V ol. 0 No. 0 >pJs=hM}3X2qO@J8;o 1959 :GBg%^!< %/ IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N <+F0@8@. 2# ;3 E/ O: y <D G8 8y yy 8U ?6 9> y ; yy Ip ;T @5 ?M y ; yy :GBg%^ !<%/ IU $1LdBj $H $O !$ M?$( $i $l$? %G !<%?$NMW AG $KBP$9$k%^ !<%/ IU $1$N $& $A!$ $"$k>r7o $rK~ $?$9 %^!<%/IU $1$NCf$+ $i !$ $"$k=E$_4X?t $K 4X $7 $F :GE, $J%^!<%/IU $1$r5a$a$kLdBj $G$"$k!%:GBg%^ !<%/IU $1 LdBj $O$5$^ $6 $^$J:GE,2=LdBj $r4^$_!$ $= $l$r 2r$/8zN( $N$h$$ %W %m %0 %i%‘$N<+F0@8@. $O0U5A?<$$ $, !$<B MQE* $J<+F0@8@. %7%9%F%‘ $r9=C[$9$k $N $O Fq $7 $$$3$H $, CN $i $l$F$$$k !%K\ O@J8 $G$O !$:G Bg%^!<%/IU $1Ld Bj$N8zN(E* %W %m %0 %i%‘$N<+F0@8@.;~ $K M-8z $JJQ495,B’ $H %W %m %0 %i %‘JQ49 $r4J7i $K5-=R $G$-$k8@8l $rDs 0F$9$k $H$H$b $K !$ $= $l$r;Y1g$9$k %7 %9 %F%‘ $N<B8= <jK! $r<( $7 !$ 6qBN E* $JNc $rMQ $$$F $=$NM-8z @- $r<($9 !% Automatic Generation of E�cien t Programs for Maximam Multi-Marking Probrems Tetsuo Yoko y ama, y Isa o Sasano, yy Zhenjiang Hu y ; yy and Masa to T akeichi y ; yy The maxim um marking problem is the problem of marking the entries of some given data structure in such a wa y that a given constraint is satis�ed and it maximizes the v alue com- puted from the marked en tries with resp ect to a given weigh t function. This kind of problems are practically interesting enough to cov er many optimization problems. This calls for auto- matic systems to generate e�cient programs from the initial sp eci�cation of the problems, but the construction of such system is known to b e a challenge. In this pap er, w e shall prop ose a general framework for automatic generation of e�cient programs for the maximum marking problems, showing how to naturally describ e and e�ciently implement transformation and its strategy , and explaining how to construct a practical system supp orting b oth high lev el generation pro cess as well as low level debugging. W e illustrate our metho d with several interesting examples. 1. $O $8 $a $K %W %m %0 %i%‘ $r=q$/ $H$-!$ <B9T ;~ $N8zN( $H%=!<%9 %3!< %I $N4J7i $5 $N $I $A $i $rM%@h $5 $;$k $+$H$$$& Fq $7 $$LdBj $, $"$k!% M} 2r $7 $d$9$/9b $$%b %8%e!< %k@- $r$b$D %W %m %0 %i%‘ $O8zN( $,$h$/ $J$$ $3$H $, B?$/ !$ 5U $K8zN( $N$h$$ %W %m %0 %i%‘ $, M}2r $7$K $/ $$ $3 $H$bB? $$!% M}2r $7 $d$9$$ %W %m %0 %i%‘ $r;EMM $H $7 !$ %W %m %0 %i%‘JQ49 $K$h$C $F8zN( $N $h$$ %W %m%0 %i %‘$r F@$k$3$H$G $3 $N LdBj$r 2r 7h$G$- $k !% %W %m %0 %i%‘JQ49 $rMxMQ $7 $? %W %m %0 %i%‘$N3+ H/ $K$*$$ $F $O !$ ;E MM $N5- =R $H!$ %W %m %0%i%‘JQ 49 $N $? $a $NJQ 49 5, B’ !$ JQ49@oN,$N5-=R $K J,3d $G$-$k$3$H $, MxE@ $G$"$k !% y El5~Bg3X Bg3X1! >pJsM}9)3X7O8&5f2J ?tM}>pJs3X@l96 Department of Mathematical Informatics, Graduate School of Information Science and T ec hnology , Univ er- sity of T oky o yy El5~Bg3X Bg3X1! 9)3X7O8&5f2J >pJs9)3X@l96 Department of Information Engineering, School of En- gineering, Universit y of T oky o :GBg %^ !<%/ IU $1LdBj 1) $H$$$&Ld Bj $r9M $($F$_$k !% :G Bg%^!<%/ IU $1LdBj $H $OM? $( $i $l$? %G !<%? $NMW AG $KBP$9 $k%^!<%/ IU $1$NCf $+$i!$ $"$k>r 7o p $r K~ $?$9%^ !<%/IU $1 $r <h$j =P $7 !$$=$N Cf $+$i $" $k =E$_ 4X?t w $K 4X $7 $F :GE, $J%^!<%/ IU $1 $r5a$a$kLd Bj $G$"$k!% :GBg %^ !<%/IU $1 LdBj $O$5$^ $6 $^$J:GE, 2=Ld Bj $r4^ $_!$ B?$/ $N8&5f $, $J$5 $l$F$$$k 1) 2) 3) 4) 5) 6) !% $3$NLdBj $O<!$N $h$& $J %W %m %0 %i%‘$G2r $/ $3$H $,$G $-$k !% mmp p w = " w = � �lter p � gen 4X?t gen $O 2DG= $J%^ !<%/ IU $1 $r$9 $Y $F@8@. $9 $k!% <! $K $=$NCf $+ $i@-<A p $r K~ $?$9 $b $N $r �lter p $G <h $j=P $9 !% $=$NCf $G=E$_4X?t w $NCM $, :GBg $N$b $N $r " w = $r MQ$$ $F 1 $D<h$j=P$9 !% $3$N:GBg %^ !<%/ IU $1LdBj $r2r$/ %W %m %0 %i%‘ $OM}2r $7 0W$$ $, !$ 7W ;;NL $O ;X?t %*!< %@ !< $G$"$k $?$a!$ 8zN( $, 0- $$!% 0l J}!$ @-<A p !$ =E $_4X?t w $, $= $l $>$l$"$k>r7o $r K~ $? $9 $H $- $K $O@~ 7A ;~ 4V %" %k %4 %j %: %‘ $,B8:_ $9 $k 2) 3) 1) $, !$$= $N %W %m %0 %i%‘$OM}2r $7 0W$$$b$N$G$O$J$$ !% 1

2 >pJs=hM}3X2qO@J8;o 1959 $7 $? $,$C $F!$ :GBg %^ !<%/IU $1 LdBj $r2r$/8z N( $N$h $$ %W %m %0 %i%‘$N<+F0 @8 @. $O0U5A?< $$ $3 $H $G !$ <B :]B? $/ $N 8&5f<T$r L%N; $7 $F $-$? !%Nc $( $P !$J88% 3) $G$O @~ 7A %W %m %0 %i%‘ $, <+F0@8@. $5 $l$F$$$k!% $7$+ $7 !$ $3$N@8@. $5 $l $k@~7A %W %m %0 %i%‘ $O5pBg $J%5 %$ %:$N %F!< %V%k$r ;}$C $F $*$j !$ $^ $C $?$/<BMQ $K$J $i$J$$!% 2f!9 $NCN$k8B $j $K $*$$ $F!$ :G Bg %^ !<%/IU $1 LdBj $r2r$/@~ 7A;~ 4V %W %m %0 %i %‘$N<+F0@8@. $r 9T $& %7 %9%F%‘ $O B8:_ $7 $J $$ !% %W %m %0 %i%‘ $N<+F0@8 @. %7%9 %F%‘ $r9=C[ $9$k $K $O !$ 8z 2LE* $JJQ495, B’ $H!$ JQ 495, B’ $HJQ49@o N, $r4J7i $K5-=R $G$-$k8@8l $, I,=EMW $G$"$k!% 0lHL $K!$ 8z 2LE* $JJQ495, B’ $H $O<! $N 2 $D$N@-<A $r$b$D $b $N $G$"$k!% Bh0l $K !$ B? $/ $N %W %m %0 %i%‘ $N%Q %? %s$KE,MQ $G$-$kHF MQ @- $r$b$D5, B’ $G$"$k $3$H!% BhFs $K!$ <B Au $r2DG= $K$9$k$? $a $KJQ49 5,B’ $, 9=@. E* $G$"$j8= <B E* $J;~4V $G5,B’ $NE,MQ $,2DG= $G$"$k $3 $H!% Nc $( $P !$ !V <+A3 ?t p; q $, B8:_ $7 $F n = p � q $r K~$? $9$J$i $P , n $r p � q $K =q$- JQ$( $k !W $H$$ $&5, B’ $O 9=@.E* $G$J$$ Nc $G$"$k !% JQ49@o N,5- =R 8@8l $rMQ $$$k $3 $H $GJQ495, B’ $r $I $N$h $& $K E, MQ $9 $k$+ $r ;X Dj$9 $k$3 $H$, $G $- $k 7) 8) !% MA G %7 %9%F %‘ 9) $N $h $& $K @oN,$r 5-=R $7 $J$$ $b$N$b $" $k $, !$ %f!<%6 $N0U?^ $7 $?F3=P $r$9$k $3 $H $OFq $7 $$!% $= $3 $GJQ 49@oN,$N5-=R $, =EMW $K$J$C$F $/$k!% K\O@J8$G $O , :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘ $N<+F0 @8 @.;~ $KM-8z $JJQ49 5,B’ $HJQ49@o N,5- =R 8@8l $r Ds0F $7 !$ $= $l$r ;Y1g $9$k4D 6- $N<B8= $r<($9 !% K\ %7 %9 %F %‘ $O <!$N 3 $D$N FCD’ $r ;}$D!% { 2f !9 $NJQ495, B’ $O , :G Bg%^!< %/IU $1 LdBj 0lHL $K E, MQ $G$-$kHFMQE* $JJQ495, B’ $G$"$j !$ B?$/ $NLdBj $K E,MQ $G$- $k!% $^ $?!$ $3 $NJQ 49 5, B’ $O9= @. E* $G $"$j !$ <B8= $K 8~$$ $F$$$k !% { 2f!9 $NJQ49 @o N, $O !$%a %?8@8l $G$"$k1? ;;IU ?o %W %m %0 %i %‘ 7) !J Calculation Carrying Program !$0J 2< CCP $H N,5- !K $K$h $C $F5-=R$5 $l $k!%=>Mh $NJQ 495- =R 8@ 8l 8) $NB?$/ $O 1 3,%^ %C %A %s %0 5!G= $7$+$J $/ !$ D> @\ $K5-=R 2D G= $J5, B’ $, 8BDj $5 $l $k $, !$ CCP $O 9b3,%^ %C %A %s %0 5!G= $r$b$D $N $G9-HO 0O $N5,B’ $, 5-=R $G$-$k !% $^ $? CCP $O %W %m %0 %i %‘JQ49 $N@)8f $r $7 $d$9$$!% Nc $( $P !$ JQ 495, B’ $rE,MQ $G$-$k>l9g $K$@$1E,MQ $r9T $J $& $3 $H$r5-=R $7 $?$j!$ $"$k>r 7o $r K~ $?$9$^ $G7+$j $+ $( $7 E,MQ$9 $k $3 $H $r5-=R $7 $? $j!$ JQ49 @oN, $rJL$NJQ 49@o N, $N0lIt $GMQ$$ $?$j$9 $k$3 $H $, 4JC1 $K$G$-$k!% $3$N$h$& $KD>4QE* $K M}2r $7 $d$9$$ 7A $GJQ 49 @o N, $r5-=R $G$- $k $3 $H $, !$ CCP $, JQ49 @o N, $N5- =R $K8~ $$ $F $$ $k M} M3 $N0l $D $G $" $k !% { 2f !9 $N %7 %9%F%‘$G$O !$ CCP $r %3%s %Q %$ %k $7 Cf4V 8@8l $G$"$k%9 %/%j %W%H$K JQ49 $G$-$k!% $^ $?F@ $i $l $? %9%/%j %W%H $r BPOCE* $K <B9T$9$k4D6- $,$" $j , %G %P %C %0 $r 9T$$$d$9$$ !% K\O@J8 $N9=@. $O <! $N$h $& $K$J$C$F$$$k!% 2 >O $G !$:G Bg%^!<%/ IU $1LdBj $rDj5A $7 !$ @~7A ;~ 4V %" %k %4 %j %:%‘ $r F@$kJQ495,B’ $r<($9 !% 3 >O $G$O$3$N %W %m %0 %i%‘$N<+F0 @8@. $r 9T$& %7 %9%F%‘ $N9=@. $r<( $7 !$ 4 >O $G$3$N %7 %9%F %‘ $rMQ$$ $F $$$/ $D $+$N:GBg%^ !<%/ IU $1LdBj $N@~7A ;~4V %W %m %0 %i%‘$N<+F0@8@.$r9T $& !% 5 >O$G7kO@$r=R$Y$k !% $J $*0J 9_K\O@ J8 $G$O 1) $G $N I= 5-K! $K $"$o$; 4X ?t7? 8@8l Haskell 10) $K $h $/;w$?5-K!$rMQ$$$k!% 2. :GBg%^!<%/IU $1 LdBj $3$N>O $G $O !$ :GBg %^ !<%/IU $1 LdBj $rDj5A $7 !$ @~ 7A;~ 4V%" %k %4 %j %:%‘ $rF@$kJQ49 5,B’ $r<($9 !% $J$*0lHL $K :G Bg%^!<%/ IU $1LdBj $N%^ !<%/ $N<o N‘ $OB?<oN‘ $G$b $+$^ $o $J$$ 1) $, !$ K\ O@ J8 $G $OLdBj $r4JC1 $K$9$k $?$a $K%^!<%/ $N <oN‘$r 2 <oN‘$H$9$k !% 2.1 :GBg%^!<%/IU $1 LdBj$N;EMM :GBg %^!< %/IU$1 Ld Bj$H$O 0J 2<$N $h $& $J Ld Bj $G $" $k !% F~NO $H $7 $F$O!$ MW AG $K=E$_ $NM? $( $i $l$?$"$k:F5" %G !< %? $, M? $( $i $l $k!% $=$NF~ NO %G !<%?Cf $N $$$/ $D $+$NMWAG $K %^!<%/ $r$D $1$k $H$$ $& A‘:n $r9M $( !$ $3 $l$r%^!<%/IU $1 $H 8F $V !%:G Bg %^!< %/ IU$1 Ld Bj$O !$@-<A p $r K~$? $9 %^!< %/IU$1$N Cf$G !$=E$_ 4X?t w $N CM $, :G$b Bg$-$J $b $N$r 1 $D8+$D $1$kLdBj $HDj5A $G$-$k!% :G Bg %^ !<%/ IU $1 LdBj$N2r $O , $9$Y$F$N%^!<%/IU $1$NCf $+$i @-<A p $r K~ $? $9$b$N$r �lter p $G <h$j=P $7 !$$=$NCf $G =E$_4X?t w $N CM $, :GBg$N$b$N $r " w = $r MQ$$$F 1 $D <h$j=P$9 $3$H $K $h$C$FF@$i $l $k . mmp p w = " w = � �lter p � gen (1) @-<A $r p , =E $_4X?t $r w !$ F~ NO %G !<%? $r x $H$9$k $H$- , mmp p w x $, 1 $D$N 2r$rM?$( $k . 4X?t g en $O , F~NO %G !<%?$r 0z?t $K$H $j , $9$Y$F$N %^!< %/IU$- %G !<%?$+$i $J $k %j%9 %H $r JV$9 . gen [ ] = [[ ]] gen ( x : xs ) = [ x � : xs � j x � [ mark x; unmark x ] ; xs � gen xs ] $3 $3 $G , 4X ?t mar k , unmar k $O , %^!< %/$r IU$1 $k 4X ?t , %^!<%/ $r IU $1$J$$ 4X?t $r I=$9 . mar k x = ( x; T rue ) unmar k x = ( x; F alse ) " f $O <!$N$h $& $K Dj5A$5 $l $k !%

V ol. 0 No. 0 :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N<+F0@8@. 3 a " f b = a; if f a > f b = b; otherwise $^$? , 1i;;;R = $O � = [ a 1 ; a 2 ; : : : ; a n ] = a 1 � a 2 � � � � � a n $H Dj5A$5 $l $k !% :GBg %^ !< %/ IU $1LdBj $O $5 $^ $6 $^ $JLd Bj $r4^ $s $G$$ $k !% Nc $( $P !$:GBgItJ, NsOBLd Bj 11) $r 9M $($F $_ $k!%:GBg It J,Ns OBLd Bj $H $O !$ M? $( $i $l$?NsCf $NO"B3 $9$k ItJ, Ns $N Cf $G OB $, :GBg $H$J$k$b$N$r JV$9LdBj $G$"$k !%Nc $( $P [1 ; � 2 ; 4 ; � 1 ; � 2 ; 5 ; � 1] $H$$ $&%j %9 %H$, M? $( $i $l$? $H$-$N:G BgIt J, NsOB Ld Bj $N 2r $O [4 ; � 1 ; � 2 ; 5] $H$J$k!% $3$N:GBg ItJ, NsOB Ld Bj $r:GBg%^ !<%/ IU $1LdBj $H $7 $F Dj<02= $9 $k $? $a $K !$ MW AG $K%^!<%/ $rIU $1$k $3 $H $K $h$C$F ItJ,Ns $r I= $o$9!% Nc $( $P !$>e $NNc$G$O2r$O [1 ; � 2 ; 4 � ; � 1 � ; � 2 � ; 5 � ; � 1] $H I= $o$5 $l $k !% :G BgIt J, Ns OBLd Bj$r (1) <0$N 7A$G I=$o $9$?$a$K $O !$ @-<A p =E$_4X?t w $r 7h$a $l$P $h$$ !%$^ $: p $O !$%^!< %/ $N$D $$ $?MWAG $,O"B3 $7 $F$$$k $+ $I $& $+$rH=Dj $9 $k4X ?t $G$"$j!$ <! $N$h $& $K5-=R$G$-$k !% c onn 0 [ ] = T rue c onn 0 ( x : xs ) = if marke d x then c onn 1 xs else c onn 0 xs c onn 1 [ ] = T rue c onn 1 ( x : xs ) = if marke d x then c onn 1 xs else c onn 2 xs c onn 2 [ ] = T rue c onn 2 ( x : xs ) = if marke d x then F alse else c onn 2 xs =E$_ 4X?t w $O %^!< %/$N IU$$$? MW AG$N OB$r 5a$a $k4X ?t $H $9 $l $P $h$$ !% $3$l$i$r MQ$$$F:GBgItJ,NsOBLdBj $O mss = " wsum = � �lter conn 0 � gen (2) $N$h $& $K I= $o$9$3$H $,$G $-$k !% wsum = + = � map f where f x = if marke d x then weight x else 0 weight ( x; m ) = x :G BgItJ, NsOB LdBj$r 2r $/ (2) <0$N 4X?t mss $N ;EMM $O C1=c$G $"$j ?M4V$K$O M}2r $7 $d $9$$ ;E MM$H$$$( $k $, !$ 7W;;NL $, ;X?t %*!< %@ !< $H$J$k $? $a8zN( $, 0-$$!% <! @a $G $3$N %W %m %0%i%‘ $r@~7A %W %m %0%i%‘ $KJQ49 $9$k JQ49 5,B’ $r <($9!% 2.2 JQ 49 5, B’ :GBg%^ !<%/ IU $1LdBj $O$"$k>r 7o $rK~ $?$9 $H$-@~ 7A %" %k %4 %j %:%‘ $, B8:_$9$k!% $3 $3$G $O !$ A0@a $N:GBg%^ !<%/ IU $1LdBj$N;EMM $G$"$k (1) <0 $+ $i @~7A %W %m %0 %i%‘ $rF@ $k$?$a$NJQ495,B’$r<($9!% $= $N =‘ Hw$H $7 $F BP >]$H$9 $k :F 5" %G !< %? 7?$r Dj 5A $7 !$ $= $N>e $N4p K\ E* :F 5" 4X ?t $G$"$k catamorphism $rDj5A $9$k !% 2.2.1 :F5" %G!< %?7? D � = C 1 ( �; D 1 ; : : : ; D n 1 ) j C 2 ( �; D 1 ; : : : ; D n 2 ) j � � � j C k ( �; D 1 ; : : : ; D n k ) D � $O Dj5A$5$l $k 7? , � $O 7?JQ?t$r I=$9!% D i $O D � $rI=$9 !% C i $N0z?t $N D � $N8D?t $, n i 8D $G$" $k $3 $H $r I=$9 $? $a $K $3 $N $h$& $KI= 5- $9 $k !% C i $O %G!<%? 9= @. ;R $H 8F $P$l , � 7? $NMW AG $H , $"$k7h $^ $C $?8D ?t $N:F 5" %G!<%? D 1 : : : D n i $+$i D � 7?$N %G !<%? $r9=@. $9$k . $3$N7A $G Dj5A $5 $l$k %G !<%? 7? $O p olynomial %G !<%? 7? $G$"$j , %j%9 %H , 2 J,LZ , :,$D$-LZ (ro oted tree) 2) , D>NsJBNs %0 %i%U (series-parallel graph) 12) , LZI} (tree width) $K >e8B$r@_$1$? %0 %i%U 13) $J $I $r 4^ $‘!% 2.2.2 Catamorphism :F5" %G !<%?$rF~NO$H$9$k4X?t$NCf$G , 4pK\E*:F5"4X ?t$N %/%i%9 $K catamorphism $, $"$k . $3$l$O , %W %m %0 %i%‘JQ 49 $K$*$$ $F:G $b=E MW $J35G0 $N 1 $D $G$"$k 14),15) . Nc$( $P , %j%9 %H >e$N catamorphism $O !$0J 2< $N$h $& $K Dj5A$5 $l $k4X?t$rI=$9 . cata [ ] = e cata ( x : xs ) = x � ( cata xs ) e , � $r JQ $($k $3 $H$K$h$j , $5$^ $6 $^$J4X?t $rI=$9 $3$H $, $G $- $k . 4X ?t cata $O , %j%9 %H $r F~ NO$H $7 $F <u$1$H $j , $=$N F~ NO%j %9 %H Cf$N [ ] $r e $G , : $r � $r CV$- 49$( $F I>2A $7 $?$b$N $r7k2L $H $7 $FJV$9 . 4X?t cata $O , e , � $K$h $C $FM#0l $KDj$^$k$N $G , DL>o , cata = ( [ e 4 � ] ) $H 5-=R$9$k . Dj5A 1 (Catamorphism) <!$N Ey<0$K$h $j Dj5A$5 $l $k 4X?t f $r :F5" %G !<%? D � >e$N catamorphism $H 8F $S , ( [ � 1 ; : : : ; � k ] ) D � $H I=$9 .

4 >pJs=hM}3X2qO@J8;o 1959 opt ( � ; f ) 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 ) ; f e � � 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 ) mark x = ( x; T rue ) unmark x = ( x; F alse ) marke d ( ; m ) = if m then T rue else F alse weight ( x; ) = x getdata ( ; ; x ) = x e achmax xs = fold l f [ ] xs where f [ ] ( c; w ; r ) = [( c; w ; r )] f (( c; w ; r ) : opts ) ( c 0 ; w 0 ; r 0 ) = if c == c 0 then if w > w 0 then ( c; w ; r ) : opts else opts + + [( c 0 ; w 0 ; r 0 )] else ( c; w ; r ) : f opts ( c 0 ; w 0 ; r 0 ) ?^ 1 :GE,2=4X?t opt f ( C i ( e; x 1 ; : : : ; x n i )) = � i ( e; f x 1 ; : : : ; f x n i ) ( i = 1 ; : : : ; k ) ( [ � 1 ; : : : ; � k ] ) D � $K $* $1 $kE:;z$N D � $O , J8L. $+$i L@ $i$+$J >l9g $K$O >JN,$9$k $3$H$b$"$k . 2 2.3 JQ 49 5, B’ :GBg%^ !<%/ IU $1 LdBj $N:GE, 2=5, B’ $H $7 $F0J2< $N$b $N $r MQ$$$k !% $3$l$O J88% 1) $N :GE,2=Dj M} $K BP $7 $F !$J8 8% 5) $N =E$_4X?t $K 4X$9$k3HD% $r 9T$C$?$b$N $G$" $k!% DjM} 1 ( :GE,2=5,B’ ) :GBg%^!<%/IU $1 LdBj mmm p w = " w = � �lter p � g en: $O !$ $b $7 (1) @-<A p $, M- 8B$N CM 0h$r$b $D 4X ?t � i ( i = 1 ; : : : ; n ) $H =R8l ac c ept $r MQ$$$F p = ac c ept � ( [ � 1 ; : : : ; � k ] ) $H J,2r$5 $l !$$^$?!$ (2) =E$_4X?t w $, w = � = : map f $N 7A $K J,2r $G$- !$ " $, � $K BP $7 $F J,G[K!B’ x " ( y � z ) = ( x " y ) � ( x " z ) $rK~ $? $7 !$ � $, 7k9g E* $G $"$k $H$$$& >r 7o $rK~ $? $9 $H $-!$ :GE,2=4X?t opt !J ?^ 1 ;2>H !K $rMQ$$$F mmp p w = opt ( � ; f ) ac c ept � 1 : : : � k $K$h$C $FI=$5 $l $k!% $3$N4X?t opt $K $h$C $F!$ :G Bg%^ !< %/IU $1LdBj$O@~7A;~4V$G2r$1$k . 2 A0@a $G5- =R $7$?:GBg It J, Ns OB Ld Bj $N;E MM $N (2) <0 $O!$ :GE,2= 5,B’ $rE,MQ $9 $k $3 $H $K$h$j<! $N@~7A ;~ 4V %" %k %4 %j %:%‘$KJQ49$5 $l $k !% mss = opt ( � ; f ) accept � 1 � 2 ac c ept ( t 0 ; t 1 ; t 2 ) = t 0 � 1 = ( T rue ; T rue ; T rue ) � 2 x ( t 0 ; t 1 ; t 2 ) = if marke d x then ( t 1 ; t 1 ; F alse ) else ( t 0 ; t 2 ; t 2 ) $3$NJQ49 $O5!3#E* $K9T $& $3 $H $, 2DG= $G$"$j !$ <B :]<! >O=R $Y$k %7 %9 %F%‘ $rMQ $$ $F<+F0 @8@. $r9T$& $3 $H $, 2DG= $G$" $k !%

V ol. 0 No. 0 :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N<+F0@8@. 5 ?^ 2 %7 %9%F%‘$N9=@. 3. <+F0@8@.$N %7 %9%F%‘$N 9=@. $3$N >O $G $O !$ MA G %7 %9 %F%‘$N>e $G Haskell 8@8l $G 3+H/ $7 $?:GBg%^ !<%/ IU $1LdBj $r<+F0 @8@. $9 $k %7%9 %F%‘ $N 9=@. $H <B8= $K$D$$$F @bL@$9$k!% 3.1 %7 %9%F%‘$N 35MW %7 %9 %F%‘ $N 35 MW $O?^ 2 $N$h$& $K 2 $D $N3, AX $+ $i $J $k!% >e $NAX $OJQ49@o N, $N;EMM 5-=R $N $?$a $N9b %l%Y%k$N5-=R $N OH AH$G CCP 7) $N 5-=R$r MxMQ$9 $k !J 3.2 @a !K !% CCP $O 9b3,%^ %C %A %s %0 5!G= $r$b $C $F$$$k $N $G D>@\ $K9-HO0O $NJQ495, B’ $N5-=R $,2DG= $G$"$k!% 2< $NAX $O:Y $+$$JQ49 $N%9 %F%C %W $r 5-=R $9$k $?$a $N%9%/%j %W%H $NOHAH $G$"$k !J 3.3 @a !K !% CCP $NJ8K!!$ 7? $r %A %’ %C%/ $7 $?8e!$ >e $NAX $N CCP $+$i 2< $NAX$N%9%/%j %W%H $X$NJQ49 $, 9T $o $l $k !J 3.4 !K !% >e$NAX $N CCP $O HFMQE* $J %a %? %W %m %0 %i %‘ $r=q$/ $3 $H$K E, $7 $F$$$k!% %9%/ %j %W%H$O !$ 8D JL $N %W %m %0 %i%‘$N ;EMM $K0MB8 $9$k $N $G !$ >/ $7$G $b0[ $J$k %W %m %0 %i%‘ $N;E MM$+$i 8z N($N $h $$ %W %m%0 %i %‘$r F@ $k$? $a $K $O MQ $$ $k $3$H$,$G$-$J$$!% $7 $+ $7 CCP $K $h$C$F5-=R $5 $l$?$= $NJQ49 $N@o N, $O $[$H $s $I JQ99$9 $k $3 $H $J$/JL $N;w $? %W %m %0 %i%‘ $N;EMM $rJQ49 $9 $k $3 $H $K:FMxMQ $9 $k $3$H $,$G $-$k !% 2<$NAX $N%9%/%j %W%H$O !$ ?7 $? $KJQ495,B’!$ JQ49 @oN, $r 3+H/ $9 $k $H $- $O!$ JQ 49 $N 1 %9 %F %C %W $4 $H$KBPOCE* $J <B9T !$JQ49$N <h>C $7 !$8=:_$N JQ 49 7k2L !$JQ ?t$N B+G{ !$ 8=:_ ;HMQ 2DG= $JJQ49 5,B’!$ 4X ?t $N7? $J $I $N3NG’ $N:n6H $r ;Y1g$9$k !J 3.3 @a !K !% CCP $H %9%/ %j %W%H $O FHN) $7 $F $*$j!$ B>$N%7 %9%F%‘ $G$NJQ49<j=g $r%9%/%j %W%H$H $7 $F 5-O? $9 $l $P !$ Dc %l %Y %k$N 3,AX$G<B9T$9$k$3$H $, 2DG=$G$"$k !% 3.2 1?;;IU?o %W %m%0%i%‘ CCP CCP $H $O !$ 1?;; 5, B’ (calculation rule) $NIU?o $7 $? %W %m %0 %i%‘ $G$"$k 16) !% %W %m %0%i%‘1? ;; $H $O !$ 1? ;; 5, B’ $rE,MQ $9 $k $3 $H $K $h $j %W %m %0%i%‘ $r=g <! JQ 49 $7$F$$ $-!$ 8zN($N $h$$ %W %m %0 %i%‘ $rF@$k2aDx $r;X$9 !% 0l HL $K !$ %W %m %0%i%‘1? ;; $O<j F0 $G9T $o $l !$ MQ $$ $i $l$k1? ;; 5, B’ $d!$ 1?;;5, B’ $NE, MQ $N;EJ} $O1?;;BP >] $N %W %m %0%i%‘ $K1~ $8 $F JQ $o$k!% 1?;; $r7W;;5! >e $G9T $& $H$- $K$O !$ $3$N1?;; K! $r2? $i $+$NJ}K! $G5-=R $7 $J$1 $l $P $J$i$J$$ $, !$ $=$N 1 $D$NJ} K! $rM? $($k $N $, CCP $G$"$k!% CCP $O !$ MQ $$ $i $l $k1?;; 5, B’$* $h $S 1?;;5, B’ $NE,MQ K! $rL@<(E* $K %W %m %0 %i%‘ $KIU?o$5 $;$?$b $N $G$"$j !$ $3 $l$K$h$j!$ %W %m %0 %i %^$, 1?;; K!$r ;XDj $9$k$3$H$, 2DG=$H$J $k !%$^$? !$ M;9gJQ49!$ AH 2=Ey!$ HFMQ E* $J1?;; $K$D$$ $F $O !$ 0lEY5- =R$9 $l $P :F Mx MQ $,2DG= $G $"$k !% $5 $i $K!$ CCP $K$O!$ 9b 3,%Q%?!< %s %^%C %A %s %0 $N 5!G= $, Hw$o$C $F$*$j !$ DL>o9T $o$l $k1?;;$r$=$N$^$^5-=R$9$k$3$H $, 2DG=$G$"$k !% 3.2.1 Nc | sumsq $3 $3 $G $O!$ %j %9 %H$N 2 >hOB $r5a $a$k Ld Bj (sumsq) $H $$ $&LdBj $rDL $7 $F !$ CCP $H$O $$$+$J $k$b$N$G$" $k $+ $r <($9 !% $3 $NLdBj $O !$ 3F MWAG $r 2 >h $7 $FB- $7 9g $o$;$k $3$H $K$h$j2r$/ $3 $H $,$G$-$k!% 2 >h$9$k 4X?t $r sq !$ ?t Ns$NOB$r5a$a$k4X?t$r sum $H $9$k$H !$ sumsq = sum � map sq $, 1 $D$N 2r K!$r M?$( $k !% $3$l$O !$3F MW AG $, 2 >h$5$l $? %j%9 %H$r map sq $K$h$j@8@. $7 $F $7 $^ $& $, !$ <B :] $K $O !$ $3$N$h$& $J%j%9 %H $r@8@. $7 $J$$$h $& $K5-=R $9$k $3 $H$,$G $-$k !%$=$N$h $& $J7A $K 4X?t sumsq $r JQ49$9$k $3$H$r9M $($F $_$k!% $3 $l$K$O !$ M;9g JQ49 $H$$$&JQ 49 $r

6 >pJs=hM}3X2qO@J8;o 1959 9T $( $P $h$$ !% DjM} 2 ( M;9g5,B’ ) G$0U$N a; x $K $D$$$F g a ( f x ) = f ( step a x ) $, @.$jN)$D $J$i $P !$ f � foldr step e = foldr g ( f e ) $, @.$jN)$D!% 2 >e5-5,B’Cf$N4X?t foldr $O !$%j%9 %H $N >v$_9~$_4X?t $N 1 $D$G$"$j!$ <! $N$h $& $KDj5A$5 $l $k !% foldr step e [ ] = e foldr step e ( x : xs ) = step x ( foldr step e xs ) $3 $N Dj M} $r E, MQ $9 $k $? $a $K !$$^ $:!$ map sq $r foldr step e $N 7A$G5-=R$9$k !% map sq = foldr step [ ] where step y y s = ( sq y ) : y s <! $K !$ g y ( sum y s ) = sum ( step y y s ) $r K~ $?$94X ?t g $r 5a $a$k!% <! $N4X?t g $O !$ $3 $N<0 $rK~ $?$9!% g y s = sq y + s sum [ ] = 0 $G $" $k $N $G M; 9g Dj M}$r E, MQ $9 $k$3 $H $K $h$j!$ sum � map sq = foldr g 0 $rF@$k!% 4X ?t foldr g 0 $O !$ Fs >h OB $r7W;; $9 $k 2a Dx $K$* $$ $F%j%9 %H$r@8@. $7$J$$ $N $G!$ 8z N( $, 2~A1 $5 $l$F $$$k !% $3$N$h$& $J1?;; $r7W;; 5! $G9T $& >l9g $K$O!$ 1? ;; K! $r 2? $i $+$NJ}K! $G5-=R $7 $J $1 $l $P $J$i$J$$ $, !$ $=$N 1 $D $NJ}K!$rM? $( $k$N $, CCP $G $"$k !% CCP $K $*$$$F $O !$ 1?;;BP >] $N %W %m %0 %i%‘ $K!$ 1? ;;K! $rIU?o $5 $;$k!% $? $H $($P !$ sumsq $N CCP $O !$?^ 3 $N $h $& $K 4J 7i$K =q $/ $3$H $,$G$-$k!% CCP $O 3 $D$NItJ, $KJ, $1$k$3 $H $,$G $-!$ ?^ 3 $K $*$$ $F $O !$ >e CJ ItJ, $, 1?;; BP>] $N %W %m %0 %i %‘!$ Cf CJ It J, $, 1?;; 5, B’ ( fusion , applyFusion ) !$ 2< CJIt J, $, !$ 1? ;;BP >] $N %W %m %0%i%‘ ( sumsq ) $+$i $I $N$h $& $K8zN($N$h$$4X?t ( sumsqOpt ) $r F@$k $+$r<( $7 $F $$ $k!% $^ $:!$ >e CJ ItJ, $G$O!$ sumsq $N;EMM $r5-=R $7 $F$$ $k!% $3$N;E MM $G$O!$ #2 >hOB $r5a $a$k $H$- $K %j%9 %H$r @8 @.$9 $k $, !$ M;9g JQ49 $K$h$C $F%j%9 %H$r @8@. $7 $J$$$h $& $K$G$-$k!% $3 $NJQ492a Dx $r5-=R $7 $?$N $, CfCJ ItJ, $G$" $k !% <fusion> $, M;9g5, B’ ( DjM} 2) $r 5- =R $7 $?$b$N$G $"$k!% M; 9g 5, B’ $rE, MQ $9 $k:] $K $O!$ 4X ?t M; 9g f . g $N 1& B& $N4X ?t g $, foldr step e $N7A $G5-=R $5 $l$F $$ $J $1$l $P $J$i $J$$$N $G !$ $3 $l$r9T $& $?$a $N1?;; 5,B’ $H $7 $F applyFusion $rDj5A $7$F$$$k !% applyFusion $G$O!$ 4X?t M; 9g $N:G $b1& B& $N4X ?t $r foldr (:) [] $HM;9g 5, B’ <fusion> $r E, MQ $9 $k $3 $H $K $h $C $F foldr step e $N 7A $KJQ49 $7 !$ $= $N 8e!$ =g $KM; 9g 5, B’ <fusion> $rE, MQ $7 $F $$ $/$H$$ $&JQ49 $, 9T$o $l $k !% $3$N applyFusion 5, B’ $r sum . map sq $K E,MQ $9 $l $P !$ Cf 4V %j%9 %H$r @8@. $7 $J$$7A $, F@ $i $l $k!% $= $l$r5-=R $7 $F$$$k$N $, 2<CJIt J,$G$"$k !% $3$3$G$O !$$^ $: sumsq $N Dj5A $r <unfold> $K $h$C$F E83+ $7 !$$= $l$K BP $7 $F applyFusion $r E, MQ $9 $k !% $3$l $K $h$C$F !$Cf 4V %j %9 %H $r @8 @. $7 $J $$ 4X ?t sumsqOpt $, F@ $i $l$k!% <unfold> $O !$ 4X?t Dj 5A $rE83+ $9$kAH$_9~$_$NJQ495,B’$G$"$k !% CCP $K$* $$ $F $O!$ 4X ?t Dj 5A $H1? ;; 5, B’ Dj 5A $r:. :_ $5 $;$F5-=R $G$-$k!% 4X ?t $H1?;;5, B’ $O!$ 1? ;;5, B’ L> $r <> $G 0O$‘$3$H$K$h $C$F6hJL $7 $F$$ $k !%$^$? !$ CCP $K $* $$$F $O !$ 5,B’ $NDj5A Cf $GB>$N1?;; 5, B’ $d<+J, <+?H $r8F $S =P$9 $3$H $,$G$-$k!% $3 $N$h$& $J5-=R $r5v $9 $3 $H $K$h $j!$ <applyFusion> 5, B’ $N$h$& $K !$ 4p K\ E* $J1?;; $rAH $_9g $o $;$FJ# ;( $J1?;; $r5-=R $9 $k $3$H $,$G$-$k $h$& $K $J $k !% $^ $?!$ CCP $K $*$$ $F $O!$ %Q%? !< %s JQ?tL> $r _ $G;O$a $k $3$H $K$h$j !$ 6I =j JQ?t $H $N6hJL $r9T $C $F$$$k!% letm <0$N%^%C%A %s %0 $N _g a (_f x) = _f (_step a x) $K $*$$$F$K$O %"%s %@ !< %9%3%" _ $, $D$$$F$$$J $$ $, !$ $3 $l$O !$ a $H x $, %Q%?!< %s JQ?t $G $O$J $/ !$ 6I=jJQ ?t $G$" $k$3$H$rI= $7 $F $$$k !%6qBNE* $K$O !$Ey<0 _g a (_f x) = _f (_step a x) $, !$JQ ?t _a , _x $, $= $l $>$l $N 7?$NG$0U $NCM$r $H$C$?$H $-$K@.$jN)$D$3$H$r0UL#$9$k !% 3.2.2 CCP $N5-=R8@8l K\ O@ J8 $K$* $$ $F $O!$ CCP $N5- =R 8@ 8l $r?^ 4 $N$h$& $K Dj5A$9 $k!% CCP $K $*$$ $F $O!$ 4X ?tDj 5A ( funDef ) $H 5, B’Dj 5A ( ruleDef ) $r:.:_ $5 $; $F5- =R $9 $k $3 $H $,$G$- $k!% $^ $? !$ <0 Cf $G!$ 5, B’ E, MQ !$ %a %? %i %‘ %@ Cj >] !$ %a %? let <0!$ %a %? case <0 $rMQ $$$k $3 $H $,$G$-!$ $= $3 $G $O9b 3, %Q %? !< %s %^%C %A %s %0 (higher order pattern matching) 17) $, 9T$o $l $k!% %Q%? !< %s %^ %C %A %s %0$K$*$$$F $O!$ %Q%?!< %s JQ ?t (pattern v ariable) $K BP$9 $kCV49 (substitution) $, 5a $a $i $l $k!% 9b 3, %Q%? !< %s %^ %C %A %s %0$r 4^$‘<0 $N0U L#$O0J2<$N$h $& $KDj$a$k !% { %a %? let <0 letm e p 1 = e b 1 ; : : : ; e p n = e b n in e 3F<0 e p 1 ; : : : ; e p n Cf $N%Q%? !< %s JQ?t $KBP$9$kCV 49 $r 9b3,%^ %C %A %s %0 %"%k %4 %j %:%‘ 17) $K $h$C $F5a $a !$ $= $l$r MQ $$ $F<0 e $r I>2A $7 !$ F@ $i $l$?CM $rA4BN $N

V ol. 0 No. 0 :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N<+F0@8@. 7 -------------- %W %m %0 %i%‘ ----------------- sumsq = sum . map sq; sum [] = 0; sum (_x:_xs) = _x + sum _xs; sq _x = _x * _x; map _f [] = []; map _f (_x:_xs) = f _x : map _f _xs; foldr _step _e [] = _e; foldr _step _e (_a:_x) = _step _a (foldr _step _e _x); (_f . _g) _x = _f (_g _x); -------------- 1?;;5,B’ ----------------- <fusion> _f (foldr _step _e _xs) = letm _g a (_f x) = _f (_step a x); _c = _f _e in foldr _g _c _xs; <applyFusion> (_f . _g) = <fusion> (_f . <applyFusion> _g); <applyFusion> _f = <fusion> (_f . foldr (:) []); -------------- 1?;;5,B’$NE,MQ ----------------- sumsqOpt = <applyFusion> (<unfold> sumsq) ?^ 3 Calculation carrying program $NNc | sumsq %a %? let <0$NCM $H$9$k !% { %a %? case <0 casem e of e p 1 ! e 1 ; : : : ; e p n ! e n <0 e $K$D$$$F!$ <0 e p 1 ; : : : ; e p n $H =g $K9b3, %Q%?!< %s %^%C%A %s%0 %"%k %4 %j%: %‘ 17) $K $h$C$F%Q %?!<%s %^ %C %A %s %0$r 9T$$!$ :G =i $K%^%C %A %s %0$, @.8y $7 $? <0 e p i $N !$%Q%? !< %s JQ ?t$X$N CV 49$K$h $C$F e i $r I>2A $7 !$F@$i $l $? CM$r A4BN$N %a %? case <0$N CM$H $9$k !% { 5,B’E,MQ h r i e 5,B’ r $r <0 e $K BP $7 $F E,MQ$9$k!%5,B’ r $, h r i e p = e b $H Dj 5A$5$l $F $$ $k$H $- !$ e $H e p $r 9b3,%Q %? !<%s %^ %C %A %s %0%" %k %4 %j %:%‘ 17) $K$h $C $F %Q %? !< %s%^ %C %A %s%0 $r 9T$$ !$F@ $i $l $? e p Cf$N%Q%?!<%s JQ ?t$X $N CV49$K $h$C$F e b $r I>2A $7 !$F@ $i$l $? CM$r A4BN $N 5,B’E,MQ<0$NCM $H$9$k !% $J $* !$>e5- CCP $N Dj5A Cf$G haskel lExp $O 4X ?t7? 8@8l Haskell 10),18) $N <0 $G$" $k $, !$8=:_$N%7 %9%F%‘ $G $O$=$N0lIt $N$_ $r<B8= $7 $F$$$k!% $J$*!$ K\ %7 %9 %F%‘ $G $O !$ %Q%? !< %s JQ?t $NJQ?tL> $O !$ %" %s %@ !< %9 %3%" $G ;O $a !$ $= $l 0J30 $NJQ?t $NJQ?t L> $O !$ %" %s %@ !< %9 %3 %" $G $O ;O $a$J$$ $3 $H $H$9$k!% $3$N6hJL $O !$ A0 @a $G=R$Y $?$h $& $K !$ letm <0 Cf $G !$6I=jJQ ?t$H%Q%? !< %s JQ ?t$r6h JL $9$k$?$a$N$b$N$G$"$k !% 3.3 JQ49%9%/%j %W %H %9 %/ %j %W %H $N J8 K!$r ?^ 5 $N $h $&$K Dj 5A$9 $k !%%9 %/ %j %W%H$O !$ JQ49 $N%9 %F %C %W $r :Y $+ $/5-=R $7 $?$b$N $G$" $k!% %9 %/%j %W%H $rMQ$$$k $H %G%P%C %0$r 9T$& $? $a$NBPOC E*<B9T $, 9T $($k!% %9 %/ %j %W%H$G MQ $$$kL? Na $O4D6-@_Dj L? Na !J EnvCommand !K !$<B9TL?Na !J IntCommand !K !$ %G %P %C %0 MQL?Na !J DebugCommand !K $N 3 <oN‘ $K Bg$- $/J, $+ $l $k !% 4D6- @_Dj L? Na $O0J2< $N 4 <oN‘ $"$k!% L? Na setPath $O %W %m %0 %i%‘ $HJQ495, B’ $NCV $$ $F$"$k %G %# %l %/ %H %j $X$N %Q %9 $r;XDj$9$k !%L?Na lo adThe ory $O JQ495,B’$N $+$+ $l $? %U%! %$ %k$r FI$_9~ $‘!%L?Na setExp $O <0$r ;O<0 $K %; %C %H $9$k !% <B 9TL? Na$O 0J2<$N 5 <oN‘$G $" $k !% step $O E, MQ$9 $k %k!< %k L> $HE,MQ $9 $kIt J,<0 $N0LCV $r $& $1$H$C $F %k!< %k $r It J,<0$K E, MQ $7 $F F@ $i$l $? 7k 2L$r <0$K%; %C %H $9 $k !% $J$*!$ It J, <0 $N0LCV $NI= $o $7$+$?$H $7$F !$ B $O � <0 $N

8 >pJs=hM}3X2qO@J8;o 1959 CCP : c cp ::= def 1 ; : : : ; def n Dj5ANs Dj5A : def ::= funDef 4X?tDj5A j ruleDef 5,B’Dj5A 4X?tDj5A : funDef ::= f p ats = e 4X?tDj5A 5,B’Dj5A : ruleDef ::= h r i e p = e b 5,B’Dj5A <0 : e ::= haskel lExp 4X?t7?8@8l Hask ell $N <0 j em 9b3,%Q%?!< %s %^%C%A %s %0 $r 4^ $‘<0 9b3, %Q%?!< %s %^%C%A %s%0 $r 4^ $‘ <0 : em ::= letm e p 1 = e b 1 ; : : : ; e p n = e b n in e %a %? let <0 j casem e of e p 1 ! e 1 ; : : : ; e p n ! e n %a %? case <0 j h r i e 5,B’E,MQ ?^ 4 CCP $N Dj5A K\ BN $rI= $o $7 !$ F $O4X ?t E, MQ $N 4X ?t It J, $r I= $o $7 !$ A $O 4X?t E,MQ$N 0z ?t ItJ,$r I=$o $9 !%L?Na b e ginDerivation $O E, MQ $9 $k%k !<%k L>$H E, MQ $9 $k It J, <0 $N 0L CV$r $& $1 $H$C $F %k!< %k$N>r7o<0 $K%^%C %A $7 $? <0 $NItJ, F3=P $r;O $a$k!% L? Na match $OItJ, F3 =P Cf $G>r 7o <0 $N %Q %? !< %s$H 8=:_ $N<0 $H $G %^ %C %A$9$k $+$rD4$Y!$ %^ %C %A $7 $?$iF@ $i $l $?CV49 $r5- 21 $9 $k!% L? Na endDerivation $O$b $7 8=:_ ItJ,F3=P $, =*$C $F$$$? $i !$ $$$^$^ $G$NItJ,F3=P $K$h$C $F F@ $i $l$?CV49 $rMQ $$ $F %k!< %k$N1&JU $rE,Ev $KCV$- $+ $( L?Na b e ginDerivation $G ;XDj $7 $?%k!< %k$rItJ,<0 $K E,MQ $7 $FF@ $i $l$?7k2L $r<0 $K%; %C %H $9$k $3$H $GItJ,F3 =P $+$i C&=P$9 $k !%L? Na cr e ateR ule $O ;O<0$+$i 8= :_$N <0$X $H JQ49$9$k %k!<%k$r ;XDj $7 $? L>A0 $G DI2C$9$k!% %G %P %C %0 MQ L? Na$O BP OCE*$K <B9T $9$k$H $-$K MQ$$ $k !% L? Na help $G 8= :_ <B 9T $G $- $k L? Na $r I= <( $9 $k !%L? Na showDerivation $G :# $^ $G $N F3 =P $r I= <( $9 $k !%L? Na quit $G 0J 2< $N L? Na $r $b <B 9T $; $: $K =* N; $9 $k !%L? Na showBindings $G 8= :_ $N <0$K $* $1 $k 6I =j JQ ?t $r I= <( $9 $k !%L?Na showStack $G It J, F3=P$K F~ $k $^$G$N >p Js $d It J, F3 =P$G F@$i$l $? CV 49$J $I 5- 21 $7 $F $$ $k $b $N$r I= <( $9 $k !%L? Na undo $G 1 %9%F %C %W 85$K La $k !%L? Na showSubExpr essions $G 8= :_$N<0$NItJ,<0$r$9$Y$F I= <($9$k !% L? Na showThe ory $G 8=:_;H MQ 2DG= $J %k!< %k$r $9$Y$FI=<($9$k !% %9%/%j %W%H $NNc $H $7 $F %j%9 %H$r $& $1$H$j%j%9 %H$N MW AG$N <+ >h$N OB$r JV$9 4X ?tL? Na sumsq $N JQ 49Nc$r$" $2 $k!% $3$NJQ49 $N%9%/ %j %W%H$O ?^ 6 $N$h$& $K $J$k!% $J$* :8B& $N?t;z $H %3%m %s$O@bL@ $N $? $a $K=q$-2C $( $?$b $N $G $" $k!% 1 9TL\ $N #! $O$3$N %U %! %$ %k $, %9%/%j %W%H $" $k $3 $H$r I= $o $7 $F$$$k !% 2 9TL\ $NL?Na setPath $G JQ495,B’ $N =q $+ $l$?%U %! %$ %k$N$"$k %G %# %l %/ %H %j $X$N %Q%9 $r;X Dj $7 !$ 3 9TL\$N L?Na lo adThe ory $G JQ495, B’$N=q$+$l $? %U%! %$ %k sumsq $r FI$_ 9~ $‘ !% 4 9T L\$N L?Na setExp $G <0 sumsqOpt $r ;O<0$r%;%C %H $9$k !% 5-8 9T L\$NL?Na step $G <0$rJQ49 $7 $F $$$/ !% Nc $( $P !$ 5 9TL\ $G$O sumsq $H$$ $& JQ495, B’ $r8=:_ $N<0 $N!$ � <0 $NK\BN $N!$ 4X?tE, MQ$N4X?t ItJ, $KE,MQ $7 $?7k2L $r<0 $K%;%C %H $7 D>$9 !% $3 $3$G!$ %7%9 %F%‘ $NFb It $G $O<0 $O$9 $Y $F � - E83+ $7 $F$"$k $N$G!$ sumsq $O � xs : sumsq xs $H I=8= $5 $l$F$$ $k!% $3 $N>l9g!$ � <0 $NK\ BN $O sumsq xs !$ $5 $i $K$= $N4X ?t E, MQ $N 4X?tIt J, $O sumsq $H$J $k!%$3$N ItJ, <0 $O !$?^ 7 $N 2 9TL\ $K=q $$ $F$"$k JQ 495, B’ sumsq $N:8JU $H%^ %C %A$9

V ol. 0 No. 0 :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N<+F0@8@. 9 %9%/%j %W %H Command ::= EnvComm 4D6-@_DjL?Na j IntComm <B9TL?Na j DebugComm %G %P %C %0 MQL?Na 4D6-@_DjL?Na EnvComm ::= setPath PathName %W %m %0 %i %‘ $H JQ495,B’$N%U %! %$ %k$N$" $k %G %# %l %/ %H %j $X$N%Q %9;XDj j lo adThe ory The oName JQ495,B’$NFI9~$_ j setExp ExpName ;O<0$N%;%C %H <B9TL?Na IntComm ::= step L awName Path JQ495,B’E,MQ j b e ginDerivation L awName Path ItJ,F3=P3+;O j match 9b3,%^%C%A %s %0 $r 9T$$CV49$r5a$a$k j endDerivation ItJ,F3=P=*N; j cr e ateR ule RuleName ?75,JQ495,B’:n@. Path ::= Loc 1 Loc 2 � � � ItJ,<0$X$N%Q%9 L o c ::= B � <0$NK\BN j F 4X?tE,MQ$N4X?tItJ, j A 4X?tE,MQ$N0z?tItJ, %G %P%C %0 MQL?Na DebugComm ::= help %X%k %W I=<( j showDerivation :#$^ $G$N F3=P$N=PNO j quit =*N; j showBindings 6I=jJQ?t$NI=<( j showStack $9$Y$F$N ItJ,F3=PI=<( j undo <h$j>C $7 j showSubExpr essions $9$Y$F$NItJ,<0$rI=<( j showThe ory $9$Y$F$N JQ495,B’ $r I=<( ?^ 5 %9%/%j %W%H $N J8K! $k$N$G !$ $3 $N It J, <0$H JQ 49 5,B’ sumsq $N 1&JU$K CV$- $+$( $kCV49!$$9 $J$o$A sumsq $+$i sum � map sq $X $N CV 49F@$i$l $k !% $3$N CV49$G It J, <0 sumsq $r CV 49 $7 $? 7k2L $r 85$N<0 $K La$9 $H � xs : sum ( map sq xs ) $, F@ $i $l $k!% $^ $?!$ 4J 7i $KI=<($9 $k $? $a!$ ?^ 8 $N 5 9T L\ $N$h$& $K!$ $3 $N<0 $O � - 4JLs $5 $l$FI=<($5 $l $k!% 9 9T L\$NL?Na b e ginDerivation $G !$JQ495,B’ fusion $r It J,<0 "BFABF" $K E,MQ$9$kA0 $K !$ ItJ, F3=P $K 0\$k!% $3$N $H$- ;X Dj $9 $k JQ 49 5, B’ $O!$ I, $:?^ 7 $NJQ 49 5, B’ fusion $N$h $& $K if $K B3$/>r7o<0 $r$b$?$M $P $J$i$J$$ !%ItJ, F3=P $G!$ $3$N if $NCf$N<0 $N:8 JU $+ $i 1&JU $X $HJQ49 $7 !$ CV 49 $r F@$k !%$= $l$i $N CV49$r;H$C$F JQ495,B’ fusion $r E, MQ$9 $k !%ItJ,F3 =P$N Cf$G$O L?Na match $G CV49$r F@$F !$L?Na endDerivation $G ItJ,F3 =P $+$i C&=P$9 $k !% 21 9TL\ $NL? Na showDerivation $G :#$^ $G9T $C $?F3 =P $N =P NO !J ?^ 8 !K $r$9 $k!% 22 9TL\$N L? Na quit $G%7 %9 %F %‘ $N <B9T$r=*N;$9$k !% JQ49 5,B’$N$+$+$l $?%U%! %$ %k$O ?^ 7 $N$h $& $K$J $k !% 3HD% ;R $O .eq $G$"$k !% %W%m %0%i%‘ $N $+ $+ $l$? %U %!%$ %k $H F1 $8 $/ !$ $3 $3 $G$3 $N %U %!%$ %k$O MAG %7 %9 %F%‘ $NJQ49 5,B’ $NF~NO %U %! %$ %k$HF1 $8 7A<0 $G$"$k!% $3 $N%U %! %$ %k

10 >pJs=hM}3X2qO@J8;o 1959 1: #! 2: setPath "/home/yokoyama/ys/examples" 3: loadTheory "sumsq" 4: setExp "sumsqOpt" 5: step "sumsqOpt" "BF" 6: step "sumsq" "BF" 7: step "applyFusion1" "BF" 8: step "applyFusion2" "BFA" 9: beginDerivation "fusion" "BFABF" 10: step "map2" "BB" 11: match 12: step "map1" "" 13: match 14: endDerivation 15: beginDerivation "fusion" "BF" 16: step "sum2" "BB" 17: match 18: step "sum1" "" 19: match 20: endDerivation 21: showDerivation 22: quit ?^ 6 %9%/%j %W%H $N Nc { sumsq.ys $N5-K! $b Hask ell $KHs>o $K$h$/ $K $F$$ $k!% \ {- " !$ \ -} " $G$+$3$o $l$?ItJ, $O%3 %a %s %H$G$" $k!% JQ 495,B’ $O \ ; " $G 6h@Z $i $l$F$$$k !% $= $l $>$l$NJQ49 5, B’ $O \ : " $N:8B& $, JQ49 5, B’ $NL> A0 $G \ = " $N:8B& $+ $i1&B& $X $NJQ 49 $rI= $o $7 $F $$ $k !% if J8 $O JQ49 5,B’$N E,MQ$K >r 7o $, $$ $k$H $- $K%* %W%7%g %J %k $K5-=R $9$k!% >r 7o<0 $O \ ; " $G 6h@Z $i $l !$ \ = " $N :8JU $, 9‘$rI=$o $7 !$ \ = " $N 1&JU $, %Q%? %s JQ ?t $r4^$‘ <0 $G $"$k %Q %? %s$rI= $o$9 !% >e5- $N%9 %/ %j %W%H $r <B9T $7 $F F@ $i$l $k=PNO$O?^ 8 $N DL$j $G$" $k !% \ {- " !$ \ -} " $G$+ $3$o$l $? It J, $O JQ 495, B’L>$H JQ49$K I, MW$J CV49 $rF@$k $? $a $KI,MW $JItJ, F3=P $, 5-=R $5 $l$F$$$k!% 3.4 CCP $N <B9T!"%9 %/%j %W %H $X$N JQ49 K\ @a$G $O !$ CCP $N <B 9T$r 9T $& !% CCP $r <B 9T$N 2a Dx$N 5- O?$H $7 $F %9%/ %j %W%H $, F@$i$l $k !% $3$l$K $h $j !$ CCP $+$i %9%/%j %W%H $X$N JQ49 $, 9T $o $l $k !% CCP $N <B9T $N:] $K $O!$ CCP $+$iB> $N5,B’ $r8F $S =P $5 $J $$=q $-49 $(5, B’ $r5a $a$k $H$$$& A0 =h M} $,9T $o $l$k!% 4X?t Dj 5A $O!$ Dj 5A $rE83+ $9 $k =q $-49 $(5, B’ $KJQ49 $9$k !% 1?;;5,B’ Dj5A $O !$ 1& JU $NCf $N5,B’ $r$N $> $$$?7A $N5,B’ $K JQ49$9 $k!% $3 $l$i$NJQ49 $O !$ 9b 3, %Q%? !< %s %^ %C %A %s %0 $r 4^ $‘<0 $r0J2<$N$h $& $KJQ49$9$k$3$H$K$h$j9T $& !% { %a %? let <0 letm e p 1 = e b 1 ; : : : ; e p n = e b n in e 0J2<$N$h $& $J>r7oIU<0$KJQ49$9$k !% e, if {eb1 = ep1; eb2 = ep2; ... ebn = epn} $3$3$G%^ %C %A %s %0 $NEy<0 $N:8JU $H1&JU $O F~ $l49 $( $i $l $F $$ $k $N $O!$ =q $- 49 $(5, B’ $K$* $$ $F $O!$ %Q %? !<

V ol. 0 No. 0 :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N<+F0@8@. 11 {- sumsq.eq -} sumsq : sumsq = sum . map sq; sum1 : sum [] = 0; sum2 : sum (x:xs) = x + sum xs; sq : sq x = x * x; map1 : map f [] = []; map2 : map f (x:xs) = f x : map f xs; foldr1 : foldr step e [] = e; foldr2 : foldr step e (a:x) = step a (foldr step e x); fusion : _f (foldr _step _e _x) = foldr _g _c _x, if{ \ x a -> _f (_step a x) = \ x a -> _g a (_f x); _f _e = _c }; applyFusion1: _f . _g = _f . _g; applyFusion2: _f = _f . foldr (:) []; sumsqOpt: sumsqOpt = sumsq ?^ 7 JQ495,B’ $, =q$$$F$"$k%U%! %$ %k { sumsq.eq %s $r 1&JU $K =q$/$?$a $G$"$k !% { %a %? case <0 casem e of e p 1 ! e 1 ; : : : ; e p n ! e n 0J2<$N n 8D$N =q$- 49$( 5, B’$r @8@. $7 !$ %a %? case <0 $O e $K JQ49$9$k!% ep1 = e1; ep2 = e2; ... epn = en CCP $N <B9T$O !$$3$N A0=hM}$K$h $C $F F@ $i$l $? =q$- 49 $( 5,B’$r !$ CCP $N 1? ;;5,B’ $K ;XDj$5 $l$? =g $G E,MQ $7 $F$$$/ $3$H $K$h$C $F9T $o $l $k!% $=$N2a Dx $K$*$$ $FE, MQ$5 $l$? 5,B’!$ E,MQ 2U=j $r5-O? $9$k $3 $H $K$h$j !$ %9 %/ %j %W%H $, F@ $i$l $k !% CCP $N <B9T 2aDx $O !$0J2< $G Nc$r MQ$$ $F <($9 !% $3 $3$G $O !$Nc$H $7 $F sumsq Ld Bj$N CCP $+ $i %9 %/ %j %W %H $X $N JQ 49$r 9T $& !%?^ 3 $K sumsq Ld Bj$N CCP $r 5-=R $7 $? $, !$ $3 $l$r>e5- $N<j=g $K=>$C $F<B9T $7 !$ %9 %/%j %W%H $X$N JQ49 $r9T $& !% $^ $: !$ A0 =hM} $H $7 $F !$ 3F4X ?tDj5A $O !$ Dj5A $rE83+$9 $kJQ 495, B’ $KJQ49$5 $l !$ 3F1? ;;5, B’ $O !$ 5, B’ $N1&JU Cf $N5, B’L> $r5!3#E* <h $j=| $/ $3 $H$K$h$C $F!$ B> $N5,B’ $r8F $S =P$5 $J$$=q $-49 $(5,B’ $K JQ 49$5$l $k !% $3$l $K $h $j!$ ?^ 9 $N $h $&$J =q$- 49$( 5, B’$, F@$i$l $k !% applyFusion1 $O !$ <fusion> 5, B’ , <applyfusion> 5,B’ $rE, MQ $9 $k 0J 30 $N $3 $H $O9T $o $J$$ $?$a !$2?$b=q$-49 $($J$$5,B’ $, F@$i $l$F $$$k !% <! $K!$ F@ $i $l$??^ 9 $N=q $-49 $(5, B’ $r!$ ?^ 3 $N CCP $K $*$$ $F;XDj $5 $l$? =g $GE,MQ $9$k $3$H $K$h$j !$ 1? ;; $, 9T$o$l $k !%1?;;$N 2aDx$O !$?^ 8 $N$h $& $K$J $k !%$^ $:!$ sumsqOpt $, sumsq $K JQ 49$5$l !$$=$l$, <unfold> $K $h $C $FE83+ $5 $l$k!% $3 $l $KBP $7$F <applyFusion> $, E, MQ$5 $l $k $, !$ $= $N $H$-!$ sum . map sq $, _f . _g $H %^%C%A $9 $k$3 $H $r D4$Y !$ applyFusion1 $r E, MQ $9 $k !% $3$3$G $O2?$bJQ 49 $, 9T $o $l$F$$ $J$$ $, !$ $3 $l$O 5,B’ $N E,MQ0J30 2? $b9T $o $l$J$$$? $a $G$"$k!% $3$N $H$-!$ %7 %9 %F %‘ Fb It$G$O !$<! $K !$ applyFusion $r map sq $K BP $7 $F E, MQ $7 !$ $=$N 8e A4BN$K BP $7 $F <fusion> $r E, MQ$9 $k$H $$ $& $3$H$, 5- 21$5 $l $k !%<! $O <applyFusion> $, map sq $KBP $7 $FE,MQ $5 $l$k $,!$ map sq $, _f . _g $H %^ %C %A $7$J $$ $? $a !$ applyFusion2 $, E, MQ $5 $l$k !% $3 $l $K$h $j !$ sum . (map sq . foldr (:) []) $, F@ $i $l $k $, !$ $3$N $H$-!$ <! $K$O (map sq . foldr (:) []) $K BP $7 $F <fusion> 5,B’ $rE,MQ$9$k $3$H $, 5-21$5 $l $k!% $=$N8e!$ <fusion> 5,B’ $, 2 2sE,MQ$5 $l $k$3$H $H$J$j!$ $=$N7k2L!$ Cf 4V%j%9 %H $r@8@. $7 $J$$ %W %m %0 %i%‘ $, F@ $i $l $k !%

12 >pJs=hM}3X2qO@J8;o 1959 sumsqOpt = { sumsqOpt } sumsq = { sumsq } sum . map sq = { applyFusion1 } sum . map sq = { applyFusion2 } sum . (map sq . foldr (:) []) = { fusion (\ a x -> map sq (a : x )) = { map2 } (\ b d -> sq b : map sq d) map sq [] = { map1 } [] } sum . foldr (\ g -> (:) (sq g)) [] = { fusion (\ a x -> sum (sq a : x)) = { sum2 } (\ b c -> sq b + sum c) sum [] = { sum1 } 0 } foldr (\ f -> (+) (sq f)) 0 ?^ 8 <B9T7k2L { sumsq.out $3$N=q$-49 $($N2aDx $K$*$$ $FE,MQ $7 $?5,B’!$ 5, B’ $N E,MQ 2U=j $r%9%/ %j %W%H$N7A $G5-O? $9$k $H!$ ?^ 6 $N$h $& $J %9 %/%j %W%H $, F@$i $l $k !% $3 $l$K $h$j!$ CCP $+$i %9 %/%j %W%H $X$N JQ49 $, 9T $o $l $k !% 4. :GBg %^!<%/ IU $1 LdBj$N<+F0@8@.$NNc K\>O $G $O ,3 >O $G5-=R $7 $? %7 %9 %F%‘ $rMQ$$ $F!$ $$$/ $D $+$N:GBg%^ !<%/ IU $1LdBj $N@~ 7A;~ 4V %W %m %0 %i%‘ $r<+F0 @8@.$9$k!% 4.1 :GBgItJ,NsOBLdBj $3$3 $G$O:GBgItJ, NsOB LdBj $N<+F0@8 @. $r9T $J $& !% :G BgItJ, Ns OBLd Bj $O 2 >O $G=R $Y $?$h$& $K:GBg%^ !<%/ IU $1 LdBj$H $7 $F <!$N$h $& $KDj<02=$G$-$k !% mss = " w = � �lter c onn 0 � gen (3) $^ $: gen $K$h $C $F 2 n 8D $N $9 $Y $F $N %^ !< %/ IU $- %j %9 %H $r @8@. $9$k!% <! $K �lter c onn 0 $K $h$C $F@-<A c onn 0 $r K~ $?$9 %^ !< %/ IU $-%j %9 %H$N$_ $r<h $j =P $9 !% :G 8e $K " w = $K $h $C$F =E$_ 4X?t w $N CM $, :G Bg$H$J $k %^!< %/ IU$- %j %9 %H $r 1 $DJV$9 !% 8zN( $N0- $$ $3$NDj5A $+$i@~7A ;~4V %" %k %4 %j %:%‘ $K JQ 49$9 $k CCP $r ?^ 10 $N $h $& $K 5- =R$9$k !% (3) <0$N Dj 5A $O ?^ 10 $N %W %m %0 %i%‘$N 1 9TL\ $K =q $+ $l$F $$$k!%$J

V ol. 0 No. 0 :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N<+F0@8@. 13 sumsq: sumsq = sum . map sq; sum1: sum [] = 0; sum2: sum (x:xs) = x + sum xs; sq: sq x = x * x; map1: map f [] = []; map2: map f (x:xs) = f x : map f xs; foldr1: foldr step e [] = e; foldr2: foldr step e (a:x) = step a (foldr step e x); compose: (_f . _g) _x = _f (_g _x); fusion: _f (foldr _step _e _xs) = foldr _g _c _xs, if{ _f (_step a x) = _g a (_f x); _f _e = _c} applyFusion1: _f . _g = _f . _g; applyFusion2: _f = _f . foldr (:) []; sumsqOpt: sumsqOpt = sumsq; ?^ 9 sumsq $N =q$-49$(5,B’ $* !$ bmax w $O ( " w ) $r !$ r e duc e $O ( = ) $r $=$l $>$l I= $o $9!% mmpRule $O DjM} 1 $N :GE, 2= 5, B’ $rI= $o $7 $F$*$j !$ :G E,2= 4X?t opt $K JQ49$9 $k!% :G E,2= 4X?t $NA0Ds >r7o $rK~ $?$9 $H <tupling> $h$j !$ @- <A c onn 0 $, J,2r $G$-$k!% $3 $N CCP $r%3 %s %Q %$ %k$9$k $3 $H$G?^ 6 $H F1 $8 $h $& $J %9 %/%j %W%H $r @8@.$9$k!% 4.2 :GBgItJ,NsOBLdBj $r 3HD% $7 $? LdBj :GBgIt J,Ns OB LdBj $N2r $NK~ $?$9 $Y$->r 7o $r87 $7 $/ $7 $?LdBj $K$D$$ $F9M $($k!% Bh 2 >O $G=R $Y $?:GBg It J,Ns OB LdBj $NCf $N@- <A c onn 0 $H !$ 2r $N%j%9 %H$KIU $$ $?%^ !< %/ $N ?t $, 6v?t $G$" $k$H$$ $&@-<A even $r F1 ;~ $K K~$?$9 $H $$ $&@-<A p $O !$ p xs = c onn 0 xs ^ even xs $H I= $o$;$k !% $3 $N Ld Bj$b :G Bg %^!< %/ IU $1 Ld Bj$N Nc$G$" $k !%?^ 10 $N CCP $NJQ 99 $9 $k $Y $- It J, $,?^ ?? $K5- =R $5 $l$F $$$k !% $3$N$h $& $K1?;;5, B’ $rJQ99 $7 $J $/ $F $bJL $N %W %m %0 %i%‘ JQ49 $r 9T $& $3$H $, 2DG= $G$"$C$? !% 5. 7k O@ K\O@J8 $G $O !$ :G Bg%^ !<%/ IU $1LdBj $N8zN( E* %W %m %0 %i %‘ $N<+F0 @8@. ;~ $KM-8z $JJQ49 5,B’ !$ JQ 49@o N, 5-=R 8@8l $r Ds0F $7 !$ $= $l$r;Y1g$9 $k %7 %9 %F%‘ $N<B8= <j K! $r<( $7 $? !% 2f!9 $N %7 %9 %F%‘ $O %W %m %0 %i%‘JQ49 $N@oN, $N5-=R $r 8z2LE* $K$9$k $? $a $K %7%9 %F%‘ $r 2 $D$N3, AX $KJ,3d $7$F $$$k $3 $H $, FCD’ $G$"$k!% $^ $?!$ $$$/$D $+$N:GBg%^ !<%/ IU $1LdBjBP $7 $F !$ <B MQE* @~7A ;~4V %" %k %4 %j %:%‘$N<+F0 @8@. $r9T$& $3$H $K$h$C $F2f!9 $N<jK! $, M-8z $G$"$k $3 $H $r <( $7 $? !% ;2 9M J8 8% 1) Sasano, I., Hu, Z., T ak eic hi, M. and Ogaw a, M.: Mak e it Practical: A Generic Linear-Time Algorithm for Solving Maximum-W eigh tsum Problems, Pr o c e e dings of the 5th ACM SIG- PLAN International Confer enc e on F unctional Pr o gr amming (ICFP’00) , Montreal, Canada, ACM Press, pp. 137{149 (2000). 2) Bern, M. W., Lawler, E. L. and W ong, A. L.: Linear-Time Computation of Optimal Sub- graphs of Decomp osable Graphs, Journal of A l- gorithms , V ol. 8, pp. 216{235 (1987). 3) Borie, R. B., Park er, R. G. and T o v ey , C. A.: Automatic Generation of Linear-Time Algo- rithms from Predicate Calculus Descriptions of Problems on Recursiv ely Constructed Graph F amilies, A lgorithmic a , V ol. 7, pp. 555{581 (1992). 4) Bird, R.: Maximum Marking Problems (2000). Av ailable from http://www.comlab.o x.ac.uk/

14 >pJs=hM}3X2qO@J8;o 1959 oucl/w ork/ric hard.bird/publications/mmp.ps. 5) Sasano, I., Hu, Z. and T ak eic hi, M.: Gener- ation of E�cien t Programs for Solving Maxi- m um Multi-Marking Problems, Semantics, Ap- plic ations, and Implementation of Pr o gr am Gener ation (SAIG’01) (T aha, W.(ed.)), Lec- ture Notes in Computer Science, V ol. 2196, Firenze, Italy , Springer-V erlag, pp. 72{91 (2001). 6) <D G8 8y , 8U ?6 9> , Ip ;T @5 ?M , >. @n ?p ;K : %J %C %W%5 %C %/ Ld Bj $* $h $S$= $N H/ E8 Ld Bj $NE} 0l E* 2r K! , %3 %s %T %e !< %? %= %U %H%& %’ %" , V ol. 18, No. 2, pp. 59{63 (2001). 7) T ak eic hi, M. and Hu, Z.: Calculation Carry- ing Programs: How to Co de Program T ransfor- mations (Invited Paper), International Sump o- sium on Principles of Softwar e Evolution (ISPSE 2000) , Kanazaw a, Japan, IEEE Press (2000). 8) Visser, E.: Stratego: A language for program transformation based on rewriting strategies. System description of Stratego 0.5, R ewrit- ing T e chniques and Applic ations (R T A’01) , Springer-V erlag (2001). 9) de Mo or, O. and Sittampalam, G.: Generic Program T ransformation, Pr o c e e dings of the 3r d International Summer Scho ol on A d- vanc e d F unctional Pr o gr amming (AFP’98) , LNCS 1608, Braga, P ortugal, Springer-V erlag, pp. 116{149 (1998). 10) Bird, R.: Intr o duction to F unctional Pr o gr am- ming using Haskel l (se c ond e dition) , Prentice Hall (1998). 11) Bird, R.: Algebraic Iden tities for Program Calculation, The Computer Journal , V ol. 32, No. 2, pp. 122{126 (1989). 12) T ak amiza w a, K., Nishizeki, T. and Saito, N.: Linear-Time Computabilit y of Com binatorial Problems on Series-Parallel Graphs, Journal of the Asso ciation for Computing Machinery , V ol. 29, pp. 623{641 (1982). 13) Arnborg, S., Courcelle, B., Proskurowski, A. and Seese, D.: An Algebraic Theory of Graph Reduction, Journal of the ACM , V ol. 40, No. 5, pp. 1134{1164 (1993). 14) Bird, R. and de Mo or, O.: Algebr a of Pr o gr am- ming , Prentice Hall (1996). 15) Meijer, E., F okkinga, M. and P aterson, R.: F unctional Programming with Bananas, Lenses, Env elop es and Barb ed Wire, Pr o c e e d- ings of the 5th International Confer enc e on F unctional Pr o gr amming L anguages and Com- puter Ar chite ctur e (FPCA’91) , Lecture Notes in Computer Science, V ol. 523, Cam bridge, Massac h usetts, A CM Press, pp. 124{144 (1991). 16) Hu, Z. and T ak eic hi, M.: Calculation Carrying Programs, T ec hnical Rep ort METR 99-07, De- partment of Mathematical Engineering, Uni- versit y of T oky o, Japan (1999). 17) de Mo or, O. and Sittampalam, G.: Higher- order Matching for Program T ransformation, The or etic al Computer Scienc e , V ol. to app ear (1999). 18) Jones, S. P . and Hughes, J.(eds.): The Haskel l 98 R ep ort (1999). Av ailable from http://www.hask ell.org/de�nition/.

V ol. 0 No. 0 :GBg%^!<%/IU $1 LdBj$N8zN(E* %W %m %0 %i %‘$N<+F0@8@. 15 -------------- %W %m %0 %i%‘ ----------------- mss = reduce (bmax w) . filter conn0 . gen; reduce f [x] = x; reduce f (x:xs) = f x (reduce f xs); bmax f a b = if f a > f b then a else b; w = reduce (+) . map fc where fc (x,m) = if marked (x,m) then x else 0; filter p [] = []; filter p (x:xs) = if p x then x : filter p xs else filter p xs; conn0 [] = True; conn0 (x:xs) = if marked x then conn1 xs else conn0 xs; conn1 [] = True; conn1 (x:xs) = if marked x then conn1 xs else conn2 xs; conn2 [] = True; conn2 (x:xs) = if marked x then False else conn2 xs; marked (x,b) = b; gen [] = [[]]; gen (x:xs) = [ x’:xs’ | x’ <- [mark x,unmark x], xs’ <- gen xs ]; mark x = (x,True); unmark x = (x,False); foldr _step _e [] = _e; foldr _step _e (_a:_x) = _step _a (foldr _step _e _x); opt accept (oplus,f) = ... >JN, -------------- 1?;;5,B’ ----------------- <mmpRule> (reduce (bmax _w) . filter conn0 . gen) = letm _accept . _h = <tupling> conn0; reduce _oplus . map _f = _w; foldr _phi2 _phi1 = <applyFusion> _h in opt (_oplus,_f) _accept _phi1 _phi2; <tupling> conn0 = letm _h xs = (conn0 xs,conn1 xs,conn2 xs); _accept (t0,t1,t2) = t0; in _accept . _h; <fusion> _f (foldr _step _e _xs) = letm _g a (_f x) = _f (_step a x); _c = _f _e in foldr _g _c _xs; <applyFusion> (_f . _g) = <fusion> (_f . <applyFusion> _g); <applyFusion> _f = <fusion> (_f . foldr (:) []); -------------- 1?;;5,B’$NE,MQ ----------------- mssOpt = <mmpRule> (<unfold> mss) ?^ 10 mss $K BP$9$k CCP

16 >pJs=hM}3X2qO@J8;o 1959 -------------- %W %m %0 %i%‘ ----------------- mss’ = reduce (bmax w) . filter p . gen; ... p xs = conn0 xs && even xs; even [] = True; even (x:xs) = if marked x then odd xs else even xs; odd [] = False; odd (x:xs) = if marked x then even xs else odd xs; h xs = (p xs,even xs,odd xs,conn0 xs,conn1 xs,conn2 xs); ... accept (t0,t1,t2,t3,t4,t5) = t0; -------------- 1?;;5,B’ ----------------- ... -------------- 1?;;5,B’$NE,MQ ----------------- mssOpt’ = <mmpRule> (<unfold> mss’) ?^ 11 mss $K BP$9$k CCP