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function VALUE-ITERATION(M, R) returns a utility function
inputs: M, a transition model

R, a reward function on states
local variables: U, utility function, initially identical to R

U

8

, utility function, initially identical to R

repeat
U 9 U 8

for each state i do
U

8

[i] 9 R[i] + maxa

:

j
Ma

ij U[j]
end

until CLOSE-ENOUGH(U, U

8

)
return U
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5 ^ R 9 73 7 I 3 < 5 @ @ 36 7 ^ > : 8< F 5= 86 K 7 I 3 ] ½ � ^ @ 86 < 8 ^ : 3 T

function POLICY-ITERATION(M, R) returns a policy
inputs: M, a transition model

R, a reward function on states
local variables: U, a utility function, initially identical to R

P, a policy, initially optimal with respect to U

repeat
U � VALUE-DETERMINATION(P, U, M, R)
unchanged? � true
for each state i do

if maxa

�

j

Ma
ij U[j] >

�

j

MP[i]
ij U[j] then

P[i] � arg maxa

�

j

Ma
ij U[j]

unchanged? � false
end

until unchanged?
return P
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function DECISION-THEORETIC-AGENT( percept) returns action

calculate updated probabilities for current state based on
available evidence including current percept and previous action

calculate outcome probabilities for actions
given action descriptions and probabilities of current states

select action with highest expected utility
given probabilities of outcomes and utility information

return action
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H I 3 @ 3 C 9 86 86 K = 73 ^ = > M 7 I 3 R 3< 8= 8> 6 < F< : 3 9 @ 3 = 7@ 9 8 K I 7 M> @ P 9 @ R T
function DECISION-THEORETIC-AGENT(Et) returns an action

inputs: Et, the percept at time t
static: BN, a belief network with nodes X

Bel(X), a vector of probabilities, updated over time�

Bel(Xt)

� �

xt � 1 P(Xt

�

Xt �1=xt �1, At �1) Bel(Xt �1=xt �1)

Bel(Xt)

�� P(Et

�

X t)

�

Bel(Xt)

action � arg maxAt

�

xt

�

Bel(Xt=xt)

�

xt+1
P(Xt+1 = xt+1

�
Xt=xt , At) U(xt+1)

 

return action
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K 8X 36 7 I 3 9 < 7 59 :X 9 : 5 3 > M 7 I 3 = 79 73 X 9 @ 89 B : 3 T
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� 1/ ²³ ± �* ².A³ / > @ ´ u , u �* ².A³ / 8= 9 B+> 5 7 86 73 @ ^ @ 3 7 86 K 9 6 R ^ 5 7 7 86 K

7> K 3 7 I 3 @ ^ 3 @< 3 ^ 7 5 9 : 86 M> @ C 9 7 8> 6 M@ > C C 5 : 7 8 ^ : 3 = 36 = > @ = T

rts uv w - 1yx E M 7 I 3 @ 3 9 R 86 K = M@ > C K 9 5 K 3 = 9 @ 3 � �À � �� � �¿ À � � � � 9 6 R
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E 7 C 9 F B 3 R 8 �< 5 : 7 7> R 3 73< 7 9 = 36 = > @ M9 8 : 5 @ 3 T

➤

H> I+9 6 R : 3 = 36 = > @ M9 8 : 5 @ 3 = 86 7 I 3 Z @ = 7 ^ :+9 <3\[ 7 I 3 ^ > = = 8 B 8 : 8 7 F > M M9 8 : 5 @ 3

I+9 = 7> B 3 79 Q36 86 7> 9 < < > 56 7 86 7 I 3 = 36 = > @ C > R 3 : T
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2+36 = > @ M 5 = 8> 6 C 9 F R 8=< > 56 7 7 I 3 @ 3 9 R 86 K = > M 9 M9 8 : 3 R = 36 = > @ T
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�6 3 ^ > = = 8 B 8 : 8 7 F 8= 7> 9 R R 9 R 3 79 8 : 3 R = 36 = > @ M9 8 : 5 @ 3 C > R 3 :Y
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J ´ �/ uv . � � 1 -. 1 � / 1 ,� ³ ± � �; L O � @ 3 ^ @ 3 = 36 7= I > P 7 I 3 = 79 73 > M

7 I 3 36 X 8t@ > 6 C 36 7 3 X > :X 3 = > X 3 @ 7 8 C 3 T

➤

E6 9 6 9 :+> K F 7> = 36 = > @ C > R 3 : =[ 9 ² , u ,.A³ / u± . , � 9 = = 5 C ^ 7 8> 6 8= C 9 R 3Y

7 I 3 R 8= 7@ 8 B 5 7 8> 6 �� � 1
 � 1 � ß � - 1 � ß � 8= 7 I 3 = 9 C 3 M> @ 9 : : �T

➤

] > @ 3 > X 3 @[ 7 I 3 9 K 36 7 8= 9 = = 5 C 3 R 7> B 3 ^ 9 = = 8X 3 : F C > 6 8 7> @ 86 K 9 6 R

^ @ 3 R 8< 7 86 K 9 < I+9 6 K 86 K 36 X 8 @ > 6 C 36 7 � 8 T 3 T[ 8 7 ^ 3 @ M> @ C = 6 > 9 < 7 8> 6 = � T

➤

J ² , u , 1 1 �³ -* ,.A³ / v ³ ´ 1 - P I 3 @ 3 9 = 34 5 36 < 3 > M � 1 X 9 : 5 3 = 8= B9 = 3 R

> 6 9 ZS 3 R R 8= 7@ 8 B 5 7 8> 6 �� � 1 
 � 1 � ß � 8= < 9 : : 3 R 9 � u± �³ � � � u .0/ T
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�> @ 3 9 < I 7 8 C 3 = 73 ^ �[ 7 I 3 @ 3 8= > 6 3 6 > R 3 M> @ 3 9 < I = 79 73 X 9 @ 89 B : 3 � 1

9 6 R = 36 = > @ X 9 @ 89 B : 3 �1 � 86 < : 5 R 86 K 9 ^ ^ @ > ^ @ 89 73 86 73 @< > 6 6 3< 7 8> 6 = T

STATE EVOLUTION MODEL

SENSOR MODEL

Percept.t−2 Percept.t−1 Percept.t Percept.t+1 Percept.t+2

State.t−2 State.t−1 State.t State.t+1 State.t+2
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H I 3 79 = Q 8= 7> < 9 :< 5 :+9 73 7 I 3 ^ @ > B9 B 8 : 8 7 F R 8= 7@ 8 B 5 7 8> 6 M> @ � } � } � 1[

K 8X 36 7 I 3 3 X 8 R 36 < 3 M> @À À À � 	 �| � � � } 1 � ß � 	 �| � � � } 1 T

➤

� ± ³ � u� . -. ² ,. � w± ³ � 1� ,.A³ / C 3 9 6 = 3 = 7 8 C 9 7 86 K I > P 7 I 3 = 79 73 > M 7 I 3

36 X 8t@ > 6 C 36 7 � 8 T 3 T[ � } � } � 13 � P 8 7 I # � ¿ � 3 X > :X 3 = 86 7 I 3 M 5 7 5 @ 3 T
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H I 3 ^ @ 3 R 8< 7 8> 6 9 6 R 3 = 7 8 C 9 7 8> 6 ^ I+9 = 3 = > M 7 I 3 @ 3 Z6 3 R R 3< 8= 8> 6 < F< : 3

< 9 6 B 3 8 C ^ : 3 C 36 73 R 9 = > ^ 3 @ 9 7 8> 6 = > 6 B 3 : 8 3 M6 3 7P > @ Q= T

➤

E 7 8= = 5 �< 8 36 7 7> < > 6 = 8 R 3 @ 7P > 7 8 C 3 = 73 ^ = � 9 6 R � � � �9 :+= > < 9 : : 3 R

7 I 3 ² -. � 1 ² > M 7 I 3 6 3 7P > @ Q �Y

�9 � � ± 1 ´ . � ,.A³ / 
 5= 86 K ��� 	� � 1 � ß �< 9 :< 5 :+9 73 7 I 3 ^ @ 8> @ R 8= 7@ 8 B 5 7 8> 6���� 	� � 1 � Å ��� �� � �� � 1 
 � 1 � ß Å � 1 � ß � �� 	� � 1 � ß Å � 1 � ß � T

� B � �³ - -* w
 @ 3 C > X 3 7 I 3 = : 8< 3 M> @ � � � M@ > C 7 I 3 6 3 7 P > @ Q 9 6 R 9 R R

7 I 3 ^ @ 8> @ ^ @ > B9 B 8 : 8 7 F 79 B : 3 = � B9 = 3 R > 6 ���� 	� � 1 � � M> @ � 1 T

�< � r ² ,. v u ,.³ / 
 9 R R 7 I 3 6 3 P ^ 3 @< 3 ^ 7 
 1[ < 9 :< 5 : 9 73 �� 	� � 1 � B F

5 ^ R 9 7 86 K 7 I 3 6 3 7P > @ Q[ 9 6 R 9 R R 7 I 3 = : 8< 3 M> @ �� � T
➤

J M 73 @ 7 I 3 = 3 7 I @ 3 3 = 73 ^ =[ 7 I 3 6 3 7P > @ Q 8= @ 3 9 R F M> @ 7 I 3 6 3 S 7< F< : 3 T
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�3 7 5= 8 : : 5 = 7@ 9 73 7 I 3 7 I @ 3 3 = 73 ^ = M> @ ^ @ 3 R 8< 7 8> 6 9 6 R 3 = 7 8 C 9 7 8> 6 Y

Percept.t+1

State.t+1

Percept.t

State.t

Percept.t

State.t

Percept.t−1 Percept.t

State.t−1 State.t

(a) Prediction

(b) Rollup

(c) Estimation

➤

] > @ 3 > X 3 @[ ^ @ > B9 B 8 : 8= 7 8< ^ @ > 	 3< 7 8> 6 8= ^ > = = 8 B : 3 B F 9 R R 86 K 7 I 3

@ 3 = ^ 3< 7 8X 3 = : 8< 3 = � °� � � � � � ­� � � � �« � � � � ­ � � � � M> @ M 5 7 5 @ 3 7 8 C 3 = 73 ^ = T
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rts uv w - 1yx �3 7 5 = 3 S 736 R 7 I 3 = 36 = > @ M9 8 : 5 @ 3 C > R 3 : ^ @ 3 = 36 73 R 3 9 @ : 8 3 @ B F

9 R R 86 K = 79 73 3 X > : 5 7 8> 6 C > R 3 :+= M> @ 7 I 3 = 79 73 X 9 @ 89 B : 3 = �A� � } ~ �| [
�| | � 
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      .t
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H I 3 C > R 3 : M> @ 7 I 3 X 9 @ 89 B : 3 � � � � {| �� 
 �� | � R 3 73 @ C 86 3 = 7 I+9 7 7 I 3

= 36 = > @ 5 = 59 : : F = 79 F= B@ > Q36 > 6 < 3 8 7 K 3 7= B@ > Q36 T
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J6 F R F6 9 C 8< B 3 : 8 3 M6 3 7P > @ Q< 9 6 B 3 < > 6 X 3 @ 73 R 86 7> 9 ´ �/ uv . �

´ 1� . ².A³ / / 1 ,� ³ ± � B F 9 R R 86 K 5 7 8 : 8 7 F6 > R 3 = 9 6 R R 3< 8= 8> 6 6 > R 3 =Y

Sense.t Sense.t+1 Sense.t+2 Sense.t+3

U.t+3D.tD.t−1 D.t+1 D.t+2

State.t State.t+1 State.t+2 State.t+3
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H I 3 K > 9 : 8= 7> < 9 :< 5 : 9 73 7 I 3 X 9 : 5 3 > M � 1 B F 7 I 3 ] ½ � ^ @ 86 < 8 ^ : 3 T

➤

H I 3 5 7 8 : 8 7 F > M 9 R 3< 8= 8> 6 = 34 5 36 < 3 �¾ 8= 9 P 3 8 K I 73 R = 5 C > M 5 7 8 : 8 7 8 3 =

9 = = > < 89 73 R P 8 7 I 3 9 < I ^ > = = 8 B : 3 ^ 3 @< 3 ^ 7 = 34 5 36 < 3 K 8X 36 �¾T

H I 3 ^ @ > B9 B 8 : 8 7 8 3 = > M ^ 3 @< 3 ^ 7 = 34 5 36 < 3 = K 8X 36 �¾ 9 @ 3 5= 3 R 9 = P 3 8 K I 7= T

➤

; F6 9 C 8< R 3< 8= 8> 6 6 3 7 P > @ Q= = > :X 3 ? �] ; ?= > 6 : F 9 ^ ^ @ > S 8 C 9 73 : FT
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; ; O = ^ @ > X 8 R 3 = > : 5 7 8> 6 = 7> C 9 6 F ^ @ > B : 3 C = 9 @ 8= 86 K 86 J E = F= 73 C =Y

➤

�6 < 3 @ 79 86 7 F 8= I+9 6 R : 3 R< > @ @ 3< 7 : F[ 9 6 R = > C 3 7 8 C 3 = 3 �< 8 36 7 : FT

➤

_> 6 7 86 5 > 5 = = 7@ 3 9 C = > M = 36 = > @ 86 ^ 5 7< 9 6 B 3 R 3 9 : 7 P 8 7 I T

➤

�6 3S ^ 3< 73 R 3 X 36 7= 9 @ 3 = 5 ^ ^ > @ 73 R[ = 86 < 3 ZS 3 R ^ :+9 6 = 9 @ 3 6 > 7 5= 3 R T

➤

O > 8= F 9 6 R M9 8 : 86 K = 36 = > @ = < 9 6 B 3 C > R 3 : 3 R T

➤

H I 3 @ 3 : 3 X 9 6 < 3 > M 86 M> @ C 9 7 8> 6 < 9 6 B 3 3 = 7 8 C 9 73 R B 3 M> @ 3 9 < 4 5 8= 8 7 8> 6 T
➤

V3 :+9 7 8X 3 : F :+9 @ K 3 = 79 73 = ^ 9 < 3 = < 9 6 B 3 I+9 6 R : 3 R 8 M = 79 73 = < 9 6 B 3

@ 3 ^ @ 3 = 36 73 R B F = 79 73 X 9 @ 89 B : 3 = P 8 7 I = ^ 9 @ = 3 < > 6 6 3< 7 8> 6 = T
➤

H I 3 @ 3 9 @ 3 73< I6 84 5 3 = M> @ 9 ^ ^ @ > S 8 C 9 7 8X 3 @ 3 9 = > 6 86 K T
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➤

J ³ w ,. v u - w³ -. � � 9 = = > < 89 73 = 9 6 > ^ 7 8 C 9 : R 3< 8= 8> 6 P 8 7 I 3 X 3 @ F = 79 73

7 I+9 7 7 I 3 9 K 36 7 C 8 K I 7 @ 3 9 < I T

➤

� u -* 1 . , 1± u ,.³ / 9 6 R w³ -. � � . , 1± u ,.A³ / 9 @ 3 7P > C 3 7 I+> R = M> @

< 9 :< 5 : 9 7 86 K > ^ 7 8 C 9 : ^ > : 8< 8 3 = T

➤

�6 B> 56 R 3 R 9 < 7 8> 6 = 34 5 36 < 3 = < 9 6 B 3 R 3 9 : 7 P 8 7 I ´ . ²� ³ * / ,.0/� T
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� �/ uv . � � 1 -. 1 � / 1 ,� ³ ± � ²< 9 6 I 9 6 R : 3 = 36 = 86 K 9 6 R 5 ^ R 9 7 86 K > X 3 @

7 8 C 3 [ 9 6 R ^ @ > X 8 R 3 9 R 8 @ 3< 7 8 C ^ : 3 C 36 79 7 8> 6 > M 7 I 3 5 ^ R 9 73 < F< : 3 T

➤

� �/ uv . � ´ 1� . ².³ / / 1 ,� ³ ± � ²< 9 6 = > :X 3 = 34 5 36 7 89 : R 3< 8= 8> 6

^ @ > B : 3 C = 9 @ 8= 86 K M> @ 9 K 36 7= 86 < > C ^ : 3 S [ 56 < 3 @ 79 86 R > C 9 86 = T
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` T V3< 9 : : 7 I 3 B 3 : 8 3 M6 3 7P > @ Q 7 I 9 7 F> 5 R 3 = 8 K 6 3 R M> @ @ 3 ^ @ 3 = 36 7 86 K 7 I 3

B9 : : 7@ 9 < Q 86 K C 3< I 9 6 8= C > M 9 = > < < 3 @ ^ : 9 F 86 K 9 K 36 7T

➤

E = 8 7 ^ > = = 8 B : 3 7> 8 R 36 7 8 M F 9 = 79 73 3 X > : 5 7 8> 6 C > R 3 : 9 6 R 9 = 36 = > @

C > R 3 : M@ > C F> 5 @ 6 3 7 P > @ Q �

➤

E M6 > 7[ @ 3< > 6 = 7@ 5< 7 7 I 3 6 3 7P > @ Q B F Q3 3 ^ 86 K 7 I 3 = 3 86 C 86 R T

ÂT _> 6 7 86 5 3 7 I 3 9 6 9 : F= 8= > M = > < < 3 @ ^ :+9 F 86 K 9 K 36 7= T

➤

_9 6 F> 5 8 R 36 7 8 M F > 7 I 3 @ ^ @ > B : 3 C = 86 7 I 8= R > C 9 86 7 I 9 7< 9 6 B 3

< > 6 = 8 R 3 @ 3 R 9 = @ 3 9 : = 34 5 36 7 89 : R 3< 8= 8> 6 ^ @ > B : 3 C = �

➤

H@ F 7> M> @ C 9 : 8 �3 = 5< I 9 ^ @ > B : 3 C 9 = 9 R F6 9 C 8< R 3< 8= 8> 6 6 3 7 P > @ QT
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