2 (194) FC=8!|%W%m%0%i%_%s%05Z$S%W%m%0%i%_%s%08@8l %0%i%U$NC5:w4X?t$N:F5"E*Dj5A$HJQ49 <DG8 8y 8U ?69> Ip;T @5?M %0 %i %U %" %k %4 %j %: %‘ $r :F 5" E* $K 5- =R $7 , %W %m %0 %i %‘ JQ 49 $r 9T $* $& $H $9 $k ;n $_ $, $3 $l $^ $G $K $$ $/ $D $+ $J $5 $l $F $$ $k $, , $= $l $i $O ?< $5 M% @h C5 :w $r BP >] $H $7 $F $* $j , Ds 0F $5 $l $F $$ $k JQ 49 5, B’ $b J# ;( $G $" $k . K\ O@ J8 $G $O , ?< $5 M% @h C5 :w $r $= $N FC JL $N >l 9g $H $7 $F 4^ $‘ %0 %i %U $N 0l HL E* C5 :w $r 9T $& 4X ?t $r :F 5" E* $K Dj 5A $9 $k . $3 $N 4X ?t $r h ylomorphism $H8F $P$l$k 7A$KJQ 49$9 $k$3$H $K$h$j , M; 9g JQ 49 $d $= $NB> $N 3F <o $N JQ 49 $r 9T $& $3 $H$, $G $- , 8z N( E* $J %" %k %4 %j %: %‘ $r F3 =P $9 $k $3 $H $, $G $- $k . K\ 9F $G $O $5 $i $K , %0 %i %U $N 0lHL E* C5 :w 4X ?t $r 4X ?t 7? 8@ 8l Hask ell $K $h$C$F<B8=$9$kJ}K!$r<($9 . 1 $O $8 $a $K %W %m %0 %i %‘ $N ?. Mj @- , @8 ;: @- $N 8~ >e $N $? $a $K %" %k %4 %j %: %‘ $r :F 5" E* $K 5- =R $7 , @5 $7 $5 $N >Z L@ , %W %m %0 %i %‘ JQ 49 $K $h $k 8z N( 2~A1 , ;E MM $+ $i $N %W %m%0 %i %‘ F3 =P $J $I $r 9T $& <j K! $K 4X $9 $k 8& 5f $, 0J A0 $+ $i 9T $o $l $F $$ $k . %j %9 %H , LZ $N>e$N%"%k%4%j%:%‘$K4X$7$F$OB?$/$N8&5f$,$J$5$l$F$* $j [2] , :G6a $G$O%0 %i%U%"%k %4%j%: %‘$K4X$7 $F$b:F 5"E*5- =R $, $$ $/ $D $+ ;n $_ $i $l $F $$ $k [5] [6] [8] . $7 $+ $7 , %0 %i %U %" %k %4 %j %: %‘$N :F 5" E* 5- =R $O 8= :_ $N $H $3$m , ?< $5 M% @h C5 :w$N $_$rBP>] $H$7$? $b$N [8] $d , M-8~ L5JDO) %0%i%U $N$_$r BP>] $H$7$?$b $N [6] $J$I , E, MQHO0O$r 8BDj$7 $F9T$o $l$F$$ A General Recursiv e F orm for Graph T ra v ersals and its T ransformation Isao SASANO, Zhenjiang HU, Masato T AKEICHI, El 5~ Bg3XBg 3X1! 9)3X 7O8& 5f2J >pJs 9)3X @l96 , Departmen t of Information Engineering, Univ ersit y of T oky o. %3%s%T%e!< %? %= %U%H %&%’ %" , V ol.17, No.3 (2000), pp.2{19. [ O@J8 ] 1999 G/ 5 7n 31 F|<uIU . $k . $^ $? , [5] $K $* $$$F $O?< $5M% @hC5 :w$r $9 $k4X ?t$K 4X$7 $F%W%m%0%i%‘JQ49$r$9$k$?$a$NM;9g5,B’$bDs0F$5$l$F$$ $k$, , Hs>o$KJ#;($G$"$j , 5,B’$NE,MQ$,Fq$7 $/ , <BMQ>e$N LdBjE@$,$"$k . K\ O@ J8 $G $O , %0 %i %U $N 0l HL E* C5 :w [18] $r 9T $& 4X ?t $r :F 5" E* $K 5- =R $9 $k . $3 $l $O ?< $5 M% @h C5 :w , I} M% @h C5 :w $r $= $N FC JL $N >l 9g $H $7 $F 4^ $_ , E, MQ HO 0O $, 9- $$ $b $N $G $" $k . $3 $N 0l HL E* C5 :w 4X ?t $O h ylomorphism $H $$ $& 7A $K JQ 49 $9$k$3 $H$,$G$- [7] [16] , $=$l$K$h$j , h ylo fusion $H8F$P $l$kM;9gJQ49$d$=$NB>$$$m$$$m$JJQ49$r9T$&$3$H$,$G$- $k . K\ 9F $G $O $5 $i $K , %0 %i %U $N 0l HL E* C5 :w 4X ?t $r 4X ?t 7? 8@8l Hask ell $K$h$C$F8zN($h$/<B8=$9$kJ}K!$r<($9 . K\ O@ J8 $N 9= @. $O 0J 2< $N $h $& $K $J$C $F $$ $k . $^ $: , 2 @a $G4X O"8&5f $K$D$$ $F=R $Y$k . <!$K 3 @a $G%0%i %U$N 0lHLE* C5 :w 4X ?t $r :F 5" E* $K 5- =R $9 $k . 4 @a $G 0l HL E* C5 :w 4X ?t $r h ylomorphism $H$$ $&7A$K JQ49$7 , Nc $H$7$F M;9g JQ49$r 9T$& . 5 @a$G0lHLE*C5 :w4X?t$N8zN( $N$h$$<B8=K! $r<($9 . 6 @a$G7kO@$r=R$Y$k . 2 4X O" 8& 5f [8] [9] $K $* $$ $F $O , ?< $5 M% @h C5 :w LZ $r @8 @. $9 $k 4X ?t $r state transformer [10] [12] $N5;K!$rMQ$$$F4X?t7?8@8l$G 5- =R $7 $F $$ $k . $3 $N 4X ?t $H B> $N 4X ?t $r AH $_ 9g $o $; $k $3 $H $K $h $j , ?< $5 M% @h C5 :w $K 4X $9$k $5 $^ $6 $^ $J %" %k %4 %j %: %‘ $r 5- =R $7 $F $$ $k!# $3 $l $K$h $j , %W %m %0 %i %‘ $N @5 Ev @- $N >Z L@ $, 9T $$ $d $9 $/ $J$C $F $*$j , %0 %i %U $N 6/ O" 7k @. J, J, 2r $r 9T $& %W %m %0 %i %‘ $N @5 Ev @- $N >Z L@ $r 9T$C $F $$ $k . [9] $K $* $$ $F $O %W %m %0 %i %‘ $N M; 9g JQ 49 $r 9T$C $F $$ $k $, , state transformer $rMQ$$$F$$$kItJ,$K$D$$$F$OM;9gJQ49$,J#

(195) V ol. 17 No. 3 Ma y 2000 3 ;( $K $J $k . $^ $? , M; 9g JQ 49 $O ?< $5 M% @h C5 :w $K $N $_ 8B Dj $5 $l$k . [5] $K$*$$$F$O , %"%/%F%#%V%Q%?!<%s%^%C%A%s%0$H8F$P $l $k 5; K! $r MQ $$ $k $3 $H $K $h $j , %0 %i %U $r :F 5" E* $K <h $j 07$C $F $* $j , $= $N >e $G ?< $5 M% @h C5 :w $r 4X ?t 7? 8@ 8l $r MQ $$ $F :F 5" E* $K 5- =R $7 $F $$ $k . $^ $? , ?< $5 M% @h C5 :w 4X ?t $K 4X $9 $k M; 9g 5, B’$, =R $Y $i $l $F $* $j , M; 9g JQ 49 $, 9T $o $l $F $$ $k $, , M; 9g 5, B’ $, Hs >o $K J# ;( $G $" $j , 5, B’ $N E, MQ $, Fq $7 $/ , <BMQ>e$NLdBjE@$,$"$k . [6] [14] $K $* $$ $F $O , %0 %i %U %" %k %4 %j %: %‘ $r Be ?t E* OH AH $G <h $j 07$C $F $$ $k . [6] $K $* $$ $F $O , BP >] $r M- 8~ L5 JD O) %0 %i %U $K 8B Dj $7 , <B 8= $K 4X $7 $F $O =R $Y $i $l $F $$ $J $$ . [14] $K$*$$$F$O , 4X?t$G$O $J$/ , 4X78$rMQ$$$F %"%k%4 %j%: %‘$r5-=R$7$F$*$j , 8=CJ3,$K$*$$$F$O<BMQE*$G$O$J$$ . [17] $K $* $$ $F $O , %0 %i %U >e $N $" $k 5" G< E* $J 4X ?t $K 4X $9 $k M; 9g 5, B’ $rDs <( $7 , $= $l $r MQ $$$F :G C; O) Ld Bj $r 2r $/ %@ %$ %/ %9 %H %i K! [3] $r F3 =P $7 $F $$ $k $, , ?< $5 M% @h C5 :w , I} M% @hC5:w$O07$C$F$$$J$$ . [4] $K$*$$$F$O , K\O@J8$G<h$j07$&%0%i%U$N0lHLE*C5:w $r <h $j 07$C $F $$ $k $, , :F 5" E* $K $O 5- =R $5 $l $F $* $i $: , $^ $?%W%m%0%i%‘JQ49$O9T$o$l$F$$$J$$ . 3 %0%i%U$N0lHLE*C5:w4X?t$NDj5A $3 $N @a $G $O , M- 8~ %0 %i %U $r :F 5" E* $K Dj 5A $7 , $= $N >e $G 0l HLE* C5:w 4X?t $r:F 5"E* $K5- =R$9 $k . K\ O@J8 $G<h $j07 $& %0 %i %U $O M- 8~ %0 %i %U $H $9 $k . $3 $l $^ $G $O , %0 %i %U %" %k %4 %j %: %‘ $r :F 5"E* $K <h $j 07 $& $H $- $K $O , ?< $5 M% @h C5 :w $J $I $KHO0O$r8BDj$7$F$$$?$, , K\O@J8$G=R$Y$k0lHLE*C5:w$O , ?< $5 M% @h C5 :w , I} M% @h C5 :w $r $= $NFC JL $N >l 9g $H $7 $F 4^ $‘ $b$N$G$"$j , E,MQHO0O$N9-$$$b$N$G$"$k . 3.1 %0%i%U$N:F5"E*Dj5A %0 %i %U $r I= 8= $9 $k $H $- $K$O , 9T Ns $d NY @\ %j %9 %H $J $I $r MQ $$ $k $N $, 0lHL E* $G $" $k $, , <! $N$h $& $K :F 5" E* $K Dj 5A $9 $k$3$H$b$G$-$k [5] . Gr aph ::= Empty j Context & Gr aph Context ::= ([ V ertex ] ; V ertex ; [ V ertex ]) %0%i%U$O , 6u$N%0%i%U Empty $G$"$k$+ , $^$?$O , %0%i%U $K Context 7? $N MW AG 1 $D $r 9= @. ;R & $K $h$C $F IU $1 2C $( ?^ 1 M-8~%0%i%U$NNc $?$b$N $H$7$FDj 5A$9$k . Context 7?$NMWAG $O 1 $D$ND:E@ $K 4X $9$k >p Js $rI= $7 $F $* $j , $= $N Bh 1 MWAG $O $= $N D:E@ $r =*E@$H$9$k;^$N;O E@$N%j%9%H , Bh 2 MWAG$O$=$ND:E@<+?H , Bh 3 MWAG$O$=$ND:E@$r ;OE@$H$9$k ;^$N=*E@$N %j%9%H$rI= $9 . V ertex $OD:E@$N7?$rI=$9 . Nc$($P , ?^ 1 $N%0%i%U $O ([4] ; 1 ; [2 ; 3]) & ([3 ; 6] ; 2 ; [4 ; 5]) & ([ ] ; 3 ; [5]) & ([ ] ; 4 ; [6]) & ([ ] ; 5 ; [6]) & ([ ] ; 6 ; [ ]) & Empty $N $h $& $K I= 8= $G $- $k . $? $@ $7 & $O 1& 7k 9g E* $G $" $k $H $7 , ;^$N=E$_$O;^ $r0z?t $K$H$k4X ?t weight $GM?$( $i$l$k $3$H $K$9$k . ?^ 1 $N%0%i%U$G$O , 4X?t weight $O , weight (1 ; 2) = 10 weight (1 ; 3) = 5 weight (2 ; 4) = 2 weight (2 ; 5) = 4 weight (3 ; 2) = 3 weight (3 ; 5) = 4 weight (4 ; 1) = 2 weight (4 ; 6) = 1 weight (5 ; 6) = 5 weight (6 ; 2) = 2 $HDj5A$5$l$k .

4 %3%s%T%e!<%?%=%U%H%&%’%" (196) 3.2 %0%i%U$N0lHLE*C5:w4X?t$N:F5"E*5-=R %0 %i %U$N C5 :w 4X ?t $O , D: E@ $r 1 $D $:$D EO $j $J $, $i$" $k 7W ;;$r 9T$& $H$$ $&7A $G<+ A3$K 5-=R $9$k $3$H $,$G $-$k . Nc $( $P , %0 %i %U $r 0z ?t $K $H $j , 7k 2L $H $7 $F D: E@ ?t $r JV $9 4X ?t no deNumb er $rDj5A$9$k$3$H$r9M$($F$_$k . no deNumb er : Gr aph ! Int $3 $l $K$O , 0z ?t$K M? $( $i $l$? %0 %i %U $ND: E@ $r 1 $D $:$D EO $j $J$, $i , D: E@ $r 1 $DEO $k$4 $H $KCM $r 1 A} 2C$5 $; $k$H $$ $&7W;;$r9T$($P$h$$$N$G , no deNumb er Empty = 0 no deNumb er (( p; v ; s ) & g ) = 1 + no deNumb er g $N $h $& $K Dj 5A $9 $l $P $h $$ . $3 $l $O , %0 %i %U $, Empty $N >l 9g $K $O 0 $r JV $7 , Empty $G $J $$ >l 9g $K $O D: E@ v $H $= $l$KIU?o$9$k;^$r =|$$$?;D$j $N%0%i%UCf $ND:E@?t$K 1 $r 2C$($?$b$N$r7k2L$H$7$FJV$9$3$H$r0UL#$7$F$$$k . $3 $N Nc $N $h $& $K , D: E@ $N K, Ld =g =x $, <+ M3 $G $h $$ >l 9g $K $OC1=c$K5-=R$G$-$k$, , ?<$5M%@hC5:w , I}M%@hC5:w , $3$l $+ $i 5- =R $9 $k0l HL E* C5 :w $J $I $N $h $& $K , <! $K K, Ld $9 $k D: E@ $r ;X Dj $7 $? $$ >l 9g $K $O , 0z ?t $K M? $( $i $l $k %0 %i %U $r , <! $K K, Ld $9 $k D: E@ ( $H $= $l $K IU ?o $9 $k ;^ ) $H ;D $j $N %0 %i %U $H $K J, 3d $9 $k $H $$ $& $3 $H $, I, MW $K $J $k . $3 $N $h $& $J J, 3d $r 5- =R $9 $k $? $a $K , %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 [5] $H 8F $P $l $k 5; K! $r MQ $$ $k . $3 $N 5; K! $r MQ $$ $k $H , Nc $( $P , %0 %i %U g $K $* $$ $F , $" $k D: E@ v $+ $i =P $F $$ $k ;^ $N @h $ND:E@ (successor) $r5a$a$k4X?t$O , suc c : V ertex ! Gr aph ! [ V ertex ] suc c v (( p; v ; s ) & g ) = s $N $h $& $K 5- =R $9 $k $3 $H $, $G $- $k . %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 $r L@ <( E* $K I= $9 $H $- $O , & $N $h $& $K & $K 2< @~$r$D$1$FI=$9$b$N$H$9$k . $3$N%"%/%F%#%V%Q%?!<%s%^%C%A%s%0$H8F$P$l$k5;K!$r MQ $$ $k $3 $H $K$h $j , <+ A3 $K 0l HL E*C5 :w 4X ?t $r :F 5" E* $K 5- =R $9 $k $3 $H $, $G $- $k . %0 %i %U $N 0l HL E* C5 :w [18] $H $O , ?< $5 M% @h C5 :w , I} M% @h C5 :w $H F1 MM $K , %0 %i %U Cf $N D: E@ , ;^ $r 2? $i $+ $N =g HV $G K, Ld $7 $F $$ $/ $3 $H $G $" $k . $= $N :] $N K, Ld =g =x $N 7h $a J} $N 4p =‘ $O C5 :w $N ?< $5 $K $O 8B Dj $7 $J $$ . $= $N 4p =‘ $H $7$F , =P H/ E@ $+ $i $N 5wN% $r $H $l $P :G C; O) Ld Bj $r 2r $/ %@ %$ %/%9 %H %i K! $K $J $j , ;^$N =E $_ $K $9 $l $P :G >. LZ Ld Bj $r 2r $/ Prim $N %" %k %4 %j %: %‘ [13] $K $J $k . C5 :w $N MM ;R $O ?^ 2 $N $h $& $K $J $k . 9u $/ EI $j $D $V $7 $? D: E@ $, K, ?^ 2 %0%i%U$NC5:w Ld :Q $_ $N D: E@$r I= $7 , <P @~ $N $D$$ $? D: E@ $, <! $K K, Ld $9 $k D: E@ $N 8u Jd ( A0 @~ $H 8F $V [18] ) $r I= $7 $F $$ $k . 6q BN E* $K $O , A0@~$O , $=$ND:E@$rK,Ld $7$?D>A0$ND:E@ , A0@~Cf$ND: E@ <+ ?H , I> 2A CM $N 3 $D AH $r MW AG $H $9 $k =8 9g $G $" $k $H $7 , A0 @~ $N 7? L> $O F r ontier $H $9 $k . I> 2A CM $N 7? $O V alue $H $9 $k . A0 @~ $K BP $9 $k A‘ :n $O , MW AG $N DI 2C , I> 2A CM $, :G >. $N MW AG ( $N $& $A $N G$ 0U $N 1 $D ) $N <h $j $@ $7 $N 2 $D $N $_ $H $9 $k . MW AG $N DI 2C $O , 1i ;; ;R ] $K $h$C $F 9T $$ , I> 2A CM :G >. MW AG $N <h $j $@ $7 $O / $K $h$C $F 9T $& . ( v ; x; d ) ] f r $O A0 @~ f r $K MW AG ( v ; x; d ) $r DI 2C $7 $F $G $- $k A0 @~ $r I= $7 , ( pv ; v ; d ) / f r $O , I> 2A CM :G >. $N MW AG $, ( pv ; v ; d ), D: E@ v $r Bh 2 MW AG $K ;} $D MW AG $r $9 $Y $F =| $$ $? A0 @~ $, f r $G $" $k $h $& $J A0 @~ $r I= $9 . 6u $N A0 @~ $O EmpF r ontier $G I= $9 . <! $K K, Ld $9 $kD: E@ $O , A0 @~ Cf $NI> 2A CM :G >. $N $b $N $H $9 $l $P$h$$$N$G , A0@~$r , ( pv ; v ; d ) / f s $K$h$C$FI>2ACM:G>. MWAG ( pv ; v ; d ) $H $=$l$r =|$$$? A0@~ f s $KJ, 2r$7 , D:E@ v $r<!$KK,Ld$9$kD:E@$H$9$l$P$h$$ . D: E@ $r 1 $DK, Ld $9 $k $4 $H$K A0 @~ $O 99 ?7$5 $l $k $, , $3 $l $r9T$&4X?t$r mer ge : ( V ertex ! V alue ! V ertex ! V alue ) ! V ertex ! V alue ! [ V ertex ] ! F r ontier ! F r ontier mer ge eval v d [ ] f r = f r mer ge eval v d ( x : s ) f r = let d 0 = eval v d x in mer ge eval v d s (( v ; x; d 0 ) ] f r ) $HDj 5A$9$k . Bh 1 0z ?t$K $OA0@~ $K?7$? $KA^F~ $9$k MWAG$N I> 2A CM $r 7W ;; $9 $k 4X ?t , Bh 2 0z ?t $K $O K, Ld Cf $N D: E@ , Bh 3 0z ?t $K $O K, Ld Cf $N D: E@ $N I> 2A CM , Bh 4 0z ?t $K $O K, Ld Cf

(197) V ol. 17 No. 3 Ma y 2000 5 $N D: E@ $N , L$ K, Ld $N successor $N %j %9 %H , Bh 5 0z ?t $K $O 99?7A0$NA0@~$,M?$($i$l$k . $3$N4X?t mer ge $rMQ$$$k$3$H$K $h$j , 0lHLE*C5:w$r9T $& 4X ?t $O , A0 @~ $H %0 %i %U $N BP $N >e$G :F 5" E* $K 5- =R $9 $k $3 $H$,$G$- , f : ( F r ontier ; Gr aph ) ! A f ( f r ; Empty ) = e f (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ac c (( pv ; v ; d ) ; f ( mer ge eval v d s f r ; g )) $N$h$&$K=q$-I=$9$3$H$,$G$- $k . $?$@$7 , $3 $N4X?t f $O , e; ac c ; eval $K0MB8$7$F$*$j , � e $O%0%i%U$, Empty $N>l9g$NCM , � ac c $O Hs :F 5" It J, $H :F 5" It J, $N CM $+ $i $" $k 7W ;; $r 9T$&4X?t , � eval $O A0 @~ $K ?7 $? $K DI 2C $9 $k MW AG $N I> 2A CM $r 7W ;; $9$k4X?t $r I= $7 $F $$ $k . eval $K $h$C $F D: E@ $N K, Ld =g =x $, 7h $^ $j , e; ac c $K$h$C $F , $I $N$h $& $J7W ;;$, 9T$o $l $k$+ $,7h $^ $k . e; ac c ; eval $rE,@Z $K;XDj$9 $k$3$H $K$h$C$F , $5$^ $6$^$J %"%k%4%j%:%‘$rI=8=$9$k$3$H$,$G$-$k (3.3 @a ). $J $* , $3 $3 $G Dj 5A $7 $? f $O , 0z ?t $K $H $k %0 %i %U Cf $K , =i4|A0@~$+$iE~C#IT2DG=$JD:E@$,$"$k>l9g$K$O%^%C%A$9 $k >l 9g $, $J $/ $J$C $F $7 $^ $& $, , J, $+ $j $d $9 $/ $9 $k $? $a , $^ $? , 8e $G =R $Y $k M; 9g JQ 49 $r 9T $$$d $9 $/ $9 $k $? $a $K $3 $N $h$&$JDj5A$rMQ$$$k$3$H$H$7 , 0z?t$H$7$F$H$k%0%i%U$O , =i 4| A0 @~ $+ $i $9 $Y $F $N D: E@ $, E~ C# 2D G= $G $" $k $H 2> Dj $9 $k . 0J>e$GDj5A $7$?4X ?t f $r , e; ac c ; eval $r0z?t$K$H $k4X ?t $H $7 $F 5- =R $9 $k $3 $H $H $7 , $3 $N 4X ?t $r explor e $H L> IU $1$k . f = explor e ac c e eval Nc$H$7$F , %0%i%U$ND:E@?t$r5a$a$k4X?t no deNumb er $r explor e $rMQ$$$F5-=R$9$k$H , no deNumb er : Gr aph ! Int no deNumb er g = explor e ac c e eval ( f r ; g ) where ac c ( x; y ) = 1 + y e = 0 $N$h$&$K$J$k . 4X?t eval , =i4| A0@~ fr $OE,Ev$KM?$($l$P $h$$ . 3.3 %0%i%U$N0lHLE*C5:w4X?t$NNc 0J >e $G Dj 5A $7 $? 0l HL E* C5:w 4X ?t $O ?< $5 M% @h C5 :w , I} M% @h C5 :w $r 4^ $‘C5 :w 0l HL $r 5- =R $7 $& $k $b$N $G $" $j , 5- =R NO $,9b $$4X ?t $G$" $k . 0J2< $G$O 0l HLE* C5:w 4X?t $N5- =RNO $N 9b $5 $r <( $9 $?$a $K , %@ %$ %/ %9 %H%i K! $G :G C; 5w N% $r 5a $a $k 4X?t , $*$h$S?<$5M%@hC5:wLZ$r5a$a$k4X?t$r5-=R$9$k . 3.3.1 Nc 1| %@%$%/%9%H%iK! %0%i %U$N 2 E@ 4V$N:G C;5w N%$r5a $a$k %"%k %4%j%: %‘$N 1 $D $K %@ %$%/ %9 %H %i K! [3] $, $" $k . %@ %$ %/ %9 %H %i K!$O , ?< $5 M% @h C5 :w , I} M% @h C5 :w $G $O =q $- I= $9 $3 $H $O $G $- $J $$ $, , 3.2 @a $G 5- =R $7 $? 4X ?t f $N $h $& $J 7A $r MQ $$ $k $H , <+ A3 $K :F5"E*$K5-=R $9$k$3$H$,$G$-$k . $"$k 1 $D$ND:E@ v $H%0 %i%U g $r0z?t $K$H$j , D:E@ v $+$i %0%i%U g Cf$NB> $N$9$Y $F $N D: E@ $X $N :G C; 5w N% $r 5a $a $k 4X ?t dijkstr a $r<+ A3 $K :F 5"E*$K5-=R$9$k$H<!$N$h$&$K$J$k . dijkstr a : V ertex ! Gr aph ! [( V ertex ; V alue )] dijkstr a v g = dijkstr a’ ( f r ; g ) where f r = toF r ontier [( ; v ; 0)] dijkstr a’ : ( F r ontier ; Gr aph ) ! [( V ertex ; V alue )] dijkstr a’ ( f r ; Empty ) = [ ] dijkstr a’ (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ( v ; d ) : dijkstr a’ ( mer ge eval v d s f r ; g ) where eval v d x = d + weight ( v ; x ) toF r ontier $O , 0z ?t $K M? $( $i $l $? %j %9 %H Cf $N $9 $Y $F $N MW AG $r , 6u $N A0 @~ $K DI 2C $7 $F $G $-$k A0 @~ $r JV $9 4X ?t $G $" $k $H$9$k . toF r ontier : [( V ertex ; V ertex ; V alue )] ! F r ontier toF r ontier [ ] = EmpF r ontier toF r ontier ( x : xs ) = x ] ( toF r ontier xs ) $^ $? , =i 4| A0 @~ f r $N Dj 5A <0 $N 1& JU $N $O , 2> A[ E* $J D: E@ ( 0z ?t $K M? $( $i $l $k %0 %i %U Cf $N $I $N D: E@ $H $b 0[ $J $k D: E@ ) $r I= $9 . $3 $N 4X ?t dijkstr a $O 3.2 @a $G Dj 5A $7 $? 4X

6 %3%s%T%e!<%?%=%U%H%&%’%" (198) ?t explor e $rMQ$$$F5-=R$9$k$H , dijkstr a : V ertex ! Gr aph ! [( V ertex ; V alue )] dijkstr a v g = explor e ac c e eval ( f r ; g ) where ac c (( pv ; v ; d ) ; r ) = ( v ; d ) : r e = [ ] eval v d x = d + weight ( v ; x ) f r = toF r ontier [( ; v ; 0)] $N$h$&$K$J$k . $3$N4X?t dijkstr a $KD:E@ v , %0%i%U g $r0z ?t $H $7 $F M? $( $k $H , D: E@ , $= $N D: E@ $X $N D: E@ v $+ $i $N :G C; 5w N% $N BP $N %j %9 %H $, 7k 2L $H $7 $F F@ $i $l $k . Nc $( $P , ?^ 1 $N %0 %i %U ( $3 $l $r ex $H $9 $k ) $K $* $$ $F D: E@ 1 $+ $i B> $N D:E@$X$N:GC;5wN%$r5a$a$k$K$O , dijkstr a 1 ex $r7W;;$9 $l$P$h$/ , 7k2L$O , [(1 ; 0) ; (3 ; 5) ; (2 ; 8) ; (5 ; 9) ; (4 ; 10) ; (6 ; 11)] $H$J$k . 3.3.2 Nc 2| ?<$5M%@hC5:w ?< $5 M% @h C5 :w $O =E MW $J C5:w K! $G $" $j , ?< $5 M% @h C5 :w $r MQ $$ $k $3 $H $K$h $j , $5 $^ $6 $^ $J %0%i %U %" %k %4 %j %: %‘ $r 5- =R $9 $k $3 $H $, $G $- $k . $7 $+ $7 , ?< $5 M% @h C5 :w $O 0l HL E* C5 :w $N 1 $D $NNc $K $7 $+ $9$. $J $$ $N$G , ?< $5 M%@h C5 :w 4X?t $O 3.2 @a $GDj 5A$7 $?0l HLE* C5:w 4X?t explor e $rMQ$$ $F5- =R $9 $k $3 $H $, $G $- $k . $3 $3 $G $O , ?< $5 M% @h C5 :w 4X ?t $N 0l Nc $G $" $k , ?< $5 M% @h C5 :w LZ $r 5a $a $k 4X ?t dfs $r 0l HL E* C5 :w 4X ?t explor e $r MQ $$ $F 5- =R $9 $k . ?< $5 M% @h C5 :w $O 0l HL E* C5 :w$K$*$$$F=PH/E@$+$i$N?<$5$rA0@~$NI>2A4p=‘$H$7$FMQ $$ $k $3 $H $K $h$j I= $9 $3 $H $, $G $- $k $N $G , ?< $5 M% @h C5 :w LZ $rJV$94X?t dfs $O , dfs : [ V ertex ] ! Gr aph ! T r e e V ertex dfs v s g = dfs 0 ( f r ; g ) ( No de [ ]) where dfs 0 ( f r ; Empty ) r = r dfs 0 (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) r = dfs 0 ( mer ge eval v d s f r ; g ) ( addv ( pv ; v ) r ) eval v d x = d � 1 f r = toF r ontier [( ; v ; i ) j ( v ; i ) ( z ip v s [1 :: # v s ])] $N$h$&$KI=$9$3$H$,$G$-$k . T r e e $O T r e e a = No de a [ T r e e a ] $H Dj 5A $5 $l $k . # v s $O %j %9 %H v s $N D9 $5 $r I= $7 , [1 ::n ] $O [1 ; 2 ; : : : ; n ] $H $$ $& %j %9 %H $r I= $9 . z ip $O 2 $D $N %j %9 %H $r 0z ?t $K $H$j , BP 1~ $9 $k MW AG$N BP $N %j %9 %H $r JV $9 4X ?t $rI=$9 . $^$? , dfs’ $N7?$O , dfs’ : ( F r ontier ; Gr aph ) ! T r e e V ertex ! T r e e V ertex $G $" $k . $3 $N 4X ?t dfs $O , 2> A[ E* $J D: E@ ( 0z ?t $K M? $( $i $l $k %0 %i %U Cf $N $I $N D: E@ $H$b 0[ $J $k D: E@ ) $H $= $N D: E@ $+ $i v s Cf $N D: E@ $X $N ;^ $r %0 %i %U g $K 2C $( , D: E@ $r =P H/ E@ $H $7 $F ?< $5 M% @h C5 :w $r 9T $$ , 2> A[ E* $J D: E@ $r :, $H $9 $kC5 :wLZ $r 7k2L $H$7 $FJV $9$3 $H$r I=$7 $F$$ $k . ?7 $?$K A0 @~ $K 2C $( $k MW AG $N I> 2A CM $O K, Ld Cf $N D: E@ $N I> 2A CM d $+ $i 1 $r 0z $$ $? CM d � 1 $K $7 $F $$ $k $, , $3 $l $O , C5 :w $N =P H/ E@ $+ $i $N ?<$5 $, ?< $$ D: E@ $[ $I I> 2A CM$, >. $5 $/ , $9 $J $o $A M% @h EY $, 9b $/ $J$k $3 $H $r I= $7 $F $* $j , $3 $l $r d + 1 $K $9 $k $H , 4X ?t dfs $O I} M% @h C5 :w LZ $r JV $9 4X ?t $r I= $9 $h $& $K$J$k . addv $O addv : ( V ertex ; V ertex ) ! T r e e V ertex ! T r e e V ertex addv ( pv ; v ) ( No de v 0 cs ) = if ( pv == v 0 ) then ( No de v 0 ( cs + + [ No de v [ ]])) else No de v 0 [ addv ( pv ; v ) c j c cs ] $H $$ $& 4X ?t $G $" $j , Bh 1 0z ?t $K M? $( $i $l $k ;^ ( pv ; v ) $N =* E@ v $r Bh 2 0z ?t$K M? $($i $l $k LZ r Cf$N D: E@ pv $N ;R $H $7$FIU$12C$( $k$3$H$r0UL#$7$F$$ $k . $J$* , =i4|A0@~ f r $NI>2A CM$r4X?t dfs $NBh 1 0z?t $KM?$($i$l $kD:E@%j%9%H Cf $N MW AG $N @h F, $+ $i =g $K 1 ; 2 ; : : : $H $7 $F $$ $k $N $O , 4X ?t dfs $N Bh 1 0z ?t $K M? $( $i $l $k D: E@ %j %9 %H Cf $N MW AG $N =g HV $K 0U L# $r ;} $? $; $k $? $a $G $" $k . 4.3.2 @a $G 5- =R $9 $k 6/ O" 7k @. J, J, 2r $r9T $& 4X ?t Ey $K $* $$ $F $O , $3 $N =g HV $, 0U L# $r ;} $D . 4X ?t dfs $O 3.2 @a $G Dj 5A $7 $? 4X ?t explor e $r MQ $$ $F 5-=R$9$k$H dfs v s g = explor e ac c e eval ( f r ; g ) ( No de [ ]) where ac c (( pv ; v ; d ) ; r ) = r � addv ( pv ; v ) e = id eval v d x = d � 1 f r = toF r ontier

(199) V ol. 17 No. 3 Ma y 2000 7 [( ; v ; i ) j ( v ; i ) ( z ip v s [1 :: # v s ])] $H=q$-I=$9$3$H$,$G$-$k . 4 0lHLE*C5:w4X?t$NJQ49 A0@a$GDj5A$7$?0lHLE*C5:w4X?t$HB>$N4X?t$H$rAH$_9g $o $; $k $3 $H $K$h $j , $5 $^ $6 $^ $J %"%k %4 %j %: %‘ $r I= 8= $9 $k $3 $H $, $G $- $k . $7 $+ $7 , $= $N $h $& $K $7 $F =q $+ $l $? %W %m %0 %i %‘ $O 8z N( $, 0- $$ $3 $H $, $" $j , 8z N( $r 2~ A1 $9 $k $? $a $K , %W %m%0 %i%‘ JQ49 $,9T $o$l $k . :# $^$G $K%0 %i%U >e$N 4X?t $K $D $$ $F 9T $o $l$F $$ $? JQ 49 $O , FH <+$K Dj 5A $7 $? C5 :w 4X ?t $N $_ $K8B Dj $5$l $? JQ49 $G $"$C$? $, [5] [9] , K\O@ J8 $G$O , A0@a $G Dj 5A $7 $? 0l HL E* C5 :w 4X ?t $r h ylomorphism [7] [16] $H 8F $P$l $k7A $K5- =R$7 D>$7 $F$+ $iJQ 49$r 9T$& . $3$l $OK\ O@ J8 $N =E MW $J 9W 8% $N 1 $D $G $" $k . $3 $l $K $h $j , $9 $G $K $h $/ CN $i $l $F $$ $k OH AH $G $5 $^ $6 $^ $J JQ 49 $r 9T $& $3 $H $, $G $- $k . $3 $3 $G $O , Nc $H $7 $F , =E MW $J JQ 49 $G $" $k M; 9g JQ 49 $r 9T $& . 4.1 $G , h ylomorphism $N4p K\35 G0 , I= 5- K!$K $D $$ $F4J7i$K@bL@$7$?$N $A , 4.2 $G0lHLE*C5:w4X?t explor e $r h ylomorphism $G5-=R$7 , 4.3 $G , M;9gJQ49$r9T$C$?Nc$r <($9 . 4.1 Hylomorphism $NDj5A $3 $N @a $G $O , %+ %F %4 %j!< (category) $N M} O@ $K 8= $l $k , 4X <j (functor) $K $D $$ $F @b L@ $r 9T$C $? $N $A , h ylomor- phism $N Dj 5A $r 9T $& . 0J 2< $G =R $Y $k $3 $H $O , %+ %F %4 %j!< M} O@ $G CN $i $l $F $$ $k $3 $H $G $" $j , [7] [16] Ey $K $b =R $Y $i $l $F $$ $k . 0J 2< $G $O , %+ %F %4 %j!< $O C P O ( $9 $Y $F $N40 HwH> =g=x =89g (complete partially ordered set) $r BP >] (ob ject) $H $7 , $= $N 4V $N O" B3 4X ?t (con tin uous function) $r <M (arro w) $H $9$k %+ %F%4 %j!< ) $G$" $k$H $7 , 4X<j$O , C P O $+$i C P O $X$N4X<j$N$_$r9M$($k . 4.1.1 4X <j 4X <j $O 7? $r 0z ?t $K $H $k $H7? $r JV $7 , 4X ?t $r 0z ?t $K $H $k $H 4X ?t $r JV $9 . 4.2 @a $K $* $$ $F , 0l HL E* C5 :w 4X ?t explor e $N h ylomorphism $K $h $k 5- =R $r 9T $& $, , $= $3 $K 8= $l $k 4X<j$O0J2<$N 4 $D$N4pK\E*$J4X<j $N$_$rMQ$$ $F9=@.$9$k $3 $H $, $G $- $k . 0J 2< $N 4 $D $N 4X <j $+ $i 9= @. $5 $l $k 4X <j $O , p olynomial functor $H8F$P$l$k . Dj5A 1 (iden tit y functor) iden tit y functor I $N , 7? X , 4X?t f $K BP $9$k A‘ :n$O 0J 2<$N$h$&$KDj5A$5$l$k . I X = X I f = f 2 Dj5A 2 (constan t functor) constan t functor ! A $N , 7? X , 4X?t f $KBP$9$kA‘:n$O 0J2<$N$h$&$KDj5A$5$l$k . ! A X = A ! A f = id $3$3$G , A $O$"$k7?$rI=$7 , id $O91Ey4X?t$rI=$9 . 2 Dj5A 3 (pro duct functor) pro duct functor � $N , 7? X ; Y , 4X ?t f ; g $K BP $9 $k A‘ :n$O0J2<$N$h$&$KDj5A$5$l$k . X � Y = f ( x; y ) j x 2 X ; y 2 Y g ( f � g ) ( x; y ) = ( f x; g y ) $J $* , � $O , 4X <j 4V $N <! $N $h $& $J Fs 9‘ 1i ;; ;R $H $7 $F $b ;H $& . ( F � G ) X = F X � G X ( F � G ) p = F p � G p 2 Dj5A 4 (copro duct functor) copro duct functor + $N , 7? X ; Y , 4X ?t f ; g $K BP $9 $k A‘:n$O0J2<$N$h$&$KDj5A$5$l$k . X + Y = f 1 g � X [ f 2 g � Y ( f + g ) ( 1 ; x ) = ( 1 ; f x ) ( f + g ) ( 2 ; x ) = ( 2 ; g x ) Bh 1 <0 $N 1& JU $N � $O , D> @Q =8 9g $r 5a $a $k 1i ;; ;R $G $" $j , 1 , 2 $O%?%0$rI=$7$F$$$k . %?%0$K4X O"$9$k1i;;;R 5 $r $3$3$GDj5A$7$F$*$/ . ( f 5 g ) ( 1 ; x ) = f x ( f 5 g ) ( 2 ; x ) = g x $J $* , + $O , 4X <j 4V $N <! $N $h $& $J Fs 9‘ 1i ;; ;R $H $7 $F $b ;H $& . ( F + G ) X = F X + G X ( F + G ) p = F p + G p 2 4.1.2 4X<j$H%G!<%?7?$H$NBP1~$K$D$$$F 4X <j $, p olynomial functor $G $" $k $H $- $K $O , $= $N 4X <j $O $" $k %G!< %? 7? $r I= $7 $F $$ $k $H $_ $J $9 $3 $H $, $G $- $k . $^ $? , %G!< %? 7? $+ $i , $= $l $r I= $9 4X <j $r F3 $/ $3 $H $b $G $- $k [15] . $3$3$G $O , %j %9%H$HLZ $rNc$H$7$F , 4X <j$H%G!<%? 7?$H$NBP1~$r<($9 . � %j%9%H

8 %3%s%T%e!<%?%=%U%H%&%’%" (200) 7? A $NMWAG$r;}$D%j%9%H$O , List A = Nil j Cons ( A; List A ) $N $h $& $K Dj 5A $9 $k $3 $H $, $G $- $k . $3 $N 7? List A $K BP1~$9$k4X<j$O , F L =! 1 + ! A � I $G $" $k . $3 $N 4X <j F L $O , ( List A ) 7? $r Dj $a $k . 1 $O , MW AG $r 1 $D $@ $1 ;} $D =8 9g $r I= $7 $F $* $j , 1 $N MW AG $O () $G $" $k $H $9 $k . <! $N 4X ?t in F L $O List A $N %G!<%?9=@.;R$rI=$9 . in F L : F L ( List A ) ! ( List A ) in F L = ( � () :N il ) 5 C ons � () : Nil $O () $r0z ?t$K $H$j Nil $rJV $9Dj ?tCM4X ?t$r I= $7 $F $$ $k $, , <0 $, HK ;( $K $J $k $N $r Hr $1 $k $? $a , $3 $l$rC1$K Nil $H5-=R$9$k$3$H$b$"$k . � LZ 7? A $NMWAG$r;}$D 2 J,LZ$O T r e e A = L e af A j No de ( T r e e A; T r e e A ) $N $h $& $K Dj 5A $9 $k $3 $H $, $G $- $k . $3 $N 7? T r e e A $K BP1~$9$k4X<j$O F T = ! A + I � I $G $" $k . $3 $N 4X <j F T $O , ( T r e e A ) 7? $r Dj $a $k . <! $N4X?t in F T $O T r e e A $N%G!<%?9=@.;R$rI=$9 . in F T : F T A ( T r e e A ) ! ( T r e e A ) in F T = L e af 5 No de 4.1.3 h ylomorphism $NDj5A 3 $D AH $+ $i $J $k h ylomorphism $O 0J 2< $N $h $& $K Dj 5A $5$l$k [16] !% Dj5A 5 (h ylomorphism) F , G $r 4X <j (functor) $H $7 , 4X ?t � : G A ! A , : B ! F B $H <+ A3 JQ 49 (natural transforma- tion) � : F _ ! G $, M? $( $i $l $? $H $-!$ h ylomorphism [ [ �; � ; ] ] G;F : B ! A $O <! $N Ey <0 $r K~ $? $9 :G >. IT F0 E@ $H$7$FDj5A$5$l$k!% f = � � � � F f � [ [ �; � ; ] ] G;F $N E: ;z $N G; F $O!$ <+ L@ $J $H $- $O >J N, $9 $k!% 2 4X?t � , � , $O$=$l $> $l , 0z?t$N :F 5"%G!< %? $NJ, 2r , J, 2r $5 $l $? 3F MW AG $K BP $9 $k =hM} , 7k 2L $r I= $9 :F 5" %G!< %? $N AH $_ N) $F , $N Lr 3d $r 2L $? $9 . h ylomorphism $N 5- =R NO $O 9b$/ , $[$H$s $I$N :F5" E* $J4X ?t$O h ylomorphism $G5- =R $9 $k $3 $H $, $G $- , $^ $? , h ylomorphism $K 4X $9 $k JQ 49 5, B’ $H $7 $F , h ylo shift Dj M} , h ylo fusion Dj M} , ;@ @- 1+ Dj M}$J $I $,CN $i $l $F $* $j , $=$l $r Mx MQ$9 $k $3 $H $K $h $j , $5$^ $6 $^ $J JQ 49 $r 9T $& $3 $H $, $G $- $k [7] [16] . h ylomorphism $O , 0J2< $K=R$Y $k , catamorphism, anamorphism $H$$ $& M- MQ $J :F 5" 7A <0 $r $= $N FC JL $N >l 9g $H $7 $F 4^ $s $G $* $j , Hs>o$K0lHLE*$J:F5"7A<0$G$"$k . Dj5A 6 (catamorphism, anamorphism) T F $r , 4X<j F $K$h$C$FDj$^$k%G!<%?7?$H$9$k . ( [ ] ) F : 8 A: ( F A ! A ) ! T F ! A ( [ � ] ) F = [ [ �; id; out F ] ] F ;F [ ( ) ] F : 8 A: ( A ! F A ) ! A ! T F [ ( ) ] F = [ [ in F ; id; ] ] F ;F 2 catamorphism ( [ ] ) $O , %j %9 %H $r 0z ?t $K $H $k 4X ?t foldr $N 0l HL 2= $K $J$C $F $* $j , anamorphism [ ( ) ] $O , $= $N AP BP $G $" $k . h ylomorphism [ [ �; id; ] ] F ;F : B ! A $O catamorphism ( [ � ] ) F : T F ! A $H anamorphism [ ( ) ] F : B ! T F $N9g@.4X?t$KJ,2r$9$k$3$H$,$G$- , [ [ �; id; ] ] F ;F = ( [ � ] ) F � [ ( ) ] F $, @. $j N) $D . $3 $l $O , [ ( ) ] F $K $h$C $F T F 7? $N Cf 4V %G!< %? $, @8 @. $5 $l , $=$l $, ( [ � ] ) F $K $h$C $F >C Hq $5 $l $k $H $$ $& $3 $H $r I= $7 $F $$ $k . h ylomorphism [ [ �; id; ] ] F ;F $O $3 $N 2 $D $N 4X ?t ( [ � ] ) F , [ ( ) ] F $, M; 9g $5 $l $? $b $N $r I= $7 $F $$$k . 4.1.4 h ylomorphism $GI=8=$7$F$h$$>r7o %j %9 %H , LZ $J $I $N , <+ M3 (free) $J :F 5" E* %G!< %? 7? $K 4X $7 $F $O , h ylomorphism $N M} O@ $O E, MQ 2D G= $G $" $k $, , K\ O@ J8 $G :N MQ $7 $? %0 %i %U $N Dj 5A $G $O , 1 $D $N %0 %i %U $r I= $9 $N $K J# ?t $N I= 8= $, 2D G= $G $" $j , $3 $N $h $& $J , <+ M3 $J :F 5" E* %G!< %? 7? $G $J $$ %G!< %? 7? $K 4X $7 $F h ylomorphism $N M} O@ $, E, MQ $G $- $k $+ $I $& $+ $O <+ L@ $G $O $J $$ $h $& $K 8+ $( $k . $= $3 $G , h ylomorphism $G I= 8= $7 $F $h $$ >r 7o $r 0J 2< $GL@3N$K$7$F$*$/ . [ [ �; � ; ] ] G;F : B ! A $H5-=R$7$F$h$$>r7o$H$7$F$O , � F -algebra $N%+ %F %4 %j!< , G -algebra $N%+ %F %4 %j!< $K;OBP>]$,B8:_$9$k � � $N7?$, GA ! A $G$"$k � $N7?$, B ! F B $G$"$k

(201) V ol. 17 No. 3 Ma y 2000 9 � � $, F _ ! G 7?$N<+A3JQ49$G$"$k $, 5s $2 $i $l , $3 $l $i $r K~ $? $7 $F $$ $l $P == J, $G $" $k . A , B $O I, $: $7 $b <+ M3 $J :F 5" E* %G!< %? 7? $G $" $k I, MW $O $J $$ . 4.2 @a $G =R $Y $k $, , 4X ?t explor e $N h ylomorphism I= 8= $K$*$1$k4X<j$O F = ! 1 + (!( V ertex ; V ertex ; V alue ) � I ) $G $" $j , $3 $l $O ( V ertex ; V ertex ; V alue ) 7? $N MW AG $r ;} $D %j %9 %H 7? $r Dj 5A $9 $k 4X <j $G $" $k . F -algebra $N %+ %F %4 %j!< $K $O ;O BP >] $, B8 :_ $7 $F $* $j , $= $N B> $N >r 7o $O K~ $? $5 $l $F $$ $k $N $G , 4.2 @a $G 5- =R $9 $k , 4X ?t explor e $N h ylomorphism I= 8= $O BE Ev $G $" $k $H $$ $( $k . 0l C6 h ylomorphism $GI= 8=$5 $l $k $H , $"$H $O h ylomorphism $NJQ495,B’$K$h$C$F<+M3$KJQ49$r9T$&$3$H$,$G$-$k . 4.2 %0 %i %U $N 0l HL E* C5 :w 4X ?t $N h ylomorphism $K$h$k5-=R 3.2 @a$GDj5A$7$?0lHLE*C5:w4X?t explor e $r h ylomor- phism $N7A$G5-=R$9$k$H , <!$N$h$&$K$J$k . explor e ac c e eval = [ [ e 5 ac c ; id; ] ] F ;F where ( f r ; Empty ) = ( 1 ; ()) (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ( 2 ; (( pv ; v ; d ) ; ( mer ge eval v d s f r ; g ))) F = ! 1 + (!( V ertex ; V ertex ; V alue ) � I ) $3$N4X?t$O , h ylomorphism $N@-<A$K$h$j , catamor- phism $H anamorphism $N 9g @. 4X ?t $K J, 2r $9 $k $3 $H $, $G$- , 0lHLE*C5:w4X?t$O , [ [ e 5 ac c ; id; ] ] = ( [ e 5 ac c ] ) � [ ( ) ] $N $h $& $K catamorphism ( [ e 5 ac c ] ) $H anamorphism [ ( ) ] $N 9g @. 4X ?t $G I= $9 $3 $H $, $G $- $k . $3 $l $O , [ ( ) ] $K $h$C $F C5 :w LZ $r I= $9 %j %9 %H $, @8 @. $5 $l , $= $N %j %9 %H $, ( [ e 5 ac c ] ) $K $h$C $F >C Hq $5 $l $k $H $$ $& $3 $H $r I= $7 $F $$ $k . h ylomorphism [ [ e 5 ac c ; id; ] ] $O $3 $N 2 $D $N 4X ?t $,M;9g$5$l$?$b$N$rI=$7$F$$$k . 4.3 M; 9g JQ 49 $3 $N @a $G $O JQ 49 $N Nc $H $7$F , $h $/ 9T $o $l $k M; 9g JQ 49 $r <h$j >e$2$k . $" $k4X ?t$, 2 $D$N 4X?t$N 9g@.4X ?t$H $7$FI= $5 $l $F$$ $k >l 9g $K $O , $= $N 2 $D $N 4X?t $N 4V $G $O Cf4V %G!< %? $N @8 @. , <u $1 EO $7 $, 9T $o $l $k $, , $= $N 2 $D $N 4X ?t $r 1 $D $N 4X ?t $K M; 9g $9 $k $3 $H $K $h$C $F Cf 4V %G!< %? $N @8 @. , <u $1 EO $7 $, 9T $o $l $J $$ $h $& $K $9 $k JQ 49 $r M; 9g JQ 49 $H $$ $& . A0@a $GDj5A $7$? 0lHLE* C5:w4X ?t$O , h ylomorphism $N7A $G I= $9 $3 $H $, $G $- $? $N $G , h ylo fusion $H 8F $P $l $k M; 9g JQ49$r9T$& $3$H$, $G$-$k . h ylo fusion $NM;9g5,B’ $O , :8 $+ $i h ylomorphism $K M; 9g $9 $k :8 M; 9g 5, B’ $H , 1& $+ $i h ylomorphism $KM;9g$9$k1&M;9g5,B’$,$"$k [7] . :8M;9g5,B’ f � � = � 0 � G f $J$i$P f � [ [ �; � ; ] ] G;F = [ [ � 0 ; � ; ] ] G;F 1&M;9g5,B’ � g = F g � 0 $J$i$P [ [ �; � ; ] ] G;F � g = [ [ �; � ; 0 ] ] G;F 0J2<$K!$:8M;9g5,B’$H1&M;9g5,B’$NE,MQNc$r<($9!% 4.3.1 Nc 1|eccen tricit y M; 9gJQ 49 $N Nc$H $7 $F , $" $k D: E@ v $+ $i B> $ND: E@ $^ $G$N 5wN%$N$&$A$G:G$bBg$-$J$b$N$r5a$a$k$H$$$&LdBj$r9M$( $k . $3 $N Nc $O , ?< $5 M% @h C5 :w $G $O 5- =R $9 $k $3 $H $, $G $- $J $$ $N $G , 0J 2< $G 9T $& JQ 49 $O , $3 $l $^ $G $N 8& 5f $G $O 07 $( $J $+$C $? $b $N $G $" $k . $3 $N Ld Bj $r 2r $/ $K $O , $^ $: 3.3.1 $G Dj 5A $7 $? 4X ?t dijkstr a $rMQ $$ $F D: E@ v $+ $i B> $N D: E@ $X $N :G C; 5w N% $r 5a $a , $= $3 $+ $i 5w N% $N $_ $r $H $j $@ $7 , $= $N $J $+ $N :G Bg CM $r 7k 2L $H $7 $F JV $; $P $h $$ . $3 $l $r 9T $& 4X ?t e c c entricity $O0J2<$N$h$&$KDj5A$G$-$k . e c c entricity : V ertex ! Gr aph ! Int e c c entricity v g = ( maximum � ( map snd )) ( dijkstr a v g ) $3 $3 $G , maximum $O 0z?t $K $H$C $? %j %9 %H Cf $N MW AG $N :G Bg CM $r JV $9 4X ?t $G $" $k . $7 $+ $7 , $3 $N %W %m %0 %i %‘ $O , 4X ?t 9g @. $N It J, $G Cf 4V %G!< %?$N @8 @. , <u $1 EO $7 $, 9T $o $l $k $? $a , 8z N( $, $h $/ $J $$ . $3 $N Cf 4V %G!< %? $N @8 @. , <u $1 EO $7 $r =| 5n $9 $k $? $a $K M; 9g JQ 49 $r 9T $& . $^ $: , 3.3.1 $K $* $$$F4X?t explor e $r MQ$$$F5-=R$5 $l$F$$$?4X?t dijkstr a $r

10 %3%s%T%e!<%?%=%U%H%&%’%" (202) h ylomorphism $rMQ$$$F5-=R$7D>$9$H dijkstr a : V ertex ! Gr aph ! [( V ertex ; V alue )] dijkstr a v g = [ [ e 5 ac c ; id; ] ] ( f r ; g ) where e = [ ] ac c (( pv ; v ; d ) ; r ) = ( v ; d ) : r ( f r ; Empty ) = ( 1 ; ()) (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ( 2 ; (( pv ; v ; d ) ; ( mer ge eval v d s f r ; g ))) eval v d x = d + weight ( v ; x ) f r = toF r ontier [( ; v ; 0)] $H$J$k$N$G , $3$l$rMQ$$$k$H e c c entricity $O , e c c entricity v g = ( maximum � ( map snd ) � [ [ e 5 ac c ; id; ] ]) ( f r ; g ) $H$J$k . <!$K , M;9g5,B’$rE,MQ$9$k . :8M;9g5,B’$h$j , G$ 0U$N x : F [( V ertex ; V alue )] $K$D$$$F ( maximum � ( map snd ) � ( e 5 ac c )) x = (( f 1 5 f 2 ) � F ( maximum � ( map snd ))) x $r K~ $? $9 f 1 ; f 2 $, B8 :_ $9 $l $P , M; 9g JQ 49 $, 9T $( $k . $3 $3 $G , F $O , F = ! 1 + (!( V ertex ; V ertex ; V alue ) � I ) $G $" $k . 0J 2< $G x $K $D $$ $F >l 9g J, $1 $r $9 $k $3 $H $K $h $j , f 1 ; f 2 $rF3=P$9$k . � x = ( 1 ; ()) $N>l9g LHS = ( maximum � ( map snd )) [ ] = maximum [ ] = �1 RHS = ( f 1 5 f 2 ) (( id + ( id � ( maximum � ( map snd )))) ( 1 ; ())) = ( f 1 5 f 2 ) ( 1 ; ()) = f 1 () $h$C$F , f 1 = � () : � 1 � x = ( 2 ; (( pv ; v ; d ) ; xs )) $N>l9g LHS = ( maximum � ( map snd )) ( ac c (( pv ; v ; d ) ; xs )) = ( maximum � ( map snd )) (( v ; d ) : xs ) = maximum ( d : map snd xs ) = max d ( maximum ( map snd xs )) RHS = f 2 (( pv ; v ; d ) ; maximum ( map snd xs )) $h$C$F , f 2 (( ; ; d ) ; r ) = max d r $H$J$k . $3$3$G , max $O , 0z?t$K$H$C$? 2 $D$N?t$N:GBgCM$rJV$94X?t $G$"$k . 0J>e$h$j , e c c entricity v g = [ [ f 1 5 f 2 ; id; ] ] ( f r ; g ) where f 1 = � () : � 1 f 2 (( ; ; d ) ; r ) = max d r ( f r ; Empty ) = ( 1 ; ()) (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ( 2 ; (( pv ; v ; d ) ; ( mer ge eval v d s f r ; g ))) eval v d x = d + weight ( v ; x ) f r = toF r ontier [( ; v ; 0)] $H $J $j , 4X ?t maximum � ( map snd ) $H 4X ?t [ [ e 5 ac c ; id; ] ] $N 9g @. $, M; 9g $5 $l $? C1 0l $N 4X ?t [ [ f 1 5 f 2 ; id; ] ] $K $h $k I= 8= $, F@ $i $l $k . M; 9g A0 $N 4X?t maximum � ( map snd ) � [ [ e 5 ac c ; id; ] ] $K$* $$ $F $O , 4X ?t 9g @. $N It J, $G , D: E@ , :G C; 5w N% $N BP $N %j %9 %H , :G C; 5w N% $N %j %9 %H $, Cf 4V %G!< %? $H $7 $F @8 @. $5 $l , <u $1 EO $5 $l $k $, , M; 9g 8e $N 4X ?t [ [ f 1 5 f 2 ; id; ] ] $K $* $$ $F $O , $3$l$i$NCf4V%G!<%?$N@8@. , <u$1EO$7$O9T$o$l$J$$ . 4.3.2 Nc 2| 6/O"7k@.J,J,2r $3 $N @a $G =R $Y $k 6/ O" 7k @. J, J, 2r $N JQ 49 Nc $O [5] $K $* $$ $F $9 $G $K =R $Y$i $l $F $$ $k $, , E,MQ HO 0O $N 69 $$ FC JL $J JQ 49 5, B’ $r Ds <( $7 $F $= $l $r MQ $$ $F JQ 49 $r 9T$C $F $$ $k . $3 $l $KBP $7$F 2f!9$O , h ylomorphism $r7P M3$7$F $NJQ 49$r9T $& $N $G , FC JL $J JQ 49 5, B’ $r I, MW $H $; $: , 0l HL @- $N 9b $$ JQ 49 $r 9T $& $3 $H $, $G $- $k . %0 %i %U $r 6/ O" 7k @. J, (strongly connected comp onen t) $KJ,2r$9$k4X?t scc $O , sc c : Gr aph ! T r e e V ertex sc c g = dfs ( r everse ( p ostOr d g )) ( tr ansp oseG g ) $H Dj 5A $G $- $k [8] . 4X ?t sc c $O %0 %i %U $r 0z ?t $K $H $j , $= $N %0%i %U$N;^ $N8~ $-$r4X ?t tr ansp oseG $K$h$C $F$9$Y $F5U $K $7 , $= $N %0 %i %U $N $" $k ?< $5 M% @h C5 :w LZ $r , 3.3.2 $G Dj 5A $7$?4X?t dfs $rMQ$$$F5a$a $k . $=$N$H$- , 4X?t dfs $NBh 1 0z ?t $K $O , sc c $, 0z ?t $K $H$C $? %0 %i %U $N ?< $5 M% @h C5 :w LZ $r 8e =g (p ost order) $G EO$C $? 7k 2L $r %j %9 %H $K $7 $? $b $N

(203) V ol. 17 No. 3 Ma y 2000 11 $,M?$($i$l$k . sc c g $N7k2L$H$7$F$O , 2>A[E*$JD:E@ $r :, $H $9 $k ?< $5 M% @h C5 :w LZ $, JV$C $F $/ $k $, , D: E@ $N $= $l $> $l $N ;R $N Cf$K 4^ $^ $l $F $$ $k D: E@ $N =8 9g$, , 6/ O" 7k @. J, $K$J$C$F$$$k . 4X?t tr ansp oseG $O tr ansp oseG : Gr aph ! Gr aph tr ansp oseG Empty = Empty tr ansp oseG (( p; v ; s ) & g ) = ( s; v ; p ) & tr ansp oseG g $H Dj 5A $5 $l , %0 %i %U $r 0z ?t $K $H $j , $= $N %0 %i %U $N ;^ $N 8~ $- $r $9 $Y $F 5U $K $7 $? %0 %i %U $r 7k 2L $H $7 $F JV $9 . p ostOr d $O p ostOr d : Gr aph ! [ V ertex ] p ostOr d g = init ( p ostor der ( dfs ( no des g ) g )) $H Dj 5A $5 $l $k 4X ?t $G $" $j , %0 %i %U $r 0z ?t $K $H $j , $= $N %0 %i %U $N ?< $5 M% @h C5 :w LZ $r 8e =g (p ost order) $G EO$C $? 7k 2L$r%j%9%H$K$7$FJV$9 . p ostor der $O , p ostor der : T r e e a ! [ a ] p ostor der ( No de n ts ) = c onc at ( map p ostor der ts ) + + [ n ] $H Dj 5A $5 $l $k 4X ?t $G $" $j , 0z ?t $K M? $( $i $l $? LZ $r 8e =g $G EO$C $? 7k 2L $r %j %9 %H $K $7 $F JV $9 4X ?t $G $" $k . init $O %j %9 %H $r 0z ?t $K $H $j , $= $N %j %9 %H $N :G 8e $N MW AG $r =| $$ $? %j %9 %H $r JV $9 4X ?t $G $" $j , $3 $l $K $h $j 2> A[ E* $J D: E@ $, <h $j =| $+ $l $k . no des $O 0z ?t $K M? $( $i $l $? %0 %i %U Cf $N $9 $Y $F $N D: E@ $r %j %9 %H $K $7 $F JV $9 4X ?t $G $" $k . A0 @a $K $* $$ $F explor e $r MQ $$ $F 5- =R $5 $l $F $$ $? 4X ?t dfs $r h ylomorphism $rMQ$$$F5-=R$7D>$9$H dfs v s g = [ [ e 5 ac c ; id; ] ] ( f r ; g ) ( No de [ ]) where e = id ac c (( pv ; v ; d ) ; r ) = r � addv ( pv ; v ) ( f r ; Empty ) = ( 1 ; ()) (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ( 2 ; (( pv ; v ; d ) ; ( mer ge eval v d s f r ; g ))) eval v d x = d � 1 f r = toF r ontier [( ; v ; i ) j ( v ; i ) ( z ip v s [1 :: # v s ])] $H$J$k$N$G , $3$l$rMQ$$$k$H4X?t sc c $O sc c g = ([ [ e 5 ac c ; id; ] ] � ( id � tr ansp oseG )) ( f r ; g ) ( No de [ ]) where f r = toF r ontier [( ; v ; i ) j ( v ; i ) ( z ip v s [1 :: # v s ])] v s = r everse ( p ostOr d g ) $H$J$k . $3$3$G , � $O , ( f � g ) ( x; y ) = ( f x; f y ) $H Dj 5A $5 $l $k 1i ;; ;R $r I= $9 . 1& M; 9g 5, B’ $h $j , G$ 0U $N x : ( F r ontier ; Gr aph ) $K$D$$$F ( � ( id � tr ansp oseG )) x = ( F ( id � tr ansp oseG ) � 0 ) x $r K~ $? $9 0 $, B8 :_ $9 $l $P , M; 9g JQ 49 $, 9T $( $k . $3 $3 $G , F $O , F = ! 1 + (!( V ertex ; V ertex ; V alue ) � I ) $G $" $k . 0J 2< $G x $K $D $$ $F >l 9g J, $1 $r $9 $k $3 $H $K $h $j , 0 $rF3=P$9$k . � x = ( f r ; Empty ) $N>l9g LHS = ( f r ; Empty ) = ( 1 ; ()) RHS = F ( id � tr ansp oseG ) ( 0 ( f r ; Empty )) $h$C$F , 0 ( f r ; Empty ) = ( 1 ; ()) � x = (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) $N>l9g LHS = (( pv ; v ; d ) / f r ; ( s; v ; p ) & ( tr ansp oseG g )) = ( 2 ; (( pv ; v ; d ) ; ( mer ge eval v d p f r ; tr ansp oseG g ))) RHS = F ( id � tr ansp oseG ) ( 0 (( pv ; v ; d ) / f r ; ( p; v ; s ) & g )) $h$C$F , 0 (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ( 2 ; (( pv ; v ; d ) ; ( mer ge eval v d p f r ; g )))

12 %3%s%T%e!<%?%=%U%H%&%’%" (204) 0J>e$h$j , scc g = [ [ e 5 ac c ; id; 0 ] ] ( f r ; g ) ( No de [ ]) where e = id ac c (( pv ; v ; d ) ; r ) = r � addv ( pv ; v ) 0 ( f r ; Empty ) = ( 1 ; ()) 0 (( pv ; v ; d ) / f r ; ( p; v ; s ) & g ) = ( 2 ; (( pv ; v ; d ) ; ( mer ge eval v d p f r ; g ))) eval v d x = d � 1 f r = toF r ontier [( ; v ; i ) j ( v ; i ) ( z ip v s [1 :: # v s ])] v s = r everse ( p ostOr d g ) $H $J $j , 4X ?t [ [ e 5 ac c ; id; ] ] $H ( id � tr ansp oseG ) $N 9g@. $,M;9g $5$l$? C10l$N 4X?t [ [ e 5 ac c ; id; 0 ] ] $K $h$kI= 8= $, F@ $i $l $k . M; 9g A0 $N 4X ?t [ [ e 5 ac c ; id; ] ] � ( id � tr ansp oseG ) $K$*$$$F$O , 4X?t9g@.$NItJ,$G ;^$N8~$-$, $9$Y$F5U8~$-$K$5$l$?%0%i%U$,Cf4V%G!<%?$H$7$F@8@.$5 $l , <u $1 EO $5 $l $k $, , M; 9g 8e $N 4X ?t [ [ e 5 ac c ; id; 0 ] ] $K $* $$ $F $O , $= $N Cf 4V %G!< %? $N @8 @. , <u $1 EO $7 $O 9T $o $l $J $$ . 5 0lHLE*C5:w4X?t$N<B8= $3 $N @a$G $O , 3.2 @a$G Dj 5A $7 $?0l HL E* C5 :w4X ?t explor e $N 4X ?t 7? 8@ 8l Hask ell $K $h $k 8z N( $N $h $$ 1 $D $N <B 8= K! $r<($7 , 7W;;NL , M;9gJQ49$N8z2L$K$D$$$FD4$Y$k . 5.1 0lHLE*C5:w4X?t$N7W;;NL $3 $3 $G $O , 0l HL E* C5 :w 4X ?t explor e $N <B 8= K! $r <( $9 A0 $K , 4X?t explor e explor e ac c e eval ( f r ; g ) $N 7W ;; NL $r $$ $/ $D $+ $N %Q %i %a!< %? $r MQ $$ $F 5- =R $7 $F $* $/ . %0 %i %U g $N D: E@ ?t$r N , ;^ ?t$r M , ac c $N J?6Q 7W ;; NL $r C acc , A0 @~ $X $N ] $K $h $k MW AG $N A^ F~ $N J? 6Q 7W ;; NL $r C ] , A0 @~ $N %Q %?!< %s %^%C %A ( pv ; v ; d ) / f r $K $+ $+ $k J? 6Q 7W ;; NL $r C / , %0 %i %U $N %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 $K $+ $+ $k J? 6Q 7W ;; NL $r C & $H $9 $k . 4X ?t eval $N 7W ;; NL$O F~NO %0%i %U $N%5 %$%: $K0M B8$7 $J $$$N $G O (1) $G$" $k . A0@~$X$NMWAG$NA^F~$O O ( M ) 2s , B>$N1i;;$O O ( N ) 2s9T$o$l$k$N$G , 4X?t explor e $O O ( M C ] + N ( C / + C acc + C & )) $N%3%9%H$G<B8=2DG=$G$"$k . 5.2 A0 @~ $N <B 8= A0 @~ $O , I> 2A CM $r M% @h EY $H $9 $k M% @h =g 0L IU $- BT $A 9T Ns (priorit y queue) $G $" $k $N $G , 0l HL $N >l 9g $K $O %R!< %W LZ $r MQ $$ $F <B 8= $9 $l $P $h $$ . ?< $5 M% @h C5 :w , I} M% @h C5 :w $N >l 9g $K $O , I> 2A CM $N 5a $a J} $, $" $i $+ $8 $a 7h $^$C $F $$ $k $N $G , A0@~ $N <B 8= $r $= $l $> $l $K FC2= $7 $? $b $N $K $9 $k $3 $H $, $G$- $k . 6qBN E*$K $O , ?<$5 M% @hC5 :w$N >l9g $K$O %9%?%C %/ , I} M% @h C5 :w $N >l 9g $K $O N> J} 8~ =P $7 F~ $l 2D G= $J %-%e!< , $N 4X ?t 7? 8@ 8l $G$N <B 8= K! $r 1~ MQ $9 $k $3 $H$K $h $j , $= $l $> $l $N @- <A $K 1~ $8 $? <B 8= $r $9 $k $3 $H $, $G $- $k . 0J 2< $G , 0l HL $N >l 9g , ?< $5 M% @h C5 :w $N >l 9g , I} M% @h C5 :w $N >l 9g $K $D $$ $F , A0 @~ $H A0 @~ A‘ :n 4X ?t $N <B 8= K! , A0 @~ A‘ :n 4X ?t $N 7W ;; NL$K $D$$$F =R$Y$k . A0@~A‘ :n4X?t $O0J2< $N 3 $D$N 4X?t$H $9$k . � A0 @~ $r 0z ?t $K $H $j , A0 @~ $, 6u $N $H $- True , 6u $G $J $$$H$- False $rJV$94X?t isEmpty :: Frontier -> Bool � MWAG 1 $D$rA0@~$K2C$($k4X?t insert :: (Vertex,Vertex,Value) -> Frontier -> Frontier � 6u$G$J$$A0@~$r0z?t$K$H$j , :G>.MWAG$H;D$j$NA0@~ $H$NBP$rJV$94X?t deletemin :: Frontier -> ((Vertex,Vertex,Value),Frontier) $? $@ $7 , 4X ?t deletemin $O I> 2A CM :G >. $N MW AG $N <h $j $@ $7 $N $_$r 9T $$ , $= $N I> 2A CM:G >. MW AG$N Bh 2 MW AG $H F1$8 D: E@$rBh 2 MWAG$K;}$DMW AG$9$Y$F$r <h$j=|$/$H $$$&$3$H$O 9T $o $J $$ $b $N $H $9 $k . $3 $N deletemin $N Dj 5A $G $O , K, Ld:Q$_$ND:E@$rBh 2 MWAG$K;}$DMW AG$,A0@~Cf $KB8:_$7$& $k $h $& $K $J $k $N $G , I> 2A CM :G >. MW AG $r <h $j =P $9 :] $K $O , $=$NBh 2 MWAG$,K,Ld:Q $_$ND:E@$G $"$k$+$I$& $+$rD4$Y$k I,MW$,$"$k$, , $3$l$OJL$N4X?t$GD4$Y$k$b$N$H$9$k . 4X ?t insert $, ] $KBP 1~ $7 , $3 $NJ? 6Q 7W;; NL $, C ] $G $" $k . 4X ?t deletemin $N J? 6Q 7W ;; NL $r C dm $H $9 $k $H , A0 @~ $X $N MW AG $N A^ F~ $, O ( M ) 2s 9T $o $l $k $3 $H $h $j 4X ?t deletemin $O O ( M ) 2s8F$S=P$5$l$k$3$H$K$J$k$N$G , C / = O ( M C dm = N )

(205) V ol. 17 No. 3 Ma y 2000 13 $G$"$k . 4X?t isEmpty $N7W;;NL$O , 0J2<$N$$$:$l$N>l9g $K$*$$$F$b O (1) $G<B8=$7 , 8F$S=P$5$l$k$N$O O ( M ) 2s $J$N$G , L5;k$9$k$3$H$,$G$-$k . � 0lHL$N>l9g 0lHL$N>l9g$K$OA0@~$O%R!<%WLZ$rMQ$$$F<B8=$9$l$P $h $$ . %R!< %W LZ $N 7? $O Htree a $H $7 , Htree a $O 7? a $NMW AG$r ;}$D%R!< %WLZ $N7?$G $"$k $H$9$k . %R!< %WLZ$NA‘:n4X?t$H$7$F0J2<$N 3 $D$rDj5A$9$k . { %R!< %W LZ $, 6u $G $" $k $H $- True , 6u $G $J $$ $H $- False $rJV$94X?t isEmptyHtree :: Htree a -> Bool { %R!<%WLZ$KMWAG$r 1 $D2C$($k4X?t insertHtree :: a -> Htree a -> Htree a { 6u$G$J$$%R!<%W LZ$r0z ?t$K$H$j , :G>.MWAG$H ;D $j$N%R!<%WLZ$H$NBP$rJV$94X?t deleteminHtree :: Htree a -> (a,Htree a) 0J>e$N 3 $D$N4X?t$O , { 4X?t isEmptyHtree $O O (1) $G , { 4X?t insertHtree $O O (log ( M )) $G , { 4X?t deleteminHtree $O O (log ( M )) $G , $= $l $> $l <B 8= 2D G= $G $" $k [1] . $3 $N %R!< %W LZ $* $h $S %R!< %W LZ $N A‘ :n 4X ?t $r MQ $$ $k $3 $H $K $h $j , A0 @~ $O 0J 2<$N$h$&$KDj5A$G$-$k . type Frontier = Htree (Vertex,Vertex,Value) isEmpty = isEmptyHtree insert = insertHtree deletemin = deleteminHtree A0 @~ A‘ :n 4X ?t $N 7W ;; NL $O , isEmpty $O O (1), $" $H $N 2 $D$N4X?t$O C ] = O (log ( M )) ; C dm = O (log ( M )) $H$J$k$N$G , 4X?t explor e $O , O ( M log ( M ) + N ( C acc + C & )) $N %3%9 %H$G <B8= 2DG= $G $"$k . F~NO %0%i %U$K JB Ns;^ $, $J$$ >l9g $K$O , ;^ ?t M = O ( N 2 ) $G $"$k $N$G , 4X ?t explor e $O O ( M log ( N ) + N ( C acc + C & )) $N%3%9%H$G<B8=2DG=$G$"$k . � ?<$5M%@hC5:w$N>l9g %9 %?%C %/ $r 1~ MQ $7 $F A0 @~ $r <B 8= $9 $k $3 $H $K $h $j , ?< $5M%@hC5:w$N>l9g$KFC2=$7$?<B8=$K$9$k$3$H$,$G$- $k . 4X ?t 7? 8@ 8l $G $O , %j %9 %H $r 1 $D MQ $$ $F %9 %?%C %/ $r<B8=$9$k . %9%?%C%/$N7?$O type Stack a = [a] $H $7 , [a] $O 7? a $N MW AG $r ;} $D %j %9 %H $N 7? $r I= $9 . 6u $N %9 %?%C %/ $O 6u %j %9 %H [] $H $9 $k . %9 %?%C %/ $N A‘ :n4X?t$H$7$F0J2<$N 4 $D$rDj5A$9$k . { %9 %?%C %/ $, 6u $G $" $k $H $- True , 6u $G $J $$ $H $- False $rJV$94X?t isEmptyStack :: Stack a -> Bool { %9%?%C%/$KMWAG$r 1 $D2C$($k4X?t insertStack :: a -> Stack a -> Stack a { 6u$G$J$$%9%?%C %/$r0z ?t$K$H$j , @hF,MWAG$r JV $94X?t headStack :: Stack a -> a { 6u$G$J$$%9%?%C %/$r0z ?t$K$H$j , @hF,MWAG$r =| $$$?;D$j$N%9%?%C%/$rJV$94X?t tailStack :: Stack a -> Stack a 0J>e$N 4 $D$N4X?t$O , { 4X?t isEmptyStack $O O (1) $G , { 4X?t insertStack $O O (1) $G , { 4X?t headStack $O O (1) $G , { 4X?t tailStack $O O (1) $G , $= $l $> $l <B 8= 2D G= $G $" $k . $3 $N %9 %?%C %/ $* $h $S %9 %?%C %/ $N A‘ :n 4X ?t $r MQ $$ $F A0 @~ $r <B 8= $9 $k . $^ $: , A0@~$N7?$O type Frontier = Stack (Vertex,Vertex,Value) $H $9 $k . $3 $N , A0 @~ $r <B 8= $7 $F $$ $k %9 %?%C %/ $, , $= $N%9%?%C%/Cf$NMWAG$,>o$KI>2ACM$N>.$5$$=g$K$J$i $s $G $$ $k $H $$ $& @- <A $r ;} $D $h $& $K , A0 @~ A‘ :n 4X ?t $r Dj5A$9$k . isEmpty = isEmptyStack insert x@(pv,v,d) fr = if isEmpty fr then

14 %3%s%T%e!<%?%=%U%H%&%’%" (206) insertStack x fr else let x’@(pv’,v’,d’) = headStack fr in if d<=d’ then insertStack x fr else insertStack x’ (insert x (tailStack fr)) deletemin fr = (headStack fr, tailStack fr) A0 @~ A‘:n 4X ?t $N7W ;; NL $O , isEmpty , deletemin $O O (1) $H $J $k . insert $O , ?< $5M% @h C5 :w 4X ?t $N >l9g $K$O , MWAG$O>o $K%j%9%H$N @hF,$KA^F~$5 $l$k$N$G , 1 2s$N insert $N7W;;NL$O , O (1) $G$"$k . $h$C$F , C ] = O (1) ; C dm = O (1) $H$J$k$N$G , ?<$5M%@hC5:w$N>l9g , 4X?t explor e $O , O ( M + N ( C acc + C & )) $N%3%9%H$G<B8=2DG=$G$"$k . � I}M%@hC5:w$N>l9g N>J}8~=P$7F~$l2DG=$J%-%e!<$r1~MQ$7$FA0@~$r<B8= $9 $k $3 $H $K $h $j , I} M% @h C5 :w $N >l 9g $K FC 2= $7 $? <B 8= $K $9 $k $3 $H $, $G $- $k . 4X ?t 7? 8@ 8l $G $O , %j %9 %H $r 2 $D MQ $$ $F N> J} 8~ =P $7 F~ $l 2D G= $J %-%e!< $r <B 8= $9 $k [11] . N>J}8~=P$7F~$l2DG=$J%-%e!<$N7?$r type DEQueue a = ([a],[a]) $H $9 $k . 6u $N %-%e!< $O ([],[]) $H $9 $k . %-%e!< $N A‘:n 4X?t $H$7$F 0J2< $N 6 $D$rDj 5A$9 $k . @hF,$+ $i$N MWAGA^F~4X?t$OA0@~A‘:n4X?t$GI,MW$H$5$l$J$$$N$G MWAGA^F~4X?t$OKvHx$+$i$N$b$N$N$_Dj5A$9$k . { %-%e!<$r0z ?t$K$H$j , %-%e!<$, 6u$N$H$- True , %-%e!<$,6u$G$J$$$H$- False $rJV$94X?t isEmptyDEQueue :: DEQueue a -> Bool { %-%e!<$KMWAG$rKvHx$+$i 1 $D2C$($k4X?t snoc :: a -> DEQueue a -> DEQueue a { 6u$G$J$$%-%e!< $r0z?t $K$H$j , %-%e!<$N@hF, MW AG$rJV$94X?t headDEQueue :: DEQueue a -> a { 6u$G$J$$%-%e!< $r0z?t$K $H$j , $=$N@hF,MWAG $r =|$$$?%-%e!<$rJV$94X?t tailDEQueue :: DEQueue a -> DEQueue a { 6u$G$J$$%-%e!< $r0z?t $K$H$j , %-%e!<$NKvHx MW AG$rJV$94X?t lastDEQueue :: DEQueue a -> a { 6u$G$J$$%-%e!< $r0z?t$K $H$j , $=$NKvHxMWAG $r =|$$$?%-%e!<$rJV$94X?t initDEQueue :: DEQueue a -> DEQueue a 4X ?t isEmptyDEQueue , headDEQueue , lastDEQueue $O O (1) $G , snoc , initDEQueue , tailDEQueue $O , J? 6Q 7W ;; NL O (1) $G <B 8= 2D G= $G $" $k [11] . $3 $N %-%e!< $* $h $S %-%e!< $N A‘ :n 4X ?t $r MQ$$$FA0@~$r<B8=$9$k . $^$: , A0@~$N7?$O , type Frontier = DEQueue (Vertex,Vertex,Value) $H $9 $k . $3 $N , A0 @~ $r <B 8= $7 $F $$ $k %-%e!< $, , $= $N %-%e!<Cf$NMWAG$,>o$KI>2ACM$N>.$5$$=g$K$J$i$s$G $$ $k $H $$ $& @- <A $r ;} $D $h $& $K , A0 @~ A‘ :n 4X ?t $r Dj 5A $9$k . isEmpty = isEmptyDEQueue insert x@(pv,v,d) fr = if isEmpty fr then snoc x fr else let x’@(pv’,v’,d’) = lastDEQueue fr in if d>=d’ then snoc x fr else snoc x’ (insert x (initDEQueue fr)) deletemin fr = (headDEQueue fr, tailDEQueue fr)

(207) V ol. 17 No. 3 Ma y 2000 15 A0 @~ A‘:n 4X ?t $N7W ;; NL $O , isEmpty , deletemin $O O (1) $H $J $k . I} M% @h C5 :w $N >l 9g $K $O , MW AG $O >o $K %-%e!< $N Kv Hx $K A^ F~ $5 $l $k $N $G , insert $N J? 6Q 7W ;;NL$O O (1) $H$J$k . $h$C$F , C ] = O (1) ; C dm = O (1) $H$J$k$N$G , I}M%@hC5:w$N>l9g , 4X?t explor e $O O ( M + N ( C acc + C & )) $N%3%9%H$G<B8=2DG=$G$"$k . 5.3 %"%/%F%#%V%Q%?!<%s%^%C%A%s%0$N<B8= $3 $3 $G $O , %0 %i %U $N %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 $r C & = O ( M = N ) $G <B 8= $9 $k J} K! $r <( $9 . $3 $N J} K! $r MQ $$$k$3$H$K$h$j , 4X?t explor e $O O ( M C ] + N ( C / + C acc )) $N %3%9 %H$G <B8= 2DG= $H$J $k . 0J 2< $G=R $Y$k J}K! $O , [5] $G 9T$o$l $F$$$k , ?<$5M% @hC5:w4X ?t$N ML $K$h$k <B8=K!$K $bMQ$$$i$l$F$$$k . $^ $: , %0 %i %U $O =q $- 49 $( $N $G $- $J $$ , NY @\ %j %9 %H $N G[ Ns$H$7$FI=8=$9$k . type Graph = Array Vertex [(Vertex, Weight)] $3 $N @k 8@ $N 1& JU $O , Vertex 7? $N MW AG $r E: ;z $H $7 , [(Vertex,Weight)] 7? $N MW AG $r CM $H $9 $k , =q $- 49 $( $N $G $- $J $$ G[ Ns 7? $r I= $7 $F $$ $k . G[ Ns $N CM $O , 3F D: E@ $r ;O E@ $H$9 $k;^ $N@h $N D:E@ (successor) $H $=$N ;^ $N=E $_$N BP $N %j %9 %H $r I= $9 $b $N $H $9 $k . %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 $G MW 5a $5 $l $k $N $O , $" $k D: E@ $N , $= $N ;~ E@ $G $N successor $N %j %9 %H $H , $= $N D: E@ $H $= $l $K IU ?o $9 $k ;^ $r =|$$$?7k 2L , ;D$C$?%0 %i%U $G$" $k . $=$N$? $a$K , D:E@$rK, Ld $9 $k $4 $H $KK, Ld :Q $_ $N 0u $r $D $1 $k $h $&$K $7 , 3F ;~ E@ $K $* $1 $k %0 %i %U$r , C5 :w BP >] %0 %i %UA4 BN $r I= $7 $F $$ $k =q $- 49$($N$G$-$J$$G[Ns$H , K,Ld:Q$_>pJs$H$NBP$GI=8=$9$k . $= $7 $F , %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 $N :] $K $O , C5 :w BP>]%0%i%UA4BN$rI=$7$F$$$kG[Ns$H , K,Ld:Q$_$N>pJs$H , 8=:_K,LdCf$N D:E@$H$rMQ$$$F$=$N;~E@ $G$N successor $N %j %9 %H $r F@ , $^ $? , 8= :_ K, Ld Cf $N D: E@ $K K, Ld :Q $_ $N 0u $r $D $1 $k $3 $H $K $h$C $F ;D $j $N %0 %i %U $r F@ $k . $3 $l $r 8z N( $h $/ 9T $& $? $a$K , 3F D: E@ $r E: ;z $H$9 $k =q $- 49 $( 2D G= $J G[ Ns $r 1 $D MQ $$ $F , K, Ld :Q $_ $N >p Js $r J] ;} $9 $k $3 $H $H $7 , state transformer [10] [12] $N 5; K! $K $h $j , $3 $N =q $- 49 $( 2D G= $J G[ Ns $r >u BV $H $7 $FJ] ;} $7 , $= $l $r <!!9 $H <u $1 EO $7 $F$$ $/ $h$& $K$9 $k . $3 $N$h $&$J J} K!$O , [8] $N?< $5M% @hC5 :w4X ?t$N <B 8=$K $*$$ $F$b MQ$$ $i$l $F$$ $k . 0J >e$G =R$Y $? J}K!$G%"%/%F%#%V%Q%?!<%s%^%C%A%s%0$r9T$&4X?t$r<B8= $9$k$H , apm :: Vertex -> (Set s, Graph) -> ST s [(Vertex,Weight)] apm v (m,g) = do { s <- suc v (m,g); include m v; return s } $H $J $k . do f : : : g $O do expression $G $" $j , state transformer Ey$N%b%J%I$rFI$_$d$9$/5-=R$9$k$?$a$N$b $N $G $" $k . 4X ?t apm $N Bh 1 0z ?t $K $OK, Ld Cf $N D: E@ , Bh 2 0z ?t $K $O , K, Ld :Q $_ $N >p Js $, J];} $5 $l $F $$ $k =q $- 49 $( 2D G= $J G[ Ns $H C5 :w BP >] %0 %i %U A4 BN $r I= $7 $F $$ $k G[ Ns $H $N BP $, M? $( $i $l $k . apm v (m,g) $K $* $$ $F $O 2 $D $N $3 $H $, 9T $o $l $k . $^ $: , s <- suc v (m,g) $K $h$C $F , D: E@ v $N , %0 %i %U (m,g) $K$* $1 $k successor $N%j %9 %H$, F@ $i $l , $= $l$K s $, %P %$%s %I$5 $l $k . <! $K , include m v $K $h$C $F , G[ Ns m $N , E: ;z v $N CM $, K, Ld :Q $_ $r I= $9 CM $K $J $k . include m v $O , G[ Ns m Cf $N 1 $D $N MW AG $N CM $r =q $- 49 $( $k $H $$ $& $3 $H $r 9T $& $N $G $3 $l $N 1 2s $N 7W ;; NL $O O (1) $G $" $k . suc v (m,g) $K $* $$ $F $O , $^ $: G[ Ns g $N E: ;z v $N CM $r 5a $a $k . $= $l $O %0 %i %U g Cf $N D: E@ v $N successor $r I= $7 $F $* $j , $= $N Cf $N 3F D: E@ $r E: ;z $H $7 $F G[ Ns m $N CM$r ;2 >H $7 , K, Ld :Q $_$N D: E@ $r=| $/ $3 $H $K$h$C $F , %0%i%U (m,g) $K$*$1$k , D:E@ v $N successor $rF@$k . $3$N$h$&$J successor $N5a$a J}$O , [5] $N?<$5M%@hC5:w4X ?t$N ML $K$h$k<B8=$K$* $$$F$b9T$o$l $F$$$k . $3$N4X?t suc $O , <!$N$h$&$KDj5A$9$k$3$H$,$G$-$k . suc :: Vertex -> (Set s, Graph) -> ST s [(Vertex,Weight)] suc v (m,g) = suc’ m (g!v) suc’ :: Set s -> [(Vertex,Weight)] -> ST s [(Vertex,Weight)] suc’ m (x:xs) =

16 %3%s%T%e!<%?%=%U%H%&%’%" (208) do { visited <- contains m (fst x); if visited then suc’ m xs else do { ys <- suc’ m xs; return (x : ys) } } suc’ m [] = return [] suc v (m,g) $N 1 2s $N 7W ;; NL $O , %0 %i %U g $N E: ;z v $K $* $1 $k CM $N %j %9 %H g!v $N D9 $5 $r c $H $9 $k $H , O ( c ) $G $" $k . 4X ?t apm $N Bh 1 0z ?t $K $O Kh 2s 0[ $J $k D: E@ $, M? $( $i $l , $9 $Y $F $N D: E@ $K $D $$ $F 8F $S =P $5 $l $k $N $G , suc v (m,g) $N 9g 7W $N 7W ;; NL $O , O ( M ) $H $J $k . $^ $? , %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 $r 9T $& 4X ?t apm $O O ( N ) 2s 8F $P $l $k $N $G , 4X ?t include $O O ( N ) 2s 8F $P $l $k . include m v $N 1 2s $N 7W ;; NL $, O (1) $G $" $k $3 $H $h $j , include m v $N9g7W$N7W;;NL$O O ( N ) $H$J$k . $h$C$F , apm v (m,g) $N 9g 7W $N 7W ;; NL $O O ( M ) $G $" $j , apm v (m,g) $O O ( N ) 2s 8F $S =P $5 $l $k $N $G , J? 6Q $r $H $k $H , C & = O ( M = N ) $rC#@.$7$F$$$k$3$H$,J,$+$k . 5.4 0lHLE*C5:w4X?t$N<B8= 5.3 @a $G Dj 5A $7 $? , %0 %i %U $N %" %/ %F%# %V %Q %?!< %s %^%C %A %s %0 $r C & = O ( M = N ) $G 9T $& 4X ?t apm $r MQ $$ $F 0l HL E* C5 :w 4X ?t explor e $r 4X ?t 7? 8@ 8l Hask ell $K $h $j <B 8= $9 $k $H , ?^ 3 $N $h $& $K $J $k . 4X ?t explore $O , $^ $: , D: E@ $N K, Ld :Q $_ >p Js $r J] ;} $9 $k $? $a $N , %0 %i %U g $N D: E@ ?t $N D9 $5 $N G[ Ns $r mkEmpty (bounds g) $K $h$C $F @8 @. $7 , m $r $= $l $K %P %$ %s %I $7 , $= $l $H , %0 %i %U A4 BN $r I= $9 =q $- 49 $( $N $G $- $J $$ G[ Ns g $H $N BP (m,g) $r %0 %i %U $H $7 $F , 4X ?t exploreaux $r 8F $S =P $9 . runST $O state transformer $r 0z ?t $K $H $j , $= $l $r =i 4| >u BV $K E, MQ $5 $; , $= $N 7k 2L $+ $i :G =* >u BV $r<N $F $? $b $N $r 7k 2L $H $7 $F JV $9 4X ?t $r I= $9 . mkEmpty $O =q $- 49 $( 2D G= $J G[ Ns $r :n @. $9 $k 4X ?t $r I= $7 , 0z ?t $K G[ Ns $N E: ;z $N HO 0O $r $H $j , $= $N Bg $- $5 $N G[ Ns $r :n @. $7 , $= $l $r state transformer $K $7 $? $b $N $r 7k 2L $H $7 $F JV $9 . $3 $N 7W ;; NL $O , :n @. $9 $k G[ Ns $N D9 $5 $r l $H $9 $k $H , O ( l ) $G $" $k . bounds $O =q $- 49 $( $N $G $- $J $$ G[ Ns $r 0z ?t $K $H $j , $= $N G[ Ns $N E: ;z $N HO 0O $r JV $9 . $3 $N 7W ;; NL $O , 0z ?t $K M? $( $i $l $k G[ Ns $N D9 $5 $r l $H $9 $k $H , O ( l ) $G $" $k . 4X ?t exploreaux $G $O , $^ $: , isEmpty fr $K $h$C $F , A0 @~ fr $, 6u $+ $I $& $+ $r D4 $Y , 6u $J $i $P e $r state transformer $K $7 $? $b $N $r 7k 2L $H $7 $F JV $7 , 6u $G $J $$ $J $i $P deletemin fr $K $h$C $F A0 @~ fr $+ $i , I> 2A CM :G >. $N MW AG (pv,v,d) $r <h $j =P $7 , ;D$C $? A0 @~ $r fr’ $H $9 $k . <! $K , D: E@ v $, K, Ld :Q $_ $+ $I $& $+ $r contains m v $K $h$C $F D4 $Y , K, Ld :Q $_$J$i$P visited $O True , $=$&$G$J$$ $J$i$P visited $O False $H $J $k . D: E@ v $, K, Ld :Q $_ $@$C $? >l 9g $O , fr’ $r A0 @~ $H $7 $F , exploreaux $r 8F $S =P $9 . D: E@ v $, K, Ld :Q $_ $G $J $+$C $? >l 9g $O , s <- apm v (m,g) $K $h$C $F , D:E@ v $N , %0%i %U (m,g) $K$*$1 $k successor $N%j %9 %H $, F@ $i $l , $= $l $K s $, %P %$ %s %I $5 $l , $= $7 $F , D: E@ v $, K, Ld :Q $_ $K $J $k . <! $K , exploreaux $r 8F $S $@ $9 $3 $H $K $h$C $F :F 5" It J, $N CM $r F@ , $= $l $K x $, %P %$ %s %I $5 $l $k . exploreaux $r 8F $S $@ $9 $H $- $K , A0 @~ $H $7 $F $O , s <- apm v (m,g) $K $h$C $F F@ $i $l $? successor $N %j %9 %H s $r 4X ?t merge $K $h$C $F A0 @~ fr’ $K 2C $( $? $b $N $r M? $( $k . :G 8e $K , acc ((pv,v,d),x) $K $h$C $F Hs :F 5" It J, (pv,v,d) $H :F 5" It J, $N CM x $r MQ $$ $F $" $k 7W ;; $, 9T $o $l , $= $l $r state transformer $K $7 $? $b $N $, 7k 2L $H $7 $F JV $5 $l $k . return $O , 0z ?t $K $H$C $? CM $r state transformer $K$7$?$b$N$r7k2L$H$7$FJV$94X?t$rI=$9 . 5.5 <B 83 $3 $3 $G $O , :G C; O) Ld Bj $r 2r $/ %@ %$ %/ %9 %H %i K! $r Nc $H $7 $F , <B :]$K 8z N( $N $h $$ <B 8= $K $J$C $F $$ $k $+ $I $& $+ $r 3N G’ $9$k . $^ $? , 4.3.1 @a$G 2 $D $NNc$K $D$$ $FM;9g JQ49 $r9T$C $? $, , $3 $3 $G $O , 4X ?t e c c entricity $N M; 9g JQ 49 $N 8z 2L $r 3NG’$9$k . 4X ?t dijkstr a $N 7W ;; NL $O , C acc = O (1) $G $" $k $N $G , O ( M log ( M ) + N ) $H $J $k . %0 %i %U $K JB Ns ;^ $, $J $$ >l 9g$K $O7W;;NL $O O ( M log ( N ) + N ) $H $J$k . $3$l $O , <j B3 $- 7? 8@ 8l $K $* $$ $F %R!< %W $r MQ $$ $F %@ %$ %/ %9 %H %i K! $r <B 8= $7 $? $H $- $N 7W ;; NL $H <! ?t $, F1 $8 $G $" $k . <B :] $K $3 $N 7W ;; NL $K $J$C $F $$ $k $+ $I $& $+ $r 0J 2< $G D4 $Y $k . 5.4 @a $G 5- =R $7 $? 4X ?t explore $r MQ $$ $F :G C; 5w N% $r 5a $a $k 4X ?t dijkstra $r 5- =R $7 , $" $k D: E@ $+ $i B> $N $9 $Y

(209) V ol. 17 No. 3 Ma y 2000 17 explore :: (((Vertex,Vertex,Value),a) -> a) -> a -> (Vertex -> Value -> (Vertex,Weight) -> Value) -> (Frontier, Graph) -> a explore acc e eval (fr,g) = runST (do {m <- mkEmpty (bounds g); exploreaux acc e eval fr (m,g)}) exploreaux :: (((Vertex,Vertex,Value),a) -> a) -> a -> (Vertex -> Value -> (Vertex,Weight) -> Value) -> Frontier -> (Set s, Graph) -> ST s a exploreaux acc e eval fr (m,g) = if isEmpty fr then return e else let ((pv,v,d),fr’) = deletemin fr in do { visited <- contains m v; if visited then exploreaux acc e eval fr’ (m,g) else do { s <- apm v (m,g); x <- exploreaux acc e eval (merge eval v d s fr’) (m,g); return (acc ((pv,v,d),x)) } } merge :: (Vertex -> Value -> (Vertex,Weight) -> Value) -> Vertex -> Value -> [(Vertex,Weight)] -> Frontier -> Frontier merge eval v d [] fr = fr merge eval v d (x:s) fr = let d’ = eval v d x in merge eval v d s (insert (v,(fst x),d’) fr) ?^ 3 0lHLE*C5:w4X?t explore $F $N D: E@ $X $N :G C; 5w N% $r $$ $/ $D $+ $N %0 %i %U $K $D $$ $F 5a $a $k $H $$ $& $3 $H $r , 4X ?t 7? 8@ 8l Hask ell $N %$ %s %? %W %j %? h ugs1.4 >e $G 9T$C $? . F~ NO $H $7 $F M? $( $k %0 %i %U $O , JB Ns ;^ $N $J $$ O" 7k %0 %i %U $H $7 , %i %s %@ %‘ $K @8 @. $7 $? . $$ $/ $D $+ $N %0 %i %U $K BP $7 $F , 4J Ls CJ ?t $r D4 $Y , D: E@ ?t N , ;^ ?t M , 4J Ls CJ ?t R , 4J Ls CJ ?t R $H M log ( N ) $N Hf R = ( M log ( N )) $r I= $K $7 $? $b $N $r I= 1 $K <( $9 . $3 $l $r $_ $k $H , R = ( M log ( N )) $, $[ $\ 0l Dj $G $" $j , 4J Ls CJ ?t R $, $[ $\ M log ( N ) $K Hf Nc $7 $F $$ $k $3 $H $r FI $_ $H $k $3 $H$,$G$-$k . 0J 2< $G 4X ?t e c c entricity $N M; 9g JQ 49 $N 8z 2L $K $D $$ $F =R $Y $k . 5.4 @a $G 5- =R $7 $? 4X ?t explore $r MQ $$ $F $" $k D: E@ $+ $i B> $N D: E@ $^ $G $N 5w N% $N $& $A $G :G $b Bg $- $J $b $N $r 5a $a$k 4X?t eccentricity $r 5- =R$7 , M;9g JQ49 A0 $HM; 9g

18 %3%s%T%e!<%?%=%U%H%&%’%" (210) I= 1 dijkstra $N4JLsCJ?t D:E@?t N ;^?t M 4JLsCJ?t R R= ( M log ( N )) 10 38 3630 41 50 237 33220 36 100 934 154793 36 200 1933 369657 36 400 3935 875620 37 600 5953 1472822 39 800 7936 2075312 39 1000 9939 2756324 40 I= 2 eccentricity $NM;9gJQ49$N8z2L D:E@?t N ;^?t M M;9gJQ49A0 M;9gJQ498e 4JLsCJ?t R %;%k;HMQ?t C 4JLsCJ?t R %;%k;HMQ?t C 10 38 3548 7793 3465 7551 50 237 32818 73328 31395 69106 100 934 153991 344191 148643 328244 200 1933 368055 829807 347357 767910 400 3935 872418 1993813 791020 1750016 600 5953 1468020 3387919 1285922 2842222 800 7936 2068910 4830634 1746112 3863037 1000 9939 2748322 6465660 2244824 4956163 JQ 49 8e $K $D $$ $F , 4X ?t 7? 8@ 8l Hask ell $N %$ %s %? %W %j %? h ugs1.4 >e $G , 4J Ls CJ ?t , %; %k ;H MQ ?t $r D4 $Y $? . 0z ?t $K $O , dijkstra $N <B 83 $G M? $( $? %0 %i %U $H F1 $8 $b $N $r M? $( $? . D: E@ ?t $r N , ;^ ?t $r M , 4J Ls CJ ?t $r R , %; %k ;H MQ ?t $r C $H$7$F$3$l$rI=$K$7$?$b$N$,I= 2 $G$"$k . $3$l$r8+ $k$H , M;9gJQ49$K$h$C$F , 4JLsCJ?t , %;%k;HMQ?t$H$b$K8: >/$7$F$$$k$3$H$rFI$_$H$k$3$H$,$G$-$k . :G 8e $K , K\O@ J8 $G <h $j >e $2 $? Nc $N $& $A $N $$ $/ $D $+ $N 4X ?t $N 7W ;; NL $K $D $$ $F =R $Y $F $* $/ . 4.3.1 @a $G 5- =R $7 $? 4X ?t e c c entricity $N7W;;NL$O , maximum � ( map snd ) $N 7W;; NL $, O ( N ) $G $"$k $N $G , A4 BN$N 7W ;;NL $O dijkstr a $H F1$8 $G , O ( M log ( M ) + N ) $H $J$k . <! $K , 4.3.2 @a $G 5- =R $7 $? 4X ?t sc c $N 7W ;; NL $r 5a $a $F $* $/ . $^ $: , 4X ?t dfs $N 7W ;; NL $O , 0l HL $N >l 9g $N A0 @~ $N <B 8= K! $r MQ $$ $k $H O ( M log ( M ) + N C acc ) $G$"$k $, , ?<$5M%@h C5:w$K FC2= $7 $? A0@~ $N <B 8=K! $r MQ $$ $k$H , O ( M + N C acc ) $H $J $k . 4X?t addv $N7W ;; NL $, O ( M ) $G$" $k $N $G C acc = O ( M ) $G $" $k $, , LZ $r G[ Ns $r MQ $$ $F <B 8= $9 $k $3 $H $K $h $j 4X ?t addv $r O (1) $G <B 8= $9 $k $3 $H $, $G $- , C acc = O (1) $H $9 $k $3 $H $, $G $- $k . $h$C $F , 4X ?t dfs $O O ( M + N ) $G <B 8= 2D G= $G $" $k . $^ $? , 4X ?t tr ansp oseG $N 7W ;; NL $O O ( M + N ), 4X ?t p ostOr d $N 7W ;; NL $O O ( M + N ), 4X ?t r everse $N 7W ;; NL $O O ( N ) $G $" $k$N $G , 4X ?t sc c $O O ( M + N ) $G<B8=2DG=$G$"$k . 6 7k O@ K\ O@ J8 $G $O , %0 %i %U %" %k %4 %j %: %‘ $r <+ A3 $K 5- =R $7 , $= $7$F%W%m%0%i%‘JQ49$K$h$C$F$=$N8zN($r2~A1$9$k<jK!$r Ds0F $7$? . K\O@ J8$N <g$J 9W8% $O 0J2< $N$h $&$K $^$H $a$i $l $k . � %0 %i %U $N 0l HL E* C5 :w $r 9T $& 4X ?t $N :F 5" E* Dj 5A $r <( $7 $? . $3 $N 0l HL E* C5 :w 4X ?t $r MQ $$ $k $3 $H $K $h $j , ?< $5 M% @h C5 :w , I} M% @h C5 :w $r MQ $$ $k %" %k %4 %j %: %‘ $r 4^

(211) V ol. 17 No. 3 Ma y 2000 19 $‘$5$^$6$^$J%0%i%U%"%k%4%j%:%‘$r<+A3$K5-=R$9$k $3$H$,$G$-$k . � $3 $l $^ $G $K 9T $o $l $F $$ $? %0 %i %U >e $N 4X ?t $N %W %m %0 %i %‘ JQ 49 $G $O , FH <+ $K Dj 5A $7 $? ?< $5 M% @h C5 :w 4X ?t Ey $K $D $$ $F $N $_ $N JQ 49 $G $"$C $? $, , K\ O@ J8 $G $O 0l HL E* C5 :w 4X ?t $r h ylomorphism $H 8F $P $l $k 7A $K JQ 49 $7 , $= $N >e $G JQ 49 $r 9T$C $? . $3 $l $K $h $j , $9 $G $K $h $/ CN $i $l $F $$ $k OH AH $G , 0l HL @- $N $" $k 3F <o $N JQ 49 $r 9T $& $3$H$,$G$- , K\9F$G$ONc$H$7$FM;9gJQ49$r9T$C$? . � 0l HL E* C5 :w 4X ?t $O 8z N( $N $h $$ <B 8= $r $9 $k $3 $H $, 2D G= $G $" $j , state transformer $r MQ $$ $k 1 $D $N 8z N( $N$h$$<B8=K!$r<($7$? . $^ $? , :# 8e $N 2] Bj $H $7 $F $O , 0J 2< $N $h $& $J $3 $H $, 9M $( $i $l$k . � K\ O@ J8 $G Dj 5A $7 $? 0l HL E* C5 :w 4X ?t $N h ylomor- phism I= 8= $K $* $$ $F , $= $l $r , anamorphism $H catamorphism $N9g @.4X ?t$K J,N%$7 $?$H $-$K , $=$N 4V $G <u $1 EO $5 $l $k Cf 4V %G!< %? $O , C5 :w LZ $r I= $9 %j %9 %H $G $"$C $? $, , $3 $N Cf 4V %G!< %? $N 9= B$ $, %j %9 %H 9= B$ 0J30$K$J$k$h$&$K$9$k$3$H$b2DG=$@$H;W$o$l$k . � K\O@J8$G$O , C5:w$K$h$C$FI=$5$l$k%"%k%4%j%:%‘$r 0l HLE* $K<h $j07$C $? . $3$N HO0O 30 $KB0 $7$F $$ $k$H ;W $o $l $k , :G Bg %^%C %A %s %0 Ld Bj , %O %_ %k %H %s JD O) Ld Bj , J?LL@-H=DjLdBjEy$N4X?t7?8@8l$G$N<h$j07$$$K$D$$ $F , :#8eD4$Y$F$$$/M=Dj$G$"$k . ;2 9M J8 8% [ 1 ] Bird, R.: Intr o duction to F unctional Pr o gr am- ming using Haskel l (se c ond e dition) , Pren tice Hall, 1998. [ 2 ] Bird, R. and de Mo or, O.: A lgebr a of Pr o gr am- ming , Pren tice Hall, 1996. [ 3 ] Dijkstra, E. W.: A Note on Tw o Problems in Connexion with Graphs, Numerische Mathematik , V ol. 1(1959), pp. 269{271. [ 4 ] Erwig, M.: Graph Algorithms = Iteration + Data Structures?, the 18th International Workshop on Gr aph-The or etic Conc epts in Computer Scienc e , LNCS 657, 1992, pp. 277{292. [ 5 ] Erwig, M.: F unctional Programming with Graphs, 2nd ACM SIGPLAN International Confer- enc e on F unctional Pr o gr amming(ICFP’97) , 1997, pp. 52{65. [ 6 ] Gibb ons, J.: An Initial-Algebra Approac h to Directed Acyclic Graphs, Mathematics of Pr o gr am Construction , LNCS 947, 1995, pp. 282{303. [ 7 ] Hu, Z., Iw asaki, H., and T ak eic hi, M.: Deriving Structural Hylomorphisms from Recursiv e De�ni- tions, A CM SIGPLAN International Confer enc e on F unctional Pr o gr amming(ICFP’96) , 1996, pp. 73{ 82. [ 8 ] King, D. J. and Launc h bury , J.: Structur- ing Depth-First Searc h Algorithms in Hask ell, Confer enc e r e c or d of POPL ’95: the 22nd A CM SIGPLAN-SIGA CT Symp osium on Princi- ples of Pr o gr amming L anguages , A CM Press, 1995, pp. 344{354. [ 9 ] Launc h bury , J.: Graph Algorithms with a F unc- tional Fla v our, 1st International Spring Scho ol on A dvanc e d F unctional Pr o gr amming , LNCS 925, 1995, pp. 308{331. [ 10 ] Launc h bury , J. and P eyton Jones, S. L.: Lazy F unctional State Threads, PLDI’94. Pr o c e e dings of the A CM SIGPLAN’94 c onfer enc e on Pr o gr am- ming L anguage Design and Implementation , 1994, pp. 24{35. [ 11 ] Ok asaki, C.: F undamentals of A mortization , Cam bridge Univ ersit y Press, 1998. [ 12 ] P eyton Jones, S. L. and W adler, P .: Imp erativ e F unctional Programming, Confer enc e r e c or e d of the twentieth A nnual ACM SIGPLAN-SIGA CT Sym- p osium on Principles of Pr o gr amming L anguages , 1993, pp. 71{84. [ 13 ] Prim, R. C.: Shortest Connection Net w orks and some Generalizations, The Bel l System T e chnic al Journal , V ol. 36(1957), pp. 1389{1401. [ 14 ] Ra v elo, J. N.: A Class of Graph Algorithms, 1996. Qualifying dissertation submitted in applica- tion for transfer to DPhil. status, Oxford Univ ersit y Computing Lab oratory . [ 15 ] Sheard, T. and F egaras, L.: A F old for All Sea- sons, Confer enc e on F unctional Pr o gr amming L an- guages and Computer A r chite ctur e , 1993, pp. 233{ 242. [ 16 ] T ak ano, A. and Meijer, E.: Shortcut Deforesta- tion in Calculational F orm, Confer enc e on F unc- tional Pr o gr amming L anguages and Computer A r- chite ctur e , 1995, pp. 306{313. [ 17 ] <D G8 8y , 8U ?6 9> , Ip ;T @5 ?M : 9= @. E* <j K! $K $h $k %0 %i%U %" %k%4%j%:%‘$NF3=P , F|K\%=%U%H%&%’%" 2J3X2qBh 15 2sBg2qO@ J8=8 , 1998, pp. 269{272. [ 18 ] @P H* @6 : 4d GH 9V :B %= %U %H %&%’ %" 2J 3X 3 %" %k %4 %j %: %‘ $H %G!<%?9=B$ , 4dGH=qE9 , 1989.