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SOÍ
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â�Sr=G]UP>ACPMY-A�I�Ä¾S�]UÑ°BG]^FÃSrW9TUB�ÄM]UB+ÆeA�W�S�ÆeAyIUN>=GÁMFÃBeWMS�Á�I�B@ÑuBO?�ÉoSrÌ
T^IRêªÁy=GP>W�F�=@]^Ç�I^ë
ÍGÎ5ZMS|I`S
FHB�W�SrÁyI�=@]^S�NVI`S|W�T^B�I`SrYGFÃS�PJT�BO?�ÉoSrÌ
T^IÈBON�T�B@Ñ�ACF�=GYGSrI;Ñ°BO]ÈÑ°NM]UTUZMSr]�WM=@T^=:=GI^I`B�Ì�Ay=@TUAyBGP�Í
acZMS�PMSrÆGSr]�=GPèBG?MÉoSrÌ�T�AyI�]^S
_bBG?>IUS�]^ÆGS|WuK�ACT^I�WM=@T^=ï=OIUIUB�Ì
A�=+T^ACBOPåFÃBeWMS�ÁÂAyI�NMÄ�WM=+T^SrW
TUB�ACPVÌ
BG]^Ä¾BG]�=+TUS9TUZ>S�PMS�Å ACPMÑ°BG]^FÃ=@TUAyBGP�K�Å�ZMA�Ì�ZiÌ�=GPÒ?¾SÃTUZMS�BO?�ÉoSrÌ
T�=@ÄMÄ¾Sr=G]^=GP>Ì
SÃ=+T
=ÐW�AF�¾Sr]USrPJTHÆ+=@PJT�=@YGSÏÄVBOACPJTrÍÈÎ5ZMS�BGNMTUÄMN�TÃB@ÑRTUZMS�ÁCS|=@]^PMAyPMYËÄMZ>=OI`S�A�I9=ÐYGS�P>S�]�=+TUAyÆGS
FHB�W�SrÁMÑ°BO]�BG?MÉoSrÌ�T�I`SrYGFÃS�PJT^=@TUAyBGPHÑ°]^BGF ACF�=@YOS�Ä>=+T�Ì�ZMSrIrÍGÎ5ZMSÂIoT^S�Ä>I�Ñ°BG]ÈT^ZMS¼Ì�]US|=+T^ACBOP
B@Ñ;TUZMS-YOS�PMSr]^=@TUAyÆGSRFÃB�W�SrÁ8=@]^S-W�S
T�=@AyÁCS|W�=OI�Ñ°BGÁyÁCB+ÅEIrÍ

G>HJILK3MON'PRQTS�UWV>XYQ/Z�Z7[]\^PBN_\a`cbT[]MdQE\^Z7[]VR\aN'eJ[gfih�jkQ/`^laX�f�[]VR\

înFÃ=GYGSEÄ>]UB�Ì
S|IUIUAyPMY-AyI�TUZMSRò>]�IoT�BOÄVSr]^=@TUAyBGPÃAyP�TUZMS¼B���AyPMSEÄ>=G]`T�BGÑuTUZMSÂ=@ÁyYGBO]UACTUZMF =@P>W
AyI5=@Á�IUB�Ä¾S�]UÑ°BG]^FHS|W�AyPÏT^ZMS:Ì�=@FÃSr]^=9I`SrYGFÃS�PJT^=@TUAyBGP�BGÑ8T^ZMS¼BOPMÁyACPMSÂÄ>=G]`T|ÍJîbTEÌ�BGFÃÄM]^AyIUSrI
TUZMS�W�AyÆeAyIUAyBGPÏBGÑ8T^ZMS-ACF�=GYGSÂACPJTUBÃÄ>=@T^Ì�ZMS|I5B@Ñ�TUZMS-I^=@FÃS-I`A%m�SOK_n:=@?¾BG]�Ì
BOPJÆOBGÁyN�TUAyBGP�=+T
F�NMÁCTUAyÄMÁyS�IUÌr=@ÁySrI�=GP>W�BG]^ACSrPOT�=+T^ACBOP>I:ê°AyP\BG]�W�S�]5T^B�BG?�T�=@AyP�T^S
ÕeTUN>]US-AyP�Ñ°BG]^F�=+T^ACBOPVë5=@P>W
W�ACFÃSrP>I`AyBGPV=@ÁyA�Tod�]^SrWMN>Ì�T^ACBOP�Í
ã\BG]^S�ÄM]^SrÌ�AyIUS�ÁydGK�Sr=GÌ�ZïACF�=@YOS

I
A�IHW�ACÆeA�W�SrWñACPJTUBé=ËYO]UA�W'B@ÑRI^×JN>=@]^S�Ä>=@T^Ì�ZMS|I�BGÑ

Sr×JN>=@Á�I`A%m�S
I = {I1, . . . , In}

Å�ZMSr]US
Ii

AyIETUZMS
i
_³TUZ\ÄV=+T^Ì�Z8Í><MBO]RS
ÕM=GFHÄ>ÁCSOK>=@P�AyFÃ=GYGS

Å�A�T^ZÖ]^SrIUBGÁyN�T^ACBOP
640 × 480

Å�BGNMÁ�WÖ]US|I`NMÁCT�ACPc=iIUS
T�BGÑ
640/9 × 480/9 = 3763IU×JN>=G]USEÄV=+T^Ì�Z>SrIzB@Ñ

9× 9
ÄMACÕ�S�Á�I�Íeú�=OÌ�Z�Ä>=@T^Ì�Z�A�IzTUZMSrP�Ì
BOPeÆGBGÁyÆGS|WHÅ�A�T^Z�=�IUS
T5B@Ñan:=@_

?VBO]EÅ�=�ÆOS�ÁyS
T�IÂêªACP�T^ZMS-S
Õ�Ä¾S�]^ACFÃSrPOT�I5ToÅ�BHBO]UAyS�PJT�=+TUAyBGPVI�=GP>W�ToÅzB�I^Ì�=GÁCS|I5ÅzSr]US:N>IUSrW>ë
Í
Ó�Ñ¥TUSr]�Ì
BOPeÆGBGÁyN�T^ACBOP�KVS|=GÌ�ZéÄ>=+T�Ì�ZéÌr=@PÒ?VS�IUS�SrPé=OIÂ=�Ä¾BGAyPJT:AyPi=

L × L × (3 + G)
_

W�ACFÃSrP>I`AyBGPV=@ÁzIUÄ>=OÌ
SGK�Å�ZMS�]^S
L
A�I-T^ZMS�IUA%m�S�BGÑ�T^ZMSÏÄV=+T^Ì�Z8K

3
_nÌ
BOÁCBONM]�ÄMACÕ�S�Á�I�K;=@P>W
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BOFÃÄMN�TUSRTUZMS¼S�AyYGSrPJÆOSrÌ
TUBG]�IÈBGÑ
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I
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I

A,n

} BGÑ:AyF�=@YOS
I
Í

Î5ZMS�d']^S�ÄM]^SrIUS�PJTH=GÄMÄ¾Sr=@]�=@PVÌ
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A
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_bÆGSrÌ
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∣
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∣
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∣

∣
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{
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ÁCS|=@]^Pè=ïYOS�PMSr]^=@TUAyÆGSÒFHB�W�SrÁ:ACP TUZMS
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NMSrI:Å�Z>AyÌ�ZéÄM]^BeWMN>Ì
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TUAyBGP�qz]^A�T^S�]^ACBOPÒêªÓRîsq5ë:ÙyÛ|Þ|à��

Þ�Í6p�]^ACBO]ÏAyP�Ñ°BG]^F�=+TUAyBGP Ì�=@Pè?VSÒN>I`S|W0TUBæ]US|W�N>Ì�SËTUZ>SÐÁySr=@]^PMAyPMYñÄM]^B�Ì
S|IUI�=@P>W0T^ZMS
PeNMF�?¾S�]�BGÑ�T^]^=GACPMAyPMY�WM=@T^=HÄVBOACPJT�I�Í

Ø¼À�ú�ãÿAyIzN>IUSrW�Z>S�]^SETUBÃ=@NMTUBGF�=@TUA�Ì�=@ÁyÁydÃWMAyI^Ì
B+ÆOS�]ÈT^ZMS:PJN>F�?¾S�]�B@Ñ�Ì�BGFÃÄVBOPMS�PJT�I�AyP�=
n:=@N>I^I`A�=@PÐFHACÕeTUNM]^SHFHB�W�SrÁ�êJn:ãËãÐë
ÍuØ¼À�ú�ã W�AC]^SrÌ
TUÁyd\ÄVSrP>=@ÁyA�I`S|I¼Ì�BGFÃÄMÁyS
Õ�A�TodiêbðÂÌ�_
Ì�=@F�� IzDR=�m�BO]�ÄM]^BGÄ¾S�]UTod�ÙCÛrÜ+à¥ë�Å�ZMA�Ì�ZÏ]^SrIUNMÁCT^IzACP�FÃBO]USÂ=GÌ�Ì�NM]�=+TUSRYGS�P>S�]�=+TUAyÆGSRFHB�W�SrÁyIrÍ
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K�Å�A�T^Z

S
Ì
BGFÃÄ¾BGPMSrPJT^IrKJÅ�Z>S�]^SRSr=OÌ�Z�Ì�BGFÃÄVBOPMS�PJT

Z>=GI�ÅzSrACYOZOT�YOACÆOS�PÃ?ed
πs

KGFÃS|=@P
µs

=@P>W�Ì�B+Æ+=@]^Ay=GP>Ì
S
Γs

K@TUZ>S¼IUS
T�BGÑ�ÄV=@]�=@FÃS
T^S�]�IÈÌ�=@P
?VS9Å�]UACT`T^S�PÐ=OI

θ = {π, µ,Γ}
Å�ZMSr]US

π = {π1, π2, . . . , πS}
K
µ = {µ1, µ2, . . . , µS}=@P>W

Γ = {Γ1,Γ2, . . . ,ΓS}
Í

nÂACÆOS�P9TUZMS|I`S�Ä>=G]^=GFÃS
TUSr]^IÈ=GP>W9TUZMSEI`TU]^N>Ì
TUNM]^SGK�T^ZMSEÁyACÇOS�ÁyACZMBeB�W9B@Ñu=@PÃBG?>IUS�]^Æ+=+T^ACBOP
zI

n

AyP�=
d
_bWMACFÃS�PVI`AyBGP>=GÁuI`Ä>=OÌ
S:A�I

1
�6�OjEv�{Omnmoj�k+l��x}�4Jwxj�}-j�k+l`�
lo��prkH{O~nj�~���h6fÖlop-}-j�j^l�~�4�j�j��Hmoj��+{J� moj�}-j�k+lo~i8J�J{Omnlo�Oj^m���}:ù
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h;p|}¼�J�xkJ�xkJ÷������³j�v^l�g�j�v�p|÷rkJ� lo�xp|k���ke�����¾f�� �

p
(

zI

n | θ, m
)

=

S
∑

s=1

p (sn = s | π) p
(

zI

n | µs,Γs

)

,
ê`Û|ë

Å�ZMS�]^S5Sr=GÌ�ZÃÌ
BOFÃÄVBOPMS�PJT�A�IÈ=�n:=@N>I^I`A�=@PHÅ�ACTUZ
p

(

zI

n | µs,Γs

)

= N
(

zI

n; µs,Γs

) =@P>W
Å�ZMS�]^S

p (sn = s | π)
A�I�=:F9NMÁ�T^ACP>BGFÃAy=GÁVW�A�I`TU]^AC?MNMTUAyBGP�]^S�ÄM]^SrIUS�PJTUAyPMYÂTUZ>SRÄM]^BG?>=G?MAyÁCACTod

B@Ñ;TUZMS-BO?>I`Sr]UÆ+=@TUAyBGP
zI

n

?VSrACPMY�=OIUIUB�Ì
A�=+T^SrW�Å�ACTUZ\Ì�BGFÃÄVBOPMS�PJT
s
Í

Î5ZMS:ÄM]UAyBG]�B+ÆOS�]zTUZMS-ÄV=@]�=@FÃS
T^S�]�IzA�I5YGAyÆGSrP�?ed
p (θ | m) = p (π)

∏

s

p (Γs) p (µs | Γs)
ê³ÞGë

Å�ZMS�]^S�T^ZMS�Å�S�AyYGZJT¼Ä>]UAyBG]¼AyIÂ=ÏIUdeFHFÃS�TU]^AyÌ9[RAy]UA�Ì�ZMÁyS
T
p (π) = D (π; λ0I)

KVTUZ>S9ÄM]^AyBG]
B+ÆGS�]ÃS|=GÌ�ZcÌ
B+Æ+=@]^A�=@P>Ì�SÏF�=+T^]UACÕæA�I�='acA�I`Z>=G]`T

p (Γs) = W (Γ ; α0,B0)
K�=@PVWïT^ZMS

ÄM]UAyBG]ÂB+ÆGSr]RT^ZMSÃFÃSr=@PVI:YGAyÆGS�PËTUZMS�Ì
B+Æ+=G]UA�=@P>Ì�S�F�=+T^]UA�Ì
S|IÂAyI:=�F�NMÁCTUAyÆ+=@]^Ay=@TUSHPMBG]^F�=@Á
p (µs | Γs) = N (µs;m0, β0Γs)

ÍJÎ5Z>S�ÉoBGAyPJTzÁyACÇOS�ÁyACZ>BJB�W�BGÑuTUZMSÂWM=+T�=MKe=GI^I`N>FHAyPMY-T^ZMS
IU=GFHÄ>ÁCS|IR=@]^S�AyP>W�SrÄVSrP>W�S�PJT-=@P>WËAyW�SrPJTUA�Ì�=@ÁyÁyd�WMAyI`TU]^AC?>N�TUS|Wñê°îUîo[Âë
K�Ìr=@PË?¾SÃÌ
BGFÃÄMNMTUSrW
=GI

p
(

zI,S | θ, m
)

=
N
∏

n=1

p (sn = s | π) p
(

zI

n | µs,Γs

) ê�ßOë

Å�ZMS�]^S
S = {s1, s2, . . . , sS}

=@]^SRT^ZMS-ACPVW�S
Õ�SrI5BGÑ�T^ZMS-Ì
BOFHÄ¾BGP>S�PJT^I5AyP�TUZMS-FÃACÕJT^NM]^SGÍ
Ø¼À�ú�ãìÅ�BG]^Ç�I�AyP�ToÅ�B¼I`TUSrÄ>I;?VBGTUZ�BGÑMTUZ>S�F F�=+Õ�AyFÃAyIUACP>YETUZ>SzBO?�ÉoSrÌ
TUAyÆGS�Ñ°N>P>Ì�T^ACBOP�K

TUZMS-ÁyBGYG_³F�=@]^YGAyP>=GÁVÁyACÇOS�ÁyACZ>BJB�W�B@Ñ�TUZMS�WM=@T^=>K

ln p
(

zI | m
)

= ln

∫

∑

p
(

zI,S | θ, m
)

p (θ | m) dθ,
ê°Üeë

Å�ZMAyÌ�Z'A�I�Ì
BOFÃÄMN�TUS|WÒÑ°BG]-Sr=OÌ�Z'FHACÕeTUNM]^SGK8Sr=GÌ�ZéBGP>SHZV=�ÆJAyPMY\=\W�AF�¾Sr]USrPJT�PJN>F�?¾S�]�BGÑ
Ì
BGFÃÄ¾BGPMSrPJT^IrÍ�Î5ZMSË=@ÁyYGBO]UACTUZ>F�TUZMSrPcI`SrÁCS|Ì�T^I�TUZMSËFÃACÕeTUNM]^S\Å�A�T^ZÖTUZMSËZ>ACYOZMSrI`T�ÁCBOY@_
FÃ=G]UYOACPV=@ÁeÁCAyÇGSrÁCAyZMBeB�WuÍ@Î5ZMSEIUSr=G]^Ì�Z�Ñ°BG];TUZMS�PeNMF9?VSr]ÈB@ÑuÌ
BOFHÄ¾BGP>S�PJT^I6A�I6ACFÃÄMÁyS�FÃSrPOT^SrW
ACP\=H?MAy]`T^Z�_bWMSr=+T^Z�ZMS�NM]^A�IoT^AyÌ:IUACFÃAyÁy=G]5TUBHTUZMS-BOPMS-N>IUSrW�ACP'Ù Þ�àuÑ°BO]EFÃA�ÕeTUN>]US|I5B@Ñ;Ñª=GÌ�T^BG]
=@P>=GÁCd�IUS�]�I�Í
Î5ZMS�Ä>]US|W�AyÌ
TUAyÆGS�W�S�PVI`ACTodiÑ°BG]�=ÒPMS�Å�BG?>IUS�]^Æ+=+T^ACBOPñYGAyÆGSrPñTUZ>S�ÁySr=G]UPJT�IoT^]UNVÌ�TUN>]US

p(z′ | zI)
A�I�=ËáJT^N>W�S�PJTU_�T9WMAyI`TU]^AC?>N�TUAyBGPiÅ�ZMA�Ì�Zi=@ÄMÄ>]UB�Õ�AyFÃ=@TUS|IÂ=�n:=GN>I^I`A�=@Pi=GIÂT^ZMS

PJN>F�?¾S�]�B@Ñ;TU]�=@AyPMAyPMYÃÄVBOACPJT�I
N
AyP>Ì�]US|=GIUSrIrÍ

G>H�G�S
N�f�X����{eJN'Z�Z7[g��X�N'f�[]VR\
�RIUACPMYéT^ZMS�ÄM]UB�Ì�SrW�NM]^S9ÉoN>IoT�W�S|IUÌ�]UAy?¾SrWuK6ToÅ�BÒYOS�PMSr]^=@TUAyÆGS�FHB�W�SrÁyI�=G]US�ÁySr=@]^PJTrÍ�ð¼PMS
Ñ°BG]-Ä>=@T^Ì�ZMS|I¼?¾S�ÁyBGP>YGAyPMY�TUB�TUZMSÃBO?�ÉoSrÌ
T-=GP>Wé=@PMBGTUZMSr]:Ñ°BG]ÂTUZMS�?V=GÌ�ÇeYG]^BGNMPVW\BG]:YGSrP�_
S�]�=@ÁÈW�SrI^Ì
]^AyÄ�TUAyBGPËBGÑ�T^ZMS9SrPeÆJAy]^BGPMFÃS�PJT|Í�Î5Z>S9ÁySr=G]UPMAyPMY�ÄMZ>=OI`S9AyI-IUNMÄ¾S�]^ÆJA�IUSrWËAyPËT^ZMS
I`SrP>I`SÒTUZV=+T�Ä>=+T�Ì�ZMSrI�Ì
BO]U]^SrIUÄ¾BGP>W�AyPMYiT^BÖ=GPèBO?�ÉoSrÌ
T�F9N>IoT\?¾SÒF�=GPJNV=@ÁyÁCdåIUS�ÁySrÌ
TUSrW
=@P>WÒÁy=G?VSrÁCÁySrWÒAyPÐT^ZMSÃTU]�=@AyPMAyPMY�AyF�=@YOSrIrÍ�Ó¼IUIUNMFÃAyPMY\=�n:=GN>I^I`A�=@Pé=@ÄMÄM]^B�Õ�ACF�=@TUAyBGPËBGÑ
TUZMS�áeTUN>W�SrPJT`_³T9ÄM]^SrW�A�Ì�T^ACÆOS�W�S�PVI`ACTUAySrI9Ì
BGFÃÄMNMTUSrW'?edÒØ¼À�ú�ãiK�TUZMS�ToÅzB\FÃB�W�S�Á�I�=G]US
p

(

z′ | zobj
) =@PVW

p
(

z′ | znoObj
) K�Å�ZMS�]^S

p
(

z′ | zobj
)

= πobj
s N

(

z′; µobj
s ,Γobj

s

) =@P>W
p

(

z′ | znoObj
)

= πnoObj
s N

(

z′; µnoObj
s ,ΓnoObj

s

) Í�Ó Ä>=+T�Ì�Z
z′
A�I�T^ZMS�P�Ì
Á�=GI^I`ACò>S|W�=GI

Ä>=@]UT�B@ÑÈ=@P����]�3���3�5A�Ñ
R =

ωobj × p
(

z′ | zobj
)

ωobj × p (z′ | zobj) + ωnoObj × p (z′ | znoObj)



� �e���J�xp:gz�r}-p|~��Oõ|{J�rkÃ�z�xj^lopO�J�rkJ�9ö�{O÷|�9ø5{Omnm`��k@lnù°�i�+�@loj
AyI�Á�=@]^YGS�]�TUZ>=GP�=�TUZM]^SrIUZMBGÁ�WuKJN>IUN>=@ÁyÁCd

0.5
Í
ωobj

=GP>W
ωnoObj

=@]^S�TUZ>SÂÄ>]UBOÄVBO]`T^ACBOP>I�BGÑ
TUZMS:T^]^=GACPMAyPMY�WM=@T^=9TUBÃSr=OÌ�Z�FÃB�W�SrÁ�Í
Î5ZMAyI¼Ì
Á�=GI^I`ACòVÌr=+TUAyBGP�FÃS
T^ZMB�W�AyI¼=@?MÁyS-T^B�ÁCS|=@]^P\PMBGPM_³ÁyACP>Sr=@]R?VBONMP>WM=G]UAySrI5Ñ°BO]¼Ì�Áy=OIo_

I`ACòVÌ�=@TUAyBGP�Å�ZMAyÌ�Z8KM=GI^I`B�Ì
A�=+T^SrW�Å�ACTUZ�TUZ>S�ðÂÌrÌ�=GFT� I5DE=�mrBG]�ÄM]^BGÄ¾S�]UTod�B@Ñ8ØÂÀzúzãiKMÄM]^B@_
ÆJA�W�S|I�=�Ä¾B+ÅzSr]`Ñ°N>ÁuFHS�TUZMB�W�BOÁCBOYGdHÑ°BG]EÌ�Áy=OIUIUACòVÌ�=@TUAyBGP�Å�ACTUZ�ÆGSr]Ud�YOBeBeWÏYGSrPMS�]�=@ÁyAyI^=+T^ACBOP
ÄVSr]`Ñ°BO]UF�=@PVÌ
SHÙCÛ�Þ�àbÍ
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Î5ZMS5ò>]�IoT�I`TUSrÄHAyP�Ì
BOF�?MAyPMAyPMY:Áy=OI`Sr]`_nÌ�=GFHSr]^=RAyIÈÌr=@ÁyAC?>]^=@TUAyBGP>�@Ì�BGFÃÄMN�T�=+TUAyBGPHB@Ñ�S
ÕeT^]UAyP�_
I`A�ÌRÄV=@]�=@FÃS
T^S�]�I¼êª]UBGT^=+T^ACBOP�=GP>W�T^]^=GP>I`Á�=+T^ACBOPVëÈBGÑ;=9ÄVBOACPJT5ACP�TUZ>S:Ìr=@FÃS�]�=�Ì�BeBG]�W�ACPV=+TUS
I`d�I`TUS�F Å-Í ]|Í TR=HÄ¾BGAyPJTEACP�TUZ>S-Áy=OI`Sr]5Ì�BeBG]�W�ACPV=+TUS:IUdeI`TUSrF�Í

nÂACÆOS�P�=�Ì�=GÁCAy?M]�=+T^SrWHÌ�=@FÃSr]^=:Å�ACTUZ�AyPJTU]^ACP>IUA�Ì5Ä>=@]�=@FÃS
T^S�]�I
K
KGTUZMSRÌ�BG]^]US|I`Ä¾BGPVW�ACP>Y

ÄMA�Õ�SrÁzÌ
BeBO]^W�AyP>=@TUSrI
p = [u, v]T

B@Ñ�Ä¾BGAyPJT^I�AyP'TUZ>S�ÅzBO]UÁ�W'Ì
BeBG]�W�AyP>=+T^S�I`d�I`TUS�F
P =

[X, Y, Z]T
Ì�=GPÒ?¾S�Ì
BOFHÄ>N�TUS|Wé=OI

p ∼ K(RP + t)
Å�ZMSr]US

R
A�I�=

3 × 3
]UBGT^=+T^ACBOP

FÃ=@TU]^A�ÕÖ=@P>W
t
AyI�=iß@_³ÆOSrÌ
TUBG]H]^S�ÄM]^SrIUS�PJTUAyPMYéTU]�=@PVI`Á�=+T^ACBOP�ÍÈÓRI^I`NMFÃAyPMY'TUZV=+T

Pl

A�I�=
ÄVBOACPJT5ACP�TUZMSÂÁ�=GIUS�]5Ì
BeBG]�W�AyP>=+T^S¼IUdeI`TUSrFì=@P>W

Pc

AyP�TUZMS:Ì�=GFHSr]^=>KGT^ZMS:Sr×JN>=@TUAyBGP
Pl =

ΦPc + ∆
]^S�Ä>]US|I`SrPOT�I9TUZMSrAC]�T^]^=GP>I`Ñ°BG]^FÃ=@TUAyBGP�K6Å�ZMSr]US

Φ
=@PVW

∆
=@]^S�TUZMS\]^B@T�=+TUAyBGP

=@P>WñTU]�=@P>IUÁy=@TUAyBGPiÄ>=G]^=GFÃS
TUSr]^I�Ñ°BG]9TUZ>S�Á�=GIUS�]U_bÌr=@FÃS�]�=\Ì�=GÁCAy?M]�=+T^ACBOP�Í;Î�BÒÌ�BGFÃÄMN�T^S
Φ=@P>W

∆
KOTUZMS¼FÃS
TUZ>BeWÏW�SrI^Ì
]^AC?¾SrWÃAyPËÙ ÞGÞ|à�Å5=GI�NVI`S|WuÍOÎ5ZMS¼BGN�T^ÄMN�T�Iz=G]US�T^ZMSRBOÄ�TUAyFÃAyIUSrW

Ä>=@]�=@FÃS
T^S�]�I
Φ
=GP>W

∆
T^Z>=+T:AyPÒÌ
BOP+ÉoNMP>Ì
TUAyBGPÒÅ�A�T^ZËTUZ>S9AyPJTU]^ACP>IUA�Ì�Ä>=G]^=GFHS�TUSr]^I

K
BGÑ

TUZMS�Ìr=@FÃS�]�=MK�=@ÁyÁyB+ÅåTUZ>S-ÄM]UBGÉoSrÌ
TUAyBGPÏBGÑ;Á�=GIUS�]5Ä¾BGAyPJT^I5AyP�AyF�=@YOSÂÄ>A�Õ�S�Á�IrÍ
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Î5ZMSÏIUS�YGFÃSrPOT�=+T^ACBOP'=GÁCYOBG]^A�T^ZMF Å�BG]^Ç�I:ACPñToÅzBËI`TUSrÄ>I�Í�înPiTUZ>S�ò>]�IoT|K�TUZ>S�Áy=OI`Sr]�I^Ì�=@P
AyIHÄM]^B�Ì
SrI^IUSrWiT^BÐòVP>WæWMAyI^Ì
BOPOT^ACPeNMBON>IHÌ
ÁyN>IoT^S�]�IHB@Ñ¼Ä¾BGAyPJT^I9TUZV=+T�Ì�=GPï]^S�ÄM]^SrIUS�PJT9BO?�_
ÉoSrÌ�T�I�Í¾Î5ZMA�IEIoT^S�ÄËIUACYOPMACòVÌ�=GPOT^ÁCdÏ]US|W�N>Ì
S|I5TUZ>S�=@]^Sr=HB@Ñ;TUZ>S�ACF�=GYGS:Å�ZMS�]^S:TUZ>S�Ì�=GFHSr]^=
I`SrYGFÃS�PJT^=@TUAyBGP�=@ÁyYGBG]^ACTUZMFÚF�NVIoTEIUSr=@]�Ì�Z�Ñ°BO]zT^ZMS:BG?�ÉoS|Ì�T|Í)qzÁCN>I`TUSr]^I5=G]USÂAyWMS�PJTUACò>SrW�?ed
ÁCBeBGÇeAyPMY¼Ñ°BG]6YG]^BGNMÄ9B@Ñ¾ÄVBOACPJT^I6Å�Z>BOIUS�W�A�I`T^=@PVÌ
SrI�T^B:=GPed-B@TUZ>S�]ÈÄ¾BGAyPOT�IÈ=@]^SzÁ�=@]^YGSr]8T^Z>=@P
=ÏT^ZM]^SrIUZMBGÁ�WuÍ8ÓÚFÃBG]^SÃW�S
T�=@AyÁCS|WéWMSrI^Ì
]^ACÄ�T^ACBOPÒBGÑzT^ZMS�Á�=GIUS�]U_bÌ�ÁCN>I`TUSr]UAyPMY�=@ÁyYGBG]^ACTUZMFçA�I
BGFÃA�TUTUS|WÏÑ°BO]�?M]^S�ÆeA�TodOÍ
ð¼P>Ì
SÏÌ�ÁCNVIoT^S�]�I9=G]US�BO?�T^=GACP>SrWuK8TUZMS�ACF�=GYGS�Ä>=@T^Ì�ZMS|I�=OIUIUB�Ì
A�=+TUS|W'Å�A�T^ZiTUZ>S�Á�=GIUS�]

ÄVBOACPJT^IÂ=@]^S�S�ÕeTU]�=GÌ�T^SrW\=GÁCBOPMYÏÅ�ACTUZé=@ÁyÁ�AyF�=@YGS�Ä>=+T�Ì�ZMSrI¼ACPÐTUZMSÃI^=@FÃS�Ì
BOÁCN>FHPVI�ÍuÎ5ZMS
ò>P>=@Á�I`TUSrÄ9A�I�TUZMS�Ì
Á�=GI^IUA�òVÌr=+T^ACBOP�B@Ñ>S|=GÌ�Z9B@ÑMT^ZMBOIUSzÄV=+T^Ì�Z>SrI;Å�ZMA�Ì�Z�A�I�Ä¾S�]UÑ°BG]^FÃSrW�N>I`AyPMY
TUZMS-FÃS
T^ZMB�W�W�SrI^Ì
]^AC?¾SrW�AyP\á�SrÌ�T^ACBOP\ßMÍ
<�AyYGN>]US�Þ�I`Z>B+ÅEIÂ=GP'S
ÕM=@FÃÄMÁySÃB@Ñ�T^ZMS�IUS�YGFÃSrPOT�=+T^ACBOPé=GÁCYOBG]^A�T^ZMF�Í�[¼S�Ä>AyÌ
TUSrWi=G]US

TUZMS�Áy=OI`Sr]HI^Ì�=GP�K�TUZMS�Áy=OI`Sr]�Ä¾BGAyPJT^IHÄM]^B@ÉoSrÌ
TUS|WiACPJT^BÐT^ZMS�AyF�=@YOSGK6=@P>W'T^ZMS�]US|I`NMÁCTUAyPMY
I`SrYGFÃS�PJT^=@TUAyBGPéB@Ñ�TUZMS�BO?�ÉoSrÌ
T-_RAyPÒT^ZMA�I�Ì�=OI`SOKuTUZMSÃT^]UN>PMÇÐBGÑ5=�T^]USrSGÍ�ÓEÁCTUZ>BGNMYOZÒT^ZMS
I`SrYGFÃS�PJT^=@TUAyBGP�AyI5PMBGT�ÄVSr]`Ñ°S|Ì�TrKeT^ZMS�]^S-=@]^SRÑ°SrÅåÑª=GÁyIUS¼Ä¾BOIUACTUAyÆGSrI-êªÄ>=+T�Ì�ZMSrI5=OIUIUACYOPMSrW�TUB
TU]^S�S�T^Z>=+TÃ=@]^S�PMB@T|K�AyPi]US|=@ÁyA�TodOK8Ä>=G]`T9B@Ñ5TUZMSÏTU]^S�S�ë�Í8ú�ÆGS�PïACPiT^ZMA�I�S
ÕM=GFHÄ>ÁCSOK8Å�ZMSr]US
TUZMSÃÅ5=@ÁyÁ;AyPÒTUZMSÃ?>=OÌ�ÇJYO]UBONMP>W\ZV=GI:=�IUAyFHAyÁ�=@]-Ì
BOÁCBONM]ÂTUB�TUZMSHTU]^NMPMÇ�K�=GP>W\T^ZMS�?MÁ�=GÌ�Ç
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ÄVBJIoTÂBGP\T^ZMS9ÁyS
Ñ¥TÂB@ÑÈT^ZMS�T^]USrS�Z>=OIRIUACFÃAyÁy=G]ÂIUZ>=GÄVSOK>T^ZMS9IUS�YOFHSrPJT^=+T^ACBOP\B@ÑÈT^ZMS�T^]UN>PMÇ
AyI�YGBeB�WuÍ�Î5ZMA�I�S�ÕM=@FÃÄMÁySÏW�S�FÃBOP>IoT^]^=@TUS|I:TUZMS�=GW�Æ+=GPOT�=@YOSrI-BGÑ�Ì�BGF9?MACP>ACPMYÐÁy=OI`Sr]�=@P>W
Ì�=@FÃSr]^=�Ñ°BG]EIUS�YOFHSrPJT^=+T^ACBOP�Í

¬­H�G�bTN�f7NB¾¿Z�Z7V>X�[JN�f�[JV)\
acZMS�PMSrÆGSr]Ï=@P0BG?MÉoSrÌ�T�A�I�IUS�YOFHSrPJTUSrW�KÈTUZMSÐÄ>=+T�Ì�ZMSrIÃ]^S�ÄM]^SrIUS�PJT^ACPMYéT^ZMSËBG?MÉoSrÌ�TÏ=G]US
IoT^BG]^SrWËê°Ñ°Sr=+T^NM]^S
_bÆGSrÌ
TUBO]^I�ACP�=�ÁyB+ÅåW�ACFÃSrP>I`AyBGPV=@Á�I`Ä>=OÌ
S�ë�Í�Î5ZMSrIUSEÑ°S|=+T^NM]US�_³ÆOSrÌ
TUBG]�I�=G]US
TUZMSrP9=@N>YGFÃS�PJTUS|W:Å�A�T^Z�T^ZMSzYOÁCBO?>=@ÁOÄVBJI`ACTUAyBGPVI�B@Ñ�T^ZMS�Ä>=+T�Ì�ZMSrI�Ñ°]UBOF úz×ONV=+TUAyBGP9À�À:=@P>W
=�ÄM]^BG?>=G?MAyÁCACTod�WMS�P>IUA�Tod�Ñ°BO]RT^ZMS�F)ÁySr=@]^PJTRT^ZM]UBONMYGZ\ØÂÀ�ú�ã�ÁOÍ¾Î5ZMSHBG?MÉoSrÌ�T�IR=G]US�TUZeN>I
]USrÄM]US|I`SrPJTUSrW�?ed�ÄM]^BG?>=G?MACÁyACTod�W�SrP>I`ACTUAySrIETUZ>=@T¼Z>=�ÆOS�?¾B@TUZÒ=@ÄMÄ¾Sr=G]^=GP>Ì
S�=GP>W�ÄVBJI`ACTUAyBGP
ACP�Ñ°BO]UF�=@TUAyBGP�Í
Î8BH=GI^I`B�Ì
A�=+T^SRBO?�ÉoSrÌ
T^IrKGT^ZMS-û:NMÁCÁy?>=OÌ�ÇO_nâ�SrAC?>ÁCSr]zW�AyÆGSr]UYOS�P>Ì�SGÙ Ýrà�A�I�N>IUSrWuÍ�â�S�T

pL =
{p1, p2, . . . , pn}

?¾S�T^ZMS�IUS
T9B@Ñ�ÄM]^BG?>=G?MACÁyACTodéW�A�I`TU]^AC?MNMTUAyBGP>I�Ñ°BG]
n
BG?MÉoSrÌ�T�I�=GÁC]^Sr=OW�d

FÃ=GÄMÄ¾SrWuÍ+ÓæPMS�ÅñBO?>IUS�]^Æ�=@TUAyBGP
znew

A�I;=OIUIUB�Ì
A�=+T^SrW:Å�ACTUZ9=GP�BO?�ÉoSrÌ
T
i
A�ÑVTUZMS

KL(p(x |
znew) ‖ pi(x))

AyI�IUFÃ=GÁCÁyS�]ÏTUZ>=GP =ñTUZM]^SrIUZMBGÁ�WuÍ5Î5ZMS
KL

W�AyÆGSr]UYOS�P>Ì�SË]^S
TUN>]UP>I�=
FHS|=GIUNM]^S�FÃS�PJT5B@Ñ�T^ZMS-W�AyI`T^=GP>Ì
S:?¾S
ToÅ�S�SrP�ToÅ�BHW�A�I`TU]^AC?MNMTUAyBGP>IzTUZV=+TrK�AyP�TUZMA�I�Ì�=OI`SOKe=G]US
n:ãËãËIrÍ�úDÂ�Ì
AyS�PJT�=GÁCYOBG]^A�T^ZMF�I�T^BñÌ
BOFHÄ>N�TUS

KL
W�ACÆOS�]^YGSrP>Ì
S�Ñ°BG]kn:ãËãÐIÏÌ�=GPæ?¾S

Ñ°BGNMP>W�AyP'ÙCÛ|þ�à³Í
îbÑ;T^ZMS�P>S�Å BG?>IUS�]^Æ+=+T^ACBOP�A�IEP>B@TÂ=OIUIUB�Ì
A�=+T^SrW�Å�A�T^ZË=@Ped�B@Ñ6TUZMS9BG?�ÉoS|Ì�TRFÃB�W�SrÁyIrKV=

PMS�Å BG?�ÉoS|Ì�T�FÃB�W�S�Á�A�I�Ì
]^Sr=@TUS|W�=GP>WÏAyP>Ì�ÁCN>WMSrW�ACP
pL

Í

¬­H%¬¥³¼±¶´7Q/X�f¼|1V­`aQ/e�Ã¿Ä�`^N�f�[J\aP
acZMS�P�=@P�BG?>IUS�]^Æ+=+TUAyBGPÏAyI5=GI^IUBeÌ�Ay=@TUS|W�Å�ACTUZ�=HÁySr=G]UPJTzBO?�ÉoSrÌ
T�FÃB�W�SrÁ�K�ACTEÌ�=@P�?VS:N>IUSrW
TUBÂACFÃÄM]^B+ÆGSÈT^ZMA�I�FÃB�W�SrÁJÅ�ACTUZHPMSrÅñACPMÑ°BG]^FÃ=@TUAyBGP�Í�Î5ZMA�I;BGÄ¾S�]�=+TUAyBGP-AyPeÆGBOÁCÆOSrI�N>Ä¾WM=@TUAyPMY
TUZMS�BO?�ÉoSrÌ
T�FÃBeWMS�Á�IUN�Â�Ì
AyS�PJT9I`T^=@TUA�IoT^AyÌrI�ê�áMá>ë:Å�A�T^Z'TUZMSÏPMS�Å BG?>IUS�]^Æ+=+T^ACBOP�Í�ÓRI:T^ZMS
FHB�W�SrÁyI:=G]US¼n:ãËãËIrK¾TUZMSrAC]�áMá\Ñ°BG]:Sr=OÌ�ZÐFÃACÕJT^NM]^SHÌ�BGFÃÄVBOPMS�PJT

πs

K
µs

=@P>W
Γs

Ì�=@P
?VS-NMÄ�WM=@TUSrW�=OI�Ñ°BGÁyÁCB+ÅEI

πs ←
Mπnew

s + Nπs

M + N
, µs ←

Mµnew
s + Nµs

M + N
, Γs ←

MΓnew
s + NΓs

M + N
,

ê³ÝGë

2
�umo�xprmo~Èqymopr} lo�Jj�÷|j�kOj^m`�rw>p|���bj�vUl��Oj^loj�vUlo��prkH}-p@�Gj�wM��moj5{O~nj���lop¼�x}�4Omop
��j�v�p|k@��j^mo÷rj�kJv^j78
f�wx~npO�Ov�p|k@��j^mo÷rj�kJv^j�v��rkÃ��j5�rv�v�j^w�jUm`��loj��Ã�+��{J~n�xkJ÷:�
¹JtGj���k@{J}Â��jUmÈprquv^p|}�4�p|kOj�k+lo~i8
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