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

+�,.-�/1032�0547678903:),<;=05> ?A@CBAD�EGF%HJI�DLKM?NBO@CP#H�Q�R(@TS<R#P(@UDVP
WYX%ZM[\+�]O^'X#_J_`,<aA8�bdce[AfV8g6 hLP#i�h%I�DLKM?jBO@TP#H�Q�R(@TS<R#Pk@CDVP
lGmon\nqpgrjsdtupovxwLyOz<{�p�|}|Tpgr~{�po�}r)l��.sdv7r<v���v��5�(�N�.��sup�������n�lG�~���Nlo�~��sdt��x|}�}��r
nqp�rjsdtup�w�v�t��%�Tpg|}��mov��Mvxsd��{��g�N���<p��or~�T�7p�t����Ts��
v�wO�.�N�<r<p��7�<�G�N�¡ x¢7¢�£~�N�N�.�.r~p����5lo�~��sdt��x|}�}�~¤

¥§¦G¨7©.ª<«O¬M©

���<�}��~�xMp�t�~tdp9��pgr7s�����®�pgr<p�t��x|���p�su�<v.�.v�|}v�®7�
w�v�tY|}pg�xtur<�}r<®§{�v���<|}p�z¯��v�sd�}v�r~�'su�~�`s9���<pg�d<�Csup
sd�<p�w1�7{�sk�~�J�7p�r~v�r.°±|T�}r<p9�xtO{�v7tdtup�|��`su�Tv7r~���x��tdp�{��N{�°
|T��{���|~�xr~��{�v�r~�dpg²j�<pgrjsd|}�³�~�J��p����.p�´~r<p9��~�`sdsdp�tur
vxwO�5pg�~�J�N�Tv7�<t9¤��G���}r<®){�v�rN��pgr7su�Tv7r~�x|��x|}®�v�tu�Tsd�<���
sdvµp�zjsutu�7{�s�w�p9�`sd�~tdp9��w�tdv7�¶�}���x®7pg�g�%�Y·��J��p9�����xr
{�|����u���T´~p�t����¸�x~<|T�}pg�¹suvº{�|T�5��sup�t¸�xr5�»{�|}�7�d�d�Tw��
sd�<vj��p�w�p9�`sd�~tdp9��¤
nq|}�~��sdp�t����xtup"sd�<pgr3���u��v.{����`supg�
�TrY�.�T¼Mpgtdpgrjs�w�t��x��p9���xr~�'��sutd�5{�sd�~tdp�|}pg�xtur<�}r<®��x|T°
®�v�tu�Tsd�<����w�v7t"·��J�7pg�d�}��r½r~p�s�¾�v�tu¿N�À�xtup��~�dpg��suv
tdp9{�v`��pgt%sd�<p���sdtu�~{�sd�<tup�vxwAsd�<p���v�sd�}v�rL¤�lo<~|T��{��x°
sd�}v�r~��vxw�sd�<p9��p�supg{��<r<��²j�<pg��{g�xr)�Mp�w�tdv7�Á�N�<���xr
�"v�sd�}v�r
sdv��À�<|Csu�C°±tuv��Mvxsu���Mp��~�J�N�}v��<to��r~�x|}�.�����g¤

ÂkÃ�ÄjÅ ©Nª~Æ�ÇGÈ�¬M©<É�Æ Å
l§¿7p��³{��~��|T|}p�r~®�p��Tr�tuv��Mvxsd��{��%�����<v`¾3suv�|Tp9�xturÀ��tdpg<tupg�dp�rjs�°
�xsd�}v�rYv�wO��rY�<r~��sdtu�~{�su�<tupg��¾�v�tu|}�'®��}��pgr�v�r<|}�'���dp�s�vxwk�dp�°
²j�<pgrjsd���x|N��pg���d�<tup���p�rjs���¤%l���sd�<p�tuv��Mvxs���v`��pg�g�`�xrÀv��.Ê�p9{�s
�����dp�pgr3w�tuv��Ë�.�C¼Ap�tup�rjs"5pgtu�d5p9{�su�T�7pg����r~��~��t�s��³���J�Ì�Mp
v.{g{�|}�~�.pg�Ì�N�Ív�sd�<pgt�v��.Ê�p9{�su�g¤�ÎÏr½�7�<�.�Tsd�}v�rL�%��pgr~�dv�t���pg����°
�~tdpg�"pgrjsu�G���J�'�MpÀpgtdtuv�r<pgv��~�g�5�dv�tupg²j�<�}td�}r<®)�)tdpg<tupg�dp�rjs�°
�xsd�}v�r'�x�<|}p�sdv��~�xr5�.|Tp��<r5{�p�tdsu���Trjs��7¤%lºMv7�u���}�<|}p���<<tuv7�7{��
suv�sd�<p9��p�<tdv7�<|}p������}�osdv�pg�"~|Tv`�'����s��`sdp�p9��su�T���xsdv�to�d�~{��
�7�À�½Ð��x|}���xr3´5|Csup�t��1Ð��O�Àv�t"yOzNsdp�r5�.pg�ÑÐ��x|}����r=�%�T|Tsdpgt
�1y(Ð��O��¤~���~pg�dpGp9��su�T���`suv�t��q�<pg�u{�tu�T�Mp�su�<p�<tuvN{�pg�u��vxw���su�xsdp
sutu��r~�d�Csu�Tv7r½��r~�Ív7�~�dp�tu�J�xsd�}v�rL���xr~�Ì®�pgr<p�t��`sup���rÌp9��su�T���xsdp
su�~�`s%���Tr<�}���}�dpg��pg��sd�}���`supg����pg��r��u²7�5�xtupkp�tutdv7tg¤LÒ�v`¾qpg��pgtg�
��vj��s��x<<|}��{��`su�Tv7r~��vxw5Ð��5��{�v�r~�d�}�<p�t%v�r<|}��5v7�Trjs%su�xtu®�p�su�#v�t
v7�.Ê�pg{�su�%tup�<tupg�dp�rjsdp9�³�N�³��®�tuv��<Àvxw~Mv��}rjsu��¾��Tsd�Àsd�<po�u�x��p
�<�jr5�x���}{'��v.�.p�|�¤¯ÎÏr\sd�~�}��5�xMp�t9�q¾�pY�xtup'�}rjsdpgtdp9��supg�Ñ�Tr
sutu�7{�¿N�Tr<®osd�<p���vxsd�}v�r�vxw~{�v7��<|Tp�z³��sutd�~{�sd�<tupg�g�J¾��Csu�À{�v�tutdpg|C°
�xsd�}v�r~���Mp�s�¾�p�pgr�~�xtdsu�Ov�w5su�<p��u�x��p���sutd�5{�sd�~tdp�¾��<��{������J���
r~p���pgt�su�<p�|}pg�u�g�Vp�z.pg{��.sdp���pg~�xt��`supÀ�~�.s³{�v�tutup�|��`sdp9�Y��vxsu�Tv7rL¤
���~pÀsupg{��<r~�}²j�<p9���.p��7p�|}v�Mpg�½�xtup"��<<|}�}{g�x�<|}p"sdv�<tuv��<|}p����
�d�~{����7�Lsutu�7{�¿N�Tr<®��j�~����r���vxsu�Tv7r³v�t�sd�~p�{�vjv7tu�<�Tr~�xsdp9����vx°
su�Tv7r~��vxwO����p�sovxw%tdv7�5v�su�g¤

���~p��j�~����r"sdt���{�¿N�Tr~®G<tuv��~|Tpg���~�7���5pgp�r�¾����.p�|}�À��sd�~�<�Tp9�V�
p9��Mpg{��}��|T|}���Tr³sd�<p�{�v���<�<sdp�t%�N�}�d�}v�r�{�v������<r~�Cs��7¤#Î±s%{g�xr³�Mp
w�v7td�À�<|��`sdp9���Tr³�o<tdv7�~�x�~�T|}�}��sd��{O���xr~r<p�t�¾��Csu��s�¾qv��<�C¼Ap�tup�rjs
��<<tuv7�7{��<pg�g�Av�r<p��~�7��p9�Ív7rÌMv��}rjs�w�p9�`su�<tdp9���xr~�½�xr~vxsd�~p�t
�5���dpg�Àv�r"�Trjsdpgr~�d�Cs��7¤%�~pg�`su�<tup�°±�~���dpg�À�x<<tuv7�7{��<pg���~�J�7pqsu�<p
�7�.�`�xrjsu��®�pÀvxw(�Mp��}r<®Y�x�<|}pÀsdv'p���<|}v`�Y����rN�µ�.�C¼Ap�tup�rjs³�x|T°
®7v�tu�Csu�<���%w�v�tOw�p9�`su�<tdp�p�zNsdt���{�su�Tv7r"��r~���xtup�®�p�r~p�t��x|}|T�³��v7tdp
����p�r~���<|Tposdv³tupg��|C°�sd�}��po�T��<|}p���pgr7s��`su�Tv7rL¤OÒov`¾�p���pgtg�xsd�<pg�
�5�J��p³���~�.�Csu�Tv7r~�x|�<tuv��<|}p������}rÍ���u�dvN{��}�xsd�}r<®�w�pg�xsd�<tupg��w�tdv7�
�<�C¼Ap�tup�rjs��T����®�pGw�tu���"p9��¤�ÎÏr��Ó�Nv7r<®"p�sÔ��|Ó¤}�< x¢7¢�Õ7�q�À<tdv7�.°
���<�}|T����su�}{�w�tu���"pg¾qv7td¿À�}�(�~�dpg�"sdvÀ�}�<p�rjsd�Tw���Ê�v��}r7s��k�}r�sd�~po�N�.°
����rY�5v.�.�7¤���td���xr~®��<|��`supg�'®�t��x<�5���xtup��~��p9�'sdv�tup�<tupg�dp�rjs
su�<p���sutd�5{�sd�~tdpGvxwLsu�<p��5v.�.��¾��~�}{��'{��xr
�5p�|}pg�xturjs�¾��Tsd�'�xr
yqÖ�°�|}�}¿�p��x|}®�v�tu�Tsd�<��¤�×#�x�Mp�|}|}�Tr<®"�xr~�
{�|����u���T´5{g�`sd�}v�r)vxwLw�p9�`°
su�<tupg�q�}�q��{��<�}p��7pg�"sd�~tdv7�<®������`z.�}���}�d�Tr~®�sd�<p�|}�T¿7p�|}�T�<vNv.��vxw
su�<p)�<�xsu�'®��}��pgr½sd�<p��.p9{�v7�"Mv7�d�Tsd�}v�r�tdpg<tupg�dp�rjsdp9�Í�N�µsu�<p
sutd���xr~®��<|��`supg�'®�t��x<�5��¤qÎÏrYv��<t���<<tuv7�7{��L�.tu�xsd�<pgt�sd�5�xrY|��`°
�Mp�|}|}�Tr<®�p9��{��Àw�pg�xsd�<tup�w�tdv7���xr�p�zN����sdp�rjs(��sdtu�~{�su�<t��x|.��v.�.p�|��
¾�p�´~t���s³{�|T�~��sdpgt�w�pg�xsd�<tupg�³�~���}r<®'sd�~p�y(ÖØ�x|}®�v7td�Tsd�<�¶�xr~�
su�<p�r�|}pg��tdrÀsd�<pG��sutd�~{�sd�<t��x|.��v.�.pg|<�N��´~r~�.�}r<®³{�v�tutdpg|}�xsd�}v�r~�
�Mp�s�¾�p�pgr³{�|}�~��sdp�t��g¤#�<p9�`sd�~tdp9�#�xtupOp�zNsutu�7{�sdp9�Gw�tdv7�Ô�o��sdtupg���
v�wAw�tu���"p9�O¾��Tsd��sd�~p�Ð�×.�Ñ��|T®7v�tu�Csu�<�Ù�Ó�#v7�����d�~ÚÛÐ���r~���<p��
Ü9Ý�Ý~Ü �k��r~�'{�v�rjs��x�}r
Mv7�d�Csu�Tv7r~���xr~�
��pg|Tv.{��Csu�Tp9��¤O���<pgrL�.y(Ö
�����~�dpg��sdv�{�|}�~��sdp�t�su�<pg�dp�w�pg�`su�<tupg���<r~�.pgt�sd�<p��7�d�d�<��.sd�}v�r
su�~�`sOMv7�d�Csu�Tv7r~�O�xr5���7p�|}vN{��Csu�Tp9���xtupq�}r~�.pg5pgr~�.p�rjsk®7�T�7p�r³su�<p
{�|}�7�d�g¤oÎÏrµv�sd�<pgt�¾�v�t��<�g�5�)�G�x�}��p�·��J�7pg�o{�|}�7�d�d�C´5p�t��Ó�<tu�Tp9�N°
����r�p�s¯�x|�¤}� Ü9Ý�ÝNÞ ���7tdpg<tupg�dp�rjsdp9��������·��J��p9�����xr�r<p�s�¾qv7td¿A�
���À|Tp9�xtur7s"¾��Csu�¸su�<p'{�|}�7�d���`�xtu�}���<|Tp)�5pg�Tr<®½�<���<�.pgrL¤=ßGr~{�p
su�<p�~�xt��x��p�sdp�t��"�xtup
|}pg��tdrjsg�ksd�<pY{�|����u�d�C´~pgt"{g�xrÑsd�<pgrÑ�Mp
��<<|}�Tp9�)�}r'w�pg�xsd�<tupg���}rY�.�C¼Ap�tup�rjs�w�t��x��pg�g�N���x¿N�Tr~®Àsu�<p³����°
�dv.{����`su�Tv7r)s����d¿)��sutu���T®7�js�w�v�tu¾��xt��V¤
�à�Tsd�½w�p9�`sd�~tdp9�G|��x�Mp�|}|}pg�Ì�Tr½p��7p�tu�
w�t��x��p7�L�Cs����Gsd�<pgr½Mv7��°
�d�}�<|Tp�suv�|}pg��tdr"�.p�Mp�r5�.p�r~{��Tp9�O�x��v�r~®�{�|T�~��sdpgtu�g���dvG�~�<�T|��.�}r<®
�)·��J�7pg�d�}��r
r~p�s�¾�v�tu¿)��v.�.p�|%vxw�sd�~p���vxsu�Tv7rL¤�ÎÏrÍ{�v7��<|Tp�z
��sdtu�~{�sd�<tupg�g���.pg5pgr~�.pgr~{��}pg�À{��xr��Mp�r<v7r.°�|}�}r<pg��tg�L��¤ p�¤'�J��td�T°
���<|}pg�����J�'�Mp"w��<r~{�sd�}v�rÍv�wq�
r<v�r.°±|}�Tr<p9�xt�{�v7���<�}r~�`su�Tv7rµvxw
�Tsu�
�.pg�u{�pgr~�<��r7s���¤º�or<w�v�tdsd�<r~�xsdpg|T�7��|}pg��tdr~�Tr<®¸�3·��J�7pg�d�}��r
r~p�s�¾�v�tu¿\¾��Tsd�Ô{�v7r7su�TrN�<v7�~�
r<v.�.pg���xr5�¯r<v7r.°�|}�}r<pg��t)tup�|��`°
su�Tv7r~�Y�Mp�s�¾�p�pgrÛ�`�xtu���x�<|}pg�g�Gpg��pgrº�7�d�d�<���}r<®=su�<pg�dp�sdvà�Mp
á ���~�u�����xrâ�.����sutd�}�<�.supg�V�����¸�º{��~���Mp�t���v7�"p\s����d¿�¾��<pgtdp
Öµv�rjsdpãn��xtu|}vÔ��|T®7v�tu�Csu�<�������~��s3®�p�r~p�t��x|}|T�ä�Mp¯�x<~|T�}pg�



�Óå�v7�~{�p�s�p�sâ��|Ó¤}�L x¢7¢ Ü ��¤�Î±s��}���d�<v`¾�rµ�<v`¾ºsuv�su�7{�¿N|Tp�sd�<���
~tdv7�<|Tpg�æ�N�)tup�~tdp9��pgr7su�Tr~®"r~v�r.°±|T�}r<p9�xt��.pg5pgr~�.pgr~{��}pg�G���o�
�dp�s"vxwor<p�s"��sdtu�~{�su�<tupg�g�%¾��Tsd�=|T�}r<pg��t á ���~�d�d���xr~�³�<�}��sdtu�T�~�.°
su�Tv7r~�g¤¸�<v�t�p9��{��3w�t��x��p��q�Ír<p�s�¾qv7td¿���sdtu�~{�su�<tdp'���À|}pg��tdrjs
��|Tv7r<®�¾��Tsd�"�Tsu��{�v7tdtup�|��`su�Tv7r~�L¾��Tsd��sd�<p�<tup��N�}v��~�#w�tu����p�¤�lG�
��v�sd�}v�r~����tdp��~�d�~�x|}|T��Mp�tu�}vN�<�}{��Nsd�<p�|}pg��tdr<�}r<®"<tuvN{�pg�u��{��xr
��sdv7�¾��<p�r�su�<p���sdtu�~{�su�<tdp9���~�J��p�su�<p��u�x��p³�.p�Mp�r5�.p�r~{��Tp9�
�7��sd�<vj��p�<tup��N�}v��~�d|}��|Tp9�xtur7s9¤
���~�}�ã~�xMp�tÛ�}�ãv�tu®7�xr~�}�dpg�ç���§w�v7|T|}v`¾o�gèé�}rê�Npg{�sd�}v�r¶ 
¾�p3<tupg�dp�rjsYw�v�tu���x|³�.p�´~r<�Tsd�}v�r~�Ì�xr~�º�§�<tu�}p�w�tdpg�N�Tpg¾êvxw
·��J�7pg�d�}��r\r~p�s�¾�v�tu¿N�g¤ë�Npg{�sd�}v�r¯ÕÑ���<v`¾o���<v`¾çsdvÑ{�|T�5��sup�t
w�p9�`su�<tdp9���Tr½�xrÍ�~r~���~5pgtd�N����p9�Yw1���d�<�}v�rÌ�~���}r<®
sd�<p�y(Ö��x|T°
®7v�tu�Csu�<��¤��.pg{�su�Tv7r=ìÌ<tdp9��pgrjsu��sd�<p���sutd�5{�sd�~tdp'�xr~�=~�xt��`°
��p�sdp�t��'|Tp9�xtur<�}r<®\��|T®7v�tu�Csu�<���
��|Tv7r<®=¾��Tsd�ä�dv���p½p�z.5pgtd�T°
��pgr7s��x|�tdp9���<|Tsu�g¤��Ìp"{�v7r~{�|}�~�.p��}rÌ�Np9{�sd�}v�rÍí��xr~��<tupg�dp�rjs
�dv���p����.pg�7��w�v�t�w��.su�<tdp�¾�v�tu¿A¤

î�Ã�ï ª<ð#ñdÉ�òâÉ Å «%ª5É�ð#¨
���~�}����p9{�su�Tv7r��<td�}p�ó5�Àtup��N�}p�¾o�k·��J��p9�����xr�r<p�s�¾qv7td¿.�k��r~���}r.°
sutdv.�.�5{�pg�or<pg{�pg�u�d��td��r~vxsu�xsd�}v�rL¤�n���<�Cs��x|L|}p�sdsdpgtu�À�

X, Y, Z
�

��tdp��5��p9��sdv)�<p�r<v�sdp�r5�x��pg��vxwOtu��r~�.v7�æ�`�xtu�}���<|}pg�g�~|}v`¾qpgt�°
{g���dp�|Tp�s�sdpgtu���

x, y, z
�(suv��.p�r<v�sdp³�d5p9{��T´5{��`�x|}�<pg��s��x¿7p�r'�j�

su�<v7�dpY�`�xtu�}���<|}pg�g�q�Mv�|��Nw1��{�pµ{���<�Cs��x|�|}p�sdsdp�t��µ�
X,Y,Z

�Àsuv
�<p�r<v�sdpq�dp�s��%vxw<t��xr~�.v7�º�J��td���x�~|Tp9�#�xr5���5v7|}�.w1��{�p�|}v`¾qpgtu{g���dp
�`��td���x�<|}pg���

x,y, z
�%suv��.p�r<v�sdp��`�x|}�<p9��su��¿�p�r"�N�³su�<v7�dp���p�su�g¤

làÊ�v��}r7sG<tdv7�~�x�~�T|}�Cs��)v`��p�to���dp�s
X = {X1, X2, ..., Xn}

���
�<p�r<v�sdp��N�

P (X)
¤

lÙ·��J��pg�d���xr½r<p�s�¾�v�tu¿Í���À�<p�´~r<p9�¸���À��sd�~<|Tp
B = 〈G, Θ〉¾��~p�tup

G
�}�Ì�¯�.�}tdp9{�sdp9�ä��{��N{�|T��{�®�t��x~�ä¾��<v7�dp3��pgt�su�}{�pg�

tup�~tdp9��pgr7s�t��xr~�<v��ô�`�xtu���x�<|}pg�o��r~�
Θ
��tdp�su�<p³~��tu���"p�sdpgtu�

su�~�`s)�<p�´~r<p�su�<pµ�.����sutd�}�<�.su�Tv7r~�g¤§���~pY�����Trà�7�d�d�<��.sd�}v�r
pgr~{�v.�.p9���N�À�³·��à���Osu�~�`s(p9��{����`�xtu�}���<|}p

Xi

�}�q{�v�r5�.�Csu�Tv7r.°
��|T|}�µ�}r~�.pg5pgr~�.p�rjs³v�w��Tsu��r<v7r.°±~�xtup�rjsu��®7�T�7p�r½�Cs���~�xtup�rjsu�g¤
���~p�Ê�v��}r7s�<tuv��5�x�<�}|T�Ts��������.p�´5r<pg�'�N�Aè

P (X) =
∏

i

P (Xi|Pa(Xi))
�

¾��~p�tup
Pa(Xi)

tup�~tdp9��pgr7s�sd�<p�~��tdpgr7s��%vxw<su�<pq�`��td���x�<|}p
Xi

¤
ÎÏr�su�<����~��5pgtg�%¾�p��~�dp)·��J��pg�d���xr½r<p�s�¾�v�tu¿.��w�v�t³s�¾�vµ�.�Twõ°
w�pgtdpgrjs�su���d¿.��è Ü ���<r5���<Mp�tu�N�}�dpg��{�|}�7�d�d�C´M{��`su�Tv7r
v�w�w�pg�`su�<tupg�
��r~�Y ���|}pg��tdr<�}r<®��xr5�
tup�~tdp9��pgr7s��`su�Tv7r)vxw%sd�~p���sutd�5{�sd�~tdp�vxw
su�<p"�"v�sd�}v�rL¤�ykz.{�p�.s�w�v7t�su�<p�{�|����u���`�xtu���x�<|}p�v�wksd�<p�{�|�����°
�d�T´~p�t9�k�x|}|(v�sd�<pgtÀ�`�xtu���x�<|}pg�À�xtup)���u���~�"p9�½sdvÌ�~�J��p)�Ír<v�td°
����|M� á �x�~�u�����xrM�V�.����sutd�}�<�.su�Tv7r³¾��Csu�³~��tu���"p�sdpgtu�

µ
�xr~�

σ2
�

¾��Tsd��su�<p��.����sdtu�T�<�<sd�}v�rY�.p�r~vxsdp9���N�
N

(

X ; µ, σ2
) ¤����<pgrL�

�7�d�d�<���}r<®�|T�}r<pg��tOtdpg|}�xsd�}v�rÀ�5p�s�¾qpgp�r á �x�~�u�d�}��r~���xr~���xr"v�td°
�<p�t

X1, . . . , Xn

v�wL�J��td���x�~|Tp9���7�Cs(���q5vj�d�d�T�~|Tp�suv��.p�´~r<p�|}�}r.°
p9�xto{�v�r~�.�Tsd�}v�r5�x| á �x�~�u�d�}��r'�.����sdtu�T�<�<sd�}v�r~���7��è

P (Xi|X1, . . . , Xi−1) = N



Xi; βi,0 +

i−1
∑

j=1

βi,jXj , σ
2
i





�

¾��~p�tup
βi,0

�xr~�
βi,j

�.pg�u{�tu�}�5p�su�<p³|}�Tr<p9�xt�{�v��À�<�Tr5�`sd�}v�r'vxw
su�<p��`�xtu�}���<|}p

Xi

®��}��pgr
�Tsu��5�xtup�rjsu�
X1, . . . , Xi−1

¤O�à�<p�r
βi,j 6= 0

�ksd�~p�tup
�����xr=p9�.®�p
w�tuv��
Xj

suv
Xi

w�v�tu���Tr~®½�
®7tu��<�L¤â���N�~����sd�<�����.p�´5r<�Csu�Tv7rã�<tu�}r<®7�
|T�}r<p9�xt á �x�~�u�����xr
�<�}��sdtu�T�~�.sd�}v�r~���TrjsuvÌ·��J��p9�����xr½r<p�s�¾�v�tu¿.��¤YÎ±w

βi,j = 0
w�v7t

pg��pgtd�
i
��r~�

j
��sd�<p��`��td���x�<|}p

Xi

���À�µtdvNvxs³r~vN�<p)¾��Tsd�=�
�~r<�T�`��td���`sup á ���~�u�����xr§�.����sutd�}�<�.su�Tv7rL¤ã���<p�Ê�v7�Trjs�<tuv��~���.°
�}|}�Cs����.����sutd�}�<�.su�Tv7r½¾��Tsd�¸��|T|q�`�xtu�}���<|Tp9���5pg�Tr~® á �x�~�u�d�}��rÌ���
su�<p�r

N (X; µ, Σ)
�~�.p�´~r<p9�
�7��è

P (X) = 1
(2π)n/2|Σ|1/2

exp
(

− 1
2 (x− µ)

T
Σ−1 (x− µ)

) �
¾��~p�tup

µ
�����½��pg{�sdv7t�vxw����}ö�p

n
�xr~�

Σ
���������N����p�sutd��{

Mv7�d�Tsd�}��p�°Ï�.p�´~r<�Tsdp����`sdtu�Tz)vxwO���}ö�p
n× n

¤
ÖÍ�x¿N�Tr~®��Tr.w�pgtdpgr~{�p9�k�}r��³·��J��p9�����xr"r<p�s�¾�v�tu¿³���Osu�<pos����d¿�vxw
{�v���<�.su�Tr~®�5vj��sup�tu�Tv7t%~tdv7�~�x�<�}|}�Csu�Tp9��®��}��p�r��dv���p�v��~�dp�tu��p9�
�`��|T�<p9��¤%���~�`s������`®7�T�7p�r��G��p�s%v�w%÷�ø~ù�ú�û��`�xtu�}���<|Tp9�

Xq

��r~���
�dp�s�v�w�ù�ügý1þ7ù�ÿ���ù

Xe = xe � ¾qp�{�v���<�.sup P (Xq |Xe = xe)¾��~�}{��L�O¾��Tsd�\{�v7r7su�TrN�<v7�~���<�}��sdtu�T�~�.sd�}v�r~�g�k����~tdv75v7t�su�Tv7r~�x|
suvàsd�~p¸���xtu®��}r~�x|}�}�u�`su�Tv7rãv�w"su�<pYÊ�v7�TrjsÍ<tuv��5�x�<�}|T�Ts��ãv`�7p�t
�`��td���x�<|}pg�

Xz

�.¾��~p�tup
Xz = X \ (Xq ∪Xe)

è

P (xq |xe) ∝

∫

∏

i

P (xi|Pa(xi)) dxz
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{�v���pµsu�<���)<tuv��~|Tpg�'�G�Cs'�}�'Mv7�u���}�<|}pYsdv\�~�dpÌ{�v�r~�.�Tsd�}v�r5�x|
w�v7td�����1×��x�<tu�Csuö�pgr�Ú���pgr~��pgrL� ÜgÝ�Ý7Ý ��¾��~�}{��)��tdpG�x|���v³��v7tdp
rN�<��pgtd��{���|T|}�)��su�x�~|Tp�sd�5�xrY{���r<v�r<��{���|Mw�v�tu����¾��~p�r'sd�<p�r~p�s
�5���o�Mvxsu�Í�.���d{�tdp�sdp"�xr~�Y{�v�rjsd�}rN�<v��~���`�xtu�}���<|Tp9��¤ol¹�.p�pg5pgt
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su�Tv7r~�������5pg��v7r~��su�<p³�u{�v�Mp�vxw%sd�<����~��5pgtg¤
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p9�xt á �x�~�u�d�}��r=��v.�.p�|���{��xrÑ�5p'|}pg�xturjs"�5���}r<®�Öµ�`z.�}���<�"°
×#�T¿7p�|}�T�~vjv.�
sdp9{��<r<��²j�<pg�g¤q�Npgp)�1ÖY�~td<�N�7�5 x¢7¢7 ��<×��x�<tu�Tsdö�pgrL�
Ü9Ý�Ý £7�kw�v�to�.p�su�x�}|���¤
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su�<tupg���N�
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Ð�×.���xsd�<p�´~tu��s(��sdp��suv`¾���tu�~�O��sutd�~{�sd�<tup�tupg{�v7r~��sdtu�~{�su�Tv7rÀ���
suv)���u�dvN{��}�xsdp�w�p9�`sd�~tdp9��w�tuv�� �.�C¼Ap�tup�rjsow�t��x��p9��¤�ÎÏrÍ��{�v��"°
~|Tp�zÑp�rN�N�}tdv7r<��p�rjs�¾��Csu�§{��5�xr<®7pg���}r\|}�<���}r<v7�d�Cs��7��vN{g{�|}�.°
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�d�}v�r~�g��tdv�su�`su�Tv7r~���xr5�=sutu��r~�d|}�xsd�}v�r~��v�w�v7�.Ê�pg{�su�g��w�pg�`su�<tupg�
{g�xrÔ�x<Mpg��t'��r~�¯�.���d��<Mpg�xt
w�tuv��Øw�t��x��pµsuv=w�t��x��p�¤ÁÎ±w
su�<p�tup�����r~vµ<tupg�.p�´~r<pg�3�<�jr5�x���}{)��vN�<p�|q�<pg�u{�tu�T�<�}r<®Ysu�<p
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p�zNsdt���{�su�Tv7rY�x|}®�v�tu�Tsd�<�Ùsd�~��rY��p�sd�~vN�~�osu�~�`sosutd�Y�7�d�dv.{����`sdp
w�p9�`su�<tdp9���Tr5�.�T�N���.�~��|T|}��¤
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�Ó�<tu�Tp9�.���xr¸p�s ��|Ó¤}� ÜgÝ7ÝjÞ ���7�d�d�<��pg�³sd�~�xs�su�<p
�xs�sdtu�}�<�.sdp9�
��tdpÌ{�v�r5�.�Csu�Tv7r~�x|}|}�Ñ�}r~�.pg5pgr~�.p�rjs'®��}��p�r§su�<pÌ{�|}�7�d�g¤ë���<���
�7�d�d�<��.su�Tv7rÍ����²j�<�Tsdp�tupg�7��v7r~�x�<|}p³�}rÍv7�<t�<tdv7�<|}p��e¾��<vj��p
�xs�sutd�}�<�.supg�o��tdp�Mv7�d�Csu�Tv7r~���xr5����p�|}v.{��Tsd�}pg��w�v7t�sd�<p³w�pg�`su�<tupg�
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�7p�|}v.{��Tsd�}pg���xr~�)5vj���Tsd�}v�r~���xtup��}r~�.pg5pgr~�.pgr7s9¤OÎÏr�su�<p��G�x�}��p
·��J�7pg����v.�.p�|���su�<p�~tdv7�~�x�<�}|}�Cs��ÀvxwL�³�d5p9{��T´5{�|��x�Mp�|

c
®��}��p�r

su�<p�v��5��pgtd�7pg�)�xs�sutd�}�<�.supg������®��}��pgr)�N�Aè

P (c|x, y, ẋ, ẏ) = P (x|c) P (y|c) P (ẋ|c) P (ẏ|c) P (c) .
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¤
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