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!VJ(! +#f)&*$! m!+,! VJ(! e>7?! )S! e'(! 1(! "f%,

!@)S!+f)h!1(!z.,!@<)>q(!)'!C)I2i2?!C<2n
!A$2h!+plO?!^?):!m%%

3�^6(% 34567(%859!u!!�!!['! +:! e'(
!+:!"&.T?!V.TiF!C).To(F!-!"9:!V/)l!<3!+?)$%,

A'),!04!<3!�J2E!+:!"q(AS(!F!A$(3!"?!(<!A&:!^7I!
!"?! +'(<(! "i)'<! "�Z&?! 0),1! ),! )�T,!C(<)QI

!A$(3!"?!(<!A$2h!m!A'),!+:!"97I!3<2?!<3!+?)$%,
!+,!@(%,!+:!e.T?!@)S3%>97I! )#&#J(!),!AS3!H)c$(

}(AS(!03<F4!VJ3-!!@%.k!g.7yE!A&#LS!YJ)&?!
!A')7$!"?!m!e'(!<3!5Ah!3)K&*.W!@!+/)�?!e./F(!3<2?

                                                   
5 !Solomonoff!!
6 !Kolmogorov!!
7 !Chaitin!!
8 !logical AI 
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59McC! 32,!! m89McC! Ah),! "?! %EA'AU!!m
b96McC!R2S!@!5A$%.k%,!<3!<)>q(!1(!"f%,!

!A&:!"?!VL./! (<!"�Z&?!"I2&y?! m97Sha!gS!
!VJ(!gK?!e#?!['!!m!!
% 5L-O;c%|%!"I2&y?!R2S!@)S! +?)$%,

TE! D27T?!"?! "J<%,! (<! CD)7#l(! 1(!@3)'1! 3(A
!@1),!['!0F<3!@)S!V:%l!a)�?!0(2&I!+,!-!A&&:
!5A&&:!C)Q�(!@!+.�o!['!@)S! )#&#J(! )'!�$%Zh

!+?)$%,!@!m!!
%5~C"%NF,6P�%|%!+?)$%,!['!+:!"$)?1!<3

!Y9�(!-!31)J!"?!(<!)S!~2$!1(!"f%,!C)plO?!-
!-! A&.,! "?! 26/(! ['! ),! +:! @8.`! +L')�?! @(%,

$%,!VJ(!5Ah!@8'<!+?)!m!+?)$%,!['!-!a)�?!@(%,
!['! F! g*`! @! 26/(!['! VJ(! e>7?! "')&.,! @
!['!03%:(A.W!@(%,!5%p&?!['!<3!(<!"&.,!@26/(

! AS3!d,)ZE!C<2n! m!A&$)?! -! %E! 5A.�.W! @)S26/(
!�$%Zh!V.TiF!['!<3!-!"T.QP!"&#?!0),1!['
!+:! "')S3(A'F<! 1(! "f%,! @! +�{'<)E! <3! )'! -

$2h!"?!+T/)Z?!A$<(3!32UF!A!m!5A.�.W!@)S26/(!e'(
!@)S26/(! +,! VQL$! "M9#{?! O?):! @)SA#?! +,! %E

!A$<(3!1).$!A$(!5Ah!+T/)Z?!%E!z.,!+:!@(!53)J!m!!
G$,K0%e%|%!+:! "').$3! 3<2?! <3!"E).To(F

!A&h),!"?!A$2h!53(3!z')7$!"�'%P!+,!A'),!m!D27T?
!32h!"?!53)M#J(!"i)'<!"�Z&?!@)S!0),1!1(!!m!!

-6-@"%�,�%!�!!%6'3!-!C).To(F!1(!"f%,!1(
! 32h!  )#&#J(! A$(2E! "?!C).To(F! m&#J(#!"�Z&?!  )
}(AS(!1(!"f%,!@(%,!"i)'<-!!-!Ah),!"?!"q):!

!a)J! 1(! Vf(2&>'! %.�! A'AU!  )#&#J(! @)SA#?! )?(
s�v�!A$(! 5Ah! +q)i(!dZ&?! +,!! m!~2$!e'%E! 53)J

Vf(2&>'! %.�! aDA#J(!�!¡%q! z.W! aDA#J(! -!
!<3!+:!VJ(!z.W!C<2n!+,!@%.k!+c.#$!['!04

!A$(2E!"?!@%.k!+c.#$!)?(!-!32h!"?! )#&#J(!¡%q
! _<A?! +:! "E<2n! <3! X! ^./3! \!-! 32h!¡2I

!32*,!¡2I! m!['!1(! )?!+:!"$)?1! -!a)�?!@(%,
!"?!+:!g'%.k!"?!+c.#$! )?!-!g.$1!"?!}%l!5A$%W
!<3!)?!+:!"$)?1! )#&#J(!e'(!)?(!-!A&:!1(F%W!A$(2E
                                                   

1 !search 
2 !pattern recognition 
3 !representation!!
4 !inference 
5 !non-monotonic!!

!e'26&W!3<2?!32h!¡2I!A$(2E!"?!g.$1!"?!}%l
! m!+:!@%.k! +c.#$!['! +:! 3<(3! 32UF!e'(! a)7#l(

!A./2E! aDA#J(! 1(! (<! Vf(2&>'! %.�! C).n2yf
!32h!¡2I!A&:!"?! m!<3!"�Z&?!aDA#J(!D27T?

!['! 1(! A&$(2E!"?! +:! )S! )#&#J(! 1(!@(! +I27c?
!"*'(8q(!�,)E!['!-!A$2h!+#q%k!C)?A�?!+I27c?

C)?A�?!1(!Vf(2&>'!Ah),!"?!!!m!!
z�&-@"% *% :'=@% Q�4%G0"J!�!!�!!"Z.B?

!"$)L$(! �ZJ!1(! "I2&y?!R2S!04! <3! +:!VJ(
!1(!+:!V.To(F!e'(!g�<!"9I!-!Ah),!"?!<F3!"9.f

!a)Js���!VJ(!5Ah!d.�BE!04!@F<!!m!0(2&I!+,
a)�?-!!%.�! aDA#J(! @)S! g#L.J! @! +TJ2E! <3!

!@)S!5A'(!12&S!-!3%>97I!@)S!@<2.E!F!Vf(2&>'
z.,!Ah),!"?!1).$!3<2?!@%E!!m!g#L.JCyc!^?)h!

!Ah),!"?!g.9J!^�I!C).To(F!1(!¢<8,!@(!+I27c?
!m%%

% /2#LW%D"%V#'+J,$�%!�!!<):!e'(!)S!+?)$%,
!A&S3!"?!H)c$(!(<!m!"'(%kA$2.W!;)J(%,u!+>Qh!F!
! "QyI! @)S�!"?! ['38$! "I2&y?! R2S! +,!

2h$A2h!"?!"yy{E!"I2&y?!R2S!<3!F!$!A!m
! 1(! @%.k3)'! <3!e.$(2o! R12?4! e.&�7S! -! +,%cE

!3<(3!32UF!dZ&?!<3!5Ah!0).,!m97Mit!e#?!['!
&.h)?!R12?4! 3<2?! <3! �?)U! "h12?4"!s�!"?!

!Ah),!m!@<)#q<!)'!C).To(F!A&$(2E!"?!��q!)S!+?)$%,
$%.6,! 3)'! (<!F! A&S3!z')7$! (<! )S! 04! A&$(2#,! +:! A

!;)J(%,!+7S!)Q'%�E!"h12?4!@)S!g#L.J!+$)MJ)#?
!+'(<(! @(%,! 5Ah! 3FAB?! "9.f! @)S! "')$(2E

!A&h),!"?!C)IOP(!m!!
%V\$I% /(,0#2cc%|%%!+?)$%,!@8'<! +?)$%,

!0)KU! 3<2?! <3! "?27I! @)S! V.To(F! ),! )S
X!)S3%>97I!C(%�(!3<2?!<3!"E).To(F!)n2y{?!\

! ~F%hC).To(F! -! A$2h! "?-!!V.TiF! 3<2?! <3!
!"?!}AS! 3<2?! <3!C<)QI!['! F!£{*?!@)S

! A&h),! m!+,! 0A.J<!@(%,!@¤E(%#J(!['! )S!04! 1(
! A'4! "?! VJ3! +,! }AS! m!3<(2?! 1(! @<).L,! <3

                                                   
6 !common sense knowledge and reasoning!!
7 !learning from experience!!
8 !connectionism 
9 !neural nets 

10 !machine learning 
11 !planning 
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!Ah),!!"?!)S3%>97I!1(!Y.E%E!['!��q!@¤E(%#J(
!m!!

%3@,6P%NF,6Pc%|%!@F<!%,!+T/)Z?!['
')L?!^l!@(%,!+:!z$(3!~(2$(!"?!H1D!0)KU!<3!^

!Ah),!"?!A$2h!m!!
%3@,6P%3-O9�%|%!+T/)Z?!-!"J)&h!"#LS

!A$32U2?! +:!VJ(!"')S8.`!~(2$(!@!m!+?)$%,!<3
!"?! +U2E! ).h(!1(!"M9#{?!~(2$(! +,!C(<)QI!F! )S
!)S!04!"J)J(!C).n2yf!F!~(2$(!e'(! )?!F!32h

! g.&:! "?! +T/)Z?! (<! m!1(! "J)&h! "#LS! %,! A.:)E
!a)Js���Ah!~F%h!!m!%%

%],R,k-."e%|%})*#:(!['-!!@(%,!"S(<!
!<3!5Ah!@1)J)U!@!5A'(!['!)'!@8.`!+,!03%,!"W

!Ah),!"?!+?)$%,!['!m!~2&#?!C<2n!+,!5N(F!e'(
! 3F<! "?! <):! +,! "I2&y?!R2S! <3! m!�,(2E! 1(

!@(!+Mh)>?�!�o(2?!1(!"f%,!<3!<3!@(%,!2c#LU!
!Vf<3!['!<3!5%k!['!@(%,!+:!e'(!@%.k!51(A$(

,! 2c#LU!"P! "#q)L?! +`!}(AS(! +,! 0A.J<! @(%
! 32h!"?!53)M#J(! -! 32h!"?! m!})*#:(!C(A&#L?�!!

!e'(!0A'3!@(%,!2c#LU!Vf<3!['!<3!(<! 5%k!F3
!-! A&:! "?! +L')�?! VJ(! @%6'3! 1(! %#K,! H(A:! +:
!+?A�?!['!03(3!^.>*E!+:!VJ(!e'(!e?!@!5A.�I
!%EA.M?! A')h! -!}AS! +,! 0A.J<! @(%,! +#q%*.W! @

!Ah),!m!!
(,0#2%s'-0�%3O$50% /�%|%!"L'2$! +?)$%,

!+?)$%,!03<F4!32UF!+,!@(%,![.&>E!['![.#$N
!@)S! +?)$%,! VMU! ),! +/)L?!['! ^l! @(%,! "')S

!"q3)yELisp!1(!C(A./2E!e'%E!YJ)&?!r){#$(!F!
! Ah),!"?! A./2E! )S!02.9.?! m![.#$N! "L'2$! +?)$%,
!(12:!0)U!5F%k!�J2Ev!Ah!53(3!+TJ2E!m!!!

!!
67(%859%V,9J#2I,.345%%

z"5@! w!!"I2&y?! R2S! @)S3%,<):
!x!VL.`%%

                                                   
1 !epistemology 
2 !ontology 
3 !heuristics 
4 !heuristic functions 
5 !heuristic predicates 
6 !genetic programming 
7 !John Koza 

>"5;! w!!)U! e'(! <3! )S3%,<):! 1(! "f%,
!VJ(!5A?4!m!!

,9%VD,2%VI5'W%b%|%!<D3!A&`!Vf(3%W! ),
!A&$(2E!"?!+:!A'%{,!(<!"')S!e.h)?!A.$(2E!"?!)7h
!@1)J!53).W!(<!�$%Zh!@1),!@(!+q%l!C<2n!+,

!A&&:!m!"I2&y?!R2S! 3<(2?!1(!"f%,!)S!04!<3
32UF",2f! +,! )S! 04! )?(! -! 3<(3!!"?!@1),! 3(%q(!
A&&:Of%,! F!),! %E! z.,! +:! A&#LS! 3(%q(! }!

!A&&:!"?!@1),!%>q!",!@%QU!C)QJ)B?F!)SAn!+,!
!A&&:!"?!5)6$!)S!V.TiF!1(!<(8S!m!!

M1@3@,6P%%f%|%+S3! <3! ! @!s���-!!
e{J"J)&h!!@(%,!@3%,<):!"BZJ!+,!@%E2.G?):!

! A.J<! 3FAB?! "q(AS(! m! e'(%,)&,!"'(2S! �2Zf
!@(%,! +:! (<! "#f<3! A.9:! +BMn! 5AB#?! CD)'(

OP(!+:!"7#L.J!!),!(<!Ah!"?!53)M#J(!1(F%W!C)I
1(e{J!"J)&h!3%:! "?! 53)M#J(!-!!5<)7h! @(%,!

! A$3%:! e'86')U! ! )S%Kh! H)$! F! 1(F%W! @)S�!e'(!
!32,!YJ)&?!O?):!RF<!!m%%

% 3q'p�%!,2D% :?Rc`%|%!C)79:! e#q%k!��q
G?):! ['! <3! "/(2#?! Ah),! "7$! "q):! %E2.! m!��q

!Ah),!"7$!"q):!gS!CO7U!@!+'8cE!m!A'),!%E2.G?):
!3<2?!e'(!F!Ah),!"?!@3<2?!+`!<3!!e#?!+:!A7KM,
!%'jW!0)>?(!3FAB?!"9.f!@)S!+&?(3!@(%,!@3F1!+,

!Ah),!"?!m%%
% #W5'�(,.%t&9cc%|%!+J!"').h(! 1(! 0)KU

!g*`!@(%,! )S!@3F<F! )?(!VJ(! 5Ah!^.>*E!@AT,
3!F!%*,!@AT,!F3!@%E2.G?):!02'8'29E!@)S!e.,<F

! A&h),! "?! m!V/)l! <3! ��q! )S! +?)$%,! 1(! "f%,
!@%E2.G?):! A'3! )?(! -! A&&:! <):! A&$(2E!"?!@AT,F3

^?):-!!+I27c?!��q!+:!H)7E)$!@AT,!+J!C)IOP(!
!3<(3!H1D! (<!A&#L.$!@AT,!F3!@)SA'3!1(!@(! m!<3

!z')7$! @(%,! @3FAB?! @)S! 5(<! ��q! %i)l! a)l
OP(!3<(3!32UF!g.�#L?!C<2n!+,!@AT,!+J!C)I

!0)L$(!+`!04!",2f!+,!H29T?!<(%o!1(!)S!5(<!e'(!F
!Ah),!"7$!A&&:!"?!53)M#J(!)S!m%%

                                                   
8 !game playing 
9 !speech recognition 

10 !understanding natural language 
11 !computer vision 
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%)#pF%V,9%:-O'@c%|%!�!z$(3!"JA&K?|!�!
!F!A&:!"?!26#Mk!0)k%Qf!),!e.T?!@!+&.?1!['!<3
!@!+?)$%,!['!<3!)S!04!z$(3!+,!+:!A&:!"?!ROE

!@(%,!@%E2.G?):!ASA,!gLU!)S<):!1(!"f%,!@(%U(
! m!-! r2f!C<2n! +,! )S<):! e'(! H)c$(! "6$26`

!H1D! "9�I! @)S! gL.$)>?! +:! VJ(! e'(! +,! +#L,(F
!!"I2&y?! R2S! "9Tq! V.TiF! <3! <):! @(%,

!A&h),!+#h(3!32UF!m!F!Ah),!"7$!3)'1!<):!e'(!0)?1
! 3<(3! 32UF! 5A&&:!;2')?!"c')#$! m!e./F(! 1(! ">'

!<3!5%Qf!@)S!g#L.J!a)Js�v�!H)$!+,!MYCIN!
!F! 02f! <3! 32U2?!@)S!@%#:),!C(%�(! +:! -! 32,

!3(3!"?!£.{*E!(<!04!C)c/)T?!m!e'(!5)6#J3!e'(
1(!%#K,!(<!<):)S%#:3!)'!">h8W!0)'2c*$(3!!H)c$(!

! 3(3!"?! m!-! @%#:),! ^?)h!04! "J)&h!"#LS!"&T'
)S!0)*$X!)S!V?OI\!(<! )S<):!F!32,!C)c/)T?!F!

"?! H)c$(! �o2?! +,! 3(3!! m!),! 0)k%Qf!+:!"$)?1! 1(
!3<2?! <3! (<! "')S8.`! A$3%:! @<)>7S! 0)JA&K?

!F!32QK,!-!"#?OJ!-!)S%#:3!-!0(<)7.,!mmm!F!A&#L$(3
!+`!04!%.�)E!VBE!0)JA&K?!z$(3! +:!VJ(!�i(F
!r2`<)`!['!<3! A&#Mk!"?! )S! 04! +,! 0)k%Qf!+:

!Vh(3!<(%o!e.T?!@<):!m!R2S!"9Tq!V.TiF!<3
Z?!e'(! -! "I2&y?! Ah),!VJ<3! A'),!Y9! m!V'8?

!0(%,<):! +,! +#L,(F!@1F%?(!@! 5%Qf!@)S! g#L.J
!A&h),!"?!g.9J!^�I!@(<(3!+:!Ah),!"?!)S!04!m!+,

!['! -! 5%Qf!@)S! g#L.J! 1(! %6'3! "M'%TE! 0(2&I
!@%E2.G?):!@)S!+?)$%,!1(!+#J3!['! 5%Qf! g#L.J
!<3!"I2&y?!R2S!0)��B?!�J2E!5Ah!53(3!+TJ2E

! @! +S3s�v�):! +,! F!!C<2n! +,! 5Ah! +#q%k! <
!@!+S3!%J(%J!<3!@<)cEs�u�!VJ(!!m!-!�o(F!<3

C)IOP(! +:! "&.$(2o! 1(! 5Ah! +#f)J!"')S! +?)$%,!
X!"?!+#q%k!<):!+,!g#L.J!%,<):!�J2E!D27T?!+:

!A$2h\!@!+#J3!['! 3<2?!<3! A&&:!"?!^.9BE! (<!
! -! A&#LS! ^')L?! 1(!£{*?!(<! ^')L?! ",2f! +,
! +#L,(F!F!A&')7$!"?!^.9BE!0)h!"l(%P!+,!['! -

!+,!@(%,!%,<):! 3%>97I!1(! 5Ah! +.n2E!@! +&.?1
!A&h),!"?!C)B.ByE!@%.k<):m!t%%

                                                   
1 !expert systems 
2 !knowledge engineer 
 3!systems_Expert/wiki/org.wikipedia.en!!

%3R,k-."%V&62%/�p��%|%!e'%E!z.,!1(!">'
! "97I! ~(2$(X%'jW! 0)>?(! \!@! 5%Qf! @! )S! g#L.J

!03(3<(%o!@(%,!"I2&y?!R2S!�J2E! 5Ah! +'(<(
!@A&,!+�QP!@!+I27c?!['!<3!C)IOP(!1(!"f%,

!@!5Ah!Ah),!"?!e.T?!�Q&?!A&`!1(!53)M#J(!),!e.T?
! m!@(%,!"L:!03%:!VB.y$! 3<2?!e'(! <3!"/)�?

!Vf(3%W!VQ�!-!5Ah!3)K&*.W!@<)Q#I(!C<):!Vq)'<3
!+LJ2?!VQ�!F!3%f!"?!F(!+:!@8.`!e.&�7S!-!F(

!Ah),!"?!-!A')7$!"?!A'%f!04!1(!F(!+:!@(!m!!
 

#W%G'2%V,9%G@#H%%
z"5@! w!+$26`! "I2&y?! R2S! d.�BE!

!x!32h!"?!H)c$(%%
>"5;!w!!F3!@(<(3!"I2&y?!R2S!d.�BE

!@<2.E!@!+&.?1�!"*')?14!F!�! Ah),!"?!m!+&.?1!
!F! "J)J(! C<2n! F3! %S! @(<(3! "*')?14! @

!Ah),!"?!@3%,<):!m<!F3!d.�BE!<3!"J)J(!@!+#h
-!3<(3!32UF!e'(!;)J(%,!F!VJ(!">'N2/2.,!">'!

!R2S! F! A&#LS! A&7h2S! )S! 0)L$(! +:! VJ(
"I2&y?!)'! "J)&h! 0(F<! -! )S! 0)L$(! A'),!

! A&:!A.9�E! (<! )S!04! !@N2/2'8.q! m%6'3!@!+#h<-!!
!@(!+�3)lvAh),!"?!!a2?%q!F!+T/)Z?!;)J(%,!F!

!F! 0)KU! 3<2?! <3!_%#*?!;(2l!C).To(F! @A&,
!}(AS(! +,! ",).#J3! @(%,! 0)KU! <3! +:! "9')L?

!Ah),!"?!-!32h!"?!53)M#J(!m!-!F3!e'(!^,)�#?!C(%�(
,!@Al!)E!H)c$(%J!F3!%S!F!Ah),!"?!['38$!gS!+

!A&,).#J3!V.�q2?!+,!A'),!m!Ah),!"?!+�,)L?!['!e'(
m 

z"5@! w!!F! "I2&y?! R2S! 0).?! �)QE<(
!x!VL.`!+ML9q%%
>"5;!w!!C)P)QE<(!@(<(3!"I2&y?!R2S

!@!+ML9q! ),! )n2y{?! -! Ah),!"?!+ML9q! ),!@3)'1
!0<A?!"9.9BEu!3<(3!@3)'1!�)QE<(!!m!F!%>q!F3!%S

^�I!A&&:!"?!+T/)Z?!(<!g.9J!!m 

                                                   
4 !heuristic classification 
5 !theoretical 
6 !experimental 
7 !phenomenal 
8 !modern analytic philosophy 
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z"5@!w!!F!"I2&y?!R2S!@%.k3)'!1(!^Qo
04!@! +T/)Z?! �o2?! <3! )'-!!A'),! (<! "')S8.`! +`!

!x!g.&:!+T/)Z?!!
>"5;!w!C).i)'<!A'),!!dZ&?!)n2y{?!F
!C).i)'<s!g.&:!+T/)Z?!(<!!m!"#L'1!">'38$!@(%,

!@N2/2'8.q! F!"J)&h!0(F<! -!"I2&y?!R2S!+,
(<! "QyI!@)S! g#L.J! g.&:!"?! +T/)Z?!! m!@3(ATE

V/)l!e'%E!g:!<3!F!"L'2$!+?)$%,!0),1-!!"J!|!!-
!¥L./t!¢2/F%W!F!�! g.h),! A9,! A'),! (<!! m!e.&�7S

!@(! +')W! @)S! 0),1! 1(! ">'! +:! VJ(! ",2f! %>q
!g'%.6,!3)'!(<!e.h)?!m!"')S!0),1!),!%E!z.,!)S<):

! A$2h!"?! H)c$(! A&#LS! A?! +:! m!@!+S3! %f(F(!<3
��),1!e'(!!^?)h!)S!0C++(F)U!F!!�!32,!m!!

z"5@! w!+`!0)?1)J!)S!F!"E)LJ2?!<3!
+&.?1!@!R2S!"I2&y?!V./)Tq!"?!A&&:!x!!!

>"5;! w!e7c$(!"')>'%?4!R2S!"I2&y?!
�!-!+#.7:!@!"6&S)7S!)WF<(!@(%,!R2S!"I2&y?!
v!F!+T?)U!@!R2S!"I2&y?!F!+.Qh!@1)J!<)#q<!
u!�?(2U!"79I!+oOI!A&?!+,!R2S!"I2&y?!"?!
,A&h)! m!V:%h!e.h)?!CD4!+QJ)B?!5A&&:!�!)'!

SIGART! !['!5F%k!gK?!<3!+&.?1!@!R2S!
"I2&y?!"?!Ah),! m!�$(%M&:!e.,!"997/(!R2S!
"I2&y?!s�! m!CO?)TE![.$F%#>/(!),!R2S!
"I2&y?!ss!F!R2S!"I2&y?!s|!F!+?)$1F<!@!
C)�.�BE!R2S!"I2&y?!st!F!)TECO?!IEEE!),!

                                                   
1 !mathematical logic 
2 !C 
3 !Lisp 
4 !Prolog!!
5 !Java 
 6!The American Association for Artificial Intelligence 
)AAAI(!"#$%#&'(!;<34!),!org.aaai.www://http!!
 7!European Coordinating Committee for Artificial 
)ECCAI(gence Intelli!"#$%#&'(!;<34!+,!org.eccai://http!!
 8!Society for Artificial Intelligence and Simulation of 
)AISB(Behavior !),!;<34!"#$%#&'(!

aisb/uk.ac.susx.cogs.www://http!!
9 !XAssociation for Computing Machinery (ACM!+,!

;<34!"#$%#&'(!!sigart/org.acm.www://http!!
 10!)IJCAI(AI The International Joint Conference on !+,!

;<34!"#$%#&'(!org.ijcai.www://http!!
 11!Electronic Transactions on Artificial Intelligence!!)=,!

;<34!"#$%#&'(!etai/ext/se.liu.ida.www://tpht!!
 12!+,!;<34!"#$%#&'(!artint/locate/nl.elsevier.www://http!!
 13!Journal of Artificial Intelligence Research!!;<34!+=,!

!"#$%#&'(org.jair.www://http!!

! A&7h2S! @)S! e.h)?! F! 26/(! ^.9BEs�!<)K`!
!R2S! CD)�?! @! 5A&&:%*#&?! gK?! @! +?)$1F<

!A&h),!"?!"I2&y?!m!@%6'3!8.`!%i)l!a)l!<3
!53%>$!(A.W! (<!Ah),!V7Lo!e'(!<3! <3!YJ)&?!+:

!g'(m!!

                                                   
 14!IEEE Transactions on Pattern Analysis and Machine 

Intelligence!"#$%#&'(!;<34!+,!tpami/org.computer://http 
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!!
!!
!!
!!
!!
!!
!!
!!
!!
!!

34567(%859%%%
[C,^(%A5$I%%

34567(%859w%NO'j%%%
#7-1(%V%/�1$I,W 

MR%3~05~j%%
%%

%w%:'6.%3(%/qC,^(%"I%34567(%859%"#j!!
! !"79I!@F)>c&:!!

o A&')7$!"?!+'(<(!(<!R2S!+:!"')S!V'32U2?!_<3!@(%,!ROE 
! "JA&K?!@)S!z/)`!!

o A&&:!"?!+'(<(!(<!R2S!+:!"')S!g#L.J!Vf)J 
! !!!!!!!!!!!!!!!!!![=7:!R2=S!1(!0(2=E!"=?!(%=U(!@(%=,!A=J<!"=?!%=p$!+=,!+=:!)S<):!1(!"f%,
!Vq%k!!

o �$%Zh!@1),!^�? 
! !%>97I!<3!Vq%*.W!!!+Q=J)B?!@)=S!RF<!F!%E2.G?)=:!3-!!!!!(<!5A=.�.W!^')L=?!^=l!

31)J!"?!e>7?!%E2.G?):!�J2E!!
! !A$2h!¦Of!_)$%Zf!F!<F4!aO?!@)S<):!1(!)S!0)L$(!A')h 

o !^�?)&h!%{#J(!03%:!8.7E!)'!e.?!03%:!"�&f 
%34567(%859wNO'j%%%

%%,��9%!,O��0"%&��60,K9%/��.%3$,��9%:-O��'@
&66.%3(%#BRZ%%

%%%/�����������0�5�q(%/�����������.%3$,�����������9%:-O�����������'@
hrationally%m&66.%3(%#BRZ%%
%%%%%%,��9%!,O��0"%/'p��P%/��.%3$,��9%:-O��'@

&66.%3(%QK4Z%%
&66.%3(%QK4%/0�5�q(%/.%3$,9%:-O'@Z%%

%!,O0"% Q�(%!J#.%QK4% <%�6$I5W%G$,(D_c%|!!a)J! <3!]&'<2E! e/4s�§�!@!+/)�?!<3!
!VJ(!53%:!¨B,!A&7h2S!e.h)?!@(%,!"Z'(%h!3<2?!<3!R2S!F!+QJ)B?!CD4!e.h)?!m!+#Mk!F(!VJ(

!+:!A.h),!e.7Z?!A.$(2E!"?!)7h!5)k!04!Ah),!"?!%*,!A&$)?!+:!A&:!327$(F!O?):!A$(2#,!e.h)?!%k(!+:
!VJ(!A&7h2S!m,!VL$(2E!z')?14!e'(+7S!+$!F!3(%q(!1(!"f%!A')7$!"i(<!(<!m5A&&:!zJ%W!3%q!!!"?

3%q!['! F! A&:!<):!e.h)?! ),! A$(2E! X!! ^,)�?!}%P!<3\! A&:!¥')E! e.h)?! ),!! X,!1(!@%.k29U!@(%
                                                   

1 !Turing test 
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An!)'!%S)©!A.9�E!+,!e.h)?! ).#l(!£{h!@(!\5A&&:!zJ%W!A'),!3%q!F!+:!A')7$!5A.�I!e'(!@(<(3!(<!
h)?!F!Ah),!"?!3%q5A&&:!zJ%W!3%q!+:!A&:!ROE!A'),!e.!A')7$!5(%7k!(<!!�!)U!3%q!@)U!+,!(<!32f!F

!A$8,!m!�!+Q$)U!['!]&'<2E!z')?14X+$)My&?%.�!\!Ah),!"?!m!['!A$(<jk!"?!(<!z')?14!+:!e.h)?
!3<2?!<3!"q):!@!51(A$(!+,!e#L$(3!0FA,!-!A.9�E!@(%,!-!e.h)?!['!"/F!-!Ah),!A&7h2S!O?):!A'),

!Ah),!A&7h2S!A$(2E!"?!3(%q(! m!0):32:!8�?!r)#:s3!^.$(3!!V$|!3<2?!<3!"/)I!¨B,!['!@(<(3!
<):!+,!+:!]&'<2E!z')?14!�9#{?!Y$(2U!F!]&'<2E!z')?14!Ah),!"?!A$2h!"?!+#q%k!m!!1(!"f%,

!Ah),!"?!A&7h2S!]&k!)#QL$!@!+?)$%,!['!+:!A&&:!"?!<2yE!"k3)J!+,!3(%q(m!t! 
!!!@(%==,!5A==h!3)K&*==.W!"9==n(!@(8==U(!"I2&y==?!R2==S1(!A==&E<)QI!w!!!!0)==,1!-!aDA#==J(!-!z==$(3F!

R12==?4!m!!!!+==:!32==,!e=='(!]==&'<2E!z')==?14!CD)>==h(!w!!%'j==W!A=='AcE!]==&'<2E!z')==?14�32==J!-!!A&?�!)=='!!
!26,(2U�VL.$!!"i)'<!^.9BE!@(%,!!m!!

!!
%!,O0"%&60,(%!J#.#BR%<%NF,6P%:=4�%%%

! A&:!"?!ROE!%*,!8�?!3%>97I!"6$26`!@)S!@<2.E!A./2E!@(%,!!
! !!!!!!!!!"J)&*=$(F<!"=,%cE!@)=S!RF<!F!"I2&y=?!R2=S!@%E2.G?)=:!@)=S!aA=?!1(

A')7$!"?!53)M#J( 
! !!!!)==J(%,!g.�#L==?!<2==P!+==,!"I2&y==?!R2==S!@)==S!RF<!%==E!z.==,!!@)==S!aA==?!;

!A&h),!"7$!"#f)&h 
o !!!!+==7U%E!@%E2.G?)==:!@)==S!+==?)$%,!C<2=n!+==,!+==:!V==J(!<(2==h3!Y=9�(
!A$2h 

o 3%>97I!^')L? 
! Ah),!"?!(8c?!"I2&y?!R2S!1(!)J)J(!Vf)&h!g9I!!

%V%/��9J%IJ%cf�`%%NF,6��P%>U���0"%%%&��(_%J5��;*%/��2<%%!!!!R2==S!)==,!_(%#==h(!@(<(3!Vf)&==h!g==9I
!!!!Ah),!"?!"I2&y?!m!.QP!Vf)&=h!g9I!0(A&7*$(3!!=S!V=T!!!!!!!F!A=&&:!"=?!+=T/)Z?!"=$(F<!A='3![='!)=,!!(<!R2!

!!!!!!!!+==,!-!+/)L==?!^==l!CA==?!<3!!)==?!8==�?!0F<3!@)S3(A==f<!�.==i2E!+==,!+==:!@%E2.G?)==:!@)==S!aA==?!%==E!z.==,
!!!!!!!!!A$1)==J!"==?!(<!A==&&:!"==?![==7:!"J)&*==$(F<!@)==S!V==./)Tq!%==6'3!F!_<3!-!03<F43)=='!m!!_(%#==h(![=='

!!!!!!!!!!e='(!"J)&*=$(F<!@(%=,!Vf)&=h!g=9I!F!"I2&y=?!R2=S!0)=.?!"=J)J(!!!+=:!V=J(!532=,<3!!!R1(3%==W!aA=?!

                                                   
1 !Brainchildren!!
2 !Daniel Dennett 
3!html.1node/whatisai/jmc/edu.stanford.formal-www://http!!

4 !reproducible 
5 !constructive 
6 !amenable 
7 !cognitive science 
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!%>q!C)IOP(!0)L$(!@!-!!+.Q*E!�!!%#W5'�(,.%]I5E%/2%\�(�!!!!!!ª=M/!+=,!ª=M/!C<2=n!+=,!!O?)=:!!!!"=?!H)=c$(!
!32h!ms!!!!

%%%!5K'�@%]#�2#9hcfc�|�``cm!!!!!!A='2k!"=?!Vf)&=h!g=9I!3<2=?!<3!w�!!!!!"=?!"I2&y=?!R2=S!
!!A==h),!+#==h(3!}A==S!F3!A==$(2E!m!!E!@(%==,!)==S%E2.G?):!"')==$(2E!1(!53)M#==J(!"==>'!!0)==7S!-!@%*==,!%==>q!^==.7>

!!==$(2E!^==.7>E!@(%==,!)==S<2E2?!1(!)==?!+==:!@<2==P!!-!g.==&:!"==?!53)M#==J(!Y==J(!)=='!%*==,!"')!F![==.E2,F<!g==9I!
!!!!!!!!!!A&==h),!"==?!aF(!}A==S!e=='(!"9==n(!@)==S!+f)==h!5%==Qf!@)==S!g#L==.J!m!!%==6'3!}A==S-!!!!R2==S!1(!53)M#==J(!

!!!!!VJ(!%*,!%>q!"6$26`!0A.7Kq!@(%,!@%E2.G?):!"I2&y?!m!)=,!(<!)S!+?)$%,!)7h!%k(!!!!"=?!+=:!@8=.`!
!!!!!!A=.&:!VL=E!)=S<):!04!H)=c$(!"6$26`!0A.7Kq!0FA,!F!!A.&>$!VLE!A&S3!H)c$(!A&$(2E-!!!!A.')7=h!04!5)=k!04!

!!!!!!0A==.7Kq!@(%==,!"I2&y==?!R2==S!1(!53)M#==J(!a)==l!<3!)7==h!�!A==.S3!"==?!H)==c$(!(<!Vf)&==h!g==9I!)==To(F!+==:
!A.#LS!@%*,!3%>97I�!m!|!!!

!"9f(3!@)S!V./)Tq!"79I!@)S!@<2.E1!3<(2?!%>q(<!%'!3<(3!H1D!w!!
! 3%cE!1(!"BZJ!+`!t3<(3!32UF!!x!!�z$(3!!�!)'!�)S!0)'%U!��!!!
! <)===Q#I(!A===.')E!�!H89#L===?!x!V===J(!+===$26`!w!s�!!!!03%===:!0)===B#?(!F!"===&.,!z.===W

!!!!"$)L$(!<)#q<!C)I2i2?!X!!!e.')W!+,!D),\!)'!-!|�!!!@)=S!53(3!g.�#L=?!Vf)&h!!"#f)&=h!Yy=I!!�!
!X!!!!D),!+,!e.')W\!!Ah),!"?!!m!!F3!%S!!XVf)&h!g9I!!!y=I!g=9I!F!Y!!"=J)&h!v!!!!1(!%=i)l!a)=l!<3

!"I2&y?!R2S!!A&#LS!(8c?!m!!!3!F3!%S!!e='(!@(<(!"=k¤'F!!!_%#*=?!!!)=,!!"I2&y=?!R2=S!A&#L=S!w!
%%%A#-@J%IJ%V,9%VI5'W%n%%%%%%5W%%!,O�0"%85�9%/'pP%"I%V\'j%�'9%%%%&�66.%3�K0%&�'CZ!!!!%=S!-!e'(%,)=&,

A&#LS!_%#*?!"J)J(!VKU!['!<3!+&.?1!+J«!!
#BR%3�^6(%%%h/0�5�q(m%%<%%%#�BR%M'0"5v%|%!!!"/2=n(!A=I(2o!u!!!"B'%*=E!1(!z.=,!!!!!A&=h),!"=?!g:)=l!

!-!!!!A==$3(3!+T==J2E!(<!"==�Z&?!�==9#{?!@)==S!^>==h!"$)==$2'!@!+==J<A?!A==&`w!)==S3)7$!�!#==J(!e.$(2==o!F! )#&!s�!
02.J(8.$)>?!%>q!@(%,!-!C(%>ME!@(%,!VJ(!e>7?!A$F<!<):!+,!!e>7?!)'!VJ(!<):!+,!$A$F%m!!!!

!^')L?w!!
o R2S!@)S<)#q<!@!+7SA$2h!"7$!H)c$(!"�Z&?!@)S!"J<%,!),!m!!
o !!�,)==&?!V'3FA==B?!w!!!!<3!+/)L==?![=='!^==l!0)==.?!"EF)==ME!!!^==7I!<3!04!^==l!F!^==:

!3<(3!32UF!Vo3!F!+QJ)B?!-!0)?1!%.p$!02k)$2k!�,)&?!V'3FAB?!VBE!m 
]I5E%/2%!J#.%QK43�^6(%%%h/0�5�q(%m%%

(%I,��-RI3���^6%cc%<%<)==:A==S3!"==?!H)==c$(!(<!V==J<3!m!I,��.%N��@IJ%n%@<)==:(!!z.==,!@(%==,!+==:!V==J
!!!}AS!+,!",).#J3!e'%E!-!!!!!32=h!"=?!"=&.,!z.=WF!!!!!!A=&:!"=?!+='(<(!(<!"=J%#J3!^=,)o!C)=IOP(!m!!!H1D!)=7#l

Ah),!+#h(3!32UF!+$D2�T?!<):!!H)c$(!<3!A'),!03%:!%>q!)?(!-!32h!^?)h!(<!03%:%>q!VL.$m!!!
%,$"\(%<s�VJ(!%E!"9:!m!!|�!VJ(!5Ah!�'%TE!",2f!+,!zqAS!!m!!
2ZJ<(!s!!"?!!A'2k!w!%&S!%S-!!!5%=.�!F!d=.�BE!%=S!-!!!F!^=7I!%=S!!!̂ =7T/(!�=>I!!X!3%=6.W\!!@(%=,!
�.Bn!H)c$(-!3<(3!%>q!+,! ).#l(!m!!

                                                   
 1!html.cogsci/html/AITopics/org.aaai.www://http! !!!

2 "9Qo!�Q&?!0)7S!!!
3 !abstraction 
4 !circuits 
5 !validate 
6 !neurological! !!!
7 !cognitive neuroscience!!
8 !normative!!
9 !notation!!

10 !rules of derivation 
11 !rational behavior 
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V,��9%Q��(,4(%3���^6%�%|%%s��$Q��(,4%e3-$J5��;5(%n%%�%%3��(%Q��K4%*%J5��P%3��(%)&9,k��(%/��.%N��@"%
&6.Z%!!3!+#h<!e'(!!!!!!!?!@)=S!+=M/2?!"=l(%P!@!5<)=,<!"=�Z&!V=J(!m!!!!!!32=f!+=,!32=f!C<2=n!+=,-!!!+=M/2?![='!-!!
,)E!!!!!+=�{'<)E!_<3!@(%=,!"T!!!!!!!!A=h),!"=?!C)=.97I!@(%=,!m!Apf "*:!m!!!!!!!1(!5A=h!+='(<(!;O=:!%=S!@(%=,
.B?!!!!!a)Q$3!+,!)?!-!)S<):!F!)S!�^?)I!X!!;O:!)'^?)I!)S!!\!!!!g'3%=k!"=?!3%:<)=:!e'%#K,!),m!!!A=.&:!+=U2E!
!!-!+=:!!!"E)Q=J)B?!@)=S!V'3FA=B?-!!!?!O?)=:!3%=>97I!!"=�Z&!!!!:!"=?!;%#=J3!^=,)o!%=.�!(<!!!A=&+==c.#$!<3!--!!!

A&:!"?!"l(%P!"&.h)?!�,)&?!+,!+'(<(!@(%,!(<!+?)$%,!e'%#K,m!!
%V%/�2,@AI%%%

| %/XO��=R�%<%!!!!"==>'8.q!@)==S!g#L==.J!1(!"T,(2==E!C<2==n!+==,!"==&S�!aDA#==J(!@)SA==#?!-!d==Z&?
^?)hV.$O�I!F!0),1!-!R12?4!!Ah),!"?!m!%%

!� %%],'�,$I�%%%<!!F!"7J<!z')7$!!C)=Q�(!!!)=S!g#'<2=6/(!!!7y=E!-!+Q=J)B?!-!!@%'j=W!g.!v!X!!!g.7y=E
@%'jW)$!u!\!F!a)7#l(!�m!! 

!� %3���@,6P%!"*Ic`%%<�)===QZ$(!ss!-!!!!!a%===#&:!"*===')?14!@)===S![===.&>E!F!"===:(<3(!@)===S!5A==='AW
!V:%lXpsychophysics !w!!!eE!F!0(F<!0).?!�,(F<!g9I�!5%.�!F!!\m! 

!� %J,7-v"%:=4c�%<%!"9�I!C)7.7yE!"7J<!@<2.E 
!� %3@,6P%!,2Dce%%<%)S!+#L$(3!@!+'(<(F!!(<(!@!+'%?(%k!m 
!� %>,74"%:=4c�%%<%"9�I!V./)Tq!@(%,!%..�E!^,)o!">'8.q!!+'D! 
!� !%%z#-6.%VI5'Wc�%<%!!�%P!-!"/3)TE!@)S!g#L.J^?)I!53)J!r29Z?!@)S!!A&h),!"?m!!
%%

%34567��(%85��9%V%/���1$I,W%|%%!a)==J!<3s�¬t!!8==#.W!F!­2==9:![==?!-!s�!!w!!@<(A==?!aA==?
!8===�?!e./2==,!®!!!a)==J!<3s�§�!-!!+Q==J)B?!CD4!e.===h)?!!!]===&'<2E!R2==S!F!%===k!®!!!@)===S!a)==Js�§|!)===E!

s�¯�!%==p$!!!!03%==:!V==J3!+==,!V==J3!F!®!==J@!+==S3!@)==S!a)!s�§�-!!!"I2&y==?!R2==S!@)==S!+==?)$%,!!!
!!!!̂ '2?)==J!@!5A==&&:![==`!@!+==?)$%,!^?)==h!-!+==./F(!sv!!!027.==J!F!^==°2$!"==�Z&?!@!+=='%p$!-!!su!e.==h)?!-!

%==#$%9k!"==JA&S!s�!®!!a)==Js�§¯32==7E<(3!VL==*$!!!!|�!�!w!!"I2&y==?!R2==S!�q%'jWA==h!+==#!®!!g#'<2==6/(
!!02L=&.,(<!^=?):!|s!!!"=�Z&?!a!DA#=J(!@(%=,!!®!!!@)=S!a)=J!<3s�¯¯!!)=E!s�v¬!-!!!(A==.W!"E)Q=J)B?!"kA=.�.W!

                                                                                                                                                         
1 !Aristotle 
2 !rational agents 
3 !agent 
4 !entity 
5 !philosophy 
6 !mathematics 
7 !decidability 
8 !undecidability 
9 !probability 

10 !psychology 
11 !adaptation 
12 !economics 
13 !Linguistics!!
14 !Neuroscience!!
15 !control theory 
16 !Pitts!F McCulloch!!!
17 !samuel!!
18 !Newell & Simon!!
19 !Gelernter!!
20 !Dartmouth meeting!!
21 !Robinson!!
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1 !neural network 
2 !knowledge-based systems 
3 !Al!)'!ALife!)'!Artificial Life!!
4 !neomorphic 
 5!html.alife/html/AITopics/org.aaai.www://http!!

6 !Chris G. Langton!!
7 "9Qo!�Q&?!0)7S!!!
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%Y2,6(<%%
http://aima.eecs.berkeley.edu/slides-pdf/chapter01.pdf 
http://www.uni-koblenz.de/~beckert/Lehre/KI-fuer-

IM/02Introduction.pdf 
http://www-formal.stanford.edu/jmc/whatisai/node1.html 
http://www-formal.stanford.edu/jmc/whatisai/node2.html 
http://www-formal.stanford.edu/jmc/whatisai/node3.html 
http://www-formal.stanford.edu/jmc/whatisai/node4.html 
http://www-formal.stanford.edu/jmc/whatisai/node5.html 
http://www-formal.stanford.edu/jmc/whatisai/node6.html 

                                                   
 1!html.bridge/research/edu.uoregon.cirl.www://http!!

http://aima.eecs.berkeley.edu/slides-pdf/chapter01.pdf
http://www.uni-koblenz.de/~beckert/Lehre/KI-fuer-
http://www-formal.stanford.edu/jmc/whatisai/node1.html
http://www-formal.stanford.edu/jmc/whatisai/node2.html
http://www-formal.stanford.edu/jmc/whatisai/node3.html
http://www-formal.stanford.edu/jmc/whatisai/node4.html
http://www-formal.stanford.edu/jmc/whatisai/node5.html
http://www-formal.stanford.edu/jmc/whatisai/node6.html
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Q(,4P59%V,9%%&6Kc%%
o*J%Q7R%%

[C,^(%A5$I%%
! Q(,4,9%�'}(%*%,9%%%
! N'0U�4%�%%
! PEAS%h%%J#B=K4%32,$DI"e%�'}(%n%�%n%QK4,9%)&66.%%�%,9#~OT%*%�m% 
! %�'}(%�"50" 
! %/XC5(%�"50"%%
,9%Q(,4%%

!±!+:!@8.`!%S!A$(2E!"?!^?)I!['!!
!� ['!<3�'}(%!A&:!"?!^7I!!!
!� 1(!53)M#J(!),!(<!32f!�.B?,9#~OT%!A&:!"?!Vq)'<3! 
!� !1(!53)M#J(!),!32f!�.B?!@F<,9%)&66.%QK4A')7$!"?!^7I! 
!� A&:!"?!+&.*.,!zq(AS(!}%P!<3!(<!R1(3%W 
Ah),!m!!!
!!

%Q(,4%JI5(%IJ%V#~$J%V,9%u$#qW<%%
! R & N<%!!!!@!5A=&&:!V=q)'<3!C<2=n!+,!A$(2E!"?!+:!Ah),!@8.`!%S!A$(2E!"?!^?)I!['!

!!!!!!!!!32=h!5A='3!-!)=S!_%B?!�J2E!�.B?!@F<!5A&&:!^7I!F!)S%6Ll!1(!53)M#J(!),!32f!�.B?
m 
! %%�$#�C**�%<%!!!!!!"==?!53(3!<(%==o!�.=B?![=='!<3!+=:!V==J(!@%E2.G?)==:!g#L=.J![=='!-!^=?)I![=='

!A')7$!^7I!<)#{?32f!C<2n!+,!VJ(!<3)o!F!32hm!!
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1 !intelligent agents 
2 !rationality 
3 !Performance measure"'(<):!<).T?!)'!!!
4 !Environment!!
5 !Actuators!!
6 !Sensors!!
7 !Woolridge 
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o !"')*`!�l!-!VJ2W!-!)S!R2k!-!)S!g*`�!F!!mmm)S%6Ll!@(%, 
o !0)S3!-!)S)W!-!0)#*6$(!-!)S!VJ3�!F!!mmm!)S!5A&&:!^7I!@(%, 

!� !C2,F<!!
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!)S%6Ll 
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,!-!F!)S2k!A&9!mmm!)S!5A&&:!^7I!@(%, 
!� !@<(8q(!H%$!^?)IXC2Q#q)J\!!

o )S%6Ll!C<2n!+,!�,(2E 
" !!!!!!!!!+==,!�==,(2E!@(%==,!@3F<F!C<2==n!+==,!5A==h!53)==?4!C)==IOP(

!5Ah!A:!@)S!^Q7J!)'!"#.,!@)S!+#h<!C<2n 
o )S!5A&&:!^7I!C<2n!+,!�,(2E 

" A&&:!"?!(%U(!(<!"UF%f!�')#$!!
%/(,0#2%,$%Q(,4!!

! !!!02&:!)E!)?!C)I2i2?!!!!!!^=?)I!@(%=,!",2=f!+=U<3![='!),!+:!AJ<!"?!%p$!+,
!A$2h!+#q%k!<):!+,!gp&?!@)S!+?)$%,!F!@<(8q(!H%$!@)Sm!!

! %VI,-1(J5Ff,9%Q(,4%IJ% 
o !!!!!!!!!!"=?!H)=c$(!^�#L=?!C<2=n!+=,!@3)='1!Al!)E!(<!32f!�')©F!)S!^?)I

A&S3 
o !!!!!!!@(%=,!%=6'3!@)=S!+=?)$%,!)='!0(%,<):!+,!+#L,(F!)S!^?)I!�!!"')=7&S(<

!�?!@8'<!+?)$%,!A$2h!" 
o !!!!!!!!!0)=h(!+=,%cE!<3!0)=h3%>97I!;)=J(%,!<)#{?32f!@)S!g#L.J!@)&Q?

Ah),!"?!0)**$(3!F 
o A$A&?1).$!@%.k3)'!"')$(2E!),!+./F(!z$(3!+,!)S!^?)I 
o !!!!!"==?!%==E!5A==.�.W!Y==E(%?!+==,!@)==S<):!@(%==,!})==ZT$(!@(<(3!)==S!^==?)I
!A&h),!!

!!
                                                   

1 !robots 
2 !softbots 
3 !thermostats 
4 !taste buds 
5 !mouth 
6 !infrared 
7 !bumper 
8 !grippers 
9 !autonomy 
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! !"6$26`!-!@<)#{?32fX"#.M.:!\J(!32h!"?!53(3!VQL$!)S!^?)I!+,!Y9�(!+:!Vm 
! !!!!!!!!!!!!!!g.7y=E!@(%=,!�G=J!F!A=')7$!3)&#=J(!z')=S!_(<3(!+=,!+=:!V=J(!<3)=o!<)=#{?32f!^?)I!['

!A')7$!+,%cE!-!@%.k 
! !A&h),!"7$!^?):!@<)#{?32f!@(<(3!)S!^?)I!%E!z., 
! !!z/)`!w!!!!!!!!!!!F!A=')7$!aDA#=J(!R32=f!@<)=#{?32f!@!5<)=,<3!A=$(2E!"?!+:!^?)I!['!"l(%P

!"?!A')7$![7:!VJ(2f<3!H)6&S!+`!+:!A$(3m 
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%"#+%Q(,4%3O$50%/(,0#2%%
! !A$2h!<2yE!).h(!1(!AT,!@AT,!"�Z&?!H)k!C<2n!+,!A&$(2E!"?!)S!^?)Im 

o �!!!!!!!!!!A=&S3!"=?!H)=c$(!a2=W!@(%=,!(<!04!)S!^?)I!F!A&S3!"?!H)c$(!@3(14!@(%,!(<!0!4!).h(
�m 

! -!)S!^?)I!F!A&#LS!)S3%>97I!@)S!5A&&:!Vq)'<3!-!).h(!A&#LS!)S!5A&&:!^7I!m 
! !!!!!!!!!!!!!!!!!!!!A=.M?!%=E!g=:!-!"=&S�!�.=n2E![='!@(%=,!VQL=$!}A=S!YL=`%,![='!C<2=n!+=,!^?)I!<2yE

!Ah),!"?m 
! !^?)IX+ZJ(F!\!Ah),!"?!A.M?!"kA.>`!['!@(<(3!0)L'2$!+?)$%,!0(2&I!+,!)?!@(%, 

o !g.&:!%>q!%ED),!"BZJ!<3!-!+?)$%,!['!3<2?!<3!+:!AS3!"?!51)U(!)?!+,m 
! !!!.`!+:!"E<2n!<3!!!!!!!!!!!!!!!!!+=,!-!A=&:![=7:!)=?!+=,!R<)=#q<!�.=i2E!)='!"'2=k!z.=W!-!0A=.7Kq!@(%=,!@8

!3%:!AS(2f!<)#q<!^?)I!['!C<2nm 
o !A&')7$!"?!<)#q<!^?)I!C<2n!+,!)S!C)#J2?%E!-!a)�?!@(%, 

!!
Q(,4%/'pkW%V&'X(!!

! !g.L'2&,!(<!+?)$%,!['!+$26`!+:!g'A.7Kq!OQo!)?!x!g.')7$!<)#q<!)S%J3<3!e'(!),!+$26`m 
! !)S!^?)I!C<2n!+,!A$<(3!^.?A&h)Q$!A?4!�W!)'!1).$!z.W!V./)Tq!�(<(3!�')S!V./)Tq!s!!m 

o !!!!!!!!-!A==&S3!H)==c$(!A=='),!@<)==:!+==`!3<(2==?!@!+==7S!<3!-!5A==&'4!<3!+==:!e=='(!03%==:!£{*==?
!VJ(!^>*?m 

! g.')7$!VQBn!-!A&#LS!A&7h2S!+:!e'(!¡%q!),!)S!^?)I!3<2?!<3!+:!VJ(!A.M?!e'( 
! �(<!+'j�E!�Q&?!AS(2f!"?!C2,F<!A')7$!(A.W!� 
! �!H3)f|!HFA{?!+:!A&:!"?!<2yE!-!t!VJ(!5Ah!3Ac?!@1(A$(!5(<!�m 
! !@3(<(!V/)l!-!)S!+?)$%,!+,!"&S�!@)S!V.TiF!r)L#$(�!3<(3!H)$!m!!

!!
Q(,4%%%,9%�'}(%*%,9%%{%!!!!!!)=S!0)L=$(!^?)=h!)=S!^=?)I!!!!!!)=S!C)#=J2?%E!-!)=S!C2=,<!-!X!!!5A=&&:!g.=p&E
!!!C<(%l!@)S!\!!F!mmm!!!!!!!!!^=?)I!@(<(3!@(!+=q%l!0(<)>=h1<F!-!A&#L=S!)=S!^?)I!@(<(3!0)M/2?!�!A&h),!"?

!!!!!A.==h),!"==?!)==S!^==?)I!@(<(3!8==.$!)7==h!F!A&#L==S!)==S!^==?)I!@(<(3!)7&.==J!@)==S!5<)#==J!-!A&#L==S!)==S!m!(%=='1
!!!A==KI!+==:!A==h),!"==?!£y=={E!@(<(3!@8==.`!)=='!"L==:!-!^==?)I!!!32==h!"==?!)7==h!@(%==,!@<)==:!H)==c$(!<(3!5!m

!!!!!!!!!!!!!A=.S3!z'(8=q(!(<!32=f!"E)Q=J)B?!@)=S!+#L=$(3!+=:!A=&&:!"=?![=7:!)7h!+,!+:!@%E2.G?):!@)S!+?)$%,!�
                                                   

1 !open-ended 
2 !server 
3 !client 
4 !intentional stance 
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!!!)S!^?)I!!�!!!A&h),!"?!m!!!!!!!!!!F!aO�#=J(!-!"')=$(2E!z'(8=q(!a)=l!<3!"I2&y=?!R2=S!0(A&7*=$(3!C)=�.�BE!mmm
!!!A===h),!"===?!)===S!^===?)I!ms!!�,)===E^===?)I!!@)===S!+===�{'<)E!1(!"===:(<3(!-!!!!A===&:!"===?!V===h)6$!C)===.97I!+===,!!!w

Apf "*:!m!!@!+?)$%,-!^?)I">'8.q!@<)7T?!<3!!!A./2E!@(%,!f32h!"?!(%U(!m!!!!

!! )'!!

!!
! %,��9%�"IJ"h,��9%N��R,$IJ%<%m!!^==?)I![=='!@)S%6L==l!+==,!5A==h!53)#==J%q!C)==IOP(X!-!<2==$

!g,OI!-!"L.P)&�?!F%#>/(! (2?(!-!(AnX)S!a)&6.J\ 
! %,9#~O��T<%!!!!!!�.==B?!3<2==?!<3!C)==IOP(!@<F4!�==7U!@(%==,!^==?)I![=='!@)==S!H8.$)==>?

!0)hX!F!['%#>/(2#q!@)S!a29J!-!)S!R2k!-!)S!g*`\mmm 
! %,��9%�#��}(%<!!zZ.==B?!03(3!<(%==o!%.�)==E!V==BE!@(%==,!^==?)I!RF<X!-!)==SF1),!-!)==S%')E

!F!)S<2$!-!)S2'3(<\mmm 
! %,9J#B=K4%<!�.B?!%,!"To(F!C(%..�EX0A.Z9�!-!V:%l\ 

!!
! !aFA==U![=='!!!!+==,!C)==:(<3(!1(!V==h)6$![=='!03%==:!£{*==?!@(%==,!53)==J!"==S(<

!Ah),!"?!C).97I!!
o !A$2h!¢<8,!"9.f!A&$(2E!"?!)S!aFAU 
o 32h!"?!H)c$(!�(%P!�J2E!<):!H)7E 
o !A&h),!"?!"&.,!z.W!^,)o!^Qo!1(!C).97I!H)7E!-!@<)#{?32f!0FA, 
o 3%Q,!@3)'1!0)?1!CA?!A$(2E!"?!R12?4 

! !@1)==c?!C<2==n!+==,!V==h)6$|,![=='!�==J2E!!!"==?!+==:!32==h!"==?!�=='%TE!+==?)$%
!Ah),!%'1!@)S!C<2n!+,!A$(2Ew!!

o !02$)o!@)&Q?%,t 
o "QyI!@)S!+>Qh 
o g#'<26/( 

!!
%&6KP59%V,9%Q(,4%I,-F,@%%

! %Q(,4%�%VI,Kq(%�/(,0#2%%
                                                   

 1!tmlh.agents/html/AITopics/org.aaai.www://http!!
2 !implicitly 
3 !rule based 
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! %Q(,4%V%/(,0#2%<!_(<3(!Vh)6$!@1)J!53).W�Ah),!"?!^?)I!3%>97I! 
! %VI,��Kq(%<!!!!̂ ==?)I!@!+==?)$%,!0(2==E!"==?!04!@!+9.==JF!+==,!+==:!@<(8==,(!(%==U(!(<!
!327$!X!F!C2,F<!-!"yy{E!<(8,(!-!5<2p&?!+7S!%E2.G?):!a)�?!0(2&I!+,\!mmm 

%%
%,9%Q(,4%V%/(,0#2%%

! !�,)E!['!),!(<!0)?!^?)I!<)#q<!g.$(2E!"?!)?F!g.')7$!�.n2E!w 
! !3%>97IX!³!"9Tq!_(<3(!-!":(<3(!@!+�{'<)E!\F! 
! !A')7$!"?!Vh)6$!-!3%>97I!['!+,!(<!":(<3(!@!+#h<!['m 
! 3!Ah),!"?!^?)I!@!+?)$%,!['!<):!-!�,)E!e'(!@%.k!<):!+,!-!�o(F!<m 

o !g'<(jk!"?!04!@F<!(<!32f!VoF!%E!z.,!)?!+:!VJ(!@8.`!0)7S!e'(m 
!!

%z,�(%<3v#2*I,;%V,'0J%%
! !g.&:!~F%h!53)J!"9.f!a)�?!['!),!A.').,m!!
! !@)�q!F3A!F!B!A$<(3!32UF!!m!�.�:!)'!Ah),!8.7E!A$(2E!"?!)'!)�q!%Sm 
! e'(!Ah),!"?!^?)I!�.B?!-! 
! !)S%6Ll!w!^B?!e.')E!F!"M.�:!%6Llm 
! !)S!_%B?!w!)S!´%`!F!"o%,!F<)Um 
! !)S!_(<3(!w!_)W!F!8.7E 
! !)S3%>97I!w!<):!�.S!F!z>?!-!VJ(<!-!¥`!+,!_%lm 
! !!!!!!!!!(<!+#L=,(F!@)=S3%>97I!F!e=>7?!"=:(<3(!@)=S!+#=h<!@!+7S!g.$(2E!"?!)?!-!53)J!a)�?!e'(!<3

!g.')7$!VL./ 
! !-!e'(!aFAU!@)&Q?%,!^?)I!['s!3<(3!H)$! 
! %z"5@%<x!g.')7$!r){#$(!(<!3%>97I!e'%#K,!-!":(<3(!@!+#h<!%S!@(%,!+$26` 
! !g'A&?1).$!aFAU!e'(!@(%,!@%E!53%*q!@!+'(<(!['!+,!)?m 
!!

%N'0U�42%!!
! !"&T?!+,!V.$O�I!-!"9:<2P!+,�!Ah),!"?!VJ<3!8.`!H)c$(� 
! !Ah),!"?!H1D!@%E!z.,!Vo3��!<3!8.`!VJ!�x!VL.`!- 
! !g'A&?1).$!V.�q2?!1(!�'%TE!['!+,!)?m 
! !"'(<):!<).T?!),X3%>97I!",)'1<(!\!A.&:!~F%h 

o !A')7$!(A.W!"J%#J3!04!+,!^?)I!g.S(2f!"?!)?!+:!Ah),!"?!"$)KU!V.TiF!-!e'(m 
o �!!!!!!A&#LS!8.7E!)�q!F3!%SX!�m!!!!!!!!!!%=.p$!-!A=h),!1)=.$!3<2=?!@%=E!z.=,!@)=S!_O=?!A')=h!F

0)?1!0327$!+&.7:!5Ah!H)c$(!C).97I!3(ATE!)'!-!5Ah!}%y?!0(2E!-!\ 
o !!@(!53%==$!@%==.k!51(A==$(![=='!+==:!V==J(!e==>7?!)==?X%/)>==J(!\!(<!e./2==,!V.T==iF![=='!)=='

!g.S3!�.U%Em 
! !VJ(!+c.#$!['!V.n2yf!['!e'(!+:!A.')7$!+U2E 

                                                   
1 !table-based 
2 !rationality 
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! !!!!!!!!!!F!)===S!_(<3(!-!^===?)I![==='!"'(<)===:!<)===.T?!+===:!V===J(!@3%===>97I!-!"===$O�I!3%===>97I![==='
,!(<!04!@)S3%>97I!A')7$!"?!+&.*. 

! R & N!w!!!!"=$O�I!@)=S!^?)I!w!!!!!!!!!!"=?!<)=p#$(!+=:!@3%=>97I!A='),!-!"=:(<3(!@!+#=h<!%=S!@(%=,
!!!!!!!^==?)I!z==$(3!<3!+==`!%==S!F!"==:(<3(!@!+#==h<!�==J2E!5A==h!+=='(<(!_O==?!F!"'(<)==:!<)==.T?!3F<

!A')7$!r){#$(!-!A&:!"?!+&.*.,!(<!3<(3!32UFm 
! !!!!!(<!5A=&'4!+==:!A==h),!<3)=o!^==?)I!+==:!g'<(A=$!@1)==.$!)=?!!!z.==W!(<!A==,!@)S3(A='F<!)=='!A==')7$!"=&.,!z.==W

!A')7$!"'2km 
! !Ah),!"$O�I!3%>97I!['!VJ(!e>7?!gS!C)IOP(!@<F4!�7Um 

o !Ah),!"?!+$D2�T?)$!-!0),).f!1(!+U2E!0FA,!<2QIm 
! !!!!!!!!!!!@%.k3)='!"')=$(2E!@(<(3!A='),!"=$O�I!@)=S!^?)IX!R12=?4!\s!!A&=h),!X!!!!!"=9.f!3<(2=?!<3!8=U!+=,

f!+,!+:!"')S!�.B?!F!53)J!A&h),!"?!gKq!^,)o!",2\ 
o !VJ(!^?)I!['!3%>97I!03(332QK,!"&T?!+,!R12?4m 
o !!!!!)=='!r)L==l!+==,!"E)==plO?!@!+=='(<(!)=='!V==.TZo!HA==I!zS)==:!"==&T?!+==,!V==J(!e==>7?!e=='(

!Ah),!R<(8km 
!!

%%
Q(,43v#2%*I,;%s$%V,9%%%

! !!�,)===EReflex-Vacuum-Agent([location,status])!!<!3%===>97I![==='!!!!"===?%,!(
!!A$(3%k 

! !V.TiF!+:!"E<2n!<3|!�.�:!),!%,(%,!t!A$(3%k!"?%,!(<!z>?!Ah),!® 
! !<3!-!C<2n!e'(!%.�!<3!!

3."IJ"%V%/-PI J#B=K4 
[A,Clean] Right 
[A,Dirty] Suck 
[B,Clean] Left 
[B,Dirty] Suck 

[A,Clean],[A,Clean] Right 
[A,Clean],[A,Dirty] Suck 

# # 
!^B?!+:!"E<2n�!),!%,(%,!A!!0(3%k%,!(<!VJ(<!-!Ah),!!!

! !),!%,(%,!^B?!+:!"E<2n!<3!-!C<2n!e'(!%.�!<3B!0(3%k%,!(<!¥`!-!32,!!!
xVL.`!VJ<3!�,)E!!@!+?)$%,!['!<3!A$(2E!"?!)'4^?)Ix!32h!+#q%k!<):!+,![`2:!!!

!!
                                                   

1 !learning 
2 !status!!

Dirty 3 !!
4 !location!!
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%%%30U�4%Q(,4c!�!!!!!!A&7=h2S!^?)I!['!!!!!!!!!!!5A=h!+='(<(!"'(<)=:<).T?!<(A=�?!+=:!"/)=7I(!1(!H(A=:!%=S
!!!!A==')7$!"==?!r)=={#$(!(<!A==S3!"==?!z'(8==q(!<(A==�?!e'%==E!z.==,!+==,!(<!%==p$!3<2==?!"==:(<3(!@!+#==h<!�==J2E!m

!!A&7=h2S!^=?)I!!!!}2=oF!8=.`!+=7S!+=,!-!!|!3<(A==$!!m!!!!!!!(<!C)=IOP(!@!+=7S!V=J(!e=>7?!"=:(<3(!V=q)'<3!+==,
3<F)==.$!32==UFm-!A&7==h2S!^==?)I!e.==,!0)==K$!!tg==S!A==h),!"==7$!!m!!!!+==,!V==J(!e==>7?!5A==?4!32==UF!+==,!3%==>97I

!!!A==h)Q$!g.#==h(3!<)==p#$(!+==:!"E<2==n!m!I!-!F<!e=='(!1(!-!A&7==h2S!^==?)!!A==h),!"==7$!8==.?4!V==.�q2?!!m!!^==?)I
!<)>#,(!@(<(3!A&7h2S�!@%.k3)'!-!�!Ah),!"?!@<)#{?32f!F!m!!

 PEAS%|%%s��$%3��T"#�%V"#�2&6K��P59%Q��(,4%%%3W,��'=K4%�'��}(%&��$,2%,�(%n%�%:'��6.%�1k��(%"I%Z%
!<3!O�?!!!!!<)=:32f!"L=:)E![='!"=l(%P!!!!!!g.')=7$!£{*=?!A='),!(<!%='1!3<(2=?!-!!w!"'(<)=:<).T?xx!!®!!!�.=B?

xx!®!^7I!5A&&:!!)SX)S!_%B?\ xx!®!xx!)S%6Ll 
z,�(!!!-!!!!!<)=:32f!"L=:)E![='!"l(%P!"'(<)=:<).T?!-!!!"=&7'(!xx!v!!}A=S!-!u!!)='(8?!-!�!!V=')I<!-!

!!02$)=os�!!!"=#l(<!F!z')=J4!-!ss!F!mmmmm!®!!�.=B? f!!xx!!!!!5A=B#?!CD)='(!@)=S!0)=,).!µ!!CD)=='(!@)=S!5(<!3(14
!!![=.q(%E!-!5A=B#?s|!-!!!0(%,)=I!!53)=.Wst!!(2=S!-!s�!F!mmmmm!®!!̂ =7I!!5A=&&:!!!)=S !!0)=?%q!!xxs�!!!5A=&S3!r)#=h!-!

s�!!8?%E!-!sv!�2,!-!su!-!!)='!2kA&9,!!!5A=&S3!z')=7$!s�!F!mmmmm!®!!)S%6L=l !!2°A='F!xx|�!!!�&=J!r)#=h!-!|s!-!
!)S!+U<3|| !<2E2?!@)S%k!�l!-!|t-!!A.9:!+BMn!|�!-!GPS!F!mmmmm 

%z,����(%<Q���(,4%%&���$#F%V,���9%��%3���-0#-6$"%%n"'(<)===:<).T?xx!!®!xx!�.===B?^===7I!5A===&&:!)===S!xx!!®!
!xx!)S%6Ll!!g.')7$!£{*?!A'),!(<!!m!®!"'(<)=:<).T?!!V=7.o!!xx!|�!!V=.M.:!-!|v!!Y=J)&E!-!|u!!"'(<)=:!-!|�!

!®!!!!!!!@!5A&'4!F!"9Tq!@)S!V')J!!xx!�.B?www!)S!5A&hF%q!-!t�!A=&&:!^7l!-!!!)=S!5ts!®!!̂ =7I!5A=&&:!!)=S!!!xx!
                                                   

1 !rational agent!!
2 !omniscient!!
3 !clairvoyant!!
4 !exploration!!
5 !learning!!
6 !task environment!!
7 !safety!!
8 !destination!!
9 !profit!!

10 !legality!!
11 !comfort!!
12 !traffic!!
13 !pedestrains!!
14 !weather!!
15 !steering 
16 !accelerator!!
17 !brake!!
18 !horn!!
19 !speaker/display!!
20 !video!!
21 !accelerometer!!
22 !gauges!!
23 !engine sensors!!
24 !keyboard!!
25 !shopping!!
26 !price!!
27 !quality!!
28 !appropiateness!!
29 !efficiency!!
30 !vendors!!
31 !shippers!!
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!%,<)==:!+==,!03(3!z')==7$s!03%==:!a)==Q$3!-!URL!H%==q!03%==:%W!-!!®!!C)BM==n!!xx!)S%6L==lHTML !X!
!"#G'%>J(!-!">.q(%k!-!"&#?\!!

%,9%�'}(%%
! !Ah),!"?!�.B?!['!<3!04!32UF!-!^?)I!['!32UF!@(%,!<).T?!['m 
! !!!!!!!!!!A=h),!"=>'8.q!C<2=n!+=,!+:!VL.$!H1D�!!!!!![='!C<2=n!+=,!V=J(!e=>7?!!!!H%=$!�.=B?

!Ah),!@<(8q(m 
! !R%6$R & N!"E).97I!�.B?!+,!! 
! !1(!5Ah!^.>*E!w 

o !"'(<):!<).T? 
o �.B? 
o ^?)I!@(%,!;%#J3!<3!@)S!_%B? 
o !A&h),!"?!"J%#J3!^,)o!^?)I!@(%,!+:!"')S!_%B? 
%,9%�'}(%3+�$*%%

! !032,!5AS)*?!^,)o|!!
! !"TZo!µ"o)ME( 
! !@(!5<F3X['3F8.W(!\"Q.E%E!F 
! !V,)�X[.E)#J(!\'2W!F!)X[.?)&'3\ 
! +#J2.W!F!+#LLk 
! "9?)I!A&`!F!"9?)I![E 

%!J52%)&9,k(%Q2,v%%
! !!!!!!!+*===.7S!^===?)I!@)S%6L===l!+===:!"E<2===n!<3!-!V===J(!5AS)*===?!^===,)o!O?)===:!-!�.===B?

!A&SA,!�.B?!�2,%?!@(8U(!3<2?!<3!"9?):!C)IOP(!!
! !!!!!!!!!!!!"=7$!+=:!"Z'(%=h!<3!A=h),!+#=h(3!04!e#L=$(3!+,!1).$!-!^?)I!+:!3<(3!32UF!@8.`!)'4

4!A$(2Ex!A')7$!�l!(<!0 
! !Ah),!"?!5AS)*?!^,)o!O?):!-!�$%Zh!@1),m 
! !!!!"=o%,!F<)U!w!!!!!!!!A=h),!"=?!5AS)*=?!^=,)o!"='8U!C<2=n!+=,X!!!!@)�=q!<3!+=:!"E<2=n!<3

!A&.Q,!(<!04!A$(2E!"7$!Ah),!+#h(3!32UF!"M.�:!-!<F)c?\ 
%3q^v%a3v,XW"%%

! !Ah),!"?!)S!V.TiF!0).?!a)�#$(!@(<(3!0)KU!+:!g.&:!%>q!g.$(2E!"?!)?m!!
! !@<)U!V.TiF!±!^?)I!@)S3%>97I¶A'AU!V.TiF! 
! !!!!!!!!!"=?!"=TZo!C<2=n!+,!0)KU!-!Ah),!3%q!+,!%yB&?!-!V.TiF!a)�#$(!+:!"E<2n!<3

!Ah),m 
! x!A&:!"?!A./2E!(<!"$)L>'!@!+c.#$!+*.7S!3%>97I!['!)'4 
! !Ah),!"?!"TZo!@(!@1),!-!�$%Zh!@1), 
! !VJ(!"TZo!-!"o%,F<)U!@).$3 
! yE!-!^.Q?2E(!['!"kA&$(<!Ah),!"?!"q3) 

                                                   
1 !display to user!!
2 !observability 
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! !!+=#>$!w!!!"?2==#$(2:![==.$)>?!)==,!(<!CD(2==J!-!)==U!e='(!<3!+==:!g.==&:!"==?!r)==&#U(!)==?X!5<�
@(!\!!!g.')7$!"q)>h2?�!!!!!!"kA=.�.W!+=,!+=U2E!),!)?(!-!Ah),!"TZo!-!0)KU!+:!VJ(!e>7?!

!"q3)yE!%p$!+,!R(X"o)ME(!\!AJ%,m 
! !AJ<!"?!%p$!+,!+$26`!^?)I!@(%,!0)KUm 

3p'W#W%*%V"%)I*J%%
! (!5<F3!@!w!Ah),!"?!^�#L?!C<2n!+,!3%>97I!%Sm!!

o !!!5<)==,F3!F!A==')7$!"==?!^==7I!F!3%==.k!"==?!g.7y==E!-!A==&:!"==?!_(<3(!-!^==?)I�!1(
2$!�!A')7$!"?!~F%hm 

o !Ah),!"7$!"9Qo!@)S!V.TiF!+,!+#L,(F!-!@AT,!@%.k!g.7yEm 
o !Ah),!"?!@(!5<F3!-!gGJ(!@!5A&&:%#9.q!^?)Im 

! !)==.97I!1(!@%==J![=='!A=='),!^==?)I!+==:!"E<2==n!<3!!)=='!^==7I![=='!+==,!0A.==J<!@(%==,!(<!C
!Ah),!"?!"Q.E%E!�.B?!-!AS3!H)c$(!}AS!['!+,!0A.J<m 

o !32h!+U2E!A'),!5A&'4!@)S!@%.k!g.7yE!+,m 
o !Ah),!"?!"Q.E%E!-!^.Q?2E(!['!"kA&$(<m 

%,$5H%*%N2,�hs'(,6$Jm%%
! !!!!!!!"=?!3%=>97I![='!3<2?!<3!@%.k!g.7yE!a)l!<3!^?)I!+:!"?(3)?!-!V,)�!�.B?!['

�!-!Ah),!A$)?!"?!"o),!V,)m!!
! !Ah),!"7$!"$)?1!<)*q!)'!V'3FAB?!VBE!g.7yE!['!+,!0A.J<!@(%,!^?)I 

o !Ah),!"?!V,)�!-!gGJ(!03%:%#9.qm 
o !Ah),!"?!V,)�!-!�$%Zh!@1),m 

! !!"==?!e=='(!3<2==?!<3!@%==.k!g.7y==E!a)==l!<3!^==?)I!+==:!"$)==?1!<3!-!)=='2W!�.==B?![=='!<3
.W!%..�E!�.B?!-!ASA,!H)c$(!(<!@<):!+`!+:!Ah),!A&:!"?!(Am 

! !A'),!3<2?!e'(!<3!^?)I!�!VI%J!),!"q):!@!51(A$(!+,!�!A')7$!^7I 
o !Ah),!"?!)'2W!-!^.Q?2E(!['!"kA&$(< 

! %,$5H%:'0%<!A&:!"?!%..�E!0)?1!a2P!<3!"'(<):<).T?!)?(!-!A&:!"7$!%..�E!�.B?m 
o 3FAB?!0)?1!<3!z')?14!['!H)c$( 
o !VI)J!['!),!�$%Zh!@1),m 

! 03%:!^7I!@(%,!12&S!g.h),!"?!<)*q!%'1!)?!-!VI%J!+,!m 
/-@5'H%*%/-OO+%%
! !!!!!!!!!!!!!!!)='!^=?)I!@)=S3%>97I!-!)=S!_(<3(!3<2=?!<3!+#=J2.W!F!+#LLk!3<2?!<3!g.$(2E!"?!)?

!g.&:!VQBn!-!�.B?!e>7?!@)S!V.TiFm!!
! !!!!!!!!!+#L=Lk!@(!+=I27c?!C<2=n!+=,!5A=h!+=#Mk!3<(2=?!1(!H(A:!%S!%'3)�?!+:!"E<2n!<3

h),!"?!+#LLk!�.B?!5)k!04!-!Ah),!Am 
o !Ah),!"7$!3FAB?!+.Qh!-!+#LLkm 
o !!!!!!!3(A=TE!0)=.?!<3!"=#l!-!A=h),!"=?!+#LLk!-!gGJ(!@!5A&&:%#9.q!�.B?!['X!!^=,)o

R<)7h!\!">.$F%#>/(!@)S!H).W!1(!3FAB?)$m 
! !VJ(!+#J2.W!C<2n!+,!5A&&:!%..�E!@)S%.�#?!@(<(3!+#J2.W!�.B?!['m 

o !^.Q?2E(!"kA&$(<!�.B?!['!<3!0)?%q!@)S!+'F(1m 
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o !==f!%6L=l!!"==To(F!%'3)==�?!)=,!@)==S!0(2X!!<3!)==S!_(<3(!3<2==?!<3!g.$(2==E!"=?!)==?
!!!!!!!!!!^=,)o!%=..�E![='!)='4!+=:!VJ(!e'(!+#>$!)U!e'(!<3!�!g.')7$!"q)>h2?!3<2?!e'(

+$!)'!3<(3!32UF!<(A�?!F3!0).?!£.{*E!\ 
! !g'<(3!<):F%J!04!),!5<(27S!)?!+:!VJ(!@%y&I!-!0)?1m 

%3=(,4&6j%,$%3=(,4%sW%%
! ?!^?)I!-!"9?)I![E!Ah),!"?!R32f!@F<%,!^7I!a)l!<3!)m!!

o !Ah),!"o)ME(!C<2n!+,!12&S!VJ(!e>7?!0)KU 
o !Ah),!"?!"9?)I![E!C<2n!+,!-!gGJ(!03%:%#9.qm 

! !"9?)IA&`!w!)S3%>97I!µ!}(AS(!µ!A&'4!r)Ll!+,!A'),!%6'3!@)S!^?)I!@)S!RF<m 
o !�$%Zh!@1), 

! !�')#$ 
o !!!A=h),!@%=6'3!@)S!^?)I!@(<(3!VJ(!e>7?!0)KU!['!+`%k!!!!e=>7?!)=?!)=?(!-!

!!!!!"o)==ME(!F!"9?)==I![==E!C<2==n!+==,!04!)==,!-! )#&#==J(!"kA==.�.W!%P)==f!+==,!V==J(
!g.')7$!<)#q<!m 

" !">.q(%E!g'OI!@!5A&&:!a%#&:!^?)I!['!a)�?!0(2&I!+,m 
%,9%z,�(%3F#2!!
! !A&&:!"?!Vq)'<3!(<!"'D):!F!A$8'<!"?!a2W!04!<3!+:!"&.h)?!-!�$%Zh!@1),s! 
! !"$<)S!<3!+:!"E2,F<|?!+,!!AS3!"?!52Ko!e 
! !·'%?!<(A?t 
! !@(!+7/)>?!^?)I 
! "QP!£.{*E!^?)I 

%z,�(<%%
%%"L:)E!!"#$%#&'(!5)6hF%q!!!+#{E

3%$!!
3%M&?!!

!5AS)*?!^,)o
xx!!

/0%%/0%%/=2%%/=2%%

!@!+c.#$
xx!A&'(%q!!

/0%%VJ*&T,W%%/0%%/=2%%

@(!5<F3xx!!!/0%%/0%%/0%%/0%%
xx!)#L'(!!/0%%3K'0%%3K'0%%/=2%%
xx!(8c?!!/0%%/=2%%/=2%%/=2%%
!+M/2?![E!@(
xx!!

/0%%%/=2%h%�"#T%\;%/2
%,9m%%

/0%%/=2%%

!!!�%P!@3)'1!Al!)E!�.B?!~2$^?)IA&:!"?!e.')E!(<!!m!!+=#Q/(!!!!!!5AS)*=?!^=,)o!":A=$(!"=To(F!@)=.$3!
!-@(!5<F3!A&`!F!<(3!+/)Q$3!-!)'2W!-!"Q.E%E!!-!9?)IAh),!"?!"m!!

%J#B=K4%32,$DI"h3$"I,.%I,'q(m%%
                                                   

1 !slot-machine 
2 !Harney 
3 !Mars orbiter 
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3v#2*I,;%Q(,4%%
! 0)?1!['!<3!)S!"h):!1(!@3(ATEA$2h!"?!8.7E!e.T?!!!

o V.lOn!),!�U%?!['!<)Q#I(!A.')E!)'!^?)I!R<(8k!;)J(%, 
o A.')7&$!+U2E!"Q$)U!C(%�(!F!^?)I!@!+&'8S!+, 

! !R)*#�(!-!@N%$(s!�:!R(%f!-!r(%f!@!+.�)�(!-!A.M?!C)TZo!0Ah!gk!-!!!
o !32h!+#J(2f)$!@)S<):!+,!%c&?!VJ(!e>7? 

" !!!!!!A')7$!"?!8.7E!(<!)S!"h):!3Ac?!@8.7E!^?)I!!!"*={,!�=�q!-!
!AS3!"?!zh2W!(<!�)E(!1( 

VI"\R"%o#0%V,9%Q(,4%%
! !A$2h!"?!+#f)&h!)S!C2Q#q)J!C<2n!+,!D27T?!!
! !!!!!!532/)==h![=='!)==S!+>Q==h!F!)==S%E2.G?):!+==:!"I2&y==?!@)==S!�.==B?!<3|!+==,!(<!

!A&h),!"?!A$<F4!"?!32UF 
! !A&h),!^?)I!<3!3)'1!@)S!@A&?1).$!),!5A.�.W!"9.f!A&$(2E!"? 

o !"$)KU!rFtB?!F!!"To(F!0)?1!@)S!V'3FA�! 
! !A&h),!5Ah!H)�3(!gS!),!VJ(!e>7?!"I2&y?!F!"T.QP!@)S!�.B?!!

o %,<):!^?)TE 
o !"To(F!@).$3!<3!)S!5A&&:!^7I!F!)S%6Ll 

" !F!)S%')E!-!)SF1),!-!)?3!-!e.,<F3mmm 
%�#}-(%V,9%Q(,4�%%

! !A$F%,!%6'3!e.h)?!+,!e.h)?!['!1(!A&$(2E!"?!)S!+?)$%,!!
! ?!"'(%U(!�.B?!['!<3!5)6')W!1(!^�#L�!A$2h!(%U(! 
! A$A&?1).$!^?)I!"'(%U(!�.B?!+, 
! Ah),!"7$!^?)I!@(%,!V.TiF!YJ)&?!)'!H1D!@%'jW!%..�E 
! !"T,)E%.�!)?(!"97I!@)S!5A')qw 

o !"P)QE<(!@!5Ah!53(3!zS):!@!+&'8S 
o !]&S)7S)$!@!+QJ)B?vX!!A.h),!"7$!^y#?!)7h!+:!"#oF\ 

! !)S3%,<):!w!!
o !�'12E!C)IOP(!",)'1),!5Ah 
o "E(%,){?!@!+>Qh!",)'%.L? 
%3W,4U�"%V,9%Q(,4b%%%

! A&')7$!"?!V'%'A?!(<!C)IOP(!@<)cM$(!Ah<!!
! !+L')�?!)'!A$%.k!"?!<):!+,!(<!5Ah!�'12E!�Q&?!A&`!C)IOP(�!A&')7$!"?! 

                                                   
1 !noise 
2 !infrastructure 
3 !World Wide Web 
4 !real - time 
5 !mobile agents 
6 !independent-platform 
7 !asynchronous!!
8 !information agents 
9 !collate 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 37 - 

! !A&h),!_%B#?!)'!V,)�!A&$(2E!"?!"E)IOP(!@)S!^?)I 
! !"To(F!A&J!['!)'!rF!0F<3!C)IOP(!X:!A&J!['!O�?@j�)!\ 

o !A$2h!"?!+#f)&h!rF!@!5A&&:!%.LME!C)BMn!@(%, 
o A$<)#f)J!",!@)S!53(3!<3!@(!53(3!�Q&? 
o !!!!!!!!!!!!!!!H)=c$(!@<)=?4!@)SA=#?!@2=o!z=$(3!1(!53)M#=J(!)=,!a(2=J!+,!"'26{J)W
32h!"? 
%�'}(%V,9%/(,0#2%%

! !)S!^?)I!�J2E!@)S!z')?14!@(%,!�.B?!@)S!5A&&:!@1)J!+.Qh!!
o ?!+'(<(!^?)I!['!+,!(<!_(<3(!['!A&')7$!" 
o !A&')7$!"?!Vq)'<3!(<!3%>97I![' 
o !A&')7$!"?!1F<!+,!(<!�.B? 

! !!!!!!!!!!"=?!g.L=�E!)=S!^?)I!~(2$(!)'!+#L,(F!C).97I!@(%,!�.B?!@)S!;O:!+,!Y9�(
!A$2h!!

! !!!!!!!!+='(<(!)=S!^=?)I!3%=>97I!@%=.k!51(A$(!@(%,!(<!"')S!H8.$)>?!C)oF(!1(!"9.f
!A&')7$!"? 

!!
%�"50"%Q(,4%,9%%

%%%%%%"J%J5�;*%3=�E"%�50%I,?j%%JI<%%Q�(,4%%%%%)J,�@%32,�WD,2%V,�9%c%|%Q�(,4%%%%%N�C,T%,�2%32,�WD,2%V,�9%%%,�$%
%%%%%%%%&�6$,K0%3�(% �XT%"I%!,�?;%N'q�*%/.%3$,9%Q(,4%,$%N'q�*�%|%%%%%t&�9%A,�@"#2%V,�9%/�XC5(%%%t&�9%,�$%

"#+%e%|%%V,9%/XC5(&6(J5@%�%Z%A$2h!+#q%k!<):!+,!"h12?4!@)S!+M/2?!<3!A&$(2E!"?!)S!e'(!@!+7Sm!!
Q(,4)J,@%32,WD,2%V,9%%%

! (3!!!V==h)6$!C)==.97I!+==,!(<!)==S!_(<3(!F!A&==h),!"==?!53)==J!@2c#L==U!aFA=U!@(<
!A&')7$!"?!X!A&h),!"?!+&'8S%W!F!¢<8,!"9.f\!!
! !!!�%===h!@)===S!02$)===o!�===J2E!A===&$(2E!"===?!)===S!V.T===iF!1(!@3(A===TE�!3%===>97I!

!A$2h!+nOf!!

%%%%%
! !!!!!!!!!!!!!!"=?!"=7:!3%,<)=:!@(<(3!"=/F!A=h),!"=?!0)=J4!)=S!^=?)I!~2=$!e='(!@1)J!53).W
!A&h),m!!
%z,�����(%!!!�,)====EReflex-Vacuum-Agent([location,status])!!"=====?%,!(<!3%====>97I![====='!

!!!!!�=.�:!%=,(%,!V.T=iF!+:!"E<2n!<3!-!A$(3%kXDirty!\!!!z=>?!-!32=,XSuck!\!!!<3!-!A=$(3%k!"=?%,!(<
!!!^==B?!%==k(!-!C<2==n!e=='(!%==.�Xlocation!\!%==,(%,A!V==J(<!-!32==,!XRight!\!%==.�!<3!-!0(3%==k%,!(<

n!e'(!^B?!%k(!-!C<2Xlocation!\!%,(%,B!¥`!-!32,!XLeft!\!0(3%k%,!(<m!!
                                                   

1 !simple reflex agents!!
2 !reflex agents with state!!
3 !goal-based agents!!
4 !utility-based agents!!
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Q(,4$,9%%&66.%3(% XT%"I%!,?;%N'q�*%/.%3hz&(%A,@"#2%32,WD,2%V,9%Q(,4m%%
! !A&h),!"7$!"q):!"'8U!@%'jW!5AS)*?!3<2?!<3!"')K&E!+,!^?)I!C)IOP(!!
! g.')7$!@<(AK6$!(<!0)KU!C(%..�E!0)'%U!+:!VJ(!H1D 

o !!^?)>E!w!!+,!!!!!!^=?)I!3%=>97I!�=J2E!5A=h!YQ=J!)'!^?)I!1(!^�#L?!<2P
!A&h),!"? 
o !0)KU!C(%�(!"6$26`!3<2?<3!z$(3�!z&(!0)KU!!!

%% z,�(%!�,)EReflex-Vacuum-Agent([location,status])!A$(3%k!"?%,!(<!3%>97I!['!!!
!@)S%.�#?static!w!last_A,last_B,numbers!@!+./F(!<(A�?!@(<(3!¸!!!
! !V.TiF!+:!"E<2n!<3X!status!³!\!�.�:XDirty!\!Ah),mmm!!
Q(,4%V,9%"#+%t&9%%

! !g'F%,!)c:!+:!A&'2k!"7$!)S3%>97I!F!V.TiF!!
! !+,t"&9"!)S3%>97I!1(!@(!+#h<!e#f)J!@(%,!X@8'<!+?)$%,!\!g'A&?1).$!!

%%
! !"'(%k!}AS!w!A')7$!"?!53)M#J(!�9#{?!}(AS(!@(%,!0)L>'!e.$(2o!1( 
! !r)E1),!w$(2o!1(!^?):!@(!+I27c?!+,!Vh(3!g.S(2f!1).$!}AS!%S!@(%,!e. 

%%%"#��+%t&��9%V,��9%Q��(,4%JI5��(%IJ%3pC,��^(%<!!!!A==h),!"==7$!"q)==:!+*==.7S!-!�.==B?!"==9Tq!V.T==iF!e#L==$(3!m
!!!!!!!!!!!!A=h),!V=J(!@8=.`!+=`!+=,!0A.J<!@(%,!ROE!<3!^?)I!+:!e'(!+,!e.&�7S!VJ(!e>7?!VJ<3!3%>97I

!m!!!!!!!!!!)={#$(!(<!A=&&:!"=?![=7:!)=S!}A=S!+=,!0A.=J<!@(%=,!+:!(<!"')S3%>97I!!A=.')7$!r!m!!!+=?)$%,!F!2c#L=U
!!!!A==$%.k!"==?!<(%==o!53)M#==J(!3<2==?!+/)L==?!e=='(!^==l!@(%==,!@8=='<!m!!!@)==S!�.==B?!@(%==,!(%==k!}A==S!aDA#==J(

!!!A==h),!"==?!A==.M?!"==9.f!"==Q.E%E!m!!!!!"')�==q!@!+&.M==J!"$)==Q9f!-!"L==:)E!"kA==&$(<!-!�$%Z==h!@1)==,!-!^==�?!m
!!!!!!!!̂ =?)I!z=$(3!+=,!+#L=,(F!5A=h!+'(<(!":(<3(!@!+#h<!['!@(%,!VJ<3!3%>97I!!!F!04!@<)=U!V.T=iF!F!

!Ah),!"?!VJ(!04!+,!0A.J<!@(%,!ROE!<3!%i)l!a)l!<3!+:!@8.`!m!!
Q(,4%V,9%&6(J5@%%
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! !A&h)Q$!"q):!-!D),!"kA.�.W!),!@)S!�.B?!<3!VJ(!e>7?!)S!}ASm 
! !!!!!!!!!A=&?1D!}(A=S(!"=f%,!+=,!"=J%#J3!@(%=,!)=S3%>97I!1(!+#h<!A&`X!!R1(3%=W
"'F3F3\!!

! !F!)S3%>97I!0).?!r){#$(!A&?1).$!g.h),!"?!)S!+#h< 
! !@A&?32J!w!A')7$!"?!Vh)6$!"�.�l!@3AI!+,!(<!V.TiF 

o !!!!!!!!!!!!(<!�o)=&#?!0)=.?!"&.6&=J!F![QJ!F!A&:!"?!0).,!(<!)i<(!@!+U<3
!A')7$!"?!£{*? 

! !A$2h!53)M#J(!-!3%>97I!@)S!+#h<!+,!+#L,(F!r29Z?!�'(%h!@!+L')�?!@(%,!@A&?32Jm 
! A�?!)'!-!0)?1!-!+&'8S!1(!"&.7{E!A$(2E!"?!Ah),!�9#{?!�')#$!+,!+#L,(F!<(m 
! !!!!!!!!!!!!!!!!-!"o)=ME(!@)=S!�.=B?!)='!A=$(!5AS)*=?!^=,)o!"='8U!C<2=n!+=,!+=:!"')=S!�.=B?!<3!)=S!@A&?32J

!A&h),!"?!A.M?!"9.fm 

!!
! !A&h),!"?!"I2&y?!R2S!<3!8.6$(!¨B,!8.`!['!C)oF(!"f%,!)S!@A&?32Jm!!
! !¡%q!wh!YE%?!-!0)L>'!;).�?!['!<3!"Zf!C<2n!+,!A&$(2E!"?!�')#$!A&h),!5Am 

o !a)�?!w!"L:)E!"kA&$(<!^?)I 
o !A')7$!",)'1<(!�'%n!<2P!+,!(<!�')#$!A'),!�(%PX"M.:!F!"7:!C<2n!+,\ 

! !Ah),!"?!A.M?!"9.f!-!a)7#l(!),!@)S!+&?(3!<3!@A&?32J 
o !@1),<)7o!-!V.TZo!HAI!@(<(3!@)S!�.B?!<3!})*#:(!-!�f%,!C<)cEsm!!!
Q(,43PD5(_%V,9%%%

! !"h12?4!%y&I|!w!32QK,!3<F4!"?!32UF!+,!(<!"')S 
! !"'(<):!%y&It!w!!"U<)f!@)S3%>97I!r){#$( 
! !3)�#$(�!w!!3<2f1),!@<F4!�7U�!^?)I!^7I!"6$26`!3<2?!<3! 
! !+/)L?!@!5A&&:!A./2E�!w!!3%>97IXz')?14!\!@3)K&*.W!@)SX"q)*#:(!\ 

                                                   
1 !gambling 
2 !learning element 
3 !performance element 
4 !critic 
5 !feedback 
6 !problem generator 
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! !!!32==f!^==?)I!@!+==?)$%,!"$)==J<1F%,!+==,!1)==.$!V==J(!e==>7?!^==?)I![=='!-!Y==9�(
!Ah),!+#h(3m 
! !A&h),!+#h(A$!�.B?!1(!"9?):!gKq!VJ(!e>7?!0)L'2$!+?)$%,m 
! !A')7$!%..�E!-!0)?1!a2P!<3!VJ(!e>7?!-!�.B?m 
! !Ah),!5A&&:!+#Lf!VJ(!e>7?!VJ3!),!"L'2$!+?)$%,m 
! !!!!!!!!!!!!+=I27c?!+=,!+=U2E!)=,!(<!32=f!3%=>97I!+:!VJ(!"9?)I!-!"h12?4!^?)I!['

!A*{,!"?!32QK,!-!0)?1!a2P!<3!)S3%>97I!1(!@(m 
! 4!Ah),!"?!@<F%i!-!5A.�.W!@)S!�.B?!<3!�)QZ$(!)'!R12?m 
! !!!+==,!g==S!"==h12?4!^==?)I![=='!!"'(<)==:!)=='!3%==>97I!%y==&I!s!!+==,!g==S!F!!%y==&I
!"h12?4|!Ah),!"?!A&?1).$! 

" !"'(<):!%y&I!w!A')7$!"?!r){#$(!(<!@<)U!@)S3%>97I!)'!3%>97I 
" !"h12?4!%y&I!w!A')7$!"?!",)'1<(!(<!"'(<):!%y&I!"#J<3m!!

%%
! R12?4!Ah),!�f!1(!0F%,!)'!�f%,!C<2n!+,!A$(2E!"?!-!m!!
! !VJ(!e>7?!-!R12?4a)Tq%.�!)'!a)Tq!Ah),!m 
! !Ah),!5A*$!C<)p$!)'!5Ah!C<)p$!VJ(!e>7?!R12?4m 
! !!<)=Q#I(!r)L#$(!t!!!!!!!!!!!!¢<8=,!@(!+/)L=?!-!A=h),!"=?!"=Q.E%E!@)=S!�.=B?!<3!R12=?4!+=:!"$)=?1!<3!

!Ah),!"?m 
! ![=='!C<2==n!+==,!"I2&y==?!R2==S!<3!R12==?4!-!Y==9�(!!)==?!�!A==&:!"==?!^==7I!-!(8==c?!~2==i2?!

!g.&:!"?!ROE!-!C)I2i2?!%6'3!),!04!03%:!�7U!@(%,m!!
/EUF%%%
%Q�(,4%,�9%n%%V*I%%,�9%�'��}(%%V%/='�@*%/��2%%,��9%�#�}(%*%%,��9#+%��T%%&��0I"¡+%3�(%#��"Z%%%Y2,�WQ��(,4%

%%J#��B=K4%3B05��~j"I%Q��(,4%%%%&��6.%3��(%¢$#k��W%�$"#��P%V%/��K9%IJ%Z%%%J#��B=K4%32,��$DI"h3$"I,��.I,'q(%m
%%%%"I%�'}(%['W#W%%&6.%3(%32,$DI"Z%%%s$Q(,4%%&6K�P59%%[�'4%3�2%n%%%%%%%3�(%/6'k�'2%"I%I,�S-0"%JI5�(%J#�B=K4%

%%&6.Z%%%%V,9%/(,0#2Q(,4%%Y2"5W%D"%3F#2%Q(,4%%&�66.%3�(%"#;"%"I%Z%%%],}'��5WPEAS%%%%VI,�.%V,�9%�'�}(%
&6.%3(%u$#qW%"IZ%%%

%%%%%%%%%%%%&05�P%3�(%V&�62%/��p�%&q2%&6j%IJ%,9%�'}(<%%%%w%)&9,k�(%Q�2,v|%%%w%3�q^v|V"%)I*J%%w%|%%w%,�$5H%
|/-OO+%%w%|%%w%V"%/XC5(%sW 

                                                   
1 !performance element 
2 !learning element 
3 !credit assignment 
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%%%%J5;5(%VI,Kq(%&6jQ(,4%%%V,9%%/�$,H%%D"%&�6WI,p4%<%%Q�(,4%%%)J,�@%32,�WD,2%V,�9%{%%%%/�.%3$,�9%Q�(,4%
&6$,K0%3(% XT%"I%!,?;%N'q�*{"#+%t&9%V,9%Q(,4%%|Q(,4%%V,9%&6(J5@%%%

%%
%Y2,6(<%%

http://aima.eecs.berkeley.edu/slides-pdf/chapter02.pdf 
http://www.inf.unibz.it 
http://cs.usfca.edu 
 

http://aima.eecs.berkeley.edu/slides-pdf/chapter02.pdf
http://www.inf.unibz.it
http://cs.usfca.edu
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%/C,O(%QTc%5L-O;%*%�%%

o5@%Q7R%%
[C,^(%A5$I%V%/EUF%%

! 4V,9%Q(,/C,O(%V%)&66.%QT% 
! %/C,O(%�"50" 
! %V&62%z5(#Re/C,O(% 
! Q$,O(%D"%3$,9%z,�( 
! /$,H%V,9%:-$I5~C""%%5L-O;%V%%

!!A==$(2E!"==?!(%==k!}A==S!^==?)I![=='!!!!F!A==S3!H)==c$(!A==$(2E!"==?!(<!@<)==:!+==`!+==:!e=='(!+==,!A==&:!+==U2E
!!!!!A==')7$!r)=={#$(!(<!A&==J<!"==?!+==c.#$!+==,!+==:!"')==S3%>97I!m!!!!+==,!-!}A==S!F!)==S!_<3!1(!^==?)I!@!+==?)$%,

!!!!!!A&:!"?!53)M#J(!@3F<F!C<2n!m!!!!!!!!!!!!!"=?!+=U2E!+/)L=?!^=l!^=?)I!H)=$!+=,!(%=k!}A=S!^=?)I!~2=$!['!+,!)?
!g.&:m!!

/C,O(%QT%8*I%!"564%/2%5L-O;%%
! .L,!!!!!!!!!!!!!!!}A=S!V=/)l![='!+=,!0A.=J<!C<2=n!+=,!A=&$(2E!"?!^')L?!1(!@<)�!1(!-!

!A$2h!5A'3!~F%h!@!+Z�$!['!!
! !!!V/)l!@)�q�!!!!!!!!!"7=J<!C<2=n![='!+=,!(<!04!e=>7?!@)=S!^l!5(<!F!+/)L?!-!

!A')7$!"?!�'%TE!@%E 
o !5Ah!+'8cE!C<2n!+,!A'),!^')L?!D27T?�!A&h),! 

! !AS3!"?!%..�E!(<!V.TiF!-!^?)I!@)S3%>97I!!
o l!@)�q!A')7$!"?!C)oO?!^l!5(<!['!@(%,!(<!V/) 

! !!!!!!!!!!!!!!!!@(%=,!A=&$(2E!"=?!"?2=7I!@!+=&?(3!)=,!)='!e.T?!@!+/)L?!3<2?!<3!-!C)IOP(
!A$2h!53)M#J(!2c#LU!32QK,!!

o +/)L?!"9Qo!3<(2?!1(!+,%cE 
o C)q)*#:(!C<2n!+,!5Ah!0).,!@)S!RF< 

                                                   
1 !problem solving 
2 !search 
3 !formulation 
4 !goal state 
5 !state space 
6 !abstracted 
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o +/)L?!%E!53)J!@)S!~2$ 
o +/)L?!e.T?!@)S!V.TiF!@)S!V'3FAB? 

!!
%)\'~0"c%%

! !!!!!!!!!!!!!!!!^=l!@(%=,!<).L=,!@)=S!V=q).S<!@(%=,!g=K?!"')=S!RF<!-!2c#L=U!@)S!RF<
!A&h),!"?!+/)L?!!

! !!!!!e==>7?!^==l(%?!F!+/)L==?!@(8==c?!@A==&,!a2==?%q![=='!+==,!-!2c#L==U!1(!53)M#==J(
!Ah),!"?!A&?1).$!)S!^l!5(<!03<F4!32UF!+,!@(%, 

! !!@1)==J!+==&.K,!@(%==,!@(!+==')W!-!2c#L==U!@)==S!g#'<2==6/(|!+==?)$%,!@)==S!RF<!F!
),!"?!@8'<!A&h 

!!
Q(,4V,9%%/C,O(%V%)&66.%QT%%%

!!!"==?!}A==S!+==,!+==:!)==S3%>97I!1(!+#==h<![=='!03%:(A==.W!@(%==,!-!+/)L==?!@!5A==&&:!^==l!^==?)I![=='
!!!!!A&:!"?!ROE!A&J<!m!!!![.,(<!YT>?!['!)S!V:%l!1(!+#h<!+`!-!a)�?!0(2&I!+,t!!!!x!A=&&:!"=?!^=l!(<!

!m!!!!!!!!",2=&U!@(A='<29q!5)6*=$(3!1(!e=?!+$26`�!!!!!2=?<2./!V7=J!+=,!^=.Q?2E(!)=,!!!!x!g')=7$!"kA=&$(<!<!m!!+=$26`
!!x!g&==.�,!(<!+==h(%E![=='!@F<!@(8==U(!g$(2==E!"==?!e==?!m!![=='!<3!(<!C2==,F<![=='!C)==.97I!1(!+#==h<!H(A==:

!x!AS3!"?!V:%l!)�qµ!!
!!

! !+/)L?!@A&,!a2?%q!!
o !A&?(A:!+/)L?!^l!@(%,!).$3!+,!+#L,(F!e>7?!@)S!V.TiF 
o !A&h),!"?!;%#J3!<3!^?)I!@(%,!"E)IOP(!+` 
o !![=='!1(!^==?)I!e#==q<!!!A==$(2E!"==?!+==$26`!%==6'3!V.T==iF!+==,!V.T==iF

!Ah), 
! !}AS!@A&,!a2?%q!!

o !VL.`!}AS!V.TiF 
o !A&h),!"?!+`!}AS!V.TiF!gK?!@)S!"k¤'F 
o !VJ(!5A.J<!}AS!+,!+:!A7Kq!"?!^?)I!+$26` 
o !3<(3!32UF!e>7?!"$)')W!V.TiF!A&`!)'4 

" A$%#K,!"f%,!)'!A$%,(%,!gS!),!)S!04!)'4 
!!

5L-O;%%
! !!!!!+=,!03%=:!"kA.J<!@!51(3%W!!!!!!!03%:(A=.W!@(%=,!)=S3%>97I!+=,!"=Q.E%E!C<2=n!

!3<(3!H)$!2c#LU!-!A&$)J<!"?!}AS!+,!~F%h!1(!(<!)?!+:!C).97I!1(!@(!+#h<m!!
! !!!!!!!!!!!A$2=h!"=?!(%U(!^?)I!@(%,!+:!C).97I!1(!+#h<!['!-!2c#LU!g#'<26/(!['

!A$(3%k!"?%,!(<m 
                                                   

1 !motivation 
2 !optimization 
3 !Rubik's cube!!!!!!!!!A=&:!"=?!RO=E!%6'1)=,!%=S!-!V=J(!5A=h!5A$)=h2W!]$<!A&`!),!"')S!�,%?!),!+:!">.#JOW!YT>?!['!^>h!+,!a1)W!['!-!

!!!!!!%=S!@)=S!�=,%?!@!+=7S!+:!e'(!)E!AS3!%..�E!(<!)S!�,%?!!!!!A$2*=,!]=$<![='!@(<(3!+=UF!!�!!!!!a)=J!-!3<2ML=:4!5)6*=$(3!C(<)*=#$(|��¬!!-!@3O.=?!
!@!+?)&#�/!1(!5Ah!+#q%kBabylon�!!!

4 !USF!³!University of South Florida 
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o !C<2n!+,!D27T?!2c#LU�!�f!0F%,!�!32h!"?!H)c$(m 
! !+#>$!w!e'(!%,!¡%q![.E)#J(!C<2n!+,!�.B?!+:!VJ(XV,)�!\!Ah),!"?m 
! !Ah),!"?!+#LLk!-!�.B?!+:!5Ah!¡%q!e.&�7Sm 
! !�.B?XD27T?!\!Ah),!"?!"TZo!C<2n!+,m 

!!
%s'@U.%V5L-O;%Q$,O(%D"%3F#2%%

! !!"?%k%==J!^')L==?!w!!!!!!@!+L==')�?!@(%==,!)=='!)==S!a)==�?!C<2==n!+==,!+==T/)Z?!@(%==,
!Ah),!"?!A.M?!-!)S!g#'<26/(!!

o !a1)Wu!�"')E! 
o 3F<)U!@).$ 
o [.,(<!YT>? 
o N!�%'1F! 

! !!!!"To(F!@).$3!^')L?!w!!!!!!Y=/)U!D2=7T?!r(2=U!)?(!-!A$%,!"?!@3)'1!<):!D27T?
!Ah),!"? 

o ",)'!%.L? 
o 3%k!5<F3!£{h!C%q)L? 
o !�%PVLSI 
o !V$%#&'(!<3!2c#LU 

!!
%N'q�*%%

! !!!!"==?!VQB==n!A==h),!"==?!04!<3!^==?)I![=='!+==:!"#.T==iF!3<2==?!<3!D2==7T?!)==?
!g.&:m!!

! !@)==S%.�#?!%'3)==�?!+==,!!"==?!5<)==h(!-!^==?)I!F!�.==B?!@!5A==&&:!�.==n2E!�2==,%?
!A&:m 

o !F<)U!@).$3!<3X!w�F�!\!Ah),!"?!8.7E!- 
o !"$)?F<!@!+/)L?!<3!w!<3t=0!g.#LS!VJ<){,!<3! 
o !![.,(<!YT>?!<3!w!!!Y=T>?!"=9Tq!gp$X!!!!!�=,%?!e#q%=k!<(%=o!"6$2=6`

%i)l!a)l!<3!YT>?!@F<!@)S\ 
!!

%/C,O(%V&62%z5(#R%%
! +/)L?!~2$!e#f)&h!!

o 3!+===`!^===?)I!!!3%===>97I!@!+===c.#$!F!0)===KU!V.T===iF!3<2===?!<3!"*===$(
!3<(3!R32f 
o !x!3<(3!C)IOP(!03%:!1F<!+,!A&?1).$!^7I!@(%U(!)'4 
o !0)KU!@)S!V.TiF!�'%TE 

! !^?)I!3%>97I!@(%,!"7J<!�.i2E!!
o }AS!�.i2E 
o !)S%697I!w!^?)I!@)S3%>97I 

!!
%,9J#B=K4%*%,9%N'q�*%>,1-0"%%
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!A'),!^l!@(%,!^')L?"\L(!A&h),!!!
! TiF!�%h!+/)L?!^l!A&'(%q!CA?!<3!8.7E!^,)o!@)S!V.!!

o !+&?(3!F!3%>97I!+,!+#L,(F 
! !)S3%>97IX)S%697I!\!A$%,!"?!%6'3!V.TiF!+,!"#.TiF!1(!(<!^?)I!!

o !�.B?!C).n2yf!F!^?)I!"')$(2E!-!)S!V.TiF!+,!+#L,(F 
! !YJ)&?!@)S%697I!F!)S!V.TiF!r){#$(!!

o !!!E!"=?!+/)L?!['!+:!e'(!0).?!CF)ME!¨I),!A$(2E!"?!!!!!)='!32=h!^=l!A=$(2
!32*,!32h!^l!A$(2E!"7$ 

!!
%/C,O(%�"50"%%
! !!!!+#/)l![E!^')L?s!w!!!!5AS)*=?!^=,)o!O?):!F!"TZo!+/)L?!+:!"E<2n!<3!A=h),!!
!!+c.#$!<3!-!-!+/)L?!-!!32,!AS(2f!+#/)l![E!!!-!!!5A=&&:!^=7IX!̂ =?)I!\!!!!!H(A=:!<3!A=$(3!"=?!)=�.o3

VJ(!!"Q.E%E!C<2n!+,!^l!!5(<!�!!Vq%k!AS(2f!!<(%o!V/)lm!!
o Ug.$(3!"?!(<!)S3%>97I!%�(!F!Ah),!"?!;%#J3!<3!0)K 
o !!!!!!!!!!!!(<!32=,!A=S(2f!04!<3!C)=.97I!+#h<!['!1(!AT,!+:!"#.TiF!-!^?)I
!A$(3!"? 
! !!!+#/)lA&`!^')L?|!w!!!!!!!!!+=c.#$!<3!-!A=h),!5AS)*=?!^=,)o%.�!+/)L?!+:!"E<2n!<3

!!!!"�.QZE!-!+/)L?!X!!!"=Q.:%Et!\!!!!32=,!A=S(2fm!-!^=?)I!!!!!!=c:!3<2=?!<3!"7.7y=E!V=J(!e=>7?!!)
!^l!5(<!�!Ah),!+#h(A$!e#q%k!<(%o!X!32UF!C<2n!<3!\Ah),!"?!"Q.:%Em!!

o !Ah),!"?!;%#J3!<3!@3FAl!)E!��q!0)KU 
o 3<(3!+U2E!e>7?!V.TiF!A&`!+,!^?)I! 

! !"/)===7#l(!^')L===?�!w!!"===TZo%.�!+/)L===?!+===:!"E<2===n!<3�!^===,)o!":A===$(!)==='!F!
!5AS)*?�!Ah),!"?!a)7#l(!@!+/)L?!-!+c.#$!<3!-!Ah),!m!!

o 2P!<3!Ah),!"?!A&?1).$!03%:!�l!F!5AS)*?!+,!(%U(!a 
o !g'A&?1).$!C).97I!Vf<3!+, 

! !!!"q)*#:(!^')L?v!w!!@(<(3!+/)L?!+:!"E<2n!<3@)�q!!!!!A=h),!+#f)&=h)$!V=/)l!
!Ah),!"?!"q)*#:(!-!+/)L?!-!+c.#$!<3!-m!!

o !A$(3!"7$!(<!R3%>97I!�')#$!^?)I 
o !!!C(%===�(!F!0)===KU!@)===S!V.T===iF!�*===:!@(%===,!^===?)I!@)===S!z')===?14

I!Ah),!"?!)S3%>97 
!!

%)&P%u$#qW%>5F%Q$,O(%%
! !+./F(!V.TiF!!

o !!!!!!!!3<2==?!<3!O�==?!-!A==&:!"==?!~F%==h!04!1(!^==?)I!+==:!~F%==h!@!+==Z�$
!Ah),!"?!3(<4!%Kh!-!+./F(!V.TiF!-!"$)?F<!<2*:!@!+/)L? 

                                                   
1 !single-state problems 
2 !multiple-state problems 
3 !conformant!!
4 !contingency problems 
5 !nondeterministic 
6 !partially observable!!
7 !exploration problems 
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! !V/)l!@)�q!!
o !!!!!!!!!!!!�=J2E!+=./F(!V.T=iF!1(!+=:!"')=S!V.T=iF!@!+=7S!1(!@(!+I27c?

?!"J%#J3!^,)o!)S3%>97I!1(!@(!+#h<!A&h),!" 
o !!!!!!!!!!V.T=iF![='!1(!5A=&&:!"')=7&S(<!+:!)S3%>97I!1(!@(!+#h<!-!%.L?

!Ah),!"?!%6'3!V.TiF!+, 
! !)==S3%>97I!X!!e.*==$)U!�==,(2E!F!)==S%697Is!\!!!"==?!^==?)I!(<!"')==S3%>97I!+==`

x!Ah),!+#h(3!A$(2E!!
o !!<3!O�===?!-!A===h),!"===?!e===>7?!@)===S3%>97I!1(!@(!+===I27c?!�.===i2E

)W!-!D),!-!VJ(<!-!¥`!-!F<)U!3<2?!Ah),!A$(2E!"?!<):!�.S!F!z>?!-!e.' 
! !}AS!z')?14!!

o !!!!V.T==iF![=='!-!5A==h!+=='(<(!V.T==iF![=='!)=='4!+==:!A==S3!"==?!£.{*==E
!+$!)'!Ah),!"?!}AS 

! !^l!5(<!!
o }AS!V.TiF!['!F!+./F(!V.TiF!1(!@%.L? 

!!
%M'k0,;%Y2,W!!
! !!!!!!!@)==S!V==MU!1(!+==I27c?![=='!-!5A==h!53(3!V.T==iF![=='!@(%==,!e.*==$)U!�,)==E
!3%>97I!µ,!(<!A'AU!V.TiF!A$(3%k!"?%m!!

o !!!!!!!!!!!!!!"')=S<):!+=`!-!5A=h!53(3!V.T=iF![='!@(%=,!+=:!A='2k!"?!)?!+,!e'(
!A&#LS!HA�?!"')S)U!+`!<3!F!g.S3!H)c$(!g.$(2E!"?!(<m 

! !!!!!!!!!!!5A=h!5A=h!V=MU!-!3%=M&?!V.T=iF![='!)=,!3%=>97I!%S!-!"TZo!0)KU!['!<3
!VJ(m 

o !"o%,!F<)U!@).$3!<3!O�?!w 
(In(0,0))! 

('Left',In(0,0)),('Right',In(0,0)),('Suck',In(0,0),'Clean') 
o !"$)?F<!@!+/)L?!<3w 

In(Arad) ! 
((Go(Timisoara),In(Timisoara),(Go(Sibiu),In(Sibiu)),(Go(Zerind),In(Zerind)) 

o !!!!!!!-!)=S!V.T=iF!@3(A=TE!)=,!A')h!-!3%>97I!['!-!"o)ME(!@)S!0)KU!<3
!Ah),!5Ah!VMUm 

!!
%t&9%!5(D_%<%%
! !}A===S!02===?14!w)==='4!+===:!A===S3!"===?!£.{*===E![==='!-!5A===h!53(3!V.T===iF![==='!

!VJ(!}AS!V.TiFm!!
o !!!!!!!!!!)=='!A==h),!+#==h(3!32==UF!3%==q!+==,!%y==B&?!}A==S!V.T==iF![=='!A')==h
!@3(ATEm 

o !"o%,F<)U!@).$3!w!8.7E!@)�q!%Sm 
o !�$%Zh!@1),!<3�!C)?! 

                                                   
1 !successor functions 
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o !"$)?F<!@!+/)L?!<3!w!g.h),!VJ<){,!<3 
!!

%#'O(%V%/6$\9%%
! !!!!!!!!F(!V.T==iF!1(!e#==q<!@(%==,!^==?)I![=='!@!+==&'8S!-!%.L==?!@!+==&'8S!!+===,!+==./

!Ah),!"?!VJ(!5Ah!"J<%,!"k1)E!+,!+:!"#.TiFm!!
! !Ah),!"?!3%>97I!%S!@(%,!+&'8S!~27c?!-!Y9�(m 

o !+9l%?!@!+&'8S!e'(s3<(3!H)$! 
! !A&#LS!"M&?%.�!-!^l(%?!@)S!+&'8S!+:!VJ(!e'(!%,!)?!¡%qm 

o x!A#q(!"?!"o)ME(!+`!-!A$2h!"M&?!%.L?!@)S!+&'8S!%k( 
!!

NC,T%V,£R%%
! !!!?!@)S!V/)l!Y.:%E!!e.*$)U!�,(2E!F!+/)LX!!!!)=S!V.T=iF!+=,!0A.J<!@)S!5(<!\

!32h!"?!V/)l!@)�q!H2KM?!+,!%c&?m!!
! !!!!!!!!!!!!!!!!!0)=.?!@)=S!a)=�#$(!F!0)=KU!e=>7?!@)=S!V.T=iF!@!+=7S!+=:!V=J(!"q(%k!e'(

!A')7$!"?!+'(<(!(<!)S!04m 
! !!!!!!!!!!!!+/)L=?!"#{=J!<)=.T?![='!C<2=n!+=,!)S)�q!e'(!@!51(A$(!3<2?!<3!Y9�(!)?

!g.&:!"?!VQBnm 
o !a1)Wu�E!!"')!w

2

!9
000,181 $!V/)l!X0)J4\ 

o !a1)Ws§!�!"')E!!w!)Q'%�Es¹t!02.9'%E!|!V/)l!X0)J4!)Q'%�E\ 
o !a1)W|¬�!"')E!!w!)Q'%�E2510!V.TiF!X<(2h3\ 
o !3%k!5<F3!£{h!C%q)L?«!w|�!³!181043.2 %!V.TiF!XV{J\ 

!!
%/C,O(%QT%],'=K4%%

! !%.L?!@!+&'8S!!
o !!!!!"==?!e.')==E!%.L==?![=='!<3!C)==.97I!@(%==U(!@(%==,!(<!^==?)I!@!+==&'8S
!A')7$ 

o %.L?!['!<3!@3%q!C).97I!@)S!+&'8S!~27c? 
! !2c#LU!@!+&'8S!!

o !^l!5(<!['!@!+QJ)B?!@(%,!H1D!@!+pq)l!F!0)?1 
! !+&'8S!~27c?!³!%.L?!@!+&'8S!º2c#LU!@!+&'8S!!
! !1(!)?!+#/)l!A&`!^')L?!@(%,%,9%N'q�*%D"%V"%/45KL(M#J(!g.')7$!"?!53)!!

o !A&&:!"7$!%..�E!)S!�'%TE!%6'3!F!)S!+&'8S 
!!
%"9:!@!5Ah!3FAB?!^>hAh),!"?!%'1!g#'<26/(!@(<(3!-!w!!!!

!�,)ESimple-Problem-Solving-Agent(percept)A$(3%k!"?!%,!(<!3%>97I!['!!!
!%.�#?static!w!!!
! !seq,!"?!"KE!<(A�?!@(<(3!(A#,(!<3!F!VJ(!3%>97I!Y.E%E!['!+:!-!!Ah)!!

                                                   
1 !step cost 
2 !3AI!),!VJ(!%,(%,!"L.96$(!<3!s!+:!su!32h!53(3!<(%o!04!@29U!<3!%Mn!m!X!!1(!5Ah!+#q%kBabylon\!!!
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! !state0)KU!"9Tq!V.TiF!�.n2E!-!!!
! !goal!<(A�?!@(<(3!+./F(!C<2n!+,!+:!}AS!['!-!NULL!Ah),!"?!!!
! !problem+/)L?!@A&,!a2?%q!['!-!!!

state"Update-State(state,percept) 
!+:!"E<2n!<3seq!5A,!H)c$(!(<!%'1!@)S<):!VJ(!"/)f!-!!!

! !goal"Formulate-Goal(state) 
! !problem " Formula-Problem(state,goal) 
! !seq " Search(problem) 

X�%h!0)')W\!!
action " Recommendation(seq,state) 

seq " Remainder(seq,state) 
!^7IXaction!\0(3%k%,!(<!!
%/��-B0<e=='(!-!!"==9l!5(<!%3��^F%!*#��2c!!C<2==n!+==,!^==l!�!A==h),!"==?!!�!+#L==,!g*==`!�!"==?!(%==U(

32h!m!@)S!^l!5(<%�F#2�@!5A&&:!^7I!^?)h!A$2h!"?!H)7E!z$(3!0FA,!m!!
5L-O��;%V,��9%V�W"#-��@"%|%!!!!"==?!�=='%TE!Y==E%?!C<2==n!+==,!)==S!5%==k!0A==.`!)==,!@¤E(%#==J(![=='

32hm!!!!!!!!A$2=h!"?!",)'1<(!%'1!3<(2?!@!+9.JF!+,!)S!@¤E(%#J(w!!!V=.?)7Et!�!!!!!^=l!5(<!%=k(!-!+*=.7S!)='4!
!!!!!!x!A&:!"?!(A.W!(<!04!Ah),!32U2?!®!$)?1!"kA.�.W"!�!!!32=UF!+=,!@)S!5%k!3(ATE!!!5A=?4!µ!!!5A=h!53(3!+T=J2E

!®!!=q!"kA=.�.W)�!!�!!!!!!!+=pq)l!<3!32=U2?!@)=S!5%=k!3(A=TE!@!+&.*=.,!!®!!"=6&.K,!!�!!!!+==&'8S!g=:!!-!+*=.7S!)='4!
!x!A&:!"?!(A.W!(<!5(<!e'%E!®!!!!=q!"kA=.�.W!F!0)=?1)�!!!!!!!A$2=h!"=?!",)='1<(!%='1!@)=S%#?(<)W!�=J2E!w!b!�!

!!!!!!!!2c#L=U!V=f<3!1(!5Ah!YT*&?!^?(2I!g7'8:)?!m!d!�!!!=&'8S!g=:!d=7I!!!̂ =l!5(<!e'%=E!+!!mm!�!!g7'8:)=?!
q!d7I)�)l!@V/!X!Ah),!V')K$!",!VJ(!e>7?\m!!!

8*I%V,��9%%%/��0,9,+_,0�%|%!!)==S!RF<!e=='(!!!!!!!!+/)L==?!�=='%TE!1(!;%#==J3!^==,)o!@)==S!53(3!1(!�==�q!
A&&:!"?!53)M#J(m!!
%3+&'�'H%%

! !x!g.#LS!0(%6$!)S!g#'<26/(!"kA.�.W!3<2?!<3!(%`!!
o !)o!"==9:!V==/)l!<3!V==J(!e==>7?!+/)L==?![=='!(%=='1!!<3!)==?(!A==h),!^==l!^==,

!Ah),!"$D2P!"9.f!"97I!V/)l 
! !x!327$!",)'1<(!(<!)S!g#'<26/(!"kA.�.W!0(2E!"?!+$26`!!

o !!!"Q$)==c?!^==.9BE!1(!53)M#==J(!)==,�!!0)==?1!e.==7{E!-!X!!!C)==.97I!3(A==TE!)=='!\
!@!51(A==$(!1(!+==$27$![=='!^==l!@(%==,!H1Dn!+==:!"$)==?1!<3!+/)L==?![=='!n!"==,!V7==J!+==,!

!3F<!"?!V')K$ 
!!

%z,�(%</C,O(%J#+%)I*J%V%)&6P*#R%]#R,O(%�%%%
! n!A&h),!"?!^y#?!gS!+,!53)U!�J2E!%Kh!!!

                                                   
1 !offline 
2 !online 
3 !completeness!!
4 !uninformed search!!
5 !asymptotic 
6 !Traveling Salesperson Problem (TSP) 
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! !!+/)L?!w!!!!!!!!!!!!!!0)=>?D(!"=#l!F!A=&:!<2=QI!)S%K=h!H)=7E!1(!+=:!%.L=?!['!03%:!(A.W
!Ah),!%.L?!e'%E!5)E2: 

!!

  
! !!V{==J!@!+/)L==?!w!!!!!!!"')==7$!"kA==.�.W!@(<(3!5A==h!+#f)&==h!@)==S!g#'<2==6/(!�==�q
!A&#LS!!

o !"')7$!C<2n!+,!C).97I!3(ATE!A&:!"?!Ah<!!
!!

%3$,K0%3+&'�'H%"#j%¤%QBk(%¤%w%N@"%%
!!!!!!!!!!!!!C<2=n!+=,!+/)L=?!d=.o3!^l!5(<!@!+QJ)B?!@(%,!H1D!C).97I!3(ATE!+:!VJ(!"&T?!04!+,!e'(

!A&:!"?!Ah<!+/)L?!@!51(A$(!),!"')7$!X!VJ(!5Ah!53<F4!)S!%Kh!3(ATE!%'1!<3!m!\!!
! exp(1)=2.72 
! exp(10)=2.20 410%  
! exp(100)=2.69 4310%  
! exp(500)=1.40 21710%  
! exp(250,000)=10 573,108  

! !�'%J!%E2.G?):!<3!+:!"/)l!<3!³1210g'<(3!)?!(<!+.$)�!<3!C).97I! 
!!

%M$"#2,62ZZZ%%
!!!!!<(2==?!@!+=7S!<3!"')==7$!"kA=.�.W!)=,!^')L==?!-!"?2=7I!V=/)l!<3!!!!<3!)==?(!A&=h),!"==7$!^=l!^=,)o!3

!A&h),!"?!^l!^,)o!"')7$![`2:!@!)S!51(A$(!«!!
!!

%3+&'�'H%%
! !@(!+==97UA&`!0)==?1!)==,!^')L==? 1XP!w!\!!(A==.W!(<!"')==S!g#'<2==6/(!g.$(2==E!"==?!)==?

!!!!!!!!!!!!!!!!!!A=h<!@3F<F!@!51(A=$(!!)=,!@(!+=97UA&`!C<2=n!+=,!+=:!0)=?1![='!<3!(<!^')L=?!e='(!+:!g.&:
!g.&:!^l!A&&:!"?m 
o ==�?!@(%==,!a)!w!03%==:!Y==E%?n!@32T==n!C<2==n!+==,!3A==I!!w!g#'<2==6/(

!!!!"kA=.�.W!)==,!(<!<)==:!e='(!�.T==i!@)=S2n!!!e=='(!%==#K,!@)=S!g#'<2==6/(!-!A==&S3!"=?!H)==c$(!
!<3!(<!<):n log(n)!A&S3!"?!H)c$(!!m 
o !!!-!g.==&:!£{*==?!(<!@(!+==97U!A==&`!@!+==QE%?!V.T==iF!g.$(2==E!"==7$!)==?

!Ah),!¢<8,!"9.f!A')h!« 
! )=='4!!!!g==S!A&==h),!+#==h(3!1)==.$!@(!+==97UA&`!0)==?1!1(!z.==,!+==,!+==:!"')==S!g#'<2==6/(!

x!A$<(3!32UF!!
o !g'<(A$!@(!+97U!A&`!g#'<26/(!�.S!)?!-!^')L?!1(!"f%,!@(%, 
o !@(!+97UA&`!"TZo%.�!^')L?!)S!e'(!0).?|!A$<(3!32UF! 

                                                   
1 !polynomial-time 
2 !nondeterministic-polynomial-time(NP) 
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o !a)�?!@(%,!w3%k!5<F3!@!5A&hF%q!C%q)L?!@!+/)L? 
!!

%Q$,O(%JI5(%IJ%V"%/-B0NP-hard%%
! !%k(!VJ(!"TZo%.�!@(!+97UA&`!C<2n!+,!+/)L?!['!!

o !Ah),!5Ah!(A.W!+/)L?!04!@(%,!^l!5(<!['X0)7k\ 
o !!!!!!!!A=h),!@(!+=97U!A=&`!0)=?1!<3!A$(2#,!+:!Ah),!+#h(3!32UF!"7#'<26/(

Ah)Q$!+`!F!Ah),!VJ<3!0)7k!+` 
! !"#{==Js!w!!!!!!!32==UF!A==&:!^==l!(<!+/)L==?!A==$(2#,!+==:!@(!+==97UA&`!g#'<2==6/(!�.==S
+#h(A$!Ah),!!!

o !!!!!!!!!!C<2==n!+==,!zS)==:!^==,)o!D2==7T?!F!A==h),!"==7$!0)==J4!z')==7$!@(%==,
Ah),!"7$!5Ah!+#f)&h!^')L? 

! !!!!!!!!!A=$<(3!+/)L=?!^l!@(%,!@(!+97U!A&`!1(!%E!z.,!0)?1!)S!g#'<26/(!-!^7I!<3
X!+:!e'(!¡%q!),P#NP\!!!
!!

%3+&'�'H%<%3p0,L(%Q'=}W%%
! !+/)L?!@3F<F!@!51(A$(!wn!!
! !+/)L?!^l!@(%,!C).97I!3(ATE!wf(n) 
! !5Ah!+'(<(!�,)E!['g(n) 
! !�'%TEf(n)!+:!"E<2n!<3!-!f(n)$k g(n)!-!Ah),!O(g(n))!Ah),!"?! 

o !%'3)�?!1(!"f%,!@(%,k 
o !%S!@(%,0n n>! 

! !a)�?!w)( 2nO!1(!%EA,!O(n)!)?(!Ah),!"?!mmm!!
o !@(%,n<110!g'<(3!100010012 &'& nn 

!!
%VI*_J,$<%)&P%u$#qW%>5F%Q$,O(%%%
! !+./F(!V.TiF!!

o !A')7$!"?!1)�4!04!1(!^?)I!+:!"IF%h!@!+Z�$ 
! !V/)l!@)�q!!

o !!+==./F(!V.T==iF!1(!;%#==J3!^==,)o!@)==S!V.T==iF!@!+==7S!@!+==I27c?
!C).97I!1(!+#h<!%S!�J2E 

o !!!!!!!!V.T==iF!+==,!V.T==iF![=='!1(!�QE%==?!C)==.97I!1(!@(!+#==h<!%.L==?
!Ah),!"?!%6'3 

! !C).97I!X*$)U!�,(2E!-!)S%697I!e.!\!!
o !e>7?!C).97I!1(!@(!+I27c?!�'%*E 

! !}AS!02?14!!
o !!!!!!!(<!V=J(!}A=S!V.T=iF!['!5Ah!+'(<(!V.TiF!)'4!+:!(<!Y9Z?!e'(

!AS3!"?!£.{*E 
! !^l!5(<!!

                                                   
1 !hardness 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 52 - 

o !}AS!V.TiF!['!+,!+./F(!V.TiF!['!1(!@%.L? 
!!

%VI*_J,$%<%,9%QT%)"I%V"#2%5L-O;%%
! !2c#LU!@)�q!z')7.W!!

o !"')K$!V.TiF!+,!+./F(!V.TiF!1(X}AS!\ 
o !!!!!!!�==,(2E!�==J2E!5A==h!�=='%TE!C<2==n!+==,!C)==.97I!1(!1)==c?!@(!+#==h<
!e.*$)UX)S%697I\ 

! !"?27I!a(F<!!
o !}AS!V.TiF!@(%,!03%:!0)B#?( 
o !A.S3!+TJ2E!(<!@<)U!V.TiF 

" !"J%#J3!^,)o!@)S!V.TiF!+I27c?!£.{*E 
" !!!!32====,!"/)====f!+====I27c?!+====:!"E<2====n!<3!(<!V====.�q2?!HA====I
!0(3%k%, 

o '!;%#J3!^,)o!@)S!V.TiF!@!+I27c?!1(!e:!r){#$(!(<!">!!
o F%,!5Ah!r){#$(!V.TiF!+, 

! !32h!"?!+#f)J!2c#LU!Vf<3!['!!
o !!!!!!A$2==h!"==?!C)==oO?!+==:!%==E!z.==,!@)==S!V.T==iF!C<2==n!+==,!)==S!5%==k

!A$2h!"?!+q)i( 
!!
!!
!!
!!
!!
!!
!!
!!
!!

%%
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%z,���(%<%%30,��(*Ic%|%!!!!!!!%K==h!<3!%==i)l!a)==l!<3!�!"$)==?F<!<2*==:!<3!"==9.ZTE![=='!<33(<4!!|!
g.#LSm!!(3%q!)7.W(2S3(<4!Ay�?!+,!(<!!VJ<){,!%KhtA&:!"?!_%E!m!!

%V&62%z5(#R%t&9�<%%g.h),!VJ<){,!%Kh!<3m!!
%V&62%z5(#R%/C,O(�<%!!)S!V/)l!w!�9#{?!@)S%Kh!F!)S3%>97I!w%Kh!F3!e.,!V:%l!!

%QT%)"I%!J#."&'H<%)S%Kh!Y.E%Ew Sibiu , Fagaras , BucharestF!!Arad!!
%%
%%
%%
%%
%%
%%
%%
%%

 
%z,�(%<3v#2*I,;%V,'0J%|%%%%

U!^?)I!@)S!V.TiF!"o%,F<)!w!!
! !!!!!!)S!Vq)'<3!@)S!Y.:%E!H)7EX!)S!_<3!\!!!!"=?!5AS)*=?!^=,)o!O?):!�.B?!(%'1!-
!Ah),%Z%%%

! !@)S!V.TiFv!F!u!A&h),!"?!}AS!@)S!V.TiF!X!A&h),!"7$!�.�:\ 
! !%,(%,!+&'8S!^7I!%S!@(%,s!Ah),!"?!m 

 
!!!32=h!"=?!~F%h!�&W!@!5<)7h!<3!-!">E!V/)l!m!xx!^=l!5(<! [Right,Suck]!m!!!-!Y=.:%E

===========h!<3!~F%{1,2,3,4,5,6,7,8}!!!+===========,!V===========J(<{2,4,6,8}!!3F<!"===========?!mxx!^===========l!5(<!
[Right,Suck,Left,Suck]!!32===h!"===?!~F%===h!�&===W!@!5<)7===h!<3!-!a)===7#l(!m!!"===q%?!02$)===o�!w!

!!0A.>?!X!!"o%,F<)U!z>?!^7I!\!!!!A=&:!�=.�:!(<!8=.7E!R%q!['!A$(2E!"?m!!!!"=9B?!@!5A=&&:!�=lv!w!
^B?!e.')E!��q!F!�.�:!m!xx!^l!5(<] !%k(VJ(<!-!e:!z>?!32,!�.�: [!!!

!!
/-C,T%sW%V%/C,O(%V&62%z5(#R%%

!32h!"?!�'%TE!%'1!%y&I!<)K`!�J2E!+/)L?!['w!!
                                                   

1 !Romania 
2 !Arad 
3 !Bucharest!!
4 !Formulate goal!!
5 !Formulate problem!!
6 !Murphy's Law!!
7 !local sensing!!
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/'C*"%NC,T!�!%Kh!<3!Arad!!g.#LSm!!
%Y2,����W%M'k����0,;%!-S(x)!³!!!!!3%====>97I!CD)====l!V====MU!1(!@(!+====I27c?!!!!�!a)====�?!0(2====&I!+====,!-

S(Arad)={<Arad ! Zerind,Zerind>,�} 
%t&9%G$,(D_%%!!$(2E!"?!-!!A!!-!!�'%ns!!-!O�=?!Ah),!!�!!V=J<){,!<3!�x=!!)='!!!�'%=n%.�|!!A=h),!

!-!O�?!-NoDirect(x)!!Ah),m!!
V%/����6$\9#'O����(%%|%!!F!5A====h!(%====U(!C)====.97I!1(!@3(A====TE!-!)====S!+9====n)q!1(!@(!+====I27c?mmmmm!m!

c(x,a,y)!![='!!+==9l%?!@!+=&'8S!t!!!!!!A=h),!%M==n!@F)L=?!)=='!%=E!¢<8==,!A='),!¡%==q!z.=W!d==QP!-!V=J(!!)=='!
c(x,a,y)>=0!m!!='!^==l!5(<![-!!V=J(!C)==.97I!1(!"==Q.:%E!!m+==./F(!V==/)l!1(!-!04!%.==J!!V==/)l![=='!+=, 
VJ(!}ASm 

%%%%N�C,T%V,£��R%s�$%>,�1-0"h%N'q��*m%|%!!!V=J(!5A==.�.W!"=9.f!"=To(F!@)==.$3-!!!@)�==q!!+=c.#$!<3!!
!!!!!!32=h!(A=U!+/)L=?!^=l!5(<!1(!A'),!V/)lm!!!V=/)l!X!3%=c?!³!\!!!!!"=To(F!@)=S!V=/)l!1(!@(!+=I27c?!!V=J(!m

!!3%==>97I!X!!(8==c?!³!\!!!!!-!O�==?!-!"==To(F!@)==S3%>97I!1(!5A==.�.W!"P2==9{?!"Arad ! Zerind"!m!
!1(!5A==.�.W!@(!+==I27c?%.L==?!!F!)==S!�==o2E!-!)==S!}(%==B$(!-!e==>7?!@)==S!!!mmmmmA==&:!"==?!+=='(<(!(<m!!@(%==,

!!!!!!!!%K=h!<3!"=To(F!V/)l!%S!-!@%'jW!d�BE3(<4!!!!!!!%K=h!<3!"=To(F!@)=S!V=/)l!"�=T,!@(%=,!A='),!!!A=&'<1!�!
!32==h!V$)7==im!!^==l!5(<!X!(8==c?!³!\!!!!!!@)==.$3!<3!"')==S!^==l!5(<!+==:!"==To(F!@)S%.L==?!1(!@(!+==I27c?
!A&#LS!"To(Fm!!A'),!(8c?!^7I!%S!�!%E!0)J4!�Ah),!"9n(!@!+/)L?!1(m!!
!!

NC,T%V,£R%IJ%5L-O;%%
! !A$%.k!)U!+pq)l!<3!+:!A&#LS!04!1(!%E!¢<8,!"9.f!2c#LU!^')L?!%E!z.,!!
! !!!!!!!!!)=:!+=,!F!+=./F(!V.T=iF!1(!~F%h!),!(<!2c#LU!Vf<3!['!)?!!<%=>?!@%.k<

!g.')7$!"?!A./2E!-!e.*$)U!�,)Em 
! !!"9==n(!@!5A=='(!w!!!!!A==$(2E!"==?!"')==S8.`!+==`!+==:!A==.&:!+==U2E!-!V.T==iF![=='!1(
!32==h!H)==c$(!m!!!"==?!"')==S8.`!+==`!)==S!04!@)==S!V.T==iF!1(![=='%S!1(!+==:!A==.&:!+==U2E!�G==J

!A$%.6,!H)c$(!A&$(2E 
! !CD(2J!1(!"f%,w 

o x!VJ(!5Ah!V$)7i!-!+&.K,!^l!5(<!03%:(A.W!)'4 
o x!Ah!AS(2f!H)c$(!2c#LU!-!":!)E 
o x!Vh(3!g.S(2f!1).$!)�q!1(!<(A�?!+`!+, 

!!
%z,�(%<3v#2*I,;%NC,T%V,£R%t"#+%%

V.TiF!)S!!C2,F<!@)U!F!�.Bn!"M.�:!!!xx!X!F!"M.�:!0(8.?!+,!+U2E!0FA,\!mmmmm!!
!)S3%>97I!¥`!!!xxXLeft!\!VJ(<!-XRight!\!z>?!-XSuck!\!3%>97I!0FA,!-XNoOp\!!
!02?14AS!}xx  "M.�:!0FA,!!
@!+&'8S!%.L?!!<),!['!3%>97I!%S!<3!!!xx!X!3%>97I!0FA,!@(%,!%MnXNoOp\\ 

                                                   
1 !explicit!!
2 !implicit!!
3 !step cost!!
4 !zerind 
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%%
%z,�(%<3$,W%Nk9%zD,H%%

!!!!
%N'q�*

�*#P%%
%N'q�*

t&9%%
!!

!)S!V/)l!)S!"h):!xx!X!"$).?!@)S!V.TiF!+,!+U2E!0FA,\!!
!)S3%>97I!!e.')W!-!D),!-!VJ(<!-!¥`!"/)f!@)S!"h):!<3!03%:!V:%l!!!xx!!
!z')?14!}AS!!!xx!³!}AS!V.TiF!X!5Ah!53(3\!!
!@!+&'8S!%.L?<),!['!V:%l!%S!<3!!!xx!!
%/��-B0%<%zD,��H%3C5��Kq(%Q��T%)"In%{%3$,��W%NP-hard&��P,2%3��(%Z%Q$,O��(%NP-hard%3=$,O��(%

%&05P%QT%&60"5W%3K0%V"%/=K;%&6j%!,(D%s$%IJ%/.%&6-O9%Zc%%%
%z,�(%<s'W52*I%V&62%:9#@%%

%% !!!)S!V/)l!!!!!C)y#{?!!!xx|!!!@!5Ah!�.Bn!"S3!<(A�?t!!!!@(%=,!C2=,F<!@!5A=h!^y#?!@)S!+>E!
@A&,!gS%J!!

!)S3%>97I!C):%l!xx�!@!+#J2.W!�!CD)yE(!�C2,F<!!!
!z')?14!}ASA&,!gS%J!03%:!^?):!!!xxJ5P%Q(,P%"I%]52I%/.%M$"%!*&2%%Vy%%

!%.L?!",)'1<(03%:!(%U(!0)?1!!!xx!!
%%u$#qW%<%%%9%,�("%&�0"%)&�P%&'C5W%/.%,9%)#+%D"%3-O'C%%%%%"I%&�0"%)&k�0%)J"J%/q�@5W%D5�6fringe%%3�(%

%:'(,0Z%%
                                                   

 1!html.1node/diss/pubs/org.cranor.lorrie!!
2 !coordinates 
3 !real-valued!!
4 !motions!!
5 !continuous!!
6 !joints!!
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%3��-FIJ%V5L-O��;%V,��9%:-$I5��~C"%|%!"9==n(!@!5A=='(w!!!"==Zf!0F%==,!A==h),!"==?!!+.Q==h!})*==#:(!-
!5Ah!�*:!51)E!@)S!V/)l!1(!e.*$)U!@)S!5A&&:A./2E!@!+9.JF!+,!)S!V/)l!1(!5Ah!@1)Jm!!!

%:-$I5~C"<%%
 !�,)==ETREE-SEARCH( problem , sterategy )(<![=='!!!(<!V==.�q2?!HA==I!)=='!^==l!5

!A$(3%k!"?%,m!!
!A&:!"?!53)M#J(!+/)L?!@!+./F(!V/)l!1(!2c#LU!Vf<3!(A#,(!<3m 

+�9l!<3 
0(3%k%,!(<!V.�q2?!HAI!32Q$!+TJ2E!@(%,!"Q9PF(3!)'!A'A$):!%k(!!

5%k![' s!¢%,!|!e:!r){#$(!RF<!)'!@¤E(%#J(!+,!+U2E!),!!(<!!!
!['!-!32,!}AS!V/)l!['!5%k!@(2#B?!%k(0(3%k%,!(<!%©)&#?!^l!5(<!!

!!!!!!!!!!2c#L==U!V==f<3!+==,!(<!�#==&?!@)==S!5%==k!F!5A==,!+T==J2E!(<!5%==k!!C<2==n!e'(%==.�!<3
!e:!+q)i(!!
+�9l!0)')W 

3-FIJ%V5L-O;%z,�(%%
! %5L-O;%NFIJ%%

o !!2c#LU!}(%k!w!!!!"=J%#J3!^=,)o!%.L=?!A&`!1(!A$(2E!"?!V.TiF!['
!Ah), 

o !+./F(!V.TiF!),!%©)&#?!2c#LU!5%k!['!+*'<X3(<4!\Ah),!"?!%%

%%
! !+./F(!V.TiF!+,!5Ah!^y#?!@)S%Kh!w!!

o !2.Q.Jt 
o !(<(2L.7.E� 
o !A&'<1 

! !@AT,!V:%l!@)SA'A$):!!

!! ! !!!!
                                                   

1 !node 
2 !leaf!!
3 !Sibiu 
4 !Timisoara 
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%%
! !"9Tq!V.TiF!!
! !@AT,!V:%l!@)S(A'A$):w 

o 3(<4 
o !;(<)k)qs 
o !)'3(<»(2 
o ![9'F!2>.&7'<t 

!!
%%

%%
%,9%NFIJ%%

! !}(%k!['!-!Vf<3!['�!@!+�9l!0FA,!�!g.�#L?!�!Ah),!"?!!!
o !!!g.�#L?!}(%k!w!(!+I27c?!!!!!!!!!!!)=S!+=Q/!�=J2E!5A=h!^y=#?!@)=S!5%=k!1(!@

X)S!a)'!\v! 
" !!%.L?!w!!)=S!+Q/!1(!@(!+#h<X!!!!!!5A=h!g=S!<(%=>E!3<(3!0)=>?(!+=:
!A&h),\ 

o !!!5Ah!^y#?!w!!!!!!!!!!!32=UF!)=S!5%=k!1(!V=MU!%=S!@!5A=&&:!^y=#?!%.L?!['
!3<(3!!

                                                   
1 !Fagaras 
2 !Oradea 
3 !Rimnicu Vilc 
4 !graph 
5 !acyclic 
6 !direct 
7 !edges 
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o !!!+�9l!0FA,!w!!!!!!!!)=S!5%=k!1(!V=MU!%=S!@!5A=&&:!^y#?!%.L?!['!%�:(Al
!3<(3!32UF 

! !!!!3%#Lk!C<2n!+,!)S!Vf<3!!!!!!!A$2=h!"=?!53)M#=J(!%E2.G?):!g9I!<3!@(!5X!!<)=#q<
A$<(3!",2f!"7#'<26/(\!!

! A&h),!"?!V.9B?!^n(!@(<(3!)S!Vf<3 
! !A&h),!"?!"#*k1),!@)S!g#'<26/(!�'%TE!@(%,!3)'1!C<Ao!@(<(3!)S!Vf<3 

!!
!A.')7$!"?!5AS)*?!(<!Vf<3!['!1(!@%'2yE!%'1!<3!!

!!
! !A&#LS!<AW!['!@(<(3!%�:(Al!)S!5%k!!
! k!-!+*'<!Ah),!"7$!@<AW!@(<(3!+:!VJ(!8')7#?!@(!5% 
! !Ah),!3FAB?)$!A$(2E!"?!d7IX!Ah),!"?!gK?!g#'<26/(!@!+7E)f!@(%,\ 

!!
%3-FIJ%V5L-O;%:-$I5~C"%%

! !!!!!!!+==,!5A==?4!32==UF!+==,!@)==S!V.T==iF!@)==S!e.*==$)U!A==./2E!)==,!(<!2c#L==U!@)�==q
!3<F4!"?!32UF!!

! !V.TiF!@!+TJ2E!w2c#LU!Vf<3!['!A./2E 
!!

:-$I5~C"%%
!�,)==EGeneral-Search(problem,strategy)!!!!32==UF!+==,!(<!V==.�q2?!HA==I!)=='!^==l!5(<![=='!
!3<F4!"?!!

! !!A')7$!"?!+./F(!"S3<(A�?!+/)L?!@!+./F(!V/)l!1(!53)M#J(!),!(<!2c#LU!Vf<3!!
! !!5A,!H)c$(!(<!%'1!@)S<):!+�9l!<3!!
! !! !!!!!!!(<!V===.�q2?!HA===I!-!3<(A===$!32===UF!+T===J2E!@(%===,!"===Q9PF(3!+===:!"E<2===n!<3

0(3%k%,!!
! !! !%k!['!)7$!r){#$(!RF<!+,!+U2E!),!+TJ2E!@(%,!(<!¢%,!5!!
! !! !!!!!!!!!!!!(<!%©)=&#?!^=l!5(<!A=h),!"=?!}A=S!V.T=iF![='!^?)=h!5%k!+:!"E<2n!<3

0(3%k%,!!
! !! !!!!!!!!!!!V=f<3!+=,!(<!5A=h!+=c.#$!@)=S!5%=k!F!5A,!+TJ2E!(<!5%k!C<2n!e'(!%.�!<3
!)7$!+q)i(!2c#LU!!

%:-$I5~C"%!,$,H%%
%%
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%8*I%<!!!!=k!04!;)==J(%,!+=:!"==7p$!�=J2E!2c#L=U!RF<!!!£{*==?!A$2=h!"==?!53(3!+T=J2E!)==S!5%
!32h!"?!m!!
!!

%NFIJ%V,9%)#+%*%,9%N'q�*%%
! !V.TiF!w">'8.q!@A&,%>.W!['!@!+'(<(!!
! !5%k!w!VJ(!2c#LU!Vf<3!['!<3!@(!53(3!0)7#f)J 

o !%.L?!@!+&'8S!-!d7I!-!0(A$1%q!-!<AW 
o !V.TiF 

! !A$<(A$!%.L?!@!+&'8S!)'!-!d7I!-!0(A$1%q!-!0(<AW!)S!V.TiF«!!
!!

!!
! !==k!+T==J2E!!!!!V.T==iF!1(!53)M#==J(!)==,!(<!A=='AU!@)==S!5%!º!!!@(%==,!+/)L==?!%==697I

!31)J!"?!!@AT,!@)S!V.TiF!e#f)J!!
!!

%VD,@%)J,'H%<,9%)#+%V,9%NC,T 

 !!!!!">'8.q!@A&,%>.W!['!!-!V/)l!['!X!!"=>'8.q!@A&,%>.W!['!1(!"*')7$!\!!V=J(m!!!!-!5%=k![='
!!!!A==/(F!^?)==h!-!2c#L==U!V=f<3![=='!"9==n(!�8==U!+==:!V==J(!@(!53(3!0)7#f)=Js-!!0(A==$1%q!|d==7I!-!!t!F!

!%.L?!",)'1<(g(x)VJ(!m!A$<(A$!%.L?!",)'1<(!)'!!d7I!-!A$1%q!-!A/(F!-!)S!V.TiF!)'!)S!V/)lm! 
!!�,)===EEXPAND!!!!!1(!F!A====&:!"====?!%===W!�====9#{?!@)SA====9.q!F!31)===J!"====?!(<!A===='AU!@)===S!5%====k!

SuccessorFn!A&:!"?!53)M#J(!%p$!3<2?!@)S!V/)l!e#f)J!@(%,!+/)L?m!!
%VD,@%)J,'H%<O;%3(5K4%3-FIJ%V5L-%%
:-$I5~C"%%
!�,)ETree-Search(problem,fringe)A$(3%k!"?%,!(<!a)>h(!)'!F!^l!5(<!['!m!!!

fringe " Insert(Make-Node(Initial-State[problem]),fringe)!!
!5A,!H)c$(!(<!%'1!@)S<):Xloop do\! !!!

                                                   
1 !parent!!
2 !children!!
3 !depth!!
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!+:!"E<2n!<3fringe0(3%k%,!(<!V.�q2?!HAI!-!VJ(!"/)f!!!
node " Remove-Front(fringe) 

!+:!"E<2n!<3Goal-Test(problem,State(node))0(3%k%,!(<!5%k!-!!!
fringe " InsertAll(Expand(node,problem),fringe) 

¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼!!
!�,)EExpand(node,problem)A$(3%k!"?%,!(<!)S!5%k!1(!@(!+I27c?!!!

!"/)f!@!+I27c?!['!¶successors!!
!!!<3!+==c.#$!F!3%==>97I!%==S!@(%==,Successor-Fn(problem,State[node])!!%=='1!@)==S<):!

5A,!H)c$(!(<!!
! !!@!5%k!['XNode!\!A'AU!¶s!!
! !Parent-Node[s] " node ; Action[s] " action ; State[s] " result 
! !Path-Cost[s] " Path-Cost[node]+Step-Cost(node,action,s) 
! !Depth[s] " Depth[node]+1 
! !S!+,!(<!successorse:!+q)i(!!!

Successors0(3%k%,!(<!!!
!!

%5L-O;%V,9%:-$I5~C"%VD,@%)J,'H%%
!!�,)EGeneral-Search(problem,Queuing-Fn)!!!!!!!!!!"=?%,!(<!V=.�q2?!HA=I!)='!^=l!5(<![='!

!A$(3%k!!
! !make-queue(make-node(initial-state[problem]))!¶!fringe!!
! !!(<!%'1!@)S<):!+�9l!<3!5A,!H)c$(!!
! !! !!%k(fringe!0(3%k%,!(<!V.�q2?!HAI!Ah),!"?!"/)f!!!
! !! !Remove-Front(fringe)!¶!node!!
! !! !!!+====:!"E<2====n!<3Goal-Test[problem]!!!!!@(%====,!5A====h!+====#q%k!<)====:!+====,!

state(node)!Ah!dq2?!node!0(3%k%,!(<!!!
! !! !Queuing-Fn(fringe,Expand(node,Operators[problem]))!¶!

fringe!!
!!

Queuing-Fn(queue,elements)!!!!!!!!!!!!%=n)&I!1(!@(!+=I27c?!+=:!V=J(!@A=&,!�n!�,)E!['!
!!!!!A=S3!"?!£.{*E!(<!%n)&I!@!+TJ2E!gp$!F!A')7$!"?!3<(F!�n!+,!(<!m!!!!!-!@A=&,!�=n!�,)=E!C)=I2&E

!3<F4!"?!32UF!+,!(<!2c#LU!g#'<26/(!C)I2&E!m!!
!!

%5L-O;%V,9%8*I%%
! !32h!"?!�'%TE!5%k!@!+TJ2E!1(!"Q.E%E!r){#$(!),!RF<!['!!
! <(!)S!RF<!",)'1 

o !!V.?)7E!w!!!!!!!!!!(A=.W!(<!04!-!RF<!+*=.7S!A=h),!+#=h(3!32=UF!"=9l!5(<!%k(
x!A')7$!"? 
o !"$)?1!"kA.�.W!w!5Ah!A./2E!@)S!5%k!3(ATE!µ!5Ah!53(3!+TJ2E 
o !"')�q!"kA.�.W!w!+pq)l!<3!32U2?!@)S!5%k!3(ATE!@!+&.*., 
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o !!"6&.K,!w!!!!!!!:!"=?!(A=.W!(<!^=l!5(<!e'%=E!+=&'8S!g:!-!RF<!+*.7S!)'4!!A=&
!x 

! !A$2h!"?!",)'1<(!%'1!3<(2?!),!"')�q!F!"$)?1!"kA.�.W!!
o !2c#LU!Vf<3!r)T*$(!<2#:)q!@!+&.*., 
o !^l!5(<!e'%E!+&'8S!g:!d7I 
o !2c#LU!Vf<3!d7I!@!+&.*.,X!Ah),!V')K$!",!A')h\ 

!!
/0,9,+_%,0%V5L-O;%%

! !!!!!!!!!"q)=i(!C)=IOP(!�.S!+:!A&#LS!"')S!04!-!2c#LU!@)S!g#'<26/(!e'%E!53)J
!<3!+:!A&')7$!"7$!53)M#J(!(<!3<(3!32UF!+/)L?!�%hm!!

! !g.?)$!"?!+$)S)k4!)$!@2c#LU!@)S!RF<!(<!)S!RF<!e'(!)?m 
o !A$2h!"?!5A.?)$!�.Ti!RF<!-!)S!RF<!e'(!-!C)oF(!"f%,m 

! !!![===='!"6$2====6`!3<2====?!<3!"q)====i(!C)====IOP(!@(<(3!)====?!+====:!"E<2====n!<3
!!!!!!!@2c#L=U!g.$(2=E!"=?!)?!C<2n!e'(!<3!-!g.h),!}AS!%.�!V.TiF!!@(!+M=h)>?!!H)=c$(!(<!

!g.S3m 
!!

%%/��0,9,+_,0%V5L-O��;%V,��9%8*I|!!!!!!!1(!"==J%#J3!^==,)o!C)==IOP(!1(!�==�q!-!A==h!+==#Mk!+==:!0)==&`!
!!A==&')7$!"==?!53)M#==J(!+/)L==?!�=='%TE!m!^?)==h!@2c#L==U!�Z==J!aF(s!®!@2c#L==U!0)L==>'!@!+==&'8S!)==,!!|!®!

@2c#LU!!d7I!aF(!!t!®!@2c#LU!!!!!5A=h!3FA=B?!d=7I!)=,!!�!®!!@2c#L=U!!!=>E!@!5A$2=h!d=.7I!@<(%!�!!"=?!
!A&h),m!!

%V5L-O;%¢^@%z*"%%
! !!!!!!!!!!!(<!z$(A==$1%q!1(![=='!%==S!�G==J!-!A==&:!"==?!<)==:!5%==k![=='!03(3!+T==J2E!)==,

!F!AS3!"?!+TJ2E!(<!)S!04!0(A$1%q!1(!['%S!-!�GJ!-!AS3!"?!+TJ2Em!mmm!!
! !!!!!d=7I!<3!@)=S!5%=k!@!+=7Sn!!!!d=7I!<3!5%=k![='!1(!^==Qo!-!n+1!!"==?!C)=oO?!
!A$2hm 

! !!!!!!!<!�Z=J!aF(!@2c#L=U!g.$(2E!"?!)?!!!!!!!@1)=J!53)=.W!-!�=n![='!1(!53)M#=J(!)=,!(
!g.')7$m 

!!
!!!!!-!�ZJ!aF(!@2c#LU!-!%6'3!C<)QI!+,%!!!!!!!!"=?!+T=J2E!(<!5A*=$!53(3!+T=J2E!5%=k!e'%=E!d=7I!g:

AS3m!%VD,@%)J,'H<%!+*'<�!�n!['!FIFO!v!Ah),!"?!!mA$F<!"?!)K#$(!+,!A'AU!0)&.*$)Um!!

                                                   
1 !Breadth-first!!
2 !Uniform-cost!!
3 !Depth-first!!
4 !Depth-limited!!
5 !Iterative deeping!!
6 !fringe!!
7 !First-In-First-Out!!
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  %#~$J%z,�(%<VJ<){,!+,!3(<4!!
! <(3%,!�n!1(!(<!3(<4A'!!
! !A.')7$!+q)i(!-!�n!+,!(<!A&'<1!F!(<(2L.7.E!-!2.Q.J 
! !A.')7$!VLE!F!A'<(3%,!�n!1(!(<!2.Q.J 
! !A.')7$!+q)i(!-!�n!+,!(<!).L9'F!2>.&7'<!-!;(<)k)q!-!)'3(<( 
! !A.')7$!VLE!F!A'<(3%,!�n!1(!(<!(<(2L.7.E 
! !A.')7$!+q)i(!-!�n!+,!(<! )k2/ 
! mmm 

!!
\$I%],B0%3F#2%%
! O?!1(!)?!+$26`x!g.')7$!@%.k29U!3(<4!3Ac?!C)o!!

o !VL==./!1(!53)M#==J(!)==,closed!w!!!+T==J2E!@)==S!V.T==iF!1(!VL==./![=='
!g.')7$!@<(AK6$!(<!5Ah!53(3m 

o !!!!+,!)?!)'4closed-list!!!!!!%.L=?![='!)=?!^=l!5(<!x!g'<(3!1).$!)U!e'(!<3!
!%Kh!['!+$!-!Ah),!"?m 

! x!g.')7$!r)&#U(!-!)'3(<(!@!5<),F3!03%:!3<(F!1(!)?!+$26` 
o open-list!w!!!!!-!)==?(!A==$(!5A==h!A==./2E!+==:!"')==S!V.T==iF!1(!VL==./![=='

!A$(!5A*$!53(3!+TJ2Em 
! !!!!!!!<)==:!+==,!-!g'3%==:!A==./2E!(<!0(A==$1%q!+==:!"$)==?1!<3!(<!}A==S!02==?14!)==?!(%==`
x!g'3%Q$ 

o !!!!!!!3<(A$!"EF)ME!�.S!-!�o(F!<3!m!!!!!!!!0)=7S!+=,!F!A$2=h!"=?!C)=oO?!)=S!5%=k
!A$2h!"?!VLE!-!5(<!)'!RF<m 

!!
],'E57F%V5L-O;%¢^@%z*"%%

!! ^?): xx!!!x!V=J(!5A=h!V$)7i!-!^l!5(<!['!03%:(A.W!@(%,!�ZJ!aF(!@2c#LU!)'4!!!+=9,!!X!<3
!+:!"E<2nb!Ah),!3FAB?!\!!
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!!�.i2E!w!!!d7I!<3!^l!5(<!+:!A.')7$!<2yEn!!A=h),!"?!!m!!!!!!!<3!)='!)=S!5%=k!@!+=7S!+=:!"')=c$4!1(
!d==7In!@D)==,!<3!)=='! n!d==7I!<3!@8==.`!%==S!1(!^==Qo!-!n+1$2==h!"==?!C)==oO?!!(A==.W!-!^==l!5(<![=='!-!A

!Ah!AS(2fm!!
!xx!0)?1!@(%U(!0)?1!+,!-!�ZJ!aF(!@2c#LU)( 1&dbO!3<(3!1).$!m!!

! b!r)T*$(!<2#:)q!-!!w!Ah),!"?!0(A$1%q!3(ATE!e.6$).?m!!
! �Z==J!aF(!@2c#L==U)()1(...1 132 &$(&&&&&& ddd bObbbbbb!5%==k!

!3%:!AS(2f!C)oO?!(<!X!+,d7$!+U2E!a2?%q!<3!04!"6$26`!F!A.')\!!!
!xx!)�q)( 1&dbO!!X!A&:!"?!@<(AK6$!+pq)l!<3!(<!5%k!%S\!!
!�.==i2E!w!!!!A==')7$!@<(A==K6$!+==pq)l!<3!(<!2c#L==U!V==f<3!@!+==7S!A=='),!-!�Z==J!aF(!@2c#L==U

X!g.$(A,!-!}AS!+,!0A.J<!@(%,!(<!)S3%>97I!@!+#h<!g.S(2f!"?!)?!(%'1m!\!!
"6&.K,!!!xx!X!!!!!!!!+#=h(3!32=UF!^l!5(<!A&`!%k(!!!!!!!^=l!5(<!e'%=#K,!-!�Z=J!aF(!@2c#L=U!)='4!-!A=h),
x!A&:!"?!(A.W!(<!+9,!!!!
!�.i2Ew!!

! !!!!!!!!!"=?!(A=.W!(<!2c#L=U!V=f<3!<3!^=l!5(<!e'%E!d7I!g:!-!�ZJ!aF(!@2c#LU
!!A')7$!m!!!!!!!!!!!-!32=,!A=S(2f!+=&.K,!RF<!e='(!-!A&=h),!0)L=>'!-!^=l(%?!@!+=&'8S!+=:!"E<2=n!<3

!32,!AS(2{$!+&.K,!)?F8/!-!C<2n!e'(!%.�!<3m!!
! (<4!3¶!!2.Q.=J!¶!;(<)==k)q!¶!!!A==h!A=&S(2f!(A==.W!(A==#,(!<3!V=J<){,!X!+9==n)q

!³¬§�!\ 
! !!3(<4¶!2.Q.J!¶!!).L=9'F!2>.&7'<!¶!!"#L=#.W!¶!!!!!"=?!%=E!5)=E2:!-!V=J<){,!
!Ah),X!m!+9n)q!³¬su\ 

q)�!!!!!!!!V=J(!¢<8=,!@(!+/)L=?!!-!!X!!!!!!!!!A$2=h!@<(A=K6$!+=pq)l!<3!)=S!5%=k!A='),!+=:!02=`\�!!!@)�=q!
!!!!!!!A=&:!"=?!a)�h(!@3)'1m!!!!A=$(2E!"=?!!!!!!!VI%=J!)=,!(<!)=S!5%=k!s��!!!+=.$)�!<3!V='),)6?!s!!!!e'(%,)=&,!A=&:!A=./2E!

!<)==K`!F!VL==.,!<3!A==$(2E!"==?X|¬!\!!V=='),!)==6.k!^==K`!F!Ay==*h!F!<(8==S!V*==S!VI)==JXu¯¬�!\!A==./2E
A')7$m!!!!!!!!!!1)=.$!3<2=?!0)=?1!1(!%=E!¢<8=,!@!+/)L=?![='!-!�ZJ!aF(!@2c#LU!1).$!3<2?!@)�q!-!^:!<3!

!Ah),!"?m!!
%%

%V5L-O;OB$%V%/6$\9%,2%!,%%
! !!!!!!!%=.�!-!^=l(%?!@!+=&'8S!+=:!"$)?1!<3!�ZJ!aF(!@2c#LU!+:!A'<F).,!3)'!+,

!Ah),!"?!+&.K,%.�!-!Ah),!0)L>'m!!
! !!!!!!g.')=7$!�=q<!(<!a)>=h(!e='(!g.$(2E!"?!)?!w!!!!!+T=J2E!(<!)S%.L=?!e'%=E!5)=E2:!aF(
!g.S3!"?m 
! !A.')7$!+q)i(!-!5Ah!53(3!+TJ2E!@)S!5%k!+,!(<!%.L?!@!+&'8S!['m 
! !!!2/F(!�n!['!1(!!!!!!!;)=J(!%=,!"*='(8q(!C<2n!+,!)S!04!03%:!gp&?!@(%,!V'

!A.')7$!53)M#J(!-!%.L?!@!+&'8Sm 
! !VJ(!5Ah!V$)7i!-!%.L?!e'%E!5)E2:!03%:(A.W!@(%,m 
! !!!!!!!-!�Z==J!aF(!@2c#L==U!)==,!e=='(!-!A&==h),!0)L==>'!-!)==S!+==&'8S!+==:!"E<2==n!<3

!Ah),!"?!%,(%,m 
!!

                                                   
1 !100MB/sec!!
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-!0)L==>'!@!+==&'8S!)==,!@2c#L==U!-!�==W%E!5%==k!e'%==E!+==&'8S!g==:!"==?!+T==J2E!(<!5A*==$!53(3!+T==J2
AS3m!!!!@1)J!53).Ww!!!+*'<!³!!!!!!%.L=?!",)='1<(!)=,!!"Mn!V=J(!!!!!!3<(3!<(%=o!�=n!aF(!<3!e'%=E!g=:!+=:!m!%IJ

,2%&6P,2%#2"#2%:9%,2%/K9%,9%o,+%/.%3WI5E¢^@%z*"%V5L-O;%N@"%#2"#2%Z%%
^?): !%k(!-!+9,!xx½!¾cost m! 

!!!xx!0)?1!!!!+:!"E<2n!<3!)S!5%k!3(ATEg!!=?!)='!%E![`2:!!!!!!F!A=h),!r2=9Z?!^=l!5(<!@)=K,!@F)L
) *)( /* +CbO!!+:!"')U!<3!*C!^l!5(<!!r29Z?!!VJ(!r2f!Ah),!m!!

!xx!)�q!<(A�?!+:!"E<2n!<3!)S!5%k!3(ATEg !!!!@F)L=?!)='!%=E![`2:!!!+=&'8SX!)=K,!\!!^=l!5(<!@
!F!Ah),!r29Z?) *)( /* +CbO!!
"==6&.K,!xx!!+==9,!�5%==k!!!<(A==�?!z'(8==q(!)==,!(<!)==S!g(n)!A==S3!"==?!+T==J2E!m!!!@!5%==k!e'%==E!d==.7I

AS3!"?!+TJ2E!(<!5A*$!53(3!+TJ2Em!!
!@1)J!53).Ww!!+*'<!³!"MnLIFOAS3!"?!<(%o!29U!<3!(<!)S!e.*$)U!F!VJ(!m!!

%%
%�K4%z*"%V5L-O;%%

! !Ah),!"?!�ZJ!aF(!@2c#LU!+,!VQL$!"EF)M#?!RF<!@(<(3m!!
o TJ2E!(<!5%k!e'%E!d.7I!-!+*.7S!AS3!"?!+m 

! !!!!!!!!!!!!+T=J2E!(<!04!A=$1%q!e'%=E!¥`!V7J!-!�GJ!-!AS3!"?!+TJ2E!(<!A$1%q!['
!Y.E%E!e.7S!+,!F!AS3!"?m 

! !!!!!!!53)==.W!(<!d==7I!aF(!@2c#L==U!RF<!g.$(2==E!"==?!g==S!+#*==W![=='!1(!53)M#==J(!)==,
!g.')7$!@1)Jm 

!A.')7$!"?!5AS)*?!%'1!<3!(<!RF<!e'(!@!+?)$%,!+Qhw!!
push(initialState) 
do 
node = pop() 
if goalTest(node) 

return node 
else 

children = successor-fn(node) 
for child in children 

push(child) 
!!

%%%%%%n%��K4%z*"%V5L-O�;%n%�H!!!!!!!!A=S3!"=?!+T=J2E!(<!5A*=$!53(3!+T=J2E!@!5%=k!e'%=E!d=.7Im!!!53)=.W
@1)J%6'3!w!!!+*'<!³!"MnLIFOAS3!"?!<(%o!29U!<3!(<!)S!e.*$)U!F!VJ(!m!!!
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       %#~$J%z,�(%<!VJ<){,!+,!3(<4X+#*W!C<2n!+,\!!
! !A'<(3%,!+#*W!1(!(<!3(<4Xpop\!!
! !A.')7$!+q)i(!+#*W!+,!(<!A&'<1!F!(<(2L.7.E!-!2.Q.JXpush\ 
! !A.')7$!VLE!F!A'<(3%,!+#*W!1(!(<!2.Q.J 
! +q)i(!+#*W!+,!(<!).L9'F!2>.&7'<!F!;(<)k)q!-!)'3(<(!A.')7$! 
! !A.')7$!VLE!F!A'<(3%,!+#*W1(!(<!)'3(<( 
! !A.')7$!VLE!F!A'<(3%,!+#*W!1(!(<!;(<)k)q 
! !A.')7$!+q)i(!+#*W!+,!(<!VJ<){, 
! mmm 

!!
%V5L-O;%],'E57F%%%%�K4%z*"%|%!!!+$!xx!032,!^?):!w!!!!!!F!V=J(!3FA=B?)$!d=7I!+=:!@3<(2=?!<3

!!!A&:!"7$!<):!VJ<3!)S!+�9l!3<2?!<3m!@%6$1),-!!%.k2=9U!@(%,!!!!!!!5A=h!<(%=>E!@)=S!V=/)l!1(!03%=:!@
!!32h!"?!3FAB?!@)S!V/)l!<3!0Ah!^?):!!+,!%c&?!%.L?!a2P!<3m!!!!!!!g.$(2=E!"=?!)=?!-!%=6'3!C<)=QI!+=,!

!g.J%,!^l!5(<!['!+,!+:!e'(!0FA,!g.h),!0(3%k%J!-!3FAB?)$!C<2n!+,!-!"$D2P!%.L?!['!<3m!!
!xx!0)==?1)( mbO!m!!+==:!"E<2==n!<3mY==E(%?!+==,!!1(!%==E!¢<8==,!d!!V==J(!A==,!<).L==,!-!A==h),!!m

!!!!!!!!!!!!!!1(!%=E!�'%=J!Y=E(%?!+=,!RF<!e='(!-!A&=h),!5A.�.W!)S!^l!5(<!%k(!"/F!!�Z=J!aF(!@2c#L=U!!!A=h),!"=?!m!
!!!!+:!A.&:!+U2Em!!!!!!!!!A=h),!"=?!V=f<3!d=7I!@!+&.*=.,!-!!m!!!!-!3<(2=?!1(!"=f%,!<3!e.=&�7Sm!!!V=J(!e=>7?!
!Ah),!3FAB?)$m!!
!xx!)�qO(bm)!+:!-!!)�q'!"Zf!"!Ah),!"?m!!!

! !g'<(3!VJ(!5Ah!2c#LU!"k1)E!+,!+:!@(!+f)h!e#h(AK6$!+,!1).$!��q!)?m!!
! !Ah),!"?!d7I!aF(!@2c#LU!¢<8,!eLl!e'(m 

!!
"6&.K,!!!+$!!xx!!m!!!!!d7I!<3!(<!^l!5(<!['!VJ(!e>7?!)?n!!!![='!0A='3!0FA=,!A$1%q!['!VBE!-!

!!!g.')==7$!(A==.W!%==6'3!A==$1%q!V==BE!-!%==E!5)==E2:!^==l!5(<X!m!)M#==J(!)==,!+==:!^==Qo!a)==�?!<3!^==l!(<!04!+#*==W!1(!53
x!3)#q(!"?!"o)ME(!+`!g.#h(3!"?%,!+#*W!1(!(<!).L9'F!2>.&7'<!aF(!%k(!-!g'3%:\!!

%z"5@%s$%n%z*"!!
! !!!!!!!!!!!!+=U2E!A=&S3!"=?!H)=c$(!(<!�?)=U!@2c#L=U![='!+=:!"')=S!g#'<2=6/(!+,!)?!(%`

!x!3<(A$!32UF!%E!�'%J!@8.`!)'4!x!g.&:!"?!!
! !"?!+U2E!)S!04!+,!)?!+:!"9')L?!1(!@<).L,!-!g.&:NP!�!A&h),!"?!^?):!m 

o !3<(A$!32UF!@(!5Ah!+#f)&h!@(!+97UA&`!0)?1!),!g#'<26/(!�.S 
o !A&h),!"?!e.7{E!^,)o%.�!gS!@3(ATE!-!04!1(!%EA,m 
¢^@%z*"%V5L-O;%%

! !VJ(!5Ah!@1)J!53).W!-!�n!['!1(!53)M#J(!),m!!
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! !AS3!"?!H)c$(!(<!2c#LU!Vf<3!"BZJ!@!+QE%?!),!a)�#$(!['m 
! !!5%==k!H)==7E!!�Z==J!<3!@)==Sn!!!�Z==J!<3!5%==k!%==S!1(!^==Qo!-!n+1!!"==?!",)=='1<(!
!A$2hm 

! !)'(8?w 
o !!!!!!!!!!!!!0)L=>'!C<2=n!+=,!+=9l%?!@!+=&'8S!+=:!"$)=?1!<3!-!Ah),!"?!^?):

!327$!AS(2f!(A.W!(<!+&.K,!^l!5(<!-!Ah),!"? 
! !)S!�Ti!w 

o !g'A&?1).$!"')7$!C<2n!+,!"')�q!+,m 
%�K4%z*"%V5L-O;%%

! W!-!+#*W!1(!53)M#J(!),!A$(2E!"?!32h!@1)J!53).!m!!
! !!!!!!!!!!!!!!!A$2=h!"=?!53(3!+T=J2E!z$(A=$1%q!�G=J!-!32=h!"?!53(3!+TJ2E!5%k!['!(A#,(

!Fmmm 
! !!!!!!!!!!!!!"=?!@<(A=K6$!+=pq)l!<3!2c#L=U!V=f<3!1(!+f)=h![='!�=�q!-!+=pB/!%S!<3
!32hm 

! !)'(8?w 
o !g'A&?1).$!"Zf!C<2n!+,!"')�q!+,m 

! !Y')T?w 
o !Ah),!"?!+&.K,%.�!F!^?):!)$ 

%J*&}(,0%V5L-O;%D"%V#'+5=;%%
! !3<(3!32UF!d7I!aF(!3FAB?)$!@2c#LU!1(!@%.k29U!@(%,!RF<!A&`m!!
! closed-list 

o !A&>$![7:!)?!+,!+*.7S!+:!VJ(!e>7?m 
o !!!!<3!"')==7$!C<2==n!+==,!(<!5%==k!@3)='1!3(A==TE!A=='),!)==?!C<2==n!e='(!<3

!g.')7$!@<(AK6$!+pq)lm 
! !5Ah!3FAB?!d7I!),!@2c#LU 
! d7I!aF(!@2c#LU!@<(%>E!@!5A&&:!d.7I!@2c#LU 

-O;%%V5L%%%%%)&P%J*&}(%�K4%,2|%!!!3FAB?!),$!d7I!03%>l!!!@2c#L=U!)=,!!!d=7I!aF(!!!V=J(!%=,(%,
m!!d7I!<3!@)S!5%klA$<(A$!"&.*$)U!�.S!m!%%

! !!!!!!!!!!!!!!!!04!<3!+=:!V=J(!d=7I!aF(!@2c#L=U!0)=7S!-!5A=h!3FA=B?!d=7I!)=,!@2c#LU
!!VJ(!5Ah!3FAB?!2c#LU!d7IX!!!!!04!1(!%=E!z.=,!F!g='F<!"=?!e.')W!Vf<3!<3!"�7I!['!)E

F<!"7$!e.')W!g'!\!!
! !32h!"?!�o2#?!-!d7I!e'(!<3!2c#LU!C).97Im 
! !A'4!"?!32UF!+,!@%6'3!^>*?!)U!e'(!<3 

o !1(!%E!z.,!"�7I!<3!^l!5(<!%k(lx!<2Z`!-!Ah),! 
o !['!)?!+$26`lx!g'<F4!VJ3!+,!(<!r2f! 

! !!VL===.,!+===:!g.===$(3!"===?!)===?!-!"$)===?F<!@!+/)L===?!<3X|�!\!-!3<(3!32===UF!%K===h
!e'(%,)&,l=19!r2f!r){#$(!['!-!!Ah),!"?m 
! !a1)W!3<2?!<3u!�x!<2P!+`!"')E! 

%/-kH%D"%)J,X-@"%,2%VD,@%)J,'H%&.%/pP<%%
push(initialState) 
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do 
node = pop() 
if goalTest(node) 

return node 
else 

if depth(node) < limit 
children = successor-fn(node) 

for child in children 
push(child) 

%3-k+D,2%VD,@%)J,'H<%%
!�,)==Efunction Depth-Limited-Search(problem,limit)!%'3)==�?!soln!-!fail!)=='!F!!

cutoffA$(3%k!"?%,!(<!!!
Recursive-DLS(Make-Node(Initial-State[problem]),problem,limit) 

!�,)Efunction Recursive-DLS(node,problem,limit)!%'3)�?!soln!-!fail!)'!F!!
cutoffA$(3%k!"?%,!(<!!!

cutoff-occurred? " false!!
!+:!"E<2n!<3Goal-Test(problem,State[node]) !5%k!32,!�.Bn!!Xnode!\!(<

!0(3%k%,!mX!32,!VJ<3!�,)E!<(AM?!+:!"E<2n!<3node!0(3%k%,!(<!;\!!!
!%k(!-!C<2n!e'(!%.�!<3Depth[node]=limit!<(A�?!-!32,!cutoff0(3%k%,!(<!m!!!

!!!!!!!!%=S!@(%=,!-!C<2n!e'(!%.�!<3successorX!!e.*=$)U!\!!!!<3Expand(node,problem)!
!5A,!H)c$(!(<!%'1!@)S<):!w!!

result " Recursive-DLS(successor,problem,limit) 
!%k(result=cutoff!<(A�?!�GJ!32,!true!<3!(<!cutoff-occurred8'%,!m!!!

!!!!!%=k(!-!C<2=n!e='(!%=.�!<3result < > failure!!32=,!result!!0(3%=k%,!(<!!X!¿!À
IAh),!"?!@F)L?)$!V?O\m!!!

!!!!+:!"E<2n!<3cutoff-occurred!32,!�.Bn!cutoff!!!!C<2=n!e='(!%=.�!<3!F!0(3%k%,!(<!
failure0(3%k%,!(<!m!!

g#'<26/(!0)')W!!
V5L-O;%VI"#BW%V%)&66.%�'K4%%%

! !A,),!"?!+TJ2E!-!5Ah!3FAB?!d7I!),!@2c#LU!@!5A'(!@)&Q?!%,m!!
! !!!!!!!!!!!!!=7I!)=,!(A=#,(!(<!5A=h!3FA=B?!d7I!),!@2c#LU!dl=1!!!!d=7I!)=,!�G=J!-!l=2!F!

!mmm!A.S3!H)c$(!m 
! !-!H)c$(%Jl=d!-!32h!"?! 

o !!!!!!!!!!!!!!!!!!-!@<(%=>E!@!5A=&&:!d=.7I!@2c#L=U!+=:!A=h),!"=?!"=&T?!e='(!+,!e'(
!Ah),!"?!^?):m 

! !a)>h(!w!A$(!5Ah!53(3!+TJ2E!-!<),!A&`!F!A$(!5Ah!A./2E!)S!5%k!1(!"f%,m 
! !['!�ZJ!<3!w!3(ATEb!3(ATE!-!5%k!d"?!A./2E!+QE%?!!A$2h!m 
! !F3!�ZJ!<3!w!3(ATE2b!-!5%k!d-1!A$2h!"?!A./2E!<),!m 
! mmm 
! !�ZJ!<3!+c.#$!<3d!3(ATE!-!db!A$2h!"?!A./2E!<),!['!m 
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! !!!!!%,(%,!(%U(!0)?1!~27B?XdbO(!!Ah),!"?!!m!!!!!!!5%=k!3(A=TE!1(!%=E!g=:!":A=$(!+=:
Ah!A./2E!@)S!Ah),!"?!�ZJ!aF(!@2c#LU!<3!5m 

! !g'<(31).$!"Zf!C<2n!+,!@(!+pq)l!+,!12&Sm 
%n%�H!3%.k!"?!<):!+,!)S!V'3FAB?!z'(8q(!),!(<!5Ah3FAB?!d7Im!!
!�,)===Efunction Iterative-Deepening-Search(problem)!!!"===?%,!(<!^===l!5(<![==='!

A$(3%km!!!
!)S!@3F<FproblesAh),!"?!-!VJ(!+/)L?!['!+:!!!

!@(%,depth!V')K$!",!)E!%Mn!),!@F)L?!X¸!\5A,!H)c$(!(<!%'1!@)S<):!!
result " Depth-Limited-Search(problem,depth) 

!+:!"E<2n!<3result< >cutoff!32,!result!0(3%k%,!(<!;!!
! !+�9l!0)')W!!
0)')Wg#'<26/(!!!

%VI"#BW%V%)&66.%�'K4%V5L-O;%V"#2%#~$J%]I5E%/2%V&.%/pP!!
d = 0 
while (1) 
result = depth-limited-search(d) 
if result == goal 
return result 
else 
d = d + 1 

%z,�(<%%
!),!@<(%>E!@!5A$2h!d.7I!@2c#LUl=0 

!! !),!@<(%>E!@!5A$2h!d.7I!@2c#LUl=1!!

!! !),!@<(%>E!@!5A$2h!d.7I!@2c#LUl=2!!

!! @<(%>E!@!5A$2h!d.7I!@2c#LU !),!l=3!!
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!!
! U!A&:!"?!Y.:%E!gS!),!(<!d7I!aF(!F!�ZJ!aF(!@2c#L!!

o !3<F4!"?!32UF!+,!�ZJ!aF(!@2c#LU!+.Qh!(<!)S!+'D 
o !!!!!!!!!!!A=S3!"=?!H)=c$(!(<!d=7I!aF(!['!(%U(!%S!<3!)?(X!!!<3!"'2=U!+q%=n

)�q\ 
! !A$2h!"?!53(3!+TJ2E!<),!A&`!)S!V.TiF 

!!!!!!!!!,!"=?!�Z=J!aF(!@2c#L=U!+.Q=h!-!@<(%>E!@!5A&&:!d.7I!@2c#LU!-!�o(F!<3!!!04!<3!+=:!A=h)
!!!!!d7I!<3!@)S!5%k!@!+7Sn!!!!d=7I!<3!5%=k!%=S!1(!^Qo!n+1!!!!A$2=h!"=?!"=J<%,!!m!!!aF(!@2c#L=U!%=.p$

!!!+==,!+==U2E!)==,!03(3!+T==J2E!)==,!0)L==>'%.�!@!+==&'8S!)==,!@)==S!0)==KU!<3!(<!"==6&.K,!g.$(2==E!"==?!)==?!-!�Z==J
!!!!!g='<F4!V=J3!+,!-!d7I!1(!53)M#J(!),!)B.U%E!-!%.L?!@!+&'8S!m!!-!e='(!&:!1(<3!@2c#L=U!!a2=P!@!5A=&!s!

!!!3<(3!H)$!m!!!!!!1(!%E!g:!@!+&'8S!(<!)S%.L?!@!+7Sp!!!!A=&:!"=?!2c#L=U!!mp!!)=,!(<!Á!!!!A=S3!"=?!z'(8=q(!!m!<3
!-!+#J2.W!@)S!0)KUÁ!x!Ah),!A'),!+`!!!

%A5Bq(%!,$#;�%%
! !!!!!!!!!!!"=?!V=.�q2?!HA=I!V.T=iF!+=,!z$)')#7S!F!d7I!aF(!@2c#LU!+:!"$)?1!<3

x!A#q(!"?!"o)ME(!+`!-!A&J<!!
! "?!A/(F!@D),!+,!A&&:!"?!0)B#?(!(<!@AT,!<3(%,!F!A$F<!m 
! !¡%==q!w!!!!HA==I!¨==I),!+==:!V==J(!@3%==>97I!-!5A==h!r)=={#$(!3%==>97I!e'%EA=='AU

!VJ(!5Ah!V.�q2?m 
! !!!!!!!~2=oF!Y=.E%E!+=,!;2>T?!0)'%U!-!e'(t!!3<(3!H)=$!�!!!!+=:!(<!@8=.`!e'%EA='AU!

!A.')7$!%�(!",!-!A'(!53(3!H)c$(m 
! !!!!A==h),!+/)L==?![=='!A==$(2E!"==?!e=='(�!==h!-!V==.�q2?!HA==I!!![=='!1(!+==c.#$![=='!A')

!Ah),!"9Qo!@%.k!g.7yEm 
o !a)�?!w¬!�!%'1F! 

! !!!!!!!2c#L=U!@)�=q!@!51(A=$(!03%=:!3FA=B?!@(%,!)7h!+,!A&$(2E!"?!)S!V'3FAB?
!A&')7$![7:m 

                                                   
1 !iterative lengthening search 
2 !backtracking 
3 !chronological backtracking 
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! !!A&7h2S!;2>T?!0)'%U!s!!!!!!!!!a)=Tq%.�!F!V=.�q2?!HA=I!@(%=,!"=9./3!^.9BE!@(%,!
!A')7$!"?!ROE!+Z�$!04!@(%,!2c#LU!03%:m 

o !'%EA==='AU!A===$(2E!"==?!A===')7$!a)===Tq%.�!(<!<)k1)===J)$!%===.�#?!eX!0)==='%U
;2>T?!\ 

o !!!!!g.�#L=?!"J<%,!A$(2E!"?!e.&�7S|!!!A=S3!H)=c$(!(<!�!!!!r)L=#$(![='!)='4!
x!3<(3!32UF!+Z�$!e'(!<3!"')S%.�#?!@(%,!)S<(A�?!e>7? 

o !!
V5L-O;%],'E57FVI"#BW%V%)&05P%�'K4%%%

xx!032,!^?):+9,!!
!xx!0)?1)(...)1()1( 210 dd bObbddbbd $&&(&&&!!
!xx!)�qO(bd)!!
x"6&.K,!!H)===k!%===k(!+===9,cost!A===h),![==='!%===,(%,!m!!!!!V===f<3!03<F4!32===UF!+===,!@(%===,!A===$(2E!"===?
uniform-cost!32==h!@%6$1)==,!m!!!-!a)==�?!0(2==&I!+==,!!!@(%==,!@3A==I!@!+L==')�?b=10!F!d=5!@(%==,!!-!

!VJ(<!V7J!¢%,!e'%E<F3w!!
N(IDS) = 50 + 400 + 3000 + 20000 + 100000 = 123450!!

N(BFS) = 10 + 100 + 1000 + 10000 + 100000 + 999990 = 1111100 
IDSX!@<(%==>E!@!5A$2==h!d==.7I!@2c#L==U!\A==&:!"==?!^==7I!%==#K,-!!!%==6'3!@)==S!5%==k!+==:!02==`!
!!!d7I!0F<3d!!!!!!A$2=h!"=7$!53(3!+TJ2E!m!BFS!X!!�Z=J!aF(!@2c#L=U!\!!!!!!!+=:!"$)=?1!CA=?!@(%=,!A=$(2E!"=?

32h!@%6$1),!32h!"?!A./2E!5%k!['m!!
%/R#�*J%V5L-O;e%%

! !(%U(!(<!+.Qh!@2c#LU!F3!A')7$!"?!!
o !!!!!}%=P!1(!F!V=KU!}Of!<3!@%6'3!F!+./F(!V.TiF!VKU!<3!">'

!}AS!V.TiF 
o !A,)'!"?!+7E)f!2c#LU!A&J<!"?!gS!+,!2c#LU!F3!+:!"$)?1!<3 

!!
%/R#�%*J%V5L-O;%],'E57F%%

! !VJ(!^?):!A&h),!�ZJ!aF(!2c#LU!F3!%S!+:!"E<2n!<3!!
! !0)?1!w)( 2/dbO 
! !)�q!w)( 2/dbO 

                                                   
1 !intelligent backtracking 
2 !forward checking 
3 !bidirectional search 
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! !Ah),!"?!+&.K,!A&h),!�ZJ!aF(!RF<!F3!%S!+:!"E<2n!<3 
! !CD)>h(s 

o !)S!"9Qo!A./2EX!)S%697I!03%:!;2>T?\ 
o 2c#LU!F3!0).?!"6&S)7S 
o !!!!A===')7$!@<(A===K6$!+===pq)l!<3!(<!)===S!5%===k!A==='),!2c#L===U![==='X!@(%===,

!+$!)'!A$(!5Ah!C)oO?!OQo!)S!5%k!)'4!+:!e'(!"J<%,!\ 
,9%:-$I5~C"%V%/EUF%%

�?!;).
|!!

!aF(
�ZJ!!

!+&'8S!),
0)L>'!;!!

!aF(
!d7I!!

7I
!3FAB?!�
!5Ah 

.7I
!@!5A$2h!�
!@<(%>E 

!^?):
xx!032,!!

!+9,±!!!+9,±!!+$!!!-!+9,
!"E<2n!<3

!+:l>=d!
Ah),!!

+9,!!

!0)?1
xx!!

1&db
!!) *+/*Cb

!!
mb!!lb!!db!!

q!)�
xx!!

!!
1&db
!!) *+/*Cb!!

b
m!!

bl!!bd!!

6&.K,
xx!@!!

!+9,±!!+9,!!!+$!!+$!!!+9,±!!

b!w!!r)T*$(!<2#:)q!!
d!w!!^l!5(<!e'%E!d7I!g:!d7I!!

m!w!!2c#LU!Vf<3!d7I!@!+&.*.,!!
l!w!!d7I!V'3FAB?!!

%%N�C,ThN'q���*%m%%%)&�P%I"#��BW%V,�9|%!!03%:(A==.W!<3!V=.�q2?!HA==I!!!"==?!5A==h!<(%=>E!@)==S!V=/)l
!['!A$(2E@!+/)L?(<!"Zf!^'AQE!!['!+,!@!+/)L?!"')7$!!A&:m!!

!!
! !A$(!5Ah!C)oO?!"k1)E!+,!+:!"')S!V.TiF!@!+TJ2E!!

o !3<(3!32UF!0)L>'!V.TiF!@(%,!%.L?!['!1(!z., 
o !!!!!!!!a1)=W!F!%.L=?!03%:(A=.W!a)=�?!0(2=&I!+=,!A&#LS!V*k%,!^,)o!C).97I

u!"')E! 
! !^l!5(<!w!+�{'<)E!@<(AK6$!!

                                                   
1 !drawbacks 
2 !Criterion!!
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o !!5A====h!C)====oO?!@)====S!5%====kX!5A====h!53(3!+T====J2E!\!<3closed list!
!A$2h!"?!@<(AK6$ 

o !<3!"k1)E!+,!%k(!@<)U!5%kclosed list!32h!"?!}jl!-!532,! 
! !^')L?!!

o !!!!3F%===,!e.===,!1(!V===J(!e===>7?!"===6&.K,X!!!+===pq)l!<3!)===S!5%===k!@!+===7S
!A$2h!"?!@<(AK6$!\ 

t"#+%V5L-O;%%
function Graoh-Search(problem,fringe)!!!!!!"==?%,!(<!V==.�q2?!HA==I!)=='!^==l!5(<![=='

A$(3%km!!!
"/)f!@!+I27c?!['(<!!+,!closed!£.y{E!!5A,m!!

fringe  " Insert(Make-Node(Initial-State[problem]),fringe) 
!5A,!H)c$(!(<!%'1!@)S<):!+�9l!<3!!

!+:!"E<2n!<3fringe0(3%k!%,!(<!V.�q2?!HAI!Ah),!"/)f!!!
node " Remove-Front(fribge) 

!!!!+=:!"E<2n!<3!Goal-Test(problem,State[node])!!!!!5%=k!-!32=,!8=.?4!V=.�q2?!Xnode!\
0(3%k%,!(<!!

!+:!"E<2n!<3State[node]!<3!closed!32Q$!!!
! !State[node]!+,!(<!closed)7$!+q)i(!!!
! !InsertAll(Expand(node,problem),fringe)!<3!(<!fringe8'%,!!!
!0)')W6/(g#'<2!!
/EUF%|%!!+/)L?!@A&,!a2?%q-!!!!!!!@(%=,!"=To(F!@)=.$3!C)=.'8U!03(3!<(%=o!gS!<)&:!<3!+,!D27T?!

!!3<(3!1).$!A'4!32UF!+,!"97I!<2P!+,!A$(2#,!+:!V/)l!@)�q!['!�'%TE!m!~2=&E!!)='!)=S!RF<!!!@¤E(%#=J(!
!!@2c#L==U!@)==S+==$)S)k4)$!w!7I!@)S2c#L==U!@!5A$2==h!d==.<(%==>E!@!s!!!!"==Zf!@)�==q!C<2==n!+==,!�==�q!

)M#==J(!!!!!!!!!!@)==S!g#'<2==6/(!%')==J!+==,!VQL==$!@%==E!z.==,!Y==E(%?!+==,!0)==?1!F!A$2==h!"==?!53+==$)S)k4)$A==$<(A$!!m
!Ah),!"#f<3!@2c#LU!1(!%E%�2?!YE(%?!+,!A$(2E!"?!"q(%k!@2c#LUm!!

! !2c#LU!@!+/)L?!['!@A&,!a2?%q!!
o !+./F(!V.TiF 
o !}AS!02?14 
o !A$2h!H)c$(!A'),!+:!"E).97I 
o !e.*$)U!�,)E 
o !%.L?!@!+&'8S 

! !!+,!%c&?!!!!!!"=?!2c#L=U!V=f<3![='!1(!53)M#=J(!),!V/)l!@)�q!['!<3!2c#LU
!32hm 

! !)S!g#'<26/(w 
o �ZJ!aF(!@2c#LU 
o !d7I!aF(!@2c#LU 
o 0)L>'!@!+&'8S!),!@2c#LU 
o !5Ah!3FAB?!d7I!),!@2c#LU 
o !@<(%>E!@!5A&&:!d.7I!@2c#LU 

                                                   
1 !iterative deeping search!!
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%%
 

%%
%%

&23459+:;&&
&&

!"#$>$GH!?;E'CF
I?*!"JB$19K

!"#$%&'(&)*+%&,-+./&&
,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C%>

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m,2,'F%n%D"#'P%IJ%Yv"*%n%o,'H%!"&'(%n%J,2_%u$#P%!

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%/0,9,+_%V5L-O;hV"%/XP,B(m%%

oI,?j%Q7R%%
%[C,^(%A5$I%V%/EUF%%

V5L-O;%z*"%|M$#-?2%%c%%
%%V5L-O;*A%%
%]"I,B-2"�h],R,k-."%m%%

%%
%VI*_J,$%<,9,+_,0%V,9%8*I/0%%
! !�ZJ!aF(!@2c#LUXFIFO!\ 

o @(!+'D!@2c#LU!!
! !0)L>'!@!+&'8S!),!@2c#LU 

o A&:!"?!53)M#J(!^l(%?!@)U!+,!)S!+&'8S!1( 
! !d7I!aF(!@2c#LUXLIFO!\ 

o 3F<!"?!d7I!+,!A$(2E!"?!+:!"')U!)E 
! !5Ah!3FAB?!d7I!),!@2c#LUX3<(3!"#*k1),!g#'<26/(!\ 

o 3F<!"?!d7I!+,!5Ah!53(3!V'3FAB?!�o2?!)E 
! 2c#LU!@<(%>E!@!5A&&:!d.7I!@ 

o !A&h),!"?!)S!V'3FAB?!z'(8q(!),!5Ah!3FAB?!"�7I!@)S2c#LU 
o A$2h!@%6$1),!0)L>'!@!+&'8S!),!@2c#LU!['!@(%,!A&$(2E!"? 

! !+q%P!F3!@2c#LUX!A&h),!"?!�ZJ!aF(!@2c#LU!F3\ 
!!

%I*#(%<3-FIJ%V5L-O; 
!�,)ETree-Search(problem,fringe)!-!.�q2?!HAI!)'!^l!5(<!['A$(3%k!"?%,!(<!V!!

fringe " Insert(Make-Node(Initial-State[problem]),fringe 
5A,!H)c$(!(<!%'1!@)S<):!!

!V.�q2?!HAI!VJ(!"/)f!+*'<!+:!"E<2n!<3t0(3%k%,!(<!!!
                                                   

1 !Best-first!!
2 !Heuristics!!
3 !failure!!
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node " Remove-Front(fringe) 
!+==:!"E<2==n!<3Goal-Test[problem]!!@(%==,!5A==h!+==#q%k!<)==:!+==,!State(node)!

32,!8.?4!V.�q2?!-!node0(3%k%,!(<!!!
fringe " InsertAll(Expand(node,problem),fringe)!!

!!
5L-O;%!J#.%/0,9,+_%%

! !!!!!!A==?(<):)$!)==?(!-!A==&&:!(A==.W!(<!)==S!^==l!5(<!A&#L==$(2E!"==?!-!"==9Qo!@)==S!g#'<2==6/(
!A$32,m!!

o !A$Ah!"?!53(3!+TJ2E!-!)S!5%k!1(!"')7$!@3(ATEm 
! !!!+/)L==?!<)#f)==J!3<2==?!<3!z==$(3!1(!03%==:!53)M#==J(!)==,!!(<!"'(<)==:!g.$(2==E!"==?!-

!g.*{Q,!32QK,m 
! !<)Zf(!F3!w!g'%.6,!%6'3!"')U!1(!(<!+/)L?!3<2?!<3!z$(3!-!A'),!)?m 
! !Ah),!VJ<3!A'),!z$(3!e'(m 

!!
w%:'$,K0%3(%)J,X-@"%/C,O(%s$%IJ%G0"J%D"%"#j%%

! !!!!!!!!53)M#=J(!+/)L=?!�='%TE!1(!;%#J3!^,)o!C)IOP(!1(!��q!+$)S)k4)$!@)S!RF<
!A&')7$!"?!!

o '%EA==,!!!!!"==?!"')==7$!C<2==n!+==,!3<(2==?!<3!-!"$)==?1!"kA==.�.W!V==/)l!e
!Ah), 

o !A&h),!"?!A?4<):)$!+$)S)k4)$!@)S!RF<!e'(!3<(2?!%�:(!<3 
! !g.&:!^7I!%#K,!g.$(A,!+/)L?!3<2?!<3!"')S8.`!+:!"E<2n!<3!e>7?!)?!!

o !Ah),!"?!"')7$!�o(2?!<3!V/)l!e'%EA, 
o !!!!!!1(!(<!%=#K,!@<)=#q<!g#'<26/(!3<(2?!%E!z.,!<3!)?(!!!!"=?!z')=7$!32=f!

!AS3 
! !!"J)J(!@!5A'(!w!5%k!@!+TJ2EX!V=f<3!})*#:(!\!!!!!",)='1<(!�,)=E![='!�=J2Es!

!32h!"?!H)c$(!!
!!

%32,$DI"%Y2,W%%
! !",)'1<(!�,)E!['f(n)!A$1!"?!e.7{E!(<!}AS!V.TiF!['!"6#L')h!-!!!

o !A&:!"?!<(%o%,!A$2.W!2c#LU!Vf<3!5%k!%S!),!V.TiF![' 
o %k!@(%,!A$(2E!"?!�,)E!-!e'(%,)&,!32h!53)M#J(!2c#LU!Vf<3!@)S!5 

! !!A=='A$):!@)==S!5%==k!0)==.?!<3!V==J(!",)=='1<(!<(A==�?!e'%==E!g==:!@(<(3!+==:!@(!5%==k
!32h!"?!r){#$(!!

o !g.h),!"?!^l!5(<!e'%E!0(1<(!a)Q$3!+,!)? 
! !@1)J!53).W!wfringe!Ah),!"?!",)'1<(!�,)E!�J2E!5Ah!YE%?!�n!['!!!

! A'<F).,!3)'!+,!(<!0)L>'!@!+&'8S!),!@2c#LU 
o %k!A$2h!"?!53(3!+TJ2E!-!%.L?!@!+&'8S!~27c?!;)J(%,!)S!5 

                                                   
1 !evaluation function 
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o !!!!!!!!!32=h!"=?!53)M#=J(!0)L=>'!@!+&'8S!),!@2c#LU!@1)J!53).W!@(%,!-!V'2/F(!�n!['
m 

! !Ah),!"?!",)'1<(!�,)E!['!1(!"/)�?!-!%.L?!@!+&'8Sm 
! !RF<%z*"%V5L-O;{%M$#-?2%c%!!

o !A.S3!+TJ2E!}AS!+,!0A.J<!@(%,!(<!5%k!e'%#K,!-!aF( 
! 3!)?!+$!)'!VJ(!e'%#K,!12&S!5%k!e'(!+:!g.$(3!"7$!+?(3(!<!!

o !!!!!!!!!!!!!!!g'<(A=$!2c#L=U!^=7I!+=,!@1)=.$!)=?!5)=k!04!-!g.$(A=,!(<!Y9Z?!e'(!)?!%k(X!!"E<2=n!<3
!3%:!A.S(2{$!<):!�%P!['!@F<!%,!)7h!A.$(A,!(<!32f!5(<!)7h!+:!\ 

! !A.S3!+TJ2E!(<!Ah),!e'%#K,!AJ<!"?!%p$!+,!+:!(<!@(!5%k!!
! !",)'1<(!�,)Eh(n)!Ah),!"?! 

o !1(!%.L?!e'%E!0(1<(!1(!5Ah!531!e.7{E!@!+&'8Sn!}AS!5%k!)E! 
!!!!!!!!aF(!@2c#L=U!@!5A='(!�W�!!!!!!!!!A=h),!"=?!",)='1<(!�,)=E![='!1(!53)M#=J(!e'%=#K,!!m!!¦)=f!3<(2=?w!

@2c#LU!+$)y'%l!|!-!!@2c#LU*A!!
#-(5='.%]I5E%/2%QT"#(%32,$DI"%,2%30,(*I%I5k.%V%/C,O(%|%%%

!! !!
|§t!!5'p'@%%|¬s!!%,$J,?(e%%svu!!A"I,+,R%%t¯¯!!J"I_%%
t|�!!%"I"5O'K'W

�%%
|t¬!!%NK0�%%vv!!%5'+I5'+

�%%
�!!N@I,12%%

u�!!%36O$DI"
�%%

tu�!!%,$J"I"b%%s§s!!%"5@#'9
f%%

s¯�!!%"5$"#.c%%

                                                   
1 !best-first search 
2 !greedy search 
3 !Mehadia 
4 !Timisoara 
5 !Neamt 
6 !Giurgiu 
7 !Urziceni 
8 !Oradea 
9 !Hirsova 
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s��!!%V5=@"*
�%%

�u!!%3-O-'He%%||¯!!3@,$%%|¬|!!%,W#2*J�%%

tv¬!!&6$ID%%s�t!!%5B'6K$I
,'O=$*%%

|¬¬!!%�5+5C�%%s¯s!!%V#R"�%%

! %.%/;5W%%%t,k-."%&'6h%%%%%%)J"J%�,�2%#$57�W%N�@"I%NK�@%IJ%3C*&�;%]I5E%/2%/.
%N@"%)&P%m%&P,2%3K0%/C,O(%V%/'C*"%u$#qW%D"%3$\;%%
! %N@"%)&P%)J"J%3;I,F%z*&;%s$%]I5E%/2%JI5(%M$"%IJ 

!!
N@I,12%#?P%/2%:'�-O(%3^F%NR,O(%%

V5L-O;%/0,7$#T%%%
! !A')7$!"?!53)M#J(!+Mh)>?!1(!��q!-!",)'1<(f(n)=h(n)!!
! 2==6/(!!!!!!!(<!V==J(!%==E![=='38$!}A==S!+==,!A==J<!"==?!%==p$!+==,!+==:!(<!"==S%k!-!g#'<

!AS3!"?!+TJ2E!m 
!",)'1<(!�,)Eh(n)!X!!@<)>#,(!³!\!1(!R1<(!e.7{En!}AS!e'%E!['38$!)E!!!

)(nh SLD!³!!1(!g.�#L?!"Zf!@!+9n)qnVJ<){,!%Kh!)E!!!
%V5L-O;%D"%3C,�(Greedy%%

!! !!

!! !!

!! !!

                                                                                                                                                         
1 !Craiova 
2 !Vaslui 
3 !Pitesti 
4 !Dobreta 
5 !Lugoj 
6 !Eforie 
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V5L-O;%],'E57F,7$#T%%/0%%

xx!032==,!^==?):!!!!%K==h!)==,!-!O�==?!-!A==&:!%==.k!)==S!+==�9l!<3!V==J(!e==>7?!+==$Oradea!C<2==n!+==,!
!g'<(3!-!}ASw!!

lasi ! Neamt ! lasi ! Neamt !!!
! !"J)'!1(!-!%6'3!"/)�?!0(2&I!+,s!;(<)k)q!+,!!!

o !V7$!F!"J)'!0).?|!A'4!"?!32UF!+,!+�9l! 
o !^l!5(<!w!5Ah!C)oO?!@)S!V.TiF!1(!r)&#U(!!

!!

!!
! )�q!<35Ah!<(%>E!V.TiF!VLE!),!3FAB?!@2c#LU!@)SQ(,.%!VJ(!!!

!!
xx!0)?1!)( mbO-!3<F4!VJ3!+,!"KU2E!^,)o!@32QK,!0(2E!"?!�.Bn!<)>#,(!['!),!)?(!m!!
!xx!)�==q)( mbO!!3<(3!"==?!+==6$!+==pq)l!<3!(<!)==S!5%==k!@!+==7S!!m!+==:b!F!r)T*==$(!<2#:)==q!-!m!

!2c#LU!Vf<3!d7I!Ah),!"?!!
"6&.K,xx!+$!!!A')7$!"?!a)Q$3!}AS!@2J!+,!(<!%.L?!['!-!!!

!� !aF(!+.Qh�!Ah),!"?!d7I! 
!!

%V5L-O;*A%%%

                                                   
1 !Iasi 
2 !Neamt!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 80 - 

! !!!!aF(!3<2=?!<3!+=:!@(!+/)L=?�!!!!!!+==:!V=J(!e='(!-!3<(3!32=UF!+$)y='%l!e'%=#K,!
!VJ(!+#q%6$!<(%o!+U2E!3<2?!02&:!)E!%.L?!@!+&'8S!m!!

! !5A'(!w?!03(3!+TJ2E!1(A&:!"?!r)&#U(!A&#LS!+&'8S%W!+:!"')S%.Lm 
! !!!!!!",)=='1<(!�,)==Ef(n)=g(n)+h(n)!!A==h),!"==?!!!mg(n)!³!@(!+==&'8S!!)==E!+==:!

!!+==,!0A.==J<!@(%==,!02==&:n!!V==J(!5A==h!}%==n!!mh(n)!³!!!!@(%==,!5A==h!531!e.==7{E!@!+==&'8Sn!m!
f(n)!³!!1(!%.L?!@!5Ah!531!e.7{E!@!+&'8S!^:n}AS!)E!m! 

! !@2c#LU*AA&:!"?!53)M#J(!2c#LU!@(%,!1)c?!@<)>#,(!RF<!['!1(m! 
! !!@2c#L=U*A!!!+$)y=='%l!@2c#L==U!F!0)L=>'!@!+==&'8S!)==,!@2c#L=U!Y==.:%E
!Ah),!"?m 
! %/'£v%<%V5L-O;*An%N@"%>5=^(%,$%/6'?2%3$5L-O;%Z%%

%V5L-O;%V"#2%3C,�(*A%%
%%

%%
%%

%%
%%

%%

%%
%%
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%%
%%

%%
%V5L-O;%3~6'?2*A%%

! !!3)==='1!(<!}A===S!+===,!0A.===J<!@!+===&'8S!A===')Q$!+M===h)>?!"===6&.K,!e.7�===E!@(%===,
7$!3<F4%,!g.')!!
! !!a2==Qo!^==,)o!@!+M==h)>?)()( * nhnh ,!X!)(* nh!!!+==,!0A.==J<!"==To(F!@!+==&'8S!

!Ah),!"?!}AS\ 
! !Ah),!"?!a2Qo!^,)o!g.�#L?!"Zf!@!+9n)q!-!",)'%.L?!<3 
! !A&:!"?!e.7�E!"?27I!@2c#LU!g#'<26/(!),!��q!(<!"6&.K,!a2Qo!V.9,)o 

o !VLEw/o(%>E!@)S!V.TiF!@(%,!!32h!"?!H)c$(!5Ah!< 
:-$I5~C"%%
!!�,)EGeneral-Search(problem,Queuing-Fn)!!!!!!!!!!"=?%,!(<!V=.�q2?!HA=I!)='!^=l!5(<![='!

!A$(3%k!!
! !make-queue(make-node(initial-state[problem]))!¶!fringe!!
! !!5A,!H)c$(!(<!%'1!@)S<):!+�9l!<3!!
! !! !!+:!"E<2n!<3fringe!0(3%k%,!(<!V.�q2?!HAI!Ah),!"?!"/)f!!!
! !! !Remove-Front(fringe)!¶!node!!
! !! !!!+:!"E<2n!<3Goal-Test[problem]!!!!!V.T=iF!@(%=,!5A=h!+=#q%k!<):!+,!

X5%k!\!0(3%k%,!(<!5%k!-!Ah!dq2?!!
! !! !Queuing-Fn(fringe,Expand(node,Operators[problem]))!¶!

fringe!!
!�,)EGraph-Search(problem,Queuing-Fn)!A$(3%k!"?%,!(<!VL>h!)'!^l!5(<!['!!!

! !Â!¶!closed!!
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! !make-queue(make-node(initial-state[problem]))!¶!fringe!!
! !!5A,!H)c$(!(<!%'1!@)S<):!+�9l!<3!!
! !! !!+:!"E<2n!<3fringe!0(3%k%,!(<!V.�q2?!HAI!VJ(!"/)f!!!
! !! !Remove-Front(fringe)!¶!node!!
! !! !!!!+:!"E<2n!<3Goal-Test[problem]!!!@(%=,!+=#q<!<):!+,!State(node)!

4!V.�q2?!32,!8.?node0(3%k%,!(<!!!
! !! !!+:!"E<2n!<3closednode-!5)k!04!!!
! !! !! !node!+,!(<!closed)7$!+q)i(!!!
! !! !! !Queuing-

Fn(fringe,Expand(node,Operators[problem]))!¶!fringe!!
%%

%VI,+D,@h3$"56B$%m%],R,k-."%%
! !!^=l!5(<!w!!!!!!!!e.==/F(!5A=h!<(%=>E!@)==S!V.T=iF!@!+=&.K,!%.L=?!+==:!A'2=h!e.=7Z?

,!32h!"?!53(3!+TJ2E!+:!VJ(!@<) 
! !32h!H)c$(!�.Bn!})*#:(!r){#$(!),!A$(2E!"?!3<2?!e'( 
! !@<)k1)JX"'(2&>'!\ 

h(n)$c+h(n')!!
�!"�9�?!@%,(%,!)$!!!

!!
f(n')=g(n')+h(n')=g(n)+c+h(n')%g(n)+h(n)=f(n)!!

! !Ah),!"?!"*S):%.�!%.L?!%S!a2P!<3!",)'1<( 
%%

%VD,��@%/��6'?2*Ah%#W&��'X(m%|%!+==?A�?!w*A!!<(A==�?!"*=='(8q(!g==p$!)==,!(<!)==S!5%==k!f!"==?!+T==J2E!
AS3m!!!!!^>h!�'<AE!+,fX!f-contours!\!!!!AS3!"?!z'(8q(!(<!)S!5%km!!^>hi!!!!)=,!@)=S!5%=k!@!+7S!@(<(3!

iff $!!+====:!"')====U!<3!
1&' ii ff!Ah),!"?!!m!!

!!
%],'E57F

*A%%
!xx!032==,!^==?):!

!!+9,!!-!!!!!3(A=TE!+:!e'(!%6?
!!)======,!5%======k!@3FA======B?)$

f(n)<=f(G)!32========UF!
Ah),!+#h(3m!!
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xx!0)?1!Ah),!"?!"')7$!C<2n!+,!!
xx!)�q3<(3!"?!+6$!+pq)l!<3!(<!)S!5%k!H)7E!Ah),!"?!"')7$!C<2n!+,!F!!!
xx!+&.K,!+9,�!+:!"$)?1!)E!if!A$(2E!"7$!VJ(!5A*$!H)7E!1&ifASA,!+TJ2E!(<!m!!

! !A.')7$!<2yE*C!Ah),!+&.K,!^l!5(<!%.L?!@!+&'8S 
o *A!),!@)S!5%k!H)7E*)( Cnf '!AS3!"?!+TJ2E!(<!m! 
o *A,!+:!"')S!5%k!1(!"�T*)( Cnf $AS3!"?!+TJ2E!(<!VJ(!m 
o !*A!+:!"')S!5%k*)( Cnf .AS3!"7$!+TJ2E!(<!VJ(!m 

! %A#9c%<%0)B#?(!0FA,!)S!aA,!}jl 
! *A%&P,2%3(%/6'?2%32,$DI"%Y2,W%#9%V"#2%V#�5(%I5�%/2% 

o ).?!<3!A&S3!"?!+TJ2E!+*'<!1(!(<!2c#LU!+:!"')S!g#'<26/(!0 
o !!!%==E!g==:!@!)==S!5%==k!3(A==TE!@!+T==J2E!@(%==,!@%==6'3!@!+==&.K,!g#'<2==6/(

!VJ(!5A*$!V$)7i 
o !!!!!!!!!!!+=7S!+=:!"E<2=n!<3!(<!+=&.K,!^=l!5(<!+:!VJ(!e>7?!g#'<26/(!['

!),!@)S!5%k!@*)( Cnf '!A&:!gk!-!ASA$!+TJ2E!(<! 
!!

%!J#.#-?2*A%%
! *A!Ah),!"?!"I2&y?!R2S!<3!@A.9:!@)S!g#'<26/(!1(!">'! 
! !Ah),!"?!1).$!3<2?!@!+pq)l!<3!a)>h(!@(<(3!)?( 

o !3<(3!"?!+6$!+pq)l!<3!(<!5Ah!C)oO?!@)S!5%k!H)7E 
o !Ah),!"7$!"97I!-!¢<8,!<)#f)J!),!^')L?!@(%, 

! !"J)J(!@!5A'(!w@%.k!<):!+,!@<(%>E!@!5A$2h!d.7I!@!5A'(! 
o !d7I!aF(!3<2?!+.Qh 
o !",)'1<(!�,)E!1(Xf!\!A')7$!"?!53)M#J(!d7I!@)U!+, 

! *A!@<(%>E!@!5A$2h!d.7I!| 
o !"#*k1),!e'%#K,!aF(!@2c#LUt 
o *A!5Ah!53)J!3FAB?!@!+pq)l!),!� 

!!
*A05P%�'K4%VI"#BW%V%)&%%

s!m !['!),limit!),!%,(%,!f-value!A.')7$!~F%h!"'(A#,(!V/)l!!!
|!m !!!)===,!)===S!5%===k!;%===S!F!+===&'8S!^o(A===l!;)===J(%,!(<!d===7I!aF(!@2c#L===U![==='

!1(!%E!¢<8,!",)'1<(limit!5A,!H)c$(! 
t!m !!!!!!!!-!A*=$!(A=.W!}AS!%k(limit!!!!!e'%=E!g=:!+=,!(<!f-value!!!!@2c#L=U!<3!5A=h!(A=.W!
!1(!+:!"9Qolimit!"?!1F)cE!"9Qo!!@!+9l%?!F!5A,!z'(8q(!A&:|!5A,!H)c$(!(3Ac?!(<! 

!!
                                                   

1 !pruning 
2 !*A iterative-deepeningX*AID\!!
3 !Recursive Best-First Search (RBFS) 
4 !*A Simplified Memory-bounded X!*ASM\!!
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! !),!"Q$)c?!C<2n!+,*A!Ah),!"?!%,(%,!53)J! 
! !)�q!w!Ah),!"?!"Zf!C<2n!+,Xd7I!aF(!+.Qh\ 
! !32h!0)B#?(!5Ah!<(%>E!@)S!V.TiF!@(%,!+:!VL.$!H1D 

!!
!±!"J)J(!@!5A'(!w!+,!^n)qAl!['!Al!)E!d7I!aF(!@2c#LU!%S!A'4!"?!32UF!!

!!
%z*"%V5L-O;{%3-k+D,2%M$#-?2%%%
! !aF(!@2c#LU�!A')7$!"?!A.9�E!"Zf!@)�q!),!(<!e'%#K,! 
! !aF(!+.Qh�!Ah),!"?!"#*k1),!d7I! 

o !!!!!!!!!0)='%U!@<(A=K6$!)=,!(<!V*k1),f-cost!!!!1(!e'86')=U!%.L=?!e'%=#K,!
!A')7$!"?!3FAB?!AÃU!5%k!%S 

o !!!!===h!"===?!%===E!z.===,!<(A===�?!e==='(!1(!@<)===U!5%===k!+===:!"E<2===n!<3!-!32
!33%k!"?%,!e'86')U!%.L?!+,!V*k1), 

o !Y==�I!+==,!V==:%l!C<2==n!e=='(!+==,s!!f-cost!e'%==#K,!)==,!5%==k!f-cost!
!A')7$!"?!e'86')U!(<!Vf<3!%'1 

" !!!!!!!!!!+=,!+#hjk!<3!(<!%.L?!3Ac?!@!+TJ2E!+:!+:!AS3!"?!51)U(
!g.h),!+#h(3!3)' 

!!
%z*"%V5L-O;%VD,@%)J,'H{%3-k+D,2%M$#-?2%%%

!�,)ERBFS-Search(problem)!A$(3%k!"?%,!(<!V.�q2?!HAI!)'!^l!5(<!['!!!
! !RBFS(problem,make-node(initial-state[problem]),&)!0(3%k%,!(<!!!

!!
!!�,)ERBFS(problem,node,f_limit)!!!!!!!!!![='!F!V=.�q2?!HA=I!)='!^l!5(<!['!f_limit!!A='AU!

!A$(3%k!"?%,!(<!!
! !!+==:!"E<2==n!<3Goal-Test[problem]!!@(%==,!5A==h!+==#q%k!<)==:!+==,!State(node)!

!0(3%k%,!(<!5%k!-!Ah!dq2?!!
                                                   

1 !backtracking 
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! !Expand(node,problem)!¶!successors!!
! !!+:!"E<2n!<3successors!0(3%k%,!(<!V.�q2?!HAI!32,!"/)f!!!
! !!!%==S!@(%==,s!<3!successors!-!max(g(s)+h(s),f[node])%¥%f[s]h%%V%/��CJ,q(

pathmax3$"56B$#'¦%V"#2%m!!
! !e:!<(%>E!!
! !! !!5%k!e'%E!g:f[ ]0).?!<3!(<!!successors!¶!best!!
! !! !!+:!"E<2n!<3f[best]>f_limit!F!VL>h!f[best]!0(3%k%,!(<!!!
! !! !!0).?!<3successors!(<!+&.7:!<(A�?!e.?F3!¶!alternative!!
! !! !RBFS(problem,best,min(f_limit,alternative))h%%!"5�����������������F"#R

3-k+D,2%m¶!result,f[best]X!f[best]!3<(3!"?!+6$!(<!)S!5%k%'1!e'%#K,!\!!
! !! !!+:!"E<2n!<3result#failure!Ah),!"?!result!0(3%k%,!(<!!!

!!
%z,�(RBFS%%

a\ !).L9'F!2>.&7'<!F!2.Q.J!-!3(<4!@!+TJ2E!1(!AT,s! 

!!
b\ !;(<)k)q!@!+TJ2E!F!2.Q.J!+,!V*k%,!1(!AT, 

 
c\ !!!!!!!!@!+T==J2E!F!).L==9'F!2==>.&7'<!+==,!Y==�I!+==,!V*==k%,!1(!A==T,
!"#L#.W 

                                                   
1 !Rimnicu Vilcea 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 86 - 

 
*A&}(%V%/SR,T%,2%)&P%)J,@%J*%%

! *AAh),!"?!V,)�!@!+pq)l!<(A�?!['!),! 
o !A$2h!"?!3Ac?!A./2E!@%E!g:!@)S!5%k 

! !3%,!"?!<):!+,!Ah),!"?!;%#J3!<3!+:!(<!+pq)l!1(!51(A$(!%S 
! !!!!!!!"=?!@%.k2=9U!AS3!"?!51)U(!+pq)l!+:!@Al!)E!5Ah!<(%>E!@)S!V.TiF!1(
!A')7$ 

! !!!!!!!(A=K6$!@(%=,!�n!+:!"$<2n!<3!!!!!!!!!Y=J)&?!^=l!5(<!%.L=?!e'%=E!d=7I!g=:!@<
!VJ(!^?):!Ah), 

! !!!!+==&.K,!^==l!5(<!%.L==?!e'%==E!d==7I!g==:!@<(A==K6$!@(%==,!�==n!+==:!"$<2==n!<3
!VJ(!+&.K,!Ah),!YJ)&? 

o !!!!!!!+==,!+==U2E!)==,!A==$(2E!"==?!+==:!^==l!5(<!e'%==#K,!-!C<2==n!e=='(!%==.�!<3
!A$(3%k!"?%,!(<!Ah),!;%#J3!^,)o!+pq)l 

! !!!"q):!@!+pq)l!),X!!!!2c#L=U!V=f<3!%=S!@(%=,!̂ =?):!@!\!!<)=#q<*A!!<(%=>E!(<!
!A')7$!"? 
! !!!!!!!!!!!!!!!!@)�=q!)=?(!32=h!A=./2E!A='),!e'86')=U![='!+=:!"$)=?1!<3!�=n!1(!(<!)=S!5%k

!A&:!"?!YT*&?!3<(A$!32UF!"q): 
o !5Ah!R2?(%q!@)S!5%k 
o !!!A===.?(!0FA==,!@)===S!5%==ksX!!!)==,f-cost!!!"7'A===o!@)==S!5%===k!)=='!D)===,!!\!(<

!A&:!"?!YT*&? 
o !e'%==#K,!@!+==&'8S!!!!!!3(A==U(!<3!5A==h!R2==?(%q!@)==S!V==f<3%'1!%.L==?!

!32h!"?!@<(AK6$ 
! !@!+&'8S!@(<(3!�n!1(!%EA&9,!@)S%.L?¸!A&h),!"?! 
! !!!C)oF(!"S)k*A!!!!!!!!!%.L=?!F3!0)=.?!�'2=TE!<3!5A=h!53)=J!3FA=B?!@!+=pq)l!)=,!

!32h!"?!33%?!YJ)&?!�n!<3X!"kA.,2:|\!!
! !!!<3!^l!^,)o!^')L?*AX!3FAB?)$!@!+pq)l!),!\!!@(%=,*SMA!!!^=7I!+=$)U2c/!
!A&&:!"? 

                                                   
1 !unpromise 
2 !thrashing 
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!!
%V"#2%z,�(*SMA%%

!�n!@!51(A$(!³t!!

!! !!

!! !!

!! !!
%],R,k-."%%

! !Ah),!"?!2c#LU!g#'<26/(!['!@(%,!@A.9:!r2f!@(!+Mh)>?!�,)E 
! !"JA.9o(!@!+9n)q!+,!)?!02&:!)Es!g'3%:!"?!+U2E! 

o ?!@(%,!VJ(!r2f!",)'%.L?!@!+/)L 
! !x!g.&:!(A.W!+$26`!A'AU!^')L?!@(%,!(<!C)Mh)>?!)?!)?( 

o !!!!!!!!!!!!!!+=,!C)M=h)>?!A='),!3<(2=?!%=E!z.=,!<3!-!3<(A=$!32=UF!@3<(A$)#J(!5(<
!A$2h!(A.W!"#J3!C<2n 

! %!J#.%NT"I�%!3<(3!(<!"E(%:jE!Y9�(!+/)L?![' 

                                                   
1 !Euclidean 
2 !relaxing 
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o !![=='!@F<!0A==$)?!@(%==,!)7==h!+==:!"#'3FA==B?!"==JA.9o(!@!+9==n)q!O�==?!
!Vl(<!(<!A'<(3!%6'3!@)U!+,!)U!['!1(!%.L?XH(<4!\!A&:!"? 

!!
%z5pv%Q2,v%]"I,B-2"c%|%!a1)W!@(%,u!�!"')E!w!)(1 nh!!³!VJ<3)$!@)U!<3!@)S!"h):!3(ATE

5Ah!+#h(jk!m!)(2 nh!!³!0)E)K$)?!@!5%'8U!)E!+9n)q!~27c?|!X!"h):!3(ATE!+,X+$)f!\<3!@)S!@)U!
A.')7$!+U2E!5Ah!53(3!<(%o!VJ<3\!!

        
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%3$,?0%NC,T%%%%%%%%%%%%%%%%%%%%/'C*"%NC,T%%%

1412013304??)(

6??)(

2

1

$&&&&&&&$
$

Sh

Sh
 

%3$"I,.%*%/XP,B(%%
! !g'<(3!1).$!+Mh)>?!['!V.M.:!@%.k!51(A$(!@(%,!"S(<!+,!)? 
! ![=='%%#�5��(%>,qk��0"%I5-.,��R%8*I!t"==?!!A==h),!X!!!+==:!@(!+/)L==?!1(!(%==U(![=='
!g'<(3\ 

o N!5Ah!A./2E!@!5%k!3(ATE! 
o d^l!5(<!d7I! 

! !!!)==,!(<!0)L==>'!V==f<3![=='!g.$(2==E!"==?!)==?(!-!g.==$(3!"==7$!(<!r)T*==$(!<2#:)==q!)==?
N+1!g'<F4!32UF!+,!5%k! 

dbbbN )(...)(11 *2** &&&&$&!!
o @(<(3!r2f!C)q)*#:(*b!+,!['38$!s!A&#LS!!!

%�=OW�%%
! !!!!!!!!!!!A$2=h!+L=')�?!3<(3!@%=E%,!@%=6'3!%,!H(A:!+:!e'(!@(%,!A&$(2E!"?!C)Mh)>?

!m 
! !!!!!%S!@(1(!+,!+:!"E<2n!<3nw!!)()( 12 nhnh /!!X!!!!!A&=h),!a2=Qo!^=,)o!F3!%=S\!

!-2h!!%==,1h!)=='!3<(3!@%==E%,!!!!!!V==J(!%==#K,!2c#L==U!@(%==,!F!A==&:!"==?!+==Q9�!m!",)=='1<(!@)==S!
!r29Z?!@2c#LUw!!

14$d    
  941,473,3$IDS 5%k , 539)( 1

* $hA 5%k , 113)( 2
* $hA 5%k 

 
d=24 

000,000,000,540IDS 5%k , 135,39)( 1
* $hA 5%k , 641,1)( 2

* $hA 5%k 
                                                   

1 !admissible heuristics 
2 !Manhattan!!
3 !effective branching factor 
4 !Dominance!!
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!!!!%S!@(1(!+,ah!F!bh5Ah!53(3!@<)>#,(!!-!))(),(max()( nhnhnh ba$!!!!!!%=,!F!V=J(!a2=Qo!^=,)o
ah!F!bhA&:!"?!+Q9�!m!!

%%
Q$,O()&P%o"I_%%c%%%

! 1h!F!2h!5Ah!H(<4!~2$!@(%,!"')S!^l!5(<!X)J5Ah!53!\!)7T?!aFAU|!A&#LS! 
o !!@)==7T?!aFA==U!@)==S!02$)==o!+==:!"E<2==n!<3u!�!!+==:!e=='(!@(%==,!"')==E!

!!!!!!!!!!!!!!C<2=n!e='(!<3!-!A&=h),!5A=h!53)=J!A&:!V:%l!)c:!%S!+,!A$(2#,!"h):!['1h!!5)=E2:!
!AS3!"?!(<!^l!5(<!e'%E 

o !!!!!!!%==S!+==,!A==$(2#,!"==h):![=='!+==:!e=='(!@(%==,!)==S!02$)==o!+==:!"E<2==n!<3
!!"h):!!!!!!5)=k!04!-!A&=h),!5A=h!H(<4!A=&&:!V=:%l!<F)c?2h!!!!!+='(<(!(<!^=l!5(<!e'%=E!5)=E2:!

!A')7$!"?!!
! !5Ah!H(<4!^')L?!w!A&#LS!C).97I!<3!%E!g:!@)S!V'3FAB?!),!@!+/)L? 

o !!!!!!^==l!5(<!1(!A==&$(2E!"==?!"9==n(!@!+/)L==?!@(%==,!a2==Qo!^==,)o!C(<)==>#,(
2h!d#*?!5Ah!H(<4!@!+/)L?!@(%,!+&.K,!!A$ 

o !!@A.9:!@!+#>$-!+:!e'(!-!!!![='!^=l!5(<!032=,!+&.K,!",)'1<(!@!+&'8S!
!!!@!+/)L?H(<4!!!!!!!!!!!+/)L=?![='!^=l!5(<!032=,!+=&.K,!",)='1<(!@!+=&'8S!1(!%=E!¢<8,!-!5Ah!

VL.$!"To(F!@m!!!
! !g.&:!53)M#J(!0)?87S!C<2n!+,!+Mh)>?!A&`!1(!g.$(2E!"? 

))(),...,(max()( 1 nhnhnh k$!!
! 2Qo!^,)o!(8U(!+:!"E<2n!<3!Ah),!"?!a2Qo!^,)o!12&S!-!A&h),!a!!

!!!}F%=T?!a)=�?!w!!@!+/)L=?!3%==k!5<F3!@!5A&=hF%q!!-!!!!V*=k!e'%=E!5)=E2:t!!+==7S!1(!+=:!
!!!!!!A=.&:!(A=.W!(<!A=&:!C)oO?!<),!['!)�.o3!)S%Kh!@m!!!!!)=h2W!V=f<3!e'%=E!5)=E2:!�!!!<3!A=$(2E!"=?!!

)( 2nO%E!5)E2:!Al!['!F!32h!+QJ)B?!!-!k!e'%E!5)E2:!<3!!VJ(!V*m!!
/EUF%|%!?!�,(2E!@(!+Mh)>!!!!A=&$1!"=?!e.7{E!(<!%.L?!e'%E!5)E2:!@!+&'8S!-!m!!!!r2=f!C(<)=>#,(

!!!!!!!!!!!!A=&S3!zS)=:!(<!2c#L=U!@!+=&'8S!@%.67*=`!<2=P!+,!A&$(2E!"?m!!@2c#L=U!!!+$)y='%l!F!e'%=#K,!aF(!
!!!aF(!@�!e'%#K,!!!!!e'%E!e.')W!h!AS3!"?!+TJ2E!(<!!F!!!!!!VL=.$!+=&.K,!g=S!+*=.7S!F!VL=.$!^?):!m!!2c#L=U!@

*A!!!!e'%E!e.')W!g+h!!!!!AS3!"?!+TJ2E!(<!!FAh),!"?!+&.K,!F!^?):!F!!!!3<(3!@%�2=?!"=6&.K,!e.&�7S!X!!)=E
!!!!!!!!!!g.�#L=?!@2c#L=U!@(%=,!F!)=S!5%k!e#L>h!Al\!F!!!!!!!!!g.�#L=?!^=l!5(<!1(!A=&$(2E!"=?!a2=Qo!^=,)o!C(<)=>#,(

A$2h!d#*?!1)c?!^')L?m!!

                                                   
1 !Relaxed problems!!
2 !puzzle 
3 !tour!!
4 !spanning tree!!
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%%

%%

&234!<=>&&
&&

!?$>!L'7M;N5*
+OP9!?;E'CF

!"#$%&'(&)*+%&,-+./&&
I5E%IJ%,X^C%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

3=}(%V5L-O;%V,9%:-$I5~C"%c%%
%Q7R:L6H%%
%%

[C,^(%A5§I!!
#  %VJI50%/�Wh/�W%D"%)&0*I%�,2%m�%%
#  !J#.%J#@%*%o#+%)&P%VD,@%/'pP%e 
#  9%:-$I5~C"V,n%3B'-0�%%36$5BW%,$%3k$"&'H%�%h%/EUF%I5�%/2�m 
# R%IJ%3=}(%V5L-O;,£%/-@5'H%V,9h/EUF%I5�%/2%3='Fm 

%%
VD,@%/6'?2%Q$,O(%%

! !!!!!!!!!)==S!04!@1)==J!+==&.K,!@(%==,!RO==E!<3!)==?!+==:!"==Q.:%E!@)S<)#f)==J!1(!"==f%,
!g.#LS 

! !A$2h!)i<(!A'),!)S!V'3FAB? 
! !32h!+&.K,!A'),!+&'8S!�,)E 

o >?!",)'1<(!�,)E!),!A'2*$!gk<3%J!@(!+Mh) 
!!

! !^l!5(<!03%:!(A.W!Y9�(!mmm!VJ(!0)J4 
! !mmm!Ah),!"?!V{J!^l!5(<!e'%#K,!03%:(A.W!)?( 

o !Ah),!"?!e>7?!%.�!e>7?!@)S!^l!5(<!@!+7S!03%:(A.W 
!!

! !g.S(2f!"?!(<!r2f!^l!5(<!['!-!g:!VJ3!)? 
%VI"#��BW%V%/��-R,$%J5��p?2%V,��9%:-$I5��~C"!��!!==J!+==&.K,!^')L==?!1(!@3(A==TE!<3!%.L==?!-!@1)!-

!!!!�!VJ(!�2,%?)$!V.TiFXV/)l\!VJ(!^l!5(<!R32f!-!}AS!m!!-!e'(%,)=&,!!@(%=,!!!!V=/)l!@)�=q!-!
!!!!!+===&.K,!@A===&,%>.W!�!^===?):!@)===S!@A===&,%>.W!1(!@(!+===I27c?F!TSP!!!)==='!-!A===.&:!(A===.W!(<!!@)===i<(

                                                   
1 !local search algorithms!!
2 !Hill-climbing!!
3 !Simulated annealing!!
4 !Genetic algorithms(GA)!!!
5 !briefly!!
6 !iterative improvement algorithms!!
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!!!!-!)=S!V'3FAB?!!!!!A=.&:!(A=.W!(<!"$)=?1!@!+=?)$%,!F!@A=&,%>.Wm!!!!!!(!A=.$(2E!"=?!)7=h!-!+,)*=?!3<(2=?!<3!1
!!@<(%===>E!@!+===#q)'!32==QK,!@)===S!g#'<2==6/(!!!!3%==M&?!@<)===U!V===/)l![=='!�!A===.')7$!53)M#==J("===>E!)==='!!(<!

!!!!!A==.')7$!RO=E!04!32=QK,!@(%=,!F!A=.')7$!@<(A=K6$m!!!!!!!@!51(A==$(!+=,!�f%=,!@2c#L=U!-!V=,)�!@)�=q!<3
!VJ(!YJ)&?!�f!0F%,!@2c#LUm!!!

%%z,�(%<%V%/C,O(%%J#+%)I*J%V%)&6P*#R%%�!!!!!A=.&:!~F%=h!^=?):!V*k!%S!),F!T?)!!!@)=S!+=iF
A.S3!H)c$(!(<!F3!+,!F3m!!

%z,����(%<%%%�0#^���P%V,���9%#���$D*n%{%3$,���W%c%n%n%==='1F!!![==='!<3!(<
!!�$%Zh!@!+BMnn×n!!!!!!!%Z=J!<3!%='1F!F3!1(![='!�.=S!+=:!e='(!0FA,!!|!-!

!!02#Jt!!!A$%.k!<(%o!A&$)7S!!r<2?!<2P!+,!)'!�!!!A=$%.k!<(%=o!A=&$)7S!!-!!!<(%=o!
A.S3m!!!!!)S!¡<)TE!3(ATE!zS):!@(%,!!<)k1)J)$!)'!!-!)S!@!!!A=.S3!V=:%l!(<!%='1F!['!m!!!!+*=.7S!)=Q'%�E

!!!%=S!@(%=,!VI%J!+,!)Q'%�E!+$)k!A&`!@)S%'1F!^')L?n !!!!A$2=h!"=?!^=l!¢<8=,!!!@(%=,!O�=?!-!!n!³!
02.9.?!['!!

%/6'?2%V%/C,O(%IJ%5L-O;%%
!3<(3!32UF!RF<!~2$!F3!!

! %)&0D,@� 
o !!!!^===l!5(<![==='!}%===P!+===,!F!A===.&:!~F%===h!"'(A===#,(!V.T===iF![==='!1(

!A.')7$!V:%l 
o !!2=&I!+,!!!!!!!!!!!3%=k!5<F3!£{=h!C%q)L=?!@!+/)L=?!3<2=?!<3!a)=�?!0(!w!1(

!A'<F4!VJ3!+,!)S%Kh!@!+7S!C)oO?!),!(<!%.L?!['!F!A.')7$!~F%h!%Kh![' 
! %VI"#BW 

o !A.')7$!~F%h!^l!5(<!['!),!w!+&.K,%.�!)'!�9� 
o !A'%Q,!+&.K,!^l!5(<!['!}%P!+,!(<!04 
o !!!!!3%=k!5<F3!£{=h!C%q)L=?!3<2?!<3!a)�?!0(2&I!+,!w!!!=k![='!)=,!V*

!A.S3!32QK,!)S%Kh!�'2TE!),!(<!04!@!+&'8S!F!A.&:!~F%h 
w%:'6.%3K0%)J,X-@"%)&0D,@%8*I%D"%"#j%%

! !04!"6$26`!+,!+$!-!3<(3!"6#L,!^l!5(<!+,!��q!+&'8S 
! !!!+=$)S)k4!@2c#L=UX!!^=�?*A!\!!!!!!!!!%.L=?!@!+=7S!@(%=,!^=l!5(<![='!)=?!+=:!"=#oF

!A&:!"?!<):!r2f!g'<(3!^l!5(< 
! L==U!!g.==&:!"==7$!53)M#==J(!(<!+==$)S)k4)$!@2c#X!!¢<8==,!"==9.f!V==/)l!@)�==q!02==`
!Ah),!"?\ 

%3=}(%V5L6O;%%
! !!!!!!!!V.T==iF!1(!%.L=?!H)==7E!-!g='(!53%==:!"=J<%,!)=?!+==:!"')=S!g#'<2==6/(!-!D)=l!)=E

!A&&:!"?!@<(AK6$!(<!"')K$!V.TiF!+,!+./F(m 
! !!!!!!3)'1!@!+pq)l!}%y?!¨I),!e'(!µ!!!!!"=?!¢<8=,!^')L=?!3<2=?!<3!3)'1!@)�q
!32hm 

                                                   
1 !n-queens!!
2 !row!!
3 !column!!
4 !diagonal!!
5 !constructive 
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! !@<F%i!-!%.L?!C)IOP(!-!^')L?!1(!"f%,!@(%,X"E).l!\!Ah),!"? 
o ",)'!%.L? 
o !a1)Wu!�"')E! 
o !g.$(3!"7$!(<!g.J%,!04!+,!+$26`!+:!e'(!)?(!-!g.$(3!"?!(<!}AS!)?m 

! !!!!)==S3%>97I!@!+#==h<!"6$2==6`!0(%==6$!)==?!V=J(!e==>7?!-!^')L==?!1(!%==6'3!@(!+#==J3!@(%=,
!g.h)Q$m 

o .`!-!+&.K,!^l!5(<!03%:!(A.W!Ah),!"?!gK?!+:!VJ(!@8m 
o @A&Q$)?1 
o !�%PVLSI 
o !"J)&h!0)K&WX"L'2$8?<!\s 

! !g.')7$!}jl!(<!%.L?!C)IOP(!1(!"f%,!-!0)&.7P(!),!g.$(2E!"?!)?!-!3<(2?!e'(!<3m 
! !!!!!!!!!!![=='!-!A==&:!"==?!53)M#==J(!@<)==U!V.T==iF!1(!�==�q!+==:!2c#L==U!g#'<2==6/(![=='!!g#'<2==6/(

"9B?!@2c#LU!3<(3!H)$!m 
! !)'(8?w 

o �!@!+pq)l!+,!g'A&?1).$!-!V,) 
o !g.')7$!(A.W!¢<8,!@)S)�q!3<2?!<3!(<!"$3%>$<F),!"')S!^l!5(<!g.$(2E!"?m 

! !Y')T?w 
o !Ah),!"7$!+&.K,!-!D27T?�!Ah!A&S(2f!(A.W!-!"9B?!@)S!+&.K,!��q!m 
o !Ah),!33%?!-!+pq)l!32Q7:!V9I!+,!A$(2E!"?m 

!!
! %/O$,�(�%<%!5<3!F!)S!+GE!@(<(3!e.?1!@F<!+.Qh!V/)l!@)�q!Ah),!"?!)S 
! !+&'8S!�,)E!�J2E!",)'1<(X",)'1<(!\!VJ(!5Ah!53(3 

!! !!
! !@AT,!['!V/)l!@)�qt!)S!a)�?!@(%,! 

o !32h!"?!%'2yE!%E!0)J4XA&#LS!@AT,!A&U!^:!<3\ 
                                                   

1 !cryptography 
2 !analogy 
3 !one-dimensional!!
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%%
! !A$(!�'2TE!^,)o!g7.&.?!F!g7'8:)? 

o !A.')7$!;2>T?!(<!<(A�?!��qX!1(!53)M#J(!),�\! 

!!
%%

"%:kj%D"&0c5L-O;%%%
! !Ah),!"?!A.M?!-!@1)J!+&.K,!^')L?!@(%,!D27T?!-!"9B?!@2c#LU!!
! �!+:!A.')7$!(A.W!(<!"')S%#?(<)Wo(x)!+&.*.,!!µ!Ah),!+&.7:� 
! !Ah),!"?!+/)L?!['!-!Ah),!"?!)S%#?(<)W!1(!"Q.:%E!-!V/)l!@)�q!+:!"')U!<3!-!e'(m 
! !!!!+:!"E<2n!<3n!!!!!!!!!!2=E!"=?!)=?!-!A=h),!+#=h(3!32=UF!%#?(<)=W!!!!@)�=q![='!g.$(n+1!!(<!@A=T,!

!!!!!+:!-!g.')7$!<2yEn!!!F!A&=h),!"=?!�,)E!@)S%#?(<)W!-!aF(!AT,!n+1!!!-!A=T,!e.=?(!!!}A=S!�,)=E!
|!Ah),!"?!m 
! !g.?)$!"?!2c#LU!1(A$(!g*`!['!(<!)�q!e'(!)? 

o !A&#LS!)S!+GE!@F<!)S!+&.K, 
o !A&#LS!�.Ti!@)S!^l!5(<!-!)S!@32km 

! !@AT,!['!1(A$(!g*`!['w 

                                                   
1 !landscape 
2 !objective function 
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!!
! A$(!g*`!['!@AT,F3!1(w 

!!
! !A&#LS!"9B?!@2c#LU!@)S!g#'<26/(!@(%,!r2f!z')7$!['!-!)S)7$<F3m 
! !g.')7$!<2yE!(<!+GE!['!1(!e#q<D),!A.').,m 
! !A&:!"?!+'(<(!-!V{J!^')L?!1(!0)J4!^')L?!£.{*E!@(%,!(<!5(<!['m 

o !0)J4!w!"kA?4%,!0FA,!-!})n!�2ZJ!-!g:!@)S!+9oX;(%/(!�f!µ!\!�ZL?XCOq\ 
o !V{J!w!+#J2.W)$!)'!<(3!+$(A$3!�2ZJ!-!3)'1!@)S!+9o!3(ATEX+#LLk!\�ZL?!F 

!!
%%%%)&�0*I%�,2%:-$I5~C"

/�W%D"%%%
! !!^>====h!e'%====E!53)====J

!-!"====9B?!@2c#L====U
!!!+=========GE!@2c#L=========U
!Ah),!"?!@3<2$m!!

! !!53)==J!"==9.f!w!!!0)&.*==$)U!+==,!-!+==Z�$!%==S!<3X!!)==S!+')L==7S!\!!!-!%==#K,!V==KU!<3!F!A==.&:!5)==6$
!A.')7$!V:%lm 

! c#LU!+,!+.Qh!"9.f!Ah),!"?!+$)y'%l!@2m 
! !3<(3!1).$!"7:!"9.f!@!+pq)l!+,m 
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! !Ah),!0(3%k%J!-!}AS!",!-!g#'<26/(!+:!32h!e'(!YQJ!A$(2E!"?!COqm 
!!

%z"#~-0"%*%Q'O0"#X$J%>,OT%IJ%3=}(%V5L-O;c%%
! !+/3)T?!['!@)S!+*'<f(x)=0!-!A'<F4!VJ3!+,!(<!f!Ah),!"?!%'jW!£.{*E!-!m!!
! !['!¡%q!),1x!-!)( 1xf!F!)( 1xf 1!A'<F4!VJ3!+,!(<!m 
! !@(%,!V$(¤$)E!�f!1()( 1xf!)E!A.')7$!53)M#J(!2x!A.')7$!r){#$(!(<!XY.h!³)( 1xf 1m!\ 

! !A.')7$!<(%>E
)(

)(

1
1 xf

xf
xx n

nn 1($& 

! !['!e'(!Ah),!"?!@3<2$!+GE!@2c#LUm 
! !Ah),!"?!r2f!"9.f!-!�ZL?!3<(2?!@(%,m 

!!
! %\(#v%V%/0,7$#T%3=}(%V5L-O; 

!�,)EHill-Climbing(problem)!A$(3%k!"?%,!(<!V.TiF!['!!!
! !Initial-State(problem)!¶!current!!
! !!5A,!H)c$(!(<!%'1!@)S<):!+�9l!<3!!
! !! !!@!5Ah!"S3<(A�?!e.*$)U!e'%ED),current<!!<3!(neighbour!5A,!<(%o!!!
! !! !!+===:!"E<2===n!<3Value(neighbour)$Value(current)!32===,!current!
!0(3%k%,!(<!!

! !! !! !neighbour!¶!current!!
!!

!g#'<26/(!!!!!!!X%6'3!0).,!+,w!!\!!!!
!�,)==E!Hill-Climbing(problem)!!!"==?%,!(<!V==J(!"==9B?!g7'8:)==?![=='!+==:!V==/)l![=='!

!A$(3%k!!
!-!)S!@3F<Fproblem?!['!+:!!!Ah),!"?!VJ(!+/)L!!

)S%ÄÅ.�#?"9B?!@!current !F!neighborA&h),!"?!-!A&#LS!5%k!['!H(A:!%S!+:!m!!
current " Make-Node(Initial-State[problem]) 

5A,!H)c$(!(<!%'1!@)S<):!!
!!"S3<(A=�?!e'%ED)=,successor1(!!current !neighbor "X!!!!!e'%=E!D)=,!<(A=�?

!e.*$)Ucurrent!<3!(<!neighbor AS3!"?!<(%o!\!!
!%==k(Value[neighbor] $ Value[current]!!!A==h),!"==?!State[current]!(<!
!0(3%k%,!!

current " neighbor 
! !+�9l!0)')W!!

!g#'<26/(!0)')W!!
!!

!"q3)y==E!3A==c?!~F%==hg#'<2==6/(!!!5A==$F<!D)==,!1(+==GE!!!%==,g7'8:)==?!!!A==&:!"==?!+==Q9�!"==9B?!m!
"q3)yE!g.�#L?%.�!@)S!V:%l!!@)S!+$)h!1(|!<3!+�9l�ZL?!)U!e'%E!!!A$8'%k!"?!!!!!

                                                   
1 !calculus 
2 !shoulders!!
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!!
%VJI50%/�W%V5L-O;%z,�(!!

! !@(%,!^?):!@A&,!a2?%qu!�!%'1F! 
o !e.*==$)U!�,)==E!w!!!A=='%Q,!02#==J!0)==7S!<3!%==6'3!�==,%?!+==,!(<!%=='1F![=='

Xu±v³§¯!e.*$)U!!\ 
o !+&'8S!w!A&#LS!%6'A>'!+,!+97l!a)l!<3!+:!"')S!VMU!3(ATE 

! %VD,@%/6'K.c%/C,O(%h36'$,H#@m 
!!

!!!!
+&'8S!"9B?!@!+&.7:!@!!³s!!!"9Tq!@!+&'8S³sv!!

!!
%VJI50%/�W%],'E57F%%

! !Ah),!"?!0)J4!04!@1)J!53).W 
! !A')7$!"?!53)M#J(!(<!+pq)l!1(!"7:!<(A�? 
! !VJ(!V/)l!@)�q!^>h!%.�)E!VBE!3)'1!-!@3<2$!+GE 

o !F!g:!"9B?!g7'8:)?!),plateaux!Ah),!"?!r2f! 
o !"�.E!+U2U!@)S)�q!@(%,X<(3!+$(A$3!\!A&$)?!VJ(!A, 

!!
! !32h!"?!^>*?!<)`3!%'1!3<(2?!<3 

o !)S!+$)h 
o !"9B?!g7'8:)? 
o !;(%/(!�f|!)S! 

! !A&.Q,!(<!%ED),!@!+9o!A$(2E!"7$!"9B?!g7'8:)?!<3 
! !A')7$!(A.W!A$(2E!"7$!(<!0F%.,!}%P!+,!"S(<!-!+$)h!<3 
! !)S!;(%/(!�f!<3 

o !A.')7$!V:%l!e.')W!}%P!+,!A'),!)7h!-!V:%l!@(%, 
o <!A,!@)S!V:%l!A$(3!"?!1)c?!( 

!!
%VJI50%/�W%],456W!!

! %:'�-O(#'¦%V,9%N.#Te%!w!�:!@F<sX!�ZL?!@)U!\!A')7$!"?!V:%l 

                                                   
1 !minimisation 
2 !ridge 
3 !sideways move 
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o !A#q(!"7$!+�9l!<3X!A&:!"?!VQ�!(<!C):%l!1(!+&.*.,!3(ATE!['!\ 
! %3v,��XW"%VJI5��0%/���W%<!!!+==,!(<!"==>'!"'D),%==J!}%==P!+==,!@)==S!V==:%l!0)==.?!<3

!A')7$!"?!r){#$(!}3)yE 
! 0%/�W%>,1-0"%M'C*"%VJI5%<!A&:!"?!r){#$(!(<!"'D),%J!V:%l!e./F( 
! %%%%3RJ,7��W%J&��L(%�*#��P%,��2%VJI5��0%/���W%<!!!@)==S!V.T==iF!1(!@3<2==$!+==GE!A==&`

!"q3)yE!C<2n!+,!5Ah!r){#$(!@!+./F( 
o !Ah),!"'8U!%.�!A$(2E!"?!"q3)yE!@)S!V.TiF!A./2E 
-!%#K,!C<)QI!+,!!

%VJI50%/�W%8*I%J5p?2%%
! Ah),!A&')h2f!A$(2E!"?!-!@3<2$!+GE!!!

o !Ah),!"?!0)J4!04!"L'2$!+?)$%, 
o !Ah),!"?!A&?1).$!"7:!@)�q!+, 
o !g.h),!+#h(A$!(<!%#K,!"hF<!-!)?!VJ(!e>7?m 

! x!A,)'!"?!32QK,!-!RF<!e'(!+$26` 
! !"q3)yE!@3<2$!+GE�!A.')7$!r){#$(!(<!+GE!@D),!@)S!V:%l!"q3)yE!C<2n!+,! 
! !"q3)yE!3Ac?!~F%h!),!@3<2$!+GE 
! ,!['!+,!+:!"$)?1!)E!A.S3!+?(3(!-!A.J%,!+&.K 
! !A.')7$!r){#$(!-!"q3)yE!C<2n!+,!(<!+./F(!V.TiF![' 
! !A.')7$!(%U(!-!(3Ac?m 
! !1(!AT,n!A.')7$!@<(AK6$!(<!^l!5(<!e'%#K,!-!<(%>E!m 

!!
!J#.%J#@%*%o#+%)&P%VD,@%/'pP%%%

! !A&:!"7$!V:%l!+GE!e.')W!}%P!+,!8k%S!+:!Ah),!"?!e'(!-!@3<2$!+GE!RF<!�Tim!!
! !+.Qh!A$(2E!"7$!-!+$)y'%l!@2c#LU!+,�!0)Q.#*W|!�!Ah),!+#h(3m 
! !Ah),!"?!3<(2?!e'(!0327$!}%P%,!@(%,!"hOE!-!5Ah!@1)J!+.Qh!03%:!3%J!F!H%km 

!!
%)&$"<!1(!e#{'%k!"9B?!g7'8:)?!!!!!A=,!@)=S!V=:%l!1(!"�=T,!+=,!03(3!51)U(!),! !!!V=J<3)$!)='
!Ah),!"?!m!"$(F(%q!F!3(ATE!�'<AE!+,!)?(t!!V:%l)S@A,!A,)'!"?!zS):!.!!

! !A')7$!"?!Y.:%E!"q3)yE!V:%l!),!(<!@3<2$!+GE 
 

! %%%!J#���.%o#��+%*%J#��@!w!!!!0A$)===J<!F!)==S!04!03(3!C<(%===l!)==,!(<!C(8==9q
!A&&:!"?!V{J!)S!04!"c'<AE!03%:3%J!F!D),!"')?3!+,!)S!04!@)?3 

%%
! !!!!!!!!!@(<(3!�Z==J![=='!@)==U!e'%==E!d==.7I!+==,!(<!]==&W!]==&.W!b2==E![=='

!A'1(A&.,!@32k 
o !@(%,!(<!�ZJ!A.S3!0)>E!"9B?!g7.&.?!1(!b2E!03%:! <)f 

                                                                                                                                                         
1 !plateau 
2 !back up 
3 !frequency!!
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o !!!!!!!!!"=7$!d=9Z?!@!+=&.7:!1(!04!03%:! <)f!"#{J!+,!b2E!03%:! <)f
!Ah), 

!!
! !5Ah!@1)J!+.Qh!03%:!H%k!F!3%J!w 

o !!!!!!A.')7$!~F%h!A'Ah!C)h)TE<(!),X!!!3)='1!"')=?3!<3!\!!!!�'<A=E!+=,!�G=J!F
!A.')7$!g:!(<!C)h)TE<(X!)?3!03%:!%E!g:!),!\ 

o !)===,!"===9B?!@!+===&.7:!1(!!!A===,!@)===S!V===:%l!1(!"===f%,!+===,!03(3!51)===U(!
!A'8'%6, 
o !A.S3!zS):!(<!)S!04!"$(F(%q!F!3(ATE!�'<AE!+,!)?(!!

%%
%:-$I5~C"<%%

!�,)ESimulated-Annealing(problem,schedule)!A$(3%k!"?%,!(<!^l!5(<!['!!
F!+/)L?!['!-!)S!@3F<Fschedule !!!!!!A=h),!"=?!)=?3!+=,!0)=?1!1(!Vh)6$!['!+:!!!A&#L=S!-

m!!
)S%.�#?!!!!!1(!A&E<)QI!"9B?!@w!current!!VJ(!5%k!['!+:!-!F!next!!!!V=J(!5%=k![='!+:!-!

!FT!!VJ(!%E!e.')W!^l(%?!1(!)?3!@!5A&&:!a%#&:!rF%W!['!+:!-m!!
current " Make-Node(Initial-State[problem]) 

!%'3)�?!@(%,!t = 1!)E!!¸!5A,!H)c$(!(<!%'1!@)S<):!w!!
T " schedule[t] 

!+:!"E<2n!<3T=02,!!@!5%k!3current0(3%k%,!(<!!!
e.*==$)U![=='!!!!@!5%==k!1(!5A==h!r)=={#$(!}3)y==E!+==,current!!!@!5%==k!+==,!(<next!

5A,!VQL$!!
 'E "Value[next] � Value[current] 

!+===:!"E<2===n!<30.2E!!@!5%===k!@(2===#B?!32===,!next!@!5%===k!<3!(<!current!
8'%,!!

!!!C<2n!e'(!%.�!<3-!!!!@!5%=k!@(2=#B?!next!(<!!!!!a)=7#l(!)=,!�=�q)/( TEe2!!@!5%=k!<3!
currente:!"G:!!!!

g#'<26/(!0)')W!!
! !3%'jW!"?!(<!r2f!@)S!V:%l!+*.7S 
! !A,!V:%l!['!R%'jW!a)7#l( 

o !),!"')7$!C<2n!+,�!@A,!�!A')7$!"?!(A.W!zS):!V:%l 
o !),!"')7$!C<2n!+,�@)?3!�T!A,)'!"?!zS):! 

! !!!!!!!!+=,![='38$!a)=7#l(!)=,!+=&.K,!5(<!['!!!!!!1(!%=k(!-!A=')7$!"=?!(A=.W!(<![='
!32h!+#J):!"6#LS4!+,!)?3 

!!
%],'E57��F%%!J#��.%J#��@%*%o#��+%%)&��P%VD,��@%/'p��P%%|%!!V==,)�!@)==?3!<3T!!@<)==:!V==/)l!-!

!+,!VJ(!e>7?�'12E0)?8#/2,!!sAJ%,!m!!

                                                   
1 !Boltzman!!
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kT

xE

exp
)(

)( 3$!!
T!!32==h!"==?!53(3!zS)==:!"==7:!VI%==J!)==,!-!+==c.#$!<3!-!!V==/)l!e'%==#K,!+==,!+*==.7S!*x!"==?!

AJ<!m!!@(%,!(%'1Tg'<(3![`2:!@)S!w!!

1/
)()()()( **

..$
(

kT

xExE

kT

xE

kT

xE

eee!!
!xx!VJ(!a2Qo!^,)o!V$)7i!['!)?(8/(!e'(!)'4!!

!!!!!!!!@A=&,!Y=/)o!<3!3<(2?!1(!@<).L,!<3VLSI1!!!!!!!!"=?!<)=:!+=,!5%=.�!F!"'(2=S!�2=Zf!@A=&Q$)?1!-!
3F<m!!+==:!"E<2==n!<3!5A==h!@1)==J!+.Q==h!03%==:!3%==J!F!H%==k!Tq)==:!@!51(A==$(!+==,!!-!%==E!g==:!VI%==J!)==,!"

!!!!!!!Ah),!"?!+&.K,!F!^?):!32h!+#J):!m!!!!!!!!!32=h!"=?!+q)=i(!@3<2=$!+=GE!g#'<2=6/(!+=,!"k3)=J!+,!m!!!e='(!�T=i
!Ah),!"?!r2f!@!5A&&:![&f!@A&Q$)?1!['!r){#$(!<3!RF<!m!!

!!
3=}(5W#H%V5L-O;%�%%%%

%)&��$"<![=='!@)==U!+==,!!-!@)==S!V==/)lk!<(A==�?!e'%ED)==,!�!3<(3!"==?!+==6$!(<!k+==7S!e.==,!<3!(<!!@!
!!!!A=&:!"?!r){#$(!0)&.*$)U!m!!!!!!@)S2c#L=U!A=&$)7Sk!!!!!!!!A$2=h!"=?!(%=U(!@1(2=?!V=/)l!<3!+=:!-!!!A=h),!"=7$!!m!

AS3!A$2.W!gS!+,!(<!)S!04!F!A&:!(A.W!(<!)S!2c#LU!%6'3!r2f!@)S!V/)l!)E!A&:!"?!2c#LUm!!
%%/C,O(<!!!!!!!!!@)=S!V=/)l!H)=7E!-!V=J(!^=?):!Y=9�(!k!!!!!!!<(%=o!+.Q=h!"=9B?!@!+=GE!@D)=,!<3!V=')K$!<3!

.k!"?A$%!m!!!
%%)&�$"<!0)&.*==$)U!k!A==')7$!"==?!r)=={#$(!"q3)y=E!<2==P!+==,!(<!!m!!!(<!"==T.QP!r)=={#$(![=='38$!a)=�?
A.')7$!5AS)*?m!!

! !2E%W!@2c#LU!~2&E 
o !!!!!!!!!%.L?!A&`!+,!+:!%.L?!@)&Q?%,!RF<!['!�!}(%P(!�!!!@<)=U!%.L=?
!A&:!"?!5)6$ 

! k!A')7$!"?!@<(AK6$!V.TiF!['!@)U!+,!+pq)l!<3!(<!V.TiF! 
o !),k!+,!@!5%k!!A&:!"?!~F%h!5Ah!r){#$(!"q3)yE!<2P 
o !!!!!!!32==h!(A==.W!}A==S!+==:!"E<2==n!<3!-!A$2==h!"==?!A==./2E!0)&.*==$)U!H)==7E

!32h!"?!�o2#? 
o !!!3(A==TE!C<2==n!e=='(!%==.�!<3k!!!!"==?!r)=={#$(!0)&.*==$)U!e'%==#K,!1(!)==E!
!A$2h 
! !A$2h!_%#*?!A&$(2E!"?!)S!V.TiF!0).?!C)IOP( 

o !A')7$!"?!V:%l!)S!+.l)$!e'%E!5Ah!53(3!5AIF!+, 
! !!!!!!3(ATE!"o)ME(!"9B?!2E%W!@2c#LUk!!!!!r)={#$(!"q3)y=E!C<2=n!+,!(<!e.*$)U!
!A')7$!"? 

o !32h!"?!53(3!£.{*E!",)'1<(!�,)E!�J2E!+:!"/)7#l(!@!+9.JF!+, 
%%

V,9%:-$I5~C"%%3B'-0�%%%

                                                   
 1 !!�=M{?Very Large Scale Integration!!!!!!!!!!!!!@!+=TZo!-!�.=JF!<).L=,!;)=.�?!�=7cE!-!¢<8=,!<).L=,!;)=.�?!<3!@1)=J!�=7#c?!-!A=h),!"=?!!

!"J!@4!['!@F<(IC)!!!
2 !local beam search!!
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! !!!!!!!!!@3<2=$!+=GE!@1(2=?!@2c#L=U!1(!^>=h![='!C<2=n!+,!A&$(2E!"?!">.#$N!@)S!g#'<26/(
!A$2h!<2yE!-m!!

! !"J)J(!@!5A'(w 
o !A.')7$!r){#$(!-!"q3)yE!C<2n!+,!(<!)S!^l!5(<!1(!"f%,m 
o !!!!!!!!!!g==S!)==,!(<!)==S!^==l!5(<!C)==TZo!e'%==#K,!-!A=='AU!@)==S!^==l!5(<!03<F4!V==J3!+==,!@(%==,

!A.')7$!Y.:%Em 
o !A.')7$!<(%>Em 

! !A&h),!"?!V.TiF!F3!1(!"T,)E!-!)S!e.*$)U!!
!!

V,��9%:-$I5��~C"%%3��B'-0�%!³!"o)==ME(!"==9B?!@2==E%W!@2c#L==U!ºe'86')==U!A==./2E!V==MU!1(!"')==S!
!)S!V/)l!!

! !!!!^>h!+,!"9B?!2E%W!@2c#LU!�!!"=T.QP!r){#$(!w!�!!0)&.*=$)UX!!!A=./2E!32=U2?
!!!e'A=/(F!�==J2E!5A=hs!\!!!V.T=iF![=='X!A&7#L=='1|!\!!!!0)==h<(A�?!+==,!+=U2E!)==,!(<!@A=T,!^L==$

X!@<)k1)Jt!\!!A&&:!"?!A./2E 
!!

! GA!)S!!w!"#L'1!^?)>E!1(!AT,!+$27$!@)S!g#'<26/( 
! E(!2E%W!@2c#LU!~2&E!"o)M 

o !!!!!!!!A==/(F!V.T==iF!F3!1(!"E)==I2&E!C<2==n!+==,!e.*==$)U!@)==S!V.T==iF
!">'!��q!+$!-!A$2h!"?!A./2E 

!!
%3B'-0�%:-$I5~C"%],TU^E"%%

! %N'qK;�% 
o !1(!@(!+I27c?!+./F(!C<2n!+,k!"q3)yE!C<2n!+,!5Ah!A./2E!V.TiF! 
o !5Ah!d#*?!@)S!V.TiF!1(!@(!+I27c? 

! %QO0� 
o !0)?1!1(!+Z�$!['!<3!V.T7U 
o (!-!D27T?!<)*#$�!0)?87S!V.T7U!H)7E!@(%,!v!32h!"?! 

! %J#Rb 
o !V.T7U!1(!%y&I![' 
o !32h!"?!�.n2E!3FAB?!@)QM/(!),!+#h<!['!C<2n!+, 

" !"'F3F3�!}F%l!-!s�!H)o<(!-!ss 

                                                   
1 !offspring 
2 !organism 
3 !fitness 
4 !population 
5 !generation 
6 !propagation 
7 !synchronize 
8 !individual 
9 !binary 

10 !letters 
11 !digits 
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" !Ah),!"?!0)L>'!V.T7U!@!+7S!@(%, 
! %3~-O$,P%Y2,Wc 

o !Ah),!"?!2c#LU!@!5N(F!<3!",)'1<(!�,)E 
o ,!@)S!�$)h!+,!%c&?!%ED),!%'3)�?!A$2h!"?!3Ac?!A./2E!@(%,!%#K 

! %3~-O$,P%<!^l!5(<!['!",2f 
! %o50��%�!V.TiF!)'!^l!5(<!['! 
! %3+�$*%a%!�e%�!V.TiF!%.�#?!)'!%#?(<)W!['! 
%%

%/$,H%3B'-0�%:-$I5~C"%s$ 
!<3!(<!04!F!e:!A./2E!(<!"q3)yE!V.T7U!['pop5A,!<(%o!!!

!5A,!H)c$(!(<!%'1!@)S<):!-!VJ(!5A*$!H)c$(!+:!"?(3)?!!
! !!%S!@(%,p!<3!pop!!
! !! !p!5A,!<(%o!",)'1<(!3<2?!(<!!!
! !!@(%,i=1!@!51(A$(!)E!pop!5A,!H)c$(!(<!%'1!@)S<):!!!
! !! !!1(!(<!"q3)yE!@)S!^l!5(<pop!)7$!r){#$(!-!!!
! !! !!)S!^l!5(<crossover)7$!!!
! !! !!5A,!%..�E!(<!)S!^l!5(<!!
! !!<3!(<!A'AU!@)S!^l!5(<pop5A,!<(%o!!!

!!
%z,�(%<b%{%#$D*%%%

! %'1F!['!02#J!%S!<3! 
o !['!V.TiFu!�!"')EA&`!�!1(!H)o<(!1(!s!)E!u!Ah),!"?! 
o !AS3!"?!0)*$!(<!%'1F!�'3<!go<!%S 
o !!!!!!!!A=h),!"=?!5A=&&:!+=97l!%.�!@)S!VMU!3(ATE!"6#L')hX!!!5A=h!;2=>T?

\ 
!!

!! !+BMn!!
!3%qt!u!¬!v!§!|!¯!s!!

!"6#L')h!³s!!
%%

                                                   
1 !fitness function 
2 !genome�!!!AJ<!�?!Æ<(!+,!)K?F12?F%:!+9.J2,!+:!�#.T7U!)'!3%q!['!�>.#$N!Y.:%E!�?)7E!m!!
3 !trait/gene 
4 !tuple 
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%/C,O(%s$%!J#.\(I%%
! +,!(<!0)?(!+/)L?!g.$(2E!"?!)?!+:!A.&:!¡%q!g.')7$!8?<!-!"#.,!@!+#h<!['!C<2n!m!!
! !a)==�?!wu!�!%=='1F!!m!!!!!!%=='1F!�=='3<!032==7$!8==?<!@(%==,!V==.,!+==J!1(!)==?!-!02#==J!%==S!@(%==,

!g.&:!"?!53)M#J(!³|¬!V.,!m 
! 100 101 110 000 101 001 010 110 = 4 5 6 0 5 1 2 6 

! !!!!!!!!!!!!!!!!!!!+=,!+=U2E!)=,!(<!)=S!04!�G=J!-!g.=&:!"=?!~F%=h!"q3)y=E!"=#.,!@)=S!+#=h<!A=./2E!)=,!)?!!�,)=E
!"6#L')hX0327$!+&.K,!@(%,!"T,)E!\!g.S3!"?!<(%o!",)'1<(!3<2?m 

!!
%&$&;%V,9%QT%)"I%&'C5W%%

! !A&:!"?!<):!-!^l!5(<!F3!@F<%,!<):!),!)?!e.*$)U!�,)Em!!
! !-!<):!e'(crossover!3<(3!H)$!m 
! !A.')7$!r){#$(!"q3)yE!C<2n!+,!(<!^l!5(<!F3m 
! !aF(!RF<!w!YJ)&?!"6#L')h!r){#$( 

o h!H)7E!A.')7$!�7U!(<!)S!"6#L') 
o !r){#$(!a)7#l(s!³!!"6#L')hs!"6#L')h!~27c?!%,!g.L�E!-! 

! !@!+Z�$!['X"JA&S!0)>?!\!A.')7$!r){#$(!"#.,!@)S!+#h<!<3!(<!"q3)yEm 
! !!!!aF(!@!+>Eb1!!!HF3!@!+>E!),!(<!b2!!!!!!!!!g=S!)=,!-!A='AU!"=#.,!+#=h<!F3!03<F4!32=UF!+=,!@(%=,!

!A.')7$!H)�3(m 
!!

%z,�(crossover%%
s1: (100 101 110) (000 101 001 010 110) = 4 5 6 0 5 1 2 6 
s2: (001 000 101) (110 111 010 110 111) = 1 0 5 6 7 2 6 7 

!%,(%,!(<!"JA&S!0)>?�!A.S3!<(%o!!!
s3 = (100 101 110) (110 111 010 110 111) 4 5 6 6 7 2 6 7 
s4 = (001 000 101) (000 101 001 010 110) 1 0 5 0 5 1 2 6 

!!!!!!A.')7$!a)7I(!(<!zKU!-!�GJ!m!!a)=7#l(!),mX!!!@(%=,m![=`2:!!\!!!!!!<3!V=.,![='!-!"q3)y=E!C<2=n!+=,
!!!!!!A.')7$!r){#$(!(<!^l!5(<!m!!!!!!-!"7'A=o!V=.T7U!C<2=n!+,!51(A$(!0)7S!1(!A'AU!V.T7U!['!A./2E!1(!AT,

!!!A==.')7$!~F%==h!5<)==,F3!F!A==.')7$!}j==l!(<!"==9Qo!V==.T7U!mcrossover!==,!d==q2?!@)==S!^==l!5(<!C)==TZo!!+
!!!!!!A&:!"?!Y.:%E!gS!),!(<!"'8U!C<2n!m!!!!!!!!@!+#=h<!<3!g=S!)=,!0A=$)?!@(%=,!-!g=S!+=,!%E!['38$!@)S!0N

!!!!!!!A&h),!"?!%#K,!-!)S!^L$!m!!!!!!!!!A=&:!"=?!g=K?!(<!03%=:!8=?<!-!<)=:!e='(!m!!z=KU!w!!!!!+=,!(<!A='AU!@)=S!^=l!5(<
!!!!A=&:!"==?!a)=7I(!V=.T7U!m!!!!!!-!32=,!5A==h!g=k!+=./F(!V==.T7U!1(!0N![='!+==:!"E<2=n!<3crossover!"==7$!

!g.S3!"?!<(%o!(<!0N!0F<3!"JA&S!0)>?!-!C<2n!e'(!%.�!<3!-!A&:!A./2E!(<!04!A$(2E!m!!
!!

%3B'-0�%:-$I5~C"%z5E"%%
! %/+I*J%�@5W%J&L(%&'C5Wc 

o !!!03%==:!V7L==o!F3|!!!!!!F!5A==h!53(3!@!+==k<F3!@!+==Z�$![=='!<3!e'A==/(F!
!5Ah!Y.:%E 

                                                   
1 !crossover 
2 !split 
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o !A')7$!"?!A./2E!(<!A'AU!V.TiF!F3 
! %/+I*J%V%/^�0 

o !!!!!=?!g.7y=E!Vq%*.W!<3!!!!!!!!!!r)={#$(!"q3)y=E!C<2=n!+=,!Y=9�(!F!3%=.k!"
!32h!"? 
o !Ah),!0)L>'!A'),!A/(F!F3!%S!@(%, 
o !A')7$!A./2E!(<!a2Qo!^,)o!@)S!^L$!A'), 

!!
! %G?;c%<%!3<(A$!32UF!)SA/(F!<3!+:!A'AU!@)S!+y{*?!A./2E 

o !^L$!<3!5A&&:8?<!@(8U(!"q3)yE!C(%..�E 
o !VJ(!5Ah!a%#&:!a)7#l(!�J2E 

! 5~C"!| 
o ['!A.M?!@(8U(!A&$)7,!"o),!)S!^L$!0).?!<3!A&$(2E!"?!^l!5(<! 

!!
%M$#W%[@,6(%>,1-0"hypothese%,9%%%

! !YJ)&?!"6#L')h!r){#$( 

4 $

$
k

j j

i
i

hFitness

hFitness
hP

1
)(

)(
)(!!

!32h!5Ah%*#&?!"G:!A&`!A./2E!+,!%c&?!A$(2E!"? 
! %V"%/�2,O(%>,1-0"e%w 

s!m !A.')7$!r){#$(!0)L>'!a)7#l(!),!F!"q3)yE!C<2n!+,!(<!3%q!F3!!
|!m (!['!),!A.')7$!r){#$(!(<!%E!YJ)&?!V,)�!a)7#l 

! %u$JI%>,1-0"�%<% 
c%Z !@!+7Shypothese!A.')7$!YE%?!"6#L')h!;)J(%,!(<!)S! 
�%Z !VJ(!YJ)&#?!�'3<!),!r){#$(!a)7#l( 

!!
%/+I*J%%

! !!!!!V==J(!A=='AU!3(%==q(!e#f)==J!@(%==,!3(%==q(!@!5A==&&:!Y==.:%E!@)==S!+==>E!1(!Y==:%?
X"'F3F3!@!5A&&:8?<!),!"')S!a)�?\ 

! !!!Z�$![E!@!+k<F3!@(!+!w!!!!!!)=S!+=k<F3!F!A=.')7$!r)={#$(!(<!+=k<F3!@!+Z�$!['
!A.')7$!�'2TE!(<!)S!+TZo!F!A'<(3%,!)c$4!1(!(<!m!a)�?!0(2&I!+,!w 

0111110 !!101|1110 
!!+k<F3!!!!

1010101 !!011|0101 
!!

!AT,!H)k!w!!
                                                   

1 !mutation 
2 !schema 
3 !tournament 
4 !rank 
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0111110 !!101|1110 
!!+k<F3!!!!

1010101 !!011|0101 
!@AT,!H)kw!!

0111110 !!101|1110 
!!k<F3+!!!!

1010101 !!011|0101 
!@AT,!H)kw!!

0111110 !!101|1110 
!!+k<F3!!!!

1010101 !!011|0101 
!@AT,!H)k!w!!

0111110 !!101|1110 
!!+k<F3!!!!

1010101 !!011|0101 
!@AT,!H)k!w!!

0111110 !!101|1110 
!!+k<F3!!!!

1010101 !!011|0101 
! !@1)J!53).W!w!+k<F3![J)?!['!1(X"'F3F3!@!+#h<!\)7$!53)M#J(!A.' 

o !a)�?!<31110000!Ah),!"?! 
! !A=========================================/(F!F31h!F!2h!!!5A=========================================h!+========================================='(<(!!w

)()(),()( 2121 mhmhmhmh 56757565 
! !@<).#f(!@)S![J)?!@)S!5N(F!<3!+k<F3 

^L$!![J)?!!+./F(!!!!

!!
+Z�$![E!!

!!
+Z�$!F3!!

!!
0)L>'!!

%z,�(%<b%{#$D*%%%
!!
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!! !@AT,!H)kw!!

!! !@AT,!H)k!w!!

!! !@AT,!H)k!w!!

,9%NX; /+I*J G?; VI,+D,@ >,1-0" 
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!! !@AT,!H)kw!!

!! !!
!!!"=>.#$N!@)=S!g#'<2=6/(!!!!@)=S!V=/)l!+=,!

!!!!!A=$<(3!1)=.$!+#h<!C<2n!+,!5Ah!@<(jk8?<!X
GP!!!!!!A===&&:!"===?!53)M#===J(!)===S!+===?)$%,!1(!)===S!\!m!

+==k<F3!!!@)==S!+#==h<!%=='1!+==,!iff!-!!"=='(8U(!+==:
A&:!"?![7:!A&#LS!<(3!"&T?m!!

!!
GA !)===S!!Ç!!^===?)>E!^===?(2I!-!!^===?)>Es"===To(F!-!!CO.>*===E!|!@<(%===>E!(<!!!@<(j===k!8===?<!

Xencode!\A&:!"?.!!!
%%

%5L-O;%]I5E%/2%3B'-0�%V,9%:-$I5~C"%%
! !)S!V.TiF!w!e>7?!@)S!^l!5(< 
! !2c#LU!@)S%697I!wr){#$(!-!+k<F3!-!zKU 

                                                   
1 !genes 
2 !machinery!!
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! !!!!!!!!!!=#q%k!<)=:!+=,!@1(2=?!<3!^=l!5(<!A&`!+:!"')c$4!1(!-!@1(2?!@2c#LU!!"=?!+
!A$2hX!)S!V.T7U\ 

! "Q.h(%J!0FA,!)?(!-!"6#L')h!�,)E!<3!@3<2$!+GE 
! !g'2h! <)f!"9B?!@!+&.7:!1(!+:!A&S3!51)U(!)?!+,!A'),!+k<F3!F!zKU 

o !5Ah!@1)J!+.Qh!03%:!3%J!F!H%k!+,!+#L,(F 
! %/-B0%<%3B'-0�%3O$50%/(,0#2!Ah),!"?!">.#$N!g#'<26/(!+,!+#L,(F 

o ,!A&#LS!)S!+?)$%,!)S3%q!)S!+#h<!@)U!+ 
!!

%3B'-0�%:-$I5~C"%V,9J#2I,¨%%
! !3%.k!"?!<(%o!53)M#J(!3<2?!@1)J!+&.K,!^')L?!@(%,!Y9�( 

o !@A&Q$)?1!-!g#L.J!"l(%P!-!<(A?!z'(<4 
! %/KW,F 

o !Ah),!"?!YJ)&?!-!^l!5(<!03%:(A.W!@(%,!"q):!@!51(A$(!+, 
o !3<(A$!^L$!A&`!3<2?!<3!"KU2E!^,)o!32QK, 
o !"$)?1!V'3FAB?!!

%%
9,£R%%/-@5'H%NC,T%V,%|%!!!!!!!!"$)=?F<!<2*=:!<3!(<!5)=k3F%q!+=J!@)=U!g.S(2=f!"?!+:!A.&:!<2yE
!g.')7$!£{*?w!!!!!!!�=J2E!@A=T,!z=h!V=/)l!@)�q!),(),,(),,( 332221 yxyxyx!!!!32=h!"=?!�='%TE!m!!!�,)=E

!}A==Sw!),,,,,( 332221 yxyxyxf!³!!!!!!e'%==E![=='38$!+==,!%K==h!%==S!1(!"==T,%?!^==n(2q!1(!@(!+==I27c?
5)k3F%q!!!!A=h),!"?!!m!A=#?!(8=c?!@)S!s!!!!!!!!!!A=&')7$!"=?!^'A=QE!(8=c?!@)=S!+9=n)q!+=,!(<!+#=J2.W!@)=S!+9=n)q!-!m!

!!,!",%cE!0)'3(%k)!!!C(%..�E!89!V=J(!YJ)&#?!V.TiF!%S!<3!m!!!!!!!"=?!+Q=J)B?!%='1!a2=?%q!1(!0)='3(%k
32hw!!

::;
<

==>
?

@
@

@
@

@
@

@
@

@
@

@
@$A

332211

,,,,,
y

f

x

f

y

f

x

f

y

f

x

f
f!!

!!!@!+==Z,(<!+==,!+==U2E!)==,!)(xfxx A&B 3!!?!g.$(2==E!"==?!<(A==�f!!z'(8==q(!(<!XzS)==:\g.==S3!!-!
!!!!!!V=/)l!@(%=,!"#=J<3!+=,!(<!+/3)T?!e'(!0(2E!"?!C)oF(!1(!"S)k0)( $A xf!!!!!![='!�=�q!+=:!"E<2=n!<3

g.')==7$!^==l!g.==h),!+#==h(3!%K==h!m!!eE2==.$!RF<!<3�!02L==q<!|X!1664-1690!\!^==l!@(%==,!0)( $A xf!
!+:!"')U!<3!jiij xxfH @@@$ /2!32h!"?!53)M#J(!%'1!a2?%q!1(w!!

)()(1 xfxHxx f A(B (!!

                                                   
1 !discretization methods!!
2 !Newton-Raphson!!
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%%
 

%%
%%

&234!?@&&
&&

!?$QM*!@7$C9
R7S38P9

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

K(%I,?j%*%J50%*%&7'@%*%#XE%\l'%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

Q$,O(V,�I"%N$J*&}(%%c%%%%
%Q7R%%:kP%%

%%
[C,^(%A5§I%%

! V,9%z,�(N$J*&}(%V,�I"%Q$,O(% 
! %NO'C%A5Bq(%V5L-O;%�V"#2%N$J*&}(%V,�I"%Q$,O(% 
! %/$\LW%*%/C,O(%I,-F,@%e/C,O(%V% 
! %V"#2%3=}(%V5L-O;%N$J*&}(%V,�I"%Q$,O(%%
Q$,O(V,�I"%N$J*&}(%%%%

!!3<(A$)#==J(!@2c#L==U!@!+/)L==?w!V==/)l-!![=='!!�!5).==J!@!+==QTU�!�!!V==J(�!0)7#f)==J!%==S!
@(!53(3!A&:!"?!"$)Q.#*W!e.*$)U!F!",)'1<(!-!}(AS(!VLE!1(!+:!"7'Ao!m!!

!!!V'3FAB?!@)i<(!@!+/)L?w!!!V=/)l!-!!�=J2E!%V,�9#'�-(%!iX!!)=,!F!%V,9I"&��(!0F<3!%%/�6("J
V!iD!!!!!32=h!"=?!�'%TE!m!!VL=E!!}A=S!!!!!!!!!V'3FA=B?!@!5A=&&:!e.=T?!@)=S!V'3FA=B?!1(!@(!+=I27c?!-!

!c?!@)S!!!!!!!A=h),!"=?!)S!%.�#?!@!+I27c?%'1!%'3)�?!1(!1)m!!![='%%%3K�@I%V%/�$"I"%!,�2D!�!!!!53)=J!a)=�?
1(!@(!-!A==h),!"==?!04!!@)==S!g#'<2==6/(%)I5��S6(%/��K9�!!!g#'<2==6/(!1(!%==E!z.==,!"')==$(2E!)==,!(<!A==.M?!@!

!3<(A$)#J(!@2c#LU!@)SYQJ!"?!!32hm 
%%%3�~0I%V%/k���0%z,��(<!!1(!A==&E<)QI!)==S%.�#?

w!WA,NT,Q,NSW,V,SA,Tm!!!)=========S!+=========&?(3w!
},,{ bluegreenredDi $!!

%%,��9%N$J*&�}(!w!<F)==c?!"l(2=$-!!!]==$<!A='),!
!A&=h),!+#h(3!"EF)M#?!@)Sm!!!a)=�?!0(2=&I!+=,!!WA # 

NT!X!!!!!A==SA,!51)==U(!(<!Y==9Z?!e=='(!0)==,1!%==k(!\!)=='!-
(WA,NT) ª 

                                                   
1 !Constraint Satisfaction Problems (CSPs) 
2 !backtracking!!
3 !decomposition!!
4 !black box!!
5 !formal representation language!!
6 !general-purpose!!
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{(red,green),(red,blue),(green,red),(green,blue),�} 
%%
%%
%%
%%
%%

%V&q2%o,+%<%%
!!

!! h!+'(<(!^l!5(<A&:!"?!È)B/!(<!�'(%h!@!+7S!5A-!a)�?!0(2&I!+,!-!!!
{WA=red,NT=green,Q=red, 

NSW=green,V=red,SA=blue,T=green} 
%N$J*&}(%t"#+c!!!!

%%%N$J*&�}(%V,��I"%V%/C,O�(%3�$*J*J%%�<%!!!F3!%�:(A==l!V'3FA=B?!%=S!
A')7$!"?!�'%*E!(<!%.�#?m!!!
%N$J*&}(%t"#+!!w!)S!5%k-!!!!)=S!0)=7:!-!A&#LS!)S%.�#?!t!!-?!!V'3FA=B
!!!!A&S3!"?!0)*$!(<!)Sm!!!@!5<2=p&?!+=7S!@)S!g#'<26/(!!!V'3FA=B?!@)=i<(!@!+/)L=?!!!!"=#f<3!<)#f)=J!1(!

!!!!!!!!!!!A=&&:!"=?!53)M#=J(!2c#L=U!VI%J!03%,!D),!@(%,!m!!!!!!!!!@!+/)L=?!%='1![='!).$)7=J)E!%K=h!+=:!A=.')7$!+=U2E
!VJ(!^�#L?«!!
�56W%N$J*&}(%V,�I"%Q$,O(%!!

(8c?!@)S%.�#?X!+#LLk!\!-!!
! !!!!=B?!@)S!+&?(3!<3!!!!!51(A=$(!�!3FAd!!V=J(!¶X!!+=c.#$!<3\!)( ndO!!!)=S!r)L=#$(!F!
VJ(!^?):!m! 

o !e./2,!V'3FAB?!@)i<(!^')L?!-!a)�?!0(2&I!+,�X!NP!�^?):!\ 
! !<3!3FAB?)$!@)S!+&?(3!Xinteger!-!)S!string!)S!!X!)S!+#h<!\!F\!mmmmm!!

! !!!<3!a)�?!0(2&I!+,!<):!A&Q$)?1!!�!!F%=h!@)=S1F<!)S%.�#?!-!!~!µ!!0)=')W
A&#LS!<):!%S!@(%,m!!!

                                                   
1 !Constraint graph!!
2 !Binary CSP!!
3 !arcs 
4 !Boolean CSPs 
5 !job scheduling!!
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! !!!!3FA====B?!0)====,1![===='!+====,!!s!!-!V====J(!A=====&?1).$!!!!-!a)=====�?!0(2====&I!+====,
31 5 StartJobStartJob ,&!!

! !!!!̂ ==l!^==,)o!"==Zf!@)==S!V'3FA==B?!!!!!!!g.7y==E!^==,)o!%==.�!"==Zf!%==.�!F
@%.km!!!

!+#J2.W!@)S%.�#?|!1(!A&E<)QI!w!!
! !!!-!a)�?!0(2&I!+,!!!!~F%=h!@)S!0)?1!!µ!!!!!b2>L=9E!C(AS)*=?!@(%=,!0)=')Wt!=,)S!!^

�!!
! !@)SA#?!@!+9.JF!+,!"$)?1!A&`!<3!^l!^,)o!"Zf!@)S!V'3FAB?!LP5 
%%
%%
%%

,9%N$J*&}(%�56W%%%%
!!!!3%q!+,!%yB&?!@)S!V'3FAB?!�-!!!!!!A$2=h!"=?!3%=M&?!%=.�#?!['!^?)h!!!!!-!a)=�?!0(2=&I!+=,!-

SA#WA!m!!!
!!"'F3F3!@)S!V'3FAB?!-!!!!"')=S!VMU!^?)h!
-!A&======h),!"======?!)======S%.�#?!1(!-!a)======�?!0(2======&I!+======,!

SA#WA!m!!!
!FA==B?!!!D)==,!@!+==QE%?!@)==S!V'3!-!%E!^?)===h!

!!-!A&==h),!"==?!%==.�#?!%==E!z.==,!)=='!+==J!3(A=TE!0(2==&I!+==,!
-!a)====�?@)====S!V'3FA====B?!!)====,!!0)====K&W!@)====S!02#====J!!

X@8?<!\v!!m!!
!)==S!@%==E%,XH%==$!@)==S!V'3FA==B?!\!--!a)==�?!0(2==&I!+==,!!F!V==J(!8Q==J!1(!%==#K,!8==?%o!]==$<!

!!!!!!!!!!!!!A=h),!"=?!YL=#&?!%=.�#?!%S!@(%,!<(A�?!['!�J2E!+'(<(!^,)o!Y9�(¶X!!+=c.#$!<3\!!!+=&.K,!^')L=?!
3FAB?!@1)J!A&'4!"?!32UF!+,!!m!!
%z,�(<Q$,O(%V\(I%%!!

!!)=S%.�#?!w3X2X1X F T U  W R O!m!!!!)=S!+=&?(3!wÉ�-s-|-t-¬-§-¯-v-u-�!!Ê!m
!)S!V'3FAB?w!alldiff(F,T,U,W,R,O)!F! 1X O+O=R+10.!5%.�!Fm!!!

%N$J*&}(%V,�I"%Q$,O(3qv"*%V,'0J%%%%
!r)L#$(!^')L?!-!a)�?!0(2&I!+,!-AS3!"?!;<3!"L:!+`!F!"JO:!+`!!!

!"$)?1!@!+?)$%,!^')L?!-)c:!F!"$)?1!+`!-!32h!"?!+'(<(!;O:!H(A:!x!!!
!!!@<(8==q(!V{==J!@A==&,%>.W�!!53%#L==k!C)BM==nu!�!!a)==�#$(!@!5A==&&:!A==&,!0)==?1!�!!A==&,!0)==?1

A./2E!8:%?!@!5A&&:!m!!!
                                                   

1 !constraint language!!
2 !continuous variables!!
3 !Telescope!!
4 !Hubble%%
!5!"Zf!"L'2$!+?)$%,!(Linear Programming) 

6 !unary 
7 !cryptarithmetic column constraints 
8 !!-!A&:!<(%o%,!(<!3(AI(!1(!02#J!e'A&`!@F<!C)QJ)B?!@(%U(!0)>?(!+:!@(!+?)$%,spreadsheet!3<(3!H)$!!!
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@)S%.�#?!^?)h!"To(F!@).$3!^')L?!1(!@3(ATE!+:!A.&:!+U2E),!A&#LS!"To(F!<(A�?!m!!!
%%%%%JI"&0,-�@"%V5L-O�;%V&62%z5(#R%%n%!!!!!!!!!53)=J!3<2=f%,!-!g.=&:!~F%=h!53)=J!C<2=n!+=,!A=.').,
!!!!g.')=7$!C)Q�(!(<!04!�GJ!F!g.h),!+#h(3!@(!m!!!!!!!!=#&?!%'3)=�?!�=J2E!)=S!V=/)l!02=&:!)=E!!!"=?!�='%TE!YL

A$Ah!!
! !+./F(!V/)l!!w!-!"KE!r)L#$(ÊÉ!!
! !!!e'86')U!�,)E!!w!!!!!!!!!!!!!A=&:!"=?!YL=#&?!5A=h!<(A=�?!A=o)q!%=.�#?!['!+,!(<!<(A�?!['

!¡<)TE!"9Tq!r)L#$(!),!+:@<)k1)J)$!)'!!A=h),!+#h(A$!m!!!!!!r)L=#$(!+=:!"E<2=n!<3!+=c.#$!<3
32h!"?!3<!!-!Ah),!+#h(A$!32UF!1)c?!@)Sm!!

! !}AS!VLE!)'!z')?14!w!$(Ah),!!^?):!@<)U!r)L#m!!!
s!\!@!+7S!@(%,!e'(-!V'3FAB?!@)i<(!^')L?!!0)L>'!VJ(!!«!!
|!\!!d==7I!<3!^==l!5(<!%==Sn!)==,!n!A==J<!"==?!%==p$!+==,!%==.�#?!¶X!+==c.#$!<3\@2c#L==U!1(!!
!d7I!aF(A.')7$!53)M#J(m!!!
t!\!!!!!!@A==&,!a2==?%q!1(!0(2==E!"==?!e'(%,)==&,!-!V==J(!�2,%?)==$!%.L==?!)==,!!53)M#==J(!^==?):!V==/)l

327$m!!
¬!\!!d7I!<3l!g'<(3!-!!wb=(n-l)d!!

!),!VJ(!%,(%,!)S!¢%,!3(ATE!F<!e'(!1(w!«««!ndn!!!!
%%NO'C%A5Bq(%V5L-O;|%!!!!!!!!!!!A=h),!"=?!%'j=W!"')=c,)U!)=S%.�#?!r)L=#$(!!!!-!+=:!A=.')7$!+=U2E!-!

[WA=red , NT=green] !!A=&$)7S![NT=green , WA=red]!!A=h),!"=?!!m!!!!V=J(!H1D!�=�q
!!!A.')7$!+U2E!!!!!A=h),!"=?!5%=k!%=S!<3!3%=M&?!%.�#?!['!@(%,!)S!r)L#$(!+:!+=c.#$!<3!-!!b=d!!3(A=TE!F!

nd!!!3<(3!32UF!5%k!!m!@2c#LU!!d7I!aF(!!@(%,!!V'3FA=B?!@)i<(!^')L?!!!!!!%=.�#?!@)=S!r)L=#$(!)=,!
3%M&?!-!!!!!!3<(3!H)$!VL./!;2>T?!@2c#LU!m!!!!!VL=./!;2=>T?!@2c#L=U-!!!g#'<2=6/(!;)=J(!!+=$)S)k4)$!!!
,@(%V'3FAB?!@)i<(!^')L?!Ah),!"?!!m!!0(2E!"?n�!@(%,!(<!%'1F!250n327$!^l!m!!!

!�,)EBacktracking-Search(csp)!-!A$(3%k!"?%,!(<!V.�q2?!HAI!)'!^l!5(<!!!
!!!!!!!!Recursive-Backtracking({},csp)0(3%k%,!(<!!!
!�,)====ERecursive-Backtracking(assignment,csp)-!!soln!!(<!V====.�q2?!HA====I!)===='!
!A$(3%k!"?%,m!!
!!!!!!!!!r)L#$(!%k(Xassignment!\!0(3%k%,!(<!r)L#$(!VJ(!^?):!!
!!!!!!!!var " Select-Unassigned-

Variable(Variable[csp],assignment,csp) 
!!!!!!!!!!!<(A=============================�?!%============================S!@(%============================,Xvalue!\!<3!Order-Domain-

Values(var,assignment,csp)!!(<!%'1!@)S<):!5A,!H)c$(!!
!!!!!+=:!"E<2n!<3!!!!!!!!!!!!!!!!value!!)=,!assignment!!!<3!5A=h!+='(<(!Constraint[csp]!

VJ(!<)k1)J!!
!!!!!!!!!!!!!!!!!!!!!!!!Évar = value!Ê!!r)L#$(!+,!(<Xassignment!\)7$!+q)i(!!
!!!!!!!!!!!!!!!!!!!!!!!result " Recursive-Backtracking(assignment,csp) 

!!!!!!!!!!!!!!!!!!!!!!!!+:!"E<2n!<3!result # failure!-!VJ(!result0(3%k%,!(<!!!
!!!!!!!!!!!!!!!!!!!!!!Évar = value!Êr)L#$(!1(!(<!s<(3%,!!!

!!!!!!!0(3%k%,!(<!V.�q2?!HAI!!
                                                   

1 !assignment!!
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A5Bq(%NO'C%z,�(h%&'$,K0%z,p0J%N@"I%/2%ij%D"%"I%#$*,7W%m%%

%                 

 %%A5��Bq(%NO��'C%3$"I,��.%/��2%!&'k��12%J5��p?2%|%!!!z'(8==q(!A==&$(2E!"==?!5<2==p&?!+==7S!@)SA==#?
A&h),!+#h(3!VI%J!<3!@3)'1w!!

s!m x!32h!53(3!VQL$!@AT,!+,!A'),!%.�#?!H(A:!!
|!m x!A$2h!5A.`!"7p$!+`!+,!)S%.�#? 
t!m !)'4x!g.')7$!(A.W!�'%J!(<!%'jW)$!r)&#U(!@)Zf!g.$(2E!"? 
¬!m !g.$(2E!"?@32Jxg.h),!+#h(3!+/)L?!<)#f)J!1(! 

%)&0,(%3v,2%#$J,�(%M$#W%:.%|%!!5A=$)?!"o),!%'3)�?!e'%E!g:sw!!!!!!!%'3)=�?!e'%=#7:!)=,!(<!@%=.�#?
A.')7$!r){#$(!1)c?m!!!

am !Ah),!"?!<(A�?!e'%E3FAB?!@(<(3!8?%o 
b!m ?!e'%E!g:!),!@%.�#?!A.')7$!r){#$(!(<!1)c?!%'3)�!!

!! %/;IJ%!J#."&'H%|%!!!!!a2P!<3!(<!)S%.�#?MRV!!!!!!A.&>*=,!"q3)y=E!<2=P!+,!!m!!!+=U<3!�*=:w!
A.')7$!r){#$(!(<!5A$)?!"o),!@)S%.�#?!<3!V'3FAB?!e'%#*.,!),!@%.�#?m!!!
!! %%%%%)&�66.%J*&�}(%I"&��(%M$#�W%:�.%|%!='!!!!!!!!(<!5A==&&:!3FA=B?!<(A=�?!e'%=E!g=:!-!5A=h!+='(<(!%=.�#?![

A')7$!"?!r){#$(!!

!! C(<)>#,(!e'(!03%:!Y.:%E-!!e#h(3!s���31)J!"?!%'jW!0)>?(!(<!%'1F!m!!!
%%:'�-O��(%3��@I#2%�%|%!5A==='(!w!!!5A===$)?!"o)==,!%.L==?!)==,!!!@)===S%.�#?!@(%==,!(<!1)===c?!@)S<(A==�?!

!!!!A=.')7$!@<(A=K6$!5A*=$!YL=#&?!m!!!!!%=S!+=:!"?)=6&S!(<!2c#L=U!!!!!!+=7E)f!3<(A=$!1)=c?!@)S<(A=�?!%=.�#?!
A.S3m!!!

                                                   
1 !Minimum Remaining Values (MRV) 
2 !forward checking!!
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  !@AT,!H)kw!!

 !@AT,!H)kw!!

 !@AT,!H)kw!!

 %J*&}(%Y$D5W%|%!!!!!!!@)=S%.�#?!+=,!YL=#&?!@)S%.�#?!1(!g.�#L?!@)S!�'12E!C)IOP(!"J<%,
!A&:!"7$!^7I!)S!V.�q2?!HAI!@!+7S!@(%,!�'%J!C<2n!+,!-!5A*$!YL#&?w!!

 
NT!F!SA!===,4!A===&$(2E!"===7$!F3!%===S!!A&===h),!"«!3FA===B?!�==='12E-!!@<(%===>E!C<2===n!+===,!-!!

!A&:!"?!(%U(!"9B?!C<2n!+,!(<!)S!V'3FAB?m!!
A5v%VI,+D,@%c%|%!!�='12E!e'%=E!53)J-!!!!!!!32=h!"=?!YQ=J!(<!;2=o!%=S!@<)k1)=J!!m!X ! 

YAh),!"?!<)k1)J!!!%k(!!<(A�?!%S!@(%,x!1(!X!@(%,!@3(ATE!y1)c?!!A&h),!m!!

 !@AT,!H)kw!!

 !@AT,!H)kw!!

 !%k(X!@)S!+')L7S!-!3(3!VJ3!1(!(<!<(A�?!['!XA$2h!"J<%,!5<),F3!A'),!m!!

                                                   
1 !Arc consistency (AC) 
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 !!%k(X!!!!!@)S!+')L7S!-!3(3!VJ3!1(!(<!<(A�?!['!X!!A$2=h!"=J<%,!5<),F3!A'),!m!!!@<)k1)=J
!g.�#L==?!"==J<%,!1(!%==E3F1!;2==o-!!A==&:!"==?!(A==.W!V==.�q2?!HA==I!!m!!!!z.==W![=='!C<2==n!+==,!A==$(2E!"==?

!(%U(!r)L#$(!%S!1(!AT,!)'!F!5A$1(3%W!32hm!!
A5v%VI,+D,@%:-$I5~C" 

!�,)EAC-3(csp)!-!CSPA$(3%k%,!(<!5Ah!53(3!zS):!@)S!+&?(3!A')h!F!!!
!!!-!!)===S!@3F<FCSP!![==='!+===:!!!V'3FA===B?!@)===i<(!@!+/)L===?!!!!!@)===S%.�#?!)===,!"==='F3F3!

C DnXXX ,...,, 21Ah),!"?!!!
!!!!!-!"==9B?!@)==S%.�#?!queue!!!!!!+==./F(!C<2==n!+==,!+==7S!+==:!)==S!;2==o!1(!�==n![=='!+==:!-!

!<3!"')S!;2ocsp!A&#LS!!!
!!!!+:!"?(3)?queue5A,!H)c$(!(<!%'1!@)S<):!VL.$!"/)f!!!
!!!!!!Remove-First(queue)!¶!E Fji XX ,!!

!%k(!!!!!!E Fji XX , Remove-Inconsistent-Values!5)k!04!!!
!%S!@(%,!!!!!!!!!kX!<3!)iXNeighbours(5A,!H)c$(!(<!%'1!@)S<):!!!

!!!!!!!!!!!!E Fik XX ,!+,!(<!queuee:!+q)i(!!!
!!

!�,)==EE Fji XX ,Remove-Inconsistent-Values!!!�.B==n!@)==S!V==.�q2?!iff!"==?%,!(<!
A$(3%k!!

remove " false    
!%S!@(%,!!!x!<3!G HiXDomain)S<):!5A,!H)c$(!(<!%'1!@!!

!!!<3!@<(A====�?!�.====S!+====:!"E<2====n!<3!!!!!!G HjXDomain!!!+====:!A====S3!"====7$!51)====U(!(x,y)!
!V'3FA=====B?ji XX I!5)=====k!04!A=====&:!)=====i<(!(<!x!1(!(<!G HiXDomain!�!e=====:!}j=====l!true!¶!
removed 
!!!removed0(3%k%,!(<!!!
)( 32dnO!2E!"?!+,!A$()( 22dnO32h!53(3!zS):!m!!

!3<(3!"?%,!(<!<)k1)J)$!%'3)�?!��q!;2o!@<)k1)J!w!A&:!"?!;%S!(<!2c#LU!@)�q!m!!
!!a)�?!wX#Y!!!F!X#Z!!F!Y#Z!@!+&?(3!),!É|Fs!Ê!!!!!^=l!5(<!)=?(!A=h),!"=?!;2o!@<)k1)J

!VL.$!m!!
%3-$"&9%A5v%VI,+D,@c%%

! !"===?!<(%===>E!(<!%===p$!A==='AcE!-!;2===o!@<)k1)===J!A===&:!X!C)===Tq3!3(A===TE
!Ah),!"?!)S!+&?(3!F!)S!;2o!+,!+#L,(F\ 

! !"#'(AS!;2o!@<)k1)J!w!A&:!"?!@%6$1),!<),!['!��q 
o !A&:!"?!"&.,1),!(<!%.�#?!Y.E%E!['X¿\ 

                                                   
1 !Directional Arc Consistency (DAC) 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 117 - 

o !!!!!!!!!!!%=S!%=k(!V=J(!"#'(A=S!;2o!@<)k1)J!['!V'3FAB?!@)i<(!+/)L?
!;2o),( ji XX!+:!ji XX '@<)k1)J!!Ah),!;2o! 

! !VJ(!"#'(AS!;2o!@<)k1)J!1(!%E!"9:!;2o!@<)k1)J 
! !Ah),!"?!YJ)&?!)S!Vf<3!@(%, 
%#'O(%VI,+D,@c%%
! !%.L==?![=='),...,( 1 mXX!!!!1(!V==MU!%==S!@(%==,!%==k(!V==J(!<)k1)==J!%.L==?![=='!
!%'3)==�?1x!F!mx!)==S!V'3FA==B?!@!+==7S!@!5A==&&:!"==i(<!!@1x!F!mx!r)L==#$(![=='!�!A==h),!
!@(%,12 ,..., (mXX!@)S!V'3FAB?!@!5A&&:!"i(<!+:!),( 1&ii XX!3<(3!32UF!Ah), 

! !!!!!!!%.L=?!%=S!+=:!"E<2=n!<3!VJ(!<)k1)J!%.L?!),!V'3FAB?!@)i<(!@!+/)L?
!Ah),!<)k1)J!- 

! q!)7h!-!�o(F!<3!a2P!),!@)S%.L?!@!+7S!@<)k1)J!��|!A'<(3! ).#l(!(<! 
! ;2o!@<)k1)J!F!%.L?!@<)k1)J 

o !3<(3!"?%,!(<!%'3)�?!@)S!VMU!%.L?!@<)k1)J 
o !!31)===J!"===?!�'%===n!(<!)===S!V'3FA===B?!X!-!a)===�?!0(2===&I!+===,X<Y!F!

Y<Z!J!X+1<Z 
K%{%VI,+D,@%�%%
k!�g.7TE!(<!@<)k1)J!a)>hÃ(!-!@<)k1)J!!AS3!"?!!!

! !!-!V'3FAB?!@)i<(!@!+/)L?k�!!!!@!+=I27c?!%=S!@(%=,!%k(!VJ(!<)k1)J!k-
1!%S!+,!A$(2#,!<)k1)J!<(A�?!['!F!<)k1)J!r)L#$(!),!@%.�#?!k !32h!53(3!r)L#$(! 

o !!!!!!!!!A=h),!<)k1)=J!R32=f!)=,!%=.�#?!%=S!+=:!"E<2n!<3s�!!!"=?!<)k1)=J!
!Ah), 

o |�!Ah),!"?!;2o!@<)k1)J!-!<)k1)J! 
o t�k1)J!-!<)k1)J!!Ah),!"?!%.L?!@<) 

! k!�!+:!"E<2n!<3!VJ(!@2o!<)k1)J! 
o k!�!F!<)k1)=====J!k-1!�!F!<)k1)=====J!!mmm!F

s�!Ah),!<)k1)J! 
/C,O(%I,-F,@%e 

!!A===&/!e.===?!F!).$)7===J)E�!!A&#L===S!^�#L===?!"')===S!+/)L===?!%==='1!.!!+===,
!!!5A==h!^y==#?!@(8==U(!C<2==n+==,!!!A==$(!�=='%TE!^==,)o!V'3FA==B?!}(%==k!m%

!!!!!!!!!!.�#?!@(<(3!+/)L=?!%='1!%=S!+=:!A=.&:!<2yE!!@)=S%c!!!!~2=7c?!A=l!)=E!n!A=h),!!m!!!!V=/)l!e'%=E!A=,!<3-!!
!!!!!!!!!!!)=,!V=J(!%,(%,!^l!5(<!@!+&'8Scdcn ./!!!!!!!<(A=�?!YL=l!%=,!!"=Zf!C<2=n!+=,!F!n!!A=h),!"=?!!m!!!+=,

!!!@(%=,!-!a)=�?!0(2=&I!n = 80 , d = 2 , c = 20!!!g='<(3!!w802!³!!!!!!53!VI%=J!)=,!a)=J!02=.9.,!<)=K`
,!5%k!02.9.?!+.$)�!%!m!202.4!³+.$)�!%,!5%k!02.9.?!53!VI%J!),!+.$)�!gS3!<)K`m! 

N$J*&}(%V,�I"%Q$,O(/-R,'-F,@%3-FIJ%%�%%

                                                   
1 !Path Consistency (PC) 
2 !K-consistency!!
3 !problem structure!!
4 !mainland!!
5 !Tree-structured CSPs 
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%% %%/'£v<!!!!!!!-!A=h),!+#=h(A$!@(!+=�9l!�.=S!V'3FA=B?!}(%=k!+:!"E<2n!<3!!!!@)=i<(!@!+/)L=?!
V'3FAB?!!!!!!0)?1!<3!A$(2E!"?!)( 2ndO!!32=h!^=l!!m!!='(!!!!!V=/)l!e'%EA=,!<3!+=:!"')=U!<3!(<!0)=?1!e-!!

!!!%,(%,!0)?1)( ndO!!!A.')7$!+L')�?!VJ(!!m!!!!!!!F!"=�Z&?!@)=S!aDA#=J(!@(%=,!e.=&�7S!V.n2yf!!e'(
!!!!!32h!"?!53%,!<):!+,!"ED)7#l(w!!!!!!!!!!aDA#=J(!"kA=.�.W!F!)=S!V'3FA=B?!0)=.?!�)=QE<(!-!g=K?!a)=�?!['

VJ(m!!
V"#2%3K-$I5~C"(%V,�I"%Q$,O(%N$J*&}-FIJ%3/-R,'-F,@%%%

s!m!!!!!Y==E%?!)==S!¢%==,!+==,!+*=='<!1(!(<!)==S%.�#?!-!A==.')7$!r)=={#$(!+*=='<!C<2==n!+==,!(<!@%==.�#?
A'4!<3!gp&?!C<2n!+,!04!A/(F!HA�?!5%k!%S!+:!e'(!)E!A.')7$-!!!

!! |!m!!@(%======,j!1(!n!)======E!|!X!!!!"*======S):!C<2======n!+======,!\!!�======,!)======E!-E FE Fjj XXParent , 

RemoveInconsistent+,!(<!A'%Q,!<):!!!
t!m!!@(%,j!1(!s!)E!n!-!jX!),!�o)&E!0FA,!(<!E FjXParentA.')7$!YL#&?!m!!

N$J*&}(%V,�I"%Q$,O(-FIJ%3/-R,'-F,@%%3p$#�W%V%c%%%%
!@1)J!+#L')h|!!w!%.�#?!['!"q%T?F04!@)S!+')L7S!@!+&?(3!03%:!;%S!m!!!

!! !R%==,!@1)==J!+#L==')ht!w!!"==q%T?!X!3<(2==?!@!+==7S!<3!\!!+==:!e=='(!)==E!)==S%.�#?!1(!+==I27c?![=='
!V'3FAB?!}(%k!-!!!!!!!32=h!^'AQE!Vf<3!['!+,!m!!%=k(!!!!R%=,!@!51(A=$(c!!!-!+=c.#$!<3!-!A=h),!!(%=U(!0)=?1!@!

)).(( 2dcndO c (!!-!Vh(3!g.S(2f!(<!@(%,cVJ(!�'%J!"9.f![`2:!m!!
%/$\LW%NFIJ�%%
! +/)L?!@!+'8cE!^y#?!@)S!+/)L?!%'1!+,! 

o !<)#f)Jt!�!"9>h! 
o !)S!+/)L?%'1!³!)S!5%k 

! !C)U).#l( 
o !5%k!['!^o(D!-!%.�#?!%S!@(%, 
o !A&J%,!%p$!+,!gS!),!5%k!['!<3!^o(D!A'),!+#J2.W!@)S%.�#? 

                                                   
1 !Nearly tree-structured CSPs 
2 !Conditioning!!
3 !Cutset conditioning!!
4 !Tree decomposition 
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o !!!!!!!!!!%=6'3!5%=k!%=S!<3!A'),!VJ(!5%k!F3!<3!AJ<!"?!%p$!+,!+:!@%.�#?
!Ah),!+#h(3!32UF!%.L?!<3 

\LW%NFIJ%z,�(%/$%%
!!

! !!!!!!!)=S!5%=k!0)=.?!V'3FAB?
!!"====?!YQ====J!(<!)====S%.�#?!@<)k1)===J

!32h 
! !3%==q!+==,!%y==B&?!+=='8cE
!Ah),!"7$ 

o !)==S!+/)L==?!%=='1
!A&h),![`2:!0)>?(!Al!)E!A'), 

! !+========,!)========S!+/)L========?%'1
!A$2h!"?!^l!^�#L?!C<2n 

! !mmm!!!@!+9.===JF!+===,!�G===J
!5A$)QL`!gS!+,!_%#*?!@)S%.�#?s!A$2h!"?! 

! !!!!!=S!@(<(3!+/)L=?%'1![='!+=:!"E<2=n!<3!!!!!!+/)L=?!^=:!5)=k!04!A=h)Q$!"=9l!5(<!�.
!Ah),!"7$!"9l!5(<!�.S!@(<(3 

! !!-!+/)L==?!e'%==E!¢<8==,!@!51(A==$(!+==:!"E<2==n!<3w!"==?!+/)L==?!5)==k!04!-!A==h),!
!<3!A$(2E)( wndO!32h!^l!!!

%V"#��2%VI"#��BW%V,��9%:-$I5��~C"%N$J*&��}(%V,���I"%Q$,O��(|%!1(!5A==$F<!D)==,+==GE!-!!3%==J!F!H%==k!
03%:!!)J!+.Qh!5Ah!@1@!/27T?!"!!!"=?!<)=:!^?):!@)S!V/)l!),!!A=h),!!!!!!)=S%.�#?!@!+=7S!+=:!A=.&:!+=U2E!-!

53(3!VQL==$!A==$(!5A==h!!m!!!!)==,!03%,<)==:!+==,!@(%==,!!-!V'3FA==B?!@)==i<(!^')L==?!!A=='),!!!!)==,!1)==c?!@)==S!V==/)l
A&')h2f)$!@)S%697I!@)S!V'3FAB?-!!)S%.�#?!<(A�?!+,!5<),F3!!53(3!VQL$A$2h!m!!!

%.�#?!r){#$(!!w!%.�#?!%S<)k1)J)$!"q3)yE!C<2n!+,!(<!A.')7$!r){#$(!m!!!
!!!!@<)k1)J)$!e'%E!g:!),!<(A�?!r){#$(!<)>#,(!w!!!!!!�=9{E!)=S!V'3FA=B?!e'%=E!g=:!1(!+:!(<!@<(A�?

!!!!A.')7$!r){#$(!(<!A&:!"?!m!!-!+GE!1(!5A$F<!D),!!<3!-!A.')7$!+U2Eh(n)!³!!!!!V'3FA=B?!~2=7c?!@!5<)7=h
�9{#?!@)S!Ah),!"?!m!!
%z,�(%<#$D*%I,?j%%%

!3<(3!32UF!02#J!%S!<3!%'1F!['!+:!A.')7$!<2yE!m!!
!)S%.�#?!w1Q!!F!2Q!F!3Q!F!4Q!!
!)S!+&?(3!w}4,3,2,1{$iD!!

!)S!V'3FAB?!w!!
ji QQ KX!'!�'3<!<3!A&$(2E!"7$!A&h),!0)L>\!!
jiQQ ji (K(X!!A&h),!3A$(2E!"7$!gS!%Zo!['!<3!\!!

!A.')7$!+7U%E!0)h%.�#?!@(%,!1)c?!%'3)�?!1(!@(!+I27c?!+,!(<!V'3FAB?!%S!!

                                                   
1 !glued 
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!!
!@(%==,!-!a)==�?!0(2==&I!+==,),( 21 QQ!1(!A==&E<)QI!%'3)==�?!XtFs!\!FX¬Fs!\!FX¬F|!\!FXsFt!\!F

XsF¬!\!FX|F¬!\!!
==/)l)==S!VX!!)==S!V.T==iF\!w!!!!!02#==J!<)==K`!<3!%=='1F!<)==K`X25644 $!V==/)l!\!®!)==S%697I!!w

A.S3!V:%l!02#J!<3!(<!%'1F!®!!!VL=E!}A=S!!w!!+=97l!�.=S!!!!A=h),!+#=h(A$!32=UF!@(!!m!®!",)='1<(!!wh(n) !
!³CO7l!3(ATE!!

!! %%VI,+D,��@,0%M$#�-K.%,��2%Q�K4%|%%!==E!@!+==./F(!V=/)l!!!A==$(2E!"=?!-!5A==h!+='(<(!"q3)yn!�!(<!%=='1F!
!!!5(2={/3!"=Q'%�E!"$)?1!V,)�!<3n!!!!!!A=&:!^=l!3)='1!a)=7#l(!)=,!!Xn = 10,000,000!\!!m!!!!A=&$)7S!@)=S327$

!!!!!%=S!@(%=,!A=&$(2E!"?!!!V'3FA=B?!@)=i<(!@!+/)L=?!!!!!!!A&=h),!�.B=n!"q3)y=E!C<2=n!+=,!%%%\�;%/�2!![='!<3
!%'1!VQL$!1(!['<),!@!53FAB?w!R%�%%,9%N$J*&}(%J"&qW%a,9#'�-(%J"&qW%%

%%
%3$*J*J%V,9%N$J*&}(%%

! !!5A==h!+==#Mk!@)==S![==.&>E!%==E!z.==,
!A&&:!"?!<):!"'F3F3!@)S!V'3FAB?!),!��q 

! !!<2=====P!+=====,!^')L=====?!1(!@3(A=====TE
!!!!!!@)=S!V'3FA=B?!C<2n!+,!"T.QPn!!"')=E!s!

!a)===�?!0(2===&I!+===,!-!A$2===h!"===?!@<(j===k8?<!w
X+Y=Z 
! !-! F1!@<)k1)========J!)========,!5%========k

!a)�?!0(2&I!+,!�!Ah),!"7$!"'F3F3X$12 
o !!!!!!!!!!!!!<)=:!+=,!+=&?(3!zS)=:!)=,!A=&$(2E!"=?!"k3)=J!+=,!"$)=>'!@)S!V'3FAB?
!A$2h!+#q%k 
o }24,5,1{$XD!F!X$12!!¶!}5,1{$1XD 

!!
%V,9%N$J*&}(%G9,.n3$,W%!!

! !!!!!!!!!!@)===i<(!@!+/)L===?![==='!+===,!A===$(2E!"===?!V'3FA===B?!@)===i<(!@!+/)L===?!%===S
!32h!^'AQE!a3)T?!"'F3F3!V'3FAB? 

! !32==UF!RF<!A==&`!)==?!)==U!e=='(!<3!�!3<(3!,��?6H%#��'�-(%V%)&��66.\(I!|!0)*==$!(<!
!g.S3!"? 

o !@)S!V'3FAB?n!A$2h!"?!+'(<(!A'AU!@)S%.�#?!),!"')E! 

                                                   
1 !n-ary!!
2 !hidden variable encoding 
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o !"')EA&`!-!A'AU!@)S%.�#?!@!+&?(3sX!n"')E!!\!A&#LS 
o !!!!!@)S%.�#?!"'F3F3!@)S!V'3FAB?!�!"9n(!�!!!!"')EA=&`!@(8=U(!+=,!(<
!A.$)QL�,!)S 

! !a)�?!wX+Y=Z!),!-!NZYX +,, 
o !A============================'AU!%============================.�#?U!@!+============================&?(3!)============================,!

}|),,{( 321
3

321 xxxNxxxDU $&+$ 
o !!!V'3FAB?!1()0,0(iL!!!!!<(A�?!0A$)QL`!@(%,!I!!!!!+=,!�!A=.')7$!53)M#=J(!H»(!
!a)�?!0(2&I 

})),,,{((),( 3
23212 NNxxxxYU %+$L!!

!!
%N$J*&}(%V,�I"%V%/C,O(%3-1@%%

! !V'3FAB?!@)i<(!@!+/)L?NP!�!VJ(!V{J!F!^?):! 
! (!!!!!!!A.&:!53)M#J(!@(!+Mh)>?!@)S!g#'<26/(!1X!!!!�%=Z?!;<3!<3!+=:!@<2=P!0)7S
!VJ(!5Ah!\ 

o !Ah),!"?!"')7$!C<2n!+,!"kA.�.W!-!V/)l!e'%EA,!<3 
o !Ah),!"?!",2f!<)#q<!@(<(3!@3<(2?!<3!)?( 

! !!!!!(<!"$A===h!H(<!F!H%===$!^')L===?!1(!"')===S!;O===:!-!@(!+M===h)>?!@)===S!g#'<2===6/(
!A')7$!"?!�'%TE 
o UA&`!0)?1!@(<(3!VJ(!^')L?!<3!"')S!V'3FAB?!),!@(!+97 
o !"#f<3!<)#f)J!),!^')L?!-!a)�?!0(2&I!+, 

!!
%%N$J*&}(%A,@"#2%3O$50%/(,0#2%%

! !A&h),!"?!^')L?!@!5A&&:!+'(<(!"T.QP!5(<!['!-!)S!V'3FAB? 
! !VJ(!5Ah!%S)©!"L'2$!+?)$%,!0),1!['!<3!-!V'3FAB?!@)i<(!@!+/)L? 

o !"$OI(!@A&,!a2?%q!@(<(3X@<)K©(!\Ah),!"? 
o !32h!"?!H)c$(!¢2/F%W!%.p$!"�Z&?!@)S!0),1!),!"L'2$!+?)$%, 
o !Ah),!"?!"n)y#f(!�.B?!@(<(3X!C<(12?!^�?|\ 
o !!!!!V==J(!5A==h!+=='(<(!0)==6'(<!F!@<)==cE!@)==S!C<2==n!+==,!¢2==/F%WX!+==,
!a)�?!0(2&ISICStus!)'!GNU-Prolog!\ 

! !+,!A.&:!5)6$!%E!z.,!C)IOP(!@(%, 
o $!+?)$%,!@(%,!�f%,!@)7&S(<!3FAB?!"L'2!w 
/constraints/Ebartak~/cz.cuni.mff.kti://http!!
o !)S!V'3FAB?!2.h<4w 

archive/ccc/edu.unh.cs.www://http!!
!!

/EUF%%

                                                   
1 !tuple 
2 !Mozart 
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!!-!V'3FA==B?!@)=i<(!^')L=?!2=$!!!!A&#L=S!^')L==?!1(!"=n)f!~w!!!!![=='!@)S<(A=�?!�=J2E!)==S!V=/)l
!!!!!A$2h!"?!�'%TE!)S!%.�#?!1(!V,)�!@!+I27c?!m!!F!}A=S!-!z')=?14!!!!!!!<(A=�?!%=,!"')=S!V'3FA=B?!�=J2E!

!!!32h!"?!�'%TE!)S%.�#?!m!!!!;2=>T?!z')=7.W!!³!@2c#L=U!!!aF(!�!d=7I!!!!!%=.�#?![='!)=,!!!5A=h!53(3!r)L=#$(!
!!5%k!%S!+,!m!!!(!r){#$(!F!%.�#?!@!5A&S3!gp$!!!!!!!!"=?![=7:!)=?!+=,!",2=9Z?!<).L=,!<2=P!+,!)S<(A�?!@<)>#,

A&:!m!!g.�#L?!"J<%,!-!!!!!!!!!!(<!5A=&'4!"=,(%f!+=:!"')=S!r)L#$(!1(!!!!!!!)='!A=$<F4!"=?!32=UF!+=,!!!!!A=&&:!"=?!e.7�=E!
!!A&:!"?!@%.k29U!m!!!!!!!!!)=S!@<)k1)=J)$!�*=:!F!3FA=B?!@)S<(A=�?!@(%=,!(<!"q)i(!@<):!!-!3FAB?!z{W!

-A==S3!"==?!H)==c$(!!m!!@!+=='(<(==i<(!@!+/)L==?V'3FA==B?!@)!!-!A==S3!"==?!51)==U(!(<!+/)L==?!<)#f)==J!^==.9BE!m!
!!!!@!+#q).#f)J!Vf<3!!V'3FA=B?!@)i<(!^')L?!!!$)=?1!<3!A=$(2E!"=?!!!!C<2=n!+=,!+=:!"!"=Zf!!!-!A=h),!"=?!!

32h!^l!m!@<(%>E!@!+&.7:!@)S!@<)k1)J)$-!VJ(!%�2?!+T/)Z?!<3!D27T?!m!!!
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!!

&234!$AB&&
&&

!?$QM*!@7$C9
!"9$#4&!3!R7S38P9
!?$QM*!+C7;#
R7S38P9

!"#$%&'(&)*+%&,-+./&&
%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C%>,OT%/2%)"51CJ

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%IJ%Yv"*%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

:-X9%Q7R%%
%N$J*&}(%V,�I"%3O$50%/(,0#2%*%N$J*&}(%V,�I"%V%/C,O(c%%

%%
%N$J*&}(%VD,@%/6'?2%V%/C,O(�%%

! !V'3FAB?!@1)J!+&.K,!@!+/)L? 
o +/)L?!3<(A$)#J(!V'3FAB?!@)i<(!@! 

" �QE%?!@)S!+&?(3!),!)S%.�#?!1(!@(!+I27c? 
" !)S!V'3FAB?!1(!+I27c?![' 

o !@3AI!<(A�?!['!+,!^l!5(<!%S!@!5A&&:!Vh)6$!}AS!�,)E!@!+q)i(!+, 
" !^l!5(<!w!5A&&:!)i<(!@)S!V'3FAB?!^?):!r)L#$( 
" !+/)L?!@1)J!+&.7:!)'!@1)J!+&.*., 

!!
! !a)�?!0(2&I!+,!w?4!]$<!+*�$!@8. 

o !3<(3!5Ah!53)M#J(!@)S!]$<!+,!+#L,(F!+&'8S 
o !Ah),!"?!@%E!z.,!@!+&'8S!@(<(3!]$<!A&`!),!b)` 

!!
%N$J*&}(%VD,@%/6'?2%Q$,O(%V,9%:-$I5~C"%%

! !53)J!g#'<26/(!w!3<F4!"?!r)Ll!+,!(<!)S!^l!5(<!@!+7S 
o !VJ(!5Ah!53(3!�.i2E!02&:!)E!+:!"')S!RF<!H)7E!1(!53)M#J(!), 
o ==:!"$)==?1!!V==J(!A==,!A==h),!+#==h(3!32==UF!^==l!5(<!@3)=='1!3(A==TE!+X!-!a)==�?!0(2==&I!+==,n!�!

!%'1F\ 
" !!!!!!!<3!2c#L=U!1(!r)=&#U(!@(%,!V'3FAB?!@)i<(!@!+/)L?!g#'<26/(!@)S32QK,

!32h!"?!"l(%P!^l!5(<!0FA,!@)S!+f)h 
!!

! !@A.9:!@!5A'(!w!A.')7$!;%S!gS!+&.K,!@)S!^l!5(<!%'1!),!(<!)S!+f)h 
o )�q!;%S!@(%,!+Mh)>?!2c#LU!@ 

!!
                                                   

1 !Constraint Satisfaction Programming 
2 !Constraint Optimisation Problem (COP) 
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%,9%/XP,B(%%
! !A&:!"?!",)'1<(!(<!^?):!@)S!r)L#$(!-!}AS!�,)E 
! !A')7$!"?!",)'1<(!(<!"'8U!@)S!r)L#$(!-!@(!+Mh)>?!�,)E 

o !A&:!"?!YL#&?!-!@3AI!%'3)�?!+, 
! !}AS!�,)E!e.7{E 

o !A.')7$!+U2E!"'8U!r)L#$(!['!@!5A&S3!+TJ2E!@)S!^l!5(<!@!+7S!+, 
o )S!^l!5(<!e'(!<(A�?!e'%#K,!A$1!"?!e.7{E!(<! 

! !A.SA$!+TJ2E!(<!A,!@(!+Mh)>?!%'3)�?!),!@)S!r)L#$( 
o "q)i(!;%S 
o !32h!+#q%k!<):!+,!A$(2E!"?!gS!V'3FAB?!@)i<(!@!+/)L?!3<(A$)#J(!;%S 

!!
%!J#.%J*&}(%*%!J#.%[qk6(c%%

! Å!0)'%U!@<(AK6$!-!;2>T?!z')7.W!g#'<26/( 
o !02&:)E!^l!5(<!e'%#K, 
o !"'D),!@!53FAB?X,)'1<(!^l!5(<!e'%#K,!"\ 

!!
!@1)J!+&.7:!g#'<26/(!!

! !+./F(!"S3<(A�? 
! !"#*k1),!a(F<| 

o !32h!"?!(A.W!^l!5(<!['!+:!"#oF 
! !e:!+L')�?!(<!04!5Ah!@<(AK6$!^l!5(<!e'%#K,!), 

o !<(A�?!r){#$(!@!+�9l 
! !e:!+TU(%?!-!Ah),!"'D),!Al!1(!%E![`2:!+Mh)>?!<(AM?!%k( 

! !531),t!+,!VJ(!+#L,(F! 
o )>?!�,)E!@(!+Mh 
o !r2f!@)S!^l!5(<!@!+./F(!V.�q2? 

!!
! !32h!"?!+#f)&h!+&.K,!+:!"E<2n!<3 

o !)7$!"S3<(A�?!+&.K,!<(A�?!),!(<!D),!Al 
o !A.h),!0)')W!+U2#? 

!!
! !a2Qo!^,)o!Al 

o !Ah),!"?!"i(<!+&.K,!%'1!^l!5(<!['!), 
o !Ah),!['38$!5Ah!+'(<(!<(A�?!['!+,!"q):!@!51(A$(!+, 
o +:!VJ(!"$)?1!<3!+7E)f!VJ(!<(A�?!e'(!1(!%E![`2:!",)'1<(!@(<(3!^l!5(<!['! 

!!
%V"%/XP,B(%Y2,W%%

                                                   
1 !Branch and Bound 
2 !Recursive procedure 
3 !efficiency 
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! !VJ(!A&?1).$!�'%l!F3!+, 
o !A.')7$!;%S!e>7?!@!)S!+f)h!3(ATE!@!51(A$(!+, 

" !A')7$!"?!+'(<(!(<!%ED),!%'3)�?!-!+Mh)>? 
o !A.')7$!@<(332f!+&.K,!@)S!^l!5(<!@(<(3!@)S!+f)h!03%:!;%S!1( 

! 2c#LU!+/)L?!+,)*?!Ah),!"?!+$)S)k4!@X!a)�?!0(2&I!+,*A!\ 
!!

! !3%.6,!g:!VJ3!(<!+&.K,!�,)E!A'),!-!+Mh)>? 
o !3%.6,!D),!VJ3!-!@1)J!+&.*.,!@(%, 

!!
%3�^6(%3O$50%/(,0#2%]I5E%/2%N$J*&}(%V,�I"%V%/C,O(%%

%%
rgb(red). 
rgb(green). 
rgb(blue). 
 
colourable([WA,SA,NT,Q,NSW,V,T]) :-
rgb(WA),rgb(SA),rgb(NT),rgb(Q),rgb(NSW),rgb(V),rgb(T), 
 
WA\=NT,NT\=Q,Q\=NSW,NSW\=V,SA\=WA,SA\=NT,SA\=Q,SA\=NSW,
SA\=V. 

! !!!!!!!!�%==h![=='!C<2==n!+==,!A==$(2E!"==?!3FA==B?!@!+==&?(3!)==,!V'3FA==B?!@)==i<(!@!+/)L==?!%==S
!32h!0).,!+&.?1!C).To(F!"f%,!),![E!�'%n 

o !a)yE(!%Ss.�#?!<3!V'3FAB?!['!!Ah),!"?!5Ah!^?)h!@)S% 
!!

! !e'(%,)==&,!w!!+==:!A==.SA,!51)==`(!F!A.L=='2&,!¢2==/F%W!0)==,1!+==,!(<!V'3FA==B?!@)==i<(!@!+/)L==?
!%LM?|!A&:!^l!(<!04! 

!!
! !+/)L?!w!aF(!RF<�!Ah),!"7$!e'%#K,!-!3<(2?!%E!z.,!<3!¢2/F%W!d7I! 

!!
%J*&}(%3�^6(%3O$50%/(,0#2%%

                                                   
1 !conjunct 
2 !interpreter 
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! !!!!!!@)==i<(!@!+/)L==?!@)==S!g#'<2==6/(!1(!"')==S!+==$){,)#:!!!!!3<(A$)#==J(!¢2==/F%W!+==,!V'3FA==B?!
!A$(!5Ah!+q)i( 

!!
! !H)$!@(<(3!D27T?CLPX!!+&?(3!\!A&h),!"? 

o CLP(FD)!! !!3FAB?!@)S!+&?(3!<3 
o CLP(B)!! !! !!)S!e./2,!3<2?!<3 
o CLP(Q,R)!! !!C).To(F!F!C).$O�I!3<2?!<3 

!!
! !"9B?!H8.$)>?!1(!53)M#J(!),s!VJ(!5Ah!@1)J!53).W!0),1!@!+TJ2E!@(%,!¢2/F%W! 

!!
SWI%*%�5C*#H%CLP%%

!;%#J3!<3!@)S!+$){,)#:!!
! CLP/bounds!w!!�.Bn!@)S!53FAB?!@(<(3!V'3FAB?!@!5A&&:!^l2! 

o !~2$!@)S%.�#?!2�I!)S%.�#?!@!53FAB?Integer!Ah),!"?! 
o !1(!@(!+I27c?!%'1SICStus(FD)!Ah),!"?! 

! clpr!w!!C).To(F!<3!3FAB?!"�Z&?!"L'2$!+?)$%,t 
!!

%z,�(%<%V\(I%V%/C,O(%%
 SEND+MORE=MONEY 

 
:- use_module(library('clp/bounds')). 
cryptarithmetic(S,E,N,D,M,O,R,Y) :- 
Digits= [S,E,N,D,M,O,R,Y], 
Carries = [C1,C2,C3,C4], 
Digits in 0..9, 
Carries in 0..1, 
M                  #=               C4, 
O + 10 * C4 #= M + S + C3, 
N + 10 * C3 #= O + E + C2, 
E + 10 * C2 #= R + N + C1, 
Y + 10 * C1 #= E + D, 
M #>= 1, 
S #>= 1, 
all_different(Digits), 
label(Digits). 

!!
%Y2,6(<%%

                                                   
1 !native 
2 !Integer 
3 !Constraint Logic Programming over Reals 
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http://www.inf.unibz.it 
 

http://www.inf.unibz.it
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%%

%%

&&
&234!$?B&&

&&
$>!?)$&!?M;TU

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

*%&7'@%*%#XE%\l'K(%I,?j%*%J50%%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

,9%VD,2%VI5�W%c%%
%Q7R9k-:%%

[C,^(%A5§I%%
! %,9%VD,2 
! %Q(,.%VD,2� 

% %|6'(%V,9%V#'+%:'K7W%�.,K'%e%%
% %|%A#9%�%á-â%%

! %3p$#�W%32,$DI"%*%Y2,6(%N$J*&}(� 
! %3RJ,7W%V,9%VD,2� 
! %Q(,.%#'¦%],4U�"%,2%V,9%VD,2�!!
%%

3=(,4&6j%V,9%�'}(%%
! !A&&:!"?!¡%q!(<!"9?)I![E!�.B?!['!-!g'(!5A'3!D)l!)E!)?!+:!"'2c#LU!@)S!g#'<26/(m!!
! I!%�(!",!0)KU!['!<3!<):!a)l!<3!^?)u!Ah),!"?! 
! x!<2P!+`!3<F).,!r)Ll!+,!(<!)S!^?)I!%6'3!A'),!^?)I!['!+:!@3<(2?!<3 
! !"#,)o<!@)S!�.B? 

o !-!1%>`!-!�$%Zhgo!F!mmm 
o !)S!"U(%l�!�f%,!@)S!5)6hF%q!-! 

! !"#:%h!@)S!�.B?X"$F)TE!\s�! 
o a)QE2q!g.E!['!@)S!^?)I 

                                                   
1 !Game playing!!
2 !Perfect play!!
3 !Minimax decisions 
4 !pruning!!
5 !Resource limits and approximate evaluation!!
6 !Games of chance!!
7 !Games of imperfect information!!
8 !neutral 
9 !auctions 

10 !cooperative 
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%%%%%%,�9%VD,�2%VI5�W{%!!)=,!@<2=ËE!!!!!C).=i)'<!g=9I!1(!@(!+f)=h!-!)=S!@1!µ!!!!!!!+=,!+=:!A=h),!"=?!3)y=#o(!g=9I
!!!31(3%W!"?!^?)I!A&`!0).?!^,)�#?!C(%�(!m!!!!!!!"=?!e.')=E!-!+=&.K,!<)=#q<!£.{*=E!@(%=,!(<!"')S!RF<

!A')7$!m!!
!)S!�%q!w!!

!!!!!^=?):!C)IOP(!),!@)S!@1),!w!!!!!!!!!!A=$<(3!"=J%#J3!-!�.=B?!3<2=?!<3!z=$(3!@!+=7S!+=,!)=S!^=?)I!m!!)=?
!(<!�.B?!e'(!g.?)$!"?!5AS)*?!^,)o!O?):!�.B?!m!!

!!!£o)==$!C)=IOP(!)==,!@)==S!@1)=,!w!!!A==')7$! )#&#=J(!-!zM'%==l!)=='!0)==KU!3<2=?!<3!A=='),!^==?)I!m!e=='(!)==?
!!!!!!!g.?)$!"?!"'8U!C<2n!+,!5AS)*?!^,)o!�.B?!(<!�.B?!m!!!!!%=E!z.=,!-!"L=$)h!@)=S!@1),!-!)S!a)�?

!A&h),!"?!)S!"U(%l!1(!"f%,!F!"To(F!@).$3!@)S!z&:!gS%,m!!!
!)S!@1),!@<2ËE!C)iF%M?!w!!

!^?):!V.$O�I�!3(3!A&S(2f!H)c$(!(<!VJ<3!<):!+*.7S!-!)S3%>97I!m!!
!!!!3FAB?)$!@!+QJ)B?�!!!!03(3!H)=c$(!@(%=,!@<)=:!+`!+:!A&#LS!e'(!£.{*E!+,!<3)o!+*.7S!)S!^?)I!
!Ah),!"?!VJ<3!-m!!

!!!!!=$<(A$!�(Ay?!-!3<(2?!1(!"f%,!<3!C)iF%M?!e'(!-!g'(!5A'3!+:!<2P!0)7S!AX!!!!A&=h),!"=7$!V=J<3
!m!\!!!!!!!!!!!!!!!!!!g.7y=E!3<2=?!<3![=7:!@(%=,!)=S!@1)=,!@<2=ËE!@)=S!5A='(!1(!"=f%,!1(!12=&S!)=?!-!a)=l!%S!+,

!!!!!!!!!!!!g.')=7$!"=?!53)M#=J(!-!A=h),!"=?!V=J<3!-!H)=c$(!@(%,!@<):!+`!+:!e'(!3<2?!<3!@%.k!m!!-!e'(%,)=&,
),!<):!+`!+:!A')7$!@%.k!g.7yE!+$26`!"9?)I!A&`!�.B?!['!<3!+$26`!^?)I!['x!A&>,!A'!!

%/6'?2%V,9%8*I%%
! !g.&:!~F%h!)S!@1),!~2$!e'%E!53)J!),!A.').,m!!

o !5%M$!F3 
o ^?):!C)IOP( 
o !^?):!C<2n!+,!"#,)o<�!31),!"?!@%6'3!F!3%,!"?!">'! 

! !g.')7$!�'%TE!2c#LU!@!+/)L?!['!C<2n!+,!(<!@1),!e'(!g.$(2E!"?!)?m 
!)==S!@1)==,!@<2==ËE%!!==S!<3!+==:!V==J(!"�l)==Q?!e'%==E!"7'A==o!1(!"==>'!!3)=='1!04!+==,!�==U(<!"I2&y==?!R2
!VJ(!5Ah!+T/)Z?!m!+:!VJ(!04!Y9Z?!e'(!^./3w!!

M !A$<(3!VJF3!(<!)S!@1),!3(%q(!«!A&&:!<):!)S!@1),!),!A&$(2E!"?!r2f!Fm!!
M !A$2h!"?!5A'3!R2S!@!5A&')7$!['!C<2n!+,!)S!@1),!-!Y9�(m 
M !A&h),!"?!�.B?!1(!�i(F!�.i2E!['m 
M W!F!¢<8==,!"==9.f!-!V==/)l!@)S)�==q!)==?(!!F!"o)==ME(!C)==IOP(!C)==oF(!"==f%,!e'(%,)==&,!-!A==$(!5A==.�.

!32h!"?!+/)L?!<3!z/)`!0A?4!32UF!+,!¨I),!e'(!F!A&h),!"?!A?4!<):)$m 
M !A&h),!"?!�'%n!F!�i(F!)S!@1),!A&:!"?!<):!r2f!"I2&y?!R2S!+:!"#oF!m 

#LS!^.Q?2E(!"l(%P!@!+�,)L?!@(%,!¢<8,!@(!58')U!A&$)?!"I2&y?!R2S!@(%,!)S!@1),!A&!m!!
%,��9%VD,��2%V5L-O��;%Q$,O��(%{%%!!�=='%l!V==:%l!)==S!@1)==,!<3s!!!<3!A==h),!"==?!"==&.,!z.==W!^==,)o!%==.�!

+c.#$%!!^l!5(<!-!!!!!!!V=:%l![='!@!5A=&&:!£{*=?!@¤E(%#=J(![='-!!!!r(2=U!%=S!@(%=,!!!!�='%l!e=>7?!
VJ(!m!!!!!"$)?1!@)S!V'3FAB?32U2?!!!}AS!03%:(A.W!@(%,!!)'!r29Z?!)$!-!!!A&')=h2f!)=$!!A&#L=S!!!<3!-
!+c.#$7{E!A'),!-2h!531!e.$A!m!!!

/���1$I,W<%!!!!!A==&:!"==?!+==U2E!@1)==,!e==>7?!�2==Zf!+==,!%E2.G?)==:!(Babbage,1846)!®!!"7#'<2==6/(
!!^==?):!@1)==,!@(%==,!(Zermelo,1912;Von Neumann,1944)!®!!!!",)=='1<(!-!3FA==B?!VT==JF

                                                   
1 !opposite 
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!!"=Q'%�EXZuse , 1945 ; Wiener , 1948 ; Shannon , 1950\!®!!!!!+=./F(!�$%Z=h!@!+=?)$%,
XTuring , 1951\!!®!!&.=h)?!R12=?4!"s!!!!!!!",)='1<(!"#=J<3!+=,!0A.*={,!32=QK,!@(%=,!XSamuel , 

1952-57\!®!!)'!"&.,1),;%S!!%E!d.7I!@2c#LU!+,!03(3!51)U(!@(%,XMcCarthy , 1956\ 
,9%VD,2%�"50"%%

�0#^P<%!!!!!!!!![='!@F<!%=,!+=:!V=J(!@(!@1),
!!!!!%6'1)==,!F3!@(%==,!F!32==h!"==?!H)==c$(!+BM==n
!!!!!!"&.$(2=o!+=,!+=U2E!),!(<!5%K?!538$)h!+:!VJ(

!!A==&S3!"==?!V==:%l!e.==T?!m!!03%==:!C)==?!}A==S
!A==h),!"==?!^==,)�?!}%==P!5)==h!m%D#��Bj%VD,��2<!

!!!!!!!!!A='%W!}A=S!�!A=h),!"=?!5%=K?!531(F3!@(<(3!%M$!%S!+:!Ah),!"?!%M$!F3!@(%,!1%>`!@1),!@!+BMn!0
!!!!!!!!!Ah),!"?!�'%l!@)S!5%K?!0327$!%.6#J3!F!m%VD,2go<%!!!!%6'1)=,!F3!@(%=,!+BM=n!@F<!%,!@(!@1),!

!!!!!!!!!!!�G==J!F!03%==:!5%==n)B?!}A==S!-!A==&S3!"==?!<(%==o!+>Q==h![=='!@F<!(<!"')==S!5A$<)7==h!+==:!A==h),!"==?
!!!!!!!!!A=h),!"=?!�='%l!@)=S!5A$<)7=h!03%=:!%.6#J3!mu!!%%s�'W|%%�,�W%|%%%I5�.%5�W%<!!![=.E!@1)=,!�!!_)=E!�!!2=E!

!!),!F3!@(<(3!Ah),!"?!%6'1!m!!!!!!!!!�!"=h!+=J!+=:!A&=h),!"L=:!e.=/F(!+=:!V=J(!e'(!}AS!%6'1),!F3!%S!@(%,
!!!!!!!!!A&S3!"?!<(%o!%Zo!)'!02#J!-!�'3<!['!<3!(<!A&$)7S!m!!!!!+=J!@!+>Q=h![='!@(<(3!@1)=,!e'(!@!+BMn

!!!!!Ah),!"?!+J!<3!m!!!!!A=h),!"=?!+=$)f!+$!@(<(3!e'(%,)&,!m�!%%%J#�0%/�-1W<!!!!!F!V=J(!+BM=n!@F<!%=,!@(!@1)=,!
6'1)==,!F3!3<(3!%!m!!!@!+==$)f!<)==K`!F!VL==.,!<3!(<!)==S!04!+==:!A==h),!"==?!5%==K?!538$)==W!@(<(3!%6'1)==,!%==S

!!!!AS3!"?!V:%l!;)E!F3!@F<!5Ah!%S)©!3AI!+,!+U2E!),!^>h!"�9�?!ms�!%%Q�H<!!!!!+=Ä�l!"E<)=:!@1)=,![='!
!!!!!!!!!!!!!!!!F!A=&&:!"=?!@1)=,!g=S!)=,!@%=M$!F3!5F%=k!F3!C<2=n!+=,!%=M$!<)K`!e'(!+:!Ah),!"?!%M$!<)K`!@(%,!@(

!!!%S!<3!!!A&.*$!"?!gS!^,)�?!5F%k!%S!}%P!m!!!!!!A=h),!"=?!+=9l%?!F3!@(<(3!^=W!@1)=,!w!!!@1)=,!F!3)K&*=.W!m
ss!%%#.5H<!!!!!!!!!!!@)=S!@1)=,!H)=$!+=,!)=S!@1)=,!1(!+#J3!['!1(!@1),!e'%E!r2QB?!-!Ah),!"?!"E<):!@(!@1),

!!!!!!!!!!!!!@8=.`![='!@F<!0)=K&W!":A=$(!)='!0)=K&W!O?)=:!"')=S!C<)=:!)=,!0(%6'1)=,!04!<3!+:!Ah),!"?!"7*�7S
%h!!!!!!!!!!!!!!!!!0(%6'1)=,!)='!%6'1)=,!+=,!V=J(!5A=h!H)=c$(!04!@F<!@A=&,!�%=h!+=:!@8=.`!�G=J!-!A&&:!"?!@A&,!�

!!!32==h!"==?!53(3!58')==U!A&#L==S!)==S!C<)==:!Y==.:%E!e'%==#K,!@(<(3!+==:!@(!5A==$)?!"o)==,!ms|!%'2y==E!%=='1!<3!
!A.')7$!"?!5AS)*?!g'327$!"q%T?!02&:(!gS!+:!@(!@1),!A&`!@!+BMnw!!

VD,2%o,0%%1%>`!!go ![.E�!_)E!�!2E!
<2:!!

3%$!+#{E!!

                                                   
1 !machine learning!!
2 !chess!!
3 !checkers!!
4 !backgammon!!
5 !blind tictactoe!!
6 !bridge!!
7 !poker!!
 8!webwn/perl/edu.princeton.wordnet!!
 9!htm.tictactoe/com.seeingwithsound.www://http!!
 10!webwn/perl/edu.princeton.wordnet!!
 11!game_Bridge/wiki/org.wikipedia.en!!
 12!Poker/wiki/org.wikipedia.en!!

%%3q^v%%3O0,P%%
%],4U�"
Q(,.%%

�$%Zh|!@1),-
1%>`t-go!!

3%$!+#{E�!!

%],4U�"
�v,0%%

<2:!2E!)E![.E� ^W�%:2W-
v!!
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%#$57W
/}XE%%

!!
%%%%%%5L-O�;%]I5�E%/�2%VD,2%VI5�W{%!!!!!!!!!A=.')7$!+=U2E!^=?):!C)=IOP(!)=,!@(!5%=M$!F3!@1)=,!+=,!m!!!!"=?!)=?!)='4

!x!g.')7$!@A&,!a2?%q!2c#LU!^')L?!C<2n!+,!(<!@1),!e'(!g.$(2E!!
M !Ah),!"?!+/)L?!@2c#LU!V.TiF!-!@1),!@!+BMn!V.TiFm 
M S%697I!-!1)c?!@)S!V:%l!A&#LS!)m 
M !!!!!!!!!!!!)='!g='(!5A=h!5A=$1),!)='!g='(!53%=,!(<!@1)=,!)S!04<3!+:!A&#LS!"')S!V.TiF!"$)')W!@)S!V.TiF

!VJ(!5A$)?!+c.#$!",!@1),m 
M !!!!!!!3AI!03%,!+,!g.$(2E!"?!)?s!º!!3AI!e#f),!+,!-s�!!!3A=I!5A=$)?!+c.#$!",!@1),!+,!F!�!!VQL=$!(<!

!g.S3!m 
M !!RF<![=='!g.S(2==f!"==?!)==?!X!==:%l!r)=={#$(!@(%==,!5(<![=='!)==S!V!\!!(A==.W!3%==,!"==?!(<!@1)==,!+==:

!g.')7$!m 
%VD,2%V5L-O;%IJ%GC,j!!

M !3<(3!32UF!�'%l!['m 
M !!!!VJ(!z'A$(A,!�'%l�!!!!!)7=h!@(%=,!(<!A=,!@)=S!8.`!F!AS(2f!"?!32f!@(%,!(<!r2f!@)S8.`!

!AS(2f!"?m 
M !g.')7$!@1)J!+.Qh!(<!0)7M'%l!@%.k!g.7yE!A'),!)?m 
M !!"yy{E!0)kN(F!w!!(3!32=UF!+&.*=.,!%6'1),!['!3<X!!!!!!!!"=?!R32=f!@(%=,!(<!�=M$!e'%=E!z.=,!+=:

!AS(2f!\!AS(2f!"?!R32f!@(%,!(<!�M$!e'%E!g:!+:!3<(3!32UF!+&.7:!%6'1),!['!F!m 
NFIJ%%%VD,2%{%!!!!!!!!!!!!!!!!!g=J<!%='1!C<2=n!+=,!@1)=,!%=S!@(%=,!(<!@1)=,!V=f<3!g.$(2=E!"=?!)?!-!"9:!V/)l!<3
!g.')7$m!!

%% %%�.,K'6'({%%!!!!@<2.E!<3!r2f!@)S!V:%l!e.')E!@(%,!RF<!['!!!!!+=:!A=h),!"=?!@%E2.G?)=:!@)S!@1),
!!!!(<!g=='<(3!<)==p#$(!+==:!"')==S!"==&.,!z.==W!A==$(2E!"==?!A==&:!"==?!g==:!(<!%6'1)==,!V==f),!+==:!"==#:%l!r)=={#$(!)==,
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!!!!!!!!!!!!RF<!0)=7S!g=S!^=,)�?!%6'1),!+:!e'(!¡%q!),!+#Q/(!-!A')7$!53<F4%,!�!!!!)=?!<)=p#$(!3<2=?!�s!!r)={#$(!(<!
!!!A')7$!"?!X!!%E!z.,!03<F4!32U!F!+,!@(%,!e'(%,)&,!F!A')7$!"?!ROE!Vf),!e'!m!\!!!!!V=f),!)='!3%=,!0)=>?(

!!!!!!!!!!!5A==h!+=#q%k!<)==:!+=,![.E)#=J(!",)=='1<(!�,)=E![='!1(!53)M#==J(!)=,!D2==7T?!)=S!V=:%l!1(!+#==h<![='!@(%=,
!32h!"?!53(3!£.{*E!+#h<!0)')W!<3!F!-!@1),!V.TiF!@(%,!m|!!

%3q^v%Q(,.%VD,2e%%Q(,.%],4U�"%,2%V,9%VD,2%n%&6P,2%3(%%Z%%
%%)&$"<!!,!V:%l!!�:)7.&.?!<(A�?!e'%ED),!V.TiF!)!³!!!!@1)=,!e'%=#K,!}Of%=,!e=>7?!"S31),!e'%#K,!m!

!@(%,!-!a)�?!0(2&I!+,5%M$!F3!@1),g'<(3!w!!!

 
%�.,K'6'(%:-$I5~C"%%

!�,)EMinimax-Decision(state)A$(3%k!"?%,!(<!3%>97I!['!!!
@3F<Fw!!stateAh),!"?!@1),!@<)U!V/)l!+:!-!!!

a!<3!+==:!(<!@(!Actions(state)!!@!5A==&&:!+&.*==.,!Min-Value(Result(a ,state))!!(<!A==h),!"==?!
0(3%k%,!!
!�,)EMax-Value(state)!A$(3%k!"?%'!(<!A.M?!<(A�?!['!!!

!�,)===E!+===:!"E<2===n!<3Terminal-Test(state)!!A===h),!"===?!V===J<3!"#*===k1),!<(A===�?!@(<(3!
Utility(state)0(3%k%,!(<!!!

v " - & 
!@(%,a,s!�,)E!<3!Successor(state)!-!v " Max (v,Min-Value(s)) 
!<(A�?v0(3%k%,!(<!!!

!�,)EMin-Value(state)!!A$(3%k!"?%,!(<!1)c?!<(A�?!['!!!
!+:!"E<2n!<3Terminal-Test(state)!-!VJ(!VJ<3!Utility(state)0(3%k%,!(<!!!

v " &!!
!@(%,a,s!0F<3!Successors(state)!-!!v " Min(v,Max-Value(s)) 

v 0(3%k%,!(<!!!
'E57F�.,K'6'(%],%%

!!!!!!xx!032,!^?):!!Ah),!3FAB?!Vf<3!+:!"E<2n!<3!��q!!X!!!!!!!3<(3!<)=:!e='(!@(%=,!"=&.T?!e.$(2=o!�$%Z=h
m\!!

NB!Ah),!+#h(3!32UF!A$(2E!"?!gS!3FAB?)$!Vf<3!['!<3!"#l!3FAB?!@¤E(%#J(!['!«!!
!!xx!032,!+&.K,+9,!!

xx!"$)?1!"kA.�.W !!!)( mbO!!
                                                   

1 gU%#?!!!
 2!html.1node/gloss/thought-and-computers/books/uk.ac.susx.informatics.www!!
s!Deterministic!To2?!+,!+:!@A&'(%q!@!+c.#$!-!%E2.G?):!<33<(3!"6#L,!)S!@3F<F!+./F(!@)S!V.!!
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xx!)�q!"kA.�.W!O(bm)!X!@2c#LU!d7I!aF(!\!!
!-!�$%Zh!@(%,m (100,b ( 35!!-!XaA#L?!@)S!@1),!@(%,!\!¶!!!!!"$A*=$!(%=U(!O?)=:!d=.o3!^l!5(<

VJ(m!!!
x!g.')7$!(A.W!(<!%.L?!%S!+:!g'<(3! ).#l(!)?!)'4!)?(!!

A#9% 3 - N%!!!
M !Ah),!"?!^?):!C)IOP(!),!F!"TZo!@)S!@1),!@(%,!3<(A$)#J(!"hF<m 
M !!!!.Qh!RF<!e'(!@!5A'(!!!!Ah),!"?!)M/4!;%S!+!w!!!!+=:!@%.L=?!1(!%EA=,!AJ<!"?!%p$!+,!@%.L?!%k(

!e:!}jl!(<!04!-!Ah),!"?!g'<(3!)?« 
M !!!!@(%==,!(<!e'%==#K,!<(A==�?!)==,!¢%==,!0)=='%U!)==?(!-!A==h),!"==?!�:)==7.&.?!+.Q==h!RF<!e=='(!g#'<2==6/(

!)?!%6'1),!X!)M/4!\!�'%l!%6'1),!FX)#,!\!A&:!"?!@<(AK6$m 
M !!!E!V:%l!e'%#K,!+:!"E<2n!<3!!!!!!!!!!2c#L=U!)=,!(<!04!g.$(2=E!"=?!)=?!+=:!e='(!32=UF!)=,!-!3%>$!%..�

!g.')7$!2c#LU!A')Q$!%6'3!)?!5)k!04!-!g.')7$!(A.Wm!!
A#9%z,�(% 3 - N%%

      

 

!!
%8*I%M$"%"#já-âw%N@"%)&P%)&'(,0%%%

%%
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Ì!!!!!!VJ(!!@<(A�?!e'%#K,X@(%,!MAX!\!!!!!!!!!!V=J(!5A=h!(A=.W!@<)=U!%.L=?!@(%=,!02&:!)E!+:!!m!!%=k(V!
!(!%==E!A=,!1Ì!!-!A=h),!MAX!!3%=:!A==S(2f!@%.k2==9U!04!1(!!¶!A==.')7$!;%=S!(<!+f)==h!04!m!Í!g==S!(<!

!@(%,!C<2n!e.7S!+,MINA.')7$!�'%TE!m!!!
%:-$I5~C"á-â 

!�,)EAlpha-Beta-Decision(state)!A$(3%k!"?!%,!(<!^7I!['!!!
a   !<3!+==:!(<!@(!Actions(state)!!@!5A==&&:!+&.*==.,!Min-Value(a,state))!(<!A==h),!"==?!!
0(3%k%,!!
!�,)EMax-Value(state,á,â)!A$(3%k!"?!%,!(<!1)c?!<(A�?!['!!!

!-!)S!@3F<F!!!state+:!!@1),!<3!@<)U!V/)l!Ah),!"?!!
!!!!!!!á       !@(%,!e'%#K,!<(A�?!MAX!+,!%.L?!a2P!<3!state!Ah),!"?!m 
!!!!!!!â       !@(%,!e'%#K,!<(A�?!MIN!+,!%.L?!a2P!<3!state!Ah),!"?!m!!
!!!!+:!"E<2n!<3!!!!!!!!Terminal-Test(state)!-!Ah),!"?!VJ<3!Utility(state)0(3%k%,!(<!!!

!!!!!!!!V" - & 
!@(%,!!!!!!!!a,s!�,)E!<3!Successors(state)5A,!H)c$(!(<!%'1!@)S<):!!!

v " Max(v,Min-Value(s,á,â))           !!
!+:!"E<2n!<3!!!!!!!!!!!v %â !-!Ah),!v0(3%k%,!(<!!!

!!!!!!!!!!!á"Max(á,v) 
+�9l!@)K#$(!!!!!!!!!!

v0(3%k%,!(<!!!
!�,)E!!!!!!!!Xá,â!Min-Value(state,!A$(3%k!"?!%,!(<!1)c?!<(A�?!['!!!
!!!!!!!!!<(A�?!+.QhMax-Value!!-!@!5Ah!F<1<!e.$(2o!),!)?(á!F!â!!!

%],'E57��Fá-â%%|%!!)=='!"&.,1)==,!!!!3<(A==$!@%==�(!"')==K$!@!+==c.#$!@F<!%==,!;%==S!m!!r2==f!V==:%lF!!
?!!gp&!!A*{,!"?!32QK,!(<!;%S!%�(!!m!!),!�!!!!^=?):!@!5A=&&:!gp&=?�-!!!!"$)=?1!"kA=.�.W!!³)( 2/mbO!
¶X!+c.#$<3!\!!!d7I!2c#LUA&:!"?!�I)�?!(<!!m!!!!!!!!V*=S!d=7I!+=,!"k3)=J!+=,!A=$(2E!"?!+c.#$!<3

!!!!!!!A')7$!+'(<(!(<!",2f!�$%Zh!@1),!F!AJ%,!m!!!!!!04!3<2=?!<3!+=:!@<(A=�?!1(!53)=J!a)=�?!['!!aDA#=J(
!!g.=&:!"=?-!!!!!!!!!!A=$<(3!�)=QE<(!g=S!)=,!C)Q=J)B?!+=:!V=J(!"')=U!X!!!!aDA#=J(!(%=q!1(!^>=h![='\!m!!!+$)M=J)#?

5035!VJ(!e>7?!%.�!12&S!«!!
%Y2,6(%N$J*&}(%|%!!!!!!g.$(2=E!"?!F!g'<(3!0)?1!+.$)�!An!)?!A.&:!¡%q!410!!!!!g.=&:!�*=:!+=.$)�!<3!5%=k
!An!<3!+c.#$<3!+.$)�XV:%l!%S!\610!g.')7$!�*:!g.$(2E!"?!(<!5%km!!

"*?RF<!)'!!3<(A$)#J(!sw!!!
o !R%,!VLE!1(|!+$)')W!VLE!@)U!+,!tA.')7$!+U2E!d7I!V'3FAB?!+,!-!A.')7$!53)M#J(!m!!
o !1(",)'1<(!@)U!+,!32J!)'!5A')qA.')7$!53)M#J(!m! 

!",)=='1<(!�,)==E!+==,�!(<!r2==9Z?!�'(%==h!+==:!!A==.')7$!+==U2E!A==$1!"==?!e.==7{E!m!!)==?!+==:!A==.&:!<2y==E
s��!!!!!!!!!RF):!VI%J!F!g'<(3!VoF!+.$)�!410!!!!!A=h),!+=.$)�!%=,!5%=k!!¶610!!!!V=:%l!%=S!<3!5%=k!
!!Î2/835!¶á-â!AJ<!"?!V*S!d7I!+,!!¶r2f!+QL&/),!�$%Zh!@!+?)$%,!Ah),!"?!m!!

                                                   
1 !Standard approach!!
2 !Cutoff-Test!!
3 !Terminal-Test!!
4 !evaluation function!!
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%DI"%Y�2"5W32,��$%%{%!!!!!!@%==.k!51(A==$(!(<!V.T=iF![=='!",2=f!+==:!V=J(!"T,)==E!-!",)='1<(!�,)==E![='
!A')7$!"?!X3%.k!"?!51(A$(!(<!V.TiF!04!<3!0Ah!5A$%,!�$)h!-!a)�?!0(2&I!+,!\!!
M !A'4!VJ3!+,!z')?14!),!)'!32h!+'(<(!�(%P!�J2E!A$(2E!"?!m 
M !!!!!!=='!5)==k!04!32==h!",)=='1<(!^�#L==?!C<2==n!+==,!A==$(2#,!+BM==n!C)==Q.:%E!%==k(!r)=={#$(![

!Ah),!"?!"Zf!@!5Ah!�'12E!�,)E!['!r2fw 
)(...)()( 2211 sfwsfwsfw nn&&&!-!s!Ah),!"?!@1),!@!+BMn!V.TiF!!m!!
if!!!!!!!!!!!!!A=h),!"=?!@1)=,!@!+BM=n!@F<!%,!5%K?!~2$!['!3(ATE!!X!!̂ =.q!O�=?!\!Fiw!!!)=S!5%=K?!R1<(!X!!O�=?

.q!@(%,!+J!F!1),%J!@(%,!['!^\!!
!A.&:!+U2E!w!!

M !A&')7$!"?!53)M#J(!gS!"Zf%.�!C)Q.:%E!1(!+#q%*.W!@)S!+?)$%,m 
M !A&h),!"7$!�$%Zh!e.$(2o!1(!"'8U!)S!�'12E!F!C)Q.:%Em!!

     !!
J5P%3(%#-?2%&'X@%N'q�*%),'@%N.#T%,2                       %&'X@%N.#T%,2%%)&0#2%),'@

J5P%3(!!
!D27T?!-!�$%Zh!@(%,�'12E"Zf!!s!%n)&I!�7U!|!VJ(!%'1!w!!

)(...)()()( 2211 sfwsfwsfwsEval nn&&&$!!
!),!A.&:!+U2E91 $w!!!

)(1 sf!!³!A.MJ!0(%'1F!3(ATE�!F!">*?!0(%'1F!3(ATE!mmmmm 
t"#}0"%e%<%�'vJ%#$J,�(%%

%% <)#q<!-!!!!!!!!!V=f(2&>'!%=..�E!%S!VBE!Eval!!!)?!"=?!V=,)�!!A=$!m!!!!!!5A=&S3!g=p$!@)=S8.`!)=K&Ew!!!<3!"S31)=,
A')7$!"?!^7I!"Q.E%E!A.M?!�,)E!['!C<2n!+,!"TZo!@)S!@1),m!!!

QK4%IJ%3q^v%V,9%VD,2%�%%%

                                                   
1 !linear weighted!!
2 !features!!
3 !digression!!
4 !deterministic games in practice!!
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|%!!!1%>`!@1),!w!!_2&.`s!!!!!!"=/8&.E!02'<)=?!0)=KU!0)?%Ko!"$)?%Ko!a)J!^K`!+,!|!!!a)=J!<3s��¬!
!3(3!+7E)f!m!!!!!Zh!@1),!0)')W!@!5A&&:!£{*?!@!53(3!5)6')W!!1(!!!!!!@(%=,!@1)=,!H)=7E!�='%TE!@(%=,!�$%

!!%====E!g====:!)===='!V*====S!^?)====h!@)====S!V.T====iF5%====K?!!1(!+====I27c?![===='!-!A====h!53)M#====J(!+BM====n!<3!
|¬vF¬�sFv¬uF¬¬tV/)l!m!Deep Blue!!0)=KU!�$%Z=h!0)?%Ko!-!!!!}F<)G=J):!@%=k!t!(<!!<3

!!a)==J!<3!@1)==,!z=hs��v!3(3!VL=>h!!mDeep Blue!!+==.$)�!%==S!<3!(<!V==/)l!02=.9.?!VL=='F3!-!!
!:!"?!2c#LU%S)?!"9.f!",)'1<(!['!1(!F!3%+$(!!!!!!!!@(%=,!5A*=$!R)=q!@)SA=#?!1(!F!3%=:!"=?!53)M#=J(!

!)E!2c#LU!�2Zf!1(!@3(ATE!03(3!+TJ2E¬�327$!"?!53)M#J(!)E!m!!!
!29E(�!w!!A&')7$!V,)o<!%E2.G?):!),!+:!A$%'jW!"7$!A&#LS!r2f!"9.f!+:!"$)$)?%Kom!!!
Go!w!!!!!!V=,)o<!%E2.G?)=:!),!+:!A$%'jW!"7$!0)$)?%Ko!!A=&&:!!m!!!-!@1)=,!e='(!<3b>300!!!z.=,!e'(%,)=&,!-!

!A&')7$!"?!53)M#J(!e>7?!@)S!V:%l!3)K&*.W!@(%,!z$(3!;)J(%,!@26/(!1(!)S!+?)$%,!%Em!!
%3q^v#'¦%V,9%VD,2%<%J#0%/-1W%%

 
3=.%NC,T%IJ%3q^v#'¦%V,9%VD,2%%

!;)E!@!+9.JF!+,!�$)h!-!"TZo!%.�!@)S!@1),!<3�031!gS%,!F! !!C<):�"?!"q%T?!32h!. 
!+'F<F3!@!+>J!),!5Ah!53)J!a)�?vw!!!

!!
3q^v#'¦%V,9%VD,2%V"#2%3K-$I5~C"%%

M !g'<(3!CD)7#l(!F!<)?4!1(w 

                                                   
1 !Chinook!!
2 !Marion Tinsley!!
3 !Gary Kasparov!!
4 !Othello!!
5 !dice!!
6 !card-shuffling!!
7 !coin-flipping!!
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!!!!"q3)y==E!%==.�#?![=='!<(!<)==p#$(!3<2==?!<(A==�?x!!e==>7?!@)S<(A==�?!1(!"&.6$)==.?!x!!!�==J2E!F!A==h),!"==?!
!@!53(3!´<!CD)7#l(P(x)!VJ(!5Ah!�'12E!w!!

4
+

$
Xx

xxPxE )()(!!
M !!g#'<26/(Expectminimax!w!!!!+.Q=hMinimax!!!!!!!!!!!+=:!V=J(!e='(!<3!04!CF)=ME!-!A=h),!"=?!

!A')7$!"?!53)M#J(!"L$)h!@)S!5%k!<3!<)p#$(!3<2?!@)S<(A�?!1(m 
M EXpectminimax!A')7$!"?!+'(<(!(<!^?):!@1),!m!!

!A&:!"?!+'(<(!(<!^?):!@1),!�:)7.&.?!m!g.')7$!53)M#J(!�$)h!@)S!5%k!1(!A'),!e.&�7S!)?w!!
mmm!!
3!!!!!V/)l!+:!"E<2n!<Xstate!\!!!!!!V=J(!g7'8:)=?!!5%k!['!-!!e'%ED)=,ExpectiMinimax-Value!
!1(Successors(state)0(3%k%,!(<!!!

!V==/)l!+==:!"E<2==n!<3Xstate!\!V==J(!g7.==&.?!5%==k![=='!-!!e'%==E!g==:ExpectiMinimax-Value!!
!1(Successors(state)0(3%k%,!(<!!!

!!!!!!!V=/)l!+=:!"E<2n!<3Xstate!\!!!!!L=$)h!!5%=k![='"!=J(!!V!-!!e.6$)=.?ExpectiMinimax-Value!!
!1(Successors(state)0(3%k%,!(<!!!
mmm!!

QK4%IJ%3q^v#'¦%V,9%VD,2%%
!!!;)E!z�$b!!!!!!!A=S3!"?!z'(8q(!(<!!w!!!!!!!!3<(3!32=UF!;)=E!F3!)=,!e=>7?!z=�$![='!F!VL=.,!m!!!3%=$!+=#{E!Î

!3<(3!1)c?!V:%l!VL.,X!z�$!),!A$(2E!"?s�s!-!¯���Ah),!\!!
93 102.1)2021(204 %0%%$depth!!!0A.J<!a)7#l(!-!d7I!z'(8q(!),!+=,!!!!!5A=h!+='(<(!5%=k![='!!
X!5Ah!53(3\!!!!!32h!"?!�7U!X!!A,)'!"?!z'(8q(!\!¶!5A=h!"&.,!z.W!<(A�?!-!!!!A=,)'!"=?!zS)=:!!m!!!"&.,1)=,
!!)='!;%==Sá-â!!!V==J(!%�2=?!%==E!g=:!Y==E(%?!+=,!!m!TDGammon!!F3!d==7I!@2c#L=U!1(!º",)=='1<(!!
XEval\r2f!"9.f!3)M#J(!A&:!"?!5!!Î!!0)KU!"$)?%Ko!�ZJ!<3!3<(3!<(%om!!

%t"#}0"%<�'vJ%#$J,�(%%

!! !!<)#q<s!!!!!!!!!!!V=Q�?!"=Zf!a)=�#$(!@!+9.=JF!+=,!��q!|!Eval!!!!32=h!"=?!+#=h(3!+=6$!m!!!F<!e='(!1(Eval!!A='),!
Ah),!<)p#$(!3<2?!"S31),!),!YJ)&#?!!

%�v,0%],4U�"%,2%V,9%VD,2%|%!=,!<3!+:!A.&:!+U2E!!!!!!!!!+=./F(!<(A=�?!)=,!@)=S!C<)=:!)=,!"E<)=:!@)=S!@1)
!!!!!!A&=h),!"=?!+#f)&=h)$!)=S!C<)=:!3)�=#?!@!m!!!!!!!!!!!<(A=�?!%=S!@(%=,!(<!a)=7#l(![='!g.$(2=E!"=?!)=?!D2=7T?

!!g.')7$!+QJ)B?!e>7?!m!!!87.J!@1),t!!!!!;)=E!!¢<8=,!z=�$![='!@(<(3!�=�q!!g=S!04!-!!!!@1)=,!@(A=#,(!<3!
VJ(m!!!

                                                   
1 !Behaviour!!
2 !positive linear!!
3 !Seems!!
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!!5A'(!w!!!!!=7.&.?!1(!+=9l%?!%=S!<3!(<!^=7I!%S!<(A�?!!!!!!!e'%ED)=,!)=,!(<!^=7I!�G=J!F!A=.')7$!+Q=J)B?!�:)
!!!!!!!!!!!A=.')7$!r)={#$(!<(A=�?!%=S!@(%=,!<)=p#$(!3<2?!<(A�?!m!!!!g=K?!@!+=#>$!w!!!!!!@!+=7S!@(%=,!^=7I![='!%=k(

%'3)==�?-!!A==h),!"==?!+==&.K,!^==7I!04!-!A==h),!+==&.K,!m!GIB!!"==?!^==W!@!+==?)$%,!e'%==#K,!%==i)l!a)==l!<3!
!VJ(!%'1!C<2n!+,!)Q'%�E!04!@!5A'(!-!Ah),w!!

s!\!2E5Ah!3)K&*.W!C)IOP(!),!<)k1)J!<(A�?!An!A./!!
|!\!31)J!"?!5A$%,!(<!)?!)S!+�l!e'%E!z.,!),!e.6$).?!C<2n!+,!+:!"97I!r){#$(!!

%z,��(%|%!!^=W!µwhistX!!!�<F!@1)=,!"I2=$!µ!\hearts hand!!!!!!<3!+=:!"E<2=n!<3!F!C<)=:!<)=K`!)=,!!
!(A#,(MaxA')7$!@1),!AS(2{,!!Ah),!"?!%'1!C<2n!+,!w!!

!! !!

!! !!

!! }W%%%[@,6(%Q'=c%|%!!̂ 7I!['!<(A�?!+:!A.&:!<2yE-!!!!!!!@)=S!V=/)l!@!+=7S!<3!04!%'3)=�?!1(!"&.6$)=.?!
!!!+=:!"To(F%%),p-�P"!!!A=h),!"=?!A&#L=Sm!!!!!A='3!"')=$(2E!)=,|!!"='8U!t!!!!!!!V=/)l!+=,!+#L=,(F!^=7I![='!<(A=�?!-!

!!!!!<2yE!V/)l!)'!C)IOP(�!9?)I!!!VJ(!04!<3!+:!"-!!A=h),!"?!m!!!!!!!!@)=S!V=/)l!V=f<3![='!g.$(2=E!"=?
!"E)IOP(!g.&:!2c#LU!F!A./2E!!(<m!+,!%c&?!%'1!3<(2?!!@)S<)#q<A&7h2S!A$2h!"?w!!!

# ^7I03%:!!5Ah!Vq)'<3!C)IOP(!),! 
# 04!@)#7S!@(%,!"S3!V?OI 
# C)IOP(!@1)J!R)q!03%:!+&.7:!@(%,!"q3)yE!C<2n!+,!03%:!^7I 

!!
Deep Blue 

! Deep Blue!!!!!)=S![=.&>E!F!0<A=?!"E)Q=J)B?!0(2E!Y.:%E!1(!r2f!a)�?!['!-!X!)=S!RF<!\!@
!!!!A==h),!"==?!"I2&y==?!R2==S!m!a)==J!<3s��v!-!@3O.==?!Deep Blue !!}F<)G==J)k!@%==k!

X!!!@%*=,!1)==,!�$%Z=h!e'%=#K,!\!!32=7$!r2==9�?!(<!m!!!!1(!"I2&y==?!R2=S!}A==S![='!-!<)==:!e='(!F
!@!+S3§�!!32=,!@3O.?!!mDeep Blue !!!@!+=$)'(<%,(![='!32-Node RS/6000!!!A=h),!"=?!!m

!!@!+=?)$%,Deep Blue!!!2$!"=J!0)=,1!+=,!!!!!!)=M/(!@2c#L=U!1(!F!32=,!5A=h!+#==h�!!!"==?!53)M#=J(!)=#,!
                                                   

1 !Proper analysis!!
2 !observability!!
3 !partial!!
4 !belief state!!
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!!32==,!",)=='1<(!�==,(2E!@!5A==&&:!+Q==J)B?!¦2y=={?!<(8==q(!V{==J!@(<(3!F!32==7$!m!-!)==S!",)=='1<(
!!+===:!32===,!+===.$)�!<3!V===/)l!02===.9.?!VL==='F3s��!�!|��!!-!+===�.o3!+===J!<3!(<!V.T===iF!02===.9.,!

!!!!A&:!"?!",)'1<(!m!�$%Zh!<3!r)T*$(!<2#:)q!e.6$).?t§!!!A=h),!"=?!!m!!!!3FA=l!<3!V=/)l!@)�=q
7010!!!A=h),!"=?!!m!!!!!!!03<F4!32==UF!+=,!@(%=,!3(%==q(!¦2y={?!@!+=&?(3!)==,!z=$(3!1(!@3)='1!<(A==�?

!!A==h!+==#q%k!<)==:!+==,!",)=='1<(!�==,(2E!<3!V==o3!m!!<3!�$%Z==h!¢<8==,!0(3)#==J(!@)==S!53(3!5)==6')W!1(
)M#J(!+#q%*.W!@)S!r)#:!@3)'1!3(ATE!1(!e.&�7S!F!"9Qo!@)S!@1),!32,!5Ah!53!m!!

!!
%Y2,6(<%%

http://www.inf.unibz.it/~tessaris/teaching/AI/handouts/games.pdf 
http://aima.eecs.berkeley.edu/slides-pdf /chapter06.pdf 
http://www.cs.usfca.edu/~brooks/F03classes/ai/lectures/adversarial-
search.pdf 

http://www.inf.unibz.it/~tessaris/teaching/AI/handouts/games.pdf
http://aima.eecs.berkeley.edu/slides-pdf
http://www.cs.usfca.edu/~brooks/F03classes/ai/lectures/adversarial-
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%%
 

%%
%%

&&
&234!:C&&

&&
+VW<9!?$>!@9$:

!"#$%&'(&)*+%&,-+./&&
KW%]I5E%IJ%,X^C%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@

6H%*%I,?j%*%),L%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*
#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

%3�^6(%V,9%Q(,4c%%
%Q7R:?0%%

%%
%[C,^(%A5$I!!

$ %G0"J%A,@"#2%,9%Q(,4� 
$ %V,'0JWumpus 
$ %3=.%NC,T%IJ%�^6({%,9%3$"I"J%*%,9%z&(%e 
$ V"%)I"\+%�^6(%%�hM'C52m 
$ WV*,O%�%n%N}E%�%!J#.%3�"I%3$,0"5W%n%� 
$ %�,-6-@"%M'0"5vb%/'£v%],p�"%*%f 

 %:'�-O(%V%)#'L0D%c` 
 %A5Bq(%V%)#'L0D%cc 
 %Q'=}W%c�!!
G0"J%V,9%),~$,H%%
!!

%/6("J%D"%Q�-O(%V,9%:-$I5~C"c�%!%%
%�1k(%V%/6("J%,2%V"5-}(c�%¥ 

%%
                                                   

1 !Logical Agents!!
2 !Knowledge-based agents!!
3 !entailment!!
4 !Propositional!!
5 !Equivalence!!
6 !validity!!
7 !satisfiability!!
8 !Inference rules!!
9 !theorem proving!!

10 !forward chaining!!
11 !backward chaining!!
12 !resolution!!
13 !inference engine 
14 !domain-independent algorithms 
15 !domain-specific content 

%�,-6-@"%I5W5(ce%%
G0"J%),~$,H%%
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!z$(3!5)6')WX!³"&T'!\!1(!@(!+I27c?]"I,p4!+,!0),1!['!3K@I!sm!!!!
!@!52.h|$OI(!!@<)K©(!)'!"!^?)I!['!e#f)J!@(%,X%6'3!g#L.J!['!)'w!\!!!
&'$5~2%m%h%e%!!!!!!!!!!3<(3!1)=.$!e#L=$(3!@(%=,!@8=.`!+=`!+,!+:!!m!!!!!!R32=f!1(!A=$(2E!"=?!�G=J%%&�6.%z"5�@%m%h%�!

!!!!!!!AS3!H)c$(!A'),!(<!@<):!+`!+:�!!!!!1(!A='),!)=S!r(2=U!KB!!!!!=h!+=#q%k!z=$(3!5)=6')W!)='!!A$2m!!!!!"=?!)=S!^=?)I
!!<3!A=&$(2E%G��0"J%¢^��@�!A$2==h!5A=='3!!m!+==:!A==.')7$!+==U2E%&��60"J%3��(%,��9%!_%"I%V\��'j%/�j!-!!+==:!e=='(!0FA==,
!A==&$(A,!!!A$2==h!"==?!+==#q%k!<)==:!+==,!+==$26`!-!!<3!)=='%%J#2I,��.%V%/��=T#(�!!!@(!53(3!@)==S!0)7#f)==J!+==,v!<3!

!+U2E!A$%,!"?!<):!+,!(<!)S!04!+:!"')S!g#'<26/(!F!z$(3!5)6')W:!"?A&&m!!!
G0"J%A,@"#2%V%)J,@%Q(,4%s$%%

%:-$I5~C"<%%
!�,)EKB-Agent(percept)A$(3%k!"?%,!(<!^7I!['!!!

!%.�#?KB!%.�#?!['!+:!staticVJ(!Ah),!"?!z$(3!5)6')W!['!-!!!
tAh),!"?!0)?1!@!5A&S3!0)*$!F!%Mn!@!+./F(!<(A�?!),!5A$<)7h!['!-!!!

Tell(KB,Make-Percept-Sentence(percept,t)) 
action " Ask(KB,Make-Action-Query(t)) 
Tell(KB,Make-Action-Sentence(action,t)) 

t " t+1 
^7IX!action\0(3%k%,!(<!!!

^?)I!Ah),!<3)o!A'),!w!!
! !A')7$!+'(<(!(<!5%.�!F!)S!3%>97I!-!)S!V/)l!!
! !!":(<3(!@)S!Vq)'<3u!A&:!">'!(<!A'AU!�.!!
! !A')7$!1F<!+,!(<!0)KU!"$F<3!@)S!+'(<(!!
! !).n2yf!�)Q&#J(!(<!0)K&W!0)KU!Cs�A')7$! 
! !A')7$!�)Q&#J(!(<!YJ)&?!@)S3%>97I!!
%¢'�5WPEAS%V,'0J%wumpus%%

!3%>97I!@%.k!51(A$("'(<):<).T?!)'!!

                                                   
1 !formal!!
2 !approach!!
3 !Tell ( ) 
4 !Ask ( ) 
5 !knowledge level!!
6 !implementation level!!
7 !data structures!!
8 !percepts!!
9 !Incorporate!!

10 !deduce!!
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!! !OPXs���!\º!¢%?!-Xs����\!-!X['!"M&?!\!%S!<3H)k!-!Xs��!!\!0)>.W!1(!53)M#J(!@(%,s!!
!�.B?!!
! !!+,!['38$!@)S!�,%?wumpus2,A,!!|A&#LS!!!
! !,%?!+/)`!+,!['38$!@)S!�t!(2S!R2f!�A&#LS!!!
! !!z*f<3�Ah),!"?!A&$)7S!�,%?!<3!OP!!!
! !!@1(A$(%.E�-!!wumpusA*:!"?!A.h),!04!@F<!+,F<!)7h!+:!"E<2n!<3!(<!!!
! !!}%y?!(<!0)>.W!��q!@1(A$(%.EvA')7$!"?!!!
! !!rOou!�,%?!<3!+:!"E<2n!<3!(<!OP!��q!0)L>'A')7$!"?!r){#$(!Ah),!!!
! !!@)S!5%ZoA&h),!"?!+.Qh!�,%?!<3!OP!@!5A$2h!3(14!!
)S!_%B?!!

!3%k!¥`�!3%k!VJ(<!-!s�!g.�#L?!-!ss!rOo!-!s|!3(14!-!st!@1(A$(%.E!-!s�!!
!)S!5A&&:!�l!!

!2,A,!-!z*f<3!-!(2S!R2f!!
%V,'0J%],'E57Fwumpus%%

!xx!032,!5AS)*?!^,)o!+$�VJ(!"9B?!_(<3(!@(<(3!��q!!!
                                                   

1 !arrow!!
2 !smelly 
3 !pit!!
4 !breezy!!
5 !glitter!!
6 !glitter!!
7 !use up!!
8 !grabbing!!
9 !Left turn!!

10 !Right turn!!
11 !Forward!!
12 !Grab!!
13 !Release!!
14 !Shoot!!
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xx!V.TZo!+9,!!!�J(!£{*?!)�.o3!�')#$!V!!
!@(!5<F3!+$!�VJ(!)S3%>97I!�ZJ!<3!Y.E%E!@(<(3!!!
!xx!"')#L'(!+9,!�!wumpusA&')7$!V:%l!A&$(2E!"7$!)S!+/)`!F!!!
+#LLk!xx!+9,!!!
![E9?)Ixx!"!+9,!!!wumpusAh),!"?!"T.QP!�%P!['!^n(!<3!!!

%V,'0J%t,k-."Wumpus 
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%,6~6W%©,�0%#~$Jc%%

 !<3!"'(2S!R2fXsF|!\!FX|Fs!\!¶!"&7'(!^7I!�.S|3<(A$!32UF!@(!!!
!!

!<3!A,!@2,XsFs!\!Ah),!"?!¶g.&>,!V:%l!g.$(2E!"7$!!
!RF<!['!1(!g.$(2E!"?!X@¤E(%#J(!\!g.')7$!53)M#J(!@<)QU(w!!

! !&:![.9h!29U!+,!)7.�#L?g.!!!
! !!%k(wumpus!32,!)c$4!!¶!3%.?!"?!¶e7'(!!
! !!%k(wumpus!32Q$!)c$4!!¶'(e7!!

3��=.%N��C,T%IJ%���^6(%|%!)==S!d==Z&?!-!!A&#L==S!C)==IOP(!@!+=='(<(!@(%==,!"7==J<!"')==S!0)==,1-!!1(!
!!!!!!A&h),!"/)f!A&$(2E!"?!�')#$!F<!e'(!m!!%S)©t!!-!!!A=&:!"=?!�='%TE!0),1!<3!(<!)S!+97U!m!!!!!)='!)=S![.#$)7=J

!)==S)&T?�!-!!�!"==&T?�!�!!!!!+==U2E!0)==KU!<3!+==97U![=='!V==J<3!�=='%TE!+==,!�!A==&&:!"==?!�=='%TE!(<!CO==7U
$!-!A.')7!!!!!!!!-!a)=�?!0(2=&I!+,!<3!!!"=i)'<!0)=,1�!x+2%y!!!!!"=/F!V=J(!+=97U![='!x2+y>!!!!"=7$!+=97U![='!

A==h),!m!x+2%y!!3A==I!+==:!"E<2==n!<3!V==J(!V==J<3!!x+2!1(!%==E!g==:!yA==h)Q$!!m!x+2%y!<3!0)==KU!<3!
!!!+:!"E<2nx=7,y=1!!!!!!!!A=h),!"=?!�.B=n!A=h),!!m!x+2%y!!!!!+=:!"E<2=n!<3!0)=KU!<3!x=0,y=6!!�=9�!

VJ(m!!!

%%
%!J#.%z,p0J%�%|%!!!!!!!32=h!a)=Q$3!@%=6'3!�=J2E!@8.`!+:!VJ(!e'(!03%:!a)Q$3!@)&T?w!áÏKB!m!

%%G��0"J%),�~$,HKB%V%/��=K;%á%%#��+"%����R%*%#��+"%&��6.%3�(%z,��p0J%"I%á%%/��.%3$,��;%IJ%,��9%!,��?;%V%/�K9%IJ%
KB%&��P,2%N��@IJ%n%N��@"%N��@IJ%Z!!!-!a)==�?!0(2==&I!+==,x+y=4!-!4=x+y!!A==')7$!"==?!a)==Q$3!(<!m!!a)==Q$3

!!!(!CO=7U!0)=.?!"P)=QE<(!-!03%:!!!!;)=J(%,!+=:!V=J%%%%%,�9,6q(%,�$%,�9%s'-0,K�@!!A&=h),!"=?m !!!!a)=�?!0(2=&I!+=,
!!!!!!!@(<(3!-!z=$(3!5)=6')W!%=k(!-!%6'3!�!!!!!!A=h),!"=?!]=$<!8Q=J!-!eS(%=.W!�!F�!!!<(3!�=f!-!eS(%=.WX5(<!5(<!\

!Ah),!"?!�!C<2n!e'(!<3!-!Ah),!�!A')7$!"?!a)Q$3!(<!VJ(!5(<!5(<!)'!VJ(!]$<!8QJ!-!eS(%.W�!!
                                                   

1 !tight spots!!
2 !tight spots!!
3 !Syntax!!
4 !Semantics!!
5 !meaning!!
6 !Entailment!!
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,��9%z&��(%|%!!g.'2==km!3C&��(D"%!@!+==97U![=='!á!+==:!"E<2==n!<3!V==J(!á!<3!mA==h),!V==J<3!m!
%===k(M(á)!!!@)===S!aA===?!H)===7E!1(!@(!+===I27c?!á!!C<2===n!e==='(!<3!A===h),!áÏKB!!!�===�q!F!%===k(!V===J(!
%==k(M(KB) !!@F)L==?!)=='!+==I27c?!%=='1!M(á)!A==h),!!m!-!a)==�?!0(2==&I!+==,KB!³!!F!¢<8==,!0)kA==$%,

!8?%o!0)kA$%,!!
á!³!¢<8,!0)kA$%,!!

!!
%%%%%V,'0J%IJ%!J#.%z,p0Jwumpus%|%!!!!!!!<3!(<!@8=.`!�.=S!@A=T,!V.TiF�sFs!�!!!!!V=:%l!-!A=&:!"=7$!(A=.W

!!<3!VJ(<!+,�sF|!�!VJ(2S!R2fm!!@(%,!e>7?!@)S!aA?!+,?!!!!A=.')7$!+=U2E!)=S!!m!!!!!a(32=k!�=�q!)=S!e='(
A$%.k!"?!32f!+,!(<!)S!m!!3<(3!32UF!e./2,!r){#$(!+J!¶uVJ(!e>7?!aA?!m!!!

 
%V,9%z&(Wumpus 

!  
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KB!³!!@).$3!e.$(2owumpus!º!C(AS)*?!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 150 - 

!!

!!
KB!³!!@).$3!e.$(2owumpus!º!C(AS)*?!!

13�!³!|Fs!�!-!VJ(!e7'(1| 3$KB! 
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KB!³!!@).$3!e.$(2owumpus!º!C(AS)*?!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 152 - 

 
KB!³!!@).$3!e.$(2owumpus!º!C(AS)*?!!

23!³!!<3�|F|!�!F!VJ(!e7'(!!
�,-6-@"%|%!³!!@!+97Uá!!!1(!A=$(2E!"=?!KB!!�=J2E!a(F<!s!i !!!!32=h!d#*=?m!!!�')=#$|!KB!![='!
!+?2:t!�!Ah),!"?!á!5A&&:!d'<8E!012J!['!A&$)?!�A&:!"?!^7I!m!!

H(89#J(!�!³!J! )#&#J(!�!+?2:!<3!5A&&:!d'<8E!012!³!04!03%:(A.W!!
!VB==n�!w!i!!+==:!V==J(!�.B==n!"E<2==n!<3!!-!!+==:!"')==U!%==S!<3!!+==:!A==h),!V==J<3!e=='(!-!

m!!!V===.?)7Ev!w!i!+===:!V===J(!^===?):!"E<2===n!<3!!-!+===:!"')===U!%===S!<3!C<)===QI!-!
!!!!Ah),!<(%o%,!m!!A'3!z.Wu!w!!!!=J<!"q)=:!@!51(A=$(!+,!+:!(<!"�Z&?!['!g.S(2f!"?!)?!!"=?!)

!!!g.S(2f!"?!+:!@8.`!%S!)Q'%�E!e#Mk!@(%,!Ah),F!!!!!!!!F!V=J(!�.B=n![='!H(A=:!g.=7KM,!+=:!e='(!@(%,!
!!!!!!!!g.')=7$!�='%TE!-!A=h),!"?!^?):!+?)$%,!%'1!H(A:!@!+c.#$m!!!!!!!!)=?!+=:!V=J(!@(!+=?)$%,%'1!-!A='3!z.=W

!�J2E!r(2U!H(A:!+:!"/(2J!%S!+,!g.S(2f!"?KBAS3!r(2U!-!32h!"?!a)Q$3!m!!
%%V"%)I"\+%�^6(%<%%%#9,ª|%!!@(!5<(8k!dZ&?!-!!!!!!!(<!"=J)J(!@)=S!5A='(!+=:!VJ(!"�Z&?!e'%E!53)J!
!!!!AS3!"?!�.i2Em!!!!!!@(!5<(8=k!@)=S3)7$P1,P2!F!!mmmmm!!!A&=h),!"=?m!!!%=k(S!!!!A=h),!+=97U![='!!wS7!-!

                                                   
1 !procedure!!
2 !consequences!!
3 !haystack!!
4 !needle!!
5 !Entailment!!
6 !soundness!!
7 !Completeness!!
8 !preview%%
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!�.�$!C<)QI!s!!!!A=h),!"=?!04!!m!!C(<)=QI1S!F!2S(<!!!!!!C<2=n!e='(!<3!-!A='%.6,!%=p$!<3!21 SS 5!
!-AND!X!"9y===q!Y===.:%E!|!!@3F<F!+===:!"E<2===n!<3!�!"'(A===U!)==='!X)===S!\!+===c.#$!-!A&===h),!�.B===n

!!!32,!AS(2f!VJ<3!\!32,!AS(2f!F3!e'(!m!!C(<)=QI1S!F!2S!!!!!C<2=n!e='(!<3!-!A='%.6,!%=p$!<3!(<!
21 SS 6!-!OR!X!"===MZI!Y===.:%Et!!1(!+===:!"E<2===n!<3!�1S!F!2S!!+===c.#$!-!A===h),!V===J<3!"===>'!

!!32===,!A===S(2f!V===J<3!!\!!!32===,!A===S(2f!F3!e==='(m!!C(<)===QI1S!F!2S!!e==='(!<3!-!A==='%.6,!%===p$!<3!(<!
!!C<2n21 SS O!!!!@%.k!+c.#$!X!�)Q&#=J(!�!\!!!!!32=,!A=S(2fm!!!C(<)=QI1S!F!2S!!!A='%.6,!%=p$!<3!(<!

!C<2==n!e=='(!<3!-21 SS P!"P%==h!F3!�)Q&#==J(!X!%==k(!�==�q!F!%==k(!�!-1S!!%==k(!�==�q!F!%==k(!2S!\!
!32,!AS(2fm!!

%%V"%)I"\��+%���^6(%<%%%,��9,6q(%,��$%,��9%s'-0,K��@|%!!!V==J<3!aA==?!%==S�!µ!!�==9�v!!!0)*==$!%==S!@(%==,!(<!u!
!A')7$!"?!£{*?m!!

1,3P!!2,2P!!2,1P!!
Ð!!Ð!!Ð!!
�9�!!VJ<3!!VJ<3!!

!X!!!!!!!#=h(3!aA==?!V*=S!g.$(2=E!"==?!-!0)*=$!V*==S!e='(!)=,!g.==h),!+\m!!!!!+==,!"#=J<3!",)=='1<(!@(%=,!"&.$(2=o
!aA?!['!@!+9.JFmw!!!

S7!!!!+:!"E<2n!<3S!!!VJ(!�.Bn!-!Ah),!�9�!®21 SS 5!!+=:!"E<2n!<31S!*!2S!!!A&=h),!V=J<3!
!!!!!V=J(!VJ<3!-!®21 SS 6!!<2=n!<3!!+=:!"E1S%,�$%!2S!!!!V=J(!V=J<3!-!A&=h),!V=J<3!!®!21 SS O!<3!
!!!+:!"E<2n1S!!!!!!A=h),!�=9�!%,�$!2S!!!!!V=J(!V=J<3!-!A=h),!V=J<3!!m!!!!!!!+=:!"E<2=n!<3!+=:!A=.')7$!+=U2E

1S!V==J<3!A==h),*%!2S!V==J(!�==9�!-!A==h),!�==9�!!m!!®21 SS P!+==:!"E<2==n!<3!21 SS O!V==J<3!
A===h),*%!12 SS O!V===J(!V===J<3!-!A===h),!V===J<3!g===S!!m!!!C<)===QI![==='!-!53)===J!"#*===k1),!R1(3%===W

!a)�?!0(2&I!+,!-!A')7$!"?!",)'1<(!(<!53)J!@<).#f(-!!
truetruetruetruefalsetruePPP $5$65$657 )()( 1,32,22,1!!

,9%/^2"I%V"#2%N}E%z*&;%%
P%%Q%%P7%%QP 5%%QP 6%%QP O%%QP P%%
�9�!!VJ<3!!VJ<3!!�9�!!�9�!!VJ<3!!VJ<3!!
�9�!!�9�!!VJ<3!!�9�!!VJ<3!!VJ<3!!�9�!!
VJ<3!!VJ<3!!�9�!!�9�!!VJ<3!!VJ<3!!�9�!!
VJ<3!!�9�!!�9�!!VJ<3!!VJ<3!!�9�!!VJ<3!!
%V,'0J%]UK;wumpus%%

%¤%&05P%3(%t"#�"%V,9%/0,F%IJ%85F%V"59%J,L$"%«4,2%,9%/C,j¤%%
jiP ,!!<3!+/)`!['!+:!"E<2n!<3[i,j]!Ah),!"?!VJ<3!-!3<(3!32UF!m!!
jiB ,!R2f!@(2S!['!+:!"E<2n!<3!Xbreeze!\!<3[i,j]!Ah),!"?!VJ<3!-!3<(3!32UF!m!!

                                                   
1 !negation!!
2 !conjunction!!
3 !disjunction!!
4 !implication!!
5 !biconditional!!
6 !true!!
7 !false!!
8 !symbol!!
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1,2

1,1

1,1

B

B

P

7
7
!!

%¤%&05P%3(%t"#�"%V,9%/0,F%IJ%85F%V"59%J,L$"%«4,2%,9%/C,j¤%%

)(

)(

1,32,21,11,2

1,22,11,1

PPPB

PPB

66P
6P!!

%¤%N@"%"59%85F%/0,F%s$#+"%��R%*%#+"%&P,2%/-P"J%J5;*%GR"#�"%IJ%/C,j%s$%¤%%
�,-6-@"%V"#2%N}E%z*"&;%%

1,1B!!1,2B!!1,1P!!2,1P!!1,2P!!2,2P!!1,3P!!1R!!2R!!3R!!4R!!5R!!KB!!
�9�!!
�9�!!
m!!
m!!
m!!
�9�!!

�9�!!
�9�!!
m!!
m!!
m!!

VJ<3!!

�9�!!
�9�!!
m!!
m!!
m!!
�9�!!

�9�!!
�9�!!
m!!
m!!
m!!
�9�!!

�9�!!
�9�!!
m!!
m!!
m!!
�9�!!

�9�!!
�9�!!
m!!
m!!
m!!
�9�!!

�9�!!
VJ<3!!
m!!
m!!
m!!
�9�!!

VJ<3!!
VJ<3!!
m!!
m!!
m!!

VJ<3!!

VJ<3!!
VJ<3!!
m!!
m!!
m!!

VJ<3!!

VJ<3!!
�9�!!
m!!
m!!
m!!
�9�!!

VJ<3!!
VJ<3!!
m!!
m!!
m!!

VJ<3!!

�9�!!
�9�!!
m!!
m!!
m!!

VJ<3!!

�9�!!
�9�!!
m!!
m!!
m!!
�9�!!

�9�!!
�9�!!
�9�!!

VJ<3!!
VJ<3!!
VJ<3!!

�9�!!
�9�!!
�9�!!

�9�!!
�9�!!
�9�!!

�9�!!
�9�!!
�9�!!

�9�!!
VJ<3!!
VJ<3!!

VJ<3!!
�9�!!
VJ<3!!

VJ<3!!
VJ<3!!
VJ<3!!

VJ<3!!
VJ<3!!
VJ<3!!

VJ<3!!
VJ<3!!
VJ<3!!

VJ<3!!
VJ<3!!
VJ<3!!

VJ<3!!
VJ<3!!
VJ<3!!

VJ<3!!
VJ<3!!
VJ<3!!

�9�!!
m!!
m!!
m!!

VJ<3!!

VJ<3!!
m!!
m!!
m!!

VJ<3!!

�9�!!
m!!
m!!
m!!

VJ<3!!

�9�!!
m!!
m!!
m!!

VJ<3!!

VJ<3!!
m!!
m!!
m!!

VJ<3!!

�9�!!
m!!
m!!
m!!

VJ<3!!

�9�!!
m!!
m!!
m!!

VJ<3!!

VJ<3!!
m!!
m!!
m!!
�9�!!

�9�!!
m!!
m!!
m!!

VJ<3!!

�9�!!
m!!
m!!
m!!

VJ<3!!

VJ<3!!
m!!
m!!
m!!
�9�!!

VJ<3!!
m!!
m!!
m!!

VJ<3!!

�9�!!
m!!
m!!
m!!
�9�!!

!!!!)S%ZJ!R<)7h!<3X!!)S%Z=J!+,!�9#{?!@)S!r)L#$(!),!\!!!+=:!"E<2=n!<3!-KB!!!V=J<3!%Z=J!<3!
!1(!-!VJ(á!A.')7$!%p$!}%n!gS!m!!

%8I,KP%,2%�,-6-@"%%
!R<)7hDepth-first!VJ(!^?):!F!�.Bn!)S!aA?!@!+7S!m!!
!�,)ETT-Entails?(KB,á)A$(3%k!"?%,!(<!�9�!)'!VJ<3!!!

!!!)S!@3F<F!!!!wKB!!-!!!!!!!!!!!F!A=h),!"=?!@(!5<(8=k!d=Z&?!<3!+=97U![='!F!A=h),!"=?!z=$(3!5)6')W!['!+:!á!
Ah),!"?!@(!5<(8k!dZ&?!@!+97U!['!C<2n!+,!F!Ah),!"?!�n!['!+:!!

!!!!5<(8k!@)S!^Q7J!1(!VL./!['!<3!@(KB!F!á!¶!symbols!!
!!!TT-Check-All(KB,á,symbols,[ ])0(3%k%,!(<!!!
!�,)ETT-Check-All(KB,á,symbols,model)A$(3%k!"?%,!(<!�9�!)'!VJ<3!!

!+:!"E<2n!<3!!!Empty?(symbols)-!Ah),!"?!�.Bn!!!
!+=============:!"E<2=============n!<3!!!!!!PL-True?(KB,model)!-!V=============J(!V=============J<3!R1<(!@(<(3!PL-

True?(á,model)<!!0(3%k%,!(m!!
!VJ<3!!C<2n!e'(!%.�!<3!!!!!!Xtrue!\0(3%k%,!(<!!

C<2n!e'(!%.�!<3!!!!!
!!!!!!!P " First(symbols);rest " Rest(symbols) 
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!!!!!!!TT-Check-All(KB,á,rest,Expand(P,true,model))!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! F!TT-Check-
All(KB,á,rest,Expand(P,false,model))0(3%k%,!(<!!!

)2( nO!!@(%,n!C<2n!+,!+/)L?!�!Ah),!"?!^Q7J!co-NP-complete!Ah),!"?!m 
%%%%3�^6(%V,9%V*,OW|%!!!!!!!!!%=,(%,!0)L=>'!@)=S!aA=?!<3!+=:!A&h),!"?!"�Z&?!a3)T?!"E<2n!<3!C<)QI!F3

!A&h),w!!
á)â!%k(!��q!F!%k(!!F!Ah),!!!

)()( 3NN3 5Q5@%'jW!"')U!+,)U!s!5!!
)()( 3NN3 6Q6!@%'jW!"')U!+,!)U!6!!

))(())(( RN3RN3 55Q55@%'jW!V:%h!|!5!!
))(())(( RN3RN3 66Q66!@%'jW!V:%h!6!!
33 Q77 )(+$)kF3!�.�$!}jl!t!!
)()( 3NN3 7O7QO�/){?!H2KM?!�!!
)()( N3N3 67QO )#&#J(!}jl!�!!

))()(()( 3NN3N3 O5OQP!+q%P!F3!�%h!}jl�!!
)()( N3N3 767Q570)k<2?3!02$)o!v!!
)()( N3N3 757Q670)k<2?3!02$)o!!!

))()(())(( R3N3RN3 565Q65!@%'jW!�'12Eu!5!@F<!6!!
))()(())(( R3N3RN3 656Q56!@%'jW!�'12E!6!@F<!5!!

%%,�I"%N'=2,v%*%N}E|%!!"E<2=n!<3!C<)QI!['%N�@IJ!!!<3!+=:!V=J(!%V%/�K9!!!!!F!A=h),!V=J<3!)=S!aA=?!
BBAAAAAATrue OO5O76 ))((,,,!m!!!5(<!1(!@%===.k!+===c.#$!+===,!32===h!"===?!�2===,%?!VB===n

!!;)==.o!@!+.�=o�w!!KB * á!!!%==k(!�=�q!F!%==k()( 3OKBA==h),!1)==c?!!m!!!5A==&&:!"==i(<!C<)==QI![='
!!!!!A=h),!VJ<3!)S!aA?!1(!"f%,!<3!%k(!VJ(!m!CBA ,6!!!!!!!!!�.=S!<3!%=k(!V=J(!5A=&&:!"=i(<)$!+=97U![='

!Ah)Q$!VJ<3!"/A?!mAA 75!!
!!!!!!!V==J(!%=='1!5(<!1(!5A==?4!V==J3!+==,!@!+==c.#$!+==,!+#L==,(F!)==i<(!V==.9,)ow KB * á!!!!%==k(!�==�q!F!%==k(

)( 375KBAh),!5A&&:!"i(<)$!!m!á�9f!0)S%,!@!+9.JF!+,!(<!s�A.')7$!C)Q�(!m!!!
%],p�"%V,9&-(cc%|%A$2h!"?!g.L�E!+#J3!F3!+,!C)Q�(!@)SA#?!"9:!<2P!+,w!!

# %�,-6-@"%M'0"5v%D"%)J,X-@"%%
!� g'Ao!1(!A'AU!C(<)QI!A./2E!VBn 

                                                   
1 commutativity 
2 associativity 
 
3 double-negation elimination 
4 contraposition 
5 implication 
6 biconditional elimination 
7 De Morgan 
8 distributivity 

9 !Deduction Theorem!!
10 reductio ad absurdum 
 

11 !Proof  methods!!
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!� !C)Q�(!³Y.E%E!['!03%,!<):!+, )#&#J(!e.$(2o!1(! 
!!!!!@2c#L==U!g#'<2==6/(![=='!<3!"')==S%697I!C<2==n!+==,! )#&#==J(!e.$(2==o!1(!g.$(2==E!"==?

g.')7$!53)M#J(!3<(A$)#J(!!
!� g'A&?1).$!a)?%$!H%q!['!C<2n!+,!C(<)QI!@!+7U%E!+,!D27T?!!

# %%z&(%3@I#2c%!!!!VB=n!aFA=U!R<)7=h!X!!!!!1(!"')=7$!C<2=n!+=,!D2=7T?n!!!A=h),!"=?!!\!!z')=7.W
K,!(<!;2>T?!VL./!A*{,!"?!32Qm!!
%A5Bq(%*%:'�-O(%V%)#'L0D%%

%VI5�'P%o#R�h)&PJ*&}(m%%
KB!³!!@<2G.h!�F%h!A$2.W!!

!@<2G.h!�%h!³!!
 !)'!�!+.�o!^Q7J! 
 !)S!^Q7J!a)yE(!!¶^Q7J 
!a)�?w!)()( BDCABC O55O5!!

%,9%3~-O;#2%8*Ie%!@<2G.h!H%q!@(%,!w!@(%,!^?):KB@<2G.h!@)S!!!

N
N3333 O55 nn ...,,..., 11!!

!!"?!32h!53)M#J(!;2>T?!)'!g.�#L?!@!5%.c$1!),!A$(2Em!!!!!!<3!F!A&#L=S!"=T.QP!"=9.f!)=S!g#'<26/(!e'(
0)?13^F%!A$2h!"?!(%U(!m!!

:'�-O(%V%)#'L0D%%
|%!5A'(!w!<3!+:!@8.`!%S!-!3<(3!32UF!2U!F!;%W!+:!"$)?1!)EKB!+,!(<!VJ(!1)c?!KB!

!e:!+q)i(m        !!
BALBALPAMLBPMLQP ,,,,,, O5O5O5O5O!!

!!
%:-$I5~C":'�-O(%V%)#'L0D%%

!�,)EPL-FC-Entails?(KB,q)A$(3%k!"?%,!(<!�9�!)'!VJ<3!!!
!-!)S!@3F<FKB!-!+:!@<2G.h!@(!5<(8k!�F%h!1(!+I27c?!['!-!z$(3!5)6')W!!!

q!-!�n!-!!+:Ah),!"?!@(!5<(8k!^Q7J!['!!
!!!"=9B?!@)=S%.�#?�!w!count!!!!!!!!+==./F(!C<2=n!+=,!-!�%=h!�==J2E!5A=h!@<(j=k!£f)=h!aFA==U![='!-!

ATE!@F)l!3(permisAh),!"?!)S!!!
inferred!!!!!!!@!+==./F(!<(A==�?!@(<(3!@3F<F!%==S!-!^Q7==J!�==J2E!5A==h!@<(j==k!£f)==h!aFA==U![=='!!

falseAh),!"?!!!
                                                   

1 !Model checking!!
2 !Horn Form!!
3 !Modus Ponens!!
4 !local variables!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 157 - 

!agenda!<3!)S!^Q7J!+./F(!C<2n!+,!-!)S!^Q7J!1(!"#L./!-!!KBA$2h!"?!+#f)&h!!!
!+:!"?(3)?agenda5A,!H)c$(!(<!%'1!@)S<):!Ah),!"7$!"/)f!!!

!!!p" Pop(agenda)!!
!!@(%,!+$%kF!!inferred[p]5A,!H)c$(!(<!%'1!@)S<):!!!

!!!!!!inferred[p] " true!!
!@<2G.h!�%h!%S!@(%,!!!!!!c!<3!+:!p !5A,!H)c$(!(<!%'1!@)S<):!A'4!"?!VJ3!+,!+.�o!!!

!!!!!!!!!count[c]5A,!zS):!(<!!!
!+:!"E<2n!<3!!!!!!!!!count[c]=0!5A,!H)c$(!(<!%'1!@)S<):!Ah),!"?!!!

!!!!!!!!+:!"E<2n!<3!!!!!Head[c]=q!Ah),!"?!true0(3%k%,!(<!!!
!!!!!!!!!!!!Push(Head[c],agenda)!!

false0(3%k%,!(<!!!
:'�-O(%V%)#'L0D%z,�(%%

           
 

            
%N'(,KW%],p�"%%

FC!!!!!!!!!�=J2E!+=:![=.7E(!C<)=QI!%=S!-!g.�#L?!@!5%.c$1!)'!KB!!!!!!!"=?!d#*=?!(<!V=J(!5A=?4!32=UF!+=,!
!A&:m!!

s!m FC!3!!!!!!!!!!!!!![='!+=,!32=h!"=7$!d#*=?!@A='AU![=.7E(!C<)QI!�.S!+:!"')U!<%%/�^�0
%N2,�%VcAJ<!"?! 

|!m !!!!!!aA?!['!C<2n!+,!"')K$!V/)l!+:!A.&:!+U2Em!!!!V=J<3!@!5A=&&:!YL=#&?!-!
!µAh),!"?!)S!^Q7J!+,!�9� 
t!m !<3!�%h!%SKB!<3!-!"9n(!mVJ(!VJ<3! 

!C)Q�(!w!�%h!['!+:!A.')7$!<2yEbaa k O55 ...1!<3!m!�9�!!Ah),!"?!!

                                                   
1 !fixed point!!
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!e'(%,)==&,kaa 55 ...1!<3!m!F!V==J(!V==J<3!b!<3!m!!e'(%,)==&,!-!A==h),!"==?!�==9�!
!AJ<!"7$!V,)�!@!+Z�$!['!+,!g#'<26/(«!!

¬!m !F<!e'(!1(m!1(!"/A?!KBAh),!"?!!!
§!m !+:!"E<2n!<3KB|=q!-!q!aA?!%S!<3!KB!^?)h!-!m!Ah),!"?!VJ<3!m!!

!"9:!@!5A'(!w!aA?!%S!e#f)JKB+c.#$!VBn!),!!"J<%,!F!@%.k!á!Ah),!"?!m!!
%A5Bq(%V%)#'L0D%%

!5A'(!w!03%:!V,)�!@(%,q!�J2E!BC!;2>T?!@!5%.c$1!)'!m!!!
!!)=='4!+==:!A==.&:!"==J<%,q!!)=='!-!V==J(!5A==h!+#f)&==h!OQ==o!!!�==J2EBC!!-!!^?)==h!C)==iF%M?!@!+==7S
!@!5A&&:!�#&?!e.$(2o!1(!"f%,qA.&:!V,)�!(<!m!!!

!)S!+�9l!1(!r)&#U(!w(AS(!)'4!+:!A.&:!"J<%,A$(!+#h(3!32UF!}AS!@!+#*W!<3!OQo!"I%q!}m!!!
!@<(%>E!@)S<):!1(!r)&#U(!wA'AU!"I%q!}(AS(!)'4!+:!A.&:!"J<%,-!!!

s\ )'!A$(!5Ah!V,)�!VJ<3!C<2n!+,!OQo!!
|\ A$(!5Ah!3F3%?!OQo 

A5Bq(%V%)#'L0D%z,�(%%

    
 

    
 

   
A5Bq(%*%:'�-O(%V%)#'L0D%%
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FC!!!A==h),!"==?!53(3!1(!5A==h!d#*==?!!m!!!!!32==h!"==?!R1(3%==W!5)==k4!32f)==$!F!<)==:32f!C<2==n!+==,!!m!a)==�?!w
!!!!!@%.k!g.7yE!@)S!a(F<!F!�!"h!Vf)&h!m!!!!!!!!H)=c$(!A=&P2,%?)$!}A=S!+=,!+=:!(<!<)=:!@3(A=TE!VJ(!e>7?

g.S3!m!BC!!!!!!!!!!!!!!A=h),!"=?!Y=J)&?!+/)L=?!^=l!@(%=,!F!A=h),!"=?!}AS!1(!5Ah!d#*?!!!m!!a)=�?!w!!!e=?!@)SA=.9:
!!!!!!!C)IOP(!g$(2E!"?!+$26`!x!A&#LS!)c:!!!@!+=?)$%,![='PhD!x!H%=.6,!(<!!!!"kA=.�.WBC!!!!+=,!A=$(2E!"=?!

!@!51(A$(!<3!"Zf!"kA.�.W!1(!%E!g:!YE(%?KBAh),!m!!!
Q'=}W%|%!5A&S3!�,<!a)?%$!C<2ns!!

!�,<|!!!"To(F!@)S!�,<!",t!!

!!C
!!

!!�'(%h!!
!!

!!!!!!!!!!!!!!!!!!!!!!!
!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
!a)�?!w)()( DCBBA 7676576!!

!+c.#$!^.9BE!02$)o!X!@(%,CNF!w!\!!Ah),!"?!^?):!@(!5<(8k!dZ&?!@(%,m!!

njjkii

nk

mmmm

mm

66666666666
6666

&(&( ............

...,...

111111

11

SSSS
SS!!

!+:!"')U!<3iS!F!jm!!A&#LS!"To(F!g7#?!m!!
!a)�?!!!w!!

3,1

2,22,23,1 ,

P

PPP 76!!
@(%,!^.9BE!VJ(!^?):!F!�.Bn!@(!5<(8k!dZ&?!m!!

!!
%/2%Q$&pWCNF%|%%)( 1,22,11,1 PPB 6P 

s!m!03%:!}jlP!03%:!e'86')U!-!N3 P!),!)()( 3NN3 O5O!!
))(())(( 1,11,22,11,22,11,1 BPPPPB O656O!!

                                                   
1 !Conjunctive Normal Form!)'!CNF 
2 !conjunction!!

3 disjunction of literals 
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|!m!!03%:!}jlJ!!03%:!e'86')U!-á!J!â!),!N3 67!!
))(()( 1,11,22,11,22,11,1 BPPPPB 6675667!!
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!� !VBn!wA&')7$!"?!A./2E!(<!5Ah!�Ql!@)S!C<)QI!��q!C)�#*? 
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!!
2,6(%Y<%%

http://www.uni.koblenz.de 
http://aima.eecs.berkeley.edu/slides-pdf /chapter07.pdf 
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!g'(!53%:m!!
! !Ah),!"?!)S!a)7#l(!e'(!@!+'(<(!-!%6'3!¨B,m 
%�^6(%%
! !"hF<!-!dZ&?!Ah),!"?!^?)I!z$(3!@!+'(<(!@(%,![.JO:m!!
! !!!!!!!!!!!!!!!!"=$OI(!C<2=n!+=,!(<!)=S!^=?)I!+=:!A=S3!"=?!51)=U(!)=?!+,X!@<)=K©(!\!!!!+=?)$%,!%='1!3<(2=?!<3
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o !!!!!!4!+=,!+:!z$(3!5)6')W!['!1(!)S!^?)I!!!!!!!!51)=U(!+/)L=?![='!3<2=?!<3!aDA#=J(!@(%=,!)=S!0
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!A&&:!"?!53)M#J(m 

! !�.B?!w!@!+>Qh¬±¬)S!+$)f!1(! 
o !F!3<(3!<(%o!+$)f!['<3!OPwumpus!%6'3!@!+$)f!<3! 
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! !)==S3%>97I!w�#L==?!V==:%l!!!0)==>.W![.9==h!-!V==J(<!+==,!V==:%l!-!¥==`!+==,!V==:%l!-!g.X58==.$!\!-
![6&`X!@!5A$%.k!\!OPm 

! !)S%6L==l!w!A==,!@2==,!�==l�!r2==f!@2==,!�==l!-!�!!0A.&==h!-!<(2=='3!�==l!-!O==P!@!5A==&&:!�==l!-!
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!! !!
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1 !knowledge level 
 2!russell~/edu.berkeley.cs.www://http!!
 3!com.norvig://http!!

4 !perceive stench 
5 !perceive breeze 
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z�&-@"%%
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o !)'!A&:!"7$!5)Q#h(!A&:!"7$!@%.k!+c.#$!(<!VJ<3)$!@)S!C<)QIm 
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o !!!!!!!H)c$(%==J!(<!04!-!^==?):!g#'<2==6/(![=='!-!32==h!a)==Q$3!-!C<)==QI![=='!+==:!"E<2==n!<3
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V"%)I"\+%�^6(%%

! )J!"9.f!"�Z&?!-!@(!5<(8k!dZ&?!Ah),!"?!53m!!
o !Ah),!"?!r2f!)S!a)�?!@(%, 
o !"E)QJ)B?!C<2n!+,X@%E2.G?):!\!Ah),!"?!@1)J!53).W!^,)om 

                                                   
1 !entailment 
2 !sound 
3 !complete!!
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o !VJ(!5Ah!3FAB?!-!+'(<(!"')$(2E!<3m 
! !!0)kN(FX!!!!!!A=&'2k!"=?![=.7E(!@)=S!C<)=QI!(<!)=S!e'(!-!]'F<2$!F!^J(<!\!!!!3%=M&?!^Q7=J![='!1(

!A$(!5Ah!^.>*Em 
o 3FoxesLeft!-!BoatOnRight 

! !!!C<)QI!['!!!!!!�J2E!+#J2.W!gS!+,!@)S!5N(F!1(!@(!+I27c?!-!5A.�.WPO756 ,,,,!!!A=h),!"=?!
m 

o BoatRightghtChickensRiFoxesLeft 55 33 
o tenChickensEaBoatRightftChickensLefoxesLeft O55 23 

! BA5!�!AND!�!!g==S!+==:!A==h),!"==?!V==J<3!"E<2==n!<3!C<)==QI!A!g==S!F!B!V==J<3!F3!%==S!
!A&h),m 

! BA6!�!OR!�!!!!)=='!+==:!A==h),!"==?!V==J<3!"E<2==n!<3!C<)==QI!A!)=='!B!!V==J<3!F3!%==S!)=='!F!
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! A7X!NOT!\�!+:!VJ(!VJ<3!"E<2n!<3!C<)QI!A!Ah),!�9�!m 
! BA OX!!!!!!H(89#=J(!)'!V/D3s!\!!!!!!!!!!!!+=:!A=h),!"=?!V=J<3!"E<2=n!<3!C<)=QIA!!!!)='!A=h),!�=9�!B!

!Ah),!VJ<3m 
! BA PX!!@1<(!g==S|!\!�!!!!+==:!A==h),!"==?!V==J<3!"E<2==n!<3!C<)==QI!A!F!B!R1<(!@(<(3!

!A&h),!0)L>'!"#J<3m 
!!

%V"%)I"\+%�^6({©,p6-@"%,$%o"\=-@"%%%
! !Ah),!"?!A.M?!"�Z&?!�%P!['!-!H(89#J(m!!
! !C<)QIBA O!+:!Ah),!"?!VJ<3!"E<2n!<3!!w 

o A!F!Ah),!VJ<3!BAh),!VJ<3!m! 
o A!Ah),!�)�!m 

! !a)�?!w!Ah),!"?!@%,(!(2S!0D(!5)k!04!-!Ah),!"$(<),!(2S!0D(!%k(m 
! BA O!),!VJ(!a3)T?!BA67 
! !AS3!"?!(<! )#&#J(!0)>?(!)?!+,!H(89#J(m 
!!

%V"%)I"\+%�^6({%#W%G'2%V,9%u$#qW%%%
! !!!!"�Z&?!@1<(!gS!w!!!!!!!!"=�Z&?!"E<2=n!+=,!C<)=QI!F3!!!!!!!+=I27c?!@(%=,!)=S!04!%=k(!A&#L=S!1<(!g=S!

!A&h),!VJ<3!-!0)L>'!@)S!aA?m!!
o QP 5!),!1<(!gS!"�Z&?!C<2n!+,!)( QP 7677!Ah),!"?! 

! !VB==ntX!!"'26$)==7S�!w!\!!!!!!!!!)==S!aA==?!@!+==7S!@(%==,!+==:!A==h),!"==?!"'26$)==7S!@(<(3!"E<)==QI
!Ah),!VJ<3m 

o AA 76 
! E!�o)&�!w!!�9�!)S!aA?!@!+7S!<3!+:!"E<)QIXVJ<3)$!\!Ah),!"?m 

                                                   
1 !implies 
2 !equivalence 
3 !validity 
4 !tautology 
5 !contradiction 
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o AA 75 
! !!!)i<(!V.9,)os!w!!!!!!!!!!!!V=J<3!)=S!aA=?!1(!"=f%,!@(%=,!+=:!Ah),!"?!V.n2yf!e'(!@(<(3!"E<)QI

!Ah),m 
o foxesleftfoxesleft 23 6!Ah),!"?!VJ<3!)S!0)KU!1(!"f%,!<3!m 
o !!!!!!!!!03%:(A=.W!a)=Q$3!+=,!)=?!@!+/)L?!Y9�(!!!!!!!V=J<3!(<!C<)=QI![='!+=:!V=J(!"/A=?!X!�=9�!\

!A')7$w 
o !32,!AS(2f!)?!@!+/)L?!^l!5(<!e'(m 

!!
%3�^6(%z�&-@"%%

! !!!!!!!!!!!!!C<)=QI! )#&#=J(!@(%=,!-!^=?)I!z=$(3!5)=6')W!<3!32=U2?!C(<)=QI!1(!53)M#=J(!),!"�Z&?!aDA#J(
!3F<!"?!29U!-!A'AU!@)Sm!!

! ! )#&#J(!e.$(2o 
o !C)Q�(!RF<|! 

" BAA O,!-!B!AS3!"?!+c.#$!(<! 
o !}jlAND! 

" BA5!-!A!AS3!"?!+c.#$!(<!m 
o !"q%T?OR 

" A!-!BA6!AS3!"?!+c.#$!(<! 
o !�/){?!H2KM?t!w!BA O!C<2n!+,!A$(2E!"?!AB 7O7!32h!"L'2$1),! 
o !5<),F3!03%:!"M&?!wAA $77 )( 
o !�'12E!w 

" )()()( CABACBA 656$56 
" )()()( CABACBA 565$65 

o !0)k<2?3!@!+.�ow 
" BA6!C<2n!+,!)( BA 7577!32h!"?!"L'2$1),! 
" )')( BABA 7677P5 

!!
5L-O;%]I5E%/2%�,-6-@" 

! !!,!�ZJ!aF(!r2f!"9Qo!@2c#LU!1(!g.$(2E!"?!)?!�GJ!!!!!+=:!e='(!£.{*=E!F! )#&#=J(!H)c$(!@(%
!g.')7$!53)M#J(!32h!"?!a)Q$3!z$(3!5)6')W!['!�J2E!C<)QI!['!)'4m!!

! !"J)J(!@!5A'(!w!A.')7$!~F%h!0)?!z$(3!5)6')W!<3!32U2?!@)S!C<)QI!),m 
! !A&h),!"?! )#&#J(!03%,!<):!+,!)S3%>97Im 

o !)?!+:!A.')7$!<2yE!-!a)�?!@(%,BA ")1!-!CB O)2!F!3)A!g'<(3!(<!m 
o !!@(%==,!(<!C)==Q�(!RF<!)==?!+==:!V==J(!e=='(!e==>7?!^==7I![=='s!F!t! )#&#==J(!@(%==,!B!+==,!

!g'%Q,!<):m 
o ! )#&#J(!@(%,!5<),F3!(<!C)Q�(!@)S!RF<!g.$(2E!"?!)?!�GJC!g'%Q,!<):!+,!m 

                                                   
1 !satisfiability 
2 !modus ponens 
3 !contraposition 
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! !!!!!!!!!!!!!�Z=J!aF(!RF<!+=,!A=$(2E!"=?!)?!@2c#LUX!!!!!!e=>7?!@)=S! )#&#=J(!@!+=7S!+=:!!!z=$(3!5)=6')W!1(
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! !3<(3!H)$!C)Q�(!)'!5(2k!)'!^./3!-!2c#LU!e'(!@!+c.#$m 
!!

Q'=}W%%
! !A&h),!"7$!^?):!)?(8/(!"/F!A&#LS!VJ<3!-!"9Qo!e.$(2om!!
! !3<(3!32UF! )#&#J(!@(%,!"9?):!02$)o!-!+$)#{Qh2f 
! e'(!3<(3!H)$!^.9BE!-!02$)o!m 
! !Ah),!"?!%'1!+.Qh!+')W!^.9BE!02$)ow 

o BA6!F!CA67!+:!A&S3!"?!51)U(!)?!+,!CB 6!g.')7$! )#&#J(!(<!m 
o A!!!!!!!!A=h),!"=7$!V=J<3!)='!F!V=J(!V=J<3!)='!!m!!%=k(A!!!!5)=k!04!-!A=h),!V=J<3!C!!!A='),!g=S!

),!VJ<3!Ahm 
o !%k(A!5)k!04!-!Ah),!�9�!B!Ah),!VJ<3!A'),!m 

! !32h!53(3!g.7TE!"/2P!%S!),!@3<(2?!+,!A$(2E!"?!Y9Z?!e'(m 
!!

%)&69J%�2I%z,(#0%o#R%%
! !A&:!"?!<):!(8c?!C<2n!+,!^.9BE!!
! !H%q!e'(!+,!A'),!)?!z$(3!5)6')W!+:!VJ(!"&T?!e'(!+,!e'(X!^>h!\!Ah),m 
! (!"I)7#U(!-!5A&S3!�,<!a)?%$!H%q!Ah),!"?!A&#LS!(8c?!+:!"')S!�%h!1m 
! ...)()()( 566566566 IHGFEDCBA 
! !32h!^'AQE!5A&S3!�,<!a)?%$!H%q!+,!A$(2E!"?!@(!5<(8k!dZ&?!C<)QI!%Sm 
!!

%)&69J%�2I%z,(#0%o#R%QKqC"I5-@J%%
s!m !A.')7$!}jl!(<!@1<(!gS!!

! BA P!32h!"?!ABBA O5O 
|!m jl!(<!H(89#J(!A.')7$!} 

! BA O!32h!"?!BA67!!
!!!!!!!t!!m70)k<2?3!e.$(2o!F!+$)kF3!�.�$!1(!53)M#J(!),!-!A.S3!V:%l!-!0F<3!+,!(<!!!

! )( A77!32h!"?!A 
! )( BA 57!32h!"?!)( BA 767 

!!!!!!!¬!m!A.')7$!�'12E!(<!2E<32E!@)S!C<)QIm!!
! ))(( CBA 56!32h!"?!)()( CABA 656 

!!
%!J#.JI%,2%],p�"c%%
! !!!!!!!!!!!!!!!!-!A=h),!"=?!5A=&S3!�=,<!a)=?%$!H%=q!C<2=n!+=,!)7=h!z=$(3!5)6')W!+:!"E<2n!<3

!A.S3!H)c$(!03%:!3<!),!(<!^.9BE!A.$(2E!"?m!!
! !"J)J(!@!5A'(!w!g.S(2f!"?!)?!+:!g.S3!0)*$A!Ah),!"?!VJ<3!m 

                                                   
1 !refutation 
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! A7!A.J%,!�o)&E!['!+,!+:!A.&:!ROE!F!A.')7$!3<(F!z$(3!5)6')W!+,!(<!m 
!!

%VI5�'P%]"I,p4c%%
! !Ah),!"?!^>*?!-!"B'%*E!C<2n!+,!3<(A$)#J(!^.9BE!@!+.�o!C)Q�(m!!
! 3)J!0)?<):!-!g.')7$!3FAB?!+TZo!['!+,!(<!0)?32f!)?!%k(!-!)?(!Ah!AS(2f!5m 
! !![='@<2G.==h!C<)==QI!!32==UF!V==Q�?!ª==M/![=='!%�:(A==l!04!<3!+==:!V==J(!^y==q![=='!

!3<(3m 
o DCBA 676767 
o BA 767 

! !"/)E!['!),!"')S! )#&#J(!C<2n!+,!A&$(2E!"?!)S!e'(X+c.#$!\!A$2h!+#h2$m 
o DCBA O55 
o FalseBA O5 

! !@)S!C<)QI!)&Q?!-!@<2G.hX+')W!\!A&h),!"?!"�Z&?!"L'2$!+?)$%,!@m 
!!

%:'�-O(%V%)#'L0D�%%
! !!!!"9:!@!5A'(!w!!!!!!!!!!!!A='%Q,!<)=:!+=,!(<!C)=Q�(!RF<!)=7'(3!F!A=.')7$!~F%=h!z=$(3!5)6')W!1(

!A'<F4!VJ3!+,!(<!e>7?!C).To(F!H)7E!)Em!!
! !)S!53(3!1(!5Ah!d#*?! )#&#J(!3<(2?!1(!"f%,!<3!e'(t!3<(3!H)$!m 
! !+&?(3!),!A'2k!"?!+`!)7h!+,!z$(3!A.&.Q,!F!A.&:!~F%h!z$(3!@ 
! !Ah),!"?!A.M?!<).L,!A'AU!e.$(2o!)'!C).To(F!03<F4!VJ3!+,!@(%,!e'( 
! !Ah),!"?!A.M?!%E!g:!-!e.T?!C<)QI!['!032,!�9�!)'!"#J<3!C)Q�(!@(%, 

o !3F<!"7$!}AS!['!V7J!+,!2c#LU 
! Jess!F!CLIPSA&&:!"?!53)M#J(!g.�#L?!@!5%.c$1!1(!! 

!!
%A5Bq(%V%)#'L0D�%%
! !!F!A==&:!"==?!~F%==h!}A==S!1(!;2==>T?!@!5%==.c$1!�!Y==�I!}%==P!+==,!�!V7==J!+==,!F

!A&:!"?!V:%l!~F%hm!!
! !!a)�?!w!!!!!!!!!!!+=:!g.=S3!0)*=$!+=:!g.S(2={,!)=?!%k(A!!!!!!(<!"E<)=QI!A='),!-!32=h!"=?!a)=Q$3!-!

!04!"/)E!+:!g.')7$!(A.WA!Ah),!"?!m 
! !A.')7$!C)Q�(!(<!e.*.W!@)S!C<)QI!+:!A.&:!ROE!�GJm 
! !2U!F!;%W!1(!5Ah!d#*?! )#&#J(!C)oF(!"f%,!e'(�!32h!"?!5A.?)$! 
! !!![=='!%==,!+==:!(%=='1!-!A==h),!"==?!%EA==.M?!-!£{*==?!@2==U!F!;%==W![=='!C)==Q�(!@(%==,

!A&:!"?!8:%7E!-!}ASm 
! !Ah),!"?!%E!g:!-!+#f)&h)$!F!A'AU!C)IOP(!03<F4!32UF!+,!a)7#l(m 
! !<(8,(!^.9BE�!}(AS(!s),!"?!+.Qh!aDA#J(!~2$!['!-!!Ahm 

                                                   
1 !horn clauses 
2 !Forward Chaining 
3 !data-driven reasoning 
4 !Backward Chaining 
5 !query-driven reasoning 
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! !A&:!"?!53)M#J(!;2>T?!@!5%.c$1!1(!¢2/F%Wm 
!!

%V"%)I"\+%�^6(%V,9%N$\(%%
! !032,!@<)K©(!)'!"$OI(�!Ah),!(8c?!-! )#&#J(!1(!A$(2E!"?!z$(3!!!
! !3%.6,!<):!+,!(<!"'8U!C)IOP(!A$(2E!"?m 
! !A')7$!A./2E!%E!53)J!C<2n!+,!(<!%E!5A.�.W!@)S!C<)QI!A$(2E!"?m 
! :!F!�.B==n!@)==S!H8.$)==>?!3<(3!^==?)X!!"==?!A==?(<):!-!@<2G.==h!@)==S!C<)==QI!@(%==,

Ah),!\ 
!!

%V"%)I"\+%�^6(%[$,q(%%
! !)S!ªM/!3(ATE!<3!"B'%*E!z'(8q(!!
! !3<(A$!32UF!).h(!0).?!@)S!�)QE<(!�'%*E!@(%,!"S(< 
! !3<(A$!32UF!).h(!3<2?!<3!-!V.M.:!0).,!@(%,!"S(<m 
! !^')L?!e'(!+,!03%:!"kA.J<!@(%,!"hF<!-!aF(!@!+QE%?!dZ&?!Ah),!"?m!!

!!
%Y2,6(<%%

edu.usfca.cs.www://http 
%%
%%
!!

                                                                                                                                                         
1 !means-ends analysis 
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%%

%%

&234!B6'+-&&
&&

!X3*!?!"YU49!ZW<9
[S$\!6$2&!"&

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%)J\0,H%*%&7-k9%I"\9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%z*"%V%/pW#(%�^6(c)J,@%!,'2%/2%%%
Q7R:9JD,$%%%

! !VJ(<(3!(<!@(!5<(8k!dZ&?!C).n2yf!H)7E!-!aF(!@!+QE%?!dZ&? 
! !!!!!!!!!!!!V='32U2?!~2=$!F3!1(!Y=:%?!0)=KU!+=:!VJ(!5A'(!e'(!;)J(%,!aF(!@!+QE%?!dZ&?|!!"=?!

!Ah),!w!).h(t!C)P)QE<(!F!� 
! !!!!!!!!!!!=,!-!A=&')7$!"=?!5<)=h(!)=S8.`!F!)=S!H)=$!+=,!D2=7T?!-!).h(!!!!!R2=,! <2=U!-!a)=�?!0(2=&I!+�!F!

!A.h<2f 
! !C).n2y==f!+==,!D2==7T?!C)==P)QE<(�!)==S!"==k¤'F!F!v!!-!a)==�?!0(2==&I!+==,!-!A==&&:!"==?!5<)==h(!

!!V==J(!C)==.l!<3!R2==,! <2==UX!V==J(!5A==$1!m!\!V==J(!²(3!-!A.==h<2f!m!%E)==W!"==9./u!<3)==?!-!
!%E)W!@%S�!VJ(!m 

! !"T.QP!0),1!%.LME 
! !�!%S!�!mmm!)'!�!+7S!�!mmm!a)�?!@(%,!-!w 

! !�!VJ(!A/(F!['!@(<(3!"y{h!%S!� 
! !�!A&')7$!"?!1(F%W!0)kA$%W!@!+7S!� 

! !A&#LS!e.T?!"k¤'F!['!@(<(3!).h(!@!+7S!+:!A&&:!"?!<)K©(!Y/)Z?!e'( 
! !"T.QP!0),1!%.LME!-!e.&�7S 

! !�!"f%,�!mmm 
! !a)�?!@(%,!w 

! !�!A&')7$!1(F%W!A&$(2E!"7$!0)kA$%W!1(!"f%,!� 
! !��$%Zh!1(!3(%q(!1(!"f%,!A$%,!"?!Cj/!� 

                                                   
1 !First-Order Logic(FOL) 
2 !entity 
3 !objects 
4 !relations 
5 !George Bush 
6 !properties 
7 !attributes 
8 !Lily Potter 
9 !Harry Potter 
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! !!!!!!!!!"==?!e.=T?!V.n2y==f![='!@(<(3!"=h![=='!-!^=o(D!+==:!A=&&:!"=?!<)==K©(!Y=/)Z?!e='(
!Ah), 

%!,+�"*%%
! !^?)h!aF(!@!+QE%?!0),1!['!w 

s!m !!!!)=S!V==,)�!1(!+=I27c?![='s!!!!!!-!A==h),!"=?!A$2==h!"=?!£{*=?![==`2:!}F%=l!)==,!+=:!�!
!%.p$a!-!b!-!c!F!mmm 

|!m !Ah),!"?!"h!['!H)$!V,)�!['!-!"ÄLl!<2P!+, 
t!m !I27c?!['!!!!!!!!!!%=.p$!-!A$2=h!"=?!£{*?![`2:!}F%l!),!D27T?!-!)S%.�#?!1(!+x!-!

y!-!z!F!!mmm 
¬!m !!!!!!!A$2=h!"=?!53(3!z')=7$![=`2:!}F%=l!),!D27T?!-!"T,)E!@)S!^Q7J!1(!+I27c?!['

!%.p$!-f!-!g!-!h!F!!mmm 
§!m !!!!!!!32=h!"=?!53(3!A=$2.W!V=Q�?!F!�.Bn!R1<(!['!),!"T,)E!^Q7J!%SX!!!!%=6'3!C<)=QI!+=,

@(<(3!"T,)E!^Q7J!%S!-!Ah),!"?!VQ�?!F!�.Bn!<(A�?!['!\ 
! !e.$(2o!),!0)kN(F!1(!@(!+I27c?|!32h!"?!�'%TE!%'1!!w 

s!m !Ah),!"?!5N(F!['!-!V,)�![' 
|!m !Ah),!"?!5N(F!['!-!%.�#?![' 
t!m !!!C<)=QI![='t!),...,( 1 nttf!!!!!!!%==S!F!"T,)=E!^Q7=J![='!+=:!V==J(!5N(F![='!"E<2=n!<3!

it!A&h),!5N(F! 
¬!m �.S!Ah),!"7$!5N(F!@%6'3!8.`! 
%,9%)I"\+�%%
! !^?)h!e.&�7S!aF(!@!+QE%?!0),1![' 

o !!!!!!!!!!!!!!-!V=J(!A$2=h!"=?!£{*=?!¢<8=,!}F%=l!)=,!D2=7T?!+=:!)=S!5<(8=k!1(!+I27c?!['
!%.p$P!-!Q!-!R! 

o !A&S3!"?!z')7$!(<!).h(!C).n2yf!)S!5<(8k 
!!

%,9%�2"I�%,9%�6@%N'K.%*%h,9I5@%m�%%
! !!!@)S!�,(<!�!!3<(A$)#J(!�!!(8=k!d=Z&?!!!!!!%=.p$!-!A$2=h!"=?!53%=,!Æ<(!+=,!@(!5<"756 ,,,!F!

!mmm 
! !�&J!V.7:!F3!w 

o U!A.$(2{,!-!!�!+7S!@(%,!�!"?27I!<2J!+:!�v!32h!"?!5A.?)$! 
o V!A.$(2{,!-!!�!3<(3!32UF!�!@32UF!<2J!+:!�u!3<(3!H)$! 

! ),!)S<2J!-!a27T?!<2P!+,!A$2h!"?!%.p$!)S<2J!),!)S%.�#?!F!)S!%.�#?! 
%z*"%V%/pW#(%z5(#R%s$%%

                                                   
1 !constants 
2 !rules 
3 !expression 
4 !predicates 
5 !Connectives 
6 !Quantifiers 
7 !universal quantifier 
8 !existential quantifier 
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! !+==:!"E<2==n!<3P!!R1<(!@(<(3!@(!5<(8==k!^Q7==J![=='!n!F!ntt ,...,1!04!-!A&==h),!0)==kN(F!
!!5)k),...,( 1 nttP!Ah),!"?!aF(!@!+QE%?!dZ&?!a2?%q!['! 

! !+==:!!"E<2==n!<3Ñ!F!Ò!5)==k!04!-!A&==h),!a2==?%q!!WX 6!-!WX 5!-!X7!F!WX "!g==S!
!A&#LS!a2?%q 

! !!!!+:!"E<2n!<3Ñ!!!!F!A=h),!a2=?%q!['!x!!!!!5)=k!04!-!A=h),!%=.�#?![='!)(XxU!F!)(XxV!!g=S!
!A&#LS!a2?%q 

o 32UF!@%6'3!a2?%q!3<(A$! 
%J*&}(%*%J"D_%V,9#'�-(c%%

! !!!!!!!!!!!!!!!(<!%='1!C<)=QI!%=.p$!"')=S!a2=?%q!(%='1!A=h),!"=7$!^?):!-!aF(!@!+QE%?!a2?%q!<)#f)J
!A$(3!"?!1)c? 

o )(: aPxU 
o P(x)!! !x!32h!"?!5A.?)$!3(14!%.�#?!['! 

%z*"%V%/pW#(%�^6(%z5(#R%s$%36q(%%
! !"==&T?765 ,,!F!Ó!==k!d==Z&?!1(!!!!!!<3!a)==�?!0(2==&I!+==,!-!32==h!"==?!53%==,!Æ<(!+==,!@(!5<(8

!+==:!"E<2==nÑ!F!Ò!!5)==k!04!A&==h),!a2==?%q!F3!WX 6!!!+==:!A==h),!"==?!V==J<3!"E<2==n!<3!
!1(!">'!^o(DÑ!)'!Ò!A&h),!VJ<3!!!

! !!!!!!!!!!!e{==J!@!+==&?(3!+==,!+==U2E),!a2==?%q![=='!VÄB==n!-!A==$<(3!32==UF!)==S!<2==J!+==:!"$)==?1!<3
!32h!"?!53(3!£.{*E 

! !(3!['!!!!!!}%l!),!D27T?!+:!+&?D!!!!!![='!-!A=h),!"=?!+=I27c?![='!��q!32h!"?!53(3!z')7$!
!Ah),!%'1!3<(2?!^�?!A$(2E!"?!+:!+I27c? 

o !"T.QP!3(AI(Émmm-s-|-t!Ê 
o !3(%q(!1(!@(!+I27c? 

! !a2?%q!+,X:xU!@!+&?(3!['!F!D!A.')7$!+U2E! 
! !a2==?%qX:xU!@!+==&?(3!<3!D!!!!!!!%==k(!�==�q!F!%==k(!A==h),!"==?!V==J<3)|( dxX!!%==S!@(%==,!

Dd +!Ah),!VJ<3! 
o )|( dxX!!!!!1(!5A=h!+#q%k!"/2?%q!Ñ!!!!!!~2=oF!%=S!032=7$!e'86')=U!1(!A=T,!x!<3!!Ñ!!)=,!d!

!Ah),!"? 
! !!a2?%q!+,)(_: xchairhasxU!@!+&?(3!['!F!D!!!z=$(3!1(!5A=h!^.>*=E!!!!<3!+=:!"$(12=?4!

!<3!%i)l!a)lOMB 31!A.')7$!+U2E!A&#LS! 
! !a2?%q)(_: xchairhasxU!@!+&?(3!<3!D!%k(!��q!F!%k(!VJ(!VJ<3! 

o )(_ Sanjeevchairhas!Ah),!VJ<3! 
o )(_ Johnchairhas!Ah),!VJ<3! 
o !mmmmm!0F<3!@2c*$(3!%S!@(%,OMB 31! 

! !a2?%q!+,X:xV!@!+&?(3!F!D!A.')7$!+U2E! 
! !a2==?%qX:xV!@!+==&?(3!<3!D!!!!%==k(!�==�qF!%==k(!V==J(!V==J<3!)|( dxX!!1(!"==f%,!@(%==,!

Dd +!Ah),!VJ<3! 

                                                   
1 !Free and Bound variables 
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o )|( dxX!!!!!1(!5A=h!+#q%k!"/2?%q!Ñ!!!!!!~2=oF!%=S!032=7$!e'86')=U!1(!A=T,!x!<3!!Ñ!!)=,!d!
,!"?!Ah) 

! !!a2==?%q!+=,)(tan: xdingsxV!!@!+==&?(3![='!F!D!!!%==i)l!a)==l!<3!+=:!@3(%==q(!1(!Y=:%?!
!<3OMB 31!A.')7$!+U2E!A&#LS! 

! !a2===?%q)(tan: xdingsxV!@!+===&?(3!<3!D!!!![==='!^===o(D!%===k(!�===�q!F!%===k(!V===J(!V===J<3!
!!<3!£{=hOMB 31!!!!e'(%,)=&,!F!A=h),!53)#L='(!standing(Lecturer)!!g='<(3!F!V=J<3!!

!w)(tan: xdingsxV!Ah),!"?!VJ<3! 
! !!!!!!!!!V=J<3)$!%=6'3!"=f%,!<3!)=?(!A=h),!V=J<3!)S!+&?(3!1(!"f%,!<3!VJ(!e>7?!a2?%q!['

!Ah), 
o !a2?%q!+,)(: 2yxyx $VU!A.')7$!+U2E! 
o !Ah),!"?!VJ<3!C<)QI!e'(!VQ�?!"�.�l!3(AI(!@!+&?(3!<3 
o !!!!!!!!!C<)=QI!e='(!"=�.�l!3(AI(!@!+7S!@!+&?(3!<3!!!!!%=k(!�!A=h),!"=?!�=9�x!!!-!A=h),!"=M&?!x!

!%S!),!A$(2E!"7$2y!+:!"')U!04!1(!-!Ah),!%,(%,!@(!02 /y!Ah),!"?! 
! !!!!!!!!!!!!!!!"'26$)=7S!Ô='!V=J(!V=J<3!)=S!+=&?(3!@!+=7S!<3!+=:!a2?%q!['sX!!!V=J<3!+*=.7S!\!!"=?

!Ah), 
! Of!['!VJ(!�9�!)S!+&?(3!@!+7S!<3!+:!a2?%q!['!"'2k!}|X!�o)&E!\ 

%3+J"50,F%NpO0%V%/$"I"%%
! !Ah),!"?!z$(3!@(%,!A&7E<Ao!@!+'(<(!0),1!['!aF(!@!+QE%?!dZ&? 
! !A.')7$!+U2E!"L.96$(!0),1!+,!"k3(2$)f!VQL$!@!+'(<(!+, 
! !A&h),!%'1!3<(2?!^?)h!VJ(!e>7?!)S!5<(8kw 

o Parent( _ , _ ) 
o Child( _ , _ ) 
o Grandparent( _ , _ ) 
o Sibling( _ , _ ) 
o Male( _ ) 
o Female( _ ) 
o - = ( _ , _ ) 

! !"9:!"S(<X5%L>'!\!3<(A$!32UF!aF(!@!+QE%?!dZ&?!+,!"L.96$(!^'AQE!@(%, 
! !@)S!+'%p$t!d.o3%.�!�!"k3)J!�!<)y#f(!F!�!3<(3!32UF! 

o !�James!<AW!Harry!VJ(!� 
" )(),( JamesMaleHarryJamesParent 5! 

o !�Lily!<3)?!Harry!VJ(!!� 
" )(),( LilyFemaleHarryLilyParent 5! 
%3+J"50,F%],�,pWI"%%

                                                   
1 !tautology 
2 !contradiction 
3 !notions 
4 !imprecise 
5 !simplicity 
6 !conciseness 
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! !�!0(3%?s!0)$1!F!|!A&#LS!8')7#?!O?):! 
o ))()((: xFemalexMalex 7IU 
o qp I!!!32=====h!"=====?!5A=====$(2f!!�p!!)=====,!a3)=====T?!q!!!!@(%=====,!"L====='2$!5)=====E2:!F!V=====J(!

))()(( pqqp "5"!Ah),!"?! 
! !%S(2f!F!<3(%,t/(F!['!@(<(3!+:!A&#LS!8')7#?!)�.o3!@3(%q(!!A&h),!"?!_%#*?!A 

o 
))),(),((

),((),((

ypParentxpParent

pyxyxSiblingyx

5
V5$7IUU

 

%V"%)I"\+%�^6(%*%z*"%V%/pW#(%�^6(%%
! !)'4U!+9,!x!VJ(!H1D! 
! !a2?%q!+,)(: xPxU!A.')7$!+U2E! 

o !!!!!!3FAB?!@!+&?(3!['!@(%,},...,{ 1 naaD $!!!!!V=J(!V=J<3!"$)?1!<3!)�.o3!C<)QI!e'(!
!+:)( iaP!@(%,!ni ,,1!Ah),!VJ<3! 

" )(...)()(: 1 naPaPxPx 55QU! 
o !!!!3FAB?)$!@!+&?(3!['!@(%,,...},...,{ 1 naaD $!!!!!!V=J<3!"$)=?1!<3!)=�.o3!C<)=QI!e='(!

!+:!VJ()( iaP!%S!@(%,!i!Ah),!VJ<3!%'1!C<)QI!<3! 
" ...)(...)()(: 1 555QU naPaPxPx 

o !['!)?(!Ah),!V')K$!",!a2P!['!@(<(3!A$(2E!"7$!a2?%q 
! !)'4V!+9,!x!VJ(!H1D! 
! !a2?%q!+,)(: xPxV!A.')7$!+U2E! 

o !!!!!!3FAB?!@!+&?(3!['!@(%,},...,{ 1 naaD $!!!!!V=J(!V=J<3!"$)?1!<3!)�.o3!C<)QI!e'(!
!+:)( iaP!@(%,!ni ,,1!Ah),!VJ<3! 

" )(...)()(: 1 naPaPxPx 66QV! 
o !!!!3FAB?)$!@!+&?(3!['!@(%,,...},...,{ 1 naaD $!!!!!!V=J<3!"$)=?1!<3!)=�.o3!C<)=QI!e='(!

!+:!VJ()( iaP!%S!@(%,!i!Ah),!VJ<3!%'1!C<)QI!<3! 
" ...)(...)()(: 1 666QV naPaPxPx 

o !",!a2P!['!@(<(3!A$(2E!"7$!a2?%q!['!)?(!Ah),!V')K$ 
%,9I5@%*%¬'�0%%

! !0).?!�)QE<(!Ô'U!),!5!F!V!),!6!g'<(3!-!VJ(!5Ah!53(3!w 
o )(:)(: xPxxPx 7VQ7U 
o )(:)(: xPxxPx 7VQ7U 
o )(:)(: xPxxPx VQ77U 
o )(:)(: xPxxPx 77VQU! 

%,9I5@%*%¬'�0%V"#2%z,�(%%
! !@!5<(8k!+,male( _ )!0F<3!0(12?4!z$(3!@!+&?(3!<3!OMB 31!A.')7$!+U2E! 

                                                   
1 !males 
2 !females 
3 !siblings 
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o !@)==&T?)(: xmalex7U!!!!!!!!<3!�:%==S!04!<3!+==:!3<(A==$!32==UF!@3<2==?!+==:!V==J(!e=='(!
OMB 31!Ah),!3%?!-! 

o !<3!"L:!+:!VJ(!C<)QI!e'(!),!a3)T?!Y9Z?!e'(OMB!Ah),!"7$!3%?! 
o !-!(%S)©)(: xmalex 7V!Ah),!"?! 
%,9%zJ,q(%#$,@%%

! ),(:),(: yxPxyyxPyx VVQVV 
! ),(:),(: yxPxyyxPyx UUQUU! 

 
! !@!+&?(3!+,21 GG T!3(%q(!5F%k!F3!1(!G1!F!G2!A.')7$!+U2E! 
! Group1( _ )!F!Group2( _ )!!!!!!!!!!!+=,!+=:!A=&S3!"=?!0)*=$!+=:!A&#L=S!"$)=6'!@!)=S!5<(8=k!

!Y.E%E!5F%k!<3!"L:G1!F!G2!VLS!! 
! Know( _ , _ )!!!!!!!!!!!"=?!(<!%6'A=7S!%=M$!F3!+=:!e='(!@!5A=&S3!0)*=$!"='F3F3!@!5<(8=k![='!

!Ah),!"?!A&$(3 
o )),()(2)(1( yxKnowyGroupxGroupyx "5UU 

!! !!

!!
)),()(2)(1( yxKnowyGroupxGroupxy "5UU!!

%z*"%­%/pW#(%Q'=}W%%
! !A,)'!"?!+TJ2E!aF(!@!+QE%?!dZ&?!@(%,!@(!5<(8k!dZ&?!�(%,!^.9BE!a(F< 
! !<2J!02.J(8.7Å9Ã>JÅ(!H)$!+,!51(3%W!['!�J2E!@32UFs!32h!"?!}jl! 
! !!!HA�?!¡%q|!!5A=h!"M&?!@!+c.#$!F!X!!!5A=h!�.=�$!\!!!!!!!<2=J!)=,!aF(!@!+=QE%?!@)=S!�%=h!+=,!-

!A$2h!"?!^'AQE!-!a2?%q!¥`!}%P!+,!5Ah!53(3!V:%l!"?27I 
%%

%Yp6(%<%%
pdf.Simple_FOL/1s9020/2006cs~/au.edu.unsw.cse.www://http%%

                                                   
1 !Skolemization 
2 !premise 
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%%

%%

&&
&234!B6'(16&&

&&
X3*!?!"YU49!ZW<9

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%J50%*%&7'@%*%#XE%\l'K(%I,?j%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

z*"%V%/pW#(%�^6(%%
Q7R"*J%:9JD%%

[C,^(%A5$I%%
! z*"%V%/pW#(%�^6(%"#j 
! *%#9,ªV,6q(%z*"%V%/pW#(%�^6( 
! ]"I,p4%,2%VD,2 
! %V,'0Jwumpusz*"%V%/pW#(%�^6(%IJ%%%

%%
V"%)I"\+%�^6(%M'XC,1(%*%M'�R"5(%%

!!@(!5<(8k!dZ&?!-!!!@<)K©(X"$OI(\!!V=J(!!w!!@(8=U(!@%=?(%k!!!A=$%,(%,!C)=.To(F!)=,!!m!!!d=Z&?
@(!5<(8===k-!!!"==='8U!C)===IOP(!+===,!!µ!"9y===q!µ!!!A===S3!"===?!51)===U(!5A===h!"===M&?X!!%===E!z.===,!}Of%===,

!!!!!@(!53(3!@)=S!5)=6')W!F!@(!53(3!@)S<)#f)=J\!m!!!@(!5<(8==k!d=Z&?%n%%3�p'.#Wc!!A=h),!"=?!w!!H2==KM?
2,11,1 PB 5!!1(!1,1B!1(!F!2,1P32h!"?!d#*?!!m!!!!@(!5<(8=k!d=Z&?!<3!H2=KM?-!!%"%Q�-O�(%%M-�(%D�%

!V==J(!m!X!!!!!A==h),!"==?!e#==?!+==,!+#L==,(F!H2==KM?!+==:!-!"==T.QP!0)==,1!}Of%==,\!m!!@(!5<(8==k!d==Z&?
!!!!!3<(3!0)=.,!C<A=o!<3!@3)='1!V'3FAB?X!!!"=T.QP!0)=,1!}Of%=,\!m!!!!!!!g.'2=6,!g.$(2=E!"=7$!)=?!-!a)=�?!�

!!A$2h!"?!<F)c?!@)S!+$)f!<3!r29Z?!@(2S!¨I),!)S!+/)`!�!!!!!@(%=,!C<)=QI![='!e#=h2$!),!8U!+,
)f!%S+$m!!!

%%%z*"%V%/pW#(%�^6(%|%!!!!!!!3%=.k!"=?!32=f!+=,!(<!)=.$3!"=To(F!C)'2#B?!-!@(!5<(8k!dZ&?!+:!"')c$4!1(
!@(!5<(8k!dZ&?!-!X!"T.QP!0),1!^�?!\!3%.k!"?!32f!+,!(<!0)KU!C)'2#B?m!!

 !!!%%®,'�P"<!!!!!A==/)$F3![=?!A==/)$F<!-!)=S!@<2==ËE!-!3(A=I(!-!)==S!+=$)f!-!H3%==?!t!!!@)==S!@1)=,!-!)==S!]=$<!-!
!a)QL.,�U!-!!F!)S!0%o!-!)S!]&mmmmm 

 %%,��9%3~-O��2"*%%%h%%���2"*I%,��$%],���,pWI"<%m!!3%==k!-!8==?%o!�!"6#f)==J!-!�X!!"==,Oo!)=='!"==9TU!\aF(!-!v!
X5A7I!\!+�QP!A&`!0)7#f)J!-s!F!mmmmm 

                                                   
1 !compositional!!
2 !context-independent!!
3 !Ronald McDonald!!
4 !baseball!!
5 !round!!
6 !bogus!!
7 !prime!!
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 !!<3(%,!!!!mmm!!!!!!!0F<3!-!1(!%E!¢<8,!-!mmm!1(!@(!+TZo!-!mmm!!!!!!!e#=h(3!-!1(!A=T,!53)=#q(!�)=ME(!-!]=$<!+=,!-
!F!0).?!0A?4!-mmmmm 

 !!!%,9J#B=K4�h,9%Y2,W<%m!<AW!!mmm!@AyE!-!VJF3!e'%#K,!-!mmm!0)')W!-!1(!%E!z.,!">'!-mmmmm 
3=.%NC,T%IJ%�^6(%%

!,2D%%%3@,6P%3-O9%o"\C"e%%%3@,6P%NR#q(%o"\C"�%%

!5<(8k!dZ&?
@(!!

C).To(F!!%N@IJ%a%�=¦%a
/-F,6P,0%%

!@!+QE%?!dZ&?
aF(!!

!)S!+Z,(<!-!�).h(!-!C).To(F!!%N@IJ%a%�=¦%a
6P,0/-F,%%

!"$)?1!dZ&?�!!!)S!+Z,(<!-!�).h(!-!C).To(F
)S!0)?1!-!!

%N@IJ%a%�=¦%a
/-F,6P,0%%

a)7#l(!@<2.E !
�!!

C).To(F!!%J,�-4"%V%)D"&0"�%%

%VD,R%�^6(b%%%],'qv"*%�%3-@IJ%V%/;IJ
f%%

%V%/=E,R%I"&�(
%)&P%/-F,6Pc`%%

%z*"%V%/pW#(%�^6(%#9,ª%<3@,@"%#E,64%%%
|%!)S!V,)�!^�?w!KingJohn,2,UCB,Koblenz,C,�!!!
�!!)S!5<(8k!^�?w!!Brother,>,=,...!!!
�!!�,(2E!^�?w! Sqrt,LeftLegOf,�!!
�!!)S%.�#?!^�?w!x,y,a,b,...!!!
�!!)S!�,(<!^�?!wPO765 ,,,,!!!
�!!@F)LEw³!!!!
�!!)S!�&J!V.7:X)S<2J!!\w!VU,!!

%s'KW"%]"I,p4cc%%%
|%![.7E(!C<)QI!³),...,( 1 ntermtermpredicate!)'!21 termterm $!!

5N(F !³),...,( 1 ntermtermfunction-!V,)�!)'!F!VJ(!!%.�#?!)'!!Ah),!"? 
!a)�?w!!!

Brother(KingJohn,RichardTheLionheart) > 
(Length(LeftLegOf(Richard)),Length(LeftLegOf(KingJohn))) 

                                                                                                                                                         
1 !multistoried!!
2 !functions!!
3 !Ontological Commitment!!
4 !Epistemological Commitment!!
5 !Temporal logic!!
6 !Probability logic!!
7 !degree of belief!!
8 !Fuzzy logic!!
9 !degree of truth!!

10 !known interval value!!
11 !Atomic!!
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!C<)================QI!<3Brother(KingJohn,RichardTheLionheart)-!!Brother!-!5<(8================k!
KingJohn!-!V=======================,)�!RichardTheLionheart!-!V=======================,)�!KingJohn!-!5N(F!

RichardTheLionheart!Ah),!"?![.7E(!C<)QI!['!C<)QI!^:!F!5N(F!m!!
> (Length(LeftLegOf(Richard)),Length(LeftLegOf(KingJohn)))!!

!-!�2q!C<)QI!<3!À!-!5<(8kLength!-!�,)E!LeftLegOf!-!�,)E!Richard!-!V,)�!Length!
!(3Ac?!-!�,)ELeftLegOf!-!�,)E!KingJohn!-!V,)�!Length(LeftLegOf(Richard))!

!-!5N(FLength(LeftLegOf(KingJohn))!C<)QI!^:!F!5N(F!X> 
(Length(LeftLegOf(Richard)),Length(LeftLegOf(KingJohn)))!!

!\!Ah),!"?![.7E(!C<)QI!-m!!
)&'�'H%]"I,p4%|%A.�.W!C(<)QI!A$2h!"?!+#f)J!)S!�,(<!1(!53)M#J(!),![.7E(!C(<)QI!1(!5w!!

21212121 ,,,, SSSSSSSSS PO657!!
X@(!5<(8k!dZ&?!A&$)7S\!!

!a)�?w!!

)2,1()2,1(

)2,1()2,1(

),(),(

.75.
,6.

O KingJohnRichardSiblingRichardKingJohnSibling

!!

!!!!!-!�2q!C<)QI!<3Sibling!!!!!!!A=h),!"=?!5<(8=k!-!!mKingJohn!!V=J(!5N(F!!mRichard!!V=J(!5N(F!!m
Sibling!!V===J(!5<(8===k!V===J(<!}%===P!!mRichard<!}%===P!!V===J(!5N(F!V===J(!mKingJohn!

!!V====J(!5N(F!V====J(<!}%====P!mSibling(KingJohn,Richard)!!!V====J(![====.7E(!C<)====QI!-!!m
Sibling(Richard,KingJohn)!!!"==?!5A==.�.W!C<)==QI!-!C<)==QI!^==:!F!V==J(![==.7E(!C<)==QI!

!Ah),m!!
%z*"%V%/��pW#(%���^6(%IJ%N}��E%|%!!!!%.L==ME![=='!F!aA==?![=='!V==')I<!)==,!)==S!C<)==QIs!"==?!V==J<3!-!

A&h),m!!?)h!aA?!!!!![='!@F)L=?!)='!%=E!¢<8,!@).h(!^X!!+=&?(3!%=n)&I!\!!!!!)=S!04!0)=.?!@)=S!�=,(<!F
!Ah),!"?Xcontains%1m!\!!A')7$!"?!e.')E!%'1!3<(2?!@(%,!(<!+TU(%?!3<(2?!%.LMEw!!

! !! !!V,)�!@)S!^Q7J|!¶!!�).h(!!
! !! !!@(!5<(8k!@)S!^Q7Jt!¶!!)S!�,(<!!
! !! !T,)E!@)S!^Q7J"!�!¶!!"T,)E!@)S!�,(<�!!

!!!![.7E(!C<)QI!['),...,( 1 ntermtermpredicate!!!!!!!!5A=h!~)=U<(!�).=h(!+:!VJ(!VJ<3!"E<2n!<3!
!�J2E!04!+,ntermterm ,...,1!�J2E!5Ah!~)U<(!@)S!�)QE<(!),!5<(8k!!A&h),!�)QE<(!<3!m!!

%z*"%V%/pW#(%�^6(%V,9%z&(%V"#2%3C,�(%%

                                                   
1 !interpretation!!
2 !constant symbols!!
3 !predicate symbols!!
4 !function symbols!!
5 !functional relations!!
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%% ! !N}E%z,�(%|%!A.')7$!+U2E!%'1!C<2n!+,!@%.LME!+,w!!
!3<)�'<s!¶!!%./3!@3%q|VJ(!!!
!0)Ut!¶!A,!"S)h3)W!!
!<3(%,!¶!@<3(%,!�)QE<(�!!

!!!!-!%.LME!e'(!VBEBrother(Richard,John)!!!3<2=?!<3!�=�q!!%%%%N�@"%#�'CJ%VJ#�R%JI,��$I!!!V=J<3
VJ(!F!N@"%&2%39,PJ,H%!,;A&#LS!@<3(%,!�)QE<(!@(<(3!aA?!e'(!<3!!m!!

%z*"%V%/pW#(%�^6(%!"*"#R%I,'O2%V,9%z&(%%
E%?!dZ&?!@)S!aA?!g.$(2E!"?!g.')7$!R<)7h!-!5Ah!+'(<(!z$(3!5)6')W!['!@(%,!(<!aF(!@!+Qw!!

!@!+&?(3!%n)&I!1(!3(ATE!%S!@(%,n!1(!s!)E!¸!!
!%S!@(%,!!!k-ary!@!5<(8k!kP!V�/!<3!�!!
!%S!@(%,!!!!!!k-ary!),!�)QE<(!<3!e>7?!n�"h!!!

!V,)�!^Q7J!%S!@(%,!!!!!!!!!CV�/!<3!!!
@(%,!!!!!!!!!!!!!@(%,!+TU(%?!3<2?!r){#$(!%S!C!1(!n!�!"h!mmm!!

!VL.$!0)J4!aF(!@!+QE%?!dZ&?!"h<)7h!aA?!@(%,!�Ql!@!+QJ)B?!«!!
I5@3(5K4%%|%!"9:%,!<3!+7S�!]$<1!v!A&#LS!w!)(),(: xSmartBerkeleyxAtx OU!!

xPU!!!!aA?!['!<3m!!!!+:!"E<2n!<3!VJ(!VJ<3!P!!!%=S!@(1(!+=,!x!e=>7?!!!!A=h),!V=J<3!aA=?!<3!!
!m!!

...))(),((

))(),(())(),((

5O5
O5O

BerkeleySmartBerkeleyBerkeleyAt

RichardSmartBerkeleyRichardAtKingJohnSmartBerkeleyKingJohnAt

 
%�#-k(%),p-P"%s$%D"%V#'+5=;%|%-!D27T?!!J!!)=,!"9=n(!A$2.W!!!U!!!A=h),!"=?!m!!!!_%#*=?!5)Q#=h(!w

1(!53)M#==J(!5!!!)==,!"9==n(!A==$2.W!C<2==n!+==,!!!Uw!!)(),(: xSmartBerkeleyxAtx 5U!!!04!@)==&T?
!+:!VJ(!e'(!�!A&#LS!R2S),!+7S!F!A&#LS!"9:%,!<3!+7S�!!

%VJ5;*%¯"5F%M''qWb%%%
                                                   

1 !Richard!!
2 !Lionheart!!
3 !John!!
4 !brotherhood relation!!
5 !vocabulary!!
6 !Berkely!!
7 !smart!!
8 !Existential quantification!!
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|% %!YYZVZ sentenceiablesvar!!!
!<3!"y{hStanford!VJ(!R2S),!w!)()tan,( xSmartfordSxxAt 5V!!

xPV!!aA==?![=='!<3m!+==:!"E<2==n!<3!P!)==,!x!!!A==h),!32==U2?!aA==?!<3!e==>7?!@).==h(!1(!"==f%,!<3
VJ(!VJ<3 

!@)S!"'(AU!),!"9:!<2P!+,�?)/!"P!Ah),!"?!%,(%,!w!!

))tan()tan,tan((

))()tan,((

))()tan,((

fordSSmartfordSfordSAt

RichardSmartfordSRichardAt

KingJohnSmartfordSKingJohnAt

56
56
5

 

�#-k(%]UBk(%#~$J%|%!-!D27T?5!!),!"9n(!�)QE<(!V!Ah),!"?!!!
!_%#*?!5)Q#h(!w1(!53)M#J(!J!),!"9n(!a)yE(!C<2n!+,!!!Vw!!!

)()tan,( xSmartfordSxxAt OV!!
!3<2M&#J(!<3!"L:!+:!!VJ(!VJ<3!"E<2n!<3s!Ah)Q$!«!!

,9%�6@%N'K.%],'E57Fh%,9I5@m%%
yxUU!!!^�?xyUU!!!!!Ah),!"?!X!xx!(%`!!\!myxVV!!^�?xyVV!!!!!A=h),!"=?!X!xx!(%=`\!m!yxUV!!̂ =�?!
xyVUAh),!"7$!!!m!!!
),( yxyLovesxUV!"&T'!�!!w!�!3<(3!VJF3!0)KU!<3!(<!+7S!+:!3<(3!32UF!"y{h�!!
),( yxxLovesyVU!"&T'!�!!w!�o(D!),!0)KU!<3!+7S!A$2h!"?!VJF3!3%q!['!^�!!

!)S!�&J!V.7:!"6$)kF3|!w!!32h!0).,!@%6'3!1(!53)M#J(!),!A$(2E!"?!@8.`!%Sw!!

),(),(

),(),(

BroccolixLikesxBroccolixxLikes

IceCreamxLikesxIceCreamxxLikes

77UQV
77VQU!!

]"I,p4%,2%VD,2%%
!3(¤$!gS!0(<3(%,tA&#LS!!g.')7$!"?!0).,!C<2n!e'(!+,!(<!),(),(, yxSiblingyxyBrotherx OU!!

!�!@<3(%,X@3(¤$!gS\!�!�@(!+Z,(<!��0<)�#?!!�VJ(!!!
),(),(:, xySiblingyxSiblingyx PU!!

A/(F!">'!<3)?@!5VJ(!%6'3!">'!w!!!
)),()((),(:, yxParentxFemaleyxMotheryx 5PU!!

VJ(!A/(F!),!3(¤$!gS!@(!+�,!53(127I!e./F(!!
),(),(),(,),sin(:, ypsParentppsSiblingxppsParentpyxFirstCouyx 55VPU!!
V*,OW 

21 termterm $!!!!!!!%=k(!�=�q!F!%=k(!VJ(!�.Bn!5Ah!+'(<(!%.LME!['!VBE!!1termF!!!2term!!!�!"=h!+=,!!
!A&')7$!~)U<(!A&$)7Sm!!

!a)�?!ws³|!F!xxSqrtxSqrtx $%U ))(),((!F!A&#LS!A&')h2f!|³|!Ah),!"?!1)c?!m!!
!^?):!�'%TE!-!a)�?%VJ"�0%:9!@)S!5N(F!<3%&C"*%%

                                                   
1 !Stanford!!
2 !Quantifier duality!!
3 !Sibling!!
4 gU%#?!!!
5 !symmetric!!
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)],(),(),(),(

)(,)([),(:,

yfParentymParentxfParentxmParent

fmfmyxyxSiblingyx

555
5$7V5$7PU%%

%,2%)I*,}(),~$,HV,9%G0"J%z*"%V%/pW#(%�^6(%%%
!==M/2?![=='!A==.')7$!<2y==E!@)==.$3!@!+wumpus![=='!1(!53)M#==J(!a)==l!<3!z==$(3!5)==6')W!@!+==QE%?!d==Z&?!

!!r2f!@2,!['!F!Ah),!"?!aF(s!A,!@2,!['!F!|!<3!(<!!t=5!A&:!"?!H)7*#J(!tX!!!!!A=&:!"=7$!z,)=E!)=?(!\
w!!

Tell(KB,Percept([Smell,Breeze,None],5)) 
Ask(KB, Va Action(a,5)) 

!a(2J!w!)'45)6')Wz$(3!!<3!(<!£{*?!^7I!%S!t=5x!A')7$!"?!�Ql!!!r(2U!w!-!+9,!!
!V.TiF!%'1X!<F4!H(8/(!VL./�!!!\¶{a/Shoot} 

!!!!@!5A==h!+=='(<(!C<)==QI![=='S!!!V.T==iF!%=='1![=='!F!á!F!Sá!!@!+==S(<!F3!@!+==c.#$! á!!+==,!!S !(<!
!a)�?!�!A')7$!"?!£{*?w!!

S=Smarter(x,y) , ó={x/Hillary,y/Bill} , Só=Smarter(Hillary,Bill) 
Ask(KB,S)!!"f%,!!µ!@!+7Sá04!<3!+:!"')S!!![SKB $|!A$(3%k!"?!%,!(<!m!!

%V,'0J%V"#2%G0"J%),~$,Hwumpus%%
!�!5<(8k��!!!

tgb ,,U   Percept([Smell,b,g],t) O  Smelt(t) 
tbs ,,U   Percept([s,b,Glitter],t) O  AtGold(t) 

!r)E1),�w!!!
tU   AtGold(t) O  Action(Grab,t) 

!@3F<F!V.TiF!)'!V/)l!),!r)E1),v!w!x!g.h),!+#h(3!^Qo!1(!(<!OP!['!g.$(2E!"?!)?!!
),(),()( tGrabActiontGoldHoldingttAtGold O75U!!
Holding(Gold,t)?!A$(2E!"7$!!32h!5AS)*!¶!Ah),!"?!@<F%i!-!C(%..�E!0)'%U!@<(AK6$m!!

!,?6H%],'E57F%©,p6-@"%%
!)S!^B?!C).n2yfw!!

)()(),,(:,

)()(),,(:,

xBreezytBreezetxAgentAttx

xSmellytSmelttxAgentAttx

O5U
O5U!!

+/)`!['!['38$!@)S!+$)f!u!A&#LS!2,A,!w!!
%37'1kW%!50,vf!���!A')7$!"?!�)Q&#J(!-!%�(!1(!m!!

),()()(: yxAdjacentxxPityBreezyy 5VOU!!
%3pp@%!50,vc`!�!-!3<2?!1(!(<!%�(!!A')7$!"?!�)Q&#J(!m!!

)(),()(:, yBreezyyxAdjacentxPityx O5U!!
                                                   

1 !smell!!
2 !breeze!!
3 !preceive!!
4 !binding list!!
5 !Perception!!
6 !Reflex!!
7 !reflex with internal state!!
8 !pit 
9 !Diagnostic rule!!

10 !Causal rule!!
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!!!!!!!!!!A&#L=.$!^?):!)S!e'(!1(!H(A:!�.S���!!a)=�?!!w!!!!!!!!!!!)=S!+=/)`!1(!<F3!@)=S!+=$)f!)='4!+=:!A='2k!"=7$!"QQ=J!02$)=o
!A&h),!2,A,!A&$(2E!"?m!!

@(%,!�'%TE52&2%Y2,W%3$%%%
)],()(:[)(: yxAdjacentxPitxyBreezyy 5VPU!!
#��''�W%!,��$#;%VI"&��?~0%|%!==iF!<3!"==E(�!C<2==n!+==,!C)==.To(F!)==S!V.Ts!A$2==h!"==?!@<(A==K6$!m!!-!a)==�?

Holding(Gold,Now)!�=====�q!)=====B.U%E!1(!!!Holding(Gold)!!g.=====&:!"=====?!53)M#=====J(m!!@!+Q=====J)B?
!V.T==iF|!!!!!A==h),!"==?!aF(!@!+==QE%?!d==Z&?!<3!%==..�E!03(3!@(%==,!"==S(<!w!!!!(<!V.T==iF!0)==?2k<4![=='

!!!!!A=')7$!"==?!+q)==i(!5<(8=k!)=='!�,)=E!%==S!@(%=,!m!a)==�?w%�,�T%!<3!Holding(Gold,Now)!!V.T==iF![=='!
!A==.')7$!£{*==?!(<!m!!!A$2==h!"==?!^y==#?!+==c.#$!�,)==E!)==,!)==S!V.T==iF!m!�,)==EResult(a,s)!+==:!"#.T==iF!
!5A&S3!H)c$(!�')#$a!<3!s!3<(3!(<!A$<(3!m!!

!!
%,9J#B=K4%¢$#kWI 

%V%/'£v%¤%%#�"¤%e!A')7$!"?!�'%*E!(<!5Ah!a)7I(!-!3%>97I!@!+9.JF!+,!+:!(<!"E(%..�E!m!!
)),(Re,()( sGrabsultGoldHoldingssAtGold OU!!

%V%/'£v%¤%>,v¤%�!A')7$!"?!�'%*E!(<!A$(!5Ah!a)7I(!3%>97I!@!+9.JF!+,!+:!"')S!V,)�!m!!
                                                   

1 !situations!!
2 !Situation calculus!!
3 !"Effect" axiom!!
4 !"Frame" axiom 
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)),((Re)( sGrabsultHaveArrowssHaveArrow OU!!
%>,v%V%/C,O(c<%!A.')7$!(A.W!(<!!V,)�!@%.k!<):!+,!@(%,!r29Z?!^l!5(<!['!w!!
Xa\ !z')7$�)S!r)o!@!+.�o!1(!@%.k29U!!!
Xb\ ! )#&#==J(�!1(!@%.k2==9U!!�copy � overs�!!!0)=='%U!@<(A==K6$!@(%==,!5A==h!<(%==>E!

V/)l 
%%%%%NX�E%V%/C,O(�%!w!!!!!!!!@)=S<)Zf(!A=&?1).$!"=To(F!@)=S3%>97I!V=J<3!C)B.=i2Et!!!0)=')W!"=,!�!

!%.�#?!OP!+:!"E<2n!<3XC)Q�!",\!�!)'!!mmm!Ah),m 
%%>,qk��0"%V%/C,O��(�%<%!!!�')==#$!@3(A==TE!@(<(3!-!"==To(F!@)==S3%>97Iv!"==I%q!u!!@!5<)==,<3!!+==:!
!0A.h2W!-!OP!_)f�F!!03%:!5<)W!s�!)S!z>#J3!ss!F!!mmm!A&h),!"?m!!
%,9J#B=K4%¢$#kWII 
%%%%N�C,T%V,$,£v%M'k�0,;%c�!!!!!!!!!!!A=&')7$!"=?!^=l!(<!5A=h!+='(<(!r)=o!^')L=?!-!m!!!+.�=o!%=S%%)I,�2IJ%!@

!![')I"\+!Ah),!"?!!mP!Ah),!"?!04!1(!AT,!VJ<3!PX!!!!%=k(!�=�q!F!%=k(!\!!!3%=>97I![='P!(<!
!A===&:!!V===J<36X!)==='!\P!!!A===&>$!�===9�!(<!04!@3%===>97I!�.===S!F!532===,!V===J<3!+*===.7S!m!!@(%===,
!OP!@<(AK6$w!!

U a,s Holding(Gold,Result(a,s)) P [(a=Grab 5 AtGold(s)) 6 
(Holding(Gold,s) 5 aKRelease)] 

,9%°#�%M-F,@%%
<3!+./F(!V.TiFz$(3!5)6')W!w!!!

)],2,1[,(

)],1,1[,(

0

0

SGoldAt

SAgentAt!!
!a(2J!w!%k()),(,( sGoldsHoldingKBAsk Vx!32,!AS(2f!OP!)?!"'(<(3!"#.TiF!+`!<3!5)k!04!-!!!
!r(2==U!w))},(Re,(Re/{ 0SForwardsultGrabsults!!!!!!!e=='(!<3!-!A=='F%,!g.�#L==?!%==k(!+==:!A==.&:!+==U2E!

!!!!!!Vh(3!A.S(2f!(<!OP!C<2nm!!!!!!!!!<3!5A=&&:!~F%=h!@)=S!�%=P!+=,!+=U2E!)=,!^?)I!+:!VJ(!e'(!%,!¡%q
0S!F!VLS!0S!<3!5Ah!�'%*E!V.TiF!��q!z$(3!5)6')W!Ah),!"?!m!!

%%%%,9%°#�%NF,@%<%%%#�-?2%3�P*I!�!!!!!!!!"/(2=#?!@)=S3%>97I!C<2=n!+=,!(<!)=S!�%=P],...,,[ 21 naaa!!+='(<(!!
!A==========.')7$m!PlanResult(p,s)!@(%==========U(!@!+==========c.#$!p!<3!s!A==========h),!"==========?!m!!z==========J%W!�G==========J

))),(Re,(,( 0SpsultPlanGoldpHoldingKBAsk V!!5(<!@(<(3!!^=============l{p/[Forward,Grab]}!!
!32,!AS(2fm!!
!!�'%TEPlanResult!C<2n!+,!Resultw!!!

                                                   
1 !Frame problem!!
2 !Qualification problem!!
3 !caveats!!
4 !endless!!
5 !slippery!!
6 !Ramification problem!!
7 !consequence!!
8 !secondary!!
9 !wear 

10 !tear!!
11 !gloves!!
12 !Successor-state!!
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)),(Re,(Re)],|([Re:,,

)([],Re:

sasultpsultPlanspasultPlanspa

sssultPlans

$U
$U!!

!!!!"l(%P!@)S!g#L.Js!!!!!@)S!5A&&:!aDA#J(!-!|!!!5<2=p&?![=E!t!!!!!!!!aDA#=J(!1(!~2=$!e='(!H)=c$(!@(%=,!+=:!A=$(!
!5<2p&?!+7S!@!5A&&:!aDA#J(!['!1(!%E!YJ)&?!YE(%?!+,!-!"hF<!+,!)S�h!"l(%P!!A$(!5Am!!

/EUF%|%!aF(!@!+QE%?!dZ&?w!!
!� !)S![.#$)7J!)S!+Z,(<!F!).h(X)S)&T?!\!A&#LS!"7'Ao!!@m!!
!� !%S)©!w!@%,(%,!-!)S!5<(8k!-!�,(2E!-!)S!V,)�F!A&h),!"?!)S!�&J!V.7:!m 

!!5Ah!53(3!z'(8q(!0).,!"')$(2E�!w!!@).$3!�'%TE!@(%,wumpusAh),!"?!YJ)&?!!!
!V.TiF!@!+QJ)B?�!w!!!

!� !@)==S!}%==I!!!!!aF(!@!+==QE%?!d==Z&?!<3!%==..�E!F!)==S3%>97I!@!5A==&&:!�'%*==E!XFirst 
Order Logic=FOLm!\!!

!� !![=='!<3!+==c.#$!C<2==n!+==,!(<!)==S!�%==P!0(2==E!"==?!V.T==iF!@!+Q==J)B?!z==$(3!5)==6')W!!
!327$!@A&,!a2?%qm 

!!
%Y2,6(<%%

http://aima.eecs.berkeley.edu/slides-pdf/chapter08.pdf 
http://www.uni.koblenz.de 
 

                                                   
1 !Planning systems!!
2 !reasoners!!
3 !special-purpose!!
4 !general-purpose!!
5 !increased expressive power!!
6 !situation calculus!!

http://aima.eecs.berkeley.edu/slides-pdf/chapter08.pdf
http://www.uni.koblenz.de
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%%
%%

&&
&234!B6FJ8&&

&&
!MS!]$'<'\*!ZW<9!!

X3*!?!"YU49

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%/2%ij%D"%['W#W%/2%N@"I%%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

%z*"%V%/pW#(%�^6(%IJ%�,-6-@"c%%
%Q7R:9J\'@%%

%%
[C,^(%A5$I%%

 V"%)I"\+%�,-6-@"%/2%z*"%V%/pW#(%�^6(%�,-6-@"%V%)&69,.%%% 
 %3=BP%s$%%%� 
 %/-R,$%:'KqW%8*I%V,9%3~-O;#2%%%e 
 A5Bq(%*%:'�-O(%V%)#'L0D%%% 
 %3�^6(%3O$50%/(,0#2%%%� 
 %Q'=}W%%%�%%

%%
%#2%VI*#(%z*"%V%/pW#(%�^6(%%
! !AS3!"?!A$2.W!(<!%'1!3<(2?!@(!5<(8k!dZ&?!+:!A'<F).,!3)'!+,!w 

o �9�!)'!F!VJ(!VJ<3!)'!+:!0)KU!3<2?!<3!"E).To(F 
o !!!!!!!!!!!!!"==�Z&?!@)==S!�==,(<!1(!53)M#==J(!)==,!)==S!+==97U!Vf)==J!@(%==,!A==&$(2E!"==?!C)==.To(F!e=='(

),,,,( PO765!A$2h!53)M#J(! 
o !a)�?!w2,21,1 PP 6!m! 

! !AS3!"?!A$2.W!(<!%'1!3<(2?!-!aF(!@!+QE%?!dZ&?w 
o !!!!!!!)=S!�)=QE<(!F!).h(X!!!)=S!VQL=$!\!!!!!!!!!C(<)=QI!^>=h!+=,!-!)=S!04!@)=S!�)=QE<(!F!).=h(!0)=.?!@

![.7E( 
o !A$2h!^y#?!"�Z&?!@)S!�,(<!),!A&$(2E!"?![.7E(!C(<)QI 
o 7$!"q%T?!3FAB?)$!@).h(!+,!~)U<(!),!(<!)S<2J!F!)S%.�#?!g.$(2E!"?!)?!g.') 
o !a)�?!w)hom,()arg,(:),,( erxLikeseMxLikesxLisaBartSiblings OU!!!

%%
                                                   

1 !Inference in First-order Logic 
2 !unification!!
3 !Generalized Modus Ponens!!
4 !Logic programming!!
5 !Resolution!!
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%z�&-��@"%D"%V#7��-1(%V%/���1$I,W%|%!a)==J¬§�!!�.L==?!3O.==?!1(!^==Qo!!µ!!02==.o(F<!@!+ML==9q!0(F%==.Ws!µ!
!!!F!@(!5<(8k!dZ&?!XA')h!\aDA#J(!®!!!a)Jt||!�.L?!3O.?!1(!^Qo!!µ!!2Z=J<(!µ!!!"=�Z&?!;)=.o|X!!!e.$(2=o

aDA#J(!\!!F<2J!!)S!®!!a)Js§¯§!µ!!2$(3<):t!=.E!!!a)=7#l(!@<2�X!!!!@(!5<(8=k!d=Z&?�!º!!!!V=.TZo!HA=I�\!
!®!a)==Jsu¬v!µ!!a2==,v!µ!!!@(!5<(8==k!d==Z&?X5<)==,F3!\!®!!a)==Jsuv�!µ!!¢%==qu!µ!!!aF(!@!+==QE%?!d==Z&?!®

!a)==Js�||!µ!!e.#L==&c#'F�!µ!!!VB==n!aFA==U!�==J2E!C)==Q�(!®!!a)==Js�t�!µ!!aA==ks�!µ!!!"9?)==:!g#'<2==6/(
!!!!!3<(3!32UF!aF(!@!+QE%?!dZ&?!@(%,!®!!a)Js�t�!µ!!A$%,%Sss!µ!!!!!+=QE%?!d=Z&?!@(%=,!"9?):!g#'<26/(

aF(!@!®!!a)==Js�ts!µ!!aA==k!µ!!!!3<(A==$!32==UF!+Q==J)B?!@(%==,!"9?)==:!g#'<2==6/(!®!!a)==Js�¯�!µ!�'2=='3�
!H)===&E2Ws|!µ!!!@(!5<(8===k!d===Z&?!@(%===,!@3%,<)===:!"7#'<2===6/(!®!!a)===Js�¯§!µ!!eL===&.,(<st!"7#'<2===6/(!

!aF(!@!+QE%?!dZ&?!@(%,!@3%,<):�!^.9BE!m!!
%%

IJ%�,-6-@"%z*"%V%/pW#(%�^6(%%%
! !!!!!!!)=,!+=:!@<2=P!0)=7S!-!aF(!@!+=QE%?!dZ&?!),!(<! )#&#J(!0)L>'!@)S!~2$!g.$(2E!"?!)?!)'4

!x!g.S3!H)c$(!-!g'3(3!"?!H)c$(!@(!5<(8k!dZ&? 
! !"q)i(!C).'8U!1(!"f%,!),!-!+9, 
! !%.�#?!@)S!a)yE(!0)'%U!@<(AK6$!+,s�!g'<(3!1).$!X!!"&.*$)Us�!\! 

!!
%,9I5@%M-P"J#2%%

R#q(%33(5K4%c�%%%
! g.')7$!e.*$)U!%.�#?!['!),!(<!+&.?1!@!5N(F!['!g.$(2E!"?!+*.7S!)? 

o ),(),( HomerxknowsdSpringfielxxLivesIn OU 
o !!!!!!@!+==7S!@(%==,!C<)==QI!e=='(!+==:!"')==c$4!1(x!!!!!!!g.$(2==E!"==?!)==?!-!A==h),!"==?!�.B==n!)==S!

{x=Bart}!g.')7$!e'86')U!(<! 
o ),(),( HomerBartknowsdSpringfielBartLivesIn O 

�Ww!!
)},/({

:

3\
3\
gSubst

U!?!%S!@(%,!%.�#v!@!+&.?1!@!5N(F!F!g!Ah),!"?!<(%o%,!m!!
!!@)S!+c.#$!-!a)�?!)()()(: xEvilxGreedyxKingx O5U!1(!A&E<)QI!w!!

                                                   
1 !Stoics!!
2 !syllogisms!!
3 !Cardano!!
4 !probability theory!!
5 !propositional logic!!
6 !uncertainty!!
7 !Boole!!
8 !Frege!!
9 !Wittgenstein!!

10 !Godel!!
11 !Herbrand!!
12 !Davis/Putnam!!
13 !Rabinson!!
14 !variable bindings 
15 !substitution 

 16!)UI(nstantiation iniversal U!!
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#
))(())(())((

)()()(

)()()(

JohnFatherEvilJohnFatherGreedyJohnFatherKing

RichardEvilRichardGreedyRichardKing

JohnEvilJohnGreedyJohnKing

O5
O5

O5
!!

%VJ5;*%3R#q(c%%
! !g.SA,!H)$!['!A&:!"?!"i(<!(<!C<)QI!['!+:!@(!"h!+,!g.$(2E!"?!)?!e.&�7Sm 

o ),(),(: HomerxknowsdSpringfielxLivesInx 5V! 
o !!!!!!A='),!e='(!+=:!g.=$(3!"=?!)=?!!!!!!!32=h!@<(A=K6$!"=h![='!^=o(D!@(%=,!!m!!!(<!"==h!e='(!A=.').,k!

!g.?)&,!m 
o ),(),( HomerkknowsdSpringfielkLivesIn 5 
o k!32h!"?!5A.?)$!gÅ9Ã>JÅ(!V,)�!['! 
o k!!A==h),!5A*==$!53)M#==J(!A=='),!�!!!!+=='(<(!(<!@32==UF!"==h![=='!+==,!~)==U<(!5(<![=='!A=='),!)==?!

!g.')7$ 
! !!!!!!!)==S!02$)==o!1(!g.$(2==E!"==?!)==?!-!g=='(!+#==h(3%,!(<!)S<2==J!)==?!<)==,![=='!!@(!5<(8==k! )#&#==J(!@

!g.')7$!53)M#J(m 
!-!�==W!!C<)==QI!%==S!@(%==,á!%==.�#?!F!v!V==,)�!^Q7==J!F!k!!!32==UF!z==$(3!5)==6')W!<3!@%==6'3!@)==U!<3!+==:!

!g'<(3!3<(A$w!!

)},/({ 3\
\3

kSubst

V!!
!a)�?!w!�')#$!!),()( JohnxOnHeadxxCrown 5V!!

),()( 11 JohnCOnHeadCCrown 5!!
1C!!5A==?4!32==UF!+==,(!1!!!!g9>==J(!V==,)�!H)==$!+==,!A=='AU!V==,)�!^Q7==J![=='!|!A==h),!"==?!m!!%==6'3!"/)==�?!w!1(
yy xdyxdx $V /)(:!!!!!-!g'%.k!"?!+c.#$!)?!!yy edyed $/)(X!!e!!![='!V=J(!5A?4!32UF!+,!+:!@(!

Ah),!"?!A'AU!V,)�!^Q7J\m!!!
%VJ5;*%3R#q(%!!!!@(%,!3<(2?!1(!"f%,!<3!A$(2E!"?%/R,��"!!!='AU!C(<)=QI!032=7$!!!!�!3F<!<)=:!+=,!A!!5)=6')W

z$(3!!!A=h),!"?!%,(%,!"9Qo!),!)�Z&?!-!A'AU!m!!@32=UF!"=q%T?!!!!!@(%=,!A=$(2E!"=?!%%!J#�.%M$\~$,�;!!C<)=QI!
!!!!!!!�!32h!+#q%k!<):!+,!32U2?!z=$(3!5)6')W!!!!"=9Qo!)=,!A='AU!%%NO�'0%#�2"#2!!!!!+=:!V=J(!A&')=h2f!"E<2=n!<3!F!

z$(3!5)6')W!Ah),!A&')h2f!"9Qo!m!!
!!

%V&62%)I"\+e%%
! S!g.$(2E!"?!)?!g.')7$!e'86')U!5Ah!8')79>J(!~2$!['!),!(<!@32UF!C<)QI!% 
! !A.')7$!e'86')U!e>7?!e'86')U!%S!<3!-!"?27I!<2J!),!@)S!C<)QI!@(%, 
! !g.')7$!53)M#J(!@(!5<(8k! )#&#J(!@)S!02$)o!1(!+:!AS3!"?!51)U(!)?!+,!e'(!m 
! !+/)L?!w!Ah),!"?!A?(<):)$!"9.f 
! !a)J!)Es�¯�32,!<2U!e.7S!V.TiF!m! 

!!
                                                   

1 !Existential instantiation (EI)!!
2 !Skolem constant!!
3 !propositionalization 
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!!
V"%)I"\+%z�&-@"%/2%Q$&pW%|%!+:!A.')7$!<2yEz$(3!5)6')W!Ah),!%'1!C(<)QI!^?)h!��q!w!!

U x: King(x) 5 Greedy(x) O Evil(x) , King(John) , Greedy(John) , 
Brother(Richard,John) 

<3!"?27I!C<)QI!"q%T?N@"%MBK(%JI"5(%V%/K9%!g'<(3!F!w!!
King(John) 5 Greedy(John) O Evil(John) , King(Richard) 5 
Greedy(Richard) O Evil(Richard) , King(John) , Greedy(John) , 
Brother(Richard,John) 

z$(3!5)6')W!Ah),!"?!@(!5<(8k!A'AU!!w!1(!A&E<)QI!@(!5<(8k!@)S!^Q7Jw!!
King(John) , Greedy(John) , Evil(John) , King(Richard) 

!Fmmmmm!!
Q$&pW%%%
|%!!)I3(w!!!!!!!!!@!+9.=JF!+=,!+&.?1!C<)QI!['!!!z=$(3!5)=6')W!!!!!!@!+9.=JF!+=,!+=:!"E<2=n!<3!A='AU!!!z=$(3!5)=6')W!

!32h!"?!32U2?!-!Ah),!5A?4!32UF!+,!"9n(m!!!
�!!!)I3(!w!!%S!z$(3!5)6')W!!!!!!!!!@(!5<(8=k!C<2=n!+=,!-!V='32U2?!ª=Ml!@(%=,!A$(2E!"?!aF(!@!+QE%?!dZ&?!

!32h!0).,m!!!
�!!!5A='(!!w!!z=$(3!5)=6')W!!!5<(8=k!C<2=n!+=,!(<!!!!!!!!F!A=='%Q,!<)=:!+=,!(<!^=.9BE!-!A=.')7$!0)=.,!2=U!F!;%==W!F!@(!

!A.$(3%k%,!(<!�')#$m!!!
�!!+/)L?!w!Vh(3!A&S(2f!32UF!3FAB?)$!C<2n!+,!+&.?1!0)kN(F!-!�,(2E!@)S!^Q7J!),m!!

!a)�?w!Father(Father(Father(John)))!!
%%%%&0#2#9%V%/'£vhcfe`<%m!!!!C<)=QI!+=:!"E<2n!<3!á!!![='!�=J2E!!!z=$(3!5)=6')W!d=Z&?!!!aF(!@!+=QE%?!

!1(!3FAB?!@!+I27c?%'1!['!�J2E!-!A').,!32UF!+,z$(3!5)6')W!32h!"?!32U2?!@(!5<(8k!@)S!m!!
!5A'(!w!@(%,n = 0!5A,!H)c$(!(<!%'1!@)S<):!V')K&.,!)E!!!

! !!['KB!d7I!),!@(!5<(8k!n!A'1)L,!!!
! !!)'4!+:!A.')7$!"J<%,á!e'(!�J2E!KB32h!"?!A./2E!!!

%%*%�6$I5W%V%/'£v%±I5�j!sXs�t¯!w!\!!!!0A=?4!32=UF!+=,|!!!!!!g.7y=E!^=,)o!)=Q'%�E!aF(!@!+=QE%?!d=Z&?!<3!
!@%.kt!Ah),!"?!m!!

%%%,9%)I"\+%,2%Q$,O(%|%!!!!!!!!!!!!!!<)=:!+=,!A&#L=S!g=S!�2,%?)=$!g=S!+=,!+=:!C(<)=QI!@3)='1!3(A=TE!A./2E!@(%,!-!5<(8k
!3F<!"?m!!
!a)�?w!!

U x King(x) 5 Greedy(x) O Evil(x) , King(John) , U y Greedy(y) , 
Brother(Richard,John) 

!!!+==:!A==J<!"==?!%==p$!+==,!^==n)lEvil(John)!!!!!%==.p$!C)==.To(F!@3)=='1!3(A==TE!-!!@A==&,!5<(8==k!)==?(!-!A==h),!
Greedy(Richard)!!!!3<F4!"==?!32==UF!+==,!(<!A&#L==S!�2,%?)==$!+==:!!m!!@)==S!5<(8==k!)==,!k!�"')==E!!p!F!n!

!-!V==,)�!@)==Sknp.!!V==h(3!A==S(2f!32==UF!"==q%T?!m!!!@)==S!^Q7==J!)==,!@)==S!"==q%T?!-!"T,)==E%'3)==�?!)==,!!+==,!
!Vh(3!AS(2f!32UF!@%EA,!YE(%?«!!

3=BP%s$%%%
                                                   

1 !Turing,Church!!
2 !entailment!!
3 !semidecidable!!
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! !!!!!!!!!!!!)=?!+=,!+=:!"E(<)=QI!@(%=,!"')=S!e'86')=U!g.S(2=f!"?!��q!)?!+:!VJ(!e'(!"9>h!['!A.9:
!g.&:!(A.W!g.')7$!V,)�!(<!"')S8.`!A&&:!"?![7:m 

! !g.$(A,!)?!%k(!-!a)�?!@(%,w 
o ),(),(),(: HomerxknowPowerPlantxWorksAtdSpringfielxLivesInx O5U 
o ),(: dSpringfielyLivesInyU 
o ),( PowerPlantMrSmithersWorksAt 

! !g'%.6,!+c.#$!)7.�#L?!g.h),!<3)o!A'),!)?knows(MrSmithers,Homer) 
! !"&'86')U!w{x/MrSmithers,y/MrSmithers} 

!!
!!!!-!"=9Qo!a)=�?!<3!�=W!!!!!!!V.T=iF!%='1![='!g.$(2=#,!+=:!"E<2=n!<3è!!!!!+9==n)qO,!g.$(2=E!"=?!-!g.=&:!(A=.W!(<!

!g.')7$!aDA#J(King (x)!F!Greedy (x)!),!King (John)!F!Greedy(y)!V�,)Z?!A&&:!"?!m!!
] = {x/John,y/John} , Unify(3,N)= ] !%k(3] = N] 

!3<(A$)#==========J(
!!1(!03%===========:
!g============S!@F<
!03)==============#q(s!
!!)=============S%.�#?
!@%.k2=========9U
!a)�?!-!A&:!"?!w),( 17 OJzKnows!!
3=.%8*I,9%3~-O;#2%%�%%
! !Ah),!"?!)S!"6#LU%,!RF<!"9:!^>h!['!¨B,!e'(!m 
! !"J)J(!@!5A'(!w!g.&:!¡%q!A.').,w 

o !^>h!+,! )#&#J(!['QPPP i O555 ...21<!!g'<(3!( 

o !C<2n!+,!C(<)QI111
iPPP ,...,, 21!A&h),!"?! 

o !A&h),!+#h(3!32UF!%'1!C<2n!+,!)S!e.*$)U!1(!@(!+I27c?!%k( 
1$1$1$ nn PPPPPP ,...,, 2211 

! !!!!!!!!!!!!!!!!!!!V=J3!+=,!@(%=,!(<!)=S!"6#L=U%,!RF<!F!g'%=.6,!<)=:!+=,!(<!e.*=$)U!g.$(2=E!"=?!)=?!�GJ
!03<F4Q!g'%.6,!<):!+,!!m 

! !!!(!53)M#J(![.&>E!e'(!!!!!!!!! )#&#=J(!03<F4!V=J3!+=,!@(%=,!D)=,!C(<)=QI!VMU!@(%,!)S!e.*$)U!1
!-3=BP%s$!3<(3!H)$!!m 

! !!!!!!!!!!!!!!!!!!A=&S(2f!51)=U(!)=?!+=,!+=:!"')=S!e.*=$)U!@)=S!5A=&&:(A.W!1(!"=>'!D)=l!)?! )#&#J(!@!51(3%W
!Ah),!"?!g.&:!d#*?!(<!A'AU!C(<)QI!3(3!m 

! !!"$)==6'!g#'<2=6/(!w!!)U!1(!@(!+=I27c?!F!3%'j==W!"==?!(<!C<)=QI!F3!!C(<)==QI!+==:!"')=S!e.*==$
!A$(3%k!"?%,!(<!A$1)J!"?!)#>'!(<!m 

o WorksAt(x,PowerPlant),WorksAt(Homer,PowerPlant)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!-!
{x/Homer}!A')7$!"?!A./2E!(<!!m 

                                                   
1 !overlap!!
2 !Generalized Modus Ponens (GMP)!!

p q è 
Knows(John,x) Knows(John,Jane) {x/Jane} 
Knows(John,x) Knows(y,OJ) {x/OJ,y/John} 
Knows(John,x) Knows(y,Mother(y)) {y/John,x/Mother(John)} 
Knows(John,x) Knows(x,OJ) fail 
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o WorksAt(x,PowerPlant),WorksAt(Homer,y)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!-!
{x/Homer,y/PowerPlant}!A')7$!"?!A./2E!(<! 

o WorksAt(x,PowerPlant),WorksAt(FatherOf(Bart),y)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!-!
{x/FatherOf(Bart),y/PowerPlant}!A&:!"?!A./2E!(<!!m 

o WorksAt(x,PowerPlant),WorksAt(Homer,x)!!A===h),!"===?!�===9�!�!x!"===7$!
!+,!gS!A$(2EHomer!+,!gS!F!A&:!5<)h(!PowerPlant!m! 

o !!!!!!!!!g='(!+#=J(2f!)=?!+=:!e'(!%P)f!+,!��q!VJ(!+/)L?!['!C<)QI!e'%f4!e'(x!!%=S!<3!(<!
(!C<)QI!F3!g.')7$!53)M#J!m 

o !!!g.$(2==E!"==?!)==?x!!!!!!3%==q!+==,!%y==B&?!%==.�#?![=='!)==,!(<!X21x!\!!!!V==J(!C<)==QI![=='!+==:
!g.')7$!e'86')U!m 

" !32h!"?!5A.?)$!@1)J3<(A$)#J(!<):!e'(!m 
! !!!!!!!!!!!!!!!!!A=J<!"=?!%=p$!+=,!+=:!C<)=QI!F3!A=&$(2#,!+=:!A=h),!+#=h(3!32=UF!e.*=$)U![='!1(!z.,!%k(

`!A$1)L,!(<!A&#LS!0)L>'!x!<2Z 
o Sibling(Bart,x)!F!Sibling(y,z) 
o !A$(2E!"?{Bart/y,x/z}!)'!{x/Bart,y/Bart,z/Bart}!A')7$!A./2E!(<! 

! !VJ(!"?F3!1(!%E!"9:!@1)J!0)L>'!e./F(�!32h!"?!YQJ!(<!@%E!g:!@)S!H(8/(!!!m 
! !!!!!!!!!!!!(A=.W!g.=S3!"=?!H)=c$(!(<! )#&#J(!+:!"$)?1!<3!(<!)S!5A&&:!0)L>'!e'%E!"9:!g.S(2f!"?!)?!

!g.')7$!m 
!!

%VD,@%!,OB$%:-$I5~C"%%
! !A'F%,!29U!"#*k1),!C<2n!+,!-!C<)QI!F3!03%:!+$)6'!@(%,!m 
! !!!!!!V==,)�![=='!+==,!(<!%==.�#?!+==:!@1)==J!+==$)6'![=='!-!V==J(!@%==.�&?![==E!C<)==QI!F3!%==S!%==k(

!A.')7$!(A.W!(<!A&:!"?!^y#?!m 
! !!!!!!!!%=S!@!5A=$)?!"o)=,!�J2E!+:!-!(<!aF(!@!5N(F!0F<3!"6$)>'!C<2n!e'(!%.�!<3!!C<)=QI

!A.$8,!(An!(<!VJ(!5Ah!a)Q$3!m 
o )(),( xPlaysSaxBartxSibling 5!F!Sibling(Lisa,y) 
o !!!g.$(2===E!"===?!)===?Sibling(x,Bart)!F!Sibling(Lisa,y)!!)===,!(<!{x/Lisa,y/Bart}!

!g.')7$!+$)6'!m 
! !!!!!!!!!!!!A=h),!"=?!2c#L=U!@!51(3%=W![='!-!)S!e.*$)U!1(!"9?):!@!+I27c?!03%:!(A.W!@!51(3%W

!m 
o (!"#L./!-!V.TiF!Ah),!"?!)S!e.*$)U!1 
o !VJ(!A'AU!e.*$)U!@)S!VL./!F!52�/),!@)S!@1)J!0)L>'!1(!"#L./!-!e.*$)U!�,)E!m 

!!
!g'<(3!@1)J!0)L>'!3<2?!<3!�Ww!!

]q

qpppppp nn )...(,,...,, 21
''

2
'
1 O555!!

!!+=:!"')=U!<3]] ii pp $'!!!@!+=7S!@(%==,!i!!)=S!!!A=h),!<(%==o%,!!m!!!!%==k(!-!a)=�?!0(2==&I!+=,King(John)!!-!
'
1p!!!!Ah),!"?m!King(x)!!-!1p!!!A=h),!"?m!Greedy(y)!-!'

2p!!!A=h),!"=?!m!!Greedy(x)!-!2p!!"=?!
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!A===h),m!!{x/John,y/John}!-!+!!A===h),!"===?!!FEvil(x)!-!q!!A===h),!"===?!!F!Evil(John)!!-q+!"===?!
!Ah),m!!

!!"6#LU%,!"9:!RF<!!!3FAB?)$!@)S!�%h!),!z$(3!5)6')W!32h!"?!53)M#J(!X,�'vJ!!!!!V=Q�?!ª=M/![='!)=,!
m!\!!A$%.k!"?!32f!+,!(<!"?27I!@)S!V.7:!-!)S%.�#?!H)7Em!!
],p�"%%%3~-O;#2%3=.%8*I|%!+:!g.SA,!0)*$!A'),w!]qqpppp nn $O55 |)...(,,..., 1

''
1!!

!@!+7S!@(%,!+:!e'(!%,!�F%*?i!)S!-!32U2?!@]] ii pp $'!!Ah),!m!!!
!C)Q�(!w!),UI!3FAB?)$!�%h!%S!@(%,!p!g'<(3!!]pp $|!!

)...()...(|)....(1 111 ]]]] qppqppqpp nnn O55$O55$O55!!
]] ''

1
''

1
''

1 ...|...|,...,.2 nnn pppppp 55$55$!!
t!m!1(s!F!|!+:!32h!"?!+c.#$!qè !32h!"?!a)Q$3!"/27T?!@)S!RF<!�J2E!m!!

%%z,�(%<%G0"J%),~$,H%|%!2k!"?!02$)o!!!!!!!!!e7=h3!@)=S!V=9?!+=,!"')=>'%?4![='!+=:!V=J(!V')&U!['!e'(!+:!A'
!!AhF%M,!+B9J(!-!m!2$2$!<2*:s!!!!!H)=7E!F!A=h),!"=?![=h2?!@3(ATE!@(<(3!F!Ah),!"?!)>'%?4!e7h3!['!

!!!!!!!!!V=JF!^=&9:!�J2E!)S![h2?!e'(|!!!!!!!!!!!!V=J(!5A=h!+=#fF%q!<2*=:!e='(!+=,!V=J(!"')=>'%?4![='!+=:!m!!!V=,)�
,!"?!<):!V')&U!['!VJF!^&9:!+:!A.&:!Ah)m!!

!mmm!AhF%M,!+B9J(!e7h3!^9?!+,!+:!VJ(!V')&U!e'(!"')>'%?4!['!@(%,w!!
)(min)(),,()()( xalCrizHostilezyxSellsyWeaponxAmerican O555!!

!Ah),!"?![h2?!@3(ATE!@(<(3!2$2$!<2*:mmm!m!!A.&:!+U2Ew!!!
),(),(:)(),( 11 MNonoOwnsMMisslexMisslexNonoxOwns 5V!!

!mmmA$(!5Ah!+#fF%q!VJF!^&9:!�J2E!)S![h2?!e'(!H)7E!m!!!
),,(),()( NonoxWestSellsxNonoOwnsxxMissle O5U!!

![h2?!A&#LS!+B9J(!)Sw!!Weapon(x) OMissle(x)  
Enemy(x,America) O  Hostile(x) 

!VJ(!"')>'%?4!VJF!!mmmAmerican(West)!m!!
VJ(!)>'%?4!e7h3!['!2$2$!<2*:w!!Enemy(Nono,America)!!

!!
%:'�-O(%V%)#'L0D%%

! !"J)J(!@!5A'(!w!F!C).To(F!),!A.&:!~F%h!e.$(2oX)S!�)Q&#J(\ 
! !A$2h!d#*?!A&$(2#,!A'AU!C).To(F!)E!A'%Q,!<):!+,!(<!)S!"6#LU%,!RF<!)7'(3!m 
! !g'<(3! ).#l(!3FAB?)$!@)S!�%h!+, 

o !+#hjk!<3!VQ�?!@)S!�%h!),!@)S!�)Q&#J( 
o !VQ�?!@)S!V.To(F 
o Jess!A')7$!"?!53)M#J(!3FAB?)$!@)S!�%h!"9:!~2$!['!1(!!m 

 
:-$I5~C":'�-O(%V%)#'L0D%h%#~$J%!,'2%/2m%%
!�,)EFOL-FC-Ask(KB,á)!A$(3%k!"?!%,!(<!�9�!)'!�'2TE!['!!
!!!!+:!"?(3)?!new!VJ(!"/)f!5A,!H)c$(!(<!%'1!@)S<):!!
!!!!!!new "{}!!

                                                   
1 !Nono!!
2 !Colonel West!!
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!!!!!!!C<)QI!%S!@(%,r!<3!KB!5A,!H)c$(!(<!%'1!3<(2?!!!
!!!!!!!)(tan)...( 1 rApartdardizeSqpp n (BO55!!

!%S!@(%,!!!!!!!!Õ!<3!]] )...()...( ''
11 nn pppp 55$55!1(!"f%,!@(%,!''

1 ,..., npp!<3!KB 
!!!!!!!!!),(' qSubstq ]B!!
!!!!!!!!!!!!!+:!"E<2n!<3'q!!!<3!32=U2?!C<)QI!['!H)$!%..�E!KB!!)='!new!!!!!H)=c$(!(<!%='1!@)=S<):!32=Q$!
!!5A,!!

!!!!!!!!!!!!'q!+,!(<!newe:!+q)i(!!!
!!!!!!!!!!!),( ' 3^ qUnifyB!!

!+:!"E<2n!<3!!!!!!!!!!!!!^!-!fail!-!Ah),!"7$!^0(3%k%,(<!!!
!!!new!+,!(<!KBe:!+q)i(!!!

false0(3%k%,!(<!!!
:'�-O(%V%)#'L0D%],p�"%%

!!
!@AT,!H)kw!!

!!
!@AT,!H)k!w!!

!!
:'�-O(%V%)#'L0D%],'E57F%%%

! !!!!!!!!!!"=?!53)M#=J(!)=S!"6#LU%,!RF<!1(!+:!"')c$4!1(!-!Ah),!"?!Y.I!",!-!g.�#L?!@!5%.c$1
!A')7$ 

! !Ah),!"?!^?):!-!g.�#L?!@!5%.c$1!-!3FAB?!@)S!�%h!@(%,!m 
! !aF(!@2c#LU!+,!+.Qh!"9.f�!!A&:!"?!^7I!e'%#K, 
! !-!VL.$!A?(<):!gS!"9.f!"J)J(!g#'<26/(!e'( 

o !VJ(!0(%k!"/F!A&:!"?!(A.W!(<!e>7?!@)S!5A&&:!">'!@!+7S 
o !32h!"?![`!(3Ac?!<(%>E!%S!<3!02$)o!%S!m 
o !A$2h!"?!A./2E!A$2h!"7$!%c&?!}AS!+,!+:!"E).To(F!m!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 196 - 

%%
!!!!!!!<3!@(!53%#L=k!<2=P!+=,!g.�#L?!@!5%.c$1%%,�9%)J"J%),�~$,H%3�@,'v%V!s!!!!32=h!"=?!53)M#=J(!m!![='!

!!!!!!!!!!!!F!e.$(2==o!;)=J(%,!(<!;)=.o!A=$(2E!"=?!+=:!V=J(!@(!53(3!5)=6')W!"7#L=.J!-!"=J).o!@!53(3!5)=6')W!g#L=.J
!!!!A=S3!H)==c$(!"==J).o!z==$(3!5)=6')W!5A==h!@<(A==K6$!C)=.To(F!m!!"==J).o!z=$(3!5)==6')W!@)==S!g#L==.J!w!+==,!)==J)J(

!!!!!!!A&&:!"?!"kA.J<!C).To(F!F!e.$(2o!mI(!0),1!['!1(!"$OX¢2/F%W!%.p$!\!!!!!e='(!03%=:!£{*=?!@(%=,
!!!!!!!A=.')7$!53)M#J(!C).To(F!F!e.$(2o!m!!!!!!!!!!1(!(<!A='AU!C)=.To(F!F!e.$(2=o!A=$(2E!"=?!+=:! )#&#=J(!<2=E2?![='!1(

!A.')7$!53)M#J(!A')7$!;).o!A$(!5Ah!+'(<(!+:!"')S!04!m|!!
%N1@%V%)&69J%�'p^W%z,�(e%%

!!
()),(),(

),(),(),(),(),(),(),(

ColorablesavDiffsanswDiff

vnswDiffsaqDiffnswqDiffsantDiffqntDiffsawaDiffntwaDiff

O55
55555

!!
Diff(Red,Blue) Diff(Red,Green)  Diff(Green,Red)
 Diff(Green,Blue)  Diff(Blue,Red) Diff(Blue,Green) 

Colorable ( )!!!+=:!"E<2=n!<3!CSP!!@(%==,!"=9l!5(<!CSP!!!^?)=h!@!)=S!3SAT!!¦)==f!3<2=?!<3!
!C<2n!+,!d.QZE!+:!@32UF!),!-!32h!"?! )#&#J(!Ah),!+#h(3NP-hard!Ah),!"?!m!!

%%
%A5Bq(%V%)#'L0D%%

! !!!!"J)J(!@!5A'(!w!!!!!!!!!53(3!0)*=$!}A=S!@(%=,!A='),!+=:!"E)=.To(F!+=,!}AS!1(!-!;2>T?!}%P!+,
!A&:!"?!V:%l!A$2h 

! !!!!!!!!!!!!!!03%=:!(A=.W!@F<!2c#L=U!03(3!8=:%7E!@(%=,!;2=>T?!C<2=n!+,!)S!"6#LU%,!RF<!1(
!A&:!"?!53)M#J(!A$2h!}AS!+,!%c&?!A&$(2E!"?!+:!"')S!�%h!m 

! !A')7$!"?!53)M#J(!3FAB?)$!@)S!�%h!1(!e.&�7S!m 
! c#LU!aF(!RF<!+,!2�!3F<!"?!29U!d7I! 

!!
%A5Bq(%V%)#'L0D%:-$I5~C"%%

!�,)EFOL-BC-Ask(KB,goals,è)A$(3%k!"?!%,!(<!)S!�'2TE!1(!@(!+I27c?!!!
!!!!)S!@3F<F!wKBAh),!"?!z$(3!5)6')W!['!+:!-!!!
!!!!!!goals!�n!['!@!5A&S3!^>h!@)SA$2.W!1(!"#L./!-!!Xè!VJ(!5Ah!+#q%k!<):!+,!OQo!\!!
!!!!!!è!Ah),!"?!"/)f!�'2TE!-!+./F(!C<2n!+,!-!@<)U!�'2TE!-!Ê!É!!
!!!!!!"9B?!@)S%.�#?!wanswers!!!!!!!!"=KE!+=./F(!C<2=n!+=,!F!-!A=h),!"=?!)=S!�'2TE!1(!@(!+I27c?!+:!-!
XÊ!É!\!Ah),!"?m!!

                                                   
1 !deductive databases!!
 2!database_Deductive/wiki/org.wikipedia.en!!

3 !hard matching!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 197 - 

!!!!+:!"E<2n!<3goals!@!+I27c?!VJ(!"KE!Éè!Ê0(3%k%,!(<!!
!))(,(' goalsFirstSubstq ]B!!
!!!!C<)QI!%S!@(%,rU2?!!<3!32KB!!!
!!!!!!!!!!+=:!"')U!<3)...()(tan 1 qpprApartdardizeS n O55$(!F!!),( '' qqUnifyB]!!<(%=o%,!

!Ah),!"?m!!
!!!!!)](Re|,...,[ 1 goalsstppgoalsnew nB(!!
!!!!!!answersComposegoalsnewKBAskBCFOLanswers T(((B )),(,,( ' ]]!!

answers0(3%k%,!(<!!!
A5Bq(%V%)#'L0D%z,�(%%

%%
!@AT,!H)kw!!

!!
!@AT,!H)kw!!

!!
!@AT,!H)kw!!

!!
!@AT,!H)kw!!
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!!
!@AT,!H)kw!!

!!
!@AT,!H)kw!!

!!
A5Bq(%V%)#'L0D%],'E57F%%%

! !aF(!RF<!1(!;2>T?!@!5%.c$1�!A&:!"?!53)M#J(!d7I! 
! ,!e'(!3%,!"?!�$<!5Ah!<(%>E!@)S!V.TiF!1(!+:!VJ(!"&T?!e'(!+!m 
! !Ah),!"7$!^?):!RF<!e'(!e.&�7S 
! !2U!F!;%W!@)&Q?%,!@)S!g#L.J!@(%,!A$(2E!"?s!Ah),!%�2?!"9.f! 

 
"�Z&?!"L'2$!+?)$%,!@(%,!RF<!e'(!s!32h!"?!53)M#J(!@(!53%#Lk!<2P!+,!m!!

                                                   
1 !query � based systems 
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3�^6(%3O$50%/(,0#2%!!
%%3�^6(%3O$50%/(,0#2%%0#23C5Kq(%3O$50%/(,%%
s!!+/)L?!03%:!�'%TE!!+/)L?!03%:!�'%TE!!
|!!C)IOP(!03%:!@A&,!gS%J!!C)IOP(!03%:!@A&,!gS%J!!
t!!e#L>h!!^l!5(<!03%:!(A.W!!
¬!!!!!0F<3!C)=====IOP(!"')*=====k!8=====?<

KB 
+?)$%,!^l!5(<!!

§!!!!!!+====,!+/)L====?!@(8====U(!"')*====k8?<
C).To(F!C<2n!!

!!+====,!+/)L====?!@(8====U(!"')*====k8?<
)S!53(3!C<2n!!

¯!!F!+,)S2U!F!;%W!03<F4!32U!!!!!53(3!@(%==,!+==?)$%,!03%==,!<)==:!+==,
)S!!

v!!�9�!C).To(F!0327$!(A.W!!!!+======,!)======S)Zf!03%======:!}%=====P%,
@(!+'F<!C<2n!!

%%%�5�C*#H%V,9%:-O'@�%%|%!!!;)=J(!w!!!!)=,!;2=>T?!@!5%=.c$1!C<)=QI!!!@<2G.=h!@)=S!º!!!!C2=J!F!)=S!]=$1!
!)==St!m!!!!!!)M#==J(!e==W(N!F!)==WF<(!<3!@(!53%#L==k!C<2==n!+==,!-!¢2==/F%W!@)==S!g#L==.J!!32==h!"==?!53!X!;)==J(

!Ah),!"?!gc&W!^L$!@!5NF%Wm!\!!!
!+?)$%,!³!)S!�%h!1(!@(!+I27c?³headliteralliteral n :...,. 1(!!

!+?)$%,!³!�'(%h!1(!@(!+I27c?!³!!@!53FA=B?!�!�!!!"=To(F!@!53FA=B?! sX!1literal(!!!mmmmm!\!!53FA=B?
!"To(F!@nX!!!nliteral\!!

criminal(X):- american(X),weapon(Y),sells(X,Y,Z),hostile(Z) 
!aF(!@2c#LU!¢2/F%W!<3�d7I!!Ah),!"?!;2>T?!@!5%.c$1!VJ(<!+,!¥`!1(!m!!

�5C*#H%V,9%z,�(%%%
|%!@2c#LU!aF(�d7I!!~F%h!V/)l!['!1(!Xw!!!

!dfs(X) :- goal(X) .! 
!dfs(X): - successor(X,S),dfs(S).!! 

!@F<!+�9l!+,!@1).$S3<(A$!32UF!!w!successor!VJ(!dq2?!+7S!@(%,!m!!
!"?2J!03%:!A./2E!@(%,!VL./!F3!0327$!+q)i(w!!

append([],Y,Y). 
append([X|L],Y,[X|Z]) : - append(L,Y,Z). 

!a(2Jw!append(A,B,[1,2]) ?!�!!)S!r(2Uw!!
A=[]        B=[1,2] 

A=[1]      B=[2] 
A=[1,2]   B=[] 

%%
%%Q'=}W%</EUF%%%

! Z&?!<3!(<!^.9BE!A'<F).,!3)'!+,!@(!5<(8k!d!w 

                                                                                                                                                         
1 !logic programming!!
2 !A&:!"?!53)M#J(!53(3!",)'1),!@)S!+?)$%,!F!"I2&y?!R2S!@(%,!"�Z&?!C).97I!1(!+:!"'D),!�ZJ!"L'2$!+?)$%,!0),1!!
3 !bells and whistles!!
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! )()()( CBBACA 6O6756 
! !A&:!"?!^7I!+,)*?!"�'%P!+,!aF(!@!+QE%?!dZ&?!<3!^.9BE!m 
! !H%q!+,!C(<)QI!+:!VJ(!H1DCNF!A&h),!!m!!

|%!^?):!aF(!@!+QE%?!~2$w!!

])............(

...,...

111111

11

njjkii

nk

mmmm

mm

66666666666
6666

&(&( SSSS
SS!!

!+:!"')U!<3w!]$7 ),( ji mUnify S!!
-!a)�?!@(%,!!

)()( xUnhappyxRich 67  
Rich(Ken) 
______________________ 
Unhappy(Ken) 

),!!}/{ Kenx$]!!!!!!!!@(%=,!(<!^=.9BE!^l(%?)( 375KBCNF!!!!!!!!!@!+=QE%?!d=Z&?!@(%=,!�!A='%Q,!<)=:!+=,!
!A.')7$!^?):!(<!04!aF(m!!!
%%%%%z,(#0%]I5E%/2%Q$&pWCNF%|%!!!!!!!!=:!3<(3!"=?!V=JF3!(<!C)=$(2.l!@!+=7S!+:!�:!%S!!V=JF3!(<!F(!"L

!3<(3!"?w!!!
)],([)],()([ xyyLovesyxLovesyyAnimalx VOOUU!!

s!m H(89#J(s!A.&:!}jl!(<!)S!!!
)],([)],()([ xyyLovesyxLovesyAnimalyx V6677UU!!

|!m 7!!A.S3!V:%l!0F<3!!+,!(<!w!!

)],([)],()([

)],([)],()([

)],([))],()(([

:,,,

xyyLovesyxLovesyyAnimalx

xyyLovesyxLovesyAnimalyx

xyyLovesyxLovesyAnimalyx

pxpxpxpx

V675VU
V67577VU
V6677VU

7UQ7V7VQ7U
!!

t!m !3<(A$)#J(!@)S%.�#?!w�!A')7$!53)M#J(!(AU!%.�#?!['!1(!A'),!-!V.7:!%S!!
)],([)],()([ xzzLovesyxLovesyyAnimalx V675VU!!

¬!m !A.')7$!!8')79>J(!(<!@32UF!@)S!C<)QI!!
)),(())](,())(([ xxGLovesxFxLovesxFAnimalx 675U!!

§!m !A.')7$!)S<!(<!"?27I!@)S<2Jw!!
)),(())](,())(([ xxGLovesxFxLovesxFAnimal 675!!

¯!m 5!!@F<!(<!6!!A.')7$!�'12E!w!!
)]),(())(,([)]),(())(([ xxGLovesxFxLovesxxGLovesxFAnimal 6756!!

%%
%],p�"%Q'=}W%<J*&}(,0%V,9%©#P%%

                                                   
1 implication 
!<)#f)J!),!"�Z&?!"97I!-!%E2.G?):!<3 

IF-THEN 
!%k(A,B!!!�,)E!5)k!04!-!A&h),!VJ<3AND!VJ(!VJ<3!gS!F3!e'(!!
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%%
%%

%&(_I,.%:'�-O(%V%)#'L0D%<%%
! !!!!!!!!!!!!!!!!!!!<3!5A=h!53(3!C)=.To(F!)=,!(<!02$)=o!%=S!+=:!A=&:!"=?!RO=E!+=')W!g.�#L?!@!5%.c$1!+:!A'<F).,!3)'!+,

!A')7$!dQZ&?!<(%>E!%S!m 
o !0(2&I!VBE!<):!e'(!�!!e.$(2o!@!5A&&:(A.W!C).To(Fs!�!!32h!"?!+#f)&h!m 

! A?4<):!"9.f!e'(!-!^7I!<3!Ah),!"7$! 
o !A&:!"7$!%..�E!)S<(%>E!0).?!@%�2?!<2P!+,!z$(3!5)6')W!m 
o !A$2h!"?!53(3!z')7$!+9l%?!%S!<3!C).To(F!1(!"7:!3(ATE 

! !"G`!Y$(2U!@(<(3!e.$(2o!1(!@3(ATE!-!e.&�7S|!A&#LS! 
!!

%]I%V%/BpPe%%
! !>E!%==J)E%J!<3!(<!C)==IOP(!e=='(!F!A==')7$!"==?!@<(A==K6$!(<!+#==hjk!"=='8U!@)==S!d==.QZE!C<!)==S<(%

!A&:!"?!@<(AK6$!m 
! !A$2h!"?![`!02$)o!['!"G`!%�(!%,(%,!<3!A'AU!C).To(F!��q 

o !�!C).To(F!@!5A&&:(A.W!e.$(2o� 
! !!!!!!+>Q==h!<3!)==S!5%==k!+==:!"')==U!<3!-!+>Q==h![=='!0F<3!e.$(2==o!1(!+==I27c?![=='!-!C<!@)==S%9')G?):

!A&#LS!A&&:!"?!+'(<(!(<!"G`!}%P!['!<3!@)S!V.TiF!)'!)S!VLE!m 
! "E<2n!+,!32h!"?!%*#&?!+>Qh!<3!C).97I!F!A&&:!"?!dQZ&?!(<!)S!5%k!e'(!-!C).To(F!+:!!m 
!!

                                                   
1 !rules finding facts 
2 !left � hand sides 
3 !rete 
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%]I%V%/BpP%z,�(%<!x!32,!AS(2f!"E<2n!+`!+,!+>Qh!-!%'1!e.$(2o!¡%q!),!!
(defrule drink-beer 
(thirsty homer) 
=> 
(assert (drink-beer homer))) 
(defrule go-to-moes 
(thirsty homer) 
(at homer �moes) 
=> 
(assert (at homer moes))) 
(defrule happy-homer 
(drink-beer homer) 
(at homer moes) 
(friday) 
=> 
(assert (happy homer))) 

!!
%QT%<!!
! !!!!!!!!!!A=&&:!"=?!%*=#&?!F!A=&&:!"=?!VL=E!(<!04!-!A=&&:!"?!Vq)'<3!(<!V.To(F!['!">E!@3F<F!@)S!5%k

!m 
! S!V.To(F!F!@3F<F!@)S!5%k!1(!5F%k!F3!A&&:!"?!dQZ&?!(<!A/(F!%S!-!+$)6'!@)!m 
! !g.S3!z'(8q(!(<!"'(<):!F!g'<(j6,!_(%#h(!+,!e.$(2o!0).?!(<!)S!5%k!g.$(2E!"?!e.&�7S!)? 
! X!!!A.&:!5)6$!^')G?):!+,!\!!!!!!!!!!V=J(!5A=h!53(3!0)*=$!02$)=o![='!�J2E!5Ah!A./2E!@!+>Qh!<)#f)J!�U!<3

!m 
o +1+1+1+1+1+1+2+2+t!!!!!3!F!@3F<F![===E!@!5%==k!z==h!-!!(<!A==='AU!@3F<F!F3!5%==k!F

!AS3!"?!0)*$!!(<!A'AU!"$)')W!@!5%k!['!@!+q)i(!+, 
o =1=1=1=1+2+t!!F3!5%===k![==='!@!+q)===i(!+===,!(<!@3F<F![===E!_%#*===?!@!5%===k!<)===K`!-!!!

!AS3!"?!0)*$!(<!"$)')W!5%k!['!F!A'AU!@3F<F!m 
!!

%²=K4%­%)#pF%­,9%:-O'@%%
! %Qf!@)S!g#L.J!1(!^L$!Ô'!H)7E!z{,!H)K/(!C<!�!+ÖQh!Ah),!"?!5 

o !Ah),!"?!"I2&y?!R2S!@)S!RF<!e'%E!dq2?!1(!">'!m 
o !A&:!"?!d.QZE!A&S3!"?!�.i2E!(<!^')L?!%*,!@)S!5%Qf!+:!"hF<!),!m 

! !!!!!!02$)==o!;)==J(%,!@)==S!g#L==.J!+==:!A$1)==J!"==?!%'j==W!0)==>?(!(<!Y==9Z?!e=='(s!!¢<8==,!;)==.�?!)==,!(<!|!
!!g'1)L,. 

o !!!!!!e=�F<!@)=S!e.*=$!+=E!@)=S!5A&&:!(A.Wt !!=&&:!a%=#&:!-!!!!!)=S!+=$)f<):!@)=S!5As !!!5A=&S3!£.{*=E!-!
!@<)7.,!@)S|!)S!+>Qh!@!5A&&:!Y.I!�q<!-!t!F!m!mmm 

                                                   
1 !rule � based systems 
2 !large - scale 
3 !locating oil deposits 
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! !V.TZo!HAI!H2KM?!['!@(<(3!5%Qf!@)S!g#L.J!%E!z.,!-!e.&�7S�!A&#LS!!!
%%

%Y2,6(<%%
pdf.inference/lectures/ai/classes03F/brooks~/edu.usfca.cs.www://http%%

pdf.09chapter/pdf-slides/edu.berkeley.eecs.aima://http 
 

                                                                                                                                                         
1 !controlling factories 
2 !diagnosing illness 
3 !troubleshooting networks 
4 !uncertainty 
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%%
%%

&&
&234!B69+:;&&

&&
R2^W_!`8:

!"#$%&'(&)*+%&,-+./&&
OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C%>,
%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%

`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9
%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2

%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m2,'F%n%D"#'P%IJ%Yv"*%n%o,'H%!"&'(%n%J,2_%u$#P%!,

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

%N'q^v%o&4c!!
%Q7RI,?j:9J%%

[C,^(%A5$I%%
 %N'q^v%o&4%% 
 %z,K-T"%%� 
 %*%#9,ª%%,6q(%,9 
 %z�&-@"%%h�,-6-@"m 
 zU�-@"%%%e%\'2%!50,v%*%�%%

%%
%N'q^v%o&4%%
! !!I!-!)S!^?)I!Y/)U!@)S!�.B?!1(!@3(ATE!<3!!!!!A=&:!"=?!)=M'(!(<!@8=:%?!z�$!['!V.TZo!HA

!m 
! !A&h),!"TZo!%.�!C(%�(!@(<(3!VJ(!e>7?!)S3%>97I 

o !rF!@!+BMn!['!",)'1),!-!}AS!+,!0)>.W!['!r)E%W 
! !A&$(A$!(<!0)KU!VJ<3!V.TiF!VJ(!e>7?!)S!^?)I!m 
! !A&h)Q$!"TZo!C<2n!+,!VJ(!e>7?!)S!V.To(F!0).?!C)P)QE<(!m 

o +:!"$)?1!<3!C)oF(!"S)k!3<),!"?!0(<),!Ah),!"?!@%,(!(2S!!m 
! !A&h),!"?!V.TZo!HAI!+,!03%:!"kA.J<!A&?1).$!"$O�I!@)S!^?)I!m 

!!
%N'q^v%o&4%*%�^6(%%

! !g'%Q,!<):!+,!V.TZo!HAI!),!(<!dZ&?!+$26`!+:!A'3!g.S(2f!@3F1!+,!)? 
o )()( BartWatchesTVBartStudies 6 
o ),(),()( PieHomerEatsHotDogHomerEatsHomerHungry 6O 
o )(: xHungryxV 

! )#?!Ah),!"?!CD)>h(!"f%,!@(<(3!"�Z&?!R%6$!-!+$)MJ!m 

                                                   
1 !uncertainty!!
2 !Probability!!
3 !Independence!!
4 !Bayes� Rule!!
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!!
%�^6(%V,9%uq�c%%%

! !e>7?!@)S!+c.#$!@!+7S!e.')E!m 
o !�!!!!!!!!!!!!!!51%=/!e.=?1!C<2=n!e='(!%=.�!<3!-!32=,!gS(2=f!)=U!04!�=o2?!+=,!g&=:!_%E!0D(!%k(

!Ah!AS(2f!}3)yE!['!)'!-!3%:!gS(2f!H)7E!(<!1)k!e?!-!A?4!AS(2f�!mmm 
! +c.#$!@!+7S!VJ(!e>7?!)?!g.$(A$!(<!e>7?!@)S!!m 

o !�!!!!!!!5%==Ml![='!V==J(!e=>7?!@F!-!A=h),!3<3!0(A==$3!@(<(3!<)=7.,![=='!+=:!"E<2=n!<3|!
!!!!!+�/!@<)7.,!@(<(3!VJ(!e>7?!)'!-!Ah),!+#h(3!32f!0(A$3!<3t!!!!!V=J(!e=>7?!)='!-!A=h),!
!g.$(3!"7$!04!3<2?!<3!@8.`!)?!+:!Ah),!+#h(3!%6'3!"9./3!�!m 

! !3<2?!<3!VQBn!@(%,!"S(<!�.S!)?!g'<(A$!Æ3(2l!a)7#l(!m 
o !�!g&:!3<2f%,!"')&hF<!),!e?!+:!VJ(!e>7?!1F%?(!�!m 

!!
%N'X'.%*%N'K.%%

! !AS3!"?!+'(<(!(<!V.TZo!HAI!+,!"7:!R%6$!['!-!dZ&? 
o !!!!!!!!!!!!@8=.`!+=:!e='(!)='!-!V=J(!@%=6'3!1(!%E!"?27I!-!3(Af<!['!+:!g.'26,!g.$(2E!"?!)?

!VJ(!e>7?!m 
o !!!!!!!!!)'!F!g'<(A$!@<)?4!)?!+:!@3<(2?!<3!!!!!!!!¨=B,!%=E!3%=c?!C<2=n!+=,!g.S(2=f!"=?!+:!e'(

!Ah),!"?!A.M?!-!g.&:!m 
! !g.&:!¨B,!"M.:!C<2n!+,!+:!AS3!"?!51)U(!)?!+,!a)7#l( 

o !!!!!!%'3)==�?!F!g.==S3!"==?!r)L==#$(!3(A=='F<![=='!03(A==f<!�$)==h!+==,!(<!;2L==B?!%'3)==�?!)==?
!g'%.k!"?!C(AS)*?!;)J(%,!(<!A'AU!;2LB?!m 

!!
%N'0U�4%*%N'q^v%o&4%%

! I!1(!)?!�'%TE!A'<F).,!3)'!+,!(<!V.$O�w 
o !A')7$!"?!^7I!"'(<):<).T?!0327$!+&.*.,!),!+:!VJ(!"9?)I!-!"$O�I!^?)I!['!m 

! !x!g.')7$!�'%TE!V.TZo!HAI!),!0)KU!['!<3!(<!^?)I!e'(!+$26`!)? 
! !!!!!!!!!!!!+=c.#$!F!A=h),!"=?!�9#{?!@)S!+c.#$!@(%,!32J!['!@(<(3!^?)I!['!+:!VMk!g.S(2f!)?

!a)7#l(!['!@(<(3!)S!A&#LS!3(A'F<!m 
! !!!!!!!!!!!!!!!!!!!03(A=f<!a)=7#l(!F!)=S!04!32=J!F!e=>7?!�')=#$!1(!H(A=:!%=S!+=,!A=$(2E!"=?!^=?)I![='!�GJ

!!!!!!!!!!!!!r)={#$(!(<!A=h),!"=?!<)=p#$(!3<2=?!32=J!e'%ED)=,!@(<(3!+=:!(<!"=97I!F!A')7$!+U2E!+c.#$
!A')7$!m 

! !!!!!!!!-!+==c.#$![=='!3(A==f<!a!)==7#l(!)==,!)==S!+==c.#$!02==?(%.W!)==S!@%==E%,!@!5A==&&:!Y==.:%E!@<2==.E
<2.E@%.k!g.7yE!@!�!3<(3!H)$!!m!!

!!
!a)==�?!w!!3%==>97I!A==.').,tA!!5)==k3F%q!03%==:!_%==E!(<!-!!t!!g.==S3!<(%==o!1(F%==W!1(!^==Qo!+==�.o3!!m!!<3!)=='4
!0)?1tAx!32,!gS(2f!)U!04!�o2?!+,!!!

                                                   
1 !weaknesses with logic 
2 !cavity 
3 !gum 
4 !decision theory 
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!^')L?w!!
s\ !"'8U!@%'jW!5AS)*?s!X!)S!)7.W(2S!%6'3!0)$)Q9f!-!53)U!V/)l!F!\!mmmmm!!
|\ !zf!%W!@)S%k!�l!|XR)*#�(!X!\![.q(%E!@)S!R<(8kKCBS\! 
t\ !3%>97I!�')#$!<3!V.TZo!HAI!t!X!!F!�ZL?!%')E\!mmmmm 
¬\ !Al!1(!z.,!"kA.�.W!�!@8'<!�%P!�![.q(%E!"&.,!z.W!F!� 

!"�Z&?!@!52.h!['!e'(%,)&,),!)'!!
s\ !²F<3!@)S![L'<v!^�?!VJ(!!�!w!),25A!!+,!!A.J<!gS(2f!�o2?�!!
)'!!!
|\ !A&M.Ti!@%.k!g.7yE!@(%,!"9.f!+:!"c')#$!+,!32h!"?!"K#&?w!!!

 
!�25A!!!!!!!!!!![.#=JD!F!3<)=Q$!0(<)=,!F!A=SA$!´<!5(<!<3!"q3)yE!+:!A$)J<!AS(2f!�o2?!+,!(%?!"E<2n!<3!

!!!!!!F!Ah),!Y.I!",!e?!^.Q?2E(�!mmmmm!X!!1440A!!+=$D2�T?!!!!!!!!!!!<3!A='),!e=?!)=?(!A$)=J%,!�=o2?!+=,!(%=?!+=:!V=J(!
!g$)7,!5)k3F%q!<3!Yh!a2P\!mmmmm!!

N'q^v%o&4%V#'+I,.%/2%V"#2%3$,9&-(%%
!Vf(2&>'!%.�!)'!¡%q!z.W!dZ&?uw!!Ah)Q$!})n!%')E!@(<(3!e?!^.Q?2E(!+:!A.&:!¡%q!!

! !!!!!+:!A.&:!¡%q25A!!!�o)&E!),!+:!e'(!%6?!A&:!"?!<):!�)�!!!32=h!V=,!!!!A=&:!"=7$!<)=:!+=:!!
m!!
!!)SA?4%,!w!!!!!!!!x!g'%=Q,!<)=:!+=,!(<!�o)=&E!+=$26`!x!A=h),!"?!+$D2�T?!"E)iF%M?!+`!!!!!5%=MP!@(%=,!"&.$(2=o

!^?(2I!1(!e#q<X)S<2#:)qw!\!!

RainWetGrass

WetGrassSprinkler

nTimeAtAirportOA

7.0

99.0

3.025

3
3

3
!!

!)SA?4%,!w!)'4!-!Y.:%E!),!^')L?%8,�2_c`YQJ!%3+&0I,2%xx!32h!"?!!
!!

%z,K-T"%A,@"%%
! E!['!%,!a)7#l(!['!5<(8k!)'!�%P!['!+:!<2yss!A&:!"?!V/D3!VJ(!VJ<3!-! 

o P(BartStudied) = 0.01 
o P(Hungry(Homer)) = 0.99 

! !Ah),!�9�!)'!VJ<3!VJ(!e>7?!5<(8k!32f 
! !Ah),!"?!VJ<3!"'8U!C<2n!+,!C<)QI!g.'2>,!+:!VJ(!CF)M#?!m 

                                                   
1 !partial observability!!
2 !noisy sensors!!
3 !uncertainty in action outcomes!!
4 !immense!!
5 !modelling!!
6 !predicting traffic!!
7 !risks falsehood!!
8 !nonmonotonic!!
9 !contradiction!!

10 !sprinkler!!
11 !proposition 
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o !�!!C<),s!!5)E2:!|!VJ(!!��!!!!!!!+=:!02=`!-!V=J(!V=J<3!~2=$!1(!C<)=QI!e'(!!�!5)=E2:!�!!-
!gKQ?!@(!5N(Ft!Ah),!"?!!m 

! !VJ(!Y/)U!5<(8k!%S!R1<(!a)7#l(!1(!z')7$!['!-!^?)I!['!V.TiF!<2yE!m 
!!

%3RJ,7W%#$J,�(�%%
! !VJ(!+#f)&h)$!R<(A�?!+:!VJ(!@(!5<(8k!)'!%.�#?!-!"q3)yE!%.�#?!['!m 
! !3%.6,!32f!+,!(<!)S!04!A$(2E!"?!+:!VJ(!%'3)�?!1(!@(!+&?(3!@(<(3!m 
! S%.�#?!e'(!A&h),!%'1!3<(2?!1(!A&$(2E!"?!)!w 

o !e./2,X�9�!F!VJ<3!\�!^�?!!wHungry(Homer)!F!isRaining! 
o !+#LLk�!A$2h!"?!+#q%k!R<)7h!^,)o!@!+&?(3!['!1(!%'3)�?!!m 

" !!)?3�!w!!À!!H%k�!!!!![=&f!-!v!!!g='O?!-!u!¿!!!!!!(2=S!�=iF!"=&.,!z.=W!F!w!À!!",)=#q4�!
!@%,(!-s�!"$(<),!-!!¿ 

o !+#J2.W�E!"?!-!%'3)�?!!%.p$!-!A$2h!+#q%k!+9n)q!['!1(!A&$(2�!wsF�!� 
" !VI%Jss!0)>?!-!0)?1!-!s|! 

! !32,!AS(2f!+#LLk!3<2?!@F<!%,!)?!8:%7E!%E!z.,!m 
!!-!�W!!!!!!!!!!!!!!-!A=h),!"=?!)=S!53FA=B?!1(!"�=T,!@(%=,!@(%=,!+=$27$!@)�=q!1(!�,)=E![='!-!"q3)y=E!%=.�#?!['
!a)�?!wreal!)'!)S!Boolean!)S!m!!a)�?!wOdd(1)=true 
!!

J"&$*I%,9h,9J"&FI%m%s'KW"%Vce%%%
! !!!!!!!!@%.k<)==:!+==,!F!3<(A$)#==J(!"==�Z&?!@)==S!�==,(<!1(!53)M#==J(!)==,!(<!)==S!5<(8==k!g.$(2==E!"==?!)==?

!g.')7$!Y.:%E!gS!),!_(%#h(!F!~)7#U( 
o )()(( BartStudyHomerHungryP 75! 
o ),(),(( BartLisaSisterBartLisaBrotherP 6 

! !!!!!!![='!A=&:!"?!£{*?!e.T?)$!%.�#?!%S!@(%,!(<!e>7?!<(A�?!['!+:!C<)QI!['!(A='F<!3
[.7E(!s�!3<(3!H)$!!m 

o !<)k1)J)$!F3!+,!F3![.7E(!@)S3(A'F<X"T7c/(!+T$)?!\s�!A&#LS!!!m 
o !C).'8U!H)7E!^?)h![.7E(!@)S3(A'F<!@!+7S!1(!@(!+I27c?s�!A&#LS!!m 
o !A&:!"?!"&.,!z.W!(<!5<(8k!%S!"#J<3)$!)'!"#J<3!-![.7E(!3(A'F<!['!m 

                                                   
1 !Bart 
2 !short 
3 !vague 
4 !random values 
5 !temperature 
6 !hot 
7 !cool 
8 !mild 
9 !sunny 

10 !overcast 
11 !velocity 
12 !position 
13 !Atomic Events 
14 !atomic event 
15 !mutually exclusive 
16 !exhaustive 
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! !A&`!),!3<(2?!"#J<3!£.{*E!<3![.7E(!@)S3(A'F<!A&h),!"?!A.M?!-!e.T?)$!%.�#?!m!!
!!

%/-B0<!@1)q!dZ&?!sV.TZo!@!+U<3!1(!X!"#J<3!@!+U<3\!|!V.TZo!HAI!+$!A&:!"?!53)M#J(!tm!!!
z,K-T"%|%V%/EUFa)7#l(!@!5Ah!A.:)E!C(%�(!-!!!
%3=p6W�<%!032,!A?(<):)$!F!)S!�&J!V.7:!-!C)')&�#J(!R<)7h!@(%,!mmmmm!m!!!
30"J,0%�<%)S!V.To(F!32Q$!!F!+./F(!�'(%h!-!�2,%?!@mmmmm!!

%%
%M'k'H%z,K-T"�%|%+#hjk!@)S!a)7#l(-!)S!5<(8k!"P%h%.�!)'!w! 

!a)==�?!wP(Cavity=true)=0.1!!F!!P(Weather=sunny)=0.72!m!!!!"7'A==o!<2y==E!)==,!V==J(!%==,(%,
!!!!!!A'AU!_<A?!%S!3F<F!@(%,m!!!e=>7?!@)S!r)L#$(!@!+7S!@(%,!(<!%'3)�?!-!a)7#l(!�'12E-!!!!"=?!+='(<(!

3!ASw!!
P(Weather) = <0.72,0.1,0.08,0.1> 

!!!!!!!!!A==h),!"==?![=='!%==,(%,!3(A==I(!~2==7c?!+==:!A==.')7$!+==U2EX�¹v|º�¹sº�¹�uº�¹s³s¹��\!m!!!�=='12E
!+#===J2.W!a)===7#l(!@!!!<3!(<![===.7E(!3(A==='F<!%===S!a)===7#l(!-!"q3)y===E!@)===S%.�#?!1(!@(!+===I27c?!@(%===,

!!A==&:!"==?!+=='(<(!"q3)y==E!@)==S%.�#?!mP(Weather,Cavity) !V==J(!%==,(%,!!!�'%E)==?![=='!)==,|±¬!1(!
%'3)�?!!

Weather= sunny rain cloudy snow 
Cavity=true 0.144 0.02 0.016 0.02 
Cavity=false 0.576 0.08 0.064 0.08 

!!!!!!!!!+#=J2.W!�='12E!@!+9.=JF!+=,!A=$(2E!"=?!-!+=&?(3![='!@!5<),<3!zJ%W!%S-!!!!!!%=S!(%='1!-!32=h!53(3!·=J)W!
3(A'F<-!),!"?!+$27$!@)�q!1(!@(!+I27c?!!Ahm!!

!!
! !Ah),!"?!@%6'3!C)IOP(!%S!r).�!<3!<(A�?!['!a)7#l(!-!5<(8k!['!e.*.W!a)7#l(!m 

o P(Rain)=0.1!-!P(Overcast)=0.4!-!P(Study)=0.5! 
! !g.')7$!VL./!(<!)S%.�#?!@)S!Y.:%E!CD)7#l(!g.$(2E!"?!e.&�7S!)? 

o 1.0)( $5 HumidRainP%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% n%1.0)( $75 HumidRainP%%%%%%%%%%%%%%%%%%%%%%%n%
2.0)( $5 HumidOvercastP%%%%%%%%%%%%%%%%%%%%%%%%%%% n%2.0)( $75 HumidOvercastP%%%%%%%%%%%%%%n%

15.0)( $5 HumidSunnyP%n%25.0)( $75 HumidSunnyP% 
! !['!-!e'(a)7#l(!@!+#J2.W!�'12E!v!3<(3!H)$! 
! !g'<)7*,!(<!%'3)�?!g.$(2E!"7$!)?!-!+#J2.W!@)S%.�#?!@(%, 
! !g.')7$!"?!53)M#J(!@%#?(<)W!�,)E!['!1(!)?!-!¡2I!<3!m 

o dzexP
x

2

2

2

1
)(

(($ LX!!a)?%$!�'12Es!\ 

                                                   
1 !Fuzzy logic!!
2 !degree of truth!!
3 !uncertainty!!
4 !laziness!!
5 !ignorance!!
6 !prior probability 
7 !joint probability distribution 
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N'q^v%o&4%�$"#P%N}W%V#'+%:'K7W%|%!g'<(3!(<!%'1!3<(2?!A.')7$!<2yEw!!
�¹�¬X³!!!!!!A$)J%,!�o2?!+,!(%?25AP(!®�¹v¬X³!!A$)J%,!�o2?!+,!(%?!90A!P(!®�¹�§X³!!!!!�=o2?!+=,!(%=?
!A$)J%,120AP(!!
�¹���X³!A$)J%,!�o2?!+,!(%?!1440A!P(!!

!!!!!x!g.')7$!r){#$(!A'),!(<!H(A:!!!!!!!!!!!!V.T=iF!-!1(F%=W!03(A=$!V=J3!1(!@(%=,!-!e=?!@)=S!A='3!�O=n!+,!+#L,(F
!F!5)k3F%q!mmmmm!Ah),!"?m!!

%J5@%V%/'£v�n%!32h!"?!53)M#J(!)SA'3!�On!aDA#J(!F!+'(<(!@(%,!m!!
:'K7W%V%/'£vV#'+%%e�%!+.�o!!32J!@!º!a)7#l(!@!+.�o 
%z,K-T"%30,p(%|%!!!!!!@!53)J!@)�q!1(!+I27c?!['!),,!~F%h!g.&:!"?�!!!!!!![='!e=>7?!V=/)l!z=h!-!a)�?

!;)Pm!%k(!_+`!Ah),!"?!!!m!!

4 $
,,

` `
`

1)(

1)(0

P

P
!!

!a)�?!wP(1)=P(2)=P(3)=P(4)=P(5)=P(6)=1/6 
!3(A'F<!['A!1(!@(!+I27c?%'1!ÙAh),!"?!!!

4 +$
}{

)()(
A

PAP ` `!!
!X!!!1(!%=E!g:!;)P!z�$!+:!e'(!a)7#l(¬!!A=h),!!³!!a)=7#l(s!!0A=?4!!º!!a)=7#l(|!!0A=?4!!º!!a)=7#l(t!!0A=?4!
!³1/6+1/6+1/6!³!|µs\!!!

%z,K-T"%V%/-@5'H%V,9%Y$D5W%,2%�,-6-@"%%
! !!!!!!!�=='12E!@!5A==&&:!+=='(<(!aFA==U![=='!+==:!V==J(!e=='(!"/)==7#l(! )#&#==J(!H)==c$(!5(<!e'%==E!0)==J4

(!@!+#J2.W!g.')7$!@<(AK6$!(<!a)7#l!m 
! !A.')7$!(A.W!(<!+#L,(F!a)7#l(!F!A.&:!5)6$!^�#L?!%.�#?!%S!+,!m 

Humidity=Nor
mal 

Outlook=Sunny 

Humidity=Nor
mal 

Outlook=Overc
ast 

Humidity=Hi
gh 

Outlook=Sun
ny 

Humidity=High 
Outlook=Overc

ast 

!!

0.05 0.15 0.05!!0.1 Rain 
0.2 0.1 0.15 0.2 Rain7

!!
! !!!!!£.{*=E!@(%=,!(<!a)=7#l(!@!+#=J2.W!�='12E!g.$(2E!"?!e.&�7S!)?!!"')=K$!a)=7#l(!! 4!!%=.�#?

!!!!A&==h),!V==J<3!A==&$(2E!"==?!+==:!%==.�#?!+==,!+#L==,(F!@)==S!5(<!@!+==7S!03%==:!�==7U!)==,!-!+#L==,(F
!g.')7$!53)M#J(!m 

o P(Rain)=0.1+0.05+0.15+0.05=0.35 
! '12E!1(!53)M#J(!),!+:!@(!+/)L?!x!VL.`!3<(3!32UF! )#&#J(!@(%,!a)7#l(!@!+#J2.W!� 

%%
                                                                                                                                                         

1 !normal distribution 
2 !Utility theory!!
3 !Decision theory!!
4 !marginal probability 
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P!['!-!%3RJ,7W%Y$D5W!%.p$!"q3)yE!%.�#?!%S!@(%,!(<X!A')7$!"?!)�/(!-!w!!
4 $$$

})(:{
)()(

ixXi PxXP `` `!!
!a)�?!wP(Odd=true)=P(1)+P(3)+P(5)=1/6+1/6+1/6=1/2 

%%%,9%)I"\+|%!!!!!!3(A'F<!C<2n!+,!(<!!5<(8k!['!!X!+$27$!@)S)�q!1(!@(!+I27c?!\!!!!5<(8=k!+=:!"')=U!<3
!A.')7$!<2yE!-!Ah),!"?!�.Bnm!!e./2,!"q3)yE!@)S%.�#?A!F!B!A$(!5Ah!53(3!w!! !!3(A================='F<a!³!

!+:!04!�%h!+,!@(!+$27$!@)S)�q!1(!@(!+I27c?w!!
A(ù)=true 

!3(A'F<a7!³!4!�%h!+,!@(!+$27$!@)S)�q!1(!@(!+I27c?!+:!0A(ù)=false 
!3(A'F<ba 5!³!!+:!"')S)UA(ù)=true!F! B(ù)=true!A&h),!"?!m!!

!!!!!!!!!!!!!!@)=S%.�#?!1(!+=I27c?![='!%'3)=�?!@!+9.=JF!+=,!@(!+=$27$!@)�=q!-!"I2&y=?!R2S!3<(2?!<3!Y9�(
!!"q3)yE%%J5P%3(%u$#qW!m!!!!!!!!!!!!!!1(!"')=S!53FA=B?!e'8E<)=:!r%�=9n)l!@(!+=$27$!@)�=q!+=:!A=.')7$!+=U2E

!Ah),!"?!)S%.�#?m!!!+=$27$!@)�q!-!e./2,!@)S%.�#?!),!³!!!!!!A=h),!"=?!@(!5<(8=k!d=Z&?!aA=?m!!!-!a)=�?A 
=  true!-!B = false!!)='!ba 75!m!!!5<(8=k!³!_(%#=h(!!!!!!�.B=n!3(A='F<!04!<3!+=:![=.7E(!@)S3(A='F<!
Ah),!"?!m!!a)�?w!!

)()()()()()()()( baPbaPbaPbaPbabababa 5&75&57$6O5675657Q6!!

%% %%%%%3�(%)J,X-@"%z,K-T"%D"%"#j%%%w%:'�6.%%!!!!!!!!!!!@!+#L=,(F!"=�Z&?!@)S3(A='F<!+=:!A=&:!"=?!V=/D3!e='(!%=,!-!�='%TE
!A&h),!+#h(3!"ED)7#l(!�,(F<!A'),!e.T?m!!!

!a)�?!w)()()()( baPbPaPbaP 5(&$6!%%
,��9%)I"\��+%#9,��ª%|%!e./2==,!)=='!@(!5<(8==k!"q3)y==E!@)==S%.�#?!m!Cavity!X!!!0(A==$3!"k3<2==f!H%==:!e==?!)=='4

!x!H<(3\!m!Cavity = true!Ah),!"?!5<(8k!['!m!!+#LLk!"q3)yE!@)S%.�#?X3FAB?)$!)'!3FAB?\!!
! !!!a)�?!w!!(2Ss!!!!!!!!!!!"=q%,!F!@%=,(!-!"$(<)=,!-!",)=#q4!@)=S!V=/)l!1(!"=>'!@(<(3!|!!A=h),!"=?!!m!!!(2=S!³
!!"$(<),-!!!!Ah),!"?!5<(8k!['!!m!!!!+#J2.W!"q3)yE!@)S%.�#?t!<(3!53FAB?!�!!53FA=B?!Ao)q!)'!�!!!A&=h),!"=?!

m!a)�?!w!!)?3!³|s¹¯!e.&�7S!-!Temp<22.0Ah),!"?!1)c?!gS!m!!!
%/-@5'H%V,9#'�-(%V"#2%z,K-T"|%!<(A�?!1(!@%#?(<)W!�,)E!['!C<2n!+,!�'12E!0).,w!!

                                                   
1 !Weather!!
2 !snow 
3 !Continuous random variables!!
4 !bounded!!
5 !unbounded!!
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!!
P(X=x)=U[18,26](x)!³!!V{'<!['!g:(%E!!

!e.,)?su!F!|¯!!
P!!!!!!!!!!"=To(F!"=&T?!�!A=S3!"=?!0)*=$!(<!g:(%=E![='!)=U!e='(!<3!P(X=20.5) = 0.125!!1!C<2=n!+=,!!!%='

!VJ(w!!
125.0/)5.205.20(lim

0
$&,,

"
dxdxXP

dx
%%

%A*,+%J,}W"c%%
22 2/)(

2

1
)( [a

[L
(($ xexP!!

!!
3�#P%z,K-T"%�%%%

! !!!!!!g'3%=:!~F%=h!e.=T?!@)=S%.�#?!<(A�?!@!5<),<3!"E(AS)*?!),!)?!)�,)J!m!!!!!!!(2=S!%=k(!+=:!g'A='3!OQ=o!)=?
!3F<!"?!D),!"kA$<),!a)7#l(!-!Ah),!@%,(!m 

! !3<(3!H)$!"P%h!a)7#l(!['!e'( 
! !C<2n!+,!FP(Rain|Cloudy)!32h!"?!+#h2$! 
! !!!A==.')7$!+==U2E!"P%==h!@)==S!�=='12E!@(%==,w!%==k(!P(Cavity|Toothache)!!F!A==h),!%==p$!3<2==?!)==?!

!!!!O�======?!-!g.$(A======,!%======E!z.======,cavity!!!!!!g======'<(3!C<2======n!e======'(!<3!-!A======h),!5A======h!+======'(<(!w 
P(cavity|toothache,cavity)=1 

! !"P%h!a)7#l(!�'%TE!w!!

)(

)(
)|(

bP

baP
baP

5$!-!!�%h!),P(b) # 0!!
! !r%i!02$)ot!A')7$!"?!+'(<(!(<!%6'3!a2?%q!['!w!!

)()|()()|()( aPabPbPbaPbaP $$5!!
!a)�?!-!32h!"?!+#h(3!+6$!)S!�'12E!@!+7S!"9:!~2$!<3w!!

P(Weather,Cavity)=P(Weather|Cavity)P(Cavity) 
                                                   

1 !Gaussian density!!
2 !conditional probability 
3 !Product rule!!
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!X!@)S!@F)LE!1(!+I27c?!['!C<2n!+,|±¬!r%i!�'%E)?!C<2n!+,!+$!-!A.&:!5)6$!(<!04!\!m!!!
%z,�(%<!!
! P(Cloudy)=0.3 
! P(Rain)=0.2 
! 15.0)( $5 RainCloudyP 
! 1.0)( $75 RainCloudyP 
! 1.0)( $57 RainCloudyP 
! 65.0)( $757 RainCloudyP 

o !+./F(!C<2n!+,P(Rain)=0.2!m! 

5.0
3.0

15.0

)(

)(
)|( $$5$

CloudyP

CloudyRainP
CloudyRainP!!

%V"%)#'L0D%!50,vc!!�!!VJ(!5A?4!32UF!+,!r%i!02$)o!8.?4!V.�q2?!3%,<):!@(%,w!!

b $ (

(((

((

$$
$

$

n

i ii

nnnnn

nnnn

XXXP

XXXPXXXPXXP

XXXPXXPXXP

1 11

112121

11111

),...,|(...

),...,|(),...,|(),...,(

),...,|(),...,(),...,(

1!!

8I,KP%,2%z�&-@"%|%!A.')7$!~F%h!+#J2.W!�'12E!),w!!
e#q%6$!3<3!0(A$3!!

Xtoothache7\!!
3<3!0(A$3!!

Xtoothache\!!
e#q%6$!!

Xcatch7\!!
e#q%k!!

Xcatch\!!
e#q%6$!!

Xcatch7\!!
e#q%k!!

Xcatch\!!

!!

�¹��u!!�¹�v|!!�¹s|!!�¹s�u!!@!5%Ml0(A$3!!!
Xcavity\!!

�¹§v¯!!�¹s¬¬!!�¹�¯¬!!�¹�s¯!!!HAI@!5%Ml!
0(A$3!!

Xcavity7\!!
!"KE!@!5<(8k!%S!@(%,!X-!\!!),!VJ(!%,(%,!�.Bn!3<(2?!<3![.7E(!@)S3(A'F<!~27c?!-w!!

4 $$ ^`` `^
|:

)()( PP!!
!@AT,!H)kw!!

e#q%6$!3<3!0(A$3!!
Xtoothache7\!!

(A$33<3!0!!
Xtoothache\!!

!!

e#q%6$!!
Xcatch7\!!

e#q%k!!
Xcatch\!!

e#q%6$!!
Xcatch7\!!

e#q%k!!
Xcatch\!!

!!

                                                   
1 !Chain rule!!
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�¹��u!!�¹�v|!!�¹s|!!�¹s�u!!0(A$3!"kA.J2W!!
Xcavity\!!

�¹§v¯!!�¹s¬¬!!�¹�¯¬!!�¹�s¯!!!"kA.J2W!HAI
0(A$3!!

Xcavity7\!!
P(toothache) = 0.108 + 0.012 + 0.016 + 0.064 = 0.2 

P(cavity6 toothache)=0.108+0.012+0.072+0.008+0.016+0.064=0.28 
!@AT,!H)kw!!

e#q%6$!3<3!0(A$3!!
Xtoothache7\!!

3<3!0(A$3!!
Xtoothache\!!

!!

e#q%6$!!
Xcatch7\!!

e#q%k!!
Xcatch\!!

e#q%6$!!
Xcatch7\!!

e#q%k!!
Xcatch\!!

!!

�¹��u!!�¹�v|!!�¹s|!!�¹s�u!!0(A$3!"kA.J2W!!
Xcavity\!!

�¹§v¯!!�¹s¬¬!!�¹�¯¬!!�¹�s¯!!!"kA.J2W!HAI
0(A$3!!

Xcavity7\!!
!g.')7$!+QJ)B?!(<!"P%h!CD)7#l(!e.&�7S!g.$(2E!"?w!!

4.0
064.0016.0012.0108.0

064.0016.0

)(

)(
)|( $&&&

&$57$7
toothacheP

toothachecavityP
toothachecavityP!!

VD,@%z,(#0%%
e#q%6$!3<3!0(A$3!!

Xtoothache7\!!
3<3!0(A$3!!

Xtoothache\!!
!!

e#q%6$!!
Xcatch7\!!

e#q%k!!
Xcatch\!!

e#q%6$!!
Xcatch7\!!

e#q%k!!
Xcatch\!!

!!

�¹��u!!�¹�v|!!�¹s|!!�¹s�u!!0(A$3!"kA.J2W!!
Xcavity\!!

�¹§v¯!!�¹s¬¬!!�¹�¯¬!!�¹�s¯!!!"kA.J2W!HAI
0(A$3!!

Xcavity7\!!
?!+.9I!H2L�s!@1)J!a)?%$!V,)�!['!C<2n!+,!A$(2E!"?!á!32h!5A'3!m 

YZ$YZ$
YZ&YZ$

7&$
$

4.0,6.008.0,12,0

]064.0,012.0016.0,108.0[

)],,(),,([

),()|(

3
3
3

3
catchtoothacheCavityPcatchtoothacheCavityP

toothacheCavityPtoothacheCavityP

!!

                                                   
1 !denominator!!

`³c� `³`�
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%%%8I,K�P%,�2%z�&-�@"%|%!!!A=.')7$!<2y=EX!!!!A=h),!)=S%.�#?!@!+=7S!-!!m!!!!!"==9Qo!@!+#=J2.W!�='12E!)=?!-!D2=7T?
%V5��;%*%A#��H%V,��9#'�-(c%Y!!%'3)==�?!�==J2E!+==:!g.S(2==f!"==?!(<!e@(%==,!%N��2,�%V,��9#'�-(%�%E%!+=='(<(

h!!!A$(!5Am!!!!!!!!!!"=M{?!@)=S%.�#?!A=.')7$!<2y=EH=X-Y-E!!A&=h),!m!!!!!!!A=$2.W!H)=7E!~2=7c?!-!C<2=n!e='(!<3
!A'4!"?!VJ3!+,!"M{?!@)S%.�#?!03%:!�7U!),!)Sw!!
4 $$$$$$

h
hHeEYPeEYPeEYP ),,(),()|( 33!!

!!!(%'1!A&h),!"?!^y#?!)?)7E!-!+I27c?!0F<3!0)kN(FY!F!E!F!H!!!!!+=I27c?!-!)=S!04!"=UF%f!-!g=S!),!
3)yE!@)S%.�#?!1(!@(!Ah),!"?!"qm!!!

!<)>h4!^')L?w!!
s\ !!!!!!+=:!"')U!<3!V/)l!e'%EA,!<3!"$)?1!"kA.�.Wd!!!!!!!!!)=,!V=J(!%=,(%,!A=h),!"=?!e'%=E!¢<8=,!

)( ndO!!
|\ !),!VJ(!%,(%,!+#J2.W!�'12E!@<(AK6$!@(%,!)�q!"kA.�.W!)( ndO 

t\ !@)S!@3F<F!@(%,!(<!3(ATE!0(2E!"?!+$26`!)( ndOxxx!g.')7$!(A.W! 
%zU�-@"e%%%

! !!!!!!!!!!!�.=S!@(<(3!%=.�#?![='!+=:!e'(!+,!+U2E!),!(<!)S8.`!g.$(2E!"?!)?!-!3<(2?!1(!"f%,!<3
!g.')7$!53)J!Ah),!"7$!@%6'3!@F<!%,!@%�(!m 

! !!!!!!H<)==K`!%==.�#?![=='!)==?!%==k(!-!a)==�?!@(%==,DayOfWeek!!!"kA==$<),!@!+Q==J)B?!+==,!(<!
"?!32UF!+,!@%..�E!+`!g.')7$!+q)i(!x!A'4! 

! !g'<(3!)?!-!Vh(3!AS(2{$!@%.�)E!0(<),!a)7#l(!%,!+#MS!1F<!+:!"')c$4!1(!w 
P(Rain|Cloudy,Monday)=P(Rain|Cloudy,Tuesday)�=P(Rain|Cloudy) 

! !+:!g.#Mk!)?DayOfWeek!F!Rain!A&h),!"?!^�#L?!!m 
! !!!!!!!!!!!!!=c?!"')=S!aFA=U!%='1!+=,!(<!%=E!¢<8=,!a)=7#l(!@!+#=J2.W!�='12E!g.$(2=E!"=?!�GJ!)?!(8

!g.')7$!g.L�E!m 
! !g.')7$!g.L�E!(8c?!@)S!+>E!+,!(<!+&?(3!+:!3%:!AS(2f![7:!)?!+,!aO�#J(!m 
! A!F!B!!!!!+===:!A&#L===S!^�#L===?!"E<2===n!<3!!-!P(A|B)=P(A)!!)==='!P(B|A)=P(B)!)===='!!

P(A,B)=P(A)P(B)m! 

 
P(Toothache,Catch,Cavity,Weather) = P(Toothache,Catch,Cavity)P(Weather)!!

t|!+,!@3F<F!s|!@(%,!�!32h!"?!53(3!zS):!)E!n!g'<(3!^�#L?!@!+>J!w!nn "2!!
!!!r)==.7:!)=='!<3)==$!"==/F!V==J(!A==.M?!"==9.f!-!d==9Z?!aO�#==J(�!A==h),!"==?!m!-!O�==?!!A==9.q!-!g:(%==EX@!+==&.?1!\

!A&#L.$!^�#L?!H(A>�.S!+:!Ah),!"?!%.�#?!)S!An!),!"k<8,m'(!<3!3<2?!ex!g.SA,!H)c$(!@<):!+`!!!
%3�#P%zU�-@"c%%%

                                                   
1 !query variables!!
2 !evidence variables!!
3 !Independence!!
4 !rare!!

+,!32h!"?!+'8cE 
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! !!!!!!!!!!!!!!V=J(!0(A=$3!<3!5%=Ml![='!@(<(3!<)=7.,!g.$(A=,!g.S(2=f!"?!)?!+:!A.&:!<2yE!m!!@)=S%.�#?
!)?!@!5Ah!5AS)*?toothache!F!catch!A&h),!"?!!m 

! !!!A&==h),!"==7$!^�#L==?!+==./F(!C<2==n!+==,!)==S!e=='(�!!-!A==h),!3<3!0(A==$3![=='!@(<(3!<)==7.,!%==k(!
<(3!@F!D2===7T?!!!(<!e#q%===k!3<3!0(A===$3!a)===7#l(!+===:!-!A===h),!"===?!0(A===$3!<3!5%===Ml![==='!@(
!AS3!"?!z'(8q(!m 

! !g.L'2$!"?!C<2n!e'(!+,!(<!Y9Z?!e'(!)?!w 
)|()|()|( cavitycatchPcavitytoothachePcavitycatchtoothacheP $5!!
! !g.L'2$!"?!C<2n!e'(!+,!(<!Y9Z?!e'(!F!g.')7$!"?!53)M#J(!8.,!@!+.�o!1(!�GJ!)?!w 

)()|()|()|( cavityPcavitycatchPcavitytoothachePcatchtoothachecavityP 3$5 
|%!P(Toothache,Cavity,Catch)!!@(<(37123 $(!!!!A=====h),!"=====?!^�#L=====?!@3F<F!!m!!!!e=====?!%=====k(

!3<(A$!"6#L,(F!(2S!+,!e#q%k!3<3!a)7#l(!-!gh),!+#h(3!0(A$3!"kA.J2Ww!!
s!\P(catch|toothache,cavity)=P(catch|cavity) 

!gh),!+#h(A$!0(A$3!"kA.J2W!e?!+:!A#q(!"?!�)ME(!"#oF!032,!^�#L?w!!
|!\P(catch|toothache,.cavity)=P(catch|.cavity) 

Catch!Ah),!"?!"kA.J2W!%�(%,!3<3!0(A$3!1(!"P%h!^�#L?!!w!!
P(Catch|Toothache,Cavity)=P(Catch|Cavity) 

!@%,(%,!@)S!V/)lw!!
P(Toothache|Catch,Cavity)=P(Toothache|Cavity)!!

P(Toothache,Catch|Cavity)=P(Toothache|Cavity)P(Catch|Cavity) 
V&q2%o,+|%!A.L'2&,!@%.c$1!02$)o!1(!53)M#J(!),!(<!a)yE(!@)S!�'12E!H)7Ew!!

P(Toothache,Catch,Cavity) 
=P(Toothache|Catch,Cavity)P(Catch,Cavity) 

=P(Toothache|Cach,Cavity)P(Cach|Cavity)P(Cavity) 
=P(Toothache|Cavity)P(Cach|Cavity)P(Cavity) 

!!!!!3<(2?!%E!z.,!<3!!!!"P%=h!aO�#J(!1(!53)M#J(!--!!!!!!!!"')=7$!V=/)l!1(!(<!+#=J2.W!�='12E!@!+='(<(!@!51(A=$(!
n!"Zf!V/)l!+,!nAS3!"?!zS):!m!!

!Ah),!"?!e.T?)$!@)S!�.B?!@!5<),<3!z$(3!e'%EA&?F%.$!F!e'%E!@(!+')W!-!"P%h!aO�#J(!m!!
\'2%!50,v%%

!1(!53)M#J(!),!r%i!02$)o!g'<(3w!!
)()|()( bPbaPbaP $5!F)()|()( aPabPbaP $5!!!!!!(<!)===S!@F)L==E!e=='(!g.$(2===E!"==?!)==?!+==c.#$!<3!

!g.S3!<(%o!gS!%,(%,w!!
)()|()()|()( aPabPbPbaPbaP $$5!¶!!8.,!02$)o!w!!

)(

)()|(
)|(

bP

aPabP
baP $!!

!�'12E!^>h!+,!)'!!
)()|(

)(

)()|(
)|( YPYXP

XP

YPYXP
XYP 3$$!!

!!"y.{*E!a)7#l(!£.{*E!@(%,|!"QQJ!a)7#l(!1(!s!Ah),!"?!A.M?!w!!
                                                                                                                                                         

1 !conditional independence!!
2 !diagnostic probability!!
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)()|(
)(

)()|(
)|( YPYXP

XP

YPYXP
XYP 3$$!!

!A.')7$!<2yEM!V'¤&&?!-!|!F!Ah),!S!03%k!">*f!t!Ah),!w!!
0008.0

1.0

0001.08.0

)(

)()|(
)|( $%$$

sP

mPmsP
smP!!

!+#>$!w!Ah),!"?!g:!<).L,!V'¤&&?!@<)7.,!+,!O#,(!a)7#l(«!!
%\'2%!50,v%V"#2%z,�(%<!!

! !A'%.6,!%p$!<3!(<!%'1!C)iF%M?!w 
o !<3!03%k!">*f!¨I),!V'¤&&?§�!×!32h!"?!0(<)7.,!1(m 
o P(stiffNeck|Meningities)=0.5 
o !),!VJ(!%,(%,!"7'Ao!V'¤&&?!a)7#l(§����µs 
o P(meningitis)=0.00002 
o !),!VJ(!%,(%,!"7'Ao!03%k!">*f!a)7#l(|�µs 
o P(stiffNeck)=0.05 

! !!!!!!!A=')7$!"=?!+=TU(%?!03%=k!">*=f!),!<)7.,!['!a)l!m!!!!!V='¤&&?!@(<(3!@F!+=:!e='(!a!)=7#l(
!x!VJ(!<A�`!Ah), 

0002.0
05.0

00002.05.0

)(

)()|(
)|( $%$$

stiffNeckP

meningitisPmeningitisstiffNeckP
stiffNeckmeningitisP

 
%#~$J%3C,�(<%%
! !!!!!!!!!!!!@(<(3!<)==7.,!A=='2k!"==?!F!A=='4!"==?!<)==7.,![=='!3<2==?!<3!5)6*==')?14!r(2==U!A==.&:!¡%==q

!0)P%J�!Ah),!"?!!m!x!g.')7$!<F),!(<!Y9Z?!e'(!A'),!)?!)'4 
! P(cancer)=0.008 
! P(positiveTest|cancer)=0.98 
! 3.0)|( $7cancerstpositiveTeP 
! !A'),!(<!e#h(3!0)P%J!+:!g.$(A,!g.S(2f!"?!)?!x!(<!e#h(A$!0)P%J!)'!g'%'jG,!%E!z., 
! !g.')7$!%p$!}%n!"S)E2:!CA?!@(%,!+.9I!H2L�?!1(!g.$(2E!"?!)?!m 
! P(positive|cancer)P(cancer)=0.98*0.008=0.0078 
! 298.0992.003.0)|( $%$7cancerpositiveP 
! !Ah),!"7$!0)P%J!@(<(3!<)7.,!g.')7$!<2yE!VJ(!%#K,!+:!g.&.,!"?!)?!m 
! o3!%'3)�?!g.$(2E!"?!)?!g'<F4!VJ3!+,!gS!(<!%E!d.!w 

! 21.0
0298.00078.0

0078.0
)|( $&$positivecancerP 

3�#P%zU�-@"%*%\'2%!50,v%%

                                                                                                                                                         
1 !causal probability!!
2 !meningitis!!
3 !stiff neck!!
4 !cancer 
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)()|()|(

)()||(

)|(

CavityPCavitycatchPCavitytoothacheP

CavityPCavitycatchcatchtoothacheP

catchtoothacheCavityP

3
3

$
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1 !basic insight!!
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!g.')7$m!,(!"P%h!aO�#J(!F!aO�#J(!A&')7$!"?!).K?!(<!)S!<(8m!!!
!!

%Y2,6(<%%
edu.usfca.cs.www://http%%

pdf.13chapter/pdf-slides/edu.berkeley.eecs.aima://http 
 

                                                   
1 !classifying 
2 !exploit 
3 !tractability 
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%%
%%
%%

%V\'2%V,9%/BpPc%%
%Q7R\0,H:9J%%

%%
[C,^(%A5$I%%

! %I,-F,@%%
! %,6q( 
! #-("I,H%],q$D5W)&P%V&62%� 
%%

%3C,K-T"%�,-6-@"%%
! L.J!3<2?!<3!)?!-!+#hjk!<3!"�Z&?!@)S! )#&#J(!A&$(2E!"?!+:!"$2$)o!@)&Q?%,!@)S!g#

!g'3%:!VQBn!A&&:!gJ<!(<m 
o ),()( martQuikieHomerGoesToHomerHungry (O 
o Hungry(Homer) 
o GoesTo(Homer,Quickie-mart) 

! !g.S3!+TJ2E!V.TZo!HAI!),!"')S!0)KU!+,!(<!3%>97I!1(!~2$!e'(!g'<(3!^')7E!)?m 
o P(Hungry(Homer))=0.98 
o P(GoesTo(Homer,Quickie-mart)|Hungry(Homer))=0.5 
o P(GoesTo(Homer,Quickie-mart))=? 

! !g.')7$!53)M#J(!<):!e'(!@(%,!8.,!02$)o!1(!g.$(2E!"?!)?!-!^:!<3 
! !Ah),!"?!a)7#l(!@!+#J2.W!�'12E!),!03%:!<):!<3!^>*? 

o !Ah),!"?!"')7$!C<2n!+,!¢<8,!aFAU!@(<(3m 
! +:!(<!"#.To(F!+:!@(!53(3!0)7#f)J!+,!)?!A$<(jk!"7$!%.�)E!gS!%,!%.�#?!@3(ATE!04!<3!

!g'A&?1).$!A&:!"?!@<(AK6$!(<!m 
! ! +:!e'(!%,!C<),! 5O:!]$<! -! a)�?! 0(2&I! +,Homer!"7$!@%.�)E! Ah),! "?! +&J%k!

!3<(jkm 
! !['!(<!<)#f)J!e'(!)?@8.,!@!+>Qh!g.?)$!"?!!m 

V\'2%V,9%/BpP%%
                                                   

1 !Bayesian networks!!
2 !parametrized distributions!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 223 - 
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!5)kX!<AW!-!Y!Ah),!"?!!m 

o !!!!!!!!!5%=k!+=:!@<(A=�?!%=S!a)=7#l(!@!5A&S3!0)*$!+:!(<!a)7#l(!"P%h!�'12E!['!5%k!%S
!!!!!!!!!!!!!!!!"=?!@<(A=K6$!(<!A=$%.6,!A=&$(2E!"=?!z')SA=/(F!%'3)=�?!+=:!"P%=h!F!3%=.6,!A$(2E!"?

!A&:m 
o !3<(A$!32UF!@(!+�9l!�.SX!m!Ah),!"?!<F3!0FA,!g.�#L?!}(%k!['!e'(\ 

! 2E!@N2==/2WX"==J)&h!0)==>?!\s!!!!!%==,!g.�#L==?!<2==P!+==,!)==S%.�#?!+==:!A==&:!"==?!£{*==?!+>Q==h!
!A$<(jk!"?!%�(!%6'3!@)S%.�#?X!m!!"P%h!^�#L?!C)P)QE<(|!m!\!!!

n%�H!-!@8.,!@!+>Qh!['!!['3)7$!t!@(%,!">.q(%k!F!53)J!@)S)I3(!�!^�#L?!e'(%,)&,!F!"P%h!
!C)T'12E!@(%,@!+#J2.W,!"?!!53%*q!C).n2yf!^?):!!Ah)m!!

!<)#f)Jw!!
! !!">'!!-%.�#?!%S!1(!-!)S!5%k!1(!+I27c?!['!!
! !g.�#L?!@(!+�9l%.�!}(%k!['!!
! !! R32f! @)SA/(F! �J2E! 5Ah! +'(<(! @! 5%k! %S! @(%,! "P%h! �'12E! ['!C<2n! +,

))(|( ii XParentsXP!Ah),!"?!!m!['!C<2n!+,!5Ah!+'(<(!"P%h!�'12E!-!V/)l!e'%E!53)J!<3
!"P%h!a)7#l(!aFAU�!-!!!@)&Q?%,!(<!�'12EiX!!AS3!"?!+'(<(!A/(F!%'3)�?!1(!Y.:%E!%S!@(%,!-m!!

%%z,�(|%!!!!A=h),!"=?!)=S%.�#?!%6'3!1(!^�#L?!(2Sm!!!!!0A=h!<)=`3!F!3<3!0(A=$3
!1(!^�#L?!"P%h!C<2n!+,!04!+,!0(A$3!@!5%Ml!A&h),!"?m!!!

%VJDJ%z,���(�!�!!==?!)==,!0)==U!-!H(!+')L==7S!F!g#L==S!<):%==J!e==?!"==?!;)==7E!e
!!!!!!!!!!!!!!!@%=?!-!H%=6'3!@!+')L=7S!)=?(!-!V=J(!a)=Tq!e=?!%='N4!A='2k!"?!F!3%.kv!

!!!!!!!AS3!"7$!H)c$(!(<!<):!e'(!m!!!32=h!"=?!a)Tq!@(!51%/!e'%E!g:!),!%'N4!)S!VoF!1(!"�T,!m!!!)=U!04!<3!)='4
!x!V==J(!313!)==To(F!!)==S%.�#?!w!51%==/!-!313u!%=='N4!-!�!!!0)==U!@)==S!;)==7E!-!s�!!!!@%==?!@)==S!;)==7E!-ssm!!

@N2/2W2E!AS3!"?!V*k%,!(<!VJ(!53)#q(!�)ME(!+:!+`!04!+>Qh!w!!
!� !AS3!<(%o!R2?)f!V.TiF!<3!(<!%'N4!A$(2E!"?!313!['!!
!� !A')7$!R2?)f!(<!%'N4!A$(2E!"?!e.?1!@!51%/![' 
!� !32h!@%?!;)7E!YQJ!A$(2E!"?!%'N4 
!� 32h!0)U!;)7E!YQJ!A$(2E!"?!%'N4 

                                                   
1 !topology 
2 !conditional independence relationships 
3 !notation!!
4 !assertions!!
5 !conditional probability table (CPT)!!
6 !burglar 
7 !Mary!!
8 !earthquake!!
9 !alarm!!

10 !JohnCalls!!
11 !MaryCalls!!
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%:."#Wc%%

! !!@!+=='(<(!+==,!-!@8==.,!@)==S!+>Q==h
!!!!%=E!z.=,!g:(%E!!!!!!!"=?!51)=U(!+=&?(3!

!A&S3 
o !!!"q)==============i(!C)==============IOP(

X@<(%==>E!\|!!"==?!+#==h(3%,!!
!32h!m 

! !"J!)?!A.&:!<2yEXt�!\!�&W!@(<(3!H(A:!%S!+:!-!g'<(3!5%kX§!\!A&#LS!<AW!m 
! !%SCPT!@(<(3!3225 $!~27c?!<3!-!Ah),!"?!3AI!!w�¯� 
! !a)yE(!w302!+7S!)Q'%�E!-!V'32U2?!!A&#LS!@<(%>E!m 

!!
:."#W%JI5(%IJ%V#~$J%[=^(%%

!!['CPT!!!@(%,!iX!!e./2,!@)SA/(F!),!k!!@(<(3!k2!!!!!A=/(F!@)=S%.�#?!Y=.:%E!@(%,!%ZJ
!!!Ah),!"?m!!!!!!3A=I![='!%Z=J!%Sp!!@(%=,!(<!trueX i $!!!3<(3!1)=.$!X!!!!!@(%=,!1)=.$!3<2=?!3A=I

falseX i $!�==�q!1-p!!A==h),!"==?!\!m!!!!!!1(!z.==,!@(<(3!%==.�#?!%==S!+==:!"E<2==n!<3k!A==/(F!
!!!!!3(ATE!+,!^?):!@!+>Qh!-!Ah)Q$)2.( knO!!3<(3!1).$m!!+:!A.&:!+U2E�!g:(%=E!�!!!!!)=,!-!"=Zf!C<2=n!+=,

n!!!!!!@!+=QE%?!@(<(3!F!A&:!"?!Ah<!)2( nO!!!!!):!a)y=E(!)=,!�='12E!@(%=,!!!!A=h),!"=?!^=?m!!!!@!+>Q=h!@(%=,
!3(ATE!@313sºsº¬º|º|³s�X!31125 $(!\m!!!

%%
3(5K4%30,q(%%%%

!!!!!!!!!!!!!A=')7$!"=?!�='%TE!-!"P%=h!C)T'12E!r%i!C<2n!+,!(<!"9:!"$)T?!-!a)yE(!�'12E!"?27I!"$)T?
m!!

))(|(),...,(
11 ii

n

in XparentsxPxxP b $$!!
z,�(w!!!

00063.0998.0999.0001.07.09.0

)()(),|()|()|()(

0%%%%$
7777$757555 ePbPebaPamPajPebamjP!!
%3=}(%30,q(%%

%!!S!"9B?!"$)T?!!!!!!!!"=?!+='(<(!(<!04!@)SA=/(F!+=:!@A=/(F%.�!@!5%=k!+=,!+#L,(F!-!"P%h!C<2n!+,!5%k!%
!Ah),!"?!-!A')7$m!!

                                                   
1 !compactness!!
2 !redundant 
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!! %/'£v<!"9B?!"$)T?!!!Ø!"?27I!"$)T?!!
%%u.I,(%V%/-@5Hc%|%!!!!!!!!+='(<(!(<!04!+=:!V=J(!"')=S!5%=k!@!+=7S!1(!^�#L=?!-!"P%h!C<2n!+,!5%k!%S

!A&')7$!"?m 

!!
%/BpP%I,-F,@%%

! aFAU!['!@(<(3!5%k!%S!VJ(!"P%h!a!)7#l(!!m 
! !A&:!"?!+'(<(!(<!04!@)SA/(F!%'3)�?!F!5%k!04!<(A�?!%S!a)7#l(!-!aFAU!e'(!m 
! !A&#LS!)S!"9Qo!^?)h!��q!A/(F!�.S!),!@)S!5%k!m!!

/EUFI5�%/2%N'q^v%o&4%!,'2%%
! !!!!!!!!V=J(!e=>7?!@%=?!+=:!@3<(2?!@!+7S!@(%,!"')S!5%k!e#h(3!+,!@1).$!)?!+:!A.')7$!+U2E

A$!3%.6$!;)7E!g'<(m 
o !!!!!C<2==n!+==,!(<!C)==IOP(!e=='(!+==:!A==S3!"==?!51)==U(!)==?!+==,!"/)==7#l(!R%==6$![=='M7!

!g.')7$!+nOfm 
! !!!!!!!!1(!@3)='1!3(A=TE!@(<(3!+=:!"k<8,!@)S!0)KU!+,!+:!AS3!"?!51)U(!53)J!^?)I!['!+,!e'(

!A&:!"kA.J<!A&#LS!e>7?!V.TZo!HAI!�')#$m 
! !Y9Z?!e'(!1(!g.$(2E!"?!)?!+$26`x!g.')7$!53)M#J(!dZ&?!),!-!!

%Q(,.%V%/-@5'H%Y$D5W%36K�%V%/$"I"%%
                                                   

1 !Markov blanket!!
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! !!!!!!!+=7S!F!%=.�#?!%=S!a)=7#l(!+=:!3(3!"?!51)U(!)?!+,!^?):!@!+#J2.W!�'12E!+:!A'<F).,!3)'!+,
!g.')7$!+QJ)B?!(<!A$(!5Ah!+'(<(!+:!"')S!04!@m 

! !A$2h!g.L�E!^�#L?!@)S!aFAU!+,!A&$(2E!"?!^�#L?!@)S3(A'F<m 
! !)S!e'(CPT!A$2h!"?!5A'3!@8.,!@!+>Qh!<3!+:!A&#LS!"')S!!m 
! !g.')7$!53)M#J(!C)QJ)B?!H)c$(!@(%,!C)IOP(!e'(!1(!g.$(2E!"?!)?!e'(%,)&,m 
! b$ ))(|(),...,,( 21 iin xparentsxPxxxP 

!  

00062.0998.0999.0001.070.090.0

)()()|()|()|()(

$%%%%
$77757$557575 EPBPEBAPAMPAJPMJBEAP!!

!!
V\'2%V,9%/BpP%NF,@%%%

! !3<(3!32UF!@8.,!@!+>Qh!['!Vf)J!@(%,!RF<!A&`!-!Y9�(!m 
! +,!z$(3!"JA&K?!C)P)QE<(!�*:!!"P%h!^�#L?!VJ(!A&?1).$!m 
! !!!!!!!!!!!!@%=E%,!04!<(A=�?!%=,!g.�#L=?!<2=P!+=,!+=:!A&=h),!"')S!04!@)S%.�#?!A'),!5%k!['!@)SA/(F

!A$<(3m 
o JohnCalls!g.�#L?!<2P!+,!+$!)?(!-!32h!"?!@%E%,!@(<(3!51%/!�J2E!m 
o !A&h),!"7$!%6'A>'!%,!@%E%,!@(<(3!@<)?!F!0)U!;)7E 

! !"?!<2yE!)?!)B'%n!g.&:!w 
! P(MaryCalls|JohnCalls,Alarm,Earthquake,Burglary)=P(MaryCalls|

Alarm) 
%#~$J%[=^(<%%

|%-!g'A&?1).$!"?27I!"$)T?!@(%,!"9B?!^�#L?!@)S!V$)7i!1(!@%J!['!C)Q�(!@(%,!RF<!['!+,!!
s\ !!@)S%.�#?!1(!gp&?!@!+I27c?!['nXX ,...,1!!A.')7$!r){#$(!(<m!!
|\ !@(%====,i=1!)====E!n!5A====,!H)====c$(!(<!%===='1!@)====S<):!!iX!!e====:!+q)====i(!+>Q====h!+====,!(<!m!@)SA====/(F

11 ,..., (iXX!!+:!e:!r){#$(!(<!!
),...,|())(|( 11 ($ iiii XXXPXParentsXP!!

!3<F4!"?!32UF!+,!(<!%'1!"?27I!"$)T?!)S!A/(F!r){#$(!1(!~2$!e'(w!!
b $ ($ n

i iin XXXPXXP
1 111 ),...,|(),...,(!!

X!@%.c$1!02$)o!s!\!!
b $$ n

i ii XParentsXP
1

))(|(!!
X!Vf)J!),|!\!!

z,�(%|%!@!+I27c?!)?!+:!A.&:!<2yEM,J,A,B,E!g.')7$!"?!r){#$(!gp&?!C<2n!+,!(<!!!
!!

/0!P(J|M)=P(J)?!!
!+$P(A|J,M)=P(A|J)? P(A|J,M)=P(A) ?!!!

                                                   
1 !chain rule!!
2 !by construction!!
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+9,P(B|A,J,M)=P(B|A) ? 
+$P(B|A,J,M)=P(B) ? 

!+$P(E|B,A,J,M)=P(E|A) ? 
!+9,P(E|B,A,J,M)=P(E|A,B) ?!!

!!!!!!!VJ(!^>*?!"P%h!%.�!@)S!VKU!)'!3<(2?!<3!"P%h!^�#L?!@%.k!g.7yE!X!m!!!!F!"P%=h!@)=S!aA=?
!!!!!!A&=J<!"=?!%=p$!+=,!5A.�.W!)S!0)L$(!@(%,!"P%h!^�#L?\«!m!!!!!!!)='!3<(2=?!<3!"P%=h!CD)=7#l(!£.{*=E

!!!!!!!!!!A=h),!"?!^>*?!"QQJ!%.�!@)S!VKUm!!!!!!!!A=h),!"=?!@%=E!g=:!"kA=.�.W!@(<(3!+>Q=h!wsº|º¬º|º¬!³
stH1D!3AI!!Ah),!"?!m!!
%z,�(%<Q'p(5W"%�'1kW%%%

! !+./F(!^./3!w!32h!"7$!ehF<!e.h)?!m 
! !!!-!z')==?14!^==,)o!@)==S%.�#?!�!!!!!g.')==7$!%==.7TE!-!A&==h),!+#L==>h!+==:!"E<2==n!<3!�!!]==$<!)==,

!A$(!5Ah!53(3!z')7$!%'1!^>h!<3!"c$<)$m! 
! !"===M{?!@)===S!%===.�#?!X!@%#L===:)f!\!!!d==='%P!e==='(!+===,!F!A===.')7$![===`!(<!+#L===,(F!C)===TZo!-

#?(<)W!A.S3!zS):!(<!)S%m!!
!!

%%
%z,�(%<Q'p(5W"%V%/K'2%%
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!!
%/BpP%s$%NF,@%%

! !A.')7$!~F%h!)S!+*'<!03<F4!32UF!+,!), 
! !A.')7$!+q)i(!(<!A&#LS!g.�#L?!<2P!+,!+:!"')S!04!@)S%.�#?!�GJm 
! !A.')7$!+q)i(!(<!)S!04!g.�#L?!0(A$1%q!�GJm 
! !['!e'(!"QQJ!aA?s!!3<(3!H)$ 

o !Ah),!"?!%�(!F!YQJ!0)kN(F!<3!aDA#J( 
! !A&'4!"?!VJ3!+,!%E!0)J4!YE(%?!+,!5(<!e'(!),!)S!e.7{Em 
! !!!!!!!!!!!!!!!%=E!5A=.�.W!Y=E(%?!+=,!+>Q=h!)=?(!-!g.')7$!ROE!YQJ!+,!%�(!1(!g.$(2E!"?!Vf)J!@(%,!-!)?

!e.7{E!F!32,!AS(2fCPT!32,!AS(2f!<(2h3!)S!m 
P(E|B)=?!!

%V\'2%V,9%/BpP%IJ%3�#P%zU�-@"%%
! !!!!!!g==S!1(!^�#L==?!-!%==.�#?!F3!+==:!32==,!"==&T?!e=='(!@(<(3!"P%==h!aO�#==J(!+==:!A=='<F).,!3)=='!+==,

!A&#LS 
! )|()|()|( cbPcaPcbaP $5 
! !Ah),!"?!R(!+'(<(!@)SA/(F!F!)SA/(F%.�!1(!^�#L?!"P%h!C<2n!+,!5%k!['m 

o !-!%'N4!a)�?!<3JohnCallsAh),!"?!e.?1!R1%/!F!@313!1(!^�#L?! 
! !!L?!"P%h!C<2n!+,!5%k!['!!!!!F!z$(A=$1%q!-!z')SA=/(F!-!%=6'3!@)=S!5%k!@!+7S!1(!^�#

!)S<3(%,!)'!%S(2fX0(A$1%q!%6'3!@)SA/(F!m\!VJ(m 

                                                   
1 !causal model 
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!!
V\'2%V,9%/BpP%IJ%�,-6-@"!!

! !!!!!!!!!!a)==7#l(!)=?!+==,!+=:!e=='(!@(%=,!@8==.,!@!+>Q=h![=='!1(!g.S(2=f!"==?!)=?!-!3<(2==?!%=E!z.=,!<3
!g.')7$!53)M#J(!A'26,!(<!"9Qo!@)Sm 

! ['!+:!g.&:!"?!5AS)*?!)?x!AS3!"?!%..�E!(<!%6'3!@)S%.�#?!+$26`!%.�#?! 
! !!!!!!g.$(2E!"?!)?!!!!2U!F!;%W!@)S%.�#?s!X!!!!!!g.$(A=,!)=S!04!3<2=?!<3!g.S(2=f!"=?!+=:!"')S8.`!\

!FAS)h!@)S%.�#?!|X!g.')7$!5AS)*?!g.$(2E!"?!+:!"')S8.`!\!g.S3!£.{*E!(<m 
! !!!!!!!!!!!=E%,!2=U!F!;%=W!@)=S%.�#?!%=,!+=:!A=$<(3!32=UF!g=S!"M{?!@)S%.�#?!e.&�7S!!-!A=$<(3!@%

!A&h),!"7$!5AS)*?!^,)o!g.�#L?!<2P!+,!)?(!m 
! JohnCalls!F!MaryCalls!!!!!!!)==S!2==U!F!;%==W!@313!F!e.==?1!R1%==/!-!A&#L==S!@AS(2==h!

!Ah),!"?!0)K&W!%.�#?!-!%'N4!F!A&#LSm!!
!32h!"?!H)c$(!RF<!<)K`!+,!@8.,!@)S!+>Qh!<3! )#&#J(w!!

! %)I,KP%M'$,W%,2%�'vJ%�,-6-@"e%%
! T%,2%�'vJ%�,-6-@"%#'�-(%t¡� 
! %3v,XW"%VD,@%/'pP%,2%,2%3p$#�W%�,-6-@"� 
! %5CI,.%N05(%u.I,(%V%)#'L0D%,2%3p$#�W%�,-6-@"� 

!!
%3;,-6-@"%V,9I,.�%%%

! !53)J!@)S!2U!F!;%W!w!!
)|( eEXP i $!!

-!a)�?!!
P(NoGas|Gauge=empty,Lights=on,Status=false) 

! !5A&S3!�,<!@)S2U!F!;%Ww!!
),|()|()|,( eEXXPeEXPeEXXP ijiji $$$$!!

                                                   
1 !query variables 
2 !evidence variables 
3 !exact inference by enumeration!!
4 !exact inference by variable elimination!!
5 !approximate inference by stochastic simulation!!
6 !approximate inference by Markov chain Monte Carlo!!
7 !inference tasks!!
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%/��6'?2%V,��9%V#��'+%:'K7��Wc!w!!!�!A&==h),!"==?!@A==.M?!C)==IOP(!^?)==h!@%==.k!g.7y==E!@)==S!+>Q==h
!@(%,!!"ED)7#l(! )#&#J(!!

P(outcome|action,evidence) 
!Ah),!"?!H1Dm!!!

],4U�"%8DI"!|!w!!_<A?!H(A:tx!Ah),!"?!@AT,!@2c#LU!@(%,!!!!
N'@,OT%Q'=}W!�!w!!Ah),!"?!%E!gK?!a)7#l(!%'3)�?!H(A:x!!!

!!
)J#kR%3�#P%],q$D5W%%%

! CPT!A&:!"?!Ah<!"')7$!C<2n!+,!)SA/(F!@!5<)7h!),!-!m! 
! CPT!32h!"?!3FAB?)$!-!A$1%q!)'!A/(F!@!+#J2.W!%'3)�?!),!m! 
!!^=l!5(<!w!!!!!!!!A$2==h!"=?!�='%TE!53%*=q!C<2==n!+=,!+=:!3<(A$)#==J(!C)=T'12E!1(!53)M#=J(m!!!!"==TZo!@)=S!5%=k

!A&h),!"?!3<2?!e'%E!53)Jw!!
X=f(Parents(X))!!�,(2E!1(!"f%,!@(%,f!m!!e./2,!�,(2E!-!O�?!!

MexicanUSCanadiancaNorthAmeri 66P!!
A.')7$!+U2E!+#J2.W!@)S%.�#?!0).?!C)P)QE<(!+,!!

nevaporatiooutflowionprecipitatlow
t

Level ((&$@
@

inf!!
%%%%%JI5(%IJ%V#~$J%[=^(%%)J#kR%3�#P%],q$D5W%|%%!!A=&`!C)T'12E!aA?OR!!!!!!e='(!+=,!%=c&?!V=J(!e=>7?!

!+:!32hw!!
s\ !@)SA/(FkUU ...1!!A$2h!"?!3<(2?!@!+7S!^?)h!!
|\ !^�#L?!0Ah!3<!a)7#l(iq!!)K&E!3<2?!%S!@(%, 

b $& ($77O j

i ikjj qUUUUXP
111 1)...,...|(!!

X!YEÙ\P XYE\P <D)?
)'!!

(8$(29M?4!!"k3<2f)?%J!!

s¹�!!�¹�!!F F F 
�¹s!!�¹�!!T F F 
�¹|!!�¹u!!F T F 

�¹s±�¹|³�¹�|!!�¹�u!!T T F 
�¹¯!!�¹¬!!F F T 

�¹s±�¹¯³�¹�¯!!�¹�¬!!T F T 
�¹|±�¹¯³�¹s|!!�¹uu!!F T T 
�¹s±�¹|±�¹¯³�¹�s|!!�¹�uu!!T T T 

!!

                                                   
1 !optimal decisions!!
2 !Value of information!!
3 !evidence!!
4 !Sensitivity analysis!!
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 %%%%/+I*J%V,9%/BpPh%%/-OO+%�/-@5'Hm%|%!!!!!!+=:!A=.')7$!<2yESubsidy!F!Buys!!!!F!+#L=Lk!@)=S!+>Q=h!
Harvest!F!Cost!A&h),!+#J2.W!@)S!+>Qh!m!!

!!
!r){#$(s!w!!+#LLk�!F!3)'1!@)S)Zf!@(<(3!VJ(!e>7?!CPTP!@)S!!Ah),!"$D2!m!!
!r){#$(|!w!3FAB?!C<2n!+,!5Ah!@A&,!%#?(<)W!3<(A$)#J(!@)S!53(2$)fm!!!

%/-��@5'H%V&��0D#R%V,��9#'�-(%|%!!!!!!!!@)SA==/(F!�==J2E!5A==h!+=='(<(!A==$1%q!%==.�#?!@(%==,!"P%==h!�,)==E![=='!+==,
!!!!-!g'A=&?1).$!+#L=Lk!@)SA=/(F!e>7?!r)L#$(!%S!@(%,!-!+#J2.W!!!04!e'%=E!a2=7T?-!!!!!;F)=k!"=Zf!aA=?!s!

-!Ah),!"?�!a)�?!0(2&I!+,!!!
))(,( cbhaN ttt [& P(Cost=c|Harvest=h,Subsidy?=true) =!!

:
:
;
<

=
=
>
?

::;
<

==>
? &(($

2
)(

2

1
exp

2

1

t

tt

t

bhac

[L[!!
!!!"Zf!%..�E!´%$!�J2#?-!!),!Harvest!�$)'<(F!F!|!!!32=h!"=?!V,)�!m!!!!!!@!+=&?(3!3<2=?!<3!"=Zf!%=..�E

!!!!!!!!!@!53FAB?!+:!"E<2n!<3!)?(!Ah),!"?!a2�T?%.�!-!^?):Harvest!!.L=,!-!A=h),!g:!!!!!"=?!<)=:!r2=f!<)
!A&:m!!

!! !!!!!!!!!!!!!!@)=S!�='12E!)=,!+#=J2.W!@)=S!+>Qh!@!+7SLG!!!A&=h),!"=?!!¶!!!!!!!A=&`!�='12E![='!-!+#=J2.W!O?)=:!�='12E
!Ah),!"?!"JF)k!@!5%.�#?m!!

!!!@!+>QhLG!!!+#J2.W!!º!!!!"P%h!"JF)k!@!+>Qh!['!-!+#LLkt!!!!!!!@!+>Q=h![='!A=.&:!+=U2E!-!A=h),!"=?!
!!!!!!"=JF)k!@!5%.�#?!A&`!!!!!!!!!!!!!"=?!)=S%.�#?!%'3)=�?!@!+#L=Lk!Y=.:%E!%=S!@(%=,!-!+#=J2.W!@)=S%.�#?!H)=7E!<3

!Ah),m!%%

                                                   
1 !linear Gaussian model!!
2 !variance!!
3 !conditional Gaussian network!!
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%%%%/-@5'H%V,9&C"*%,2%/-OO+%#'�-(%|%!!!a)=7#l(Buys!!!!!!�=J2E!5A=h!+='(<(!Cost!!!!@!+$)#=J4![='!@(<(3!A='),!
s!�!!H%$!)'!g'O?!�!Ah),w!!

!!
A,'v%Y$D5W�!!!!

JF)k!a(%6#$(!1("?!53)M#J(!!A')7$!"w!!
c d(

$e x
dxxNx ))(1,0()(!!

P(Buys?=true|Cost=c)=Ö((-c+ì)/ó) 
%A,'v%"#jw%%

|%!!!Ah),!"?!YE%?!VJ(<!}%P!1(!04!F!!!!!!@!+$)#=J4!)=,!A=$(2E!"=?!32h!"?!R)*#�(!+,!%c&?!+:!"')U!<3
!32h!5A'3!A&E!)'!V{Jm 

!! /-OO+%#'�-(%|%!A&$)?!!�'12ES!-)S!+>Qh!<3!!32h!"?!53)M#J(!gS!"QyI!@w!!

)2exp(1

1

[
a&((& c

 P(Buys?=true|Cost=c)= 

Sigmoid!!!!!!!!!!A=h),!"=?!@%EA=&9,!Y=E(%?!+,!H3!@(<(3!)?(!Ah),!"?!e.6$).?!}(%B$(!+,!+.Qh!"9>h!@(<(3!
w!!

                                                   
1 !threshold!!
2 !probit 
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!!
%%

%%%%8I,KP%,2%�,-6-@"|%!!2E!0FA=,!-!+#J2.W!@)S%.�#?!03%:!�7U!@(%,!"hF<!!!!!�'%=n!"*=')7$!"=To(F!A=./
!Ah),!"?!+$(A&7h2S!@3FAl!)E!F!Ah),!"?!)S!04!1(m!!@313!@!+>Qh!@(%,!@(!53)J!@2U!F!;%Ww%%

! !a)===7#l(4$$ ),,(),()|( yeXPeXPeXP 33!!!+===:!"')===U!<3!-!A==='<F).,!3)==='!+===,!(<y!
!Ah),!"?!0)K&W!@)S%.�#?!F8U!m 

! !a)7#l(!@!+#J2.W!�'12E!<3!�7U!),!VJ(!%,(%,!e'(m 
! ======================================================================================================.&:!+======================================================================================================U2E!A

)(),|( MaryCallsJohnCallsBurglaryPMaryCallsJohnCallsBurglaryP 55$ 3 
! !!e'(4 4E A

MJAEBP ),,,,(3!!@(%,!B=true!!!!!!!!%='1!C<)=QI!<(A=�?!A='),!)=?!-!A=h),!"=?!
!g.')7$!+QJ)B?!(<!w 

 4 4$
E A

AMPAJPEBAPEPBPMJBP )|()|(),|()()(),|( 3 

! !+/)L?�!),!+>Qh!['!n!+,!5%k!)2( nnO!VJ(!A&?1).$!+QJ)B?!!m 
! %:! <)f!),!(<!<(A�?!e'(!g.$(2E!"?!)?!g.')7$!53)J!-!�7U!1(!)S!"9Qo!03m 
! 4 4E A

AMPAJPEBAPEPBP )|()|(),|()()(3 

! !+,!12&S)2( nO!g'A&?1).$!+QJ)B?! 
%8I,KP%:-$I5~C"%%

!�,)EEnumeration-Ask(X,e,bn)!!;)J(%,!(<!�'12E!['XA$(3%k!"?%,!!!
!)S!@3F<F!!!!wX!-!!!2U!F!;%W!%.�#?!!

!!!!!!e#?!@(%,!5Ah!5AS)*?!%'3)�?!-!!%.�E!!
!!!!!!bn!@)S%.�#?!),!@8.,!@!+>Qh!['!-!YEX TT}{!!
!!!!;)J(%,!�'12E!['X!!Ah),!"?!"/)f!+./F(!C<2n!+,!+:!-!!¶X!+,!e:!YL#&?\Q(X)!!
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!!!!<(A�?!%S!@(%,ix!!1(X!5A,!H)c$(!(<!%'1!@)S<):!!-!!!
!!!!!!!e!<(A�?!),!(<!ix!@(%,!X!5A,!+TJ2E!!!
!!!!!!!Enumerate-All(Vars[bn],e)!B)( ixQ!!
!!Normalize(Q(X))!0(3%k%,!(<!!

!�,)EEnumerate-All(vars,e)!A$(3%k!"?%,!(<!"�.�l!3AI!['!!
!+:!"E<2n!<3Empty(vars)!VJ(!VJ<3!!3AIs¹�0(3%k%,!(<!!!

!!!Y " First(vars) 
!+==:!"E<2==n!<3Y!@(<(3!!<(A==�?y!<3!+==:!eVL==S!A==h),!"==?!!!P(y|Pa(Y))*Enumerate-

All(Rest(vars),e)!!0(3%k%,!(<!!
!C<2====n!e===='(!%====.�!<34 (%

y yesstAllEnumerateYPayP )),(var(Re))(|(!!<3!(<
!+:!"')Uye!!-e�J2E!5Ah!53(3!+TJ2E!!Y=y!Ah),!"?!0(3%k%,!!!
32,$DI"%NFIJ%%

!!
! !<3!g.7yE!@(%,!H1D!C)QJ)B?!-!Vf<3!e'(!3<2?P(B|J,M)!AS3!"?!0)*$!(<! 
! !3<(3!32UF!04!<3!@<(%>E!C)QJ)B?!@3)'1!3(ATE!+:!A.&:!+U2E!m 
! !g'%Q,!D),!(<!VI%J!g.$(2E!"?!)?!-!@<(%>E!C)QJ)B?!}jl!),!m 
%%%n%�H8I,KP%n%%n%N@"%&("I,.,0%!!!!A=h),!"=?!5A=h!<(%>E!C)QJ)B?!@(<(3!02`!m!!-!O�=?P(j|a)P(m|a)!

!<(A�?!%S!@(%,!(<e)B?!!A')7$!"?!+QJm!!
#'�-(%t¡T%,2%�,-6-@"%%%

! !!!zS)==:!)==S!04!1(!3A==c?!@!53)M#==J(!F!�')==#$!@<(A==K6$!)==,!(<!C)Q==J)B?!3(A==TE!g.$(2==E!"==?!)==?
!g.S3!m 

! !A.')7$!",)'1<(!¥`!+,!VJ(<!1(!(<!C<)QIm 
! !!!32==h!"==?!�==7U!+==:!@%==.�#?!�==J2E!5A==h!53(3!%.�)==E!@)==S!5%==k!@(%==,!�==�q!)==S!",)=='!~2==7c?

!32h!"?!H)c$( 
!=='!~2==7c?!!!!�')==#$!F!A==.S3!H)==c$(!¥==`!+==,!V==J(<!1(!(<!",)X@)==S<2#:)q!\!!1(!@%.k2==9U!@(%==,!(<!"$)==.?

!A.')7$!5%.f�!3Ac?!@!+QJ)B?m!!
! !A.&:!+U2E 

C C4 4$
e

M

a

JAEB

amPajPeBaPePBPmjBP fgf hifgf hifgf hi )|()|(),|()()(),|( 3!!
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44$
a Me

afajPeBaPePBP )()|(),|()()(3!!
44$

a MJe
afafeBaPePBP )()(),|()()(3!!
)()(),,()()( afafebafePBP MJa Ae 44$ 3!!
X!~27c?(A4$

e JMA
ebfePBP ),()()( _3!!

X!~27c?E\!)()( bfBP
JMAE

(($ 3!!
)()( bfbf

JMAE
B ((%$ 3!!

! !!)===?!-!OQ===oP(M|a)!F!)|( aMP 7!!!!�'%E)===?!<3!(<!04!�')===#$!F!g'3%===:!+Q===J)B?!(<!Mf!
!g'327$!@<(AK6$m 

! !@(%,!+,)*?!<2P!+,P(J|a)!F!)|( aJP 7!<3!Jf<(AK6$!!A$2h!"?!@ 

! !@!+c.#$P(A|B,E)!�'%E)?!['!C<2n!+,!222 %%!<3!AF!32h!"?!@<(AK6$!m 
! !@(%,!e>7?!�9#{?!%'3)�?!@(%,!�7U!@!+QJ)B?!+,!)?!�GJA!g'A&?1).$! 
! !),!VJ(!%,(%,!~27c?)()(),,( AfAfEBAf Ma JA4 

! !g.$(2E!"?!)?E!+,)*?!"hF<!+,!gS!(<!!g.')7$!+QJ)B?!-m 
! !g.S3!"?!H)c$(!)U!e'(<3!(<!)'2W!"L'2$!+?)$%,!)?m 
! !"kA.�.W 

o !!!!)S!"#f<3!A&`X!w!!5%=k!F3!%S!0).?!g.�#L?%.�!%.L?!['!\�!!!!@3(A=TE!0)=.?!<3!"=Zf!
!)S!5%k!1( 

o !^y#?!@!5Ah!r%i!@)S!5%k!!w!Ah),!"?!"')7$!C<2n!+, 
!!

%n%�H%%3@,@"%],'=K4%%%#'�-(%t¡T%V"#2%|%!(<!%.�#?!['!!!!!!A=.')7$!"=$1!�=7U!)=S<2#:)q!1(!r%=i!['!1(
w!!!!!!A==.')7$! <)==f!(<!"==$1!�==7U!1(! <)==f!V==,)�!<2#:)==q!%==S!m!!!@(!+==Z�$!r%==i!<3!(<!)==S!�'%E)==?!%=='1

!A.')7$!+q)i(!5A$)?!"o),!@)S<2#:)qm!!
!+:!A.&:!¡%q iff ,...,1 !+,!-X!A&h),!"7$!+#L,(F!m!!@)S<2#:)q!@(!+Z�$!r%i 1f!F!2f!w!!

),...,,,...,,,...,(

),...,,,...,(),...,,,...,(

111

112111

lkj

lkkj

zzyyxxf

zzyyfyyxxf

$
%

!!
),,(),(),( 21 cbafcbfbaf $%!!

#'�-(%t¡T%:-$I5~C"%%
!�,)EElimination-Ask(X,e,bn)!!;)J(%,!(<!"T'12E!�,)E!e'(!-X!A$(3%k!"?%,!!!

!)==S!@3F<F!wX!!!-!A==h),!"==?!2c#L==U!%==.�#?![=='!+==:!e!!![=='!C<2==n!+==,!5A==h!�=='%TE!"#,)==�!-!
==?!3(A=='F<!-!A==h),!"bn!!�=='12E!@!5A==&&:!e.==T?!@!+>Q==h![=='!-!@!+#==J2.W!),...,( 1 nXXP!!"==?
!Ah),!!

Reverse(Vars[bn])!¶!vars!�![ ] !¶!factors!!
!%S!@(%,var!<3!vars5A,!H)c$(!(<!%'1!@)S<):!!!
! ![Make-Factor(var,e)|factors]!¶!factors 
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!+=====:!"E<2=====n!<3var!!V=====J(!0)=====K&W!%=====.�#?![====='!Sum-Out(var,factors)!¶!
factors 

Normalize(Pointwise-Product(factors))0(3%k%,!(<!m!!!
%©52#(,0%V,9#'�-(c%|%!A.&:!+U2E!%'1!@2U!F!;%W!+,w!!

P(JohnCalls|Burglary=true) 

444$
mae

amPaJPebaPePbPbJP )|()|(),|()()()|( 3!!
!!

!@F<!%,!�7Um!0)L>'!C<2n!+,!s!�!Ah),!"?!M!Ah),!"?!�2,%?)$!2UF!;%W!+,!!!
!!@!+.�=os!w!Y!!!+=:!e'(%==6?!V=J(!�2,%?)==$!)}({ EXAncestorsY T+!A==h),!m!!e=='(!<3

!-!)====================================================================================================================UX=JohnCalls,E={Burglary}!F!
},{)}({ EarthquakeAlarmEXAncestors $T!!e'(%,)===&,!-!A===h),!"===?MaryCalls!"===?!�2,%?)===$!

!A==h),m!X!!<3!2==U!F!;%==W!1(!;2==>T?!@!5%==.c$1!)==,!(<!Y==9Z?!e=='(KB!@)==S!C<)==QI!+L==')�?!@<2G.==h!
!A.')7$\!!
%%t"#+�'1kW%�%%%%\'2%V%/BpP%<!!A=&&:!"?! (F31(!0(A/(F!H)7E!X!!!A$2=h!"=?!V=MU!\!!!!+#=h(3%,!)=S!0)=>.W!F

!A$2h!"?m!!!
!�==='%TE!wA!-!m!�5A===h!d#*===?!!t!1(!B!�===J2E!C!!!�===J2E!+===:!"E<2===n!<3!A===h),!"===?!C}(%===k!<3!!
£.{*E!Ah),!5Ah!d#*?!m!!!
!@!+.�===o|!w!Y!!!!+===:!"E<2===n!<3!V===J(!�2,%?)===$!m!�!!1(!5A===h!d#*===?!X!�===J2E!E!A===h),!m!(%===,!@

P(JohnCalls|Alarm=true)!gS!-!Burglary!gS!F!Earthquake!A&P2,%?)$!m!!
�'vJ%�,-6-@"%3+&'�'H%%%

|%!['!+,!['!C<2n!+,!5Ah!^y#?!@)S!+>Qh�!X!!"#f<3!A&`!)'!w!\!!
!� A$(!5Ah!^y#?!gS!+,!%.L?!['!),!%�:(Al!5%k!F3!%S!!
!� %.�#?!@)�q!F!0)?1!}jl!@!+&'8S-!!),!VJ(!%,(%,!)( ndO k 

�!!@<A,%i!C<2n!+,!5Ah!^y#?!@)S!+>Qh�!w!!!
!� !A&S3!zS):!d.o3! )#&#J(!@(%,!A&$(2E!"?!(<!e'86')U!+J!¶NP-hardAh),!"?!!!
!� !A$%,(%,!"&'86')U!+J!),!@)S!aA?!R<)7h!),!!¶#P!�!Ah),!"?!^?):!m 

!!
CBA 66.1  , ADC 766.2  , DCB 766.3  

%3v,XW"%VD,@%/'pP%,2%�,-6-@"h3RJ,7Wm%%%
                                                   

1 !irrelevant variables!!
2 !moral graph!!
3 !m-separated!!
4 !Singly connected networks!!
5 !Multiply connected networks!!
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|%!"J)J(!@!5A'(w!!
s\ !@)S!+$27$N!@!+$27$!�'12E!['!1(!(<!"')E!S!A.')7$! (%{#J(!!!
|\ !"9Qo!"Q'%�E!a)7#l(!['!5

P!!A.')7$!+QJ)B?!(< 
t\ !VJ<3!<(A�?!),!(<!^n)l!PA.')7$!+L')�?! 

!!
!+nOf!w!"/)f!@!+>Qh!['!1(-!27$!A.')7$!@%.k!+$!m!!!

!@%.k!+$27$!3<s!w!!A.&:!3<!!(<!V,)�!),!dq(2?)$!@)S!+$27$!m!!
!a)7#l(!�'12E|!w!!A.&:!53)M#J(!a)7#l(!@)S!�'12E!@(%,!V,)�!1(m!!!

!!!!!!2/<):!V$2?!}2:<)?!@!5%.c$1t!!w!!!!!!532=,!V=J<3!04!"=9Qo!V=,)�!�='12E!+:!"q3)yE!R1(3%W!['!1(-!!
!A.&:!@<(3%,!+$27$m!!!

V#'+%/05K03C,F%V%/BpP%s$%D"%%{%%%
!�,)EPrior-Sample(bn)!!1(!5Ah!@<(3%,!+$27$!3(A'F<!['bn!A$(3%k!"?%,!(<!!m!!

!)S!@3F<F!wbn!e.T?!�'12E!),!+>Qh!['!-!),...,( 1 nXXP!m!!!
!),!3(A'F<!['n!%y&I!!!¶x 

!@(%,i=1!)E!n5A,!H)c$(!(<!%'1!@)S<):!!!
! !!1(!"q3)yE!@!+$2$!['))(|( ii XparentsXP¶!!!ix!!
! !!%'3)�?)( iXParents!!<3!32U2?x!A'<F4!VJ3!+,!(<!!mx0(3%k%,!(<!!!

 

                                                   
1 !rejection sampling!!
2 !Likelihood weighting!!
3 !Markov chain Monte Carlo (MCMC)!!
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!! !!+:!e'(!a)7#l(PriorSample!!3<F).,!32UF!+,!(<!5¤'F!3(A'F<!['!!
b$ $$ n

i niinPS xxPXparentsxPxxS
1 11 )...())(|()...(!!

!A.&:!+U2E!"9Qo!VJ<3!a)7#l(!+,!!
),,,(324.09.0*8.0*9.0*5.0),,,( ttftPttftSPS $$$!!

!!!A=.')7$!<2y=E)...( 1 nPS xxN!!!!+=$27$!3(A=TE!!!!!!!3(A='F<!@(%=,!5A=h!A=./2E!@)=Snxx ,...,1!!!e=='(!<3!-!A=h),
!g'<(3!C<2nw!!

NxxNxxP nPS
N

n
N

/),...,(lim),...,(�lim 11 d"d"
$!!

)...(),...,( 11 nnPS xxPxxS $!!
!1(!5Ah!d#*?!+:!)S!e.7{E!e'(PriorSample!A&h),!"?!<)k1)J!-!A&h),!"?!!!

!<)y#f(!+,w!!
)...(),...,(� 11 nn xxPxxP 0!!

V#'+%/05K0%JI%%
)|(� eXP!!),!<)k1)J!@)S!+$27$!1(!53)M#J(!),e!32h!"?!531!e.7{E!m!!

!�,)ERejection-Sampling(X,e,bn,N)!!1(!"&.7{EP(X|e)!A$(3%k!"?%,!(<!!!
!!!"9B?!@)S%.�#?!wN!!!!3<2=?!<3!@)=S!R<)7=h!1(!<(3%,!['!-!X!!!!!!<(A=�?!@(<(3!+=./F(!C<2=n!+=,!+=:!-!
!Ah),!"?!%Mn!!
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!@(%,j=1!)E!N<!%'1!@)S<):!!5A,!H)c$(!(!!
! !Prior-Sample(bn)!¶!x 
! !!+:!"E<2n!<3x!),!e!VJ(!<)k1)J!!!
! !! !!+:!"')U!<3x!1(!@<(A�?!X!0F<3!x!Ah),!"?!N[x]+1¶!!N[x]!!!

Normalize(N[X])!0(3%k%,!(<!!
!e.=======7{E!-!O�=======?P(Rain|Sprinkler=true)!1(!53)M#=======J(!)=======,!s��+=======$27$!!-!|v!@(<(3!+=======$27$!
Sprinkler=true!!!!!A=h),!"?!!-!1(!!!)=S!e='(u!!@(<(3!)=E!Rain=true!F!s�!!@(<(3!)=E!Rain=false!!"=?!

!Ah),m!!
704.0,296.0)19,8()|(� $$$ NormalizetrueSprinklerRainP!!

!Ah),!"?!",%cE!"To(F!@).$3!['!e.7{E!a(F<!+.Qhm!!
V#'+%/05K0%JI%Q'=}W%%

),()|(� eXNeXP PS3$!Xg#'<26/(!�'%TE\!!
)(/),( eNeXN PSPS$!X!�J2E!5Ah!@1)J!a)?%$)(eN PS!\!!
)(/),( ePeXP0!X!V.n2yfPriorSample\!!!

P(X|e)X!"P%h!a)7#l(!�'%TE\!!
!A$(3%k!"?%,!(<!"9Qo!@<)k1)J!@)S!e.7{E!-!@%.k!+$27$!3<!e'(%,)&,m!!

!+/)L?!w!+:!"E<2n!<3!-!(<)`)$P(e)!Ah),!"?!+&'8S%W!Ah),![`2:!m!!
P(e)F<!-!5(2k!@)S%.�#?!3(ATE!),!"')7$!C<2n!+,!!32h!"?!(%.?!)'!A&:!"?!"P!(<!"/F8$!A$«!!

%z,K-T"%Y$D5W%%%
!5A=='(!w!!!!a)==7#l(!�==J2E!+==$27$!%==S!�=='12E!F!V==,)�%.�!�==�q!@)==S!+==$27$!)==,!@)==S%.�#?!-!V==,)�!!@)==S%.�#?

!A&S3!"?!dqF!(<!V,)�XA&:!"?!<)k1)Jm!\!!
!g#'<26/(w!!
!�,)ELikelihood-Weighting(X,e,bn,N)!!1(!"&.7{EP(X|e)$(3%k!"?%,!(<!!A!!

!"9B?!@)S%.�#?!wW!a2l!5Ah!�'12E!@)S!R<)7h!1(!@<(3%,!-!X%Mn!@!+./F(!<(A�?!),!-!!!
!@(%,j=1!)E!N!5A,!H)c$(!(<!%'1!@)S<):!!!

! !)(, bnSampleWeightedwx (B!!
! !!+:!"')U!<3x!1(!@<(A�?!@(<(3!X!<3!32U2?!x!Ah),!"?!wxWxW &B ][][!!

Normalize(W[X])!0(3%k%,!(<!!
!!

!�,)EWeighted-Sample(bn,e)!!A$(3%k!"?%,!(<!�'12E!['!F!3(A'F<!['!!
!),!3(A'F<!['n!%y&I!!!¶x!�!s!!¶!w 

!@(%,i=1!)E!n!5A,!H)c$(!(<!%'1!@)S<):!!!
! !!+:!"E<2n!<3iX!!<(A�?!['!@(<(3ix!!<3!32U2?e!Ah),!"?!!!
! !! !))(|( iii XparentsxXPww $%B!!
! !! !<3!!1(!"q3)yE!@!+$27$!['!C<2n!e'(!%.�!))(|( ii XparentsXP!!¶!ix!!

x,w0(3%k%,!(<!!!
z,K-T"%Y$D5W%z,�(%%
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w=1.0 
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w=1.0*0.1 

 
w=1.0*0.1*0.99=0.099 

z,K-T"%Y$D5W%Q'=}W%%
!!!@(%==========,!a)===========7#l(!�=========='12EWeightedSample!!!!V==========J(!%==========='1!C<2==========n!+===========,w 

b $$ l

i iiWS ZparentszPezS
1

))(|(),(!!
!!+#>$!w!!!!!!!!0).&.*=.W!<3!�=�q!V=,)�!+=:!A.&:!+U2E!)=S!X!!3(A=U(!\!!!A=h),!"=?!!!"$)=>?!<3!!!+=c.#$!<3!�!!0)=.?!<3!�

!3<(3!32UF!V,)�!)S!%E!"9Qo!F!"9Qom!!

!! !@!5Ah!+'(<(!@!+$27$!['!@(%,!�'12Ez,e!Ah),!"?!%'1!C<2n!+,!w !!
b $$ m

i ii EparentsePezw
1

))(|(),(!!
!Ah),!"?!%'1!C<2n!+,!a)7#l(!@!5Ah!�'12E!@!+$27$w!!

bb $$ $$ m

i ii

l

i iiWS ezPEparentsePZparentszPezwezS
11

),())(|())(|(),(),(!!
X+>Qh!"?27I!"$)T?!@!+9.JF!+,\!!
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!!!!!!!!!!!!!3(A=TE!)=,!12=&S!3%=>97I!)=?(!-!A=$(3%k!"=?%,!(<!<)k1)=J!@)S!e.7{E!-!a)7#l(!�'12E!-!C<2n!e'(!<3
!!!!!!!!!!!!!(<!)=S!�='12E!@!+=7S!)=Q'%�E!)=S!+=$27$!1(!"=7:!3(A=TE!(%='1!-!A=,)'!"=?!zS):!V,)�!@)S%.�#?!1(!@3)'1

!A$<(3m!!
%D"%)J,X-@"%,2%3p$#�W%�,-6-@"MCMC%%

!�!V.TiF!�!+>Qh!³+7S!+,!@<)U!r)L#$(!)S%.�#?!@!m!!
!!!!"==?!A==./2E!}2:<)==?!@!+=='D!@!5A==h!+=='(<(!%==.�#?![=='!1(!@<(3%==,!+==$27$!@!+9.==JF!+==,!(<!@A==T,!V==/)l

!A')7$m!!
!A')7$!"?!@<(AK6$!(<!5Ah!V,)�!V,)�!-!V*k%,!<3!%.�#?!%S!@!+$27$m!!

:-$I5~C"<%%
!�,)EMCMC-Ask(X,e,bn,N)!!1(!e.7{E!['P(X|e)A$(3%k!"?%,!(<!!!

!!!"9B?!@)S%.�#?!wN[X]!a2l!@)S!R<)7h!1(!<(3%,!['!-!X!!!!!"=?!%M=n!<(A=�?!@(<(3!(A=#,(!<3!+:!-!
!Ah),!!

Z!<3!V,)�!%.�!@)S%.�#?!-!bn!!
x!1(!(A#,(!<3!-!+>Qh!@<)U!V.TiF!-!e!"G:!X+#q%k!\!5Ah!!

x!0F<3!@)S%.�#?!"q3)yE!%'3)�?!),!(<!Y!A.')7$!+./F(!"S3<(A�?!!!
!@(%,j=1!)E!N!5A,!H)c$(!(<!%'1!@)S<):!!!

! !(%,!%S!@iZ!!<3Z!5A,!H)c$(!(<!%'1!@)S<):!!!
! !! !!<(A�?!@!+$27$iZ!<3!x!1(!))(|( ii ZmbZP!!
! !! !! !!%'3)�?)( iZMB!!0F<3x5Ah!+'(<(!!!
! !! !!<(A�?!+:!"')U!<3X!0F<3!x!-!Ah),!"?!N[x]+1!!¶!N[x] 

Normalize(N[X])!%,!(<0(3%k!!
!g.')7$!r){#$(!0)?1!%S!<3!"q3)yE!C<2n!+,!+$27$!@(%,!(<!%.�#?!['!g.$(2E!"?!e.&�7Sm!!

t5.I,(%V%)#'L0D%%
),!Sprinkler=true , WetGrass=true!!g'<(3!V/)l!<)K`!-w 

!!
%z,�(MCMC 

P(Rain|Sprinkler=true,WetGrass=true)!!A.$8,!e.7{E!(<m!!
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!!1(Cloudy!!!)'!Rain!!!!!!!!!!!!<(%=>E!(<!<)=:!e='(!F!A=.')7$!@<(3%=,!+=$27$!-!}2:<)=?!@!+'D!�J2E!5Ah!+'(<(!
!A.')7$m!!

!+:!(<!"E)Tq3!3(ATERain!A.')7$!R<)7h!)S!+$27$!<3!(<!VJ(!�9�!F!VJ<3!!m!!
!!@(<(3!O�=====?s��!!!<3!-!g.#L=====S!V.T=====iF!ts!!!g====='<(3!V.T=====iF!Rain=true!<3!F!¯�!V.T======iF!
Rain=false!Ah),!"?!m!!

69.0,31.0)69,31(),|(� $$$$ NormalizetrueWetGrasstrueSprinklerRainP!!
!!+.�o!w!!<3!!!!V,)�!�'12E!),!5%.c$1sw!!!"$D2P!@(%U(|CA?!!V.T=iF!%S!<3!-!!!!!!)=,!V=J(!Y=J)&#?!)=�.o3!

!04!"9Qo!a)7#l(m!!
t5.I,(%V%/$�%D"%V#'+%/05K0%%

!}2:<)?!@!+'DCloudy!-!Sprinkler!F!Rain!Ah),!"?!m!!
!}2:<)?!@!+'DRain !-!Cloudy!-!Sprinkler!F!WetGrass!Ah),!"?!m!!

!!!32h!"?!+QJ)B?!%'1!C<2n!+,!}2:<)?!@!+'D!�J2E!5Ah!+'(<(!a)7#l(w!!

b +

$1

)(

'

))(|(

))(|())(|(

ij XChildrenZ jj

iiii

ZparentszP

XparentsxPXmbxP

!!

!H).W!@!5A&&:(%U(!@)S!g#L.J!<3!"k3)J!+,t!32h!"?!+#q%k!<):!+,!)S8�?!F!m!!
!"9n(!"E)QJ)B?!^')L?w!!

s\ g'(!5A.J<!"'(%67S!+,!)'4!g.'26,!+:!VJ(!^>*?!!
|\ !+'D!+:!"E<2n!<3!!Ah),!5A')q!",!VJ(!e>7?!-!Ah),!"$D2P!}2:<)?!@w 

))(|( ii XmbXP!!A&:!%..�E!3)'1!C<2n!+,!A$(2E!"7$!!
%N2,�%NpO0%/2%G$"\R"�%%

! !VJ(!5Ah!53(3!+TJ2E!5%k!)S!An!+,!@8.,!@)S!+>Qh!z'(8q(!@(%,!RF<!@3(ATEm 
! !@A&,!+#J3� 

o +$)kA&`!Vf<3!['!C<2n!+,!+>Qh!Vf)J!@(%,!)S!5%k!A$2h!"?!^y#?!gS!+,!m 
o CPT!VJ(!5Ah!53)J!)?!@!+>Qh!<)#f)J!)?(!-!A&:!"?!Ah<!5%k!<3!m 

! ! )#&#J(!e.7{E 
o !!!!@<(3%=,!+$27$s!!!!!2/<)=:!V=$2?!|!!!!!!!!"=?!53)M#=J(!"P%=h!@)=S!a)=7#l(!031!e.=7{E!@(%=,!

!32h!m 

                                                   
1 !stationary distribution!!
2 !long-run!!
3 !message-passing!!
4 !scaling up 
5 !clustering 
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%5CI,.%N05(%VI"J#2%/05K0%z,�(%%
! !!!!!!!!#$(!(<!"q3)y=E!@!+=$27$!['!F!A.')7$!~F%h!+>Qh!@D),!1(!!!A=.&:!r)={X!m!!!!+=:!A=.&:!<2y=E

Ah),!"?!VJ<3!04\ 
! !A.*>,!z$(A$1%q!1(!(<!"q3)yE!@!+$27$!['!m!032,!VJ<3!%,!�F%*?m 

o P(Sprinkler|Cloudy=true)=<0.1,0.9>!!!!!!r)=={#$(!(<!�=9�!)=?!+=:!A=.')7$!<2y=E!
!g'327$m!!

o P(Rain|Cloudy=true)=<0.8,0.2>!m!!!!r)==={#$(!(<!V===J<3!)===?!+===:!A===.&:!<2y===E
!g'327$ 

o P(WetGrass|Sprinkler=false,Rain=true)=<0.9,0.1>!m!!!+==:!A==.')7$!<2y=E
!g'3%:!r){#$(!(<!VJ<3!)?m 

! !@(%,!+$27$!['!)?!+,!e'(.7' WetGrassRainSprinklerCloudy ,,,!AS3!"?!+'(<(!m 
! !!!!!!!!!!!1(!"====&.7{E!e===='(!-!g.====S3!z'(8====q(!(<!)====S!@%====.k!+====$27$!3(A====TE!)====?!+====:!"E<2====n!<3

.7' WetGrassRainSprinklerCloudy ,,,!AS3!"?!+'(<(!(<!m! 

 
%N'q^v%o&4%/2%#~$J%V,9%8#~0%%

! !¡%q!z.W!aDA#J( 
o "�Z&? 
o !�!g.$(3!"?!)?!-!+$%kFA!1(!B!A&:!"?!V.TQE!� 

! !%#LG?3�!%M.h! 
o !A&:!"?!">'!-!a)7#l(!),!(<!V.TZo!HAI 

! @1)q!dZ&? 
o !A$(3!"?!1)c?!A&#LS!VJ<3!@Al)E!+:!(<!"')S!C<)QI!m 

%V\'2%V,9%/BpP%V,9J#2I,.%%
! !£.{*EX53%#Lk!<2P!+,32h!"?!53)M#J(!Vq)JF%>.?!CD2yB?!<3!@(!!\ 
! "QP!£.{*E 
! !A&h),!"?!;)&h)$!+:!">.$F%#>/(!@)S!+?)$!0327$!%#9.qt 
! !5%Qf!@)S!g#L.J!<3!3%,<):X]&'<2#.$)?-!^')JF!a%#&:\ 

                                                                                                                                                         
1 !sampling 
2 !Monte Carlo 
3 !spam filtering 
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! ![.E2,F<!a%#&:!!
/EUF%%%%

! 8.,!@)S!+>Qh@!A&')7$!"?!).K?!"P%h!aO�#J(!@(%,!(<!"T.QP!@!+'(<(!['!m! 
! N2/2W2E!@!ºCPT!)S!!³+#J2.W!�'12E!@!53%*q!@!+'(<(!m! 
! !)S!5%Qf!@(%,!RA./2E!D27T?X!)S!5%Qf!%.�!\!Ah),!"?!0)J4!m 
! !3<(A$)#J(!C)T'12E!X!A&$)?OR!R)*#�(!!³!\!@!53%*q!@!+'(<(CPT)S!!m! 
! !5Ah!@A&,%#?(<)W!C)T'12E!YQJ!-!+#J2.W!@)S%.�#?X"Zf!"JF)k!\!A$2h!"?m 
! }jl!),!d.o3! )#&#J(!%.�#?!w%%

o !!!!!!!!!!!g.=S3!H)=c$(!<),!A&`!<3!(<!z')?14!%k(X!!"$)=?1!A=&`!\!!!!-!+=$)kA&`!@)=S!V=f<3!<3
NP-hard!32h!"?!YQJ!"?27I!@)S!}(%k!<3!(<!m!!

o !)�q!³VJ(!�l!^,)o!"9.f!-!@N2/2W2E!@(%,!-!0)?1!!
%%

%Y2,6(<%%
http://www.cs.usfca.edu 

pdf.a14chapter/pdf-slides/edu.berkeley.eecs.aima://http%%
pdf.b14chapter/pdf-slides/edu.berkeley.eecs.aima://http%%

 
 

http://www.cs.usfca.edu
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%%
 

%%

&234!B6FC+@&&
&&

!+#$9)!?$>!X89
X$A'D*

%&,-+./!"#$%&'(&)*+&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%*#T%/2%t%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

%z,K-T"%30,(D%V,9%z&(c%%
%Q7RP:9J\0,%%

%%
[C,^(%A5$I%%

 N'q^v%o&4%*%!,(D 
 %�,-6-@"%<%�6$#-='R�%36'2%G'H%n%e9%n%%VD,@I"5K� 
 %t5.I,(%3X1(%V,9%z&(� 
 %MKC,.%V,9#-='R�h%#7-1(%V%)I,P"%s$m 
 \'2%V,$5H%V,9%/BpPV%� 
 %V"%)I´%�6$#-='Rb 

%%
N'q^v%o&4%*%!,(D%|%!"'2k!z.W!F!@%.k!51(A$(!(<!0)?1!+:!g'<(3!1).$!)?!�!A&:!"?!%..�E!0)KU

!g.')7$m!!
%N2,$J%N$#$&(h&6v%µ#(%mI"\2"%N$#$&(%*%%%

|%J(!@!5A'(!"J)!w0)?1!@!+9l%?!%S!@(%,!V,)�!@)S%.�#?!F!V/)l!03%:!"G:!!
tX!!³!!!!!0)=?1!<3!5AS)*==?!^=,)o!%==.�!V.T=iF!@)==S%.�#?!1(!@(!+=I27c?t!m!!!A==&o!-!a)==�?!0(2=&I!+==,

!!@!+==pB/!<3!02=ftX!tBloodSugar!\!0)==?1!<3!5A==T?!C)=='2#B?!-tX!ttentsStomachCon!\
!Fmmmm!m!!!

tE!³!!!0)==?1!<3!5AS)*==?!^==,)o!V==,)�!@)==S%.�#?!1(!@(!+==I27c?t!!<3!02==f!A==&o!@!51(A==$(!-!O�==?!-!
!0)===?1tX!toodSugarMeasuredBl!\!!@!+===pB/!<3!0),%===i!@!51(A===$(!-tX!tPulseRate!\!-

                                                   
1 !temporal probability models!!
2 !filtering!!
3 !prediction!!
4 !smoothing!!
5 !Hidden Markov models!!
6 !Kalman filters!!
7 !Dynamic Bayesian networks!!
8 !Particle filtering!!
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!0)==?1!<3!5A==h!53<2==f!@(j==�tX!tFoodEatenm!\!<(2==?!!"==?!^�#L==?!"$)==?1!C)==iF%M?!-!�2==q!3
!Ah),!"?!0)?1!+,!+#L,(F!-!+9l%?!@!51(A$(!�!A&h),m!!!

!Vh(33)'w!bbaaba XXXXX ,,...,, 11: (&$!!
%%

3�#P%V,9%3~-O2"*%!J"J%G9,.%%
! !!A&h),!)?!@)S!aA?!<3!A'),!"J)J(!"P%h!@)S!�)QE<(!��q!m!!!!!"=9.f!-!C<2=n!e='(!%=.�!<3

!32,!AS(2f!5A.�.Wm 
! E!zS):!@(%,!"E)>$!%.�#?!@)S!"6#L,(F!3(ATw 

o !!!%6Ll!aA?�!!!!!!A=h),!"=?!@<)U!V.TiF!+,!+#L,(F!~27c?!<3!^./3!!!m!!!!+=,!@)=S!a)y=E(
!8?%o!]$<X%E!¢<8,!@)S!e.`!�f!\!3<(3!"?%,!(<m 

o !!!}2:<)?!¡%qs!�!!!@<)U!V.TiF!X!!³!!!!"=9Qo!@)=S!V.T=iF!3FA=B?!@!+�{'<)E!\f!m!
!",4!]$<!+,!@)S!a)yE(X%E![`2:!@)S!e.`!�f!\!"?%,!(<!3<(3m 

o !V,)�!@!51(3%W!¡%q�!@)S!z?!!|!+9l%?!%S!<3!0)L>'!"P%h!m 

 
%t5.I,(%V,9%8D"J#Hht5.I,(%V,9%)#'L0Dm%%%

|%!)S%.�#?!1(!}2:<)?!@!+>Qh!['!A./2E!w!!
!}2:<)?!¡%q!wtX!1(!<(A$(%:!@(!+I27c?!%'1!+,!+#L,(F!1:0 (tX!!Ah),m!!!
E%?!R1(3%W!}2:<)?!aF(!@!+Qw!!

)|()|( 11:0 (( $ tttt XXPXXP!!
!}2:<)?!HF3!@!+QE%?!R1(3%Ww!!

),|()|( 121:0 ((( $ ttttt XXXPXXP!!

!! !!
                                                   

1 !Markov Assump 
2 !mechs 
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!! !}2:<)?!%6Ll!¡%qw!!
)|(),|( 1:0:0 ttttt XEPEXEP $(!!

!!!V,)�!R1(3%W!w!!!!!V.T=iF!aA=?)|( 1(tt XXP!!!!%6L=l!aA=?!F)|( tt XEP!!!!!%'3)=�?!@!+=7S!@(%=,t!
?!V,)�!Ah),!"m!!

z,�(%%

!! !Ah),!"7$!�.Bn!"To(F!@).$3!<3!)�.o3!-!}2:<)?!aF(!@!+QE%?!¡%q«!m!!!
!e>7?!3<(2?w!!

s!m !+QE%?!z'(8q(s}2:<)?!R1(3%W!@!!!
|!m !!!!!V.TiF!^.7>E|!!!@!+=pB/!<3!)=?3!0327$!+q)i(!-!a)�?!-!tX!tTemp!\!!!@!+=pB/!<3!<)*=q!F

tX!tessurePr\ 
!a)�?!wlC),F<!V:%m!! !!!

!@%E),!0)?1!),!VI%J!F!V.TiF!^.7>EXtBattery\!!
%3;,-6-@"%V,9I,.%%

|%!]&'%#9.q!w)|( :1 tt eXP!m!!!
!V.TiF�!Ah),!"?!aA#L?!@!+M/2?!['!@%.k!g.7yE!R1(3%W!@(%,!-!@3F<F!m!!!
!!!"&.,!z.W!w)|( :1 tkt eXP &!!!@(%,!k>0!!w!!)S<):!",)'1<(!!!!�!e=>7?!g=S!%J!V*W!@!!!!]=&'%#9.q!+.Q=h

!Ah),!"?!V,)�!0FA,m!!
!!@1)=J<(27S!w)|( :1 tk eXP!@(%==,!tk ',0!!@%.k3)=='!@(%==,!-!+#==hjk!@)==S!V.T==iF!%==#K,!e.==7{E!

!Ah),!"?!@<F%im!!
!�.i2E!e'%E!+.Qh!w)|(maxarg :1:1:1 ttx exP

t!!!
!e{J!Vf)&hF<(3!a)$):!['!),!"')*k!8?<!R)*#�(!@(m!!!

%%
�6$#-='R%#2%3=.I*#(%%

                                                   
1 !Increase order!!
2 !Augment state!!
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!! !53(3!w!a)l!0)?1!+,!%Mn!0)?1!1(!@AS)hX!"6#Lf!-!a)�?!0(2&I!+,s!YE!-!|!"&.,!R8'%,4!-!t!\!!
!+QJ)B?!w!@<)U!@!5Ah!53(3!V.TiF!['!a)7#l(X!(8$(29M?4!-!a)�?!0(2&I!+,�\!!!
�6$#-='R%|%!}AS!w!V/)l!"#*k1),!e.7{E!g#'<26/(!['!�*:w!!

))|(,()|( :111:11 ttttt eXPefeXP &&& $!!
!!

)|()|(

)|(),|(

),|()|(

:1111

:11:111

1:111:11

tttt

ttttt

ttttt

eXPXeP

eXPeXeP

eeXPeXP

&&&

&&&

&&&&

$
$

$

3
3!!

!"&.,!z.W!-!A.&:!+U2E!º!e.7{E!m!03%:!�7U!),!"&.,!z.WtX!w!!
4 &&&&& $

tx ttttttttt exPexXPXePeXP )|(),|()|()|( :1:11111:11 3!!

4 &&&$
tx tttttt eXPxXPXeP )|()|()|( :11113!!

!!!!!+=:!"')U!<3)|( :1:1 ttt eXPf $!!!-!),( 1:11:1 && $ ttt efForwardf!!!A=h),!"=?!
!m!!

!V,)�!)�q!F!0)?1!1(!^�#L?!F!A&#LSt!A&h),!"?!m!!
!!

%\'2%!50,v%V%/-R,$%:'KqW%%
)|(

)|(),|(
),|(

eXP

eYPeYXP
eXYP $!!

!C)Q�(w!!
)|(

)|(),|(

)()|(

)()|(),|(

),(

),(),|(

),(

),,(
),|(

eXP

eYPeYXP

ePeXP

ePeYPeYXP

eXP

eYPeYXP

eXP

eYXP
eXYP $$$$

!!
�6$#-='R%IJ%\'2%!50,v%V%/-R,$%:'KqW%%

                                                   
1 !tiredness 
2 !fever 
3 !runny nose 
4 !influenza 
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)|(),|(
)|(

)|(),|(
),|( :11:111
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:11:111
1:11 ttttt

tt

ttttt
ttt eXPeXeP

eeP

eXPeXeP
eeXP &&&

&

&&&
&& $$ 3!!

)|( :11 tt eeP &!(%'1!VJ(!�.Bn!@1)J!a)?%$!V,)�!w!!
! !�'12E!A./2E!@!+&.?1!<311 && +U tt Xx!F! 

! !!1(!e==>7?!@)S%.L==?!@!+==7S!0)==.?!<3!)==?te :1!)==E!1&te!!@!+==7S!1(!53)M#==J(!d=='%P!1(!1&tx!
!g.&:!"?!V:%l!"9:!8.,!02$)o!%L:!C<2n!<3!e>7?!m 

! !!!!!!@!+===7S!@(%===,!)S%L===:!C<2===n!e==='(!~2===7c?!e'(%,)===&,1&tx!!!!)===,!V===J(!%===,(%,!e===>7?!!w
)|( :11 tt eeP &m! 
%%�I\���2%!J#���2%<!!!!!"P%===h!aA===?!1(!53)M#===J(!a)===l!<3!)===?!02===&:(!g===SX%6L===l!\!@(%===,1&teX!!d==='%P!1(

),|( :111 ttt eXeP &&!\!+,!+:)|( 11 && tt XeP!g.h),!"?!A,)'!"?!zS):!m!!
!!!!+,!03%:!"kA.J<)|( :11 tt eXP &!!!!!!!!!A=,)'!"=?!zS)=:!}2:<)=?!@)S!V.TiF!+,!+:!02`!-!Ah),!"?!0)J4!

!Ah),!"?!"#*k1),!0(2f(%q!['!Fm!!
%�6$#-='R%3-k+D,2%Nq'p�%%

!! !!
�6$#-='R%z,�(%%

!!!!!
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bf

XePeXP
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!!
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4 & &&&& $

1
)|(),|()|( 11:1:1

kx kkkktkktk XxPxXePXeP!!

4 & &&&$
1

)|()|( 11:1
kx kkktk XxPxeP!!

4 & &&&&&$
1

)|()|()|( 11:211
kx kkktkkk XxPxePxeP!!

!"')K$!�7U!1(!V7Lo!+J!w!a)�#$(!aA?!-!"#*k1),!@!+9l%?!-!%6Ll!aA?!!
VD,@I"5K9%z,�(%%

%% -$I5~C"%:'�-O(%:{%A5Bq(%%<!A.')7$!5%.f�!(<!g.�#L?!%.L?!a2P!<3!@)S!H).W!m!!
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|%%['W#W%M$#W%/'pP%¶%,9%N'q�*%M$#W%/'pP%['W#Wyyy%%%
!!%=S!@(%,!%.L?!e'%E!+.Qh1&tx!³!!!+.Q=h!!!!!1(!"=f%,!@(%=,!%.L=?!e'%=E tx!!!!![='!@!+q)=i(!+=,!)=S!
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exxxPxXPXeP

eXxxP
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$

!!
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...

:1
11

ttt
xx

t eXxxPm
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$!!
!!!!+=:!A.&:!+U2E)(:1 im t#l(!-!!!!!!!V.T=iF!@(%=,!(<!%.L=?!e'%=#K,!a)=7i!!!A=$(3%k!"=?%,!!m!!!03%=:!1F<!+=,

!),!5Ah!e'86')U!"T7U!@(<(3max!",%#'F!g#'<26/(!@!5A&&:!+'(<(!F!Ah),!"?!s!Ah),!"?!w!!
))|((max)|( :11111:1 ttt

x
ttt mxXPXePm

t
&&&& $!!

32#-$*%:-$I5~C"!!
!!!!!!!!!!!!+#==h<!e'%=E!^=7#B?!03%:(A=.W!@(%=,!"=,%#'F!g#'<2=6/(!-!£{*=?!}2:<)=?!"=M{?!aA=?![='!@(%=,!1(!

!3F<!"?!<):!+,!-!5Ah!5AS)*?!@)S!V.TiF!1(!+#h<!['!0)K&W!@)S!V.TiF!m|!!
32#-$*%z,�(%%

 !!
%%t5.I,��(%3�X1(%V,��9%z&�(%|%tX!!!!A=&:!"==?!53)M#==J(!+#L=Lk!F!3%==M&?!%=.�#?![=='!1(!!X!D2==7T?tE!g==S!
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)|( 1 iXjXPT ttij $$$ (-!a)�?!0(2&I!+,!-!Ah),!"?!!::;
<

==>
?

7.03.0

3.07.0!!

                                                   
1 !Viterbi!!
 2!html.1pg_4s/algorithm_viterbi/dev_html/HiddenMarkovModels/roger/uk.ac.leeds.comp.www://http!!
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!!!%6Ll!�'%E)?s!tO!!!!!!@%=Zo!%n)&I!),!-!"$)?1!H)k!%S!@(%,!!%=,(%,!!)|( iXeP tt $!!!-!A=h),!"=?!
!),!-!a)�?!@(%,trueU $1!g'<(3!w!::;

<
==>
?$

2.00

09.0
1O!!

!A&h),!"?!"$2#J!@)S<(3%,!C<2n!+,!;2>T?!F!g.�#L?!@)S!H).Ww!!
tkktkttt bTObfTOf :21:1:111:1 , &&&

j
&& $$3!!

!g.�#L?!g#'<26/(�!0)?1!+,!;2>T?!)( 2tSO!@)�q!F!!O(St)!Ah),!"?!A&?1).$!m!!
%%%I5k���.%����vI%:-$I5���~C"h%,���9%!,���B(m%|%!!g.$(2===E!"===?!!!!!<3!-!g.�#L===?!@)===S!H)===.W!@!+===7S!@<(A===K6$!1(

!g.')7$!@%.k29U!g.�#L?!@)S!g#'<26/(!;2>T?!@(%U(!),!-!!@1)J<(27Sw!!
ttt fTOf :111:1

j
&& $ 3!!

ttt fTfO :11:1
1
1

j
&

(
& $ 3!!

ttt ffOT :11:1
1
1

1)( $1 &
(
&

(j3!!
!g#'<26/(!w!g.�#L?!@(%U(tf!;2>T?!@(%U(!F!A&:!"?!+QJ)B?!(<!ib,if!AS3!"?!H)c$(!(<!m!!

             

 !!

             

 !!

     !!
%,$5H%V\'2%V,9%/BpP�%%

tX!F!tE!Ah),!"?!5Ah!<(%>E!@8.,!@!+>Qh!['!<3!%.�#?!@3(ATE!^?)h!@3(3<(%o!<2P!+,!m!!
'-T"%,$5H%V\'2%V%/BpP%],;,%%

!g'<(3!1).$!%'1!3<(2?!+,!)'2W!@8.,!@!+>Qh!['!e#f)J!@(%,!w!!
! !@3F<F!V.TiF!@)S%.�#?!@(%,!"9Qo!@)S!a)7#l(!w!%'3)�?0Xm! 

! !a)�#$(!aA?!w)|( 1 tt XXP &m 
                                                   

1 !sensor matrix%%
2 !Dynamic Bayesian Networks (DBNs) 
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! !%6Ll!aA?!w)|( tt XEPm 
!!!!!!)==?!-!�2==q!3<(2==?!e#==h(3!)==,!!!!!!!!!@)==S<):!e'%==#K,!F!@1)==J<(27S!F!"'2==k!z.==W!-!]==&'%#9.q!g.$(2==E!"==?

!!!!g.S3!H)c$(!(<!"M.n2E!m!!!!!!!A=h),!+=&'8S!%=W!A=$(2E!"=?!<)=:!e'(!)?(!m!!!!!!!+=,!"P%=h!rF%=W!@2=U!F!;%=W!%=S
!A$(2E!"?!+:!-!A&:!"?!3)&#J(!@8.,!@!5A&&:!aDA#J(!w!!

! !A')7$!A./2E!R<)7h!5(<!1(!(<!d.o3!r(2U!['m 
! (<!"Q'%�E!r(2U!['!A')7$!A./2E!@<(3%,!+$27$!5(<!1(!!m!!

%%MKC,��.%V,��9#-='R|%!!!!!�.==n2E!@A==&,!aA==?!@)==S!g#L==.J
!!!!+#J2.W!@)S%.�#?!1(!+I27c?!['!),!5Ah!!A&=h),!"=?!!-!

!!!!!1(F%==W!a)=l!<3!@!5A==$%W![='!�Q==i!-!a)=�?!0(2==&I!+=,
!¼¼¼!!!$ ZYXZYXX t ,,,,,!-!!C)===,F<!-!!)===S)7.W(2S!

!!!!!!!)=S!g#L=.J2:(!-!)SX!!!)=S!5)6#L='1\!so(!-!!!!V*=:!-!3)y=#
!A&&:!"?!53)M#J(!e7/):!@)S%#9.q!1(!"').7.h!0)S).km!!

!!
!!"/A==?!F!;F)==k!"==Zf!V.T==iF!aA==?!-!"'(A==#,(!;F)==k

!A&')7$!"?!53)M#J(!e7/):!%#9.q!1(!%6Ll!1(m!!
A*,+%],q$D5W%30,@ID*I%/2%%%

|%!!"===&.,!z.===W!@!+===9l%?!w!%===k()|( :1 tt eXP!!!2===n!+===,!"===&.,!z.===W!5)===k!04!-!A===h),!"===JF)k!C< 

c && $
tx ttttttt dxexPxXPeXP )|()|()|( :11:11!!!!!!A=h),!"?!"JF)k!m!!!"E<2=n!<3

!+=====:)|( :11 tt eXP &!!!@!5A=====h!"$)=====J<!1F<!+=====,!�====='12E!C<2=====n!e====='(!<3!-!A=====h),!"=====JF)k!!
)|()|()|( :11111:11 tttttt eXPXePeXP &&&&& $ 3!!!!A===h),!"===?!"===JF)km!!!!-!32===UF!e==='(!)===,
)|( :1 tt eXP!@%.�#?!A&`!"JF)k!),( 4ttN a+7S!@(%,!!%'3)�?!@!t!Ah),!"?!!m!!

!!!!"?2=7I!R1(3%W!<3!X!!!!!"=JF)k!%=.�!-!"=Zf!%=.�!w!\!!!!!!!!C<2=n!+=,!3FA=B?)$!C<2=n!+=,!"=9Qo!�.=n2E
t!& !A&:!"?!Ah<!m!!

V&q2%s$%V%)J,@%z,�(%|%!<2B?!@F<!%,!"q3)yE!;F)kX!A&:!"?!V:%l!)S!w!!

222

2
1

22

1

)(

zxt

tztxt
t

z

[[[
a[[[a &&

&&$ &
&!!

222

222
2

1

)(

zxt

zxt
t [[[

[[[[ &&
&$&!!

                                                   
1 !ecosystems!!
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!!
%MKC,.%3(5K4%30,@I%D*I%/2%%%

|%!%6Ll!@)S!aA?!F!V.TiFw!!
))(,()|( 11 && 4$ txttt xFxNxxP!!
))(,()|( tzttt zHxNxzP 4$!!

F!!�!V===J(!a)===�#$(!�'%E)===?!4x!!!A===h),!"===?!�$)==='<(F2:!R)*===#�(!V.T===iF!!mH!!@(%===,!"L==='%E)?!
!!�!V==J(!)S%6L==l4z!�$)=='<(F2:!R)*==#�(!%6L==l!!!A==h),!"==?!m!!!!(<!%=='1!"$)==J<!1F<!+==,!-!%==#9.q
!A&:!"?!+QJ)B?w!!

)( 111 ttttt HFzKF aaa (&$ &&&!!
))(( 11 444 &($ j

&& xttt
FFKI!!

!+=========================================================:!"')=========================================================U!<3 
1

1 ))(()( (jjjj
& 444 44 &&&$

zxt txt HFFHHFFK!'%E)===?
!A==h),!"==?!e7/)==:!@!5%==K,!;m!!FtK!!0F%==,!C<2==n!+==,!e'(%,)==&,!-!A&#L==S!5AS)*==?!Y==.E%E!1(!^�#L==?!

!+QJ)B?!"Zf!A$2h!"?m!!
%V&q2%*J%!,$#;%z,�(%<�6$#-='R%%
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!!
%V&q2*J%!,$#;%z,�(%<VD,@I"5K9%%

%% %J5P%3(%)I,H%,L.%w%|%!!!!!!!!!!!!32=h!+=#q%k<):!+=,!A=$(2E!"=7$!A=h),!"=Zf!%=.�!V.T=iF!aA=?!+=:!"E<2n!<3m!
!!!!!!!!!!!!!+=,!e7/)=:!@!5A=h!53(3!+T=J2E!%=#9.q!V.TiF!@)S!aA?!!!!!3<2=?!<3!"=Zf!-!"=9B?!C<2=n!ttx a$!

!A&h),!"?!m!A$2h!"?!3<!A&h),!0)L7S)$!"9B?!C<2n!+,!)S!g#L.J!+:!"E<2n!<3m!!
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!!
           

DBN%%%%*%,9%HMM%,9%%|%!!%SHMM!!![='!DBN!!!!!!%=S!�!A=h),!"=?!@%=.�#?![=E!DBN!!![='!+#L=Lk!
HMM!Ah),!"?!m!!

 !J(!"6#L,(F;<)G!VJ(!!¶!!!!!!!!!!!!!a)=�?!0(2=&I!+=,!�!g.#L=S!@%=E!g=:!@)=S%#?(<)W!@(<(3!"')=7$!C<2=n!+,-!!
!!!!!A==/(F!+==J!-!V==/)l!VL==.,!@)==S%.�#?!)==,!<3!%==SDBN!@(<(3!160220 3 $%!!!F!A==h),!"==?!%#?(<)==W!

HMM!@(<(3!122020 1022 0%!Ah),!"?!m!!
DBNMKC,.%V,9#-='R%*%,9%%|%%s$%n%MKC,.%#-='R%#9DBN%D"%3K.%J"&qW%3C*%&P,2%3(%DBN%,9%

%MKC,.%V,9#-='RhKFs%m%·%&6P,2%3(!VJ(!A&?1).$!"9Qo!@)S!"JF)k%.�!+,!"To(F!@).$3m!!^ZJ!O�?
x!VL.`!@%E),!N<)h!x!A&#LS!)c:!e?!@)SA.9:!F!%W!!

      %IJ%�'vJ%�,-6-@"DBN ,9%%|%!53)J!A#?s!w!!F!+>Qh!03%:1),d.o3!g#'<26/(!%S!@(%U(!!

                                                   
1 !Naïve method!!
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!! !!

!! !<3!^>h!@!+.�,+?(3(!!

!! !),!"$)J<!1F<!+,!%S!@(%,! )#&#J(!@!+&'8St!A&:!"?!Ah<!m!!!
%%%%%%)&�66.%Y�K;%�6$#-='Rc!w!!!@!+=>Et+1!!!!!@)=S!+=>E!-!e=:!+q)=i(!(<!t!!!!!!�=7U!%=.�#?!}j=l!1(!53)M#=J(!)=,!(<!

!!e:!m<8,!!!!<2#:)q!e'%E!¢)( 1&ndO!!!!!!"$)=J<!1F<!+=,!@!+&'8S!F!Ah),!"?!)( 2&ndO!!!A=h),!"=?!!m
X!"$)J<!1F<!+,!@!+&'8SHMM !),!VJ(!%,(%,!)( 2ndO\!!!

%%%%V"#2%z,K-T"%Y$D5WDBN%,9%%|%!!!!!!!e.=7{E!(<!<2y=E!3<2=?!V.T=iF!5A=h!�='12E!@)S!+$27$!@!+I27c?
A$1!"?m!!!

!! !@)S!+$27$LWV,)�!+,!"KU2E!�.S!X!AS)h\!A$<(A$!!!!«!!¶!})>h!�!dq(2E!�!!!!)=,!"')=7$!C<2=n!+,t 
!!A')7$!"?!Vq(!!!!¶!),!5(%7S!"')7$!C<2n!+,!H1D!@)S!+$27$!3(ATEt!A&:!"?!Ah<!m!!

                                                   
1 !Rollup filtering!!
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!!
)I´%�6$#-='R%V"%h3$\;%mc%%%

|%!!!"J)J(!@!5A'(!w!!!!!)=S!+=$27$!3(A=TE!+=:!A'2h!e.7Z?!�X!!)=S!5<�!\�!!!!!!@)�=q!@D)=,!a)=7#l(!)=,!"�P)=&?!<3
!A,)'!"?!0)'%U!V/)lm!a)7#l(!),!YJ)&#?!(<!)S!5<�!<(%>E-!!@(%,!te!A.S3!H)c$(!m!!

!!
!!!!!!!!!!!!@)=S!g#L=.J!@(%=,!@(!53%#L=k!<2P!+,

!!F!0)====='%U!"=====Zf%.�esp.!5A=====&'4!<3!
!!!!A$2h!"?!53)M#J(m!!!!!+.Q=h!@(%=,!e.=&�7S

!!!!!<3!V===h)6$!F!)===U!e.')===E!@)===S!@1)===J
!!!)=,!_%B#?!@)S!C2,F<s�����!!A=T,!

!A$2h!"?!53)M#J(!V/)l!@)�qm!!
%%

%:-$I5~C"<%%
s!m N!!!!!!!!!)'(A=#,(!F!"=9Qo!@)=S!rF%=W!1(!53)M#=J(!)=,!V.T=iF!@)S%.�#?!@!+7S!@(%,!(<!+$27$!3(A'F<!

!),0X!A.')7$!A./2E!m!!
|!m t=0 
t!m !!@!+==$27$!%==S!@(%==,tx!)==,!(<!04!-!1&tx!!F!V.T==iF!aA==?!1(!53)M#==J(!)==,!)|( 1 tt XXP &!%*==#&?!

!A.')7$m 
¬!m )|()( 111 &&& $ ttt xePxweight!m! 
§!m !<3!)S!+$27$!@!)S!01F!;)J(%,!V.T7U!3Ac?!@%.k!+$27$t+1w! 

am N!A'AU!@!5<F3!1(!(<!A'AU!@!+$27$!3(A'F<!N!A.')7$!r){#$(!+$27$!m 
b!m &`!5Ah!e'12E!"9.f!@)S!+$27$!Ah!A&S(2f!r){#$(!<),!Am 
cm !Ah!A&S(2f!r){#$(!g:!5Ah!e'12E!g:!@)S!+$27$ 

¯!m !!!!!!!!g'32=,!0)=')W!@!+=9l%?!<3!%k(!w!!!!!!!!!�=o2#?![=`2:!@)=S!+=>E!<3!V.T=iF!@)=S!rF%=W!;)=J(%,
!A'2hm 

v!m !C<2n!e'(!%.�!<3t=t+1!@!+9l%?!+,!F!t!A'F%,!!m 
)I´%�6$#-='R%|%!0)?1!<3!(<!@<)k1)Jt!A'%.6,!%p$!<3!w!!

)|(/)|( :1:1 tttt exPNexN $!!
                                                   

1 !particle filtering 
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<)*#$(!g.�#L?!s!w!!3(ATE!@(%,1&tx!),!VJ(!%,(%,!w!!
4 && $

tx tttttt exNxxPexN )|()|()|( :11:11!!
!@(%,!)S!04!a)7#l(!),!�'12E!@)S!+$27$1&te!),!VJ(!%,(%,!w!!

)|()|()|( :11111:11 tttttt exNxePexW &&&&& $!!
!@(%,!YJ)&?!3(ATE!e#q%k!@(%,!3Ac?!@%.k!+$27$Ww!!!

)|()|(/)|( :111:111:11 tttttt eePexWNexN &&&&& $$ 33!!

4 &&&$
tx tttttt exNxxPxeP )|()|()|( :11113!!

4 &&&1$
tx tttttt exPxxPxeP )|()|()|( :11113!!

)|( 1:11 &&$ tt exP!!
)I´%�6$#-='R%J#B=K4%%

!!!!!!!!!!!!!!!!!A=h),!"=?!5AS)*=?!e'%=E!g=:!<3!F!!5A=$)?!"o)=,!0)=?1!+=,!3FA=B?!5<�!]&'%#9.q!Y'%�E!@)Zf���!!^=.9BE!
!Ah),!"?!^>*?!@<2.Em!!

!! UF/��E%|%!!!!0)==?1!a2==l!5A==h!<(%==>E!C<2==n!+==,!(<!%6L==l!@)==S%.�#?!F!V.T==iF!-!"$)==?1!@)==S!aA==?
!A&:!"?!53)M#J(m!!

!g'<(3!H1D!)?!e'(%,)&,!F!Ah),!"?!V,)�!04!¡%q!F!}2:<)?!C)iF%M?w!!
                                                   

1 !propagate forward!!
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!� !V.TiF!aA?)|( 1(tt XXP!!
!� !%6Ll!aA?)|( tt XEP 

!!!!!0)L=7S!F!"=&.,!z.W!F!]&'%#9.q!-!)S<):!!!!!!!!!!!�!A&#L=S!-!A&=h),!"=?!"/(2=#?!C<2=n!+=,!%=E!z.=,!+=:!@1)=J!
!!!!!!!!!"$)=?1!@!+=9l%?!%=S!<3!V,)�!@!+&'8S!),!"#*k1),!C<2n!+,!3<(2?!e'(!@!+7S-!!!!!A$2=h!"=?!H)=c$(!m!

!!!!!!Vf)&==h!@(%==,!�!A&==h),!"==?!3%==M&?!@!+#L==Lk!V.T==iF!%==.�#?![=='!@(<(3!}2:<)==?!"==M{?!@)==S!aA==?
!32==h!"==?!53)M#==J(!)==S!04!1(!e{==Jme7/)==:!@)==S%#9.q!+==,!n!+==,!"==Zf!"==JF)k!F!V==/)l!%==.�#?!)( 3nO!!+==,

!!!!!!A&S3!"?!51)U(!"$)J<!1F<m!!-!)'2W!@8.,!@)S!+>QhHMM!!!!!!"=?!@A=&,!53<!(<!e7/)=:!@)=S%#9.q!F!)=S!
!!!!!!!!A=h),!"=?!"9?)=TE!C<2=n!+=,!d=.o3!"$)J<!1F<!+,!�!A&&:m!!!!!g#'<2=6/(!1(!",2=f!Y='%�E!-!5<�!]=&'%#9.q

!@(%,!]&'%#9.qDBN!"?!)S!!Ah),m!!!
%)#$\;%:-$I5~C"%%

!5A=='(!w!!!g.�#L==?!@!5A==&&:!@<(A==K6$�!;2==>T?!tf!F!tb!<3!�==�q!(<!k-1!!!A==.')7$!(%==U(!+==Z�$!!m!%=='1!<3
!C).97Ik!aF(!"#*k1),!C<2n!+,!�!A.')7$!"$(2f(%q!(<!d7I!m!!

!! !@)�q!+,)log||( tfkO k!%E!z.,!0)?1!F!!1()log( tkO k!g'A&?1).$!m!!
%�F#2%N2,�%VD,@I"5K9%30,(D%#'F,W%%

!! !g.�#L?!<)>h4!RF<�!^l(%?!@(%,!(<!;2>T?!d!A')7$!"?!(%U(!+pB/!%S!<3!!!
!"#*k1),!C<2n!+,1:1 &(dtf!F!1:2 &&( tdtb!1(!(<!dtf (:1!F!tdtb :2&(x!A')7$!"?!+QJ)B?!!!

!Ah),!"7$!"J%#J3!^,)o!g.�#L?!C<2n!+,!;2>T?!H).W!-!Ah),!"?!YJ)&?!-!g.�#L?!H).Wm!!
b $$ k

ji ikj TOB :!e'(%,)&,!-!A.')7$!�'%TE!1:1:1 tdttdt Bb &(&( $!F!11:21:2 &&(&&( $ tdttdt Bb!!
!@(%,!(<!"#*k1),!"$)J<!1F<!+,!['!g.$(2E!"?!)?!D)lB(3!!g.h),!+#hw!!

1:1
11

11:2 &&(
((

&(&&( $ ttdtdttdt TOBTOB!!
!"$)?1!%.f)E!1(!^�#L?!F!Ah),!"?!V,)�!"$)J<!1F<!+,!@!+&'8S!e'(%,)&,d!Ah),!"?!!!

%V\'2%V,$5H%V,9%/BpP%IJ%3p$#�W%�,-6-@"%%
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!!5<�!]&'%#9.qX!!0F3<2=ks!-!s��¬!!(F(1)=$):!�!|!!%/2=:!-!t!!^=J(<!F!�!-!s��§!![=.9,!�!�!!3<)L='(!F!�!-!
s��¯\!!

%i!Y'%�E!Y'vX!!e'2,u!-!%/2:!F!s���\!!
!"W2/!<)*#$(�X!!a%.Ws�!-!s�uu!)'A'A'!�!ss!e7'%q!-!s|!�'F!F!st!-!|���\!!
!"I2&E!Y'%�Es�X!!"$)?%Kos�!03<2U!F!s�!-!s��v\!!

MCMC!5Ah2B?!svX!5A*$!%*#&?!12&S\!!
%�I&(%¬�0cb%%

!g.')7$!<2yE!A'AU!_<(A?!<3!(<!@A'AU!"P%h!@)S!+$27$!+:!VJ(!%#K,!!
e.7{E!�$)'<(F!A&:!"?!+&.7:!(<!+./F(!@)S!X!]$2:s�!2./!F!|�!-!s��¯\!!

!! !!

!!
                                                   

1 !Gordon 
2 !Kanazawa 
3 !Koller 
4 !Russell 
5 !Blake 
6 !Isard 
7 !factored approximation 
8 !Boyen 
9 !Loopy propagation 

10 !Pearl 
11 !Yedidia 
12 !Freeman 
13 !Weiss 
14 !Variational approximation 
15 !Ghahramani 
16 !Jordan 
17 !Decayed MCMC 
18 !evidence reversal 
19 !Kong 
20 !Liu 
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%z,�(%<%3@,6P%M1@%V"#2%V\'2%V,$5H%V%/BpP%%

!! !!V.L&U!a)�?!@(%,!)S%.�#?!03%:!+q)i(s!+cK/!-!|!!!A=h),!"=?!0)J4!gS!VI%J!F!!m!!]='(F1t!!^=J(<!F!
!)E!-¬�!×!@(%,!(<!)Zf!zS):HMMA$3(3!0)*$!)S!m!!
!!

%Y2,6(<%%
http://www.idi.ntnu.no/~keithd/classes/advai/lectures/chapter15.pdf 
http://www.cs.berkeley.edu/~russell/classes/cs188/f05/slides/chapter15a.pdf 
http://www.cs.sfu.ca/~mori/courses/cmpt310/slides/chapter15a-6pp.pdf 
 

                                                   
1 !gender 
2 !accent 
3 !Zweig 

http://www.idi.ntnu.no/~keithd/classes/advai/lectures/chapter15.pdf
http://www.cs.berkeley.edu/~russell/classes/cs188/f05/slides/chapter15a.pdf
http://www.cs.sfu.ca/~mori/courses/cmpt310/slides/chapter15a-6pp.pdf
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%%

&234!BKAB&&
&&

!$7!b%\!R.$<B!!
!+\$<B!b%\!!

I",c.!M;d!"&K

!"#$%&'(&)*+%&,-+./&&
2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C%>,OT%/2%)"51CJ%!"\'(%/

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

M1@%NF,6P%3@,6P%M1@%,$%ch%/EUF%I5�%/2m%%
%Q7R:9&X9%%
%%

[C,^(%A5$I%%
! %3C,K-T"%z�&-@"%]I5E%/2%M1@%%%� 
! %M1@%V,9"&E%%%e 
! %/K=.% X=W%%%� 
! %],K=.%['W#W%%%� 

%%
%%3��@,6P%M1�@!!+==,!@)S(A==n!+==,!03(3!z&==:(F!F!"')==J)&h!@(%==,!%E2.G?)==:![=='!@1)==JA&7$(2E!@!51(3%==W

!!!!!!!!!Ah),!"?!0)L$(!e{J!<3!5A?4!32UF�!m!!!!!!!!(A=n!£.{*=E!)='!"=J)&h!e{=J!-!%=6'3!"M'%TE!),v!!"')=$(2E!-!
!!!!!!!04!0)=.,!)='!04!@F<!%=,!^=7I!F!@3F<F!e{J!Vq)'<3!@(%,!@%E2.G?):!@)S!g#L.J!!!!+#=h2$!C<2=n!+=,!

!A==h),!"==?!m!![==.E)?2E(!"==J)&h!e{==J!3<2==?!<3!A=='AU!"E)==�.�BE!@)==S!RO==Eu!!04!}A==S!+==:!-!A&==h),!"==?!
!!!!!!!!!!!!!!"=J)&h!0)=,1!@(%=,!@(!+=')W!+=:!V=J(!z=$(3!+=,!e{J!@(2#B?!%..�E�!!!!!!-!A=h),!"=?!"#f)&=h!@)=S<):!)='!

!!%==6'3!0)==,1!+==,!+==7U%E!%==.p$!m!!53(3!5)==6')W!@)==S!g#L==.J!^?)==h!"==97I!@)==S3%,<):�;%==W!!2==U!F!s�!F!
!!!C)=IOP(!",)'1),!@)S!g#L.Jss!!!A=h),!"=?!!m!!!!!!)n2y={?!F![=.E2,F<!<3!3%,<)=:!@(<(3!"=J)&h!e{=J

!A&$(2E!"?!+:!"')S!C2,F<!@!+TJ2E�A$2&*,!�!Ah),!"?!ms|!!!

                                                   
1!Speech recognition 

2 !speech as probabilistic inference!!
3 !speech sounds!!
4 !word pronunciation!!
5 !word sequences!!
6 !]&S%q!ML:43<2!!
7 !voice recognition 
8 !Automatic Speech Recognition (ASR) 
9 !linguistic 

10 !database-query systems 
11 !information retrieval systems 
12 !)>.$)#'%,!}<)T7/(!5%'(3!!
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%%%%3C,K-T"%z�&-@"%]I5E%/2%M1@%|%!!!!e{=J!@)=S!a)&6.J-!!<(3!R)*=#�(!!s!!gKQ=?!F!%=.�#?!-!!|!!!A&=h),!"=?!
m!!!!!!F!C)=79:!Y=.E%E!e'%=E!+.Qh!!!!!!!!!!!e'%=E!z.=,!@(<(3!C)=79:!A=.&:!+=U2E!x!VL=.`!5A=h!+='(<(!e{=J!a)&6.=J!

P(Words|signal)!A.')7$!r){#$(!(<!m!!A.')7$!53)M#J(!8.,!02$)o!1(w!!
P(Words|signal)=áP(signal|Words)P(Words)!!

!!!!!!!"E2=n!aA?!+,!+'8cE!-!+:!A.&:!+U2Et!º!!!!"$)=,1!aA=?�!!!!32=h!"=?!H)=c$(!m!%%],�K=.�n%!!!V.T=iF!Y=.E%E!
!!@)S!!!!F!A&=h),!"=?!0)K&W%%z,6~'�@�n%!!=?!Y=.E%E!5AS)*!!!A=h),!"=?!m!!3<2=?!<3!%%]"5�E"�%n%!!!-!+=:!g.$(A=,!A='),%

!!1(!"==Q.:%E!%*==,!0)&{==J!H)==7E¬�!"==/(!§�!!A==h),!"==?!C2==n!m!!!!@)==S!V.T==iF!"$)==.?!�Z==J![=='!@(%==,
!!!!!"E2==n!aA==?!-!g=='<(3!)==S!a)&6.==J!F!C)==79:!0)==.?!@!5A==h!"==M{?u!³!!!ª==M9E!aA==?�!º!!!C2==n!aA==?s�!m!

!V,)W<4ss ')E!!Ah),!"?!%'1!C<2n!+,!"')>'%?4!"L.96$(!@(%,!5Ah!e.w!!
[iy] teab [b] etb [p] etp 

[ih] tib [ch] etCh [r] atr 

[ey]!! teb [d] ebtd [s] ets 

[ao] toughb [hh] ath [th] ickth 

[ow] toab [hv] ighh [dh] atth 

[er] terB [l] etl [w] etw 

[ix] seros [ng] ngsi [en] onbutt 

# # # # # # 
!@!+79:!@(%,!-!a)�?!@(%,!�ceiling!�!!g'<(3w![s iy l ih ng] / [s iy l ix ng] / [s iy l en]!!

%%M1�@%V,9"&�E%|%!a)&6.=J!!!!!!!!!!!!<3!�!A=h),!"=?!0)=?1!1(!3%=>97I!)='!�,)=E![='!C<2=n!+=,!02=qF%>.?!!H)=f!
!!!!!@)S!r)o!-!R1(3%Wt�!!!!!!!!!!!!!0)=h(!@A=&9,!F!"#L=W!@!+9.=JF!+=,!"=67S!F!A=&#q(!"=?!g=S!@F<!@(!+=.$)�!"9.?!
!A$2h!"?!�.n2E!m!!

 

                                                   
1 !noisy 
2 !ambiguous 
3 !acoustic model!!
4 !language model!!
5 !words!!
6 !signal!!
7 !phones!!
8 !acoustic model!!
9 !pronunciation model!!

10 !phone model!!
11 !ARPAbet!!
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!A&h),!"?!"/27T?!@)S!V?%q!),!r)o!@)S!@A&9,!F!"#LW�+9o!!s�.P!@(<(3!)S!!|!A&h),!"?!@2o!m!!
&(%%]5E%V,9%z%|%!!!!!!<3!r)=o!@)S!@A&9,!F!"#LWP(feautures|phone)!!!!!!"=?!+=nOf!%='1!C<2=n!+=,!

!A$2hw!!
!� !@!51),!<3!�.Bn!3AI!['��mm|§§X!�!@<(3%,!^'AQE!1(!53)M#J(!),!\)'!�!!
!� "JF)k!�29{?!@)S%#?(<)W!!

%%/-C,T%/@%]"5E"e<%!!!!!!A=h),!"=?!+=UF!+=J!@(<(3!C2=n!%S!X!!1)=�4�!!�=JF!-!�!!0)=')W!-!�!!\!!(2=&I!+=,!-!0
a)====�?-!!}%====l![t]!H(<4!@(A====#,(!@(<(3!v!!@2====o!�====JF!-!u!!e*====f!@)====K#$(!-!�!!A====h),!"====?!!+====c.#$!<3

P(features|phine,phase)!!
%%%%3W5E%/@%M-(c`<%!!!!@(<(3!C2n!%S!2n!!!!!!!!!F!¥=`!@)=S!C2=n!+=,!+#L=,(F!F!A=h),!"=?!8')=7#?!C2n!

!!-!a)�?!0(2&I!+,!-!Ah),!"?!32f!VJ(<[t]!@!+79:!<3!"star"!!32=h!"?!+#h2$![t(s,aa)]X!!!1(!8')=7#?
"tar"\!«!!m!!!!!!!!!!!)=S!"=pM9E!g=S!<3!53)M#=J(!@(%=,!)=S!"E2=n!+=Jss!!A=$A.M?!!w!!!)=S!5A=&&:!ª=M9E!s|C)==Q�!@(<(3!!

X!!!!"J%&'(!)'!A$)?!\st!!!!!!!!VI%=J!+=,!A=&$(2E!"=7$!F!A&#LS!s�!!!!!%=..�E!)=S!V.T=iF!0)=.?!X!!�.'2=J!\!!!+=,!-!A=&&:
!!-!a)�?!0(2&I[t]!@!+79:!<3!"eighth"!X!T?!+=,!!!g#*=S![='!"=&!\!!!!!!"=?!0(A=$3!@2=9U!^=,)�?!"=ZM9E!@(<(3

!Ah),m!%%
W5E%z&(%V"#2%3C,�(%3|%!C2nHMM!@(%,![m]w!!!

!! !C2n!@(%,!"UF%f!CD)7#l(HMMw!!!
Onset:  Mid:  End:   

C1: 0.5  C3: 0.2  C4: 0.1 
C2: 0.2  C4: 0.7  C6: 0.5 
C3: 0.3  C5: 0.1  C7: 0.4!!

/K=.% X=W%V,9%z&(%|%n!+,!+79:!%SC2n!Y.E%E!;)J(%,!�'12E!['!C<2-!!32h!"?!�.n2E!m!
!V.TiF!aA?!['!C<2n!+,!5Ah!+'(<(!�'12EHMM !Ah),!"?!%'1!C<2n!+,!w!!

!!
                                                   

1 !peak 
2 !spectrum 
3 !Three-state phones!!
4 !Onset!!
5 !Mid!!
6 !End!!
7 !silent Onset!!
8 !explosive Mid!!
9 !hissing End!!

10 !Triphone context!!
11 !coarticulation!!
12 !articulators 
13 !inertia 
14 !instantaneously 
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P([towmeytow]|"tomato")=P([tomaatow]|"tomato")=0.1 
P([tahmeytow]|"tomato")=P([tahmaatow]|"tomato")=0.4 

)7#l(!F!32h!"?!+#f)J!"#J3!C<2n!+,!<)#f)J!A&'4!"?!VJ3!+,!)S!53(3!1(!)S!V.TiF!am!!
%/-OO+%],K=.%c%|%!!E2n!@)S!aA?"!º!!!!!!!V=,)�!a)=7#l(!),!+79:!@)S!aA?)|( :1 wordeP t!!!+=79:!@(%=,!

!Ah),!"?!^�#L?!!@m!!
)()|()|( :1:1 wordPwordePewordP tt 3$!!

!!!"====9Qo!a)====7#l(P(word)!!!!!!A====='4!"====?!V=====J3!+====,!+=====79:!@)====S!�$)=====:%q!R<)7====h!)=====,!"k3)====J!+=====,!!m
)|( :1 wordeP t!!32=====h!+Q=====J)B?!"#*=====k1),!C<2=====n!+=====,!A=====$(2E!"=====?!!w!g.=====&:!"=====?!�====='%TE!-
),( :1:1 ttt eXP$S!"#*k1),!"$)J<!1F<!+,!1(!F!),( 1:11:1 && $ ttt eForward SS!!

�GJ!F!g.&:!"?!53)M#J(!4$
tx ttt xwordeP )()|( :1:1 S!!

+#>'3!@)S!g#L.J!|Vo3!+,!ROE!),!(8c?!C)79:!@!!t!�§!�!��!×!A$A.J<m!!
M1@/-@5'H%%|%%!['!!��q+#h<!A$<F4!"7$!32UF!+,!(<!^')L?!(8c?!C)79:!«!!

!� A$(!+#L,(F!gS!+,!3)'1!"9.f!gS!<)&:!C)79:!!
!� !C)79:!e'%E!+.Qh!"/(2E!ÇC)79:!"/(2E!e'%E!+.Qh 
!� @A&,!+TZo!�!w!!¥k!"7:!<(A�?X!+9n)q!\!3<(3!32UF!e{J!<3m 
!� !C)79:!gS!5(%7S!+,!ªM9E�!^�?!�next thing� 
)S!g#L.J!e{J!@!+#J2.W!@¯�!�!u�!×!A$<(3!r2f!V.To2?!['!<3!(<!Vo3m!!
!,2D%z&(%|%!32h!"?!+'(<(!@%.c$1!02$)o!),!+79:!"/(2E!['!a)7#l(w!!

b
$

($
n

i
iin wwwPwwP

1
111 )...|()...(!!

%o"#~'2%z&(�<%%%
)|()...|( 111 (( 0 iiii wwPwwwP!!

!!!!!!!!A==.S3!H)==c$(!(<!"$D2==P!"==&#?!@!+#==h<![=='!0F<3!C)==79:!V==MU!@!+==7S!R<)7==h!m!,!@)==S!aA==?!%==#K
X!F!)S%?(%k!\mmm!A&&:!"?![7:!%E!g:!@<(A�?m!!

HMM%%)&P%['.#W%%|%!!!!!0)=,1!aA=?!@)=S!V.T=iFº!+=79:!!º!!!!5A=h!Y=.:%E!C2=n-!!!!!+=:!@(!+=79:!�=J2E!
!!!g.#LS!04!@(3(!a)l!<3!º!!!!VL=S!+=79:!04!<3!+=:!"E2n!º!!!!!YL=`%,!C2=n!04!0F<3!C2=n!V.T=iF

!!!32h!"?!531m!"/(2E!e'%E!+.Qh!",%#'F!g#'<26/(X!!@!+#=h<\!T=iF!!!!!!A=&:!"=?!(A=.W!(<!C2=n!V.!m!!+=TZo
!!!!!!(<!+=79:!Y=.E%E!e'%=#K,!+*=.7S!x!32h!"?!H)c$(!)S!53FAB?!F!+79:!@)S!+#h<!@!+7S!+,!+U2E!),!@A&,

!!!!!!!!!!!!!!!!32=h!"=?!�=7U!V.T=iF!@)=S!Y=.E%E!@!+=7S!a2=l!+=79:!"/(2E!%S!(%'1!A&:!"7$!+'(<(m!!![=&.9U�!<3!
!a)==Js�¯�!kA!!!%==#K,!03%:(A==.W!@(%==,!(<!!!!+==:!"')==U!<3!+==79:!Y==.E%E!e'!�!!@!+==9l%?!@!+==&'8S!�!04

)|(log 1(( ii wwP!327$!+'(<(!(<!Ah),!"?!m!!
                                                   

1 !Isolated words 
2 !Dictation systems 
3 !accuracy 
4 !segmentation 
5 !Bigram model!!
6 !Jelinek!!
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%/�EUF%|%%!!@!+==S3!�=J(F(!1(s�v�!!!!!!5A==h!@A=&,!a2==?%q!"/)=7#l(!aDA#==J(!C<2=n!+=,!e{==J!Vf)&=h!-!
!!VJ(m!!!AS(2h!³!!!!"M{?!@)S%.�#?!F!e{J!a)&6.J!³!!+=79:!@)S!Y.E%E!F!+79:m!!!!!e#=?!@)=S!52=9UX!!ª=M9E
!gS!),!\!!!!!A$2=h!"=?!+#q%k!<):!+,!V.TiF!^.7>E!),m!!!!!0)L=$(!e{=J!0F<3!~2=&EX!!!!5%=.�!F!e.=&P!-!VI%=J
!5%.�!F!\!!!!!!!!!!!^'A=QE!1)=,!@!+/)L=?![='!+=,!"=To(F!@)=.$3!<3!(<!+#=J2.W!e{=J!"')=J)&h!+&.?1!<3!R)*#�(!F
!A&:!"?m!!
%Y2,6(<%%

pdf.b15chapter/pdf-slides/edu.berkeley.eecs.aima://http%%
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%%
 

%%
%%

&234!BK<JB&&
&&

!?$>!?42G!L2A-U
"#c_$:

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%J50%*%&7'@%*%#XE%\l'K(%I,?j%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

%V,9%V#'+%:'K7WUv,4/0%c%%
%Q7RL'9:9&%%

[C,^(%A5$I%%
 %V,9%o&�W%%/0Uv,4%� 
 %]U'?OW%%e 
 %z5H%%� 
 %3-'E57F%&6j%]U'?OW%%� 
 %V#'+%:'K7W%V,9%/BpP%%� 
 %],4U�"%8DI"%%�% 

/0Uv,4%V#'+%:'K7W%%
!A.S3!H)c$(!(<!VJ<3!<):!³!A.')7$!r){#$(!(<!A')7$!"?!+&.*.,!(<!<)p#$(!3<2?!32J!+:!"97I!!

!!
5.10)5)(3.0()20)(2.0()10)(5.0()( 1 $&&$AEU%%

20)20)(9.0()20)(1.0()( 2 $&$AEU , 5.17)30)(5.0()5)(5.0()( 3 $&$AEU  
,9%o&�W%|%!)S!e'%#K,!0).?!1(!^?)I!['XA,B,�!!\!A')7$!"?!r){#$(!"q3)yE!C<2n!+,!Fm!!

                                                   
1 !Rational decisions!!
2 !Rational preferences!!
3 !utilities!!
4 !Money!!
5 !Multiattribute utilities!!
6 !Decision networks!!
7 !Value of information!!
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!!
!a)7#l(L=[p,A; (1-p),B]!!m!!
!Vh(33)'!w!!
! !BA ^A:!%=====,!B!V=====J(!HA=====�?!!mBA ~w?!"EF)=====ME!"=====,!0)=====.A!F!B!m!

BA
~

^
B:!%,!AAh),!"7$!HA�?!m!!!

%V,9%N$5C*"/0Uv,4%%
|%%%)&�$"%<!!!!^=?)I!@)=S!V='2/F(!+=$Oo)I!!!!!A=h),!"=?!)=S!V'3FA=B?!�,)==E!!m!!!!!@)=S!V='2/F(!+=,!+=U2E!)==,+==$Oo)I!

@A&?32J!@1)J!+&.*.,!C<2n!+,!�.i2E!^,)o!<)#q<!-!g'<(3<)p#$(!3<2?!!Ah),!"?!m!!!
!)S!V'3FAB?!w!!

% %%39J%:S0%3$,0"5Wc%% %)~()()( BAABBA 66 ^^!!
%V#$¡H%z,�-0"�%%)()()( CACBBA ^^^ O5 
%3~-@5'He%% %BCpAppCBA ~],1;,[ (VO^^!!

%V#$¡H%¬$5qW�%% %A~B],1;,[~],1;,[ CpBpCpAp ((O 

%3-F"56B$�% %]),1;,[
~

],1;,[( BqAqBpApqpBA ((P/O ^^!!
%%%V,9%N$5C*"%/0Uv,4|%!!!!)='!)=S327$!+=,!%c&?!-!)S!V'3FAB?!1(!�9{E!!!!!32=h!"=?!+=$D2�T?)$!@1)=J<)>h4

!!-!!!a)�?!@(%,!w!!!!!!!!!32=h!a2=W!@!+=7S!03(3!V=J3!1(!+,!%c&?!A$(2E!"?!H1D!@)S!V'2/F(!),!^?)I!['m!!<3
!!!+=:!"E<2=nCB ^!!!!!@(<(3!^=?)I![='!5)=k!04!-!A=h),!C!!!!!!V&=J![='!A='),!A=h),!"=?!�!!!V=q)'<3!@(%=,!B!
!A==')7$!V==f(3%Wm!!+==:!"E<2==n!<3BA ^!!@(<(3!+==:!^==?)I![=='!5)==k!04!-!A==h),!B!![=='!A=='),!A==h),!"==?!

!!!!Vq)'<3!@(%,!V&JA!!!!31(3%=G,!m!!!!!!+=:!"E<2=n!<3AC ^!!!!!!@(<(3!+=:!^=?)I![='!5)=k!04!-!A=h),!A!!"=?!
!Vq)'<3!@(%,!V&J!['!A'),!Ah),C!31(3%G,!m!!

!!
!J#.%/6'k'2%V&6(J5@%h]U'?OWmI,S-0"%JI5(%%%%

|%!+.�======oX======?<!@8v!-!s�ts!e?2======.$!0F!�!u!!0%#L======&k<2?!F!�!-!s�¬¬!w!\!
!!!!!!!!5A==h!"S3<(A=�?!�,)==E![='!<3!+==:!"='!)=S!V'3FA==B?!-!5A=h!+=='(<(!@)=S!V='2/F(U!

!+:!e'(!)E!A&&:!"?!}%P%,!(<!!A$<(3!32UF!!
BABUAU

~
)()(

^P/!!

4$ i iinn SUpSpSpU )(]),;...;,([ 11!!
%!50,vMEU!w!!+:!(<!@3%>97I!32J?!+&.*.,!(<!1).$!3<2?!A.')7$!r){#$(!(<!A&:!"m!!!!

                                                   
1 !Orderability!!
2 !Transitivity!!
3 !Continuity!!
4 !Substitutability!!
5 !Monotonicity!!
6 !cent!Ah),!"?!"')>'%?4!<D3!HAn!['!a3)T?!+:!!!
7 !Ramsey!!
8 !von Neumann!!
9 !Morgenstern!!
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%%/-B0<!!!!!!!O?):!A$(2E!"?!^?)I!['!+$Oo)I!Ah),!X!02$)o!),!<)k1)JMEU!Ah),!\!!!!!+=,!)='!+='(<(!"=#l!0FA,
!@%.k<):32J!CD)7#l(!F!m!!^?):!@2#:)#>.E!@(%,!+TU(%?!aFAU!['!-!O�?m!!

%%%%%%%#k�2%V,�9%/R#�E%%/�2%s$J\0%JI"&0,-@"<!!!!!!@!5A=h!+='(<(!V.T=iF![='A!!l(![='!)=,!(<!!!!3<(A$)#=J(!a)=7#
pL!@(<(3!+==:!!�!!!V==J(!e==>7?!R1<(!e'%==#K,!�!!A==.&:!+L==')�?Tu!a)==7#l(!@(<(3!p!!!A==h),!"==?!!m!<3!�

!!!!e>7?!3(Af<!e'%EA,!�ju!!!a)7#l(!@(<(3(1-p)!!!!!!!a)=7#l(!+=,![='38$!+=:!p!!!!+=:!"$)=?1!)=E!V=J(!pLA~!
!Ah),!"?!-!VJ(!m!!

!!
]U'?OW%V,9%A,'�(%{%%

%!5A============h!a)============?%$!CO.KL============Ew!
u/=1.0,u0=0.0!m!!!
%%s��j5.%V,��9I5W5(c<%!!!!!"==JF<!<)==7o!@(%==,!+#*==:!02==.9.?![=='!�$)==h!!|!!!!zS)==:!@(%==,!-!V==J(!"q)==:!
!!F!C(A==./2E![L=='<!mmm!!A==.&:!RO==Em!!"==JF<!<)==7o!!w!!!!%==M$![=='!04!<3!+==:!"L==$)h!_)==$%Zf!@1)==,![=='
!!!!(!),!(<!@(!+/29k!!!!%=.E!VMS!['!1(!53)M#JX!!!!!!!!!V=J(!+=#q<!+$)*=$!£{=h![='!%=J!@2=J!+=,!+=:!\!!!"=?![.9=h

!A')7$!mt!!
QALY%%%,9%<!!!!!!![L='<!^?)=h!">=h8W!@)=S!@%=.k!g.7yE!@(%,!"kA$1!@)S!a)J!),!5Ah!dQZ&?!V.M.:!

!Ah),!"?!A.M?!"E(�m!!!
%/-B0<@%'jW)$%..�E!-!<2yE!!�!º!^>h!%..�E!�!VJ(!"Zf!m!!

21 )()( kxUkxU &$1!+,!!+:!e'(!�%h01 .kAh),!!!
!!!!"TZo!V/)l!<3!X"L$)h!@)S!r){#$(!0FA,!�!!\!!),!��q!-32J"Q.E%E!!v!!!!!!g=p$!+=,!-!A=,)'!+=?(3(!A=$(2E!"?!

!A.')7$!+U2E!32U2?m%%
z5H%|%!!!!!!A&:!"7$!<)#q<!A&?32J!�,)E!['!C<2n!+,!a2Wm!!['!),L!!!!!!-!5A=h!+='(<(!"L=$)h!C<2=n!+=,!+:!

!<2==?!"/)==?!<(A==�?!)==,!<)==p#$(!3EMV(L)!D2==7T?!U(L)<U(EMV(L))!!+==:!A==.&:!+==U2E!-!A==h),!"==?!
!A&#LS![L'<!�/){?!3(%q(m!!!

%&6(J5@%36}6(%b<%!!!!!!!a)=7#l(!<(A�?!+`!),!p!!!!!!!!R(3)=W![='!0)=.?!"EF)=ME!"=,!<3!e=?!x!![='!F![p,$M;(1-
p),$0]!@(%,!"L$)h!Mx!g#LS!¢<8,!!!

!"===,%cE!@)===S!53(3!�!!!![L==='<!)===,!"===J).o!F!"/2===7T?!
<2n!+,!a3)T#?!A&&:!"?!<)#q<!%'1!Cw!!

 
%z5H%N'K9"%%

! !!R1<(X@A&?32J!\!!!!!!@(!51(A=$(!+,!+#L,(F!a2W
!A'<(3!a2W!1(!)7h!+:!VJ(m 

                                                   
1 !Micromotors!!
2 !Russian roulette!!
3 3<2ML:4!]&S%q!!!
4 !invariant 
5 !transformation 
6 !lottery 
7 !ordinal utility 
8 !utility curve 
9 !empirical 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 276 - 

! !!!!!!!!!!!!!!!!!!!!3%=q![='!@(%=,!a2=W!<(A=�?!0)=7S!R1<(!1(!%=E!z.=,!"=h1<(!%=.�q!3%=q![='!@(%=,!<D3!<(8S
!3<(3!A&7EF%�!m 

! !%==k(S!!!-!A==h),!3%==q![=='!@(%==,!a2==W!R1<(!@!51(A==$(!U(S+$1000)-U(S)==q!@(%==,!!%==.�q!3%
!Vh(3!AS(2f!3<(3!<(A/2W!3%q!['!@(%,!+:!"h1<(!1(!%E!¢<8,!YE(%?!+,!"h1<(m 

! !!!!+:!A.&:!+U2EU(Money)!!!!!!!!!A=h),!"=?!"=Zf%.�!�,)=E![='!!w!!!!!%'3)=�?!@!+=7S!@(%=,!04!Y.=hS!
!Ah),!"7$!0)L>'m 

! !"/2$%,sX!svtu!w!\U(Money)!),!VJ(!%,(%,!)Q'%�E!log(Money) 
%#^F%D"%VI"\'2hsO$I%%mK'2%*%/�%%

! !!!!!"')?14!V{,!�$)h!['L=[p,$M;(1-p),$0]!!!!!!A=.S(2f!)7=h!a2W!<(A�?!+`!-!VJ(!5Ah!53(3!
!x!A.&>$!V:%h!"')?14!V{,!e'(!<3!)E!Vq%k 

! !!+:!"E<2n!<3X<EMV(L)!!!!!32=,!A=.S(2f!<(8=.,!-![L='<!1(!)7h!5)k!04!-!Ah),!!w!!![='!)7=h
!!!!V=={,![L=='<!1(!)==E!3%==:!A==.S(2f!V==q)'<3!(<!"')==?14!V=={,!1(!%==E!g==:!<(A==�?!r)==&#U(!"')==?14!

!A.')7$!mX!-!3K-T%V#2"#2!t!3<(3!H)$!"')?14!V{,!m 
! !+7.,!C%U(�!³!EMV(L)-Xm! 

!!!!!!!!!!!!!!!!1(!a)=7#l(!+=:!A=.&:!¡%=q!-!A.#L=S!<D3!02=.9.?![='!R1<(!+=,!+=$)f![='!@(<(3!)7h!+:!A.')7$!¡%q
!!!!!!!!!A=h),!H<(8=S![='!%=,(%,!@12=J!zE4!%�(%,!+$)f!03(3!VJ3!m!!!!!!e=>7?!%'3)=�?!^?)=h!�$)=h!e'(%,)=&,!!+=:

!!A===h),!"===?!A==='1(3%G,!A==='),!)7===h!m]0,$999.)1(;,$001.[ $($$ pMpLh!F!000,1$)( $hLEMV!m!
!<(A==�?!+==`!)7==hX!!!"o)==,!x!A==.')7$!@%.k2==9U!@12==J!z==E4!�$)==h!e=='(!1(!)==E!A=='1(3%G,!+==7.,!+==,!A'%==i)l!

!!!@!5A$)?XLEMV h ()(!!!!!!!!V=f(3%W!A=.S(2f!+=7.,!+,!)7h!+:!VJ(!@<(A�?!!m!!!(!"=9.f!)7=h!%=k(!![L='<!1
!!!!!5)k!04!-!A.h),!%M&#?X!!!!!!!!!!!1(!@%.k2=9U!V=KU!+=7.,!C%=U(!@(%=,!@3)='1!@!+=&'8S!)7=h!F!32=,!A=S(2f!g:!

!Vf(3%W!A.S(2f!@3%q!@3)y#o(!Yo(2I!m!!
!,$5Lk��0"J%)*#��+%V&6(J5��@%|%!%==S!@(%==,x!-!p!!"==?!g.==p&E!"L==$)h!C<2==n!+==,!;O==:!@(<!�y==$!)==E!

!32hX!mM=10,000m!\!!

 
%3$,(D_%N12%3qv"*%z,�(%s$%%

! L=[p=.02,$10;q=.000005,$1,000,000;(1-p-q)=.9799995,$0]!!
! !Ah),!"?!<D3!['!%,(%,!"')?14!V{,!�.9,!a2Wm 

                                                   
1 !Bernoulli 
2 !insurance 
3 !certainty equalent 
4 !insurance premium 
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! EMV(L)=? 
! !x!g'%{,!(<!"')?14!V{,!�.9,!['!+:!VJ(!+$D2�T?!H)6&S!+` 
!r(2Uw!!
! !g'%,!"?!<):!+,!"')?14!V{,!Yo(2I!<3!(<!�.9,!@!+&'8S!-!(A#,(!<3m!!
! L=[p=.02;$9;q=.0000005,$999,999;(1-p-q)=.9799995,$-1] 
! EMV(L)=(.02)(9)+(.0000005)(999,999)+(.9799995)(-1)=$-0.3 
! !g.')7$!"h2W!g*`!-!�.9,!@!+&'8S!1(!)?!+:!"E<2n!<3EMV(L)=$+0.7 

V#'+%:'K7W%V,9%/BpP%%
!3%>97I!@)S!5%kXaction nodes!\!A&?32J!@)S!5%k!FXutility nodes!\!@)S!+>Qh!+,!(<

,!@<)#q<!A.')7$!+q)i(!"�Z&?!@%.k!g.7yE!e#f)J!a)Tq!@(%

m!!
%:-$I5~C"<%%

!!!!!!!!!!!C)=Q�!F!3%=>97I!@A&?32=J!<)=p#$(!3<2=?!<(A=�?!-!3%=>97I!@!5%=k!<(A=�?!%S!@(%,X!@<(A=')W!\!!@!5%=k
A.')7$!+QJ)B?!(<!5Ah!+'(<(!!

!3%>97IMEU0(3%k%,!(<!!!
%]52*I%V#'+%:'K7W%V%/BpP%%
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!!
%V#'+%:'K7W%V%/BpP%32,$DI"%%

s!m !@)S%.�#?!A.S3!<(%o!g#L.J!@<)U!V.TiF!@(%,!(<!V,)�m!!
|!m !!!!!!!!!@%=.k!g.7y=E!@)=S%.�#?!@(%=,!<(A=�?!@)S!r)L#$(!<(3%,!%S!@(%,X!!!!!0)=?%q!-!a)=�?!0(2=&I!+=,

0(2E!)'w!\ 
am !A.S3!r)L#$(!)S!04!%'3)�?!+,!(<!@%.k!g.7yE!@)S!5%km 
b!m !!!!!!!!!!32==J!5%==k!@)SA==/(F!@!+==7S!"==9Qo!@)==S!a)==7#l(!@!+Q==J)B?!@(%==,!@8==.,! )#&#==J(!1(

M#J(!A.')7$!53)X"&.7{E!)'!d.o3m!\ 
cm !A.')7$!+QJ)B?!)SA/(F!%'3)�?!@F<!a)7#l(!�'12E!;)J(%,!(<!32Jm 

t!m 0(3%k%,!(<!32J!e'%E!z.,!@(<(3!@%.k!g.7yE!<(3%, 
]52*I%V#'+%:'K7W%%

s!m !A.S3!VQL$!V,)�!@)S%.�#?!+,!(<!5Ah!+#f)&h!%'3)�?w 
!F!�&J!VI%J!-!�&J!@%E),GPSX!!0)?1!<3!+7St\!!

|!m !%S!@(%,!@!+'F(1!F!0(2E!1(!e>7?!Y.:%Etumw! 
am !!!!!!!!!!!!!!!<3!V.T=iF!F!@%E)=,!�Z=J!@(%=,!a)=7#l(!�='12E!@!+Q=J)B?!@(%=,!@8=.,! )#&#J(!1(

!0)?1t+1!A.')7$!53)M#J(!m 
b!m !A'%Q,!<):!+,!32J!@!+QJ)B?!@(%,!(<!)S!�'12E!04!�GJm 

t!m !2Q7:!0(2E!^'AQEs!A.S3!H)c$(!32J!e'%ED),!),!(<!m 
%/��-B0%<!%'3)==�?!32==J!1(��6$_%°#���%V%)&�%!!!r)=={#$(!@(%==,!@(!+==')W!C<2==n!+==,!V.T==iF!F!@%E)==,!�Z==J

!A.')7$!53)M#J(!-!@<)U!@)S3%>97Im!!
%3$,(D_%N12%J5@%*%N'0U�4%%

                                                   
1 !combo 
2 !PROJECTED FUTURE 
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kS!!!!!!!A=.S3!<(%=o!3(%=q(!@<)=U!@)=S!"'(<(3!^?)h!V.TiF!(<!!m!!!!!!"')=?14!V={,!32=J!C<2=n!e='(!<3
!;)===J(%,)( nkSU &!3)===�?!@(%===,!!�===9#{?!%'n!!A===h),!"===?!!m!!!!�.===9,!@!+===&'8S!1(!%===p$!}%===n!)===,!w

)()0000005(.()02(.)( 000,000,1)10 && &$ kk SUSULU!m!!!!!!!)===='4!+====:!g.====J%G,!g.$(2====E!"====?!)====?!D)====l
)()( 1&. kSULUX!!�.===9,!@!+===&'8S!1(A===$(!�===W!32===J!\!!+===,!+#L===,(F!e==='(!FU!F!K!A===h),!"===?!!m!<3

!+:!"E<2n)()( 1&. kSULUD2�T?!@<):!�.9,!A'%f!-!Ah),!!Ah),!"?!+$!m!!
%%%%%%!J5�2%3-'E57F%&6j%N$\(c%|%!!!!!!!!!%=.�#?!@3(A=TE!)=,!A&?32=J!"T,(2=E!g.$(2=E!"=?!+=$26`nXX ...1!(<!
!!!!!!!a)�?!@(%,!x!g'%.6,!<):!+,U(Deaths,Noise,Cost)x!VL.`!!!!!!!!@A&?32=J!�=,(2E!g.$(2=E!"=?!+=$26`

x!g.&:!Y.:%E!(<!A&#LS!<)#q<!<3!HA�E!@(<(3!+:!!!
!!@!5A=='(s!w!===iF!!!!!^===?):!@!+?)&===J)&h!0FA===,!A==&$(2E!"===?!+===:!"')==S!@%===.k!g.7y===E!V==BE!(<!"')===S!V.T

),...,( 1 nxxU!g.')7$!e.')E!(<!A$2h!+#f)J!m!!!
!@!5A==='(|!w!!!@(%===,!(<!+===c.#$!3<(A$)#===J(!@)===S!H%===q!1(!d#*===?!F!)===S!V==='2/F(!<3!^�#L===?!�===9#{?!~(2===$(

),...,( 1 nxxU!g.')7$!"')J)&h!m!!
%�=O��Wh´5��X0mN1��@%%�%|%!!@(%==,!(<!"E).n2y==f!D2==7T?U!V==J(!V==f(2&>'!V{==J!�2==M$!%==S!<3!+==:!-!!

!!!!g.&:!"?!�'%TE!w!!!r)={#$(B!!!!!!!!!!r)={#$(!%=,!�2=M$!A'A=h!"E<2=n!+=,!A3<(3!-!!!%=k(!w!)()( AXBiX ii /U!
!e'(%,)&,!FU(B)%U(A)!Ah),!"?!m!!

!! A#q(!"?!�)ME(!C<A$!+,!^7I!<3!V{J!�2M$!!
3v,XW"%´5X0%%

%%

                                                   
1 !Multiattribute utility!!
2 !strict dominance 
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!�==========='12E1p!!�==========='12E!%===========,!"E<2===========n!<3!2p!!!!+===========:!3<(j===========k!"===========?!"o)===========ME(!%===========�(!w!
c cd( d(

,U t t
dttpdxxpt )()(: 21!!

!!!+=:!"E<2=n!<3U!!!!%=,!V=f(2&>'!%=�(!@(<(3!x!!!!C<2=n!e='(!<3!-!A=h),!1A!!!!�#=&?!�='12E!)=,!X!!V==J3!+=,
!5A====?4!\!1(1p!!-!!%====,2A!!-====,!!!!1(!5A====?4!V====J3!+====,!�===='12E!)2p!!!!3<(j====k!"====?!"o)====ME(!%====�(!!%====k(w!!

c cd
d(

d
d(

/ dxxUxpdxxUxp )()()()( 21
!!

%%%%3-'E57F%&6j%J#2I,.<!!!!!!"#.n2y=f!A=&`!-!C).n2y=f!@!+=7S!<3!"q3)y=E!%�(!32UF!C<2n!<3!!
-!32,!AS(2f!+&.K,!m!!

%3v,XW"%#�"%|%!"o)ME(!%�(-!!!!)=,!F!d=.o3!C)T'12E!0FA,!A$(2E!"?!Y9�(!!!!d=Z&?!"6$2=6`!1(!53)M#=J(-!!!a)=Q$3!
!!32hm!!!!%K=h!!+9=n)q!z'(8q(!),!+&'8S!-!a)�?!0(2&I!+,1S!!%K=h!1(!2S!!!!!-!+=c.#$!<3!-!A=,)'!"=?!z'(8=q(!!

1S!!%==,!"q3)y==E!%=�(!@(<(3!2S!A==h),!"==?!+==&'8S!%==p$!1(!m!==,!"kA=='3!Y.==J(!-!a)==�?!<2==P!+X+?A==n!\!)==,
!!!!!!!!A=,)'!"?!z'(8q(!}3)yE!@!+pB/!<3!VI%J!z'(8q(m!!!!!!!!!!%=�(!C)=IOP(!)=,!(<!)=S!+>Q=h!<)=#q<!0(2=E!"=?

!!!!327$!%.LME!"q3)yE!wYX
&"!X!X!!!%,!VQ�?!C(%�(!@(<(3!Y!Ah),!"?!!\!!!!!+=:!V=J(!"=&T?!e='(!@(<(3

w!!<(A�?!%S!@(%,z!@)SA/(F!%')J!1(!Z!+,!d9T#?!Y!!!
),|(:, 12121 zxYPxxxx O/U!%,!"o)ME(!%�(!@(<(3!),|( 2 zxYP!Ah),!"?!m!!

%V,9%A5v%[Oj#2%�%,${%%
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|%1X%%%*2X!1(!^�#L====?!3X!!+====:!"E<2====n<3!A&#L====S!w!!!0)====.?!V===='2/F(321 ,, xxx!F!321 ,, xxx 11!
!+=======,!+#L=======,(F3X!A=======h)Q$!m!!<3!O�=======?<Noise,Cost,Safety>w!!À�¹�¯!F!¬¹¯!F!<D3!02=======.9.,!

|����!¿!FÀ�¹�¯!F!¬¹|!F!<D3!02.9.,!v����¿!m!!!
%/'£vhu'W%!5'C%c ncfg�<%m!C).n2yf!1(!VMU!%S!%k(!P.I.!!!!!!%=S!e'(%,)=&,!-!A=h),!"=?!32=f!g7#?!

!C).n2yf!1(!+I27c?!%'1P.I.!Ah),!"?!32f!g7#?!!!wP.I.!5%JF3!m!!!
%/'£���v%h%*#���2J�%%ncf�`<%m%!!+===:!"E<2===n!<3!P.I.!!!!<(A===�?!@(<(3!�,)===E!+===c.#$!<3!-!A===h),!5%===J!F3!

!VJ(!"$3F8q(w!!
4$

i ii SXVSV ))(()(  

!"#.n2yf![E!�,(2E!03<F4!VJ3!+,!e'(%,)&,t!n!32h!"?!H)c$(!",2f!Y'%�E!),!Y9�(!�!"')E!m!!

                                                   
1 !Leontief!!
2 !Debreu!!
3 !single-attribute!!
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%%%I,-F,@%N$5C*"%<3v,XW"%|%!!!!!!!!g.$(A=,!(<!�$)=h!@)=S!V='2/F(!+=:!VJ(!H1D!wX!!!@A&?32=J!aO�#=J(!@(<(3!
s!Y!<3!�$)h!@)S!V'2/F(!+:!"E<2n!<3!-!Ah),!"?!X!+,!+#L,(F!y!A&h)Q$!m!!!

U.I.%)#���@*J%<!!+===I27c?!%==='1!%===S!U.I.!!-!!<3!-!A===h),!"===?!32===f!^===7>?+===c.#$-!!!@!5A===&S3!z'(8===q(!
!Ah),!"?!�,)E!@A&?32Jw!!

321321131332322121332211 UUUkkkUUkkUUkkUUkkUkUkUkU &&&&&&$  
!!+==?)$%,!%=='1!a(F<!F!)==S!!<(8==q(!H%==$!@)==S!+#L==,@!!V=='2/F(!@)==S!VL==E!A==./2E!@(%==,!-!!!)==,!"')==S!53(2$)==f!

!A')7$!"?!"q%T?!(<!A&?32J!�,(2E!CF)M#?!@)S!3<(A$)#J(m!!
8DI"],4U�"%%%%

|%%%)&$"%<!!!!S!@(%,!5A?4!VJ3!+,!<(A�?!!!e=>7?!V=,)�!�8=U!%(<!!!!A=.')7$!+Q=J)B?!m!!!!!!!g.�#L=?!<2=P!+=,!<)=:!e='(
!32h!H)c$(!A$(2E!"?!@%.k!g.7yE!@!+>Qh!1(m!!!

%z,���(<!!e==�F<!�.B==n!A=='%f!e'%==7E!!m!!"P2==o!F3!1(A!F!B!!!-!A==h),!"==?!e==�F<!@2==#B?!"==>'!)==�.o3!-!
!(<!V==7.ok!A=='%.6,!%==p$!<3!m!!g==S!(<!H(A==:!%==S!a)==7#l(�¹§!A=='%.6,!%==p$!<3!!m==9Tq!V==7.o!"P2==o!%==S!"

k/2!Ah),!"?!!m!!�!£y{#?!�!"J<%,!3)K&*.WA!AS3!"?!(<!!mx!VJ(!YJ)&?!V7.o!)'4!!!
%Q��T%)"I<!!!A==.')7$!+Q==J)B?!(<!C)==IOP(!<)==p#$(!3<2==?!<(A==�?!!³!!!3%==>97I!e'%==#K,!<)==p#$(!3<2==?!<(A==�?

!!!!!!!C)IOP(!0FA,!3%>97I!e'%#K,!<)p#$(!3<2?!<(A�?!@)K&?!5Ah!+'(<(!C)IOP(m!!!!V=J(!e=>7?!"=J<%,!
!!+==:!A='26,!�!<3!e==�F<A!V==J(!!�!)=='!�!<3!e==�F<A!!A==h),!"=7$!!�!a)==7#l(!F�¹§!53(3!H(A==:!%==S!@(%==,!
!!!V==J(!5A==h!�!³!«�¹§!±!!@!5A===h!53(3!R1<(!�!!A=='%fA!�!!F!!�!0F<3!e===�F<A!!A===h),!"==?!!º!��¹§!
!R1<(!�!A'%fB!�!!F!�!0F<3!e�F<A!Ah),!"7$!!�!��!�!!

=(0.5*k/2)+(0.5*k/2)-0=k/2 
+%)D"&0"%>,1-0"%V#'�%%

! !A&h),!"7$!^�#L?!D27T?!C)IOP(m 
! !!!!!!!!!!!!!!!!A=h),!+=&'8S%W!A=$(2E!"=?!)=S!@%=.k!51(A=$(!03<F4!VJ3!+,!w!!!!!!@)=S!^=.9BE!-!"=QP!@)=S!z')=?14

!F!)'<3!�)7I(!"').7.h!mmm 
! !g'<(3!)S!z')?14!)'!)S!51(A$(!@A&,!V'2/F(!+,! ).#l(m 
! !!!!!!!"=?!<)=p#$(!3<2=?!32J!e'%ED),!),!@)S!V.TiF!+,!%c&?!+:!"')S!04!!!!A=.')7$!r)={#$(!(<!A$2=h!

m 
! !!!!!)=S!@%.k!51(A$(¶!!!!!V.T=iF!C)=IOP(!¶!!!)=S3%>97I!r)={#$(!¶!!!!!A='AU!"=9:!@)=S!V.T=iF!

Xinfo+physical!\¶!32J!",).h1<(!t 
! !!!!!!!!!+=:!"/)=7#l(!�='12E!+=,!)=?!-!A&h),!"?!"o)ME(!C<2n!+,!CD)yE(!e'(!1(!@3(ATE!+:!"')c$4!1(

!(<!gp&?!@)S3%>97I!gS!F!@%.k!51(A$(!�')#$!gS!g.')7$!"?!"kA.J<!A&#LS!(<(3m 

                                                   
1 !utility-independent!!
2 !Measurement Selection 
3 !Utility Assessment 
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!! %Q��.%z5�(#R%|%E!!!@<)==U!3%=>97I!e'%==#K,!-!A='%.6,!%==p$!<3!V=,)�!(<!-!!Ì!!A==h),!"=?!!m!!3%==>97I!@!+=c.#$
!e>7?iS!-!A'AU!V,)�!@!52�/),!0(2E!F!jE!Ah),!m!!

4$
i ii

a
aESPSUEEU ),|()(max)|(3  

!g.$(3!"?!)?!+:!A.')7$!<2yEjkj eE $!)?!e'(%,)&,!-!jke3!g.&:!"?!r){#$(!(<!m!!
4 $$$

i jkjii
a

jkje eEaESPSUeEEEU
jk

),,|()(max),|(3  

jE!!!!!!!!%'3)==�?!A=='),!-!+==c.#$!<3!-!A==h),!"==?!+#f)&==h)$!04!"==9Tq!<(A==�?!+==:!V==J(!"q3)y==E!%==.�#?![=='
.')7$!+QJ)B?!04!e>7?!%'3)�?!H)7E!a2l!(<!04!e>7?!gw 

)|()),|()|(()( EEUeEEEUEeEPEVPI
k jkjejkjjE jk

33 ($$$ 4  

!XVPI!�M{?!Value of Perfect Information!A=h),!"?!-!!!!"=&T?!+=,!(<R1!C)=IOP(!!!!"=?!^=?):!
Ah),\!!!

%],'E57FVPI%%%
|%3X6(%,0!s!Ah),!"?!!w!0)(:, /U jE EVPIEj!!
�!V#$¡�����������H,0%Y�����������K;!|!a)===========�?!<3!--!!+===========:!A===========.&:!+===========U2E!jE!!V===========J(!5A===========?4!<)===========,F3!w!
)()(),( kEjEkjE EVPIEVPIEEVPI &K!!

!J52%:S0%D"%Q�-O(!t!w!!
)()()()(),( ,, jEEkEkEEjEkjE EVPIEVPIEVPIEVPIEEVPI

kj
&$&$

 

                                                   
1 !nonnegative 
2 !nonadditive 
3 !order-independent 
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%/��;5W<!!!!!03%==:!+&.*==.,!-!32==h!@<F4!�==7U!A==$(2E!"==?!V==,)�!z=={,![=='!+==:!"$)==?1!<3!VPI!!%==S!@(%==,!
!!!!!!!!!!!!!!!!!!�=7U!+=:!32=h!"=?!!e='(!+=,!%=c&?!A=h),!"=7$!+=&.K,!g=S!+*=.7S!+=:!)S!04!1(!">'!r){#$(!@(%,!-!V7Lo

!+,!^'AQE!)S!V,)�!03%:!32h!"Q.E%E!@%.k!g.7yE!@!+/)L?!['m!!
%N��'X'.%h%3~05��~j%m,��9I,-RI%|%!%==k(r)=={#$(-!!!"==7:!R1<(!@(<(3!C)==IOP(!-!A==h),!"==?!5AS)*==?!^==,)o!

!!!A&h),!"?m!!!%k(!r){#$(!-!!!!!!A&=h),!"=?!@3)='1!R1<(!@(<(3!C)IOP(!!-!Ah),!"?!5AS)*?!^,)o%.�!m!%=k(!!
!@(<(3!C)IOP(!-!Ah),!"?!5AS)*?!^,)o%.�!r){#$(!A&h),!"?!"7:!R1<(m!!

!! !!
%Y2,6(<%%

http://aima.eecs.berkeley.edu/slides-pdf/chapter16.pdf 
http://www.idi.ntnu.no 
 

http://aima.eecs.berkeley.edu/slides-pdf/chapter16.pdf
http://www.idi.ntnu.no
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%%
%%

&234!B6'7C&&
&&

+Y-:!?$>!"1YB

!"#$%&'(&)*+%&,-+./&&
E%IJ%,X^C%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<7'@%*%I"\9%/0%*%3@%&
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

%3p74%V,9%/BpPc%%
%Q7R:9JD50%%

[C,^(%A5$I%%
! %\�(�%%
! %3p74%V,9%/BpP 
! %!*#-�@#He,9% 
! %!*#-�@#H3}^@%&6j%V,9 
! %3p74%V,9%/BpP%V,9J#2I,. 

74%V,9%/BpP3p%%
! !!!!!!C<2==n!+==,!A==$(2E!"==?!g=='(!53%==:!+==T/)Z?!)==?!02==&:!)==E!+==:!+==�$4!1(!@<(A==�?%%34567��(%85��9

M$J,K0!�!32h!@A&,!+�QP!m 
! !Ah),!"?!)S!04!0).?!C)P)QE<(!F!)S!^Q7J!%,!A.:)Em 

o !@8'<!+?)$%,!F!@%.k!g.7yE!@)S!Vf<3!-!dZ&?!-!2c#LU 
! <)#q<!@(%,!@A.9:!1).$!)S!^Q7J!3%,<):!+:!VJ(!e'(!"9n(!¡%q!Ah),!"?!A&7h2S! 
! !<)#q<!%,!"QyI!@)S!+>Qh!e'3)7$!A')7$!"?!8:%7Em 
! !A'4!"?!32UF!+,!53)J!@(8U(!^?)TE!1(!A&7h2S!<)#q<m 

%#W5'�(,.%:=4%*%3@,6P%NO$D%%
! !!!!)S!0F<2$!-!"J)&h!VL'1!<3�!!!)=S!V'<A=$3!�J2E!5Ah!Vq)'<3!"')S!a)&6.J!�!!!5A=h!%*=#&?!F!

!02L:4!5(<!1(!)S!0F<2$!%6'3!+,v,!"?!!A&h)m 
! !"S3!V?OIu![.9h!F!�!A&h),!"?!5A.�.W!"9.f!m 
! !A&'4!"?!32UF!+,!0F<2$!0(<(8S!^?)TE!<3!O?):!<)#q<!F!%>qm 

                                                   
1 !neural networks!!
2 !brains!!
3 !Perceptron!!
4 !symbolic AI 
5 !neurons 
6 !dendrites 
7 !axon 
8 !signaling 
9 !firing 
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! !!!!!!!!!!!!!!!!!+L=')�?!)=,!)EA=7I!"=J)&h!VL='1!"Qy=I!@)=S!+>Q=h!+=,!+#L=,(F!"E)Q=J)B?!"QyI!@)S!+>Qh
X;).o!\!A&#LS 

o 7$!"?!+T/)Z?!(<!)S!0F<2$!"#L'1!@1)L/A?!-!"E)QJ)B?!r)yI(!g9I!A&')m 
! !A&h),!"?!%�2?!@)S!g#'<26/(!@!+TJ2E!rjU!Y9�(!"I2&y?!R2S!0)��B?m 

o !!!!!!!!!!"=?!<)=:!A&#L=S!"=T.QP!O?)=:!+=:!"')=S!5A='(!@F<%,!)?!-!">.#$N!@)S!g#'<26/(!A&$)?
!g'A&,!"?!<):!+,!(<!A&#LS!A.M?!+:!"')S!04!F!g.&:m 

!!
%3W,p@,}(%3p74%V,9%/BpP%%

! !!!)====S!0F<2====$!1(!"Qy====I!@)====S!+>Q====h
Ah!^.>*E!A$(!5m 

! !!!!!!!!!!!!g=S!+=,!"')=S!a)y=E(!�=J2E!)S!5%k!e'(
!A&h),!"?!^y#?m 

o !)S!02L:4!1(!(AU 
! !!!!!+==:!V=J(!<)*=q![=='!@(<(3!a)y=E(!%=S

!!a)&6.==J!C<A==oXV==?OI!\!£{*==?!(<
!A&:!"?!m 

! !VJ(!"Zf%.�!3%>97I!�,)E!['!@(<(3!5%k!%S 
o !!!!!"==?!V'%'A==?!(<!)==S!@3F<F!�==7U!-!5A==h!�=='12E!�,)==E![=='!C<2==n!+==,!5%==k!"==UF%f

!A')7$m 
!!
R3p74%8D5(_%V"#2%[@,6(%V,9%N'C,q%%

! !V.n2yf!VMU!@3(ATE�<(A�?! 
! "�.�l!@!5Ah!"S3<(A�?!@)S!@3F<F 
! +#LLk!)'!"To(F!Ay�?!<(A�? 
! )Zf!),!)'!R)*#�(%W!@)S!53(3 
! !Ah),!"?!r2f!"9.f!"$D2P!R12?4!0)?1 
! VLE!@!5Ah!H1D!3<(2?!�'%J!",)'1<( 
! !53(3!R12?4!@!+.i%q!0A.7Kq!@(%,!%*,!"')$(2E!Ah),!"7$!gK?!-!5Ahm!!
!!

%&T"*McCulloch-Pitts%{%"UF%f-!!5Ah!+/!"Zf!�,)E!['!s!Ah),!"?!)S!@3F<F!1(!w!!
4$B

j jijii aWginga )()( ,%%
%%

!!!!!0F<2=$!1(!5Ah!53)J!3)'1!3(ATE!['
!!!!!}A==S!)==?(!-!A==h),!"==?!"==To(F!@)==S
!!!!!!!!!53)=J!@)SA=l(F!g.=7KM,!+:!VJ(!e'(
!!!!!(<!@<)==:!+==`!A==&$(2E!"==?!+>Q==h!@

A&S3!H)c$(!!
                                                   

1 !squashed!!
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! Al(F!a%#&:!@(%,!;)'),!+$)#J4!<(A�?!s!32h!"?!53)M#J(! 
o !A&:![.9h!5%k!+:!Ah),!A'),!<(A�?!+`!5Ah!�'12E!@3F<F!a)&6.Jm 

!!
J#B=K4%Y2"5W%%

! !327$!53)M#J(!0(2E!"?!"Zf%.�!�,)E!%S!1(!"9:!V/)l!<3m 
! !A&h),!"?!%'1!C<2n!+,!�,(2E!e'%E!"?27I!w 

o !!!+9l%?!�,)EX!+$)#J4!�,)E!\�!!(!-!)=S!"UF%f!!!!!!!!F!A=h),!"=?![='!-!A=h),!V=Q�?!@3F<F!%=k
!Ah),!"?!%Mn!C<2n!e'(!%.�!<3m 

o !�,)ES!^>h!XA'276.J!\|!"9�$!)'!!w)1/(1 xe(& 
! !Ah),!"?!£.{*E!^,)o!+#J2.W!C<2n!+, 
! !!!!!!!!!!"=,!V7=J!+=,!"c'<A=E!C<2=n!+=,!F!Ah),!"?!+$)#J4!">'38$!<3!�'%J!%..�E

!3F<!"?!V')K$m 
%,9%z,�(<%%

%Y2"5W%Q'KBW%3�^6(%%
%\-'H%*%±U.%s(e<%!32h!^.7>E!A$(2E!"?!e./2,!�,)E!%S!!!

!!
! !!!!!!!!!!!!!!!!!!!!!)=,!"=�Z&?!3<(A$)#=J(!C)=.97I!1(!"=f%,!H)=c$(!@(%=,!"k3)=J!+=,!A=&$(2E!"=?!"Qy=I!@)S!+>Qh

!A$2h!+#f)J!@(!+$)#J4!3%>97I!�,)E!1(!53)M#J(!m!!
%,9%)#+%�"50"%%

! !g.S3!£.{*E!(<!5%k!~2$!+J!g.$(2E!"?!)?w 
o !@3F<F!@)S!5%k 
o "UF%f!@)S!5%k 
o !0)K&W!@)S!5%k 

! !g.S3!£.{*E!(<!)S!+>Qh!~(2$(!g.$(2E!"?!e.&�7S!)? 
o %!!!!g.�#L=?!@!+='j�E!@)=S!+>Q=h!�w!!!!!!!!!0FA==,!F!A=&&:!"=?!V=:%l!V=KU![='!<3!)=S!V=?OI!

!!!A&=h),!"=?!<F3!m!!!!g.�#L=?!@!+='j�E!@)=S!+>Q=h-!!!!!!V.T==iF!F!A=&&:!"=?!^=.7>E!(<!�=,(2E!
A$<(A$!"9f(3m! 

o !5A&&:!V*k1),!@)S!+>Qh�!w!!3<(3!32UF!<F3!-!V?OI!<)*#$(!<3!m 
!@)S!+>QhHopfield!A&h),!"?!51(A$(!gS!0(1F(!@(<(3!)( ,, ijji WW $!!

! !g.')7$!"?!8:%7E!g.�#L?!@!+'j�E!@)S!+>Qh!@F<!(A#,(!<3!)?m 
!!

                                                   
1 !threshold value 
2 !sigmoid 
3 !McCulloch & Pitts!!
4 !feed-forward networks 
5 !recurrent networks 
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Y2"5W%V%)&60D%M'K1W%QBP%/2%:'�-O(%V%/$¡�W%V,9%/BpP%%
! !!!!<3!g.�#L=?!@!+=='j�E!)==,!"Qy=I!@)==S!+>Q=h!!!5A==&$1!e.==7{E!H)=$!+==,!)==S!g#'<2=6/(!1(!53(2$)==f![=='

!A$%.k!"?!<(%o!"Zf%.�!�,)E!@)S 
! !Ah),!"?!z')S!@3F<F!1(!�,)E!['!"QyI!@!+>Qh!['!"UF%f 
! !AS3!"?!51)U(!(<!5A.�.W!�,(2E!@!+'(<(!"Zf%.�!@1)J!a)Tq!�,)E 
! !g.S3!"?!%..�E!(<!32h!"?!+'(<(!+:!"T,)E!)?!-!)S!01F!03(3!d.QZE!), 
! Qh!A$2h!"?!53)M#J(!)S!53(3!1(!5A.�.W!�,(2E!e.7{E!@(%,!Y9�(!"QyI!@)S!+>!m 

3p74%V,9%/BpP%,2%V&62%/�p�%%
! !A&S3!"?!H)c$(!r2f!"9.f!gS!(<!@A&,!+�QP!-!"QyI!@)S!+>Qhm 
! !A')7$!"?!Vh)6$!"UF%f!%E!z.,!)'!['!C<2n!+,!(<!)S!@3F<Fm 
! !32h!"?!g.L�E!(8c?!;O:!F3!+,!"UF%f!@!+&?(3 
! ,!!!!!!+:!"')U!<3!"h12?4!@)S<):!@(%!�!g.#LS!+`!@2c#LU!<3!�!!!!!!A=.M?!"=9.f!A=h),!"=7$!H2=9T?

!Ah),!"? 
o !"J)&h!C<2ns!"J)&h!�f!VJ3!-!|!^.Q?2E(!['!"kA&$(<!F! 

:'�-O(%V%/$¡�W%z,�(%%

!! !g.�#L?!@!+'j�E!@!+>Qh!³!"Zf%.�!�,(2E!1(!5Ah!@A&,%#?(<)W!@!53(2$)f!['w!!

))..(.)..(.(

)..(

24,214,15,423,213,15,3

45,435,35

aWaWgWaWaWgWg

aWaWga

&&&$
&$!!

!AS3!"?!%..�E!(<!3%>97I!)S!01F!0327$!0(8.?!w!A'%.6,!3)'!(<!RF<!e'(«!!
,9%!*#-�@#H%%

!!!!!!!!!!!!!+L=')�?!)=,!01F!d=.QZE!H8.$)=>?![='!F!V{=J!V'3FA=B?),!a)=�#$(!�,)=E![='!),!0F<2$!['!-!0F%#GJ%W
?!5Ah!53(3!@3F<F!%S!@(%,!<)p#$(!3<2?!@)S!"UF%f!F!"To(F!@)S!r(2U!@!Ah),!"!m!!

%!*#-�@#HV"%/$�%sW%V,9%%

                                                   
1 !face recognition 
2 !handwriting recognition 
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! !A&h),!"?!"QyI!@!+>Qh!^>h!e'%E!53)Jm 
! !A&h),!"?!3FAB?!-!+QJ)B?!@(%,!"/F!A&h),!"?!53)J!-!gKq!@(%,m 
! !VJ(!5Ah!^y#?!"UF%f!Al(F!%E!z.,!)'!['!+,!g.�#L?!C<2n!+,!@3F<F!Al(F!%Sm 
! '12E!@!+$)#J4!"UF%f!VJ(!)S!@3F<F!~27c?!5Ah!�m 
! !32h!"?!53)M#J(!)U!e'(!<3!+$)#J4![.9h!�,)Em 

!%k(0...22110 .&&&& nn xwxwxww!5)k!04!-!Ah),!1),...,( 1 $nxxo!!
! !A&')7$!"?!^7I!!^�#L?!<2P!+,!"UF%f!@)SAl(F!@!+7S�":(%#h(!C<2n!+,!+$!!m!!!!

![=='!+==:!A==.')7$!+==U2E0F%#G==J%W!)==,!g!³!(!+==9l%?!�,)==E!@!-!A==$(2E!"==?AND!-!OR!-!NOT!F!!!mmm!(<
!8U!+,!A')7$!+'(<(XORm!!@3F<F!@)�q!<3-!!"Zf!@!5A&&:!(8c?!['!s!!A')7$!"?!+'(<(!(<w!!

4 .
j jj xW 0!)'!W.x>0!!

 
%,9%!*#-�@#H%G$,K0%!"5W%%

! !+>Qh!"UF%f!w4 $ .n

j jj iW
0

0 

! Zf!�,)E!%S!@!+'(<(!+,!<3)o!)S!0F%#GJ%W!A&#LS!"$Ah(AU!"m 
! !�,(2E!1(!@3(ATE!-!+$)MJ)#?XXOR!F!parity!\!A&h),!"7$!"Zf!"$Ah(AU!C<2n!+,m 
! !!!!!!!!!!+=:!V=.To(F!e='(!V9I!+,!-!A$32,!"?27I!)S!0F%#GJ%W!-!"I2&y?!R2S!"'(A#,(!@)S1F<!<3

!32h!(A.W!"k3)J!+,!VL$(2E!"?!)S!04!01F 
%!*#-�@#H%3PD5(_%:-$I5~C"%%

inputs = in1, in2, ..., inj 
weights = w1, w2, ..., wn - initialize each to rand(-0.5, 0.5) 
output = o 
training examples: t1 = (tin1, to1), t2 = (tin2, to2) , ... 
                                                   

1 !linear separator!!
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do 

for t in training examples 
inputs = tin 
o = compute net�s output with current weights 
E = to - o 
for w in weight 

w = w + alpha * tin[i] * E 
while notConverged 
 

8D5(_!*#-�@#H%%%
! !z&.,!w!A&,)'!zS):!A'),!0(1F(!-!Ah),!D),!"9.f!-!"UF%f!V?OI!%k(m 

o !0(1F(�!+#*k%,s!�!!A$<(3!V:%h!"UF%f!<3m 
o !A&h),!"7$!%�2?!-!%Mn!@3F<F!),!0(1F(m 

! )'!z'(8q(!A'),!0(1F(!-!Ah),!e.')W!"9.f!"UF%f!%k(!A&,m 
o !0(1F(�!5Ah!%S)©|!�!!A$<(3!V:%h!"UF%f!<3!+:m 
o !A&h),!"7$!%�(!@(<(3!%Mn!@3F<F!0(1F(!-!5<),F3m 

! !VJ(!)S!01F!@1)J!+&.K,!['!)To(F!-!R12?4m 
! !g.#LS!01F!@)�q!0).?!<3!@3<2$!+GE!@2c#LU!['!H)c$(!a)l!<3!)?!-!),F)&#?m 

!!!!+==I27c?!<3!)==Zf!zS)==:!@(%==,!)==S!�=='12E!03%==:!0(8==.?!)==,"/(2==#?!@!-!!!!A=='%.6,!3)=='!(<!Y==9Z?!e=='(!m!
!@3F<F!),!a)�?!['!@(%,!"T,%?!@)Zfx!�.Bn!"UF%f!F!y w!!!

22 ))((
2

1

2

1
xhyErrE w(Q$!!

!A.S3!H)c$(!"/F8$!0)'3(%k!),!(<!+&.K,!@2c#LUw!!
j

n

j jj
jjj

xingErrxWgy
W

Err
W

Err
Err

W

E %1%($(@
@%$@

@%$@
@ 4 $ )())((

0

!!
!01F!@!53)J!1F<!+,!02$)ow!!

jjj xingWW %1%&B )(3!!
!@)===Zf!-!a)===�?+ve!!¶!F%f!!A===,)'!"===?!z'(8===q(!+>Q===h!"===U!!!¶!@)===S!@3F<F!<3!)===S!�==='12E+ve!

!@)S!@3F<F!<3!F!A,)'!"?!z'(8q(�ve!A,)'!"?!zS):!m!!
%%

%3PD5(_%z,�(AND%%
Step function - step at 0 
Two inputs, plus a bias input set at -0.2 
Learning rate = 0.1 
Initial weights: 0.3, -0.1 

                                                   
1 !turn down 
2 !turn up 
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%!50,v%*%N�"I*%!,$J"#+%,-CJ%%
! x!A&#LS!+$26`!g'%.6,!3)'!g.�#L?!C<2n!+,!(<!�,)E!g.$(2E!"7$!)?!+:!@3<(2? 

o !Ah)Q$!"$Ah(AU!"Zf!C<2n!+,!�,)E 
! !g.&:!^7I!r2f!-!e>7?!@)U!)E!g.S(2f!"?!)?!-!3<2?!e'(!<3m 
! !g.')7$!%.LME!5Ah!�,%?!@)Zf!~27c?!@1)J!+&.7:!C<2n!+,!g.S(2f!"?!(<!e'(!)?m 
! 4 ($ 2)(2/1 dd otE!@(%,!d!"h12?4!@!+I27c?!<3!m 
! !g.&.Q,!0(1F(!@)�q!['!0).?!<3!2c#LU!['!C<2n!+,!(<!e'(!g.$(2E!"?!)? 
! !!�'%TEE!!!!!!!!!!!!!A=&:!"=?!+='(<(!"?2=7I!@!+=&.7:![='!)=,!(<!^>=h!"7K=J!@)�=q![='!RF<!e='(!<3!

X"Zf!@)SAl(F!@(%,m!\ 
! !!!!!!)=Zf!+:!"')S!01F!Y.:%E!)?!-!)�q!e'(!<3!0)'3(%k!03%:!a)Q$3!),!!!!!"=?!(<!A=&&:!"=?!+=&.7:!(<

!g.7Kqm 
! !!!!A=.')7$!53)M#J(!@(!+$)#J4%.�!"UF%f!1(�!!!!!!!!e'12=E!�=7U!�=J2E!5A=h!+Q=J)B?!"=�.�l!@!5<)7=h!

x!VL.`!)S!@3F<F!@!5Ah 
! !g.&:!"?!a)Q$3!(<!)Zf!�ZJ!e'%E%'1%J!)?!V�(<F!0)'3(%k!<3m 
! !d#*?!+,!)?E!g.&:!"?!+U2E!01F!%S!V')I<!),! 
! 02$)o1(!)?!-!d#*?!1(!AT,!"$)J<1F<!+,!X)#/3!02$)o!H)$!+,!\!g.')7$!"?!53)M#J(w 
! 4 + ($2

Dd idddi xotw )(3 

! !!+===:!"')==U!<3D!!-!A===h),!"===?!"==h12?4!@!+===I27c?!dt!!F!V===J(!<)===p#$(!3<2===?!"==UF%f!do!
!Ah),!"?!"To(F!"UF%fm 

%3R,�"%8D5(_h3$,?0%mc%%
! !!!!!!.�E![='!+=:!VL=.$!"=97I!Y9�(!!!!!!!!+Q=J)B?!"=h12?4!@!+=I27c?!H)=7E!@(%=,!(<!"?2=7I!01F!%=.

!g.')7$m 
! !g.')7$!1F<!+,!"q)i(!C<2n!+,!(<!)S!01F!g.S(2f!"?!)?!-!¡2I!<3m 

o !A.')7$!1F<!+,!(<!04!�GJ!F!A.')7$!+U2E!)S!53(3!1(!V7Lo!['!+, 
! !-!)?!"$)J<!1F<!+,!02$)o!-!e'(%,)&,ii xotw )( ($ 3!32,!AS(2f! 

o !!+.Qh!!!!!!!!!!!53)M#=J(!@(!+$)#=J4%.�!"=UF%f!1(!+=:!g='<(3!<)=p#$(!-!0F%#GJ%W!R12?4!02$)o
!32hm 

! !%E![`2:!@!51(A$(XÌ!\!32h!"?!53)M#J(!D27T?m 
%%8D5(_%!*#-��@#H|%!!!!!!!!Y=:%?!�,)=E![='!+=,!-!!!!!!!!![='38$!"=Zf!3%=cE!^=,)o!@(!53(3!@!+=I27c?!%=S!@(%=,!
!32h!"?!!

 
                                                   

1 !incremental learning 
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0F%#GJ%W!-!!!!!!!!!!!"=/F!A=S3!"=?!3)='!"k3)=J!+=,!(<!V='%�:(!�,)=E!DTL!!!!!!A=S3!"=7$!H)=c$(!(<!<)=:!e='(!!mDTL!
!!!!!!!!!!!!!!!!(<!<)=:!e='(!A=$(2E!"=7$!0F%#G=J%W!+=:!V=J(!"/)=l!<3!e='(!F!A=S3!"=?!3)'!"k3)J!+,!(<!0(<2#J<!�,(2E

ASA,!H)c$(!!
%%%V"%/��$�%&��6j%V,��9%!*#-���@#H%|%!!!!!!!"==?!^y==#?!^==?):!C<2==n!+==,!D2==7T?!)==S!+=='D!!1(!@3(A==TE!�!A$2==h

!A$2h!"?!r){#$(!"#J3!C<2n!+,!a27T?!<2P!+,!"M{?!@)SAl(Fm!!!
! !!!!!!!!!!V'3FA=B?!"=/F!A=$<(3!53)=J!"=h12?4!g#'<2=6/(![='!+:!A&#LS!V'8?!e'(!@(<(3!)S!0F%#GJ%W

!VJ(!^>*?!['!)S!04!"E)QJ)B?!@)Sm 
! x!A#q(!"?!"o)ME(!+`!g.')7$!+q)i(!%6'3!"M{?!@!+'D!['!)?!+:!"E<2n!<3 
! (2E!A,)'!"?!z'(8q(!"E)QJ)B?!0 

o !AS3!z')7$!(<!+#J2.W!�,)E!%S!A$(2E!"?!+:!-!0)K&W!@!+'D!['!), 
o !AS3!z')7$!(<!"T,)E!%S!A$(2E!"?!+:!-!0)K&W!@!+'D!F3!), 

! !^>*?!wx!g.')7$!(A.W!-!0)K&W!@)S!5%k!@(%,!(<!�.Bn!@)S!01F!+$26`!!
!!

!! %V#~0,'2MLP,9%%|%'D!F3!),!+#J2.W!�,(2E!H)7E+'D!+J!),!�,(2E!H)7E!F!+!!

  !!!!!!!!!!A=.')7$!Y=.:%E!g=S!)=,!"kA=?4%,![='!e#f)=J!@(%=,!(<!CF)M#?!VKU!<3!@!+$)#J4!�,)E!F3!m!!!"kA=?4%,!F3
!!@32==k![=='!e#f)==J!@(%==,!(<!@A==7I-!!!A==.')7$!Y==.:%E!g==S!)==,!!m!!!!@)==S!^==B?!F!)==S!51(A==$(!)==,!@)==S!@32==k

!!!!!!!A=.')7$!53)M#J(!"BZJ!%S!0327$!YJ)&?!@(%,!(<!CF)M#?!m!!2=n!+=,!"=M'%TE!C<-!!!!!@3(A=TE!A=.')7$!V=,)�!
!Ah),!"?!1).$!3<2?!"M{?!@)SAl(FX!C)Q�(cf DTL\m!!!

%%A5����Bq(%I,k����-0"%8D5����(_%|%!!"====UF%f!@!+===='D!w!!!!!A====h),!"====?!!@(!+===='D![====E!0F%#G====J%W!+.Q====h!-!
ijijij aWW 2%%&B 3,,+:!"')U!<3!-!)( iii ingErr 1%$2m!!!

!"M{?!@!+'D!w)f!@!+'D!1(!)Zf!;2>T?!<)*#$(!"U<w!!
4 21$2

i
iijjj Wing ,)(!!
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!A.')7$!1F<!+,!"M{?!@!+'D!0F<3!@)S!01F!@(%,!(<!02$)ow!!
jkjkjk aWW 2%%&B 3,,!!

!VJ(!53(3!´<!8�?!<3!;2>T?!<)*#$(!+:!e'(!+,!A&&:!"?!"KU2E!",!r)yI(!0)yy{#?!%E!z.,\!!
A5Bq(%I,k-0"%�,�-P"%%

�'%TE!%'1!C<2n!+,!3%M&?!a)�?!['!<3!<Fjc?!@)Zf!32h!"?!w!!
4 ($

i
ii ayE 2)(

2

1!!
!!!!!!!!!!!!�='%TE!�2=q!C<2=n!+=,!g=S!Ah),!"?!"UF%f!@!+'D!0F<3!@)S!5%k!1(!z.,!~27c?!+:!"')U!<3!F

!32h!"?m!!
4 4 @

@(($@
@(($@

@
i i jk

i
ii
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ii

jk W

ing
ay

W
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ay

W
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!!
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ingW
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@12($ 4!!
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>
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@
@12($
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kjk

jk
jiji aW

W
ingW ,

,
, )(!!

4 2($12($
i

jkkjiji aaingW )(,!!
!!!!!!!!!!!!!!!!!!!32=h!"=?!+=#q%k!<)=:!+=,!F!32=h!"=?!1F<!+=,!)=S!a)=�?!@!+=7S!@(%=,!0)'3(%k!~27c?!-!5<F3!%S!<3!m!

!a)�?!@(%,!<)Zo!^>h!+,!"&B&?s��!0(<2#J<!!w!A&:!"?!(A.W!(<!YJ)&?!^B?!!

!! !@3)I!^')L?!w!"9B?!"6&.7:!F!A&:!"'(%67S!!
!@(%,!"h12?4!"&B&?MLP!!"M{?!Al(F!<)K`!),w!!
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!!
MLP!!!!!!!!5A=.7Kq!A=$(2E!"=7$!"k3)J!+,!+c.#$!"/F!A&h),!"?!YJ)&?!26/(!"')J)&h!@)S<):!@(%,!O?):!)S!
!32hm!!

/-P56-@J%o,vI"%3$,@,6P%%

!! !+,!+')L7S!e'%E!['38$t!³!|¹¬!×)Zf!!
¬���t���s�!Al(F!MLP!³!s¹¯!×!)Zf!!

LeNet!w!v¯u!�!s�|!�!t�!�!s�!Al(F!MLP!³!�¹�!×)Zf!!
!V/)l!e'%#K,!X!a)?4!@)S!g#'<26/(!F!@(!+#LS!@)S!e.h)?!\!Î�¹¯!×)Zf 

%A5Bq(%I,k-0"c%%
! !!+=='D!+==,!03%==:!"kA.==J<!@(%==,!0F%#G==J%W!"==h12?4!g#'<2==6/(!1(!@(!+f)==h!-!;2==>T?!<)*==#$(

!)S!5%k!@!+$)kA&`!@)Sm 
! A&')7$!"?!53)M#J(!A'276.J!@1)J!a)Tq!�,)E!1(!)S!5%k! 

o iinputi
e

inputg (&$
1

1
)( 

o ))1)(()( iii inputinputginputg ($1 

! !Vh(33)'w 
o )(xhw!�!+>Qh!@)S!"UF%f!<(3%,! 
o y!�"h12?4!a)�?!['!@(%,!r29Z?!"UF%f! 
o ja!�!"UF%f!j"M{?!Al(F!e.?(! 

o io!"UF%f!i"UF%f!Al(F!e.?(! 
o it!@(%,!"UF%f!i"h12?4!a)�?!e.?(! 
o !"UF%f!@!5%k!@(%,!"UF%f!@)Zfi!w! 

))(1(*)(*)( iiiii inputginputgot (($2 
o !01F!"$)J<!1F<!+,X0)K&W!"UF%fw!\ 

ijijij aWW 2&$ **,, 3 

! !0)K&W!@3F<F!@)S!01F!"$)J<!1F<!+,w 
! !5A'(!w!C<2n!+,!)Zf!�,)E!['!@2c#LU!<3!0)K&W!@!5%k!%Si2!Ah),!"?!m 

                                                   
1 !backpropagation 
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! i2!A.')7$!g.L�E!"UF%f!F!0)K&W!5%k!0).?!a)yE(!CAh!+,!+U2E!),!(<!m 
! 4 2($

i iijj WinputginputgDelta ,))(1)(( 

! !A.')7$!1F<!+,!@3F<F!0)K&W!@)S!01F!@(%,!(<!02$)ow 
! jkjkjk inputWW 2&$ **,, 3! 

A5Bq(%I,k-0"%:-$I5~C"%%
!VJ(!5A*$!H)c$(!+:!"?(3)?!!

! !@(%,!d!"h12?4!@!+I27c?!<3!!!
! !! !!@)S!@3F<Fd!%Q,!<):!+,!(<!g.�#L?!<)*#$(!F!m!!
! !! !!@!5%k!@(%,i !@3F<F!+'D!<3!!!
! !! !! !)(*)1(* exp outputtoutputoutputDelta i (($!!
! !! !!0)K&W!@!5%k!%S!@(%,!!
! !! !! !4 2($ iikj WoutputoutputDelta ,*)1(*!!
! !! !01F!%S!@(%,!!
! !! !! !jiijij inputWW **,, 2&$ 3!!

%,9%©#P%!J#.%uv5-(%%
! !(<!R12?4!-!�o2?!+`x!g.')7$!�o2#? 

!!!!!!+$)#==J4!@!+==I27c?![=='!%='1!@)==Zf!~2==7c?!-!A=h),!5A==h!V==,)�!)=S<(%>E!3(A==TE!+==:!"=#oF
!F!Ah), 

o !"'(%67Ss!�A').$!32UF!+,!)S!01F!<3!@%..�E!�.S! 
%3p74%V,9%/BpP%,2%3@,6P%]I5E%%

! !!!!!!!!!!!!!!!C)=P)QE<(!1(!�'%=n!�.=i2E![='!+=,!)=S!04!+=:!V=J(!e='(!"Qy=I!@)S!+>Qh!@)'(8?!1(!">'
!!S!@AT,!0).?!!!!A$<(A$!1).$!)!m!!!!!!!!![='!+=:!"9')L=?!@(%=,!-!A=$%.k!"=7$!3)='!(<!C)B.i2E!)To(F!)S!04

!!!!!!!A&h),!"?!YJ)&?!",2f!+,!A$<(A$!e'3)7$!r(2U!m!!!!!!32=U2?!"Qy=I!@!+>Q=h!A=:!A=.$(2E!"?!)7h
!A.')7$!@%6$1),!)S!C<2n!£.{*E!@(%,!(<m 

o !<3CMU!A$(!+#q)'!+TJ2E! 
o !A$(!5Ah!+#h2$!"J!0),1!+,m 
%JI5(%IJ%3W,B0A5Bq(%I,k-0"%%
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1 !convergence 
2 !momentum 
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2
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2

2

[^ x($!!!A=h),!"=?!!m^!!!!!!!5%=k!%=S!F!A=h),!"=?!"=J)J(!�,)=E!
!![='!@(<(3!�!!%.�)=E!@!+==.l)$!�!!!!!A==')7$!@A==&,!+=�QP!(<![=='38$!@)==S!+=$27$!A==$(2E!"=?!+==:!V==J(!m

!A==h),!"==?!@(!+=='D![==E!-!+>Q==h!-!e.==&�7S!m!!+==,!"L=='%E)?!@!+==/3)T?![=='!)==,!A==&$(2E!"==?!)==S!01
!A&'4!VJ3w 

o tW $e 
o tW 1(e$ 
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1 !vanilla approach 
2 !recurrent NNs(Neural Networks) 
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%Y2,6(<%%
http://www.cs.usfca.edu 
http://aima.eecs.berkeley.edu/slides-pdf/chapter20b.pdf 
 

                                                   
1 !Hopfield networks 
2 !associative memory 
3 !letter recognition 

http://www.cs.usfca.edu
http://aima.eecs.berkeley.edu/slides-pdf/chapter20b.pdf
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1 !John Holland 
2 !fixed_size 
3 !chromosomes 
4 !genotype 
5 !recombination 
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s!!s!!s!!s!!s!!s!!s!!s!!s!!s!!s�|t!!

!!!!!!!!!!!A$2=h!"=?!5A=.?)$!)=S!HF12?F%:!)'!)S!¥.E2$N!"S)k!5Ah!A:!@)S!+#h<!e'(!-">.#$N!@)S!g#'<26/(!<3
!A$2h!"?!5A.?)$!)S!0N!C)oF(!"S)k!3%q!@)S!V.,!F!m!!
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!! I5��~C"IJ%%%n%3��B'-0�%V,��9%:-$!!!)==S!V.T==iFX!!!52�/)==,!@)==S!^==l!5(<!\!!!!!!!A==:!"==#.,!@)==S!+#==h<!C<2==n!+==,
X!@<(j=k8?<!\!A$2==h!"==?!m!!!�P)==�E!1(!53)M#=J(!)==,!"=='8U!@)==S!^=l!5(<s!!A$2==h!"=?!Y==.:%E!!m!@)==S!+#==h<

!!!!A=h),!"=?!%E!z.,!0)*$3%:!53)M#J(!5<),F3!a)7#l(!%E!YJ)&?!m!!!!!"=9B?!@2c#L=U!@!+#=hjk!@!+=�{'<)E
32h!"7$!@<(AK6$!m!!32h!"?!53)M#J(!@3<2$!+GE!@2c#LU!"/)7#l(!^>h!1( 

!!
pop = makeRandomPopulation!!

!VJ(!5A*$!H)c$(!+:!"?(3)?!!
! !!%S!@(%,p!0F<3!pop!!

p.fitness = evaluate(p)!!
!@(%,i=1!@!51(A$(!)E!pop!),!|!!

! !! !!ÚÚe:!r){#$(!%.�>E!@(%,!(<!)SA/(F!!
! !! !!1(!(<!"q3)yE!^l!5(<!F3pop!e:!r){#$(!!³[parent1,parent2]!!
! !! !crossover(parent1,parent2)!³![child1,child2]!!
! !! !child1!F!child2!5A,!%..�E!(<!|!!
! !! !)7$!e'86')U!A'AU!V.T7U!),!(<!"7'Ao!V.T7U!!

!A&$)?!-!"#.,!@!+#h<!['!C<2n!+,!A$(2E!"?!HF12?F%:!['��s�s�����!32h!A:!!m!%S
!Ah),!"?!"6#L')h!<(A�?!['!@(<(3!HF12?F%:!m!!

%3B'-0�%:-$I5~C"%s$%V&62%N=B@"%%

                                                   
1 !crossover 
2 !mutate 
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!! %>,1-0"%V,9%8*I%<!@)S!^L$!A./2E!@(%,!A'),!)S!HF12?F%:!e'%#K,!-!5Ah!+'(<(!V.T7U!['!@(%,
!A&$)7,!"o),!-!A'AU!m!1(!A&E<)QI!)S!HF12?F%:!e'%#K,!r){#$(!@(%,!RF<!@3(ATE!w!-!V/F<!r){#$(

!r){#$(!-!@(!+�,)L?!r){#$(!-!0)?8#/2,!r){#$(!"7'(3!V/)l!),!r){#$(!-!@(!+�QPm!!
%3B'-0�%V,9%:-$I5~C"%V,9J#2I,.<!@)S!+&.?1!F!3<(2?!1(!@<).L,!<3!">.#$N!@)S!g#'<26/(!

!%.L?!-!"$2#9.7S!<(A?!-!3%k!5<F3!£{h!C%q)L?!@!+/)L?!-!@3AI!^')L?!%.p$!-!"E)�.�BE
!^')L?!-!e.ËEF%W!@)S!a2>/2?!^>h!03%:!(A.W!-!@%9'F(NPP!-!V{J!!-!"QyI!@)S!+>Qh!"l(%

!A$F<!"?!<):!+,!)S!@1),!@<2ËE!F!"#f)&h!@1)L/A?!-!%'F)yE!03<F4!32UF!+,!@(%,!�,(2Em!!
%3B'-0�%:-$I5~C"%V,9&.%/pP%<!['!),!g#'<26/(population(t)!"?!~F%h!5Ah!+./F(!"S3!<(A�?!

!e'(!-!32hpopulation(t)#'<26/(!�GJ!-!32h!"?!",)'1<(!�,(2E!"f%,!�J2E!!+�9l!['!3<(F!g
!+�9l!<3!+9l%?!%S!<3!-!32h!"?population(t+1)!1(!population(t)!32h!"?!r){#$(!"9Qo!!m

!"$)?1!)E!+�9l!-!32h!"?!",)'1<(!A'AU!V.T7U!F!32h!"?!H)c$(!zKU!F!~)Z�$(!@)S%697I!�GJ
!32h!"?!(%U(!-!g.J%,!"$)')W!�'(%h!['!+,!+:m!!

%3B'-0�%V,9#~=K4<%%
%>,��1-0"%<@(%==,!3%==q!%==S!i!!!!A==.')7$!�=='%TE!R(!"6#L==')h!@(%==,!(<!r)=={#$(!"/)==7#l(!@!5<(8==k![=='!-!!w

njjfifis ,,$ 1),(/_)()(!!
�,^�0"!w!!!

!!!!!!!!!!!!Ð!!
sss�������!!!!ssssssssss!!

!!Ó!!!!
���sssssss!!!!����������!!

%G��?;!w!!!!!!A$2==h!"==?!53(3!z==KU!-!"q3)y==E!<(A==�?![=='!+==,!"q3)y==E!C<2==n!+==,!0N!%==E!z.==,!)=='![=='!w
ss�s�sssss!Ó!!!ssssssssss!!!
%NC*I%>,1-0"c%%

! !),!(<!3%q!%S!a)7#l(!-!V/F<!r){#$(!x!g.')7$!r){#$(!%.�>E!@(%,!(<!)SA/(F!+$26`
!A&:!"?!e'12E!04!"6#L')h 

! !g#'<26/(w 
                                                   

1 !Roulette Selection 
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o e:!�7U!(<!)S!"6#L')h!H)7E 
o !%S!@(%,i!V.T7U!<3!! 
o �7Uµ!"6#L')hi!!³!!"6#L')hi+#L,(F!! 

!  
o ,!-!+#L,(F!@)S!"6#L')h!�7U!%,(%s!Ah),!"?!m 
o !32h!53)M#J(!a)7#l(!C<2n!+,!A$(2E!"?m 

%z,�(%<!g.S(2f!"?!)?!+:!A.')7$!<2yE2)( xxf $!@!51),!<3!(<!�ts-�!�!g.')7$!+&.K,!m!A:!@(%,
!1(!^l!5(<!03%:§!32h!"?!53)M#J(!V.,!!m!A.')7$!A./2E!(<!+./F(!V.T7Uw 

%3~-O$,P
/-O2"*%%

3~-O$,P%%/-PI%%

�¹s¬¬!!s¯�!!�ss�s!!
�¹¬�|!!§v¯!!ss���!!
�¹�§§!!¯¬!!�s���!!
�¹t��!!t¯s!!s��ss!!
s¹�!!ssv�!!YK;%%

! !A.&:!�Zo!"q3)yE!@!+Z�$!['!<3!�GJ!F!A.&:!r){#$(!(<!)SA/(F!-!V/F<!r){#$(!),w 
%3~-O$,P
/-O2"*%%

3~-O$,P%%/-PI%%

�¹s¬¬!!s¯�!!c¸¸`cc`%%
�¹¬�|!!§v¯!!`¸¸cc``%%
�¹�§§!!¯¬!!�s���!!
�¹t��!!t¯s!!s��ss!!
s¹�!!ssv�!!YK;%%

! !0(A$1%qw 
o �ss��!F!ss��s 

! !e:!r){#$(!(<!)SA/(F!-!V/F<!r){#$(!),!m!A.&:!�Zo!"q3)yE!@!+Z�$!['!<3m 
%3~-O$,P
/-O2"*%%

3~-O$,P%%/-PI%%

�¹s¬¬!!s¯�!!�ss�s!!
�¹¬�|!!§v¯!!```¸¸cc%%
�¹�§§!!¯¬!!�s���!!
�¹t��!!t¯s!!`cc¸¸c`%%
s¹�!!ssv�!!YK;%%

! !0(A$1%qw 
o �ss��!F!ss��s 
o ss�ss!F!s���� 

! !!!!!A.')7$!e'86')U!A'AU!V.T7U!),!(<!"9Qo!V.T7U!m!!!!!!A=.')7$!a)=7I(!A='AU!V=.T7U!+=,!(<!%..�EX!!)=,
!´%$!),!g:!%..�E!F![`2:!V.T7U�¹s!×AS3!"7$!´<!@%..�E!�.S!-!m!\!A'AU!A./2Ew 

o �ss��!-!ss��s!-!ss�ss!-!s���� 
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! !!!V==J(!+==#q)'!z'(8==q(!"6#L==')h!e.6$)==.?X|�t!+==,!¬t�!m!\!"6#L==')h!@!+&.*==.,!!+==#q)'!z'(8==q(!
!VJ(X§v¯!+,!v|�!\ 

w%N@"%!J,-R"%z,T%IJ%3v,XW"%/j%%
! !!@)==S!^==l!5(<!%=='1±±±ss!F!ss!±±±!!!!!"==?!Y==.:%E!5<)==,F3!-!%==#K,!^==l!5(<![=='!A==./2E!@(%==,

!A$2hm 
! !"6#L')h!F!)S!+#h<!0).?!"6#L,(Fw 

3~-O$,P%%/-PI%%
s¯�!!�ss�s!!
§v¯!!ss���!!
¯¬!!�s���!!
t¯s!!s��ss!!

! !['s$!+,!V.TiF!e./F(!<3!!Ah),!+#L,(F!"6#L')h!),!+:!AJ<!"?!%pm 
o !!!A==h),!<F4!Y==cTE!"==9.f!A==')Q$!~2==i2?!e=='(!m![=='!)==?s!![=='!-!V.T==iF!e.==/F(!<3!(<!

!"$)7#f)J!_O,s!g.?)$!"?!m 
%°#�%,$%5~C"�%%

! !!!!!!!!g'A=&?1).$!A&=h),!"=?!g=S!+=,!+.Qh!+:!"')S!+#h<!@!5<),<3!VQBn!@(%,!"S(<!+,!)?!�±�!m!(<
X!!!CF)=ME!"=,!V/)l!['!0(2&I!+,\!!@(%=,!És-�!Ê!!!A=.')7$!+q)=i(!m!![='!2=6/(!!!!+=:!V=J(!@(!+=$27$!

!1(!53)M#J(!),!(<!)S!+#h<!1(!+I27c?!['É±-s-�!Ê!A&:!"?!�.n2E 
! ±±sss!),!sss��!-!sss�s!-!ssss�!F!sssss!A')7$!"?!d.QZE! 
! ±ss±�!),!��ss�!-!��sss!-!�sss�!F!�ssss!A')7$!"?!d.QZE! 
! s±±±�!)=================,!����s!-!���ss!-!��s�s!-!��sss!-!�s��s!-!�s�ss!-!�ss�s!-!

�ssss!A')7$!"?!d.QZE! 
o !5Ah!V,)�!@!+.�o!w!Ah),!"?!"6#L')h!+,!+#L,(F!-!26/( 

! !!!!!!!!!!!)=S!+#=h<!%=.p$!-!A=&&:!"=?!R1(3%=W!(<!2=6/(!�=o(F!<3!"=>.#$N!@)S!g#'<26/(!m!!!03%=:!�P)=�#?
!A')7$!r(%f!(<!26/(!['!VJ(!e>7? 

o ±ss!±±!Fs±±±�! 
! ?!3)'1!F![`2:!YJ)&?!@26/(!VJ(!%E!z.,!A$)7,!",(%f!0FA,!+:!e'(!a)7#l(!e.')W!@!+QE% 

o !+QE%?!w!26/(!['!<3!V,)�!@)S!V.,!3(ATEm 
! ±±±±s!�!Ah),!"?!['!@!+QE%?!@(<(3! 
! s±s±�!�!Ah),!"?!+J!@!+QE%?!@(<(3! 

! !a2P!�'%TE!w!e.T?!V.,!e'%f4!F!e./F(!0).?!@!+9n)qm 
o s±�ss!�!),!VJ(!%,(%,!a2P!�'%TE!¬ 
o s±s!±±�E!!),!%,(%,!a2P!�'%T|!Ah),!"?! 
o ±±±±�!�!VJ(!%Mn!a2P!�'%TE! 

! !!!!_O,!¡%q!Vf)J!w!!!!!!!!e.')=W!@!+=QE%?!@(<(3!F!5)=E2:!-!YJ)&?!@26/(!-!">.#$N!@)S!g#'<26/(
!A&')7$!"?!3Ac?!Y.:%E!gS!),!%E!z.,!@)S!^l!5(<!@AI)yE!A./2E!@(%,!(<m 

%,W,KB@"%I,k-0"!!
                                                   

1 !building block 
2 !schema 
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! !!!A=.')7$!<2y=Em!!!@2=6/(![=='!1(!+=$27$!H<3!!!!!@!51(A=$(!)==,!V=.T7U![='!n!!0)=?1!<3!t!3<(3!32==UF!
m(H,t)!m!!!!!!!!!!!!!!!!A$2=h!"=?!r)={#$(!+#L=,(F!"6#L=')h!+=,!+=U2E!)=,!)S!+#h<4$ f

f
p!m!!!0)=?1!<3t+1!

!!g'<(3!w4$&
f

Hf
ntHmtHm

)(
),()1,(!+:!f(H)!!!!!@!5A=&S3!z')=7$!@)=S!+#=h<!"6#L')h!e.6$).?!
!!!!!Ah),!"?!26/(!e'(!m)h!+,!+U2E!),!26/(!!!!!!!!!zS)=:!)='!z'(8=q(!V=.T7U!@!5A=$)?!"o)=,!+=,!+#L=,(F!"6#L'

!A,)'!"?!m 
o !!!!!!!!!!!!!!A=&:!"=?!V=q)'<3!(<!@%=E!z.=,!@)=S!+=$27$!-!D)=,!@)E)7>J(!e.6$).?!m!!!@)E)7>=J(!e.6$)=.?

!A')7$!"?!Vq)'<3!(<!@%E!g:!@)S!+$27$!-!e.')W 
! D)==,!<(A==�?!+==`!)==?(µ!!@2==6/(!+==:!A==.')7$!¡%==q!x!V==J(!e.6$)==.?!e.')==WH.6$)==.?!@D)==,!![=='!�==J2E!e

!<(A===�?c!A===$)?!"===?!!m!!!!!g.L==='2&,!%==='1!C<2===n!+===,!(<!@%===6'3!@!+===/3)T?!@2===6/(!g.$(2===E!"===?!)===?!w
m(H,t+1) = (1+c)m(H,t)!m!!<3!~F%==h!)==,t=0!g=='<(3!)==?!-!!wtcHmtHm )1)(0,(),( &$!-!

!!!!!"JA&S!AI)yE!['!+:s!!!Ah),!"?!!m!%E!z.,!<(A�?!"')7$!C<2n!+,!%.�>EX!%=E!g:!\!!@D)=,X!e.')=W!\
)7>J(!A')7$!"?!r){#$(!(<!e.6$).?!@)Em 

!J#.%Y�,�-(%*%,W,KB@"%%
! !!!V==J(%U)?!1(!"==7.$!�==�q!-!r)=={#$(!m!!!!!r(%==f!<)==p#$(!%==E!z.==,!@!5A==h!�=='%TE!a2==P!)==,!@)E)7>==J(

!Ah),!"?!%E!z.,!~)Z�$(!�J2E!z$Ahm 
! 

1
1)( ((/

Strlen

ngthdefiningle
survivalP 

! !!!!!!!!!!g.')=============7$!Y=============.:%E!"=============9Qo!@!+=============/3)T?!)=============,!(<!e============='(!g.$(2=============E!"=============?!)=============?!w
1

1
)(

),()1,( ((/& 4 Strlen

ngthdefiningle

f

Hf
tHMtHm 

! !!!!!!!!!!!"*='(8q(!@)=S!VQL=$!C<2=n!+=,!e.6$)=.?!@D),!F![`2:!"6#L')h!),!@)E)7>J(!+:!g.7Kq!"?!)?
!A$2h!"?!@<(3%,!+$27$!-!"')7$!m!Y9Z?!e'(�%P!@!+.�o!2!3<(3!H)$!m 

%,(%z,�(%IJ%°#�%%
! !-!"9Qo!a)�?!<3****11 $H!-!**10*2 $H!F!0***13 $H!32,!m 
! !)SA/(F!w|X!<),!F3!\!-tF!¬ 

o |F¬!!!!!!!1(!"')S!+$27$!F3!%S!1H!!!A&=h),!"=?!
m 

! !0(A==========================$1%q!w�ss��!-!ss��s!-!ss�ss!F!
s����! 
o <2?!+J!1(!31H!A&h),!"?! 

o !!�%===P!@!+.�===o4 f

Hf
m

)(!!z.===W!(<!"===G:!
!A')7$!"?!"&., 

o 5.468)( 1 $Hf!e.6$).?!-!pop!³!|�t!<)p#$(!3<2?!3AI!F!!w2.3
293

5.468 $ 

                                                   
1 !geometric progression 
2 !Schema Theorem 

%3~-O$,P
/-O2"*%%

3~-O$,P%%/-PI%%

�¹s¬¬!!s¯�!!�ss�s!!
�¹¬�|!!§v¯!!ss���!!
�¹�§§!!¯¬!!�s���!!
�¹t��!!t¯s!!s��ss!!
s¹�!!ssv�!!YK;%%
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! !0(A$1%q!w�ss��!-!ss��s!-!ss�ss!F!s����! 
! 64.175.0

293

320
2)( 2 $%%$He?!-!!!"==To(F!<(A==�2H!w!|!-!39.02.0

293

576
1)( 3 $%%$He!-!

!!"To(F!<(A�?3H!w!s!-!2H!!!!!!!5)=E2:!@!5A=h!�='%TE!a2=P!F!r2=f!)#QL=$!"6#L.')h!@!+ZJ(F!+,!
!!!Ah),!"?!r2f!-!m!+:!VJ(!"&T?!e'(!@(<(3!"$D2P!a2P!�'%TE3H!!!!32=h!"=?!r(%=f!D27T?!

m 
%%%%%VD,@%)J,'H%*%VI5�W|%!!!!!@<2=ËE!C<2=n!+=,!-!"=>.#$N!@)S!g#'<26/(!+:!A'2k!"?!)?!+,!�%P!@!+.�o
!!!!!A&&:!"?!<):!+$26`!m!!!!!!!!!!!![='!"'(<)=:!<3!}O#=f(![='!¨=I),!A=&$(2E!"=?!@1)=J!53)=.W!C).°8U!-!^7I!<3

!A$2h!">.#$N!g#'<26/(m 
%/�2,O(%>,1-0"%%

!!!!%�2?!V/F<!r){#$(!!!!!!!A=h),!0(%=k!A$(2E!"?!"E)QJ)B?!È)B/!1(!"/F!-!VJ(X!!!!!!32=h!",)='1<(!A='),!3%=q!%=S
!!!!!3<(3!32UF!V.T7U!@!+7S!0).?!<3!<(%>E!F3!F!m!\!!!!!A=h),!"=?!%=E!0(1<(!H8.$)=>?!['!-!+�,)L?!r){#$(

!m!!!!!!!A==.')7$!r)=={#$(!"q3)y==E!C<2==n!+==,!(<!3%==q!F3!-!A==/(F!%==S!@(%==,!m!!!!<)*==#$(!@(%==,!%ED)==,!"6#L==')h
!2==h!"==?!r)={#$(!3!m!!!!V==MU!%==S!@(%==,!(<!%==E!Y=J)&?!F!A==.')7$!r)=={#$(!(<!V==MU!F3!-!~)==Z�$(!H)=c$(!@(%==,
!A.')7$!r){#$(m 
%%%VI�,@%/p10c%|%!!!!!!!!!!"=>.#$N!g#'<2=6/(![='!A=$(2E!"?!^l!5(<!['!1(!)S!^l!5(<!@!+7S!}jl!-!^7I!<3

!!!!!31(A&.,!%.f)E!+,!(<X!!<3!A,!�%PRNG!!!!A=')7$!r(%=f!(<!R1(3%=W!A$(2E!"?!!m!\!!@<D)=J!+=Q{$!RF<!-!
!!!!3%=>97I![='!@<(AK6$X!�,)=E!\!!!!!!A=h),!"=?!"=9Qo!^L=$!1(!V=.T7U!m!!!!!![='!r)={#$(!@(%=,!(<!V=/F<!r)={#$(

!A.')7$!53)M#J(!~)Z�$(!0FA,!H)c$(!),!V.T7U!1(!z{,!m 
%�"#1-@"%*%t,k-."�%%

! !!!!!!!!!!!A=h),!"=?!R12=?4!<3!%=E!z.=,!�='12E!1(!a)=�?![='!@<D)J!+Q{$!m!!!!�=7U!@!51(3%=W!-!})*=#:(
!!!!!O=E!)='!C)IOP(!03%:!!!!!!!!!A=h),!"=?!A='AU!@)=S!^=l!5(<!@(%=,!R!m!!!!r)={#$(!@!51(3%=W!-! (%{#=J(

!!!!!!A==h),!"=?!^==l!5(<!e'%=#K,!%==i)l!a)=l!<3!+==:!V=J(!"=9l!5(<!m!!�='12E!w!!-!A=='AU!@)=S!^==l!5(<
!!!!A'(!5A'3!02&:!)E!)7h!+:!Ah),!@8.`!04!1(!%EA,!VJ(!e>7?!m!!!!!@(%=,!)7=h!^=l!5(<!e'%=#K,!-!)?(

)Q$!"?27I!@!+&.K,!VJ(!e>7?!)S!53(3!Ah!m 
! !A'%.6,!3)'!%E!z.,!A'),!)7h!)'4X<(A�?!+`!\!x!A'2h!�o2#?!)' 

%Q$,O(%!J#.%&.%%
! !!!!!!!!!!!!!A=h),!"=?!+/)L=?!03%=:!)=W%,!<3!"=>.#$N!@)=S!g#'<26/(!),!<):!0)?1!<3!z/)`!['!m!!@!+.�=o

!!!!!!!!!!!!!A&=h),!"=?!r2=f!-!5)=E2:!@)=S!5A=&&:A:!)=,!@)=S%#?(<)W!+:!A'2k!"?!)?!+,!�%P!m!!"')=S%#?(<)W
gS!+,!+#L,(F!+:!A$%.k!<(%o!gS!+,!['38$!^B?!<3!A'),!A&#LS!m 

! N�!!!%'1F!!w!!!!!!!!!V=q%k!A=S(2f!<(%=o!02#J!['!<3!%'1F!%S!+:!A.')7$!<2yE!m!!+/)L=?!w!!!%=S!@(%=,
!A==.')7$!(A==.W!(<!Y==J)&?!�=='3<!-!%=='1F!mN!+==,!�=='3<!N2log!3<(3!1)==.$!V==.,!!m!+#==h<!@!+==7S

!a2P!@(<(3NN 2log%,!"?!!Ah)m 
%,9%Q$&pWe%%
! !!!!A&==h),!"==7$!"==T.QP!"==#.,!@!+#=h<!C<2==n!+==,!+=='(<(![=='!@(<(3!^')L==?!1(!"=f%,!m!e==>7?!)==?

!!!!!!!+=$!)='!A=&:!"=?!A./2E!(<!1)c?!@)S!^l!5(<!~)Z�$(!+:!g'2h!e.7Z?!+:!Ah),!H1D!VJ(!m!!+/)L=?
                                                   

1 !elitism 
2!Exploration vs Exploitation 

3 !permutations 
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!!3%==k!5<F3!£{==h!C%q)L==?!@�!!!@)S%K==h!0)==.?!(<!%.L==?!e'%==E!5)==E2:!Xn!-!!mmm!-|!-!s!\!+==,
"P%h!!!!!!!A=.')7$!(A=.W!32=h!C)=oO?!<)=,!['!��q!%Kh!%S!+:!!m!!!!V*=6')U!-!V=,2$!+=,Xn!-!!mmm!-|!

!-s!\!A.')7$!(A.W!V*k!a2P!@!+&.7:!1(!(<m 
! !z')7$!w!)S%Kh!VL./!wt!-!s!-!|!-!¬!-!§ 

%3§\;%]I5E%/2%)&P%)J"J%�'p^W%Y�,�Wc%%%
! !!!!!!!g.$(2E!"?!3<2?!e'(!<3!+$26`crossover!!!!!)=S!V.T=iF!x!g.=S3!H)=c$(!(<!!!!!%='1!)=,!)=B.U%E!(<!

!A.')7$!¡2I!)S!+#h<!m!a)�?!w 
o t1: 3 5 4 6 1 2 8 7!F!t2: 1 3 6 5 8 7 2 4 

! !aF(X"JA&S!0)>?!\!A.')7$!r){#$(!"q3)yE!C<2n!+,!(<!�)�$m 
! t1: 3 5 | 4 6 1 2 | 8 7!F!t2: 1 3 | 6 5 8 7 | 2 4 
! H)c$(!V*k!%S!<3!+Z,(<!@(<(3!@)S%Kh!�'2TE!),!(<!F3!+,!F3!d.QZE!A.S3!m 

o !!!!!-!+#h<!%S!<3¬!!!),!(<!z')U!¯!-!A&:!"?!¡2I!¯!!)=,!§!!!!A=&:!"=?!¡2=I!s!!)=,!u!F!|!
!),vm! 

o t1: 3 6 5 4 8 7 1 2!F!t2: 8 3 4 6 1 2 7 5 
! !z&.,!w!A&$)7,!"o),!gS!),!A'),!+:!A&#LS!V*k!['!1(!"')S!z{,!)U!e'(!<3!)S!_29,!Vf)Jm 

%%%%3B'-0�%3O$50%/(,0#2{%!!!!?!['!)S!HF12?F%:!+:!"#oF!!!!!<)=:!e='(!-!A=&&:!"=?!A:!(<!�,)E!)'!^?):!@!+/)L
!!!3<(3!H)==$!"==>.#$N!"L=='2$!+==?)$%,!m!!!!!!@!+=='(<(![=='!C<2==n!+==,!Y==9�(!03%:A==:!-!<)==:!e=='(!H)==c$(!@(%==,

!32h!"?!H)c$(!"#f<3!m!A&:!"?!a)Q$3!(<!)SA/(F!0).?!@)S!Vf<3!%'1!03%:!¡2I!-!~)Z�$(!m!!
!!

!!!!!!!V=J(!A=.M?!-![=`2:!@)=S!+=?)$%,!@(%,!<):!e'(!m!%=,!!+=?)$%,!@(
!Ah),!"?!A?4<):)$!-!5A.�.W!�,(2E!),!¢<8,!@)S!m!!

%%%I,B��P_%,��0%3~-O��$,P%Y��2"5Wh36K���%m{%!!!@)==S!g#'<2==6/(!Y==9�(
!!!!!!!A=&&:!"=?!53)M#=J(!"&7=i!"6#L=')h!�,(2E!1(!">.#$NX!!!!!!!A='A'3!e=�F<!a)=�?!3<2=?!<3!+=:!+=�$4!A=&$)7S!m!\

!!!!!!!"=>.#$N!@)=S!g#'<2=6/(!1(!"f%,X!!!!!!)=>E![=.E2,F<!)='!"I2&y=?!"kA=$1!%=.p$"9?!\!!!"6#L=')h!�=,(2E!1(
!A&&:!"?!53)M#J(!)'2W!F!"&7i!m!!

%%/C,O�({%!!!!!!!![=='!+=:!(<!%.L==?!e'%=E!5)=E2:!A=='),!3%=k!5<F3![=='!3%=k!5<F3!£{=h!C%q)L==?!@!+/)L=?!<3
!!!!!!!!!!A=')7$!(A=.W!-!A=&:!"=?!"P!(<!)S%Kh!1(!+I27c?!m!!!!!!!!!!"=?!(<!%K=h!%=S!0)=.?!@!+9=n)q!)=?!+=:!A=.&:!¡%=q

!!g.=$(3!m!!!!!1!-!A=h),!"=?!^>*=?!@(!+/)L=?!e='(!!!!!%=,(%,!e=>7?!@)S%.L=?!3(A=TE!(%=='N!!!!+==:!-!A=h),!"=?!N!³!
!)S%K==h!3(A==TE!m!!!32==UF!A==')7$!+=='(<(!VI%==J!+==,!(<!r(2==U!e'%==#K,!3<2==?!e=='(!<3!+==:!@(!53)==J!g#'<2==6/(

!3<(A==$!m!!!!!!!!!@!+/)L==?!@(%==,!(<!~)==Z�$(!�,)==E![=='!F!z==KU!3%==>97I![=='!-!HF12==?F%:!@!5A==&&:!A==:![=='
!!!!!!A=.')7$!(A=.W!3%=k!5<F3!£{=h!C%q)L=?!m!!=.&:!¡%=q!!!)S%K=h!3(A=TE!AXN!\!!%=,(%,s�!!!A=h),!"=?!!m!!1(!A=T,

!!!!!!!!!!!!!!!!!A=&')7$!+='(<(!(<!1)=c?!e=>7?!@)=S!C%q)L=?!+*=.7S!A='),!5A=h!A=./2E!@)=S!HF12?F%:!-!C).97I!@!+7S
X!!!32h!C)oO?!<),!['!A'),!��q!%Kh!%S!m!\!!!!!@3)='1!3(A=TE!F!3<(A=$!32=UF!^l!5(<!['!-!+/)L?!e'(!@(%,

A$(!5Ah!53)M#J(!OQo!-!�9#{?!@)S26/(m!!!
%Y2,6(<%%

http://www.cs.usfca.edu 
http://barbara.inrialpes.fr/exmo/people/alkhateeb/papers/masterjordan.
doc 

                                                   
1 !Partially Matched Crossover (PMX) 

http://www.cs.usfca.edu
http://barbara.inrialpes.fr/exmo/people/alkhateeb/papers/masterjordan.
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http://www.crim.ca/files/documents/evenements/duCRIM/tiDinners/tidin
ner010501.pdf 
http://www.cs.unibo.it/~babaoglu/courses/cas/slides/ga.pdf 

http://www.crim.ca/files/documents/evenements/duCRIM/tiDinners/tidin
http://www.cs.unibo.it/~babaoglu/courses/cas/slides/ga.pdf
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%%
%%

 
%%
%%

&234&1&,LJM
!N-&&

&&
[4Y.!?$>!L'C2\

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m=(%s0,2%o,'H%!"&'(%V%/pqP%Nlr
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

)#pF%V,9%:-O'@%%
%Q7R:B$%*%NO'2%%

%)#pF%V,9%:-O'@%%
! !!!!!z==$(3!3<2==?!<3!aDA#==J(!F!@1)==J!aA==?!@(%==,!5A==h!"==l(%P!"')==S!+==?)$%,!5%==Qf!@)==S!g#L==.J

!A&&:!"?!8:%7E!+&?(3!['!a2l!D27T?!F!A&h),!"?!0)L$( 
o !@<)7.,!£.{*E 
o !"')�q!1(F%W 
o ![.#Lc/X�'12E!F!+.KE!+,!�2,%?!C)?(Ao(\ 
o !<(8q(!H%$!",)'!Y.I 

! !@<)K©(!C<2n!+,!5Ah!@8'<!+?)$%,X"$OI(!\,!"?!A&h) 
o !0)L'2$!+?)$%,C).To(F!F!e.$(2o!A&&:!"?!+q)i(!(<! 
o !3<F4!"?!<3!<):32f!C<2n!+,!(<! )#&#J(!@!51(3%W!g#L.Jm 

! !!!!!!!!!g.�#L?!@!5%.c$1!1(!)'!A&$(2E!"?X!!A=./2E!@)=S!g#L.J!\!!!!;2=>T?!@!5%=.c$1!1(!)='X!!!5A=&&:!V=,)�
+.�o!@)S!\!A&')7$!53)M#J(m 

w%NO'j%)#pF%:-O'@%s$%%
%%)#pF|%!"E<2n!<3!!!!!!!+=:!V=J(!e='(!)=?!<2=p&?!A=h),!"?!5%Qf!['!-!@(!+#h<!<3!"L:!+:!g.'26,!)?!+:

!!!!!!3<(j==k!"==?!z')==7$!+==,!(<!"'D)==,!"6#L==')h!-!3FA==B?!£y=={E!04!<3!-!m!!!!(<!)==K&E!^==?)I![=='!)==?!%==k(
!!!!!!!!!!!!�!3<(j=k!"=7$!z')=7$!+=,!(<!%=E!"=9:!C)=IOP(!+*=.7S!g#L=.J!-!g.?)&,!5%Qf!g#L.J!['!(<!04!F!g'1)L,

==$!@!53FA==B?![=='!<3!!A==&:!"==?!<)==:!"QL==$!£y=={E!)==,!F!"QL!m!�Z==J!<3!R3%==>97I!+==&.?1!04!<3!)==?(
!!!!!!A=h),!"=?!5%Qf!m!!!!!!!!!!!!!!!-!"=,(%f!03%:(A=.W!-!Y=.I!£.{*=E!-!@A=&,!+=�QP!@(%=,!V=J(!e=>7?!)=S!g#L=.J!e='(

!!!!!!!!!A=$F<!<)=:!+=,!"=&.,!z.=W!)='!@A=&,%>.W!-!"l(%P!-!C)IOP(!%.LME!m!!!!!-!03(3!R12=?4!@(%=,!A')=h!)=S!04
!!!!!=?!-!^=.9BE!-!03(3!z')7$!!!!!!!!A=$F<!<)=:!+=,!a%=#&:!)='!%=p$!A='AcE!-!5<F)*!m!!!!!@)=S!g#L=.J!@<)=cE!@!53)M#=J(

!!!!!A&h),!"?!3<(2?!e'(!^?)h!5%Qf!w!!!!!!!+=$)f!H(F!3<2=?!<3!VB.y=$!@!+='(<(!@(%=,!5A=h!53)M#J(!g#L.J!['
!!!!!!!!!!!!!!!!!!C(<2#=J3!^=?):!@(%=U(!"=J<%,!@(%=,!%E2.G?)=:!@!5A=&&:!A=./2E![='!�=J2E!5A=h!53)M#=J(!g#L.J!['!�

!#L.J!['!�!0)'%#*?!!!!!!!!5AS)*=?!@(%=,!@2='<!@)=S!@%=.k!51(A=$(!%.L=ME!@(%,!0)#J<)7.,!<3!5Ah!53)M#J(!g
!!!@)==S!53(3!@!532==E!%.L==ME!@(%==,!)==S!0(A.7.==h!�==J2E!5A==h!53)M#==J(!g#L==.J![=='!�!+=='<!"==h2f)$!g=='OI!@
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!!!!!!"=/4!C)==Q.:%E!"/2==>/2?!<)#f)==J!+=,!03%==,!"==W!+==,![=7:!@(%==,!�&==J!�=.PX"#L=='1!\s!g#L==.J![=='!F!�!
&h!e.?1!+,![7:!@(%,!%')f�!@(%,!"$AT?!@)S!0)>?!",)'1<(!@(%,!0)J)!m!!

w%:$D,@%3(%"I%)#pF%:-O'@%s$%"#j%%
! !<)*#$(!@(%,X%.�>E!\!!+&'8S%W!F!<3)$!@!5%Qf!!
! !5%Qf!z$(3!@A&,!a2?%q!@(%, 
! !8')7#?!z$(3!�,)&?!@<F4!�7U!@(%, 

!!!!!!!A$<(3!32UF!gS!@%6'3!e>7?!^'D3!m!!@)=S!g#L=.J!+:!A$<F4!"?!^./3!3(%q(!1(!"f%,!!!+L=')�?!<3!5%=Qf!
!!!!!!!!!!!!!!!!!!@)=S!5%=Qf!)=,!+L=')�?!<3!)='!-!A&#L=S!%=E!_<!F!A&#L=S!%=E!Y=J)&?!F!A=&&:!"=?!)=Zf!%=E!g=:!)=S!0)L$(!),

!!!!!A&h),!"?!%E!}%P!",!@%*,!m!!!!!!!!1(!53)M#=J(!A='),!+=:!-!A=$<(3!g=S!@3)='1!Y=')T?!5%Qf!@)S!g#L.J!-!+#Q/(
!!g.')==7$!3FA==B?!-!£{*==?!@)==S!+==&?(3!+==,!(<!)==S!04!m(3!5%==Qf!@)==S!g#L==.J!g==Kq!-!@12L==/3!-!z&==.,!@(<

!!!!!!!!!!!!@%.k3)='!"')=$(2E!-!;A=l!"')=$(2E!-!@%*=,!@!58.6$(X!D2=7T?!\!!!!�.B=n!CF)�=o!z=$(3!-X!!g.9=J!^=�I!\
!A&h),!"?!"7:!m!A')7$!+q)i(!(<!�.Bn!CF)�o!F!@12L/3!A$(2E!"?!%,<):!3<2?!e'(!<3!m!!

%)#pF%:-O'@%s$%>5F%],'E57F%%
! !!!=,(<![=='!-!A==h),!@(!5<F)=B?!g#L==.J!+==:!"E<2=n!<3!!"==?!@<F%==i!<).L=,!-!r2==f!@%,<)==:!�

!A==h),!m!!!C<2==n!+==,!A=='),!A==S3!"==?!H)==c$(!%,<)==:!)==,!5%==Qf!g#L==.J!+==:!@(!+==7/)>?!+==:!A==.&:!+==U2E
�"T.QP!�!Ah),!5Ah!�%Z?!%,<):!�J2E!m!Ah),!"?!%'1!3<(2?!%.p$!@3<(2?!^?)h!+:w!!

o !Ah),!"T.QP!A'),!AJ%W!"?!g#L.J!+:!"ED(2J!@!52.hm 
o !!!F!A')Q$!+$)�7l(!CD(2J!!!!!A&=h),!+#h(3!32UX!!!!!!!!!A='),!A=&S3!"=?!r(2=U!g#L=.J!+=,!+=:!"$)L=:

!A&h),!53%:!%.,AE!-!^./3!),m!\ 
o !!!!!!@(!+=c.#$!%=S!F!A=J%W!"?!(<!a(2J!['!(%`!+:!AS3!�.i2E!+:!Ah),!<3)o!A'),!g#L.J

!A')7$!+.U2E!(<!AJ<!"?!04!+,!+:!m!AS3!0)&.7P(!-!g#L.J!3<2?!<3!%,<):!+,!A'),m 
! !['!A'),!-!aDA#J(!<3!Ah),!%'1!3<(2?!H)c$(!+,!<3)o!-!5%Qf!g#L.Jw 

o !!!!!A&==h),!�.B==n!)==?(8/(!+==$!F!"$3%:<F)==,!z')==S! )#&#==J(!A=='),!m!!![=='!-!a)==�?!0(2==&I!+==,
!!!!!!!!!!!!!!!!"=?! )#&#=J(!-!g='OI!1(!+=I27c?![='!1(!(<!"#=h(AK,!V.T=iF![='!+=:!5%Qf!g#L.J

!g'OI!1(!"�Z&?!@(!+#h<!-!V.TiF!+:!VJ(!A.T,!�!A&:X)S!+$)*$!\!Ah),m 
o A=='),!!!!-!A&#L==S!£o)==$!C)==IOP(!+==:!@3<(2==?!F!£o)==$!z==$(3!@!+==&?(3!)==,!<)==:!+==,!<3)==o!

!!Ah),!m!!!!F!z$(3!-!Y9�(!µ!!!!F!z=$(3!F!A&=h),!"=?!^?):)$!-!C)IOP(!3<2?!)'!µ!!!)=S!53(3!)='
!!!A&h)Q$!3)7#I(!^,)o!VJ(!e>7?X!!!!A&=h),!)=Zf!@(<(3!V=J(!e=>7?!O�?!\!!!F!z=$(3!A')=h!F

!µ!!!!!!!5A=h!0)=.,!V=J<3)$!C<2=n!+=,!)=S!53(3!)='!!A&=h),!X!!!!!0(A==$3!@(<(3!%=k(!a)=�?!0(2=&I!+=,
!Ah),!"?!_)$%Zf!e'(!5)k!04!-!Ah),!@A&9,m!\ 

o !Ah),!+#h(3!%p$!<3!(<!C)iF%M?!0)?87S!V,)o<!-!g#L.J!A'),!e.&�7Sm 
! !!!!!!@%'jW!Vh(AK6$!),!A'),!5%Qf!@)S!g#L.JX!!"=,(%f![='!%.7TE!F!@1)J(AU!+,!�2,%?!"k¤'F!\

|!A&==h),!5A==h!"==l(%P!!mA==&$(2#,!A=='),!!!A==&')7$!"==>'!(<!A=='AU!C)==IOP(!"k3)==J!+==,!X!d=='%P!1(!)=='
"&.h)?!R12?4!1(!53)M#J(!),!)'!%E!z.,!z$(3!"JA&K?m!\ 

%"#+%!50,v%V%)#pF%V,9%:-O'@e%%%
                                                   

1 !!!!!!!!!!!!!!!!!!3<(2=?!@3(A=TE!F!-!)SA=.,%:!-!)SA.$).=J!-!)=S!C)=&,%:!@)&�#=J(!+=,!-!V=J(!e,%=:!@)=S!g=E(!%=E!z.=,!)='![='!^?)=h!04!@)S!a2>/2?!+:!@(!53)?!
!!%6'3X!!)#'%,!}<)T7/(!5%'(3)>.$!\!!!!!!!!!!!V=J(!5A=?4!e.=&`!-!g=S!�.=B?!"=JA&K?!@!+=?)$!V=�/!<3!e7i!<3!-!w!!!!!!+=:!"').7.=h!C)=Q.:%E!1(!"=k<8,!5F%=k

!A&h),!"?!0¤.L:(!F!0NF%#.$!-!0NF<A.S!-!e,%:!^?)h!D27T?!m!A$(!5Ah!^.>*E!"/4!C)Q.:%E!e'(!1(!5A$1!C(32U2?!H)7Em!!
2 !maintainability 
3 !rule-based 
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!!!!!!!!!!!!!!!!A$2=h!53)M#=J(!5%=Qf!@)=S!g#L=.J!Vf)=J!@(%=,!A=&$(2E!"=?!@3)='1!@)S!RF<!m!!!!!@)=S!g#L=.J!%=�:(!-!)=?(
!!!!!@)=S!g#L=.J!A=$(!5Ah!+#f)J!02&:!)E!+:!5%Qf!!!!!A&=h),!"=?!(%=k!02$)=o!w!!!!!!F!)=S!V=.To(F!^?)=h!z=$(3!5)=6')W

!Ah),!"?!)S!02$)o!m!!
G0"J%),~$,H%%

!!Ah),!"?!e.$(2o!F!)S!V.To(F!^?)h!z$(3!5)6')W!m!!!!!!!5%=Qf!g#L=.J![='!Vf)=J!a)=l!<3!)=?!+:!A.&:!<2yE
!!!g'32=,!">h8W!£.{*E!@(%,!(%k!02$)o!@!m!!!!!!!!!">=h8W!@)=S!C<)=QI!F!g='OI!0)=.?!C)=P)QE<(!)=S!02$)=o

(<!!!3%=:!A&S(2f!A:!!m!!!!!!!!!!3%=:!A=&S(2f!A=:!(<!@<)=U!@<)=7.,!3<2=?!<3!z=$(3!)=S!V=.To(F!m!!!@)=S!g#L=.J!<3
!!%k(!C<2n!+,!Y9�(!-!(%k!02$)o!mmm!5)k!04!mmm!!!!!!!!+=,!A=&$(2E!"=?!%=,(%,!C<2=n!+=,!)=?(!-!A$2h!"?!+#h2$

!A$2h!+#h2$!A$2h!"?!53)M#J(!%'1!3<(2?!@(%,!+:!"')S!^>h!1(!">'w!!
qthenpANDANDpif n...1  

qpp n O55 )...( 1  

nppq 76676 ...1  
!!!!!!!!!!!!!!"$)=?2k<4!�.=S!@(<(3!)=S!5<(8=k!+=:!"')U!<3!@(!5<(8k!dZ&?!1(!53)M#J(!(%k!02$)o!@)S!g#L.J!@(%,

!!!!!V=J(!"/2==7T?!O?)=:!-!A&=h),!"=7$!m!!!!!!!)==S!02$)=o!F!)=S!V==.To(F!<3!"T,)=E!@)=S!^Q7=J!F!)==S%.�#?!e'(%,)=&,
!!!A=$<(A$!32UF!m!!a)=�?!<3!)=?!!!!!!!!!!g='(!532=7$!3FA=B?!-!V.T=iF!e='(!)=,!(<!0)=?32f!%='1!@)=S!!m!!![='!@!+=c.#$

!!!!!!!!V=J(!5A=?4!"=9Qo!02$)=o!<3!+:!Ah),!%'jW)$!+'8cE!g9o!['!A')h!02$)o!m!!!!!!!+=,!(<!5%=.c$1!e='(!g.$(2=E!"=?!)=?
!!!!}(%k!['!C<2n!+,!">.q(%k!^>hAND-OR!!g.=S3!z')7$!!m!!!!!!!%='1!@)=S!02$)=o!@(%=,!-!a)=�?!@(%=,

!w!!
if p AND q then r 
if s AND t then r 
if u then p 
if v then p 
if w AND x then s 
if y then s 
if z then t 

!g'<(3!D),!@)S!02$)o!3<2?!<3!(<!%'1!}(%k!+:w!!

!!!A.&.,!"?!(<!C)$(2.l!"')J)&h!@(%,!"*$(3!5)6')W!1(!"/)�?!%'1!<3w!!
if animalGivesMilk then animalIsMammal 
if animalHasHair then animalIsMammal 
if animalIsMammal AND animalChewsCud then animalIsUngulate 
if animalIsUngulate AND animalHasLongNeck then animalIsGiraffe 
if animalIsUngulate AND animalIsStriped then animalIsZebra 

!3%:!g.S(2f!53)M#J(!%'1!a)�?!1(!)?!m!!
�,-6-@"%I5W5(%%



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 315 - 

!(!<2E2?!!!!!!!!!!!!!!!!!!)=,!F!A=&:!"=?! (%{#=J(!-!z=$(3!5)=6')W!<3!32=U2?!z=$(3!1(!53)M#=J(!)=,!(<!)=S! )#&#=J(!-! )#&#J
!!!!!!!!(%=k!02$)=o! )#&#J(!1(!53)M#J(s!!!!A=S3!"=?!H)=c$(!!m!!!!!!!!53)M#=J(!^=.9BE!1(!)=J)J(!-!"=�Z&?!%=p$!+=Z�$![='!1(

!A&:!"?!m!!
!!!!1(A$(!g*`!['X!!!@A=T,!+J!@)7$<F3!\!!! )#&#=J(X!aDA#=J(!\!!!!!!+=:!V=J(!e='(!(%=k!02$)=o!!!![='!H)=c$(!a)=l!<3!
!!!"q(%k!@2c#LUAND-OR!Ah),!"?!!m!!!!!!!!!)=S!¢%=,!F!+*='<!+=:!%.L=?![='!a)=Q$3!+=,!)?!-!%�2?!<2P!+,

!g'3%k!"?!A&:!"?!(%U(!(<!%'1!3<(2?!F!A&:!"?!^y#?!gS!+,!(<w!!
! !!!!!!!@!5%k!['!-!@(!5%k!+:!"E<2n!<3OR!!!!!!!!!!@(%=,!%.L=?![='!+=:!e='(!z')=7$!@(%=,!-!A=h),!"=?!

(3!32UF!)S!^L$!1(!">'!��q!�!Ah),!"?!YJ)&?!-!3<!!
! !!!@!5%==k![=='!-!@(!5%==k!%==k(AND!!!!!!)==S!^L==$!1(![=='!%==S!@(%==,!+==:!e=='(!z')==7$!@(%==,!-!A==h),!

�!Ah),!"?!H1D!-!3<(3!32UF!@%.L? 
! !!!!!(<!A==h),!V==J<3!A=='),!+==:!(<!V==.To(F![=='!5%==k!-!A==h),!¢%==,![=='!-!5%==k![=='!+==:!"E<2==n!<3

!AS3!"?!z')7$m 
!!!=7$!¡%=q!)?!-!@(!5<F)B?!@!5%Qf!@)S!g#L.J!<3!!!!!!!!!OQ=o!F!A=$(!5A=h!+#f)&=h!C)=.To(F!@!+=7S!+=:!g.=&:!"

!!!!A$(!+#h(3!32UF!z$(3!5)6')W!<3!m!!!!!!!!!!+=:!g.=&.Q,!+=:!g.#L=S!e='(!@(%=,!RO=E!<3!)=?!+=:!"$)?1!<3!-!e'(%,)&,
!!!!¢%,!@!5%k!['!)'4XV.To(F!\!!!!!!!%=k(!)=?(!-!32=7$!g.S(2=f!"=J<%,!(<!z=$(3!5)6')W!)?!-!+$!)'!VJ(!VJ<3

!!!!!(!<3!-!Ah)Q$!z$(3!5)6')W!<3!!!!!+=$!)='!V=J(!V=J<3!V.To(F!)'4!+:!g.&:!"?!zJ%W!%,<):!1(!)?!C<2n!e'
!m!!!!!!32=h!+q)=i(!z$(3!5)6')W!+,!A$(2E!"?!%,<):!r(2UX!m!!!!!!!!02$)=o!aDA#=J(!+=:!V=J(!@8=.`!-!5<F)=B?!e='(

!^.9BE!1(!(<!(%kSLD!A&:!"?!8')7#?!!\m!!
%A5Bq(%V%)#'L0Dh*I%�H%V%)#'L0D%,$%A5Bq(%]I5E%/2%!J#.%V"%)#'L0D%m%%

.,!!!^.9BE!+.Qh!+:!32h!"?!H)c$(!"hF<!+,!(%k!02$)o!aDA#J(!%E!zSLD!!A=h),!"?!X!!!!+=:!@<2=P!0)=7S
!!!!!!!!!!!!!^=.9BE!)=,!C<A=$!+=,!+:!3<(3!32UF!"9'D3!-!Ah!+#Mk!^Qo!}(%k(<)W!<3SLD!!!A&=h),!"=?!%=,(%,!!m!\!!-!)=?(

!!!!!!!!!!!!!!!!!!1(!5A=h!d#*=?!aDA#=J(!F!A&=h),!"=?!}A=S!1(!5A=h!d#*=?!aDA#=J(!-!;2=>T?!@!5%=.c$1!@)=S!C<)QI!
!!!!!!!!!!!!!!!!!!A=$%.k!"=?!<(%=o!53)M#=J(!3<2=?!5%=Qf!@)=S!g#L=.J!@!+=T?)U!<3!@%=E!"?2=7I!C<2=n!+=,!¡%q!m!<3

!!!}(%==k!C(<)==QIAND-OR!!!!!@(%===,!F!32==h!"===?!~F%==h!}(%===k!@!+*=='<!<3!aDA#===J(!1(!~2==$!e==='(!-!
!A')7$!"?!ROE!)S!¢%,!+,!+*'<!1(!@%.L?!03%:(A.W!m!!

%:'�-O(%V%)#'L0D%%
!!!!!!53(3!1(!5Ah!d#*?!aDA#J(!-!RF<!e'(!!!!32=h!"=?!5A=.?)$!gS!)S!!m!!!}(%=k!C(<)=QI!<3AND-OR!!e='(!-!

!!!!}%==P!+==,!)==S!¢%==,!1(!(<!@%.L==?!+==:!A==&:!"==?!RO==E!F!A==&:!"==?!~F%==h!)==S!¢%==,!1(!aDA#==J(!1(!~2==$
!A')7$!(A.W!+*'<!m!!

%)&P%�#2%�#2%:'�-O(%*%A5Bq(%V%)#'L0D|!!
!!!!!!!!=J(!)=S!RF<!e='(!@F3!%=S!)'!)S!RF<!e'(!1(!">'!1(!(%yB&?!)S!g#L.J!1(!"f%,!!!A=&&:!"=?!53)M#!m!!)=?(

!!!!!!!!!!!!!!!"=T.QP!"=9.f!<)=:!e='(!+=:!A=&&:!"=?!53)M#=J(!RF<!F3!%=S!1(!"=k%,!¢%=,!@)=S!g#L=.J!1(!@3)'1!3(ATE
!!!!Ah),!A$(2E!"?!m!!!!!!!!!!A=.')7$!+=U2E!@%*=,!%=#:3![='!)=,!5<F)*=?![='!+=,!m!!!!!�'%*=E!(<!g='OI!1(!"=f%,!<)=7.,

!!!A&:!"?!m!!!!A='4!"=?!V=J3!+,!g.�#L?!@!5%.c$1!1(!53)M#J(!),!�')#$X!')=h!!!!"*=')?14!<2=P!+=,!�=�q!A!m!\!!%=#:3
!!!!!!!<)=7.,!@(%=,!+=:!A=J<!"=?!"*J%W!+,!;2>T?!@!5%.c$1!1(!53)M#J(!),!F!A&:!"?!r){#$(!(<!¡%q!['

!!!!V=J(!5A=h!+='(<(!m!!!!!!!!!F(!1(!)=='!F!A=S3!r(2=U!%==6'3!"*=J%W!+=,!A')=h!F!-!A==&:!"=?!VQB=n!5<)=,F3!-!<)==7.,
!32h!+#J(2f!@%6'3!C)IOP(!m!<):!e'(!FX+JF%W!\(%>E!gS!1),!32h!<!m!!

z�&-@"%V,9%¢'�5W%%
                                                   

1 !Rule-Based Reasoning (RBR) 
2 !Interleaved Backwards- and Forwards-Chaining 
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!!!!!g'3%==:!0)==.,!5%==Qf!g#L==.J![=='!<3!(<!0(F<!�.==i2E!e#==h(3!V==.7S(!OQ==o!)==?!m!!!(%==k!02$)==o!@)==S!g#L==.J
!!!!!!A&&:!"?!+'(<(!C)B.i2E!@(%,!(<!0)>?(!F3!D27T?!m!!!!!!+=$26`!A&=J%G,!)='!F!(%=`!A&=J%G,!)'!VJ(!e>7?

!m!!!!!!!!r(2U!-!�2,%?!e.$(2o!1(!"f%,!z')7$!),!(<!CD(2J!-!g#L.J!AS3!"?!!m!!!!!A=.')7$!<2y=E!-!a)=�?!@(%=,
!!!!!!!!!!!"=?!<(2{*=$!-!0(2=.l!)='4!+=:!A=J%W!"=?!(<!z=J%W!e='(!%,<):!1(!C)$(2.l!"')J)&h!@!5%Qf!g#L.J!+:

!!A=&:!m!!!!!+==:!A=J%G,!a(2==J!e=='(!+==,!03(3!r(2=U!@)==U!+==,!A==$(2E!"=?!%,<)==:!-!3<2==?!e=='(!<3!w!e=='(!)7==h!(%==`
!!!!!!$!),!5%Qf!g#L.J!-!<):!e'(!@(%,!x!A.J%W!"?!(<!a(2J!!!!}(%=k![='!z')=7AND-OR!!!!A=S3!"=?!·=J)W!!m

!!!A=S3!·J)W!g#L.J!VJ(!e>7?!a)�?!@(%,!w!!!!!!!!!!!(%='1!-!A=&:!"=?!<(2{*=$!0(2=.l!)='4!+=:!HA.=J%W!)7=h!1(!e=?
!!!!A=&:!"?![7:!VJ(!<(3!gJ!<2$)U!0(2.l!+:!e'(!£.{*E!<3!e'(!m!!!!!!<2$)=U!+=:!5A=h!53(3!£.{*=E!OQ=o

!V==J(!<(A$)#L==W!-!m!!A==&:!"==?!<(2{*==$!0(2==.l!%==k(!e'(%,)==&,!!A==h),!"==?!<(3!g==J!-!0(2==.l!5)==k!04!m!<3!e=='(
!!!!!A=&:!"=?![=7:!VJ(!+q(<1!0(2.l!)'4!+:!e'(!£.{*E!m!!!!!!@(<(3!F!A=h),!<(3!g=J!0(2=.l!+=:!"E<2=n!<3

!!!!!!!A=h),!"?!+q(<1!-!Ah),!A&9,!03%km!!!!!!!!!!!53(3!£.{*=E!5%=Qf!g#L=.J![='!+=:!A=.')7$!<2y=E!-!%=6'3!0)=.,!+=,!
!!A&#LS!VJ<3!)S!5%k!1(!"f%,!+:!m!+c.#$!e#Mk!<3!!!!!!!!(<!�.=i2E!"6$2=6`!A=$(2E!"=?!%,<)=:!-!%,<)=:!+=,

!A==J%G,!w!!!!d==q2?!@)==S!V7L==o!z')==7$!)==,!5%==Qf!g#L==.J!-!<)==:!e=='(!@(%==,!x!@A.==J<!+==c.#$!e=='(!+==,!+==$26`
!!}(%kAND-OR!!!!!AS3!"?!r(2U!-!!m!!!!!d'Ay=E!@(%=,!+=:!V=J(!e'(!5A'(X!!03%=:!+=.U2E!\!!!-! )#&#=J(![='

!!!!!!!!!+=,!0A.=J<!<3!)S!02$)o!H(A:!+:!AS3!0)*$!A'),!g#L.J!!!!!A$2=h!"=?!(%=U(!+=c.#$!04!m!!!!<2y=E!-!a)=�?!@(%=,
!!!!!!!!!!!!!!!!e=>7?!%,<)=:!-!A=h),!"=?!<(3!g=J!<2$)=U![='!0(2=.l!+=:!A=S3!"?!£.{*E!g#L.J!+:!@3<2?!<3!A.&:
!!!!!!!!!!!!!!!A=h),!%='1!C<2=n!+=,!V=J(!e=>7?!<)=:!e='(!F!@A.=J<!+=c.#$!e='(!+,!+$26`!+:!A&:!VJ(2f<3!VJ(!w

!!!!!!!!!!M#=J(!V=J(!<(3!g=J!-!0(2=.l!+=:!e='(!£.{*E!@(%,!02$)o!e'(!!5A=h!53)!w!!!!!F!V=J(!<(A$)#L=W!-!0(2=.l!%=k(
!!!A==h),!"==?!<(3!g==J!-!A==&:!"==?!<(2{*==$!m!!!!!V==J(!<(A$)#L==W!<2$)==U!)=='4!+==:!e=='(!£.{*==E!@(%==,!02$)==o!e=='(

!!!!VJ(!5Ah!53)M#J(!w!!!!!!!!!A=h),!"=?!<(A$)#L=W!�=W!-!Ah),!"?!2?!@(<(3!0(2.l!m!!!!!!!0(2=.l!+=:!A=.#Mk!e=?!+=,!)7=h
!Ah),!"?!2?!@(<(3!m$!0(2.l!+:!A.#Mk!e?!+,!)7h!A&:!"?!<(2{*!m!!

!!!!!!!!!!!!!!!!!!H)=$!+=,!"7#L=.J!3<2=?!<3!(%=k!02$)=o!@)=S!g#L=.J!<3!"=,O�$(!C)=�.�BE!%=E!z.,MYCIN!!!5A=h!H)=c$(!
!!VJ(!m!!!!0F<3!@)S!5A'(MYCIN!!!!!!!!!!!A&#L=S!(%=k!02$)=o!@!5%=Qf!@)=S!g#L=.J!@!+=7S!%=,!@%=E%,!@(<(3!!m

MYCIN!!!!!!!A==h!"=l(%P!02==f!"')='%#:),!@)==S!V=$2MI!£.{*==E!@(%=,![==h8W![='!@!53)M#==J(!@(%=,!m!
!3FA==l!<3¬§�!!!!A==&:!"==?!<)==:!;2==>T?!@!5%==.c$1!1(!53)M#==J(!)==,!^==?):!<2==P!+==,!)==Q'%�E!F!3<(3!02$)==o!!m
!!531),MYCIN!!!!!!!!!!!!!A')=h!+=:!z=$(3![=`2:!"=9.f!@)=S!+=TZo!V:<)*=?!)=,!04!@!+=7/)>?!032=,!"=T.QP!F!

!!!!!!!!!!!!V=q)'!32=QK,!-!A$2=h!+=#q%k!<)=:!+=,!;2>T?!@!5%.c$1!CA?!<3!m!!!!!!-!3<(2=?!e='(!e'%=E!"=&T?%W!1(!"=>'
M#J(!!!!!!!!!!!!!!!!!!!!H(A=:!+=:!e='(!3<2=?!<3!g.7y=E!+=,![=7:!@(%=,!+=:!A=h),!"=?!)=S!02$)=o!(%q!1(!+I27c?!['!1(!53)

!!!!!!!!!!!A$A=h!"=l(%P!-!A$2=h!53)M#==J(!A='),!@A=T,!C<2=n!+=,!a)=?%$!@)=S!02$)=o!m!!!!@)==S!g#L=.J!1(!%=6'3!"=>'
!!!-!<2K*===?!@!5%===Qf!@(%===k!02$)===oPROSPECTORX!!!!!@(<(3!"$A===T?!@)===S!0)===>?!",)==='1<(!@(%===,

%{#===J(!@(%===,!3(AT#===J( (!\!FR1X!a.k.a. XCON!\!!@A===&,%>.W!F!-!03%===:!^===?):!-!"===J<%,!@(%===,
!!!A&==h),!"==?!-!@%#*==?!@%E2.G?)==:!C(8==.KcE!@)S)==i)�E!m!!!A==&`!Vf)==J!)==,!)==S!z')==?14!1(!"==f%,!1(!A==T,

!!!!!!!!!!!!!!+=&?(3!+=,!+#L=,(F!-!z=$(3!5)=6')W!�=�q!+=:!A=&#q)'<3!"I2&y=?!R2S!0)��B?!-!(%k!02$)o!@!5%Qf!g#L.J
!!!Ah),!"?!m!!F! )#&#J(!<2E2?!!!%,<):!�,(<!X)#QL$!\!!A=$32,!+&?(3!1(!^�#L?!m!!!!!!Vf)=J!@(%=,!-!"=9:!<2=P!+=,

!!!!!!!!!!!V=q)'<3!@(%=,!z=$(3!"=JA&K?!@!+=JF%W![='!+=,!�=9#{?!@!+=&?(3!['!@(%,!A'AU!@!5%Qf!g#L.J!['
!g'<(3!1).$!)S!02$)o!03%:!m!!

Jess%%
! Jess!!!!!!!!!!!!!H)=&,!5%=Qf!g#L=.J!}F%=T?!@!+'D!~2$!['!CLIPS!!!!!!!53%=,!(F)=U!+=,!"=J!1(!F!A=h),!"=?!

!!!!!Ah),!"?!R32f!z$(3!@!+'(<(!0),1!@(<(3!F!VJ(!5Ah!m!!!!!!!@)=S!+=$){,)#:!)=,!A=$(2E!"=?!e.=&�7S
!VJ(!g.�#L?!@!5%.c$1!g#L.J!['!F!A')7$!<(%o%,!�)QE<(!(F)U 
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o !!F!A.L=='2$!"==?!(<!e.$(2==o!F!C)==.To(F!)7==hJess!!!"==?!V==J3!+==,!(<!)==S!04!@)==S! )#&#==J(!
!3<F4m 

!!
%Y2,6(<%%

http://www.cs.ucc.ie/~dgb/courses/ai/notes/notes36.pdf 
http://www.cs.usfca.edu 

http://www.cs.ucc.ie/~dgb/courses/ai/notes/notes36.pdf
http://www.cs.usfca.edu
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%%
%%

%%

&234&1&,LJM
516&&

&&
!L2A-U!?$>!=)*S40
f;(M$9!?42G

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

&(_%#$D%IJ%/.%[0,L6$"%&'$,K0%NF"J#H%N@"%)<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*%n%o

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

%t5.I,(%V#'+%:'K7W%V,9%8D"J#Hc%%
%Q7Ro*J%*%NO'2%%

%%%%%%3R5.I,(%V#'+%:'K7W%V,9%8D"J#H{%!!!!!!!!!!!!"=?!V=.TZo!HA=I!V=BE!@%=.k!g.7y=E!@(%=,!+#L=Lk!aA=?!['
!!Ah),!m!!1(!A&E<)QI!aA?!e'(!�8U!<)K`!w!!!=:!-!)=S!V.T=iF!!!!!!!!V=J(!5A=h!g.L=�E!"')=S!V.T=iF!+=,!0)=KU!+!m

!!!!!!!!!A==h),!"==?!)==S3%>97I!3FA==B?!3(A==TE![=='!@(<(3!V.T==iF!%==S!-!)==S3%>97I!m!!!"P)==QE<(!-!a)==�#$(!�,)==E
!!!!V.T==iF!%==S!@(%==,!"==J%#J3!^==,)o!@)==S3%>97I!F!)==S!V.T==iF!0)==.?!"/)==7#l(!m!!R(3)==W!-!R(3)==W!�,)==E

!V.TiF!VBE!-!<):!['!H)c$(!<)p#$(!3<2?s!m!|!!
!JI*_%J5;*%/2%3p'W#W%V,9%V#'+%:'K7W%|%!g'3%:!VQBn!%'1!3<(2?!3<2?!<3!)?!OQow 
o !"TZo!�.B?!['!<3!+,%i![E!@)S!@%.k!g.7yE!03<F4!32UF!+, 
o !"TZo!�.B?!['!<3!"Q.E%E!@)S!@%.k!g.7yE!03<F4!32UF!+, 

" !2c#LU�! )#&#J(!�!@8'<!+?)$%,! 
o "o)ME(!�.B?!['!<3!+,%i![E!@)S!@%.k!g.7yE!03<F4!32UF!+,! 

" !a)7#l(!F!<F),!@)S!+>Qh�@A&?32J!"&.,!z.W! 
x!Ah),!"?!+$26`!"o)ME(!�.B?!['!<3!"Q.E%E!@)S!@%.k!g.7yE 

%I,��S-0"%JI5��(%V&6(J5��@|%!!!%==S!@A&?32==J!-!3%==>97I![=='!<)==p#$(!3<2==?!@A&?32==J!+==:!A=='<F).,!3)=='!+==,
!!!!!!!!!!32=h!"=?!01F!A=#M.,!�)=ME(!+=c.#$!+=:!"/)7#l(!�J2E!F!VJ(!e>7?!@!+c.#$!m!!!<2=P!+=,!!!1(!-!%=E!�'%=n

!!V.TiFs!!!!!!@)=S3%>97I!VJ(!e>7?!^?)I!['!-!naaa ,...,, 21!!3%=.6,!(<!!m!!!3%=>97I!%=Sia!!!A=$(2E!"=?!
!!@)==S!V.T==iF!+==,!%==c&?imii sss ,...,, 21!a)==7#l(!)==,!imii ppp ,...,, 21!32==h!!w4$ ijiji spaEU )(!m!!)==?

(!@(!+==I27c?!!a)==�#$(!aA==?!(<!+#L==,(F!@)==S!V.T==iF!F!)==S!a)==7#l(!1t!g.?)==$!"==?!V.T==iF!!m!A=='),!^==?)I
!V.TiFa1!+:!@(!EU!A')7$!r){#$(!(<!A&:!"?!+&.*.,!(<!m 

%%%%3R5.I,(%V,9%�'}(|%!!!!!!!g.=S3!�L=,!"=Q.E%E!@)=S!�.=B?!@(%,!(<!5A'(!e'(!g.$(2E!"?!)?m!!!+/)L=?!w!!+=$26`
(<!)==S!V.T==iF!a)==7#l(!!V.T==iF!+==,!0A.==J<!a)==7#l(!x!g.==S3!£.{*==E!s!3%==>97I!�==J2E!5A==h!+=='(<(!a!

!!!!!!!!!!!!!!!A=h),!A=$(!5A=h!H)=c$(!+=:!@(!"=9Qo!@)=S3%>97I!+=,!+#L=,(F!V=J(!e>7?m!!!!!!!+=:!A='2k!"=?!}2:<)=?!¡%=q
!!!!!!!!!!!!A=h),!"=?!)SA=/(F!1(!3FA=B?!3(A=TE![='!+,!+#L,(F!��q!)S!V.TiF!a)�#$(!a)7#l(!m!!!!51(3%=W!-!e'%=E!53)=J

!!!!}2:<)?!aF(!@!+QE%?!@!!!Ah),!"?!!m!!!!!A=h),!"=?!"=9Qo!V.T=iF!+,!+#L,(F!��q!)S!V.TiF!a)�#$(!a)7#l(
m!!g.')7$!"?!8:%7E!}2:<)?!aF(!@!+QE%?!R1(3%W!@F<!8.$!)?m 

                                                   
1 !Markov Decision Processes(MDP) 
 2!ppt.incremental/notes/2004-prings-790/courses/parsons~/edu.cuny.brooklyn.sci.www://http!!

3 !state transition model 
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%%%N2,�%],q$D5W|%!!!!!!Ah),!V,)�!0)7T'12E!+:!g.&:!"?!¡%q!)?!m!!!!!!!![='!+=,!0A.=J<!a)=7#l(!+=:!A='2k!"=?!e'(
!!V.TiFs1!!!!J2E!5Ah!+°(<(!!!!!3%=>97I!�a!!V.T=iF!1(!s!!!@!+=�{'<)E!)=,!H!!!!A=,)'!"=7$!%=..�E!m!!!+=�{'<)E

!!!!!A=&')7$!A./2E!(<!�9#{?!@)S!a)7#l(!VJ(!e>7?!�9#{?!@)S!m!!!!!!a)=�#$(!-!0)L=>'!@)=S!+=�{'<)E!@!+='(<(
!!!!!!A=h!A=S(2f!!YQ==J!(<!0)L=>'!@)=S!V.T=iFm!!!!!!!V.T==iF!@A&?32=J!+=:!3%==:!g.S(2=f!¡%=q!e.=&�7S!)==?

,!+/)L?!@!+&.?1!<3!(<!@%..�E!3<F4!"7$!32UF!+m 
%%%%3p'W#W%Q$,O(%QT|%!!!!!!!!!!@)=S!V.T=iF!1(!+#=h<![='!+=,!+#L=,(F!@A&?32=Jnsss ,...,, 21!!!A=h),!"=?!!m!!A=.').,

!!!!!!!!!!R(3)=W![='!+=,!(<!V.T=iF!%S)( isR!!!g.=S3!r)L=#$(!!m!!!!!!!!+&.*=.,!(<!)=S!R(3)=W!~2=7c?!A=S(2f!"=?!^=?)I
!!A')7$!m!R1(3%W!['!(<!@A&,!a2?%q!e'(!)?!!!!g.?)=$!"=?!"q2:<)=?!@%.k!g.7yE!m!!!!!e='(!-!�'%=n!<2=P!+=,

!!!!<3!(<!3<(2?MDP!!!g'<(3!!w!!!!@!+=./F(!V.TiF!['0s!!!!!!@)=S3%>97I!F!)=S!V.T=iF!@!+=I27c?![='!-
!!a)==�#$(!aA==?![=='!-!+#L==Lk!w),,( sasT 1!!V.T==iF!0A.==J<!a)==7#l(!+==:!s1!1(!s==:!"$)==?1!<3!!^==7I!+a!

!AS3!"?!0)*$!(<!32h!"?!H)c$(!m!R(3)W!�,)E!['!wR(s)m! 
%VI5W%V%/C,O(%z,�(%%

!!
! !!!!!!a)7#l(!),!5Ah!+#J(2f!VKU!<3!^?)I�¹u!!!!!a)=7#l(!)=,!V=J(<!V=KU!['!<3!F!A&:!"?!V:%l!

�¹|!!A==&:!"==?!V==:%l!!m!!!!!!(<!R(3)==W!)==E!A==S3!H)==c$(!@<)==:!+==`!A=='),!^==?)I![=='!V.T==iF!%==S!<3
x!A')7$!+&.*., 

%%V,9%QT%)"I%MDP%|%!!!!!!!!!!!!1(!@(!+#=h<!C<2=n!+=,!^=l!5(<![='!-!A=h),!"=?!"o)=ME(!-!�.B?!+:!"')c$4!1(
!!!!!A=h),!"7$!3%>97I!m!!!!!!!!!!!!!!!!!!V.T=iF!%=S!<3!@<)=:!+=`!A='),!^=?)I![='!+=:!g.')=7$!e.=T?!A='),!)=?!-!¡2=I!<3
!!!!AS3!H)c$(!e>7?!m!!!['!(<!V.n2yf!e'(!)?!RF<s!!g.?)$!"?!�!w!!!!!!!D)=,!A.=h),!"=?!}A=S!%='1!)7=h!%k(

!!A.').,!�!m!(!F!!!!!!A=.')7$!V=:%l!V=J(<!+=,!-!A.=h),!"?!¥`!V7J!02#J!<3!)7h!%k!�!m!!!!)=,!(<!RF<![='!)=?
Û!F!g.S3!"?!0)*$!(s)Û!V.TiF!@(%,!(<!RF<!s!A')7$!"?!£{*?!m 

%%%%%,9%8*I%V%/O$,�(|%!!!!!!!!+=:!"')=S!+=�{'<)E!<)=p#$(!3<2?!@A&?32J!+,!+U2E!),!(<!)S!RF<!g.$(2E!"?!)?
!!!!!!!g.')7$!+L')�?!A&&:!"?!A./2E!)S!04!m<!!!!A=h),!"=?!<)=p#$(!3<2?!@A&?32J!e'%ED),!@(<(3!+:!"hF!RF<

!!+&.K,2!!H)$!!3<(3m!!!!!!!!!!!(<!3%=>97I!e'%=#K,!A=$(2E!"=?!�=�q!^=?)I!-!32=h!"=?!(A=.W!RF<!['!+:!@<),!e./F(
!A')7$!(A.W!V.TiF!%S!@(%,m 

%VI5W%V%/C,O(%z,�(%%

                                                   
1 !policy 
2 !optimal policy 
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!!
! !!-!A==,)'!"==?!%==..�E!"$)==')W%.�!V.T==iF![=='!<3!032==,!@!+==&'8S!+==:!"')==c$4!1(!RF<!-!e'(%,)==&,

!AS3!"?!H)c$(!(<!+&.K,!m 
! !D),!"9.f!@!+&'8S!w!A,! F%f!),!"#l!-!32h! <)f!+9n)qO,!+:!A&:!"?!ROE!^?)Im 
! !"$).?!@!+&.?1!w!A')7$!@%.k29U!A,! F%f!1(!+:!A')7$!"?!ROE!^?)Im 

%8"J,H%Y2"5W%JI5(%IJ%V#W%G'2%[C,^(%%
! !!!!['!^l!<3MDP!!!>97I!<(A=�?!+=,!A='),!^?)I!['-!!!!A=')7$!+=U2E!5A=&'4!@)=S3%m!!!1(!"=M9#{?!~(2=$(

!3<(3!32UF!-!A.')7$!+U2E!)S!04!+,!A'),!+:!^')L?w 
! !VTJF�x!A,)'!"?!+?(3(!+*.7S!@(%,!0)KU!)'4! 

o !!!3FAB?!VTJF!w!!!1(!A=T,N!!!!!!!!!V=q)'<3!"=h(3)W!�.=S!F!32=h!"=?!�=o2#?!0)=KU!-!C)=.97I!
!32h!"7$m 

o !!!3FAB?)$!VTJF!w!!!!'!"?!+?(3(!3FAB?)$!C<2n!+,!0)KU!!!+=`!g.=$(3!"7$!)?!+:!e'(!)'!A,)
!32h!"?!�o2#?!"?)6&Sm 

" !A&&:!"7$!%..�E!0)?1!a2P!<3!)S!RF<!3FAB?)$!VTJF!<3m 
! !!!!!!!!!!!<3!<D3!A=n!-!g.=&:!%=>q!5A=&'4!<3!R(3)=W!<(A=�?!"6$2=6`!3<2=?!<3!+:!g'<(3!1).$!e.&�7S!)?

!!!!!!!!!!V=J(!a)=J![='!<3!<D3!A=n!+=,!VQL$!@%E!z.,!R1<(!@(<(3!1F<!['!m!!!)=,!)=?!�=.M{E!s!<3!
!g.')7$!"?!@1)J!aA?!(<!3<2?!e'(!5A&'4!@)S!R(3)Wm 

! ]1,0[...,)()()()(,...),,,( 3
3

2
2

103210 +&&&&$ RRRR sRsRsRsRssssU 

! !!+===:!"E<2==n!<3Ü!!g.')===7$!"===?!"===S3!<(A===�?!(<!5A===&'4!@)===S!V.T===iF!)===?!-!A===h),!¢<8===,!!m!<3
!!!+:!"E<2nÜ!!!g.')=7$!"?!8:%7E!['38$!R(3)W!@F<!)?!Ah),![`2:!!m!!!![='!-!"/2=W!3<(2=?!<3
!!!�.M{E!<2#:)qÜ!!),!VJ(!%,(%,!!´%$!),!5%K,!['s�X!Üµs!m!!\!!!!!!+=:!A=S3!"=?!51)=U(!)=?!+,!�.M{E

!!!!!g.=h),!+#=h(3!(<!3FA=B?)$!VTJF!),!^')L?!-!"J2LB?!<(A�?!m!!!!!@!+=7S!-!C<2=n!e='(!%=.�!<3
EU!A&h),!3FAB?)$!<(A�?!+,!['38$!A'),!)S!m 

! !!!!!!!!F!A&=h),!53FA=B?!<3!F!3FA=B?!)=S!R(3)=W!+=:!"E<2n!<3!<)p#$(!3<2?!@A&?32Js¿Ü!!-!A=h),!
!A=B?!!!A=h!A=&S(2f!3F!m!!!!@!+=&.K,!RF<!g.$(2==E!"=?!D)=l!)==?*L!!!!g.')==7$!0)=.,!C<2=n!e=='(!+=,!(<!!w

4d
$

$
0

* )|)((maxarg
t

t
t sREU LRL L 

%%I"&�(%I"#BW|%!!!!!!!!!!!!%=S!<)=p#$(!3<2=?!@A&?32=J!@!+Q=J)B?!)=,!)=?!x!g.')=7$!(A=.W!(<!+=&.K,!RF<![='!+$26`
!!!3<2==?!@A&?32==J!+==:!"')==S3%>97I!r)=={#$(!�G==J!F!V.T==iF!!!"==?!~F%==h!A==&&:!"==?!+&.*==.,!(<!<)==p#$(

!!g.')7$!m!!!!!!!!!!@)=S!+#=h<!@!+=7S!<)=p#$(!3<2?!@A&?32J!V.TiF!['!@A&?32J!-!"Q.E%E!@!+/)L?!['!<3
                                                   

1 !discounting 
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!!Ah),!"?!-!A$2h!"?!a)Q$3!04!1(!+:!"#.TiF!m!!!+=:!"=hF<!+,!e'(Û!!!!!!!A=h),!"=?!+#L=,(F!32=h!"=?!(%=U(!!m
!-!^n(!<3U(s)F!1(!+&.K,!RF<!['!<)p#$(!3<2?!@A&?32J!!V.Tis!Ah),!"?!m 

%,9%N'q�*%V&6(J5@%%

!!
! !!!!!!!!!!!"=UF%f!+=,![='38$!@)=S!V.T=iF!@(%=,!<(A=�?!e'%=E!z.,!@(<(3!)S!@A&?32J!+:!A.&:!+U2E

s!º!A&#L==S!m!!!!!!32==J!@!+q)==i(!+==,!V.T==iF!04!@(%==,!@<2==q!R(3)==W!-!V.T==iF![=='!@A&?32==J
!!!!!!!!!!!-!^==?)I!+=:!V=J(!e'(%=,!¡%==q!F!A=h),!"=?!@A=T,!V.T==iF!<)=p#$(!3<2=?!@!5A=h!53(3!�=.M{E

!!!!!A===============')7$!"================?!r)==============={#$(!(<!+===============&.K,!3%===============>97I!m!!e================79,!@!+===============/3)T?!w
)(),,(max)()( 4

1
11&$

s
a sUsasTsRsU R 

! !a)�?!w 
U(1,1)=-0.04+ãmax(0.8U(1,2)+0.1U(2,1)+0.1U(1,1) 
                                                  0.9U(1,1)+0.1U(1,2), 
     0.9U(1,1)+0.1U(2,1), 
  0.8U(2,1)+0.1U(1,2)+0.1U(1,1))  

%%%%,$5H%3O$50%/(,0#2|%!!!!!!!!!!!A=h),!"=?!)='2W!"L='2$!+=?)$%,!;)=J(%,!-!e=79,!@!+=/3)T?!m!!!!a)=�#$(!}(%=k![='!<3
!!!!!V.T==iF!1(!03%:<)==:!;2==>T?!�==J2E!"#*=k1),!C<2==n!+==,!(<!)==S!e=='(!A=.$(2E!"==?!)7==h!-!+==�9l!0FA=,

!!!!A==.')7$!^==l!+==./F(!@)==S!V.T==iF!+==,!"')==K$!m!!!!-!+==�9l!)==,!a)==�#$(!@)==S!}(%==k!@(%==,!(<!<)==:!e=='(!)7==h!+==,!
!A.S3!H)c$(!A.$(2E!"7$!g.�#L?!C<2nm 

%I"&�(%I"#BW%%
! !!!!!!!!!-!32==h!"==?!�=='%TE!)==S!V.T==iF!%')==J!@A&?32==J!<3!)==S!V.T==iF!@A&?32==J!+==:!"')==c$4!1(

!!!!!!!!!!!!!C<2=n!+=,!@<(%=>E!R%=6$!['!1(!g.$(2E!"?!)?!x!g.')7$!(A.W!(<!['38$!^l!5(<!['!+$26`
!g.')7$!53)M#J(!%'1w 

o !S3<(A==�?!"q3)y==E!C<2==n!+==,!(<!V.T==iF!%==S!A==.')7$!+==./F(!"!m!(<!A=='AU!¥==`!}%==P
!!A===.')7$!+Q===J)B?!z$)6')L===7S!%')===�?!;)===J(%,!V.T===iF![==='!@(%===,!m!1F<!+===,!@(%===,

!!!!!!!!!!!!!!!!!!!+=,!02$)=o!F!A=.S3!<)*=#$(!(<!3<2=?!e='(!)=S!V.T=iF!%')=J!@(%=,!VJ(<!}%P!"$)J<
!"$)J<!1F<!w 

)(),,(max)()(1 sUsasTsRsU isai
11&$ 4 1& R 

! 5Ah!V$)7i!e79,!CD3)T?!@)S!^l!5(<!),!"'(%67S!@(%,!e'(!VJ(!m 
I"&�(%I"#BW%:-$I5~C"%%

!A.S3!H)c$(!!
! !!@(%,s!)S!V.TiF!<3!!!
! !! !U(s)=R(s)+max T(s,a,s') U(s')!!
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!+:!"?)6&S!)E!!
! !!A&')7$!%..�E!)#/3!1(!%E!g:!<(A�?!),!)S!@A&?32J!H)7E!!

!!
! !%k(RR8 /)1(* ($ error!Ah),!m 

[=^(%¢$#kW%%
! !!!<(A==�?!<(%==>E!C2==o!�)==�$!w!!!!^==l!5(<!+==,!0A==h![=='38$!@(%==,!!!F!V==J(!5A==h!V$)7==i!-!�.B==n

!Ah),!"?!53)J!<(%>E!g#'<26/( 
! !!�Ti!w!!!!!!!!!!!1)=.$!C)=IOP(!e='(!H)=7E!+=,!�=o(F!<3!)?!-!Ah),!A&:!C<2n!+,!A$(2E!"?!0Ah!['38$

!g.S3!H)c$(!(<!@<):!+`!V.TiF!%S!<3!g.$(A,!+:!g'<(3!1).$!e'(!+,!��q!F!g'<(A$m 
%8*I%I"#BW%%

! !!!![7:!)S!�Ti!e'(!"S3!;<34!+,!RF<!<(%>E!!!A=&:!"=?!!m!!!!!!@)=S!RF<!@(%=,!g.�#L=?!<2=P!+=,
!!!!!!!A==')7$!"==?!2c#L==U!)==S!V.T==iF!@A&?32==J!)==B.U%E!F!+==&.K,!m!!+.Q==h!@!5A=='(!w!!+==,!@)==S!RF<

!A&S3!"?!H)c$(!(<!"$)J<!1F<!+,!V.TiF!%S!@(%,!@<(%>E!C<2nm 
! !+9l%?!F3w!!!!!!!!!!RF<![='!F!A=.')7$!+Q=J)B?!V.T=iF!%=S!@(%,!(<!)S!@A&?32J!-!RF<!['!@(%,

)J(%,!(<!A'AU!A.')7$!+QJ)B?!)S!@A&?32J!e'(!;m 
8*I%I"#BW%:-$I5~C"%%

Pi!³!!V.TiF!�J2E!5Ah!@<(jk!£f)h!"q3)yE!RF<!<(3%,!!
!A.S3!H)c$(!!
! !U!³!!@(%,!V.TiF!%S!@A&?32J!",)'1<(Pi!!
! !!@(%,s)S!V.TiF!<3!!!
! !! !a!³!!!!!!!!!!!!A=')7$!"=?!+&.*=.,!V.T=iF!04!@(%=,!(<!<)=p#$(!3<2?!@A&?32J!+:!(<!@3%>97I
!A.')7$!(A.W!!
! !! !Pi(s)=a!!

!A$2h!53(3!%..�E!)S3%>97I!1(!"f%,!+:!"?(3)?!!
%%[��=^(%¢$#k��W|%!!!!!!!!!A==$<F4!"==?!32==UF!+==,!(<!5AS)*==?!^==,)o!O?)==:!�.==B?![=='!-!<(A==�?!<(%==>E!F!RF<!m

MDP!!!!!!!!!!!!!(<!"='8U!C<2=n!+=,!5AS)*=?!^=,)o!@)=S!�.=B?!A&=h),!5AS)*?!^,)o!"'8U!C<2n!+,!+:!"')S!
!!A$%.k!"?!<):!+,!m<)#f)J!['!@(<(3!e.&�7S!}A=S!µ!!!!!A&=h),!"=?!V=,)�!R(3)=W!m!!!!!+#=h<!03%=:!(A=.W!@(%=,

!a)�#$(!aA?!+:!A.&:!¡%q!-!Ah),!"?!%�2?!+&.K,!3%>97I!@)ST(s,a,s')!Ah),!"?!5Ah!+#f)&h!m 
!!

%Y2,6(<%%
http://www.cs.usfca.edu 
 

http://www.cs.usfca.edu
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%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*
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%%
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%%
%%
%%
%%
%%
%%
%%

%)&66.%V&62%/�p�%V,9%:-O'@c%%
%Q7Ro5@%*%NO'2%%

!!
%%)&66.%V&62%/�p�%V,9%:-O'@|%!!!!!!"=?!<)=:!r2=f!"=9.f!@1)=J!+=&.K,!^')L?!@(%,!">.#$N!@)S!g#'<26/(!

!A==&&:!wRxxxxf n $),...,,,( 321!m!!!!!!!!A==$(!5A==h!�=='%TE!r2==f!C<2==n!+==,!%==E!g==:!+==:!"9')L==?!3<2==?!<3
!!!!!!!!"=/F!-!+=9,!x!g.')=7$!53)M#=J(!"o%,F<)=U!^?)I!['!e#f)J!@(%,!)S!5A'(!e'(!1(!g.$(2E!"?!)?!)'4!x!<2Z`

!!!g.h),!%E!Vo3),!"7:!+:!g'<(3!1).$!)?!m!-!@A&,!+�QP!!!!+=,!@3F<F![='!r)L=#$(!@!51(3%W!!!;O=:!1(!"=>'
!Ah),!"?!+$)kA&`!@)Sm 
%%%%&'C5W%V,9%:-O'@|%!!!!!!!!!!!!A&#L=S!"I2&y=?!R2=S!_%#*=?!RF<![='!A=./2E!@)=S!e.h)?!m!!%=k(�!!!)='!5)=k!04!
!!!�%=h!@)==S!02$)=o�!3%==>97I!!m!!+=:!"E<2==n!<3�sFs!�!!!+==,!5)==k!04!-!A=h),!+')L==7S!F!A==h),!5A*=$!F<)==U

�s-s!�!!F%,!m!!!!)S!02$)o!1(!¢<8,!@!+$A,!['!1(!A./2E!g#L.J!['!!!V=J(!5A=h!^.>*E!!m!!!e.$(2=o!1(!"=f%,
!!!!!!!!A$2=h!%=6'3!@)S!02$)o!03%:!^7I!¨I),!VJ(!e>7?!m!!!!!!!!+=:!V=J(!e='(!+/)L=?!-!@<)=cE!@)=S!g#L=.J!<3

!Vf(3%W!g.S(2f!3<2?!e'(!+,!(AT,!)?!-!g.&:!<):!+`!32h!"?!53(3!V�,)Z?!02$)o!['!1(!z.,!"#oFm 
%%,��9%)&��66.%V&��62%/���p�|%!)==,!C<2==n!+==,!"==>.#$N!@)==S!g#'<2==6/(!!F! )#&#==J(!@(%==,!RF<![=='!)==?!+==,!52�/

!!!!!!!!!!!!!!!!!r)={#$(!(<!A=h),!"=?!"6#L=')h!e'%=E!z.=,!@(<(3!+=:!(<!"$2$)=o!-!A=&S3!"=?!+='(<(!(<!)=S!02$)o!r){#$(
!!!!�J2E!-!A.')7$�-s!!F!!±!!!!!!!!!A=.')7$!A=:!"=#.,!@!+#=h<![='!C<2=n!+=,!(<!)=S!02$)o!m!!!!V.T=iF!@)=S!V=.,!w

!!!3%=>97I!@)==S!V=.,!m!Y==/)Z?!w!!!=o![=='!+=,!(<!"6#L==')h!+=$26`!!3%==>97I!+==$26`!F!x!g.=S3!r)L==#$(!02$)
x!g.')7$!@<(AK6$!(<!D),!�f%, 
%%V&��62%/���p�%:-O��'@%s��$%V"\��;"|%!!!A==h),!"==?!�8==U!+==J!@(<(3!@A==&,!+==�QP!g#L==.J![=='!w!F!02$)==o![=='

!A'AU!@)S!02$)o!A./2E!@(%,!">.#$N!g#'<26/(!['!F!<)Q#I(!r)L#$(!g#L.J!['!-!H).W!g#L.Jm 
%%%%%o,'H%:-O'@%*%!50,v�!!S%6Ll!!!!!!!!!A=$(!5A=h!A=:!"=#.,!@!+#=h<!['!C<2n!+,!+:!(<!C)IOP(!-!^?)I!@)

!!!!!!!!!A=h),!"=?!�.B?!1(!"?).W!C)IOP(!e'(!-!A&')7$!"?!Vq)'<3!(<!!m!!!!!!!)=S!5A=&&:!@A=&,!+=�QP!H)=.W!e='X!!02$)=o
)S!\!!!!!!!A&')7$!"?!a)Tq!)S!V.TiF!d.QZE!),!(<!m!!!!!a)=J<(!H)=.W!VL=./!+=,!(<!0)*')S!H).W!)S!5A&&:!@A&,!+�QP

!!!A&')7$!"?!!!!!!!!!!!!A=&')7$!a)=Tq!(<!^=?)I!@)=S!5A=&&:!^=7I!)'!)S!5A&&:!@A&,!+�QP!%6'3!VJ(!e>7?!)S!H).W!e'(!-
m 

%z,�(|%!Ah),!"?!%'1!@)S!5A&&:!@A&,!+�QP!@(<(3!)?!g#L.J!A.&:!¡%qw!!
1. 01## : 0000 
2. 00#0 : 1100 

                                                   
1 !Classifier Systems 
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3. 11## : 1000 
4. ##00 : 0001 

! !H).W�sss!32h!"?!Vq)'<3!�.B?!1(!!m 
o -!32h!"?!(%U(!['!02$)o!����!3%.k!"?!<(%o!H).W!VL./!<3!m 
o !-!32h!"?!(%U(!<)K`!F!F3!02$)oss��!F!���s!A$%.k!"?!<(%o!H).W!VL./!<3!m 
o !-!32h!"?!(%U(!+J!02$)os���!3%.k!"?!<(%o!H).W!VL./!<3!m 
o !32h!"?!dQZ&?!Ah),!"?!H).W!VL./!<3!+:!"?).W!F!<)K`!02$)om 

! !3<(3!<(%o!H).W!VL./!<3!H).W!A&`!D)l�x!32h!"?!53)#J%q!)S!5A&&:!^7I!+,!H(A:! 
%%%N.,2%/-@Jc%|%!!!!!!!!"=?!51)=U(!"=9Qo!3%=>97I!;)J(%,!(%U(!3)K&*.W!@(%,!)S!02$)o!+,!V:),!+#J3!g#'<26/(

!A==S3!m!!!![=='!<3!-!32==h!"==?!d==QZ&?!02$)==o![=='!+==:!"==#oF!�!5A=='(8?|!�!!!A==')7$!"==?!V:%==h!m!!02$)==o!%==S
!�!A==h),!"==?!C2==o![=='!@(<(3!-!"==9Qo!3%==>97I!;)==J(%,!!V==J(<(3!(<!C<A==o!1(!VQL==$![=='!02$)==o![=='!!m

!!!!!!5A=&&:!@A=&,!+�QP!+,!3)K&*.W!e'(!F!A$2h!"?!5A$%,!5A&&:!V:%h!@)S!02$)o!e'%ED),X!)=S!\!!(<!04!+=:!@(
!32h!"?!53)#J%q!A')7$!"?!a)Tqm 

%z,�(%%
! !+./F(!C<2n!+,Xt=0!w!\M!³!�sss 

1) 01## : 0000 S=200 B=20 
2) 00#0 : 1100 S=200  
3) 11## : 1000 S=200 
4) ##00 : 0001 S=200 

!�.B?! !S=0!!
!!

! t=1 
1. 01## : 0000 S=180 0000 
2. 00#0 : 1100 S=200 B=20 
3. 11## : 1000 S=200  
4. ##00 : 0001 S=200 B=20 

!�.B?! !S=20!!
!!

! t=2 
1. 01## : 0000 S=220 1100 
2. 00#0 : 1100 S=180  0001 
3. 11## : 1000 S=200 B=20 
4. ##00 : 0001 S=180 B=18 

!�.B?! !S=20!!
!!

! t=3 
1. 01## : 0000 S=220 1000 
2. 00#0 : 1100 S=218  0001 

                                                   
1 !bucket brigade 
2 !auction 
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3. 11## : 1000 S=180  
4. ##00 : 0001 S=162 B=16 

!�.B?! !S=20!!
!!

! t=4 
5. 01## : 0000 S=220 0001 
6. 00#0 : 1100 S=208   
7. 11## : 1000 S=196  
8. ##00 : 0001 S=156  

!�.B?! !S=20!!
!!

! t=5!�!a)Tq!@!5A&&:!@A&,!+�QP!e'%f4!+,!F!A'4!"?!g#L.J!+,!VJ(2f<3!!32h!"?!YL#&?m 
! 01## : 0000 S=220 
! 00#0 : 1100 S=208 
! 11## : 1000 S=196 
! ##00 : 0001 S=206 

!!
!�.B?! !S=20!!

%%&��$&;%M'0"5��v%&��'C5W|%!!!!!!!A==')7$!"==?!+=='(<(!(<!<)==Q#I(!r)L==#$(!F!e.$(2==o!r)=={#$(!RF<![=='!V==:),!+#==J3!m
!!!!!!!!![='!1(!)=?!@!+=')W!"=>.#$N!g#'<26/(!x!g'<F).,!VJ3!+,!(<!A'AU!e.$(2o!+$26`!!!!!!g=S!)=,!+=:!V=.T7U!aA=?

!!!!!0)=?1!<3!V.T7U!@!+7S!�A')7$!"?!53)M#J(!A$<(A$!_(%#h(t!!0)=?1!<3!-!t+1!!!!32=h!"=?!e'86')=U!!m!!+=,
!!!!!!!!!!!!A=h),!"=7$!Y=J)&?!3)='1!-!R12=?4!@(%=,!"=/F!-!A=&:!"?!^7I!@1)J!+&.K,!@(%,!",2f!m!!!)=?!¡2=I!<3

!!!$(!1(!-!g.')==7$!"==?!53)M#==J(!)==S!02$)==o!1(!"==f%,!ª==Ml!@(%==,!@<D)==J!+==Q{$!1(!!ª==Ml!@(%==,!V==/F<!r)=={#
!A&:!"?! )#&#J(!%EA&:!+:!A.')7$!53)M#J(!)S!02$)om 

%%%%3B'-0�%3O$50%/(,0#2{%%%%%M'0"5�v%D"%#�W"#R%|%!!!!!!!!!!+=#q%k!<)=:!+=,!)=S!+=?)$%,!A=./2E!@(%=,!"9?)=>E!@)=S!RF<
!A$(!5Ah!m!!5A='(!w!!!!!!!![='!C<2=n!+=,!A=$(2E!"=?!+=?)$%,![='S�!!!!32=h!0)=.,!"E<)=QI!!w(+ 3 ( * 4 x))!m!!!)=?

!!!g.$(2E!"?!!!!!!g.*>,!Vf<3!['!C<2n!+,!(<!e'(!m!!!!!!!!)=S!+=?)$%,!1(!V=.T7U![='!@F<!(<!^=?)>E!�G=J!)=?
!!!!g.S3!"?!H)c$(!m!!!!!!!!!!!!!V=J(!5A=h!+='(<(!3%=>97I![='!@(%=,!+=?)$%,![='!"'(<):!-!"6#L')h!m!!!%='1!-!~)=Z�$(

!!!!!!!!!!A=')7$!"=?!¡2=I!g=S!)=,!(<!)S!Vf<3!m!!!!!!A=')7$!"=?!¡2=I!(<!)=S%697I!-!z=KU!m!!!!53)M#=J(!^=?)>E!@(%=,
!̂ �?!-!A$2h!"?!w!!!!!!!5A=.�.W!@)S<(A=?!F!)=S%#9.q!-!¢2/)=$4!a%=#&:!@)S<(A?!-!C2,F<!a)QE2q!@)S!+?)$%,!m

!)S!z/)`!w!<F)&KW!@)�qX3FAB?)$!\!+?)$%,!%ED),!�ZJ!@)S<)#f)J!32Q7:!F!)S!+?)$%,m 
!!

%Y2,6(<%%
http://www.cs.usfca.edu 
 

http://www.cs.usfca.edu


%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 328 - 

%%

234&&
59+:;&1&,LJM&&

&&
!?$>!R.MS

!+B);9Hg!L2A-U!
?42G%

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<9%/0%*%3@%&7'@%*%I"\
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
%%
%%
%%
%%
%%
%%
%%
%%
%%
%3PD5(_%V,9%NFIJ{V#'+%:'K7W%%%

%Q7RoI,?j%*%NO'2%%
!!

%%8D5(_|%!!!!!?)I!x!Ah),!"?!"&T?!+`!+,!R12?4!-!^?)I!['!@(%,!!!!!-!A=')7$!"=?!V=q)'<3!(<!A='AU!z$(3!^
!!!!!!!!!!!!!!!!"=?!32=QK,!(<!32=f!"'(<)=:!<)=.T?!5A=h!+='(<(!<)=:![='!<3!^=?)I!F!A=S3!"=?!%=..�E!(<!R<)#q<!-!^?)I

!A*{,m 
%3PD5(_%V,9%Q(,4|%!g'3%:!VQBn!"h12?4!@)S!^?)I!3<2?!<3!OQo!)?!+:!A'<F).,!3)'!+,w 

!! !!['!@(<(3!"h12?4!^?)I!['"'(<):!%y&I!s!![='!F!!%y=&I!"=h12?4!!|!!!A=h),!"=?!!m!!!"'(<)=:!%y=&I
!!!!!!!!!!!!!53)M#=J(!04!1(!A=S3!H)=c$(!@<)=:!+=`!+=:!e='(!3<2=?!<3!@%=.k!g.7yE!@(%,!^?)I!['!+:!VJ(!@8.`!-

!!!!!!!!!!!!!!!!!!!g='(!53%=:!+=T/)Z?!02=&:!)=E!)=?!+=:!V=J(!@8=.`!e='(!-!A&:!"?!m!!!!!!!+=,!+=:!V=J(!@8=.`!-!"=h12?4!%y=&I
!!J(!e>7?!e'(!-!AS3!"?!51)U(!"'(<):!%y&I!@%6$1),!@(%,!^?)I!!!!!%=..�E!)='!032=7$!+q)=i(!"&T?!+,!V

!!!!!!!!!!!!A=h),!e.*=$)U!�,)=E![='!%=..�E!-!+M=h)>?!['!@%6$1),!-!C).To(F!)'!)S!02$)o!m!!!!03%=:!@%6$1)=,!@(%=,
!!!!!A==S3!"==?!H)==c$(!(<!R<)==:!",2==f!+==,!+==$26`!A=='26,!^==?)I!+==,!+==:!"E)==IOP(!+==,!^==?)I![=='!-!R<)==#q<

!3<2f1),!-!C)IOP(!e'(!-!Ah),!"?!A&?1).$t!3<(3!H)$!m 
50"%%%JI5FD,2%�"|%!!!!!!!!!!!!(<!"EF)=M#?!3<2f1)=,!H(A=:!%=S!+=:!3<(3!32=UF!"=h12?4!3%=>97I!~2=$!+=J!^=n(!<3
!!3<(3!w!!!!!!!!!!"U<)=f!�=Q&?![='!-!3<2=?!e='(!<3!-!5A=h!C<)=p$!R12?4X!!!!!3<(3!H)=$!5A=&S3!R12=?4!Y=9�(!+=:!\

!!!),!(<!^?)I!!!!5A=h!531!YL=`%,!@)=S!+$27$�!!!!!A=')7$!"=?!+='(<(!-!!!3<(2=?!-!^=?)I!µ!!!(<!"=&.T?!@)=S3%>97I
                                                   

1 !performance element 
2 !learning element 
3 !feedback 
4 !labled examples 
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!!<3!!!!!!!A&.,!"?!0)h(!@A&,!+�QP!a2Pm!!C<)p$!0FA,!R12?4s!!!!!@(%=,!@(!5A=&S3!R12=?4!-!3<2=?!e'(!<3!-!
!!3<(A$!32UF!)S!+$27$!@!+°(<(!m!!!!!!!!A=')7$!"=?!RO=E!)=S!53(3!<3!"')=S26/(!03%:(A=.W!@(%=,!D27T?!-!^?)I

!m!!"#'2�E!R12?4|!!-!!!!!!!!!!(<!R(3)=W![='!�=�q!^=?)I!04!<3!+=:!V=J(!R12=?4!1(!¦2y={?!~2=$![='!-!e'(!
!!A')7$!"?!Vq)'<3!^7I!['!H)c$(!@(%,!m!!!!A=h),!"=?!+=$26`!+&.K,!R(3)W!['!A$(A$!VJ(!e>7?!m!!e'%=#K,

!A$(3!"7$!H)c$(!@(%,!(<!3%>97Im 
%%%%%)&�P%]I,S0%8D5(_|%!!!!!!!!!!!!!!!A=h),!"=?!R12=?4!@)=S!^>=h!e'%=E!"?2=7I!1(!"=>'!-!5A=h!C<)=p$!R12=?4!m

!!!!32==h!"==?!+=='(<(!5A==h!531!YL==`%,!@)==S!53(3!1(!@(!+==I27c?!)==,!^==?)I!!!@(%==,!)==S!53(3!e=='(!1(!A=='),!+==:!
!!!!!!!!!!A=')7$!53)M#J(!%E!"9:!@)S!02$)o!£.{*Em!!!!)=S!+=$27$!w!!!!!)=S!"=k¤'F!F!0(<)=7.,!VL=./!w!!!!"')=S!^=?)I!+=`

!!!!!!x!A&=h),!"?!0)P%J!),!�QE%?!!!!!!!!!!!!@(%=,!CD(2=J!e'%=#K,!x!A=$(3!"=?!%=Zf!@(<(3!(<!@3%=q!-!"9?(2=I!+=`
!!!"==?!%'2y==E!e=='(!<3!"L==:!+==`!C<2==n!x!VL==.`!C)==$(2.l!@A==&,!+==�QPx!A==h),!!!R12==?4!R1(3%==W!e=='(

!-!£{*?!C).To(F!1(!"9:!@)S!02$)o! )#&#J(3!!3<(3!H)$m 
%%%3PD5(_%V%/C,O(%s$%u$#qW|%!!!!!!!!!�,)=E![='!C<2=n!+=,!-!e.=7{E!)=,!(<!"=h12?4!@!+/)L=?!g.$(2E!"?!)?

f!!!!!!!!!!!!g.=&:!%.L=ME!g.')=7$!@A=&,!+=�QP!(<!)=S!@3F<F!1(!+=I27c?!['!+$26`!A'2k!"?!)?!+,!+:!m!!!!a)=�?![='
!!e=='(!<3!!!@)==S!@3F<F!1(!+===I27c?![=='!3<2===?x!F!f(x)!!A===h),!"==?!%©)===&#?!!w<<Mammal,Eats-

Meat,Black-Stripes,Tawny>,Tiger>!m!!!!!!!!e==='(!+===,!(<!"===h12?4!3%===>97I![==='!g.$(2===E!"===?!)===?
!!!!g.')=7$!�='%TE!-!C<2=n!w!!!!!@)==S!+=$27$!1(!5A=h!+='(<(!@!+==I27c?![='f!!!�,)=E![='!-!H!!+=:!f!@(%==,!(<!

)7$!(A.W!A$1!"?!e.7{E!)?!a)�?-!A.'!H!-!¡%q!�!3<(3!H)$!m 
%%�,-6-@"|%!g.S3!"?!�.U%E!)?H!!!+=:!V=J(!"&T?!e'(!+,!e'(!-!g.SA,!g.7TE!(<!H!!!!!@)=S!+=$27$!"#=J<3!+=,!

!!!!!A==&:!"==?!@A==&,!+==�QP!(<!5A*==$!5A=='3!m!!!!!!!!@)==S!+==$27$!@!+==7S!A==$(2#,!"#==J<3!+==,!¡%==q!+==:!"E<2==n!<3
!!(<!04!)==?!-!A==')7$!@A==&,!+==�QP!(<!"==h12?4!<)k1)==J!¡%==q5!!g.?)==$!"==?m!!}A==S!w!¡%==q![=='!03%:(A==.W

!!!A==&:!<)==:!",2==f!+==,!g==S!5A*==$!5A=='3!@)==S!+==$27$!<3!+==:!<)k1)=Jm!!C<2==n!+==,!(<!R12==?4!g.$(2==E!"==?!)==?
!g.')7$!<2yE!)S!¡%q!1(!)�q!['!0).?!<3!2c#LUm 

%%3;,-6-��@"%A,�$,2|%!!!!A==h),!"==7$!Y=.I!"==,!-! )#&#=J(!+==:!A==.')7$!+=U2E!m!!![=='!)==?!-!¡%=q![=='!r)={#$(!<3
!!!Ah!53(3!R12?4!0)7k!!!!!g'<F4!"?!32UF!+,!(<!5!m!!!!!!!!!!32=UF!+=,!(<!0)=7k!e='(!04!1(!53)M#=J(!)=,!)=?!+=:!"=hF<

!!3<(3!H)==$!;)=='),!g=='<F4!"==?m!!)==S!+==$27$!w!H)==:(!^==n(�!!!�,)==E!-!¡%==q!e'%==E!"==9:!-!¡%==q!e'%==E!e.==T?!-!
"Zf 

%%%,�9%)J"J%V%)&9,k�(|%!!!!!![=='!@)=S!+==$27$!@!5A=&&:!5AS)*==?!�=9#{?!<(8==,(!@(<(3!V=J(!e==>7?!-!)=S!^==?)I
!A&==h),!¡%==q!m!"==h12?4!g#'<2==6/(![=='@(!+#==J3!v!!!g==S!)==,!+==7S!+==:!)==S!53(3!¢<8==,!@!+==I27c?![=='!-!

!!!!!!A==h),!"==?!-!A==&&:!"==?!r)=={#$(!(<!3%==M&?!@!+.==i%q![=='!F!A$2==h!"==?!+=='(<(!m!!"==h12?4!g#'<2==6/(![=='
"*'(8q(!!!!!!!!!!!A=')7$!"=?!@%6$1)=,!(<!04!¡%=q!)=7'(3!F!A=&:!"=?!Vq)'<3!(<!0)?1!['!<3!+7S!@)S!+$27$!-!

!),!D27T?!+#J3!�!!!!!!!A=h),!%=E!Y=J)&?!-!^=?)I!�.=B?!)=,!VJ(!e>7?!"*'(8q(!)?(!-!Ah),!"?!%E!Vo3!!m!![='
!!!!!A==')7$!r)={#$(!(<!)==S!+=$27$!A==$(2E!"==?!a)=Tq!"==h12?4!^=?)I!m!!"==h12?4!^=?)I![=='a)==Tq%.�!u!@(<(3!-!

                                                   
1 !unsupervised learning 
2 !reinforcement learning 
3 !induction 
4 !hypothesis 
5 !consistent hypothesis 
6 !Occam's razor!!!!!!!!A=.')7$!r)={#$(!(<!)=S!04!e'%=E!0)=J4!-!5A=h!+='(<(!�.n2E!F3!@(%,!-!�!!!!!!!!3<(3!1)=.$!@%=E!g=:!C)=iF%M?!+=,!+=:!"B.=i2E!
X!@!+?)$%,!rF!@!+?)$!V�/babylon\!!

7 !batch 
8 !passive 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 331 - 

!!!!!!!!!-!A=h),!"=?!%EA=&7$(2E!a)=Tq!R12=?4!�!A&#L=S!"U<)f!�Q&?!['!@!+9.JF!+,!04!),!5Ah!+'(<(!@)S!+$27$
>7?!)?(!Ah)Q$!YJ)&?!-!+&?(3!@)S!V'3FAB?!),!VJ(!em 

%%%%%%3PD5(_%V#'+%:'K7W%V,9%NFIJ|%!!!!!!!![='!+=:!A&#L=S!"')=S!53(3!0)7#f)=J!-!@%=.k!g.7y=E!@)S!Vf<3
!!!!!!!!!!!!A=&')7$!"=?!+='(<(!)=S!+=$27$!@!5A=&&:!@A=&,!+=�QP!@)=S<(8,(!)=,!(<!^?)I!m!!!!![='!-!V=f<3!<3!5%=k!%=S!<3

!32h!"?!VLE!-!"k¤'Fm 

!!
%+%:'K7��W%N��FIJ%s��$%&�'C5W%V#��'|%!!"#*==k1),!C<2==n!+==,!(<!@%==.k!g.7y==E!V==f<3![=='!g.$(2==E!"==?!)==?

!g.')7$!A./2Ew 
s!m !VJ(!H)7E!<):!-!A&#LS!"M&?!)'!VQ�?!)S!+$27$!@!+7S!%k(m! 
|!m !!!!!!5AS)*==?!(<!@A==&,!+==�QP!e=='(!1(!@(!+==$27$!)==?!-!V==J(!5A==$)7$!"o)==,!@(!+==$27$!�.==S!%==k(

)M#J(!A/(F!V'%�:(!@A&,!+�QP!1(!)?!e'(%,)&,!-!g'(!53%>$!g.&:!"?!53m 
t!m !!!!!!!!!!!!!!+=$27$!)=?!C<2=n!e='(!<3!-!A=h),!5A=$)7$!"o)=,!VL=E!@(%=,!@(!"k¤'F!+:!"E<2n!<3

!g'<(3!(<!�9#{?!@)S!@A&,!+�QP!)?(!-!0)L>'!�.n2E!),!"')Sm 
¬!m !!!!!!C<2==n!+==,!A==./2E!F!03%==:!g.==$!F3!@(%==,!(<!"==k¤'F!e'%==#K,!-!C<2==n!e=='(!%==.�!<3

!A.')7$!r){#$(!)S!Vf<3!%'1!"#*k1),m 
%�$*%s$%>,1-0"%3+|%!!!!!!!!!!@)=S!"=k¤'F!r)={#$(!-!Y=J)&?!F!53%*=q!@%=.k!g.7y=E!V=f<3![='!A./2E!@!+')W

!!A==h),!"==?!VL==E!@(%==,!%�2==?!m!z&==.,!w!!!+==,!(<!)==?!@)==S!53(3!@!+==I27c?!+==:!"')==S!VL==E!g.S(2==f!"==?!)==?
!!!!!g.')=7$!r)={#$(!-!A&')7$!g.L�E!"M&?!F!VQ�?!@)S!+$27$m!!!!!!!!!5A=h!+='(<(!C)=IOP(!@!51(A=$(!g.S(2=f!"=?!)=?

!!<!VLE!�J2E!!!!!g.')7$!@%.k!51(A$(!(m!!!!!!!!!+=,!·=J)W!@(%=,!H1D!@)=S!V=.,!3(A=TE!+=:!VJ(!"i)'<!"hF<!e'(
!!!!!!!!!A&:!"?!£{*?!(<!V.To(F!['!@!+'(<(!)'!a(2J!['!m!a)�?!w!!!!!!!+>=J![='!032=,!�=f!)='!%.=h!"&.,!z.W
!!!!!!-!r)E%W!1(!^Qo!�!g'%.6,!%p$!<3!r)E%W!['!<3!(<!V.,!['X!!)S%.=h!µ!!)=S!�=f!\!!!!!a(2=J!+=,!·=J)W!@(%=,

!!!"?!"q):!!!!!!!!!!!04!+=:!02=`!-!A&=h),!"=7$!"E)=IOP(!�.S!@(<(3!"q)i(!@)S!V.,!-!+>J!0A'3!1(!AT,!F!Ah),
!A&')7$!"7$!+'(<(!(<!A'AU!z$(3!['!)Sm 

%%%],�4U�"%VI5��W|%!!!!!!+==:!g.'2=6,!A=.').,!-!%=E!"7==J<!C<2=n!+=,n!!!e=>7?!·=J)W!nvvv ,...,, 21!![=='!@(%=,!
!!!!!(A'F<!a)7#l(!@(<(3!r(2U!%S!F!3<(3!32UF!a(2J!3)( nvP!Ah),!!m!!!C)=IOP(!@(2=#B?s!!!!@(%=,!r(2=U

!!!Ah),!"?!C<2n!e'(!+,!a(2J!w4 $ ($ n

i ii vPvPI
1 2 )(log)(!!!!!)=,!V=J(!%=,(%,!e='(!-!+>J!['!@(%,!-!

!w1
2

1
log

2

1

2

1
log

2

1
22 $(&(!m!!!!!!!!!!"=7:!"E)=IOP(!@(2=#B?!@(<(3!r(2=U!3)'1!a)7#l(!['!),!"ED(2J

!!32,!A&S(2fX!mJ!+:!"E<2n!<3!<),!['!<3!+>s��µ��!!!-!A=').,!%.=h!I=0.08!\!!!"E)=IOP(!@(2=#B?!-

                                                   
1 !information content 
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!"==WF%#$4!C)==oF(!"==f%,!-s!!!!)==S!53(3!a)==�#$(!@)==S!g#'<2==6/(!F!@1)==J!53%*==q!<3!Y==9�(!�32==h!"==?!5A==.?)$!
!32h!"?!53)M#J(m 

%%%%%],4U�"%VI5�W%D"%)J,X-@"|%!!!!!!!!%=S!@A&7=h1<(!g.$(A=,!g.S(2=f!"=?!)=?!-!@%.k!g.7yE!@)S!Vf<3!@(%,
!e>7?!VLE!!!!!!!!!!!A=S3!"=?!+=c.#$!(<!C)=IOP(!1(!0(8=.?!+=`!)='!-!Ah),!"?!+$26`!!m!!!!!a)=7#l(!g.S(2=f!"=?!)=?

!!!!!!!g.$8,!e.7{E!(<!"h12?4!@!+I27c?!['!1(!e>7?!@)S!r(2U!m!!!!!!!+=,!@(%=,!3%=M&?!VL=E![='!-!D2=7T?
!!!!A==h),!"==7$!"q)==:!"=M&?!F!V==Q�?!@)==S!+==$27$!032==7$!(8==c?!^==?):!<2=P!m!<3!g=='<(3!1)==.$!)==?!-!¡2==I!<3

!!+:!e'(!3<2?!!!g.&:!%>q!32,!AS(2f!A.M?!-!a(2J!['!0A.J%W!1(!AT,!<(A�?!+`!!m!!-!e='(!!C)=IOP(!32=J!|!
!3<(3!H)$m 

%%],��4U�"%J5��@|%!!!@(<(3!"==h12?4!@!+==I27c?![=='!+==:!"E<2==n!<3p!!F!V==Q�?!@!+==$27$!n!@!+==$27$!
!32,!AS(2f!%'1!C<2n!+,!�.Bn!r(2U!['!<3!C)IOP(!-!Ah),!"M&?w 

np

n
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n
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p
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p
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n

np

p
I &&(&&($&& 22 loglog),( 

! !!)?!!!!!!!!!!!!"=?!e'%=E![='38$!"=M&?F!V=Q�?!@)=S!+=$27$!03%=:!(8c?!@(%,!+:!"#.n2yf!g.S(2f!"?
!!!!!!!g.')=7$!(A=.W!(<!Ah),!m!!!!!!!!!!!g.=&:!"=?!~F%=h!5A=$)?!"o)=,!@!+Q=J)B?!)=,!)=?�!!!!!+=:!V=J(!"E)=IOP(!e='(!

!!!!"k¤'F!)?!+:!e'(!1(!AT,!)S!53(3!<3!12&SA!!!!3<(3!32=UF!g'32=7$!VL=E!(<!!m!!!!"=k¤'F!g.'2=k!"=?
A!!!!7?!%'3)�?!A$(2E!"?!!e>v!!!!3%=.6,!<)=:!+=,!(<!!m!!!-!VL=E!e='(v!!!!53(3!1(!A='AU!@!+=I27c?!%='1!

!H)==$!+==,!(<!)==SvEEE ,...,, 21!Vf)==J!A==S(2f!!m!!%==S!<3!32==U2?!C)==IOP(!~2==7c?!-!5A==$)?!"o)==,
!Ah),!"?!)S!+I27c?%'1!e'(!1(!H(A:!m 

! 4 $ &&&
&$ v

i
ii

i

ii

iii

np

n

np

p
I

np

np
Amainder

1
),(*)(Re 

! !!P(!0)==.?!CF)==ME!C<2==n!+==,!A==$(2E!"==?!�G==J!C)==IOP(!32==J!"9==n(!C)==IOXVL==E!1(!^==Qo!\!F
!A'AU!C)IOP(X!VLE!1(!AT,!\!32h!0).,m 

! )(Re),()( Amainder
np

n

np

p
IAGain (&&$ 

! !!+Mh)>?!w!!!!!!!!A=')7$!"=?!r)={#$(!(<!C)=IOP(!32=J!e'%=E!z.,!),!"k¤'F!D27T?!m!!a(2=J!w!!!+=`!e='(
x!Ah),!"?!2c#LU!1(!~2$ 

%z,�(%%
%�'6W
VD,2%%

J,2%%N25�I%%,(J%%%G'H
36'2%%

D*I%%

+$!!O?
g'!!

D),!!H%k!!q4",)#!!D1 

+$!!A'Ah!!D),!!H%k!!",)#q4!!D2 
+9,!!O?

g'!!
D),!!H%k!!@%,(!!D3 

+9,!!O?
g'!!

D),!!�J2#?!!"$(<),!!D4 

+9,!!O?"/27T?!![&f!!"$(<),!!D5 

                                                   
1 !entropy 
2 !information gain 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 333 - 

g'!!
+$!!A'Ah!!"/27T?!![&f!!"$(<),!!D6 
+9,!!A'Ah!!"/27T?!![&f!!@%,(!!D7 
+$!!O?

g'!!
D),!!�J2#?!!",)#q4!!D8 

+9,!!O?
g'!!

"/27T?!![&f!!",)#q4!!D9!!

+9,!!?O
g'!!

"/27T?!!�J2#?!!"$(<),!!D10 

+9,!!A'Ah!!"/27T?!!�J2#?!!",)#q4!!D11 
+9,!!A'Ah!!D),!!�J2#?!!@%,(!!D12 
+9,!!O?

g'!!
"/27T?!!H%k!!@%,(!!D13 

+$!!A'Ah!!D),!!�J2#?!!"$(<),!!D14 
x!Ah),!"?!@A&,!+�QP!e'%#K,!-!"k¤'F!H(A:!!

!!
Grain(S,V,2P<) = 0.940-(7/14).985-(7/14).592 = .151 
 
Gain(S,3),) = .940-(8/14).811-(6/14)1.0=.048 

%%8,k�-¦"|%!!!!"==M9#{?!@)S<(A==�?!"==/F!A&=h),!"$)L==>'!@)==S!"==k¤'F!@(<(3!+=:!+==$27$!F3!+==:!"E<2==n!<3
!!!!!!!!!!(8=c?!C<2=n!+=,!)=S!04!@A=&,!+�QP!+,!<3)o!@%.k!g.7yE!Vf<3!['!-!Ah),!+#h(3!32UF!A&h),!+#h(3

!!!32,!AS(2{$!m!!!!!!�(!@(<(3!)=S!53(3!e='(!+:!g.'2k!"?!)?!!!!A&=h),!"=?!R)*=#!m!!^=l!5(<!w!!!<3!V='%�:(!02$)=o!1(
!A.')7$!53)M#J(!A/(F!@!5%km 
%%%!J#��.%[��@,6(%3��='Fc%|%!!!!!!!!+==:!"$)==?1!<3!"==h12?4!@)==S!g#'<2==6/(!03(A==f<!-!"?2==7I!@!+/)L==?![=='

!!!!!!A=h),!"?!3<(3!32UF!)S!53(3!<3!@3)I%.�!)'!"q3)yE!@)S26/(!m!!!!!)=S!53(3!<3!"$)=Kk)$!"=h12?4!3(A='F<
!!!3%:!YJ)&?!"9.f!-!!!3<(3!H)$!0!m!!!!!!!!!03%=:!;%=S!+=,!03%=:!Y=J)&?!"=9.f!-!@%=.k!g.7y=E!@)S!Vf<3!<3
!A&:!"?!"kA.J<!m!g.&:!"?!",)'1<(!(<!5%k!%S!032,!A.M?!)?!-!32h!"?!A./2E!Vf<3!+:!aF(!<),m 
%%%!J#.%A#9|%!A&:!"7$!+'(<(!(<!"E)IOP(!�.S!-!VLE!+:!A.&:!<2yEX!m!!!!A=h),!"=?!"=KE!-!¡%=q!m!\!!)='4

!!!%q!<3!@)S!53(3!!!!!!!!"=`!02=?14!1(!x!A&#L=S!"&�#L=?!¡%=q!e'(!1(!A&J<!"?!gK?!%p$!+,!+:!0(A$1�!F3!|!
!A.')7$!53)M#J(!m!A$F<!"?!D),!A/(F!Al)E!)S!+$27$!F!32h!"?!+#h(3%,!5%k!-!+$%kFm 

                                                   
1 !overfitting 
2 !chi-square test!!!!!!!!!!!!!!!@%=p$!C<2=n!+=,!F!5A=h!5AS)*=?!%'3)=�?!1(!+=I27c?![='!0)=.?!Y=J)&?!",2=f!@!5A=&&:!",)='1<(!@<)=?4!RF<!['!-!

<)p#$(!3<2?!!
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%%%%%)&P%39JI"&�(%V%/-@5'H%V,9%VJ*I*|%!!!!!!!!)=,!<)=:!@(%=,!A=&$(2E!"=?!e.=&�7S!@%=.k!g.7yE!@)S!Vf<3
!!!!!A=�?!F!�.Bn!@)S!@3F<F!!!!!!!!!!A$2=h!53(3!+T=J2E!+#=J2.W!C<2=n!+=,!5A=h!"S3<(!m!!!!-!+=&?(3!03%=:!+#L=Lk

!!a)==�?!@(%=,Àv�F!¿v�!m!!z/)==`!w!!@(%==,!-!x!A==S3!"==?!+==c.#$!(<!C)==IOP(!32==J!e'%ED)==,!@<(A==�?!+==`
!A.')7$!53)M#J(!@3<2$!+GE!@2c#LU!['!1(!<(A�?!e'(!03%:(A.Wm!!

%Y2,6(<%%
http://www.cs.usfca.edu 

http://www.cs.usfca.edu
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%%
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!=);9HQ?*!

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%mo,'H%!"&'(%V%/pqP%Nlr=(%s0,2%
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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%%
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%%
%%
%%
%%
%%
%%
%%
%8D5(_QV"%%%

%Q7R:L6H%*%NO'2%%
!!

!!!g=='(!5A==h!rj==U!"q3)y==E!@)==S!�.==B?!+==,!)==?!m2==E!"==?!)==?!!@!+==JF%W![=='!C<2==n!+==,!(<!+/)L==?!e=='(!g.$(
!!g.')==7$!@A==&,!a2==?%q!"q2:<)==?!@%==.k!g.7y=E!m!!@(<(3!+/)L=?!w!+==./F(!V==/)l![=='0s!@!+==I27c?![=='!-

!!!!!!!!"/)=�#$(!aA?!['!-!)S3%>97I!F!)S!V.TiF!1(!+#LLk!wT(s,a,s')!!!!!V.T=iF!0A.=J<!a)=7#l(!+=:!s'!1(!
s!^7I!H)c$(!�o2?!<3!aAh),!"?!!R(3)W!�,)E!['!F!!wR(s)!Ah),!"?!m 

%%%,9%8*I|%!!!!!!!![='!@(%=,!"=9l!5(<!-!RF<!['MDP!!!A=h),!"=?!!m!!!!!!%=S!<3!H)=c$(!@(%=,!(<!+=&.K,!3%=>97I
!!!!!A=')7$!"=?!£{*=?!-!V.T=iF!m!!!!!!!!!zS)==:!<)=p#$(!3<2=?!@A&?32=J!+=:!V=J(!@3%=>97I!-!+=&.K,!3%=>97I

!!!!!!!!!!!A=')7$!"=?!+&.*.,!(<!V.TiF!e'(!1(!5Ah!53(3m!!!!@A&?32=J!-!e'(%,)=&,!!!!!04!@(%=,!"=h(3)W!-!V.T=iF![='
!!!!!!!!V.T=iF!e='(!1(!+=&.K,!RF<!03%=:!a)=Q$3!@(%,!<)p#$(!3<2?!@!5Ah!g:!R(3)W!@!+q)i(!+,!-!V.TiF

!Ah),!"?!m4 11&$
'

)(),,(max)()(
s

a sUsasTsRsU R!3<(3!H)$!e79,!@!+/3)T?!�2q!C<)QI!-!m 
%%%I"&��(%I"#�BW|%!!!!!32==7$!^=l!(<!e==79,!@!+=/3)T?!0(2==E!"=7$!g.�#L==?!C<2=n!+==,!m!!(2=E!"==?!)=?!<(%==>E!1(!g.$

!!g.')==7$!53)M#==J(!e==79,!CD3)==T?!g#L==.J![=='!^==l!@(%==,!<(A==�?!w!!@(%==,!(<!@(!+==$)')W!%==.�!@)==S!@A&?32==J
!!!A==.S3!<(%==o!"q3)y==E!@)S<(A==�?!m!!!!!(<!%'3)==�?!e=='(!@!5A==&&:!+=='(<(!+==&.K,!3%==>97I!-!V.T==iF!%==S!@(%==,

!!!!A=.')7$!+QJ)B?!m!!!!!!!!!V.T=iF!@!5A=h!531!e.=7{E!@A&?32=J!"$)=J<!1F<!+=,!@(%=,!e='(!1(!!!A=.')7$!53)M#=J(!m
!A.S3!+?(3(!0Ah!['38$!gS!+,!0)?1!)Em 

%8*I%I"#BW|%%%
! !!!!!!!!!!!!!A=&:!"=7$!%=..�E!RF<!+=:!"$)=?1!<3!"=#l!-!A=h),!"?!A&:!-!"'(%67S!�!<(A�?!<(%>E!),!^')L?

!g.h),!CF)ME!",!-!V.TiF!['!@A&?32J!+,!VQL$!g.$(2E!"7$!)To(F!)?!Fm 
! F<!+,!g.�#L?!C<2n!+,!(<!)S!RF<!-!RF<!<(%>E!A')7$!"?!"$)J<!1m 

%8*I%I"#BW%:-$I5~C"%%
!A.')7$!+./F(!"S3<(A�?!"q3)yE!@)S!@A&?32J!),!(<!+./F(!@)S!V.TiF!!

!V.TiF!),!5Ah!@<(jk!£f)h!"q3)yE!RF<!<(3%,!³Pi!!
!5A,!H)c$(!!
! !!@(%,!V.TiF!%S!@A&?32J!",)'1<(Pi!³!U!!
! !!@(%,s!)S!V.TiF!<3!!!
! !! !!!@(%=,!<)==p#$(!3<2==?!@A&?32==J!+==:!@3%=>97I!(A==.W!(<!A==&:!"==?!+&.*==.,!(<!V.T==iF!04!
!A.')7$!³a!!
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! !! !Pi(s)=a!!
!A$2h!53(3!%..�E!)S3%>97I!1(!"f%,!+:!"?(3)?!!

%8*I%s��$%8D5��(_|%!!!!g=='(!532==7$!¡%==q!(<!z==$(3!1(!@3)=='1!<(A==�?!32==UF!)==?!-!D)==l!)==E!m!+==,!V==/)l!<3
!!!!!!!!!!!!a)=�#$(!aA=?!-!e='(!�!V=J(!5A=h!+#f)&=h!0)=KU!1(!"/A=?!+=:!g'(!53%:!¡%q!)?!-!¦2yf!!!"=?!V.T=iF

!!Ah),!m!!!!!@(!+=I27c?!+=:!V=J(!e='(!g.$(3!"?!)?!+:!@8.`!@!+7S!x!<2Z`!g.h),!+#h(A$!aA?!['!)?!%k(
!!!!!!!A=$<(3!32UF!)S3%>97I!1(!+I27c?!['!F!)S!V.TiF!1(!m!!!!!!!(<!+=&.K,!RF<![='!g.S(2=f!"=?!12=&S!)=?

!g'%.6,!3)' 
%%8D5(_Q%%%V"%|%!!!!!!!!A=h),!"=?!^>*=?!-!g.�#L=?!C<2=n!+=,!RF<![='!R12?4!m!!+/)L=?!w!!!!+=,!)=?!@)=S!53(3

!!A&h),!"7$!^>h!['!w!À!!3%=>97I!-!V.T=iF!¿!m!!!!^>=h!+=,!-!¡2=I!<3Rsss ,...,,, 321!!!A=h),!"=?!!m!1(
!!!!!!3)=='!(<!V.T==iF![=='!@A&?32=J!+==:!V==J(!^>*==?!g=S!e=='(!-!g.==$(3!"==7$!(<!V.T=iF!�,)==E!)==?!+==:!"')=c$4

!!g'%.6,!m!!!�,)E!['!)?!-!¡2I!<3Q(s,a)!Vq%k!g.S(2f!3)'!(<!!m!!e='(!�!2=J!@A&?3!�!!!3%=>97I!@!+='(<(
a!!!!V.TiF!<3!s!!!!A=$1!"=?!e.=7{E!(<!!m!!!!!-!%=E!�'%=n!<2=P!+=,Q(s,a)!!<(A=�?!a!!V.T=iF!<3!s!!+='(<(!(<!

!!!!!!!A=============&:!"=============?!^=============7I!+=============&.K,!C<2=============n!+=============,!e============='(!1(!A=============T,!F!A=============&:!"=============?!!m
4 1 11&$

sa sUsasTasRasQ )(),,(max),(),( R!m!!!!!!!!!!!<(A=�?!e'%ED)=,!)=,!3%=>97I!@!+'(<(!@(%,Q!<3!
!!!Ah),!"?!+&.K,!RF<!-!V.TiF!%S!mk(!A$(2#,!^?)I!%Q(s,a)!!!!!!@)=S3%>97I!A=$(2E!"=?!-!3%=.6,!3)='!(<!

!Ah),!+#h(3!!a)�#$(!�,)E!)'!R(3)W!�,)E!e#L$(3!0FA,!"#l!(<!+&.K, 
%%Y2,W%8D5(_Q%|%!!R12=?4!@(%,Q!!!!!!!!!!"')=S!04!"=#l!F!V.T=iF![='!<3!(<!3%=>97I![='!<(A=�?!A='),!)=?!

!!!!!!e.=7{E!(<!A$2=h!"=?!z{W!0)?1!a2P!<3!0)7')S!R(3)W!0).?!<3!+:!!g.$8=,!!m!!!!!!(<!<)=:!e='(!g.$(2=E!"=?!)=?
!!!!!g.S3!H)c$(!@<(%>E!C<2n!+,!m!!!!+=:!A=.&:!+=U2E),(max)( asQsU a$!m!!!!!!!+=/3)T?!g.$(2=E!"=?!)=?!�G=J

!@(%===,!(<Q!!!!!g.')===7$!"L==='2$1),!%==='1!C<2===n!+===,!!w),(max),(),( asQasRasQ a 11&$ 1R!m!!!A===.').,
!e.==7{EQ(s,a)!!C<2==n!+==,!(<!),(� asQ!g.')==7$!£{*==?!!m!!!!!!V==MU!%==S!@!5A==&&:!VL==./!aFA==U![=='!)==?
!V.T==iF�!!<(A==�?!F!3%==>97I!Q!!g.')==7$!"==?!@<(A==K6$!(<!!m!!!V.T==iF!)==,!^==?)I!@)==S!Y==o(%?s![=='!-!
!3%==>97Ia!!�G==J!F!A==&&:!"==?!r)=={#$(!(<!r=R(s,a)!!!V.T==iF!F!A==&:!"==?!V==q)'<3!(<!04!+==:!A==h),!"==?!
!A====='AUs'!!A=====h),!"=====?!!m!!aFA=====U!�G=====JQ!!!!!"=====?!1F<!+=====,!%====='1!a2=====?%q!+=====,!+=====U2E!)=====,!(<!!A=====&:!!w

),(�max),(� asQrasQ a 11&$ 1R!!!1(!"==&.7{E!-!^==?)I!-!Q�!!@(%==,!(<!s'!!!!e.==7{E!@(%==,!Q�!!@(%==,!!s!-!
!!A')7$!"?!53)M#J(!m!1(!z$(3!%S!+,!@1).$!^?)I!+:!A.&:!+U2ER!!!!!!!3<(A=$!e='(!@(%=U(!@(%=,!a)=�#$(!�,)=E!)'!

!m!!R12?4Q!!!!!+,!0Ah!['38$!@(%,!@(!!Ah),!"?!3<(2?!e'(!@(<(3!(1(<3!!w!!!!!!V=J(!5A=h!3FA=B?!)=S!R(3)=W
!!!!!V.TiF!VMU!^?)I!-�!!!!!!!!!!!!!!!!r!)={#$(!A=h),!"=?!3FA=B?)$!D2=7T?!+=:!"=hF<!+=,!"9>=h!e='(!@)=S!3%=>97I!

!!!!!!!!!!!!!!!!!!!!%=S!r)={#$(!1(!%M=n!%=.�!"/)=7#l(!@(<(3!A='),!^=?)I![='!+=:!V=J(!"=&T?!e'(!+,!e'(!-!A')7$!"?a!<3!
!%Ss!@)S!VMU!1(!@(!+#h<!C<2n!+,!!V.TiF�!Ah),!3FAB?)$!R%6$!),!3%>97I!m 

%t,k��-."|%!!!R12==?4!x!g'<F)==.,!32==UF!+==,!(<!04!+==$26`!e'(%,)==&,Q!!1(!£{*==?!CF)==ME![=='!@(<(3!@(!
!!!!!!!A=h),!"=?!g='(!5A'3!02&:!)E!+:!"')S!g#'<26/(!%6'3!w!!!!!!!!!+=,!)=S!04!+=:!@A='3!F!)=S3%>97I!A=$(2E!"=?!^=?)I

!!A')7$!r){#$(!(<!A$<F4!"?!VJ3!m!e'()'2W!R12?4!s!Ah),!"?!!m!+/)L?!w!!!!!!03%=:!+&.*=.,!+=,!^=')?!-!^=?)I
!!!!!!!!!!!!!!r)={#$(!A=h),!e'%=#K,!A=J<!"=?!%=p$!+=,!%=i)l!a)=l!<3!+=:!VJ(!"&T?!e'(!+,!e'(!�!Ah),!"?!3%>97I

!!!!!!),!@)S3%>97I!5)k!�.S!^?)I!%k(!)?(!-!32h!"?!�!A,!A'3!�!!!!!0F%=.,!)=S)Zf!1(!A=$(2E!"=7$!-!Ah),!+#h(A$
!!A').,!mQ�!!!!!!!!3%=:!g.S(2=f!0)=B#?(!(<!+=&.K,!%.�!@)S3%>97I!),!e'(%,)&,!-!Ah),!"7$!Vo3),!"9.f!!m!!e='(!1(

!+:!"E<2n!<3!-!�WQ�!3%:!g.S(2f!r){#$(!(<!+&.K,!@)S3%>97I!)?!-!32h!%#K,!m 
                                                   

1 !active learning 
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%%%!,(\-C52%t,k-."|%!!!!!!!!!V=J(!0)=?8#/2,!})*=#:(!1(!53)M#J(!<):!e'(!H)c$(!@(%,!5(<!['m!!!!!)=,!^=7I![='!)=?!
!g.S3!"?!H)c$(!(<!%'1!a)7#l(w 

! 4$ j

asQ

asQ

jk

k
saP

),(�

),(�
)|( 

! k!!!!!!!A=h),!"?!)?3!%#?(<)W!!m!!!!!!!!!!!!03%=:!3%=J!F!H%=k!<3!)=?!+=:!V=J(!@8=.`!04!+=,!+.Q=h!"/2=?%q!e='(
!g.')7$!"?!53)M#J(!5Ah!@1)J!+.Qhm 

%:B}-O(%8D5(_c%%
! !R12?4Q!"?!g.?)$!"?!g>B#L?!R12?4!)?!+:!+`!04!1(!@(!+$27$!@(!!Ah),m 
! !A&&.,!"7$!(<!A&')7$!^7I!+$26`!+:!e'(!1(!"')S!+$27$!)S!^?)Im 
! !!!!!!!!!!!"=?!V=q)'<3!(<!)=S!C(1)=c?!)='!)S!R(3)W!F!A&')7$!"?!r){#$(!(<!)S3%>97I!)S!04!-!¡2I!<3

!A&')7$m 
! !AS3!"?!H)c$(!(<!@(!+&.K,!%.�!^7I!+:!"$)?1!<3!"#l!-!3%.6,!3)'!A$(2E!"?!^?)I!['m 
! !R(3)W!+,!)S!g.7TE!F!5Ah!53(3!%.f)EMDP!A&&:!"?!"kA.J<!"TZo%.�!@)S!m 
!!

/EUF%%
! !R12?4Q!aA?!1(!^�#L?!R12?4!C<2n!+,!C)oF(!"f%,!@(!|!32h!"?!+#f)&h!m!!
! !3<(3!)S!R(3)W!Vq)'<3!F!)S3%>97I!r){#$(!+,!1).$!��q!^?)Im 
! !^')L?w 

o x!ASA,!g.7TE!+$26` 
o !@%'jW!;).�?t 
o !0Ah!['38$!VI%J 

! !R12?4Q'!@(%,!@(!!VJ(!5A.J<!",29Z?!�ZJ!+,!",%cE!A.M?!g#'<26/(![m 
!!

%Y2,6(<%%
http://www.cs.usfca.edu 
 

                                                   
1 !reinforcement learning 
2 !model-free learning 
3 !scalability 

http://www.cs.usfca.edu
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%%
%%

%%
%%

%%

&234&&
,LJM!?@&1&&&

&&
?a7M!"9$#4&

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%W%/2%N@"I%/2%ij%D"%['W#%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 340 - 

%%
%%
%%
%%
%%
%%
%%
%%
%%
%%

V\$I%/(,0#2%%
%Q7R:kP%*%NO'2%%

[C,^(%A5§I%%
! @8'<!+?)$%,!F!2c#LU!!
! !@)S%697ISTRIPS 
! !"'8U!@!+QE%?!),!@8'<!+?)$%,s! 
! )i<(!),!@8'<!+?)$%, 

%%%V\$I%/(,0#2|%!!!!!!!!!"=?!}A=S![='!+=,!"J%#J3!@(%,!)S3%>97I!1(!+#h<!['!03%:!+.QTE!-!@8'<!+?)$%,
!!Ah),!m!8'<!+?)$%,!!![.JO:!@!w!!!!!!!V=,)�!-!A=h),!"=?!3FAB?!-!VJ(!"TZo!-!Ah),!"?!5AS)*?!^,)o!O?):|!

!VJ(!+#LLk!F!VJ(!m!3<(3!32UF!@8'<!+?)$%,!^')L?!@!+'(<(!@(%,!"y{*?!0),1 
%%V\��$I%/��(,0#2%*%5L-O��;|%!!!!!"#{==J!+==,!+==:!A==J<!"==?!%==p$!+==,!3<(A$)#==J(!@2c#L==U!@)==S!g#'<2==6/(

!A$<2{,!VL>hw 

!!
                                                   

1 !partial-order planning 
2 !static 
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! !!RF<!),!+:!@(!+/)L?!3<(3!32UF!2c#LU!w!!!!!!!(A=.W!-!3<(3!32=UF!�2,%?)=$!3%=>97I!@3)='1!3(A=TE
!!!!!!!!!!!!!!!3%=,!@32=J!0(2=E!"=7$!+/)L=?!@!+='8cE!1(!F!A=h),!"=?!^>*=?!r2=f!@)=S!+Mh)>?!03%:!m!!!+=,
V'3FAB?!@)i<(!@!+/)L?!A&$)?!�!A$2h!"?!d#*?!+'(<(!1(!)S!+Mh)>?!<):32f!C<2n 

%�^6(%,2%3T"#�|%!@)S<):!@8'<!+?)$%,!@)S!g#L.J!A&S3!"?!H)c$(!(<!%'1w!!
s!m !A&&:!"?!1),!-!r){#$(!03%:!1)c?!@(%,!(<!}AS!@!+'(<(!F!3%>97I 
|!m !A&')7$!"?!+Q9�!F!A&&:!"?!d#*?!@1)J!}AS!%'1!�J2E 

!!5L-O;%%V\$I%/(,0#2%%
%N'q�*
,9%%

!53(3!0)7#f)J
(F)U!@)S!!

"�Z&?!@)S!C<)QI!!

,9J#B=K4%%(F)U!A:!!!)S!�%h!z.Ws!µ!!+c.#$
)S!!

t&9%%(F)U!A:!!I!"�Z&?!C<)Q
X~)7#U(\!!

/(,0#2%%!1(!@(!+#h<0S!!!@F<!@)S!V'3FAB?
)S3%>97I!!

%%%%%V\$I%/(,0#2%Q$,O(%!,2D|%!!!!!3<2M&#=J(!d=.�BE!@!+L=J2?!@!+/)L?!@!5A&&:!^l|!w!!!!!�%=h!�=J2E!0)=KU
!-!32h!"?!�.n2E!"�Z&?!@)S%&P,2%3(%Np�(%V,9% XC%�,K-;"%]I5E%/2%N'q�* 

o !+,!�!@(!5<(8k!-!a)�?!0(2&IHungryHappy 5^?)I!V.TiF!z')7$!@(%,! 
o V%/6'(D!@)S!C<)QI!F!aF(!@!+QE%?!Y2,W%D"%Q�-O(!-!a)�?!0(2&I!+,!�! 

),(),( 21 MalpensaPlaneAtVeronaPlaneAt 5 
! /-O2%!,?;%µ#R!Ah),!"?!�9�!5A*$!53%,!H)$!+:!"P%h!%S!�! 
! t&9!VJ(!5Ah!£{*?!"'8U!C<2n!+,!+:!VJ(!"#.TiF!-! 

o !!A=B?!%k(!!!!!!!!!!!!!!!!!)=i<(!(<!}A=S![='!V.T=iF![='!A&=h),!}A=S!1(!"')=S!ª=M/!+=7S!)=S!V'3F
!A')7$!"? 

o !!!-!a)========�?!0(2========&I!+========,),(),( 21 MalpensaPlaneAtVeronaPlaneAt 5!}A========S!
),( 2 MalpensaPlaneAt!A')7$!"?!)i<(!(<! 

%��$#-@"%V,9J#B=K4|%!A$2h!"?!£{*?!%'1!3<(2?!�J2E!)S3%>97Iw!!
o %%%%,9%©#P%G'H<!!!!!)=:!+=,!A=$(2E!"=?!3%>97I!+:!"$)?1!!!!32=h!+=#q%k!<!m%%]"#��"<!!V.T=iF!

!A,)'!"?!%..�E!)S3%>97I!�J2E 
" !+q)==i(!VL==./!w!!!A==&'4!"==?!<3!r4!1(!�.B==n!+==:!"')==S!5<(8==k!m!}j==l!VL==./!w

!A&'4!"?!<3!r4!1(!�9�!+:!"')S!5<(8k 
! !!!!!!!!(<!�==9#{?!@)==S3%>97I!3%==M&?!3%==>97I!�%==P![=='!-!A&==h),!"==?!)==S%.�#?!^?)==h!)==S3%>97I

!AS3!"?!z')7$X�#?!1(!@(!+$27$)S%.\ 
!VJ(!5Ah!3FAB?!0),1!F!Ah),!"?!gp&?!C<2n!+,!)S3%>97I!�.n2E!!

%J#B=K4%°#�<!!

                                                   
1!preconditions 

2 !Stanford Research Institute Problem Solver (STRIPS) 
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!!
Buy(x) 
!�%h!z.W!w),()( xpSellspAt 5!m!%�(!wHave(x)!!

!X!+#>$!w!3<(A$!32UF!3%>97I!@(%U(!"6$26`!3<2?!<3!"E)IOP(!�.S\«!!
! !Ah),!"?!(<):!g#'<26/(!�W!VJ(!5Ah!3FAB?!0),1!+:!02`!!

o %>97I!!3!w!!!A=')7$!"=?!£{*?!(<!%#?(<)W!VL./!F!H)$!m!!!�%=h!z.=W!w!!!!@)=S!ª=M/!~)=7#U(
!VQ�?!m!%�(!w!)S!ªM/!~)7#U(X"M&?!)'!VQ�?\ 

! !!!!!!!!!e.*=$)U!a2=n(!1(!+=I27c?![='!+=,!A=$(2E!"?!�G'%#J(!@)S%697I!1(!^?):!@!+I27c?!['
!32h!+7U%E!V.TiF 

o %%30,q(|%!!!!!!!!5A=h!+='(<(!V.TiF!['!),X!!!!)=S!ª=M/!~)=7#U(!w!\!!L=#$(!%=k(!!!<3!-!%=.�#?![='!r)
!!!!!!!!!!!!+==,!�!32=h!"=?!)=i<(!�%==h!z.=W!!-!A=h),!V.T=iF!@!5A=h!^?)==h!@)=S!ª=M/!)=,!�)=QE<(

!!V.T==========iF!-!a)==========�?!0(2==========&I),()( DrillHWSellHWAt 5!!!�%==========h!z.==========W!-
),()( xpSellpAt 5!r)L#$(!),!(<!p/HW!F!x/Drill!A&:!"?!"i(<!!m 

! !!!!!2=?!e=='(!<3!A==&$(2E!"=?!5A==h!)=i<(!@)==S!�%==h!z.=W!)==,!@)=S3%>97I!!A$2==h!+==#q%k!<)=:!+==,!3<(!w
!!!!!A=='AU!V.T==iF!-!+q)==i(!VL==./!+==,!%==n)&I!032==7$!+q)==i(!-!}j==l!VL==./!<(!%==n)&I!}j==l!w

)(),()( DrillHaveDrillHWSellHWAt 55 
%z,�(%<&$#F 
! !)S3%>97I!!

o Buy(x) 
!�%h!z.W!wAt(store)!F!Sells(store,x)!m!!%�(!wHave(x) 

o Go(x,y) 
o !�%h!z.W!wAt(x)!m!!%�(!wAt(y)!F!!)(xAt7 

! ~F%h 
o ),(),(),()( DrillHWSSellsBananaSMSellsMilkSMSellsHomeAt 555 

! }AS 
o )()()( DrillHaveBananaHaveMilkHave 55 

%z,�(%<%3$"59%V%/C5K}(%z,�-0"%%
! !)S3%>97I!!

o Load(c,p,a) 
!�%=======h!z.=======W!w)()()(arg),(),( aAirportpPlanecoCapAtacAt 5555!m!%=======�(!w

),(),( pcInacAt 57 
o Unload(c,p,a) 

!�%=======h!z.=======W!w)()()(arg),(),( aAirportpPlanecoCapAtpcIn 5555!m!%=======�(!w
),(),( pcInacAt 75 
o Fly(p,from,to) 

!�%h!z.W!w)()()(),( toAirportfromAirportpPlanefrompAt 555!!
!%�(!w),(),( topAtfrompAt 57 
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! !)==S3%>97I!wLoad!-!Unload!@!+==c.#$!F!Fly!m!!!)==S!5<(8==k!wIn(0,0)!F!At(0,0)!m!!~(2==$(
!)S!5<(8k!wCargo(0)!-!Plane(0)!F!Airport(0)!m!!~F%hw 

)()(

)()()(arg)(arg

),(),(),(),(

2121

2121

SFOAirportJFKAirport

PPlanePPlaneCoCCoC

JFKPAtSFOPAtJFKCAtSFOCAt

55
555

555
 

! !}AS!w),(),( 21 SFOCAtJFKCAt 5!m!Ah),!"?!%'1!C<2n!+,!^l!5(<![' 

),,(),,,(),,,(

),,,(),,,(),,,(

22222

11111

SFOPCUnloadSFOJFKPFlyJFKPCLoad

JFKPCUnloadJFKSFOPFlySFOPCLoad
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!!2c#LU!@!+?)$%,!w!"'8U!@!+QE%?!),!@8'<!+?)$%,s!!!!!!!!(<!)=S!�%=P!�=J2E!5A=h!+#f)=J!"='8U!@)�=q!-!
!A&:!"?!2c#LU 

%%L-O;%NC,T%V,£R%%5|%!!!!!!!!!+=:!A=&:!"=?!"=J<%,!}A=S!02=?14!-!Ah),!"?!~F%h!V.TiF!-!+./F(!V.TiF
!!!!!!!!D2=7T?!-!+=9l%?!+=&'8S!-!A=&&:!"?!�'%TE!(<!)S%697I!-!)S3%>97I!-!+$!)'!32h!"?!)i<(!}AS!)'4s!

!Ah),!"?!m!^>h!-!%'1!<3a!^>h!F!g.�#L?!-!b!Ah),!"?!;2>T?!-!w 

!! !!

 %:'�-O��(%V5L-O��;|%!"9==n(!@2c#L==U!@!+==�9l!w!!!)==,!(<!�%==h!z.==W!F!A==.')7$!r!)=={#$(!(<!3%==>97I![=='
!!A==.')7$!"==>'!V.T==iF!m!!!!!!!![=='!@!5A==&&:!A==./2E!3%==>97I!-!32==h!"==?!)==i<(!�%==h!z.==W!+==:!"E<2==n!<3

!!!!!A'%Q,!<):!+,!(<!A'AU!V.TiF!m!!!!!+=$!)='!A=')7$!"=?!"i(<!(<!}AS!-!A'AU!V.TiF!)'4!+:!A.&:!"J<%,!m
!!2=6/(!@(%,!-!Ah),!3FAB?!-!V/)l!@)�q!+:!"E<2n!<3!!!!!!!A=h),!"=?!^=?):!-!^=?):!@2c#L=U!@)=S!g#'<!m

!Ah),!"?!A&?1).$!-!r2f!@)S!+Mh)>?!+,!-!Ah),!"?!A?4<):)$!�2,%?)$!@)S3%>97I!^./3!+,m 
%%%A5Bq(%V5L-O;|%!!5A'(!w!!!!!!A=.')7$!r)={#$(!}A=S!1(!~F%=h!)=,!��q!(<!�2,%?!@)S3%>97I!m!!3%=>97I!w

!!!!A,)'!"?!VJ3!z$(AB#?!1(!">'!+,!+:!"$)?1!<3Xi(!VL./+q)!\!!!!A=h),!"=?!�2=,%?!m!!!!%=S!+=:!"$)=?1!<3
!!!!!!%�(!",!(<!�2,%?!ªM/|!!A&:!"7$!X}jl!VL./!\!!!A=h),!"=?!<)k1)J!-!m!!!!!<)k1)=J!F!�2=,%?!3%=>97I![='

                                                   
1 !Partial-Order Planning(POP) 
2 !undo 
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!!A==.')7$!A==./2E!(<!A=='AU!V.T==iF!F!A==.')7$!r)=={#$(!(<!w!A==.')7$!_)==W!(<!+q)==i(!VL==./!m!(<!)==S!�%==h!z.==W
!!A==.')7$!+q)=i(!m!V.T==iF!�==J2E!5A==h!)==i<(!V.T==iF![=='!)==,!A==,)'!"==?!+==7E)f!"'(A==#,(!!m!V.T==iF!@F<

!32h!"?!YT*&?!<)k1)J!F!�2,%?!@)Sm 
/(,0#2%V,£R%*%NC,T%V,£R%%

! !A')7$!"?!})*#:(!(<!)S3%>97I!"Zf!@)S!+#h<!;2>T?!F!g.�#L?!@2c#LU!!
! Ah),!"7$!H1D!e'( 

o !A.')7$!+U2E!+/27B?!"'(2S!a)�#$(!^l!5(<!+, 

),,(),,,(),,,(

),,,(),,,(),,,(

22222

11111

SFOPCUnloadSFOJFKPFlyJFKPCLoad

JFKPCUnloadJFKSFOPFlySFOPCLoad
 

o 1D!Y.E%E!)K&E!0).?!HLoad!-!Fly!F!Unload!Ah),!"?! 
o !!!C(%�(!�J2E%%3pp@!!!!!!-!a)=�?!0(2=&I!+,!�!A$(!5Ah!^y#?!gS!+,),,( 11 SFOPCLoad!!+=,!

),( 11 PCIn!�%h!z.W!�J2E!5Ah!53)M#J(!Unload!A,)'!"?!VJ3! 
o !+:!VL.$!@1).$),,( 22 JFKPCLoad!1(!AT,!(<!),,( 11 JFKPCUnload!g.S3!<(%o! 

! %%%3��$\;%V%/��pW#(%,��2%°#���c%<%!!!!!A==h),!"==?!0)==')W!F!~F%==h!^?)==h!)==S3%>97I!}(%==kX!}(%==kQ%
!"'8U!@!+QE%?^\! 

%z,�(%<-!"'8U!@!+QE%?!),!�%P!!

!! !"9:!@!+QE%?!),!@)S!�%Pw!!

!! %%%%%%3��$\;%]I5��E%/��2%)&��P%:S6��(%V,��9%°#����!!==,!^==l(%?!1(!@(!+==I27c?!!!)%%�*#��P%V%/��=T#(c%!@(<(3
!!!-!A==h),!"==?!R%==�(!C<2==n!+==,!+==./F(!V.T==iF!�.==n2E%30,��$,H%V%/��=T#(�%!!+==,!}A==S!�.==n2E!@(<(3

!-!Ah),!"?!zP%h!z.W!C<2n%3pp@%]�,7W"e%!-!!@%6'3!�%h!z.W!+,!+9l%?!['!@)S!+c.#$!1( 

                                                   
1 !partial-order plan 
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o %30,(D%VD,@%[W#(�%!^l(%?!@)S!VMU!0).? 
! %%%D,2%©#P�%!³!!!!!!!!=,!12=&S!+=:!H)=k![='!�%=h!z.W!!!!!!-!V=J(!5A*=$!^y=#?!"QQ=J!C<2=n!+%%°#��!<3

!!!!!!-!A==h),!;%#==J3!<3!�%==h!z.==W!%==S!+==:!V==J(!^==?):!"E<2==n%%©#��P%G'��H!!^==,)o!"E<2==n!<3
!!!%==�(!"==,!(<!04!-!"$)==.?!@!+==9l%?!�.==S!F!A==h),!%==E!^==Qo!+==9l%?![=='!%==�(!+==:!A==h),!"==?!;%#==J3

!A')7&$X�o)&E!\!A&h),!+�9l!@(<(3!A&$(2E!"7$!)S!�%P!- 
%z,�(%%

 
 

 F%,!�'%TE!+, 
!A.')7$!a)Q$3!VJ(<!+,!¥`!1(!(<!)S!^>hw!!

!!!!
�'%TE!+,!F%,!!�'%TE!+,!F%,!!

%%%%%NR#k�'H%*%,�9%VI,+D,@,0�%a%%%z\�6W�%|%!!!!!!!!!!+=:!V=J(!52�/)=,!"$)=.?!@!+=9l%?![='!<)k1)=J)$!3%=>97I![='
!!!!!!!!!A==')7$!"==?!r(%==f!(<!"QQ==J!a)y==E(!�==J2E!;%#==J3!^==,)o!�%==h!m!!!-!a)==�?!0(2==&I!+==,Go(Home)!-!

At(Supermarket)!}jl!(<!!A')7$!"?!w!!
!!

%z\6W%<!1(!^QoGo(Supermarket)!A.S3!<(%o!!!
%NR#k'H<!1(!AT,!Buy(Milk)!A.S3!<(%o!!!

                                                                                                                                                        
1 !start step 
2 !finish step 
3 !causal links 
4 !temporal ordering 
5 !open condition 
6 !promotion 
7 !demotion 
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%%%%V\$I%/(,0#2%V%)D"J#H|%!!!!"='8U!@)=S!�%=P!@)S%697I!w!!!!!!!+=,!32=U2?!3%=>97I![='!1(!(<!a)y=E(![='
!!!!!!A.')7$!+q)i(!1),!�%h!['!m!!!!!!A=.')7$!+q)=i(!1)=,!�%=h![='!H)c$(!@(%,!(<!+9l%?!['!m!!+=9l%?![='!(<!

!!!!!!!!!!!A=.')7$!gp&=?!-!e=>7?!@)=S!�o)&E!}jl!@(%,!@%6'3!+,!+U2E!),!m!!!!!!£o)=$!@)=S!+=?)$%,!1(!�'<A=E!+=,!µ
!!gKQ?s!!!!!!!!!!!!!A=.')7$!V=:%l!�.B=n!F!^=?):!@)=S!+=?)$%,!+=,!!m!!!!!!!!;%#=J3!^=,)o!1)=,!�%=h![='!+=:!"E<2=n!<3

!!!!!!!!!!A=.')7$!V*=k%,!Y=�I!+=,!Ah)Q$!03%:!F<1<!^,)o!�o)&E!['!%k(!)'!Ah),!"7$|!m!!!!1)=J!@)=S!+=?)$%,!<)k
!!!!A&=h),!"7$!"�o)&E!�.S!F!+�9l!�.S!@(<(3!m!!!!!!!!!!![='!-!1)=,!�%=h!�.=S!)=,!<)k1)=J!@!+=?)$%,!)='!�%=P!%=S

!Ah),!"?!^l!5(< 
%:-$I5~C"%3p$#�W%°#�POP%%

! !Ah),!"?!0)')W!F!~F%h!^?)h!+./F(!�%P!!
o !C<2n!+,!Y.E%EFinishStart L!Ah),!"?! 
o !A$<(A$!32UF!"QQJ!@)S!a)yE( 
o !�%h!z.W!@!+7S!A&h),!"?!1),!-!0)')W!0F<3!@)S 

! !!!!1),!�%h!z.Wp!3%>97I!<3!B!!!!!!!!3%=>97I!%=S!@(%=,!(<!e.*=$)U!@!+=?)$%,!F!A=.')7$!r)={#$(!(<!
A!+,!5A&&:!"J%#J3!+:!p!A.')7$!r){#$(!-!Ah),!"?! 
s!m !!"QQ===J!a)y===E(BA p"!!!@)===S!5A===&&:!gp&===?!F!BA L!-!AStart L!F!FinishA L!(<!

!A.')7$!+q)i( 
|!m !!!!!!!!!!@)=S!5A=&&:!gp&=?!A=$(2E!"=?!<):!e'(!-!A.')7$!�q<!(<!A'AU!"QQJ!a)yE(!0F<3!@)S!�o)&E

!A')7$!+q)i(!(<!A'AU 
%%/-B0%<!!!!!!!!!!!3%=>97I!<3!Y=�I!+=,!V*=k%,!@!+Z�$A!!!!!!!!"=?!)=S!V=.�q2?!HA=I!3<2=?!<3!@<)k1)=J)$!^=.9BE!F!
!Ah),!!
! !!!!!^l!5(<!@(%,!"J<%,!wS!!!!!!!!!!A=h),!+#=h(A$!32=UF!@1)=,!�%=h!z.=W!�.!X!!!!!<)k1)=J!@)=S!�%=P!�=�q

A.')7$!A./2E!(<!\!!
%%],'E57FPOP%|%POP!!!!gp&?!)'![.E)7#L.J!F!^?):!-!�.Bn!-!X!!<(%=>E!0FA=,!\!!!A=h),!"=?!m!!+=&'8S
!!%.L=?!@!w!!"==?!"==To(F!@!+==&'8S!-!(%==U(!@!+==&'8S!)==?(!-!A==$<(3!�)==QE<(!-!�%==P!@)==S!z'D)==W!)==,!^==l(%?

^l(%?!@(%,!-!Ah),!A.S3!r)L#$(!(<!%Mn!@!+&'8S!-!z'D)W!!« 
! !!!!!!!!!!A=h),!%�2==?!-!+/)L=?!�.=i2E!1(!5A==h!d#*=?!r2=f!@)==S!+M=h)>?!)=,!A==$(2E!"=?!)='4!m!)n2y=={?

!!!!!A==h),!"==?!r2==f!-!�.T==i!C<2==n!+==,!@!+#L==,(F!}A==S%'1!@3(A==TE!)==,!^')L==?!@(%==,!m!@(%==,
!A,)'!"?!+TJ2E!)S!"P%h!F!�.�$!-!)S!"?27I!-!_(%#h(m 

%z,�(%<%�5=2%V,'0J%,9|%!@!+/)L?!�!e7J2J!@<)c&S)$t!�!!!

!!!! 0)')W!V.TiF!!~F%h!V.TiF!!
Clear(x) On(x,z) 

!!
 
!!

~On(x,z) Clear(z) 

Clear(x) On(x,z) 
Clear(y) 
!!
!!
!!

                                                   
1 !vague 
2 !backtrack 
3 !Sussman anomaly!!

PutOn(x,y) 
PutOnTable(x,y) 
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On(x,Table) ~On(z) ~Clear(y)!!
Clear(z) On(x,y)!!

!º!@F)LE!HAI!V'3FAB?!A&`!!
!A.')7$!a)Q$3!VJ(<!+,!¥`!1(!(<!)S!^>hw!!

!!

!! !!
!!
!!
!!
!!
!!
!!
!!

!! !!@AT,!H)k!!
!@AT,!H)kXA.')7$!a)Q$3!VJ(<!+,!¥`!1(!(<!)S!^>h\!!

!!!! !!@AT,!H)k!!
%%%%V\$I%/(,0#2%z,�(|%%%%%V50,�9%�#2%c%<%!!!!+=9.?!+=J|!A,B,C!!!!!!!"=/F(!<3!+=:!)=S![L='3!1(! %=,![='!F!XA!\

!!!!!!!!!!!!!!3<(3!32=UF!V=J(!+=#q%k!<(%=o!%='1!<3!%E![`2:!F!D),!%E![`2:![L'3!m!!!!!!+=7S!+=:!V=J(!e='(!}A=S
!(!1(!(<! %,!@!+9.?!e./FXA!\!!+=9.?!e.?2J!+,XC!\!!!!!!!!<3![L='3![='!�=�q!03(3!V=:%l!)=,!-!g.')=7$!^=�#&?

!!!!!!!!!!![L='3![='!@F<!%=E!¢<8=,![L='3![='!A=')Q$!@(!+=9l%?!�.=S!<3!+:!e'(!e#q%k!%p$!<3!F!+QE%?!%S
!3%.k!<(%o!%E![`2:m!!

                                                   
1 !the Tower of Hanoi!!
2 !peg 
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!!
%V%/6("J%!J#.%�1k(PDDL%%

(define (domain hanoi) 
(:requirements :strips) 
(:predicates (clear ?x) (on ?x ?y) (smaller ?x ?y)) 
(:action move 
:parameters (?disc ?from ?to) 
:precondition (and (smaller ?to ?disc) 

(on ?disc ?from) 
(clear ?disc) (clear ?to)) 

:effect (and (clear ?from) (on ?disc ?to) 
(not (on ?disc ?from)) 
(not (clear ?to)))) 

) 
(define (problem hanoi4) 
(:domain hanoi) 
(:objects peg1 peg2 peg3 d1 d2 d3 d4) 
(:init 

(smaller peg1 d1) (smaller peg1 d2) (smaller peg1 d3) (smaller peg1 
d4) 

(smaller peg2 d1) (smaller peg2 d2) (smaller peg2 d3) (smaller peg2 
d4) 

(smaller peg3 d1) (smaller peg3 d2) (smaller peg3 d3) (smaller peg3 
d4) 

(smaller d2 d1) (smaller d3 d1) (smaller d3 d2) (smaller d4 d1) 
(smaller d4 d2) (smaller d4 d3) 
(clear peg2) (clear peg3) (clear d1) 
(on d4 peg1) (on d3 d4) (on d2 d3) (on d1 d2)) 

(:goal (and (on d4 peg3) (on d3 d4) (on d2 d3) (on d1 d2))) 
) 

%%
%,�I"%,2%V\$I%/(,0#2%%

%%%,�I"%�$#�%D"%V\$I%/(,0#2|%!!!!!!!!!!A=:!@(!5<(8=k!a2=?%q![='!C<2=n!+=,!(<!@8='<!+=?)$%,!@!+/)L=?!['
!!A.')7$!m!!!!!!!!!!!!!!!53)M#=J(!+=$!)='!V=J(!)=i<(!^=,)o!a2=?%q!)='4!+=:!e='(!"J<%,!@(%,!(<!)i<(!@%.k!g.7yE!a(F<
!A==.')7$!m*==E!@)==S!r)L==#$(!1(!�%==P!!"==?!53(3!+T==J2E!)==i<(!@%==.k!g.7y==E!a(F<!�==J2E!5A==h!53(3!£.{
!32hm 

V"%)I"\+%V,�I"%V%/C,O(%%
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! !@(!5<(8k!@)S%.�#?!1(!@(!+I27c?!!
! !"�Z&?!@)S!�,(<!wand , or , not 
! !!!!!!!!!!!!!!!!!A=')7$!�.B=n!(<!a2=?%q!+=:!%=.�#?!r)L=#$(![='!)='4!+=:!A=.&:!"=J<%,!5Ah!+'(<(!a2?%q!['!),

!3<(3!32UF 
o "/A?W!a2?%q!@(%,!(<!!A.')7$!(A. 

! !A'<F).,!3)'!+,!(<!V'3FAB?!@)i<(!@!+/)L?!),!a)yE( 
%%%%>,v%V%/C,O(|%!!!!!%U4!['!"L:!+:!"?)6&Ss!!!!A=$(3!"=?!@(!+=�,!%S!x!A#q(!"?!"o)ME(!+`!3<(3!"?!%,!(<!

!!!!F!3<(3!32==UF!e.==?1!@F<!@%==E!g==:!�"==h!F!-!3<(3!<(%==o!(2==S!<3!%==U4!0D(!+==:%%M'��K9%[��=^(%V%/��K9
N@"!2m!!!

z5(#R%*%,9%N'q�*%V"%)I"\+%%%
! !a)�? 

!!
! !A,!@!5A&&:!A:X!5A&&:!gk!V.TiF!w!\)2,1()1,1(()2,1()1,1(( lratlratlratlrat 57675 
! !A=========================================='%Q,!r)L==========================================l!+==========================================,!(<!V.T==========================================iF!w

)2,2,1()2,1,1()1,2,1()1,1,1( slratslratslratslrat 57575 
%V"%)I"\+%z5(#R%,2%V\$I%/(,0#2%%

! !!!!!!!!-!5A==h!+#f)&==h!V==,)�!a2==P!)==,!�%==P![=='!03%:(A==.W!@!+/)L==?!+==,!(<!@8=='<!+==?)$%,!@!+/)L==?
!A.')7$!3FAB?!!

o %,!@!+/)L?!5Ah!3FAB?!@8'<!+?)$ 
! !A.')7$!^'AQE!)i<(!@!+/)L?!['!+,!(<!5Ah!3FAB?!@8'<!+?)$%,!@!+/)L? 

o !Ah),!"?!"q)i(!@)S3%>97I!^?)h!-!Ah),!"?!+#f)&h)$!-!�%P!a2P!+:!"')c$4!1( 
! !A.')7$!+q)i(!3%>97I!^Q7J!F!5<(8k!%S!@(%,!(<!0)?2k<4![' 

o !Ah),!"?!�%P!@!+9l%?!%f4!0)?2k<4 
! !a)�? 

o at(r1,l1)!+,!(<!at(r1,l1,i)!%k(!-!A')7$!"?!+7U%E!ni ,,0 
o Move(r1,l1,l2)!+,!(<!move(r1,l1,l2,i)!A')7$!"?!+7U%E!ni ,,0 

! !Ah),!"?!1).$!3<2?!@%E!z.,!3(2? 
o !0)')W!F!1)�4!@)S!V.TiF 
o !)S3%>97I!w!^l(%?!0).?!C(%�(!F!)S!�%h!z.W 

%NP"JJ,$%%
! <!0(F!w!Ah),!"?!5Ah!+'(<(!@!+9l%?!['!<3!)S!V.TiF!@!5A&&:!�.n2E!-![.7E(!a2?%q!!

o !-!a)�?!0(2&I!+,at(r1,l1,5) 
! !5)E2:!Vh(33)'!w 

                                                   
1 !brick 
2 !P.J. Hayes,K.M. Ford(1992) 
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o !+=====:!"E<2=====n!<3f!-!at(r1,l1)!-!A=====h),!if!@!+=====9l%?!<3!I!A=====h),!"=====?!0(F<!-!!w
at(r1,l1,i) 

! !VJ(!<2P!e.7S!gS!)S3%>97I!@(%, 
o a!-!move(r1,l1,l2)!-!VJ(!ia!-!move(r1,l1,l2,i)!Ah),!"?! 

%V"%)I"\+%z5(#R%,2%V\$I%/(,0#2%%
s!m !+./F(!V.TiF!w00 00

ff sfsf 7555 -+!!
|!m !}AS!@)S!V.TiF!wnsf f

n+5 

t!m !)S%�(!F!)S3%>97I!w!^l(%?!F!)S3%>97I!@!+7S!@(%,�!mmm!n-1w! E F1)()( &++ 555" iaeffectseiaprecondpi epa 

¬!m !3%>97I!['!��q!+pB/!%S!<3!w!8')7#?!3%>97I!%S!@(%,a,b!^l(%?!F!�!mmm!n-1! 
ii ba 767 

s!m !r)o!a2n(!!
am !0(F<!%S!@(%,X�.9J!\ 
b!m !@!+9l%?!F�!mmm!n E F

E FiaeffectsfAaii

iaeffectsfAaii

aff

aff

)}(.{1

)}(.{1

(

&

++&

++&

6"75
56"57

 

%z,�(%%

!!
! !3%M&?!%697I 

move(r,l,l')w!!!
! !P:at(r,l) 
 at(r,l)7E:at(r,l'),  

! !a2P!),!�%Ps 
! !+./F(!V.Ti!w)0,2,1()0,1,1( lratlrat 75 
! !}AS!w)1,1,1()1,2,1( lratlrat 75 
! !)S3%>97I!w 

)1,2,1()1,1,1()0,2,1(

1,1,1()1,2,1()0,1,1()0,2,1,1(

lratlratlrmove

lratlratlratllrmove

755
755"

 

! !)&�#J(!w)0,1,2,1()0,2,1,1( llrmovellrmove 767 
! !r)o!a2n(!w 

)0,2,1,1()1,2,1()0,2,1(

)0,1,2,1()1,1,1()0,1,1(

llrmovelratlrat

llrmovelratlrat

"57
"57

 

%],}'�5W%%



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 351 - 

! !!!!!!!3<(3!1).$!"')7$!@)�q!+,!03%:A:!m!!@!+/)L?SAT!-!NP!�!!!A=h),!"=?!^?):!!m!!!!@)=S!5A=&&:!A=:
!3<(jk!"?!%.�)E!)S!�%h!F!)S%.�#?!3(ATE!%,!5A&&:!A:!-!3<(3!32UF!"EF)M#? 

!!
%Y2,6(<%%

it.unibz.inf.www%%
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%%
%%

 

&234&1&,LJM
!$AB&&

&&
!+C7;#!"9$#4&
h;5340!

!"#$%&'(&)*+%&,-+./&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

D%IJ%/.%[0,L6$"%&'$,K0%NF"J#H%N@"%)&(_%#$<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*%n%o,'H%!"

#+%)5=;%>"#?@%o,0%/2%%
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!!
!!
!!
!!
!!
!!
!!
!!
!!
!!

:-X9%*%NO'2%Q7R%%
%�5C*#H%3O$50%/(,0#2c%%

%�5C*#H%¤%�%�^6(%IJ%3O$50%/(,0#2%¤�%!!
%%%:��?(%V,��9%V#��W#2|%!!!!!!@%==QU!%==.�!"==T.QP!"$)Q.#*==W!-!z==$(3!@!+=='(<(!"==#l(<3!!1(!"==T.QP!"$)Q.#*==W!-!
/(!@!5A&&:!dQZ&?!26�!"L'2$!+?)$%,!(%q!1(!"T.QP!"$)Q.#*W!-!� 
%%#��~$J%V,��9%V#�W#2|%!!!!!0)==.?!53)==J!�)==QE<(!-!V=J)S!04!0A==h!(%==U(!"6$2=6`!1(!^�#L==?!)==S!+==?)$%,!}A=S

!!!!!!!!!!!!!!@)=S!5)=6')W!1(!)=S!+=?)$%,!£.{*=E!+=,!@1)=.$!F!C).n2y=f!F!5A=h!+Q=J)B?!@)=S!r(2=U!F!)S!+?)$%,
!Ah),!"7$!@(!53(3m 

%)&P%«}2%],45�5(%%
s!m /F(!g.S)M?+.!!
|!m !"yy{E!0)kN(F�!@3F<F!F!"TZo!@)S!",)'1<(!�@%QU%.�!"UF%f! 
t!m !"TZo%.�!",)'1<(�!@1)J!0)L>'!-!"'(<):!@%E%,! 
¬!m !VL./!R1(3%W�+QJ)B?!F!)S!5N(F!@!+L')�?!-!~2$!"J<%,! 
§!m !"'(AU�g:(%E!F!VLE!F!A./2E!-!�.�$! 
¯!m 2c#LU!a%#&: 
v!m "L'2$!+?)$%,(%q 

%%%z*"%o5?X({%%%%%%%,�9%z"*I%u�$#qW%%<!!)=S!+=?)$%,!!!!!!A=$(!5A=h!^.>*=E!)=S!a(F<!�='%TE!1(!-!!m!!!"=TQ&?!a(F<![='
!Ah),!"?!@8.`!",)'1<(!@(%,!m%z,�(<!a:-b,c.!!

!!!!!!!",)='1<(!@(%==,!a(F<![='!C<2=n!+==,!"=/(F<!C<2=n!+=,a!!",)=='1<(!�=J2E!b,c!!V=J(!!m!!)==U!e='(!<3!�
!!",)'1<(!�!!!!!!!!!!!!!!=$!)='!V=J(!V=J<3!^=:!<3!-!+=?)$%,!+=,!+=U2E!)=,!)='4!+:!VJ(!e'(!£.{*E!"&T?!+,!@8.`!+!m
!!a(F<a:-b,c!!!!!!!C<2=n!+=,!A=$(2E!"=?!dZ&?!<3!cba 5B!!!32=h!+#=h2$!!m!!!!!"=$OI(!C<2=n!+=,!�G=J!F

!-!32h!"?!5A$(2fa!+:!"E<2n!<3!VJ(!VJ<3!b!F!Ah),!VJ<3!c!Ah),!VJ<3!gS!!m!!
%%o5?X(�%{%%%%%,9%z"*I%30"5F"#R%%<!!!!!!!!@2=U!F!;%=W![='!)=,!F!A=h),!"=?!)=S!0(2f(%q!",)'1<(!^?)h!-!(%U(

(+./F!32h!"?!~F%h!!!
%,9%z,�(<%%

                                                   
1 !prolog programming 
2 !PROLOG = "PROgramming in LOGic " 
3 !non-determinism 
4 !pattern-matching 
5 !meta-programming 
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?-a,d,e. 
?-likes(chris,X). 
?-flight(gatwick,Z),in_poland(Z),flight(Z,beijing). 
!!!!!!!!!!!!!!!!@)=S!a(F<!+=,!+=U2E!)=,!)=S!04!0F<3!@)=S!0(2=f(%q!)='4!+=:!A&#L=S!e='(!0A.=J%W!a)=l!<3!)=S2U!F!;%=W

!!!!!!!+$!)'!A&#J<3!+?)$%,!<3!5Ah!+'(<(!m!;%W!['!<3!@)S!0(2f(%q!¢2/F%W!!!!!"=Q.E%E!C<2=n!+=,!(<!2=U!F
!A&:!"?!",)'1<(!-!j$(!5Ah!+#h2$!VJ(<!+,!¥`!1(!+:!"Q.E%E!0)7S!),!Fw!!

?-a,d,e 
!aF(a!!!!A==T,!-!32==h!"==?!",)=='1<(!d!�G==J!F!e!!!32==h!"==?!",)=='1<(!!m!!!!0)==kN(F!-!@3(3<(%==o!C<2==n!+==,

!e'%'1!�f!)'!¢<8,!}%l!['!),!5Ah!~F%h!X!¼!\!A&')7$!"?!<)#q<!)S%.�#?!C<2n!+,!-w!!
?-likes(chris,X) 

!!!!-!)U!e'(!<3X!Ah),!"?!%.�#?!['!!m!!!!!!!!!"=�Z&?!@)=S!C<)=QI!;O=:!+=,!F3!%=S!)=S!a(F<!F!)=S2U!F!;%W
!C<2n!+,!5Ah!5A.?)$)S!�%h!A$<(3!d9TE!m!!

%%o5?X(e%{%%%],p@,}(%<!!['!+QJ)B?!-!!@(!5%.c$1!1(!!!5A=h!d#*=?!@)S2U!F!;%W!!!A=h),!"=?!m!!¢2=/F%W
!!@<)U!@2U!F!;%W!<3!0(2f(%q!e./F(!-!!!!!!!04!@(A=#,(!+=:!@(!+=?)$%,!C<)=QI![='!F!A=')7$!"?!r){#$(!(<!

!!!!A==&:!"==?!2c#L==U!(<!A==')7$!"==?!V==�,)Z?!0(2==f(%q!)==,!m!!!-!V==h(3!32==UF!"E<)==QI!e.==&`!+==:!"E<2==n!<3
!!!!!!!!!!!!e'86')=U!A=h),!"=?!@A=T,!@!5A=h!d#*=?!@2=U!F!;%=W!@!5A=&&:!+'(<(!+:!-!C<)QI!@!+$A,!),!0(2f(%q

!32h!"?!me#q%k!<):!+,!a)l!<3!��q!e'(!VJ(!"E<2n!%S!<3!5A&&:!"$(2f(%q!3<(A$)#J(!RF<!m!!
%z,�(<%%

?-a,d,e!! !! !!+./F(!@2U!F!;%W!!
a:-b,c!!! !!@(A#,(!),!+?)$%,!�%ha!@!+$A,!F!b,c!!

!!!!!!!!!!!!32=h!"=?!d=QZ&?!5Ah!53(3!0)*$!�%h!@(A#,(!),!04!<3!0(2f(%q!e./F(!-!aF(!@2U!F!;%W!1(!~F%h!),
!!!!!!!!C<2=n!+=,!5A=h!d#*?!@2U!F!;%W!e'(%,)&,!F?-b,c,d,e.!!!A=h),!"=?!!m!!!!!;%=W!3<2=?!<3!(%=U(!-!�G=J
!A&:!"?!^7I!+,)*?!"hF<!+,!5Ah!d#*?!@2U!F!!

%%o5?X(g|%%%%%%��R5(%],p�@,}(%|%!!!!!!!!!!!!!+=c.#$!(<!"=KE!@2=U!F!;%=W!+=:!V=J(!d=q2?!"E<2=n!<3!+Q=J)B?![='
!AS3!!
%z,�(%<%%

?-likes(bob,prolog).! !! !!2UF!;%W!!
likes(bob,prolog).!!!! !!+?)$%,!0F<3!C<)QI!!

!!A,!),!0(2f(%q!!!!!@!+$A,!),!F!32h!"?!dQZ&?!+$X"/)f!\!!!!!!!@2=U!F!;%=W!e'(%,)=&,!F!32=h!"=?!d=QZ&?!�%h
!Ah),!"?!"/)f!5Ah!d#*?!m!VJ(!5Ah!dq2?!2U!F!;%W!e'(%,)&,!!

%%o5?X(d%{%%%%%J*&}(%N'�R5(%o&4%|%!!!!!!!!!+=:!32=h!"=?!dq2?)=$!3FA=B?!C<2=n!+=,!"E<2=n!<3!+QJ)B?!['
1(!"'(A#,(!�.S!),!2U!F!;%W!1(!5Ah!r){#$(!0(2f(%q!A&>$!V�,)Z?!)S!�%h!m!!

%z,�(<%%
?-likes(bob,haskell).! !! !2U!F!;%W!!

!!!!!!!!!!!)====,!04!@(A====#,(!+====:!@(!+====?)$%,!�F%====h!�.====S!%====k(!32====h!"====?!dq2?)====$!3FA====B?!C<2====n!+====,!e===='(
likes(bob,haskell).!Ah),!+#h(A$!32UF!32h!dQZ&?!!!

%#~$J%z,�(<%%
?-likes(chris,haskell).! !! !2U!F!;%W!!

likes(chris,haskell):-nice(haskell).!!
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!!!!!@(A#,(!),!+:!"P%h!�.S!+:!"E<2n!<3nice(haskell)!!!!+Q=J)B?!-!A=h),!+#=h(A$!32UF!A')7$!V�,)Z?!
!32h!"?!+U(2?!V.�q2?!HAI!),!+9l%?!e./F(!1(!AT,!!

%%o5?X(�%{%%%%%%%J*&�}(,0%N�'�R5(%o&4%|%!!!!!!!!!<3!V=J(!V=.�q2?!HA=I!@(<(3!3FA=B?)$!C<2=n!+=,!+Q=J)B?![='
W!['!),!04!<3!2U!F!;%W!%S!+:!"E<2n!32h!a)Q$3!"KE!%.�!@2U!F!;%w!!

%z,�(<%%
?-a.! !! !2UF!;%W!!

a:-a,b.!! !! !�%h!!
!A&:!"?!+'(<(!(<!3FAB?)$!@!+QJ)B?!['!e'(!!

?-a. 
?-a,b. 
?-a,b,b. 
# 

!Ah),!A.M?!-!"6*.7S!@)S!51(3%W!"f%,!03<F4!VJ3!+,!@(%,!VJ(!e>7?!e'(!!
%o5?X(�%{%/0,+&6j%V,9%>"5;%%<2UF!;%W!['!3<F).,!32UF!+,!(<!+QJ)B?!A&`!VJ(!e>7?!!!
%z,�(<%%

?-happy(chris). 
 

happy(chris). 
likes(chris,bob):-likes(bob,prolog). 
likes(chris,bob):-likes(bob,chris). 

!Fmmm!!
!!!!!!!!A==h),!"==?!(8=c?!@!+Q==J)B?![='!+f)==h!%=S!04!<3!+==:!2c#L==U!V=f<3![=='!@(<(3!)=?!C<2==n!e='(!<3

!g.#LS!!

!! !==S!V==f<3%'1!e=='(!!+==:!e=='(!+==,!+#L==,!)�!!A==h),!+==?)$%,!<3!C<2==n!e=='(!%==.�!<3!�!!)=='!d==q2?!V==J(!e==>7?
!A&h),!dq2?)$m!!

%o5��?X(b%{%%,��9%/��L'-0%*%,��9%>"5��;%%<!!!+==:!A==&:!"==?!A==.')E!d==q2?!@!+Q==J)B?![=='�F!�!F!;%==W!0F<3!@
!Ah),!"?!+?)$%,!"�Z&?!@!+c.#$!['!-!+./F(!@2Um!!

%z,�(<%%
?-a,d,e. 

!!!@!+?)$%,!['!1(!e'(!+:!"E<2n!<3P!!!!5A=h!+Q=J)B?!r(2=U!-!A'4!"?!VJ3!+,!eda 55!!!F!A=h),!"=?!
!g'<(3!)?edaP 55$|!!

%%%%A5�Bq(%I5��%/�2%<!!!!@!+=?)$%,!+=:!"E<2=n!<3P!!!!!!!!V=J3!+=,!2=U!F!;%=W!1(!(<!"�q2=?!@!+Q=J)B?!�.=S!
!1(!+c.#$!['!2UF!;%W!�ZI!C<2n!e'(!<3!-!3<F).$P!Ah),!"7$!m!!

%o5��?X(f%{%!,��(5+I_%%%#��'�-(%V,��9%<!!!!!!!!<2==J!C<2==n!+==,!A&#L==S!)==S2U!F!;%==W!0F<3!+==:!"')==S%.�#?
!A&')7$!"?!<)#q<!@32UF!!
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%z,�(<%%
?-likes(X,prolog). 

!!!!+:!A'2k!"?!�!!)'4log),(:)( proXlikesXV!!!!x!Ah),!VJ<3!!�!)'!�X!!!04!@(1(!+=,!+=:!A.')7$!(A.W!(<!@(!
likes(X,prolog)!!A===h),!V===J<3!!m!�!%,!@)===S!�%===h!0F<3!@)===S%.�#?!!!@)S<2===J!C<2===n!+===,!+===?)$

!A&&:!"?!^7I!"?27Im!!
%z,�(%<%%

likes(chris,X):-likes(X,prolog). 
!A')7$!"?!0).,!(<!C<)QI!e'(!wlog)),(),()(( proXlikesXchrislikesX BU!!

%%o5�?X(c`%{%%%%/�-R,$%:'�KqW%��'p^W%%<!!!!!!!!!!)=='!)=S!04!+=:!3<(3!H1D!�%=h![='!@(A=#,(!)=,!0(2=f(%q![='!d=.QZE
!!!!!!,!A=&$(2#,!)='!A&=h),!%,(%,!O?):!OQo!!!!!!!!!!!@)=S!a)y=E(!"=q%T?!)=,!A=h),!H1D!%=k(!-!A=$<F4!32=UF!+=,!(<!@%=,(%

!)S!04!@)S%.�#?m!!
%z,�(%<%%

?-likes(U,chris). 
likes(bob,Y):-understands(bob,Y). 

!!!!!-!)U!e'(!<3likes(U,chris)!!!F!likes(bob,Y)!!!03(3!<(%=o!),!U/bob!F!Y/chris!!!!O?)=:!A=&$(2E!"=?!
!A&======h),!%======,(%,!m!-!+======JF%W!e======'()======J!0)L======>'@1!3<(3!H)======$!!m!!5A======h!d#*======?!@2======U!F!;%======W?-

understands(bob,chris).!Ah),!"?!m!!
%%%%�5C*#H%V,9%)�"*%<!!!!!!!!!!!!!)=S!5<(8=k!@)=S!0)=?2k<4!C<2=n!+=,!A=&$(2E!"=?!+=:!A&#L=S!@%=n)&I!-!)=S!5N(F

!!!A$2=h!%S)=©!m!!!!!!!!!!!5A=='3!(%=U(!CA=?!<3!5A=h!+==#q%k!<)=:!+=,!"=J)J(!@)==S!53(3!C<2=n!+=,!A=&$(2E!"==?!)=S!04
!!A$2h!m!!!!(!e=>7?!)S!04!!!!!!!!!!!!32=U2?!+=./F(!@2=U!F!;%=W!F!+=?)$%,!@!5A=h!53(3!A=:!<3!V=,)�!C<2=n!+=,!V=J

!!!!!!!!!!!!!!!!A=&').,!@1)=J!0)L=>'!@!51(3%=W!�=J2E!-!)='2W!C<2=n!+=,!V=J(!e=>7?!)=S!04!)='!A&h),!m!!!+=:!"')=S!5N(F
!!A&h),!"7$!@%.�#?!�.S!^?)h+&.?1!s!A$<(3!H)$!!m!!!!!!!!A=$(2E!"=?!+=:!V=J(!e='(!¢2=/F%W!¦)=f!"k¤'F!['

!!!F!+&.?1!@)S!53(3!gS!!!!!!!A=')7$!R1(3%=W!(<!+=&.?1!%=.�!@)=S!53(3!g=S!m!!!!!!A=$(2E!"=?!¢2=/F%W!@!+=?)$%,![='
!!!!A==h),!"==?!+#f)&==h)$!@3FA==l!)==E!0)7#f)==J!+=:!"$)==?1!<3!"==#l!-!53(3!0)7#f)==J![=='!)==,!(<!A==.M?!@)=S<):

!AS3!H)c$(m!!
)J,@%V,9%)�"*%%

%J"&4"%<¯¹ts�!!!s��! !§¹¯! !t!!
%,9%:W"%<[ ] 'Hello there'!!x2 tom apple!!
%,9#'�-(%<_ _35 Person Left_Subtree Chris Y31 X!!

[.#(%V,9%)�"*%%
%V&05k'H%V,9%)�"*%<mother(chris) 

tree(e,3,tree(e,5,e))!¶!!!

!!
tree(T,N,tree(e,5,e)!¶!!!"==?!+#f)&==h)$!¥==`!V7==J!V==f<3%'1!F!+*=='<!+==:!"=='F3F3!V==f<3![=='!

!A&h),!!
%3-O'C%V,9%)�"*%<[3,5,X,9] [3,5] [ ]!!

                                                   
1 !ground 
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O:!%'1!C<2n!+,!)S!VL./!^>h!Ah),!"?!"'F3F3!@)S!Vf<3!1(!"J¶!!

!! !!!+/2/!['!X!®!\!!!!!!!!!^>=h!+=,!VL=./![='!z')=7$!@(%=,!-!5A=&&:!(8c?!['!C<2n!+'!A$(2E!"?!�!!!"o)=,!VL=./
!5A$)?!®!�8U!+,!�8U!VL./!%n)&I!�!32h!53)M#J(!w[X,3|Y]!!

!! !!

!! %3$,W&6j%V,9%)�"*c%<%((U,V),(X,Y)) (1,2,3) (bob,chris)!!
(e,3,(e,5,e))!¶!!!

!!
e'(!A&#LS!@%E%,!@(<(3!-!V,)�!a2P!),!@)S!53(3!0)7#f)J!),!<):!0)?1!<3!)S!!!

%3W,p@,}(%V,9%)�"*%<sin(X+Y)/(cos(X)+cos(Y))  3*X+5!!
!!!!!!!!!!!!!!1(!+=I27c?![='!)=,!�=�q!"=i)'<!C<2=n!+=,!)S!04!-!A&#LS!"E).i)'<!^>h!['!@(<(3!)S!e'(!+`%k

5Ah!%.LME!A$(!5Ah!+'(<(!e'(!1(!�W!+:!e.T?!@)S!0(2f(%q!A$(!m!!
%%%%3q^v%V,9%32,$DI"|%!!!!!!!!!!![='!",)='1<(!+=:!02=`!A=h),!"=?!"=TZo%.�!C<2=n!+=,!"9:!V/)l!<3!¢2/F%W

!!!A')7$!A./2E!(<!+QJ)B?!A&`!VJ(!e>7?!2U!F!;%W!m!��q!%k(s$!!32=h!"?!A./2E!+QJ)B?!X!!!V=.�q2?!+=`
!!A==h)Q$!+=`!F!A==h),!8=.?4!\!!!!32=h!"==?!5A=.?)$!"==TZo!",)='1<(!-!m!![=='!1(!2c#L=U!V==f<3!C<2=n!e=='(!<3!

!VJ(!5Ah!^.>*E![E!@!+f)hm!!
%z,�(<%%

all_bs([ ]). 
all_bs([b|T]):-all_bs(T). 

!!!!!-!2�==I!%==S!04!<3!+==:!A==')7$!"==?!�=='%TE!(<!"#L==./!+==?)$%,!e=='(b!V==J(!!m!!!@2==U!F!;%==W!+==,!D)==l?-
all_bs([b,b,b]).!A.')7$!+U2E!!m!3%:!AS(2f!A./2E!(<!"TZo!",)'1<(!['!e'(w!!

all_bs([ ]). 
all_bs([ b | T ]) :- all_bs(T). 

!!
?- all_bs([ b, b, b ]). 
?- all_bs([ b, b ]). 
?- all_bs([ b ]). 
?- all_bs([ ]). 
?- . 

!+f)h!['!^?)h!2c#LU!Vf<3!)U!e'(!<3!e'(%,)&,X+QJ)B?!\!Ah),!"?!!
                                                   

1 !tuple 
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%#~$J%z,�(%<!A')7$!"?!+'(<(!(<!"'(A#,(!"#L./!�)B/(!¢2/F%Ww!!
append(X,Y,Z) 

"?!g.S(2{,!+:!"E<2n!<3!g.')7$!�'%TE!%'1!C<2n!+,!0)?32f!(<!^7I!e'(!g.$(2E!w!!
app([ ],Z,Z). 
app([U|X],Y,[U|Z]):-app(X,Y,Z). 

!@2U!F!;%W!+,!a)l?-app([a,b],[c,d],L).!A.')7$!+U2E!w!!
app([ ],Z,Z). 
app([U|X],Y,[U|Z]):-app(X,Y,Z). 

 
?- app([a,b],[c,d],L). 

!(<!HF3!@!+?)$%,!�%h!%J!-!"$(2f(%q!A')7$!"?!dQZ&?!%'1!CD)yE(!Vf)J!),w!!
L/[a|Z] Y/[c,d] X/[b] U/a 
!!!!!!!!!!!!"')=S!5A=&&:!^y=#?!�G=J!-!g.=S3!"?!H)c$(!�%h!@!+$A,!0327$!e'86')U!),!(<!"$(2f(%q!)?!-!e'(%,)&,

!g'%,!"?!<):!+,!(<!A$2h!"?!5Ah!d#*?!@2U!F!;%W!A./2E!YQJ!+:w!!
?-app([b],[c,d],Z). 
app([ ],Z,Z). 
app([U|X] , Y,[U|Z]) :-app(X,Y,Z). 
?-app([b],[c,d],Z). 

!!-!%==6'3!+.Q==h!@!+=9l%?Z/[b|Z2]!!!!"==?!(<!@A==T,!@!5A=h!d#*==?!@2==U!F!;%=W!F!A==')7$!"==?!^y=#?!(<!
!31)J!!

?-app([ ],[c,d],Z2). 
!!!!0A$)QL===`!F!+===?)$%,!aF(!�%==h!03%===:!d==QZ&?!)===,!e=='(Z2/[c,d]!!!32==h!"===?!d==q2?!!m!r(2===U!e'(%,)===&,

L/[a,b,c,d]!A==h),!"==?!!m3!!!d==QZ&?!(<!+==?)$%,!%==J!�%==h![=='!1(!%==E!z.==,!-!"$(2==f(%q!-!+==9l%?!%==S!<
!!!A==h),!"==?!"==TZo!5<)==,F3!",)=='1<(!e'(%,)==&,!F!-!32==7$!m!!!![=='!<3!+==9l%?!%==S!-!^==:!<3!+==:!A==.')7$!+==U2E

!!!!!!!!!!!![='!<3!5A=h!@<(A=K6$!)='!A&#L=S!2=U!F!;%=W!@)=S%.�#?!@(%,!5Ah%*#&?!)'!+:!(<!"ED)yE(!-!+QJ)B?
+==:!"')==S!04!3<2==?!<3!-!}%==P!!A==')7$!"==?!A==./2E!(<!A&==h),!"==?!A==&&:!"==?!V:%==h!"')==K$!r(2==U!<3!!m!<3

!!"')K$!"UF%f!@!5A&&:!^y#?!-!a)�?L/[a,b,c,d]!Ah),!"?!!m!!!+=:!}%=P!['!CD)yE(!!!^y=#?!�.=B?
5A==&&:!s!!!!!!A==&&:!"==?!@<(A==K6$!(<!32==h!"==?!5A==.?)$!+Q==J)B?!@!!m!RF<|!!!!"==9Qo!a)==�?!<3!2==U!F!;%==W!?-

app(input,input,output).!!='(!+=,!-!!!A==h),!"=?!C<2==n!e!w!!O?)==:!@3F<F!@(<(3!-!aF(!0)=?2k<4!F3
!!!!!!!!A=h),!"=?!+#f)&=h)$!O?)=:!"=UF%f!@(<(3!H2J!0)?2k<4!+:!"/)l!<3!-!A$32,!5Ah!+#f)&h!m!!!a)=l%S!+=,

!!!!!!!!!!!!!-!g.S(2=f!"=?!+=:!"=�'%P!%=S!+=,!(<!)=S!0)=?2k<4!<(!Y=.:%E!%S!@(<(3!@)S2U!F!;%W!g.$(2E!"?!)?!-
!g.')==7$!53)M#==J(!m!RF<!e'(%,)==&,!!!!A==h),!"==?!"==TZo%.�!¢2==/F%W!04!<3!+==:!3<(3!32==UF!"==?F3!w%/��(,0#2

%&9J%3K0%�'1kW%"I%,95;%*%A#H%!J"J%I"#v%8*IZ%%
%#�����~$J%z,������(%<!!!RF<!@(<(3!@2=====U!F!;%=====W![====='!g.$(2=====E!"=====?!+=====?)$%,!0)=====7S!1(!53)M#=====J(!)=====,?-

app(input,input,input)!g.S3!<(%o!(<!!m!%.p$w!!
?-app([a,b],[c,d],[a,b,c,d]). 

!!=�q!-!e='(!!!!!!!!(<!"==UF%f!@!5A=&&:!^y==#?!�.=S!"=/F!32==h!"=?!d==q2?!+=:!-!A=h),!"==?!+Q=J)B?![=='!@(<(3!�
!A$(3%k!"7$%,m!!

                                                   
1 !binding environment 
2 !mode 
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%#���~$J%z,����(%<!!@2===U!F!;%===W!+===,?-app[X,[b|L],[a,E,c,d]).!A===.')7$!+===U2E!!m!RF<!e#===h(3!)===,?-
app(output,mixed,mixed)!m!!!"========UF%f!CD)y========E(!@!+========'(<(!)========,!"========TZo!C<2========n!+========,

X/[a],L/[c,d],E/b!!?!dq2?!!32h!"!m!!-!"=TZo%.�!~2$!e.?F3!e'(!@3F<F�!!!"=TZo!%=.�!"=UF%f!!s!
!!!!!!!!A==')7$!"==?!8')==7#?!-!"7==J<!@)==S!0)==,1!%==6'3!1(!(<!¢2==/F%W!F!3<(3!H)==$!m!!!!3%==M&?!@!+==?)$%,![=='!)==,

!!!!!!!@)==S!0)==,1!)==,!)==?(!-!g.')==7$!�%==Z?!(<!)==S2U!F!;%==W!1(!3FA==B?)$!�==.P![=='!V==J(!e==>7?!-!¢2==/F%W
!!!!!!%S!<3!(<!+?)$%,!A'),!)?!-!%6'3!"7J<!!!!-!g.')=7$!^=l!(<!+/)L=?!1(!A'AU!~2$!['!g.S(2f!"?!+:!"$)?1!

!!!g.S3!%..�E!m!!!!!!!!!!!!!)=,!)=S2U!F!;%=W!@!+=7S!+=,!¢2=/F%W!3%=M&?!@!+?)$%,!['!+:!Ah),!"7$!"&T?!e'(!+,!e'(
!A==')7$!"==?!"kA.==J<!%==,(%,!"S31)==,!m!!![=='!",2==f!+==,!V==J(!e==>7?!)==?!-!531)==,!+==,!^==?):!+==U2E!<3!Y==9�(
A.J<!@(%,!(<!¢2/F%W!@!+?)$%,!g.S3!%..�E!)S2U!F!;%W!1(!A'AU!@)S!~2$!['!+,!"km!!

%%/EUF|%!!!!!!!!!!!!!!"=hF<!%=S!)=,!F!g.S(2=f!"=?!+=:!(<!"'2=U!F!;%=W!%=S!g.$(2E!"?!)?!-!+/)L?!['!@!+'(<(!),
!g.')==7$!�%==Z?!m!!!04!+==:!"/)==l!<3!-!A==$<F4!"==?!32==UF!+==,!(<!+Q==J)B?![=='!�==�q!)==S2U!F!;%==W!1(!"==f%,

!!!!!4!"?!32UF!+,!(<!+QJ)B?!@3(ATE!%6'3!@)S!A$<F!m!!!!!!!@)=S!r(2=U!V=J(!e=>7?!+=$)kA&`!d=q2?!C)QJ)B?
!!!!!!!A&SA$!+c.#$!(<!@8')7#?!@)S!r(2U!)'!A&SA,!+c.#$!(<!@8')7#?!m!!!!1(!"=�Z&?!@!+=c.#$![='!-!r(2U!%S

!Ah),!"?!+?)$%, 
!!

3q^v#'¦%V,9%32,$DI"%%
!!!"==TZo%.�!¢2==/F%W!",)=='1<(!32==h!"==?!"==>'!�%==h!%==J!A==&`!)==,!"$(2==f(%q!+==:!"$)==?1!<3X!A==&`!@(<(3

)B?+QJ!\!Ah),!"?!m!Ah),!"?!+f)h!A&`!@(<(3!gS!2c#LU!Vf<3!-!0)?1!e'(!<3m!!
%z,�(<%%

a:-b,c.!�%h!%J!F3!!
a:-f.! !!),a!32h!"?!">'!!!
!!

b. �%h!%J!F3!!
b:-g! !!),b32h!"?!">'!!!
!!
c.! !!!
d. 
e. 
f. 

!),!"$(2f(%q!1(!2U!F!;%W!['a!)'!b!Ah),!"?!+QJ)B?!A&`!@(<(3!e'(%,)&,!-!32h!"?!r){#$(!w!!

                                                   
1 !input-output non-determinism 
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!! !!<3!!!!!!!!!!!!!!!!"=?!A=./2E!(<!"=>'!�=�q!+=pB/!%=S!<3!¢2=/F%W!-!A=h),!+Q=J)B?!A&`!),!5Ah!53(3!z')7$!+:!"E<2n
!!A=')7$!m!!!!!!!!"==?!)==S!04!+=,!¢2==/F%W!-!A&=h),!"==?!3)=c'(!a)==l!<3!%=i)l!a)==l!<3!+=:!"E)Q==J)B?!1(!H(A=:!%==S

!!!!!!!A$2==h!V==.�q2?!HA==I!@(<(3!3FA==B?!C<2==n!+==,!)=='!F!A$2==h!d==q2?!)=='!+==:!e=='(!)==E!31(3%==W!m!-!RF<!e=='(
c#L==Ud==7I!aF(!@2!3<(3!H)==$!!m!RF<![=='!e=='(!+==$D3)I)$s!A==./2E!@(%==,!"#$)7==i!04!<3!+==:!-!A==h),!"==?

!!!!!!!!!!A&=h),!3FA=B?!+=7S!+=:!e='(!%6?!-!3<(A$!32UF!)S!+QJ)B?!@!+7S!m!!!!!!+=7E)f!+Q=J)B?![='!+=:!"$)=?1!<3
!!!!!!!!!!!!!V*=k%,!-!V=J(!+=#q%$!)=S!04!+=,!02=&:!)=E!F!A=$(!5A=h!+'(<(!%E3F1!+:!"')S!+f)h!+,!¢2/F%W!-!A,)'!"?!

!!A')7$!"?!Y�I!+,!m!!!!!!!@<2=U!e='(!r)={#$(!@!+=Z�$!�.=S!+=:!"$)?1!<3!��q!-!^:!['!C<2n!+,!",)'1<(
!!!!!!!A,)'!"?!+7E)f!Ah),!5A$)7$!"o),!m!!!!!e#=?!@!+=QE%?!+=,!+#L=,(F!A$2h!"?!0)B#?(!)S!+f)h!04!<3!+:!"Q.E%E

!!A==h),!"==?!+==?)$%,!<3!5A==h!53(3!r)L==#$(!@)==S!�%==h!m!-!e=='(@2c#L==U!02$)==o!|!H)==$!¢2==/F%W!!+==:!-!3<(3
!A')7$!"?!@A&,!V'2/F(!-!2c#LU!Vf<3!<3!(<!)S!+f)h!m!!

%%)JD,�2|%!!!!!!!!A==h),!"==?!3<(2=?!e=='(!+=,!+#L==,(F!A=')7$!"==?!^=l!(<!+/)L==?![='!-!¢2==/F%W!04!<3!+=:!"S31)==,!w
!)S!"$(2f(%q!Y.E%E!F!32h!"?!+'(<(!+?)$%,!<3!z$(3!+:!"hF< 

%z,�(%<!A.S3!%..�E!(<!+?)$%,!F!%E3F1!@2U!F!;%W!!
?-d,e,a.! !! !CF)M#?!"$(2f(%q!@!+QE%?!!

!!
a:-c,b.!! !CF)M#?!"$(2f(%q!@!+QE%?!!

a:-f.!!
!!

b.!!
b:-g. 

 
c. 
d. 
e. 
f.!!

!@(<(3!��q!-!",)'1<(!e'(u!@(<(3!"9Qo!",)'1<(!+:!"/)l!<3!-!Ah),!"?!+9l%?!s�!32,!+9l%?!!!

                                                   
1 !unfair 
2 !search rule 
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!! !!!!!!R1(3%W!@(%,!-!@AT,!"$(2f(%q!r){#$(!@(%,!"hF<!!+Q=J)B?!02$)=o!s!(<(3!F!3<(3!H)=$!!!!@%=E%,![='!@
!Ah),!"?!531),!<3!"J)J(!m!A'<F).,!3)'!+,!-!e'(%,)&,mmm!!

%%%%%%%%%&�6.%3�(%V#�'+%:'K7�W%n%V&�q2%V5�;%*%A#H%>,1-0"%V"#2%/p@,}(%!50,v%s$%Z%%%%n%5L-O�;%!50,�v%s�$
%%%%%%%%%%%%J5��P%/��-R#+%I,��.%/��2%n%)&��P%>,��1-0"%30"5��F"#R%V"#��2%/��(,0#2%©#��P%o"&��.%/��.%J#��'+%3��(%:'K7��W%Z!<3

!!!Y==.E%E!+==,!02$)==o!F3!-!¢2==/F%W!!!A$2==h!"==?!(%==U(!-!!�!wM'��C*"!!!!(<!"==9Tq!@2==U!F!;%==W!0F<3!r)=={#$(!
!!!A.')7$!r){#$(!�!!F!�M'C*"!!!!!!!!!!A=.')7$!r)={#$(!(<!V=J(!"$A=h(%U(!+=:!^=Qo!<3!5A*$!0)B#?(!@!+?)$%,!�%h!

m!�!!
%%VD,@%!,OB$|%!!!!!!!!A=$(2E!"=?!"$(2=f(%q![='!+=:!3%=.k!"=?!g.7yE!¢2/F%W!04!<3!+:!VJ(!"h1(3%W!e'(

!!!)M#J(!+?)$%,!�%h!['!1(!+$!)'!A')7$!53!m!!!32=h!"=>'!-!%J!),!A'),!"$(2f(%q!m!!!!!0A=h!"=>'!^=,)o!5<(8=k!F3
!['!@(<(3!)S!04!%k(!��q!F!%k(!A&#LS_%#*?!@!+$27$!|!A&h),!%Z%z,�(<%%

?-likes(Y,chris). 
likes(bob,X):-likes(X,logic). 

!!A==.')7$!<2y==EÕ!!!!@!5A==&&:!^y==#?!@!+==I27c?![=='!{Y/bob,X/chris}!A==h),!!m!%==k(E!%==S!!a2==?%q
!Ah),!@(!"�Z&?Õ E!!!@%=.k!<)=:!+,!@!+c.#$Õ!!)=,!E!!!!!!!!5A=$<F4!V=J3!+=,!e'(%,)=&,!F!A=')7$!"=?!£{*=?!(<!
!1(!+$27$!['!@E!Ah),!"?!m!!

likes(Y,chris) !Õ  = likes(bob,chris) 
likes(bob,X) !Õ = likes(bob,chris) 

!!!!!!!+=:!g.'2k!"?!-!A&#LS!A&$)7S!a)�?!F3!e'(!+:!"')c$4!1(Õ!!!!5A=&&:!0)L=>'![='!!!!!!"9=n(!@)=S!5<(8=k!@(%=,
!Ah),!"?m!!

3=.%V%/p@,}(%V%/=T#(%%
!"9Tq!@2U!F!;%W! !?-P(args1),others.!!

!+?)$%,!�%h! !P(args2):-body.!!
!!+:!"E<2n!<3Õ!-!Ah),!32U2?!P(args1)!Õ=P(args2)!Õ!!!!!!!"$(2=f(%q!e='(!)=,!A=$(2E!"=?!�%=h!e'(!-!

!32h!53)M#J(!-!A./2E!@(%,!m!!5Ah!d#*?!@2U!F!;%Ww! ! 
?-body !Õ ,others !Õ  

!3%.k!<(%o!53)M#J(!3<2?!"$(2f(%q!e'(!),!A$(2E!"7$!�%h!e'(!-!C<2n!e'(!%.�!<3!m!!
%z,�(<%%

?-app(X,X,[a,b,a,b]). 

                                                   
1 !computation rule 
2 !common instance 
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!g'<(3!-!dq2?!@!+QJ)B?!),w!!
O1={X/[a|X1]} 
O2={X1/[b|X2]} 
O3={X2/[ ]} 

!!!!!!A&#L=S!)=S!5A=&&:!0)L=>'!<3!"=UF%f!CD)yE(!-!)S!e'(!m!!!@A=&,!Y=.:%E{X/[a,b],X1/[b],X2/[ ]}!
!!!Ah),!"?!m!!!!-!e.*$)U!r(2U{X/[a,b]}!!!!!!!!!!!-!r(2=U!+=./F(!@2=U!F!;%=W!<3!04!e#L=,<):!+=,!)=,!A=h),!"?!

app([a,b],[a,b],[a,b,a,b])!32,!AS(2f!m!!
!!

%NO'C%8D"J#H%%
!!!!!)==S!04!0F<3!@)==S!�)==QE<(!F!A&==h),!"=?!¢2==/F%W!<3!5A==h!53)M#==J(!@)S<)#f)=J!e'%==E!@3)==I!-!)==S!VL=./

?)$%,!A&?1).$!D27T?!Ah),!"?!"#*k1),!@)S!+!m%%
%%z,�(%<!�!��!!-!Ah),!"?!"KE!VL./!['!!�t!-!|!-!s!�!�!!!!!-!A=h),!"=?!3A=I!+=J!@(<(3!VL./!['!!�bob!
!-ted!-!alice!�!!!C<)==QI!+==J!@(<(3!"#L==./XV==,)�!\!!!VL==./!F!A==h),!"==?!�a!-!!�t!-!|!-!s!�!!-!�!�!��!

!)S!VL./!1(!"#L./XC<)QI!['!F!\!Ah),!"?!m!!
!!['!"J<%,!@(%,!!!!!!!!!!VL=./![='!V7L=o!%='1!!�!wT!®!H!�!!!!!aF(!%y=&I!+=,!VL=./!-H!!@)=K#$(!F!T!!+='8cE!

!32h!"?!m!!
%z,�(<%%

?1 [ H | T ] = [ [ ] , [ 1 , 2 , 3 ] , a ] . 
H = [ ] 
T = [ [ 1 , 2 , 3 ] , a ] 
y e s 

!!
%%z,�(%<!!!!0<)�#?!['!�'%TE!@(%,sX!!!!!!!!!!!!-!32=h!"=?!5A=$(2f!C<2=n![='!+=,!}%=P!F3!%=S!1(!+=:!"E<)=QI
!^�?!@!+79:level!\!!g'<(3w!!

palin([ ]). 
palin([U | Tail]) :-append(M, [U], Tail),palin(M). 

!! !%E!5A.>`!C<2n!+,w!!
palin([ ]). 
palin(L) :- first(L, U), last(L, U),middle(L, M), palin(M). 
first([U | _], U). 
 
last([U], U). 
last([_ | Tail], U) :- last(Tail, U). 
 
middle([ ], [ ]). 
middle([_], [ ]). 
middle([_ | Tail], M) :- append(M, [_], Tail). 
                                                   

1 !palindrome 
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%z,�(|%!VL./!['!03%:!;2>T?!@(%,w!!
reverse([ ], [ ]). 
reverse([U | X], R) :- reverse(X, Y),append(Y, [U], R). 

!! !!!!!!!!!!A=h),!"=7$!)=K#$(!1(!"#*=k1),!C<2=n!+=,!+=?)$%,!+:!A.&:!+U2E!m!!!RO=E!)=?!%=k(!!!!!!)=,!(<!<)=:!e='(!+=:!g.=&:!
!g.S3!H)c$(!5<),F3!@1)J!YE%?w!!

reverse([U | X], R) :- append(Y, [U], R), 
reverse(X, Y). 

!!!!!!!!!!32=,!A=S(2f!3FA=B?)$!-!3<(2=?!1(!"f%,!@(%,!",)'1<(!-!5)k!04!m!!!!!)=K#$(!1(!"#*=k1),!@!+=?)$%,!%='1!<3
!VJ(!5Ah!53<F4w!!

reverse(L, R) :- rev(L, [ ], R). 
rev([ ], R, R). 
rev([U | Tail], A, R) :- rev(Tail, [U | A], R). 
!!!!!!!!!!"=?!53%=,!-!VL=./!04!a2=P!+,!+#L,(F!5Ah!+'(<(!VL./!['!03%:!;2>T?!@(%,!"$)?1!-!+?)$%,!e'(!),

!3<F4!"7$!32UF!+,!(<!d9T?!@)S!0(2f(%q!),!+#*W!['!(%U(!0)?1!�.B?!F!32hm!!
%,9%NO'C%V"#2%J5;5(%Y2"5W|%@(<(3!¢2/F%W!%.p$!-!Ah),!"?!VL./!@)S!+?)$%,!1(!@(!+$){,)#:!w!!

append(X,Y,Z)! !! !Y!+,!(<!X!F!A&:!"?!+q)i(!Z!A&:!"?!+'(<(!(<!!!
reverse(X,Y)! !! !!;2>T?X!-!Y!Ah),!"?!!!
length(X,N)!!! !!a2PX!-!N!Ah),!"?!!!

member(U,X)! !! !U!<3!XAh),!"?!!!
non_member(U,X)!U!<3!X!Ah),!"7$!!!

sort(X,Y)! !! !XYE%?!(<!!F!A')7$!"?!Y!A&:!"?!+'(<(!(<!!!
!<3!�,(2E!e'(!+,!"J%#J3!@(%,Sicstus!A.')7$!+q)i(!(<!%'1!C<)QI!-!32f!^')q!<3!-!w!!

?- use_module(library(lists)). 
%�50%3@I#2|%!A.')7$!53)M#J(!%'1!3<(2?!1(!A.$(2E!"?!)S!0)?2k<4!~(2$(!"J<%,!@(%,w!!

atom(X)! !! !X!-!VJ(!gE(!['!number(X)!!X!-!VJ(!3AI!['!integer(X)!X!![======='!
integer!-!VJ(!var(X)!! !! !X!%=====.�#?![====='!X53FA=====B?!0FA=====,!\!-!V=====J(nonvar(X)
! !X!-!Ah),!"7$!%.�#?!['!compound(X)! !X!!!A==h),!"==?!Y==:%?!C<)==QI![=='!!m!!e=='(!)==,

!A.')7$!�'%TE!(<!@%E!z.,!~2$!"J<%,!@)S!a(F<!A.$(2E!"?!)7h!+./F(!�,(2Em!!
%,9%z,�(%<'(!"J<%,!@(%,!Ah),!"?!VL./!-!C<)QI!['!)'4!+:!ew!!

is_list(X) :- atom(X), X=[ ]. 
is_list(X) :- compound(X), X=[_ | _]. 

!VJ(!"'F3F3!Vf<3!['!-!C<)QI!['!)'4!+:!e'(!"J<%,!@(%,w!!
bintree(X) :- atom(X), X=e. 
bintree(X) :- compound(X), X=t(L, _, R),bintree(L), bintree(R). 

%/O$,�(%]"I,p4%V|%!^?)h!-!Ah),!"?!C(<)QI!@!+QJ)B?!@(%,!+./F(!�,(2E!@3(ATE!@(<(3!¢2/F%Ww!!
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X=Y! !! !X!),!Y!32h!"?!">'!!!
!-!a)�?!0(2&I!+,X=a!@!5A&S3!r)L#$(!-!X/aAh),!"?!!!

X==Y!! !! !X!F!Y!A&#LS!%,(%,!O?):!!!
!-!a)�?!0(2&I!+,[a,b]==[a,b]!"/F!-!VJ(!VJ<3![a,b]==[a,X]h),!"?!VJ<3)$!A!!

X\==Y! !! !X!F!Y!A&h),!"7$!%,(%,!gS!),!!!
!-!a)�?!0(2&I!+,[a,b]\=[a,X]!r)L#$(!0FA,!-!X!VJ(!VJ<3!-!!!

%/p��@,}(|%!!%==.p$!-!3<(A$)#==J(!@)==S%697I!1(!-!"E)Q==J)B?!@)==S!C<)==QI+ - * /X!0(%==6'3!<)==&:!<3!\
!A&')7$!"?!53)M#J(!m!A&h),!"?!"E)QJ)B?!C(<)QI!)'!53)J!C(<)QI!-!)S!A$297I!m,�(%z<%%

( 7 + 89 * sin(Y+1) ) / ( cos(X) + 2.43 ) 
3W,p@,}(%V,9%]I,p4%V%/O$,�(%%

E1=:=E2!! !!%'3)�?!)'4!+:!A&:!"?!"J<%,E1!F!E2+$!)'!A$%,(%,!gS!),!!!
E1=\=E2! !!%'3)�?!)'4!+:!A&:!"?!"J<%,E1!F!E2!A&'F)L?)$!!!

E1<E2! !! !!<(A�?!)'4!+:!A&:!"?!"J<%,E1!1(!%E![`2:!E2+$!)'!Ah),!"?!!!
!!

!g'<(3!)?!5FOI!+,! !À! !%E!¢<8,!@(%,!!
! !! !³À! !@F)L?!)'!%E!¢<8,!@(%,!!
! !! !¿³! !%E![`2:!)'!@F)L?!@(%,!!
%,9%z,�(<%%

?- X=3,(2+2)=:=(X+1).! !VJ(!VJ<3!!
?- (2+2)=:=(X+1),X=3.! !3<(3!)Zf!!

?- (2+2)>X.!!! !3<(3!)Zf!!
!"E)Q==J)B?!C<)==QI![=='!<(A==�?E!!%==.�#?![=='!+==,!F!32==h!+Q==J)B?!A')==h!X!"$(2==f(%q!�==J2E!X is E!

!32h!53(3!VQL$!m%,9%z,�(<%%
?- X is (2+2).! !! !!F!VJ(!VJ<3X/4AS3!"?!r)L#$(!(<!!!

?- 4 is (2+2).!! !! !3<(3!)Zf!!
?- X is (Y+2).! !! !3<(3!)Zf!!

%/��.%&��'6.%/��;5Wis%,��2%"I%%�%&��$#'~0%),p-��P"%ZX=Y!"==&T?!@(<(3!!�X!)==,!e==>7?!Y!32==h!0)L==>'!!�!"==?
!32h!"?!H1D!C<A$!+,!F!Ah),m!!

%,9%z,�(<%%
?- X=(2+2).!!! !!F!VJ(!VJ<3X/(2+2)AS3!"?!r)L#$(!(<!!!

?- 4=(2+2).! !! !Ah),!"?!V.�q2?!HAI!@(<(3!"/F!AS3!"7$!)Zf!!
?- X=(Y+2).!! !!F!VJ(!VJ<3X/(Y+2)AS3!"?!r)L#$(!(<!!!

!!!@!5<(8k"is"!��R!!!!!!!32=h!"?!53)M#J(!e.T?!"9.f!}AS!@(%,!!m%%%%%%/�.%N�@"%V"%3W,p�@,}(%]I,�p4%n%#�'�-(
%J5P%32,$DI"%&$,2%%

(%z,�|%!3(AI(!1(!"#L./!03%:!�7Uw!!
sumlist([ ], 0). 
sumlist([ N | Ns], Total) :-sumlist(Ns, Sumtail), Total is N+Sumtail. 

!!!!!Ah),!"7$!)K#$(!1(!"#*k1),!e'(�!!!!!!!!!A=S(2f!z'(8=q(!-!@3F<F!VL=./!a2=P!)=,!Y=J)&#?!2=U!F!;%=W!a2P!
!Vq)'!m!"/27T?!@)K#$(!1(!"#*k1),!%.�!@(%U(w!!

?- sumlist([ 2, 5, 8 ], T). 
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?- sumlist([ 5, 8 ]), T is 2+T1. 
?- sumlist([ 8 ], T2), T1 is 5+T2, T is 2+T1. 
?- sumlist([ ], T3), T2 is 8+T3, T1 is 5+T2, T is 2+T1. 
?- T2 is 8+0, T1 is 5+T2, T is 2+T1. 
?- T1 is 5+8, T is 2+T1. 
?- T is 2+13. 
?- . 

!"UF%f!r)L#$(!),T/15!VJ(!VJ<3!-!!!
%z,�(|%!"#*k1),!C<2n!+,!@)K#$(!),!"9Qo!a)�?!H)c$(w!!

sumlist(Ns, Total) :- tr_sum(Ns, 0, Total). 
tr_sum([ ], Total, Total). 
tr_sum([ N | Ns ], S, Total) :-Sub is N+S,tr_sum(Ns, Sub, Total). 

!!!!!-!)U!e'(!<3tr_sum(Ns,S,T)!!"&T?!@(<(3!4&$ NsST!Ah),!"?!!m!!!!!"#*=k1),!C<2=n!+=,!(%=U(
!)K#$(!1(w!!

?- sumlist([ 2, 5, 8 ], T). 
?- tr_sum([ 2, 5, 8 ], 0, T). 
?- Sub is 2+0, tr_sum([ 5, 8 ], Sub, T). 
?- tr_sum([ 5, 8 ], 2, T). 
: 
?- tr_sum([ 8 ], 7, T). 
: 
?- tr_sum([ ], 15, T). 
?- . 

!)==,!5<)==,F3!FT/15==?!V==J<3!-!!A==h),!"!m!!!!!"$(2==f(%q!F3!)==,!5)==k!�.==S!-!2==U!F!;%==W!a2==P!-!)==U!e=='(!<3
!32h!+#h2$!+pq)l!"9Qo!@(2#B?!@F<!A$(2E!"?!5Ah!d#*?!@2U!F!;%W!%S!F!Ah),!"7$!VJ<3!m!!

%z,�(%<%�K4%z*"%V5L-O;{%!~F%h!V.TiF!['!1(!d7I!aF(!@2c#LUXw!!!
d f s (X) :1 g o a l (X) . 
d f s (X) :1 s u c c e s s o r (X, S ) , d f s (S ) . 

!@(%,!+�9l!e#h(3!+,!@1).$S!g'<(A$!!wsuccessor/2!Ah),!"?!dq2?!+7S!@(%,!m!!
%z,���(%<%%NO��'C%s��$%IJ%N$5£��4{%isInList(H,L)!!+==:!"E<2==n!<3!H!!VL==./!1(!@2�==I!L!-!A==h),!

!VJ(!dq2?!m!(A#,(!-!%y&I!%k(X%J!\!Ah),!"?!2�I!['!C<2n!e'(!<3!-!Ah),!"?!VL./w!!
isInList(H, [H|T]). 

!g.h),!"?!CF)ME!",!-!VL./!@)K#$(!3<2?!<3!)?!"/Fw!!
isInList(H, [H| _ ]). 

!g.')7$!"J<%,!(<!VL./!@)K#$(!A'),!-!Ah)Q$!VL./!%J!%k(w!!
isInList(Item, [H|T]) :- isInList(Item, T). 

!g.h),!"?!CF)ME!",!-!VL./!@(A#,(!3<2?!<3!)?!"/Fw!!
isInList(Item, [ |T]) :- isInList(Item, T). 

!"T.QP!3%,<):w!!
?1 i s I n L i s t ( 1 , [ 2 , 1 , 4 ] ) . 
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y e s 
 
?1 i s I n L i s t ( 1 , [ 2 , 5 , 4 ] ) . 
no 

!e'(%,)&,!-!Ah),!"?!^./3!['!a)Q$3!+,!¢2/F%W!)?(mmm!!
?1 i s I n L i s t (X, [ 2 , 5 , 4 ] ) . 
X=2 
X=5 
X=4 

%z,���(%<*J%!J#��.%Q7��-(%NO��'C%{%),,( 321 LLLappend!+==:!"E<2==n!<3!3L!�)==B/(!^==n)l!1L!F!2L!
!Ah),!m!!

append ( [ ] , Y,Y) . 
append ( [X| L ] ,Y, [ X| Z ] ) :1 append (L ,Y, Z ) . 

!2U!F!;%W!wappend([1,2],[3],X)!)S!r(2U!x!w!X=[1,2,3]!!!
!2U!F!;%W!wappend(A,B,[1,2])!x!!!
!)S!r(2Uw!!

A=[ ] B=[1 ,2] 
A=[1] B=[2] 
A=[1 ,2] B=[ ] 

%z,�(%<%NO'C%s$%#E,64%8I,KP{%!%n)&I!@!+7S!R<)7h!!
count ( [ ] , 0 ) . 
count ( [ _ |T] , N) :1 count (T,N1 ) , N i s N1 + 1 . 

!VL./!['!8')7#?!%n)&I!R<)7h!!
c o u n t _d i s t i n c t ( [ ] , 0 ) . 
c o u n t _d i s t i n c t ( [H|T] , N) :1 member (H,T) ,c o u n t _d i s t i n c t 
(T,N) . 
c o u n t _d i s t i n c t ( [H|T] , N) :1 \+ member (H,T) ,c o u n t _d i s t i n c t 
(T,N1 ) ,N i s N1 + 1 . 

!!
%3$"&;%%

!!%q!0).?!"'(AU!!!!!!!!0)=.,!-!rF)=&#?!@)=S!�%=h!@!+='(<(!@)S!a(F<!1(!53)M#J(!),!+*.7S!A$(2E!"?!)S!"$(2f(
!32h!m%z,�(<%%

out_of_range(X, Low, High) :- X<Low. 
out_of_range(X, Low, High) :- X>High. 

!e9>.7J!"'(AU!@!5A&S3!�,<!@!+79:!1(!-!1<(!gS!<2P!+,s!�!;!�!!A.')7$!53)M#J(!¢2/F%W!m%z,�(<%%
out_of_range(X, Low, High) :- X<Low ; X>High. 
!!!!!!!!A=.&:!53)M#=J(!H)=K,(!1(!@%.k29U!@(%,!8#$(%W!1(!-!�29{?!C<2n!+,!"'(AU!F!~)7#U(!1(!53)M#J(!@(%,

!-%z,�(<%%
                                                   

1 !semi-colon 
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a :- b, (c ; (d, e)). 
%%¬'�0|%!!!!!!!!!!!!!-!A=h),!"=7$!">.=JO:!C<2=n!+=,!�.=�$!H)=c$(!@(%=,!"B'%n!�,<!@!+79:!@(<(3!¢2/F%W
%z,�(%<innocent(X) " ¬ guilty(X) 

!!!!!"S)&k!",!)?!^7I!<3!-![.JO:!dZ&?!<3s!X!!!!�.=�$!C)=Q�(!)=,!(<!!�X!!<)=>S)&k!|!!!A=h),!"=?!!�!!H)=c$(
!!!g.S3!"7$!m!!!!),!(<!<):!e'(!)?!-!¡2I!<3!!C)=Q�(!@(%=,!3FAB?!C<2n!+,!dq2?)$!t!�!X!!!V=J(!<)=>S)&k!

!�!!g.S3!"?!H)c$(!m!!!!!!C<2=n!+=,!¦2y={?!%#:(<)=:![='!@(<(3!¢2/F%W\+!!!!C<2=n!+=,!+=:!!�!!dq2?)=$
!!!!!!C)Q�(!@(%,!3FAB?!C<2n!+,!�!!A=h),!"?!-!32h!"?!5A$(2f!m!!!!!!g.L='2&,!A='),!)=?!-!¢2=/F%W!<3!e'(%,)=&,

!winnocent(X) :- \+guilty(X). 
!!@)&T?\+!!!!A=h),!"=?!!C<2n!e'(!+,!^7I!<3!!w\+P!!!!%=k(!-!V=J(!V=J<3!P!!!!!�=9�!-!3FA=B?!C<2=n!+=,!
!F!Ah),\+P!%k(!-!Ah),!"?!�9�!P!-!!Ah),!VJ<3!m%z,�(<%%

person(bob). likes(bob, frank). 
person(chris). 
person(frank). 
sad(X) :-person(X),person(Y), X \== Y, \+likes(Y, X). 

!�X!@%====6'3!�====:!%====k(!V====J(!e.====67�!-!X!A====h),!+#====h(A$!V====JF3!(<!!m!�!-!)====S!53(3!1(!53)M#====J(!)====,
bob,chris!!!F!frank!!!!%S!<3!(%'1!-!A&#LS!e.67�!!!!!3<(A=$!V=JF3!(<!)=S!04!@%6'3!�:!3<2?!!m\+!!+=,!

!!!A=')7$!"=7$!@1)J!+.Qh!(<!">.JO:!�.�$!^?):<2P!m%%z,��(%<pp 7B!!!!!%=,![.=JO:!C<2=n!+=,!p !
!-!)?(!-!A&:!"?!V/D3!-p:-\+p.!!!!A===$(2E!"===7$?-p!!A===')7$!^===l!(<!X!!!HA===I!@(<(3!3FA===B?)$!C<2===n!+===,

!!!!!!!!?!C<2n!+,!+$!-!32,!AS(2f!V.�q2?3FAB!m!\!!-!e'(%,)=&,p!!!!!!-!A=h),!"=?!aF(!3<2=?!<3!"=�Z&?!@!+=c.#$!
!Ah),!"7$!+QJ)B?!^,)o!"�Z&?!C<2n!+,!@!+c.#$!['!"?F3!<3!)?(!m%#~$J%z,�(<%%

person(bob). likes(bob, frank). 
person(chris). 
person(frank). 
very_sad(X) :-person(X),\+ (person(Y), X \== Y, likes(Y, X)). 

!�X!!!!!!!!!!!!A=h),!"=?!e.=67�!"=9.f!A=h),!+#=h(A$!z#=JF3!@%=6'3!�=:!+:!"E<2n!<3!!m!�!!!!�=�q!-!)=U!e='(!<3
bob!F!chris!3<(A$!VJF3!(<!)S!04!@%6'3!�:!�.S!-!3<2?!%S!<3!(%'1!-!A&#LS!e.67�!"9.f!m!!

%%V#��("#+%V%/�-B0|%%!,��'(%/=�E,R%s��$%!J"J%I"#��v%%\+%*%%m%%&�P,2%3��(%VI*#���%Z!)==S!¢2==/F%W!<(!"==f%,
X!!!+$!)?(Sicstus!\!!!!!!!!!!!!!+=,!@1)=.$!32=h!"=?!r)={#$(!",)='1<(!@(%=,!+=:!@(!+=$27$!<3!0Ah!+&.?1!@(%,\+P!

!A$<(A$!m!g.')7$!@A&,!a2?%q!-!%'1!C<2n!+,!(<!"9Qo!a)�?!g.$(2E!"?w!!
very_sad(X) :- person(X), \+liked(X). 
liked(X) :- person(Y), Y \== X, likes(Y, X). 

!!!!!A==h),!"=?!Y=J)&?!",)={#$(!e='(!w!<3!!!!!!!@(!+==&.?1!%=.�!@)=S!0(2=f(%q!)==?!¢2=/F%W!+=:!"E<2=n\+!3<!(<!
!!!!!!!!!!!!!!!!!A=SA,!)=S!04!",)='1<(!0)=?1!<3!�=9�!"')=S!r(2=U!g.�#L=?!C<2=n!+=,!V=J(!e=>7?!5)=k!04!-!A')7$!m!<3

!"$(2==f(%q!-!D)==,\+liked(X)!!!!!"$(2==f(%q!(%=='1!-!A==h),!"==?!+==&.?1!-!32==h!"==?!r)=={#$(!+==:!"$)==?1!<3!
person(X)!OQ==o!-!X532==7$!+==&.?1!(<!!V==J(!!m!%==697I\+!![=='!%==J!@(%==,!(<!0(%==QU!"=='8U!<2==P!+==,!

!!!!AS3!"?!H)c$(!3%M&?!@!5<(8k!['!),!5Ah!3FAB?!�%h!m!!!!"=?!+=:!(<!"*=$(3!g.S(2{,!)?!+:!"E<2n!<3

                                                   
1 !innocence 
2 !guilty 
3 !finitely failing to prove 
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!A=='2kCBA B6!!!!)==,!(<!04!g.$(2==E!"==?!)==?!-!g.')==7$!53)M#==J(!(<!A:-C,\+B.!!)==,!)=='!B:-C,\+A.!!)==,!)=='!
!1(!0)?87S!53)M#J(!g.$8,!e.7{E!-!F3!%Sm!!
%%G$,��(D_%*%&��'C5W|%!!!!!!!A==h),!"==?!)==S!g#'<2==6/(!1(!@3(A==TE!"==k¤'F![=='!z')==?14!F!A==./2E!m!!!+==,!A==$(2E!"==?

!!!!32=h!@89==J!a2=?%q!%=='1!C<2=n!m!!V.n2y==f!@!5A=&&:!)==i<(!%==n)&IP!!z')==?14!-!A==.')7$!A=./2E!(<!
!!!!!V.n2yf!)S!04!)'4!+:!A.&:Q!!+=$!)'!A&')7$!"?!"i(<!(<!!mP!!!!=./2E![='!C<2=n!+=,!!!!!"=?!^=7I!5A=&&:!A

!!F!A=')7$Q!!!!!!!A=&:!"=?!^==7I!5A=&&:!z')=?14![=='!C<2=n!+=,!!m%%z,��(%<!�X!!!@!+==7S!%=k(!V=J(!a)B==h2f!-!
!!0)#JF3X!!!!!!A&h),!+#h(3!VJF3!(<!dZ&?!-!!m!�!!!!e='(!+=,!(<!Y=9Z?!e'(!g.$(2E!"?!)?!-![.JO:!dZ&?!<3

!!g.')==7$!0)==.,!%=='1!C<2==n!w))log,(),()(()( icYlikesYXfriendYXhappy "UB!¢2==/F%W!<3!-!
!!!g.$(2=E!"=?!)=?!!!!!!!!g.')=7$!"L='2$1),!C<2=n!e='(!+=,!(<!Y=9Z?!e='(!!whappy(X) :- forall(friend(X, 

Y), likes(Y, logic)).!04!<3!+:!forall!-!! !!!V====JF3!%====SY!1(!-!X!!!F!3%====:!A====S(2f!A====./2E!(<!
!)'4!+:!3%:!AS(2f!z')?14Y!+$!)'!3<(3!VJF3!(<!dZ&?!-!!m!!

%#����~$J%z,�����(|%!+====:!A====.S3!0)*====$L!"====?!V====Q�?!3(A====I(!1(!"#L====./!!A====h),!wall_pos_nums(L) :-
is_list(L),forall(member(U, L), (number(U), U>0)). 

!!!!!!!Y=J)&?!@)=S!a(F<!1(!"f%,!Fis_list!m!!!!!)=S!¢2=/F%W!1(!"=f%,forall!!!!A=&&:!"=?!"$)Q.#*=W!(<!X!!!+=$!)=?(
Sicstus!m!\!!!g.$(2===E!"===?!)===?!A===h),!H1D!%===k(forall!!!!g.')===7$!�==='%TE!%==='1!C<2===n!+===,!0)===?32f!(<!!w

forall(P, Q) :- \+ (P, \+ Q). 
!�!!^==l!5(<!�.==SP!!^==l!@(%==,!Q!!!!32==h!"==7$!+==U(2?!V==.�q2?!HA==I!)==,!!m!�!!+==:!A==.')7$!+==U2Eforall!+==,!-!

!@1)J!+.Qh!^?):!C<2nU!Ah),!"7$!!!
)...)(( PP "U!! !!Ah),!"?!VJ<3!-![.JO:!dZ&?!<3!!

!-!)?(forall(P,P)! !^l!@)S!5(<!3(ATE!%k(!��q!@!5A&&:!P!-!3FAB?!32h!"?!dq2?!A&h),!m!!
%%%%%30"5F"#R%V,9%)�"*|%!!!!!!!!!!!@(%=,!A=$(2E!"=?!¢2=/F%W!%L=M?!+=:!V=J(!@8=.`!%=S!-!"$(2=f(%q!@!5N(F!['

!!!!!!%.p$!-!32h!5A.J%W!-!"�Z&?!",)'1<(!w!!!!!!"$(2=f(%q![='!-![=.7E(!"$(2=f(%q![='\+P!!+=:!P!@!5N(F!-!
!!!!!!!!!$(2=f(%q!@)=S!5N(F!1(!~)=7#U(![='!-!Ah),!"?!"$(2f(%q!!!!!!+=,!-!"$(2=f(%q!@)=S!5N(F!1(!"'(A=U![='!-!"

!!0(%==6'3!@!5FO==I!m!mmm!!"$(2==f(%q![=='!<3forall(P,Q)!!@)==S!0)==?2k<4!-!P!F!Q!!@!5N(F!%==S!A')==h!
!A$<(3!1).$!@A&,!8#$(%W!+,!5)k!04!A&h)Q$![.7E(!)S!04!%k(!)?(!-!A&h),!"$(2f(%qm!!

%:."#���W|%!!!!!!===i(<!%===n)&I!@!+===7S![===E!VL===./![==='!<3!g.S(2===f!"===?!)===?!Y===9�(!!1(!"===f%,!@!5A===&&:!"
!!!!!g.')7$!�7U!(<!C).n2yf!m!!!!!!!!!!!A=h),!"=?!(<(3!(<!C<)=QI!e='(!<)=:!e='(!@(%=,!-!¢2/F%WX!w!!5N(F!-!VL=./

5N(F!-!"$(2f(%q!@findall(!!
%z,�(<%%

likes(frank, chris). 
likes(chris, logic). 
likes(chris, frank). 

!+:!"$)L:!@!+7S!03%:(A.W!@(%,chris!3<(3!"?!VJF3!!w!!
?- findall(X, likes(chris, X), L). 

!-!C<)QI!e'(!+:L/[logic,frank]!A$(3%k!"?%,!(<!!m!!
%#~$J%z,�(%<!a2P!@(<(3!@)S!VL./!%'1!@!+7S!03%:!(A.W!@(%,|!VL./![a,b,c]w!!!

?- findall([ X, Y ], sublist([ X, Y ], [ a, b, c ]), S). 
!+:S/[ [a,b],[b,c] ]!A$(3%k!"?%,!(<!m!!

%~$J%z,�(%%#%<!!!!VL./!e#h(3!),X!!VL./!-!Y!!!2�=I!%=S!"&'86')U!),!+:!(<!X!!)=,!E!!!!!+=,!(<!5A=?4!V=J3!+=,!
!A'<F4!VJ3w!!
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replace(X, E, Y) :- findall(E, member(_, X), Y). 
?- replace([ a, b, c ], e, Y). 

!+:Y/[e,e,e]!A$(3%k!"?%,!(<!!!
?- replace([ a, b, c ], [ 0 ], Y). 

Y/[ [0],[0],[0] ]!(<!!A$(3%k!"?%,!!
%%#~$J%z,�(|%!VL./!['L!@)S!VMU!1(!(X,F)!+:!X!!!F!V=J(!3%=q!-!F!!!!!0)#=JF3!@!+=7S!1(!VL=./![='!

X!A.')7$!A./2E!(<!VJ(!w!!
friend_list(L) :-findall( (X, F),( person(X), findall(Y, friend(X, Y), F) ), L ). 

!['!)?!)U!e'(!<3!-!e'(%,)&,findall!['!0F<3!findall%6'3!!g'<(3!!!
%%%#~$J%z,�(%<!!!!!VL=./![='L!!!!!!!!+=:!@<)=:!%=S!H(A=:!%=S!+=:!@3(%=q(!1(!chris!!!!!!"=?!H)=c$(!(<!A=S3!"=?!H)=c$(!
!A'1)L,!A&S3w!!

clones_of_chris(L) :-findall( X,( person(X),forall(does(chris, Y), does(X, Y)) 
), L ). 

!['!)U!e'(!<3!)?!-!e'(%,)&,forall!<3!+#q%k!<(%o!findall<!%6'3!!g'<(3!(m!!
%%%#~$J%z,�(|%!!!!VL./!['!e#h(3!),L!!!!!!!!!!g$)=f!3(A=TE!)=S!04!@!+=7S!<3!)='4!+=:!A=.')7$!"=J<%,!-!)=S!;O:!1(!

!VJ(!0)')o4!1(!%E!z.,!)S!w!!
mostly_female_classes(L) :-forall( ( member(C, L),findall(F, (member(F, C), 
female(F)), Fs),findall(M, (member(M, ), male(M)), Ms),length(Fs, 
NF),length(Ms, NM) ), NF > NM ). 

!)U!e'(<3!)?!e'(%,)&,findall!<3!+#q%k!<(%o!"')S!forall!g'<(3!m!!
!!

5L-O;%z#-6.%%
!!!!!!!!!!!!!!1(!53)M#=J(!)=,!A=$(2E!"=?!32=h!"=?!A=./2E!2c#L=U!V=f<3!H(A:!+:!e'(!@(%,!@(!51(A$("cut"!!!)=,!+=:!"!"!

!!!!!!32=h!a%=#&:!-!32=h!"=?!£{*=?!m!!![='!-!(%==U(!0)=?1!<3!!!!!!(<!2c#L==U!V=f<3!@)=S!+=>E!"=f%,!-!R%=,
!!A&:!"?!;%S!m!!!!!!!!!!!!!V=J(!5A=?4!32=UF!+=,!-!C)Q=J)B?!1(!"=f%,!03%=:!�=o2#?!@(%=,!V=J(2f![='!)=,!e'(!m

!!!!!!!!!!!!!!!!!!!![='!%=6'3!@)=U!<3!V=J(!e=>7?!"=>'!+=:!"')=U!<3!+=?)$%,!)='!2=U!F!;%=W![='!@)U!%S!<3!A$(2E!"?
!!!!!!!32h!53(3!<(%o!32h!YU2?!(<!"/27T?!"$(2f(%q!m%,!1(!3(ATE!%S!1(!!!!g.')=7$!53)M#=J(!g.$(2=E!"?!)S!R!m

!Ah),!"?!%'1!+.Qh!R%,!['!@(<(3!+?)$%,!�%h!['w!!
!-!%6'3!@)S!"$(2f(%q!«!%6'3!@)S!"$(2f(%q!-�!w!head!!

!!!!!!!!!-!A=&:!"=?!^=7I!-!32=h!"=?!r)={#$(!",)'1<(!@(%,!@AT,!"$(2f(%q!C<2n!+,!+:!"$)?1!<3!��q!R%,
!�G==J!F.%32,��$DI"%V%)&k��0%!,��}-("%V,��9%)"I%V%/��K9%%[��;5(%/��.%3$,��9%30"5��F"#R%D"%o"&��.%#��9%V%)&��66

%%%%&��'$,K0%A#��9%"I%&��0"%)&��P%©#��P%Q(,��P%8#��2!F%%%%V%)&��66.%32,��$DI"%V%)&k��0%!,��}-("%V,��9%)"I%V%/��K9
%&'$,K0%A#9%"I%&6P,2%3(%o&�(%n%8#2%IJ%n%©#P%M$"%IJ%/.%3$,9%30"5F"#RZ%%

3%:!AS(2f!;%S!-!R%,!-!32h!r){#$(!%k(!!s:-p,b. 
!!s:-a. 

)S!5(<!@!+7S!",)'1<(!@!5A*$!0)B#?(!@p !!
!!p:-c. 
F!!p:-

q,!,r. 
!!p:-d. 
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!@!5A&&:!",)'1<(!@!5A*$!0)B#?(!@)S!5(<!@!+7Sq !!
!!q. 

!!!!!!!!!!!!!!!e='(!<3!A=h!A=&S(2f!A=./2E!<)=p#$(!V=f<3!<3!+=:!%=6'3!@)S!+f)h!@!+7S
!A$)?!A$(2f!"o),!-!R%,!^7I!!

q:-e. 

!!!Fmmm  

!!
%z,�(<%%

comment(X) :- number(X), !, write(yes). 
comment(X) :- write(no). 

!@!5N(F![=='!+==?)$%,!e=='(X!!A==&:!"==?!b)==`!(<!�.==i2E![=='!F!A==&:!"==?!"==J<%,!(<!!m!"==&T?!e=='(!+==,!e=='(
!!!!%k(!+:!VJ(X!!!�.=i2E!-!5)=k!04!-!Ah),!3AI!['!-!yes!!!!!!C<2=n!e='(!%=.�!<3!F!A=h),!"=?!no!!A=S(2f!

!32,!m!+:!e'(!¡%q!),!)'4Xx!3%:!AS(2f!<):!gS!Ah),!+&.?1!!!
comment(X) :- number(X), !, write(yes). 
comment(X) :- write(no). 

!!
comment(X) :- number(X), !, write(yes). 
comment(X) :- write(no). 
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!! !!!!!!A&:!"?!<):!",2f!+,!gS!D),!3<2?!<3!e.&�7S!m!!!!!!!%='1!C<2=n!+=,!(<!)=S!�%=h!)=?!+:!A.')7$!<2yE!)?(
!g.L'2&,w!!

comment(X) :- write(no). 
comment(X) :- number(X), !, write(yes). 

!! %#~$J%z,�(%<least(X,Y,L)!+:!A.')7$!�'%TE!C<2n!e'(!+,!(<!!�L!e'%E!g:!-!X!F!Y!Ah),!"?!�!!
least(X, Y, X) :- X<Y, !. 
least(X, Y, Y). 

!!
?- least(1, 2, L). 

!r)L#$(!),!%i)l!a)l!<3L/1Ah),!"?!dq2?!!!
?- least(2, 1, L). 

%i)l!a)l!<3!r)L#$(!),!L/1!Ah),!"?!dq2?!!!
!)?(mmm!!

?- least(1, 2, 2). 
!VJ(!VJ<3!)S)Q#h(!!

?- least(a, b, b). 
VJ(!VJ<3!)S)Q#h(!!

!Ah),!"?!VJ<3!A&#LS!YE%?!C<2n!+,!)S!�%h!+:!@32UF!),!Y9Z?!e'(m!!
%%%%:?(%V,9%N}'70|%!!!!!!(<!<)=:!e='(!-!A=.')7$!r)=&#U(!R%=,!1(!A.$(2E!"?!+U2?!C<2n!+,!+:!"E<2n!<3!

!!A==.S3!H)==c$(!m!!!!!!!A==.')7$!+==U2E!�%==h!Y==.E%E!+==,!-!A==.')7$!53)M#==J(!R%==,!1(!A=='),!+==:!"E<2==n!<3!m!%==S!<3
!��q!-!3(A'F<N�'�T!A.')7$!+QJ)B?!(<!m!!

%z,�(<%%
comment(X) :- number(X), write(yes). 
comment(X) :- \+number(X), write(no). 

!!!!!!!/)=,!C<2=n!+=,!-!Ah),!"7$!"h%,!�.S!@(<(3!+?)$%,!e'(!52�member(X)!!!!!2=U!F!;%=W!+=,!+#L=,(F!(<!
!A&:!"?!",)'1<(m!!

!!
%3O$50%/(,0#2%"#R%%
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!!!!!!!!!!!)=='!)=S!+==?)$%,!%=6'3!F!A&#L==S!CF)=M#?!<2==P!+=,!"=J%#J3!@(<(3!+==:!A=h),!"==?!"')=S!+==?)$%,!+=,!�2=,%?
!!!!A=')7$!"=?!^.9BE!)'!a%#&:!(<!)S!04!@(8U(!m!!!!!!!!!!+=QE%?!)=,!�=,(2E!1(!53)M#=J(!@(%=,!+L=')�?!^=,)o!"=&.7{E!e='(

!),!@!!!!!!!V=J(!"T,)=E!"L='2$!+?)$%,!0),1!['!<3!%ED!m!!!!!!!!e='(!1(!"L='2$!+=?)$%,!(%=q!%=E!z.=,!-!¢2=/F%W!<3
!+:!A&:!"?!53)M#J(!V.To(F!w%&6P,2%3(%#2"#2%U(,.%V5}0%I%,-F,@%V"I"J%,9%)I"\+%*%,9%)�"*Z%%

%z,�(<%%
overcome_with_joy(X) :- user_of(X, prolog). 

!-!D),!<3user_of(X,prolog)8k!['!!Ah),!"?!5<(!!
overcome_with_joy(X) :- true_that(user_of(X, prolog)). 

!-!D),!<3user_of(X,prolog)!0)?2k<4!['!X5N(F!\!Ah),!"?m!!
%J5;5(%V,9%)I"\+"#R|%!g'(!5Ah!)&h4!)S!04!1(!"f%,!),!OQo!)?w!!

\+P 
forall(P, Q) 
findall(Term, Q, List) 

!!!-!)U!e'(!<3P!F!Q!!!=J!@)=S!0)=?2k<4!!!!!!!!!!<3!"$(2=f(%q!@)=S!5N(F!C<2=n!+=,!)=?(!-!A&=h),!"=?!�!"=h!�Z
!!A$2==h!"==?!%.L==ME!-!�Z==J!(%==q!m!!!@1)==J!0)L==>'!gL==.$)>?!1(!A==$(2E!"==?!)==S!04!@(%==U(!0)==?1!<3!53)M#==J(

!A')7$!53)M#J(!�!"h!�ZJ!<3!@)S!5N(F!@(%,!5Ah!53)M#J(!C<2n!+,!@A&$)7Sm!!
%z,�(<%%

choose(X, wants(chris, X)). 
?- choose(Y, Q), forall(nice(Y), Q). 

!g.h),!+#h(3!(<!%'1!@!5Ah!d#*?!@2U!F!;%W!g.$(2E!"?!)?!2U!F!;%W!e'(!1(!!
?- forall(nice(Y), wants(chris, Y)). 

!r)L#$(!),X/Y,Q/wants(chris,Y)!!!
%THE=..%<%!!!!!!!!!Ah),!"?!32U2?!@)S!5<(8k!(%q!1(!%6'3!">'!e'(!m!!!!!e7�=#?!VL=./![='!+=,!(<!5N(F!['

k<4!F!(%U(!AS3!"?!�)QE<(!-!@!5N(F!"9n(!@)S!0)?2m!!
%,9%z,�(<%%

chris =.. L  
L / [chris]AS3!"?!r)L#$(!(<!!!

happy(chris) =.. L  
L / [happy, chris]AS3!"?!r)L#$(!(<!!!

likes(X, prolog) =.. L  
L / [likes, X, prolog]AS3!"?!r)L#$(!(<!!!

T =.. [append, X, Y, Z]  
T / append(X, Y, Z)!!AS3!"?!r)L#$(!(<!!

T =.. [s, s(0)]  
T / s(s(0))!AS3!"?!r)L#$(!(<!!!

%%#W%N1@%z,�(%s$%<!!!VL=./![='!-!5Ah!53(3!%.�#?!%.�!@!5N(F!%S!1(L!!!!@)=S!5A=&&:(%U(!@!+=7S!1(!(<!
!A.S3!+TJ2E!)S!04!"#'<4!),!0)kN(F!m!g'<(3!(<!%'1!@2U!F!;%W!)?!-!a)�?!@(%,w!!

?- functors(p(a, f(X, g(b)), Y), L). 
!0A$(3%k%,!@(%,L / [(p, 3), (a, 0), (f, 2), (g, 1), (b, 0)] 
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%%%%V#("#+%V%/-B0%<!!!!!!!!!A=h),!"=?!%M=n!%=,(%,!)S!04!"#'<4!+:!A&#LS!"')S!5A&&:(%U(!��q!¢2/F%W!@)S!gE(
!m!A.&.,!"?!(<!+?)$%,!['!-!)U!e'(!<3w!!

functors(Term, [ ]) :- var(Term), !. 
functors(Term, [(F, Arity) | Functors]) :-Term =.. [F | Args],length(Args, 
Arity),findall(E, ( member(Arg, Args),functors(Arg, Es),member(E, Es)), 
Functors). 

!A'(!5A.7Kq!(<!04!+:!A'2h!e.7Z?m!!
%%%,9#'�-(%"#R|%!!!!!!=S!5N(F!@(%=,!+=:!A=h),!"=?!)=S!04!1(!<)p#$(!e'(!)?(!A&#LS!"/27T?!@)S%.�#?!)S!e'(!"')

!A&')7$!<)#q<!"$(2f(%q!@)S!5N(F!C<2n!+,!A$%.k!"?!32f!+,!+:m!!
%z,�(%<!+:!A.&.,!"?!(<!@(!+?)$%,!%'1!<3\+X!A')7$!"?!@1)J!+.Qh!(<!w!!

our_not(X) :- X, !, fail. 
our_not(X). 

!!+#>$�!!"fail"!!!!!32h!"?!dq2?)$!3FAB?!C<2n!+,!+*.7S!!m!)U!e'(!<3X!!!!!%=.�#?!(%=q![='!C<2=n!+,!
^7I!A&:!"?!w!!

our_not(X) :- X, !, fail. 
our_not(X). 

!!
?- our_not(happy(chris)). 

!-!aF(!�%==h!<3X/happy(chris)!!!!!+==:!e=='(!)==E!-!A==S3!"==?!r)L==#$(!(<!X!!<3!"$(2==f(%q!@!5N(F![=='!
!!!!A===h),!V===J(!5A===h!r)==={#$(!",)==='1<(!@(%===,!+===:!"/)===�?!m!!!C<2===n!+===,!)===�.o3!D)===,!@2===U!F!;%===W?- 

\+happy(chris)."?!<)#q<!!A')7$!m!!
%#~$J%z,�(< 

logical(chris). 
strict(susan). 
fair(susan). 
fair(marek).!!

person(chris). 
person(susan).!!
person(marek). 
person(mike).!!

aspect(logical). 
aspect(strict). 
aspect(fair). 

aspect(crazy).!!
tell_us_about(X, Y) :-person(X), aspect(Y), Test=..[Y, X],Test. 

?- tell_us_about(susan, Y).!! !Y/strict!)'!Y/fair!A$(3%k!"?%,!(<!!!
?- tell_us_about(X, logical).! !X/chris!A$(3%k!"?%,!(<!!!

%%%%,$5H%V,9%©#P|%!!!!!!!!A$2=h!}j=l!)='2W!C<2=n!+=,!)='!F!A=&&:!@%>M7S!-!A$2h!+#f)J!A&$(2E!"?!)S!�%h!m
!!C<2n!+,!A$(2E!"?!)S!04!%J!@)S!�)QE<(�)'2W!�!!!"=/F!-!32=h!%S)©Sicstus!!!!VU)7=J!3<2=?!e='(!<3!

!!!!!!!!!!-!A$2=h!�='%TE!-!�'%=n!@)=S!a(F<!�J2E!"q)i(!C<2n!+,!)S!04!C)P)QE<(!+:!e'(!%6?!-!A&:!"7$
!!!!-!a)=�?!0(2=&I!+=,:- dynamic likes/2.!-!likes!!!!!!!!32*=,![=.?)&'3!C<2=n!+=,!+=:!A=&:!"=?!<(3(F!(<!!m

n!+,!)'2W!@)S!�%h!@F<!)S!5A&&:!^7I!e'%E!"?27I!A&h),!"?!%'1!C<2w!!
clause!! !! !!A')7$!"?!(A.W!(<!5Ah!53(3!04!%J!�)QE<(!+:!�%h!@!+$A,!['!!
assert!!! !!3<F4!"?!32UF!+,!(<!�%h!['!!

retract! !!A')7$!"?!}jl!(<!�%h!['!!
"CLAUSE" 

!Ah),!"?!%'1!^>h!@(<(3!04!@(%,!"$(2f(%q!['!!
clause(H,B)!!! !H(!H)$!^o(D!04!<3!+:!VJ(!@(!5<(8k!%S!!VJ(!5Ah!53(3!�)QE<!!
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!%k(!��q!F!%k(H!),!Õ!32h!"?!dq2?!-!32h!">'!32U2?!@)'2W!�%h!['!%J!�J2E!!!
Head :- Body. 

!04!@!+c.#$!<3!+:B!C<2n!+,!Bodyè!32h!"?!5A$(3%k%,!!!
%z,�(< 

likes(chris, X) :- likes(X, prolog). 
likes(chris, X) :- honest(X), praises(X, chris). 
likes(frank, prolog). 
 
 
?- clause(likes(chris, frank), B). 

!+,!�2,%?!<(A�?!F3B!A$(3%k!"?%,!(<!!!
B / likes(frank, prolog) 
B / (honest(frank), praises(frank, chris)) 
 
?- clause(likes(frank, X), B). 

X/prolog!F!B/true!A$(3%k!"?%,!(<!!!
"ASSERT"%|%!^>h!@(<(3!X!�%hassert(!Ah),!"?!m!!

%,9%z,�(< 
?- assert(likes(chris, prolog)). 

!@)'2W!"P%h!@)&Q?!+,s!32h!"?!+q)i(!�%h!!!
likes(chris, prolog). 
?- assert((likes(X, prolog) :- wise(X))). 

!32h!"?!+q)i(!�%h!@)'2W!"P%h!@)&Q?!+,!!
likes(X, prolog) :- wise(X). 

%"RETRACT"%|%!^>h!@(<(3!X!�%h!\retract!Ah),!"?!!!
%z,�(<%%

?- retract((likes(X, haskell) :- crazy(X))). 
!32h!"?!}jl!-!�%h!@)'2W!"P%h!@)&Q?!1(!!

likes(X, haskell) :- crazy(X). 
%%%%3R,�"%V%/-B0|%!!!!!!!!�)=QE<(![='!@(%=,!@<)=U!@)='2W!@)=S!�%h!@!+7S!03%:!�7U!@(%,P!!"$(2=f(%q!-!

retract(P(�))!0)===================================?2k<4!%===================================S!04!<3!+===================================:!P!![==================================='! !
!�!¼!�!%.p$!-!A.')7$!(%U(!(<!Ah),!"?retractall(likes(_, _))!!

%z,���(%<%>#��1(%>,O��-0"%VD,��@%/'p��P|%F3!@!+=='(<4![=='!+==:!A==.')7$!<2y==E�!@A==T,!a!�==J2E!-!3(A==I(!1(!
!!!!!!!1(!53)M#J(!),!OQo!+:!)S)I3(!1(!+I27c?!['assert!!!!A=h),!A=$(!5A=h!g.p&E!!wa(I,J,V)!-!a[I,J]=V!(<!

!!!!A')7$!"?!+'(<(!m!!!!!g.S(2f!"?!D)l!)?!+:!A.')7$!<2yEa!!!!!!!!!%=E![=`2:!"=9Qo!%y=&I!%=S!+=:!e='(!@(%=,!(<!
!+,!%Mn!1(s�!32h!53(3!%..�E!!m!g.S3!H)c$(!"$(2f(%q!@!5N(F!",)'1<(!),!(<!<):!e'(!g.$(2E!"?!)?w!!

forall( (a(I, J, V), V<0), 
(retract(a(I, J, V)), assert(a(I, J, 10))) ) 

                                                   
1 !dynamic-clause-base 
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%%%,9#OX(%"#R|%)$%,!!!!!!!!!+=:!@%=6'3!@)=S!+=?)$%,!1(!53)M#=J(!),!(<!)S2U!F!;%W!@(%U(!@)S!5(<!+:!"')S!+?
!A$<(3!32UF!A&')7$!"?!<!)#q<!)S!53(3!C<2n!+,m!!

%z,�(%<%%
solve([ ]). 
solve(Query) :-select(Call, Query,Othercalls), clause(Call, 
Body),callterm_to_list(Body, Bodycalls),combine(Bodycalls, Othercalls, 
DQ),solve(DQ). 
!!!!!!!!!!!!1(!VL==./![=='!",)=='1<(!@(%==,!5A==h!+#==J(2f!d==7I!aF(!F!"==Q.E%E!%L==M?![=='!<)==#q<!)==S!C<)==QI!e=='(

!!!!C<2==n!+==,!5A==h!+=='(<(!@)==S!"$(2==f(%qQuery!!A==&')7$!"==?!0)==.,!(<!!m!!!5A==h!53)M#==J(!@!+Q==J)B?!02$)==o
!"6$26`!+,!+#L,(Fselect!F!combine!A$2h!"?!�'%TE!!m2$)o!0).,!@(%,!¢2/F%W!@!+QJ)B?!0w!!

select(Call, [Call | Othercalls], Othercalls]. 
combine(A, B, C) :- append(A, B, C). 
!!!!!!!!!!!!!!!!!!!!!!+.Q=h!(<!¢2=/F%W!<)=#q<!F!V=J(!5A=h!+#=h2$!¢2=/F%W!0)=,1!+=,!+=:!A=h),!"=?!%L=M?!['!+c.#$!-!�GJ

!A')7$!"?!@1)J!!
%#��~$J%z,���(%<!!!!==?!"/)==I!¢2==/F%W!@(%==,!Y==9�(!+==:!+Q==J)B?!02$)==o![=='!-!A==h),!"���$5qW%!50,��v!sX!![=='

!!!!!"I2&y?!R2S!<3!3<(A$)#J(!@!+Mh)>?!\!Ah),!"?!w!�!!!!!!!!�%=h!3(A=TE!e'%=E!g=:!+=,!+=:!@(!"$(2=f(%q!%S
!!!!!!!!!A=.')7$!r)={#$(!(<!A=&:!3)&#J(!A$(2E!"?!)S!m�!!!!!!!!!!(<!Y=J)&?!�='%TE![='!A='),!)=?!-!<)=#q<!e='(!e#q%=k!@(%=,

!@(%,select!g.L'2&,!!m!�'%TEselect!d'2TE!02$)o!@(%,!w!!
select(Call, Query, Othercalls) :-findall((N, C),(member(C, Query),findall(_, 
clause(C, _), Cs),length(Cs, N)), NCs),sort(NCs, [(_, Call) | _]),del(Call, 
Query, Othercalls). 
del(_, [ ], [ ]). 
del(U, [V | X], X) :- U==V, !. 
del(U, [V | X], [V | Y]) :- U\==V, del(U, X, Y). 

!g'A'3!OQo!+:!@<2P!0)7S!Fcombine!A.')7$!�'%TE!%'1!C<2n!+,!(<!w!!
combine(A, B, C) :- append(A, B, C). 

!!
%Y2,6(<%%

http://www.doc.ic.ac.uk/~cjh/prologslides 
,$%%

http://wwwhomes.doc.ic.ac.uk/~cjh/prologslides 
http://www.inf.unibz.it/~tessaris/teaching/AI/handouts/prolog.pdf 
 

!!

                                                   
1 !procrastination principle 

http://www.doc.ic.ac.uk/~cjh/prologslides
http://wwwhomes.doc.ic.ac.uk/~cjh/prologslides
http://www.inf.unibz.it/~tessaris/teaching/AI/handouts/prolog.pdf
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!!
%%

%%
%%

&234&&
!$?B&1&,LJM&&

&&
+<2B$9!=);9H!

&'(&)*+%&,-+./!"#$%&&
%>,OT%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C

%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%
`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9

%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2
%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%3@%&7'@%*%I"\9%/0%*
%I,?j%*%),L6H%*%m%n%o,'H%!"&'(%n%J,2_%u$#P%!,2,'F%n%D"#'P%IJ%Yv"*

#+%)5=;%>"#?@%o,0%/2%%
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!!
!!
!!
!!
!!
!!
!!
!!
!!
!!

:-k9%*%NO'2%Q7R%%
%36'P,(%8D5(_hMachine Learningm%%

%%
36'P,(%8D5(_%,2%3$,6P_!!

c%Z w%NO'j%36'P,(%8D5(_%%
�%Z q�*%*%Q§,O(%�"50"%,9%N' 
e%Z /6'(D%V"5-}( 
g%Z %�I&(%,2%],p�"hVD,@&6-O(m%%
!!

s!m %w%NO'j%36'P,(%8D5(_!A.&:!"?!5AS)*?!(<!"&.h)?!R12?4!1(!">.q(%k!@A'3!%'1!<3w!!

!!
! !Ah),!"?!%*,!"E).l!F!"E(�!V.n2yf!['!R12?4!!
! !!@)&T?!+,!R12?4%..�E!@(%,!03(3!%#K,!0Ah!X!['!+,!+U2E!),!!<)=.T?!)='!+Z,)i!5A=h!53(3!!\!<3

!"To2?!Ah),!"?!-!AJ<!"?!+.Qh!V.TiF!+: 
! !+MP)I!)'!Y9o!�J2E!R12?4!-!R12?4Ah),!"7$! 
! !!!!3%==.6,!3)=='!+==MP)I!@!+9.==JF!+==,!A==$(2E!"==?!@!%E2.G?)==:!%==SX!3%==.6,!3)=='!(<!"MP)==I!3<(2==?!\!-

!Ah),!"?!A'AU!V.TiF!['!<3!<)#q<!['!A./2E!<3!-!"#{J 
w%&P,2%3(%I"5PJ%,$%QBk(%n%8D5(_%"#j 

! !!!)S!53(3!e#h(3!),!!!!!!!!!+=,!3FA=B?)$!@!+=&?(3![='!@(%=,!(<!�)=QE<(!['!A'),!)7h!-!3FAB?!"h12?4!@
!A'<F4!VJ3 

! !3<(3!32UF!"&.&`!e'(!@)S!�)QE<(!1(!3FAB?)$!3(ATE!['!-!�o(F!<3 
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! x!g'<F4!VJ3!+,!(<!�)QE<(!A'),!+$26` 

 
! x!Ah),!"?!e'%E!YJ)&?!-!�)QE<(!H(A: 

 !!
%I*\$I%o,.*"%QE"c%%

! !H):F(!H).9'F!w!"QS(<!3%:!"?!"kA$1!@3O.?!gS3<)K`!0%o!<3!+:!32,!!
! !"$27.:<)W!^n(!w 

!!!@(%===,!)===S!V==='32U2?!3(A===TE!F!32===h!53(3!z'(8===q(!A===')Q$!V===J(!H1D!+===�$4!1(!%===E!z.===,!@8===.`
!A&#LS!H1D!8.`!%S!�.n2E!!

! !!!!+:!"$)?1!<3@3)'1!3(ATE!!!!!!!!!!!A='),!)=?!-!A=h),!+#=h(3!32=UF!5A=h!53(3!@!+/)L=?![='!@(%=,!^=l!5(<!
!5(<!e'%E!53)J!g.')7$!r){#$(!(<!^lm!!

! !x!VL.`!53)J!1(!)?!<2p&?!)?( 
! !!!!!!!!!!53)M#=J(!-!VL=.`!53)=J!^l!5(<!['!+:!e'(!03%:!�'%TE!F!03%:!^l!@(%,!+/)L?!z$(3!1(!)?

!3%:!g.S(2f 
!!

5L-O;%V%/C,O(%s$%]I5E%/2%8D5(_%%

                                                   
1 !Occam's Razor's Principle 



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 379 - 

!! !!
�%Z%,9%QT%)"I%*%Q§,O(%�"50"!!

! !^°)L?!~(2$( 
o !3<(3!32UF!+/)L?!~2$!+J 

" !02.J%k<s! 

 
o !3<(3!32UF!+/)L?!~2$!+Jw 

" !-!02.J%k<@A&,!+�QP!| 

 " !-!@A&,!+�QP!-!02.J%k<"/)6`!e.7{E!t! 

 !!
%8D5(_%�"50"%%

%)&P%]I,S0%8D5(_h]I,S0%N}W<%m!!!
                                                   

1 !regression 
2 !classification 
3 !density estimation 
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! !A&#LS!r29Z?!<)#q<!^?)h!-!"h12?4!@)S!53(3!!
! X!-!+c.#$!-!r29Z?!;O:\mmm 

3-$5�W%8D5(_%%
! !A&#LS!"'8U!}(AS(!^?)h!-!"h12?4!@)S!53(3!!
! XA&>$!<):!",2f!+,!+`!F!A&:!<):!",2f!+,!+`!-!e.h)?!53)J!<2P!+,!-!a)�?!@(%,\ 

%)&k0%]I,S0%8D5(_%%
! !VJ(!5A*$!+'(<(!-!}AS!)'!;O:!-!A&#LS!H)f!-!"h12?4!@)S!53(3!!
! !3<(3!32UF!^7I!04!<3!0)K&W!}AS!['!-!Y9�(X!a)7#l(!@!+&.*.,!-!@1)J!53%*qs!F!\mmm 
!!

%J#2I,.%%
! !5%p&?!R1(3%WXE<2y!\|!!

o !5%K`!@1)J!<)>h4t!µ!!"&.,1),� 
o !"J)&h!�f!VJ3 

! e{J!R1(3%W 
o !C2nX (F!µ!\!+79:!µ!+97U!µ"J)&h!£{h 

! %6'3!3<(2? 
o !@<(jk!£f)h!w!e#?! (%{#J(!-!^k2k�C)IOP(!",)'1),!-! 
o !"'(<(3�!w![L'<!V'%'A?!F!"'(<(3!-!"'(<(3!"'2k!z.W 
o !C(%,){?!w"E(%,){?![.q(%E!"'2k!z.W 
o (3! (%{#==J(!)==S!53!w!!!!�==J2E!5A==h!@<(A==K6$!¢<8==,!@(!53(3!@)==S!+==I27c?!1(!53)M#==J(

¢<8,!@)S!V:%h 
o !)S!@1),!w!-!3%$!+#{Ego 
o !a%#&:!w)S!C2,F< 

! !mmm!%6'3!3<(2?!1(!@3)'1!3(ATE!F« 
%/6'(D%V"5-}(%%

! !@%p$!�')#$X@<2ËE!\!!
o @%p$!"$)Q?x!A&#L.`!@<)?4!R12?4!@(%,! 
o )p#$(!3<2?!"'(<):!g.$(2E!"?!)?!+$26`!(<!aA?!<@%.k!51(A$(x!g.')7$! 

! !@1)L/A?!�')#$X@1)J!+$27$!\ 
o !!!!-!5%==.�!F!)==S!^>==h!-!)==S!+#==h<!-!C)==T'12E!-!02.==J%k<!-!@A==&,!+==�QP!@(%==,!)==S!aA==?

!A$(!+#q)'!£y{E 
o !['!A'),!)?!-!aA?!%S!@(%,"h12?4!g#'<26/(!g.')7$!"l(%P!(<! 

! !%6'3!3<(2? 
o !Y.:%E!r){#$(!%.p$!-!%6'3!A.M?!�')#$X5%K`\!F!%#?(<)W!_(%#h(!-!mmm 

                                                   
1 !maximum likelihood!w!!RF<!['XA#?!\!"#.T7U!@)S%#?(<)W!e.7{E!@(%,!@<)?4X�$)'<(F!F!e.6$).?!\!!!+=$27$!@)=S!53(3!1(X!!+=#q%k%,

!@!+?)&#�/!1(Merriam-Webster%$!029.Q.,!<(8q(!H\!!
2 !Vision Processing 
3 !face detection 
4 !verification 
5 !text mining 
6 !finance 
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%VD,@&6-O(%%
%,9%�0"#X6.%*%,9%/(,0D*I%%

! %,9%/(,0D*I< 
o !"&.h)?!R12?4!d.�BE!@!+?)$1F< 
o !"QyI!@!+QJ)B? 
o !@)S!a3)QEIEEE!"QyI!@)S!+>Qh!<3! 
o !@)S!a3)QEIEEE!"&.h)?!R2S!F!26/(!^.9BE!<3! 

! !)S!�$(%M&:!w 
o NIPS!w!!"h1(3%W!@)S!g#L.J!"QyI!C)IOP( 
o COLT!w!ËE!@(!+QJ)B?!R12?4!@<2 
o ICML!w!!"&.h)?!R12?4!"997/(!e.,!�$(%M&: 

3B'0*#-BC"%Y2,6(%%
! !2c#LU!@)S<2E2?!w!!

o NIPS online!w!http://nips.djvuzone.org 
o Giteseer!w!http://citeseer.ist.psu.edu/ 
o !^k2k!%6*SF¤W!whttp://scholar.google.com/ 

! !"&.h)?!R12?4!@)S!+$){,)#:w 
o Torch!w!http://www.Torch.ch 
o Lush!w!http://lush.sf.net 

!!
VI,(_%8D5(_%VI5�W%%

c%Z sO$I%*%Y2"5W%n%,9%)J"J%%
�%Z !V.q%© 
e%Z !@N2/A#?Xr29J(!F!RF<!<3!<)#Mk\ 

!!
c%ZsO$I%*%Y2"5W%n%,9%)J"J%%

%,9%)J"J%%
A#-@J%Q2,v%3PD5(_%V,9%)J"J%%

! !!!A.&:!<2yEnZZZ ,...,, 21!!!!"q3)yE!@!+$27$!['!n�!!!='12E![='!1(!"')=E!!!!"/)=6`!@!+#f)&=h)$!�
p(z)!Ah),!m!!

! !@!+7SiZ!A&h),!"?!Vf(2&>'!C<2n!+,!5Ah!�'12E!F!^�#L?!C<2n!+,!)S!s 
! !+:!A.&:!<2yEnD!Ah),!¦)f!a)�?!['!!³),...,,{ 21 nzzzm! 

,9%)J"J%u=-1(%z,BP"%%
! !@A&,!+�QP!w}1,1{),( (%+$ dRYXZ!!

S!}A!w!['!e#h(3!),x!-!A'AU!P(Y|X=x)!A.$8,!e.7{E!(<! 
! !02.J%k<!wRRYXZ d %+$ ),( 

                                                   
1 !Independently and Identically Distributed (IID) 
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!}AS!w!['!e#h(3!),x!-!A'AU!E[Y|X=x]A.$8,!e.7{E!(<!!!
! !"/)6`!e.7{E!wdRZ +!!

!}AS!w!['!e#h(3!),Z!-!A'AU!p(z)!A.$8,!e.7{E!(<!!!
Y2,W%V,£R%%
!R12?4!w)E!['!@(%,!2c#LU!�,)E!@)�q!['!<3!r2f!�,F!!!

!�,(2E!@)S!a)�?Ff +)(.;]w!!!
! !02.J%k<!wbxabaxfy &$$ .),;(�!!
! !@A&,!+�QP!w).(),;(� bxasignbaxfy &$$ 
! !"/)6`!e.7{E!w 

))()(
2

1
exp(

||)2(

1
),;()(� 1

2

|| 4
4

4 ( ((($$ aa
L

a zzzfzp T

x
 

!!
tUW"%Y2,W%%
!R12?4!w!�,)E!@)�q!['!<3!r2f!�,)E!['!@(%,!2c#LUF!!!

!@)S!�,)E!@)S!a)�?!}OE(L:Z*F !!
! !02.J%k<!w2))(()),,((),( yxffyxLfzL ($$!!
! !@A&,!+�QP!w 

o !+:!"E<2n!<3f(x)=y!Ah),!L(z,f)=L((x,y),f)!32,!AS(2f!%Mn!%,(%,! 
o !32,!AS(2f!['!%,(%,!-!C<2n!e'(!%.�!<3!F 

! !"/)6`!e.7{E!wL(z,f)=-log p(z) 
!!

32#LW%sO$I%*%sO$I%%
!R12?4!wE!@)�q!['!<3!r2f!�,)E!['!@(%,!2c#LU!�,)F!!!

! !!!<3!<)==p#$(!3<2==?![L=='<F!!!!![=='!@(%==,!+==:!-!A==.')7$!+==&.7:!(<!f!!!!%=='1!C<2==n!+==,!5A==h!53(3!
!VJ(!5Ah!�'%TEw 

c$$
zZ dzzpfzLfzLEfR )(),()],([)(!!

! !(%�#J(!^n(!w 
o )(minarg* fRf

Ff+
$!A.')7$!r){#$(!(<! 

o !)S!+/)L?!wp(z)!@!+7S!+,!)?!F!Ah),!"?!+#f)&h)$!L(z,f)!g'<(A$!"J%#J3!)S!««« 
! [L'<!",%cE!w 

4
$

$
n

i
in fzL

n
DfR

1

),(
1

),(�!!
!!

32#LW%sO$I%%
!5A*$!�o(F!%.�)E!VBE!e.7{E!['!-!",%cE![L'<XYyTE!0FA,!\!Ah),!"?![L'<!1(!!

4
$

$
n

i
iZfL

n
EDfRE

1

)],(
1

[)],(�[ 4
$

$
n

i
iZfLE

n 1

)],([
1  

iZ!A&h),!"?!^�#L?!)S!!!



%%%%%%%%%%%%%%%%%%%%%%%%%%34567(%859%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%:;#-(%%%%%%%%%%%%%%%%%<#+%)5=;%>"#?@%A&6?(!!
!"#$"%&'("%3B'0*#-BC"%/0,12,-.%D"%3E,7-F"%G1H!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!com.irebooks.www  

 
 

- 383 - 

4
$

$
n

i

ZfLE
n 1

)],([
1!!

iZ)S!!A$(!5Ah!�'12E!Vf(2&>'!<2P!+,!!!
)()],([

1
fRZfLnE

n
$$!!

%32#LW%sO$I%VD,@%/6'K.c%%
!",%cE![L'<!@1)J!+&.7:!^n(!w),(�minarg)(*

n
Ff

n DfRDf
+

$!!
%QE"%VI,+D,@ERM%%

! !A.&:!<2yE)(minarg* fRf
Ff+

$!F!),(�minarg)(*
n

Ff
n DfRDf

+
$!!

! !^n(!+:!g.'2k!"?!)?ERM!@(%,!F!%k(!VJ(!<)k1)J!-! 

)())(( ** fRDfR
n

p
n d"

l"l!F!)()),((� ** fRDDfR
n

p
nn d"

l"l!!

 
3PD5(_%V,^F%*%sO$I%%

! !"h12?4!@)Zfw 
),(�min)),((� *

n
Ff

nn DfRDDfR
+

$!!
! !+9,!x!Ah),!"?![L'<!1(!+#q%k!<(%o!%.�)E!VBE!e.7{E!['!"h12?4!@)Zf!)'4m 

0)]),((�))(([ ** /( nnn DDfRDfRE 
! !!^l!5(<)(*

nDf!!f!@1)=J!+=&.7:!),!5Ah(A.W!!!!!)=,!-!"=h12?4!@)=ZnD!!!!@!+=I27c?!%=S!1(!%=#K,!
!%6'3nD1!1(!5A?4!VJ3!+,!p(z)!Ah),!"?!m 

sO$I%!J#.%J*&}(%%
!0).?!CF)ME!g.$(2E!"?!)?!)'4"h12?4!@)Zf!F!g.7TE!@)Zfx!g.')7$!3FAB?!(<!!!

?|)),((�))((| ** ,( nnn DDfRDfR!!
!r(2U!w!e.T?!�'(%h!VBEF!-!!+9,!m!!

!V.q%©!+,!+#L,(F!-!�'(%h!e'(h!-!F!A&#LS!!m!!
!!

N'R#ª%%
! !V.q%©h(F)!Ah),!"?!R(!"kA.�.W!)'!F!R(!51(A$(!0A.c&J!-!m!!
! !@A&,!+�QP!w 

                                                   
1 !Empirical Risk Minimization (ERM) 
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!!V.q%©h(F)!!!!e'%E!¢<8,!-!n!!!!!@)=S!+=$27$!1(!+=I27c?![='!<3!+:!VJ(!@(!nD!!3<(3!32=UF!
!!![=='!A==$(2E!"==?!+*==.7S!FFf +!!!!<3!@)==S!+==$27$!@!+==7S!@(%==,!(<!�.B==n!r(2==U!+==:!nD!-!

!A&:!(A.W!-!A&:!"?!+'(<(!(<!e>7?!YL`%,!%S!@(%,m!!
! !a)==�?!w!!!!"==Zf!�==,(2E!1(!@(!+==I27c?!@(%==,Xy=w.x+b!\!!)==,d!!A==T»,!X!02.L==$)7'3!\!!V==.q%©!-

!),!VJ(!%,(%,d+1m! 
! !!!"/)6`!e.7{E!F!02.J%k<!w!3!32=UF!gS!V.q%©!!!!!!!Y=E(%?!+=,!-!03<F4!V=J3!+=,!@(%=,!)=?(!-!3<(

!!!!!!!!A=h),!"=?!%=E!5A.�.WX!!!!!!!!!!!!!![='!+=,!(<!02.=J%k<!@!+/)L=?![='!g.$(2=E!"=?!+*=.7S!)=?!-!a)=�?!@(%=,
g.S3!zS):!@A&,!+�QP!@!+/)L?m!\ 

!!
sO$I%!J#.J*&}( 

!A.')7$!3FAB?!-!<)p#$(!3<2?![L'<!;)J(%,w!!
! !A.S3!<(%o!w=sup L-inf LÝ!!
! !@(1(!+,mU!g'<(3!)?! 

m
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:
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=
=
=
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<=>

? &
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+
1

9
ln1

2
ln

2|),(�)(|sup
n

h

n
h

DfRfRP n
Ff

 

! h!V.q%©!-!F!F!n!<3!"h12?4!@)S!a)�?!3(ATE!-!nD!Ah),!"?! 
!!

%sO$I%VI,-F,@%VD,@%/6'K.{%,2%nN2,�%%%

!!
%VI,+D,@{%,2%hN2,�%%%

!!
%A,$,2%I"5PJ%N'q�*|�0,$I"*%%%

!32h!g.L�E!V7Lo!+J!+,!AE(2E!"?!)Zfw!!
! !;)'),!wV9I!+,!�,(2E!1(!@(!+I27c?!+:!V.To(F!e'(!F-!A&h),!"7$!+&.K,!^l!5(<!^?)h!-!!!
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! !!�$)'<(F!w!!!!!!!!%=6'3!@!+=I27c?!)=?!+:!V.To(F!e'(!V9I!+,nD1!!!!!!0)L=>'!�='12E!1(!5A=?4!V=J3!+=,!
p(Z)-!g.h),!+#h(3!(<!"EF)M#?!^l!5(<!['!A'),!)?!e'(%,)&,!F!g'(!53%:!53)M#J(!(<! 

! !!R)*#�(X2$+q!w!\!!!A=h),!5)Q#=h(!A$(2E!"?!+&.K,!^l!5(<!"#lX!!!!!!![='!@(%=,!%=k(!a)=�?!0(2=&I!+=,x!
!<(A�?!A&`!-!5Ah!53(3yAh),!+#h(3!32UF!\ 

%A,$,2%I"5PJ%N'q�*{%�0,$I"*%h3B'R"#+%]I5E%/2%G$,K0m%%

!!
%A,$,2%I"5PJ%N'q�*{%�0,$I"*%h3B'R"#+%]I5E%/2%G$,K0m%%

!!+ZJ(F!",!<(2h3!V.TiF!wV.q%©!+:!"$)?1!h(F)!!!!!!!!)=?(!-!A=,)'!"=?!zS)=:!;)='),!-!32=h!"=?!%E!z.,!
!A,)'!"?!z'(8q(!-!�$)'<(F«!!

!!
%:'S6Wc%%
! !R12?4!+:!g'A'3!)?!³!�,(2E!1(!+I27c?!['!<3!2c#LU!!
! !Ah),![`2:!"9.f!A')Q$!+I27c?!e'(| 
! !Ah),!¢<8,!"9.f!A')Q$!+I27c?!e'(t 
! !^l!5(<!['!w!g.p&E 
! !�,(2Ef7'%U!"9Qo!z$(3!+,!+U2E!),!(<!!A.')7$!+ 
! !A.')7$!+7'%U!(<!A&#LS!¢<8,!@)S%#?(<)W!@(<(3!+:!"T,(2E!-!a)�?!@(%, 

)(),(�minarg)(* fHDfRDf n
Ff

n &$
+ 

! !�,)EH(f)!A&:!"?!+7'%U!-!"9Qo!+,!+U2E!),!+:!VJ(!"T,)E! 

                                                   
1 !regularization 
2 !underfitting 
3 !overfitting 
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! !)S!aA?!1(!"f%,!<3!-!a)�?!@(%,w 
![`2:!@)S%#?(<)W¶!%E!53)J!@)S!^l!5(<!¶%E!g:!V.q%©! 
#.%uv5-(%"&-2"%IJ%!Jc%%

! !Ah),!"?!03%:!�o2#?!(A#,(!<3!-!g.p&E!@(%,!@%6'3!RF<m!!
! !['!-!R12?4!+:!"$)?1!<3@<(%>E!@!51(3%W!A&:!"?!<):!Ah),!"?!m 
! !",%cE![L'<!+:!"T,)E!r){#$(!@)U!+,nD!g.$(2E!"?!)?!-!A&:!"?!+&.7:!(<!w 

o !"h12?4!@!+I27c?nD!(<!0)E!!A.&:!g.L�E!V7Lo!F3!+, 
" !"h12?4!@!+I27c?},...,,{ 21 tr

tr zzzD $ 
" !VBn!@!+I27c?X<)Q#I(!\|!},...,,{ 21 vatrtrva

va zzzD &&&$ 
" Tr + va = n 

o !A.&:!¡%q)( trt Df!<(%>E!<3!5Ah!(A.W!"k1)E!+,!�,)E!t!Ah),! 

o !A.&:!¡%q4
+

$
va

i Dz

trt
i

vatrt DfzL
va

DDfR ))(,(
1

)),((�!Ah),! 

o !!<(%==>E!<3!(<!R12==?4*t!!!+==:!A==.&:!�==o2#?!)),((�minarg* vatrt

t
DDfRt $!!�,)==E!F!

!"#*k%,)()(
* trt

n DfDf $ 

V�5C&-(%%
! !(A#,(!w!A.')7$!"')J)&h!(<!}AS!«!Ah),!%'1!3<(2?!A$(2E!"?!}AS!!

s!m !!!!!!!!!!!!(<!5A=h!+='(<(!"=h12?4!@!+=I27c?![='!A=.$(2E!"=?!)7h!-!aA?!e'%#K,!@!+'(<(!@(%,
x!A'<F4!VJ3!+,!!

|!m (%==,!!!!!!!@1)==J!+==&.7:!�==J2E!5A==?4!V==J3!+==,!aA==?![=='!<)==p#$(!3<2==?!"'(<)==:!@!+=='(<(!@
x!VJ(!5Ah!+'(<(!"h12?4!@!+I27c?!['!-!",%cE![L'< 

t!m !!!!!!!!!!@!+=I27c?!![='!A=.$(2E!"?!)7h!-!<)p#$(!3<2?!"'(<):!F!aA?!e'%#K,!@!+'(<(!@(%,
!x!A'<F4!VJ3!+,!(<!5Ah!+'(<(!"h12?4 

! !-!}AS!+:!"E<2n!<3Xs!\!Ah),!"?!w$(aA?!r){#A.S3!H)c$(!(<!!!
! !-!}AS!+:!"E<2n!<3X|!\!A'<(3![L'<!e.7{E!+,!1).$!)7h!-!Ah),!"? 
! !}AS!%k(Xt!\!A'<(3!1).$!�2q!3<2?!F3!%S!H)c$(!+,!)7h!-!Ah),!%p$!3<2? 
! !!!!@(%==,!)=='!A==.&:!53)M#==J(![L=='<!e.==7{E!@(%==,!)=='!A==$(2E!"==?!+==:!3<(3!32==UF!"==M9#{?!@)==S!RF<

!aA?!r){#$(w 
o !VBnX)'<)Q#I(",!\!53)J 
o !�P)�#?!",)'<)Q#I(Xk�!D!t!03%:!}jl!-!�!\! 

%>,1-0"{%I,p-4"%&'$,W%hN}E%mz&(%%
! !53)T/(!�2q!%#?(<)W!),!�,(2E!1(!@(!53(2$)f�!Õ!A.')7$!r){#$(!(<!!!
! !"h12?4!@!+I27c?nD!A.')7$!g.L�E!V7Lo!F3!+,!(<!0)E! 

                                                   
1 !Early Stopping 
2 !Validation set 
3 !k-fold!!
4 !Leave-one-out 
5 !Hyper-terminal 
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o },...,,{ 21 tr
tr zzzD $ 

o },...,,{ 21 vatrtrtr
va zzzD &&&$ 

o tr+va=n 
! !<(A�?!%S!@(%,m]!@!53)T/(!�2q!%#?(<)W!Õ! 

o ),(�minarg)(* tr

Ff

tr DfRDf
m

m ]
] +

$!A.')7$!r){#$(!(<! 

o )( *

m
fR ]!)===,!(<!4

+
$

va
i

mm

Dz

tr
i

va DfzL
va

DfR ))(,(
1

),(� **
]]!e.===7{E!

!A.$8, 

! )(arg
** min f

m
m

Rm ]]
] $!A.')7$!r){#$(!(<! 

! ),(�minarg)(
*

*
n

Ff
n DfRDf

m]+
$0(3%k%,!(<! 

%z&(%>,1-0"|%I,p-4"%3@I"*%%c%%
! !@!53)T/(!�2q!%#?(<)W!),!�,(2E!1(!@(!53(2$)fÕ!A.')7$!r){#$(!(<!!!
! !!!"=h12?4!@!+I27c?nD!!!+=,!(<!0)=E!K!!!!8')=7#?!F!@F)L=?!@!+=TZo!Kk DDD ,...,,...,1!!g.L=�E!

!A.')7$ 
! !<(A�?!%S!@(%,m]!!@!53)T/(!�2q!%#?(<)WÕ! 

o !@!+TZo!%S!@(%,kDX!!@)#7S!FkD04!@!!\ 

" ),(�minarg)(* k

Ff

k DfRDf
m

m ]
] +

$!!r)============={#$(!(<
!A.')7$ 

" ))(( * kDfR
m]!!)=========================================================================================================================================,!(<!

4
+

$
k

i

mm

Dx

k
ik

kk DfzL
D

DDfR ))(,(
1

)),((� **
]]!A.$8,!e.7{E! 

o ))(( *
nDfR

m]!),!(<!4
k

kDfR
K m

))((
1 *

]!A.$8,!e.7{E! 

! ))((minarg ** DfR
m

m
m ]]

] $!A.')7$!r){#$(! 

! ),(�minarg)(
*

*
n

Ff
n DfRDf

m]
+

$0(3%k%,!(<! 

I,p-4"%&'$,W%sO$I%M'K1W%%
! !"h12?4!@!+I27c?nD!A.')7$!g.L�E!V7Lo!F3!+,!(<!0)E!!!

                                                   
1 !cross-validation 
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o },...,,{ 21 tr
tr zzzD $ 

o },...,,{ 21 tetrtrtr
te zzzD &&&$ 

o tr + te = n 

! 
)* ,(�minarg)( tr

Ff

tr DfRDf
+

$ 

XAh),!aA?!r){#$(!^?)h!A$(2E!"?!-!@1)J!+&.K,!R1(3%W!e'(\ 

! ))(( * trDfR!)========,!(<!4
+

$
te

i Dz

tr
i

tetr DfzL
te

DDfR ))(,(
1

)),((� **!
!A.$8,!e.7{E 

%sO$I%M'K1W|I,p-4"%3@I"*%%%%
! !!"===h12?4!@!+==I27c?nD!+===,!(<!0)===E!K!!%===,(%,!F!8')===7#?!V7L==o!Kk DDD ,...,,...,1!g.L===�E!

!A.')7$!!
! !V7Lo!%S!@(%,kD! 

o !!!!A=.')7$!<2yEkD!!!!!!!!<3!+=:!"')=S!+=$27$!1(!@(!+=I27c?!nD!!!<3!"=/F!A&#L=S!kD!!"=7$!
!Ah),!-!A&h), 

o ),(�minarg)(* k

Ff

k DfRDf
+

$!A.')7$!r){#$(!(<! 

%W!e'(!Ah),!aA?!r){#$(!^?)h!VJ(!e>7?!+JF 

o ))(( * kDfR!)==,!(<!4
+

$
k

i Dz

k
ik

kk DfzL
D

DDfR ))(,(
1

)),((� **!
!A.$8,!e.7{E 

! ))(( *
nDfR!),!(<!4

k

kDfR
K

))((
1 *!A.$8,!e.7{E! 

! !+:!"$)?1k=n!32,!!w!A.')7$!_%E!(<!<)Q#I(!"J<(F 
%z&(%>,1-0"%*%sO$I%M'K1W%%

! )7h!+:!"$)?1!<3!A.S(2f!"?!(<!R<)p#$(!3<2?![L'<!F!aA?!e'%#K,!@F3!%S!!!
! !+,!)7hH)�3(!A'<(3!1).$!A$(!5Ah!+'(<(!OQo!+:!"')S!RF<!!!m!a)�?!@(%,!w 

o !"h12?4!<)Q#I(!A.')E!VLE!w!A&#LS!H1D!-!(8c?!@(!53(3!@!+I27c?!+J 
o !!!<)=Q#I(!"=J<(F!º!VL==E!w!!!!!<3!VL==E!�G=J!F!"=h12?4!@!+==I27c?!<3!<)=Q#I(!"=J<(F

?!(8c?!@!+I27c 
o !!!!�I)�?!<)Q#I(!"J<(F!w!!!!!!!!!!!!)=,!<)=Q#I(!"=J<(F![='!H)=c$(!+=,!-!+=I27c?!%='1!%S!@(%,

K-1!g'<(3!%6'3!@!+I27c?!%'1! 
! !gK?!">'N2/FA#?!@)S!C<2n!%6'3w 

o !-!%6'3!@)S!RF<!),!(<!32f!�')#$A.')7$!+L')�?««««! 
o !@(%,!@<)?4!@)S!VLE!1(V.7S(!@%6$1),!A.')7$!53)M#J(!-! 
o !32f!aA?!A.')7$!@%6$1),!-!@(!53(3!@!+I27c?!['!1(!%E!z.,!<3!(< 

3PD5(_%I,p-4"%NOW%%
! !@!53)T/(!�2q!%#?(<)W!),!�,(2E!1(!@(!53(2$)fÕ!A.')7$!r){#$(!(<!!!
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! !"h12?4!@!+I27c?nD!V7Lo!+J!+,!(<!0)E!trD!-!vaD!FteD!A.')7$!g.L�E! 
! !<(A�?!%S!@(%,m]!@!53)T/(!�2q!%#?(<)W!Õ! 

o ),(�minarg)(* tr

Ff

tr DfRDf
m

m ]
] +

$!A.')7$!r){#$(!(<! 

o !<(%============================================================================================================================================================================================================o!

A.S34
+

$
va

i

mm

Dz

tr
i

vatr DfzL
va

DDfR ))(,(
1

)),((� **
]] 

! !A.')7$!r){#$(!)),((�minarg ** vatr
m DDfR

m
m

]]
] $ 

! !A.')7$!r){#$(),(�minarg)(
*

* vatr

Ff

vatr DDfRDDf
m

T$T
+ ]

 

! ))(( * vatr DDfR T!),!(<!4
+

T
te

i Dz

vatr
i DDfzL

te
))(,(

1 *
!A.$8,!e.7{E! 

%I,p-4"%3@I"*%�%NOW%%
! !@!53)T/(!�2q!%#?(<)W!),!�,(2E!1(!@(!53(2$)fÕ!A.')7$!r){#$(!(<!!!
! !@(!53(3!@!+I27c?nD!A.')7$!g.L�E!V7Lo!F3!+,!(<! 

!"h12?4!@!+I27c?!['trD7c?!['!F!"#LE!@!+I2teD 
! !<(A�?!%S!@(%,m]!@!53)T/(!�2q!%#?(<)WÕ! 

))(( * trDfR
m]!),!(<!trD!A.$8,!e.7{E!-!<)Q#I(!"J<(F!1(!5A&&:!53)M#J(! 

! ))((minarg ** tr
m DfR

m
m

]]
] $!A.')7$!r){#$(! 

! !5<),F3!R12?4s!),(�minarg)(
*

* tr

Ff

tr DfRDf
m]

+
$ 

! ))(( * trDfR!),!(<!4
+ ta

i Dz

tr
i DfzL

te
))(,(

1 *
!A.$8,!e.7{E! 

u4,£(%I,p-4"%3@I"*%%
! !@!53)T/(!�2q!%#?(<)W!),!�,(2E!1(!53(2$)f!['Õ!A.')7$!r){#$(!(<!!!
! !!"===h12?4!@!+==I27c?nD!+===,!(<!0)===E!K!!8')===7#?!F!%===,(%,!V7L==o!Kk DDD ,...,,...,1!g.L===�E!

!A.')7$ 
! !@!+TZo!%S!@(%,kD 

o !aA?!e'%#K,)(* kDf!<3!<)Q#I(!"J<(F!),!(<!kD!A.')7$!r){#$(! 

o ))(( * kDfR!),!(<!4
+

$
k

i Dz

k
ik

kk DfzL
D

DDfR ))(,(
1

)),((� **!A.$8,!e.7{E! 

                                                   
1 !retrain 
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! ))(( * DfR!),!(<!4
k

kDfR
K

))((
1 * 

! !!+#>$!w!!!!!!!!!!!!!!A=h),!"=7$!aA=?![='!)=?(!-!A=S3!"=?!+='(<(!(<![L='<!1(!e.=7{E!['!)K&E!-!+JF%W!e'(!m
!!!!!!!(<!(8=c?!aA=?!r)={#$(!@!+JF%W!['!A'),!)7h!-!A.#LS!A&?1).$!gS!aA?!+,!)7h!+:!"E<2n!<3

!A.S3!H)c$(« 
!+,!@(!53(3!@!+I27c?!@!+7St!"?!g.L�E!V7Lo!
!32h!!!!

!@!+TZo!F3!+,!aF(t!�GJ!-!32h!"?!g.L�E!V7Lo!
!<)Q#I(!"J<(F!['t!�!e'%#K,!r){#$(!@(%,!D!

!32h!"?!H)c$(!53)T/(!�2q!%#?(<)W!!
!!
!!
!!

!<3!3Ac?!R12?4!@(%,!53)T/(!�2q!%#?(<)W!e'%#K,|!
!-!%6'3!@!+TZo!@F<!%,!VLE!F!"9n(!@!+TZo

32h!"?!53)M#J(!!
!!

!mmm:!+`!04!+,)*?!@)S<):!+TZo!%S!@(%,!@(%,!(<!Ah!+#Mk!D),!<3!+
A.S3!H)c$(![L'<!e.7{E!!

&'P,2%I¡T#2%36'P,(%8D5(_%V*J,;%D"%%

!! !!

!! !!
3B'@U.%V,9%z&(%%

%%
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c%Z %%%%%,��9%o"#+5-O��'9%,��$%,��9,K0%/�2,��@%,��$%,��9,K0%/6'k��'Hc%n%K%%M$#��W%s��$J\0%
%!DI,H%V,9%)#L6H%*%/$,OK9�%%

�%Z V\'2%V#'+%:'K7W%*%z,K-T"%V%/6'k'2 
e%Z K|M'~0,'(% 
g%Z 3^F%!5'@#+I%%
%%
"I,Hw%/0%,$%V#-(%%

! !@)�q!+:!VJ(!5Ah!£{*?!Y9�(F!+$!)'!VJ(!@%#?(<)W!-!m!!
! %V#-("I,H<!VJ(!5Ah!£{*?!-!%#?(<)W!"7:!3(ATE!�J2E!F!Ah),!"?![`2:!"9.f!)�q!m 

o !)S!a)�?!w"Zf!�,)E!['!)'!"JF)k!�'12E![' 
! %V#-("I,H#'¦!wJ(!5Ah!3FAB?!-!"h12?4!@)S!53(3!�J2E!��q!-!Ah),!"?!3FAB?)$!-!)�q!V 

o %,9%z,�(%<K!+')L7S!e'%E!['38$! 
! %V#-("I,H%:'0%< 

o %,9%z,�(<!"&.h)?!R12?4!@)S!g#'<26/(!%E!z.,!« 
%%
c%Z%n%,9%o"#+5-O'9K%!DI,H%V,9%)#L6H%*%/$,OK9%M$#W%s$J\0%%%

%,9%o"#+5-O'9{%z,�(%%%
! !02.J%k<!)'!@A&,!+�QP!@(%,!wz = (x,y)!!
! !+:!A.')7$!¡%qx!<(3%,!['!-!k�!Ah),!@AT,! 
! (%,!AT,!%S!@d!e>7?!@)S<(A�?!-!dx!+,!(<!dm!A.')7$!g.L�E!V7Lo! 
! !@(%,!-!a)�?s¬!AT,!@3F<F!),!"h12?4!@!+$27$!X02.L$)7'3!\|w! 

17 x,!!75 1 ', x!!51 'x!!!!
y(5)=3 
y(6)=4 

y(7)=2.8 
y(8)=2.5 

y(3)=2 
y(4)=1!!

y(0)=-3 
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1 !Artificial Neural Network (ANN) 
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1 !Multi Layer Perceptron (MLP) 
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1 !Mean Squared Error (MSE) 
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1 !softmax 
2 !Error Correcting Output Codes (ECOC) 
3 !Hamming distance 
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1 !redundency 
2 !conjugate gradient 
3 !saturation 
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1 !progressive decay 
2 !regularization 
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1 !Radial Basis Function (RBF) 
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1 !Time Delay Neural Networks (TDNNs) 
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1 !Gaussian Mixture Models (GMMs) 
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1 !Expectation - Maximization 
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2 !Support Vector Machines (SVM) 
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1 !Minimum Description Length principle (MDL) 
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1 !Chunking 
2 !Sequential Minimal Optimization (SMO) 
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1 !purity 
2 !Stumps 

],4U�"%J5@%!J#.%/6'k'2 
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1 !motivation 
2 !wrappers 
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1 !eigenvectors 
2 !Linear Discriminant Analysis (LDA) 
3 !Independent Component Analysis (ICA) 
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1 !AdaBoost 
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!!
%%

%%
%%
%%

&234&1&,LJM
!:C&&

&&
i2U;&3M!$&!+7$<BH!

!"#$%&'(&)*+%&,-+./&&
T%/2%)"51CJ%!"\'(%/2%"I%3?;*%Q$,KW%]I5E%IJ%,X^C%>,O
%&'$,K0%NF"J#H%N@"%)&(_%#$D%IJ%/.%[0,L6$"<%%

`abcdefg%h%%N@"I%/2%ij%D"%['W#W%/2%<%I"\9%)J\0,H%*%&7-k9
%#XE%\l'K(%I,?j%*%J50%*%&7'@%*%m%o,'H%!"&'(%V%/pqP%Nlr=(%s0,2

%/pqP%&.%n%D"#'P%<efedg%h%%t*#T%/2%<%&7'@%*%I"\9%/0%*%3@
%I,?j%*%),L6H%*%m,'F%n%D"#'P%IJ%Yv"*%n%o,'H%!"&'(%n%J,2_%u$#P%!,2

#+%)5=;%>"#?@%o,0%/2%%
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!!
!!
!!
!!
!!
!!
!!
!!
!!
!!

:?0%*%NO'2%Q7R%%
s'W52*I%,2%3$,6P_%%

!!!!!!
":)J(F):!!!!!C2,F<A255 !!

!! !!
[C,^(%A5§I%%

! u$#qW%%
! �"50" 
! ,9J#2I,. 
! /�1$I,W 
! V&'=.%V"\;" 
! ,9J#2I,. 
! )&6$_ 
!!
%½%u$#qW%%
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! !+=79:!!!!!!!![=`!<2*=:!�'2==$!0)=?<![='!@!+9.=JF!+=,!C2=,F<!@!s!!!!![=W):!a<)=:!H)=$!+=,!|!a)==J!<3!
s�|�!!!!!0(2=&I!)=,!@1)=,![='!<3!Rassum's Universal Robots (RUR)!!!!+=#q%k!<)=:!+=,!
!Ahm 

! !Ah),!"?!V?A{*.W!)'!%k<):!@(%,!@(!5N(F!-!">`!0),1!<3!C2,F< 

! ]52*I%u$#qW%%
| !!!!!)===?!@)�==I(!1(!"===>'!�==J2E!5A===h!+#f)==J!e.===h)?!%==Sw!!C2===,F<!@!+L==J2?!

!)>'%?4t!%%
!� !!!!!@3%,<):A==&`!F!3A==c?!@8=='<!+==?)$%,!^==,)o!"&.==h)?!V==J3![=='!C2==,F<![=='

!!!^')====JF!)===='!<(8====,(!-!)====S!+====TZo!-!3(2====?!03(3!V====:%l!@(%====,!5A====h!"===l(%P
!!!@(%====,!%====.�#?!@!5A====h!@8===='<!+====?)$%,!@)====S!V====:%l!0)====.?!1(!¦2y===={?

!Ah),!"?!�9#{?!@)S3%,<):!wF<!@!+LJ2?!-!)>'%?4!C2,s�v�!!!
%½]52*I%�"50"%%

36'P,(%N@J%%

%%%%%%
36'P,(%N@J%%36'P,(%N@J%%I"J,H%]52*I%%

%%%%%%
I"J%¾#j%]52*I%%%32_%#$D%V%/='@*

I,-1(J5F%%
%M'k0#@%32%V%/='@*

3$"59%%
%½]52*I%V,9J#2I,.%%

%&6P,2%3(%�,0#^F%#k2%V"#2%/.%3$,9I,.%%

!! %)&66.%305X4&�%]52*I)k<):!<3!<).J!"9n(!¥7W!A&:!"?!8.7E!(<!@(!+#LS!@N%$(!5!!
                                                   

1 !Czech 
2 !Karel Capek 
3 !Robot Institute of America 
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%&6P,2%3(%#2%I,.%,$%/¦&¦J#H%n%)&66.%QO.%n%#k2%V"#2%/.%VI"#BW%V,9I,.%%

!! !5A&&:!@<)>h2U!C2,F<!!
%&9J%o,L0"%"I%,9%!_%JI"&0%N@*J%#k2%/.%NOH%V,9I,.%%

!! !V.7,(%>J(!C2,F<s!!
%s'W52*I%V%/�1$I,W%%

%½%3-q6E%]52*I%M'C*"%<UNIMATE 
!±s�§¬!w!!e.====/F(!!!!!aF3! <2====U!�====J2E!@8===='<!+====?)$%,!^====,)o!C2====,F<|!!!!+====,!(A====T,!-!A====h!"====l(%P!

Unimation!!!!!!!!!!!!!!!!!32=7$!(A=.W!H)=$!%=..�E!-!A=h!C2=,F<!V:%=h!e.=/F(!H)$!+:!X!ms�¯|!\Unimate!!(A=#,(!<3!
!327$!<):32f!(<!02'8'29E!%'2yE!¥?D!Vf)J!!

!! s�vu!w!!!)?2WtX!!!!!!!!!!!"9Q7=J(!)='!N)=#$2?!@(%=,!@8='<!+=?)$%,!^=,)o!"9:!e.h)?!\!2E!+=:!!�=JUnimation!!)=,!
!�%P!1(!"$)Q.#*WGeneral Motors!Ah!53(3!+TJ2E!-!!m!!

                                                   
1 !SCRUBMATE Robot 
2 !George Devol 
3 !Puma (Programmable Universal Machine for Assembly) 
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!! !)?2W!"&.h)?!VJ3§¯�!!
!!@!+S3s�u�!w!!!!!!!A.=J<!�'%=J!A=h<!@!+=9l%?![='!+,!C2,F<!VT&n!m!!!!!+=?)$%,!-!+L=J2?!@3)='1!3(A=TE

!!!!A==$327$!"==q%T?![==.E2,F<!<3!(<!"')==S!+==&.?1!F!)==S!m!!!!-![==.$)>?!"==JA&K?!<3![==.E2,F<!@)==S!+==&.?1
JA&K?!A$Ah!%*#&?!%E2.G?):!H29I!@)S!5A>*$(3!F!�%,!"!m!!

!!!!!!
!@<F)&q!"&.h)?!VJ3

C<),!!
!['38$!C2,F<

Cognex 
!%S)?!C2,F<

SCARA 
s��§!!!!D)l!)E!!w!!!!!!!!!!!HF3!<F3![='!-!_%=B#?!@)=S!C2=,F<!@!5A=&$(3%k!F![=`2:![=.E2,F<!<3!"ED2=BE

!d.�BE!F!)S!"$)G7:!Ah<!!

!! |��t!w!!<3!(<!"'2c#LU!-!·'%?!%6hF):!327$!(%U(!5<).J!04!<3!r4!@!+�{'<)E!@(%,!·'%?!!
%s'W52*I%V"#2%G0"J%),~$,H%%

! ![.E2,F<!@)S!g#L.J!<):!F!"l(%P!@(%,!"/27T?!z$(3!5)6')W!!
! !)'2W!^.9BE!F!@1)L/A?!g#L.J 
! !3<2f1),!a%#&: 
! !a)&6.J!@1)J!+#L')h!F!)S%6Ll 
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! !)S!_%B?X)S!+�.S)?!\">.$F%#>/(!@)SF%.$!F 
! !<(8q(!V{J!µ�J(F%E2.G?):! 
! %E2.G?):!"L'2$!+?)$%, 
!!!)=S!Y=.E%E!w!!!!!F!%E2.G?)==:!"=JA&K?!-!�%==,!"=JA&K?!-![==.$)>?!"=JA&K?!-!VL=='1!-![='8.q!-!C).==i)'<
%E2.G?):!g9I!!

%V&'=.%V"\;"%%

!!
%]52*I%V%/$,H%<�#}-(%*%N2,�%%

!)S!´%`!),!"')S2>J!D27T?!-!_%B#?!@)S!+')W
!A&#LS!5Ah!^y#?!@)S<).h!)'!m!)S!´%`!@)U!+,

'!"')S!+')W!1(!)S!C2,F<!1(!"f%,!-!)S<).h!)
!A&&:!"?!53)M#J(!V:%l!@(%,m!!

!-!)S!+$)f<):!<3![.E2,F<!"&.h)?!@)SF1),
!A&h),!"?!V,)�!@)S!C2,F<!1(!"')S!+$27$!m!04
!A&S3!V:%l!(<!32f!@!+')W!A&$(2E!"7$!)Sm!!

!!!!
]52*I%o\'0,B(%%
3B'0,B(%V"\;"%%

!!
! !@%*==,!@)==S!�==l!w!�==7/!-!(A==n!-!)==U!!)==?!@)==�,!F!<)==:!@(%==,!(<!"E)==.l!C)==IOP(!2==,!F!58==?!-

!A&&:!"?!).K?!!
! !!!C2,F<!@)S%6Ll!w!!!@A=&,%>.W!µ!!!!!!!!!!!e='(!C)=IOP(!F!A=&&:!"=?!",)='1<(!(<!zZ.=B?!F!V.T=iF

!!!A&#==J%q!"==?!"==>.$F%#>/(!@)==S!V==?OI!C<2==n!+==,!C2==,F<!%==/%#&:!+==,!(<!"==&.&`X!0(2==&I!+==,
H27L?!1)k!�l!F!F1),!V.TiF!-!a)�?\ 
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! !!Y9�(!)S!C2,F<!!!!!!!@(<F)=?!+=:!"E)IOP(!+,!§!!!!!!A=$<(3!1)=.$!A&#L=S!%*=,!�=l!X!!!!-!a)=�?!0(2=&I!+=,
!!!!!!!!!!!!!!!+=:!"')=S!V=:%l!@%=.k!51(A=$(!-!"°%?)=$!@)=S2E%W!g=:!@)S<(A�?!£.{*E!-!">'<)E!<3!0A'3

A&h),!"7$!0A'3!^,)o!)S!0)L$(!@(%,!+:!A$(![`2:!)'!�'%J!<Ao!04\ 

!!
!! !%�(!1(!53)M#J(!),!�&J!r)#h

!['%#>/(F8.qs!!
!%6Ll!;<2M.L>9q|!!

3$,6'2%V,9#~OT%%
!F!"J<1),!H)c$(!-!+./F(!3(2?!r){#$(!-!a)�?!0(2&I!+,mmm!!

!!['38$!A'3!),!@)S%6Ll!!
!!!V7Lo!r){#$(!w!!!!!!!!!!C<2=n!+=,!+=:!(<!"')=S!+=TZo!-!@A=T,!+=J!A='3!%6Ll!1(!53)M#J(!),!A$(2E!"?!C2,F<

!!A==&')7$!r)=={#$(!(<!A&#L==S!532==E!^>==h!+==,!"q3)y==E!m!C)==.97I!+==:!"')==c$4!1(!@!+=='j�E!�==f![=='!-!d==.QZE
!32h!A./2E!0(1<(!"')K,!+,!A$(2E!"?![.E)?2E(!g#L.J!['!-!A&h),!"7$!H1D!V/)W!['!F!¦2y{?m!!

!!
*#'0%V,9#~OT%%

!"l(%U!<3!F%.$!3<2f1),!F!@1)J)U!F!C)TZo!@1)J)U!-!a)�?!0(2&I!+,!!

!! !!!!@1)=J)U!F!C)TZo!@1)J)U!w!!!!!!!!=TZo!@1)=J)U!F!d=.o3!@1)=J)U!A=&$(2E!"=?!)=S!C2=,F<!!!)=,!(<!e.=h)?!C)
!!!!!!!A&S3!H)c$(!F%.$!%6Ll!1(!53)M#J(!m!!!!!!!!!!53)=J!@(%=,!-!%=#K,!C<2=n!+=,!(<!C)=TZo!A=$(2E!"=?!C2=,F<!['
!AS3!<(%o!)S!04!@1)J)U!03%:!m!AS3!H)c$(!(<!3)'1!C<)K?!@(<(3!@)S<):!A$(2E!"?!m!!

                                                   
1 !piezoelectric 
2 !flexiforce 
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!!
3B$J\0%V,9#~OT%%

!!

!!

!!

!C2,F<KOALA a)�?!!
Ó!!

!0F3)?!",)'!Vq)L?!%6Ll
8?%o!!

!!

!! !!Devantech SRF04 
!!

!!

! ¯!!!aAQ?!!!!!!!!!!+=.l)$!})*=#:(!@(%=,!C2=n(%q!r)'!C2n
1),!F!eKW!@)S!!

! !!!!eKW!@!+&?(3!['!@(%,!r)'!�$)?s§!!!)=E!%#7.#$)=J!t!
%#? 

! s¯!!!!!">'38$!8?%o!0F3)?!">'38$!%6Ll!X!!@!+=&?(3
§!"/(!|�%#7.#$)J!!\ 

! ![=='!C<2==n!+==,!8==?%o!0F3)==?!@)S%6L==l�!+,%==i
!@1)==c?!%==.k!�!!!!!03%==:!"==P!@(%==,!F!A==&&:!"==?!^==7I

&S3!"?!51)U(!VMJ!@)S)�q!A!!
!!C2n!(<F)?!r)'!Vq)L?!!

%['P%V,9#~OTh3L.m%%
!Y.h!@)S%6Ll!w!03%:!a3)T#?!@(%,!a)�?!0(2&I!+,X03%:!�$D),!\!C2,F<!['!!

!!

!!

!!

a)�?!!
Ó!!

!!

!@)W!F3!@(<(3!C2,F<
!"BZJs!!

!!Y.h!%6Ll!!
                                                   

1 !Planar Bipedal Robot 
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%,9%�#}(%a,9%/�'9,(%%
! !!!!!!!!!!=S<(8,(!@)=S!Y=.:%E!1(!�='(<![=.E2,F<!@)S!_%B?!!!!!"=?!53)M#=J(!�=9#{?!">.$)=>?F%#>/(!@)

!A&&:!!
! !0)?87S!<2E2? 
! 1)J!+9W!<2E2? 
! !g.p&E!32f!<2E2?AC 
! !a)�1!",!g.p&E!32f!<2E2?DC 
! !a)�1!),!g.p&E!32f!<2E2?DC 

!! !!

!!
!!

!!

!!
!<2E2?DC 1)J!+9W!<2E2?!!@1)k!<A&9.J!!"&�F<!<2E2?!!
!!

!!

!!
!!

!!_%B#?!32f!<2E2?!!@(!+�.S)?!%'(F!!@1)k!<2E2?!!
!!

!!
!!
!!
!!
!!
!!
!!
!!
!!

Y2,6(%N@#?R%%
http://www.nsbe.org 

http://www.nsbe.org

