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3,4 5 6798 798 : ;9< = 7 < >@?A 8 BC < ? 79D < ? E8 B < D E8 F< D GA 78 GH
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I J < ;A ? 7 ? 4 > E G7 = 7 GH I J < 4 D H

➤

KL M = G7A G GD 7 6 M G< N E G7 = 7 GH O M8 F G7 4 8 ?

➤

C < F7 ? 7 4 8 P < GQ 4 D R ?

➤

I J < SA = M < 4 >T 8 >4 D 5A G7 4 8
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;A ? < B 4 8 G J < G< W G 6 4 4 R 6 H Y G MA D G Z M ? ? < = = [\ < G< D P 4 D] 7 :^

_a` b c d@e cf ghai bj g g c9k ji ejml _n9o pj `i _aq q ` o f e r sti pu p c b coi v

3 JA X G< D wx
�

©

� 	 	� yz � 
{ � |� 
� }� 
~ �� 
 � �� � 
� } � �� � �� � �� }� 
 � � � � � ��

AB

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

&

$

%

( ) ��  !  ! " � & % & � # � ! ' ' & # �& #

➤

�� -� - 2 S 7 ?A F4 5 X = < G< ? 8 A X ? J 4 G 4 > G J < Q 4 D =B��

➤

�8 A :< 8 G � ? XD < >< D < 8 F< ? A D < FA X G MD < B 6 H A + -/ ./ -� �+ 0 � -/a� 0 U Q J 7 F J

5A X ?A ? GA G< S

G4 A 8 M 5 6,< D U(S)

B < ? FD 7 6798 : G J < B < ? 7DA 6 7 = 7 G H 4 >

S�

➤

Y X< F7 >H 798 :A M G7 = 7 G H > M8 F G7 4 8

U

>4 D <A F J ? GA G< S 5A H 6,< G< B 7 4 M ? �

➤

I J < XD 4 6 = < 5 FA 8 6,< D < = 7 <] < B M8 B < D ? 4 5 < F79D F M 5 ? GA 8 F< ? 6 H

B < F4 5 X 4 ? 798 : ? GA G< ? >4 D G J < X MD X 4 ? < 4 > M G7 = 7 GH A ? ? 7 :8 5 < 8 G�

➤

�i oi pj bj `� ci c� b c e f e b coi A 5A H JA ] < ? <] < DA = 4 M G F4 5 < ? GA G< ?
Resulti(A)

798 B < W < B 6 H G J < B 7 �< D < 8 G 4 M G F4 5 < ? 4 >

A�

➤

\ D 7 4 D G4 < W < F M G798 :A 8 A F G7 4 8

A � G J < A :< 8 GA ? ? 7 :8 ?A XD 4 6A 6 7 = 7 G H

P(Resulti(A) | Do(A),E)

G4 <A F J 4 M G F4 5 <

K J < D < E ? M 5 5A D 7a� < ? G J < A :< 8 G � ? <] 7 B < 8 F< A 6 4 M G G J < Q 4 D = B N �
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I J < 2¤ ¥ 2 � - 2 ¦ + -/ ./ -� 4 >A 8 A F G7 4 8 A

7 ? EU(A | E) =

∑i P(Resulti(A) | E,Do(A))×U(Resulti(A))�
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I J < XD 798 F7 X = < 4 >,§ � ¤ / § + § 2¤ ¥ 2 � - 2 ¦ + -/ ./ -� ^ A DA G7 4 8 A =A :< 8 G

? J 4 M = B F J 4 4 ? < A 8 A F G7 4 8 G JA G 5A W 7 5 7a� < ? 7 G ? < W X< F G< B M G7 = 7 GH �

➤

I J < L V E XD 798 F7 X = < 7 ? F = 4 ? < = H D < =A G< B G4 X< D >4 D 5A 8 F< 5 <A ? MD < ? ^
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➤

T 8 G J 7 ? = < F G MD < � Q < F4 8 F< 8 GDA G< 4 8 � 0 2´ � µ� - ¦ 2 �/� /a� 0 � � I J < FA ? <

4 > 5A R798 :� 2¶ + 20 -/ � . ¦ 2 �/� /a� 0 � Q 7 = = 6 < F4 8 ? 7 B < D < B =A G< D �
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� ?A º M ? G7 » FA G7 4 8 >4 D G J < L V E XD 798 F7 X = < � ? 4 5 < F4 8 ? GDA 78 G ?A D <

7 5 X 4 ? < B 4 8 G J < XD < >< D < 8 F< ? G JA GA DA G7 4 8 A =A :< 8 G ? J 4 M = B X 4 ? ? < ? ? �

➤

T 8 M G7 = 7 GH G J < 4 D H � B 7 �< D < 8 GA G GA 78 A 6 = < 4 M G F4 5 < ? K q ` ca¼ j � NA 8 B

G J < D < ? X< F G7] < XD 4 6A 67 = 7 G7 < ? K e r fi e j � NA D < >4 D 5A = 7� < BA ? .� - - 2½ / 2� ^

¾ � = 4 G G< D H L

JA ] 798 : 4 M G F4 5 < ?

A1, . . . ,An

Q 7 G J XD 4 6A 6 7 = 7 G7 < ?

p1 + . . .+ pn = 1

7 ? Q D 7 G G< 8 A ? [p1,A1; . . . ; pn,An]�

¾ � = 4 G G< D H [1,A] Q 7 G JA ? 798 : = < 4 M G F4 5 < 7 ?A 6 6D <] 7A G< BA ?

A�
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\ D < >< D < 8 F< D < =A G7 4 8 ? >4 D = 4 G G< D 7 < ? K 4 D ? GA G< ? N

AA 8 B

B^

A � B ⇐⇒ A

7 ? XD < >< D D < B G4 B �

A ∼ B ⇐⇒

G J < A :< 8 G 7 ? 798 B 7 �< D < 8 G 6,< GQ < < 8 AA 8 B

B �A 8 B

A % B ⇐⇒ A � B 4 D A ∼ B�
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O4 D A 8 H = 4 G G< D 7 < ? A � B �A 8 B

C ^

w� �D B < DA 67 = 7 GH ^ (A � B)∨ (B � A)∨ (A ∼ B)

�� IDA 8 ? 7 G7] 7 GH ^ (A � B)∧ (B �C) ⇒ (A �C)

�� 3 4 8 G78 M 7 G H ^ A � B �C ⇒∃p[p,A;1− p,C] ∼ B

	� Y M 6 ? G7 G M GA 6 7 = 7 GH ^ A ∼ B ⇒ [p,A;1− p,C] ∼ [p,B;1− p,C]


� L 4 8 4 G4 8 7 F7 GH ^

A � B ⇒ (p ≥ q ⇔ [p,A;1− p,B] % [q,A;1−q,B])

x � C < F4 5 X 4 ?A 67 = 7 GH K G J < �8 4 > M8 798 :A 5 6 = 798 : � D M = < N ^

[p,A;1− p, [q,B;1−q,C]] ∼ [p,A;(1− p)q,B;(1− p)(1−q),C]
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I J < < W 7 ? G< 8 F< 4 >A M G7 = 7 GH > M8 F G7 4 8 c � k « f ` fi b j j p 6 H G J < A W 7 4 5 ? ^

w� � -/ ./ -� ¥½ /0 �/ ¥ . 2� 7 > G J < A W 7 4 5 ? 4 > M G7 = 7 GH G J < 4 D H A D < 4 6,< H < B �G J < 8 G J < D < 7 ? A D <A =U ] A = M < B > M8 F G7 4 8 U ? M F J G JA G

U(A) > U(B) ⇐⇒ A � BA 8 B

U(A) = U(B) ⇐⇒ A ∼ B�

�� � � ¤ / § + § � ¤ ¥ 2 � - 2 ¦ � -/ ./ -� ¥½ /10 �/ ¥ . 2 � G J < M G7 = 7 GH 4 >A = 4 G G< D H

U([p1,A1; . . . ; pn,An]) = ∑
i

pi ×U(Ai).

➤

� 4 Q <] < D � G J < < W 7 ? G< 8 F< 4 >A M G7 = 7 GH > M8 F G7 4 8 U 8 < < B 8 4 G 7 5 X = H G J <

G J < A :< 8 G 7 ? j� q g ce c b g ¬ 5A W 7 5 7a� 78 : U 798 7 G ? 4 Q 8 B < = 7 6,< DA G7 4 8 ? �
➤

; H 4 6 ? < D] 78 :A 8 A :< 8 G � ? XD < >< D < 8 F< ? � 7 G 7 ? X 4 ? ? 7 6 = < G4 F4 8 ? GD M F GA

M G7 = 7 GH > M8 F G7 4 8 D < XD < ? < 8 G798 : Q JA G G J < A :< 8 G 7 ? GD H 78 : G4 A F J 7 <] < �
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;< H 4 8 B G J < A W 7 4 5 ? �A 8 A :< 8 G FA 8 JA ] < A 8 H XD < >< D < 8 F< ? 7 G = 7 R< ? �

� ¤ � § ¥ . 2�� �8 A :< 8 G XD < >< D ? G4 JA ] < A XD 7 5 < 8 M 5 6,< D 4 > < MD 4 ? 798 7 G ?

6A 8 RA F F4 M8 G K JA ] 798 : wx � 7 G Q 4 M = B :7] < A QA H � � N�
➤

\ D < >< D < 8 F< ? FA 8 A = ? 4 78 G< DA F G 798 F4 5 X = < W QA H ? �

� ¤ � § ¥ . 2�� �A ] 798 :A B 7 :7 GA = I S K 78 F4 8 GDA ? G G4 A F4 8 ] < 8 G7 4 8 A = 4 8 < N

A �< F G ? G J < XD < >< D < 8 F< ? 4 8 ? 4A X 4 X< DA ? 4 8 < Q 7 ? J < ? G4 QA G F J��

➤

�< A D < 798 G< D < ? G< B 78 ? H ? G< 5A G7 F QA H ? 4 > B < ? 7 :8 78 : M G7 = 7 GH > M8 F G7 4 8 ?

G JA G :< 8 < DA G< G J < R798 B ? 4 > 6,< JA ] 7 4 D Q < QA 8 G�
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E G7 = 7 GH G J < 4 D H JA ? 7 G ? D 4 4 G ? 798 < F4 8 4 5 H Q J < D < G J < M G7 = 7 GH 5 <A ? MD < 7 ?

§ � 0 2 � KA 8 A :< 8 G � ? G4 GA = 8 < GA ? ? < G ? N�

➤

L 4 8 < H X =A H ?A F< 8 GDA = D 4 = < 78 J M 5A 8 M G7 = 7 GH > M8 F G7 4 8 ? 6 < FA M ? < 4 > 7 G ?

A = 5 4 ? G M8 7] < D ?A = < W F JA 8 :<A 67 = 7 GH >4 D A = = R78 B ? 4 > :4 4 B ?A 8 B ? < D] 7 F< ? �

➤

IH X7 FA = = H � G J < D < 7 ?A § � 0 � -� 0 / � ¥½ 2 � 2½ 20 � 2 >4 D 5 4 8 < H �

➤

L 4 8 < H 6,< JA ] < ? A ?A �� .+ 2 �+ 0 � -/a� 0 4 D � ½ ¦/10 � . + -/ ./ -� 5 <A ? MD < ^

5 4 D < 5 4 8 < H 7 ? XD < >< D D < B G4 = < ? ? Q J < 8 F4 8 ? 7 B < D 78 : pj di c b j f � o «i b � �

➤

I4 M8 B < D ? GA 8 B 5 4 8 < GA D H B < F7 ? 7 4 8 5A R798 : M8 B < D M8 F< D GA 78 GH Q <

8 < < B G4 A 8 A = H � < G J < A :< 8 G � ? XD < >< D < 8 F< ? 6,< GQ < < 8 = 4 G G< D 7 < ? 78 ] 4 =] 798 :

5 4 8 < H �
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� ¤ � § ¥ . 2�� � F4 5 X< G7 G4 D 798 A I S :A 5 < ? J 4 Q 7 ? 4 �< D < B GQ 4 XD 7� < ? ^

< 7 G J < D

A^ w� � � � � � � >4 D ? MD < � 4 D

B^ A > G< D � 7 X X 78 :A >A 79D F4 798 � < 7 G J < D �� � � � � � � K J <A B ? N 4 D � � K GA 7 = ? N�

T ? 7 G 7D DA G7 4 8 A = G4 F J 4 4 ? < G J < XD 7� < A

�

w� I J < 2¤ ¥ 2 � - 2 ¦ § � 0 2 -� ½ � �� .+ 2� K

EMV

N 4 > G J < F J 4 7 F< ? A D < ^

EMV(A) = 1×1000000

�

= 1000000

�A 8 B

EMV(B) = 0.5×3000000

�

+0.5×0

�

= 1500000

��

�� T >

Sk

B < 8 4 G< ? G J < F MD D < 8 G Q <A = G J 4 >

k

� � 2¤ ¥ 2 � - 2 ¦ + -/ ./ -/ 2� A D < ^

EU(A) = U(Sk+1000000)

A 8 B

EU(B) = 0.5U(Sk)+0.5U(Sk+3000000)�

☞

I J < F J 4 7 F< B < X < 8 B ? 4 8 G J < D < ? X < F G7] < M G7 = 7 G7 < ? A 8 B

k < ? X< F7A = = H �
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� ¤ � § ¥ . 2�� Y G� \ < G< D ? 6 MD : XA DA B 4 W � ;9< D 8 4 M = = 7 � w� �� � ^ A >A 79D F4 798 7 ?

G4 ? ? < B

n

G7 5 < ? M8 G7 = 7 G F4 5 < ? M X J <A B ?A 8 B G J < XD 7� < 7 ? 2n ��

� 4 Q 5 M F J Q 4 M = B H 4 M XA H >4 D A F JA 8 F< G4 X =A H G J 7 ? :A 5 < �

➤

I J < < W X < F G< B 5 4 8 < GA D H ] A = M < >4 D G J 7 ? :A 5 < 7 ?

EMV = ∑i P(Headsi)×2i = ∑∞
i=1

1
2i 2i = ∞�

☞

� X =A H < D ? J 4 M = B6,< Q 7 = = 78 : G4 XA H A 8 H »8 7 G< ? M 5 �

➤

;< D 8 4 M = = 7 ? 4 =] < B G J < XA DA B 4 W 6 H ? < G G78 : U(Sk+n) = log2 n^

EU = ∑i P(Headsi)×U(Headsi) = ∑∞
i=1

i
2i = 2�

➤

� DA G7 4 8 A =A :< 8 G K Q 7 G J G J < :7] < 8 M G7 = 7 GH ? FA = < N ? J 4 M = B6,< Q 7 = = 798 : G4

XA H

4

� >4 D X =A H 78 : G J < :A 5 < � 6,< FA M ? <

U(Sk+4) = log2 4 = 2�
☞

I J < M G7 = 7 GH 4 > 5 4 8 < H 7 ? 5 <A ? MD < B 4 8 A = 4 :A D 7 G J 5 7 F ? FA = <

KA G = <A ? G >4 D X 4 ? 7 G7] < A 5 4 M8 G ? N�
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�DA H ? 4 8 � w	 x � � >4 M8 BA 8 A = 5 4 ? G X< D >< F G » G G4 G J < = 4 :A D 7 G J 5 7 F >4 D 5�
➤

L D � ;9<A D B � ? XD < >< D < 8 F< ? KA N G MD 8 < B 4 M G G4 6,< F4 8 ? 7 ? G< 8 G Q 7 G J
U(Sk+n) = (22.09× log(n+150000)−263.91) $.

+U
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+U
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−150,000 800,000

(a) (b)
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o

o
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o
o
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➤

� 4 798 : 78 G4 B < 6 G 7 ? M ? MA = = H F4 8 ? 7 B < D < B B 7 ?A ? GD 4 M ? �

➤

\ D < >< D < 8 F< ? 6,< GQ < < 8 B 7 �< D < 8 G = <] < = ? 4 > B < 6 G K 6 N 5A H 6,< A 8 A = 4 :4 M ?

K 6 M G D <] < D ? < N G4 G J 4 ? < 4 > X 4 ? 7 G7] < Q <A = G J��
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➤

IH X7 FA = = H � >4 D A 8 H = 4 G G< D H L � G J < M G7 = 7 GH 4 > 6 < 798 : >A F< B Q 7 G J

L

7 ? = < ? ?

G JA 8 G J < M G7 = 7 GH 4 > 6,< 798 : JA 8 B < B

EMV(L)

>4 D ? MD < �

➤

� ½ /� 
 ´ � � 2½ � 2A :< 8 G XD < >< D ? A ? MD < G J 78 : Q 7 G JA XA H 4 � G JA G 7 ? = < ? ?

G JA 8 G J < < W X< F G< B 5 4 8 < GA D H ] A = M < 4 >A :A 5 6 = < �

➤

� B < ? X< DA G< = H B < 6 G< BA :< 8 G 5A H 6 < JA ] < 78 A ½ /� 
 ´ � 2 2 
/10 � QA H �

➤

� � 2½ -� /10 -� 2 ¶ + / �� . 20 - 4 >A = 4 G G< D H L

7 ? G J < ? M 5 G JA GA 8 A :< 8 G 7 ?

D <A B H G4 A F F< X GA ?A ? M 6 ? G7 G M G< >4 D XA D G7 F7 XA G798 :

L�

� ¤ � § ¥ . 2�� I J < F< D GA 798 G H < � M 7] A = < 8 G 7 ? 	� � � >4 D A = 4 G G< D H L

G JA G

:7] < ? w� � � � JA = > G J < G7 5 < A 8 B

0

� 4 G J < D Q 7 ? < K

EMV(L) = 500

� N�

➤

�8 798 ? MDA 8 F< 7 ? 6A ? < B 4 8 A X 4 ? 7 G7] < /10 � + ½ � 0 � 2 ¥½ 2§ / + § � 7 � < � � G J <

B 7 �< D < 8 F< 6 < GQ < < 8 EMV(L)A 8 B G J < F< D GA 798 GH < � M 7] A = < 8 G >4 D L�
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I J < A W 7 4 5 ? 4 > M G7 = 7 GH B 4 8 4 G ? X< F7 >H A M8 7 � M < M G7 = 7 GH > M8 F G7 4 8 �

� ¤ � § ¥ . 2�� O4 D 798 ? GA 8 F< � G Q 4 A :< 8 G ? 6A ? < B 4 8 U(S)A 8 B

U ′(S) = k1 + k2 ×U(S) Q 7 G J

k2 > 0

6,< JA ] < 7 B < 8 G7 FA = = H �

➤

� QA H G4 A ? ? < ? ? M G7 = 7 G7 < ? 7 ? G4 < ? GA 6 = 7 ? JA ? FA = < Q 7 G JA � ± j � b

q o � � c ± gj q ` ca¼ j �

umax

A 8 BA �¯ o ` � b q o � � c ± gj e f b f � b` o q r j �

umin�

➤

�� ½ § � ./�� 2 ¦ + -/ ./ -/ 2� M ? < A ? FA = < Q 7 G J

umin = 0A 8 B

umax = 1�

➤

�8 798 G< D 5 < B 7A G< M G7 = 7 G H U(S) = p

7 ? B < G< D 5 798 < B 6 H ci p c �j ` ji e j

6,< GQ < < 8 SA 8 BA � -� 0 ¦ � ½ ¦ .� - - 2½ � L = [p,umax;(1− p),umin]�

➤

IDA B <U 4 �@? 78 B < F7 ? 7 4 8 5A R798 : = < G M ?A ? ? < ? ? G J < ] A = M < 4 > J M 5A 8 = 7 >< �

� ¤ � § ¥ . 2� � � / �½ � § � ½ - K w � w � � � � � � F JA 8 F< 4 > B <A G J NA 8 B �� ��

K � MA = 7 GHU A B º M ? G< B = 7 >< H <A D NA D < 5 <A ? MD < ? >4 D G J < ] A = M < 4 > J M 5A 8 = 7 >< �

�

©

� 	 	� yz � 
{ � |� 
� }� 
~ �� 
 � �� � 
� } � �� � �� � �� }� 
 � � � � � ��

AB

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

&

$

%

� � % · � · · � � � ·& � · % ·¹ � � ! ( · ) ! #

➤

� + . -/ � - -½ /	 + - 2 + -/ ./ -� - µ 2� ½ � B <A = ? Q 7 G J M G7 = 7 GH > M8 F G7 4 8 ?

U(X1, . . . ,Xn)

G JA G B < X< 8 B 4 8 ? <] < DA =A G GD 7 6 M G< ? X1, . . . ,Xn�

➤

VA F JA G GD 7 6 M G< Xi

DA 8 :< ? 4] < D B 7 ? FD < G< � F4 8 G798 M 4 M ? ? FA =A D ] A = M < ? �

➤

O4 D ? 7 5 X = 7 F7 GH � 7 G 7 ?A ? ? M 5 < B G JA G KA = = 4 G J < D G J 78 : ? 6,< 78 : < � MA = N

:D <A G< D ] A = M < ? 4 >A 8 A G GD 7 6 M G< Xi

F4 D D < ? X 4 8 B G4 J 7 : J < D M G7 = 7 G7 < ? �
➤

�< Q 4 M = B = 7 R< G4 7 B < 8 G7 >H D < : M =A D 7 G7 < ? 78 G J < XD < >< D < 8 F< 6,< JA ] 7 4 D A ?

½ 2 ¥½ 2� 20 -� -/a� 0 - µ 2� ½ 2§ � >4 D G J < F4 D D < ? X 4 8 B 798 : M G7 = 7 G H > M8 F G7 4 8 ? ^
U(x1, . . . ,xn) = f [ f1(x1), . . . , fn(xn)]

Q J < D < f

7 ?A ? 7 5 X = < > M8 F G7 4 8 ? M F JA ?A B B 7 G7 4 8 �
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➤

I J < D < 7 ? � -½ / � - ¦� § /10 � 0 � 2 4 >A 8 4 X G7 4 8 S1

4] < D 4 G J < D 4 X G7 4 8 S27 >

S1

7 ? 6,< G G< D G JA 8 S2

Q 7 G J D < ? X< F G G4 A = =A G GD 7 6 M G< ? �

� ¤ � § ¥ . 2�� �8 A 7D X 4 D G ? 7 G< S1

F4 ? G ? = < ? ? � :< 8 < DA G< ? = < ? ? 8 4 7 ? <

X 4 = = M G7 4 8 �A 8 B 7 ? ?A >< D G JA 8 A 8 4 G J < D ? 7 G< S2�

➤

E8 F< D GA 798 A G GD 7 6 M G< ] A = M < ? FA 8 6,< JA 8 B = < BA 8 A = 4 :4 M ? = H �

➤

Y GD 7 F G B 4 5 78 A 8 F< 7 ? M ? < > M = 798 8 A D D 4 Q 78 : B 4 Q 8 G J < F J 4 7 F< ? �

(a) 

1X  

2X  

A

BC

D

1X  

2X  

A

B

C

(b) 

This region
dominates A
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� ¤ � § ¥ . 2�� I J < F4 ? G ? 4 > ? 7 G798 : G J < A 7D X 4 D GA G

S1

A 8 B

S2

A D < 3.7×109 �

A 8 B

4.0×109 � Q 7 G J ? GA 8 BA D B B <] 7A G7 4 8 ? 0.4×109 �A 8 B

0.35×109 ��
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Negative cost
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S2

➤


8 4 Q 798 : G JA G G J < F4 ? G 4 >

S1

7 ? j � f e b g­¬ 3.7×109 � B 4 < ? 8 4 G < 8 A 6 = <

B < F7 ? 7 4 8 5A R78 : � 6,< FA M ? <

S2

F4 M = B6,< F J <A X < D �

➤

; M G S1

� -� � µ � � -/ �� . . � ¦� § /0 � - 2� S2 =⇒ S2

FA 8 6,< B 7 ? FA D B < B��
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➤

Y G4 F JA ? G7 F B 4 5 78 A 8 F< 7 ? 6,< ? G B < G< F G< B >D 4 5 G J < D < ? X< F G7] <

e «� « gf b c° j XD 4 6A 67 = 7 GH B 7 ? GD 7 6 M G7 4 8 ? >4 D G J < F4 ? G ? 4 >

S1

A 8 B

S2

^

0

0.2

0.4

0.6

0.8

1

-6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2
Pr
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Negative cost

S1
S2

➤

T >A F G7 4 8 ? A1

A 8 B

A2

= <A B G4 XD 4 6A 67 = 7 GH B 7 ? GD 7 6 M G7 4 8 ? p1(x)

A 8 B

p2(x)

4 8 A G GD 7 6 M G< X � G J < 8 A1

? G4 F JA ? G7 FA = = H B 4 5 78 A G< ? A2

4 8 X

7 >

A 8 B 4 8 = H 7 > >4 D A = =

x � ∫ x
−∞ p1(y)dy ≤

∫ x
−∞ p2(y)dy�

➤

T 8 5A 8 H FA ? < ? � ? G4 F JA ? G7 F B 4 5 798 A 8 F< 7 ? <A ? 7 = H B < G< F G< B�� V� :� �

F4 8 ? GD M F G7 4 8 F4 ? G ? B < X< 8 B 4 8 G J < B 7 ? GA 8 F< G4 G J < F7 GH F< 8 G< D �

�
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➤

� G GD 7 6 M G< ? X1

A 8 B

X2

A D < ¥½ 2 � 2½ 20 -/ � . . � /10 ¦ 2 ¥ 20 ¦ 20 - 4 >A G J 79D B

A G GD 7 6 M G< X3

7 > G J < XD < >< D < 8 F< 6,< G Q < < 8 4 M G F4 5 < ? 〈x1,x2,x3〉

A 8 B

〈x′1,x
′
2,x3〉

7 ? 78 B < X< 8 B < 8 G 4 > G J < XA D G7 F M =A D ] A = M < x3

4 >

X3�

➤

� + -+ � . ¥½ 2 � 2½ 20 -/ � . /0 ¦ 2 ¥ 20 ¦ 20 � 2 K L \ T N 4 >

X1, . . . ,Xn

^

<A F J XA 7D 4 >] A D 7A 6 = < ? 7 ? XD < >< D < 8 G7A = = H 798 B < X< 8 B < 8 G >D 4 5 4 G J < D ? �

➤

T >A G GD 7 6 M G< ? X1, . . . ,Xn

A D < 5 M G MA = = H XD < >< D < 8 G7A = = H 78 B < X< 8 B < 8 G �G J < 8 G J < A :< 8 G � ? 6 < JA ] 7 4 D FA 8 6,< B < ? FD 7 6,< BA ? 5A W 7 5 7� 798 :
V (S) = ∑n

i=1 Vi(Xi(S))

Q J < D < <A F J Vi

7 ?A ] A = M < > M8 F G7 4 8 D < >< D D 78 : 4 8 = H G4 Xi�
➤

�] A = M < > M8 F G7 4 8 = 7 R< V (S)

7 ? FA = = < BA 8 � ¦ ¦ / -/ � 2 �� .+ 2 �+ 0 � -/a� 0 �

�
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➤

� -/ ./ -� /10 ¦ 2 ¥ 20 ¦ 20 � 2 < W G< 8 B ? XD < >< D < 8 G7A = 798 B < X< 8 B < 8 F< G4 F4] < D

= 4 G G< D 7 < ? ^ A ? < G 4 >A G GD 7 6 M G< ? X

7 ? M G7 = 7 GHU 798 B < X< 8 B < 8 G 4 >
Y

7 >

= 4 G G< D 7 < ? 798 ] 4 =] 78 : XA D < 798 B < X< 8 B < 8 G 4 > G J < XA D G7 F M =A D ] A = M < ? 4 >

Y�

➤

� ? < G 4 >A G GD 7 6 M G< ? X

7 ? § + -+ � . . � + -/ ./ -� ´ /10 ¦ 2 ¥ 20 ¦ 20 - KL ET N 7 >

<A F J ? M 6 ? < G Y ⊆ X

7 ? M G7 = 7 GHU 78 B < X < 8 B < 8 G 4 >
X−Y�

➤

T > L ET J 4 = B ? � G J < A :< 8 G � ? 6,< JA ] 7 4 D FA 8 6,< B < ? FD 7 6 < B 798 G< D 5 ? 4 >A

§ + . -/ ¥ ./ �� -/ � 2 + -/ ./ -� �+ 0 � -/� 0 � O4 D G JD < < A G GD 7 6 M G< ? � Ui =

k1U1 + k2U2 + k3U3 + k1k2U1U2 + k2k3U2U3 + k1k3U1U3 + k1k2k3U1U2U3

Q J < D < Ui

B < 8 4 G< ? Ui(Xi(S))
>4 D i ∈ {1,2,3}�

➤

T 8 :< 8 < DA = �A 8 nU A G GD 7 6 M G< XD 4 6 = < 5 < W J 7 6 7 G798 : L ET FA 8 6 < 5 4 B < = < B

M ? 78 :

n ? 78 : = <U A G GD 7 6 M G< M G7 = 7 G7 < ? A 8 B

n F4 8 ? GA 8 G ? �

�
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➤

� 2 �/� /a� 0 0 2 -� � ½ 
� K 4 D /10 �@+ 20 � 2 ¦ / � �½ � § � N < W G< 8 B ;A H < ? 7A 8

8 < GQ 4 D R ? Q 7 G JA B B 7 G7 4 8 A = 8 4 B < ? >4 D A F G7 4 8 ?A 8 B M G7 = 7 G7 < ? ^

w� � µ � 0 � 2 0 � ¦ 2� K 4] A = ? N D < XD < ? < 8 G DA 8 B 4 5] A D 7A 6 = < ? Q 7 G J 3\ I? �

�� � 2 �/� /� 0 0 � ¦ 2� KD < F GA 8 : = < ? N D < XD < ? < 8 G X 4 78 G ? Q J < D < G J <

B < F7 ? 7 4 8U 5A R< D JA ?A F J 4 7 F< 4 >A F G7 4 8 ? G4 X< D >4 D 5�

�� � -/ ./ -� 0 � ¦ 2� K B 7A 5 4 8 B ? N D < XD < ? < 8 G G J < A :< 8 G � ? M G7 = 7 GH > M8 F G7 4 8

KA GA 6 M =A G7 4 8 4 > G J < A :< 8 G � ? M G7 = 7 G H A ? A > M8 F G7 4 8 4 >A G GD 7 6 M G< ? N�

➤

3 JA 8 F< 8 4 B < ? KA ? Q < = =A ? M G7 = 7 GH 8 4 B < ? N 5A H JA ] < 6 4 G J F JA 8 F<

8 4 B < ?A 8 B B < F7 ? 7 4 8 8 4 B < ?A ? XA D < 8 G ? �

➤

�< F4 8 F< 8 GDA G< 4 8 B < F7 ? 7 4 8 8 < GQ 4 D R ? Q 7 G JA ? 78 : = < B < F7 ? 7 4 8 8 4 B < �

�
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� ¤ � § ¥ . 2�� 3 4 8 ? 7 B < D G J < A 79D X 4 D G ? 7 G78 : XD 4 6 = < 5� T 8 A B B 7 G7 4 8 G4 G J <

F J 4 7 F< 6 < 798 : 5A B < � >A F G4 D ? 78 F = M B 798 :

AirTraffic � Litigation �A 8 B

ConstructionA �< F G M G7 = 7 GH 798 B 7D < F G = H ] 7A Deaths � Noise �A 8 B

Cost�

U

Airport Site

Deaths

Noise

Cost

Litigation

Construction

Air Traffic

�

©

� 	 	� yz � 
{ � |� 
� }� 
~ �� 
 � �� � 
� } � �� � �� � �� }� 
 � � � � � ��

AB

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

&

$

%

➤

� QA H G4 ? 7 5 X = 7 >H A B < F7 ? 7 4 8 8 < GQ 4 D R 7 ? G4 D < XD < ? < 8 G G J < j � q j e bj p

M G7 = 7 GH 4 >A F G7 4 8 ? M ? 78 : � � -/a� 0 ´ + -/ ./ -� -� 	 . 2� �

� ¤ � § ¥ . 2�� I J < B < F7 ? 7 4 8 8 < GQ 4 D R >4 D G J < A 7D X 4 D G ? 7 G798 : XD 4 6 = < 5 FA 8 6,<

? 7 5 X = 7 » < B 6 H >A F G4 D 78 : 4 M G F JA 8 F< 8 4 B < ? B < ? FD 7 6798 : 4 M G F4 5 < ? GA G< ? ^
U

Airport Site

Litigation

Construction

Air Traffic

☞

�< ? ? � < W 7 6 = < G4 M X BA G< �

�
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I J < A = :4 D 7 G J 5 >4 D <] A = MA G78 :A B < F7 ? 7 4 8 8 < GQ 4 D R 78 G J < >4 = = 4 Q 798 : ^

w� Y< G G J < <] 7 B < 8 F< ] A D 7A 6 = < ? >4 D G J < F MD D < 8 G ? GA G< �

�� O4 D <A F J X 4 ? ? 7 6 = < ] A = M < 4 > G J < B < F7 ? 7 4 8 8 4 B < ^

KA N Y,< G G J < B < F7 ? 7 4 8 8 4 B < G4 G JA G] A = M < K = 7 R< A 8 H <] 7 B < 8 F< ] A D 7A 6 = < N�

K 6 N 3A = F M =A G< G J < X 4 ? G< D 7 4 D XD 4 6A 67 = 7 G7 < ? >4 D G J < XA D < 8 G 8 4 B < ? 4 > G J <

M G7 = 7 GH 8 4 B < M ? 78 : ? GA 8 BA D B XD 4 6A 6 7 = 7 ? G7 F 78 >< D < 8 F< A = :4 D 7 G J 5 ? �

K F N 3A = F M =A G< G J < D < ? M = G798 : M G7 = 7 GH >4 D G J < A F G7 4 8 �

�� Z< G MD 8 G J < A F G7 4 8 Q 7 G J G J < J 7 : J < ? G M G7 = 7 GH �

➤

�< Q 7 = = =A G< D F4 8 ? 7 B < D G J < X 4 ? ? 7 6 7 = 7 G H 4 > < W < F M G798 : ? <] < DA =A F G7 4 8 ? 798

? < � M < 8 F< Q J 7 F J 5A R< ? G J < XD 4 6 = < 5 5 M F J 5 4 D < 798 G< D < ? G78 :�

�
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➤

�8 < 4 > G J < 5 4 ? G 7 5 X 4 D GA 8 G XA D G ? 4 > B < F7 ? 7 4 8 5A R78 : 7 ? R8 4 Q 798 :

Q JA G � M < ? G7 4 8 ? G4 A ? R G4 4 6 GA 798 A = = D < = <] A 8 G 78 >4 D 5A G7 4 8 �

� ¤ � § ¥ . 2�� � B 4 F G4 D FA 8 8 4 G < W X < F G G4 6,< XD 4] 7 B < B Q 7 G J G J < D < ? M = G ?

4 >A = = X 4 ? ? 7 6 = < B 7A :8 4 ? G7 F G< ? G ? Q J < 8 5 < < G798 :A XA G7 < 8 G�

➤

I J < �� .+ 2 � � /10 �� ½ § � -/a� 0 7 ? G J < B 7 �< D < 8 F< 6,< G Q < < 8 G J < < W X< F G< B

M G7 = 7 G7 < ? 4 > G J < 6 < ? GA F G7 4 8 ? 6,< >4 D < A 8 BA > G< D 4 6 GA 78 78 : 798 >4 D 5A G7 4 8 �

➤

I J < A F � M 7 ? 7 G7 4 8 4 > 78 >4 D 5A G7 4 8 7 ?A F J 7 <] < B 6 H � 20 � /10 � � � -/a� 0 � �

➤

�0 �� ½ § � -/a� 0 �� .+ 2 - µ 2� ½ � 7 ?A >4 D 5 4 > ? < � M < 8 G7A = B < F7 ? 7 4 8 5A R78 :�
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� ¤ � § ¥ . 2�� �8 4 7 = F4 5 XA 8 H 7 ? Q 7 = = 78 : G4 6 M H 4 8 < 4 >

n

78 B 7 ? G798 : M 7 ? JA 6 = <

6 = 4 F R ? 4 > 4 F<A 8 BD 7 = = 78 : D 7 : J G ? � I J < ? < G G78 : 7 ?A ? >4 = = 4 Q ? ^

w� I J < D < A D <

n

6 = 4 F R ? >4 D ?A = < �

�� VWA F G = H 4 8 < 6 = 4 F R F4 8 GA 798 ? 4 7 = Q 4 D G J

C

��

�� I J < XD 7 F< 4 >A ? 798 : = < 6 = 4 F R 7 ? C
n

��

� ? < 7 ? 5 4 = 4 :7 ? G 4 �< D ? G J < F4 5 XA 8 H G J < D < ? M = G ? 4 >A ? MD ] < H 4 > 6 = 4 F R

3�

➤

� 4 Q 5 M F J 7 ? G J < F4 5 XA 8 H Q 7 = = 798 : G4 XA H >4 D R8 4 Q 798 : G J < D < ? M = G ? �

➤

I J < < W X < F G< B] A = M < 4 > G J 7 ? X7 < F< 4 > 798 >4 D 5A G7 4 8 7 ?

1
n
(C−

C
n

)+
n−1

n
(

C
n−1

−
C
n

) =
C
n

K � N�

➤

I J < 798 >4 D 5A G7 4 8 7 ? 7 ? Q 4 D G JA ? 5 M F JA ? G J < 6 = 4 F R 7 G ? < = > �

�

©

� 	 	� yz � 
{ � |� 
� }� 
~ �� 
 � �� � 
� } � �� � �� � �� }� 
 � � � � � ��

AB

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

&

$

%

� " � � � � �   � �� � �  �

➤

T G 7 ? < W X < F G< B G JA G G J < < WA F G] A = M < 4 > ? 4 5 < DA 8 B 4 5] A D 7A 6 = < E j

7 ?

4 6 GA 798 < B ^ J < 8 F< G J < G< D 5 �� .+ 2 � � ¥ 2½ � 2 � - /10 �� ½ § � -/a� 0 K S\ T N�

➤

I J < M G7 = 7 GH EU(α|E) 4 > G J < �+ ½ ½ 20 - 	 2� - � � -/a� 0 α

7 ? B < »8 < B 6 H

max
A

∑
i

U(Resulti(A))P(Resulti(A) | E,Do(A)).

➤

� 7] < 8 A X7 < F< 4 > <] 7 B < 8 F< E j

G J 7 ? 6,< F4 5 < ?

EU(αE j | E,E j) =

max
A

∑
i

U(Resulti(A))P(Resulti(A) | E,Do(A),E j)�
➤

; M G G J < ] A = M < 4 >

E j

7 ? F MD D < 8 G = H «i �i o ¯ i �A 8 B Q < JA ] < G4 A ] < DA :<

4] < D A = = X 4 ? ? 7 6 = < ] A = M < ? e jk

4 >

E j� I J M ? VPIE(E j) =

(∑
k

P(E j = e jk | E)EU(αe jk | E,E j = e jk))−EU(α | E)�

�
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&

$

%

� ¤ � § ¥ . 2�� 3 4 8 ? 7 B < D B 7 �< D < 8 G D 4 M G< ? G JD 4 M : JA 5 4 M8 GA 78 DA 8 :< �

KA N � ? GDA 7 : J G J 7 : J QA H G JD 4 M : JA = 4 Q XA ? ? KA F G7 4 8 A1

N 7 ? F = <A D = H

XD < >< DA 6 = < G4 A Q 78 B 78 : B 7D G D 4A B 4] < D G J < G4 X KA F G7 4 8 A2

N

K 6 N I J < F J 4 7 F< 6,< GQ < < 8 GQ 4 B 7 �< D < 8 G Q 78 B 78 : B 7D G D 4A B ? 4 > ? = 7 : J G = H

B 7 �< D < 8 G = < 8 : G J ? ¾ <A F J 4 > Q J 7 F J 5A H 6,< 6 = 4 F R< B 4 D 8 4 G�

K F N I J < B 7 �< D < 8 F< ? A D < = 7 R< = H G4 6,< ? 5A = = 798 ? M 5 5 < D G7 5 < �

P ( U | E )jP ( U | E )jP ( U | E )j

(a) (b) (c)

U U U
U  1U  2 U  2U  2 U  1U  1

☞

� B B 7 G7 4 8 A = 798 >4 D 5A G7 4 8 6,< F4 5 < ? ] A = MA 6 = < 798 G J < FA ? < K 6 N �

�
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%

☞
�hai ©o `� f b coi r f � ° f g « j bo b r j j� b ji b b r f b c b c� g c �j g­¬ bo

e f « � j f e r fi k j o © q gfi l fi p bo b r j j� bji b b r f b b r j i j ¯ q gfi

¯ c g g ± j � c ki c d e fi b g ¬ ± j b bj ` b r fi b r j o g p q gfi ��

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

I J < ] A = M < 4 > X < D >< F G 798 >4 D 5A G7 4 8 ? JA D < ? G J < >4 = = 4 Q 78 : XD 4 X< D G7 < ? ^

w� �oi i j k f b c° ji j � � ^ VPIE(E j) ≥ 0�

�� �oi f p p c b c° c b¬ K

VPI

B < X< 8 B ? 4 8 G J < <] 7 B < 8 F< E 4 6 GA 798 < B ? 4 >A D N ^

VPIE(E j,Ek) 6= VPIE(E j)+VPIE(Ek)�

�� �` pj `� ci pj q ji pji e j ^

VPIE(E j,Ek) = VPIE(E j)+VPIE,E j(Ek)

= VPIE(Ek)+VPIE,Ek(E j)�
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"� � �� � � � � � �� � �

➤

O4 D 8 4 Q � 7 G 7 ?A ? ? M 5 < B G JA G Q 7 G J <A F J 4 6 ? < D ] A 6 = < <] 7 B < 8 F< ] A D 7A 6 = <

E j � G J < D < 7 ?A 8 A ? ? 4 F7A G< B F4 ? G

Cost(E j)

4 > 4 6 GA 78 798 :

E j

] 7A G< ? G ? �

➤

�8 798 >4 D 5A G7 4 8 :A G J < D 78 :A :< 8 G ? J 4 M = B D < � M < ? G G J < 5 4 ? G] A = MA 6 = <

X7 < F< 4 > 798 >4 D 5A G7 4 8 E j

F4 5 XA D < B G4 Cost(E j)

^

function INFORMATION-GATHERING-AGENT( percept) returns an action
static: D, a decision network

integrate percept into D
j � the value that maximizes VPI(Ej) � Cost(Ej)
if VPI(Ej) > Cost(Ej)

then return REQUEST(Ej)
else return the best action from D

➤

I J < XD 4 F< B MD < 7 5 X = < 5 < 8 G ? § � � ¥/ � 798 >4 D 5A G7 4 8 :A G J < D 798 : � ? 798 F<

S\ T 7 ? ? J 4 D GU ? 7 : J G< B = H A X X = 7 < B G4 ? 798 : = < X 7 < F< ? 4 > <] 7 B < 8 F< �

�
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&

$

%

' & ( # ) !
�

·¸ & ) �& · ( & �$ & � · # ¹ # ·& � #

I J < R8 4 Q = < B :< < 8 :78 < < D 798 : XD 4 F< ? ? >4 D A B < F7 ? 7 4 8U G J < 4 D < G7 F ? H ? G< 5 ^

w� C < G< D 5 78 < G J < ? F4 X< 4 > G J < XD 4 6 = < 5 K B < F7 B < 8 4 B < ? N�

�� �A H 4 M G G J < G4 X 4 = 4 : H 4 > G J < 8 < GQ 4 D R KA 8 A = H � < B < X < 8 B < 8 F7 < ? N�

�� � ? ? 7 :8 XD 4 6A 67 = 7 G7 < ? G4 F JA 8 F< 8 4 B < ? �

	� � ? ? 7 :8 M G7 = 7 G7 < ? G4 M G7 = 7 GH 8 4 B < ? �


� V8 G< D A ] A 7 =A 6 = < <] 7 B < 8 F< G4 G J < 8 < GQ 4 D R�

x � V] A = MA G< X 4 ? G< D 7 4 D XD 4 6A 6 7 = 7 G7 < ?A 8 B M G7 = 7 G7 < ? >4 D G J < 8 4 B < ? �

� � �A G J < D 8 < Q <] 7 B < 8 F< M ? 798 :] A = M < 4 > 798 >4 D 5A G7 4 8 A ?A FD 7 G< D 7 4 8 �

� � \ < D >4 D 5 ? < 8 ? 7 G7] 7 GH A 8 A = H ? 7 ? >4 D G J < A ? ? 7 :8 < B XD 4 6A 6 7 = 7 G7 < ? � M G7 = 7 G7 < ? �
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# � � �� � ¹

➤

� 2 �/� /a� 0 - µ 2� ½ � � ¥½ � 	 � 	 / ./ -� - µ 2� ½ � � + -/ ./ -� - µ 2� ½ � �
➤

� ½ � -/a� 0 � . � � 20 - F4 8 ? 7 B < D ? A = = X 4 ? ? 7 6 = < A F G7 4 8 ?A 8 B F J 4 4 ? < ? G J <

4 8 < G JA G = <A B ? G4 G J < 6 < ? G < W X< F G< B 4 M G F4 5 < �
➤

� 2 �/� /a� 0 0 2 -� � ½ 
� ¾A :< 8 < DA = 7a� A G7 4 8 4 > ;A H < ? 7A 8 8 < GQ 4 D R ? ¾

XD 4] 7 B < A ? 7 5 X = < >4 D 5A = 7 ? 5 >4 D < W XD < ? ? 798 :A 8 B ? 4 =] 798 : B < F7 ? 7 4 8

XD 4 6 = < 5 ? �

➤

I J < �� .+ 2 � � /10 �� ½ § � -/a� 0 7 ? B < »8 < BA ? G J < < W X< F G< B 7 5 XD 4] < 5 < 8 G

78 M G7 = 7 GH F4 5 XA D < B G4 5A R798 :A B < F7 ? 7 4 8 Q 7 G J 4 M G G J < 798 >4 D 5A G7 4 8 �

➤

�9¤ ¥ 2½ - � � � - 2§ � G JA G 78 F4 D X 4 DA G< M G7 = 7 GH 78 >4 D 5A G7 4 8 JA ] <

A B B 7 G7 4 8 A = FA XA 67 = 7 G7 < ? F4 5 XA D < B G4 X MD < 78 >< D < 8 F< ? H ? G< 5 ? �

�
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Z< FA = = G J < B 4 5A 798 4 > ? 4 F F< D X =A H 798 :A :< 8 G ?A 8 B >4 D 5A = 7� < A 6A = =

GDA F R798 : ? H ? G< 5 M ? 798 :A ;A H < ? 7A 8 8 < G Q 4 D R Q 7 G J G J < >4 = = 4 Q 78 :] A D 7A 6 = < ? ^

SA D 7A 6 = < SA = M < ? V1W X =A 8 A G7 4 8

Tired True,False

T ? G J < A :< 8 G >< < = 798 : G79D < B �

Angle Left,Center,Right

�8 : = < Q 7 G J D < ? X< F G G4 G J < 6A = =

Distance Far,Close,Touch

C 7 ? GA 8 F< G4 G J < 6A = =

➤

O4 D <A F J] A D 7A 6 = < X 4 > G J < ? < � 798 GD 4 B M F< A 8 A B B 7 G7 4 8 A =] A D 7A 6 = < XnextD < >< D D 78 : G4 G J < 4 M G F4 5 < 4 >A F G7 4 8 ?A ] A 7 =A 6 = < G4 G J < A :< 8 G ^

TurnLeft � TurnRight � RunA 8 B

Nop�

➤

� B BA M G7 = 7 G H 8 4 B < G JA G B < X< 8 B ? 4 8 Tirednext � Anglenext �A 8 B

Distancenext� C < »8 < A M G7 = 7 G H > M8 F G7 4 8 6A ? < B 4 8 G J < ? < A G GD 7 6 M G< ? �
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