
� �� �� � � � � �� � � � � � �

	
 �� � ��

�� � ����� �



�� �� � �� � �

�	
 � �� 	 	 � ��� �� � �� � ��� � �� ��� � ��� �  � ! ! �  " �� � #%$ &$


 ! !� #� ' �� � � (*)� ! + " �, " � !- �" . �/ �$ &�

	� ! + & � '  0 ! &
  �
 �/ � � "�  )1 � � � 
 / #32 4 �- 5� � 6 + ' 52 7 � � � �  

� )  ! !  0 0 �/ � � , � " ' !

�� � ����� �



�� ��� ��

� 
 # �� � !  � � �� �� " �� ' �� � !

� �  �� ��  )� � �

� �� 
 � ( � �" , � " '  � 0 � ' �  !/ " � 5� � �� " �� ' �� � 5
 0 �/  � � " ! 5 � �� ! � " ! .

� � � �� " �� ' �� � � � + � !

� 
 # �� � � � + � !

�� � ����� �



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

?

agent

percepts

sensors

actions

environment

actuators


 # �� � !� � 0 )/ � � -/ '  � ! 5 " �� � � ! 5 ! � , �� � � ! 5 �- �" ' � ! �  � ! 5 � �0 �

� - �  # �� � ,/ � 0 �� �� '  + ! , " � ' + �" 0 � + � -� ! � � "� � ! � �  0 �� �� !1

�	� 
��  �

� - �  # �� � +" � # "  ' "/ � ! �� �- � + - � !� 0  )  " 0 -� � �0 �/ " � � � +" � �/ 0 � �
�� � ����� �



�� �� � ��� � �� � �� � � � � � �

A B

� �" 0 � + � !1 ) � 0  �� ��  � � 0 �� � �� � ! 5 �� # � 5 ��� �
	 �� � �


 0 �� �� !1 � � � 5� � ���  5�� �� 5�� � � �

�� � ����� �



� �� �� � ��� � �� � �� � � �� � �

� �" 0 � + � ! � �/ �� 0 � 
 0 �� ��

��� ��� � �� � � � � �� 

��� �
	 �� � � �� ��

��� ��� � �� � � � � �

��� �
	 � � � � �� ��

��� ��� � �� � � 5 � � ��� � �� � � � � �� 

��� ��� � �� � � 5 � � �
	 � � � � �� ����� ���

� 	
 �� �
 �� �� � ��� �� �� � � � � �� �� � "! #$% &' #( )* &% &+ * ,-/. 0 � 	. 
 12 3 2 456 7 3

 � * &% & + *98 : '; & < �= 0
 . 0 � 	. 
 > + $?

0@ 1 0 �! #$% &' #( 8 A �= 0
 . 0 � 	. 
 B ' CED &

0@ 1 0 �! #$% &' #( 8 F �= 0
 . 0 � 	. 
 G H I &

� -  �� ! �- � "� # - � ,/ � 0 �� �� J

�  � � �� �� ' + ) � ' �� � ��� �  ! '  ) )  # �� � +" � # "  ' J

�� � ����� K



� � �� � �� �� � �

�� � �� + �" , � " '  � 0 � ' �  !/ " � � �  )/  � � ! �- � �� �� " �� ' �� � ! � �/ �� 0 �

� �� � + �� � � + �" ! �/  " � 0 ) �  � �� / +� � �� ' �� J

� �� � + �� � � + �" 0 ) �  � ! �/  " � + �" �� ' � ! � � + 5 '� � / ! �� � + �" ' � � � J

� + ��  )� � � , � " � � �� " � � ! �/  " � ! J


 "  �� ��  )  # �� � 0 - � � ! � !� -� 0 - � � �"  0 �� �� '  �� '� � � ! �- � � � + �0 � � � �  )/ � � ,

�- � + �" , � " '  � 0 � ' �  !/ " � #� � �� �- � + �" 0 � + � ! � �/ �� 0 � �� �  � �

�  �� ��  ) �
	 � '� � !0� �� �

�  �� ��  ) �
	 0 )  � " � � �  � �

�  �� ��  ) �
	 !/ 0 0 � ! !,/ )

�  �� ��  ) � � � + ) � "  �� �� 5 ) �  "� � � # 5  / ��� � ' �

�� � ����� �



�� � �

� � � � !� #�  "  �� ��  )  # �� � 5� � '/ ! � ! + �0� , � �- � �  !� �� �� " �� ' �� �

� �� !� � �" 5 �� # � 5 �- � �  !� � , � � !� #� � � #  �  / � � '  � �� �  �� 1

� �" , � " '  � 0 � ' �  !/ " � J J

� � �� " �� ' �� � J J


 0 �/  �� " ! J J

� �� ! � " ! J J

�� � ����� �



�� � �

� � � � !� #�  "  �� ��  )  # �� � 5� � '/ ! � ! + �0� , � �- � �  !� �� �� " �� ' �� �

� �� !� � �" 5 �� # � 5 �- � �  !� � , � � !� #� � � #  �  / � � '  � �� �  �� 1

� �" , � " '  � 0 � ' �  !/ " � J J !  , � � � 5 � � ! �� �  �� �� 5 +" �� � ! 5 ) � #  )� � � 5 0 � ' , � " � 5 � � �

� � �� " �� ' �� � J J � � ! �" � � � ! & , " � ��  � ! 5 �"  � 0 5 + �� � ! �"�  � ! 5� �  �- �" 5 � � �


 0 �/  �� " ! J J ! � � �"� � # 5  0 0 � ) �"  �� " 5� "  � � 5 - � "� 5 ! + �  � �" & �� ! + )  � 5 � � �

� �� ! � " ! J J �� � � � 5  0 0 � ) �" � ' � � �" ! 5 #  / # � ! 5 �� #� � � ! �� ! � " ! 5 � � �� �  " � 5�� � � 5 � � �

�� � ����� �



� � �� � �� � �� � � �� � � � �� � �

� �" , � " '  � 0 � ' �  !/ " � J J

� � �� " �� ' �� � J J


 0 �/  �� " ! J J

� �� ! � " ! J J

�� � ����� � �



� � �� � � � � � � � � � �� �

� � )� �  � " � �  0 � #  ' ' �� � � �"� � � !- � + +� � # �  ��

�� ! �" �  � ) � J J

� � � �" '� � � ! �� 0 J J

� +� ! � �� 0 J J

� �  �� 0 J J

�� !0 " � � � J J

�� � # ) � �  # �� � J J

�� � ����� � �



� � �� � � � � � � � � � �� �

� � )� �  � " � �  0 � #  ' ' �� � � �"� � � !- � + +� � # �  ��

�� ! �" �  � ) � J J � � ! � � ! � � � �

� � � �" '� � � ! �� 0 J J

� +� ! � �� 0 J J

� �  �� 0 J J

�� !0 " � � � J J

�� � # ) � �  # �� � J J

�� � ����� ��



� � �� � � � � � � � � � �� �

� � )� �  � " � �  0 � #  ' ' �� � � �"� � � !- � + +� � # �  ��

�� ! �" �  � ) � J J � � ! � � ! � � � �

� � � �" '� � � ! �� 0 J J � � ! � � �  " � ) � � �� +� ! � �� 0 J J

� �  �� 0 J J

�� !0 " � � � J J

�� � # ) � �  # �� � J J

�� � ����� � �



� � �� � � � � � � � � � �� �

� � )� �  � " � �  0 � #  ' ' �� � � �"� � � !- � + +� � # �  ��

�� ! �" �  � ) � J J � � ! � � ! � � � �

� � � �" '� � � ! �� 0 J J � � ! � � �  " � ) � � �� +� ! � �� 0 J J � � � � � � � �

� �  �� 0 J J

�� !0 " � � � J J

�� � # ) � �  # �� � J J

�� � ����� � �



� � �� � � � � � � � � � �� �

� � )� �  � " � �  0 � #  ' ' �� � � �"� � � !- � + +� � # �  ��

�� ! �" �  � ) � J J � � ! � � ! � � � �

� � � �" '� � � ! �� 0 J J � � ! � � �  " � ) � � �� +� ! � �� 0 J J � � � � � � � �

� �  �� 0 J J � � ! � � '� � � '� � �

�� !0 " � � � J J

�� � # ) � �  # �� � J J

�� � ����� � �



� � �� � � � � � � � � � �� �

� � )� �  � " � �  0 � #  ' ' �� � � �"� � � !- � + +� � # �  ��

�� ! �" �  � ) � J J � � ! � � ! � � � �

� � � �" '� � � ! �� 0 J J � � ! � � �  " � ) � � �� +� ! � �� 0 J J � � � � � � � �

� �  �� 0 J J � � ! � � '� � � '� � �

�� !0 " � � � J J � � ! � � ! � � ! � �

�� � # ) � �  # �� � J J

�� � ����� � K



� � �� � � � � � � � � � �� �

� � )� �  � " � �  0 � #  ' ' �� � � �"� � � !- � + +� � # �  ��

�� ! �" �  � ) � J J � � ! � � ! � � � �

� � � �" '� � � ! �� 0 J J � � ! � � �  " � ) � � �� +� ! � �� 0 J J � � � � � � � �

� �  �� 0 J J � � ! � � '� � � '� � �

�� !0 " � � � J J � � ! � � ! � � ! � �

�� � # ) � �  # �� � J J � � ! � � � � ( � � 0 � + �  / 0 �� �� ! . � �

� - � �� �� " �� ' �� � � � + � )  " # � ) � � � � �" '� � � ! �- �  # �� � � � !� #�

� - � " �  ) � � " ) � � ! (� , 0 �/ " ! � . +  " ��  ) ) � �� ! �" �  � ) � 5 ! � � 0 -  ! �� 0 5 ! � �/ �� ��  ) 5� ��  '� 0 5 0 �� �� � / �/ ! 5 '/ ) �� �  # �� �

�� � ����� � �



� �� � � � � �� �

� �/ " �  !� 0 � � + � !� � � " � �" � ,� � 0 " �  !� � # # �� �"  )� � �1� !� ' + ) � " �� � �  # �� � !

� " �� � �  # �� � !� � �- ! �  � �

� # �  ) ��  ! ��  # �� � !

�/ �� )� � � ��  ! ��  # �� � !


 ) ) �- � ! � 0  � � � �/ "� ��� � � � ) �  "� � � #  # �� � !

�� � ����� � �



�� � � �� �� �� � � �� � � �

Agent

E
n

viro
n

m
en

t

Sensors

What the world
is like now

What action I
should do nowCondition−action rules

Actuators

�� � ����� � �



�� �� � � �� � � � �� � � � �� ��
Agent

E
n

viro
n

m
en

t

Sensors

What action I
should do now

State

How the world evolves

What my actions do

Condition−action rules

Actuators

What the world
is like now

�� � ����� � �



� �� �� �� �� � � �� � � �
Agent

E
n

viro
n

m
en

t

Sensors

What it will be like
  if I do action A

What action I
should do now

State

How the world evolves

What my actions do

Goals

Actuators

What the world
is like now

�� � ����� � �



� �� �� � �� �� �� � � �� � � �
Agent

E
n

viro
n

m
en

t

Sensors

What it will be like
  if I do action A

How happy I will be
   in such a state

What action I
should do now

State

How the world evolves

What my actions do

Utility

Actuators

What the world
is like now

�� � ����� � �



�� � � �� � � � �� � � �

Performance standard

Agent

E
n

viro
n

m
en

t
Sensors

Performance
   element

changes

knowledge
learning
  goals

  Problem
 generator 

feedback

  Learning  
   element

Critic

Actuators

�� � ����� � �



� � � � � ��

� - � 0 � � � , � " �  0 - � � +� 0� ! �� �� � ��� � �� , �/ " �� " �0 � � "� � !1

� � ��� � �� 1 0 � � � � �� � � � #  # �� � � � + � !  � � +" � # "  ' !

� �� ��� 	
 �� � � 1 0 � � � , � " �- � ' � �- � � !/ ! �� � � �- �  # �� � +" � # "  ' !

� � �  
 	� � � � � �� 1 0 � � � � �� � � � # �� �� " �� ' �� � � � + � ! 5 !� '/ )  �� �� !

� �� � �
 � � 1 +" �� ) � ' � � + � !  � �� � ! �  � 0 � ! , � "� � +/ � ��  ) # � "� �- ' !

( � , � �� "/ �  ) # � "� �- ' ! �� � � '  � � ! "  �- �" �-  �  # �� � !� � �� �� " �� ' �� � !� .

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

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

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

�� � � � � � � � � 	 � � 
 � � �

� � �� � � � � � � � � 	 �� � ��

� � � � � � � 	 �� � � � � � � 	 � �

� � � �� � � � �

�� � ����� � �


