸ °y¬)·�¼+®¡¯)®Iµ ± ¼+®I¯�Á}¾Ì· u ® u ¾ ²�±úv�Ä ¿�¿ ± ¯�¬)· ²�¸ ¿�¯ ± ´�® v °y¯)®
v ®I® ² · ² ¬)�® v ¿�®sµI¬�¯ Ä Í u Ï µsµ ± ¯ ½ · ²�¸ ¬ ±�±�Ä ¯b° ¸j¸ ¯)® v�v ·�¼+® » °sÁ ±-³
´i¯�° ² µ� v ®IÀ<®IµI¬)· ±j²�¥üû
ý�kV« ¾}° ¸�Ä ® v�v µV° ² ´�®\¿�À<°�µs® ½ · ³ ° ²�½�±j² ÀfÁ�· ³
³�±jÄ ¯F° ½�½ ·f¬)· ±j² °�À v.» ·f¬)µ��® v °-¯)® v�Ä ¿�¿ ± ¯�¬)® ½ ´lÁ�¿i¯ ± ´�® vPv ®s® ² · ² ¬)�®
v ¿�®IµI¬�¯ Ä Í
¾N· u ® u ¾_¬)�®I¯)® » ·�À�À ´�®�¬ ± ¬�°-À�À�Á n ¿ ±jv ·f¬)· ±j²�vÞ¥ · ² µIÀ Ä�½ · ²�¸
¬)�® ¸jÄ ® v�v ¿ ±jv ·f¬)· ±j²�«Ìv ¿�®sµs·fÂ�® ½�» ·f¬) ±jÄ ¬ ± ¬)�®I¯Ìµ� ± ·�µs® vsu!þ!² ¬)�®
± ¬)�®I¯;�° ²�½ ¾dÿ�¯ ± ´�°�´�·�À<·f¬OÁ ã ��������� ¬)�°-¬ ³�±jÄ ¯�° ½�½ ·f¬)· ±j² °�ÀP¿�¯ ± ´�® vv�Ä ¿�¿ ± ¯�¬ ¬)�® ¸jÄ ® v�v · vÌ¸ ·<¼j® ² ´}Á â ®sÍLÍË° m · ²'Ñfks{-Ó3¹

ã �������	� è t�¥ ït}ð á
k

w ë t � ñ ª «�

» �®I¯)®#¬)�® ºOtjÈL±jÄ ¬ v · ½ ®#¿�°y¯)® ² ¬)�® v · v ÍL®V° ²�v ¬)�°y¬!°-À�À ³?±�Ä ¯ v ÁiÍ Å
´ ± À v�¥��;§	¨§���§��#« °-¯)®#¿ ±�v�v ·<´�À�® u
Ö ± Íb´�· ² · ²�¸ ¬)�®Ì°�´ ± ¼+®¨¬ »_± ¾}¬)�® ¿�¯ ± ´�°-´�·�À�·�¬OÁe¬)�°y¬_¬)�®Ì®IÃl¬)® ²iÅ

glh g�gik glh gjg+m gih gjgjn glh glk gih g+m
oRpNq#r
ksgjgjg t+| t}| t}| t+| t}|
kVn�gjg t+n t}n t}n t+n t}m
m-gjgjg tjx t+x tjt t�t wjw
m�n�gjg t+n tjt tjt w�z mj|
w�gjgjg wj| wjz w+| wj| mlk
pFr
ksgjgjg tjz t+z t+{ tjz t+x
kVn�gjg t+n t}n t}n tjx t}n
m-gjgjg t+| t}| t+x t+n wjx
m�n�gjg t+| t}| t+x tik wjg
w�gjgjg w�{ t�k w+| w�w mlk

o!p_q#r�~�p_r
ksgjgjg {jz+� {jzj� {�x+� {jz+� kVgjmj���
kVn�gjg kVgjgj� kVg�g+� kVg�g+� {jz+� {jwj�
m-gjgjg {jz+� {jzj� {�x+� {jz+� {+m��
m�n�gjg {jx+� {�t+� {�x+� {jw+� {jgj�
w�gjgjg {+nj� {jwj� kVg�g+� k�kymj��� kVg�g+�
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v · ±j² µV° ² ´�®#ÍË° ½ ® Ä ¿�¬ ± Æ
Ç » ·f¬)Þ°-¬ Í ±�v ¬�� ¸�Ä ® v�v ® v · v Ä ¿�¿�®I¯
´ ±jÄ�²�½ ® ½ ´}Á ¹

ã���� ê ¥ ã5ìsí)í�î « � � ñ�� � ë ¥ ã �������	� « �
Î ²�±jÄ ¯Ì·�ÍL¿�À<®IÍL® ² ¬�°-¬)· ±j² ¾�Æ Ç · v µ� ±�v ® ² ° vÌx�g ° ²�½ �#· vÌv ®I¬Ì° v

° vNm ¾ » �·�µ�eÍL®V° ²�v ¬)�°y¬ p_q#r » ·�À<À ²�± ¬N´�°�µ�¶}¬�¯�°�µ�¶�· ³ · ²Lx�g!v ¬)®s¿ v
¬)�®�¯)®F°-¯)®_À<® v�v ¬)�° ²�w ¿ ±�v ·f¬)· ±�²�v�²�± ¬ v�Ä ¿�¿ ± ¯�¬)® ½ ´}Á;° ² Á;¿i¯ ± ´�®F· ²
¬)�® v ¿�®sµ�¬�¯ Ä Í u! ·�¼+® ² ¬)�· v ¯)®V° v�±j² °�´�ÀfÁLÀ<°y¯ ¸ ®RÆ
Ç�° ²�½ ¯)®IÀA°y¬)·�¼+®sÀfÁ
v ÍË°�À�À"�+¾�¬)�®R¿�¯ ± ´�°�´�·�À<·f¬OÁ ±-³�Ø ª ¾�· u ® u ¾�ã ��� ¾�· vÌ² ® ¸ À�· ¸ ·�´�À<® u

4. EXPERIMENTAL EVALUATIONSÎ ² ¬)�· v�v ®IµI¬)· ±j² ¾ » ®]µ ± ÍL¿�°y¯)® ±jÄ ¯ oRpNq#r °�À ¸j± ¯)·�¬)�Í » ·f¬)
¬)�® pFr °�À ¸j± ¯)·f¬)�Í ½ ®IÂ ² ® ½ · ²ÞÑ {-Ó ¾ » �·�µ�/· v ¶ ²�±V»¨² ¬ ± ´�® ° v�Ä µ Å
µs® v�v.³�Ä À v ¬�¯�°-¬)® ¸ Á ½ ®s°�À�· ²�¸Þ» ·�¬) Õ p�# Ä�²�½ ®I¯ ²�± · v Áúµ ±�²�½ ·f¬)· ±j²�v ¾
® v ¿�®sµI·A°-À�À�Á ³�± ¯ ³ °�À v ® ² ® ¸ °-¬)·�¼+® vsu%$ ®#®s¼j°-À Ä °-¬)®;¬)�®#¿�®�¯ ³?± ¯)ÍË° ² µs®
±�³ ¬)�® v ®P¬ »F± °�À ¸j± ¯)·f¬)�Í vEÄ�v · ²�¸ ¯)®V°�À qRo Ï ½ °y¬�° v ®I¬ v5½i±V»¨² À ± ° ½ ® ½
³ ¯ ± Í »\»\»#u ® ²�v ®IÍb´�À u ± ¯ ¸i¹ # Ä ÍË° ² Ö_�¯ ± Í ±jv�± ÍL® |lu Ï À�À�®IÃi¿�®I¯)· Å
ÍL® ² ¬ vF» ®�¯)®#·<ÍL¿�À�®sÍL® ² ¬)® ½ ´lÁ ß ·�µI¯ ±�v�±�³ ¬'&!· v�Ä °-À5Ö á#áùxiu g ° ²�½
¯ Ä�²#Ä�v · ²�¸ ° w( #*) ÿE® ² ¬)· Ä Í�Î+&8ÍË°�µ��· ² ® » ·f¬) k, p ÍË°�· ² ÍL®sÍ Å
± ¯�Á u

4.1 Experiment settings$ ®!ÍË°�· ² ÀfÁ/µ ± ÍL¿�°-¯)®!¬)�® v ¿�®s® ½ ° ²�½ °�µsµ Ä ¯�°�µ�Á�¿�®�¯ ³?± ¯)ÍË° ² µs®
±�³ o!p_q#r ° ²�½ p_r » ·f¬)6¯)® ¸ °y¯ ½ ¬ ±8v ®sÛ Ä ® ² µI®¡À�® ²�¸ ¬) ¦ ° ²�½
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¿=îë®�¾�¹8¿�¬<å
æ�ç�Á|¬	·'½|6´_¹>¼�Á|¬Õ·Õ½E® Å �¬ Å àVá
î�¬ô$¹8eÂ!ß
¬�Á,¹vá
½ Å �®�î�½|¾�® ò î�½E¿=î

½|7º"½E¿�¹>á
¬�® á
î�¬�¹8¾�¾�Á|½|¿&¹8¼�½|ÁE½-áKÂ Å à Å ç"ß¹8¾�¾�ß Å ¹8¿=îüá Å ¾?¬�ß�á
ç�ß
¼7¹vá
½ Å 
ô'½|¿�ß Å ¹vß�ß=¹�Â)¬��"¾?¬�ß
½|ô'¬�eá
®�åÆ´�î�¬�«8¬��¬ëêë±#��¸ ò ¹>® Å �¬ Å à�á
î�¬
«<¬��¬�®!¿�î Å ®�¬�õá Å ¼?¬yôÕç�á=¹vá
¬&ºù½|öá
î�¬6µ�ç�«<î�¬�®�� Å ô'¾?¬��º�½|ç�ô
Û-¸&»vÝ�åB�õî�½|ÁE¬�¬��ká�ß=¹8¿�á
½E�«1ô$¹8eÂ Å á
î�¬�ß^«8¬��¬/ß
¬�ÁE¹>á
½ Å �®�î�½|¾�®�³���
����
������ ò ¹8®h¹>¼�Á|¬há Å º"¬�á
¬�¿�á�ß
¬�ÁE¹>á
½ Å �®�î�½|¾�®9á
î7¹vá_¯ ÅeÅ Á|¬&¹8��¬�á ò�Å ß
øk®
¹>á�á
¬�ô'¾�á1á Å ½Eº�¬�ká
½-à,Âeå�¶K7º�¬�¬&ºüæ�ç�Á|¬$»�¿ Å ß�ß
¬�¿�á
Á-Âðº"¬�®�¿�ß
½|¼?¬�®á
î�¬
ß
¬�ÁE¹>á
½ Å �®�î�½|¾õ¼?¬�á ò ¬�¬� á
î�¬3«8¬��¬�®�êë±#��¸6¹>7ºöó_æ�÷0�k³(á
î7¹vá$½|®
êë±#��¸'½|® ß
¬&ûeç�½-ß
¬&º6á Å ¹8¿�á
½ Ä ¹>á
¬$ó_æ�÷0�kå'´�î�¬�ß
¬�à Å ß
¬�ó_æ�÷0� ò ½|Á|Á
Å �Á-Â�¬ Ä ¬�ß/¼?¬1¾�ß
¬�®�¬�ká/½-àVêë±#��¸½|®/¾�ß
½ Å ß�Û-¸�ú>Ý�å

6. CONCLUSIONS±ñá Å ¾"Ã*º Å&ò 	¹>Á|« Å ß
½-á
î�ô���
������x���/á Å º"½|ß
¬�¿�á
Á-Â�º�½|®�¿ ÅvÄ ¬�ßhî�½|«<î
¿ Å �À?º"¬��¿�¬�ß
ç�Á|¬�® ò ¹8®(¾"ß Å ¾ Å ®�¬�º�åa´�î�½|®/¹8Á|« Å ß
½-á
î�ô�Á|½-àÚá
®�á
î�¬�Á|½|ô�Ã
½-á=¹>á
½ Å )¹��'½|¿�á
½|�«y¹8Á|Áa®�ç�¾�¾ Å ß�á�Ã�¼7¹8®�¬�ºï¾�ß
ç��½|�«ëô'¬�á
î Å º�® ò î�½E¿=î
¹>ß
¬$ç�7¹8¼�Á|¬$á Å ¬���¾�Á Å ß
¬'á
î�¬'®�¾�¹8¿�¬ Å à�Á Å&ò Ã�®�ç�¾�¾ Å ß�áÕî�½|«<îñ¿ Å �À�Ã
º�¬��¿�¬/ß
ç�Á|¬�®�åa±õî�¬&¹8º�á Å î�¬&¹<º'¿ Å ô'¾7¹>ß
½|® Å  ò ½-á
î����c�+����®�î Å&ò ®
á
î7¹vá7��
���������¿&¹8�¬��'¿�½|¬�eá
Á-Â�º�½|®�¿ ÅvÄ ¬�ß�ô Å ß
¬^î�½|«<î�¿ Å "À?º�¬��¿�¬
¹8�º ¾ Å á
¬�eá
½,¹>Á|Á|ÂÆ½|eá
¬�ß
¬�®5á
½|�«yß
ç�Á|¬�®�å|�ï¬�¾"ß Å>Ä ½Eº�¬ë¹üô'¬&¹>�®Õá Å
ç�á
½|Á|½|®�¬�¼�½ Å Á Å «<½|¿&¹>Á�º�¹>á=¹>¼7¹8®�¬�®Õà Å ß Ä ¹>Á|½,º�¹>á
½|�«6á
î�¬'ß
¬�ÁE¹vá
½ Å �®�î�½E¾�®
¬��ká�ß=¹8¿�á
¬&º¢¼eÂÈô'½|¿�ß Å ¹vß�ß=¹&Â¢¹>7¹8Á-Â"®�½|®ï¹>Á|« Å ß
½-á
î�ô'®�å���®�½|�« á
î�½|®
á
¬�¿=î��½,ûeç�¬ ò ¬3î�½E«8î�Á|½|«<îeá�á
î�¬3½|ô'¾ Å ß�á=¹>�¿�¬ Å àô'½|�½|�« ò ½|á
î Å ç"á
®�ç�¾�¾ Å ß�á�¾�ß
ç��½|�«"å3ó Å ß�¬���¹8ô'¾�Á|¬�á
î�¬�ß
¬�¿&¹8Á|Á Å à���
�� �#�x��� Å 
á
î�¬¼�½ Å Á Å «<½|¿&¹>ÁVº�¹>á=¹>¼7¹>®�¬Õ¯^¶K° � ½|® Ä ¬�ß�Âëî�½|«8îëÃ4�8ú_� ¿ Å ô'¾7¹vß
¬&º
á Å �kå|¸v·>� Å à����c�+����å7í Å á
¬�eá
½,¹>Á�º"½-ß
¬�¿�á
½ Å �®�à Å ß/àÚç�á
ç�ß
¬ ò�Å ß
ø�½|"Ã
¿�Á|ç7º"¬1¹8�¹8�¹8Á-Â"®�½E® Å à_á
î�¬��9É<Ï Í�Ë�� ÓSÍ��=Î>Ò8Ë�Ì�Ø8�(É8ÊKË Å à���
��������
¹8�º6á
î�¬Õ¿ Å �®5á�ß
ç�¿�á
½ Å  Å à�«8¬��¬Õ�¬�á ò�Å ß
øk®�à,ß Å ô�á
î�¬�º"½E®�¿ Å>Ä ¬�ß
¬&º
ß
ç�Á|¬�®�å

7. REFERENCES
Û-¸�Ýæ�å�±�«>ß=¹ ò ¹8Á�³B´�å�¶*ô'½|¬�Á|½|�®�øk½�³�¹87º!±�å"°	å7é ò ¹8ô'½�å7ê�½E�½|�«
¹8®�® Å ¿�½E¹>á
½ Å 6ß
ç�Á|¬�®/¼?¬�á ò ¬�¬�ë®�¬�á
® Å àh½-á
¬�ô'®/½E!ÁE¹>ß
«<¬
º�¹>á=¹>¼7¹>®�¬�®�å7¶K���Ì�Î<���x �¡�¢£�N¤u¥0¢§¦0�¨¤=Ö�Ê,�H¡VÎ8Ö<©<�hÎ8Ö
¢üÉ8Ö?ÉsªeË�Ô$Ë�Ö�Ê(ÎJ©���É8Ê�É8³�¾7¹>«<¬�®�²«�>�<¬k²k¸<�k³h¸<�«�<»"å

Û ²&Ý�´�å7±�ø"ç"á
®�ç9³�éBåS1ç�î7¹>ß=¹k³ ã å7êë¹>ß
ç"Âk¹8ô$¹k³7¹>7º�éBå�ê�½-Âk¹8 Å å
¶5º�¬�ká
½-À�¿&¹>á
½ Å  Å à�«8¬��¬�á
½|¿1�¬�á ò^Å ß
øk®/¼kÂ$®5á�ß=¹vá
¬�«<½|¿«<¬��¬
º�½|®5ß
ç�¾"á
½ Å �®�¹8�º!«8¬��¬ ÅvÄ ¬�ß
¬���¾"ß
¬�®�®�½ Å �®�ç�7º"¬�ß�¹Õ¼ ÅeÅ Á|¬&¹>
ô Å º�¬�Á�å0®9Ù�Ë�Î8Ì
Ë�Ê�Ó��
É<Ï0¡VÎ8Ô��7ÐkÊKË�Ì+�P��Ó�Ë�Ö��=Ë�³B²u�<ÜN¯ ²>»;·s¬"²<·e¸<³
²«�>�8»"å

Û »vÝ�´�å7±�ø"ç"á
®�ç9³�éBå�ê�½-Âk¹> Å ³7¹8�ºëéBå	1ç�î�¹>ß=¹kå�¶*º�¬�eá
½-À7¿&¹vá
½ Å 
Å àh«8¬��¬�á
½|¿�¬�á ò�Å ß
øk®�àÚß Å ô ¹Õ®�ô$¹>Á|Á9kç�ô	¼?¬�ß Å àh«<¬��¬
¬��"¾�ß
¬�®�®�½ Å �¾7¹>á�á
¬�ß
�®/ç��º�¬�ß�á
î�¬1¼ ÅeÅ Á|¬&¹>3�¬�á ò�Å ß
ø$ô Å º"¬�Á�å
¶*��/É_��Ó °0����Ø8Ô��"Î8Í
ÓSÐkÔ�Î>Ö�±/Ó�Î<�
Î8Ô���Ð"Ê�ÓÚÖNª8³7¾�¹8«8¬�®�¸<�<¬k²8Ü"³
¸<�>�«�"å

Û ú>Ý�´�å7¯^¬�½E®�®�¼�¹>ß�á
î6¹>7º�´�å?é"¾?¬�¬�º�å â Å ®5á=¹vá<¯�ó_½|7º�®5á=¹>á
½|®5á
½|¿&¹8Á|Á-Â
Å>Ä ¬�ß�ß
¬�¾�ß
¬�®�¬�eá
¬&º!«8¬��¬ Å ká Å Á Å «<½|¬�® ò ½-á
î�½|ë«<¬��¬1«8ß Å ç�¾�®�å
±/Ó�Î8ÓSÖs©�Î8Ì=Ô'É8Ê�ÓC��Í=³7²«�"Þ��;ä�¯|¸�ú>�8ú�¬7¸�ú>�;·e³h²u�>�8ú"å

Û ·&Ýk�×±�Á-à�¹>ß=¹> Å ¬�á&å ¹>Á�å7´�î�¬¯^½ Å ô Å Á|¬�¿�ç�Á,¹vß�¶Keá
¬�ß=¹8¿�á
½ Å 
°�¬�á ò�Å ß
ø � ¹vá=¹8¼�¹8®�¬�¹8�º�ß
¬�ÁE¹>á
¬�º!á ÅeÅ Á|®�²«�>�<·Õç�¾Bº�¹>á
¬<å

ú<ú
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3. A PROBABILISTIC MODEL FOR CPD
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¿ ¶�í wHpdx��4r4� � q+rVy'{�z"�2r2wJwL��zcu'r2�Y�iÎcr2�ap�t�z4vXÐ'� Ðc� ������t�wLwJy6ra�2tl :r-u�|"�
xEpJ{dx�v+wJt�p�t�z�v$�Bx�pJ{�tl�9��îS� � q'}+wIz4}'{>�2z4��y+��rap�r7��zcu'r2�"t�wwJy6r2�2tl :r-u
|"�Bp�q�rVy:x�{dx���rap�ra{�w2³>wHpdx��4rSu+r2y6rav:u+ravcpE�gx�}�wJwJt�x�v�wE� z�{Ep�q+rg�4r2v+r
r��+y'{�r2wJwJt�z4v�x�v:uRp�q+rVpJ{dx�v+wJtlp�t�z�v��Bx�pJ{�tl�9�

� q+rs��r-x8{�v�t�v��Sx�����z�{�tlp�q��ï� z�{7p�q�rE��zcu'r2��y�x�{dx���r�p�ra{�w7t�w7|�x�wJr-u
z�v � �'y6r2�apdx8p�t�z4v;��x��'t���t��-x�p�t�z4vN� � ���S�iÎcr2�ap�t�z4veÏ���� � q+r$x�����z�¾
{�tlp�q+��}�wJr2w5xRði� z�{J�)x�{du�wHp�r2y+ñsp�zgrawHp�t��Bx8p�rEçb��µ ¶dè × ã Ü-Ý2Ý2ÝaÜJ× ¶ �Ix�v:u
x�ð®|:x���Í"�Lx�{du�wHp�r2y+ñ[p�z�r2wHp�t��Bx8p�r
çb��µ6¶ è ×4¶�òãaÜ2Ý2Ý2Ý2ÜH×�ä��� � q+r2wJr
p��LzXr2wHp�t��Bx�p�r2wVx�{�rS�2z4��|�t�v�r2u3p�zRu'ra{�t���r�p�q�rOpJ{dx�v+wJt�p�t�z�vey'{�z4|�x�¾
|+t���tlp�t�r2wEt�vXîS� � q�rg�gx�}+wJwJt�x�v3y�x�{dx���r�p�ra{�w7� z�{)p�q�rswHpdx��4rgu+r2y6r2v'¾
u'r2v"pY��r2v�rFra�'y+{�r2wJwJt�z�v�wIx8{�rLx�wJwJt���v�r-u�p�q�rat�{Y�Bx��'t��$}+�0��t�Í�ra��t�q+z"zcu
rawHp�t��Bx8p�r2w2�5¤Vz-�Lra��ra{-�'p�q�r�x�����z�{�tlp�q��óv+r2r-u+w)p�z�x��2�2z�}�v"pE� z�{Ep�q+r
�az4��y���ra�N�¡z�{���z��gp�q+r�q�t�u�u'r2v�wHpdx8p�r
u+t�wHpJ{�t�|�}'p�t�z�v�p�q:x8pXx�{�t�wJr2w
|6ra�-x�}+wJr3p�q�rXq�t�u�u'r2vNwHpdx�p�rRt�wBx
�$}+�lp�t�v+z4��t�x��7��r2�ap�z�{-�N¤Vr2v+�2r4�
�7r�}�wJrRy:x�{Jp�t��2��r� ���p�r�{�w��iÎ'r2�ap�t�z�v�ô"���7�Eq�t���q�x�����z-�EwX}+wbp�z�x�y+¾
y'{�z-�+t��Bx8p�r�p�q�r$y+{�z4|�x�|+t���tlp®�eu't�wHpJ{�t�|+}+p�t�z4v+w�t�v;p�q�rS� z�{J�)x�{du[x�v:u
|�x��dÍ"�)x�{duRwHp�r2y�|"�Xx$wJrapUz���7r2t��4q"p�r-u3w�x���y���r2w��iÎcr2�ap�t�z4v
Ï"���8���

õ ��p�ra{L{�}+v�v�t�v+�Sp�q+r � �öy+{�z"�2r-u'}+{�rUp�z��2z�vc��ra{��4rav��2r4�c�7rgq:x-��r
x[�2z���y���rap�rR��zcu+r2�Ez��Vp�q�r�|+t�z���z4�4t��-x��Vy'{�z"�2r2wJw2� � q�r�wJz���}+p�t�z4v
p�zez4}+{$z�{�t��4t�v�x��Uu+r2�az4vc��z4��}'p�t�z�vNy+{�z4|+��r2��³�p�q�rXy+{�z�y6z�{Jp�t�z4v+wbz��
p�q�rVt�v�u+t��ct�u+}:x��9wJ}�|�y6z�y�}+��x8p�t�z4v�wL�¡z�{Ur2��r�{J�Xp�t���r2y6z�t�vcp7·a�+t�wLp�q+r2v
wJy6r2�2tl �r-u0|c��p�q�rera�'y6r2�ap�r-uÄ��x���}�rez���q�t�u+u+r2vQwHpdx�p�rey6z4wHp�r�{�t�z�{
u+t�wHpJ{�t�|�}'p�t�z4v¸�Içb��µ ¶dè × ã Ü2Ý2Ý2Ý-ÜH× ¶ ���BàgtlÂ9ra{�r2v"pO�2z4��y6z�v�r2v"p�w�z��Ez4}+{
��zcu+ra�¸x8{�rSu+rapdx�t���r-uRt�vXp�q�rg�¡z4����z8�Et�v+�XwJra�ap�t�z4v�w2�

3.3.1 Modeling the hidden state posterior:� q�r>y6z�wHp�ra{�t�z�{>u't�wHpJ{�t�|+}+p�t�z4v�z��+q+t�u�u+ravgwHpdx�p�r4��çb��µ6¶ è ×6�4Ü2÷2÷a÷¸ÜJ×4¶H�
t�wgx�y�y+{�z-�'t��Bx�p�r-uR|c�3xbwJrapsz��5w�x���y+��r2w2�¸â8µ ã¶ Ü2Ý-Ý2Ý2ÜHµ9ø¶ å��9x�v�u3p�q�r
wJrapOz��Lw�x���y+��r��Lrat���q"p�w2�>â-ù ã¶ Ü2Ý2ÝaÝ2ÜJù ø¶ å"�<�Eq�r�{�r�éúu'r2v�z�p�r2wgp�q�r
p�z�pdx��¸vc}+�$|6ra{Fz��w�x���y���r2w)x�v:uXt�w)wJy6ra�2tl :r-uX|c�$p�q�rg}+wJra{-� � q�r2wJr
w�x���y+��r2wSx�{�rB�4r2v+ra{dx�p�r2u[�¡{�z4�ûx�y'{�z4|:x�|�t���tlp®�[u+t�wHpJ{�t�|�}+p�t�z�v�z��Ux
Ícv�z-�Ev3y�x�{dx���rap�ra{�t��2r-uR�¡z�{����

3.3.2 Process model:� q�r3y+{�z"�2r2wJw���zcu'r2�)wJy6r2�2tl �r2wXçb��µ6¶�òIã è µ6¶����7p�q�rR�2z4v�u+tlp�t�z4v�x��
y+{�z�|:x�|�t���t�p��¢u+t�wHpJ{�t�|�}+p�t�z�v¢z��gp�q�rRv�ra�cp�wHpdx8p�r4�)µ ¶�òIã �7�4t���r2v.p�q�r
�2}'{J{�r2v"pEwHpdx�p�r4�+µ ¶ �5²[r�x�wJwJ}+��rVp�q:x8p)p�q�rg��ra��q�x�v�t�wJ�ü|c�B�Eq+t��dq
µ6¶7pJ{dx�v�wH� z�{���wsp�z�µ6¶ òãUt�wgu'r2y6r2v:u'r2v"pUz4v�p�q�rOy'{�z4|:x�|�t���tlp®�3�Etlp�q
�Eq�t��dqQx��2r2���Vt�vÄp�q+r
¿ ¶�í y�}'{�r�wHpdx���r[x8pRp�t���r4�)·��)pJ{dx�v�wJtlp�t�z4v+w
p�z�p�q�rBý ¶�í y�}+{�r�wHpdx��4rRx�pOp�t���r4�I·þÿ��� � q+t�wSwHpdx���rXpJ{dx�v�wJtlp�t�z4v
y+{�z�|:x�|�t���t�p���t�wVwJy6ra�2tl :r-u�|"�Xp�q�r�pJ{dx�v+wJt�p�t�z�ve�Bx8pJ{�tl�<�:îS�E¤sr2v��2r��
p�q�rBr2��r2��ravcp-�5îS�&ý�Ü�¿+�OwJy6ra�2tl :r2wSp�q�rBy+{�z�|:x�|+t���tlp����Etlp�qN�Eq+t���qNx
�2r2���5t�v;p�q�rb¿ ¶�í wHpdx��4r��Bx�Í4r2wOxXpJ{dx�v�wJtlp�t�z4v[p�z3p�q+r�ý ¶�í wHpdx��4rBx8p
p�q�r5v�r��'p<p�t���r2y6z4t�v"p-�8�Eq�ra{�rFý'x�v:uO¿Ou+rav�z�p�rFxL{�z-�Nx�v�uSx)�2z���}���v
{�r2wJy6r2��p�t��4r2�l�"�

�Vt���r2vSp�q�rLw�x���y���r)wJrap-�'â-µ ã¶ Ü2Ý2ÝaÝ2ÜJµ ø¶ åEp�q:x8pFx�y�y'{�z-�+t��Bx8p�r2wIp�q�r
y+{�z�|:x�|�t���t�p��bu't�wHpJ{�t�|+}+p�t�z4v�z8��ra{5µ6¶J�4�Lr)}+wJrLp�q�rLy'{�z"�2r2wJw5��zcu+r2�"p�z
z4|'pdx�t�v�p�q�rBw�x���y���r�wJrap-�7â8µ ã¶�òã Ü2Ý2Ý-Ý2ÜJµ6ø¶�òã åXp�q:x8pbx�y�y+{�z-�'t��Bx�p�r2w
p�q�rVy+{�z4|�x�|+t���tlp®�3u+t�wHpJ{�t�|�}'p�t�z4v�z8��ra{Uµ6¶ òã�� � q+t�wUt�wsu+z�v�rg|"�Xy+{�z�¾� ra�ap�t�v���r2��r�{J�Rw�x���y���r4�'µ��¶ �+p�zbµ��¶�òã ÖQîUµ��¶ �
3.3.3 Observation model:� q�rVz4|�wJr�{��4x8p�t�z�v���zcu+ra�<wJy6ra�2tl :r2wUçb��×�¶ è µ6¶H���'p�q�rs�2z4v�u+tlp�t�z4v�x��
y+{�z�|:x�|�t���t�p���u't�wHpJ{�t�|+}+p�t�z4vBz��9p�q+rU�a}+{J{�r2v"p5z4|+wJra{��4x8p�t�z4v¸�c× ¶ �c��t���r2v
p�q�rs�2}+{J{�ravcpEwHpdx8p�r4�'µ6¶d� � q+rgra�'y+{�rawJwJt�z�v3z��Ip�q�rLÛ ¶�í �4r2v+r4�'t�vXp�q�r
¿ ¶�í y�}'{�rRwHpdx��4r4�7t�w�x�wJwJ}+��r-uNp�ze|6rX��zcu+r2��r-u£|"�Nx;�gx�}�wJwJt�x�v¸�
é[� ê ë Õ ÜJì ë Õ ���>Îct�v��2r>p�q�r5x���p�}:x��"y6z�y�}+��x8p�t�z4v��¡{�z����Eq�t��dqO����� õ t�w
ra�cpJ{dx���p�r-u<�4t�w5xg��tl�cp�}+{�rFz��9wJ}�|+y6z4y+}���x�p�t�z4v+w2�4p�q+r)z4|�wJr�{���r-u���r2v�r
ra�'y+{�rawJwJt�z�v¢t�wb��zcu'r2��r-u£|"�Nxe��tl�cp�}+{�rBz��O�gx�}+wJwJt�x�v�w2�.¤sr2v��2r��
çb��×�¶���Û"� è µ6¶J�>ÖQÔ	� Õ�
 ã µ6¶��&¿��Hçb��×4¶d��Û"� è ê ë Õ ÜJì ë Õ ���"�Eq�ra{�rs×�¶d��Û"�Ft�w7p�q�r
z4|+wJra{���r-ubr��+y'{�r2wJwJt�z4vb{dx8p�t�zOz��6p�q�rFÛ ¶�í �4r2v+rsx8pFp�t���rL·5x�v:u$µ ¶ �&¿��
t�wYp�q�rF�2z4v"pJ{�t�|�}'p�t�z4vOz��+p�q�rF¿ ¶�í �gx�}�wJwJt�x�v�� z�{p�q�rFwJ}�|�y6z�y�}+��x8p�t�z4v
t�v3p�q�rg¿ ¶�í wHpdx��4r4�

²�rE� }'{Jp�q�ra{)x�wJwJ}���r2uXxOv:x�t���r�Lx2�"rawL��zcu+r2�:�¡z�{)p�q+rs��r2v�rsra�c¾
y+{�rawJwJt�z�v�w��[ra�'y+{�rawJwJt�z�v¢z��gx���r2v�rRt�wbu+r2y6r2v�u+r2v"p�z4v+����z4v£p�q�r
wHpdx���r$z��Fp�q+rS�ar2���&���Vt���r2v�p�q�rOwHpdx���r4�9p�q�rO�4rav�rSra�'y+{�r2wJwJt�z4v+w�x�{�r
�2z�v:u+tlp�t�z4v�x����l�Ät�v:u'r2y6r2v�u+r2v"p�z���r-x��dqÄz�p�q�ra{-� � q+r��2z4v�u+tlp�t�z4v�x��
y+{�z�|:x�|�t���t�p��"��çb��× ¶�è µ ¶ ���4t�wp�q�rav$xVy'{�zcu+}+�apz��:y+{�z4|�x�|+t���tlp�t�r2w>z��6t�v'¾
u+t��ct�u+}�x��'�4r2v+rUr��+y'{�r2wJwJt�z4v+w2�"t�� r����'çb��×4¶ è µ6¶®�>Ö����ë 
 ã çb��×4¶d��Û"� è µ6¶®���
� q�rawJrbx�wJwJ}+��y+p�t�z4v+ws�Bx2�3v�z�ps|6rSt�u'r-x��I�¡z�{V��zcu+r2��t�v��B�4rav�rSra�c¾
y+{�rawJwJt�z�v�w2��|�}'pYz�}+{¸�2}+{J{�ravcp<� z"�a}�wYt�w<p�zUt�u'r2v"p�t����g�2ra���4y6z4y�}+��x�p�t�z4v+w
t�vSu+tlÂ9ra{�r2v"pIwHpdx��4r2wIx�v:u���zcu'r2��t�v+�E�4r2v+r5{�r2��x8p�t�z�v�wI�Etlp�q�t�vSxEwHpdx��4r
t�wV}+v���t�Í�r2�l�Rp�z�r�Â9r2�apsz4}+{Vu+ra�2z4vc��z���}'p�t�z4v�{�r2wJ}+��p�w2�E¤sz-�Lr2��r�{-���Lr
x�{�r��az4v�wJt�u'ra{�t�v���|6rapJp�r�{O��zcu+r2��w�wJ}��dq�x�w�pJ{�r2ra¾�x�}+�4��r2v"p�r-u�v�r�pJ¾
�Lz�{�ÍcwE�¡z�{U� }'p�}+{�rV�7z�{�Í6�

4. PARTICLE FILTERSßx�{Jp�t��2��rU :�lp�ra{�w)x8{�rV}�wJr2u�p�z�x�y+y+{�z-�'t��Bx�p�rEy+{�z�|:x�|+t���tlp��Xu+t�wHpJ{�tl¾
|�}'p�t�z4v�wUp�q:x8pVq�x8�4r�x�v
}�v�Ícv+z8�Ev3z�{��2z���y���ra�3x�v�x��l�cp�t��2x��I� z�{����
|"��xVwJrap5z��:�7r2t��4q"p�r-u$w�x���y���r2w2��x�v:uS�-x�v$|6rL}�wJr-uS� z�{>p�q+rLq�t�u�u'r2v

ô��
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4.1 Sample Importance Resampling filtert @^�&-/-,de )(0@A 5>��1%J���!'�-!� n -!���9%j"O(=%uL#�/2)2#�& ����������&+.�J>��='&�^��3,������4���!�5v�T=N�P�w/Wbx�NsP,Q1R9S.T=U�V�W�yAW9Y9T=NsP�w MOUez|{.<eiK}s~ n -G���&%�6!7��18;o�@AL)�9%����! ��L#��>#%��!(1%0oj��{[���[�l�0� ���H~9o��/��'�L)(=�J�� I�1���L)���!4�>�(=%J���1 )'���2#�� #�J�!�H3`:\^L#��<eiK} n -G���&%�F���_*�! #��@A�G��L����J�&��(1"q���=4�>)-!����oa�0� ��=���&�0��� ����s� o2e%���@A |"$%�(=4���L)���!4�>�(=%J���= #'���2,�� )�J�G�H3`op"$(*-!-!(0@^�02BF`3���L#��'0�1-/'&k#+-/�����/(= �(="���L)�h���=4�>#-!�h@a���!_*L`����ob��� �� �������0� � �� � :�\^L)�h���=4�>#-!�@a���!_*L`�0o����� �!�2,�&���&%�4��! )��2rF`3r��L#��-/�!d��&-/�!L#(`(e2po���{[�*�&� ���� ~9o�(="j��L#�(=F)�J�&%�g=�1���!(= �o#����o#_*�!g��& r��L)�s� �O� ���=4�>)-!�*o,���� :c\^L)�b>�(=�����&%��!(=%�2#�!��+�J%��!F#k#���!(* r(="l��L#�sL)�/2#2#�� ?�����1���b_=�/g*�� r��L#�s(*F#�J�&%�g=�1���!(* ��!�^%���>,%��&+�J�& e����2�F`3���Jk#F)�J�&�u(1"���L)���J�A���14�>)-!����o�'�L)(=�J�� �F`3���R�W&�;Y9T=NsP�w M$Uez�����&>�:�\^L#�]>#%�(*F)�=F#�/-!�G�K3|��L����������14�>)-!���!���J�&-/�&'&���02IF`3|��L#��%��&+���14�>)-!�! )_�������>��!�j>#%�(=>�(=%J���!(* )�=-e��(s�G���l@^�&�/_=L`�0:u\^L)�^'�L)(=�J�� ����14�+>#-!�����%�����L#�� �>#%�(����&'&���02�k)�J�! )_]��P)RJQK��WJV&S[M;Q1UB������>po�2#�9���&%�4��! )�02F`3]��L)�s>#%�(`'����J��2,3, )�=4��!'���:
4.1.1 Sample degeneration�  #�](="q��L)�]>#%�(=F)-!��4�����L)�1�5@^�?�� )'&(*k) `���&%���2B@A�!��L���L)�r<eiK}n -G���&%�@m�1��%��=>#�/2����14�>)-!�r2#��_=�� )�&%������!(* �:�\^L)�!��@m�1��F���'0�1k)�J�r��J4]�1-!-��Jk)F#�J�&�q(="u��L)�b�& e���G%��b���14�>)-!�b�J�&��L��*2rg��&%J3rL)�!_*LD@a���!_*L`���'&(*4�>���%��02���(?��L#��%������0:�\^L)�5%��&+.���=4�>)-!�! )_?������>�%���>��0�1����2#-G3h�J�&+-!��'9���02���L)���J�����=4�>#-!����o)%����Jk#-G���/ #_]�/ ���L#�52#��_=�� )�&%������!(* h(="c�1-/-�(=%4�(=���q(="u��L)�b���14�>)-!���m��(��J�! )_*-!�5>�(*�! `����:m\^L#�/�q�!�s��de #(�@A D�/�J�Jk#�@A�G��L���L)�f<,iH} n -G���&%j�= �2s��L#�&%��f�1%��a�J�&g��&%��=-`�J4�(`(1��L)�! )_A���J%�������_*�!�����(��=-!-!��ge� �����b��L)�!�A>#%�(*F#-!��4¡6 ¢#o�£�¢=8;:¤ �^��4�>#-/(03`��25��L)���&MOS[SHW9R�MOUezb����'9L# )�/¥`k)�c��(L��1 �2#-!�m���14�>)-!�^�!4�+>�(�g��9%��/�JL#4��� `�0: ¤ �s�=2)2#��2?�b�J4]�1-/-��14�(*k# e�f(="�>��&%J��k,%�F��1���!(= ]��(�&g��&%J3¦���=4�>)-!�*oA� �� oq�J��-!��'&����2§Fe3���L#��%��&+.���=4�>)-!�! )_B������>�:¨\^L)�!�>��9%J��k#%�F������!(* �@m�1�^����14�>)-!�q2,%���@A �"$%�(=4©��ª�1k)�J�J�/�= po,«B{;� ��¬ ~9:\^Lek#�l�G")� �� @a�&%��^�J��-!��'&����2q����!4�����o1�!��@^(*k#-/25F��u%���>#%��&�J�� `���025F`3�ª�1k)�J�J�/�= po�«B{[������K¬ ~9o,�������!4]�1���02�"$%�(=4®��L)�^D2#�G¯��&%��� `�m���14�>)-!����:\^L#��g=�=-!k#�q(1" ¬ '�(* `�J%�(=-/�c��L)�A�&°e���� `�f(="e���G�J���&%A�1 �2��!�a'�L)(=�J�� ]�&°e+>��9%��/4��& e���1-!-!3?�J(��1�m��(��J(*-!g����L#�b2#��_=�� )�9%��='&3r>#%�(=F)-!��4±�1 �2?3��&�>,%���g��� `�A��L)����3,������4±"$%�(=4²2,�/g*�&%�_*�! )_�" %�(*4³�G�����J%�k)��F���L)�0g,�!(=k#%0:¤ �s"O(=k) )2r� � �*´�µ ¬ µ¦� � 7��(5F��b�5%����=�J(* )�=F#-/�%��1 )_=�(="jg=�=-!k#���"$(=%q��L)�a�K�G�J���&%0:
4.2 Importance density<e�! )'���� � �!���D4�k)-G���! )(*4��/�1-jg���'&��(1%0ol�? ��1��k,%��=-u'�L)(*�!'���(1"a��L#��!4�>�(1%J���= )'&��2,�� )�J�G�H3r�!����¶�G%��!'9L#-/�9�0:q·aL)(`(=�J�/ #_?��¶�G%��/'�L)-!�&�qL)�=���L#�D�=2)2,�02��*2#g=�= `���1_*�?(="s�=-!-!(�@A�! #_|��L)�]�! )'&(=%�>�(=%������!(* ¸(1"sF#�!(=+-!(=_*�!'0�=-fde )(0@A-!�02#_=��(="^��L#��'���-!-c>�(*>#k)-/�1���!(* p:]¹)(1%��&°#�=4�>)-!�*o���L#�¶s�!%��!'�L)-!�&�f>���%��=4��&���&%��u"O(1%a��L#�m>#%��!(=%f�����1���q2#�!���J%��!F)k,���!(* ]�1�c���!4��*oº�» 7*oc'0�1 �F��D�1�J�J�!_* )��2�(= I��L)�]F��1�J�!��(="q�&°,�!�����! )_hde )(0@A-!�02#_=���L)�1�q>�(*>#k)-/�1���!(= )�q�1%��b��3, )'�L#%�(= )�!E��02]��(�¼*�*½®(=%q4�(=%��*:
4.3 Sample weight calculation\^L#����=4�>#-!��@^�&�/_=L`�0o#���� o#(1"���L#�s���=4�>#-!�*o,���� o,�!�A��{[����� ���� ~f�= �2�!�q_*�!g��� rF`3?��L#�(*F#�J�&%�g=�1���!(* �4�(e2,��-p�=�A"O(=-/-!(0@A��¾
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>�(*�J�J�!F#-/��2#�&�J'&%��!>#���!(* �(1"u�!�0¾a� �� �!�������=4�>)-!�b"$%�(=4±��L)�b>�(*�����9%��/(1%2#�!���J%��!F)k,���!(* D��L)�1�A4��0�1�Jk#%����m��L)�sk) )'&�&%J���=�! `�K3r�=F�(=k#�A� �� :
Í?Î$Ï�Ð�Ñ1Ò$Ó0ÔlÕ×Ö ¹)(=%J@^�1%�2D>)�1%J���!'�-!� n -G���&%��! )_��1-!_*(=%��G��L#47*:I¹)(=% º�» 7*of2,%���@±���14�>)-!����" %�(*4C��L)�?¶�G%��/'�L)-!�&��>#%��!(=%���L��1��!���/ #�G��� �1-!�/E&�02©���G��L)�9%�%��= �2,(*4�-G3Ø(=%�(= ���L#�§F��1�J�/��(1"�de )(0@A �! #"$(=%�4]�1���!(= �(="u'��&-/-p>�(*>#k)-/�1���!(= )��:£e:a·^�1-/'&k)-/�1���b@^�&�/_=L`����(1"j���=4�>#-/�&����� º k)�J�! #_��0¥` �:A{�70~9:Ì,: Ùj°,��'�k#���Ú��L)�¡%��&+.���14�>)-!�! )_Û������>Ü��(Ý�J��-!��'&�����=4�>#-/�&�F��1�J�02®(* ®��L#�	���=4�>#-/�§@a���!_*L`����:Þ\^L)�&�J�����14�>)-!���Ë�������!4]�1�����{[����� �#� �����&��� ���K~9:¢#:�Ùu°,��'�k,������L)��>#%�(�����'9���/(= �������>Bk#�J�! )_r��L#��>#%�(`'&���J��4�(e2#��-l��((*F,���=�! ����14�>)-!���m"O(1%q��L#�b )�&°e�^���!4��������&>�o ºpß 7=:´e:ciH )'&%���4��& e� º F`3h7*:à :c}q��>��0���A������>)��£�+K´5"$(=%s�=-!- º µËá

5. MODEL TRAINING AND PARAMETER

ESTIMATIONt �u2,���J'&%��!F��025�/ ���L)�a>#%���'��&�02#�! )_��J��'&���!(* #��o���L)�f4�(e2#��-e>)�1%��=4�+�&���&%��c��%��^��L)�^�J%��= #�J�G���/(= �4]�1�J%��G°�o*â5o*"$(=%c��L)�^>,%�(`'����J�c4�(e2#��-,�1 �2��L)��ª�=k#�J�J� �1 B>)�1%��=4��9���&%���o�«B{OÉ ÂÂ �JÊ
Æ
Â ~9o�@AL)�!'�L|�J>��&'��G"$3���L)��(*F,+�J�&%�g=�1���!(* �4�(e2,��-[:lãj��%��=4��&���&%��������!4]�1���!(* b�!��2#(* #�uk)�J�! )_q�^-!�0�1%� ,+�! )_�>,%�(`'��02#k,%��hF��=�J��2¸(* �Ùj°,>���'&���1���!(= �ä��1°,�!4��/E��1���!(* å{;Ùfä�~9o'�(=4�>#%��!�J�! )_q�= �Ùj°,>���'&���1���!(= ?{;Ùf~p�����&>��= �2b�qä���°#�!4��!E0�����/(= r{.ä�~������>p:

5.1 Expectation (E) step\^L)�aL)�/2)2,�� �g=�1%��/�1F)-!���u�! ���L)�a��3#�����&4å�1%��^��L#�^�����1���^g=�1%��/�1F)-!����o����:j¶k#%��! #_��L)��æ�������>�@a��k#�J�m��L)�A4�(e2#��-#>���%��=4��&���&%��f�= )2�(*F,+���=�! ]��L)�A�&°,>���'&����2]g=�=-!k#���f"$(=%m� � :u\^L)�æç������>]�!�^�J�!4��!- ��%^��(b��L)��&°,>���'&�������!(* I������>|(="^��L#��è^�1k)4�+ ¤ ��-!'�L¸{;è ¤ ~�=-!_*(1%��!��L#4Ý6 £`7&8;o�= )2�'�(*4�>,%��/�J�&���é�Q=R�êfT=RJX�������>��= )2h��ë�T�V�ì1êfT=R�X������&>�:�ís )-!�!d����L)�Dîbä�äï��L����]k)�J���]2,�!�J'&%��&���*oAk# )�!g*��%��/�1���D%��1 �2#(=4ðg=�1%��/�=F#-/�&�"O(1%����������D�1 �2B(=F)�J�&%�g=�1���!(* poc(*k#%�-!�0�1%� #�! )_h>#%�(=F)-!��4Ú�!��'�(=4�>)-!�G+'0�����02�Fe3���L)�m"[�1'&�^��L����^� � �1 �2�� � ��%��s4�k#-G���/g=�1%��/������'�(= `���/ ek#(*k)�%��= )2#(=4²g*��%��/�=F)-!�����1 �2h��L��1����q�!�5�r4�k)-G���! )(=4�� �1-[:�\�(rL��1 �2#-!���L)�!�5>#%�(=F)-!��4�ou�1-/-a>#%�(*F)�=F#�/-!�G�K3I2#�� #�J�G���/�&���! �F�(=��LI��L#��"O(1%J@m�1%�2�= )25F)�='�d`@m�1%�25������>)�l�1%��a%���>,%����J�� `���02�F`3b��L)�f@a���!_*L`���02����=4�>#-/�&�"$%�(=4±��L)�>)�1%J���!'�-!� n -G���&%0:
5.1.1 Forward step:\^L)�A"O(1%J@m��%�2?������>h{ t -/_=(=%��G��L)4ñ7�~c�������!4]�1�����c��L)�A'�(* )2#�G���!(* )�=->#%�(=F��1F)�!-!�!�H3(1")�m���������*o�����o�_=�!g��� ��L)�u(=F)�J�&%�g=�1���!(* #��o*���,� ���0����� �*� � o�[: �*:!ou��{[� � � � � �������&� � � ~9:]\^L)�!�52#�G¯��&%��" %�(*4²��L)��"O(=%J@^�1%�2I������>|(="è ¤ o�@AL#�/'�L5'0�=-!'�k#- �������j��L)����(=�/ `�u>,%�(*F��1F)�!-!�G�K3�(="��q���������m�1�����/4��=oº �1 �2r��L#��J�&�q(="l(*F)�J�9%�g*�����/(= )�qk)>,��(����!4�� º :
5.1.2 Backward step:\^L)��F��1'9d`@^�1%�2	������>Ø{ t -!_*(1%��G��L)4ò£*~?�&�����/4]�������r��L#�|'&(* �2,�G+���!(* )�=-�>,%�(*F��1F)�!-!�G�K3(1"#�A���������*o�� � o�_*�!g��� ��L#�c(=F)�J�&%�g=�1���!(= )�u�0� �[�l� ���&����� �*ó � o�[: �*:!op��{[���9� �*�[�j� ���0����� � ó ~9: t _*�=�! �o�(*k#%sF��1'9d`@m��%�2�������>��!�2,�!¯��9%J+�� `��" %�(*4¨è ¤ �J�! #'��f��L#�f-/�1�J���9%j'0�=-!'�k#-/�1�����l��L#�f'�(= �2,�!���!(= ��=-`>,%�(*F,+�=F#�!-/�G�H3¸(1"��L)��>)�1%J���/�=-�(*F#�J�&%�g*�����!(* §�J�0¥`k#�� )'��=o����*�[�j� �����0��� � ó �_*�!g��& ��������1���]�������!4�� º :D}q��'0�1-/-c��L����5��L#��Ç �[� '&(*4�>�(* #�� `��(="� � o`� � {;Ç#~9oe�!�f��L#��>,%�(*F��1F)�!-!�G�K3�(1"�F����! #_5�! ���L)��Ç �[� >#k#%��q�����=_*��(="��L)�sF)�!(*-!(*_=�!'0�=-j>,%�(`'����J��:ô �9�Aõ� �� %���>#%����J�& e�p��L)�u���14�>)-!����@AL)�!'9L5�1>)>#%�(0°,�!4]�1���u��{[� � � � �[�l� ���&����� ��ó�~9:ªs�!g��� çõ� ��O�j� oj��L)�]� �[� F)�='�d`@m�1%�2I���14�>)-!��"$%�(=4C���!4��*o ºuß 7=osõ� ���!�%���'�k,%��J�/g*��-G3h(*F#���1�! )�02h�! ��H@^(?������>)��:5iK h��L)� n %����������>�op�0�1'9L
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5.2 Maximization (M) step� 4 ���Ûÿ*���G;�)ÿA��ÿ[� 4 ���6PDG���������;Q@�@���	��ÿ�>@L�ø ú �>i��ÿ*��þ�9:������ 4 �97>��D����GI��5U��97�6��65�ÿ # �<f ` p ���I��g ` p ��/M ¦üY ¢¡C���I�k/i Cd� ¢£¤�
5.2.1 ¥q¦ y�x2{¤§<y�xNv�¨©v	ª #8«V QR�65AJq������97���n��� # û&%('�ü#ý���ÿAG�����þ=�I��ÿ�� 4 �aGD5>?BI��B)þ��!þ=�KJ 3 þ=� 4i3�4 þ�� 4�:�������lþ��m� 4 ��ü ú2T ÿ*�U���?��������þ�97�?�I+��$9:�@�R�&ÿ����A5U�@�#ÿJþ=��þ
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�n�	��LN>@5q��ÿ*��þ�9:����þ��	� # þ!ÿX�ÿA�!þ�� 4 �q97>��#þ=�I������þ�>?�Y>@La� 4 �sÿ*�U�@�I�<��5U��¬Mm¤�V ÿ*��þ�9:����þ�>?�C>@L # 5���n�)þ=5��ÿM� 3 >�Q@��5�þ
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����� �¢¡ £6¤�¥(� ¦C§ �¢¡�¨!©�ª�«#¬�¥(£"§� ®?¥(£6¯�¥�©��¢¡�¤�¥�§�c§ �����¢¡G£6¤B¥(�6°�©�§ ��±�¥(�6¥(¯(�6¥8±V¬�²k³"´Aµ0¶�¦4·
�6¸�£6¥�°*¸�§�¨7± � ¹ §��6¥�©��6º7¡�¨!§���� �¢¡G£6¤B¥(�6°*» ��¼¾½ ¿ À Á Â8Ã ÂBÂ

Â8Ã Ä�¿ Ã�Å Ã ÃbÅ Ã ÃbÅ Ã Ã�Å Ã Ã�Å Ã À�Å ¿
Æ�Ã Æ�ÂBÂ Ã�Å Ã ÃbÅ Ã ÃbÅ Á Ç�Å ¿ ÂGÄbÅ ½ È�ÆbÅ ¿
ÈBÃ À�ÃBÀ Ã�Å Ç ÈbÅ Ä Â�Ç�Å È ÆB¿�Å À ÇBÇ�Å À Ä�Á�Å ½
Ç�Ã ÁBÁ�ÃB½ È�Å ¿ Â8ÄbÅ ½ È�Æ�Å Á Ä�ÃbÅ ¿ ½�ÄbÅ Á ¿�½�Å ½
Ä�Ã ÈBÃBÃ�ÀB½�È ÄbÅ ½ Æ�ÂBÅ Ä Ç�Æ�Å Ä ½�Â�Å À ¿�½�Å Á ÀBÀ�Å Ç

·¢¦"¸�¥�°*¥�°É�¢¡G�6º7°É�6º.¯�°4¡ £6¥�§B¬��¢¡�º.©�¥�±V¬K¡ °*¥8±V§B©f�6¥�°É�6°�S§�£4¡�¨.¨C°*º.Ê�Ë0µ�°�¥(©�ª�«+¥(£¢¡ �6¥�±kS£6§�«Ì¡]£¢¡�©��
±�§B«+¨;² ¹ º.¯¢Í�¥8±F¤B¥�©�¥+ÎQº Å ¥ Å.Ï�Ð4Ñ�Ñ ÒGÓKÔWÕ Ï º.©k�6¸�º.°j¯8¡�°*¥GÖdº.©f�6¸�¥�§�£6¤�¡ ©�º.°*«Ø× Ô-Ù(Ú7Ù�Û�Ü Ý�Þ6Å

ß Æ8à ¶ Å�áPÅ µ�¨;�6°*¯D¸bª�¨ Ïbâ¾ÅKã º.°*¸ Ï�â¾Å�ä º7¨.¨.¥(£ Ï�ådÅKä ²�¥(£6° Ï ¡�©K±
æ Å�ç�Å ´Aº ¹ «F¡ © Å ³"¡�°*º.¯�¨.§�¯8¡�¨?¡�¨.º.¤B©�«+¥(©b�j°*¥�¡ £6¯¢¸V�6§�§B¨ Å?è�Ô
éëê Ú7Ô!Ðjì ê Ú7Ô7Ï�ÆbÂ8Äbí Ç�Ã�ÈGî�Ç�Â8ÃbÏ<Â�ÁBÁ�Ã�Å

ß ÈGà µ Å ³P§ £6Í�¸�¡ £¢±b� Å ³P¨.§�¯¢Íbº7©�¤N§B©�¯�§B¤�¥�©�¥(°�º.©«F¡ ¨7º.¤�©K¡�©��j¯�¥(¨7¨.°
¬�²kÊ�Ë4µïº.©��6¥(£*W¥D£6¥�©�¯�¥4ðñ©�¥(òï¸�§ ¹ ¥4S§�£4¡#¸�º.¤B¸�¨;²f° ¹ ¥(¯�º;óK¯
¯8¡ ©�¯�¥(£j�*£6¥8¡G�6«+¥�©��DôE× Ü�Ý�õ¢ÙDö × Ù(ÚWÚ Ï�Æ Î È Ö í.Â8½B¿8îKÂ�½BÀbÏ ¶b¥ ¹ � Å
Æ�Ã�Ã�Æ�Å

ß Ç à ¶ Å ³Pª�£6Í�¸�¡ £¢±b� Ï µ Å�÷ £¢¡�ª�°*¥D£ ÏKø]Å ® Å ´!¥�©�¸�§� ÏKådÅ Ê�º.ùB¡ ¨.° Ï
® ÅKá ¥(£*£¢¡�¤�º7©�¡ Ï ¡�©K± äëÅKú º7©�¤�£6§�© Å�û ��¤ £¢¡�«ü¬�¡�°*¥8±±�¡ �¢¡ ¬K¡�°*¥
°*¥8¡G£6¯D¸�º7©�¤+ª�°*º.©�¤N¡#°*ª�ýNþf¡G£*£¢¡8² Å�ÿ ©���� ìWö�����Ý�Ý	��ÜBÚ

 Ý	� ÙDö¢Ý�Ü��Qì ê Ý�Ü�Ú × ê Ý��ÙDö6ÙDÝ�õ¢Ù ê Ý × ê���� ����Ü��Qì ê Ý�ÜBÚ éëê Ú7Ù*õ���Ú.Ü�ö
Ðjì ê Ú ê Û���Ï�¹ ¡ ¤B¥�° ¿B¿�îbÀBÈbÏ ´!²�§B© Ï�Â�ÁBÁBÁbÅ

ß Ä8à�ç�Å � ¦ Å�÷ ¸�º Ï�ø]Å��#Å�÷ ¸�¡�©�¤ Ï Ë Å Ë Å�â ¡�©�¤ Ï æ Å ¶ ÅK÷ ¸K¡�©�¤ Ï
Ë Å æ ª�© ¹ ¸�² Ï ¡ ©K±f® Å � Å ³<£6§8òj© ÅKã ¥�©�§�«+¥(òjº7±�¥�ùbº.¥(òï§�
¤B¥(©�¥�°*º.¨.¥�©�¯�º.©�¤+¬b²k°*«F¡ ¨7¨!º.©��6¥(£*W¥(£6º.©�¤NÊ�Ë4µ�° Å	��������Ï
Â8Ã�Ã Î Â�Â Ö í ½BÈ Ç�ÈGî�½BÈ Ç�½�Ïcä ¡�² Æ ÃBÃ�È�Å

ß ½Gà��#Å ´ ÅK÷ ¸�º.ªV¡�©K±V¦ Å�äëÅ Ê4¡ ©K¡ Å Ê�Ë0µ�º!º.©f¸�ª�«F¡�©k¯�¥�¨.¨.° í
³"¡ °*º7¯�°É�*£6ª�¯(�6ª�£¢¡ ¨C¡ ©K±kSª�©�¯(�6º.§B©K¡ ¨AS¥8¡ �6ª�£6¥�°�§ c°*«F¡�¨.¨
º.©��6¥(£*W¥(£6º.©�¤+Ê�Ë4µ Å éëê Ú7Ù*õ���Ú.Ü�ö × Ù(ÚWÚ Ï!Â8Ãbí Ä Ç�Á8î�Ä ½�ÂBÏAÆ ÃBÃ Ç�Å

ß ¿8à µ Å æ º.¨.¨.º7© Å ¦"¸�¥�° ¹ ¥�¯�º;óK¯(°�§ c°*«F¡�¨.¨!º7©��6¥(£*S¥(£6º.©�¤NÊ�Ë0µ
° ¹ ¥�¯�º;ó�¯�º;�%² Å��dö ê õGÔ�� � Ù���Ü��Qì ê Ý�Ü�Ú ��õ6Ü!��Ù � � ê ���õ(ì�ÙDÝKõ¢ÙDÞ
" �#�$���!%8ÏCÂ�ÃBÃ Î Â�Â Ö í ½�Æ ÀBÁ8îb½�Æ Á�Â�Ï-Æ�Ã�ÃBÈbÅ

ß ÀGà µ Å�á º;£6¥ Ï ¶ Å�& ª Ï�äëÅ�'NÅKä §�©��6¤B§B«+¥D£*² Ï ¶ Å µ Å�' §B°É�¢¡ ° Ï ¶ Å�åjÅ
æ £6º.ù�¥(£ Ï ¡�©�± ÷�ÅK÷�Å�ä ¥�¨.¨.§ Å ®?§��6¥�©���¡�©�±f° ¹ ¥�¯(º.ó�¯�¤B¥�©�¥(�6º.¯
º.©��6¥(£*W¥(£6¥(©�¯�¥�¬�²f±�§�ª�¬�¨.¥�°É�*£¢¡ ©K±�¥�±fÊ�Ë0µ º7©V¯ Å ¥(¨7¥(¤�¡�©�° Å
��Ü��(�bö6ÙDÏ�È�Á�ÂBí À�ÃB½Gî�À�Â�ÂBÏ-Â8Á�ÁBÀ�Å

ß ÁGàXã]Å�ç�ÅKø ¡�©�©�§B© Å Ê�Ë0µ º.©��6¥(£*W¥(£6¥(©�¯�¥ Å ��Ü��(��ö*ÙDÏKÇ�Â8À�í ÆGÇBÇ îbÆBÄ�ÂBÏ
ç ª�¨.² Æ�Ã�Ã�Æ�Å

ß Â�Ã à µ Å ´ Å�ç ¡ ¯DÍb°*§B© Ï ¶ Å Ê Å ³"¡ £*�*) Ï�ç�Å ¶�¯¢¸�¥�¨;�6¥(£ Ï ¶ Å�ú]Å
' §B¬�¡�²b¡�°*¸�º Ï�ç�Å ³Pª�£6¯D¸�¡ £¢± Ï�äëÅKä ¡�§ Ï ³ Å ´Aº Ï�ã]ÅK÷ ¡GùB¥(� Ï ¡�©K±
® Å ¶ Å ´!º.©�°*¨.¥(² Å�å þ ¹ £6¥�°*°*º.§B© ¹ £6§ óK¨.º.©�¤#£6¥(ù�¥8¡�¨.°j§���� �¢¡G£6¤B¥(�
¤B¥(©�¥0£6¥�¤�ª�¨7¡ �6º.§B©I¬�²kÊ�Ë0µ�º Å���Ü��(�bö6Ù�Ðjì ê � Ù*õ � Ý ê Ú ê Û�� Ï
ÆbÂ Î ½ Ö í ½BÈBÄ8î�½BÈBÀbÏCÆ�ÃBÃ�È�Å

ß Â�Â(àXç�Å�äëÅKç ¡ ¯ û ª�¥ Ï+'NÅ ¦A£6º û ª�¥�° Ï ¡�©K± äëÅ ¶��6¥�ù�¥�©�°*§B© Å
ä §b±�ª�¨7¡ �6º.§B©I§  ø4ÿ ú � Â £6¥ ¹ ¨.º7¯�¡ �6º.§B©I¬�²FÊ�Ë0µ_º.©��6¥(£*S¥(£6¥�©�¯(¥ Å
��Ü��(�bö6ÙDÏ�Ç�Â8À�í ÇBÈ�Ä8î�Ç�È�À�ÏAç ª�¨;² Æ�Ã�Ã�Æ�Å

ß Â8ÆGà ³ Å�ç §B¸�© Ï µ Å�ç�Å�å ©�£6º7¤�¸�� Ï µ Å µj£¢¡Gùbº.© Ï ¦ Å ¦Cª�°*¯¢¸�¨ Ï
÷�Å ¶�¡�©�±�¥(£ Ï ¡�©�± æ Å ¶ ÅKä ¡ £6Íb° Å�ø ª�«F¡�© ä º7¯D£6§BÊ�Ë0µ
�¢¡ £6¤�¥(�6° Å �-, ê Þ�Ðjì ê Ú ê Û�� Ï�Æ Î ÂBÂ Ö í7Â�ÀB½BÆ8îKÂ�À�¿ Á�Ï?Æ�ÃBÃ Ç�Å

ß Â�È à � Å ¶ Å�ç £ Å ¡ ©K±f¦ ÅKø §�¨.¥�© ÅKä ¡�©�²k¯�§B«+«+§�©�¨;²Fª�°*¥�±f°*º.Ê�Ë4µ�°
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3�ñ.ðf�� � m�osr#ô2ñ�ð*î	ñ�ä*ñ@à�ðfåjäið�û<ñ@ò�ð*ç�äaéMáqð*î_HSïeç�ä�å�ë8ë9áqð*à$ñ�â�ðiä*á8ñ@àñ�ó�ò@ñ@í+ð�åxý�ïeç�äMð*î+ñ�ñ@â`ðiäiùxæ+ñ@â+ç�ð*ñ�ætô�ùtâ+ç�æ+ñ9|�{
3�ñ.ð�� ô2ñ�ð*î+ñ�ò@ç<ë8ß+è>âDâ	ç�ä*èoå�ë8á�O@ñ�ælå�æ;��å�ò@ñ@â+ò�ùxèoå�ðiä*áqóæ�ñ�7�â+ñ�æxô`ùJK?{
/Tâ+áqð*áså�ë8á&O�ñn�� � m�osrg� k��� � m�o9r	{éMî	á8ë8ñ m5��@�;m�o,r#î	å�àMâ	ç�ð�ò�ç<â�û!ñ�ä*ã�ñ�æ�r

��@�;m�o,rg� knm�ý��#}Mr�����@�;m�o,r���}4��:�m�o9r	{
� cY�@vd`:Xz��e��,bdX�cYwMX[`:�]wBcY�@Xi�]VY��Q�`;cYwMbWR�wMQn��Q@RUTWvdwMX�wBb5X
T8`:Q0Zdc�RUcYw	��Q�����VYV9wMbdX u Q��dX0a#c u wBbdX���`:�]TWbzwMQ��i�@cY�@X u
aMwM�*`;w u Q5�5X |��

éUñ�áOã�î`ðxàiî+ç�éMàtð*î+ñ~í+ä*ç<ô	å�ô+áOë8áqðTù�ç�ï�áOâ`ð*ñ�äfå�ò�ð*á8ç<âzm(ç�ätï3ß	â+ò�ð*á8ç<â�å�ë
å�àiàiç`ò�ásåjð*á8ç<â@r#ô2ñ.ðTéUñ�ñ@âoí+ä*ç�ð*ñ�áOâoí	å�áqä*à@õW�Íñ$æ+ñ	7�â	ñað*î+ñ$í�ä*ç�ó+á8è>áqðTù
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® å�â�æ�ç<è éaå�ëOì�è>ñ�ð*î	ç�æ¼àiá8è}ß+ëOå�ð*ñ@àDåÊäfå�â�æ+ç�è éUå�ë8ì!ñ�äDð*î�å�ð

à�ðfå�äið*àaç�âlåSàiç<ß+ä*ò�ñ�â	ç�æ�ñ��]|Cm(ç�ä$å6àiñ�ðMç�ï7àiç<ß+ä*ò�ñpâ	ç�æ+ñ�àUàiá8è}ß	ëqðfå:)
â	ñ�ç<ß	àiëqù]r.õs�Uð�ñ@û<ñ�äiùlð*á8è>ñSð*á8òfì@�9ð*î+ñSéUå�ë8ì!ñ�ä6òfî	ç`ç�àiñ@à�äfå�â	æ+ç�è>ë8ù
å�è>ç�â	ã}ð*î+ñ6å�û<å�áOëOå�ô	ë8ñ6ñ�æ+ã�ñ@à,m(ô	å�àiñ�æxç<âlñ�æ�ã<ñ�é#ñ@á8ã<î`ð*à�r	�2ç�ä$ã�ç`ñ@à
ô�å�ò.ì¹ð*çÍâ+ç�æ+ñ\|DéMáqð*î¼í�ä*ç<ô�å�ô	á8ë8áqðTùf}�õ ö î+ñlä*ñ@à�ðfå�äiðtí+ä*ç�ô�å�ô	á8ë¯)
áqðTùG}Sñ�â+ïeç�ä*ò@ñ@àpå}ä*ñ�à�ðiä*áOò.ð*áOç�âÅç�âvî	ç�éÉïeå�ä�é#ñSéUå�â`ð$ð*î	ñpäfå�â	æ+ç<è
éaå�ë8ì!ñ�äað*çSã<ñ�ðMå@éUå�ù>ïsä*ç<è ð*î+ñ�à�ðfåjäiðaâ	ç�æ�ñL|<õ"/Tâoç�ð*î	ñ�äUé#ç�äfæ�àM�+áqï
}�á8àMò@ë8ç<àiñ�ð*çtý���ð*î	ñ�å;<>â+á8ð_ùtû!ñ@ò�ð*ç�äaä*ñ�°�ñ@ò.ð*àUð*î	ñ�ë8ç`ò�å�ë7à�ðiä*ß+ò�ð*ß+ä*ñ
å�ä*ç�ß	â	æ�|��#å�â�æ|å�à }tã<ñ.ð*à>ò@ë8ç<àiñDð*çFH0�aåvè>ç�ä*ñxã<ë8ç<ô	å�ëMû�á8ñ�é á8à
ç<ô+àiñ�ä*û!ñ�æ õö î	ñ$í+ä*ç�ô�å�ô	á8ë8á8ð_ù6� � m��0r	±�²�³§��æ+ñ@àiò.ä*áOô2ñ�à#ð*î	ñMí+ä*ç�ô�å�ô	á8ë8á8ð_ù>ç�ïS7	â�æ0)
á8â	ã�ð*î+ñUäfå�â�æ�ç<è éUå�ë8ì!ñ�ä#å�ð-â	ç�æ�ñ¨�0åjðKð*áOè>ñ4´.õ ö î+ñ$à�ð*ñ@å<æ�ù0à�ðfå�ð*ñ
í+ä*ç�ô�å�ô	á8ë8á8ð_ù\� � m��0rSã<á8û!ñ@àoåvè>ñ�å�àiß�ä*ñDç�ï�í+ä*ç�ó�á8è>áqðTùÍð*çmâ	ç�æ�ñ\|��
å�â	æ�ò�å�â>ô2ñMò@ç�è>í	ß�ð*ñ�æ}ñ�<>ò�áOñ�â�ð*ëqù}ß	àiá8â	ãpáqð*ñ�äfåjð*áOû<ñ$èoåjðiä*áqó�ç<í2ñ.ä§)
å�ð*á8ç�â	à@õ¨µ:á8ã<ß�ä*ñ>ý6àiî	ç�éMà$ð*î+ñpáqð*ñ�äfå�ð*á8û!ñSå�ë8ã�ç�ä*áqð*î	è¶�+éMî	á8ò.î~í�ä*çjû[)
å�ô+ëqù>ò@ç<â�û!ñ.ä*ã<ñ@à�ü ';(�ÿÃõ ö î	ñ$â�ß+è}ô2ñ�ä-ç�ï7áqð*ñ�äfåjð*áOç�â	à#ð*çSò@ç�â�û<ñ�ä*ã<ñ$á8à
ò@ë8ç<àiñ�ë8ù}ä*ñ@ëOå�ð*ñ�æ}ð*çpð*î	ñUä*ñ�à�ðfå�äiðUí�ä*ç<ô	å�ô	á8ë8áqðTù,}�õ$�$à.}aã�ñ�ð*à�àièoå�ë8ëOñ.ä
ð*î	ñ�æ+áOå�è>ñ�ð*ñ.ä6ç�ïað*î	ñ}ç<ô	àiñ.ä*û!ñ�æÅâ+ñ@á8ã<î�ô2ç�ä*î+ç`ç�æÍá8â	ò�ä*ñ�å�àiñ@àM�:ð*î�ß	à
ð*î	ñ0â�ß	è}ô2ñ.ä�ç�ïUáqð*ñ�äfå�ð*á8ç�â	àpð*çxò�ç<â�û!ñ�ä*ã�ñ}ã<ñ.ð*àpësåjä*ã<ñ�ä�õ ö î	ñ}ò@ç<â0)
û!ñ�ä*ã�ñ@â	ò�ñ~ò.î+ñ@ò.ìÊä*ñ�ø`ß	áqä*ñ@à>ð*î+ñ\·¨¸§)�â	ç�ä*è ô2ñ�ð_éUñ@ñ@â�ò@ç<â+àiñ@ò@ß+ð*á8û!ñ
�� � m�o,rTà#ð*çSô2ñ�ë8ñ@àiàað*î	å�âtå0àièoå�ëOë�ð*î�ä*ñ@àiî	ç�ëOæ���ñ<õ ã+õ��9ýBH0¹ ¸1º õ"/Tâtç<ß+ä
ñ�ó�í2ñ�ä*á8è>ñ@â`ð*àM�2ïeç�ä9}sk»H[¼ (�Htð*î+ñ�å�û!ñ�äfå�ã<ñ�â�ß+è}ô2ñ�ä$ç�ï#áqð*ñ�äfå�ð*á8ç<â+à
ð*ç�ò@ç�â�û!ñ�ä*ã<ñ6á8à$å�ä*ç�ß	â�æ¶!�!�õ.�Íñ�ã�á8û!ñpð*î	ñ�ä*ß+â	â	á8â+ã}ð*á8è>ñ�í2ñ�äiïeç�ä§)
èoå�â+ò@ñ6ç�ï-ð*î	ñpäfå�â	æ+ç�èÆéUå�ë8ìlè>ñ�ð*î+ç�æDïeç�äpæ+á¯½ ñ�ä*ñ@â`ð¾}Sû�å�ë8ß+ñ@à�á8â
-�ñ�ò�ð*á8ç<â_(�õö î	ñ�æ+ñ�ðfå�á8ëOà~ç�ï}ð*î+ñÅäfå�â	æ+ç�è éaå�ë8ìÞè>ñ.ð*î	ç�æ�ò�å�âÞô2ñÅï3ç<ß+â�æ
á8â¤ü8ý�þ�ÿÃõ ö î+ñxèoå�áOâ|å�æ+û�å�â`ðfå�ã�ñxç�ï$ð*î+ñtäfå�â�æ�ç<è{éaå�ë8ì¹è>ñ�ð*î+ç�æ
á8à�ð*î�åjð�áqð�áOà�û!ñ�äiùDïeå�à�ð6å�â�ælð*î	ñ.ä*ñ�ïeç�ä*ñ�å�í+í	ë8á8ò�å�ô+ë8ñ0ð*çoëOå�ä*ã<ñ0í+ä*ç;)
ð*ñ@á8âmâ	ñ�ð_éUç�ä*ì�à@õ9�$â	ç�ð*î	ñ�ä�å<æ+û�å�â`ðfå�ã<ñ}á8à�ð*î	å�ðB� ð*î	ñSè>ñ�ð*î+ç�ælò�å�â
ô2ñ#ß+àiñ�æpð*ç�ò@ç�è>í	ß�ð*ñ-ð*î+ñ�í�ä*çjó�á8è>áqðTùpç�ï�å$â	ç�æ�ñ-ð*ç�å$àiñ�ð:ç�ï�àiç�ß+ä*ò@ñ
â	ç�æ�ñ@à�m(â	ç�ð���ß+à�ðUå�àiá8â+ã<ë8ñ�àiç�ß+ä*ò@ñMâ+ç�æ+ñ:r.õ ö î+áOà-í+ä*ç�í2ñ�äiðTù0á8à#ñ@àií2ñ	)
ò@áOå�ë8ëqùoô2ñ@â+ñ�7�ò@áOå�ë	éMî	ñ@âoåpò@ç�ä*ñ�àiñ.ð#ç�ï7è>ñ@è0ô2ñ�ä*à�ç�ï�åpí�åjð*î`éaå@ù�ç�ä
ò@ç�è>í	ë8ñ�óxáOà$ì�â	ç�éMâ~å�â�æxð*î+ñpâ	ñ�ð_éUç�ä*ìtá8à�ø`ß+ñ�ä*á8ñ�æxïeç�ä�ò@å�â�æ�áOæ	å�ð*ñ
è>ñ@è0ô2ñ�ä*à@õ
2.2 Other techniques for the complex mem

bership problem¿ X[w�À,Q�`;ÁÂ`:X*VYcY�]^WcYV�cYw��ÃvdaBc u �ÂÄ�Q u wMXnPs�]`;VYQÂaBc�R#v8V¤�]wBcYQ u e
ö î	ñ�àiç<ë8ß+ð*á8ç�â0ð*ç�ð*î+ñ-ð_éUç;)�ð*ñ.ä*è>áOâ	å�ë`â+ñ�ðTé#ç�ä*ì�ä*ñ@ë8áOå�ô+áOë8áqðTùSí�ä*ç<ô	ë8ñ@è
ò�å�âlô2ñpß	àiñ�ætð*ç�í+ä*ñ�æ�á8ò�ðaïeß+â	ò�ð*á8ç<â	å�ë7å�àiàiç`ò@áOå�ð*á8ç�â	à�ô2ñ�ð_éUñ@ñ�âlí+ä*ç;)
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ç!å�Î�û�ûÆá)âNÐBÕ�Û�ã)ç!å�Î�û���ß!å�Î�ÝèÎ�â2Ø�á)à�à�ç!åzá)à�î�å�Î�ÝèçNÏ%Ø�ÝÀìZÛ%Ø�ÙIå�Î�ÝèßnÎ�à�Ø
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Øzá)ÛÞâ!ÝeØ�ÙNÎ�änÎ�ÝÌØ
á�à�à�ç!åzá�à�îwÚ�ê�ù�����êlÚ�åeå�Î�ÝÌØzá�åèØ
ß8å�Ú�ä]á�äNÛÞÏÞÛ%Ø4îwó2ï ù2ï
�ÀâeØ�Ù!Î³Ú)Ø�Ù!Î�å#Ù]á�â]Ð�æ�Ø�ÙNÎ-Ó3Ú)â/Ø�Î-ü³á�å�ÏÞÚ�Ý�á)×�ß!Ï�ÛÞâ!ãÀØ�Î�àzÙNâNÛ�÷/çNÎ�Ù]á�Ý
Ø�ÙNÎ(änÎ�ÝÌØ-á)à�à�ç!åzá�à�î�Ú)ê+ù/û�� ê�Ú)åZÝ�á)×�ß!ÏÞÎ�ÝèÛÞñ�Î�Ý-ù2æ ó)ó�ó�á)âNÐBû�ó8æ ó�ó)ó8ï
ð³ÙNÎeå�çNâNâ!ÛÞâNã�Ø�ÛÞ×�Î
á�Ø�Ý�á)×�ßNÏÞÎeÝèÛ�ñ�Î
Ú)êíù2æ ó�ó)ó�Û�Ý�á)ßNß8å�Ú9ë!ÛÞ×�á�Ø�Î�Ï%î
� ÙNÚ�ç8å�Ýeê�Ú)å�Ø�ÙNÎ3Ó3Ú�â/Ø�Î3ü³á�å�ÏÞÚbÝ�á�×�ßNÏÞÛÞâNãBØ�Î�àzÙNâNÛ�÷/çNÎ)æ|ìZÙNÎ�å�Î9á�Ý
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. /�02143�5762628�9;:-:"143�<2:-=?>A@CB�D45E3�<2FHG4>JILKM<2N�O7BP5Q:RDHFH/TS$145
@U>23WVX<X3�=4/TF&0Y3R5QZPBP<X3�BW[43R>A\H<A\�/�NT/�B]=�@^>A3_BP>A[4`]aYS&1&5Q3R/�5QZ-b_cMD45
S$145�3R/�5QZd<A3�57[,5�3�@^>A3-Ie5XGf>JFfgh3�>Ji;5QBj<AFHGf1HZ�/TF40lknm	gMo
:'>pIE[�N�5�q$5QZ-b

rtsXuYv]w'x2yQz-{}|�w'~��ErtuP�]sAxX�����XuY�����%rt�M�Pz-{Y�X�Xr]wRrt��z'x2w'~�u��Y�P��uPxX�����
� �QvYu��Q�Ju�vt��{YuPx�rt����sXz�|�u�y�rts2wRr�rtsAu;v]wRx2yQz-{�|�w'~���rtuP�]sAxA�����Au
wR�	sX��uP�"uP������{Y��~�w�v�zRv��Ju�r�rtu�v;w'�P���Xv]w'�	�7| �%rts�{YzRvtu�rts2w'xl�-� �-�'�
rt��{YuP�W���JuPu�y��U�A���Pz'{Y�2w�vtu�y;rtz�rtsAu*�JuP��r_�Pz'{Y�Ju�rt��xA��rtuP�]sAxX�����Xu-�
  sXu�vtu�¡�z'vtu-�4��rh���hw��Qvtz-{Y������xA��{Yu�rtsAz�y�rts2w�rh��wRxE���Pw'~�u�|�u�~�~�¡�z'v
~�w�vt�-u-�J�'uPxAz'{Yu��U����w'~�u��Qvtz'rtuP��x�xXu�r¢|�z'vt���P�

5. ACKNOWLEDGEMENTS  sX���WvtuP��uPwRvt�]s�|)w'�W���A�X�Jz'v�rtu�y;��x��2wRv�r_����¡T�AxAyX��xA��¡�vtz-{£rtsXu
¤ wRrt��z-xAw'~W¥��P��uPxA�Pu;¦Az'�Ax2yXwRrt��z-x$§Y¨  �© �^�-ª'ªQ��«'¬"���®�¯�¨^�^�"°���ª-¬'�-ª��
wRx2y�±,¨�² �^�-�-³'�Q�Pª'´X�

6. REFERENCESµ �	¶M¥p�A²_��rtsAw'xAwQ� � �X®��A·���xA�Q�2¦��X®��A¸C���A�Jz'xA�P�JwRx2y;¦��2¹H�
© z'rts&�A¹�vtu�yX����rt��xA���Xvtz'rtu���x��Pz-{Y�X~�u	��{YuP{��Ju�vt��sX���;�X����xX�
�Xvtz'�2wR�A��~�����rt���*xAu	r¢|�zRvt��vtu�~���wR�A��~���r^����º »	¼J½'¾Y»�¿W»	À�»�Á'Â�Ã]Ä��
�P´Q§��-��R��ÅA�-��'Æ��HÇ�wP�d°R�-�'´Q�

µ °�¶M¸��X®��2¯�w-yXu	vCwRx2y�È_�AÉn�XÊ��QËCz'�-�Xu-�2²Wx�wR�Xrtz-{�w�rtu�y
{Yu�rtsXz�y�¡TzRv Ì2x2yQ��xA��{Yz'~�uP�P�A~�w�v_��z-{Y�A~�u��QuP�)��x�~�w�vt�-u
�XvtzRrtuP��x���x�rtu�v]w'��rt��z'x�xAu�r^|�zRvt�Q�P�JÍ�Î�Ï�Í ÐÑ½RÐT¼�ÒP½RÂ	¾�Á'ÓÔÐÑÃ�Àt�
´AÕU°'Ö	�p°R�-�-ª��

µ ª�¶*×X�J¥p�X¯�w-yQu�v��p¸_vtu�u�yX��~%���X�A��~�yX��xA���XvtzRrtuP��x�xAu�r^|�zRvt�Q�)| �%rts
�Pz'xXÌJyQuPxA��u-�pÍ)ÐÑ½'ÐT¼PÒP½'Â]¾YÁ'ÓÔÐÑÃ�Àt�$��¬QÕ���Æ-Ö	§��P³-«-¬�Å2�P³"R´Q��°R�-�'ªQ�

µ ´R¶*¹H�JÇE�A¯�z�|�u	vt�P�$ÇE�2¹Hu�~�~�uP�Rvt��xA�Ô�$ÇE�A×X�   sXz-{Y�X��z-x&�
×X�2¦H��u	v�vtzX�   � � �QØ�u�w�rtuP�P�Aw'x2y�®��X±�����uPx��Ju�vt�Q�J¹�vtz-~���xA���P§�w
yAw�r]w'�Aw'��u*z'¡��Qvtz'rtuP��x�¡��AxX��rt��z-x2wR~&~���xA�'w'�'uP�_yXu�vt���"u�y�¡�vtz'{
�Pz�uP�-z-~��Xrt��z-x$��ºW»	¼2½'¾�»CÍ ÐÑ½-Ù�½tÚ'ÛR�2ÆQÕUÆ-Ö	§ © ª"Æ��$°'�'�'´X�

µ Æ�¶M¥p�A¯�vt��xdwRx2y�Ü,�2¹�wR�-u-�   sAu*wRx2wRrtz'{���z'¡�w�~�wRvt�-u	�^���Pw'~�u
s��Q�Ju�v�rtu���rt�2wR~pÉ�uP����u�w�vt�	s�uPxA�'��xXu-��Ï�½'¾CÝ2Þ�Ó^»	Âhß*»	ÓÔà�½RÂtáRÀ
Á'¼2â�ã]ä�åCßæäXÛ'ÀtÓ^»	¾�Àt�pª'�Q§����-�ÅA�-����,��¬-¬'³Q�

µ «�¶*²M�2È_�2¸hw�����x&�2ÇE�A¯�z-���]sAu-� © �X·hv]w'�X��u-�A¹��2¸_v]w'xAyX�Ô�
ÇE�2Ç�wRvtçP��z��]s&�p²*�A¯�w'�Au	v��J×X�2¥Q�]s��A~%rtç-�X×X�pÇE� © ���]�J�X²M�2ÇE�
Ç����	sXz-x$�AwRx2y�È_�2ÇE�AÈ�vt�X�P��wRr��X¦A�AxX��rt��z-xAw'~pz'vt�-w'xA��ç�w�rt��z-x�zR¡
rtsAu_��u�w'��rW�Qvtz'rtuPz'{Yuh���;���Q��rtuP{�w�rt���*w'x2wR~%�X����� z'¡,�Qvtz'rtuP��x
�Pz'{Y�A~�u��QuP�P�Jß*Á'ÓÔÞ�Â�»	�2´X��Æ�§��P´Q�	ÅA�P´���4°'�-�-°��

0

0.1

0.2

0.3

0.4

0.5

0.6

1
0

5
0

1
0
0

2
0
0

5
0
0

1
0
0
0

1
5
0
0

2
0
0
0

5
0
0
0

1
0
0
0
0

Sample size

P
e

rc
e

n
ta

g
e

 o
f 

q
u

e
ri

e
s

 t
h

a
t 

re
tu

rn
 t

h
e

 

le
ft

 o
u

t 
p

ro
te

in
 i
n

 t
o

p
-5

. /�0J143�5l6Qè$8�9;:":-143�<2:-=n>A@�B�D45ékê>JFpBP5éëM<A3RN�>ìZP<JIe[�NT/TF40
BP5Q:RDHFH/TS$145e@^>23;VX<X3�=4/TF&0�ZP<JIE[�N�5�Z�/�í-5E@U>23�B�>2[4`]a�S$145�3'/�5XZ-b
cMD45îS$145�3R/�5QZl<X3�5ï[,5�3�@^>23'IE5QGð>JFðgh3�>Ji�5�Bì<AFHGð1HZ�/TF40
knm	gMo7:->pIE[HN�5�q&5QZ-b

µ �¶�Ø���ËCzQ�X²M�Q¸_vt�XsA~�u�v��X²M��Ë_uP��~��X�Xr��X¸��Q®��Q¯�w'yXu�v��XÜ,�2Ç�z�zRvtu-�
¥p�AÜ��X²CyXw'{Y�P�X²M�2Ç���~�~�w�v��p¹H�   w��Q~�z'v��A·��2¯�uPxAxXu�r�r��Xw'x2y
·��2¯�z'�Xrt��~���u�v��p¥��X��rtu�{�wRrt���h��yXuPx�rt�%Ì2�PwRrt��z-x�zR¡��XvtzRrtuP��x
�Pz-{Y�X~�u	�Xu��)��x��tw'�P�]s2w�vtz-{��Q�Pu��W��u�vtuP��������wRu*����{�wR���
���JuP��r�vtz-{Yu	r�v����Jß�Á'ÓÔÞ�Ât»	�A´X��Æ�§���³'��Å2�P³-ª��H°R�-�-°��

µ ³�¶   �A¨UrtzX�   �pÈ�sA���AwQ� © � � ç�wP|)w��JÇE�XØ�z'��sA��yAw��2ÇE�AËhw�r�rtz'vt�Ô�
w'x2y�Ø��2¥XwR�-wR�Q�Ô�X²ì��z-{Y�Xvtu�sAuPxX�����-uCr¢|�z'�Us��X�Qvt��y�w'xAw'~%�Q�����
rtz�u��Q�A~�z'vtuhrtsXuC��u�wR��rW�Xvtz'rtu���x;��x�rtu	v]w'��rtz'{Yu-�Jñ�Â�½�Ã�ò&ß�Á'ÓÑÙ�ò
ó ÃtÁ"â�òHäJÃ�ÐUò��A¬'³Q§ ´�ÆR«-¬�Å�´�Æ'R´Q��°R�-�Q�'�

µ ¬�¶ © �X×"wRxA��uPx$�2Ë���Ø��&�Q®��2¸_vtuPuPx��2wR�A{���Ø��Q·�~��A�'u�v�� ¤ �A×X�
·hvtz-�"wRx&�2¥p�2È�s��AxA�Q�2²*�X±�{Y��~��Ô�JÇE�J¥Qx��XyXu�v��Q×X�2¦��
¸_vtuPuPx��A~�wRr�r��Aw'xAy�ÇE�J¸Cu�vt��rtuP��x&�A²ê�2wP��u�����wRx�xXu�r¢|�z'vt���
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ABSTRACT 
 
The task of biomedical named-entity recognition is to identify 
technical terms in the domain of biology that are of special 
interest to domain experts. While numerous algorithms have 
been proposed for this task, biomedical named-entity 
recognition remains a challenging task and an active area of 
research, as there is still a large accuracy gap between the best 
algorithms for biomedical named-entity recognition and those 
for general newswire named-entity recognition. The reason for 
such discrepancy in accuracy results is generally attributed to 
inadequate feature representations of individual entity 
recognition systems and external domain knowledge. 
 
In order to take advantage of the rich feature representations and 
external domain knowledge used by different systems, we 
propose several Meta biomedical named-entity recognition 
algorithms that combine recognition results of various 
recognition systems. The proposed algorithms – majority vote, 
unstructured exponential model and conditional random field – 
were tested on the GENIA biomedical corpus.  Empirical 
results show that the F score can be improved from 0.72, which 
is attained by the best individual system, to 0.96 by our Meta 
entity recognition approach. 
 
Categories & Subject Descriptors:  
H.3.3  [Information Search and Retrieval]: Text Mining  
 

General Terms: Algorithms 
 

Keywords: Biomedical named-entity recognition; Meta 
recognition 
 

1. INTRODUCTION 
 

Biomedical literature contains a rich set of biomedical entities 
and information regarding the relationships and interactions 
among these entities. These entities and their relationships are 
especially useful for biologists in their quest for information 
[11]. The exponential growth of available biomedical literature 
on the Web and publicly accessible databases requires intelligent 
information systems that help researchers to search and analyze 
information. Therefore, the use of computational techniques to 
automatically extract useful information from biomedical texts 
has received increasing attention. Furthermore, to perform 
higher level biomedical information extraction tasks such as 
event extraction, summarization and question answering, most 
systems first identify technical terms in the domain of molecular 
biology that are of special interests to domain experts [11]. This 
is called named-entity recognition in natural language 
processing community [6]. 
 
The named-entity recognition task for general-purpose domain 
such as newswire data has been studied for a long time [3,6,22]. 
Both handcrafted linguistic rule based methods and machine 
learning based methods have been proposed for this task. 
Machine learning based methods [3,6] have attracted particular 
interest as they avoid the laborious task of manually deriving 
linguistic rules, and also because they can be easily adapted to 
new domains and new languages. Good progress has been made 
in named-entity recognition of newswire data and best 
algorithms can now achieve ‘near human’ performance (e.g., F 
score of about 0.95) [3,6,22].   
 
The named-entity recognition task in the biomedical domain has 
different characteristics from that in the newswire domain. 
Authors tend to use more diverse notations for biomedical 
entities. In addition, biomedical named-entities usually have 
much more diverse capitalization patterns than those in 
newswire domain. A richer set of features, therefore, should be 
used to represent biomedical entities [11]. 
 
A large body of machine learning algorithms has been proposed 
for biomedical named-entity recognition such as hidden Markov 
model (HMM) [8,17,19,24,25], support vector machine (SVM) 
[4,13,16,19,23,25], maximum entropy markov model (MEMM) 
[7,14] and conditional random field (CRF) [12,15,20,23]. In 
order to capture the diverse characteristics of biomedical 
entities, different sets of features such as lexical features, affix 
information, orthographic features or even external resources 
such as gazetteers [7,25] or WWW [7,20] have been 
incorporated into different algorithms. 
 

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, or republish, to post on servers or to redistribute to lists, 
requires prior specific permission and/or a fee. 
 
BIOKDD’05, August, 2005, Chicago, Illinois, USA. 
Copyright 2005 ACM 1-59593-213-5…$5.00. 
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However, biomedical named-entity recognition still remains a 
challenging problem [11]. Despite the near-perfect performance 
of named-entity recognition in newswire data, similar methods 
do not work so well in biomedical domain and there is a large 
accuracy gap of about 20 points in the F score [6,9,11,25]. This 
problem suggests that individual biomedical named-entity 
systems may not cover entity representations with enough rich 
features and no single type of algorithm is optimal to achieve the 
best performance.  
 
One natural idea of boosting performance of biomedical 
named-entity recognition is to combine the results of multiple 
biomedical entity recognition systems. This approach provides 
us the opportunity to combine results from multiple systems that 
collectively use rich and diverse feature representations and also 
take the advantage of utilizing multiple algorithms for achieving 
higher recognition accuracy. 
 
Similar approach of combining results from multiple systems 
has been successfully applied in information retrieval 
community [1], where retrieved ranked lists from multiple 
information retrieval systems are combined together into a final 
ranked list. Empirical evidence has demonstrated that Meta 
retrieval approach substantially improves retrieval accuracy. 
However, Meta retrieval method is different from Meta entity 
recognition method as Meta retrieval method combines 
unstructured results of ranked lists while Meta entity recognition 
combines structured results from different named-entity 
recognition systems.   
 
In this paper we propose three methods for Meta biomedical 
named-entity recognition. The first method uses majority vote 
from a set of entity recognition systems to produce combined 
results. This simple method does not require any training data. 
The second method trains an unstructured exponential model 
and uses the recognition results from individual systems as 
features to predict the correct recognition result for each word in 
test sentence separately. Finally, a more sophisticated structured 
line chain conditional random field model [12] is applied. This 
model utilizes structure information regarding transition among 
different types of entities. Although some of these techniques 
have been applied in other applications, to our knowledge they 
have never been used for Meta biomedical entity recognition. 
 
An extensive set of empirical study has been conducted on the 
GENIA 1 corpus [10,11] with the task of identifying five 
different types of biomedical named-entities. Entity recognition 
results from eight different systems are considered in the Meta 
recognition system for combination. The best single system 
achieves an F score of 0.72 on the GENIA corpus [25], while the 
Meta recognition system with the linear chain conditional 
random field model achieves an F score of about 0.96. This 
large improvement demonstrates the power of combining 
multiple results for the biomedical named-entity recognition 
task. Furthermore, a careful comparison among different Meta 
recognition algorithms shows that the supervised methods of 
unstructured exponential model and linear conditional random 
field method are more effective than the simple majority vote 
algorithm. The structured conditional random field model 
achieves higher accuracy than the unstructured exponential 
model, which demonstrates the advantage of utilizing structure 
information among named-entity recognition results. 

                                                        
1 http://www-tsujii.is.s.u-tokyo.ac.jp/GENIA/ 

In the next section we discuss prior research related to 
biomedical name-entity recognition algorithms and Meta 
retrieval technology in information retrieval. In Section 3 we 
describe the three proposed Meta entity recognition algorithms 
--- majority vote, unstructured exponential model and structured 
conditional random field model. We outline the experimental 
methodology in Section 4 and finally present the results of our 
empirical study in Section 5.  In Section 6 we conclude by 
summarizing our work and pointing out a few future research 
directions. 

2. RELATED WORK 
 
The approach proposed in this paper combines results from 
multiple biomedical named-entity recognition systems. In the 
next subsection we discuss specific algorithms for Bio-Entity 
recognition, and in the subsequent subsection we describe Meta 
retrieval algorithms used in information retrieval. 
 
2.1 Algorithms for Bio-Entity Recognition 

 
Biomedical named-entity recognition is still an active research 
topic, and numerous algorithms have been proposed using 
different feature representations. For example, in the JNLPBA 
[10,11] shared task of Bio-entity recognition task, eight entity 
recognition systems utilize different learning algorithms and 
different sets of features. The algorithms include variants of 
Support Vector Machine (SVM) [4,13,16,19,23,25], Hidden 
Markov Model (HMM) [8,17,19,24,25], Maximum Entropy 
Markov Model (MEMM) [7,14] and Conditional Random Field 
(CRF) Model [12,15,20,23]. 
 
Besides learning algorithms, feature representation has been 
recognized as a crucial factor to get good performance in 
Bio-Entity recognition. In the JNLPBA task [10,11], lexical 
features are widely used among many systems as biomedical 
named-entities generally have a different vocabulary from 
general English words. When SVM-based systems have trouble 
to incorporate large size of lexical features, different 
generalization of lexical features such as prefixes or suffixes 
(e.g., suffixes as ~in or ~ase for protein names) are utilized. 
Furthermore, some general features such as part of speech tags 
or word shapes as well as domain specific features such as gene 
sequences are also utilized in different systems. More detail can 
found in [11]. 
 
In addition to using features from the biomedical document 
itself, many systems tend to use gazetteers and other external 
resources for better generalization performance. Some systems 
use gene names from biomedical websites such as LocusLink 
[7] or Gene Ontology [7,13], while some other systems use the 
Web and construct lexicon [19,20] by collecting words that 
frequently appear in context with known biomedical 
named-entities. 
  
To summarize, a large body of learning algorithms is available 
for biomedical named-entity recognition. They utilize diverse 
feature representations. It can be expected that the recognition 
results from these systems are also diverse and complementary. 
In the light of these facts, we believe that a good Meta 
biomedical named-entity recognition algorithm can take 
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advantage of the diversity of the results from multiple systems 
and improve the results further.   

 
2.2 Meta Retrieval Algorithm 
 
The approach of combining results from multiple systems has 
been successfully utilized in the information retrieval 
community [1,5,18]. 
  
Simple methods like Borda Count [1] do not require training 
data and favor documents that are retrieved by more individual 
systems against documents that are retrieved by fewer or no 
systems. More sophisticated algorithms that utilize training data 
include Naive Bayesian method [1] and logistic regression 
model [5]. The Naive Bayesian method makes an independence 
assumption among results from multiple systems, which may be 
inaccurate in many cases. The logistic regression model does not 
make the independence assumption and uses retrieved results 
from multiple systems as features to predict the probability of 
relevance for each document candidate. It has been shown that 
this method achieves satisfactory Meta combination results. 
 
Although some Meta retrieval algorithms have been proposed 
for information retrieval, they cannot be directly used for the 
Meta biomedical named-entity recognition task. In particular, 
Meta retrieval algorithms treat only the binary case -- relevance 
or irrelevance of any retrieved document -- while biomedical 
named-entity recognition generally involves multiple types of 
named-entities. In addition, information retrieval systems 
provide unstructured ranked lists while name-entity recognition 
systems provide structured results of annotated sentences. These 
characteristics of Meta biomedical named-entity recognition task 
are investigated in the next section in detail. 
 

3. ALGORITHMS FOR META BIO-ENTITY 
RECOGNITION 
 
In this section, we present three algorithms for Meta biomedical 
named-entity recognition. All the three algorithms deal with 
recognition of multiple types of biomedical named-entities. The 
first algorithm is a simple majority vote algorithm that requires 
no training; the second is an unstructured exponential model that 
learns relative weights but does not incorporate structure 
information, and the third is a conditional random field model 
that takes full advantage of the structure information among 
biomedical named-entities and learns relative weights. 
 
We now introduce the formal notation used in this paper. Let an 

annotated sentence be composed of words of iw and annotated 

entities  is . The training data is comprised of I annotated 

sentences: )},(),(),,{( ,2211 II swswswD
��

= , where the 

pair ),( ii sw denotes the ith annotated sentence. We assume 
that the ith annotated sentence contains iN  words and denote 
the jth surface word and the corresponding named-entity 
by ),( ijij sw . We associate a category value for each type of 

named-entity and an additional “Non-entity” category for 

general English words. Each ijs can attain any of the K category 

values. Assume that L annotated results are provided from L 
biomedical named-entity recognition systems. Thus, for the ith 
sentence the lth system’s candidate results are denoted as: 

},,,{ _1_1_ iiNlilil ccc �� , where each item has a category 

value out of K choices. Finally, the task of Meta named-entity 
recognition algorithm is to combine the L candidate entity 

recognition results into a single result ts for each test sentence 
t. 
 

3.1 Simple Majority Vote Algorithm 
 

The majority vote algorithm assumes that named-entities are 
correctly recognized by most individual systems, while different 
systems make mistakes at different places [1].  
 
Let us introduce the binary indicator feature function 

),( _ tjlckf , which has a value 1 when the lth entity recognition 

system annotates the jth word in the test sentence as the entity of 
type k, and 0 when this is not true. Then the recognition rule of 
majority vote algorithm can be described formally as follows: 

 where t represents the test sentence and 
^

tjS is the annotated 

entity result for the jth word in the test sentence. 
 
One particular issue about majority vote is that votes from 
inaccurate entity recognition systems may not be reliable and 
may deteriorate the final results. Therefore, a variant of majority 
vote algorithm, which only considers votes from top few 
accurate systems, is often used in practice. This algorithm is also 
considered in this paper. 
 
3.2 Unstructured Exponential Model 
Algorithm 

 
One problem with the majority vote algorithm is that it treats the 
votes from different entity recognition systems equally. 
However, it is clear that more accurate systems should have 
more influence for the final decision than less accurate systems. 
The unstructured exponential model algorithm automatically 
derives appropriate weights for different systems from the 
training data, which means that those systems that are more 
accurate on training data are assigned with larger weights to 
recognize entities on test data. This type of bias is reasonable as 
long as the training data is representative. 
 
Formally, the lth individual biomedical named-entity 
recognition system is associated with a weight lλ  and the 
probability of assigning entity of category k to the jth word in ith 
sentence is calculated as: 
 
 
 

),(maxarg _

^

�=
l

tjl
k

tj ckfS  (1) 
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Note that no feature from the surface word itself is used in the 
current formulation yet. It may be useful to incorporate surface 
word features for more complicated combination strategy. 
However, empirical study in Section 5 demonstrates that this 
model can achieve very good performance with very limited 
amount of training data. Adding a lot of surface word features 
may cause overfitting problem with limited amount of data. 
 
In fact, the exponential model can be seen as a multi-category 
extension of the logistic regression model for Meta retrieval 
system of information retrieval [1,5]. The graphical 
representation of this probabilistic model is shown in Figure 1. It 
can be seen from Figure 1 that given the entity features from 
multiple systems and model parameters, the named-entities are 
generated for each word separately without any interaction. That 
is why this model is called unstructured model. 
 
The training criterion of this model is to maximize the 
conditional log-likelihood of the training data. Formally the 
parameter estimation problem is: 
 

� ===
kji

ijijijij cwkSPkSP
,,

_*

^^*
}),{|(log)(maxarg

λ
λ  (3) 

Where )(
^

kSP ij = is the empirical probability distribution for 

different types of named-entities of a specific word. It is 1 for 
one type of name-entity and zero for all the others. 
 
The objective function in Equation (3) is a convex function and 
the optimization method of iterative scaling is used to obtain 
optimal parameter value. More detailed information about the 
iterative scaling method can be found in [2]. 
 

3.3 Conditional Random Field Algorithm 
 

One important piece of useful information that is missing in the 
unstructured exponential model is the structure information. The 
named-entities assigned to nearby words are actually correlated 
with each other. If the previous word is recognized as a part of 
protein name, it is likely that the current word has a higher 
probability to be a part of protein entity than a cell_line entity. 
Conditional random field method [12] can be used to model the 
correlation between biomedical named-entities. 
 
More specifically, the conditional random field model calculates 
conditional probabilities for whole annotated sentences instead 
of individual entities. In this paper, a linear chain conditional 
random field model is used. This is formally represented as: 
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In particular, each feature function is associated with two 
concatenated entities and the corresponding candidate entity 
results from multiple entity recognition systems. The graphical 
model of linear chain conditional random field is shown in 
Figure 2. It can be seen that adjacent named-entities are 
associated with each other. This characteristic allows the 
conditional random field method to take advantage of structure 
information among entities. 
 
The training criterion of conditional random field has a similar 
objective function to that of unstructured exponential model:  

�=
i

iii cwsP })),{|(log(maxarg *_*

*

λ
λ  (5) 

The conditional likelihood function involves a sentence-scale 
normalization factor as indicated in Equation (4); the training 
computational complexity is much larger than that of 
unstructured exponential model. Quasi-Newton optimization 
method [21] has been shown to be more efficient than several 
other alternatives such as conjugate gradient and iterative 
scaling. This method is used in this work to train the linear chain 
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Figure 2. Graphical representation of linear conditional random 

field model (shadowed part is observed 
*_* i

c as features from 

multiple entity recognition systems.) Given the entity candidate 
features from multiple systems and model parameters, the 
named-entities within a sentence are generated with interaction. 

 

Figure 1. Graphical representation of unstructured exponential 

model (shared part is observed 
ij

c
_*

as features from multiple 

entity recognition systems). Given the entity candidate features 
from multiple systems and model parameters, the named-entities 
are generated for each word separately. 
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conditional random field model for Meta biomedical 
named-entity recognition. 
 
Given the estimated model, the recognition step of conditional 
random field is also more complicated than that of exponential 
model. A dynamic programming solution is utilized here to 
calculate the most likely named-entity sequence given the test 
sentence. Specially, a forward-backward inference algorithm 
like that for HMM is applied. The ‘forward value’ )( kSa tjj =  

is defined as the probability of being in entity of type k at jth 
position given the observation up to time j and )( kStjj =β is 

the probability of being in entity of type k at jth position given 
the observation after time j. Recursive steps are applied to 
calculate the whole set of forward and backward values: 
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Viterbi algorithm is applied with forward and backward values 
and finally the optimal sequence of named-entities is computed. 

4. EXPERIMENTAL METHODOLOGY 
 
We used the entity recognition results from eight different 
biomedical named-entity recognition systems that participated in 
the JNLPBA competition 2. In the JNLPBA competition [11], 
each entity recognition system is required to recognize five 
types of entities as protein, DNA, RNA, cell_type and cell_line 
within documents in the GENIA corpus [10]. We utilize these 
results to construct Meta biomedical entity recognition system in 
this paper. 
 
The recognition results are evaluated using the F score. F score 
is defined as: )/()2( RPPRF += , where P denotes Precision, 
which is the ratio of the number of correctly recognized 
named-entities to the number of recognized named-entities. R 
denotes Recall, which is the ratio of the number of correctly 
recognized entities to the number of true entities [11]. 

                                                        
2http://www-tsujii.is.s.u-tokyo.ac.jp/GENIA/ERtask/report.html 

Since the eight systems provide results only on the test set of 
JNLPBA task that contains 404 documents of the GENIA 
corpus, we split the test data of JNLPBA into training and test 
data for our experiments. There are altogether 404 Medline 
abstracts, which are composed of 4260 sentences. The 
biomedical entity distribution is tabulated in Table 1. In order to 
fully investigate the behavior of different Meta recognition 
algorithms, two different training configurations were used in 
this work: i) 10 annotated documents for training and ii) 5 
annotated documents for training. The 5 (or 10) documents that 
contain all the five types of annotated biomedical named-entities 
were randomly chosen from the 404 abstracts as training data 
and the remaining documents were used as test data. The 
training set has about 50 (or 100) sentences with about 1,250 (or 
2,500) words. The random split process was repeated five times 
for each experiment and the evaluation results were averaged. 
 
The performance of eight different systems on the whole corpus 
(404 abstracts and no training) is shown in Table 2. Three out of 
eight systems achieve F score around 0.7 while the F-score of 
other systems ranges from 0.5 to 0.65. 

5. EXPERIMENTAL RESULTS 
 
In this section we present the results of applying the proposed 
Meta biomedical named-entity recognition algorithms on the 
GENIA corpus and compare these results to individual systems. 
Two particular issues are investigated by the empirical study in 
this section: 
 
1. Whether Meta biomedical named-entity recognition 

approach improves recognition accuracy over individual 
systems, and how do different Meta biomedical entity 
recognition algorithms compare against each other? 

2. Detailed analysis for different types of named-entities is 
provided to carefully compare the results from individual 
systems and different Meta recognition algorithms. 

 
5.1 Overall Recognition Accuracy 
 
The first set of experiments was conducted to study the 
effectiveness of the simple majority vote algorithm. In order to 
show the full spectrum of its behavior, we vary the number of 
systems that are considered for voting. In particularly, we sort 
all the systems by their F scores as shown in Table 2 and use the 
simple majority vote algorithm to combine the results from best 

 Protein DNA RNA Cell_type Cell_line All 

Num of occurrences 5,067 1,056 118 1,921 500 8,662 

Percent of total words  12.5% 2.6% 0.3% 4.8% 1.2% 21.4% 
 

Table 1. Num of occurrences and percentage of total words for five types of biomedical named-entities in the corpus. 
 

 Zho [25] Fin [7] Set [20] Son [23] Zha [24] RÖs [19] Par [16] Lee [13] 

Recall 0.760 0.716 0.703 0.678 0.691 0.674 0.665 0.508 

Precision 0.694 0.686 0.693 0.648 0.610 0.610 0.598 0.476 

F-Score 0.726 0.701 0.698 0.663 0.648 0.640 0.630 0.491 
 

Table 2. Performance of individual systems. Systems are ranked by their F scores from the highest (Left) to the lowest (Right). 
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two systems (M_2), best three systems (M_3) and so on. The 
detailed experiments are shown in Table 3. While the majority 
vote algorithm does not have to be trained, we made the 
experimental setup identical to that used for the trainable Meta 
algorithms to make the evaluation results comparable: 10 
documents were held for training in each of the five random 
splits and the remaining 394 documents were used for test (the 
results when 5 documents were used for training are almost 
identical with these results and are not shown). The majority 
voting algorithms did not use the 10 (and 5) training documents 
– only the trainable algorithm made use of them. 
 
Note a particular issue of simple majority vote algorithm is tie 
breaking. If the votes from multiple systems are the same for 
some entities, the preference is given in the order to protein, 
DNA, RNA, cell_ type, cell_line and “Non-entity”. 
 
It can be seen from Table 3 that simple majority vote algorithm 
does achieve more accurate result than single best system. 
However, its performance varies with the number of systems of 
combination. The best results are achieved when top three or 
four systems are considered for voting and the accuracy drops 
significantly when more and more low accuracy systems are 
added into the combination. This behavior suggests that 
appropriate weights should be assigned to individual systems in 
order to achieve optimal performance of Meta named-entity 

recognition; and this is exactly the goal of the unstructured 
exponential model and conditional random field model  
More experiments were conducted to study four types of Meta 
biomedical entity recognition algorithms. The algorithms are: 
M_8 (majority vote algorithm form all of the eight individual 
systems); M_3 (majority vote algorithm from three most 
accurate individual systems as Zho [25], Fin [7] and Set [20]); 
EXP (unstructured exponential model) and CRF (conditional 
random field model). Both the EXP and CRF algorithms take 
advantage of training data. Table 4 shows the results when 10 
documents were available for training. It can be seen that EXP 
and CRF achieve a significant improvement over the best single 
system and also are much more accurate than the simple 
majority algorithm. More careful analysis shows that EXP and 
CRF algorithms automatically assign appropriate weights for 
individual systems. For example, EXP assigns more weights to 
the top three systems than the other systems. Furthermore, CRF 
algorithm generates more accurate results than the EXP 
algorithm. This demonstrates the power of utilizing the structure 
information among entities. 
 
Another set of experiments was designed to test the behavior of 
different Meta entity recognition algorithms with more limited 
amount of training data. The experiments shown in Table 5 use 
only 5 documents as training data. It can be seen from Table 5 
that the performance of M_8 and M_3 algorithms remain at 

 

 B1 M_2 M_3 M_4 M_5 M_6 M_7 M_8 

Recall 0.761 0.876 0.859 0.850 0.786 0.797 0.770 0.778 

Precision 0.696 0.739 0.802 0.771 0.724 0.727 0.712 0.707 

F-Score 0.727 0.802 0.830 0.808 0.754 0.761 0.740 0.741 
 

Table 3. Performance (in F score) of simple majority vote algorithms compared with the best single system (10 documents are used for training and 
results are averaged by five random splits). Simple majority vote algorithms combine results from different number of top systems (B1: best single 
system; M_2 means combination of two most accurate systems and so on). 
 

M_8 M_3 EXP CRF 
 B1 

(Baseline) F Score Impr(%) F Score Impr(%) F Score Std Impr(%) F Score Std Impr(%) 

Recall 0.761 0.778 (+2.2%) 0.859 (+12.9%) 0.926 0.016 (+21.7%) 0.956 0.012 (+25.6%) 

Precision 0.696 0.707 (+1.6%) 0.802 (+15.2%) 0.920 0.021 (+32.2%) 0.971 0.010 (+39.5%) 

F-Score 0.727 0.741 (+1.9%) 0.830 (+14.2%) 0.923 0.015 (+27.0%) 0.964 0.011 (+32.6%) 
 

Table 4. Performance of Meta biomedical named-entity systems compared with the best single system (10 documents are used for training and 
results are averaged by five random splits; F Score: F measure; Std: standard deviation across 5 random splits; Impr(%): Relative improvement 
over baseline ). B1: Best single system; M_8: majority vote from eight systems; M_3: majority vote from best three systems; EXP: unstructured 
exponential model: CRF: conditional random field. (Standard deviation of M_8 and M_3 are not reported as they are very small) 
 

M_8 M_3 EXP CRF 
 B1 

(Baseline) F Score Impr(%) F Score Impr(%) F Score Std Impr(%) F Score Std Impr(%) 

Recall 0.759 0.777 (+2.4%) 0.858 (+13.0%) 0.907 0.026 (+19.4%) 0.921 0.024 (+21.3%) 

Precision 0.694 0.706 (+1.7%) 0.801 (+15.4%) 0.879 0.035 (+26.7%) 0.953 0.018 (+37.3%) 

F-Score 0.725 0.740 (+2.0%) 0.829 (+14.3%) 0.893 0.030 (+23.3%) 0.937 0.021 (+29.2%) 
 
 

Table 5. Performance of Meta biomedical named-entity systems compared with the best single system (5 documents are used for training and results 
are averaged by five random splits; F Score: F measure; Std: standard deviation across 5 random splits; Impr(%):  Percentage improvement over 
baseline ). Algorithm descriptions are the same as the above. 
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about the same level as those in Table 4 since these algorithms 
do not utilize training data and their accuracy does not depend 
on the size of training data. The accuracy of EXP and CRF 
algorithms drops slightly with more limited amount of training 
data. However, their advantage over best single system or 
simple majority vote recognition algorithm is still very large. 
This set of experiments suggests that Meta biomedical 
named-entity recognition algorithms can acquire very accurate 
results even with very limited amount of training data (i.e., 
about 50 training sentences). 
 
Other configurations with more training data have also been 
studied. When 15, 20 or more documents are used for training, 
the accuracy of EXP and CRF methods increase. However, the 
improvement over the results of less training data (i.e., 5 or 10 
documents.) is small due to the high performance of EXP and 
CRF methods with limited amount of training data. 
 
Both unstructured exponential algorithm and conditional random 
algorithm are very efficient. They are implemented using 
Matlab. It takes about 30 seconds to train the exponential model 
and about 2 minutes to train the conditional random field model 
in the case of 10 training documents. It only takes about 30 
seconds for CRF to generate combined results for 394 
documents while several seconds for the exponential model. 
 
5.2 Recognition Accuracy for Different Types 
of Biomedical Named Entities 
 
This set of experiments shows how Meta entity recognition 
algorithms improve the recognition accuracy for each type of 
biomedical named entity. 
 
Figure 3 shows the performance of best single system and Meta 
recognition algorithms for different types of biomedical named- 
entities. Note that different individual systems may be optimal 
for different types of biomedical named-entities. For example, 
the system by Fin [7] has a better performance for RNA entities 
than the system by Zho [25]. More detail can be found in [11]. 
 
It can be seen from Figure 3 that Meta recognition algorithms 
CRF, EXP and M_3 achieve better performance than single best 

system. Unstructured exponential model and conditional random 
field model achieve better result than other algorithms in most 
cases by assigning appropriate weights to the results from 
multiple systems. In fact, the weights of different systems are 
also varied for the recognition of different types of entities. 
Furthermore, the CRF method provides the most accurate results 
in most cases, which again demonstrates the power of utilizing 
structure information.  

6. CONCLUSION AND FUTURE WORK  
 
Due to the large vocabulary and very diverse notations of 
biomedical entities, the performance of current biomedical 
named-entity recognition systems is still not satisfactory. 
Possible reasons are inadequate feature representations of 
individual systems and ineffectiveness of individual algorithms. 
 
This paper proposes a Meta biomedical named-entity 
recognition approach by combining results from multiple 
systems. Three types of Meta recognition algorithms are 
proposed. Empirical study shows that Meta biomedical 
named-entity methods can substantially improve recognition 
accuracy over individual systems. The best results are obtained 
with a conditional random field method that takes the advantage 
of structure information for recognition.  With a small amount 
of training data, this method provides recognition results with an     
F score of 0.96 while the F score of the best single system is 
only 0.72 [11,25] 
 
As more and more trainable biomedical named-entity systems 
are available, we will apply the Meta entity recognition 
approach on other biomedical corpus for more complete 
evaluation. Training data can be used to train both individual 
named-entity recognition systems and the Meta recognition 
system. Furthermore, more sophisticated model which considers 
surface word features to combine results will be investigated in 
future work. 
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