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¾ SVLYU-�;LT[5¿ÁÀ-Â�Ã SVR � «$X^M^X^H$HJSiÄnÅ��u�¼��Æ�À�Å��
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Ë «$LYX � RYXÌ�;U�Íi��Â�Î��zÅ-À µ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µÐÏe�;H$H°I%LYRTSVK$L
²oMÌ�;X^U]Ñ��Z�'À�� µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µuÏe�;H$H°I%LYRTSVK$L� «$X^M^X^H$H°S�ÄeÅ-�¼�¼��Æ�À�Å�� µVµ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µ�µVÒ<Ó��;��X^U-�;RTSVK$L
¾ SVLYU-�;LT[!¿oÀ-Â'Ã µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µVÒ<Ó��;��X^U-�;RTSVK$LË «$LYX � RYXÌ�;U!Ôn��Õ°Å�À�Î µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ � LT� � XZ[$SVU�Re[\K]Ö)K$LY×Øµ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µ?Ò<Ó��;��X^U-�;RTSVK$LË MÌ�;K�[$S�Ù�Ú*Å�ÀrÃÁÅ�� µ�µ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µVµ�µ�µ�µ�µVµ�µ�µ�µ�µ�µ�µ�µ�µVµ�µ�µ�µVµ�µ�µ)Ò<Ó��;��X^U-�;RTSVK$L
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� U��)L��;U�[c�GSVLT�VX�� ¾ SVLYU-�;LT[©¿oÀ4Â�Ã SVR�� � «$X^M^X^H$HJSnÄnÅ��u�¼��Æ�À�Å��n±WK$X-I%U�R [\X^LYX��®�
��SiRYL���¯%�;X^M�µ ¨ SVLT�VX��	RTI%K � MZS � [$SVK\Ó5HJI%K$L�¯®I%RYLTS�[\X � H°I%U$X^Q$X^M^X^RT����¯®I � QJI%U � ��I%U � SVX^M �
SVR�¯®I%RYLTS � I%K$RYXZSVU ��I%U � R��;UWR�µ ¨ SVLT�VX�� ¾ SVLYU-�;LT[ HJI%K$L � I%U0H$MÌ�;X � X^L��©H-�;LYR����®SVL � S �
��I%U$U-�;X �T� �;U���S � �WRTI%K%��I%K$L � H$L��VR �"!�X^��H$LTI�¯yX � SVL$#�K$U}H°SVRYX^R>��I%K$L � [$SÁ�c�;RY«&% ¨ SVLT�VX� � «$X^M^X^H$H°S � �;U � ±WK$X���S�U*O �;K$L��;X H°SVK$R(')�VRYLTSn�T�;�c�;X � SVUWRTSVU�[\K H-�;LYMZSVL�[$S+* ¨!¨ SVR
±�K$X�U*O ��H-� � [�OP�,���;M*H°I%K$L�M�OPI%L-���;U$X � �;RYXZI%U5[$S_��I%M^MÌ�;QJI%L��;RYXZI%U � µ� U.�)L��;U�[]�GSVLT�VX��;K �T� X/�10'MZI%LTSVU���S32�Â*À���SVR4�G²oU$U�S5'76yI%H$«$XZS�Ù��'�98'Â*Å$Î0±�K$X
I%U�Ro��I%U � �%�VLT��Q°S��;K���I%K$H![$S�RTSV��H � �;K!��I�'?SVU����%[\LTSV�GSVU�Rn[$S���S�RYL���¯%�;X^M'SVRo±WK$X*I%U�R
��I%K��nK$U:�)L��;U�[]L�;%MZS_[��;U �N� ��LT���;M^X � �;RYXZI%U*µ
Ö®S � I%K$«-�;X^RTSo¯yX^¯®SV�GSVU�R LTSV�GSVLT�VXZSVL<0$L��;U>=�I%X � Ôn�@?r�'�BA�Ú*Å H°I%K$L � I%UcX^U��VLTI¼×��;Q$MZS

[\X � H°I%U$X^Q$X^M^X^RT�cSVR � I%U�X^U��VH$K$X � �;Q$MZScSVUWRY«�I%K � XÌ� � �GScMZI%L � ±�K*O X^M � O ���)X^R�[$S�[\X � �VK$RTSVL�[$S
�GIW[$�VM^X � �;RYXZI%U*µ
Ö®S�LTSV�GSVLT�VXZS�6yI%H$«$XZSDC°�JÚ*Õ-�\ÎJÚDHJI%K$L � I%U3X^U�¯®S � RYX ��� SV�GSVU�R§[��;U � MÌ� ¯WXZS�[\K�)LTI%K$H°S [$S}RYL���¯)�;X^M4E9F)GHFJILKMFJIJNPOHQ"RPQSK+EUTVNPOHQ�W�XVQSK1Y�IJZM[JZV\]IJN^OHQSKcSVR�[\K`_r�;QJI%L��;RTI%X^LTSa GHFJb�T�c�GHFJIJNPOHQVdfegWPh)ZMi-c�GHFJIJNPOHQ&QjF4k4T�W�ZMclQ¼µ ¨ SVLT�VX��;K ��� X�H°I%K$L�MÌ� Ë �;M^Xnm I%LYU$XZSo%
Ö®S_RYXZSVU � ��LTSV�GSVLT�VXZSVL Ë «$LYX � RYXÌ�;U Íi��Â�Î��zÅ�À SVRe²oMÌ�;X^U�Ñ��Ì��À��'±WK$XrI%U�R��%����SVH$RT�

[�Op�VRYLTSoMZS � L��;H$HJI%LYRTSVK$L � [$SÁ��SVRYRTSÁRY«�ª � S)µyÖ®SoLTSV�GSVLT�VXZS��;K �T� X Ë «$LYX � RYXÌ�;U � µ\Ôn�'Õ4Å-À®Î
SVR Ë MÌ�;K�[$S�Ù�Ú*Å�ÀrÃÁÅ��_HJI%K$LNMZSVK$L�H-�;LYRYXZ�VX^H-�;RYXZI%U��;K���K$LY×®µ� U X^���GSVU � S]�GSVLT�VXq��M�OPSVU � SV�iQ$MZS5[$S � �GSV��Q$LTS �sr H$LT� � SVU�R � SVRGH-� �T� � �ut [$S �
MÌ�;Q°I%L��;RTI%X^LTS � a GHFJb�T�c�GHFJIJN^OHQVd�egWPh)ZMi-c�GHFJIJNPOHQ"QjF1kvT�W�ZMclQ�SVRwE9F)GHFJILKMFJIJNPOHQ"QjF1k4TuxW�ZMclQSKr±WK$X)�]OPI%U�R'�%���VK�SVX^M^M^Xy[\K$L��;U�R'��S � RYLTI%X � �;U$U���S � �;X^U � X�±WK�S MZS � �;K$RYLTS � �GSV�iQ$LTS �
[\K"�)LTI%K$HJS&E9F)GHFJILKMFJIJNPOHQyRPQSK<EUTVNPOHQ�W�XVQSKzY�IJZM[JZV\]IJNPOHQSK�µ ¨ SVLT�VXJU�I%U � SVK$MZSV�GSVUWR�H°I%K$L
M�OPSVU�¯yX^LTI%U$U�SV�GSVU�R � �VXZSVU�RYXn{-±WK�S_RYLTª �Á� RYX^��K$MÌ�;UWRÁ�c�;X � �;K ��� X*HJI%K$L�M�O �;��Q$XÌ�;U���Si¯WL��;Xn'
�GSVU�RoS�Ó$��SVH$RYXZI%U$U�SVM^MZSo%
¨ SVLT�VX�� RTI%K � MZS � �;K$RYLTS � ��¯®S��c±WK$X*��O �;X SVK0MÌ�©��«-�;U���S	[$S�RYL���¯%�;X^M^MZSVL�HJSVU�[��;U�R

�c�eRY«�ª � S)µ ¨ SVLT�VXf�4|"¯®S � [�O~}_Â*Õ°Å>��Î��@��� Ë MÌ�;K�[$SoÙ�Ú*Å�ÀrÃÁÅ��]�]_�K�[$I¼¯WXZ�&�n�rÎJÎ�À�Å$Î
SVR�� MZIy[\XZS�Í�Â*�����®�JÂ'ÃoÅ H°I%K$L �]O ��¯®I%X^L�X^U$X^RYXZ���;K\Ó}H$LTI%Q$MZªV�GS � [$SÁMÌ�iH$LT��[\XZ�VRYXZI%U][$S�®ªVU�S � ��«�S,�eMZS � SVK����;LY×®I%RTS � µ ¨ SVLT�VX����_�;RYXÌ��2 ��À�À4���J�J�0SVR � «$X^M^X^H$HJSiÍ�Â*Å�À4�°ÚrÅJµ¨ SVLT�VX$�;K\Ó�Q$K$M����;LYXZ�VXZSVU �zr Q$K$M����;LYXZ�VX � RTS �f��t ¨ �)�;LYRTSVU1�®�@�.?rÅ©Í�Â*�JÚ�Î�Å�SVR�6WRT�VH$«-��'
U$XZS�¿ÁÅ>�J��Â�? µ ¨ SVLT�VXr�;K\Ó � �;­®SVX � RTS � 6WRT�VH$«-�;U�S3�nÚ����z�W���'Â��U6yI%H$«$XZS�ÄnÅ\��Â��\�z�W�_SVR� �VLTI%U$XZ±WK�S�2 ��À®Î����<µ ¨ SVLT�VX*SVU���I%LTS��w6WRT�VH$«-�;U�S_HJI%K$L��]O ��¯®I%X^L$m �;X^RN[$����I%K$¯yLYX^LNMÌ�
L��;U�[$I%U$U���SG[��;U � MZS � ²ÁM^H°S � µ ¨ SVLT�VX�� ¨ �;LYXÌ�;���TÕ°À°��Ú*� Ã&�*ÏoI���SVU Íi�'À�?-�@� SVR&�� X^U���SVUWRyC-�/�*�JÚ*���_[$S_MZSVK$LNX^U�RT�VL��VRNHJI%K$LNM�OP�VRYK�[$S_[$S � H°SVRYX^R � �®ªVU�S � µ
¨ SVLT�VX>SVU^{�U��]RTI%K � ��SVK\Ó ±WK$X"�]OPI%U�R � I%K$RTSVU�K HJSVU�[��;U�R���S � RYLTI%X � �;U$U���S � SVR
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H-�;LYRYXZ�VK$M^XZªVLTSV�GSVUWR§MZI%L � [$S � [$SVLYU$XZSVL � �GI%X � µ � I%K$L:=�� SVU���I%LTS�� �GSVLT�VX�� RTI%K � MZS �
�GSV�iQ$LTS � [$S � [$SVK\Ó MÌ�;QJI%L��;RTI%X^LTS � µ ¨ SVLT�VX&�D0$LTS�[�� ¨ �;LT�������;K$RY«$XZSVLM��²oMZS�Ó\X � SVRË I%LYX^U$U�S)µ ¨ SVLT�VX ��´ÁX^M � � ¾ LYXZSVK��_SVRN´ÁXZ��I%MZS)µ
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_*S � �GIy[$ªVMZS � [$Si�T«-�u¬ZU�S � [$S ¨ �;LY­®I�¯]���%�T«���S �3r * ¨5¨ t m I%U�RoH-�;LYRYXZSi[$S � H$LYX^U^'
�VX^H-�;K\Ó	�GIy[$ªVMZS ��� R��;RYX � RYXZ±WK�S � K$RYX^M^X � � � H°I%K$L M�O �;U-�;M^× � Sn[$S � � ��±�K�SVU���S � [�OP²e³n´iµ Ë S
RYL���¯)�;X^M���HJI%LYRT� � K$LNMÌ����X � S��;K]HJI%X^U�RoSVRNM�O K$RYX^M^X � �;RYXZI%U![�O �;H$H$LTIy�T«�S � [�OPS � RYX^�c�;RYXZI%U
U�I%U � K$H°SVLY¯yX � ��S�[$S���S � �GIW[$ªVMZS � µJ³�O K$U�S��c�;U$XZªVLTS1�®�VU��VL��;MZS�����S � �;H$H$LTIy�T«�S � H$LT�5'
� SVU�RTSVUWRNM�O X^U�RT�VL��VRo[$SnHJI%K$¯®I%X^L��GSVRYRYLTS_SVU]�V¯yXZ[$SVU���S�[$SnU�I%K$¯®SVM^MZS � ���;L��%�VRT�VLYX � RYXZ±WK�S �
[$S �N� ��±WK�SVU���S � µ��*LTI%X � [$I%�c�;X^U�S � [�O �;H$H$M^XZ���;RYXZI%U![$S � * ¨!¨ H°I%K$L�M�O X^UWRTSVLYH$LT�VR��;RYXZI%U
[$S � �®�VU�I%�GS � Q-�%�VRT�VLYXZSVU � I%U�RÁ�VRT�_�;QJI%LT[$� � [��;U � ��SVRYRTS�RY«�ª � S)µ_*S]H$LTSV��XZSVL [$I%�c�;X^U�S�S � RcM�O K$RYX^M^X � �;RYXZI%U [�O K$U * ¨!¨ H°I%K$L	MÌ� � S,�)�GSVUWR��;RYXZI%U
[$S ��� ��±WK�SVU���S � SVU0LT�,�)XZI%U � [$SG��I%��HJI � X^RYXZI%U «�I%�GI��®ªVU�S)µ@_"O �;H$H$LTIy�T«�S � OPS � R_�GI%U^'
RYLT��S]�%[��;H$RT��S.�!M�O XZ[$SVU�RYXn{-���;RYXZI%U [$S � RYL��;U � m SVLYR � �®�VU��VRYXZ±�K�S � «�I%LYX���I%U�R��;K\Ó � K$L�MZS
�T«$LTI%�GI � I%�GS�[$S3YzGBX�I�[�[ O�KyKMO	�^FJI�[�ILK�µJÒ M^MZS�� �;K �T� X'H°SVLY��X � [$S�LT�V¯®�VMZSVL_[�O �;K$RYLTS � U$Xn'
¯®S��;K\Ó [�O «��VRT�VLTI��®�VU��VX^RT� � M^XZ� � �;K\Ó H$LTI%H$LYXZ�VRT� � Q$XZI%MZI��)XZ±WK�S � [$S � �®ªVU�S � µ_*S � S���I%U�[�[$I%�c�;X^U�S�S � RnMÌ�}H$LT��[\XZ�VRYXZI%U [$S3�®ªVU�S � µ � U�MZI��)XZ�VXZSVM"[$S�H$LT��[\XZ�VRYXZI%U
[$S3�®ªVU�S � m I%U�[$� � K$L�M�OPS � RYX^�c�;RYXZI%U�� � �;U � ��I%U � RYX^RYK$RYXZI%U [�O K$U SVU � SV�iQ$MZSc[�O �;H$H$LTSVU^'
RYX �T� ���®S��*[$S � H-�;L��;�GªVRYLTS � [�O K$U * ¨!¨ �]�VRT�G[$�V¯®SVMZI%H$H°�)µ�
?M H$LT� � SVU�RTS}�;K �T� X"M�OPI%LYXn'�)X^U-�;M^X^RT�i[�O � �T� IW�VXZSVLÁK$U�S��GS � K$LTS�[$S���I%U^{4�;U���S��;K\Ó]H$LT��[\XZ�VRYXZI%U � µ�6yS � H$LT��[\XZ�VRYXZI%U �
� I%U�R�[$SnRYLTª � QJI%U}U$X^¯®S��;K]SVR�MÌ�i�GS � K$LTS�[$Sn��I%U^{4�;U���S�LT�V¯®ªVMZS�[$SnU�I%�iQ$LTSVK\Ó}HJSVRYX^R �� Ï$0 r�
�� Q�W��&Q5GBR]I�W^\��PiuG�clQ t [$I%UWR�MZS � H$LTI%H$LYXZ�VRT� � [$So��I%��HJI � X^RYXZI%U}LTS �T� SV��Q$MZSVUWR�G��SVM^MZS � [$S � �®ªVU�S � µ � U�S���I%U^{�LY�c�;RYXZI%U�H-�;Ln��I%��H-�;L��;X � I%U�[$S&�®�VU�I%�GS � [$S�MÌ�GU-��'
RYK$LTS���IW[��;UWRTS_[$S_��S � � Ï$0 ���VRT�nLTS���«�SVLT�T«���S)µ Ë «�S,��Y��^KMO	�^FJI�[�ILKM�$SVM^MZS_����I%U�[\K$X^R4�
H$LTI%H°I � SVL>K$U�SÁRYLTSVU�R��;X^U�Sn[$SoHJSVRYX^R � �®ªVU�S � [$SÁR��;X^M^MZSeX^U^mw�VLYXZSVK$LTSq���)�i�%�VXZ[$S � �;��X^U�� �
±�K$X � O �u�YI%K$RTS&��MÌ��¯yX^UP�)R��;X^U�S_[$S�HJSVRYX^R � �®ªVU�S � ��I%U$UWK � Q$XZI%MZI��)XZ±WK�SV�GSVU�R�µ_*SÁRYLTI%X � XZªV�GSÁ[$I%�c�;X^U�Se��I%U���SVLYU�SeMÌ��LTS���«�SVLT�T«�S�[$SÁ�GI%RYXnm � [$S � X^RTS � [$S${$Ó$�;RYXZI%U
[$S M�OP²ÁÏÁ´�HJI%M^×W�G�VL�� � S)µ Ë S � �GI%RYXnm � � I%UWR ��I%U � RYX^RYK�� � [$S�[$SVK\Ó�QJI;¬ZRTS �"� �VH-�;LT��S � H-�;L
K$U�S_[\X � R��;U���S_¯)�;LYXÌ�;Q$MZS��c�;X � ��I%U�RYL��;X^U�RTS)µ � U5�;M��®I%LYX^RY«$�GS ¨ Ë ¨ Ë r ¨ I%UWRTS5' Ë �;LYMZI
H-�;L_�T«-�u¬ZU�S � [$S ¨ �;LY­®I�¯ t [$S � �VMZS��VRYXZI%U Q-��×®� � XZSVU$U�S	[$S��GIW[$ªVMZSc� �VRT��[$�V¯®SVMZI%H$HJ�
H°I%K$L�LT�VH°I%U�[\LTSq�_MÌ��±�K�S � RYXZI%U}[$�VM^XZ���;RTSn[\K	��«�I%X Ó	[�O K$U}�GIW[$ªVMZSn�%[��;H$RT�)µ Ë SVR �;M��®I�'
LYX^RY«$�GS�[$�VRTSVLY��X^U�S � X^��K$M^R��;U��V�GSVU�RM�°MÌ��R��;X^M^MZSi[$S_�T«-�%�VK$U�Si[$S � QJI;¬ZRTS � �$MZS � K$H$H°I%LYR
[$S MÌ��[\X � RYLYX^Q$K$RYXZI%U [$S MÌ�0[\X � R��;U���S � �VH-�;L��;UWRcMZS � [$SVK\Ó�Q°I;¬ZRTS � �"SVR�M�OPI%LT[\LTS]�c�;L('
­®I�¯yXZSVU�[\K��GIy[$ªVMZS [$S}��I%��HJI � X^RYXZI%U [$S ��� ��±WK�SVU���S � SVU�[$SV«�I%L � [$S � QJI;¬ZRTS � µ@_*S �
�GIW[$ªVMZS ��� �VMZS��VRYXZI%U$U�� ��� I%U�R�SVU0�%����I%LT[0��¯®S���MZS � [$S � �VLYX^H$RYXZI%U � [$S��GI%RYXnm � ��I%U$UWK � µ� R��;U�Re[$I%U$U��_M�OPSVU%�YSVK§±�K�S_LTSVH$LT� � SVU�RTSiMÌ��LTS��T«�SVLT��«�Si[$S_�GI%RYXnm � ��M�O �;M��®I%LYX^RY«$�GS�H$LT�5'
� SVU�RT�§XZ�VXoHJI%K$LcMÌ� ��X � S§SVU��nK$¯WLTS5[$S]M�O �;H$H$LTIy�T«�S!Q-��×®� � XZSVU$U�S![$S � �VMZS��VRYXZI%U [$S
�GIW[$ªVMZS � SV�iQ$MZS_RYLTª � H$LTI%�GSVRYRTSVK$L�µ



� �



� ������
 � 
�� 	 ����
���� 
 �

	 ¤�

�����'¸���¥ �
� ¶ ¥�¹����$·®¤���������
�·�¸���¥�¹��'¢��������4¢��*¸r¥W¹���¸! ·%»!�#"%$�¥�¹}º�¥'&(�$¤�)��#* ·+�#,
·;»-
�¥W¹ .
�)µ^� ¨ �%�VLTI%�GI%MZ���VK$MZS � Q$XZI%MZI��)XZ±WK�S � ¦ ²e³n´ �$²eÏo´ SVRNH$LTI%RT�VX^U�S � µ_µ�µ�µ /

�)µ^�)µ^� ´n�;RYK$LTS_�T«$X^��XZ±WK�S�[$S � �c�%�VLTI%�GI%MZ���VK$MZS � Q$XZI%MZI��)XZ±WK�S � µ�µ�µ �
�)µ^�)µ � 6y��±WK�SVU���S � ¦ M�O X^U^m I%LY�c�;RYXZI%U:�®�VU��VRYXZ±WK�S µ�µ_µ�µ_µ_µ�µ_µ�µ�µ 0

�)µ � 6y��±WK�SVU>=����®S�SVRo�;U-�;M^× � S_[$S � �®�VU�I%�GS � µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ ���
�)µ �\µ^� _r��Q$XZI%MZI��)XZS��:!i«-�;K$Ro[$�VQ$X^Rv# µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ ���
�)µ �\µ � ²ÁU-�;M^× � S�[$S � �®�VU�I%�GS � SVR�Q$XZI%MZI��)XZS��GI%MZ���VK$MÌ�;X^LTS&I�W:K-I�[�IJXVZ µ �) 

�)µ   ¨ IW[$�VM^X � SVL�MZS �o� ��±WK�SVU���S � µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �)�
�)µ  \µ^� Ò<Ó$SV��H$MZS � X^UWRYLTIW[\K��VRYXnm � µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �)�
�)µ  \µ � _*S � �GIW[$ªVMZS � H$LTI%Q-�;Q$X^M^X � RTS � SVR�MZSVK$L � K$RYX^M^X � �;RYXZI%U � µ�µ_µ�µ�µ  �/
�)µ  \µ   � SVL � MZS � �GIW[$ªVMZS � [$S ¨ �;LY­®I¼¯ ���%��«�� � µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ  10

2 3 ¹54 ¥�·)£�¹6���\£¼»-

���\£¼¢��*¸�¥�¹	º�¥��7��� ¢�¹�¥§¥#$98§¸!**¤;¥]º�¥W¹G·%»!�#"%$�¥�¹Gº'¥
&:�$¤�);�#*�·+�$·%»!
W¥�¹ <�.
�\µ^� _*S_�GIW[$ªVMZS_[$S���«-�u¬ZU�S � [$S ¨ �;LY­®I�¯©���%��«���S � µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ=/1/

�\µ^�)µ^� ³n�5{�U$X^RYXZI%U � SVR�U�I%R��;RYXZI%U � µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ=/1/
�\µ^�)µ � � L��;X � SV�iQ$MÌ�;U���S�[$S � [$I%U$U���S � ��I%��H$MZªVRTS � SVR*H$LTI%H$LYXZ�VRT� � [�O X^U^'

[$�VHJSVU�[��;U���S���I%U�[\X^RYXZI%U$U�SVM^MZS µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ=/?>
�\µ^�)µ   ¨ IW[$ªVMZS � SV��Xn'��c�;LY­®I�¯yXZSVU5���%�T«��iSVRo�;K$RYLTS � �®�VU��VL��;M^X � �;RYXZI%U � /��

�\µ � ÏÁS���I%U � RYLYK��VRYXZI%U5[\K]��«�SV��X^U5���%�T«��iµ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �\�
�\µ �\µ^� _"O �;M��®I%LYX^RY«$�GS�[$S � X^RTSVLYQ$X µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �)�
�\µ �\µ � _"O �;M��®I%LYX^RY«$�GS h)ZMi5@�G�i,R x �]GBXBAC@@G�i,R µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �) 
�\µ �\µ   6WX^��K$MÌ�;RYXZI%U�[\K]�T«�SV��X^U!���%�T«�� µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �1>

�\µ   Ë �;MZ�VK$Mr[$S_MÌ��¯WL��;X � SV�iQ$MÌ�;U���S�[$S � [$I%U$U���S � X^U���I%��H$MZªVRTS � µ_µ�µ_µ�µ�µ �1>
�\µ / Ò � RYX^�c�;RYXZI%U5[$S � H-�;L��;�GªVRYLTS � µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �+D

�\µ /�µ^� Ò � RYX^�c�;RYXZI%U � K$L�MZS � [$I%U$U���S � ��I%��H$MZªVRTS � µ�µ_µ�µ_µ_µ�µ_µ�µ�µ �10
�\µ /�µ � Ò � RYX^�c�;RYXZI%U � K$L�MZS � [$I%U$U���S � X^U���I%��H$MZªVRTS � µ_µ�µ_µ_µ�µ_µ�µ�µE>) 

�\µ � 6y�VMZS��VRYXZI%U![$Sn�GIW[$ªVMZS�µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µE>10
�\µ �\µ^� _*S_[$�VM^XZ���;RÁH$LTI%Q$MZªV�GS_[$S�MÌ� � �VMZS��VRYXZI%U5[$S��GIW[$ªVMZS µ�µ_µ�µ�µFD%�
�\µ �\µ � _"O �;H$H$LTIy�T«�SiQ-��×®� � XZSVU$U�S µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µFD% 
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�\µ �\µ   �"�T«-�;UWRYX^M^MZI%U$U-���®S�H-�;L �yQ���Q�i�K-I ��[JQ��PO�c � ¨ Ë ¨ Ë µ_µ�µ_µ�µ�D1D
�\µ �\µ / �yQ���Q�i�K-I ��[JQ��^O�c � ¨ Ë ¨ Ë HJI%K$LÁMZS � �GIy[$ªVMZS � [$S��T«-�u¬ZU�S �

[$S ¨ �;LY­®I¼¯©���%�T«���S � µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ �\�
. & ¢ $�¢ $-� Y�� KjO	�^FJI�[�ILK ·%»�¤�� ���-¹ ���0¥]»�¥®£�¥W¤����-¥#$r¥y¢Ì£¼¢�¥W¹c¸r¹u¢�$-��� &(& ¹���.
 \µ^� 
 U�RYLTIy[\K��VRYXZI%U µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ 0 �
 \µ � ¨ �;RTSVLYXÌ�;M � �;U�[©�GSVRY«�Iy[ � µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ 0 �

 \µ �\µ^� *oXZ[$[$SVU ¨ �;LY­®I¼¯ ¨ Iy[$SVM � µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ 0 �
 \µ �\µ � � LTIy��S �T� X^UP�GRY«�S���«$LTI%�GI � I%�GS�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ 0)�

 \µ   ÏoS � K$M^R � µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ 010
 \µ  \µ^� � LTI��)L��;�jQJSV«-��¯yXZI%LDµ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ 010
 \µ  \µ � 6yS��;LT�T«$X^UP�+mwI%L<�®SVU�S�RYL��;U � mwSVL � µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���)�
 \µ  \µ   *ÁSVRTSVLTI��®SVU�SVX^RYXZS � �;U�[lmwK$U��VRYXZI%U-�;Mr�VMÌ� �T� S � µ�µ�µ�µ_µ_µ�µ_µ�µ}����/

 \µ / ³eX � �VK �T� XZI%U µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���)�
 \µ /�µ^� �nSVU�SVL��;M*RYLTSVU�[ � I�m'UWK��VMZS�I%RYXZ[$S���I%��HJI � X^RYXZI%U � µ�µ_µ_µ�µ_µ�µ}���)�
 \µ /�µ � �nSVU�S�RYL��;U � m SVL � µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���10
 \µ /�µ   � LTI%RTSVX^U§«W×y[\LTI%H$«�I%Q$XZ�VX^R ×!µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���10

 \µ � � SVL � H°S��VRYX^¯®S � µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�)���
< 3 ·�·�¸r¤��\£�¥ ���$·)£�¥�¤%¢����;�4¥
$�¥ � $rº<¢ $!�"!c¢z£¼»©¹�¥#�$# ,T£�¤���¢ $'¢ $!��»'¢zº'º'¥
$�&(�$¤5,
)��#* ����º�¥#��¹ �;���
/�µ^� 
 U�RYLTIy[\K��VRYXZI%U µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�)�� 
/�µ � ¨ �;RTSVLYXÌ�;M � �;U�[©�GSVRY«�Iy[ � µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�)�5>

/�µ �\µ^� ¾ XZI%MZI��)XZ���;M � S�±WK�SVU���S � �;U�[§�;U$U�I%R��;RYXZI%U � µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�)�5>
/�µ �\µ � * ¨!¨ � mwI%L<�®SVU�S_[$SVRTS��VRYXZI%U µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�)� D
/�µ �\µ   6yS��;LT�T«$X^UP�}�VM^K�S � RTI���I%U^{�LY� � «�I%LYR<�®SVU�S�H$LTS�[\XZ�VRYXZI%U � µ_µ�µ}���)�

/�µ   ÏoS � K$M^R � µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���1>
/�µ  \µ^� � LTI��)L��;�jQJSV«-��¯yXZI%K$L]µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���1>
/�µ  \µ � Ë I%��H-�;LYX � I%U5I�m<H$LTS�[\XZ�VRYXZI%U �&% X^RY« �nSVU ¾ �;U$­©�;U$U�I%R��;RYXZI%UBµ}���1>
/�µ  \µ   Ë I%��H-�;LYX � I%U % X^RY«ØS�ÓyHJSVLYX^�GSVU�R��;M^M^× [$SVRTSVLY��X^U�S�[(' �yXVZM[�I

� R��;LYR � X^RTS � µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���10
/�µ  \µ / 6W«�I%LYRz�®SVU�S�� �T� S �T� �GSVU�R µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}���10

/�µ / ³eX � �VK �T� XZI%U µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}��  �
) 3 É ¥+*°¥�¤;¹¼¢�����¥ Ç ¸-��4 &+* &,* 3 �����-¤%¢Ì£¼»��-#%�-¤/. �$·)£�¥W¤;¢���� 	 ¤������ ,
£�¥W¤�&(��£¼¢0# ¹ ¶ ¢�¹�·+�#*4¥W¤�1 �
<!�
�\µ^� 
 U�RYLTIy[\K��VRYXZI%U µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}� /��
�\µ � ¾ ��×®S � XÌ�;U§�GIW[$SVM§µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}� /� 

�\µ �\µ^� *oXZ[$[$SVU 6ySV��Xn' ¨ �;LY­®I¼¯©�GIW[$SVM!µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}� /� 
�\µ �\µ � � LYXZI%Lo[\X � RYLYX^Q$K$RYXZI%U � µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}� /?>

�\µ   ¨ Ë ¨ Ë �;M��®I%LYX^RY«$� µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}� /?>
�\µ  \µ^� ÏoSV¯®SVL � X^Q$MZS�Ö)K$��H ¨ Ë ¨ Ë �;M��®I%LYX^RY«$� µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}� /?>
�\µ  \µ � ¨ I¼¯®S �&% X^RY«�I%K$Ro��«-�;UP�)X^UP�c�GIy[$SVMr[\X^�GSVU � XZI%U µ�µ_µ_µ�µ_µ�µ}� /
D
�\µ  \µ   � HJ[��;RYX^UP�GRY«�S % XZ[\RY«§I�m<QJI�Ó � R��;RTS � µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}� /?0
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�\µ  \µ / � H°[��;RYX^UP�GRY«�S � K$H$H°I%LYRNI�m<RY«�S � H-�%��SVL]µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� �)�
�\µ  \µ � � H°[��;RYX^UP�GRY«�S ¨ �;LY­®I¼¯WXÌ�;U§I%LT[$SVLÁI�m'RY«�S�Q-�%��­ �)LTI%K$U�[Bµ�µ�µ	� �\�

�\µ / ²ÁH$H$M^XZ���;RYXZI%U � µ�µ�µ_µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� �)�
�\µ /�µ^� ³��;R�� � SVR � µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� �)�
�\µ /�µ � ÏoS � K$M^R � µ_µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� �)�

�\µ � Ë I%U��VM^K � XZI%U]µ�µ�µ�µ_µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� �)�
�\µ > ²ÁH$H°SVU�[\X Ó µ�µ�µ�µ_µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� �10
* ��$�·?�w¸r¹¼¢�� $r¹�¥�£ 4"¥�¤;¹54"¥W·)£¼¢7*4¥�¹ ��� �

3 	 ¤�
Wº'¢�·)£¼¢�� $�º'¥ �-½#$r¥W¹ ��� )
²iµ^� � LT��[\X^LTS�MZS � �®ªVU�S � µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�5>1>
²iµ � ¨ IW[$�VM^X � �;RYXZI%U§[$S�MÌ� � ��±WK�SVU���S_[�OP²e³e´ SVR�H$LT��[\XZ�VRYXZI%U G �1I�WPI FJIJZBµ�µ	�5>1>

²�µ �\µ^� ¨ IW[$�VM^X � �;RYXZI%U5[$S�MÌ��RTS�ÓyRYK$LTS µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�5>)�
²�µ �\µ � � LT��[\XZ�VRYXZI%U�[$S � �®ªVU�S � �GH-�;LYRYX^Le[$S�MÌ���GIy[$�VM^X � �;RYXZI%U�[$S�MÌ�

RTS�Ó\RYK$LTS�µ�µ_µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�5>10
²�µ �\µ   ¨ IW[$�VM^X � SVLG[$S}M�O «��VRT�VLTI��®�VU��VX^RT�5[$S ��� ��±�K�SVU���S � H°I%K$L�H$LT�5'

[\X^LTS�MZS � mwLTI%U�RYXZªVLTS � [$S � �®ªVU�S � µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�5>10
²�µ �\µ / ¨ IW[$�VM^X � �;RYXZI%UG[$S �<� X��)U-�;K\Ó�SVR [$�VRTS��VRYXZI%Uc[$S � �®ªVU�S � �oX^UWRYLTI%U � � Dy�
²�µ �\µ � � LT��[\X^LTS � �;U � �GIy[$�VM^X � SVLNMÌ� � ��±WK�SVU���S�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� D%�

²iµ   ¨ �VRY«�IW[$S � S�ÓyRYLYX^U � ª�±WK�S � µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� D�/
²�µ  \µ^� Ë I%��H-�;L��;X � I%U!²Á³n´$'�H$LTI%RT�VX^U�SØµ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� D�/
²�µ  \µ � Ë I%��H-�;L��;X � I%U!²Á³n´$'?²ÁÏÁ´o� µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� D �
²�µ  \µ   Ë I%��H-�;L��;X � I%U!²Á³n´$'?²Á³n´ µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� D �

²iµ / 6WK�����ª � SVR�M^X^��X^RTS � �%�VRYK�SVM^MZS � [$S_MÌ��H$LT��[\XZ�VRYXZI%U5[$Sy�®ªVU�S � µ_µ�µ_µ�µ�µ	� D �
²�µ /�µ^� 
 M^M^K � RYL��;RYXZI%U [$S MÌ� ��I%��H$MZS�ÓyX^RT� [$S � m��%�VRTSVK$L � [\K � K�����ª �

[�O K$U§[$�VRTS��VRTSVK$Le[$Sy�®ªVU�S � µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	� D �
²�µ /�µ � ³eX^¯®SVL � X^RT�_SVRNX^UWRT�,�)L��;RYXZI%U5[$S � �;H$H$LTIW��«�S � µ_µ�µ_µ_µ�µ_µ�µ�µ	� D >
²�µ /�µ   � SVL � K$U�S_Q°I%U$U�S_�;U$U�I%R��;RYXZI%U![$S �N� ��±WK�SVU���S � �®�VU�I%��XZ±WK�S �f� � D1D

. ������� È ¹�¥�¤�&:��$�¸-��� �
	 �
¾ µ^� 
 U�RYLTIy[\K��VRYXZI%U µ�µ�µ_µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	���)�
¾ µ ��*ÁXZ[$[$SVU ¨ �;LY­®I�¯ ¨ Iy[$SVM � �P* ¨5¨ � µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	���)�

¾ µ �\µ^� 6H* ��� O � * ¨5¨ � mwI%LN³n´e² � S�±�K�SVU���S � µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	���)�
¾ µ �\µ � Ò<Ó��;��H$MZS�I�m"� � X^��H$MZS��GIy[$SVM�mwI%L$�®SVU�S_[$SVRTS��VRYXZI%U µ�µ_µ�µ�µ	���\�
¾ µ �\µ   * ¨5¨ � HJS��VXn{-���;RYXZI%U {�MZS ¦�
���������� < {�MZS > µ�µ�µ_µ_µ�µ_µ�µ_µ}���) 
¾ µ �\µ / � Q � SVLY¯®S�[ � S�±�K�SVU���S � {�MZS�M^X � R ¦�
������ < {�MZS > µ�µ_µ_µ�µ_µ�µ_µ}���10

¾ µ   � «�S ������� �!��� "�# S�Ó$S��VK$R��;Q$MZS µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�50)�
¾ µ  \µ^� Ò ¨ �;M��®I%LYX^RY«$�%$ ¾ �;K$�3' � SVMZ��«��;M��®I%LYX^RY«$� µ�µ_µ_µ�µ_µ�µ�µ	�50)�
¾ µ  \µ � 
 U$H$K$R<{�MZS � µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�50) 
¾ µ  \µ   � K$RYH$K$Rz{�MZS � µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�50 �

¾ µ / � «�S ������� ��&�' #(��)+*,' S�Ó$S��VK$R��;Q$MZS µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�501>
¾ µ /�µ^� � X^RTSVLYQ$X��;M��®I%LYX^RY«$� µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�50+D
¾ µ /�µ � 
 U$H$K$R<{�MZS � µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ	�50+D
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¾ µ /�µ   � K$RYH$K$R<{�MZS � µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�50)�¾ µ � � «�S ��� � � � � ' � � � S�Ó$S��VK$R��;Q$MZS µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�5010
¾ µ �\µ^� 6WX^��K$MÌ�;RYX^UP� �;U.* ¨!¨ µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�5010¾ µ �\µ � 
?U$H$K$R {�MZS � µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�5010
¾ µ �\µ   � K$RYH$K$R<{�MZS � µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ}�5010¾ µ >�6yI%�GS�H$LTS��VX � XZI%U � ��I%U���SVLYU$X^UP�cRY«�S�[$S � X��)U5I�m'RY«�S � I%K$LT��S���IW[$S�µ_µ�µ��)�)�

¾ µ D *���� #��������
	���
�� � � SVLYM � �VLYX^H$R!X^U�¯®I%­yX^UP� 6H* ��� mwI%L5Q-�%�VRTSVLYXÌ�;M�®SVU�S_[$SVRTS��VRYXZI%U0µ_µ�µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ��)�\�¾ µ Dyµ^� ¨ I%RYX^¯)�;RYXZI%U µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ��)�\�
¾ µ Dyµ � � «�S *���� #��������
	���
�� ��I%���c�;U�[]M^X^U�S µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ��)�\�¾ µ Dyµ   * ¨!¨ m I%LNQ-�%�VRTSVLYXÌ�;M��®SVU�S�[$SVRTS��VRYXZI%U5µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ��)�)�
¾ µ Dyµ / � «-�;RN[$IyS � *���� #������ �
	���
�� � µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ��)� �
¾ µ Dyµ � *ÁI % RTI LTSVRYLYXZSV¯®S5� {�RYRTS�[ �GIW[$SVM$mwI%L	K � S % X^RY« RY«�S 
�� �

<
��� �������������

> I%H$RYXZI%U µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ_µ�µ�µ_µ�µ_µ�µ��)�1>¾ µ � ²��T­yU�I % MZS�[^�)�GSVUWR � µ�µ_µ�µ_µ�µ_µ_µ�µ�µ�µ_µ�µ_µ_µ�µ_µ�µ�µ�µ_µ_µ�µ_µ�µ��)�1>
* 	 ¸!���w¢z·?�\£¼¢7� $r¹ 2�� 	
.�¢�����¢����-¤�� 4'»'¢�¥ 2�� 	
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²oK���I%K$L � [$S � [\X Ó![$SVLYU$XZªVLTS � �;U$U���S � �JM�O X^U^mwI%LY�c�;RYXZI%Us�®�VU��VRYXZ±WK�SG�c�VRT����X � S1�
H°I%LYRT��S�[$Se�c�;X^U§[$S � Q$XZI%MZI��)X � RTS � H-�;L�K$U]S �T� I%L���I%U � XZ[$�VL��;Q$MZS_[$S � RTS���«$U�I%MZI��)XZS � [$S
� ��±�K�SVU>=����®S�[$S�M�OP²Á³n´�µ>_r� � ��±�K�SVU���S_��I%��H$MZªVRTSi[\K:�®�VU�I%�GS�[$S_U�I%��Q$LTSVK\Ó5I%L-����'
U$X � �GS � S � R [$� �-�e[\X � HJI%U$X^Q$MZS��%SVR'HJI%RTSVU�RYXZSVM^MZSV�GSVUWRM���)OPS � R<MÌ� � ��±WK�SVU���S [$S�U*O X^��HJI%LYRTS
±�K�SVMH�®�VU�I%�GS�±�K$XyHJSVK$R'�c�;X^UWRTSVU-�;U�R��VRYLTS>[$�VRTSVLY��X^U���S)µ�_ O X^U�RTSVLYH$LT�VR��;RYXZI%U	[$S ��S �<� �5'
±�K�SVU���S � S � R"[$I%U���U-�;RYK$LTSVM^MZSV�GSVU�R [$SV¯®SVU�K�SoK$UGSVU%��SVKc��SVUWRYL��;M-[$S�MÌ�eQ$XZI%MZI��)XZS)µ ¨ �;X �
��SVRYRTS�X^U�RTSVLYH$LT�VR��;RYXZI%U HJI � S��JSVU�RYLTS	�;K$RYLTS � ��[�O X^��H°I%LYR��;UWR � H$LTI%Q$MZªV�GS � �G�VRY«�Iy[$I%MZI�'�)XZ±�K�S � HJI%K$L"MZS � ±WK�SVM � MZS � �;H$H$LTIW��«�S � m I%U�[$��S � � K$L K$U�SN[$S � �VLYX^H$RYXZI%U	[$S�MÌ� � ��±�K�SVU���S�eRYL���¯®SVL � K$U��GIy[$ªVMZS H$LTI%Q-�;Q$X^M^X � RTS � S � I%U�R"[$� ���e�GI%U�RYLT��S � H°SVLYRYX^U�SVUWRTS � µ � �;LY��X�MZS �
�GIW[$ªVMZS � K$RYX^M^X � � � �°MZS � �GIy[$ªVMZS � [$S���«-�u¬ZU�S � [$S ¨ �;LY­®I�¯!���%�T«���S �wr * ¨5¨ ���$IJRPRPQ�Wa G�i A^Z � a ZHRPQ�[ t I%UWRÁH$LYX � K$U�S_H$MÌ�%��SiH-�;LYRYXZ�VK$M^XZªVLTS)µJÒ U5S���SVRM��X^M � ��I%U � RYX^RYK�SVU�RnK$U�S
� I%M^K$RYXZI%U � X^��H$MZS�H°I%K$LnHJSVLY�GSVRYRYLTS�K$U�S�[$S � �VLYX^H$RYXZI%U�H$LTI%Q-�;Q$X^M^X � RTS�[$S�M�O �;M^RTSVLYU-�;U���S
[$S�[\X��J�VLTSVUWR � R?×yHJS � [�OP�VMZ�V�GSVU�R � MZS�MZI%UP�c[$S �N� ��±�K�SVU���S � µ
Ë SVH°SVU�[��;UWRM�-M�O X^UWRTSVLYH$LT�VR��;RYXZI%U�[$S �o� ��±WK�SVU���S � LTS � RTS_MÌ�;L-�®SV�GSVU�ReRYLYX^Q$K$R��;X^LTS�[$S �

��I%U$U-�;X �T� �;U���S � [$� �-� �%��±WK$X � S � �°SVU5H-�;LYRYXZ�VK$M^XZSVLy�)L	�%��S3�}[$S � S�ÓyHJ�VLYXZSVU���S � µ°³n�;U � MZS
���%[\LTS}[$S M�O K$RYX^M^X � �;RYXZI%U�[$S � �GIW[$ªVMZS � H$LTI%Q-�;Q$X^M^X � RTS � �<MZS	RYLYX^Q$K$R � S	RYL��%[\K$X^R�H-�;L�MÌ�
��X � S©�;K HJI%X^U�RG[$S}�GIy[$ªVMZS � �%[��;H$RT� � �5MÌ�![$S � �VLYX^H$RYXZI%U�[$S � ��I%U$U-�;X �T� �;U���S � [$� �-�
[\X � H°I%U$X^Q$MZS � µ4Ò U m I%L�=��;U�R&�GHJSVX^U�SiMZS�RYL��;X^RM�°MZS � H-�;L��;�GªVRYLTS ��� I%U�ReMZSiH$M^K �e� I%K$¯®SVU�R
S � RYX^�G� �o� K$LoK$U���SVK5[$S_[$I%U$U���S � MZS_H$M^K �o��
 LNHJI �T� X^Q$MZS�SVU]LTS,���;LT[§[$Si��S � ��I%U$U-�;X � '
� �;U���S � µ*³nS1m���=�I%U SVU���I%LTS	H$M^K � U�SVRYRTS��*M�O �;LT�T«$X^RTS��VRYK$LTS [$S � �GIW[$ªVMZS � S � R��VMÌ�;Q°I%LT��S
H°I%K$LN��I%LYLTS � HJI%U�[\LTS�����S�±WK�S�M�OPI%U]��I%U$U-�u¬ZRe[$� �-�\µ_"OPI%Q\�YS��VRYXnm�[$S � RYL���¯)�;K\Ó0LT���;M^X � � � �;K ��I%K$L � [$SG��SVRYRTS�RY«�ª � SGS � R�[$S�H-�;LYRYXZ�VX^HJSVL
�;K�L��
�GU�SV�GSVU�Ri[$S�M�O K$RYX^M^X � �;RYXZI%U [$S � * ¨5¨ µ � M^K � H$LT���VX � �V�GSVUWRM�*M�O �uÓ$S � K$X^¯yX ¯WX � S����I%U�RYLYX^Q$K�SVL ��M�OP�VMÌ�;L-�)X �T� SV�GSVUWR}[\K���«-�;��H [�O �;H$H$M^XZ���;RYXZI%U [$S � �G�VRY«�Iy[$S � [�OPS � '
RYX^�c�;RYXZI%U�SVRG[$S � �VMZS��VRYXZI%U�[$S �GIW[$ªVMZS !5U�I%U � K$H°SVLY¯yX � ��S � #)µ Ë S � �G�VRY«�Iy[$S � U�S
� O �;H$H$K$XZSVU�RGH-� ��� K$L�K$U��YSVK�[$S [$I%U$U���S �G� K$H$HJI � � H$LTI%H$LTS HJI%K$Lc�u� K � RTSVL�MZS �GI�'
[$ªVMZS)µ�Ò M^MZS � HJSVK$¯®SVU�R�[$I%U����<[��;U � K$U�S	��SVLYR��;X^U�S}�GS � K$LTS���H$LTI%H°I � SVL�[$S	U�I%K$¯®SVM^MZS �
[$S � �VLYX^H$RYXZI%U � [$S � [$I%U$U���S � µ Ë OPS � R�H°I%K$LT±WK�I%X � SVM^MZS � HJI%LYRTSVU�R�K$U S � H°I%X^L�[$S � I%LYRYX^L
H-�;LYRYXZSVM^MZSV�GSVU�Rn[\K©H$LTIW��S �T� K � [$SnLTSVH$LTIW[\K��VRYXZI%U![$S � ��I%U$U-�;X �T� �;U���S � µ

�*LTI%X � [$I%�c�;X^U�S � [�O �;H$H$M^XZ���;RYXZI%U5[$S � * ¨5¨ H°I%K$L M�O �;U-�;M^× � S�[$S � �®�VU�I%�GS � Q-�%�5'
RT�VLYXZSVU � I%UWR��VRT� �;Q°I%LT[$� � [��;U � ��SVRYRTScRY«�ª � S ¦ MÌ�§[$S � �VLYX^H$RYXZI%U SVR�M�O X^UWRTSVLYH$LT�VR��;RYXZI%U
[$S � «��VRT�VLTI��®�VU��VX^RT� � [$SN��I%��HJI � X^RYXZI%U���MÌ�_[$�VRTS��VRYXZI%U}[$S � LT�,�)XZI%U � RYL��%[\K$X^RTS � SVUcH$LTI�'
RT�VX^U�S � �4SVReSVU^{�U��°MÌ��LTS��T«�SVLT��«�S�[$S � �GI%RYXnm �e� RYLYK��VRYK$LT� � ±�K�S � I%UWRÁMZS � H$LTI%�GI%RTSVK$L � µ_r�G�G�VRY«�Iy[$I%MZI��)XZS�SV��H$MZI�×®��S�[��;U � MZS � [$SVK\Ó§H$LTSV��XZSVL � RYL���¯)�;K\Ó5LTSVHJI � S�S �T� SVU�RYXZSVMn'
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MZSV�GSVUWR � K$LnM�OPS � RYX^�c�;RYXZI%U [$S � H-�;L��;�GªVRYLTS � [�O K$U * ¨5¨ H-�;L��c�uÓyX^��X � �;RYXZI%U [$S�MÌ�
¯yL��;X � SV��Q$MÌ�;U���Se[$S�MÌ� � ��±�K�SVU���SNI%Q � SVLY¯®��S)µB_*S�RYLTI%X � XZªV�GSNH$LTI%Q$MZªV�GSoS � R"¯WK � I%K � K$U
�;UP�)MZSi[$S��T«�I%X Ó§[$S��GIW[$ªVMZS)µ 
?M � S � X^RYK�S�[��;U � K$U�S��;H$H$LTIW��«�S�Q-��×®� � XZSVU$U�S���X � S�SVU
�nK$¯yLTS$�)L	�%��Sy��K$U �;M��®I%LYX^RY«$�GS�[$S ¨ I%U�RTS5' Ë �;LYMZI�H-�;L �T«-�u¬ZU�S � [$S ¨ �;LY­®I¼¯�� � �;K$R �
LT�V¯®SVL � X^Q$MZS ��r �yQ���Q�i�K-I ��[JQ �^O�c � ¨ Ë ¨ Ë t µ_rSn�c�;U�K � �VLYX^RNS � R�I%L-���;U$X � �nSVU©�VX^U�±c��«-�;H$X^RYLTS � µ>_*SeH$LTSV��XZSVL�¯yX � Sq��K$U�SeX^UWRYLTI�'
[\K��VRYXZI%U�MÌ�;L-�®S��;K�H$LTI%Q$MZªV�GS�[$S�MÌ�c�GIW[$�VM^X � �;RYXZI%U�[$S �n� ��±WK�SVU���S � [$Si�c�%�VLTI%�GI%MZ�5'
�VK$MZS � Q$XZI%MZI��)XZ±WK�S � µ�_*S � S���I%U�[5��«-�;H$X^RYLTS�[$�VR��;X^M^MZS�MZS � H$LYX^U��VX^H-�;K\Ó!� � HJS��VR � �c�;RY«��5'
�c�;RYXZ±WK�S � SVR��;M��®I%LYX^RY«$��XZ±�K�S � [$SGM�O K$RYX^M^X � �;RYXZI%U [$S � �T«-�u¬ZU�S � [$S ¨ �;LY­®I�¯0���%��«���S � µ� U�S�H$MÌ�%��S�H-�;LYRYXZ�VK$M^XZªVLTS�×}S � R m��;X^RTS���MÌ��H$LT� � SVU�R��;RYXZI%U5[$S_M�O �;H$H$LTIW��«�S_Q-��×®� � XZSVU$U�S
[$S � �VMZS��VRYXZI%U	[$S �GIW[$ªVMZS)µ]_rS � RYLTI%X � [$SVLYU$XZSVL � ��«-�;H$X^RYLTS � � I%UWR"LT��[\X��®� �"� I%K � MÌ�4m I%LY�GS
[�O �;LYRYXZ�VMZS � SVR�H$LT� � SVU�RTSVU�R�MZS � RYL���¯)�;K\Ó LT���;M^X � � � �;K ��I%K$L � [$Sc��SVRYRTS	RY«�ª � S ¦ �VRYK�[$S
[$S � «��VRT�VLTI��®�VU��VX^RT� � �-H$LT��[\XZ�VRYXZI%U![$Sq�®ªVU�S � �$H$K$X � LTS���«�SVLT�T«�S�[$Sn�GI%RYXnm �Á� RYLYK��VRYK$LT� � µ
³nSVK\Ó �;U$U�S�Ó$S ��� I%UWR��;K �T� X�X^U��VM^K � S � µ/_r�5H$LTSV��XZªVLTS ��I%U�RYXZSVUWR�K$U �T«-�;H$X^RYLTS©[$S

M^X^¯yLTS©H$LT� � SVUWR��;U�R}MZS � H$LYX^U��VX^H-�;MZS � �;H$H$LTIW��«�S � HJI%K$LGMÌ��H$LT��[\XZ�VRYXZI%U [$S �®ªVU�S � µ�_r�
� S���I%U�[$S�S � ReMÌ�	[$IW�VK$�GSVUWR��;RYXZI%U [\K5MZI��)XZ�VXZSVM 	�� 
�� �°[$�V¯®SVMZI%H$HJ��H°I%K$LnHJSVLY�GSVRYRYLTS
K$U�S�K$RYX^M^X � �;RYXZI%U � I%K$H$MZS_[$S � * ¨!¨ [��;U � MZS�[$I%�c�;X^U�Si[$SnM�O �;U-�;M^× � S_[$S �N� ��±WK�SVU���S �
Q$XZI%MZI��)XZ±WK�S � µ
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Ë S��T«-�;H$X^RYLTS�H$LT� � SVU�RTS�MZS����%[\LTS�[$S�M�O K$RYX^M^X � �;RYXZI%U [$S � �GIW[$ªVMZS � [$S���«-�u¬ZU�S � [$S¨ �;LY­®I¼¯!���%��«���S � HJI%K$L�M�O �;U-�;M^× � SG[$S �_� ��±WK�SVU���S � [$S � RYLTI%X � H$LYX^U��VX^H-�;K\Ó�R ×WHJS � [$S
�c�%�VLTI%�GI%MZ���VK$MZS � Q$XZI%MZI��)XZ±�K�S � ±WK�S � I%UWRrM�OP²e³e´���M�OP²eÏo´�SVR'MZS � H$LTI%RT�VX^U�S � µ 
 M�[$�VQ$K$RTS
H-�;L K$U�SÁH$LT� � SVU�R��;RYXZI%U©[$So��S � �GI%MZ���VK$MZS � ¯WX � �;U�R<���GSVRYRYLTSeSVUcM^K$��XZªVLTSÁMZSoL�;%MZS"��I%K��
H-�;L MZSVK$L � � ��±�K�SVU���S � µ _r� � S��VRYXZI%U5�)µ �_[$���VLYX^R>SVU � K$X^RTSo��I%���GSVUWR�MZSÁ[$�V¯®SVMZI%H$H°SV�GSVUWR
[\K � ��±WK�SVU>=����®S��+�)L��;U�[$S����T«�SVM^MZS�[$S_M�OP²e³n´D��H$MÌ�%���iMZS�H$LTI%Q$MZªV�GS�[$S_M�O X^UWRTSVLYH$LT�5'
R��;RYXZI%U![$Si��S �Á� ��±WK�SVU���S � �;K!��IySVK$LÁ[$S � H$LT��IW���VK$H-�;RYXZI%U � [$S�MÌ�GQ$XZI%MZI��)XZS��%�VRYK�SVM^MZS)µ_r� � S��VRYXZI%U �)µ  5��I%U � RYX^RYK�ScK$U�ScX^U�RYLTIy[\K��VRYXZI%U �©M�O �;U-�;M^× � S}[$S �i� ��±WK�SVU���S � mwI%U�[$��S
� K$L�MZSVK$L��GIW[$�VM^X � �;RYXZI%U H$LTI%Q-�;Q$X^M^X � RTS)µ Ë SVRYRTS}[$SVLYU$XZªVLTS � S��VRYXZI%U � O �%�T«�ªV¯®S	H-�;LiK$U�S
H$LT� � SVU�R��;RYXZI%U�[$S � �GIW[$ªVMZS � [$S��T«-�u¬ZU�S � [$S ¨ �;LY­®I�¯!���%�T«���S � ±WK$X � SVL��GH°I%K$L � K$X^¯WXZS
[��;U � MZS_�T«-�;H$X^RYLTS��\µ
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ProtéineARNADN

transcription traduction

réplication

� ��� ���)µ^��!"_*S#"�K\Ó [$SnM�O X^U^m I%LY�c�;RYXZI%U.�®�VU��VRYXZ±WK�S

$�%�$ &('�)+*-,/.0,�132�)5461�7�8:9<;3,�13,�=/;3>?467�8 @BADCFE0GBADHIE 75J
K *L,MJN2�;3OP7�8

Ë SVLYR��;X^U � I%L-���;U$X � �GS � ¯yX^¯%�;UWR ��� I%U�R ��K$M^RYXZ��SVM^M^K$MÌ�;X^LTS � �-[�O �;K$RYLTS �N� I%UWR K$U$XZ��SVM^M^K^'
MÌ�;X^LTS � �c�;X � �'[��;U � RTI%K � MZS � ��� � �*MÌ�]��SVM^M^K$MZS}S � RiM�O K$U$X^RT�c¯yX^¯%�;UWRTS	�VMZ�V�GSVUWR��;X^LTS)µ�_r�
��SVM^M^K$MZS}S � R � �VH-�;LT��S	[\K LTS � RTS}[\K �GI%U�[$S}H-�;L��;K �GI%X^U � K$U�SG�GSV��Q$L��;U�S©SVR�SVM^MZS
HJI �T� ª�[$ScMÌ�§���;H-�%�VX^RT� [$S � SGLTSVH$LTIy[\K$X^LTS)µ�6ySVMZI%U MZSVK$L�I%L-���;U$X � �;RYXZI%U��<I%U�[\X � RYX^UP�)K�S
[$SVK\Ów�)L��;U�[ � R?×yH°S � [$So��SVM^M^K$MZS � ¯WX^¯)�;U�RTS � ¦ MZS � ��SVM^M^K$MZS � H$LTIW���;LY×®I%RTS � �®LTSVMÌ�;RYX^¯®SV�GSVU�R
� X^��H$MZS � SVR ��I%U � RYX^RYK���S � S �T� SVUWRYXZSVM^MZSV�GSVU�RÁ[�O K$U©K$U$XZ±WK�S���I%��H-�;LYRYX^�GSVU�R �°SVR MZS � ��SVMn'
M^K$MZS � SVK����;LY×®I%RTS � �>��I%��H-�;LYRYX^�GSVU�RT��S � ��SVR � I%K$¯®SVU�R}Q°S��;K���I%K$H H$M^K � �)L��;U�[$S � ±WK�S
MZS � ��SVM^M^K$MZS � H$LTIW���;LY×®I%RTS � µ�²oMZI%L � ±�K�SnMZS � I%L-���;U$X � �GS � ��K$M^RYXZ��SVM^M^K$MÌ�;X^LTS �1r ¯®�,�®�VR��;K\Ó��
��«-�;��H$X��)U�I%U � SVRo�;U$X^�c�;K\Ó t�� I%U�RNRTI%K � [$S � I%L-���;U$X � �GS � SVK����;LY×®I%RTS � �-X^MrS�Ó\X � RTS�[$S �
I%L-���;U$X � �GS � K$U$XZ��SVM^M^K$MÌ�;X^LTS � �;K ��� XWQ$XZSVU�SVK����;LY×®I%RTS �zr �;M��)K�S � K$U$XZ��SVM^M^K$MÌ�;X^LTS � �%MZSV¯yK$LTS � �
H$LTI%RYX � RTS �5t ±�K�SnH$LTIy���;LY×®I%RTS � r SVK$Q-�%�VRT�VLYXZS � SVRÁ�;LT��«���S �ut µ
²ÁKGU$X^¯®S��;Kc��«$X^��XZ±�K�SoRTI%K$RTS � MZS � ��SVM^M^K$MZS � ¯WX^¯)�;U�RTS � ��I%U�RYXZSVU$U�SVUWR�MZS � RYLTI%X � H$LYX^U^'

�VX^H-�;K\Ó R ×WHJS � [$S �c�%�VLTI%�GI%MZ���VK$MZS � Q$XZI%MZI��)XZ±�K�S � ±WK�S � I%UWR§M�O �%�VXZ[$S [$� � I�Ó\×WLYX^QJI�'
UWK��VMZ�VXZ±�K�S r ²Á³n´ t ��M�O �%�VXZ[$SGLYX^QJI�'�U�K��VMZ�VXZ±WK�S r ²eÏo´ t SVR_MZS � H$LTI%RT�VX^U�S � µ��rI%K � RYLTI%X �
� I%UWR [$S � SVU���«-�u¬ZU�SV�GSVU�R � U�I%UiHJ�VLYXZIW[\XZ±WK�S � SVR'I%LYXZSVUWRT� � [�O K$U�H°SVRYX^R'U�I%��Q$LTS�[$S��GI�'
MZ���VK$MZS � �VMZ�V�GSVU�R��;X^LTS � µ9_ OP²Á³n´BSVRoM�OP²eÏo´ � I%UWRe[$S � �%�VXZ[$S � U�K��VMZ�VXZ±WK�S � ��I%U � RYX^RYK�� �
��«-�%�VK$UG[$S>±WK-�;RYLTS>R?×yH°S � [$S�U�K��VMZ��I%RYXZ[$S � µ]_*S � U�K��VMZ��I%RYXZ[$S � [$S�M�OP²e³n´�SVR [$S>M�OP²ÁÏÁ´
[\X���ªVLTSVU�R<MZ�,�®ªVLTSV�GSVU�R"SVR � I%UWR'XZ[$SVUWRYXn{-� � LTS � HJS��VRYX^¯®SV�GSVU�R H-�;L'MZS � MZSVRYRYLTS � {a, g, c, t}HJI%K$LnM�OP²Á³n´DSVR {a, g, c, u} HJI%K$LnM�OP²ÁÏÁ´iµf_*S � H$LTI%RT�VX^U�S ��� I%U�R�±WK-�;U�R��	SVM^MZS � [$S ���«-�u¬ZU�S � [�O �%�VXZ[$S � �;��X^U�� � µ Ë SVK\ÓH'?�VX � I%UWRo�;K©U�I%��Q$LTS_[$Sn¯yX^UP�)R {A,C,D, . . .} µP_��[\X^¯®SVL � X^RT��[$S �n� ��±WK�SVU���S � [$Si��S � �c�%�VLTI%�GI%MZ���VK$MZS � S � Rq�GM�OPI%LYX��)X^U�S�[$SiMÌ�	[\X^¯®SVL � X^RT�
Q$XZIy�T«$X^��XZ±WK�S�[\K©�GI%U�[$S�¯WX^¯)�;U�R�µ_�� [$S � �VLYX^H$RYXZI%U3[$S � LTSVMÌ�;RYXZI%U � SVU�RYLTS5MZS � � ��±�K�SVU���S � [�OP²e³e´�� [�OP²eÏo´ SVR [$S
H$LTI%RT�VX^U�S � S � RÁMZSi� �nK$Ln[$SiMÌ��RY«���I%LYXZS�[$S�MÌ�GQ$XZI%MZI��)XZS��GI%MZ���VK$MÌ�;X^LTS r 0'X���µ'�)µ^� t µ�_*S �
�GI%MZ���VK$MZS � [�OP²e³n´ � I%U�R>MZS � K$H$H°I%LYR [$SÁM�O X^U^mwI%LY�c�;RYXZI%Ul�®�VU��VRYXZ±WK�S)µ Ë SVRYRTSeX^U^m I%LY�c��'
RYXZI%U � S�HJSVLYH°�VRYK�S��)L	�%��S��;K5�G�����;U$X � �GS�[$S�LT�VH$M^XZ���;RYXZI%U�[$S_M�OP²e³n´iµf_"OPS�ÓyH$LTS ��� XZI%U
[$SiM�O X^U^mwI%LY�c�;RYXZI%U �®�VU��VRYXZ±WK�S�LTSVHJI � S � K$LoMÌ�cRYL��;U � �VLYX^H$RYXZI%U�[$S_M�OP²e³n´BSVU5²eÏo´BSVR
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� K$LrMÌ�NRYL��%[\K��VRYXZI%UG[$S"M�OP²eÏo´ SVU�H$LTI%RT�VX^U�S)µ�_*S � �G�����;U$X � �GS � [$S�MÌ��RYL��;U � �VLYX^H$RYXZI%U�SVR
[$S�MÌ��RYL��%[\K��VRYXZI%U�� �T� K$LTSVU�RÁK$U "�K\Ó]K$U$XZ[\X^LTS��VRYXZI%U$U�SVM<[$S_M�O X^U^m I%LY�c�;RYXZI%U5[$S_M�OP²e³n´�}MÌ� H$LTI%RT�VX^U�ScSVU0H-� ��� �;U�R_H-�;L�M�OP²ÁÏÁ´iµ�_*S � H$LTI%RT�VX^U�S �i� I%UWR_MÌ� H$LYX^U��VX^H-�;MZSwmwI%LY�GS
[�OPS�ÓyH$LTS �T� XZI%Uc[$S�M�O X^U^m I%LY�c�;RYXZI%U+�®�VU��VRYXZ±WK�S���SVM^MZS � �YI%K�SVU�R�U�I%R��;���GSVU�R>K$UGL�;%MZSN�VLYK^'
�VXÌ�;Mn[��;U � M�O �%�����VMZ�VL��;RYXZI%U SVR}M�OPI%LYXZSVUWR��;RYXZI%UØ[$S � LT���%�VRYXZI%U � ��«$X^��XZ±�K�S � r ���;R��;M^× � S t
U�����S �T� �;X^LTS � ��MÌ��¯yXZS)µ
Ë SVRYRTS�H$LT� � SVU�R��;RYXZI%U S � RÁMZ�,�®ªVLTSV�GSVUWR � X^��H$M^Xn{-���;RYLYXZ��SG���;LnM�OP²eÏo´D��I%U � RYX^RYK�S�MZS

� K$H$H°I%LYR�[$ScM�O X^U^m I%LY�c�;RYXZI%UD�®�VU��VRYXZ±�K�S}[$S}��SVLYR��;X^U � ¯yX^LYK � µ/_"OP²ÁÏÁ´ S � R��;MZI%L ��� I%X^R
LT�VRYLTI%RYL��;U � �VLYX^R�SVU5²e³e´�� � I%X^RÁ[\X^LTS��VRTSV�GSVU�R�LT�VH$M^XZ±WK�� � I%K � m I%LY�GS�[�OP²ÁÏÁ´iµ>_��GLT�5'
RYLTI%RYL��;U � �VLYX^H$RYXZI%U5��I%U � RYX^RYK�S_K$U�S�X^U�¯®SVL � XZI%U![\K "�K\Ó][$SnM�O X^U^mwI%LY�c�;RYXZI%U �®�VU��VRYXZ±�K�S)µ
Ë SVRYRTS � S��VRYXZI%U!�;QJI%LT[$Si[��;U � K$U5H$LTSV��XZSVLeRTSV��H � MÌ�G[$S � �VLYX^H$RYXZI%U�[$S�MÌ��U-�;RYK$LTS

�T«$X^��XZ±WK�SG[$S�M�OP²e³e´���[$S�M�OP²eÏo´ SVR�[$S � H$LTI%RT�VX^U�S � SVR � S�H°I%K$L � K$X^R_H-�;L_K$U�S�H$LT�5'
� SVU�R��;RYXZI%U§[$S_MZSVK$L �N� ��±WK�SVU���S � µ

��������� �������������! �"$#%"$&	�'��(��*)+#%���,��-.#%-./�0*�1��/��*)32�"4-5/4-76."$&	�'�*)

8 ��º��4¸-����¥§»-

�w¢�·®¥§º�9 3 ¶;:
� U�UWK��VMZ��I%RYXZ[$ScS � Ri��I%U � RYX^RYK��G[�O K$U�S�Q-� � S��r[�O K$U �)LTI%K$H°SGH$«�I � H$«-�;RTSGSVR�[�O K$U

� K��VLTS)µP_*S � UWK��VMZ��I%RYXZ[$S � [$SnM�OP²e³e´ [\X���ªVLTSVU�RNMZS � K$U � [$S � �;K$RYLTS � K$U$XZ±�K�SV�GSVUWRoH-�;L
MZSVK$LNQ-� � S_±WK$X*HJSVK$R4�VRYLTS�M�O �%[$�VU$X^U�S��4MÌ�3�)K-�;U$X^U�S���MÌ�c�V×WRTI � X^U�S_I%K]MÌ��RY«W×W��X^U�S)µf_*S �
Q-� � S � HJI%LYRTSVU�RÁM�O X^U^mwI%LY�c�;RYXZI%U �®�VU��VRYXZ±WK�Si�;MZI%L � ±�K�S�MZS � K��VLTS�SVRoMZS_H$«�I � H$«-�;RTSiI%U�R
K$U L�;%MZS [$S � RYLYK��VRYK$LTS)µo_*S � UWK��VMZ��I%RYXZ[$S �G� OPSVU��T«-�u¬ZU�SVUWRcSVU�K$U�MZI%UP�!Q$LYX^U�[�OP²e³n´
H-�;L [$S � M^XÌ�;X � I%U � ��I�¯)�;MZSVU�RTS � SVUWRYLTS�MZS � K��VLTS�SVR}MZS!H$«�I � H$«-�;RTS�[$S � UWK��VMZ��I%RYXZ[$S �
�%[;�Y�%��SVUWR � µ_r�l0'X��)K$LTS]�)µ �}LTSVH$LT� � SVUWRTS�MÌ� � RYLYK��VRYK$LTSGSVU0[$I%K$Q$MZS�«��VM^XZ��SG[�O K$U�SGH°SVRYX^RTS��GI�'
MZ���VK$MZS�[�OP²Á³n´ I%Q$RTSVU�K�S�H-�;LN�VLYX � R��;M^MZI��)L��;H$«$XZS��;K\Ó}L���×®I%U �=< µ\Ò U$LTI%K$MZ�_SVU][$I%K$Q$MZS
«��VM^XZ��S��JMÌ�}�GI%MZ���VK$MZSG[�OP²Á³n´ S � RnK$U�S��GI%MZ���VK$MZSG[�O K$U0[\XÌ�;�GªVRYLTSG[�OPSVU�¯yX^LTI%U 0, 2 ×
10−9 m �c�;X � [�O K$U�ScMZI%UP�)K�SVK$L � K$LYH$LTSVU-�;UWRTS)µ�Ò"U S���SVRM�*M�O X^U^m I%LY�c�;RYXZI%U��®�VU��VRYXZ±WK�S[�O K$U�Sc��SVM^M^K$MZScS � R���I%U�RTSVUWK�S	[��;U � K$U HJSVRYX^R_U�I%��Q$LTS}[$S��GI%MZ���VK$MZS � [�OP²Á³n´ ¦ MZS �
�T«$LTI%�GI � I%�GS � µP_rSe��«$LTI%�GI � I%�GS�[$SeMÌ�_Q-�%�VRT�VLYXZS '�K,Xgb�Q�i-IJX7bPI G�XVZM[�I��_K$U�SeMZI%UP�)K�SVK$L
H$«�× � XZ±�K�Si[$S 1, 4 × 10−3 m HJI%K$LNK$U§HJSVK§H$M^K � [$S�±WK-�;RYLTS_��X^M^M^XZI%U � [$S_H-�;X^LTS � [$SQ-� � S � µH_*S � �T«$LTI%�GI � I%�GS � «WK$�c�;X^U � �\[$SeH$M^K � XZSVK$L � [\X��¼�;X^U�S � [$SÁ��X^M^M^XZI%U � [$SÁH-�;X^LTS �
[$SoQ-� � S � �Bm I%U�R�SVK\ÓcH$M^K � XZSVK$L � ��SVU�RYX^�GªVRYLTS � µ Ë S � MZI%UP�)K�SVK$L �N� I%U�Rz����I%��H-�;LTSVL$�_MÌ�
[\X^�GSVU � XZI%U©��XZ�VLTI%�G�VRYLYXZ±�K�S�[$S � ��SVM^M^K$MZS ��r R?×yH$XZ±WK�SV�GSVU�RM� ∼ 1 × 10−6 m HJI%K$L�K$U�SQ-�%�VRT�VLYXZS_SVR 10 − 30 × 10−6 m H°I%K$L�K$U�S_��SVM^M^K$MZSi�;U$X^�c�;MZS t µ_r�	[$����I%K$¯®SVLYRTS�[$S�MÌ� � RYLYK��VRYK$LTSiSVU![$I%K$Q$MZSi«��VM^XZ��S�[$SiM�OP²Á³n´ H-�;L � �;R � I%U!SVRË LYXZ�T­ SVUØ�50 �) 0�!LT�V¯®I%M^K$RYXZI%U$U��5MÌ�!Q$XZI%MZI��)XZS)µ ¨ �;M��)LT�][$S � LT� � K$M^R��;R � S�Ó\H°�VLYX^�GSVU^'
R��;K\Ó H$K$Q$M^XZ� � [$ª � �50�/1/�SVR]±WK$X�H-�;L��;X �T� SVUWR§�;K%��I%K$LT[�O «WK$X�RYLTª � ��I%UW¯%�;X^U����;UWR � �NMZS
L�;%MZS�[$S�M�OP²e³n´B��I%���GS � K$H$HJI%LYRÁ[$S�M�O X^U^mwI%LY�c�;RYXZI%U �®�VU��VRYXZ±�K�S�U*O �G�VRT���%[\��X � H-�;L
M�OPSVU � SV��Q$MZSi[$S�MÌ����I%����K$U-�;K$RT� � �VXZSVUWRYXn{-±�K�Si±�K*O �;H$LTª � �50 �) \µU_*S � H$LTI%RT�VX^U�S � ��H$LT�5'
� SVU�R��;UWR�K$U�Sq�)L��;U�[$S�[\X^¯®SVL � X^RT��[$SeH$LTI%H$LYXZ�VRT� � �T«$X^��XZ±WK�S � �\H-�;L��;X �T� �;XZSVUWRo[$S4m �;X^R�[$S
�GSVX^M^MZSVK$LTS � ���;U�[\XZ[��;RTS � µ ¨ �;X � MÌ�][$S � �VLYX^H$RYXZI%U [$S	MÌ� � RYLYK��VRYK$LTS}SVU [$I%K$Q$MZS	«��VM^XZ��S
��X^R�SVU �V¯yXZ[$SVU���Sc[$SVK\Ó�H$LTI%H$LYXZ�VRT� � S �T� SVUWRYXZSVM^MZS � � MÌ�§��I%��H$LT�V«�SVU � XZI%U�[$S�L�;%MZSc[$S
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� ��� �y�)µ � !&6WRYLYK��VRYK$LTS>[$S MÌ�N[$I%K$Q$MZS «��VM^XZ��S�[�OP²e³n´iµM_rS � M^XÌ�;X � I%UiSVU�RYLTS �;RTI%�GS ��rw� �;K^m
«W×y[\LTI��®ªVU�S �ut�� I%U�R�LTSVH$LT� � SVUWRT��S � H-�;L�[$S � Q-�;LYLTS � µ�_rS � ±�K�SVMZSVRYRTS � K��VLTS5'�H$«�I � H$«-�;RTS
S � R�LTSVH$LT� � SVUWRT�©SVU�Q$MZSVK���MZS � Q-� � S � �%[$�VU$X^U�S©SVR�RY«W×W��X^U�S©SVU�LTI%KP�®S©SVR�MZS � Q-� � S �
�V×yRTI � X^U�S_SVR<�)K-�;U$X^U�SiSVU©¯®SVLYR�µ

M�OP²e³n´3��I%���GS � K$H$H°I%LYR [$SNM�O X^U^m I%LY�c�;RYXZI%U �®�VU��VRYXZ±�K�S)µy³�O K$U�SoH-�;LYRM�\SVM^MZSn���GI%UWRYLT�
MZSi���;L��%�VRTªVLTSiI%LT[$I%U$U���[$S_MÌ� � ��±�K�SVU���Si[$S � UWK��VMZ��I%RYXZ[$S � µ°Ò M^MZS��c[�O �;K$RYLTS�H-�;LYRÁ��X �
SVU!�V¯WXZ[$SVU���S�MÌ��U-�;RYK$LTS�[$I%K$Q$MZS�Q$LYX^U5[$S�MÌ���GI%MZ���VK$MZS�[�OP²e³n´ SVRoMÌ��LTª,�)MZSi[�O �;H$H-��'
LYXZSV�GSVUWRÁ[$S � UWK��VMZ��I%RYXZ[$S � [\X^RTS_[$S � �;R � I%U5SVR Ë LYXZ�T­Jµ Ë SVM^MZS5'?�VX*HJSVLY�GSVRN[$S_[$��[\K$X^LTS
MÌ� � ��±WK�SVU���Si[�O K$U�Q$LYX^U�SVU mwI%U��VRYXZI%U�[$SiM�O �;K$RYLTS ¦ a m��;X^R4m �%��S3� t SVR g � c µ Ë SVRYRTSI%Q � SVLY¯)�;RYXZI%U0��X^���G��[\XÌ�;RTSV�GSVUWR � KP���®�VLT�iMZS��G�����;U$X � �GS�[$SiLT�VH$M^XZ���;RYXZI%U�[$S�MÌ� � �5'
±WK�SVU���S ¦ ��«-�%±�K�SiQ$LYX^U � SVLYRo[$S_�GIy[$ªVMZS_HJI%K$LNMÌ� � ×WUWRY«�ª � S_[�O K$U§U�I%K$¯®S��;K!Q$LYX^U*µ��
H-�;LYRYX^L [$S���SVRYRTSo[$S � �VLYX^H$RYXZI%U��)MZS � H$LYX^U��VX^H-�;K\Ó��G�����;U$X � �GS � [$S�M�OPS�ÓyH$LTS ��� XZI%UG[$S M�O X^U^'m I%LY�c�;RYXZI%U �®�VU��VRYXZ±�K�S�SVU�²ÁÏÁ´BSVReSVU!H$LTI%RT�VX^U�S�I%U�R��VRT���VM^K��VXZ[$� � SVU!K$U�S�[\X��¼�;X^U�S
[�O �;U$U���S � µ

3 É :
_rS � UWK��VMZ��I%RYXZ[$S � [$SGM�OP²eÏo´ [\X��JªVLTSVUWR�[$S	��SVK\Ó [$SGM�OP²e³n´ H-�;L�MÌ�©U-�;RYK$LTS}[\K

� K��VLTS r LYX^QJI � S��;K M^XZSVK3[$S![$S � I�Ó\×yLYX^Q°I � S t SVR}MZS!LTSV��H$MÌ�%��SV�GSVU�R§[�O K$U�S!Q-� � S r MÌ�
RY«W×W��X^U�S t H-�;L K$U�S_�;K$RYLTS r M�O K$L��%�VX^MZS t µ>_ OP²ÁÏÁ´ØS � RM�\��I%���GSnM�OP²e³e´��yK$U�Se�GI%MZ���VK$MZS
M^X^U����;X^LTSn�c�;X � SVM^MZSeU�SÁ��I%��HJI%LYRTS�±WK*O K$U	Q$LYX^U©SVR>U�S � OPSVU$LTI%K$MZSe[$I%U��eH-� � SVU©[$I%K$Q$MZS
«��VM^XZ��S)µ_��_H$M^K$H-�;LYR�[$S � ²ÁÏÁ´ � I%U�R [$S � ²eÏo´ �GS �T� ���®SVL �qr ²eÏo´Á� t ±WK$X � I%U�R>RYL��%[\K$X^R �
SVU H$LTI%RT�VX^U�S � SVRiU*O �%��±WK$XZªVLTSVU�R�H-� � [$S � RYLYK��VRYK$LTS}RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS � R��;Q$MZS)µ Ë S5'
HJSVU�[��;U�R��)L	�%��Sv�_M�O �;H$H-�;LYXZSV�GSVU�RN[$S � Q-� � S � [�O K$U	�w�V�GSoQ$LYX^U��W��SVLYR��;X^U � ²eÏo´ [\X^R �
[$S � RYLYK��VRYK$LTS§�%��±�K$XZªVLTSVUWRcK$U�S � RYLYK��VRYK$LTS]RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS5��I%��H$MZS�Ó$S©HJI%K$¯%�;UWR
U�I%R��;���GSVUWR>��I%��HJI%LYRTSVL [$S � [$I%K$Q$MZS � «��VM^XZ��S � µ]_r�&0�X��)K$LTS��)µ  e�GI%U�RYLTSNMÌ� � RYLYK��VRYK$LTS
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� ��� ���)µ   !"6WRYLYK��VRYK$LTS_[�O K$U]²eÏo´3[$SnRYL��;U � m SVLYR�µ Ë SVLYR��;X^U�S � [$S � Q-� � S ��� I%UWR��GIW[\Xn'{-��S � µ

[�O K$U0²ÁÏÁ´D[$S�RYL��;U � mwSVLYR r ²eÏo´ÁR t I%Q$RTSVU�K�S�H-�;L_�VLYX � R��;M^MZI��)L��;H$«$XZS	�;K\Ó5L���×®I%U � < µ_*S � ²eÏo´ÁR<��I%K�SVUWRoK$U]L�;%MZSiS �T� SVUWRYXZSVMr[��;U � MÌ��RYL��%[\K��VRYXZI%U��4SVU§S���SVRM����«-�%±�K�S�R?×yH°S
[�OP²ÁÏÁ´oR HJI%LYRTS�K$U§�%�VXZ[$S��;��X^U��_SVR�LTS���I%U$U-�u¬ZRÁK$U]I%K][$S � RYLYX^H$MZSVR � [$S�UWK��VMZ��I%RYXZ[$S �r ��IW[$I%U t ±�K$XyM^K$X\��I%LYLTS � H°I%U�[$SVUWR�µ�_r�oLTS���I%U$U-�;X �T� �;U���S��NM^XZSVK��)L	�%��S<�NM�O �;H$H-�;LYXZSV�GSVUWR
[\K]��IW[$I%U§[$SnM�OP²eÏo´Á�j��¯®S���RYLTI%X � Q-� � S �N� K�����S �T� X^¯®S � [$S�M�OP²eÏo´ÁR r M�O �;U�RYXZ��Iy[$I%U t µ
	 ¤��-£5
W¢ $�¥�¹

_*S � ¯WX^UP�)R��%�VXZ[$S � �;��X^U�� � � I%U�R RTI%K � ��I%U � RYX^RYK�� � [�O K$U �;RTI%�GSn[$Se���;LYQ°I%U�Sn��SVU^'
RYL��;M �;K�±�K�SVM � I%UWRy{$Ó\� � K$U �)LTI%K$HJS����;LYQ°I�Óy×yMZS��JK$Us�)LTI%K$HJSG�;��X^U�S�SVR�K$U�S��T«-�u¬ZU�S
MÌ�;RT�VL��;MZS)µ 
 M � [\X���ªVLTSVU�R MZS � K$U � [$S � �;K$RYLTS � H-�;L�MÌ�_U-�;RYK$LTSe�T«$X^��XZ±WK�Se[$SNMZSVK$L �T«-�u¬ZU�S
MÌ�;RT�VL��;MZS)µ�_rS � �%�VXZ[$S � �;��X^U�� � [�O K$U�S H$LTI%RT�VX^U�S � I%UWR<M^XZ� � MZS � K$U � �;K\Ó��;K$RYLTS � H-�;L<M^XÌ�;Xn'
� I%U5��I¼¯%�;MZSVUWRTS�SVU�RYLTS�MZS��)LTI%K$HJS��;��X^U�S�SVReMZS �)LTI%K$H°S����;LYQ°I�Óy×yMZS)µ Ë SVRYRTS � ��±�K�SVU���S
SVU§�%�VXZ[$S��;��X^U��_S � RNH-�;L(m I%X � �;H$HJSVMZ��S � RYLYK��VRYK$LTS�H$LYX^�c�;X^LTSi[�O K$U�S�H$LTI%RT�VX^U�S)µ_r� � RYLYK��VRYK$LTS�RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS��rI%K�LTSVH$M^XZSV�GSVU�RM��[�O K$U�S�H$LTI%RT�VX^U�SGS � R�[$�VRTSVL('
��X^U���Si[$S m���=�I%U5H$M^K � I%K!�GI%X^U � K$U$XZ±�K�S r H$M^K$R�;%RnH$M^K � ±WK�Si�GI%X^U �ut H-�;L � � � RYLYK��5'
RYK$LTS]H$LYX^�c�;X^LTS)µ>³�O K$U H°I%X^UWR	[$S§¯WK�S©H$«W× � XZ±�K�S�� MÌ� � RYLYK��VRYK$LTS§RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS
S � R�K$U0��X^U$X^��K$� [�O K$U�S3m I%U��VRYXZI%U [�OP�VU�SVL-�)XZS)µ Ë SVRYRTS1mwI%U��VRYXZI%U [$�VHJSVU�[0S �T� SVU�RYXZSVMn'
MZSV�GSVU�R�[$S � X^UWRTSVL��%�VRYXZI%U � [$S1m��;X^Q$MZS � �VU�SVL-�)XZS � X^U�[\K$X^RTS � H-�;L�MÌ�©U-�;RYK$LTS}�T«$X^��XZ±WK�S
[$S � �%�VXZ[$S � �;��X^U�� � ��X � SVU ��I%U�R��%�VR [��;U � MÌ� � RYLYK��VRYK$LTS]RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS)µ � U
[\X � RYX^UP�)K�S�K$U�U$X^¯®S��;K0X^U�RTSVLY�G��[\XÌ�;X^LTS	SVU�RYLTS�MÌ� � RYLYK��VRYK$LTS�RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZScSVR�MÌ�
� RYLYK��VRYK$LTS�H$LYX^�c�;X^LTS)µ 
?M � O ���)X^R][$S!MÌ� � RYLYK��VRYK$LTS � S���I%U�[��;X^LTS�±�K$X�[$���VLYX^R©M�O �;LYL��;U^'�®SV�GSVU�R�[��;U � M�OPS � H-�%��S�[$S � �%�VXZ[$S � �;��X^U�� � �%[;�T�%��SVU�R ��� K$LeMÌ� � ��±�K�SVU���S)µ Ë SVLYR��;X^U �
�VMZ�V�GSVU�R � [$S � RYLYK��VRYK$LTS � S���I%U�[��;X^LTS � I%UWR Q$XZSVUGXZ[$SVU�RYXn{-� � SVR"��I%U � RYX^RYK�SVU�R>[$S �"� RYLYK��5'
RYK$LTS � I%LT[$I%U$U���S � ��I%���GS_MZS � «��VM^XZ��S � α SVRNMZS � m SVK$X^M^MZSVR � β µ³nSVK\Ó©S�Ó$SV��H$MZS � [$S�H$LTI%RT�VX^U�S �Á� I%U�RNH$LT� � SVUWRT� � �VXn'?[$S ��� I%K � ��¯®S��_HJI%K$LoI%Q\�YS��VRYXnm
[�O X^M^M^K � RYLTSVLNMZSnL�;%MZS_�VLYK��VXÌ�;M'[\K©LTSVH$M^XZSV�GSVU�Rn[��;U � MÌ��m I%U��VRYXZI%U§[$S � H$LTI%RT�VX^U�S � µ



� 	 ��� � ��� ��� ��� 
 ��� �	
 ��� 

	 � 
 �
��	 
 � ��� �	������� ����� ����� � � � �����
��� ����� � ���

K FGV RCELAAAMK HR GLD YN

RGYSLGNWVCAAKF SNFNTE

QATNRNTDGST YGILQINSD

RWWCNDGRTPGSRNLCNIPC

SALLSSDITASVNCAKKIVS

DGNGMNAWVAWRNRCKGTDV

QAWIRGCRL

N−term −

− C−term

C−term

� ��� �r�)µ /<! 6WRYLYK��VRYK$LTS�[�O K$U�S�SVUP��×y�GS ¦ MZSnM^× � I���×W�GS)µ � ���;K��T«�S��-MÌ� � ��±WK�SVU���S_[$S �
�%�VXZ[$S � �;��X^U�� � [$S MÌ�§H$LTI%RT�VX^U�S)µ ²oK���X^M^XZSVK�� MÌ� � RYLYK��VRYK$LTS©RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS§I��
� I%UWRrLTSVH$LT� � SVUWRT� � MZS � �VMZ�V�GSVU�R � [$S � RYLYK��VRYK$LTS � S���I%U�[��;X^LTS r «��VM^XZ��S � �;M^H$«-�NSVR�m SVK$X^M^MZSVR �
QJ�VR�� t µ �9[\LTI%X^RTS���MÌ� � RYLYK��VRYK$LTS�RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS	I��0MZS � �;RTI%�GS ��r � M�OPS�Ó$��SVH$RYXZI%U
[$S � «W×y[\LTI��®ªVU�S �5t�� I%UWR�LTSVH$LT� � SVU�RT� � H-�;LG[$S �G� H$«�ªVLTS � X^U�[\XZ±�K-�;UWRGM�OPS � H-�%��S]±WK*O X^M �
Iy���VK$H°SVUWR�µo_*S � �%�VXZ[$S � �;��X^U�� � X^��HJI%LYR��;U�R � [\K � X^RTS©�%�VRYXnm � I%UWR�H$LTIW��«�S � MZS � K$U �
[$S � �;K$RYLTS � [��;U � M�OPS � H-�%��S r SVU U�I%X^Li[��;U � MÌ� � RYLYK��VRYK$LTS t �c�;X � H-� � MZSGMZI%UP�![$SGMÌ�
� ��±WK�SVU���S r SVU:�)L�� � [��;U � MÌ� � ��±WK�SVU���S t µ

_���{>�)K$LTS©�)µ /©�GI%U�RYLTS�MÌ� � ��±WK�SVU���S�[�O K$U�S�H$LTI%RT�VX^U�S�SVR � I%U�LTSVH$M^XZSV�GSVU�R�[��;U �
M�OPS � H-�%��S�I%Q$RTSVUWKGH-�;L"�VLYX � R��;M^MZI��)L��;H$«$XZS)µ 
?M � O ���)X^R"[�O K$U�S�SVUP��×y�GS��)�)OPS � R��e[\X^LTS�[�O K$U�S
H$LTI%RT�VX^U�S����;H-�;Q$MZS�[$S����;R��;M^× � SVLeK$U�S�LT���%�VRYXZI%U��T«$X^��XZ±WK�S)µ�6\�+m I%U��VRYXZI%U!S � Re[$S�[$�5'�)L��%[$SVLe��SVLYR��;X^U �o� K��VLTS � [$S � H-�;LTI%X � Q-�%�VRT�VLYXZSVU$U�S � µf_r��LT���%�VRYXZI%U � Svm �;X^RNSVU§K$U � X^RTS
H$LT���VX � [$S�MÌ� � RYLYK��VRYK$LTS��;H$H°SVMZ� � X^RTSi�%�VRYXnmYµ Ë S � X^RTSi�%�VRYXnm S � ReSVU.�®�VU��VL��;M'K$U!�VLTSVK\Ó
[��;U � MÌ� � RYLYK��VRYK$LTS_��I%��H-�%�VRTSi[$S�M�OPSVUP��×W�GS)µ � U]RYLTI%K$¯®Si�;K � SVX^U5[\K � X^RTS_�%�VRYXnm"[$S �
�%�VXZ[$S � �;��X^U�� � [\X � R��;UWR � � K$LrMÌ� � ��±WK�SVU���S��c�;X � ±WK�S MZS�LTSVH$M^XZSV�GSVU�R RYLYXZ[\X^�GSVU � XZI%U$U�SVM
��L��;H$H$LTIy�T«�� � �-H°SVLY�GSVRYR��;UWRoMÌ��m I%U��VRYXZI%U§[$S����;R��;M^× � S)µ

_rS�[$SVK\Ó\XZªV�GS�S�Ó\SV��H$MZS�S � Rn[$S � RYX^U��1�cX^M^M^K � RYLTSVLnK$U��;K$RYLTS�� � HJS��VR�[$S�M�O X^��HJI%L('
R��;U���S�[$S!MÌ� � RYLYK��VRYK$LTS�[��;U � MZS � X^U�RTSVL��%�VRYXZI%U � SVUWRYLTS��GI%MZ���VK$MZS � µ<_r� {>�)K$LTS��)µ �
�GI%UWRYLTS�K$U ��I%��H$MZS�Ó\S�²e³n´ '�H$LTI%RT�VX^U�S0±WK$X���I%LYLTS � H°I%U�[ � MÌ� LTS���I%U$U-�;X �T� �;U���S
[�O K$U�S � ��±WK�SVU���Sc[$S	LT�,�)K$MÌ�;RYXZI%U�[$ScMÌ�©RYL��;U � �VLYX^H$RYXZI%U*µ�_r�§H$LTI%RT�VX^U�S	H$LT� � SVU�RT��S}XZ�VX
S � R���I%U � RYX^RYK���S�[$S�[$SVK\Ó � I%K � '�K$U$X^RT� �&r XZ[$SVUWRYXZ±�K�S � [��;U � ��SVR S�Ó$SV��H$MZS t ±WK$XJI%UWRN�VRT�
RYL��%[\K$X^RTS � � �VH-�;LT�V�GSVUWR�µ Ë S � [$SVK\Ó � I%K � '�K$U$X^RT� �>� I%U�R�� �T� Iy�VXZ��S � M�O K$U�Sq��M�O �;K$RYLTSÁH-�;L
[$S � X^U�RTSVL��%�VRYXZI%U � m��;X^Q$MZS � SVU�RYLTS ��SVLYR��;X^U � [$ScMZSVK$L � �%�VXZ[$S � �;��X^U�� � µ Ë S � ��I%UWR��%�VR �
� I%UWR"LTSVU�[\K � HJI �T� X^Q$MZS � H-�;L MÌ� � RYLYK��VRYK$LTS�RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZSn�%[$I%H$RT��S�H-�;L"MZS � � I%K � '
K$U$X^RT� � µ�³nS U�I%��Q$LTSVK � S � H$LTI%RT�VX^U�S �c� I%U�R}�;X^U � Xo��I%U � RYX^RYK���S � [$S]M�O � �T� Iy�VXÌ�;RYXZI%U [$S
H$M^K � XZSVK$L �	� I%K � '�K$U$X^RT� � µ Ë OPS � R�U�I%R��;���GSVU�R}MZS©��� � [�O K$U`�)L��;U�[ U�I%��Q$LTS5[$S H$LTI�'
RT�VX^U�S � LTS���I%U$U-�;X ��� �;U�Ro[$S �o� X��)U-�;K\Ó � K$L�MZS ��� ��±�K�SVU���S � UWK��VMZ�VXZ±�K�S � µU_*S �N� ��±WK�SVU���S �
LTS���I%U$UWK�S � H$LT� � SVUWRTSVU�R��;MZI%L ��� I%K$¯®SVUWR_K$U�SG��SVLYR��;X^U�S � ×y�G�VRYLYXZS)µ�_r� � RYLYK��VRYK$LTS�RYLYXn'
[\X^�GSVU � XZI%U$U�SVM^MZS�H°SVLY�GSVRN�,���;MZSV�GSVUWRNMZS���I%U�R��%�VRÁSVU�RYLTS_±WK�SVMZ±�K�S � �%�VXZ[$S � �;��X^U�� � SVR
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� ��� �e�)µ � ! 6WRYLYK��VRYK$LTS5[�O K$U ��I%��H$MZS�Ó\S!²e³e´ '�H$LTI%RT�VX^U�S)µ�³eX^�GªVLTS![$S]H$LTI%RT�VX^U�S� � RYLYK��VRYK$LTS�[$S5R ×WHJS [JQjOHX�I�W�Qux��VI ��� Q�i ¦ I%U RYLTI%K$¯®S�K$U�S�MZSVK��VX^U�S�RTI%K$RTS!MZS �©� SVH$R
H°I � X^RYXZI%U � [��;U � MZS_[$I%�c�;X^U�S_[$S�M^XÌ�;X � I%U§SVU�RYLTS�MZS � [$SVK\Ó H$LTI%RT�VX^U�S � µ

[$S � Q-� � S � [$SÁMÌ� � ��±WK�SVU���SÁ[�OP²e³n´ �_M�OPI%LYX��)X^U�Sn[�O K$U�SÁLTS���I%U$U-�;X �T� �;U���Sn[$So��SVRYRTS � �5'
±�K�SVU���S)µ Ë «-�%±�K�S � I%K � '�K$U$X^RT�oH-�;LYRYXZ�VX^HJSy����SVRYRTSeLTS���I%U$U-�;X �T� �;U���S)µ\³nSVK\Ó � ��±WK�SVU���S �
[�OP²Á³n´ r XZ�VX XZ[$SVU�RYXZ±WK�S � �c�;X � [$S � SVU � I%H$H°I � � �utn� I%UWRi[$I%U���LTS���I%U$UWK�S ��� X^��K$M^R���'
U��V�GSVU�RM�-��S�±�K$X��;KP�)�GSVUWRTS�MÌ�3mwI%LT��S_[$S_MÌ��M^XÌ�;X � I%U§SVRNMÌ��MZI%UP�)K�SVK$LÁ[$S�MÌ� � ��±�K�SVU���S
LTS���I%U$U�K�S)µ
� M^K � �®�VU��VL��;MZSV�GSVUWRM�4MÌ� {$Ó��;RYXZI%U§[$S�H$LTI%RT�VX^U�S � ��M�OP²Á³n´ S � R � I%K$¯®SVUWRNK$U]H$«��5'

U�I%�GªVU�S���IWI%HJ�VL��;RYXnm ¦ MZS � X^UWRTSVL��%�VRYXZI%U � SVUWRYLTS�H$LTI%RT�VX^U�S � m��%�VX^M^X^RTSVU�R�MÌ��{$Ó$�;RYXZI%U0[$S
M�OPSVU � SV��Q$MZS_SVR�H-�;LYRYXZ�VX^HJSVU�Rq��MÌ��LTS���I%U$U-�;X �T� �;U���S_[$S_�GI%RYXnm � ��I%��H$MZS�Ó$S � µ ¾ XZSVU ��
 LM�
MÌ� {$Ó$�;RYXZI%U§[�O K$U�S_H$LTI%RT�VX^U�S_HJSVK$Ro�;K �T� X��]�VU�SVLNMÌ��{$Ó��;RYXZI%U§[�O K$U�S��;K$RYLTS)µ_r� � RYLYK��VRYK$LTS�[�O K$U�S�H$LTI%RT�VX^U�S�U*OPS � R � I%K$¯®SVU�RnH-� � ��I%��H$MZªVRTSV�GSVU�R&{>�®��S�SVReMZS �
�T«-�;UP�®SV�GSVU�R � [$S � RYLYK��VRYK$LTS � X^U�[\K$X^R � H-�;L�MZS � M^XÌ�;X � I%U � ��¯®S��©[�O �;K$RYLTS � �GI%MZ���VK$MZS �
��I%K�SVUWRi[$S � L�;%MZS � X^��HJI%LYR��;U�R � µ'²ÁX^U � X �r[��;U � M�OPS�Ó\SV��H$MZS}[$SGM�OPI%HJ�VLTI%U MÌ�%�VRTI � ScH$LT�5'
� SVU�RT�][��;U � MÌ� � S��VRYXZI%U � K$X^¯)�;U�RTS��"��S � I%U�RGMZS � �GIy[\Xn{-���;RYXZI%U � [$S � RYLYK��VRYK$LTS � [$S �
LT�VH$LTS �T� SVK$L � ��I%U � ���VK$RYX^¯®S � �eMZSVK$L"M^XÌ�;X � I%U	��¯®S��N[$S HJSVRYX^RTS � �GI%MZ���VK$MZS � ±WK$X��T«-�;UP�®SVUWR
MZSVK$LN���;H-�%�VX^RT��[$S�M^XÌ�;X � I%U§�;K\Ó � ��±WK�SVU���S � [�OP²e³n´ØLTS���I%U$UWK�S � µ
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Ë I%���GSiI%U!M�O �c¯WK��-M�OP²Á³n´BS � RÁK$U�S��GI%MZ���VK$MZS���I%U � RYX^RYK���S�[$Si[$SVK\Ó]Q$LYX^U � �;H^'

H-�;LYXZ� � µ Ë S � Q$LYX^U ��� I%UWRiH-�;L��;M^MZªVMZS � �c�;X � [$S � SVU � I%H$H°I � � � r �;UWRYX^H-�;L��;M^MZªVMZS �ut µo_*S �
� ��±�K�SVU���S � [$S � [$SVK\Ó	Q$LYX^U � � I%UWR�[\X��J�VLTSVUWRTS � �c�;X ��� SÁ[$��[\K$X � SVU�R�M�O K$U�Sn[$SoM�O �;K$RYLTS ¦
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3’

5’

5’

3’

synthèse de 5’ vers 3’

tttcga t

t c g a a a a g t a a

� ��� ���)µ > !"_r��LT�VH$M^XZ���;RYXZI%U5[$S_M�OP²Á³n´

SVM^MZS �G� I%U�RG[\X^RTS � X^U�¯®SVL � S � ��I%��H$MZ�V�GSVU�R��;X^LTS � µ _*S � UWK��VMZ��I%RYXZ[$S � m��%��Sl� m��%��S}¯®�VLYXn'{-SVUWRGMÌ�!LTª,�)MZS][$S©��I%��H$MZ�V�GSVU�R��;LYX^RT�![$S � �;R � I%U SVR Ë LYXZ��­ ±WK$XN[$�5{�U$X^RGMZS � [$SVK\Ó
� SVK$M � �;H$H-�;LYXZSV�GSVU�R � �;K$RTI%LYX � � � ¦ a ��¯®S�� t SVR c ��¯®S�� g µ Ë SVRYRTS�LTª,�)MZSÁ[�O �;H$H-�;LYXZSV�GSVU�RHJSVLY�GSVRiMÌ�§LT�VH$M^XZ���;RYXZI%U [$SGM�O X^U^m I%LY�c�;RYXZI%UD�®�VU��VRYXZ±�K�S)µ<³eK$L��;U�R���SVM^MZS5'?�VX r 0�X�� �)µ > t �
MÌ� � ��±WK�SVU���S	[$S}�T«-�%±WK�S}Q$LYX^U � SVLYR�[$S	�GIW[$ªVMZSl�©MÌ� � ×yU�RY«�ª � S}[�O K$U�Q$LYX^U {�M � �'[$S
� ��±WK�SVU���S�X^UW¯®SVL � So��I%��H$MZ�V�GSVUWR��;X^LTS)µH_rS � � ��±WK�SVU���S � {�M^MZS ��� I%U�R�RTI%K%��I%K$L ��� ×WUWRY«��VRYXn'
� ��S � [��;U � MZS � SVU � [\X^R �\O→  \O���MÌ� � ��±WK�SVU���So�GIy[$ªVMZSe�VR��;U�R M^K�SÁ[��;U � MZS � SVU �  \O→ �\O^µ
� H-�;LYRYX^L�[$S � I%U0I%LYX��)X^U�S��rMÌ�}LT�VH$M^XZ���;RYXZI%U H$LTI��)LTS �T� SGSVU � �VH-�;L��;U�RiMZS � [$SVK\Ó�Q$LYX^U �
�GIy[$ªVMZS � RTI%K$RnSVU � ×yU�RY«��VRYX � �;UWR�MZS � [$SVK\Ó!Q$LYX^U � {�M � µ Ë Si�G�����;U$X � �GS�HJSVLY�GSVR��;K\Ó
Q$LYX^U � [$S�LTS � RTSVLnHJSVK�[$S�RTSV��H � U�I%U��;H$H-�;LYXZ� � �c�;X � X^��H$M^XZ±�K�S�K$U�SG� � ×y�G�VRYLYXZS�[$S
MZSVK$L�RYL��;X^RTSV�GSVU�R�µ%Ò UiS���SVRM��MZS � [$SVK\Ó � ��±�K�SVU���S � �GªVLTS � U�S H°SVK$¯®SVUWR@�VRYLTS"M^K�S ��� X^�iK$Mn'
R��;U��V�GSVUWR>SVU}��I%U�RYX^U�K [��;U � MZS � SVU �  \O→ �\O^µW²oX^U � X � � SVK$M�K$UGQ$LYX^U}S � R � ×yU�RY«��VRYX � �Á[$Sm���=�I%Uc��I%U�RYX^UWK�S r [JQ5GBR]I�W^\3KMFJiuG�W�R t �;MZI%L � ±WK�S�M�O �;K$RYLTSNS � R � ×WUWRY«��VRYX � ��H-�;L"�GI%LT��S��;K\Ór [ Gj\�\]I�W^\lKMFJiuG�W�R t µ
¾ XZSVU ±�K�S�MÌ�©LT�VH$M^XZ���;RYXZI%U [$ScM�OP²Á³n´ � I%X^R_RYLTª � {-[$ªVMZS��r[$S�HJSVRYX^RTS � SVLYLTSVK$L � �rI%K

�iK$R��;RYXZI%U � HJI%U��VRYK�SVM^MZS � � HJSVK$¯®SVU�R � K$LY¯®SVU$X^L�µ Ò"M^MZS �G� I%U�RcK$U�S©[$S � I%LYX��)X^U�S � [$S MÌ�
¯)�;LYXÌ�;Q$X^M^X^RT�Á[$SoM�O X^U^mwI%LY�c�;RYXZI%U"�®�VU��VRYXZ±WK�SNU�����S �T� �;X^LTSv��M�OP�V¯®I%M^K$RYXZI%U*µy³nS � ��K$R��;RYXZI%U �
HJSVK$¯®SVU�Rn�;K �T� X � S_H$LTIW[\K$X^LTS_SVUWRYLTS�MZS � LT�VH$M^XZ���;RYXZI%U � SVR � I%U�RÁ�;MZI%L � RYL��;U � ��X � S � ��MÌ�
[$S � ��SVU�[��;U���S�MZI%L � [$S�MÌ�	LT�VH$M^XZ���;RYXZI%U [$S�M�OP²e³e´D��K$RT�)µ � �;LY��X"MZS � �G�����;U$X � �GS � �
M�OPI%LYX��)X^U�S>[$S MÌ� ¯)�;LYXÌ�;Q$X^M^X^RT���®�VU��VRYXZ±WK�S���MZS � LTS���I%��Q$X^U-�;X � I%U � �YI%K�SVU�R<�;K �T� X®K$U_L�;%MZS�S � '
� SVUWRYXZSVM-SVU�HJSVLY�GSVRYR��;U�R"MZS�[$�VH$MÌ�%��SV�GSVUWR�[$S�mwL����)�GSVU�R � [�OP²e³n´iµ%Ò M^MZS � H°SVK$¯®SVUWR U�I�'
R��;���GSVUWR SVU�RYL��u¬ZU�SVL>[$S � X^U � SVLYRYXZI%U � �)[$S � [$�VMZ�VRYXZI%U � SVR"[$S � [\K$H$M^XZ���;RYXZI%U � [$S �)L��;U�[$S
�;��H$MZSVK$L�µ
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8 � £�¤���$r¹�·�¤;¢�4�£¼¢7� $�º'¥��$9 3 ¶;: ¥#$ 3 É :�� _ OPS�ÓyH$LTS �T� XZI%U	[$S�M�O X^U^m I%LY�c�;RYXZI%U+�®�5'
U��VRYXZ±�K�S>H-� �T� S>H-�;L<MÌ�ÁRYL��;U � �VLYX^H$RYXZI%Uc[$S>MÌ� � ��±WK�SVU���S�[�OP²Á³n´�SVU � ��±WK�SVU���S [�OP²ÁÏÁ´ �
H$K$X ��� I%K$¯®SVUWR H-�;L>MÌ��RYL��%[\K��VRYXZI%U©[$SoMÌ� � ��±WK�SVU���SÁ[�OP²eÏo´3SVU � ��±WK�SVU���SoH$LTI%RT�VXZ±WK�S)µ_r� {>�)K$LTSc�)µ D � ��«��V�c�;RYX � S_MZS � �G�����;U$X � �GS � [$S_��S � [$SVK\Ó �VR��;HJS � µ

F T I Q K D R

t t c a c g a t t c a a a a a g a t c g t

acgatctttttgaatcgtgaa

c a c g a c a a a a a g a c gu u u u u u

acgatctttttgaatcgtgaa

c a c g a c a a au u u u

synthèse de l’ARN

c a c g a c a a a a a g a c gu u u u u u

F T I Q K

synthèse protéique

ARN

ADN

Protéine

traduction

transcription

5’ 3’

N−term C−term

5’

3’ 5’

3’

� ��� �r�)µ D !�_"OPS�Ó\H$LTS �T� XZI%U5[$S�M�O X^U^mwI%LY�c�;RYXZI%U �®�VU��VRYXZ±�K�S
_*S0H$LYX^U��VX^HJS [$S MÌ��RYL��;U � �VLYX^H$RYXZI%UBS � R§H$LTIy�T«�S [$S ��SVM^K$X�[$S0MÌ��LT�VH$M^XZ���;RYXZI%U*µË I%���GS§MÌ� � ×yU�RY«�ª � S![$S§M�OP²e³n´ � MÌ� � ×WUWRY«�ª � S5[$S5M�OP²eÏo´ � S.m �;X^R}[��;U � MZS � SVU �

�\O→  \O>SVR � S.m I%U�[$S � K$L}M�O �;H$H-�;LYXZSV�GSVUWR§[$S � U�K��VMZ��I%RYXZ[$S � [$S5M�OP²eÏo´ � ×WUWRY«��VRYX � ���¯®S��©��SVK\Ó [$S M�OP²Á³n´ �GIy[$ªVMZS�� �c�;X � SVU H$MÌ��=��;UWRGK$U u �;K M^XZSVK�[�O K$U t SVUDm��%��S[�O K$U a µ � MÌ�©[\X����VLTSVU���SG[$S�M�OP²e³e´��JM�OP²eÏo´ S � R_K$U�S��GI%MZ���VK$MZS � X^��H$MZSGQ$LYX^U ¦ � �� ×WUWRY«�ª � S	U�ScH$LTSVU�[�[$I%U��}H°I%K$L��GIy[$ªVMZS}±WK*O K$U [$S � [$SVK\Ó Q$LYX^U � [$S	MÌ�§�GI%MZ���VK$MZS
[�OP²Á³n´�µ � I%K$L_[$�VRTSVLY��X^U�SVL_MÌ� � ��±WK�SVU���S�[$S�M�OP²ÁÏÁ´BRYL��;U � �VLYX^R��	H-�;LYRYX^L_[�O K$U � S,��'
�GSVU�RN[�OP²e³e´Ø[$I%K$Q$MZSnQ$LYX^U��\X^MJS � R [$I%U��eU�����S �T� �;X^LTS�[�O XZ[$SVU�RYXn{-SVLNMZSeQ$LYX^U RYL��;U � �VLYX^R�µ� U§U�S_LTS,���;LT[$S�mwLT��±�K�SV���GSVUWRn±WK�S_MÌ� � ��±WK�SVU���S�[�O K$U5[$S � Q$LYX^U � [�OP²Á³n´��-��SVM^MZS5'?�VX
��I%U�RTSVU-�;U�RnRTI%K$RTS�M�O X^U^mwI%LY�c�;RYXZI%U*µ°³��;U � ��Si��� � ��I%U§H-�;LYMZS�H-�;L(mwI%X � H-�;LÁ��I%���GIy[\X^RT�
[$S � SVU � [$S�RYL��;U � �VLYX^H$RYXZI%U§H$M^K$R�;%RÁ±WK�S�[$SnQ$LYX^U]RYL��;U � �VLYX^R�µ_r�nH$M^K$H-�;LYR>[$S � ²eÏo´ � I%U�R"RYL��%[\K$X^R � �y�;KG�GI%X^U � H-�;LYRYXZSVM^MZSV�GSVUWRM�\SVUGH$LTI%RT�VX^U�S � ¦
��S � I%U�R_[$S � ²eÏo´B�GS �T� ���®SVL �wr ²ÁÏÁ´o� t µ�_r�}RYL��;U � �VLYX^H$RYXZI%U0[$S � ²eÏo´Á� H°SVK$R�SVU
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H-�;LYRYXZSq�VRYLTSÁX^U�RTSVLYH$LT�VRT��S���I%���GSeK$U�SÁ�VR��;HJSn[�O �;��H$M^Xn{-���;RYXZI%U][$SoM�O X^U^m I%LY�c�;RYXZI%Ul�®�5'
U��VRYXZ±WK�S)µ Ò U S��JSVRM� K$U�S]�w�V�GS � ��±WK�SVU���S][�OP²e³e´ S � R1�®�VU��VL��;MZSV�GSVUWR RYL��;U � �VLYX^RTS
SVU [$S���K$M^RYX^H$MZS � �GI%MZ���VK$MZS � [�OP²ÁÏÁ´o� ±WK$X � SVLTI%UWRiSVM^MZS � '��w�V�GS � RYL��%[\K$X^RTS � SVU [$S
�iK$M^RYX^H$MZS �Á� ��±WK�SVU���S � H$LTI%RT�VXZ±WK�S � µ
Ë SVLYR��;X^U � ²eÏo´ U�S � I%UWR H-� � RYL��%[\K$X^R � SVUGH$LTI%RT�VX^U�S � µ _r�ymwI%U��VRYXZI%U}[$So��S � ²ÁÏÁ´

S � R��;MZI%L �i� I%K$¯®SVUWR�M^XZ��S"� MÌ� � RYLYK��VRYK$LTS	[$SGMÌ� �GI%MZ���VK$MZS	[��;U � M�OPS � H-�%��S)µ/_r�lm���=�I%U
[$I%UWR<��SVRYRTS � RYLYK��VRYK$LTS [$�VHJSVU�[i[$S�MÌ� � ��±�K�SVU���S>�o�VRT��X^M^M^K � RYLT��S>[��;U � MÌ� � S��VRYXZI%U �)µ^�)µ^�r H-���®S D t µ
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W¢ $�¥ � _r�oRYL��%[\K��VRYXZI%U�K$RYX^M^X � S K$U���IW[$S��u[\X^R
��Iy[$S��®�VU��VRYXZ±WK�S��¼H$LT� � SVU�RT� ���;Q$MZSe�)µ^�)µ Ë SVM^K$Xn'?�VXyH°SVLY�GSVR'[$S [$�VRTSVLY��X^U�SVL<MÌ� � ��±WK�SVU���S
H$LTI%RT�VXZ±WK�S��W���VLYX^RTSÁ[��;U � K$U �;M^H$«-�;Q°SVR<�n¯yX^UP�)R MZSVRYRYLTS � �WSVUwm I%U��VRYXZI%U}[$SoMÌ� � ��±WK�SVU���S
UWK��VMZ�VXZ±�K�S��y���VLYX^RTSo[��;U � K$U}�;M^H$«-�;QJSVR���±WK-�;RYLTSNMZSVRYRYLTS � µ Ë So��Iy[$So� �T� Iy�VXZS$����«-�%�VK$U
[$S � 64 RYLYX^H$MZSVR � [$S�U�K��VMZ��I%RYXZ[$S � M�O K$U�[$S � ¯yX^UP�)R'�%�VXZ[$S � �;��X^U�� � I%KiK$U � X��)U-�;M\[�O �;LYL��VR[$S�MÌ�©RYL��%[\K��VRYXZI%U*µ/_*S � RYLYX^H$MZSVR � [$S�UWK��VMZ��I%RYXZ[$S � RYL��%[\K$X^R � H-�;L_MZSG��Iy[$S1�®�VU��VRYXZ±WK�S
� I%UWR �;H$HJSVMZ� � ��IW[$I%U � µ _r� � ��±WK�SVU���SÁ[�OP²eÏo´ S � R>M^K�Se��I%���GSoK$U�S � K$X^RTSe[$SÁ��Iy[$I%U �
U�I%Uc��«�SV¯%�;K���«-�;U�R � [��;U � MZS � SVU � �\O→  \O®SVR MÌ� � ��±WK�SVU���SNH$LTI%RT�VXZ±WK�SNS � R � ×yU�RY«��VRYX � ��S[��;U � MZS � SVU � [\X^R©´z'�RTSVLY� → Ë '�RTSVLY�]µ � I%K$L][$�VRTSVLY��X^U�SVL©MÌ� � ��±�K�SVU���S!H$LTI%RT�VXZ±WK�S��I%LYLTS � HJI%U�[��;U�R+�5K$U�S � ��±WK�SVU���S	[�OP²eÏo´���X^M�m��;K$R1�VRYLTS}���;H-�;Q$MZS [$S}LTSVRYLTI%K$¯®SVL�MÌ�
H$«-� � S©[$S]MZS��VRYK$LTS)µ�_*S � ��Iy[$I%U � ±WK$XNSVU�RYL��u¬ZU�SVU�R}M�O �;LYL��VRc[$S MÌ�!RYL��%[\K��VRYXZI%U r uga �
uaa SVR uag ti� I%U�R�MZS � ��IW[$I%U � KMF7Z � µ'Ò U�H$M^K � [$S � ��IW[$I%U � KMF7Z � �'X^M S�ÓyX � RTS �;K �T� X[$S � ��Iy[$I%U � KjF)G�iMFÁ±WK$X � � SVK$M � �*HJSVLY�GSVRYRTSVU�RG[$S}[$�VQ$K$RTSVL�MÌ�]RYL��%[\K��VRYXZI%U*µ Ë «�S,� MZS �
Q-�%�VRT�VLYXZS � H$M^K � XZSVK$L � ��IW[$I%U � KMF)G�iMF � I%U�R>K$RYX^M^X � � �qr aug � auu SVR agu t µW²ÁK	��I%UWRYL��;X^LTS��«�S,�oMZS � ��SVM^M^K$MZS � SVK����;LY×®I%RTS � �®RTSVM � ±WK�S MZS � ��SVM^M^K$MZS � [$S � ¯®�,�®�VR��;K\ÓGSVR [$S � �;U$X^�c�;K\Ó��
� SVK$M\MZS ��Iy[$I%U aug HJSVLY�GSVR"[$S>[$�VQ$K$RTSVL MÌ�oRYL��%[\K��VRYXZI%U*µ � MÌ�e[\X����VLTSVU���S�[$S � ��IW[$I%U �KMF7Z � � MZS � ��Iy[$I%U � KMF)G�iMFi�;H$H-�;L��;X �T� SVU�R}U�I%U � SVK$MZSV�GSVUWR �;K\Ó QJI%LYU�S � [$S � LT�,�)XZI%U �
RYL��%[\K$X^RTS � �c�;X � �;K �T� X*SVU H$«-� � S&��M�O X^U�RT�VLYXZSVK$LÁ[$S���S � LT�,�)XZI%U � I��©X^M ��� I%UWR�RYL��%[\K$X^R �
��I%U^m I%LY�G�V�GSVU�R��;K]��IW[$S&�®�VU��VRYXZ±�K�S_��I%���GS_U*O X^��H°I%LYRTSi±�K�SVMr�;K$RYLTS_��Iy[$I%U*µ
³��;U � MZS � ��SVM^M^K$MZS � [$S � I%L-���;U$X � �GS � ! � K$H°�VLYXZSVK$L � # RTSVM � ±WK�S MZS � H$MÌ�;UWRTS � SVR

MZS � �;U$X^�c�;K\Ó��-MZS � LT�,�)XZI%U � RYL��%[\K$X^RTS � [�O K$U�S��w�V�GS_H$LTI%RT�VX^U�S_U�S � I%U�R � I%K$¯®SVU�RÁH-� �
[�O K$U � SVK$M°RTSVU-�;U�R � K$L�M�OP²e³n´iµ\Ò U©S���SVRM�\[��;U � ��S � ��� � �yM�OP²ÁÏÁ´3RYL��;U � �VLYX^R � K$Q$X^R�K$U
�VH$X �T� ���®Sn�;K]��I%K$L � [\K�±WK�SVMJMZS � LT�,�)XZI%U � U�I%U©RYL��%[\K$X^RTS ��r MZS � X^U�RYLTI%U �ut�� I%U�R�S�Ó$�VX � ��S �
RYLTª � H$LT���VX � �V�GSVU�R�[$Szm ��=�I%Ul��L�� �T� SV�iQ$MZSVL MZS � LT�,�)XZI%U � ��IW[��;UWRTS �yr MZS � S�Ó$I%U �ut ��¯%�;UWR
MÌ��RYL��%[\K��VRYXZI%U*µ_rSÁ��Iy[$Sz�®�VU��VRYXZ±WK�SÁS � R�[$�,�®�VU��VLT�eH$K$X � ±WK*O X^M>m��;X^R���I%LYLTS � HJI%U�[\LTS 20 �%�VXZ[$S � �;��Xn'U�� � � 61 ��Iy[$I%U � µ Ë I%���GSeMZSo�GI%UWRYLTSnMÌ� �'�;Q$MZS��)µ^����MÌ�iH$M^K$H-�;LYR�[$S � ��IW[$I%U � � ×yU�I�'UW×W�GS � [\X���ªVLTSVU�R K$U$XZ±�K�SV�GSVUWR H-�;L MZS U�K��VMZ��I%RYXZ[$SÁSVU�RYLTI%X � XZªV�GS�HJI � X^RYXZI%U*µ�_*S � m I%U��5'
RYXZI%U � [$S � H$LTI%RT�VX^U�S �o� ×yU�RY«��VRYX � ��S �o� I%U�RM����I%���GS�I%U©M�O ��¯WK©[��;U � MÌ� � S��VRYXZI%U �)µ^�)µ^���
MÌ�;L-�®SV�GSVUWRn[$�VHJSVU�[��;U�RTS � [$S �Á� RYLYK��VRYK$LTS � RYLYXZ[\X^�GSVU � XZI%U$U�SVM^MZS � ±�K*OPSVM^MZS � �%��±�K$XZªVLTSVUWR
SVU � SNLTSVH$M^XÌ�;UWR [��;U � M�OPS � H-�%��S)µ Ë SNLTSVH$M^XZSV�GSVUWR S � R�S �T� SVUWRYXZSVM^MZSV�GSVU�RN[$�VRTSVLY��X^U��ÁH-�;L
MÌ� � ��±WK�SVU���SiSVU0�%�VXZ[$S��;��X^U���SVReHJSVK$Re[$I%U��3�VRYLTS���I%U � XZ[$�VLT��M^K$X<�;K �T� X'��I%���GS�K$U
U$X^¯®S��;K§[�OPS�Ó\H$LTS �T� XZI%U5[$SnM�O X^U^mwI%LY�c�;RYXZI%U �®�VU��VRYXZ±�K�S)µ>_rS�LTSVH$M^XZSV�GSVU�Re[$�VH°SVU�[ QJS��;K^'
��I%K$H�[$S � H$LTI%H$LYXZ�VRT� � H$«�× � XZ��I�'?�T«$X^��XZ±WK�S � [$S � �%�VXZ[$S � �;��X^U�� � µ Ë SVLYR��;X^U�S � [$S}��S �
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Ù ��Õ5���)µ^��!+_*Sn��Iy[$Sq�®�VU��VRYXZ±�K�S)µP_rS � ��I%K$MZSVK$L � ��I%LYLTS � HJI%U�[$SVU�R$����SVLYR��;X^U�S � ���;L��%�5'
RT�VLYX � RYXZ±�K�S � H$«�× � XZ��I�'?�T«$X^��XZ±WK�S � [$S � �%�VXZ[$S � �;��X^U�� � ¦ LTI%KP�®Sy'>�;M^X^H$«-�;RYXZ±�K�S��4Q$MZSVK '
«�×\[\LTI%H$«�I%Q°S��°�V×��;U:'��)LTI%K$H°S�«�×\[\LTI�Ó\×WMZS��4¯®SVLYRz'��)LTI%K$H°S � K$Mnm�K$LTS��®�Y�;K$U�S&'>�;LTI%�c��'
RYXZ±�K�S��\�c���®SVUWR��3'>�%�VXZ[$S)µ

H$LTI%H$LYXZ�VRT� ��� I%UWR_X^U�[\XZ±�K���S � [��;U � MÌ� �'�;Q$MZS§�)µ^�)µ � U�HJSVK$R_LTSV�c�;LT±WK�SVL�±�K�SGMZS�U�K^'
�VMZ��I%RYXZ[$ScSVU � S���I%U�[$ScH°I � X^RYXZI%U [\K ��Iy[$I%U � H$M^K �i� I%K$¯®SVU�RiK$U�SGX^U "�K�SVU���S � K$L_MZS �
H$LTI%H$LYXZ�VRT� � H$«�× � XZ��I�'?�T«$X^��XZ±WK�S � [$SÁM�O �%�VXZ[$S_�;��X^U��n��IW[$�n±WK�SoMZSeU�K��VMZ��I%RYXZ[$S�SVU H$LTS5'
��XZªVLTS�H°I � X^RYXZI%U*µ

��¢���$-��¸! 
_r��H$LT� � SVU���S§[$S � X��)U-�;K\Ó MZS©MZI%UP� [$S �G� ��±�K�SVU���S � U�K��VMZ�VXZ±WK�S � SVRGH$LTI%RT�VXZ±WK�S �

S � R�S ��� SVU�RYXZSVM^MZS:�5M�OPS�Ó\H$LTS �T� XZI%U�[$S}M�O X^U^mwI%LY�c�;RYXZI%U`�®�VU��VRYXZ±WK�S)µ � U�H°SVK$R��VX^RTSVL�U�I�'
R��;���GSVU�R MZS �	� X��)U-�;K\Ó � K$LcMÌ� � ��±�K�SVU���S![�OP²e³e´ ±WK$XoHJSVLY�GSVRYRTSVU�R MZS!�T«�I%X Ó [$S �
� S,�)�GSVU�R � RYL��;U � �VLYX^R � ��I%K�MZS ��� X��)U-�;K\Ó � K$L M�OP²eÏo´ ±�K$X-[$�VRTSVLY��X^U�SVUWR�MZS � M^X^��X^RTS � [$S �
X^U�RYLTI%U � SVR>MZSÁ��«�I%X Ó}[\K � X^RTSe[$SÁ[$�VQ$K$R�[$SÁRYL��%[\K��VRYXZI%U*µP_*Sn[$�VQ$K$R [$SÁM�OP²eÏo´Á�:��H-�;L
S�Ó\SV��H$MZS��'��I%U�RYXZSVUWRGMZS � X^RTS	[$S+{$Ó$�;RYXZI%U [\K LYX^Q°I � I%�GS	I%K Ï ¾ 6 r �zI �>ZjK,ZMclQ3Y�I�WUxR]I�W^\:E I F7Q t ±WK$X-�YI%K�S�K$U5L�;%MZS�[$�VRTSVLY��X^U-�;U�R_[��;U � MZS��T«�I%X Ó�[\K � X^RTSi[$S�[$�V�c�;LYL����®S
[$SnMÌ��RYL��%[\K��VRYXZI%U*µ-³nS �o� X��)U-�;K\Ó S�Ó\X � RTSVU�Re�;K �T� X � K$L�MZS � H$LTI%RT�VX^U�S � ¦ I%U]HJSVK$Ro�VX^RTSVL
U�I%R��;���GSVU�Ri[$S ��� X��)U-�;K\Ó�H$LT� � SVU�R �i� K$L_��SVLYR��;X^U�S ��� ��±WK�SVU���S � ±WK$X H°SVLY�GSVRYRTSVUWR�MÌ�
LTS���I%U$U-�;X �T� �;U���SN[\KG��I%��H-�;LYRYX^�GSVUWR�[$S MÌ�n��SVM^M^K$MZS�¯®SVL � MZS�±WK�SVM$MÌ�eH$LTI%RT�VX^U�SN[$I%X^R��VRYLTS
�%[\LTS �T� ��S)µ_*S �_� X��)U-�;K\Ó�HJSVK$¯®SVU�R �VRYLTSc[$���VLYX^R � ��I%���GS�M�OPIy���VK$LYLTSVU���Sc[$S � ��±WK�SVU���S � H-�;L('
RYXZ�VK$M^XZªVLTS � µ Ë SVHJSVU�[��;U�RM�*Q$XZSVU � I%K$¯®SVU�RM�rK$U �)L��;U�[�U�I%��Q$LTS	[$S � ��±WK�SVU���S � ��I%LYLTS � '
H°I%U�[$SVUWR��}K$U0�w�V�GS � X��)U-�;M SVR_MZS � X��)U-�;M�[$I%X^Ri[$I%U���H$M^K$R�;%R��VRYLTSG[$���VLYX^R���I%���GS
K$UG�GI%RYXnm�H$M^K$R�;%R ±�K*O K$U�S � ��±WK�SVU���S�H-�;LYRYXZ�VK$M^XZªVLTS)µ _�� � X^RYK-�;RYXZI%U	S � R"SVU���I%LTSo��I%��H$M^Xn'
±�K���S>H-�;L<MZS m �;X^R ±WK�S>[$S � � ��±�K�SVU���S � X^UWRTSVLYH$LT�VRT��S � ��I%���GS K$U � X��)U-�;M$[��;U � ��SVLYR��;X^U �
��I%U�RTS�Ó\RTS � H°SVK$¯®SVUWR��;K �T� X �;H$H-�;L��u¬ZRYLTS !cH-�;Ln«-� � �;LT[ #!�;X^M^MZSVK$L � MZS�MZI%UP� [$S�MÌ� � �5'
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±WK�SVU���S � �;U � HJI%K$Lo�;K$R��;U�R ��I%K�SVLoMZSnL�;%MZS_[�O K$U � X��)U-�;M�µ� I%K$LnX^M^M^K � RYLTSVLeMZS�L�;%MZSi[$S �e� X��)U-�;K\Ó � K$LoMÌ� � ��±WK�SVU���S�[�OP²e³e´��4U�I%K � U�I%K � �;H^'
H$K$XZSVLTI%U �"� K$L'M�OPS�Ó$SV��H$MZS�[$S MÌ�ÁLT�,�)K$MÌ�;RYXZI%Uc[$S MÌ�ÁRYL��;U � �VLYX^H$RYXZI%Uc[$S>M�OPI%HJ�VLTI%U�MÌ�%�VRTI � S
��«�S,� ' �HXVZM[�I�µ�_*S � �®ªVU�S � [ GBX��@��[ GBX���SVRo[ GBX�� � I%UWR RYL��;U � �VLYX^R � SVU�K$U��w�V�GSo²ÁÏÁ´o�
SVR���I%U � RYX^RYK�SVU�R�[$I%U��}��S	±WK*OPI%U �;H$H°SVM^MZS	K$U I%HJ�VLTI%U*µ@_"OPS�ÓyH$LTS ��� XZI%U [$S}��S � �®ªVU�S �
SVU�H$LTI%RT�VX^U�S � HJSVLY�GSVRq�cMÌ�	Q-�%�VRT�VLYXZS�[�O K$RYX^M^X � SVLeMZSiMÌ�%�VRTI � S���I%���GS � I%K$LT��S�[�OP�VU�SVL('�)XZS)µ Ë SVRYRTSiS�Ó\H$LTS �T� XZI%U§S � RoLT�,�)K$MZ��Si�;K5U$X^¯®S��;K![$S�MÌ��RYL��;U � �VLYX^H$RYXZI%U�[$S�RTSVM^MZS � I%LYRTS
±WK*OPSVU�M�O �;Q � SVU���SG[$S�MÌ�%�VRTI � S��JMZS � �®ªVU�S � U�S � I%UWR_H-� � RYL��;U � �VLYX^R � �rSVU�H$LT� � SVU���SG[$S
MÌ�%�VRTI � S�MZS � �®ªVU�S � U�S � I%U�RnRYL��;U � �VLYX^R � ±WK�S � X'X^M<U*O ×5�cH-� � [$S �)M^K���I � S�[\X � HJI%U$X^Q$MZS
��I%���GS � I%K$LT��S�[�OP�VU�SVL-�)XZS r MZSq�)M^K���I � S�S � R�K$U�Sn�GSVX^M^MZSVK$LTS � I%K$LT��S�[�OP�VU�SVL-�)XZS_±WK�SnMZS
MÌ�%�VRTI � S t µ Ë SVRYRTScLT�,�)K$MÌ�;RYXZI%U��'��I%���GSGMÌ�]H$M^K$H-�;LYRi[$S � LT�,�)K$MÌ�;RYXZI%U � RYL��;U � �VLYX^H$RYXZI%U^'
U�SVM^MZS � � � OPS�Ó\SVLT��S"�;K�U$X^¯®S��;K�[\K�[$�V�c�;LYL����®S [$S<MÌ�>RYL��;U � �VLYX^H$RYXZI%U*µuÒ M^MZSom �;X^R�X^UWRTSVLY¯®SVU$X^L
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��«$X^��XZSN[$S � I%L-���;U$X � �GS � ¯yX^¯%�;UWR � �;MZS � RTS��T«$U�I%MZI��)XZS � [$S�MÌ�eQ$XZI%MZI��)XZSz�4�)L��;U�[$S�����«�SVM^MZS
I%UWR_SVU�RYL��u¬ZU���K$U�S�H$LTI%M^Xnmw�VL��;RYXZI%U0[$S � RTSVLY�GS � SVU !w'?I%�GSw#§[$I%UWR�MZS � H$M^K � K$RYX^M^X � � �
� I%UWR'��SVK\Ó�[$S RYL��;U � �VLYX^H$RTI%�GS SVR<[$S H$LTI%RT��I%�GS ±WK$Xy[$� � X��)U�SVU�R<LTS � HJS��VRYX^¯®SV�GSVU�R<M�OPSVU^'
� SV�iQ$MZS�[$S � ²ÁÏÁ´ RYL��;U � �VLYX^R � SVR [$S � H$LTI%RT�VX^U�S � RYL��%[\K$X^RTS � µ 
?M$S�Ó\X � RTS ��SVH°SVU�[��;UWR K$U�S
[\X����VLTSVU���S mwI%U�[��;�GSVUWR��;MZS�SVU�RYLTS�MZS��®�VU�I%�GS�SVReMZS � �;K$RYLTS � !cI%�GS � #)µ°Ò U�S��JSVRM�4MZS�®�VU�I%�GS�U�S_¯)�;LYXZSiH$L��;RYXZ±�K�SV�GSVUWR�H-� � [��;U � K$U5I%L-���;U$X � �GSi¯yX^¯)�;U�R �J�;K!��I%UWRYL��;X^LTS��
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MZSÁRYL��;U � �VLYX^H$RTI%�GS�SVR>MZSeH$LTI%RT��I%�GS���«-�;UP�®SVU�RM� � SVMZI%U MZS ��� I%K$LT��S � [�OP�VU�SVL-�)XZS � [\X � H°I�'
U$X^Q$MZS � ��MZS�R ×WHJS�[$Si��SVM^M^K$MZS���I%U � XZ[$�VLT��[��;U � K$U!I%L-���;U$X � �GSi��K$M^RYXZ��SVM^M^K$MÌ�;X^LTS��JI%K!�;K
��I%K$L � [\K§�V×\�VMZS���SVM^M^K$MÌ�;X^LTS���H-�;LoS�Ó$SV��H$MZS)µ
Ò U§[$SV«�I%L � [\K � ��±WK�SVU>=����®S�[$S�M�OP²e³n´ �$I%U]HJSVK$Ro�VX^RTSVLÁH-�;LY��X*MZS � H$M^K � X^��H°I%L('

R��;U�RTS � [$S � RTS��T«$U�I%MZI��)XZS � [$S�MÌ��Q$XZI%MZI��)XZS ���)L��;U�[$S_����«�SVM^MZS ¦
8 ¥§¹ 
?�*¸�¥
$1�+� �-¥!º�¥W¹ 3 É : � ¥W¸�·+�$¤�1 ��£�¥W¹ � 
?M � O ���)X^R � I%K$¯®SVUWRN[\K � ��±�K�SVU>=����®S

[�OPÒ 6 � r '�� � i,QSKSK,QVRlEUQVNPOHQ�W�XVQ��UGj\ t µf_*S � Ò 6 � � I%U�Ro[$S �Á� ��±WK�SVU���S � MZS�H$M^K �
� I%K$¯®SVUWR*H-�;LYRYXZSVM^MZS � H$LTI¼¯®SVU-�;U�R'[�O K$U � ��±WK�SVU>=����®S K$U$XZ±�K�S r [$I%U��"[�O � �T� S,� �c�;K^'
¯)�;X � So±WK-�;M^X^RT� t [$SoMÌ� � ��±�K�SVU���Se[�OP²Á³n´ ��I%��H$MZ�V�GSVU�R��;X^LTS�[�O K$U}²eÏo´Á�]µ Ë S �
� ��±WK�SVU���S �©� I%U�R H$LYX^U��VX^H-�;MZSV�GSVUWR§K$RYX^M^X � ��S � HJI%K$L XZ[$SVU�RYXn{-SVL]MZS � � ��±WK�SVU���S �
RYL��;U � �VLYX^RTS � [\K �®�VU�I%�GS�SVR H°I%K$L©[$I%U$U�SVL©[$S � X^U�[\XZ���;RYXZI%U �]� K$L MZS � �®ªVU�S �
RYL��;U � �VLYX^R � [��;U � MZS � [\X��J�VLTSVUWR � RYX ��� K � [�O K$U5I%L-���;U$X � �GS)µ4³nS�H$M^K � �-[��;U � K$U�S
��SVLYR��;X^U�S_�GS � K$LTS��$MZS � ��±WK�SVU>=����®S_[�OPÒ 6 � HJSVK$RN[$I%U$U�SVLÁ[$S � X^U�[\XZ���;RYXZI%U �o� K$L
MZS�U$X^¯®S��;K\Ó0[�OPS�Ó\H$LTS �T� XZI%U [$S � �®ªVU�S � µ �rI%K$RTS5m I%X � �rMZS � ²eÏo´Á� RYL��;U � �VLYX^R � SVU
K$U�H°SVRYX^R�U�I%�iQ$LTS©[$S}��I%H$XZS � U�S � I%UWRGSVU��®�VU��VL��;M H-� ��� ��±WK�SVU���� � µ � ��I%RT�
[\K � ��±�K�SVU>=����®S}[$S � Ò 6 �y�'[$S � H$LTI;�YSVR � [$S � ��±WK�SVU>=����®S [$ScQJI%U$U�S}±�K-�;M^X^RT�
[�OP²eÏo´Á� ��I%��H$MZSVR �o� I%UWRÁ�;K �T� X��GSVU�� ��r ¯®I%X^LoH-�;LoS�ÓJµ	�p��6P6 + �\��
 t µ

8 ��£�¥�·%»�$!� �7���4¢�¥§º'¥�¹��7��� ¥�¹Gº'¥ *°¥�¤;¤u¥W¹�¥®£�4<¸�·®¥�¹�� 3 ¶;: � _ ��SVU���I%LTS���M�OPI%Q^'
�YS��VRYXnmJS � R"[�O XZ[$SVUWRYXn{-SVL MZS � �®ªVU�S � RYL��;U � �VLYX^R � [��;U � [\X����VLTSVU�RTS � ��I%U�[\X^RYXZI%U � ��SVMn'
M^K$MÌ�;X^LTS �3r ¯®I%X^LoH-�;LnS�ÓJµ
� 6P6�� + 0)��
 t µf_r��RTS���«$U�I%MZI��)XZS���I%U � X � RTS �1{$Ó\SVL � K$LoK$U
HJSVRYX^R � K$H$HJI%LYR r K$U�SiMÌ�;�GS�[$S_¯®SVLYLTS�I%K5K$U�SiH$K���S t [$S&m���=�I%U!I%LT[$I%U$U���S r SVU
R��;Q$MZS��;K t K$Us�)L��;U�[�U�I%�iQ$LTSG[$S�m�L����)�GSVUWR � [�OP²e³n´ ��I%��H$MZ�V�GSVU�R��;X^LTS � [$S �
²eÏo´ � K$H$HJI � � � RYL��;U � �VLYX^R � µU_r�G�GS � K$LTSi[$S�M�OPS�ÓyH$LTS ��� XZI%U � Sym �;X^ReSVU � K$X^RTS�SVU
�GSVRYR��;U�RcMZS � K$H$H°I%LYRGSVU�H$LT� � SVU���S©[�OP²eÏo´j�c�;LT±�K�� � S�Ó\RYL��;X^R � [$S©��SVM^M^K$MZS � µ_*S � ²ÁÏÁ´ � O «W×WQ$LYXZ[$SVUWR_�;MZI%L � ��¯®S���MZS � ²e³n´ ��I%��H$MZ�V�GSVUWR��;X^LTS � {$Ó\� �Á� K$LNMZS
� K$H$HJI%LYRM�$��S�±�K$X�HJSVLY�GSVRo[$SnLTSVHJ�VLTSVL�MZS � �®ªVU�S � RYL��;U � �VLYX^R � µ � U]�VRYK�[\XZS��;X^U � X
H-�;L�S�Ó\SV��H$MZS � X^�iK$M^R��;U��V�GSVU�RNM�OPS�Ó\H$LTS �T� XZI%U©[$S � ±WK�SVMZ±�K�S 4 000 �®ªVU�S � [�O K$U�SQ-�%�VRT�VLYXZS}��I%���GS+Y���KMO	�^FJI�[�ILK r ¯®I%X^L�H-�;L�S�ÓJµ��P²@|y� + �) �
 t µ Ë S � S�ÓyHJ�VLYXZSVU���S �
HJI � SVU�R�SVU���I%LTS � I%K$¯®SVUWR�[$S � H$LTI%Q$MZªV�GS � [$ScLTSVH$LTIW[\K��VRYX^Q$X^M^X^RT�}SVR � SVK$MZS � MZS �
¯)�;LYXÌ�;RYXZI%U � X^��H°I%LYR��;UWRTS � [$SeU$X^¯®S��;K\Ó}[�OPS�Ó\H$LTS �T� XZI%U � HJSVK$¯®SVU�Rz�VRYLTSe��X � S � SVU
�V¯yXZ[$SVU���S���¯®S��_��SVLYRYX^RYK�[$S)µ

8 9 ��$!���$1*¹�¥5º�¥W¹ 4'¤��-£5
W¢ $r¥W¹ 4��$¤c¹54"¥W·)£�¤�����
�£�¤;¢�¥5º�¥����$¹�¹�¥ � Ë SVRYRTS �G�VRY«�Iy[$S
U*OPS � R�H-� � ¯yL��;X^�GSVU�RiU�I%K$¯®SVM^MZSG�c�;X � � ��I%U$UWK [$S � �;�G�VM^XZI%L��;RYXZI%U � µ Ë I%K$H$MZ��S��K$U�S5�VMZS��VRYLTI%H$«�I%LTª � S!Q$XZ[\X^�GSVU � XZI%U$U�SVM^MZS5±WK$X � �VH-�;LTS]MZS � [\X����VLTSVU�RTS � H$LTI�'
RT�VX^U�S � [�O K$U5S�Ó\RYL��;X^RÁ��SVM^M^K$MÌ�;X^LTS��4MÌ� � HJS��VRYLTI%�G�VRYLYXZSi[$S��c� ��� S�HJSVLY�GSVRÁ[�OP�VRYK^'
[\XZSVL][\X^LTS��VRTSV�GSVU�R5MÌ� � ��±�K�SVU���S�[$S�U�I%�iQ$LTSVK � S � H$LTI%RT�VX^U�S ��r ¯®I%X^L]H-�;L©S�ÓJµ
� � � |_�\��
 t µ 6WX MÌ� � ��±WK�SVU���S�[\Ks�®�VU�I%�GSGS � R_��I%U$U�K�S��rMÌ� � ��±WK�SVU���S�S�Ó$�%�VRTS
[$SeMÌ��H$LTI%RT�VX^U�SnH°SVK$R<�VRYLTS�[$�VRTSVLY��X^U���S)µ�³nSeH$M^K � �\MÌ�i�G�VRY«�Iy[$SnH°SVLY�GSVRN[�O �%�5'
����[$SVLÁ�;K\Ó �GIW[\Xn{-���;RYXZI%U � �T«$X^��XZ±WK�S � [$S � H$LTI%RT�VX^U�S � �;H$LTª � MÌ��RYL��%[\K��VRYXZI%U*µ
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y¢�$�¥�¹ � _����G�VRY«�IW[$S [\KØ[$I%K$Q$MZS0«W×B'
Q$LYXZ[$S�HJSVLY�GSVR_[$S�LTS��T«�SVLT��«�SVL3�"�)L��;U�[$SG����«�SVM^MZS�MZS � X^UWRTSVL��%�VRYXZI%U � HJI �T� X^Q$MZS �
SVU�RYLTS H$LTI%RT�VX^U�S ��r ¯®I%X^L5H-�;L§S�ÓJµ��PÏv6yÏ + �\��
 t µz_"O X^UWRTSVLYH$LT�VR��;RYXZI%UB[$S � LT� � K$Mn'
R��;R � U�����S ��� X^RTSNQJS��;K���I%K$H	[$SoH$LT�����;K$RYXZI%U � ��U�I%R��;���GSVUWR H-�;LT��So±WK�SN[$SNU�I%�3'
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Q$LTSVK � S � X^UWRTSVL��%�VRYXZI%U � ±WK$X�U*OPI%U�RÁH-� � M^XZSVK§[��;U � MÌ����SVM^M^K$MZS�HJSVK$¯®SVU�Rv�VRYLTS_[$�5'
RTS��VRT��S � µ
³��;U � MZS � �;U$U���S � � ¯®SVU$X^LM��I%U�HJSVK$R*H$LTI%Q-�;Q$MZSV�GSVUWR � O �;RYRTSVU�[\LTS � ��S"±�K�S [�O �;K$RYLTS �

RTS���«$U�I%MZI��)XZS �Á� I%XZSVUWRo[$�V¯®SVMZI%H$HJ��S � SVRNH$LTSVU$U�SVUWRoK$U�Sq�)L��;U�[$S_X^��HJI%LYR��;U���S)µ Ë SVHJSVU^'
[��;UWRM� M�OP�VRYK�[$S5[$S �c� ��±WK�SVU���S � [�OP²e³n´ [$SV¯WL��;X^R}��I%U � SVLY¯®SVLcK$U�S§H$MÌ�%��S§��SVU�RYL��;MZS ¦
[�O K$U�SeH-�;LYRM�yM�OP²Á³n´3��I%UWRYXZSVU�R�M�OPSVU � SV�iQ$MZS�[$SoM�O X^U^m I%LY�c�;RYXZI%U �®�VU��VRYXZ±�K�SeSVRM�\[�O �;K$RYLTS
H-�;LYRM�\��S ��� ��±WK�SVU���S � H°SVK$¯®SVUWRz�VRYLTSe��I%U$UWK�S � [$S4m ��=�I%U"{4�;Q$MZSnSVR LTSVMÌ�;RYX^¯®SV�GSVU�RNHJSVK
I%U��VLTSVK � S)µ � RYX^RYLTS_X^U�[\XZ���;RYXnm-�-MZSi��I 
 RÁ[\K � ��±�K�SVU>=����®S�[$S_QJI%U$U�S�±WK-�;M^X^RT��[�O K$U �®�5'
U�I%�GS���XZ�VLTI%Q$XZSVU ��I%��H$MZSVR�S � R��;K%�YI%K$LT[�O «�K$X>[$S�M�OPI%LT[\LTSG[$S 0, 1 � H-�;L�Q-� � SG[��;U ���SVLYR��;X^U � �)L��;U�[ � ��SVU�RYLTS � [$S � ��±�K�SVU>=����®S��p0<Ò"´ + �)� 
)�\MZSn��I 
 Ro[�O K$U�SnH$K���S���²e³e´r U�I%U©LT�VK$RYX^M^X � �;Q$MZS t m �;Q$LYXZ±WK���S�SVU � �VLYXZS r [$I%U�� � K$L�K$U©I%L-���;U$X � �GS_[$� �����VRYK�[\XZ� t S � R
[�OPSVUW¯WX^LTI%U 1000 � � � X^MÌ�)  

� I%K$L�HJSVLY�GSVRYRYLTS©[$Sc��XZSVK\Ó �;H$H$LT�V«�SVU�[$SVLGM�O �;��H$MZSVK$LGSVRiMÌ�5L��;H$XZ[\X^RT�©[$S	M�O X^U^'

RYLTIy[\K��VRYXZI%U][$SoRTS���«$U�I%MZI��)XZS � ��«-�;K$R�[$�VQ$X^R SVU Q$XZI%MZI��)XZS��\MÌ� � S��VRYXZI%U � K$X^¯)�;U�RTSn��I%�3'
�GSVUWRTS�±WK�SVMZ±WK�S � RTSV��H � m I%LYR � [$SiMÌ�G��«$LTI%U�I%MZI��)XZS�[\K � ��±WK�SVU>=����®S�[$S_M�OP²e³e´�µ9_*S �
��I%U � ��±WK�SVU���S � [$S ��S � �T«-�;UP�®SV�GSVU�R � RTS���«$U�I%MZI��)XZ±�K�S ��� I%U�R§MZS � K%�YSVR5[$S0MÌ� � S��5'
RYXZI%U �)µ �\µ �\µ
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$-��� ¢��*¸r¥ � ²ÁH$LTª � MÌ�c[$����I%K^'
¯®SVLYRTS�[$S!MÌ� � RYLYK��VRYK$LTS�[$S!M�OP²Á³n´ SVU 1953 SVR MÌ� LTS���I%U$U-�;X ��� �;U���S�[$S � I%U L�;%MZS��I%���GS � K$H$H°I%LYR�[$SNM�O X^U^m I%LY�c�;RYXZI%U+�®�VU��VRYXZ±WK�SoH-�;L"M�OPSVU � SV��Q$MZSe[$S�MÌ����I%����K$U-�;K$RT�
� �VXZSVUWRYXn{-±�K�S���MZS � �)L��;U�[ � H$LYX^U��VX^HJS � [$SGM�OPS�Ó\H$LTS �T� XZI%U [$SGM�O X^U^m I%LY�c�;RYXZI%U��®�VU��VRYXZ±WK�S
I%UWR��VRT�	�VM^K��VXZ[$� � [\K$L��;UWRiMZS � �;U$U���S � 50 SVR 60 µ�Ò U [$�VH$X^Ri[$ScMÌ�]��I%��H$LT�V«�SVU � XZI%U[$Sn��S � �G�����;U$X � �GS � �\M�O X^U^m I%LY�c�;RYXZI%U:�®�VU��VRYXZ±WK�S�S � R LTS � RT��SeMÌ�;L-�®SV�GSVU�RNX^U-�%����S ��� X^Q$MZS
��K � ±WK*O~�}MÌ� ��X � SG�;K0HJI%X^U�R�[$SGRTS��T«$U$XZ±WK�S � S��c���%��S � [$S � ��±WK�SVU>=����®SG[$S�M�OP²e³e´ �
MÌ�1{�U5[$S � �;U$U���S � 70 �4U�I%R��;���GSVU�RnH-�;LoMÌ�G�G�VRY«�IW[$Si[$S�6\�;UP�®SVL�� 6y´ Ë D1D�
'±�K$X'S � R�;K%�YI%K$LT[�O «�K$XNMÌ�§H$M^K � K$RYX^M^X � ��S)µ<³��;U � MZS � �;U$U���S � 80 MZS � ��±WK�SVU>=����®S [$S}±WK�SVMZ±WK�S �[\X��¼�;X^U�S � [$S_��X^M^M^XZSVL � [$SiQ-� � S � �VR��;X^ReHJI �T� X^Q$MZS)µ-²ÁX^U � X �4[$ª � 1982 �°MÌ� � ��±WK�SVU���Si[$S �
48 502 H-�;X^LTS � [$S©Q-� � S � r Q$H t [\K �®�VU�I%�GS§[�O K$U�H$«-���®S r ¯WX^LYK � [$S©Q-�%�VRT�VLYXZS t [$SMÌ� Q-�%�VRT�VLYXZS
' � XVZM[�I �*MZSGH$«-���®S λ ��m�K$R�[$�VRTSVLY��X^U���S � 6 Ë * + �)��
?µ*³nª � ��SVRYRTSG�VHJIW±WK�S��
MZS}H$LTI;�YSVR�[\K � ��±WK�SVU>=����®S©��I%��H$MZSVR�[\K��®�VU�I%�GS r 4.6 ¨ Q$H t [$S ' ��XVZM[�I �'MÌ�]Q-�%�5'RT�VLYXZS�H$M^K � �VRYK�[\XZ��S���SVRÁ�w�V�GS���SVM^K$X [\K � ��±WK�SVU>=����®S�[\K �®�VU�I%�GS�«�K$�c�;X^U0�VR��;XZSVUWR
�V¯®Iy±�K�� � � ¾>� ¾ + 0+DH� � M � 0) P� � ² ¨ + �\���P_ _ ¾ + �\� 
?µ
Ë SVHJSVU�[��;U�ReX^M�LTS � R��;X^Rq��LT���;M^X � SVLoK$U � �;K$RN±�K-�;UWRYX^R��;RYXnm [$S�H$M^K � XZSVK$L � I%LT[\LTS � [$S�)L��;U�[$SVK$L�SVU�RYLTS}MZS � ��±�K�SVU>=����®S}[$S}±�K�SVMZ±WK�S � [\X��¼�;X^U�S � [$S	��X^M^M^XZSVL � [$ScH-�;X^LTS � [$S

Q-� � S � SVR_MZS � ��±WK�SVU>=����®SG[$S � H$M^K � XZSVK$L � ��X^M^M^XZI%U � [$S�H-�;X^LTS � [$SGQ-� � S � ±WK$X"��I%U � RYXn'
RYK�SVUWRÁK$U �®�VU�I%�GS�Q-�%�VRT�VLYXZSVU*µ 
 M � O ���)X �T� �;X^RÁ�w�V�GSi[�O K$U � �;K$R4�)X����;U�RTS � ±WK�S � X*M�OPI%U
��I%U � XZ[$ªVLTS>MZS � ��±WK�SVU>=����®S [�O K$U��®�VU�I%�GS�[$S�H$M^K � XZSVK$L � ��X^M^M^XÌ�;LT[ � [$S>H-�;X^LTS � [$S>Q-� � S �
��I%���GS�MZS �®�VU�I%�GS�«�K$�c�;X^U*µ Ë S � �;K$R_�	�VRT�iLT���;M^X � ���;K���I%K$L � [$S � �;U$U���S � 90 S � '� SVUWRYXZSVM^MZSV�GSVU�Rq�)L	�%��S��;K:{�U-�;U���SV�GSVU�R�[$S��)L��;U�[ � H$LTI;�YSVR � �-±WK$X�I%UWRe�%�����VMZ�VLT�iM�O �;K^'
RTI%�c�;RYX � �;RYXZI%U}[\K � ��±WK�SVU>=����®S��®SVR �nMÌ�e��X � SNSVUGH$MÌ�%��SN[$S<�)L��;U�[$S � X^U^m�L�� � RYLYK��VRYK$LTS � µ



��� � � � 
 � ����� � � � � � � � �	
 � � �M� ����� �
� � � ��� � �

������� ,5� � � 2�� 8 ¥ �7��$�·®¥#�0¥
$°£0º'¥�¹ �4¤���$�º'¹�4'¤�����¥®£�¹�º�¥ ¹5
?�*¸�¥
$1�+� �-¥ � _*S
� O�c�G�W k4Q�W�ZMclQ��oi,Z
	MQVXjF r * � � t H$LTSVU�[ mwI%LY�GS SVU 1988 [��;U � K$U L��;H$HJI%LYR�[\K� GHFJIJZMWfG�[ �yQSK,Q5G�i,X7b
��ZBO�W�X�I�[��;�G�VLYXZ���;X^U�SVR � I%U�{�U-�;U���SV�GSVU�R H-�;L�M�O �%[\��X^U$X � RYL��;RYXZI%U
�;�G�VLYXZ���;X^U�S_[$�VQ$K$RTS�¯yL��;X^�GSVU�RÁSVU 1990 µU_ OPI%Q\��S��VRYXnm S � RN[�O �;QJI%K$RYX^LÁ�;K � ��±WK�SVU>=����®S��I%��H$MZSVR'[\K��®�VU�I%�GS>«�K$�c�;X^U�SVU 2005 µ Ë SVR'����«����;U��VXZSVL"S � R�I%H$RYX^��X � RTS ���;L�MÌ�NR	�%��«�SS � R�X^U-�%����S �T� X^Q$MZS��;K\Ó}RTS���«$U�I%MZI��)XZS � [\K5[$�VQ$K$Ro[$S � �;U$U���S � 90 µ 
?M�LTSVU�[§��I%��H$RTS�[$SMÌ��U-�;RYK$LTS_¯®I%MZI%UWR��;LYX � RTS�[$S_MÌ�GH°I%M^X^RYXZ±WK�S�[$S&{�U-�;U���SV�GSVU�R�[\K * � � µf_*S � I%Q\��S��VRYXnm �
[$SÁ��SVRYRTSnHJI%M^X^RYXZ±�K�S � I%UWR ��K$M^RYX^H$MZS � µU6WK$L MZSeH$MÌ�;U � �VXZSVU�RYXn{-±WK�S��$I%U H°SVK$R [\X � RYX^UP�)K�SVL
�;K �GI%X^U � [$SVK\Ó�U$X^¯®S��;K\Ó [�OPI%Q\��S��VRYXnm � � � M � 0)  
?µ�_*S§H$LTSV��XZSVL	U$X^¯®S��;K S � RGM�OPS � H°I%X^L
[�O X^��H°I%LYR��;UWR � H$LTI��)LTª � SVU Q$XZI%MZI��)XZSn«�K$�c�;X^U�S�SVR�SVU	�G��[$S��VX^U�S)µU_*S � ��±�K�SVU>=����®Sn[\K�®�VU�I%�GS©S � R�U�I%R��;���GSVU�RcHJSVL�=VK���I%���GS MZS �GI�×®SVU [$S	RYL��;U � mw�VLTSVLM�<H-�;L�MÌ����I%�3'
H-�;L��;X � I%U5[$S �Á� ��±�K�SVU���S � ��MZS � ��I%U$U-�;X ��� �;U���S � �%��±WK$X � S �e� K$Lo[�O �;K$RYLTS � S � HJª���S � r [$S �
S � H°ª���S � �GIW[$ªVMZS �5t ¯®SVL � MÌ�]Q$XZI%MZI��)XZS	«�K$�c�;X^U�S)µ�_*S � S���I%U�[ U$X^¯®S��;K [�OPI%Q\�YS��VRYXnmoS � R
H$M^K � �®�VU��VL��;M ¦ �)OPS � R MÌ�i¯®I%MZI%U�RT��[$S4m���¯®I%LYX � SVL�MZSn[$�V¯®SVMZI%H$HJSV�GSVU�Ro[$S � RTS���«$U�I%MZI��)XZS �
[$S � ��±�K�SVU>=����®S�[$S�M�OP²Á³n´�µ
� �;L��;M^MZªVMZSV�GSVUWRM�%[$S � H$LTI;��SVR � [$S � ��±WK�SVU>=����®S"[$So�®�VU�I%�GS � [$S<��XZ�VLTI�'?I%L-���;U$X � �GS �

�GIW[$ªVMZS � ��RTSVM � ±�K�SqEPGBXVXgbfG�i,ZMc���XVQSKqXVQ�i,Q���ILK-I GBQ r MZSV¯WK$LTSe[$SNQ$XZªVLTS t SVR YzGBX�I�[�[ O�K KMO	��xFJI�[�ILK�I%UWR>�;K �T� X°[$�VQ$K$RT�)µ Ë S � H$LTI;�YSVR � [$�V�c�;LYLTSVUWR>LTS � H°S��VRYX^¯®SV�GSVUWR SVU 1989 SVR 1990SVR � I%UWR��GSVU�� � [��;U � MZSÁ���%[\LTSe[$SÁ��I%U � I%LYRYX^K$� � X^��H$M^XZ±WK-�;U�R�[$SÁU�I%��Q$LTSVK\Ó}MÌ�;Q°I%L���'
RTI%X^LTS � µB_*S � 
 �nÏ r �/b�Q�egW>KMFJI F-OPF7Q�h)ZMivkvQ�W�ZMc1IJX �yQSKVQ5G�i,Xgb t �WX^U � RYX^RYK$RYXZI%Uwm I%U�[$��SoSVU
1992 SVRz{�U-�;U�����S���I%U%�YI%X^U�RTSV�GSVUWR�H-�;LÁ[$S � mwI%U�[ � H$K$Q$M^XZ� � SVRoH$LYX^¯®� � �J�c�;K ��� X��YI%K��K$U©L�;%MZS_[$S�H$LTSV��XZSVLNH$MÌ�;U§[��;U � M�OP�V¯®I%M^K$RYXZI%U5[$S � ��I%U�[\X^RYXZI%U � [$S � ��±WK�SVU>=����®S)µ
��� � ) ,5� � ��� � 8 ¥�¹ 4�¤;¥
� ¢z¥W¤u¹9�;

$-��� ¥�¹�·?����4���¥®£�¹ � Ò U 1995 �N��S � S���I%LYR ��;Q°I%K$RYX �T� SVU�R��]MÌ�©H$K$Q$M^XZ���;RYXZI%U [$S � H$LTSV��XZªVLTS ��� ��±�K�SVU���S � [$Sw�®�VU�I%�GS � ��I%��H$MZSVR �
H-�;L�MZS � 
 �nÏiµ�
 M � O ���)X^R�[$S©[$SVK\Ó Q-�%�VRT�VLYXZS � �<H-�;RY«�I��®ªVU�S � H°I%K$L�M�Op*eI%���GS����qGBQuxclZ � bPI�[ O�KyI�W���OHQ�W ��GBQ r 1.8 ¨ Q$H t �p0\² � + 0 ��
 SVR a �9XVZ � [ G�K�c�G+\PQ�WPI F)G�[�I O�c r 0, 58¨ Q$H t �p0 � � + 0 � 
?µo_*S �c� ��±�K�SVU���S � [$S � ��XZ�VLTI�'?I%L-���;U$X � �GS � �GIW[$ªVMZS �G� K$X^¯®SVU�RcSVU
1996 SVR 1997

¦ ' ��XVZM[�I ��E ��XVQ�i,Q���ILK-I GBQ r 13 ¨ Q$H t SVR Y � KMO	�^FJI�[�ILK r 4.2 ¨ Q$H t µ/_*SH$LTSV��XZSVL � ��±WK�SVU>=����®S�[$S��®�VU�I%�GS�[�O K$U5I%L-���;U$X � �GS��iK$M^RYXZ��SVM^M^K$MÌ�;X^LTS��4MZS�¯®SVLNU��V�c��'
RTIW[$S��oGBQ�W�ZMi-bfG �PR]I FJILKvQ�[JQ-\HG�W>KM�yS � R�RTSVLY��X^U��e±WK-�;U�R<��M^K$XJSVU 1998 r 97 ¨ Q$H t [��;U �MZS����%[\LTS_[\K.* � � [��;U � MZS�±WK�SVM*X^M����VRT��X^UWRT�,�)LT�_SVU]R��;UWRo±�K*OPI%L-���;U$X � �GS_�GIy[$ªVMZS)µ


?M"S � R�LT�V¯®�VMÌ�;RTSVK$L�±�K�S�MZSGH$LTSV��XZSVL�I%L-���;U$X � �GS ! � ��±�K�SVU����+# r ����I�W���OHQ�W ��GBQ t
�;X^RN�VRT�_�T«�I%X � XrH-�;LNMZS�� 
 ��ÏØSVU]R��;UWRo±�K�Sq�®�VU�I%�GS�Q-�%�VRT�VLYXZSVU�!�R ×WH$XZ±WK�S #}SVRNU�I%U
H°I%K$L � � � HJ���VXn{-�VX^RT� r H-�;RY«�I��®�VU$XZS©I%K��;K$RYLTS t µ 
 M � O ���)X �T� �;X^R�SVU�m��;X^R�[$S	[$�V�GI%UWRTSVL
±�K�S�� � �;U � ��I%U$U-�;X �T� �;U���S©H$LT���;MÌ�;Q$MZS]I%K H$LTS � ±�K�S��<MZSl�®�VU�I%�GS5[$S MÌ�!H$M^K$H-�;LYRc[$S �
Q-�%�VRT�VLYXZS � HJSVK$¯®SVU�Rq�VRYLTS � ��±WK�SVU�����S � µf_r��RTS���«$U$XZ±�K�S�SV��H$MZI�×®��S��°[\X^RTS�[\K.K-b�ZBF�\UO�W��
U*OPS � R_H-� � ��I%��H$M^XZ±WK���S)µ'Ò M^MZSc��I%U � X � RTS��©��� �T� SVL_MZS � �GI%MZ���VK$MZS � [�OP²e³e´ SVU0HJSVRYX^R �
�GI%LT��S��;K\Ó���H$K$X � ��LT���;M^X � SVL MZS � ��±WK�SVU>=����®So[$So�GI%LT��S��;K\Óc�T«�I%X � X � �;MZ���;RTI%X^LTSV�GSVU�R�SVR
SVU^{�U§[�O � �T� SV�iQ$MZSVLM�>�)L	�%��S���MZSVK$L � �T«�SV¯)�;K��T«�SV�GSVUWR � �°MZS �N� ��±WK�SVU���S � I%Q$RTSVU�K�S � µU_r�
RTS��T«$U$XZ±WK�S�U*OPS � R'H-� � U�I%U�H$M^K � U�I%K$¯®SVM^MZS��;H$K$X � ±�K*OPSVM^MZS��e[$� ���NHJSVLY��X � MZS � ��±�K�SVU>=����®S
[\K�H$«-���®S λ SVU 1982 µ ¨ �;X � �)OPS � R�MÌ�ÁH$LTSVK$¯®S�±WK�S����)L	�%��S<�e±WK�SVMZ±�K�S � �;�G�VM^XZI%L��;RYXZI%U � �SVM^MZSÁS � R��;H$H$M^XZ���;Q$MZSy��[$S � � ��±WK�SVU���S � Q°S��;K���I%K$H H$M^K � MZI%UP�)K�S � µ^_r�i[$�V�GI%U � RYL��;RYXZI%U
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HJSVK$R � �;U � [$I%K$RTS1�VRYLTS���I%U � XZ[$�VLT��S���I%���GS�MZS�HJI%X^U�R�[$S�[$�VH-�;LYR_[$S�M�O �%�����VMZ�VL��;RYXZI%UmwK$M��)K$L��;U�RTSG[$S�M�O ��¯%�;U���SV�GSVUWRi[$S � H$LTI;�YSVR � [$S � ��±�K�SVU>=����®S�SVR_[$S�M�O �;KP�)�GSVU�R��;RYXZI%U
[\K]U�I%�iQ$LTS�[$SnH$LTI;�YSVR � ��H-�;LYRYX^Lo[$S_MÌ� {�U§[$S � �;U$U���S � 90 µ

� � ��� , 2�� � � � 8 9 �$·®·+
#��
�¤��\£¼¢7� $3º<¸ ¹ 
?�*¸�¥
$1�+� �-¥ � Ò U 1998 �°M�O �;Q°I%K$RYX ��� SV�GSVU�R[\K � ��±�K�SVU>=����®S5[\K �®�VU�I%�GS5«�K$�c�;X^U H°I%K$L 2005 � SV�iQ$MZS5SVU���I%LTS§X^U���SVLYR��;X^U*µ _*S* � � �"m��;X^R�QJS��;K���I%K$H [�OPS��JI%LYR � [$SG���;LYRTI��)L��;H$«$XZS��*U�I%R��;���GSVUWR�[��;U � MZS�Q$K$R�[$Sm��%�VX^M^X^RTSVLNM�O � �T� SV�iQ$MÌ���®Sy{�U-�;Mr[$S �Á� ��±WK�SVU���S � �$�c�;X � U*O ��[$�VRTSVLY��X^U��i±�K*OPSVUW¯WX^LTI%U 5%[$S�MÌ� � ��±�K�SVU���S)µ Ë OPS � R4����SVRYRTS_[��;RTS�±�K�S�MÌ� � IW�VXZ�VRT�nH$LYX^¯®��S
��Q�[JQ�iuG.k4Q�W�ZMc1IJXSKÁS � R
�VLT����S�H-�;L_Ö�µ Ë µ � SVUWRTSVL r [$� �-�+m I%U�[��;RTSVK$L�[\K�� 
 ��Ï t µ ��Q�[JQ�iuG � S�[$���VMÌ�;LTSG��I%U��VK$L('
LTSVUWRTS�[\Ks* � � H°I%K$LeMZS � ��±WK�SVU>=����®Si[\K �®�VU�I%�GS�«�K$�c�;X^U0SVU��;U$U�I%U����;U�R_±WK*OPSVM^MZS
��I%��H$RTS�I%Q$RTSVU$X^L�SVU5RYLTI%X � �;U � MÌ� � ��±�K�SVU���SiH-�;LvK�b�ZBF�\UO�W �cM�OP���T«�SVM^MZS�[\K �®�VU�I%�GS)µ
Ò U"�)K$X � SÁ[$SoH$LT�VH-�;L��;RYXZI%U��yMZS � X^U � R��;M^MÌ�;RYXZI%U � ��X � S � SVU	H$MÌ�%��S � I%U�R>K$RYX^M^X � ��S � MÌ�_H$LTS5'
��XZªVLTSc�;U$U���SGH°I%K$L_MZS � ��±�K�SVU>=����®SG[\K H$LTSV��XZSVL_X^U � S��VRTS���MÌ� �GI%K���«�SG[\K0¯yX^U-�;X��)LTS
� i,ZjK,Z � bPI�[ G�clQ�[ G�W�ZV\HG�KjF7Q�i r K$U5�;K$RYLTS_I%L-���;U$X � �GS��GIW[$ªVMZS t µ
Ò"U 1999 �WMZS<* � � � S MÌ�;U���SNM^K$X4�;K �T� X�[��;U � K$U�S H$«-� � SN[$S�H$LTIy[\K��VRYXZI%Uc�c� �T� X^¯®S[$S � ��±WK�SVU���S � H-�;LvK-b�ZBF�\UO�W���¯®S���M�OPI%Q\�YS��VRYXnm�[�OPI%Q$RTSVU$X^LeH°I%K$L 2001 � � I%X^RÁSVU§�w�V�GSRTSV��H � ±WK�S ��Q�[JQ�iuGH�<K$U�S	H$LTSV��XZªVLTS]¯®SVL � XZI%U [$S	MÌ� � ��±WK�SVU���S)µ Ò U 2001 � MZSl* � �

�p_�_ ¾ + �\��
<SVR ��Q�[JQ�iuG � � ² ¨ + �\��
 �;U$U�I%U���SVUWR � X^��K$M^R��;U��V�GSVUWR_MZS � H$LTSV��XZªVLTS � ¯®SVL('
� XZI%U � [$S"MÌ� � ��±WK�SVU���S ��I%K$¯yL��;U�R SVU�¯yX^LTI%U 95% [\K��®�VU�I%�GS r �c�;X � �NH°SVK�H$LTª � RTI%K$RTS �MZS � LT�,�)XZI%U � I�� � I%U�R � X^RYK�� � MZS � �®ªVU�S �ut µ;³ÁX ÓH'�«�K$X^R<�GI%X � SVUW¯WX^LTI%U�I%U�R � K � � �;K\Ói[$SVK\Ó
I%L-���;U$X � �;RYXZI%U � H°I%K$L�LT���;M^X � SVL�MÌ�}H$M^K � �)L��;U�[$S�H-�;LYRYXZSG[\K � ��±WK�SVU>=����®SG[\Ks�®�VU�I%�GS
«WK$�c�;X^U*µ�_*I%L � [$S � ��H$K$Q$M^XZ���;RYXZI%U��JMÌ� � ��±�K�SVU���S�[�O K$U�S�RYLTSVU�R��;X^U�S�[$S �®�VU�I%�GS � [$S
��XZ�VLTI�'?I%L-���;U$X � �GS �3r �c�u�YI%LYX^R��;X^LTSV�GSVU�R�[$S � Q-�%�VRT�VLYXZS � H-�;RY«�I��®ªVU�S �5t �VR��;X^Ro[$� ����H$K^'
Q$M^XZ��S)µ �rI%K$RTS5m I%X � �yMÌ��MZI%UP�)K�SVK$L [\Kl�®�VU�I%�GSe«�K$�c�;X^U]�;RYRTSVX��)U-�;X^R�RTI%K$R [$Se�w�V�GSv� 8m I%X � MÌ��MZI%UP�)K�SVK$LÁ�VK$�iK$MZ��S�[$S�M�OPSVU � SV��Q$MZS�[$S � �;K$RYLTS � �®�VU�I%�GS �o� ��±WK�SVU���� � µ
8 ��¹¼¢z£¼¸!�\£¼¢���$ �$·)£¼¸�¥
� ��¥ 0�X^U§�%I 
 R 2003 �-MZS � �®�VU�I%�GS � ��I%��H$MZSVR ��r I%K©H$LTS � ±�K�S t[$S 132 Q-�%�VRT�VLYXZS � � 16 �;LT��«���S � � 5 SVK����;LY×®I%RTS � K$U$XZ��SVM^M^K$MÌ�;X^LTS � � 4 SVK����;LY×®I%RTS � �iK$M^RYXn'��SVM^M^K$MÌ�;X^LTS �n� I%UWR3!��;U$U�I%RT� � # SVRn�%����S �T� X^Q$MZS � �)L��;RYK$X^RTSV�GSVU�R�[��;U � MZS � Q-�;U�±�K�S � [$S
[$I%U$U���S ��� µ�_rS �®�VU�I%�GS «�K$�c�;X^UcS � R H$LTS � ±�K�S ��I%��H$MZSVR SVR"��SVK\Ó�[$S RYLTI%X � �;K$RYLTS � ¯®SVL('
RT�VQ$LT� ��� I%U�R"Q$XZSVU}��¯)�;U���� �4r MÌ� � I%K$LYX � a O�Koc"O�K,XjO�[ O�KM�)MZSNL��;R �vGHF-F-O�KoW�ZMi ��Q-\]IJXjO�K>SVR
K$U5H°I%X �T� I%U]�GIW[$ªVMZS � G�WPIJZ i,Q�i-IJZ t µ96ySVH$RÁH$MÌ�;U�RTS � [�O X^U�RT�VL��VR����)LTI®�;M^X^�GSVU�R��;X^LTS � I%UWR
�;K �T� X*SVU§��I%K$L � [$S � ��±WK�SVU>=����®S)µË I%���GS�I%U HJI%K$¯%�;X^R � O × �;RYRTSVU�[\LTS�� MZS���«�I%X Ó [$S � I%L-���;U$X � �GS � S � R}RYLTª � �;U^'
RY«$LTI%HJIW��SVUWRYLYXZ±�K�S)µJÒ U�H$M^K � [\K � ��±�K�SVU>=����®S�[\K.�®�VU�I%�GS�«WK$�c�;X^U��4MÌ�cH$M^K$H-�;LYR�[$S �
I%L-���;U$X � �GS �i� ��±WK�SVU���� � H$LT� � SVU�RTSVUWR�K$U0X^UWRT�VL��VR�[\X^LTS��VR_HJI%K$L�M�Op*ÁI%���GS ¦ ��SVLYR��;X^U �
I%UWRÁK$U5X^U�RT�VL��VR � �VXZSVU�RYXn{-±WK�S�X^���G��[\XÌ�;Re��I%���GSiMZS � I%L-���;U$X � �GS � �GIy[$ªVMZS � ±WK$X�I%UWR
[$� ���]�VRT�	Q°S��;K���I%K$H��VRYK�[\XZ� � �'[�O �;K$RYLTS � H$LT� � SVU�RTSVUWR�K$U X^U�RT�VL��VR��G��[\XZ���;M �<��I%���GS
MZS � H-�;RY«�I��®ªVU�S � [$SoM�Op*ÁI%���GS��WI%K	SVU���I%LTSoK$UcX^U�RT�VL��VR����)LTI®�;M^X^�GSVU�R��;X^LTS��$��I%���GSoMZS �
Q-�%�VRT�VLYXZS � MÌ�%�VRYXZ±WK�S � ��MZS � �;U$X^�c�;K\Ó5SVRoH$MÌ�;UWRTS � [$S_MÌ�wmwSVLY�GS��;X^U � X�±WK�S���SVLYR��;X^U � [$S
MZSVK$L � H-�;RY«�I��®ªVU�S � �¼[�O �;K$RYLTS � �¼SVU^{�U�� � I%U�R*X^UWRT�VLTS �T� �;UWR �'� K$L*K$U�H$MÌ�;U_RTS���«$U�I%MZI��)XZ±�K�S��
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��I%���GS�MZS � ��XZ�VLTI�'?I%L-���;U$X � �GS � ¯yX^¯%�;UWR_[��;U � [$S � ��X^M^XZSVK\Ó5X^U$«�I � H$X^R��;M^XZSVL �"r �T«-�;K�[��
� �;MZ��� . . . t [$I%U�RoMZS � �GI%MZ���VK$MZS � HJSVK$¯®SVU�RoH$LT� � SVU�RTSVLo[$S � H$LTI%H$LYXZ�VRT� � LTSV�c�;LT±WK-�;Q$MZS � µ_*S � RYL���¯%�;K\ÓG�%�VRYK�SVM � LTS � RTSVUWR [��;U � ��SVRYRTS�I%H$RYXZ±WK�S��%U�I%R��;���GSVU�R H-�;L MZS � ��±�K�SVU^'=����®SN[�OPI%L-���;U$X � �GS � RYLTª � H$LTIW��«�S � [�O K$U	H°I%X^UWR [$S�¯yK�S��V¯®I%M^K$RYXnm�µ � RYX^RYLTSN[�OPS�Ó$SV��H$MZS��
MZS � �®�VU�I%�GS � ��I%��H$MZSVR � [$S 4 � I%K���«�S � [$SeMÌ��Q-�%�VRT�VLYXZS ' �>XVZM[�I�I%UWRN[$� �-���VRT�eH$K$Q$M^XZ� �SVR<�;K��GI%X^U � 2 �;K$RYLTS �<� I%U�R SVU���I%K$L � [$S � ��±WK�SVU>=����®S)µ � �;L"�;X^M^MZSVK$L � �uMZS � � R��;R � ' � U$X � �M�OP²oUP�)MZSVRTSVLYLTS��\MZSnÖ��;HJI%U��yMÌ� Ë «$X^U�S��yMZS Ë �;U-�%[����;X^U � X�±WK�SÁ[$S � SVUWRYLTSVH$LYX � S � H$LYX^¯®��S � �
I%U�Ri�;U$U�I%U����}SVU Iy�VRTI%Q$LTSc�)�)�)�©MZS3{�U-�;U���SV�GSVUWR�[$Sc��Sc±WK$X"S � R_H$LT� � SVUWRT�c��I%���GS
MÌ� � S���I%U�[$S H$«-� � S [\K � ��±�K�SVU>=����®S©[\KD�®�VU�I%�GS©«WK$�c�;X^U*µo_"OPI%Q\��S��VRYXnm�S � R�M�OP�VRYK�[$S
[$SiMÌ�	¯)�;LYXÌ�;Q$X^M^X^RT��[\K �®�VU�I%�GS�«�K$�c�;X^U�H-�;LnK$U � ��±�K�SVU>=����®SG�;K��GI%X^U � H-�;LYRYXZSVM"[$S
U�I%��Q$LTSVK\Ó©X^U�[\X^¯WXZ[\K � µ

� �GI¼×®SVUcRTSVLY�GS����;H$LTª � MZS � ��±WK�SVU>=����®SN[\KGMÌ�;QJI%L��;RTI%X^LTS���[$S�M�Op*eI%���GS��®[$S�M�O «>;�'
H$X^R��;M SVR�[$S�MÌ�"m SVLY�GS��rI%U H°SVK$R_HJSVU � SVL�±WK�S�MZS � H°S��VRYLTSG[$S � I%L-���;U$X � �GS ��� ��±�K�SVU^'
��� �>� OP�VMÌ�;L-�)X^L��i��I%U � XZ[$�VL��;Q$MZSV�GSVU�R�µ Ë SVR �VMÌ�;L-�)X �T� SV�GSVUWRN[$SV¯WL��;X^R�I �JLYX^L>[$SÁU�I%K$¯®SVM^MZS �
H°SVL � HJS��VRYX^¯®S � �\U�I%R��;���GSVUWRoHJI%K$L�M�OP�VRYK�[$S_[$S � ��XZ�VLTI�'?I%L-���;U$X � �GS � X^U��VLTI�×��;Q$MZSV�GSVUWR
[\X^¯®SVL � ±WK$X"H°SVK$H$MZSVUWR�MÌ� Q$XZI � H$«�ªVLTScSVR�±WK$X"U�S � I%UWR�H-� � �*H°I%K$L_MÌ�©H$M^K$H-�;LYRM�r�VK$M^RYXn'
¯%�;Q$MZS � SVU©MÌ�;QJI%L��;RTI%X^LTS ��M�O «�SVK$LTS��%�VRYK�SVM^MZS)µ
�����	��� � �'��/���) � ('�*)+670���-.#%�*);�1� 2�"4-5/4-76."�� #%-./40��1��/4��"����������	��
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M�OPS �T� I%L<[$S MÌ�oQ$XZI%MZI��)XZS<�z�)L��;U�[$S ���T«�SVM^MZS��%[$S � �;M��®I%LYX^RY«$�GS � �VR��;XZSVUWR<[$� ���oU�����S �T� �;X^LTS �
H°I%K$L<��I%��H-�;LTSVL MZS � L��;LTS � � ��±WK�SVU���S � [\X � H°I%U$X^Q$MZS � µ%²ÁX^U � X �%[$ª � 1970 �)´eS�S�[\MZSV�c�;UGSVR� K$U � �T« �P´ � D%��
W[$���VLYX^¯)�;XZSVU�RrK$U��;M��®I%LYX^RY«$�GS [$S���I%��H-�;L��;X � I%Ui[$S"[$SVK\Ó � ��±WK�SVU���S �
H$LTI%RT�VXZ±�K�S � µ Ë OPS � RG��SVHJSVU�[��;U�Rc�;K���I%K$L � [$S � �;U$U���S � 90 �"��¯®S�� M�O ��¯®ªVU�SV�GSVU�R}[$S �RTS��T«$U�I%MZI��)XZS � [$S	MÌ�©Q$XZI%MZI��)XZS �:�)L��;U�[$S}���T«�SVM^MZS r SVR�[$S � ��XZ�VLTI�'?I%LT[\X^U-�;RTSVK$L �5t ±�K�S
M�O K$RYX^M^X � �;RYXZI%U3[$S5M�O X^U^m I%LY�c�;RYXZ±WK�S � OPS � R��®�VU��VL��;M^X � ��S���{�U3[$S � RTIy�T­®SVLM�>X^U�RT�,�)LTSVL]SVR
RTSVU�RTSVLo[�O X^UWRTSVLYH$LT�VRTSVLÁMZS � �VU�I%LY�GS � ±�K-�;UWRYX^RT� � [$S�[$I%U$U���S � H$LTIW[\K$X^RTS � µ
� �;L��;M^MZªVMZSV�GSVUWR$��M�O X^U^m I%LY�c�;RYXZ±�K�S��WMZS �>� R��;RYX � RYXZ±WK�S ��� S � I%U�R>LT�V¯®�VMZ��S � RYLTª � K$RYX^MZS �

H°I%K$L'LT�VH°I%U�[\LTSz�Á��SVLYR��;X^U�S � ±WK�S � RYXZI%U � �;U�I%R��;���GSVU�R HJI%K$L ±�K-�;UWRYXn{-SVL M�O X^U���SVLYRYX^RYK�[$S
M^XZ��S ��M�O X^UWRTSVLYH$LT�VR��;RYXZI%U [$S � [$I%U$U���S � LT����I%M^RT��S � µ � �;L S�Ó$SV��H$MZS���±WK-�;U�[�HJSVK$R	I%U
[\X^LTS©±�K*O K$U�S � X^��X^M^X^RYK�[$S©RYLTI%K$¯®��S§SVU���I%��H-�;L��;UWR	K$U�S � ��±WK�SVU���S.�!K$U SVU � SV��Q$MZS
[$S � ��±WK�SVU���S � U*OPS � RNH-� � [\K�Si�;K�!�«-� � �;LT[ # � Ò U5�;�GI%UWRe[$S���S � H$LTI%Q$MZªV�GS � �4±�K$X
LTSVMZªV¯®SVU�R�H$LYX^U��VX^H-�;MZSV�GSVU�Rn[\K©���;MZ�VK$M*[$S � X��)U$Xn{-���;RYX^¯WX^RT����MZS ��� R��;RYX � RYXZ±WK�S � I%U�Ro�;K �T� X
MÌ�;L-�®SV�GSVU�R<�)K$XZ[$�ÁMÌ����I%U���SVH$RYXZI%U][$S � �G�VRY«�Iy[$S � [�OPS�Ó\RYL��%�VRYXZI%U©[�O X^U^mwI%LY�c�;RYXZI%U*µ � �;L
S�Ó\SV��H$MZS � � MZS���«�I%X Ó [$S�MÌ� �GS � K$LTS ���VRYK�[\XZSVL]HJI%K$L©M�O XZ[$SVU�RYXn{-���;RYXZI%U [$S � �®ªVU�S �
�;K � SVX^U0[�O K$U�S � ��±WK�SVU���S�U�K��VMZ�VXZ±WK�S��rI%K0SVU���I%LTSG��SVM^K$X"[$S�MÌ��m I%U��VRYXZI%U [$S � ��I%LTSw�
�c�uÓyX^��X � SVLcMZI%L � [$S]M�O �;M^X��)U�SV�GSVUWR}[$S5[$SVK\Ó � ��±�K�SVU���S � � K$RYX^M^X � SVU�R [$S � �G�VRY«�Iy[$S �
� R��;RYX � RYXZ±WK�S � µ

8 ¥�¹ 4'¤;¥
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$-��� ¥�¹ � _*S"H$LTSV��XZSVL���I%U � R��;R
±�K$X"�G�VLYX^RTS	[�Op�VRYLTS1m��;X^R�S � R�±�K*O X^M"U*O ×0� H-� � SVK [$S+�)LTI �T� S � K$LYH$LYX � S)µ Ë SVH°SVU�[��;UWRM�
��SVLYR��;X^U � H$«��VU�I%�GªVU�S �o� S � I%U�RNLT�V¯®�VMZ� � X^U-�;RYRTSVU�[\K � H-�;L�MZSVK$Le�;��H$MZSVK$L�µ
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²ÁX^U � X��T«�S,�nMZS � Q-�%�VRT�VLYXZS � �\MÌ�iH$LTI%HJI%LYRYXZI%U [$Sv�®ªVU�S � [$S4m I%U��VRYXZI%U}X^U���I%U$UWK�S_��'�R('
SVM^MZS � K$LYH$LYX � µ^_*I%L � [$SeM�O �;U$U�I%R��;RYXZI%U][$S � �®�VU�I%�GS � [$S � [$SVK\Ó	H$LYX^U��VX^H-�;MZS � Q-�%�VRT�VLYXZS �
�GIy[$ªVMZS � ' ��XVZM[�IrSVR$Y��PKMO	�^FJI�[�ILKÁSVU 1997 �°�;K��VK$U�Sym I%U��VRYXZI%U]U*O ��H$K.�VRYLTS_H$LTI%H°I � ��SHJI%K$L LTS � HJS��VRYX^¯®SV�GSVU�R 38% SVR 42% [$S � H$LTI%RT�VX^U�S � � ¾>� ¾ + 0+D^�B� � ¨ + 0+D 
?µ ¨ �;M��)LT�
[$S � ��X^M^M^XZSVL � [�OPS�ÓyHJ�VLYXZSVU���S � LT���;M^X � ��S � [$SVH$K$X � H$M^K � [$S 40 �;U � � � SVK$M SVUW¯WX^LTI%U K$URYXZSVL � [$S � ±�K�SVMZ±WK�S 4 000 �®ªVU�S � ��¯%�;XZSVUWR+m��;X^R}M�OPI%Q\��SVR}[�OP�VRYK�[$S � S�Ó\HJ�VLYX^�GSVU�R��;MZS � µ
��I%K$RTS5mwI%X � �NH°I%K$L]K$U�S�H-�;LYRYXZS [$S � �;K$RYLTS � �®ªVU�S � � K$U�SsmwI%U��VRYXZI%U H$M^K � I%K3�GI%X^U �
H$LT���VX � SÁ�nH$K+�VRYLTS�H$LTI%HJI � ��S�H-�;L"MÌ����X � SNSVUc�V¯yXZ[$SVU���SN[$S � X^��X^M^X^RYK�[$S � [$S � ��±WK�SVU���S
��¯®S��i[$S � H$LTI%RT�VX^U�S � [$S&mwI%U��VRYXZI%U���I%U$U�K�S)µ Ë OPS � RÁMZS���� � [$S 28% [$S � H$LTI%RT�VX^U�S � [$SY��^KMO	�^FJI�[�ILK�µ
³nSVH$K$X � M�O �;U$U�I%R��;RYXZI%U [$S � Q-�%�VRT�VLYXZS � �GIy[$ªVMZS � � MÌ��H$LTI%H°I%LYRYXZI%U [$S � �®ªVU�S � [$Sm I%U��VRYXZI%U X^U���I%U$UWK�S ��H$M^K$R�;%R��;KP�)�GSVUWRT�)µq_*S � U�I%K$¯®SVM^MZS � Q-�%�VRT�VLYXZS ��� ��±WK�SVU�����S �

U*OPI%UWR�H-� � m��;X^R_M�OPI%Q\�YSVR�[�OP�VRYK�[$S � S�Ó\HJ�VLYX^�GSVU�R��;MZS � [�O K$U�Sc�;��H$MZSVK$Li��I%��H-�;L��;Q$MZSl�
��SVM^MZS � �GSVU���S �'� K$LrMZS � Q-�%�VRT�VLYXZS � �GIW[$ªVMZS � µ;²ÁX^U � XW��«�S,�>��S � Q-�%�VRT�VLYXZS � �uMÌ�NH$LTI%HJI%LYRYXZI%U
[$S4�®ªVU�S � ��IW[��;UWR>HJI%K$L�[$S � H$LTI%RT�VX^U�S � [$S$mwI%U��VRYXZI%U X^U���I%U$U�K�SnS � R [$SÁM�OPI%LT[\LTSÁ[$S 40� 50% µ � RYX^RYLTS�[�OPS�Ó$SV��H$MZS��4MZI%L � [$SiM�O �;U$U�I%R��;RYXZI%U0[\K �®�VU�I%�GS�[�O 
 XVQ5G�W�Z �]GBX�I�[�[ O�KI�b�Q �>Q�W>K-ILK � � � � �)� 
�K$U�SeQ-�%�VRT�VLYXZS���SVLYRTS � X^U���I%U$U�K�S�SVR ¯yX^¯%�;UWR [��;U � MZS � m I%U�[ � �c��'
LYX^U � �c�;X � � �T� S,�iH$LTIW��«�S�[�O K$U!HJI%X^U�R�[$S�¯yK�S_H$«W×WMZI��®�VU��VRYXZ±WK�S�[$S�Y �UKMO	�^FJI�[�ILKM�J�;K^'
�VK$U�S�m I%U��VRYXZI%U�U*O �cH$Ks�VRYLTS�H$LTI%HJI � ��S�H°I%K$L 44% [$S � H$LTI%RT�VX^U�S � µ � �;LY��X���S � [$SVL('U$XZªVLTS � � 70% H$LT� � SVU�R��;XZSVU�Re[$S �N� X^��X^M^X^RYK�[$S � [$S � ��±�K�SVU���S_��¯®S��_[�O �;K$RYLTS � H$LTI%RT�VX^U�S �[$Sqm I%U��VRYXZI%U]X^U���I%U$UWK�S)µ

�j��I%RT�}[$S}��SVRYRTS}LTSVMÌ�;RYX^¯®S � K$LYH$LYX � S���MÌ� � S���I%U�[$S � K$LYH$LYX � S}��I%U���SVLYU�S}M�O X^��HJI%L('
R��;U���S_[$S � RYL��;U � mwSVLYR � �®�VU��VRYXZ±�K�S � «�I%LYX���I%U�R��;K\Ó§SVUWRYLTS�Q-�%�VRT�VLYXZS � �-�)OPS � R$��[\X^LTS�M�O X^U^'
RT�,�)L��;RYXZI%U�[��;U � MZS��®�VU�I%�GS�[�OP²Á³n´ H$LTI¼¯®SVU-�;U�R_[�O �;K$RYLTS � Q-�%�VRT�VLYXZS � µ�6WK$LÁK$U5H$MÌ�;U
±WK-�;U�RYX^R��;RYXnm-� ��SVK\Ó��VXo��I%U���SVLYU�SVL��;XZSVUWR}H$M^K � [$S 10% [$S � H$LTI%RT�VX^U�S � ��Iy[$��S � �T«�S,�[$S	U�I%��Q$LTSVK � S � Q-�%�VRT�VLYXZS � � ¨ Ï � + 0\��� � _ ���)� 
?µr³�O K$U HJI%X^U�R�[$S	¯WK�S	±�K-�;M^X^R��;RYXnm-�
MZS � RYL��;U � mwSVLYR � �®�VU��VRYXZ±�K�S � «�I%LYX���I%U�R��;K\Ó � I%U�R��;H$H-�;LYK � �nM�OPI%LYX��)X^U�Se[$S�M�O �%��±WK$X � X^RYXZI%U
[$Svm I%U��VRYXZI%U � S �T� SVUWRYXZSVM^MZS � ��M�O �%[��;H$R��;RYXZI%U§[$S � Q-�%�VRT�VLYXZS � ��MZSVK$L�U$XZ�T«�S_����I%MZI��)XZ±WK�S)µ

 M � ��I%U���SVLYU�SVU�RÁU�I%R��;���GSVU�RoMZS � m I%U��VRYXZI%U � [$SnH-�;RY«�I��®�VU$XZ�VX^RT���4[$S � ×W�iQ$XZI � S�I%K][$S
H$LTI%RTS��VRYXZI%U ¯WX � ��¯WX � [$S � K$Q � R��;U���S � RTI�Ó\XZ±�K�S � RTSVM^MZS � ±WK�S MZS � �;UWRYX^Q$XZI%RYXZ±�K�S � I%K
MZS � �G�VR��;K\Ó�MZI%K$LT[ � µo_*S � RYL��;U � mwSVLYR � «�I%LYX���I%UWR��;K\Ó I%UWR��w�V�GS©�VRT� � K$H$HJI � � � LTS � '
HJI%U � �;Q$MZS � [$S�M�OPI%L-���;U$X � �;RYXZI%U�SVU!I%H°�VLTI%U � [$S � �®ªVU�S � Q-�%�VRT�VLYXZSVU � �p_r� % 010 
?µ°Ò U^{�U��
MZS � RYL��;U � m SVLYR � «�I%LYX���I%UWR��;K\Ó©S�Ó\H$M^XZ±WK�SVU�R � �;U � [$I%K$RTS_�,���;MZSV�GSVUWRNM�OPS�Ó\X � RTSVU���S�[�O K$U�SmwL��%�VRYXZI%U�X^��H°I%LYR��;UWRTS�[$S � H$LTI%RT�VX^U�S � U*O ��×��;U�R �;K��VK$U�S � X^��X^M^X^RYK�[$S [$S � ��±WK�SVU���S ��¯®S��
[�O �;K$RYLTS � H$LTI%RT�VX^U�S � µ_rS � ��±WK�SVU>=����®S�[\K �®�VU�I%�GS!«WK$�c�;X^U3� �,���;MZSV�GSVU�R©�VRT� �0M�OPI%LYX��)X^U�S�[$S � K$L('
H$LYX � S � µ � �;LY��X ��SVM^MZS � '?�VX ��MZS�U�I%��Q$LTS	LTSVMÌ�;RYX^¯®SV�GSVU�R�m��;X^Q$MZSG[$Sw�®ªVU�S � ��IW[��;UWRiHJI%K$L
[$S � H$LTI%RT�VX^U�S � ��I%U � RYX^RYK�SG��SVLYR��;X^U�SV�GSVU�R_M�OPI%Q � SVLY¯%�;RYXZI%U0MÌ�	H$M^K ��� K$LYH$LTSVU-�;UWRTS ¦ �;R('
RTSVU�[\K � �;K$RTI%K$Lo[$S 100 000 �4X^M � U�S � SVL��;XZSVU�Rz{�U-�;MZSV�GSVUWRe±WK�S 30 000 � 40 000 � I%X^RSVUW¯WX^LTI%U 10 m I%X � MZS U�I%�iQ$LTS§I%Q � SVLY¯®�©��«�S,�]K$U�S©Q-�%�VRT�VLYXZS]��I%���GS ' ��XVZM[�INI%K Y��KMO	�^FJI�[�ILK �p_ _ ¾ + �\��
?µ Ë S5L��;H$HJI%LYR�m��;X^Q$MZS���I%U�RYL�� � RTS0��¯®S��!M�O �;H$H-�;LTSVU�RTS0[\X����VLTSVU���S
[$S]��I%��H$MZS�Ó\X^RT�][$S � I%L-���;U$X � �GS � ��I%U � XZ[$�VLT� � �c�;X �G� I%K$M^X��)U�S � �;U � [$I%K$RTS]MÌ��H$M^K ��)L��;U�[$S>��I%��H$MZS�ÓyX^RT�>[\Ki��I%UWRYL�;%MZS [$S"M�OPS�Ó\H$LTS �T� XZI%Ui[$S M�O X^U^mwI%LY�c�;RYXZI%U3�®�VU��VRYXZ±WK�S���«�S,�
M�Op*eI%���GS)µ*³�O K$U�S�H-�;LYRM��X^M � SV�iQ$MZSG±�K*O �;K��GI%X^U � 40 � 60% [$S � ²ÁÏÁ´BRYL��;U � �VLYX^R �
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�T«�S,�!M�Op*ÁI%���GS���H$K$X �T� SVUWR"�VRYLTS5�VH$X �T� � � [$S]H$M^K � XZSVK$L � m���=�I%U � [\X����VLTSVU�RTS � � �;X^U � X �
[��;U � [$S�U�I%��Q$LTSVK\Ó0��� � �°K$U��w�V�GS3�®ªVU�S�H°SVK$R_��Iy[$SVL�H$M^K � XZSVK$L � H$LTI%RT�VX^U�S � [\X��J�5'
LTSVU�RTS � � ¨ _r�)��
?µ$³�O �;K$RYLTSnH-�;LYRM�\�GI%X^U � [$S 2% [\K"�®�VU�I%�GSn«WK$�c�;X^U§S � R RYL��%[\K$X^RNSVUH$LTI%RT�VX^U�S � �W��I%UWRYLTSÁSVUW¯WX^LTI%U 85 � 90% �T«�S,�nMZS � Q-�%�VRT�VLYXZS � µ _rS � m I%U��VRYXZI%U � � �T� Iy�VXZ��S ��;KiLTS � RTS [\K��®�VU�I%�GS � I%U�R<�c�;M$��I%��H$LYX � S � µ%³nS�m ��=�I%U���SVLYR��;X^U�S��;U�I%��Q$LTS�[$S>LT�,�)XZI%U �
±�K$X'U�S���IW[$SVUWR�H-� � HJI%K$L�[$S � H$LTI%RT�VX^U�S �_� I%U�RnX^��H$M^XZ±WK���S � [��;U � [$S � �G�����;U$X � �GS �
[$SNLT�,�)K$MÌ�;RYXZI%U©[$SoM�OPS�Ó\H$LTS �T� XZI%U"�®�VU��VRYXZ±WK�SÁ±WK�SÁ��S � I%X^R��;K	U$X^¯®S��;K [$SoMÌ�_RYL��;U � �VLYX^H^'
RYXZI%U}I%K [$SeMÌ�_RYL��%[\K��VRYXZI%U*µ Ë SVHJSVU�[��;U�RM�yMZSv�®�VU�I%�GSn��I%U�RYXZSVU�Ro�;K ��� X4H$LTI%Q-�;Q$MZSV�GSVUWR
Q°S��;K���I%K$H0[$S�LT�,�)XZI%U �_� �;U � LT��SVM^MZS.!+mwI%U��VRYXZI%U�#5Q$XZI%MZI��)XZ±WK�S���I%���GS�MZS � ±WK�SVMZ±�K�S
40% [\K.�®�VU�I%�GS_��I%U � RYX^RYK�� � [�OP�VMZ�V�GSVUWR � LT�VHJ�VRT� � K$U �)L��;U�[]U�I%��Q$LTS�[$SymwI%X � µ
8 ¥�¹�¥
$��V¥W¸! 0º'¥��$9 ��$!���$1*¹�¥	º�¥W¹ �;
#$!� �0¥�¹ _r�_[\X � HJI%U$X^Q$X^M^X^RT�o[\K+�®�VU�I%�GSÁ��I%�3'
H$MZSVRN[�O K$U§I%L-���;U$X � �GS�S � RN[�O K$U:�)L��;U�[©X^U�RT�VL��VRÁH$L��;RYXZ±�K�S)µ � �;LoS�Ó$SV��H$MZS ¦

! 6WX<M�OPI%U!H-�;LY¯yXZSVU�RM�°H-�;LnM�OP�VRYK�[$S�[$S�MÌ�c��I�'?Iy���VK$LYLTSVU���S�[�O K$U��c�;LT±�K�SVK$Ly�®�VU��5'
RYXZ±�K�S�SVR�[�O K$U�S��c�;MÌ�%[\XZS����	MZIW���;M^X � SVL��;H$H$LTI�ÓyX^�c�;RYX^¯®SV�GSVUWRiK$U �®ªVU�S�X^��H$M^Xn'
±�K��n[��;U � ��SVRYRTSn�c�;MÌ�%[\XZS��\MÌ��[\X � HJI%U$X^Q$X^M^X^RT��[$SeMÌ� � ��±�K�SVU���SeHJSVK$R>HJSVLY�GSVRYRYLTS
[�O XZ[$SVU�RYXn{-SVLeMZSq�®ªVU�S)µ

! 6WX�M�OPI%U�[\X � HJI � Si[$Si[$SVK\Ó � I%K��T«�S � [$S�Q-�%�VRT�VLYXZS � [$I%UWRnM�O K$U�SiS � ReH-�;RY«�I��®ªVU�S
SVRnM�O �;K$RYLTSiU�I%U��°MÌ�}��I%��H-�;L��;X � I%U�[$S � �®�VU�I%�GS � HJSVK$Rn�;XZ[$SVL&�cXZ[$SVU�RYXn{-SVL�MZS ��®ªVU�S � LTS � HJI%U � �;Q$MZS � [\K5���;L��%�VRTªVLTS_H-�;RY«�I��®ªVU�S)µ

! 6WXWM�OPI%U � O X^UWRT�VLTS �T� S �NK$U�S�m I%U��VRYXZI%UiH-�;LYRYXZ�VK$M^XZªVLTS HJI%K$L�MÌ�%±WK�SVM^MZS>[$S � S�Ó$SV��H$MZS �
[$S �®ªVU�S �G� I%UWRG��I%U$U�K � �"MÌ��[\X � H°I%U$X^Q$X^M^X^RT�§[\K`�®�VU�I%�GS]��I%��H$MZSVRGHJSVK$R�H°SVL('
�GSVRYRYLTS_[$S���I%U � RYX^RYK�SVL�RYLTª � L��;H$XZ[$SV�GSVUWRNK$U]SVU � SV�iQ$MZS_[$Sv�®ªVU�S � ���;U�[\XZ[��;R � µ

³n�;U � RTI%K � ��S � ��� � MÌ� � ��±WK�SVU���SGS � R_[�O K$U�S	�;XZ[$SGX^U���I%��H-�;L��;Q$MZS	���;L�SVM^MZSGH°SVLY�GSVR
[$S§�T«�I%X � X^L	L��;H$XZ[$SV�GSVUWR}MZS � �VX^Q$MZS � H°I%K$L}[$S � �VRYK�[$S � S�Ó\H°�VLYX^�GSVUWR��;MZS � H$M^K � H$LT�5'
�VX � S � µ]_*S � ��±WK�SVU>=����®So[�O K$U"�®�VU�I%�GSo��XZ�VLTI%Q$XZSVU S � R��w�V�GSe�;K%�YI%K$LT[�O «�K$XJ��I%U � XZ[$�VLT�
��I%���GSNK$UcH$LT���;MÌ�;Q$MZSe±WK-� � X�X^U�[\X � HJSVU � �;Q$MZSq��[$S � �VRYK�[$S � [$SNQ$XZI%MZI��)XZSo�GI%MZ���VK$MÌ�;X^LTS
S��c���%��S � µ
³�O K$U�H°I%X^UWR [$S�¯yK�S Q°S��;K���I%K$HGH$M^K � mwI%U�[��;�GSVUWR��;M �®K$Uw�®�VU�I%�GSoS � R K$U�S � I%K$LT��S

S�Ó\��SVH$RYXZI%U$U�SVM^MZS�[�O X^U^mwI%LY�c�;RYXZI%U �'� K$L�M�OP�V¯®I%M^K$RYXZI%Ui[$S � I%L-���;U$X � �GS � ¯yX^¯%�;UWR � µ�Ò UiS��JSVRM�
K$U �®�VU�I%�GS���I%U�RYXZSVUWR©MÌ� RYL��%��S5[$S���SVLYR��;X^U � H$LTIW��S ��� K � �V¯®I%M^K$RYXnm � � � RYL���¯®SVL � MZS �
LT�VH°�VRYX^RYXZI%U � [$S � ��±WK�SVU���S � �*MZS � «��VRT�VLTI��®�VU��VX^RT� � [$Sc��I%��HJI � X^RYXZI%U��rI%K MÌ� H$LT� � SVU���S
[$S<�®ªVU�S � m I �T� X^MZS � U�I%Uwm I%U��VRYXZI%U$U�SVM � µB_r����I%��H-�;L��;X � I%U [$Sz�®�VU�I%�GS � ��I%U � RYX^RYK�SNK$U�S
� I%K$LT��SÁ[�O X^U^m I%LY�c�;RYXZI%U]SVU���I%LTSÁH$M^K � LYXZ��«�Sn���;L SVM^MZSe��I%U^m ªVLTSoK$U�Se¯yX � XZI%U+�)MZI%Q-�;MZSn[$S �mwI%U�[$SV�GSVUWR � �®�VU��VRYXZ±WK�S � [$S � [\X����VLTSVU���S � SVUWRYLTS�I%L-���;U$X � �GS � µ
Ë S � K$RYX^M^X � �;RYXZI%U � [$S ��� ��±�K�SVU���S � �®�VU�I%��XZ±WK�S �>� S � X^RYK�SVU�R��;K\ÓGS�ÓyRYLT�V��X^RT� � [�O K$U

�V¯®SVU�R��;X^My�;M^MÌ�;UWR�[$S M�O � � H°S��VR*H$K$LTSV�GSVUWR�K$RYX^M^X^R��;X^LTS��>MÌ����I%U$U-�;X �T� �;U���S�mwI%U�[��;�GSVUWR��;MZS)µ_r�_��I%U$U-�;X �T� �;U���SÁ[$SÁMÌ�qm I%U��VRYXZI%U}[$S �>� ��±WK�SVU���S � �®�VU�I%��XZ±WK�S � [$�VRTSVLY��X^U�Sn�V¯WXZ[$SV�3'
�GSVU�R�SVU �)L��;U�[$SiH-�;LYRYXZS�MÌ�cH$K$X �T� �;U���S�[$S���S � K$RYX^M^X � �;RYXZI%U � µ Ë S��VX<U�I%K � �;�GªVU�S��;K
� �nK$L�[\K H$LTI%Q$MZªV�GS	[$S	M�O �;U-�;M^× � S	[$S � �®�VU�I%�GS � ¦ XZ[$SVUWRYXn{-SVL�MÌ� m I%U��VRYXZI%U [$S ��� �5'
±�K�SVU���S � [\X � H°I%U$X^Q$MZS � µ�_rS<�®�VU�I%�GSN��I%U�RTSVU-�;UWR RTI%K$RTS�M�O X^U^m I%LY�c�;RYXZI%Uw�®�VU��VRYXZ±WK�S�� � I%U
� ��±�K�SVU>=����®Se��I%U � RYX^RYK�SÁK$U�SoH$LTSV��XZªVLTS���¯%�;U�����Se¯®SVL � K$U�SÁ��I%U$U-�;X ��� �;U���S$�)MZI%Q-�;MZSn[$S
MÌ�©�T«$X^��XZS [$S � I%L-���;U$X � �GS � ¯yX^¯)�;U�R � µ ¨ �;X � ��SVM^MZS5'?�VX>[$I%X^R��VRYLTSGHJI%K$L � K$X^¯WXZScH-�;L�K$U
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S���I%LYR>[�O XZ[$SVUWRYXn{-���;RYXZI%U§[$SÁMÌ�ym I%U��VRYXZI%U}[$S � � ��±WK�SVU���S � µy³nS � S�Ó\H°�VLYXZSVU���S � ���)L��;U�[$S
����«�SVM^MZS � I%U�R��GSVU���S � �}��SVR�S��JSVR�SVR���I%��H$LTSVU$U�SVU�R�U�I%R��;���GSVU�R�[$S � �;U-�;M^× � S � [\K
RYL��;U � �VLYX^H$RTI%�GS��\I%K [$S$�)L��;U�[ � H$LTI;�YSVR � [�O �;U-�;M^× � S$mwI%U��VRYXZI%U$U�SVM^MZS��\��I%���GSe��SVM^K$X4¯yXn'
� �;UWR��Á�VRYK�[\XZSVL"��«�S,�<Y ��KMO	�^FJI�[�ILK �p��Ò"² + �) �
$MZS � H$«��VU�I%R?×yH°S � � ��� IW�VXZ� � �ÁMÌ�ÁH°SVLYRTS [$S�®ªVU�S � [$S m I%U��VRYXZI%U�X^U���I%U$U�K�S)µ�_"O �;U-�;M^× � S3I�WsK-I�[�IJXVZG[$S � �®�VU�I%�GS � ��I%K�S��,���;MZSV�GSVUWR
K$U�L�;%MZS�[$S�H$LTSV��XZSVL_H$MÌ�;U��JHJI%K$LeM�O X^UWRTSVLYH$LT�VR��;RYXZI%U [$S � LT� � K$M^R��;R � S�Ó\HJ�VLYX^�GSVU�R��;K\Ó��
�c�;X � �;K �T� X�H°I%K$LÁH°I%K ��� SVLÁMZS�H$M^K � MZI%X^U5HJI �T� X^Q$MZS�M�O X^U�RTSVLYH$LT�VR��;RYXZI%U0[$SiMÌ� � ��±WK�SVU���S
SVM^MZS5'��w�V�GS)µ
É ¥�·%»r¥W¤u·%»�¥�¤ ��� #%� $r·®£¼¢7� $ �94-�$¤u£¼¢�¤!º'¥ �7� ¹5
?�*¸�¥
$�·®¥ � _rS � ±WK�S � RYXZI%U ��� I%UWR
U�I%�iQ$LTSVK � S � �;KcU$X^¯®S��;K [$SNMÌ� � ��±WK�SVU���So[�OP²e³e´ ¦ I�� � I%UWR�MZS � LT�,�)XZI%U � ±�K$X°��IW[$SVUWR
HJI%K$L_[$S � H$LTI%RT�VX^U�S �f� � � � I%UWR_MZS ��� X��)U-�;K\Ó � � � � I%U�R_MZS � ²ÁÏÁ´DU�I%U�RYL��%[\K$X^R �f�
³eX����VLTSVU�RTS � �;H$H$LTIy�T«�S � H°I%K$L<MÌ�ÁH$LT��[\XZ�VRYXZI%Uc[$S � LT�,�)XZI%U � ��Iy[��;U�RTS �"� I%U�R H$LT� � SVUWRT��S �
SVU5�;U$U�S�Ó$S_²�µ� U�Sym I%X � MZS � LT�,�)XZI%U � ��Iy[��;U�ReMZS � H$LTI%RT�VX^U�S � [$�VRTSVLY��X^U���S � �JI%K � SVK$MZSV�GSVU�RnH$LT�5'
[\X^RTS � ��MÌ� LTS��T«�SVLT��«�S�[$S<MÌ��m I%U��VRYXZI%U�[$S"��S � H$LTI%RT�VX^U�S � ��I%U � RYX^RYK�S"M�O K$U�[$S � H$LYX^U��VX^H-�;K\Ó
I%Q\�YS��VRYXnmJ[$S>M�O �;U-�;M^× � S I�WwK-I�[�IJXVZN[$S �"� ��±WK�SVU���S � µ 
 M � O ���)X^R"[�O K$U�H$LTI%Q$MZªV�GS�RYLTª � MÌ�;L-�®S)µ
Ò U!S��JSVRM�4I%U§SVU�RTSVU�[ � I%K � MZS_RTSVLY�GS�[$Sl! m I%U��VRYXZI%U #©[�O K$U�S�H$LTI%RT�VX^U�S���MÌ�3m I%X � MÌ�m I%U��VRYXZI%U �GI%MZ���VK$MÌ�;X^LTS��\MÌ�ym I%U��VRYXZI%U©��SVM^M^K$MÌ�;X^LTS��$SVR�MÌ�&mwI%U��VRYXZI%U H$«��VU�I%R ×WH$XZ±WK�S r ¯®I%X^L
H-�;L�S�Ó$SV��H$MZS � ¾ ³n³q_ + 0)��
 t µ\³nSoH$M^K � �W�w�V�GS��;K U$X^¯®S��;K}�GI%MZ���VK$MÌ�;X^LTS���MÌ�ym I%U��VRYXZI%U
HJSVK$R&�VRYLTSG[$���VLYX^RTSc��¯®S��G[\X��J�VLTSVUWR � U$X^¯®S��;K\Ó�[$S�LT� � I%M^K$RYXZI%U*µr²ÁX^U � X ����m��;X^Q$MZS�LT� � I�'
M^K$RYXZI%U���MÌ��m I%U��VRYXZI%U0�GI%MZ���VK$MÌ�;X^LTS	[$S1_r�%� 
ÁS � R_[$S � S {$Ó\SVL��}M�OP²e³n´ ���}�GI¼×®SVU$U�S
LT� � I%M^K$RYXZI%U��f_r�%� 
�S � RNK$U§LT�VH$LTS �T� SVK$LÁ[$S_MÌ��RYL��;U � �VLYX^H$RYXZI%U��°SVU^{�U��f��«-�;K$RTS�LT� � I%M^K^'
RYXZI%U��P_r�%� 
>S � R MZSeLT�VH$LTS �T� SVK$LN[$SeMÌ��RYL��;U � �VLYX^H$RYXZI%U§[$SeM�OPI%HJ�VLTI%U©MÌ�%�VRTI � S�±WK$X � S${$Ó$S
� K$L�MZS � X^RTS�X^U�[\XZ±WK���{>�)K$LTS]�)µ � SVR�±WK$X"�T«-�;UP�®SG[$S���I%U^m I%LY�c�;RYXZI%U0MZI%L � ±WK*O X^M"S � R�M^XZ�
�;K]MÌ�%�VRTI � S��GIW[\Xn{4�;UWRÁ�;X^U � X � �����;H-�%�VX^RT�_[$Sq{$Ó��;RYXZI%U ��M�OP²Á³n´�µ
²��VRYK�SVM^MZSV�GSVUWRM�<MÌ� � SVK$MZSc�G�VRY«�Iy[$ScK$U H°SVK � × � RT�V�c�;RYXZ±WK�SGHJI%K$L��;RYRYLYX^Q$K�SVL3I�WK-I�[�IJXVZ�K$U�S m I%U��VRYXZI%U1�ÁK$U�S>H$LTI%RT�VX^U�S H-� �T� S�H-�;L<MÌ�Á��X � S�SVU��V¯yXZ[$SVU���S [$S � X^��X^M^X^RYK�[$S �

��¯®S���[$S � H$LTI%RT�VX^U�S � [$S&m I%U��VRYXZI%U���I%U$U�K�S)µ Ë SVRYRTS��;H$H$LTIy�T«�S�S � Re[\X^RTSiS�Ó\RYLYX^U � ª�±WK�S)µ
� [$S5L��;LTS � S�Ó\��SVH$RYXZI%U � H$LTª � �>[$SVK\Ó H$LTI%RT�VX^U�S �©� X^��X^MÌ�;X^LTS � �;K U$X^¯®S��;K3[$S§MÌ� � �5'
±WK�SVU���S�H-�;LYR����®SVU�R���SVLYR��;X^U�S � H$LTI%H$LYXZ�VRT� � �r�;K��GI%X^U � �;K!U$X^¯®S��;K0[$S�MZSVK$Lvm I%U��VRYXZI%U
�GI%MZ���VK$MÌ�;X^LTS)µ
Ë SVHJSVU�[��;U�RM�'[��;U � [$S�U�I%�iQ$LTSVK\Ó ��� � �*�;K��VK$U�S � X^��X^M^X^RYK�[$Sc[$S � ��±�K�SVU���Sc��¯®S��

K$U�S}H$LTI%RT�VX^U�S [$S�mwI%U��VRYXZI%U ��I%U$U�K�S U�S	HJSVK$R3�VRYLTS	RYLTI%K$¯®��S)µ ³��;U � ��S � ��� � �'[$SVK\Ó�)L��;U�[$S � [\X^LTS��VRYXZI%U �	� I%U�RGHJI �T� X^Q$MZS � µ Ò M^MZS � H-� �T� SVU�RM� � I%X^R�H-�;LcMÌ����X � S5�;K�H°I%X^UWR
[$Si�G�VRY«�IW[$S � HJSVLY�GSVRYR��;U�R�[$SiRYLTI%K$¯®SVLn[$S �e� X^��X^M^X^RYK�[$S � H$M^K � MZI%X^U�R��;X^U�S � � � I%X^RÁH-�;L
M�OP�VRYK�[$SG[$S � H$LTI%H$LYXZ�VRT� � X^U�RYLYX^U � ª�±WK�S � [$S�MÌ� � ��±�K�SVU���S)µ�_*S���I%UWRTS�ÓyRTS	[\Ks�®ªVU�S � K$L
MÌ� � ��±�K�SVU���S]H°SVK$R �;K �T� X$�VRYLTS§K$U�S � I%K$LT��S5[�O X^U^mwI%LY�c�;RYXZI%U U�I%R��;���GSVU�R �T«�S,�!MZS �
Q-�%�VRT�VLYXZS � �rI��0MZS � �®ªVU�S � [�O K$U0�w�V�GScI%H°�VLTI%U0H-�;LYRYXZ�VX^HJSVU�R � I%K$¯®SVU�R��}K$U�S��w�V�GSm I%U��VRYXZI%U§��SVM^M^K$MÌ�;X^LTS)µ
� I%K$LG��I%U��VM^K$LTS��<MZS+mwI �T� �	S � R�X^���GSVU � S SVU�RYLTS}MÌ� � X^��H$MZS ��I%U$U-�;X �T� �;U���S [$S}MÌ�

� ��±WK�SVU���S4{>�®��SnSVR>M^X^U����;X^LTSn[�O K$Ul�®�VU�I%�GS�SVR>MÌ�i��I%��H$LT�V«�SVU � XZI%U][$SÁM�OPI%L-���;U$X � �;RYXZI%U
[\×yU-�;��XZ±�K�SiSVR � H-�;RYXÌ�;MZSi[$S � H$«��VU�I%�GªVU�S � Q$XZI%MZI��)XZ±�K�S � µ � �;LY��X'MZS � �G�VRY«�Iy[$S � ±WK$X



��� � � � 
 � ����� � � � � � � � �	
 � � �M� ����� �
� � � ��� � �

H°SVK$¯®SVUWR��;XZ[$SVL�[��;U � ��SVRYRTS}R��%�T«�S��'MZS � �;H$H$LTIW��«�S � I�W`K-I�[�IJXVZ I%UWR�K$U L�;%MZS �G��I%K�SVL
[�O �;K$R��;U�R�H$M^K � X^��H°I%LYR��;UWR�±WK�S�MÌ�©±WK-�;U�RYX^RT�	[$S � ��±WK�SVU���S � ��I%U$UWK�S � �;KP�)�GSVUWRTS"�
K$U	LY×yRY«$�GSn±�K�SeMZS � �G�VRY«�IW[$S � S�Ó\HJ�VLYX^�GSVU�R��;MZS � [$Sn[$�VRTSVLY��X^U-�;RYXZI%U][$SeMÌ��mwI%U��VRYXZI%U
U�S � K$X^¯®SVUWR�H-� � µ�³�O �;K$RYLTScH-�;LYRM�r�GSVU�SVLiMZSGH$M^K � MZI%X^U HJI �T� X^Q$MZS�M�O �;U-�;M^× � S+I�W�K-I�[�IJXVZ
[$S � � ��±�K�SVU���S � � S'� K � RYXn{-S��;K �T� X\���;L MZS � � ��±�K�SVU���S � �®�VU�I%��XZ±WK�S �"� SVLTI%UWR � �;U � [$I%K$RTS
Q$XZSVU�R�;%RM�;SVR*LTS � RTSVLTI%U�R'H$LTI%Q-�;Q$MZSV�GSVU�R<MZI%UP�)RTSV��H � �uMZS �r� SVK$MZS � [$I%U$U���S � �GI%MZ���VK$MÌ�;X^LTS �
[\X � H°I%U$X^Q$MZS �o� K$L�MZS � ��XZ�VLTI�'?I%L-���;U$X � �GS � U�I%U]�VK$M^RYX^¯)�;Q$MZS � µ



� � 	 ��� � ��� ��� ��� 
 ��� �	
 ��� 

	 � 
 �
��	 
 � ��� �	������� ����� ����� � � � �����
��� ����� � ���

$�%�� &(,f�P2�13;38N7 * 137�8 8N2�> 4P7�OP)+7�8

!"!"!� �����O�7���R�;�
	D�;��	����=�
	U�����������:�����D�����J����� !�� ���1�B�"�"���M�J��	U�I�W���&~D�#�����=�;�
	��I~����:����=�B�J~ � �W���3���D�I�W�! R�J��	U�X�W�" U�W� � �$# �����:�`�;� � �����=�#�=�J���D�%�:�&	D��'��D� � �f�B���X�W���(	D�
��# �) R���=��	U�*�G�
�p~+# �!	U�J�"�J�=�
,B�"�-�L�.�p�;�`���- `�"�=�=��,B��	D�����=��� � ���f�W���*�/���10"�J���-,B�!�
�J�7�=�B�W�J���2'
�G�F�;���J�� 
0"�W��	U�2	3# �� B�"�W�W�;��	`�4�G�
�O�;���D�b���G�=�W�
�=�P�J� !65 ���:��	G~D�&	U� � �W�~M�#�"�W�B�J�7�=�W�
	��
7
���W�����=�4'
�G�98�# �7�M���&���:�`�L�J�"���!	����D�W�J�]���#�
�G���
�1�d~D�O~D���J�����/�
�L�W�
	���~M���"�B�J�`����0#�=��8:�D�=��~M�����
�Y�f���;�D�"�f�7�=��'
�G� !�< ���=# �1	G�]~+# �"�W�W���>�/�G��,`�P���W����
	&8C�#���;�D�J�?���D�� ��&	U�=��@��=�F���p�;�B�=�#�=�W�����L�A�1	D�X��	`�J��	��=�!B:�"�7�=�W�
	N~��C�G�
�J�7��~ �
�1	D�b��	��D���=�;�
	����"�J�;�M~M��'��D�u~��
�E�G�B�
�&~G�&	��I�;�u�"�
�=�p�
� � 	D�u�"�
	� R�;��	G~M���7�;�/�,�;�
�G�
�4'��D�X�W�(�G�
�=�B�J~-�!	U�=�#�� 
FG	U�u~D�&	��k�=�
�D�=���b�;�.�O���J�
�:�.�b~��c�J�;���&,`�]�"�A	D�
	
�G�
�k~D�
	��>�1	D�(�=���G�;�9H

!"!"!
I ! � ! ���`��,`��� ��J �V0#�V�@+�'G�LK-M{�^45+R�,���=�5�3>R���k�D?"<D4@+�'��AN !O ���B~��G���=�W�
	 � �G�7�J���

_�P(Q"RTS+U)VGWDX�P�YZWDR�[]\+^�R�_3P�_+WGVGWDXZY�`aS+`�X2X�U�b6cd`)[de�`�X�e�R�[dX�WDXZY�` �(f1R�WG^�e�`)VGVD`�X('/e)Wge�R�QhQ"`
VD`i^�U�XZc+VGY�P�Y*S+`jYZWG^�P��1`�X*P�VDU&P�Y�R�WG^�`�XhkdVD`iQ"R6S+l)VD`CP�YZYZ^ZWG_+cd`1�"e�m3P�b�cd`]X�U�b6cd`)[de�`j\nR�X('
XZWG_+VD`oc+[d`"\+^�R�_3P�_+WGVGWGY�UpSrqsP�\+\3P�^ZWGYZWDR�[�t �uYZ^�P&f1`)^�XiV�PvS+U5{d[+WGYZWDR�[wS+`xV�Py\+^�R�_3P�_+WGVGWGY�U
SrqsP�\+\3P�^ZWGYZWDR�[wS+`�X]SgW��nU)^�`)[6Y�`�X]X�U�b�cd`)[de�`�XM��e�qz`�XZYi`)[�m:P�WGY�c+[d`oS+`�X�e)^ZWG\+YZWDR�[{S+`�X]X�U5'
b6cd`)[de�`�X|b6cd`*VD`*Q"R6S+l)VD` r R�cy\+VGc+Y�;�Y(VD`�Q"RTS+U)VGWDX�P�Y�`)c+^ t \+^�R�\nR�X�`�t

} R�QhQ"`)[6YLS+U�e)^ZWG^�`%VD`�X>X�U�b6cd`)[de�`�X��~YZ^�P�f1`)^�X4c+[CQ"RTS+l)VD`?\+^�R�_3P�_+WGVGWDXZY�` �-� cd`)VGVD`�X
X�R�[6Y(VD`�X%\+^ZWG[de)WG\3P�VD`�X-P�\+\+^�R6e�md`�X|\nR�c+^%c+YZWGVGWDX�`)^|e�`�X%Q"RTS+l)VD`�X|`)[�fTcd`�Srq WG[�Y�`)^Z\+^�U)Y�`)^
VD`�XaX�U�b�cd`)[de�`�X �-� cd`)V�`�XZYAVD`~X�`)[dXLS+`%V�PjS+`�X�e)^ZWG\+YZWDR�[o`)Y�S+`%V:q WG[�Y�`)^Z\+^�U)Y�P�YZWDR�[yS+`�XaX�U5'
b6cd`)[de�`�X?_+WDR�VDR���WDb�cd`�X?\3P�^%e�`�X�Q"RTS+l)VD`�X � � R�WGV �iVD`�X���^�P�[dS+`�X%b�cd`�X�YZWDR�[dX(P�cg�gb6cd`)VGVD`�X
e�`)YZY�`yX�`�e)YZWDR�[�f�P�`�X�X�P��1`)^xSrqsP�\+\nR�^ZY�`)^xb6cd`)VDb�cd`�Xh^�U)\nR�[dX�`�X&to_�P�X�`�e)YZWDR�[�X&qsP�e�mdl)f1`
\3P�^?c+[d`*\+^�U�X�`)[6Y�P�YZWDR�[yS+`~V:q WG[6Y�U)^��)Y|S+`�X�Q"R6S+l)VD`�X%S+`*e�m3P
�D[d`�X(S+`*��P�^Z�1R
f�e&P�e�mdU�`�X&t
���=�	��� �]�	��#�� /4�*)����5� � -	(��L� �1� 
 )

� `)cg�C`.�g`)Qh\+VD`�X>X�R�[6Y2\+^�U�X�`)[�Y�U�X4WDe)WT\�R�c+^>WG[6YZ^�R6Sgc+WG^�`?V:q c+YZWGVGWDX�P�YZWDR�[hS+`�X>Q"RTS+l)VD`�X
\+^�R�_3P�_+WGVGWDXZY�`�X|S+`-X�U�b�cd`)[de�`�X&t 
�VnX
qsP���WGY?SdP�[dX�VD`�X%S+`)cg�o`.�+`)Qh\+VD`�X%S+`*S+U)Y�`)^ZQhWG[d`)^(V�P
� R�[de)YZWDR�[v��R�ch[3P�YZc+^�`
�>Srq c+[d`%X�U�b6cd`)[de�`%R�_dX�`)^Zf1U�`�t � P�[dX>VD`?\+^�`)QhWD`)^L`.�+`)Qh\+VD`���V:qzR�_g�
� `�e)YZW � `�XZY�S+`L\�R�c+f1R�WG^>SgWG^�`LXZW6V�P%X�U�b6cd`)[de�`ae�R�^Z^�`�X�\�R�[dSiR�cj[dR�[]�(c+[iXZWGY�`aS+`4�+�dP�YZWDR�[
Srq c+[d`x\+^�R�Y�U)WG[d`oXZc+^iV:qz� �*  t � P�[dX�VD`oX�`�e�R�[dS¡`.�+`)Qh\+VD`���VD`x\+^�R�_+VDl)Q"`oe�R�[dXZWDX�Y�`o�
S+U)Y�`)^ZQhWG[d`)^hXZWAV�PvX�U�b6cd`)[de�`xX�`"X�WGYZcd`xSdP�[dXic+[d`"^�U)��WDR�[¢b�c+WLe�RTS+`"\nR�c+^jc+[d`x\+^�R��
Y�U)WG[d`{��R�[�SgWG^�P£e�R6SdP�[6Y�`
�.�a`)Y"VD`¤e&P�XxU�e�mdU&P�[�Y&�?b�cd`)VGVD`¤`�XZYoX�P¥\+m3P�X�`vS+`vVD`�e)YZc+^�`�t
� P�[dX�e�`�XaS+`)cg�xe&P�X&�6S+`�X � `)cg�xS+`|X�U�b�cd`)[de�`�X�S+`|[3P�YZc+^�`�X�e�R�[+[�cd`�X
�TSgWGY�X�`)[dX�`)Qi_+VD`�X
SrqsP�\+\+^�`)[6YZWDX�X�P��1`��2X�R�[�Yic+YZWGVGWDX�U�X�\nR�c+^jS+U.�d[+WG^iS+`�XjQ"R6S+l)VD`�Xj\+^�R�_3P�_+WGVGWDXZY�`�X]e�R�^Z^�`�XE�
\nR�[dSdP�[�Y(P�cg�oSgW��rU)^�`)[�Y�`�X?[3P�YZc+^�`�X%S+`-X�U�b6cd`)[de�`�X-kr¦jXZWGY�`*§xR�c¨¦�[dR�[pXZWGY�`�§��gSdP�[dX
©;ª "���� ( � ���/«��
��"#��¬ �
��� �s­¯®�( 	�«)*~° � *
�s­ �
�!«)��± "#� ( *�� (���«,$�«���� 	 *
"#	 "�­(²�( ��« 	�*:®E­�( � �/«��
��"#�p² (E­

�%® �
��"&² (E­�³�°r³�°¥´ ± "#��µ.¶�·



��� � � ��� � 
 	 � � � 
 ��� � ��
 � ����� ��� � �

������� �
	��
�����������������������������
�G?����OA �"! #�#�#�$%#�#�#�#'&)(*# &�&�(+#�$�( #%&�&+#�&�&�,�,',�()(+#�#)#�$'$�&)&)(�& &*#%&�(�$
& #�&�(�#�#'(
�M0J�Jl &*#'&�&)&�&*#�#�#)#�# &�&�(+#'(+# #%(*#)#�&*#�,�,',�&)(+#�#�&*#%&*#�&+#�$ &*#%&*#�#%& #)#'&'&�(�&
�M0#6Bl &*#'&*#)#�#�$�$�#�&�& (�&�(+#�#)# #+$�(�$�&�&�,�,',�,
&+#'&+#�#%&�&)&)(�( &*#%&�&�$
& &+#�#'#'(*#
�M>D>`l #'&*#'(+#'&�$�#'(+#'& &�(�()&�$%# &'&�&)&�$�(�,�,',�&�$%#�#*$�#%&�&�$�(*# &*#'#�#�#%& #�&*#%(
�74�> &�&*#�#�&�$�#�#�#*$�# #�#'(+#�#�& &'&�&�$)$�#�,�,',%#)#)#'&+#'&�$�#)#�(�$ &*#+$�#�$
& #)#�#'#�#'&
�74;iMl #�#'(*#�&*#�#�$�#)#�# #'&�(+#'()& #'#�#�(+#'&�,�,',�,
(+#'&)&*#%&�()&)(*# &*#'#�#�$
& #)#'&'&�&�$
�74W�.- &�$�(*#)#'&�$�(*#�&*# &�&�()(*#�( ('&�$%#)#'&�,�,�&�&�$)$�#)#�#%(*#�()&�( &*#%&*#'('& (+#�#'#�$�&'&
�7
X<�M0/ #�$�&�$�&�(�$�$�#)#'( &�&�()&�&)& &'(*#�&+#'(�,�,',%#�()&�(+#'&'&�()&)(*# &*#'#'&�&'& &+#�#'#'&�('&

132"4 �65�t87 ! � cd`)VDb6cd`�X�X�U�b6cd`)[de�`�X-S+`]\+^�R�Q"R�Y�`)c+^�XiS+U)\�`)[dSdP�[6Y�S+`�96WG��QxPp� e�md`�:
;=<?>%@BADCFEHGHEI> �KJ~`)V L+M�
/tON�`�Xp_nR��DY�`�Xp�QP+M{`)Yp�R5%S¢X�R�[6Y�^�`�XZ\�`�e)YZWGf1`)Q"`)[6Yve�R�VDR�^�U�`�Xy`)[
^�R�c+�1`i`)Y�`)[�f1`)^ZY&t�N�Ph�d[¥S+`]V�PxX�U�b6cd`)[de�`]e�R�^Z^�`�XZ\�R�[dS�P�c¥XZWGY�`]Srq WG[+WGYZW�P�YZWDR�[¨S+`jV�P
YZ^�P�[dX�e)^ZWG\+YZWDR�[�tTN�`�XjYZWG^�`)Y�XjX�R�[6Y�WG[�YZ^�RTSgc+WGY�XjS+` � P�U�R�[£�vP�VGWG��[d`)^�VD`�X�_nR��DY�`�X*�QP+M�`)Y
�R5%SCS+`�X|SgWWVrU)^�`)[�Y�`�X|X�U�b�cd`)[de�`�X&t

VD`�\+^�`)QhWD`)^�`.�+`)Qh\+VD`6X-¦¥WG[�Y�`)^Z�1U)[+WDb6cd`�§wR�c ¦¥e�RTSdP�[�Y�`�`)[�\+m3P�X�`yW*§��aSdP�[dX"VD`
S+`)cg�TWDl)Q"`�`.�+`)Qh\+VD`�t

Y[Z�\)]"Z�^)\)]"Z�_`Z�a'b c%Z�a

N�P�Y�P�_+VD`d5�t87�Q"R�[�YZ^�`"c+[d`i\3P�^ZYZWD`xS+`iV�PpX�U�b�cd`)[de�`hSrqz� �*  S+`Cb�cd`)VDb6cd`�X�\+^�R��
Q"R�Y�`)c+^�X~S+` ;e<0>%@BADCFEHGHEI> tBN�`�X~X�U�b�cd`)[de�`�X~\+^�U�X�`)[6Y�U�`�X~X�R�[6Y~e�R�[+[6cd`�X-`.�g\nU)^ZWGQ"`)[�Y�P
�
VD`)Q"`)[�YC\�R�c+^�f)YZ^�`�S+`�XCXZWGY�`�XCS+`x�+�dP�YZWDR�[¢S+`oV�P¤X�R�cdXE�:c+[+WGY�Ug96WG��QxP�� S+`oV:qz�ih  
\�R�VG�TQ"U)^�P�X�`�t } `�X�XZWGY�`�X*X�R�[�Y�e)V�P�X�XZWDb6cd`)Q"`)[�Y�S+U�e)^ZWGY�X�e�R�QhQ"`CU)Y�P�[6Y�e�R�Qh\�R�X�U�X*S+`
S+`)cg��_�R��DY�`�X�[dR�QhQ"U�`�X�_�R��DY�`v�QP+M£`)Yo_nR��DY�`y�R5%Sg��`)[�^�U � U)^�`)[de�`���VD`)c+^�SgWDXZY�P�[de�`
\3P�^�^�P�\+\nR�^ZYyP�c XZWGY�`¥Srq WG[+WGYZW�P�YZWDR�[ S+`¤V�P£YZ^�P�[dX�e)^ZWG\+YZWDR�[�tON�`�X�X�U�b�cd`)[de�`�X�S+`�e�`�X
_�R��DY�`�X�X�R�[�Yo\3P�^ZYZWDe)c+VGWDl)^�`)Q"`)[�Y�WGQh\nR�^ZY�P�[�Y�`�Xp\nR�c+^xV�P��+�+P�YZWDR�[ S+`yV:qz�jh   \nR�VG���
Q"U)^�P�X�`y`)Y"\n`)c+f1`)[�Ykf)YZ^�`ye�R�[dXZWDS+U)^�U�`�X�e�R�QhQ"`vS+`�XoXZWG��[3P�cg�w\�R�XZWGYZWDR�[+[dU�XoXZc+^"V�P
Q"R�VDU�e)c+VD`�Srqz� �*  t

l [�e�md`)^�e�md`¨�¨S+U)Y�`)^ZQhWG[d`)^�XZW~c+[d`¤X�U�b�cd`)[de�` x6
1 = (x1, x2, . . . , x6)

S+`¤X�W��
[�cde)VDU�R�YZWDS+`�X&�2[d` � P�WDX�P�[6Yj\3P�Xi\3P�^ZYZWD`oS+`�X]`.�g`)Qh\+VD`�XCe�R�[+[6cdX&��e�R�^Z^�`�X�\�R�[dS{R�c¡[dR�[
��V�P¨X�U�b�cd`)[de�`�Srq c+[d`v_nR��DY�`��R5%S ��b6cd`yV:qzR�[ P�\+\�`)VGVD`)^�P£XZWGY�`yWDe)W$�.t?N�`�XpP�\+\+^�R6e�md`�X
XZY�P�YZWDXZYZWDb6cd`�X([3P�YZc+^�`)VGVD`�X-\�R�c+^~^�U)\�R�[dSg^�`C�"e�`)YZY�`ib�cd`�X�YZWDR�[�X�` � R�[dS+`)[6Y-XZc+^~V�PhQ"R��
S+U)VGWDX�P�YZWDR�["\+^�R�_3P�_+WGVGWDXZY�`-S+`%V:qsP�\+\3P�^ZWGYZWDR�[oS+`�XaX�U�b6cd`)[de�`�XLe�R�^Z^�`�XZ\nR�[dSdP�[�Y?�*c+[xXZWGY�`��
`)YaS+`-e�`)VGVD`�X�b6c+W�[�q �"e�R�^Z^�`�XZ\�R�[dS+`)[6Y?\3P�X&t�N�PjX�U�b6cd`)[de�`-R�_dX�`)^Zf1U�` x6

1
`�XZY%P�VDR�^�Xaf6cd`

e�R�QhQ"`�V�P]^�U&P�VGWDX�P�YZWDR�[¤Srq c+[vf1`�e)Y�`)c+^~P�VDU&P�Y�R�WG^�` X6
1
t

NAqzR�_dX�`)^Zf�P�YZWDR�[ S+`�X�b6cd`)VDb6cd`�X�X�U�b�cd`)[de�`�X�\+^�U�X�`)[6Y�U�`�Xp\�`)^ZQ"`)YpS+`v^�`)QxP�^�b6cd`)^
^�P�\+WDS+`)Q"`)[�Y%b�cd`(V�P � ^�U�b�cd`)[de�`~S+`|e�m3P�e)c+[pS+`�Xa[�cde)VDU�R�YZWDS+`�X?SgWWVnl)^�`-Srq c+[d`(\nR�XZWGYZWDR�[
��V:qsP�c+YZ^�`aP�cjX�`)WG[iSgc�XZWGY�`�t%N�`4Q"RTS+l)VD`-¦�X�WGY�`a§-VD`>\+VGcdX�X�WGQh\+VD`Ab�c+W�YZWD`)[+[d`Ae�R�Qh\+Y�`LS+`
e�`)YZY�`i\+^�R�\+^ZWDU)Y�Uxe�R�[dXZWDS+l)^�`hb�cd`]VD`�X-[�cde)VDU�R�YZWDS+`�X]P�\+\3P�^�P�WDX�X�`)[6Y�WG[dS+U)\�`)[dSdP�QhQ"`)[6Y
`)YaX�`)VDR�[�c+[d`(VDR�WnSrqsP�\+\3P�^ZWGYZWDR�[�SgWWVnU)^�`)[6Y�`*�je�m3P�b6cd`-\�R�XZWGYZWDR�[�tD9TR�cdX?e�`(Q"RTS+l)VD`~SgWGY
mdU)Y�U)^�R��1l)[d`��gV�P]\+^�R�_3P�_+WGVGWGY�U�SrqsP�\+\3P�^ZWGYZWDR�[vS+`-V�PCX�U�b�cd`)[de�`*R�_dX�`)^Zf1U�` x6

1
X
qz`.�T\+^ZWGQ"`
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� � � �
�T������� � � ��� � � � � � � ��� � � � �
�T����� � � � ��! � � � � � � ��� � � ��"
�T������# � � $�$ � � �%" � � � � � � � �
�T�����'& � � ( � � � ��� � � ��� � � �`�
�T����� ) � � � � � � ��� � � ��* � � � (
�T������+ � � ��" � � ��� � � � $ � � � "

1 2"4�, 5�t8P�-/.+^�U�b6cd`)[de�`�X%SrqsP�\+\3P�^ZWGYZWDR�[vS+`�X?[�cde)VDU�R�YZWDS+`�X|P�cg�pSgWWVnU)^�`)[6Y�`�X%\nR�XZWGYZWDR�[dX
S+`�X4_nR�WGY�`�X2�R5%S*S+`�X>\+^�R�Q"R�Y�`)c+^�XLS+U)\n`)[dSdP�[�YaS+` 96WG��QxP*�it�N�`%e&P�VDe)c+V9P-U)Y�U%`
Vr`�e)YZcdU
�x\3P�^ZYZWG^-S+` 142 XZWGY�`�X-S+`j�+�+P�YZWDR�[¥S+` 96WG��QxPo� S+U)Y�`)^ZQhWG[dU�X�`.�g\�U)^ZWGQ"`)[6Y�P�VD`)Q"`)[�Y
�KJ-`)V L+M 
/t

e�R�QhQ"`*VD`~\+^�R6Sgc+WGY%S+`�X�\+^�R�_3P�_+WGVGWGY�U�X(SrqsP�\+\3P�^ZWGYZWDR�[yS+`*e�m3P�e)c+[yS+`-X�`�X�[�cde)VDU�R�YZWDS+`�X

Ps(X
6
1 = x6

1) = b1(x1) × b2(x2) × . . . × b6(x6) ,

R�� bt(x) e�R�^Z^�`�XZ\nR�[dSv�iV�P]\+^�R�_3P�_+WGVGWGY�U�S+`*V:qsP�\+\3P�^ZWGYZWDR�[vSgc�[�cde)VDU�R�YZWDS+` x `)[�\�R�X�W��
YZWDR�[ t � bt(x) = P (Xt = x) �.t 96W>V:qz`)[dX�`)Qj_+VD`xSrqsP�\+\+^�`)[�YZWDX�X�P��1`x`�XZY-X�c �xX�P�QhQ"`)[�Y
��^�P�[dSr�3VD`�X(\3P�^�P�Q"l)YZ^�`�X bt

X�R�[�Y|VD`�\+VGcdX|X�R�c+f1`)[6Y~`�XZYZWGQ"U�X|\3P�^(VD`�X � ^�U�b�cd`)[de�`�X~`)QC�
\+WG^ZWDb6cd`�XjSrqsP�\+\3P�^ZWGYZWDR�[¢S+`�X�[�cde)VDU�R�YZWDS+`�X]SdP�[dX�V:qz`)[dX�`)Qj_+VD`xSrqsP�\+\+^�`)[6YZWDX�X�P��1`�t } `�e)W
^�`)fTWD`)[�Yj`)[ � P�WGY���c+YZWGVGWDX�`)^�V:qz`�XZYZWGQxP�Y�`)c+^jSgc�QxP
�gWGQjc+Q S+`Cf6^�P�WDX�`)Qi_+V�P�[de�`xS+`�X btXZc+^%V:qz`)[dX�`)Qj_+VD`jSrqsP�\+\+^�`)[6YZWDX�X�P��1`�t } `�X � ^�U�b�cd`)[de�`�X(X�R�[�Y(\+^�U�X�`)[6Y�U�`�X|Y�P�_+VD` 5�t8Pgt

0 R�c+^4VD`�X4X�U�b6cd`)[de�`�X>b�c+Wg[d`�e�R�^Z^�`�XZ\�R�[dS+`)[6YA\3P�X4�-S+`�X2X�WGY�`�X&�
c+[CQ"RTS+l)VD`?XZWGQh\+VD`
e�R�[dXZWDX�Y�`o��e�R�[dXZWDS+U)^�`)^]VD`�X�[6cde)VDU�R�YZWDS+`�XCe�R�QhQ"`oP�\+\3P�^�P�WDX�X�P�[6YiWG[dS+U)\n`)[dSdP�QhQ"`)[�Y
VD`�X>c+[dXAS+`�XAP�c+YZ^�`�XaP�f1`�e?c+[d` � ^�U�b�cd`)[de�`%b6c+Wg[d`�S+U)\n`)[dSC\3P�XAS+`�VD`)c+^4\nR�XZWGYZWDR�["SdP�[dX
V�PhX�U�b�cd`)[de�`hk

Pns(X
6
1 = x6

1) = b0(x1) × b0(x2) × . . . × b0(x6) ,

R�� b0(x) e�R�^Z^�`�XZ\�R�[dS��*V�P�\+^�R�_3P�_+WGVGWGY�U-SrqsP�\+\3P�^ZWGYZWDR�[pSgcx[�cde)VDU�R�YZWDS+` x P�coX�`)WG[xS+`�X
X�U�b6cd`)[de�`�X(b6c+W�[d`�X�R�[6Y(\3P�X(S+`�X(XZWGY�`�X
t

� YZ^�P�f1`)^�X%VD`�e�mdR�W��pS+`*e�`�X%S+`)cg�pQ"R6S+l)VD`�X
�TR�[vP]S+U.�d[+W�S+`)cg��Q"`�XZc+^�`�X�kTV:q c+[d`��
Ps(x

6
1)
S+`�V�PC^�`�X�X�`)Qi_+V�P�[de�`j`)[6YZ^�`�V�PhX�U�b6cd`)[de�`�R�_dX�`)^Zf1U�` x6

1
`)Y(VD`�X|XZWGY�`�X|e�R�[+[6cdX X

V:qsP�c+YZ^�`�� Pns(x
6
1)
S+`CV�Po^�`�X�X�`)Qi_+V�P�[de�`x`)[6YZ^�` x6

1
`)Y*VD`�X�X�U�b6cd`)[de�`�X�b6c+W>[d`he�R�^Z^�`�XE�

\nR�[dS+`)[�Yh\3P�X"��S+`�XCXZWGY�`�X&t   P�YZc+^�`)VGVD`)Q"`)[�Y&�4\+VGcdX Ps(x
6
1)

`�XZY]��^�P�[dSr�4`)Y Pns(x
6
1)\n`)YZWGY&�+\+VGcdX(R�[v`�X�Y%Y�`)[�Y�UjS+`jSgWG^�`�b�cd` x6

1
e�R�^Z^�`�XZ\nR�[dSv�]V�PhX�U�b6cd`)[de�`�Srq c+[vXZWGY�`�t21�V

X&qsP���WGY-V��oSrq c+[�\+^�`)QhWD`)^*\3P�X-f1`)^�X-V�P"\+^�U�SgWDe)YZWDR�[�Sgc¥e&P�^�P�e)Y�l)^�`v¦hXZWGY�`h§vR�cw¦"[dR�[
XZWGY�`v§{S+`pV�P�X�U�b6cd`)[de�`�t N�`�XxS+`)cg�{\3P�^�P���^�P�\+md`�XoXZc+WGf�P�[6Y�Xh\+^�U�X�`)[6Y�`)[�YoS+`)cg�wP�\g�
\+^�RTe�md`�X%S+`-V:q c+YZWGVGWDX�P�YZWDR�[yS+`*e�`�X�Q"R6S+l)VD`�X%SdP�[dX?VD`~_+c+Y%S+`-\+^�U�SgWG^�`*V�P�[3P�YZc+^�`�S+`-V�P
X�U�b6cd`)[de�`�t

354�b76�c[_`Z98;:TZ=< � N�`j\+^�R�_+VDl)Q"`]\n`)c+Yif)YZ^�`if6c�e�R�QhQ"`iVD`jY�`�XZY~S+`iV:q m��T\nR�YZmdl�X�`
H0 = ¦ie�`)YZY�`*X�U�b�cd`)[de�`*[�qz`�X�Y�\3P�X?V�P]X�U�b6cd`)[de�`*Srq c+[�XZWGY�`�§xe�R�[6YZ^�` H1 = ¦ie�`)YZY�`
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X�U�b�cd`)[de�`]`�XZY~V�PxX�U�b6cd`)[de�`]Srq c+[�XZWGY�`C§�tn�~\+^�l�X|VD`]e�mdR�W��¤S+`�X-Q"RTS+l)VD`�XC¦xXZWGY�`C§y`)Y
¦i[dR�[vXZWGY�`j§��3e�`�X%m��T\�R�YZmdl�X�`�X|X�R�[6Y(^�` � R�^ZQic+VDU�`�X|`)[¡k

{
H0 = ¦Ce�`)YZY�`�X�U�b�cd`)[de�`�PhU)Y�U*�1U)[dU)^�U�`j\3P�^(VD`*Q"RTS+l)VD`�[dR�[vXZWGY�`j§
H1 = ¦Ce�`)YZY�`�X�U�b�cd`)[de�`�PhU)Y�U*�1U)[dU)^�U�`j\3P�^(VD`*Q"RTS+l)VD`�XZWGY�`j§ .

0 R�c+^ye�`¤Y�`�XZY&�aVD`�VD`)QhQ"`�S+`   `)�6QxP�[g� 0 `&P�^�X�R�[ P�X�X�c+^�`¤b6cd`�V�P¡S+U�e)WDXZWDR�[ S+`
^�` � `)Y�`)^ H0

S+R�WGY6f)YZ^�`?\+^ZWDX�`?`)[ � R�[de)YZWDR�[hS+`�V�P|f�P�VD`)c+^ASgcC^�P�\+\�R�^ZY4S+`?V�P~\+^�R�_3P�_+WGVGWGY�U
SrqsP�\+\3P�^ZWGYZWDR�[�S+`jV�P"X�U�b6cd`)[de�`jX�R�cdX|VD`�Q"RTS+l)VD`�¦"XZWGY�`i§�`)Y-X�R�cdX(VD`jQ"R6S+l)VD`p¦C[dR�[
XZWGY�`|§�t } qz`�XZYa��SgWG^�`(b6c�q WGV � P�c+YLX�`��+�+`)^Ac+[d`%^�l)��VD`~S+`(S+U�e)WDXZWDR�[xe�R�[dXZWDX�Y�P�[�Y���^�` � `)Y�`)^
V:q m��T\�R�YZmdl�X�` H0

S+l�X(b�cd`

Ps(X
6
1 = x6

1)

Pns(X6
1 = x6

1)
> s(α),

R�� s `�XZY"c+[�X�`)c+WGV|e�mdR�WDXZW~`)[ � R�[de)YZWDR�[�Sgc�[+WGf1`&P�c α X�R�c+m3P�WGY�U�\nR�c+^"VD`pY�`�XZY¤� αe�R�^Z^�`�XZ\�R�[dSC�|V�P(\+^�R�_3P�_+WGVGWGY�U?S+`a^�` � `)Y�`)^ H0
VDR�^�X�b�cd` H0

`�XZY2fT^�P�WD`
�.t } `)YZY�`?S+U�e)WDXZWDR�[
`�XZYjV�PyQ"`)WGVGVD`)c+^�`�SdP�[dX]VD`oX�`)[dXiR��¢P�cde)c+[�P�c+YZ^�`xY�`�XZY]S+`oe�`x[+WGf1`&P�c ��b6c+W�^�` � `)YZY�`
P�cdX�XZWA\n`)c¡X�R�c+f1`)[6Y H0

�yY�R�^ZY��*[d`"X�`)^�P�\+VGcdX�\+c+WDX�X�P�[�Y��=[d`h\nR�c+^Z^�P�^�` � `)Y�`)^j\+VGcdX
X�R�c+f1`)[�Y(V:q m6�6\nR�YZmdl�X�` H0

VDR�^�X�b�cd` H1
`�X�Y%f6^�P�WD`
�.t

3�4�b 6�c _`Z 8;:"Z�� � N�`�\+^�R�_+VDl)Q"`j\�`)c+Y~P�cdX�XZWTf)YZ^�`jP�_nR�^�S+U�X�R�cdX|c+[¤P�c+YZ^�`iP�[+��VD`
b�c+Wge�R�[dXZWDXZY�`?�(f1R�WG^>V�P|f�P�^ZW�P�_+VD`%P�VDU&P�Y�R�WG^�` X6

1
e�R�QhQ"`�VD`a^�U�XZc+VGY�P�Y4Srq c+[d`a\+^�RTe�U�Sgc+^�`

S+`AYZWG^�P��1`�`)[iS+`)cg�jU)Y�P�\n`�X&t�N�P|\+^�`)QhWDl)^�`�U)Y�P�\�`a`�XZY�S+`ae�mdR�WDXZWG^2V�P%[3P�YZc+^�`�¦%XZWGY�`?§�R�c
¦%[dR�[hXZWGY�`%§�S+`�V�P-X�U�b6cd`)[de�`ab6c+WgX�`)^�P~�1U)[dU)^�U�`�X�`)VDR�[CS+`�X2\+^�R�_3P�_+WGVGWGY�U�X P ( X�WGY�` ) = p`)Y P ( [dR�[vXZWGY�` ) = 1 − p t6N�P¥X�`�e�R�[dS+`yU)Y�P�\n`p�1U)[dl)^�`�V�P�X�U�b6cd`)[de�` X6

1
X�`)VDR�[wVD`

Q"R6S+l)VD`i¦�XZWGY�`~§CR�c�¦-[dR�[xXZWGY�`~§"e�R�[ � R�^ZQ"U)Q"`)[6Y?P�cx^�U�XZc+VGY�P�YaSgc"\+^�`)QhWD`)^aYZWG^�P��1`jk
{

P (x6
1 | XZWGY�` ) = Ps(x

6
1)

P (x6
1 | [dR�[vXZWGY�` ) = Pns(x

6
1) ,

R��¤V:qzR�[¥e�R�[ � R�[dS¢�¯�x\3P�^ZYZWG^*S+`jQxP�WG[�Y�`)[3P�[6Y�� x `)Y X = x \nR�c+^-P�VGVDU)�1`)^*VD`�X-[dR�Y�P
�
YZWDR�[dXAVDR�^�X�b6c�q WGV+[�q �"P*\3P�XASrqsP�Qj_+WG��c��¯Y�U�t � P�[dXAe�`(e&P�Sg^�`���V�P-f�P�VD`)c+^�S+` p `�XZYAe�mdR�WDXZWD`S+` � P�U�R�[y��^�`)[dSg^�`*e�R�Qh\+Y�`�S+`~V�P � ^�U�b6cd`)[de�`-P�YZY�`)[dSgcd`�S+`�X?X�U�b6cd`)[de�`�X%b�c+Wne�R�^Z^�`�XE�
\�R�[dS+`)[6Y]��S+`�XiXZWGY�`�X�\3P�^ZQhWaVD`�XjX�U�b6cd`)[de�`�XjU)YZcdSgWDU�`�X&t 9TR�cdXje�`hQ"RTS+l)VD`���R�[¡\�`)c+Y
e&P�VDe)c+VD`)^(V�P]\+^�R�_3P�_+WGVGWGY�UjS+`�X%U)f1U)[d`)Q"`)[6Y�XC¦]XZWGY�`j§�`)Yi¦i[dR�[¤XZWGY�`j§�X�P�e�m3P�[6Y(V�PCX�U.�
b�cd`)[de�`(R�_dX�`)^Zf1U�` x6

1
���*X�P&f1R�WG^ P ( XZWGY�` | x6

1)
`)Y P ( [dR�[vXZWGY�` | x6

1)
t } `�XL\+^�R�_3P�_+WGVGWGY�U�X

X�R�[�Y|R�_+Y�`)[6cd`�X(��^���e�`j�hV�P � R�^ZQic+VD`�S+`��%P��1`�Xik

P ( X�WGY�` | x6
1) =

P (x6
1 | XZWGY�` )P ( XZWGY�` )

P (x6
1 | XZWGY�` )P ( XZWGY�` ) + P (x6

1 | [dR�[vXZWGY�` )P ( [dR�[�XZWGY�` )

P ( [dR�[¤XZWGY�` | x6
1) =

P (x6
1 | [dR�[vXZWGY�` )P ( [dR�[¤X�WGY�` )

P (x6
1 | XZWGY�` )P ( XZWGY�` ) + P (x6

1 | [dR�[vXZWGY�` )P ( [dR�[�XZWGY�` ) .
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NLqz`.�T\+^�`�X�X�WDR�[�Sgc�^�P�\+\nR�^ZYxS+`ye�`�XoS+`)cg�¢\+^�R�_3P�_+WGVGWGY�U�X�X�U)\3P�^�`ySrq c+[d`y\3P�^ZYxV�P
e�R�[6YZ^ZWG_+c+YZWDR�[�S+`�V�P¥X�U�b6cd`)[de�`�R�_dX�`)^Zf1U�`�`)YCSrqsP�c+YZ^�`y\3P�^ZY]V�P¥e�R�[6YZ^ZWG_+c+YZWDR�[�S+`pV�P
� ^�U�b�cd`)[de�`iP�YZY�`)[dSgcd`jS+`�X(U)f1U)[d`)Q"`)[6Y�XC¦]XZWGY�`]§�`)Yi¦][dR�[yXZWGY�`i§�k

P ( X�WGY�` | x6
1)

P ( [dR�[vXZWGY�` | x6
1)

=
P (x6

1 | XZWGY�` )
P (x6

1 | [dR�[yXZWGY�` ) ×
P ( XZWGY�` )

P ( [dR�[vXZWGY�` ) .

l [�^�`)QxP�^�b6cd`�b�cd`*V�PiQ f)Q"`�b6c3P�[�YZWGY�U�`�X�Y%c+YZWGVGWDX�U�`�SdP�[dX?VD`*Y�`�XZY%SdP�[dX%VD`-\�R�WG[6Y|S+`
fTcd` 5|\nR�c+^?^�`��3U)Y�`)^%VD`�XaWG[ � R�^ZQxP�YZWDR�[dX|P�\+\nR�^ZY�U�`�X?\3P�^?V�PiX�U�b�cd`)[de�`*XZc+^?X�Pi[3P�YZc+^�`�t

�~WG[dXZW:��b�cd`)VLb6cd`xX�R�WGYjVD`h\nR�WG[�YCS+`hfTcd`oP�S+R�\+Y�U���V:q WG[ � R�^ZQxP�YZWDR�[wP�\+\�R�^ZY�U�`x\3P�^
V�PoX�U�b6cd`)[de�`iX&qz`.�g\+^ZWGQ"`Ce�R�QhQ"`]VD`j^�P�\+\nR�^ZY-S+`�X-\+^�R�_3P�_+WGVGWGY�U�X�SrqsP�\+\3P�^ZWGYZWDR�[�S+`]V�P
X�U�b6cd`)[de�`(X�R�cdXAVD`%Q"R6S+l)VD`]¦*XZWGY�`~§]`)Y-¦*[dR�[xXZWGY�`~§1t��4Y�P�[�Y�S+R�[+[dU|b6cd`?VD`�XAQ"RTS+l)VD`�X
e�mdR�WDXZWDX(e�R�[dXZWDS+l)^�`)[6Y(VD`�X?[�cde)VDU�R�YZWDS+`�X(e�R�QhQ"`iP�\+\3P�^�P�WDX�X�P�[�Y%WG[dS+U)\n`)[dSdP�QhQ"`)[�Y~VD`�X
c+[dX�S+`�X�P�c+YZ^�`�X&�&e�`4^�P�\+\nR�^ZY�X�`4S+U�e�R�Qh\�R�X�`L`)[�c+[�\+^�RTSgc+WGY�S+`4Y�`)^ZQ"`�X&�&S+R�[6Y�e�m3P�e)c+[
e�R�^Z^�`�XZ\nR�[dSv�CV�P]\3P�^ZYZWDe)WG\3P�YZWDR�[�Srq c+[d`�\nR�XZWGYZWDR�[vS+`�V�PCX�U�b6cd`)[de�`"k

P (x6
1 | X�WGY�` )

P (x6
1 | [dR�[vXZWGY�` ) =

b1(x1)

b0(x1)
×

b2(x2)

b0(x2)
× . . . ×

b6(x6)

b0(x6)
.

N�`pVDR���P�^ZWGYZm+Q"`yS+`�e�`�^�P�\+\�R�^ZY"X&qz`.�g\+^ZWGQ"`�e�R�QhQ"`�V�P�X�R�QhQ"`�Srq c+[d`�e�R�[6YZ^ZW��
_+c+YZWDR�[�S+`je�m3P�b6cd`�\nR�XZWGYZWDR�[��3WGV�`�XZY~X�R�c+f1`)[�Y-P�\+\n`)VDUjX�e�R�^�`�t � P�[dX(V:qsP�\+\+^�RTe�md`iY�`�XZY
\+^�U�X�`)[6Y�U�`pSdP�[dXiVD`o\nR�WG[�YCS+`xfTcd`�5���V�PyVDR�W?Sgc{^�P�\+\�R�^ZYCX�R�cdX H0

��b6cd`"V:qzR�[¢S+R�WGY
e�R�[+[3P
�DYZ^�`%\nR�c+^Ae&P�VDe)c+VD`)^4VD`?[+WGf1`&P�c"SgchY�`�XZY&��`�XZYAe)V�P�X�X�WDb�cd`)Q"`)[6YAR�_+Y�`)[�cd`|�-YZ^�P&f1`)^�X
V�PCVDR�W�S+`jX�R�[�VDR���P�^ZWGYZm+Q"`�t

Y Z�\�]TZ�^'\�]"Z�_`Z�a ^�����b 4'6Ta�� :`b \	4 _"Z 6�c�� 4 :"^ _`Z�a��`^�4Bc���b76"Z�a
} R�QhQ"`jVD`�Q"R�[�YZ^�`jV�P]Y�P�_+VD` 5�t �d�+VD`�X|^�U)��WDR�[dX(YZ^�P�Sgc+WGY�`�X|`)[v\+^�R�Y�U)WG[d`�X|R�[�Y-S+`�X

\+^�R�\+^ZWDU)Y�U�XCS+`"e�R�Qh\nR�XZWGYZWDR�[¢SgWWVnU)^�`)[6Y�`�XiS+`�Xi^�U)��WDR�[dXjWG[6Y�`)^Z�1U)[+WDb�cd`�X
t"N�Py\+VGc+\3P�^ZY
S+`�X?Q"U)YZmdRTS+`�X%WG[�YZ^ZWG[dX�l�b�cd`�X%\nR�c+^%Q"`)YZYZ^�`�`)[�U)f6WDS+`)[de�`*VD`�X?^�U)��WDR�[dX|e�R6SdP�[6Y�`�X%c+YZW��
VGWDX�`)[6Y(V�P�^Z�1`)Q"`)[�Y*e�`�X%\+^�R�\+^ZWDU)Y�U�X&t

9TR�WGY xn
1
c+[d`CX�U�b�cd`)[de�`CS+R�[6Y�R�[�f1`)c+Y�S+U)Y�`)^ZQhWG[d`)^�V�Po[3P�YZc+^�`he�RTSdP�[�Y�`CR�c¥WG[g�

Y�`)^Z�1U)[+WDb6cd`�t l [�\+^�R�\nR�X�`-\�R�c+^(e�`)YZY�`�X�U�b6cd`)[de�`�S+`)cg�oQ"RTS+U)VGWDX�P�YZWDR�[dX(S+R�[6YjkTV:q c+[d`
e�R�^Z^�`�XZ\nR�[dSdP�[�Y*P�cg��^�U)��WDR�[dX%WG[�Y�`)^Z�1U)[+WDb6cd`�X&�3`)Y|V:qsP�c+YZ^�`jP�cg��^�U)��WDR�[dX~e�R6SdP�[6Y�`�X&t

� 4 _����Fb�a��Dc�b 4'6g_`Z�a ^�����b 4'6Ta b76�c%Z�^�� � 6`b�� :TZ�a"! 9TR�cdXrVD`4Q"RTS+l)VD`4b6c+W�YZWD`)[�Y�e�R�Qh\+Y�`
S+`jV�Phe�R�Qh\�R�X�WGYZWDR�[¤`)[vQ"R�[dR��:[6cde)VDU�R�YZWDS+`�X&��V�PC\+^�R�_3P�_+WGVGWGY�U]SrqsP�\+\3P�^ZWGYZWDR�[�S+`jV�PhX�U.�
b6cd`)[de�`�X&qzU�e)^ZWGYjk

P (xn
1 | WG[6Y�`)^&t ) = b0(x1) × b0(x2) × . . . × b0(xn) .

�¥P�WDX*V�PoY�P�_+VD`d5�t ��Q"R�[6YZ^�`hS+`�X�S+U)\�`)[dSdP�[de�`�Xj`)[�YZ^�`CVD`�X�P�\+\3P�^ZWGYZWDR�[dX�S+`�X*[6cde)VDU�R��
YZWDS+`�XxP�S � P�e�`)[�Y�X
t 0 P�^x`.�+`)Qh\+VD`��>V�P � ^�U�b�cd`)[de�`p��VDR�_3P�VD`�SrqsP�\+\3P�^ZWGYZWDR�[ Srq c+[ g `�XZY
S+` 0, 18 QxP�WDX�f�P�^ZWD`xS+` 0, 15 � 0, 21 X�`)VDR�[¡VD`h[6cde)VDU�R�YZWDS+`ob6c+WAVD`h\+^�U�e�l�S+`�t 0 R�c+^
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132"4�, 5�t �/- 0 ^�R�\+^ZWDU)Y�U�X*S+`je�R�Qh\nR�XZWGYZWDR�[¥S+`�X|^�U)��WDR�[dX*e�RTSdP�[�Y�`�X*`)Y|[dR�[�e�R6SdP�[6Y�`�X
S+` ;e< >%@BADCFEHGHEI> e&P�VDe)c+VDU�`�X��¡\3P�^ZYZWG^�S+`�XpP�[+[dR�Y�P�YZWDR�[dX�Sgc �3e�m+WD`)^���`)[ �?P�[+�nt��|c
X�`)WG[vS+`�X(^�U)��WDR�[dX~e�R6SdP�[6Y�`�X&�dV�P"\�R�X�WGYZWDR�[vSdP�[dX(VD`ie�R6S+R�[v`�X�Y(\+^ZWDX�`�`)[ve�R�Qh\+Y�`�t�N�P
\+^�`)QhWDl)^�`LVGWG��[d`�e�R�[�YZWD`)[6Y2VD`�X � ^�U�b�cd`)[de�`�X2S+`�X�Q"R�[dR��:[6cde)VDU�R�YZWDS+`�X&t+N�`�X2b�c3P�YZ^�`aVGWG��[d`�X
XZc+WGf�P�[6Y�`�X>e�R�^Z^�`�XZ\�R�[dS+`)[6YLP�cg� � ^�U�b�cd`)[de�`�X>S+`�X2YZ^�P�[dXZWGYZWDR�[dX4`)[6YZ^�`?[�cde)VDU�R�YZWDS+`�X|�=\3P�^
`.�g`)Qh\+VD`���VGWG��[d` a e�R�VDR�[+[d` g k�V�P � ^�U�b6cd`)[de�`-Srq c+[ g VDR�^�X�b�c�q WGV�`�XZYL\+^�U�e�U�S+U-Srq c+[ a �.t

Y�`)[+WG^(e�R�Qh\+Y�`�S+`�e�`�X%S+U)\�`)[dSdP�[de�`�X
�+c+[�Q"R6S+l)VD`�S+`�e�m3P
�D[d`�S+`��¥P�^Z�1R&f�\�`)c+Y f)YZ^�`
c+YZWGVGWDX�U�t
N�`�X(\3P�^�P�Q"l)YZ^�`�X-S+`�e�`�Q"RTS+l)VD`�X�R�[�Y~S+`�V�P � R�^ZQ"`xk

{
b(y;x) = P (Xt = y | Xt−1 = x) V�PCQxP�YZ^ZWDe�`jS+`�YZ^�P�[dXZWGYZWDR�[
b(x) = P (X1 = x) V�PCVDR�WrWG[+WGYZW�P�VD` .

.

N�P£QxP�YZ^ZWDe�`�S+`¥YZ^�P�[dXZWGYZWDR�[ e�R�[�YZWD`)[6YyVD`�Xp\+^�R�_3P�_+WGVGWGY�U�XySrqsP�\+\3P�^ZWGYZWDR�[ S+`¥e�m3P�b6cd`
[�cde)VDU�R�YZWDS+`�X�P�e�m3P�[�Y%VD`~[�cde)VDU�R�YZWDS+`*\+^�U�e�U�S+`)[�Y&t0N�Pi\+^�R�_3P�_+WGVGWGY�U-SrqsP�\+\3P�^ZWGYZWDR�[¤S+`|V�P
X�U�b�cd`)[de�`�X
qzU�e)^ZWGY~P�VDR�^�Xjk

P (xn
1 | WG[6Y�`)^&t ) = bi(x1) × bi(x2;x1) × . . . bi(xn;xn−1) .

} `iQ"RTS+l)VD`C[d`]\+^�`)[dS�`)[¨e�R�Qh\+Y�`hb�cd`]V�P�e�R�Qh\nR�XZWGYZWDR�[¨`)[¨SgW��:[�cde)VDU�R�YZWDS+`�X���S+`)cg�
X�U�b�cd`)[de�`�XiS+`hQ f)Q"`�e�R�Qh\�R�XZWGYZWDR�[{`)[¡SgW��:[�cde)VDU�R�YZWDS+`�XhR�[6YjV�PpQ f)Q"`o\+^�R�_3P�_+WGVGWGY�U
SrqsP�\+\3P�^ZWGYZWDR�[9�.t 0 R�c+^*\+^�`)[dSg^�`i`)[�e�R�Qh\+Y�`]V�P"e�R�Qh\nR�XZWGYZWDR�[�`)[¤Q"R�Y�X*S+`�VDR�[+��cd`)c+^
r + 1 R�[w\n`)c+Y"c+YZWGVGWDX�`)^"c+[�Q"RTS+l)VD`�QxP�^Z�1R
f6WD`)[ SrqzR�^�Sg^�` r S+R�[�YxV�P�QxP�YZ^ZWDe�`¤S+`
YZ^�P�[dXZWGYZWDR�[y`�XZY?S+`~V�P � R�^ZQ"` b(y;w) = P (Xt = y | Xt−1

t−r = w) �+R�� w `�XZY?c+[pQ"R�Y
S+`"VDR�[+��cd`)c+^ r t 0 P�^C`.�gY�`)[dXZWDR�[���VD`xQ"R6S+l)VD`�Srq WG[dS+U)\n`)[dSdP�[de�`�`�X�Yi\3P�^ � R�WDX]P�\+\n`)VDUQ"R6S+l)VD`�S+`�e�m3P
�D[d`jS+`��¥P�^Z�1R&f�SrqzR�^�Sg^�` 0 t

� 4 _ � �Fb a��Dc�b 4 6 _"Z�a ^�����b 4'6Ta�\	4 _ � 6�c%Z�a�! N�PCY�P�_+VD` 5�t �"Q"R�[6YZ^�`jb6cd`��+SdP�[dX%VD`�X
^�U)��WDR�[dX(e�R6SdP�[6Y�`�X&�+V�P � ^�U�b6cd`)[de�`�SrqsP�\+\3P�^ZWGYZWDR�[¤Srq c+[y[6cde)VDU�R�YZWDS+`�f�P�^ZWD`�P�cdX�XZW�X�`)VDR�[
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V�P*\nR�XZWGYZWDR�["S+`(e�`([�cde)VDU�R�YZWDS+`|SdP�[dXLVD`%e�R6S+R�[�t�1/Vd`�XZY4_+WD`)[oX��+^AYZ^�l�X4WG[6Y�U)^�`�X�X�P�[�Y&��[dR��
Y�P�QhQ"`)[6Ya`)[hfTcd`%S+`?^�`)YZ^�R�c+f1`)^AV�P-\+m3P�X�`(S+`?VD`�e)YZc+^�`��1S+`?\+^�`)[dSg^�`|`)["e�R�Qh\+Y�`(e�`)YZY�`
\nU)^ZWDR6SgWDe)WGY�U�t N�PoQ"RTS+U)VGWDX�P�YZWDR�[�S+`jV�Px\nU)^ZWDR6SgWDe)WGY�UCS+`]e�R�Qh\�R�XZWGYZWDR�[�S+`�X*X�U�b6cd`)[de�`�X
e�RTSdP�[�Y�`�X4[dU�e�`�X�XZWGY�`%Srq WG[�YZ^�RTSgc+WG^�`%c+[d`�VDR�W+SrqsP�\+\3P�^ZWGYZWDR�[xS+`�X>[�cde)VDU�R�YZWDS+`�XaSgWWVnU)^�`)[6Y�`
\nR�c+^ae�m3P�e)c+[d`-S+`�XaYZ^�R�WDX�\�R�X�WGYZWDR�[dXaS+`�X�e�R6S+R�[dX
t�N�`�Xa\3P�^�P�Q"l)YZ^�`�X%S+`|e�`|Q"R6S+l)VD`-X�`
X�U)\3P�^�`)[6YA`)[CYZ^�R�WDX � `)cg� b+1

� b+2
�
`)Y b+3

��R�� b+i
S+U�e)^ZWGY>V�P � ^�U�b6cd`)[de�`%SrqsP�\+\3P�^ZWGYZWDR�[

S+`�XL[�cde)VDU�R�YZWDS+`�X%`)["\nR�XZWGYZWDR�[ +i S+`�XLe�RTS+R�[dX&t�9TR�cdX�e�`%Q"RTS+l)VD`���SgWGYa\�U)^ZWDRTSgWDb�cd`���V�P
\+^�R�_3P�_+WGVGWGY�UhSrqsP�\+\3P�^ZWGYZWDR�[�S+`iV�PxX�U�b6cd`)[de�` xn

1
X&qzU�e)^ZWGY*S+`jYZ^�R�WDX � P�U�R�[dX*SgWWVnU)^�`)[6Y�`�X

X�`)VDR�[vV�P]\+m3P�X�` +1 � +2 R�c +3 SdP�[dX|V�P�b�cd`)VGVD`�V�PCX�U�b�cd`)[de�`�e�RTS+`hk

P (xn
1 | +1) = b+1(x1)b+2(x2)b+3(x3)b+1(x4)b+2(x5)b+3(x6) . . .

P (xn
1 | +2) = b+2(x1)b+3(x2)b+1(x3)b+2(x4)b+3(x5)b+1(x6) . . .

P (xn
1 | +3) = b+3(x1)b+1(x2)b+2(x3)b+3(x4)b+1(x5)b+2(x6) . . . .

0 R�c+^oVD`�Xx^�U)��WDR�[dXoe�RTSdP�[�Y�`�X
�LR�[�c+YZWGVGWDX�`¤e)V�P�X�XZWDb6cd`)Q"`)[�Yoc+[�Q"RTS+l)VD`vS+`y�¥P�^Z�1R&f
SrqzR�^�Sg^�`*P�coQ"R�WG[dX�U)��P�Vr� 2 P
�d[�S+`|\+^�`)[dSg^�`-`)[oe�R�Qh\+Y�`-V:qsP�_dX�`)[de�`-S+`|e�RTS+R�[pXZY�R�\`)[w\+m3P�X�`�k b+3(a; tg) = 0 � b+3(a; ta) = 0 � b+3(g; ta) = 0 t l [wQ"RTS+U)VGWDX�`�S+`
V�PvQ f)Q"` � P�U�R�[{VD`�XCX�U�b�cd`)[de�`�XCe�RTSdP�[�Y�`�XCXZc+^]VD`x_+^ZWG[we�R�Qh\+VDU)Q"`)[6Y�P�WG^�`yS+R�[�YhR�[
[dR�Y�`)^�PCVD`�X|\+m3P�X�`�X(S+`*VD`�e)YZc+^�` −1 � −2 `)Y −3 t

N�`LVDR���WDe)WD`)V����	��

�����yP(U)Y�ULc+[]S+`�X�\+^�`)QhWD`)^�X4�?c+YZWGVGWDX�`)^>e�`�X�Q"RTS+l)VD`�X�� �?� L+P��/t
� [d`jX�U�b6cd`)[de�`]R�_dX�`)^Zf1U�`i`�X�Y~XZc+\+\nR�X�U�`�\+^�R
f1`)[+WG^�X�R�WGY-Srq c+[d`i^�U)��WDR�[�WG[�Y�`)^Z�1U)[+WDb6cd`
(0) �?X�R�WGY�Srq c+[d`v^�U)��WDR�[ e�RTSdP�[�Y�`�XZc+^�VD`v_+^ZWG[ U)YZcdSgWDU (+1,+2,+3) �%X�R�WGY�Srq c+[d`^�U)��WDR�[¨e�RTSdP�[�Y�`"X�c+^-VD`C_+^ZWG[¨e�R�Qh\+VDU)Q"`)[6Y�P�WG^�` (−1,−2,−3) t��~\+^�l�X�P�f1R�WG^�WG[�YZ^�R��Sgc+WGY*VD`�X � ^�U�b6cd`)[de�`�X�P�YZY�`)[dSgcd`�X P (i) S+`Ce�m3P�e)c+[d`hS+`Ce�`�X-[3P�YZc+^�`�X�S+`CX�U�b�cd`)[de�`�X
�V�P � R�^ZQjc+VD`vS+` �?P&�1`�X"\n`)^ZQ"`)YxSrqzU)f�P�VGcd`)^"VDR6e&P�VD`)Q"`)[6YxV�P�[3P�YZc+^�`¤e�R6SdP�[6Y�`ySrq c+[d`
X�U�b6cd`)[de�`"k

P (i | xn
1 ) =

P (xn
1 | i)P (i)

∑3
j=−3 P (xn

1 | j)P (j)
.

���=����� ���� "!$#�%�&�'(�) p��*+#-,�./,a�0'��0 21��� 3�41"'0��56*7 85911�0'��0 �.	11�(#;:� 
<3Z a%Z 6Ta _`Z �>= : c�b �Fb a��Dc�b 4 6�_"Z�a@? 4 _BA � Z�a �`^�4�C �4C`b �Fb a�c%Z�a � 4':T^ ��Z�aOa���� :"Z 6"\*Z�a
C b 4 � 4 ��b � :"Z�a
<3Z�aD? 4 _�A�� Z�a"! 0 c+WDX�b6cd`(VD`]¦*m3P�X�P�^�So§"X�`)Qj_+VD`|WG[�Y�`)^Zf1`)[+WG^%��Y�R�c+Y�`�XaVD`�XLU�e�md`)VGVD`�X
S+`CV�P�fTWD`��rb�cd`he�`hX�R�WGYjP�c�[+WGf1`&P�c¨Q"R�VDU�e)c+V�P�WG^�`���R�c¡P�c¨e�R�c+^�XiS+`CV:qzU)f1R�VGc+YZWDR�[���R�[
\nR�c+^Z^�P�WGY�e�R�[dX�WDS+U)^�`)^�e�R�QhQ"`�[3P�YZc+^�`)VGVD`¤V:q c+YZWGVGWDX�P�YZWDR�[ S+`yQ"RTS+l)VD`�Xo\+^�R�_3P�_+WGVGWDX�Y�`�X
S+`�X4X�U�b6cd`)[de�`�X4_+WDR�VDR���WDb6cd`�X&t } `)\n`)[dSdP�[�Y&��c+[d` � cdXZYZW��3e&P�YZWDR�["S+`%e�`?Y/�T\n`�`�X�Y2c+[h\n`)c
[3P �¯f1`�t4E4VGVD`�X�R�cdXE�/`)[�Y�`)[dSr�d`)[�`
Vr`)Y&�+b�cd`-VD`�X?Q"RTS+l)VD`�X?c+YZWGVGWDX�U�X%fTWDX�`)[�Y(�]^�`)\+^�RTSgc+WG^�`
c+[�\+^�RTe�`�X�XZcdX�^�U�`)V:t } `)^ZY�P�WG[dX%Q"RTS+l)VD`�X&�+e�R�QhQ"`*VD`�X?Q"RTS+l)VD`�X(SrqzU)f1R�VGc+YZWDR�[{¦jf1`)^ZYZW��
e&P�VD`(§iSrq c+[d`?\�R�X�WGYZWDR�[CSrq c+[d`?X�U�b6cd`)[de�`�VD`�VDR�[+�*S+`�X>_+^�P�[de�md`�XASrq c+["P�^Z_+^�`�\+m��TVDR��1U.�
[dU)YZWDb6cd`���\+^�U�X�`)[�Y�`)[6Y�\�`)c+YE� f)YZ^�`hP�X�X�`�:i_+WD`)[�e�`)YZY�`]e&P�^�P�e)Y�U)^ZWDX�YZWDb�cd`�tn�~c�e�R�[6YZ^�P�WG^�`��
VD`�X>Q"RTS+l)VD`�X4b�c+Wg[dR�cdX4WG[6Y�U)^�`�X�X�`)[6Y4WDe)W+f6WDX�`)[6Y>\+VGc+YGF�YL�~S+U�e)^ZWG^�`?V:qz`)[de�m3P
�D[d`)Q"`)[�Y?S+`�X
[6cde)VDU�R�YZWDS+`�X>VD`LVDR�[+�*S+`LV�P|X�U�b6cd`)[de�`��
S+R�[de?�(^�U&P�VGWDX�`)^�c+[d`aQ"R6S+U)VGWDX�P�YZWDR�[�¦(mdR�^ZWH:&R�[g�
Y�P�VD`�§oS+`�X?X�U�b�cd`)[de�`�X?R�_dX�`)^Zf1U�`�X
t 0 P�^(P�WGVGVD`)c+^�X&�TVD`�X%X�U�b6cd`)[de�`�X?X�R�[�Y?�1U)[dU)^�P�VD`)Q"`)[�Y



��� � ��������
 � � �%� 
 ����� ����
��
	�� �
� ���

e�R�[dXZWDS+U)^�U�`�X~e�R�QhQ"`CP�\+\3P�^�P�WDX�X�P�[6Y-S+` � P�U�R�[vWG[dS+U)\�`)[dSdP�[6Y�`iVD`�X~c+[d`�X|S+`�X*P�c+YZ^�`�X&t
N�`*\+VGcdX|X�R�c+f1`)[6Y&�de�`�X%Q"RTS+l)VD`�X([d`*\n`)c+f1`)[�Y|S+R�[de�\3P�X%\+^�U)Y�`)[dSg^�`je�R�^Z^�`�XZ\nR�[dSg^�`j�
c+[�Q"U�e&P�[+WDXZQ"`�^�U�`)V�SrqsP�\+\3P�^ZWGYZWDR�[¥S+`�X(X�U�b6cd`)[de�`�X&t

l [w\+^�U � U)^�`)^�P¨S+R�[deye�R�[dXZWDS+U)^�`)^"VD`pQ"RTS+l)VD`p\+^�R�_3P�_+WGVGWDXZY�`ve�R�QhQ"`yc+[wQ"R&�1`)[
S+`~^�U�X�c+Q"`)^%VD`�X?\+^�R�\+^ZWDU)Y�U�X(S+`�X%X�U�b6cd`)[de�`�X%U)YZcdSgWDU�`�X&�+S+R�[�Y(c+[pWG[6Y�U)^ f)Y|`�XZY%S+`-\�`)^E�
Q"`)YZYZ^�`%V:q c+YZWGVGWDX�P�YZWDR�[xS+`�XLP�\+\+^�RTe�md`�XaXZY�P�YZWDXZYZWDb6cd`�X&t+NAqzR�_ � `�e)YZW � S+`?V:q c+YZWGVGWDX�P�YZWDR�[oSrq c+[
Q"R6S+l)VD`j\+^�R�_3P�_+WGVGWDXZY�`i`�X�Y(V:q WG[�Y�`)^Z\+^�U)Y�P�YZWDR�[¨S+`�X~X�U�b�cd`)[de�`�X
�3e�qz`�XZY*�hSgWG^�`j`�X�X�`)[�YZWD`)V��
VD`)Q"`)[�YhV�P¤S+U)Y�`)^ZQhWG[3P�YZWDR�[�S+`�V�P � R�[de)YZWDR�[wSrq c+[d`�Q"R�VDU�e)c+VD`�R�c¢Srq c+[d`p^�U)��WDR�[wS+`
Q"R�VDU�e)c+VD`¨�¨\3P�^ZYZWG^yS+`¥X�P£X�U�b6cd`)[de�`�t } `)YZY�`¤Y���e�md`�`�XZYp^�`)[dSgcd`¥\�R�X�XZWG_+VD`v\3P�^pV�P
Q"R6S+U)VGWDX�P�YZWDR�[¤S+`�V�PCX�U�b6cd`)[de�`�e�R�[dSgWGYZWDR�[+[d`)VGVD`)Q"`)[�Y��]V�P � R�[de)YZWDR�[�t

� q c+[i\nR�WG[�Y4S+`af6cd`a_+WDR�VDR���WDb�cd`���V�P|^�`)V�P�YZWDR�[h`)[�YZ^�`�V�P-X�U�b6cd`)[de�`aSrq c+[d`�Q"R�VDU�e)c+VD`
`)YoX�P � R�[de)YZWDR�[ ��R�c�[3P�YZc+^�`
�"\3P�^�P
�DY���V�P � R�WDXxYZ^�l�Xoe�R�Qh\+VD`.�+`�`)YxYZ^�l�X"f�P�^ZW�P�_+VD`�t
0 c+WDX�b6cd`~VD`�X%X�U�b�cd`)[de�`�X(e�R�[6YZWD`)[+[d`)[�Y~V:q WG[ � R�^ZQxP�YZWDR�[��1U)[dU)YZWDb6cd`��+WGVr`�XZY%e)V�P�WG^(b�cd`-V�P
X�U�b�cd`)[de�`~`�XZY&�6\+VGcdXaR�c�Q"R�WG[dX?SgWG^�`�e)Y�`)Q"`)[�Y%`)Y�X�`)VDR�[oS+`�X�Q"U�e&P�[+WDXZQ"`�X�YZ^�l�XLf�P�^ZWDU�X&�
�%V:qzR�^ZWG��WG[d`�S+`LV�P � R�[de)YZWDR�[���Srq c+[d`LQ"R�VDU�e)c+VD`�t } `)\n`)[dSdP�[�Y&��XZW�V:qzR�[]\+^�`)[dS]`)[ie�R�Qh\+Y�`
V:qzU)f1R�VGc+YZWDR�[���b6c+W4^�`)\�R�X�`xXZc+^�c+[¡S+R�c+_+VD`hQ"U�e&P�[+WDXZQ"`oS+`hf�P�^ZW�P�YZWDR�[£P�c¨[+WGf1`&P�c¡S+`
V�P¢X�U�b�cd`)[de�`¡`)YyS+`�X�U)VD`�e)YZWDR�[ XZc+^yS+`�X¤e)^ZWGY�l)^�`�XyS+` � R�[de)YZWDR�[��%VD`¥^�P�\+\�R�^ZY¤`)[�YZ^�`
X�U�b�cd`)[de�`L`)Y � R�[de)YZWDR�[]`�XZY�Q"R�WG[dX�c+[+WDSgWG^�`�e)YZWDR�[+[d`)VTb6c�q WGV1[�q �*\3P�^�P
�DY&t } `)YZY�`AX�U)VD`�e)YZWDR�[
e�R�[dXZWDXZY�`��&\nR�c+^�c+[d`LV�P�^Z�1`A\3P�^ZY&���%U)VGWGQhWG[d`)^�VD`�X�f�P�^ZW�P�YZWDR�[dX>S+U � P�f1R�^�P�_+VD`�X>`)[�YZ^�P
�D[3P�[6Y
c+[d`*\�`)^ZY�`�S+` � R�[de)YZWDR�[�t l ^&�dV�PCe�R�[dX�`)^Zf�P�YZWDR�[�Srq c+[d` � R�[de)YZWDR�[y[d`�[dU�e�`�X�XZWGY�P�[6Y(\3P�X
Y�R�c � R�c+^�X?VD`-Q f)Q"`*S+`)��^�U�S+`*e�R�[dX�`)^Zf�P�YZWDR�[yS+`-V�P]X�U�b6cd`)[de�`��Tc+[d`-X�U�b�cd`)[de�`*U)f1R�VGcd`
\+VGcdXAR�c"Q"R�WG[dX4VGWG_+^�`)Q"`)[6Y�X�`)VDR�["X�P � R�[de)YZWDR�[�t � P�[dXAVD`(e&P�XA`.�gYZ^ f)Q"`(S+`%V:qzU)f1R�VGc+YZWDR�[
[d`)c+YZ^�P�VGWDXZY�`��3V�PoX�U�b6cd`)[de�`iU)f1R�VGcd`]X�P�[dX-XZc+_+WG^~S+`i\+^�`�X�XZWDR�[¥S+`jX�U)VD`�e)YZWDR�[�t	EA[g�d[��3V�P
[3P�YZc+^�`�S+`~V�PCX�U�b�cd`)[de�`*`)VGVD`.�:Q f)Q"`x��`.�¥kg[3P�YZc+^�` G��	��
*E
�����*G������*E
���[>%C�������
 �g[3P�YZc+^�`
YZ^�P�[dX�e)^ZWGY��
[dR�[iYZ^�P�[dX�e)^ZWGY �KN�R�_0L����TR�ciQ f)Q"`aR�^Z��P�[+WDXZQ"`am F�Y�`LS+`LV�P|X�U�b�cd`)[de�`
�r\�`)c+Y
P�f1R�WG^(c+[d`�WG[ �dcd`)[de�`iSgWG^�`�e)Y�`�XZc+^%VD`�X%Qic+Y�P�YZWDR�[dX~b6c�qz`)VGVD`�XZc+_+WGY&t

E4[¨e�R�[de)VGcdXZWDR�[��rV�P�^�`)V�P�YZWDR�[£X�U�b�cd`)[de�`.� � R�[de)YZWDR�[¡`�XZY�YZ^�l�Xje�R�Qh\+VD`.�g`�t � P�[dX�e�`
e�R�[�Y�`.�gY�`���WGV�`�XZY�P�X�X�`�:|^�`)QxP�^�b6c3P�_+VD`-b6cd`(VD`�XaQ"U)YZmdRTS+`�XaXZY�P�YZWDX�YZWDb�cd`�Xa\+c+WDX�X�`)[6YaV�P�^E�
�1`)Q"`)[�YiX
qsP�_dXZYZ^�P�WG^�`"S+`he�`�X�e�R�[dXZWDS+U)^�P�YZWDR�[dX]`)Y�\+^�R�\nR�X�`)^�c+[¡e&P�Sg^�`h^�`)V�P�YZWGf1`)Q"`)[6Y
mdR�Q"R��1l)[d`o\nR�c+^]V:qsP�[3P�VG�TX�`�S+`�XCX�U�b6cd`)[de�`�X&t } `�e)W?`�XZY]^�`)[dSgc£\nR�X�XZWG_+VD`o\3P�^]VD`oe&P
�
^�P�e)Y�l)^�`"YZ^�l�X]S+`�X�e)^ZWG\+YZW � S+`�XjQ"RTS+l)VD`�X�c+YZWGVGWDX�U�Xok�b�cd`)VGVD`ob�cd`"X�R�WGYjV�P�[3P�YZc+^�`oS+`"V�P
X�U�b�cd`)[de�`(Q"R6S+U)VGWDX�U�`��6e�`)VGVD`.�/e)W9`�XZYLY�R�c � R�c+^�Xaf6cd`|e�R�QhQ"`(c+[d`|X�c+WGY�`(S+`(VD`)YZYZ^�`�X�P�cg�6�
b�cd`)VGVD`�X%WGV�X�c��"Y|SrqsP�YZYZ^ZWG_+cd`)^~S+`�X � ^�U�b6cd`)[de�`�X|SrqsP�\+\3P�^ZWGYZWDR�[�t

<�=Ib76�c%Z�^��"^��*c��Dc�b 4 6 _"Z � � a���� :"Z 6"\*Z�� 4'6T_ ��Z a�:T^ ��Z�a8? 4 _BA � Z�a�! � `]Q f)Q"`
b�cd`%VD`�XLQ"R6S+l)VD`�Xa\+^�R�_3P�_+WGVGWDXZY�`�X�S+`�XLX�U�b6cd`)[de�`�Xa[d`%\+^�U)Y�`)[dS+`)[�Y?\3P�XA^�`��3U)Y�`)^aV�P�^�U&P
�
VGWGY�U�_+WDR�VDR���WDb6cd`jS+`�X(\+^�RTe�`�X�XZcdX~SrqsP�\+\3P�^ZWGYZWDR�[�S+`�X|X�U�b6cd`)[de�`�X&�dVD`�X|\+^�R6e�U�Sgc+^�`�X-XZY�P
�
YZWDXZYZWDb�cd`�X2S+`A\+^�U�SgWDe)YZWDR�[ � R�[dS+U�`�X�X�c+^�e�`�X�Q"R6S+l)VD`�X�[d`AY�`)[6Y�`)[�Y4\3P�X2S+`A^�`)\+^�RTSgc+WG^�`LVD`
Q"U�e&P�[+WDXZQ"`(�~V:qzR�^ZWG��WG[d`%S+`?V�P|^�`)V�P�YZWDR�["X�U�b�cd`)[de�`.� � R�[de)YZWDR�[�t 0 P�^A`.�g`)Qh\+VD`���c+[d`?\+^�U.�
SgWDe)YZWDR�[CS+`�X2^�U)��WDR�[dX4e�RTSdP�[�Y�`�X � R�[dS+U�`aX�c+^�VD`�X>e&P�^�P�e)Y�U)^ZWDXZYZWDb6cd`�XAS+`�e�R�Qh\�R�XZWGYZWDR�[hS+`
V:qz� �*  [d`"\+^�`)[dS¡\3P�Xi`)[{e�R�Qh\+Y�`xVD`�XjQ"U�e&P�[+WDXZQ"`�X]_+WDR�VDR���WDb�cd`�X]S+`"V:qz`.�g\+^�`�X�XZWDR�[
��� �"!�# ¬�$&%�' #(� ­*)�+�,G«�'-+ #/. «�021�'-+43&¬ # 0�«L­¯®53�¬ #(��6(# ��# ­¯¬�78$ ! «�­ 6 «�+�¬ �9# ,:1 ��6 $;'<1 � %9'<1	0<1	=�'23&¬ #

��> «?² # ­ #?� ­43�¬ # ²
« � ­r¬ �@6 1 � $ #?A $ #	B



��� ������������� �	� ��
 ����
�
 �
��� � �	
 ����� �	
��
����
��������
	 	��
� ����������� ��
 �������������

S+`pV:q WG[ � R�^ZQxP�YZWDR�[w�1U)[dU)YZWDb�cd`¨��e�mdR�W���S+`�XC^�U)��WDR�[dXCYZ^�P�[dX�e)^ZWGY�`�X"XZc+^CV:qz� �-  �>e�mdR�W��
S+`�X|^�U)��WDR�[dX(YZ^�P�Sgc+WGY�`�X|X�c+^(V:qz�ih   �.t E4VGVD`j\+^�`)[dS�\3P�^|e�R�[6YZ^�`j`)[ve�R�[dXZWDS+U)^�P�YZWDR�[¤VD`�X
\+^�R�\+^ZWDU)Y�U�X%S+`~e�R�Qh\�R�XZWGYZWDR�[�S+`�X�X�U�b6cd`)[de�`�Xa\+^�R�Y�U)WDb6cd`�X?`)YLV:q cdX�P��1`~\+^�U � U)^�`)[�YZWD`)V�S+`
e�`)^ZY�P�WG[dXAe�RTS+R�[dX4XZ�T[dR�[��TQ"`�XAb6c+WgX�R�[�Y4\+VGc+YGF�Y4c+[d`%e�R�[dX�U�b6cd`)[de�`%S+`?V�P~YZ^�P�Sgcde)YZWDR�[�t
� `aV�P(Q f)Q"` � P�U�R�[��
V:q c+YZWGVGWDX�P�YZWDR�[CS+`aQ"RTS+l)VD`�X>\+^�R�_3P�_+WGVGWDXZY�`�X>\�R�c+^2VD`�X>XZWGY�`�X2S+`L�+�dP
�
YZWDR�[¥Srq c+[d`jQ"R�VDU�e)c+VD`i[d`iY�`)[�Y�`i\3P�X~S+`j^�`)\+^�R6Sgc+WG^�`]VD`�Q"U�e&P�[+WDX�Q"`iS+`j�+�+P�YZWDR�[¥S+`
V�PxQ"R�VDU�e)c+VD`h�"V:qz� �*  t���R�c+Y�` � R�WDX&��V�PhQ"RTS+U)VGWDX�P�YZWDR�[�S+`�X-X�U�b�cd`)[de�`�X*P�\+\3P�^�P�WDX�X�P�[6Y
P�cyX�`)WG[yS+`�X|XZWGY�`�X%S+`-�+�+P�YZWDR�[v^�`��3l)Y�`�`)[�\3P�^ZYZWD`*V:qsP��"[+WGY�U�S+`�V�P]Q"R�VDU�e)c+VD`�\nR�c+^%V�P
X�U�b6cd`)[de�`�t

<3Z \��
a _`Z ��� ^)Z�\�]TZ�^'\�]"Z _`Z�a�b�c%Z�a[_`Z���� �Dc�b 4 6 !	��
�@ �j> �
� ��
 ��
 ��� ���=>%@ � G��
� ��C @ � ���j> E C?����
�@�� ��
 �d> E C?��� 
�� @ ��� >����
@ ����� �

x6
1 �

G��R> ����� ��
������R> >%C ��CFEI>%CFE��
@ �R>
E
�! �E C?����C#" �%$ �'&�E
����� G�� ��������
 �%C

Ps(x
6
1)/Pns(x

6
1)

<)(*$�EI>%C?�,+.C-+ EHGe@ � GHE���� ����C�� �.� �
��������
 �%C ��C6G��/&0���	���
EI>%& �1�!��2
> E���
'+3�3�
E4&�E��
@ � 
 �iG��657$���CFE�
 � 
�� @ ����&0
%G�����@�G��e>%@ �
@ ���i>����D@ ����� �98

} `)YZY�`�b6cd`�XZYZWDR�[ [�qsP{\+^�R�_3P�_+VD`)Q"`)[�Y¤\3P�XpS+`¥VDU)��WGYZWGQhWGY�U�Srq c+[ \�R�WG[6YyS+`¤fTcd`
XZY�P�YZWDX�YZWDb�cd`���QxP�WDXp\n`)c+YpXG�+^�`)Q"`)[�YyX�`¤\�R�X�`)^�VDR�^�X�b�cd`�V:q WG[�Y�`)^�P�e)YZWDR�[ Q"R�VDU�e)c+V�P�WG^�`
`�XZY|\�`)^ U)cd`�e�R�QhQ"`�c+[y\+mdU)[dR�Q"l)[d`jYZmd`)^ZQ"RTSg�T[3P�QhWDb�cd`�t � ` � P�WGY&�gWGV�X�`)Qj_+VD`jb6c�q WGV
`.�gWDXZY�`�c+[d`�e�`)^ZY�P�WG[d`]P�[3P�VDR���WD`j`)[�YZ^�`jVD`�X|P�\+\+^�RTe�md`�X~\+m��gXZWDe�R��/e�m+WGQhWDb6cd`�X~`)Y~XZY�P�YZWDXE�
YZWDb6cd`�XjS+`"S+U)Y�`)^ZQhWG[3P�YZWDR�[wSgc¡e&P�^�P�e)Y�l)^�`�XZWGY�`"R�c¡[dR�[£XZWGY�`"Srq c+[d`oX�U�b6cd`)[de�`v�=f1R�WG^
[dR�Y�P�QhQ"`)[6Y � 96Y�R*L+S��=�.t } R�[dXZWDS+U)^�R�[dX*V�Px�+�+P�YZWDR�[�Srq c+[d`]Q"R�VDU�e)c+VD` A �xc+[d`]Q"R�VDU.�
e)c+VD` B k

A + B 
 AB .

9�q WGVTX&qsP���WGY�Srq c+[d`A^�U&P�e)YZWDR�[C`)[�YZ^�`aS+`�X�Q"R�VDU�e)c+VD`�X2SgWGVGcdU�`�X�`)[iX�R�VGc+YZWDR�[jmdR�Q"R��1l)[d`��
VD`�X
e�R�[de�`)[6YZ^�P�YZWDR�[dX [A] `)Y [B] S+`jQ"R�VDU�e)c+VD`�X-VGWG_+^�`�X|`)Y [AB] Sgcve�R�Qh\+VD`.�g`if1U)^ZW��3`)[�Y&��]V:qzU�b6c+WGVGWG_+^�`�YZmd`)^ZQ"RTSg�6[3P�QhWDb6cd`��

∆G0 = −RT ln
[AB]

[A][B]
,

R�� ∆G0 `�XZYxV�P¡f�P�^ZW�P�YZWDR�[ Srqz`)[6YZm3P�VG\+WD`¥VGWG_+^�`¥XZY�P�[dSdP�^�S P�X�X�R6e)WDU�`¥�¡V�P��+�dP�YZWDR�[�t
} R�[dXZWDS+U)^�R�[dX?QxP�WG[6Y�`)[3P�[�Y(V�Pj\+^�U�X�`)[de�`*XZWGQic+VGY�P�[dU�`�Srq c+[d`~Qic+VGYZWGYZcdS+`�S+`-Y/�T\�`�X?S+`
Q"R�VDU�e)c+VD`�X B e&P�^�P�e)Y�U)^ZWDX�U�`�X�\3P�^�S+`�X�X�U�b6cd`)[de�`�X x6

1
SgWWVnU)^�`)[6Y�`�X"� 46 = 4096 �.t N�P

^�`)V�P�YZWDR�[�SrqzU�b�c+WGVGWG_+^�`�\+^�U�e�U�S+`)[6Y�`i`�X�Y%f1U)^ZW��3U�`�\�R�c+^~e�m3P�e)c+[vS+`�X|Y/�T\�`�X Bx6
1

�+S+R�[de

∀x6
1, ∆G0

x6
1

= −RT ln
[ABx6

1
]

[A][Bx6
1
]

.

� q c+[�\nR�WG[�Y�S+`Af6cd`4\+m6�TX�WDe�R��/e�m+WGQhWDb6cd`��&V:qzU)f�P�VGc3P�YZWDR�[iS+` ∆G0
x6
1

`�X�Y�S+R�[deA`�X�X�`)[6YZWD`)VGVD`
��V�P�S+U)Y�`)^ZQhWG[3P�YZWDR�[�S+`�XLX�U�b6cd`)[de�`�X x6

1
b�c+W�e�R�^Z^�`�XZ\nR�[dS+`)[�Y%��S+`�XLXZWGY�`�XaS+`%�+�dP�YZWDR�[

S+` A t � qsP�\+^�l�X(VD`�X(U�b6c3P�YZWDR�[dX|SrqzU�b6c+WGVGWG_+^�`�R�[¤P]V�PC^�`)V�P�YZWDR�[¤S+`�\+^�R�\�R�^ZYZWDR�[+[3P�VGWGY�U

∆G0
x6
1
∝ ln

[ABx6
1
]

[Bx6
1
]

+ cste .
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N�`%VGWD`)[o`)[6YZ^�`|VD`�X�P�\+\+^�R6e�md`�XL\+m6�TX�WDe�R��/e�m+WGQhWDb6cd`�X%`)YA\+^�R�_3P�_+WGVGWDXZY�`�X�\�`)c+Y�P�VDR�^�X f)YZ^�`
U)Y�P�_+VGW�`)[�WG[�YZ^�RTSgc+WDX�P�[�Y-VD`�X%^�`)V�P�YZWDR�[dX

{

[ABx6
1
] ∝ Ps(x

6
1)

[Bx6
1
] ∝ Pns(x

6
1) ,

e�qz`�XZY��%SgWG^�`4`)[jXZc+\+\nR�X�P�[6Y�b�cd` Ps(x
6
1)
e�R�^Z^�`�XZ\nR�[dSj��V�P?\+^�R�\nR�^ZYZWDR�[jS+`�X�e�R�Qh\+VD`.�+`�X

ABx6
1

\3P�^ZQhW�V:qz`)[dX�`)Qj_+VD`�S+`�Xie�R�Qh\+VD`.�+`�XC`)Yib6cd` Pns(x
6
1)
^�`��3l)Y�`oV�P�\+^�R�\nR�^ZYZWDR�[

S+`�XLQ"R�VDU�e)c+VD`�X Bx6
1

\3P�^ZQhWnV:qz`)[dX�`)Qi_+VD`-S+`�X�Q"R�VDU�e)c+VD`�X B VGWG_+^�`�X&t l [pR�_+YZWD`)[�Y(S+R�[de

∆G0
x6
1

∝ ln
Ps(x

6
1)

Pns(x6
1)

+ cste′ ,

`.�Tm+WG_3P�[6Y�V:qsP�[3P�VDR���WD`*`)[6YZ^�`|VD`�X%P�\+\+^�RTe�md`�X�\+m��gXZWDe�R��/e�m+WGQhWDb6cd`�X(`)Y?XZY�P�YZWDXZYZWDb6cd`�X&t � `
\+VGcdX&�nV:q m��T\�R�YZmdl�X�`xSrq WG[dS+U)\n`)[dSdP�[de�`xS+`�X�\nR�XZWGYZWDR�[dX�SdP�[dXjVD`hQ"RTS+l)VD`h\+^�R�_3P�_+WGVGWDXZY�`
\�`)^ZQ"`)Y(SrqzU�e)^ZWG^�`

∆G0
x6
1

∝
6∑

t=1

ln
bt(xt)

b0(xt)
+ cste′ .

E4VGVD`¥e�R�^Z^�`�XZ\�R�[dS S+R�[de��£V:q m��T\nR�YZmdl�X�`¥SrqsP�S+SgWGYZWGf6WGY�U¨S+`�Xpe�R�[6YZ^ZWG_+c+YZWDR�[dXvU)[d`)^Z�1U.�
YZWDb�cd`�X(S+`�e�m3P�b�cd`j\�R�X�WGYZWDR�[ySdP�[dX(V:qsP�\+\+^�RTe�md`�\+m6�TX�WDe�R��/e�m+WGQhWDb6cd`�t

} `-^�P�WDX�R�[+[d`)Q"`)[�Y|`�X�Y?e�R�[6Y�`�XZY�P�_+VD`��i_+WD`)[yS+`�X?\�R�WG[6Y�X%S+`-f6cd`�t l [�X�R�c+VGWG��[d`)^�P
XZc+^ZY�R�c+YLV�Pj[3P �¯f1`)Y�U~S+`~V:q m��T\nR�YZmdl�X�`|\+^ZWG[de)WG\3P�VD`Ck�V:q WG[�Y�`)^Z\+^�U)Y�P�YZWDR�[yS+`(V�P � ^�U�b�cd`)[de�`
S+`�XjX�U�b6cd`)[de�`�Xie�R�^Z^�`�X�\�R�[dSdP�[6Yh�yS+`�XiXZWGY�`�X � R�[de)YZWDR�[+[d`)VDXCe�R�QhQ"`�U)Y�P�[�Y]VD`"^�`��3`)Y
SgWG^�`�e)YLS+`�X4\+^�R�\nR�^ZYZWDR�[dXAS+`�XASgWWVrU)^�`)[�Y�`�X�X�U�b�cd`)[de�`�XL`)[+��P��1U�`�XLSdP�[dXAS+`�XAe�R�Qh\+VD`.�+`�X
�pV:qzU�b�c+WGVGWG_+^�`oYZmd`)^ZQ"RTSg�6[3P�QhWDb6cd`�t } `"^�P�WDX�R�[+[d`)Q"`)[6YCPve�`)\�`)[dSdP�[6Y]VD`"Q"U)^ZWGY�`oS+`
Q"R�[�YZ^�`)^Lb6cd`?VD`�XLP�\+\+^�RTe�md`�XLX�Y�P�YZWDXZYZWDb�cd`�XL`)Y4Q"U�e&P�[+WDXZY�`�X4[d`%X�R�[6YA\3P�XA`)["e�R�Qh\+VDl)Y�`
e�R�[�YZ^�P�SgWDe)YZWDR�[¥XZc+^%VD`*\+^�R�_+VDl)Q"`jS+`*V�PC^�`�e�md`)^�e�md`]S+`�X(XZWGY�`�X(S+`-�+�dP�YZWDR�[�t

�gb�� ��^)Z 6�c%Z�a�� � �`^�4 \�]TZ�a�� 4':T^ �>= :Tc�b��Fb a��Dc�b 4 6 _"Z�a ? 4 _BA � Z�a
0 R�c+^pS+U�e)^ZWG^�`¤_+^ZWDl)f1`)Q"`)[�YpVD`�XoSgWWVrU)^�`)[�Y�Xpe&P�Sg^�`�XpSrq c+YZWGVGWDX�P�YZWDR�[ S+`�XxQ"RTS+l)VD`�X

\+^�R�_3P�_+WGVGWDXZY�`�XjS+`hX�U�b6cd`)[de�`��rWGVAe�R�[6f6WD`)[6Yj\+^�R�_3P�_+VD`)Q"`)[�YCS+`hSgWDXZYZWG[+��cd`)^]S+`)cg��P�\g�
\+^�R6e�md`�X&t6E4VGVD`�Xoe�R�^Z^�`�XZ\�R�[dS+`)[6Y�P�cg��S+`)cg�w\�R�WG[6Y�XxS+`pfTcd`ySgc�\+^�`)QhWD`)^�`.�g`)Qh\+VD`
\+^�U�X�`)[�Y�Upk9VD`jY�`�XZY*Srq m��T\nR�YZmdl�X�`�X�`)Y~V:q WG[6Y�U)��^�P�YZWDR�[¨S+`�X�P�VGY�`)^Z[3P�YZWGf1`�X�P�c¥X�`)WG[�Srq c+[
c+[+WDb�cd`*Q"RTS+l)VD`�t

< Z c%Z�a�c _�=I]�� � 40c�];A�a%Z�a�! � q c+[d`~QxP�[+WDl)^�`|�1U)[dU)^�P�VD`-c+[oY�`�XZYa`�XZY�c+[d`(\+^�RTe�U�Sgc+^�`
^�P�WDX�R�[+[dU�`�S+`*^�` � `)Y|Srq c+[d`�m��T\nR�YZmdl�X�` H0

�+SgWGY�`�m6�6\nR�YZmdl�X�`*[�c+VGVD`�t } `)VGVD`.�/e)W�S+U�e)^ZWGY&�
X�R�cdX2V�P � R�^ZQ"`?Srq c+[]Q"RTS+l)VD`�\+^�R�_3P�_+WGVGWDXZY�`���e�`?b�cd`aV:qzR�[C[d`?e�md`)^�e�md`(\3P�X&��P�c+YZ^�`)Q"`)[6Y
SgWGY¨¦¡e�`¥b�c+W*`�XZYyP�YZY�`)[dSgc XZW-WGV~[�q � P¨^ZWD`)[ Srqz`.�+e�`)\+YZWDR�[+[d`)Vi§�t N�P£\+VGc+\3P�^ZYySgc
Y�`)Qh\dXie�`x^�` � `)Yi[�qsPySrq WG[�Y�U)^ f)Yhb6c�qsP�c¡^�`)��P�^�S{Srq c+[d`oe&P�^�P�e)Y�U)^ZWDX�YZWDb�cd`o\3P�^ZYZWDe)c+VGWDl)^�`
S+`�X(R�_dX�`)^Zf�P�YZWDR�[dX&t
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� P�[dX?e�`-e&P�Sg^�`���c+[�Q"R6S+l)VD`*e�R�^Z^�`�XZ\nR�[dSdP�[�Y(�jV:q m��T\�R�YZmdl�X�`~[6c+VGVD`|\n`)c+Y?XZc��"^�`�t
} WGY�R�[dX�V:qz`.�g`)Qh\+VD`aS+`AV:q WDS+`)[6YZW��3e&P�YZWDR�[CS+`�X�Q"R�Y�X�S+R�[6Y�VD`L[dR�Qj_+^�`LSrqzRTe�e)c+^Z^�`)[de�`�X>`�XZY
`.�+e�`)\+YZWDR�[+[d`)VGVD`)Q"`)[�YxU)VD`)f1U¥��R�c¢`.�ge�`)\+YZWDR�[+[d`)VGVD`)Q"`)[6Y � P�WG_+VD`
� �Khj9�� S+S2��b6c+Wa\n`)c+Y
f)YZ^�`¥V:q WG[dSgWDe�`�Srq c+[d` � R�[de)YZWDR�[ _+WDR�VDR���WDb�cd`¥\3P�^ZYZWDe)c+VGWDl)^�`�t N�P¢e&P�^�P�e)Y�U)^ZWDXZYZWDb�cd`�b6c+W
[dR�cdXiWG[�Y�U)^�`�X�X�`oP�VDR�^�Xj`�X�Y�VD`h[dR�Qj_+^�`�SrqzRTe�e)c+^Z^�`)[de�`�X]Sgc¡Q"R�Y&tTN�`xQ"R6S+l)VD`oS+`"X�U.�
b6cd`)[de�`C[d`hX�`)^ZY�b6c�qs�pS+R�[+[d`)^�c+[¨X�`)[dX���V:qsP�S � `�e)YZW � ¦o`.�+e�`)\+YZWDR�[+[d`)V?§v��^���e�`x��V�P
S+`�X�e)^ZWG\+YZWDR�[pSgcx[dR�Qi_+^�`�P�YZY�`)[dSgc�SrqzRTe�e)c+^Z^�`)[de�`�X&t � cd`)V9b6cd`|X�R�WGYaVD`(Q"RTS+l)VD`([�c+V:�6WGV
`�XZYL_+WD`)[oU)fTWDS+`)[�Y?b�c�q WGVd[d`~e�R�^Z^�`�XZ\nR�[dS"\3P�Xa��V�P*^�U&P�VGWGY�U|S+`�X�X�U�b6cd`)[de�`�XLR�_dX�`)^Zf1U�`�X-k
X�R�[¤^�` � `)Y-[�qsPoS+R�[dejc+[¤WG[�Y�U)^ f)Y�b�cd`]XZW�WGV�\nR�WG[�Y�`ic+[¤Q"R�Y-\3P�^ZYZWDe)c+VGWD`)^&t � [�X�`�e�R�[dS
`.�+`)Qh\+VD`y`�XZYhe�`)VGc+W|S+`�XC\+^�RTe�U�Sgc+^�`�XxS+`�e�R�Qh\3P�^�P�WDX�R�[�S+`�X�U�b�cd`)[de�`�Xxe�R�QhQ"`�VD`�X
`
Vr`�e)YZcd`)[�YaVD`�XAVDR���WDe)WD`)VDX���� �	��
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� �%)����\,'4��A����,����\,'���T56$�����5�$����J��$�7���4��" -)�,'���>�'��4�7�4�,'���6 ��?�:�_�'���"+!�%+')���)� �4O,32n�%�'�!�%�-)��
 -)��"�d,32 $'�j��$�7���4��" -)�,'�¨� 7�2C���- ]�h,�)����O,'�.�'������,����_���j7��"(&�' ��O�:�g7��"(&�A���-)� -)��"� ���
(.�" ����'��$' GF" �56$=2C���D���� - -�����.�U<

�@4���4��8�%����(.���6 &�'����$'�����*7����- 8�%)������* -�8�%���-)� -)��"���1���6 -���K4� 8�% ��*7��"78F�4��1���"�6 B�%$' ��"�-)��
��4����i< l �.�A��$' 	�����������'��4������� ����*���"$��	�:� � �"�-(.��,32 $'�"���8�%�'F���<�N[���d��$'��� 5�<8LE(.�"�� -���
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séquence observée

suite des états cachés

+2

i

+1 +3

����� , 5�<8L - �K�8�%�'F��1,'���N4� 8�% ��V7��"78F�4��Z,32 $'� J-�¤� �-)�(&�'���X(.�/,'4���)��8�%�6 Z�M2n�%�� ����-�!�%��7��
,'���V��4)��)��"���	7���,��%�� ����#�� V)��6 ����Z��4��')�5�$����X���X���"�+�J,'���#��4�56$�����7����i<+N=����7�����7������������'��4.�
�����6 ����� #�����#4� 8�% ��X7��"7�F�4��*� )�)��6 ����Z��4��')�5�$��6X�� 5��	�=7@�� 
�=PE�����#,�)WVA4������� ����#�A���-)� -)��"���
,��%���B������7��/,'�"�����.�'����� �!0�78F����������'��4������� ����6 K����������$'�����B -�8�%���-)� -)��"���K�%$' ��"�-)���4�����<

$'�v���8�%�'F��?7��"�-�����-���"��,��%�� ��&$'�f(.�/,'0����?�-)�(&�'���95�$')N,'4�7��-)� K�M2n�%�� ����-�!�%��7��>,'������4.�
��)��"���?7��/,��%�6 ����&�� >)��� ����Z��4��')�56$����>���O���"�+�m,32 $'���O�84�56$�����7��_,32z� �-  <`N=�O(.��,'0����
����$' E4�I�)�,'��(&(.���� ef� -���?4� �����,�$^�A�"$'�G ����')��@7��"(&�' ��>,'�9�:�\�'��4�������7��?,32 $'�P7���,'�"�
�- 8�%�- .�� .,32 $'� 7��/,'�"� �- ��"� �%$�Ld��)�(&)� ����\,'�D�:�^��4)��)��"� 7��/,��%�6 ����X,'�_�:�^�'��4�������7��
,32 )��6 -���"���&�'�� B,'�K�M2C�UL/)��� �����7��K,'�E�-)G���!�%$�LD�%$�L\+A�"��,'�B,'���1)��6 -���"����<DN=���OJ-�¤� �����E�
(.�� - ����6 B,'��(.�/,'4���)������* -��0��#��)�+'����(.���� *�M2n�%�� ����-�!�%��7��E,'�G ��UL/ -$'�����*�� X,'�K�-)G���!�%$�L.���
���"�+�f,'���9��4�5�$�����7�����< N[���J(.�/,'0������JF�4� �4�������0������?�� J��4��-)��/,�)�5�$����@�'��4������6 �4��?,��%���
�����&�UL���(&�'�����>)��� -����,�$�7� -) � �.�A��$'I����6 &���" 8�%(&(.���� [f� -���OI�$��&7��"(&(.�f,'���&����7�F!�YHG�
����(.���6 ��?,32C4� 8�% ��T7��"78F�4���<TN=��� J~��� ���\���&7��"�� ����6 ����6 .,'�"��7.�!�"�9,'�.(.�/,'4���)������
�M2n�%�'�!�%�-)� -)��"�g,'���*�84�56$�����7����17��"��,�)� -)��"�'����������(.���6 *�J����$'�1�!�% -$'���K(\�%)��*(.��,'4���)��8���6 
�%$����-)1�:�m�!�% -$'���g�������.�M( f�(.�g,'�_�:�Q��4�56$�����7���< 1l�B�A��$' &�!�%�8�YH� -���g,�):�\7�)����g,'�DI��")��
7��"(&(.�T$'�m4�I�4�����(.���6 ?�%��4��% ��")����>�:�.�A���-)� -)��"�m,'���E��4)��)��"���K7��/,��%�6 ����9�-$'�G$'���?��4.�
56$�����7���<�1`� � �%$' .��4��%�'(.�")����;+')���� 7��"(&�'������,����^56$=2 )��K��2n����)� \�����8���6 -)���������(.���6 D,'�
��4��-$'(.���9,'���97��%�8�"7� �4��-)��� -)�56$����?,'���9��4�5�$�����7����&�=7��"(&(.�\�:�D,�)��- -�-)�+'$' -)��"�d,'���J���"�g�
��$���$'����,'������4)��)��"����7��/,��%�6 ����K�� B)��6 ����Z��4��')�5�$�����<

N[�x�d��$'���d5�<H5%SO(.�"�6 -���&�:�O�- -�-$�7� -$'���&,32 $'�P(.�/,'0����&5�$')Z�'������,P���P7��"(&�' ��>�:�
�'��4�������7��h��)�(9$'�� 8�%��4��m,'�g�:�k+��%H� ��y�R5%Sk�� O,'�f�:�Q+��%H� ��v�QP+Mk�
��� ,'�h�'��4�,�)����f$'�
�-)� ��E,'�|�'L��% -)��"�g,'�K�M2z�ih   �A�"��W�(.4��8�"�8�
����N�
 + SD5 �`<�SXF!�"56$��@4� 8�% &�'��W�(T+��"��)���4K�!�%�
$'�b7�����7����P7��"���"��4����d�8�j�'���"�'���P���")J,32C4�(&)����-)��"�b,'���g�6$�7���4��" -)�,'����<GS*��7�)9�����-(.�� 
,'�f������,����m7��"(&�' ��P,'�h�:� � ��4�56$�����7��m,32n�%�'�!�%�-)� -)��"�b,'���O�6$�7���4��" -)�,'���h�"�����/7�)�4����
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séquence observée

suite des états cachés

boîte −35
spacer

boîte −10

�
����, 5�<H5%S - 9� -�-$�7� -$'���P,�$ J~��� $' -)���)���4^�!�%� �6�%�-(.��� ��C �'G < ���*N�
 + SD5 �E�A�"$'�
(.�/,'4���)����������@�-)� ��9,'�-�'L'�% -)��"�f,'�J�M2z�ih   �A�"��W�(.4��8�"���97�F���: ;e<D>%@BADCFEHGHEI> <

78F!�"7�$'���T,'���������-)� -)��"���E�%$f����)��^,'����+A�%H� �����<d�G$f7��"�6 -�8�%)�������$'�g( f�(.�T(.�/,'0����9,'�
�m�%�Z����I?,32C�"��,����j5*,32C4�(&)����-)��"�&,'���Z�6$�7���4��" -)�,'���~� ����¦ A � � � � ��
�@ ��
 §+�[���- V�"�8����7�)�4?�
 ��"$��#�����#4� 8�% ��	�����'��4��8���6 �4��X�!�%�#,'���#7�����7������#I�)�,'����<�N	2C����7�F!�YH�����(.���� 1,'�����"(9+'����$�L
4� 8�% ��>7��"7�F�4��>���� -���\�����?,'��$�LQ+��%H� ����T�A���-(.�� ?,'�\(.��,'4���)������?�:�g�84�56$�����7��O56$')X�����
��4��!�%�������%�'������4��p¦ > � � � ��� §1�!,'�"�� ��:�&���"�+��$���$'�K���- ��-$'�'�A����4��J7��"(&�'�-)��8�9���6 -��� 5 �
�� 7D5G+'�=< � ��$�L;4� 8�% ��B�"�� B4� �4E� � �"$' �4��(�T,����")� ��K,'���B��)qL.�����-)� -)��"���B7��:�"�8�-)�56$���(.���� 
7��"���-)�,'4���4����?7��"(&(.�;�%�'�!�%�- ����!�%�� "�_�:�_+A�%H� ��h�QP+Mg�3)�����$��- -�8�%�� T�����T,�):�\7�$'�� �4��T5�$��
�A��$' ��'��4������� ��������J7�F��")qLg,32 $'�g(.�/,'0�����<

N[���	�'���"+'��0�(.���*56$')!�8�B�����8���6 &��$'��� � �")��	�:�J�- -�-$�7� -$'����,�$.(.�/,'0�����78F��")��-)����6���"�� 
���J78F��")qLf,'�����!�%�8�%(.0� -�����K,�$f(.�/,'0����J�� ��:�&����7��"���- -�-$�7� -)��"�^,'�J�:�&�-$')� ��9,'���G4� 8�% ��
7��"78F�4��*�"���8��7�)�4��|�@$'������4�5�$�����7����"+������-I�4���< � $�����56$����#(.4� -F���,'���*�- 8�% -)��- -)�5�$����#�"�� 
4� �4D,'4�I������"�'�A4����>���"$'� � �"7�)���)� ����>���D7�F��")qLd,'�_�:�h�� -�-$�7� -$'���D,�$ (.�/,'0�����<#S*�O�'�����
+'��0�(.�;,'��(.��$'���.��4��%�'(.�")����T+����%$�7��"$'�Q�'��$��T,�):�\7�)����\5�$��.7�����$')#,'�&�M2C���� -)�(\�% -)��"�
,'���1�!�%�8�%(.0� -������<0JG��$'����$�����(.���� &�'�:�?�-)�(&�'��)�7�)� �4@,32 )��6 ����-�'��4� 8�% -)��"�^,'�E�:�?�- -�-$�7� -$'���
,32 $'� J-�¤� ������,^�8�"$'I����6 9�"������: � �"7�)����T�:�; -�8�",�$�7� -)��"�k,'���E7��"�'�!�%)����R�%��7����@+')��"�����
��)�5�$����E���^$'���&�%��78F')� ���7� -$'���&,'�T(.�/,'0������ �%$m(.�")����E�%�'�'����L/)�(\�% -)�I��
�J�%�'�'���"�'�-)�4��
�.�M2 $��8�����9����I�)��8����4�< l �^�%�'�A���������8�&)�7�)V�%��7�F')� ���7� -$'���>,�$f(.�/,'0����97��T56$')=������0�I��?,�$
78F��")qL>,'�*�:� � �"�-(.�1,�$&(.�/,'0����Ep%78F��")qL>,�$>���"(T+'����,32C4� 8�% ���7��"7�F�4��&��,'���V -�8�%����)� -)��"���
�%$' ��"�-)���4����G�� �,�$D(.�/,'0����J,32C4�(&)����-)��"�f,'�����"+������-I"�% -)��"���i<

NN�>7�F!�%�')� -��� 7?,'4�+'$' ��E�!�%�1$'���@,'����7��-)��' -)��"�D�'��$�� � �"�-(.�������@,'���OJ~��� �� 1�'��4.�
������ ��J�����-$')� ��@�������'�-)���7�)��!�%$�Lh�"�-����7� ���(\�% -F�4�(\�% -)�56$����G,'�@����$'���B$' -)���)��8�% -)��"����<
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8 2C�"+:9-��7� -)<;#,'�J7��978F!�%�')� -���T���- G,'�J,'4�7��-)����J�������'�-)���7�)��!�%$�L^�"�-�A��7� ���(\�% -F�4�(\�>=
 -)�56$����O�� O�%�@?��"�-)� -F'(&)�5�$����D,'�g�:�k(&)����f��� ����$'I/���^,'���\(.�/,'0������;,'�^7�F!�YH������_,'�A �%�CB��iI^7��"78F�4�����<ED`��7��"(&(.����7��&�!�%�@$'���>�'��4��8���6 8�% -)��"�k,�$P(.�/,'0����GF AHA �� J,'�
56$�����5�$����I=M$'������,'�@�����B�UL� ������-)��"����< 8 �>����7� -)��"�KJ�<LJ>,'4�7��-)� �������$')� ��E�����B�'�-)���7�)��!�%�����
�%�'�'����78F����\�A�"$'��MP����7��"���- -�-$')�����N ���g7�F���(&)�� 7��"7�F�4�OP�!�%�- -)��_,32 $'���f�84�56$�����7��
�"+������-I�4��K���"����56$��K���K(.�/,'0����K�� B�����*�!�%�8�%(.0� -�������8�"�6 B7��"�'�6$���< � ���G�'����7�4�,�$'���@,'�
7��%��7�$'�[,'�@�:�?�'���"+!�%+')���)� �49,32n�%�'�!�%�-)� -)��"�m,32 $'���J��4�5�$�����7��J�"+������-I�4��QP!7�2C���- RO>,�)����@�:�
I��8�%)�����(T+'�:�%��7��T,'���G�!�%�8�%(.0� -�����SP����- ��'��4��8���6 �4��?,��%�����:�\����7� -)��"�HJ�<LT�< 8 2C�	�\7��"7�)� �4
,'�.7����9�%�@?��"�-)� -F'(.���?,'�"�6 9���\7�� �' 9,'�.7��%��7�$'�	���.7����%H� ?56$��>��)���4��%)�����(.���� >��I���7.�:�
���"�U?�$���$'�1,'�K�:�?��4�5�$�����7��G���� *$'���E,'���*�8�%)����"���1���������� -)�����������,�$_�-$�7�7�0��B,'���/F AHA <8 �E����7� -)��"�VJ�< �J�'��4��8���6 ��������	�'�-)���7�)��!�%�����	(.4� -F��/,'���#,32C���- -)�(\�% -)��"�O,'�����!�%�8�%(.0� -�����
,32 $'�WF AKA <�S*���X(.4� -F���,'���*$' -)���)������� 1�:�%�C?���(.���6 1�����*�%�@?��"�-)� -F'(.���B,'������7��"���- -�-$�7X=
 -)��"�m,�$Q78F���(&)��Q7��"7�F�4�< 8 ���E -�8��I��%$�L^�'��4������� �4��J,��%���E�����@7�F!�%�')� -�����YT:P �_�� [Z_���
; �"��,'���� X���\?��8�%��,'���!�%�- -)����-$'�#7����#(.4� -F���,'���*,32C���- -)�(\�% -)��"�=< E��:]��^P��:�J����7� -)��"�WJ�<LZ
�'��4������6 ��;�M2n�%�'�'����78F��_�- 8�% -)��- -)�5�$��.$' -)���)���4��O,��%���9���;7�F!�%�')� -���_ZD�A�"$'�9�:�f��4�����7� -)��"�
,'�E(.��,'0����a` ���97�F��")qLg,'�E�M2n�%��7�F')� ���7� -$'���?,�$g(.�/,'0����cbU<
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0 132547698;:(<=2>8?2>@BA?C�D�E?2(FG8?2>HIC$JLK$6NMO@PC$@BA?Q(2(F

���>���0� R �TS�:NU 1�U0#;:� 3�41 :6#�1�.	1�U(#;:� 
8 �\(.�/,'0����_,'�;78F!�YH������?,'� A �%�CB���Ij7��"78F�4����?(.��,'4���)����O,'��$�Lk�'���/7������-$��?��(�=

+A�%H� �4��8�WVG�%+!]YX:P A[Z X�� �`< 8 �_�'���/7������-$��&�"+������-I�4D7��"�-���������"��, O^�:�^��4�5�$�����7�� ` �"$
�M2C��������(T+'���D,'�_��4�56$�����7����XbJ�"+������-I�4���< 8 �\�'���/7������-$��>7��"7�F�4_�����'��4��8���6 ��_�:�h�- -�-$�7X=
 -$'���J�8�"$��I=@9-�"7����� ��J,'�@�:�>��4�5�$�����7��QP�5�$��E�M2C�"�f7�F�����78F����8�VO?����7��"���� -�-$')�����<
<N\ �P]�^�_`\`a�a"bcad_��T_fe �
8 �f�'���/7������-$��_7��"7�F�4QP*���" �4 (St)t∈{1,2,...}

PX7��"�-�����-���"��, OQ�:�k�-$')� ��^,'���_4� 8�% ��
7��"78F�4���< 8 ���E4� 8�% ��K7��"78F�4�� St

�'�����'������ @����$'����I��%����$'���E,��%���G$'�m���-�!�"7��?,�)���7����� S
,'�g,�)�(.������)��"��]��')�� |S| <#S*�D�'���/7������-$��.���� &$'���D7�F!�YH����f,'�

A �%�CB���IdF��"(.� ?�0����
,32C�"��,����hg@,'�"�6 ��"�g���" ����8� a �����B�!�%�8�%(.0� -�����






�:�?(\�% -�-)�7��9,'�E -�8�%���-)� -)��"���G,32C4���4�(.���6 ��K,'4X]��')����!�%�
a(u, v) = P (St+1 = v | St = u), u, v ∈ S2,

∑

v∈S a(u, v) = 1
�� B�:�&,�)��- -�-)�+'$' -)��"�g)��')� -):�%���

a(u) = P (S1 = u), u ∈ S,
∑

u∈S a(u) = 1 .
i �"$��D7��^(.�/,'0����QPX�:�j�'���"+!�%+')���)� �4Q,32n�%�'�!�%�-)� -)��"�b,32 $'���P��$')� ��^,32C4� 8�% ��D7��"78F�4��g,'�
���"�U?�$���$'� n �!�%�- -)�7�$'��)�0���� sn

1 = (s1, . . . , sn) ��2C4�7��-)� 

P (Sn
1 = sn

1 ) = P (S1 = s1)P (S2 = s2 | S1 = s1)P (S3 = s3 | S2 = s2)

× . . . × P (Sn = sn | Sn−1 = sn−1)

= a(s1)
n−1∏

t=1

a(st, st+1) .

8 �@(.��,'0����@,'�@78F!�YH����9,'� A �%�CB���I_���- B�M2 $'�f,'���B�'��$����-)�(&�'������5�$��G�M2C�"�f�'$')������
����I�)��8� ?����SPY�����'���/7������-$��Z�%)����-)6(.�/,'4���)���4��=2n��56$=2 $'���#(.4�(.�")����# -��0��[��)�(&)� �4��#�'$')���5�$��

P (Sn
t = sn

t | St−1
1 = st−1

1 ) = P (Sn
t = sn

t | St−1 = st−1) .

8 2 )��:; �"�-(\�% -)��"�;5�$=2n�%�'�A�"�- ��1�:�E7��"�'�!�%)����8�%��7���,�$&�!�"���84 ` St−1
1 = st−1

1
bN�-$'����� ; $' -$'�

` Sn
t = sn

t
b1���@��4���$'(.�9,'�"��7J$'�')�5�$���(.���6 [O>�:�\7��"�'�!�%)����8�%��7��T,�$h,'���-�')����E4� 8�% G,�$

�!�"���84 ` St−1 = st−1
bU< i W�(.4� -�-)�5�$���(.���6 SP*7��� - ��f�'���"�'�-)�4� �4f)�(&�'��)�56$��^5�$��D ��"$' ��

�M2 )��:; �"�-(\�% -)��"�f�%�'���"�- �4��K�!�%�*�:�97��"�'�!�%)��8�8�%��7��E,�$a; $' -$'� ` Sn
t+1 = sn

t+1
b#������4��-$'(.�

O>7��������J,�$f�'����(&)�����4� 8�% �,�$_; $' -$'�
` St+1 = st+1
bKp

P (St
1 = st

1 | Sn
t+1 = sn

t+1)

=
P (St

1 = st
1, St+1 = st+1, S

n
t+2 = sn

t+2)

P (St+1 = st+1, Sn
t+2 = sn

t+2)

=
P (St

1 = st
1, St+1 = st+1)

P (St+1 = st+1)
×

P (Sn
t+2 = sn

t+2 | St+1 = st+1)

P (Sn
t+2 = sn

t+2 | St+1 = st+1)

= P (St
1 = st

1 | St+1 = st+1) .
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8 2C�	�\7��"7�)� �4>,'�J�:�&(&)��8�T���^����$'I/���9,'���G(.��,'0������K,'�?7�F!�YH������E,'� A �%�CB���If7��"78F�4����
` ����7� -)��"��� J�<LJ&�� J�<LT b1���� B��)�4��
O&7����B�'���"�'�-)�4� �4��G,32 )���,'4�������,��%��7��T7��"��,�)� -)��"�'����������<

� �"$'� ]��')��@7��� - ��>+'��0�I��?�'��4������� 8�% -)��"�k,�$m�'����7�������$��K7��"78F�4QPA���" ��"���@56$��?+')����
���"$'I����6 #�"�.�8�"$'F!�%)� ��B)��6 �����,�)����G7����- 8�%)������	 -�8�%���-)� -)��"���X���6 -����4� 8�% ��#7��"7�F�4���< Dl���-$��. 
�%���"���B,'� ]'L'��� O���4����?�����1�'���"+!�%+')���)� �4���,'�E7����* -�8�%���-)� -)��"���
` a(u, v) = 0 bU< 8 �"����56$��
�:�E,�)��- -�-)�+'$' -)��"�.)��')� -):�%�������- 	,�)WV34������6 ��G,'�1�:�K���")!�- 8�% -)��"�'�!�%)�����,�$&�'���/7������-$��#7��"7�F�4QP
)��o���- #7��"$'�8�%�� B,'�����B�����'��4��8���6 ����1�M2C�UL/)��� �����7���,32 $'�;4� 8�% [M	� �5��

� N&7��"�-�����-���"��,��%�� 
O��:��������)� -)��"� −1 ,'�X�:�G�84�56$�����7�� �
� E 
 A X�] �`<�E	�:]��^P%��)/�"�>,'4��-)����*(.��,'4���)��8���Z�:� ]��
,'���:�T��4�5�$�����7��QP�)��A���- ?�4���4��8�%����(.���6 ��!�% -$'�����3,'�K�:�T7��"���-)�,'4������B7��"(&(.�G�M2n�% - ���)��� ��
,32 $'�f4� 8�% �7��"7�F�49�!�%�- -)�7�$'��)�����M ����
 N�<
< \ �P]'^�_�\`a�a�b ad^)Cca�\ ]�� �
8 �D�'���/7������-$��&�"+������-I�4QP	���" �4 (Xt)t∈{1,2,...}

P�7��"�-�����-�A�"��, O^�:�m��4�5�$�����7��g�"+:=
�����-I�4���<��@�%���\���f7��",����f,'�D�:�Q(.��,'4���)��8�% -)��"� ,'�f��4�5�$�����7����\,'�g(\�"7����"(.�"��4�7�$'�����
+')��"��� ?�)�56$����SPZ)��1���- YOfI��%����$'���?,�)��87���0� ����&,��%���T$'� �%���'F!�%+A�� X ,'�; 8�%)������ 4 �A�"$'�
�����K�"7�)�,'���G�6$�7���4�)�5�$����@�� 20 ���"$'�G�������'���" �4�)������i<

8 2n�%�'�!�%�-)� -)��"�^P3,�)� ��>�%$����-)Z4�(&)��I=
�-)��"�^P[,'���?�"+������-I��% -)��"���T�A��$' ��� -���;(.�/,'4���)���4��;7��"(&(.�;$'�')�5�$���(.���6 &,'4�������,��%�� ��
,'�h�M2C4� 8�% D7��"78F�4P���"$��I=@9��"7����6 �< 8 � ��4�5�$�����7��P�"+������-I�4�� Xn

1
���� D�%���"���_(.�/,'4���)���4��

7��"��,�)� -)��"�'����������(.���6 ROJ�:�9�-$')� ��G,'���X4� 8�% ��17��"78F�4��*�8�����"�;$'�;(.��,'0����K,'4X]��')A�!�%�X,'���
�!�%�8�%(.0� -����� b ,'�@�:� ; �"�-(.�

bu(x) = P (Xt = x | St = u), u ∈ S, x ∈ X ,
∑

x∈X

bu(x) = 1 .

S*��������,��%�� [)����A��$' ��� -����)��6 �4������8�8�%�6 Z,'���'������,����	���97��"(&�' ��#�%$��8�-)������=5�$�����56$����
�"+������-I"�% -)��"���X�'��4�7�4�,'���6 ����/?����"7�� O@$'�O(.��,'0�����(\�%�CB���I/)����D,32C4�(&)����-)��"�;,'���*�"+������I=
I"�% -)��"����,'�"�� ��"�g���" ����8�&����7��"��� b �������!�%�8�%(.0� -�����9p







���"$'� t > ru, bu(x;w) = P (Xt = x | St = u,Xt−1
t−ru

= w)
u ∈ S, x ∈ X , w ∈ X ru ��I���7 ∑

x∈X bu(x;w) = 1
���"$'� t ≤ ru, bu(x;w) = P (Xt = x | St = u,Xt−1

1 = w),
u ∈ S, x ∈ X , w ∈ X t−1 ��I���7 ∑

x∈X bu(x;w) = 1 ,

��� ru
7��"�-�����-�A�"��, O_�M2C�"��,����;,�$Q(.�/,'0����.(\�%�CB���I/)����j,32n�%�'�!�%�-)� -)��"�d,'���9�"+��8���-I"�>=

 -)��"���97��"��,�)� -)��"�'����������(.���6 \O_�M2C4� 8�% T7��"7�F�4 u <NS*�&(.�/,'0����.,32C4�(&)����-)��"�k,'���T�"+������I=
I"�% -)��"���*�A��$' ��� -���E4� �����,�$g�%$�L\(.�/,'0������X(\�%�CB��iI�)������ROJ(.4�(.�")����KI��%�-):�%+'����` ��� ru���- 9$'���a; �"��7� -)��"�d,'� w P[I��")��?�!�%�>�UL���(&�'��� � i � 
E� X�]:P�� F 
 + XYX2� b9�"$�Og�=2 )�(�=
���"�- ��K56$��������@�%$' -���K���")3,32C4�(&)����-)��"�D5�$')�,'4��A����,_,�$_7��"�� ��UL/ ��@��W6�%�6 ��'��4�7�4�,'4E,��%���
�:�>��4�56$�����7��9�"+������-I�4���<

� ��$��"?�4���4��8�%����(.���� SP����*(.��,'0����B,32C4�(&)��8�-)��"�\,'�����"+������-I��% -)��"�����A��$' ��� -���B78F��")��-)
 -��0��N��)�+'����(.���� #���Y; �"��7� -)��"�&,'����,'�"�'��4����V -�8�%)� �4������� �,'�*�M2C�"+:9 ��7� -)<;A,'�*�:��(.�/,'4���)��8�>=
 -)��"�=<SD`�6����$' =��2n� ?�)��Z���J�!�%�- -)�7�$'��)����N,'�#,'�"�'��4����N7��"�� -)��6$����/` 7��"(&(.�#,��%�����WV�S��9XQT�� b
�"$>,'�1,'�"�'��4�����(T$'�� -)�I"�%�-)�4����i< 8 �K����7��"���- -�-$�7� -)��"�.,�$.7�F���(&)��.7��"78F�41��4�7������-)� ��1$'�')<=
56$���(.���� 	,'�B,�)��-�����8���V,32 $'��� ; �"��7� -)��"�\,'�1,'�����-)� �4B5�$')�,'4�7��-)� ��:�K���")',32C4�(&)����-)��"�.,'���
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�"+������-I��% -)��"���>7��"��,�)� -)��"�'����������(.���6 VOg�M2C4� 8�% ?7��"78F�4�< � $!�%�6 .�%$�LQ�'���"+'��0�(.���&,32C���I=
 -)�(\�% -)��"� 56$��&�A��$' 9���� -�8�YH������T���;7�F��")qLQ,32 $'�k(.�/,'0����.7��"(&�'���UL'�\,32C4�(&)����-)��"� ,'���
�"+������-I��% -)��"���SP')��������J���"�6 ��!�"�B��4���������(.���6 K�-��4�7�)<]!5�$������%$f7��",����
F AHA <

�@�%���X7���7�F!�%�')� -���K�"�\�-$'�'�A�������8�956$��B����(.��,'0����G,32C4�(&)����-)��"�;,'���X�"+������-I��% -)��"���
���- G$'�f(.�/,'0����9(\�%�CB��iI�)����P,'�"�� SP!�A�"$'�G�-)�(&�'��)<]!���E���������" 8�% -)��"���SP��M2C�"��,���� ru

�����8�
7��"���-)�,'4���4>4 ?6�%� O r ���"$'�K ��"$��K�����E4� 8�% ��K7��"78F�4���<��G�^�!�%�-�����8�O�%���"���@,32 $'�^(.�/,'0����
,�)� A gX= A � � SXF6$!]YX P A $'��X�]UP��/FG�����2�`<

���>����� � *+.�U0 ���! ,�'(.�:�� � %��� %6#;:�: � �) �� #;!	��'(& 1 �) @�41
��* #���*`U �41 �� %
� U>:��
% �����):�%6.�:�� ��� #;:�%�U 1�U(#;:�:6��'>'(�

8 2C��������(9+'���G,'���V�!�%�8�%(.0� -�����	,32 $'�\F AHA �8���8�����" �4 θ = (a, b) <
8 �1���"(9+'����,'�

�!�%�8�%(.0� -�����?,32 $'� F AKA ���- J�8�%�')�,'��(.���� 9 -��0��94�����I�4�< � �"$'�T$'�Q(.�/,'0���� A gX= A �SP
)��[���� G�%)����-)[,'� |S|(|S| − 1) + |S||X |r−1(|X | − 1) P���� |S| ,'4��-)@?����J�:�.,�)�(.�����-)��"�
,'� S P[�8�%���T7��"(&�' ����T�����9�!�%�8�%(.0� -�����>,'���T,�)��- -�-)�+'$' -)��"���?)��')� -):�%�����?,'���T,�)WV34������6 ��
(.�/,'0�������(\�%�CB��iI�)�������<

i �"$��T���.(.�/,'0����O,'�.�!�%�8�%(.0� -����� θ = (a, b) PN�:�D�'���"+!�%+')���)� �4O,'�.�M2C4�I�4�����(.���� 
(Sn

1 = sn
1 , Xn

1 = xn
1 ) ��2C4�7��-)� 

Pθ(X
n
1 = xn

1 , Sn
1 = sn

1 )

= Pθ(S
n
1 = sn

1 )Pθ(X
n
1 = xn

1 | Sn
1 = sn

1 )

= Pθ(S1 = s1)

n∏

t=2

Pθ(St = st | St−1 = st−1)

×
n∏

t=1

Pθ(Xt = xt | St = st, X
t−1
t−r = xt−1

t−r)

= a(s1)

n−1∏

t=1

a(st, st+1)

n∏

t=1

bst(xt;x
t−1
t−r) . ` J�< gcb

Dl�	��2n� ?�)� J,'�&�:�OI/�8�%)�����(9+'�:�%��7��;,'� θ �-$'�@�����J,'�"�'��4����T7��"(&�'��0� ���� (sn
1 , xn

1 ) <EDl�	���- 
�A�����-)�+'���	,'�	�����'��4������6 ����Z�:� ;M��U��"�T,'�"�6 Z��� ;M�"7� ��"�-)������:�1I/�8�%)�����(T+'�:�%��7��X,'���N,'�"�'��4����
7��"(&�'��0� ����E���"$��G�:��; �"�-(.�T,32 $'�H?��8�%�'F��?�"�-)����6 �4&�%�'������4��
� �6`�� 

� �����?� 
��/� 2���� 
��
� �����!� b � 8 �%$ X��UP i �') X�]2�`< 8 ���1���E$�,'�B,�$ ��� � 7��"�-�����-���"��,'���� G�%$�L\I��%�-):�%+'�����[` )�7�)
S1, . . . , St, . . .

�� X1, . . . , Xt, . . .
bE�� 9�����T�%��7��9�-W/(9+A�"��)������6 T����� ;M�"7� ��"�-)��8�% -)��"���Op

���? ����-(.� P (St = st | St−1 = st−1)
7��"�-�����-�A�"��,Q�%)����-) O;$'�k�%��7>�%���:�%�� J,'� St−1O St

P'���@ ����-(.� P (Xt = xt | St = st, Xt−1 = xt−1)
,�$f(.��,'0���� A gX= A ga` r = 1 b

7��"�-�����-�A�"��, OQ,'��$�L �%��7��_�%���:�%�6 O�����-����7� -)�I���(.���� D,'� St
�� ;,'� Xt−1

O Xt
< 8 �

] ?�$'���
J�< gJ(.�"�6 -���J����� �
� � 7��"�-�����-�A�"��,��%�6 E�%$�LO(.�/,'0������ A gX= A �>�� A gX= A g�<
S*���- 8�%)������>�'���"�'�-)�4� �4��>,32 )���,'4��A����,��%��7��D7��"��,�)� -)��"�'���������D���6 -���;�����>,�)WVA4������� ����

I��%�-):�%+'������,�$g(.�/,'0����J���"�� �I/)��-)�+'������,��%������� ��� �>< Dl�=��2n� ?�)� �,'�E�'���"�'�-)�4� �4��K�"�-)����:=
 �4�����< � �J���E$�,9���- =���" 8�%(&(.���6 N)���,'4�������,��%�� /` ⊥ b3,'�	�����3���"�9,'���87�����,��%�6 ��Z7��"��,�)<=



��� ��� �%� + ����� � ����	 � � 	 !����(���9)�� & ��+�
 	��-	 ��� �
� � �

St−2 St−1 St St+1

Xt+1XtXXt−2 t−1

St−2 St−1 St St+1

Xt+1XtXXt−2 t−1

M1−M1

M1−M0

�
����� J�< g � 8 ��� �
� � ,'���B(.��,'0������ A gX= A �>�� A gX= A g�<

St−2 St−1 St St+1

Xt+1XtXXt−2 t−1

M1−M1

�
����� J�<LJ � 8 � ?��8�%�'F��@(.�"�8�%�[,�$g(.�/,'0���� A gX= A g�<
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 -)��"�'����������(.���� �` | b/O>������I��")��-)����SP�,32C���D�!�%���UL'��(&�'���J,��%�������E(.��,'0���� A gX= A g

P (Xt = xt | St
1 = st

1, X
t−1
1 = xt−1

1 ) = P (Xt = xt | St = st, Xt−1 = xt−1)` J�<LJ b
7��%�

Xt ⊥ St−1
1 , Xt−2

1 | St, Xt−1 .

�E�E�:�>(	��(.� ;M��U��"�^P��"�f�
P (St = st | St−1

1 = st−1
1 , Xt−1

1 = xt−1
1 ) = P (St = st | St−1 = st−1) ,` J�<LT b

7��%�
St ⊥ St−2

1 , Xt−1
1 | St−1 .

� �!�%�- -)��#,�$ ��� ��P�)��!���- ��A�����-)�+'���B,'�B7��"���� -�-$')��������
M ?��8�%�'F��B(.�"�8�%� N_` &0
 ��� �
� �����!� bD� 8 �%$ X����V56$')Z�A���-(.�� K,'�TI�)���$!�%��)������G,32n�%$' -�����K�'���"�'�-)�4� �4��@,32 )���,'4��A����,��%��7��
7��"��,�)� -)��"�'����������<VS*� ?��8�%�'F��&���� K���"�P�"�-)����� �4�<^D`�V��2C�"+' -)����� 9���Q�>9 �"$' 8�%�� 9�%$ ��� �
,'���O�%��7��.���6 -���f�����.7��"$'�'�����;,'�_�!�%������ ��;,'�f7�F!�"7�$'� ,'���.���E$�,'�\,�$ �
� �+` �!�%�
Mg(\�%�-):� ?�� NUbJ�� ?��� �-$'�'�'�-)�(\�%�� &�M2C�"�-)����6 8�% -)��"� ,'���>�%��7���< 8 �a?��8�%�'F��O(.�"�8�%�B,�$
(.�/,'0���� A gX= A g@���- B�����'��4��8���6 �49,��%�����:� ] ?�$'���
J�<LJ�<8 ���;�'���"�'�-)�4� �4��_,32 )���,'4��A����,��%��7��mI�)���)�+'�����;,��%���;��� ?��8�%�'F��h(.�"�8�%�E���"�6 O���"�
�"�-)����� �4�����< � ���P,'�Q7����f�'���"�'�-)�4� �4��h���- h56$��m ��"$' h���E$�,b���- g)���,'4��A����,��%�6 m,'���
�%$' -�����E7��"��,�)� -)��"�'����������(.���6 �O\�8����I��")��-)����i< � ��$�� ?�4���4��8�%����(.���� SP=,'��$�Lh��������(T+'�����
,'�#���E$�,'�N��4��!�%��4��[�!�%�[$'�J -���")���)�0�(.�X��������(T+'���#���"�� [)���,'4��A����,��%�6 ��Z�M2 $'�T,'�#�M2n�%$' -���
7��"��,�)� -)��"�'����������(.���� O>7��J -���")��-)�0�(.�QP�,32C���g�!�%���UL'��(&�'���.p

P (St−1 = st−1 | St = st, X
n
1 = xn

1 ) =

P (St−1 = st−1 | St = st, X
t−1
1 = xt−1

1 ) ` J�< � b
�'$')���5�$��

St−1 ⊥ Xn
t | St, X

t−1
1 .

���>����� � #9%6&�'0�  2�)! U � !$./*��-#	� U(��: � . ��

� �41D.�591�*+�) �� �): � *+.�' U0 �.	1YU0#;:� 
8 �.7��",����GF AHA �����- -����)��6 J�:�O(.�/,'4���)��8�% -)��"�k,�$P�'���/7������-$��97��"7�F�4\�%$P(.�/,'0����

,'�?7�F!�YH����>,'� A �%�CB���IA<=S*�� - ��9������ -�-)�7� -)��"�^���- O&�M2C�"�-)@?�)����>,'���G�'���"�'�-)�4� �4��@,32 )���,'4X=
�A����,��%��7��G7��"��,�)� -)��"�'���������E,�$;(.��,'0����G,'��7�F!�YH������1,'� A �%�CB��iI\7��"7�F�4����*�'��4������� �4����
,��%���E�:�O����7� -)��"�m�'��4�7�4�,'���6 ���<ZS*�"(&(.�&�"�^���?I����-�8�_,��%���E�����E����7� -)��"���[J�<LJO�� [J�<LT:P
�����������A���-(.�� - ����6 X�:�K����7��"���- -�-$�7� -)��"�;,�$.78F���(&)��;7��"78F�4��� ����B7��%��7�$'�!,'�1�:�KI/�8�%)�����(�=
+'�:�%��7��T���"$'�K$'�h7�� �' E5�$')N7����%H� K��)���4��%)�����(.���6 J��I���7?�:�&���"�U?�$���$'�@,'�9�:�.��4�5�$�����7���<
�G$\�'�-)qL;,32 $'�_�"7�7����")�������(.���� ` �8�"$'I����6 bX7��"���-)�,'4��8�%+'���E,�$O7�� �' *,'���17��%��7�$'���SP6)������- 
�A�����-)�+'���>,32 $' -)���)������@,32n�%$' -�����@(.�/,'0������E���"$'�E���?�'���/7������-$��E7��"7�F�4�< � �%�-(&)#7����K(.� =
,'0������J�%�� ����-�!�% -)<; �SPo���T(.�/,'0����?����(&)<=M(\�%�CB���I/)����k���- E�8�%���K,'�"$' ��T���?�'��$��K$' -)���)���4>���
+')��"��� ?�)��QP!���" 8�%(&(.���6 ��A�"$'���:�?�'��4�,�)�7� -)��"�^,'� ?�0������ ��
 F V@ENX��UP��

*X��:P 8 ��X�] �`<
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�@�%���[$'�?(.��,'0����#(\�%�CB���I/)���� MB7��:�"���-)�5�$�� NE�:��,�$'��4��*,�$? ���(&���Z,'�X��4 9-�"$'�N,��%���
$'�O4� 8�% u ���- *(.��,'4���)��84��G)�(&�'��)�7�)� ���(.���� ��!�%�1$'���K���") ?�4��"(.4� -�-)�5�$��@,'�K�!�%�8�%(.0� -���
1 − a(u, u) ` ,32C������4��8�%��7�� 1/(1 − a(u, u)) bU<BE	�d�
V3�� SPN�:�g�'���"+!�%+')���)� �4D,'�;�����- ����
,��%���B�M2C4� 8�% u $'�g ���(&���G�UL'�"7� ���(.���� G4 ?6�%� O k ���� �,'�"�'��4��J�!�%�

P (St0+k−1
t0+1 = (u, . . . , u), St0+k 6= u | St0 = u, St0−1 6= u)

= P (St0+k−1
t0+1 = uk−1, St0+k 6= u | St0 = u)

=
( t0+k−1∏

t=t0+1

P (St = u | St−1 = u)
)

P (St0+k 6= u | St0+k−1 = u)

= a(u, u)k(1 − a(u, u)) .

8 �\(.�/,'0����O)�(&�'��)�56$��O���" 8�%(&(.���� &$'���;,�)��- -�-)�+'$' -)��"� ,'���? ���(&���>,'�O��4 9 �"$'���>,'4X=
7����")����8�%�6 ���< Dl�X��2n� ?�)� >,32 $'���;��)�(&)� 8�% -)��"� 56$')X����$' �� -���_���k�!�%�- -)��_7��"�6 ��"$'�-��4��D���
�����- 8�%�6 @,��%���K���T7��",����?(\�%�CB��iI�)�����M\7��:�"���-)�5�$���N�< 8 2 )�,'4��>7��"���-)��- ���O\�����'��4��8���6 ����
�����#�"+:9-�� ��	�A�"$'�	������5�$������#�"�;�8�"$'F!�%)� ���(.�/,'4���)������#$'���B���"�U?�$���$'�*���"�a?�4��"(.4� -�-)�5�$��
���"�^�!�"�E�!�%�E$'�m$'�')�5�$��&4� 8�% K(\�%)��E�!�%�E�'��$��-)���$'���i< ��)����-) Po���?(.��,'0����>�����'��4��8���6 �4
] ?�$'���;g�< XJ)�(&��������$'�������"�U?�$���$'�1,�)�I/)��-)�+'�����!�%�X -���")��*�%$�L.��4 ?�)��"���17��/,��%�6 ����SP�(\�%)��
56$')/�����- ��*56$!�%��,?(	��(.� ; �"��,��%(.���� 8�%����(.���6 ?�4��"(.4� -�-)�56$���< �E���V,�)��- -�-)�+'$' -)��"�������"�
?�4��"(.4� -�-)�56$����1�A��$'I����6 ��%$�����) �� -���E�"+' ����6$���� ` I��")��*�!�%�B�UL'��(&�'��� �
� E 
 A X�]�� b#��� =
 8�%(&(.���6 &�!�%��7��D5�$��;�:�^���"(&(.�D,'�_,'��$�L ���")���?�4��"(.4� -�-)�56$����&�=2C���� ?�!�"�>$'���O���")
?�4��"(.4� -�-)�56$��D�� >56$=2n�%$d�'�-)qLd,'�\�M2 )��� -����,�$�7� -)��"� ,32 $'�d���"(T+'���D,32C4� 8�% ��.4 ?6�%� Og�:�
 8�%)������h,�$ �-$'�'�A�"�- \ ��"$' ����O�����_,�)��- -�-)�+'$' -)��"���_,�)���7���0� ����_OQ�-$'�'�A�"�- a]��')K�A��$'I����6 
�� -���\�"+' ����6$���� ` ��I���7;$'�k�!�%�8�%(.0� -���;�!�%�9���"�U?�$���$'�>�%$' ��"�-)���4��QPZ,'�"��7\���"$��[; �"�-(.�
���"�D�!�%�8�%(.4� -�-)�56$���� bU<
8 �	(.�/,'0����#�8��(&)<=M(\�%�CB���I/)���� � SX)�� �YXUP 
E$'� X��2� PS?�4���4��8�%��)����#���	(.�/,'0����#,'�	78F!�YH������

,'� A �%�CB���I ��� �A���-(.�� - 8�%�6 .�:�^(.�/,'4���)��8�% -)��"� �UL��'��)�7�)� ��g,'���&,�$'��4����.,'���.�84 9 �"$'���
,��%���������K4� 8�% ��SP'�����G -�8�%���-)� -)��"���G���� -���T4� 8�% ��K�%$�Lg)����- 8�%�6 ��K,'�9�R�%$' ��������- 8�%�� G(\�%�I=
B���I/)����'������< 8 �@�'���/7������-$�������(&)<=M(\�%�CB���I/)����f�'���"�'����(.���� K,�)� ����- 

ST1 , . . . , ST2−1
︸ ︷︷ ︸

, ST2 , . . . , ST3−1
︸ ︷︷ ︸

, ST3 , . . .
︸ ︷︷ ︸

,

���D����� Ti
���"�� ������B)����- 8�%�� ���,'�@�8�%$' ����� 

St = STi
, ���"$'�B ��"$' t  �<C5�< Ti ≤ t < Ti+1 .

D`���A��$' �� -���G,'4X]��')o7��"(&(.���M2C��(T+��%H� ���(.���� B,'��,'��$�L&�'����7����8�-$���p������'����7����8�-$��	,'���
)����- 8�%�6 ��B,'�E�8�%$' �� {Ti}i={1,2,...}

O9I��%����$'���B�- -�-)�7� ���(.���� �7����")����8�%�6 �����,��%���
N

?
+ �

�� 
���J�'���/7������-$���,'���G -�8�%���-)� -)��"���E���6 -���>4� 8�% �� {STi

}i={1,2,...}
,'4X]��')��%$�Lg)����- 8�%�6 ��E,'�

�8�%$' ��V�� O�I��%����$'����,��%��� S 5�$')����� Z$'���B78F!�YH����B,'� A �%�CB��iI�< 8 ���	�!�%�8�%(.0� -����� (a, d)
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,32 $'�g(.�/,'0����J,'�@78F!�YH������G����(&)<=M(\�%�CB��iI�)����'�����K���"�� �,'�@�:� ; �"�-(.���9p
,�)��- -�-)�+'$' -)��"�f)��')� -):�%���

{
T1 = 1
a(u) = P (ST1 = u)

�'$')��
{

du(k) = P (Ti+1 = ti + k | Ti = ti, STi
= u)

a(u, v) = P (STi+1 = v | STi
= u) ,

��� a 7��"�-�����-���"��,.�%$�L>�!�%�8�%(.0� -�����#,'�*�:�E78F!�YH�����,'�
A �%�CB��iI&,'���V -�8�%���-)� -)��"���#���� -���

4� 8�% ��X,'4X]��')����%$�L&)����- 8�%�6 ��X,'�B�8�%$' #�� d 7��"�-���������"��,\�%$�L>���")��#,'�1 ���(&���X,'����4 9-�"$'�` du(k) ���- ��:�>�'���"+!�%+')���)� �4T,'�@�����- �����$'�g ���(&���K�UL��"7� ���(.���6 G4 ?6�%� O k ,��%�����M2C4� 8�% 
u bU<'S*�� - ��G�!�%�8�%(.4� -�-)��8�% -)��"�g���- *(	��(.��$'�O����$O�����- -�-)�7� -)�I��E7��%�*)��!�=2C���- ?�$�0����K�'��$��
7��"(&�'��)�5�$�4B,'� ; �%)����1,'4��A����,����1�:�����")',�$> ���(&����,'�1��4 9-�"$'�Z���"�.�8��$'����(.���6 	,'�*�M2C4� 8�% 
u ���"$��C=@9-�"7����� �(\�%)��#�%$����-)',�$>�'����78F!�%)��\4� 8�% v ` �"�\�E�%���"��� d ,'�1�:� ; �"�-(.� du,v(k) bU<

�@�%���3$'�9(.��,'0����	�8��(&)<=M(\�%�CB���I/)����T7��"7�F�4 ` F i AHA ���"$'� � 
�
 
 ����� � & 
 + 	 ��� � 
  
	 
 
 ����� bXP����V�'����7�������$��[7��"7�F�4X���- 3$'���	78F!�YH����X����(&)<=M(\�%�CB��iI�)����'��� �WVG�%+!]YX:P �K$�4 �QT��`<8 ���14� 8�% ��*7��"7�F�4��1���"�� *,'�"��7G(.��,'4���)��84��*7��"(&(.�E�%�'�!�%�8�%)����8�%�� 1�!�%�#�'�:� ?����1,'�"�6 1�:�
���"�U?�$���$'�9���� K���? ���(&���@,'�&��4 9-�"$'��< �@�%���@7��?7��",����QP=�M2C4�(&)����-)��"�P,'���@�"+������-I��% -)��"���
7��"��,�)� -)��"�'����������(.���� ^�%$�L 4� 8�% ��D7��"78F�4��_����$' O+')����e���'� �� -���^(.�/,'4���)���4��m7��"(&(.�
,��%���>$'��F AKA (\�%)��>)��1���- .�%$����-)B�"����� �O�!�% -$'������,32 )��6 -���/,�$')����D,'���>���")��>56$') ?�4X=
��0������� @�����K�"+��8���-I"�% -)��"���E�!�%�K�'�:� ?����@7��"�-�����-�A�"��,��%�6 9�%$�Lf�'�:� ?����@,32C4� 8�% ��@7��"78F�4���<
Dl�=�-$��. SP����g�
V3�� SP�5�$�� θ �A���-(.�� - ��9,32n�% - -�-)�+'$����G$'���EI"�%����$'� O?�:�>�'���"+!�%+')���)� �4

Pθ(X
t+k−1
t = xt+k−1

t | Xt−1
1 , Ti = t, STi

= u, Ti+1 = t + k) .

Dl�Z���� @�%)�����)Z�!�%�@�UL'��(&�'���?��������)�+'���?,32 )��� -����,�$')����\,'���G(.�/,'0������@,32C4�(&)����-)��"�m�A4��-)�� =
,�)�5�$����E���"$'�E�:�O(.�/,'4���)��8�% -)��"�Q,'���@��4�5�$�����7����@,'���E��4 ?�)��"���E -�8�",�$')� ����J�� @,'���E(.� =
,'0������9F�4� �4���� ?�0������9�A�"$'�97��������.,'���J��)@?��!�%$�L ` I��")��9�!�%�9�UL���(&�'��� � ��
*X��UP 8 � X�]�� bU<8 ����F i AKA �8�"�6 >$' -)���)���4��>,��%���?���;78F!�%�')� -��� Zh�� ?����$'�>,'���87��-)��' -)��"� ���O�����8�f�!�"�
�A�"$'���-$')�I/)��.,��%���97��.78F!�%�')� -����< 8 �.7�� �' 9,'�&�:�_����7��"���� -�-$�7� -)��"� ,�$k78F���(&)�� 7��"78F�4
,32 $'�HF i AHA �"�8����7�)�4 O?$'���9��4�5�$�����7��J�"+������-I�4��T7����%H� � -F�4��"�-)�56$���(.���� @7��"(&(.�J���
7��%�-��4E,'�G�:�J���"�U?�$���$'�B,'�K�:�9�84�56$�����7���` 4�I����6 -$���������(.���� ��'��$��*�8�%�')�,'��(.���6 ����"����5�$��
7����- 8�%)������O���")��\,32C4�(&)��8�-)��"� ,'���O�"+������-I��% -)��"���;���"�� \$' -)���)���4����XbU<�E�� �'�8�% -)�56$��QP*7����
(.�/,'0����������9���"�6 G$' -)���)���4����A�"$'�G,'�@���"�U?�$����K��4�5�$�����7�����5�$��J���"����5�$��J,'���G�-)�(&�'��)<]U=
7��% -)��"���SP[�"$Q(	��(.�\,'���9�%�'�'����L/)�(\�% -)��"���cPN���"�� J�A�����-)�+'������<��G�Q�A��$' J���" 8�%(&(.���� 
7�)� ����O�:�P(\�>9-�"�8�% -)��"� ,'���O,�)��- -�-)�+'$' -)��"���_,'�g ���(&���_,'�h��4 9 �"$'�O,'�"�6 O�:�P���")K�=2C���- 
�!�"� ?�4��"(.4� -�-)�5�$��@�� SP��-$'�- ��"$' SP/�M2 $' -)���)��8�% -)��"�g,'�G�'��4X=M -�8�%)� ���(.���6 ������"$'�* -���"$'I����1�����
�A���-)� -)��"���B�A�����-)�+'������,'����7�F!�%�U?���(.���6 ��E,32C4� 8�% ��D� �X$'��X����`<

� ���g�%$' -��� ?�4���4��8�%��)��8�% -)��"� ,'���GF AHA ���- >�:�^(.�/,'4���)��8�% -)��"� ,'�_�:�^��4�5�$�����7��
�"+������-I�4��J�!�%�B$'�g(.��,'0����@,'� ?��8�%(&(\�%)����T�- ��/7�F!�"�- -)�5�$��EF��"����7��"�� ��UL/ ���< 8 �>�- -�-$�7X=
 -$'���>7��"7�F�4��>�'������,P�%���"���K$'��� ; �"�-(.�>,32n�%�-+'���>,'�"�6 @78F!�"56$��>���/��$�,f�A��$' ?�4���4������
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,'��$�LO���� - -�����G,�)��- 8�%�6 ����G�-$'�B�:�&��4�5�$�����7���<oS*���B(.�/,'0����������"�� ����" 8�%(&(.���6 G$' -)���)���4��
���"$'�K ����')��K7��"(&�' ��>,'���E,'4��A����,��%��7����[O.���"�U?�$��>,�)��- 8�%��7��>,�$���� O.�M2n�%�'�!�%�-)���(.���� 
,'�m�6$�7���4��" -)�,'���^,�)��- 8�%�6 ��^�%$a����)��b,'��� � V�� ,'�Q�- -�-$�7� -$'��� ` I��")��g�!�%�h�UL���(&�'���
� E��9X�� P i�� F + X�� P � E 
 A X�] � bU<"D`���?���D�������"�� &�!�"�.,'4�7��-)� ��&�'��$��&��� ,'4� 8�%)���,��%���
7��� - ��_ -F�0�����< i )@?��!�%���"���. ��"$' .,'�_(	��(.�D5�$��QPV���"$'�.7����>(.�/,'0������SPV���D7�� �' .,'�_�:�
����7��"���- -�-$�7� -)��"�f,'�E�:�>�- -�-$�7� -$'���J7��"78F�4��J7����%H� �7��"(&(.�@���@7�$'+A�@,'�E�:�?���"�U?�$���$'��,'�
�:�>��4�56$�����7����

� �"$'�Y]��')��&,'�a; ��U��"� (.�")����&�%(9+')� -)���$����_�:�h,'����7��-)��' -)��"� ,'���Y?�4���4��8�%��)��8�% -)��"���
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Pθ(St = u | xt
1)a(u, v)Pθ(St+1 = v | xn

1 )

Pθ(St+1 = v | xt
1)

,

,32C���f�"�h,'4�,�$')� 

Pθ(St = u | xn
1 ) =

∑

v∈S

Pθ(St = u, St+1 = v | xn
1 ) .
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 ��� ��� 
�+ � � � � � ��� 
 ���- J�!�%�I; �")��J��4��%��)���4;���"$��J$'����; �"�-(.�\,�)WV34X=
������ ��
` I��")����!�%�	�UL���(&�'��� �WVK�%+!]YX:P � E 
 A X�]�� bZ,'�"�� ��:�K��4�7�$'�-������7�����I��%�6 X7��"���-)��- ��
Oh7��%��7�$'����� Pθ(x

t
1, St = u) �� ?�:�f��4�7�$'�-������7��_�%�-�-)�0���� Pθ(x

n
t+1 | St = u, xt

1)
< �

�!�%�- -)��9,'�\7����@�'���"+!�%+')���)� �4��SP[�"�j�"+' -)����6 ?�%)��84�(.���6 Pθ(St = u | xn
1 ) �� Pθ(St =

u, St+1 = v | xn
1 ) < �E�%���&7��D7��"�cPN)��/;M�%$' >�'��4�I����')��.�����>�'���"+'��0�(.���&��$'(.4��-)�56$����

��)�4��K�%$�LD7��%��7�$'���K,'�@ -��0��G���� -)� ������'���"+!�%+')���)� �4����A����,��%�6 K��������4�7�$'�-������7����E��I��%�6 E�� 
�%�-�-)�0����QP!�!�%���UL���(&�'���J���f -�8��I��%)����:�%�6 K��I���7J�����B��� ?6�%�-)� -F'(.���i<8 �����'���"+!�%+')���)� �4�� Pθ(St = u | xn

1 ) �� Pθ(St = u, St+1 = v | xn
1 ) �A���-(.�� - ����6 

,32C�"+' ����')��_�:�k�'���"+!�%+')���)� �4P,'�f�=2 )�(&�A�"�- ��h5�$��������h�!�%�- -)��^,32 $'� 7�F���(&)��e7��"78F�4 st2
t17��"��,�)� -)��"�'����������(.���� O?�:�.��4�56$�����7��9�"+������-I�4�� Pθ(S

t2
t1 = st2

t1 | xn
1 ) p

Pθ(S
t2
t1 = st2

t1 | xn
1 ) =

Pθ(st1, st1+1 | xn
1 ) ×

Pθ(st1+1, st1+2 | xn
1 )

Pθ(st1+1 | xn
1 )

× . . . ×
Pθ(st2−1, st2 | xn

1 )

Pθ(st2−1 | xn
1 )

.
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 ��� ��� 
�+ � � � � � ��� 
 �A��$'I����6 D���^�!�"�O�����-(.�� - -���m,'�^�'���"�A�������W; �"7�)����X=
(.���6 ?$'�j$'�')�5�$��;78F���(&)�� 7��"(&�!�% -)�+'���_��I���7O�:�f�- -�-$�7� -$'���O,�$ (.��,'0�����<BE��d�
VA�� SP
a
(
maxu(Pθ(St = u | xn

1 )),maxu(Pθ(St+1 = u | xn
1 ))
) ����$' �� -���J4 ?6�%� O 0 <

������� � 
45��	� � 
�
 � � 
 � � ��� � � � 
�
 � � 
 �
�,� � �:��
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4�56$!�% -)��"�g�'��4�,�)�7� -)�I��

Pθ(St = v | xt−1
1 )

=
∑

u∈S

Pθ(St−1 = u, St = v | xt−1
1 )

=
∑

u∈S

Pθ(St = v | St−1 = u, xt−1
1 )Pθ(St−1 = u | xt−1

1 )

=
∑

u∈S

Pθ(St = v | St−1 = u)Pθ(St−1 = u | xt−1
1 ) ` 7X; <4E#5o< J�<LT b

=
∑

u∈S

a(u, v)Pθ(St−1 = u | xt−1
1 )

4�56$!�% -)��"�f,'� ]��� -�8� ?��

Pθ(St = v|xt
1) = Pθ(St = v | xt, x

t−1
1 )

=
Pθ(St = v, xt | xt−1

1 )

Pθ(xt | xt−1
1 )

=
Pθ(St = v, xt | xt−1

1 )
∑

u∈S Pθ(St = u, xt | xt−1
1 )

=
Pθ(xt | St = v, xt−1

1 )Pθ(St = v | xt−1
1 )

∑

u∈S Pθ(xt | St = u, xt−1
1 )Pθ(St = u | xt−1

1 )

=
Pθ(xt | St = v, xt−1

t−r)Pθ(St = v | xt−1
1 )

∑

u∈S Pθ(xt | St = u, xt−1
t−r)Pθ(St = u | xt−1

1 )
` 7X;-<4E	5o< J�<LJ b

=
bv(xt;x

t−1
t−r)Pθ(St = v | xt−1

1 )
∑

u∈S bu(xt;x
t−1
t−r)Pθ(St = u | xt−1

1 )
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Pθ(St−1 = u, St = v | xn

1 )

= Pθ(St−1 = u | St = v, xn
1 )Pθ(St = v | xn

1 )

= Pθ(St−1 = u | St = v, xt−1
1 )Pθ(St = v | xn

1 ) ` 7X; <4E#5o< J�< � b
=

Pθ(St−1 = u, St = v | xt−1
1 )Pθ(St = v | xn

1 )

Pθ(St = v | xt−1
1 )

=
Pθ(St−1 = u | xt−1

1 )Pθ(St = v | St−1 = u, xt−1
1 )Pθ(St = v | xn

1 )

Pθ(St = v | xt−1
1 )

=
Pθ(St−1 = u | xt−1

1 )a(u, v)Pθ(St = v | xn
1 )

Pθ(St = v | xt−1
1 )

` 7X; <�E	5o< J�<LT b
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�
�G� ,'4�7��-)� &)�7�)B$'� �%�@?��"�-)� -F'(.�D�A���-(.�� - 8�%�6 ;,'�_ -)������ s̃n

1
��I���7D�:�h�'���"+!�%+')���)� �4

Pθ(S
n
1 = s̃n

1 | xn
1 ) P�)��V�A�"$'�-�8�\���" 8�%(&(.���� J�����-I/)��K�A�"$'�K�M2C���- -)�(\�% -)��"�P+!��W�4��-)����'���

�-$'�B������,'�"�'��4�����)���7��"(&�'��0� �����` I��")����!�%���UL'��(&�'��� � � �$X g PTV�S��9XQTUP A $'��X�] � bU<8 �g ����-(.� Pθ(Sn = v | xn
1 ) P#�"+' �����$ OQ�:�H]�� ,'�f�:�P��4�7�$'�-������7��m��I��%�6 _,'�

�M2n�%�@?��"�-)� -F'(.� � 
 ��� ��� 
�+ � � � � � ��� 
 P������-(.�� &,'�; -)������ s̃n
< 8 ��� s̃t

����$'I����� &�����-$')� ��
�� -���@ -)���4��cP'���"$'� t ,'4�7����")����8�%�� G,'� n − 1 O 1 P'�������"�g�������'���"+!�%+')���)� �4��Tp

Pθ(St = u | Sn
t+1 = s̃n

t+1, x
n
1 )

= Pθ(St = u | St+1 = s̃t+1, x
t
1)

=
Pθ(St = u, St+1 = s̃t+1 | xt

1)
∑

v∈S Pθ(St = v, St+1 = s̃t+1 | xt
1)

=
Pθ(St+1 = s̃t+1 | St = u)Pθ(St = u | xt

1)
∑

v∈S Pθ(St+1 = s̃t+1 | St = u)Pθ(St = u | xt
1)

=
a(u, s̃t+1)Pθ(St = u | xt

1)
∑

v∈S a(u, s̃t+1)Pθ(St = u | xt
1)

.
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8 �_�'���"+!�%+')���)� �4 Pθ(X
n
1 ) 7��"�-���������"��, OO�:�OI/�8�%)�����(T+'�:�%��7��\,'���@�!�%�8�%(.0� -����� θ

�A�"$'�=�M2C�"+������-I��% -)��"� Xn
1
< �G�T�M2n�%�'�����������8��I��8�%)��8��(9+'�:�%��7��*,'���[,'�"�'��4����=)���7��"(&�'��0� ����

�A�"$'�9�:�f,�)��- -)��U?�$����?,'� Pθ(S
n
1 , Xn

1 ) < Dl�#���- ?���"$'I����6 ?)��6 �4��������R�%�6 >,'�.�:�g7��%��7�$'�����SP
�%$�����)'+')����.���"$'�	7��"�� -�GF"�����#�:�@7��"��I����C?�����7���,32 $'�;�%�@?��"�-)� -F'(.�G,'�1(\�YL/)�(&)��R�% -)��"�;,'�
�:�;I/�8�%)�����(9+'�:�%��7��.5�$��?���"$'�E$' -)���)������@���?(.�/,'0����&,��%���E���>7��",����&,32 $'�P ����- @�- 8�% -)��I=
 -)�5�$���< 8 �TI��8�%)�����(T+'�:�%��7��E����$' 1��2C4�7��-)����E7��"(&(.�K�:�?���"(&(.�QP��-$'�X ��"$��*�����B78F���(&)����
7��"78F�4����A�����-)�+'����� sn

1
P','�E�:�>I/�8�%)�����(T+'�:�%��7��9,'����,'�"�'��4����G7��"(&�'��0� ����Tp

Pθ(X
n
1 ) =

∑

sn
1

Pθ(X
n
1 , Sn

1 = sn
1 ) .
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Pθ(X
t
1 = xt

1) =
∑

u∈S

Pθ(Xt = xt, St = u, xt−1
1 )

=
∑

u∈S

Pθ(Xt = xt | St = u, xt−1
t−r)Pθ(St = u, xt−1

1 )

= Pθ(X
t−1
1 = xt−1

1 )
∑

u∈S

bu(xt;x
t−1
t−r)Pθ(St = u | xt−1

1 ) ,

���f���J ����-(.� Pθ(St = u | xt−1
1 ) ���- G7��%��7�$'��4?�A����,��%�6 K�:�&��4�7�$'�-������7��&��I��%�6 ?����"7��Og�M2C4�5�$!�% -)��"�d�'��4�,�)�7� -)�I���<�S*�_7��%��7�$'�B,'�")� �� -���a;M�%)� &��I���7O�����9��� ?6�%�-)� -F'(.���\7��%�T�:�

I��8�%)�����(T+'�:�%��7��9���- B -��0������� -)� ��.p

log Pθ(X
n
1 = xn

1 ) =
n∑

t=1

log
(∑

u∈S

bu(xt;x
t−1
t−r)Pθ(St = u | xt−1

1 )
)

.
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���"$'�*�'���"�����8���X$'� 9 ��$_,'�G�!�%�8�%(.0� -�����1�'����78F��K,'�K7�����$')A�-$'�'�����84K��I��")�� ?�4���4���4G�����
,'�"�'��4����#�"+������-I�4�����< �[I���7B�����X7�F!�YH������*,'� A �%�CB���I&7��"7�F�4����SP��� 	�'��$�� ?�4���4��8�%����(.���� 
�����T(.�/,'0������aOfI"�%�-):�%+'�����\7��"7�F�4����SPV���O�'���"+'��0�(.�D,'�_�M2C���- -)�(\�% -)��"� �A��$' &���O���������
,'�J,'��$�L ; ��U��"���K�������"�g���@ lW��A�9,'�9,'�"�'��4����G,�)��-�A�"�')�+'������< �G�f,�)��-�A�����@�!�%�I; �")���,'���
,'�"�'��4���� M^7��"(&�'��0� ����VN (xn

1 , sn
1 ) <#SK2C���- \O^,�)����D5�$��;�:�^�-$')� ��_,'���&4� 8�% ��&7��"78F�4��

���- T7��"�'��$��QPN�!�%�>�UL'��(&�'���a?����"7�� Of,'���?4� -$�,'���>�UL/�A4��-)�(.���6 8�%�����i<��@�%���>,32n�%$' -�����
7��"�SP!����$'�����G�����K,'�"�'��4����GM&)���7��"(&�'��0� ����
N xn

1
�8�"�6 E,�)��-���"�')�+'�����i< ��I/)�,'��(&(.���6 E���

�'���"+'��0�(.�G���- *�'��$��*,�):�\7�)����K,��%���X���K����7��"��,;7��"�i< Dl�o���- 1�%$����-)!�'��$��*)��� �4��������8�%�6 B7��%�
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)��!�% - �����,�$����K��I"�%�� G�M2n�%�!�%��W�����<�E	�:]��^Po,��%���G7����- 8�%)����G7��"�SP!������,'�"�'��4����K7��"(&�'��0� ����
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= arg max
θ

Pθ(X
n
1 , Sn
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θ

��

= arg max
θ
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n
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∫
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∏
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∏
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∏
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∏
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8 ���@��)@?������T,'���J(\�% -�-)�7����9,'�. -�8�%���-)� -)��"�k,'���9,�)WV34������6 ��9(.��,'0������9(\�%�CB���I/)������

���"�6 	(.�/,'4���)���4����#�!�%�#,'���	���")��	,'� �G)��-)�78F'���� X)���,'4��A����,��%�6 ����cP67�2C���- OJ,�)�����56$������"$'�
7�F!�"5�$�� u ∈ S �� w ∈ X r p

a(u, •) ∼ D|S|

(
α(u, 1), . . . , α(u, |S|)

) ` J�< g � b
bu(•;w) ∼ D|X |

(
βu(1;w), . . . , βu(|X |;w)

)
, ` J�< gYgcb

��� a(u, •) �����'��4��8���6 ��^�:�Q��)@?���� u ,'�f�:�k(\�% -�-)�7��m,'�f -�8�%����)� -)��"���D,'�f�:�j7�F!�YH����
7��"7�F�4��J�� bu(•;w) �:�T��)@?����@,'�E�:�?���")3,32C4�(&)����-)��"�g,'�����"+������-I��% -)��"����,��%���1�M2C4� 8�% u
�"�����/7�)�4��G�%$_7��"�6 ��UL� �� w <

8 �?,'�����-)� �4K,'�G�:�J���") � � � 
�
 � 
 ,'� θ = (a, b) �i2C4�7��-)� 1,'�"��7

π(θ) ∝
∏

u∈S

π(a(u, •))
∏

u∈S

∏

w∈X r

π(bu(•;w))

∝
∏

u∈S

∏

v∈S

a(u, v)α(u,v)−1
∏

u∈S

∏

w∈X r

∏

x∈X

bu(x;w)βu(x;w)−1 . ` J�< gSJ b

8 �"����5�$����M2C�"�T���"$'F!�%)� �� ]'L����[�:�1I"�%����$'�Z,'�	7����- 8�%)����N�!�%�8�%(.0� -�����SPi�!�%�N�UL���(&�'���#���"$'�
)��6 �����,�)����&�:�; -�8�%���-)� -)��"�Q���� -���>�M2C4� 8�% J7��"7�F�4 u �� @�M2C4� 8�% @7��"7�F�4 v ` a(u, v) = 0 bXP�)��
�-$��. �,'�@���@�!�"��(.��,'4���)������G7������!�%�8�%(.0� -�����K7��"(&(.�94� 8�%�6 E�%��4��% ��")�������< 8 �������")�� �
� � 
�
 � 
 ` E	5�< J�< g �&�� RJ�< gYgcb*���@7��"��7����-������ E�%���"����5�$��@�����B�!�%�8�%(.0� -�����K�%��4��% ��")�������<

< ^ � �0��
 � �?��� 
�
 � 
�\�� \`a � � ? � � � ^��>a"b ] � \`a �P^ � ���`\`a _�^)? � � A ��\ a"! 8 �^���") �
�*
 � �?��� 
�
 � 
 ,'���1�!�%�8�%(.0� -����� θ �-$'�1�����B,'�"�'��4����B7��"(&�'��0� ��������- 1�"+' ����6$�� ?����"7�� OT�:�

� � � 0<1	'>+&<>*
.@I0*
. � 1 � ' � ,:1�+ 
 ��$;' . # � 	 �*#(� � ��#�ª	#�� + # � #�� $ 6?# 0<0 # � 1 � $ 0 #��
δi

� 1 � $ � =H� 	�A �
1/2

�



� � �������
	��
��������� � ������� ������������� ����� � ���"!$#%��� & �$�"�
��	������ !����(���*)�� &��,+ �$	��-		� � �
�

; �"�-(9$'���T,'� � ��W���� ` E	5�< J�<<� b*���g$' -)���)��R�%�6 �������4�56$!�% -)��"��� J�< �&�� RJ�< gSJ_p
π(θ | xn

1 , sn
1 )

∝ Pθ(x
n
1 , sn

1 )π(θ)

∝
∏

u

∏

v

a(u, v)Nuv

∏

u

∏

w

∏

x

bu(x;w)Nwx;u

×
∏

u

∏

v

a(u, v)α(u,v)−1
∏

u

∏

w

∏

x

bu(x;w)βu(x;w)−1

∝
∏

u

∏

v

a(u, v)Nuv+α(u,v)−1

︸ ︷︷ ︸

(1)

×
∏

u

∏

w

∏

x

bu(x;w)Nwx;u+βu(x;w)−1

︸ ︷︷ ︸

(2)

.

�G�>)�,'���6 -)<]!�1� O�$'�>�'����,�$')� �,'�*,'�����-)� �4���,'�X���")���,'� �K)��-)�7�F'���� �< 8 ���V���")�� �9��
 � �?��� 
�
 � 

,'����,�)WV34������6 ��G�!�%�8�%(.0� -�������8�"�6 �,'�"��7J,'�������")���,'� �K)��-)�7�F'���� G)���,'4�������,��%�� ����Tp

a(u, •) | xn
1 , sn

1 ∼ D|X |(Nu1 + α(u, 1), . . . , Nu|S| + α(u, |S|))
)�,'���6 -)<]!4��YO?�!�%�- -)���,'���B ����-(.���Y`,gcb ` J�< gST b

bu(•;w) | xn
1 , sn

1 ∼ D|X |(Nw1;u + βu(1;w), . . . , Nw|X |;u + βu(|X |;w))
)�,'���6 -)<]!4��YO?�!�%�- -)���,'���B ����-(.���Y` J b . ` J�< g � b

�G�^����(\�%��56$��?5�$��9�����G�!�%�8�%(.0� -����� α(u, v) �� βu(x;w) ,'�������")��
� � � 
�
 � 
 9-�"$����6 

$'�_�GF"���E�-)�(&)��:�%)����@�%$�LO7��"(&�' 8� ?���� Nuv
�� Nwx;u

,��%���1�:�T,'4� ����-(&)��!�% -)��"�f,'���*�!�>=
�8�%(.0� -�����1,'���X���")�� ���*
 � �?��� 
�
 � 
 P67��K56$')o����$'�*7��"�:; 0�����$'���G)��6 ����-�'��4� 8�% -)��"�D)��� -$')� -)�I��
���g ����-(.�9,'�@56$!�%�� -)� �49,32 )��:; �"�-(\�% -)��"�f)��6 -���/,�$')� �� � � � 
�
 � 
 <8 2C���- -)�(\�% ���$'�>���.�'��$��?7��"$'�8�%(&(.���6 >$' -)���)���4\7��"�-���������"��, OD�M2C���-�A4��8�%��7��O,'�.�:�
���") � ��
 � �?��� 
�
 � 
 �A�"$'�B������,�)WV34������6 ��G�!�%�8�%(.0� -�����SP����")� θ �

������� p

a �
�������

(u, v) =
Nuv + α(u, v)

∑

v Nuv + α(u, v)

b �
�������

u (x;w) =
Nwx;u + β(x;u,w)

∑

x Nwx;u + β(x;u,w)

� �%�1$'����(\�YL�)�(&)��8�% -)��"�D�-)�(&)��:�%)���� OJ7��������K$' -)���)���4��K,��%���*���G7��",����K,'���:�9(\�YL�)�(&)��8�>=
 -)��"�^,'�@�:�>I/�8�%)�����(9+'�:�%��7��QP!�M2C���- -)�(\�% -)��"�h�!�%�����@(\�YL/)�(T$'( ,'�@�:�&���") � ��
 � �?��� 
�
 � 

7��"��,�$')� K�������[O θ


	��
 p

a

	��


(u, v) =
Nuv + α(u, v) − 1

∑

v Nuv + α(u, v) − 1

b

	��

u (x;w) =

Nwx;u + β(x;u,w) − 1
∑

x Nwx;u + β(x;u,w) − 1
.

8 2C���� -)�(\�% ���$'�9,�$m(\�YL/)�(T$'( � ��
 � �?��� 
�
 � 
 ���- @,'�"��7?)�,'���6 -)�5�$��\OO7�����$')V,�$m(\�YL�)<=
(T$'( ,'�_I��8�%)�����(T+'�:�%��7��_���"����5�$��_ ��"$��>�����>�!�%�8�%(.0� -�����.,'���>���")��&,'� �G)��-)�78F'���� �
� � 
�
 � 
 �8�"�6 ��'�-)���4 ?6�%$�L O3g�<



��� ��� � ��� ������� + !$�������-� & �'� �=� & ��� ���

�h\ ? �T]�� b \ ada"b ] �>= \ a � � ? � � � ^ ��� � �T] � � ] �P\`a �c^�� ���`\ ad_�^)? � � A ��\ a
��I/)�,'��(&(.���6 SPG�����g���- -)�(\�% ���$'���^���"�6 g ��"$ 9-�"$'���g(.��)�������$'���f���"����5�$��P�M2C�"�a,�)��I=

�������f,'�f,���I��%�6 8� ?��m,'�g,'�"�'��4����O�A�"$'�\�M2C���- -)�(\�% -)��"�4` �A�"$'�-I�$ 56$��D�����O,'�"�'��4����
�'����I/)����'�����6 & ��"$' ����&,32 $'�d(	��(.�O(.��,'0����cbU< A �%)��SP[���"���856$��;�:�^56$!�%�� -)� �4O,'�_,'�"�:=
��4�����,�)��-�A�"�')�+'���J���- �)����-$��\�R�%�6 ��QP��M2C���� -)�(\�% ���$'�G,�$g(\�YL�)�(9$'( ,'�@I��8�%)��8��(9+'�:�%��7��
��$'�.7��"(&�A�"�- ���(.���6 X���� - ���(.���6 	(.�")����X� ?���4��%+'����56$��*�M2C���- -)�(\�% ���$'�#+!��W�4��-)����=< � �%�
�UL���(&�'���QP�$'�P7��"(&�' 8� ?��>�6$'��7��"��,�$')� 
O;���- -)�(.���@$'�h�!�%�8�%(.0� -���VO 0 �%���"���@56$��T���
9 ��$d,'�_,'�"�'��4����>����$' �� -���_,32 $'���; 8�%)������_ ��������_5�$��\�M2C�"+��8���-I"�% -)��"� ,'�_7��"(&�' 8� ?����
�6$'���*���- *�% - �����,�$��G(	��(.�G��)!�����!�%�8�%(.0� -���K���- 1�"����� �G,�)WV34������6 1,'� 0 <

� ���G���"��$' -)��"�
7��"$'�8�%(&(.���6 ���(&�'����W�4��@���� X,'�G�8�>9 �"$' ����B,'���156$!�%�� -)� �4��B�%$�L;7��"(&�' 8� ?����B�"+������-I�4��
` �!�%�E�UL'��(&�'��� 1 O\ ��"$��E�����E7��"(&�' 8� ?���� bXP3�"�m�!�%�-���&�%���"���K,'�?������$�,'� =`7��"(&�' 8� ?����i<8 �f7��",����f+!��W�4��-)���� ,'�"�'���f$'���\9 $��� -)<]!7��% -)��"� OP7��� - ��h�'�8�% -)�5�$��kp	�����;56$!�%�� -)� �4��
�>9 �"$' �4����E�%$�Lf7��"(&�' 8� ?����E7��"�-�����-���"��,'���� E�%$�Lg�!�%�8�%(.0� -�����E,'���G���")��G,'���K)��-)�7�F'���� 
� � � 
�
 � 
 <8 �"����5�$��E�M2C�"�f,�)��-�A�����@,'�E�'��$��-)���$'���G��4�56$�����7�����(.��,'4���)���4�����7��"(&(.�J,'������4��%��)<=
�8�% -)��"���B)���,'4��A����,��%�6 ����K,32 $'�g(	��(.�[F AKA P'�"�f�%+��"$' -)� K�%)���4�(.���6 O>,'�������- -)�(\�>=
 ���$'���?,'�a; �"�-(.�;)�,'���� -)�56$��_O^7���$�Lk�'��4������� �4��&7�)<=`,'�����-$��>��� �����?7��"(&�' 8� ?����\���"�6 
�
VA��7� -$�4��J��$'�@�M2C��������(9+'���;,'���J��4�5�$�����7�����<��@�%���J7��&7��"�SP3�����J�!�%�8�%(.0� -����� a(u) �� 
bu(x;w) ��I���7 w ∈ X r′ �� r′ < r P656$')!7��"�-���������"��,'���� 1�%$�L&,�)��- -�-)�+'$' -)��"���*)��')� -):�%�����
,'���#(.�/,'0������#(\�%�CB��iI�)������cP��A��$'I����6 �� -���K���- -)�(.4��X�8�����"�;$'���G�'����7�4�,�$'���G)�,'���6 -)�5�$��
O>7��������@(&)����@��� �E$'I/���@�A�"$'�B�������%$' -�������!�%�8�%(.0� -������<

E��:]��^PN���"����56$��;���aF AHA ���- T���- -)�(.4O�-$'�T�����?,'�"�'��4����>7��"(&�'��0� ����?�A�"$'�T�'��4X=
,�)����J$'�� �4��-)���$'����(.���6 E�:�.�!�% -$'���9,'���K��4�56$�����7����G�"+������-I�4���� O&�M2n�%)�,'�9,32 $'���T����7��"���I=
 -�-$�7� -)��"�Q,�$^78F���(&)��k7��"7�F�4QPA)��Z����$' �� -���?�'��$��@�	�\7��"7��&,32 $' -)���)������E$'�P���- -)�(\�% ���$'�
56$')�(\�YL�)�(&)����h,�)�����7� ���(.���6 _$'� 7��-)� �0����h,'�f,�)���7��-)�(&)��!�% -)��"�e,'���\,�)WV34������6 ����O�!�>=
 -$'�����B,'�G��4�5�$�����7�����<��G�_����$' 1�!�%�B�UL'��(&�'���K78F�����7�F���� θ �


�� `�� 
 ��
�
 � 
�
 � � � 	 � $ 
 +
& � &���
 � ��� 
4��
�
 
 bJ5�$')#7��"�-�����-�A�"��,�O θ �


��
= arg maxθ Pθ(S

n
1 | Xn

1 ) <VS*�� 9���I=
 -)�(\�% ���$'�T���- J�"+' �����$k�!�%�9�"�' -)�(&)��8�% -)��"�j�6$'(.4��-)�5�$��;7��%�YOO�:�D,�)WVA4�������7��;,'���J���I=
 -)�(\�% ���$'���.�'��4������� �4��;,��%���;7��� - ��g����7� -)��"� )������g����$' �� -���f�"+' ����6$ ,�)�����7� ���(.���� 
� � A X gQP�
E����X	� P�
E����X��2�`<

�����6��� �  21YU>!$.)1�U0#;:  56* '(�) 8%6#;:�: � �) U>: � #;!	��'0&41��� 
8 �.�'���"+'��0�(.�O,'�.�M2C���� -)�(\�% -)��"�d��$'�J�����T,'�"�'��4����T)���7��"(&�'��0� ����&���- J���� - ���(.���� 

�'��$��G,�):�\7�)����>5�$��J�M2C���- -)�(\�% -)��"�P�-$'�K�����G,'�"�'��4����E7��"(&�'��0� �����< 8 ���E���- -)�(\�% ���$'���K���
����$'I����� �� -���D�UL/�'�-)�(.4��\���"$��>$'��� ; �"�-(.�g�%�!�%��W� -)�5�$��D�-)�(&�'����< Dl���&���"�6 .�"+' �����$��
?����"7��WOh,'���?�'����7�4�,�$'�����>��$'(.4��-)�56$����>)� �4��8�% -)�I����&5�$')X$' -)���)��8���6 &�:�f��������)�+')���)� �4;,'�
����7��"���- -�-$')����g���g78F���(&)�� 7��"78F�4f,32 $'� F AHA ` �"$ ,'�g7��%��7�$'�����\�:�QI��8�%)��8��(9+'�:�%��7��
,'���X,'�"�'��4����X)���7��"(&�'��0� ���� b#���"$'�X$'�;7�� �' 1,'��7��%��7�$'���8�%)����"�'�!�%+'����< �G�\�A�"$'�-�8�J�!�%�
�UL���(&�'���J7��"����$'�� ���� �WVG�%+!]YX:P V�S��9XQT:P A $'��X�]:P � E 
 A X�] �`<

� �"$'�9�M2C���- -)�(\�% -)��"�Q�!�%�J(\�YL�)�(9$'( ,'�>I/�8�%)�����(T+'�:�%��7��QP=�M2n�%�@?��"�-)� -F'(.� E A ���- 
���9�'��$��E$' -)���)���4�< � �"$'�E�M2C���- -)�(\�% -)��"�P+!��W�4��-)����'���QPA�:�;���") �6�*
 � �?��� 
�
 � 
 ���T����$' �� -���
�"+' ����6$��\�%�!�%��W/ -)�56$���(.���� 9(\�%)��@)��	���� @��������)�+'���?,'�>�M2C4�78F!�%�6 -)������"�'������?����"7��\O_,'���
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��������� � ������� ������������� ����� � ���"!$#%��� & �$�"�
��	������ !����(���*)�� &��,+ �$	��-		� � �
�

(.4� -F��/,'����,'� A �"�6 ��X= S1�%�-���;�!�%��7�F!�YH����T,'� A �%�CB��iI ` A S A S bU<

<�=������L^ ]�� �"eB? \ ���

8 2n�%�@?��"�-)� -F'(.� E A ` ( $��/����� � � 
�
 � + 	 � $ 
4& 
	��� � 
�
 � b����- 1$'�f�%�@?��"�-)� -F'(.�@)� �4��8�% -)<;
,'�P(\�YL�)�(&)��8�% -)��"�b���/7��%���P,'�P�:� I/�8�%)�����(9+'�:�%��7��j,'���g,'�"�'��4����g)���7��"(&�'��0� ���� ` )�7�)
Pθ(x

n
1 ) b9)��� -����,�$')� .�!�%� �E��(&���- ���� ��� � ��� `,g�X����Qb �
� 8 VK���2��,��%���>�����>(.�/,'0������\O

,'�"�'��4�����(\�%��56$!�%�� ���� ` )�7�) sn
1
bU< Dl�3���- ��%$����-)[�%�'�A����49�%�@?��"�-)� -F'(.�J,'� � �%$'(�=M�Q����78F

� � � i �b� ����,��%���G���?7��",����?,'��� F AHA < � �!�%�- -)��E,32 $'�V9-��$h)��')� -):�%��,'�T�!�%�8�%(.0� -�����
θ(0) P*7�F!�"5�$��^)� �4��8�% -)��"� m �����-(.�� _,32C�"+' ����')��D$'� ���"$'I����%$�9-��$ ,'�h�!�%�8�%(.0� -�����
θ(m) 5�$')Z�%$U?�(.���6 ��?�:�.I��8�%)�����(T+'�:�%��7�� Pθ(m)(xn

1 ) > Pθ(m−1)(xn
1 ) <

� ���J)� �4��8�% -)��"�
,'�h�M2n�%�@?��"�-)� -F'(.�m���- ;7��"���- -)� -$�4��^,32 $'���^4� 8�%��� E 5�$')G7��"�-���������"��, �%$ 7��%��7�$'�E,'�
�M2C���-�A4��8�%��7��D7��"��,�)� -)��"�'��������� Q(θ | θ(m−1)) = Eθ(m−1)

(
log Pθ(x

n
1 , sn

1 ) | xn
1

) �� 
,32 $'���J4� 8�%�A� A 5�$')=7��"���-)��- ��[O?�'���"�A������� θ(m) (\�YL/)�(&)��8�%�� Q(θ | θ(m−1)) ��� θ <
8 �V9 $��- -)<]!7��% -)��"� ,'�;�M2n�%�@?��"�-)� -F'(.�h���V; �"��,'�D��$'�?�M2C�UL��'�������-)��"� ,'�O�:�^��� ?�I/�8�%)<=

����(T+'�:�%��7��@,'���1,'�"�'��4����1)���7��"(&�'��0� ���� log Pθ(x
n
1 ) 7��"(&(.�K$'���E,�)WVA4�������7��E,32C���-�A4X=

�8�%��7����G7��"��,�)� -)��"�'������������< �G�h�>,32n�%�'��0����:�Y; �"�-(9$'���J,'� � ��W����Jp

log Pθ(x
n
1 ) = log Pθ(x

n
1 , sn

1 ) − log Pθ(s
n
1 | xn

1 ) .

�>2C��
^P*��� �'�����!�%�6 O�M2C���-�A4��8�%��7��h,'�h7�F!�"7�$'� ,'���\ ����-(.���_���"$�� Pθ′(s
n
1 | xn

1 ) P*�"�
�"+' -)����� 

log Pθ(x
n
1 ) =

∑

sn
1

log Pθ(x
n
1 , sn

1 )Pθ′(s
n
1 | xn

1 ) −
∑

sn
1

log Pθ(s
n
1 | xn

1 )Pθ′(s
n
1 | xn

1 )

= Eθ′(log Pθ(x
n
1 , sn

1 ) | xn
1 )

︸ ︷︷ ︸

Q(θ|θ′)

−Eθ′(log Pθ(s
n
1 | xn

1 ) | xn
1 )

︸ ︷︷ ︸

H(θ|θ′)

,

7��%� Eθ′(log Pθ(x
n
1 ) | xn

1 ) = log Pθ(x
n
1 ) <

S*�"(&(.�?�"�g�M2n�\,'4 9CO&4�I��/5�$�4J�M2C4� 8�%�A� E 7��"����)��- �� O&7��%��7�$'����� Q(θ | θ(m−1)) �� 
�M2C4� 8�%�A� A �'������, θ(m) = arg maxθ Q(θ | θ(m−1)) <[S*�&78F��")qLm,'� θ(m) �"���-$'���>�:�
7����")����R�%��7��J,'�@�:�?I/�8�%)�����(9+'�:�%��7��T,'����,'�"�'��4�����)���7��"(&�'��0� �����<)E��f�
V3�� SP

log Pθ(m)(xn
1 ) − log Pθ(m−1))(x

n
1 )

= Q(θ(m) | θ(m−1)) − Q(θ(m−1) | θ(m−1))

−(H(θ(m) | θ(m−1)) − H(θ(m−1) | θ(m−1)))

≥ 0 ,

�'$')���5�$�� Q(θ(m) | θ(m−1)) > Q(θ(m−1) | θ(m−1)) �!�%�*78F��")qL;,'� θ(m) �� H(θ(m) |
θ(m−1)) < H(θ(m−1) | θ(m−1)) ,32n�%�'��0����M2 )���4 ?6�%��)� �49,'� �������8���=<
8 �\7��%��7�$'�X,'� Q(θ | θ(m−1)) ���������8�.,��%���9���\7��",����aF AKA �-$'�J�M2n�%�@?��"�-)� -F'(.�
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 <	E��f�
V3�� SP

Q(θ | θ(m−1)) = Eθ(m−1)(log Pθ(x
n
1 , sn

1 ) | xn
1 )

= Eθ(m−1)

(

log
(
a(s1)

r∏

t=1

bst(xt;x
t−1
1 )

)

+
∑

u,v

Nuv log a(u, v) +
∑

u,w,x

Nwx;u log bu(x;w)
∣
∣
∣ xn

1

)

= Eθ(m−1)(log
(
a(s1)

r∏

t=1

bst(xt;x
t−1
1 )

)
| xn

1 )

+
∑

u,v

Eθ(m−1)(Nuv | xn
1 )

︸ ︷︷ ︸

n
(m−1)
uv

log a(u, v)

+
∑

u,w,x

Eθ(m−1)(Nwx;u | xn
1 )

︸ ︷︷ ︸

n
(m−1)
wx;u

log bu(x;w) ,

��
 n
(m−1)
uv

�� n
(m−1)
wx;u

��2C�UL��'�-)�(.���6 B���W; �"��7� -)��"�D,'���*�'���"+!�%+')���)� �4���7��%��7�$'��4���� ?����"7��
O?�M2n�%�@?��"�-)� -F'(.� � 
 ��� ��� 
�+ � � � � � ��� 
 p

n(m−1)
uv =

∑

t

Pθ(m−1)(St = u, St+1 = v | xn
1 )

n(m−1)
wx;u =

∑

t

I{Xt
t−ru

= wx}Pθ(m−1)(St = u | xn
1 ) .

8 �_���"$'I��������.I��%����$'� θ(m) = arg maxθ Q(θ | θ(m−1)) ,'���9�!�%�8�%(.0� -�����T��2C�"+' -)����� 
�!�%�#$'���G(\�YL/)�(&)��8�% -)��"�_�-)�(&)��:�%)���� OJ7��������K,'���:�9I��8�%)��8��(9+'�:�%��7��E,'���X,'�"�'��4����17��"(�=
�'��0� �����56$')=7��"��,�$')� O

a(m)(u, v) =
n

(m−1)
uv

∑

v n
(m−1)
uv

` J�< gSZ b

b(m)
u (x;w) =

n
(m−1)
wx;u

∑

w n
(m−1)
wx;u

. ` J�< g � b

S*���/; �"�-(T$'���������"�� ��-)�(&)��:�%)������ O>7����������G,'�E�:�?(\�YL/)�(&)��8�% -)��"�h,'�E�:�>I��8�%)��8��(9+'�:�%��7��
�-$'�������G,'�"�'��4����K7��"(&�'��0� ����G` E	5�< J�<n].�� J�< X bB���f����(&�'�:��U��%�� @�����G7��"(&�' 8� ?����K�!�%�
����$'�;���-�A4��8�%��7��f7��"��,�)� -)��"�'����������(.���� KO xn

1
�� _�%$�L �!�%�8�%(.0� -����� θ(m−1) ` 7��h56$')

7��"�-�����-���"��,�Oh�M2C�UL��'���"�8�% -)��"� ,'�O ��"$��>�����&7�F���(&)����.7��"78F�4��&�����8�-)�+'�����?�'$')���56$��O���
7�F���(&)��f���- �)���7��"�'�6$ bU<

E��d��4��-$'(.4QPV�M2n�%�@?��"�-)� -F'(.�8E A �%�� ����-���O$'���_����7��"���- -�-$�7� -)��"� ,�$ 7�F���(&)�� 7��>=
7�F�4�?����"7�� O �M2n�%�@?��"�-)� -F'(.� � 
 ��� ��� 
�+ � � � � � ��� 
 ��I���7P$'���m(&)���� OK9-�"$'�g,'���D�!�>=
�8�%(.0� -�����P�������"� �����^4�5�$!�% -)��"��� J�< gSZ �� J�< g ��< D`�?�����-(.�� P,32C�"+' ����')��P$'���d�-$')� ��
θ(0), θ(1), . . . , θ(m), . . . �"���-$'�8�%�6 *�:�T7����")����8�%��7��K,'���:�9I��8�%)��8��(9+'�:�%��7���<!S*�� - ��K�-$')� ��
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�

7��"��I����C?��JI����������E(\�YL�)�(9$'( ,'�EI��8�%)��8��(9+'�:�%��7�� O.7��"��,�)� -)��"�f56$��E���J���")��� �,'�@,'4X=
�!�%�- θ(0) ��� ���")� >�-$��\�8�%(&(.���� >�'����78F�� ` I��")��T�!�%�&�UL'��(&�'��� � � � i �b� �UPN�P$!]QTUPA $'��X��:P E A �QJ � bU< i )A7��� - ��E7��"��,�)� -)��"�D�=2C���- X�!�"�1�8�% -)��C; �%)� ��QP��:�9��$')� ��K7��"��I����C?��EI������
$'�P(\�YL�)�(9$'( ����7��%� ` 4�I����� -$���������(.���6 ?I������@$'�P���")��� 9���������cbU<�E��k�'�8�% -)�56$��QP=,'��$�L
�'���"+'��0�(.���*���1�A�������6 X���"���#,'�B�M2 $' -)���)��8�% -)��"�O,'��7��� X�%�@?��"�-)� -F'(.��< 8 �B�'����(&)����*���- 	7��X=
��$')�,�$T78F��")qL?,32 $'�>7��-)� �0����X,32n�%�-� �� �< � ���#���"��$' -)��"�>�-)�(&�'���*�� [�8�%)����"�'�!�%+'���17��"���-)��- ��/O
�%�-� �� ����N�M2n�%�@?��"�-)� -F'(.� O*�M2 )� �4��8�% -)��"� M  ��������	5�$�� log Pθ(M)(xn

1 )−log Pθ(M−1)(xn
1 ) <

ε ��
 ε ���- B7�F��")���)EOT�M2n��I"�%��7���< 8 �E����7��"��,_�'���"+'��0�(.�@���� *�8�%���B,'�"$' ��K�'��$��B��4��-)���$�Lmp
7��"(&(.���� 1�R��I��")��B�-)!�:�JI"�%����$'� θ(M) �"+' �����$��E���- #�'���/7�F��K,�$;(\�YL�)�(9$'(�?����"+!�%�Yc Dl�
�=2 Wg�?�!�"��,'�E��4��������T���"��$' -)��"�KO>7��@�'���"+'��0�(.�T�� ����"�f�%(&�'����$'�K,'4�������,f�%$��8�-)3+')����
,�$_(.�/,'0����G5�$��G,'���1,'�"�'��4�����< 8 �"���856$��E7����:�T���- X�A�����-)�+'���QP�$'���K�'����(&)�0����E���"��$' -)��"�
�'�8� ?�(\�% -)�5�$��>���- G,'�?7�F��")��-)��E$'�h���")��� E,'�T,'4��!�%�- @56$��9�M2C�"�h�A�������T�!�"�� -���"�m4����")<=
?���4.,�$k(\�YL/)�(T$'( ?����"+!�%�M< � ���.�%$' -���.���"��$' -)��"�k5�$')��A��$' ��� -���.7��"(&�'��4�(.���6 8�%)����
,'�_�:�^�'����(&)�0����QP	7��"����)��- �� O^��4��%��)������&�'��$��-)���$'����; �")��&�M2n�%�@?��"�-)� -F'(.�8E A ��I���7g,'���
)��')� -):�%��)��8�% -)��"���\,�)WVA4������� ����SP��!�%�&�UL���(&�'���g�%��4��% ��")������cPV�'$')��\Oh�84�����7� -)��"�'�����;�%�'��0��
7��"��I����C?�����7��������#�!�%�8�%(.0� -�����*�"���8��7�)�4�� O@�:�E�'��$��"; �"�- ��BI/�8�%)�����(9+'�:�%��7���< 8 2C�"+������-I��>=
 -)��"�_,'���:�9,�)��-�A�����-)��"�;,'���*�A�")��6 ��*,'�G7��"��I����C?�����7��E�����-(.�� B�%���"���*�%$��8�-)o,'�K��� ;M�%)����
$'���@)�,'4��9,'�E�M2n�%(&�'����$'�G,�$g�'���"+'��0�(.�@�A����4E�!�%���M2C�UL�)��- �����7��J,'�E(\�YL�)�(\�>���/7��%$�LA<
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S*�"(&(.�G�"�.�M2n�E,'4 9 O@4�I���5�$�4QP"�:�E���") �1��
 � �?��� 
�
 � 
 ,'��,'�����-)� �4 π(θ | xn
1 ) ���B�A��$' 

�� -���>�"+' ����6$��.�%�!�%��W/ -)�5�$���(.���6 �< 8 �O7���4?,'�?�M2C���- -)�(\�% -)��"�P+!��W�4��-)����'���&���� G�M2C4�78F!�%�:=
 -)������"�'�!� ?��.,'�&7��� - ��?���")M<�E��Q�
V3�� SP3�-)Z)��	4� 8�%)� @�����8�-)�+'���>,32C�"+' ����')��@$'�Q4�7�F!�%�6 -)������"�
)���,'4��A����,��%�6 θ(0), θ(2), . . . , θ(m), . . . ,'�T�:�.���")

�#��
 � �?��� 
�
 � 
 P��"�h�A�"$'�-�8�%)� E�%�'�'��� =
78F����T�M2C���-�A4��8�%��7��\,'���T,�)WVA4������� ��?�!�%�8�%(.0� -����� θ = (θi)i=1,...,|θ|

�!�%�T(.4� -F���,'�O,'�A �"�6 ��X= S1�%�-���

θ �
�������

i =

∫

θ

θiπ(θ | xn
1 )dθ ` J�< gi�Qb

≈
1

M

M∑

m=1

θ
(k)
i , ` J�< g�] b

�� h�'��$�� ?�4���4��8�%����(.���6 m�=2 )�(&�A�"�- ��j5�$��������P)��� �4 ?��8�%��� ,'�Q�:� ; �"�-(.� ∫
θ
f(θ)π(θ |

xn
1 )dθ < Dl�X�=2C���- &���d��4��%��)� �4_�!�"�?�����8�-)�+'���_,32C�"+' ����')��.�	�\7��"7���(.���6 .$'�d ����B4�7�F!�%�:=
 -)������"� )���,'4��A����,��%�6 �<�S*���A����,��%�6 SP*�����O(.4� -F���,'���_,'� A �"�� ��X= S1�%�-���d�!�%�O78F!�YH������
,'� A �%�CB���I5` A S A S bT�A���-(.�� - ����6 O,'� ?�4���4������\$'� 4�7�F!�%�� -)������"� ,'�_��4��%��)��R�% -)��"���
���"� )���,'4�������,��%�� ����>,'�\�:�g���")X,32 )��6 �4�� �� &7��"(&(.�O,'���9��4��%��)��R�% -)��"���?,'�\�:�D���")1�- 8�>=
 -)��"�'�!�%)����@,32 $'���E7�F!�YH����@,'� A �%�CB���IA< 8 2n�%�'�'����L�)�(\�% -)��"�KJ�< g�]T����$' ��%���"���1 ��"$ 9-�"$'���
�� -���D$' -)���)��84���< �G� ,�)��- -)��U?�$��f7��:�"���-)�5�$���(.���6 ;,'��$�L�?��8�%��,'�\ `W/�����.,32n�%�@?��"�-)� -F'(.���A S A S p��M2n�%�@?��"�-)� -F'(.�J,'� A �� -���"�A�"��)��I= FE�"�- -)��U?��B�� 1�M2n�%�@?��"�-)� -F'(.�J,'���K)�+'+��[` I��")��
�!�%���UL'��(&�'����� FE�"�R� �:P����@]	� P��1)���X	� P/� V�� i X��UPTV��"+ X����=�A�"$'�B$'���E�'��4������� 8�% -)��"�
,'4� 8�%)�����4��T,'�@7����B(.4� -F���,'���XbU<
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�@�%���f���j7��"�h,'���h(.��,'0�������O ,'�"�'��4����^)���7��"(&�'��0� ����SPG�M2 )�,'4�� ���������6 -)�������� ���- 
,32C4�7�F!�%�6 -)������"�'�����1���"�\�8��$'����(.���6 #�����#�!�%�8�%(.0� -����� θ (\�%)��X�%$����-)������	,'�"�'��4����X(\�%�:=
56$!�%�� ����H` )�7�)G����� sn

1
bU<��G� 7�F�����7�F��P�%���"��� OP7��"���- -�-$')����h$'���f78F!�YH����h,'� A �%�CB��iI

,'�"�6 ?�:�D���")X�� 8�% -)��"�'�!�%)����;���- ?,'�\,'�����-)� �4 π(θ, sn
1 | xn

1 ) ,'�"�6 π(θ | xn
1 ) ���� 9$'���

(\�%�C?�)��!�%����< � �"$'��7����:�:P/�"�;$' -)���)����K$'�D�%�@?��"�-)� -F'(.�K)� �4��8�% -)<; <�SXF!�"5�$��G)� �4��8�% -)��"�_(.�� 
O 9-�"$'�B�-$�7�7������-)�I���(.���� B�����B7��"(&�����R�%�6 ���� θ �� sn

1
P/���_�����1 -)��8�%�� 
` M OT�:� �K)�+'+�� NUb

�������"�D����$'�����")[7��"��,�)� -)��"�'����������<8 2 )� �4��8�% -)��"� m ,'�E�M2n�%�@?��"�-)� -F'(.�?���@,'4�7��-)� G�%���"���
� � � � \ ��� (&)����[OR9-�"$'��,'� θ ���D -)��8�%�� θ(m) ∼ θ | s

n (m−1)
1 , xn

1
P

� � � � \�� � (&)����[OR9-�"$'��,'� sn
1
���g -)��8�%�� s

n (m)
1 ∼ sn

1 | θ(m), xn
1
<8 �T���")=,'� θ | sn

1 , xn
1
���E,'4�7��"(&�A�����@���D���")��B,'� �K)��-)�7�F'���� �)���,'4��A����,��%�6 ��������"$'�1�����

,�)WVA4������� �� 9-��$�LQ,'�\�!�%�8�%(.0� -����� a(u, •) �� bu(•;w) ` 7X; <N���- -)�(\�% -)��"�d+!��W�4��-)����'���
�-$'�J�����?,'�"�'��4����T7��"(&�'��0� ���� bU<�S*���J�!�%�8�%(.0� -�����>���"�� T,'�"��7;(&)�� OG9 �"$'�J)���,'4��A���:=
,��%(&(.���6 #���"���X,'�B�M2C4� 8�%�A��g����.�����# -)��8�%�6 *�������"�.�����	���")��X,'� �K)��-)�7�F'���� *,'�"�'��4����#�!�%�
�����G4�5�$!�% -)��"���[J�< gST\�� J�< g ��< 8 �\�'����7�4�,�$'���>,'�T -)��8� ?��T,�$P7�F���(&)��P7��"78F�4?�8�����"�h�:�
���") sn

1 | θ(m), xn
1
O?�M2C4� 8�%�A�
J>���- SP'5�$!�%�6 O>�������QP!,'4�7��-)� ��J,��%�����:�>����7� -)��"�HJ�<LJ�<8 2C4�7�F!�%�� -)������"� (θ(0), s(0)), (θ(1), s(1)), . . . , (θ(m), s(m)), . . . ?�4���4���4K�!�%�X�M2n�%�@?�� =

�-)� -F'(.� A S A S Po���- �$'���T�-$')� ��9,'�9��4��%��)��8�% -)��"���K���"�f)���,'4��A����,��%�6 ����@,'�J�:�.���")N,'�
,'�����-)� �4 π(θ, sn

1 | xn
1 ) <�E��.�
VA�� SP"�:�K78F!�YH�����,'� A �%�CB��iI?7��"���� -�-$')� ����",�(.�� π(θ, sn

1 |
xn

1 ) 7��"(&(.�@���")3)���I"�%�-):�%�� ��J�'$')���5�$��J78F!�"56$��J4� 8�%�A�E�'��4������-I��@�!�%�G7��"���- -�-$�7� -)��"�g�:�
���")[,32 )��6 �4�� �� π(θ, xn

1 | sn
1 ) < �G�fI�4��-)<]!�T�!�%�G�UL'��(&�'���95�$��J�-) (θ, sn

1 ) ���- G,�)��- -�-)�+'$�4
�������"�P�:�_,'�����-)� �4 π(θ, sn

1 | xn
1 ) P=�%���"���@���&7��"$'�'��� θ, s̃n

1
7��"�6 ����!�%�� T���>���"$'I����%$ s̃n

1?�4���4���4
O>�M2C4� 8�%�A� � �������"�f�:�&,'�����-)� �4 π(s̃n
1 | θ, xn

1 ) �8���8�?��$')N�%$����-)[,�)��� -�-)�+'$�4J�������"�
�:�>,'�����-)� �4 π(θ, s̃n

1 | xn
1 ) p

∫

sn
1

π(s̃n
1 | θ, xn

1 )π(θ, sn
1 | xn

1 )dsn
1 = π(s̃n

1 | xn
1 , θ)π(θ | xn

1 )

= π(s̃n
1 , θ | xn

1 ) .

�K���'��$��SP�7��� - ������")!)��6I��%�-):�%�6 ��K���- 	$'�')�5�$����� 	�:�97�F!�YH�����,'� A �%�CB��iI.7��"�6I����C?��G���"$'�
` �'������56$����cb	 ��"$' 1���")��� �,'�G,'4��!�%�- BI������B7��G��4 ?�)�(.�@�- 8�% -)��"�'�!�%)�����< 8 �?7��"��,�)� -)��"�g,'�
7��"�6I����C?�����7��O���- 95�$��>�:�g7�F!�YH����;,'� A �%�CB���IP7��"���- -�-$')� ��.�A���-(.�� - ��\,'�.�!�"�������9,'�
�=2 )�(&���"�- ��@5�$����3���")��� �,'�K�M2C���-�!�"7��
O?�=2 )�(&�A�"�- ��@56$����[�%$' -���E�A�")��6 G���D$'�D���"(9+'���
]��')N,32 )� �4��8�% -)��"���\` )�7�)Z$'���9����$'���?7��%� π(θ | sn

1 , xn
1 ) > 0 �� π(sn

1 | θ, xn
1 ) > 0 bU< 8 �

(.4� -F���,'�T,32C4�7�F!�%�6 -)������"�'�!� ?��&���� ����_;M�%)� � -��0�� ?�4���4��8�%���?�� � -��0����8�"$'�'����<�E������9����$' 
���D,'4�7���)������;��� ,'�_���"(T+'����$�L �%�@?��"�-)� -F'(.��� A S A S ���"$'�\$'� (	��(.�g�'���"+'��0�(.�
���"$'�-I/$.56$���7�F!�"5�$��B)� �4��8�% -)��"�;7��"�������-I����:�E���")��- 8�% -)��"�'�!�%)������� X56$=2 $'�.���"(T+'��� ]��')
,32 )� �4��8�% -)��"���>�����-(.�� - ��O,32n�% - ���)���,����_�=2 )�(&���"�- ��_5�$����X�A�")��6 >,'�;�M2C���-�!�"7��_OD�!�%�- -)��
,'�E�=2 )�(&���"�- ��T56$����[�%$' -����<
D`�V��2n� ?�)� @7����A����,��%�6 J,'�?�'���"�'�-)�4� �4��@ -F�4��"�-)�5�$�����</E��������@�=2C�UL'7���$����6 @�!�"�E56$��?�:�

7��"�6I����C?�����7��h���D�'$')������ �� -���f�"+' ����6$��^56$=2n�%�'��0��\$'�  ���(&���. -��0��\���"�U?k�� .(	��(.�
MQ)��:]��')
N ,32 $'�e�A�")��6 g,'�^I�$��^�'�8�% -)�5�$���< �G�" 8�%(&(.���� SPB)��E�=2C���- _�!�"�_�8�%���m56$��
� � #�� + ���
	 0-$���$ ����# 6 1 � . # +;= #(�96(# ! 0 	 � �9��� 1 � $ � $ � � ��
 1 � $*+ ���
	 � 
 �
����� � '<0 � � �
�
	 + #(� $ 0@�

6 1 � . # +;= #(�96(# ! 1 	 + $;1 	 $ ! 1	' � $ ��#F� �(! ��+*$ # $ �8. '-$ #��
�*# = � 1 
 � $*+;'23 	9#��



��� �������
	��
��������� � ������� ������������� ����� � ���"!$#%��� & �$�"�
��	������ !����(���*)�� &��,+ �$	��-		� � �
�

�M2n�%�@?��"�-)� -F'(.�^����(9+'���^��I��")��O7��"�6I����C?�4h(\�%)��.�=2C4�7�F!�%�� -)������"�'���m56$=2 $'� (.�/,'�g���/7��%�
,'�D�:�P���") �0�*
 � �?��� 
�
 � 
 < 8 �P7��"��I����C?�����7��f�8�%�')�,'�gI������.�:�m+A�"�'���_���")�,'4��A����, ,�$
78F��")qLD,�$D�A�")��6 G,'�@,'4��!�%�- �(\�%)����%$����-)3,'�E�M2n�%(&�'����$'�K,'���B�8�%$' ���5�$��E�M2n�%�@?��"�-)� -F'(.�A S A Sd�����-(.�� *,'�B��4��%��)������#���"���X,'���	(&)������ O 9 �"$'���i<�SK2C���- #�A�"$'��5�$��")!�"�;�E�'��4X; 4���4
)�7�)V�M2n�%�@?��"�-)� -F'(.�.,'4� 8�%)�����4&7�)<=`,'������$�� O;$'�Q�%�@?��"�-)� -F'(.�&5�$�����56$��?�A��$m,�)WV34������6 J5�$')
7��"���-)��� �� O9(.�� - -��� O/9-�"$'� st

�A���-)� -)��"�O�!�%�X�A���-)� -)��"� ` I��")��X�!�%�1�UL���(&�'��� �WV�S��9XQT � b
�������"� �:�P���")�7��"��,�)� -)��"�'��������� st | st

1, s
n
t+1, θ, xn

1
<XS*���.(&)������WOW9-�"$'�\���"�6 \(.�")����

7����' ���$������E5�$��J�:�;�-)�(9$'�:�% -)��"�P,'� sn
1
�������"� sn

1 | θ, xn
1
(\�%)��E���"�� E�%$��8�-)[+A���%$�7��"$'�

�'��$��G7��"�������-I"�% -�-)�7����i< � �"$'�K7����- 8�%)������E�%��7�F')� ���7� -$'�����E,'�@(.�/,'0������SP!7��� K�%�@?��"�-)� -F'(.�A S A S ���D�����-(.�� \ ��"$' ;�-)�(&�'����(.���� \�!�"�\,32n�% - ���)���,����f ��"$' \�M2C���-�!�"7��KOm�!�%�- -)��
,32 $'�f�8��$'�3���")��� �,'�J,'4��!�%�- �<8 ���J)� �4��8�% -)��"��� 1, . . . ,m0

���.���"�� [?�4���4��8�%����(.���6 ?�!�"�@�'�-)������J���j7��"(&�' ��.7��%�
���������E���"�� K���"$'I����� G -��0��K,'4��A����,��%�6 ����@,�$^���")��� K,'�?,'4��!�%�- K�� G���T7��"�-���������"��,'���� 
,'�"��7G�!�"�*�%$_7��"(&�A�"�- ���(.���6 B�- 8�% -)��"�'�!�%)����E,'���:�T7�F!�YH����K,'� A �%�CB���IA< 8 �G78F��")qL;,'�
m0

�� M ,'��I��8�%)� K�����A�������G�-$'�G$'�^7��"�� -�GF"���T,'�T�:�.7��"��I����C?�����7���<������9)����-�A��7� -)��"�
I/)��-$��������.,'�>�M2C4�I��"��$' -)��"� ,'���J56$!�%�� -)� �4��94�78F!�%�6 -)������"�'��4����.�%$Q7��"$'���9,'���J)� �4��8�% -)��"���
�A���-(.�� ����"$'I����6 �$'�>�'����(&)������')�I����%$.,'�17��"�6 -���"����< �E�������"��$' -)��"���V ���78F'�')�56$������A�"$'�
7��"�� -���"�����#�:�K7��"�6I����C?�����7��G�UL/)��- ����� #�%$����-)�(\�%)��	���������V���B�������"�� ��!�"�#�%+A�"��,'4����	,��%���
7��� - ��@ -F�0��8�a` I��")����!�%���UL'��(&�'�����WV��"+ XQZUP�� V�� i X��:P � ����X�]:P VG�"+ X�]:P A SBS�X�] � bU<

�b�!�%�- -)��1,'�K�M2C4�78F!�%�6 -)������"� ?�4���4���4K�M2C���- -)�(\�% ���$'�B+!��W�4��-)����_����$' �� -���E�%�'�'����78F�4
�!�%�

a �
�������

(u, v) ≈
1

M

m0+M∑

m=m0+1

a(m)(u, v)

b �
�������

u (x;w) ≈
1

M

m0+M∑

m=m0+1

b(m)
u (x;w).

�G� ����$' &�%$����-)*7��%��7�$'�����SPZ�!�%�?�UL'��(&�'���QP[�:�f�'���"+!�%+')���)� �4D5�$��.�M2C4� 8�% >7��"7�F�4 u ���")� 
�"���8��7�)�4aOD$'���.�A���-)� -)��"� t ,'�.�:�D��4�5�$�����7��\���k�'�����!�%�6 >���k7��"(&�' ��\�M2 )���7����- -)� -$�,'�
�-$'�B�M2C���� -)�(\�% -)��"�h,'���B�!�%�8�%(.0� -�����?p

P (St = u | xn
1 ) =

∫

θ,sn
1

I{st = u}π(θ, sn
1 | xn

1 ) dθ dsn
1

≈
1

M

m0+M∑

m=m0+1

I{s
(m)
t = u} ,

�"$ ?��	�"7�� OQ$'���P�%�'�'����L�)�(\�% -)��"�e�'��$��O�'��4�7�)����m,�)� �� M VG�"� = � �:�"7 B �*������)��8�% -)��"�(N
� � i X�� P 8 � 
*X	� �#p

P (St = u | xn
1 ) ≈

1

M

m0+M∑

i=m0+1

P (St = u | θ(m), xn
1 ) .

� �"$'�B���a]��')��*(.�"(.���6 8�%��4�(.���� G��I���7K����� A S A S P����" ��"���*5�$����A�"$'�17����- 8�%)����
�'���"+'��0�(.���Z)������- [)�(&�A�����-)�+'���X,'�#�-)�(T$'�����N$'���*,'���N7��"(&�A���8�%�� ����Z,�)�����7� ���(.���� 	�������"�



��� ��� � � �
	=��� + ! ����� + ����� � � �

�8�&���")Z7��"��,�)� -)��"�'����������(.���6 O\ ��"$' ����������@�%$' -�����K7��"(&�����R�%�6 �����< �E����(&)��8��� O 9 �"$'�
,�)� ���� M O9�:� A �� -���"���"��)��C= FK�"�- -)��U?�� N P ; �"��,'4����1�-$'�*$'���G�'���/7�4�,�$'���E,32n�"7�7����' 8�% -)��"�:=
��� 9 �� SPN����$'I����� 	�� -���\$' -)���)��84���� ` I��")��?�!� ?��g���QbU<��>2 $'�j�A�")��6 &,'�OI/$��a?�4���4��8�%� PZ�����
(.4� -F���,'��� A S A SV9-�"$����6 N�%$ 9-�"$'��,32 F6$')/$'�[?��8�%��,J���"���#,��%���=�M2C�������"�N,'���[�%�'�'����78F����
+!��W�4��-)����'������< 8 �@,'4�I������"�'����(.���� G,'�E7����B(.4� -F��/,'�������"$'I����� � -��0��B7��%��7�$'�:�% ��")������G�
4� �4 ; ��I��"�-)���4@�!�%���:�>,�)��-�A�"�')�+')���)� �49,32C�"��,�)��!�% ���$'���K,'�E�'��$������D�'��$����'$')����8�%�� ���<
�h\�� �T]�� b \ a a�b ] �	� \ a � �
� � � � ^ � �c\ a�� �T] ���
����]�\ a*a"bc] � \`a �P^ � ��� \`a � �c_�^����
� ��� ��\ a 
 8 2C���- -)�(\�% -)��"�?+!��W�4���)����'���X�!�%�N(.4� -F���,'��� A S A Sm��4����"$' N�!�%�- -)���������(.���� 
���B�'���"+'��0�(.��,'��7��"��I����C?�����7���I������X,'���	(\�YL�)�(\�E���/7��%$�L&,'���M2n�%�@?��"�-)� -F'(.��� A <�S*�X=
������,��%�� 	)��'���B��2n� ?�)� ��!�"�	,32 $'�;��I"�%�� 8� ?�����4���������(.���� #��)�4 OK�M2n�%�'�'���/7�F��B+!��W�4��-)����'����<
���P�
VA�� SPo�����K(.4� -F���,'��� A S A Sa�A��$'I����6 J�%$����-)V��2n�%�'�'��)�5�$����J�%$m7��",����>,'�?�M2C���- -)<=
(\�% -)��"� �!�%�O(\�YL�)�(9$'( ,'�fI/�8�%)�����(T+'�:�%��7�� ` I��")��O�!�%�_�UL'��(&�'��� � A $'��X���� bU< �����
�%$' -���f���"��$' -)��"� ���- ;,32 )��� -����,�$')����^,�$�MP+'�-$')� N ,��%���;�����.�'����(&)�0������_4� 8�%�A���\,'�
�M2n�%�@?��"�-)� -F'(.��� A ` I��")����!�%���UL'��(&�'������
 � A + X	� � bU<

S*�"(&(.�D�A�"$'�?�M2C���� -)�(\�% -)��"� �-$'�>�����.,'�"�'��4����.7��"(&�'��0� ����cP��M2 )��6 �4�� �� .�'�8�% -)�5�$��
,'�\�M2n�%�'�'���/7�F��O+!��W�4���)����'���_��4��-)�,'�\�'��$' ��" &,��%���?��� MD+A�"��Nk7��"(&�A�"�- ���(.���6 .,'���
���- -)�(\�% ���$'���E�"+' ����6$��K���"����5�$��9���9���"(9+'���>,32C�"+������-I��% -)��"���K,�)������"�')�+'�����K�A�"$'���M2C���I=
 -)�(\�% -)��"�m���� G�����:�% -)�I���(.���� ; �%)�+'����< �>2 $'�^�A�")��6 E,'�TI�$��T�'��$�� ?�4���4��8�%� Po�M2C4� -$�,'�>,'�
�:�g���")������ � ����� 
 � � 
 �����-(.�� >,'�O56$!�%�� -)<]!���.�� ?,'�; ����')��?7��"(&�' ��_,'�;�M2 )���7����- -)� -$�,'�
�UL/)��- 8�%�� ��X��$'�N�M2C���- -)�(\�% -)��"�&,'���Z�!�%�8�%(.0� -������< 8 2 )��� �4�� �� 	���?���- Z+')����>� �'�N�'��$�� ?��8�%��,
���"����56$��1��� 9-��$.,'�B,'�"�'��4����#���� ����� -)� ��'$')���5�$��1�M2 )���7����- -)� -$�,'������ #�%���"�����'��$��"?��8�%��,'��<
S*��������,��%�� SP����G�A���- I=M -�8�%)� ���(.���6 �,'���*)��:; �"�-(\�% -)��"���/?�4���4���4����X�!�%�*�����B�%�@?��"�-)� -F'(.���A S A Sd�A��$' *�i2n��I�4������1���"$'��,3< i )o�M2C�"+:9-��7� -)<;N���- X$'�')�56$���(.���� �,32 )��6 -���/,�$')����@,'���M2 )��:=
; �"�-(\�% -)��"����� � 
 � � 
 ,��%���Z�M2C���- -)�(\�% -)��"�&�A�"$'���%(.4���)��"�����	���"�?7��"(&�A�"�- ���(.���6 	��$'�N$'�
9 ��$>,'�1,'�"�'��4����	,'�* 8�%)������1��4�,�$')� ��QP"��� A � � �A��$' �� -���B�"+' ����6$\��I���71$'���X�'���/7�4�,�$'���
�%�!�%��� ?�$��
O>�M2n�%�@?��"�-)� -F'(.��� A ` I��")����!�%�G�UL���(&�'����� � 8 X	� � bU<

.%/� !#"(<=2(@
	��=6$E 8?2547698%$(<=2

8 ���1�%�@?��"�-)� -F'(.���*,'�K7�F��")qL\,�$O���"(9+'���K,32C4� 8�% ��SP/,'���# -�8�%����)� -)��"���1�%$' ��"�-)��84����X�� 
,'���J���")��?,32C4�(&)����-)��"�j,'���?�"+������-I��% -)��"���T,32 $'� F AHA ������0�I����6 >,�$j,'�"(\�%)����O,'�.�:�
��4�����7� -)��"�^,'�9(.��,'0�����< 8 ���G�'���"+'��0�(.���E,'�T78F��")qLh,'�J(.�/,'0������G�8�"�6 E7��:�"���-)�5�$���(.���6 
,�)��- -)��U?�$�4��	,'��7���$�L>�����84��V�!�%�	�M2C���- -)�(\�% -)��"�\,'�����!�%�8�%(.0� -�����*,��%��������5�$������M2C���-�!�"7��
,'���B�!�%�8�%(.0� -���������- ]'L�4��\` ���g�!�%�- -)�7�$'��)����G���E���"(9+'���T,'�@�!�%�8�%(.0� -����� bU<

S*�� - �������7� -)��"�O,'4�+'$' ����!�%�X$'�����'��4������� 8�% -)��"�;)��:; �"�-(.�������G,'��56$�����5�$����*�"������7� ��
,'�.�:�g�84�����7� -)��"�d,'�\(.��,'0����O,'�"�6 ?�M2C�"+:9-��7� -)<;G���- 9�'�-)���7�)��!�%����(.���� .,'�.�A���-)� -)��"�'�����
�M2n�%�'�'����78F��_+!��W�4��-)����'���_�'��4������� �4��g,��%���>�:�h����7� -)��"� J�<LZ�<LJ�< 8 �m����7� -)��"� J�<LZ�<LT^�UL =
�'��)�56$��������'�-)���7�)��A�G,'���X(.4� -F���,'���'& �)(���� � 
 � �
� ���+* � A S A S 56$')��������"�6 *$' -)���)���4����
,��%���*7��� - ��G -F�0����G���"$'�*�:�9(&)����G�����E$'I/���G,'�K7��� - ��K�%�'�'���/7�F��E+!��W�4��-)����'����<,���:]��^P
�:�h�8��7� -)��"� J�<LZ�< �P�'��4������6 ��D�M2 $' -)���)��R�% -)��"� ,'���-& �)(���� � 
 � �
� ���+* � A S A S ���"$'�>���
7�F��")qL;,�$O���"(9+'���@,32C4� 8�% ��17��"7�F�4��B�� *�M2C�"��,����G(\�%�CB���I/)����g,32C4�(&)����-)��"�_,'���*�"+��8���-I"�>=
 -)��"����,��%����$'� F AKA <



� � �������
	��
��������� � ������� ������������� ����� � ���"!$#%��� & �$�"�
��	������ !����(���*)�� &��,+ �$	��-		� � �
�

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

*N\ �P] � �c_�� � \ �P\ � �T]�_��
� ^ � � \
8,+.-�/1032547698;:
-7<=6>+@?;:56A<B258C/ADFE3-7<=GHD#-7I56A<=J;:B?C/A-7<K<B?;?;<5EL8C/A<5696A<5GH<5E�8M-N+!EN?)6A<K2;ONDF/1P

-RQ 47ES25JC/98;I5J;<H-RQT:5UV+!694�+!8C/ADFEW-7<B?X-�/ V :5J;<5E�8;?YGHDL-7I56A<B?[Z%\M<]2;ONDF/1P^-7DF/98X_7/A<5ES? � J.-7: =
` <5EN-�J;<H-7<]6"Qa+ `7` 69/A2b+!8C/ADFE�<5E�U#/A?c+ ? :B< ` DF47JX6A<dGHD#-7I56A<H2;ONDF/A?C/"Z � ESJ;<5G3+!J;eL4N< O 2B<
` J;D ` DV?feL4N<g6ADFJ;?h-7<g6>+S2BDFEN?;8CJC4N258C/ADFE M O 6>+^G3+!/9E N -RQ 47E F AHA P 47EN< ` +!JC8C/A<
-�4i2cONDF/1Pi-�4iGHD#-7I56A<X<B?C8j-�/A258;:B< ` +!J
6"Q 478C/969/A?c+!8C/ADFEke�4N<X6"QTDFEi2BDFG ` 8;<Y<5E ; +!/9J;<VZ D 25/ P
6A< ` J;DF_76AI5GH<h-�4�2;ONDF/1Pl-RQ 47E�GHD#-7I56A<3UV+ � 8CJ;<h+!_�DFJ;-7:h?;DF4N?m47E�+!E ? 6A<f8;<B2;O7E7/AeL4N<
eL47/K2BDFEN?C/A?C8;< O 2;ON<5J;2;ON<5J Pn` DF47Jd47E 9 <54'-RQTDF_N?;<5JCUV+!8C/ADFEN? D P 6A< M _�DFE�GHD#-7I56A< N
i ∈ M

D 
 M
<B?C8Y47E�<5EN?;<5GY_76A< ] E7/=-7<HGHD#-7I56A<B? ` 8;DF4N?d2B<5EN?;:B? � 8CJ;< ` DF8;<5E�8C/A<56 =

6A<5GH<5EL8Y+F-N+ ` 8;:B? O 6"Q 478C/969/A?c+!8C/ADFES<5ELUL/A?c+ ? :B< b -7DFEL8@6A<B? ` +!Jc+!GHI58CJ;<B?.?;DFEL8 O UV+!6A<547J;?
-N+!EN?

Θi
Z � EN< ; DF/A?.6A< ` J;DF_76AI5GH< ` DV?;:]<5ES2B<B?.8;<5JCGH<B? P 6>+oe�4N<B?C8C/ADFEl-�4W2;ONDF/1PS-�4

25JC/98;I5J;<jJ;<B?C8;< ` J;<B?;eL4N<
<5E�8C/AI5J;<VZ 8%+ ` JC/9EN25/ ` +!6A<p?;DF47J;2B<
-7<p-�/1032547698;:B?nJ;:B?C/A-7<p-N+!EN?n6>+
UqDF6ADFEL8;:H-7<d2BDFG ` +!J;<5JX-7<B?rGHDL-7I56A<B?.eL47/ ` <5JCGH<58C8;<5E�8m-7<s-7:B25JC/9J;<d47EN< M J;:b+!69/98;: N
` 694N?)DF4]GHDF/9EN?)2BDFG ` 6A<tP7<
+!4]8CJc+BUq<5J;?n-7< ` +!Jc+!GHI58CJ;<B?n-7DFEL8n6A<MENDFGY_7J;<
-�/ V I5J;<=-RQ 47E
GHD#-7I56A< O 6"Qa+!478CJ;<VZ8%< ` JC/9EN25/ ` <feL47/ ? 47/A-7<H8;DF478;<h?;:56A<B258C/ADFE�-7<HGHD#-7I56A<HJc+!/A?;DFE7E�+!_76A<h<B?C8YeL4�Q 47EN<
_uDFE7EN<g-7<B?;25JC/ ` 8C/ADFE ` M _uDFE'GHDL-7I56A< NUb -7<o6>+vJ;:b+!69/98;:g<B?;8]47EN<g-7<B?;25JC/ ` 8C/ADFE O 6>+
; DF/A? ] -7I56A<f<58m?C/9G ` 6A<VZ)\M< Mg` JC/9EN25/ ` <h-7< ` +!J;25/9GHDFE7/A< Nk` JC/9U#/96A: ? /A<o+!4�PW-7<B?;25JC/ `:=
8C/ADFEN?)?C/9G ` 6A<B?�?C47Jw6A<B?�-7<B?;25JC/ ` 8C/ADFEN?)2BDFG ` 6A<tP7<B?bZ i +!EN?n+BUqDF/9J�_�<B?cDF/9Es-RQ /9ELUqDLeL4N<5Jn-7<B?
2BDFEN?C/A-7:5Jc+!8C/ADFEN?3<B?C8CON:58C/Ae�4N<B?]DF4�: ` /A?C8;:5GHDF6AD ? /AeL4N<B? P /96=<B?C8]-RQ 47EN< ? Jc+!EN-7<h/9G ` DFJ =
8c+!EN2B< ` Jc+!8C/AeL4N<X2b+!JK6>+d2BDFG ` 6A<tP�/98;:./9E�478C/96A<Y-RQ 47ExGHDL-7I56A<rEL47/98 O 6>+ ` <5JC8C/9EN<5EN2B<Y-7<
?;DFEh478C/969/A?c+!8C/ADFE�Z � Eo< V <58 P 47EhGHDL-7I56A<@8CJ;D ` 2BDFG ` 6A<tP�< ` <5478 � 8CJ;<r+ 9 4N?;8;:j8CJ;D `h` J;: =
25/A?;:5GH<5EL8@+!4�Px-7DFE7EN:B<B?@DF_N?;<5JCUq:B<B? P 6A<XGHDL-7I56A<Y+!/9EN?;/,+ 9 4N?;8;:X-7:B25JC/98@+!6ADFJ;?p-RQa+!478CJ;<B?
DF_N?;<5JCUV+!8C/ADFEN?
GHDF/9EN?j_7/A<5EieL4�Q 47E M _�DFEgGHD#-7I56A< N Z � Ex6>+!E ? + ? < ` 694N?
?C8c+!8C/A?C8C/AeL4N< P
6>+3UF+!JC/>+!EN2B<s-7<B?r<B?C8C/9G3+!8;<547J;?r-7<B? ` +!Jc+!GHI58CJ;<B?.<B?;8 ` 694N?r:56A<5Uq:B<meL4N<s2B<5696A<m-7<B? ` + =
Jc+!GHI58CJ;<B?y-RQ 47EzGHDL-7I56A< ` 694N?x?C/9G ` 6A<|{K6"QT<B?;8C/9G3+!8C/ADFE}-7<B? ` +!Jc+!GHI58CJ;<B?v<B?C8g8CJ;D `
-7: ` <5EN-N+!E�8;<m-RQ 47E 9 <54x-RQTDF_N?c<5JCUF+!8C/ADFEN? ` +!JC8C/A254769/A<5JbZ

~ b \ ��� b \ a � � �P]'^�_'ec\`a � ^ b ] � �[a � � \`_ � � ^�� �P\ � ^ � � � \
* � � ��� � � � � � ^ � _�]�^�� a �`\ \�� � \ _�]�� � �`]'\|�3��
�
 8�<h25JC/98;I5J;<f-7<f?;:56A<B258C/ADFE ` <5478
?;< ; DFEN-7<5JY-�/9J;<B258;<5GH<5EL8s?;47J.6>+ ` <5J ; DFJCG3+!EN2B<3-�4WGHDL-7I56A<3+!4WJ;< ? +!J;-W-7<]6>+o8 � 2cON<
` DF47J=6>+Fe�4N<5696A<rDFEo?;DF47O�+!/98;<@6"Q 478C/969/A?;<5JbZU8%+m?;:56A<B258C/ADFEg-7<pGHD#-7I56A<r<B?C8K+!6ADFJ;? M ?C4 ` <5J =
U#/A?;:B< N {R?;DFESDF_ 9 <B258C/ ; <B?C8X-7: ] E7/�2BDFG]GH<]6>+gJ;< ` J;DL-�4N258C/ADFE�-7<dJ;:B?C47698c+!8;?Y2BDFE7EL4N?
?C47J347E 9 <54�-7<i-7DFE7EN:B<B?3-RQa+ `7` J;<5E�8C/A?c?c+ ? <VZ D 6
<B?C8H-N+!EN?f2B<x2b+F?3+F?;?;< � ?C/9G ` 6A<x-7<
2BDFEN?C8CJC47/9J;<H47ES25JC/98;I5J;<]-RQT:5UF+!694�+!8C/ADFE P G3+!/A?r/96n<B?C8Y+!4N?;?C/)25JC4N25/>+!6n-RQ 478C/969/A?;<5JX47E 9 <54
-7<r-7DFE7EN:B<B?
-RQT:5UV+!694�+!8C/ADFEx-�/A?C8C/9EN258
-7<r2B<56947/R-�4 9 <54g-7<r-7DFE7EN:B<B?
-RQa+ `7` J;<5E�8C/A?;?�+ ? <VZ
� E3GHD#-7I56A<
8CJ;D ` 2BDFG ` 6A<tP�<r+!47Jc+ P <5Eh< V <58 P 8;<5EN-N+!EN2B< O � 8CJ;<j?;47J = + 9 4N?C8;:@+!4�P3-7DFE =
EN:B<B?H-RQa+ `7` J;<5EL8C/A?;?c+ ? < ` M�O 6A<B?f+ `7` J;<5EN-�J;< ` +!JH2 � 47J NUb Z�\M<58C8;< ` J;D#2B:B-�47J;<x<B?C8
?;DF47Uq<5EL8Ke�4�+!69/ ] :B<r-7<pUF+!69/A-N+!8C/ADFEx25J;DF/A?;:B< `�� � � � � ( � � 
�� � � 
 �b� b Z � Eh-7<@?c<B?�/9EN2BDFELUq: =
E7/A<5EL8;?p<B?C8
-7<Y-�/9G]/9E�4N<5J@6>+de�4�+!EL8C/98;:Y-7<X-7DFE7EN:B<B?@< V <B258C/9Uq<5GH<5EL8p-�/A? ` DFE7/9_76A< ` DF47J
6"QT<B?C8C/9G3+!8C/ADFEd-7<B? ` +!Jc+!GHI58CJ;<B? ` 47/A?ce�4N<�-7<B?,-7DFE7EN:B<B?w-7DF/9Uq<5E�8 � 8CJ;<�2BDFEN?c<5JCUq:B<B? ` DF47J



��� ��� � � �
	=��� + ! ����� + ����� � ���

6"QT:5UF+!694�+!8C/ADFE�Z � EN< ` J;DL2B:B-�47J;<j256>+F?;?C/AeL4N< P G3+!/A?�2BD � 8;<54N?;<K<5EH2b+!6A25476 PV` DF47J�2BDFEL8;DF47J =
EN<5J�2B<58�/9EN2BDFELUq:5E7/A<5E�8
2BDFEN?C/A?C8;< O J;:b+!69/A?;<5JM-7<
ENDFGY_7J;<54N?c<B?�UV+!69/A-N+!8C/ADFEN?�25J;DF/A?c:B<B?�<5E
EN<i2BDFEN?;<5JCUV+!E�8 O 2cO�+Fe�4N< ; DF/A?heL4�Q 47E ` <58C/98 9 <54(-7<y-7DFE7EN:B<B? ` DF47J36"QT:5UV+!694�+!8C/ADFE
` :5Uq<5E�8C4N<5696A<5GH<5E�8r47EN<.?;<5476A< b Z

� +!EN?i2B<58C8;<S8CONIB?c<S6A< ` J;DF_76AI5GH<�-�4&2cONDF/1P&+!478;DFG3+!8C/Ae�4N<�-RQ 47E}GHD#-7I56A<S<B?C8
+!_�DFJ;-7:m?;DF4N?j6"Qa+!E ? 6A<s-RQ 47EN<Y?c:56A<B258C/ADFEyENDFEk?C4 ` <5JCUL/A?;:B<VZ 8�<Y_uDFEiGHD#-7I56A<Y<B?;8@+!6ADFJ;?
-7: ] E7/n2BDFG]GH<]2B<56947/ne�47/)?bQa+ `7` J;D#2;ON<]6A< ` 694N?X-7<s6>+hJ;:b+!69/98;: P -N+!EN?.6>+f69/9G]/98;<H-7<s6>+
e�4�+!EL8C/98;:3-7<H-7DFE7EN:B<B?m-�/A? ` DFE7/9_76A<B? ` DF47Jm?;DFEW<B?C8C/9G3+!8C/ADFE�Z 8%+oUV+!69/A-N+!8C/ADFEl25J;DF/A?;:B<
` <5478�+!4N?;?C/ � 8CJ;<�478C/969/A?;:B<�-N+!EN?w2B<�2b+F-�J;< P /96L?;4�0H8 ` DF47J,2B<56>+p-7<�2;ONDF/A?;/9J,47Es25JC/98;I5J;<�-7<
?;:56A<B258C/ADFEf2BDFG]GH<j6>+.U#Jc+!/A?;<5GY_76>+!EN2B<@e�47/�J;< � I58;<
6>+ ; + U DFEf-7DFEL8�6A<
GHD#-7I56A<j?[Qa+ 9 4N?C8;<
+!4�Pf-7DFE7EN:B<B?K-RQT:5UF+!694�+!8C/ADFE ` UqDF/9J ` +!J=<tP�<5G ` 6A< � U�-U8 ��� �QT � b Z � E ` <5478MENDF8;<5JKe�4N<
6A<
25JC/98;I5J;< � D \ ` ��� � 
��,��� � �	� � * � � 
 �b� � � 
 ����� 
 �b� bXP ?cDF47Uq<5E�8M478C/969/A?;: ` DF47J�2BDFG ` +!J;<5J
-7<B?pGHD#-7I56A<B? P�` <5478 � 8CJ;<s/9EL8;<5J ` J;:58;:]2BDFG]GH<d47EN<d+ `7` J;DbP#/9G3+!8C/ADFEl-7<m6"QT<B? ` :5Jc+!EN2B<
-�4vJ;:B?;47698c+!8r-RQ 47EN<s8;<5696A<dUV+!69/A-N+!8C/ADFE^25J;DF/A?;:B< � � B +
	 � P i 8;D�	�	 P � �%X�
�� Z � E^< V <58 P 6A<
25JC/98;I5J;< �RD \ +F?;?;D#25/A:X+!4gGHD#-7I56A<

i
-7: ] E7/ ` +!J

� D \
i = −2 log max

θ∈Θi

Pθ(D) + 2dim(Θi) ,

<B?C8
DF_78;<5E�4v2BDFG]GH<.47EN<Y+ `7` J;DBP�/9G3+!8C/ADFEy-7<

−2ED1ED2 log Pθ ��� (D1)(D2) ,

D 
 D1
<58

D2
?;DFEL8=-7<B? 9 <54�Pf-7<@-7DFE7EN:B<B? ` J;DbUq<5E�+!E�8p-7<j6>+YJ;:b+!69/98;: P <58 θ �

�
(D1) =

arg maxθ∈Θi
Pθ(D1)

<B?;8j6"QT<B?C8C/9G3+!8;<547JX-�4vG3+ P#/9Gm47G -7<YU#Jc+!/A?;<5GY_76>+!EN2B<]DF_78;<5EL4
` DF47Jy6A<SGHD#-7I56A<W2BDFEN?C/A-7:5J;:�?C47J D1

ZR8�<B?iUV+!JC/>+!_76A<B?
D1

<58
D2

` <547Uq<5EL8v-7DFEN2
� 8CJ;<yU#4N<B?oJ;<B? ` <B258C/9Uq<5GH<5E�8i2BDFG]GH<k6A<B?g-7DFE7EN:B<B?i-RQa+ `7` J;<5E�8C/A?;?c+ ? <W<58o-RQT:5UV+!694�+ =
8C/ADFE�Z^8�DFJ;?;eL4N<]6A<dU#Jc+!/nGHDL-7I56A<]<B?;8Y2BDFE�8;<5EL4l-N+!EN?

M
<58YeL4N<d6A< 9 <54S-7<H-7DFE7EN:B<B?

-RQa+ `7` J;<5E�8C/A?;?c+ ? <o-7<5U#/A<5E�8H+F?;?;< �V? Jc+!EN- P 6A<HGHD#-7I56A<3G3+ P�/9G]/A?c+!E�8d6A<h25JC/98;I5J;< �RD \
i<B?C83?;DF47Uq<5EL8347E ` <54 ` 694N? ? Jc+!EN-(e�4N<x6A<gULJc+!/jGHDL-7I56A<VZ � E(-RQa+!478CJ;<B?f8;<5JCGH<B?H6A<

25JC/98;I5J;< � D \ P G3+!6 ? J;:r?c+ 9 4N?C8C/ ] 2b+!8C/ADFEg<B?;?;<5EL8C/A<5696A<5GH<5E�8j+F?��#G ` 8;DF8C/Ae�4N< P EN< ` <5JCGH<58
` +F?
-7<.2BDFEN?C8CJC47/9J;<X47Ex<B?;8C/9G3+!8;<547Jp2BDFEN?C/A?C8c+!EL8j-�4xGHD#-7I56A<VZ

* \ ��\ a ����b ] � � � ^L] � �P\ � ] ��� a�\���� �����c_�\ 
 8�<r8;<B?;8
-�4gJc+ `7` DFJC8j-7<rU#Jc+!/A?;<5G =
_76>+!EN2B<
<B?C8�256>+F?;?;/Ae�4N<5GH<5EL8�478C/969/A?;: ` DF47Jn6"QT:58C4N-7<p-7<
2B<5JC8c+!/9EN<B? ; +!G]/9696A<B?�-7<KGHD#-7I56A<B?
<5GY_uD��A8;:B?bZ D 6 ` <5JCGH<58f-7<x8;<B?;8;<5J36"Q O�� ` DF8CONIB?;<xEL47696A< M 6A<B?hDF_N?;<5JCUV+!8C/ADFEN?fDFEL8f:58;:
? :5EN:5J;:B<B? ` +!JM47EhGHDL-7I56A< i N 2BDFEL8CJ;<p6"Qa+!698;<5JCE�+!8C/9Uq< M 6A<B?=DF_N?;<5JCUF+!8C/ADFEN?=DFEL8=:58;: ? : =EN:5J;:B<B? ` +!Jw47EmGHD#-7I56A< j N P D 
 6A<nGHD#-7I56A< i

<B?C8,/9EN25694N?w-N+!EN?w6A<�GHDL-7I56A<
j
ZV\M<n8;<B?C8�?;<

; DFEN-7<M?C47Jw6>+p2BDFELUq<5J ? <5EN2B< P ?;DF4N?w6"Q O�� ` DF8CONIB?;<ME�47696A< ` 6A< ` <58C/98wGHDL-7I56A< i
<B?C8�6A<�U#Jc+!/ bXP

-7<Y6>+f6ADF/)-�4y6AD ? +!JC/98CO7GH<]-�4kJc+ `7` DFJC8 maxθ∈Θj
Pθ(D)

?C47J
maxθ∈Θi

Pθ(D)
Uq<5J;?

47EN<K6ADF/ -�4
χ2 -7DFE�8�6A<
ENDFGY_7J;<p-7<j-7< ? J;:B?�-7<
69/9_u<5JC8;:
<B?C8 dim(Θj)−dim(Θi)

ZL\M<
2BDFG ` DFJC8;<5GH<5EL83+F?��LG ` 8;DF8C/AeL4N<h?C/9G ` 6A<hE�QT<B?C8mUV+!6>+!_76A<he�4N<h?;DF4N?s2B<5JC8c+!/9EN<B?dO�� ` D =
8CONIB?;<B?n-7DFE�8M6"QT<tP�/A?C8;<5EN2B<
-RQ 47EN<j:B25JC/98C47J;<j47E7/Ae�4N<p-�4HGHD#-7I56A<

i
2BDFG]GH<
47EN<jUq<5J;?C/ADFE

2BDFE�8CJc+!/9E�8;<k-�4(GHDL-7I56A<
j
ZM\M<58C8;<yO�� ` DF8CONIB?;<i<B?C8 ` +!Jf<tP7<5G ` 6A<iG]/A?c<i<5E(-7: ; +!478

-N+!EN?=6A<@2b+F-�J;<.-7<r6"QT:58C4N-7<.-�4oENDFGm_7J;<X-RQT:58c+!8;?
2b+F2;ON:B?j-RQ 47E F AHA {#47EgGHDL-7I56A< O



� � �������
	��
��������� � ������� ������������� ����� � ���"!$#%��� & �$�"�
��	������ !����(���*)�� &��,+ �$	��-		� � �
�

i
:58c+!8;? ` <5478)?bQT:B25JC/9J;<=-N+!EN?w47EdGHDL-7I56A< O i+1

:58c+!8;?)?cDF/98w2BDFG]GH<=6>+p2BDFE�8CJc+!/9EL8;< M 6>+
` J;DF_�+!_7/969/98;:f-RQT<5E�8CJ;<5Jm-N+!EN?X47EW-7<B?X:58c+!8;?X<B?C8.EL47696A< N ?;DF/98X2BDFG]GH<H6>+o2BDFE�8CJc+!/9E�8;<
M -7<54�P]:58c+!8;?�DFEL8n6>+rG � GH<K6ADF/ -RQT:5G]/A?;?C/ADFE3-7<B?�DF_N?;<5JCUF+!8C/ADFEN? N_` UqDF/9J ` +!J�<tP7<5G ` 6A<
�WV����%X�
UP���� ��� � b Z

� 478CJ;<i2B<58C8;<gO�� ` DF8CONIB?c<gJ;<B?C8CJC/A258C/9Uq<gEN:B2B<B?;?�+!/9J;< ` DF47JHDF_78;<5E7/9J ; +F25/96A<5GH<5EL836A<
E7/9Uq<b+!4h-�4H8;<B?C8 P 6>+X2BDFEN?C8CJC4N258C/ADFEf-RQ 47Ef8;<B?C8�<5E�8CJ;<p-7<54�PHO�� ` DF8CONIB?c<B?�+!4N?;?C/ ?C/9G ` 6A<B?
E�QT<B?C8@?;DF47Uq<5E�8 ` +F?p47EN<m+ `7` J;D#2;ON<s?c+!8C/A? ; +!/A?c+!E�8;< ` DF47Jp8CJ;DF47Uq<5Jj47EvGHDL-7I56A< ` +!JCG]/
47E�<5EN?;<5GY_76A<f-7<HGHD#-7I56A<B?Y2b+!EN-�/A-N+!8;?bZ)\�O�+Fe�4N<38;<B?C8XEN< M 2BDFG ` +!J;< N eL4N<3-7<54�P
GHD#-7I56A<B?YeL47/�?;DFEL8Y-7< ` 694N?X8CJc+!/98;:B?m-7< ; + U DFEl+F?��#GH:58CJC/Ae�4N<VZ D 6 ; +!478m+!6ADFJ;?Y2cONDF/A?C/9J
47E GHD#-7I56A< O�` +!JC8C/9Jx-�4 J;:B?C47698c+!8x-7<kENDFGY_7J;<54�P 8;<B?C8;?oENDFE /9EN-7: ` <5EN-N+!E�8;? P -7<
` 47/A?;?�+!EN2B<B?
-�/ V :5J;<5EL8;<B?j<58 ` DF8;<5E�8C/A<5696A<5GH<5EL8@2BDFEL8CJc+F-�/A258;DF/9J;<B?s{�/96RE�QT<tP�/A?C8;<.?;DF47Uq<5EL8
` +F?
-7<XGH:58CONDL-7<.J;:B<5696A<5GH<5EL8p?c+!8C/A? ; +!/A?c+!EL8;< ` DF47Jj2;ONDF/A?C/9Jj47ExGHDL-7I56A< O]` +!JC8C/9Jj-7<B?
J;:B?C47698c+!8;?[Z

* �?a � � \`_ � � ^�� �P\ � ^ � � � \ � b \9_`^�� � \*b � �c]'^ � ��� � \ ��� \`a � �
� � � � ^�� 
 \�ONDF/ =
?C/9J=47EgGHD#-7I56A<.-N+!EN?=47Ex<5EN?;<5GY_76A< ` <5478 � 8CJ;<rU#4o2BDFG]GH<r47E ` J;DF_76AI5GH<Y-RQT<B?C8C/9G3+ =
8C/ADFE�Z 8%< ` +!Jc+!GHI58CJ;< O <B?C8C/9GH<5J�<B?C8�+!6ADFJ;?)47EH/9EN-�/A2b+!8;<547J�-�43GHDL-7I56A<
?;4 `7` DV?;:
+bUqDF/9J
? :5EN:5J;:p6A<B?�DF_N?c<5JCUF+!8C/ADFEN?bZ � +!EN?�2B<p2b+F-�J;< P 6>+Y2BDFEN?C8CJC4N258C/ADFEg-RQT<B?C8C/9G3+!8;<547J;? ` +!J ` : =
E�+!69/A?c+!8C/ADFEx-�4oG3+ P�/9GY47G -7<@6>+mULJc+!/A?c<5GY_76>+!EN2B< ` 2BDFG]GH<r6A<r25JC/98;I5J;< � D \ b <B?C8=8CJ;IB?
:58C4N-�/A:B<VZ 8�< ` J;DF_76AI5GH<x<B?C8f<B?;?;<5E�8C/A<5696A<5GH<5EL8h+!_uDFJ;-7:x2BDFG]GH<i2B<56947/p-�4|2;ONDF/1P�-7<
6>+ ` :5E�+!69/A?c+!8C/ADFESe�47/)+F?;?C47J;<s47Ek_uDFEk2BDFG ` DFJC8;<5GH<5E�8s+F?��LG ` 8;DF8C/AeL4N<d-7<s6"QT<B?C8C/9G3+ =
8;<547Jr6ADFJ;?;eL4N<Y6A<mU#Jc+!/,GHD#-7I56A<]+ `7` +!JC8C/A<5E�8 O 6"QT<5EN?;<5GY_76A<]-7<B?@GHD#-7I56A<B?@2BDFEN?;/A-7:5J;:B?bZ8%+Y2BDFEN?C/A?C8c+!EN2B<p-7<B?�<B?C8C/9G3+!8;<547J;?M<B?C8 ` +!JC8C/A254769/AI5J;<5GH<5EL8=J;<B2;ON<5J;2;ON:B<d{V6"QT<B?;8C/9G3+!8;<547J
-7DF/98 ` <5JCGH<58C8CJ;<.-7<r8CJ;DF47Uq<5JK6A<rULJc+!/uGHD#-7I56A<r6ADFJ;?;eL4�Q /96%+ `7` +!JC8C/A<5E�8 O 6"QT<5EN?;<5Gm_76A<X<58
eL4N<=6A< 9 <54]-7<K-7DFE7EN:B<B?�-7<5UL/A<5EL8�?C4�03?c+!G]GH<5EL8 ? Jc+!EN-RZ � +!EN?�6A<K2b+F-�J;<
-7<B?)GHD#-7I56A<B?
eL47/7ENDF4N?�/9E�8;:5J;<B?;?c<5E�8�/A25/ P DFE ` <5478)ENDF8c+!G]GH<5E�8M25/98;<5J)6A<B?)8CJc+BUV+!4�Pd?;47Jw6"QT<B?;8C/9G3+!8C/ADFE
-7<p6"QTDFJ;-�J;<r-RQ 47EfGHD#-7I56A<p-7< Ak+!J B DbU ` UqDF/9J ` +!J=<tPuZ ��� /9E X��UP \ i ����� b <58=-�4fENDFGm_7J;<
-RQT:58c+!8;?p2b+F2;ON:B?j-RQ 47E F AHA ` UqDF/9J ` +!J
<tPuZ ��� /9E X��UP 8 � XQJUP�� � �QT � b Z
8�Q /9G ` DFJC8c+!EN2B< ` Jc+!8C/Ae�4N<p-�4H_uDFE32BDFG ` DFJC8;<5GH<5EL8
+F?��LG ` 8;DF8C/AeL4N<j-RQ 47Ef<B?C8C/9G3+ =

8;<547J%-�4YGHDL-7I56A<n?cDF4N?R6"Q O�� ` DF8CONIB?c<n-7<)6"QT<tP�/A?C8;<5EN2B<n-�4XU#Jc+!/VGHDL-7I56A<�-N+!EN?R6"QT<5EN?;<5Gm_76A<
-7<B?@GHD#-7I56A<B?.:58C4N-�/A:B?@<B?;8@-�/10325/96A< O + `7` J;:5ON<5EN-7<5JbZE8%+h2BDFEN?C/A?C8c+!EN2B<sJ;<56AI5Uq<d<5Ev< ; =
; <58m-RQ 47EN<fUL/A?;/ADFEl+!_N?C8CJc+!/98;<h-�4 ` J;DF_76AI5GH<o-7<H6>+i?;:56A<B258C/ADFE�-7<3GHDL-7I56A<VZ � E ` <5478
Jc+ `7` DFJC8;<5J O 2B< ` J;D ` DV?Y47EN< ` O7Jc+F?;<H-7< � 47JCE7O�+!G <58 � EN-7<5J;?;DFE `,g�XYX�
 b�� � �%X�
��
` DF47Js-7: ; <5EN-�J;<f6"Q 478C/969/A?c+!8C/ADFE'-�4l25JC/98;I5J;< �RD \ { M � ��� � 
 � (�� � � 
�� � � � � � � � � ��� � �
� �
� � � * � � �����	� 
 � ���B� � � � ��� � � 
 � � � � 
 � ��� � � ��� ����
 � � ��
�� � ��� * � � ��� �
� � � � ���
� � ��� � � � � � ��� 
 
 � �b� � 
 ��� � ��� N Z D 6 ; +!478d_7/A<5E�J;<B2BDFE7E�+ �A8CJ;<xe�4�QT<5E ` Jc+!8C/AeL4N<
6>+HJ;:b+!69/98;:YE�Qa+ `7` +!JC8C/A<5EL8 ` +F? O 6"QT<5EN?;<5GY_76A<d-7<B?pGHDL-7I56A<B?@2BDFEN?C/A-7:5J;:B?r<58j6A<B?@2BDFEN-�/ =
8C/ADFEN?rEN<]?;DFEL8 ` +F?rJ;:B<5696A<5GH<5E�8s+F? �LG ` 8;DF8C/AeL4N<B?bZ�\M< ` <5EN-N+!EL8 P /96)?;<5GY_76A<]256>+!/9JXeL4N<
6>+g2BDFEN?;/A?C8c+!EN2B<H<B?C8 ` 69478 � 8s-7:B?C/9Jc+!_76A< PR` DF47JCUL4WeL4N<]2B<]EN<H?cDF/98 ` +F?m+!4 ` JC/1P^-RQ 47E
G3+!47UV+!/A?j2BDFG ` DFJC8;<5GH<5E�8@<5Ei2BDFEN-�/98C/ADFEN?
ENDFEy+F? �LG ` 8;DF8C/AeL4N<B?bZ
8�Qa+ `7` J;DL2cON<
+F-7D ` 8;:B<=/A25/ ` DF47J,6>+@?;:56A<B258C/ADFE]-7<�GHDL-7I56A<=<B?C8w_�+ �q:B?;/A<5E7EN<VZ � Ed-7<B?

/9EL8;:5J � 8;?K-�4o2b+F-�J;<@_�+ �q:B?C/A<5Eg<B?C8M-7< ` <5JCGH<58C8CJ;<p6>+s2BDFEN?C8CJC4N258C/ADFE ` J;<B?;eL4N<.+!478;DFG3+ =
8C/AeL4N<
-RQ 47Ef25JC/98;I5J;<pe�47/�+r47EN< 9 4N?C8C/ ] 2b+!8C/ADFEf?C/9Gm47698c+!EN:5GH<5E�8=ENDFEf+F?��#G ` 8;DF8C/AeL4N<j<58



��� ��� � � �
	=��� + ! ����� + ����� � � �

+F?��LG ` 8;DF8C/AeL4N<VZV\M<58C8;<=+ `7` J;D#2;ON< P eL47/LEN<�EN:B2B<B?;?C/98;< ` +F?w-RQ O�� ` DF8CONIB?;<B?�?C47Jw6"QT<5GY_uD�� =
8;<5GH<5E�8�-7<B?�GHDL-7I56A<B? PV` J;:B?;<5E�8;<r+!4N?;?C/N-RQa+!478CJ;<B?�/9E�8;:5J � 8;?[Z � Ef25/98;<5Jc+X<5E ` +!JC8C/A254769/A<5J
6>+ ` DV?;?C/9_7/969/98;:Y-RQ 47EN<seL4�+!E�8C/ ] 2b+!8C/ADFE^-7<X6"Q /9EN2B<5JC8C/98C4N-7<d?C47Jp6A<Y2;ONDF/1Pv-�4yGHD#-7I56A<Y<58
-RQ 47EN<X478C/969/A?c+!8C/ADFEk-7<B?jGHD#-7I56A<B?@<5Ei8;<5E�+!E�8r2BDFG ` 8;<s-7<Y2B<58C8;<m/9EN2B<5JC8C/98C4N-7<VZ�� 6"Q /9E =
8;:5JC/A<547J�-�432b+F-�J;<
_�+ �q:B?C/A<5E P 2B<
8CJc+BUV+!/96�+ ` 694N? ` J;:B25/A?;:5GH<5E�8 ` DFJC8;:
?;47Jn6"Q 478C/969/A?c+!8C/ADFE
-7<
6>+YGH:58CONDL-7<@-�/98;< & �)(���� � 
 � �
� ���+* � Ak\ A^\'eL47/�+!478;DFJC/A?;<.+!4fGHDF/9EN?M-N+!EN?=2B<5J =
8c+!/9EN?
2b+F?K6"QT:58C4N-7<X-7< ? Jc+!EN-7<B? ; +!G]/9696A<B?p-7<rGHDL-7I56A<B?bZ � E ` <5478
<5E ] ExENDF8;<5Jpe�4N<r6A<
8CJc+BUV+!/96 ` J;:B?;<5E�8;:H-N+!EN?X6A<]2;O�+ ` /98CJ;< Z ?C47J.6>+o?;:56A<B258C/ADFES-7<dGHD#-7I56A<]-N+!EN?.6A<]2b+F-�J;<
_�+ �q:B?C/A<5E P%` +!JXGH:58CONDL-7<B? & �)(���� � 
 � �
� ���+* � A^\ Ak\ PR` J;DF6ADFE ? <3-7<]G3+!E7/AI5J;<HE�+ =
8C47J;<5696A<Y6"Q 478C/969/A?c+!8C/ADFE^-RQa+!6 ? DFJC/98CO7GH<B?[A^\ A^\ ` DF47Jp6>+3J;<B2;ON<5J;2cON<]-7<YGHDF8C/ ; ?rD 
 /96A?
?;<.?;DFE�8
-7: 9 O J;:5Uq:56A:B? ` <5J ; DFJCG3+!E�8;?bZ

��� ��� � � �>� �����q� ���n	'�����% ��fU"	�$�$n	
* \�� _�]�� � � ]�\	� � ��
 �`a � \��

i 4 `7` DV?cDFEN?MeL4N<@6"QTDFEg?;DF47O�+!/98;<r2;ONDF/A?C/9J=47EoGHDL-7I56A<r-N+!EN?=47Eo<5EN?;<5GY_76A<.-7<@GHD =
-7I56A<B?

M
Z �,DF47Jr2;O�+FeL4N<.GHD#-7I56A<

i
DFEy+H-7: 9CO +F2B2B< ` 8;:Y6"Q /A-7:B<X-7<.GH<58C8CJ;<Y47EN<.6ADF/ �

� � 
 � � 
 πi(θ)
?;47J

Θi
6"QT<B? ` +F2B<.-7<B? ` +!Jc+!GHI58CJ;<B?p-7<X2;O�+F2547Ei-7<.2B<B?
GHDL-7I56A<B? P D 
 Θi<B?C8X6"QT<B? ` +F2B<f-7<B? ` +!Jc+!GHI58CJ;<B?]+F?;?;D#25/A:3+!4lGHDL-7I56A< i
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P (M = i | D) =
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j P (D | M = j)P (M = j)
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P (D | M = i) =

∫

θ∈Θi

Pθ(D)πi(θ) dθ .
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+!4 ? GH<5EL8;<VZ � Ek< V <58 P Θi

+
_7/A<5El8;<5EN-N+!EN2B< O 2BDFEL8;<5E7/9J]-7<B?YUV+!6A<547J;?d-7< θ
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8C/9696ADFE7E�+ ? <Y-7<B?KGHD#-7I56A<B?j+F?;?;D#25/A:B? O 47EN< ` J;DF_�+!_7/969/98;: � � � � ����� 
 � � 
%:56A<5Uq:B<VZ

��� ����� � � ���u$,��U�
 
"�%$�$n� ��	 ���u��������� 
	��
 �
�������������������

8%+rGH:58COND#-7< & �)(���� � 
 � �
� ���+* � A^\ Ak\ � � J;< XQZUPYV��9X 	 �N` DF47J�:58C4N-�/A<5Jn6>+r6ADF/ �
� � � ����� 
 � � 
�?;47JK6A<B?
-�/ V :5J;<5EL8;?
GHD#-7I56A<B? P (M = i | D) P 2BDFEN?C/A?C8;< O :B2;O�+!EL8C/9696ADFE7EN<5J6>+d6ADF/ ��� � � ����� 
 � � 
 9 DF/9EL8;<m?;47J
6A<B?jGHD#-7I56A<B?j<58p6A<547J;? ` +!Jc+!GHI58CJ;<B? π(i, θ | D)

+BUq<B2

(i, θ) ∈
⋃

i∈M({i} × Θi)
-7DFE�8

P (M = i | D)
<B?C8K47EN<.G3+!J ? /9E�+!6A<VZ8�<B?m+!6 ? DFJC/98CO7GH<B? & �)(���� � 
 � �
� ���+* � A^\ Ak\ ?c<H-�/A?C8C/9E ? 4N<5E�8]-7<B?s+!478CJ;<B?s+ `:=

` J;DL2cON<B? ` J;D ` DV?;:B<B? ` DF47J
2B<58C8;<.8 � 2;ON<m<B?;?;<5E�8C/A<5696A<5GH<5EL8 ` +!J;2B<XeL4�Q /96A?
?;DFEL8
47EN< ? : =
EN:5Jc+!69/A?c+!8C/ADFE�-�/9J;<B258;<g-7<o6"Qa+!6 ? DFJC/98CO7GH<i-7<_Av<58CJ;D ` DF69/A? = F +F?;8C/9E ? ? ` <5JCGH<58C8c+!EL8H6A<B?
?c+!478;?H<5E�8CJ;<i6A<B?H-�/ V :5J;<5E�8;?3<B? ` +F2B<B? Θi

Z �w+!JCG]/p6A<B?f+ `7` J;D#2;ON<B?h+!698;<5JCE�+!8C/9Uq<B? P DFE
` <5478.25/98;<5J P -RQ 47EN< ` +!JC8 P 2B<5696A<]-7<H\=+!JC69/9EW<58Y\�O7/9_ `,g�XYXQZ b � \K\ XQZ � eL4N<s6"QTDFE ` <5478
` Jc+!8C/Ae�4N<5GH<5EL8fUqDF/9Jh2BDFG]GH<x47E�2b+F? ` +!JC8C/A254769/A<5Jh-7< & �)(���� � 
 � �
� ���+* � A^\ Ak\ P
-RQa+!478CJ;< ` +!JC8 P 6A<B?i+ `7` J;D#2;ON<B?y-RQT:B2;O�+!E�8C/9696ADFE7E�+ ? <�<5Ez8;<5G ` ?y2BDFE�8C/9EL4 ` UqDF/9J ` +!J
<tP�<5G ` 6A< � � i X��UP i 8;< ��� � b -7DFE�8=6A<r2BDFG ` DFJC8;<5GH<5E�8j<B?C8M8CJ;IB? ` J;DL2cON<.-7<B? & �)(���� � 
 � �
�
���+* � A^\ Ak\ � \ V�V �QT�� Z

� UV+!E�8r-RQa+!_uDFJ;-7<5Jp6A<B? & �)(���� � 
 � �
� ���+* � A^\ Ak\ P 2B<58C8;<d?;<B258C/ADFEv-7:5_7478;<s6AD ? / =
e�4N<5GH<5EL8 ` +!J@47EN< ` J;:B?;<5EL8c+!8C/ADFEW-7<s6"Qa+!6 ? DFJC/98CO7GH<H-7<�Ay<58CJ;D ` DF69/A? = F +F?C8C/9E ? ?.-N+!EN?
?c+sUq<5J;?C/ADFE M 256>+F?;?;/Ae�4N< N Z

* �	����� ^ ]�� �"e � \ �P\ � \ ��]'^�� ^ � � a �	� �Ta � � � �La

� ES-�/9GH<5EN?C/ADFE ] P�:B< P 6"Qa+!6 ? DFJC/98CO7GH<f-7<\Ay<58CJ;D ` DF69/A? = F +F?C8C/9E ? ? � F +F? 	 �:P � /A< X	� �
` <5JCGH<58s-RQT:B2;O�+!E�8C/9696ADFE7EN<5J347EN<H6ADF/�-7<h-7<5EN?C/98;: π(y)

?C47J
Y
<5El2BDFEN?C8CJC47/A?c+!EL8d47EN<

2;O�+ �AEN<@-7<RAk+!J B DbU3-7DFEL8=6>+.6ADF/u?C8c+!8C/ADFE7E�+!/9J;<r<B?C8�6>+X6ADF/�-RQ /9EL8;:5J � 8 π
Z � EN<j/98;:5Jc+!8C/ADFE

-7<r6"Qa+!6 ? DFJC/98CO7GH<Y?;<.-7:B2BDFG ` DV?;<X<5E
�
:58c+!E�8)-7DFE7EN:

y(m−1) = y
?C/9Gm476A<5J

ỹ
?;<56ADFEm47EN<n6ADF/#/9EN?C8CJC47GH<5E�8c+!6A<=-7<�-7<5EN?C/98;:

qy(ỹ)
� ` J;<5EN-�J;< y(m) = ỹ

+BUq<B2f6>+ ` J;DF_�+!_7/969/98;: α(y, ỹ)
?C/9ENDFE ` J;<5EN-�J;< y(m) = y` DFE(+^+!6ADFJ;?

y(m) = y(m−1) b Z"8%+ ` J;DF_�+!_7/969/98;:y-RQa+F2B2B< ` 8c+!8C/ADFE α(y, ỹ)
<B?C8

-7DFE7EN:B< ` +!J

α(y, ỹ) = min

{

1;
π(ỹ)qỹ(y)

π(y)qy(ỹ)

}

.

i DF4N?%-7<B?,O�� ` DF8CONIB?;<B?%8CJ;IB? ; +!/9_76A<B?%?;47J%6>+=6ADF/L/9EN?C8CJC47GH<5E�8c+!6A<�� P 6>+
2cO�+ �AEN<�-7< Av+!J B D[U
+!/9EN?C/�2BDFEN?C8CJC47/98;<=+F-�GH<58,6>+
6ADF/�-RQ /9E�8;:5J � 8 π

2BDFG]GH<�6ADF/L?C8c+!8C/ADFE7E�+!/9J;<VZ 8nQT<t032b+F25/98;:=-7<
 � � � � 	��*���
�"��� ������������
���� � �=	�� �%$ � ��#
�)����� � 
�� ��	����
�"� � �"������������� ��� 	�� ���!�
	��!�����"�$��� � � ����� �+$ ��� (

�(� � � � �
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	��
��������� � ������� ������������� ����� � ���"!$#%��� & �$�"�
��	������ !����(���*)�� &��,+ �$	��-		� � �
�

6"Qa+!6 ? DFJC/98CO7GH<X-7: ` <5EN-o2B< ` <5EN-N+!EL8K_�<b+!4N2BDF4 ` -7<@6"Qa+F-7:BeL4�+!8C/ADFEx<5E�8CJ;<r6>+Y6ADF/u/9EN?C8CJC4 =
GH<5EL8c+!6A<j<58�6A<B?n2b+!Jc+F258;:5JC/A?C8C/AeL4N<B?�-7<=6>+@6ADF/ O ?C/9Gm476A<5JbZ � E]J;<5G3+!J;e�4N<j<5E ` +!JC8C/A254769/A<5J
6A<pJ � 6A<jeL4N< 9 DF4N< π(ỹ)/π(y)

-N+!EN?�6>+ ` J;DF_�+!_7/969/98;:@-RQa+F2B2B< ` 8c+!8C/ADFEg-7<B? ` J;D ` DV?C/98C/ADFEN?

ỹ
-7<.6>+s6ADF/�/9EN?C8CJC47GH<5EL8c+!6A<VZ
� Ek/9E�8;:5J � 8.G3+ 9 <547J.-7<m6"Qa+!6 ? DFJC/98CO7GH<]-7<�Av<58CJ;D ` DF69/A? = F +F?C8C/9E ? ?.<B?;8r-7<sEN<mEN: =

2B<B?;?;/98;<5Jp6>+f2BDFE7E�+!/A?;?c+!EN2B<s-7<Y6>+f-7<5EN?C/98;:s-7<Y6>+H6ADF/ O ?C/9Gm476A<5JreL4�Q O 47EN<s2BDFEN?C8c+!EL8;<
` J;IB?bZ � Ek< V <58 P <5696A<XE�Qa+ `7` +!Jc+ �A8r-N+!EN?j6>+ ` J;DF_�+!_7/969/98;:s-RQa+F2B2B< ` 8c+!8C/ADFE^eL4�Q O 8CJc+bUq<5J;?
6A<iJc+ `7` DFJC8 π(ỹ)/π(y)

Z 8�Qa+!6 ? DFJC/98CO7GH<y<B?C8f-7DFEN2 ` +!JC8C/A254769/AI5J;<5GH<5E�8g_7/A<5E +F-N+ ` 8;:
O 6"QT:B2cO�+!E�8C/9696ADFE7E�+ ? <o-7<B?.6ADF/A? � � � � ����� 
 � � 
M-7DFE�8X6>+x-7<5EN?C/98;:H<B?C8X?;DF47Uq<5EL8 ; +F25/96A< O
:5UV+!694N<5J O 47EN<.2BDFEN?C8c+!EL8;< ` J;IB? ` 47/A?;eL4N<]{ π(θ | D) ∝ π(θ)Pθ(D) P D 
 π(θ)

<B?C8K6>+
-7<5EN?C/98;:Y-7<.6>+s6ADF/ � � � 
 � � 
%<58 Pθ(D)

6>+sU#Jc+!/A?;<5GY_76>+!EN2B<VZ
AvDFE�8CJ;DFEN?pe�4N<r6"Qa+!6 ? DFJC/98CO7GH<Y-7< Ay<58CJ;D ` DF69/A? = F +F?C8C/9E ? ? ` J;:B?;<5JCUq<r6>+s6ADF/�-RQ /9EL8;: =

J � 8bZ 8�<j2cONDF/1P3-7< α
+F?c?C47J;<j<5E3< V <58n6>+XJ;:5Uq<5J;?C/9_7/969/98;:j-�4 ` +F?;?c+ ? <
-7<j8;DF478�<5EN?;<5GY_76A<

A O 8;DF478K<5EN?;<5Gm_76A< B
?;DF4N?M6>+m6ADF/R-RQ /9E�8;:5J � 8bZ D 6R?bQa+ ? /98K-RQ 47EN<r2BDFEN-�/98C/ADFEi?C4�03?c+!EL8;<

2BDFE7EL4N<Y?;DF4N?K6A<rENDFG -7< M � ��� � 
 �
�B� � � � � � 
 � N P <5696A<X<B?C8KUq:5JC/ ] :B<Y?C/
∫

(y,ỹ)∈A×B

π(y)py(ỹ)dydỹ =

∫

(y,ỹ)∈A×B

π(ỹ)pỹ(y)dydỹ , ` J Z J�� b

D 
 py(ỹ)
<B?;8K6>+]-7<5EN?C/98;:X-�4xEND ��+!4v-7<X8CJc+!EN?C/98C/ADFEi-7<X6>+d2cO�+ �AEN<m-7<
Av+!J B D[Uo25J;:B:B<

` +!J
6"Qa+!6 ? DFJC/98CO7GH<VZ 8�<.8;<5JCGH<X-7< ? +!4N2;ON<Y?[QT<tP ` JC/9GH<
∫

(y,ỹ)∈A×B

π(y)py(ỹ)dydỹ =

∫

(y,ỹ)∈A×B

π(y)qy(ỹ)α(y, ỹ)dydỹ

+

∫

y∈A∩B

π(y)r(y)dy

︸ ︷︷ ︸

,

D 
 6A<K8;<5JCGH<
/9EN-�/AeL4N: ` +!Jn47EN<@+F2B2BDF6>+F-7<j2BDFJCJ;<B? ` DFEN- O 6>+X2BDFE�8CJC/9_7478C/ADFEo-7<B?�2b+F?MD 

6>+ ` J;D ` DV?;/98C/ADFEo<B?;8�J;< 9 <58;:B< P r(y)

:58c+!EL8K6>+ ` J;DF_�+!_7/969/98;:.-7<pJ;<B?C8;<5JK<5E y ` J;< 9 <58=-7<p6>+
` J;D ` DV?C/98C/ADFE b {

r(y) =

∫

ỹ∈y

(1 − α(y, ỹ))dỹ .

\M<@8;<5JCGH<.<B?C8M/A-7<5E�8C/AeL4N<.-N+!EN?=6A<@GH<5GY_7J;<.-7< ? +!4N2;ON<.<58=6A<@GH<5GY_7J;<.-7<r-�J;DF/98;<.-7<
6>+h� ��� � 
 �
�B� � � � � � 
 � `
� e�Z J Z J�� b eL47/�-7<5UL/A<5EL8p-7DFEN2H{
∫

(y,ỹ)∈A×B

π(y)qy(ỹ)α(y, ỹ)dydỹ =

∫

(y,ỹ)∈A×B

π(ỹ)qỹ(y)α(ỹ, y)dydỹ .

` J Z J gcb
� E(UqDF/98 ; +F25/96A<5GH<5E�8oe�4N<i6A<x2;ONDF/1P(-7<

α(y, ỹ) `
� e�Z J Z J�� b +F?;?C47J;<y2B<58C8;<i: ? +!69/98;:
` 47/A?;eL4N<H{

π(y)qy(ỹ)α(y, ỹ) = π(ỹ)qỹ(y)α(ỹ, y) .
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8nQT:B2;O�+!EL8C/9696ADFE7E�+ ? <p-RQ 47EN<
6ADF/ �'��� � ����� 
 � � 
N-N+!EN?)47EdGHD#-7I56A<
-7<=-�/9GH<5EN?C/ADFE3:56A< =
Uq:B<
J;< ` DV?;<
Jc+!J;<5GH<5EL8=?;47J�47Eo+!6 ? DFJC/98CO7GH< A^\ A^\'2BDFEN?C8C/98C4N:@-RQ 47EN<j47E7/AeL4N<@:58c+ ` <
2BDFJCJ;<B? ` DFEN-N+!EL8 O 6"Qa+!6 ? DFJC/98CO7GH<y-7<KAy<58CJ;D ` DF69/A? = F +F?C8C/9E ? ? ` J;:B?;<5EL8;:y25/ = -7<B?c?C4N?3<58
` <5JCGH<58C8c+!EL8 O <5696A<M?;<5476A<=-7<�U#/A?C/98;<5Jw8;DF478 Θ

Z!\MDFG]GH<=6"Qa+!6 ? DFJC/98CO7GH< A^\ Ak\W2BDFEN?C8C/ =
8C4N:X-7<Y-7<54�Px:58c+ ` <B? MGO 6>+ � /9_7_N? Nh` J;:B?;<5E�8;: ` + ? < � 	 P 6A<B?@+!6 ? DFJC/98CO7GH<B?p478C/969/A?;:B?
<5E ` Jc+!8C/AeL4N<K2BDFE�8C/A<5E7EN<5EL8 ? :5EN:5Jc+!6A<5GH<5EL8 ` 694N?C/A<547J;?n:58c+ ` <B?bZ�\�O�+FeL4N<K:58c+ ` <MEN<=GH<58
O 9 DF47JMe�4�Q 47EN< ` +!JC8C/A<j-7<B? ` +!Jc+!GHI58CJ;<B?=<5E ` J;:B?;<5JCUV+!E�8M6A<547J�6ADF/�2BDFEN-�/98C/ADFE7EN<5696A<.+!4�P
+!478CJ;<B? ` +!Jc+!GHI58CJ;<B?bZ � +!EN?347E|8;<56j+!6 ? DFJC/98CO7GH< P -7<B?3:58c+ ` <B? M O 6>+ Ay<58CJ;D ` DF69/A? =
F +F?C8C/9E ? ? N <58
-7<B?
:58c+ ` <B? M�O 6>+ � /9_7_N? Nf` <547Uq<5E�8j2BD#<tP�/A?C8;<5JbZ � EN<.:58c+ ` < M�O 6>+
� /9_7_N? N 2BDFEN?C/A?C8;< O 8C/9J;<5JM-�/9J;<B258;<5GH<5E�8
?;<56ADFEf6>+X6ADF/�2BDFEN-�/98C/ADFE7EN<5696A< P <5696A< ` <5478 � 8CJ;<
/9E�8;<5J ` J;:58;:B<h2BDFG]GH<347EW2b+F? ` +!JC8C/A254769/A<5Jd-RQT:58c+ ` < M_O 6>+ Ay<58CJ;D ` DF69/A? = F +F?C8C/9E ? ? N
-7DFE�8M6>+ ` J;DF_�+!_7/969/98;:r-RQa+F2B2B< ` 8c+!8C/ADFEgUV+!478 1 ` 6>+X6ADF/ M /9EN?C8CJC47GH<5EL8c+!6A< N :58c+!EL8M6>+Y6ADF/2BDFEN-�/98C/ADFE7EN<5696A< b Z

* �	����� ^ ]�� �"e � \ & �)(���� � 
 � �
� ���+* � ��
 ��

8nQa+!6 ? DFJC/98CO7GH< & �)(���� � 
 � �
� ���+* � Ak\ A^\ ` J;D ` DV?;: ` +!J � J;<B<5E `,g�XYXQZ b � � J;< XQZ��? :5EN:5Jc+!69/A?;<]6"Qa+!6 ? DFJC/98CO7GH<h-7<GAy<58CJ;D ` DF69/A? = F +F?C8C/9E ? ?Y<5E ` <5JCGH<58C8c+!E�8m6"QT:B2;O�+!EL8C/9696ADFE =

E�+ ? <3-RQ 47EN<H6ADF/ π(i, y)
?;47JY47EW<B? ` +F2B< ⋃

i∈I({i} × Yi)
D 
 6A<B?

Yi
` <547Uq<5EL8 � 8CJ;<

-7<]-�/9GH<5EN?C/ADFEN?X-�/ V :5J;<5E�8;<B?bZ � ES?;4 `7` DV?;<5Jc+o-N+!EN?X47E ` J;<5G]/A<5J.8;<5G ` ?Xe�4N<d6A<B? Yi?;DFE�8
-7<B?
<B? ` +F2B<B?K2BDFE�8C/9E�4N? ` ⊂ R
dim(Yi) b ZU8�QT:B2;O�+!E�8C/9696ADFE7E�+ ? <s<B?C8KJ;<5EN-�4 ` DV?;?C/9_76A<? J � 2B< O 6"Q /9E�8CJ;D#-�4N258C/ADFE P -N+!EN?]6"Qa+!6 ? DFJC/98CO7GH< A^\ A^\ P -RQT:58c+ ` <B?HeL47/ ` <5JCGH<58C8;<5E�8

-7<B?
?c+!478;?
<5EL8CJ;<.6A<B?
-�/ V :5J;<5E�8;?j<B? ` +F2B<B? Yi
` <5E ? :5EN:5Jc+!6%-7<X-�/9GH<5EN?C/ADFEN?jUqDF/A?C/9EN<B? b Z8�<B?X?c+!478;?.?;DFEL8.J;:b+!69/A?;:B? ? J � 2B< O -7<B? ` +!/9J;<B?m-7<dGHDF47Uq<5GH<5E�8;? (mi→j ,mj→i)

J;: =
Uq<5J;?C/9_76A<B? P 2VQT<B?C8 O -�/9J;<=Uq:5JC/ ] +!EL8n6>+ M -7<58c+!/96A<B-]_�+!6>+!EN2B< N ?;DF4N?�6>+@6ADF/N-RQ /9EL8;:5J � 8bZ � E
UF+XG3+!/9E�8;<5E�+!E�8 ` J;:B?;<5E�8;<5J=6>+ ; + U DFEo-7DFE�8K2B<B? ` +!/9J;<B?=-7<jGHDF47Uq<5GH<5EL8;?=J;:5Uq<5J;?C/9_76A<B? P
e�47/�2BDFEN?C8C/98C4N<5E�8�6A<B?):58c+ ` <B? M O 6>+ & �)(���� � 
 � �
� ���+* � Av<58CJ;D ` DF69/A? = F +F?C8C/9E ? ? N P ?;DFE�8
2BDFEN?C8CJC47/98;<B?bZ
8�<B?
GHDF47Uq<5GH<5EL8;?

mi→j

<58
mj→i

?;DFE�8pJ;<B? ` <B258C/9Uq<5GH<5EL8r+F?c?;DL25/A:B?p+!4 ` +F?;?c+ ? <
-7<

Yi
O Yj

<58d-7<
Yj
O Yi

Z i +!EN? ` <5JC8;<o-7< ? :5EN:5Jc+!69/98;: P ?C4 `7` DV?cDFEN? dim(Yj) ≥
dim(Yi)

Z
�,DF47J ` <5JCGH<58C8CJ;<�6A< ` +F?c?c+ ? <l-7< Yi

O Yj
+F?c?;DL25/A:�+!4 GHDF47Uq<5GH<5E�8

mi→j
P

� J;<B<5E ` J;D ` DV?;<W-7<l2BDFG]GH<5EN2B<5J ` +!Ji8C/9J;<5Jv47E}Uq<B258;<547J
ω
-7<W-�/9GH<5EN?C/ADFE 8;<5696A<

e�4N<
dim(ω) ≥ dim(Yj) − dim(Yi)

?;<56ADFE�47EN<i6ADF/j/9EN?C8CJC47GH<5EL8c+!6A<v-7<y-7<5EN?C/98;:

gy,mi→j
(ω)

ZE8�< ` DF/9EL8 ỹ ` J;D ` DV?;:d-N+!EN?.6"QT<B? ` +F2B< Yj

<B?C8.<5EN?C47/98;<]2;ONDF/A?;/n-7< ; + U DFE
-7:58;<5JCG]/9E7/A?C8;<H{

ỹ = hmi→j
(y, ω)

Z
� <
G � GH< P 6A<jGHDF47Uq<5GH<5E�8=/9E�Uq<5J;?c< mj→i

-7<
ỹ ∈ Yj

O y ∈ Yi

2BDFEN?C/A?C8;< O 8C/9J;<5J
47EyUq<B258;<547J

ω̃
8;<56)eL4N<

dim(y) + dim(ω) = dim(ỹ) + dim(ω̃) ` 47/A? O3` J;D ` DV?;<5J
y = hmj→i

(ỹ, ω̃)
Z

8%+x2BDFEN-�/98C/ADFE
dim(y) + dim(ω) = dim(ỹ) + dim(ω̃)

<B?C8mEN:B2B<B?;?c+!/9J;< ` DF47J
J;:B?;DF4N-�J;<i6A<B? ` J;DF_76AI5GH<B? ` DV?;:B? ` +!Jh6A<v2;O�+!E ? <5GH<5E�8x-7<v-�/9GH<5EN?C/ADFE�Z D 6 ; +!478h-7<
` 694N?MeL4�Q /96u<tP#/A?C8;<j47EN<@_7/ 9 <B258C/ADFEo-�/ V :5J;<5EL8C/>+!_76A< f

<5EL8CJ;<
(y, ω)

<58
(ỹ, ω̃)

{
(ỹ, ω̃) =

f(y, ω)
Z

\M<58C8;< ` J;D#2B:B-�47J;<
-7< ` J;D ` DV?;/98C/ADFE3-7<B?n?c+!478;? ` <5JCGH<58�-7<K2b+!6A25476A<5Jn6A<=8c+!4�PH-RQa+F2 =



��� �������
	��
��������� � ������� ������������� ����� � ���"!$#%��� & �$�"�
��	������ !����(���*)�� &��,+ �$	��-		� � �
�

2B< ` 8c+!8C/ADFE^eL47/w+F?;?C47J;<Y6"QT:Be�47/969/9_7J;<d-7<Y6>+o� ��� � 
 �
�B� � � � � � 
 �[Z D 6,?;4�0H8@-7<YJ;< ` J;<5EN-�J;<
6"QT:BeL4�+!8C/ADFE J Z J g +bUq<B2 P G3+!/9E�8;<5E�+!EL8 P -7<B?�/9E�8;: ? Jc+!6A<B?w-7<)-�/9GH<5EN?C/ADFE dim(θ)+dim(ω) =
dim(ỹ) + dim(ω̃)

<58
A
<58

B
J;<B? ` <B258C/9Uq<5GH<5E�8j-7<54�Po?;DF4N?=<5EN?;<5GY_76A<B?
GH<B?C47Jc+!_76A<B?

-7<
Yi

<58
-7<
Yj

{

∫

(y,ỹ)∈A×B

π(i, y)gi,y(mi→j)gy,mi→j
(ω)α(y, ỹ)dydω

=

∫

(y,ỹ)∈A×B

π(j, ỹ)gj,ỹ(mj→i)gỹ,mj→i
(ω̃)α(ỹ, y)dỹdω̃ ,

D 
 gi,y(mi→j)gy,mi→j
(ω)

<B?C8K6>+]-7<5EN?C/98;:m-7<.6>+d6ADF/�/9EN?;8CJC47GH<5E�8c+!6A<se�47/�2BDFG ` J;<5EN-
6A<x2cONDF/1P�-�4�GHDF47Uq<5GH<5EL8

mi→j

<583-�4�Uq<B258;<547J
ω
Z 8%+^_7/ 9 <B258C/ADFE f

+!478;DFJC/A?;<i6A<
2cO�+!E ? <5GH<5E�8r-7<.UF+!JC/>+!_76A< `�` +!Jj<tP�<5G ` 6A<Y-N+!EN?K6A<.8;<5JCGH<X-7<.-�J;DF/98;< b {

∫

(y,ỹ)∈A×B

π(i, y)gi,y(mi→j)gy,mi→j
(ω)α(y, ỹ)dydω

=

∫

(y,ỹ)∈A×B

π(j, ỹ)gj,ỹ(mj→i)gỹ,mj→i
(ω̃)α(ỹ, y)

∣
∣
∣
∣

∂f(y, ω)

∂y∂ω

∣
∣
∣
∣
dydω ,

D 
 6A<r8;<5JCGH<
∣
∣
∣
∣

∂f(y, ω)

∂y∂ω

∣
∣
∣
∣

<B?C8=6A< 9 +F2BDF_7/A<5Ei+F?;?;D#25/A:@+!4g2;O�+!E ? <5GH<5EL8p-7<@UV+!JC/>+!_76A<B?bZ D 6u<B?C8
+!6ADFJ;?
+!/A?;:r-7<r-7:58;<5J =
G]/9EN<5J
6A<X8c+!4�Po-RQa+F2B2B< ` 8c+!8C/ADFEke�47/�:BeL47/969/9_7J;<.6>+f� ��� � 
 �
�B� � � � � � 
 �m{

{
α(y, ỹ) = min(1;A+)
α(ỹ, y) = min(1; 1/A+) ,

D 


A+ =
π(j, ỹ)

π(i, y)
×

gj,ỹ(mj→i)gỹ,mj→i
(ω̃)

gi,y(mi→j)gy,mi→j
(ω)

×

∣
∣
∣
∣

∂f(y, ω)

∂y∂ω

∣
∣
∣
∣
.

� +!EN?)6A<=2b+F?neL47/�ENDF4N?)/9E�8;:5J;<B?c?;< P 6>+@6ADF/ O :B2;O�+!E�8C/9696ADFE7EN<5J=<B?C8n-�4d8 � ` < π(i, y, z)-7: ] E7/A<=?C47Jw47Es<B? ` +F2B< ⋃
i∈I({i}×Yi×Zi)

P D 
 Yi
<B?C8w47Es<B? ` +F2B<�2BDFEL8C/9E�4H<58 Zi

47E
<B? ` +F2B<=-�/A?;25J;<58bZ 8�<MGHDF47Uq<5GH<5EL8 mi→j

2BDFEN?C/A?C8;<=+!6ADFJ;? O
` J;D ` DV?;<5J (j, ỹ, z̃) Oj` +!JC8C/9J-7<
(i, y, z) P ?;<56ADFE]47EN< ` J;DL2B:B-�47J;<
/A-7<5E�8C/AeL4N< O 2B<5696A<
-7:B25JC/98;<K25/ = -7<B?;?C4N?n<5Ed478C/969/A?c+!EL847EN<v6ADF/@/9EN?C8CJC47GH<5E�8c+!6A<^-7<k-7<5EN?C/98;:

gy,z,mi→j
(ω, z̃)

Z i 47/9UF+!EL8o47E�Jc+!/A?cDFE7EN<5GH<5E�8
+!E�+!6AD ? 4N<s+!4x2b+F? ` 47J;<5GH<5E�8@2BDFE�8C/9EL4 P 6>+ ` J;DF_�+!_7/969/98;:m-RQa+F2B2B< ` 8c+!8C/ADFEy?bQT:B25JC/98p+!6ADFJ;?

{
α
(
(y, z), (ỹ, z̃)

)
= min(1;A+)

α
(
(ỹ, z̃), (y, z)

)
= min(1; 1/A+) ,

D 


A+ =
π(j, ỹ, z̃)

π(i, y, z)
×

gj,ỹ,z̃(mj→i)gỹ,z̃,mj→i
(ω̃, z)

gi,y,z(mi→j)gy,z,mi→j
(ω, z̃)

×

∣
∣
∣
∣

∂f(y, ω)

∂y∂ω

∣
∣
∣
∣

. ` J Z JQJ b
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� � ������� ������� �K���n�i
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"	��h�n	 ���n��� $�	��h�n	
� �u������� ��� ���n N	��

�,DF47J�478C/969/A?;<5J�6"Qa+ `7` J;D#2;ON<j_�+ �q:B?C/A<5E7EN<@-7<
?;:56A<B258C/ADFEh-7<KGHD#-7I56A<
?C47J�-7<B? F AHA P
/96j?C4�0H8f-7<y-7: ] E7/9J347EN<i6ADF/ � � � 
 � � 
r-7<x-7<5EN?C/98;:	� π(i)

?C47J36"QT<5EN?c<5GY_76A<
M

-7<B?
-�/ V :5J;<5EL8;<B?m+!J;2;O7/98;<B258C47J;<B?d-7< F AKA�ZE8%+o6ADF/ � � � 
 � � 
 πi(θ) ` = π(θ | i) b ?C47J.6A<B?
` +!Jc+!GHI58CJ;<B? θ = (a, b)

-7<B?m-�/ V :5J;<5EL8;?YGHD#-7I56A<B?Y-7< M
<B?;8Ye�4�+!EL8 O <5696A<32;ONDF/A?C/A<

2BDFG]GH< ` DF47JK6"QT<B?;8C/9G3+!8C/ADFEy-7<B? ` +!Jc+!GHI58CJ;<B? O +!J;2;O7/98;<B258C47J;< ] P�:B<VZ
8�<B?)GH:58COND#-7<B? & �)(���� � 
 � �
� ���+* � Ak\ A^\ ` <547Uq<5EL8M+!6ADFJ;? ` <5JCGH<58C8CJ;<
-RQT:B2cO�+!E =

8C/9696ADFE7EN<5J@6>+36ADF/ ����� � ����� 
 � � 
 π(i, θ, sn
1 | xn

1 )
-7DFE�8

π(i, θ | xn
1 )
<58

π(i | xn
1 )
?cDFE�8

-7<B?�G3+!J ? /9E�+!6A<B?bZ7\M<58=:B2;O�+!E�8C/9696ADFE7E�+ ? <Y<B?C8�J;<5EN-�4 ` DV?c?C/9_76A<
<5Eh/9E�8CJ;D#-�47/A?c+!E�8 P -N+!EN?
6"Qa+!6 ? DFJC/98CO7GH< A^\ A^\�478C/969/A?;: ` DF47JM6"QT<B?C8C/9G3+!8C/ADFE O +!J;2cO7/98;<B258C47J;< ] P�:B< P -7<B?�:58c+ ` <B?
M O 6>+ & �)(���� � 
 � �
� ���+* � Ay<58CJ;D ` DF69/A? = F +F?C8C/9E ? ? N e�47/ ` <5JCGH<58C8;<5EL8H-7<hGHDL-�/ ] <5J
` +F? Os` +F?K6"Qa+!J;2;O7/98;<B258C47J;<s-�4 F AKA�Z

� E3UV+ ` J;:B?;<5EL8;<5J=/A25/ -7<B?=+!6 ? DFJC/98CO7GH<B? A^\ A^\ ` DF47J�6"QT<B?C8C/9G3+!8C/ADFEo-�4hENDFGY_7J;<
-RQT:58c+!8;?j2b+F2;ON:B?@<58p-7<X6"QTDFJ;-�J;<Y-7<B?
GHD#-7I56A<B?pG3+!J B DbU#/A<5EN?p-RQT:5G]/A?;?;/ADFEy-7<B?jDF_N?c<5JCUF+ =
8C/ADFEN?bZ � Eo-7<5ONDFJ;?M-7<j6"Q /9EL8;:5J � 8 ` J;D ` J;<r-7<j2B<B? ` J;DF_76AI5GH<B?=-7<j?;:56A<B258C/ADFEo-7<pGHDL-7I56A< P
47EH-7<B?nDF_ 9 <B258C/ ; ?n-7<
2B<58C8;< ` J;:B?;<5E�8c+!8C/ADFEh<B?C8n-7<
-�/A?;25478;<5Jn-7<B?�2BDFEN-�/98C/ADFEN? ` DF47Jne�4N<
6"QT:B2;O�+!E�8C/9696ADFE7E�+ ? < ` +!J & �)(���� � 
 � �
� ���+* � A^\ A^\ ?;DF/98
<t032b+F2B<VZ


 ��� b ��]'\`a � � �c]'^�_fe \ a�� ^Lbc] � �	� � � � � � � � ^ � �c]'^ �L]�\ a�a � �L\ �c\ � ���T]'_fe � ��\`_ �"b ]'\
� � b � � � �

8nQ 478C/969/A?c+!8C/ADFEi-7<XGH:58CONDL-7<B? & �)(���� � 
 � �
� ���+* � A^\ A^\ ` DF47J
<B?C8C/9GH<5Jj6"Qa+!J;2;O7/ =
8;<B258C47J;<@-RQ 47E F AKA ?bQ /9EN?;25JC/98 P <5E ` +!JC8C/A< P -N+!EN?M6A< ` J;DF6ADFE ? <5GH<5E�8p-RQa+!478CJ;<B? ` J;DL2B: =
-�47J;<B?@-RQa+F-N+ ` 8c+!8C/ADFE ` +F? O3` +F?r-7<s6"Qa+!J;2;O7/98;<B258C47J;<H-RQ 47E F AKA -7DFEL8.DFEvUV+ 9 4N?C8;<
25/98;<5Jn8CJ;DF/A?�<tP7<5G ` 6A<B?bZ 8%<
-7<5JCE7/A<5J�ENDF4N?�2BDFEN2B<5JCEN< ` +!JC8C/A254769/AI5J;<5GH<5E�8K2b+!J�/96�?;<K?C/98C4N<
-N+!EN?K47Ei2b+F-�J;<._�+ �q:B?C/A<5Ei-7<X?;:56A<B258C/ADFEy-7<.GHDL-7I56A<VZ

� J;D ? O
��� � ��� `,g�XYX	� b � � � A + X	� �%` J;D ` DV?;<5E�8@47EN<XON<547JC/A?;8C/Ae�4N<s-7< M 2cO7/9JC47J ? /A<
-7<pGHD#-7I56A< N�` * � � ��� ��� � � ��� � b�` DF47J=GHDL-�/ ] <5J ` J;D ? J;<B?;?C/9Uq<5GH<5E�8j47E F AHA -7:B-�/A:
O 6"Qa+!69/ ? EN<5GH<5E�8=GY47698C/ ` 6A<@-7<
?;:BeL4N<5EN2B<B? ` J;DF8;:5/AeL4N<B?bZ i +!EN?�<5EL8CJ;<5J�-N+!EN?�6A<B?�-7:58c+!/96A? P
47Eg8;<56 F AHA +s47EN<.?;8CJC4N258C47J;< ` :5JC/AD#-�/AeL4N<.69/9EN:b+!/9J;<X-7DFE�8j6A<rGHDL-�476A<X:56A:5GH<5EL8c+!/9J;<
<B?C8�2BDFEN?C8C/98C4N:@-7<
8CJ;DF/A?M:58c+!8;? M * � � 
 � N P M 
 � � ��� � N <58 M � ���
����� N ` DF4o-7<54�P3?;<56ADFE
6A< ` DF/9E�8p-7<YUL4N< P 6"QT:58c+!8Y� ���
�����r:58c+!E�8r?C/96A<5EN25/A<54�P b Z 8nQ ON<547JC/A?;8C/Ae�4N<s2BDFEN?C/A?C8;< O ?C4 `:=
` JC/9GH<5JpDF4i/9EN?c:5J;<5J@-7<B?jGHDL-�476A<B?r+ ` J;IB?p2BDFELUq<5J ? <5EN2B<d-7<X6"Qa+!6 ? DFJC/98CO7GH< � A P ?;<56ADFE
6>+ ; Jc+F258C/ADFEh-7<B?=?;:BeL4N<5EN2B<B?=-7DFE�8=6A<@2;ON<5G]/9Ex2b+F2;ON:@U#/A?C/98;<p6A<B?M-�/ V :5J;<5E�8;?K:58c+!8;?=-RQ 47E
GHDL-�476A<VZ � EHGHD#-�476A<j<B?C8n?;4 `7` JC/9GH:j?C/�?cDFE3:58c+!8 * � � 
 �o<B?C8)U#/A?C/98;: ` +!J�GHDF/9EN?�-7<K6>+
GHDF/98C/A:.-7<B?
2;ON<5G]/9EN?
2b+F2cON:B?bZ � 4g2BDFE�8CJc+!/9J;< P 47ExDF4 ` 694N?;/A<547J;?KENDF47Uq<b+!4�PhGHD#-�476A<B?
?;DFE�8X/9EN?c:5J;:B?Y?C/n6"QT:58c+!8�
 � � ��� �
<B?C8XU#/A?C/98;: ` +!J ` 694N?Y-7<]6>+oGHDF/98C/A:f-7<B?Y2cON<5G]/9EN?m2b+ =
2;ON:B?bZ�\M<58M+!6 ? DFJC/98CO7GH<@?;<5GY_76A<@-7DFE7EN<5JM-7<B?�J;:B?C47698c+!8;?M?c+!8C/A? ; +!/A?c+!E�8;?bZ��)8c+!E�8=-7DFE7EN:B<
6"Qa+!J;2;O7/98;<B258C47J;<@-�4HGHDL-7I56A<j<58�?;DFEH/9EL8;<5J ` J;:58c+!8C/ADFEf_7/ADF6AD ? /AeL4N< P /96�?c<5GY_76A<p+F?;8C4N25/A<54�P
<58
-7<._�DFEx?c<5EN?bZ
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� J;<5/98c+ ? <58/Av2[\=+!696947G ` J������ b ��� A ����� 2BDFEN?C8CJC47/A?;<5EL8K47E F AHA ` DF47JK<tP�8CJc+!/9J;<
-7<f6"Q /9E ; DFJCG3+!8C/ADFE'8;<tP�8C4N<5696A< ` 6A<B?d:58c+!8;?s:5GH<58C8;<5EL8H-7<B?sGHDF8;? b <5E�D ` 8C/9G]/A?c+!EL8 ` +F?
Oo` +F?X6"Qa+!J;2;O7/98;<B258C47J;<o-�4 F AKA�Z i < ` 8X8 � ` <B?Y-RQTD ` :5Jc+!8C/ADFEN?Y-RQa+ 9 DF478m-RQT:58c+!8;? ` <5J =
GH<58C8;<5EL8�-RQa+!8C8;<5/9EN-�J;<M47Es<5EN?;<5GY_76A<=-7<nGHD#-7I56A<B?w-7DFE�8w6A<B?w+!J;2cO7/98;<B258C47J;<B?)?;DFE�8)+F-N+ `:=
8;:B<B? O 6"Q 478C/969/A?c+!8C/ADFE|-�4 F AHAlZ 8�<h8 � ` <h-RQTD ` :5Jc+!8C/ADFE�-7:58;<5JCG]/9EN<o6>+ ; + U DFE�-7DFEL8
6A<B?.ENDF47Uq<b+!4�P^:58c+!8;?X?;DFEL8Y2BDFE7EN<B258;:B?m+!4�Pk:58c+!8;? ` J;:B<tP�/A?C8c+!E�8;?bZw\�O�+Fe�4N<H:58c+ ` <]-7<
6"Qa+!6 ? DFJC/98CO7GH<m-RQTD ` 8C/9G]/A?c+!8C/ADFEy2BDFEN?C/A?;8;< O 8;<5E�8;<5J
8;DF478;<B?j6A<B?
D ` :5Jc+!8C/ADFEN? ` DV?c?C/9_76A<B? P
` 47/A? O ?;:56A<B258C/ADFE7EN<5J=6>+XGH<5/9696A<547J;<X+!J;2cO7/98;<B258C47J;<.J;:B?C47698c+!EL8;< ` +!J=UV+!69/A-N+!8C/ADFEg25J;DF/A?;:B<
?C4 ` <5JCU#/A?;:B<VZ

i 8;DF6A2 B < `,g�XYX	� b�� i 8;D X	� � 2cON<5J;2;ON< O 8CJ;DF47Uq<5J Pn` +!J ; 4N?C/ADFE|-RQT:58c+!8;? ` * ��� ��
 � � bXP
6"Qa+!J;2cO7/98;<B258C47J;<�-RQ 47E F AHA GHD#-7:569/A?c+!E�8,6A<B?�-�/ V :5J;<5EL8;<B? ` J;DFENDFEN25/>+!8C/ADFEN?�-RQ 47E.G � GH<
GHDF8bZ�\M<B? ` J;DFENDFEN25/>+!8C/ADFEN?@?;DFEL8 M :B25JC/98;<B? N -N+!EN?K47Ei+!6 ` O�+!_�<58
-7< 64 ` ONDFENI5GH<B?[Z\M<58o+!6 ? DFJC/98CO7GH<yENDF4N?h2BDFEN2B<5JCEN< ` +!JC8C/A254769/AI5J;<5GH<5E�8x2b+!J3/96@D ` I5J;<y-N+!EN?36A<y2b+F-�J;<
_�+ �q:B?C/A<5E�Z � Eg< V <58 P 6A<B?M+!J;2cO7/98;<B258C47J;<B?
?;DFEL8M:5UV+!694N:B<B? ? J � 2B< O 47EN<@+ `7` J;DbP#/9G3+!8C/ADFE
-7<.6A<547J ` J;DF_�+!_7/969/98;: �#��� � ����� 
 � � 
w?C47JK47Ey:B2cO�+!E�8C/9696ADFEk-7<B?j-�/ V :5J;<5E�8;<B? ` J;DFENDFEN25/>+ =
8C/ADFEN?r-RQ 47EkG � GH<YGHDF8bZ � EvUF+3-7DFEN2 ` J;:B?;<5E�8;<5JrJc+ ` /A-7<5GH<5E�8.6A<m8 � ` <m-RQa+!J;2cO7/98;<B2 =
8C47J;<B?n<tP ` 6ADFJ;:B<B?n<58�6>+ ; + U DFEd-7DFEL8 i 8;DF6A2 B < ` J;D ` DV?;<=-7<K2BDFEL8;DF47JCEN<5Jn6>+r-�/1032547698;:
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:58c+!8;?X?cDFE�8Y2BDFE7EN<B258;:B? ` +!Jm-7<B?r8CJc+!EN?C/98C/ADFEN?Y-7< ` J;DF_�+!_7/969/98;: 1

<58.E�QT:5GH<58C8;<5EL8meL4N<
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:5UV+!694N:B<B? O 2;O�+FeL4N<./98;:5Jc+ =
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∫

θ∈Θi

∫

sn
1

Pθ(x
n
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1 )πi(θ)dsn
1dθ .
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1 | M = i) ≈

∫

θ∈Θi

Pθ(x
n
1 , sn?
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G3+!/A? i 8;DF6A2 B <d6>+h2BDFE�8;DF47JCEN<i{ 6A< M 2;ON<5G]/9El2b+F2;ON:]-7<
� /98;<5JC_7/ N <B?C8mON:5JC/98;:h6ADFJ;?m-7<f6>+ ; 4N?C/ADFE�-7<f-7<54�PW:58c+!8;?bZ i 8;DF6A2 B < 9 4N?C8C/ ] <f6A<B?s+ `:=
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 � �
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 � �
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 θ ∈ Θi
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<5E
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47E b <58 O J;:b+!69/A?;<5J
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λi
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 � � 
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a(u, •) | i ∼ Di
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αi(u, 1), . . . , αi(u, i)

)

bu(•) ∼ D4
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βu(1), . . . , βu(4)

)
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D 
 αi(u, u) = 0, 999 × info/i P αi(u, v) = 0, 001 × 1/(i − 1) × info/i ` DF47J

u 6= v P /9E ; D = 1000 × imax
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+8�<rGHDF47Uq<5GH<5EL8 � 
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e�47/ M 2BDFEN2B<5JCEN<5EL8 N 6"QT:58c+!8r2b+F2;ON: u? ?;DFE�8

8C/9J;:B?
?;<56ADFEx6A<547JK6ADF/ � � � 
 � � 
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ã(u?, •) ∼ Di+1
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αi+1(u, 1), . . . , αi+1(u, i + 1)

)

ã(u, u?) ∼ Be
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αi+1(u, u?),

∑
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αi+1(u, v)
)
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βu(1), . . . , βu(4)

)
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D 
 Be
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αi+1(u, u?),

∑

v 6=u? αi+1(u, v)
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 � � 
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b̃u(•) = bpa(u)(•), u 6= u?

ã(u, v) = a(pa(u), pa(v)) × (1 − ã(u, u?)), u 6= u?, v 6= u? ` J Z JQT b
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u? <58@<5EkJ;<5ENDFJCG3+!69/A?c+!EL8.6A<B?p69/ ? EN<B?.-7<m6>+fG3+!8CJC/A2B<

ã
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Z
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e�47/�2BDFJCJ;<B? ` DFEN-7<5E�8pJ;<B? ` <B258C/9Uq< =
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1 | xn
1 )

π(i, θ, sn
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×
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(sn
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×
∏

u6=u?
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∏
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π(sn
1 | i, θ, xn
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= π(i, θ, xn
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\M<.e�47/ ` <5JCGH<58j-RQTDF_78;<5E7/9J

A+ =
π(i + 1, θ̃, xn
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π(i, θ, xn
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gi(mi→i+1)gmi→i+1(ã(u?, •), (ã(u, u?))u6=u? , , b̃u?(•))

×
∏
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(1 − ã(u, u?))i−1 .

8�<X8;<5JCGH<
π(i, θ, xn

1 )
?bQT:B25JC/98r+!4N?;?C/
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? Jc+!8;< ` J;D ` O�+ ? <B? � � � A + X 	 � P +!EN-X8;DjO�+BUq<=DF8CON<5J � + ��?w8;D
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�
8CON<5E P 8;D ] EN-h2BDFJCJ;<56>+!8C/ADFEN?
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�
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1 = (x1, · · · , xn)
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8CON<]<tP ` <B258c+!8C/ADFE Eθ(m−1)(log Pθ(x
n
1 , sn

1 ) | xn
1 )
/A?.2BDFG ` 478;<B-W-�47JC/9E ? 8CON< � = ?C8;< `

+!EN- G3+ P#/9G]/ � <B- DbUq<5J
θ
-�47JC/9E ? 8CON<�A = ?;8;< ` Z D E}8CON< F AKA 2BDFE�8;<tP�8 P 8CON< � =

?C8;< ` 2BDFEN?C/A?;8;?pD ; 2BDFG ` 478C/9E ? 8CON< ` J;DF_�+!_7/969/98 �vD ; 8 � Do2BDFEN?;<B25478C/9Uq<sO7/A-7-7<5Ek?C8c+!8;<B?
Pθ(m−1)(st = u, st+1 = v | xn

1 ) ; J;DFG �
O7/A2cO ; DF696AD � ? Pθ(m−1)(st = v | xn

1 )
Z

� ON<B?;< ` J;DF_�+!_7/969/98C/A<B?.+!J;<Y2BDFG ` 478;<B-v4N?C/9E ? 8CON< � +!47G = � <56A2;O ; DFJ � +!J;- = _�+F2 B � +!J;-
J;<B2547JCJ;<5EN2B<VZ � EN<

�
UF+!694N<

θ(m) /A?pDF_78c+!/9EN<B-v/9Ei8CON<YA = ?C8;< ` �
O7/A2cOy/9EN25J;<b+F?;<B?@8CON<

69/ B <569/9ONDLD#-^{

a(m(u, v) =

∑n−1
t=1 Pθ(m−1)(st = u, st+1 = v | xn

1 )
∑n−1

t=1 Pθ(m−1)(st = u | xn
1 )

b(m)
v (x;w) =

∑n
t=r+1 Pθ(m−1)(st = v | xn

1 )1{xt=x,xt−1
t−r=w}

∑n
t=r+1 Pθ(m−1)(st = v | xn

1 )1{xt−1
t−r=w}

�
ON<5J;<

1{...}
/A?=<BeL4�+!6�8;D g / ; 8CON<r?;<5EL8;<5EN2B<r_�<58 � <B<5Eg8CON<@_7Jc+F2 B <58;?K/A?=8CJC4N<.+!EN-

0
DF8CON<5J

�
/A?;<VZ � +!EN- A ?C8;< ` ?r+!J;<Y+!698;<5JCE�+!8;<B-v47E�8C/96 � <s2BDFGH<X8;Dh+!Ex/98;<5Jc+!8C/ADFE M; DFJ � O7/A2cOxE�47GH<5JC/A2b+!6�2BDFE�Uq<5J ? <5EN2B<Y/A?KJ;<b+F2;ON<B-RZ

� Uq<5J���69/9G]/98 ` DF/9EL83D ; +k?;<BeL4N<5EN2B< (θ(m))m≥0
P ? <5EN<5Jc+!8;<B-'_�� � A P ?c+!8C/A? ] <B?

8CON<=6AD ? = 69/ B <569/9ONDLD#-H<BeL4�+!8C/ADFEN? P +!EN- (θ(m))m≥0
2BDFE�Uq<5J ? <B?�8;D � +!J;-7?�8CON<=G3+ P�/9GY47G

69/ B <569/9ONDLD#-W<B?C8C/9G3+!8;DFJ P / ; 8CON<f?C8c+!JC8C/9E ?y` DF/9E�8 θ(0) /A?mENDF8Y8;D#D ; +!J ; J;DFG 8CON<38CJC4N<
UF+!694N<=D ; 8CON< ` +!Jc+!GH<58;<5J θ ` ?c<B< � Ay47J X 	 � b Z � O7/A?)/A? � O � �

<=JC47E � A �
/98COHGm47698C/ ` 6A<

Jc+!EN-7DFG /9E7/98C/>+!69/ � +!8C/ADFEN? P +!EN-H8CON<5Eh?;<56A<B258�8CON< ] E�+!6 J;<B?C47698 ` J;<B?c<5E�8C/9E ? 8CON<
O7/ ? ON<B?C8
69/ B <569/9ONDLD#-RZ \MDFG ` 478c+!8C/ADFE�+!6)2BDV?C8jD ; 8CON<Y+!6 ? DFJC/98CO7G /A? ` J;D ` DFJC8C/ADFE�+!6,8;DH?c<Be�4N<5EN2B<
6A<5E ? 8COy+!EN-o8;Dd8CON<X?;eL4�+!J;<.D ; 8CON<rEL47GY_u<5JpD ; ?C8c+!8;<B?bZ � _LUL/ADF4N?C6��o2BDV?C8j+!6A?;D ? J;D � ?
` J;D ` DFJC8C/ADFE�+!696�� �

/98COg8CON<@E�47GY_u<5JjD ; J;<BeL47/9J;<B-o/98;<5Jc+!8C/ADFEN? � O7/A2cOx-7< ` <5EN-7?
DFEo8CON<
?CGHDLDF8CO7EN<B?c?)D ; 8CON<K69/ B <569/9OND#D#-d6>+!EN-7?;2b+ ` <VZ Ay<5GHDFJ��sJ;<Be�47/9J;<5GH<5EL8�/A? ` J;D ` DFJC8C/ADFE�+!6
8;D3?;<BeL4N<5EN2B<Y6A<5E ? 8COS+!EN-y8CON<YEL47GY_u<5J.D ; ?C8c+!8;<B? P _7478r+ `7` J;DbP#/9G3+!8C/ADFEN?XD ; 8CON< � =
?C8;< ` 2BDF476A-x_u<.-7DFEN<.8;D]_ � ` +F?;?j8CO7/A? ` J;DF_76A<5G

�
8CON< �

�
<5J;<X/9G ` 6A<5GH<5E�8;<B-y_7478
ENDF8

4N?;<B-oON<5J;<VZ
D ElDFJ;-7<5Jm8;Dy/A-7<5E�8C/ ; �^ONDFGHD ? <5EN<BDF4N?]?;< ? GH<5E�8;?s/9E xn

1
P%` J;DF_�+!_7/969/98C/A<B?dD ; <b+F2;O

O7/A-7-7<5ES?C8c+!8;<
�
<5J;<H2BDFG ` 478;<B-l+!8r<b+F2cO ` DV?C/98C/ADFE Pθ(M)(st = u | xn

1 ) P 4N?C/9E ? 8CON<; DFJ � +!J;- = _�+F2 B�� +!J;-kJ;<B2547JCJ;<5EN2B< �
/98COy8CON<mG3+ P�/9GY47G 69/ B <569/9ONDLD#-v<B?C8C/9G3+!8;DFJ θ(M) Z

� <�-�/A-mENDF8�4N?;<�8CON< ` D ` 476>+!J � /98;<5JC_7/N+!6 ? DFJC/98CO7G � � A F%X	� P � �*X 	 P F i ��X 	 P 8 � X�
 �
�
O7/A2;O�2BDFEN?C/A?;8;? P ? /9Uq<5E|8CON<x?;<BeL4N<5EN2B< P /9E�2BDFG ` 478C/9E ? 8CON<xGHDV?C8 ` J;DF_�+!_76A< ` +!8CO

D ; 8CON<vO7/A-7-7<5E ?;8c+!8;<B?bZ D E�8CON<k2b+F?;<kD ; DF47J ` D#DFJC6���?C8CJC4N258C47J;<B- GHD#-7<56 � /98;<5JC_7/
J;<B2BDFEN?C8CJC4N258C/ADFEm/A?,6A<B?;?%/9E ; DFJCG3+!8C/9Uq<�8CO�+!EY8CON<MDFEN<�DF_78c+!/9EN<B-m_�� ; DFJ � +!J;- = _�+F2 B � +!J;-
J;<B2547JCJ;<5EN2B<VZ � <5Uq<5JC8CON<56A<B?;? P ; DFJHJ;<B?C47698;?]/9EL8;<5J ` J;<58c+!8C/ADFEz+!EN-|-�/A?;254N?;?C/ADFE P � < �

/9696
EN<B<B-d8;DrJ;<B2BD ? E7/ � <
?;< ? GH<5E�8;?[Z F <5EN2B<K2BDFEL8C/ ? 4NDF4N? ` DV?C/98C/ADFEN?�O�+bUL/9E ? Ud+F?)8CON<=GHDV?C8
` J;DF_�+!_76A<kO7/A-7-7<5E}?C8c+!8;< ` /"ZT<VZ � ON<5J;< v

G3+ P�/9G]/ � <B? Pθ(M)(st = u | xn
1 ) b +!J;</A-7<5E�8C/ ] <B-(+F?H+^ONDFGHD ? <5EN<BDF4N?3?;< ? GH<5EL83D ; 256>+F?c?]U�Z D E�8CON< ��� � � �xGHD#-7<56 P +!696



��� )%� !"� !��������	��

����������	�� & + � + � + �N� ���=�
� & + �"�"!��-� ��� ��������� !�����);)��

8CON<3ONDFGHD ? <5EN<BDF4N?s?c< ? GH<5E�8;?sD ; 8 � ` < v
+!J;<32;O�+!Jc+F258;<5JC/ � <B-l_��^8CON<3?c+!GH< r + 1 =EL4N256A<BDF8C/A-7<m2BDFG ` DV?C/98C/ADFE b

(M)
v (x;w)

Z

������� � �f�q� ��	��F�'U $ ��� ��	 � �n���%���%�!�%��	

V <B?C47698;? �
<5J;<yDF_78c+!/9EN<B-

�
/98CO�8CON<y?;D ; 8 � +!J;< V F�� A ` V <B?;<b+!J;2;O D ;[F
� AvD =

? <5EN<BDF4N?fJ;< ? /ADFEN?3/9E � � � ?;<BeL4N<5EN2B<B? bXP \���� ?cDF47J;2B<B?h+!J;< ; J;<B<56��|+BUV+!/96>+!_76A< ; DFJ
� �RD���� 8R/9E�4�P P +!8RO�8C8 ` { ��� � � �/= G]/ ? Z 9 DF4 �qZ /9E7Jc+�Z ; J � ?;?C_ � JCONDFG � Z VRF
� A /9G ` 6A<5GH<5E�8;?
8CON<�+!6 ? DFJC/98CO7GH?%EN<B<B-7<B-X8;DK<B?C8C/9G3+!8;<�8CON< ` +!Jc+!GH<58;<5J;?,D ; + ��� � � �dO7/A-7-7<5E
Ak+!J B DbU
GHD#-7<56�+!EN-y8;D ` J;D#-�4N2B<d+3?;< ? GH<5EL8c+!8C/ADFEk/9Ei8CON< �

+ � ` J;<B?;<5E�8;<B-v/9Ev8CON< ` J;<5U#/ADF4N?
?;<B258C/ADFE�Zu\MDFEN2B<5JCE7/9E ? 8CON<XGHD#-7<56 P 8CON<X4N?c<5JjDFE76��x2;OND#DV?;<B?
8CON<YE�47Gm_�<5J.D ; O7/A-7-7<5E
?C8c+!8;<B?]+!EN-�8CON<h6A<5E ? 8CO'D ; 8CON<oDF69/ ? DFE�4N256A<BDF8C/A-7<B?H8c+ B <5E�/9EL8;Dk+F2B2BDF47EL8bZ � /��u<5J;<5EL8
GHD#-7<56MDFJ;-7<5J;? P 0 ≤ r ≤ 3 P +!EN-l-�/��R<5J;<5E�8dO7/A-7-7<5E�?C8c+!8;<HEL47GY_u<5J;? P 2 ≤ q ≤ 8 P
�
<5J;<34N?;<B-RZ � 696�GHD#-7<56A? �

<5J;< ] 8C8;<B-l8;Dx8CON< �
ONDF6A<o?;<Be�4N<5EN2B<fD ; 8CON< � � ��� � � 
 � 
 �

2cO7J;DFGHDV?;DFGH< ` � Z J Ay_ ` b 8CO7J;DF4 ? Og69/ B <569/9ONDLD#-oG3+ P�/9G]/ � +!8C/ADFE�Z � D ? /9Uq<X+!Eg/A-7<b+dD ;
8CON<K2BDFG ` 478c+!8C/ADFE�+!6�2BDV?C8 PF` J;DL2B<B?c?C/9E ? 8CON<K2;O7J;DFGHDV?;DFGH<@+F2B2BDFJ;-�/9E ? 8;D@8CON< Z ?C8c+!8;<B?
��� � � �lGHDL-7<56 � /98CO JQZ -�/��u<5J;<5EL8X?C8c+!JC8 ` DF/9EL8;? P J;<BeL47/9J;<B?X+!J;DF47EN- J	� OS+!EN- ZQZ��A � D ; +F258C/9Uq<.GH<5GHDFJ��gDFEy+ i � � = i � � V \ � ��� A F�� Z

VRF
� A ` J;D#-�4N2B<B?X+ ? Jc+ ` O7/A2b+!6�-�/A? ` 6>+ �yD ; 8CON<m<B?C8C/9G3+!8;<B-vO7/A-7-7<5E^?C8c+!8;< ` J;D =
_�+!_7/969/98C/A<B? ; DFJh+!696p?c<Be�4N<5EN2B< ` DV?C/98C/ADFEN?[Z D E(DF47Jf2b+F?c< P � <yJ;<569/A<B-�DFE +^GHDFJ;<v?;D =
` O7/A?C8C/A2b+!8;<B- ? Jc+ ` O7/A2b+!6 ` J;<B?;<5EL8c+!8C/ADFEkD ; 8CON<YJ;<B?C47698;?s{�2;O7J;DFGHDV?;DFGH<d2BDFE�8C/ ? ? �

<5J;<
U#/A<

�
<B-^+F?
	 ; <b+!8C47J;<B- � � � ` O �#?C/A2b+!6wG3+ ` ?�� P 4N?C/9E ? + `7` J;D ` JC/>+!8;< ? Jc+ ` O7/A2b+!6)?��#G =

_uDF6A? ; DFJj<tP�/A?C8C/9E ? +!E7ENDF8c+!8C/ADFEN?rD ; 8CON<m?;<Be�4N<5EN2B<VZ F /A-7-7<5Ek?C8c+!8;< ` J;DF_�+!_7/969/98C/A<B? ; DFJ
<b+F2cO ` DV?C/98C/ADFE �

<5J;<g?C4 ` <5JC/9G ` DV?;<B-�DFE�8CON<hG3+ `^P <5E�+!_769/9E ? + ` J;<B25/A?;<h/9EL8;<5J ` J;< =
8c+!8C/ADFE�Z i <BeL4N<5EN2B<B?H+!EN-�+!E7ENDF8c+!8C/ADFEN?

�
<5J;<f8c+ B <5E ; J;DFG A D \ ��� � ` O�8C8 ` { ��� 6AD =

254N?bZ 9 DF4 �qZ /9E7Jc+�Z ; J � G]/A2b+F-7D bXP +�J;<56>+!8C/ADFE�+!6s-N+!8c+!_�+F?;<S-7<B-�/A2b+!8;<B-z8;D|G]/A25J;DF_7/>+!6 ? < =
ENDFGH<B? � �$i�� X 	 � P 2BDFE�8c+!/9E7/9E ? +v8CJc+!EN?C6>+!8C/ADFE�D ; � A � 8 � � <5E � +!E B ?;<BeL4N<5EN2B<hJ;< =
2BDFJ;-7?bZ

i < ? GH<5EL8m_uDFJ;-7<5J;? ; DF47EN- �
/98CO VRF
� A �

<5J;<f2BDFG ` +!J;<B- �
/98CO ? <5EN<h+!E7ENDF8c+ =

8C/ADFES2BD#DFJ;-�/9E�+!8;<B?bZ � ON<d-�/��u<5J;<5EL8Y?;< ? GH<5EL8.8 � ` <B? �
<5J;<]2BDFG ` +!J;<B-k8;D ` J;<5UL/ADF4N?C6��

-7<B?;25JC/9_u<B-^2BD#-7DFEv4N?�+ ? <s256>+F?c?;<B?rD ; � � ��� � � 
 � 
 � 2BD#-�/9E ? ?;<BeL4N<5EN2B<B? � A V��9XYX�� Z � ?
` J;<5U#/ADF4N?C6�� ; DF47EN-X/9E�
 � 
 � ��� 
 
 � 
 � 
 � � 
 � A V
� + X g � P 2BD#-7DFEY4N?�+ ? <�256>+F?;?;<B?,D ; � � ��� � �
� 
 � 
 � +!J;<@69/9E B <B-h8;Dm_7/ADF6AD ? /A2b+!6�2cO�+!Jc+F258;<5JC/A?C8C/A2B?
D ; 8CON< ? <5EN<B?.{#256>+F?;? D 2BDFEL8c+!/9EN?=8CON<
G3+ 9 DFJC/98 �XD ; 8CON< ? <5EN<B? P 256>+F?;? D D /A?,<5E7JC/A2;ON<B- �

/98CO ? <5EN<B?,8CO�+!8%_u<56ADFE ? 8;Dj8CJc+!EN?C6>+!8C/AD =
E�+!6 ` J;DL2B<B?c?;<B? P /9E�8;<5JCGH<B-�/>+!8;<oGH<58c+!_uDF69/A?CG P +!EN-lDF8CON<5JsO7/ ? O76��l<tP ` J;<B?;?;<B- ? <5EN<B? P
+!EN- ] E�+!696�� P 256>+F?;? D D D 2BDFJCJ;<B? ` DFEN-7?o8;D ? <5EN<B? �

/98CO ` J;D ` <5JC8C/A<B?gD ; ONDFJC/ � DFE�8c+!696��
8CJc+!EN? ; <5JCJ;<B-g?;<BeL4N<5EN2B<B?bZ � 8C8;<5G ` 8;?K8;Dd2BDFJCJ;<56>+!8;< VRF
� A ON<58;<5J;D ? <5EN<5/98C/A<B? �

/98CO ]U=
EN<5J ; 47EN258C/ADFE�+!6)256>+F?;?c<B?pD ; ? <5EN<B? �

<5J;<mG3+F-7<m4N?C/9E ? 8CON<mGH<58c+!_uDF69/A2s256>+F?c?C/ ] 2b+!8C/ADFE
D ; � � ��� � � 
 � 
 � ? <5EN< ` J;D#-�4N258;? PQ? /9Uq<5EH/9E]8CON< ` 47_769/A2b+!8C/ADFEhD ; 8CON<K2BDFG ` 6A<58;< ? <5ENDFGH<
� � � A + X 	 � P +!EN-lG3+!/9E�8c+!/9EN<B-�DFEW8CON< i 47_78C/ 8R/A?C8 � � � ?;<5JCUq<5J ` O�8C8 ` { ���>? <5END =
69/A?C8bZ ` +F?;8;<547JbZ ; J � i 47_78C/ 8R/A?;8 �Qb Z � DFJs8CO7/A? ` 47J ` DV?;< P <b+F2;O ? <5EN< �

+F? ? /9Uq<5E�8CON<f8 � ` <
D ; 8CON<mONDFGHD ? <5EN<BDF4N?r?;< ? GH<5E�8.? ` +!E7E7/9E ? 8CON<Y6>+!J ? <B?;8 ` +!JC8rD ; /98 P 4N?C4�+!696��i+!696,8CON<
? <5EN< P DFJ@+sO7/ ? O ` J;D ` DFJC8C/ADFEyD ; /98bZ

� ENDF8CON<5J B /9EN-HD ; ON<58;<5J;D ? <5EN<5/98 � �
<KO�+BUq<j_�<B<5E]6AD#D B /9E ?[; DFJ)/A?)J;<56>+!8;<B-38;D ? <5EN<



��� ��� ������� �
� ���

8CJc+!EN? ; <5JbZ D EhDF47JKD ` /9E7/ADFE P +m?C8CJ;DFE ? +F?;?C47G ` 8C/ADFEo8CO�+!8
+ � � � ?;<BeL4N<5EN2B<@?c< ? GH<5E�8
+!JC/A?;<B? ; J;DFG +oONDFJC/ � DFE�8c+!6 ? <5EN<]8CJc+!EN? ; <5J.J;<569/A<B?YDFES8CON<]?C/9Gm47698c+!EN<BDF4N?mD#2B2547J;<5EN2B<
D ; 8CO7J;<B< ; <b+!8C47J;<B?X{

g Z D 8�O�+F?�+Y?C/9E ? 476>+!J=DF69/ ? DFE�4N256A<BDF8C/A-7<.2BDFG ` DV?C/98C/ADFE P 2BDFG ` +!J;<B-h8;DY8CON<j2BDFE�8;<tP�8
D ; 8CON< � � ��� � � 
 � 
 � 2;O7J;DFGHDV?;DFGH<VZ

J Z D 8%_u<b+!J;? ? <5EN<B? � /98CO ; 47EN258C/ADFEN? B END � Em8;Dj_�<)8CJc+!EN? ; <5JCJ;<B-m_�<58 � <B<5Ed_�+F258;<5JC/>+!6
? ` <B25/A<B? P ?C4N2cOy+F? ` +!8COND ? <5E7/A25/98 �i+!EN-xJ;<B?C/A?C8c+!EN2B< ; +F258;DFJ;?bZ

T Z D 8n/A?n?C47JCJ;DF47EN-7<B-3_��]J;< ` <b+!8;<B-H?;<BeL4N<5EN2B<B? P DFJ�6>+!J ? <
/9E�8;<5J ? <5E7/A2pJ;< ? /ADFEN? ` 8CON<
	 ? J;< �hONDF6A<B?�� bXP J;<5Uq<b+!69/9E ?3` J;DF_�+!_76A<m2;O7J;DFGHDV?;DFG3+!6,J;<b+!JCJc+!E ? <5GH<5E�8;?bZ

� DFJ3+!696p+!8 � ` /A2b+!6j2BDFG ` DV?C/98C/ADFE�?;< ? GH<5EL8;?HJ;<5Uq<b+!6A<B-�_���8CON<x?C8c+!8C/A?C8C/A2b+!6j+!E�+!6���?C/A? P
ONDFGHDF6AD ? /A<B? ; DFJ ? <5EN<B? �

/98CO(+!E|47E B END � E ; 47EN258C/ADFE �
<5J;<x?���?C8;<5G3+!8C/A2b+!696��'?;<b+!J =

2;ON<B- ; DFJbZ � O7/A? � +F?K-7DFEN< P _�� ` J;DF8;<5/9EgONDFGHDF6AD ? �h?;<b+!J;2cO7/9E ? + ? +!/9EN?C8K8CON< nr
ENDFE =

J;<B-�47EN-N+!E�8 ` J;DF8;<5/9EW-N+!8c+!_�+F?;<f+!8Y8CON< � \ � D 4N?C/9E ? � 8 � i � � � A i + X 	 � Z D E^8CO7/A?
` 47_769/A2b+!8C/ADFE �

<MJ;< ` DFJC8�DFE76��XO7/ ? O76��m?;/ ? E7/ ] 2b+!E�8)?C/9G]/96>+!JC/98C/A<B? ` /"ZT<VZ � ON<5Es8CON<M<tP ` <B2 =
8c+!8C/ADFE]UF+!694N<M/A?�6A<B?;?�8CO�+!E

1.10−10 b Z � D.-7<58;<B258)J;< ` <b+!8;<B-]?;<BeL4N<5EN2B<B? P � < ` J;D#-�4N2B<B-
-7DF8 ` 6ADF8;?nD ; 8CON<K?;< ? GH<5EL8;? P +!EN-]2BDFG ` +!J;<B-]8CON<5G 8;DrJ;< ` <58C/98C/ADFEN?)J;<5Uq<b+!6A<B-]_ �s? �#? =
8;<5G3+!8C/A2X?;<b+!J;2;O �WV � �9XYX + � Z

�*/ � � 2(F �?< 	LF

��������� �f�q� �����u� �K	 �n� � U����

� El/9E�8;<5J;<B?C8C/9E ? ?;< ? GH<5EL8c+!8C/ADFE'D ; 8CON< � � � � � � 
 � 
 � 2;O7J;DFGHDV?cDFGH<f/A?sDF_78c+!/9EN<B-
�
/98COs8CON< ��� � ��� GHDL-7<56"Z i <��VGH<5E�8;?M+!J;<M6ADFE��.+!EN-d2BDF/9EN25/A-7< � /98CO��q<5EN<B?)DFJ��VJ;DF4 ` ?

D���8CON<5GxZ
	 EH2BDFE�8CJc+F?;8�� ��� � ��� +!EN- ��� � ��� GHDL-7<56A?
�V/9Uq<
Uq<5J��d?;ONDFJC8n?;<��VGH<5E�8;?MD��
+���<

�
_�+F?;< ` +!/9J;?�� � O7/A2;Os-7DKENDF8%+ `7` <b+!J%J;<56>+!8;<B-X8;D=_7/ADF6AD��V/A2b+!6
� <b+!8C47J;<B?bZ � OL4N?��BO7/A-��

-7<5EH?C8c+!8;< ` J;DF_�+!_7/969/98C/A<B? ` 6ADF8C8;<B-f+!6ADFE��X8CON<
?;<BeL4N<5EN2B<����V/9Uq<K/9E�8;<5JCG]/9E��V6A<B- ` J;D��N6A<B?bZ
��� � ��� +!EN-iO7/��VON<5J@DFJ;-7<5J��v+!J��qD[UgGHDL-7<56A?j/9E�8;<��VJc+!8;<s?CONDFJC8jJc+!E��q<YON<58;<5J;D��q<5EN<5/��
8C/A<B?j/9Ev<b+F2;Ok?;<��VGH<5E�8@8 � ` <�� ?;DH8CO�+!8@8CON<XO7/A-7-7<5Ek?C8c+!8;<m2;O�+!/9Ek2b+!E��N8p6ADFE��3Jc+!E��q<
ON<58;<5J;D��q<5EN<5/98C/A<B?bZ � ON<5J;<���DFJ;<i8CON< ��� � ��� GHD#-7<56j/A?h+��qD#DL-(2;ONDF/A2B<y8;D ` <5J���DFJCG
2;O7J;DFGHDV?;DFGH<r?;<��VGH<5EL8c+!8C/ADFE�Z��p/��VON<5J=DFJ;-7<5J�GHD#-7<56A?=-7DXENDF8=?;<B<5G 8;Ds?C/��VE7/���2b+!E�8C6��
GHDL-�/�� �38CON<.J;<B?;47698;?��

�
O7/96A<.8CON<rEL47GY_u<5JpD�� ` +!Jc+!GH<58;<5J;?j/9EN25J;<b+F?;<B? �q<BDFGH<58CJC/A2b+!696��qZ

� /98CO(8CON<i8
�
D�?C8c+!8;< ��� � ��� GHDL-7<56!��O7/A-7-7<5E�?;8c+!8;<B?"�N8#�q<5EN<yDFJC/A<5EL8c+!8C/ADFE�Z

� /98CO�8CON<38CO7J;<B<o?C8c+!8;< ��� � ��� GHD#-7<56!� � <h8 � ` /A2b+!696��$�q<58s8 � Dv?;8c+!8;<B?mG3+!8;2cO7/9E��
�q<5EN<gDFJC/A<5E�8c+!8C/ADFEN?�%�?;<5EN?C/98C/9U#/98 � { 
�� Z ��

& ��? ` <B25/���25/98 � {('�)�Z � ) & +!8]8CON<xE�4N256A<BD��
8C/A-7<i6A<5Uq<56+*��K+!EN-(8CON<i8CO7/9J;- DFEN<yG3+!8;2;O7/9E��'/9E�8;<5J��q<5E7/A2vJ;<��V/ADFEN?bZ ,L4N2cO +l?C8CJ;DFE��
DF_N?;<5JCUF+!8C/ADFE�G3+ ��_�<v+!E(/9EN-�/A2b+!8C/ADFE D��X8CON<k+ `7` J;D ` JC/>+!8;<5EN<B?;?gD��m+S8CO7J;<B<v?C8c+!8;<
GHDL-7<56-� DFJd?c<��VGH<5E�8C/9E��S8CON<g2cO7J;DFGHDV?;DFGH<VZ.	 E�8;<5JCG D��rDF69/��qDFE�4N256A<BDF8C/A-7<y2BDFG ` D��
?C/98C/ADFE/� 2BD#-�/9E��o?C8CJc+!EN-7?.+!J;<d+ �0���"JC/A2cO�1KON<5J;<b+F?r/9E�8;<5J��q<5E7/A2dJ;<��V/ADFEN?.+!J;<s+ �p8��"JC/A2cO�Z
2 258C4�+!696��
�n/9E�8;<5J��q<5E7/A2yJ;<��V/ADFEN?���2BDFG ` 478;<B-�+F2B2BDFJ;-�/9E���8;D � <5E43K+!E��|+!E7ENDF8c+!8C/ADFE/�
O�+BUq<]+!E

a + t
��2BDFEL8;<5E�8XD�� ��5 Z76 & �u+!EN-k2BDL-�/9E��g?C8CJc+!EN-7?@O�+BUq<H+!E a + g

2BDFEL8;<5E�8
D���8 � Z7) & � /9Ey2BDFG ` +!JC/A?;DFEk8;D98 � Z �:& a + t

��2BDFEL8;<5E�8Y+!EN- � '�Z7' & a + g
��2BDFEL8;<5E�8

��DFJn8CON< 1KONDF6A<j2;O7J;DFGHDV?cDFGH<VZ;	 EH8CO7/A?�2BDFEL8;<tP#8��L?;DFGH<<�q<5EN<B?��L?���?C8;<5G3+!8C/A2b+!696��=��DF47EN-



� � � �����������������	��

�����������	��

����������������������
�� ��������� ��� ��� ���!�������"�#�$�

+F?;?cDL25/>+!8;<B-y8;Dh8CON<m?C8c+!8;<mG3+!8;2;O7/9E��i8CON<Y/9EL8;<5J��q<5E7/A2dJ;<��V/ADFEN?��R+ `7` <b+!JX+F?r+!8 � ` /A2b+!6"Z
�vDFJ;< �q<5EN<5Jc+!696��
���q<5EN<B?�1�<5J;<.+F?;?C/��VEN<B-38;DX8CON<@256>+F?;?�2BDFJCJ;<B? ` DFEN-�/9E��s8;DX8CON<5/9JMG3+!/9E
O7/A-7-7<5Ei?;8c+!8;<./9Eg8;<5JCGH?jD���_�+F?;< ` +!/9J;?bZ

%��&%�� � '�	N�u��( � )�$+*-, ���.*�	�$�	W�V�q�R$��/, 	N���

	 E�/98;?m?;<b+!J;2cO ��DFJm8CO7J;<B<h?;8c+!8;<B?#00��1�� 1=+F?d+!_76A<h8;Dv-7<58;<B258d+ �NJ;?C8s6A<5Uq<56MD��
ON<58;<5J;D��q<5EN<5/98 �3J;<5Uq<b+!69/9E�� ` J;<5UL/ADF4N?;6��]/A-7<5E�8C/���<B- ` J;D ` O�+��q<B?��7+!EN-3DF8CON<5J�243 2 ?;<����
GH<5EL8;? ` DF8;<5E�8C/>+!696��z+!JC/A?C/9E�� ��J;DFG ONDFJC/65bDFE�8c+!6Y8CJc+!EN?���<5J��K_uDF8COz2BDFE�8c+!/9E7/9E�� �q<5EN<B?
8CO�+!8 1�<h2b+!696M+!8 � ` /A2b+!6 %+��DFJs-7<58c+!/96A?��%?;<B<3_�<56AD 10*tZ 2 8 � ` /A2b+!6-�q<5EN<B?Y_u<56ADFE��v8;Dg8CON<
?;D���2b+!696A<B-

a + t
�"JC/A2cOy8 � ` <#% a + t

��2BDFE�8;<5EL8 ��� Z7) & * 1KO7/A2cOk+!6A?cD32BDFE�8c+!/9EN?@GHDV?C8@D��
8CON<@/9E�8;<5J��q<5E7/A2rJ;<��V/ADFEN?[Z � ON<B?c< �q<5EN<B?=O�+bUq<r+YO7/��VO76��HON<58;<5J;D��q<5EN<BDF4N?
-�/A?;8CJC/9_7478C/ADFE
+!6ADFE��]8CON<r2;O7J;DFGHDV?cDFGH<���1K/98COx+ ` <b+��f+!8=8CON<@J;< ` 69/A2b+!8C/ADFEg8;<5JCG]/9E�4N?�� +F?M?;OND�1KEg/9E
� /��V47J;< 8 � +�Z

� ON<B?c< a + t
�"JC/A2;O�J;<��V/ADFEN? �n2BDFE�8c+!/9E 8 5 '��q<5EN<B?��nD�� 1KO7/A2;O ��
$& O�+bUq<x47E��;�

END 1KE9��47EN258C/ADFEN?���2BDFG ` +!J;<B-o8;D � 6 & ��DFJM8CON<r2BDFG ` 6A<58;< �q<5ENDFGH<VZ��p<5J;<��#8CON<@8;<5JCG
47E��#END�1KE$��47EN258C/ADFESGH<b+!EN? �q<5EN<B?X?C/9G]/96>+!JX8;Dx47E��LEND 1KE ` J;DF8;<5/9EN?YDFJ 1K/98CONDF478s?C/��
G]/96>+!JC/98C/A<B?��%8c+��q<5E ��J;DFG 8CON< ��47EN258C/ADFE�+!6�256>+F?;?;/���2b+!8C/ADFElD��K8CON<]_�+F258;<5JC/947GxZ � <5EN<B?
1K/98CONDF478d+!E��^?C/9G]/96>+!JC/98 �^J;< ` J;<B?c<5E�8=8 �
& ��/9EW2BDFG ` +!JC/A?;DFEW8;D 6 ��& � DFJ.8CON<H2BDFG �
` 6A<58;<<�q<5ENDFGH<VZ 2 25J;DV?c?n2BDFG ` +!JC/A?;DFE"1K/98CO38CON<
2BDL-7DFE34N?c+��q<
256>+F?;?C/���2b+!8C/ADFE3J;<5Uq<b+!6A?
8CO�+!8 
 ) & D��,8CON<��q<5EN<B?=/9Eo8CON<

a + t
�"JC/A2cOg8 � ` <@_u<56ADFE��s8;Dd256>+F?;? 	 	 	 %�? ` <B25/���25/98 ��*��

1KO7/96A<��q<5EN<B?KD��w256>+F?c?-	 	 	wJ;< ` J;<B?;<5E�887 5�& D��%8CON< �:9<;�=?>A@CB6D6BE; �q<5EN<B?bZ?1pEo8CON<rDF8CON<5J
O�+!EN- � 
 7 & D��K8CON<B?;<��q<5EN<B?Y_�<56ADFE��y8;Dg8CON<3+!8 � ` /A2b+!6�?;8c+!8;<�%�?;<5EN?C/98C/9U#/98 �4*tZ � OL4N?��
8CON<5J;<j/A?�+.?C8CJ;DFE��s2BDFJCJ;<B? ` DFEN-N+!EN2B<j_u<58 1M<B<5EhDF47J=+!8 � ` /A2b+!6�J;<��V/ADFEN?=+!EN-H8CON<
2BD#-7DFE
4N?c+��q<Y256>+F?;? 	 	 	.�q<5EN<B?bZ

F8G/H��"IKJMLONQPKN�R	N�STR�U&HWV XR/98;<5Jc+!8C47J;<KJ;< ` DFJC8;?�8;<5E ` J;D ` O�+��q<B?)/9E�8;<��VJc+!8;<B-]/9EL8;Dr8CON<
�:9Y;	=?>A@CB6D6BE; 2;O7J;DFGHDV?;DFGH<VZ ,#<5Uq<5Eg+!J;< ` 478c+!8C/9Uq<��7DFJ ` J;D ` O�+��q<��"69/��q<X?c<Be�4N<5EN2B<B?[Z �T\
Z:] � � 1�� + '
	 � �7?C/9EN2B<r8CON<5/9J
/A-7<5E�8C/���2b+!8C/ADFEy/A?
DFE76��h_�+F?;<B-gDFE a + t

��2BDFG ` DV?C/98C/ADFE/�
+!EN-k+!696%8CON<B?;<�	 ` J;D ` O�+��q<B?��s+!J;< a + t

�"JC/A2cO�Z � ON<5J;<m/A?j<tP ` <5JC/9GH<5E�8c+!6)<5UL/A-7<5EN2B< � DFJ
8CON<g8CO7J;<B<yDF8CON<5J ` J;D ` O�+��q<B?y{+Z �_^<` � � 2�2 ��'�) � � ; � B9� ��� ��, + '�8 � ��+!EN- ^ Z β��a � 00��	�	 � Z 	�Ey8CO7/A?p2BDFEL8;<tP#8�� 8CON<d+!_7/969/98 �iD��n8CON< ` J;D��VJc+!G 8;Dh-7<58;<B258r<tP ` <5JC/9GH<5E �
8c+!696��g/A-7<5EL8C/���<B- ` J;D ` O�+��q<B?r+!EN- ` J;D ` O�+��q<��"69/��q<m?;<BeL4N<5EN2B<B? ` J;DbU#/A-7<B?r+]_7/ADF6AD��V/A2b+!6
UV+!69/A-N+!8C/ADFEyD��)DF47Jj+ `7` J;Dq+F2;O�Z

� ON<b00��1�� ?cD���8 1M+!J;< 1M+F?S+!_76A<�8;D�-7<58;<B258W+!696m8CON<B?;< ` J;D ` O�+��q<B?��r<tP72B< ` 8
Z �_^<` Z � ON<g6>+!8C8;<5JH/A?]ENDF8f-7<58;<B258c+!_76A<x_��c00��1�� _�<B2b+!4N?;<x/98;?H2BDFE�8;<5EL8f/A?]8;D#D
256ADV?;<
8;D.8CON<K6AD#2b+!6 �:9T;	=?>A@CB6D6BE; 2�3 2 2BDFG ` DV?C/98C/ADFE/�VENDFJ�/A?)/98�-7<58;<B258c+!_76A<
_ �]?C/9G ` 6A<
a + t

��2BDFE�8;<5E�8]+!E�+!6���?C/A?bZ 2 8.6A<b+F?C8Y8 1�Dy-�/A?C8C/9EN258Y<tP ` 6>+!E�+!8C/ADFEN?YG3+ �k_�< ` J;D[UL/A-7<B-
� DFJK8CON<.ENDFE ��-7<58;<B258C/ADFEkD��"Z �_^<` ��8CON< �NJ;?C8
_u<5/9E��]8CO�+!8
/98 1=+F?K/9E�8;<��VJc+!8;<B-k+s6ADFE��
8C/9GH<g+��qD���J;<B?C47698C/9E��k/9E�8CON<g+F-N+ ` 8c+!8C/ADFE|D��p/98;?Q2�3 2 2BDFG ` DV?C/98C/ADFE'8;Dv8CON<hONDV?C8
2BDFEL8;<tP#8ed�8CON<X?;<B2BDFEN-g_u<5/9E��H8CO�+!8j/98;?�243 2 2BDFG ` DV?C/98C/ADFE 1M+F?pDFJC/��V/9E�+!696��x256ADV?;<.8;D
8CO�+!8jD�� �:9A;	=?>A@CB6D6BE; Z

1p47Js-7<58;<B258C/ADFElD�� ^ Z β
+!EN-WD��M8CON<]8CO7J;<B< ` J;D ` O�+��q<��"69/��q<f?c<Be�4N<5EN2B<B?#Z � �eZ[f

+!EN-gZ:];�,/A?X/9E �q<B< ` /9E�� 1K/98COl8CON<H69/98;<5Jc+!8C47J;<VZ � DFJY8CON<3J;<5G3+!/9E7/9E�� ` J;D ` O�+��q<��"69/��q<



��� ��� ������� ��� � � �

���
	���
�����	�� ����� ����������
 �
!#"#$�%�&(')%�*,+
-).0/ 1 � 13241)1 � 1 � 152617"98
!:1;$�%�&(')%�*,+
-).0/ <)1 � 24< � � <)<)<526<)= �

�0���3>?�7@
A��;B < � � 24= � � C!:8;$�%�&(')%�*,+
-).0/ =)<7"D24=)=
E CFHG I .J2 F %�.�K G L KD&(.9K�')M5N GPO + F . �
8 � 2 ��E)� CM3Q�R I�GPS &(Q�-
2T.JUVQ7W I &H+ O�F %�')& I .�& � " � 2 � 1)1 C
C ")"91
EX2�")"98 � C!�ED$�%�&(')%�*,+
-).0/ "91)=)132�"91 � � CYDZX[�\ %�&(')%�*,+
-).V]("98)1 � 2�"98
E �_^ ` `
C "98 � �52�"98 ��� "98 � <52a"�E_1
E
C "�E)E_132�"�E)E)� C
C "�E)� � 2�"�E � 1 C!:<;$�%�&(')%�*,+
-).0/ " � � � 2�" ��� " C
C 1 � 8 � 241 � E�" C!:=;$�%�&(')%�*,+
-).0/ 1 � E_=3241 � �
8 1 � < � 261 � = �[�Y

β
%�&(')%�*,+
-). 17"9<7"D241)1 � = Cbdcfe g %�&(')%�*,+
-). 1)=)<)13241 � � " 1)=)<
E3261 � � "! �h$�%�&(')%�*,+
-).0/ 1 � � �5241 �
<)= 1 �
1)<5261 �
8)<

K�')MV%�. I . O K�. 8)1)<)83248)1)< � C+
& F . O�G Ki&(. F�GPF�I + O K�.i&�.�-)Q�Rkj 8
E_=)83248
E_= � 8
E_=)15268
E_= �
C ` 8)= � � 268)=)8
E

K�.9RPR?l#+
RPR F(m7O_I *�. FHGPF 8)=)< � 248)= � < 8)=)=)<5268)= �
1
n;o#p I &H+ O�F %�')& I .�& E�"91)8326E�"98
E Cn;o#p I &H+ O�F %�')& I .�& E�" ��"D26E�" �
= E�" � � 2:E�" �
=

F(I &(.�% I ' I *�& G K GPOfq�I . I &H+
K m K�R GPO . q MV.�&(K�Q�& m &(.�-)Q�Rkj E�" � EX26E�" � � E�" ��� 2:E�" � �

rts5u3v 5 Z67 \ \MD#DFJ;-�/9E�+!8;<B? % �L_ ` *�D�� ` DF8;<5E�8C/>+!6RONDFJC/65bDFEL8c+!6�8CJc+!EN?�� <5JMJ;<��V/ADFEN?KDFEo8CON<
2;O7J;DFGHDV?;DFGH<rD�� �:9�;�=?>A@CB6D6BE; Z � ON<xw =F� 
�@CB
�b�?; 2BDF6947G]Ef/9EN-�/A2b+!8;<B? �#<5/98CON<5J ` J;D ` O�+��q<
+!EN- ` J;D ` O�+��q<��"69/��q<]<56A<5GH<5EL8;?��R+F?pGH<5EL8C/ADFEN<B-k/9Ezy � 1�� + '
	?{ ��DFJp/A-7<5EL8C/���<B-���47EN2��
8C/ADFEN?3+!EN-�ONDFGHDF6AD��V/A<B?bZ � ON< & � � � �Y@ ; 2BDF6947G]E ` J;D[UL/A-7<B?38CON< ` DV?;/98C/ADFEN?]D��@6ADFE��
J;< ` <b+!8;?
-7<B?c25JC/9_�<B-g_ � 0pDL2cO�+ � @ ��D�9 y 0�2}| '�'V+f{�Z

?;<Be�4N<5EN2B<B? ��8CON<.-7<58;<B258C/ADFE�1�DFJ���?��N+!698CONDF4��VOv?;DFGH<r_�DF47EN-N+!JC/A<B?@+!J;<r6ADL2b+!8;<B-i-�/��u<��
J;<5E�8C6��
�uDFJ.?;DFGH<dD���8CON<5/9J �q<5EN<B?pJ;<5G3+!/9E^/9Ev8CON<s8 � ` <B?.+F?;?cDL25/>+!8;<B-y8;D ��9 ;	=?>A@CB6D6BE; Z
� ON<B?;<i-�/��R<5J;<5EN2B<B?g+!J;< ` J;DF_�+!_76��|J;<56>+!8;<B-(8;Dl+W_u<58C8;<5Jf?;<��VGH<5EL8c+!8C/ADFE +F2B2547Jc+F2 �
4N?C/9E����0��� GHD#-7<56A?=8CO�+!Eh8CO�+!8 ` J;D#-�4N2B<B-h_�� 7�)=�L_ ` ?C69/A-�/9E���1K/9EN-7D�1
? 1K/98COg+ 8
�L_ ` ?C8;< ` 4N?c<B-g/9Eg8CON<X2b+!6A25476>+!8C/ADFEyD���8CON< a + t

��2BDFEL8;<5E�8�y � 1�� + '
	?{�Z

� N�~ PKN�R	N�STR�U&H V Ha��LONYV N R	G/J?V���� N�Gf� 	 Ev+f?C/9G]/96>+!JjG3+!E7EN<5Jr8;D ` J;D ` O�+��q<d-7<��
8;<B258C/ADFE/� 1M< � DF47EN-���DF47JC8;<B<5E.2�3 2 ?;<��VGH<5EL8;?r/A-7<5E�8C/���<B-^+F?

a + t
�"JC/A2cO/�R+!EN-i8COL4N?

` DF8;<5EL8C/>+!696���+!JC/A?C/9E�����J;DFG ONDFJC/65bDFE�8c+!6j8CJc+!EN?���<5JbZ � ON<B?c<g?;<��VGH<5E�8;?3+!J;< ` J;<B?c<5E�8;<B-
/9E � +!_76A< 5 Z67X8;D��q<58CON<5J�1K/98COi8CON< ` J;D ` O�+��q<B?bZ 	�Ev+F-7-�/98C/ADFEy8;D38CO7/A?p2BDFG ` DV?C/98C/ADFE�+!6
DF_N?;<5JCUF+!8C/ADFE/��?;DFGH<.DF8CON<5Jj?C/��VEN?
<tP�/A?C8<1KO7/A2cOy?C8CJ;<5E��V8CON<5EvDF47J
2BDFEN25694N?C/ADFEN?bZ

2 ?sJ;< ` DFJC8;<B-�/9E � +!_76A< 5 Z67��w8CON<5J;<o/A?]+iO7/��VO|2BDFJCJ;<56>+!8C/ADFE'_u<58 1M<B<5E�-7<58;<B258;<B-
?;<��VGH<5E�8.6AD#2b+!8C/ADFEN?X+!EN-kJ;< ` <b+!8;?.-7<B?c25JC/9_�<B-v/9E 0jD#2;O�+ � @���D�9 y 0�2�| '�'V+�{�Z 	�E ` +!J��
8C/A25476>+!J��KDFE76��(DFEN<kD��Y8CON<B?;<vJ;< ` <b+!8;?91M+F?9� DF47EN-�ENDF8h8;D�_u<^+F?;?;D#25/>+!8;<B-(8;D�8CON<
-7<58;<B258C/ADFEWD��M?;DFGH<H+!8 � ` /A2b+!6(�q<5EN<B?bZ � DFJX<tPN+!G ` 6A<��u8CON< 5f� ��5 � 5f� � 	 �L_ ` ?c<��VGH<5E�8
% � /��V47J;< 5 Z67 *j/A?}� +!E��q<B-kDFEv_�DF8COk?C/A-7<B?p_��x6ADFE��g-�/9J;<B258@J;< ` <b+!8;?�1KO7/A2cO ` J;DF_�+!_76��



� ��� �����������������	��

�����������	��

����������������������
�� ��������� ��� ��� ���!�������"�#�$�

yvaQ

yvbJ

3,475,0003,450,001

yvaJ

yvbA
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ABC transporters ABC transporters

similar to arsenical resistance operon repressor
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yyaL

tetB

yyaJ

tetL

4,175,001 4,200,000

tetB, tetL
yyaNyyaR

��������������������������������������
similar to mercuric resistance operon regulator

tetracycline resistance
similar to streptothricin acetyl−transferase
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5: majority coding (−)
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d ;B$V�� 2 �$�d
��dSc��\����v3����c) idI=9c) ec�� _ d#�ec @e`3��d6�SdSc)1Z��$� ���a���d3�6$�<g��$C$ moa� 8= a� d#�ec

15��d#!���a�c�� =9c) �$�7Hc��A<%$�`K�� 2 �$�d
��dSc�� =9c) ec��E��a�7Ga��>��`)d3$Qd#�ecH�� 2 �$�d
��dSc��'$� ec��K$�<#d#�ec
��!ec�`#� * ~ cE!��Sc���rXj+g k � ;ba	d#�V�8c�<%��!2�	d<1
��`
��7Hc�dSc�`3�K�� ����� , ip������!ecId#�8`Sc��#��$����
$�<

0.0001 * � �ecK�Sc���$� ��J��dSc)1(��$� ���a���d3�g$�<B��c)��c���d�a� 8=b_�;ba	d#�8a� d#�ec 15
=9c) �$�7Hc��`_}�����

18`Sc���a���dSc��I�#��$�`�d =9c) ec�� ;8�8a��3�&��`ScY����v#����c) od d3$�$� ec8$�<�d#�ec8��$� ��Sc�`#�9c��G=9c) ec��?<%$�!2 ��
�L!8`�a� 8= d#�ecm@e`3��d���dSc)1t_E;ba	d#�gd#�ec=�
��7Hc)=9c) ecK$�`�=+�� 8a��
��d�a�$� rO 1F$"��a	d�a�$� t_F��d�`
�� ��
QD���
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d#�ec ��!ec�`#�6�� ��&�����
$ma	d3�@��$�`�`Sc��#1F$� ���a� 8=�����v#����c) od8�� 2 �$�d
��dSc�� =9c) ec * e?$�`Sc�$ �9c�``_�;fcm9c�c)1I$� 2���E18`Sc���a���dSc��H�#��$�`�dl=9c) ec��@$�<}��a�7Ga��>��`X��c) 8=�d#� d3$md#�ec ��!ec�`#�;O
±10

�"�4Q *+� �ec] c k kD18`3$�=�`
��7q18`3$N� a��8c��/�8�#�+!��IcB5
���Sc���1 ip�"����!ecB���
�3$���a>��dSc��m;ba	d#�md#�ecw���	a	=" 27Hc) od
$�<x�G��a� 8="��cB1
��a	`S$�<x��7Ga� �$ iy����a��K�Sc���!ec) ���c��@_ ]YcN�"aD\"c * Dy =$�`3�8c�`3d3$�$�58d
��a� E�� , ip�"����!ec
<M$�`�d#�ec ��!ec�`#�?���	a	=" 27Hc) od<��$� id
��a� 8a� 8=pcN���3�J12!8d
��d�a��9cK�#��$�`�d =9c) ec);ba	d#�Jd#�ec��
��7Hc
=9c) 8a��f$�`�=+�� 8a�� ��d�a�$� t_ d#�ecH1 ip�"����!ec a��K7:!2�	d�a�12�	a�c��r5+� d#�ecf +!27=5Ec�`6$�<���a� 8="��cH1
��a	`
��$�7E1
��`�a��3$� ��Y�2$� ec1;ba	d#�Qd#�ec��+!ec�`#� *

l 2(2rFi2(2 � F m 4 p � 4��oFh7 p�� q m�� m 6�4 � 59F p � 6 2rq � q u 6859q'4 � �2p � m � 6�4#4��oFA6 � q mop��
687Tq �Bu F���F u Dy �$�`3�8c�`Ad3$0��$� �@e`#7 d#�ecI��$���a� 8=0 
��d#!8`ScI$�<Y�f��$�!212��c6$�<812!8d
��d�a��9c
�#��$�`�dA=9c) ec��)<%$�!2 ��W5+���Sa�7Ga��>��`�a	ds� _?;fcH�Sc�d ip!21Z�9��d
��d�a���d�a��N����dSc���d�������$(;ba� 8=(!��)d3$
`Sc vFc���d d#�ec;����1F$�d#�ec���a��f$�<=����$�7�$�=9c) ec�$�!��f7:!8d
��d�a�$� `
��dSc?5�c�d$;fc�c) d#�ecJd#�8`Sc�c
��$��2$� f1F$"��a	d�a�$� ��Y����$� 8=Gd#�ec:���	a	=" 27Hc) odY$�<?d#�ecg12!8d
��d�a��9c ��N kC� * ~ a	d#�8a� 9�K��$���a� 8=
`Sc�=�a�$� t_Od#�ec? �!27:5�c�`0$�<=7=!8d
��d�a�$� ��;��d d#�ecJd#�8a	`3�`��$C�2$� e1F$"��a	d�a�$� a�� dy��18a��N�������
d#�ec =�`ScN��dSc��Sd`_Y;8�8a���c d#�ec& +!27=5Ec�`�$�<�7:!8d
��d�a�$� ��6��dhd#�ecH�Sc���$� ��W1T$"�Sa	d�a�$� a��)d#�ec
�#76������c���d *2� �ec�`Sc�<%$�`Scd_ ;fcH`Sc���d�`�a���dSc��]$�!8`1`Sc�=�a�$� �$�<O`Sc vFc���d�a�$� d3$ d#�ecE�N���Sch;8�ec�`Sc
d#�ec=$�5��Sc�`#�9c��9 �!27:5�c�`<$�<w7:!8d
��d�a�$� ��<��dCd#�ecAd#�8a	`3�?1F$"��a	d�a�$� Ja�� =�`ScN��dSc�` d#�
�� gd#�ec
 +!27:5�c�`�$�</7:!8d
��d�a�$� ��D��d#d#�ec<�Sc���$� ��H1F$"��a	d�a�$� *

j c�d
(m1,m2,m3)

5�cld#�ecX +!27=5Ec�`U$�<T7Ga��#76��d3�3�ec�� a� m@e`3��d`_��Sc���$� �� _"�� ��hd#�8a	`3�
��$��2$� [1T$"��a	d�a�$� �� `Sc��#1�c���d�a��9c)��� _B�N�����)!2�>��dSc��\����$� 8= d#�ec?���	a	=" 27Hc) idf$�<

N
��7Ga� �$ i

����a��2��5�c�d$;fc�c) d#�ecpd ;B$V12!8d
��d�a��9c ��N kW18`3$�dSc�a� \�Sc���!ec) ���c�� * D$< m3 ≥ m2
_ ;�c

��$�7E12!8dSc
p′ = P (m1,m2,m3 | N,m)

_od#�ecY18`3$�5
��58a��	a	dy�&$�<
(m1,m2,m3)

��$� ���a i
d�a�$� 
���w$� d#�ecGd3$�d
���B +!27:5�c�`=$�<87Ga��#76��d3�
�ec��

m = m1 + m2 + m3
_}!2 ��8c�`md#�ec

�+�C1T$�d#�ec���a��:$�<8�&��$�7�$�=9c) ec�$�!��=7:!8d
��d�a�$� n`
��dScE5Ec�d ;fc�c) nd#�echd#�8`Sc�c���$��2$� �1T$"��a i
d�a�$� ��`_A�� �� a� ��8c)1�c) ��8c) ���cH5Ec�d ;fc�c) '7=!8d
��d�a�$� Z��a	dSc�� * Ds V1
��`�d�a��)!2�>��``_?;fcf���3�#!27Hc
d#�
��dX�g7=!8d
��d�a�$� H��d@�C=�a��9c) 61F$"��a	d�a�$� I�2$ c��U �$�dw7�$���aM<M�hd#�ecG18`3$�5
��58a��	a	ds�I$�<}��7:! i
d
��d�a�$� ;��d8�� 0����v3����c) idG1F$"��a	d�a�$� * � �ecC`
��d�a�$K5�c�d$;fc�c) Qd#�ecD��$�7=58a� 
��d�a�$� ��Y1F$"�3��a�52��c
;ba	d#�H�� �� ;ba	d#��$�!8dOd#�ec���$� ���d�`
��a� od3�8$� &��$C�2$� &1T$"��a	d�a�$� &7Ga��#76��d3�
�ec��O=�a��9c��B!���d#�ec
`Sc��+!8a	`Sc��f18`3$�5
��58a��	a	dy� M

p′ =
NCm1

NCm2
NCm3

3NCm
.

~ c6!���cHd#�8a��
�+!
�� od�a	ds�
p′
���)d#�ecIdSc���d���d
��d�a���d�a�� * � �ec&1 ip������!ec&$�<Y$�!8`AdSc��Sd pa��fc���!
����d3$md#�ecD18`3$�5
��58a��	a	ds� _L!2 ��8c�`Od#�ecD�+�C1F$�d#�ec���a��@$�<|��$�7�$�=9c) ec�$�!��b`Sc)1
��`�d�a	d�a�$� 

$�<D7Ga��#76��d3�
�ec��`_ d#�
��d&�g`Sc)1
��`�d�a	d�a�$� [$�<1d#�ecf7Ga��#76��d3�
�ec��&��7�$� 8= d#�ecpd#�8`Sc�c0��$ i
�2$� ;1F$"��a	d�a�$� ��

(x1, x2, x3)
5Ec)��$� 8=4��d3$Id#�ec=�Sc�d

S(N,m, p′)
_T�8c�@� ec��9���k<M$�����$�;G� *

S(N,m, p′)
��$�`�`Sc��#1F$� ��2�fd3$1d#�ecG�Sc�dU$�< `Sc)1
��`�d�a	d�a�$� ��f;ba	d#��18`3$�5
��58a��	a	d�a�c��w��c��
� d#�
�� 

p′
M

S(N,m, p′) =
{

(x1, x2, x3) ∈ [0 . . . N ]3

;ba	d#�
x1 + x2 + x3 = m, x3 ≥ x2

�� ��
P (x1, x2, x3 | N,m) ≤ p′

}

.
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p =
∑

(x1,x2,x3)∈S(N,m,p′)

P (x1, x2, x3 | N,m).
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4187 4125 3725 89.0% 90.3% 2446 58.4% 2856 400 462 174 303 96 130

`a bdc egf � i �lk m� qs uwv k z � n t � n nz �� j � s n } uo t uk z v q z } �� j � nz � q z � q z z k t q t uk z v f � s k � q � u ~ u t� t ps nv pk ~ } |v n } xk s � s n } uo t uk z

�q v n{ |q ~ tk 0.99f � p no k ~ | m z � j z �s n x ns v tk t p n v nz v u t u � u t� k x t p n m n t pk }� q z } � j� � t p n v � no u �o u t� k x t p n m n t pk } f � p n � m | ~ t f �

o k ~ | m z o k z t q u z v t p n z | m � ns k xy nz nv prq � u z y t p n us q z z k t q t n } v t qs t � n ~k z y u z y tk t p n m | ~ t u� ~ n� s n } uo t n } v t qs t v f 	 z t p ns uy p t � qs t

k x t p n t q � ~ n� �

+

�s n x ns v tk t p n � s n } uo t n } � | t z k t q z z k t q t n } �� j v�� q z } �

−

� tk t p n q z z k t q t n } � | t z k t � s n } uo t n } �� j v f



� � � �������/
	��

��������

��
�� ������������������������� � 
�!#"$��� %	&'
!
	�����(�����)!(� ���*�(�,+���
.- ��/10�������� "

����� � � ��� �����

!#"���"'& � 	�+./
	�3 � �78 �#3�� )'+.< 	

� $<$�58d
��a� Hd#�ecb`Sc��3!2�	d3�-18`Sc��Sc) idSc��Ia� Gd#�8a��U��d#!��L� _�;�c8!��Sc�� 10
`
�� ��2$�7 �Sd
��`�d�a� 8=

1F$�a� id3�H<M$�`�5F$�d#�r��d
��=9c��6$�< d#�ecf1
��`
��7Hc�dSc�` c���d�a�76��d�a�$� * � �ec d�a�7Hc `Sc���!8a	`Sc�� d3$
$�58d
��a� )=9c) ecw18`Sc���a���d�a�$� )<%$�`YcN���
��$�<ed#�ecf=9c) �$�7HcB��c��+!ec) ���c��Y=�`3$(;G�-��1218`3$ . a�76��dSc)���
�	a� ecN��`#���h;ba	d#�Gd#�ec8�Sc���!ec) ���c@��c) 8=�d#� * cD��a� 8=<�gj a� +! . ] �n;ba	d#�I�

1
^ o �818`3$���c��
�3$�``_

0 ��V(Uej�\[R	T	R�V =9c) ec�18`Sc���a���d�a�$� ; ec�c��2�Y��`3$�!2 �� 2
�����L� *

P3a	="!8`ScIh * .p=�a��9c��E�p=�`
��12�8a��N����`Sc)18`Sc���c) id
��d�a�$� '$�<kd#�ecH=9c) ec&�8c�dSc���d�a�$� Z����$� 8=
d#�ec

100 L 521H�Sc�="7Hc) id8$�< d#�ec-0 �9V(Uej�\[R	T	R�V =9c) �$�7HcD5�c�d$;fc�c) H1F$"��a	d�a�$� �� 3, 400, 001521;�� ��
3, 500, 000

521 *�� �8a��O`Sc)18`Sc��Sc) id
��d�a�$� Ka��8�#!21�c�`�a�7E1T$"�Sc��f$� ?^1c) br@�� mH�� i
 �$�d
��d�a�$� �� * P�$�`87�$"��d81F$"��a	d�a�$� ��G����$� 8=Gd#�ec��Sc���!ec) ���cd_L18`3$�5
��58a��	a	d�a�c��Y$�<S5�c�a� 8=Ga� ;�
��$C��a� 8=m`Sc�=�a�$� a��w�)��$"�Sckd3$mc�a	d#�ec�`

0
$�`

1 * o�c) ���ckd#�ecG18`Sc���a���d�a�$� H$�< ��$C��a� 8=m`Sc�=�a�$� ����`Sc�=9c) ec�`
�������H;fc)��� �8c�@� ec�� * e9$�`Sc�$N�9c�``_2��!2 8a ��!ec��Sd
��`�dX��$C�2$� I1F$"��a	d�a�$� a��w18`3$�1F$ i
�Sc��K<%$�`�7�$"��d�$�<fd#�ecK18`Sc���a���dSc�� =9c) ec�� _F�� ��gd#�8a��:��d
��`�d���$��2$� a���$�<[dSc) J18`Sc���c��8c��
5��f��18`Sc���a���dSc�� cLrZk ;8�ec) pa� odSc�`�=9c) 8a��<��c) 8=�d#�pa��G�3! %6��a�c) id *

~ a	d#�8a� ��$C��a� 8= `Sc�=�a�$� ��`_kd#�ec ds�C1�c]$�<���$�7E1T$"��a	d�a�$� ���3�3$C��a>��dSc�� ;ba	d#� cN���
�
1F$"��a	d�a�$� �N�� 5�cJ�)��cN��`#��� a��8c) od�aM@ c�� * Dy d#�ec]�N���Sc($�<Ad#�ec)0 �OV�Uej�\[R	T	R�V =9c) �$�7Hcd_
d#�ec,<M$�!8` c���d�a�76��dSc��?��$C��a� 8=I��$�7E1F$"��a	d�a�$� 9�)�>���3�Sc��D��$�`�`Sc��#1T$� ��Qd3$ M|O.a Qbd#�ec<76�dv#$ i
`�a	dy�?$�<ld#�ecA=9c) ec��`_-O.a	a Q81
��`�d�$�<ld#�ecA=9c) ec�����$C��a� 8=I<%$�`����C��`3$�12��$�58a�����7Ga� �$ iy����a��2�
�Sc���!ec) ���c�O[c * = * g r�� d�`
�� ��#1F$�`�dSc�`H=9c) ec�� ^ I U�	�
#^ I U X Qj_DO.a	a	a QK��ds�C18a��N���D�4{�d i
`�a��
�
=9c) ec���O[c * = * =9c) ec
V
� J�� 5Ec)��$� 8=�a� 8=hd3$=�<12!8d
��d�a��9cD��$�`�a��N$� id
�������Id�`
�� ���<[c�`�`Sc�� `Sc�=�a�$� 
_ ^ r e + t/.dc Qj_8O.a��2Q:�8a	="�2��� c . 18`Sc��3��c��n=9c) ec��0O[c * = * <[`3$�7 W J Z d3$)� O�Z d#�ec�`Scf��`Sc 5=9c) ec��Ac) ���$���a� 8=9�3$�7Hc�$�<bd#�ecG="���L��$����C��a��Ac) �����7Hc��mQ *$� �8a�� m a� ��]$�<G�)��!���dSc�`�a� 8=?$�<
��$C��a� 8=I`Sc�=�a�$� ���;8�ec) Jc��Sd�a�76��d�a� 8=

4
dy��1�c��Y$�<w��$C��a� 8=I�Sc���!ec) ���c<�Sc�c)7���`Sc)�>��d�a��9c)���

��$�7E7�$� I52!8dw �$�dU!2 8a��9c�`3�
��� * Ds E1
��`�d�a��)!2�>��``_oa� Hd#�ec�f �8\�Uej � ] 1 U�T[Z�V�R�V =9c) �$�7Hcd_�$� ec
$�< d#�ecD��$���a� 8=)ds�C1�c��fa��@���3�3$C��a>��dSc��H;ba	d#� `Sc)1�cN��dSc��I`Sc�=�a�$� ��@�#�
��`Sc��I5+�618`3$�dSc�a� ��X$�<
d#�ecZ] ,�� ]B^ c k)<p��7Ga���� * kC$�7Hc#=9c) ec��X��`ScG�Sc�="7Hc) idSc��Ia� 6��a l c�`Sc) idB��$C��a� 8=:��$�7E1F$ i
��a	d�a�$� dy��1�c�� * ~ a	d#�8a� =9c) ecE�Sc�="7Hc) id
��d�a�$� na��C=9c) ec�`
�������K`Sc)�>��dSc�� d3$H�+�L��`3$�12��$�58a��
`Sc�=�a�$� ���;ba	d#�8a� d#�ecY18`3$�dSc�a� ���O[c * = * V�� ]�	 �� ��tV
� W�� Qj_+52!8dX7�$�`Sc���$�7E12��c . 18`3$�@���c��
76�N�f�����
$���121EcN��`=O[c * = * V�� W�� �� ��eV
� J�� Q *

P3a� 
������� _�;�cg �$�d�a���c�d#�ecg18`Sc���a���d�a�$� 0$�</�#��$�`�d@!2 
�� 2 �$�d
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^�be@fvWvUQ2_qQ�Okx�\WMBADCS�w^q]W@BQIOk\W\WCFKuONJF]>ADVwOkvWMBALQªcFKzlWADcFADCEx�@fVUA
@fV���KNCEx|OkcE@ftuA
xzKNcE@���\}KkX
QE@fcE@BKNVUQ�;£@fcE]W@fVnO
¢£OS�uALQE@POkVyx�@�§�cEbWCFAi� C�OkxzA�;�KNCE�~��O�AeAY§�cFADVUl�cE]UAD@fC�;�KNCE�zcFK�xzKNCFA
QFKN\W]W@BQFcE@BJSOkcFALl xzK�lWADMBQIOkVUl cFKzcE]UA
J�]UKN@BJLA�Kk�©KNcE]UADCexzK`lWADM_JLKNx�\~KNVUADV`cFQS�¦^q]UA�OkM�X
cFADCEVwOkcE@ftuA�Ok\W\WCFKuONJF] ;�A
bUQ�A
@BQIvwONQFALl>KNV�O|CFALJLADVgc�h���h>� xzADcE]UK`lWKNMBKN{���JSOkMfMBALl
CFADtuADCFQE@fvWMBA���bWx�\�h���h>��@fVI;£]W@BJF]yxzK�lWADM¦l�@fxzADVUQE@BKNVnOkVUl|KNcE]UADC�\wOkC�OkxzADcFADCFQ£OkCFA
QE@fx�bWMfc�OkVUALKNbUQEMf�HALQEcE@fx|OkcFALl
cE]WCFKNbW{�]�O£QE@fVW{�MBA�h>��h��>Q�Okx�\WMf@fVW{U�-MIADtuADCFQE@fvWMBAs��bWx�\
h���h>� ;�ADCFA�@fVgcECFK�l�bUJLALl�vg�jbeCFALADVWL�beCFA YR] S��[Mª@BJ�]wOkCFlWQFKNV�OkVUl�beCFALADVoLNM�b Ydc SOk\W\WMf@BALl cE]W@BQ£xzADcE]UK`lWKNMBKN{��ycFKzlWADcFADCEx�@fVUAHcE]UA�VgbWx�v~ADCeKk��JLKNx�\}KNVUADVgcFQi@fVjO�VUKNC�X
x|OkM.x�@�§�cEbWCFA�xzK`lWADM ��h V>cE]UA��eh�h ��C�OkxzA�;�KNCE�}R}CFADtuADCFQE@fvWMBAe�[bWx�\�h���h�� ;�ADCFA
�UCFQEc�bUQFALl�cFK�ALQEcE@fx|OkcFA�cE]UAqVgbWx�v~ADC©Kk�¦]W@BlWlWADVzQEc�OkcFALQ©ONQFQFK�JD@POkcFALl�cFKeJLADV`cFADCFALl�VUKNC�X
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x|OkM}l�@BQFcECE@fvWbWcE@BKNVUQ LNM M�^�PRP�S¤��mWbWCEcE]UADCiOk\W\WMf@BJSOkcE@BKNVUQªcFK���GeT QFALa`bUADVUJLAIxzK�lWADMf@fVW{
;�ADCFAzlWADtuADMBKN\}ALl�@fV'KNCFlWADC
cFKn\WCFKSt�@BlWA|OkV'ALQEcE@fx|OkcE@BKNV�Kk��cE]UAzVgbWx
v}ADC�Kk�q]W@BlWlWADV
QEc�OkcFALQ£JLKNCECFALQE\}KNVUl�@fVW{zcFK�l�@BQEcE@fVUJDci��GeT JLKNx�\}K�QE@fcE@BKNV¥c¤��\}ALQ�L ¢��7P	��O�S2OkVUlycFK�ALQ�X
cE@fx|OkcFA£cE]UAiKNCFlWADC�Kk�scE]UAªh>OkCE�uKSt�J�]wOk@fV|xzK�lWADMf@fVW{���GIT�JLKNx�\}K�QE@fcE@BKNV�ONQFQ�K`JD@POkcFALl
cFK�cE]UA�]W@BlWlWADV QEc�OkcFALQ L ¢q�7P	�kvqS¤�

h¤V�cE]W@BQh;�KNCE� ;�A��¨K�JDbUQ�KNV«@BlWADV`cE@�� ��@fVW{�cE]UAyJLADVgcEC�OkMªxzKNcE@���Kk�IcE]UA�vwONJDcFADCE@POkM
\WCFKNxzKNcFADCFQ T�cE]UA�MiGeT�\}KNMf�`xzADC�ONQFA�vW@fVUl�@fVW{|xzKNcE@���QS�qMIGIT \~KNMf��xzADC�ONQFA�vW@fVUlWQ£cFK
�eGeT9cE]WCFKNbW{�]6KNVUAnKk�I@fcFQzQEbWvWbWVW@fcFQ|JSOkMfMBALl�cE]UA Z`@f{�x|Oj�¨ONJDcFKNCS���I@�rsADCFADVgc|�`@fVUlWQ
Kk�£Z`@f{�x|Oy� ONJDcFKNCFQHJSOkV�v}A�AY§�\WCFALQ�QFALl>@fV0OyQ�OkxzA�vwONJDcFADCE@PO¥MBASONl�@fVW{¥cFKycE]UA�cEC�OkVUQ�X
JDCE@f\WcE@BKNV�Kk��l�@�rsADCFADVgc�QFADczKk�e{uADVUALQ��.^q]UADCFAY��KNCFA�R�@BlWADVgcE@����`@fVW{�xzKNcE@��¨Q�CFALQE\}KNVUQE@fvWMBA
��KNCqcE]UALQFA�cEC�OkVUQFJDCE@f\WcE@BKNVwOkM2CFAD{�bWMPOkcE@BKNVUQb;�KNbWMBlnv}A�OkVn@fx�\~KNCEc�OkV`ciQEcFAD\ycFK(;qOkCFl¥cE]UA
@fVgcFADCE\WCFADc�OkcE@BKNV«Kk�q{uADVUKNx�@BJ|QFALagbUADVUJLALQ��_Z`@f{�x|Oy� ONJDcFKNCHvW@fVUl�@fVW{jQF@fcFALQ
OkCFA�c¤��\W@BJSOkM
JLKNx�\WMBAY§�xzKNcE@��¨QmT�cE]UAD��JLKNbWMBl�{uADVUADC�OkMfMf��v}A�lWALQFJDCE@fv}ALl�ONQ�c$;�K�v~KS§�ALQ�QFAD\wOkC�OkcFALl�v`�
OzQE\wONJLADC�Kk�©tNOkCE@POkvWMBA�vWbWc�JLKNVUQEcEC�Ok@fVUALl�MBADVW{�cE]$L ?}b P,g
S¤�wmUKNCexzK�QEcHZ`@f{�x|O�� ONJDcFKNCFQ
cE]UALQFA�v~KS§�ALQHOkCFA�JSOkMfMBALl ¬ X ZR] ­�OkVUl ¬ XHg-P ­�v~KS§�ALQSRE;£]UADCFA�cE]UA�VgbWx�v~ADC
@BQICFAY�¨ADCECE@fVW{cFK¥cE]UA|l�@BQFc�OkVUJLAzv}ADc$;�ALADV«cE]UA|v~KS§0OkVUl�cE]UA|��GeT cEC�OkVUQFJDCE@f\WcE@BKNV�QEc�OkCEc�QE@fcFA��_^2K
@BlWADVgcE@����0cE]UALQFAyxzKNcE@��¨QSR.Ok\W\WCFKuONJF]UALQ�vwONQFALl�KNV�OkMf{uKNCE@fcE]Wx�@BJ¥AY§�cEC�ONJDcE@BKNV�Kk��KStuADC�X
CFAD\WCFALQFADVgcFALl�QEcECEbUJDcEbWCFALl¥xzKNcE@��¨QIOkVUljADtNOkMfbwOkcE@BKNV�Kk�.cE]UAD@fCIQEc�OkcE@BQEcE@BJSOkMoQE@f{�VW@��wJSOkVUJLA
{�@ftuADVjO ¬ VgbWMfM�­Hh>OkCE�uKSt�xzK`lWADM®]wOStuA�v}ALADV¥lWADtuADMBKN\~ALljL h>Z,PRP�RqMI�\M + P	� S¤�WGIADtuADC�XcE]UADMBALQFQSR®xzK�QFc�xzADcE]UK�lWQ�OkCFA�vwONQFALl0KNV0xzKNcE@��ixzK�lWADMf@fVW{>QEbUJF]�ONQ��eh�h xzK�lWADMBQ
ALQEcE@fx|OkcFALl
cE]WCFKNbW{�]�p©h9OkMf{uKNCE@fcE]Wx LNedX1f + P,guR�? X1V + P Z S¤RkKNC2x�@�§�cEbWCFA�CFADMPOkcFALl�xzKkXlWADM�ALQEcE@fx|OkcFALl�cE]WCFKNbW{�]�h>��h�� L �7X®¢�X1P,g`R�p e`� + P Z S¤�.X2OkcEcFADC�xzK�lWADMBQ�OkMBQ�KiADVwOkvWMBAl�@fxzADCªxzKNcE@���QiQFAD\wOkC�OkcFALlnvg�¥O�QE\}ALJD@��wALln{gOk\¥C�OkVW{uAHcFK�v~A�@BlWADV`cE@��wALls�
^q]UA�bUQFAHKk��cE]UA
��Z�h�h���C�OkxzA�;�KNCE� OkMfMBK�;ªQªbUQªcFK|JLKNVUQE@BlWADCIQEcEC�Ok@f{�]`c�X¨��KNC�;qOkCFl

xzK`lWADMf@fVW{�cFK�lWALQFJDCE@fv}AqcE]UAql�@BQEc�OkVUJLA£v}ADc$;�ALADVlMiGeT�\~KNMf��xzADC�ONQFA�vW@fVUl�@fVW{
QE@fcFA£OkVUl
cEC�OkVUQEMPOkcE@BKNV¥QEc�OkCEc£QE@fcFA�R�cE]UA ;£@Bl�cE]yKk�ocE]UAec$;�K�v}KL§WALQªOkVUl�cE]UA�l�@BQEcECE@fvWbWcE@BKNV¥Kk�_cE]UA
QE\wONJLADC�MBADVW{�cE]�v}ADc$;�ALADV�v}KNcE]0v}KL§WALQS���IADCFA�cE]UAyl�@fxzADVUQE@BKNVUQ�Kk�icE]UAy��Z�hjh ;�A
ALQEcE@fx|OkcFA�OkCFA T ^ @ _icE]UA);£@Bl�cE]>Kk��cE]UA�v}KL§WALQSRv^ @f@ _icE]UA�QE@f�SA�Kk��cE]UA�QFbW\W\~KNCEc�Kk��cE]UA
QE\wONJLADC�MBADVW{�cE]�l�@BQEcECE@fvWbWcE@BKNV'OkVUl ^ @f@f@ _ªcE]UA�h>OkCE�uKSt�@POkV�KNCFlWADCHKk��cE]UA�vwONJF��{�CFKNbWVUl
JLKNx�\~K�QE@fcE@BKNV�xzK�lWADM ��¢qAD]wOSt`@BKNC¥Kk�
cE]UAjCFADtuADCFQE@fvWMBA���bWx�\�h���h�� OkMf{uKNCE@fcE]Wx"@BQ
lWALQFJDCE@fv~ALlybUQF@fVW{�cE]WCFALAHQFADcFQ£Kk��
mr��	{ � ���Rw w����,x|{ � {*wªQFALa`bUADVUJLALQªAY§�cFADVUl�@fVW{zbW\UQEcECFASOkx
� CFKNx:\WCFKNcFAD@fV JLK�l�@fVW{zCFAD{�@BKNVUQS�

576�� ���������GF���;! @�B"��#

$&%('&%*) +-,*.�.�/10324/156,87:9<;>=@?BADCE5FA�.�/1G

��Z�h�h�Q�OkCFA�JLKNx�\}K�QFALlyKk�_OkV�]W@BlWlWADVnQEc�OkcFAe\WCFK�JLALQFQ�^�JLKNCECFALQE\}KNVUl�@fVW{�]UADCFAecFK
cE]UA|QEcECEbUJDcEbWCFA�Kk�ªcE]UAz\WCFKNxzKNcFADC�CFAD{�@BKNVG_
OkVUl�OkV0KNvUQFADCEtuALl�KNVUA ^�JLKNCECFALQE\}KNVUl�@fVW{
]UADCFA|cFK�cE]UA�KNvUQFADCEtuALl«�eGeT9QFALa`bUADVUJLA._Y�o^q]UA�]W@BlWlWADV�QEc�OkcFA�\WCFK�JLALQFQ�@BQ�OjQFADx�@�X
h�OkCE�uK�tzJF]wOk@fVyJLKNx�\~K�QFALl�Kk�sv~KNcE]nOkV�ADx�v~ALlWlWALl|�UCFQEc�X¤KNCFlWADCqh�OkCE�uK�t|JF]wOk@fV®R�lWALQ�X
JDCE@fvW@fVW{
cEC�OkVUQE@fcE@BKNVUQ�v~ADc ;�ALADVyQEc�OkcFALQSRgOkVUl�Kk�}QEc�OkcFAiQFKk��KNbWCEV|cE@fxzAil�@BQEcECE@fvWbWcE@BKNVUQ

duOkcEc�ONJF]UALl>cFK¥OkVg�jVUKNV�OkvUQFKNCEvW@fVW{¥QEc�OkcFA
u
�}^q]UA�cEC�OkVUQE@fcE@BKNV�x|OkcECE@�§�Kk��cE]UA�QEc�OkcFALQ

@BQIlWADVUKNcFALljvg�
a
�wTeQi@fV��Ih�h�RUcE]UA�l�@BQEcECE@fvWbWcE@BKNV

bu
�¨KNCicE]UA�KNvUQFADCEtuALljQ�ALagbUADVUJLA
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lWAD\}ADVUlWQ�KNV>cE]UA�]W@BlWlWADV�QFc�OkcFA
u
�}p�ONJ�]�KNvUQFADCEtuALl>VgbUJDMBALKNcE@BlWA�c�Ok�uALQ�@fcFQ�t�OkMfbUA�@fV

OkVjOkMf\W]wOkv}ADcilWADVUKNcFALlnv`�
X = {a, g, c, t}

Kk�.QE@f�SA
|X | = 4

�

protein coding sequenceRBS"−10" box"−35" box

transcription
start site

RNA polymerase

core

3’5’

part of the sequence we model

Sigma subunit

���
	�� ] � g�
yZ�JF]UADx|OkcE@BJ�CFAD\WCFALQFADVgc�OkcE@BKNV�Kk�ocE]UA�xzK�lWADMBALlnvW@BKNMBKN{�@BJSOkMoQFALagbUADVUJLALQ��

spacer"−10" box "−35" box

ABSORBING

STATE

BEGIN

���
	�� ] � ��
�Z`cECEbUJDcEbWCFAeKk�®cE]UAe��Z�hjh���beC�OS���UMfMBALl�KNv��EALJDcFQqJLKNCECFALQE\}KNVUl|cFK�]W@BlWlWADVQEc�OkcFALQ.ONQFQ�K`JD@POkcFALl�cFKicE]UA ¬ vwONJF��{�CFKNbWVUl�­£h�OkCE�uK�t`@POkV�xzK�lWADM � h�K`lWADM ;£@fcE]�KN\WcE@BKNVwOkM
¬ X ZR] ­�v}KL§ ;�KNbWMBl�OkMfMBK(; cFKzQF�`@f\¥cE]UA ¬ X ZR] ­ev}KL§sRwONlWl�@fVW{�O�l�@fCFALJDcIcEC�OkVUQE@fcE@BKNV¥��CFKNxcE]UA ¬ XHg-P ­�v}KL§ncFK�cE]UA
OkvUQFKNCEvW@fVW{|QFc�OkcFA��

^q]UA�\WCFKNxzKNcFADCoCFAD{�@BKNV�QFALa`bUADVUJLAl;�A©xzK�lWADMg@BQ_@fMfMfbUQEcEC�OkcFALl�@fV�mo@f{�bWCFA ] � g�� ^q]UALQFAQFALa`bUADVUJLALQ�OkCFA�ONQFQFbWxzALl¥cFKzv}AH@fVUlWAD\}ADVUlWADVgcHOkVUl cFK|v}A�{uADVUADC�OkcFALl�vg�ncE]UA�Q�OkxzA
��Z�hjh��Nmo@f{�bWCFA ] � �IlWALQ�JDCE@fv~ALQ�cE]UA£QEcECEbUJDcEbWCFA£Kk�~cE]UAqxzK`lWADMBQ?;�AqbUQFA�@fV�cE]W@BQ.QEcEbUl��u�Z�ALa`bUADVUJLALQHOkCFA
xzK�lWADMBALl�@fV>cE]UA�KN\W\}K�QE@fcFA�l�@fCFALJDcE@BKNV>cE]wOkV�cE]UA�KNVUA�Kk��cE]UA�cEC�OkVUQ�X
JDCE@f\WcE@BKNV�\WCFK`JLALQ�QUTscE]UA ¬ XHg-P ­zv}KL§�@BQ
cE]UA��UCFQEc
KNVUA|cFKnv}A�CFASONJF]UALls�op�ONJF]�v}KL§�@BQ
xzK�lWADMBALl�vg��O>]W@BlWlWADV6QEc�OkcFA ;£@fcE]��W§WALl ;£@Bl�cE] ^¨ONQFQFbWxzALl�VUKNczcFK>v}An�`VUK�;£VG_Y�
h V�ASONJF]�v}KL§>QEc�OkcFA

u
R~cE]UA�\WCFKNvwOkvW@fMf@fc¤�

bu(x; k)
Kk��ADx�@fcEcE@fVW{ O�V`bUJDMBALKNcE@BlWA

x
lWAYX

\}ADVUlWQ
KNV�cE]UAz\~K�QE@fcE@BKNV
k
@fVUQE@BlWA�cE]wOkcHv}KL§s�1h V�ADtuADCE��KNcE]UADC�QEc�OkcFALQ�RsVgbUJDMBALKNcE@BlWALQ

OkCFAnADx�@fcEcFALl���CFKNx cE]UAnQ�OkxzA�vwONJF��{�CFKNbWVUl�]UKNxzKN{uADVUALKNbUQ|h>OkCE�uKSt�@POkV�xzK�lWADMqKk�
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KNCFlWADC
ru = r

^¨ONQFQEbWxzALl�VUKNc�cFK
v~AI��VUK(;£VG_Y��GibUJDMBALKNcE@BlWAecEC�OkVUQE@fcE@BKNVUQ£OkCFAelWADVUKNcFALl
vg�

bu(x;w)
��KNC

x ∈ X
OkVUl�O V`bUJDMBALKNcE@BlWA¥JLKNVgcFAY§�c

w
Kk�eMBADVW{�cE]

ru

��T QE\wONJLADC
QEc�OkcFAzxzK�lWADMBQ�cE]UA|t�OkCE�`@fVW{�l�@BQEc�OkVUJLA�v~ADc ;�ALADV�v}KNcE]'v}KL§WALQ
cE]WCFKNbW{�]�Onx�bWMfcE@fVUKkX
x�@POkMqQ�Kk��KNbWCEV«cE@fxzAnl�@BQEcECE@fvWbWcE@BKNV ;£]UK�QFAyQEbW\W\}KNCEc�@BQ�bWVW�`VUK�;£V®�©^q]UA�c$;�K>v}KL§WALQ
OkVUl�cE]UAªQE\wONJLADC�lWALQ�JDCE@fv~A£cE]UAiJLKNx�\WMBAY§zxzKNcE@���;�AIOkCFA£@fV`cFADCFALQEcFALlz@fV®�g^q]UAil�@BQEc�OkVUJLA
v~ADc ;�ALADV�cE]UAªv}AD{�@fVWVW@fVW{�Kk�®cE]UAiQ�ALagbUADVUJLAeOkVUlzcE]UAªxzKNcE@��s@BQ�xzK`lWADMBALl|vg�|O�QF]W@�� cFALl
VUAD{gOkcE@ftuAHvW@fVUKNx�@POkM�l�@BQEcECE@fvWbWcE@BKNV�ONQFQ�K`JD@POkcFALl cFK|O�\WCFAYX xzKNcE@��©]W@BlWlWADV�QEc�OkcFA��wTi� cFADC
cE]UAHxzKNcE@��ERUcE]UA
Q�ALagbUADVUJLA
@BQªxzK�lWADMBALl¥vg� OkV>OkvUQFKNCEvW@fVW{yQEc�OkcFA��w^q]UA
]W@BlWlWADVj\wOkcE]
QEc�OkCEcFQe@fV>O�QE@fMBADVgc ¬ v}AD{�@fV�­�QEc�OkcFA�OkVUl�{uK|cE]WCFKNbW{�]�AD@fcE]UADC�cE]UA�\WCFAYX xzKNcE@��qQFc�OkcFA�KNC
l�@fCFALJDcEMf�jCFASONJ�]UALQHcE]UAzOkvUQFKNCEvW@fVW{ QFc�OkcFA��sT£JLJLKNCFl�@fVW{¥cFKycE]W@BQ�xzK`lWADM R}cE]UA|JLKNx�\WMBAY§
xzKNcE@��qK�JLJDbWCFQHVUKyxzKNCFA|cE]wOkV'KNVUJLA�@fV�ASONJF]�QFALa`bUADVUJLA��®^q]W@BQH��Z�hjh JSOkV�v}A�AY§`X
cFADVUlWALl�cFK�xzK�lWADMsONlWl�@fcE@BKNVwOkMscEC�OkVUQ�JDCE@f\WcE@BKNV�� ONJDcFKNCqvW@fVUl�@fVW{�QE@fcFALQ�bW\UQEcECFASOkx � CFKNx
cE]UA�MiGeT \}KNMf�`xzADC�ONQ�A�vW@fVUl�@fVW{�QE@fcFALQS�
^q]UAªQE]W@���cFALl�VUAD{gOkcE@ftuAªvW@fVUKNx�@POkM~QFKk�EKNbWCEV�cE@fxzAil�@BQEcECE@fvWbWcE@BKNV|��KNC.cE]UA£\WCFAYX xzKNcE@��

QEc�OkcFA>@BQ lWAY�UVUALl ONQ
du(k;nu, pu, hu) ∝ pnu

u (1 − pu)k−huI{k ≥ hu}
Rb;£]UADCFA

I{k ≥ hu} = 1
@��

k ≥ hu

OkVUl
0
ADMBQFA�;£]UADCFA��q�e@BQEcECE@fvWbWcE@BKNVUQ���KNCycE]UAjMBADVW{�cE]

Kk�©cE]UA�QE\wONJLADC�QEc�OkcFA�OkVUl cE]UAA;£@Bl�cE]�Kk�©cE]UA
v}KL§�QEc�OkcFALQeOkCFA�CFALQE\}ALJDcE@ftuADMf� lWAY�UVUALl
ONQ

du(k; pu, hu, lu) = pu(k)I{hu ≤ k ≤ hu + lu}
OkVUl

du(k;hu) = I{k = hu}
�

TIQ
d
lWADVUKNcFALQ�cE]UA�QFKk��KNbWCEV>cE@fxzA�l�@BQEcECE@fvWbWcE@BKNVUQSR}@fce\wOkCEcE@POkMfMf��@fVUJDMfbUlWALQ�xzK`lWADM.l�@�X

xzADVUQE@BKNVUQ TWQEbW\W\}KNCEcªQE@f�SA
lu + 1

Kk�ocE]UA�x
bWMfcE@fVUKNx�@POkMol�@BQEcECE@fvWbWcE@BKNV�OkVUl ;£@Bl�cE]
huKk�ov}KL§nQEc�OkcFALQS�

O�AilWADVUKNcFAivg�
θ = (a, b, d, r)

cE]UAi\wOkC�OkxzADcFADCFQ�Kk�®KNbWC���Z�h�h0R
Xn

1

cE]UAiQFADc�Kk�
KNvUQFADCEtuALlyQFALagbUADVUJLALQ£OkVUl

Sn
1

cE]UA�ONQFQFK�JD@POkcFALl�]W@BlWlWADVyQFc�OkcFAi\wOkcE]UQS��^q]UA�JLKNx�\WMBADcFA
Mf@f�uADMf@f]UK`K�lnJLKNbWMBl¥v}A�AY§�\WCFALQ�QFALl ;£@fcE]¥@fVgcEbW@fcE@ftuA�K`JLJDbWCECFADVUJLAHVgbWx
v}ADCFQ�ONQ

Pθ(X
n
1 , Sn

1 ) =
∏

u

a(u)Nu

∏

u,v

a(u, v)Nuv

×
∏

u

∏

k

du(k)Nu,k

∏

u

∏

kc

Du(kc)
Nu,kc

∏

u

∏

x,w

∏

k

bu(x;w, k)Nwx,k;u

;£]UADCFA$T
Nu

@BQ�cE]UA�VgbWx�v~ADC¥Kk��QFALagbUADVUJLALQyv}AD{�@fVWVW@fVW{�@fV�QEc�OkcFA
u
R

Nuv

@BQ�cE]UA
VgbWx
v}ADC�Kk����bWx�\UQ.��CFKNx�QEc�OkcFA

u
cFK
QEc�OkcFA

v
@fV�OkMfMwQFALa`bUADVUJLALQSR

Nu,k

cE]UA£VgbWx�v~ADCqKk�
t`@BQE@fcFQ�cFK�QFc�OkcFA

u
l�bWCE@fVW{
AY§UONJDcEMf�

k
R
Nu,kc

@BQ.cE]UAqVgbWx�v~ADC�Kk�~QFALa`bUADVUJLALQ ;£]UADCFA£cE]UA
MPONQEc�QEc�OkcFA

u
;�ONQ�t`@BQE@fcFALl|l�bWCE@fVW{�O�JLADVUQFKNCFALl|cE@fxzA

kc

RuOkVUl
Nwx,k;u

@BQ.cE]UAiVgbWx
v}ADC
Kk�m;�KNCFlWQ

wx
@fV�QEc�OkcFA

u
;£]W@BJF] ]wONQyv}ALADV�CFASONJF]UALl O0cE@fxzA

k
Ok{uKWR

Du(k) =
∑

k′≥k du(k′)
@BQqcE]UA�QFbWCEt`@ftuKNC���bWVUJDcE@BKNV Kk�

du

��mUKNCiQFALa`bUADVUJLAe\~K�QE@fcE@BKNVUQ
t
QEx|OkMfMBADC

cE]wOkV
ru+1

RkVgbUJDMBALKNcE@BlWALQqOkCFAªONQFQEbWxzALl�cFK�v}Aql�C�O�;£V���CFKNx bWVW@���KNCEx l�@BQFcECE@fvWbWcE@BKNVUQS�
GIKNcE@BJLA�cE]wOkc�OkMfM©VgbUJDMBALKNcE@BlWA�ADx�@BQFQE@BKNV'\WCFKNvwOkvW@fMf@fcE@BALQ�OkCFA|lWADVUKNcFALl�vg�

bu(x;w, k);£@fcE]�cE]UA�JLKNVgtuADV`cE@BKNV�cE]wOkc
bu(x;w, k)

@BQ�QFADc2cFK
bu(x; k)

��KNCo]UADcFADCFKN{uADVUALKNbUQ�xzK�lWADM
OkVUlycFK

bu(x;w)
�¨KNC£vwONJF��{�CFKNbWVUl¥xzK�lWADM �

be@ftuADV�O�QFADc�Kk�eQFALa`bUADVUJLALQSR3;�A¥Ok@fx cFK>ALQEcE@fx|OkcFA
θ
OkVUl�QE@fx
bWMfc�OkVUALKNbUQEMf��cFK

\WCFALl�@BJDc£xzKNcE@��o\}K�QE@fcE@BKNVn@fV¥ASONJF]jQFALagbUADVUJLAe��CFKNx cE]UAq�EKN@fVgc£\}K�QEcFADCE@BKNCªl�@BQEcECE@fvWbWcE@BKNV
π(θ, Sn

1 | Xn
1 )
�
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	��@,�A 0��

mwKNCe¢£OL�uALQF@POkVj@fV��¨ADCFADVUJLA�Re;�A
VUALALl cFK|QE\}ALJD@�� �ycE]UA
\WCE@BKNCel�@BQEcECE@fvWbWcE@BKNVj�¨KNCªcE]UA
xzK�lWADM®\wOkC�OkxzADcFADCFQ

π(θ) = π(a)π(d)π(r)π(b | r, d).
O�AqbUQ�A�@fVUlWAD\}ADVUlWADVgc�JLKNVN�[bW{gOkcFA£�e@fCE@BJF]WMBADc�\WCE@BKNCFQ

D|Vu|

(
αu, . . . , αu

) �¨KNC�ASONJ�]
CFK�;

a(u, •)
Kk�_cE]UAex|OkcECE@�§

a
LNMª��� YRZ S¤Ro;£]UADCFA Vu

lWADVUKNcFALQqcE]UAeQ�ADcqKk��QEc�OkcFALQ�CFASO X
J�]wOkvWMBAH��CFKNx%QEc�OkcFA

u
�w?�OkC�OkxzADcFADCFQ

pu

OkVUl
nu

Kk�.cE]UA
QE]W@���cFALl¥VUAD{gOkcE@ftuA
vW@fVUKNx�@POkM
l�@BQEcECE@fvWbWcE@BKNV�OkCFA�CFALQE\}ALJDcE@ftuADMf� l�C�O�;£V���CFKNx)JLKNVN��bW{gOkcFA�¢qADc�Oz\WCE@BKNC

Be(γu,1, γu2)OkVUl6JLKNVgcE@fVgbUKNbUQybWVW@��¨KNCEx KNV
(1, nu,max)

^
nu,max

@BQ|Q�ADczcFK
5
_Y��^q]UA QE]W@�� c|\wO X

C�OkxzADcFADC
hu

@BQn�W§WALl cFK
1
�i?�OkC�OkxzADcFADCFQ

hu

OkVUl
lu
lWAY�UVW@fVW{�cE]UA0QEbW\W\}KNCEcjKk�

cE]UA�x�bWMfcE@fVUKNx�@POkM�l�@BQFcECE@fvWbWcE@BKNV*OkCFA�bWVW@��¨KNCEx KNV
{hu,min, . . . , hu,max}

OkVUl�KNV
{lu,min, . . . , lu,max}

� O�A�bUQFA£JLKNVN��bW{gOkcFA£�I@fCE@BJ�]WMBADc©\WCE@BKNC��¨KNC
pu(•)

T
(pu(hu), · · · ,

pu(hu+lu)) ∼ Dlu+1(λu, . . . , λu)
��O6@Bl�cE]�Kk�wv}KL§�QEc�OkcFALQ

hu

OkCFA�r tAz"{|u-z"{�bWVW@��¨KNCEx
KNV

{hu,min, . . . , hu,max}
��
ICFlWADC

r
Kk�®cE]UAªvwONJF��{�CFKNbWVUlyh�OkCE�uK�t`@POkV�xzK�lWADM¦@BQ�bWVW@�X

�¨KNCEx KNV
{0 . . . rmax}

�2h�OkCE�uK�t`@POkV'ADx�@BQ�QE@BKNV�\WCFKNvwOkvW@fMf@fcE@BALQ
bu

OkCFA�cE]UAzQ�OkxzA��¨KNC
OkMfM�QEc�OkcFALQ�ONQFQFK�JD@POkcFALl cFK�vwONJF��{�CFKNbWVUl�xzK`lWADMm^ \WCFAYX xzKNcE@���R}QE\wONJLADC�OkVUl>OkvUQFKNCEvW@fVW{
QEc�OkcFALQ2_IOkVUl>OkCFA�l�C�O�;£V>�¨KNC�OkMfM?;�KNCFl

w
��CFKNx)@fVUlWAD\~ADVUlWADV`c
JLKNVN�[bW{gOkcFA��e@fCE@BJF]WMBADc

\WCE@BKNCFQ�T
bu(•;w) ∼ D|X |(βu, . . . , βu)

L hjbWC Y�� Rk¢q� OQPRP�S¤�.h V
v}KL§�QFc�OkcFALQSR�ADx�@BQFQF@BKNV
\WCFKNvwOkvW@fMf@fcE@BALQªOkCFA�OkMBQFKH@fVUlWAD\}ADVUlWADVgc£�e@fCE@BJF]WMBADc�T

bu(•; k) ∼ D|X |(βu, . . . , βu)
Ru�¨KNC

k ∈ {1 . . . hu}
�

O�AibUQFAIO�� bWMfMf��VUKNV�@fV���KNCEx|OkcE@ftuAI\WCE@BKNC�v`�zQFADcEcE@fVW{
cFK
1
cE]UAª\wOkC�OkxzADcFADCFQqKk�_OkMfM

�e@fCE@BJF]WMBADc�OkVUl¥¢qADc�O�\WCE@BKNCFQ�^
αu
R
βu
R
λu
OkVUl

γu
_Y�

576�� � ��� � ��#���@�>AF�<��  

$&%��&%*) � / C /�=�� ,�� G�/�� 	 5"! 9$# 9$# ;>G�%BAB=�,��'&�5

O�AqbUQ�A£h>��h��0xzADcE]UK`lWKNMBKN{���cFK�Q�Okx�\WMBAq@fV�cE]UA.��KN@fV`c.\~K�QEcFADCE@BKNC©l�@BQFcECE@fvWbWcE@BKNV
π(θ, Sn

1 | Xn
1 )
lWALl�bUJLALly��CFKNx9cE]UAe��bWMfM2l�@BQEcECE@fvWbWcE@BKNV

π(θ, Sn
1 | Xn

1 ) ∝ π(θ, Sn
1 , Xn

1 ) = π(θ)Pθ(X
n
1 , Sn

1 ).

VeQE@fVW{nh���h>��OkMf{uKNCE@fcE]WxzQ L ^q@BA Y�p S�O�Q�Okx�\WMBA�� CFKNx�O�c�OkCE{uADc�l�@BQEcECE@fvWbWcE@BKNV�@BQ{uADVUADC�OkcFALlnONQ©CFASOkMf@f��OkcE@BKNVUQqKk�®cE]UAIQEc�OkcE@BKNVwOkCE�|l�@BQEcECE@fvWbWcE@BKNVyKk�_OkV�ADCE{uK�l�@BJih>OkCE�uKSt
J�]wOk@fV®�(
IVUA�Q�;�ALAD\¥Kk�_KNbWC£h���h>��OkMf{uKNCE@fcE]Wx JLKNVUQF@BQEcFQ�@fV�cE]UA � �¨KNMfMBK(;£@fVW{�xzK�tuALQcE]wOkcª\WCFALQ�ADCEtuA�cE]UA�c�OkCE{uADcil�@BQEcECE@fvWbWcE@BKNV

π(θ, Sn
1 | Xn

1 )
T

) 6�*�bW\~lUOkcE@fVW{|cE]UAHQEc�OkcFA�cEC�OkVUQE@fcE@BKNVjx|OkcECE@�§
a
R

),+ * bW\}lUOkcE@fVW{zcE]UAHADx�@BQFQF@BKNV¥\WCFKNvwOkvW@fMf@fcE@BALQ
b
R

) 7-*jbW\}lUOkcE@fVW{0cE]UAj\wOkC�OkxzADcFADCFQ
nu

R
pu

Kk�
cE]UAjVUAD{gOkcE@ftuAjvW@fVUKNx�@POkM�QFKk�EKNbWCEV
cE@fxzAHl�@BQEcECE@fvWbWcE@BKNV®R

),. * bW\}lUOkcE@fVW{�cE]UAe\wOkC�OkxzADcFADCFQ
pu(•)

Kk�_cE]UAIx�bWMfcE@fVUKNx�@POkM2QFKk�EKNbWCEVycE@fxzAel�@BQEX
cECE@fvWbWcE@BKNV®R

),/ *jbW\}lUOkcE@fVW{zcE]UA�]W@BlWlWADV QFc�OkcFA�\wOkcE]UQ
Sn

1

R
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)�� *¥bW\}lUOkcE@fVW{|cE]UAC;£@Bl�cE]
hu
Kk��cE]UA�v~KS§yQFc�OkcFALQSR

)�� * bW\}lUOkcE@fVW{ncE]UAzQEbW\W\}KNCEc
{hu, . . . , hu + lu}

Kk��cE]UA�x�bWMfcE@fVUKNx�@POkM�QFKk�EKNbWCEV
cE@fxzAHl�@BQEcECE@fvWbWcE@BKNV®R

)�� *jbW\~lUOkcE@fVW{zcE]UA
KNCFlWADC
r
Kk��cE]UAHh>OkCE�uKSt�@POkV¥xzK`lWADM_Kk�ocE]UA�vwONJ��`{�CFKNbWVUls�

hjK�tuALQ ) 6	� / *�OkCFA}be@fvWvUQ®KNC2h�ADcECFKN\}KNMf@BQ�X¤�eONQFcE@fVW{uQ}^�h��7_¦xzK�tuALQ®MBASOLt�@fVW{icE]UA©xzK`lWADM
l�@fxzADVUQE@BKNV�bWVUJF]wOkVW{uALln;£]W@fMBAzxzK�tuALQ )�� � � *�OkCFAzCFADtuADCFQE@fvWMBA���bWx�\'h���xzK�tuALQ�ONQ
cE]UAD��lWKzJ�]wOkVW{uA�cE]UA�xzK�lWADM2l�@fxzADVUQE@BKNV®�

MiADtuADCFQE@fvWMBA®�[bWx�\�h��0xzK�tuA�@BQ_Oi{uADVUADC�OkMf@f��OkcE@BKNV�Kk�UcE]UA�h��0xzK�tuA���KNC_tNOkCE@POkvWMBA
l�@fxzADVUQE@BKNV�Q�Okx�\WMf@fVW{iL�beCFA YR] RAMmb Ydc S3;£]W@BJ�]�OkMfMBK�;ªQ��[bWx�\UQev}ADc$;�ALADV�QEbWv�X¤QE\wONJLALQKk�
l�@�r}ADCFADV`cyl�@fxzADVUQF@BKNVUQ�cE]WCFKNbW{�]�\wOk@fCFQyKk�HCFADtuADCFQE@fvWMBA�xzKStuALQyc �`\}A

(m+,m−)
�

��KNVUQE@BlWADCE@fVW{>cE]UA|JDbWCECFADVgc�QEc�OkcFA�Kk�ªcE]UA�Q�Okx�\WMBADC�v}AD@fVW{
(θ, Sn

1 )
R_cE]UA|xzK�tuA|c �`\}A

m+ \WCFKN\}K�QFALQ¥O0VUA�; JSOkVUl�@BlUOkcFA (θ̃, S̃n
1 )
@fV O0]W@f{�]UADC�X¤l�@fxzADVUQE@BKNVwOkM�QEbWv�X¤QE\wONJLA��

m_@fCFQFcSR�O�C�OkVUlWKNx:tuALJDcFKNC
ω
Kk�ol�@fxzADVUQE@BKNV

dim(ω) ≥ dim(θ̃)− dim(θ)
@BQ£l�C�O�;£V®R

cE]UADV
θ̃
@BQ|lWADcFADCEx�@fVW@BQEcE@BJSOkMfMf��\WCFKN\~K�Q�ALl�� CFKNx

θ
OkVUl

ω
T
θ̃ = h+(θ, ω)

�vh V�cE]UA
CFADtuADCFQFA�Kk�ocE]UA�xzK�tuA

m− R θ @BQ£\WCFKN\~K�Q�ALl¥ONQ θ = h−(θ̃, ω̃)
;£]UADCFA

ω̃
@BQiO�C�OkVUlWKNx

tuALJDcFKNC�Kk� ;£]W@BJF]yl�@fxzADVUQE@BKNV�x|OkcFJF]UALQ
dim(ω̃)+dim(θ̃) = dim(ω)+dim(θ)

��^2K
ADVUQEbWCFA�lWADc�Ok@fMBALl�vwOkMPOkVUJLA�ALagbW@fMf@fvWCE@fbWx¥R2OkV'@fVgtuADCEcE@fvWMBA|lWADcFADCEx�@fVW@BQFcE@BJzx|Ok\W\W@fVW{

f@BQ.VUALALlWALl~T
(θ̃, ω̃) = f(θ, ω)

��^q]UAªc�OkCE{uADc�l�@BQEcECE@fvWbWcE@BKNV�@BQ.\WCFALQFADCEtuALl|@��~xzK�tuAªc �`\}A
m+ OkVUl�JSOkVUl�@BlUOkcFA (θ̃, S̃n

1 )
OkCFAeONJLJLAD\WcFALl ;£@fcE]�\WCFKNvwOkvW@fMf@fc �

αm+(θ, Sn
1 ; θ̃, S̃n

1 ) =
min(1, Am+)

;£]UADCFA

Am+ =
π(θ̃, S̃n

1 , X)

π(θ, Sn
1 , X)

×
g
θ̃,S̃n

1
(m−, ω̃, Sn

1 )

gθ,Sn
1
(m+, ω, S̃n

1 )
× J

;£@fcE]
gθ,Sn

1
(m+, ω, S̃n

1 )
lWADVUKNcE@fVW{�cE]UA�\WCFKN\~K�Q OkM}lWADVUQF@fc¤����KNCqJF]UK�K�QE@fVW{�xzKStuA�c �`\}A

m+ R¦l�C�O�;£@fVW{ ω
OkVUl

S̃n
1

{�@ftuADV>cE]UA�JDbWCECFADVgc�QEc�OkcFA�Kk�©cE]UA�Q�Okx�\WMBADC
(θ, Sn

1 )
�
J =

∣
∣
∣
∣

∂f(θ, ω)

∂θ∂ω

∣
∣
∣
∣

@BQHcE]UAJegONJLKNvW@POkV0lWADcFADCEx�@fVwOkV`c�OkCE@BQE@fVW{y��CFKNx�cE]UA�J�]wOkVW{uA|Kk�qtNOkCE@POkvWMBA
� CFKNx

(θ, ω)
cFK

θ̃
��^q]UAeCFADtuADCFQFAexzKStuAJ^ ��CFKNx

(θ̃, S̃n
1 )
cFK

(θ, Sn
1 )
_�@BQ£ONJLJLAD\WcFALl ;£@fcE]

\WCFKNvwOkvW@fMf@fc¤�
αm−(θ̃, S̃n

1 ; θ, Sn
1 ) = min(1, 1/Am+)

�
$&% �&%(' 9<ADC /(��
 , �'&�A 	��
��&�; 0 % , 0 %65�A�.�/1G .�,*5F/10�� ,�A 0

hjK�tuALQ ) 6�*jOkVUl ),+ * OkCFAib�@fvWvUQ�xzK�tuALQnQE@fx�@fMPOkCycFK'cE]UA>�ehjh ��C�OkxzA�;�KNCE�
L h bWC Y�� R®¢q�=OWPRP�S¤�_^q]UAD��JLKNVUQE@BQEcH@fV�QE@fx
bWMPOkcE@fVW{>ASONJF]0CFK(;

a(u, •)
Kk�£cE]UAzQFc�OkcFA

cEC�OkVUQE@fcE@BKNVyx|OkcECE@�§�OkVUlyASONJF]yCFK(;
bu(•;w, k)

Kk�2cE]UAiV`bUJDMBALKNcE@BlWALQªADx�@BQFQE@BKNVnl�@BQEcECE@�X
vWbWcE@BKNVUQ£��CFKNx:cE]UAD@fC£� bWMfM®JLKNVUl�@fcE@BKNVwOkMo�e@fCE@BJF]WMBADcIl�@BQFcECE@fvWbWcE@BKNVjT

a(u, •) | Sn
1 ∼ D|Vu|(αu + Nu1, . . . αu + Nu|Vu|)

bu(•;w) | r, Sn
1 , Xn

1 ∼ D|X |(βu + Nw1;u, . . . , βu + Nw|X |;u)

bu(•; k) | Sn
1 , Xn

1 ∼ D|X |(βu + N1,k;u, . . . , βu + N|X |,k).

bu(x;w) � Q_OkCFA©JLKNx�xzKNVHcFKIOkMfM�vwONJF��{�CFKNbWVUl
JLKNx�\}K�QE@fcE@BKNV
xzK�lWADMgONQFQFK�JD@POkcFALlHQEc�OkcFALQS�^q]UADV®R
Nwx;u �

QiOkCFA�JLKNx�\WbWcFALl K�tuADCIOkMfM®cE]UA�\}K�QE@fcE@BKNVUQiOkMfMBK�JSOkcFALlncFK�cE]UALQ�A�QEc�OkcFALQS�
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�ebWCE@fVW{zxzK�tuALQ ) 7 *IOkVUl ),. *�R�\wOkC�OkxzADcFADCFQiKk�ocE]UA�QFKk��KNbWCEVncE@fxzA�l�@BQFcECE@fvWbWcE@BKNVUQ
OkCFAibW\~lUOkcFALls�`^2K�ONJ�]W@BADtuAeOnbe@fvWvUQ©xzK�tuAD^�QFALAe��]W@fv L ��]W@ Y ��S _YRgcE]UA£CE@f{�]gc�X¤JLADVUQFKNCFALlcE@fxzALQ

t′
QF\~ADV`ce@fV�cE]UA�MPONQFcet�@BQE@fcFALl>QEc�OkcFA

u
@BQe�UCFQEc�cFK�v}A�Q Okx�\WMBALl�� CFKNx @fcFQe��bWMfM

JLKNVUl�@fcE@BKNVwOkMol�@BQEcECE@fvWbWcE@BKNV

π(k′ | k′ ≥ kc, θ, Sn
1 , Xn

1 ) =
du(k′)

Du(k′)
I{k′ ≥ kc}

^ ] � g._

;£]UADCFA
kc
@BQicE]UA�KNvUQFADCEtuALljcE@fxzA�QF\~ADV`cI@fVjcE]UA
MPONQEcet�@BQE@fcFALl QEc�OkcFA��~T QFALJLKNVUl�QEcFAD\

JLKNVUQE@BQFcFQ�@fV�bW\}lUOkcE@fVW{H\wOkC�OkxzADcFADCFQ.��VUK(;£@fVW{�cE]UA£JLADVUQ�KNCFALl�cE@fxzALQS�Rh¤V�xzK�tuA ) 7 *�R
pu@BQ�l�C�O�;£V���CFKNx8@fcFQI¢qADc�O|� bWMfM�JLKNVUl�@fcE@BKNVwOkM©l�@BQEcECE@fvWbWcE@BKNV

pu | ku, nu ∼ Be(γu,1 +
nu

∑

ku
Nu,ku

, γu,2 +
∑

ku
(ku −hu)Nu,ku

)
;£]UADCFA

ku

JLKNVgc�Ok@fVUQqOkMfMUcE]UAD^�KNvUQFADCEtuALl
OkVUl¥QF@fx
bWMPOkcFALl?_£l�bWC�OkcE@BKNVUQi@fV¥Q�OkcFA

u
�wZ`@fx�@fMPOkCEMf�y@fV¥xzK�tuA ),. *�R

pu(•)
@BQ£bW\~lUOkcFALl

O ��cFADCHQE@fx
bWMPOkcE@fVW{jcE]UA�JLADVUQFKNCFALl�cE@fxzALQ ^ ] � g._i� CFKNx�@fcFQ��e@fCE@BJ�]WMBADcH��bWMfM©JLKNVUl�@fcE@BKNVwOkMl�@BQEcECE@fvWbWcE@BKNV
Dlu+1(λu + Nu,hu

, . . . , λu + Nu,hu+lu)
�

^_KnbW\}lUOkcFA�cE]UA�\wOkC�OkxzADcFADC
nu

@fV�xzKStuA ) 7 *�R�;�A��UCFQEc�bUQFALl>h�� xzK�tuAG;£@fcE]
\WCFKN\}K�Q�OkM

qnu(ñu) = N (nu; 1)
�1h V0KNCFlWADC�cFKn@fVUJDCFASONQFA�cE]UA�ONJLJLAD\Wc�OkVUJLA�C�OkcFA�R ;�A

�UVwOkMfMf��J�]UK�QFA�O¥\WCFKN\~K�Q OkM�cE]wOkc�J�]wOkVW{uALQ
nu

;£@fcE]UKNbWc�J�]wOkVW{�@fVW{>cE]UAzxzASOkV
hu +

nu(1− pu)/p2
u

Kk�2cE]UA�l�@BQEcECE@fvWbWcE@BKNV®�W^q]UAeJSOkVUl�@BlUOkcFA�JLKNbW\WMBA
(ñu, p̃u)

@BQ�\WCFKN\~K�Q�ALl
@fV¥cE]UAe�¨KNMfMBK(;£@fVW{ ;�OS�aTwl�C�O�;

ñu

��CFKNx:cE]UA�\WCFKN\}K�Q�OkM
qnu(ñu)

OkVUl QFADc
p̃u

ONQ

p̃u =
puñu

ñupu + nu(1 − pu)
.

^ ] � �d_

^q]UA�\WCFKN\}K�QFALlnt�OkMfbUA�@BQiONJLJLAD\WcFALlQ;£@fcE]¥\WCFKNvwOkvW@fMf@fc¤�

min
(

1;
π(θ̃, Sn

1 , Xn
1 )qñu(nu)

π(θ, Sn
1 , Xn

1 )qnu(ñu)
×

nuñu

ñupu + nu(1 − pu)2

)

;£]UADCFA�cE]UA�MPONQEcqcFADCEx:@fVycE]UA�C�OkcE@BK�@BQqcE]UA7egONJLKNvW@POkV lWADcFADCEx�@fVwOkV`ci@fVUl�bUJLALlyvg��cE]UA
lWADcFADCEx�@fVW@BQEcE@BJ
cEC�OkVUQ��¨KNCEx|OkcE@BKNV$^ ] � �d_Y�
h�KStuA ),/ *z@BQ�Oab�@fvWvUQ�xzKStuA ;£]W@BJF]�JLKNVUQF@BQEcFQ�@fV«l�C�O(;£@fVW{�cE]UA�]W@BlWlWADV�QEc�OkcFA

\wOkcE]UQ®� CFKNx cE]UAD@fC2� bWMfM`JLKNVUl�@fcE@BKNVwOkM�l�@BQEcECE@fvWbWcE@BKNV
π(Sn

1 | Xn
1 , θ)
��^q]W@BQ®@BQs\}ADC���KNCExzALl

cE]WCFKNbW{�]nO ¬ �¨KNC�;�OkCFl�X vwONJ��o;qOkCFl�­�OkMf{uKNCE@fcE]Wx QE@fx�@fMPOkC\^ vWbWc�xzKNCFAicE@fxzAYX¤JLKNVUQFbWx�@fVW{�_
cFK�cE]UAi�ehjh)��C�OkxzA�;�KNCE� ^�QFALAITI\W\}ADVUl�@�§~TgQFALJDcE@BKNV ] ���d_Y�`TeQ�@fV��ehjh�RucE]W@BQqOkMf{uKkXCE@fcE]Wx:OkMfMBK(;ªQqQE@fx�bWMfc�OkVUALKNbUQ£JLKNx�\WbWc�OkcE@BKNVyKk�®cE]UAI@fVUJLKNx�\WMBADcFAeMf@f�uADMf@f]UK`K�l

Pθ(X
n
1 )bUQFALly@fVncE]UAe�¨KNMfMBK(;£@fVW{�QFALJDcE@BKNVUQS�W^q]UAe�¨KNC�;�OkCFlnCFALJDbWCECFADVUJLA�@BQqCFASOkMf@f�SALljONQ£@fV beb'kYX

lWKNV L�beb'k-P Z S©OkVUl�cE]UA�QE@fx�bWMPOkcE@BKNV�OkMf{uKNCE@fcE]Wx @BQIQEMf@f{�]`cEMf�jl�@�rsADCFADVgce��CFKNx%cE]UA�KNVUA\WCFKN\}K�QFALljvg� ?.MPOk{�VUKNMmL ?.MPORP,g-S¤�Gh V cE]UA�\wOkCEcE@BJDbWMPOkC�JSONQFA�Kk��cE]UA
c ;�K�v}KL§WALQixzK�lWADM
;£@fcE]«On]W@f{�]WMf��JLKNVUQEcEC�Ok@fVUALl�QE\wONJLADC
MBADVW{�cE]®R�OyxzKNCFA|A��|JD@BADV`c�OkMf{uKNCE@fcE]Wx JSOkV'v}A
bUQFALl|�¨KNC�]W@BlWlWADVnQEc�OkcFA�OkMfMBK`JSOkcE@BKNViT�l�@fCFALJDc�ADt�OkMfbwOkcE@BKNVnKk�2ASONJF]y\wOkcE]�@BQ�\}ADCEx�@fcEcFALl
v`��cE]UAªCFALQEcECE@BJDcFALl�VgbWx�v~ADCqKk�2OkbWcE]UKNCE@f�SALl�]W@BlWlWADV�\wOkcE]UQS�g^q]UAª��KNC�;qOkCFl�X vwONJF� ;�OkCFl
OkMf{uKNCE@fcE]Wx ;�KNbWMBl¥v}A�CFALa`bW@fCFALln@fV O�xzKNCFAHJLKNx�\WMBAY§nxzK�lWADM®QFADcEcE@fVW{U�
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hjK�tuALQ )�� *|OkMfMBK(;:cE]UA ;£@Bl�cE]
hu

Kk��Ojv~KS§�QEc�OkcFA
u
cFK�@fVUJDCFASONQFA ^

+1
_�KNC�cFK

lWALJDCFASONQFA ^
−1

_
vg�0KNVUAnKNV«cE]UAyMBAY��c�QE@BlWAi^
l
_�KNC�KNV«cE]UAyCE@f{�]gczQE@BlWAi^

r
_Y�©Z�ADtuADC�OkM

QEcFAD\UQIOkCFA
CFALagbW@fCFALljcFK�ONJ�]W@BADtuA�cE]UALQ�AHxzKStuALQ��¦mo@fCFQEcSR ;�AHC�OkVUlWKNx�Mf�jJF]UK�K�QFA�Ozv~KS§
u
OkVUl�O�xzK�tuA>c¤��\~AJ;£@fcE]�\WCFKNvwOkvW@fMf@fc �

gθ(u,±1, l
KNC

r) = 1/8
ONQycE]UADCFA�OkCFA

c$;�K�v}KL§¥QEc�OkcFALQ�OkVUl
4
xzKStuA�c¤��\}ALQS�?MIADx|Ok@fVW@fVW{�QEcFAD\UQIJLKNVUQE@BQEci@fVjbW\~lUOkcE@fVW{|�UCFQEc

\wOkC�OkxzADcFADCFQU^
b
R
d
_i@fVgtuKNMftuALl�@fV�cE]UA�xzKStuA�R_OkVUl�QFALJLKNVUl>cE]UA�]W@BlWlWADV'QEc�OkcFA�\wOkcE]UQ

Sn
1

��O�A�KNVWMf��lWALQ�JDCE@fv~AecE]UA ¬ @fVUJDCFASONQFAYX¤lWALJDCFASONQFAY­�\wOk@fC£Kk�_CFADtuADCFQF@fvWMBA�xzKStuALQªKNVncE]UA
MBAY� cªQE@BlWAC;£]W@BJ�] @BQªASONQF��cFK�cEC�OkVUQE\}K�QFAe�¨KNCªcE]UA�CE@f{�]gceQE@BlWA��

h¤VycE]UA ¬ @fVUJDCFASONQFAY­�xzKStuA�RWcE]UA�VUA�; ;£@Bl�cE]n@BQq{�@ftuADVnv`�
h̃u = hu + 1

��O�A�l�C�O(;
O�C�OkVUlWKNx9tuALJDcFKNC

ω1;u
Kk�.QE@f�SA

|X |
R�� CFKNx9cE]UA
�I@fCE@BJ�]WMBADc

D|X | (βu + N1,−1;u, · · · , βu + Nq,−1;u)

cFK|{uADc�\wOkC�OkxzADcFADCFQ�Kk��cE]UA�VgbUJDMBALKNcE@BlWALQ
l�@BQEcECE@fvWbWcE@BKNV'ONQFQFK�JD@POkcFALl cFK�cE]UA��UCFQEce\~KkX
QE@fcE@BKNV¥Kk�ocE]UAHv~KS§

u

∀x ∈ X ,

{
b̃u(x, 1) = ω1;u(x)

b̃u(x; k) = bu(x; k − 1) ∀k ∈ {2, . . . , h̃u}

;£]UADCFA
Nx,−1;u

@BQªcE]UA�VgbWx�v~ADC�Kk�©VgbUJDMBALKNcE@BlWA
x
ONlk�EONJLADV`cIcFK�cE]UAHMBAY��cIQF@BlWA
Kk�©cE]UA

v~KS§
u
�g?�OkC�OkxzADcFADCFQªOkVUl|QEbW\W\}KNCEc�Kk�®cE]UAix
bWMfcE@fVUKNx�@POkMsQFKk�EKNbWCEV|cE@fxzAel�@BQEcECE@fvWbWcE@BKNV

ONQFQFK�JD@POkcFALlycFKzADtuADCE��QFc�OkcFA
v
\WCFALJLALl�@fVW{�QFc�OkcFA

u
^
u ∈ Vv

_qOkCFAHQE]W@���cFALl¥ONQ

∀v
QS� cS�

u ∈ Vv,

{
h̃v = hv − 1

p̃v(k) = pv(k + 1) ∀k ∈ {h̃v, . . . , h̃v + lv}.

m_@fVwOkMfMf�uR©VUA�;
S̃n

1

OkCFA l�C�O�;£V���CFKNx¡cE]UAD@fC���bWMfMªJLKNVUl�@fcE@BKNVwOkM�l�@BQEcECE@fvWbWcE@BKNV
π(Sn

1 |
θ̃, Xn

1 )
�

h¤V�cE]UA�CFADtuADCFQFA ¬ lWALJDCFASONQFAY­�xzK�tuA�R¦cE]UA�VUA�; ;£@Bl�cE]>@BQe{�@ftuADV�v`�
hu = h̃u − 1

�
GibUJDMBALKNcE@BlWAHADx�@BQ�QE@BKNV¥\WCFKNvwOkvW@fMf@fcE@BALQIv~ADMBKNVW{�@fVW{zcFK�cE]UAHv~KS§

u
OkCFA
QE]W@�� cFALljONQ

∀k ∈ {1, . . . , hu},∀x ∈ X bu(x; k) = b̃u(x; k + 1).

?oOkC�OkxzADcFADCFQeKk�ocE]UAHx
bWMfcE@fVUKNx�@POkM_Q�Kk��KNbWCEV¥cE@fxzA
l�@BQEcECE@fvWbWcE@BKNVUQIOkCFAHQF]W@�� cFALl¥ONQ

∀v
QS� cS�

u ∈ Vv,

{
hv = h̃v + 1

∀ hv ≤ k ≤ hv + l̃v pv(k) = p̃v(k − 1).

m_@fVwOkMfMf�uRwQEc�OkcFALQiOkCFA�CFASOkMfMBK�JSOkcFALly��CFKNx
π(Sn

1 | θ,Xn
1 )
�

^q]UA�ONJLJLAD\Wc�OkVUJLA«\WCFKNvwOkvW@fMf@fcE@BALQ���KNC�cE]UA ¬ @fVUJDCFASONQFAY­«OkVUl ¬ lWALJDCFASONQFAY­'xzK�tuALQ
KNV cE]UA�MBAY��c¥QE@BlWA'OkCFA

α
(
θ, Sn

1 ; θ̃, S̃n
1

)
= min(1, Al

+1)
OkVUl

α
(
θ̃, S̃n

1 ; θ, Sn
1

)
=

min(1, 1/Al
+1)

;£]UADCFA

Al
+1 =

π(θ̃, S̃n
1 , Xn

1 )

π(θ, Sn
1 , Xn

1 )
×

gθ̃(u,−1, l)

gθ(u,+1, l)

1

g(ω1;u)

π(Sn
1 | θ,Xn

1 )

π(S̃n
1 | θ̃, Xn

1 )
× J
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;£@fcE]
g
lWADVUKNcE@fVW{jcE]UA|lWADVUQE@fc¤��Kk�£cE]UAz�e@fCE@BJF]WMBADc�\WCFKN\~K�Q OkM�Kk�

ω1;u
OkVUl ;£@fcE]�cE]UA

egONJLKNvW@POkV
J
ALagbwOkMBQJg��~^q]UA�xzKStuA�@BQ�KNvgt�@BKNbUQEMf� CFA[�EALJDcFALl�@���cE]UA�VUA�;<\wOkC�OkxzADcFADCFQ

lWK�VUKNce�¨OkMfM�@fV`cFKycE]UA�QFbW\W\~KNCEc�Kk��cE]UA�xzK�lWADM�\WCE@BKNC�l�@BQFcECE@fvWbWcE@BKNV®�®^q]UA�C�OkcE@BK
Al

+1QE@fx�\WMf@��wALQicFK

Al
+1 =

P
θ̃
(Xn

1 )

Pθ(X
n
1 )

×
π(θ̃)

π(θ)g(ω1;u)

;£]UADCFAq@fVUJLKNx�\WMBADcFAiMf@f�uADMf@f]UK`K�lWQ
Pθ(X

n
1 )
OkVUl

P
θ̃
(Xn

1 )
OkCFAqJLKNx�\WbWcFALlzl�bWCE@fVW{�QEc�OkcFA

\wOkcE]UQiCFASOkMfMBK`JSOkcE@BKNVUQS�w^q]UA�CE@f{�]gcI\wOkCEcªKk�ocE]UA�C�OkcE@BK|QE@fx�\WMf@��wALQªcFK
π(b̃u,1)/g(ω1;u)

�

$&%��&%�� � !�.�;��@,*0 %��'&�/ � 	 !�! AB=�� A�� �'&�/ � !�; � /�=

h�KStuALQ )�� *�JLKNVUQE@BQFci@fV�@fVUJDCFASONQE@fVW{�KNC�lWALJDCFASONQE@fVW{yvg�¥KNVUA�cE]UA�QEbW\W\~KNCEceKk�©cE]UA
x�bWMfcE@fVUKNx�@POkM©QFKk��KNbWCEVjcE@fxzA
l�@BQEcECE@fvWbWcE@BKNV�Kk�©QEc�OkcFA

u
^�J�]UK�QFADVK;£@fcE]�\WCFKNvwOkvW@fMf@fc¤�

1ONQ�cE]UADCFAª@BQ�KNVWMf�zKNVUAiQE\wONJLADC�QEc�OkcFA
u
_Y�u^q]UADV�cE]UAiQEbW\W\}KNCEc�QE@f�SAi@BQ�AD@fcE]UADC�@fVUJDCFASONQ�ALl

KNC¥lWALJDCFASONQFALl�ONJLJLKNCFl�@fVW{�cFK«cE]UA>\WCFKNvwOkvW@fMf@fcE@BALQ
pl

OkVUl
1 − pl

;£@fcE]
plu,max

=
1− plu,min

= 1
OkVUl

pl = 1/2
ADMBQFA�;£]UADCFA���^q]UAIQE@BlWAecE]UAeQEbW\W\}KNCEc�QE@f�SAI@BQ�xzK`l�@��wALl

@BQ�lWAY�UVUALl�bUQF@fVW{0\WCFKNvwOkvW@fMf@fc �
p+

h

�¨KNC|cE]UAjMBAY� c�QE@BlWAjOkVUl
1 − p+

h

��KNC�cE]UA CE@f{�]`c
QE@BlWAK;£@fcE]

p+
hu,min

= p−hu,max
= 0
OkVUl

p+
h = p−h = 1/2

ADMBQFA�;£]UADCFA ^�QE@fx�@fMPOkC
\WCFKNvwOkvW@fMf@fcE@BALQ

p−h
OkCFAiVUALALlWALlz�¨KNC�cE]UA ¬ lWALJDCFASONQFAY­ixzK�tuA._Y�`mUKNC�@fVUQEc�OkVUJLAeQEbW\W\~KNCEc�@BQ

@fVUJDCFASONQFALlnKNVycE]UAeMBAY��c�QE@BlWA ;£@fcE]y\WCFKNvwOkvW@fMf@fc¤�
gθ(u,+1, l) = plp

+
h

���IADCFA�R ;�A�KNVWMf�
lWALQFJDCE@fv}A�cE]UA�xzK�tuALQIKNVncE]UA�MBAY��cªQE@BlWA��

h V�cE]UA ¬ @fVUJDCFASONQ�AY­
xzKStuA�R}cE]UA�QEbW\W\}KNCEceKk��cE]UA�QE\wONJLADC�QEc�OkcFA
u
@BQeQFADcIcFK

h̃u =
hu − 1

OkVUl
l̃u = lu + 1

� O�Ayl�C�O�;
ωu

��CFKNx
Be
(
λu, l̃u × λu

) R�cE]UA�x|OkCE{�@fVwOkM
lWADVUQE@fc �nKk�ocE]UA�\WCE@BKNCI�I@fCE@BJ�]WMBADcIl�@BQEcECE@fvWbWcE@BKNVjKk�

pu(•)
RwOkVUl ;�AHQFADc T

{
p̃u(h̃u) = ωu

p̃u(k) = (1 − ωu)pu(k) ∀k ∈ {h̃u + 1, . . . , h̃u + l̃u}.

^ ] � Z _

mo@fVwOkMfMf�uReQEc�OkcFALQjOkCFA'CFASOkMfMBK`JSOkcFALl � CFKNx cE]UA���bWMfM�JLKNVUl�@fcE@BKNVwOkM�\~K�QEcFADCE@BKNC
π(Sn

1 |
θ̃, Xn

1 )
�

^q]UA ¬ lWALJDCFASONQFAY­©xzKStuA�@BQ®CFASOkMf@f�SALl�ONJLJLKNCFl�@fVW{ecFKªcE]UA©cE]UA.��KNMfMBK�;£@fVW{eQEcFAD\UQ���mo@fCFQEcSR
hu = h̃u +1

OkVUl
lu = l̃u −1

OkCFAiQFADcS��Z�ALJLKNVUlsRg\WCFKNvwOkvW@fMf@fcE@BALQ
pu(k)

OkCFAªCFALQFJSOkMBALl T

pu(k) =
p̃u(k)

1 − p̃u(h̃u)
∀k ∈ {hu, . . . , hu + lu}.

mo@fVwOkMfMf�uRUQEc�OkcFALQeOkCFA�CFASOkMfMBK`JSOkcFALl¥� CFKNx
π(Sn

1 | θ,Xn
1 )
�

T£JLJLAD\Wc�OkVUJLA�\WCFKNvwOkvW@fMf@fcE@BALQ���KNC ¬ @fVUJDCFASONQFAY­�OkVUl ¬ lWALJDCFASONQFAY­�xzKStuALQ�KNV�cE]UA�MBAY��c
QE@BlWAHOkCFA

min(1, Al
+1)
OkVUl

min(1, 1/Al
+1)

;£]UADCFA

Al
+1 =

π(θ̃, S̃n
1 , Xn

1 )

π(θ, Sn
1 , Xn

1 )
×

gθ̃(u,−1, l)

gθ(u,+1, l)

1

g(ωu)

π(Sn
1 | θ,Xn

1 )

π(S̃n
1 | θ̃, Xn

1 )
× J
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ωu
OkVUl

J
v}AD@fVW{¥cE]UAJegONJLKNvW@POkV�Kk�

cE]UA�cEC�OkVUQ���KNCEx|OkcE@BKNV�^ ] � Z _qALa`bwOkM®cFK (1 − ωu)l̃u−1 �W^q]UA�C�OkcE@BK Al
+1

QE@fx�\WMf@��wALQªcFK

Al
+1 =

Pθ̃(X
n
1 )

Pθ(X
n
1 )

gθ̃(u,−1, l)

gθ(u,+1, l)

π(d̃u)

π(du)

1

g(ωu)
(1 − ωu)l̃u−1.
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Sigma B data set

full data set − model with optional "−35" box
(Sigma A binding site)

Sigma M data set

(11:13)

(15:16)

(15:17)
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full data set − model with optional "−35" box

full data set − model with obligatory "−35" box

Sigma B data set

Sigma M data set
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1 | Xn
1 , θ)
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Xt
1

R
Fv(t) = Pθ(St = v, St+1 6= v | Xt

1)
OkVUl

cE]UAq\WCFKNvwOkvW@fMf@fc¤��Kk�~V`bUJDMBALKNcE@BlWA
Xt

{�@ftuADV�cE]UAq\WCFADt�@BKNbUQ©KNVUALQ
Nt = Pθ(Xt | Xt−1

1 )
�

mUKNC5
�OkCFl CFALJDbWCECFADVUJLAUTWJLKNx�\WbWcFA�ONQª@fV beb'kLlWKNV L�beb'k-P Z S

Fv(t) =
bv(Xt;X

t−1
t−rv

, t)

Nt

×







t∑

k=1

(
k−1∏

t′=1

bv(Xt−t′ ;X
t−t′−1
t−t′−rv

, t − t′)

Nt−t′

)

dv(k)
∑

u6=v

a(u, v)Fu(t − k)

+

(
t∏

t′=1

bv(Xt−t′ ;X
t−t′−1
t−t′−rv

, t − t′)

Nt−t′

)

dv(t + 1)a(v)

} �¨KNC
t = 1, . . . , n − 1

Fv(n) =
bv(Xn;Xn−1

n−rv
, n)

Nn

×







n∑

k=1

(
k−1∏

t=1

bv(Xn−t;X
n−t−1
n−rv

, n − t)

Nn−t

)

Dv(k)
∑

u6=v

a(u, v)Fu(n − k)

+

(
n∏

t=1

bv(Xn−t;X
n−t−1
n−t−rv

, n − t)

Nn−t

)

Dv(n)a(v)

}

Nt =
∑

v

bv(Xt;X
t−1
t−rv

, t)

×







t∑

k=1

(
k−1∏

t′=1

bv(Xt−t′ ;X
t−t′−1
t−t′−rv

, t − t′)

Nt−t′

)

Dv(k)
∑

u6=v

a(u, v)Fu(t − k)

+

(
t∏

t′=1

bv(Xt−t′ ;X
t−t′−1
t−t′−rv

, t − t′)

Nt−t′

)

Dv(t + 1)a(v)

} ��KNC
t = 1, . . . , n
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Pθ(X
n
1 ) =

∏n
t=1 Nt

�
¢qONJ��0
qOkCFl¥CFALJDbWCECFADVUJLAlT

g��ª�eC�O7

Sn
��CFKNx

Pθ(Sn = u | Xn
1 ) = Fu(n)���ª�eC�O7
 cE]UA|MPONQFci��bWx�\W@fVW{jcE@fxzA
t′
^ v~AY�¨KNCFAzt�@BQE@fcE@fVW{>QEc�OkcFA

v
_
OkVUl

St′ 6= v� CFKNx

Pθ(St′ = u, Sn−1
t′+1 = v | Sn = v,Xn

1 )

=

(
n∏

t=t′+1

bv(Xt;X
t−1
i−rv

, t − t′)

Nt

)

Dv(n − t′)Fu(t′)a(u, v)

Fn(v)
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OkVUl

Pθ(S
n−1
1 = v | Sn = v,Xn

1 ) =

(
n∏

t=1

bv(Xt;X
t−1
t−rv

, t − t′)

Nt

)

Dv(n)a(v)

Fn(v)

Z ��O6]W@fMBA t′ ≥ 2
R
s̃t−1
t′ := (u, vt−t′−1)

R
t := t′

R
v := u

Rwl�C�O�

t′
OkVUl

St′ 6= v� CFKNx

Pθ(St′ = u, St−1
t′+1 = v | Sn

t = s̃n
t , Xn

1 )

= Pθ(St′ = u, St−1
t′+1 = v | St = v, St+1 6= v,Xn

1 )

=

(
t∏

k=t′+1

bv(Xk;Xk−1
k−rv

, k − t′)

Nk

)

du(t − t′)Fu(t′)a(u, v)

Fv(t)

OkVUl

Pθ(S
t−1
1 = v | Sn

t = s̃n
t , Xn

1 ) = Pθ(S
t−1
1 = v | St = v, St+1 6= v,Xn

1 )

=

(
t∏

k=1

bv(Xk;X
k−1
k−rv

, k − t′)

Nk

)

dv(t)a(v)

Fv(t)
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u
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du(t) = 0
OkVUl

Du(t) = 1
��KNCiOkMfM

t
�
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: cECFA�JLKNVUQFADCEtdkLQ�R¦x : xzA�lUOkVUQ�lWALQ�vwONJDc	kDCE@BALQHCFADMPOkcE@ftuADxzADVgcH\WCFK�JF]UALQS� 
IV>\}KNbWCEC�Ok@fc\WCFADVUl�CFAnADV�JLKNx�\WcFA�R�lUOkVUQ�bWVUAnOk\W\WCFK`J�]UAnJLKNx�\WM*kDxzADVgc�Ok@fCFA�R©MBALQ��¨KNVUJDcE@BKNVUQ�\WCFKkX
vwOkvWMBALQ�lWALQ�{ �DVUALQSR}\WC	kLl�@fcFALQ � \wOkCEcE@fCHlWALQ�]UKNxzKNMBKN{�@BALQHlWA�Q	kLa`bUADVUJLALQ�\WCFKNc	kD@Ba`bUALQS�X2O�JLKNVUJLAD\WcE@BKNV�l � bWV xzK�l7�DMBA
\WCFKNvwOkvW@fMf@BQFcFA�\}KNbWCeOkv}KNCFlWADC�JLAH\WCFKNvWME�DxzA�Ok\W\wOkC�O��BcJLKNx�xzA�bWVUA�\~ADCFQE\}ALJDcE@ftuA�@fVgc	kDCFALQFQ�OkV`cFA��.p.V��UV®RoMPOn\WC	kLl�@BJDcE@BKNV�lWALQ�QE@fcFALQ�lWAz�W§UO X
cE@BKNV«lWALQH� ONJDcFADbWCFQ�QE@f{�x|O¥lWA�M � T\MiG \~KNMf��x kDC�ONQFA�lWADt`C�Ok@fc�� ONJD@fMf@fcFADC�MPO¥CFALJF]UADCFJF]UAlWALQ�QE@fcFALQzlWA��W§UOkcE@BKNV�l � OkbWcECFALQz� ONJDcFADbWCFQzlWAnC	kD{�bWMPOkcE@BKNV6cEC�OkVUQFJDCE@f\WcE@BKNVWVUADMfMBA���p.VAYrsADcSRuJLALQ©lWADCEVW@BADCFQ�@fVgcFADC�Ok{�@BQFQ�OkV`cqOStuALJªM � T\MiG�\~KNMf��x kDC�ONQFA�R�MBALQ.\}K�QE@fcE@BKNVUQ�lWA£MBADbWCFQQE@fcFALQ�lWA��W§UOkcE@BKNV�\}ADbWtuADVgc : cECFA�\WMfbUQHKNb>xzKN@fVUQHJLKNV`cEC�Ok@fVgcFALQ�\wOkC�JLADMfMBALQ
lWALQ�QE@fcFALQlWA��W§UOkcE@BKNV lWALQq� ONJDcFADbWCFQªQE@f{�x|O��
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	�Q�KNVgcyMBALQ�{ �DVUALQ�QFbWC�bWVUA�Q	kLa`bUADVUJLA
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\WC	kLl�@BJDcE@BKNVUQ�R_C	kSOkMf@BQHkLALQ � M � Ok@BlWA�l � KNbWcE@fMBQ�@fV���KNCEx|OkcE@Ba`bUA�R_Q�KNVgc�l�@fcFALQ{�� w"{ � { �)ug�}T£JDcEbUADMfMBADxzADV`cSR®MBA�cFADCExzA >|\WC	kLl�@BJDcE@BKNV'lWA�{ �DVUALQ @�ALQEc�QFKNbWtuADV`c�bWcE@fMf@BQ	k
lUOkVUQ�MBAiQ�ADVUQ�CFALQEcECFAD@fV`c£lWAi\WC	kLl�@BJDcE@BKNVnlWALQ�Q	kLagbUADVUJLALQ�JLK�lUOkVgcq\~KNbWC�lWALQ�\WCFKNc	kD@fVUALQSR
MBALQ����HZ ^�� u�
\{�� � �?y�� ��y��>�)yHw9_Y�o� � ALQEc
lUOkVUQHJLAzQ�ADVUQHagb � @fM�ALQEcHADx�\WMBKS�dk�lUOkVUQ
JLAcFAY§�cFA�� � JSOkbUQ�AHlWA�M � @fx�\~KNCEc�OkVUJLAH��KNVUJDcE@BKNVWVUADMfMBA�lWALQ£\WCFKNc	kD@fVUALQSRWMPO�\WC	kLl�@BJDcE@BKNV�lWALQ���HZ|ALQEc�M � bWVylWALQ�\WCE@fVUJD@f\wOkb�§�KNv��EALJDcE@���Q�l�b�QHkLagbUADV �SOk{uA�lWAªM � Te��G���h M¦Q � Ok{�@fcqQFKNb�XtuADV`c�lWA�M � kDc�Ok\}Az\WC	kSOkMPOkvWMBA � M � @fVgcFADCE\WC	kDc�OkcE@BKNV�lWALQ
lWKNVWV'kLALQ�{dkDVUKNx�@Ba`bUALQ�ADc�Okb�§AY§�\AkDCE@BADVUJLALQil � OkVwOkMf��QFAe�¨KNVUJDcE@BKNVWVUADMfMBA��U� � bWVn\}KN@fVgcªlWA�t�bUAi�¨KNVUlUOkxzADVgc�OkM Rw\WC	kLl�@fCFAMBALQ�{ �DVUALQ � \wOkCEcE@fC£lWAIMPO�Q	kLagbUADVUJLAel � Te�eG ALQEcqOkbUQ�QE@wMPO�QFADbWMBAi�¨O��LKNVylWAeJLKNVWVwOk@fcECFAcFKNbWcFALQIMBALQª\WCFKNc	kD@fVUALQSRwx : xzA
JLADMfMBALQeagbW@2VUAHQFKNVgceAY§�\WCE@fx kLALQea`bUAHlUOkVUQIlWALQIJLKNVUl�@�XcE@BKNVUQe\wOkCEcE@BJDbWMf@E�DCFALQS�2��KNx�\WcFA�cFADVgb�lWA�M � @fx�\~KNCEc�OkVUJLA�lWALQ�JLALQ�ADVN��ADb�§sR¦@fM_ALQEcebWcE@fMBAl � OStuKN@fC�bWVUAe@BlqkLAelWALQ�\WCE@fVUJD@f\~ALQqADcqlWALQ�Mf@fx�@fcFALQ£lWALQ�l�@�r�kDCFADV`cFALQqx kDcE]UK`lWALQqlWAI\WC	kYXl�@BJDcE@BKNV®�
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@fV`cECE@fVUQ<�LagbUALQ���X®ALQ�Ok\�X
\WCFK�JF]UALQqAY§�cECE@fVUQ<�LagbUALQ�bWcE@fMf@BQFADVgcqALQFQFADV`cE@BADMfMBADxzADVgc£MBALQ�JLKNx�\wOkC�Ok@BQFKNVUQ£OLtuALJel � OkbWcECFALQQ	kLa`bUADVUJLALQS�U��ALQqQ	kLa`bUADVUJLALQq\~ADbWtuADV`c : cECFAelqk[� � lUOkVUQ£lWALQqvwOkVUagbUALQqlWA�lWKNVWV'kLALQªKNb\WCFK�tuADVW@fCzl � AY§�\�kDCE@BADVUJLALQ�lWKNVgc�bWV�lWALQ
vWbWcFQ�ALQEc�lWA�lqkDcFALJDcFADC�MBALQ�{ �DVUALQS�[X®ALQ�Ok\�X\WCFK�JF]UALQI@fVgcECE@fVUQ<�La`bUALQSR}Okb JLKNVgcEC�Ok@fCFA�R}QFA���KNVUlWADV`cibWVW@Ba`bUADxzADVgc�QEbWCiMBALQi\WCFKN\WCE@*kDc	kLQ
MBK�JSOkMBALQilWA�MPO�QHkLagbUADVUJLA kDcEbUl�@*kLAUTUJLKNx�\~K�QF@fcE@BKNV ADcª\WC	kLQFADVUJLAHlWA
QE@f{�VwOkb�§}�qX_O�\WC	kYX
l�@BJDcE@BKNVnALQEcqOkMBKNCFQ�l�@fcFA�r � {��q{�x|{|ugR�J � ALQEc�M � ONQE\}ALJDc�lWAiMPOH\WC	kLl�@BJDcE@BKNVnlWAª{ �DVUALQ�MBAI\WMfbUQlqkDtuADMBKN\W\�k
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� 6�� � @�B���#HF��1��<AF	@�; B � #�� �����7C"�v;DE4� B��N����� �[< �D>��vBnF	E��
<GF	@�;�� �"!$#%!'&'!)(
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5E{gOkV0-BQEx;*LQilWKNV`cªM,*LQ
���HZ�QFKNV`c�xzK
5FJ�*DM*kLQ;*DVA*Y§�KNVUQ|J�*DcEc�*yx kDcE]UK`l0*yV � *LQEc�\05�Okc)-Ba`b+*Dx;*DVgc|\wONQ|Ok\W\WM1-�XJSOkvWM,*�R�l0*IVUKNx
v05�*Db�§?*Y§�KNVUQ kDc�OkVgcqc)5FKN\nJLKNb05EcFQ�\~KNb05 : c)5�*�lqkDc�*LJDc	kLQ7^ �U{�b05�*�T�� gLJ._Y�VIV+*q\05	kLl.-BJDc)-BKNVz\WMfbUQ��UV+*£l0*LQ����HZ�\�*DbWc : c)5�*B5	kSOkM1-BQ	k�*�*DV�\05�*DVwOkV`c *DVzJLKNx�\Wc�*MPO£JLKNx�\}K�Q)-fc)-BKNVC*DV�V`bUJDM*kLKNc)-Bl0*LQSR�KNb
c�*Y§�cEb05�*�RSl0*�MPOªQ	kLagb+*DVUJ�*�� �0JSOkbUQ�*.l0*LQ2JLKNVgc)5�O9-fVgc�*LQ
*Y§0*:5FJ)k�*LQ£\wO95qMPO�Q	kLa`b+*DVUJ�*�\05FKNc	k:-Bagb+*�QEb05qMPO�Q	kLa`b+*DVUJ�*�VgbUJDM*k:-Ba`b+*�RWM,*LQqVgbUJDM*kLKNc)-Bl0*LQ
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Bacillus subtilis 56,5 % de A+T(a)

Mycobacterium tuberculosis 34,4 % de A+T(b)

56,3 % de A+TArabidopsis thaliana chromosome I(c)
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l0*LQ����HZ�OkVWVUKNc	kLQ ^ `=�LJF]+*LQ9_ *DcHl0*LQHJLK`lWKNVUQnw-x/u9tQ^ vwO95)5�*LQ
t/*:5Ec)-BJSOkM,*LQIVUK
-15�*LQ2_ªlUOkVUQIM,*LQIQ�-�§¥\W]wONQ�*LQIl0*�M,*LJDcEb05�*�l0*
c)5FK
-BQeQ	kLa`b+*DVUJ�*LQel0*

10000VgbUJDM*kLKNc)-Bl0*LQS��X *LQ��>5�Ok{�x;*DV`cFQ¥JLK`lUOkV`cFQnV+*�JLKNVgc)-,*DVWV+*DV`c \wONQnl0*aw-x/u9t<lUOkVUQnM,*Db05
\W]wONQ�*�l0*�M,*LJDcEb05�*�� X *LQ�Q	kLagb+*DVUJ�*LQJ^¨Od_ *Dc ^ vG_i\05FKSt<-,*DVWV+*DVgc
l0*�vwONJDc	k:5)-,*LQHa`b0-�l.-�� X
� �:5�*DV`c�VUKNc�Okx�x;*DV`c�\wO95�M,*Db05�JLKNx�\}K�Q)-fc)-BKNV *DV�T	�e^��1X_On� 5	kLagb+*DVUJ�*�l0*LQ�JLK�lWKNVUQ
w-x/u9tQ^�^2T b�R2^ b�T *Dc�^2TeT7_ *LQEc�V+*DcEc�*Dx;*DV`c�\WMfbUQ�kDM,*Dtdk�*zlUOkVUQHMPOyQ	kLa`b+*DVUJ�*~^¨Od_YR
\WMfbUQ�5)-BJF]+* *DVzT �e^��dX_O�Q	kLa`b+*DVUJ�* ^�J._ *LQEc.bWV+*ªQ	kLa`b+*DVUJ�*�*DbUJSO95E�uKNc�*ªlWKNV`c�M,*LQ����HZ
QFKNVgcªxzK
5FJ�*DM*kLQ *DV *Y§�KNVUQ��
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Ok\W\wO95�O9-BQFQ *DVgczOLt/*LJ�l0*LQH� 5	kLa`b+*DVUJ�*LQ�l.-�r k:5�*DVgc�*LQ�Q�*DMBKNV�MPOnVwOkcEb05�*�MBK�JSOkM,*Dx;*DVgc�JLKkX
lUOkV`c�*zKNb�VUKNV'JLK�lUOkVgc�*zl0*�MPOyQ	kLa`b+*DVUJ�*��s� *�\WMfbUQSR *DV 5�O9-BQFKNV'l0*LQH\05FKN\05)-*kDc	kLQ
l�b
JLK�l0*�{dkDV'kDc)-Bagb+*�R~MPO|�>5	kLa`b+*DVUJ�*�l0*LQeVgbUJDM*kLKNc)-Bl0*LQ�t�O95)-,*�OkbUQFQ)-�lUOkVUQIbWV'���HZjQ�*DMBKNV
MPO�\}K�Q)-fc)-BKNV¥lUOkVUQiM,*�JLK`lWKNV®�

X *LQ
l.-�r k:5�*DVUJ�*LQ�l0*zJLKNx�\}K�Q)-fc)-BKNV *DV�VgbUJDM*kLKNc)-Bl0*LQ *DVgc)5�* 5	kD{7-BKNVUQ�JLK�lUOkVgc�*LQ *Dc
VUKNV�JLK`lUOkV`c�*LQeKNV`c *DVUJLKNb05�Ok{dk�M � *Dx;*:5E{/*DVUJ�*�l0*Hx kDcE]UK�l0*LQIl0*�\05	kLl.-BJDc)-BKNV��¨KNVUlqk�*LQQEb05.bWV+*ªxzK`lqkDM1-BQ�Okc)-BKNV|\05FKNvwOkv0-fM1-BQEc�*il0*LQ©QHkLagb+*DVUJ�*LQ©l � Te��G��RVIV�xzK�l7�DM,*q\05FKNvwOkv0-�XM1-BQEc�* *LQEc�bWV|xzKS�/*DVnl � O r *LJDc�*:5�bWV+*I\05FKNvwOkv0-fM1-fc	k � J�]wONagb+*eQ	kLa`b+*DVUJ�*���X�*LQ�xzK�l7�DM,*LQlWK
-ft/*DV`cC5�*DVUl.5�*zJLKNx�\Wc�*�l0*LQ�\05FKN\05)-*kDc	kLQ
l0*�MPOyQHkLagb+*DVUJ�*zQFb05�M,*LQFagb+*DMfM,*LQ�KNV�t/*DbWc
Ok\W\WbW�/*:5HM,*LQe\05	kLl.-BJDc)-BKNVUQSR�-fMBQ�V � KNVgc�\wONQ�tuK�JSOkc)-BKNV � 5�*DVUl.5�*�JLKNx�\Wc�*�l0*�MPO�� O��LKNVlWKNV`ciMPO�Q	kLa`b+*DVUJ�* *LQEc65	k�*DMfM,*Dx;*DV`ceOk\W\wO95Eb+*��
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X *IxzK�l7�DM,*eM,*i\WMfbUQqQ)-fx�\WM,*�l0*IMPO
JLKNx�\}K�Q)-fc)-BKNV?*DVyxzKNVUKkX VgbUJDM*kLKNc)-Bl0*LQIJLKNVUQ)-BQEc�*
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*Dce^�� �oKNb05 5�*DVUl.5�*�JLKNx�\Wc�*�l0*
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-BQ�\}K�Q)-fc)-BKNVUQqlUOkVUQqM,*eJLK`lWKNV®�-
IV
\wO95EM,*HOkMBK
5FQ£l0*exzK�l7�DM,*el0*�h>O95E�uKSt�c)5)-�X \Ak:5)-BK�l.-Ba`b+*��qX�*eMBKN{7-BJ:-,*DM����8+�� . ,
	DL ¢qh YRZ SbWc)-fM1-BQ�*HbWVnxzK`l7�DM,*�x|O95E�uK�t -,*DVjc)5)-�X \Ak:5)-BK�l.-Ba`b+* *Dcª{dkDV'k:5�OkM,*Dx;*DVgc�l � K
5Fl.5�* 5

�
X � *LQEc)-fx|Okc)-BKNV�l0*LQ
\wO95�Okx?�Dc)5�*LQ�l � bWV0xzK`l7�DM,*zx|O95E�uKSt<-,*DV�l � K
5Fl.5�* n � \wO95Ec)-15l � bWV *DVUQ�*Dx�vWM,*�l0*�Q	kLa`b+*DVUJ�*LQ�l � Ok\W\05�*DVgc)-BQFQ Ok{/* *LQEcIc)5<�LQ�Q)-fx�\WM,*���h MoQFb �zcel0*�JSOkM�XJDbWM,*:5�M,*LQI�>5	kLa`b+*DVUJ�*LQ�KNvUQ�*:5Etdk�*LQ�l � Ok\W\wO95)-fc)-BKNV'l0*LQeVgbUJDM*kLKNc)-Bl0*LQ
lUOkVUQeJ�]wONJDbWV�l0*LQJLKNV`c�*Y§�c�*LQ�^¨Ok\05<�LQ�J�]wONJDbWV�l0*LQ�KNM1-f{uKkX VgbUJDM*kLKNc)-Bl0*LQ£l0*iMBKNVW{�b+*Db05

n
_Y�g� � bWV+*ix|OkV0-E�:5�*{dkDV'k:5�OkM,*�R¦Q)-}M,*LQ£\wO95�Okx?�Dc)5�*LQiQFKNV`cªv0-,*DV *LQEc)-fx kLQ£MPO�QHkLagb+*DVUJ�* *LQFcªl � OkbWc�OkVgcªx -,*Db�§xzK�lqkDM1-BQ	k�*na`b+*|M � K
5Fl.5�*nl�b�xzK�l7�DM,*�*LQEcJkDM,*Dtdk����8*D\�*DVUlUOkV`c�M,*�VUKNx�v05�*¥l0*�\wO95�O Xx?�Dc)5�*LQ�OkbW{�x;*DVgc�*¥c)5<�LQ;5�Ok\0-Bl0*Dx;*DVgc�OSt/*LJnM � K
5Fl.5�*¥l�b�xzK�l7�DM,*��vX�*LQ|\wO95�Okx?�Dc)5�*LQ

c�*DVUl0*DV`cHlWKNVUJ � : c)5�*�l0*�xzK
-fVUQ *DVjxzK
-fVUQev0-,*DV *LQEc)-fx kLQS� �oKNb05 5	kLQ�KNbUl.5�*�J�*�\05FKkXvWME�Dx;*�R�����
�����������"�� L Z��7f7O Y�� S�\05FKN\}K�Q�*�M � bWc)-fM1-BQ�Okc)-BKNV�l � bWV0xzK�l7�DM,*yl0*�h>O95�X�uK�t¥l.-fc � K
5Fl.5�*
tNO95)-POkvWM,*�lUOkVUQªM,*La`b+*DM2MPO�MBKNVW{�b+*Db05�l�bjJLKNV`c�*Y§�c�*�\05)-BQ2*DV�JLKNx�\Wc�*lqkD\�*DVUl«l0*|MPOjQ	kLa`b+*DVUJ�*�l�b«JLKNVgc�*Y§�c�*����oKNb05�a`b � bWV«JLKNVgc�*Y§�c�*yMBKNVW{�QFK
-fc�\05)-BQ *DVJLKNx�\Wc�*�R -fM©� OkbWc
cFKNbWc�l � Okv~K
5Fl�agb+*�QEb �|Q�Okx�x;*DV`c�l0*�lWKNVWV'k�*LQ�Q�K
-fc�l.-BQE\}KNV0-fvWM,*LQ\}KNb05HM � *LQEc)-fx|Okc)-BKNV�l0*LQ��>5	kLa`b+*DVUJ�*LQSRsx|O9-BQ�OkbUQFQ)-©a`b+*zJ�*�JLKNVgc�*Y§�c�*�Ok\W\}K
5Ec�* *Yr *LJYX



� � � � � � � � 
 �/&2 /
 � � ��� � & � � � �
� �)( � ��� � 0�� �  ��� � � 
 (	 /
 � ���	��
��	
�
�
�� � � �

c)-ft/*Dx;*DVgc�\WMfbUQ�l � -fV���K
5Ex|Okc)-BKNV�QFb05�M,*�VgbUJDM*kLKNc)-Bl0*¥a`b0-�M,*�QEb0-ft<5�Ojagb � bWV�JLKNVgc�*Y§�c�*\WMfbUQ�JLKNb05EcS�_�8*DcEc�*�{dkDV'k:5�OkM1-BQ�Okc)-BKNV0l0*LQ�xzK�l7�DM,*LQ�x|O95E�uK�t -,*DVUQ�O kDc	kJkDc�*DVUl�b+*zOkb�§
JLKNVgc�*Y§�c�*LQ > � c)5FKNbUQ2@�a`b0-�c)-,*DVWV+*DV`czJLKNx�\Wc�*�l�b0� O9-fc�a`b+*�J�*�V+*�QFKNVgc�\wONQ���K
5�X
J)kDx;*DVgc
M,*LQ
VgbUJDM*kLKNc)-Bl0*LQI��bUQEc�*zONlk�EONJ�*DV`cFQ�a`b0-�Ok\W\}K
5Ec�*DVgc�M,*�\WMfbUQ
l � -fV��¨K
5Ex|Okc)-BKNV®�ViV+*n\05FK�J)kLl�b05�*jOkbWcFKNx|Okc)-Ba`b+*j\�*:5Ex;*Dc � ��� 
���� ��� � "�� L �e�\f + YRY SIl0*¥J�]UK
-BQ)-15SRlUOkVUQ�bWV�JLKNVgc�*Y§�c�*zl0*

12
VgbUJDM*kLKNc)-Bl0*LQ�R2a`b+*DMfM,*LQHQFKNVgc
M,*LQ�\~K�Q�-fc)-BKNVUQ � \05�*DVUl.5�*;*DVJLKNx�\Wc�*�� 
IVjOk\W\�*DMfM,*HJ�*LQ£xzK�l7�DM,*LQªl0*LQIO95Ev05�*LQªl0*
JLKNVgc�*Y§�c�*��

� %('&%(' � = �D.�, ���@,*A 0 .�/ � %��10�/(��� ! ;>=��@,�= .�/-G*; 5FA&.��1G*,���; �@,*A 0 .�/-G*;
�	/ � ��	�=@/

�.MfbUQ)-,*Db05FQiOk\W\05FK�JF]+*LQiQFKNVgcq\}K�QFQ)-fvWM,*LQq\}KNb05�\05	kLl.-15�*�M,*LQq{ �DV+*LQ � M � O9-Bl0*�l0*�xzKkXl7�DM,*LQ
l0*zJLKNx�\}K�Q)-fc)-BKNV0l0*|M � TI��G \}KNb05HM,*LQ 5	kD{7-BKNVUQ�JLK`lUOkV`c�*LQ�*Dc�VUKNV'JLK`lUOkV`c�*LQS�X�*
\05FKN{75�Okx�x;* ���8+ ��. , 	�bWc)-fM1-BQ�*�bWV+*�� *DV : c)5�*�{�M1-BQFQ�OkV`c�*�M,*�MBKNVW{yl0*�MPO|QHkLagb+*DVUJ�*��X2O�\05FKNvwOkv0-fM1-fc	k�l0*IMPO�Q	kLa`b+*DVUJ�*eJLKNVgc�*DVgb+*
lUOkVUQqMPOH� *DV : c)5�* *LQEcqJSOkMBJDbWM*k�*�QFKNbUQqJF]wO XJDbWV'l0*LQ
7
xzK�l7�DM,*LQ TsVUKNV�JLK�lUOkVgcSR2JLK�lUOkVgc�lUOkVUQ
JF]wONJDbWV+*�l0*LQ�c)5FK
-BQH\W]wONQ *LQHQEb05

JF]wONJDbWV'l0*LQ�l0*Db�§>v05)-fVUQS� X � -fV`c)5FK`l�bUJDc)-BKNV�l � bWV+*�\05FKNvwOkv0-fM1-fc	klr tAz"{|u-z"{©l0*�JF]wONa`b+*xzK`l7�DM,*�\�*:5Ex;*DcIOkMBK
5FQIl � KNvWc�*DV0-15i{7598NJ�* � MPO��¨K
5Ex
bWM,*�l0*H¢£OL�/*LQiMPO�\05FKNvwOkv0-fM1-fc	k
l0*JF]wONa`b+*ªxzK�l7�DM,*iJLKNVWVwO9-BQFQ�OkV`c�MPO
Q	kLa`b+*DVUJ�*���X2OH\05FKNvwOkv0-fM1-fc	kIl0*IJF]wONa`b+*ªxzK�l7�DM,*2*LQEc
\05FKN\~K
5Ec)-BKNVWV+*DMfM,*zOkb�\05FK`l�b0-fc�l0* ^>- _£MPO�\05FKNvwOkv0-fM1-fc	k�l � Ok\W\wO95)-fc)-BKNV�l0*�MPO|QHkLagb+*DVUJ�*QFKNbUQ.M,*£xzK�l7�DM,*2*Dc�l0*n^>-1- _oMPO�\05FKNvwOkv0-fM1-fc	k�r�tAz"{|u-z"{¦l�bzxzK�l7�DM,*���X � bWc)-fM1-BQ Okc)-BKNV�l � bWV+*� *DV : c)5�*�JLKNb05Ec�*y\�*:5Ex;*Dc�l � OLtuK
-15�bWV+* -fV��¨K
5Ex|Okc)-BKNV«\WMfbUQ�MBK`JSOkM,*�QEb05�MPOjQHkLagb+*DVUJ�*�Rx|O9-BQ�M � -fV��¨K
5Ex|Okc)-BKNV¥l.-fx -fVgb+* 5�Ok\0-Bl0*Dx;*DV`cªMBK
5FQFa`b+*iMPOH� *DV : c)5�* *LQEc�c)5FKN\�\�*Dc)-fc�*���p.V�¨O9-BQ�OkV`cª{�M1-BQFQ�*:5iMPO�� *DV : c)5�*�RUKNVjKNvWc)-,*DV`cibWV+*H\05FKNvwOkv0-fM1-fc	k�l0*�MPOzVwOkcEb05�*HMBK�JSOkM,*Dx;*DVgcJLK`lUOkV`c�*¥l0*nMPO�Q	kLa`b+*DVUJ�*¥lUOkVUQ�JF]wONa`b+*n\W]wONQ�*nM,*nMBKNVW{0l0*nMPO�Q	kLa`b+*DVUJ�*�� h Mq�¨OkbWc
*DVUQEb0-fc�* 5	kSOkM1-BQ�*:5£bWVy\~K�QEc�X c)5�O9-fc�*Dx;*DV`cil0*LQB5	kLQEbWMfc�OkcFQ£\}KNb05£JF]UK
-BQ)-15£M,*LQ 
\MIm � \05	kYXl.-15�*�JLKNx�x;*�JLK`lUOkV`cFQ2*Dc�*LQFQ�OS�/*:5ªl0*�MBK`JSOkM1-BQ *:5£M,*Db05ªJLK`lWKNV�w-xKr�z-xE�qVIV+*HOkMfc�*:5EVwOkc)-ft/*
Q)-fx�\WM,*iOkb�§�� *DV : c)5�*LQ�{�M1-BQFQ�OkV`c�*LQ *LQEc©x -BQ *�*DV|K<*DbWt 5�*£\wO95 ����
�� � ���oR7*DMfM,*ªJLKNVUQ)-BQEc�*
� JDMPONQFQ�*:5ªl.-15�*LJDc�*Dx;*DVgceM,*LQ 
\MIm�Q *DMBKNV¥M,*Db05£VwOkcEb05�*
JLK�lUOkVgc�*HKNb VUKNV¥JLK`lUOkV`c�*��X � bWc)-fM1-BQ�Okc)-BKNV�l0*�� *DV : c)5�*LQ�{�M1-BQFQ�OkVgc�*LQ�KNb0MPO¥JDMPONQFQ)-��wJSOkc)-BKNV«l0*LQ 
\Mim�V+*|\�*:5�Xx;*Dcª\wONQil0*
MBK`JSOkM1-BQ�*:5IQ)-fx�\WM,*Dx;*DVgceM,*LQ£� 5FKNVgc)-E�:5�*LQ *DVgc)5�*�5	kD{7-BKNVUQiJLK�lUOkVgc�*LQ *DciVUKNV
JLK`lUOkV`c�*LQS�s� � bWV�\~K
-fV`cHl0*�t`b+*�\05FKNvwOkv0-fM1-BQEc�*�RsMPO�� O��LKNV>VwOkcEb05�*DMfM,*zl0* 5	kLQFKNbUl.5�*�J�*\05FKNvWME�Dx;*�JLKNVUQ)-BQEc�* � xzK�lqkDM1-BQ�*:5SRqVUKNV�Q�*DbWM,*Dx;*DV`cnMPO0JLKNx�\}K�Q)-fc)-BKNV�l0*LQ�5	kD{7-BKNVUQJLK`lUOkV`c�*LQ *DcIVUKNV�JLK�lUOkVgc�*LQ�Rwx|O9-BQ�OkbUQFQ)-_M � OkMfc�*:5EVwOkVUJ�*�l0*�J�*LQ 5	kD{7-BKNVUQS�s�8*DcEc�*
xzKkXlqkDM1-BQ�Okc)-BKNV�\�*:5Ex;*Dc�OkMBK
5FQHl0* 5	kD\~KNVUl.5�* � MPOya`b+*LQEc)-BKNV�>�K
	�QFKNV`cHM,*LQ 5	kD{7-BKNVUQHl0*LQ
l.-�r�k:5�*DV`cFQyc¤��\�*LQ�� @ *DcyVUKNV�\WMfbUQ >jkDc�OkVgc¥lWKNVWV'k�*�bWV+* 5	kD{7-BKNV®R£l0*�a`b+*DMec¤��\�*
*LQEc�X *DMfM,*��A@u�

� %('&% � 9<A�. �1G ,���/�= .�/�G
	 & �-� ��=�A % �10��1, � � .�/ � � ��� 	�/10 � /(� ! A 	�=�!�= � 7
.�,*=@/ G*/(� � =@A 0 �@,
��=�/(� .�/(� %��10�/(�

X�*LQzxzK�l7�DM,*LQ�l0*¥JF]wO��BV+*�l0*¥h>O95E�uKSt�JSONJF]'k�*LQ�\�*:5Ex;*DcEc�*DVgcyl0*nxzK�lqkDM1-BQ�*:5|MPO
Q	kLagb+*DVUJ�*jl � TI��G8JLKNx�x;*jbWV+* xzK�Q�O�� a`b+* l0* 5	kD{7-BKNVUQSR�l � bWV�VUKNx
v05�*�l0*jc¤��\�*LQ5�*DMPOkc)-ft/*Dx;*DVgc 5�*LQEc)5�*:-fV`c *Dc�OLt/*LJ�J�]wONJDbWV�M,*Db05FQI\05FKN\05)-*kDc	kLQ�l0*�JLKNx�\}K�Q)-fc)-BKNV®�}^2KNbUQ



� � � + ��� � 
 (" /
 � � �.� ��� � � �

codant
<< classique >>

codant
<< atypique >>

codant
<< classique >>

codant
<< atypique >>

start

stop

non codant

start

stop

brin direct

brin complémentaire

���
	��gT�� � 
 b 5�Ok\W]+*65�*D\05	kLQ�*DVgc�OkV`c�M,*qxzK�l7�DM,*£JSONJF]'kªl�bz�eh�h l0* ���8+ � � . ,
	�" 
-�Q�
LNX®¢ Y�� S¤�}�8*
{75�Ok\W]+*�lqkLJ:5)-fceM � *DVUQ�*Dx
vWM,*�l0*LQIc)5�OkVUQ)-fc)-BKNVUQe\~K�QFQ�-fvWM,*LQn^ `=�LJF]+*LQ2_2*DV`c)5�*kDc�OkcFQ�JSONJ�]'kLQ�^>5�*LJDc�OkVW{�M,*LQzO95)5FKNVUl.-BQ9_Y�vX�*y�Ih�h"l0* ���8+ � � . ,
	�" 
-��� O kDc	k�bWMfc	kYX
5)-,*Db05�*Dx;*DV`c *DV05)-BJ�]0-2l0*�MPO�xzK�lqkDM1-BQ�Okc)-BKNVjl0*LQ�MI¢ªZ~�

M,*LQ�xzK�l7�DM,*LQzl0*�c�*Y§�cEb05�*y\05	kLQ *DVgc	kLQ�\05	kLJ)kLl0*Dx�x;*DV`c|\�*DbWt/*DVgc : c)5�*�bWc)-fM1-BQ	kLQ�\}KNb055�*DVUl.5�*�JLKNx�\Wc�*�l0*�M � kDx -BQFQ)-BKNV�l0*LQ�VgbUJDM*kLKNc)-Bl0*LQ
lUOkVUQ�M,*LQ�l.-�r�k:5�*DV`cFQ�c¤��\�*LQ�l0*�5	kYX{7-BKNVUQS�,X � OkMfc�*:5EVwOkVUJ�*�l0*LQ�c¤��\�*LQ£l0* 5	kD{7-BKNVUQ£M,*eMBKNVW{�l0*eMPO�QHkLagb+*DVUJ�* *LQEc�xzK�lqkDM1-BQ	k�*\wO95IbWV+*
JF]wO��BV+*�l0*Hh>O95E�uKSt}�s�8*DcEc�*
JF]wO��BV+* *LQEceJSONJF]'k�*�JSO95 *DMfM,*HV � *LQFcIKNvUQ�*:5Et�OkvWM,*a`b ��� c)5�OLt/*:5FQ£M,*LQ�]'kDc	k:5FKN{dkDV'k:-fc	kLQil0*eMPO�JLKNx�\}K�Q)-fc)-BKNVnl0*IMPO�Q	kLa`b+*DVUJ�*�l � TI��G��,X�*LQc �`\�*LQªl0* 5	kD{7-BKNVUQSRwQFKNVgcIOk\W\�*DM*kLQ�kDc�OkcFQIJSONJF]'kLQil�bnxzK�l7�DM,*��
X *LQ�xzK�l7�DM,*LQ�l0*�J�]wO��BV+*LQ�l0*�h>O95E�uKSt�JSONJF]'k�*LQSR�KNb«�Ih�h ^��={ ���qy�� �ir�z � u �

� u �qy	� _YR JLKNVUQEc)-fcEb+*DVgc�bWV�JSONl.5�*�Q�-fx�\WM,* *Dc_Q�KNbW\WM,*�l0*�xzK`lqkDM1-BQ�Okc)-BKNV�l0*�M � OkMfc�*:5EVwOkVUJ�*l0*85	kD{7-BKNVUQ�Okb�Q�*:-fV�l0*qMPOeQ	kLa`b+*DVUJ�*�l � Te��G�� X�*LQ�\wO95�Okx?�Dc)5�*LQ�l0*qJ�*LQ�xzK`l7�DM,*LQ.QFKNV`c
M,*LQe\wO95�Okx?�Dc)5�*LQ�l0*LQexzK`l7�DM,*LQ�l � kDx -BQFQ�-BKNV>l0*LQeV`bUJDM*kLKNc)-Bl0*LQ
Okb�Q *:-fV�l0*LQ7kDc�OkcFQ�JSO XJ�]'kLQC*Dc�M,*LQ�\05FKNvwOkv0-fM1-fc	kLQ�l0*�c)5�OkVUQ)-fc)-BKNV *DV`c)5�*�M,*LQ kDc�OkcFQHJSONJ�]'kLQS�®� *�VUKNx
v05�*DbUQ�*LQ
\05FKNvwOkv0-fM1-fc	kLQHl0*�c)5�OkVUQ)-fc)-BKNV *DV`c)5�*DkDc�OkcFQ�JSONJ�]'kLQ�\�*DbWt/*DV`c : c)5�*H�W§qk�*LQeVgbWMfM,*LQSR}\�*:5�Xx;*DcEc�OkV`c�O9-fVUQ)-�l0*�QEc)5EbUJDcEb05�*:5_MPOªQEb0-fc�*�l0*LQ1kDc�OkcFQoJSONJF]'kLQS��X�*©{75�Ok\W]+*�l0*LQ®c)5�OkVUQ�-fc)-BKNVUQ
OkbWcFK
5)-BQ	k�*LQ2*DVgc)5�* kDc�OkcFQªJSONJ�]'kLQiOk\W\}K
5Ec�*�QFKNbWt/*DVgcªv�*SOkbUJLKNbW\¥l � -fV��¨K
5Ex|Okc)-BKNV QEb05£M,*xzK�l7�DM,*�R�MPO��U{�b05�*�T�� ��\05	kLQ�*DV`c�*�M,*e{75�Ok\W]+*Hl�byxzK`l7�DM,*�JSONJ�]'kHl0* ���8+ � � . ,
	�" 
-�Q�
LNX®¢ Y�� S¤�� *�VUKNx
v05�*Db�§zOkMf{uK
5)-fcE]Wx;*LQ.KNVgcvkDc	k�lqkDt/*DMBKN\W\AkLQ�\}KNb05_M � bWc)-fM1-BQ Okc)-BKNVzl0*LQ_�ehjh��p.Vn\05	kLl.-BJDc)-BKNVjl0*�{ �DV+*LQSR�M,*e\WMfbUQ£bWc)-fM1-BQ	k *LQEcqM � OkMf{uK
5)-fcE]Wx;*Hl0*�d -fc�*:5Ev0- �qh¤M}\�*:5Ex;*DcSR
� \wO95Ec)-15�l � bWVyxzK�l7�DM,*IlWKNV`c�M,*LQ�\wO95�Okx?�Dc)5�*LQ£KNV`c kDc	k *LQEc)-fx kLQSR�l0*ic)5FKNbWt/*:5qMPO�QEb0-fc�*



� � � � � � � � 
 �/&2 /
 � � ��� � & � � � �
� �)( � ��� � 0�� �  ��� � � 
 (	 /
 � ���	��
��	
�
�
�� � ���

l0*LQ kDc�OkcFQHJSONJF]'kLQ
MPO�\WMfbUQ�\05FKNvwOkvWM,*�\}KNb05HbWV+*�Q	kLa`b+*DVUJ�*zl � Te�eG lWKNVWV'k�*��_�8*DcEc�*QEb0-fc�*|l0*LQDkDc�OkcFQ�JSONJ�]'kLQ�*LQFc�OkMBK
5FQSR *DV0bWV�J�*:5Ec�O9-fV�Q�*DVUQ�RsMPOnx;*:-fMfM,*Db05�*�\05	kLl.-BJDc)-BKNV
agb+*eM � KNVy\�*DbWc�� O9-15�*HOLt/*LJ�M,*exzK�l7�DM,*�bWc)-fM1-BQ	ke\~KNb05qMPO�Q	kLa`b+*DVUJ�*�KNvUQ�*:5Etdk�*�� � VUKNc)5�*JLKNVWVwO9-BQFQ�OkVUJ�*�RkJ�*DcoOkMf{uK
5)-fcE]Wx;*B*LQEc_ONJDcEb+*DMfM,*Dx;*DV`c.bWc)-fM1-BQ	k©\wO95_cFKNbUQ2M,*LQ_\05FKN{75�Okx�x;*LQ
agb0-UQ�*��¨KNVUl0*DVgc�QFb05.M,*LQ©JF]wO��BV+*LQ�l0*£h�O95E�uK�t�JSONJ�]'kLQ©\}KNb05.\05	kLl.-15�*£M,*LQ.{ �DV+*LQS��TI\05<�LQ
OLtuK
-15¥\05	kLl.-fcnM,*LQn{ �DV+*LQ¥{7598NJ�* � M � OkMf{uK
5)-fcE]Wx;*'l0*>d -fc�*:5Ev0- R �����=9������ L ¢�f Ydc SOkcEc)5)-fvWb+*y{7598NJ�* � bWV�OkbWc)5�*¥OkMf{uK
5)-fcE]Wx;* ^ 4 u-z��[r�z � � 
�r�� � �[r�z ��_|bWV+*y\05FKNvwOkv0-fM1-fc	k
\~KNb05ªJ�]wONJDbWVjl0*LQ�*Y§WKNVUQ£\05	kLl.-fcFQS�

ViV 5�*D\05FK`J�]+*�QFKNbWt/*DV`cH� O9-fc�Okb�§'�ehjh *LQEc
l � -fV`c)5FK`l�b0-15�* -fx�\WM1-BJ:-fc�*Dx;*DVgc�bWV+*x|OkbWtNO9-BQ�*�xzK�lqkDM1-BQ�Okc)-BKNV'l0*LQHMBKNVW{�b+*Db05FQ
l0*LQ 5	kD{7-BKNVUQ
JLK�lUOkVgc�*LQ��_� � *LQEc�\}KNb05FagbUK
- RM,*LQ�xzK�l7�DM,*LQybWc)-fM1-BQ	kLQy\}KNb05�MPO0\05	kLl.-BJDc)-BKNV l0*j{ �DV+*LQnQFKNV`c *DV�� O9-fcnQFKNbWt/*DVgcnbWV+*
*Y§�c�*DVUQ)-BKNVnl0*LQª�eh�h�agb0-}\�*:5Ex;*Dc£MPO�xzK`lqkDM1-BQ Okc)-BKNV *Y§�\WM1-BJ:-fc�*�l0*�MPO�l�b05	k�*�l0*LQ£Q	kYX
��KNb05FQ©lUOkVUQ�M,*LQ kDc�OkcFQ�JSONJF]'kLQS�-
IVzc)5FKNbWt/*iJ�*LQ�xzK`l7�DM,*LQ�lqkLQ)-f{�V'kLQ©\wO95�l0*£VUKNx
v05�*Db�§
VUKNxzQnT � { ���qy�� �?y��J{�� �ar�z � u � � u �qy	�*wSR
	��RtA� { �	{�x8
 � z9r�x|{|u � �AxKr�x/y � � ��R�
=y���y �
z9r�� {�� y � � � �"KNb0cFKNbWc�Q)-fx�\WM,*Dx;*DVgc � � �0��h¤MBQ�QFKNVgc�bWc)-fM1-BQ	kLQ�\wO95 *Y§.*Dx�\WM,*�\wO95
���8+ � � . ,
	�" 
-����R �����=9������ *Dc ���8+�� �iLNf��\Mip Y � S¤�vX2O>\05)-fVUJ:-f\wOkM,* JLKNV`c)5�*D\wO95Ec)-,*l0*iM � bWc)-fM1-BQ�Okc)-BKNVnl0*�J�*LQ�xzK`l7�DM,*LQ6*LQEcql � OkbW{�x;*DVgc�*:5£v�*SOkbUJLKNbW\yM,*IJLKDCWc£l0*LQqJSOkMBJDbWMBQS�

� %('&%�� 9<A�. �1G ,���;��@,�A 0 .�/(� � ,�% 0�; 	 � /-� .��-�	/ ���@,�A 0 .�/ � %��10�/(� �F, 0&7
�	=@A 0 �

X�*LQi���HZ�l0*LQ6*DbUJSO95E�uKNc�*LQªQEbW\�k:5)-,*Db05FQ£QFKNVgc£QFKNbWt/*DV`c£xzK
5FJ�*DM*kLQªQEb05qM,*�JF]05FKNxzKkX
QFKNx;*2*DV�l0*£VUKNx
v05�*Db�§�*Y§�KNVUQ 5�*DMPOkc)-ft/*Dx;*DVgc£JLKNb05EcFQqQ	kD\wO95	kLQ©\wO95ql0*LQ -fV`c)5FKNVUQS� ��O95
*Y§.*Dx�\WM,*�R®J�]+*D���=z9r ��{ �qu9t�w"{*wUx�
Gr�� { r��Gr?-fM©��O�*DV�xzKS�/*DVWV+* *DVgt<-15FKNV

5
*Y§WKNVUQH\wO95

����Z�l � bWV+*.MBKNVW{�b+*Db052xzK��/*DVWV+*�l � *DVgt<-15FKNV 250
V`bUJDM*kLKNc)-Bl0*LQSR MPOqMBKNVW{�b+*Db05®xzKS�/*DVWV+*

l0*LQB-fVgc)5FKNVUQ�kDc�OkV`cil � *DVgt<-15FKNV 170
VgbUJDM*kLKNc)-Bl0*LQ�L ^q]+*-PRP S¤��X *LQ6-fVgc)5FKNVUQªQ�KNVgc�*Y§WJ:-BQ	kLQ

MBK
5FQªl0*�M � kD\0-BQFQ�Ok{/*
l0*�M � T=MIG \05	kYX x;*LQFQ Ok{/*:5iagb0-_lWKNVWV+*
O9-fVUQ)-®VwO9-BQFQ OkVUJ�* � M � T=MIGx;*LQFQ�Ok{/*:5�lUOkVUQIM,*La`b+*DM�M,*LQ *Y§�KNVUQ�QFKNV`cIv}KNbWc � v}KNbWc *Dc�lUOkVUQeMPO�x : x;*�\W]wONQ *�l0*M,*LJDcEb05�*���X � *Y§WJ:-BQ)-BKNV�l0*LQ -fV`c)5FKNVUQ%*LQEc�bWV|\W]'kDVUKNx?�DV+*eJLKNx�\WM,*Y§.*elUOkVUQ�M,*Lagb+*DM -fVgc�*:5�X
t -,*DVWV+*DV`c�\WMfbUQ�l0*

50
xzKNM*kLJDbWM,*LQ ^ \05FKNc	k:-fV+*LQ *Dc�l0*z\�*Dc)-fcFQ�T\MiG V`bUJDM*kSO9-15�*LQ9_Ha`b0-

JLKNVUQEc)-fcEb+*DVgceM,*�wKtA� { �)y)u.w)u � y�� ��5�*LQ�agb+*
cFKNbUQiM,*LQ -fVgc)5FKNVUQ�JLKNx�x;*DVUJ�*DVgc�\wO95�b�^@*Dc
�UV0-BQFQ�*DVgc
\wO95
T b�Rsx|O9-BQ�J�*DcEc�* -fV���K
5Ex|Okc)-BKNV0V+*zQEb �zcH\wONQ�Okb wKtA� { �)y)u.w
u � y�\~KNb05
JF]UK
-BQ)-15qM,*LQqQ)-fc�*LQql � kD\0-BQFQ�Ok{/*���X2O�5�*LJLKNVWVwO9-BQFQ�OkVUJ�*�l � OkbWc)5�*LQ£Q)-f{�VwOkb�§yOkbWcFKNb05ql0*eJ�*LQl.-�X VgbUJDM*kLKNc)-Bl0*LQ��EKNb+*HbWV 5��NM,*C-fx�\~K
5Ec�OkV`cS��X2O�\05	kLl.-BJDc)-BKNV�l0*LQiQ�-fc�*LQIl � kD\0-BQFQ Ok{/*C*LQEcbWVjONQE\�*LJDc2*LQFQ�*DV`c)-,*DM_l0*�MPO�\05	kLl.-BJDc)-BKNV r � {��q{�x|{|u�l0*LQª{ �DV+*LQ � -fVgc)5FKNVUQS�}�8*DcEc�*H\05	kYXl.-BJDc)-BKNV *LQEc�VUKNVyQ�*DbWM,*Dx;*DVgcqV'kLJ�*LQFQ�O9-15�*I\}KNb05�MBK�JSOkM1-BQ�*:5�\05	kLJ:-BQ	kDx;*DVgc£M,*LQ��>5FKNV`c)-E�:5�*LQ
l0*LQ *Y§WKNVUQeMBK
5FQFagb+*�J�*Db�§`X¤J:-.QFKNV`c 5	kDtdkDM*kLQe\wO95eM,*Db05eJLKNx�\}K�Q)-fc)-BKNV>x|O9-BQe\�*DbWc�OkbUQFQ)-
O9-Bl0*:5 � lqkDc�*LJDc�*:5iM,*LQ�*Y§WKNVUQªJLKNb05EcFQS�X2O�x|O ��K
5)-fc	k�l0*LQex kDcE]UK�l0*LQHl0* 5�*LJLKNVWVwO9-BQFQ�OkVUJ�*�l0*LQ�Q)-fc�*LQ�l � kD\0-BQFQ Ok{/*�5�*D\}K�Q�**LQFQ�*DVgc)-,*DMfM,*Dx;*DV`c.QEb05®M � kDt�OkMfbwOkc)-BKNV�l0*�M � ONlqkLagbwOkc)-BKNV�l0*LQ_Q	kLa`b+*DVUJ�*LQ2l0*LQoQ)-fc�*LQ2\~KNc�*DV�Xc)-,*DMBQ � bWV�xzK`l7�DM,*i\05FKNvwOkv0-fM1-BQEc�*ia`b0-wlqkLJ:5)-fc�\}K�Q)-fc)-BKNV�\wO95©\~K�Q�-fc)-BKNV|MPO�JLKNx�\}K�Q)-fc)-BKNV*DV�V`bUJDM*kLKNc)-Bl0*LQjl0*LQnQ�-fc�*LQnl � kD\0-BQFQ�Ok{/* 5	k�*DMBQS�mX®K
5FQ�agb+*>M � Ok\W\wO95)-fc)-BKNV l0*LQ¥VgbUJDM*kLKkXc)-Bl0*LQ�*LQEcqxzK`lqkDM1-BQHk�*�JLKNx�x;* -fVUlqkD\�*DVUlUOkV`c�*C*DV`c)5�*�\~K�Q�-fc)-BKNVUQªONlk�EONJ�*DV`c�*LQSR0-fM®Q � Ok{7-fcl � bWV xzK�l7�DM,*H\wO95��¨K
-BQeOk\W\�*DM*k�O>Teh ^�� y	{�� 
Ax/y ��� z"z9r�� � u �qy	� _Y�?VIV *Y§0*Dx�\WM,*�l0*



� ��� + ��� � 
 (" /
 � � �.� ��� � � �

� )+1 /0% /0) ,
, 4.6 � $&)=% /�. / /��5)+, / , %'(*)+,

X Z X � XHg �Dg � � � Z � p � ] � �

T
0, 33 0, 60 0, 08 0 0 0, 49 0, 71 0, 06 0, 15�
0, 37 0, 13 0, 04 0 0 0, 03 0, 07 0, 05 0, 19b
0, 18 0, 14 0, 81 1 0 0, 45 0, 12 0, 84 0, 20^
0, 12 0, 13 0, 07 0 1 0, 03 0, 09 0, 05 0, 46

����� �}T�� g 
ym+5	kLagb+*DVUJ�*LQ�\}K�Q)-fc)-BKNV \wO95e\}K�Q)-fc)-BKNV�l0*LQIVgbUJDM*kLKNc)-Bl0*LQ�OkbWcFKNb05el�b>Q)-fc�*
lWKNVWV+*Db05ql � *D\0-BQFQ�Ok{/*ªJ�]+*D�IM � �eKNx�x;* L ¢�f Ydc S¤���8*LQ.� 5	kLagb+*DVUJ�*LQ�JLK
5)5�*LQE\~KNVUl0*DV`cqOkb�§\wO95�Okx?�Dc)5�*LQzl � bWV�O>TIh�\~KNb05�MPO 5�*LJLKNVWVwO9-BQFQ�OkVUJ�*yl�b�Q)-fc�*�� X�*LQ��>5	kLa`b+*DVUJ�*LQ�l0*LQ
V`bUJDM*kLKNc)-Bl0*LQix|O �EK
5)-fc�O9-15�*LQ � J�]wONagb+*H\~K�Q)-fc)-BKNVjQFKNVgciQ�KNbWM1-f{�V'k�*LQS�

JLKNx�\}K�Q)-fc)-BKNV *DV>xzKNVUKkX VgbUJDM*kLKNc)-Bl0*LQ
OkbWcFKNb05Hl � bWV>Q)-fc�*�l � kD\0-BQFQ�Ok{/* *LQEc�lWKNVWV'k�^oO XvWM,*SOkb�T�� g��}X®K
5FQFa`b+*�R�VUKNV�Q�*DbWM,*Dx;*DVgcyMPO�\~K�Q)-fc)-BKNV�lUOkVUQ|M,*jQ)-fc�*¥x|O9-BQyOkbUQFQ)-IM,*LQ
lqkD\�*DVUlUOkVUJ�*LQ2*DV`c)5�*�VgbUJDM*kLKNc)-Bl0*LQeONlk�EONJ�*DV`cFQiQFKNV`c£\05)-BQ�*LQ�*DV¥JLKNx�\Wc�*�R0-fMBQ£QFKNV`c£\wO95�X
�¨K
-BQ�lqkLQ)-f{�V'kLQ O�hjh ^�� y	{�� 
Ax/y � �ir�x|z"{ � � u �qy	� _Y� VIV+*�M1-fx -fc�*nl0*yJ�*LQ�xzK�l7�DM,*LQ
*LQEc�l0*zV+*|\wONQ
xzK�lqkDM1-BQ�*:5�l0*�lqkD\�*DVUlUOkVUJ�*LQ *DV`c)5�*|\}K�Q)-fc)-BKNVUQ�VUKNV�ONlk�FONJ�*DVgc�*LQ�l�b
Q)-fc�*��qVIV+*�QFKNMfbWc)-BKNV¥JLKNVUQ)-BQFc�* � bWc)-fM1-BQ�*:5ªbWV+*�JLKNMfM,*LJDc)-BKNV l0*�xzK�l7�DM,*LQSR�\WMfbWc��Ncªa`b � bWVbWV0-Ba`b+*�xzK`l7�DM,*��N��OkVUQ�J�*�JSONQSRkJF]wONa`b+*�xzK`l7�DM,*qlqkLJ:5)-fc�bWV >£c �`\�* @Hl0*�Q)-fc�*�agb0-�JLK
5�X
5�*LQE\}KNVUl *DV��¨O9-fc � bWV+*qJLK
5)5	kDMPOkc)-BKNVzl0*LQo�>5	kLa`b+*DVUJ�*LQ.l � Ok\W\wO95)-fc)-BKNVUQ©l0*LQ�VgbUJDM*kLKNc)-Bl0*LQ*DV`c)5�*i\}K�Q)-fc)-BKNVUQ©VUKNVnONlk�FONJ�*DVgc�*LQS��ViV+*i\05FK`J)kLl�b05�*�OkbWcFKNx|Okc)-Bagb+*�R`MPOHh���� ^ �ar �,{��
�lr�� 
ny tvy�����r��>�)y 
ny �)u ��tvu.w	{�x|{|u �G_YR®OUkDc	k�\05FKN\~K�QHk�*lL ¢�f Ydc S�\~KNb05�JLKNVUQEc)5Eb0-15�*�MPOJLKNMfM,*LJDc)-BKNV�l0*�xzK�l7�DM,*LQ�JLK
5)5�*LQE\}KNVUlUOkVgc � bWV�Q)-fc�*yl � kD\0-BQFQ�Ok{/*����8*DcEc�*y\05FK�J)kLl�b05�**LQEc£bWc)-fM1-BQHk�*�\wO95 ��� �D9������ *Dc ���8+ ��9 ����� 	 �8,�L � X_Z,P,g)S¤�
�8*LQHxzK`l7�DM,*LQ�l0*�MPOyJLKNx�\~K�Q)-fc)-BKNV0l0*LQHQ)-fc�*LQHl � kD\0-BQFQ Ok{/*LQH\�*DbWt/*DVgc : c)5�* -fV`c)5FKkXl�b0-fcFQ�QFKNbUQ©MPO���K
5Ex;*Il0*ªVUKNbWt/*SOkb�§UkDc�OkcFQ�JSONJF]'kLQqlUOkVUQ©bWV��Ih�h��dX � bWc)-fM1-BQ�Okc)-BKNVnl0*J�*LQ��Ih�h8\�*:5Ex;*Dc�l0*25	kSOkM1-BQ�*:5�bWV+*I\05	kLl.-BJDc)-BKNVyagb0-~c)-,*DVgcqJLKNx�\Wc�*�R�VUKNV�Q�*DbWM,*Dx;*DV`c

l0*LQªl.-�r k:5�*DVUJ�*LQil0*
JLKNx�\~K�Q)-fc)-BKNV *DVgc)5�* 5	kD{7-BKNVUQIJLK`lUOkV`c�*LQ2*DcªVUKNV¥JLK�lUOkVgc�*LQSRwx|O9-BQ
OkbUQFQ�-©l0*LQH\05FKN\05)-*kDc	kLQ
l0*|Q	kLagb+*DVUJ�*|l0*LQ
Q)-fc�*LQHl � kD\0-BQ�Q�Ok{/*��_Z<*DMBKNV�MPOnQFc)5EbUJDcEb05�*|l�b�ehjh M,*LQ�\05	kLl.-BJDc)-BKNVUQ�\�*DbWt/*DV`c : c)5�*¥l0*¥VwOkcEb05�*¥l.-�r�k:5�*DV`c�*LQS� X *n\WMfbUQ|QFKNbWt/*DV`cSRJLKNx�x;*�M,*n�¨KNVgc�\wO95�*Y§.*Dx�\WM,* ��� �D9�������*Dc : ���Q! �8+ �jLNf 5FK Ydc S¤R©MPO0QEc)5EbUJDcEb05�*JLKNx�\WME�Dc�*�l0*LQ
{ �DV+*LQ *LQEc�\05	kLl.-fc�*����8*D\�*DVUlUOkVgc�J�*:5Ec�O9-fVUQ�\05FKN{75�Okx�x;*LQ�V+*|{gO95�OkV�X
c)-BQFQ *DVgc�\wONQ
a`b+*zM,*LQ *Y§�KNVUQ�agb0-�JLKNx�\~K�Q�*DV`c�M,*y���HZ�\05	kLl.-fc�QFKNVgc�v0-,*DV *DV0\W]wONQ�*
M,*LQIbWVUQeOSt/*LJ
M,*LQ�OkbWc)5�*LQSR¦J � *LQEciM,*�JSONQil0*�MPO�t/*:5FQ)-BKNV�l0* ���8+ � ��. , 	8" 
 ���*\~KNb05IM,*LQ{ �DV+*LQ � -fVgc)5FKNVUQn^ \wONQIl0*�\WbWvWM1-BJSOkc)-BKNVG_Y�

� %('�%($ � = �1. ,�=@/ � ; 0�� 5FA�. �1G ,���/�= G*;�� ��� 	�/10 � /

� � bWV+*
�¨O��LKNVjc)5<�LQª{dkDV'k:5�OkM,*�cFKNbWc�*
x kDcE]UK�l0*
l0*
\05	kLl.-BJDc)-BKNV>V'kLJ�*LQFQ)-fc�*HMPOzx -BQ�*Okb«\}K
-fVgc�l � bWV�J:5)-fc<�:5�*�\}KNb05�l.-BQEc)-fVW{�b+*:5�M,*LQ�v~KNVWV+*LQ�\05	kLl.-BJDc)-BKNVUQzl0*�M � *DVUQ�*Dx�vWM,*l0*LQq\05	kLl.-BJDc)-BKNVUQi\~K�QFQ�-fvWM,*LQS�,X2O�xzK`lqkDM1-BQ Okc)-BKNVn\05FKNvwOkv0-fM1-BQEc�* *LQEcqbWVnJSONl.5�*Ha`b0-~\�*:5�X
x;*Dc�l0*yJLKNVUQEc)5Eb0-15�*yl0*��¨O��LKNV�ONQFQ�*D�yl.-15�*LJDc�*nJ�*LQ�J:5)-fc<�:5�*LQ�cFKNbWc *DV�M,*Db05�lWKNVWVwOkV`c



� � � � � � � � 
 �/&2 /
 � � ��� � & � � � �
� �)( � ��� � 0�� �  ��� � � 
 (	 /
 � ���	��
��	
�
�
�� � �@


bWV+*�Q�-f{�V0-��wJSOkc)-BKNV®�_�8*D\�*DVUlUOkV`cSR -fM�*LQEc�\wO95���K
-BQ�l.- �|J:-fM,*�l0*�xzK�lqkDM1-BQ�*:5HJ�*�lWKNVgcHKNV
QFKNbW]wO9-fc�*�c�*DV0-15ªJLKNx�\Wc�*HlUOkVUQqbWV+*�\05	kLl.-BJDc)-BKNV®�U� *�VUKNx
v05�*DbUQ *LQªx kDcE]UK�l0*LQªagb0-}V+*
Q�*���KNVUl0*DV`c|\wONQzQFb05zbWV+*nxzK�lqkDM1-BQ�Okc)-BKNV�\05FKNvwOkv0-fM1-BQEc�*jJLKNx�\WME�Dc�* l0*nMPO�QHkLagb+*DVUJ�*
l � TI��G<KNVgc=kDc	k�lqkDt/*DMBKN\W\Ak�*LQI\}KNb05ªMPO�\05	kLl.-BJDc)-BKNV>l0*H{ �DV+*LQS�Up©VjQ � O r�5�OkVUJF]0-BQFQ OkVgcl0*�MPO�xzK`lqkDM1-BQ�Okc)-BKNV0JLKNx�\WME�Dc�*|l0*�MPOyQ	kLa`b+*DVUJ�*�R®J�*LQ�x kDcE]UK�l0*LQHQFKNV`c
JLKNV��>5FKNV`c	k�*LQ
Okbz\05FKNvWME�Dx;*il0*£MPO 5�*LJF]+*:5FJ�]+*Il�bzv}KNV|J:5)-fc<�:5�*���h¤MwQ � Ok{7-fc�QFKNbWt/*DVgc�l0*iJLKNx�v0-fV+*:5�l0*LQ-fV���K
5Ex|Okc)-BKNVUQi\05FKSt/*DVwOkVgc�l0*�l.-�r k:5�*DVgc�*LQIx;*LQEb05�*LQªKNb�>�Q�*DVUQ *Db05FQ @��

�_KNb052>zQ�*DVgc)-15 @yMPO|c�*Y§�cEb05�*�KNbjMPOz\05	kLQ�*DVUJ�*�l � bWV>Q)-f{�VwOkMol � kD\0-BQ�Q�Ok{/*�R~M,*LQix;*YXQEb05�*LQo��KNV`c.QFKNbWt/*DVgc -fV`c�*:5Et/*DV0-15©M,*LQ�\05FKNvwOkv0-fM1-fc	kLQ©l � Ok\W\wO95)-fc)-BKNV|l0*qMPOeQ	kLa`b+*DVUJ�*£QFKNbUQl0*LQ�xzK`l7�DM,*LQ.\05FKNvwOkv0-fM1-BQFc�*LQS�	��O95 *Y§.*Dx�\WM,*�RNM,*q\05FKN{75�Okx�x;*il0*q\05	kLl.-BJDc)-BKNV|l0*LQ©Q)-fc�*LQ
l � kD\0-BQFQ�Ok{/* ���8+ ��9 ��� � 	 �8,¤RwJLKNx�v0-fV+*�l0*LQIx;*LQEb05�*LQel0*
c�*Y§�cEb05�*LQeJLK`lUOkV`c�*�*DcIVUKNV�JLKkXlUOkVgc�*�Rªl0*�\wO95Ec *Dcjl � OkbWc)5�*�l�b Q)-fc�*�RªOSt/*LJ�bWV+*�x;*LQEb05�*�l�b Q�-f{�VwOkM
l � kD\0-BQFQ�Ok{/*����OkVUQ�M,*nJSONQ|l0* ���8+ ��9 ��� � 	 �8,¤R -fM�*LQEc�\}K�QFQ)-fvWM,*yl � OLtuK
-15|bWV+*?-Blqk�*¥ONQFQ�*D�nJDMPO9-15�*¥l0*MPOzv}KNVWV+*��¨O��LKNV�l0*�JLKNVUQEc)5Eb0-15�*�M,*�J:5)-fc<�:5�* � \wO95Ec)-15�l0*LQ�l.-�r�k:5�*DV`c�*LQ�x;*LQEb05�*LQS�®�8*YX\�*DVUlUOkV`cSRsMPOnJLKNVUQEc)5EbUJDc)-BKNV�l�b�J:5)-fc<�:5�*|Q�*�� O9-fc�v0-,*DV'QFKNbWt/*DV`c�*DV�Q�*�\WMPO��SOkV`c�lUOkVUQ
bWVyJSONl.5�*ex kDcE]UK�lWKNMBKN{7-Bagb+*�\wO95Ec)-BJDbWM1-,*:5Iagb0-}lqkY�UV0-fc£M,*ec¤��\�*�l0*�J:5)-fc<�:5�* *Dc�\05FKN\}K�Q�*
l0*LQ�OkMf{uK
5)-fcE]Wx;*LQ�\}KNb05�KN\Wc)-fx -BQ�*:5�MPO�agbwOkM1-fc	k�l0*LQ�\05	kLl.-BJDc)-BKNVUQ�QEb05�bWV *DVUQ *Dx
vWM,*
l � Ok\W\05�*DVgc)-BQFQ�Ok{/*��

�Ib+*DMBagb+*LQ�*Y§.*Dx�\WM,*LQ
tuKNVgc�\�*:5Ex;*DcEc)5�*�l � -fMfMfbUQEc)5�*:5
MPOnl.-ft/*:5FQ�-fc	k|l0*LQHx kDcE]UK�l0*LQ*Dx�\WMBKS�dk�*LQS� �oKNb05£\05	kLl.-15�*el0*LQqQ)-fc�*LQql � kD\0-BQFQ Ok{/*�R����)��� � .-+�� ���8+ �DL �=f�^ + Y ��S}bWc)-fM1-BQ�*l0*LQ 5	kLQ�*SOkb�§|l0*iV+*Db05FKNV+*LQqO95Ec)-��wJ:-,*DMBQ8*Dc©� O9-fc�bWV+*i\05	kLl.-BJDc)-BKNVnl.-15�*LJDc�*Dx;*DVgc � \wO95Ec)-15l0*�MPO>QHkLagb+*DVUJ�*nl � Te��G�� 9 ����� 	 ��� , ���'� 	)�L%-,nLNf��id + Y ��S¤R.agbwOkV`c � Mfb0- R.JLKNx
v0-fV+*nMPOx;*LQEb05�*Il�byQ)-f{�VwOkM}l � kD\0-BQFQ�Ok{/*I\wO95�l0*LQ�xzK�l7�DM,*LQ�\05FKNvwOkv0-fM1-BQEc�*LQ � l0*Db�§�OkbWc)5�*LQ�x;*YXQEb05�*LQ�lWKNV`cqM,*ivWbWc6*LQEc�l0*i\�*:5FJ�*DtuK
-15qM � *DVgt<-15FKNVWV+*Dx;*DVgcil�byQ)-f{�VwOkM Tgt�O95)-POkc)-BKNVnl0*iMPOJLKNx�\~K�Q)-fc)-BKNV *DV b ���A*Dc%*DV�\g�<5)-fx -Bl.-fV+*LQ7^ ���e^ _�l0*ª\wO95Ec8*Dc�l � OkbWc)5�*el�b�Q)-fc�*ª\~KkXc�*DVgc)-,*DM ��X_O�JLKNx
v0-fVwO9-BQFKNVyl0*ªJ�*LQ.x;*LQFb05�*LQ *LQEc 5	kSOkM1-BQHk�*�*Dc�KN\Wc)-fx -BQ	k�*IlUOkVUQ©M,*ªJSONl.5�*
l � bWV�xzK�l7�DM,*�MBKN{7-BQEc)-Ba`b+*��AX *�\05FKN{75�Okx�x;* �������aL �¦]wO Ydc S.bWc)-fM1-BQ�*�\}KNb05eMPO�lqkDc�*LJYXc)-BKNVyl0*LQ6*Y§WKNVUQq]gbWx|O9-fVUQ

9
x;*LQFb05�*LQªl.-�r�k:5�*DV`c�*LQS�qX � KN\Wc)-fx -BQ�Okc)-BKNVjl0*�M � bWc)-fM1-BQ�Okc)-BKNVl0*�J�*LQ

9
x;*LQEb05�*LQ�*LQEco� O9-fc�*�\wO95.OkVwOkMf��Q�*ql.-BQFJ:5)-fx|OkV`c�*ªagbwONl.5�Okc)-Ba`b+*ªOkMBK
5FQ.a`b+*�\}KNb05

bWV+*�c98NJF]+*H\05FK�JF]+* ����� 
 � LNVeh Y g
S®bWc)-fM1-BQ *�bWV?5	kLQ�*SOkb l0*�V+*Db05FKNV+*LQ�O95Ec)-��wJ:-,*DMBQS�
X � kDMPOkv}K
5�Okc)-BKNV0l � bWV�J:5)-fc<�:5�*�V+*�QEb �zc�\wONQH\~KNb05�\�*:5Ex;*DcEc)5�*�MPO�\05	kLl.-BJDc)-BKNV'l0*MPO QEc)5EbUJDcEb05�*yl � bWV«{ �DV+*yJLKNx�\~K�QHk�l0*�x
bWMfc)-f\WM,*LQ *Y§�KNVUQS� h M©� OkbWc *DVUQEb0-fc�* 5�*LJF]+*:5�XJF]+*:5�\wO95Ex -.cFKNbWc�*LQ�M,*LQ�JLKNx
v0-fVwO9-BQFKNVUQHl � *Y§WKNVUQ�\}K�QFQ)-fvWM,*LQ�J�*DMfM,*LQ�agb0-�Q�Okc)-BQ��¨KNVgcHOkbx -,*Db�§ M,*�J:5)-fc<�:5�*�J�]UK
-BQ)- ��X�*
VUKNx�v05�* -fx�x;*DVUQ�*�l0*�JLKNx�v0-fVwO9-BQFKNVUQ -fV`c�*:5Fl.-fc�l0*�M,*LQ

kDtNOkMfb+*:5IbWV+* � bWV+*��}Z�KNbUQ 5	kLQ�*:5Et/*�l0*
J�*:5Ec�O9-fV+*LQ�JLKNVUl.-fc)-BKNVUQ�QEb05iM,*�J:5)-fc<�:5�*�J�]UK
-BQ)- RM,*LQ�OkMf{uK
5)-fcE]Wx;*LQql.-fcFQ�l0*i\05FKN{75�Okx�x|Okc)-BKNVnl��`VwOkx -Ba`b+*i\�*:5Ex;*DcEc�*DVgcql � *Y§�\WMBK
5�*:5%5�O X\0-Bl0*Dx;*DVgcqM � *LQE\wONJ�*el0*icFKNbWc�*LQ�M,*LQ�JLKNx
v0-fVwO9-BQFKNVUQq\}KNb058*DV�*Y§�c)5�O9-15�*iM,*LQ�x;*:-fMfM,*Db05�*LQS�X � OkMf{uK
5)-fcE]Wx;*�l0*ed -fc�*:5Ev0-~\~KNb05qM,*LQq�ehjh *DV?*LQEc�bWV *Y§0*Dx�\WM,*��U� � *LQEc6*DV�bWc)-fM1-BQ OkVgcbWV�OkMf{uK
5)-fcE]Wx;*¥l0*n\05FKN{75�Okx�x|Okc)-BKNV6l���VwOkx -Ba`b+*¥agb+*�MPO>t/*:5FQ�-BKNV�l0* ��� 
���� ���
ONlUOk\Wc	k�* � MPO�lqkDc�*LJDc)-BKNV�l0*LQ©{ �DV+*LQ � -fVgc)5FKNVUQ\L Z��©� + YRY S¤R75�*LJF]+*:5FJ�]+*iM,*LQ�QEc)5EbUJDcEb05�*LQl0*ª{ �DV+*LQ�agb0-¦x|O §<-fx -BQ�*DV`c�M,*IJ:5)-fc<�:5�*IJLK
5)5�*LQF\~KNVUlUOkV`c � MPOHQFKNx�x;*Il0*LQ�x;*LQFb05�*LQ�l0*MPO�c�*Y§�cEb05�*HJLK�lUOkVgc�*
l0*LQ2*Y§WKNVUQ�*Dcªl0*�MPO�a`bwOkM1-fc	kHl0*LQªQ)-fc�*LQªl � kD\0-BQ�Q�Ok{/*LQS�



� �d� + ��� � 
 (" /
 � � �.� ��� � � �

alignement ADN − ADNc(b) (c) alignement ADN − ADN

ADN génomique

protéine

ADNc

alignement ADN − protéine(a)

ADN génomiqueADN génomique

���
	��oT�� Z 
iX�*LQHc)5FK
-BQ�{75�OkVUl0*LQ�Ok\W\05FK�JF]+*LQ *Y§�c)5)-fVUQ<�La`b+*LQH\}KNb05
MPOy\05	kLl.-BJDc)-BKNV�l0*
{ �DV+*LQ7T ) ��*ªOkM1-f{�V+*Dx;*DV`cªTI��G�{dkDVUKNx -Ba`b+*IX_\05FKNc	k:-fV+*�R ),+ *ªOkM1-f{�V+*Dx;*DVgcªTe��G�{dkYX
VUKNx -Ba`b+*�X�TI��GeJ�R ) 6 *�OkM1-f{�V+*Dx;*DV`c�TI��G {dkDVUKNx -Bagb+*|XITe��G {dkDVUKNx -Ba`b+*��[X�*LQ
\wO95�OkMfM*kDMBKN{75�Okx�x;*LQC5	kD\05	kLQ�*DVgc�*DV`c�M,*LQHOkM1-f{�V+*Dx;*DVgcFQHQEb05eM,*LQFa`b+*DMBQ 5�*D\~K�Q�*DV`c�M,*LQel.-�� X
� k:5�*DVgc�*LQeOk\W\05FK`J�]+*LQS�

� 6�� � �[< �D@�B"��� � �7<?>�F	; �����7C"���

��KNV`c)5�O9-15�*Dx;*DVgcqOkb�§�x kDcE]UK�l0*LQ -fVgc)5)-fVUQ<�La`b+*LQSRNM,*LQox kDcE]UK`l0*LQ *Y§�c)5)-fVUQ<�La`b+*LQobWc)-�X
M1-BQ�*DV`cel0*LQ -fV��¨K
5Ex|Okc)-BKNVUQ *Y§�c	k:5)-,*Db05�*LQ � MPO�Q	kLa`b+*DVUJ�*C*DMfM,*YX x : x;*�\}KNb05I\05	kLl.-15�*�M,*LQ{ �DV+*LQS� X2O�\WMfbW\wO95Ec|l0*LQ|OkMf{uK
5)-fcE]Wx;*LQ�lqkDt/*DMBKN\W\AkLQz\05�*DVWV+*DVgc *DV�JLKNx�\Wc�* bWV�l0*LQ
c)5FK
-BQ�c �`\�*LQ.l � -fV���K
5Ex|Okc)-BKNVUQ *Y§�c	k:5)-,*Db05�*LQ�5�*D\05	kLQ *DVgc	kLQ©m -f{�b05�*£T�� Z TNQ	kLa`b+*DVUJ�*LQ�\05FKkXc	k:-Ba`b+*LQ�JLKNVWV`b+*LQSR�Q	kLagb+*DVUJ�*LQ�l � T=MIG�x;*LQFQ�Ok{/*:5FQ�KNb|Q	kLa`b+*DVUJ�*LQ�l � Te��G��u��OkVUQ�J�*LQc)5FK
-BQ�JSONQSR�-fMIQ � Ok{7-fc���KNVUlUOkx;*DV`c�OkM,*Dx;*DVgc¥l � bWV�\05FKNvWME�Dx;*�l � OkM1-f{�V+*Dx;*DVgc�*DVgc)5�*jMPOQ	kLa`b+*DVUJ�*Hl � Te��G�K
	nM � KNV J�]+*:5FJF]+*
M,*LQ£{ �DV+*LQ2*Dc£bWV+*HQHkLagb+*DVUJ�*�a`b0-sMfb0-�5�*LQFQ�*Dx�vWM,*\WMfbUQeKNbjxzK
-fVUQ��GX � OkM1-f{�V+*Dx;*DV`c *LQEcIQ�KNbWt/*DVgc�Okx kDM1-BK
5	k
\wO95ebWV+*�QHkDM,*LJDc)-BKNV�l0*�Q)-fc�*LQl � kD\0-BQFQ Ok{/*�\~KNc�*DV`c)-,*DMBQS�

� % ��%*) # A 5 !�;>=@; ,���A 0 � ��� 7 ! =@A � �1,*0�/

��OkVUQeM,*
JSONQ�l0*
MPO|Q)-fx -fM1-fcEbUl0*�Te��GªX \05FKNc	k:-fV+*�M � -Blqk�*�*LQFcel0*�\05	kLl.-15�*
M,*LQ����HZa`b0-oJLK�l0*DVgc�\}KNb05�l0*LQe\05FKNc	k:-fV+*LQ�\05FK`J�]+*LQ�l0*�\05FKNc	k:-fV+*LQ�lqk[� � JLKNVgc�*DV`b+*LQHlUOkVUQ�M,*LQvwOkVUa`b+*LQ�l0*�lWKNVWV'k�*LQS��� � ��9���� L�bHZ YRZ SB*Dc ����9���� L � O �~h Ydc S�\�*:5Ex;*DcEc�*DVgc�l0*x;*DcEc)5�* *DVakDt -Bl0*DVUJ�*�l0*LQ�Q)-fx -fM1-fcEbUl0*LQe\wO95HOkM1-f{�V+*Dx;*DVgc�MBK�JSOkM *DV`c)5�*�bWV+*�Q	kLa`b+*DVUJ�*
l � Te��G�*DcIbWV+*�vwOkVUa`b+*�l0*�Q	kLa`b+*DVUJ�*LQi\05FKNc	k:-Ba`b+*LQS�®�8*D\�*DVUlUOkVgcSR}\}KNb05I\05	kLl.-15�*�MPO
QEc)5EbUJDcEb05�*�l � bWV�����Z JLKNx�\}K�Q	k
l0*�x
bWMfc)-f\WM,*LQ *Y§WKNVUQSR+-fM2�¨OkbWc�OkM1-f{�V+*:5eMPOzQ	kLa`b+*DVUJ�*l � Te��G *Dc�MPO>Q	kLa`b+*DVUJ�*y\05FKNc	k:-Bagb+*?*DV�c�*DVwOkV`c|JLKNx�\Wc�*¥l�b�� O9-fczagb+*�M,*LQ -fV`c)5FKNVUQ
JLKNVUQEc)-fcEb+*DV`cHl0*�MBKNVW{uQe�>5�Ok{�x;*DV`cFQ�l0*�MPO�Q	kLa`b+*DVUJ�*�l � TI��G a`b0-_V+*�Q � OkM1-f{�V+*DV`c�\wONQOSt/*LJnMPO�Q	kLagb+*DVUJ�*y\05FKNc	k:-Ba`b+*�� ���;< ���	� 9�� �'9 L�b�h � Y ��SiOakDc	k�M,*y\05�*Dx -,*:5�\05FKkX
{75�Okx�x;*�lqkDt/*DMBKN\W\Ak�\}KNb0565	kLQFKNbUl.5�*�J�*�\05FKNvWME�Dx;*
l.-fcªl � OkM1-f{�V+*Dx;*DVgc7kD\0-BQFQ	k��



� � ����� (H( �H� �  � 
 � 
  � �v&)(	 �2� �N� � � �.� � & ��� � � 
 (	 /
 � � ��� ����� � � � � �

� % �&%(' # A 5 !�;>=@; ,�� A 0 � � � 7 � � �-5
X�*�Q	kLa`b+*DV �SOk{/*el0*IM � T\MiGIx \wO95�M � -fVgc�*:5Ex kLl.-PO9-15�*�l0*iM � Te��GIJ ^�TI��G JLKN\0-,*�l0*M � T=MIGixl_2*LQEcebWV+*�c�*LJ�]WV0-Bagb+* *Y§�\�k:5)-fx;*DVgc�OkM,*�l0*�lqkDc�*:5Ex -fVwOkc)-BKNV'l0*�MPO�QHkLagb+*DVUJ�*l0*LQ�{ �DV+*LQ�c)5�OkVUQFJ:5)-fcFQS��X�*eQ	kLagb+*DV �SOk{/*eOL�gOkV`c�M1-,*DbnOk\05<�LQ�M � kD\0-BQFQ�Ok{/*�R�J�*LQ�Q	kLa`b+*DVUJ�*LQ\�*:5Ex;*DcEc�*DV`c¥l0*�lqkDc�*:5Ex -fV+*:5nc)5<�LQ�\05	kLJ:-BQ	kDx;*DV`c¥MPO0QEc)5EbUJDcEb05�* -fVgc)5FKNVUQ�X *Y§WKNVUQnl0*LQ

{ �DV+*LQS�mX�*�Q	kLa`b+*DV �SOk{/* � {75�OkVUl0* *LJ�]+*DMfM,*�l0*LQ¥T\MiGIx \05FK�l�b0-fc¥l0*LQ¥Q	kLa`b+*DVUJ�*LQl.-fc�*LQHp�Z�^ ^ 	��dtAz
yHw	w
y � �?y�� ��y��>�)y��Gr ��w9_Y� 
IV�\�*DbWc�tuK
-15
J�*�Q	kLa`b+*DV �SOk{/*zJLKNx�x;*
bWV+*nc�*LJF]WV0-Ba`b+* l0*¥lqkDc�*LJDc)-BKNV *Y§�\�k:5)-fx;*DVgc�OkM,*jl0*LQz{ �DV+*LQS���8*D\�*DVUlUOkV`cSR�lqkDc�*:5Ex -�X
V+*:5iMPOzQFc)5EbUJDcEb05�*
l0*LQI{ �DV+*LQIQEb05iM � TI��� � \��95Ec)-15�l0*	�ip�
�^
��*DbWc�� � �Ltdk:5�*:5�lqk��1-����kc���95���*	���	k	���+*�����*	�������������05����95������	k:5)-�� �)-����+*	�el �;: �)5�*�{dk��'k:5��!�,*Dx;*���� -"���	�Nx#�$�E����*	�
^%�&���Wt/*������	k	���+*�� ���k{/* *�� Z � _('¦l0*�x)�!�Wt*�9-���*+�����!�1-"�	k ^%�	k	���+*�� �)k�*	�,�$�+*-��*��$�,*
�%�
-��9_
*���5�*Ll$���Ul��!����*	��^ �%�������)-�����l0*.� � �kv����Ul��!����*yl0*.� �0/ M1�ixl_Y��X � �!�1-f{*�+*Dx;*���� / ����2
/ M1�ix *	� �,�!���&�)-3���95��4�
-����$�)-"�1-��	k������051�05	kLl.-15�*
l0*	�ª{ ���+*	�,�!���
5&�1���+*5�6�#�Hk	���+*�����*
l0*�� �0/ M��Ix7�7k��	k8�Nv$��*����+*ªl��!���9�$�:�
5E{��!�0-��Fx;*ªl.-�r�k:5�*����S�u� *	�;�!�f{<�
5)-"� =Wx;*	��l � �!�1->2{*�+*Dx;*����&� / ����2 / ���,� *�� / ����2¤p�
@?A��*��������+*Q9�
��+B~L m��
� + Y�� S *�� ���8+ ��9��	C & �8,
LNV
�~¢mPRP�SD�����\k��	k�lqkDt/*������$�Ak	�������05,�!�$�&�Nx)�!�)-���*:5���*	��������=+*	�S�

� % �&% � # A 5 !�;>=@; ,�� A 0 � � � 7 � ���
V��+*+�!�$�05&����=+*E���+*�� � ���F��*��$�������!�1-���*:5el � *Y§@�)5)-"���<�	���+* *����G���05 ���!����r � {��q{�x|{|u

kDx;*:5E{/*���pH�"�,*I�	�����)-�� ��* � �05	kLl.-15�*J�$�K�	���$�$�,*jl0*j{dk��+*	�.���0-1� * 5�*	�&��*Dx�v$�,*����L�)->2
xE�$�"���!�'kDx;*����1� �05�l0*���§��	k	���+*�����*	��l �0/ ����� / ��� �+*��"�,*Dx;*�����'��,*	�M�05&�N{75��kx�x;*	�8���0-
�05	kLl.-���*������9-"����-$�6�5� �)5 ����� �05�*��	�Nx#�$�E����*ªl0*	�©{ ���+*	�N��*��4���Ul0*���� *	����*����)-,*��"�,*Dx;*������ �05
�6�E�	������*:5Et*�!�)-����L�&���Wt/*����£v0-,*���x;*:-"�"�,*��05�*�l0*	�M�	k	���+*�����*	�8�	��l��!����*	�M���95B5��!�$���
5 � ���*��"�,*el0*	�O�������	�`l��!����*	�S�qV1� *Y§0*Dx#�$�,* *	� ���,*1�05&�N{75��kx�x;* � < 9������ �oL ¢ �NP + PRP�S¤�� � �!�$�)5�*	�Q�:5)-"�<�:5�*	�Q��*����D���+*;�6���	�Nx#���95��9-��&����l0*	�3���!��§
l0*�xE�$���!�)-������9�E�@�����g��x;*	� *��
�����)�E�@�����g��x;*	��l0*Dt<5��9-"�N��*:5Ex;*�� �)5�*il0*ªl.-�� �)-"�W{*�+*:5�'gx : x;*1�!�)� *:-"�|l0*	�N�	k	���+*�����*	�
�	������*:5Etdk�*	��'$�,*	�8���95 �)-,*	�1�	�`l��!����*	�il0*	���!�$�)5�*	�nL0�1P X1P,g2SR'�LNMI��P YRY S¤�

�s6�� S�CnE[E ���3�[<3#	F  F"<D��� � E�<GC ��#�#���� B"� # � �n>��vBnFHE�<GFH@�; B"�
���v; ���

� %���%*) T G G�	 ���	=@;��@,�A 0 .�/ G*; � A 5 ! G*/ ��, � � .�/(� ��; ���	/(	�=��E.�	 � 	 � � �(�
. 	 	 0 . �-�	/ ���	/(	�= .�/ %��10�/ �


1�#��*��$�N��*�����*:5�l � *Y§U�$�1-����+*:5���*:5 ���9-"�+*	��l0*	��5��9-��&�����N�����05H�,*	�����+*��"�,*	�H�,*	���1PIP
������x -���lU�I��*Dx#��� � 5	kDtdk��,*:55�,*��055� �$��k:5)-��
5)-"�	k+�G���05��6�:�05	kLl.-����)-����jr �l{��q{�x|{|uzl0*	�
{ ���+*	��v������	k:5)-,*����S�W��=05&���������N{7-����+*Dx;*�����'U�,*��05&�N{75��kx�x;* � 	7% �#. , 3 �DLNf5Pj� Y�p SV�05&�!2���*���.�$�'�,PIPW�G���055�6�ylqk���*	���)-����0l0*	��{ ���+*	�Hl � 	 w:� 
�y	z"{ � 
q{ r �)u-� {H��*��X�!�05<�	�5�,*	�
�05�*Dx -E�:5�*	�©t/*:5&�)-�������lU�:�05&�N{75��kx�x;* ���8+�� . ,
	 L ¢MP YRZ S����0-��"�0-��$�)-"�1-���*8�$�+*£� *�� : �)5�*{*�1-��&���!����*��u�8*���*��Ul��!����'*�,*q�,PJP l � � 	7% �#. , 3 ���+*O�05�*����9-"�H������*��#�	�Nx#�$��*M��*:5 ���9-"�+*	�
l0*	�O���95������	k:5)-��&�)-����+*	�8���95 �)-��:-"���!���1�!�Y� ���	� �	�ql0* ���8+�� . ,
	���hZ�[� � �k{7-"�O�&���$�ªl � �kv��
5Fl
l0*)�6�L�05	k	��*�����*yl0*	�
{ ���+*	�\� �05-�,*	��l0*���§0v05)-"���-���0-}kDt<-"��*]���+*.� � *Dx#�05�*:-"����*nl � �$�



� ��� + ��� � 
 (" /
 � � �.� ��� � � �

{ ���+*Y� �05\�,*�v05)-"� �	�Nx#�$�*kDx;*������9-15�*J�&�
-"�\���95��%�
-��\�05	kLl.-"�:�	�Nx�x;*��$�«{ ���+*Y� �05\�,*
v05)-"�ik�� �Ul.-*k��spH��� �0-"��**'����8+ ��. , 	\�.�05&���G�*�	k 5��!�0-Bl0*Dx;*����
l0*-�05�*��Ul.5�* *�� �	�Nx#�$��*
� � *Y§.-�� ��*�����*zl � �$�+*#�05&���G�
5 �)-���� 5�*��6�!�)-ft/*Dx;*�����-fx#�G�
5 ���!����*�l0*�{ ���+*	�Hl0*#�	�Nx#�G�*�)->2
�)-����F�!� ���0-����+* ^>5)-��&=+*	��*�� / *���? _('@�������05	kLl.-"�&���!�$�)5�*Dx;*�����L ¢MP f + YR] S¤�,hZ�w� �!�"�"�$��!� ��*��Ul.5�* ���8+ � � . ,
	�" 
-��� LNX2¢ Y�� SR';�G���05.��� � �$�6�,PJP �05�*��$�+* *�� �	�Nx#�$��*I��*	�
l0*���§L���95������	k:5)-�� �)-����+*	�2*�����* 5	kDt/*��,*
x;*:-"�"�,*��05����+* ���8+�� . ,
	��

� %���%(' � ,8C /�=���,�� � /-� , 0 � � % =@;��	,*A 0 .�/(� ;�!�!�=@A ��&�/(�

X *	�E�!�$�05&����=+*	� kDt<�@���'k�*	��l��!���5��*#��=��!�0-"�)5�*)�kv��
5Fl0*����Hl.-�r�k:5�*����&�+��� ��*	���&��l0*
�6�'lqk���*	���)-�����l0* { ���+*	� � �)5��Lt/*:5&�]�6� �05	kLl.-����)-�����l0*	� *Y§$�����.�	��l��!���&��'�l0*	�]�)-"��*	�
l � k��0-��&� �k{/*	����� l0*5�6�:� �)5 ����� �05�*E�	�Nx#�$�E����*�l0*	�ª{ ���+*	�S� �Q���051��*	���05	kLl.-����)-�������'wl.-�� 2
� k:5�*�����*	� -"���%�
5Ex)�!�)-������:�������:�05)-���*	� *�� �	�Nx#�$��*L���95#�,*	�zl.-�r�k:5�*�����*	�zx k�� =���l0*	��T
�	�Nx#�G�*�)-"�)-����3'8�)-fx -"�1-"� �Ul0*	�¥l0* �	k	���+*�����*	��'ql$���$�'k�*	�?*Y§U�Ak:5)-fx;*������!�,*	�S��X�*	��� ����*	�
l � �!�f{<�
5)-"� =Wx;*	��*��ql0*Ix:�`l7���,*	�B*Dx#�$���S�dk	�8�������6*���§]�!���&�)-¦t��95)-*k	�B*��O� � �����M�����O�&���U2
� ���05&�,�$� 5��!�$�G�
5 �el.-15�*	�����St/*	�E�6�.�����!�1-"�	k�l0*	�1�05	kLl.-����)-������S��XD�]�	�Nx#���95��9-��&����l0*	�
��*:5��%�
5Ex)�!����*	��l0*	�
l.-�r k:5�*�����*	�\�!�$�05&����=+*	�C*	� �E�$� �)5��Lt*�9-"�.� ��� �)-Bl.-,*���§ *��
l.- �)�:-"�,*��
XD�
l.- �)���$�"�	kit<-,*����8*��)���95 �)-,*Il0*��6�Hl.-ft/*:5&��-"�	kil0*	� -"���4�
5Ex)�!�)-������O�05)-���*	� *��]�	�Nx#�$��*
�	�Nx�x;*�l0*5�6�zl.-ft/*:5&�)-"�	k
l0*��6�\���!� �05�*�l0*	���05	kLl.-����)-������ 5	k��!�1-��	k�*	�n^%� �)5 ����� �05�*+�	�Nx\2
�$�E����*el0*	������
�' *Y§$������'��)-"��*	��l � *��0-��&� �k{/*._Y���8*�� ��*Il.- �)���$�"�	k *	�&� *����	�
5�*,���	�:5 �+*����95
�6�yl.-ft/*:5&�)-"�	k|l0*	� *	� �B�	��*	�5�����055�,*	�����+*��"�,*	��*��"�,*	��������k��	k#�	��� ���+*	���®pH� *Yr *���'G�&���$�
�	�Nx�x;*,�6�+�����!�1-"�	kel0*	��x k�� =��`l0*	�8-"���)5)-"���9�	���+*	�£lqk���*��Ul����6�9-15�*Dx;*����ªl0*1�,*��05M� � ��� 2
��*Dx;*���� � �$�+* *	�&� �	��*¥l$���$�'k�**'N��*��"�,*	�|l0*	�zx k�� =���l0*	� *Y§U�)5)-"���<�	���+*	�zlqk���*��Ul�lU�
l0*D{75	kel0*1��-fx -"�1-"� �Ul0* *����)5�*1�,*	�O�	k	���+*�����*	���	�Nx#���95	k�*	�����5�!�����&�����N�,*	�O������'@�	�Nx�x;*
*�� �	kDx:�
-f{*�+*��,*]���Nx
v05�* l � �!�$�05&����=+*	�|lqkDt/*������$��k�*	��'9�6��l.- �)���$�"�	k¥lU� �05&�Nv$�E�Dx;*
� �9-"�����+*£� ���&��� ��� �05	k	��*����1�!�����$�+*�x k�� =���l0*5� � *	� ���$�,*:-"�+*Dx;*����1���!�)-���� �9-����!����*��

hZ�9��*Dx
v$�,*-���+*+�,*	�Ix k�� =��`l0*	� -"���)5)-"���9�	���+*	��r �U{��q{�x|{|u-�05	kLl.-�� *���� *��gt<-15&���
80%l0*	� *Y§$�����-�	��l��!���&�\�	�
5)5�*	����*Dx;*����)�&=+*D� � � x�
Gr�� { r��GrjL � MI� + YRY S6*���x:�
-"���#��=+*D�

�,*	��x)�kx�x -�� �:5�*	� L�b /,/ + PRP�S�LNM�P 
7P,g2S¤� X�*\�&=0-�r�5�*�l0*
80%

��*��$�5���95��9-"�)5�*:���&� *D�
k��,*Dtdk�x)�9-��,��� *��>lqkLlU�0-"�5���+*+�6�:�05&�Nv��kv0-"�1-"�	k�l0*+�05	kLl.-15�*-���95��4�9-"��*Dx;*����,�$������

�	�Nx#�G�*�	kel0*

5
*Y§$�����B*	� �©� �9-fv$�,*

0.85 = 33%
�!���
5&����*��"�,*�l0*��+*1�05	kLl.-15�*5�!�����$��l0*	�

*Y§$�����E�	�
5)5�*	����*Dx;*���� *	�&���)5<�	�H� �9-fv$�,*
(1 − 0.8)5 = 0.03%

��
1� � � �!� ��*��Ul'l$����� ��$�+*5�05&���G�
5 �)-����¥� �9-fv$�,*Hl0*�{ ���+*	�1�	�Nx#�$�*k���*Dx;*����5���Wv$�1-*k	�ªx)�9-�� � �$�+*��05&���G�
5 �)-����
-fx#�G�
5 ���!����*�l0*I{ ���+*	�M�!�$�����	k	�ql0*i�4���	��� -"���	�
5)5�*	����*���¢8-,*��]� C05�'@��*����!�����$� *	� ���)5&���
�)-fx#�$�,*F���95#�,*	�;*Y§U�����|l � �$��{ ���+*L�&����� 5��95�*Dx;*����)�05	kLl.-"�&� *��)�!�$�����	k	�;-"�Ulqk���*��U2
l��kx�x;*����:�,*	�\�$����l0*	�:�!�$�)5�*	�S��� *.�$�"��� ' -"�M�+*��05�*��Ul ����� *�� �	�Nx#�$��*�� � �$��l0*	��05&�Nv$�E�Dx;*	�%-fx#���
5 ���!����l0*���*	�;�05	kLl.-����)-������\T*�6��l.- �)���$�"�	kel0*8�05	kLl.-15�*��,*	�©�>5&�����)-E�:5�*	�
*����)5�*�{ ���+*	�S�,hR��*	� �B*���*Yr *��£l.- �)�:-"�,*�l0*�l.-�� �)-"�W{*�+*:5M�,*	�B5	kD{7-������B-"����*:5E{dk��0-����+*	�ªl0*	�
-"���)5&������' *��.� � �kv���*�����*el0*ªx k�� =���l0* *��)������*el0*ilqk���*	���)-����nl � k��*kDx;*����&�O��*����O���+*��,*	�
�05&�Nx:����*��05&� *��8�,*	���)-f{*���!��§¥l0*��G���f��2Z�Nlqk��`���6�!�)-����®�

XD�
5&��l0*)� � �!�$�������!�)-����«l � �$�0{dk����Nx;*.�	�Nx#�$�,*��-�,*	������
 �&������x -,*���§ �05	kLl.-"�&�
���+* �+* �,* �6�9-��&��* � �$�$�G�*��*:5L��*	�Y��*��)-"�&�L���!�����$���S�£p;�@*Yr�*���'M� � �!�$�������!�)-����
�+* 5�*(2
�G�*��*,��� � *��]���95 �)-,*�� �05�l0*	��x k�� =���l0*	� r � {��q{�x|{|u -"���)5)-"���<�	���+*	�6*��M�,*	�8-"���4�
5Ex)�!�)-������
�05&��t/*����!���¥l0*F��-fx -"�1-"� �Ul0*	� *���l0* l$���$�'k�*	��*Y§U�Ak:5)-fx;*������!�,*	����*��Wt/*�����v�*��!���	���$�



� � ����� (H( �H� �  � 
 � 
  � �v&)(	 �2� �N� � � �.� � & ��� � � 
 (	 /
 � � ��� ����� � � � � �

�kx k��1-��
5�*:51��*	����=0-�r�5�*	���?hZ�s�Y�zl0*���§y{75��!�Ul0*	�It<�
-,*	�il � -"���	kD{75��!�)-�����l0*	�Il.-�r�k:5�*�����*	��!�$�05&����=+*	�S��XD���05�*Dx -E�:5�*)�	�����)-�� ��*\�$�)-"�1-���*:5E�Hk����95	kDx;*����E�,*	���05&�N{75��kx�x;*	���$�0-�� �5	k��!�1-���*:5��$�X�G�*� � 2 �)5��9-"��*Dx;*�����l0*	�C5	k	� �$�"���!�&�S�1X �L��*	�	���Ul0*:�	������-�� ��* � lqkDt/*������$��*:5l0*	�H�05&�N{75��kx�x;*	�����0-W�4���Ul0*������,*��05&�;�05	kLl.-����)-������O�)-fxE�$�"���!�'kDx;*����O� �05�l0*	�N�:5)-"�<�:5�*	�
-"���)5)-"���<�	���+*	��*��6*Y§@�)5)-"���9�	���+*	�S� / �N� ���05Fl � =��0- '$�6�+�05)-���* *��Y�	�Nx#�$��*Hl � -"���4�
5Ex)�!�)-������
*Y§@�)5)-"���<�	���+*	�.���95]�,*	��x k�� =���l0*	��-"���)5)-"���<�	���+*	��*	� �.�$�+*J��*��Ul��!����*�{dk��'k:5��!�,* ���0-
l$���$�+*��1-,*�� � l0*	��lqkDt/*������$��*Dx;*����&�|x k�� =���l$�����N{7-����+*	� *�� � l0*	� 5	k	� �$�"���!�&�;-"���	k(25�*	�&���!���&� LNf�m��e¢mP,g
S�L C�X®¢mP,g
S¤� V1�+*nt<�
-,* -"����*:5Ex kLl.-6�9-15�* *	� � *Dx#�05 �$���	k�*J���95:�,*
�05&�N{75��kx�x;* � & � � + � L 
@P M=P,g2SR'������05 � z9r ��{ �qu9t�w"{*w '����0-wx;*��B*��.�<*��Wt 5�*��$�+*�� �)5�� 2
�	kD{7-,*]�
5)-f{7-"���!�,*�� � -"���	kD{75��!�)-������0*]�05	k��.-����)-��������0*]���!� �05�*	���.-�r�k:5�*�����*	��' 5	k��!�1-��	k�*	�
�0*	�8�05&�N{75��kx�x;*	�2-"���qk���*������!���&���

� %���% � � /�=�� 	�0�/ � A 0 0�/ ; 0 0�A �	;��@,�A 0 .�/(� � ��� 	�/D0 � /(� % �D0�A 56, � 	�/(�	�

PI�!�f{75	kJ� � �$�)-"�1-����!�)-����
�0*J�&���$��*	�]��*	���&���05&��*	��� � -"���4�
5Ex)�!�)-������������05Y�!�$������*:5
�,*	������
�'[� � -"����*:5 �)-"� ���0*��0*)��*	�E�!�$�������!�)-�������*	�&�E�&���Wt/*����C-"��� � �)���kx�x;*����\�&���$�1->2
{*�'k�*����
5&�
�0*��,*��05,�$�Wv$�1-����!�)-����®�®�8*	�,�!�$�������!�)-������5�&����� *���� �0-"��*+�05&�N{75�*	�&�)-ft/*Dx;*����
�kx k��1-��
5	k�*	��'�*���{75��!���0*����95 �)-,*y{7598���* � � � �!�W{�x;*������!�)-������0*	�\��*:5��4�
5Ex)�!����*	���0*	�
x k�� =����0*	�8*Y§@�)5)-"���9�	���+*	��'/5	k	� �$�"���!���	�0*�� � �!�W{�x;*������!�)-������U�:���Nx
v05�*��0*��	k	���+*�����*	�
�	���$���+*	���$�����1��*��"�,*	�8�05&��t/*����!���
�0*	�8�05&�k�)*��&���0*5�	k	���+*�� ���k{/*�� �0/ M��Ix¥�

�Q�95Ex -U��*	� �05&�k� *��&���0*N�	k	���+*�� ���k{/*�� �0/ M��IxL'��,*��	k	���+*�� ���k{/*��0*�v����$�+*������!�1-"�	k
*�� � {75��!���0*�k	��=+*��"�,*�� �0/ �,�,���	�Nx#�$�,*���^���� � � �|y�� �?x�
 � 

� �7_���*Dx�v$�,*��05&�Nx;*�� ��*��05S�
� ���05��$���$�+*:58�$� *Y§0*Dx#�$�,*��0*�� � �kx#�$�,*��05��0*	�qx:���.-������!�)-�������� � �!�$�������!�)-�������'��&=+*D�
� z9r ��{ �qu9t�w"{*w9���95Ex -U�$�"�����0*

5000
�Hk	���+*�����*	��� �0/ ���1�O�	�Nx#�$�,*��&��'

62%
�	�
5)5�*	� �����U2

���9-,*����-���95��4�9-"��*Dx;*���� � �0*	������
 �!�$�����	k	� '
33% � �0*	������
 ���0-��0*Dt*�9-,*���� : �)5�*�	�
5)5)-f{dk	� *��

5% � �0*\�05&�Nv��kv$�,*	�������Wt/*��!��§>{ ���+*	� L ����? + P	��S¤�2��=+*D�;
\z
u.w
u9t�
q{ � r
� y	� r���u ��r�w-x/y	zH�$�+* 5	kDt<-��)-������0*�� � �!�$�������!�)-����.���	�����U�0-"� � �6�ix:���.-������!�)-������0*

45%
�0*	������
 L0P��OP + P	��S¤�! H�"�0*�=��
5&�#�0*:�6�L�	�
5)5�*	���)-����$�0*#� � �!�$�������!�)-����%�0*	������
�'
�$�]�!�$�)5�* -"���	k:5 : �	�0*	���	k	���+*�����*	�&� �0/ ���,�2*	� �&�0*���*:5Ex;*�� �)5�*'�0*	�M�!�$�������!�)-������M���0-
�+*���*��Wt/*���� : �)5�*,�!�N� ���05(� � =��0-�5	k��!�1-��	k�*	�	�0*£� ���	�����V�kv$�,*����95&�0*	�O�!�$�05&�@�&=+*	�M�$�05�*(2
x;*����\{�� w"{ � { �)u TV�!�$�������!�)-����)�0*	� *Y§U�����,����� �	�����!���&��'V�������!�1-����!�)-����*�U�*�qkDv$�$���0*
�6�-�)5��!���&�:5)-"�$�)-����3'+�qk���*	���)-����,�0*��$='k����Nx?���+*	�'� � k��0-��&� �k{/*E�!�"��*:5 ���!�)-���L0P X1P	� S¤�

b 598���* � ��� ��*�����-fv0-"�1-"�	k*'��6� �05	k��.-����)-����-�0*�{ ���+*	� {�� w	{ � { �)u � ���95 �)-15,�0* �6�
�	k	���+*�����*�{dk����Nx -����+*��0*Dt<5��9-"�:��*���*������!���;5�*	� ��*:5;*	�&��*����)-,*��"�,**'9�������kx�x;*����.�����05
� � k�� ���0*��0*	�
���5
J��*�� ��� 5��95�*Dx;*����C*Y§U�05)-fx k	�S�s� *\�$�"����'�*��"�,* *	� � 5��!�0-.�0* *�����*��
�	���$��*�����*��7�	�5���
5&�5���+*\�6���	k	���+*�����*�{dk����Nx -����+*;*	� ���.-�� �G���0-fv$�,*��/ H�����3'3�,*	����*:5 2
�%�
5Ex)�!����*	�0�0*	���!�$�05&�@�&=+*	�m{�� w"{ � { �)u+�!�W{�x;*�����*:5&�����1�05&�Nv��kv$�,*Dx;*����,�St/*	���6�-�����!�U2
�)-"�	k��0*1�$���$�'k�*	��� � �!�$�05�*����)-��&� �k{/**'9�,*)���Nx�v05�*��0*.�	k	���+*�����*	�2�.-�� �G���0-fv$�,*	� *��-�,*	�
�	���$���9-��&���!����*	�¥v0-������N{7-����+*	�S� 
1�A��*��$�J�!�����)- *	� ��k:5�*:53�0*	�Y�05&�N{75<�	�¥x k�� =����$�����!2
{7-����+*	�S� / ��� �+*��"�,*Dx;*�����'��,*J� ���	� �	� 5�*��6�!�)-��2�0*F�6�X�05	k��.-����)-����4�0*�{ ���+*	� r � {��q{�x|{|u
5�*����*��* *��y{75��!���0*����95 �)-,*��6�+��*Y§@� �05�*,�)5)->2 ��k:5)-����.-����+*��0*	�i����
~�(
 5�'U��*�� ��*���*Y§@� �05�*
� � *	� �;��� � �$�+*8�	�����Hk	���+*�����*5�0*��6�,�)5��6�U�����)-���� *��:�05&���	k:-"�+*	�S�`� � *	�&�H�$�+*0�0*	��5��9-��&�����
�����058�,*	�&���+*��"�,*	���6�-�05	k��.-����)-����,�0*	�ª{ ���+*	�1���0-[�+*��	���0*����������8�����05'�0*	�8�05&���	k:-"�+*	�
*	� �8�����058� � -"���&���!�����)5<�	���.- �)�:-"�,*��



� � � + ��� � 
 (" /
 � � �.� ��� � � �

�Q���05Q�$�"���!� � -"���4�
5Ex)�!�)-������ �&�05D�6�M�05	k��.-����)-����2�0*©{ ���+*	��' �,*H�,*	����*��05 -"���	k:5�*	�&�	k%*	� �
-"�`t -"�	k � ��* 5�*����
5 ��*:5Q�!��§5�F����� =��	��*	� 5	k	��*�����*	���0* �V=��!�W{�L �V=��RP	� S *��/�0*;P �!� ='k�y.xGr��K�
L0P 
$
�M=P	��S¤�dhZ��*Y§.-�� ��*��!���&�)-��$�)�)-"��* 
%*Dv]���0-�5�*	��*�����*5�0*8���Nx�v05�*�����*	�N�$�Wv$�1-����!�)-������
� �058�,*E� �N� *���^ =�� � � T���� �1-"�W�*�k{/*�� 5&�����/*Y� *��"�,*:5S� *��U���4
8�1-�� {/*��+*��R_Y�



� ��������� �

��� � � 
�� � ��� ��� �

� -,*:5)5�*E� -��	���6����' / �$�+*(2 
@���$=0-,*+?D�@�	���+*�� *��	� ���
5�*�����*+PF�05)-



� � � ���������	��
��
��� ��� ���

����� ��;=<?>�@�BnCDE1<GF	@�;


�� 
�O � ���!���$���4�
5�
��)5 ����� �05�*���� 
��:� �/*��+*:-"�)-,*	��OX�!�&�&=+*:5"!?hZ�8-����+� *��M���Q�05&�!2
�75����:� -#�#�$�,*$�;*����)-"��� �.-&%�*:5�*����#����*	�\����� -.� �0*�� P �95('<�") PJ���0*���� ^*�1PIPI�9_+�4�
5
,�� / ��*	���+*�����*	�-!U
�� 
�O *�����.$�,*	�M��*��&� 2 �,*��95 �0-"���#���/�1PIP ���Y�E��*��O��� ��*	���+*�����*	��'
��*	���+*�����*���*$�0�;*������!�)-����1.���� *��.���]� =+*+2M�!���\2�O *�����=L�
5�� =+*�� -"��*:5(.0-G�!�#�<�
5)-"� =��:� '
�!���I��*	���+*�����*E�)-#�+�$�6�!�)-����I�$���0*:55�3�7-#)/*��4�1PIP5!'O *�=��")/*#�0*	��-#�*�+*��F� =+*	��*E�05&�!2
�75����:�,�&���!�"����
 � =+*+����*:51�&�]� ��*	�:-&�76F�!�86L=0-#�*=$�#6F� �)5 ����� �05�*��4�:���0*��9�!��� �!���&�.�&�
�05&�@��*	�&�,�6�95(�/*\��*��&�����N��*	���+*�����*	�-!�? �����!��*C-"��=�����.�*�*�� � ���	��*	�&�(� �$�"�#6L��� *�� -"�*�.->2
)/*:5&��*+�����('U�1�&���&= ����,�� / ��*$�0�;*������!�)-���� -"�I=�� �:� �/*��+*	��������*$�0�;*����&��'9.�������*:5)-6�!�
�/*��+*5�05�*��.-����)-���� �!���Y=����)�!�I� �$�1-���*5�)-"��*	�5�0*���*	���)-�����!

?M=+*�� =05�*�*+�%���"����
6-"���)�05&� �75����:�,�95�*E�:)*�9-"�6��.$�,* T

<;�=�> ?/@3ACBEDGFB*�����.$�,*	���&�IH��1�!�J�,PJP ���F��*	���+*�����*	������-"���� ;P �!�#�<�
5)-"� =��
^ �,*��95 �0-"����_Y�!���K�&� 5�*	�	����� �)5 �����L� =+* =0-.� �0*��A�&���!��*J���!� =A���)-"���5�%�
55
M�95(�@2
.����K' 
O�95(� �!�#�<�
5)-"� =�� ^%� *$�0�;*������!�)-����G_C! O =+*�� ����*�� 
6-"� =LH�M.*�� ���95����;*(2
��*:5&��'N;�=�> ?/@3ACBEDGF-���$�#6 �05&���U����*	�\� =+*Y��*	���+*�����*Y��*$�0�;*������!�)-���� 
6-"� = � =+*
�%�
55
M�95(�@2O.����K' 
O�95(� �!�#�<�
5)-"� =���!


<;�=�> ?/@QP"R*FSACT"UCR -#�#�$�,*$�;*����&�+� =+*3) -"��*:5(.0-O�!�#�<�
5)-"� =�� �&�VH���� � =+*W�:�*� �5�05&�!2
.���.$�,*�=0-.� �0*�� ���!� =X�7-#)/*�� � =+*�� .���*:5()/*�� � *	���+*�����*i^%��*$�0�;*������!�)-����G_C!;?M=+*
�1PIP ���95����;*���*:5&�,���!�1H+5&� �Y.�*��,*��95 �+*�� 
6-"� =Z;[=�> ?/@3ACBEDGF\!


<;�=�> ?/@];CR^BI_�` *�����.$�,*	�5�&�Y�)-#�+�$�6�!��*:�)=0-.� �0*�� � ���!��*\��*	���+*�����*#�!��� �a,�� /��*	���+*�����*��$���0*:51�\� ��*	�:-&H�*����1PIP5!
/ �"�H� =+*	��*\�05&� �75����:�+� =��95�*:�������;*b�4�
5(�)�!�+�%�
55� =+*3�,PJP � ��*	�:-&H����!�)-����cH��,*


8=0-���= -����05�*	��*�����*�� -"� � =+*bH+5&� �5��*	���)-�����!G?M=+*\� =05�*�*Q�%���"����
6-"���F��*	���)-��������05�*	��*����
�0*����9-"�,*��?*CMU�$�6�!���!�)-������8���D� =+*
�.-&%�*:5�*�����*CM.*	���$����.$�,*	���!���]=���
 �&�-����*1� =+*$��!�
<*	�(2
�)-����X2+!�� -"����*����$�#�&�,�0*��!�B
6-"� = � =+*]�&���05&��*��	���0*1�0*	�)-#�*� -"� �
5(�0*:5-�&�d� ���:-"�1-"���!��*
�%�05 � =+*:5��0*$)/*��������;*����&�]���5� =+*J�&��� ��
O�95�*0! � -"���!�"�#6<'N��*	���)-����e2�! c �05�*	��*����&��� � *:5 �
�&�:5)-"�$�f�)��' -"��� *����K6.� =+*�����*5���N
�� 
�Og�%�
5Y.�������*:5)-6�!�
�/*��+*+H����.-"���h!

?M=+*#�����05&��*-�	���0*\���M
�� 
�O -���� 5�*�*��#6I�")��9-"�6��.$�,**'G� =0-��5�&���%��
M�95�* -��,�05&����*	����*��
.86 � =+*ab��\V �H��.$�1-��aX -���*�����*0! hR��� ���!�"�6�!�)-���� -"��� �)5 �����)-����K���!�i.�*1�4���$���A-"� � =+*

��=9�� � � �bH��,*5���9� =+*��.-�� �)5)-#.$�$�)-�����!

j /lknmA)+(�. 1po ,�� / � *$�0�;*������!�)-����3'Y� -.� �0*��KP �95('<�")KPI���0*�����'N�)�qM.-#�E��� �1->2
'/*��1-"=��@���"*	� �)-#�)�!�)-����3'& ;P �!�#�<�
5)-"� =��L'�� -"��*:5(.0-,�!�#�<�
5)-"� =��L'�28�!���\2�O *����&= �!�#�<�!2
5)-"� =��L'8�4�
55
O�95(�@2O.����K' 
O�95(�I�!�#�<�
5)-"� =��L'r�1PIP �)-#�E�$�6�!�)-����3'r�/*��+*
�0*���*	���)-����3'r,�� /��*	���+*�����*5=+*���*:5&� �/*��+*:-"��6

����� s F	BDB �ut � �Yvxwzy|{ �}y�B ��#��
~Is � � �

� %('�%*) 2�+X��� 	 � +-9 9 � ��A = � � � ��/�� 	�/10 � /(�

�,PIPJ�;�95�*Y.�����-����!�"�#6 -#�#�$�,*$�;*�����*�� -"�#� =+*������;* 
O�"6 -"�.
�� 
mO �!���UMf� 
,P
L0��2MP + P	��SS!



� � �I��� � �q
 � ������� ��� � �	�-
-� ����� �Q��� � ���

O *:������*
Xn

1 = X1, X2, . . . , Xn
� =+*)� .�� *:5()/*�� ,�� / � *	���+*�����* 
6-"� =

Xt ∈
X = (a, g, c, t)

�!���
Sn

1 = S1, S2, . . . , Sn

� =+*��	�
5)5�*	� �G�����.-"���E=0-.� �0*��]� ���!��*����!� =3'
*����&=

St

����'/*����>5&� � �QH��0-"��*�� *��
S = (1, · · · , q)

�0*CH��+*��1.l6�� =+*5����*:5"!
?M=+*

St

�95�*u�/*��+*:5��!��*��-���	�	�
5(�.-"�����&����H+5&� �3�
5(�0*:5 PI�95('<�-)���=��9-"�+���U�)5��!���)-"�)-������

a(u, v) = P (St+1 = v | St = u) , u, v ∈ S
?M=+* -"�0-"�)-6�!�!�.-�� �)5)-#.$�$�)-����F���9� =+*���=��9-"� -��

a(v) = P (S1 = v) , v ∈ S

V��$�1-#'/*N� =+* Mf� 
,P �&���%��
O�95�**' �0*	�)-#�*���Q���$� =+*O�!�#�<�
5)-"� =��:� -#�#�$�,*$�;*�����*�� -"�#
�� 
mO
�95�*,���$�)-#� -
	 *��a�4�
5M�6�95(�/*�� ���95&��*+�1PIPI��
8=+*:5�*+�:�*� �8���D� =+*,�)5��!���)-"�)-������z.�*���
%*�*��
=0-.� �0*��F� ���!��*	���95�*5���$�"�O!

?M=+*
Xt

�95�*a�/*��+*:5��!��*�� ���	�	�
5(�.-"��� �&� �J�)�95('<�-) �:���0*��8���1�
5(�0*:5
ru

8=0-��&=

�0*���*����$����� � =+*I����� ���!��=0-.� �0*�� � ���!��*
St = u

!�? 5��!���)-"�)-������a�>5&� � � =+*I�,*�� ��*:5&�
x−ru, . . . , x−1

�&�\� =+*5�,*�� ��*:5
x
-"�F� ���!��*

u
�95�*

bu(x;w) = P (Xt = x | St = u,Xt−1
t−ru

= w) , w ∈ X ru , x ∈ X , u ∈ S

���
5�� =+*�H+5&� �
ru − 1

���*�)-"�)-������1���Q� =+*5� *	���+*�����**' 
8*	
6-"�"�3����*��4�
5
0 ≤ t < ru

bu(x;w) = P (Xt+1 = x | St+1 = u,Xt
1 = w) , w ∈ X t, x ∈ X , u ∈ S

hR�K� =+* �&���05&��* �	���0**'8� =+* � ���!��* �)5��!����-"�)-������
a

�!��� � =+* *$� -��&�)-���� � .���*:5()*�!�)-����
�)5��!���)-"�)-������

b

6-"�"��.�*��0*�������*��?5�*	� ��*	���)-#)/*��#6a.86

ptrans
�!���

pobs
!

� %('&%(' � �&; 5 ! G*/ A��";�� ,*5 ! G*/ 5FA�.�/1G � AB= %B/10�/ .�/-�	/ ���@,�A 0

� -#�*�05�*Q2+! g �.-��&�$�6�:6U�1� =+*-� �)5 ����� �05�*-�����)��-#�#�$�,*]�,PJP ^>5�*��05�*	��*�����*��4.l6L� =+*
=0-.� �0*�� � ���!��*F�)5��!���)-"�)-������9_3�%�
5 
8=0-���= 
�� 
�O =���� .�*�*����0*	�)-#�*�+*��n!
�%-15&���,*	� 5�*(2
�05�*	��*����H� =+*8�	�����)-.�0*:5�*��)� ���!��*	�H����� =+*Y�,PIP �!���:�95)5&��
��N� =+*��!�"����
%*��)�)5��!���)-"�)-������
.�*���
%*�*�� � ���!��*	�"!9?M=0-��I�75��!�$=X�:���0*��1-���*	�\� =+*Y�!�"��*:5 ���!�)-���� ��� -"����*:5(�/*��0-��?5�*$�7-������

6-"� =��O�0, -"���:
<*	���+*�����*	��^���,�
q_;���]� =+*z.G��� =�� �)5��!���$�M��� � ,�� / �:���,*	���$�,*0!U?M=+*
�:���0*��9�	�������9-"��� � Z =0-.� �0*��I�&���!��*	���75&���$��*�� -"� c �75&���$���J^>-"�,�$��� ��*��I�1-"�+*._C!x� *:5�*
�%���"����
����.� =��
5 �
�0*	�&�:5)-"�$�)-���� ���N� =+*].0-������ �7-����!� �;*��!�0-"���Y���;� =0-����75��!�$= ^2
%*-���$�#6
�7-#)/*��0*����9-"�������9� =+* �:���0*�� � �)5 ����� �05�*._C!


 O =+*��X� =+*)����� ���!�;=0-.� �0*�� �&���!��*#�	�
5)5�*	� �������$�E�&�F�!� -"����*:5(�/*��0-�� 5�*$�7-���� �!�
���*��-"�)-����

t
'	� =+*��95)5&��
���-"���.-����!��*N� =��!�A
%*����!�E� ���"6 -"��� =0-�� 5�*$�7-����+�!�3�G�*�)-"�)-����

t + 1
�
5��,*��:)/*C-"���&��
M�95(�$�1� =+* H+5&� ���G�*�)-"�)-����F���N�#� ���95 ���	���$���F���L� =+*l^

+
_

� �)5��!��� ^ �)5)-"�$�,*��&� T!�!�(��'"�*�(��' � �(��_[�
5 �&��
O�95(�$�;���6��� �D�G�*�)-"�)-����-���V��� �&���-�	���$���
����� =+* ^

−
_�� �)5��!���i^>-"�8)/*:5&��*5�	� �#�$�,*$�;*������95(6Y���D�(���U'@������'@���*�d_C!qhR����*:5(�/*��0-��

� ���!��*����!�]���$�#6I.�*65�*�����=+*��W� 5&� � � =+*��6��� �;�G�*�)-"�)-����.���D�5�&�&���.�	���$���)���)� =+*
^
+
_M� �)5��!���Y�
5�� =+* H+5&� �8���*��-"�)-����L���H�#�&���95 ���	���$���F���Y� =+*l^

−
_O� �)5��!���n!



� ��� ���������	��
��
��� ��� ���

A
G
T

T
C

A

A
G

T

G

T G 1

2

3

AG

A

I

T

A

C

GA

T

G

C

A

TG

C1

3

2

T

A

T

Stop(−)

CDS(−)

Start(−)

Stop(+)

Start(+) CDS(+)

intergenic

���
	��q2+! g 
� M����#�$�,*N�����M�)-#�#�$�,*|�,PIP �0*��.-����!��*��E�&�Y.�������*:5)-6�!���	���.-"������*	���+*�����*	�
�0*���*	���)-����


WX�*��:)<-"���\� =+*�� =0-15(�.���*��-"�)-����]��� �+� ���95 ���	���$�������.� =+* ^
+
_H� �)5��!���['�� =+*1=0-.�@2

�0*��.���!� =V�<�<*	�N� =05&�����*=L� ��,5
 
8=0-��&=�-��8���&���	��*	�&�)-�������� �	���$�����-! �O���$�����
�95�*��:���0*��1-���*��a.l6.���)-"���:�E�$6U���,*����D� =05�*�*�=0-.� �0*��Y� ���!��*	��'U���+*��%�
5B*����&=Y�G�!2
�)-"�)-���� -"���)-.�0*#� =+*)�	���$����!3?M=0-��]�:���0*��1-�� �!�)-���� *���� �05�*	�E� =��!��� =+*#�,*����*� = ���
� =+* ��,�
 
6-"�"� .�*\���E�$�"�)-"�$�,*#���O� =05�*�*\�!��� *�����.$�,*	���&�]����'/* -"���&�L���	�	���$���
�.-�� �)-"�������	� �#�G�*�)-"�)-������O����� =+*�,,� / ���	�	�
5(�.-"���E�&�E� =+*��	���$���.���*��-"�)-���� ^ �0*(2
H��+*��1.l6]� =+* *$� -��&�)-����F�)5��!���)-"�)-������

b

8=0-��&= �95�*��������0*	�&�:5)-#.�*��Y=+*:5�*._C!


 / �N� =+*�� =0-15(�.�	���$���.���*��-"�)-����.���)� =+*D^
+
_9� �)5��!���[' -"� -��;�+*	��*	�����95(6#�&�+�4�
5(.0-.�

� =+*:�!�$��*��95��!����*#���8�!� -"�Z� 5����;*\� �&��� �	���$����!�?M=�����'G� =+* *$� -��&�)-����Z�:���0*��
���&�&�@�:-6�!��*�� 
6-"� =X� =+*)� =0-15(� �G�*�)-"�)-����X�+*�*��$�E�&��)/*:5)-&�*6�T

b �������
	�� (a; tg) =

P (Xt = a | St =
��,�
 �


 Z , Xt−1
t−2 = tg) = 0

'
b �������
	�� (g; ta) = P (Xt =

g | St =
��,�
 �


 Z , Xt−1
t−2 = ta) = 0

�!���
b �������
	�� (a; ta) = P (Xt = a |

St =
��,�
 �


 Z , Xt−1
t−2 = ta) = 0

!

K?M=+*VH+5&� �#�G�*�)-"�)-���� ����� =+*Y� �&��� �	���$��� ��� � =+* ^

+
_-� �)5��!��� ���!� ���$�#6 .�*

5�*����&=+*��a� 5&� � � =+*1� =0-15(�]���*�)-"�)-��������Q�E�)5��!��� �6�!��*����	���$���L�!���]�	�
5)5�*	� �G�����$�
�&�\� =+*+H+5&� ���������,*	���)-.�0*E���9� =+*5�)5)-"�$�,*��&��TU�(���U'$������'U���*�r!


 �05&� � � =+*+� =0-15(� �&�&���I�	���$��� ���*�)-"�)-���� ��� � =+* ^
+
_��&�)5��!���['V� =+*-���!� =Z�<�<*	�

� =05&�����*= -"����*:5(�/*��0-��0!

 �05&� � � =+* -"����*:5(�/*��0-��Y�&���!��**'D� =+*.� =0-15(�X�G�*�)-"�)-���� ���1�F�&�&��� �	���$��� ��� � =+*
^
−
_H� �)5��!���]�	���$�.� .�*�5�*�����=+*��n!U?M=0-����)5��!����-"�)-���� *�����.$�,*,� =+*z.�*$�7-"�$�0-"���#��� �

��,5
Y���Y� =+*U^
−
_O� �)5��!���n!

hZ�Y� =+*5�+*CMU����*	���)-����3' 
8*	
6-"�"�3�05�*	��*������ =+*��(6@�����qML�!�"����
6-"���.� =+*��0*CH��0-"�)-����J���
� ����=J�,PJP5!



� � �I��� � �q
 � ������� ��� � �	�-
-� ����� �Q��� � �@


� %('&% � + 9 9 � ! / � ,�� � ;��@,�A 0�� G*/������
	���
��
<
� G�/

>

PJ���0*��+�&��*	�:-&H����!�)-���� �	�����)-�� �&� -"�
� =+* � ��*	�:-&H����!�)-���� ���;*�����= =0-.� �0*�� � ���!��*
^%� ���!��*:�!��� *$� -��&�)-���� � .���*:5()*�!�)-���� �)5��!���)-"�)-������9_C!1hR�5�	�
5)5�*	� �G�����$�5�&��� =+*��0*	�&�:5)-"�U2
�)-����X����*����&= ���M� =+*:�����0*	�����8� =+*3�75��!�$=�! ?M=0-�� H��,*��$�<*	�������E���$�#6 �	�������9-"� � =+*
�0*	�&�:5)-"�$�)-���� ���8� =+* �:���0*��O� �)5 ����� �05�**'/.$�$�\�!���&�?-"���.-����!��*	��
8=0-��&= ���95����;*���*:5&�\���
� =+*z�:���0*�� ^

b
�!���

a
_N�95�*zH�M0*��)�
5��E���&�N.�*2*	� �)-#�)�!��*�� 
8=+*��]���)-"���E� =+*��:���0*��[���

-"�$�$�$�9����� =+* 37
�%7��� �8���'� *CM0*	���$����.$�,*0! O =+*�� 5 �$�$�0-"���Q37
�%7��� �8��� ��' )*�!�"�+*	� �%���$���
-"�]� =0-���H��,*��4�
5M� =+*1���95����;*���*:5&�'�0*	�&�:5)-#.�*��������R�&�b.�* *	� �)-#�)�!��*����5�95�*,����*��Y���M� =+*
� ���95 �)-"���:�G�
-"�������9� =+* -"��*:5��!�)-#)/*  ;P �!�#�<�
5)-"� =���!

� /�. . /-, 1 % � % / . /��	, / % / ) ,
?M=+*z�,PJP �0*CH��0-"�)-���� H��,*�-��;�
5(���!�0-
	 *��]�����5� ���	��*	�&�)-����.���G=0-.� �0*��]� ���!��*5�0*CH$2

�0-"�)-������H� =��!�u�)��'/*	��-"�H=0-#�*=$�#6b�:���U�$�6�95�'7*����(6-�&� *��.-"�|.l6 � �	���l6 � ����� ��* � ����*:5��!�)-�������!���]�)��'/*	�H�!� *CM<-�� �)-"�����:���0*��.*����(6��&� *CM@��*����n!�?M=+*G�%���"����
6-"���5� =���
��H�!� *CM$���#�$�,*
���[��=0-.� �0*��]� ���!��*�
8=0-���=.�	���$�.�W.�*M� =+*�-"����*:5(�/*��0-���=0-.� �0*��]� ���!��*����G� =+*EHh�*�05�*f2+! g
�0*CH��0-"�)-���� T

���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�34065 +./'7�8./ 590;: <=0�2 / 5 + 0�>"0 /'7@? > +'A%/B*,+.-'+./���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+�F'G%/ 3IH < -.J�J�?,KD*L/%*,+ 0NM -'+ 0 ? 5 ? > +'A%/L+�7.- 5 * 0 + 0 ? 5*,+.-'+./ 3 *,+.-'7�+�O $1H < +�7.- 5 * 0 + 0 ? 5 +%?,K%-'7 2 *B*,+.-'7�+�O $1H *,+.-'+./G.+�7.- 5 * 3�PRQSP�P'T.U�V�W�X�Y < G.7%?,Z%-;Z 0 J 0 +�F=? > +'A 0 *[+�7.- 5 * 0 + 0 ? 5+�F'G%/ 3IH*,+.-'+./ 3 *,+%?,G9\ $'U.]1HG.+�7.- 5 * 3�PRQSP�P'T.V�^�P�_�U+�F'G%/ 3IH*,+.-'+./ 3 *,+%?,G9\ $'U.]'VG.+�7.- 5 * 3�PRQSP�P�P�X�Y�V�Y�P�W+�F'G%/ 3IH*,+.-'+./ 34065 +./'7�8./ 590;:G.+�7.- 5 * 3�PRQSY�Y�P�W�V��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 - < -B*;/'b'c%/ 5D: / 0�2 K�A 0;: A M cD*,+LZ%/d+'A%/B*;- M /e-%* 065 +'A%/@\;*;/'bgf >"0 J'/.h+�F'G%/ 3IH < -.J�J�?,KD*L/%*,+ 0NM -'+ 0 ? 5 ? > +'A%/e?,ZD*;/'7�i.-'+ 0 ? 5@2"0 *,+�7 0 Z�c.+ 0 ? 5?;7 2 /'7 3�V <�M -'7'j1?;ig?;7 2 /'7=? > +'A%/e?,ZD*;/'7�i.-'+ 0 ? 5=2"0 *,+�7 0 Z�c.+ 0 ? 5G1?,ZD* 3 PRQSUDH�T.WDH�TgPRQkHlX�U�W�X�_ePRQkHlX�W�X�P'T=PRQSUDHl^�P�Y'T < -m8 : +

PRQSU�X�W�Y�Y�VBPRQkHl_�_'T.^�WePRQkH�T.^�X�_�UgPRQSV�X�Y�^�_ < -�-d-'8d- : -'+PRQSU�V�_�P�V�YBPRQSVDHl_DHlV�_ePRQSV�P�_�Y�PDHLPRQSV'T._�Y'T.V < 8.-L8�8L8 : 8�+PRQSUDHlP�Y�YDH[PRQkHlW�XDHlV�^ePRQSV�VDHlX'T.^gPRQSU�P�Y�P�U�_PRQSV�U�_�_�XBPRQkHlX�W�V�V�YePRQkHlY�P�Y�U�^gPRQSU�X�^�P�W�W
PRQnT�T.U�VDH[PRQkHlXDHlV'T.XePRQkH�T.P�_�_�YgPRQSV�U'T._�^'T < -�-�-d-�-'8e-�- : -�-'+PRQSU�UDHlV'TgPRQSV�W'T.U�WePRQSVDHl_�U�W'TgPRQkHlY�_�P�W�^ < 8.-�-L8.-'8d8.- : 8.-'+PRQSU�X�V�Y�X�^BPRQkHl^DHlX'T.WePRQSV�P�P�WBPRQSV�W'T.^�_PRQSU�P�U�W�X�_BPRQSV�P'T"HlP'TBPRQkHl_�X�Y�VDHLPRQSUDHlU�U�X�XPRQSU�X�_�^DH[PRQSV�P�V�X�UDHoPRQkHlU�X�V�_�XgPRQSV�_DHlV�XPRQSU'T.V�YDHlWBPRQSV�V'T.U�X�VePRQSV�PDHlU�_�UgPRQSV�UDHlU�UDHPRQSV�Y�PDHlP�_BPRQkHl_�V�_�X'TBPRQSVDH�T.V�X�^gPRQSU�V�V�X�V�VPRQSV�W�W�VDHl^BPRQkHlY�U'T.Y�^ePRQkHl_�_'T.Y�WgPRQSU�_�U�_�Y�UPRQSU�V�^�UDH�TgPRQkHlY�X'T.Y�WePRQkHlW�_�_�V�WgPRQSUDHl_'T.^�_



� ��� ���������	��
��
��� ��� ���

PRQSV�^�P'T"H�TBPRQSV�W�X�_'T�T=PRQSV�V�U�U�U�XePRQSV�W�_�W�P�UPRQSV�VDHl^�^ePRQkHlX�^DHlW�WgPRQSV�U�U�P�Y�VePRQSU�W�Y�P�Y�UPRQkHlX'T.Y�X�YePRQSVDH�H�T�T._gPRQSVDHlXDH�T._ePRQSU�X�W'T"Hl_PRQSU�U'T.U�_DHoPRQkHlU'T.W�_�XgPRQkHlW�W�_'T.^ePRQSU�_�W�U�P�WPRQSU'T.W'T�T�TBPRQkHlW�W�U'T.XgPRQkHlY�W'T�T.XePRQSU�P�U�_�^PRQSU�V�X�V�_�VePRQkHlV�^�YDHlYgPRQSV�U�W�_�U�^ePRQSU�P�Y�P�_�UPRQSV�P'T.^�^�XePRQkHlW�WDHlV�XgPRQkHlY�V�W�W�_ePRQnT�T._�^'T._ < +�+.-L+�+�8e+�+ : +�+�+��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

� /�. . / , 1 % � % / . /&1'6&(*/ � % /0) , .�*$�7-"��� 
6-"� =L� =+* � � ��
���� 9�� � � ��'/*$60
O�
5(�F�!���
*����$�	
6-"� = � =+* � ���I� 9�� � � �4'/*$6 
��
5(�n!�hZ�5�	�������9-"���E� =+* -.�0*����)-&H�*:5E���M� =+*#� ���!��*
� =��!��-�������*��?-"�Y� =+*��0*	���:5)-"�$�)-����J���H� =+*����$�(�<�
-"���)�)5��!����-"�)-������1�!���Y� =��!���E��� �z.�*
�$�0-����+*0!$?M=+*�� ���!��*,�)5��!���)-"�)-������0*	�&�:5)-"�$�)-����?-��M��*����95��!��*��a� 5&� � � =+*
�0*	�&�:5)-"�$�)-����L���
� =+* *$� -����)-����L� .���*:5()*�!�)-����F�)5��!���)-"�)-������"!

� 45% �+)+/ , � %'( � ,�1 /0% / )+, . /&1'6&(*/ � % /0) , � 5&� � � =+*�=0-.� �0*��Y� ���!��*z.�*$�7-"����
6-"� =.� =+*
� � ��
���� � �����D9�
 � 
�< �=9 '/*$6 
��
5(� �!��� *����$� 
6-"� = � =+* � ���I� � �����D9�
 � 
�< �=9
'/*$6 
��
5(�n!,hZ�O�	�������9-"���M� =+*'�0*	�&�:5)-"�$�)-����Y��� *�����=Y�!�"����
%*����)5��!���)-"�)-������ 5&� � � =+*1=0-.�@2
�0*��F�&���!��*0!

?M=+* � ( � � �/�+��� �b.�*]� ��*	�:-&H�*�� �4�
5 *�����= ���$�(�<�
-"���I�)5��!����-"�)-���� � PJ�;*��!���\���
*	� �)-#�)�!�)-����]���[� =+*8���95����;*���*:5M�!���~gY�;*��!���%*	�&�)-#�)�!�)-���� ^7.l6\� =+*' ;P �!�#�<�
5)-"� =��l_C!
?M=+* 35�L.�� � � 5�*C� *:5&�)�&� � =+* -.�0*����)-&H�*:5Y����� =+*J� ���!��*F�&� 
8=0-���= � =+*J�)5��!���)-"�)-���� -��
�!�"����
%*��n!@?M=+*	����,/.-+�3 � '/*$60
O�
5(�:�05�*	��*�*��$�M�,�����;*:5)-��f)��!�"�+*����[� =+*��&���!��*8���$�(�<�
-"���
�)5��!���)-"�)-���� �05&� .���.0-"�1-"��6

a(u, v)
!G?M=0-��,�����;*:5)-����!�u)*�!�"�+*�-��fH�M0*�� 
8=+*�� � =+*Q� ( � � �

-���*	�����!�3�&�UPU'V�!���L�	�
5)5�*	� �G�����$���&�#� =+* -"�0-"�)-6�!�
)��!�"�+* 5�*	���0-15�*��Y�&�;5 �$�3 ;P 
8=+*��
� =+* � ( � � �<-���� *��8�&� g ^>-"�Y� =0-��8�6��� �8������**'$� =+*+)*�!�"�+*5��� �$�)5��!��� 
6-"�"��*$)<���#)/*��U�05)-"���
-"��*:5��!�)-������1���� ;Pi_C!

?M=+* '/*$60
O�
5(� � . 6 � �S�����!�1.�*5��*������L� =+*�H+5&� ���1-"�+*5���9� =+*5�)5��!���)-"�)-���� �0*	�&�:5)-"�U2
�)-�����!AhR� *�����.$�,*	���&�.�&=��@�*��*-�!� -.�0*����)-&H�*:5 
8=0-��&= ���!�d.�*5����*�� 
6-"� =F� =+*Q'/*$60
O�
5(�
� � ��� ���L% �'
8=+*��J� *�� �)-"���:�$�1�:���0*���� 
6-"� =L�)-,*��Y���95����;*���*:5&�"!V?M=+* *CM����#�$�,* .�*�����

� =���
���=���
 �&�#����*�� =0-��E� *��!� �05�*0!
���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�34:,2 * H O $'U���� "!�#%$;('C.)�#.&D!�("!,E;#.&

J'-;Z%/.J 3 +�7.- 5 * $.:,2 *,O $'U <=0�2 / 5 + 0�>"0 /'7 0 *[+�7.- 5 * $.:,2 *,O $'U+�F'G%/ 34H*,+.-'+./ 3 :,2 * H O $1HG.+�7.- 5 * 3�PRQSY�Y+�F'G%/ 34H*,+.-'+./ 3 *,+%?,G.O $1HG.+�7.- 5 * 3�PRQSPDH��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -+�F'G%/ 34H?;7 2 /'7 3�VG1?,ZD* 3 7.- 5.2 ? M/�� : /;G.+./ 2�3�(� �)d(�)� e(�)�)��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��



� � �I��� � �q
 � ������� ��� � �	�-
-� ����� �Q��� � � �

���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�3 :,2 * V O $'U���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+ 0 / 2%$ +%? 3 +�7.- 5 * $.:,2 *,O $'U*,+.-'+./ 3 :,2 * V O $1H <����6:,2 * V O $'U \,h :,2 * V O $1H��������6:,2 * H O $'U \,h :,2 * H O $1H��*,+.-'+./ 3 *,+%?,G.O $1H <����6:,2 * V O $'U \,he*,+%?,G.O $1H��������6:,2 * H O $'U \,he*,+%?,G.O $1H����#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -+�F'G%/ 3IH?;7 2 /'7 3�VG1?,ZD* 3 7.- 5.2 ? M/�� : /;G.+./ 2�3 (� �)e(�)� e(�)�)��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

hR�-� =0-���*CM����#�$�,*M� =+*O�&���!��*	� 	���3 �
	B���5�!��� 	���3 � 	B�����	�
5)5�*	� �G�����+�&�,� =+*M� =0-15(�
�	���$���Y�G�*�)-"�)-����L���9�b�:���0*��D�!�"����
6-"���)��
��)�S6@��*	�8���9�	� �#���*��-"�)-������Y�4�
5M�	���.-"���:��*(2
���+*�����*	�"!U?M=+*����$�(�<�
-"���#�)5��!���)-"�)-���������� � =0-��M��
��#�&���!��*	�M�95�*��)-,*��aT@� =+*$6.�95�* -.�0*��U2
�)-����!�H�!��� ��-#�E�$�"���!�+*	����� �#6 *	� �)-#�)�!��*�� 
8=+*�� 5 �$�$�0-"��� 37
�%���� �8���'�$![?M=0-���� *��!� �05�*
���!� .�*8����*��:�&��*���� �05�*�� =��!��� =+*�� ���!��*��)5��!���)-"�)-����)�05&� .���.0-"�1-"�)-,*	� 
6-"�"�9.�*�� =+*������;*
�%�
5���
��\�
5��:�
5�*�=0-.� �0*��Y� ���!��*	�8�!���]���!���!����� .�*�����*C�%�$���&� �0*	�:5�*�����*,� =+*1�����].�*:5
���Q���95����;*���*:5&�,�!���Y� =+*����7-#)/*E�!� *����)-,*:5,�!���1.�*�� ��*:5�*	�&�)-#�)�!�)-�����!

� + 1 /&(�
 � % / )+, / � / 1'1 /0) , %'( � ,.1 /0% /0) , � (*)(+ � + /�� /0% / /-1 . /-1'6 (D/ � % / )+, �	�����.-"�)-��!2
���!�"�#6:���.� =+*1=0-.� �0*��Y� ���!��*f.�*$�7-"��� 
6-"� =.� =+*�'/*$60
O�
5(� � � ��
����R< �A9�������� � 
�< �=9
�!���?*����$� 
6-"� =L� =+*+'/*$6 
��
5(� �����I�R< �A9�������� � 
�< �=9 !

?M=+*QH+5&� �+'/*$60
O�
5(�4�%���$��� -"� � =+*-� .�� *:5()��!�)-���� �0*	�&�:5)-"�$�)-����c�+��� �+.�*Q3 �	C ��hR�
�7-#)/*	�+�!� -.�0*����)-&H�*:5+� =��!� �+��� �].�*#� =+*:� ���;*)����� =+* -.�0*����)-&H�*:5Q�7-#)/*�� -"�X� =+*IH��,*
5�*C� *:5�*�����*��d.l6L� =+*��N3 �	CY�95(�*���;*����5���;� =+*-�	� �3�)�!���J�1-"�+* ^%��*�*+� =+*+� *	���)-���� �3�%�
5
�:�
5�* *CM@�$�6�!���!�)-������2_C!

?M=+*J'/*$6 
��
5(� � ( � � � -"���.-����!��*	��=���
 � =+*J� .���*:5()*�!�)-���� *$� -��&�)-���� �)5��!���)-"�)-����
�05&� .���.0-"�1-"�)-,*	�#� =����$�.�5.�*)�05&����*	�&� *��"�U�05)-"��� *	� �)-#�)�!�)-�����!H?G6���*

0
� ���!���$�Q�%�
5-���

*	� �)-#�)�!�)-���� ^%�	����� ���!��� )*�!�"�+*._#�!��� �S6@��*
1
�;*��!��� *	� �)-#�)�!�)-�����!�?|6@��*	�

2
�!���

3�E��� ��.�*�����*��]���$�#63�%�
5��)-,*��.� .�� *:5()��!�)-������7T
2
�;*��!���8-.�0*����)-����!�G�&�+� =+*25�*C� *:5�*�����*��

� .���*:5()��!�)-���� *$� -����)-����)�.-�� �)5)-#.$�$�)-����3' 
8=0-"�,*
3
�;*��!���5�	� �#�$�,*$�;*������95(6 �&�]� =+* 5�*(2

� *:5�*�����*�� ���+*0!�?|6@��*
3

���!� ���$�#6J.�*+����*�� 
8=+*�� � =+*-�
5(�0*:5
ru

���N� =+*C5�*C� *:5�*�����*��
� .���*:5()��!�)-���� *$� -��&�)-���� �.-�� �)5)-#.$�$�)-���� -��

0
! ?M=+*.� .���*:5()��!�)-���� *$� -��&�)-���� �)5��!���)-"�)-����

�05&� .���.0-"�1-"�)-,*	�=
6-"�"�8.�* *	� �)-#�)�!��*���
8=+*��-�S6@��*%-��Q��*�� �&� �1�
5 Z ���$�#6 -&��� =+* 5�*C� *:5�*�����*��
���+*��95�* *	� �)-#�)�!��*��n!

?M=+*�'/*$60
O�
5(� %-, � �8,�� -��M��� *��.�&� -"���.-����!��*�� =+*5�
5(�0*:5
ru

���Q� =+*+�)�95('<�")��&=��9-"�
���N� =+*#� .���*:5()*�!�)-���� *$� -����)-���� �.-�� �)5)-#.$�$�)-�����![?M=+*I'/*$6 
��
5(� ��%'6�3@���05�*	��*�*��0*	�����U2
�;*:5)-����!�
)*�!�"�+*	�f�7-#)/*��4.l6F� =+*E����*:5f�%�
51� =+*+� .�� *:5()��!�)-����I�)5��!���)-"�)-���� �05&� .���.0-"�1-"�)-,*	�
bu(x;x−1

−ru
)
! / � ��*:5 ��%'6�3 �"' ∑ru+1

t=1 4t �����;*:5)-����!��)��!�"�+*	� �+��� � .�*M��*��Q�&�,� =+*N)*�!�"�+*	�
���

bu(x;x−1
−t )

'$�%�
5
t
-"���:5�*����)-"���f�>5&� �

0
�&�

ru

! ?M=+*H���95����;*���*:5&� (
bu(x;x−1

−t )
)

0≤t≤ru�95�*���� *��-���$�#6\�!�9� =+*N.�*$�7-"�$�0-"��������� =+*8��*	���+*�����**'9-O! *0! 
8=+*��#���,�&� �)�:-,*����;�	������*CMU�
-��Y'�����
8�F�&�)����*5� =+*5���95����;*���*:5&�

bu(x;x−1
−ru

)
!�?M=+*	��*])��!�"�+*	�1�	�
5)5�*	� �������F�&�#� =+*



� ��� ���������	��
��
��� ��� ���

� ���95 �)-"���F���
-"��� 5�*	���0-15�*�� �&���05&�@��*	�&�� NP 
8=+*�� ��6���* -�����*��5�&�ig*'3�!��� �95�*IH�M0*��
��� =+*:55
6-���*0!

/ 5��!���$� � ��=��
-���*F����� =+*���� .��3)*�!�"�+*	�:���!� .�*��$���+*1.86 ��*�� �)-"��� ��%'6�3 �H�&�
� =+*d'/*$60
O�
5(��,/.-+ �-%'�Q!}hR� � =0-��.����� **';� =+*d�:���0*������!�$������.�*L��� *�� �.-15�*	��� �#6X�4�
5
)<-"��*:5(.0-�5�*	�	����� �)5 �����)-����Y���3� =+*�=0-.� �0*��.���!� =]�
5|�4�
5��)-#�+�$�6�!�)-����3'l.$�$���E��� �GH+5&� �G.�*
*	� �)-#�)�!��*��I���)-"��� 37
�%���� �8���'�C!G�,����*�� =��!� 
8=+*��J����-"���1�.-15�*	��� �#6 37
�%7����� � � �8,N6����
5
37
�%�����3)� �Q&�� 'G� =+* ��%'6�3@� ^4�!��� ��� ,/. +�3@��_�)*�!�"�+*	�	
6-"�"�u.�*#�	������-.�0*:5�*��X����H�M.*��4�4�
5
� =+*	��* *CM.*	���$����.$�,*	� ' *$)/*�� -&�8� =+* � ( � � �D���8� =+*	��*:���95����;*���*:5&� -��-��*��E�&�jg0!D?M=�����'
37
�%���� �8���'�E�E��� �zH+5&� �z.�*�����*����&�)�!�"����
 ^%�&� �;*._O���95����;*���*:5 *	�&�)-#�)�!�)-�����!
� -"���!�"�#6<'�� =+*�'/*$6 
��
5(� ��� 	 �8��� ��� �N���!�L.�*Y����*�� �&�c�4�
5(.0-.� � =+* *$� -��&�)-���� ���

�&� �;* 
��
5(�$���$� =0-��z'/*$60
O�
5(� 
O��������*���-"�L� =+*��05�*$)<-������2*CM����#�$�,*5�&�b�4�
5(.0-.�F�!� -"�
� 5����;*\� �&���I�	���$��� ������'��(���]�!���J���*�r!G?M=+*-�,*����*� = ����� =+*]�4�
5(.0-.� �0*�� 
��
5(�4�+��� �
.�*

≥ ru +1
!dhS��� =+*��,*����*� =.���3� 
��
5(�

lw
�4�
5(.0-.� �0*�� .l6\� =+* ��� 	 �8��� ��� �0'/*$6 
��
5(� -��

�75�*��!��*:5�� =��!�
ru +1

'*� =+*��Y
�� 
mO ����*	���5�&��*	�:-6�!�h'<-"���:���3P �95('<�")3�:���0*����%�
5N� =+*
� .���*:5()*�!�)-����?*$� -��&�)-������05&�@��*	�&�"!@?M=0-��OP �95('<�")��:���0*��G�	�
5)5�*	� �G�����$�M�&�-�Q�:���0*������
�
5(�0*:5

ru

�	�����.-"�)-������!�"�#6 ���X� =��!���&� �;* 
��
5(�$�+���O�,*����*� =
lw
�$�������+�!�$��*��95�'G� =+*

5�*	� �$�"�)-"���3�:���0*���-��%-"�a� �������EP �95('<�")��:���0*��[��� �
5(�0*:5
lw + 1

.$�$� 
6-"� =�� =+*������;*
�����].�*:5+���M���95����;*���*:5&�E� =��!� �LPI�95('<�-)4�:���0*��N���8�
5(�0*:5

ru

!3?M=+*�� 
%* 5�*C� *:5��&�
� =0-���'<-"���J���NP �95('<�")��:���0*��;���,�.P �95('<�")��:���0*��Q��������*����$�!2R�
5(�0*:5

lw + 1
!�?M=+*

�4���"����
6-"���1�)�!�)5)-&M4�7-#)/*	���!� *CM����#�$�,*\���N� =+*-���95����;*���*:5&�����O�.PI�95('<�-)J�:���0*��9���
����*����$�!2R�
5(�0*:5

1
�	�
5)5�*	�&�������.-"���-�&�+�5P �95('<�") �:���0*������[�
5(�0*:5

0
�	�����.-"�)-������!�"�#6]���

� =��!�
ag
�.-"�������,*	���)-.�0*#�$�<*	�M�����1�!�$��*��95"!

b′u(•; •) =








bu(a)
bu(a)+bu(c)+bu(t) 0 bu(c)

bu(a)+bu(c)+bu(t)
bu(t)

bu(a)+bu(c)+bu(t)

bu(a) bu(g) bu(c) bu(t)
bu(a) bu(g) bu(c) bu(t)
bu(a) bu(g) bu(c) bu(t)








?M=+*�*CM$���#�$�,*].�*�����
A� =���
���=���
A�&�#����*�� =+* '/*$60
O�
5(�$� � .-6 � � ���!��� � � ��� ���L% �
-"�L� =+*5� .�� *:5()��!�)-����3�0*	���:5)-"�$�)-�����!
���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�3 *,+.-'7�+�O $1H���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+�F'G%/ 3�P*,+.-'+./ 3 *,+.-'7�+�O $'VG.+�7.- 5 * 34H��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -J'-;Z%/.J 3 *,+.-'7�+�O $1H,$ ?,ZD*+�F'G%/ 34H?;7 2 /'7 3�PG1?,ZD* 3 PRQSUdPRQSUdPLPRQnTB< -�� 8B?;7L+ Q��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

���� "!�#%$'&'(�)�(��



� � �I��� � �q
 � ������� ��� � �	�-
-� ����� �Q��� � � �

*,+.-'+./ $10�2�3 *,+.-'7�+"\ $1H���� "!�#%$;('C.)�#.&D!�("!,E;#.&
+�F'G%/ 3 P*,+.-'+./ 34065 +./'7�8./ 590;:G.+�7.- 5 * 34H��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -+ 0 / 2%$ +%? 3 *,+.-'7�+�O $1H,$ ?,ZD*+�F'G%/ 3 U��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

� m )�.
/01'% / ,.6 %�� ) . / � / 1 � % / ) ,�1 ) �#% � / + )+4 , . � (D/�/&1 ) � % � / 1 /&354 /-,.6'/

�� 
mO �!�"����
�����
����.-��&�)-"�����z�:���0*��1-�� �!�)-����������9� =+*���*	���+*�����* � �z.G���$�����95)-,*	�"!
?M=+*�H+5&� �;���+*�*�����.$�,*	�H�&� 
O�
5('#�	�����.-"�)-������!�"�#6\���)� =+*M�,*����*� =)���V� =+*�� *	���+*�����*0!

hR� � =0-��+������*:� =+*.��*	���+*�����*:�,*����*� = -��E�����]�:���0*��1-���*�� �!��� � =+*:��*	���+*�����*W.�*$�7-"���
�!���?*����$��-"�F�!�l6Y���9� =+*5=0-.� �0*��F� ���!��*	�-!$?M=0-���-��8� =+*��0*C� �!�$�"�z�:���0*��1-����!�)-���� 
8=+*��
��� � .����$��� � �&���!��* -���� ��*	�:-&H�*��n!

?M=+*)�!�"��*:5 ���!�)-#)/*;-��E�&�1�:���0*��1-���*#� =+*#�,*����*� = ���O� =+*:� *	���+*�����*0!3?M=0-��C-�� �$���+*
.l6 -#�#�G�*�)-"���)�-� ���!��*5���D
8=0-��&=Y� =+* -.�0*����)-&H�*:52-��8��*��M�&� 6�%'&-+ �h!�?M=+*5� ���!��*,�����;*��
68%'& + � �	�
5)5�*	� �G�����$�+�&�J� =+*�.�*$�7-"�$�0-"��� �!��� � =+* *���� ����� =+*���*	���+*�����* T3� =+*]��*(2
���+*�����*�.�*$�7-"���B
8=+*��V�<�
-"���\���$�N� 5&� � � =+*�6�%'&-+ �#�&���!��*,�!����*����$�B
8=+*�� 5�*�����=0-"���
.����K'�� =+* 6�%'&-+ �]� ���!��*0!��,�#� .���*:5()��!�)-������1�95�*��0*	�&�:5)-#.�*��?-"�Y� =+*@6�%'&-+ �]� ���!��*��0*	� 2
�:5)-"�$�)-�����!Q?M=+*1�0*	�&�:5)-"�$�)-���� ����� =+*����$�(�<�
-"��� �)5��!���)-"�)-������b� 5&� � � =+* 6�%'&-+ � � ���!��*
�%���"����
��8� =+*������;* 5 �$�,*	�1�����!�l6Y��� =+*:5�� ���!��*0!

/ � �!�$�$�1-����!�)-���� *CM$���#�$�,*-���N� ���&=4�:���0*��1-����!�)-���� -��1=���
 �&�1�.-�� �)-"���*�0-�� =d�4�!����*
�!��� �)5 �+*)�)-"��*	�+�	�
5)5�*	� �G�����.-"���J�&�L��� �;*)�)-#�*���!���"!�O =+*�� �05�*	��*����)-"��� ���G����*����)-6�!�
�)-"��**'G� =+*\�1-#'/*��1-"=������ ���8�]�)5 �+*)�!���4�4�!��� *I�:���0*�� -��5�	� �#�$�$��*�� �!��� � =+*��0*	�:-��)-����
���Q�05�*��.-����)-"�����\�)5 �+*��
51�Q� �!����*5�)-"��* -�������'/*��I���	�	�
5(�.-"���)�&�\� =+*��1-#'/*��1-"=������?5��!�)-���!
� -#�*�05�*b2+! � �.-��&�$�6�:6U�1� =+*b�75��!�$= �	�
5)5�*	� �G�����.-"�����&�]���1PIP 
8=0-��&= ���!�Z.�*�����*��
�&�J�05�*��.-����:�J��*�� �������,*	���)-.�0*��,*����*� = ��-#�*���!�O!Q?M=0-��I�:���0*���*�����.$�,*	�\�&�I����'/* -"���&�
���	�	���$���F�&� �;*Z'<-"���$�L���#�	�
5)5�*��6�!�)-������J�!������� � =+*Z�:���)-&�#�	�
5)5�*	� �G�����.-"��� �&� � =+*
�)-#�*���!�O!�hZ�9�	���$�.�I.�*��,*��95 �+*��-���)-"���	37
�%7��� �8���'� ���:���,*��95 �0-"����� *��"! ?M=+*O�05�*��.-����)-����

6-"�"�	.�*��$���+*z.86:�	� �#�$�$�)-"���\� =+*��1-#'/*��1-"=��@���]���[� =+*f�:���0*������	�
5)5�*	�&�������.-"���-�&��� =+*
�)5 �+*.�!���Z� �!����*:�)-"��*	�]�7-#)/*��X� =+*.��*	���+*�����* 
8=+*�� 5 �$�$�0-"��� 37
�%���� �8���'�	
6-"� =X� =+*
��
��W�:���0*����"!

?M=+*5�0*	�&�:5)-"�$�)-����)���G� =+*Y.�*$�7-"�$�0-"���-�!���#� =+*6*����)����� =+*Y�:���0*����	�
5)5�*	� �G�����.-"���
�&�\� =+*+Hh�*�05�* 2+! � -��Y�7-#)/*���.�*�����
 !
���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�3 Z1?,c 5.2 < +'A%/��nZ1?,c 5.2 �I*,+.-'+./ : ? 5 +.- 065 * 5 ?d?,ZD*;/'7�i.-'+ 0 ? 5=2 /%* : 7 0 G.+ 0 ? 5���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+�F'G%/ 3IH*,+.-'+./ 3�M ?;+ 0�>%$1H,]1HG.+�7.- 5 * 3�PRQSW+�F'G%/ 3IH*,+.-'+./ 3�M ?;+ 0�>%$1H,]'VG.+�7.- 5 * 3�PRQSW��#'`1$;('C.)�#.&D!�("!,E;#.&



� � � ���������	��
��
��� ��� ���

bound

1 2 3 4 5 6 7 8 9 10

���
	��x2+! � 
� M����#�$�,*-�����W�,PJP �0*��.-����!��*��J�&�]�:��*��F�������,*	���)-.�0*	���,*����*� =4�:���)-&�
�0*���*	���)-����

��#'`1$'&'(�)�(��
���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�3 M ?;+ 0�>%$1H,]1H���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+�F'G%/ 34H*,+.-'+./ 3�M ?;+ 0�>%$'V.]1HG.+�7.- 5 * 3�PRQSW+�F'G%/ 34H*,+.-'+./ 3�M ?;+ 0�>%$'V.]'VG.+�7.- 5 * 3�PRQSW��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -+�F'G%/ 34H?;7 2 /'7 3�PG1?,ZD* 3 7.- 5.2 ? M��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�3 M ?;+ 0�>%$1H,]1H���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+�F'G%/ 34H*,+.-'+./ 3�M ?;+ 0�>%$'V.]1HG.+�7.- 5 * 3�PRQSW+�F'G%/ 34H*,+.-'+./ 3�M ?;+ 0�>%$'V.]'VG.+�7.- 5 * 3�PRQSW��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -+�F'G%/ 34H?;7 2 /'7 3�PG1?,ZD* 3 7.- 5.2 ? M��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

QQQQ



� � �I��� � �q
 � ������� ��� � �	�-
-� ����� �Q��� � � �

���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�3�M ?;+ 0�>%$1HlP.]1H���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+�F'G%/ 3 P*,+.-'+./ 3 Z1?,c 5.2G.+�7.- 5 * 34H��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -+�F'G%/ 3IH?;7 2 /'7 3�PG1?,ZD* 3 7.- 5.2 ? M��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

���� "!�#%$'&'(�)�(��
*,+.-'+./ $10�2�3�M ?;+ 0�>%$1HlP.]'V���� "!�#%$;('C.)�#.&D!�("!,E;#.&

+�F'G%/ 3 P*,+.-'+./ 3 Z1?,c 5.2G.+�7.- 5 * 34H��#'`1$;('C.)�#.&D!�("!,E;#.&���� "!�#%$�E;�.&'�'C�a.)�("!,E;#.&
*;/'b 3 8./ 5 ? M�0;:'$;2'5 -+�F'G%/ 3IH?;7 2 /'7 3�PG1?,ZD* 3 7.- 5.2 ? M��#'`1$�E;�.&'�'C�a.)�("!,E;#.&��#'`1$'&'(�)�(��

� %('&%�� � ����/�=	C /D. � /�� 	�/10 � / � � G*/-G ,���� ����� 
��
<
� G*/

>

?M=+*F
�� 
mO *CM0*	���$����.$�,*	�)���!� 
O�
5(' ��� �J��-"���*�,*Y��*	���+*�����*F�
5)�J� *��:���,��*(2
���+*�����*	�"!M?M=+* ��*	���+*�����*	�Y�&� �05&�@��*	�&�L�95�* 5�*C� *:5�*�����*�� -"� � =+* �N3 �	C

<
H��,*

>
! / �

*CM$���#�$�,*����1� ����= �1H��,* -��I�7-#)/*�� .�*�����
 !vhZ�Q�+��� �:�	�������9-"� � =+*]� =05�*�*a'/*$60
O�
5(�$�
3 �	C � � � �8+�� � ���8,R''3 �	C ��� ( � �E�!��� 3 �	C �I� � �)3"!

�����	�	
��
������
���
��������
���	����
��������! 
�����	����"�#	�$�%���	 
�����	����
�&��	�'� ( ������
���)'*+���! ( ������
���)�),*+���	 

- *$60
O�
5(� 3 �	C � � � �8+�� � � �8,25�*C� *:5&�:�&�X�!�86 �&=��*��*��"-.�0*����)-&H�*:5.���5� =+*L� *	���+*�����**'
� =��!�]�E���&�Q.�*:� =+*.�����;*]���C-"� � =+* ���R% � � �

<
� � �

> . '/*$6 
��
5(�?3 �	C � -"� � .���*:5()*� 2
�)-���� *$� -��&��-���� �0*	�&�:5)-"�$�)-����0/C!9?M=+* 3 �	C ��� ( � �]�	�
5)5�*	� �������$�-�&�J� =+*)���!� �05�*������ =+*
� .���*:5()/*�� ��*	���+*�����**'[���05)5�*���� �#6 ���$�#6 � +4. -��5�05&����*:5 �#6I� �$�$�G�
5 ��*��n![?M=+*@3 �	C �I� � �)3
�95�*L� =+*L�����;*J���5� =+*1H��,*	�]�	�������9-"�0-"��� ��*	���+*�����*	�.�&� .�*F�!���!�#6 	 *��n!M
<*	���+*�����*	�
-"�21 *��h28�!��'J�!��� ����� ���W�4�
5(�)�!�5�95�*\���	��*��$��*��n!�3R� �
5(�0*:5��&�)�05&�@��*	�&���)� *	���+*�����*
��*���'�-"� -��,�G�*�&�)-#.$�,*-�&��� �&�
5�*#�!�"�Q� =+*\��*	���+*�����*	� -"� � =+*-� ���;* �V��� ����H��,*\�
51�&�]����*
�E�$�"�)-"�$�,* H��,*	� '0*����&=J���9� =+*$� 5�*C� *:5�*�����*��?-"�Y� =+* �N3 �	C

<
H��,*

>
!

4 =+*��J�05&����*	���)-"���]�)��*��1���;��*	���+*�����*	��'V� =+*E��*	���+*�����*	�,�95�*+�	�����)-.�0*:5�*�� ���2-"�U2
�0*���*����0*����25�*��!�1-����!�)-������1���H�\�����;* �,PIP !



��� � ���������	��
��
����� � ���

� ��� � ���
	���
��
�����

��� � �����������! #"$�
?M=+*&%('*),+�� �.-��0/ *CM0*	���$����.$�,*1�)-#�+�$�"���!�+*	����� �#6 *�����.$�,*	���&� *	� �)-#�)�!��*�� =+*����95�� 2

�;*���*:5&�;���V� =+*E�:���0*��r.l6-�1-#'/*��1-"=��@���b�)�qM.-#� -
	 �!�)-����.�!���-�&�5��*$�0�;*����H� =+*M��*	���+*�����*
���)-"���]� =+*  ;P �!�#�<�
5)-"� =���!G?M=+*�%('1)(+�� �.-��2/2*CM0*	���$����.$�,*\���!� �!�����W.�*E����*��436-"� =
H�M0*�� ���95����;*���*:5&�.�&�X��*$�0�;*����.� =+*J��*	���+*�����*	�.���	�	�
5(�.-"��� �&� � =+*J28�!���\2 4 *�����=
�!�#�<�
5)-"� =�� �
58�&�:�	� �#�$�$��*�� =+*��1-#'/*��1-"=��@���F���H�b�:���0*��n�4�
5��I�7-#)/*��F��*	���+*�����*0!

�6587�5�9 �;: <>=@?BABCEDGFIHKJ L � <>MKJON[�QPR=�SEHT<>=@?UABCVDGFIHWJ
?M=0-�����*	���)-����
�0*	�&�:5)-#.�*	�.� =+*  ;P �!�#�<�
5)-"� =�� -#�#�$�,*$�;*�����*�� -"� 
��YX 4�!�4 *

�0*�������*+.86
θ

� =+*Y38=����,*����95����;*���*:5&����� � =+*+�,PJP . � ���!��*5�!���Y� .���*:5()*�!�)-����Y�)5��!�U2
�)-"�)-������

a
�!���

b
/;� =��!�W38*Z3M�!���M�&�C*	�&�)-#�)�!��* . �&� �;*1���95����;*���*:5&�8���!�.���D�	���05&� *f.�*

H�M0*���/C!
1 -#)/*������ ���95 �)-"���b)*�!�"�+*
θ(0) ���[� =+*����95����;*���*:5&� '�� =+*' ;P �!�#�<�
5)-"� =�� -��M�!�

-"��*:5��!�)-#)/*+�05&����*��U�05�*+� =��!���05&���U����*	���!�I�!�$�05&�:M.-#�)�!�)-���� ���;� =+* �)�qM.-#�E��� �1-#'/*��1->2
=��@��� *	� �)-#�)�!�)-���� . P\[/ �/ θ(m) � =��!� -�� �$� ���!��*��#�!��*����&= -"��*:5��!�)-����

m
! ?M=0-��Q�05&�@��*(2

�U�05�*6*���� �05�*	�Q� =+*8-"���:5�*�����*8����� =+*M�1-#'/*��1-"=��@���\�!��*�����= -"��*:5��!�)-����
m ] Pθ(m+1)(X) ≥

Pθ(m)(X)
!

 ;P �	�����)-�� �&�%-"�]�!�"��*:5 ���!�)-"���#��3O�+�&��*���� ] � =+*1���!2R���!�"�,*��� 92R�&��*�� . �4�
5� MU��*	�����!�)-����0/�!���LPF2R� ��*�� . �4�
5�P �qM<-#� -
	 �!�)-����0/C!

^Z_a`(b,cVdTe\fhgRi m�j i�kB_al jnm�o m�j i�k jqpsr gRi.t8b*uwv
?M=+*  92R� ��*��F���J�W�1PIP -����!�����#�����;*���28�!���\2 4 *����&= �
5E�%�
5x3M�95(�@2O.����K'23O�95(�

�!�#�<�
5)-"� =���! 3R�:�	� �#�$�$��*	�.� =+*L�05&� .���.0-"�1-"��6X)��!�"�+*	�
Pθ(m−1)(St = u, St+1 = v |

Xn
1 = xn

1 )
�4�
5 *����&=.���*��-"�)-����)���[� =+*���*	���+*�����*

t ∈ [1, . . . , n−1]
�!��� *�����=.�	���$�$�,*

���9=0-.� �0*��F� ���!��*	�
(u, v) ∈ [1, . . . , q]2

! �N�!�"�+*	�����
Pθ(m−1)(St = u | Xn

1 = xn
1 )

�95�*
�%�05 � =+*:5��0*��U����*��1� 5&� �

Pθ(m−1)(St = u, St+1 = v | Xn
1 = xn

1 )
!

� uUcyf�gRi m�j i�kzd�i1g m cV`,`*t|{ r gRf}b*uUcy`,cV~B�wcE{ m c � ���95 �&�#36-"� =
t = 1

�!��� ��� *
5�*	���05&�)-#)/*��#6 . t = 2, · · · , n

/�.G��� =c�%���"���*36-"��� *	�����!�)-������+�$���)-"�N� =+*.���!�����$�6�!�)-���� ���
� =+* )*�!�"�+*

Pθ(m−1)(Sn = v|xn
1 ) ]

� 5�*��.-����)-#)/*C*	�����!�)-���� .�� / ]
-&�

t > 1 Pθ(m−1)(St = v|xt−1
1 ) =

q
∑

u=1

a(m−1)(u, v)Pθ(m−1) (St−1 = u | xt−1
1 )

*���� *
Pθ(m−1)(S1 = v) = a(m−1)(v)

� -"�"�)5)-"��� *	�����!�)-���� .G� / ]

Pθ(m−1)(St = v|xt
1) =

b
(m−1)
v (xt;x

t−1
t−rv

)Pθ(m−1)(St = v, | xt−1
1 )

∑q
u=1 b

(m−1)
u (xt;x

t−1
t−rv

)Pθ(m−1)(St = u, | xt−1
1 )



��� ����� 
Y� ����	�
 

�����/
��:
�� � �S����� 
 �����

���
5D� =+*GH+5&� �
ru−1

�G�*�)-"�)-������Q����� =+*�� *	���+*�����**' � =+*N�05&� .���.0-"�1-"�)-,*	�
b
(m−1)
v (xt;x

t−1
1 )�95�*�����*��?-"��� ��*��6�L���9� =+*��)5��!���)-"�)-������

b
(m−1)
v (xt;x

t−1
t−ru

)
!

� uwc l jnm1o m j i1k d�i1g m cV`,`*t|{ r g�fZb*uwc `*cV~B�wcE{ m c �&���95 �&�Y� 5&� �
t = n

�!���L����*
5�*	���05&�)-#)/*��#6 . t = n − 1, . . . , 1

/O� =+* *	�����!�)-������ ]

8�:����� =0-"��� *	�����!�)-���� .�� / ]

Pθ(m−1)(St−1 = u, St = v | xn
1 )

=
a(m−1)(u, v)Pθ(m−1) (St−1 = u | xt−1

1 )Pθ(m−1)(St = v | xn
1 )

Pθ(m−1)(St = v | xt−1
1 )

 ;�����!�)-���� .�� / ]

Pθ(m−1)(St−1 = u | xn
1 ) =

q
∑

v=1

Pθ(m−1)(St−1 = u, St = v | xn
1 )

� _a`(b,cEd
PL2R�&��*��L�	�����)-�� �&�6-"�L�$� ���!�)-"���:� =+*����95����;*���*:5

θ
.l6��&=��@�*�)-"���

θ(m) = arg max
θ

Eθ(m−1)

(
log Pθ(X

n
1 , Sn

1 ) | Xn
1

)

-O! *0!�� =+*��	�����.-"�)-������!��*CMU��*	�����!�)-���� . �&�-� =+*����05)5�*��������!���.-.���!��*
θ(m−1) �!���]� =+*���*(2

���+*�����*
Xn

1

/����;� =+*-�	� �#�$�,*���*-��� �*�1-#'/*��1-"=������n!V?M=0-����)�qM.-#� -
	 �!�)-���� � ��*��J��� *	��� =+*
��*$�0�;*������!�)-���� � .$���9-"�+*��*�U�05)-"����� =+*2 92R� ��*�� �!���J�,*��6�$�,�&�.� =+* -"��� �0-"�)-#)/* *	� �)-#�)� 2
�&�
5&�"!
 ;�����!�)-���� .�� /

a(m)(u, v) =

∑n
t=2 Pθ(m−1)(St−1 = u, St = v | xn

1 )
∑n

t=2 Pθ(m−1)(St−1 = u | xn
1 )

�!���

b(m)
v (x;w) =

∑n
t=rv+1 Pθ(m−1)(St = v | xn

1 )1{Xt=x,Xt−1
t−rv

=w}
∑n

t=rv+1 Pθ(m−1)(St = v | xn
1 )1{Xt−1

t−rv
=w}

3R� � =+*J� ��*	�:-6�!��������*J���+� � ���!��*
u
36-"� = �!� � .���*:5()*�!�)-���� *$� -��&�)-���� P �95('<�")

�05&����*	�&�&36-"� = ����*����$�!2R�
5(�0*:5 . 
<*�*:
<*	���)-���� /�� =+*b�)�qM<-#� -
	 �!�)-���� ���
bu(. . .)

�	���$�.�
�����Y.�*,��*:5 �%�
5(�;*��L�!���!�#6@�&���!�"�#6 !�?M=���� '$� =0-��E�)�qM<-#� -
	 �!�)-���� -��M��*:5 �4�
5(�;*������)-"���)�
�E�$�"�)-.�.-#�;*����)-������!�r�)�qM.-#� -
	 �!�)-�����5&���$�)-"�+*����U� =+* 1�
2[ . 1�� � 
@�:-,*����)-&H��W[ -#.05��95(6�/C!



����� ���������	��
��
����� � ���

� g v d �Bb j b*tsg�{OgRfZb*uUc p g r�p t o c p t|uwg>g>k
?M=+*8�	� �#�$�$���!�)-����.����� =+*8-"���	� �#�$�,*���*8��� �*�1-#'/*��1-"=������ -��9��*:5 �%�
5(�;*�� 5�*	���05&�)-#)/*��#6

. �4�
5 t = 1, . . . , n
/&�U�05)-"���:� =+*  92R� ��*��L���)-"���;*	�����!�)-���� ]

log
(

Pθ(m−1)(Xt
1 = xt

1)
)

= log
( q
∑

v=1

b(m−1)
v (xt;x

t−1
t−rv

)Pθ(m−1)(St = v|xt−1
1 )

)

+ log
(

Pθ(m−1)(Xt−1
1 = xt−1

1 )
)

� 5�*	���!�$�)-������f�+��� �z.�*�����'/*��1�%�
58� =+*
rv − 1

H+5&� �8�G�*�)-"�)-������"!

� b,gRd�d�t|{ r m i.t8b,cVi.t j fhgRi}^ �
3Z�����!��.�*�� =��,38�]� =��!�%*$)/*:5(6#�1-#� -"�����
-"���O���[� =+*�� *	���+*�����*

(θ(m))m≥0
�/*��+*:5�� 2

��*��3.86� ;P . �!�"��*:5 ���!�)-"���E� =+*' �!���:P � ��*����H�05�*$)<-������ �#6��0*	�&�:5)-#.�*���/H���!�)-��(H�*	�H� =+*
-"���	� �#�$�,*���*Y��� ��2 �1-#'/*��1-"=��@���=*	�����!�)-������)�!��� � =��!�

(θ(m))m≥0
�	���l)/*:5(�/*	�)�&�,3O�95(�$�

� =+*��)�qM.-#�E��� �1-#'/*��1-"=�������*	� �)-#�)�!��* . P [  �/ -&�D� =+*�� ���95 �)-"���\���
-"���
θ(0) -��O�����O�&�@�

� �95/� 5&� � � =+*N�)5 �+*�)*�!�"�+*0! �05&� �7���05������)-����!�U���
-"���9���9) -,* 3�'  ;P ���!�-� =����H�	���8)/*:5(�/*
�&�)�-���@���!�n�)�qM.-#�E����!

?M=+*� �!���.P � ��*����M�95�*1�!�"��*:5 ���!��*��]�$���)-"�[�!� -"��*:5��!�)-����
M

�4�
5K38=0-��&=��	���l)/*:5 2
�/*�����*O���!�].�*N� ���!��*��n! ?M=+*N� �&���$�0-"��� 5 �$�,* -��

| log Pθ(M+1)(X)−log Pθ(M)(X)| ≤ ε
'

�4�
5]� �7-#)/*��
ε . � =+*J)*�!�"�+*F���

ε
-��WH�M0*�� .86 � =+*L����*:5 /C!O?M=+*L���95����;*���*:5&�

θ
�95�*

� =+*�� *	� �)-#�)�!��*��5.l6
θ(M) . a(M) �!���

b(M) /(' �!��� �%�
5\�!�"���G�*�)-"�)-������
t
-"�X� =+*]��*(2

���+*�����**'Q� =+*)�05&� .���.0-"�1-"��6 ����� =+*]� ���!��*
St

�&�J.�*
v = 1, · · · , q

-�� *	� �)-#�)�!��*��5.l6
Pθ(M)(St = v | X).

� cEv gRi k ` j 
 t|{ r j dwd�i�g � t|v j b*t8g {
/ ��� =+*]�4�
5x3O�95(�@2O.����K'23O�95(� �!�#�<�
5)-"� =�� 5�*	���0-15�*	��� =+*+� �&�
5����/*+���H� =+*E�05&� .���.0->2

�1-"�)-,*	�
Pθ(m−1)(St = u | Xt−1

1 )
�!���

Pθ(m−1)(St = u | Xt
1)
�U�05)-"���F� =+*3�%�
5x3M�95(�

� ��*��3'9� =0-��\�05&�@��*��U�05�*Y���!� �	����� ���;*L�I�6�95(�/*L���:���$���)���������)-#)/*V�;*$�:�
5(6 38=+*��
�05&�@��*	�&�)-"�����6�95(�/*1��*	���+*�����*	� 36-"� =]� .0-#� �:���0*��O! / �&���"�$�)-����)�	���$�.�W.�*8�&�5��� *8=��95(�
�;*$�:�
5(6 . H��,*	� /O�&�#�&�&�
5�*5� =0-��8�05&� .���.0-"�1-"�)-,*	�"!

/ ����� =+*:5;�&���"�$�)-����\� =��!� 3%*O� =0-"��']�:�
5�*B*C% *	���)-#)/*B-"�+��*:5(�:�H����*CM.*	���$�)-����:� ��*�*��
=��")/*z.�*�*�� -#�#�$�,*$�;*�����*�� -"�.
��YX 4�!�3Z�;�	�����)-�� �&� -"�)�!�$�05&�:M.-#�)�!�)-"���

Pθ(m−1)(St =
u | Xn

1 )
.l6

Pθ(m−1)(St = u | Xs′

s )
38=+*:5�*

s
�!���

s′
�95�*u.G���$�����95)-,*	� ���$�")/*:5 �6�!�$�0-"���

��*$�0�;*����&������� =+*J��*	���+*�����*0!N?M=0-����!�$�05&�:M.-#�)�!�)-���� -�� �)�!� =+*$�)�!�)-����!�"�#6�� ��� �)-&H�*��
.�*	���!����*5� =+*��0*���*����0*�����* .�*���38*�*��F�h3��:�G�*�)-"�)-������2-"�J�\PI�95('<�-)Y�&=��9-"� �0*	�:5�*���� *	�
�/*	� �;*��)5)-����!�"�#6 36-"� =L� =+* �.-�� ���!����*���*����95��!�)-"���:� =+*���3��)���*��-"�)-������"!

� k d j `,`*t|{ r p g mVjqp v j � t|v j gRf!b*uwc p t o c p t|uUg>g>k f �w{ m b*tsg�{
X1�������Q� =����)�	� �
50�.5��(3Y.�����'@�����Q� =��
 ;P �!�#�<�
5�
"� =���
��O� =��!�

"�8���!�a.���� � ���K'


"�L���@���!�n�)�qM�
#�)�#���Q� =�����
#'�����
"=������V�%�$������
�����!



��� ����� 
Y� ����	�
 

�����/
��:
�� � �S����� 
 �����

?M=�� 
#�#�$� �$� ����� ��� �&���"�$��
���� �	������
�� �&� 
"� � ����� ��
"���) ;P 3 
"� =$��
�� ��
"����� 
"� 
"��
6�!�
)��!�"���

θ(0) �!���L�&�:�&=��@�*� ��� =�� . �	� �8���!� = 38= 
��&=J� ���6�$���&�#� =��5= 
#�*=��	�&����
#'�����
"=��@���
)��!�"���0! / ����
#'�����
"=����������!� 
.�U�#6 
"����� ����� �	�'�U����
"���]� =�� H��&�&� 
"� �����!��
����������H� =��-�!�#�<�!2
��
"� =��L' 
"� 
�� 
"��� ��� �	�&��
"���F�&�Y� �&��� � =��3�)�qM�
#� 

	 �!��
���� �q�%� ���E��� � 3 
"� �����!��
������+�!���
� =����:�&���&=��@�*� ��� =��Y�:��� ���h�%��� 38= 
���=)� =�����
#'�����
"=������3�)�qM�
#� 

	 �!��
����.���&�@� ���U��� � 
��
� ��� �4���(� ���a� ��� � =����"!�?M=��+Hh�*��� � 2+! � � =��,3���� =�����
#'�����
"=������ 
"����� ����� ���U����
"���.� ���&=
�b�)�qM 
#� 

	 �!��
����J� ��� �4���(� ���V�	�&� � � ���
���!���$� � � ����� ��
"���:�G� 
"���&�-!

0 50 100 150

−
13

40
00

−
13

38
00

−
13

36
00

−
13

34
00

iteration number

lo
gl

ik
el

ih
oo

d

�
����� 2+! ���  uM$���#�$� �#���N��
#'�����
"=��@��� 
"����� ����� ���U����
"���� ;P 
"� �����!��
������"![?M=��\��� �*��
>2
'�����
"=������W�)�qM�
#� 

	 �!��
����V. �$� 
"��� 3 
"� = ��� � ����� ��
"���-��� 
"���&� . �U����
"��� ��� 
"� �����!��
������ /('���$�#6:� =�����
#'�����
"=��@���.���D� =���.��	� �N�:��� ��� 
�������� �4���(� ���W�%��� � =����M� =��!� ��� 
"� �����!��
������

�6587 5�� T����WM�F � =@P��
�! #"%$�&(' <

� p c
>

?M=����(6@�����qMY���Q� = 
��YH�� � 
��5� �	�&����
#.���� 
"�Y� =���� �	����
����d2�! � ! � !

�)&( <
��p c

>

?M= 
��zH�� �-�	������� 
"����� =�� 
"�r�%���(�)�!��
����*� �	��� 
+� ���F�&� 
"� 
"��
6�!��

	��#�!����� �$�J� =��# NP
�!�#�<����
"� =���! / � �CM$���#�$� �����H� ����=J�QH�� � 
��Y� 
#)�����.������,3 !

�
���!��#!�
������������� �-,/./.0./.
�
���!��#!����1!���!&� �# �32�./.0.
��
 �!��� �32�././.
��#��

,�4.$*5./.0./.62



����� � �������	��
��
����� � ���

- �$623����(����� %x/������!%��
	n-����,/�
������ %x/�������) ������� ���*� �C� ��������������� �
��� ���!���"�����
� �$�0� �
�#�%$&� �('p�)���������c� �$�����(6*�+
") 
,���-
�.�.����:M�
#��
���
/���0'1$���
,���������4�)���x32
���'43
.5
�6�'E32
���'7
��#������
,����� .  839��� �
.0/C! �&���:
V� 
#)��
�5���#' �
�2
��&';� �
�<���=� �(>?$��
�&6 �(�A@B�����
� �$�����(6C��� �(' �('e.86C�����%.���� ���+
�� �����*3D�E��
,���A
����#6O3 
,���-� %x/������!%��
	n-F���*/C!F� G /����

��&'H���,%
GB' �CH&���������I������.�. 
,���J6���
,� ����
K
L���M������ ON%3P
��#������
,����� ]8Q N 
,� ���+
���
/���&�
������. 3=���
�7�����I�/� � ��
#'��
��
,�&�#�4' 
,�&6�� �A
�� �a. �
�h3 � �
�H��3R�S6(���&� �(6
$���
#)�� 
,� ���+
���
/���&� 
/�
�/�*3 ���M���5
��T���,%
G#���D�����+��
qM�
#��
��U�?$��Q. ������� 
,� ���+
���
/���&�V� G /����B�5
��z. � �
�4� �A
�6+���('n!
3S�B.5
��+
�� �
� �����=���B����� �$� 
/����
/����� .&� ���() 
���
/���W.����#6 �(�+�2
��+���#6 
K
�� �('I���<��� � ��� 
/'�' �
�
���+
�� �(�F
�� � �+
��&'�� �:�#6 
,� 
,��
K
���

	��(' . 
O! �0!����4' �
�U' �CH&� 
,��
/����H&� �X6(���?�+
 
,�&�V� )1Y,%"Z[�\�?�(]
^ )0- /_@`��$�.�.�� �$� �
�?�+
��(65'��$6E3R����'��W��Y��!%����a@R� G /b���l�!%����[
��&'7���,%9�!%����U
�� � �CM4.��(6
� �('

,�T�����c]9�.-

<
H&� �

>
!5d2���(� �"��$�.�.�� �$� �
�?�+
��(6J'��$623e����'��c
�� �"$&� �(' 
,�%�����+�f���,�/�,3 
,���

�CM&
��:.�� �0!

�	���	��#	�	���������������
,/././.0.
�	���	��#	����1	���	&� �#�� 2�././.
�#g	�
����&$�Wh
�0
 �	���	�	����&$� 2 ./.
��#����	����& �4.$*5.62
�0
 �	����� 2 .0./.
��#���
'�4.$* .0./.�2

�?Y��!%����?6(��� � �(��.[���&'��=���<�����c�?$��Q. ���D��� �+
��&'�� �i���+
�����
,���:.j� 
,�#�����)���2����� Q N
��#������
,������!2� G /b���l�!%������ �C� �����<���%��������
qM 
#��
��2�#$��].�������� 
,� ���+
���
/���&�k. ��� �f���(� �('
�	��� � �A
�6��%���+
�����
,���k.[� 
,�?�"!&���*%9�!%�����6(��� � �(��.j���&'��D���l�����c������.�. 
,����6���
,� ����
K
����B�����
Q Nm
��#������
,����� ��$���� 
,��� ����� ���A
�6+�T���+
�����
,����.j� 
,�#�"!

��n!&?o <
��p c

>
d2���V�(6#�#�+
qMW���8��� 
/�YH&� � 
/�M' �(��6���
#. �(' 
,�������X� �(6
��
/���J2+! � ! � !

� dUb*tsg { jqp � "jp?q(r&p?q <
� p c

>
d2� 
/�aH&� � 
/�W��.���
/���5
��l
��&' 
/�-� �(>#$ 
+� �('i�)���W�����L��$���.�$��Jst�dH&� �4���
�����+
���
/����!

d2���2]�)1u*/v��u*/
<
H&� �

>
6(���?�+
 
,�&�e�����=��$���.�$��e���[�����2�K
���� 
,� ���+
���
/���

I
���j�������f���x3R
���'43

.5
�6�'E32
���'�
��#������
,������@	
O! �0!������e.���� .5
�. 
,��
,��
 �(�
Pθ(M)(St = u | Xn

1 )

��&'

Pθ(M)(St =
u, St+1 = v | Xn

1 )
�f��� �A
�6��I���+
�� �

u
@
v

��&' �A
�6���.j� ��
,��
/���

t
���[�����D� �(>#$��
�&6 �(�"! wF�

��$���.�$��uH&� �=6(���#�+
 
,� 
,���V�����(� �R.���� .5
�. 
,��
,��
 �(�G�)���O
��,�&6(���&��
/' ��� �('����+
�� �(�x6A
��3. �E)����(6
�K
��(���I
��&';'�
zy�6
$��,�V���%$&� ��
��&';
��5
��#6 	��0!Bd2���
�U@{
���$��3��
��(6L���D� �
� �(6
� �('����+
�� �(�
6A
���.��X'������0!

d2��� �)���,�/�*3 
,��� �CM&
��:.�� � � 
#)��(�=�����"�(64�?�+
qM����x��$&6��T
��T��$���.�$��Vst��H&� � ]
| �?}	��� 2?~ | �?}!����,i� �?}!���&h&~ | �#}	���6,���� �?}	����h5~
3S� ���&� � � @����&� � � @����&� � � 
�� �e����� � � . � 
/'�' �
�0/`���+
�� �(�A@������e��$���.�$�� H&� �W3 
,�,�46(���#�+
 
,������ � �J6(���,$��:�&� . ���k� �
��� ���

n
/I6(��� � �(��.[���&'�
,���C���

Pθ(M)(St =
���&� � � | Xn

1 )
@



��� ����� 
Y� ����	�
 

�����/
��:
�� � �S����� 
 �����

Pθ(M)(St =
���&� � � | Xn

1 ) + Pθ(M)(St =
���&� � � | Xn

1 )

��&'

Pθ(M)(St =���&� � � , St+1 =
���&� � � | Xn

1 )
!��F��� � ���5
��{
=�+
�� � .���� .5
�. 
,��
,�S6V6A
����&���
. �e��$��3� �('


,����3e�E6(���,$��:�&�"!

�6587 587 �4M�F��WM F � =�P6�
� � � �EH&� �(�e
�� �=6�� �A
�� �(' 
,�������D6
$�� � �
�#�e'�
+� �(6
�����(6#3=���
����$���� 
,��� %('*)(+��D�.-��2/$!

d2�����5
�� �(�����c�����(� �VH&� �(��
�� �1���
�����+
�� �('L.l6C
�'�'�
,���;��$1y3M �(�:���L�����W�5
�� �T���
]@%����

<
H&� �

>
@ �CM16 �
.�� �('T��$���.�$��fH&� �(�Z3 
,���T�����l��$1y3MJst� 3=� 
/6��S
�� �V6�� �A
�� �('T$&��
,���

�����W�5
�� �(�����F����� 
,�&'�
#) 
/'1$5
��M� �(>#$��
�&6 �aH&� �(� � �C� ��� �
�&6 �(' 
,�7]@%����
<
H&� �

>
! � 
,� �(�

3 
,������$1y3M �(�V6(���#�+
 
,� 
,���7s %���� ��� /c
�� � ���
�����+
�� �('������#6 
&� �+
��&'�� � 
,� 
,��
K
���

	 
���
/���&�
���O����� Q N�3P
��#������
,����� 
�� �<$&� �('n! � 
,� �(�&3 
,���S�����<��$1y3M�st�k
�� �b���
�����+
�� �(' �����#6 
&�

��W]�)1u,/v�?u,/

<
H&� �

>

/�D��.��(6 
&H �('n!

� n &(' &
	�q � q��
��	�&?n � p c
d2� 
/�zH&� �l6(���?�+
 
,�&����
#'��
��
,�&�4�#'������x����� ���4' �
�/��
�� �A
�6�� 
,� ���+
���
/���L���x����� Q N�3


��#������
,����� ��$���� 
,���W�	��� ���A
�6�� ���+
�����
,����.[� 
,�?�"!
]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�].]�]�]�].]�]�]�].]�]�].]�]�]�]M ? 2 /.J P0 +./'7 P J�?;8%Jg\ _DHlU�_�XRQS^0 +./'7 H J�?;8%Jg\ ^�X'T�T.YRQSVe2"0�>�>BV�Y�V�YRQnT�T0 +./'7 V J�?;8%Jg\ ^�X�P�^�_RQnTB2"0�>�>BU�XDH QSX�P�U0 +./'7 U J�?;8%Jg\ ^�_�Y�_DH QkHo2"0�>�>BY�^RQSUDHl_0 +./'7 T J�?;8%Jg\ ^�_�Y�V�XRQnTB2"0�>�>eT.VRQS^�W�V�^0 +./'7 W J�?;8%Jg\ ^�_�Y�P�URQSWe2"0�>�>BV'T�QSYDH�HlW0 +./'7 ^ J�?;8%Jg\ ^�_�X�X�^RQS^e2"0�>�> Hl^RQSX'T�T.Y0 +./'7 _ J�?;8%Jg\ ^�_�X�_'T�QSUe2"0�>�> HlVRQSU�XDHl_0 +./'7 X J�?;8%Jg\ ^�_�X�^'T�QSXe2"0�>�>BYRQSW�P�W�P'T0 +./'7 Y J�?;8%Jg\ ^�_�X�W�_RQSUe2"0�>�>B_RQnT�T.U�V�^0 +./'7 HlP J�?;8%Jg\ ^�_�X�WDH QnT]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�]�].]�]�]�].]�]�]�].]�]�].]�]�]�]M ? 2 /.J H0 +./'7 P J�?;8%Jg\ _DH�T.Y�PRQSU0 +./'7 H J�?;8%Jg\ ^�X�U'T._RQnTB2"0�>�>BUDH�T.VRQSX�XQ

Q
Q

� n &(' &
	�q � '�����&('���� "�"%$&n � p c
d2� 
/�WH&� � ��$��3��
���

	��(�I�����JH&�5
��F��
#'��
��
,�&�4�#'��I� .��+
 
,���('i����� � �A
�6��*���+
�����
,���

.j� 
,�#�V
��&'*� �
.j�������X�����I���4' �
��3=� 
/6��;�5
�� . � �
�4�)$���������� H&��� �('L'1$���
,���������bH&�5
��
���+
����X���{����� �(����
#��
���
/����!

�����	��& . &����	&	
��	��&!
 }!����� ���
������2 *��
�����	��& 2 &����	&	
��	��&!
 }!����� ���
�����?h *Ph
�����	��& , &����	&	
��	��&!
 }!����� ���
���/.62



����� � �������	��
��
����� � ���

g!�
��� �����
��& �
������� . &����
&	
��	��&	
 }!����� ���
������2 *��

� n!&�' &�	�q �  #"%$�&(' n ��p c
d2� 
/� H&� �26(���#�+
 
,�&�x�����e' �CH&� 
,��
/�������j�����G���4' �
�/�x� .��+
 
,���('b�	��� � �A
�6+�����+
�����
,���

.[� 
,�?���&N �4' �
�/�M
�� �X' �(��6���
#.��('W$&��
,���������X�+
�� ���f���(��
��F
��

,�������c]$-�) ^ ���
<
H&� �

>
!

� q��
��	�& ��p c
d2� 
/�fH&� �V6(���#�+
 
,�&����
#'��
��
,�&�#�4'��F���x�����Q���#' �
�/��
�� �A
�6+� 
,� ���+
���
/���S���x����� Q N%3


��#������
,����� ��$���� 
,���I�	��� � �����+���#' �
� ���B�����F]$-&) ^ ���
<
H&� �

>

&� �+
��&'�� � 
,� 
,��
K
���

	 
�3

��
/���&�2
�� �=�&��� $&� �('����u�	��� � �����Y.��(���|���4' �
�h�f��$��&'�
q�)� �����+
��&'�� � 
,� 
,��
K
���

	 
���
/���&�-!

�  #"�$6&(' ��p c
d2� 
/�|H&� �M6(���#�+
 
,�&� �����EH&�5
��9���#' �
� � .��+
 
,���('I
q�)� ���O����� �(����
#��
���
/���I��� �����=.5
�3

�+
�� �
� �������8���4' �
� 
/�R' �(��6���
#.��('�$&��
,���l�����F�v
�� �Y�f���(��
��2
�� 
,�������M]$-&) ^ ���
<
H&� �

>
!

� & � p c
d2���(� �bH&� �(�V
�� �:�����#6J���
�����+
�� �(' 
&�2
�� ]�)1u,/_��u,/

<
H&� �

>

/�X��.��(6 
&H �('n!UXF���bH&� �

3 
,���J�����%st�:��$1y3M 
/�V6�� �A
�� �('Z�)��� �A
�6+�;���2������� �(>#$��
�&6 �bH&� �(� � �C� ��� �
�&6 �(' 
,�L�����
]@%����

<
H&� �

>
! �&��� �A
�6��H� �(>#$��
�&6 � @B�����Sst� H&� �E6(���#�+
 
,�&�:��$���.�$��:���M�����W�f���x3R
���'43

.5
�6�'E32
���' 
��#������
,����� 
��M' �CH&���(' 
,�%�����c]�)1u,/_��u,/
<
H&� �

>
! Q 
�6��%��
,���V6(��� � �(��.j���&'��

����
<.[� ��
,��
/���T
��/�����������X� �(>?$��
�&6 �0!
< � A%/.J�J�? � � A%/.J�J�? V �< PRQSV�P�Y�U�YDH PRQS_�Y�P�^�P�YPRQkHl_'T._�P�_ PRQSX�V�W�V�Y�UPRQSP�Y�V�_�W�W�V PRQSY�P�_�V'T.WPRQSP�XDHl^�Y�U PRQSYDHlX�U�P�_PRQSP�X�P�^�X'T._ PRQSYDHlY�UDHlWPRQkHlV�W�_�_�^ PRQSX�_'T.V�V'TPRQkHl^DHl^�^�U PRQSX�U�X�U�U�_PRQSV�U�W�^�_�V PRQS_�^'T.U�V�XPRQSV�VDHlY�U�V PRQS_�_�X�P�^�XPRQkHl_�X�^�U�^ PRQSX�VDHlU�^'TPRQkH�H�T.P�X�_ PRQSX�X�W�YDHlUPRQSP�X�XDHlX�V�_ PRQSYDH�HlXDHl_PRQSP�X�_�_'T.U�U PRQSYDHlV�V�W�_PRQSP�_'T"HlV�UDH PRQSY�V�W�X�_�_Q

Q
Q

� ��� �	���
	���
��
��


� �
��

� � ��� ����� ���� "$�

d2��� %('*)(+����?G /�����Y G �CM��(6
$��+
�.�� �;. ��� �f���(����������� 
,� ���(. 
l
��#������
,����� ��� 
H� �_3
>#$��
�&6 �"���M
:� �
�D���x� �(>#$��
�&6 �(�"!



��� � ��� 
Y� ����	�
 � � �O
������ 
��:
�� � �S����� 
 �����

�65�� 5�9 � DGF PqC�� D�<>=@?UABCVDGFIHWJ
d2��� � 
,� ���(. 
j
��#������
,����� �
�5
�.�� �(�e�����D6(� �:.�$��+
���
/���W��� �����Y��� ���O��
#'��
�#6k� 
/'�' �
�

���+
�� �%.5
����
s? � 
#)��
�!�����T� .&� ���()��('-� �(>?$��
�&6 �

xn
1


��&'������4���#' �
��.5
��+
�� �
� �����
θ = (a, b) ]

s? = arg max
sn
1

Pθ(S
n
1 = sn

1 | Xn
1 = xn

1 ) = arg max
sn
1

Pθ(S
n
1 = sn

1 , Xn
1 = xn

1 )

dB���-)�����6(� � �<�?$�� ����
/6A
��x.���� .�� �$���A@�3 �V.�� �(� �
�?�"
3)������ 
/���T��� � 
,� ���(. 

.86��+
�' 
,���
�����c�/� �?
���
,����� ���O
��,�U�����c.���� .5
�. 
,��
,��
 �(� 
,�8)����#)��(' 
,�������"
��#������
,������!

� �+
������!3 
,���
t = 1

3 
,��� ]
log Pθ(S1 = v, x1) = log(bv(x1)a(v))

�&���
t

,�&6�� �A
���
,�����	��� �

2
���

n − 1
@U6(� �:.�$�� �W.86*� �(6
$�� � �
�&6 �������:�/� �?
���
,�����

���`����� ��
qM�
#��
��U.���� .5
�. 
,��
,�S6����{����� ��� ���=.���� .5
�.�� �X.5
���� . �
�5
�.���
,�������I���
�����+
�� �
�����X� .&� ���()�
���
/���&�

x1, . . . , xt+1
/O���5
�� �
�&'�� 
,��.j� ��
,��
/���

t + 1

,�����+
�� �

St+1 = v ]

max
st
1

log Pθ(S
t
1 = st

1, St+1 = v, xt+1
1 )

= max
u

(

log(bv(xt+1;x
t
t−rv+1)a(u, v)) +

max
st−1
1

log Pθ(S
t−1
1 = st−1

1 , St = u, xt
1)
)

� 
,�&'
s? = (s?

1, s
?
2, . . . , s

?
n)

.l6a.5
�6K'4� �+
�6 
,��� ]
s?
n = arg max

v

(

max
sn−1
1

log Pθ(S
n−1
1 = sn−1

1 , Sn = v, xn
1 )
)

s?
t = arg max

u

(

log(bv(xt+1;x
t
t−rv+1)a(u, s?

t+1))

+max
st−1
1

log Pθ(S
t−1
1 = st−1

1 , St = u, xt
1)
)

d2���W�+
�� �V� �$�����(6��+
") 
,���;
�.�.����"M 
#��
���
/��� �5
��I. � �
� 
#�:.�� �$� �
�?� �('-
��Q�)���
�)���x32
���'43O.5
�6K'23R
���'S
��#������
,����� . � � �"� �(6
��
/���d2�! � ! � /C!
�65�� 5�� � ���WM�F � =@P��
�! #"%$�&(' <

� p c
>

d2���=�(64�?�+
qM:���j��� 
/� H&� �

/� ' �(��6���
#. �(' 
,�������=� �(6
��
/���W2+! � ! � ! - � �
. 
,�3� 
,�&':���5
��

��,� �����F.5
��+
�� �
� �����D���U���������#' �
�x�V$&����.��f� $��,�#6���.��(6 
&H �(' @	��

��
�������H&� ���V$&���2�&���
6(���?�+
 
,� 
��86L� )1Y,%"Z[�\�?� ^ )0-Q!



����� � �������	��
��
����� � ���

����� q <
��p c

>

d2� 
/�fH&� �<6(���?�+
 
,�&������� 
,�r�f���(��
���
/��� 6(���&6 ����� 
,���W�����V.5
��+
�� �
� ���������O�����]� �_3
�����(6��+
") 
,����
�.�.����"M 
#��
���
/����!jwM� �CM&
��:.�� �"���x��$&6�� 
bH&� � 
/�Y� 
#)��
��.��
�/�,3 !

10
 �	�	������������� �4,/./.0./.
10
 �	����1!���	&� �# � � ./.0.

��n!&?o <
��p c

>

d2���V�(6#�#�+
qMW���8��� 
/�YH&� � 
/�M' �(��6���
#. �(' 
,�������X� �(6
��
/���J2+! � ! � !

�65��K587 �4M F�� M�F � =@P��
XF���#6E�����f' 
,�&'����B��$���.�$��NH&� � 
/�N���
�����+
�� �('a.l6:�����&%('*)(+�����G /�����Y G��CM �(6
$��+
�.�� �0!

XF���D��$���.�$��|H&� �!3 
,���������"s ��G /{��$1y3M 
/�O6�� �A
�� �('3�)��� �A
�6+��� �(>#$��
�&6 �EH&� � � �C� ��� �
�&6 �('

q�)� ��� �����Z%���� �I�j� � %G'��$623e����' 
,�������D]@%����

<
H&� �

>
! �&���
�A
�6��W� �(>?$��
�&6 �zH&� � @������<s ��G /

��$���.�$�� H&� �R6(���?�+
 
,�&�x��������� ���8.���� .5
�.�� �2� 
/'�' �
�k.5
�����!�wM� �CM&
��:.�� �=��� ��$&6���
zH&� �

/�u� 
#)��
� . �
�/�*3 ] �����E��
�.�. 
,���].��
��3 � �
���#$��].������R
��&'k� 
/'�' �
�I���+
�� �

/' �
�?��
&H ����� 
/�
� 
#)��
� 
,�������"���A
�' ���M���`�����+H&� � @ �A
�6+�%��
,���X���8������H&� �"6(��� � �(��.[���&'��=����
k.[� ��
,��
/���

��/�����������V� �(>?$��
�&6 � . �CM16 �
.�� �(' 
,�������"���A
�' ��� /C!
< i 0 +./'7'Z 0 7./ : ? 5 *,+�7'c : + 0 ? 5<eP 3 � A%/.J�J�? �eH 3�� A%/.J�J�? V �PPPPPPPPPPPPPPP QQQ
PPP HHHH QQQ



��� ����� 
Y� ����	�
 � � � � �"
 �$
 � � �S���q� 
 ��� �

� ��� �	� �
	w��
��
�
	 �
���

� ��� ����� � �! "a�
d2��� %('1)(+��!%
G -Vu�� �CM �(6
$��+
�.�� � �
�5
�.�� �(�<��� ��
#�V$��K
�� ��
�� �FN N � 
#)��
�H
1�)$��,�#6

��. �(6 
&H �('1��N N !

�65�� 5�9 � DhJ MK=�<�FID � ? < �
	 : :
d2���E� 
#�V$��K
���
/���C����
�� �FN N 
/� �A
��(6c.��(6A
�$&� � 
,�<�����#6�6(���&��
/����� 
,� � 
#�V$��K
�3

��
,���%�����E� 
/'�' �
��.5
���� � 
#)��
� 
,���Q��
��('��") ���4' �
�=
��&';��
#�l$��K
���
,��� �����E� .&� ���()��('
� �(>?$��
�&6 �X6(���&'�
,��
/���5
��,�#6����%�����c� 
/'�' �
�%.5
���� ]

S1 ∼ M1(a(1), a(2), . . . , a(q))

St | St−1 = u ∼ M1(a(u, 1), a(u, 2), . . . , a(u, q))

Xt | St = v,Xt−1
t−rv

= xt−1
t−rv

∼ M1(bv(1;x
t−1
t−rv

), bv(2;x
t−1
t−rv

), . . . , bv(4;x
t−1
t−rv

))

�65�� 5�� � ���WM�F � =@P��
�! #"%$�&(' <

� p c
>

d2���E�K6#�#�+
qM����D��� 
/�QH&� � 
/�<' �(��6���
#.��(' 
,�������W� �(6
��
/���52+! � ! � !'- � �
. 
,� � 
,�&'
���5
��e
��,�&�����2.5
��+
�� �
� �����R���j�����Y���4' �
�h�l$&���|.��E� $��,�#6k��.��(6 
&H �(' @ ��

��
������EH&� �z�V$&���
�&���D6(���?�+
 
,� 
��86L� )1Y,%VZ[�\�?� ^ )0-b!

��n��  �p�' <
��p c

>
d2� 
/�EH&� �"6(���#�+
 
,�&�M�����#6W�����X� �
��� ���%���8�����X� �(>#$��
�&6 �X���3.��X��
#�V$��K
�� �('n!

&�� � 2�././.0.

��n &�o <
��p c

>
d2���l�K6#�#�+
qMT���O��� 
/��H&� � 
/�c' �(��6���
#.��(' 
,� �����<� �(6
��
/���c2�! � ! � ! 3P����
"6%��$���.���
/� �

���5
��D��$&6��%
]H&� �X���&��$��/'V.��c$&� �('a.l6�
<� �(>?$��
�&6 �X� 
#�V$��K
���
/����.���� ���+
���!h���,3 �$)����A@
�����"� �(>#$��
�&6 � � �C� ��� �
�&6 �(' 
,����� 
/�zH&� � 
/�F
�.&�+���,$�� �
�#6I�&���F$&� �('V�f���D�����V� 
#�V$��K
���
/���
���V�����S��� 3 � �(>?$��
�&6 � @�.�$��������\%���� �!/��?� � 
,�r�f���(��
���
/�������l�����T]@%����

<
H&� �

>

/�

���(6 �(���+
��(6 !

�65�� 587 �4M�F��WM F � =�P6�
n �  �p�' �#q &�$ � � � $�$�&�
��lnvq �#q &�n � p c

d2� 
/��H&� �X6(���r�)���(���2���k�����X�v
�� �f�f���(��
��M
��=��$���.�$��EH&� �(�=���`�����Y%('1)(+�����G /b���9Y G
�CM��(6
$��+
�.�� �0!&wF� �CM&
��:.�� �"���8��$&6��T
bH&� � 
/�z� 
#)��
��. �
�/�*3 !



����� � �������	��
��
����� � ���

< A 0�2�2 / 5 *,+.-'+./%*e* 0NM c1J'-'+ 0 ? 5<eP 3 � *,+.-'+./ H�� H 3�� *,+.-'+./ V � V 3�� *,+.-'+./ U � U 3�� *,+.-'+./ T �HHHHHHHH
QQQ

HHHUUU QQQ

n��  �p�' �?q &/$ ��� � $ 
�� � p c
w�, �Fw0� �(>#$��
�&6 � 
,� �5
����+
I�)���(��
��"!

h 2'5 -B?,ZD*;/'7�i.-'+ 0 ? 5 *B* 0NM c1J'-'+ 0 ? 5(�(�)� �)�(��')�)�)�)�)��')� ��')� � �(�)�)�)�(.)�)�)%)� �(�(��'(�).(�(�)���(� �)�). ��' %)�)� � .(� �(�(.(��').)��')��
�')�)�)�)�)�(� �(�(��'(�)�)� � �)�(�)�(�(����'(. �)����'(�(�). �(� . �)��'). ��')�(��')�)%)�(� �).(�)�(���(�(�(.(��')�( ��')�)�)�(�)�(�)��')�)� �(��'(�)� �)�)�)�)�)�(.(�)�(%(��')�(.(�(�).)�(�(� ��')�)�).)��'(%)� �)�). � ��'(.(�(�(.(��'(� 
���')� ��' ����'(�)��'(�)�)� �)�)�(� � � ��')�). �(�(	�' �(�(.)�)�)��'(�(�).)� �)�(. � �(%)��')�).)� � �(.(�(���(�(�(�  ��')��')�)� �(� �(� ��'(�(�)�(�(�(�(�)�(� ��'(.)� �)%(� �)�).(�(����'(�(�)��')�(�)��'(�)%(� �)�(.)�)�(���(�(�(. �(�(�()�(��')� �)�(� �)��' � �(�)�)�(�)� �(�)�(�(�(� .(��')%)� �(�(.(�(���(��'(�(.(�)� � .)�)� %)�)��'(.)�(��')��'(�(. �)�(�(

Q
Q
Q

3S�8�����+���#' �
� 
,�&6
�,$&' �(�F
B�S.j��$��&'��X���+
�� � @1�����"��$���.�$��F� �(>?$��
�&6 � 
/�D
:6(���&6A
�� �_3
�5
���
/���J���e� �(>?$��
�&6 �(�X��� �����+
��8� �
��� ���J6(��� � �(��.[���&'�
,���W���I�����l� �
��� ���J��. �(6 
&H �(' 
,�
]@%
G -Vu��

<
H&� �

>
!UwM.�.��A
��+
��&6 �(�<�����S.[��$��&'������+
�� �(�"' �
��
#� 
,� 
,�&'�
#) 
/'1$5
��R� �(>#$��
�&6 �(�A@

�S.[��$��&'��k���+
�� �k.j� ��
,��
/���&�"
��/�����%�����:6(���&6A
�� �
�5
�� �('J� �(>#$��
�&6 � 
/� � 
#)��
� 
,�L�����#%
G ]
-lu�� �*/b� ^ s ' G ^�^ �����!%x/��*/�� %YH&� � 
,�������"�+
�� � 3R
:6����5
��T���������D� 
/'�' �
�T���+
�� �(� @5
��&' 
,�
������%
G -Vu�� �,/�� ^ ��
1s ^ ��� H&� � .86 �
��� 
,�������X��
#�V$��K
�� �('T� �(>#$��
�&6 �0!

� �
� �+y�� ���Qv ���������Kyft�� � yzt �w� v t���t�� � � ��� �������ft y�� � � �
�	y��Qv ���
�
y�� �

d2���(� ��6(���&��
/' ���+
���
/���&�l
�� �:' �('�
/6A
�� �(';���W$&� ����� 
,�#� ��� �(��� �(' 
,���CM1� �
�&'�
,���������
����$���6 �V6(�#' �0!



��� � �:� �����-
*�C
 � ����� ��� 
 �^� � ��� ��� � � � � � � � ��� � �n���	� � � �$� � �O
�� � ���
�-
*�C
��q
 �O
 ��� � � � ���r�

d2��� ��
�
�.���� ���+
��3� 
,���"�K
���� $5
����2�5
�� . � �
�:6+�&� � �
�:��� 
#�:.�� �$� �
�?�O��� 
/�8.�����3
���+
�� . �(6A
�$&� � 
,� 
/�Y3 
/' �
�#6 $&� �(' @�
,�"
��,�/�,3D�"� .����(6
��39����
 �
�?� �(';.���� ���+
��3� 
,��� 
��&'

,� 
/�
�_y�6 
 �
�?���f���R
�.�.���
/6A
���
/���&� � �(>#$ 
+��
,��� 
,�#� �
�&� ���?$�� ����
/6c6A
��/6
$��,$&�"!1d2����� .�� �(6
��3
����
 �
�?� �('J' �(��
#� � 
/�Y3 �
�,�e
�'&
�.�� �('4�f��� �FN N .5
�� �('S.���� ���+
���� 
,� .5
�����
/6
$��K
��]. �_3
6A
�$&� �e���&���������4'1$��K
��8�5
���$�� �e���5��������NTN5!q���,3 �$)����A@�
��<� .����(6
�8����
 �
�?� �(':' �(��
#� �

#�:.���
 �(�2�?$�� ������$&�M6A
��,�/�2���Q�)$��&6
��
/��� . � �
���&�#'���/e
��&'W�����
��6(��$��/'����/�*3�'��,3=�������
�CM��(6
$���
/����!4d2�?$&�A@4
 .5
��K
��&6 �('I' �(��
#� �a�V$&���N. �F6��&� � �
� 
,�E����' ���R��� '�� �
.a���#'1$��K
�3
��
,�S6�
��&' �_y�6 
 �
�&6$6I.�����.�������
 �(�"!&d2���c����� � �c.���� ���+
����Z%('*)(+��D�.-��0/_@n%('1)(+�����G /b���9Y G

��&'#%('*)(+��!%
G -Vu������5
�� � 3 
/' �
�#6l�����=�+
�� �=� .����(6
�O6(� �:.[�����
�?���"!�d2���(� �R� .����(6
��� 
�� �
3 �
�,�2' �(��
#� ���(' �)���<��� � �W�)$���������� �CM4� �
�&��
/���&�b.�$��<�&���]�f���:
��,�O!
� ��� � 3 ��.�� �(� �
�?�
3=�5
���3 �X��� 
,��'I.[� ����
#.�� �X���D�&���"!

�R���&6 ����� 
,���J� .&� ���() 
���
/��� ���4' �
��
/�+
���
/���U@ �CM1� �
�&'��<���D�����I.���� ���+
�� �
�5
�.���
,���
����' �A
��U3 
,��� ���������f' 
,�&'��M���O� �(>#$��
�&6 �(�F��$&6+� 
���
�� 
,�&��3P
�6 
/'��F� �(>#$��
�&6 �(�A@ 6(�#'����
� �(>?$��
�&6 �(� . 6(���&'�
,��
/��� 
,���J�����a���4' �
��3 
,���H�����E� �+
��&���K
���
/���0/k
�� �E.[� ����
#.�� �0!8d2���
$&� �k���N�V$��,��
,.�� ������$���6 �(�"���R� .&� ���()�
���
/���L���5
��"6(��$��/'Z.��<�+
�'��
� 
,�?����
�6(6(��$��?� �)���
� 
/'�' �
�L.5
����3� �(6(���&��� ��$&6
��
/���J�5
��+. � �
�L6(���&��
/' ��� �('J
��&'S6(��$��/'Z.�� �A
���
,�#6 
#�:.�� �_3
� �
�?� �('n!1d2� 
/�

/� ����� � �A
������ 3=�l6E������%����IZ 
/' �
�?��
&H ��� 
/�e$&� �(' 
,�I�����F� .&� ���() 
���
/���
'�
/��� ��
#.�$���
/���I' �(�+6���
,.���
/����! �R���&6 ����� 
,���k����� �(����
#��
���
/���W.����#6 �('1$�� �&3 �F��� 
,��'����5
��
�FN N �(����
#��
���
/���S
��#������
,����� .5
�� �(' ���J.5
"6��(��
K
��4� �
���&�#'����/� �06 6(��$��/'J.��V'������0!
39�H6(���?� �+
����A@�3 ��'��S�&���:��� 
,��' ���5
��:������' �(��
#� �C���F�������+��$���6 ��6(�#' ��6(��$��/'C
��z3
�/�,3 �CM1� �
�&��
/�������X� 
/'�' �
�E� �$� 
z39N 
��('��-) 
K
������#' �
�/� . ���
�����+
���

	��('�� 
/'�' �
�IN 
��('��-)
���#' �
� /C!

� ��� ����� ���
�����
������� � � �"! " �R�#! ����� �%$�&('�)��%$�� ��*	+-,

�.'�!  ���U���"! �$��" �Z�/$�� ����� ���B� �0'($
16532w5�9 : A>FID54 < FID@A �

�76 X 4 
/�`
98��
������
/6e.����:8��+
<; ���5
��`$&� �(�>= 
���
/��$&� 6 N NT�U���F
��5
��@?7A��CB 
/���/�:8 
/6A
��
� �(>?$��
�&6 �(�ED �(��.��(6 
K
��,�@?�F ��w�GIH5d2���V' �(� 
@8 �T�<JO����� 6 N N 
��&'%�����V.����46 �(����
,�K8I�<J
�����D��$���.�$��CL&� �(� 
/� 
"� 
@A��A
<B�� �D�+
���MNH d2�?$&�W3 �M.�����.j� � ��
�O ����� ��6���
,.��e���5
�� �
�5
<B�� �(�
���k$&� � �76 X�PQJ)����B5
�6
� ����
K
��#8��
���"' �
� �(6
��
/���%$&��
,�K8�
k� 
,�K8 � �"6(�:;R;�
��&'���
,���SH
16532w5�� T HKPVUNWYX7Z\[>]Y^N]`_(acbcd S0AUJ J < �fe�=�D �KP
gIhjilk%mSn/o0i0prq�k%mjs0m�tjuwvrxzy�{�|j}ls0il~�{r�lm%�Ryr��|��r�%ql���%q�~�{r�lm%�����r�%q�{r�rsIhr�|j}ls0il~�{r�lm%� �0i0hrq%i�~�{r�lm�pl�rs%q%iI{5s.{5s%kEql�0m��%���Ehjml�l�0mjsIpjm0h�q0��o0m�ijs0i%�j���%m|��r�%ql���%q�~�{r�lm%���ls�sw�jq%ilq�{r�rs�~�{r�lm�pl�rs%q%iI{5s.{5s%k�ql�0m��%m0h��w�jqwh��j~�ql�0m�k%mjs0m�}%mlq%m0prq�{r�rsvj�����rvj�%tSn� y��juwvw�
�l�Evr���lu%���wvr�%�������l�����l�%�l�%�����l�0t��%tl���5�%�����rvj�y � |5�.�j}%m%�w{�}0� � p¢¡"£0p¢¡"¤0p¢¡/¥wp¢¡ � pl¦%h0{§¡"£0pl¦%h0{¢¡/¤0pl¦%h0{z¡"¥wpl¦%h0{�l�r�wo0ml�E�j~�pl�j}�{5s%k�q��l�0m0h�q0���Ihjm:¨(©rh0{%©�hrq%ijs%}wh�~0�j�Eh��w�j��q{5s%q%ml��k%mjs.{jp«ª }%ml~%ij�w�jq¬{jh�¥wpl¦%h0{�­¯®y��ls0i |j�ls0il~�{r�lm%� vr�%q�{r�rs0i%��~%i0hrq%i�~�{r�lm�pl�rs%q%iI{5s.{5s%k��%����hjml�l�0mjsIpjm0h�j~Ehrq��l�Iprql�%�%i%���%����k%mjs0m0hcª°�Ihjml}E�rsw�j�c{5sE�j��}%ml�q0��pl�5�w���%q%m�s��Ipl�lm%�jq�{�}%m0h�~��%ml�l�0mjsIp0{�m0h0­¯®y��loIh |5�.�j}%m%�w{�}0� ��±�¡Y� � ¡²}0�r��ow�lm%¦5��±¢ª }%ml~%ij�w�jq¬{jh(��±I­¯®y�m�� |rs.{�q%ml��mj�Ih0{³s.{�q%ml�0¦%hjm%��s�ow¦%hjm%��mj�Ihl¦%hjm%���



����� ���������
	�� ��
����������

�%il�%i���mlq%ml�wh�~0�j��ql�0m��l�Ei%�jk0�j��{�ql�r�ª }%ml~%ij�w�jq«{jh�£�±�±S®@± ��� ± � ± � ±I­¯®£Iy(g0tl�Evr���������l�%���l�����%tl���5�%�����l�E�wvr�%���y�~�� |%h��w���r�.�j}%m%������o0i0prq%ml��{�i%��k%mjs0m�}%mlq%m0prq�{r�rs��.�j}%m%��i%�j�%m�il}��E~�{�q�q%ml}�o%��tjuwvrx ®��~��Ihjml}��fijs%���r�%q�{r�rsR�j~�ql�0m�tl���l���rvj� � y�{jh�{�klsw�j�%ml} ®¤Iy����l�%���.�����%t����l�����l�%�l�%�����l�0t�vr���lu%�����������l�%�l�.�
�l���rvj�Rvrg%���lg%�y�} |jq��w�%}�{��0� �0�%pjilq�{r�rsc�j~�ql�0mR©5q%m��w�w�j�%il���.©�}�{��%m0prq0�j�������0ml�%m�tjuwvrx¬�� �v�Ihjml}�o%��ql�0m��%ml�0��h�pr��{5�%q!�.{r����o0m����%pjilq%ml}ª }%ml~%ij�w�jq«{jh" jq��w�# w­¯®yjpr}whrq |j~0���lilq0� ���0�ro0ijo.{r�w{�q���ql�%�%m0h��w���j}�~0�j� �j�0t��%�%ml}�{jprq�{r�rs ª }%ml~%ij�w�jqc{jh�±S® � ­¯®yjhrq%il��q�q�|j~0���lilq0� ���0�ro0ijo.{r�w{�q���ql�%�%m0h��w���j}�~0�j�³�w�w�jq�{5�w�lm�hrq%il��qwh��%�%ml}�{jprq�{r�rsª }%ml~%ij�w�jq«{jh�±S® � ­¯®y��loIhrq |j~0���lilq0� ���0�ro0ijo.{r�w{�q���ql�%�%m0h��w���j}�~0�j���%$%t��%�%ml}�{jprq�{r�rs ª }%ml~%ij�w�jqc{jh�±S® � ­¯®
16532�587 	 : : &�ABC �K<>S2F PqCVD@<>=&?BP6�KP eKPnF PRS2FID@A �

' 
@8 $�� ��(�H � '�
/��.��K
\?4�D�����X��� ��$&6
��$�� �X�<J{������;��4' �
�/�=$&� �('zB ?LY�� � /b	���� �*),+.-0/VH

1({ b,cVi r c2{wt m `*cV~B�wcE{ m cV`
2P�?� ����8��
� 
/6e� �(>#$��
�&6 �(�`
�� �/;��4' �
�,� �('X$&��
,�K8F
2� 
,�K8 � �/B5
�6%Mc�/�4��. �('X� 
/'�' �
�l���+
�� � @

��; 
,����
,�K8S�����I�:B&� ����=��(' F ��w � �(>#$��
�&6 �E
�6(6(����'�
,�K8S��� 
%� �(6(���&' ����' ���<NS
���M��\=
6+�5
 
,�>Hjd2���<��� ��$&6
��$�� �<�<JO������;��4' �
�{'�
/��.��K
.?��(' 
,�3' 
@8 $�� �4(�H � 6(���?�+
 
,�&�X
���
,�K8 � �

,�#� ����8��
� 
/6D���+
�� ��Df
��{�����26 �
�#� ���O�<J5����� 8��+
�.��`GIH 6 �,3 ��=����A@ 
 J`]$-

<
-�) ^ ��� G ^

>
� �IJ �����

���S
�;��4' �
� 
/' �
�?��
 L ����6(���?�+
 
,� 
,�K835P��
76 D)���&����� 
,�#� ����8��
� 
/6¯G_@8��3R� ��$�.�.�� ��; �
�?�+
���?
���+
�� �(�X
�� �:
�'�' �('�J)���c���&����� 
,�?� ����8��
� 
/6 � ��8 
/���&��;��4' �
�,��
,�K8�H[d2���V.�$���.[� � �k�<JO�����
$&� �c�<JB�����(� �����+
�� �(� 
/�
�981.��K
 
,���(' 
,�E������.5
��+
<8��+
�.���6(���&6 ����� 
,�K8;:<( � ;��4' �
�,��
,�K8�H

� g>k t|{ r `*cV~B�wcE{ m cV`
= �4'�
,�K8%� �(>#$��
�&6 �(�c�5
.=��E
I����� � �_3�. ����
/�4'�
/6�6(�:;:.[� ��
,��
/���>5P6(��� �96+@ � �
.�� �(� �
�#� �('

B ?:
c6�?16
� �D�<J[����� � �D� 
/'�' �
�����+
�� �(�A@�6(��� � �(��.[���&'�
,�K8V���c�����=����� � �D.j� ��
,��
/���&�K3 
,��� 
,�

X6(�4'����>H Q 
�6��W�<J[�����(� �=� 
/'�' �
�E���+
�� �(� ��; 
,��� �#$&6
� �(����
/' �(�=
�6(6(����'�
,�K8l���V
"� �(6(���&'
����' ���xNS
���M��\=V6+�5
 
,�>H�2P��J��+
<; �R������.l6(�4'����&�x
�� � .�� ��=��
�#� �('�B ?l
�A������F.����:B5
<B 
,��
,��?
�<J ��; 
,����
,�K8�
<������.�6(�4'���� 
,�W��������� 
+��'W���+
�� �c�<JB�����c6�?46
� �SH1wF�,� ���+
�� �(�26(���&6 �������('
3 
,������� 
/� 6(���&��� �+
 
,�?�2
�� �9L&�,� �(' 
,�;' 
@8 $�� �?(�H � H�2P������' ��� ��� �
�&��$�� �=���5
��e���+
���� 
��&'
������.�6(�4'����&�=' �
��
@; 
,� = F � �A@&
�.�.�����.���
K
�� �"��$KB13�;��#' �
�/�M
�� �"
�'�' �('�$�.&��� � �A
<; 
��&'
'��*3=�&��� � �A
<;	J	���:;i�����X6(��� �"�<J8����� = F � H
6 �
� �����:8��
��� 
,��
 �(�c�<JO6(�#'�
,�K8I� �(>?$��
�&6 �(��6(�:;:.[� ��
,��
/���%�5
\=���B�� �
�%���&�*3=�%���cB��


@;:.[�����+
��?��J �A
���$�� �(�c�<J ������B5
�6
� ����
K
��x6+�����:;�� ���:; �:6(�:;:.j� � 
,��
/���>H@2P� .5
�����
/6
$��K
��A@
�+
<M 
,�K8 
,�?����
�6(6(��$��#�"�����:
���?4. 
/6A
��e
 
F��3 ��
/6��;6(�:;:.[� ��
,��
/���J�<J2���:; �<�&����
@AA���?�+
��,�@?
� �+
��&�lJ ��� � �('�8��
���(�M�5
��(B�� �
�����&�,3=�T���R8�� �A
����@? 
@;:.����\=���8��
���"' �
� �(6
��
/���S� �
�&��
,��
z3
= 
,��? HA2P�L����' �������W�+
<M��<�����(� ��J �A
���$�� �(� 
,�?����
�6(6(��$��#�A@U'�
7B ��� �
�?�"��$KB13�;��4' �
�/�X6(����3
� �(��.[���&'�
,�K8����I'�
/����
,�&6
�"6(�#'�
,�K8W�r?#.��(�X
�� � � �A
�6+�5
<B�� ��'��,3=�&��� � �A
<; J����:; 
I���+
����
6(�4'����>HBN ��� �(�\=����A@86(�:;:.[� ��
,��
/���;�r?#.���6A
�� 6��5
��K8�� 3 
,��� 
,� 8��
���(�\H`d2� 
/� 
/��;���� �
8��
�����+
��`���5
���$&��
,�K8�'�
/� ��� 
,�?�(8��
���"��?4. �(�A@&
��&'T
��/����;���� � � �A
���
/����
/6 @ 
,��.5
�����
/6
$��K
��
3 
,���3� ��8?
���'%���E����� �98�
/��� �
�&6 �<�<JO� ?1'(����.��&�:B 
/6 � ��8 
/���&� 
,�T.������ � 
,�&�\H[d2����;��4' �
�
'�
/��.��K
\?��(' 
,�C' 
@8 $�� �D(�H � 6(���?�+
 
,�&�c�h3e�W��?4.��(�X�<Je6(�#'�
,�K8-� ��8 
/���&�\H[d2���<$&� ���c6A
��



��� � � � ����� � � �
������� ��� � � � 	 ������� ��� ��� ��� � ��� � �A��� � � � ��� � � � ��� ���
� � � � � � � � ���	� � � ���/�

Stop−

RBS−

RBS+

Stop+Start+

1

2

3

2 3 1

2 ; 3

1 ; 2

3 ; 1

2 ; 1

3 ; 2

1 ; 3

Overlap +/− 2nt

Coding +

Overlaps +/+

Coding −

Start−

Intergenic T

A

AorG

TorC

A

A

G

AorTorG G

A

C T

T C

C

A

TorAorC

T

T

G

1

3

21

2

3

2 1 3

T

T

A

C

C

TorAorCAC1 ; 2

2 ; 3

3 ; 1

1 ; 3

2 ; 1

3 ; 2A

T

TC

C

TorCorA CA

1 ; 3
noT

T

A

A

G T AorGorT

G

G AorGorT G

G

AG

A

T

T

3

2

�
����� (�H � � � � ��$&6
��$�� �L�<Jl
 6 N N ' �('�
/6A
�� �('!��� B5
�6
� ����
K
��X6(�4'�
,�K8 � �(>#$��
�&6 �(�
' �
� �(6
��
/���:$&� �('�B ?WY���� /P	������*),+ -0/VH = ���/����� 
�� �R$&� �(' 
,�k� �981� 
,�:����' ���x��� 
/' �
�?��
 J3?
.5
������D�<J{������;��#' �
��H

6��&�4� � �"�����X�#$K;�B������<J 6(�4'�
,�K8�� �(>#$��
�&6 �V6(�:;:.[� ��
,��
/���&���<Jx����� 6 NTNm
�6(6(����'�
,�K8
���X�����=]$-

<
-&) ^ ��� G ^

>
��.���
/���>H4NT�4' �
��
/' �
�?��
 L �����26(���#�+
 
,� 
,�K8�5 � 696+@�5 � 696+@ 5 � 696F
��&'

5 � 696 � �IJ ��� � �(��.��(6
��
@=��
�@?S��� 6 N N 3 
,����
���
,�K8 � � @ �h3e��@B����� � ��
��&' Jf��$��X��?4. �(�l�<J
6(�#'�
,�K8�6(�:;:.[� ��
,��
/���&�\H


�� cVi p8j dyl cIb�
�cEcE{ m g>k ts{ r `,cE~B�Uc2{ m cV`
X³=������K
�.&�/B��
��3 � �
� = F � � 
�� �=
�� 
@;:.[�����+
��?�/J �A
���$�� �=�<J5�����9B5
�6
� ����
K
��K8��
�&�:; �

����8?
�� 
@A 
���
/���>H XF$���;��4' �
�U'�
/����
,�K8 $ 
/�����(�D������=�����?«J	� �(>?$��
�#�D���&�����D�\=������K
�.&���<J � @
� ��� � �#$&6
� �(����
/' �(�"J	���:; �����
�+
�� �e�/���K8����8�¯=������K
�.&�\H = �:;:.[� ��
,��
/���:�<J&�/���K8c�¯=������K
�.&�

/�f;��4' �
�,� �(' 
,�W�����F�+
<; ��32
.?I
��2�&�����¯=������K
�.�. 
,�K8 = F � �¯H4w��R�&���R�+��;l$&6���'&
��+




����� ���������
	�� ��
����������


/�"
\=�
 
,�K
<B�� � 
,�J
I��
,�K8 � �E8��
�&�:; �EJ)���c����� 
+�X6(�:;:.[� ��
,��
/�����(����
@;�
���
/���U@ 3 �k$&� ��Jf���
�����(� �k�¯=������K
�.&�V
�� ��; 
/����
/��� .����#6 �(���X�<JR����' ���

1
H,2P� ����' ���X���E.�� ��=��
�?��J	���:; �����


�.�.��A
�� �
�&6 ���<J 
,� J��+
<; �:������.J6(�#'����&��3 �k$&� �(';
I.&� �
$&'���39� �(6(���&'J����' ����;��4' �
��@
6(��� � �(��.[���&'�
,�K8:����
<N 
���M��¯=¬;��4' �
�U�<J`����' ���

1
6(���&'�
,��
/���5
��,�@?W���W�����X
<B&� �
�&6 �X�<J

������.�6(�#'����&�\H 6 
/'�' �
� ���+
�� �(�V
��&'J� �+
��&� 
,��
/���&�"$&� �(';���¢;��#' �
� �������\=������K
�.&�k
�� �
6(���/��� �(' 
,�4� �(' 
,� ' 
@8 $�� ��(�H � H

� � � v g>k�c p|p t|{ r
d{
<M 
,�K8 
,�?���%
�6(6(��$��#�"���5
��X����� ��
@Bj� �+�:; ��B 
,�&'�
,�K8%��
,� �¢D : ( � GF.[� ��
,��
/���L�5
��

B�� �
�C���&�,3=� ��� 
@;:.����\=���.�� �(6 
/� �����+
�������
,� �W.�� �('�
/6
��
/���U@O��� 
/��6A
�� 
��/���S���
�,.C���
.�� �('�
/6
�<���&������8��
���(��3=����� � = F � 6(�:;:.[� ��
,��
/����'�� �(�X�&���V.����¯= 
/' �E��$1y�6 
 �
�?� 
,�13
Jf����;�
���
/���>H d2���l��6���
,.�� �
�5
<B�� �(�F�����"$&� ���D����6+�&�#� � ��B �
�h3 � �
�S'�
/����
,�&6
�<:<( � ;���3
' �
�/�<
�6(6(����'�
,�K8%���������k]��9Y,%

<
-&) ^ ��� G ^

>
��.���
/���&� ] ]��9Y,%}- 
 :<( � � �(>?$��
�&6 �(�l
�� �

;��4' �
�,� �('cB ?�
c.j� � 
,��
/���5
��56(�:;:.j� � 
,��
/���5
��`;�
�� ��
78��<JUN 
���M��¯=�����' ���
0

��&'�� �
�K8 ���

14
� ]���Y,% -��<�+
<; �k
��M]��9Y,%�- 
RB�$��Y3 
,���LN 
���M��¯=%����' ���

1
�5]��9Y,% ^ )1u�Y�� ����- 
������

.[� ��
,��
/���5
�� 6(�:;:.[� ��
,��
/���5
��`;�
�� ��
78 
/� '1$�.���
/6A
�� �(' �
�5
<B���
,�K8V����;��4' �
�&�h3e�<'�
/����
,�&6
�
6(���&� �
�&��$&�(Jf���<:<( � �ED .�����.j� � �(' 
,��� ( [ ( �0�
	 GIH d2����: ( � 
/�(J)���,�/�*3 �(' B ?T
D5P��.5
�3
6 ��� 6c� �(>?$��
�&6 �c�<J ; 
,� 
@;�
�� � �
�K8 ���

1
H 6 
/'�' �
�����+
�� �(�=6(��� � �(��.j���&'�
,�K8k���D: ( � 
��&'

��.5
�6 ��� 
�� �=6(���/��� �(' 
,�RB��,$��

,�k����� ' 
@8 $�� � (�H � H d2��� 6 N N '�� �(�8�&��� �
� J)����6 � �A
�6+�
= F � ���RB��c.�� �(6 � �(' �('�B ? : ( � ] �����X.����:B5
<B 
,��
,�r?�����L&�&'%
D: ( � B��IJf��� �"
:���+
����
6(�4'���� 
/� �(����
@;�
�� �('YH#d2���F
�'�'�
,��
/���I�<J ��3R�l���+
�� �(� 6(��� � �(��.[���&'�
,�K8l���"5P���&����� 
,�#� ����3
8��
� 
/696 � ��8 
/���&�D6(��$��/' 
@;:.����¯=��X��� 
/� �(����
@;�
���
/���>H&d2���(� �c�h3e�����+
�� �(�M
�� �c�����X�+
<; �

��{�����R6 �
�?� �+
�� 
,�?� ����8��
� 
/6=���+
�� � 
,�<� ����;��8�<J 6(�:;:.j� � 
,��
/���¢D ��
 �('k�:B&� ����= 
���
/���&�wG>B�$��
����� 
+�O� �+
��&� 
,��
/���&� '�
7B ���\H d2����?:
�� �=' �('�
/6A
�� �('�����;��#' �
� ���&����� 
,�?� ����8��
� 
/6 � ��8 
/���&�A@
� �
.5
��+
���
,�K8 = F � �c��� �����<�v
<; �l��� �+
��&' ] ������J)��� = F � ����� ������J)���x32
���'S��� �+
��&'

��&':�����M���������CJf��� = F � �e����������B5
�60ME32
���'E��� �+
��&'YH : ( � ;��#' �
� 
/�O�&��� � �A
�6+�5
<B�� �
J	���:; �����"���+
�� �Y3=� 
/6+�T6(��� � �(��.[���&'��=�������&����� 
,�#� ����8��
� 
/6 � ��8 
/���&�F����������J)���x32
���'
��� �+
��&' D�� �(6 
,.����#6A
��,�@?�@����&����� 
,�?� ����8��
� 
/6 � ��8 
/���&�O���+
�� � 
/�8�&��� � �A
�6+�5
<B�� ��J	���:; : ( �
;��4' �
� ���I�����³B5
�6%M23R
���'%��� �+
��&' GIHqXF�����<J`�����³;�
 
,� 
,�#� ��� �(���=�<JB������$&� �F�<J{�����(� �
���+
�� �(�

/�R���k'�
/����
,�K8 $ 
/��� 
,�#� ����8��
� 
/6 � ��8 
/���&�2���4�<���&�����R���k6(���#�+
 
,� : ( � J	���:; �����
�����������A@�
��&'E���?$&�R��� �
�5
<B�� ��
�B��
��� ���
�(����
@;�
���
/���W�<JU������.����:B5
<B 
,��
,�r?E�<J>L&�&'�
,�K8�

:<( � B��IJf��� �"
 = F � 3=���
� 
,�?� ����8��
� 
/6 
/�=�&���D���:���&�����\H

� b,i�� m b*�wi jqp ����
 v g>kwc p|p t|{ r
� � ��$&6
��$��+
��.: �Fw 6(�:;:.[� ��
,��
/���T'�
7B ����J	���:; 
,�#� ����8��
� 
/6k6(�:;:.j� ��
,��
/���>H@2P��.5
���3

��
/6
$��K
��A@ 
,�D�5
��(B�� �
�%���&�*3=�%���RB�� � �
�K
�� �('���� �
� = 
+�����K; �
�#�+
��x6(���&'�
,��
/���&�(Jf���=�����
����8?
�� 
/��;�@ ��$&6��J
��c� ��;:. ���+
���$�� �SHA2P�S����' ���X���E.�� ��=��
�#�X.�� �('�
/6
��
/���J�<J = F � ��3 
z3
��� 
,� �%: ��w 8��
���(� @{
��&';��� 
@;:.����\=��E����� �(����
@;�
�� �(��Jf��� 
,�#� ����8��
� 
/6�.5
��+
<; �
� ����� @
�����R$&� ���86A
��<6+�&�#� � �e���c
�'�'<��3R�����+
�� �(�{6(��� � �(��.j���&'�
,�K8X��� �%: ��w7� �984��$�� ��D)�����2���
������Jf���x3R
���' @ �����"���������M���T�����"6(�:;:.�� ��; �
�?�+
���?T��� �+
��&' G9B ?I�����"$&� �"�<J8�����c]������
<
�����
�[� �

>
��.���
/���>H[d2���(� �k���+
�� �(�X
�� �V�&���X'�
/��.��K
\?��(' 
,�>' 
@8 $�� �D(�H � HNO{
��+
<; �
� ������<J{�����X6(�:;:.j� ��
,��
/���%
��+���#6 
K
�� �('I���k��� 
/�=���+
�� �X
�� �X6(�:;:.�$�� �('����W�����X� �(>#$��
�&6 � 
,�



��� � � � ����� � � �
������� ��� � � � 	 ������� ��� ��� ��� � ��� � �A��� � � � ��� � � � ��� ���
� � � � � � � � ���	� � � ���
�

'5
����+
�Jf����;�
��M6(���?�+
 
,���(' 
,�������
<
����� �[� �

>
H

� � � `;g { b*uwc m g v d p c2v c2{ b j i�� `(b,i j {Uk
� �
���(� �98�
/���"��� B[�����J��� �+
��&'��A@B
��&'S������� �IJf��� ��
�� � � �A
�'L��� B[�����L�����:'�
+� �(6
�


��&'�6(�:;:.�� ��; �
�?�+
���?%��� �+
��&'��\H�P 
,����; 
,�&���(;��4'�
 L56A
���
/���&�A@ �����"6(�:;:.�� ��; �
�?�+
���?
��� �+
��&'�;��4' �
�86A
�� B��V' ����
@=��(' J	���:; �����k'�
+� �(6
�c��� �+
��&'S����� @5� 
/'�' �
�L���+
�� �(��;���3
' �
�,��
,�K8������S6(�:;:.�� ��; �
�?�+
���?!��� �+
��&'!
�� �T'�
/��.��K
.?��(' 
,�-�����%�/�*3 ���W�5
�� JV.5
������<J
' 
@8 $�� �!(�H � H

16532w5�� � H < F eKA P6� UNWYX7Z\[>]Y^N]`_(acbcd �

d2���LY���� /P	������*),+ -0/ ��6���
,.���6�� �A
�� �(�I
S��� 3 59� ��;:.[���+
���? 6�'�
+� �(6
������? 
,�C�����
�/�#6A
���
/���!��.��(6 
 L �('VB ?H������] ^

<
/ -V� ^ Ga�

>
��.���
/���>HRd2� 
/�I'�
+� �(6
������?�6(���?�+
 
,�&��
��,�

����� 
,�#� ����=��
� 
,�K8¢L&� �(�A@ 
,�T.5
�����
/6
$��K
�� 
,��.�$��"
��&'S��$���.�$���L&� �(�X�<J ������%('*)(+ �D�.- �2/
�98��(6
$��+
<B�� �SH
P��Y3 
,�,�U�&�,30' �(��6���
@B��c�����"'�
7B���� �
�#�M��� �
.&�=.����lJf����; �('¢B ?LY���� /b	���� �*),+ -0/VH
� d2����F �Fw0� �(>#$��
�&6 � 
/�=6(��. 
 �(' 
,�������"� ��;:.j���+
���?�'�
+� �(6
������? H
� wM� 
,� 
,��
K
�� ;��4' �
� 6(��� � �(��.[���&'�
,�K8T���������c;��4' �
�e��.��(6 
 L �(' B ?L������$&� ��� 
/�

6(��. 
 �(' 
,�%�����<'�
+� �(6
������? D J)��� 
,�&���+
��&6 �l	���� �����
���!%
G s -�) ^ ��� GIH5d2� 
/�³L&� � 
/��

]$-&) ^ ���

<
�j� �

>
Jf���Z%('*),+ �D�.- �0/�D)� � �l� �(6
��
/���3(�H � H � GM6(���?�+
 
,� 
,�K8
	 
<8���B��
��33 � �
����
��&'�
c���/B �
�h3 � �
���h3e��� H?d2���(� ��	 
<8��e
�� �2$&� �('�B ?<�����D��6���
,.��x���X' �_3

� ����; 
,�4� �(��.��(6
��
@=��
�@? 3=����� �c���:
�'�'W���:; ��� 
/'�' �
�����+
�� �(�=
��&' 3=� 
/6+�����+
�� �(�
;V$&����B �c$&� �('¢J)����8��
���X.�� �('�
/6
��
/��� D)���+
�� �(��;��4' �
�,��
,�K8�6(�4'�
,�K8�� ��8 
/���&�wGIH

� 2�JF]������
<
�9���
�[� �

>
��.���
/��� 
/�F$&� �(' @ ' 
����+
¬L&� �l6(���#�+
 
,� 
,�K8���� ��$&6
��$��+
��.: ��w

8��
����� �(>#$��
�&6 �(� 
/�l6(��. 
 �('�
,��������'�
+� �(6
������?;
��&'�
zL&� ���5
.= 
,�K8%��������$1y 8
s Ga��� �()0-V��6(���?�+
 
,� 
,�K8S������� ��=������ �E6(�:;:.�� ��; �
�#�+
���?�� �(>#$��
�&6 �(� 
/�<6�� �A
�� �('YH
= �:;:.j� � 
,��
/���S�<JO��� ��$&6
��$��+
��.: �Fw 
/��6(�:;:.�$�� �('T�¯=����F�����(� �l��3R�cL&� �(� @j
��&'
�����<��3e��6(��� � �(��.j���&'�
,�K8����+
�� �(�X
�� �k
�'�' �(' 
,�S����� 6 N N �5�����l��� 3 ;��#' �
�
L&� �X�5
.=����������*.�� �IL�8 D J)��� 
,�&���+
��&6 ���������=	���� �����
���!%
G s -�) ^ ��� GIH

� 29��.�$��§L&� �(�zJf��� %('*)(+ �D�.- �0/W
�� �S6�� �A
�� �(' ] �.-ls ^ � % �-D)� � �S� �(6
��
/��� (�H � H � G
�6(6(����'�
,�K8���� �����L]9�.-
<
� G /����V���,%
Gc� G /b��� �!%����F��Y �!%����=���,%
�!%����

>
��.���
/���U@

%x/���� /_s %�� /�D)� � �"� �(6
��
/��� (�H � H � GIH
� %('*)(+ �D�.- �0/ �(����
@;�
�� �(�{�����R.5
��+
<; �
� �����O�<J5����� 
,� 
,��
K
�� ;��#' �
��@������fJf���,�/�,3 
,�K8
L&� �(��
�� �<6�� �A
�� �(' ] %x/���� /_s %���� ��� /_s /_�\���(� %A@0%x/���� /_s %���� ��� /_sz� G��+��� G '*)2) ^ %A@V%x/���� /
s %���� ��� /
s ]-&) ^ ���a@0%x/���� /
s /v� � �(� @2%x/���� /_s -�) ^ ���`D)� � �X� �(6
��
/��� (�H � H � GIH

� d2��� 
,� 
,��
K
���;��4' �
� 
/� �
����
/6+���(' 

J)� ��� �(����
@;�
���
/��� Ds%x/���� /
s -&) ^ ��� G_@R� 
/'�' �
�
���+
�� �(��;��4' �
�,��
,�K8%�\=������K
�.&��B��
��3 � �
� = F � �l
��&' : ( � 
�� ��
�'�' �(' @ ����� � �_3
��$��,��
,�K8c;��4' �
�YL&� � 
/�=�5
<; �(' %x/���� /_Y G %As -&) ^ ��� H

� %('*)(+ �D�.- �0/ �(����
@;�
�� �(�M�����V.5
��+
<; �
� �����F�<Jx����� �
����
/6����(' ;��#' �
�fDs%x/���� /_Y G %As ]
-&) ^ ��� G_@�
,� .����4'1$&6 �(� �����F��$���.�$��CL&� �(� ] �j����� s %���� ��� /
s /v�\���(� %A@��[���?�as %���� ��� /
sz� G��+��� G ]'*)2) ^ %A@ �j����� s %���� ��� /
s -&) ^ ���a@ �[���?�as /_�\� �(� @��[����� s -&) ^ ���KD)� � �M� �(6
��
/��� (�H � H � GIH#d2���L&� � �j���?�as -�) ^ ���[6(���#�+
 
,�&�k�����cL&�5
��fL&��� �(' ;��#' �
� 3=� 
/6�� 3 
,�,� B �E$&� �(' J)���
8��
���X.�� �('�
/6
��
/���>H



��� � ���������
	�� ��
����������

� wM� ��$���.�$��L' �(��6���
,.���
/��� L&� � �5
<; �(' )1u*/v��u*/���� )0-V����� %�� s ^ � % ��D)� � � � �(6
��
/���
(�H � H � G 
/�M6�� �A
�� �('¢B ?I.5
�����
,�K8 �[���?�as -�) ^ ���4
�6(6(����'�
,�K8����k����� 	 
<8���B��
��3 � �
�
��3e��� H

� %('*)(+ �D�.- �2/k.����lJ)����;��EJf���x3R
���'43�B5
�60ME32
���'*
��@8�����
,���K; D $&��
,�K8L�����§L&� �(� �4]
����� s -&) ^ ���a@�)1u,/_��u,/���� )0-V����� %�� s ^ � % �J
��&'*�.- � �[���?�as ^ � % �¯GW
��&'!.����4'1$&6 �(�%
��
��$���.�$���L&� ��3 
,���%��$1y 8Lst�cD)� � �"� �(6
��
/��� (�H � H � GIH

� d2���Tst�I��$���.�$���L&� � 
/�l.5
���� �(';���T.����4'1$&6 �������W
����&���+
���
/��� L&� � @ � 
,������� 
,�
� ' ' Jf����;�
��M��� 
,� � �
� (2
��KM«J �A
���$�� ��J)����;�
��\H

16532�5�� 	 A�� F A
CIPnF CVD�PK4UP <��WF.F.P`e JyA/eKPR= & AUC M ��P�� DGFIH FIH P	��

�
< ������� � ��� ]��> A � FID@A �

= ��. ?H�����§L&� ���5
<; �(' �j����� s -&) ^ ���>J	���:; ������� ��;:.[���+
���?C'�
+� �(6
������?C6�� �A
�� �('
'1$���
,�K8E
:.�� �(6 �('�
,�K8#��$����<J"Y���� /P	������*),+ -0/VH

�	��� ��� )�$E' � ""!������#!/$%$�&
P��<���5
��KM%wF�?��� 
,���:N('*) �,+8@ � � ��8�����? �.-0/21�
��&' � 
,�&6 �
�?�"N �3/21�/�J)��������� 
+�

���
�,. 
,�<
�6(6 �(����
,�K8F.j�*3 ���lJ)$��#6(�:;:.�$�� ������3=� 
/6�� �
�5
<B�� �(�`$&�U���=� ��?X�#$K; ������$&� 6 N N
Jf���"=�
���
 �('�B 
/���/�:8 
/6A
���.����:B�� ��;��\H:P��D
�� � 8��+
�� �IJ)$������cN 
���M 654 /267/28*/�J)���O
�' = 
/6 �(�

,� = 
�
 �:B�� �(6
��39����
 �
�#� �('H' ��=��
�/��.K; �
�?�A@�9=� 
/6+� $�� Jf������$��5
����@?;�5
\=��I�&���k
��:92
.?1�
B�� �
�¢Jf���,�/�;9 �('.<



� ��������� �

	 
���
����������������

���! #"%$'&)( � �+* � &%"), �.-
/RH�N 
1020��46(6(��@&wEH'354(6
$'064
$'7,��@ O²H �87/6(���K
��94
�(O²H � $:4;0�6+�:4

<>= �8?8@BADC �FE'GBHJI �KIMLONQP9RTSVU �XW �8Y �6Z �[I\H]@ �[I �6Z]^_A`IaH �cbd^F@TegfhGTi �2j!H]@ �[I6I �FGTZkH]@;GTl'U �[I 

Ox�K
��#�FN ����H (_7/����H:m!n!n!oqp $�� �sr!mKDVt GQuwvOxTr�3%m#v7H
N H 6 �y4�BJ4�M#4 @�O²H �87/6(���K
��94
��O²H (z4(���27K{;064(�

|}e�~ �[���DI �Xf�egU)^aA�Z �cG�e!I �2j!H]UFGT@BAO^ �FGTZ�GTi>f�egU)^ �wH]U ��Y �6ZJGTf �[I
A�ZJE�bcGTf�H�e'^ �6@�A�Z�A�U��:I �KI�@ �[ITegU)^�I 


(_7/�g7,� Jf�g0�;�
��27/6c�\H�m!n!n!o:N��.?�x �XxT�KD)vSG�us�!r!��3%�1t�H
O²H �87/6(�����g�A@:3CH
(+7@AT4 @�'9H&NT$'027�@�N H 6 �O4�B]4�M#4 @�'9H :F�#'����,.��:4 @ � H F�H Q �'0��X7/6��U@(�HKO�0�$K;�4
�(O²H (z4c�6�27K{;064c�

| �XZ �XZDY��9A�b �XUXU)e!I9ITe:CD^ �XU �KI�b%='@;GTf�GdI;GTf �M= �d^ �6@;GcY �6Z � �)^ � �[I
e!I �XZDY�= �FE'E �6Z�|�A�@2WDGg�`f�GyE �6UKI 


���&6;�K4;7K Vw� ;7K¡'� :�4c�¯HDm!n!n!m�N¢�10�xTr �so!nKD�� GQuXx;t:xT��£%m!� H
¤�¥\¦ � ¦J§  g��( -

O²H:¨87K c©g���g�Tª'«EH £­¬ H:®¯©O c°��:4;±Tª:²EH'³´7K4;�K4�4;±?'9H'³��'027
?µ@;¶d�1¶6@6I2·aC1UF¶¹¸�egf�H.|�GTZ�^­¶BS6º�A�@2UFG»|�A�@2¼DGg�kb­=�A�·XZ�A�U½Y'GT@2·)^F='f¾i%GT@�C#A�bd^­¶6@2·¿A�U

H]@;GTf�G�^­¶6@�f�G�^F·XiFI�E#·KI;bcGg�1¶6@­�OÀ
«� c c4;Á'±6Â�¡:�1Ã:�ÅÄOÆzÇ�ÈgÉ8Ê�ËDÌaÆÎÍ9ÏFÈgÐKÆ°H

Ñ�Ò ¦J¥ "� !�#( e (Ó&a" 4 �#( -
O²H:¨87K c©g���g��4;± 6 H =+Ô 7��1Á]4;�X�K©KH�P�@;ÕcE#·Fbd^F·FGTZÖE'¶�Y'×6ZJ¶[I
·XZ F³?OÃ��<;q7K°y�:4Q¡D� � Â;Ã:©:;�4Q²�Â�8#Â;±[�1�)ª�Ø»Á��10[�17X±2064

DFÙ�¡YH�p�H £ '9H'³¢�1�'06©g±Ú£ � �1�:¡D0�?��1Ã:¡�p�H £ '9H (_027��1±wGzÛ�¡D7X±27K©gÃ:�Ú£ 2­¨�:�«EH



����� � ����� � � �	�	� 
 � 	



� ����
����������������	�

� «8«�nDx 	 p�H�
EHO«�Ã:¡'4;06�6�[©gÃ��1Ã:¡ ¬ H � Hy«8Ã:¡'4;06�6�6©gÃ>HYO\�64;�:¡'©:8#4;Ã:4c�Tª
�­�'ÃKMcF�¨M«Åª
�1Ã:¡ ± Ô 4Ö¡ ?OÃ��<;q7K c��©<J���·Fb%¼D¶d^2^�I2·¿A 8#4;Ã:©:;�4c�\H��¢ÈgÐKÆ�Í�Ï�ÈgÐKÆ�����ÈgÐKÆKª
xT��us�!m!���O�!o!�Dª�m!n!nDxSH

� «�M!�#v�t 	 6 H]«³Mg�17@M#4SHM«�Ã:4
9 �K©y©:M��1±�± Ô 4`�2±[�1±27K�2±27K T�1�";�©O¡'4;�>7K¡'4;Ãy±27 L� T�1±27K©gÃ>H
����������Æ��8ËOÌ)È!É��#ÌaÆzÇ�È! �Ì#"TÆKªD« = £[xT� uwvOx%$��Dvgm!oDª>xT�#v�t�H

� «8³.¬ + �#v 	 ¬ H '9Hk«8�X±6�6  Ô �'�)ª�®�Hk3CHk³��g¡'¡'4;Ã5ªk«EHk«EH�¬O  Ô'& BÎ4;0Tªkp H)( Ô �1ÃK8:ª
(²H*( Ô �1ÃK8:ª P H�³�7X�X�K4;0Tª]�1Ã:¡�F�H:p�H�3Î7XÁK;k�1Ã>H � �1Á'ÁJ4c¡ (z35«Q¬O®µ�1Ã:¡
O+¬ 2a£ (_3¯«�¬O®µu#��Ã:4
9V8#4;Ã:4;0[�1±27K©gÃ�©<J]Á'06©g±64;7XÃ�¡:�1±[�<B��g�64��64T�106  Ô Á'06©1£
8!0[�<;��\H,+QË.-;Ð0/ Ï1-2�3-;Ï1465�73/85TÆKª�m!r�uso!o!�!���Oo1t�n!mDª¯xT�!�#v7H

� «:9�/ + n!o 	 /RHg«8�[�17)ª 6 H
9+�<;k�<8!�:  Ô 7)ª = H ³ Hg/��1ÃK8:ª!/RH69\©!� Ô 7K¡:�Dª69RH�':�!�­7X±[�Dª#�1Ã:¡
9�H:¬D�g¡:�17K4SH/F�¨M« ;q7K ;06©#�1020[�.?��1Ã��1�@?D�27K��©<J (z�g ;7X�X�X�:���2�KB'±27X�X7K�9�27@8S;k�
J��g ;±6©g06��©<J\498D±20[�g �?y±6©gÁ'���g�%;q7K �JF�'Ã: ;±27K©gÃ J��<;q7X�@? H2;	�,�=<>��Ï1-?"2ÈA@ Ï�ÈgÐKÆ
BC/;Ì�ÌaÆ�ª:m!m!n uXxTr!r���x%$!nDª]m!n!n!o H

� (_«��!� 	 /RHSO#H�(_�'02Ã Ô �<;��1Ã:¡cF�H�:�H!«8Ã:¡'4;06�6©gÃ>HC�¢È%4A/ ÐD<E/ Ð0/�-cÌFÏ�È! F�! G42�8 %H%/JI
"�/? G-K/MLG�ONP"��Q-cÌFÏ1-R�gÐ'�8 %HcÈ!" ÉS�!ÌFÏFÈT DI?�CU./6È!"�/cÌFÏ#-V�_Ê#ÊG"2È%�Q-JU7H¹¬yÁ'027XÃK8#4;0Ú£
²�4;02���<8:ª5xT�!�!� H

� (z�<B�n!o 	 ³ Hy³¢�g¡:�1Ã (��<B'�>H>FM7K¡k± Ô 4��K©!�6�+©<J¯�67@8S;k��J)�g ;±6©g06�\7XÃ'7X±27��1±64MÁ:�64;�:¡'©1£
8#4;Ã:48�g c ;�K;Å�'���1±27K©gÃ�7XÃ�|}À!UF¶%H]@BA�¶*WX�D"�/? G4653��Ï1-?"2ÈA@ Ï�ÈgÐKÆKª�x!x�usr!���Y$Dx!ª
m!n!n!o H

� ( (��!� 	 O#H�(��1�K¡D7��1Ã:¡�¬ H (_02�'Ã��<MNHÎÍ9Ï�ÈgÏZ �H;È!" ÉS�!ÌFÏ1-J5cÆ[�CU./�ÉS�Q-JUyÏZ */8Ð0/��!"J :Ï\ ^]
�BÊ#ÊG"2È%�Q-?U H\³>2%®�O�064c�6�TªÎxT�!�!� H

� ( (��!� 	 p�H�(z4c�64�;�4;0\�1Ã:¡q³ H�(_©g06©O¡'©\=D��M7? H 6 4;�'027K�2±27K 9�1Á'Á'06©#�g  Ô ±6©Q¡'4;027@=y7XÃK8
;�©y¡'4;�K�RJF©g0R8#4;Ã:4§L:Ã:¡D7XÃK8�H_+�Ë`-;Ða/;Ï#-b�3-cÏ#465c73/J5cÆ�ª\m#v}uso!�Dx!x8�Oo!�!m!nDª
xT�!�!� H

� ( = 6 �!� 	 ¬ H Ù(H (_064;Ã'Ã:4;0Tª = H =+Ô ©g± Ô 7��Dª+�1Ã:¡ ®�H p�H 6 �KBKB��106¡YH «8�6�[4c�6�27XÃK8Ö�64 £
°��:4;Ã: c4} c©:;qÁ��1027K�6©gÃ ;�4;± Ô ©O¡'� 9�7X± Ô 064;�X7��<B'�K4}�2±202�: ;±2�'0[�1�X�@? 7K¡'4;ÃD£
±27 L�4c¡ ¡D7K�2±[�1Ãy±k4�=#©g�X�'±27K©gÃ��10�? 064;���1±27K©gÃ:� Ô 7XÁ:�\HdN9Æ�+e�!ÌFÐKÆ��3-R�Q4yÆf<*-;Ï)Æ
gh<.��ª:�!r�ui$!n#vgo��Y$!n#vg�Dª>xT�!�!� H

� ( F�F�3 + �!� 	 O#H�(z©g0�MJª!®�H:F��1Ã:¡'4�M!�10Tª!9RH:F87��<A;£a3>�<AT c©:A#ª '9H!Ù�7K�64;Ã Ô �<BJ4;0Tª!³ H 6 �K?�£Ã:4;Ã5ª#�1Ã:¡�9RH�9����1Ã>H`O�064c¡D7K ;±27XÃK8�JF�'Ã: ;±27K©gÃ�u
JF06©:; 8#4;Ã:4c��±6©�8#4;Ã:©:;�4c�
�1Ã:¡¢B��g %MNH9ÄDÆC�¢ÈgÐKÆÎÍ�Ï�ÈgÐKÆKª:m!�!o uwvgn#v%�Dvgm!rDª>xT�!�!� H



����� ��� ����� ���	��
 �@� ���

� (zÙ\�!r 	 ®�H 3 H (��17X�K4�?��1Ã:¡ = H5Ù��@M!�1Ã>H�
8Ã:�2�'Á]4;0�=O7K�64c¡��K4T�102Ã'7XÃK8¢©<J ;Å�'�X±27XÁ'�K4
;�©g±27 J���7XÃ¬B'7K©gÁ]©g�@?7;�4;06���:�27XÃK8ÅÙ 8OÁJ4c ;±[�1±27K©gÃ�³�� 8D7@;q7@Ad�1±27K©gÃ>H:� �Q-JUDÆ
B /��!"J ]Æ�ª�mDx�usrDx8�O�!oDª5xT�!�!r H

� (z4;0[n!n 	 � H@(z4;02Ã��106¡D7�H�2­�6©O  Ô ©g064c���1Ã:¡¢± Ô 4»4�=#©g�X�'±27K©gÃ��10�? 8#4;Ã:©:;q7K c��©<J =#4;0Ú£
±64�B'0[�1±64c�¯H��V/J */;ª�m1t:x�uso���xdvOª�m!n!n!n H

� ( 6 n!m!� 	 :�H�p�H<(z©\?D�¢�1Ã:¡ F�H�«EH 6 4;Ã:¡'4;06�6©gÃ>H «  c©:;qÁ��1027K�6©gÃ ©<J�064�=#4;0Ú£
�67@B'�K4[�Ú�K;qÁk³ = ³ = �1�@8#©g027X± Ô ;��fJ�©g0 F�¨8« �64c°y�:4;Ã: c4��64�8S;�4;Ãy±[�1±27K©gÃ
�:�67XÃK8 Ô 7K¡'¡'4;Ã�³¢�10�M#©¯= ;�©y¡'4;�K�\H�Ç�ÈgÉ8Ê�ËDÌFÏZ Y] <*-;Ï /J G-8/c�T G4 <�Ì �#ÌFÏ 5JI
ÌFÏ1-J5;ª�o!o�uso!r���t��Dª�m!n!n!m H

� ( 6 n!m<B 	 :�H>p H�(z©\?D�q�1Ã:¡ F�H¹«�H 6 4;Ã:¡'4;06�6©gÃ>H 
8Ã}¡'4;±64;0�;q7XÃ'7XÃK8.± Ô 4�©g06¡'4;0
©<J�;k�10�M#©\=Ó¡'4;Á]4;Ã:¡'4;Ã: c4 ©<JQ�1Ã ©:B:�64;0�=#4c¡ÓÁ'06©y c4c�[��8#©\=#4;02Ã:4c¡-B ?}�
Ô 7K¡'¡'4;Ãq³��10�M#©\=�;�©O¡'4;��H'<!Ê`/�-;Ï1�gÐ^�K585BËD/�È H,<*-;Ï /J �ÌFÏ �,- NP"2ÈR]!"��gÉ»É»ÏZ ^]#ª
xTn�usm1t:x8�Om!rDx!ª�m!n!n!m H

� ( 6 (z�#v 	 ³ H «EH"(z�g�60[�17)ª�O#H 6 7K4;±64;0Tª��1Ã:¡�p�H F�H"(z©y4�M#4SH�¬ ;k�1�X��©gÁJ4;Ã�064T��£
¡D7XÃK8cJV0[�<;�4c��u BJ4T�1�'±27 JF�'�ÎÃ:4c4c¡D�K4c�97XÃ ± Ô 4 Ô �\?O�2±[�g 0M H��V/? �ÈgÉ / 73/85cÆ�ª
v uwv!$!���Dv!vOx!ª5xT�!�#v7H

� ( 6 P n!n 	 :�H\p�H (z©\?D�Tª FEH_«EH 6 4;Ã:¡'4;06�6©gÃ5ª_�1Ã:¡ F�H+p H P 7X�@My7XÃ:�[©gÃ>H F�4;±64c  £
±27XÃK8 Ô ©:;�©:8#4;Ã:©g�:���64�8S;�4;Ã�±6��7XÃ�F�¨M«��64c°y�:4;Ã: c4c�9B ?��:�27XÃK8 Ô 7K¡'¡'4;Ã
³��10�M#©\=§;�©O¡'4;�K�\H,�_Ê#Ê�ÐKÆC<�Ì �!Ì#I%ÄDÆ�7�È���ÆC<�ÌaÆzÇ�ªDt���usmT$!���Om!�!rDª]m!n!n!n H

� (z/��#v 	 = H (+�'0�8#49�1Ã:¡k¬ H!/��102�X7XÃ>H O�064c¡D7K ;±27K©gÃ�©<J] c©:;qÁ'�K4;±64(8#4;Ã:4��6±202�: ;±2�'064c�
7XÃ Ô �K;k�1Ã�8#4;Ã:©:;q7K �FM¨M«EH�ÄOÆC�¢ÈgÐKÆÎÍ9ÏFÈgÐKÆ�ª:mT$!� us�!nDx8�O�!n#vOª¯xT�!�#v7H

� (z/�nDx 	 ¨EH0(��1���<B��1Ã �1Ã:¡ ¨�H�/8©\? J ;k�1Ã>H O¹4;Á'±27K¡'4c�¢uCB��g ;±64;027���� ��ÁJ©g7XÃ�±�©<J
=O7K4
9�H,N3/%Ê]ÌFÏ#4^/85 ª�m!m�uXxTrDxdv%��xTrDxT�Dª�m!n!nDxSH

� (z3�(�nDx 	 p H�(z4c�64�;�4;0TªO«�Hy35©:;��[�g¡ AT4!ªD�1Ã:¡�³ H (z©g06©O¡'©\=D��M7? H � 4;Ã:4c³¢�10�M:¬�uy�
�[4;� J¿£)±20[�17XÃ'7XÃK8¢;�4;± Ô ©O¡ JF©g0MÁ'064c¡D7K ;±27K©gÃÖ©<J 8#4;Ã:4»�2±[�102±6��7XÃ ;q7K ;06©:B'7��1�
8#4;Ã:©:;�4c�¯H�2�;qÁ'�X7K T�1±27K©gÃ:�²J�©g0 L:Ã:¡D7XÃK8��[4c°��:4;Ã: c4 ;�©g±27 J��>7XÃ»064�8!�'���1±6©g0�?
064�8!7K©gÃ:�¯H,+�Ë`-;Ð0/ Ï#-e�V-;Ï14�7V/85cÆ�ª�m!��usmT$!n#v%�OmT$DxT�Dª�m!n!nDxSH

� (z³��!o 	 ³ H,(z©g06©y¡'©¯=O��M7?¢�1Ã:¡.p H]³¢  2%Ã'7XÃ:  Ô H � Ù�¨M³´«�:�/ u]Á��10[�1�X�K4;�/8#4;Ã:4
064c c©:8!Ã'7X±27K©gÃ JF©g0�BJ©g± Ô F�¨8«��2±20[�1Ã:¡'�\H�Ç�ÈgÉ8Ê�ËOÌaÆMÇ U./;É�Æ�ª�xdv¢uXxTm!o��
xTo!oDª¯xT�!�!o H

� (z³��!� 	 p H5²�H�(_0[�1�'Ã��1Ã:¡ 6 H � H5³´�'�X�K4;0\H ¬y±[�1±27K�2±27K T�1� ;�4;± Ô ©O¡'��J�©g0�F�¨8«
�[4c°��:4;Ã: c4��[4�8S;�4;Ã�±[�1±27K©gÃ>HV<�Ì �!ÌaÆh<*-;Ï)ÆKªÎxTo�uXx;t�m���x%$!mDª5xT�!�!� H

� (z³¢/ + �!r 	 ³ H (z©g06©y¡'©¯=O��M7?#ª�p�H/F�H�³´  2%Ã'7XÃ:  Ô ª�Ù(H¹²�H�/�©O©gÃ'7XÃ5ª�/RH¹Ù�H.:9�:¡'¡Îª
= Hz³¢Âc¡D7@8!�:4!ª9�1Ã:¡ «�H FQ�1Ã:  Ô 7XÃ>H F�4;±64c ;±27K©gÃ�©<J�Ã:4
9 8#4;Ã:4c��7XÃ��
B��g ;±64;027��1�/8#4;Ã:©:;�4»�:�67XÃK8�³��10�M#©\= ;�©y¡'4;�K��J�©g0�± Ô 064c4E8#4;Ã:4` ;���g�[�64c�\H
+QË.-cÐa/ Ï1-e�3-cÏ#465�7V/85cÆ�ª�m!o�uso!r!r1t6�Oo!rT$!mDª¯xT�!�!r H

� (z³.¬ + �!� 	 3 H (_7@AT4!ª '9H�³��'027)ª;' Hk¬D�<;��[©gÃ5ª;'9H :�©O¡'©g�XÁ Ô 4!ª�¬ H F�H�Ù Ô 02�X7K  Ô ª
(�H`O�02�K;�ª��1Ã:¡ O#H@(z4c�6�27K{;064c�\H�¬O4T�106  Ô 7XÃK8§8#4;Ã:4�±20[�1Ã:��JF4;06�8©gÃ´�9A�b6·XU�S
U)e!I�ITe:CD^F·XUX·KIÅ�:�27XÃK8 Ô 7K¡'¡'4;Ã.³¢�10�M#©¯=�;�©O¡'4;�K�\H�2aÃ 73/�-6È!ÉS@�� ���bNP"2È%-dÆ
È�H�� rd �f D ]ÆP�8 �ÌaÆ`Ç�È! %HTÆ8È! �Ç�ÈgÉ8Ê�ËDÌaÆ3�¢ÈgÐKÆ�Í�Ï�ÈgÐKÆKª�Á��<8#4c�kt�o���t��Dª
xT�!�!� H



��� ����� ���	��
 �@� ��� �����

� ( 
��!� 	 p�H 6 HA(z�g¡ 8#4;0`�1Ã:¡ � H p�H 
8�K�64;Ã>H = :<2%® 2 = « uÎ c©O¡D7XÃK8�064�8!7K©gÃÖ7K¡'4;ÃD£
±27 L� T�1±27K©gÃÖ±6©O©g��7XÃ =#©:MO7XÃK8� c©:;qÁ��10[�1±27@=#4��1Ã��1�@?D�27K�\H �¢ÈgÐ¯Í9ÏFÈgÐ ����ÈgÐKÆKª
x%$�usrDxTm��Or!m1t:ª¯xT�!�!� H

� ( O,$T$ 	 3CH:Ù(H
(z�1�K; �1Ã:¡�®�H�O>4;±2027K4SHz¬y±[�1±27K�2±27K T�1�¯7XÃ J�4;064;Ã: c4�J�©g0�Á'06©:B��<B'7X�X7K�Ú£
±27K �JV�'Ã: ;±27K©gÃ:��©<J L:Ã'7X±64q�2±[�1±64»³¢�10�M#©¯=¢  Ô �17XÃ:�\H �f D JÆ	� �#Ì\UDÆ	<]Ì �!ÌaÆKª
o#v�uXxTr!r1t6��xTrT$!oDª>xT�T$T$ H

� ( O ( + �#v 	 '9H :�H*(_���1±2±2Ã:4;0Tª � H*2%2%2`O��X�'ÃKM#4;±2±Tª = H «EH (_�K©O  Ô ª�¨�H ®�H\O¹4;02Ã��Dª�²EH*(_�'0Ú£
���1Ã:¡Îª#³ H�:97X�K4�?#ª!p�H = ©g�X���g¡'©1£)²M7K¡'4c�Tª�p H FEH � ���g�2Ã:4;0Tª = H /RH :8©y¡'4!ª#�1Ã:¡
� H '9HJ³¢�\? Ô 4
9�HÅ® Ô 4` c©:;qÁ'�K4;±64c8#4;Ã:©:;�4q�64c°��:4;Ã: c4»©<J���I;b%=J¶6@2·Fb­='·¿A
bcGTUX·¯/M£[xTm H�<*-cÏ1/J *-K/;ª�m#v!v�uXx;t�r!o���x;tyv�t:ª>xT�!�#v7H

� ( O\³ + n!n 	 ¬ HA(��1±�AT©:8!�K©g�5ª53CH>O��g  Ô ±64;0Tª>p�HYO²H5³¢4c�27X06©\=JªA(�HA(z4;0�8#4;0Tª¯�1Ã:¡ÖÙ(H¯¬ H
3¯�1Ã:¡'4;0\H 6 �K;k�1Ãq�1Ã:¡E;�©g�:�64f8#4;Ã:4+�2±202�: ;±2�'064�u� c©:;qÁ��10[�1±27@=#49�1Ã��1�@?�£
�27K�9�1Ã:¡��1Á'Á'�X7K T�1±27K©gÃ�±6©q498'©gÃ�Á'064c¡D7K ;±27K©gÃ>H��V/J �ÈgÉ /�73/85TÆKªÎxTn�us�!r!n��
�!r!�Dª�m!n!n!n H

� ( O_¬ P vgn 	 3CH Ù(H,(��1�K;�ªJ®�H`O¹4;±2027K4!ª � HÎ¬O©g�'�K4c�Tª]�1Ã:¡�¨EH�PÖ4;7K�6�¯HM« ;k� 8D7@;q7@Ad��£
±27K©gÃ�±64c  Ô Ã'7K°��:4�©O c ;�'027XÃK8´7XÃ}�2±[�1±27K�2±27K T�1�_�1Ã��1�@?D�27K�`©<J9Á'06©:B��<B'7X�X7K�2±27K 
JV�'Ã: ;±27K©gÃ:��©<J�³¢�10�M#©¯=   Ô �17XÃ:�\H �f D ]Æ3� �!Ì\U'ÆV<�Ì �!ÌaÆ�ª�t:xÖuXx%$1t6��xdvOx!ª
xT�#vgn H

� (+06©#�!� 	 ¬ H O#H (_06©O©:MO�\HÎ³��10�M#©\=�  Ô �17XÃ ³¢©gÃ�±64 = �102�K©�;�4;± Ô ©O¡ �1Ã:¡k7X±6�z�1Á'Á'�X7½£
 T�1±27K©gÃ>H�<�Ì �!ÌFÏZ5 ÌFÏ1-;Ï1�! �ªOtyv�ui$!����xTn!nDª5xT�!�!� H

� (�¬ (��#v 	 ²EH (_7��1�:¡'4;±Tª '9H!¬D�<;��[©gÃ5ª#�1Ã:¡EO²H�(zÂc�6�27K{;064c�\H'³´7K T�g¡'©�� ��Ã:4;±�9+©g0�My£
©g027K4;Ã�±64c¡ ¡:�1±[�<B��g�64 J�©g0V;q7K ;06©:B'7��1� 8#4;Ã:©:;�4c�\H Ç�ÈgÉ8Ê�ËOÌaÆb�_Ê#Ê�ÐKÆ
Í�Ï�È65 -;Ï�Æ�ªÎxTo u t�oDx8��t�o!�Dª5xT�!�#v7H

� (�¬'¬D�!� 	 2wH,(��<8S?��1Ã5ªA(�H¯¬O4;±2�K©;9�ª¯�1Ã:¡ O²H>¬O4;±2�K©;9�H»¨M4
9���;k�1�X�)ª5�g ;7K¡O£a�6©g�X�KB'�K4
Á'06©g±64;7XÃ:�9�'Ã'7K°y�:4�±6©q�2ÁJ©g064c�9©<J¹�9A�b6·XUXU)e!I�Ide:CD^F·XUX·KI�uD7K¡'4;Ã�±27 L� T�1±27K©gÃ�©<J
± Ô 4� c©O¡D7XÃK8�8#4;Ã:4c�Å�1Ã:¡Ö064�8!�'���1±27K©gÃÓ�1Ã:¡ JF�'Ã: ;±27K©gÃ�©<Jz±�9_©�©<J�± Ô 4c�64
8#4;Ã:4c�\H9ÄDÆÎÍV�Q-TÌ /J"BÏ�ÈgÐKÆKª¯xT�!n ui$#vgn1t6�Y$#vOxTmDª¯xT�!�!� H

� (_®�¬O/��!r 	 /RH (z�<B��g�B�<My7)ªg®�Hg®>�<M!�g©'ª
9�H#¬ Ô 7@;�©gÃ'7K� Ô 7)ª#�1Ã:¡»/RHg/��'0[� Ô �g� Ô 7�H�¬y�KBD£
±27X�K©!�27XÃÅ«`ª��9Ã:4
9Ó�1Ãy±27@B'7K©g±27K _Á]4;Á'±27K¡'4\Á'06©y¡D�: c4c¡�B ?��9A�b6·XUXU)e!I¹ITe:CD^F·XUX·KI
x%$!��ud7K�6©g���1±27K©gÃ5ª1�2±202�: ;±2�'0[�1�:�1Ã��1�@?O�27K�dª��1Ã:¡�B'7K©:8#4;Ã:4c�27K�\H]ÄOÆOÍ�Ï�È%-JU./;É�Æ�ª
�!��usr!�!r��Y$!n!oDª¯xT�!�!r H

� (+�'0[�#v 	 = H (_�'0�8#4SHY�?4^/J �ÌFÏ �,-R�!ÌFÏ�È! kÈ H[]A/J */J5+Ï\ �U�ËyÉS�! ]A/J �ÈgÉ»Ï1-���+V��Æ O Ô F
± Ô 4c�27K�Tª�¬y±[�1Ã J�©g06¡�
8Ã'7@=#4;06�27X±�?#ª>xT�!�#v7H

� (fP ³ + nDx 	 «�H.(z©g�K©g±27XÃ5ªCO²HCP 7XÃ: %M#4;0Tªz¬ H�³¢�1�K8#4;0TªP
EH�p��17X�X�K©gÃ5ª\/RH�³��1���10�;�4!ª
p�H>PÖ4;7K�[�64;Ã B��g  Ô ª�¬ H F�H¯Ù Ô 02�X7K  Ô ª��1Ã:¡�«EH>¬O©g06©:MO7XÃ>H ® Ô 4k c©:;qÁ'�K4;±64
8#4;Ã:©:;�4��64c°��:4;Ã: c4�©<J¯± Ô 4M���g ;±27K Q�g ;7K¡zB��g ;±64;027X�K;��>A�bd^­GObcGybcbde!IzU¿A�bBS
^F·KI9�6�2Á>HDU¿A�bd^F·KI 2%3�x;t�n!o H �V/J �ÈgÉ / 73/85TÆKªÎx!x�uwvgoDx8�Dvgr!oDª]m!n!nDxSH

� = «83 + �#v 	 ¬ H = �'±2±27XÃK8:ª]³ H�«�Ã:¡'4;06�[©gÃ5ª�Ù(H]3Y?D�64;ÃKM#©'ª�«EH O��<8#4!ª�®�H�®¯©:;�©¯?��g�2�5ª
/RHJ®>�1±64�;k�1±6�2�5ª5®�HJ®¹�1±6�2�'±[�DªÎ3CHJ/�06©y©!�dªJ�1Ã:¡.®�Hh
³8!�'0[� H»¬yÁ]©g²�³�ª
����;k�1�X�9Á'06©g±64;7XÃ 4c�[�64;Ã�±27��1�9±6©�¡'4�=#4;�K©gÁK;�4;Ã�±�7XÃ ��A�b6·XUXU)e!I�ITe:CD^F·XUX·KITª
7XÃ�±64;0[�g ;±6�*9�7X± Ô ± Ô 4�«�®�O�£a¡'4;Á]4;Ã:¡'4;Ãy±¹Á'06©g±64T�g�[4 '¹±6� 6 H'ÄOÆ#Íf�Q-cÌ /J" Ï�ÈgÐXÆ�ª
xdvg� usr!r!o1t6�Or!r1t�mDª¯xT�!�#v7H



��� � ��� ����� ���	��
 �@� ���

� = (9O + �!� 	 ¬ H ®�H = ©g�K4!ª :�H (+06©!�[  Ô ª�p�H�O��10�M Ô 7X�X�)ª�®�H � �102Ã'7K4;0Tª = H =+Ô �'06  Ô 4;0Tª
F�H 6 �102027K�Tª�¬ H ²�H � ©g06¡'©gÃ5ª:/RH�Ù�7@8!�@;�4;7K4;0Tª]¬ H � �g�Tª:�1Ã:¡ = H Ù(H (z�1020�?
2 2%2wH�F�4c ;7XÁ Ô 4;027XÃK8Ó± Ô 4 B'7K©g�K©:8S? ©<J�| �JbcGyC#A�bd^­¶6@2·)egf ^2e:C'¶6@;bdegUFGdI6·KI
JF06©:; ± Ô 4´ c©:;qÁ'�K4;±64 8#4;Ã:©:;�4��64c°y�:4;Ã: c4SH +M�!ÌFË^"R/;ª�o!�!o usr!o#v%�Or1t!t:ª
xT�!�!� H

� = = �!r 	 (�HYO²H = �102�X7XÃ��1Ã:¡�¬ H =+Ô 7@B>H�(��.?#4c�67��1Ã ;�©y¡'4;��  Ô ©g7K c4R=y7���³��10�M#©\=
  Ô �17XÃ´³¢©gÃ�±64 = �102�K©KH�ÄOÆh7�È��#ÆC<]Ì �!ÌaÆh<]È%-dÆ5Í�ª�r#v�u tyvgo���t��1t:ª>xT�!�!r H

� =+Ô 7��!m 	 ¬ H =+Ô 7@B>H (z�\?#4c�¹7XÃ JF4;064;Ã: c4+7XÃÅ± Ô 4\±6©:B'7X±¹ c4;Ã:�[©g064c¡�064�8!064c�6�67K©gÃ�;�©O¡'4;��H
ÄDÆh� -6ÈT �ÈgÉ /;Ì#" Ï#-J5;ª�rDx�uwvg���O�!�Dª5xT�!�!m H

� =+Ô 7��!r 	 ¬ H =+Ô 7@B>HQ³��10�8!7XÃ��1���K©:M#4;�X7 Ô ©y©O¡ JV06©:;�± Ô 4 � 7@BKB:��©g�'±2Á'�'±\H�ÄOÆ:�8ÉkÆ
<]Ì �!ÌaÆ���585;È%-dÆ�ª��!n�uXxToDxTo���xTo!mDx!ª>xT�!�!r H

� = 6 O\�#v 	 ¨EH 9RH =+Ô 4;Ã5ª*'9H ³ H 6 �5ªT�1Ã:¡ 6 H.O��1�'�X�:�\H#¨8�: ;�K4c©g±27K¡'4\�64c°y�:4;Ã: c4�©<JD± Ô 4
©¯=#4;02���1Á'Á'7XÃK8¬8#4;Ã:4c�9J�©g0z± Ô 4��2�KB'�'Ã'7X±6�9©<J¹�9A�b6·XUXU)e!I9Ide:CD^F·XUX·KI9�g�2Á��102±6©1£
MO7XÃ��g�64"2%2+�1Ã:¡�± Ô 4;7X09 c©gÃy±206©g�5064�8!7K©gÃ:�\H�ÄDÆ]Í9Ï�ÈgÐXÆ_Ç U./;É�Æ�ª'mT$!m�us�#vg�#v%�
�#vg�!�Dª¯xT�!�#v7H

� = 6 ¬Dn!n 	 «EH = �<B'064;0[��£ 6 4;02Ã��1Ã:¡'4�A��1Ã:¡VO#H+¬O4;±2�K© 9�H «8Ã��1�@?D�27K��©<J�± Ô 4 064�8!�D£
���1±27K©gÃ �1Ã:¡ JV�'Ã: ;±27K©gÃ}©<J�L�=#4c8#4;Ã:4c�`4;Ã: c©y¡D7XÃK8���;k�1�X�)ª>�g ;7K¡O£a�[©g�X�KB'�K4
�6Á]©g064�Á'06©g±64;7XÃ:�8©<J��9A�b6·XUXU)e!I�Ide:CD^F·XUX·KI\H��V/J */cª:m1t�� uXx%$!����xT�Dx!ª�m!n!n!n H

� =+Ô ���!� 	 � H+«EH =+Ô �'06  Ô 7X�X��H�¬y±6©O  Ô �g�6±27K  ;�©O¡'4;�K�«JF©g0 Ô 4;±64;06©:8#4;Ã:4c©g�:�¢F�¨8«
�[4c°��:4;Ã: c4c�\H_Í8ÆC� �#Ì\UDÆÎÍ�Ï�ÈgÐKÆKª:rDxkuwvg���O�1t:ª5xT�!�!� H

� = 7XÃ'$!� 	 Ù�H = 7XÃ'���10\H>³¢�10�M#©¯=�064;Ã:4
9_�1�J± Ô 4c©g0�? H	�34!�1ÆE�_Ê#Ê�ÐKÆGNP"2ÈA@��^@TÆKªJx`uXxTm!o��
xT�#vOª¯xT�T$!� H

� = p :�¬D�1t 	 = H = 4;0�=g�1Ãy±64c�Tª � H�p!7)ª�p�H�3CH :8�<;q7X064�A#ªO�1Ã:¡�¬ Hy¬y7X�@=#4;0\H,:�4c�67K�2±[�1Ã: c4�±6©
�106�[4;Ã'7K 8 c©:;qÁJ©g�'Ã:¡'�_7XÃ«;q7K ;06©O©g0�8��1Ã'7K��;��\H ;	�,�F<b��Ï#- "ÚÈA@;ÏFÈgÐKÆ*73/J�1Æ�ª
xTr�uso!r!r��OoT$#vOª¯xT�!�1t�H

� = :<:8n!o 	 
EH = �1Á'ÁJÂ!ª = H:O²H :�©:BJ4;02±Tª1�1Ã:¡`®�H :(?D¡'Â;Ã>H�:84�=#4;06�27@B'�K4h�Ú�K;qÁ5ª<B'7X02± Ô £
�1Ã:¡O£a¡'4T�1± Ô ³¢�10�M#©¯=�  Ô �17XÃ�³¢©gÃ�±64 = �102�K©��1Ã:¡§;�©g064�8#4;Ã:4;0[�1�5 c©gÃy±27½£
Ãy�:©g�:� ±27@;�4.�[�<;qÁ'�K4;06�\H ÄOÆV79È���Æ <�Ì �#ÌaÆ�<]È%-�Æ8Í�ª_Á��<8#4c�=$#vg���Dvgn!nDª
m!n!n!o H

� = ¬Dn!n 	 2IH = �27K�%Ad�10M�1Ã:¡�O²H]¬ Ô 7K4;�K¡'�¯H�® Ô 4� c©gÃ:�27K�2±64;Ã: �?�©<J�± Ô 4�( 2 = ³��10�M#©\=
©g06¡'4;084c�2±27@;k�1±6©g0\HP�f D JÆ�<]Ì �!ÌaÆKª:m!��uXx%$!nDx8��x%$DxT�Dª]m!n!n!n H

� FQ�.='�1t 	 p H FQ�.=O7K4c�\H 2aÃ��g ;±27@=!�1±27K©gÃ´©<J��1Ã�±27@B'7K©g±27K c�Q�1Ã:¡ ± Ô 4Å¡D7K�6�64�;q7XÃ��1±27K©gÃ´©<J
064c�67K�2±[�1Ã: c4�8#4;Ã:4c�\H�<E-;Ï1/? G-K/;ª]mT$1t�uso#vgr��Oo!�!mDª¯xT�!�1t�H

� FQ�.='�!� 	 p H FQ�.=O7K�6©gÃ>H � 4;Ã:4;±27K 8498'  Ô �1ÃK8#4³B]4;±�9+4c4;Ã§B��g ;±64;027��Å7XÃk± Ô 4M4;Ã =O7X06©gÃD£
;�4;Ãy±\HPN_Ða�65 É`Ï14!ªDt�m�uwvgo��O�Dx!ª>xT�!�!� H

� F�Ù�/Q³��!� 	 :�H FM�'0�B'7XÃ5ªO¬ H :�H#Ù�¡'¡ ?#ªy«�H#/�06©:8 Ô ªO�1Ã:¡ � H#³´7X±6  Ô 7K�[©gÃ>H¯Í�Ï�ÈgÐXÈR]gÏ1-R�gÐ
<�/��;ËD/J G-K/ �f G�!Ð �65BÏZ5�L^NP"ÚÈ^@��A@ ÏVÐ ÏZ5 ÌFÏ1-�ÉqÈ�4A/ Ð 5�È H¯ÊG"2È!Ì / Ï\ `53�! G4  :Ë`-;Ð0/ Ï1-
�A-;Ï#4!5IH = �<;�B'027K¡ 8#4 
8Ã'7@=#4;06�27X±�?¢O�064c�6�dª = �<;�B'027K¡ 8#4!ª>xT�!�!� H

� F 6 / + �!� 	 «EH'3CHKF�4;�K  Ô 4;0Tª FEH 6 �10�;�©gÃ5ª�¬ H'/��g�27 J2ªD
EH P Ô 7X±64!ª��1Ã:¡�¬ H'3CH�¬D�1�@A;£
BJ4;0�8�H�2r;qÁ'06©\=#4c¡z;q7K ;06©:B'7��1� 8#4;Ã:4�7K¡'4;Ãy±27 L� T�1±27K©gÃ 9�7X± Ô � 3 2%³¢³´Ù :�H
+QË.-cÐa/ Ï1-e�3-cÏ#465�7V/85cÆ�ª�m#v�u tA$!oT$���tA$1t:x!ª¯xT�!�!� H



��� ����� ���	��
 �@� ��� �����

� ¡D� = F�n!n 	 2wHJ¡'4`��� = 02�KAk�1Ã:¡C2wH FQ�.=O7K4c�\H 6 ©g027@AT©gÃ�±[�1� 8#4;Ã:4»±20[�1Ã:�lJF4;0��1Ã:¡�± Ô 4
©g027@8!7XÃ ©<JÅ�2ÁJ4c ;7K4c�´u+�K4c�6�6©gÃ:�«JF06©:; B��g ;±64;027�� H �D"�/? G465=��Ï1-?"2ÈA@ Ï�ÈgÐKÆKª
��uXxTm!����xTo!oDª�m!n!n!n H

� FM3 O\n!o 	 ²EH FQ�1�KB'7XÃ5ªJÙ(H�3¯4;0[�1±TªJ�1Ã:¡ � H O¹4;02027K4;064SH�® Ô 4Å�[©g�'06 c4`©<J����1±64;0[�1�X�@?
±20[�1Ã:�lJ�4;02064c¡¬8#4;Ã:4c�+7XÃ¬B��g ;±64;027��1� 8#4;Ã:©:;�4c�\H �V/J ]ÈgÉ /9Í�Ï�ÈgÐKÆKª#t:ªOm!n!n!o H

� FM3 :Mv!v 	 «�H²F�4�;qÁ:�2±64;0Tª�¨EH>3¯�17X06¡Îª��1Ã:¡-F�H :9�KB'7XÃ>HÖ³�� 8D7@;��K; �X7@M#4;�X7 Ô ©O©y¡
JV06©:; 7XÃ: c©:;qÁ'�K4;±648¡:�1±[��=O7���± Ô 49Ù\³ �1�@8#©g027X± Ô ;�H�ÄDÆD7�È���ÆG<]Ì �!ÌaÆG<]È%-�Æ
Í8Æ�ª:o!� uXx8�Oo!�Dª5xT�#v!v7H

� FM³¢/Q3¯�#v 	 «�H�F�4c T�1±2�'0Tªq³ H ®�H`³¢ c³´�'020�?#ª4(�H ¨EH»/��'ÃKM#4;�)ª��1Ã:¡ :�H`35©!�27K %MNH
®50[�1Ã:�2���1±27K©gÃ ©<J»± Ô 4 ; :�¨M« JF©g0�± Ô 4��2Á]©g02�'���1±27K©gÃ 8#4;Ã:4�IaH�G��������
©<J���A�b6·XUXU)e!I�ITe:CD^F·XUX·KI�7K��¡'4;Á]4;Ã:¡'4;Ãy±��'ÁJ©gÃ ±20[�1Ã:�6���1±27K©gÃ ©<J��.��;k�1�X�
�'Á:�2±2064T�<; ©gÁJ4;Ã�064T�g¡D7XÃK8 JF0[�<;�4SH.ÄOÆ�Íf�Q-cÌ /J" Ï�ÈgÐXÆ�ª\xdvg��uXxTo!m1t6��xTo!m!�Dª
xT�!�#v7H

� FM¨2(J�1t 	 = H�F �w¬O©g�KAd�Dª9³ H ³ Hz¨M�<M!�1Ã:©'ª9�1Ã:¡ O²Hf(��KBJ4;0\H 2­¡'4;Ã�±27 L� T�1±27K©gÃ�©<J
bcGTf�L]ª¯�«8#4;Ã:4�©<J+± Ô 4qI6@2iV?�©gÁ]4;06©gÃÖ± Ô �1±Q064�8!�'���1±64c��± Ô 4q4c�2±[�<B'�X7K� Ô £
;�4;Ã�±z©<JY8#4;Ã:4;±27K 8 c©:;qÁJ4;±64;Ã: c4�7XÃ���A�b6·XUXU)e!I_ITe:CD^F·XUX·KI\HCN�Æ'+e�#ÌFÐXÆD�V-R�Q4�Æ
<*-;Ï2g <F�Qª��Dxqus�!o!�#v%�O�1t�nDx!ª>xT�!�1t�H

� FQ¬`
Qvg� 	 ³ H/FQ�\? Ô ©�B�ª0:�H ³ H\¬O  Ô 9_�102±�A#ªz�1Ã:¡ (�H = 
806 ;�'±2±\H �MÌFÐa�65�È H NP"ÚÈTI
Ì / Ï\ <E/��;ËD/J G-K/c�! G4c<]Ì#"BË`-cÌFËY"�/;ªJ  Ô �1Á'±64;0�« ;�©O¡'4;�¹©<J\4�=#©g�X�'±27K©gÃ��10�?
  Ô �1ÃK8#4�7XÃ�Á'06©g±64;7XÃ:�\H�¬y7X�@=#4;0q¬yÁ'027XÃK8:ª>³ Fhu¯¨��1±27K©gÃ��1� (_7K©:;�4c¡D7K T�1�
:�4c�64T�106  Ô ':©g�'Ã:¡:�1±27K©gÃ5ª>xT�#vg� H

� ÙCFQ�1t 	 ¬ H,:�H]Ù�¡'¡ ?��1Ã:¡ :�H FM�'0�B'7XÃ>H�:�¨M« �64c°y�:4;Ã: c4»�1Ã��1�@?D�27K���:�27XÃK8  c©1£
=g�1027��1Ã: c4�;�©y¡'4;�K�\H +QË.-cÐa/ Ï1-e�3-cÏ#465�7V/85cÆ�ª�m!m�usm!nDxT���Om!n!�!�Dª¯xT�!�1t�H

� Ù�p = + n!o 	 O#HyÙ�7K  Ô 4;Ã B]4;0�8#4;0Tª:¬ H ®�H#p�4;Ã:�64;Ã5ª�Ù(H ³ H = ©gÃ'�K©gÃ5ª = HS=!�1Ã)
M©g7 �;ª�p�HO¬y7X�½£
=g�<8S8!7)ª�p�H Ù(H � ©gÃKAd�1�K4�A;£�O��g�2±6©g0Tª!³ H ''�!�Ú7X±[�Dªg¬ H (z4;ÃD£19\4 Ô �:¡:�Dª:O#H#¬y±20[��£
8!7K4;0Tªgp�Hw¬ H!3Î7X�5ª!�1Ã:¡ :�H135©!�27K 0M H'® Ô 4��27@8S;k�gÙ�064�8!�'�K©gÃk�1Ã:¡`± Ô 4z7K¡'4;ÃD£
±27 L� T�1±27K©gÃk©<J5�g¡'¡D7X±27K©gÃ��1���2ÁJ©g02�'���1±27K©gÃc8#4;Ã:4c��7XÃk�9A�b6·XUXU)e!I�Ide:CD^F·XUX·KI\H¯ÄDÆ
�¢ÈgÐKÆÎÍ�Ï�ÈgÐKÆKª:o!m#v us�1t�r��O�#vgmDª�m!n!n!o H

� Ù�³¢n!m 	 9�H'Ù�Á Ô 0[�17@; �1Ã:¡�¨EH:³¢4;0 Ô �.=NH 6 7K¡'¡'4;Ã�³��10�M#©\= Á'06©O c4c�6�64c�\HP�������
��ÆE�8 %H;ÈT"BÉkÆ��CU./2È!" �!ª't�� uXxTrDxT����xTrT$!�Dª]m!n!n!m H

� 'O«MÙ + n!m 	 :�H F�HC'¹�K4;7K�6  Ô ;k�1Ã'Ã5ª F�HÖ«8�X���1Ã:¡ÎªÖp�H «EHÖÙ�7K�64;Ã5ªÖ3 H = �102ÁJ4;Ã�±64;0Tª

EH P Ô 7X±64!ª]p�H O¹4;±64;06�6©gÃ5ªA:�H`F�4 (_©¯?#ª :�H F�©O¡'�6©gÃ5ª�³ H � 9�7XÃ'Ã5ª]�1Ã:¡
F�H 6 �
JF±\H P Ô ©g�K4 £�8#4;Ã:©:;�4» c©:;qÁ��1027K�6©gÃ�©<J�| �JbcGyC#A�bd^­¶6@2·)egf ^2e:C'¶6@[S
bdegUFGdI2·KI� ;�X7XÃ'7K T�1���1Ã:¡»���<BJ©g0[�1±6©g0�?`�6±20[�17XÃ:�\HÎÄOÆ'Íf�Q-cÌ /J" Ï�ÈgÐXÆ�ª:xT�1tqusr1tyvg���
r1t��!nDª�m!n!n!m H

� 'O«#P + �!r 	 :�H>F�H�'¹�K4;7K�6  Ô ;k�1Ã'Ã5ª�³ H>F�H>«�¡:�<;��Tª:
EH P Ô 7X±64!ª�:�H5«EH = ���.?O±6©gÃ5ª
Ù(H '9HO/�7X0�MOÃ:4c�6�TªO«EH�:�HO/Q4;02���\=g�<8#4!ª = HDp�H (_�'�X±TªDp�H '9Hy®>©:;�B5ª (�HD«�H
F�©g�K8 Ô 4;02±�?#ª\p H�³ H\³´4;02027K 0M]ª�4;±��1��H P Ô ©g�K4 £�8#4;Ã:©:;�4´0[�1Ã:¡'©:; �64 £
°��:4;Ã: ;7XÃK8��1Ã:¡q�g�6�64�;�B'�@?Å©<J���A�¶6f�GBH]='·XU)e!I�·XZ
	5eO¶6Z
��A�¶ ��EYHG<*-cÏ1/J *-K/;ª
mT$!� u t��T$��OrDxTmDª5xT�!�!r H



��� � ��� ����� ���	��
 �@� ���

� '�Ù�¨ + n!m 	 = H ''0[�g�64;0Tª!p�H «EH#Ù�7K�64;Ã5ª!/RH Ù�H#¨84;�K�[©gÃ5ª�2wH ®�HSO��1�'�K�64;Ã5ªy�1Ã:¡k¬ H 3 Hy¬D�1�@A;£
BJ4;0�8�H]® Ô 49=g�1�X�:49©<JÎ c©:;qÁ'�K4;±64�;q7K ;06©:B'7��1�`8#4;Ã:©:;�49�64c°y�:4;Ã: ;7XÃK8«D ?#©g�
8#4;± 9 Ô �1±(?#©g��Á��.?zJ�©g0wGIH�ÄOÆÎÍf�Q-cÌ /J" Ï�ÈgÐXÆ�ª5xT�1t�ui$1t�n!o��Y$1t�n!rDª]m!n!n!m H

� ' � P + �!r 	 = H ³ H�''0[�g�64;0Tª1p�H F�H � ©O T�.?OÃ:4!ª!
EH¯P Ô 7X±64!ª1³ H FEH�«�¡:�<;��Tª�:�H «EH = ���.?y£
±6©gÃ5ª :�H F�H '¹�K4;7K�6  Ô ;k�1Ã'Ã5ª = H p�H (+�'�X±Tª�«�H :�H'/Q4;02���.=!�<8#4!ª � H�¬y�'±2±6©gÃ5ª
p H ³ H�/Q4;�X�K4�?#ª\4;±k�1��H ® Ô 4§;q7XÃ'7@;k�1��8#4;Ã:4  c©:;qÁ'�K4�;�4;Ãy±�©<JQ| �JbcG�S
H]U¿A1I6f�AÅY'¶6Z'·)^aA�UX·)egf�H <*-cÏ1/J *-K/;ª�m#vgn�uso!�#v%��t�n!oDª5xT�!�!r H

� ' 6 ( + �!� 	 3 H '¹�K©g064T�Dª � H 6 �102±�AT4;�X�)ªT(²H!( Ô �1ÃK8:ª � H � ³ H�:9�KB'7XÃ5ª1�1Ã:¡�P Hd³´7X�X�K4;0\H
«  c©:;qÁ'�'±64;0�Á'06©:8!0[�<; JF©g0��1�X7@8!Ã'7XÃK8 �Ó .F�¨8« �64c°y�:4;Ã: c4 9�7X± Ô �
8#4;Ã:©:;q7K �F�¨8«��64c°y�:4;Ã: c4SH��V/J �ÈgÉ / 73/85TÆKª:� us�T$#v%�O�#v�t:ª¯xT�!�!� H

� '¹7XÃ��!n 	 3 HA'>7XÃ:4c�[�6©KH �,5;ÌFÏ¿ÉS�!ÌFÏ�È! �È�H»Ì\U`/kÈ!"�4A/J"kÈ�H����� :ÏFÌ / � �!"��1È!�b-JUY�!ÏZ ]Æ
O Ô F ± Ô 4c�27K�Tª 
8Ã'7@=#4;06�27X±�?�©<J�³¢�10�?O���1Ã:¡Îª5xT�!�!n H

� '�3¯�!� 	 «EH = H ':0[�1ÃKM��1Ã:¡Óp�H�:�H>3¯©:B'0�? H.«8��?7;R;�4;±2027K ��2�KB:�2±27X±2�'±27K©gÃÓÁ��1±Ú£
±64;02Ã:�»uJ��064�=O7K4
9 ©<J\Á]©!�[�27@B'�K4��'Ã:¡'4;02�@?O7XÃK8§;��'±[�1±27K©gÃ��1��©g0��64;�K4c ;±27@=#4
;�4c  Ô �1Ã'7K��;��\H �V/J */;ª�m!o!��ui$!r��Dv!vOª5xT�!�!� H

� '�³�n!n 	 F�H<''064;7X±[�<8 �1Ã:¡µ«�H�³´  = �1�X�X�K;�H 2%Ã JF©g0�;k�1±27K©gÃ 498O±20[�g ;±27K©gÃ 9�7X± Ô
6 ³¢³ �2±202�: ;±2�'064c���K4T�102Ã:4c¡ B ? �6±6©y  Ô �g�2±27K �©gÁ'±27@;q7@Ad�1±27K©gÃ>H 2%Ã
�f�V�f���`���V�f� ªDÁ��<8#4c�8r!�1t6�Or!�!�Dª�m!n!n!n H

� '�³¢« + nDx 	 p H p�H"':4;02064;±2±27)ª�P H ³ H�³¢ d¬ Ô �1Ã5ª�F�H�«�¡6�Ú7K !ª�F�H�¬D�.=O7K !ª � H�¬D�.=O7K !ª
/RHD3Y?#©gÃ5ª = H7O�027@;�4T�1� 8Îª�¬ Hw¬ H:¬O4�Ad�1±64!ª'«�H ¨EHD¬y�'06©g06©¯=]ª:�1Ã:¡ ¬ HD/Q4;ÃD£
±6©gÃ>H = ©:;qÁ'�K4;±64�8#4;Ã:©:;�48�64c°��:4;Ã: c4�©<J5�1Ãk³}x��2±20[�17XÃ�©<J¯L]^F@;¶%H�^­GybcGObBS
bde!I_HO�:GcY'¶6ZJ¶[I\HPN9Æ�+e�!ÌFÐKÆh�V-R�Q4�Æ <E-;Ï�ÆfgC<.�Qª:�!��u tA$!r!����tA$T$!oDª]m!n!nDxSH

� '�³¢³ � �!� 	 F�H ''027K� Ô ;k�1Ã5ª!«EH1³�7X06©gÃ:©¯=]ª 6 H P H1³¢4
9+4c�Tª!�1Ã:¡»³ H � 4;� J)�1Ã:¡YH = ©:;»£B'7XÃ'7XÃK8´¡D7@=#4;06�64q4�=y7K¡'4;Ã: c4EJ�©g0�8#4;Ã:4»064c c©:8!Ã'7X±27K©gÃ�7XÃ. c©:;qÁ'�K4;±64;�@?.�64 £
°y�:4;Ã: c4c¡cB��g ;±64;027��1�`8#4;Ã:©:;�4c�\H�+�Ë`-;Ða/;Ï#-V�V-;Ï1465P73/85TÆKª�mT$�usm!�1t:x8�Om!�1tyvOª
xT�!�!� H

� '�®9�!� 	 ®�H 6 H '��1Ã`�1Ã:¡ = H «EHT®>�[�17�H�« (��.?#4c�27��1Ã�;�4;± Ô ©y¡�7XÃÅ¡'4;±64;0�;q7XÃ'7XÃK8M± Ô 4
©g06¡'4;0Å©<Jz�«L:Ã'7X±64��2±[�1±64q³��10�M#©\=�  Ô �17XÃ>HÖÇ�È!É`ÉkÆ[<�Ì �!ÌaÆ	� I �CU./2È!" �!ª
m!��uXxdvOx!x8��xdvgo!nDª¯xT�!�!� H

� � «M« + n!n 	 :�H � �'7@8#©'ª#O#H¹«³8��10 9_�1�)ª�p�H '9H>«�B'027X�)ª>³ H�(+�'06�[4;±Tª>�1Ã:¡}p�H>P H '¹7½£
 0M#4;±2±\H�«8Ãk�g�6�64c�[��;�4;Ã�±�©<JN8#4;Ã:4zÁ'064c¡D7K ;±27K©gÃ��g c ;�'0[�g �?»7XÃq���10�8#4�F�¨8«
�[4c°��:4;Ã: c4c�\H �V/J �ÈgÉ /�73/85cÆ�ª5xTn�uXx%$!oDx8��x%$1t�mDª]m!n!n!n H

� � (�n!o 	 Ù�H � �g�6�27��1±��1Ã:¡�¬ H (z©g�:  Ô 4;06©gÃ>H 
8Á'±27@;k�1�54;0206©g0z498DÁJ©gÃ:4;Ã�±6�z7XÃ Ô 7K¡O£
¡'4;Ã»³��10�M#©\=�;�©O¡'4;�K�>©g06¡'4;0¹4c�2±27@;k�1±27K©gÃ>H.��� ��� ��ÆQ�8 %HcÈ!" ÉkÆh�CU./2È!" �!ª
t���us�T$1t6�O�!�!nDª�m!n!n!o H

� � (zÙ0(��#v 	 P H ¨EH � 02�'Ã:¡ ?#ª#®�H 3CH (z�17X�K4�?#ª = H O#H�Ù��@Mg�1Ã5ªO�1Ã:¡q³ H Ù�H (��<M#4;0\H�³¢4;±[��£
³¢Ù�³¢Ù�u�;�©g±27 JV£�B��g�64c¡ Ô 7K¡'¡'4;ÃÅ³¢�10�M#©¯=�;�©O¡'4;�K�5©<JDÁ'06©g±64;7XÃ�J)�<;q7X�X7K4c�\H
Ç�È!É�Ê]ËOÌaÆ��_Ê#Ê�ÐKÆÎÍ�Ï�È65?-cÏ�Æ�ª5xTo�uso!�#v%��t�nT$Dª¯xT�!�#v7H

� � 4;���T$ 	 «EH1Ù(H � 4;� J��1Ã:¡YHG� �T"��1ÈT�»Ç UY�!ÏZ ���È! �Ì /�Ç[�T"BÐXÈQÏ\ NP"��Q-cÌFÏ1-K/;ª!  Ô �1Á'±64;0
³¢©O¡'4;�8¡'4;±64;0�;q7XÃ��1±27K©gÃ �:�27XÃK8}�[�<;qÁ'�X7XÃK8g£�B��g�64c¡ ;�4;± Ô ©y¡'�¯H =+Ô �1ÁD£
;k�1Ã¢�1Ã:¡ 6 �1�X�)ª'3¯©gÃ:¡'©gÃ5ª¯xT�!�T$ H



��� ����� ���	��
 �@� ��� �����

� � ' ( + nDx 	 O#H � ���g�64;0Tªq3CH ''0[�1ÃK8#4;�'�)ª = H (_�:  Ô 027K4c�64;0Tª�«EHq«³;�4;Ã:¡Îª ' H (���£
°��:4;06©'ª7O²H�(z4;06  Ô 4!ª 6 H (_�K©y4c 0M#4;0Tª O#H (_0[�1Ã:¡D±Tªy®�H =+Ô �<My0[�<BJ©g02±�?#ª'�1Ã:¡
«�H =+Ô �10�B'7X±\H = ©:;qÁ��10[�1±27@=#4(8#4;Ã:©:;q7K c��©<J �Î·KIT^­¶6@2·¿AM�2ÁJ4c ;7K4c�\HE<*-cÏ1/J *-K/;ª
m!�1t�us�1t����O�!r!mDª�m!n!nDxSH

� � � �!m 	 ³ H � ©g�K?��1Ã:¡ = H � �1�'±27K4;0\H = ©y¡'©gÃ��:�[�<8#4q7XÃ B��g ;±64;027���u5 c©g02064;����£
±27K©gÃ 9�7X± Ô 8#4;Ã:48498OÁ'064c�[�27@=y7X±r? Hh+�Ë`-;Ða/;Ï#-V�V-;Ï1465�73/85TÆKª�xTnquwvgn!r!r��Dvgn#v�t:ª
xT�!�!m H

� � � �1t 	 ¬ H � 4�;k�1Ã �1Ã:¡VFEH � 4�;k�1Ã>H ¬y±6©O  Ô �g�2±27K �064;��� 8'�1±27K©gÃ5ª � 7@BKB:��¡D7K�Ú£
±2027@B'�'±27K©gÃ:�k�1Ã:¡Ó± Ô 4 (��.?#4c�27��1Ã 064c�2±6©g0[�1±27K©gÃ ©<J87@;k�<8#4c�\H ������� ��Æ
N �!Ì�Ì /J"J F�f G�gÐKÆKª`$�uwvgmDx8�Dv�t:x!ª>xT�!�1t�H

� � /�n!n 	 Ù(H � �g�6�27��1±��1Ã:¡ = H�/Q4;027@B'7XÃ>H�® Ô 4��X7@M#4;�X7 Ô ©O©y¡}0[�1±27K©�±64c�2±�JF©g0»± Ô 4
Ã��K;�B]4;0 ©<J� c©:;qÁJ©gÃ:4;Ã�±6� 7XÃ�� ;q778O±2�'064 9�7X± Ô ³¢�10�M#©¯= 064�8!7@;�4SH
�,<.�f�K� NP"2ÈA@TÆ��! G4S<�Ì �!ÌaÆ�ªDt�usm!r��Or!mDª�m!n!n!n H

� � 3¯�1t 	 p�H53CH � �1�K=g�17XÃ��1Ã:¡ = H 6 HÎ3¯4c4SHk³�� 8O7@;Å�K; ��ÁJ©!�2±64;027K©g027\4c�2±27@;k��£
±27K©gÃcJ�©g0 ;Å�'�X±27@=g�1027��1±64 � �1�:�6�67��1Ã¬;q778D±2�'0648©:B:�64;0�=!�1±27K©gÃ:�_©<J¯³¢�10�M#©¯=
  Ô �17XÃ:�\HP������� ��Æh<!Ê`/R/�-?U �8Ë.4!ÏFÈ�N9Æ�ª:m usm!�Dx8�Om!�!�Dª5xT�!�1t�H

� � 3¯�#v 	 ¨�H � �1�X±27K4;0��1Ã:¡ p�H0:�H�35©:B'0�? H :84;���1±27K©gÃ:� Ô 7XÁ:�cBJ4;±�9_4c4;ÃV8#4;Ã:©:;q7K 
���"=  c©gÃ�±64;Ãy±Tª :�¨M« �64c c©gÃ:¡:�10�?��6±202�: ;±2�'064c�Tª:�1Ã:¡�©gÁ'±27@;k�1�Y8!06©;9�± Ô
±64�;qÁ]4;0[�1±2�'064�7XÃ Á'06©:Mg�10�?#©g±64c�¯H9ÄOÆ ��ÈgÐXÆ�����ÈgÐKÆKªDt!t�ui$!o!m��Y$!oT$Dª>xT�!�#v7H

� � ³ O+�T$ 	 ³ H�¬ H � 4;� J)�1Ã:¡Îª¹«�H>«�H>³�7X06©gÃ:©¯=]ª��1Ã:¡ O²H�«�H#O>4�=7AcÃ:4;0\H � 4;Ã:4k064 £
 c©:8!Ã'7X±27K©gÃ =O7����6Á'�X7K c4c¡.�64c°��:4;Ã: c4��1�X7@8!ÃK;�4;Ãy±\H N9Æ	+e�!ÌFÐKÆ	�3-R�A4�Æ <*-;Ï)Æ
gh<.��ª:�!o�us�!nT$Dx8�O�!nT$T$Dª>xT�!�T$ H

� � 
��#v 	 Ù(H¯«EH � 06©g7K��;k�1ÃÓ�1Ã:¡ 6 H:
M  Ô ;k�1Ã>H 6 © 9�L'A�UXf�GTZJ¶6UXU¿A�BJ4c T�<;�4��
Á��1± Ô ©:8#4;Ã>H �D"�/? G465 ��Ï1-?"ÚÈ^@ ÏFÈ!ÐXÆ�ª�r�uso1t�o��Oo1t��Dª¯xT�!�#v7H

� � 064T�!r 	 O#H�p�H � 064c4;Ã>H :84�=#4;06�27@B'�K4F�­�K;qÁ�³��10�M#©\= =+Ô �17XÃ�³¢©gÃ�±64 = �102�K©
 c©:;qÁ'�'±[�1±27K©gÃ��1Ã:¡ (��.?#4c�27��1Ã ;�©O¡'4;��¡'4;±64;0�;q7XÃ��1±27K©gÃ>H»Í9ÏFÈ!ÉS/cÌ#"BÏ �6�!ª
�!m�uwvOx!x8�Dvgo!mDª¯xT�!�!r H

� � ¬D�!n 	 «�H Ù�H � 4;� J��1Ã:¡��1Ã:¡�«�H '9H ³ HJ¬ ;q7X± Ô HÅ¬D�<;qÁ'�X7XÃK8¢B��g�[4c¡��1Á'Á'06©#�g  Ô 4c�
±6©Q T�1�K ;�'���1±27XÃK8�;k�10�8!7XÃ��1��¡'4;Ã:�67X±27K4c�\H¯ÄDÆD�8ÉkÆ`<]Ì �!ÌaÆ`��585;È%-dÆ�ª#�!rquso!�!���
t�n!�Dª5xT�!�!n H

� � ¬D�!o 	 P H � 7K� Ô �1Ã:¡�FEH�p H�¬y±[�1±64c�\H 2%¡'4;Ãy±27 L� T�1±27K©gÃµ©<JÅÁ'06©g±64;7XÃµ c©y¡D7XÃK8
064�8!7K©gÃ:� B ?�¡:�1±[�<B��g�64M�27@;q7X���1027X±�?k�[4T�106  Ô HC+e�#ÌaÆ �V/J */cÌaÆKªOo�usmT$T$��Om#vgmDª
xT�!�!o H

� � �:ÂTn!o 	 9�H � �:Âc¡'©gÃ>HÅÙ��2±27@;k�1±27XÃK8��64�;q7½£a³��10�M#©\=�  Ô �17XÃ:��JV06©:;h¡D7K�6 ;064;±64»�64 £
°��:4;Ã: c4c�dª:m!n!n!o H�±6©k�1Á'ÁJ4T�1097XÃÖÄOÆ�Ç�È!É�Ê]ËOÌaÆ ��"��BÊ'UDÆ <]Ì �!ÌaÆ

� � ²�O :8�!� 	 ¬ H � �106 ;7���£)²\�1�X�@=#Â!ªzp�H O��1���1�5ªz�1Ã:¡ «�H :�©:;�4;�>H 6 ©g027@AT©gÃ�±[�1��8#4;Ã:4
±20[�1Ã:�lJ�4;0¹7XÃ�8!�@?D c©!��?O� Ô ?O¡D06©g���g�[4c��7XÃ JF4;02064c¡EJF06©:;� c©y¡'©gÃ»�:�[�<8#4_7XÃ ��I[S
b%=J¶6@2·Fb­='·¿A�bcGTUX·��1Ã:¡��9A�b6·XUXU)e!I�ITe:CD^F·XUX·KI¯H��¢È!ÐXÆ]Í�Ï�ÈgÐKÆE�P��ÈgÐKÆKªJx%$�uXx!xTm!r��
x!xTo1t:ª5xT�!�!� H

� 6 «M« + nDx 	 p�H «EH 6 ©!��MO7XÃ:�Tª\P Hdp�«8�@B]©g02Ã5ª�p�H�«802Ã:©g�K¡Îªg3CH�(+���g�%AT �Ad�<M]ª!¬ H (_�'0�8#4;±2±Tª
(�Hw¬ HfF�4 6 ©�B�ª�¬ H+Ù\�2±2064�;�ª�3CH ''027X±�A#ª9FEH £ap ':�5ªfP H ':�'�X�K4;0Tª�4;±��1��H



����� ��� ����� ���	��
 �@� ���

� 4;Ã:©:;�4+©<J:± Ô 4 B��g ;±64;027X�K;�L]^F@;¶%H�^­GObcGybcbde!IÎH]ZJ¶degf�GTZ'·¿A�¶��2±20[�17XÃ4:f$ H
ÄDÆ5Íf�Q-cÌ /J" ÏFÈ!ÐXÆ�ª5xT�!o usr#vgn!���Or#vOxdvOª]m!n!nDxSH

� 6 �g�Bvgn 	 P H /RH 6 �g�2±27XÃK8#�\H�³´©gÃy±64 = �102�K©q�[�<;qÁ'�X7XÃK8R;�4;± Ô ©O¡'���:�27XÃK8�³��10�M#©\=
  Ô �17XÃ:�M�1Ã:¡�± Ô 4;7X0M�1Á'Á'�X7K T�1±27K©gÃ:�\H_Í9ÏFÈ!ÉS/cÌ#"BÏ �6�!ª�r#v us�#v%��xTn!�Dª5xT�#vgn H

� 6 (��!� 	 P Hw¬ H 6 �.?#4c�Å�1Ã:¡.³ H,(z©g06©y¡'©¯=O��M7? H 6 © 9 ±6©�7XÃ�±64;02Á'064;±»�1Ã��1Ã:©gÃ ?y£
;�©g�:�«B��g ;±64;027��1��8#4;Ã:©:;�4�uC;k�g  Ô 7XÃ:4��K4T�102Ã'7XÃK8 �1Á'Á'06©#�g  Ô ±6© 8#4;Ã:4
7K¡'4;Ãy±27 L� T�1±27K©gÃ>H �V/? �ÈgÉ / 73/85cÆ�ª:� uXx!xTr1t6��x!xdvOx!ª>xT�!�!� H

� 6 (3
M³´®9�#v 	 p H 6 �g 0M#4;0Tª � H (_�X�K;»£ 
M4 Ô �K4;0Tª?2IHz³�� Ô �K¡'©g0lJ�4;0Tª��1Ã:¡ 6 H_®¯�[  Ô �1ÁJ4SHO��1± Ô ©:8#4;Ã'7K ;7X±�?¢7K�2���1Ã:¡'�8©<J"=O7X02�'�K4;Ã�±³B��g ;±64;027���u��2±202�: ;±2�'064!ªKJF�'Ã: ;±27K©gÃ
�1Ã:¡�7@;qÁ��g ;±8©gÃ¢;q7K ;06©:B'7��1�¯4�=#©g�X�'±27K©gÃ>H��¢ÈgÐKÆh��Ï1-?"ÚÈ^@ ÏFÈ!ÐXÆ�ª:m!o�uXxTn!�!���
xTn!�#vOª¯xT�!�#v7H

� 6 4;���!r 	 p H FEH 6 4;�@;k�1Ã'Ã>H = ©:;qÁ'7X���1±27K©gÃ �1Ã:¡ �1Ã��1�@?O�27K�»©<J�(z�g ;7X�X�X�:�k�2�KB'±27X�X7K�
�67@8S;k�´«�£a¡'4;ÁJ4;Ã:¡'4;Ã�±qÁ'06©:;�©g±64;0��64c°y�:4;Ã: c4c� u�4�=y7K¡'4;Ã: c4«J�©g0`498D±64;ÃD£
¡'4c¡� c©gÃ�±[�g ;±9BJ4;±�9+4c4;Ã :�¨M« Á]©g�@?7;�4;0[�g�64M�1Ã:¡��'Á:�2±2064T�<;�Á'06©:;�©g±64;0
F�¨M«�H +QË.-cÐa/ Ï1-e�3-cÏ#465�7V/85cÆ�ª:m!o usm!o!rDx8�Om!oT$!nDª¯xT�!�!r H

� 6 Ù�® = n!n 	 p H FEH 6 �K8 Ô 4c�Tª<O#H P HgÙ��2±64;Á5ª#¬ H�®¹�.=!�<AT©g7K4!ª#�1Ã:¡ � H ³ H =+Ô �'06  Ô H = ©:;»£
Á'�'±[�1±27K©gÃ��1�z7K¡'4;Ãy±27 L� T�1±27K©gÃÓ©<J� ;7K�2£)064�8!�'���1±6©g0�?�4;�K4�;�4;Ã�±6�q�g�6�6©O ;7��1±64c¡
9�7X± Ô 8!06©g�'Á:�9©<J JF�'Ã: ;±27K©gÃ��1�X�@?�064;���1±64c¡§8#4;Ã:4c��7XÃ��[�g c  Ô �106©:;�?O c4c�8 c4 £
064�=O7K�27��g4SH9ÄDÆC�¢ÈgÐKÆÎÍ�Ï�ÈgÐKÆKª:m!�T$�uXxTm!n!r���xTmDx;t:ª�m!n!n!n H

� 6 '�/ + n!m 	 /RH 6 ©:;R;k�Dª¯¬ H,''�KMO�:  Ô 7)ªÎ®�HÎ/�� 9z�<B��1±[�Dª5³ H�
8±[�Dª5�1Ã:¡./RHJ¨87K� Ô 7½£
M!� 9z� Hy« �%?O�2±64�;k�1±27K \7XÃ =#4c�2±27@8��1±27K©gÃ»7K¡'4;Ãy±27 L�4c���9�27@8!Ã'7 L� T�1Ãy±>Ãy�K;�BJ4;0
©<J5Á'06©:B��<B'�K4MÁ:�64;�:¡'©:8#4;Ã:4c�_7XÃ�± Ô 4���Icb%=J¶6@2·Fb%='·¿AkbcGTUX· 8#4;Ã:©:;�4SH �V/J E/;ª
m!�1t´usm!r��Oo!oDª�m!n!n!m H

� 6�6 �!m 	 ¬ H 6 4;Ã'7@M#©�B �1Ã:¡Óp�H � H 6 4;Ã'7@M#©�B/HÖ«³;q7XÃ:©Ö�g ;7K¡}�6�KB:�2±27X±2�'±27K©gÃ-;k��£
±2027K c4c� JF06©:;�Á'06©g±64;7XÃ:� B'�K©O %MD�\HAN9Æ^+e�!ÌFÐKÆA�V-R�Q4�Æ`<*-;Ï)Æ:gC<.�Qªd�!��uXxTn!�DxTr��
xTn!�DxT�Dª>xT�!�!m H

� 6 2 6 (��#v 	 ³ H 6 7X06©!�B� 9_�DªÎ/RH,2­�6©gÃ:©'ª P H 6 �.?#4c�TªÎ�1Ã:¡�³ H@(z©g06©O¡'©\=D��M7? H � 4;Ã:4
7K¡'4;Ãy±27 L� T�1±27K©gÃ��1Ã:¡  ;���g�6�27 L� T�1±27K©gÃ 7XÃ ± Ô 4�I­�'ZJ¶cb%=JGObÚ�'IT^F·KI¬8#4;Ã:©:;q7K 
�[4c°��:4;Ã: c4 B ?µ064c ;�'06�27@=#4 � 4;Ã:4c³¢�10�M �1Ã��1�@?O�27K�¯H ��+V� <�/��;ËD/J G-K/;ª
��uXxdv%�Om!�Dª5xT�!�#v7H

� 6 /�n!n 	 p H 6 �g 0M#4;0��1Ã:¡�p�H�(�HO/��1Á]4;0\H²O��1± Ô ©:8#4;Ã'7K ;7X±�? 7K�2���1Ã:¡'�9�1Ã:¡�± Ô 4�4�=#©1£
�X�'±27K©gÃ¢©<J²;q7K ;06©:BJ4c�\H �f D �Ë'Æ�73/?�1Æ ��Ï1-?"2ÈA@ Ï�ÈgÐXÆ�ª�r1t�ui$1t:x8�Y$#vg�Dª]m!n!n!n H

� 6 /Q® + �T$ 	 ¬ H]³ H 6 4�B:��8��!�106¡Îª O#H � H�/�©g02Ã'7XÃK8:ªÎ¨EH�®¯©g�K�6±202�'Á5ª]p H]Ù�ÃK8#4;�@B'064c  Ô ±Tª
O²H�:�©g�KAT4!ªD�1Ã:¡�¬ H (+02�'Ã��<MNH¹¬yÁ'�X7K c4Q�67X±64�Á'064c¡D7K ;±27K©gÃ 7XÃ�«�0[�<B'7K¡'©gÁ:�67K�
± Ô �1�X7��1Ã���Á'064 £�; :�¨M« B ?  c©:;�B'7XÃ'7XÃK8}�K©O T�1�8�1Ã:¡V8!�K©:B��1�8�64c°y�:4;Ã: c4
7XÃ J�©g0�;k�1±27K©gÃ>HP+QË.-cÐa/ Ï1-e�3-cÏ#465�7V/85cÆ�ª:m1t�uso1t�o!���Oo1t�r!mDª¯xT�!�T$ H

� 6 ³¢�!� 	 ³ H p�H 6 ©g06��B'�'0�8 Ô �1Ã:¡ «EH\³¢©g7X0\H�¬y7@8S;k�Ö³}ª+�1Ã Ù = ' :�¨M«�ÁJ©1£
�@?7;�4;0[�g�64��27@8S;k�§J)�g ;±6©g0Å©<J?(��g ;7X�X�X�:�Å�6�KB'±27X�X7K��x%$!�Dª¯7K�Å4c�6�[4;Ã�±27��1�CJ�©g0
8!06© 9�± Ô �1Ã:¡��2�'0�=O7@=g�1�\7XÃ Ô 7@8 Ô  c©gÃ: c4;Ãy±20[�1±27K©gÃ:�q©<J9�[�1�X±\H �¢ÈgÐKÆ,��Ï\I
- "ÚÈA@;ÏFÈgÐKÆ�ª�o!m�u t:x8�Or!nDª¯xT�!�!� H



��� ����� ���	��
 �@� ��� �����

� 6 ¬ '��#v 	 p�H 6 4;Ã:¡'4;06�6©gÃ5ªy¬ H�¬D�1�@A.BJ4;0�8:ª#�1Ã:¡�/RH 6 H '��g�%;k�1Ã>H
'¹7XÃ:¡D7XÃK8�8#4;Ã:4c��7XÃ
F�¨8« 9�7X± Ô � Ô 7K¡'¡'4;Ã¢³¢�10�M#©¯=§;�©y¡'4;��HMÄOÆzÇ�ÈgÉ8Ê�ËDÌaÆ5Í9ÏFÈ!ÐXÆ�ª't�uXxTm#v%�
x;t:x!ª5xT�!�#v7H

� 6 ²�® + n!m 	 (�Hdp�H 6 �!�g�dªd¨EHT²�©g� J�©\=D��M ?#ª = H
F�H�®¯©;9�Ã5ªg³ Hd®¯06©g�KM Ô �1Ã5ªg¨EHd«8�K498'�1ÃD£
¡D06©\=Jªy/RHy«�H�':4;�K¡ ;k�1Ã'Ã5ª :�H�(�H�'¹���.=#4;�X�)ªD
EH P Ô 7X±64!ªO�1Ã:¡ ¬ H�3 HD¬D�1�@A;£
B]4;0�8�H ''�'�X�½£)�K4;ÃK8!± Ô ;�4c�6�64;ÃK8#4;0�02Ã��»�64c°y�:4;Ã: c4c��8!064T�1±2�@?�7@;qÁ'06©\=#4�8#4 £
Ã:©:;�4��1Ã'Ã:©g±[�1±27K©gÃ>H �V/? �ÈgÉ /�Í�Ï�ÈgÐKÆKª:oDª:m!n!n!m H

� p#35/ + nDx 	 6 Hgp��10�;�4;0Tªy®�Hw¬ H!3¯�106�64;Ã5ª#«EHg/�06©:8 Ô ª 6 H 6 H#¬D� 8D7X�K¡Îªy¬ H�(_02�'Ã��<M]ª#�1Ã:¡
¬ H�/�Ãy�:¡'�64;Ã>H�¬y7@8S;k�k«�064c c©:8!Ã'7X±27K©gÃ.�27X±64c��7XÃ�± Ô 4��9A�b6·XUXU)e!IMITe:CD^F·XUX·KI
8#4;Ã:©:;�4SH���Ï1-?"2ÈA@ Ï�ÈgÐ½ÈK]��!ª¯x;tyv�usm1t:xdv%�Om1t�m1t:ª]m!n!nDxSH

� /��10[nDx 	 ¬ HT/��102�X7XÃ>H F�4;±64c ;±27XÃK8��1Ã:©:;k�1�K©g�:�#8#4;Ã:4+ ;�X�:�2±64;06�>�1Ã:¡�Á��1± Ô ©:8#4;Ã'7K ;7X±�?
7K�2���1Ã:¡'��7XÃ�¡D7@=#4;06�64 B��g ;±64;027��1��8#4;Ã:©:;�4c�\HP�`"R/J G465���Ï1-?"2ÈA@ Ï�ÈgÐKÆKª#�»uso!o!r��
o1t�oDª�m!n!nDxSH

� /"(_³ + �1t 	 «�Hg/�06©:8 Ô ª#³ H�(_06©;9�Ã5ª 2IHw¬ H!³´7��1Ã5ª!/RH�¬��Ú©g���1Ã:¡'4;0Tª��1Ã:¡¬FEH 6 �1�:�6�2�K4;0\H
6 7K¡'¡'4;Ã`³¢�10�M#©¯=�;�©y¡'4;�K�¯7XÃÅ c©:;qÁ'�'±[�1±27K©gÃ��1� B'7K©g�K©:8S?�uT«8Á'Á'�X7K T�1±27K©gÃ:�
±6©»Á'06©g±64;7XÃ�;�©O¡'4;�X7XÃK8�H9ÄOÆC��ÈgÐXÆÎÍ9Ï�ÈgÐXÆ�ª:m!o!r uXxTr!nDx8��xTr!oDx!ª>xT�!�1t�H

� /QÙ�« + n!o 	 /RHD/�©:B��.?��g� Ô 7)ª]¬ H F�HDÙ Ô 02�X7K  Ô ª�«�HD«8�@B]4;02±27XÃ'7)ª � HD«³;k�1±27)ªD/RH /RH'«�ÃD£
¡'4;06�64;Ã5ªO³ Hy«�02Ã��1�:¡ÎªO/RH�«M�[�17)ªO¬ HO«M� Ô 7@Mg�<8��DªD¬ H�«"?7;�4;027K  Ô ª O²H�(z4c�Ú£
�27K{;064c�TªÎ4;±Å�1��HkÙ��6�64;Ãy±27��1�+�9A�b6·XUXU)e!I�ITe:CD^F·XUX·KI�8#4;Ã:4c�\H)N9Æ	+M�!ÌFÐXÆ[�V-R�Q4�Æ
<*-;Ï)Æfgh<.��ªÎxTn!n�u tA$#vg����tA$!�!oDª]m!n!n!o H

� /"'²F�(�nDx 	 2wHg/8©g0lJÚª O²H '¹�X7K c4�MJªSFEHSFM���1Ã5ª#�1Ã:¡q³ H�:�H (_064;Ã�±\H@2aÃy±64�8!0[�1±27XÃK8�8#4;Ã:©1£
;q7K  Ô ©:;�©g�K©:8S?�7XÃ�±6©§8#4;Ã:4»�2±202�: ;±2�'064`Á'064c¡D7K ;±27K©gÃ>H»Í�Ï�ÈgÏ\ %H;ÈT"BÉS�!ÌFÏ1-J5 ª
xdv�uw¬]x;t�n���x;t��Dª�m!n!nDxSH

� / 6 :8Ù\�T$ 	 F�H¹/��'�XÁ5ª/F�H 6 �1�:�6�2�K4;0Tª�³ H � H :84c4c�64!ª��1Ã:¡ '9H 6 H�Ù�4c %M7;k�1Ã>HÓ«
8#4;Ã:4;0[�1�X7@AT4c¡ Ô 7K¡'¡'4;Ãk³��10�M#©\=�;�©O¡'4;� JF©g0�± Ô 49064c c©:8!Ã'7X±27K©gÃ�©<J Ô �K;k�1Ã
8#4;Ã:4c��7XÃ¬F�¨M«�H�NP"2È%-dÆG�8 �ÌaÆ�Ç�È! %HTÆ`�8 �Ì / ÐVÐXÆ*<��65 ÌaÆ'�¢ÈgÐKÆ:Í9ÏFÈ!ÐXÆ�ª!tkuXxTo1t6�
x;t�mDª5xT�!�T$ H

� / 6 ² + �T$ 	 p�Hg/��K49BJ4!ªg/RH 6 4;0�;k�1Ã'Ã5ª:P H1²\� Ô 06�6©gÃ5ª (�H<P 7X±2±27@8:ª!�1Ã:¡»²�H (_064;Ã:¡'4;��H
35©:8!7X±2�X7XÃ:4T�10";�©y¡'4;�K�#J�©g0>± Ô 4+Á'064c¡D7K ;±27K©gÃq©<J��2Á'�X7K c4_�27X±64c�¯7XÃ`Á'���1Ã�±�Á'064 £
; :�¨M« �64c°y�:4;Ã: c4c�\H,+QË.-cÐa/ Ï1-e�3-cÏ#465f73/J5cÆ�ª�m1t�u tyvgn!����tyvOxT�Dª>xT�!�T$ H

� /Q³ 6 �1t 	 «�H1/�06©:8 Ô ª�2wH!¬ H�³´7��1Ã5ªg�1Ã:¡EF�H 6 �1�:�[�2�K4;0\Hy« Ô 7K¡'¡'4;Ãq³��10�M#©\=�;�©y¡'4;�
± Ô �1±(L:Ã:¡'�³8#4;Ã:4c�M7XÃ ��I;b­=J¶6@2·Fb%='·¿A�bcGTUX·fF�¨M«�H3+QË.-;Ð0/ Ï1- �V-;Ï#4!5 73/85TÆKª
m!m�u tyv!$!����tyv!vg�Dª>xT�!�1t�H

� /Q¨8/Q® 
��!� 	 2wH´/�©:B��\?��g� Ô 7)ª�«�H´¨8©:B'�:�[�1±6©'ª´¨�H´/�©:B��\?��g� Ô 7½£a®>�<M!� Ô �g� Ô 7)ª��1Ã:¡2wH 
M  Ô 7@?��<;k� H�¬ Ô �1Á'7XÃK8Q± Ô 4 8#4;Ã:©:;�48��064c�2±2027K ;±27K©gÃD£�;�©O¡D7 L� T�1±27K©gÃ��%?O�Ú£
±64�;�� �g�«;�©:B'7X�K4 8#4;Ã:4;±27K �4;�K4�;�4;Ã�±6�¯H Ç¹ËY"J"cÆ��>Ê�Ï\ ]Æ �V/J */;ÌaÆ � /J�gÆKª
��ui$1t�r��Y$!rT$Dª¯xT�!�!� H

� /M
M³ + �#v 	 '9H!/��'Ã:�2±Tª#¨EHA
³8��g�[� 9z�10[�Dª�2IH!³´©!�%AT4;0Tª!«�H!³ H#«8�@B]4;02±27XÃ'7)ª � H!«��X�K©gÃ'7)ª
²EH>«�AT4�=#4c¡'©'ª>³ H � H (z4;02±64;06©'ª²O#H (zÂc�6�27K{;064c�Tª¯«�H�(_©g�K©g±27XÃ5ª�¬ H (z©g0Ú£
  Ô 4;02±Tª:4;±M�1��H�® Ô 4� c©:;qÁ'�K4;±64�8#4;Ã:©:;�4�©<J¹± Ô 4�8!0[�<;»£)ÁJ©!�27X±27@=#4�B��g ;±64 £
027X�K; �9A�b6·XUXU)e!I�ITe:CD^F·XUX·KISH +M�!ÌFËY"�/;ª]o!�!n�usm1t����Om!rT$Dª¯xT�!�#v7H



����� ��� ����� ���	��
 �@� ���

� /M
 
 + nDx 	 ³ H�/��'06©O¡:�Dª�®�H.
 Ô ±[�Dª 2wH 
8  Ô 7@?��<;k�Dªy®�H�(��<B��Dª 6 HT9��KAd� 9z�Dª 2wH#/8©1£
B��\?��g� Ô 7)ª_3CH = �'7)ª\«EH 
³8!�:  Ô 7)ª_/RH�«�©:MO7)ª+�1Ã:¡ 9RH�¨��<8��17�H�P Ô ©g�K4
8#4;Ã:©:;�4��64c°��:4;Ã: ;7XÃK8�©<J³;�4;±27K ;7X�X�X7XÃD£)064c�27K�2±[�1Ãy± L]^aA;H]=#�DUFGObcGObcbde!I�AOe#S
@;¶de!I¯H,Bh�! *-K/;Ì�ª�o!r#v�uXxTm!m!r���xTm1t�nDª]m!n!nDxSH

� /":M�!r 	 :�H>Ù�H¹/��g�[�»�1Ã:¡}«EH>Ù(H :M�
JV±64;0�? H (��.?#4c� '��g ;±6©g06�\HÓÄOÆP�8ÉkÆP<�Ì �#ÌaÆ
� 5K5cÈ%-dÆ�ª��!n uwv!vgo��Dvg�!rDª5xT�!�!r H

� /�06©#�1t 	 «EH¹/�06©:8 Ô H 6 7K¡'¡'4;Ã}³��10�M#©\=}³´©O¡'4;�K��JF©g0Å���<B]4;�K4c¡Ó�64c°y�:4;Ã: c4c�\H 2%Ã
��� Ì\U ���VN 7 �8 �ÌaÆ�Ç�È! %HTÆ�È! N �#Ì�Ì /J"8 7V/�-6ÈR]! �ÏVÌFÏ�È! �ª]Á��<8#4c�`x;t�n���x;t!t�H
2­Ù�Ù�Ù = ©:;qÁ'�'±64;0M¬O©O ;7K4;±�?¢O�064c�6�dª5xT�!�1t�H

� /�06©#�#v 	 «EHT/�06©:8 Ô Hy®09+©³;�4;± Ô ©O¡'�>J�©g057@;qÁ'06©\=O7XÃK8MÁ]4;0lJ�©g0�;k�1Ã: c4\©<J��1Ã 6 ³¢³
�1Ã:¡´± Ô 4;7X0M�1Á'Á'�X7K T�1±27K©gÃ J�©g0(8#4;Ã:4�L:Ã:¡D7XÃK8�HfNP"2È%-dÆ:�8 �ÌaÆzÇ�È! %HTÆh�8 �Ì / ÐVÐKÆ
< �
5;ÌaÆC�¢ÈgÐKÆÎÍ�Ï�ÈgÐKÆKª:r�uXxdvg����xT�T$Dª>xT�!�#v7H

� /�06©#n!n 	 «EH�/�06©:8 Ô H�
M�27XÃK8�¡:�1±[�<B��g�[4�;k�1±6  Ô 4c� 9�7X± Ô JF©g0 6 ³¢³ � 4;Ã:49J�©g0+�1�D£
±6©:;k�1±64c¡�8#4;Ã:4Q¡'4;±64c ;±27K©gÃ�7XÃ�FM06©!�6©gÁ Ô 7X��� H��V/J ]ÈgÉ /�7V/85cÆ�ªÎxTn�usr!m!o��
r!m!�Dª�m!n!n!n H

� /�¬'¬ + nDx 	 p H�/�� 9z�17)ª8«EH�¬ Ô 7XÃ��<8�� 9z�Dª�/RH8¬ Ô 7@B��1±[�Dª�³ H�9\©!� Ô 7XÃ:©'ª8³ H?2%±6© Ô ª
9RH
2­� Ô 7X7)ª:®�H�«�0[�<M!� 9z�Dª�«EH 6 �10[�Dª`9RH
''�KMO�'Ã'7K� Ô 7)ª 6 H�/�©gÃ'Ã:©'ª]4;±M�1��H
':�'Ã: ;±27K©gÃ��1���1Ã'Ã:©g±[�1±27K©gÃ ©<J��§JF�'�X�½£)�K4;ÃK8!± Ô ;�©g�:�64k c¡DÃ��� c©g�X�K4c ;±27K©gÃ>H
+M�!ÌFËY"�/;ª�t�n!� ui$!�!r��Y$!�!nDª�m!n!nDxSH

� /�¬'¬ + n!m 	 (�H�/�Ã��<B5ª�«EH�¬O  Ô �X7K4;Á5ª (�H\¬y±64c 0M#4�;�4;±�A#ª (�H²P 7K  Ô 4;02Ã5ª\«EH �2& ¡ M#4!ª
O²HYO�7XÁJ4;Ã B��g  Ô 4;0Tª¯�1Ã:¡ FEHJ® Ô ©g0[�1027XÃ:�6¡'©g±2±27X0\H �MÔ ;R; �1Ã:¡ Ô ;R;�4c¡YH
2%Ã´Í �,<�Ç ������� ª�m!n!n!m H

� /��'���#v 	 ²�H � HÎ/��'�@M!�102Ã'7�H �¢È%4^/ Ð Ï\ ^] �! G4 �! G�gÐ �65BÏZ5qÈ�H�5 Ì)È%-JU.�65 ÌFÏ1- 5 �65 Ì / É 5TÆ
=+Ô �1ÁK;k�1Ã��1Ã:¡ 6 �1�X�)ª'35©gÃ:¡'©gÃ5ª¯xT�!�#v7H

� /�P �!r 	 :�H5Ù(H>/��g�6���1Ã:¡�3 H>P��g�6�64;0�;k�1Ã>H�« 064IJF4;064;Ã: c4¬B��.?#4c�27��1Ã}±64c�2±�J�©g0
Ã:4c�6±64c¡ Ô ?yÁJ©g± Ô 4c�27K�z�1Ã:¡k7X±6�+064;���1±27K©gÃ�±6©Å± Ô 4M¬O  Ô 9z�102±�A� ;027X±64;027K©gÃ>H\ÄOÆ
�8ÉkÆC<�Ì �#ÌaÆ*� 5K5cÈ%-dÆ�ª��!n us�!m!���O�!o1t:ª5xT�!�!r H

� 35«�( + �!o 	 = H Ù�H�3¯�;9�064;Ã: c4!ªQ¬ H '9H8«��X±6�6  Ô �'�)ª8³ Hw¬ H<(_©:8!�:�%My7)ª9p Hw¬ H�3Î7X�5ª8«�H '9H
¨M4;� 9z�1�K¡ÎªM�1Ã:¡ p�H = H(PÖ©O©g±2±6©gÃ>H�F�4;±64c ;±27XÃK8 �6�KB'±2�K4Ö�64c°y�:4;Ã: c4Ö�27½£
8!Ã��1�K� u»� � 7@BKB:� �B�<;qÁ'�X7XÃK8 �2±20[�1±64�8S? J�©g0 ;��'�X±27XÁ'�K4 �1�X7@8!ÃK;�4;Ãy±\H
<E-;Ï1/? G-K/;ª]mT$!m usm!n!���OmDx;t:ª¯xT�!�!o H

� 3¯�1���T$ 	 ¬ H¹3CH¹3¯�1�'027X±�AT4;Ã>H ��" � Ê'U�Ï1-R�gÐ_ÉqÈ�4A/ Ð 5cÆ 
 87JF©g06¡ 
�Ã'7@=#4;06�67X±�? O�064c�6�Tª
xT�!�T$ H

� 3¯�;9��!� 	 p H � H>3¯� 9�064;Ã: c4SH´¬O4;� L�� Ô ©gÁJ4;06©gÃ:�ku5± Ô 4�4�=#©g�X�'±27K©gÃ��10�?Ö7@;qÁ��g ;±Å©<J
8#4;Ã:4. ;�X�:�6±64;027XÃK8}7XÃ Á'06©:M!�10�?#©g±64c���1Ã:¡ 4;�KMg�10�?#©g±64c�\H Ç¹Ë^"J"cÆ �>Ê�ÏZ JÆ
�V/? */;ÌaÆ � /J�1Æ�ª���ui$1t�m��Y$1t��Dª¯xT�!�!� H

� 3¯�;9�n!o 	 p HÎ3¯� 9�064;Ã: c4SH�P Ô 4;Ã.Ù�3 ':���1064S
�: ':�dª`B'�'±Q¡'©gÃ � ±��g ;±Q�X7@M#4`± Ô 4�;�H
�D"R/J G465��V/J E/;ÌaÆKªÎxT��uXxToDx8��xTo!mDª�m!n!n!o H

� 3�(��!� 	 «EH�²�H�3Î�KM!�g� Ô 7XÃ �1Ã:¡ ³ H.(z©g06©O¡'©\=D��M ? H � 4;Ã:4c³��10�M H Ô ;R; u�Ã:4
9
�[©g�X�'±27K©gÃ:��JF©g0³8#4;Ã:4�L:Ã:¡D7XÃK8�He+QË.-;Ð0/ Ï1- �V-;Ï#4!5273/85TÆKªJmT$´uXx!xTn#v%��x!x!xTrDª
xT�!�!� H



��� ����� ���	��
 �@� ��� �����

� 3�( ��= 
�n!o 	 P H]3Î7)ªNO²HA(_4;02Ã��g©g����£ � �1�@=g�1Ã5ªYO²H = �102Á]4;Ã��DªÎ�1Ã:¡�p�H 3CHC
8�X7@=#4;0\H!2%�6©1£  Ô ©g064c��;�4;027X±�± Ô 4qÁ'064IL�8 � 7K�6© �@H�Ç�È!É�Ê]ËOÌaÆ�Í9ÏFÈgÐKÆQÇ U./;É�Æ�ª5m#v¢usr���xTnDª
m!n!n!o H

� 3 � �1t 	 p�H :�H'35©:B'0�?��1Ã:¡ = H � �1�'±27K4;0\H 6 ?D¡D06©gÁ Ô ©:B'7K ;7X±�?#ª�498DÁ'064c�6�27@=O7X±�?��1Ã:¡
�106©:;k�1±27K ;7X±�?Å�1064\± Ô 4C;k�
�2©g0¯±2064;Ã:¡'��©<J��<;q7XÃ:©1£%�g ;7K¡��:�B�<8#4�7XÃ`�!�!����I[S
b%=J¶6@2·Fb­='·¿A�bcGTUX·¹  Ô 06©:;�©!�6©:;�4 £a4;Ã: c©O¡'4c¡ 8#4;Ã:4c�\H3+�Ë`-;Ða/;Ï#-e�V-;Ï#4!5 73/85TÆKª
xTr�usoDxdv�t6�OoDxT�!nDª>xT�!�1t�H

� � � ³¢n!n 	 '9H;�K4 � ���1Ã:¡��1Ã:¡Å3CHT³¢4�=#4;��H!Ù 8OÁJ©gÃ:4;Ã�±27��1� JF©g0�8#4;±2±27XÃK8��1Ã:¡�8#4c©:;�4;±2027K 
4;0�8#©y¡D7K ;7X±r? 7XÃ Ô 7K¡'¡'4;Ã ³��10�M#©\=V;�©y¡'4;�K�\H � �!Ì\U'ÆqÇ�È! �Ì#"2ÈgÐ3<�Ï ]! *�gÐ�ª
xTo�ui$!o��O�!oDª�m!n!n!n H

� 3 6 ¬D�!� 	 = H>«EH¯357K4�B]4;02±Tª :�H>³ H 6 �1�X�)ª��1Ã:¡�«EH:
EH�¬y�K;R;�4;06�\H´®50[�1Ã:�2ÁJ©!�6©gÃ
®zÃ�mDx!ª 	��<8#� Ô 7XÁ ©<J8± Ô 4�	�©#�1±27XÃK8 8#4;Ã:©:;�4SH ��Ï1-?"ÚÈ^@ ÏFÈ!ÐXÆ3�¢ÈgÐKÆ_Í�Ï�ÈgÐKÆ
7�Æ�ªD$!o�usm!�!m!r��Om!�!m!�Dª¯xT�!�!� H

� 35/�n!o 	 ®�Hw¬ Hz3¯�106�64;Ã��1Ã:¡ «�Hz/�06©:8 Ô H Ù\�g�%? � 4;Ã:4´£���Á'06©:Mg�10�?#©g±27K  8#4;Ã:4
L:Ã:¡'4;0Q± Ô �1±Q0[�1ÃKMO�M
�:<':��B ?��2±[�1±27K�2±27K T�1���67@8!Ã'7 L� T�1Ã: c4SHqÍ �}Ç Í9Ï�È!I
ÏZ �H;È!" ÉS�!ÌFÏ1-J5 ªOt:ª�m!n!n!o H

� 353¯�!� 	 p�H1¬ H�3Î7X�q�1Ã:¡ = HdÙ�Hd3¯�;9�064;Ã: c4SH (��\?#4c�27��1ÃÅ7XÃ J�4;064;Ã: c4\©gÃEB'7K©gÁJ©g�@? ;�4;0
;�©y¡'4;�K�¯H\Í�Ï�ÈgÏ\ %H;ÈT"BÉS�!ÌFÏ1-J5 ªÎxTr�uso!���Or!mDª>xT�!�!� H

� 353�( + nDx 	 Ù(Hw¬ HO3¯�1Ã:¡'4;0Tªy3 H ³ HO3Î7XÃ�±6©gÃ5ª (�H (_7X02064;Ã5ª = H�¨8�:��B��1�K;�ªO³ H = H.(]©y¡ ?#ª
p�H�(z�1�K¡ 9�7XÃ5ª1/RH¯F�4�=#©gÃ5ª1/RH
F�4
9z�10Tª�³ H¯F�©\?O�K4!ª
P H�'¹7X±�A 6 �K8 Ô ª14;±¹�1��H
2aÃ'7X±27��1�>�64c°��:4;Ã: ;7XÃK8��1Ã:¡��1Ã��1�@?O�67K�9©<J�± Ô 4 Ô �K;k�1Ã 8#4;Ã:©:;�4SHP+e�#ÌFË^"R/;ª
t�n!� us�T$!n��O�!mDx!ª�m!n!nDxSH

� 35³�¬ + �!r 	 ²EH�3¯�<Ad�1064�=y7K !ª = H:³��1�:4;�)ª O²H]¬O©g�K¡'©'ª�O²H O²H
''064�?7;�©gÃ:¡Îª O#H�³¢�10�8#©g±Tª
�1Ã:¡RF�H!/��10[�<;k�1±[� HJ¬O4c°y�:4;Ã: c49�1Ã��1�@?O�67K��©<J�± Ô 4�o!n!�M±6©�oDx!x��[4�8S;�4;Ã�±
©<J9± Ô 4��9A�b6·XUXU)e!I»ITe:CD^F·XUX·KI�R�����  Ô 06©:;�©!�6©:;�4!ª���064�8!7K©gÃ}¡'4�=#©g±64c¡}±6©
 c4;�X� 9_�1�X� ;�4;±[�<B]©g�X7K��;�ª> c©gÃ�±[�17XÃ'7XÃK8´Ã:©gÃD£a c©y¡D7XÃK8 8!064�? Ô ©g�K4c� 9 Ô 7K  Ô
064�=#4T�1��  Ô 06©:;�©!�6©:;k�1��064T�1020[�1ÃK8#4�;�4;Ãy±6�\H ��Ï1-?"2ÈA@ Ï�ÈgÐ½ÈK]��!ª_x;t:x�uso!m!���
o!o!rDª5xT�!�!r H

� 35¨83>�!r 	 p�Hw¬ H]3Î7X�5ª�«EH '9H�¨M4;� 9_�1�K¡ÎªÎ�1Ã:¡ = H Ù(H�3>� 9�064;Ã: c4SH (��\?#4c�27��1Ã ;�©O¡'4;�K�
JF©g09;Å�'�X±27XÁ'�K4��K©O T�1�¯�1�X7@8!ÃK;�4;Ã�±8�1Ã:¡ � 7@BKB:���[�<;qÁ'�X7XÃK8k�2±20[�1±64�8!7K4c�\HzÄDÆ
�8ÉkÆ�<]Ì �!ÌaÆ���585;È%-dÆ�ª��!n�uXx!xTrT$���x!xdvgnDª>xT�!�!r H

� 35¨83>�!� 	 p�Hw¬ H'3Î7X�5ª'«EH '9H'¨84;��9_�1�K¡Îª��1Ã:¡ = H Ù(H'3>� 9�064;Ã: c4SH�³��10�M#©\=O7��1Ã��2±202�:  £
±2�'064c��7XÃ B'7K©g�K©:8!7K T�1�z�64c°y�:4;Ã: c4k�1�X7@8!ÃK;�4;Ã�±6�¯H¢ÄDÆ[�8ÉkÆ <�Ì �!ÌaÆ[��585;È%-�ÆKª
�1t�uXx8��xTrDª¯xT�!�!� H

� 3 
��!� 	 p�H � H]3¯� 9�064;Ã: c4k�1Ã:¡ 6 Hh
M  Ô ;k�1Ã>H�³¢©g�K4c ;�'���10��106  Ô 4c©g�K©:8S?.©<J\± Ô 4
��I;b­=J¶6@2·Fb%='·¿A.bcGTUX· 8#4;Ã:©:;�4SH=N9Æ[+e�#ÌFÐXÆ[�V-R�Q4�Æ�<*-;Ï)Æ gh<.��ª¯�!r.us�1t:xTo��
�1t:xdvOª5xT�!�!� H

� 35©:B��T$ 	 p�H :�H�35©:B'0�? H'«8�%? ;R;�4;±2027K z�2�KB:�2±27X±2�'±27K©gÃ»Á��1±2±64;02Ã:��7XÃ»± Ô 4+±�9+©�F�¨M«
�2±20[�1Ã:¡'�9©<J"B��g ;±64;027�� H �¢È!ÐXÆÎÍ9ÏFÈ!ÐXÆ��P�1ÈgÐXÆ�ª5xTo�ui$T$!n��Y$T$!rDª>xT�!�T$ H

� 3>O\�!m 	 (�H � HÖ354;06©g� 8 �1Ã:¡ ³ H 3CH O��'±64;0�;k�1Ã>H ³¢� 8D7@;��K;»£)ÁJ4;Ã��1�X7@AT4c¡O£
�X7@M#4;�X7 Ô'Ô ©y©O¡�4c�2±27@;k�1±27K©gÃzJF©g0+7XÃ:¡'4;Á]4;Ã:¡'4;Ãy±��1Ã:¡�³��10�M#©\=y£a¡'4;Á]4;Ã:¡'4;Ãy±
;q778O±2�'064�;�©y¡'4;�K�\H\Í9Ï�ÈgÉ /;Ì#"BÏ1-J5;ª't�� usr1t�r��Or!r!�Dª5xT�!�!m H



� � � ��� ����� ���	��
 �@� ���

� 3�:M�!n 	 = H Ù�H:3¯� 9�064;Ã: c4`�1Ã:¡ «�H «EH :�4;7X�X�@? H�«8Ã�498OÁJ4c ;±[�1±27K©gÃ¢;k� 8D7@;q7@Ad�1±27K©gÃ
DFÙ\³ GÅ�1�@8#©g027X± Ô ; JF©g0Å± Ô 4�7K¡'4;Ã�±27 L� T�1±27K©gÃ �1Ã:¡}  Ô �10[�g ;±64;027@Ad�1±27K©gÃ ©<J
 c©:;R;�©gÃ��67X±64c�k7XÃ �'Ã��1�X7@8!Ã:4c¡ B'7K©gÁ]©g�@?7;�4;0 �64c°y�:4;Ã: c4c�\H N�"ÚÈ!Ì /;ÏZ `5;ª
v u t:x8�OrDx!ª5xT�!�!n H

� 3SP /��1t 	 p H+¬ H�3Î7X�5ª"P H 6 H"PÖ©gÃK8:ª��1Ã:¡ «EH�/�©gÃK8�H = ©¯=g�1027��1Ã: c4´�2±202�: ;±2�'064
©<J_± Ô 4 � 7@BKB:�Q�[�<;qÁ'�K4;059�7X± Ô �1Á'Á'�X7K T�1±27K©gÃ:�Q±6©�± Ô 4» c©:;qÁ��1027K�6©gÃ:��©<J
4c�6±27@;k�1±6©g06�\�1Ã:¡q�[�<;qÁ'�X7XÃK8��6  Ô 4�;�4c�\H�Í9ÏFÈgÉ /;Ì#" Ï �6�!ª#�Dx�usm#v%��t�nDª'xT�!�1t�H

� ³��<MD�T$ 	 ¬ H = HJ³��<My027K¡'4c�¯H`¬y±20[�1±64�8!7K4c��J�©g0��g  Ô 7K4�=O7XÃK8 Ô 7@8 Ô £)�K4�=#4;�\498DÁ'064c�6�27K©gÃ
©<JN8#4;Ã:4c��7XÃ ��I;b­=J¶6@2·Fb%='·¿A»bcGTUX·%HE��Ï1-?"ÚÈ^@ ÏFÈ!ÐXÆD7V/J�1Æ�ªQ$!n»usrDxTm��Or!o!�Dª:xT�!�T$ H

� ³ = = �!� 	 '9Hy³��'027)ª FEH =+Ô �1�K=#4T�1�5ªO�1Ã:¡zF�H = 4;�X�X7K4;0\H B /�-cÌFËY"�/f+�È!Ì /85MÏZ )<�Ì �#ÌFÏ 5JI
ÌFÏ1-J5VL �QÏZ5?-?"R/;ÌFÏ��%�!ÌFÏ�È! �! G4 �ÓÇ �}Ç>-6È! D�!/J"#]^/J G-K/2�!5K5 /J5K5BÉ /J �Ì�ª1  Ô �1ÁD£
±64;0 = ©gÃ =#4;0�8#4;Ã: c4��g�6�64c�6�%;�4;Ã�±`7XÃ����1±64;Ãy±R=g�1027��<B'�K4z;�©O¡'4;�K��u²F�¨8«
�1Á'Á'�X7K T�1±27K©gÃ:�dª:Á��<8#4c��xTm#v%��x;tA$ H_¬yÁ'027XÃK8#4;0Ú£)²�4;02���<8:ª>xT�!�!� H

� ³ = ³ + n!m 	 ¬ H�³�7K�20[�Dª'³ HD«�H = 06©!�%B ?#ª = H'p�H�³��'ÃK8��1�X�)ª (�H�(�H'³��1±2± Ô 4
99�Tª'/RH�¬ H
= �<;qÁKBJ4;�X�)ª�O²H 6 0[�g¡'4c 0M ?#ª`9�H 6 ���1ÃK8:ª'p�H�¬ HD/��<;q7XÃKM#4;0Tª � H 6 HO³´7X�½£
�@B'�'02Ã5ª:¬ HOÙ(H7O�06©y  Ô Ã'7@M]ªD4;±��1��H5«8Ã'Ã:©g±[�1±27K©gÃ�©<J>± Ô 4 �M@;GdI;GBH]='·XU¿A�f�¶BS
U¿A�ZJGcYOA1Id^­¶6@+4;�:  Ô 06©:;k�1±27K �8#4;Ã:©:;�4Åu#�Q��?D�2±64�;k�1±27K �064�=O7K4
9�H �V/? �ÈgÉ /
Í9Ï�ÈgÐXÆ�ª�oDª:m!n!n!m H

� ³¢4�=D�#v 	 3 H�³¢4�=#4;��HC<]Ì �!ÌFÏ 5;ÌFÏ �cË`/��65 �1É8Ê]Ì)È#ÌFÏ �;ËD/�ÊDÈgËY"MÐa/859É�È%4�� Ða/J5 4A/V� �T"��1ÈT�
-K�Q-JU��85TÆ O Ô F ± Ô 4c�27K�Tª 
8Ã'7@=#4;06�27X±6Â�:84;Ã'Ã:4c��x!ª5xT�!�#v7H

� ³¢/Q/":8�Dx 	 ®�H'³¢�[�g¡'4�MJª�'9HD/��'Ã:�2±Tª'«EHD/��X7K4;0Tª:�1Ã:¡ � H :M�1Á]©gÁJ©g02±\H²FM4�8y¬�£�F�4�8�

�1Ã:¡ = ©:;cO�£ = ©:;�« ;�©O¡D�'���1±6©g0Ú£a49BJ4c ;±6©g0`Á��17X06�� c©gÃ�±206©g�z498DÁ'064c�6�27K©gÃ
©<JQ± Ô 43(z�g ;7X�X�X�:���2�KB'±27X�X7K��Á'�K4;7K©g±206©gÁ'7K ´064�8!�'���1±6©g0�?-8#4;Ã:4.E'¶2Y���H�ÄOÆ
Íf�Q-cÌ /?"BÏ�ÈgÐKÆKª>xdvgo�usm!oT$T$��Om!o#v!vOª>xT�!�DxSH

� ³¢3¯n!m 	 (�Hy³´©O¡D064�Mk�1Ã:¡ = Hy354c4SH5« 8#4;Ã:©:;q7K ³=y7K4
9 ©<J>�1�X±64;02Ã��1±27@=#4��2Á'�X7K ;7XÃK8�H
+M�!ÌaÆ �V/J */cÌaÆKª�o!n�uXxTo���xT�Dª]m!n!n!m H

� ³>:�FQ�!� 	 2IH]³´©!��AT4;0Tª]Ù(H,:�©O  Ô �DªJ�1Ã:¡¢«�H FQ�1Ã:  Ô 7XÃ>H = ©O¡'©gÃ´�:�[�<8#4q�1Ã:¡´���1±64 £
0[�1�f8#4;Ã:4q±20[�1Ã:�lJ�4;0�7XÃ��9A�b6·XUXU)e!IÅITe:CD^F·XUX·KISH�Ç¹ËY"8"TÆ �>Ê�Ï\ ]Æ���Ï1-?"ÚÈ^@ ÏFÈ!ÐXÆ�ª
m�usr!m1t6�Or!m!�Dª5xT�!�!� H

� ³>:5² + �Dx 	 = Hz³¢Âc¡D7@8!�:4!ªz®�H :8©g� 8D4;�)ª O#H_²M7@8!7K4;0Tªz«�H 6 Â;Ã��1�'±Tª��1Ã:¡ «�H FQ�1ÃD£
  Ô 7XÃ>H8ÙC=y7K¡'4;Ã: c4�J�©g0 Ô ©g027@AT©gÃ�±[�1�"8#4;Ã:4Å±20[�1Ã:�lJ�4;087XÃ ��I;b%=J¶6@2·Fb­='·¿A�bcGTUX·
�6Á]4c ;7��1±27K©gÃ>H9ÄDÆ �¢ÈgÐKÆÎÍ9ÏFÈgÐKÆ�ª:m!m!m us�!rDx8�O�!rT$Dª5xT�!�DxSH

� ³.¬Dn!n 	 3 HO³��106�[�1Ã��1Ã:¡�³ H '9H'¬D�<8#©g±\H>«8�@8#©g027X± Ô ;�� JF©g0�498D±20[�g ;±27XÃK8q�2±202�: ;±2�D£
064c¡ ;�©g±27 J����:�27XÃK8 ���6��� 8�±2064c4 9�7X± Ô �1Ã��1Á'Á'�X7K T�1±27K©gÃ�±6©kÁ'06©:;�©g±64;0
�1Ã:¡�064�8!�'���1±6©g0�? �27X±64� c©gÃ:�64;Ã:�6�:��7K¡'4;Ã�±27 L� T�1±27K©gÃ>H9ÄDÆzÇ�ÈgÉ8Ê�ËDÌaÆ]Í9Ï�ÈgÐXÆ�ª
v uso1t�r��OoT$!mDª�m!n!n!n H

� ³.¬'¬ :8n!m 	 = H�³��1± Ô Â!ª�³ H '9H�¬D�<8#©g±Tª�®�H9¬O  Ô 7K498Îª9�1Ã:¡�O#H :8©g�KAT4SH = �'02064;Ãy±
;�4;± Ô ©O¡'��©<J�8#4;Ã:4�Á'064c¡D7K ;±27K©gÃ5ª_± Ô 4;7X0��2±2064;ÃK8!± Ô � �1Ã:¡ 9_4T�<MyÃ:4c�6�[4c�\H
+QË.-cÐa/ Ï1-e�3-cÏ#465�7V/85cÆ�ª�o!n�u t:xTn!o���t:x!xdvOª�m!n!n!m H

� ³¢® = + nDx 	 3 H «�H#³¢  = �:4!ª:P H!® Ô ©:;qÁ:�6©gÃ5ª = H = �10�;k�g 0M]ª#³ H O²H :(?��1Ã5ª!p�Hw¬ H�3Î7X�5ª
²�HNF�4;0�B ?D� Ô 7X064!ªÎ�1Ã:¡ = H Ù(HJ3¯� 9�064;Ã: c4SH�O Ô ?O�K©:8#4;Ã:4;±27K �J�©y©g±2Á'027XÃy±27XÃK8



��� ����� ���	��
 �@� ��� � ���

©<J'±20[�1Ã:�6 ;027XÁ'±27K©gÃ�J)�g ;±6©g0 B'7XÃ:¡D7XÃK8��27X±64c�¯7XÃ�Á'06©g±64c©:B��g ;±64;027��1� 8#4;Ã:©:;�4c�\H
+�Ë`-;Ð0/ Ï#-e�V-;Ï1465�73/85TÆKª:m!� uwv!v�t6�Dvg�!mDª�m!n!nDxSH

� ³´® = 3¯n!m 	 3CH «EH�³´  = �:4!ª9P Hz® Ô ©:;qÁ:�6©gÃ5ª = Hw¬ H = �10�;k�g %MJª��1Ã:¡ = H Ù(H�3>� 9z£
064;Ã: c4SH '��g ;±6©g06��7XÃ 	:�:4;Ã: ;7XÃK8Ó± Ô 4�7K¡'4;Ãy±27 L� T�1±27K©gÃ�©<J�±20[�1Ã:�6 ;027XÁ'±27K©gÃ
J��g ;±6©g0/B'7XÃ:¡D7XÃK8Å�27X±64c�"B ?» ;06©!�6�Ú£a�2ÁJ4c ;7K4c�� c©:;qÁ��1027K�6©gÃ>H �V/J �ÈgÉ /P73/85TÆKª
xTm�uXxTr!m!o���xTr!o!mDª]m!n!n!m H

� ³��'0[�#v 	 '9Hd³´�'027�H¹Ç�ÈgÉ8Ê.�T" �gÏZ5;ÈT c4 � �gÐ ]�È!"BÏFÌ\U�É /85 4 � Ï14A/J �ÌFÏ �,-K�!ÌFÏFÈT 4A/3-JU.���Z E/85
4A/M� �!"��1È!�)-R�Q-JU��K/85S/cÌ�� Ê#Ê�Ð�Ï#-R�#ÌFÏFÈ! ���Ða�b4 �;Ì /R-cÌFÏFÈT X4A/ " �1]gÏ�È! `5MUDÈ!I
É�ÈR] �J */J5 4Q�! D5�Ða/J5F5 � �;Ë`/? G-K/85 4 � ����+�Æ O Ô F ± Ô 4c�27K�dª 
8Ã'7@=#4;06�27X±6Â
:�4;Ã:Â�F�4c�6 T�102±64c�Tª O¹�1027K��²`ªÎxT�!�#v7H

� ³��'0[�!� 	 '9H�³��'027�H ³´©O¡'4;�X�X7XÃK8 B��g ;±64;027��1��8#4;Ã:©:;�4c�k�:�27XÃK8 Ô 7K¡'¡'4;Ã ³¢�10�M#©¯=
;�©y¡'4;�K�¯H 2%ÃzO Ô ?O�67K T��£)²�4;02���<8:ª'4c¡D7X±6©g0Tª�Ç�È!É�ÊG5 Ì �!Ì � ��� NP"2È%-dÆ¯Ï\ �Ç�ÈgÉ�I
Ê�ËDÌaÆC<�Ì �!ÌaÆ�ªDÁ��<8#4c�8�!����xTn!nDª5xT�!�!� H

� ³�P FQ�!� 	 ³ HOp�HO³´ c3¯4T�1Ã5ªO/RH 6 H PÖ©g� J�4!ª'�1Ã:¡�/RHO³ H7F�4�=y7XÃ:4SH�(��g�648 c©:;qÁJ©!�27½£
±27K©gÃ¢�%M#4
99�Tª�064;Á'�X7K T�1±27K©gÃÖ©g027K4;Ãy±[�1±27K©gÃ5ª5�1Ã:¡�8#4;Ã:4»©g027K4;Ãy±[�1±27K©gÃ.7XÃ}xTm
Á'06©:Mg�10�?#©g±64�8#4;Ã:©:;�4c�\H9ÄOÆ:�¢ÈgÐKÆ��P��ÈgÐKÆKªDtyv ui$!�Dx8�Y$!�T$Dª¯xT�!�!� H

� ³ (J�#v 	 2wH]3CH]³¢�g .F�©gÃ��1�K¡Ö�1Ã:¡ P Hh(��: c  Ô 7XÃ'7�H���Ï14Q4A/J � �!"��1È!�)�T G4�È!Ì\U./?"
É�È%4A/ Ð 5GHcÈ!",4gÏZ5?- "�/;Ì /?I �
�gÐ�ËD/�4`ÌFÏ¿É / 5 /?"BÏ /85cÆ =+Ô �1ÁK;k�1Ã»�1Ã:¡ 6 �1�X�)ªT35©gÃD£
¡'©gÃ5ª5xT�!�#v7H

� ¨<(z³ + n!m 	 O#H>¨�7K c©g���g�dª¯3CH�(+7@AT4!ª�'9H¯³´�'027)ª¯³ H 6 ©O4�BJ4�M#4!ª�'9H :�©O¡'©g�XÁ Ô 4!ª¹¬ H F�HÙ Ô 02�X7K  Ô ª.(�H"O�02�K;�ª��1Ã:¡ O#H.(z4c�6�67K{;064c�\H�³�7XÃ'7XÃK8.�9A�b6·XUXU)e!IqITe:CD^F·XUX·KI
  Ô 06©:;�©!�6©:;�4 Ô 4;±64;06©:8#4;Ã:4;7X±27K4c�z�:�27XÃK8 Ô 7K¡'¡'4;Ã�³��10�M#©\=R;�©O¡'4;�K�\HC+�ËYI
-;Ð0/ Ï#-2�V-;Ï#4!5�73/85cÆ�ª�o!n�uXx;t:xT����x;t�mT$Dª]m!n!n!m H

� ¨<(3
 + nDx 	 p�H�¨M©g�X�X7XÃK8:ª � H!(_064;±6©gÃ5ª`³ H ²�H 
³;�4;�K  Ô 4;ÃKM#©'ªq/RHw¬ H`³��10�Mg�106©¯=g�Dª
� H^(]4;ÃK8:ª :�H � 7@B:�6©gÃ5ª 6 H ³ H#354c4!ªyp�H FM�KBJ©g7K�Tª F�H � 7X�5ªy�1Ã:¡kp�H 6 7X±2±27�H
� 4;Ã:©:;�4 �64c°y�:4;Ã: c4 �1Ã:¡� c©:;qÁ��10[�1±27@=#4 �1Ã��1�@?D�27K�.©<J�± Ô 4 �[©g�@=#4;Ã�±Ú£
Á'06©y¡D�: ;7XÃK8 B��g ;±64;027X�K; º>UFGdIT^F@2·FE#·)egf�A�bc¶d^­GyCDe'^½�'UX·Fbdegf�H�ÄOÆ�Íf�Q-cÌ /?I
"BÏ�ÈgÐKÆKªÎxT�!o�u t��!m!o���t��!o!�DªJm!n!nDxSH

� ¨ = 3¯n!o 	 «�H1¨M4�My02�'±64;ÃKM#©'ª<P H 9�H =+Ô �'ÃK8:ª#�1Ã:¡EP H 6 H13Î7�HDÙ�®V
�O�Ù u1Ù/=#©g�X�'±27K©1£
Ã��10�?�±64c�2±¯©<J'Á'064c¡D7K ;±64c¡Å498'©gÃ:�\HA+QË.-;Ð0/ Ï1-,�V-;Ï#4!5[73/85TÆKª�oDx9uso!rT$1t6�Oo!rT$#vOª
m!n!n!o H

� ¨83¯n!n 	 «�H'¨M4�MO02�'±64;ÃKM#©k�1Ã:¡¢P H 6 H'3Î7�H\«8�6�[4c�6��;�4;Ã�±9©<J� c©:;qÁJ©!�27X±27K©gÃ��1� Ô 4 £
±64;06©:8#4;Ã:4;7X±�?(9�7X± Ô 7XÃÖ�1Ã:¡ BJ4;±�9_4c4;ÃÖ4;�KMg�10�?#©g±27K �8#4;Ã:©:;�4c�¯H �V/J �ÈgÉ /
73/85TÆKªÎxTn uXxT�!�T$���xT�!�!rDª]m!n!n!n H

� ¨8³��Dx 	 9�Hg¨M©g0�;k�1Ã:¡D7XÃ��1Ã:¡�¬ HSF�Hg³´©:8#4;0[� H�«�Ãq7@;qÁ'06©¯=#4c¡k³¢³32­Ù�±20[�17XÃ'7XÃK8
�1�@8#©g027X± Ô ; J�©g0Ö�2ÁJ4T�<M#4;0Ú£)7XÃ:¡'4;Á]4;Ã:¡'4;Ãy±TªÅ��;k�1�X�¬=#©y T�<B'�'���10�?#ªÅ c©gÃ�±27½£
Ã��:©g�:�+�2Á]4c4c  Ô 064c c©:8!Ã'7X±27K©gÃ>HEN�"ÚÈ%-�Æ'�gÇh��<'<.Nzª�Á��<8#4c�\r!o#v%�Or1t�nDª�xT�!�DxSH

� ¨8³¢3¯nDx 	 «�H_¨M4�My02�'±64;ÃKM#©'ª�/RH9F�Hz³¢�<M#©¯=g�Dª9�1Ã:¡ P H 6 H_3Î7�H ® Ô 4�/���	1/Q�
0[�1±27K©`±64c�2± J�©g0_�g�[�64c�6�27XÃK8`± Ô 4�Á'06©g±64;7XÃD£a c©O¡D7XÃK8qÁJ©g±64;Ã�±27��1�Î©<J 8#4;Ã:©:;q7K 
064�8!7K©gÃ:��u_�1Ã 4�;qÁ'7X027K T�1���1Ã:¡ �67@;��'���1±27K©gÃ��2±2�:¡ ?NH �V/? �ÈgÉ /b73/85TÆKª
xTm�uXxT�!���Om!n!mDª�m!n!nDxSH



� � � ��� ����� ���	��
 �@� ���

� ¨M³´3>n!m 	 «EHÎ¨M4�My02�'±64;ÃKM#©'ª5/RH F�HÎ³��<M#©\=!�Dª5�1Ã:¡ P H 6 HJ3Î7�H»® Ô 4�/cDF«�G 	1/cD)¬KG
0[�1±27K©`±64c�2±fJ�©g0z�g�6�[4c�6�27XÃK8�± Ô 4MÁ'06©g±64;7XÃD£a c©O¡D7XÃK8»Á]©g±64;Ãy±27��1�5©<J 8#4;Ã:©:;q7K 
064�8!7K©gÃ:�.uz�1Ã 4�;qÁ'7X027K T�1�Q�1Ã:¡ �27@;Å�'���1±27K©gÃ��2±2�:¡ ?NH �V/J �È!ÉS/F73/85cÆ�ª
xTm�uXxT�!���Om!n!mDª�m!n!n!m H

� ¨³P vgn 	 ¬ H (�H>¨84c4c¡D�K4�;k�1Ã �1Ã:¡ = H F�H P.�'Ã:�6  Ô H « 8#4;Ã:4;0[�1� ;�4;± Ô ©y¡}�1Á'Á'�X7½£
 T�<B'�K4Å±6©�± Ô 4`�64T�106  Ô J�©g08�27@;q7X���1027X±27K4c�87XÃ¢± Ô 4Å�<;q7XÃ:©��g ;7K¡��64c°y�:4;Ã: c4
©<J�±�9_©�Á'06©g±64;7XÃ:�\H�ÄOÆC�¢ÈgÐKÆÎÍ9ÏFÈgÐKÆ�ª't���u t!t�o���t�r!oDª¯xT�#vgn H

��
�(9¬ :8�#v 	 «EHD³ H'
M�%B]©g02Ã5ªD/RHKF�H (+02�: c4!ªKO²H�¬y±2027@M#4!ª:�1Ã:¡¢F�HD«�H :�7X±6  Ô 7K4SH/FM7K�Ú£
±2027@B'�'±27K©gÃ5ªÎ¡D7@=#4;06�67X±�?¢�1Ã:¡¢4�=#©g�X�'±27K©gÃ.©<J\± Ô 4�B��g ;±64;027��1�/;�4;06 ;�'0�?�064 £
�67K�2±[�1Ã: c4 DVf�¶6@SGq©gÁJ4;06©gÃ>H ;	�,�F< ��Ï1-?"2ÈA@ Ï�ÈgÐKÆ373/J�1Æ�ª�xT� usm!o!���OmT$!mDª
xT�!�#v7H

��
M  Ô n!m 	 6 H:
M  Ô ;k�1Ã>H¢FM7K�2±27XÃK8!�'7K� Ô 7XÃK8�± Ô 4 
�: ':��JV06©:; ± Ô 4kÙ�3 ':��u>� Ô ©g02±
B��g ;±64;027��1� 8#4;Ã:4c�z�1Ã:¡q± Ô 48�1Ã'Ã:©g±[�1±27K©gÃ�©<JY8#4;Ã:©:;�4c�\HV�`"R/J G4!5 �V/J */;ÌaÆ�ª
xT��uso!o!r��Oo!o#vOª�m!n!n!m H

��
M3 � n!n 	 6 H3
M  Ô ;k�1Ã5ª�p�H � Hz3¯�;9�064;Ã: c4!ª9�1Ã:¡ Ù(Hz«�H � 06©g7K��;k�1Ã>H�3>�1±64;0[�1�
8#4;Ã:4�±20[�1Ã:�lJF4;0`�1Ã:¡.± Ô 4qÃ��1±2�'064�©<J9B��g ;±64;027��1�\7XÃ'Ã:©¯=g�1±27K©gÃ>H +e�!ÌFËY"�/cª
t�n!r�usm!�!���Oo!n1t:ª�m!n!n!n H

��
8�K�[�!o 	 ³ H ²�HE
8�K�6©gÃ>H8® Ô 4 Ô �K;k�1Ã 8#4;Ã:©:;�4ÅÁ'06©6�24c ;±\H2N9ÆC+M�!ÌFÐXÆ �3-R�A4�Æ	<E-;Ï�Æ
gC<.�QªDÁ��<8#4c��t�o!o!����t�o1t!t:ª¯xT�!�!o H

��
�:<: + �!� 	 p H¹3 H	
8�X7@=#4;0Tª.:�H :�©:;k�1ÃD£ :8©g�K¡:�1Ã5ªzª¹p H#O¹4;064�A#ª��1Ã:¡ O²H.(z4;02Ã��g©g����£
� �1�@=g�1Ã>H\¬O4�8S;�4;Ãy±ÅuD7K¡'4;Ã�±27 J3?O7XÃK8k c©:;qÁ]©!�67X±27K©gÃ��1�¯¡'©:;k�17XÃ:��7XÃ�F�¨8«
�[4c°��:4;Ã: c4c�\H_Í�Ï�ÈgÏ\ %H;ÈT"BÉS�!ÌFÏ1-J5 ªJxTr us�#v�t6�O�#vg�Dª>xT�!�!� H

� O0(�nDx 	 ³ H9O>4;064�8#© �1Ã:¡ p H «�H (_0[�1Ã'Ã'7@8��1Ã>H O¹4;Ã�±[�1ÁJ4;Á'±27K¡'4Ö064�8!�'���1±27K©gÃ�©<J
�g�6Á��102±�?O�½£)Á Ô ©!�2Á Ô �1±64 Á Ô ©!�2Á Ô �1±[�g�64c�\H N3/aÊ]ÌFÏ14A/85;ªÅm!m uXxTr1t:x8��xTr1tyvOª
m!n!nDxSH

� O0( � + �!� 	 «EH7O>4;±64;06�6© Ô Ã5ªDp�H (z4;02Ã Ô �106¡D±Tª�
�H � 4;02± Ô ª7FEH 6 ©gÁJ4;0TªO®�Hy/8©:B'�'0�8#4;0Tª

EHc²�©g�@M#4;0Tªd�1Ã:¡�³ H 6 4c %M#4;0\H�2­¡'4;Ã�±27 L� T�1±27K©gÃ»©<JD�67@8S;k�KD (�Ga£a¡'4;ÁJ4;Ã:¡'4;Ã�±
8#4;Ã:4c��7XÃ (��g ;7X�X�X�:���2�KB'±27X�X7K�M�:�27XÃK8���Á'06©:;�©g±64;0Q c©gÃ:�64;Ã:�2�:�2£a¡D7X064c ;±64c¡
�[4T�106  Ô �1Ã:¡�©g�X7@8#©gÃ��: ;�K4c©g±27K¡'4 Ô ?7B'027K¡D7@Ad�1±27K©gÃ>H ÄOÆ Íf�Q-cÌ /J" ÏFÈ!ÐXÆ�ª
xT�Dxkusr#vOxT���Or#vgm1t:ª¯xT�!�!� H

� O¹4T�!�Dx 	 P H :�H O>4T�106�6©gÃ>H�¬O4T�106  Ô 7XÃK8¢Á'06©g±64;7XÃ}�64c°y�:4;Ã: c4��X7@B'0[�1027K4c��u5 c©:;qÁ���£
027K�[©gÃ�©<J�± Ô 4��64;Ã:�27X±27@=O7X±�?��1Ã:¡��[4;�K4c ;±27@=y7X±r?�©<J�± Ô 4Å¬ ;q7X± Ô £�P��1±64;0�;k�1Ã
�1Ã:¡ 'O«Q¬O®¯«��1�@8#©g027X± Ô ;��\H �V/J �ÈgÉ»Ï1-J5 ªÎx!x�ui$!o!r��Y$!r!nDª>xT�!�DxSH

� O¹4T�!�T$ 	 P H :�H7O¹4T�106�6©gÃ>H¯Ù BÎ4c ;±27@=#4MÁ'06©g±64;7XÃ �64c°��:4;Ã: c4M c©:;qÁ��1027K�6©gÃ>H � /;Ì\UOÈ�4
�� � �gÉ�ÈgÐKÆKª:mT$T$�usm!m#v%�Om!r!�Dª>xT�!�T$ H

� O¹4T�!�!� 	 P H :�H O>4T�106�6©gÃ>H�ÙC;qÁ'7X027K T�1�¹�2±[�1±27K�6±27K T�1�>4c�2±27@;k�1±64c��JF©g08�64c°��:4;Ã: c4Å�27½£
;q7X���1027X±r?��64T�106  Ô 4c�¯H9ÄOÆC�¢È!ÐXÆÎÍ9ÏFÈ!ÐXÆ�ª:m#v!$ uwvOx8�O�1t:ª¯xT�!�!� H

� O0' = + nDx 	 = H P H²O�027K c4!ª#O²H '�� 9_ c4;±2±Tª 6 H = 4;064�;�©gÃ'7K4!ª�¨�H�¬y�5ª = H /RH¹³��'02Á Ô ?#ª
�1Ã:¡¢O²HY9\©g�'ÃK8S;k�1Ã>H � 4;Ã:©:;�4 £ 9�7K¡'4��1Ã��1�@?D�27K��©<J¹± Ô 4³8#4;Ã:4;0[�1�5�6±2064c�6�
064c�6Á]©gÃ:�64�7XÃ (��g ;7X�X�X�:�¢�2�KB'±27X�X7K�\H �¢ÈgÐKÆM��Ï1-?"ÚÈ^@ ÏFÈ!ÐXÆ�ª9t:x uwvgr#v%�Dv!v�t:ª
m!n!nDxSH



��� ����� ���	��
 �@� ��� � � �

� O � �!� 	 3CH/O¹4c� Ô My7XÃ �1Ã:¡ ³ H\¬ H � 4;� J)�1Ã:¡YH ¬O4�8S;�4;Ã�±[�1±27K©gÃ ©<J�?#4T�g�2±cF�¨M«
�:�27XÃK8 Ô 7K¡'¡'4;Ã�³¢�10�M#©¯=�;�©y¡'4;�K�\H Í�Ï�ÈgÏ\ %HcÈ!"BÉS�!ÌFÏ1-J5;ª�xTr us�!�!n��O�!�T$Dª
xT�!�!� H

� O � nDx 	 ³ H/O�±[�g� Ô Ã:4��1Ã:¡ «EH � �1Ã'Ã>H �V/J */85F�! G4><�Ïa]! G�gÐ 5IH = ©g�K¡ ¬yÁ'027XÃK8
6 �10�BJ©g093¯�<BJ©g0[�1±6©g0�? Á'064c�6�Tª'¨M4
9d9\©g0�M]ª�m!n!nDxSH

� O�3¯�!� 	 P H :�HKO>4T�106�[©gÃ¢�1Ã:¡�F�H p�H:357XÁK;k�1Ã>H 2r;qÁ'06©\=#4c¡�±6©O©g�K�9J�©g0(B'7K©g�K©:8!7K T�1�
�64c°y�:4;Ã: c4� c©:;qÁ��1027K�6©gÃ>HCN9ÆG+e�!ÌFÐKÆ'�V-R�Q4�Æ�<*-;Ï)ÆPgC<.�QªO�!rqusm1t!t!t6�Om1t!t��Dª
xT�!�!� H

� O����!nDx 	 ²EH�O����<8!Ã:©g��H	F�4;±64c ;±27K©gÃ ¡'4 8#{;Ã:4c� Á��10�;�©O¡'{;�K4c��¡'4Ö  Ô � � Ã:4c��¡'4
;k�10�M#©\=  T�g  Ô Âc4c�dª�m!n!nDxSH�³��g�2±64;0 � ��± Ô 4c�27K�¯H

� O�3>¬DnDx 	 ³ H"O¹4;02±64T�Dª���H¹357XÃ5ª\�1Ã:¡ ¬ H�3CH\¬D�1�@A.B]4;0�8�H � 4;Ã:4d¬yÁ'�X7K c4;0�u��¢Ã:4
9
 c©:;qÁ'�'±[�1±27K©gÃ��1�N;�4;± Ô ©y¡¬JF©g0_�2Á'�X7K c4��67X±649Á'064c¡D7K ;±27K©gÃ>H:+QË.-cÐa/ Ï1-f�V-;Ï1465
73/85TÆKª:m!� uXx!xT�!r���x!xT�!nDª]m!n!nDxSH

� O�3 
 + n!o 	 3CH O>4;±64;06�64;Ã5ª�®�Hw¬ H¢3¯�106�64;Ã5ª F�H P H 
8�[�64;0�?#ª¢¬ H 3CH P H>
8Ã5ª¢�1Ã:¡
«�H+/�06©:8 Ô H :�Á]© F Á'06©:;�©g±64;06��7XÃ º�A�f�HO�'UFGyC#A�bd^­¶6@�¸T¶¿¸degZ'·M498 Ô 7½£
B'7X±9���2±206©gÃK8»ÁJ4;027K©y¡D7K ��27@8!Ã��1�J7XÃ:�2±64T�g¡�©<J¹��£%o!r�B]©*8NH+ÄOÆh�¢ÈgÐKÆ]Í�Ï�ÈgÐKÆKª
o!mT$ uXxToT$Dx8��xTo#vgmDª�m!n!n!o H

� O0:�F + �!� 	 ¨�H:O��.=7?#ªO¬ H�:8©:;�B��1�'±6�Tª O²H F�Â Ô �17K�Tª = H!³��1± Ô Â!ª F�H1²EHg²�H�:8�<;k�1Ã��Dª
O#Hy354;06©\?#ª'�1Ã:¡«O#H�:�©g�KATÂSHÎÙ/=!�1�X���1±27K©gÃ�©<JY8#4;Ã:48Á'064c¡D7K ;±27K©gÃ��[©<JV±�9_�1064
�:�27XÃK8k��8#4;Ã:©:;q7K �¡:�1±[�»�64;±Qu'�1Á'Á'�X7K T�1±27K©gÃ�±6©»?8@BADC1·FE'GBHJI2·KI�^F=�A�UX·¿A�Z�A
�64c°y�:4;Ã: c4c�\H\Í�Ï�ÈgÏ\ %HcÈ!"BÉS�!ÌFÏ1-J5;ªÎxTr�us�!�#v%�O�!�!�Dª¯xT�!�!� H

� O+¬D�T$ 	 F�H�(�HSO Ô 7X�X�X7XÁ:�_�1Ã:¡q«�H '9H!³ H!¬ ;q7X± Ô Hh� �!"��1È!��Ç UY�gÏ\ S��È! �Ì /`Ç[�!" Ð½È
ÏZ �Ê*" �Q-TÌFÏ#-K/cªÎ  Ô �1Á'±64;0"(��.?#4c�27��1Ã ;�©O¡'4;�¹ c©:;qÁ��1027K�6©gÃ =O7�� �Ú�K;qÁ�¡D7 J¿£
JV�:�67K©gÃ:�TªDÁ��<8#4c��mDxTr��Om1t�n H =+Ô �1ÁK;k�1Ã��1Ã:¡ 6 �1�X�)ª'35©gÃ:¡'©gÃ5ª¯xT�!�T$ H

� O�®9n!m 	 � HYO¹4;02027K4;064��1Ã:¡Öp HÎ® Ô 7K©g�'�K©g�:�64SH�
M�64��1Ã:¡ ;q7K�2�:�[4�©<Jz c©g02064c�6Á]©gÃD£
¡'4;Ã: c4��1Ã��1�@?D�27K� 7XÃ� c©O¡'©gÃ��:�[�<8#4.�2±2�:¡D7K4c�\H +QË.-cÐa/ Ï1->�3-;Ï1465F73/85TÆKª
m!n!n!m H

� O/P (]³��#v 	 P H :�H\O¹4T�106�6©gÃ5ªd®�H¯PÖ©y©O¡Îª
(²H
( Ô �1ÃK8:ª1�1Ã:¡�P HT³´7X�X�K4;0\H = ©:;qÁ��1027K�6©gÃ©<J F�¨8« �64c°y�:4;Ã: c4c� 9�7X± Ô Á'06©g±64;7XÃ��64c°��:4;Ã: c4c�¯H �V/J �ÈgÉ»Ï1-J5 ª¯xTr�usm1t6�
oT$Dª5xT�!�#v7H

� � ³´® + n!o 	 (²Hw¬ H � 7XÃ5ª93CH «EH9³¢  = �:4!ª9P H�® Ô ©:;qÁ:�6©gÃ5ª�3CH9³��.?#4;0 Ô ©<J�4;0Tª = H Ù(H
3¯� 9�064;Ã: c4!ª8�1Ã:¡ p�Hw¬ 3Î7X�>H 2­¡'4;Ã�±27 L� T�1±27K©gÃ ©<J» c©1£)064�8!�'���1±64c¡�8#4;Ã:4c�
± Ô 06©g�K8 Ô (��.?#4c�27��1Ã� ;�X�:�2±64;027XÃK8 ©<J»Á'064c¡D7K ;±64c¡�064�8!�'���1±6©g0�? B'7XÃ:¡D7XÃK8
�27X±64c�\H +M�!Ì¹Í9ÏFÈ#Ì /�-JUA �È!ÐXÆ�ª�mDxqu t�o!r���t�o!�Dª]m!n!n!o H

� � ®9�!n 	 P H � 7��1Ã �1Ã:¡�F�H�³ H�®z7X±2±64;027XÃK8!±6©gÃ>H O��10[�<;�4;±64;0�4c�2±27@;k�1±27K©gÃ�JF©g0
Ô 7K¡'¡'4;Ã � 7@BKB:�9  Ô �17XÃ:�\H <]Ì �!ÌaÆENP"ÚÈ^@��A@ ÏVÐXÆ BC/;Ì�ÌaÆ�ª5xTn�u t����Or!�Dª5xT�!�!n H

� � ®9�Dx 	 P H � 7��1Ã��1Ã:¡¢F�Hy³ Hy®z7X±2±64;027XÃK8!±6©gÃ>H�Ù\�2±27@;k�1±27K©gÃ�©<J¯Á��10[�<;�4;±64;06��7XÃ
Ô 7K¡'¡'4;Ã�³��10�M#©\=¢;�©O¡'4;�K�\H,N,U�ÏVÐXÈ65cÆ ��Æ�7�È��#ÆC<JÈ%-dÆh��ª�o!o#v�u t�n#v%��t�m!�Dª
xT�!�DxSH

� :8�<B��!� 	 3CH :�H¹«�H :8�<B'7XÃ:4;0\H�«�±2�'±6©g027��1�9©gÃ Ô 7K¡'¡'4;ÃÓ³��10�M#©\= ;�©y¡'4;�K�q�1Ã:¡
�64;�K4c ;±64c¡��1Á'Á'�X7K T�1±27K©gÃ:��7XÃ��2Á]4c4c  Ô 064c c©:8!Ã'7X±27K©gÃ>H,N9Æ���� ���zª�v!v�usm!r#v%�
m!�T$Dª5xT�!�!� H



� � � ��� ����� ���	��
 �@� ���

� :M�
J��T$ 	 «EH!Ù(H :M�
JV±64;0�? Hh� �!"��1È!�kÇ UY�!ÏZ c�¢È! �Ì /`Ç[�!" ÐXÈ�Ï\ SNP" �A-cÌFÏ#-8/;ª�  Ô �1Á'±64;0
6 ?OÁ]©g± Ô 4c�27K�Å±64c�2±27XÃK8Ö�1Ã:¡ ;�©y¡'4;�z�64;�K4c ;±27K©gÃ>H =+Ô �1ÁK;k�1Ã �1Ã:¡ 6 �1�X�)ª
3¯©gÃ:¡'©gÃ5ª¯xT�!�T$ H

� : = FQ�!o 	 = H`O#H@:�©:BJ4;02±Tª � H = 4;�K4;� 8Îª��1Ã:¡�p H FM7K4�B]©g�X±\H (z�\?#4c�27��1Ã�4c�2±27@;k�1±27K©gÃ
©<J Ô 7K¡'¡'4;ÃÖ³¢�10�M#©¯=¢  Ô �17XÃ:��uÎ���2±6©y  Ô �g�2±27K `7@;qÁ'�K4�;�4;Ã�±[�1±27K©gÃ>H)<�Ì �#ÌaÆ
N�"ÚÈA@R�A@ ÏVÐXÆ BC/;Ì�ÌaÆ�ª5x%$�uwv!v%�O�!oDª5xT�!�!o H

� :³F�n!m 	 Ù�H O#H,:�©O  Ô ���1Ã:¡�«EH FQ�1Ã:  Ô 7XÃ>H (z�g�[4� c©:;qÁJ©!�27X±27K©gÃ�B'7��g�³;q7@8 Ô ±M064 £
�6�'�X±�JV06©:;� c©:;qÁ]4;±27X±27K©gÃ�JF©g0�;�4;±[�<BJ©g�X7K �064c�6©g�'06 c4c�¯H �D"�/J *465��V/J */;ÌaÆ�ª
xT��usm!�Dx8�Om!�1t:ª�m!n!n!m H

� :³FM³��!� 	 2IH�(�H :8©:8#©:Ac7XÃ5ª F�H>F � «8ÃK8#4;�K©'ª¹�1Ã:¡�3CH¯³´7X���1Ã:4c�27�H§O�06©g±64;7XÃD£a c©O¡D7XÃK8
064�8!7K©gÃ:�9Á'064c¡D7K ;±27K©gÃ� c©:;�B'7XÃ'7XÃK8k�27@;q7X���1027X±r?��[4T�106  Ô 4c���1Ã:¡� c©gÃ:�64;0�=!��£
±27@=#4z4�=#©g�X�'±27K©gÃ��10�?`Á'06©gÁ]4;02±27K4c�\©<J�Á'06©g±64;7XÃD£a c©y¡D7XÃK8��[4c°��:4;Ã: c4c�\H �V/J E/;ª
m!mT$�uXxTm!����xTo#vOª¯xT�!�!� H

� :³F�: + n!m 	 ¬ H :8©:B'7XÃ5ª�p�H p H<FQ�1�:¡D7XÃ5ª 6 H :97K  Ô �106¡Îªg³ H '9H!¬D�<8#©g±Tªg�1Ã:¡q¬ H!¬O  Ô B��1± Ô H

M c ;�'02064;Ã: c4 Á'06©:B��<B'7X�X7X±r? ©<J¢�2±202�: ;±2�'064c¡ ;�©g±27 JF�}7XÃ�0[�1Ã:¡'©:; �64 £
°y�:4;Ã: c4c�\H9ÄDÆzÇ�ÈgÉ8Ê�ËDÌaÆÎÍ�Ï�ÈgÐKÆKª:� uwv!$Dx8�Dv!vgoDª�m!n!n!m H

� :³F�²��!�!� 	 Ù�H�:8©y  Ô �Dª�«EH¯FQ�1Ã:  Ô 7XÃ5ª#�1Ã:¡Å«EHd²M7��1027�HO«�Ã��1�@?D�27K��©<J:�K©gÃK8�064;Á]4T�1±6�¹7XÃ
B��g ;±64;027��1� 8#4;Ã:©:;�4c�+064�=#4T�1�K�_�1�X±64;02Ã��1±27@=#4M4�=#©g�X�'±27K©gÃ��10�?R;�4c  Ô �1Ã'7K��;��
7XÃÅ��A�b6·XUXU)e!I>ITe:CD^F·XUX·KI\�1Ã:¡�©g± Ô 4;0¹ c©:;qÁ]4;±64;Ãy±¯Á'06©:M!�10�?#©g±64c�\H.�¢È!ÐXÆ#Í9Ï�ÈgÐXÆ
����ÈgÐKÆKª5x%$�uXxTmDxT����xTm!o!nDª¯xT�!�!� H

� :³F�²��!�<B 	 Ù�HYO#H,:�©O  Ô �DªÎ«EH F��1Ã:  Ô 7XÃ5ª¯�1Ã:¡�«�H]²M7��1027�H�
8Ã'7@=#4;06�[�1��064;Á'�X7K T�1±27K©gÃ
B'7��g�[4c�97XÃ¢B��g ;±64;027�� H ��ÈgÐXÆC�´Ï#-?"2ÈA@ Ï�ÈgÐKÆKª:o!m�uXx!x8��x%$Dª5xT�!�!� H

� : � �#v 	 ¬ H�:97K  Ô �106¡'�6©gÃ}�1Ã:¡ O#H p�H � 064c4;Ã>H=
8Ã (��\?#4c�27��1Ã}�1Ã��1�@?D�27K�`©<J9;q778O£
±2�'064c� 9�7X± Ô �1Ã �'ÃKMOÃ:©;9�Ã Ãy�K;�BJ4;0k©<J8 c©:;qÁJ©gÃ:4;Ã�±6� D,9�7X± Ô ¡D7K�6 ;�:�Ú£
�67K©gÃ`GIH9ÄOÆ�7�È��#ÆC<]Ì �!ÌaÆC<]È%-dÆ¯Í8Æ�ª:r!��uwvgoDx8�Dvg�!mDª¯xT�!�#v7H

� : � �!� 	 ¬ H :97K  Ô �106¡'�6©gÃ �1Ã:¡ O²H p�H � 064c4;Ã>H = ©g02027@8#4;Ã:¡D�K; u,
8Ã (��\?#4c�27��1Ã
�1Ã��1�@?D�27K��©<J²;q778O±2�'064c� 9�7X± Ô �1Ã �'ÃKMOÃ:©;9�Ã Ãy�K;�BJ4;0�©<J¹ c©:;qÁJ©gÃ:4;Ã�±6�¯H
ÄDÆh7�È���ÆC<�Ì �#ÌaÆ�<JÈ%-dÆ5ÍMÆKªD$!n�ui$T$Dx!ª5xT�!�!� H

� :8/Q® 6 n!n 	 ³ H � H :�4c4c�64!ª`FEH�/��'�XÁ5ª 6 H�®¹�<;R;k�1Ã��Dª5�1Ã:¡�F�H 6 �1�:�6�2�K4;0\H � 4;Ã'7K48�
8#4;Ã:4 L:Ã:¡D7XÃK8 7XÃ �M@;GdI;GBH]='·XU¿A¾f�¶6U¿A�ZJGcYOA1IT^­¶6@\H �V/J �ÈgÉ / 73/85cÆ�ª
xTn�usr!m!���Or!o!�Dª�m!n!n!n H

� :8³ 
�nDx 	 ¬ H :�©:8!7K !ª#«EH!/RH!³¢�g 0M�9_©g02± Ô ªO�1Ã:¡ '9H (�H�'9H^
8�:4;�X�K4;±2±64SH]Ù/=!�1�X���1±27K©gÃ
©<J³8#4;Ã:4 £5L:Ã:¡D7XÃK8¢Á'06©:8!0[�<;��q©gÃ ;k�<;R;k�1�X7��1Ã �64c°y�:4;Ã: c4c�\H �V/? �ÈgÉ /
7V/85cÆ�ª5x!xqus�Dxdv%�O�!o!mDª�m!n!nDxSH

� :8©:B��!m 	 = H O²H :�©:BJ4;02±\HOB � �! G�!Ð �65 /b5 Ì �#ÌFÏ 5;ÌFÏ �;ËD/>@���� �85 Ï1/? D */�H�Ù\ c©gÃ:©:;q7K T�Dª
xT�!�!m H

� :8©:B��!r 	 = H O²H :�©:BJ4;02±\H = ©gÃ =#4;0�8#4;Ã: c4Q c©gÃ�±206©g�N;�4;± Ô ©y¡'�fJ�©g0_³��10�M#©\= =+Ô �17XÃ:�
³¢©gÃ�±64 = �102�K©k�1�@8#©g027X± Ô ;��\H�<]Ì �!ÌaÆC<*-;Ï)ÆKªÎxTnKD�o GQusm!oDx8�Om!r!oDª¯xT�!�!r H

� :8©:B��T$ 	 = H`O#H@:�©:BJ4;02±\HV� �;Ì\UOÈ%4^/85�4A/M��È! �Ì /�Ç[�!" Ð½È�Ê.�T"�Ç UY���\ */85 4^/M� �!"JI
�gÈ!�¯H\Ù\ c©gÃ:©:;q7K T�Dª¯xT�!�T$ H



��� ����� ���	��
 �@� ��� � � �

� :�©:B��!� 	 = H O#H :�©:BJ4;02±Tª14c¡D7X±6©g0\HEBC/�-TÌFË^"R/3+�È#Ì /85�ÏZ <�Ì �!ÌFÏZ5 ÌFÏ1-J5fL ��ÏZ5?-?"R/;ÌFÏ��%�!ÌFÏ�È! 
�! G4S�}Ç �}Ç -[È! D�6/J"1]A/J *-K/S�6585 /8585BÉ /J �Ì5H_¬yÁ'027XÃK8#4;0Ú£)²�4;02���<8:ª>xT�!�!� H

� : :�®9n!n 	 = H O#H�:8©:B]4;02±TªD®�H�:(?D¡'Â;Ã5ª'�1Ã:¡§FEHD³ HD®z7X±2±64;027XÃK8!±6©gÃ>H0(��.?#4c�27��1Ã 7XÃD£
JF4;064;Ã: c4�7XÃ Ô 7K¡'¡'4;Ã�³¢�10�M#©¯=¢;�©y¡'4;�K�8± Ô 06©g�K8 Ô ± Ô 4�064�=#4;06�27@B'�K4V�­�K;qÁ
;k�10�M#©\=   Ô �17XÃ�³¢©gÃ�±64 = �102�K© ³¢4;± Ô ©O¡YH ÄOÆe7�È��#ÆM<]Ì �!ÌaÆM<]È%-dÆ�Í9ª
$!m�usr#v%�DvgrDª�m!n!n!n H

� :M¬ : + nDx 	 p�H = H :M�17XÃ5ª�3CH+¬O4;�X7@8:ª 6 H FM4 :�4;�:�64!ª�²�H0(��1±2±[�<8!�X7��Dª = H :�4�=#4;06¡ ?#ª
¬ Hg¬y7@;�©gÃ5ª � H1354;ÃKAT4;Ã5ª '9H
O¹4;±64;�)ªgp�H
PÖ©6�Ú ;7@MJªd²�H!¬O  Ô �g  Ô ±64;0Tª!9RH =+Ô 4 £
;k�<;k�Dª:«EHO3>�<B'7@8!Ã:4!ª��1Ã:¡�O²H'354�8!0[�17XÃ>H�® Ô 4QÁ'06©g±64;7XÃD£)Á'06©g±64;7XÃ´7XÃ�±64;0Ú£
�g ;±27K©gÃ¢;k�1Á�©<J>=J¶6UX·FbcGyC#A�bd^­¶6@_HO�'UFGT@2·�H +e�!ÌFËY"�/cª't�n!��usmDx!x8�OmDxTrDª�m!n!nDxSH

� :M¬ P n!n 	 � H�:�4;7XÃ:4;02±TªD¬ Hy¬O  Ô B��1± Ô ªO�1Ã:¡k³ Hw¬ HSP��1±64;0�;k�1Ã>HNO�06©:B��<B'7X�X7K�6±27K M�1Ã:¡
�2±[�1±27K�2±27K T�1�]Á'06©gÁ]4;02±27K4c��©<J09_©g06¡'�Quy�1Ã�©\=#4;0�=O7K4
9�H+ÄDÆ\Ç�È!É�Ê]ËOÌaÆ�Í�Ï�ÈgÐKÆKª
v�uXx8��tA$Dª�m!n!n!n H

� :M¬`(Î¬Dn!m 	 ¨�H :8�
�24
99��M7?#ªy¨EH F�HD¬O©O c ;7)ªD³ H`(J�1ÁJ©g±6©y 0M ?#ª'�1Ã:¡�Ù(H F�H:¬y7@8S8!7�� H>® Ô 4
4�=#©g�X�'±27K©gÃÅ©<JKF�¨8«�064�8!�'���1±6©g0�?Q064�8!7K©gÃ:�NJF©g0ÎÁ'06©g±64c©1£�8��<;R;k��B��g ;±64;027��
B ?�7XÃ�±64;06�2ÁJ4c ;7K4c�9 c©:;qÁ��1027K�6©gÃ:�¯H��V/J �ÈgÉ /�73/85cÆ�ªÎxTm�usm!�!���Oo!n!�Dª�m!n!n!m H

� :¹®>«M�!� 	 ®�H :(?D¡'4;Ã5ªz®�H�®¯4;0 & ��=O7X02±[�Dª��1Ã:¡ ¬ H�«M��B'027XÃKM H�¬y±�?O�X7@AT4c¡ J)�g ;±6��©<J
¡:�17X�@? 064;±2�'02Ã �64;027K4c���1Ã:¡ ± Ô 4 Ô 7K¡'¡'4;Ã ³��10�M#©\=V;�©y¡'4;��H�ÄOÆV�_Ê#Ê�ÐKÆ
� -6È! ]ÈgÉ /;Ì#"BÏ1-J5;ª5xTo usmDxdv%�Om1t!t:ª¯xT�!�!� H

� :9�:¡:n!n 	 /RH Ù(H :9�:¡'¡YH5Ù\ c© � 4;Ã:4»uO��8#4;Ã:©:;�4��64c°��:4;Ã: c4�¡:�1±[�<B��g�64�J�©g0 ��Icb%=J¶BS
@2·Fb%='·¿A�bcGTUX·>/M£[xTm H,+�Ë`-;Ð0/ Ï#-e�V-;Ï1465�73/85TÆKª:m!� ui$!n��Y$1t:ª�m!n!n!n H

�w¬ ( 6 + �1t 	 9�H�¬D�<M!�<MO7@B��10[�Dª#³ H�(_06© 9�Ã5ª :�H 6 �K8 Ô 4�?#ª 2IH�¬ H!³�7��1Ã5ª#/RH�¬��2©g���1Ã:¡'4;0Tª
:�H = H 
8Ã:¡'4;0 9+©O©y¡Îªz�1Ã:¡VF�H 6 �1�:�6�2�K4;0\H�¬y±6©y  Ô �g�2±27K ´ c©gÃy±6498O±Ú£5JF064c4
8!0[�<;R;k�106��J�©g0M±%:8¨8« ;�©y¡'4;�X7XÃK8�H�+�Ë`-;Ða/;Ï#-��3-cÏ#465M73/85TÆKªÎm!m¢usrDx!xTm��
rDxTm!nDª5xT�!�1t�H

�w¬O  Ô vg� 	 � H'¬O  Ô 9z�10�A H�Ù��2±27@;k�1±27XÃK8q± Ô 4�¡D7@;�4;Ã:�27K©gÃ ©<J>��;�©y¡'4;��H	�f D ]Æ*<]Ì �!ÌaÆKª
$�u tA$Dx8��tA$1t:ª¯xT�#vg� H

�w¬ = 6 + �!m 	 '9HJ¬D�1ÃK8#4;0TªJ«EH :�H = ©g�'�K�6©gÃ5ª � H '9H 6 ©gÃK8:ªNFEH '9H 6 7X�X�)ªJ�1Ã:¡ � H (�H`O¹4 £
±64;06�64;Ã>H¯¨8�: ;�K4c©g±27K¡'4��64c°y�:4;Ã: c48©<J B��g ;±64;027K©gÁ Ô �<8#4����<;�B]¡:�EF�¨M«�H�ÄDÆ
�¢ÈgÐKÆÎÍ�Ï�ÈgÐKÆKªÎx%$!m�uwvgm!���Dv!vgoDª¯xT�!�!m H

�w¬7FM/�P �!� 	 ¬ H�3 Hg¬D�1�@A.BJ4;0�8:ª�«EHd3 H
F�4;�K  Ô 4;0Tª#¬ H1/��g�27 J2ª��1Ã:¡�
EH¯P Ô 7X±64SHy³´7K ;06©:B'7��1�
8#4;Ã:4Q7K¡'4;Ã�±27 L� T�1±27K©gÃ´�:�27XÃK8�7XÃy±64;02Á]©g���1±64c¡´³¢�10�M#©¯=z;�©O¡'4;�K�\H +QË.-;Ð0/ Ï1-
�3-;Ï1465�73/J5cÆ�ª:mT$ usr1t!t6�Or1t��Dª5xT�!�!� H

�w¬OÙ+¬'¬DnDx 	 (�H Ù(HD¬y�KAT4�MJªO³ H F�H�Ù�0�;�©g���g4�=g�Dª'³ HO¬O  Ô 064;7@B]4;0Tª'�1Ã:¡ ¬ H 3CHD¬D�1�@A.BJ4;0�8�H
« Á'06©:B��<B'7X�X7K�2±27K �;�4;± Ô ©y¡RJF©g0�7K¡'4;Ã�±27 J3?O7XÃK8Å�2±[�102±� c©O¡'©gÃ:��7XÃRB��g ;±64;027��1�
8#4;Ã:©:;�4c�\H+Í9ÏFÈ!ÏZ %HcÈ!" ÉS�!ÌFÏ#-?5 ªÎxdv�uXx!xTm!o���x!xTo!nDª�m!n!nDxSH

�w¬ ' (��!� 	 ¬ H p�H\¬y±[�g�27XÃ:©gÁJ©g�'�K©!�Tª � H «EH�'��1020Tª��1Ã:¡-FEH 6 H (z4c  Ô'Ô ©<J�4;0\H��9A�b6·XUXU)e!I
ITe:CD^F·XUX·KI�^­¶d^�?�DF3#GE8#4;Ã:4´498OÁ'064c�[�27K©gÃ u�4�=O7K¡'4;Ã: c4¢J�©g0�064�8!�'���1±27K©gÃVB ?
±20[�1Ã:�2���1±27K©gÃ��1�¯064;7XÃ'7X±27��1±27K©gÃ>H3�¢ÈgÐKÆC��Ï1-?"ÚÈ^@ ÏFÈ!ÐXÆ�ª�o!n�us�!m!o��O�!o!mDª¯xT�!�!� H

�w¬Op ( + nDx 	 ³ H ¬ M#©¯= 8��!�106¡Îª 3CH p�H p�4;Ã:�64;Ã5ª ¬ H (_02�'Ã��<M]ª-F�H 
M�6�64;0�?#ª �1Ã:¡
«�H�/�06©:8 Ô H 
8Ã�± Ô 4.±6©g±[�1��Ã��K;�BJ4;0´©<JR8#4;Ã:4c�¢�1Ã:¡ ± Ô 4;7X0��K4;ÃK8!± Ô



� � � ��� ����� ���	��
 �@� ���

¡D7K�6±2027@B'�'±27K©gÃ 7XÃ  c©:;qÁ'�K4;±64 ;q7K ;06©:B'7��1��8#4;Ã:©:;�4c�¯H��`"R/J G4!5 �V/J */;ÌaÆ�ª
xdv u t�m!r���t�m!�Dª�m!n!nDxSH

�w¬O³>:8nDx 	 ®�HM¬O  Ô 7K498Îª�«EH�³´©g7K�[�1Ã5ª8�1Ã:¡ O#H :�©g�KATÂSH�B +�Ç < ������� ª9  Ô �1Á'±64;0
Ù�� � {;Ã:4�u�«8Ã Ù��: T�10�?#©g±27K  � 4;Ã:4 '>7XÃ:¡'4;0k± Ô �1±k c©:;�B'7XÃ:4c���64�=#4;0[�1�
�[©g�'06 c4c��©<J�4�=y7K¡'4;Ã: c4!ª'Á��<8#4c�Åx!x!x8��xTm!r H\m!n!nDxSH

�w¬O¨ = v!v 	 '9H8¬D�1ÃK8#4;0Tª�¬ H9¨87K %MO�K4;Ã5ª8�1Ã:¡�«EH : = ©g�'�K�6©gÃ>H F�¨8« �64c°y�:4;Ã: ;7XÃK8
9�7X± Ô   Ô �17XÃD£)±64;0�;q7XÃ��1±27XÃK8Ó7XÃ Ô 7@B'7X±6©g06�\H N9Æ +M�!ÌFÐXÆ��V-R�Q4�ÆV<*-cÏ�Æ gh<`�Qª
v�t´usr1tA$!o��DvOª5xT�#v!v7H

�w¬`
 6 + n!m 	 ®�H¹¬ Ô 7@;q7@Ac�5ª¯/RH 
 Ô ±[�1Ã'7)ª 6 H 6 7X0[�<M!� 9z�Dª>/RH:
 Ô � Ô 7@;k�Dª5«EHE9+�<;k��£
� Ô 7X±[�Dª_®�H9¬ Ô 7@B��Dªz¨EH 
³8��g�B� 9_�10[�Dª�³ H 6 �1±2±6©g027)ª9¬ Hz/�� Ô �10[�Dª��1Ã:¡
6 H 6 �.?��g� Ô 7�H = ©:;qÁ'�K4;±64�8#4;Ã:©:;�4��64c°��:4;Ã: c4 ©<J�º>UFGdIT^F@2·FE#·)egf H�¶6@[S
iV@2·XZDY'¶6Z:ITª\�1Ã �1Ã��g4;06©:B'7K  	�4c� Ô £a4T�1±64;0\H N9Æ�+e�!ÌFÐKÆ �3-K�Q4�Æf<*-cÏ�Æ gh<`�Qª
�!��us�!�T$���xTn!nDx!ª�m!n!n!m H

�w¬7OCF + �!� 	 ¬ HÎ3 HÎ¬D�1�@A.BJ4;0�8:ªÎ³ H O¹4;02±64T�Dª5«EHJ3CHYF�4;�K  Ô 4;0Tª5³ HJp�H � �106¡DÃ:4;0Tª5�1Ã:¡
6 H¯®>4;±2±64;�X7XÃ>H 2%Ã�±64;02ÁJ©g���1±64c¡�³��10�M#©\= ;�©y¡'4;�K��JF©g0`4;�KMg�10�?#©g±27K «8#4;Ã:4
L:Ã:¡D7XÃK8�H �V/J �ÈgÉ»Ï1-J5 ª:r!��usm1t6�OoDx!ª>xT�!�!� H

�w¬yÁ'7��!� 	 F�H�p�HM¬yÁ'7K4�8#4;� Ô �1�X±64;0\H (��.?#4c�27��1Ã 8!0[�1Á Ô 7K T�1��;�©y¡'4;�X�X7XÃK8µu9�  T�g�64 £
�6±2�:¡ ?Ö7XÃ ;�©gÃ'7X±6©g027XÃK8 Ô 4T�1�X± Ô ©g�'±6 c©:;�4c�\H �_Ê#Ê�ÐKÆP<�Ì �#Ì#I%ÄOÆ,7�È���ÆP<]ÌaÆ
Ç�ªDtyv uXx!xTr���xTo!oDª5xT�!�!� H

�w¬'¬`( + �!� 	 O²H ®�HO¬yÁJ4;�X�@;k�1Ã5ª � HO¬ Ô 4;02�K©y 0M]ª#³ H � H^( Ô �1ÃK8:ª!²�H : 2r?#4;0Tª!/RH#«8Ã:¡'4;06�Tª
³ H (�H�Ù�7K�64;Ã5ª:O#H�
EH (_06©;9�Ã5ª:F�H (z©g±6�2±64;7XÃ5ªg�1Ã:¡D(�H ''�'±6  Ô 4;0\H = ©:;qÁ'064 £
Ô 4;Ã:�67@=#4�7K¡'4;Ã�±27 L� T�1±27K©gÃ.©<J� c4;�X�> �?D ;�K4 £)064�8!�'���1±64c¡�8#4;Ã:4c�M©<J¹± Ô 4�?#4T�g�2±
L'A�bcb­=�A�@;GTfQ�Jbc¶[I�bc¶6@;¶d��·KI2·¿A�¶zB ?�;q7K ;06©#�1020[�.? Ô ?7B'027K¡D7@Ad�1±27K©gÃ>H ��ÈgÐXÆ
Í9Ï�ÈgÐXÆ9Ç�/ Ð¿ÐKÆ�ªD��uso!m#vgo��Oo!m!�#vOª¯xT�!�!� H

�w¬y±[�!�1t 	 :�H�¬y±[�g¡'4;Ã>Hz³´4T�g�6�'064�;�4;Ã�±6�M©<J�± Ô 4�49BJ4c ;±6��± Ô �1±8 c©O¡D7XÃK8RJF©g0M�»Á'06©1£
±64;7XÃ Ô �g�`©gÃÓ��FM¨M«��64c°y�:4;Ã: c4��1Ã:¡�± Ô 4;7X0Å�:�[4RJ�©g0�L:Ã:¡D7XÃK8 8#4;Ã:4c�\H
+QË.-cÐa/ Ï1-e�3-cÏ#465�7V/85cÆ�ª5xTm�usr!rDx8�OrT$#vOª¯xT�!�1t�H

�w¬y±64Tn!n 	 ³ H]¬y±64;Á Ô 4;Ã:�¯H (z�\?#4c�27��1Ã.�1Ã��1�@?O�27K�8©<J/;q778O±2�'064c�%9�7X± Ô �1Ã��'ÃKMyÃ:© 9�Ã
Ãy�K;�BJ4;08©<J� c©:;qÁ]©gÃ:4;Ãy±6��£\�1Ã��1�X±64;02Ã��1±27@=#4Q±6©»064�=#4;06�27@B'�K4��Ú�K;qÁ§;�4 £
± Ô ©O¡'�\H,�f ' ]Æh<�Ì �!ÌaÆ�ªDm!��u t�n��Dv�t:ª�m!n!n!n H

�w¬y±6©�v!v 	 ³ H�¬y±6©gÃ:4SHÓ«�Ã �g��?7;qÁ'±6©g±27K  4c°��'7@=!�1�K4;Ã: c4 ©<JM  Ô ©g7K c4�©<J³;�©O¡'4;��B ?
 ;06©!�[�Ú£�=g�1�X7K¡:�1±27K©gÃ �1Ã:¡}«�M!�17@M#4�� �Å ;027X±64;027K©gÃ>H�ÄOÆ 79È���Æ,<�Ì �!ÌaÆ,<JÈ%-dÆ�Í�ª
o!��u t!t6��tyvOª5xT�#v!v7H

�w¬y±6©#�!n 	 � H FEHD¬y±6©g0�;�©KH = ©gÃ:�64;Ã:�2�:�+Á��1±2±64;02Ã:�\7XÃ¬F�¨M«�HC� /;Ì\UDÈ%465 �� � �gÉ�ÈgÐKÆKª
xT�!o�usmDx!x8�Om!mDx!ª¯xT�!�!n H

�w¬y±6©#�1t 	 «EHO¬y±6©g�K 0M#4SH>Íf���A/85BÏ1�! Ð0/��!"J :ÏZ Y]qÈ H�NP"2ÈA@��^@ Ï¿Ð�ÏZ5 ÌFÏ1-�Ð �T ^]gË`�%]A/�É�È%4^/ Ð�5�H
O Ô F ± Ô 4c�27K�Tª 
8Ã'7@=#4;06�27X±�?�©<J = �1�X7 JF©g02Ã'7��Dª (_4;0�M#4;�K4�?#ª¯xT�!�1t�H

�w¬y�:4T�!� 	 ¨EH8¬y�:4c©:M!� H�® 9+© �g�2ÁJ4c ;±6��©<JcF�¨8« B��g�64Ö c©:;qÁJ©!�27X±27K©gÃ�u ���"=
 c©gÃy±64;Ã�±��1Ã:¡µ±20[�1Ã:�2���1±27K©gÃD£a c©g�'Á'�K4c¡ ¡'4�=O7��1±27K©gÃ JV06©:; 7XÃ�±20[��£a�6±20[�1Ã:¡
02�'�K4�«��M® �1Ã:¡ � � = H9ÄOÆC�¢È!ÐXÆ��P�1ÈgÐXÆ�ª't�� u t����Y$!mDª¯xT�!�!� H



��� ����� ���	��
 �@� ��� � � �

�w¬ ? ='�1t 	 ³ HÎ¬ ?7=g�1Ã:4;Ã>H 6 ©g027@AT©gÃy±[�1�/8#4;Ã:4»±20[�1Ã:�lJF4;0quJ4�=O7K¡'4;Ã: c4»�1Ã:¡�ÁJ©!�6�27@B'�K4
 c©gÃ:�64c°y�:4;Ã: c4c�\H,�f D :Ë:ÆE73/J�1Æ �V/J */;ÌaÆ�ª�m!��usm!o#v%�OmT$Dx!ª¯xT�!�1t�H

� ® = n!n 	 Ù(HA:�HÎ®z7X�X�X7K4;0��1Ã:¡ :�HJ«�H = ©g�X�X7XÃ:�¯H`® Ô 4k c©gÃ�±2027@B'�'±27K©gÃ:�`©<J+064;Á'�X7K T��£
±27K©gÃ¢©g027K4;Ãy±[�1±27K©gÃ5ªN8#4;Ã:4»¡D7X064c ;±27K©gÃ5ªJ�1Ã:¡¢�27@8!Ã��1���64c°y�:4;Ã: c4c�8±6©«B��g�64 £
 c©:;qÁ]©!�67X±27K©gÃ¢�g��?7;R;�4;±2027K4c��7XÃ B��g ;±64;027��1�#8#4;Ã:©:;�4c�¯HMÄDÆ:�¢È!ÐXÆh����ÈgÐKÆKª
r!n�usm1t����Om!r#vOª�m!n!n!n H

� ® Ô 4Tn!n 	 ® Ô 4�«�0[�<B'7K¡'©gÁ:�27K� � 4;Ã:©:;�4 2aÃ'7X±27��1±27@=#4SH�«�Ã��1�@?D�27K�»©<J8± Ô 4z8#4;Ã:©:;�4
�64c°y�:4;Ã: c4`©<J+± Ô 4 	�© 9+4;027XÃK8�Á'���1Ãy±�«�0[�<B'7K¡'©gÁ:�67K��± Ô �1�X7��1Ã�� H +e�#ÌFË^"R/;ª
t�n!� uwvg�T$��O�DxTrDª�m!n!n!n H

� ® 6 ²�FQ�#v 	 /RHÎ®5�'0�8��\?#ª¯3CH P H 6 �<;�©y4;Ã5ª � HJ²�4;Ã:4�;k�Dª>�1Ã:¡ F�HYF8�KB'Ã��1�>H (_7K©1£
  Ô 4�;q7K T�1�z  Ô �10[�g ;±64;027@Ad�1±27K©gÃ ©<J��§;�©g�K4c ;�'���10»� 9�7X±6  Ô 7XÃ =#©g�@=O7XÃK8´± Ô 4
Ô 4T�1±+� Ô ©O %M»Á'06©g±64;7XÃ = �XÁ = ª 9 Ô 7K  Ô  c©gÃ�±206©g�K�+± Ô 48�g ;±27@=O7X±�?q©<J = ©:;�/qª
± Ô 4� c©:;qÁJ4;±64;Ã: c4`±20[�1Ã:�6 ;027XÁ'±27K©gÃ�J)�g ;±6©g0�©<J\��A�b6·XUXU)e!IMITe:CD^F·XUX·KI\H��V/J */
� /?�1ÆKª¯x!xquXx!xT����xTm!�Dª¯xT�!�#v7H

� ®z7K4T�1t 	 3CH#®z7K4;02Ã:4�? HJ³��10�M#©\=�  Ô �17XÃ:� J�©g0�498OÁ'�K©g027XÃK8ÅÁ]©!�2±64;027K©g0+¡D7K�2±2027@B'�'±27K©gÃ:�
D,9�7X± Ô ¡D7K�6 ;�:�6�67K©gÃ`GIH,�f D ]Æh<�Ì �!ÌaÆ�ª'm!m uXxdvgnDx8��xdv!$!mDª¯xT�!�1t�H

� ®z7X��n!o 	 = H'®z7X�K�2±6©gÃ:4SH�²M7X±[�1�5�2±[�1±27K�2±27K c�¯H +e�!ÌFËY"�/cª:t�m1t�ui$DxTn��Y$DxTmDª�m!n!n!o H
� ®�³�¬ + �!r 	 /RH5®>�<M#4�;k�102�5ª>³ H¯³�7@Ac�'Ã:©'ª5®�H¹¬D�1±6©'ª5³ HÎ®¹�<M#4;�:  Ô 7)ª��1Ã:¡ 9RHÎ/�©1£

B��.?��g� Ô 7�H = ©:;qÁ'�K4;±64�Ã��: ;�K4c©g±27K¡'4��64c°y�:4;Ã: c4k©<J���I2¼y·XZ�4;�K4�;�4;Ã�±»498y£
 ;7K�64c¡ B ? FM¨M«h064T�1020[�1ÃK8#4�;�4;Ãy±�¡D�'027XÃK8 �2ÁJ©g02�'���1±27K©gÃ 7XÃ �9A�b6·XUXU)e!I
ITe:CD^F·XUX·KI\HP��Ï1-?"2ÈA@ Ï�ÈgÐXÈR]��!ª¯x;t:x�uso!m!o��Oo!m#vOª>xT�!�!r H

� ®�¨³O + nDx 	 6 HD®>4;±2±64;�X7XÃ5ª:/RH Ù(H'¨M4;�K�6©gÃ5ª 2wH ®�H O��1�'�K�64;Ã5ª:p�H «EH'Ù�7K�64;Ã5ª'®�H F�H :�4T�g¡Îª
¬ H O¹4;±64;06�6©gÃ5ª�p�H 6 4;7K¡'4;�@BJ4;0�8:ª�:�H ®�H F�4 (z©\?#ª²F�H 6 H 6 �
JF±Tª>�1Ã:¡ :�H p�H
F�©y¡'�6©gÃ>H = ©:;qÁ'�K4;±64 8#4;Ã:©:;�4��64c°y�:4;Ã: c4�©<J�� =y7X02�'�K4;Ãy±�7K�6©g���1±64´©<J
L]^F@;¶%H�^­GybcGObcbde!I+H]ZJ¶degf�GTZ'·¿A�¶¯H3<*-;Ï /J G-K/cª�m!�!o u t��!���Or!nT$Dª�m!n!nDxSH

� ®�¨8® + n!n 	 6 H�®>�<M!�<;q7)ª8/RH8¨M�<M!�g�6©gÃ:4!ª�9RH9®>�<M!�<MO7)ª � H�³¢�g4;Ã:©'ª39�H8¬D�g�B�<My7)ª
¨�Hd³¢�g�2�'7)ª ' H ''�!�­7)ª = H 6 7X0[�<;k�Dª?9�Hd¨M�<M!�<;��'0[�Dªg�1Ã:¡�¨EH

³8��g�[� 9z�10[� H
= ©:;qÁ'�K4;±64�8#4;Ã:©:;�4M�64c°y�:4;Ã: c4�©<JÎ± Ô 48�1�@M!�1�X7XÁ Ô 7X�X7K ³B��g ;±64;027X�K;��9A�b6·XU�S
U)e!I¹=�A�UFGyE�eg@BA�Z:I��1Ã:¡E8#4;Ã:©:;q7K z�64c°y�:4;Ã: c4_ c©:;qÁ��1027K�[©gÃ 9�7X± Ô �9A�b6·XUXU)e!I
ITe:CD^F·XUX·KI\H +QË.-;Ð0/ Ï1-e�3-;Ï1465�73/J5cÆ�ª�m!��u t�oDxdv%��t�o!oDx!ª�m!n!n!n H

� ®�® 
Mn!m 	 6 H+®>�<M!�<;q7)ª,9�H_®>�<M!�<My7)ªz�1Ã:¡ 2wH 
8  Ô 7@?��<;k� H � 4;Ã:©:;�4¢�[4c°��:4;Ã: c4
©<J���bc¶ A�ZJGyC#A�b6·XUXU)e!I8·X=J¶Ú�:¶6Z:I6·KI97K�6©g���1±64c¡�JV06©:;¾± Ô 4!2 Ô 4�?��;:97K¡ 8#4��1Ã:¡
7X±6�9�'Ã:498DÁ]4c ;±64c¡¢�g¡:�1Á'±27@=#4� T�1Á��<B'7X�X7X±27K4c�M±6©�498D±2064�;�4�4;Ã =y7X06©gÃK;�4;Ãy±6�\H
+�Ë`-;Ð0/ Ï#-e�V-;Ï1465�73/85TÆKª:o!n uso!�!m#v%�Oo!�!o!rDª]m!n!n!m H

� 
8³��Dx 	 Ù(H = H 
�BJ4;0�B��g  Ô 4;0��1Ã:¡ :�H¹p�H¹³��'0[�1��H�35©y T�1±27XÃK8�Á'06©g±64;7XÃD£a c©O¡D7XÃK8
064�8!7K©gÃ:��7XÃ Ô �K;k�1Ã F�¨8«��64c°y�:4;Ã: c4c��B ?��c;Å�'�X±27XÁ'�K4q�64;Ã:�6©g0Ú£)Ã:4;�'0[�1�
Ã:4;±�9_©g0�M �1Á'Á'06©#�g  Ô H N9ÆP+e�!ÌFÐKÆ��3-R�Q4yÆ <E-;Ï�Æ gC<.�Qª��!�}uXxTmT$Dx8��xTmT$!rDª
xT�!�DxSH

� 
 (@(�n!n 	 p�H�
8�6�KMg�Dª P HD( Ô �5ª:�1Ã:¡�²�H (_064;Ã:¡'4;��H[
8Á'±27@;k�1�5�6Á'�X7K c4c¡��1�X7@8!ÃK;�4;Ãy±
©<J Ô ©:;�©g�K©:8#©g�:�� .F�¨M« ±6© �z8#4;Ã:©:;q7K RF�¨8« ±64�;qÁ'���1±64SHqÍ9Ï�ÈgÏZ �H;È!"JI
ÉS�!ÌFÏ#-?5 ªÎx%$ usm!n!o��OmDx!x!ª�m!n!n!n H



� � � ��� ����� ���	��
 �@� ���

� ²�«8³ + nDx 	 p H = HÎ²�4;Ã�±64;0Tª5³ H F�HJ«�¡:�<;��TªÎÙ(H P HÎ³�?#4;06�TªNO²H P H¯3Î7)ªA:�H p�HJ³´�'0[�1�)ª
� H � H�¬y�'±2±6©gÃ5ª 6 H�
EH�¬ ;q7X± Ô ª'³ HY9+�1Ã:¡'4;�X�)ª = H «EH'Ù/=g�1Ã:�dª�:�H «EH 6 ©g�X±Tª
4;±��1��H5® Ô 4M�64c°y�:4;Ã: c48©<J¯± Ô 4 Ô �K;k�1Ã§8#4;Ã:©:;�4SH�<*-;Ï /J G-K/;ª'm!�Dx`uXxTo!n1t6�
xTo!rDx!ª�m!n!nDxSH

� =D¡'3>F�/�n!o 	 ³ HY=!�1Ã�¡'4;0�3>�!�1Ã5ª�¬ H>FM�:¡'©g7X±Tª¹�1Ã:¡}¬ H5/Q4;�K4c�\H�«M��?7;qÁ'±6©g±27K �©gÁ'±27½£
;k�1�X7X±r?}©<J8�X7@M#4;�X7 Ô ©y©O¡O£�B��g�64c¡  ;06©!�6�Ú£�=!�1�X7K¡:�1±27K©gÃ>HÖ®>4c  Ô Ã'7K T�1�9064;ÁJ©g02±Tª

8Ã'7@=#4;06�27X±r?�©<J = �1�X7 J�©g02Ã'7��Dª
(z4;0�M#4;�K4�?#ª�m!n!n!o H

� =D¨ (@:�¬Dn!m 	 Ù�H�=!�1Ã�¨�7@; 9+4�8#4;Ã5ª]³ H*(J�.=#©g���1Ã5ª]¨�H�:M�
�Ú4
99��M7?#ª��1Ã:¡�Ù�H FEHJ¬y7@8S8!7�� H
O�06©:B��<B'7X�X7K�2±27K   ;�X�:�2±64;027XÃK8�©<J8�64c°y�:4;Ã: c4c��u>7XÃ JF4;02027XÃK8¢Ã:4
9 B��g ;±64;027��1�
064�8!�'�K©gÃ:��B ?. c©:;qÁ��10[�1±27@=#4c8#4;Ã:©:;q7K c�¯HcN9Æ	+e�!ÌFÐKÆ[�3-K�Q4�Æ,<*-cÏ�ÆMgh<`�Qª
�!��uwvgo!m!o��Dvgo!m!�Dª�m!n!n!m H

� P F�FM³��!n 	 6 HzÙ(H PÖ©y©O¡Îª_³ H_®�H9F��;99�6©gÃ5ª�/RH_³ H9F�4�=y7XÃ:4!ªz�1Ã:¡ F�H_p H_³¢  £= ©gÃ'Ã:4;�X��H =+Ô �10[�g ;±64;027@Ad�1±27K©gÃ ©<J�P��9L��»ª���¡'4IJF4c ;±27@=#4�Á'06©gÁ Ô �<8#4�©<J
�9A�b6·XUXU)e!I8ITe:CD^F·XUX·KI\H9ÄDÆÎÍV�Q-TÌ /J"BÏ�ÈgÐKÆKª¯xdvgm usmT$T$#v%�OmT$#v�t:ª¯xT�!�!n H

� P : � ¬D�T$ 	 ¬ H.:�7K  Ô �106¡'�6©gÃVP H :�H � 7X�@MO���1Ã:¡-F�H�p�H\¬yÁ'7K4�8#4;� Ô �1�X±64;0\Hd� �T"��1ÈT�
Ç U.�gÏZ �¢È! �Ì /´Ç[�!" Ð½È�ÏZ �ÊG"��Q-cÌFÏ1-K/�H =+Ô �1ÁK;k�1ÃÓ�1Ã:¡ 6 �1�X�)ªÎ3¯©gÃ:¡'©gÃ5ª
xT�!�T$ H

� P.���!o 	 = H ' H:P.�>H�
8Ãq± Ô 49 c©gÃ =#4;0�8#4;Ã: c49Á'06©gÁJ4;02±27K4c�\©<JJ± Ô 49Ù�³ �1�@8#©g027X± Ô ;�H
�f ' ]Æh<�Ì �!ÌaÆ�ªÎx!x DÚx¯G�us�!r���xTn!oDª¯xT�!�!o H

� P P 9�nDx 	 ³ H O²H�P��g� Ô B'�'02Ã5ª`F�HKPÖ©g�X±64;06�Tª]�1Ã:¡�p�H :�H.9+�1±64c�\H_3¯�10�8#4 £a�6 T�1�K4»�1Ã���£
�@?D�27K��©<J+± Ô 4E?#4T�g�2±�Á'06©g±64c©:;�4�B ?�;��'�X±27K¡D7@;�4;Ã:�67K©gÃ��1��Á'06©g±64;7XÃ.7K¡'4;ÃD£
±27 L� T�1±27K©gÃ´±64c  Ô Ã:©g�K©:8S? H +e�!ÌaÆÎÍ9Ï�È!Ì /�-JUA ]ÈgÐXÆ�ª'Á��<8#4c�Mm1t�m��Om1tyvOª�m!n!nDxSH

� ��3�(z3¯nDx 	 ��H �EH]3Î7X�5ªYF�H 3CH@(+02�'±2���<8:ª5�1Ã:¡�p�Hw¬ HJ3Î7X�>H"(_7K©SO�06©!�6Á]4c ;±6©g0qu]¡D7K�6 c©1£
=#4;027XÃK8� c©gÃ:�64;0�=#4c¡ F�¨8« ;�©g±27 J���7XÃ��'Á:�2±2064T�<; 064�8!�'���1±6©g0�?�064�8!7K©gÃ:�
©<J¹ c©1£a498OÁ'064c�6�[4c¡«8#4;Ã:4c�¯H:N �Q-�Æ�< �1É8ÊÎÆ�Í�Ï�È%-6È!É�Ê]ËOÌaÆ�ªDÁ��<8#4c��xTm#v%��xTo!�Dª
m!n!nDxSH

� 9"' = 6 �T$ 	 ³ HY9+�1ÃK8:ª:Ù(H
':4;020[�1027)ª:Ù(H =+Ô 4;Ã5ª��1Ã:¡¢FEH p H 6 4;Ã'Ã:4;0\H 2%¡'4;Ãy±27 L� T�1±27K©gÃ
©<J�± Ô 4�Á'�K4;7K©g±206©gÁ'7K ÅIBA�b � 8#4;Ã:4�©<J��9A�b6·XUXU)e!I8ITe:CD^F·XUX·KI¯HMÄDÆ5Íf�Q-cÌ /J" ÏFÈ!ÐXÆ�ª
x%$T$�uXx!xTo���x!xT�Dª¯xT�!�T$ H

� 9Q3�(�nDx 	 :�H*'9H?9\4 Ô ªT3CH¯O#H�3Î7@;�ª��1Ã:¡ = H (�H (+�'0�8#4SH = ©:;qÁ'�'±[�1±27K©gÃ��1�y7XÃ J�4;064;Ã: c4
©<J Ô ©:;�©g�K©:8#©g�:��8#4;Ã:4��2±202�: ;±2�'064c�z7XÃ�± Ô 4 Ô �K;k�1Ã¢8#4;Ã:©:;�4SH �V/? �ÈgÉ /
7V/85cÆ�ª'Á��<8#4c���!n!o��O�Dx%$Dª]m!n!nDxSH

��( Ô �!�#v 	 ³ H � H	( Ô �1ÃK8�H 2­¡'4;Ã�±27 L� T�1±27K©gÃ ©<J9Á'06©g±64;7XÃ  c©O¡D7XÃK8¢064�8!7K©gÃ:�`7XÃ}± Ô 4
Ô �K;k�1ÃV8#4;Ã:©:;�4¢B ? °����g¡D0[�1±27K �¡D7K�[ ;027@;q7XÃ��1Ã�±��1Ã��1�@?D�27K�\H N9Æ�+M�!ÌFÐXÆ
�V-R�Q4�Æ	<*-;Ï)Æfgh<.��ª:�1t�usrT$!r��OrT$!�Dª¯xT�!�#v7H

��( Ô �!n!m 	 ³ H � H.( Ô �1ÃK8�H = ©:;qÁ'�'±[�1±27K©gÃ��1�ÎÁ'064c¡D7K ;±27K©gÃ�©<J¯4;�KM!�10�?#©g±27K MÁ'06©g±64;7XÃD£
 c©O¡D7XÃK8c8#4;Ã:4c�\HP+e�!ÌFËY"�/cª�o ui$!�!���Dvgn!�Dª�m!n!n!m H

��(]/": 6 v!v 	 ¬ H�«�HA(J� Ô �K4;0Tª :�HA(²H!/�©g0�;k�1Ã5ª�:�H�:�©!�[4;Ã�± Ô �1�)ª��1Ã:¡ 6 H!Ù(H 6 4�;qÁ Ô 7X�X��H
�9A�b6·XUXU)e!I`ITe:CD^F·XUX·KIRB��g ;±64;027K©gÁ Ô �<8#4

SPβ
uÎ�K©O T�1�X7@Ad�1±27K©gÃ�©<J�± Ô 4qÁ'06©1£

Á Ô �<8#4��1±2±[�g  Ô ;�4;Ã�±»�27X±64!ª¯�1Ã:¡.�6Á]4c ;7��1�X7@AT4c¡.±20[�1Ã:�[¡D�: ;±27K©gÃ>H�ÄOÆ�Íf�Q-?I
Ì /?"BÏ�ÈgÐKÆKª5xTm!��usr!rT$��Or!r!�Dª>xT�#v!v7H



��� ����� ���	��
 �@� ��� � � �

��(��KMD�Dx 	 ³ H[(��KM#4;0\H}¬y�KBJ©gÁ'±27@;k�1�9�64c°y�:4;Ã: c4 �1�X7@8!ÃK;�4;Ã�±�7XÃ ;�©g�K4c ;�'���10cB'7K©1£
�K©:8S?}uÎ�1�X7@8!ÃK;�4;Ãy± 9�7X± Ô 4;0206©g0��1Ã��1�@?D�27K�\H�ÄOÆ��¢ÈgÐKÆ�Í�Ï�ÈgÐKÆKª5m!mDx u t�n!o��
t�m!nDª5xT�!�DxSH


