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A
÷r�5ì�ÿ��@ë��Vï�

B
±�ð�í�ïVõkî-í�íKë+ì��Vë]î-í�ð���ô;í

A
í�ð#ô3ë �������������

B
,.i&�_H54d43)���)g<��>��43��H54

?��K'*);�7 -)�43)V -�*��)5GV���#���* -�9`8H5���S��H54�43)V��) ík)�õüï�íKë]î+õü÷�éh Oë0ë���ï��	3ô;í�ï�í�ÿ}íY	Kÿ¢í�ð^íKë+ì^÷KÿRî]ô]÷3ý���ô�õkí]ÿ_ìSõ�	�
ï�ír)]÷Kÿ�õk÷��3ý í�÷3ý í�÷;ì��3ÿ�õk÷"±&îk���f� ô3ë]÷x�#í�ïVõüî;õ ø�ë����;ð^íKÿÌ)]÷Kï3÷�±Rô3ëx	]÷Kÿ|�3�9í-ì�ÿ���±7ô3ë]÷-)]÷Kÿzõü÷3�3ý íUýk÷+ìFíKë+ìFía�
ô3ë]÷H~�õ0	�ø5ìFí-ðAõ ð�é
 ¯ë¼ÿ¢í�ï²�]÷k��í-ðAõk÷8ë]÷@í-ð�ì^÷3�r��õ�pKë¼ýk÷ ÿ¢í�	]ÿ}í�ð^íKë+ì^÷]î;õ ø�ë ï�íuô3ë]÷XïVõkðFì�ÿ�õ��3ô]î+õkø�ëXîX��ë�(Sô3ë+ì^÷Xï�í[ì���ï3÷;ð=ýk÷;ð
)]÷Kÿzõü÷3�3ý í-ð ð�õ��r���ýYõ��-÷Kï3÷;ð îX���u� ë��Vï��ð íKë íKý}��ÿm÷+���2é�c�í�÷8ëûý ÷]ð�)]÷Kÿzõü÷3�3ý í�ð

X1, · · · , Xn
�óð^í�÷3ë

padres(A)
ý ��ð_	]÷]ï�ÿ}í�ð=ï�íKý¯ë��Vï�

A
éoU8ô;í���Ùý ÷¼ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë¼îX��ë�(Sô3ë+ì^÷�	]÷]ÿm÷

X1
~]÷;ð^ì^÷

Xn
í�ð

èJ�



ñ.éYñ.édC&í�ï�í-ð�VR÷k��í-ðAõk÷8ë]÷;ð�únõWëY�3��õüî�÷;ð

ÿ¢í�	]ÿ}í�ð^íKë+ì^÷]ï� îX���u� ∏n
i=1 p(Xi | padres(Xi))

é}c_õ¡îÎë��ÙìSõkíKë;í[	]÷]ï�ÿ}í-ðX±nð!ô ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ëÙï�í
	]ÿ����]÷3��õWýYõüï3÷]ï6ð^í=ïVõüî!í-��ô;í0í�ð �0�8�(�>)]��� ±h�Uï�ía�Kì�ÿm÷x�Z÷3ë;íKÿ}÷dí-ð  !)�48���W !�*)�4��K' éµ�_ëXýk÷�gVõ���ô3ÿ}÷Çñ.éjè0ð�í
��ô;í�ðFì�ÿm÷6ô3ë�í�(ví��r	3ý �gï�í[ô3ë]÷gÿ}í�ï6�]÷X�-í�ð�õü÷3ë]÷Vé

gVõ���ô3ÿ}÷[ñ.éjè¾d��(ví��r	3ý �dï�í[ô3ë]÷6ÿ}í�ï6�]÷X�-í�ð�õü÷3ë]÷�é
þ.÷]ÿm÷[	�Vï�íKÿW~]÷]î-íKÿ#î��3ýkî;ô3ý ��ðUí-ðuë;í�î-í-ða÷Kÿzõ��Ùí-ðk	5í�î+õ ö�î�÷Kÿ�	]÷Kÿm÷Qî-÷Kï3÷ ë��Vï�

X
ýk÷QïVõ ð^ì�ÿzõ��3ô]î+õkø�ë ï�í

	]ÿ����]÷3��õWýYõüï3÷]ïZï3÷]ï��ð�ð!ô;ð¶	]÷Kï�ÿ¢í�ð-éEUK÷�ïVõ ð^ì�ÿzõ��3ô]î+õkø�ë�ï�í
X
ï3÷]ï��ðfðAô;ð¡	]÷Kï�ÿ¢í�ð¡	3ô;í�ï�íwð^íKÿ2ï�íwî;ô]÷8ý ��ô�õkíKÿ

���3ÿb�#÷�±�÷8ô3ëY��ô;ídí�ð�îX�E��°3ë%ô+ìSõ*ý>õ ��÷KÿwïVõkðFì�ÿ�õ0�3ô]î;õ ��ë;í�ð0ïVõkð�î]ÿ¢í-ì^÷;ð��6�3÷3ô;ð�ð�õü÷3ë]÷]ð-	]÷]ÿm÷XðAõ0��	3ýYõ ö�î�÷Kÿ�ýk÷;ð
��	5íKÿ}÷Kî+õ���ë;í-ð�é

àqÚ�àqÚ{à'Ú Í6y�|~y-���«�R�ny-�i{��������	��{8����x�{c�n���
��ð�	G��ð�õ��3ý íg÷3��	3ýYõü÷KÿTíKý\îX�Vë]î-í�	+ì��%ï�í ÿ¢í�ï�í�ð��]÷X�-í�ð�õü÷3ë]÷]ð\	]÷Kÿ}÷Á�f�Vï�íKý ÷KÿnðAõ ð^ìFíY�Z÷;ð�ïVõ*ëY����õüîk��ðk±Eý ��ð
î;ô]÷8ý í�ð ÿ}í�î+õ��5íKëûõWë+���3ÿb�#÷]î;õkøVë ÷ õWë;ðFì^÷8ë+ìFí-ð%îX�Vë+ìSõWë3ô���ð ï�í�ìSõ í��r	� v(ï3÷;ì���ðuìFí��r	�3ÿ}÷8ý í�ð×w��óí-ð^ì^÷
õ*ë+���8ÿ{�Z÷]î;õ ø�ë î�÷3�r��õü÷ í]ýRí�ðFì^÷]ï� ï�íKýRð�õkðFìFí��#÷Vénþ.÷Kÿ}÷��u��ï�í]ýk÷Kÿ�ð�õkðFìFí��#÷;ð\��ô;íÁ�#÷8ë;íb(^÷3ë ï3÷+ì���ð�í]ë
ð^íKÿzõkí�ð0ï�í[ìSõkíY��	G��±�í�ð[ë]÷;ì�ô3ÿ}÷8ý�ô+ìSõ*ý>õ��-÷Kÿ��u��ï�í]ý ��ðW��ÿ��;ö�îX��ð�ïVõ*ÿ�õ �Võüï��ðk±µ��ô;ígî�÷3	+ì�ô3ÿm÷3ë@íKýÀ~;í�î�~��%ï�í
��ô;í�í]ý3ìSõkí��r	�\Þ&ô+��í-~]÷]î;õk÷=÷]ï�íKýk÷3ë+ìFí�é\þ��3ÿOý �[ì^÷8ë+ì���±.ðAõ_ô3ëF�u��ï�í]ý �\��ÿ��;ö�îX�[ìSõkí]ë;íZì���ï�5ðMð!ô�÷Kÿ}îX��ð
ïVõ*ÿ�õ���õüï��ðk±3ì^÷8ë+ì��dý ��ð¶��ô;íf�Vî]ô3ÿ�ÿ}í]ë�ï�íKë+ì�ÿI�[ï�í�ý ��ð�õWë+ìFíKÿÌ)]÷8ý ��ðTï�í�ìSõ í��r	��±VîX�E�f�dý ����ô;íf�Vî]ô3ÿ(ÿ¢íKë�í]ë
í]ý&î�÷3����õ � ï�í6õ*ë+ìFíKÿÌ)]÷8ý ��ðX±\ð�íXý íUîk��ë��Vî-íUîX�E�f�Qÿ}í�ï:�]÷k��í-ðAõk÷8ë]÷@ïVõ*ëY����õüî-÷_� úOV M 	�3ÿEðAô;ð�ðAõ ��ýk÷;ð
í]ëgõWë��Vý p�ðqvaú¢�3ë]÷���õüî\VR÷k��í-ðAõk÷8ë M í-ì��Q�3ÿ{t+wq¸|,6ô3ÿb	3~+�X±.ñG**�ñ�¹ré
�_ë%ýk÷¿gVõ ��ô3ÿm÷uñ.éYñ ð^í��0ô;í-ð^ì�ÿ}÷ ô3ë6í�(ví��r	3ý ���0ô+�Xð^íKë]î+õWý>ý �%ï�íuô3ë]÷¼ÿ}í�ï²�]÷X�-í�ð�õü÷3ë]÷uïVõWëY�3��õkî�÷�é¶UK÷
)]÷Kÿzõü÷3�3ý í

S
í�ðUíKý�í-ð^ì^÷]ï� ë������;ð^íKÿÌ)]÷��3ý íXíKë%í]ý�ìSõkí��r	�:� ýk÷;ða)]÷Kÿ�õk÷��3ý í�ð

X
�
Y

ð���ëS)]÷Kÿ�õk÷��3ý í�ð
÷3ý í�÷;ì��3ÿ�õk÷]ð���ô;í=ÿ¢í�	]ÿ}í-ð�í]ë+ì^÷8ëXý ÷]ðo�E�;ð�í]ÿI)]÷]î;õ��Vë;í�ð�ï�íKë+ì�ÿI�6ï�í]ýVí-ð^ì^÷]ï�2é

è+1



ñ.éYñ.édC&í�ï�í-ð�VR÷k��í-ðAõk÷8ë]÷;ð�únõWëY�3��õüî�÷;ð

gVõ���ô3ÿ}÷[ñ.éYñ�¾d��(víY��	3ý �gï�í[ô3ë]÷gÿ¢í�ï��]÷X��í-ðAõk÷8ë]÷[ïVõ*ëY����õüî-÷Vé
�_ý�ÿ}í-ð^ì��Uï�í#í�ðFì^÷0ð^í�î�î+õkø�ë�~]÷�ðAõkï�=ì����#÷Kï3÷�ï�íKý5ì�ÿm÷3�]÷�(��=ï�í-m7ík)�õWëF,6ô3ÿb	3~+��¸*ñ**�ñY¹�±V÷8ý�î]ô]÷3ý�	3ô;í�ï�í
ÿ¢íX��íKÿzõWÿ¢ð�í�	]÷Kÿm÷�÷��r	3ý>õk÷KÿEýk÷=ïVõ ðaî;ô;ðAõ ø�ë[ï�í]ý�ìFíY�Z÷�é
þ.÷]ÿm÷¼ÿ}íY	Kÿ¢í�ð^íKë+ì^÷KÿwíKý&í�ðFì^÷]ï� ë������;ð^íKÿÌ)]÷��3ý íuô_��î;ô3ý ì�� íKë ô3ë]÷%úOV M ð�íXô+ìSõWýYõ��-÷¼ô3ëXîk��ë�(Sô3ë+ì��¼ï�í
Nh

)]÷Kÿzõü÷3�3ý í�ð�÷3ý í�÷;ì��3ÿ�õk÷]ðk±
S

(i)
t , i ∈ {1, · · · , Nh}

±_î-÷Kï3÷6ô3ë]÷Uï�í[ýk÷;ð�î]ô]÷3ý í�ðq	3ô;í�ï�í0ð^íKÿ¯ïVõkð�î]ÿ}í!ì^÷\�
îk��ë+ìSõWë3ô]÷�é_ú¯í��#÷8ë;í]ÿm÷�ðAõ0��õ*ýk÷Kÿ7ýk÷;ðT�E�;ð�í]ÿI)]÷]î;õ��Vë;í�ð�	3ô;í�ï�íKë�ð^íKÿfÿ}íY	Kÿ¢í�ð^íKë+ì^÷]ï3÷]ðMí]ë�ì�pKÿ{��õ*ë���ðwï�í

No)]÷Kÿzõü÷3�3ý í-ð�÷8ý í�÷+ì��8ÿzõü÷;ðX±Jýk÷;ð�î]ô]÷3ý í�ðMì^÷3�r��õ�pKëH	3ô;í�ï�í]ë=ð^íKÿ�ïVõkð�î]ÿ}í!ì^÷]ð��dîX�Vë+ìSõWë3ô]÷;ð�é
.f÷X����ô;í�ÿ¢í�î�÷3ýkî-÷KÿW��ô;í íKë í�ðFì���ð6�f�Vï�íKý ��ðgí]ý�ìSõ í��r	�Ùð^í²~]÷]î-íQïVõ ðaî;ÿ}í!ì��óíKëÙõWë;ðFì^÷3ë+ìFí�ðx��ô;í ð�í
îk��ë;ðAõkï�íKÿ}÷8ëdï�ígõ ��ô]÷3ý.ï�ô3ÿ}÷Kî+õkø�ë�±J÷]ð��&í�ð�	G��ð�õ��3ý ír);íKÿ¯÷Xý ÷]ð�ÿ}í�ï�í�ðr�]÷X��í-ðAõk÷8ë]÷;ð9ïVõWëY�3��õkî�÷;ð#îk���f� ô3ë
îk��ë�(Sô3ë+ì��gï�í[ÿ¢í�ï�í�ð�í-ð^ì��+ìSõüî-÷]ð�ô3ë�õüï3÷;ð�÷gý � ý ÷Kÿ��G�gï�í[ô3ë]÷�ð^í�î;ô;íKë]î+õü÷Uï�í�ìSõkí��r	�.é
þ.÷]ÿm÷ ÿ}í�	]ÿ}í-ð�í]ë+ì^÷Kÿ íKýH�f�Vï�íKý �
ï�íì�ÿm÷3ë;ðAõkî;õkøVë íKë ô3ë]÷ úOV M ð^í ï�í!öJë;í]ë ý ÷]ð ïVõ ð^ì�ÿzõ��3ô]î;õ ��ë;í�ð
îk��ë]ïVõüî+õ���ë]÷3ý í-ðOîX�3ÿ(ÿ¢í�ðA	��ë]ïVõ íKë+ìFí-ðMô;ða÷3ë]ï��ï��ð}	G�8ÿ}î;õ ��ë;í�ðOï�í9ô3ë]÷�ÿ}í�ï��]÷k��í-ðAõk÷8ë]÷�ìFí��r	�3ÿm÷3ý�vrñGZuV M
	G�8ÿ.ð!ô;ð¯ð�õ��Výk÷;ð¯íKë�õWë��Vý p�ðÀs�
 ��'*�W !�=L3���9�J);�z�5'8�f��"��S�wCT�+< s�wk±3÷3ý���ô;í�ð^íZý íZý>ýk÷3�Z÷Kÿ��

B→
é�U���ð¶�f�Vï�íKý ��ð

ï�íwì�ÿ}÷8ë;ð�õüî+õkø�ëO��ï�í}���;ð�í]ÿI)]÷]î;õ ø�ë�ð��Vë9í]ë+ì���ë]î-í-ð¯ï�í!öJë�õkï��ð¯îk���f�#íKý	]ÿ��Vï�ô]î!ì���ï�í9ýk÷;ð�ïVõ ð^ì�ÿzõ��3ô]î;õ ��ë;í�ð
ï�í\	]ÿ����]÷3��õWýYõüï3÷]ïgîk��ë]ïVõüî+õ���ë]÷3ý í-ð�íKë6ý ÷=ñGZuV M ¾

P (Zt | Zt−1) =

N∏

i=1

P (Z
(i)
t | Pa(Z

(i)
t ))

ú���ë]ï�í
Z

(i)
t

í�ðMí]ý
i
s�p�ð�õ��u�Xë���ï�Uï�í�ý ÷dÿ¢í�ïUíKë�íKý3ìSõ í��r	�

t
v���ô;í-	3ô;í�ï�í�ð^íKÿµ�Vî]ô3ý ì��@ôr���;ð�í]ÿI)]÷]ï��·

	G�8ÿný ����ô;í
N = Nh + No

wk±`�
Pa(Z

(i)
t )

ð���ëXý ��ð�	]÷]ï�ÿ}í-ðZï�í
Z

(i)
t

±fý ��ð#î;ô]÷8ý í�ða	3ô;í�ï�íKëdí�ðFì^÷KÿEí]ë
í]ýD��õkðA�f�6	�í]ÿ�õ��Vï�gï�í�ìSõ í��r	�_�díKý�÷3ë+ìFíKÿ�õ �3ÿ}v(÷]ðAô3��õ íKë]ï�_��ô;í0ð^í�í-ð^ì��@ÿ}í-ð^ì�ÿzõWë��Võkï�@÷@ô3ë_�u�Vï�íKý �
ï�í\,[÷]ÿbt!�G)0ï�ía	]ÿ�õ0�#í]ÿµ�3ÿmï�íKë�w!é�ê}~��3ÿm÷�±�í-ðf	�5ðAõ0�3ý í�ÿ¢í�	]ÿ}í�ð^íKë+ì^÷]ÿTý ÷�ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë0ï�í�í�ðFì^÷Kï�6õ*ë�õüî+õü÷3ý�±
P (Z

(1:N)
1 )

±\ô;ða÷3ë]ï�Xô3ë]÷gÿ}í�ï6�]÷X�-í�ð�õü÷3ë]÷�í-ð^ì��3ë]ï3÷Kÿ¶v�ô3ë]÷�ð���ý ÷UõWë;ðFì^÷3ë]î;õü÷=í]ë�í]ý8ìSõkí��r	�3wk±\ý ÷-��ô;í�ð�í
ï�í]ë��5ì^÷Kÿ|�

B1
éKò3ô3ë+ì^÷;ðk±

B1
�
B→

ï�í!öJë;í]ë�ýk÷�úOV M é�UK÷9ïVõ ð^ì�ÿzõ��3ô]î+õkø�ë9îX�Vë�(�ô3ë+ì^÷q	]÷Kÿ}÷�ô3ë]÷�ð�í�î]ô;í]ë]î;õü÷
ï�í�ì^÷��#÷3»��

T
	3ô;í�ï�í#ð^íKÿd�E�+ìFíKë�õüï3÷'årï�í�ð^íKë3ÿ��Vý*ýk÷3ë]ï��æ�ý ÷=ÿ}í�ïF~]÷]ðFì^÷W��ô;í9ð^í9ìFí]ë��3÷8ë

T
õWë;ðFì^÷8ë+ìFí-ðMï�í

è+�



ñ.éYù.é�Z�õ�	G��ð�ï�í\�#÷�	]÷;ð

ìSõ í��r	��±��dý*ô;íX����0ô3ý ìSõ�	3ý>õkî�÷3ë]ï�dì��Vï3÷;ð#ýk÷;ð�ïVõkðFì�ÿ�õ0�3ô]î;õ��Vë;í�ð�ï�í-	KÿI���]÷3��õWý>õkï3÷KïgîX��ë]ïVõkî;õ ��ë]÷8ýk(Sô3ë+ì^÷;ð�¾

P (Z
(1:N)
1:T ) =

N∏

i=1

PB1(Z
(i)
1 | Pa(Z

(i)
t ))×

T∏

t=2

N∏

i=1

PB→(Z
(i)
t | Pa(Z

(i)
t ))

UY��ð6�u�Vï�íKý �5ðH�Vî]ô3ý ì���ð6ï�í[,[÷Kÿbt!��)<vÄ.T,�,�w����3ÿb�#÷8ë<	]÷]ÿ¢ìFíQï�í ýk÷;ð¼úOV M ±¶� ðAô í�ðA	�í�î+õ ö�î�÷]î;õ ø�ë
ð�õ��r	3ý>õ ö.î-÷%ð!ôÙÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kî+õkø�ë¿�¼î��3ýkî;ô3ý ��ðdï�í%õWë+��í]ÿ}íKë]î+õü÷<¸�,6ô3ÿ{	3~+��±¯ñ**�ñ�¹(éQZR÷3����õ pKë�~]÷X�?�5ì�ÿI��ð
�u��ï�í]ý ��ð îk���u� ý ��ð ï�í í�ðFì^÷Kï�í�ðA	]÷Kî+õ�� v�c�c�,�wk±-�u��ï�í]ý ��ð ï�íÂ,[÷Kÿ{t!�G)ûï�í/�9í��u�3ÿ�õü÷ø��õ  ]ì^÷�±
�u��ï�í]ý ��ðf��î;ô3ý ì���ð�ï�í6,[÷Kÿ{t!�G)gï�ídï�ô3ÿm÷]î;õ ø�ëH)]÷]ÿ�õü÷3�3ý í�±«�u��ï�í]ý ��ð�ð^í��E�#í]ë+ì^÷Kï��ðk±��u��ï�í]ý ��ð'�Vî]ô3ý ì���ð
ï�í_,[÷Kÿbt!��)�(víKÿm÷]ÿ|��ô�õ��-÷]ï��ðX±Jí-ì^îkp-ìFíKÿ}÷"±`�=ì��Vï��ð9í]ý*ý ��ð9ð���ëdî-÷]ð���ð�í�ðA	�í�îk�>ö�îX��ðZï�ígÿ}í�ï�í�ðr�]÷X��í-ðAõk÷8ë]÷;ð
ïVõ*ëY����õüî-÷]ð-é¢PR÷]ï3÷%ô3ë��%ï�í6í-ð^ì��5ð�î-÷]ð���ðk±�ï�íY��õüï�%÷XðAô;ð0ðAô3	�5ðAõkî;õ��Vë;í�ð0ï�íS�u��ï�í]ýk÷]ï��±RðAõ0��	3ýYõ ö�î�÷3ë
ï�í-ðaî;ÿ�õ�	�î;õ ø�ë'��ÿ��;ö�î�÷W	KÿI���]÷3��õWý>õ ð^ì^÷���	G�3ÿ2íKë]ï�í�ðAô;ðQ��	�í]ÿm÷]î;õ ��ë;í�ð}	]÷]ÿm÷r~]÷]î-í]ÿ2ì�ÿm÷3�]÷�(���ð�ï�í#õWë+��í]ÿ}íKë]î+õü÷
¸>êwÿ(ô3ý ÷��r	]÷8ý ÷�� �;<E�K'{, ±2ñ**5ñ�¹b±2í]ë[îk����	]÷]ÿm÷]î;õkøVë=ï�í]ý�î-÷]ð��F��íKë;í]ÿm÷3ý{é
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Pfýk÷;ðAõ ö.î-÷Kî+õkø�ë PD÷3ýkî]ô3ý ÷Kÿ
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p(x)
éDê«��ô��Ì±
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	3ô;í�ï�ídí�ðFì^÷Kÿ
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〈f〉 =

∫
f(x)p(x)dx

v(ù.é¨è�w
��ð^ì��dð�í=õ*ý*ô;ðFì�ÿm÷=í�ð���ô;í��f�+ìSõüî�÷3�9íKë+ìFíH	]÷]ÿm÷gô3ë]÷=ïVõ ð^ì�ÿzõ��3ô]î+õkø�ëUï�í[ô3ë]÷�)]÷]ÿ�õü÷3�3ý í�í]ë6ý ÷xgVõ���ô3ÿ}÷=ù.éYù.é
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x(m) vrï��ë]ï�í m = 1, · · · ,M w�÷:	]÷Kÿ¢ìSõ*ÿ�ï�í¼ýk÷ ïVõkðFì�ÿ�õ0�3ô]î;õkøVë

p(x)
é}�VðFì��<	�í]ÿb��õ ìFí���ô;í@í]ýd)]÷3ý �3ÿ

í-ðk	5íKÿm÷]ï�díKë6ý ÷x��î;ô]÷Kî+õkø�ë=ù.é¨è�ð^í�÷�	]ÿ��� 8õ0�#í�÷gý ÷�ð!ô3�#÷�ö&ë�õ ì^÷

f̂ =
1

M

M∑

m=1

f(x(m))
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gVõ ��ô3ÿm÷Zù�é>ù�¾Eg8ô3ë]î+õkø�ë
f(x)

î]ô+�X�W)]÷3ý �3ÿ_í-ðk	5íKÿm÷]ï��ð�í]ÿ|�#ík)]÷8ý>ô]÷Kï��îk��ë�ÿ¢í�ðA	�í�î!ì��0÷�ô3ë]÷ZïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë
p(x)

é
UK÷F	]ÿ}í�î+õkð�õkø�ë=ï�í�ì^÷8ý8÷3	]ÿ��� 8õ��#÷Kî+õkø�ë�ï�í�	5íKë]ï�í]ÿ|�[ï�í=ô3ë]÷�)]÷Kÿzõkí�ï3÷KïUï�íq�z÷KîAì��3ÿ}í�ð-éRú¯í�õWë�õkî;õ ��~]÷k�-��ô;í
÷]ïG);íKÿpìSõWÿu��ô;í?��õ íKë+ì�ÿ}÷]ðXýk÷;ð_��ô;í�ðFì�ÿm÷;ð

x(m) ð�í�÷8ë¼í�ðA���-÷]ï3÷]ðU÷²	]÷]ÿ¢ìSõWÿ9ï�íQýk÷¼ïVõkðFì�ÿ�õ��3ô]î+õkø�ë p(x)í]ë+ì���ë]î-í-ð 〈f̂〉 ' 〈f〉 ��í]ý�í-ð^ìSõ0�Z÷]ï�3ÿDìSõkí]ë;íZíKýE	KÿI���#í�ïVõ��[îk�3ÿ(ÿ}í�î!ì��2é�U5÷')]÷Kÿ�õk÷8ë��-÷�ï�íKý5í�ðFìSõ��#÷Kï�3ÿRð^í���;ð^íKÿÌ)]÷����]î;õWýn�#í]ë+ìFí�îk���u� σ2

M

±_ï��ë]ï�í

σ2 = (f − 〈f〉)2

í-ðuý ÷Á)]÷Kÿ�õk÷8ë��-÷Qï�í ýk÷Á�vô3ë]î;õ ø�ë
f(x)

�]÷�(�� ýk÷QïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë
p(x)

é��f÷3ý �3÷Q÷Y��ô��EíKë+�z÷+ìSõ��-÷Kÿ'��ô;í ýk÷
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x
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ô3ë]÷%÷3ý ì^÷�	Kÿ¢í�î;õ ðAõ ø�ëQîk��ë ô3ë ë3°3�9íKÿ�� ÿ}í]ýk÷+ìSõ )]÷3�#í]ë+ìFí¿	�íJ��ô;íY»�� ï�í:��ô;í�ðFì�ÿm÷;ð
x(m) é¯êfï�íY�'�;ðk±Mýk÷

)]÷Kÿzõü÷3ë���÷�ï�íKý�í�ðFìSõ��#÷Kï�3ÿfï�í�î;ÿ}í�î-íKÿ��UîX��ë�íKý2õWë]î;ÿ}í��9íKë+ì��6ï�íKý2ë3°3�9íKÿI�
M
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p(x)
ð^í�í�ðA	�í�î+õ ö�î�÷UíKë=ì�p]ÿb��õWë���ð�ï�íUô3ë

�u��ï�í]ý �¿��ÿ��;ö�îX�.é}�&ë íKý7î-÷]ð�� ï�í%ô3ëS��ÿm÷+���QïVõWÿzõ��Võkï� îX��ë6)]÷Kÿzõü÷3�3ý í�ð���î;ô3ý ì^÷;ðX±nÿ}í�ðAô3ý ì^÷S���+)�õ��:��ô;í
ý ÷]ðF�0ô;í-ð^ì�ÿ}÷]ð-)�õ íKë;íKë ï�í%ý ÷¼ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë%îk��ë�(Sô3ë+ì^÷²v(÷]ðAô3��õ íKë]ï�:��ô;íXí-ð_	��ð�õ��3ý í?�0ô;í-ð^ì�ÿ¢í�÷Kÿ9ï�í
ô3ë]÷XïVõ ð^ì�ÿzõ��3ô]î;õ ø�ëuîk��ë]ïVõüî+õ���ë]÷3ý\í]ëuî�÷]ï3÷¼ë��Vï��w�ô;ða÷3ë]ï� í]ý\ð�õ��Vô�õkíKë+ìFídíKë+���E��ô;ígï�í6��ô;í�ðFì�ÿ}íX�
¾TUK÷
ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë[îk��ë�(Sô3ë+ì^÷=í�ðFì^÷=í�ðA	�í�î;õ ö�î�÷]ï3÷_	�3ÿ

p(x) =
d∏

i=1

p(xi | Pa(xi))

ï��ë]ï�í
Pa(xi)

ï�íKë��5ì^÷�ô3ëZîk��ë�(Sô3ë+ì��0ï�ío)]÷]ÿ�õü÷3�3ý í-ð¯÷;ð��Vî;õk÷Kï3÷;ðOîk��ë0ý ��ðT	]÷]ï�ÿ}í-ðEï�í
xi
é.þ�÷Kÿm÷f�E�+ìFíKë;íKÿ

ô3ë]÷<�0ô;í-ð^ì�ÿ}÷Ùï�í ý ÷�ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë�îX��ë�(Sô3ë+ì^÷ ð�í²~]÷Kî!í ô3ë ÿ}í�îk�3ÿ(ÿ�õkï� ÷ ì�ÿ}÷�)�p-ð@ï�í]ýEîX��ë�(Sô3ë+ì�� ï�í
)]÷Kÿzõü÷3�3ý í-ð0í]ëuíKýd�3ÿ}ï�íKë

x1, · · · , xd
��ô;í�ðFì�ÿ}í�÷8ë]ï� ÷?	]÷KÿpìSõWÿ�ï�í ýk÷;ð�ïVõ ð^ì�ÿzõ��3ô]î;õ ��ë;í�ð�îX��ë]ïVõkî;õ ��ë]÷8ý í�ð

p(xi | Pa(xi))
é3�VðFì��#í�ð�ð�õkíY��	]ÿ}í�	��ð�õ��3ý í¶��÷O��ô;íT÷�î�÷]ï3÷9õWë;ðFì^÷8ë+ìFíEì��Vï��ðOý ��ðd)]÷3ý �3ÿ}í-ð�ï�í�ý ��ð�	]÷]ï�ÿ}í�ð
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	G�8ÿ¯ð!ô;ðZð�õ��Výk÷;ð#íKëuõWë��Vý p�ð�s�c�í���ô;íKë]î+õü÷3ýÀN��r	�3ÿ¢ì^÷3ë]î-í-c.÷��r	3ý>õ*ë���s�wA± �V)V)�<}�-<������ ! '{<���� ±R÷8ý ��3ÿ�õ ì!�f�uï�í
îk��ë]ï�íKë;ð�÷Kî+õkø�ë�±2ðAô3	�í]ÿI)�õ );íKë]î;õk÷_	�3ÿ7÷]ï3÷�	+ì^÷]î;õ ø�ë�±.í-ì^î�¸�,6ô3ÿ{	3~+��±.ñ**�ñ�¹(é
�_ý&ìFíY�Z÷@í! "	3ý>õkî�÷]ï� ÷ ý � ýk÷KÿI�� ï�ídí-ð^ì^÷Xð^í�î-î;õkøVë@ð^í ÿ¢í�îX�G��íUíKë@í]ýJ÷Kÿ¢ì��*î]ô3ý � ï�íFc&õ��u��ë?,[÷]ðAt�íKý>ýh�
M í]õWý
RÀ�3ÿmï�Vëx¸WñG**�ñ�¹(é
UK÷�õüï�í�÷Á�vô3ë]ï3÷3�9íKë+ì^÷3ýfí-ð ÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kÿ�ý ÷Á�vô3ë]î;õkøVë ï�í ïVõkðFì�ÿ�õ��3ô]î+õkø�ë<	G��ðFìFíKÿ�õ �3ÿ��3ô;ð�î�÷]ï3÷QîX��ë ô3ë
îk��ë�(Sô3ë+ì�� ï�íÁ�0ô;í-ð^ì�ÿ}÷]ðU÷3ý í�÷;ì��3ÿzõü÷;ð=îX�Vë�	5í�ð���ð[÷;ð��Vî;õk÷Kï�5ð�� î�÷3ýkî;ô3ýk÷Kÿ�í-ð^ìSõ0�Z÷]î;õ ��ë;í�ðx�]÷;ð�÷Kï3÷;ð�í]ë
í-ð^ì^÷;ð\�0ô;í-ð^ì�ÿ}÷]ðW�Á	5í�ð���ð�éRêwý\÷3ô3�#í]ë+ì^÷Kÿwí]ýfë3°3�9íKÿI�%ï�í���ô;í�ðFì�ÿm÷;ðX±7í�ðFì^÷uî�÷Kÿ}÷KîAìFíKÿ�õ ��÷]î;õ ø�ë�,-��ë+ìFí
PD÷Kÿ(ý � ð^í²)3ô;í]ý );í ô3ë]÷ûÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kî+õkø�ë íJ��ô�õ )]÷8ý íKë+ìFí ï�í ý ÷ ï�í-ðaî;ÿ�õ0	3î;õ ø�ë<�vô3ë]î;õ ��ë]÷3ý9ô;ðAô]÷8ýwï�í ýk÷
ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë_	G��ðFìFíKÿ�õ �3ÿ�±
��í]ý8öJý ì�ÿ��FcdN2c ð^í�÷Kî!íKÿmî-÷[÷8ý8í-ð^ìSõ0�Z÷]ï�3ÿ¡�]÷X��í-ðAõk÷8ë��dø�	+ìSõ0�f�2é
þ.÷]ÿm÷ ï�í!ì^÷8ý>ýk÷Kÿ í�ðFì^÷]ð õkï�í�÷;ð ð^íÎï�íKë��Kì^÷ {xi0:k, w

i
k}Nsi=1

îk���u� �0�����W -�>)�43��� �5'>�-�3<�)]���>��� ��ô;í
î-÷Kÿm÷]î!ìFí]ÿ�õ��-÷3ë6ýk÷r�vô3ë]î;õkøVë=ï�í�ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ëH	G��ðFìFíKÿ�õ �3ÿ

p(x0:k | z1:k)
±2ï��ë]ï�í {xi0:k, i = 0, · · · , Ns}í-ðUô3ëXîX��ë�(Sô3ë+ì�� ï�í6��ô;í�ðFì�ÿm÷;ð�îk��ëÁ	5í�ð���ð�÷]ð��Vî;õü÷]ï��ð {wik, i = 1, · · · , Ns}

�
x0:k = {xj, j =

0, · · · , k} í�ð íKý�îX�Vë�(�ô3ë+ì�� ï�í ì��Vï��ð ý �5ð í-ð^ì^÷]ï��ðÏ~]÷]ðFì^÷ íKý�ìSõkíY��	G�
k
é�U���ð/	5í�ð���ð í�ðFì��8ë

ù�
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ë��3ÿb�#÷3ý>õ��-÷]ï��ð�ï�íTì^÷8ýX���3ÿb�#÷���ô;í ∑
i w

i
k = 1

é"U5÷�ï�í]ë;ðAõkï3÷Kï-	�5ð^ìFí]ÿ�õ��3ÿ�íKë
k
	3ô;í�ï�íMð^íKÿ_÷3	KÿI�� 8õ��#÷Kï3÷

îk���f�Uí]ë6ýk÷_��î]ô]÷]î;õ ø�ë[ù�é>ñ.é

p(x0:k | z1:k) ≈
Ns∑

i=1

wikδ(x0:k − xi0:k)
vrù.éYñ3w

ï��ë]ï�í[ý ÷��vô3ë]î;õ ø�ë
δ
í-ðZýk÷��vô3ë]î+õkø�ë=ï�íUúnõWÿ}÷KîKé

�_ëf�5ì�ÿ}÷]ðT	]÷8ý ÷��]ÿm÷;ðX±5ð�í�ð^íKý í�î�î+õ���ë]÷3ë�÷3ý í�÷;ì��3ÿ�õk÷��9íKë+ìFí�ô3ë#îX��ë�(Sô3ë+ì���ï�í'��ô;í�ðFì�ÿm÷;ð
xi0:k

���+ìFíKë�õkï3÷]ðEï�í
ô3ë]÷dïVõkðFì�ÿ�õ0�3ô]î;õkøVë\���Kî+õWý0�9íKë+ìFíH�0ô;í-ð^ì�ÿ¢í�÷3�3ý í�é¢U5÷;ðW��ô;í�ðFì�ÿm÷;ðZð^íKý í�î�î+õ���ë]÷]ï3÷;ð#ð���ëd÷Kî!í�	+ì^÷]ï3÷]ð�ð�õ_ð��Vë
	]÷KÿpìFí�ï�í=ýk÷=ïVõ ð^ì�ÿzõ��3ô]î+õkø�ëF	��ðFìFíKÿzõ��3ÿQ�3ô;ð�î�÷]ï3÷_v�ÿ}÷Y�!ø�ë�ï�íKý2ô;ð��Uï�í=ýk÷��vô3ë]î+õkø�ë0ï�íUúnõWÿ}÷Kî�wwíKëF�]÷]ð^í�÷
ý ÷H	��ë]ï�í]ÿm÷]î;õ ø�ë=ï�í[ý ÷H�0ô;í-ð^ì�ÿ}÷Vé
��ð^ìFí[í-ð0ô3ëdíKë+���E��ô;í6ë��Á	]÷Kÿ}÷��up-ì�ÿzõüîk��±���	�3ÿ¯ì^÷3ë+ì��Á	3ô;í�ï�íx�Z÷3ë;í�(F÷Kÿ¯ïVõkðFì�ÿ�õ��3ô]î+õ���ë;í-ð=ë��¼ý>õ*ë;í�÷3ý í-ðX±
��ô3ý ìSõ0�f�Vï3÷8ý í�ðk±9í!ì^î5é�U5÷�);íKë+ì^÷�(F÷óð����]ÿ}í ýk÷ ïVõkð�î]ÿ¢í-ìSõ��-÷]î;õkøVë í-ðÁ��ô;í�íKýu�fp!ì���ï� í-ð¼÷]ï3÷3	+ì^÷;ìSõ )���±
îk��ý �Vî�÷3ë]ï�F�f�;ðo	]÷Kÿ¢ì��*î]ô3ýk÷;ð�vrîk�8ÿ�ÿ}í-ðk	G��ë]ïVõkí]ë]ï�=÷�ô3ë]÷�ïVõkð�î]ÿ¢í-ìSõ ��÷]î;õ ø�ë\�'�;ð¯ö&ë]÷Gw¯íKë�ý*ô��3÷Kÿ¢í�ðTï��ë]ï�í
ý ÷=ï�íKë;ð�õüï3÷]ï6	]ÿ����]÷3��õWýYõkðFì^÷=í�ð'�#÷X�X�8ÿ¶¸I,6ô3ÿb	3~+�X±2ñ**�ñY¹ré
UY��ðH	5í�ð���ð=ð���ë¼í]ý íX�Võüï��ðgô+ìSõWý>õ ��÷3ë]ï�QíKýQ	]ÿ�õ*ë]î;õ0	�õ�� ï�í x¨�9�J);�v<z�548 !�>�Q���-'TsXH5���-<��(�-) ¸I,[÷]ðAt�í]ý*ý7÷3ë]ï
RÀ�3ÿmï�Vë�±Eñ**�ñ�¹(éO�VðFìFí¿	KÿzõWë]î+õ�	�õ�� ð^í��vô3ë]ï3÷3�9íKë+ì^÷%íKë�ý � ð�õ���ô�õ íKë+ìFí¾¡cJô3	G��ë�õkí]ë]ï�

p(x) ∝ π(x)
±

ï��ë]ï�í
p(x)

í�ðUô3ë]÷ ï�í]ë;ðAõkï3÷Kï ï�í6	KÿI���]÷���õ*ý>õkï3÷KïQïVõ ���Wî;õ*ýRï�í6�0ô;í-ð^ì�ÿ¢í�÷Kÿb±}	�í]ÿ���	]÷Kÿ}÷ ý ÷ î;ô]÷8ý
π(x)	3ô;í�ï�í ð^íKÿF���Kî+õWýn�#í]ë+ìFí íX)]÷3ý*ô]÷]ï3÷øv��ø	�3ÿUì^÷3ë+ì��

p(x)
	�3ÿ�	KÿI��	�3ÿmî+õ���ë]÷3ý>õkï3÷Kï�w!éqZR÷��r��õ�p]ë ð^í�÷

xi ∼ q(x), {i = 1, · · · , Ns}
�0ô;í-ð^ì�ÿ}÷]ð���ô;ídð���ë_���Kî+õWý0�9íKë+ìFíF��í]ë;íKÿm÷]ï3÷;ð�	G�3ÿ9ô3ë]÷XïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë

	]ÿ���	3ô;í-ð^ì^÷
q(x)

± ý>ýk÷3�Z÷]ï3÷ ô3ë]÷ ����4]���W�5�5�Î���Ë�>�#�&)]�v<z�548 !�>� é²�_ë+ì���ë]î-í-ðX± ô3ë]÷ ÷�	]ÿ��� 8õ0�Z÷]î;õ ø�ë
	G��ë]ï�íKÿ}÷Kï3÷=÷dýk÷=ï�í]ë;ðAõkï3÷Kï

p(x)
í-ð^ì^÷[ï3÷]ï3÷H	�3ÿ�¾

p(x) ≈
Ns∑

i=1

wiδ(x− xi) vrù.éYù3w
ï��ë]ï�í

wi ∝ π(xi)

q(xi)

vrù.é$��w
í-ð�íKýh	�í-ð��uë��3ÿb�#÷8ýYõ��-÷Kï�dï�í[ýk÷

i
s�p-ðAõ0�Z÷_	]÷Kÿpì��Wî;ô3ýk÷�é

þ��3ÿOý �=ì^÷8ë+ì���±VðAõ_ý ÷]ð��0ô;í-ð^ì�ÿ}÷]ðk±
xi0:k

±Vð��Vë�í-ðk�G���÷]ï3÷;ð�÷F	]÷KÿpìSõWÿ7ï�í�ô3ë]÷0ï�íKë;ð�õüï3÷]ïgï�í�õ0��	G�3ÿ¢ì^÷3ë]î;õü÷�±
q(x0:k | z1:k)

±.íKë+ì��Vë]î-í�ð�ý ��ð'	�í-ð���ð�í]ë[ù.éYñUï�í-ö&ë�õüï��ð�í]ë[ù.é$�Uð�í]ÿ|�3ë

wik ∝
p(xi0:k | zi:k)
q(xi0:k | z1:k)

vrù.é$��w
ù]
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UK÷^gVõ ��ô3ÿm÷ ù.é$�¼�0ô;í-ð^ì�ÿ}÷ ý �Ù÷8ë+ìFí]ÿ�õ��3ÿ�ï�í²�Z÷3ë;íKÿ}÷²��ÿ��;ö�î�÷�éuUK÷�î;ô3ÿI)]÷��3÷8ô;ð^ð�õü÷3ë]÷ ÿ¢í�	]ÿ}í�ð^íKë+ì^÷ ýk÷
ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë�	KÿI��	3ô;í�ðFì^÷

q(x)
±.îk��ë[ýk÷r��ô;íZð^íq���+ìFíKë]ï�ÿ��8ë[ý ÷]ð��0ô;í-ð^ì�ÿ}÷]ð-édU5÷�î]ô3ÿÌ)]÷���ô3ý ìSõ0�f�Vï3÷3ý�í�ð

ý ÷�ïVõkðFì�ÿ�õ��3ô]î+õkø�ë'��ô;í
π(x)

��ô;í�í�ðo	]ÿ���	G�8ÿ}î;õ ��ë]÷8ýK÷�ý ÷�ïVõkðFì�ÿ�õ��3ô]î+õkø�ëa�3ô;ðaî-÷Kï3÷�±��îk��ëZí]ý*ýk÷Zð^í�íX)]÷3ý0°]÷3ë
ý ÷]ð¶�0ô;í-ð^ì�ÿ}÷]ð��E�+ìFíKë�õüï3÷;ð-é�U5÷;ðÀÞVí�î�~]÷]ð�ð���ë�ý ÷]ð¶	]÷Kÿ¢ì��*î]ô3ýk÷;ð}��ô;í�ðFì�ÿ}í�÷Kï3÷;ð¢��ð!ô�ý ��ë��Võ ì�ô]ï=ÿ¢í�	]ÿ}í�ð^íKë+ì^÷3ë
í]ý3	�í�ð�����ô;í�ð�í�ý í'~]÷#ï3÷Kï3÷9÷Zî�÷]ï3÷0ô3ë]÷�éc�í'	3ô;í�ï�í�÷3	Kÿ¢í�î+õü÷KÿD��ô;í�ð^íW~]÷3ëu��íKë;í]ÿm÷]ï���f�;ð}	]÷Kÿ¢ì��*î]ô3ý ÷]ð
í]ë�íKý�î-íKë+ì�ÿI�[ï�í�ýk÷�ïVõkðFì�ÿ�õ0�3ô]î;õkøVë-	KÿI��	3ô;í�ðFì^÷�±`	5íKÿ���îX��ë\�]÷�(��F	5í�ð���±
��õ íKë+ì�ÿ}÷]ðT��ô;í9í]ë[ý ��ðEí! ]ì�ÿ}í��u��ð
ð���ë_�f�;ðMí�ð�î�÷;ða÷;ðq	�í]ÿ��gîX��ëF�Z÷k���3ÿ¡	��ë]ï�í]ÿm÷]î;õ ø�ë�é

gVõ ��ô3ÿm÷0ù.é2��¾Dg3ô3ë]î;õ ��ë]÷���õkí]ë+ì�����íKë;í]ÿm÷3ý8ï�íKý3ö&ý ì�ÿI�Uï�ía	]÷Kÿ¢ì��*î]ô3ý ÷]ðMí]ëUô3ë]÷�ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë0îX��ë�(Sô3ë+ì^÷dë��
ð^í�î;ô;íKë]î;õk÷8ýWé
þ.÷]ÿm÷�íKý;î-÷]ð���ï�í#ô3ë�îX�8ý î]ô3ý ��ï�íwï�íKë;ð�õüï3÷]ï�ð�í�î]ô;íKë]î+õü÷3ý�±3îk���u��ô3ë�öJý ì�ÿ��a�]÷X�-í�ð�õü÷3ë���±K÷9î-÷Kï3÷Zõ ìFí]ÿm÷]î;õ ø�ë
ð^í�ï�í��5íKÿ|�3ë�ìFíKë;íKÿ¡��ô;í�ðFì�ÿm÷;ð���ô;í�îX��ë;ðFìSõ ì�ô+�-íKëdô3ë]÷=÷3	KÿI�J 8õ0�Z÷]î;õ ø�ë0÷

p(x0:k−1 | z1:k−1)
±����3ô;ð�î�÷Kÿ

ô3ë]÷g÷�	]ÿ��� 8õ��#÷]î;õkøVë
p(x0:k | z1:k)

ô+ìSõWý>õ ��÷3ë]ï�%ô3ë ë3ô;íX)��uîX�Vë�(�ô3ë+ì��uï�íx��ô;í�ðFì�ÿm÷;ð-é�c&õRýk÷gï�íKë;ð�õüï3÷]ï
ï�í=õ��r	�3ÿpì^÷8ë]î+õü÷�ð^í�ð�í]ý í�î-î;õ ��ë]÷x	]÷Kÿm÷��z÷]î!ì��3ÿzõ��-÷Kÿ}ð^í�ï�í�ì^÷3ýh�Z÷3ë;íKÿ}÷-��ô;í¾

q(x0:k | z1:k) = q(xk | x0:k−1, z1:k)q(x0:k−1 | z1:k−1)
vrù.é213w

í]ë+ì���ë]î-í-ð¼ð^í^	3ô;í�ï�í]ë&���+ìFíKë;í]ÿ_��ô;í�ðFì�ÿm÷;ð
xi0:k ∼ q(x0:k | z1:k)

÷3ô3�#í]ë+ì^÷8ë]ï� î�÷]ï3÷/ô3ë]÷ ï�í
ý ÷]ð��0ô;í-ð^ì�ÿ}÷]ðgíA 8õ ð^ìFí]ë+ìFí�ðk±

x1
0:k−1 ≈ q(x0:k−1 | z1:k−1)

±wîk��ë íKýnë3ô;íX)��Ùí-ð^ì^÷]ï�
xik ≈ q(xk |

k0:k−1, z1:k)
é

þ.÷]ÿm÷-	�Vï�íKÿJï�í�ï�ô]î+õWÿ7ýk÷�í�î;ô]÷Kî+õkø�ë�ï�í#÷]î!ì�ô]÷3ý>õ ��÷]î;õ ø�ë�ï�íW	�í-ð���ðk±_ýk÷�ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë
p(x0:k | z1:k)

ï�í���í
í! "	Kÿ¢í�ð�÷Kÿ}ð^íF	]ÿ�õ0�#í]ÿ��gíKë�ì�p]ÿb��õWë���ð�ï�í

p(xo:k−1 | z1:k−1)
±
p(zk | xk)

�
p(xk | xk−1)

¾
c�í�	3ô;í�ï�í�	]ÿ���	G��ë;íKÿ

p(x0:k | z1:k)
ô+ìSõ*ý>õ ��÷3ë]ï� ý ÷%ÿ}í��Výk÷Xï�íSVR÷X��í-ð-	]÷Kÿm÷u÷]î!ì�ô]÷3ý>õ ��÷KÿTðAôXí�ðFì^÷]ï�%÷

	]÷KÿpìSõWÿfï�í�í�ðFì^÷Kï�g÷3ë+ìFíKÿ�õ �3ÿ�ï�í[ý ÷�ðAõ ��ô�õkí]ë+ìFí\�Z÷3ë;íKÿ}÷E¾
ù#
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p(x0:k | z1:k) =
p(zk | x0:k, z1:k−1)p(x0:k−1 | z1:k−1)

p(zk | z1:k−1) vrù.é2�3w
ï��ë]ï�í[ý ÷=îX��ë;ðFì^÷3ë+ìFí0ï�í[ë��3ÿb�#÷3ý>õ��-÷]î;õkøVë=í�ð

p(zk | z1:k−1) =

∫
p(zk | xk)p(xk | x1:k−1)dxk

cJô3	G��ë�õkí]ë]ï�F��ô;í
p(x0:k−1 | z1:k−1)

ð^í�	3ô;í�ï�íq�z÷KîAì��8ÿzõ��-÷KÿOõ���ô]÷3ý"��ô;í�íKë=ù.én1E±.íKë+ì���ë]î!í�ð

p(x0:k | z1:k) =
p(zk | x0:k, z1:k−1)p(xk | x0:k−1, z1:k−1)p(x0:k−1 | z1:k−1)

p(zk | x0:k, z1:k−1) vrù.é2]3w
ú¯íY��õüï�X÷F��ô;ígý ÷]ðW�#í�ïVõüî+õ���ë;í-ð

z
ð���ë@õWë]ï�íY	�íKë]ïVõ íKë+ìFí-ð�ï3÷Kï�gíKý2í-ð^ì^÷]ï�

x
�Uí! "	Kÿ¢í�ð�÷8ë]ï�Xí]ý�ö&ý ì�ÿI�

ï�í\�#÷8ë;í]ÿm÷gÿ¢í�î]ô3ÿ¢ðAõ )]÷"±_í]ë+ì���ë]î-í-ð

p(x0:k | z1:k) =
p(zk | xk)p(xk | xk−1)

p(zk | z1:k−1)
p(x0:k−1 | z1:k−1)

∝ p(zk | xk)p(xk | xk−1)p(x0:k−1 | z1:k−1)
vrù.é2#3w

cJô;ðFìSõ ì�ô+�-íKë]ï� ù.é21x�@ù.é2#XíKë@ù.é2��±�ýk÷6í�î]ô]÷]î;õ ø�ëXï�íd÷]î!ì�ô]÷3ý>õ��-÷]î;õkøVë@ï�í�	�í-ð��5ð-	3ô;í�ï�íUð�í]ÿ��f��ðFì�ÿm÷]ï3÷
îk���f��¾

wik ∝
p(zk | xik)p(xik | xik−1)p(xi0:k−1 | z1:k−1)

q(xik | xi0:k−1, z1:k)q(x
i
0:k−1 | z1:k−1)

= wik−1

p(zk | xik)p(xik | xik−1)

q(xik | xi0:k−1, z1:k)

v(ù.é¨è+*3w

ê7ï�í��f�;ðX±Dð�õ
q(xk | x0:k−1, z1:k) = q(xk | xk−1, zk)

±\í]ë+ì���ë]î-í-ð�ýk÷Uï�í]ë;ðAõkï3÷Kïuï�ígõ0��	G�8ÿpì^÷8ë]î+õü÷Uð�í
)3ô;í]ý );íXð^ø�ý � ï�íY	�íKë]ïVõ íKë+ìFíuíKë�ýk÷

xk−1
�
zk
éo�VðFì�� í�ðx	]÷KÿpìSõüî;ô3ýk÷Kÿ{�#í]ë+ìFí�°+ìSõ*ýRíKë¼íKý7î�÷;ð���îk���r°3ë

î;ô]÷8ë]ï�Xð^ø�ý �%ô3ë]÷dí�ðFìSõ��#÷Kî+õkø�ëdö&ý ì�ÿm÷]ï3÷@ï�í
p(xk | z1:k)

í�ð�ÿ¢íJ��ô;í]ÿ�õüï3÷6÷6î�÷]ï3÷uõ*ë;ð^ì^÷3ë+ìFí�éDê 	]÷]ÿ¢ìSõWÿ
ï�í�í�ðFìFí�	3ô3ë+ì��dð^í�÷]ðAô3�9í�ì^÷3ý�î�÷;ð��.é��&ý
	�í-ð����u��ïVõ ö.î-÷Kï�Uí�ð�í]ë+ì���ë]î-í-ð�¾

�3*
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wik ∝ wik−1

p(zk | xik)p(xik | xik−1)

q(xik | xik−1, zk)

v(ù.é¨è�è�w
')(�*
= ŵit × wit−1

ï��ë]ï�í
ŵit

ð�í�ï�í-ö&ë;í�îX���u�díKýh	�í-ð��@õWë]î;ÿ}íY�#í]ë+ì^÷8ýWé
UK÷=ï�íKë;ð�õüï3÷]ï6	G��ð^ìFí]ÿ�õ �8ÿ�ö&ý ì�ÿ}÷Kï3÷

p(xk | z1:k)
	3ô;í�ï�í�ð^íKÿf÷3	KÿI�J 8õ0�Z÷]ï3÷=îk���f��¾

p(xk | z1:k) ≈
Ns∑

i=1

wikδ(xk − xik)
v(ù.é¨è+ñ3w

ï��ë]ï�í[ý ��ð'	�í-ð���ð�í-ð^ì��3ëUï�í-ö&ë�õüï�5ð�í]ë[ù.é¨è�è3éRþRô;í�ï�í�ï�íY�f��ðFì�ÿm÷]ÿ}ð^í-��ô;í�ðAõVíKý&ë3°3�9íKÿ��gï�í��0ô;í-ð^ì�ÿ}÷]ð
Ns →∞

ýk÷�÷�	]ÿ��� 8õ��#÷]î;õkøVë=ù.é¨è+ñ[ð^í0÷]î-í]ÿmî-÷[÷6ýk÷�);í]ÿmï3÷]ï�íKÿm÷�ï�íKë;ð�õüï3÷]ï6	�5ð^ìFí]ÿ�õ��3ÿ
p(xk | z1:k)

é
�_ýM÷3ý ��3ÿzõ ì!�u�½cdN2c�±'	G�8ÿ�ì^÷3ë+ì���±�îX��ë;ð�õkðFìFí í]ë ô3ë]÷¼	KÿI��	]÷��3÷Kî+õkø�ë ÿ}í�î]ô3ÿ}ð�õ )]÷ ï�í ý ��ð¿	5í�ð���ð�� ýk÷;ð
��ô;í�ðFì�ÿm÷;ð=ì^÷8ý7îk���u� î-÷Kï3÷:�#í�ïVõüî;õ ø�ë%í-ð@ÿ}í�î;õ���õkï3÷Qï�í?�Z÷3ë;íKÿ}÷¼ð^í�î]ô;í]ë]î;õk÷8ýWé� ¯ë]÷%ï�í-ðaî;ÿ�õ0	3î;õ ø�ëQí]ë
	;ð^íKô]ï��svî-øVïVõ���Uð^íq);í�í]ë�í]ý�êwý ��3ÿzõ ì!�u�6ù.é¨è3é
á0à>Ú_âJÛ^Ö*ã+�Xâ i�å�ädêwý �G�8ÿzõ ì!�u�6ï�í]ý8öJý ì�ÿ��gï�í�	]÷]ÿ¢ì��Wî;ô3ýk÷;ð�cdN2c
7vâJÛ

i = 1
~]÷]ðFì^÷

Ns

Õ&â
þRÿ���	G��ë;íKÿQ	]÷]ÿ¢ì��Wî;ô3ýk÷

xik ∼ q(xk | xik−1, zk)þ��Vë]ï�íKÿm÷]ÿ¶	]÷]ÿ¢ì��Wî;ô3ýk÷�±
wik

ï�í�÷Kî;ô;íKÿmï�g÷=ù.é¨è�è
�2�2ÕÁ7vâ&Û

ÛqÚ�ÛqÚ�Ù�Ú Ü+�a���[w4§���y x��Ì|~y��¨y x���w4§��[y���{¥x�{�y ��z�wÌ|~y����������±z�Ý¥���~�c�
 ¯ë:	KÿI���3ý íY�Z÷ îX���r°3ë îX��ë í]ýDöJý ì�ÿ��Qï�íS	]÷Kÿ¢ì��*î]ô3ýk÷;ð\cdN2c í-ð=íKýd��í]ë;ø��9íKë��Qï�í¼ý ÷¼ï�íX��íKë;í]ÿm÷]î;õkøVëS�
íY��	G���Kÿ¢í�î+õ���õkíKë+ì��.é7ú¯í-ðk	3ô�p-ð�ï�íW)]÷]ÿ�õü÷;ð9õ ìFíKÿm÷]î;õ ��ë;í�ðMì��Vï3÷;ðZýk÷;ðf	]÷Kÿ¢ì��*î]ô3ý ÷]ðk±2íA 5î!í�	+ì��uô3ë]÷"±�ìFí]ë]ï�ÿ|�3ë
ô3ë'	5í�ð��Zï�í-ðk	]ÿ}í�î;õü÷3�3ý í5éGc�í�~]÷�ï�í��u��ðFì�ÿm÷]ï�'��ô;í�ýk÷o)]÷Kÿ�õk÷8ë��-÷�ï�í�ýk÷;ð¡	G��ë]ï�íKÿ}÷Kî+õ���ë;í-ð�ï�í�õ��r	�3ÿpì^÷8ë]î+õü÷
	3ô;í�ï�íKëMð^ø�ý �#õWë]î]ÿ¢í��9íKë+ì^÷Kÿ¢ð�íwîX��ëníKý�ìSõ í��r	��±X�u	G�8ÿ5ì^÷8ë+ì���í�ð�õ0��	G��ð�õ��3ý íOík)�õ ì^÷Kÿ8í-ð^ìFíQ��í]ë;ø��#í]ë��2é3�VðFì^÷
íY��	G���Kÿ¢í�î+õ���õkíKë+ì��uõ��r	3ý>õkî�÷-��ô;í=ô3ë���ÿm÷3ë0í�ð��vô;íKÿ��k�gîX���r	3ô+ì^÷Kî+õ���ë]÷3ý�±.ï�í�ïVõüî-÷Kï�d÷gý ÷=÷]î!ì�ô]÷3ý>õ��-÷]î;õkøVë
ï�í\	]÷Kÿpì��Wî]ô3ý ÷]ð�î;ô+��÷[îk��ë+ì�ÿ�õ0�3ô]î;õkøVë[í�ðZý ÷[÷�	]ÿ��� 8õ��#÷]î;õkøVë[ï�í�ðAõ ��ô�õkí]ë+ìFí0í-ð^ì^÷]ï�

p(xk | z1:k)
±2í-ð�î�÷;ðAõ

õ*ë3°+ìSõWý{é¢ Oë]÷6�#í�ïVõüî;õ ø�ë6÷Kî!í�	+ì^÷3�3ý íUï�í@ýk÷6ï�í���í]ë;íKÿm÷]î;õ ø�ë6ï�íKý&÷3ý ��3ÿ�õ ì!�f�uí-ðZíKý2ì^÷3�Z÷3»��XíX��í�î!ìSõ )��¼ï�í
ý ÷H�0ô;í-ð^ì�ÿ}÷

Neff
±��0ð�í�ï�í!öJë;í�îX�E�f�
¾

Neff =
Ns

1 + V ar(w∗ik )

v(ù.é¨è+ù3w
�.è
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ï��ë]ï�í
w∗ik = p(xik | z1:k)/q(x

i
k | xik−1, zk)

í�ðOîk��ë��Vî;õüï3÷�îX�E�f�'å(íKý�);í]ÿmï3÷]ï�íKÿI�-	�í�ð���æ�é�P����f�#í�ðFì��
ë���	3ô;í�ï�í0ð�í]ÿ�ík)]÷8ý>ô]÷Kï�díA 5÷]î!ì^÷3�#í]ë+ìFíG±_ð^íH~]÷]î-í[ô3ë]÷[í�ðFìSõ��#÷Kî+õkø�ë

N̂eff
ï�í
Neff

��ô;í0ð^í��E�+ìSõkíKë;í
îk��ë

N̂eff =
1

ΣNs
i=1(wik)

2

v(ù.é¨èJ��w
ï��ë]ï�í

wik
í-ðOíKý�	�í-ð��Uë��3ÿb�#÷8ýYõ��-÷Kï�r���+ìFíKë�õkï��îk��ë�ù�éjè+*�éc�í�÷KïG)�õ íKÿpìFíu��ô;í

Neff ≤ Ns
±�0ô3ë

Neff	5íJ��ô;í�»�� õ*ë]ïVõüî-÷ ô3ëuíY��	G���Kÿ¢í�î+õ���õkíKë+ì�� ð^íX);í]ÿ��2éQP�ý ÷Kÿm÷3�#í]ë+ìFíG±¯í]ý�	]ÿ����3ý í��#÷ ï�í¼ý ÷ ï�íX��íKë;í]ÿm÷]î;õ ø�ë
í-ð@ô3ë%íX��í�î!ì�� õWë]ï�í�ð^í�÷]ï��ï�í ý ��ð=ö&ý ì�ÿ��5ðUï�í:	]÷]ÿ¢ì��Wî;ô3ýk÷;ð�é�.f÷X�S)]÷]ÿ�õ��5ð[íKë+���E��ô;í�ðx	]÷Kÿ}÷%íX)�õ ì^÷]ÿ9í-ð^ìFí
	]ÿ����3ý í��#÷E¾

 DìSõ*ý>õ��-÷KÿEô3ë
Ns

��ô+�a��ÿ}÷8ë]ï�í�v��vô;íKÿ��-÷_�]ÿ(ô+ì^÷�w-é��Vð'��ô+�F	�VîX��	Kÿ��KîAìSõüîk�2é
UK÷ í]ý í�î�î;õ ø�ëûï�í ô3ë]÷Â�3ô;íKë]÷ ï�íKë;ð�õüï3÷]ï ï�í õ0��	G�3ÿ¢ì^÷3ë]î;õü÷^��ô;í¼��õ*ë�õ���õüî!í

V ar(w∗ik )
é-�_ë

¸�REÿ�õ ð�í!ìvìSõ �;<f�K'{, ±�ñ*G*G�G¹À~]÷Kî!íKëUô;ð��=ï�íZí�ðFìFíZíKë+���E��ô;ía	]÷Kÿ}÷Uÿ¢í�ï�ô]î+õWÿRí]ý�ë3°3�9íKÿ��Uï�ír	]÷Kÿ¢ì��*î]ô3ý ÷]ð
ë;í�î-í-ða÷Kÿzõü÷;ð�íKë=í]ýh	KÿI���3ý íY�Z÷=ï�í]ýEcdUKêO,Xé
�_ý2ÿ}íY�0ô;í-ð^ì�ÿ¢í���±D��ô;í�í�ðZýk÷�ì�p�î]ë�õkî�÷���ô;í�ð^ídô+ìSõ*ý>õ��-÷Kÿ���íKë�í�ðFì^÷�ìFí�ð�õkð-é

ÛqÚ�ÛqÚ{à'Ú Í6y x���y-�Yzk�[yLw

��ð^ìFí��fp!ì���ï�q	]÷Kÿ}÷#ÿ}í�ï�ô]î;õWÿ&ý �5ðRíX��í�îAì��#ï�í]ý!í��r	���]ÿ}í�î;õ���õkí]ë+ì��#ð^í��]÷;ð�÷wíKë9ô;ða÷Kÿ&ÿ}íY�0ô;í-ð^ì�ÿ¢í��9ðAõ í��r	Kÿ¢í
��ô;í ô3ë]÷ ï�íX��íKë;í]ÿm÷]î;õkøVë ð�õ��Vë�õ ö�î�÷+ìSõ )]÷uí�ða�E�;ð�í]ÿI)]÷]ï3÷�v(î]ô]÷3ë]ï�

Neff
ý>ý íX�3÷ ÷uð^íKÿ'�9íKë��3ÿO��ô;í ô3ë

ô3�r�Kÿ}÷8ý0±
NT

w!é�UK÷[õkï�í�÷F�Y�;ð�õüî�÷�ï�íKý.ÿ¢í���ô;í�ðFì�ÿ}í��dí�ðwíKý>õ0��õ*ë]÷Kÿ�	]÷Kÿpì��Wî;ô3ýk÷;ðO��ô;íZìSõkí]ë;íKëF	�í�ð���ðf�]÷�(���ð¡�
îk��ë]î-í]ë+ì�ÿm÷Kÿ¢ð�íníKë#ý ÷]ð«	]÷Kÿ¢ì��*î]ô3ýk÷;ð7îX��ë�	�í-ð��5ðf÷3ý ì��5ð�é�_ý�	]÷]ð��#ï�í]ý;ÿ}í���ô;í�ðFì�ÿ}íX��õ*ë+)���ý*ô]î;ÿm÷9ý ÷o��íKë;í]ÿm÷]î;õkøVë
ï�íXô3ë%ë3ô;ík)�� îk��ë�(Sô3ë+ì�� {xi∗k }Nsi=1

÷3ý�ÿ}íY�0ô;í-ð^ì�ÿ¢í�÷KÿfvrîX�Vë%ÿ}í-í��r	3ýk÷��X��w
Ns

);í�î-í-ð�÷Á	]÷Kÿ¢ìSõ*ÿMï�íXô3ë]÷
ÿ¢í�	]ÿ}í�ð^íKë+ì^÷]î;õ ø�ëdïVõkð�î]ÿ¢í-ì^÷[÷3	KÿI�� 8õ��#÷Kï3÷=ï�í

p(xk | z1:k)
ï3÷]ï3÷H	�3ÿ

p(xk | z1:k) ≈
Ns∑

i=1

wikδ(xk − xik)
v(ù.é¨èJ��w

ï�í�ì^÷8ý"���3ÿb�#÷���ô;í
Pr(xi∗k = xjk) = wjk

éµU5÷x��ô;í�ðFì�ÿm÷@ÿ}í-ð!ô3ý ì^÷8ë+ìFí=í-ð#ï�í�~;í�î�~�� ô3ë]÷UïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë
��ô;í�ðFì�ÿm÷@õWë]ï�íY	�íKë]ïVõ íKë+ìFí=í[õüïp]ë+ìSõüî-÷gï�ídýk÷UïVõkðFì�ÿ�õ0�3ô]î;õkøVëdïVõkð�î]ÿ}í!ì^÷gù�éjèJ��±h�_	�3ÿný �gì^÷3ë+ì�� ý ��ðq	�í�ð���ð
÷3~��3ÿm÷#ð^í�ÿ¢í�÷;ðAõ ��ë]÷3ë�÷

wik = 1/Ns
é
�VðO	G��ðAõ0�3ý íZõ��r	3ý íY�#í]ë+ì^÷KÿJí�ðFìFír	]ÿ��Vî-í�ïVõ���õkíKë+ì���ï�í�ÿ}í���ô;í�ðFì�ÿ}íX�

í]ë
O(Ns)

��	5íKÿm÷]î;õ ��ë;í�ðZô;ð�÷3ë]ï� ô3ë]÷�)]÷]ÿ�õkí�ï3÷Kïdï�í\�fp!ì���ï�5ð ¸ ,6ô3ÿb	3~+�X±2ñ*G*�ñ ¹ é

�3ñ
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 ¯ë��uï�í@ý �5ð��f�]ð#îX��ë��Vî;õkï��ðZí�ð9íKýRÿ¢í���ô;í�ðFì�ÿ}í�� ð�õkðFìFí��f�;ìSõkîX�:¸�,[÷;ðktSíKý*ý&÷3ë]ïÁRÀ�3ÿmï��ë�±\ñ**�ñ�¹b±D�UðAô
��	5íKÿ}÷Kî+õkø�ëdð^íUï�í�ð�î]ÿ�õ0��íUíKëgíKý_êný ��3ÿ�õ ì!�f� ù.éYñ�±\ï��ë]ï�í U [a, b]

í-ð�ýk÷gïVõkðFì�ÿ�õ��3ô]î+õkø�ë ô3ë�õ ���3ÿb�9í[íKëgíKý
õ*ë+ìFíKÿI)]÷3ý �

[a, b]
é&þ��3ÿDî-÷Kï3÷a	]÷]ÿ¢ì��Wî;ô3ýk÷=ÿ}íY�0ô;í-ð^ì�ÿ¢í�÷]ï3÷

xj∗k
±�í-ð^ìFí#÷8ý ��3ÿ�õ ì!�f�0ï�í�ÿ¢í���ô;í�ðFì�ÿ}íX�=ì^÷��r��õ�p]ë

÷3ý0�#÷Kî!íKë]÷�í]ý"�pë]ïVõüî!í�ï�í�ðAô_	]÷]ï�ÿ}í�±_ï�íKë��5ì^÷]ï��	�3ÿ
ij
é

á0à>Ú_âJÛ^Ö*ã+�Xâ i�åË4uêwý �G�8ÿzõ ì!�u�6ï�í[ÿ¢í���ô;í�ðFì�ÿ}í��6ðAõ ð^ìFíY�'�+ìSõüîk�
N¨ë�õkî;õk÷8ýYõ��-÷KÿEýk÷��vô3ë]î+õkø�ë�ï�í�ïVõkðFì�ÿ�õ��3ô]î+õkø�ë[îX��ë�(Sô3ë+ì^÷"¾

c1 = 07vâJÛ
i = 2

~]÷]ðFì^÷
Ns

Õ&â
P���ë;ðFì�ÿ(ô+�-ídý ÷��vô3ë]î;õ ø�ë=ï�í�ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë[îk��ë�(Sô3ë+ì^÷E¾

ci = ci−1 + wik�2�2ÕÁ7vâ&Û
N¨ë�õkî;õk÷�íKë�íKý�����ë]ï�dï�í[ýk÷��vô3ë]î+õkø�ë�ï�í�ïVõkðFì�ÿ�õ��3ô]î+õkø�ë[îX��ë�(Sô3ë+ì^÷"¾

i = 1þ�ÿI��	�Vë;íKÿEô3ë_	3ô3ë+ì��dï�í=õWë�õkî;õ���¾
u1 ≈ U [0, N−1

s ]7vâJÛ
j = 1

~]÷;ðFì^÷
Ns

ÕJâ
,-�G);í]ÿ}ð^í�÷0ì�ÿm÷+)�p�ð�ï�í[ýk÷r�vô3ë]î;õkøVë=ï�í�ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë[îk��ë�(Sô3ë+ì^÷E¾

uj = u1 +N−1
s (j − 1)+-, Öpà>� uj < ci

ÕJâ
∗i = i+ 1�2�2Õ +-, Ö¢à>�

ê¯ð�õ��Vë]÷Kÿ¡�0ô;í-ð^ì�ÿ}÷E¾
xj∗k = xikþ��Vë]ï�íKÿm÷]ÿ�¾

wjk = N−1
sê¯ð�õ��Vë]÷Kÿ¡	]÷Kï�ÿ¢í¾

ij = i�2�2ÕÁ7vâ&Û
êwô3ëY��ô;í�íKýh	]÷;ð��gï�í[ÿ}íY�0ô;í-ð^ì�ÿ¢í��¼ÿ¢í�ï�ô]î-íUý �5ð�íX��í�îAì���ð�ï�íKýh	]ÿ����3ý í��#÷[ï�í�ï�íX��íKë;í]ÿm÷]î;õkøVë�±\õWë+ì�ÿ��Vï�ô]î-í
�5ì�ÿI��ð'	]ÿ����3ý í��#÷]ð'	]ÿ|�]î!ìSõkîX��ðX¾
è3é U3õ���õ ì^÷gý ÷-��	�3ÿpì�ô3ë�õüï3÷]ïgï�í�	]÷Kÿm÷3ý í]ý>õ ��÷Kÿ7í]ý`	]ÿ��Vî-í-ð��F��÷a��ô;í�ì��Vï3÷]ð9ýk÷;ð'	]÷Kÿ¢ì��*î]ô3ýk÷;ð�ï�í��5íKë=ð^íKÿ

îk���r��õWë]÷]ï3÷]ð-é
ñ.é UK÷]ð�	]÷Kÿ¢ì��*î]ô3ýk÷;ðr��ô;í[ìSõkíKë;íg÷3ý ì���ð-	5í�ð���ð

wik
ð��Vë@í�ðFì^÷]ï�*ðFìSõüî�÷3�9íKë+ìFí6ð^íKý í�î-î;õ��Vë]÷Kï3÷;ð\�0ô]î�~]÷]ð

);í�î-í-ð�éO��ð^ì�� îk��ë]ï�ô]î-í ÷ ô3ë]÷:	p]ÿmïVõüï3÷¼ï�íuïVõ );íKÿ¢ðAõkï3÷KïQí]ë+ì�ÿ}íQýk÷;ðH	]÷Kÿpì��Wî;ô3ýk÷;ð-� ý ÷���ô;í�ðFì�ÿm÷
ÿ¢í�ðAô3ý ì^÷3ë+ìFí îX��ë+ìFí]ë]ï�ÿ|�´��ô]îY~���ðª	3ô3ë+ì���ð ÿ}íY	�í!ìSõüï��ð-é?�VðFìFíº	KÿI���3ý íY�Z÷�±Xîk��ë���î+õüï� îk���f�
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��í]ë;íKÿ}÷8ë]ï� ý ÷]ð

N
	]÷Kÿpì��Wî]ô3ý ÷]ð-éaUK÷ ÷]î!ì�ô]÷3ý>õ ��÷]î;õ ø�ë í�ðFì�� í]ëý ÷Ï	G��ë]ï�íKÿ}÷Kî+õkø�ë ï�í ý ÷]ð:	]÷Kÿpì��Wî]ô3ý ÷]ð

��í]ë;íKÿ}÷Kï3÷;ðX±Dô+ìSõ*ý>õ ��÷3ë]ï��	]÷Kÿm÷=í]ý*ý �Uí]ý`�u�Vï�íKý �dï�íW���;ð^íKÿÌ)]÷Kî+õkø�ë�é
þ.÷]ÿm÷Ëÿ¢í�ð���ý );í]ÿuíKý\	]ÿ����3ý í��#÷ ï�íKýrcdU]êO,x±[î-÷Kï3÷ 	]÷]ÿ¢ì��Wî;ô3ýk÷ í]ëËô3ëö&ý ì�ÿ�� ï�í 	]÷Kÿpì��Wî;ô3ýk÷;ð/C\÷���s
V�ý ÷Kî�tk�¯íKý*ýYõ��-÷Kï��ÿ}í�	]ÿ}í-ð�í]ë+ì^÷ ô3ë]÷6ì�ÿ}÷X��í�î!ì��3ÿ�õk÷:	G��ð�õ��3ý í6ï�íKý7ÿ����G�5ì'� ô3ë¿�Z÷3	]÷"±d�¼ë��²°3ë�õüî-÷��9íKë+ìFí
ý ÷^	��ð�õüî+õkø�ëÙ÷KîAì�ô]÷8ý0±�îX���u� íKë ý ��ð:��m¶g;ð ¸ Z�~3ÿ�ô3ë�±�ñ**�ñ�÷ ¹ éqU5÷ õkï�í�÷½	]ÿ�õWë]î+õ�	]÷3ýTí�ðuí�ðFìSõ��#÷Kÿdô3ë
ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë¿	�5ð^ìFí]ÿ�õ��3ÿ

p(s1:t | z1:t, u0:t)
ð����Kÿ¢í ý ÷]ð�ì�ÿm÷k��í�î!ì��3ÿ�õk÷]ð�	�5ìFí]ë]î;õk÷8ý í�ð

s1:t
ï�í ô3ë%ÿI����Kì

ï3÷]ï�gðAô����;ð^íKÿÌ)]÷Kî+õ���ë;í-ð
z1:t

��ð!ô;ðW�9í�ïVõüî+õ���ë;í-ð#ï�í���ï�E�#í!ì�ÿ��W÷
u0:t

éhc�íUô+ìSõWýYõ��-÷Uí-ð^ì^÷dïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë
	G��ð^ìFí]ÿ�õ �8ÿu	]÷Kÿm÷uî-÷8ý î]ô3ýk÷]ÿ9ô3ë]÷uïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë¿	��ðFìFíKÿzõ��3ÿ�ï�í6�Z÷3	]÷;ðW�gì�ÿm÷X�-í�îAì��3ÿ�õü÷;ð ¸ REÿ�õ ð�í!ìvìSõ �;<��K'{, ±
ñ*G*G�G¹b¾

�31



ù.é$�2édgVõ*ý ì�ÿI��ð�ï�í\	]÷Kÿ¢ì��*î]ô3ýk÷;ð�÷�	3ýYõüî-÷Kï��ðwíKë\c�UKêO,

p(s1:t, m | z1:t, u0:t) = p(m | s1:t, z1:t)p(s1:t | z1:t, u0:t)

UY� ÷3ë+ìFíKÿ�õ �3ÿÁ	3ô;í�ï�íÂ~]÷Kî!íKÿ¢ð�í ï�íª�#÷8ë;í]ÿm÷ûí-ö�î;õ íKë+ìFí½��÷Ï��ô;í ýk÷/ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ëÖ	�5ð^ìFí]ÿ�õ��3ÿ6ð����]ÿ}í
�#÷�	]÷;ð

p(m | s1:t, z1:t)
	3ô;í�ï�íQî-÷8ý î]ô3ýk÷]ÿ}ð^í ÷8ë]÷3ý �YìSõüî�÷3�9íKë+ìFíG±Mï3÷Kï�½	G�3ÿ�îX��ë��Vî;õkï��ð

s1:t
�
z1:t

é
ê7ï�í��f�;ðOí�ðFì��F	3ô;í�ï�íW~]÷]î-í]ÿ}ð^íu�Vÿm÷]î;õü÷;ðO÷u��ô;í�ý ÷]ðfì�ÿm÷X�-í�îAì��8ÿzõü÷;ðQ��ý ��ðo�#÷�	]÷;ð¯ð���ëZîk��ë]ïVõüî+õ���ë]÷3ý0�9íKë+ìFí
õ*ë]ï�í�	�í]ë]ïVõkí]ë+ìFí�ðW¸0Z�~3ÿ(ô3ë�±_ñ*G*�ñ�÷+¹ré
þ.÷]ÿm÷�í�ðFìSõ��#÷KÿOýk÷�ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë�	��ðFìFíKÿzõ��3ÿ

p(s1:t | z1:t, u0:t)
ð����]ÿ}í0ýk÷;ðnì�ÿm÷k��í�î!ì��3ÿ�õk÷]ð�	�5ìFí]ë]î;õü÷3ý í-ðX±Vð�í

ô+ìSõ*ý>õ��-÷gô3ë�öJý ì�ÿ��dï�í\	]÷Kÿ¢ì��*î]ô3ý ÷]ð�í]ë=ï��ë]ï�í=ô3ëF�#÷�	]÷dõ*ë]ïVõ )�õkï�ô]÷8ý3ð^í�÷]ð��Vî;õü÷�÷�î�÷]ï3÷H��ô;í�ðFì�ÿm÷�éDPR÷]ï3÷
�#÷�	]÷0í�ð�îX�Vë;ð^ì�ÿ�ô�õüï�gï3÷Kï3÷;ð#ýk÷;ðO���;ð^íKÿÌ)]÷Kî+õ���ë;í-ð

z1:t
�dýk÷;ðMì�ÿm÷X�-í�îAì��3ÿ�õü÷;ð

s1:t
ÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kï3÷;ðr	G�3ÿOýk÷

	]÷Kÿpì��Wî;ô3ýk÷�îX�3ÿ(ÿ¢í�ðA	��ë]ïVõ íKë+ìFí�éJúnõüî�~��[ï�íu�Kì�ÿm÷\�Z÷3ë;íKÿ}÷"±8ð^íZ÷3	KÿI�J 8õ0�Z÷]ÿ|�=ýk÷�ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ë\	��ðFìFíKÿzõ��3ÿRí]ë
í]ýVìSõ í��r	�

t
ô;ð�÷3ë]ï� ô3ëUîk��ë�(Sô3ë+ì��@ï�í�	]÷Kÿ¢ì��*î]ô3ýk÷;ðW	��ë]ï�í]ÿm÷]ï3÷]ðk±&ï��ë]ï�í�î-÷Kï3÷x	]÷Kÿpì��Wî;ô3ýk÷Uí�ðA	�í�î+õ ö�î�÷

ô3ë]÷ ì�ÿ}÷X�-í�î!ì��3ÿzõü÷
S1:t

� ýk÷%îk�8ÿ�ÿ}í-ðk	G��ë]ïVõkí]ë+ìFí ÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kî+õkø�ë îk��ë]ïVõüî+õ���ë]÷3ý0�9íKë+ìFí��z÷]î!ì��3ÿ�õ ��÷]ï3÷%ï�í
P (mt)

¸I,6ô3ÿb	3~+�X±Dè+###Y¹ré
ê îk��ë+ìSõWë3ô]÷]î;õ ø�ë/ð�íª	Kÿ¢í�ð^íKë+ì^÷Ëô3ë]÷ ÿ}ík)�õkð�õkø�ëï�íûî!ø��u� ì�ÿm÷3�]÷�(F÷3ë ýk÷;ð��z÷;ð^í�ðÙï�íª	Kÿ¢í�ïVõüî-î;õ ø�ëÏ�
÷]î!ì�ô]÷3ý>õ ��÷]î;õ ø�ëXîk��ë6ö&ý ì�ÿI��ð�ï�í6	]÷]ÿ¢ì��Wî;ô3ýk÷;ð�íKë%ý ÷ ÿ}í-ð��Vý*ô]î;õ ø�ëuï�í]ýÀ	]ÿ��E�3ý í��#÷Xï�íuýk÷@î-÷Kÿ¢ì���Vÿm÷+���W÷XîX�Vë
ÿI����5ìFðu�#øG)�õ*ý í-ð�éJþ�ÿzõ��9íKÿ��Uð^í[ÿ}íX)�õ ða÷0ï�í-�Z÷3ë;íKÿ}÷a��í]ë�pKÿ�õkî�÷�±���íKë0ð�íX��ô�õüï3÷0ð�í\��ô;í�ðFì�ÿm÷gô3ë0í�(ví��r	3ý �
ð�õ��r	3ý>õ ö.î-÷Kï�%ð�õ��Vô�õkíKë]ï��ýk÷¼õ��r	3ý íY�#í]ë+ì^÷Kî+õkø�ë ï�í i_�*�9�.'*�Xsg���3�.�*4�: Pf<��*'*�{<��*�S� vaþ«,=êMþ�w ¸ .«�J�O÷Kÿmï�±
ñ*G*G�G¹{±�ýk÷@î;ô]÷8ýRô;ð�÷¼ô3ë]÷ ÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kî+õkø�ë ï�í]ý&÷��r��õkí]ë+ìFígï�í@ÿ¢í�(aõWý>ýk÷@ï�í��Vî]ô3	]÷]î;õ ø�ë�é��&ý��u�Vï�íKý � ï�í
���;ð^íKÿÌ)]÷Kî+õkø�ëZð�íW~]÷Kî!í#îk��ë=ý ÷=õ*ë+���3ÿb�#÷Kî+õkø�ëZï�íKý]ìFíKý pY�#í!ì�ÿ��6ý �]ð^íKÿD�ZðAô-�u��ï�í]ý �=ï�íW�u�G)�õ���õkí]ë+ì��0í-ð^ì��
	]÷Kÿ}÷��9í-ì�ÿzõ��-÷Kï��	]÷Kÿ}÷gÿ����G�5ìFð�ïVõ ��í]ÿ}í]ë]î;õü÷3ý í-ð�îX���u�UíKýJþRõ ��ë;í�í]ÿfñ5êhZ#é

ÛqÚ�í�Ú�Ù�Ú Ü+�+x�wF|~y���w�|~y�x�w Ï {8x�{cy���z�w65Y���[y�|F{}�Ç��{��F�87
�_ëgý ÷r�z÷;ð�í�ï�í �8�(�����* � !�*h�4 ±_ï�í-ðk	3ô�p-ð�ï�í�î�÷]ï3÷=÷Kî-î;õ ø�ë=ï�í-�u�G)�õ0��õ íKë+ì��Uï�íKý_ÿI����5ìA±Vð�í[ÿ¢í�	]ÿ��Vï�ô]î-í�íKý
îk��ë�(Sô3ë+ì���ï�ír	]÷Kÿ¢ì��*î]ô3ýk÷;ð�ô+ìSõWýYõ��-÷8ë]ï�dô3ë]÷�ïVõkðFì�ÿ�õ��3ô]î+õkø�ë�ï�í����]î;õWý���ô;í�ðFì�ÿ}íX��±���ô;í�ð^í0ý í9îX�Vë���î!í#îk���f�
��� ��<����*��H� -�>h�4=�8�()��_H5���-<z� ±Rýk÷�î]ô]÷3ý8ð�í0îX��ë;ðFì�ÿ(ô+�-í�÷_	]÷Kÿ¢ìSõ*ÿfï�íKý ��)����-'*)g�����0)�?A�>�0�>��4V<�) ï�íKý_ÿ��E��5ì!é
c�íMîX����õkí]ë���÷�îX��ë�í]ý+÷3ý ��3ÿ�õ ì!�f�Zï�íKý�ö&ý ì�ÿI��ï�íf	]÷Kÿpì��Wî;ô3ýk÷;ð�í�ðFìSõ��#÷3ë]ï��ýk÷�ì�ÿm÷X�-í�îAì��3ÿ�õü÷W	��ðFìFíKÿzõ��3ÿ

p(st |
st−1, u

t)
ï�íKýY�f�Vï�íKý �Zï�í��f��)�õ���õkíKë+ì���±��#÷3ë+ìFíKë�õkí]ë]ï�0ô3ë�îk��ë�(Sô3ë+ì��#ï�í�	]÷Kÿ¢ì��*î]ô3ýk÷;ðÀ��ô;í9ÿ¢í�	]ÿ}í�ð^íKë+ì^÷3ë

ý ÷ïVõ ð^ì�ÿzõ��3ô]î+õkø�ë�é-PR÷]ï3÷ 	]÷Kÿ¢ì��*î]ô3ý ÷
smt ∈ St

ÿ}í�	]ÿ}í-ð�í]ë+ì^÷8ë/ì�ÿ}÷X��í�î!ì��3ÿ�õk÷]ð�ð!ô3	3ô;í-ð^ì^÷;ðÙï�í]ý0ÿI����Kì
¸ ,-��ë+ìFí��9íKÿ�ý � �+<E�K'{, ±_ñ**�ñ�÷ ¹ é��VðFì^÷]ðq	]÷Kÿpì��Wî]ô3ý ÷]ð�ÿ}í-ð!ô3ý ì^÷8ë=ð�í]ÿT~�õ0	�ø5ìFí-ðAõ ð9ï�íUýk÷;ð�ïVõkðFìSõWë+ì^÷;ðq	��ð�õ��3ý í�ð
ë3ô;ík)]÷]ð'	G��ðAõkî;õ ��ë;í�ð�ï�íW���;ð^íKÿÌ)]÷Kî+õkø�ë�ï�ô3ÿm÷3ë+ìFídô3ë]÷�ì�ÿm÷X�-í�îAì��8ÿzõü÷6ÿ¢í�îX�3ÿ�ÿ�õüï3÷�éhc�í\	3ô;í�ï�í�ðAô3	��ë;í]ÿ���ô;í
í]ý8îX��ë�(Sô3ë+ì��Uï�ía	]÷]ÿ¢ì��Wî;ô3ýk÷;ð

St−1
í�ðFì��=ïVõkðFì�ÿ�õ0�3ô�õüï3÷0ï�í�÷Kî;ô;íKÿ}ï�g÷

p(s1:t−1 | z1:t−1, u0:t−1)
±&ý ����ô;í

í-ðZô3ë]÷=÷�	]ÿ��� 8õ0�Z÷]î;õ ø�ë[÷;ðAõ*ë+ìFø5ìSõüî-÷��9íKë+ìFí�îk�8ÿ�ÿ}í�î!ì^÷�é

�3�



ù.é$�2édgVõ*ý ì�ÿI��ð�ï�í\	]÷Kÿ¢ì��*î]ô3ýk÷;ð�÷�	3ýYõüî-÷Kï��ðwíKë\c�UKêO,

�_ë0í]ý3ð�õkðFìFí��#÷@þ«,=êMþ�±�í]ý��f�Vï�íKý �[ï�ía�u�G)�õ���õkí]ë+ì��[í�ðFì^÷�ï3÷]ï�_	�3ÿ¯ý �\��ô;í=ÿ}íY	�3ÿ¢ì^÷Uýk÷W��ï�E�#í!ì�ÿ��W÷�±
îk���f� íKý\î�÷3����õ �%ï�í6	��ð�õüî+õkø�ëuï�í

posi
÷
posi+1

±fï3÷Kï� íKýDîX���#÷8ë]ï� ï�íS�u�G)�õ0��õ íKë+ì��
ui
é¶��ð^ìFí

î-÷��r��õ��¼ï�íS	�5ðAõkî;õkøVëuí�ðUô3ë
∆pos

é¶U5÷uïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë¿	]ÿ���	3ô;í-ð^ì^÷uí�ðFì^÷��]÷;ða÷]ï3÷XíKëuïVõ ð^ì�ÿzõ��3ô]î+õ���ë;í-ð
ë��3ÿb�#÷3ý í�ðk±�ô3ë]÷W	�3ÿ&î�÷]ï3÷u��ÿ}÷Kï��ï�íZýYõ��5íKÿ¢ì^÷]ï�±3îk��ëW�#í�ïVõü÷�õ ��ô]÷8ý+÷#î-í]ÿ��q��)]÷Kÿ�õk÷8ë��-÷;ðT	]ÿ���	G�8ÿ}î;õ ��ë]÷8ý í�ð
÷

∆pos
é_ê�ð��Ì±À	]÷Kÿ}÷[î�÷]ï3÷x	]÷Kÿ¢ì��*î]ô3ýk÷�±�ýk÷[ïVõkðFì�ÿ�õ0�3ô]î;õ ø�ëdï�íF	]ÿ��E�]÷���õ*ý>õüï3÷]ï

p(st | st−1, u
t)
í�ðFì^÷dï3÷]ï3÷

	G�8ÿ

∆posjt .x = N (0, kx ∗∆posjt−1.x)

∆posjt .y = N (0, ky ∗∆posjt−1.y)

∆posjt .θ = N (0, kθ ∗∆posjt−1.θ)

ï��ë]ï�í ýk÷;ð
ki
ð���ë îX��í-ö�î;õkí]ë+ìFí�ð �5�%13)� 	]÷Kÿm÷ ýk÷¼ïVõ ð^ì�ÿzõ��3ô]î+õkø�ë ï�íu÷]î]ô;íKÿ}ï� ÷8ýDîX���r	�3ÿpì^÷���õkí]ë+ì��

���;ð^íKÿÌ)]÷��3ý í�ï�íKý_ÿ����G�5ì!é
�_ý

∆posjt
ð�ídý í�ð!ô3�#÷U÷6ýk÷x	��ð�õüî+õkø�ë=÷KîAì�ô]÷8ýDv(í]ë[íKý�ìSõkíY��	G�

t
w�ï�íKý&ÿ����G�5ì�ï�í]ë+ì�ÿ��@ï�íUýk÷x	]÷Kÿpì��Wî;ô3ýk÷

j
±2ï3÷3ë]ï�@ýk÷gë3ô;ík)]÷F	G��ðAõkî;õ ø�ë�í]ëgý ÷F	]÷Kÿpì��Wî;ô3ýk÷�é�U5÷F	G��ð�õüî;õ ø�ë0÷8ë+ìFí]ÿ�õ �8ÿ¶v

t− 1
w�	]÷]ð�÷=÷0ð^íKÿ¡	]÷KÿpìFí�ï�í

ý ÷0ì�ÿm÷X�-í�îAì��3ÿ�õü÷[ð^í���ô�õkï3÷H	�3ÿfïVõüî�~]÷H	]÷Kÿpì��Wî]ô3ý ÷Vé
 ¯ëuí�(víY��	3ý �%ðAõ0��	3ýYõ ö�î�÷]ï��	3ô;í�ï�íF);íKÿ¢ð�ígíKëQýk÷:gVõ ��ô3ÿm÷;ð�ù�én1S�Xù.én��é¶��ðdô3ë ÷3�r��õkíKë+ìFí�±�ï�Vë]ï�í ýk÷;ð
î!íKýkï3÷;ðXð���ëÙï�í]ýO��õ ðk�u� ì^÷��#÷�»��&��ô;í í]ý�ÿ����G�5ìA±MíKýTî;ô]÷8ýTî;ô;íKë+ì^÷óîk��ë ô3ë�ð^íKë;ð��8ÿdý��;ð^íKÿr��ô;íóý í
	5íKÿb��õ ìFí�);íKÿO÷Xè+]G* ◦ ~]÷]î;õü÷[í]ý��vÿ}í]ë+ìFí�é«�&ý\ÿI����Kì�ÿ}í�îk�3ÿ(ÿ}ígý ����ô;í�ì��Ì	�õüî-÷��9íKë+ìFí�ð�í]ÿ��W÷Xô3ë�	]÷;ðAõ*ý*ý �.é«�_ëí-ð^ìFí�í�(ví��r	3ý �Uð^ídô+ìSõ*ý>õ ��÷3ëH°3ë�õkî�÷3�#í]ë+ìFí�ï�5ð'	]÷Kÿ¢ì��*î]ô3ýk÷;ð-é
�_ëÙýk÷<gVõ ��ô3ÿm÷ ù.é21 ð^í²��ô;í�ðFì�ÿm÷3ëóýk÷;ðUï��ð�	]÷Kÿpì��Wî]ô3ý ÷]ðH��ô;í ð�í:�Z÷3ë+ìSõkí]ë;íKë í]ëQíKý7ìSõkíY��	G�Ù÷]î!ì�ô]÷3ý�¾
Pos1

t = [2, 3, 0◦]
�
Pos2

t = [3, 3, 0◦]
éQc�í ÷3	3ý>õüî-÷¼íKë+ì��Vë]î-í�ðXô3ë¼îX���#÷3ë]ï��ï�í¿�u�G)�õ���õkí]ë+ì��¿�

í]ýnÿI����5ì�ð�í¼ï�í�ðA	3ýk÷���÷[~]÷]î;õk÷ ÷]ï�íKý ÷8ë+ìFí5é� RìSõ*ý>õ ��÷3ë]ï� ý ÷QïVõ ��íKÿ¢íKë]î+õü÷ íKë+ì�ÿ}í ýk÷�	G��ðAõkî;õ ø�ë ÷]î!ì�ô]÷3ý�í]ë
ý ÷S	]÷Kÿ¢ì��*î]ô3ý ÷�� ýk÷XïVõ ð^ì^÷3ë]î;õk÷¼ÿ}íY	�3ÿ¢ì^÷]ï3÷Á	�3ÿ�ýk÷_�Vï���9í-ì�ÿI�W÷�±Rð�íF��íKë;í]ÿm÷¼ô3ë]÷¼ë3ô;ík)]÷S~�õ�	5ø5ìFí�ð�õkð\	�3ÿ
î-÷Kï3÷-	]÷Kÿpì��Wî]ô3ý ÷=ô+ìSõWý>õ ��÷3ë]ï�Uýk÷�ïVõkðFì�ÿ�õ0�3ô]î;õkøVë-	KÿI��	3ô;í�ðFì^÷"¾
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��ð^ì^÷_	G��ë]ï�íKÿ}÷Kî+õkø�ë0í�ðFì^÷[ï�í-ö&ë�õüï3÷_	G�8ÿ�¾

wmt = EGFIHKJMLMFONQPGRSFITVUXWVNZYK[\J)F^]VWEGFOH�J)LMFINGPGR_FOTVUa`GLKWV`GPG[_HKJ)b =
p(sm1:t | z1:t, u0:t)

q(sm1:t | z1:t, u0:t)
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�_ë�íKýKî�÷;ð��=ï�íKý]íb(FíY��	3ý �H�u��ðFì�ÿm÷]ï�0í]ë=ýk÷;ð�gVõ���ô3ÿ}÷]ðTù.é21q��ù.é2��±8ï��ë]ï�í
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îk��ëZí]ýKð�õ��Vô�õkíKë+ìFí�);í�î+õWë��2é3c_õVë�õ*ë���ô3ë]÷�î-í]ýkï3÷f);í�î;õWë]÷#ìSõ íKë;í�ô3ëf)]÷3ý �3ÿµ�#÷X���3ÿJï�í

8
±3í]ë+ì���ë]î-í-ðTí]ý�)]÷8ý �8ÿ

	G�8ÿ7ï�ík��í�îAì��@ï�í[ýk÷=ïVõ ð^ì^÷3ë]î;õk÷=í�ð
1000

é
ZDí]ÿb��õWë]÷]ï3÷Uï�ígÿ}í�îX�3ÿ(ÿ¢íKÿMý ÷=ì^÷��3ý ÷gï�ír);í�î;õ*ë���ðk±Jð^í0ìSõ íKë;ígý ÷gïVõ ð^ì^÷3ë]î;õk÷g÷@ý ÷dî!íKý ï3÷gîk��ëXô3ë-)]÷3ý �3ÿOï�í
�Vî]ô3	]÷]î;õ ø�ëS�#÷X�X�3ÿT÷

8
�f�]ð=ý í�(F÷8ë]÷gï�í@ýk÷@î!íKý ï3÷@ï�í@õWë]î;õkï�íKë]î+õü÷Xï�íKý�~]÷��[ï�í@ý>ô��Uï�íKýRý��;ð^íKÿvéOúnõkîY~]÷

ïVõ ð^ì^÷3ë]î;õk÷dð^íH��ô3ý ìSõ0	3ý>õüî-÷Kÿ|��	�3ÿ�íKý�ì^÷��#÷�»��@ï�ígýk÷Uî!íKýkï3÷\�[ð^í�ðAô3�Z÷UíKëXô3ëd÷]î]ô3��ô3ýk÷]ï�3ÿ���ô;ídý*ý íX)]÷
í]ý�í]ÿ(ÿ��3ÿfì��5ì^÷8ý�ï�ígý ÷_	]÷Kÿ¢ì��*î]ô3ý ÷dí]ë[íKýVìSõkí��r	�6÷KîAì�ô]÷8ýDv

t + 1
w!éµU5÷-��	5íKÿm÷]î;õ ø�ë[ð^ígÿ¢í�	�õ ìFíF	]÷Kÿm÷Uî-÷Kï3÷

î!íKýkï3÷��#÷Kÿmî-÷Kï3÷�	�3ÿOî-÷Kï3÷�~]÷��0ï�ígý*ô��0ï�ígýk÷Xý í�î!ì�ô3ÿ}÷gï�í]ý\ý��;ð^íKÿvé«�&ýD	�í�ð��Xï�ídýk÷�	]÷Kÿ¢ì��*î]ô3ýk÷Uí�ð�õ���ô]÷3ý
÷3ý�î]ô]÷]ï�ÿm÷]ï�dï�íUý ��ðMí]ÿ(ÿ��3ÿ¢í�ð�î�÷3ýkî;ô3ýk÷]ï��ð�íKëgýk÷H	]÷Kÿpì��Wî;ô3ýk÷H�f�]ð�ðAôa)]÷3ý �3ÿ�í]ë=íKý3ìSõ í��r	�g÷8ë+ìFí]ÿ�õ �8ÿré��&ý
÷3ý ��3ÿzõ ì!�u�gù�é2�Uí�ð���ô;í��#÷+ìSõ��-÷Xý �d÷8ë+ìFí-ð�ïVõüîY~��.é
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á0à>Ú_âJÛ^Ö*ã+�Xâ i�å y êwý �G�8ÿzõ ì!�u�6ï�í]ýh	��ë]ï�í]ÿm÷]ï�gï�í[ý ÷H	]÷Kÿ¢ì��*î]ô3ý ÷=íKëXþÀ,=ê�þ
error = 0

[SLKLMWVLpeol�mnFOeqW = 0.57vâJÛ�Ü\àjà ~]÷���ï�í[ý��;ð�í]ÿ Õ&â
þsr PDí]ýkï3÷=ð����Kÿ¢í[ýk÷-��ô;í=õWë]î+õüï�í�íKýh~]÷��
�#ïVõkðFìpr èJ***�·
7vâ&Û�Ü\àpà �7í�î;õ*ë���ð�ï�ídþ¼ð�íX��°3ë[ù�éjè+] Õ&â
�trºPDí]ýkï3÷a);í�î+õWë]÷=ï�ídþ
Ö07 )]÷3ý �3ÿ7ï�íq�Vî]ô3	]÷]î;õ ø�ë[ï�í

V > 8
ã , �_�

�#ïVõkðFìpr ïVõ ð^ì^÷3ë]î;õk÷=ï�íq� ÷6þ
�]ÿ}í�÷�t�vzìFíKÿb��õWë]÷[î+õüî;ý ��w

�_�.Õ Ön7
�2�2ÕÁ7râJÛ
error = error +mdist ∗ J�bceobcgGW"EG[iR_[SjOEGbÖn7
error > [SLKLMWVLpeol�mnFOeqW ã , �2�
error = [SLMLKWVL�eol�mnFOeqW�2�2Õ�Ön7

�2�2ÕÁ7vâ&Û
`u[_HMWqEG[ijdb"`kbcL�J)vIRSPGjOb = `2[SHKWoEG[ijOb-`GbcLKJMvORSPQjdb + error ∗ error

�_ë�íKý8î-÷]ð��Uï�í0ý ÷]ðwï��ð�	]÷]ÿ¢ì��Wî;ô3ýk÷;ð9ë3ô;ík)]÷]ðwï�íZí�(ví��r	3ý ��±Vð�õ8ð^í�îX��ë;ð�õüï�í]ÿm÷���ô;íZíKý3í]ÿ(ÿI�8ÿ¢	Kÿ¢íX)�õ���í�ð�ï�í
0
í]ëZ÷3�r���ð�î�÷;ð���ðk±�ý ÷]ð¶	]÷Kÿ¢ì��*î]ô3ýk÷;ð¯ð^í'	��ë]ï�í]ÿm÷KÿI�W÷3ë9÷]ð��8ï�í�÷]î]ô;íKÿ}ï��÷8ý+êný ��3ÿ�õ ì!�f��ù.é$��±Kð!ô3	G��ë�õkí]ë]ï�

��ô;íUð^ídìSõ íKë;íH] ý �]ð^íKÿ¢í�ð[õWë]î;õkï�íKë+ìFí-ð�í]ë����;ðFì��Kî;ô3ý ��ðk±�íKý�ÿ}í-ð^ì��¼÷8ý�ë��QõWë]î+õüïVõWÿTí]ë����;ðFì��Kî;ô3ý ��ð=ë�� ð�í
÷3ë]÷8ýYõ��-÷8ë"¾

Err1
t+1 = 0 ∗ 0.5 + 0 ∗ 0.5 + 1 ∗ 0.5 + 1000 ∗ 0.5 +

0 ∗ 0.5 + 0 ∗ 0.5 + 1 ∗ 0.5 + 1000 ∗ 0.5

= 0 + 0 + 0 + 0.5 + 0.5 + 0 + 0 + 0.5 + 0.5

= 2.0

Err2
t+1 = 1 ∗ 0.5 + 1 ∗ 0.5 + 1 ∗ 0.5 + 1.41 ∗ 0.5 +

1 ∗ 0.5 + 1 ∗ 0.5 + 1 ∗ 0.5 + 1.41 ∗ 0.5

= 0 + 0.5 + 0.5 + 0.5 + 0.705 + 0.5 + 0.5 + 0.5 + 0.705

= 4.41

�3ñ
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�E�;ð�í]ÿI)]÷3ë]ï�uý ÷�)]÷Kÿzõü÷3ë���÷�í]ë+ì�ÿ}í[ýk÷;ðf	]÷Kÿpì��Wî;ô3ýk÷;ðX·
÷3ô3ëY��ô;íZì^÷��r��õ�p]ë�ð^í\	3ô;í�ï�í]ë�ì����#÷Kÿµ�5ì�ÿ}÷]ðMí-ð^ì�ÿ}÷;ìFíX�Võü÷;ðk±Jîk���u�uô+ìSõ*ý>õ ��÷KÿOô3ëdô3�r�Kÿ}÷8ý�ï�í=õ ìFí]ÿm÷]î;õ ��ë;í�ð
�Xô3ë]÷=îk������õ*ë]÷Kî+õkø�ë=ï�í�÷��r�]÷]ð-é
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�%ë��
¾_ð�õ_íKý.ì^÷3�#÷�»��Xík��í�î!ìSõ )��uï�í6ýk÷��0ô;í-ð^ì�ÿ}÷gí-ða�#í]ë��3ÿE÷ ô3ëuô3�r�Kÿ}÷8ý_÷]ÿb��õ ì�ÿ}÷Kÿ�õ �¿v�*.é2]3wA±D�Xð�õ�~]÷3ë
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ö�(F÷Kï��	�3ÿ�í]ý&ô;ðAô]÷Kÿzõ���w!é
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í]ër	]ÿ��E�]÷���õ*ý>õüï3÷]ï�í�ðTë��3ÿb�#÷8ýYõ��-÷Kï3÷;ðX±Kð�íO�E�;ð�í]ÿI)]÷9ðAô�)]÷Kÿ�õk÷8ë��-÷O�9ð^í�÷3	3ý>õüî-÷�ý ÷a�Vî]ô]÷]î;õkøVë#ù�éjèJ�.é3Pfô]÷8ë]ï�
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ÛqÚ�í�Ú|írÚ �A�]zu�����À{�Ên����{��F�¦|~y�� ª �~���
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7vâJÛ�Ü\àjà P����#÷8ë]ï�gï�í-�u�G)�õ���õkí]ë+ì�� Õ&â
,6ô;í-ð^ì�ÿ¢í��gï�í

st
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�_ý=í�ðA	]÷]î;õ�� ï�í îX��ë+öE��ô3ÿm÷]î;õ ��ë;í�ðøvb�´P`s�cD	]÷]î-íJw í�ðô3ëÖ���3ÿb�#÷8ýYõkðA�f��	]÷Kÿ}÷ ý ÷�	3ý ÷8ë;í�÷Kî+õkø�ëËï�í
�u�G)�õ���õkí]ë+ì���ð-é� ¯ë]÷�îk��ë+ö��Vô3ÿm÷]î;õkøVë

q
ï�íKý2ÿI����5ì

A
í�ð#ô3ë]÷�í�ðA	�í�î;õ ö�î�÷]î;õ ø�ë�ï�íKý8í�ðFì^÷]ï�-���*ð�õüîX�Uï�í

Aîk��ë6ÿ¢í�ðA	�í�îAì��6÷6ô3ëF�#÷Kÿmîk�dö�(��gï�í]ýV÷��r��õkí]ë+ìFí
Fw

é
c&õfð^í õ0�Z÷��Võ*ë]÷�ô3ëÙÿ��E��5ìF�#ø�)�õWý

A
î]ô+��÷QîX��ë+öE��ô3ÿm÷]î;õ ø�ë�	3ô;í�ï�í ÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kÿ}ð^íQîX�E��	3ý í-ì^÷3�#í]ë+ìFí

îk���f�
q = (x, y, θ)

é
�&ý]í-ðk	]÷]î;õ �=ï�í9îX��ë+öE��ô3ÿm÷]î;õ ��ë;í�ðTï�í
A
í�ðEíKýKí�ðA	]÷]î;õ�� C ï�í�ì��Vï3÷]ðMý ÷]ðo	G��ð�õ��3ý í-ðîk��ë+ö��Vô3ÿm÷]î;õ��Vë;í�ðo)Y�3ý>õüï3÷;ð�ï�í

A
ï�íKë+ì�ÿI�6ï�í�ðAô[÷3����õ íKë+ìFí5é

UK÷�îX�Vë;ð^ì�ÿ�ô]î�î;õ ø�ër���*ð�õüî�÷�ï�íKý.ÿI����5ìA±�ð!ô0î;õ*ë;í��f�;ìSõkî�÷��Uý ÷F	]ÿ}í�ð^íKë]î+õü÷[ï�íq���;ðFì��]î]ô3ý �5ðMíKë0íKý8÷3�r��õkíKë+ìFí
	3ô;í�ï�í�	]ÿ��E~�õ���õWÿfî+õkíKÿpì^÷]ð�îk��ë+ö��Vô3ÿm÷]î;õ��Vë;í�ð-é
þ.÷]ÿm÷0ð�õ��r	3ý>õ ö.î-÷Kÿ�íKý�ô;ð��dï�íKý�í�ðA	]÷Kî+õ��Uï�í�îX�Vë+ö���ô3ÿ}÷Kî+õ���ë;í-ðX±Jô;ð!ô]÷3ý0�9íKë+ìFí�ð^í�ïVõWý ÷;ì^÷3ë[ý ��ðT���;ðFì��Kî;ô3ý ��ð
	]ÿ}í-ð�í]ë+ìFí�ðUíKë íKý7÷3�r��õkíKë+ìFí ýk÷ ý ��ë��Võ ì�ô]ï ï�í]ý¯ÿm÷]ïVõ�� ï�í]ýOÿ����G�5ìA±fï�í?�Z÷3ë;íKÿ}÷Á��ô;íXíKý�ÿ����G�5ì�	3ô;í�ï3÷
ðAô3	��ë;í]ÿ}ð^í�îX�E�f�@ô3ë\	3ô3ë+ì��2é8êóí�ðFì^÷�ïVõ*ýk÷+ì^÷Kî+õkø�ë�ð^í�ý í�ý*ý ÷��#÷Zì^÷��r��õ�p]ë�îk���u�6ýk÷ �-H5���Us6�>43ã�)3ñ\�Aã]� é
��ð^ì^÷�ïVõWý ÷;ì^÷]î;õ ø�ë\	3ô;í�ï�í�÷3	]ÿ}í�î+õü÷Kÿ¢ð�í#íKëUýk÷FgVõ���ô3ÿ}÷r�.én��±�ï��ë]ï�í#íKý�E�;ð^ì��]î]ô3ý �

Bi
í]ë�íKý��#÷Kÿ}îX�

W
±�÷8ý

ïVõ*ýk÷+ì^÷Kÿ}ð^í[íKýDÿ}÷KïVõ �uï�íKýRÿI����5ì
A
±\íKëgíKý.í�ðA	]÷Kî+õ�� ï�íUîX��ë+öE��ô3ÿ}÷Kî+õ���ë;í-ðZð�í-)3ô;í]ý );í6ô3ëF�E�;ð^ì��]î]ô3ý � ï�í

ïVõ0�#í]ë;ðAõ ��ë;í�ð�ïVõ ��í]ÿ}í]ë+ìFí�ð
CBi

é

gVõ ��ô3ÿm÷½�.én��¾�únõWýk÷+ì^÷]î;õkøVëûï�í<���;ðFì��Kî;ô3ý ��ðQí]ë í]ý9í-ðk	]÷]î;õ � ï�í îk��ë+öE��ô3ÿm÷]î;õ ��ë;í�ð&¸*êT~3ô]÷KîAì��;õ*ëû÷3ë]ï
g3ÿm÷�õüî�~]÷Kÿmï�±&ñ**��G¹ré
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��ð�	G��ð�õ��3ý íuë��uìFíKë;íKÿ9ýk÷¼ÿ¢í�	]ÿ}í�ð^íKë+ì^÷]î;õ ø�ë îX���r	3ý í!ì^÷uï�íKý\÷��r��õkí]ë+ìFíG±¡	�3ÿ|��ô;íFp�ðFì^÷Xð�íF���+ìFíKë]ï�ÿ��u÷8ý
ö&ë]÷8ýDï�í¼ýk÷uíA "	3ý �3ÿm÷]î;õkøVë�±T	�í]ÿ��Qð��¯ï�í]ý¯ý*ô��3÷]ÿO���;ð^íKÿI)]÷]ï�%í]ë ý ÷:	G��ð�õüî;õ ø�ë ÷KîAì�ô]÷8ýDï�íKý¯ÿI����Kì!é}�VðFì^÷
ÿ¢í�	]ÿ}í�ð^íKë+ì^÷]î;õ ø�ë0ð�íu���+ìSõkí]ë;íZ÷Zì�ÿm÷+)�p�ðnï�í#ðAô;ðwð^íKë;ð��3ÿ}í�ð-éVê í�ðFì^÷Uÿ¢í�	]ÿ}í�ð^íKë+ì^÷]î;õ ø�ëdý �Vî�÷3ý5ð^í0ý í�	3ô;í�ï�í]ë
ïVõ*ýk÷+ì^÷KÿOý ��ðO�E��(Fí!ì���ðo�����+ìFíKë;í]ÿfí]ý�í�ðA	]÷Kî+õ��gï�í0îk��ë+öE��ô3ÿm÷]î;õ ��ë;í�ð�ï�í]ë+ì�ÿ��gï�íUý ÷gÿ}íX�VõkøVë-���;ð^íKÿÌ)]÷��3ý í�é
�_ýG	]ÿ��+��í�î!ì���ï�í É '>�a"5��� ìSõkí]ë;íZô3ë�îX��ë+ì�ÿI��ýk÷]ï�3ÿd	]÷Kÿm÷����+ìFí]ë;íKÿ2í]ý+í�ðA	]÷Kî+õ���ï�íwîX��ë+öE��ô3ÿm÷]î;õ ��ë;í�ð�ï�íKë+ì�ÿI�
ï�í[ýk÷dÿ}í���õkø�ë����;ð^íKÿI)]÷3�3ý í-	G�3ÿfí]ý3ìFíKý p��9í-ì�ÿ�� ý��;ð�í]ÿvé�.f÷Kî!í�í-ð^ì��g÷]îX�3ÿ¢ì^÷3ë]ï�Xýk÷=ïVõ ð^ì^÷3ë]î;õk÷-���;ð�í]ÿI)]÷3�3ý í
	G�8ÿníKý7ý��;ð^íKÿ�±7÷]ï�í��f�]ð�ï�í ÿ}í�îk�3ÿ¢ì^÷Kÿ9ýk÷;ð��9í�ïVõkî;õ ��ë;í�ð���ô;í ë�� íKë+ì�ÿ}÷8ëuï�í]ë+ì�ÿ��¼ï�íKýJí�ðA	]÷Kî+õ�� ýYõ��]ÿ}íg÷8ý
ïVõ*ýk÷+ì^÷Kÿ}ð^í�ý ��ð����;ð^ì��]î]ô3ý ��ðk±wï�í]ý>õ���õ ì^÷3ë]ï� ý ÷�	�3ÿmî+õkø�ëóýYõ��]ÿ}í ï�íÁ���;ðFì��]î]ô3ý �5ð�é��&ëÙý ÷<gVõ���ô3ÿ}÷¿�2én] ð�í
���;ð^íKÿÌ)]÷=îX�E�f�uô3ë]÷gý í�î!ì�ô3ÿ}÷[ï�íKý_ý��;ð�í]ÿ�±2ð^í�÷]îX�3ÿpì^÷=÷gô3ë]÷6ÿ}íX�VõkøVë0ì��5ì^÷3ý0�9íKë+ìFíUë]÷+);í��3÷3�3ý í5é

½p�A¾¯� �S�z�A� ½��A¾f� �S�z�A�� » ª5 S���^�
gVõ ��ô3ÿm÷¿�2é2]�¾ �&ë¿�.én]�v(÷Gw[ð^íÁ���;ð^íKÿÌ)]÷ ý ÷óý í�îAì�ô3ÿm÷ î]ÿ(ô]ï3÷ ï�í ô3ëQìFíKý pY�#í!ì�ÿ�� ý �]ð^íKÿréu�_ë¿�2é2]�v���w[ð�í
���;ð^íKÿÌ)]÷uý ÷x��õ ðk�#÷ ý í�î!ì�ô3ÿ}÷�	5íKÿI�X÷�~��3ÿ}÷�	]ÿ��Vî-í-ða÷]ï3÷�	]÷]ÿm÷UíA ]ì�ÿm÷;íKÿ�íKý�í�ðA	]÷Kî+õ��uï�í=îk��ë+öE��ô3ÿm÷]î;õ ��ë;í�ð
	G��ðAõ0�3ý í�íKë0í�ð^í�í�ðA	]÷Kî+õ��uý �Vî�÷3ý{é�Zd�E�Z÷]ï�Uï�íKýh	]ÿ��+��í�î!ì��¼þ�ý ÷X��í]ÿ�ÓGc�ì^÷Y��í5é

í�Ú�àqÚ{à'Ú �����/w/�¤{�zux�w�|�y$yÀä ����w/�[����{��F�Ì��{cy-�/�
�_ýM÷3ý ��3ÿzõ ì!�u� ï�í íA "	3ý �8ÿ}÷Kî+õkø�ëÙî;õ í��3÷[�vô;í&~;í�îY~��Â	]÷Kÿm÷Ùí! "	3ý �3ÿm÷]ÿgô3ë ÷3�r��õkíKë+ìFí�±�ðAõ*ëÙìFíKë;í]ÿ6ô3ë]÷
ÿ¢í�	]ÿ}í�ð^íKë+ì^÷]î;õ ø�ë õ*ë]î]ÿ¢í��9íKë+ì^÷3ý#ï�í ý �¼��÷ î�÷Kÿpì����ÿ}÷;ö�÷Kï��±0ô+ìSõWýYõ��-÷8ë]ï�ûð^ø�ý �e�3°;ð���ô;í�ï3÷ ï�íKë+ì�ÿ��ï�í
í-ðk	]÷]î;õ �[ï�íZîk��ë+ö��Vô3ÿm÷]î;õ��Vë;í�ð�	�íKÿ}î;õ0��õ��3ý ír	�3ÿJíKý�ý �]ð^íKÿréD�_ý��vô3ë]ï3÷3�9íKë+ì��[ï�í]ý�÷3ý ��3ÿzõ ì!�u��í�ðFì��\�]÷]ð�÷Kï�
í]ë ýk÷%í!ì^÷�	]÷Qï�í:�3°;ð���ô;í�ï3÷Qï�íKý�÷3ý ��3ÿ�õ ì!�f� ï�í]ýo.OõWý ��ï�íuêwÿ�õk÷Kï�ë]÷[¸�,[÷Y�!íKÿ �;<Z�5'W, ±�èJ##�ñ�¹(é�únõüîY~��
÷3ý ��3ÿzõ ì!�u�6ìSõkí]ë;í=ð!ô;ð��vô3ë]ï3÷��9íKë+ì��5ð9í]ë ý ÷�	3ý ÷8ë;í�÷Kî+õkø�ë�	]ÿ��E�]÷���õ*ý �*ðFìSõüî-÷gï�í0ì�ÿm÷X�-í�îAì��8ÿzõü÷;ðX±\íKý2î;ô]÷8ý�ð�í
÷3	3ý>õkî�÷�íKë�ð�õ ì�ô]÷]î;õ��Vë;í�ð¯îk��ë�ÿ��E��5ìFðfîX��ëW��ô]îY~���ðÀ��ÿ}÷Kï��ðfï�í#ýYõ���í]ÿ¢ì^÷]ï'�Z÷3����õ íKë+ìFí-ð}�0ô+��îX���r	3ý íb(��5ð�é
R7í]ë�pKÿ�õkî�÷3�#í]ë+ìFíUí�ðFìFí=ìSõ�	�@ï�íU÷8ý ��3ÿ�õ ì!�u��ð�ì�ÿm÷3�]÷�(F÷3ëUíKë6ï��ð#í!ì^÷�	]÷;ðX¾JíA "	3ý �3ÿm÷]î;õkøVëF�Uí! "	3ý �5ì^÷]î;õ ø�ë�é
�_ë=ýk÷Zí!ì^÷�	]÷�ï�í�íA "	3ý �3ÿ}÷Kî+õkø�ëq�5íKë;íKÿ}÷8ë'��ÿm÷+����ðE÷3ý í�÷+ì��3ÿ�õ ��ð¶��ô;í�	�í]ÿb��õ ì^÷=ý*ý íX)]÷KÿJï�í�ô3ë�í�ðFì^÷]ï�[÷'�5ì�ÿ��
÷3ýDÿ��E��5ì#ï�íKë+ì�ÿI� ï�í]ý_í�ðA	]÷Kî+õ�� ï�íUîX��ë+öE��ô3ÿ}÷Kî+õ���ë;í-ð�éDêwý&îk��ë�(Sô3ë+ì�� ï�í\��ÿm÷+����ðf�E�+ìFíKë�õüï�5ð�ð�íU÷3	3ý>õkî�÷
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ý ÷@í-ì^÷3	]÷Xï�ídí! "	3ý �5ì^÷]î;õ ø�ë�±�ï��ë]ï�íUð^í6�3ô;ð�î�÷@í]ý«�9í�(��3ÿ¶��ÿm÷+���6��ô;í6	5íKÿb��õ ì^÷@í]ýJî�÷3����õ �¼ï�íUí�ðFì^÷]ï�
¸¢úwô]ï�í�t0÷8ë]ïdò+íKë3t;õWë�±_ñ*G**�¹(é
V��;ðAõkî�÷3�#í]ë+ìFí0í]ý.÷3ý �G�8ÿzõ ì!�u� ô+ìSõ*ý>õ��-÷=íKýVí�ðA	]÷]î;õ��6ï�í�îk��ë+öE��ô3ÿm÷]î;õ ��ë;í�ð�ý �Vî�÷3ý�±2í! ]ì�ÿm÷��Wï�gï�ídý ÷6ý í�îAì�ô3ÿm÷
ï�í]ýJý �]ð^íKÿ¶	]÷Kÿm÷[í]ý í���õWÿTýk÷_	�5ðAõkî;õkøVëx�'�;ð�ý íb(^÷3ë]÷a)�õkð�õ��3ý íG±_íKë+ì�ÿ¢ídý ÷x	��ð�õüî+õkø�ë=÷8ë+ìFí]ÿ�õ��3ÿ¯ï�íKý&ÿ����G�5ì}�gýk÷
÷]î!ì�ô]÷3ý{é7þ.÷Kÿ}÷ ý*ý í��3÷]ÿE÷uý ÷uë3ô;ík)]÷�	G��ð�õüî;õ ø�ë�±\í]ýDÿ��E��5ì��Võ*ÿm÷UíKýh�3ë���ô3ý �@í�ðA	�í�î;õ ö�î�÷]ï�?	�3ÿOí]ý.í-ðk	]÷]î;õ �
îk��ë+ö��Vô3ÿm÷]î;õ��Vë;í�ð}�0÷+)]÷8ë��-÷Uý ÷=ïVõkðFì^÷3ë]î;õü÷Uÿ}íY	�3ÿ¢ì^÷]ï3÷0ì^÷3����õ pKë�	�3ÿ�íKý�í�ðA	]÷Kî+õ��dï�í�îX��ë+öE��ô3ÿ}÷Kî+õ���ë;í-ð�é
M �����;ðFì^÷8ë+ìFí�±ní]ý��3ë���ô3ý � ÷?�Võ*ÿm÷Kÿ9ð^í¼ð^íKý í�î�î+õ���ë]÷ îX��ë ô3ë]÷�	��ý �>ìSõüî-÷

ε
s���ÿ¢í�í�ïG��±Q��÷¿��ô;í¼îk��ëÙô3ë]÷

	]ÿ����]÷3��õWýYõüï3÷]ï
ε
ð^í�ð^íKý í�î�î+õ���ë]÷ ô3ë��8ë��Vô3ý � ÷8ýn÷���÷]ÿvéMê7î!ì�� ð�íX��ô�õüï� íKý�ÿI����5ì_�VõWÿ}÷Kÿ|�Ñ~]÷Kî+õü÷ í-ða÷

ïVõ*ÿ}í�î-î;õ ø�ëH�d÷+)]÷3ë���÷Kÿ�� ý � õWë]ïVõkî�÷]ï�?	�3ÿOíKý.í�ðA	]÷Kî+õ�� ï�í[îX�Vë+ö���ô3ÿ}÷Kî+õ���ë;í-ð'�?~]÷;ð^ì^÷H��ô;í=ð�íUï�í!ìFí�îAìFí
ô3ë¿�E�;ð^ì��]î]ô3ý �Ùî-í]ÿmî-÷8ë��½	G�3ÿ�ý ��ðUð��Vë]÷Kÿ}í-ð�é4. íKý�î;õkî]ý � ð^í�ÿ}íY	�õ ìFí5éuUY� ÷3ë+ìFíKÿzõ��3ÿZð^í¼í! "	Kÿ¢í�ð�÷ í]ë íKý
êwý ��3ÿ�õ ì!�f�F�2é¨è3é
á0à>Ú_âJÛ^Ö*ã+�Xâ Bfå�äS�3 "	3ý �8ÿ}÷Kî+õkø�ë=î;õ í��3÷à*â\â �

P ← )]÷3ý �3ÿ7÷3ý í�÷+ì��3ÿ�õ �uô3ë�õ ���3ÿb�9í
[0, 1)Ön7

P < ε
ã , �_�

Angulo← )]÷3ý �3ÿ7÷8ý í�÷+ì��3ÿ�õ��Uí]ë+ì�ÿ}í
[0, π/2]

Distancia← ���+ìFíKë;í]ÿ¯ïVõ ð^ì^÷3ë]î;õk÷=íKë0íKý
Angulo�2à>���

MaxDist← 07vâJÛ�Ü\àjà UK÷]ð^íKÿ7í]ë=íKýDUK÷]ð^íKÿ�P�cD	]÷]î-í ÕJâ
Dist←

√
Xk−1 −Xk)2 + (Yk−1 − Yk)2 + Laser.DistanciaÖn7

Dist > MaxDist
ã , �_�

Angulo = Laser.Angulo

Distancia = Laser.Distancia

MaxDist = Distancia�2�2Õ�Ön7
�_�.ÕS7vâ&Û

�2�2Õ�Ön7
íb(Fí�î]ô+ì^÷Kÿ«�Võ*ÿ��d÷8ý

Angulo+-, Öpà>� ���;ðFì��]î]ô3ý �5ð�í�ðFì�pKë@ý í�(F÷8ë��5ð ÕJâ
í�(ví�î;ô+ì^÷Kÿf÷�)]÷3ë]î-í�îk��ë

Distancia�2�2Õ +-, Ö¢à>�
�2�2Õ à>âDâ �

�_ëQíKý¢�Kÿ}í�÷ ï�í¼÷3	Kÿ¢íKë]ïVõ ��÷�(ví²	�3ÿ�ÿ}ík�vô;íKÿI�X��±T��ô;íQõWë+ìFíKë+ì^÷ ÷3	Kÿ¢íKë]ï�íKÿ�ô3ë[�u��ï�í]ý � ÷�	]÷Kÿ¢ìSõ*ÿ�ï�í ô3ë
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	]ÿ��Vî-í-ð�� íA "	3ý �8ÿ}÷;ì��3ÿzõ���¸�,-�3ÿm÷3ý í-ð�,[÷8ë��-÷8ë]÷]ÿ}í�ðk±�ñ**��G¹réQ� 8õkðFìFíKëx)]÷]ÿ�õü÷;ð#ì�p�î]ë�õüî-÷]ð\	]÷Kÿ}÷@íA "	3ý �8ÿ}÷KÿTíKý
	]ÿ��Vî-í-ð��f��ô;í�õ*ë+ìFíKë+ì^÷'�f�Vï�íKý ÷Kÿ�±3ô+ìSõ*ý>õ��-÷3ë]ï�ZïVõkðFìSõWë+ì^÷;ðQ~;íKô3ÿI�*ðFìSõüî�÷;ð-éEUK÷f�'�;ðQ�Y�]ð�õüî-÷Mí�ðEýk÷MíA "	3ý �3ÿm÷]î;õkøVë
÷3ý í�÷;ì��3ÿ�õk÷"±Mý ÷%î]ô]÷3ý�±Oíb(ví�î]ô+ì��3ë]ï��ý ÷�~]÷]ðFì^÷%íKýOõWë+ö&ë�õ ì���±Oí�ðUî�÷3	]÷��uï�í í! "	3ý �3ÿm÷Kÿ�ì��Vï� íKýf÷��r��õkí]ë+ìFí�é
þ��3ÿÀ�5ì�ÿI� ý ÷Kï�[ìFíKë;íY�f�5ð�ý ÷_~;íKô3ÿI�*ðFìSõüî�÷Uï�í\�3°;ð���ô;í�ï3÷\��ý �Kì���ë]÷_v :.�(�����-" wk±Dýk÷�î]ô]÷3ý�ì�ÿ}÷;ì^÷[ï�í\�3ô;ð�î�÷Kÿ
ý ��î-÷8ýn�#í]ë+ìFí�î]ôY�3ý+í�ð�íKý3ÿ}í-ð!ô3ý ì^÷Kï��øE	+ìSõ��u�2é���ð^ì^÷�~;í]ô3ÿ��>ð^ìSõkî�÷�	5íKÿb��õ ìFí�í! "	3ý �3ÿm÷]ÿ2íKý�u�Vï�íKý ��í]ëW�#í]ë��8ÿ
ìSõ í��r	��±Rð�õWë6í��r�]÷Kÿ��� ð^ídìSõ íKë;íuýk÷S	G��ðAõ0��õWýYõüï3÷]ï ï�íH��ô;í�ï3÷Kÿn÷+ì�ÿm÷3	]÷Kï�uí]ë¼ô3ëÁ�u�pë�õ0�f� ý �Vî�÷3ýh� ô3ë
î+õüî]ý �2éMþ.÷]ÿm÷ õ*ë+ìFíKë+ì^÷Kÿ�ÿI����	5íKÿ�í-ð^ì^÷¼ð�õ ì�ô]÷]î;õ ø�ë�±¯ð^í¿	3ô;í�ï�í?~]÷]î-íKÿ�ô3ë]÷:�#íX��î;ýk÷Qï�í%ý ÷ íA "	3ý �3ÿm÷]î;õkøVë
÷3ý í�÷;ì��3ÿ�õk÷�� ýk÷���ý �5ì��Vë]÷²���+ìFí]ë�õkíKë]ï�ûô3ë]÷&	��ý �>ìSõüî-÷

ε
s :2�(�-���-" ±�ï�Vë]ï�íG±�îk���f�<��÷�ð^íQíA "	3ýYõüî-ø�±Mð�í

ð^íKý í�î�î+õ���ë]÷Qô3ë]÷X÷]î�î;õ ø�ëu÷3ý í�÷;ì��3ÿ�õk÷uîX��ë%ô3ë]÷Á	]ÿ��E�]÷���õ*ý>õüï3÷]ï�	5íJ��ô;íY»]÷ ï�í
ε
� ô3ë]÷u÷Kî-î;õkøVë���ý �Kì���ë]÷

îk��ë6ô3ë]÷H	]ÿ��E�]÷���õ*ý>õüï3÷]ï
1− ε é

þ��3ÿRý �#ì^÷8ë+ì���±5íKý]÷3ý �G�8ÿzõ ì!�u�-	Kÿ¢í�ð^íKë+ì^÷]ï��í�ðOîk����	3ý í-ì���±G��ÿm÷]î;õk÷]ð�÷�ý ÷r	�Vý �>ìSõkî�÷
ε
s���ÿ¢í�í�ïG��±5÷]ð^í���ô3ÿ}÷8ë]ï�

��ô;íOí]ý+�f�Vï�íKý ��ï�íKý-÷��r��õkí]ë+ìFíOð�í]ÿ|�}�E�+ìFíKë�õüï��í]ëwðAônì��Kì^÷8ýYõüï3÷]ï�±+÷Kï�íY�'�;ð¢	5íKÿb��õ ìFí¡��ô;íMô3ë]÷�ÿ}í���õkø�ëwï�íKý
�#÷�	]÷�ð�í�÷r)�õ ðAõ ì^÷Kï�x�f�]ðwï�í�ô3ë]÷r);íX�5é M �\���;ðFì^÷8ë+ìFí0ýk÷��E	+ìSõ��#÷8ýYõüï3÷]ïdï�í]ý�ìSõkíY��	G�Uï�í�îX��ë;ðFì�ÿ(ô]î-î;õ ø�ë
ï�í]ý`�#÷3	]÷�í�ðFì��_	�í]ÿmïVõüï3÷�é
 ¯ë]÷¼ï�í%ý ÷]ðr);íKë+ì^÷�(F÷]ð�ï�í@í�ðFìFí ÷8ý ��3ÿ�õ ì!�u� ï�í@í! "	3ý �3ÿm÷]î;õ ø�ë î;õkíX�3÷�±¯í�ð\��ô;í6íKýOÿ��E��5ìUë��Ùë;í�î!í�ð�õ ì^÷
ï�í ô3ë]÷óÿ¢í�	]ÿ}í-ð�í]ë+ì^÷Kî+õkø�ëÑ	]÷Kÿm÷<	3ýk÷3ë;í�÷]ÿ#ðAô;ðS�u�G)�õ���õkí]ë+ì���ðk±�	G�8ÿ�ý �[��ô;í�ë��^~]÷k�:��ô;í ý*ý íX)]÷Kÿ�ô3ë]÷
îk�8ÿ�ÿ}í-ðk	G��ë]ï�íKë]î+õü÷XíKë+ì�ÿ¢ídí]ýµ	KÿI��î!í�ð��¼ï�í]ý`cdUKêO, � ý ÷6íA "	3ý �3ÿm÷]î;õkøVë�±¢	�3ÿ�ý �Xì^÷3ë+ì�� í]ýRÿ����G�5ì9í�ðFì^÷Kÿ|�
í]ë îX��ë;ðFì^÷8ë+ìFí6�f��)�õ���õkíKë+ì��.éÀc_õWëXíY���]÷KÿI��%ð��fð^í@÷;ð^í���ô3ÿ}÷S��ô;í�±7ð�õWëQÿ¢í�ðFì�ÿ�õkî�î;õ ��ë;í�ð=ï�ídìSõ í��r	��±7íKý
í-ðk	]÷]î;õ � ð^íKÿ��uí! "	3ý �3ÿm÷]ï�¿	�3ÿnîX���r	3ý í!ì���±�î]ô3�r	3ý>õ íKë]ï� ì^÷��r��õ�p]ëXîX�Vë¼ýk÷gíA "	�í�î!ì^÷+ìSõ )]÷Xï�í\)���ý );íKÿT÷
�Kÿ¢í�÷;ðO��÷=í! "	3ý �3ÿm÷]ï3÷]ð�îk��ë[í]ý`	]ÿ��E	�ø�ð�õ ì��6ï�íF�9í�(��3ÿm÷KÿEý ÷6ý �Vî�÷3ý>õ��-÷]î;õkøVë[ï�íKý&ÿ��E��5ì!é.ê7ï�í��f�;ð9í]ý�îk��ðFì��
îk����	3ô+ì^÷]î;õ ��ë]÷3ý�í-ð¶��ô+�'�]÷�(���±K÷�ïVõ ��íKÿ}í]ë]î;õk÷9ï�í�ýk÷;ð¶�3°;ð���ô;í�ï3÷;ðÀ��ý ���]÷3ý í-ðOë;í�î-í-ða÷]ÿ�õü÷;ðT	]÷]ÿm÷�íKë]îk��ë+ì�ÿm÷Kÿ
ý ÷]ð}�vÿI��ë+ìFíKÿ}÷]ð'�f�;ð'	Kÿ¢øJ 8õ0�Z÷;ð-é
c&õ*ë�í��r�]÷KÿI���±�ða÷3��íY�f��ðT��ô;íW	�3ÿ�ÿ}÷Y�k��ë;í�ðnï�í9îX��ë;ðAô3�f�=ï�í#íKë;í]ÿ���*÷�ï�í0ýk÷-�]÷+ìFíKÿI�W÷;ðX±_ë���í-ð�	G��ðAõ0�3ý í
õ ��ë��3ÿm÷KÿJýk÷�ÿ}í�ðFì�ÿ�õkî�î+õkø�ë9ï�ínìSõ í��r	��ï�íníA "	3ý �3ÿ}÷Kî+õkø�ë�±�	�3ÿ\ý �'��ô;íO��ô;í�ï3÷9îk���u�#ì�ÿm÷3�]÷�(����vô+ì�ô3ÿ��a�3ô;ð�î�÷Kÿ
�9í�(��3ÿm÷KÿEý ÷]ðf~;í]ô3ÿ��>ð^ìSõkî�÷;ð9ï�í]ýV÷8ý ��3ÿ�õ ì!�u�dï�í�íA "	3ý �3ÿ}÷Kî+õkø�ë�é
UY��ð ÿ¢í�ðAô3ý ì^÷]ï��ð[���+ìFí]ë�õüï��ð îX��ëí-ð^ìFíû÷3ý �G�8ÿzõ ì!�u� ï�í í! "	3ý �3ÿm÷]î;õ ø�ëð���ëí! ]ì�ÿm÷3»���ðX±W��÷ø��ô;í í]ë
í]ý#ð�õ���ô3ýk÷]ï�3ÿ iD<z�!:2� ýk÷¼��	5íKÿm÷]î;õ ø�ëûð����]ÿ}í í]ý#í-ðk	]÷]î;õ � ï�í îX��ë+öE��ô3ÿm÷]î;õ ��ë;í�ð�ï�íKý�ý��;ð^íKÿ6ì�ÿ}÷��]÷�(F÷
í-ð^ì�ô3	5íKë]ï3÷3�#í]ë+ìFíG±3	�í]ÿ���íKëM÷��r��õkí]ë+ìFí�ð¯ÿ}í�÷8ý í�ðk±;îX��ëu	]÷]ð�õWý>ý ��ð\í�ðFì�ÿ}í�î�~���ðk±K÷3ý!ïVõWý ÷;ì^÷]ÿ}ð^í�ý ��ðd���;ðFì��]î]ô3ý �5ðX±
í]ý+í�ðA	]÷Kî+õ���ï�íwîX��ë+öE��ô3ÿm÷]î;õ ��ë;í�ðfð�ío)3ô;í]ý );í�ë3ô3ý ��±Kï�í�(F÷3ë]ï��÷8ýKÿ����G�5ìµ�Võ*ÿm÷3ë]ï�#ì�ÿm÷+ì^÷8ë]ï�Zï�íMíKë]îk��ë+ì�ÿm÷Kÿ
ô3ë]÷%ÿ(ô+ì^÷¿	]÷Kÿ}÷ ï�í-ðk	3ý ÷Y�-÷Kÿ}ð^í�énþ.÷Kÿ}÷ ð���ý );í]ë+ì^÷Kÿwì^÷3ý\î�÷;ð���±7ð^íXï�í-ìFí]ë��W÷Qýk÷XíA "	3ý �8ÿ}÷Kî+õkø�ë�±7ð^íx��	�í]ÿm÷3�]÷
îk��ë�(��+�;ð^ìSõkîYt íKýTÿ����G�5ì_~]÷;ðFì^÷óý ÷?�X�Vë]÷ ë�� íA "	3ý �3ÿm÷]ï3÷Á�%ð^í%÷]î!ìSõ )]÷3�]÷%ï�í ë3ô;íX)�� ýk÷%íA "	3ý �3ÿm÷]î;õkøVë
÷3ô+ìFø�ë����#÷Vé
��ð6÷3	Kÿ¢í�î+õü÷3�3ý í?��ô;í íKý¶	KÿI���3ý íY�Z÷<	]ÿ�õWë]î+õ�	]÷3ý�í]ëóýk÷QíA "	3ý �3ÿm÷]î;õkøVë î;õ í��3÷ í�ðdíKý¶	KÿI��î!í�ð�÷���õkí]ë+ì�� ï�íKý
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�2éYñ.éd� "	3ý �3ÿm÷]î;õ ø�ë0êwô+ìFø�ë����#÷

í-ðk	]÷]î;õ �#ï�ínîX��ë+öE��ô3ÿ}÷Kî+õ���ë;í-ð¯ý �Vî�÷3ý�±J��÷o��ô;íG±]îX�E�f��ð�ín÷]î�÷3�]÷Mï�íO�#í]ë]î;õ��Vë]÷Kÿ�±3ý �5ðRí�ðA	]÷Kî+õ���ð�í�ðFì�ÿ}í�îY~���ð
)3ô;í]ý );íKëQë3ô3ý ��ðUý ��ð�í�ðA	]÷Kî+õ���ð0ï�í@îk��ë+öE��ô3ÿm÷]î;õ ��ë;í�ð-éfê¯ð��Q��ô;í ýk÷Xð��Vý*ô]î;õ ø�ëuí�ðdÿ}ík)�õkð�÷KÿMí]ýR÷3ý ��3ÿ�õ ì!�f�
��ô;íW��í]ë;íKÿm÷=í]ý8í�ðA	]÷Kî+õ��gï�í�îX��ë+öE��ô3ÿm÷]î;õ ��ë;í�ðk±�	]÷Kÿm÷0íX)�õ ì^÷]ÿ�î-÷]í]ÿ7íKë=í-ð^ìFí�î-÷]ð��2é

í�Ú�àqÚ{Û'Ú Ü��dy�x�����w�|~y����¦yÀä/����w/������{��F�
þ.÷]ÿm÷@÷]î]ý ÷Kÿm÷KÿEí]ýh�vô3ë]î;õ��Vë]÷���õkí]ë+ì�� ï�í]ýRýk÷6í! "	3ý �3ÿm÷]î;õ ø�ë6î;õkíX�3÷S	]ÿ���	3ô;í-ð^ì^÷@ð^í�	Kÿ¢í�ð^íKë+ì^÷XíKý_ð�õ��Vô�õkíKë+ìFí
íb(FíY��	3ý �2é�U5÷;ð�î-÷�	+ì�ô3ÿ}÷]ð�ð���ë[ï�í]ý�ðAõ0�0ô3ý ÷Kï�3ÿ iD<z�!:2� é
�_ë�ýk÷WgVõ���ô3ÿ}÷��.én#�v(÷GwRð^í}���;ð^íKÿÌ)]÷9÷Zô3ë�ÿ��E��5ìµ��ô;í�	�í]ÿmî;õ0��íMðAô�÷3����õ íKë+ìFíMîk��ë�íKý-ìFíKý p��9í-ì�ÿ��=ý �]ð^íKÿré��_ë
ý ÷_gVõ��Vô3ÿm÷a�2é2#�v���wnð�í')�õ ð!ô]÷3ý>õ ��÷0íKý8í�ðA	]÷]î;õ��dï�í�îk��ë+ö��Vô3ÿm÷]î;õ��Vë;í�ð#ý ��î-÷8ý3�E�+ìFíKë�õüï�dï�í=ý ÷]ðf�9í�ïVõkî;õ ��ë;í�ð
ï�í]ý&ý �]ð^íKÿré

½p�A¾Rª��z�S«-� ½z��¾�±V� �F¤��A� ó � �F·_�!�
gVõ ��ô3ÿm÷q�2é2#�¾
�&ë'�2én#Evr÷�wOð^íf�E�;ð�í]ÿI)]÷�÷8ý8ÿI����5ì¯íKë=ô3ë�÷3�r��õkíKë+ìFí�ð�õ���ô3ýk÷]ï���=ý ÷a�#í�ïVõüî;õ ø�ë�ï�í]ý�ð^íKë;ð��8ÿ
ý �]ð^íKÿré��&ë\�2é2#�v���wwð�ír���;ð^íKÿI)]÷6ý ÷gý í�î!ì�ô3ÿ}÷dî-÷8ý î]ô3ý ÷Kï3÷_	G�8ÿ�í]ýdUK÷]ð^íKÿ�PDs�cD	]÷]î-í�éRú¯í�íKý>ýk÷-���+ìFí]ë;í��u��ð�íKý
�3ë���ô3ý �d÷gý ÷=ïVõkðFì^÷3ë]î;õü÷_�f�;ð#ýk÷KÿI�3÷6ÿ}í�îX�3ÿ(ÿzõ��3ý í�é

�_ý¢	]ÿ�õ��9íKÿq	]÷;ð��%í�ð0íKë+ì���ë]î!í�ð_�3ô;ð�î�÷Kÿ#ýk÷¿�#í�ïVõüî;õ ø�ë ý��;ð�í]ÿ'�f�]ðdý í�(F÷3ë]÷?�'�;ðgý ÷:	G��ðAõkî;õ ø�ë ÷8ë+ìFí]ÿ�õ �8ÿ
ï�í]ý\ÿ��E��5ìO�Xý ÷g÷]î!ì�ô]÷3ý�±Jï3÷Kï3÷UðAôdïVõkðFì^÷8ë]î+õü÷gí]ô]î]ýYõüïVõü÷3ë]÷�v

d =
√

(xk−1 − xk)2 + (yk−1 − yk)2 +

distancialaser
w!é
c&õ_ýk÷�	��ð�õüî+õkø�ë�ï�íKý2ÿI����5ìTí-ðZýk÷Uõ*ë�õüî+õü÷3ý�±.í]ë+ì���ë]î-í-ðZýk÷�ïVõ ð^ì^÷3ë]î;õk÷�íKô]î;ý>õkïVõü÷3ë]÷�í�ð

0�0ðAõ0��	3ý í��9íKë+ìFí0î]ô;í]ë+ì^÷Xý ÷=ïVõkðFì^÷3ë]î;õü÷dý��;ð�í]ÿT�f�]ð9ý í�(F÷3ë]÷Vé��VðFìFí0í]ý�î-÷]ð��dï�íKý�í�(víY��	3ý �2é
þ��3ÿEí-ðk	]÷]î;õ �¼ï�íUîk��ë+ö��Vô3ÿm÷]î;õ��Vë;í�ð�ð^ídð�÷3��í���ô;íXýk÷gïVõkðFì^÷8ë]î+õü÷Á�f�]ð�ý í�(F÷3ë]÷6÷3ý�	3ô3ë+ì�� ÷3ë+ìFíKÿzõ��3ÿ¡�g÷8ý
÷]î!ì�ô]÷3ý�í-ð^ì���÷ −54◦

îX��ë�ô3ë]÷�ïVõkðFì^÷3ë]î;õü÷�ï�í
7.75

�9í-ì�ÿ��5ðX±8ý �q��ô;í¶���3ÿb�#÷�ô3ë]÷Zý �jë;í�÷�ÿ}í�î!ì^÷�íA "	]ÿ}í�ð�÷]ï3÷
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�2éYù.édg3ô;ð�õkø�ë[ð^íKë;ð��3ÿ�õk÷8ý

í]ý2ýk÷xgVõ ��ô3ÿm÷a�.én#�v���w-éd�_ë+ì���ë]î-í-ðX±2í]ý_ÿ����G�5ìwíb(ví�î]ô+ì^÷0íKý"�VõWÿI�\�dý>ô;í���[ì�ÿ}÷;ì^÷[ï�í=ÿ¢í�îX�3ÿ�ÿ}íKÿTýk÷�ïVõkðFì^÷8ë]î+õü÷
���+ìFí]ë�õüï3÷�é
UK÷QïVõkðFì^÷8ë]î+õü÷ í�ðuÿ}í�îk�3ÿ(ÿ�õkï3÷ îX��ëóô3ë]÷ ÷]î-íKý íKÿ}÷Kî+õkø�ë[	]ÿ��E	�3ÿmî+õ���ë]÷3ý¯÷3ý¶	�3ÿmî!íKë+ì^÷�(Fí ï�í�ý ÷ ïVõkðFì^÷8ë]î+õü÷
ÿ¢í�îX�3ÿ�ÿ�õüï3÷�±¯îk��ë ÷Kî!íKý íKÿm÷]î;õ ø�ë:~]÷]ðFì^÷Qýk÷¿��õ ì^÷Kï ï�íKýfÿ}í�îX�3ÿ(ÿzõüï�¿� ï�í�ð�÷Kî!íKý íKÿm÷]î;õ ø�ë ï�í�ðA	3ô�p�ð[ï�í_p�ðFì^÷"±
�#÷8ë+ìFí]ë�õkí]ë]ï� îk���f� ý �Ë��õ ìFí ý ÷S);íKý ��î+õüï3÷]ï�í-ðk	5í�î;õ ö.î-÷Kï3÷Qí]ë ýk÷Qîk��ë+öE��ô3ÿm÷]î;õ ø�ë%ï�í]ý�ð�õkðFìFí��#÷<v{�7íKÿ
÷3	p]ë]ïVõüî-í�ê�éYñ.é$��w-é
,gõ íKë+ì�ÿm÷;ðEð�í�ÿ}í�îX�3ÿ(ÿ¢í�ý ÷�ïVõkðFì^÷8ë]î+õü÷�±8ð�í�ð!ô3	5íKÿÌ)�õkð�÷�îk��ë;ðFì^÷8ë+ìFíY�#í]ë+ìFí0ýk÷;ðMë3ô;íX)]÷;ð�ý í�î!ì�ô3ÿm÷;ðTï�íKý�ý��;ð�í]ÿh�
í]ýVð���ë]÷Kÿré
c&õ.÷8ý ��ô3ë]÷gý í�î!ì�ô3ÿ}÷a�vÿ���ë+ì^÷3ý�í�ð'�9íKë��3ÿ¯÷6ô3ë]÷�ïVõkðFì^÷8ë]î+õü÷[ï�í�ð�íX��ô3ÿ�õkï3÷Kïg÷8ý"���;ðFì��Kî;ô3ý ���'�;ð
î!íKÿmî-÷8ë���±2íKë+ì���ë]î!í�ð�íKý_ÿ��E��5ìwï�í-ìSõ íKë;í�ð!ôH�f�G)�õ0��õ íKë+ì��\�dÿ}í]õ*ë�õüî+õü÷=íKýVî+õüî]ý �2é
��ð^ì��r��î;ô3ÿ(ÿ¢í�ð�õ�ô3ë�ë3°3�9íKÿI��÷3ý í�÷;ì��3ÿ�õ ��ï�í�ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë=ô3ë�õ ���8ÿ{�#í�í-ðo�Z÷X�X�3ÿJ÷

ε
±8ï�í�ý ��îX��ë+ì�ÿ}÷Kÿ�õ ��±8íKý

�Võ*ÿ���ð^í�í]ý>õ ��í�ï�íW�#÷3ë;íKÿm÷#÷8ý í�÷+ì��8ÿzõü÷�±5ì^÷3����õ pKë�ï�í�ïVõ ð^ì�ÿzõ��3ô]î;õ ø�ë�ô3ë�õ ���3ÿb�9íG±�9ð�í�÷+)]÷8ë��-÷0ýk÷#ïVõkðFì^÷8ë]î+õü÷
ÿ¢í�	�3ÿpì^÷Kï3÷=í]ë�í-ðk	]÷]î;õ �6ï�í�îX�Vë+ö���ô3ÿ}÷Kî+õkø�ë=÷�í�ð^í��8ë���ô3ý �2é

ç²³ÄØ¿³ &A0+*�5À7�) *�:Â)+*�';.u5»<�C
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���;ðFì��]î]ô3ý �F���X�Vë]÷gý>õ0�Kÿ¢í�é
 ¯ë��Xï�ídý ��ð�ÿ}í!ì���ð'��ô;íF	Kÿ¢í�ð^íKë+ì^÷díKý�	]ÿ��E�3ý í��#÷dï�íKý
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ï�í�)]÷Kÿ�õ ��ðnð^íKë;ð��3ÿ}í-ð�ï�í0ë]÷+ì�ô3ÿm÷3ý íX��÷�ïVõkðFìSõWë+ì^÷Fv�ý �]ð^íKÿD��ð��Vë]÷Kÿ�w�¸ËPD÷�»]÷;ðw÷3ë]ïHRf÷Kÿ}îX�W÷JsAþEpKÿ}íX��±�ñ**�ñY¹ré`�&ý
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±8õWë]ïVõkî�÷3ë]ï��ýk÷9îX��ë+ö�÷8ë��-÷�íKë�ýk÷�íA 8õkðFìFíKë]î+õü÷9ï�í#ô3ë����;ðFì��Kî;ô3ý ��íKë�í-ða÷W	��ð�õüî+õkø�ë�±

��ô;í�ð^í���ô;íX);í�í]ë+ì�ÿ}í
CVmin = 0

�
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í]ë]î]ô;íKë+ì�ÿ}÷ íKëýk÷Ï	��ð�õüî+õkø�ë/ý ÷ ïVõkðFì^÷3ë]î;õü÷Â�#í�ïVõüï3÷Â	G�3ÿUíKý�ð^íKë;ð��3ÿ�±�ðAô^)]÷3ý �3ÿUï�í[�Vî]ô3	]÷]î;õ ø�ë ð�í
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±���÷:��ô;íQõWë]î;õkï�í ð����]ÿ}í íKý«���;ðFì��Kî;ô3ý �Ùï�í!ìFí�îAì^÷Kï�2é��&ë%î�÷3����õ ��±EíKëÙý ÷]ð
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ïVõ ðk��õWë3ô+�-í

∆(t) = −1
é

UK÷a�#íX��î;ýk÷�ï�í�õ*ë+���8ÿ{�Z÷]î;õ ø�ë�ð^ír~]÷]î-í�í��r	3ý í�÷Kï�dô3ë]÷=ÿ}í��Výk÷�÷KïVõ ìSõ )]÷q��ô;í�ð!ô3�#÷�íKýY)]÷8ý �3ÿ\ï�í]ýE�u�Vï�íKý �
ð^íKë;ð��3ÿ�õü÷3ýV÷8ýV÷]î]ô3��ô3ýk÷]ï�dï�íUý ÷=î-í]ýkï3÷"¾

CVi,j(t+ 1) = CVi,j(t) + ∆(t)
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���;ðFì��]î]ô3ý �díKëgô3ë]÷H��õkðA�Z÷[î!íKýkï3÷�é
Z�ÿ}÷8ë;ð����3ÿb�#÷8ë]ï�Xý ÷dõ��r	3ý>õkî�÷]î;õkøVëgý ø�Võüî-÷�íKëa�2é¨è0÷3ýh�0ô3ë]ï�dï�í[ýk÷;ðf	]ÿ����]÷3��õWýYõüï3÷]ï�í�ðk±2ð�ír���+ìSõ íKë;í¾

p(O) = p(S1 ∨ S2 · · · ∨ Sn)
vb�2éYñ3w

ê}~��3ÿ}÷"±�ðAô3	�Vë�õkíKë]ï�r��ô;íZý ÷]ðwý í�îAì�ô3ÿm÷;ðEï�íZý ��ðOïVõ ��íKÿ¢íKë+ìFí�ðOð^íKë;ð��3ÿ}í-ðTð���ër�0ô+ì�ô]÷3�9íKë+ìFíZõWë]ï�íY	�íKë]ïVõ íKëJs
ìFí-ðo�=íA 5î;ý*ô;ð�õ )���ðk±��gô+ìSõWý>õ ��÷3ë]ï�Xýk÷;ðZý ík��í-ð�ï�íH,-�3ÿI�3÷8ë0íKëa�2éYñ�±.ð^ír�E�+ìSõkíKë;íG¾

p(O) = p(S1) ∨ p(S2) · · · ∨ p(Sn)
vb�2éYù3w

p(O) = ¬(¬p(S1) ∧ ¬p(S2) · · · ∧ ¬p(Sn))
vb�.é2��w

= 1− (1− p(S1))(1− p(S2)) · · · (1− p(Sn))
vb�.é2��w

= 1−
n∏

i=1

(1− p(Si))
vb�.én13w

UK÷ ð�÷8ýYõüï3÷ íKë��]ÿ(ô+ì�� ï�í ý ��ðª�#÷�	]÷;ðõ*ë]ïVõ )�õkï�ô]÷8ý í�ð ï�í ý ��ð ð�í]ë;ð��3ÿ¢í�ð ô+ìSõ*ý>õ��-÷3ë]ï� íKý[í]ë+������ô;í
~�õ ð^ì���Vÿ|�3��õkîX��±8ð���ë')]÷3ý �3ÿ}í-ðnï�í9î-í]ÿ¢ìSõkï�ô3���]ÿ}í�v

CV
wQ��ô;í�)]÷3ë�ï�í

0
÷

255
±8ï�Vë]ï�í

0
õWë]ïVõüî-÷Zí�ðA	]÷Kî+õ��

�Vî]ô3	]÷]ï�H�
255

í-ðk	]÷]î;õ �¼ý>õ0�Kÿ¢í�é«U���ð�)]÷8ý �3ÿ}í�ð9ï�í�í-ð^ì^÷;ðZî!íKý ï3÷]ð9ð���ëdïVõ*ÿ}í�î!ì^÷3�#í]ë+ìFíUîX��ë+);í]ÿ¢ìSõ��3ý í�ð9íKë
÷Kÿ}îY~�õ )���ð@ï�í õ��f�Y��í]ë;í�ð6ïVõ��Võ ì^÷8ý í�ðH���3ÿ{�Z÷+ì��ûþdRT, v É );�F<z�K�3'*� È ���a" sg��� wk±nï��ë]ï�í íKýo�3ý ÷8ë]îk�Ùð�í
õkï�íKë+ìSõ ö�î�÷[îk��ë=í]ý

255
�0íKý_ë;íX��ÿ��gîX��ë

0
±��dý ��ðo)]÷3ý �3ÿ¢í�ð9õ*ë+ìFíKÿb�9í�ïVõ ��ð�ð��Vë6ë�õ );í]ý í-ð�ï�ír�Vÿ�õkð-é

VR÷�(���í-ð^ìFíTíKë+���E��ô;íEð�íO	3ô;í�ï�íwï�í�î;õWÿE��ô;íEð^íTìSõ íKë;í�ýk÷u	]ÿ����]÷3��õWýYõüï3÷]ï9ï�íTí�ðA	]÷]î;õ���ý>õ0�Kÿ¢íEðAõ-ð^í�ë��3ÿb�#÷3ý>õ��-÷3ë
ý ��ðS)]÷3ý �3ÿ}í-ðQï�í î-í]ÿ¢ìSõkï�ô3���]ÿ}í�±�í�ðFì��í-ð ¬p(Si) é�þE�8ÿXý �Ï��ô;í ýk÷ ðAõ0��	3ý í¼�0ô3ý ìSõ�	3ý>õkî�÷]î;õ ø�ë ï�í ýk÷
	]ÿ����]÷3��õWýYõüï3÷]ï=ï�í�í�ðA	]÷Kî+õ��6ýYõ��]ÿ}íZï�í�ýk÷;ðO��õ ðk�#÷;ðwî!íKýkï3÷;ðnï�í0ý �5ð��#÷3	]÷]ðTï�í0ý ��ðEð�í]ë;ð��3ÿ¢í�ð�õ*ë]ïVõ )�õkï�ô]÷8ý í�ð
�dë��3ÿb�#÷8ýYõ��-÷8ë]ï�Uí�ðFìFíW)]÷8ý �8ÿb±2ï3÷KÿI�W÷�í]ý")]÷3ý �3ÿ7ï�í�î-í]ÿ¢ìSõkï�ô3���]ÿ}í�ï�í�í�ðA	]÷Kî+õ��uý>õ��]ÿ}íW�vô;ð�õ���ë]÷]ï�2é

¬p(O) = (¬p(S1))(¬p(S2)) · · · (¬p(Sn))
vb�.én�3w

=
CV1

255

CV2

255
· · · CVn

255

vb�2é2]3w
CVfusion = ¬p(O) · 255

vb�2é2#3w
ê}~��3ÿ}÷ZðAõKð^ø�ý ��ð^í�ô+ìSõ*ý>õ��-÷3ë�ï��ð¯ð^íKë;ð��3ÿ}í-ðX±_ý��;ð�í]ÿh�Zð���ë]÷Kÿ}í-ðX±3í]ë+ì���ë]î-í-ð�ý ÷-��î;ô]÷Kî+õkø�ëf�2é2#�ð^í�ðAõ0��	3ýYõ ö�î�÷
÷"¾

CVfusion =
CVsonar · CVlaser

255

v{�2é¨è+*3w
�]
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P���ë�ý ÷-��î;ô]÷Kî+õkø�ëf�2é¨è+*Zð�íW~]÷]î-í�ýk÷u�vô;ð�õkøVë#ð^íKë;ð��3ÿ�õü÷3ý5ï�í�ý ��ð}�#÷�	]÷;ðo~;í�î�~���ðEîX�Vë�ýk÷�õWë+���3ÿb�#÷Kî+õkø�ëZï�íKý
ð���ë]÷Kÿ���íKý2ý �]ð^íKÿb±��0÷]ð��
���+ìFíKë;í]ÿEý ��ð�ï�5ðf�Z÷3	]÷;ð9ë;í�î!í�ð�÷Kÿ�õ ��ðX¾�°3ë�õkî�÷3�#í]ë+ìFí[ý��;ð�í]ÿQ	]÷Kÿm÷gý ��î-÷8ýYõ��-÷Kî+õkø�ë
�dýk÷��vô;ð�õkøVë[ï�í�ð��Vë]÷Kÿ��gý �]ð^íKÿ¡	]÷Kÿ}÷6ýk÷H	3ý ÷8ë;í�÷Kî+õkø�ë�ï�í\�f��)�õ���õkíKë+ì��5ð�é
 ¯ë]÷f���;ð^íKÿÌ)]÷Kî+õkø�ë�õWë+ìFí]ÿ}í-ða÷3ë+ìFí�í�ð¡��ô;í�íKë�ý �5ð}	KÿI���ÿ}÷��#÷]ð¯ï�í'	KÿI��î!í�ð�÷���õkí]ë+ì���ïVõ �Võ ì^÷3ý;ï�í#õ��f����íKë;í-ðX±
ì^÷3ý í-ðOîX���u� É 13)8<�);�A13)�� � È �>�#� ±"~]÷X��)]÷Kÿ�õk÷]ð¶�Z÷3ë;íKÿ}÷]ðOï�ío�vô;ð�õ��Vë]÷Kÿ&ï��ð��-�f�]ðTõ��f�Y��í]ë;í�ðE÷3	�õWý ÷Kï3÷;ð
í]ëZî-÷�	]÷;ð ¸ REÿ�ô;ðaî�~;íKý0±8ñ**G� ¹ ±3ï�í�íKë+ì�ÿ¢í�í�ðFì^÷]ð}�#÷3ë;íKÿm÷;ðOí�ðFì��3ë0ý ÷��f�Vï��ðfðAõ0�fp!ì�ÿ�õüîk��ðk±_ë���ð�õ��up-ì�ÿzõüîk��ðX±
��ð�î]ô3ÿ¢í�î!í�ï�3ÿ}í-ðX±&÷3�KÿzõWý*ý ÷8ë+ì^÷]ï�3ÿ}í-ðX±2÷3ë+ìSõkð�õ��up-ì�ÿzõüîk��ðX±2í!ì^î5éRú¯í]ë+ì�ÿ��Xý ��ð��f�Vï��ðo�5ðaî;ô3ÿ}í�î!í�ï�3ÿ}í-ðq~]÷X�Uô3ë
�up-ì��Vï�W��ô;íMð^íZý*ýk÷3�#÷ �%�Jà>ã�Ö � à¨Ö{×�Ü.ÕJâJÛ ±+íKý;î;ô]÷8ý��vô3ë]î;õ��Vë]÷#ï�í#ý ÷r��õkðA�Z÷W�Z÷3ë;íKÿ}÷#îX�E�f�qp-ð^ì^÷u�vô;ð�õkøVë
ð^íKë;ð��3ÿ�õü÷3ý�¾���ô3ý ìSõ0	3ý>õkî�÷3ë]ï� ý ��ð'	�õ  Kí]ý í�ð�îk�VõWë]î+õüï�í]ë+ìFí�ðO�=ïVõ )�õüïVõ pKë]ï��ý ��ðMíKë+ì�ÿ¢í

255
é

í�Ú�ÛqÚ|írÚ Ü��dy�x�����w/�È|~y$�����1{c�4�
ê îX�Vë+ìSõWë3ô]÷]î;õkøVëwð^í�ý>õkðFì^÷9ô3ë]÷wð^íKÿzõkíTï�íEî�÷;ð���ð�ï��ë]ï�íMýk÷¶�vô;ðAõ ø�ëwð^íMÿ}í�÷8ýYõ��!ø�±+���;ð^íKÿÌ)]÷8ë]ï�Zý ÷]ðRïVõ ��íKÿ¢íKë+ìFí�ð
îk������õ*ë]÷Kî+õ���ë;í-ð=ï�íH���;ð�í]ÿI)]÷]î;õ ��ë;í�ð�îX��ë ï�í!ìFí�î�î+õkø�ë ï�íH���;ð^ì��]î]ô3ý ��ðH	G��ð�õ ìSõ )��5ðr�%ë;íX�3÷+ìSõ )���ð�ì^÷8ë+ì��
ï�í]ýVð���ë]÷Kÿfîk���f�dï�í]ý&ý �]ð^íKÿµ�0ð!ô=îX���r��õWë]÷]î;õ ø�ë0íKë6ý ÷a�vô;ðAõ ø�ë0ð�í]ë;ð��3ÿ�õk÷8ýWé
�_ýÀ	]ÿ�õ0�#í]ÿ�î-÷]ð�� ð^í��0ô;í-ð^ì�ÿ}÷ í]ë%ýk÷¿gVõ ��ô3ÿm÷x�2é¨è�è3éQ��ð^ì^÷Xí-ðUý ÷X÷��r	3ý>õ ö.î-÷Kî+õkø�ë@ï�í ô3ë]÷@ð^í�î-î;õ ø�ë ï�íKý
�#÷�	]÷�íKý ÷��G�8ÿ}÷Kï�#íKë9íKý�ú¯í�	]÷]ÿ¢ì^÷3�#í]ë+ì��0ï�íW,[÷+ìFí��f�+ìSõüî�÷;ð¯ï�í]ýPR÷3�r	3ô;ð¶Pfô;íKÿ(ë]÷+)]÷]î�÷�é��&ë�í�ðFìFí�î�÷;ð��
í-ðUô3ëS�0ô3ÿI�?��ô;í��vô;í����;ð�í]ÿI)]÷]ï� ð�õWëXîX���r	3ý>õkî�÷]î;õ��Vë;í�ð�ì^÷8ë+ì���	�3ÿTíKýJð��Vë]÷KÿnîX���u�¼í]ý7ý �]ð^íKÿréRê«��ô��
ý ÷��vô;ðAõ ø�ë=ð^íKë;ð��3ÿ�õk÷8ý�îX���r��õWë]÷[÷3�r�]÷]ð'~�õ0	�ø5ìFí-ðAõ ð�ï3÷8ë]ï�uô3ë]÷H�#÷X���3ÿfî]ÿ¢í�í]ë]î;õü÷[í]ë6ýk÷=í! 8õkðFìFíKë]î+õü÷Uï�íKý
���;ðFì��]î]ô3ý �.é
P����u�=ð�í�	3ô;í�ï�í�÷3	Kÿ¢í�î+õü÷Kÿb±�íKë[ý ÷'�vô;ðAõ ø�ë�ð�í]ë;ð��3ÿzõü÷3ý�±Jý ÷]ð¶�k��ë]÷]ðT��ÿ�õ ð�í-ðX±���ô;í0ÿ¢í�	]ÿ}í�ð^íKë+ì^÷3ë
	]÷KÿpìFí�ð�ï�í-ðaîk��ë��Vî;õüï3÷;ðk±R÷8ô3�9íKë+ì^÷uýk÷gî]ÿ}í-íKë]î+õü÷@ï�í=ð^íKÿ¡�E�;ð^ì��]î]ô3ý ��ða�u��ð^ì�ÿ}÷8ë]ï�%ô3ë]÷[ì���ë]÷3ý>õkï3÷Kï���ÿzõkð
�f�]ðO�5ðaî;ô3ÿm÷�é

½p�A¾\���;���A� ½��A¾f� �S�z�A� ½p�a¾J®m�a�v� £;�
gVõ ��ô3ÿm÷_�.éjè�è¾¢�&ëF�2é¨è�èv(÷Gw�ð�íx��ô;í�ðFì�ÿm÷¼ô3ë6î�÷;ð��?	G��ð�õ ìSõ )��uï�ídï�í!ìFí�î�î+õkø�ë@ï�í@ô3ëF���;ð^ì��]î]ô3ý �¿	�3ÿEíKý
ð���ë]÷Kÿré��&ý��õkðA�u�r�E�;ð^ì��]î]ô3ý �'�vô;í�ï�í-ìFí�îAì^÷Kï��ì^÷3����õ pKër	�3ÿ2í]ý�ý��;ð�í]ÿµvb�2é¨è�èv���w×w!é��VðFì��=ÿ}í-ð!ô3ý ì^÷#íKë�ô3ë]÷
�vô;ð�õkø�ë�ï��ë]ï�íZ÷3���]÷;ð�ý í�î!ì�ô3ÿm÷;ðwð^íZîk���r��õWë]÷3ë\	]÷Kÿm÷=ô3ë]÷'�vô;íKÿpìFía~�õ�	5ø5ìFí�ð�õkðnï�íf���;ðFì��]î]ô3ý �Hvb�2é¨è�èv(îJw�w-é

�_ý\ð^í���ô3ë]ï�¼î�÷;ð���±TgVõ ��ô3ÿm÷��2é¨è+ñ�±Rí-ð�î;ô]÷8ë]ï� íKýfý��;ð�í]ÿ9ë��S���;ð^íKÿI)]÷¼ô3ëx���;ð^ì��]î]ô3ý � ì�ÿ}÷]ðAý0°]î+õüï�¿��ô;í

�#
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í]ýnð���ë]÷Kÿ�ð��o);íG±�÷3ô3ëY��ô;í îX��ë î;õ íKÿ¢ì��5ð:	]ÿ��E�3ý í��#÷;ðuï�í í-ðk	5í�î;ô3ýk÷Kÿzõüï3÷]ï�±Zý �^��ô;í?���8ÿ{�Z÷óîk��ë���ðuï�í
�Vî]ô3	]÷]î;õ ø�ë�é}UK÷��vô;ð�õkø�ë ÿ}í-ð!ô3ý ì^÷8ë+ìFí?�#÷Kÿ}î�÷�ô3ë]÷¿~�õ�	5ø5ìFí�ð�õkð[ï�í��E�;ð^ì��]î]ô3ý � îX��ë¼÷8ý ì^÷:	]ÿ��E�]÷���õ*ý>õüï3÷]ï�±
÷3ô3ëY��ô;ídë��gì^÷8ëU÷3�;ð���ý*ô+ì^÷UîX�E�f�H��î;ô3ÿ(ÿ}í�îX��ëXô3ë_�0ô3ÿI�2éµ�VðFìFí=í�(ví��r	3ý �dì^÷��r��õ�p]ëUð�í����+ì�ô+)��6í]ëUíKý
�#÷�	]÷�ï�í#ú¯í�	]÷Kÿpì^÷��9íKë+ì���ï�íf,[÷;ìFíY�'�+ìSõüî-÷]ð-éGc��Vë'	3ô;íKÿpì^÷]ð�ï�íT)�õüï�ÿzõ��#÷KïG��÷Kî!íKë+ìFí-ðX±G��ô;íMï3÷3ë�íKë+ì�ÿm÷]ï3÷
÷gý ��ð�î]ô3���*î]ô3ý ��ð�ï�í[ý ��ð#õ*ë+);í�ðFìSõ��3÷]ï�3ÿ}í�ð-é

½p�A¾\���;���A� ½��A¾f� �S�z�A� ½p�a¾J®m�a�v� £;�
gVõ ��ô3ÿm÷r�2éjè�ñ�¾D�_ër�2éjè�ñ�vr÷�wEð^í-��ô;í�ðFì�ÿm÷dô3ë0î-÷]ð��Uï�í�ï�í-ìFí�î�î+õkø�ë�ï�í'���;ðFì��Kî;ô3ý �Uï�í]ý3ð��Vë]÷KÿvéD�&ý���õkðA�f�
���;ðFì��]î]ô3ý �uë��H�vô;í�ï�í!ìFí�î!ì^÷]ï�S	G�3ÿ�í]ý&ý �]ð^íKÿTvb�.éjè+ñEv���w×w!é��VðFì�� ÿ¢í�ðAô3ý ì^÷[íKëgô3ë]÷a�vô;ðAõ ø�ëUîX�Vë6ô3ë]÷[÷3ý ì^÷
	]ÿ����]÷3��õWýYõüï3÷]ïdí]ë6ý ÷H~�õ�	5ø5ìFí�ð�õkð�ï�íW�Vî]ô3	]÷]î;õkøVë_v{�2éjè�ñ�vrî�w×w-é

UK÷<gVõ���ô3ÿ}÷:�.éjè+ùE±���ô;í�ðFì�ÿm÷ íKý�î�÷;ð��Ùî]ô]÷3ë]ï� í]ý�ð���ë]÷Kÿb±wï�íY��õüï� ÷óý �²�Vÿ(ô;í�ð��óï�í]ý��3ë���ô3ý ��ï�í�ý ��ð
ð^íKë;ð��3ÿ}í�ð���í]ý3	�VîX�Zì�ÿ|�3ë;ð�õ ì���ï�íKý3ÿI����5ì¡	G�8ÿ.í�ð�÷0ÿ}íX�Võkø�ë�±KíKý3�#÷�	]÷9ï�íKý;ð���ë]÷Kÿd�#÷Kÿ}î�÷Zîk���f�W�Vî]ô3	]÷]ï3÷
ô3ë]÷Xð^í�î�î+õkø�ë ï�í]ý«�#÷3	]÷6��ô;ídíKýfý��;ð�í]ÿ9ÿ¢í�	G�8ÿpì^÷ îk���u��ý>õ0�Kÿ¢íG±À��ÿm÷]î;õk÷]ð�÷@ðAôuíA 5÷]î!ìSõ ì�ô]ïS�@ö&ë;í��-÷ í]ë
ðAôg÷8ë���ô3ý ÷Kÿ�õkï3÷Kï2éÀU5÷\�vô;ð�õkø�ëuÿ}í-ð!ô3ý ì^÷8ë+ìFí[í-ð�ô3ë]÷�~�õ�	�øKìFí�ð�õkðk±Rï��ë]ï�í6ý ÷�	]ÿ����]÷3��õWýYõüï3÷]ïXï�í-�Vî]ô3	]÷]î;õkøVë
ïVõ ðk��õWë3ô+�-íG±d	5íKÿ��@ë��Xý �[ð!ô+ö�î;õ íKë+ìFí�	]÷Kÿm÷��f��ðFì�ÿm÷]ÿTý ÷��k��ë]÷=îk���f�XýYõ��]ÿ}í�é��VðFìFí0î-÷]ð��Uí�ðwì^÷3�r��õ�pKë=ï�íKý
ú¯íY	]÷Kÿ¢ì^÷3�#í]ë+ì��=ï�ír,[÷+ìFí��f�;ìSõkî�÷;ðOíKë�ô3ë#í�ðA	]÷Kî+õ����0ô+�0ÿ}í�ï�ô]î;õüï��±Vï�Vë]ï�í�í]ý8ÿ����G�5ìnë���ð^í9ï�í-ðk	3ý ÷Y�!ø�±
°3ë�õkî�÷3�#í]ë+ìFídý �F�E�;ð�í]ÿI);øUíKë�ð!ôH�f�G)�õ0��õ íKë+ì��2é

½p�A¾\���;���A� ½��A¾f� �S�z�A� ½p�a¾J®m�a�v� £;�
gVõ ��ô3ÿm÷W�2é¨è+ù�¾Á�_ër�2éjè�ù�vr÷�wEð^ía��ô;í�ðFì�ÿm÷gô3ë0î-÷]ð��6ë;í���÷;ìSõ )��[ï�í�ï�í-ìFí�î�î+õkø�ë�îX��ë�í]ý3ð��Vë]÷Kÿ�±")�õkíKë]ï�gô3ë
���;ðFì��]î]ô3ý �=ï��ë]ï�í�ë��6ý �_~]÷X��éD�_ý�ý��;ð^íKÿRð���	3ô]ï�[ï�í!öJë�õ*ÿRí�ð^ía��õkðA�f�[í-ðk	]÷]î;õ �[îX���u�@ý>õ0�Kÿ¢í-vb�.éjè+ùEv���w×w!é
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