%J%C%W%5%C%/LdBj$*$h$S$=$NH/E8LdBj$NE}0lE*2rK! Solving a Class of Knapsac k Problems on Recursiv e Data Structures <DG8 8y y Isao SASANO 8U ?69> y Zhenjiang HU Ip;T @5?M y Masato T AKEICHI >.@n ?p;K yy Mizuhito OGA W A y El5~Bg3XBg3X1!9)3X7O8&5f2J>pJs9)3X@l96 Departmen t of Information Engineering, Univ ersit y of T oky o ( f sasano,hu,takeichi g @ipl.t.u-tokyo.ac.jp ) yy NTT %3%_%e%K%1!<%7%g%s2J3X4pAC8&5f=j NTT Comm unication Science Lab oratories ( mizuhito@theory.brl.ntt.co.jp ) 35 MW AH 9g $; :G E, 2= Ld Bj $N Be I= E* Ld Bj $N #1 $D $G $" $k %J%C %W %5%C %/ Ld Bj $O!" NP :$ Fq $G $" $k $,!" =E $_ $, @0 ?t $N $_ $N >l 9g $K $O F0 E* 7W 2h K! $K $h $k B? 9‘ <0 ;~ 4V %" %k %4 %j %: %‘ $, CN $i $l $F $$ $k!# $7 $+ $7!" F~ NO %G!< %? $K %j %9 %H!" LZ Ey $N 9= B$ $r F3 F~ $7 $F 9= B$ $K 4X $9 $k @) Ls >r 7o !J$? $H $( $P 8_ $$ $K NY 9g $o $J $$ Ey!K $r 2C $( $k $H!" 8z N( $N $h $$ %" %k %4 %j %: %‘ $r 9M $( $k $N $O MF 0W $G $O $J $$!# K\ O@ J8 $G $O!" F~ NO %G!< %? $, :F 5" 9= B$ $r ;} $D%J%C%W%5%C%/LdBj$rE}0lE*$K07$$!";EMM$+$i$N8zN($N$h$$%"%k%4%j%:%‘F3=PK!$rDs0F$9$k!# 1 $O $8 $a $K %J%C%W%5%C%/LdBj$H$O!"2ACM!"=E$_$r;}$D N 8D$N 2Y J* $H!" MF NL C $N B^ $, F~ NO $H $7 $F M? $( $i $l $? $H $- $K!"=E$_ OB$, C $r 1[ $($J $$ $h$& $J2Y J* $NA* $SJ} $N Cf $G!" 2A CM $N OB $, :G Bg $N A* $S J} $r 5a $a $k Ld Bj $G $" $k!# $3 $N Ld Bj $O AH 9g $; :G E, 2= Ld Bj $N Be I= E* Ld Bj $N #1 $D $G $" $j!" NP :$ Fq $G $" $k $,!" =E $_ $, @0 ?t $N $_ $N >l 9g $K $O F0 E* 7W 2h K! $K $h $k B? 9‘ <0 ;~ 4V %" %k %4 %j %: %‘ $, CN $i $l$F $$ $k [1] !# $7 $+ $7!" F~ NO %G!< %? $K %j %9 %H!" LZ Ey $N 9= B$ $r F3 F~ $7 $F 9= B$ $K 4X $9 $k @) Ls >r 7o !J$? $H $( $P 8_ $$ $K NY 9g $o $J $$ Ey!K $r 2C $( $k $H!" 8z N( $N $h $$ %" %k %4 %j%:%‘$r9M$($k$N$OMF0W$G$O$J$$ [2] !# K\ O@ J8 $G $O!" %J%C %W %5%C %/ Ld Bj $r :G Bg =E $_ OB Ld Bj [3] $H $7 $F $H $i $( D> $7!" %J%C %W %5%C %/ Ld Bj $N $5 $^ $6 $^ $J H/ E8 Ld Bj $K BP $9 $k 8z N( $N $h $$ %" %k %4 %j %: %‘ $N E} 0l E* F3 =P K! $r Ds 0F $9 $k!# $3 $N F3 =P K! $N %] %$ %s %H $O!" :F 5"4X ?t $G 5- =R $5 $l $? @) Ls >r 7o $+ $i!" :G E, 2= Dj M} [3] $r E, MQ $9 $k $3 $H $K $h $j %" %k %4 %j %: %‘ $, F3 =P $5 $l $k $H $3 $m $K $" $k!# K\ O@ J8 $G $O!" 4X ?t 7? 8@ 8l Hask ell [4] $K 6a $$5-K!$rMQ$$$k!# 2 :GBg=E$_OBLdBj$*$h$S:GE,2=DjM} :G Bg =E $_ OB Ld Bj $H $O!" !VMW AG $K =E $_ $N M? $( $i $l $? $" $k :F 5" %G!< %? x $, M? $( $i $l $? $H $- $K!" @- <A p $r K~ $? $9 x Cf $N MW AG $N It J, =8 9g $N $& $A $G =E $_ OB $, :G Bg $N $b $N $r 5a $a $k!W $H $$ $& Ld Bj $G $" $k!# I. <T $i $O [3] $K $* $$ $F!" :F 5" 4X ?t $K $h $j 5- =R $5 $l $? @- <A 5- =R $+ $i!" :G Bg =E $_ OB Ld Bj $r 2r $/ @~ 7A ;~ 4V %" %k %4 %j %: %‘ $r F3 =P $9 $k <j K! $r Ds 0F $7 $?!# K\ @a $G $O!" $= $N 7k 2L $N $_ $r <( $9!# >\ $7 $/ $O!" [3] $r ;2 >H $5 $l $? $$!# F3 =P $K $* $$ $F $O!"<!$N:GE,2=DjM}$,=EMW$JLr3d$r2L$?$9!# Theorem 1 ( :GE,2=DjM} ) @- <A p $, M- 8B $N CM 0h $r $b $D 4X ?t f i ( i = 1 ; : : : ; n ) $H m utumorphisms $r $J $7 $F $$ $k $J $i $P!" @- <A p $K 4X |1| opt accept � 1 : : : � k x = getdata ( " snd = [ ( c; w ; r � ) j ( c; w ; r � ) ( [ 1 ; : : : ; k ] ) D x; accept c ] ) where i ( e; c and 1 ; : : : ; c and n i ) = e achmax [ ( � i ( e � ; c 1 ; : : : ; c n i ) ; ( if mar k ed e � then w eig ht e � else 0) + w 1 + : : : + w n i ; C i ( e � ; r � 1 ; : : : ; r � n i )) j e � [ mark e; unmark e ] ; ( c 1 ; w 1 ; r � 1 ) c and 1 ; � � � ; ( c n i ; w n i ; r � n i ) c and n i ] ( i = 1 ; : : : ; k ) eachmax xs = f ol dl f [ ] xs where f [ ] ( c; w ; cand ) = [( c; w ; cand )] f (( c; w ; cand ) : opts ) ( c 0 ; w 0 ; cand 0 ) = if c = c 0 then if w > w 0 then ( c; w ; cand ) : opts else opts + + [( c 0 ; w 0 ; cand 0 )] else ( c; w ; cand ) : f opts ( c 0 ; w 0 ; cand 0 ) g etdata ( ; ; x ) = x ?^ 1 0lHLE*:GE,2=4X?t opt $9 $k :G Bg =E $_ OB Ld Bj $K $O @~ 7A ;~ 4V %" %k %4 %j %: %‘ $, B8 :_$7!"$=$l$r5!3#E*$KF3=P$G$-$k!# 2 Mutumorphisms [5] $O!" C1 0l $N 9= B$ :F 5" $G $" $k catamorphism $r!" Aj 8_ :F 5" E* $K Dj 5A $5 $l $? 4X ?t 72 $K 0l HL 2= $7 $? $b $N $G $" $k!# :F 5" E* %G!< %? 7? $O!" 0l HL E*$K<!$N$h$&$KDj5A$9$k$3$H$,$G$-$k!# D � = C 1 ( �; D 1 ; : : : ; D n 1 ) j C 2 ( �; D 1 ; : : : ; D n 2 ) j � � � j C k ( �; D 1 ; : : : ; D n k ) D i $O D � $rI=$7!" C i $O9=@.;R$rI=$9!#%j%9%H!"LZ $J$I$N:F5"%G!<%?7?$O$3$N7A$GI=8=$G$-$k!# $3 $N :F 5" %G!< %? >e $G m utumorphisms $O <! $N $h $& $KDj5A$5$l$k!# De�nition 1 (Mutumorphisms) :F 5" E* %G!< %? D � >e $N m utumorphisms $H $O!" <! $N $h $& $J 7A $G Aj 8_ :F 5" E* $K Dj 5A $5 $l $? 4X ?t 72 f 1 ; f 2 ; : : : ; f n $r;X$9!# i 2 f 1 ; 2 ; : : : ; n g $KBP$7$F!" f i ( C 1 e x 1 : : : x n 1 ) = � i 1 e ( h x 1 ) : : : ( h x n 1 ) f i ( C 2 e x 1 : : : x n 2 ) = � i 2 e ( h x 1 ) : : : ( h x n 2 ) . . . f i ( C k e x 1 : : : x n k ) = � ik e ( h x 1 ) : : : ( h x n k ) where h x = ( f 1 x; f 2 x; : : : ; f n x ) 2 0J 2< $G $O!" M- 8B $N CM 0h $r ;} $D 4X ?t $+ $i $J $k m utu- morphisms $rM-8B m utumorphisms $H8F$V!# @- <A p $, M- 8B m utumorphisms $G Dj 5A $5 $l $F $$ $k $H $-!" p $O!" M- 8B $N Dj 5A 0h $r ;} $D =R 8l accept $H M- 8B $N CM 0h $r ;} $D catamorphism $K <! $N $h $& $K J, 2r $9 $k$3$H$,$G$-$k!# p = accept � ( [ � 1 ; � 2 ; : : : ; � k ] ) ( [ ] ) $O!"%G!<%?7? D � >e$N catamorphism $rI=$9!# 0z ?t $H $7 $F F~ NO %G!< %? $r <u $1 $H $j!" @- <A p $K 4X $9 $k :G Bg =E $_ OB Ld Bj $N 1 $D $N 2r $r JV $9 4X ?t mw s p $O!" >e 5-$N4X?t accept; � 1 ; � 2 ; : : : ; � k $rMQ$$$F!" mw s p x = opt accept � 1 : : : � k x $H 5- =R $5 $l $k!# 4X ?t opt $N Dj 5A $O!" ?^ 1 $K M? $( $i $l $F $* $j!" $3 $N 4X ?t $O @~ 7A ;~ 4V 4X ?t $G $" $k!# 4X ?t opt $N@5$7$5!"@~7A@-$O!" [3] $K<($5$l$F$$$k!# 3 DL>o$N%J%C%W%5%C%/LdBj $3 $3 $G $O!" %J%C %W %5%C %/ Ld Bj $r!" :G Bg =E $_ OB Ld Bj $H $7 $F $H $i $(!" :G E, 2= Dj M} $r E, MQ $9 $k $3 $H $K $h $j B? 9‘<0;~4V%"%k%4%j%:%‘$rF3=P$9$kJ}K!$r<($9!# 3.1 ;E MM 2YJ* $N=8 9g $O!"=E $_$H 2ACM $N BP$r MWAG $H $9$k non- empt y %j %9 %H 7? [( Weight ; V alue )] $G I= $9!# %J%C %W %5%C %/ Ld Bj $O!" 2Y J* $N 2A CM $r =E $_ $H $9 $k :G Bg =E $_ OB Ld Bj $G $" $j!" K~ $? $9 $Y $- @- <A $O!" A* $P $l $? 2Y J* $N =E $_ OB $, B^ $N MF NL C $r 1[ $( $J $$ $H $$ $& @- <A k nap $G $" |2|

$k!# k nap xs = weightsum xs � C 3.2 F3 =P @-<A k nap $r non-empt y %j%9%H>e$NM-8B m utumor- phisms $G I= $9 $? $a $K!" 0J 2< $N $h $& $J 4X ?t cut $r F3 F~$9$k!# cut : Weight ! Weight cut w = if w � C then w else C + 1 $3$N4X ?t cut $O!" =E $_$r 0z ?t $K $H $j!"=E $_ $, C $h $j Bg $- $1 $l $P C + 1 $r JV $7!" $= $& $G $J $1 $l $P $= $N =E $_ $r $= $N $^ $^ JV $9!# $3 $N 4X ?t cut $r MQ $$ $k $H!" @- <A k nap $O0J2<$N$h$&$KI=$9$3$H$,$G$-$k!# k nap xs = sumw xs � C sumw [ x ] = cut ( if marke d x then w eig ht x else 0) sumw ( x : xs ) = cut (( if marke d x then w eig ht x else 0) + sumw xs ) 4X ?t mar k ed $O!" 0z ?t $K M? $( $i $l $? MW AG $, A* $P $l $F $$ $k ( %^!< %/ IU $1 $i $l $F $$ $k ) $J $i $P T rue !" $= $& $G $J $$ $J $i $P F alse $r JV $9 4X ?t $G $" $k!# k nap $N <h $j F@ $k CM $O T rue,F alse , sumw $N <h $j F@ $k CM $O 0 ; 1, : : : , C + 1 $G $" $k $N $G!" 4X ?t 72 k nap; sumw $O!" non-empt y %j%9%H>e$NM-8B m utumorphisms $r$J$9!# $h$C $F!" :G E, 2= Dj M} $r E, MQ $9 $k $3 $H $K $h $j!" <! $N %" %k%4%j%:%‘$rF@$k!# k napsack x = opt accept � 1 � 2 x where accept x = x � C � 1 x = cut ( if marke d x then w eig ht x else 0) � 2 ( x; y ) = cut (( if marke d x then w eig ht x else 0) + y ) $3$N%"%k%4%j%:%‘$N7W;;NL$O!" O ( C N ) $G$"$k!# 4 %j%9%H>e$N%J%C%W%5%C%/LdBj A0 >O $G $O DL >o $N!" 9= B$ $N $J $$ %J%C %W %5%C %/ Ld Bj $r 07$C $?!# $3 $N >O $G $O!" 2Y J* $, %j %9 %H >u $K JB $s $G $$ $k >l 9g $r 9M $(!" NY $j 9g$C $? 2Y J* $O A* $V $3 $H $, $G $- $J $$ $H $$ $& @) Ls >r 7o $, 2C $o$C $? Ld Bj $r 2r $/ %" %k %4 %j %: %‘ $r:GE,2=DjM}$K$h$jF3=P$9$k!# 4.1 ;E MM $^ $:!" NY $j 9g$C $? 2Y J* $O A* $P $l $J $$ $H $$ $& @- <A indep $O!"<!$N$h$&$KDj5A$G$-$k!# indep [ x ] = T rue indep ( x : xs ) = if marke d x then not ( marke d ( hd xs )) ^ indep xs else indep xs hd [ x ] = x hd ( x : xs ) = x indep $N 0z ?t $, [ x ] $N >l 9g $O!" 2Y J* $, 0l $D $N >l 9g $K BP 1~ $7!" $= $l $r A* $s $G $b A* $P $J $/ $F $b NY $j 9g$C $? 2Y J* $O A* $P $l $J $$ $N $G!" T rue $G $" $k!# indep $N 0z ?t $, ( x : xs ) $N >l 9g $O!" 2Y J* $, J# ?t $N >l 9g $K BP 1~ $7!" @h F, $N 2Y J* x $, A* $P $l $? >l 9g $K $O!" ;D$C $? 2Y J* xs $+ $i!" @h F, hd xs $r A* $P $: $K!" $+ $D @- <A indep $r K~ $? $9 $h $& $K A* $P $J $1 $l $P $J $i $J $$!# hd $O!" non- empt y %j %9 %H $r 0z ?t $K $H $j!" $= $N @h F, MW AG $r JV $9 4X ?t $G $" $k!# $3 $N @- <A indep $r MQ $$ $k $3 $H $K $h $j!" $3 $NLdBj$N@-<A p $O<!$N$h$&$K5-=R$G$-$k!# p xs = indep xs ^ k nap xs 4.2 F3 =P $3 $N @- <A p $O!" 4X ?t hd $N CM 0h $, ( 0l HL $K $O ) M- 8B $G $J $$ $? $a!" M- 8B m utumorphisms $G $O I= $5 $l $F $$ $J$$!#@-<A p $rM-8B m utumorphisms $GI=$9$?$a$K!" 4X ?t indep Cf $N not ( marke d ( hd xs )) $N It J, $r p 1 $H$*$/!#M;9gJQ49$K$h$j!" p 1 $O!" p 1 [ x ] = not ( marke d x ) p 1 ( x : xs ) = not ( marke d x ) $HJQ49$5$l$k!#$h$C$F!"@-<A indep $O!" indep [ x ] = T rue indep ( x : xs ) = if marke d x then p 1 xs ^ indep xs else indep xs $H$J$j!"4X?t72 p; indep; p 1 ; k nap; sumw $O non-empt y %j %9 %H >e $N M- 8B m utumorphisms $r $J $9!# $h$C $F!" 7k 2L $O >J N, $9 $k $,!" :G E, 2= Dj M} $K $h $j O ( C N ) $N %" %k%4%j%:%‘$,F@$i$l$k!# 5 LZ>e$N%J%C%W%5%C%/LdBj $3 $N >O $G $O!" 2Y J* $, LZ >u $K $J$C $F $$ $k >l 9g $r 9M $(!" A* $V 2Y J* $O $9 $Y $F ;^ $G $D $J $,$C $F $$ $J $1 $l $P $J $i $J $$ $H $$ $& @) Ls >r 7o $, 2C $o$C $? Ld Bj $r 2r $/ %" %k %4 |3|

%j %: %‘ $r :G E, 2= Dj M} $K $h $j F3 =P $9 $k!# [2] $K $* $$ $F $O!" 4X 78 $r MQ $$ $k $3 $H $K $h $j $3 $N Ld Bj $K N‘ ;w $7 $? Ld Bj $r 2r $/ %" %k %4 %j %: %‘ $r F3 =P $7 $F $$ $k $,!" F3 =P ;~ $K E, MQ $9 $k 5, B’ $N >r 7o $, J# ;( $G $" $j!" 5, B’ $, E, MQ $7 $K $/ $$!# $= $l $K BP $7!" :G E, 2= Dj M} $O >r 7o $, 4J 7i $G $" $k $N$GE,MQ$7$d$9$/!"F3=P$N<+F02=$b2DG=$G$"$k!# 5.1 ;E MM LZ$O<!$N$h$&$KDj5A$5$l$k 2 J,LZ$G$"$k$H$9$k!# T r e e � ::= L e af � j Bin � ( T r e e � ) ( T r e e � ) $^$:!"OB$, C $r1[$($J$$$H$$$&@-<A tk $O!" tk t = tws t � C tws ( L e af x ) = cut ( if mar k ed x then w eig ht x else 0) tws ( Bin x t 1 t 2 ) = cut (( if mar k ed x then w eig ht x else 0) + tws t 1 + tws t 2 ) $N $h $& $K 5- =R $G $- $k!# <! $K!" A* $s $@ 2Y J* $, ;^ $G $D $J $,$C$F$$$k$H$$$&@-<A tc $O<!$N$h$&$K=q$1$k!# tc ( L e af x ) = T rue tc ( Bin x t 1 t 2 ) = if mar k ed x then tc 0 t 1 ^ tc 0 t 2 else ( nm t 1 ^ tc t 2 ) _ ( tc t 1 ^ nm t 2 ) LZ$,!" 1 $D$N MU$N $_$+ $i$J $k>l9g $K$O!" @-<A tc $OK~ $?$5$l$k!#LZ$,!" ( Bin x t 1 t 2 ) $G$"$k >l9g$K $O!" x $, A* $P $l $F $$ $? >l 9g $K $O!" t 1 $H t 2 $O!" A* $P $l $? D: E@ $, :, $N B& $K =8 $^$C $F $$ $k ( $9 $J $o $A!" $" $k D: E@ $, A*$P$l$F$$$? $J$i$P!" $=$N?F$N D:E@$b A*$P$l $F$$$k ) $H $$ $& @- <A tc 0 $r 6& $K K~ $? $7 $F $$ $k $+ $I $& $+ %A%’%C %/ $7!" x $, A* $P $l $F $$ $J $+$C $? >l 9g $K $O!" t 1 , t 2 $N 0l J} $K $O A* $P $l $? D: E@ $, B8 :_ $7 $F $O $J $i $:!" $b $& 0l J}$O@- <A tc $r K~$? $7 $F$$ $J$1 $l$P $J $i$J $$!#LZ $KA* $P$l$?D:E@$,B8:_$7$J$$$H$$$&@-<A$, nm $G$"$j!" nm ( L e af x ) = not ( mar k ed x ) nm ( Bin x t 1 t 2 ) = not ( mar k ed x ) ^ nm t 1 ^ nm t 2 $N$h$&$KDj5A$G$-$k!#$^$?!"@-<A tc 0 $O!" tc 0 ( L e af x ) = T rue tc 0 ( Bin x t 1 t 2 ) = if mar k ed x then tc 0 t 1 ^ tc 0 t 2 else nm t 1 ^ nm t 2 $N$h$&$KDj5A$9$k$3$H$,$G$-$k!# $3 $l $i 2 $D $N @- <A tk , tc $r MQ $$ $k $3 $H $K $h $j!" $3 $NLdBj$N@-<A p $O!"<!$N$h$&$K5-=R$G$-$k!# p t = tk t ^ tc t 5.2 F3 =P 4X ?t 72 p; tk ; tc; tw s; nm; tc 0 $O LZ >e $N M- 8B m utu- morphisms $r $J$9$N $G!":G E,2=Dj M}$r E,MQ$9 $k$3 $H $K$h$j!"<!$N%"%k%4%j%:%‘$rF@$k!# k naptr ee t = opt accept � 1 � 2 t where accept ( a; b; c; d ) = a � C ^ b � 1 x = ( cut ( if mar k ed x then w eig ht x else 0) ; T rue ; not ( marke d x ) ; T rue ) � 2 ( x; ( a 1 ; b 1 ; c 1 ; d 1 ) ( a 2 ; b 2 ; c 2 ; d 2 )) = ( cut ( if mar k ed x then w eig ht x else 0) + a 1 + a 2 ) ; if mar k ed x then d 1 ^ d 2 else ( c 1 ^ b 2 ) _ ( b 1 ^ c 2 ) ; not ( mar k ed x ) ^ c 1 ^ c 2 ; if mar k ed x then d 1 ^ d 2 else c 1 ^ c 2 ) $3$N%"%k%4%j%:%‘$N7W;;NL$O!" O ( C 2 N ) $G$"$k!# 6 7k O@ K\ O@ J8 $G $O!" =E $_ $, @0 ?t $N 3F <o %J%C %W %5%C %/ Ld Bj $r!" :G Bg =E $_ OB Ld Bj $H $_ $k $3 $H $K $h$C $F E} 0l E* $K 07 $$!"B?9‘<0;~4V%"%k%4%j%:%‘$NF3=PK!$rDs0F$7$?!# ;2 9M J8 8% [ 1 ] Silv ano Martello and P aolo T oth. Knapsack Pr oblems : A lgorithms and Computer Implementations . Wiley- In terscience series in discrete mathematics and optimiza tion. John Wiley & Sons Ltd., 1990. [ 2 ] Oege de Mo or. A generic program for sequen tial de- cision pro cesses. In Pr o c e e dings of 7th International Symp osium on Pr o gr amming L anguages : Implementa- tions, L o gics, and Pr o gr ams (PLILP’95) , LNCS 982, pages 1{23, Utrec h t, the Netherlands, Septem b er 1995. [ 3 ] Isao Sasano, Zhenjiang Hu, Masato T ak eic hi, and Mizuhito Oga w a. Mak e it practical: A generic linear- time algorithm for solving maxim um-w eigh tsum prob- lems. In The 2000 A CM SIGPLAN International Con- fer enc e on F unctional Pr o gr amming (ICFP2000) , Mon- treal, Canada, Septem b er 2000. A CM Press. to app ear. [ 4 ] Ric hard Bird. Intr o duction to F unctional Pr o gr am- ming using Haskel l (se c ond e dition) . Pren tice Hall, 1998. [ 5 ] E. Meijer, M. F okkinga, and R. P aterson. F unc- tional programming with bananas, lenses, en v elop es and barb ed wire. In Pr o c. Confer enc e on F unctional Pr o gr amming L anguages and Computer A r chite ctur e , LNCS 523, pages 124{144, Cam bridge, Massac h usetts, August 1991. |4|