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K L 4 ; L 7 < 6 Y _ è f̀ _ è _ [̀ \ � � � � f X Y d _ � �
4 5 A C 4 6 D 7 9 4 D = < 4 N : = 4 B 8

P(X0:t ,E1:t) = P(X0)
t

∏
i=1

P(Xi | Xi−1)P(Ei | Xi).

@ B < 7 8 > A B 4 8 = B @ = 4 5 6 t p

➤

? @ 8 6 ; 6 D D 7 < > � =
L 6 F 7 < G B H 7 D D : 5 A = 4 B 8 ; 7 8 N 6 < 6 ; B H 6 < 6 9 N >

4 8 = < B 9 : ; 4 8 T D : 4 = 7 N C 6 D = 7 = 6 H 7 < 4 7 N C 6 D p

� � � � � / 2 �

� L 6 8 5 B 9 6 C 4 8 T 7 N 7 = = 6 < > � A B K 6 < 6 9 < B N B = K 7 8 9 6 < 4 8 T 4 8 = L 6

xy � A
C 7 8 6 � =
L 6 N 7 = = 6 < > C 6 H 6 C L 7 D = B N 6 = 7 G 6 8 4 8 = B 7 ; ; B : 8 = p

�

©

� � � � � s s 	 t � � � � � � � � u v � � � w � � � � � � � � � x � 
 y � � � � z � � � � � �

AB

� � � � � � � � � 	 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � �'

&

$

%

�
|
" ( � ' � ' ( & ' " ( % ' + � � � ! # + � } ' # $

E 7 H 4 8 T D 6 = : A = L 6 T 6 8 6 < 4 ; = 6 5 A B < 7 C 5 B 9 6 C � K 6 5 7 >
@ B < 5 : C 7 = 6 = L 6 N 7 D 4 ;

4 8 @ 6 < 6 8 ; 6 = 7 D G D = L 7 = 7 < 6 = B N 6 D B C H 6 9 p

➤

� 0 / . 2 « 0 1 � B < � ª 1 0 . ª « 0 1 � U = L 6 = 7 D G 4 D = B ; B 5 A : = 6 = L 6 �̀ ] Ỳ 	 � X \ X̀ �
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☞

3 L 6 7 9 9 4 = 4 B 8 7 C A 4 6 ; 6 B @ 6 H 4 9 6 8 ; 6 u2

4 8 ; < 6 7 D 6 D = L 6 A < B N 7 N 4 C 4 = > B @

< 7 4 8 B 8 = L 6 ® < D = 9 7 > � 7 D =
L 6 < 7 4 8 = 6 8 9 D = B A 6 < D 4 D = p

�

©

� � � � � s s 	 t � � � � � � � � u v � � � w � � � � � � � � � x � 
 y � � � � z � � � � � �

AB
� � � � � � � � � 	 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � �'

&

$

%

� � � � � � � � ¥ � + � � � # � ¦ � � £ $ � � § � � ¤ �

� � � � � / 2 �
O : A A B D 6 = L 7 = = L 6 D 6 ; : < 4 = > T : 7 < 9 5 7 G 6 D = L 6 @ B C C B K 4 8 T

B N D 6 < H 7 = 4 B 8 D 9 : < 4 8 T = L 6 ® < D = ® H 6 9 7 > D U u1,u2,¬u3,u4,u5 p

� L 7 = 4 D = L 6 K 6 7 = L 6 < D 6 � : 6 8 ; 6 5 B D = C 4 G 6 C > = B 6 M A C 7 4 8 = L 4 D �

➤

	 B < 6 7 ; L A 7 4 < B @ D = 7 = 6 D xt+1

7 8 9 xt �
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N 6 = K 6 6 8 = L 6 5 B D = C 4 G 6 C > A 7 = L D = B xt+1

7 8 9 xt

U

maxx1...xt P(x1, . . . ,xt ,Xt | e1:t+1)

= αP(et+1 | Xt+1)×

maxxt

(

P(Xt+1|xt)maxx1,...,xt−1 P(x1, . . . ,xt−1,Xt | e1:t)
)

.

➤

3 L 4 D 6 � : 7 = 4 B 8 4 D 7 8 7 C B T B : D = B = L 6 B 8 6 : D 6 9 4 8 ® C = 6 < 4 8 T p

�

©

� � � � � s s 	 t � � � � � � � � u v � � � w � � � � � � � � � x � 
 y � � � � z � � � � � �



AB

� � � � � � � � � 	 
 � � � 
 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 
 � � �'

&

$

%

➤

? 8 = L 6 ® C = 6 < 4 8 T D ; L 6 5 6 � K 6
L 7 H 6 = B < 6 A C 7 ; 6 f1:t = P(Xt | e1:t)

N >

m1:t = max
x1,...,xt−1

P(x1, . . . ,xt−1,Xt | e1:t)

7 8 9 D : 5 5 7 = 4 B 8 B H 6 < xt

N > 5 7 M 4 5 4 � 7 = 4 B 8 B H 6 < xt p

Rain1

m 1:1

true

Rain5

m 1:5

true

Rain4

m 1:4

true

Rain3

m 1:3

false

Rain2

m 1:2

trueUmbrella t

(a)

(b)
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.0024

.0334
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.0361

.1237
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.0491

true
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true
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true
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➤

3 L 4 D T 4 H 6 D = L 6 6 D D 6 8 = 4 7 C ; B 8 = 6 8 = B @ = L 6 � 0 . 2 « � 0 � / � ª « 0 . � � K L 4 ; L

L 7 D N B = L C 4 8 6 7 < = 4 5 6 7 8 9 D A 7 ; 6 < 6 � : 4 < 6 5 6 8 = D p
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➤

? 8 7 � 0 � � 2 1 
 � « � ª � 
 ª � 2 / � B <
� 
 

� =
L 6 K B < C 9 4 D 9 6 D ; < 4 N 6 9 N >

7 � Y _ a ]̀ e Y � [ Ẁ X̀ < 7 8 9 B 5 H 7 < 4 7 N C 6 Xt

= 7 G 4 8 T H 7 C : 6 D 1, . . . ,S K
L 4 ; L

; B < < 6 D A B 8 9 = B = L 6 D = 7 = 6 D B @ = L 6 K B < C 9 p

➤

3 L 6 = < 7 8 D 4 = 4 B 8 5 B 9 6 C P(Xt | Xt−1)

N 6 ; B 5 6 D 7 8 S×S 5 7
= < 4 M T D : ;
L

= L 7 = Ti j = P(Xt = j | Xt−1 = i) p

➤

	 B < K 7 < 9 7 8 9 N 7 ; G K 7 < 9 < 6 7 D B 8 4 8 T 7 < 6 D 4 5 A C 4 ® 6 9 7 D @ B C C B K D U

f1:t+1 = αOt+1TT f1:t

bk+1:t = αTOk+1bk+2:t

K L 6 < 6 Ot

4 D 7 9 4 7 T B 8 7 C 5 7 = < 4 M L 7 H 4 8 T P(et | Xt = i) 7 D
= L 6 ith H 7
C : 6 p

➤

	 B < E F F D � =
L 6 = 4 5 6 7 8 9 D A 7 ; 6 ; B 5 A C 6 M 4 = 4 6 D B @ @ B < K 7 < 9 � N 7 ; G K 7 < 9

= > A 6 < 6 7 D B 8 4 8 T 7 < 6 B @ B < 9 6 < D S2× t 7 8
9

S× t � < 6 D A 6 ;
= 4 H 6 C > p
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➤

� � � 1 � � 0 � � � � 2 � 0 � 1 1 2 . 	 ª « � 
 I J S � < 6 A < 6 D 6 8 = D L B K = L 6 D = 7 = 6 B @

= L 6 6 8 H 4 < B 8 5 6 8 = 6 H B C H 6 D B H 6 < = 4 5 6 p

➤

� 7 ; L = 4 5 6 D C 4 ; 6 B @ 7 I J S 5 7 > L 7 H 6 7 8 > 8 : 5 N 6 < B @ D = 7 = 6 H 7 < 4 7 N C 6 D

Xt

7 8 9 6 H 4 9 6 8 ; 6 H 7 < 4 7 N C 6 D Et p

➤

� H 6 < > E F F ; 7 8 N 6 = < 7 8 D @ B < 5 6 9 4 8 = B 7 I J S 7 8 9 H 4 ; 6 H 6 < D 7 p

➤

J > 9 6 ; B 5 A B D 4 8 T = L 6 D = 7 = 6 B @ 7 ; B 5 A C 6 M D > D = 6 5 4 8 = B 4 = D ; B 8 D = 4 = : 6 8 =

H 7 < 4 7 N C 6 D � =
L 6 I J S 4 D 7 N C 6 = B = 7 G 6 7 9 H 7 8 = 7 T 6 B @ = L 6 D A 7 < D 6 8 6 D D 4 8

= L 6 = 6 5 A B < 7 C A < B N 7 N 4 C 4 = > 5 B 9 6 C p

� � � � � / 2 �
3 L 6 = < 7 8 D 4 = 4 B 8 5 B 9 6 C B @ 7 I J S K 4 = L   � J B B C 6 7 8 D = 7 = 6

H 7 < 4 7 N C 6 D � 6 7 ;
L B @ K L 4 ; L L 7 D = L < 6 6 A 7 < 6 8 = D 4 8 = L 6 A < 6 ; 6 9 4 8 T D C 4 9 6 �
L 7 D

20×23 = 160 A < B
N 7 N 4 C 4 = 4 6 D K L 4 C 6 4 = D E F F ; B : 8 = 6 < A 7 < = L 7 D 240 p
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➤

3 B ; B 8 D = < : ; = 7 I J S � B 8 6 5 : D = D A 6 ;
4 @ > = L < 6 6 9 4 D = < 4 N : = 4 B 8 D U P(X0) �

= L 6 = < 7 8 D 4 = 4 B 8 5 B 9 6 C P(Xt+1 | Xt) �
7 8 9 = L 6 D 6 8 D B < 5 B 9 6 C P(Et | Xt) p

➤

	 B < 6 7 ; L = 4 5 6 D = 6 A t �
= L 6 < 6 4 D B 8 6 8 B 9 6 @ B < 6 7 ; L D = 7 = 6 H 7 < 4 7 N C 6 Xt

7 8 9 6 7 ; L 6 H 4 9 6 8 ; 6 H 7 < 4 7 N C 6 Et

A C : D < 6 C 6 H 7 8 = C 4 8 G D N 6 = K 6 6 8 8 B 9 6 D p

� � � � � / 2 �
	 B < = L 6 D 6 ; : < 4 = > T : 7 < 9 6 M 7 5 A C 6 �
4 = 4 D D : � ; 4 6 8 = = B D A 6 ; 4 @ >
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0.9t
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Rain0 Rain1
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� < B N B = 4 D 9 6 D ; < 4 N 6 9 K 4 = L D = 7 = 6 H 7 < 4 7 N C 6 D Xt = 〈Xt ,Yt〉

@ B <

A B D 4 = 4 B 8 7 8 9 Ẋt = 〈Ẋt , Ẏt〉

@ B < H 6 C B ; 4 = > 7 8 9 Batteryt

@ B < = L 6 7 ; = : 7 C

N 7 = = 6 < > ; L 7 < T 6 C 6 H 6 C p

Z1

X1

X1tXX 0

X 0

1BatteryBattery 0

1BMeter

J B = L A B D 4 = 4 B 8 
 6 H 4 9 6 8 ; 6 H 7 < 4 7 N C 6 D Zt

� 7 8 9 = L 6 N 7 = = 6 < > ; L 7 < T 6 C 6 H 6 C


 6 H 4 9 6 8 ; 6 H 7 < 4 7 N C 6 BMetert

� 7 < 6 5 6 7 D : < 6 9 p
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➤

3 L 6 A < 6 H 4 B : D 7 C T B < 4 = L 5 D @ B < 4 8 @ 6 < 6 8 ; 6 4 8 J 7 > 6 D 4 7 8 8 6 = K B < G D ; 7 8 N 6

7 A A C 4 6 9 = B 9 > 8 7 5 4 ; J 7 > 6 D 4 7 8 8 6 = K B < G D p

➤

� 4 H 6 8 7 D 6 � : 6 8 ; 6 B @ B N D 6 < H 7 = 4 B 8 D � B 8 6 ; 7 8 - 1 « ª
/ / 7 I J S : 8 = 4 C = L 6

8 6 = K B < G 4 D C 7 < T 6 6 8 B : T L = B 7 ; ; B 5 5 B 9 7 = 6 = L 6 B N D 6 < H 7 = 4 B 8 D p

➤

� 8 < B C C 4 8 T ; 7 8 7 C D B N 6 9 B 8 6 B 8 7 D C 4 ; 6 � N > � D C 4 ; 6 N 7 D 4 D p

➤

? 8 = L 6 T 6 8 6 < 7 C ; 7 D 6 � =
L 6 ; B 5 A C 6 M 4 = > B @ < 6 7 D B 8 4 8 T 4 D 6 M A B 8 6 8 = 4 7 C p
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➤

� 9 > 8 7 5 4 ; K B < C 9 ; 7 8 N 6 L 7 8 9 C 6 9 : D 4 8 T 7 D 6 = B @ < 7 8 9 B 5 H 7 < 4 7 N C 6 D

= B < 6 A < 6 D 6 8 = = L 6 D = 7 = 6 B @ = L 6 K B < C 9 7 = 6 7 ; L A B 4 8 = 4 8 = 4 5 6 p

➤

P 6 A < 6 D 6 8 = 7 = 4 B 8 D ; 7 8 N 6 9 6 D 4 T 8 6 9 = B D 7 = 4 D @ > = L 6 
 � « � ª � � « ª � 2 « . � �

D B = L 7 = = L 6 @ : = : < 6 4 D 4 8 9 6 A 6 8 9 6 8 = B @ = L 6 A 7 D = T 4 H 6 8 = L 6 A < 6 D 6 8 = p

➤

l B 5 N 4 8 6 9 K 4 = L = L 6 � . � . 0 ª 1 � « 0 . � 7 D D : 5 A = 4 B 8 5 : ; L D 4 5 A C 6 <

A < B N 7 N 4 C 4 D = 4 ; 5 B 9 6 C D 7 < 6 B N = 7 4 8 6 9 p
➤

� = 6 5 A B < 7 C A < B N 7 N 4 C 4 = > 5 B 9 6 C ; B 8 D 4 D = D B @ 7 . « � 1 � 0 . 0 ª 1 � ª � 2 / 7 8 9

7 � 2 1 � ª « � ª � 2 / p
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