?M9)CNG=FCO@!’ Davis-Putum K! , GSA T Bh 2 2s 1. Davis-Putum K!$N@vN}2= 2. 2]Bj 1 Dy@Z 5 7n 9 F| ( ?e ) 8:45. 0lIt$NJ}$KH/I=$r$*4j$$$7$^$9 ( 5a$‘H/I=<T ). 3. GSA T (Greedy SA T) 4. 2]Bj 2 Dy@Z 5 7n 23 F| ( ?e ) 8:45. 0lIt$NJ}$KH/I=$r$*4j$$$7$^$9 ( 5a$‘H/I=<T ). 5. %W%m%0%i%‘%j%9%H$rDs=P$9$k$3$H . 6. 9M;!$rI,$:=q$/$3$H!% 7. gnuplot $d Excel $J$I$r;H$C$F , %0%i%U$G7k2L$rI=<( . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-1 Davis-Putnum K! | function DP(�, V ) 1. %H!<%H%m%8!<5,B’ !’ %H!<%H%m%8!<$r4^$‘@a$r=|5n 2. � $,6u=89g$J$i , =<B-2DG= ( satis�able ) 3. � $,6u@a$r4^$‘$H , =<B-ITG= ( unsatis�able ) 4. C1 0l @a EA GE !’ � $, C1 0l @a $r 4^ $‘ $H , $= $N %j %F %i %k $N ?? 56 CM$r7h$a , � Cf$N3F@a$r4JN,2=$7 , DP $rE,MQ . 5. =c ?h %j %F %i %k 5, B’ !’ %j %F %i %k L $, =c ?h ( � Cf $N $I $N @a $K $b : L $,8=$l$J$$ ) $J$i , $=$N%j%F%i%k$r4^$‘@a$r � $+$i $9$Y$F=|$- , DP $rE,MQ . 6. J, 3d 5, B’ !’ V Cf $N CM $N Dj $^$C $F $$ $J $$ JQ ?t $N 1 $D $r v $H $9$k$H , return DP(� [ f v g , V ) o r DP(� [ f: v g , V ) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-2

J,3d5,B’$G$NJQ?tA*Br%R%e!<%j%9%F%#%/%9 Key Idea C1 0l @a EA GE ( Unit pr op agation , !V 1 %j %F %i %k 5, B’!W $N $3 $H ) $r $G $- $k $@ $1 B? $/ 0z $- 5/ $3 $9 $h $& $J JQ ?t $r M% @h $9$k . 1. JQ ?t $r true $K $7 $? $H $- $K @8 $8 $k C1 0l @a EA GE $N ?t $H , false $K$7$?$H$-$K@8$8$kC10l@aEAGE$N?t$r8+@Q$b$k . 2. $3 $N 2 $D $N 8+ @Q $j CM $r AH $_ 9g $o $; $F $= $N JQ ?t $N %9 %3 %" $H $9$k . 3. %9%3%":GBg$NJQ?t$rA*Br$9$k !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-3 MOM %R%e!<%j%9%F%#%/%9 1. Maximum Occurrence in cluases of Minimum length 2. 3FJQ?t x $KBP$7$F , 2 $D$N%G!<%?$r4IM} � pc ( x ) !’ x $, @5 $G=P8=$9$k 2 $DAH$_ @a$N8D?t � nc ( x ) !’ x $, Ii $G=P8=$9$k 2 $DAH$_ @a$N8D?t 3. nc $H pc $H$rAH$_9g$o$;$FJQ?t$r%9%3%"$D$1$k Nc!’ � scor e ( x ) = pc ( x ) � nc ( x ) � 1024 + pc ( x ) + nc ( x ) + 1 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-4

C10l@aEAGE%R%e!<%j%9%F%#%/%9 1. 3FJQ?t x $KBP$7$F , � upT ( x ) !’ x $K true $r3d$jEv$F$?7k2L@8$:$kC10l@aEA GE$N<B:]$N8D?t . � upF ( x ) !’ x $K false $r 3d $j Ev $F $? 7k 2L @8 $: $k C1 0l @a EAGE$N<B:]$N8D?t . 2. upT $H upF $H$rAH$_9g$o$;$FJQ?t$r%9%3%"$D$1$k Nc!’ � scor e ( x ) = upT ( x ) � upF ( x ) � 1024 + upT ( x ) + upF ( x ) + 1 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-5 AH$_9g$o$;$?%R%e!<%j%9%F%#%/%9 1. MOM %R%e!<%j%9%F%#%/%9$rMQ$$$F , JQ?t$K=g=x$D$1$k . 2. >e0L k 0L$^$G$NJQ?t$KBP$7$F , C10l@aEAGE%R%e!<%j%9%F%# %/%9$rE,MQ . 3. [ Chu Min Li & Anbulagan, IJCAI-97 ] Heuristics Based on Unit Propagation fo r Satis�abli- t y Problems, pp.366{371 � CNF (Conjunctive No rmal F o rm, OB@QI8=‘7A ) http://winnie.kuis.ky oto-u.ac.jp/ � okuno/Lecture/AI/satfo rmat.tex � DIMA CS LdBj=8$NCf?H http://winnie.kuis.ky oto-u.ac.jp/ � okuno/Lecture/AI/contents.tex !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-6

2]Bj 1 Davis-Putnum K!$NJQ?tA*Br%R%e!<%j%9%F%#%/%9 1. 3 $D$N%R%e!<%j%9%F%#%/%9$r>\:Y@_7W$7 , Hf3SI>2A$r9T$& . 2. Fq $7 $$ randam 3-SA T ( @a / JQ ?t Hf $, 4.25 !A 4.3) $G I>2A . F1$8JQ?t$N8D?t$KBP$7$F 100 Bj2r$/$3$H . O@M}<0$NI=8=J}K!$O DIMA CS $N CNF K!$K=>$&$3$H . 3. I>2AJ}K! 1 !’ 10 J,4V$G2r$1$kLdBj$NJQ?t$N:GBg8D?t$O!) 4. I>2AJ}K! 2 !’ DIMA CS LdBj=8$+$i:GDc 10 Bj2r$/!% ftp://dimacs.rutgers.edu/pub/challenge/sat/b enchma rks/cnf/ 5. %l%]!<%HDs=P 5/9 8 ;~ 45 J, . %" %k %4 %j %: %‘ 5- =R , Ld Bj $N 5- =R . <B 83 7k 2L , I> 2A $r =q $/!% %0%i%U$dI=$r;H$&$3$H$OI,?\!%%W%m%0%i%‘$OIUO?$K . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-7 Greedy lo cal sea rch | <jB3$- GenSA T(�) p ro cedure GenSAT( � ) fo r i = 1 to MAX-TRIES T = initial ( � ) fo r j = 1 to MAX-FLIPS if T satisfies � then return T else Poss- ips = hil l-climb ( � , T ) V = pick ( Poss- ips ) T = T with V ’s assignment flipped endif endfo r endfo r return "No satisfying assignment found" end GenSAT !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-8

GSA T $H$O 1. initial !’%i%s%@%‘$K@8@.$7$???56CM$N3d$jEv$F 2. hil l-climb !’ $= $N ?? 56 CM $r JQ 2= ( ip ) $5 $; $? $H $- $K K~ B- $9 $k@a$N?t$NA}J,$r:GBg$K$9$kJQ?t$rJV$9 . � $=$N$h$&$JA}J,$rJQ?t$N %9%3%" $H8F$V . � :GBgA}2C$, 0 !V sideways moves !W � :GBgA}2C$,Ii !V uphil l moves !W 3. pick !’JQ?t$N0l$D$r%i%s%@%‘$KA*$V . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-9 GSA T $N@-G= [Selman AAAI-92 I= 1] O@M}<0 GSA T Davis-Putnum K! JQ?t @a MAX-FLIPS tries ;~4V choices ?<$5 ;~4V 50 215 250 6.4 0.4s 77 11 1.4s 70 301 350 11.4 0.9s 42 15 15s 100 430 500 42.5 6s 8 : 4 � 10 3 19 2.8m 120 516 600 81.6 14s 0 : 5 � 10 6 22 18m 140 602 700 52.6 14s 2 : 2 � 10 6 27 4.7h 150 645 1500 100.5 45s { { { 200 860 2000 248.5 2.8m { { { 250 1062 2500 268.6 4.1m { { { 300 1275 6000 231.8 12m { { { 400 1700 8000 440.9 34m { { { 500 2150 10000 995.8 1.6h { { { Fq$7$$ randam 3-SA T ( @a / JQ?t Hf$, 4.25 !A 4.3) !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-10

Sidew a ys Moves [Selman AAAI-92, I= 4] LdBj no sidew a y moves all moves %-solved tries ;~4V %-solved tries ;~4V 1 69% 537 10s 100% 6 1.4s 2 39% 63,382 15m 100% 81 2.8m 3 100% 50,000 30h 100% 1 2.5s LdBj %?%$%W JQ?t$N?t @a$N?t MAX-TRIES 1 random 50 215 1000 2 random 100 430 100,000 3 30-queens 900 43240 100,000 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-11 GSA T $NJQ<o 1. hill-climbing 5;K! [Gent and W alsh 1993] =<B-@a$N?t$K4X$9$k hill-climbing ip $K$h$k6I=jC5:w GSA T � a greedy random hill-climbing 2. GSA T $G greediness $O=EMW$+ 3. GSA T $G randomness $O=EMW$+ � A*Br$9$Y$-JQ?t$rA*$V;~ � Kh2s$N;n9T$G$N=i4|3dEv 4. 5-21 (memo ry) $OLrN)$D$+ = ) 2 !A 4 $r GenSA T $NJQ<o$r9=C[$7 , 8!>Z !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-12

Greediness � JQ?tA*Br$G$N greediness { TSA T !’ 1. %9%3%"$r :G>.$K A}2C$5$;$kJQ?t$rJV$9 2. %9%3%"$rA}2C$5$;$kJQ?t$,$J$$;~$K$O , sidew a ys moves $r$9$Y$FJV$9 3. sidew a ys moves $,$J$$;~$K$OA4 moves $rJV$9 { TSA T $N@-G=$O GSA T $HF1Ey . { hil l-climbing $O=EMW � =i4|3dEv$G$N greediness 1F6A$J$7 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-13 Randomness � JQ?tA*Br$G$N randomness 1. DSA T : F1DxEY$K$h$$JQ?t$NA*Br | 7hDjE* $+$D 8xJ?$K =[4DE*$KJQ?t$rA*Br$7$F$$$/ 2. DSA T $N@-G=$O GSA T $h$j$b$h$$ . 3. $?$@$7 , 8xJ?$5 $,2]Bj � =i4|3dEv$G$N randomness 1. VSA T : =i 4| 3d Ev $r 7h Dj E* $K 9T $& $, , 8e B3 $N ;n 9T $G $O JP :9$r:GBg$K . e.g., A4It 0 ) A4It 1 ) H>J, 0 ) � � � 2. VSA T $N@-G=$O GSA T $HF1DxEY 3. $?$@$7 , 8eB3$N;n9T$G$N JP:9 $,2]Bj !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-14

5-21 (Memo ry), Max- ips BP Max-tries 1. HSA T : F1$8;n9T$G ip $5$l$?$3$H$N$"$kJQ?t$N$&$A :G$b 8E$$$b$N $r<h$j>e$2$k 2. HSA T $N@-G=$O GSA T $d DSA T $h$j$b$:$C$H$$$$ . Max- ips BP Max-tries � Max- ips Bg = ) 1 2s$N;n9T$G2r$1$k3NN( A}2C = ) C10L;~4VFb$K2r$1$k3NN( Dc2< � random 3-SA T ( N JQ?t!K 0 : 25 N ips $G =<B-@a$N3d9g!’ 87.5% ( 7 8 ) $+$i 97% $X !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-15 Max- ips BP Max-tries !’ @52rN($H ip $NA42s?t [Gent and W alsh, AAAI-93] !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-16

Max- ips BP Max-tries !’ Max- ips $N:GE,CM [Gent and W alsh, AAAI-93] !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-17 Random W alk $rMQ$$$? GSA T 1. 3N N( p , =< B- $5 $l $F $$ $J $$ @a $N 0l $D $K 8= $l $k JQ ?t $r <h $j >e $2 , $=$N??56CM$r ip 2. 3NN( 1 � p , GSA T $NI8=‘<jB3$-$K=>$& . i.e., $b$C$H$b$h$$6I=jE*$JJQ99$r9T$&!% Noise strategy 1. 3NN( p , G$0U$NJQ?t$r<h$j>e$2 , $=$N??56CM$r ip 2. 3NN( 1 � p , GSA T $NI8=‘<jB3$-$K=>$& . i.e., $b$C$H$b$h$$6I=jE*$JJQ99$r9T$&!% !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-18

;(2;$N$"$k@oN,$NHf3S [Selman, Kautz, and Cohen 1994] <0 basic GSA T GSA T with random w alk GSA T with noise ;~4V ips R ;~4V ips R ;~4V ips R 1 .4 7554 8.3 .2 2385 1.0 .6 9975 4.0 2 22 284693 143 4 27654 1.0 47 396534 6.7 3 122 2 : 6 � 10 6 67 7 59744 1.1 95 892048 6.3 4 1471 30 � 10 6 500 35 241651 1.0 929 7 : 8 � 10 6 20 5 * * * 286 1 : 8 � 10 6 1.1 * * * 6 * * * 1095 5 : 8 � 10 6 1.2 * * * 7 * * * 3255 23 � 10 6 1.1 * * * R !’ Resta rt $N2s?t , * !’ 10 ;~4V /1000resta rt $G2r5a$^$i$: O@M}<0 1 2 3 4 5 6 7 JQ?t$N8D?t 100 200 400 600 800 1000 2000 @a$N8D?t 430 860 1700 2550 3400 4250 8480 Compa ring noise strategies on ha rd random 3CNF instances. !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-19 W alkSA T � initial !’ GSA T $HF1$8 . %i%s%@%‘$J3d$jEv$F � hil l-climb !’ { =<B-ITG= @a$r<h$j>e$2$k { 3NN( p $G , b reak count $r:G>.$K$9$kJQ?t$rJV$9 b reak count !’ ip $G=<B-ITG=$H$J$k@a$N?t { 3NN( 1 � p $G , @aCf$N$9$Y$F$NJQ?t$rJV$9 � pick !’ GSA T $HF1$8 . %i%s%@%‘$KA*$V � p $ND4@0$,=EMW . 0.5 $G$b$&$^$/9T$/$3$H$,B?$$!% � Max-Flips $ODL>o O(N 2 ), Max-tries $ODL>o 10 !A 20 !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-20

2]Bj 2 GSA T $N@-G= 1. GSA T $r@_7W . 2. GSA T $N JQ <o | HSA T, GSA T with random w alk, W alkSA T | $rHf3S!&I>2A 3. Fq $7 $$ random 3-SA T ( @a / JQ ?t Hf $, 4.25 !A 4.3) $G I>2A . F1$8JQ?t$N8D?t$KBP$7$F 100 Bj2r$/$3$H . 4. I>2AJ}K! 1 !’ 10 J,4V$G2r$1$kLdBj$NJQ?t$N:GBg8D?t$O!) 5. I>2AJ}K! 2 !’ DIMA CS LdBj=8$+$i:GDc 10 Bj2r$/!% 6. %l%]!<%HDs=P 5/23 8 ;~ 45 J, . %" %k %4 %j %: %‘ 5- =R , Ld Bj $N 5- =R . <B 83 7k 2L , I> 2A $r =q $/!% %0%i%U$dI=$r;H$&$3$H$OI,?\!%%W%m%0%i%‘$OIUO?$K . !V?M9)CNG=FCO@!W , 5~ETBg3XBg3X1!>pJs3X8&5f2JCNG=>pJs3X@l96 , Apr. 25, 2000 Lecture 2-21