$$$DH?I|7W;;$r$d$a$k$Y$-$+!) !A<}B+H=Dj4p=‘$N@_DjJ}K!!A EOIt A1N4 � $3 $N 5- ;v $O!" ?t CM 7W ;; $K $* $$ $F IQ HK $K MQ $$ $i $l $k H? I| 7W ;; $N <} B+ H= Dj 4p =‘ $H <} B+ H= Dj MQ Dj ?t $N @_ Dj J} K! $K $D $$ $F4J C1 $K $^ $H $a $? $b $N $G $9!# K\ O@ $O 4 >O $G $9!# 2 >O $H 3 >O $O 4 >O $G ;H MQ $9 $k MQ 8l $N @b L@ $K $" $F $i $l $F $$ $^ $9!# %N %k%‘$d8m:9$K$D$$$F==J,$JCN<1$r$*;}$A$NJ}$O 2 >O$d 3 >O$rHt$P$7$F$*FI$_$$$?$@$$$F7k9=$G$9!# H? I| 7W ;; $, 3N <B $K ?? $N 2r $K 8~ $+$C $F 9T $/ $H $$ $& J] >Z ( <} B+ >Z L@ ) $H!" H? I| $r ES Cf $G BG $A @Z$C $? ;~ $N 8m :9 8B 3& $r M?$( $k $3 $H $O ?t CM 2r @O 3X $N =E MW $J ;H L? $G $9!# $7 $+ $7!" $9 $Y $F $N H? I| 7W ;; $K $* $$ $F $3 $N Fs $D ( <} B+ >Z L@ $H 8m :9 8B 3& ) $,M} O@ E* $K J] >Z $5 $l $k $o $1 $G $O $" $j $^ $; $s!# $7 $? $,$C $F!" <B :] $K H? I| 7W ;; $r MQ $$ $k >l 9g $K 6K $a $F =E MW $J @_ Dj 9‘ L\ $O!"$I $N $h $& $J <} B+ H= Dj 4p =‘ $r MQ $$ $F $$ $D H? I| $r =* N; $9 $k $+ $r 7h Dj $9 $k $3 $H $G $9!# $= $N $H $-!" 7W ;; $N 8B 3& $N 8! =P $H$$$&0UL#$G:,5r$r;}$D$$$/$D$+$NH=Dj4p=‘$,$"$k$3$H$rCN$C$F$$$k$N$O7h$7$FL5BL$G$O$J$$$H;W$$$^$9!# 1 H?I|7W;;$H$O 1.1 LdBj@_Dj <B ?t BN R >e $N n <! 85 %Y %/ %H %k 6u 4V $r R n $G I= $7!$ 0J 2< $G $O n <! 85 Euclid 6u 4V $H F1 0l ;k $7 $^ $9!% R n $+$i R n <+?H$X$N<LA| f = ( f 1 ; f 2 ; : : : ; f n ) T $KBP$7$F!$J}Dx<0 : f ( x ) = 0 (1) $r$_$? $9 <B %Y %/ %H%k x = ( x 1 ; x 2 ; : : : ; x n ) T 2 R n $r 7W ;; 5! $K $h$C$F ?t CM E* $K 5a$a $k Ld Bj $r 9M$( $^ $9 1 !% \ T " $OE>CV5-9f$G$9!% f i (1 � i � n ) $=$l$>$l$O R n $+$i R $X$N<LA|$G$9!%$7$?$,$C$F (1) $O f i ( x ) = 0 (1 � i � n ) $H=q $/ $3 $H $b $G $- $^ $9!% J} Dx <0 $N ?t $H L$ CN ?t $N 8D ?t $O F1 $8 n 8D $H $7 $^ $9 2 !% $^ $?!$ n $O <! 85 $N 0U L# $G $b MQ$$$^$9!%$?$H$($P!$J} Dx<0 x = cos x $O f ( x ) := x � cos x $HJQ 7A$9$k$3$H $K$h$j (1) $H$7$F8+ $k$3$H $,$G$-$^ $9!% O"N) 1 <!J} Dx <0 A x = b $b f ( x ) := b � A x $H $9$l $P (1) $N 7A $K$J $j$^ $9!%$5 $i $K!$Hs @~ 7AHy J, J} Dx <0 $J $I B? $/ $N 4X ?t J} Dx <0 $O!$ :9 J, K!!$ M- 8B MW AG K!!$ 6- 3& MW AG K! $J $I $N N% ;6 2= $K $h$C $F (1) $K 5"Ce$5$l$^$9!% 1.2 H?I|7W;; f $ODL>oHs@~7A 3 $G$9!%$7$?$,$C$F f ( x ) $O!$?^ 1 $N$h$&$K%Y%/%H%k x $N MWAG$,J#;($KMm$^$j$"$C$?7A $r$7$F$$$^$9!% � 6e=#Bg3XBg7?7W;;5!%;%s%?!<!&8&5f3+H/It E-mail: watanabe@cc.kyushu-u.ac.jp 1 $J$*!$$3$N5-;v$NFbMF$O!$$[$\$=$N$^$^J#AG?t$K$b3HD%$9$k$3$H$,$G$-$^$9!% 2 J} Dx <0 $N ?t $H L$ CN ?t $N 8D ?t $, 0[ $J $k $H!$ ES C< $K OC $, $d $d $3 $7 $/ $J $j $^ $9!% $R $H $3 $H $G $d $d $3 $7 $/ $J $k M} M3 $r @b L@ $9 $k $H!$ Jacobi 9TNs ( %I%$%D$N?t3X<T Carl Gusta v Jacob Jacobi $5$s (1804{1851) $KM3Mh$7$^$9!%%d%3%S%"%s , Jacobian 9TNs$H$b$$ $$$^$9!% ) $,Hs@5B’$K$J$k$+$i$G$9!% 3 G$0U $N x ; y 2 R n , �; � 2 R $KBP$7 $F f ( � x + � y ) = � f ( x ) + � f ( y ) $, @.N) $9$k $H$-!$ f $O @~7A <LA| $G$" $k$H $$$$$^ $9!%Hs@~7A<LA|$H$O!$$3$N$h$&$J@-<A$r;}$?$J$$$b$N!$$HDj5A$5$l$^$9!% 1

8 > > > > > > > > > > > > > > > > > > > > > > > > > < > > > > > > > > > > > > > > > > > > > > > > > > > : f 1 ( x ) = 9 P x 1 4 + 9 x 2 x 3 8 p 2 + P R x 7 p 2 f 2 ( x ) = 81 P x 2 4 + 9 x 1 x 3 8 p 2 + P R x 8 p 2 f 3 ( x ) = � 9 x 1 x 2 4 p 2 + 9 P x 3 + p 2 P R x 9 f 4 ( x ) = 36 P x 4 + p 2 P R x 10 f 5 ( x ) = � 2 x 5 + x 2 x 7 2 p 2 + x 1 x 8 2 p 2 � x 4 x 9 p 2 + p 2 x 4 x 9 � x 3 x 10 p 2 + p 2 x 3 x 10 f 6 ( x ) = � 8 x 6 � x 1 x 7 p 2 � p 2 x 3 x 9 f 7 ( x ) = � x 1 p 2 � x 2 x 5 2 p 2 + x 1 x 6 p 2 � 3 x 7 2 + 3 x 3 x 8 4 p 2 + 3 x 2 x 9 4 p 2 f 8 ( x ) = � x 2 p 2 � x 1 x 5 2 p 2 � 3 x 3 x 7 4 p 2 � 9 x 8 2 � 3 x 1 x 9 4 p 2 f 9 ( x ) = � p 2 x 3 � x 4 x 5 p 2 + p 2 x 3 x 6 � 3 x 2 x 7 4 p 2 + 3 x 1 x 8 4 p 2 � 3 x 9 f 10 ( x ) = � p 2 x 4 � x 3 x 5 p 2 � 6 x 10 ( = :8 $N <!85 n = 10 $N Hs @~ 7A J} Dx <0 $O!$ Dj >o G. BP N. Ld Bj $+ $i F3 $+ $l $k Hs @~ 7A JP Hy J, J} Dx <0 $N 2r $r %9 %Z %/ %H %k K! $K $h$C $F N% ;6 6a ;w $7 $F F@ $i $l $? $b $N $G $9!% J} Dx <0 $r K~ $? $9 x $r 5a $a $k $3 $H $G!$ N. $l 4X ?t $H 29 EY >l $N 6a ;w 2r $, =P$F $-$^ $9!% P , R $O 4{ CN$NDj?t$G$9!% ?^ 1: f ( x ) $N6qBNNc 4 $^$? f $, @~ 7A $G $"$C $? $H $7 $F $b!$ n $, Bg $- $/ $J $k $H <j 7W ;; $d ?t <0 =h M} %= %U %H $r MQ $$ $F \ ?t 3X E* $K " 2r $/ $3$H$,Fq$7$/$J$C$F$-$^$9!%$= $3$GIbF0>.?t E@1i;; 5 $K$h $kH?I|7W;;$, EP>l$7$^$9!%7W;; $NBg;(GD$J<j =g $O<!$N$h$&$K$J$j$^$9 : !ZH?I|7W;;$N<j=g![ � :G=i$KE,Ev$JCM$rA*$s$GBh 1 6a;wCM$H$9$k ; x (0) � $=$l$r:‘NA$K$7$F!V$b$C$H$h$$6a;wCM!W$r ( IbF0>.?tE@1i;;$K$h$C$F ) 5a$a$k ; x (0) ! x (1) � $"$kDd;_>r7o$rK~$?$9$^$G2~NI$r7+$jJV$9 ; x (0) ! x (1) ! � � � ! x ( k ) ! � � � $3 $N <j =g $r Am >N $7 $F C‘ <! 6a ;w K! ( suc c essive appr oximation metho d ) $H 8F $S $^ $9!% <B :] $N 7W ;; $G $O!$ LdBj$K 1~ $8 $F Bh 1 6a ;w CM $N @_ Dj J} K! ( $3 $A $i $b Hs >o $KBg @Z $G $9 ) !$ <! $N 6a;w CM $N 7h Dj J} K!!$ H?I| =* N; $N >r 7o$r$=$l$>$l@_Dj$9$kI,MW$,$"$j$^$9!% 1.3 Newton-Raphson K! $" $i$f $k 7A$N f $K BP1~ $7 $?C‘ <!6a ;w K!$N %" %k%4 %j %:%‘ $O 8+$D $+$C $F$$ $^ $;$s!% $b$C $H$b M- L>$J $b $N$O Newton-Raphson K! ( Newton-R aphson ’s metho d ) 6 $NH?I|7W;; : x ( k +1) = x ( k ) � f 0 ( x ( k ) ) � 1 f ( x ( k ) ) k = 0 ; 1 ; 2 ; : : : $G$7$g$& 7 !%$?$H$($P 1 <!85$NLdBj f ( x ) := x � cos x = 0 $r Newton-Raphson K!$N<0$G=q$/$H x ( k +1) = x ( k ) � x ( k ) � cos x ( k ) 1 + sin x ( k ) k = 0 ; 1 ; 2 ; : : : $H$J$j$^$9!%0lHL$N n $G$O f 0 ( x ( k ) ) $O f $N x ( k ) $G$NHyJ,$rI=$9 n � n Jacobi 9TNs$G$9 8 !% 4 >\:Y$O http://www.cc.kyushu-u.ac.jp/RD/watanabe/RESERCH/MANUSCRIPT/OHP/AppMathSym-1998/intro.html $r;2>H$7$F$/$@$5$$!% 5 IbF0>.?tE@$KBeI=$5$l$k7W;;5!Fb$N?t$NI=8=J}K!$K$D$$$F$O!$$?$H$($P [4], [9] $r;2>H$7$F$/$@$5$$!% 6 Newton K! ( Newton ’s metho d ) $H$b8F$S$^$9!% Joseph Raphson $5$s (1648{1715) $O%$%.%j%9$N?t3X<T$G$9!% 7 $= $NB> $N<j K! $H$7 $F!$ regula-falsi K!!$ FsJ, K! (bisection metho d) !$ 0l>> K!!$ T raub K!!$ Muller K!$J $I $,$" $j $^$9!% >\ $7$/$O [14], [3] $r;2>H$7$F$/$@$5$$!% 8 \ f 0 ( x ( k ) ) � 1 f ( x ( k ) )" $O!$ AG D> $K FI $‘ $H Jacobi 9T Ns f 0 ( x ( k ) ) $N 5U 9T Ns $r 7W ;; $7 $F %Y %/ %H %k f ( x ( k ) ) $H $N @Q $r 5a $a $k $3 $H $K$J$j$^$9!%$7$+$7<B:]$N7W;;$G5U9TNs$r5a$a$k$3$H$O>/$J$/!$O"N) 1 <!J}Dx<0 f 0 ( x ( k ) ) x = f ( x ( k ) ) $r?tCME*$K2r$-$^$9!% 2

Newton-Raphson K! $O M} O@ E* E, MQ HO 0O $, 9- $/!$ <B MQ E* $K $b 6/ NO $G $" $k $3 $H $+ $i 9- $/ ;H $o $l $F $$ $k C‘ <!6a;wK! $N 0l<o $G$9!% $? $@$7!$ K|G= $G $O$" $j$^ $; $s!%Bh 1 6a;w CM $N7h DjJ} K!!$ f $,Hy J,IT 2D G=$^ $?$O $o $+ $i $J $$ >l 9g $N BP =h J} K!!$ 9T Ns f 0 ( x ( k ) ) $, 0- >r 7o 9 $K $J $j O" N) 1 <! J} Dx <0 $, ?t CM E* $K 2r $1 $J $/ $J$C $? >l 9g$I$& $9 $k $N$+!$ n $, Bg$- $$ >l 9g$N O" N) 1 <!J} Dx <0 $r2r $/ <j 4V $J$I!$ 2r 7h $9$Y $- 0F 7o$, <!!9 $H EP>l $7 $^ $9!%$= $7 $F!$ :G 8e $O I, $: !V$$ $D H? I| 7W ;; $r $d $a $k $Y $- $+!W $H $$ $& Bg @Z $J Ld Bj $, BT $A <u $1 $F $$ $^ $9!% 7+ $j JV$7 $r ;_ $a $k $N $, Aa 2a $. $k $H!$ == J, $J @: EY $, F@ $i $l $^ $; $s!% 5U $K ;_ $a $k $N $, CY 2a $. $k $H!$ 7W ;; ;~ 4V $, M> J,$K$+$+ $k $3$H $K$J $j $^$9 $7!$0U L#$N $J $$7W ;;$r 7+$j JV $7$F $$$k $3 $H$9 $i$" $k$N $G $9!%$J $*!$ Newton- Raphson K!$K$D$$$F$NM}O@E*$J2r@b$O [3], [10], [12], [16] $r$4Mw$/$@$5$$!% 1.4 H?I|7W;;$HH?I|K! ?t CM 2r @O $N J, Ln $G $O!$ O" N) 1 <! J} Dx <0 $K BP $9 $k C‘ <! 6a ;w K! $r !VH? I| K!!W $H 8F $V $3 $H $, B? $/ $J $j $^ $7 $? ( $?$H$( $P [1], [2], [7] $N %? %$ %H %k$r $4 Mw $/ $@ $5 $$ ) 10 !% $7 $? $,$C$F!$ $3 $N 5- ;v $G $O!VH? I| K!!W $H $$ $& MQ 8l $r;H$&$N$OHr$1!$!VH?I|7W;;!W$H$$$&8@MU$r;H$$$^$9 7W ;; 5! $O M- 8B 7e $N 7W ;; $7 $+ $G $- $^ $; $s!% $3 $N 5- ;v $G $O $" $? $+ $b L5 8B 7e $N <B ?t CM $, 1i ;; $K $h$C $F F@ $i $l $k$h $& $J =q $- J} $r $9 $k $3 $H $b $" $j $^ $9!% $7 $+ $7!$ <B :] $N ?t CM 7W ;; $G $O!$ M- 8B $N Ib F0 >. ?t E@ BN 7O >e $N 1i ;; ( >\$7$/$O [3], [5], [9] $r;2>H$7$F$/$@$5$$ ) $H$J$k$3$H$KCm0U$7$F$/$@$5$$!% 2 %N%k%‘ 2.1 %N%k%‘$NDj5A H? I| 7W ;; $r ES Cf $G $d $a $k $K $O!$ $= $l $> $l $N H? I| $G F@ $i $l $k %Y %/ %H %k $N !VBg $- $5!W $" $k $$ $O !VD9 $5!W $r D4 $Y $k $3 $H $, I, MW $G $9!% R $G $O @d BP CM $G !VBg $- $5!W $r I> 2A $7 $^ $9!% R n $N >l 9g $O n 8D $N MW AG $+ $i @. $k %Y%/ %H %k $N !VBg $- $5!W $r Am 9g E* $K B, $k ;X I8 $, I, MW $G $9!% $7 $+ $7 $I $l $G $b NI $$ $o $1 $G $J $/!$ D> 4Q $H 9g CW $9 $k$$$/$D$+$N@-<A$rM-$9$k$3$H$,>/$J$/$H$bMW@A$5$l$^$9!%$3$NMW@A$r$^$H$a$?$N$,<!$N %N%k%‘ ( norm ) 11 $NDj5A$G$9 : !Z%N%k%‘$NDj5A![ R n $N%N%k%‘ k k $H$O!$<!$N 3 $D$N@-<A$rK~$?$9<B?tCM4X?t$G$"$k : 1. G$0U$N x 2 R n $KBP$7$F!$ k x k � 0 $+$D!$ k x k = 0 , x = 0 !% 2. G$0U$N x 2 R n , � 2 R $KBP$7$F!$ k � x k = j � jk x k !% 3. G$0U$N x ; y 2 R n $KBP$7$F!$ k x + y k � k x k + k y k � ;03QITEy<0$^$?$O Mink o wski $NITEy<0 � : $3$3$G!$ \ j � j " $O<B?t � $N@dBPCM$G$9!% n = 1 $H$7$?$H$-$N@dBPCM$O%N%k%‘$NDj5A$rK~$?$7$^$9!% \ , " $OI, MW == J, >r 7o $r 0U L# $7 $^ $9!% %N %k %‘ $, >. $5 $$ $3 $H $H $9 $Y $F $N @. J, $, >. $5 $$ $3 $H $O Ey 2A $K $J $j $^ $9 ( >Z L@$O$?$H$($P [11] $r$4Mw$/$@$5$$ ) !% 9 A x = b $N 2r x $NJQ2= $, A $d b $NJQ 2=$N2? G\$K 3HBg $5$l$k $N$+ $rI= $9?t$r >r7o ?t$H8F $S$^ $9 ( Nc$( $P [11] $r;2>H $7$F $/$@ $5$$ ) !%>r7o?t$,Bg$-$/$J$kLdBj$r0->r7o$H8F$S$^$9!% 10 O"N) 1 <!J} Dx<0$N ?tCM2r K!$O!$Bg$- $/!VD>@\ K!!W!VH?I|K!!W !V6&Lr8{ G[K!!W ( 6&Lr8{ G[K!$r H?I|K! $KJ,N‘$9 $k$3$H $b$"$j$^ $9 ) $KJ,N‘$9$k$3$H$,$G$-$^$9!% [15] $N4JC1$J>R2p5-;v$r;2>H$7$F$/$@$5$$!% 11 1Q8l$G!VI8=‘!W!VJ?6Q!W$H$$$&0UL#$G$9!%!V%N%k%^!W ( %i%F%s8l$N norma $KM3Mh ) $N0UL#$b$"$j$^$9!% 3

2.2 $h$/;H$o$l$k%N%k%‘ %N %k %‘ $N Dj 5A $r K~ $? $9 4X ?t $O L5 8B 8D B8 :_ $7 $^ $9 12 !% $7 $+ $7!$ $3 $3 $G $O ?t CM 7W ;; $G $h $/ ;H $o $l $k %N %k %‘ $rI= 1 $K>R 2p$7 $^$9!% $J$*!$ 3F%N %k%‘ $r<1 JL$9 $k$?$a \ k k " $N1& 2<$K 5-9f $r$D $1$^$9!% %Y%/ %H%k x $NMW AG$O x i (1 � i � n ) $GI=$7$F$$$^$9!% I= 1: ?tCM7W;;$G$h$/;H$o$l$k R n $N%N%k%‘ %N%k%‘$NDj5A L>>N k x k 1 = n X i =1 j x i j 1 %N%k%‘!$ 1- %N%k%‘!$@dBP%N%k%‘!$@dBPOB%N%k%‘!$ l 1 %N%k%‘ k x k 2 = n X i =1 j x i j 2 ! 1 2 2 %N%k%‘!$ 2- %N%k%‘!$ 2 >h%N%k%‘!$ Euclid %N%k%‘ , l 2 %N%k%‘ k x k 1 = max 1 � i � n j x i j :GBg%N%k%‘!$0lMM%N%k%‘!$ 1 %N%k%‘!$ 1 - %N%k%‘!$L58B%N%k%‘!$ l 1 %N%k%‘ 3F%N%k%‘$N CM$, Dj?t a ( > 0) $H$J $k x 2 R 2 $N A4BN $r%W%m%C %H$9 $k$H!$ k x k 1 = a $O \ !~ ", k x k 2 = a $O \ !{ ", k x k 1 = a $O \ "" " $N7A$r$7$F$$$^$9 ( >\$7$/$O [11], [13] $r;2>H$7$F$/$@$5$$ ) !% 0l HL $K M- 8B <! 85 %N %k %‘ 6u 4V $N G$ 0U $N 2 $D $N %N %k %‘ $O F1 CM $G $9 13 !% $7 $? $,$C $F M} O@ >e $O $I $s $J %N %k %‘ $r :NMQ$7 $F $b 9= $$$^ $; $s!% $7 $+$7 ?t CM 7W ;;$r 9T $J $& >l9g $O!$ <! @a $G@b L@ $9 $k $h$& $K <! 85 n $K Cm 0U $9 $kI, MW $,$"$j$^$9!% 2.3 <!85$KBP$9$k0MB8@- I= 1 $N 3 $D $N %N %k %‘ $N Cf $G $O 2 %N %k %‘ $, :G $b M- L> $@ $H ;W $$ $^ $9!% $7 $+ $7!$ <B :] $N?t CM 7W ;; $G $O :G Bg %N %k%‘$, $h $/ ;H $o $l$^ $9!% M} M3 $O!$ ;M B’1i ;; $, I, MW $J$$ $3 $H $H!$ <! 85 n $K 0M B8 $7 $J$$ $+ $i $G $9!% Dj 5A$+ $i J,$+$kDL$j!$ 1 %N%k%‘$H 2 %N%k%‘$O<!85 n $K0MB8$7$^$9!%Nc$H$7$F x = (sin(1) ; sin(2) ; : : : ; sin( n )) T $K BP $9 $k 3F %N %k %‘ $N CM $r n $r JQ $( $F 7W ;; $7 $? 7k 2L $r I= 2 $K $" $2 $^ $9!% 7W ;; $O F ortran $N G\ @: EY (IEEE 7A<0 ; 64 %S%C%H ) $G9T$J$$!$I=<(?t;z0J2<$O@Z<N$F$F$$$^$9!% I= 2: x = (sin(1) ; sin(2) ; : : : ; sin( n )) T $KBP$9$k%N%k%‘$NCM n k x k 1 k x k 2 k x k 1 1 0 : 84 0 : 84 0 : 841 10 6 : 48 2 : 23 0 : 989 100 63 7 0 : 999 1000 636 22 0 : 999 10000 6366 70 0 : 999 100000 63662 223 0 : 999 500000 318309 500 0 : 999 12 G$0U$N8GDj$7$?@5B’9TNs A $KBP$7$F k x k A := k A x k 2 $,%N%k%‘$NDj5A$rK~$?$9$+$i$G$9!% 13 2 $D$N %N %k%‘ k k a , k k b $, F1CM $G $"$k $H$O!$ $"$k @5 ?t c 1 ; c 2 $, <h$l $F!$ G$0U $N x $KBP $7$F c 1 k x k a � k x k b � c 2 k x k a $, @.$jN)$D$3$H$r$$$$$^$9!%$3$NITEy<0$+$i 1 =c 2 k x k b � k x k a � 1 =c 1 k x k b $b@.$jN)$A$^$9!%M-8B<!85%N%k%‘6u4V$N%N%k%‘$NF1 CM@-$N>ZL@$O4X?t2r@O$N652J=q$r;2>H$7$F$/$@$5$$!% 4

:GBg%N %k%‘ $N CM $,JQ $o $i$J $$ $N $KBP $7!$ 1 %N%k %‘ $H 2 %N %k %‘$O n $K 1~$8 $F CM$, Bg $- $/$J$C $F $$$- $^ $9!% $3$l$i 3 $D$N%N%k%‘$N4V$K$O0J2<$NITEy<0$,@.$jN)$A$^$9 : k x k 2 � k x k 1 � p n k x k 2 ; k x k 1 � k x k 2 � p n k x k 1 ; k x k 1 � k x k 1 � n k x k 1 : Bg 5, LO $J ?t CM 7W ;; $r 9T $J $& $H $- $K $O!$ %N %k %‘ $K $h$C $F $O <! 85 $K 0M B8 $9 $k $3 $H $r CN $k I, MW $, $" $j $^ $9!% $^$?!$ 2 %N %k %‘ $N 7W ;; $K $O <+ >h $N 7W ;; $, I, MW $J $? $a!$ B> $N %N %k %‘ $K Hf $Y $F 7W ;; ES Cf $G %*!< %P!< %U %m!< $d %"%s%@!<%U%m!<$,5/$-$d$9$$$3$H$K$bCm0U$,I,MW$G$9 ( $?$H$($P [1] $r$4Mw$/$@$5$$ ) 14 !% 2.4 %N%k%‘$N7W;; 1 %N %k %‘!$ 2 %N %k %‘!$ :G Bg %N %k %‘ $r 5a $a $k F ortran %W %m %0 %i %‘ $r >R 2p $7 $^ $9!% :G Bg %N %k %‘ $r MQ $$ $? 6q BN E* $J 1~ MQ Nc $O 4.5 @a $r $4 Mw $/ $@ $5 $$!% $= $l $> $l %Y %/ %H %k x ; y 2 R n $K BP $7 x � y $N %N %k %‘ $r G\ @: EY $G7W;;$9 $k $b$N $G$9 15 !% Bg$- $5 n $G @k8@ $7$? 1 <! 85G[ Ns x , y $, x ; y $K BP 1~$7 $F$$ $^ $9!%E: ;z i $O@0 ?t 7?!$%N%k%‘$NCM$OJQ?t s $KJV$j$^$9 16 !% !| 1 %N%k%‘ s=0.0D0 ! :G=i$O 0 $K@_Dj do i=1,n ! 1 $+$i n $^$GF0$+$9 s=s+abs(x(i)-y(i)) ! 3FMWAG$N:9$N@dBPCM$rB-$9 end do ! do J8$N=*$j F ortran 90 $NG[Ns1i;;5!G=$H SUM 4X?t$r;H$&$H!$$5$i$K4JC1$K5-=R$G$-$^$9!% s=sum(abs(x-y)) ! s $K 1 %N%k%‘$NCM$,JV$k $? $@ $7!$ SUM 4X ?t ( $* $h $S 8e $K=P $F $/ $k MAXVAL 4X ?t ) $r ;H$& $H $-!$ G[ Ns x , y $r n $h $j Bg $- $$ CM $G @k 8@$7$F$$$k>l9g$K$O!$$9$Y$F$NMWAG$r 0 $K=i4|2=$7$F$/$@$5$$!% !| 2 %N%k%‘ s=0.0D0 ! :G=i$O 0 $K@_Dj do i=1,n ! 1 $+$i n $^$GF0$+$9 s=s+(x(i)-y(i))**2 ! 3FMWAG$N:9$N<+>h$rB-$9 end do ! do J8$N=*$j s=sqrt(s) ! J?J}:,$r7W;; F ortran 90 $NG[Ns1i;;5!G=$H SUM 4X?t$r;H$&$H!$$5$i$K4JC1$K5-=R$G$-$^$9 : s=sqrt(sum((x-y)**2)) ! s $K 2 %N%k%‘$NCM$,JV$k 14 $@ $+ $i $H $$$C $F!V 2 %N %k %‘ $O ;H $o $J $$ J} $, $$ $$!W$H $O 0l 35 $K 8@ $( $^ $; $s!% 2 %N %k %‘ $O2f!9 $, Ia CJ ;H$C $F $$ $k (Euclid) 5w N% $=$N$b$N$G$"$j!$M}O@E*$K$bBg@Z$J$b$N$@$+$i$G$9!% 15 %W %m %0%i %‘ $N Cf $GG\ @: EY $@ $H$o $+ $k 2U =j$O!$ s $N =i 4| @_ Dj \ s=0.0D0 " $@ $1$G $9!% \ D0 " $r IU $1 $? $N$O MQ ?4 $N $?$a $G!$ $* $= $i$/$9$Y$F$N =hM} 7O$G \ s=0 " $^$? $O \ s=0.0 " $G$bJQ $J!V%4%_!W $O$? $^$i$J $$$O$: $G$9!%$^ $?!$AH$_ 9~$_ 4X?t abs , sqrt !$ max $OAm>NL>$G$9!%Am>NL>$N4X?t$O0z?t$KBP1~$7$?CM$rJV5Q$7$^$9!%$7$?$,$C$F$=$l$>$l dabs , dsqrt , dmax1 $HF1$8CM$rF@$^$9!% 16 8D?ME*$J<qL#$K$h$C$F%W%m%0%i%‘$O>.J8;z$G5-=R$7$F$$$^$9!% F ortran $OBgJ8;z / >.J8;z$r6hJL$7$^$;$s!% 5

!|:GBg%N%k%‘ s=0.0D0 ! :G=i$O 0 $K@_Dj do i=1,n ! 1 $+$i n $^$GD4$Y$k s=max(abs(x(i)-y(i)),s) ! |x(i)-y(i)| $H s $NBg$-$$J}$r s $K:F@_Dj end do ! do J8$N=*$j F ortran 90 $NG[Ns1i;;5!G=$H MAXVAL 4X?t$r;H$&$H!$$5$i$K4JC1$K5-=R$G$-$^$9 : s=maxval(abs(x-y)) ! s $K:GBg%N%k%‘$NCM$,JV$k !|7W;;B.EY I= 3 $O VPP700/56 $N %9 %+ %i!< %b!<%I ( %* %W %7%g %s -Wv,-sc ;XDj ) $G 7W ;; $7 $? 7k2L $G $9!% 1 � i � n $KBP$7$F x(i)=sin(i) , y(i)=cos(i) $GG[Ns $r:n@.$7 $F$$$^ $9!% n = 100000 !$%N%k %‘$N7W;; $K$O F or- tran 90 $NAH$_9~$_4X?t$r;HMQ$7$^$7$? 17 !%:GE,2=%*%W%7%g%s$O%7%9%F%‘$N>JN,CM$r:NMQ$7$F$$$^$9!%;~ 4V$O%N%k%‘$N7W;;$KMW$7$? CPU ;~4V$G$9!%C10L$O%_%jIC$G$9!% I= 3: %N%k%‘$N7W;;;~4V (VPP700/56 %9%+%i!<%b!<%I ) %N%k%‘ C1@:EY G\@:EY 4 G\@:EY 1 %N%k%‘ 8 26 898 2 %N%k%‘ 5 7 2415 :GBg%N%k%‘ 23 33 636 %W %m %0 %i %‘ $r 8+ $k $H!$ :G Bg %N %k %‘ $, 0l HV B. $= $& $J 5$ $, $7 $^ $9!% $= $N 0U L# $G $O 4 G\ @: EY $N 7k 2L $O G< F@ $G $-$k CM $G $9!% $7 $+ $7!$ C1 @: EY $H G\ @:EY $G $O 2 %N %k %‘ $, M% =( $G $7 $?!% $3 $l $O!$ VPP700/56 $N F ortran %3 %s%Q%$%i ( F ujitsu F ortran90/VP V10L10 L98061 ) $, :GE,2=$r4hD%$C $F$$$k$+$i$G $9 18 !%$^$?!$%Y%/ %H%k2=$r;\ $9$HC1@:EY!&G\@:EY$O$9$Y$F$NCM$, 1 %_%jIC0J2<$G=hM}$5$l$^$7$? 19 !% B> $N 4v $D $+ $N 7W ;; 5! %7 %9 %F %‘ $G $b ;n $7 $? 7k O@ $H $7 $F!$ C1 @: EY $H G\ @: EY $G 7W ;; $9 $k >l 9g!$ %N %k %‘ $r 7W ;; $9$k 2a Dx $G I, MW $K $J $k 7W ;; ;~ 4V $K Hf $Y $k $H!$ %N %k %‘ $N 7W ;; ;~ 4V $K $" $^ $j ?@ 7P <A $K $J $i $J $/ $F $b $$ $$ $N $G $O$J $$ $+ $H ;W $$ $^ $9!% $? $@ $7!$ 4 G\ @: EY 0J >e 20 $r MQ $$ $k >l 9g $O 7W ;; 5! $K $h$C $F @- G= $K :9 $, =P $k 2D G= @- $, $"$j$^$9!% 2.5 9TNs%N%k%‘ %Y %/ %H %k $N %N %k%‘ $H F1 MM!$ 9T Ns $N %N %k %‘ $b Dj 5A $9 $k $3 $H$, $G $- $^ $9!% $? $H $( $P n � n 9T Ns A = ( a ij ) $N:GBg%N%k%‘ k A k 1 $O:GBg$N9T@dBPCMOB k A k 1 = max 1 � i � n n X j =1 j a ij j $GDj 5A $5 $l $^ $9!% 9T Ns %N %k %‘ $O @~ 7A 7W ;; $N 8m :9 2r @O $d 46 EY 2r @O $J $I $G =E MW $J Lr 3d $r C4 $$ $^ $9!% >\ $7 $/ $O [11] $J$I$r;2>H$7$F$/$@$5$$!% 17 $b$&$R$H$D$N%W%m%0%i%‘$H$N6KC<$J:9$O$"$j$^$;$s$G$7$?!% 18 :GE,2=%l%Y%k$r2<$2$k$H:9$,$J$/$J$j$^$9!% 19 4 G\@:EY$O%Y%/%H%k2=$NBP>]30$J$N$GCM$O$[$H$s$IJQ$o$j$^$;$s!% 20 8=:_$N JIS F ortran $N5,3J$K!V 4 G\@:EY!W$O$"$j$^$;$s!%<B$OC1@:EY$bG\@:EY$b$J$/$F!$!V=hM}7O$O!$4pK\<oJL$h$j9b$$@: EY$r$b$DI=8=J}K!$r>/$J$/ $H$b0l$D$OMQ 0U$7$J$1$l$P $J$i$J$$!%$=$l$r DOUBLE PRECISION $H ;XDj$9$k$3$H$b $G$-$k!%!W$H=q $$$F $" $k $@ $1 $G $9!% 4 G\ @: EY $O %a!< %+!< $, 3H D% ;E MM $H $7 $F Ds 6! $7 $F $$ $k 5! G= $G $" $j!$ $9 $Y $F $N F ortran %7 %9 %F %‘ $G Mx MQ $G $- $k $H$O8B$j$^$;$s!% 6

3 8m:9$N4pACCN<1 $3 $N >O $G $O!$ A0 >O $G Dj 5A $7 $? %N %k %‘ $r MQ $$ $F !V8m :9!W $N 4p K\ E* $J MQ 8l $r @b L@ $7 $^ $9!% @d BP 8m :9!$ Aj BP 8m:9 $O <! >O $N H? I| 7W ;; $N <} B+ H= Dj 4p =‘ $K $O D> @\ 4X 78 $7 $^ $; $s!% $7 $+ $7!$ M} O@ E* $J ?t CM 2r @O $G $O $b$C $H $b =EMW $J 35 G0 $N $R $H $D $G $9 $N $G!$ CN$C $F $$ $F B; $O $" $j $^ $; $s!% $^ $?!$ ?? $N 2r $, 4{ CN $N Ld Bj $K BP $7 $F $" $k %" %k%4%j%:%‘$rE,MQ$7!$$=$NM-8z@-$r3N$+$a$?$j$9$k>l9g$K$O!$8m:9$NCN<1$,I,MW$K$J$j$^$9!% 3.1 8m:9$H$O 0J2< $O35 G0E* $J<0 $G$9!%?t CM7W ;;$K $h$k 6a;w CM$O!$?? CM ( B8:_ $r2> Dj$7$^ $9 ) $K8m :9$, 2C$o$C$? $b$N!$ $D$^$j 6a;wCM = ??CM + 8m:9 $H9M$($^$9!%$3$l$r0\9‘$9$k$H!$8m:9$NDj5A$O 8m:9 = 6a;wCM � ??CM $H$J $j $^ $9!% $D $^ $j 8m :9 $r 87 L) $K 9M $( $k >l 9g!$ Id 9f $b 9M N8 $9 $k I, MW $, $" $j $^ $9 21 !% $? $@ $7 ?t CM 7W ;; $N 65 2J=q $G $O!$ Id 9f $r L5 ;k $7 $F 8m :9 $N %N %k %‘ $r 9M $( $k $3 $H $, B? $$ $h $& $G $9!% K\ 9F $b 8m :9 $r %N %k %‘ $G Dj 5A $9 $k $3$H$K$7$^$9!% !{@dBP8m:9 ??CM x $H6a;wCM ^ x $H$N:9$N%N%k%‘ ( %N%k%‘$N<oN‘$OLd$$$^$;$s ) k x � ^ x k (= k ^ x � x k ) $r @dBP8m:9 ( absolute err or ) !$$"$k$$$OC1$K!V8m:9!W$H8F$S$^$9 22 !% !{AjBP8m:9 ??CM x 6 = 0 $H6a;wCM ^ x $KBP$7$F k x � ^ x k k x k (2) $r Aj BP 8m :9 ( r elative err or ) $H 8F $S $^ $9!% Aj BP 8m :9 $O ?? CM $K BP $9 $k @d BP 8m :9 $N 3d 9g ( Aj BP E* $J Bg $- $5 ) $r I=$7$^$9!% DL>o!$?tCM7W;;$G5a$a$?$$@5BNIT L@$N??CM x $N%N%k%‘ k x k $rI>2A$9$k$3$H$O$G$-$^ $;$s!%$7$+$7!$$J $s$i$+$NJ}K!$G k x � ^ x k k ^ x k (3) $rI> 2A $G $- $k >l 9g $, $" $j $^ $9!% $h$C $F (3) $r Aj BP 8m :9 $H $7 $F Dj 5A $9 $k $3 $H $b $" $j $^ $9!% $3 $3 $G!$ ^ x $, x $K== J, 6a $/ $J $l $P!$ (2) $b (3) $b Hs >o $K 6a $$ CM $r <h $j $J $, $i 0 $K 6a $E $/ $3 $H $K Cm 0U $7 $F $/ $@ $5 $$!% $I $A $i$K$7$F$b!$AjBP8m:9$NDj5A$r!$:NMQ$7$?%N%k%‘$N<oN‘$H$H$b$KO@J8$KL@5-$9$k$3$H$,Bg;v$G$9!% 21 ??CM � 6a;wCM $r!VJd@0!W$H8F$S$^$9!% 22 K\ $K $h$C $F $O ^ x � x $r !V8m :9!W!$ k ^ x � x k $r !V@d BP 8m :9!W $H J, $1 $F Dj 5A $9 $k $3 $H $b $" $j $^ $9!% $^ $? !V@d BP 8m :9!W $N !V@d BP!W$NM3Mh $K$D $$$F $O!$Aj BP8m :9$H $NBP Hf$H $7$F !V@dBP!W $NL> A0$, IU$$ $?$H =q$$ $F$" $kK\ $H!$ \ @dBP CM$G $O$+$C $?8m :9 " $G$" $k $3$H$+$iL>IU$1$i$l$?!$$H=q$$$F$"$kK\$KJ,$+$l$^$9!% 7

3.2 $J$<8m:9$N<oN‘$,Fs$D$"$k$N$+!) !{@dBP8m:9$NLdBjE@ @dBP8m:9$NLdBjE@$H$7$F!$??CM x $NBg$-$5$K$h$C$F6a;w$N0UL#$,JQ$o$C$F$7$^$&$3$H$,$"$2$i$l$^$9!% 4JC1$N$?$a 1 <!85$G9M$( $^$9!%??$NCM x $H6a;wCM ^ x $N@d BP8m:9$,F1$8 0 : 1 $G$"$C$?$H $7$F$b!$ x = 100, ^ x = 99 : 9 $N>l 9g$H x = 0 : 2, ^ x = 0 : 1 $N>l9g$G$O!V$I $A$i$b8m:9$,>.$5 $$$h!W$H$O0l35$K8@ $($^$;$s!%?^ 2 $r 8+$k$H!$ 6a;wCM 0 : 1 $HF1$8 Bg$-$5 (0 : 1) $N8m:9 $,!V$H$s$G $b$J$/Bg $-$$!W$H$$ $&>u67 $b==J,$K 9M$($i $l$^$9!% x 100 x 0 : 2 ^ x 99 : 9 ^ x 0 : 1 ?^ 2: j x � ^ x j = 0 : 1 $H$J$k x $H ^ x ( :81&$N%9%1!<%k$O0[$J$j$^$9 ) Aj BP8m :9$O 8m :9$N 1F 6A$N !V=E Bg$5!W $rHf 3S E*$h $/ I=$7 $^ $9!%:# $NNc $G $O x = 100, ^ x = 99 : 9 $NAj BP 8m :9$O 0 : 001 !$ x = 0 : 2, ^ x = 0 : 1 $N AjBP 8m :9 $O 0 : 5 $K $J $j!$ Aj BP8m :9 $N J} $, ?^ 2 $N !X8+ $? 46$8!Y $r $h $/ @b L@$7$F$$$k$3$H$H;W$$$^$9!% $^ $?!$ \log 10 ( AjBP8m:9$N5U?t )" $r 6a ;w CM $N M- 8z 7e ?t $H $$ $$!$ !V?? CM $H 2? 7e 0l CW $7 $F $$ $k $N $+!W $r D4 $Y $k !T;X I8!U $H $7 $F $h $/ ;H $o $l $^ $9!% $? $H $( $P x = 100 0, ^ x = 100 1 $O Aj BP 8m :9 $N 5U ?t 10 3 $h $j M- 8z 7e?t $O 3 $H $J $j $^ $9!% $3 $3 $G!$ >l 9g $K $h$C $F $O M- 8z 7e ?t $O !V0l CW $9 $k 7e ?t!W $r H? 1G $7 $J $$ $3 $H $K Cm 0U $7 $F$/$@ $5$$!% $? $H$( $P!$!V0l CW $9$k 7e ?t!W$, $R $H7e $b 9g$C$F $$ $J$$ x = 100, ^ x = 99 : 9 $NM- 8z 7e?t $b F1 $8$/ 3 $H$J$j$^$9 23 !% !{4WOC $4 $/ $o $+ $j $d $9 $$ Nc $r $b $& 0l $D $" $2 $F!$ @d BP 8m :9 $H Aj BP 8m :9 $N 0c $$ $r 8+ $F $_ $^ $9!% MD CU 1‘ $d >. 3X @8 $N Dc3X G/ $N :" $K $O!$ G/ $, 0l $D >e $N ?M $O $: $$ $V $s !V$* $H $J!W $K 8+ $( $? $b $N $G $9!% $7 $+ $7!$ Np $r =E $M $k $K $7 $? $,$$!$$@$s$@$s$HG/$N:9$r46$8$J$/$J$C$F$-$^$9!%$3$N463P$OAjBP8m:9$r;H$&$HG<F@$G$-$^$9!% =w $N ;R $N G/ Np $r x !$ CK $N ;R $N G/ Np $r ^ x $H $7 $^ $9!% =w $N ;R $, 5 :M!$ CK $N ;R $, 6 :M $N $H $- ( ?^ 3) !$ @d BP 8m :9$O 1 !$AjBP8m:9$O 0 : 2 $G$9!%$3$NFs?M$,Iw@c$r>h$j1[$(!$L5;v 99 :M$H 100 :M$r7^$($?$H$7$^$9 ( ?^ 4) !% $3 $N $H $-!$ @d BP 8m :9 $O JQ $o $i $: 1 $G $9!% 0l J}!$ Aj BP 8m :9 $O 1 = 99 � 0 : 0101 $K $J$C $F $* $j!$ G/ Np ( 8m :9 ) $,@\6a$7$F$$$k$3$H$,$o$+$j$^$9!% ?^ 3: 6 :M$H 5 :M ( %$%a!<%8 ) ?^ 4: 100 :M$H 99 :M ( %$%a!<%8 ) !{AjBP8m:9$NLdBjE@ Aj BP 8m :9 $N Ld Bj E@ $O!$ (2) $^ $? $O (3) $N J, Jl $, 0 $^ $? $O 0 $K Hs >o $K 6a $/ $J $k $H!$ 7W ;; IT 2D G= $G <B 9T $r BG$A @Z $i $l $? $j!$ %*!< %P!< %U %m!< $r 5/ $3 $9 4m 81 $, $" $k $3 $H $G $9!% %W %m %0 %i %‘ $r AH $‘ >l 9g $K $O!$ J, Jl $N CM $, 0 $K 6a $/ $J$C $? $i 7Y 9p $r =P $9 $+!$ @d BP 8m :9 $K @Z BX $( $k $J $I $N 9) IW $, I, MW $G $9!% $J $* [4] $K @d BP 8m :9 $H AjBP8m:9$rAH$_9g$o$;$?I>2AJ}K!$,>R2p$5$l$F$$$^$9!% 23 M- 8z 7e ?t $O $3 $N $h $& $J !V$h $$ 6a ;w $G $" $k $N $K $R $H 7e $b 0l CW $7 $F $$ $J $$!W $H $$ $& IT 9g M} $r $J $/ $9 $? $a $K F3 F~ $5 $l $^ $7 $?!% M- 8z7e?t$O!V@:EY7e?t!W$H$b8F$P$l$^$9!%$^$?!$M-8z7e?t$NDj5A$r$b$C$F!V0lCW$9$k7e?t!W$@$HDj$a$kK\$b$"$j$^$9!% 8

3.3 %^%7%s!&%$%W%7%m%s 8= :_ $[ $H $s $I $9 $Y $F $N 7W ;; 5! $G :N MQ $5 $l $F $$ $k Ib F0 >. ?t E@ BN 7O $O!$ ?t 3X E* $J <B ?t BN 7O $H $O 0c $$!$ M- 8B 8D$NMWAG$+$i@.$k=89g$G$9!%7W;;5!$NCf$G$O!$<B?t$rM-8B$N 0 $H 1 $NAH9g$;$G6a;w$7$^$9!%$7$?$,$C$F!$ 7W;;$N $?$S $K!$ K\Mh <B ?t$G $"$C $FM_ $7 $$?? CM x $rE, Ev $JIb F0 >.?t E@ ^ x $G 6a;w $9 $kA‘ :n $,F~ $j $^$9!% $D $^ $j 8m:9$,H/@8$9$k $o$1$G$9 ( >\$7$/$O [3], [5], [9] $r;2>H$7$F$/$@$5$$ ) !% %^%7%s!&%$%W%7%m%s ( machine epsilon ) 24 $O 1 + " > 1 (4) $rK~ $? $9 :G >. $N Ib F0 >. ?t E@ ?t $G Dj 5A $5 $l $^ $9!% :8 JU $N B- $7 ;; $O Ib F0 >. ?t E@ 1i ;; $G $N 2C ;; $r 0U L# $7 $^ $9!% %^%7 %s!& %$ %W %7 %m %s $O Ib F0 >. ?t E@ 1i ;; $K $* $1 $k :G Bg $N Aj BP 8m :9 $r $" $i $o $9 ?t $H 9M $( $k $3 $H $, $G $-!$ H? I| 7W;; $N <} B+ H= Dj $K $H$C $F =E MW $J ?t $G $9!% $J $< $J $i $P!$ $I $s $J C1 =c $J 1i ;; $G $"$C $F $b!$ :G 0- $G %^ %7 %s!& %$ %W%7%m%s$NBg$-$5$N8m:9$,F~$j9~$‘$3$H$r3P8g$9$kI,MW$,$"$k$+$i$G$9!% $3$3$G!$%^%7%s!& %$%W%7%m%s$O:G>.$N @5$NIbF0>.?tE@?t $G$O $J$$ $3$H$KCm0U$7$F$/$@ $5$$!%:G>.$N?t $O8e $N ?t CM Nc $G 8+ $k DL $j!$ $b$C $H >. $5 $$ CM $G $9!% %^ %7 %s!& %$ %W %7 %m %s $O!$ 7W ;; 5! $N :N MQ $7 $F $$ $k Ib F0 >. ?tE@$N7A<0!$@:EY$K$h$C$F0[$J$j$^$9!% [5] $K$O (4) $NDj5A$K4p$E$/%^%7%s!&%$%W%7%m%s@8@.%W%m%0%i%‘ $,>R2p$5$l$F$$$^$9!% F ortran 90 $N5,3J $+$i $O!$AH $_9~ $_4X ?t$r MQ$$$F %^%7 %s!&%$ %W%7 %m%s $NCM $rD4 $Y$k$3 $H$, $G$- $k$h $& $K$J $j $^ $7 $?!% 0J 2< $O VPP700/56 $, %5 %]!< %H $7 $F $$ $k 3F ?t CM $r Ld $$ 9g $o $; $k %W %m %0 %i %‘ $G $9!% =h M} 7O $K$h$C$F$O 8 %P%$%H@0?t7?$H 4 G\@:EY<B?t7?$OL$%5%]!<%H$N>l9g$,$"$j$^$9!% program machine_epsilon ! %W%m%0%i%‘$N3+;O ( %W%m%0%i%‘L>$OE,Ev$K5-=R$7$^$9 ) implicit none ! 0EL[$N7?@k8@$NM^;_ integer(kind=4) :: i ! 4 %P%$%H@0?t7?$N@k8@ integer(kind=8) :: j ! 8 %P%$%H@0?t7?$N@k8@ real(kind=4) :: x ! <B?t7?$N@k8@ real(kind=8) :: y ! G\@:EY<B?t7?$N@k8@ real(kind=16) :: z ! 4 G\@:EY<B?t7?$N@k8@ intrinsic epsilon,huge,tiny ! AH$_9~$_<jB3$-$rL@3N$K$9$k ! ( %=!<%9%W%m%0%i%‘$N2~9T$K?<$$0UL#$O$"$j$^$;$s ) write(6,*) epsilon(x) ! <B?t7?$N%^%7%s!&%$%W%7%m%s$N=PNO write(6,*) epsilon(y) ! G\@:EY<B?t7?$N%^%7%s!&%$%W%7%m%s$N=PNO write(6,*) epsilon(z) ! 4 G\@:EY<B?t7?$N%^%7%s!&%$%W%7%m%s$N=PNO write(6,*) ! ( 0l9T6u$1$k ) write(6,*) huge(i) ! 4 %P%$%H@0?t7?$N:GBgCM$r=PNO write(6,*) huge(j) ! 8 %P%$%H@0?t7?$N:GBgCM$r=PNO write(6,*) huge(x) ! <B?t7?$N:GBgCM$r=PNO write(6,*) huge(y) ! G\@:EY<B?t7?$N:GBgCM$r=PNO write(6,*) huge(z) ! 4 G\@:EY<B?t7?$N:GBgCM$r=PNO write(6,*) ! ( 0l9T6u$1$k ) write(6,*) tiny(x) ! <B?t7?$N@5$N:G>.?t$r=PNO write(6,*) tiny(y) ! G\@:EY<B?t7?$N@5$N:G>.?t$r=PNO write(6,*) tiny(z) ! 4 G\@:EY<B?t7?$N@5$N:G>.?t$r=PNO end program machine_epsilon ! %W%m%0%i%‘$N=*$j I= 5 $K%W%m%0%i%‘$G;HMQ$7$??tCMLd$$9g$o$;4X?t$r>R2p$7$^$9!% 24 !V7W ;; 5! %$ %W %7 %m %s!W !V5! <o @: EY!W !V%^ %7 %s!& %( %W %7 %m %s!W $H $b 8@ $$ $^ $9!% %. %j %7%c 8l $H 1Q 8l $N H/ 2; $G $O !V%( %W %7 %m %s!W $,6a $$ $O $: $G $9!% $3 $3 $G $O !V%$ %W %7 %m %s!W $H =q $/ K\ $, B? $+$C $? $N $G $" $( $F 5U $i $$ $^ $; $s $G $7 $?!% $^ $?!$ !V%^ %7 %s!& %$ %W %7 %m %s $,IbF0 >. ?t E@ 1i ;; $N:G Bg $N Aj BP 8m:9 $r I= $9!W $3 $H $O!$ IEEE I8=‘ 754 0J 30 $N 5, 3J $G $O87 L) $K @. N) $7$^ $; $s!% $= $l $G $b$[ $H $s $I $,%^%7%s!&%$%W%7%m%s$N 2 G\$+ 3 G\$GI>2A$G$-$^$9!% 9

I= 5: F ortran $N?tCMLd$$9g$o$;4X?t ( 0lIt ) 4X?tL> 5!G= EPSILON 0z?t$NBN7O$K$*$1$k%^%7%s!&%$%W%7%m%s$r5a$a$k TINY 0z?t$NBN7O$K$*$1$k@5$N:G>.?t$r5a$a$k HUGE 0z?t$NBN7O$K$*$1$k:GBgCM$r5a$a$k 0J2<$O%W%m%0%i%‘$r VPP700/56 $GK]Lu!&<B9T$7$?7k2L$G$9 : 1.19209290E-07 ( = <B?t7?$N%^%7%s!&%$%W%7%m%s = 2 � 23 2.220446049250313E-16 ( = G\@:EY<B?t7?$N%^%7%s!&%$%W%7%m%s = 2 � 52 1.9259299443872358530559779425849273E-0034 ( = 4 G\@:EY<B?t7?$N%^%7%s!&%$%W%7%m%s = 2 � 113 2147483647 ( = 4 %P%$%H@0?t7?$N:GBgCM = 2 31 � 1 9223372036854775807 ( = 8 %P%$%H@0?t7?$N:GBgCM = 2 63 � 1 3.40282347E+38 ( = <B?t7?$N:GBgCM = (1 � 2 � 24 )2 128 1.797693134862316+308 ( = G\@:EY<B?t7?$N:GBgCM = (1 � 2 � 53 )2 1024 1.1897314953572317650857593266280070E+4932 ( = 4 G\@:EY<B?t7?$N:GBgCM = (1 � 2 � 112 )2 16384 1.17549435E-38 ( = <B?t7?$N@5$N:G>.?t = 2 � 126 2.225073858507201-308 ( = G\@:EY<B?t7?$N@5$N:G>.?t = 2 � 1022 3.3621031431120935062626778173217526E-4932 ( = 4 G\@:EY<B?t7?$N@5$N:G>.?t = 2 � 16382 3.4 <}B+$NDj5A $3$N>O$N:G8e$K!$<}B+$NDj5A$r>R2p$7$^$9!% !Z<}B+$NDj5A![ R n $N%Y%/%H%kNs x ( k ) = ( x ( k ) 1 ; : : : ; x ( k ) n ) T $,%Y%/%H%k a = ( a 1 ; : : : ; a n ) T $KBP$7$F x ( k ) i ! a i ( k ! 1 ) (1 � i � n ) (5) $H$J$k$H$-!$ f x ( k ) g $O a $K <}B+$9$k ( c onver ge ) $H$$$&!% (5) $r$^$H$a$F \ lim k !1 x ( k ) = a " $H=q$/$3$H$b$"$j$^$9 25 !% %N%k %‘ $N@- <A$h $j!$ \ x ( k ) i ! a i ( k ! 1 )" $O \ k x ( k ) � a k ! 0 ( k ! 1 )" $HF1 CM$K $J$j $^$9 ( >Z L@ $O $? $H $( $P [11] $r $4 Mw $/ $@ $5 $$ ) !% $7 $? $,$C $F %Y %/ %H %k Ns $N <} B+ $O!$ @d BP 8m :9 $, 0 $K <} B+ $9 $k $3 $H $H F1 $8$G $9!% $7 $+ $7!$ 7W ;; 5! $r ;H$C $F (5) $N <} B+ $r D> @\ 3N $+ $a $k $3 $H $O :$ Fq $G $9!% Ib F0 >. ?t E@ 1i ;; $K $h$C $F H/@8 $9 $k 8m :9 $r 40 A4 $K 2s Hr $9 $k $? $a $K $O L5 8B 7e $, I, MW $J >e $K!$ 6K 8B $^ $G %Y %/ %H %k Ns $r DI $$ $+ $1 $k $? $a $K $OL58B$N;~4V $,I,MW $@$+ $i$G$9!% H?I|7W ;;$G$O!$ %Y%/%H %kNs x ( k ) $r$$ $D<}B+ $7$?$H !T8+$J $9!U$N$+ $,Bg ;v$K$J$j$^$9!% 0J>e$N=‘Hw$N$b$H!$<!>O$+$i<}B+H=Dj4p=‘$r>R2p$7$^$9!%$*BT$?$;$7$^$7$?!% 25 6K 8B$N Dj5A $r $5$i $K =q$- 2< $965 2J=q $G $O!$<} B+ $NDj 5A $r<! $N$h $& $K=q $/ $3$H $, $"$j $^$9 : !XG$ 0U $N " > 0 $KBP $7!$ $"$k K $,Dj$^$j!$ k > K $G$"$l$P k x ( k ) � a k < " $,I,$:@.$jN)$D!%!Y 10

4 <}B+H=Dj4p=‘$N@_DjJ}K! H?I| Ns x ( k ) $,<} B+ $NDj 5A (5) $N >r7o $r K~$? $9$+ $I$& $+ $rM- 8B$N ;q 8;$7 $+;} $?$J $$ 7W;; 5!$G 3NG’ $9 $k$3 $H$O!$?? $N 2r a $N7A $, 6q BN E* $K$o $+$C $F $$ $? $H$7 $F $b :$ Fq $G$9!% Ld Bj $K $h$C $F$O!$ $" $k >r 7o $r%A%’%C %/ $9$k $3 $H $G <} B+ @- $d 8m :9 I> 2A $, F@ $i $l $k $3 $H $b $" $j $^ $9!% $7 $+ $7!$ M} O@ E* $J N" IU $1 $, F@ $i $l $J $$ >l 9g $G $b!$K\ >O $G @b L@ $9 $k MM!9 $J 4p =‘ $r ;2 9M $K $7 $F!$ !X$( $$ $d$C!Y $G H? I| $r Dd ;_ $9 $k $3 $H $, $J $$ $h $& $K EX $a $J $1$l$P$J$j$^$;$s!% $3 $N >O $G $O!$ <} B+ H= Dj 4p =‘ 26 $N Be I= E* $J @_ Dj J} K! $r >R 2p $7 $^ $9!% L> $N DL$C $? ?t CM 7W ;; %i %$ %V %i %j $K $O I,$: <} B+ H= Dj 4p =‘ $, L@ <( $7 $F $" $j!$ $J $* $+ $D Mx MQ <T $, $$ $m $$ $m $J 4p =‘ CM $r @_ Dj $G $- $k ;E MM $K $J$C $F $$ $k $O$: $G $9!% ?t CM 7W ;; %i %$ %V %i %j $, Mx MQ <T $K $H$C $F %V %i%C %/ %\%C %/ %9 $H $J $k 4m 81 $r Hr $1 $k $? $a $K $b!$ <} B+ H=Dj$N0UL#$rM}2r$7$F$*$/$3$H$,I,MW$G$9!% 4.1 ;D:94p=‘ $b $H $b $H $N Ld Bj $O !V f ( x ) = 0 $r K~ $? $9 x $r 7W ;; 5! $r MQ $$ $? H? I| 7W ;; $K $h $j 5a $a $k!W $H $$ $& $3 $H $G $7 $?!%$7$? $,$C$F!$ H?I| 7W ;;$K $h $j99 ?7$5 $l $k%Y %/ %H%k x ( k ) $r (1) $K BeF~ $7 $F!$%N %k %‘$, ==J, >. $5$$ $+ $I $&$+D4$Y$k$H$$$&J}K!$,9M$($i$l$^$9!%$3$NH=DjJ}K!$r ;D:94p=‘$NH=Dj 27 $H$$$$$^$9!% !Z;D:94p=‘$K$h$kH=Dj![ <}B+H=DjMQ$NDj?t " > 0 $r7h$a$F$*$-!$ k f ( x ( k ) ) k < " (6) $J$i$PH?I|$O<}B+$7$?$H!T8+$J$7$F!U7W;;$rBG$A@Z$k!% f ( x ( k ) ) $rJ}Dx<0 (1) $N ;D:9 ( r esidual ) $H8F$S$^$9!%$?$H$($PO"N) 1 <!J}Dx<0 A x = b $G$O \ b � A x ( k ) " $^$?$O \ A x ( k ) � b " $,;D:9$K$J$j$^$9!% !{AjBPE*$J;D:94p=‘ x ( k ) $H$NAjBPE*$J;D:9 k f ( x ( k ) ) k k x ( k ) k < " $rH= Dj 4p =‘ $K :N MQ $9 $k $3 $H $b $" $j $^ $9!% Aj BP E* $J ;D :9 4p =‘ $N H= Dj $O!$ 6& Lr 8{ G[ K! 7O $N O" N) 1 <! J} Dx <0 $N H?I|2rK!$K$h$/MQ$$$i$l$^$9 28 !%>\$7$/$O [1] $r;2>H$7$F$/$@$5$$!% !{MWAG$4$H$N;D:94p=‘ (6) $O %N %k %‘ $r ;H$C $? 4p =‘ $G $9!% %N %k %‘ $O %Y %/ %H %k $N Bg $- $5 $r $O $+ $k Bg @Z $J ;X I8 $G $9!% $7 $+ $7!$ 46 3P E* $K I= 8= $9 $k $H!$ %N %k %‘ $O n 8D $N 0[ $J $k CM $r ;} $D MW AG $r !V$Y $A$c$C!W $H 2! $7 $D $V $7 $F!$ $" $k 1 $D $N (1 <! 85 $N ) CM $G Be I= $5 $; $? $b $N $G $9!% $3 $N CM $r 8+ $k $@ $1 $G $O!$ $= $l $> $l $N MW AG $N CM $, 6K C< $K 0[ $J$C $F $$ $? $j!$FC Dj $N MW AG $@ $1 $, H? I| $N $? $S $K Bg $- $/ JQ F0 $7 $F $$ $k $H $$$C $? >p Js $r F@ $k $3 $H $O :$ Fq $G $9!% $7 $? $,$C $F!$$h$j$-$a:Y$+$$I>2A$rI,MW$H$9$k$J$i $P!$ f i ( x ( k ) )(1 � i � n ) $=$l$>$l$KBP$7$F ;D:94p=‘$r@_Dj$9 $kJ}K!$b9M$($i$l$^$9 29 !% 26 !VH?I|Dd;_5,=‘!W!V<}B+4p=‘!W!V<}B+H=Dj>r7o!W!VDd;_5,B’!W!VDd;_>r7o!W$H$b$$$$$^$9!% 27 !V " K!!W$H8F$P$l$k$3$H$b$"$j$^$9!% 28 M}M3$O%"%k%4%j%:%‘$K;D:9$N7W;;$,=P$F$/$k$+$i$G$9!%O"N) 1 <!J}Dx<0$G$O k b � A x ( k ) k k b k < " $b$h$/H=Dj$K;H$o$l$^$9!% 29 >/$J$/$H$b!$MWAG$4$H$NCM$r=PNO$9$k%W%m%0%i%‘$r=q$$$F$*$/$3$H$O%G%P%C%0$KM-8z$G$9!% 11

!{;D:94p=‘$NCm0UE@ ;D :9 f ( x ( k ) ) $N 7W ;; $G $O!$ F1 $8 $h $& $J Bg $- $5 $N CM $N 0z $- ;; $, $h $/ =P $F $- $^ $9!% $= $N $? $a!$ 7e Mn $A 30 $K $h$k @: EY B; <: $, 5/ $3 $k 2D G= @- $, 9b $/ $J $j $^ $9!% 7k 2L $, ;W $o $7 $/ $J $$ $H $- $K $O!$ ;D :9 $N 7W ;; It J, $N 7e ?t $r B?$/ $H$C $F $_ $k $3 $H $r $* 4+ $a $7 $^ $9 31 !% $^ $?!$ ;D :9 f ( x ( k ) ) $O !V%< %m $K $J$C $F M_ $7 $$ %Y %/ %H %k!W $G $9!% $b$7ITMQ0U$K$3$NCM$rJ,Jl$K$b$C$F$/$k$H!$7W;;$,GKC>$9$k4m81$,$"$k$3$H$KCm0U$7$F$/$@$5$$!% 4.2 8m:94p=‘ ?t CM 7W ;; $O 0l Dj $N 7e ?t $N M- 8B A‘ :n $G $" $k $3 $H $+ $i!$ =$ @5 NL $, $" $k Dx EY >. $5 $/ $J $k $H!$ $" $H $O ;v <B >e 6a ;w2r $N CM $, JQ $o $i $J $/ $J$C $? $j!$ Hy >. $J ?6 F0 $, B3 $$ $? $j $7 $^ $9!% $= $& $J$C $? >l 9g!$ $3 $l 0J >e 7W ;; $r B3 $1 $F$bL5BL$@$H$$$&H=CG$N$b$HH?I|$rDd;_$9$kJ}K!$, 8m:94p=‘$NH=Dj 32 $G$9!% !Z8m:94p=‘$NH=Dj (1) ![ <}B+H=DjMQ$NDj?t " > 0 $r7h$a$F$*$-!$ k x ( k ) � x ( k � 1) k < " (7) $J$i$PH?I|$O<}B+$7$?$H!T8+$J$7$F!U7W;;$rBG$A@Z$k!% $b$7 x ( k ) $,??$N2r$K==J,6a$$$J$i$P!$ (7) $O@dBP8m:9$K6a$$$3$H$,4|BT$5$l$^$9!% $^$?!$AjBPE*$J=$@5NL$rH=Dj4p=‘$K$9$kJ}K!$b$h$/;H$o$l$^$9!% !Z8m:94p=‘$NH=Dj (2) ![ <}B+H=DjMQ$NDj?t " > 0 $r7h$a$F$*$-!$ k x ( k ) � x ( k � 1) k k x ( k � 1) k < " (8) $J$i$PH?I|$O<}B+$7$?$H!T8+$J$7$F!U7W;;$rBG$A@Z$k!% $b $7 x ( k ) $, ??$N 2r$K == J,6a $$ $J$i $P!$ (8) $O Aj BP8m :9$K 6a $$$3 $H$, 4| BT$5 $l$^ $9!% AjBP E* $JH= Dj4p =‘ (8) $rMQ$$$k$3$H$NMxE@$O!$ 3.2 @a$G@bL@$7$?DL$j$G$9!% !{MWAG$4$H$N8m:94p=‘ ;D :9 4p =‘ $H F1 $8 $/!$ $- $a :Y $+ $$ I> 2A $H $7 $F %Y %/ %H %k x ( k ) , x ( k � 1) $N 8D!9 $N MW AG $K BP $7 $F H= Dj 4p =‘ (7), (8) $r@_Dj$9$k$3$H$b9M$($i$l$^$9!% 4.3 <}B+H=Dj4p=‘$+$i8m:9I>2A$,$$$($k$N$+!) ;DG0$J$,$i!$ (6), (7), (8) $NH=Dj$K$h$C$FF@$i$l$? x ( k ) $H (1) $N??$N2r a ( $H$*$-$^$9 ) $KBP$7$F!$@d BP8m:9$^$?$OAjBP8m:9I>2A : k x ( k ) � a k < "; k x ( k ) � a k k a k < " 30 @d BP CM $, $[ $\ Ey $7 $$ 2 $D $N ?t $r 2C 8: $7 $F Ez $, Cx $7 $/ >. $5 $/ $J $k 8= >] $G $9!% >. $5 $/ $J$C $? J,!$ Aj BP 8m :9 $, A} Bg $7!$ M- 8z ?t ;z $,<:$o$l$^$9!% 31 C1 @: EY $N >l 9g $O G\ @: EY $G!$ G\ @: EY $N $H $- $O 4 G\ @: EY $^ $? $O 3H D% G\ @: EY $G $N 7W ;; $K $J $j $^ $9!% <B :]!$ B? $/ $N ?t CM 7W ;; %i %$ %V %i%j$G$3$NJ}K!$K$h$k7eMn$A2sHr$,$J$5$l$F$$$^$9!% 32 !V � K!!W$H8F$P$l$k$3$H$b$"$j$^$9!% 12

$O 0lHL$K @.N)$7 $^$; $s !%Ld Bj ( f $N 7A ) $HH? I|K! $N<j=g $K$h$C $F$O!$ <}B+ H=Dj >r7o $H$=$N B>$N >r7o $rAH $_ 9g$o $; $k $3 $H $G M} O@ E* $J 8m :9 8B 3& $r F3 $/ $3 $H $, $G $- $k >l 9g $b $" $j $^ $9 33 !% $7 $+ $7 0l HL $K $O!$ <} B+ H= Dj MQ $NDj ?t " $O !V?? $N 2r $H $N 8m :9!W $G $b !V?? $N 2r $H 0l CW $9 $k 7e ?t!W $G $b $" $j $^ $; $s!% C1 $K 7W ;; $9 $k ?M $, >! <j $K 7h $a $? ?t $G $9!% x ( k ) $O a $+ $i 1s $/ N% $l $F $$ $k $+ $b $7 $l $^ $; $s!% $^ $?!$ $= $b $= $b ?? $N 2r a $, B8 :_ $7 $J $$2DG=@-$b$"$j$^$9!% [16] $K 1 <!85$N$o$+$j$d$9$$Nc$,>R2p$5$l$F$$$^$9!%?^ 5 $H$7$F0zMQ$7$^$9!% y0x"ax ( k )x ( k +1)y = f ( x )?^ 5: ??$N2r$,N%$l$F$$$kNc ?^ 5 $G " $r<} B+H=DjMQ$N Dj?t!$ a $r f ( x ) = 0 $N2r!$ x ( k ) $N<! $NH?I|$, x ( k +1) $K$J$C$? $H$7$^$9!%$3 $N$H$-!$ j x ( k +1) � x ( k ) j < " $H $$$& >r7o $r @_Dj $7 $F$$ $?$J $i $P!$H? I| $ODd ;_$7 $^ $9!%$7 $+ $7!$$I $&8+ $F $b j a � x ( k +1) j < " $O@. $j N) $A $^ $; $s!% $^$?!$ k f ( x ( k ) ) k < " $H $$$& >r 7o $G $b H? I| $O Dd;_ $7 $^ $9!% $7 $+ $7!$F1 $8 $/ ?? $N 2r $O $^ $@ $^ $@ @h $G $9!% Hy J, $r <! $N H? I| $N =E MW $J <j $, $+ $j $H $7 $F MQ $$ $k Newton-Rapson K!$N N) >l $+ $i ?^ $r D/ $a $k $H!$ ;D :9 4p =‘ $N H= Dj $O %0 %i %U $N 79 <P $, $J $@ $i $+ $K $J $k It J,!$ 8m :9 4p =‘ $N H= Dj K! $O f ( x ) $,5^JQ$9$kItJ,$GH=CG$r8m$k4m81$,$"$k$H8@$($^$9!% 4.4 $I$C$A$rA*$V!) $G $O!$ M} O@ E* $J CN 8+ $, 2? $b $J $$ Ld Bj $N 6a ;w 2r $r H? I| 7W ;; $K $h$C $F 5a $a $k >l 9g!$ ;D :9 4p =‘ $H 8m :9 4p =‘ $N $I$A $i $r A* $Y $P $h $$ $N $G $7$g $& $+!) ?t CM 2r @O $d ?t CM %7 %_%e %l!< %7%g %s $N K\ $r FI $a $P $* $o $+ $j $N $h $& $K!$ $O$C$- $j $$$C $F %P %i %P %i $G $9 34 !% ?t CM 2r @O $N J, Ln $G $O!$ K\ $G D4 $Y $? $j ?M $K J9 $$ $F $_ $? 8B $j!$ ;D :9 4p =‘ $r :NMQ $9 $k ?M $, B? $$ $h $& $G $9 35 !% ?t CM 7W ;; %i %$ %V %i %j $N Cf $K $O ;D :9 4p =‘ $H 8m :9 4p =‘ $r Ld Bj $K 1~ $8 $F A* Br $G $-$k$b$N$b$"$j$^$9!% ;D :9 4p =‘ $H 8m :9 4p =‘ $O $= $l $> $l !V7W ;; $N 8B 3&!W $H $$ $& 0U L# $G :, 5r $r ;}$C $F $$ $^ $9!% $7 $? $,$C $F!$ Ib F0 >.?t E@ 1i ;; $N 8B 3& ( 6q BN E* $K $O %^ %7 %s!& %$ %W %7 %m %s $G $9!% 4.6 @a $r ;2 >H $7 $F $/ $@ $5 $$ ) 0J 2< $N CM $r <} B+ H= DjMQ $N Dj ?t $K @_ Dj $9 $k ;~ $K $O!$ ;D :9 4p =‘ $^ $? $O 8m :9 4p =‘ $N $I $A $i $+ 0l J} $N >r 7o $, @. N) $7 $? >l 9g $K H? I| $r BG$A @Z $k $h $& $K %W %m %0 %i %‘ $r AH $‘ $3 $H $r $* 4+ $a $7 $^ $9!% $b $7 N> J} $N >r 7o $N @. N) $r BT$C $F H? I| $r =* N; $9 $k $h$& $K @_ Dj $7 $F $$ $? >l 9g!$ 0l J} $N >r 7o $, $$ $D $^ $G $b K~ B- $5 $l $J $$ $H $$ $& >u 67 $b == J, $K 9M $( $i $l $k $+ $i $G $9 ( $5$i$K>\$7$$9M;!$H$7$F [14] $r$*4+$a$7$^$9 ) !% $7 $+$7 $J $, $i!$ 4.3 @a$G @b L@ $7 $?$h $& $K!$ F@ $i$l $? 6a ;w2r x ( k ) $, ?? $N2r a $K ==J, 6a $$ $H $$$& J] >Z $O M? $($i$l$F$$$J $$$3$H $K==J, Cm0U$7 $F$/$@ $5$$!%M} O@E*$J J]>Z$r $($k$? $a$K$O!$ 6a;w2r x ( k ) $N$^$o $j$G$N f $N$U$k$^$$$r87L)$K4Q;!$9$kI,MW$,$"$j$^$9!% 4.7 @a$G$O$3$N$h$&$J<jK!$K$D$$$F4JC1$K?($l$^$9!% 33 $h$/8+$kI>2A <0$O!$$"$kDj?t C > 0 $KBP$7$F k x ( k ) � a k � C k x ( k ) � x ( k � 1) k $H$$$&$b$N$G$9!% C $NCM$,6qBNE*$K$o$+ $k$3 $H $O 5) $G!$ B8 :_ $7 $+ J, $+$C $F $$ $J $$ $3 $H $, $[ $H $s $I $G $9!% $H $s $G $b $J $/ Bg $- $J CM $+ $b $7 $l $^ $; $s!% $= $l $G $b %" %k %4 %j %: %‘ $N@5Ev@-$N<gD%$K$O@bF@NO$r;}$A$^$9!% 34 0l J} $N 4p =‘ $@ $1 $r >R 2p $7 $F!$ B> $N 4p =‘ $r >R 2p $7 $F $$ $J $$ K\ $b $? $/ $5 $s $" $j $^ $9!% 7P 83 E* $K!$ N> J} $r >R 2p $7 $F $$ $k K\ $O NI $$ K\$G$9!%$b$A$m$s!$5U$O@.$jN)$A$^$;$s!% 35 @bF@NO$N$"$k0U8+$, [10] $K=q$$$F$"$j$^$9!% 13

4.5 F ortran %W%m%0%i%‘Nc ?^ 1 $G>R 2p $7 $? Hs @~ 7A <L A| f $K BP $7!$ J} Dx <0 f ( x ) = 0 $r Newton-Raphson K! $G ?t CM E* $K 2r$/ F or- tran %W%m%0%i%‘$r>R2p$7$^$9 36 !%%a%$%s%W%m%0%i%‘ \ Newton_Raphson " $+$i$O f $r7W;;$9$k \ Generate_Function " !$ Jacobi 9TNs$r5a$a$k \ Generate_Jacobian " !$O"N) 1 <!J}Dx<0$r Gauss $N>C 5nK!$G2r$/ SSL I I $N \ DVLAX " $r30It%5%V%k!<%A%s$H$7$F8F$S=P$7$F$$$^$9 37 !%@:EY$OG\@:EY$G$9!% =i 4|CM $O $9$Y $F $NCM $r 1 $K@_ Dj $7$F $$ $^$9!% R = 10, P =1 $G$9!% :G BgH? I| 2s?t $O 100 2s$K @_ Dj$7 $F $$ $^ $9!% <} B+ H= Dj $N 4p =‘ $H $7 $F!$ %^ %7 %s!& %$ %W %7 %m %s $N 2 G\ $N epsz $K BP $7 $F (6) $^ $? $O (8) $, K~ $? $5 $l$?$H$-H?I|$rDd;_$7!$6a;w2r$NCM$r=PNO$7$?$&$($G7W;;$r=*N;$7$^$9!%%N%k%‘$O:GBg%N%k%‘$G$9!% program Newton_Raphson ! %a%$%s%W%m%0%i%‘$N3+;O implicit none ! 0EL[$N7?@k8@$NM^;_ integer(kind=4),parameter :: n=10 ! <!85$r%Q%i%a!<%?$G@_Dj real(kind=8),dimension(n) :: v,f,u,vw ! %Y%/%H%k$N@k8@ real(kind=8),dimension(n,n) :: G ! Jacobi 9TNs$N@k8@ real(kind=8),dimension(2) :: error ! ;D:94p=‘ , 8m:94p=‘MQJQ?t$N@k8@ real(kind=8) :: P,R,epsz ! Dj?t , <}B+H=DjMQ$NDj?t$N@k8@ integer(kind=4) :: i,k,imax,icon,isw,is ! @0?t7?JQ?t$N@k8@ integer(kind=4),dimension(n):: ip ! dvlax $GMxMQ$9$kG[Ns$N@k8@ intrinsic abs,maxval ! AH$_9~$_<jB3$-$rL@<( external dvlax,Generate_Function,Generate_Jacobian ! 30It<jB3$-$rL@<( v=1.0D0 ! H?I|$N=i4|CM$r 1 $K@_Dj P=1.0D0 ! Dj?tCM P $N@_Dj R=10.0D0 ! Dj?tCM R $N@_Dj epsz=2*epsilon(epsz) ! <}B+H=DjMQ$NDj?t$r@_Dj imax=100 ! H?I|2s?t$N:GBgCM$r@_Dj isw=1 ! LU J,2r$r9T$J$& (dvlax) do k=1,imax ! H?I|3+;O u=v ! A02s$NH?I|Ns$r u $K3JG< call Generate_Function(u,v,P,R) ! f(u) $NCM$r7W;; call Generate_Jacobian(u,G,P,R) ! Jacobian $r7W;; call dvlax(G,n,n,v,epsz,isw,is,vw,ip,icon) ! O"N) 1 <!J}Dx<0$r2r$/ (dvlax) if(icon /= 0) then !-+ write(6,*) ’Error occurred in DVLAX:’,icon ! +-dvlax $N@5>o=*N;$r3NG’ stop ! | @5>o=*N;$G$J$$>l9g$ODd;_ end if !-+ v=u-v ! ?7$7$$H?I|Ns$r v $K3JG< call Generate_Function(v,f,P,R) ! ;D:9$r7W;; error(1)=maxval(abs(f)) ! ;D:9$N:GBg%N%k%‘$r7W;; error(2)=maxval(abs(v-u))/maxval(abs(u)) ! AjBPE*$J8m:94p=‘$NCM$r7W;; write(6,’(I3,2E15.7)’) k,error(1),error(2) ! H?I|2s?t$H3FCM$N=q$-$@$7 if( error(1)<epsz .or. error(2)<epsz ) then !-+ write(6,*) ’approximate solution: ’ ! | do i=1,n ! +- !z<}B+H=Dj!z write(6,’(i4,E25.13)’) i,v(i) ! | ;D:94p=‘$H8m:94p=‘$N0lJ}$, end do ! | K~$?$5$l$?>l9g , 7k2L$r=q$- exit ! | %k!<%W$rH4$1$k end if !-+ end do ! H?I|$r7+$jJV$9 end program Newton_Raphson ! %a%$%s%W%m%0%i%‘$N=*N; %W %m %0%i %‘ $N %5 %V %k!< %A%s It J, $G $9!% 1 %Z!< %8 $K <} $a $k $?$a!$ L5 M} $7 $F 5M $a9~ $s $G $$ $^ $9!% \ & " $O!$ J8>O$N7QB3$N0u$G$9!% \ intent " $G0z?t$NFC@- ( F~NO!$=PNO!$F~=PNO ) $rM[$K;XDj$7$F$$$^$9!% 36 http://www.cc.kyushu-u.ac.jp/RD/watanabe/RESERCH/MANUSCRIPT/KOHO/CONVERGE/Newton-Raphson.f90 37 %; %s %?!< $G 8x 3+ $7 $F $$ $k 2J 3X 5; =Q 7W ;; MQ %5 %V %k!< %A %s %i %$ %V %i %j $G $9!% DVLAX $N 0z ?t $N >\ :Y $O $? $H $( $P kyu-vpp $N man dvlax $GD4$Y$k$3 $H$,$G$-$^ $9!% SSL I I $NMxMQ$G $-$J$$%7%9%F %‘$K%W%m%0 %i%‘$r0\?" $9$k$H$-$O!$ $3$NItJ,$r :9$7BX$($k I,MW $,$"$j$^$9!%$^$?%;%s%?!<$G$3$N%W%m%0%i%‘$r<B9T$9$k$H$-$O!$%U%!%$%k$N%5%U%#%C%/%9$r \ .f90 " $K$7$F$/$@$5$$!% 14 subroutine Generate_Function(v,f,P,R) implicit none real(kind=8),dimension(10),intent(in) :: v real(kind=8),dimension(10),intent(out) :: f real(kind=8),intent(in) :: P,R real(kind=8) :: S intrinsic sqrt S=sqrt(2.0D0) f(1)= (9*P*v(1))/4 + (9*v(2)*v(3))/(8*S) + (P*R*v(7))/S f(2)= (81*P*v(2))/4 + (9*v(1)*v(3))/(8*S) + (P*R*v(8))/S f(3)= (-9*v(1)*v(2))/(4*S) + 9*P*v(3) + S*P*R*v(9) f(4)= 36*P*v(4) + S*P*R*v(10) f(5)= -2*v(5) + (v(2)*v(7))/(2*S) + (v(1)*v(8))/(2*S) - (v(4)*v(9))/S + & S*v(4)*v(9) - (v(3)*v(10))/S + S*v(3)*v(10) f(6)= -8*v(6) - (v(1)*v(7))/S - S*v(3)*v(9) f(7)= -(v(1)/S) - (v(2)*v(5))/(2*S) + (v(1)*v(6))/S - (3*v(7))/2.0D0 + & (3*v(3)*v(8))/(4*S) + (3*v(2)*v(9))/(4*S) f(8)= -(v(2)/S) - (v(1)*v(5))/(2*S) - (3*v(3)*v(7))/(4*S) - (9*v(8))/2.0D0 - & (3*v(1)*v(9))/(4*S) f(9)= -(S*v(3)) - (v(4)*v(5))/S + S*v(3)*v(6) - (3*v(2)*v(7))/(4*S) + & (3*v(1)*v(8))/(4*S) - 3*v(9) f(10)= -(S*v(4)) - (v(3)*v(5))/S - 6*v(10) end subroutine Generate_Function \ ; " $rMQ$$$k$H!$0l9T$KJ#?t$NL?Na$r5-=R$G$-$^$9!%$3$N5!G=$O F ortran 90 $+$i$G$9!% subroutine Generate_Jacobian(v,G,P,R) implicit none real(kind=8),dimension(10),intent(in) :: v real(kind=8),dimension(10,10),intent(out) :: G real(kind=8),intent(in) :: P,R real(kind=8) :: S intrinsic sqrt S=sqrt(2.0D0) G=0.0D0 G(1,1) = (9*P)/4.0D0 ; G(7,1) = -(1/S)+v(6)/S G(1,2) = (9*v(3))/(8*S) ; G(7,2) = -v(5)/(2*S) + (3*v(9))/(4*S) G(1,3) = (9*v(2))/(8*S) ; G(7,3) = (3*v(8))/(4*S) G(1,7) = (P*R)/S ; G(7,5) = -v(2)/(2*S) G(2,1) = (9*v(3))/(8*S) ; G(7,6) = v(1)/S G(2,2) = (81*P)/4.0D0 ; G(7,7) = -1.5D0 G(2,3) = (9*v(1))/(8*S) ; G(7,8) = (3*v(3))/(4*S) G(2,8) = (P*R)/S ; G(7,9) = (3*v(2))/(4*S) G(3,1) = (-9*v(2))/(4*S) ; G(8,1) = -v(5)/(2*S) - (3*v(9))/(4*S) G(3,2) = (-9*v(1))/(4*S) ; G(8,2) = -(1/S) G(3,3) = 9*P ; G(8,3) = (-3*v(7))/(4*S) G(3,9) = S*P*R ; G(8,5) = -v(1)/(2*S) G(4,4) = 36*P ; G(8,7) = (-3*v(3))/(4*S) G(4,10)= S*P*R ; G(8,8) = -4.5D0 G(5,1) = v(8)/(2*S) ; G(8,9) = (-3*v(1))/(4*S) G(5,2) = v(7)/(2*S) ; G(9,1) = (3*v(8))/(4*S) G(5,3) = -(v(10)/S) + S*v(10) ; G(9,2) = (-3*v(7))/(4*S) G(5,4) = -(v(9)/S) + S*v(9) ; G(9,3) = -S + S*v(6) G(5,5) = -2.0D0 ; G(9,4) = -(v(5)/S) G(5,7) = v(2)/(2*S) ; G(9,5) = -(v(4)/S) G(5,8) = v(1)/(2*S) ; G(9,6) = S*v(3) G(5,9) = -(v(4)/S) + S*v(4) ; G(9,7) = (-3*v(2))/(4*S) G(5,10)= -(v(3)/S) + S*v(3) ; G(9,8) = (3*v(1))/(4*S) G(6,1) = -(v(7)/S) ; G(9,9) = -3.0D0 G(6,3) = -(S*v(9)) ; G(10,3) = -(v(5)/S) G(6,6) = -8.0D0 ; G(10,4) = -S G(6,7) = -(v(1)/S) ; G(10,5) = -(v(3)/S) G(6,9) = -(S*v(3)) ; G(10,10)= -6.0D0 end subroutine Generate_Jacobian 15

I= 6 $O VPP700/56(IEEE 7A <0 64 %S%C %H ) $G 7W;; $7$? H?I|2s ?t!$:G Bg%N %k%‘$G B,$C$? (6) $N;D :9 , (8) $N8m:9$NCM$G$9!% 9 2s$NH?I|$GDd;_>r7o$rK~$?$7$^$7$?!% I= 6: VPP700/56 $G$N<B9T7k2L H?I|2s?t ;D:94p=‘$NH=DjCM 8m:94p=‘$NH=DjCM 1 0 : 3462929 E + 01 0 : 2169360 E + 01 2 0 : 3055435 E + 02 0 : 2986887 E + 01 3 0 : 7771962 E + 01 0 : 4004562 E + 00 4 0 : 1856027 E + 01 0 : 3439725 E + 00 5 0 : 3602276 E + 00 0 : 2363468 E + 00 6 0 : 3191305 E � 01 0 : 9436822 E � 01 7 0 : 3268139 E � 03 0 : 1087901 E � 01 8 0 : 3519620 E � 07 0 : 1160453 E � 03 9 0 : 4108034 E � 16 0 : 1285530 E � 07 4.6 <}B+H=DjMQ$NDj?t$N@_Dj M} O@ E* $J <} B+ >Z L@ $, J] >Z $5 $l $F $$ $? $j!$ $" $i $+ $8 $a ?? $N 2r $, $o $+$C $F $$ $F!$ %" %k %4 %j %: %‘ $N %F %9 %H $H $7$FH?I|7W;;$r<B9T$7$F$$$k>l9g$r=|$1$P!$<}B+H=DjMQ$NDj?t$NA*$SJ}$K$O==J,$JCm0U$,I,MW$G$9!% !{%^%7%s!&%$%W%7%m%s0J2<$K@_Dj$7$J$$ Ib F0 >. ?t E@ 1i ;; $G $O!$ $I $N $h $& $J 4J C1 $J 1i ;; $G $b :G 0- $G %^ %7 %s!& %$ %W %7 %m %s $N 8m :9 $, :. F~ $7 $^ $9!% ?t CM7W ;; $O ;M B’ 1i ;; $H sin, cos $J $I $N =i Ey 4X ?t $K Be I= $5 $l $k 4X ?t $N =8 9g BN $G $9!% $= $7 $F!$ 1i ;; $N EY $K Ib F0 >.?tE@1i;;$N8m:9$O$I$s$I$sC_@Q$7$F$$$k$+$bCN$l$^$;$s 38 !%$7$?$,$C$F!$<}B+H=DjMQ$NDj?t$K%^%7%s!& %$%W%7%m%s0J2<$NCM$r@_Dj$9$k$N$O4m81$G$9!%H?I|$,H=Dj4p=‘$KE~C#$7$J$$2DG=@-$,9b$$$+$i$G$9!% Nc$r5s$2$^$9!% n � n 9TNs A = ( a ij ) !$ n <!%Y%/%H%k b = ( b i ) $r a ij = 8 > > > > < > > > > : s 2 n + 1 sin � ij � n + 1 � ( i 6 = j ) s 2 n + 1 sin � ij � n + 1 � � 2 n ( i = j ) ; b i = n X j =1 a ij $GDj 5A $7!$ O" N) 1 <! J} Dx <0 A x = b $r SOR K! 39 $r MQ $$ $F ?t CM E* $K 2r $- $^ $9!% 2C B. 78 ?t ! $O 1 : 5 $K @_ Dj $7 $^ $7 $?!% 7W ;; 5! $O wisdom(FUJITSU S-4/1000E) !$ @: EY $O IEEE 7A <0 $N C1 @: EY!$ G\ @: EY!$ $* $h $S IY ;NDL3HD%;EMM$N 4 G\@:EY$rMQ$$$^$7$?!%?^ 6 $O n = 10 $N;D:9$N:GBg%N%k%‘$rIA$$$?$b$N$G$9!% :G =i $O $= $l $> $l $N @: EY 7? $H$b F1 $8 $h $& $K ;D :9 %N %k %‘ $, >. $5 $/ $J$C $F $$ $- $^ $9 ( @~ $,=E $J$C $F $$ $^ $9 ) !% H?I| $, ?J $‘ $H!$ $^ $: C1 @: EY $N %^ %7 %s!& %$ %W %7 %m %s 6a $/ $G C1 @: EY $N ;D :9 $, ?6 F0 $r ;O $a $^ $7 $?!% 0J 2<!$ G\ @: EY!$ 4 G\ @: EY $N %^ %7 %s!& %$ %W %7 %m %s $K 6a IU $/ $H $= $l $> $l $N @: EY $N ;D :9 $, ?6 F0 $9 $k $h $& $K $J $j!$ $= $l 0J >e >.$5 $/ $J $j $^ $; $s!% $7 $? $,$C $F!$ $3 $N Nc $G <} B+ H= Dj MQ $N Dj ?t $K %^ %7 %s!& %$ %W %7 %m %s 0J 2< $r @_ Dj $9 $k $H!$ $$$D$^$G$?$C$F$bH?I|$,=*$i$J$$$3$H$K$J$j$^$9 40 !% 38 <B :] $O ET 9g $h $/ BG $A >C $7 $"$C $F 8m :9 $N N_ @Q $, $[ $H $s $I $J $$ $3 $H $b $" $j $^ $9!% $7 $+ $7!$ Ld Bj $N FC 0[ @- $, 6/ $$ >l 9g $K $O!$ $"$C $H$$$&4V$KM-8z7e$,8m:9$G1x$5$l$k$3$H$b$"$j$^$9!% 39 SOR K! (Successiv e Ov er-Relaxation metho d) $O!$2a>j4KOBK!!$C‘<!2a4KOBK!$H$b$$$$$^$9!%9TNs A $r2<;03QItJ, L !$ BP3QIt J, D !$ >e ;0 3Q It J, U $r MQ $$$F A = L + D + U $H J, 2r $7!$ 2C B. 78?t 1 < ! < 2 $K $h $j x ( k ) := ( D + ! L ) � 1 ( ! b + ((1 � ! ) D � ! U ) x ( k � 1) ) $GH?I|7W;;$r9T$J$&<jK!$G$9!% ! = 1 $N$H$-$r Gauss-Seidel K!$H8F$S$^$9!%>\$7$/$O [7] $r;2>H$7 $F$/$@$5$$!% 40 ?t CM 7W ;; %i %$ %V %i %j $N Cf $K $O!$ Mx MQ <T $, <} B+ H= Dj MQ $N Dj ?t $H $7 $F %^ %7 %s!& %$ %W %7 %m %s 0J 2< $N CM $r F~ NO $7 $? >l 9g!$ >! <j $K CM $r=$@5$9$k$b$N$b$"$j$^$9!%$b$A$m$s!$%^%K%e%"%k$K$O$=$N;]$-$A$s$H=q$$$F$"$j$^$9!% 16

?^ 6: SOR K!$K$h$k;D:9%N%k%‘$N?d0\ FC $K Bg 5, LO $J ?t CM 7W ;; $G $O!$ 0B A4 $r 9M $( $F!$ %^ %7 %s!& %$ %W %7 %m %s $N $" $k G\ ?t $r <} B+ H= Dj MQ $N Dj ?t $K @_ Dj$9 $k $Y $- $G $7$g $& 41 !% $J $* [14] $G $O!$ ;D :9 $, L/ $J 5s F0 $r ;O $a $? ;~ $K H? I| $r =* N; $9 $k J} K! $, >R 2p $5 $l $F $$$^$9 42 !% !{<!85?t$KCm0U <! 85 ?t n $, Bg $- $/ $J$k $H!$ 2r $/ Ld Bj$, Bg 5, LO $K $J $j$^ $9!% Ld Bj $, Bg5, LO $K $J $k $H!$ 1i;; ?t $, A} Bg $7$^ $9!%1i ;; ?t $, A} Bg $9 $k $H!$ $h $j $$$C $= $& Ib F0 >. ?t E@ 1i ;; $N 8m :9 $N N_ @Q $r 3P 8g $7 $J $/ $F $O $$ $1 $^ $; $s!% n $r%Q %i %a!< %? $H $7 $F D4 @0 2D G= $J $h $& $K %W %m %0 %i %‘ $r :n @. $7 $F $* $/ $H!$ >. 5, LO $J %F %9 %H Ld Bj $r Bg 5, LO $J ?t CM%7%_%e%l!<%7%g %s$K 3HD% $7$F ;HMQ$9 $k$3 $H$, $G$- $^$9!%$3 $N$h $&$J ( $[$H $s$I F1$8 ) %W%m %0%i %‘$r <B9T $9$k>l9g $G$b!$ Bg$- $J n $KBP $7$F $O>. $5$J n $N;~ $h$j $b!V4E $$!W<} B+ H=Dj 4p=‘ $r@_ Dj$7 $J$$ $HH? I|$, =* $o$i$J$$$+$b$7$l$^$;$s!% !{%N%k%‘$N<oN‘$KCm0U %N %k %‘ $N Dj 5A $G @b L@ $7 $? $h $& $K!$ 1 %N %k %‘ $H 2 %N %k %‘ $O <! 85 $K 0M B8 $7 $^ $9!% $7 $? $,$C $F $3 $l $i $N %N %k %‘$r MQ $$ $F <} B+ H= Dj $r 9T $J $& >l 9g $O!$ A0 $N 9‘ L\ $H F1 $8 M} M3 $G <} B+ H= Dj 4p =‘ $r D4 @0 $9 $k I, MW $, $" $j $^ $9!% 6qBNE*$K$O!$<!85 $K0MB8$7 $J$$:GBg %N%k%‘ $r4p=‘$K 2.3 @a$N ITEy<0 I>2A$r9M $($F!$ (6) $d (7) $NI> 2A$G$O 1 %N %k %‘ $O %^ %7 %s!& %$ %W %7 %m %s $N n G\!$ 2 %N %k %‘ $O %^ %7 %s!& %$ %W %7 %m %s $N p n G\ $h $j >. $5 $/ $7$J$$ J} $,$$$$$G$7$g$&!% !{2r$,=E:,$r;}$D>l9g 2r $, =E :, $r ;}$C $F $$ $? $j!$ Hs >o $K 6a $$ >l =j $K $" $k >l 9g!$ <} B+ H= Dj MQ $N Dj ?t $r Bg $- $a $K @_ Dj $9 $k I, MW $, =P$F$-$^$9!%$"$i$+$8$a2r$N@-<A$,$o$+$C$F$$$k>l9g$K$OH=Dj4p=‘$rD4@0$9$k$h$&$K$7$F$/$@$5$$!% 4.7 6a;w2r$r;H$C$F??$N2r$NB8:_$r3NG’$7$F$d$a$k ;D :9 4p =‘ $^ $? $O 8m :9 4p =‘ $G F@ $i $l $? 6a ;w 2r $r $b $H $K!$ ?? $N 2r $N B8 :_ $r 87 L) $J 8m :9 8B 3& $H $H $b $K >Z L@ $7 $F$7 $^ $& $H $$ $& <j K! $, $" $j $^ $9!% <j K! $O!$ (1) $r M- 8B <! 85 $N IT F0 E@ Ld Bj $K 5" Ce $5 $;!$ Ib F0 >. ?t E@ 1i ;; $K 41 ;D :9 4p =‘ $N >l 9g!$ !V$" $k G\ ?t!W $N $* $* $h $= $N 8+ @Q $j $, 2D G= $G $9!% >\ $7 $/ $O [10] $r $4 Mw $/ $@ $5 $$!% >/ $J $/ $H $b %Q %i %a!< %? $H $7$F<}B+H=DjMQ$NDj?t$r<+M3$KD4@0$G$-$k$h$&$J%W%m%0%i%‘$N:n@.$r$*4+$a$7$^$9!% 42 6e=#Bg3X$K:_@R$5$l$F$$$?!$ ( 8N ) @jIt <B@h@8$,Ds>’$5$l$?J}K!$G$"$k$3$H$+$i!V@jIt$NJ}K!!W$H8F$P$l$F$$$^$9!% 17

$h$k 8m :9 $N 1F 6A $r $9 $Y $F 9M N8 $7 $? >e $G IT F0 E@ Dj M} $N >r 7o $r 7W ;; 5! $G %A%’%C %/ $9 $k $3 $H $K $h$C $F 2r $N B8 :_ $H ( >l9g$K$h$C$F$O0l0U@-$r ) ?t3XE*$K>ZL@$7$h$&$H$$$&$b$N$G$9!% $b $A $m $s!$ $9 $Y $F $N Ld Bj $, IT F0 E@ Dj M} $r K~ B- $9 $k $H $O 8B $j $^ $; $s!% $^ $?!$ 2r $N B8 :_ $N %A%’%C %/ $K $O 6a ;w2r $r 5a $a $k $h $j $b B? $/ $N %3 %9 %H $, $+ $+ $j $^ $9!% $7 $+ $7!$ <} B+ H= Dj 4p =‘ $K <+ ?. $, $J $/ $F $b!$ 2r $N B8 :_ $, 8m:9 I> 2A IU $- $G J] >Z $5 $l $F $$ $l $P!$ $b $A $m $s 0B ?4 $7 $F 7W ;; $r BG $A @Z $k $3 $H $, $G $- $k $G $7$g $&!% >\ $7 $/ $O [6], [8], [10] $r$4Mw$/$@$5$$!% $^ $?!$ 1 <! 85 $G $O f ( x ) = 0 $r K~ $? $9 x $, M_ $7 $$ $o $1 $G $9 $N $G!$ F@ $i $l $? 6a ;w 2r ^ x $h $j $[ $s $N >/ $7 1& $H$[$s$N>/ $7:8 $G ( ?t D>@~ $G9M$( $F$$ $^$9 ) 4X?t CM$r7W ;;$7!$ Id9g $,5UE> $7$F $$$k$3 $H$r D4$Y$k $3$H $G8m :9I>2A$,2DG=$G$9 43 !% 5 $^$H$a :G 8e $K!$ H? I| 7W ;; $G F@ $i $l $? 7k 2L $r O@ J8 $K $^ $H $a $? $j 8& 5f =8 2q $G H/ I= $9 $k $H $- $N !V%^ %J!<!W $r 2U >r =q $-$K$7$^$9!% !~<}B+H=Dj4p=‘$O2?$+ ;D:94p=‘$+8m:94p=‘$+!$$=$NB>$N4p=‘$G$"$k$+$r$O$C$-$j=q$-$^$9!% !~$=$N4p=‘$rA*Br$7$?M}M3 !V<}B+>ZL@$N>r7o$H$J$k$+$i!W!V7P83E*$K$h$$@:EY$rF@$F$$$k$+$i!W!V$3$NK\$K=q$$$F$"$k$+$i!W $J$I!$2?$+9M$($F$*$-$^$7$g$&!% !~%N%k%‘$N<oN‘ 1 %N %k %‘!$ 2 %N %k %‘!$ :G Bg %N %k %‘!$ $= $N B> $N %N %k %‘!$ MW AG $4 $H $K D4 $Y $?!$ $J $I!% 1 %N %k %‘ $H 2 %N %k%‘$,<!85$K0MB8$9$k$3$H$KCm0U$7$^$7$g$&!% !~<}B+H=DjMQ$NDj?t$NCM$H$=$N:,5r !V$$ $m $$ $m D4 $Y $F $3 $3 $, 8B 3& $G $7 $?!W !V%^ %7 %s!& %$ %W %7 %m %s $G Bg >f IW $G $7 $?!% $= $l 0J 2< $O 0U L# $, $J $$ $N $G @_ Dj $7 $F $$ $^ $; $s!W $J $I!$ $9 $0 2? $+ JV Ez $G $- $k $h $& $K $7 $F $* $- $^ $7$g $&!% ;D :9 4p =‘ $G $O M} O@ E* $J 8+ @Q $j $, 2D G= $J >l 9g $, $" $j $^ $9!% $^ $? O" N) 1 <! J} Dx <0 $G $O M} O@ E* $J 8m :9 8B 3& $, $o $+ $k $3 $H$b$"$j$^$9!%$=$l$>$l$NLdBj$K1~$8$FD4$Y$F$*$-$^$7$g$&!% !~7W;;@:EY :G6a$NBg5,LO$J?tCM7W;;$K$*$$$F$O!$C1@:EY$G$N7W;;7k2L$O<u$1F~$l$i$l$J$/$J$C$F$-$F$$$^$9!% %a %b %j!< $r G\ $K $9 $k $? $a $K 7e ?t $r H> J, $K $9 $k $h $j $O!$ 7W ;; %5 %$ %: $O >. $5 $/ $F $b == J, $J 7e ?t $r 3N J] $9$k$3$H$r$*4+$a$7$^$9!%$J$<$J$i!V@5$7$/$J$$7W;;$OL50UL#!W$@$+$i$G$9 44 !% !~7W;;5!$NL>A0!$IbF0>.?tE@$N7A<0 7W ;; 5! L> $O I, $: =q $/ $h $& $K $7 $^ $7$g $&!% $- $o $I $$ <} B+ >u 67 $r 8+ $; $k >l 9g $O Ib F0 >. ?t E@ $N 7A <0 ( 2? ?J!&2> ?tIt2? 7e!&;X?t It2?7e ) $b@b L@$9$k $H?F@Z $G$9!%B. EY$r B,$k>l 9g$K$O %3%s%Q %$%i$N %P!<%8%g %s$d7W;;5!$N@-G=%G!<%?$bI,MW$G$9!% !~Cx:n8"$KG[N8$9$k 4{B8$N%W%m%0%i%‘$rMQ$$$?>l9g$OL>A0!$J88%$J$I$r=q$/$h$&$K$7$^$7$g$&!% 43 4X ?t f $, O" B3 $G $" $k $H $$ $& 2> Dj $D $- $G $9!% 87 L) $J I> 2A $N $? $a $K $O!$ Ib F0 >. ?t E@ 1i ;; $N 8m :9 $r 8+ @Q $b $k $3 $H $, I, MW $G $9!% $7 $+$7!$$"$kDxEY$N?.Mj@-$OF@$i$l$^$9!% 44 0J A0 !V<B 83 $+ $i F@ $i $l $k F~ NO %G!< %? $O =j A’ 3 7e Dx EY $7 $+ 9g$C $F $J $$ $+ $i!$ 7W ;; $b C1 @: EY $G == J, $@!% G\ @: EY $J $s $F %a %b %j!< $NL5 BL ;H $$ $@!%!W $H $$ $& 0U 8+ $r J9 $$ $? $3 $H $, $" $j $^ $9!% $3 $l $O!$ ?t CM %7 %_%e %l!< %7%g %s $K $* $1 $k <B 83 8m :9 $H ?t CM 7W ;; $N 8m :9 $N %l%Y%k$r0l=o$K$7$?8m2r$G$9!%?tCM7W;;7k2L$,L50UL#$K$J$C$F$7$^$($P!$<B83%G!<%?$=$N$b$N$,L50UL#$K$J$C$F$7$^$$$^$9!% 18

;2 9M J8 8% $K 4J C1 $J @b L@ $H 1999 G/ 1 7n 8= :_ $N 2A 3J ( @G JL ) $r DI 2C $7 $F $$ $^ $9!% @l Lg =q $O IJ @Z $l $K $J$C $F $b $J $+ $J $+ A} :~ $7 $F $/ $l $^ $; $s!% 8E E5 E* $J L> Cx $H $$ $o $l $J $, $i A} :~!$ I| 9o $5 $l $J $$ K\ $b $? $/ $5 $s $"$j$^$9!%!V$3$NK\$,<j85$KM_$7$$$J$!!W$H;W$C$?$i!$$9$0$KCmJ8$9$k$3$H$r$*4+$a$7$^$9!% ;29MJ88% [1] Ric hard Barrett, Mic hael Berry , T on y F. Chan, James Demmel, June Donato, Jac k Dongarra, Victor Eijkhout, Roldan P ozo, Charles Romine, and Henk V an der V orst: T emplates for the Solution of Line ar Systems: Building Blo cks for Iter ative Metho ds, 2nd Edition , SIAM, Philadelphia, P A, 1994. !T URL !U http://www.netlib.org/templates/Templates.html !TK.Lu!UD9C+@n N$H~ , D9C+@n 1QI’ , F#Ln @6<! Lu : !XH?I|K! T emplates !Y , 1~MQ?tCM7W;;%i%$%V%i%j , D+AR=qE9 , ISBN 4-254-11401-X , 1996. Bg5,LOAB9TNs$KBP$9$kO"N) 1 <!J}Dx<0$NH?I|2rK!$N%"%k%4%j%:%‘$r$-$l$$$K$^$H$a$F$$$kK\$G$9!%H?I|$NDd;_>r7o$b>\$7 $/=q$+$l$F$$$^$9!%>e5- URL $+$i P ostScript %U%!%$%k$,F~<j$G$-$^$9!%$^$?!$ F OR TRAN, MA TLAB $N%=!<%9%W %m%0%i%‘$bF~<j$9$k$3$H$,$G$-$^$9!%K.Lu$OBh 1 HG$NLuK\$G$9!% 4,600 1_ ( LuK\ ) !% [2] F# Ln @6 <! , D% >R NI : !XH? I| K! $N ?t M}!Y , 1~ MQ ?t CM 7W ;; %i %$ %V %i %j , D+ AR =q E9 , ISBN 4-254-11404-4 , 1996. O"N) 1 <!J}Dx<0$NH?I|2rK!$K$D$$$F$N:G?7$N%"%k%4%j%:%‘!$%Y%/%H%k7W;;5!$K$*$1$k6qBNE*$J%A%e!<%K%s%0<jK!$J$I$,>R 2p$5$l$F$$$^$9!%?tCM7W;;$N86CxO@J8!$7PNr!$<L??$r$^$H$a$?Bh0l>O$O5.=E$J;qNA$G$9!% 4,200 1_!% [3] 0l>> ?. : !X?tCM2r@O!Y , ?7?t3X9V:B 13, D+AR=qE9 , ISBN 4-254-11443-5 , 1982. $d$dM}O@E*$KF’$_9~$s$@?tCM2r@O3X$NF~Lg=q$G$9!%FbMF$b$5$k$3$H$J$,$i!$@Z$lL#1T$$>.$5$$3h;z$NItJ,$,BgJQ;29M$K$J $j$^$9!% 3,000 1_!% [4] @n>e 0lO: : !X?tCM7W;;!Y , M}9)7O$N?t3XF~Lg%3!<%9 8, 4dGH=qE9 , ISBN 4-00-007778-3 , 1989. ?tCM7W;;$N4pAC$r$o$+$j$d$9$/2r@b$7$F$$$^$9!%FC$K7W;;5!Fb$N?tCMI=8=$N@bL@$,;29M$K$J$j$^$9!%6qBNE*$J F ortran %W %m%0%i%‘$bE:IU$5$l$F$$$^$9!% 2,330 1_!% [5] ?9 @5Ip : !X F OR TRAN 77 ?tCM7W;;%W%m%0%i%_%s%0 ( A}JdHG ) !Y , 4dGH%3%s%T%e!<%?%5%$%(%s%9 , 4dGH =qE9 , ISBN 4-00-007684-1 , 1987. F OR TRAN 77 $rMQ$$$??tCM7W;;$r9T$J$&?M$OI,7H$NK\$G$9!% IEEE 5,3J$H F ortran 95 $KBP1~$7$??7HG$r4|BT$7$F$$ $^$9!% 3,200 1_!% [6] Cf Hx =< 9( , ;3 K\ Ln ?M : !X@: EY J] >Z IU $- ?t CM 7W ;; !A %3 %s %T%e!< %? $K $h $k L5 8B $X $N D) @o !A!Y , %A%e!< %H %j%"%k : 1~MQ?tM}$N:GA0@~ , F|K\I>O@<R , ISBN 4-535-78258-X , 1998. M-8B<!85$*$h$SL58B<!85$NLdBj$N2r$NB8:_!$0l0U@-$H8m:98B3&$r?t3XE*$KJ]>Z$9$k?tCM7W;;K! ( @:EYJ]>ZIU$-?tCM7W;; ) $r2r@b$7$?F|K\=i$NK\$G$9!%<BA)E*$J%"%k%4%j%:%‘$bIU$$$F$$$^$9!%>O$NESCf$GJ8BN$,5^$KJQ$o$kL/$b3Z$7$a$^$9!% 3,000 1_!% [7] ?NLZ ^f , 2OLn IR9T : !X3Z$7$$H?I|K!!Y , 6&N)=PHG , ISBN 4-320-01582-7 , 1998. 8+;v$J%?%$%H%k$G$9!% Gauss-Seidel K!!$ SOR K!$N%"%k%4%j%:%‘!$<}B+>r7o$,>\$7$/@bL@$5$l$F$$$^$9!%%3!<%R!<%V%l %$%/$KEP>l$9$k!V H 65<x!W$NGn<1$K$O62$lF~$j$^$9!% 2,000 1_!% [8] Bg@P ?J0l : !X@:EYJ]>Z?tCM7W;;!Y , 1~MQ?tM} , V ol.8, No.4 (1998) pp.42{54. ?tCM7W;;$NFC=85-;v$N0l$D$G$9!% IEEE I8=‘ 754 $NIbF0>.?tE@$N4]$a$NFCD9$H OS $,Ds6!$9$k4]$a%b!<%IJQ49L?Na$rMQ $$$?<BMQE*$J@:EYJ]>ZIU$-?tCM7W;;$r2r@b$7$F$$$^$9!% [9] >._7 0lJ8 : !X?tCM7W;;K! Bh 2 HG!Y , >pJs=hM}F~Lg%7%j!<%: 4, 6&N)=PHG , ISBN 4-320-02804-X , 1996. B5 HG$NBg$-$5$G$9!% F ortran 90 $N%W%m%0%i%‘$H?^$,K-IY$KF~$C$F$$$^$9!% 2,300 1_!% [10] ?y86 @582 , <<ED 0lM: : !X?tCM7W;;K!$N?tM}!Y , 4dGH=qE9 , ISBN 4-00-005518-6 , 1994. 19

?tCM7W;;K!$N?tM}E*!&?t3XE*4pAC$r2r@b$7$F$$$^$9!%2rEzIU$-$NK-IY$J1i=,LdBj$bMQ0U$5$l$F$$$^$9!%?tCM2r@O$r@86H$K $7$h$&$H;W$&J}$J$i$PGc$C$FB;$O$"$j$^$;$s!% 1998 G/$K2CI.!&=$@5HG$NBh 2 :~$,=PHG$5$l$^$7$?!% 6,600 1_!% [11] ?y1: MN : !X?tCM7W;; $N4pAC$H1~ MQ { ?tCM 2r@O3X$X$N F~Lg { !Y , ?7 >pJs 650i%i%$%V %i%j M-11, %5%$%( %s%9<R , ISBN 4-7819-0856-X , 1997. $?$$$X$sFI$_$d$9$$K\$G$9!%@~7AJQ49$N8m:92r@O$,>\$7$/=q$+$l$F$$$^$9!%<BMQE*$J%"%k%4%j%:%‘$bK-IY$K5-=R$5$l$F$$ $^$9!% 1,800 1_!% [12] =’ G7 Fb <# CK : !X?t CM 7W ;;!Y , %5 %$ %( %s %9 %i %$ %V %i %j M} 9) 7O $N ?t 3X =15, %5 %$ %( %s %9 <R , ISBN 4-7819- 0137-9 , 1978. H>G/DxEY$N9V5A$K$"$o$;$?I,?\$NFbMF$r=EE@E*$K$^$H$a$F$"$j$^$9!%M}O@LL!&<BMQLL$H$b%P%i%s%9$N$H$l$?652J=q$G$9!% F ortran $K$h$kJL:}$N1i=,K\$b$"$j$^$9!% 1,600 1_!% [13] 8M @n H; ?M : !X7W ;; 5! $N $? $a $N 8m :9 2r @O $N 4p AC!Y , Information & Computiong-37, %5 %$ %( %s %9 <R , ISBN 4-7819-0550-1 , 1974. 4]$a8m:9$NN_@Q!$6a;w7W;;$N8m:9$J$I$r$o$+$j$d$9$/2r@b$7$?K\$G$9!%0JA0$O%5%$%(%s%9%i%$%V%i%j>pJsEE;;5!$N 1 :}$G $7$?!% 1989 G/$NBh 4 :~$+$i%=%U%H%+%P!<$KJQ99$K$J$C$F$$$^$9!%8=:_!$;DG0$J$,$iIJ@Z$l!$=EHGL$Dj$G$9!%=qE9$G8+$+ $1$?$iGc$C$F$*$-$^$7$g$&!% [14] 8M @n H; ?M : !X?7 Au HG UNIX %o!< %/ %9 %F!< %7%g %s $K $h $k 2J 3X 5; =Q 7W ;; %O %s %I %V%C %/ !N4p AC JS C 8@ 8l HG!O!Y , %5%$%(%s%9<R , ISBN 4-7819-0868-3 , 1998. 1992 G/$K=PHG$5$l$?$b$N$rDj2A$rBgI}$K2<$2$??7AuHG$H$7$F$^$H$a$?$b$N$G$9!%%O%s%I%V%C%/$N 560 %Z!<%8$N869F$H 130 K\$N C %W%m%0%i%‘$r0l?M$G!$$7$+$b!$H>G/$G=q$-$"$2$i$l$?$=$&$G$9!%J8>O$OL@2r$+$D4^C_$KIY$s$G$$$^$9!% C $r MQ$$$F?tCM7W;;$r9T$J$&?M$OI,7H$NK\$G$9!% 3,800 1_!% [15] EO It A1N4 : !XO" N) 1 <! J}Dx <0 $N4p ACCN <1!A $*$h $S Gauss $N>C 5nK! $N0B Dj @-$K $D$$ $F!A!Y , 6e =#Bg 3X Bg7?7W;;5!%;%s%?!<9-Js , V ol.28, No.4 (1995), pp.291{349. !T URL !U http://www.cc.kyushu-u.ac.jp/RD/watanabe/RESERCH/education.html $‘$d$_$KB?$$O"N) 1 <!J}Dx<0$N?tCM2rK!$rJ,N‘$7$F$_$?5-;v$G$9!%>e5- URL 7PM3$G869F$N P ostScript %U%!%$%k$rF~<j $G$-$^$9!% [16] ;3K\ E/O/ : ?tCM2r@OF~Lg , %5%$%(%s%9%i%$%V%i%j8=Be?t3X$X$NF~Lg =14, %5%$%(%s%9<R , ISBN 4-7819- 0155-7 , 1976. %?%$%H%k$NDL$j!$?tCM2r@O3X$NF~Lg=q$H$7$F$*4+$a$G$9!%;PKeJS$K!X?tCM2r@O1i=,!Y$,$"$j$^$9!% 1,800 1_!% O@J840@.G7?^ illustration: H 2 Naok o 20