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@BA�C D�EFHGJILKHGJMNEJO PQFRC GSPUT
@WV GSX.EJO EJGJMYEHZ\[^] P_EJO5C GS`ba'cJO EYIbC MdP=C e+Gfabg=D�eheJPdiHC GJ`
@WjkC IfIfEJGml	FJOUndeRopD�ehIHER] g
@Wq\FH] DFHG�['] P�EJO g�rsFutJO5C EdXkD�EJGSP=C ehGHv
@Ww\THGRFHD�C MyxzFdTNEYgdC FHGpGJEdPU{�eHO5nYg
@W|bFJO P=C MJ] E�[^] P_EROUC GJ`
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A�iSE{�eHO5] IpMRiJFHGJ`RENgY�h{�E	GJEYEYIpP_eyP=O FSMJn�FHGJImcRO ENIbC MYP�C P
w�C FHtHEYP_EYg�DFHGJFS`HEJD�EJGSP�oJg�oSERiHC MJ] EIbC FS`+GSeHgdC g
xzFSgdC M	C IfENFfZ�MNehcYT�g_P�FNP_E�FHGSIuEdofC IfEJGJMYE�oRFSO5C FHtH] ENgkX.efO�ESFNMRi�P=C D�Eg_P_ERc
�m� � g�EdP�eJXkKfGJehtJg�EJO oRFHtf] Eg_P�FNP_EoJFJO5C FRtf] EYg�FNPkP=C D�E �

ER� `b� a �p�U�H�J�$���^�+�+� � a ���Q�R���b�S�^�	�R�'�=�S�'�=  � abEdP�MR�
¡ � � g�EYP�eJX\e+tJg_ERO oRFHtH] EEYoHC IfEJGJMYE�oRFJOUC FHtf] EYg�FYP�P=C D�E �
ER� `b� a ¢£�S�b J�'�H�S�b�p�U�H�J�$���$�+�+� � a ¤��'�U R�J¥��h�Q� � a ¦y�R�R�+§y�h�Q�J� �

A�iHC g�FSg�g=KfD�EYg ¨�©.ªJ«f¬Jh®J¯®R©U°� �bg_P_EJc	gdC ±dEIfERcRERGSIfg�e+GucJO ehtf] EJD
² eRP�FNP=C e+GfZ ��³=´ µ!¶·�L³S¸=��³�¹^ºQ¸S»S»S»S¸=��µ5¼^ºQ¸=�Lµ
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¾ ���'¿�À�ÁÃÂy�'À��\?�Ä$Ä^?�ÄÆÅ ¾ ���z¿�ÀkÁÃ��Ç���<=>�Ä�È
É ehGJg_P=OUKJMdP�Fux�FdTNEYg�GSEYPkXsO e+DÊP=iJENg_EoJFJO5C FHtf] EYgYZ�cRFJO ERGNP_g=Ë
l	FJOUndeJoyFSg�g=KfD�cSP=C ehG Z �m� IfEJcHEJGJIfg�ehG Ì�ÍzÎ\Ï�¨\b¨ gdKHtJg�EdP�eRX ��Ð�´ � ¼^º
Ñ C O gsP5ÒsefO IfEROkl	FJO5n=eRopcRO efMNEYg�g Z ÓÕÔ �L�QÖ ��Ð�´ � ¼^ºs×�¶ ÓÕÔ �L�QÖ �L� ¼^ºs×
Ø ENMYe+GSIRÒsefO IfEJOklyFJOUndeJoucJO ehMYEYg�g Z ÓmÔ �m�QÖ ��Ð�´ � ¼^ºs×�¶ ÓÕÔ �m�QÖ �L� ¼+ÙY¸=�L� ¼^ºs×

X t −1 X tX t −2 X t +1 X t +2

X t −1 X tX t −2 X t +1 X t +2First−order

Second−order

Ø ERGSg�efOkl	FJO5n=eRoyFNg�gdKfD�cSP=C e+G Z ÓÕÔ ¡ ��Ö ��Ð�´ �s¸ ¡ Ð�´ � ¼^ºs×�¶ ÓÕÔ ¡ ��Ö �L�.×
Ø P�FNP=C e+GRFSO T cRO ehMYENg�gdZ�P=O FHGJgdC PdC e+GpD�ehIfEJ] ÓmÔ �L��Ö �m� ¼^ºs× FHGJI
g_ERGSg�efO�D�ehIHER] ÓÕÔ ¡ ��Ö �L�.× [fÚJENIpX.eHO\FH] ] �
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ÜÞÝ ����Âp;Q?

tRain

tUmbrella

Raint −1

Umbrella t −1

Raint +1

Umbrella t +1

Rt −1 tP(R  )

0.3f
0.7t

tR tP(U  )

0.9t
0.2f

Ñ C O gsP5ÒsefO IfEROkl	FJO5n=eRo	FSg�gdKfD�cSP=C e+GpGJeJP�E=ÚHFSMdP=] T�P=OUKJE	C GuO ESFH]H{�eHO5] I'ß
|+eHg�g=C tf] E�[fÚREYgYZ
à � áNÏ�«f¬J+â'ªNÞÍ'¬R¨\+¬ eJX�lyFSO5ndeJoucJO efMNEYg�g
ã � ä�Î!åz°�bÏz®mªN®Jâb®J abER� `b� a$FNIfI æ��S�pç � a ¤��H�J R J�'�H� �

è ÚHFHD�cH] EHZkO ehtHeRP�D�eRP=C e+Gf�
é KS`+D�EJGSP�cReHgdC PdC e+G	FHGJIpoSER] ehMJC PUT�{�C P=i �y�+�_�Q�S�Hê �

,.- / 0 1 2 354 6~6
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Ñ C ] P_EJO5C GS` Z ÓÕÔ � � Ö  º5´ � ×
tHEJ] C EdX\g_P�FNP_E íÊC GfcfKNPkP_eyP=iSE�IfEYMJC gdC ehGucJO efMNEYg�g�eJX�FpO.FNP=C ehGRFH]+FS`RERGNP

|zO EYIbC MdP=C e+G Z ÓmÔ �L� ¹bîfÖ  º5´ � × X.eHO ïLð·ñ
EdoRFH] KJFNP=C e+G�eRXkcReHg�g=C tf] E�FSMdP=C e+G�g�EYòbKJEJGJMYENgd�
] C n=E�[^] P_EROUC GJ`	{�C P=iJe+KNPkP=iJEEYoHC IfEJGJMYE

Ø D�eheJP=ifC GJ` Z ÓÕÔ ��îfÖ  ºs´ � × X efO ñpó)ïLôõ�
tHEdPsP_ERO�ENgsP=C DFNP_EeRXkcJFSg_P�g_P�FNP_EYgYabENg_g�EJGSP=C FH]fX.eHO�] ESFJOUGfC GS`

l�eRg_P�] C ndEJ] T�E=Úhcf] FHGRFNP=C e+G Z öJ÷søkùpöYúhû$ü ý þJ¤ÕÔ ÿ º5´ �QÖ  º5´ �.×
gdcRENEYMRipO EYMYeH`hGfC P=C ehGhabIfEYMYehIbC GS`	{�C Pdi	FpGJehC g_T�MRiJFHGfGJEJ]
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é C D	Z�IfEdoHC g�E�F ¬Rb«hÎ\¬RªJ© �z g_P�FNP_EEYg_P=C DFNP=C ehGyFH] `RefOUC P=ifD	Z
ÓÕÔ �L� ¹^ºYÖ  º5´ � ¹^ºs×�¶�� ÔU � ¹^ºQ¸ ÓÕÔ �L�QÖ  º5´ � ×�×

ÓÕÔ �L� ¹^ºYÖ  º5´ � ¹^ºs×�¶ ÓmÔ �L� ¹^ºYÖ  º5´ �s¸  � ¹^ºs×
¶�� ÓmÔ. � ¹^ºYÖ �L� ¹^ºQ¸  º5´ �.× ÓÕÔ �L� ¹^ºYÖ  º5´ � ×
¶�� ÓmÔ. � ¹^ºYÖ �L� ¹^ºs× ÓÕÔ �m� ¹^ºYÖ  º5´ � ×

V � ER� a cRO ENI+C MYP=C ehG � EYg_P=C DFNP=C ehG ��|zO EYIbC MdP=C e+GptYT�gdKfD�D�C GJ`yehKSP �L� Z
ÓÕÔ � � ¹^º Ö  º5´ � ¹^º ×�¶�� ÓÕÔ. � ¹^º Ö � � ¹^º ×
	 û þ ÓÕÔ � � ¹'º Ö ÿ � ¸  ºs´ � × ¤ÕÔ ÿ � Ö  º5´ � ×
¶�� ÓmÔ. � ¹^ºYÖ �L� ¹^ºs×
	 û þ ÓÕÔ �m� ¹^ºYÖ ÿ � × ¤uÔ ÿ �QÖ  º5´ �.×

� º5´ � ¹^º\¶��� &��	 \&�� Ô � ºs´ �5¸  � ¹^ºs× {�iJERO E � º5´ �R¶ ÓÕÔ �L�QÖ  º5´ � ×
A�C D�E�FHGJIug=cRFSMYE «fÍzÏ\ªN®Jâ^Ïz® r�C GJIHERcRERGJIHERGNP�eJX � v
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Rain1

Umbrella1

Rain2

Umbrella2

Rain0

0.818
0.182

0.627
0.373

0.883
0.117

True
False

0.500
0.500

0.500
0.500
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X 0 X 1

1E Ek tE

tXX k

w�C ofC IfEEdofC IfERGSMNE  º5´ � C GSP_e  º5´ î a  î=¹^º5´ � Z
ÓÕÔ ��îfÖ  ºs´ � ×L¶ ÓÕÔ ��îfÖ  º5´ îJ¸  î=¹^º5´ �.×

¶�� ÓÕÔ ��îfÖ  º5´ îY× ÓmÔ. î=¹^º5´ �QÖ ��îJ¸  º5´ îY×
¶�� ÓÕÔ ��îfÖ  º5´ îY× ÓmÔ. î=¹^º5´ �QÖ ��îY×
¶�� � º5´ î Ì î=¹^º5´ �

xzFSMRnd{kFSO ILD�ENg�g�FS`HEMYe+D�cHKSP_ENImtdTyFptRFSMJnY{�FJO Ifg�O EYMRKHO g=C e+GhZ
ÓÕÔ. î=¹'º5´ ��Ö ��îY×m¶�	 û���� ü ÓÕÔ. î=¹^ºs´ ��Ö ��îJ¸ ÿ î=¹^ºs× ÓmÔ ÿ î=¹'ºYÖ ��îY×

¶�	 û���� ü ¤uÔ. î=¹^ºs´ ��Ö ÿ î=¹^ºs× ÓÕÔ.ÿ î=¹'ºYÖ ��îY×
¶�	 û���� ü ¤uÔ. î=¹^ºYÖ ÿ î=¹^ºs× ¤uÔ. î=¹+Ù�´ ��Ö ÿ î=¹^ºs× ÓmÔ ÿ î=¹'ºYÖ ��îY×
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Rain1

Umbrella1

Rain2

Umbrella2

Rain0

True
False

0.818
0.182

0.627
0.373

0.883
0.117

0.500
0.500

0.500
0.500

1.000
1.000

0.690
0.410

0.883
0.117

forward

backward

smoothed
0.883
0.117

Ñ efO {�FJO I! $tRFNMRnd{kFSO I FR] `HeHO5C P=iHD	Z�MNFSMRiSEX.eHO {�FJO ILD�EYg�gQFS`RENg�FH] e+GS`yP=iSE{�FdT
A�C D�E	] C GJENFJO�C G � r�cHe+] TSP=O EYE	C GSX.EJO EJGJMYESvda+gdcRFSMYE "ÕÔ.� Ö � Ö ×
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¾ À�Äb:~;=<Q¿�?�;��Ã? Ý Âp;Q��>	��:'<QÀ�>
l�eRg_P�] C ndEJ] T�g�EYòbKJEJGJMYE #¶ g_ENòbKSERGSMNEeJXkD�eHg_P�] C ndEJ] T�g_P�FNP_EYgSß.ß.ß.ß
l�eRg_P�] C ndEJ] TpcRFNP=i�P�eyESFSMJi ÿ � ¹^º
� D�eHgsP�] C n=ER] TpcRFNP=i�P_e ªNÍz°� ÿ � cf] KSg�ehGJE	D�efO Eg_P_EJc
ùpöYúû ü�$ $ $ û þ ÓÕÔ ÿ ºQ¸S»S»S»S¸ ÿ �s¸=�L� ¹^ºYÖ  º5´ � ¹'ºs×
¶ ÓmÔ. � ¹'ºYÖ �L� ¹'ºs× ùpöYúû þ�%& ÓÕÔ �L� ¹'ºdÖ ÿ �.× ùyöNúû$ü $ $ $ ûfþ 'Rü ¤ÕÔ ÿ ºQ¸S»S»S»S¸ ÿ � ¼^ºQ¸ ÿ ��Ö  º5´ �.×)(*

V IfEJGSP=C MNFH]fP_ey[^] P_EJO5C GJ`ba+EdÚJMNEJcSP � º5´ � O ERcH] FSMNEYILtdT
° º5´ � ¶ ùyöNúû$ü $ $ $ ûHþ 'Rü ÓmÔ ÿ º ¸S»S»S»S¸ ÿ � ¼^º ¸=� � Ö  º5´ � ×=¸

V � ER� a ° º5´ � Ô,+ × `+C oJEYg�P=iJE	cRO e+tJFHtfC ] C PUT�eJX!P=iJE	D�eHgsP�] C ndEJ] TpcRFNP=i�P�eyg_P�FNP_E + �- cHIhFYP�E	iJFSg�gdKfD£O EJcf] FSMNEYILtYTpDFYÚhab`hC ofC GJ`	PdiSE .�C P_EROUtfC+FR] `HeHO5C P=ifD Z
° º5´ � ¹^º\¶ ÓmÔ. � ¹^ºYÖ �L� ¹^ºs× ùpöNúû þ Ô.ÓÕÔ �m� ¹^ºYÖ ÿ � × ° ºs´ � ×
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Rain1 Rain2 Rain3 Rain4 Rain5

true

false

true

false

true

false

true

false

true

false

.8182 .5155 .0361 .0334 .0210

.1818 .0491 .1237 .0173 .0024

m 1:1 m 1:5m 1:4m 1:3m 1:2

state
space
paths

most
likely
paths

umbrella true truetruefalsetrue
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� <Q�y�	?k> ¾ ���z¿�ÀkÁ ��À�y?k;�Ä
� � C g�F�gdC GJ`h] EHa+IbC g�MJO EYP_E�oRFJOUC FHtf] E	r�KJg=KRFH] ] T ¡ � C g�P_ehefv
w�ehDFHC G�eRX � � C g ��� ¸S»S»S»S¸ �	�
A!O FHGJg=C P=C e+GpDFNP=O5C Ú 
��  ¶ ¤uÔ � �R¶���Ö � � ¼^ºh¶ + × abER� `+� a %��& ñ » � ñ » �ñ » � ñ » � ( ��*
Ø ERGSg�efO�DFNP=OUC Ú � � X efO�ESFSMJi�P=C D�EgsP�EJcha+IbC FS`Re+GRFH]fER] ERD�EJGSP_g ¤uÔ5� ��Ö � �J¶ + ×
ER� `+� a+{�C P=i � ºh¶ ���H�'� a � º\¶ %��& ñ » � ñ

ñ ñ » � ( ��*
Ñ efO {�FJO IuFHGJILtJFSMRnd{kFSO ImD�ENg_gQFS`HEYg�FSg�MNeh] KfD�G�oSENMdP_efO gYZ

� º5´ � ¹'ºÕ¶�� � � ¹^º 
�� � º5´ �
Ì î=¹^º5´ �y¶ 
�� î=¹'º Ì î=¹bÙ�´ �

Ñ efO {�FJO IJÒQtRFSMJnY{�FJO IuFH] `RefOUC P=ifD£GJEYENIfgkP=C D�E "ÕÔ5� Ù � × FHGJIugdcJFSMNE "ÕÔ5��� ×
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� À�8	>�:^�^� �	��>��\?Æ��; ��À���<�:'Ç	�
É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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� À�8	>�:^�^� �	��>��\?Æ��; ��À���<�:'Ç	�
É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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� À�8	>�:^�^� �	��>��\?Æ��; ��À���<�:'Ç	�
É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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� À�8	>�:^�^� �	��>��\?Æ��; ��À���<�:'Ç	�
É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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� À�8	>�:^�^� �	��>��\?Æ��; ��À���<�:'Ç	�
É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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� À�8	>�:^�^� �	��>��\?Æ��; ��À���<�:'Ç	�
É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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� À�8	>�:^�^� �	��>��\?Æ��; ��À���<�:'Ç	�
É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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É FRGyFNoJehC IugsP_efOUC GJ`pFH] ]fX.eHO {�FJO ILD�EYg�gQFS`RENg�C G	g=D�eheJPdiHC GJ`ÕtdTuOUKfGfGfC GJ`
X efO {kFSO IÕFH] `HefOUC P=ifD£tRFSMJnY{�FJO IfgYZ

� º5´ � ¹^ºm¶�� � � ¹^º 
 � � º5´ �
� ¼^º� ¹^º � º5´ � ¹^ºm¶�� 
�� � º5´ �

��� Ô�
�� × ¼^º � ¼^º� ¹^º ��º5´ � ¹^º ¶ ��º5´ �
é ] `HeHO5C P=iHD	Z\X.eHO {�FJO ILcRFSg�g�MNehD�cfKSP_EYg � � a'tRFSMJnY{�FJO ILcRFSg_g�IfefENg � � a Ì �
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l�ehIHER] ] C GJ`yg_TSg_P_ERD�g�IfEYg�MJO5C tRENImtYT	F�g�EdP�eRX\MYe+GSP=C GHKJe+KSg�oJFJO5C FHtf] EYgYa
ER� `b� a+PdO FSMJnRC GJ`pFptfC O I��+THC GJ`Sí �L�R¶ � ¸���¸���¸
	� ¸�	�L¸�	� �
é C OUcf] FHGSENgda'O ehtHeJP�gdabENMYeHgsTJg_P_EJD�gYa+EYMNehGJe+D�C ENgdabMJiJEJD�C MNFH]bcf] FHGSP_gYa^cf] FHGJEdP_gYa »S»S»

tZ t+1Z

tX t+1X

tX t+1X

 FHKSg�gdC FHGpcROUC efO5a'] C GSESFJO  FHKJg�g=C FHG�P=O FHGJgdC PdC e+GpD�ehIfEJ]hFHGJIug�EJGJg_efO�D�ehIfEJ]
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|zO EYIbC MdP=C e+G�g_P_EJchZ�C X ÓÕÔ �m�QÖ  º5´ �.× C g  FHKSg�gdC FHGfa+P=iJERGpcRO ENI+C MdPdC e+G
ÓÕÔ �L� ¹^ºYÖ  º5´ � ×�¶�� û þ ÓÕÔ �L� ¹^ºYÖ ÿ � × ¤ÕÔ ÿ �QÖ  º5´ �.× �hÿ �

C g  FHKJg�g=C FHGh��V X ÓÕÔ � � ¹^º Ö  º5´ � × C g  FHKSg�gdC FHGfa+P=iJEJG�P=iJE	KfcHIfFNP_ENIpIbC gsPdOUC tfKNP=C e+G
ÓÕÔ �L� ¹^ºYÖ  º5´ � ¹^ºs×�¶�� ÓÕÔ. � ¹^ºYÖ �L� ¹^ºs× ÓmÔ �L� ¹'ºdÖ  º5´ �.×

C g  FHKJg�g=C FHG
j!ERGSMNE ÓÕÔ �L��Ö  º5´ � × C g�D�Kf] PdC oRFJOUC FNP_E  FHKJg_gdC FHG ��Ô�� � ¸��y� × X efO!FH] ] �
 EJGJEJO.FH]brQGSe+Gf] C GJENFJOsa^GJehGNÒ  FHKJg�g=C FHGHv�cHeRg_P_EROUC eHO!`hO eN{kg�KfGftRe+KfGSIfEYIb] T	FSg �����
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 FHKSg�gdC FHGpO.FHGSIfe+DÊ{�FH] ne+G �  hFYÚhC gYa+gY� I$�  "! abg_ERGSg�efO�gY� Ib�  $#
% � ¹^º\¶ Ô& 

Ù�('  Ù! ×*)N� ¹^º '  Ù# % �
 Ù� '  Ù! '  Ù#  Ù� ¹^º ¶ Ô& Ù�+'  Ù! ×  Ù#

 Ù� '  Ù! '  Ù#
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A!O FHGJg=C P=C e+G	FHGJIpg�ERGSg�efO�D�ehIHER] gYZ
¤uÔ ÿ � ¹^ºYÖ ÿ �.×L¶ ��Ô&,�ÿ �5¸�� ! × Ô.ÿ � ¹^ºs×
¤uÔ&- �QÖ ÿ �.×L¶ ��Ô&. ÿ �s¸�� # × Ô&- � ×

, C g�P=iSEyDFNP=OUC Ú�X.efOzP=iJE�P=O.FHGJg=C P=C e+Gf� � ! P=iJE�P=O FHGJgdC P=C ehGuGSe+C g�EMYeRoJFJO5C FHGSMNE
. C gkPdiSE	DFNP=O5C Ú�X.eHO�P=iJEg�EJGJg�eHO gd� � # P=iJEg�EJGJg_efO�GJe+C g_EMNeJoRFJOUC FHGJMYE
Ñ C ] P_EJO!MYe+D�cHKSP_ENgkP=iJE�X.eh] ] eS{�C GS`mKHcHIhFNP_ERZ

� � ¹^º ¶ ,/� � '10 � ¹^º Ô&- � ¹^º�2 .3,�� � ×
�y� ¹^ºÕ¶ ÔUá 2 0 � ¹'ºs× Ô&, �y� , � ' � ! ×

{�iSERO E 0 � ¹^ºh¶ Ô&, �y� , � ' � ! × . � Ô&.�Ô&, �y� , � ' � ! × . � ' � # × ¼^º
C g�P=iJE q\FH] DFHG�`fFHC GpDFNP=OUC Ú
� � FHGJI 0 � FJO EyC GJIHERcHEJGJIHERGNP�eJX\e+tJg_ERO oRFNP=C ehG	g�EYòbKSERGSMNERabg_epMYe+D�cHKSP_Ee54ÕC GSE
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É FRGfGJeJP�tHE�FHcHcf] C EYImC X!P=iJE�P=O.FHGSgdC P=C e+GpD�ehIHER]bC g�GSe+Gf] C GJENFJO
è ÚJP_EJGJIfEYIyq\FR] DFHG Ñ C ] P_EJO D�efIfEJ] g�P=O FHGJgdC P=C ehG�FSg � Í\«fâ���� ���U©.Ï\+â^¬ FJO e+KfGSI ÿ �R¶ � �
Ñ FHC ] g�C X\g_TSg_P_ERD�g�C g�] efMSFR] ] TpKfGJg=D�eheJPdi
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�m� a ¡ � MNehGSP�FHC G	FJO5tHC P=O.FJOUC ] TpDFHGST�oRFSO5C FHtH] ENg�C GyFpO ERcH] C MNFNP_ENILx�FdTYENg�GSEYP
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è oJEJO Tuj�lmlÆC g�F�g=C GJ`+] EdÒ5oJFJO5C FHtH] Eyw�x ² �bEdoJEJO T�IbC g_MRO EYP_Eyw�x ² C g�FHGuj�lml

X t Xt+1

tY t+1Y

tZ t+1Z

Ø cRFJO g�EIfERcRERGSIfERGSMRC EYg � E=ÚhcHehGJEJGSP=C FH] ] T�X.Ed{�EJO�cRFJO FHD�EdP_ERO gY�
ER� `b� a ã�� g_P�FNP_EoJFJO5C FHtH] EYgYa+P=ifO ENE	cRFJO EJGSP_g�ENFSMRi
w�x ² iRFNg � ñ�� ���$¶ ���Sñ cRFSO.FHD�EdP_ERO gYazj�lmlÆiRFSg � Ù_Ð � � ÙsÐ�� �Yñ º.Ù
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è oJEJO Tuq\FH] DFHG�[^] P_EJO�D�efIfER]bC g�Fuw�x ² a'tfKSPkX.Ed{9w�x ² g�FJO Epq Ñ gd�
O ENFH]f{�efOU] ILO ENò+KfC O ENg�GSe+GNÒ  FHKSg�gdC FHGpcHeRg_P_EJO5C eHO g
è � `b� ah{�iSERO E�FJO E	tfC G��RFSIfEJGyFHGSILD�TpndEdTSg=Ë�� iJFNP � g�P=iJE	tRFNPsP_EJO T�MRiJFJO `REJË
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² FHC oJE	D�EdP=iJehI$Z KfGHO e+] ] P=iJE	GJEdPU{�eHO5n�FHGSILO5KHGyFHGST�E=ÚHFSMdP�FR] `HeHO5C P=iHD
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|zO ehtf] EJD	Z�C GNX.ERO ERGSMNEMYeHg_PkX.eHO!ENFSMJiuKfcHIfFNP_E�`hO eN{kg�{�C P=i �
! e+] ] Kfc�[^] P_EJO5C GJ` Z�FSIfIpgd] C MNE � ' � a�"5gdKfD9ehKSP$#ygd] C MYE � KJgdC GJ`	oRFSO5C FHtH] EER] C D�C GRFNP=C ehG
�RFJO `HEYg_P�X.FSMYP_eHO�C g "uÔU�&% ¹^º × a'KfcHIfFNP_E�MYeHgsP "ÕÔU�&% ¹+Ù ×
r5MdX_��j�lmlÆKfcHIfFNP_E�MYeHgsP "uÔU� Ù % × v
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Ø EYP�eJX!{�ERC `hiSP_ENIpgQFRD�cf] EYg�FRcfcRO eNÚfC DFNP_EYg�P=iJE	tHEJ] C EdX\g_P�FNP_E
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�)� g�FHD�cf] EYg�cRFdTpGJeuFNPsP_EJGSP=C ehG�P_e	PdiSE�EdofC IHERGSMNEfß
� XsO FSMYP=C ehG*"sFS`+O ENEJC GJ`+#yXUFH] ] g�E=ÚhcHehGJEJGSP=C FH] ] T�{�C P=i �
� GfKHD�tHEJO�eRX\gQFHD�cf] EYg�O ENò+KfC O ENIp`+O eS{kg�E=ÚhcRe+GJEJGSP=C FH] ] T�{�C Pdi �
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xzFSgdC M	C IfENFfZ�ERGJg=KfO E�P=iRFYP�P=iSEycHehcfKf] FYPdC e+G�eRX\g�FHD�cf] EYg�r+"�cRFJO P=C MR] EYg #fv
P=O FSMJnNg�P=iJE	ifC `hiNÒQ] C n=ER] C iJehefImO EY`+C e+GJg�eRX!P=iJEg_P�FNP_E=ÒsgdcRFSMYE
! EJcf] C MNFNP_E	cRFJO PdC MR] EYg�cJO ehcHefO P=C e+GJFH]fP_em] C ndEJ] C iJefehIyX.eHO  �

true

false

(a) Propagate (b) Weight (c) Resample

Rain t Rain t +1Rain t +1Rain t +1

��C IfEJ] TpKJg�EYIpX.eHO�P=O FSMRnJC GJ`ÕGJehGf] C GJENFJO�g_TSg_P_ERD�gYabEYgdcf��C G�ofC gdC e+G
é ] g�emKSg�EYIpX.eHO!gdC D�Kf] P�FHGJEYe+KSg�] ehMNFH] C ±NFYPdC e+G	FHGJILD�FHcfcfC GS`ÕC GuD�e+tfC ] E	O ehtHeRP_g

�dñ�� ÒsIbC D�ERGJg=C e+GJFH]hgsP�FNP_E�gdcJFSMNE
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é g�gdKfD�EMNehGJgdC gsP_ERGSP�FNP�P=C D�E � Z ��Ô ÿ ��Ö  º5´ �.×�� � ¶ ¤uÔ ÿ �QÖ  º5´ � ×
|zO ehcRFS`fFYP�E�X.efO {�FJO IbZ�cRe+cfKH] FNP=C e+GSg�eJX ÿ � ¹^º FJO E
��Ô ÿ � ¹^º Ö  ºs´ � ×�¶ 	 û þ ¤uÔ ÿ � ¹^º Ö ÿ � × ��Ô ÿ � Ö  ºs´ � ×

� ERC `+iSP�g�FHD�cf] EYg�tYT�P=iSERC O�] C n=ER] C iJehefIyX.efO  � ¹^º Z
� Ô.ÿ � ¹^ºYÖ  º5´ � ¹^ºs×�¶ ¤uÔU � ¹'ºYÖ ÿ � ¹^ºs× ��Ô.ÿ � ¹^ºYÖ  º5´ �.×

! EYgQFHD�cf] E�P�eye+tNP�FHC GucHehcfKf] FNP=C e+GJg�cRO e+cRefO P=C e+GRFH]HP_e � Z
��Ô ÿ � ¹^ºYÖ  ºs´ � ¹'º5×�� � ¶���� Ô ÿ � ¹^ºYÖ  º5´ � ¹'ºs×�¶ � ¤uÔ. � ¹^ºYÖ ÿ � ¹'ºs× ��Ô ÿ � ¹^ºYÖ  º5´ � ×

¶�� ¤uÔ. � ¹^ºYÖ ÿ � ¹^ºs×
	 û þ ¤uÔ.ÿ � ¹^ºYÖ ÿ �.× ��Ô ÿ ��Ö  ºs´ � ×
¶�� � ¤ÕÔ. � ¹'ºYÖ ÿ � ¹^ºs×
	 û þ ¤uÔ.ÿ � ¹^ºYÖ ÿ �.× ¤uÔ.ÿ �QÖ  º5´ �.×
¶ ¤uÔ ÿ � ¹'ºYÖ  º5´ � ¹^ºs×
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é cfcRO eNÚfC DFNP=C ehG�EROUO eHO!eRX�cRFJO PdC MR] E�[^] P_EJO5C GJ`ÕO ERDFHC GJg�tHe+KHGJIfEYIueJoJEJO�P=C D�EHa
FYP�] ESFSg_P�EJD�cfC O5C MNFH] ] TYí PdiSENeHO EdP=C MNFH]hFHGRFH] TSgdC g�C g�IbC �yMJKf] P
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A'EJD�cHeHO FH]$D�efIfEJ] g�KSg�Eg_P�FNP_E�FHGSIug�EJGJg�eHO�oJFJOUC FHtf] EYg�O ERcf] C MSFNP_EYIpeRoSEROzP=C D�E
l	FJOUndeJoyFSg�g=KfD�cSP=C ehGJg�FHGJIpg_P�FNP=C e+GJFJO5C PUT	FSg�gdKHD�cSP=C ehGha+g�ey{�E	GJEYENI pPdO FHGJg=C P=C e+GpD�ehIHER] ÓuÔ �L��Ö �L� ¼^ºs× ug�ERGSg�eHO�D�efIfER] ÓÕÔ ¡ �QÖ �L� ×
AzFNgdnNg�FSO E�[^] P_EROUC GJ`+a'cRO ENI+C MYP=C ehGha+gdD�eheJP=ifC GJ`+a^D�eHgsP�] C n=ER] T�g�EYòbKJEJGJMYER�
â�����¨\ÍzÏ\�¬Jb«hÎ\¬HªS© �z � �
	L© ®��Ê«fÍzÏ�ªY®Jâ'Ï'®L«fÍzªY®�k+¬m®R©U°�ÞªY®J��
j�C IfIfEJGml	FJOUndeJouD�efIfER] g�iJFNoJE�F�gdC GS`+] EIbC g�MRO EdP�Eg_P�FNP_E�oRFJOUC FHtf] ER�'KSg�EYI
X efO!g=cHEYENMJiuO ENMYeH`hGfC P=C ehG
q!FH] DFHG�[^] P_ERO g�FH] ] eN{ � g_P�FNP_E�oRFJOUC FHtf] EYgYa'] C GJENFJO  FHKSg�gdC FHGfa "ÕÔ.� �Q× KfcHIfFNP�E
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