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# � � � � � � � � � � � � � � � $ % % ( � � � 
 � � � � � � � � 	  � �� � � �



�  �� � � �

� � # 
 
 � � � � � 
 � � �� � � � � � �  � � �

$ � � � 
 � �
 �� � � � � � # 
 
 � � � � � 
 � � �� � � �

� � � ��  	 �� � � � � � �  � � �



� ��  	 �� � �� � � � � �

�� � � � � � �� �� # �
 � � � � �� � � 
 � � � � � � � � � 	
 � � � � �� � � � � � �

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

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

�� � � 
 � � � � � � � � � � � � � � �� � � � � 	 �
 � � � � �
 � � � � � �

� � � �� 
 � � � � 
 � � 	 � � � � � � �� �� � �� 	� 
 � �� � 	
 �� � � D � � X × [0,∞)k�

argmin
h

Ex,~c∼D

[

ch(x)

]

� � ��  	� � � � � � � � � 
 � � 	� 
 � �� � 	
 �� � � � � ��  	 �� � � �  � � � � � � 
 � � � 
 � � �

� � � ∑

i ci� � � � �� � �



� � � � � � � �� � � � 
 � �  � 
 � � � �� 
 � �� �� � � � �
 �

D(o′, r|(o, a, r)∗, o)� 	 � �� � �� � � 
 � �� � � 
 � � � � � � �
 � � �

� � o′, o ∈ O� � � � �� � 
 �� � � �

$ � r ∈ [0,∞)� � � � 
 � �

� � a ∈ A� 
 	 �� � ��

� � �� π((o, a, r)∗, o)→ a
 
 � � 
 �� � � ��

η(π) = E(o,a,r)T∼π,D





T
∑

t=1

rt







� � �
� � � � � � �� 
 �

� � � π∗� � � �� 
 
 � � � � � 	 �

� � � � � � � �
 � � � � � � � � � � ' �� �� � 	 � � � �� 
 
 � a
 � �  
 � � � π∗� � � � � � ��

� � � T − 1 �� 
 � � � � � � 
 � � �� � 
 � � ��

$ � � � � � � � � � � �� �� � 	 �� � � ' � � � � � � � � � � � � ' �� �� � 	 � � � �� 
 
 � a 
 ��

�  
 � � � π∗� � � � � � �� � � � T − 2 �� 
 � � � � � � 
 � � �� � 
 � � ��

� � � � � � � $ � � � � � � � � � � � ' �� �� � 	 � � � �� 
 
 � a
 � �  
 � � � π∗� � � � � � ��

� � � T − 3 �� 
 � � � � � � 
 � � �� � 
 � � ��

� � � � �



�� � � � � � � � �� 
 � � � � � � � � � 	 �  � � �

Goal

Start



�� � � � � � � � �� 
 � � � � � � � � � 	 �  � � �

Goal

Start

16 Steps



�� � � � � � � � �� 
 � � � � � � � � � 	 �  � � �

Goal

Start

16 Steps
17 Steps
16 Steps

� � � � � � � 
 	 �� � � a = � � � � � (a)−mina′ � � � � � (a′)� 0 ' 1 ' 0



�� � � � � � � � �� 
 � � � � � � � � � 	 �  � � �

Goal

Start

16 Steps

15 Steps

15 Steps
15 Steps
16 Steps

	 � � � � 0 ' 1 ' 0 ' 0 ' 1



�� � � � � � � � �� 
 � � � � � � � � � 	 �  � � �

Goal

Start

13 Steps

15 Steps

� � � � � 0 ' 2



�� � � � � � � � �� 
 � � � � � � � � � 	 �  � � �

Goal

Start

14 steps

14 steps

� � � � � 0 ' 0 � � � �� 	 � �� � �� � � � � �  � � � �� 
 
 � �  � 	 � 
 � 
 � �� �� � �  �

� � � � �



�� � � � � �� 	
 � � �
 
 


A∗t (D, π, ht) = E(a,o,r)T D,(π,ht,π∗)

[

∑T
t′=t

rt′
] � � � � � 	 � �� � � � 
 � �

�  
 � � � � � �
 � �� � � � � �� π ' 
 	 �� � � 
 	 	 � � � � � � � � ht
 �� 	 � 
 � � � �� � �

� � �� �� � � � �� 
 
 � � � � � 	 �� � A� � � �
� � � 
 � �
 � �� � �

� �
 
 
 � � � � 
 � � D ' π = (h1, ..., hT ) '

η(π∗)− η(π) =
T

∑

t=1

A∗t (D, π, π∗t )−A∗t (D, π, ht)

� �  
 � � 	 � � � � � � �� �� � � � � � � � ��



� � � � �

η(π∗)− η(π) = E(o,a,r)T∼D,π∗
[

∑T
t=1 rt

]

− E(o,a,r)T∼D,π

[

∑T
t=1 rt

]

=
∑T

t′=1
E(o,a,r)T∼D,(π,π∗

t′,π
∗)

[

∑T
t=1 rt

]

−E(o,a,r)T∼D,(π,πt′,π
∗)

[

∑T
t=1 rt

]

=
∑T

t′=1
E(o,a,r)T∼D,(π,π∗

t′,π
∗)

[

∑T
t=t′ rt

]

−E(o,a,r)T∼D,(π,ht′,π
∗)

[

∑T
t=t′ rt

]

=
∑T

t=1 A∗t (D, π, π∗t )−A∗t (D, π, ht)



� 
 � � � � �� � � � 
 � �  � �� � � � �  � �

� � � ��  	 �� � � � � �� � � 	� 
 � �� � 	
 �� � � � � � � � � � 
 	� � 
 	 	 � � � � � � ��

�� 
 
 � � � � � 	 �� �� � � � 
 � � �
 � �� � � �� 	 � �� � � � � 
 � � � � � � � � � #  � �� � ��

� � � � �  � ��  � � �

$ � � � � � �� � � � �� � �
 �� � ��  	 �� � � � � �� � � 	� 
 � �� � 	
 �� � � � �� �� �

�� � � � � 
 � � � � � 	� 
 � �� � 	
 �� � � �� � � � �
 � �  	� �� 
 � � � �� � � 
 � �

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



� � 
 � 	
 � � � � � 	 � � � ��  	 �� � �� � �

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

� � � � � �� 
 �� � � 
 �� �� � � � � �� � �� �� � � � � � �� 
 � �

$ � � � 
 � � � � � �� 
 � � 	 	 � � � � � � �� 
 
 � � � � � 	 � � � �

� � # �
 � � � � � �� � �  �� � � � � � � � 
 � � � � �� 
 
 � � � � � 	 � � � �



# � 
 � � � # 
 
 � � � � �

� � � � � �� �� � � � � � 
 	 �� � � ' �
 
 � � � k �� 
 � �

$ � � � � �� �� � � � �  � � ' � � � �� �� � � � 	 � �� 
 	 �� � � ' �
 
 � � � k �� 
 � ��

� � � � � �� �� � � � �  � � ' � � � �� �� � �� � � � 
 	 �� � � ' �
 
 � � � k �� 
 � ��

� � � � 	 � �



# � 
 � � � # 
 
 � � � � � ' �� � � � 	 �  � �

First Action

Second Action

Third Action

Etc...

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



# � 
 � � � # 
 
 � � � � � � � 	� �� � � �

� � � � � �
 	� 
 	 �� � � ' �� � � 	 �
 �� � � � � �� �
 
 � � � � 
 � � � � � T

$ � � 
 � � � �� 
 	 �� � � ��

� � � � � �
 	� 
 	 �� � � ' �� � � 	 �
 �� � � � � �� T 
 
 � � � 
 � � � � � T − 1�

� � � � 	 � � �

⇒ � � �� 
 
 � � � � lt(D, π, ht)
 	 	  � 
 � � � � (T − t)

√

logA+log 1
δ

k �

⇒ 	
 � 
 � � � � � ��  	 �� � �



� � 
 � 	
 � � � � � 	 � � � ��  	 �� � �� � �

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

� � � � � �� 
 �� � � 
 �� �� � � � � �� � �� �� � � � � � �� 
 � �

$ � � � 
 � � � � � �� 
 � � 	 	 � � � � � � �� 
 
 � � � � � 	 � � � �

� � # �
 � � � � � �� � �  �� � � � � � � � 
 � � � � �� 
 
 � � � � � 	 � � � �



� � 
 � � � � � �� 
 � � 	 	 � � � � � � �� 
 
 � � � � � 	 � � � �

� � � � � � �� 
 � � � 
 � �� � � � 
 � � � � � ��

�  �� � �
 � � � � � � � � 	� 
 � �� � �� � � � �� �� � �� 
 � � � � � � � 	 � 
 �  �
 �� � � 
 � � �

� � � 	  � ��

# � �  �� � �� � � 
 � � � � � 	� 
 � �� � �� � � � 
 � � �� 
 � � � � � � �� 
  � �
 � � �  �� ��

�  �� �� � � �� � 
 � � � � �� � ��  	 �� � � �� � � �� �� � ��

# � �  �� � �� 	 � � � � � � � �� � 
 �� � � � � � � 	 � � � �� 
 �� � � � �� � 	� �



�� � � � � � �� � 
 �� � � � � � � 	 � � � �� 
 �� � � �� � 	�

� � � 
 � � � � � � 	 � πi−1� � � 	� � �  � � � � � �� � � �� 
 
 � � � � � � � h  �� � �

� � �

Start y y y y y
1 2 3 4 5

0.5
0.7
0.2

0.9
0

Loss suffered

� � �� 
 �� � � � πi ← (1− β)πi−1 + βh � � � � 	� 
 � �� 	 � � � �� � � � 
 �� � � �

�� � �  � �
 � � � � �� π∗ ' 
 � � �� O
(

1
β

)

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

� �
 � � �� �



�� � # �
 � � � � � � � �


� � � � � �
 � � � � � � � �� �� � � � �
 � D ' � � � � � � � � �  � � 	 � � � � � � 
 � � ��

	� 
 � �� � �� � c1, c2, ... ' � � � �
 
 � � β ' 
 � � �� 2T3 lnT � � �� 
 �� � � � '

� � � � (� �
 � � �� � � � � 	 � )

≤� � � � ( � � � �� 
 � � � � � 	 � )+� � �� 
 � � 	� 
 � �� � �� � � � � ∗2T lnT+(1+ln T )


 
 � � � � �

T

� � � �� � � � � � � 
 	 �  
 � � � � � � �� �� 
 � O(T ) � � � � �� � � � �� �� ' � � �� 
 	�

�� 	 � ' � � � � � � 
 � 	� � � �� β� 
 � � � � � < T 	� 
 � �� � �� � � �
 � � �� �



# � 
 � � � � � �� � 
 � � �
 � � � �  � � �

# � 
 � � �� � 
 
 �� � � �� � � � � 	 � � � � �� � � � � ( � � � � � � �

� � � � � % % � # � � � � % % � # � � � # � � � % % � # �
 � � � � % % � # � 
 � � ��� � $ � �

� 	 	 � � � � � � � � � � � � � � � � ( � % � � � � & �

� �  � �� � � � � � � � 
 �� � � � �� � � � � 	 � � � � �� � � � 5500 � � 600 � � � � �� � 
 � � � � � � � � ��� � � �� 	 � � �� � � � � � � � �� 	 # � � M3N # �
 � �

& % % �� 
 � � & ( � (& & � � & ( � $ � & � � � � ( � � � $

( ( % % �� 
 � � � % � % ( � $ � � % � $ � ( $ � � % � � �

� � � � � � � �  � � 	 � � 
 � � � � � � ��� � � & �� 
 � � ' $ % � $ � � � � �� � 	 � � � � � # � � 
 	 � � � �� � � � � � � # �
 � �

� � � � �� 	 	  � 
 	 � � � � � $ � ( � � $ �& � � � � �& � � �

��  � � �� � 	 � � � � $ � � � � � � � � � � � � � � � � � � � � � � &

� 
 � � � � � � � � � 	� � � � % ( � � � � % � � � � $ � � � � % �

� � 	  
 � � � #  
 
 
 � �� 
 �� � � �� � 
 	 �� � � � � 
 
 � � � �  � �� � � $ � �� � � � 	 �  � � � 	 � % ( � � � � �� �� % � �� % ( # � 
 � � # �
 � � ��� � � � �

� % % � % � � % � % � � % % % � � � � � � � $ �

$ ( % % � � � � % � & �& % � � � � % � � %& � � � � %



� � 
 � 	
 � � � � � 	 � � � ��  	 �� � �� � �

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

� � � � � �� 
 �� � � 
 �� �� � � � � �� � �� �� � � � � � �� 
 � �

$ � � � 
 � � � � � �� 
 � � 	 	 � � � � � � �� 
 
 � � � � � 	 � � � �

� � # �
 � � � � � �� � �  �� � � � � � � � 
 � � � � �� 
 
 � � � � � 	 � � � �



# �
 � � � � � �� � �  �� � � � � � � �
 � � � � �� 
 
 � � � � � 	 � � � �

� � 
 � � � � � �
 � � � � �� 
 
 � � � � � 	 � � � 
 � � �� � � �

# � 
 � �� 
 � � � � � � � � � � � � � � �� � 
 � � � �� 
 
 � � � � � 	 � � � �� � �� � � �� � �

� � �  �� �



�� � � #� � � � � � � � 	 � # � 
 � 	� � � � � � 
 
 � 	 � � � � � 
 
 
 � � � � �


 � � � � � �� 


� � � D1 ' � � � ' DT � � � � �� � �  �� � � � � �� � �
 � � � 
 � �� 
 � � � � � t� ��  	 ��

� � π∗�
� � � � � �
 � �� � � � � 
 � s� � � 
 DT
 ��  � � � � � � � � �� 
 
 � � � � � 
 � � ��

� �
 � � 
 T �� � � � � � � � � 	 � πT � � 
 	 � � � � � � �� �� � � 	� 
 � �� � 	
 �� � � �

$ � � � � �
 � �� � � � � 
 � s� � � 
 DT−1
 ��  � � � � � πT � � � � �� 
 
 � �

� � � 
 � � �� � � 
 � � (T − 1) �� � � � � � � � � 	 � πT−1� � 
 	 � � � � � � �� �� � �

	� 
 � �� � 	
 �� � � �

� � � � 	 � � �



�� � � #� � � � � � � �


Aπ
t (Dt, ht) = E(a,o,r)T Dt,(ht,π)

[

∑T
t′=t

rt′
]

�� � � � A∗t �� 	 � � � � � � �� � � � � 
 � �  
 � � � � � �� 
 
 � � � � � 	 � 
 �� � � �

� � �� � �
 � � �� � � � � 	 �� �

� � � � � �
 � � � � 
 � � π∗ � � � �� 
 �� � � D1, ..., DT ' 
 �� 
 � � π = (h1, ..., hT ) '

η(π∗)− η(π) =
T

∑

t=1

At(Dt, π
∗
t )−At(Dt, ht)

� �  
 � � 	 � � � � � � �� �� � � � � � � � � � � � � 
 � � ��

• � � � �
 
 � 
 � � � � � � π∗ � � � �  � # �
 � �� � � � � � � 
 � � 
 � �  � � � � � � �



� � � �  �  � �

� � # � � 	� 
 � �� 
 �� � � � � � � �� � � � � 	 �
 � � � � �
 � � � � � � � � 
 � �� 	  � 
 � � ��


 
 � � ��

�
 � � � � � �� 	 �

� � � � 
 
 � �

� 	 � # � � 	� � 
 � � � �

$ � � � � � � � 
 �� � �� �� � � � � �� 
 � � � � �� � 	� � � � ��

� � � � � 
 �� � � � 
 �� � � � 
 � �� �� � � � 
 � 
 � � �� � � � �� �� 
 �� � � ��

	 � 
 � �



� � � 
 � �� � �
 � � � �

� E
3

� � � 	� 
 �� � � 
 � � � 
 �� # 
 �� �� �� # � � �� ' � � � 
 � � � �� 
 
 � � �� ��

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

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

� � � �� 
 � � � � � � � 
 � 
 � � � 
 �� � � � � � �� 
 � � � � � 
 � � � �� 
 
 � � �� �� � � 	 ��


 � � �� �
 � � � � � � ' � � �� � $ % % � �

� � 
 	 � � � �� � E3

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

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

� � � �� � 	� E3

� #� 
 
 � 
 � 
 � � ' � � 	� 
 �� � �
 � � � ' 
 �� � �� � � 
 � � � � � � '�
� � � � � � 
 �� � � � � � � �� � 	 # �
 � � # � 
 	 � �� ' � � � � $ % % � �

�� � � 
 � �� � � � �
 � � � � � � � � �� 
 �� �� # �� �� � � � 
 � ' � �� � � �� � �� � � � �

� � � � � � � 	 �
 � � �� � 
 � � � � � � ' � � � � $ % %& �



� # � 
 � � � # 
 
 � � � � � � � � 	� 
 � � � � 
 � � � ' � � �� 
 � � 
 � � �  � ' 
 �� � �� � � �

� � ' �
� # � 
 � � � # 
 
 � � � � � � � � � � � �� 
 � � � � � 
 � � � � �� 
 
 � � � 
 � � � � � � �

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

� � � � � #� 
 
 � 
 � 
 � � ' � �� � � 
 � � � � � � �
� � �� � � � 
 
 � � � � � � �� 
 
 � � ��

�� � � � 
 
 � � � � � � � � � 	 �
 � � �� � 
 � � � � � � ' � � � � $ % % $ �

� � 
 � � �� � � � � � #� 
 
 � 
 � 
 � � ' � � �� � # 
 
 � � � � � 
 � � �� � � � � � � ��

� �� � � 	 �
 � � �� �
 � � � � � �� � �� � � 
 � � � � ' 	 �� ' $ % % � �

� � #� � �� � � � � 
 � � �� � ' #� 
 
 � 
 � 
 � � '� �� � � � � � ' � � �� # 	� � � ��

� �� ' � � � � � 	 � # � 
 � 	� � � � � � 
 
 � 	 � � � � � 
 
 
 � � � � ' � � � # $ % % � �

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

� 
 �� � � � �� �� � � 	 �
 � � �� �
 � � � � � � �� � � � 
 
 � 	 � � � � � 
 � �� � 	
 �� � � � �� �

� � � 
 
 � 	 �� ' � � � � $ % % ( �

� # �
 � � � � 
 � � 
  
 � � � � ' � �� �� 
 � � � � � � ' 
 �� � 
 � � �� � 
 � 	  ' � # �
 � 	� �

� 
 � �� # ��  	 �  � �� � � �� � 	 �� � ��� �  � �  � � � �� �� ��



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

� � 	 � � �

� � � �� � ��  � 	� � � � �


