9=@.E*<jK!$K$h$k%0%i%U%"%k%4%j%:%‘$NF3=P Constructiv e Approac h to Deriving Graph Algorithms <DG8 8y Isao SASANO 8U ?69> Zhenjiang HU Ip;T @5?M Masato T AKEICHI El5~Bg3XBg3X1!9)3X7O8&5f2J>pJs9)3X@l96 Departmen t of Information Engineering, Univ ersit y of T oky o ( f sasano,hu,takeichi g @ipl.t.u-tokyo.ac.jp ) 35 MW 8zN( $N$h $$%" %k%4 %j%: %‘$N @_7W $r?M4V $N;W 9M$G 9T$& $3$H $OBg JQ$J O+NO $rMW$7!" $=$N @5$7 $5$N >ZL@ $O JL ES 9T $& I, MW $, $" $k!# $= $l $K BP $7!" C1 =c $J %W %m %0 %i %‘ $K @5 $7 $5 $r J]$C $? %W %m %0 %i %‘ JQ 49 $r ;\ $9 $3 $H $K $h $j!" 8z N( $, NI $/ $+ $D @5 $7 $$ %W %m %0 %i %‘ $r F@ $k $H $$ $& <j K! $, $" $k!# %j %9 %H!" LZ $r 07 $& %" %k %4 %j %: %‘ $N @_ 7W $K %W %m %0 %i %‘ JQ 49 $r MQ $$ $k $H $$ $& 8& 5f $O ?t B? $/ $J $5 $l $F $- $F $$ $k $,!" %0 %i %U %" %k %4 %j %: %‘ $N @_ 7W $K 4X $7 $F $O $" $^ $j 9T $o $l $F $$ $J $$!# K\ O@ J8 $G $O!" 9= @. E* $K I= 8= $5 $l $? %0 %i %U >e $G $N %W %m %0 %i %‘ $N JQ 49 5, B’ $r Ds <( $7!" $= $l $r MQ $$ $F :G C; 7P O) Ld Bj $r 2r $/ 8z N( E* $J %" %k %4 %j %: %‘ $N 4X ?t %W %m %0 %i %_%s%0$K$h$kI=8=$rC1=c$J;EMM$+$iF3=P$9$k!# 1 F3 F~ %" %k %4 %j %: %‘ $N @_ 7W $O 8= :_ ?M 4V $N ;W 9M $K $h$C $F 9T $o $l $F $$ $k $,!" $3 $l $O Bg JQ $J O+ NO $r MW $9 $k $3 $H $G $" $j!" %W %m %0 %i %‘ $N @5 $7 $5 $N J] >Z $b MF 0W $K $O $G $- $J $$!# $= $3 $G!" $^ $: %W %m %0 %i %‘ $r J, $+ $j $d $9 $/ 5- =R $7!" $= $l $K @5 $7 $5 $r J]$C $? %W %m %0 %i %‘ JQ 49 $r ;\ $7 $F $$ $/ $H $$ $& <j K! $K $h $j %" %k %4 %j %: %‘ $N @_ 7W $r 9T $& $3 $H $, Ds 0F $5 $l $F $- $F $$ $k!# $3 $N <j K! $r MQ $$ $k $H!" @5 $7 $/ $+ $D 8z N( $N $h $$ %W %m %0 %i %‘ $r F@ $k $3 $H $, $G $-!" $5 $i $K!" $I $N $h $& $K $7 $F 8z N( E* $J %" %k %4 %j %: %‘ $, @_ 7W $5 $l$?$N$+$,L@3N$KJ,$+$k!# $3 $l $^ $G $K %j %9 %H $d LZ $N >e $N %" %k %4 %j %: %‘ $N @_ 7W $K %W %m %0 %i %‘ JQ 49 $r MQ $$ $k $H $$ $& 8& 5f $O ?t B? $/ $J $5 $l $F $- $F $$ $k $, [1] !" %0 %i %U >e $N %" %k %4 %j %: %‘ $K 4X $7$F $O $" $^ $j9T $o $l $F $- $F $$ $J $$ [2] !# $= $N M} M3 $H $7 $F $O %0 %i %U $O %j %9 %H $d LZ $N $h $& $K <+ M3 $G :F 5" E* $J 9= B$ (free recursiv e data structure) $r $7 $F $$ $J $$ $? $a $K JQ 49 $r 9T $$ $K $/ $$ $H $$ $& $3 $H $, 5s $2 $i $l $k!# $7 $+ $7!" %0 %i %U $O Hs >o $K B? $/ $N J, Ln $K 8= $l $k $b $N $G $" $j!" 8z N( $N $h $$ %0 %i %U %" %k %4 %j %: %‘ $r @_ 7W $9 $k $3 $H $O=EMW$J$3$H$G$"$k!# K\ O@ J8 $G $O!" 9= @. E* $K Dj 5A $5 $l $? %0 %i %U >e $G $N %W %m %0 %i %‘ $N JQ 49 5, B’ $r Ds <( $7!" $= $l $r MQ $$ $F :G C; 7P O) Ld Bj $r 2r $/ 8z N( E* $J %" %k %4 %j %: %‘ $N 4X ?t %W %m %0 %i %_ %s %0 $K $h $k I= 8= $r C1 =c $J ;E MM $+ $i F3 =P $7!" $3 $l $, %@ %$ %/ %9 %H %i K! [3] $H F1 Ey $G $" $k $3 $H $r <( $9!# K\ O@ J8 $N5-K!$O4X?t7?8@8l Hask ell $K6a$$$b$N$G$"$k!# 2 %0%i%U$NI=8=K! %0 %i %U $N I= 8= K! $H $7 $F $O!" 9T Ns I= 8= $d NY @\ %j %9 %H $K $h $k I= 8= $J $I $, 0l HL E* $@ $,!" <! $N $h $& $K 9= @. E* $K I=8=$9$k$3$H$b$G$-$k [4] !# Gr aph ::= E mpty j ( p; v ; s ) & Gr aph %0 %i %U $O!" 6u $N %0 %i %U E mpty $G $" $k $+!" $^ $? $O %0 %i %U$K D:E@ 1 $D ( $H$= $ND: E@$K @\B3 $7$F $$ $k;^ ) $r9= @. ;R & $K $h$C $F IU $1 2C $( $? $b $N $G $" $k!# ( v $O D: E@ L> $r I= $7!" p $O D: E@ v $r =* E@ $H $9 $k ;^ $N ;O E@ $N %j %9 %H!" s $O D: E@ v $r ;O E@ $H $9 $k ;^ $N =* E@ $N %j %9 %H $r I=

?^ 1 M-8~%0%i%U$NNc $9!# ) Nc$($P!"?^ 1 $N%0%i%U$O ([ D ] ; A; [ B ; C ]) & ([ C ; F ] ; B ; [ D ; E ]) & ([ ] ; C ; [ E ]) & ([ ] ; D ; [ F ]) & ([ ] ; E ; [ F ]) & ([ ] ; F ; [ ]) & E mpty $N$h$& $KI= 8= $G$- $k!# $?$@ $7 & $O1& 7k 9gE* $G $"$k $H $7!";^$N D9 $5$O ;^ $r0z ?t $K$H $k 4X?t dist $G I=$9 $3 $H $K $9 $k!# %0 %i %U $r $3 $N $h $& $K I= 8= $9 $k $3 $H $K $h $j!" %0 %i %U >e $N %" %k %4 %j %: %‘ $r 5" G< E* $K I= 8= $G $- $k $h $& $K$J$k!# 3 5"G<E*$J4X?t %0 %i %U >e $N 4X ?t $H $7 $F <! $N $h $& $J 5" G< E* $J 7A $N $b $N$r9M$($k!# f v E mpty = � 1 f v (( p; v ; s ) & g ) = � 2 ( p; v ; s ) [ f v 0 g j v 0 s ] $3 $3 $G!" Bh 1 0z ?t $N v $O Bh 2 0z ?t $K $H $k %0 %i %U $N J, 3d $N ;E J} $r ;X Dj $9 $k $? $a $N $b $N $G $" $j!" Bh 1 0z ?t $N D: E@ v $, @h F, $K $- $F $$ $k $h $& $K Bh 2 0z ?t $N %0 %i %U $r J, 3d $7 $F $$ $k!# $3 $l $O %" %/ %F%# %V %Q %?!< %s %^%C %A [4] $H 8F $P $l!" $3 $l $r & $G I= $9!# $3 $N 4X ?t f v $O � 1 ; � 2 $K $h$C $F 7h $^ $k $N $G!" ( [ � 1 ; � 2 ] ) v $H 5- =R $9 $k $3$H$K$9$k!# %0 %i %U >e $N B? $/ $N 4X ?t $O!" $3 $N 7A $K I= $9 $3 $H $, $G $- $k!# Nc $( $P!" D: E@ v $+ $i D: E@ t $X $N $9 $Y $F $N ( %k!< %W $N $J $$ ) 7P O) $r %j %9 %H $K $7 $F JV $9 4X ?t p aths $O paths v E mpty t = [ ] paths v (( p; v ; s ) & g ) t = if v == t then [[ ]] else concat [(( v ; v 0 ) :) � ( paths v 0 g t ) j v 0 s ] $N $h $& $K I= $9 $3 $H $, $G $- $k ( 7P O) $O ;^ $N %j %9 %H $G I= 8= $7!" ;O E@ $, a !" =* E@ $, b $N ;^ $r ( a; b ) $N $h $& $K I= $9 $b $N $H $9 $k!# $^ $?!" � $O 4X ?t $r %j %9 %H $N $9 $Y $F $N MWAG$KE,MQ$9$k map 4X?t$rI=$9 ) !# $5 $i $K!" $3 $N 7A $K I= $5 $l $? 4X ?t $H JL $N 4X ?t $H $N 9g @. 4X ?t $O M; 9g JQ 49 $H 8F $P $l $k JQ 49 5, B’ $K $h $j M; 9g $9 $k $3 $H $, $G $- $k!# >. $5 $J 4X ?t $r AH $_ 9g $o $; $F %W %m %0 %i %‘ $r =q $$ $F Bg $- $J %W %m %0 %i %‘ $r :n $k >l 9g!" 9g @. 4X ?t $, 8= $l $k $,!" 9g @. 4X ?t $N 4V $G $O :G =* 7k 2L $K $O 8= $l $J $$ Cf 4V $N %G!< %? $N <u EO $7 $, 9T $o $l $k!# $3 $l $O 8z N( $, $h $/ $J $$ $N $G!" Cf 4V %G!< %? $N <u EO $7 $r $J $/ $7 $? $$!# $3 $N $? $a $K $O!" 2 $D $N 4X ?t $N 9g @. 4X ?t $r 1 $D $N 4X ?t $K $9 $k I, MW $, $" $j!" $3 $l $O M; 9g JQ 49 $H 8F $P $l $k!#4X?t ( [ � 1 ; � 2 ] ) v $H$"$k4X?t k $H$N9g@.4X?t k � ( [ � 1 ; � 2 ] ) v $r M; 9g $9 $k $3 $H $r 9M $( $k $H!" 0J 2< $N M; 9g 5, B’ $, @. $j N)$D$3$H$,J,$+$k!# M;9g5,B’ k � 1 = 1 (1) k ( � 2 ( p; v ; s ) z s ) = 2 ( p; v ; s ) ( k � z s ) (2) $J$i$P k � ( [ � 1 ; � 2 ] ) v = ( [ 1 ; 2 ] ) v : $3 $N M; 9g 5, B’ $r MQ $$ $F JQ 49 $r $9 $k Nc $r <! $N @a $G $H $j $"$2$k!# 4 :GC;7PO)LdBj $3 $N @a $G $O Nc $H $7 $F!" M- 8~ %0 %i %U $N!" 2 E@ 4V $N :G C; 5w N% $r 5a $a $k Ld Bj $r 9M $( $k!# ;^ $N D9 $5 $O $9 $Y $F @5 $H $9 $k!# $3 $N Ld Bj $r 2r $/ 8z N( $N $h $$ %" %k %4 %j %: %‘ $H $7 $F %@ %$ %/ %9 %H %i K! [3] $, CN $i $l $F $$ $k!# $7 $+ $7!" %@ %$ %/ %9 %H %i K! $, $I $N $h $& $K F3 $- =P $5 $l $? $N $+ $O L@ $i $+ $G $O $J $$!# $= $3 $G!" C1 =c $K 5- =R $5 $l $? %W %m %0 %i %‘ $+ $i %@ %$ %/ %9 %H %i K! $H F1 Ey $J %" %k %4 %j %: %‘ $, F3 =P $G $-$k$3$H$r0J2<$G<($9!# 4.1 LdBj$NC1=c$J5-=R $^ $:!" :G C; 7P O) Ld Bj $r C1 =c $K 5- =R $9 $k!# %0 %i %U g $N!" D: E@ v $+ $i D: E@ t $X $N :G C; 5w N% $r 5a $a $k $K $O!" D: E@ v $+ $i D: E@ t $X $N 7P O) $r $9 $Y $F 5a $a!" <! $K $= $l $> $l $N 7P O) $N D9 $5 $r 5a $a!" :G 8e $K $= $N $& $A $N $b$C $H $b >. $5 $J CM $r $H $l $P $h $$!# 7P O) $N D9 $5 $r 5a $a $k 4X ?t $r distance !" %j %9 %H $N MW AG $N :G >. CM $r $H $k 4X ?t $r min $H$9$k$H!" sp v g t = min ( distance � ( p aths v g t )) $, D: E@ v $+ $i D: E@ t $X $N :G C; 5w N% $H $J $k!# ( paths

$O %k!< %W $N $J $$ 7P O) $N $_ $r =P NO $9 $k $,!" %k!< %W $N $" $k7PO)$O:GC;$G$O$J$$$N$G!"LdBj$O$J$$!# ) distanc e $NDj5A$O!"<!$N$h$&$K$9$k!# distanc e [ ] = 0 distanc e (( a; b ) : x ) = dist ( a; b ) + distanc e x $?$@$7!" dist ( a; b ) $O;^ ( a; b ) $ND9$5$rI=$9!# 4.2 M;9gJQ49$K$h$kCf4V%G!<%?$N<uEO$7$N=|5n <! $K!" min � ( distance � ) $H paths $r M; 9g $7!" Cf 4V %G!< %? $N <u EO $7 $r $J $/ $9!# 3 @a $G =R $Y $? M; 9g 5, B’ $H BP 1~ $5 $; $k $? $a $K paths $N Bh 3 0z ?t $r � - ab- straction $9$k$H!" paths v E mpty = �t: [ ] paths v (( p; v ; s )& g ) = �t: (if v == t then [[ ]] else concat ( h 1 t � ( z ip [( v ; v 0 ) j v 0 s ] [ paths v 0 g j v 0 s ]))) $N$h$&$K$J$k!#$?$@$7!" h 1 t = � ( x; y ) : ( x :) � ( y t ) $H$7$?!#$h$C$F!"M;9g5,B’$H$NBP1~$O!" k = min � ( distance � ) � � 1 = �t: [ ] � 2 ( p; v ; s ) z s = �t: (if v == t then [[ ]] else concat ( h 1 t � ( z ip [( v ; v 0 ) j v 0 s ] z s ))) $N$h $& $K $J $k!# 0J 2< $G!" (1), (2) $r K~ $? $9 1 ; 2 $r F3$-$@$9!#$^$:!" 1 $rF3=P$9$k$H!" k � 1 = �t: 1 $H$J$k!#$h$C$F!" 1 = �t: 1 $H$J$k!#<!$K!" 2 $rF3=P$9$k$H!" k ( � 2 ( p; v ; s ) z s ) = �t: (if v == t then 0 else min (( � ( x; y ) : x + y t ) � z ip [ dist ( v ; v 0 ) j v 0 s ] k � z s )) $H$J$k!#$h$C$F!" 2 ( p; v ; s ) xs = �t: (if v == t then 0 else min (( � ( x; y ) : x + y t ) � z ip [ dist ( v ; v 0 ) j v 0 s ] xs )) $H$J$k!#0J>e$h$j!" sp v = ( [ 1 ; 2 ] ) v $J$N$G sp v E mpty t = 1 sp v (( p; v ; s )& g ) t = if v == t then 0 else min [ dist ( v ; v 0 ) + sp v 0 g t j v 0 s ] $H $J $j!" $3 $l $G Cf 4V %G!< %? $N <u EO $7 $r $J $/ $9 $3 $H $, $G$-$?!# 4.3 L5BL$J8F$S=P$7$N2sHr A0 @a $G!" $$ $/ $D $+ $N :F 5" 4X ?t $N 9g @. 4X ?t $, 0l $D $N :F 5" 4X ?t $K M; 9g $5 $l!" Cf 4V %G!< %? $N <u EO $7 $, <h $j =| $+ $l $?!# $3 $3 $+ $i $5 $i $K 8z N( $r >e $2 $k $? $a $K!" L5 BL $J 8F $S =P $7 $r $7 $J $$ $h $& $K $9 $k $3 $H $r 9M $( $k!# 0l HL $K!" 0l $D $N :F 5" E* $J 4X ?t $N L5 BL $J 8F $S =P $7 $O <! $N 2 $D$KJ,$1$i$l$k!# (1) :G =* E* $J 7k 2L $r F@ $k $N $K IT I, MW $J 8F $S =P $7 $r $9 $k!# (2) F1$88F$S=P$7$r 2 2s0J>e$9$k!# $^ $:!" (1) $K $D $$ $F $O!" 8F $S =P $9 I, MW $N $" $k $b $N $@ $1 8F $S =P $9 $h $& $K $9 $k $H!" IT I, MW $J 8F $S $@ $7 $r >J $/ $3 $H $, $G $- $k!# $3 $l $O CY 1d I> 2A $H 8F $P $l $k $,!" A0 @a $G $( $i $l $? $^ $^ $N 7A $G $O M- 8z $K CY 1d I> 2A $r 9T $( $k $h $& $J 7A $K $J$C $F $$ $J $$!# $= $3 $G!" impro ving v alue [5] $H 8F $P $l $k 5; K! $r MQ $$ $k $3 $H $K $9 $k!# im- pro ving v alue $H $$ $& $N $O!" 7k 2L $H $7 $F F@ $i $l $k CM $, I, $: $" $k CM 0J >e $G $" $k $H $$ $& $= $N CM $r =y!9 $K A} 2C $5 $; $F $$ $/ $H $$ $& $b $N $G $" $k!# $3 $3 $G $O impro ving v alue $r MW AG $, C1 D4 A} 2C $N =g $K $J $i $s $G $$ $k %j %9 %H $G I= 8= $9 $k $3 $H $K $7!" %j %9 %H $N :G 8e $N MW AG $, 5a $a $k CM $H $J $k $h $& $K $9 $k!# 7k 2L $r $3 $N $h $& $J %j %9 %H $K $7 $F=PNO$9$k4X?t$r sp i $H$9$k$H!" sp $NDj5A$O sp v g t = l ast ( sp i v g t ) $N$h$&$K$J$k!# sp i $NDj5A$O sp i v E mpty t = [ 1 ] sp i v (( p; v ; s )& g ) t = if v == t then [0] else fold smal l er i [ 1 ] [ dist ( v ; v 0 ) : ( dist ( v ; v 0 )+) � sp i v 0 g t j v 0 s ] $N $h $& $K $G $- $k!# ( fold $O $? $? $_ 9~ $_ 1i ;; ;R $G $" $k!# ) $3$3$G!" smal l er i $O 2 $D$N impro ving v alue $N CM $N >. $5 $$ J} $r impro ving v alue $H $7 $F JV $9 4X ?t $G!" <B :] $K $O!" 2 $D $N %j %9 %H $N MW AG $r =E J# MW AG $O 1 $D $K $7 $J $, $i 1 $D $N %j %9 %H $K >. $5 $$ =g $K $J $i $Y $l $P $h $$!# $h$C $F!" smal l er i $N Dj 5A $O 0J 2< $N $h $& $K $J $k!# smal l er i [ ] y = [ ] smal l er i x [ ] = [ ] smal l er i ( a : x ) ( b : y ) = if a < b then a : smal l er i x ( b : y ) else if b < a then b : smal l er i ( a : x ) y else a : smal l er i x y $3 $N ?7 $? $K Dj 5A $5 $l $? sp $r CY 1d I> 2A $9 $k $3 $H $K $h $j!" IT I, MW $J 8F $S =P $7 $r $9 $k $3 $H $J $/ 7k 2L $r F@ $k $3 $H$,$G$-$k!#

0J >e $N $h $& $K impro ving v alue $r MQ $$ $F CY 1d I> 2A $r 9T$C $F $b!" 8z N( $r 0- $/ $9 $k MW 0x (2) $N!" F1 $8 D: E@ $r 2 2s E8 3+ $9 $k 2D G= @- $O ;D$C $F $$ $k $N $G!" $= $l $r >J $/ $3 $H $r 9M $( $k!# A4 $/ F1 $8 E8 3+ $r >J $/ $H $$ $& 5; K! $O %a %b %" %$ %< %$ %7%g %s [6] $H 8F $P $l $k!# $3 $N >l 9g $K $O A4 $/ F1 $8 E8 3+ $O 8= $l $J $$ $,!" A0 $K 1 EY E8 3+ $7 $? D: E@ $r E8 3+ $7 $h $& $H $9 $k >l 9g $r 9M $( $F $_ $k!# $9 $k $H!" 2 2s L\ 0J 9_ $K E8 3+ $7 $h $& $H $7 $? >l 9g $K $O!" impro ving v alue $N @- <A $H CY 1d I> 2A $K $h $j!" 1 2s L\ $K E8 3+ $7 $? $b $N $h $j C; $$ 7P O) $G $" $k 2D G= @- $O $J $$ $N $G!" 1 2s L\ $K E8 3+ $7 $? $b $N $O $= $N D: E@ $^ $G $N :G C; 7P O) $G E8 3+ $7 $F $- $? $b $N $K $J$C $F $$ $k!# $= $7 $F!" :G C; 7P O) $N It J, 7P O) $O :G C; 7P O) $G $" $k $3 $H $r 9M N8 $9 $k $H!" 2 2s L\ 0J 9_ $N E8 3+ $O :o =| $7 $F $h $$ $3 $H $, J, $+ $k!# 2 2s L\ 0J 9_ $N E8 3+ $r :o =| $9 $k $? $a $K!" E8 3+ $7 $? D: E@ $r J] ;} $7 $F$*$/ $3 $H $K $9 $k!# sp i $r!" E8 3+$7 $? D: E@ $r J];} $9 $k$3 $H $K $h$C $F 8z N( 2= $7 $? 4X ?t $r sp im $H $9 $k $H!" sp $NDj5A$O<!$N$h$&$K$J$k!# sp v g t = l ast ( sp im v g t ) sp im $NDj5A$O0J2<$N$h$&$K$9$l$P$h$$!# sp im v E mpty t = [ 1 ] sp im v (( p; v ; s )& g ) t = if v == t then [0] else if v isited ( v ) then [ 1 ] else f mar k ( v ); fold smal l er i [ 1 ] [ dist ( v ; v 0 ) : ( dist ( v ; v 0 )+) � sp im v 0 g t j v 0 s ] g $3$3 $G!" v isited ( v ) $O D: E@ v $r E8 3+ $7 $? $+ $I $& $+ $r D4 $Y $k 4X ?t $G $" $j!" mar k ( v ) $O D: E@ v $r E8 3+ $7 $?D:E@$H$7$FJ];}$9$k$H$$$&0UL#$G$"$k!# 4.4 :G=*7k2L$H%@%$%/%9%H%iK!$H$N4X78 :G =* E* $K F@ $i $l $? %W %m %0 %i %‘ $O ?^ 2 $N $h $& $K $J $k!# Nc $H $7 $F ?^ 1 $N %0 %i %U $r g $H $7!" D: E@ A $+ $i D: E@ F $X$N:GC;7PO)$ND9$5$r5a$a$F$_$k!#$3$l$O sp A g F = l ast ( sp im A g F [ ]) $K$h$j5a$a$i$l$k!# sp im A g F [ ] $rE83+$7$F$$$/ $H [5 ; 8 ; 9 ; 10 ; 11 ; 11] $N$h$&$K$J$k$N$G!" 11 $,5a$a$kCM$H$J$k!# F@ $i $l $? %" %k %4 %j %: %‘ $O 5w N% $N >. $5 $J $b $N $+ $i =g $K sp im $r E8 3+ $7 $F $$ $/ $h $& $K $J$C $F $* $j!" D: E@ ?t $r N $H $9 $k $H!" E8 3+ $O :G Bg $G N 2s 9T $o $l $k!# 1 2s $N E8 3+ $G 9T $o $l $k 7W ;; $O <g $K ?t $N Bg >. Hf 3S $H � $G $" $j!" $" $H $O!" O(1) $G $G $- $k %0 %i %U $N J, 3d & sp v g t = l ast ( sp im v g t [ ]) sp im v E mpty t = [ 1 ] sp im v (( p; v ; s )& g ) t = if v == t then [0] else if v isited ( v ) then [ 1 ] else f mar k ( v ); fold smal l er i [ 1 ] [ dist ( v ; v 0 ) : ( dist ( v ; v 0 )+) � sp im v 0 g t j v 0 s ] g smal l er i [ ] y = [ ] smal l er i x [ ] = [ ] smal l er i ( a : x ) ( b : y ) = if a < b then a : smal l er i x ( b : y ) else if b < a then b : smal l er i ( a : x ) y else a : smal l er i x y ?^ 2 :G=*E*$KF@$i$l$?%W%m%0%i%‘ [4] !" mar k !" v isited $G $" $k!# $3 $l $O %@ %$ %/ %9 %H %i K! [3] $HF1Ey$G$"$k!# %@ %$ %/ %9 %H %i K! $O $I $N $h $& $K 9M $( =P $5 $l $? $N $+ IT L@ $G $"$C $? $,!" C1 =c $J %W %m %0 %i %‘ $+ $i %W %m %0 %i %‘ JQ 49!" impro ving v alue !" CY 1d I> 2A!" %a %b %" %$ %< %$ %7%g %s $r MQ $$ $F F3 =P $9 $k $3 $H $K $h $j!" %@ %$ %/ %9 %H %i K!$N@_7WK!$N0l$D$,<($5$l$?!# 5 7k O@ K\ O@ J8 $G $O!" %0 %i %U $r 07 $& %W %m %0 %i %‘ $N $& $A $N 0l It $N $b $N $K $D $$ $F $N JQ 49 5, B’ $r <( $7!" $= $l $r MQ $$ $F C1 =c $J %W %m %0 %i %‘ $+ $i 8z N( E* $J %W %m %0 %i %‘ $r F3 =P $7 F@ $k $3 $H $r <( $7 $?!# 6q BN Nc $H $7 $F :G C; 7P O) Ld Bj $r $H $j$"$2!"%@%$%/%9%H%iK!$rF3=P$7$?!# ;2 9M J8 8% [ 1 ] Ric hard Bird and Oege de Mo or. A lgebr a of Pr o gr am- ming . Pren tice Hall, 1996. [ 2 ] Jerem y Gibb ons. An initial-algebra approac h to di- rected acyclic graphs. LNCS 947: Mathematics of Pr o- gr am Construction , pages 122{138, 1995. [ 3 ] E.W.Dijkstra. A note on t w o problems in connexion with graphs. Numerische Mathematik , 1:269{271, 1959. [ 4 ] Martin Erwig. F unctional programming with graphs. 2nd A CM SIGPLAN International Confer enc e on F unctional Pr o gr amming(ICFP ’97) , pages 52{65, 1997. [ 5 ] F.W arren Burton. Encapsulating non-determinacy in an abstract data t yp e with deterninate seman tics. Journal of F unctional Pr o gr amming , 1(1):3{20, 1991. [ 6 ] D.Mic hie. Memo functions and mac hine learning. Na- tur e , 218(5136):19{22, April 1968.