O"N) 1 <!J}Dx<0$N4pACCN<1 !A $*$h$S Gauss $N>C5nK!$N0BDj@-$K$D$$$F !A EOIt A1N4 y 3X 2q $d 8& 5f =8 2q $G $N H/ I= $d!" $= $3 $G $N 5D O@ $r J9 $$ $F $$ $k $H!" ( ;~ 4V $, 8B $i $l $F $$ $k $3 $H $b $"$C $F ) $"$k !VCN <1!W $r;}$C $F $$$k $3 $H$, A0 Ds $H$J$C $F OC$, ?J $s $G$$ $/ >l9g $, $h$/ $" $j $^$9!# FC $K?t CM 7W;; $N J,Ln $G $O!" !V!_!_ K!!W $H L>$N $D $/ J}K! $, ;3 $N$h $& $K EP>l $7 $^ $9!#$= $N J}K! $N !V0U L#!W$, $o $+$C $F$$ $k $J$i Ld Bj$J $/ OC $K$D $$ $F9T $1 $k$N $G $9$,!" 2? $r8@$C $F $$ $k$N $+ %$%a!< %8 $9$i DO $a$J $$ $3$H $, 1}!9$K $7 $F $" $j $^ $9!# $3 $N >l 9g!" $= $3 $+ $i $N 5D O@ $K <h $j ;D $5 $l $F $7 $^ $$!" \ $\ $d$C !A " $H J9 $$ $F $$ $k $& $A $K 40 A4$K 6= L# $r <:$C$F $7 $^ $$!"!V%;%C %7%g %s $,=*$C $? $i 2?$r ?) $Y $K$$ $3 $& $+ $J$!!W$J $I $H 0c$& $3 $H $r9M $( $k$h$&$K$J$j$^$9!#$=$l$O$h$m$7$/$"$j$^$;$s!# $3 $N 5- ;v $O!" 2J 3X 5; =Q 7W ;; $N <g Lr $N 0l $D $G $" $k O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $K EP >l $9 $k <j K! $* $h $S MQ8l $N2r@b $G$9!#$3 $NJ, Ln$NMQ 8l$N FCD’$O!" \ N, 8l$@ $i$1 " $G!" \ $h$/ CN$i $J$$?M $NL> A0$,B? $$ " $3$H $G$9!# 2r @b$O :G Dc8B $N 0UL# $N @bL@ $K $H$I $a!"?t 3X E*$J >Z L@$d 6q BNE* $J %"%k %4 %j%: %‘ $O$9 $Y $F;2 9M J88% $K2! $7 $D$1 $F $$$^ $9!# $5$i $K >\$7 $/ CN$j $? $$J} $O!" 5-;v $N =*$j $K J88% >R 2p$* $h $S!VM% $l $?J8 8% $r >R2p $7$F$$$kJ88%$r>R2p!W$7$^$9$N$G!"$=$A$i$r8fMw2<$5$$!# $J$*!":G8e$N>O$G Gauss $N>C5nK!$N0BDj@-$K4X$9$k6=L#$"$k ( $"$kLL$G62$m$7$$ ) OCBj$r>R2p$7$^ $9!#$3 $A $i $b!VCN <1!W $H $7$F ;}$C $F$$ $k $H!" Nc$( $P :BD9 $r $7 $F$$ $F <A Ld$K 5g $7$? $H $- $d!":) ?F 2q$G CN $i$J$$?M$K0O$^$l$?$H$-$J$I$KLrN)$D$+$bCN$l$^$;$s!# $3$N5-;v$K$h$C$F!"B?>/$H$b$_$J$5$s$N \ $\$d$C!A " $H$9$k;~4V$,8:$k$3$H$K$J$l$P9,$$$G$9!# L\<! 1 In tro duction 293 1.1 @~7A:nMQAG : : : : : : : : : : : : : : 293 1.2 6a;w%b%G%k : : : : : : : : : : : : : : 293 1.3 Hs@~7A$r@~7A$K$9$k$+$i$/$j : : : : 294 1.4 Newton-Raphson K! $H O" N) 1 <! J} Dx <0$N4X78 : : : : : : : : : : : : : : : 295 1.5 9TNs$N<!85 : : : : : : : : : : : : : : 295 1.6 @:EY$NLdBj : : : : : : : : : : : : : : 296 2 O"N) 1 <!J}Dx<0 297 2.1 9TNs$N<oN‘ : : : : : : : : : : : : : : 297 2.1.1 L)9TNs : : : : : : : : : : : : 297 2.1.2 AB9TNs : : : : : : : : : : : : 297 2.1.3 BS9TNs : : : : : : : : : : : : 297 2.1.4 ;0=EBP3Q9TNs : : : : : : : : 297 2.1.5 BP>N9TNs : : : : : : : : : : : 298 2.1.6 BP3Q9TNs : : : : : : : : : : : 298 2.1.7 2<;03Q9TNs : : : : : : : : : : 298 2.1.8 >e;03Q9TNs : : : : : : : : : : 298 2.1.9 Hessen b erg 9TNs : : : : : : : 298 2.1.10 @5DjCM9TNs : : : : : : : : : : 298 2.1.11 BP3QM%0L9TNs : : : : : : : : 298 y 6e=#Bg3XBg7?7W;;5!%;%s%?!<!&8&5f3+H/It 2.1.12 M 9TNs : : : : : : : : : : : : 299 2.1.13 CV499TNs : : : : : : : : : : : 299 2.1.14 D>8r9TNs : : : : : : : : : : : 299 2.2 2rK!$NBg$^$+$JJ,N‘ : : : : : : : : : 299 2.3 D>@\K! : : : : : : : : : : : : : : : : 300 2.4 H?I|K! : : : : : : : : : : : : : : : : 300 2.5 6&Lr8{G[K! : : : : : : : : : : : : : : 300 2.6 3FJ}K!$NAH9g$; : : : : : : : : : : : 300 3 D>@\K!$N35MW 301 3.1 Cramer $N8x<0 : : : : : : : : : : : : 301 3.2 Hamilton-Ca yley $N Dj M} $K 4p AC $r $* $/J}K! : : : : : : : : : : : : : : : : 301 3.3 ;03Q2=$K4pAC$r$*$/J}K! : : : : : : : 301 3.3.1 Gauss $N>C5nK! : : : : : : : 302 3.3.2 Crout K! : : : : : : : : : : : 303 3.3.3 Do olittle K! : : : : : : : : : 303 3.3.4 Cholesky K! : : : : : : : : : 303 3.3.5 =$@5 Cholesky K! : : : : : : 303 3.3.6 Bunc h $NJ}K! : : : : : : : : 304 3.3.7 1[6-K! : : : : : : : : : : : : 304 3.4 BP3Q2=$K4pAC$r$*$/J}K! : : : : : : : 305 3.4.1 Gauss-Jordan $N>C5nK! : : : 305 3.4.2 5U9TNs$N@QI=8= : : : : : : : 305 3.4.3 9gF1JQ49$K$h$kJ}K! : : : : : 305 291

3.5 D>8r2=K! : : : : : : : : : : : : : : : 305 3.5.1 D>8r%Y%/%H%kK! : : : : : : : 305 3.5.2 D>8r9TNsK! : : : : : : : : : : 305 3.6 J,3dK! : : : : : : : : : : : : : : : : 306 3.6.1 J,3d7W;;K! : : : : : : : : : : 306 3.6.2 1o$I$jK! : : : : : : : : : : : 306 3.6.3 %(%9%+%l!<%?K! : : : : : : : 306 3.6.4 3,?tNm2=K! : : : : : : : : : : 306 3.7 ;0=EBP3Q9TNs@lMQ$NJ}K! : : : : : : : 306 3.7.1 Gauss $N>C5nK! , Cholesky K! 306 3.7.2 cyclic reduction K! : : : : : 306 3.8 AB9TNs , BS9TNs@lMQ$NJ}K! : : : : : : 306 3.9 8=:_?M5$$N2rK! : : : : : : : : : : : 307 4 H?I|K!$N35MW 309 4.1 H?I|K!$NAO;O<T : : : : : : : : : : : 309 4.2 Jacobi K! : : : : : : : : : : : : : : : 309 4.3 Ric hardson K! : : : : : : : : : : : : 310 4.4 Gauss-Seidel K! : : : : : : : : : : : 310 4.5 SOR K! : : : : : : : : : : : : : : : 310 4.5.1 SLOR K! : : : : : : : : : : : 310 4.5.2 SSOR K! : : : : : : : : : : : 311 4.5.3 SBOR K! : : : : : : : : : : 311 4.6 ADI K! : : : : : : : : : : : : : : : : 311 4.7 Aitk en $N � 2 K! : : : : : : : : : : : 311 4.8 Cheb yshev 2CB.K! : : : : : : : : : : 311 4.9 %b%s%F%+%k%mK! : : : : : : : : : : : 312 4.10 H?I|2~NIK! : : : : : : : : : : : : : : 312 5 6&Lr8{G[K!$N35MW 313 5.1 A/Nu$J%G%S%e!<$H$=$N8e : : : : : : : 313 5.2 4pK\E*$J9M$(J} : : : : : : : : : : : 313 5.3 7W;;$N<j=g : : : : : : : : : : : : : : 314 5.4 :G5^9_2<K! : : : : : : : : : : : : : : 314 5.5 6&LrJ}8~K! : : : : : : : : : : : : : : 314 5.6 6&Lr8{G[K! : : : : : : : : : : : : : : 315 5.7 A0=hM}IU$-6&Lr8{G[K! : : : : : : : : 315 5.7.1 ICCG K! : : : : : : : : : : : 316 5.7.2 MICCG K! : : : : : : : : : : 316 5.8 6&Lr;D:9K! : : : : : : : : : : : : : : 316 5.8.1 ILUCR K! : : : : : : : : : : 316 5.8.2 MILUCR K! : : : : : : : : : 317 5.9 GMRES K! : : : : : : : : : : : : : 317 5.10 APBP6&Lr8{G[K! : : : : : : : : : : : 317 5.10.1 ILUBCG K! : : : : : : : : : 317 5.10.2 MILUBCG K! : : : : : : : : 317 5.11 QMR K! : : : : : : : : : : : : : : : 317 5.12 BiCGStab K! : : : : : : : : : : : : 317 5.13 6&Lr8{G[K!$NI|3h : : : : : : : : : : 318 5.14 H?I|2rK!$NHFMQ@- : : : : : : : : : : 319 5.15 INSPEC $rMQ$$$?<B83 : : : : : : : 319 6 Gauss $N>C5nK!$N%"%k%4%j%:%‘ 321 6.1 Gauss $N>C5nK! : : : : : : : : : : : 321 6.2 >C5n2aDx : : : : : : : : : : : : : : : 322 6.3 LU J,2r$H$N4X78 : : : : : : : : : : 322 6.4 %T%\%C%HA*Br : : : : : : : : : : : : : 323 6.5 %T%\%C%HA*Br$NMxE@ : : : : : : : : : 323 6.6 %T%\%C%HA*Br$,I,MW$J$$9TNs : : : : 324 6.7 %9%1!<%j%s%0 : : : : : : : : : : : : : 324 6.7.1 ItJ,%T%\%C%HA*Br$N>l9g : : : 324 6.7.2 40A4%T%\%C%HA*Br$N>l9g : : : 325 6.8 %W%m%0%i%‘Nc : : : : : : : : : : : : : 325 7 GECP $N%9%T!<%I%"%C%W:n@o 327 7.1 <B9T;~4V$ND4:: : : : : : : : : : : : 327 7.2 9TNs$NCM$N8r49 : : : : : : : : : : : 328 7.2.1 ?F@Z$J%3%s%Q%$%i : : : : : : 328 7.2.2 :GE,2=;X<(9T$NA^F~ : : : : : 328 7.2.3 K\Ev$K9T$HNs$NCM$r8r49$9$k 329 7.3 E:;z$NF0$- : : : : : : : : : : : : : : 329 7.4 GECP %W%m%0%i%‘ : : : : : : : : : : 330 7.5 <B9T;~4V$NHf3S : : : : : : : : : : : 332 8 Gauss $N>C5nK!$O0BDj$+!) 333 8.1 >C5nK!$NNr;K : : : : : : : : : : : : : 333 8.2 8eB‘8m:92r@O : : : : : : : : : : : : : 334 8.2.1 %^%7%s%$%W%7%m%s : : : : : : 334 8.2.2 >r7o?t : : : : : : : : : : : : 334 8.2.3 8m:9I>2A : : : : : : : : : : : 335 8.2.4 0->r7o$N>l9g$NBP:v : : : : : 335 8.2.5 Hilb ert 9TNs : : : : : : : : : 335 8.3 IT0BDj0x;R$N>e8B : : : : : : : : : : 336 8.4 Wilkinson $5$s$NNcBj : : : : : : : : 336 8.5 $J $< It J, %T %\%C %H A* Br K! $, ;H $o $l $k $N$+!) : : : : : : : : : : : : : : : : 338 8.6 random matrix $G$N<B83 : : : : : : 339 8.7 IBM}3XE*$JNc : : : : : : : : : : : : : 340 8.7.1 W righ t $5$s$NNc : : : : : : : 340 8.7.2 F oster $5$s$NNc : : : : : : : 341 illustration : Hid aki, Na ok o 292

1 In tro duction =x >O $G $O!" O" N) 1 <! J} Dx <0 $, ?t CM 7W ;; $K EP >l $9 $k GX7J$K$D$$$F9M$($F$_$^$9!# $J $*!" 87 L) $K OC $r ?J $a $k $H Dj 5A $, $? $/ $5 $s I, MW $K $J $j!" FI $‘ ?M $r B‘ 6~ $5 $; $^ $9 $N $G!" $+ $J $j 9S$C $] $$ @bL@$K$J$k$3$H$r$44*J[4j$$$^$9!# $^ $?!" 0J 2< FC $K CG $o $i $J $$ 8B $j!" >. J8 ;z $O <B ?t $^ $? $O <B ?t $N %Y %/ %H %k!" Bg J8 ;z $O <B ?t $N @5 J} 9T Ns $r I= $7$^$9!# 1.1 @~7A:nMQAG O" N) 1 <! J} Dx <0 1 ( line ar e quations ) $O!" ?t CM 7W ;; $r;n$_$k?M$NA0$KIQHK$KN)$A8=$l$kLdBj$G$9!# J}Dx<0$O n X j =1 a ij x j = b i ; i = 1 ; � � � ; n (1) $GI= 5- $5 $l $^ $9!# L$ CN ?t $O n 8D $N x j ( j = 1 ; � � � ; n ) $G$9!# (1) $r9TNs7A<0$G=q$1$P Ax = b (2) $G$9!# O" N) 1 <! J} Dx <0 $N ?t CM 2r K! ( numeric al solu- tion of line ar e quations ) $H $O!" 9T Ns A $H %Y %/ %H %k b $K BP $7!" (2) $r $_ $? $9 x $r ?t CM E* $K 5a $a $k J} K! $G$9!# $J $*!" $3 $N 5- ;v $O A4 $F <B ?t $N @$ 3& $G 9M $( $^ $9 $,!" 4pK\E*$K$OJ#AG?t$N@$3&$K$b3HD%$G$-$^$9 2 !# !V 1 <!!W $H$O !V@~ 7A 3 !W $N $3 $H $G$9!# $" $k :n MQ $, @~ 7A ( line ar ) $G $" $k $H $O!" $= $l $, Hf $r J] $A!" $5 $i $K OB $K BP $9 $k :n MQ $N 7k 2L $, $= $l $> $l $K BP $9 $k :n MQ $N OB $K 0lCW$9$k$3$H$r0UL#$7$^$9 4 !# 9T Ns A $O!" n <! 85 <B %Y %/ %H %k 6u 4V I R n $+ $i F1 $8 $/ n <! 85 <B %Y %/ %H %k 6u 4V I R n $X $N @~ 7A $J :n MQ AG $H $7 $F8+$k$3$H$,$G$-$^$9!# 1 !VO"N)0l<!J}Dx<0!W$H=q$/$3$H$b$"$j$^$9!# 2 ;M B’ 1i ;; $r <B ?t $N Dj 5A $+ $i J# AG ?t $N Dj 5A $K @Z $j BX $( $l $P $[ $H $s $I $= $N $^ $^ DL MQ $7 $^ $9!# $3 $l $O!" J# AG ?t z $, J? LL >e $N E@ ( x; y ) $K$A$g$&$IBP1~$7!"L5M}$J$/7W;;<j=g$,3HD%$G$-$k$+$i$G$9!# 3 !V@~7?!W$H$b=q$-$^$9!#MW$O0UL#$,DL$l$P$$$$$N$G$9!# 4 5-9f$G=q$/$H T ( v 1 + v 2 ) = T v 1 + T v 2 , T ( av ) = aT ( v ) 0 B B B B @ x 1 x 2 . . . x n 1 C C C C A A � ! 0 B B B B @ y 1 y 2 . . . y n 1 C C C C A @~ 7A :n MQ AG $, 5U :n MQ AG $r $b $D $H $-!" $3 $N :n MQ AG $O @5 B’ ( non-singular ) $G $" $k $H $$ $$ $^ $9!# 9T Ns A $, @5 B’$G$"$k$H$O!" A � 1 A = AA � 1 = I ( C10L9TNs ) $H$J$k 5U9TNs ( inverse matrix ) A � 1 $,$?$@$R$H$DB8 :_$9$k$3$H$G$9!# O" N) 1 <! J} Dx <0 (2) $O!" 5U 9T Ns $N CM $, $- $A $s $H $o $+$k$J$i$P!"9TNs$H%Y%/%H%k$N@Q x = A � 1 b (3) $G5a$a$k$3$H$,$G$-$^$9!# $? $@ $7!" <B :] $N ?t CM 7W ;; $G 5U 9T Ns A � 1 $r O* 9| $K 7W;; $K$$$/$3 $H$O$=$s $J$KB?$/ $"$j$^ $;$s!# A � 1 $, $- $A $s $H $o $+ $i $J $/ $F $b!" (2) $r $_ $? $9 x $r $b $H $a $k8zN($N$h$$J}K!$,$?$/$5$s$"$k$+$i$G$9!# $= $l $i $N J} K! $K Hf $Y!" 5U 9T Ns $r 7W ;; $7!" @Q A � 1 b $N 7W ;; $G x $r 5a $a $k J} K! $O!" B? $/ $N <j 4V $, $+ $+ $j!" @: EY $b $" $^ $j $h $/ $J $$ >e!" Ia DL $O 5- 21 NN 0h $r Bg NL $K >CHq$7$^$9 ([41] ;2>H ) !# $= $N $? $a!" 5U 9T Ns $N CM $, $9 $Y $F I, MW $K $J $k $J $I $N FC JL $J $3 $H $, $J $$ 8B $j!" (3) $N 7W ;; $O 9T $J $o $J $$ $N $, \ >o<1 " $K$J$C$F$$$^$9!# O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $O!" <! >O 0J 9_ $G 35 4Q $9 $k $3 $H $K $7 $^ $9!# $J $* \ @~ 7A @- " $K $D $$ $F $N %$ %a!< %8$,M_$7$$J}$O [64] $,$*4+$a$G$9!# 1.2 6a;w%b%G%k Hy @Q J, $N 35 G0 $O!" <+ A3 8= >] $d <R 2q 8= >] $r ?t 3X $N 8@ MU$G%b%G%k2=$9$k$3$H$r4JC1$K$7$^$7$?!# Hy J, J} Dx <0 $d @Q J, J} Dx <0 $N $h $& $J L5 8B <! 85 5 $N 4X 5 M- 8B 8D $N 4p Dl $G I= 8= $G $- $J $$ $H $$ $& 0U L# $G $9!# O" B3 7O $H $b $$ $$$^$9!# 293

?t J} Dx <0 $r ?t CM E* $K 2r $/ >l 9g $O!" ?t 3X %b %G %k $r M- 8B <!85$N6a;w%b%G%k$KCV$-49$($k 6 $3$H$,I,MW$G$9!# >p Js =h M} 5; =Q $N 5^ B. $J H/ C# $O!" M- 8B MW AG K!!& 6- 3& MW AG K!!& :9 J, K! $J $I $N 6a ;w %b %G %k 2= $N 8& 5f $r Bg $$ $K =u$1$^$7$?!# O" N) 1 <! J} Dx <0 $O!" $3 $N 6a ;w %b %G %k $r 6q BN E* $J ?t CM $K $9 $k CJ 3, $G $7 $P $7 $P EP >l $7 $^ $9!# $= $7 $F!" B> $N 7W ;; 7 $K Hf $Y!" 7W ;; ;~ 4V $, $? $/ $5 $s I, MW $J $3 $H $H!" $A$c $s $H J} Dx <0 $, 2r $1 $F $$ $J $$ $H 8e $G $? $$ $X $s :$ $k $H $$ $& 0U L# $G!" ?t CM 2r @O $N Cf ?4 It $r @j $a $k Bg @Z $J 2r K!$N$R$H$D$G$9!# $b$&>/$7>\$7$/8+$F$$$-$^$7$g$&!# 1.3 Hs@~7A$r@~7A$K$9$k$+$i$/$j N) $F $? ?t 3X %b %G %k $, @~ 7A $K $J $k $3 $H $O $" $^ $j $" $j $^$; $s!# $? $$ $F $$ $O Hs @~ 7A ( nonline ar ) $JJ} Dx <0 $K $J $j$^$9!# Nc $( $P!" N. BN 4X 78 $N 3X 2q $J $I $K 4i $r =P $9 $H!" $3 $s $JHyJ,J}Dx<0$r$h$/8+$+$1$^$9!# 8 > > > < > > > : @ v @ t + ( v � r ) v = � grad p + 1 Re � v div v = 0 ( v $H p $N6-3&>r7o ) (4) (4) $O!" Na vier-Stok es J} Dx <0 8 $H $h $P $l $k M- L> $J J} Dx <0 $G $9 ( >\ $7 $$ @b L@ $O %Q %9 $7 $^ $9!# 5$ $K $J $k J} $O [46] $r$*FI$_2<$5$$ ) !# (4) $J $I $N Hs @~ 7A $J J} Dx <0 $r D> @\ 2r $/ $3 $H $O!" $+ $J$j$N:$Fq$r$H$b $J$$$^$9 9 !# $=$3$G?t CM2r@O$N >oF; $H $7 $F!" Hs @~ 7A J} Dx <0 $N Be $o $j $K $" $k @~ 7A J} Dx <0 $N 7W ;; $r $/ $j $+ $( $9 $3 $H $G!" 6a ;w 2r $N <} B+ Ns $r :n $j =P $9$H$$$&$3$H$r$h$/$d$j$^$9!# $= $N Be I= E* $J J} K! $G $" $k Newton-Raphson K! $rNc$K$H$C$F@bL@$7$^$9!# Newton-Raphson K! $& $^$$ 6q 9g $K 4X?t 6u 4V 10 $H :n MQ AG F $r Dj 5A $9 $k$3 $H$G!"$I$s$JHs@~7AJ}Dx<0$b 6 $3$NCJ3,$r!VN%;62=!W$H$$$$$^$9!# 7 9T Ns $d %Y %/ %H %k $r :n$C $? $j!" <} B+ @- $r D4 $Y $? $j %a%C %7%e $r @Z$C$?$j$9$k:n6H!# 8 Louis Marie Henri Na vier $5 $s (1785{1836) $H George Gabriel Stok es $5$s (1819{1903) $NL>A0$KM3Mh$7$^$9!# 9 2r @O E* $J 2r $r 5a $a $k $H $- $b!" ?t CM E* $J 6a ;w 2r $r 5a $a $k $H $- $b $G$9!# 10 $h$/ $_ $+ $1$k 6u 4V $r5- 9f $@ $1>R 2p $9 $k$H!" I R n ( <+J, $+ $i <+J, $X$N<L A| $@ $H ;W$C $F 2<$5 $$ ), S h , L p , L 1 , W m;p , H m , H m 0 , H � 1 , C m , C 1 0 $J$I$J$I$G$9!# F ( u ) = 0 (5) $r $_ $? $9 u $r 5a $a $k $H $$ $& Ld Bj $K =q $/ $3 $H $, $G $- $^ $9!# F $O@_Dj$7$?6u4V>e$NHs@~7A:nMQAG$G$9!# @_ Dj $7 $? 4X ?t 6u 4V $N MW AG u (0) $G F $, Hy J, 2D G= $J $H $-!" F ( u ) $r u (0) $N $^ $o $j $G T a ylor E8 3+ 11 $7!" 3 9‘L\0J9_$r@Z$j<N$F$F6a;w$7$^$9 12 !# F ( u ) � F ( u (0) ) + F 0 ( u (0) )( u � u (0) ) (6) F 0 ( u (0) ) $O F $N u (0) $G $N Hy J, $H $7 $F 7h $^ $k \ @~ 7A " $J :n MQ AG $G!" 5U <L A| F 0 ( u (0) ) � 1 $r ;} $D $H 2> Dj $7 $^ $9 13 !# $3$3$G!" T a ylor E83+$G6a;w$7$? (6) $N1&JU$r 0 $K $9$k$h$&$J u (1) $r9M$($^$9!#$D$^$j!"@~7AJ}Dx<0 F ( u (0) ) + F 0 ( u (0) )( u (1) � u (0) ) = 0 (7) $rK~B-$9$k u (1) $r8+$D$1$k$3$H$K$7$^$9!# F 0 ( u (0) ) � 1 $r (7) $NN>JU$K:nMQ$5$;!"JQ7A$9$k$H u (1) = u (0) + F 0 ( u (0) ) � 1 F ( u (0) ) $G u (1) $, 5a $^ $j $^ $9!# $3 $N u (1) $O!" :G =i $K E, Ev $K 7h $a$? u (0) $h$j $b ??$N 2r u $K6a $$ $3$H $,4| BT$5 $l $k $b$N$G$9!# $= $3 $G!" :# EY $O u (1) $N $^ $o $j $G F1 $8 $h $& $K T a y- lor E83+$7!"$D$.$N u (2) $r u (2) = u (1) + F 0 ( u (1) ) � 1 F ( u (1) ) $G5a$a$^$9!# Newton-Raphson K!$H$O!" $3$N$h$&$KE, Ev$J=i4| CM u (0) $+ $i=P H/ $7!" k = 1 ; 2 ; � � � $K $D $$$F <!!9 $K 6a ;w2r$NNs u ( k ) = u ( k � 1) + F 0 ( u ( k � 1) ) � 1 F ( u ( k � 1) ) (8) $r:n$C$F$$$/J}K!$G$9!# $9 $k $H!" $$ $D $+ $O u ( k ) $H u ( k � 1) $, 8+ $o $1 $, $D $+ $J $/ $J $k $/ $i $$ $K 6a $/ $J $k $+ $b CN $l $^ $; $s!# $= $N ;~!" u ( k ) = u ( k � 1) $H $7$F$7 $^$$!"7+ $jJV$7 $N<0 (8) $KJ|$j9~$‘$H u ( k ) = u ( k ) + F 0 ( u ( k ) ) � 1 F ( u ( k ) ) 11 %$ %. %j %9 $N ?t 3X <T Bro ok T a ylor $5 $s (1685{1731) $K M3 Mh $7$^$9!# 12 Hy J, $N Dj 5A $d T a ylor E8 3+ $N OC!" $^ $?!" $J $< 6a ;w $K $J $k $N $+ $J $I $N @b L@ $O >J N, $7 $^ $9!# MW $O Bg 3X $N :G =i $K =, $& 1 JQ ?t $N <B 4X ?t f ( x ) $N1dD9$@$H;W$C$F2<$5$$!# 13 $J$< \ @~7A " $+$H $$$&$H!"Lu$O4JC1$G!" @~7A$K$J$k$h$&$K7h $a $F $$ $k $+ $i $G $9!# 4X ?t 2r @O 3X $G $O F 0 ( u (0) ) $r @~ 7A 2= :n MQ AG ( lin- e arize d op er ator ) $H $b $$ $$ $^ $9!# <B :] $K Dj <0 2= $9 $k >l 9g!" F $N Hy J, 2D G= @- $d 4X ?t 6u 4V $N @_ Dj $r Cm 0U ?< $/ @b L@ $7 $J $$ $H!" 4X ?t 6u 4V O@$N?M$+$iE\$i$l$^$9!# 294

$D$^$j F 0 ( u ( k ) ) � 1 F ( u ( k ) ) = 0 $H$J$j$^$9!#$3$NN>JU$K F 0 ( u ( k ) ) $r0z$C$+$1$F F ( u ( k ) ) = 0 $,F@$i$l$^$9!# $D$^ $j u ( k ) $O F ( u ( k ) ) = 0 $N 2r$K8B $j$J$/6a$$$K0c$$$J$$!"$H$$$&:n@o$G$9!# Newton-Raphson K! $O \ F ( u ) $O $4 $/ 69 $$ HO 0O $G $O 1 <! <0 $G 6a ;w $G $- $k " $H $$ $& 9M $( J} $r $b $H $K $7 $? J} K! $G!" =P H/ E@ $, $b $7 ?? $N 2r $K == J, 6a $1 $l $P!" 6K $a $F5^B.$K<}B+$9$k$3$H$,CN$i$l$F$$$^$9!# $3$N@a$N:G=i$KEP>l$7$? Na vier-Stok es J}Dx<0 (4) $b!" $b $A $m $s (8) $N 7A $K 5- =R $9 $k $3 $H $, $G $- $^ $9 ( 6qBNE*$JJ}K!$O [16] $r8fMw2<$5$$ ) !# Newton-Raphson K!$O!"4JC1$K Newton K!$H8F$P $l$k $3 $H $b $" $j!" =$ @5 Newton K!!" =‘ Newton K!!" 6h 4V Newton K! $J $I!" $$ $m $$ $m $J JQ 7A HG $b 2C $(!" 9- $/Hs@~7AJ}Dx<0$N?tCM2rK!$K;H$o$l$F$$$^$9 14 !# Newton-Raphson K!$r$O$8$a $H$9$kHs@~7A J}Dx<0 $N H? I| 2r K!!" 6a ;w 2r $N @: EY E* J] >Z $J $I $N ?t 3X E* $J 9M ;!$O [47] $r$*FI$_2<$5$$!# $J $*!" Newton-Raphson K! $O!" M- L> $J Sir Isaac Newton $5 $s (1642{1727) $H Joseph Raphson $5 $s (1648?{1715?) $KM3Mh$7$^$9!# 1.4 Newton-Raphson K!$HO"N) 1 <!J}Dx<0$N4X78 $3$3 $G!" K\ 9F$N <g Lr$N O" N) 1 <!J} Dx <0 $, Newton- Raphson K! $N 2? =h $K 4i $r =P $9 $N $+ C5 $7 $F $_ $^ $7$g $&!# @h $[ $I 9M $( $F $$ $? Hs @~ 7A :n MQ AG F $O!" FC $K I R n >e $N :n MQ AG $G $J $/ $H $b 9= $$ $^ $; $s!# 6u 4V $, I R n $N >l 9g!" F 0 ( u ( k ) ) $O F $N Jacobi 9TNs$H$J$j$^$9!# Sob olev 6u 4V 15 $J $I $N L5 8B <! 85 $N 4X ?t 6u 4V $N >l 9g $O!" F 0 ( u ( k ) ) $r F $N F r � ec het HyJ, 16 $H$9$k$3$H$G!" $=$N $^ $^ Newton-Raphson K! $, E, MQ $G $- $^ $9 ( L5 8B 14 @N $N ?t CM 7W ;; $N 65 2J =q $K $O !V Newton-Raphson K!!W $H =q $+ $l$F $$ $^ $7 $? $,!" 8= :_ $O !V Newton K!!W $H $@ $1 =q $/ K\ $, A} $( $^ $7 $?!# $7 $+ $7!" [50] $K $h $l $P!" Newton $5 $s $O 3N $+ $K J} K! $O <( $7 $F $$ $? $,!" 0l HL E* $J 8x <0 $K $^ $H $a $? $N $O Raphson $5 $s $@ $= $& $G $9!# $3 $3 $G $O!" 2 G/ Dx A0 $K 3+ :E $5 $l $? %7 %s %] %8 %& %‘ $G!" $" $k ?t CM 7W ;; $N Bg 8f =j $, !V Raphson ;a $N 0N Bg $J 6H @S $r K: $l $F!" 3’ New- ton K! $H 8F $V $N $O $1 $7 $+ $i $s!* Newton-Raphson K! $H 8F $Y!*!W $HKJ$($F$$$?$N$G!" Newton-Raphson $H=q$$$F$*$-$^$9!# 15 Serge � i L’v o vic h Sob olev $5$s (1908{?) $O!" ( Ev;~ ) %=%S%( %H$N?t3X<T$G$9!# 16 Ren � e Maurice F r � ec het $5 $s (1878{1973) $O!" %U %i %s %9 $N ?t3X<T$G$9!# <!85$N4X?t6u4V$N5DO@$O!" [40], [44] $J$I$r$*FI$_2< $5$$ ) !# $7 $+ $7!" L5 8B <! 85 $G $N Dj <0 2= $N >l 9g $O!" ?t CM 7W ;; $N $? $a $K!" 2? $i $+ $N J} K! $G L5 8B <! 85 $r M- 8B <! 85 $K \ <M 1F $9 $k " $3$H $, IT 2D Hr $N :n6H $G $9 $N $G!" 7W;; 5! $N Cf $G $O 7k 6I M- 8B <! 85 $N Ld Bj!" $5 $i $K :G =* E* $K $O I R n $G$N@~7A7W;;$KMn$ACe$-$^$9 17 !# (8) $, M- 8B <! 85 6u 4V!" FC $K I R n $G $N H? I| $@ $H $9 $l $P!" @~ 7A :n MQ AG $O 9T Ns $N 7A $G =q $/ $3 $H $, $G $- $^ $9!# =>$C$F!" u ( k ) = u ( k � 1) + F 0 ( u ( k � 1) ) � 1 F ( u ( k � 1) ) $N %" %s %@!< %i %$ %s $N It J, $O!" !V%Y %/ %H %k F ( u ( k � 1) ) $K9T Ns F 0 ( u ( k � 1) ) $N5U 9TNs$r :8$+ $i0z$C $+$1$k!W $3 $H$r0UL#$7$F$$$^$9!# $h$C$FH?I|<0 (8) $O!"O"N) 1 <!J}Dx<0 F 0 ( u ( k � 1) ) ^ u ( k � 1) = F ( u ( k � 1) ) $r ^ u ( k � 1) $K $D $$ $F 2r $-!" $3 $N ^ u ( k � 1) $r ;H$C $F!" <! $N u ( k ) $r u ( k ) = u ( k � 1) + ^ u ( k � 1) $G5a$a$k$3$H$HF1$8$G$9!# $= $N $h $& $J $o $1 $G!" Hs @~ 7A J} Dx <0 $N ?t CM 2r K! $G $O O"N) 1 <!J}Dx<0$r2r$/I,MW$,$7$P$7$P@8$8$^$9 18 !# 1.5 9TNs$N<!85 M-8B<!85$GNc$($PJQ?t$, 1 $D$N f ( x ) = x 3 + x 2 + x + 1 = 0 $r Newton-Raphson K!$G2r$/>l9g!"H?I|Ns$O x ( k ) = x ( k � 1) + f 0 ( x ( k � 1) ) � 1 f ( x ( k � 1) ) $G $9!# $3 $N $H $-!" JQ ?t $O 1 8D $J $N $G!" f 0 ( x k � 1 ) $O 1 � 1 $N9TNs$G$9!#$h$C$F!"5U9TNs$O$$$?$C$F4JC1$G f 0 ( x ( k � 1) ) � 1 = 1 f 0 ( x ( k � 1) ) $G5a$^$j$^$9!# 17 $D $^ $j!" $9 $G $K M- 8B <! 85 $N Hs @~ 7A Ld Bj $K $J$C $F $$ $k $b $N $r Newton-Raphson K! $G 2r$/ $+!" L5 8B<! 85 $G Dj <02= $7 $? Newton- Raphson K!$r N%;62= $7$F2r $/$+$N0c $$$G$9!# <jK!$O ?tCM2r $KBP$7 $F$I$N%l%Y%k$N8m:9I>2A$r4|BT$9$k$+$G0[$J$j$^$9!# 18 $3 $N Bg $- $J N. $l $r 2! $5 $( $F $$ $J $$ $P$C $+ $j $K!" =$ ;N O@ J8 $N H/ I= 2q $G !V7k 6I $= $l $O 2? $r 7W ;; $9 $k $s $G $9 $+!)!W $H $$ $& ( 29 $+ $$ ) <A Ld $K @d 6g $7 $F $7 $^ $$!" Cx $7 $/ ?4 >Z $r 0- $/ $7 $? ?M $r CN$C $F $$ $^ $9!# $4Cm0U2<$5$$!# 295

0lJ}!"B?<!85$NO"N)Hs@~7AJ}Dx<0 f ( x ) = 0 x = ( x 1 x 2 � � � x n ) T f = ( f 1 f 2 � � � f n ) T $N >l 9g 19 !" f 0 ( x ( k � 1) ) $O @ f i =@ x j $r ( i; j ) @. J, $H $9 $k n � n $N Jacobi 9TNs$K$J$j$^$9 ( >\$7$/$O [60]) !# $b $H $b $H $N Ld Bj $, L5 8B <! 85 $N >l 9g!" J} Dx <0 $N <! 85 $O N% ;6 2= $9 $k 6a ;w 6u 4V $N 4p Dl $N ?t $K 0l CW $7 $^ $9!# :9 J, K! $d M- 8B MW AG K! $J $I $r MQ $$ $k >l 9g!" L$ CN ?t $O NN 0h $K $P $i $^ $$ $? no de $N ?t $K BP 1~ $7 $^ $9 $N $G!" $3 $N Am ?t$,O"N) 1 <!J}Dx<0$N<!85$K$J$j$^$9 20 !# 1.6 @:EY$NLdBj $5 $F!" $$ $6 O" N) 1 <! J} Dx <0 $r 2r $-!" ?t CM 2r $r 5a $a $k CJ 3, $K $/ $k $H!" !V8m :9!W $N Ld Bj $, Ib >e $7 $^ $9!# $D $^ $j!" 7W ;; <T $O $I $l $/ $i $$ $N @: EY $r ?t CM 7k 2L $K MW 5a $9$k$+$H$$$&LdBj$G$9!# ?t 3X %b %G %k $H $7 $F $N Hs @~ 7A J} Dx <0 $N 2r $N B8 :_ $d J, 4t 8= >] $J $I $N 5s F0 $K 6= L# $N $" $k ?M $G $7 $? $i!" <} B+ @- $d 8m :9 2r @O $b 4^ $a $F!" ?t CM 2r $K 9b $$ @: EY $r MW 5a $9 $k $O$:$G$9!# 0l J}!" $b $H $b $H <+ A3 8= >] $d <R 2q 8= >] $r ?t 3X %b %G %k 2= $7!" :G =* E* $J ?t CM 2r $r %7 %_%e %l!< %7%g %s $H $7 $F Mx MQ$7$?$$$H;W$&?M$NN)>l$+$i8+$l$P!" 4{ $K J} Dx <0 $r N) $F $? CJ 3, $G $" $k Dx EY $N 8m :9 $, F~ $j $3 $s $G $$ $k $N $G!" O" N) 1 <! J} Dx <0 $r $O $8 $a $H $9 $k ?t CM 7W ;; $r 40 ‘z $J @: EY $G 5a $a $k I, MW $O $J $$ $7!"$^$?0UL#$b$J$$!# $H;W$&$G$7$g$&!# Hy J, J} Dx <0 $J $I $N %b %G %k $+ $i =P H/ $7 $? $H $7 $F $b!" 7W;;$K$+$+$k%3%9%H$NLdBj$+$i!" $I $& $; N% ;6 2= $N CJ 3, $G 8m :9 $, F~ $k $N $G!" O" N) 1 <! J} Dx <0 $N 2r K! $K 9b $$ @: EY $r DI 5a $7 $F 7W ;; ;~ 4V $r L5 BL $K $9 $k $h $j!" B? >/ $N 8m :9 $N :. F~ $K $O L\ $r $D$‘$C$F!"9bB.$J%W%m%0%i%‘$rAH$b$&!# $H;W$&?M$b$$$k$G$7$g$&!# $7 $+ $7 $J $, $i!" <+ J, $N %W %m %0 %i %_ %s %0 5; =Q $O $H $b $+ $/!" ?t CM 7W ;; $N Ia DL $N 1i ;; J} K! $G $" $k Ib F0 >. ?t E@ 19 5-9f \ T " $O!"E>CV$r0UL#$7$^$9!# 20 %F %l %S $N %R!< %m!< $b $N $G!" 4 <! 85 $d 5 <! 85 $N @$ 3& $+ $i $d$C $F $/ $k $N $, $" $j $^ $9 $,!" $^ $@ $^ $@ 4E $$ $H $$ $( $k $G $7$g $&!# %9!< %Q!< %3%s%T%e!<%?$G$O ?tK|<! 85$N@$ 3&$rF| >oE*$K 07$C$F$$ $^$9 ( $b$C$H $b!"@_Dj $7 $F$$ $k 6u 4V $N0U L# $, A4A3 0c $$ $^$9 $, !D ) !# $?$@ $7!" 2 <! 85@$ 3& ( 6@ $N 9q $@ $= $& $G $9 ) $+ $i $d$C $F $- $? @5 5A $N L# J} !V%_ %i!< %^ %s!W$O$9$4$$$H;W$$$^$9!# 1i;;$rG>E75$$K?.MQ$9$k$N$O$A$g$C$H4m81$G$9 21 !# >/ $J $/ $H $b!" 3X 2q $d O@ J8 H/ I= $G $O !V$J $s $H $J $/ <B 83 7k 2L $H ;w $F $$ $k $+ $i Bg >f IW $G $7$g $&!W $H $$ $& I, ;& $N @Z ;% $K 2C $( $F!" !VO" N) 1 <! J} Dx <0 $r 4^ $‘ ?t CM 7W ;; $, 4] $a 8m :9 $N :. F~ $K $h$C $F CW L? E* $J @: EY B; <: $r ( B? J, ) 5/ $3 $7 $F $$ $J $$ $G $" $m $&!W $3 $H $r 6/ J[ $9 $k $@ $1 $N:,5r 22 $,I,MW$G$9!#$J$<$J$i!" $b $7!" O" N) 1 <! J} Dx <0 $r 4^ $‘ ?t CM 7W ;; $, 4] $a 8m :9 $K $h$C $F CW L? E* $J @: EY B; <: $r 5/ $3 $7 $F $$ $? >l 9g!" %b %G %k $r @_ Dj $7!" %7 %_%e %l!< %7%g %s $7 $? 0U L#$,$J$/$J$C$F$7$^$& $+$i$G$9!# O" N) 1 <! J} Dx <0 $N 2r $N ?. MQ @- $K $D $$ $F $O!" :G 8e $N >O $G NsJQ 49 $r $H$b $J $& Gauss $N >C5n K! $N 0B Dj@- $N OC Bj $r @Z $j 8} $K $7 $F!" $b$C $H 7! $j 2< $2 $F 9M $( $? $$ $H ;W $$$^$9!# @~ 7A :n MQ AG A = 1 = 2 � 1 = 2 1 = 2 1 = 2 ! $K $h$C $F Dj 5A $5 $l$k 2 <!85%Y%/%H%k>l ( � 5 � x 1 ; x 2 � 5) 21 6=L#$N$"$kJ}$O [62] $r8fMw2<$5$$!# 22 Nc $( $P!" Ld Bj <+ BN $N 0B Dj @-!" 9T Ns $N @- 3J $N NI $5!" ?t CM 7W ;; %i %$ %V %i %j $N ?. MQ @-!" 3H D% @: EY $H $N Hf 3S!" 8m :9 I> 2A!" M% =( $J 3X @8 $, %W %m %0 %i %‘ $7 $? $+ $i Bg >f IW!" $3 $N ;d $, 8@ $& $N $@ $+ $i 4V 0c $$ $J $$!* etc. 296

2 O"N) 1 <!J}Dx<0 A0 >O $G $O!" ?t CM 7W ;; $N Cf $G O" N) 1 <! J} Dx <0 $, =P 8= $7$F$/$k<j=g$r4JC1$JNc$K1h$C$F8+$F$-$^$7$?!# O" N) 1 <! J} Dx <0 $N 78 ?t 9T Ns A $O!" n <! 85 %Y %/ %H %k6u4V I R n >e $N @~ 7A :n MQ AG$G $" $j!" A $N 7A $O Hs @~ 7A Ld Bj $N @~ 7A 2= $N 2a Dx $G 7h Dj $5 $l $^ $9!# $= $7 $F!" %b %G %k $d N% ;6 2= $N J} K! $K $h$C $F 9T Ns A $N 7A $O 0[ $J $j $^ $9!# O" N) 1 <! J} Dx <0 $N ?t CM 2r $r 5a $a $k CJ 3, $K $J $k $H!" 9TNs A $N 7A $K $" $o $; $? MM!9 $J 2r K! $, EP >l $7 $^ $9!# $3 $l $^ $G $K Ds 0F $5 $l!" 8= :_ $b C/ $+ $, Mx MQ $7 $F $$ $k <j K! $@$1$G$b 100 <oN‘0J>e$"$k$N$O3N<B$G$7$g$&!# $3$N >O $G$O!" @~7A :n MQAG $G$" $k 9TNs A $N @-3J $r J, N‘ $7 $? 8e!" O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $r 35 4Q $7 $? $$ $H;W$$$^$9!# 8DJL$N2rK!$N@bL@$O 3, 4, 5 >O$G9T$$$^$9!# 2.1 9TNs$N<oN‘ O"N) 1 <! J}Dx <0$N2r K!$O!" 9TNs A $N 7A$K Bg$- $/0M B8 $7 $^ $9!# $= $N $? $a $N 4p AC CN <1 $H $7 $F!" 9T Ns MQ 8l $r 4JC1$K@bL@$7$^$9!# 2.1.1 L)9TNs L)9TNs ( dense matrix ) $O!"$H$/$K5,B’@-$dFCD’$N $J $$ 0l HL $N 9T Ns $N $3 $H $G $9!# !VL)!W $H $O!" 0 0J 30 $N MWAG$,9TNs$NCf$K=<K~$7$F$$$k$3$H$r0UL#$7$^$9!# L)9TNs 0 B B B B B B B B B @ *************** *************** *************** *************** *************** *************** *************** *************** *************** *************** *************** *************** *************** *************** *************** 1 C C C C C C C C C A 2.1.2 AB9TNs AB 9T Ns ( sp arse matrix ) $O!" @. J, $N $[ $H $s $I $, 0 $N 9T Ns $r $$ $$ $^ $9!# JP Hy J, J} Dx <0 $r N% ;6 2= $7 $F O" N) 1 <! J} Dx <0 $K 5" Ce $5 $; $k >l 9g!" $@ $$ $? $$ AB 9T Ns $K $J $j$^$9!# AB9TNs 0 B B B B B B B B B @ * * * * * * * * * * * * * * * * * * * 1 C C C C C C C C C A 2.1.3 BS9TNs BS 9T Ns ( b and matrix ) $O!" AB 9T Ns $G $"$C $F!" $+ $D 0 $G $J $$ @. J, $, 9T Ns $N BP 3Q @~ >e $H BP 3Q @~ $N Hf 3S E* 6a $/ $K J, I[ $7 $F $$ $k 9T Ns $G $9!# $3 $l $b $h $/ 8+ $+ $1 $^ $9!# BS9TNs 0 B B B B B B B B B @ ** ** * * * 0 ** ** *** * * *** ** ** *** * ** *** * * ** ** * *** * ** ** * ** *** * *** 0 * *** * ** * * 1 C C C C C C C C C A 2.1.4 ;0=EBP3Q9TNs ;0 =E BP 3Q 9T Ns ( tridiagonal matrix ) $O!" BS 9T Ns $N FCJL $J>l9g $G!" j i � j j > 1 $N@.J, $,$9$Y$F 0 $J 9TNs $G $9!# $D $^ $j!" 0 $G $J $$ @. J, $, 9T Ns $N BP 3Q @~ >e $H!" BP 3Q @~ $N A0 8e $@ $1 $K J, I[ $7 $F $$ $k 9T Ns $G $9!# ;0 9‘ 9T Ns $H$b$$$$$^$9!# A $, ;0 =E BP 3Q 9T Ns $N >l 9g!" O" N) 1 <! J} Dx <0 $d 8G M- CMLdBj$,$"$C$H$$$&4V$K2r$1$^$9!# ;0=EBP3Q9TNs 0 B B B B B B B B B @ ** *** *** *** 0 *** *** *** *** *** *** *** 0 *** *** *** ** 1 C C C C C C C C C A 297

2.1.5 BP>N9TNs BP>N9TNs ( symmetric matrix ) $O!" a ij = a j i $9$J $o$A A = A T $H$J$k9TNs$G$9!# 9T Ns $, BP >N $@ $H!" 2r K! $N B. EY!" %a %b %j!<!" 0B Dj @- $J$I$$$m$$$m$$$$$3$H$,$"$j$^$9!# 2.1.6 BP3Q9TNs BP 3Q 9T Ns ( diagonal matrix ) $O!" BP 3Q @. J, 0J 30 $, $9 $Y $F 0 $N 9T Ns $G $9!# 0J 2<!" BP 3Q 9T Ns $r I= $9 >l 9g $O!" \diagonal" $NF,J8;z$r$H$C$F \ D " $H=q$-$^$9!# BP 3Q 9T Ns $O Bg JQ AG @2 $i $7 $$ 9T Ns $G $9!# $J $< $J $i!" 5U 9T Ns $O 3F @. J, $N 5U ?t $r $H$C $F JB $Y D> $7 $? $b $N $G $9 $7!" 8G M- CM $K $$ $?$C $F $O :G =i $+ $i BP 3Q @. J, $K JB $s $G $$$k$+$i$G$9!# BP3Q9TNs 0 B B B B B B B B B @ * * * * 0 * * * * * * * 0 * * * * 1 C C C C C C C C C A 2.1.7 2<;03Q9TNs 2<;03Q9TNs ( lower triangular matrix ) $O!"BP3Q@. J,$h$j>e$NItJ, f a ij j i < j g $,$9$Y$F 0 $N9TNs$G$9!# 0J 2<!" 2< ;0 3Q 9T Ns $r I= $9 >l 9g $O!" \lo w er" $N F, J8 ;z$r$H$C$F \ L " $H=q$-$^$9!# 2<;03Q9TNs 0 B B B B B B B B B @ * ** *** **** ***** ****** 0 ******* ******** ********* ********** *********** ************ ************* ************** *************** 1 C C C C C C C C C A 2.1.8 >e;03Q9TNs >e;03Q9TNs ( upp er triangular matrix ) $O!"BP3Q@. J,$h$j2<$NItJ, f a ij j i > j g $,$9$Y$F 0 $N9TNs$G$9!# 0J2<!" >e;0 3Q 9TNs $rI= $9>l 9g $O!" \upp er" $NF, J8 ;z$r$H$C$F \ U " $H=q$-$^$9!# >e;03Q9TNs 0 B B B B B B B B B @ *************** ************** ************* ************ *********** ********** ********* ******** ******* 0 ****** ***** **** *** ** * 1 C C C C C C C C C A 2.1.9 Hessen b erg 9TNs Hessen b erg 9TNs 23 $O!" i > j + 1 $J$i$P a ij = 0 $H$J$k9TNs$G$9 24 !# $D$^$j Hessen b erg 9TNs$O!">e;03Q9TNs$K a 21 ; a 32 ; a 43 ; � � � ; a nn � 1 $NItJ,$r2C$($?$b$N$G$9!# Hessen b erg 9TNs 0 B B B B B B B B B @ *************** *************** ************** ************* ************ *********** ********** ********* ******** 0 ******* ****** ***** **** *** ** 1 C C C C C C C C C A 2.1.10 @5DjCM9TNs @5DjCM9TNs ( p ositive de�nite matrix ) $O!"8GM-CM $, A4 It %W %i %9 $N CM $r $H $k $h $& $J 9T Ns $G $9!# $$ $$ 49 $( $k$H!"G$0U$N%Y%/%H%k x 6 = 0 $KBP$7!" 2 <!7A<0 x T Ax > 0 $r K~ B- $9 $k 9T Ns $G $9!# @5 CM 9T Ns !" @5 Dj Id 9f 9T Ns $H $b $$$$$^$9!# A $, @5 Dj CM $G!" $7 $+ $b BP >N 9T Ns $@$C $? $J $i!" AG @2 $i$7$/$$$$$3$H$,$*$-$^$9 25 !# 2.1.11 BP3QM%0L9TNs BP3QM%0L9TNs ( diagonal dominant matrix ) $O!" j a ii j > X i 6 = j j a ij j ; i = 1 ; � � � ; n $r $_ $? $9 9T Ns $G $9!# $D $^ $j!" BP 3Q @. J, $, ( @d BP CM $N 0U L# $G ) B> $N @. J, $r 05 E] $7 $F \ $G $+ $$ " 9T Ns $N $3 $H $G $9!# M%BP3Q9TNs $H$b$$$$$^$9!# 23 K. Hessen b erg $5$s (1874{1925) $KM3Mh$7$^$9!# 24 >e Hessen b erg 9TNs $H$$$&>l9g$b$"$j$^$9!# 25 $? $@ $7!" 8e $[ $I =P $F $/ $k Hilb ert 9T Ns$N $h $& $K!" BP >N $+ $D @5 DjCM$G$"$C$F$b!"$I$&$7$h$&$b$J$/@-3J$,0-$$9TNs$b$"$j$^$9!# 298

2.1.12 M 9TNs M 9T Ns ( M-matrix ) $O!" @5 B’ $+$D $9 $Y $F $N i 6 = j $KBP $7 a ij � 0 $G $" $j!" $+ $D 5U 9T Ns $N @. J, $9 $Y $F $, 0 0J >e $N 9T Ns $N $3 $H $G $9!# M 9T Ns $O!" J* M} $N @$ 3& $K $h$/=P$F$-$^$9!#BP>N $J M 9TNs$O@5Dj CM9TNs$K $J$j $^$9 26 !# 2.1.13 CV499TNs CV499TNs ( p ermutation matrix ) $O!"$I$N9T$K$b!" $^ $? $I $N Ns $K $b!" $A$g $& $I 1 8D $: $D 1 $, $" $j!" B> $O $9$Y$F 0 $H$J$k9TNs$G$9!# 0J2<!"CV499TNs$rI=$9>l9g$O!" \p erm utation" $N F,J8;z$r$H$C$F \ P " $H=q$-$^$9!# CV 49 9T Ns P $r A $N :8 $+ $i $+ $1 $k $H $$ $& $3 $H $O!" A $N 9T $N =g =x $r JB $Y $+ $( $k $3 $H $r 0U L# $7!" 1& $+ $i $+ $1$k $H $$$& $3 $H $O!" A $N Ns $N =g =x $r JB $Y $+ $( $k $3 $H $r0UL#$7$^$9!# 6qBNE*$JNc$r$"$2$^$9!#9TNs A $r A = 0 B B B B B B B B @ a 1 a 2 a 3 a 4 a 5 a 6 b 1 b 2 b 3 b 4 b 5 b 6 c 1 c 2 c 3 c 4 c 5 c 6 d 1 d 2 d 3 d 4 d 5 d 6 e 1 e 2 e 3 e 4 e 5 e 6 f 1 f 2 f 3 f 4 f 5 f 6 1 C C C C C C C C A CV499TNs P $r P = 0 B B B B B B B B @ 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 1 0 0 1 C C C C C C C C A $H$7$^$9!#$9$k$H P A $O P A = 0 B B B B B B B B @ c 1 c 2 c 3 c 4 c 5 c 6 b 1 b 2 b 3 b 4 b 5 b 6 f 1 f 2 f 3 f 4 f 5 f 6 e 1 e 2 e 3 e 4 e 5 e 6 a 1 a 2 a 3 a 4 a 5 a 6 d 1 d 2 d 3 d 4 d 5 d 6 1 C C C C C C C C A $H$J$j$^$9!#9TNs A $N!T 1 9T$H 3 9T!U!T 3 9T$H 6 9T!U !T 6 9T $H 4 9T!U !T 4 9T $H 5 9T!U $r =g HV $K F~ $l 49 $( $k $H P A $K$J$j$^$9 27 !# 2 9TL\$O$=$N$^$^$G$9!# 26 BP>N$G$"$k$3$H$r M 9TNs$NDj5A$K2C$($F$$$kK\$b$"$j$^$9!# 27 =d2sCV49 (cycle) $N5-9f$G=q$/$H (13645) $G$9!# <!$K!" P $r A $N1&$+$i$+$1$k$H AP = 0 B B B B B B B B @ a 5 a 2 a 1 a 6 a 4 a 3 b 5 b 2 b 1 b 6 b 4 b 3 c 5 c 2 c 1 c 6 c 4 c 3 d 5 d 2 d 1 d 6 d 4 d 3 e 5 e 2 e 1 e 6 e 4 e 3 f 5 f 2 f 1 f 6 f 4 f 3 1 C C C C C C C C A $H $J $j $^ $9!# :# EY $O!" 9T $O $= $N $^ $^ $G Ns $, F~ $l 49 $o$C$F$$$^$9!#=gHV$K!"9TNs A $N!T 1 Ns$H 5 Ns!U!T 5 Ns $H 4 Ns!U !T 4 Ns $H 6 Ns!U !T 6 Ns $H 3 Ns!U $r F~ $l 49 $($k$H AP $K$J$j$^$9 28 !# 2 NsL\$O$=$N$^$^$G$9!# CV 49 9T Ns $O!" 9T Ns $N J, 2r $N :] $K Bg JQ =E MW $J Lr 3d $r 2L $? $7 $^ $9 $,!" \ C1 0L 9T Ns $b $I $- " $N 7A $r $7 $F $$ $k $? $a!" %W %m %0 %i %‘ $N Cf $G G[ Ns $H $7 $F EP >l $9 $k $3 $H $O $J$/!"$"$/$^$G$bN"J}$KE0$7$^$9!# 2.1.14 D>8r9TNs D> 8r 9T Ns ( ortho gonal matrix ) $O!" E> CV 9T Ns $, 5U 9TNs$H$J$k$h$&$J9TNs$N$3$H$G$9!#$D$^$j A � 1 = A T $H$J$k9TNs$G$9!# 0J2<!"D>8r9TNs$rI=$9>l9g$O \ Q " $H=q$-$^$9!# \ D>8r " $N0UL#$O!" A $NBh i 9T$HBh j Ns$NFb@Q$, � ij = ( 1 i = j 0 i 6 = j $H$J$k$3$H$+$i$-$F$$$^$9!# D> 8r 9T Ns $r J# AG ?t $K 3H D% $7 $? 9T Ns $, %f %K %? %j 9T Ns ( unitary matrix ) $G$9!# D> 8r 9T Ns $O 8G M- CM Ld Bj $N 2r K! $G <g Lr $r $O $j $^ $9 $,!" O" N) 1 <! J} Dx <0 $G $O C1 $J $k OF Lr $N 0l ?M $K 2a $. $^ $;$s!# 2.2 2rK!$NBg$^$+$JJ,N‘ O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $O!" <! $N $h $& $K Bg JL $G $-$^$9!# O"N) 1 <!J}Dx<0$N?tCM2rK! D>@\K! H?I|K! 6&Lr8{G[K! 3FJ}K!$NAH9g$; 0J2<!"3F2rK!$NFCD’$r$"$2$^$9!# 28 $3$A$i$O (15463) $G$9!# 299

6qBNE*$J<jK!$O!">O$r2~$a$F354Q$7$^$9!# 2.3 D>@\K! D> @\ K! ( dir e ct metho d ) $O!" $b $7 $b 4] $a $N 8m :9 $, $J $1 $l $P 29 M- 8B 2s $N 1i ;; $G 87 L) $J 2r $, F@ $i $l $k 2r K! $N$3$H$G$9!# D> @\ K! $K I, MW $J 1i ;; 2s ?t $O!" 9T $d Ns $N F~ $l 49 $( A‘ :n $, B? >/ F~ $k $N $G IT 3N Dj $J $H $3 $m $, $" $j $^ $9 $,!" 7W ;;$9$kA0$+$i$o$+$j$^$9!# $= $N $? $a!" 9T Ns $N @- <A $d @: EY $K 4X 78 $J $/!" $[ $\ F1 $87W;;;~4V$GEz$,=P$F$-$^$9!# A , b � ! M-8B2s$N1i;; � ! x 9T Ns $, L) 9T Ns $G $"$C $? $j!" ET 9g $N $$ $$ @- <A $r ;} $D $+ $I $& $+ $o $+ $i $J $$ F@ BN $N CN $l $J $$ $b $N $G $"$C $F $b!" 7W ;; $, <: GT $7 $J $$ 8B $j!" $H $j $" $( $: 2r $r =P $7 $F $/ $l $^ $9!# $= $N $? $a!" D> @\ K! $O I8 =‘ E* $J 2r K! $H $5 $l $F$$$^$9!# D> @\ K! $N <e E@ $H $7 $F $O!" 9T Ns $, AB 9T Ns $G $"$C $F $b \0 $, B? $$ " $H $$ $& Mx E@ $r @8 $+ $7 $K $/ $/!" 7W ;; 5! $N 5- 21 MF NL $, H? I| K! $K Hf $Y $? $/ $5 $s I, MW $J $3 $H $G $9!# $? $@ $7!" $3 $N :$ Fq $r 9n I~ $9 $k $? $a $N $$ $m $$ $m $J 9) IW $b Ds0F$5$l$F$$$^$9!# $^ $?!" 1i ;; 2s ?t $O Ia DL <! ?t n $N 3 >h $K Hf Nc $7 $^ $9!# $= $N $? $a!" <! ?t $, B? $/ $J $l $P $J $k $[ $I!" 7W ;; 5! $N @- G= $r $& $^ $/ 0z $- =P $7 $? %W %m %0 %i %‘ $r =q $$ $F $* $+ $J $$ $H!" \ M- 8B 2s $G =* N; $9 $k " $H $$ $$ $$ $J $, $i $$ $D $^$G7P$C$F$b7W;;$,=*$i$J$$>u67$K$J$j$^$9!# 2.4 H?I|K! H? I| K! ( iter ative metho d ) $O!" E, Ev $K A* $s $@ =i 4| CM $+ $i =P H/ $7 $F!" ?? $N 2r $K <} B+ $7 $F $$ $/ 6a ;w 2r $N Ns $rC‘<!:n@.$7$F$$$/<jK!$G$9!# H? I| $N 3F CJ 3, $G $O!" $= $l $^ $G $K F@ $i $l $? 6a ;w 2r $N >p Js $r 6n ;H $7!" $h $j NI $$ 6a ;w 2r $r @8 @. $9 $k 9) IW $, ;\ $5$l$F$$$^$9!# x 0 ! x 1 ! x 2 ! � � � ! x H? I| K! $N 7W ;; $O!" 9T Ns $, 0 $G $J $$ It J, $r 3J G< $9 $k 5- 21 NN 0h $, $" $l $P 2D G= $G $9!# H? I| K! $O!" M} 6~ $N >e $G $O L5 8B 2r $N H? I| $r $7 $J $$ 8B $j 87 L) 2r $r F@ $k $3 $H $O $G $- $^ $; $s!# $= $N $? $a!" E, Ev $J $H $3 $m $G H? I| $r BG $A @Z $kI,MW$,$"$j$^$9!# 29 $D $^ $j!" $9 $Y $F $r M- M} ?t 1i ;; $G =h M} $9 $k $+!" L5 8B 7e $N @: EY $r ;}$DL4$N$h$&$J7W;;5!$GIbF0>.?tE@1i;;$,<B9T$G$-$?$J$i$P $^ $?!" $J $+ $J $+ <} B+ $7 $J $$ $h $& $J \ $? $A " $N 0- $$ 9T Ns $b $" $j $^ $9!# $= $N $? $a!" <B :] $K 7W ;; $r $d$C $F $_ $J$$$H1i;;2s?t$O$o$+$j$^$;$s!# 2.5 6&Lr8{G[K! 6& Lr 8{ G[ K! ( c onjugate gr adient metho d ) $O!" D> @\ K! $H H? I| K! $N D9 =j $r $" $o $; ;}$C $? <j K! $H $7 $F!" :G 6a$H$_$KCmL\$5$l$F$$$^$9!# 86 M} E* $K $O!" 4] $a $N 8m :9 $, $J $1 $l $P 9b!9 n 2s $N H? I| $G 87 L) 2r $, F@ $i $l $^ $9!# $= $N $? $a!" D> @\ K! $N 0l <o $H$$$($^$9!# x 0 ! x 1 ! � � � ! x n = x $,!" <B :] $O 4] $a 8m :9 $N $? $a $= $& $O $$ $+ $:!" M_ $7 $$ @: EY $K $J $k $^ $G H? I| $r B3 $1 $^ $9!# =>$C $F!" H? I| 2r K! $K J,N‘$5$l$k$3$H$b$"$j$^$9!# 6& Lr8{ G[K! $O!"9T Ns$N 7A$r @0$( $k \ A0 =hM} " $r $[$I $3 $9 $3 $H $K $h $j!" 3J CJ $N <} B+ N( $N 8~ >e $, F@ $i $l!" FC $K@5DjCMBP>N$JAB9TNs$N>l9g$K0RNO$rH/4x$7$^$9!# $^$?!"HsBP>N9TNs$K$b3HD%$,9T$o$l$F$$$^$9!# 2.6 3FJ}K!$NAH9g$; Ib F0 >. ?t E@ 1i ;; $K $* $$ $F H/ @8 $9 $k 4] $a 8m :9 $r 9M $( $l $P!" D> @\ K! $r MQ $$ $? $H $7 $F $b 87 L) 2r $, F@ $i $l $k $o $1$G$O$"$j$^$;$s!# =P $F $/ $k ?t CM 7k 2L $+ $i $G $- $k $@ $1 8m :9 $r $J $/ $9 $? $a $K!" D> @\ K! $G F@ $i $l $? 7k 2L $r H? I| K! $G 2~ NI $9 $k J} K!$b$"$j$^$9!# $^ $?!" H? I| K! $d 6& Lr 8{ G[ K! $N 2a Dx $G!" J} Dx <0 $N 0l It$rD>@\K!$rMQ$$$F2r$/J}K!$J$I$b$"$j$^$9!# $= $N B>!" $I $s $J J} K! $G $b $$ $$ $G $9 $,!" F@ $i $l $? 6a ;w 2r $r $b $H $K!" $" $k =8 9g $N Cf $K 87 L) $J 2r $, B8 :_ $9 $k $3 $H $r 8m :9 8B 3& $H $H $b $K >Z L@ $9 $k @: EY J] >Z IU $- ?t CM 7W;; K! ( numeric al metho ds with guar ante e d ac cu- r acy ) $b $"$j$^$9!# $3$l$O6h 4V2r@O (in terv al arith- metic) $H IT F0 E@ Dj M} $r $b $H $K $7 $? Bg JQ 6= L# $" $k ?t CM 7W;;K!$G$9!# :G 6a!" M- M} ?t 1i ;; $r 4^ $‘ $$ $/ $D $+ $N @: EY J] >Z IU $- %= %U %H %&%’ %" $, Mx MQ $G $- $k 4D 6- $K $J $j $^ $7 $? $N $G 30 !"5!2q$,$"$l$P9-Js$G>R2p$7$?$$$H;W$$$^$9!# $H $j $" $( $: $N J8 8% $H $7 $F [25], [65] $r $" $2 $F $* $- $^$9!# 30 Cx :n <T $N 5v 2D $, F@ $i $l $k $J $i!" %; %s %?!< $G $b 8x 3+ $7 $? $$ $H 9M $($F$$$^$9!#@’Hs;H$C$F$_$?$$$H$*;W$$$NJ}$O!"MWK>$r request@cc.kyushu-u.ac.jp $^$G!"$I$7$I$7$*4s$;2<$5$$!# 300

3 D>@\K!$N35MW 3 >O $+ $i 5 >O $^ $G $r ;H$C $F!" A0 >O $G Bg $^ $+ $K J, N‘ $7 $? O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $r $5 $i $K :Y $+ $/ 8+ $F $$$-$^$7$g$&!#$^$:$OD>@\K!$G$9!# J, N‘ $O W estlak e $5 $s $N %O %s %I %V%C %/ [34] $r ;2 9M $K!" :G 6a $N ?t CM 7W ;; $N K\ $K $h $/ :\$C $F $$ $k $b $N $@ $1 $r>R2p$7$^$9 31 $3 $l $+ $i >R 2p $9 $k J} K! $O!" %W %m %0 %i %_ %s %0 $N 1i =, Ld Bj $H $7 $F $O LL Gr $$ $+ $b $7 $l $^ $; $s $,!" <B :] $N 8& 5f $N<j=u$1$H$9$k$K$O?4:Y$$J}K!$b$"$j$^$9!# 3.1 Cramer $N8x<0 L> A0 $O Bg JQ $h $/ CN $i $l $F $$ $^ $9 $,!" ?t CM 7W ;; $G ;H $o $l $k $3 $H $O LG B? $K $" $j $^ $; $s!# Gabliel Cramer $5$s (1704{52) $, 1750 G/$KH/I=$7$?<!$NDjM}$K$h$C $F$$$^$9 32 !# Cramer $N8x<0 A $, @5 B’ $G $" $l $P , Ax = b $O M# 0l $N 2r $r ;} $A , 2r$O x i = j A i j j A j i = 1 ; � � � ; n $G M? $( $i $l $k . $? $@ $7 A i $O A $N Bh i Ns $r b $G CV$-49$($?$b$N , j � j $O9TNs<0$rI=$9 . $‘ $7 $m Cramer $N 8x <0 $H $$ $( $P!" >e $N 8x <0 $h $j F3 $+$l$k 2 � 2 $N5U9TNs$N8x<0 a b c d ! � 1 = 1 ad � bc d � b � c a ! $NJ}$,M-L>$G$7$g$&!# $7 $+ $7!" Cramer $N 8x <0 $r ?t CM 7W ;; $G ;H $* $& $H $9 $k$H!" n + 1 8D $N n <! 9T Ns <0 $r 7W ;; $; $M $P $J $j $^ $; $s!# $3 $l $O!" B> $N 2r K! $H Hf $Y $F H? B’ $N $h $& $K <j 4V $, $+$+$k>e$K!"9b@:EY$N1i;;$,MW5a$5$l$^$9!# 31 O" N) 1 <! J} Dx <0 $N J, N‘ $* $h $S J8 8% $H $7 $F $O!" F orsythe $5 $s $, 1953 G/ $K H/ I= $7 $? M- L>$J O@ J8 [9], [10] $, $" $j $^ $9!# $= $N Cf $G >R2p$7$F$"$k2rK!$@$1$G$b4{$K 400 $rD6$($F$$$^$9!# 32 Cramer $5 $s $O %9 %$%9 $N ?t 3X <T $G $9!# Cramer $N 8x <0 $O H/ I= $N 20 G/8e!" Pierre Simon Laplace $5$s (1749{1827) $N>R2p$G @$$K9-$^$j$^$7$? ([17]) !# $= $N $? $a!" ?t CM 7W ;; $N <j CJ $H $7 $F $O $[ $H $s $I Lr $K N) $A $^ $; $s!# $7 $+ $7!" @~ 7A Be ?t $N %W %m %0 %i %_ %s %0 $N Bj:‘$K$O$$$$$+$bCN$l$^$;$s!# $J $*!" [48] $K Cramer $N 8x<0 $N F ortran %W %m %0 %i %‘$,:\$C$F$$$^$9!# 3.2 Hamilton-Ca yley $NDjM}$K 4pAC$r$*$/J}K! William Ro w an Hamilton $5$s (1805{65) $H Arth ur Ca yley $5$s (1821{95) $NL>A0$,$D$$$?$3$NDjM}$b!" $3$l$^$?@~7ABe?t$N@$3&$G$O$h$/CN$i$l$F$$$^$9 33 !# Hamilton-Ca yley $NDjM} @5 J} 9T Ns A $N 8G M- B? 9‘ <0 (c haracteristic p oly- nomial) F ( � ) = j �I � A j $r$H $l$P , F ( A ) = 0 $H$J$k . $3$NDjM}$rMQ$$$F!" A � 1 $r A � 1 = n X i =1 p i A i � 1 $N 7A $G 5a $a $k $3 $H $, $G $- $^ $9!# $J $* p i $O A i $N BP 3Q MW AG $N OB $r MQ $$ $F =g HV $K 5a $a $k $3 $H $, $G $- $k <B ?t $G $9!# $3 $NJ} K!$b!" A $N %Y %-$r 5-21 $9 $kI, MW$, $" $k$3 $H $H1i;;2s?t$NLdBj$J$I$+$i<BMQE*$H$O8@$($^$;$s!# $,!" @~ 7A Be ?t %W %m %0 %i %_ %s %0 $N Bj :‘ $K $O $$ $$ $+ $b CN$l$^$;$s!#>\$7$/$O [3] $r;2>H2<$5$$!# 3.3 ;03Q2=$K4pAC$r$*$/J}K! D> @\ K! $G 8= :_ $b$C $H $b $h $/ ;H $o $l $k $N $,!" ;0 3Q 2= $K 4p AC $r $* $/ J} K! $G $9!# %W %m %0 %i %‘ $, MF 0W $K =q $1 $k >e!" 0l HL $N 9T Ns $K 9- $/ E, MQ $G $-!" B. EY $H @: EY $b $J $+ $J$+$N$b$N$G$9!# $3 $N <j K! $N $b $H $K $J $k Dj M} $O!" 9T Ns $N J, 2r $K 4X $9 $k<!$NDjM}$G$9!# 33 Ca yley-Hamilton $NDjM}$H$b$$$$$^$9!# 301

LDU DjM} A $,@5B’$J$i$P , E,Ev$JCV499TNs P $rMQ$$$F P A = LD U $N 7A $KJ, 2r $G $- $k . $^ $? , L , U $N BP 3Q MW AG $, 1 $N$H$- , J,2r$O0l0U$KDj$^$k . $3$NJ,2r$r LDU J,2r ( LD U decomp osition) $H 8F$S$^$9!# \ ;0 3Q2= " $H$O!" 9TNs A $r L $d U $J$I$N ;03Q9TNs$N@Q$KJ,2r$9$k$3$H$r$$$$$^$9!# 3 � 3 9T Ns $G 4J C1 $J Nc $r :n$C $F $_ $^ $7$g $&!# P $O C10L9TNs$H$J$k$N$G>JN,$7$F$$$^$9!# A L D U 2 2 2 2 3 3 4 5 6 ! = 1 0 0 1 1 0 2 1 1 ! 2 0 0 0 1 0 0 0 1 ! 1 1 1 0 1 1 0 0 1 ! $3 $N $h $& $K!" G$ 0U $N @5 B’ $J 9T Ns $O!" E, Ev $J 9T $N F~ $l 49 $( 34 $K $h$C $F!" 2< ;0 3Q 9T Ns$H BP 3Q 9T Ns$H >e ;0 3Q 9TNs$N@Q$N7A$KJ,2r$G$-$^$9!# $^ $?!" BP 3Q 9T Ns D $H >e ;0 3Q 9T Ns U $N @Q $r 2~ $a $F U $@ $H 9M $( $l $P!" D> $A $K <! $N $3 $H $, $o $+ $j $^ $9 ( >Z L@$O [49]) !# LU DjM} A $,@5B’$J$i$P , E,Ev$JCV499TNs P $rMQ$$$F P A = LU $N 7A $K J, 2r $G $- $k . $^ $? , L $N BP 3Q MW AG $, 1 $N $H$- , J,2r$O0l0U$KDj$^$k . $3 $l $, M- L> $J LU J, 2r ( LU decomp osition) $G $9!# LU J, 2r $N 7A $O!" @h $[ $I $N LD U J, 2r $G D U $, 0l =o$K$J$C$?$b$N$G$9!# A L U 2 2 2 2 3 3 4 5 6 ! = 1 0 0 1 1 0 2 1 1 ! 2 2 2 0 1 1 0 0 1 ! P $O 9T $N =g =x $r F~ $l 49 $( $k $@ $1 $N CV 49 9T Ns $G $9 $N $G!"!VE, Ev $K 9T $r F~ $l 49 $( $? 9T Ns A $r 9M $( $k!W $3 $H $G!"@5B’9TNs A $O A = LU $KJ,2r$G$-$k$H9M$($k$3$H$b$G$-$^$9!# 9T Ns $r LU J, 2r $7 $F!" $= $l $, 2? $K $J $k $+ $H 8@ $( $P!"$3$N7A$+$i%9%i%9%i$H2r$,5a$^$k$N$G$9!# $^$:!"O"N) 1 <!J}Dx<0 Ly = P b 34 CV499TNs P $r:8$+$i0z$C$+$1$k$3$H$HF1$8$G$9!# $r y $K $D $$ $F 2r $- $^ $9!# $3 $3 $G L $O 2< ;0 3Q 9T Ns $J $N $G!" A0 ?J Be F~ (forw ard substitution) 35 $H 8F $P $l $k 4J C1 $J 7W ;; J} K! $G $9 $0 $K y $, 5a $^ $j $^ $9!# <! $K $3 $N y $r1&JU$H$7$F U x = y $r 2r $-$^ $9!# U $O >e ;0 3Q9T Ns $J $N $G!":# EY $O 8e B‘Be F~ (bac kw ard substitution) $H8F$P$l$k7W;;J}K!$G x $,5a$^$j$^$9!# K\ Ev $K A0 ?J Be F~ $H 8e B‘ Be F~ $G %9 %i %9 %i $H 2r $, 5a $^ $k $N $+ 5? Ld $N J} $O [45] $r 8f Mw 2< $5 $$!# $3 $l $i $O 6 >O $G$b$&0lEYEP>l$7$^$9!# $5 $F!" $3 $N x $O 2? $b $N $+ $H $$ $$ $^ $9 $H!" @h $[ $I 2r $$$? 2 $D$NJ}Dx<0$+$i y $r>C5n$9$k$3$H$G LU x = P b $N2r$G$"$k$3$H$,$o$+$j$^$9!#$H$3$m$G!" A $O P A = LU $HJ,2r$7$F$^$7$?$N$G!" x $O P Ax = P b $N2r $G$9!# P $OE>CV 9TNs$G @5B’ $G$9$N $G!"7k6I x $O Ax = b $N2r$G$"$k$3$H$,$o$+$j$^$9!# 4p K\ E* $J LU ( LD U ) J, 2r $N J} K! $O Gauss $N >C 5n K! $G $9 $,!" 9T Ns $N @- 3J $K E, 1~ $5 $; $? $j!" %9 %T!< %I $r DI 5a $9 $k $J $I $N L\ E* $K 9g $o $; $F $? $/ $5 $s $N JQ 7A $, 9M 0F$5$l$F$$$^$9!# 3.3.1 Gauss $N>C5nK! K\Mh $N0U L#$G $N Gauss $N>C5n K! ( Gaussian elim- ination ) $O!" 9T Ns A $r @. J, $N :8 C< $+ $i 7k 2L $, >e ;0 3Q 9T Ns $K $J $k $h $& $K =g HV $K >C $7 $F $$ $/ 2a Dx $G!" b $N =h M} $b $" $o $; $F 9T $J $$ $^ $9!# $D $^ $j!" LU J, 2r $N 2a Dx $GF1;~$KA0?JBeF~$b$d$C$F$7$^$$$^$9!# $3 $N <j =g $O!" \ 9T Ns $N LU J, 2r $, 40 N; $7 $? $" $H $G b $K $D $$ $F A0 ?J Be F~ $r $9 $k " 7A $K 4J C1 $K JQ 99 $G $- $^ $9 36 !# =>$C $F!" :G 6a Gauss $N >C 5n K! $O !V LU J, 2r K!!W $H 8F$P$l$k$3$H$bB?$/$J$j$^$7$? ([54]) !# Gauss $N >C 5n K! $O!" LU J, 2r $N <j K! $K $h$C $F!" $^ $?9TNs$N<oN‘$K$h$j!"$5$^$6$^$JJQ<o$,$"$j$^$9!# Fb@Q7A<0 Gauss $N>C5nK! Fb @Q 7A <0 (inner-pro duct form) $G $O!" J, 2r =h M} $r 9T Ns $N :8 $N Ns $+ $i 1& $N Ns $K!" $5 $i $K Ns $N >e $+ $i 2< $K =g<!9T$J$$$^$9!# 35 A0?J>C5n (forw ard elimination) $H$b$$$$$^$9!# 36 $3 $N J} $,!" A $O $= $N $^ $^ b $r JQ $( $F 2? EY$b 7W ;; $9 $k >l 9g $K JX Mx$G$9!# 302

%G!< %? $, $9 $Y $F <g 5- 21 $K F~ $j $- $i $J $$ Bg 5, LO $J LU J,2r$G0RNO$rH/4x$7$^$9 ([49]) !# 30@Q7A<0 Gauss $N>C5nK! 30@Q 7A<0 (outer-pro duct form) $O!" k = 1 ; � � � ; n $KBP $7!" k Ns $N >C 5n $K $R $- B3 $-!" k 9T $N J, 2r $r 9T $J $$ $^ $9!# ?t CM 7W ;; $N K\ $K =q $$ $F $" $k %" %k %4 %j %: %‘ $O $@$$$?$$$3$NJ}K!$G$9!# $3 $N J} K! $r 1~ MQ $9 $k $H!" %Y %/ %H %k 7W ;; 5! 8~ $- $N %W %m %0 %i %‘ $, AH $a $k $3 $H $, CN $i $l $F $$ $^ $9!# Nc $( $P!" 9T Ns $r $$ $/ $D $+ $N %V %m%C %/ $K J, 3d $7 $? >e $G!" %V %m%C %/$4$H$^$H$a$FJ,2r$7$F$$$/J}K! 37 $J$I$G$9!# 30@Q 7A<0 Gauss >C5n K!$N %"%k%4 %j%: %‘$H%W %m%0 %i %‘$NCm0UE@$O!" 6 >O$G>\$7$/9M$($^$9!# 1o$I$jK! A $, BP >N 9T Ns $N $H $- $K ;H $o $l $k $3 $H $, $" $j $^ $9!# J,2r$O30@Q7A<0$HH?BPJ}8~$K9T$J$$$^$9!# 9T $H Ns $r $I $3 $+ $K DI 2C $7 $? ?7 $7 $$ 9T Ns $K BP $7 $F LU J,2r$9$k;~$KJXMx$G$9 ([59]) !# BP>N Gauss K! BP>N Gauss K! (symmetric Gaussian metho d) $O!" 9T Ns $, BP >N $J >l 9g!" $= $N @- <A $r Mx MQ $7 7W ;; $N <j 4V $H 5- 21 MF NL $r H> J, $K $9 $k $h $& $K 9) IW $7 $? $b $N $G $9 ([50]) !# 3.3.2 Crout K! Crout K! $O!" Prescot D. Crout $5 $s $, 1941 G/ $KH/I=$7$? Gauss $N>C5nK!$NJQ7AHG$G$9!# <j =g $O!" Gauss $N >C 5n K! $K =P $F $/ $k Cf 4V 7k 2L $r 5- O? $9 $k $3 $H $r >J N, $7!" @Q 7W ;; $r =g $K B- $7 9g $o $; $F $$ $/ $3 $H $G LU J, 2r $r 9T $$ $^ $9!# =g =x $O 0[ $J $j $^ $9 $,!"7W;;$O Gauss $N>C5nK!$HF1$8$K$J$j$^$9!# Crout K! $O!" 7W ;; 5! $N @- G= $r $& $^ $/ 0z $- =P $9 $h $& $K%W%m %0 %i %‘ $9$k $H Gauss $N >C 5n K!0J >e $N %9 %T!< %I $, =P $k >l 9g $, $" $j!" LU J, 2r $N M- NO $J J} K! $H $7 $F I} 9-$/;H$o$l$F$$$^$9 ([45], [49], [59]) !# 3.3.3 Do olittle K! Do olittle K! $O!" M. H. Do olittle $5$s$, 1878 G/ $K H/ I= $7 $? O@ J8 $+ $i L> A0 $, $D $- $^ $7 $?!# Blac k K!$H $b $$ $$ $^ $9!# Do olittle K! $b Crout K! $H F1 $8 $h $& $K @QOB$N7A$G LU J,2r$7$^$9!# 37 2 CJ F1;~ >C 5n K! ([45]) !" %V %m%C%- %s %0 K! $J $I$, $" $j!" SSL I I $N V ALU $O%V%m%C%-%s%0K!$rMQ$$$F$$$^$9 ([70]) !# Crout K! $H $N K\ <A E* $J 0c $$ $O!" Crout K! $, U $N BP 3Q @. J, $r 1 $H $9 $k $N $K BP $7 $F!" Do olittle K! $O L $NBP3Q@.J,$r 1 $H$9$k$H$3$m$@$1$G$9 ([12], [34]) !# :G 6a $O Crout K! $NJ} $, M- L> $K $J$C $F$7 $^ $$!" 1F $, $&$9$/$J$C$F$$$^$9!# 3.3.4 Cholesky K! Cholesky K! 38 $O!" <! $N J, 2r Dj M} $r $b $H $K $7 $F $$ $^$9 ( >ZL@$O [33] ;2>H ) !# Cholesky J,2rDjM} A $, BP >N $+ $D @5 Dj CM $J $i $P , 2< ;0 3Q 9T Ns L $, B8 :_$7 A = LL T $N7A$KJ,2r$G$-$k . $5$i$K , J,2r$OBP3QMWAG$r@5 $K$J$k$h$&$KDj$a$k$3$H$G0l0U$KDj$^$k . $3 $N J, 2r Dj M} $O!" [20] $K $h $l $P F. R. Cholesky $5$s$, 1916 G/$KH/I=$7$?J}K!$G$9 39 !# Cholesky K! $O!" $3 $N J, 2r Dj M} $r Mx MQ $7!" Gauss $N >C 5n K! $r 7P M3 $; $: $K D> @\ L $r @Q OB $G 7W ;; $9 $k <j K! $G $9!# J, 2r$, $G $- $F $7 $^ $( $P!"$" $H $O Gauss $N >C 5n K!$H F1MM$K Ly = b $H L T x = y $r2r $/$3$H $G2r$,F@ $i$l$^$9!# Cholesky K! $N 7W ;; $O!" J, 2r $N 2a Dx $G BP 3Q @. J, $N J? J} :, $r 7W ;; $9 $k $3 $H $+ $i!" J? J} :, K! ( squar e r o ot metho d ) $H$b $$$$ $^$9!# J,2r $O L $r5a $a$k $@$1 $J$N $G!" 1i ;;2s ?t $, 0l HL $N Gauss $N>C 5n K! $N H>J, $G :Q $_ $^$9!# Cholesky J, 2r $O!" A $, @5 Dj CM $G $J $/ $F $b ( E, Ev $JE>CV9TNs$r:8$+$i$R$C$+$1$k$3$H$G ) 2DG=$G$9$,!" L $N BP 3Q MW AG $, J# AG ?t $K $J $k >l 9g $, $" $j $^ $9!# $^ $?!" J? J} :, $N 7W ;; $K $h$C $F!" @: EY $, 0- $/ $J $k >l 9g $, $"$j$^$9 ([51]) !# 3.3.5 =$@5 Cholesky K! =$@5 Cholesky K! ( mo di�e d Cholesky metho d ) $O!" JLL>$,$$$m$$$m$"$j!"JQ7A Cholesky K!!"2~D{ Cholesky 38 K\$K$h$C$F$O \Choleski" $H=q$$$F$"$j$^$9!# 39 [72] $K $O \Andre-Louis Cholesky" $H =q $$ $F $" $j $^ $7 $?!# $I $A $i $, @5 $7 $$ $N $+ $O $h $/ $o $+ $j $^ $; $s $G $7 $?!# Cholesky $5 $s $N O" N) 1 <! J} Dx <0 $K 4X $9 $k 4s M? $r >R 2p $7 $? Benoit $5 $s $N O@ J8 [1](1924 G/ ) $K $h$l $P!" \Commandan t" Cholesky $O %U %i%s %9 N&73 CO;oIt $KB0$7$F $$$F!"Bh 0l<!@$3& Bg@o ( Bg@o Ah$H=q $$$F$"$j $^ $7$? ) Cf$N 1918 G/$K@o;‘$5$l$?$=$&$G$9!#$^$?!" Mathematic al T ables and other A ids to Computation V ol.5, pp.112 (1951) $r 8+ $k $H!" $I $& $d $i Rainsford[24] $5 $s $H $$ $& ?M $K $h $k Benoit $5$s$NO@J8 ( J)8l ) $N1Q8lLu$bB8:_$9$k$_$?$$$G$9!# 303

K!!" BP >N Cholesky K!!" square-ro ot-free Cholesky K!$H$b$$$$$^$9!# \ $_ $= " $O!" Cholesky J, 2r $G @8 $8 $k J? J} :, $N 7W ;; $r 2s Hr $9 $k $H $3 $m $K $" $j $^ $9!# J, 2r $O <! $N Dj M} $, J] >Z$7$^$9!# =$@5 Cholesky J,2r A $,BP>N$+$D@5DjCM$J$i$P , A = LD L T $N 7A $K J, 2r $G $- $k . $5 $i $K , J, 2r $O BP 3Q 9T Ns D $NMWAG$r@5$K$9$k$3$H$G0l0U$KDj$^$k . =$@5 Cholesky J,2r $O!"J,2r$N 7A$+$i LD L T J,2r $H $b 8F $P $l $^ $9!# =$ @5 Cholesky J, 2r $b!" Gauss $N >C5nK!$r7PM3$7$^$;$s!# $J $*!" >e $N Dj M} $O!" A $, BP >N $G $" $l $P ( E, Ev $J CV 49 9T Ns $r :8 $+ $i 0z$C $+ $1 $k $3 $H $G ) @. N) $9 $k $N $G $9 $,!" BP >N @5 Dj CM 9T Ns $G $J $$ $H J, 2r $N 2a Dx $G Hs >o $K @: EY$, 0- $/ $J $k $3 $H $, $" $j $^ $9!# $= $3 $G!" Ia DL $O A $, BP>N$+$D@5DjCM$N>l9g$N$_$K;HMQ$5$l$^$9!# J,2r$,$G$-$F$7$^$($P!"$"$H$O Ly = b $H D L T x = y $r2r$/$3$H$G4JC1$K2r$,F@$i$l$^$9!# =$ @5 Cholesky K! $b!" Gauss $N >C 5n K! $N $h $& $K J, 2r$N<j=g$G%P%j%(!<%7%g%s$,4v$D$+$"$j$^$9 ([59]) !# 30@Q7A<0=$@5 Cholesky K! J, 2r Ns $h $j 8e $N Ns $r >o $K 99 ?7 $7!" 7W ;; :Q $_ $N Ns $O 1F6A $r <u $1 $^ $; $s!# A $, BS 9T Ns!" AB 9T Ns $N >l 9g $K $h $/;H$o$l$^$9!# Fb@Q7A<0=$@5 Cholesky K! 30 @Q 7A <0 $H H? BP $K!" 7W ;; :Q $_ $N 9T %G!< %? $r ;H$C $F J,2rNs$r7W;;$7$^$9!#>.5,LO9TNs$KMQ$$$i$l$^$9!# 1o$I$jK! :8$N 9T $+$i =gHV $K J,2r 9T$r 5a $a$k <jK! $G $9!# A $, BS9TNs!"AB9TNs$N>l9g$K;H$o$l$^$9!# %9%+%$%i%$%s (skyline) K! en v elop e K!$H $b $$ $$ $^$9!# 1o $I $j K!$N JQ 7A $G!"AB 9T Ns $N >l 9g $K MQ $$ $^ $9!# Hs BP >N 9T Ns $K $b 3H D% $, $J $5 $l$F$$$^$9!# 3.3.6 Bunc h $NJ}K! =$ @5 Cholesky K! $N $H $3 $m $G!" 9T Ns A $, BP >N $J $i $P 86 M} E* $K $O LD L T J, 2r $G $- $k $,!" @: EY $, 0- $/ $J $k>l9g$,$"$k$3$H$r=R$Y$^$7$?!# Bunc h $N J} K! $O!" J. R. Bunc h $5 $s $H L. Kauf- man $5 $s $, 1976 G/ $K H/ I= $7 $? <j K! ([4], [5]) $G!" ?t CME*$K0BDj$7$?9TNs$NJ,2r$rM?$($kJ}K!$G$9!# J,2r$O!"<!$NDjM}$K4p$E$$$F$$$^$9!# M D M T J,2r A $,BP>N$J$i$P , E,Ev$JCV499TNs P $rMQ$$$F P AP T = LD L T $N 7A $K J, 2r $G $- $k . $? $@ $7 , L $O BP 3Q @. J, $, $9 $Y $F 1 $N 2< ;0 3Q 9T Ns , D $O 9b!9 <! ?t 2 $N BP >N $J %V%m%C%/$+$i9=@.$5$l$kBP>N%V%m%C%/BP3Q9TNs . $3$N$h$&$JJ,2r$O?tCME*$K0BDj$H$J$j$^$9!# Bunc h $5 $s $NJ} K! $O!" %V %m%C %/ BP 3Q%T %\%C %F%# %s %0<jK! !"$"$k$$$O \ M D M T J,2r " $H$b$$$$$^$9!# J, 2r $N 8e $O!" =g HV $K Ly 1 = P b , D y 2 = y 1 , L T y 3 = y 2 , x = P T y 3 $r 7W ;; $9 $l $P 2r $, 5a $^ $j $^ $9!# SSL I I, NUMP A C $O Bunc h $5$s $NJ}K!$rMQ$$ $? %5%V%k!<%A%s$r%5%]!<%H$7$F$$$^$9 ([69], [71]) !# 3.3.7 1[6-K! 1[6-K! ( b elow-the-line metho d ) $O!"J}Dx<07O Ax = b $r3HD%$7$F7W;;$r9T$&J}K!$G$9!# A $r3HD%$7$?9TNs M $r M = A K H 0 ! $GDj5A$7$^$9!#$3$N8e$O 2 $D$NJ}K!$KJ,$+$l$^$9!# Crout $N1[6-K! M $N n 9T n Ns$^$G Crout K!$rE,MQ$7$F A $r LD U J, 2r $9 $k J} K! $G $9!# $9 $k $H!" H $H K $N 7A $r $& $^ $/ 7h $a $k $3 $H $G!" 1& JU %Y %/ %H %k b $r JQ 2= $7 $F :n$C $? 9T Ns B $KBP$7$F A � 1 B $,5a$^$j$^$9!# $,!"$O$C$-$j8@$C$F5-21NN0h$NL5BL;H$$$G$9!# Aitk en $N1[6-K! $3 $A $i $O 3H D% 9T Ns M $N A $H H $N 9T $K Gauss $N >C 5n K!$r E, MQ $7 $^ $9!# H $H K $N 7A $K $h $j!" 3H D% 9T Ns M $N1&2<$K7k2L$H$7$F A � 1 $d A � 1 B $r:n$j=P$9 $N$,L\E*$G$9!# 304

L>A0$O Alexander Craig Aitk en $5$s (1895{1967) $KM3Mh$7$^$9!#6=L#$N$"$kJ}$O [34] $r;2>H2<$5$$!# 3.4 BP3Q2=$K4pAC$r$*$/J}K! \ G$ 0U $N 9T Ns $O 9T $H Ns $K M- 8B 2s $N 4p K\ A‘ :n $r $[ $I $3 $9 $3 $H $K $h$C $F!" F1 CM $J BP 3Q 9T Ns $K JQ 7A $G $- $k " $H $$ $& @~ 7A Be ?t $N 4p K\ E* $J Dj M} $K $b $H $E $$ $? J} K! $G $9!# 3.4.1 Gauss-Jordan $N>C5nK! Gauss $N >C 5n K! $K ;w $? J} K! $G $9 $,!" BP 3Q MW AG $N >e $N@.J,$b>C5n$9$k$3$H$G!":G=*E*$K 0 B B B B @ ^ a 11 0 ^ a 22 . . . 0 ^ a nn 1 C C C C A 0 B B B B @ x 1 x 2 . . . x n 1 C C C C A = 0 B B B B @ ^ b 1 ^ b 2 . . . ^ b n 1 C C C C A $N7A$^$G;}$C$F$$$-$^$9!# 7k2L $H$7$F!" Gauss $N >C5n K!$N $h$&$K 8eB‘ BeF~ $r $d$kI,MW$,$"$j$^$;$s ([51]) !# Gauss-Jordan 40 $N >C 5n K!$O!" A] $-=P $7 K! ( swe ep- out metho d) $H $b $$ $o $l!" @N $O @9 $s $K ;H $o $l $F $$ $^ $7$? $,!" 1i ;; 2s ?t $, Gauss $N >C 5n K! $N 1 : 5 G\ $b $+ $+ $k$3$H$+$i!"<!Bh$K;H$o$l$J$/$J$j$^$7$? 41 !# $H $3 $m $,!" 9T >C 5n $N 1i ;; $, 1 9T L\ $+ $i n 9T L\ $^ $G !V$;!< $N!W $G!" $7 $+ $b FH N) $K 9T $o $l $k $H $$ $& @- 3J $+ $i!" JB Ns 7W ;; 5! 8~ $- $N 2r K! $G $O $J $$ $+ $H ;X E& $5 $l!" :G6a$K$o$+$KCmL\$5$l$D$D$"$j$^$9 ([60]) !# 3.4.2 5U9TNs$N@QI=8= @Q 9T Ns K!$H $b $$ $o $l $^ $9!# Gauss-Jordan $N >C 5n K! $K 4X O" $7 $? <j K! $G!" \ $3 $l $H $3 $l $r $+ $1 $" $o $; $l $P A � 1 $K $J $k " $H $$ $& >h ?t I= $r :n $j!" @: EY $H 5- 21 >l =j$r@aLs$7$h$&$H$$$&J}K!$G$9 ([34]) !# 3.4.3 9gF1JQ49$K$h$kJ}K! A $,BP>N9TNs$J$i$P!"$"$kD>8r9TNs R $K$h$C$F D = R T AR $HBP3Q2=$G$-$k!" $H$$$&@- <A$rMQ$$ $F A � 1 $r@8 @.$9 $kJ} K! $G $9!# $7 $+ $7!" 0l HL $K A $, @5 Dj CM $G $J $$ $H $& 40 \Jordan" $O!" M- L> $J ?t 3X <T Camille Jordan $5 $s (1838{ 1922) $G $J $/!" %I %$ %D $N B, CO 3X <T Wilhelm Jordan $5 $s (1842{ 1899) $N L> A0 $+ $i $- $F $$ $^ $9!# =>$C $F %I %$ %D 8l FI $_ $r $9 $l $P !V%h %k%@%s!W$,@5$7$$$=$&$G$9 ([72]) !# 41 :G 6a $N ?t CM 7W ;; $N K\ $G >R 2p $5 $l $J $$ $3 $H $9 $i $" $j $^ $9!# $3 $N @$3&$G$OB.$$$3$H$,@dBP$N@55A$J$N$G$9!# $^ $/ $$ $- $^ $; $s ([34]) $7!" O" N) 1 <! J} Dx <0 $N 2r $, M_ $7$$>l9g$J$i$PB>$NJ}K!$,M-Mx$G$9!# 3.5 D>8r2=K! D> 8r 2= K! ( ortho ginal metho d ) $O LU J, 2r K! $J $I $K Hf $Y $F 1i ;; 2s ?t $, $+ $J $j $+ $+ $k $? $a!" O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $G <B :] $K MQ $$ $i $l $k $3 $H $O $= $s $J $K $"$j$^$;$s!# $? $@ $7!" 9T Ns $N @- <A $, 0- $$ >l 9g $d!" B> $N 2r K! $N 0B Dj @- $, ?. MQ $G $- $J $$ $H $- $K!" @: EY $N Hf 3S $G 0z$C D% $j =P$5$l$k$3$H$,$"$j$^$9!# 3.5.1 D>8r%Y%/%H%kK! 1Q8l$G=q$/$H \metho d of orthogonal v ectors" $G $9!# A $, BP >N $J $H $-!" A $K D> 8r $9 $k %Y %/ %H %k $r =g <!:n$k$3$H$G LAL T = D $N 7A $K J, 2r $7 $^ $9!# L $O 2< ;0 3Q $J D> 8r 9T Ns $G $9!# $3 $l$h$j A � 1 = L T D � 1 L $, 4J C1 $K $o $+ $j!" =>$C $F x $, 7W ;; $G $- $^ $9!# $3 $N J} K!$O0lHL$N9TNs$K$b3HD%$G$-$^$9 ([34]) !# 3.5.2 D>8r9TNsK! D> 8r 9T Ns K! ( metho d of matrix ortho gonaliza- tion ) $O!" 8G M- CM $N Be I= E* $J 7W ;; <j =g $G $" $k QR J, 2r$+$iF3$+$l$^$9!# QR J,2r A $,@5B’$J$i$P , D>8r9TNs Q $H>e;03Q9TNs R $, B8:_$7$F A = QR $N 7A $K J, 2r $G $- $k . $^ $? , J, 2r $O R $N BP 3Q @. J, $r$9$Y$F@5$K$J$k$h$&$KDj$a$l$P0l0U$G$"$k . >ZL@$O [51] $r8fMw2<$5$$!# QR J,2r$GJ}Dx<0$O QRx = b $H$J$k$N$G!"$^$: Qy = b $r 2r $-$^ $9!# Q $O D> 8r9T Ns $J $N$G E> CV $9$l $P 5U 9T Ns $K$J$j!" y = Q T b $G5a$^$j$^$9!#<!$K R $O>e;03Q9TNs$J$N$G!" R x = y 305

$r8eB‘BeF~$G%9%i%9%i2r$1$P=*$j$G$9!# QR J,2r$r9T$J$&<g$J;;K!$O � =$@5 Gram-Sc hmidt D>8r2=K! 42 � Householder JQ49$K$h$kJ}K! 43 � Giv ens JQ49$K$h$kJ}K! 44 $N 3 $D $G $9!# $3 $l $i $O!" $I $A $i $+ $H $$ $( $P 8G M- CM 7W ;;$d :G >. <+ >h K!$G Bg $- $$ 4i $r $9 $k <j K! $G $9 $N $G!" $3 $l0J >e $N ?< F~ $j $O Hr $1 $^ $9!# >\ $7 $/ $O [61] $r 8f Mw 2< $5$$!# $^ $?!" Householder $5 $s $N 4J 7i $K $^ $H $^$C $? 86O@J8 [19] $b$*$9$9$a$G$9!# 3.6 J,3dK! J,3dK! ( p artitioning metho d ) $O %V%m%C%/J,2rK! $H $b $$ $$!" 9T Ns $, 5- 21 NN 0h $K F~ $j $- $l $J $$ >l 9g $J $I $K ;H $$ $^ $9!# %W %m %0 %i %‘ 1i =, $N Bj :‘ $K $G $- $= $& $J J} K! $P$+$j$G$9!#>\:Y$O [34] $r$*FI$_2<$5$$ 45 !# 3.6.1 J,3d7W;;K! @5 B’ $J <B 9T Ns $N 5U 9T Ns $r!" Dc $$ <! ?t $N 5U 9T Ns $r MQ $$ $F 7W ;; $9 $k J} K! $G $9!# 7W ;; ;~ 4V $N @a Ls $K $O A4 $/ $J $j$^$;$s!# 3.6.2 1o$I$jK! 1o $I $j K! (b ordering metho d) $O J, 3d 7W ;; K! $N JQ 7A$G!" n � 1 <! $N 9T Ns A n � 1 $N 5U 9T Ns $, $o $+$C $F $$ $k >l 9g!" A n � 1 $K 1 $D $N 9T $H Ns $r $D $1 2C $( $? ( 1o $I $j$7$? ) n <!$N9TNs A n $N5U9TNs$r5a$a$k<jK!$G$9!# 3.6.3 %(%9%+%l!<%?K! %( %9 %+ %l!< %? K! ( esc alator metho d ) $O!" J. Mor- ris $5$s$, 1946 G/$KH/I=$7$?J}K!$G$9!# k $r9TNs$N<!?t$H$9$k$H!"Dc$$<!?t$+$i=gHV$K A k x k = b k k = 1 ; 2 ; � � � ; n $H$7$FJ}Dx<0$r2r$$$F$$$/J}K!$G$9!# 42 J. P . Gram $5$s (1850{1916) $H E. Sc hmidt $5 $s (1876{ 1959) $NL>A0$+$iMh$F$$$^$9!# 43 A. S. Householder $5$s (1904{?) $,9M0F$7$?J}K!$G$9!# 44 J. W. Giv ens Jr. $5$s (1910{?) $,9M0F$7$?J}K!$G$9!# 45 B. $5 $d @: EY $O $H $b $+ $/!" $3 $l $i $N O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $, Ds 0F $5 $l $? GX 7J $d ?t 3X E* $J >Z L@ $r Cz G+ $K %U%) %m!< $7!" %W %m %0 %i %‘$rAH$s$G@-G=$dLdBjE@$rD4$Y$k$N$O!"7k9=LLGr$$$H;W$$$^$9!# 3.6.4 3,?tNm2=K! 3, ?t Nm 2= K! ( r ank annihilation metho d ) $O!" H. S. Wilf $5 $s $, 1959 G/ $K H/ I= $7 $? J} K! $G!" 5U 9T Ns $, 4{ $K $o $+$C $F $$ $k B $H %Y %/ %H %k u , v $r MQ $$ $F A = B + uv T $H=q$1$k$H$-!" A $N5U9TNs$r A � 1 = B � 1 � ( B � 1 u )( v T B � 1 ) 1 + v T B � 1 u $G 5a $a $k J} K! $G $9!# 5U 9T Ns $N CM $, I, MW $J >l 9g $O ;H $( $k $+ $b $7 $l $^ $; $s $,!" O" N) 1 <! J} Dx <0 $N 2r $@ $1 $, M_ $7 $$ >l 9g $K $O!" 7W ;; ;~ 4V $N 4X 78 $+ $i $" $^ $j $* 4+ $a $G $-$^$;$s!# 3.7 ;0=EBP3Q9TNs@lMQ$NJ}K! JP Hy J, J} Dx <0 $r :9 J, K! $G 2r $$ $? $j $9 $k $H!" $7 $P $7 $P ;0 =E BP 3Q 9T Ns$, 8= $l $^ $9!# A $, ;0 =E BP 3Q 9T Ns $N >l 9g!" $= $N @- <A $r B8 J, $K @8 $+ $7 $? @l MQ $N <j K! $, $" $j $^ $9!# 3.7.1 Gauss $N>C5nK! , Cholesky K! 0l HL $N Gauss $N >C 5n K! , Cholesky K! $r ;0 =E BP 3Q 9TNs8~$-$K=q$-D>$7$?J}K!$G$9!# DL >o $N Ld Bj $, O ( n 3 ) $N 7W ;; ;~ 4V $r MW $9 $k $N $K BP $7!";0=EBP3Q$N@-<A$r;H$($P O ( n ) $G$9$_$^$9!# 3.7.2 cyclic reduction K! $b $H $N J} Dx <0 $K E, Ev $J >C 5n =h M} $r $9 $k $3 $H $K $h$C $F!"85?t$,H>J,$N;0=EBP3QJ}Dx<0$K=L>. (reduction) $5 $; $^ $9!# $3 $N J} Dx <0 $r 99 $K H> J, $K =L >. $9 $k $3 $H $r 7+ $j JV $7 (cyclic) !" :G =* E* $K <! ?t $r 1 <! $^ $G Mn $7 $F $7 $^$C $F F@ $i $l $k 2r $r 5U $K $? $I $j!" $9 $Y $F $N 2r $r 5a $a$kJ}K!$G$9!# =L >. =h M} $O $9 $Y $F JB Ns $K =h M} $G $- $k $N $G!" %Y %/ %H %k 7W ;; 5!!" JB Ns 7W ;; 5! $K $H $F $b E, $7 $? <j K! $G $9 ([70]) !# 3.8 AB9TNs , BS9TNs@lMQ$NJ}K! D> @\K! $N:G Bg $N<e E@$O!" $b $H$N 9TNs A $r 2? $i$+ $N J} K! $G JQ 7A $9 $k $? $a!" $b $H $b $H 0 $@$C $? $H $3 $m $, $I $s$I$s1x$5$l$F$$$/E@$G$9!# $= $N $? $a!" Bg <! 85 $N 9T Ns $N >l 9g $K $O!" 5- 21 NN 0h $N 3NJ]$NLdBj$,@8$8$^$9!# LU J,2r$K$h$k9TNs$NJQ2= <! %Z!< %8 $N ?^ $O!" 2 <! 85 @5 J} NN 0h $G Dj >o Na vier- Stok es J} Dx <0 $N 6a ;w 2r $r M- 8B MW AG K! $G 5a $a $? $H $- $N 306

9T Ns $N J, I[ ?^ $G $9 46 !# "" $O @. J, $, 0 $G $J $$ >l =j $r I= $7 $^ $9!# "# $O @. J, $, 0 $N $H $3 $m $G $9!# M- 8B MW AG K! $N J, 3d $r :Y $+ $/ $9 $k $H!" 9T Ns $O $I $s $I $s \ AB " $N EY 9g $rA}$7$^$9!#$D$^$j"#$,B?$/$J$j$^$9!# LU J,2rA0$N9TNs$N7A $3 $N 9T Ns A $K Gauss $N >C 5n K! $K $h $k LU J, 2r $r $+ $1 $^ $9!# L $O A $N 2< ;0 3Q It J, $K!" U $O >e ;0 3Q It J,$K$=$l$>$l3JG<$5$l$^$9!# LU J,2r8e$N9TNs$N7A LU J, 2r $N 7k 2L!" "" $N It J, $, $[ $H $s $I $r @j $a $k $h $& $K $J $j $^ $7 $?!# $3 $N $? $a!" "" $N It J, $K BP 1~ $7 $? 5- 21>l=j$r7W;;5!Fb$K3NJ]$7$F$*$/I,MW$,$"$j$^$9!# Bg 5, LO $J 9T Ns $K 2? $b 9M $( $: $K D> @\ K! $r E, MQ $9 $k $H!"NN0h3NJ]$NLdBj$GG:$‘$3$H$K$J$j$^$9!# $7 $+ $7!" A $, BS 9T Ns $J $i $P OC $, JL $G $9!# <! $N ?^ $O!" @h $[ $I $N LU J, 2r A0 $N ?^ $+ $i!" BP 3Q IU 6a $N 0l It $rH4$-=P$7$?9TNs$G$9 47 !# 46 F1 <! 6- 3& >r 7o $G NN 0h $O ;M 3Q 7A $G Ey J, 3d $7 $F $$ $^ $9!# 6a ;w $O!" N.$l >l $, 6h J, 2 <!!" 05 NO >l $, 6h J, 1 <! $G $9!# Graphics $O Math- ematic a $N ListDensityPlot $r;H$$$^$7$?!# 47 Laplace :nMQAG$, 2 $DJB$s$G$$$k$_$?$$$J$b$N$G$9!# LU J,2rA0$N9TNs$N7A ( BS9TNs ) $3 $N BS 9T Ns $K Gauss $N >C 5n K! $K $h $k LU J, 2r $r $+$1$^$9!# LU J,2r8e$N9TNs$N7A ( BS9TNs ) BS 9TNs$N >l9g!" Gauss $N >C5n K!$N 2aDx $G!"BP3Q @~ $+ $i $"$k Dx EY N% $l$? @. J, ( BS $N 30B& ) $O!" $:$C $H 0 $N $^$^JQ2=$7$J$$$3$H$,$o$+$j$^$9!# $3 $N @- <A $r @8 $+ $9 $H!" 7W ;; ;~ 4V $H 5- 21 >l =j $r @a Ls $9 $k BS 9T Ns @l MQ $N %W %m %0 %i %‘ $, =q $1 $^ $9!# %" %k %4 %j %:%‘$O [60] $K>\$7$/$N$C$F$$$^$9$N$G;2>H2<$5$$!# A $, AB 9T Ns $N >l 9g $b!" w a v efron t K!$d %9 %+ %$ %i %$ %s K!!" DM J, 2r$K 4p $E $/ J} K! $J $I!" 9T Ns $N FC <l @- $r @8 $+ $7 $? 2r K! $, 3+ H/ $5 $l $F $$ $^ $9!# >\ $7 $/ $O [6], [51], [59], [60] $J$I$r;2>H2<$5$$!# 3.9 8=:_?M5$$N2rK! LINP A CK, LAP A CK, IMSL $J $I $N Cx L> $J ?t CM 7W ;; %W %m %0 %i %‘!& %Q%C %1!< %8 $N B? $/ $O!" D> @\ K! $N %5 %V%k!<%A%s$r<g$K%5%]!<%H$7$F$$$^$9!# 307

9TNs$N7A SSL I I NUMP A C 0lHL$N9TNs Gauss $N>C5nK!$G$N LU J,2r Gauss $N>C5nK!$G$N LU J,2r Crout K!$G$N LU J,2r Do olittle K!$G$N LU J,2r Householder JQ49$K$h$k QR J,2r Householder JQ49$K$h$k QR J,2r FC0[CMJ,2rK!$K$h$k:G>.Fs>h:G>.%N%k%‘2r FC0[CMJ,2rK!$K$h$k:G>.Fs>h:G>.%N%k%‘2r BP>N Bunc h $NJ}K!$G$N M D M T J,2r Bunc h $NJ}K!$G$N M D M T J,2r BS Gauss $N>C5nK!$G$N LU J,2r Gauss $N>C5nK!$G$N LU J,2r ;0=EBP3Q Gauss $N>C5nK!$G$N LU J,2r Gauss $N>C5nK!$G$N LU J,2r cyclic reduction K! BP>N!&BS Bunc h $NJ}K!$G$N M D M T J,2r Bunc h $NJ}K!$G$N M D M T J,2r @5DjCM!&BP>N =$@5 Cholesky K!$G$N LD L T J,2r Cholesky K!$G$N LL T J,2r ( =$@5 )Cholesky K!$G$N LL T ( LD L T ) J,2r @5DjCM!&BP>N!&BS =$@5 Cholesky K!$G$N LD L T J,2r ( =$@5 )Cholesky K!$G$N LL T ( LD L T ) J,2r @5DjCM!&BP>N!&;0=EBP3Q =$@5 Cholesky K!$G$N LD L T J,2r Cholesky K!$G$N LL T J,2r SSL I I, NUMP A C $,:NMQ$7$F$$$kO"N) 1 <!J}Dx<0$ND>@\2rK! (1995 G/8=:_ ) $= $N M} M3 $O!" D> @\ K! $, B> $N <j K! $K Hf $Y $F M% $l $F $$ $k $+ $i $G $O $J $/ $F!" $" $k :G Dc $N >r 7o $r K~ $? $; $P %5 %/ %5%/$HEz$r=P$7$F$/$l$k \ HFMQ@- " $K$"$j$^$9!# H? I| K!$d 6& Lr 8{ G[ K!$O!" 2r $3 $& $H $9 $k 6a ;w %b %G %k $K 0M B8 $7 $F <} B+ $, B. $+$C $? $j CY $+$C $? $j $9 $k $N $G!" 8D JL 7b GK 48 $, MW 5a $5 $l $k >l 9g $, B? $/!" %W %m %0 %i %‘!& %Q%C%1!<%8$H$7$F$^$H$a$k$N$OBgJQ$G$9 49 !# >e $N I= $O!" 6e =# Bg 3X Bg 7? 7W ;; 5! %; %s %?!< $G 8= :_ 8x 3+$7$F$$$k?tCM7W;;%i%$%V%i%j$N SSL I I, NUMP A C $N Cf $+ $i!" <B 78 ?t $N O" N) 1 <! J} Dx <0 $K 4X $9 $k D> @\ 2r K!$r$^$H$a$?$b$N$G$9!# 9T Ns $N 7A $K BP 1~ $7 $F $$ $m $$ $m $J ;; K! $, Ds 0F $5 $l $F $$ $^ $9 $,!" $d $O $j LU J, 2r $J $I $N \ ;0 3Q 2= $K 4p AC $r $*$/J}K! " $,05E]E*$G$9!# $3 $N Cf $G $I $l $r A* $V $+ $O ( 9T Ns $N 7A $, Bh 0l $G $9 $, ) !"@:EY$,6KC<$K0-$/$J$k$3$H$r9M$($J$1$l$P!" B.$$!"$^$?$O!"5-21NN0h$,@aLs$G$-$k $3$H$,4p=‘$K$J$j$^$9!# Nc $( $P!" BP >N 9T Ns @l MQ $N %5 %V %k!< %A %s $O!" 0l HL $N 9T Ns MQ $N %5 %V %k!< %A %s $K Hf $Y!" H> J, $N 5- 21 NN 0h ( 9T Ns $K $D $$ $F ) $G <B 9T $G $- $^ $9!# $@ $+ $i $H $$$C $F!" <B 9T;~4V$,H>J,$K$J$k$H$O8B$j$^$;$s!# %Y%/ %H %k 7W;; 5! FUJITSU VP2600/10 $G SSL I I $N %5 %V %k!< %A %s $r MQ $$ $F <B 9T B. EY $r D4 $Y $F $_ $^ $9!# DLSIX $O BP >N 9T Ns @l MQ!" DLAX, D VLAX $O 0l HL 9TNsMQ$G!" D VLAX $O %Y%/ %H %k7W ;;5! 8~ $-$K %A%e!< %K%s%0$5$l$F$$$^$9!# 48 MW$9$k$K<+J,$G%W%m%0%i%‘$r=q$1!"$H$$$&$3$H$G$9!# 49 $b$C $H $b :G 6a $O!" H? I| 2r K! @l MQ $N %W %m %0 %i %‘!& %Q%C %1!< %8 $b =P2s$k$h$&$K$J$j$^$7$?!# $J$s$H!"5-21NN0h@aLs7?$N DLSIX $,0lHVCY$/$J$C $F $$ $^ $9!# <! $K BP >N @5 Dj CM $N >l 9g $r D4 $Y $^ $7$g $&!# DLSX, D VLSX $OBP>N@5DjCM@lMQ$N%5%V%k!<%A%s$G $9!# D VLSX $O %Y %/ %H %k 7W ;; 5! 8~ $- $K %A%e!< %K %s %0 $5$l$F$$$^$9!# D VLSX $O4|BTDL$j$N@-G=$r8+$;$^$7$?$,!" DLSX $O%@%s%H%D$N:G2<0L$K$*$o$j$^$7$?!# $3 $N $3 $H $+ $i!" 5- 21 NN 0h $N @a Ls $@ $1 $G $J $/!" 7W ;; 5! $N @- G= $K $" $o $; $? %A%e!< %K %s %0 $b Bg @Z $J $3 $H $, $o $+$j$^$9!# 308

4 H?I|K!$N35MW H? I| K!$O!" D> @\ K! $H Hf $Y $‘ $d $_ $K <o N‘ $, B? $/!" $H $F $b J, N‘ $9 $k 5$ $K $J $j $^ $; $s!# $3 $3 $G $O!" $h $/ CN $i $l$?H?I|K!$K8BDj$7$F>R2p$7$^$9!# !VH? I| K!!W $H L> $, $D $$ $F $$ $k $+ $i $K $O!" 2? $+ $N <0 $r H? I| $7 $J $, $i <} B+ $9 $k 6a ;w 2r $r :n $k $s $@ $m $& $H $$ $&$3$H$O$9$0$K;!$7$,$D$-$^$9!# H? I| K! $G $b$C $H $b $h $/ ;H $o $l $k $N $O @~ 7A Dj >o H? I| K! ( line ar stationary iter ative metho d ) $G$9!#H?I| Ns$N:n@.$O0J2<$NDL$j$G$9!# @~7ADj>oH?I|K! E,Ev$J=i4|CM x 0 $+$i=PH/$7$F , x k = x k � 1 + R ( b � Ax k � 1 ) ; k � 1 (9) $r 5$ $, $9 $‘ $^ $G 7+ $j JV $9 . $? $@ $7 R $O A � 1 $N 6a;w$G$"$k$3$H$,K>$^$7$$ . (9) $N \ b � Ax k � 1 " $O!" x k � 1 $,2r$K6a$1$l$P>.$5 $/$J$k$3$H$,4|BT$5$l$k \ ;D:9 " $G$9!# <B :]!" R = A � 1 $G $" $l $P!" 0l H/ $G H? I| $O <} B+ $7 $^ $9!# $b$C $H $b!" $= $s $J $3 $H $, :G =i $+ $i $G $- $k $J $i 6lO+$O$7$^$;$s!# @~7A Dj>o H?I| K! $G$O!" !V$I$s $J R $r A* $Y$P $$$$ $N $+!W$,:GBg$N%]%$%s%H$K$J$j$^$9!# 4.1 H?I|K!$NAO;O<T H? I| K! $N Nr ;K $r AL $k $H!" $* $J $8 $_ Carl F riedric h Gauss $5$s (1777{1855) $^$G$?$I$j$D$-$^$9!# Gauss $5$s $O 1823 G/$KDo ;R$N Christian Ludwig Gerling $5 $s $K $" $F $? <j ;f $G!" O" N) 1 <! J} Dx <0 $r 2r $/$?$a$KH?I|K!$r;H$&$3$H$r?d>)$7$F$$$^$9!# Gauss $5 $s $N 9M $( $? H? I| K! $O!" <! ?t $, Bg $- $/ $J $j $9 $. $F >C 5n K! $G $N <j 7W ;; $, Fq $7 $/ $J$C $? >l 9g!" J} Dx <0 $r 2 $D 0J >e $N 7O $K J, $1!" $= $N 7O $r =g <! 2r $- $J $, $i 6a ;w 2r $r @8 @. $7!" K> $‘ $^ $G 7+ $j JV $9 $H $$$C $? <j K! $G $7 $? ([17]) !# Gauss $5 $s $O <j ;f $N Cf $K $3 $s $J $3 $H $r =q$$$F$$$^$9 50 : 50 $b $A $m $s!" 86 J8 $O %I %$ %D 8l $G $9!# 1Q 8l Lu $O [8] $+ $i H4 ?h $7 $^ $7$?!# Y ou wil l har d ly ever again eliminate dir e ctly, at le ast not when you have mor e than 2 unknowns. The indir e ct pr o c e dur e c an b e done while one is half asle ep, or while thinking ab out other things. Gauss $5$s$+$i Gerling $5$s$X$N<j;f (1823) Gauss $5 $s $N H? I| <j K! $O!" <j ;f $r $b $i$C $? Gerling $5 $s $+ $i %I %$ %D $N ?t 3X <T $N %5!< %/ %k $K 9- $^ $j!" $= $N @. 2L $K 6= L# $r ;}$C $? Jacobi $5 $s $H!" $= $N Do ;R $N Seidel $5$s$K0z$-7Q$,$l$^$9 51 !# $J $*!" H? I| K! $K $D $$ $F $N $5 $i $K >\ $7 $$ Nr ;K $O [2] $r;2>H2<$5$$!# 4.2 Jacobi K! Jacobi K! $O!" %I %$ %D $N ?t 3X <T Carl Gusta v Ja- cob Jacobi $5 $s 52 (1804{1851) $, 1845 G/ $K H/ I= $7 $? $b $N $G!" (9) $G R = D � 1 $H A* $V J} K! $G $9!# $? $@ $7!" D $O A $N BP 3Q @. J, $r MW AG $H $9 $k BP 3Q 9T Ns $G $9!# (9) $r R = D � 1 $H $7 $F JQ 7A $9 $k$H!" Jacobi K! $N H?I|Ns$O x k = ( I � D � 1 A ) x k � 1 + D � 1 b $H$J$j$^$9!# Jacobi K! $N <}B+ $K $D$$ $F $O!" 0J2< $N $3$H $, CN $i$l $F$$$^$9 ([60]) !# Jacobi K!$N<}B+>r7o A $,BP3QM%0L9TNs $J$i$P Jacobi K!$O<}B+$9$k . 51 Gauss-Seidel K! $N M3 Mh $O $3 $3 $+ $i $- $F $$ $^ $9!# $b$C $H $b!" F orsythe $5 $s $K $h $l $P!" 8= :_ \Gauss-Seidel K! " $H $h $P $l $k <j =g $K $D $$ $F Gauss $5 $s $, 8@ 5Z $7 $? 7A @W $O $I $3 $K $b $J $/ ([8]) !" Sidel $5$s $K$$$?$C$F $O$3$NJ} K!$K$D$$ $F$U$l$? $"$H!V$3$N J}K!$O ;H$o$J$$J}$,$$$$!W$H=q$$$F$"$k$=$&$G$9 ([10]) !# 52 2? $H $$$C $F $b M} 2J 7O $N 3X @8 $r G: $^ $; $k \Jacobian" $G 9- $/ CN $i $l $F $$ $^ $9!# 6/ Nu $J @- 3J $@$C $? $i $7 $/!" ?M $N H? 46 $r Gc $& $3 $H $, B? $+$C $? $= $& $G $9!# HU G/ $O :b ;: $r <: $$!" 7r 9/ $r B; $M!" 6H @S $b ?6 $k $o$:!"IT6x$N$&$A$KK4$/$J$j$^$7$? ([73]) !# Hy @Q J, 3X $N JY 6/ $N :]!" Jacobian $G $D $^ $E $/ ?M $, B? $$ $N $O $= $N $?$a$+$bCN$l$^$;$s!# 309

<B :] $N 7W ;; $K $* $$ $F!" Jacobi K! $O <} B+ $, $+ $J $j CY$$$?$a ([61]) !"<}B+B.EY$rB.$a$k9)IW$,I,MW$G$9!# $J $*!" Jacobi $5 $s $N O" N) 1 <! J} Dx <0 $K BP $9 $k <h $jAH $_ $, [17] $K >\ :Y $K $^ $H $a $i $l $F $$ $^ $9 $N $G!" 6= L#$N$"$kJ}$O$*FI$_2<$5$$!# 4.3 Ric hardson K! Lewis F ry Ric hardson $5 $s (1881{1953) $O 1910 G/!" (9) $N FC JL $J >l 9g $H $7 $F!" R $r H? I| $K $h$C $F JQ 2= $9 $k %9 %+ %i!< � k � 1 $H $* $-!" $3 $N <j =g $r :G E, 2= $9 $k � k � 1 $N7hDjJ}K!$rDs0F$7$^$7$? ([32]) !# $^ $?!" E, Ev $J <B ?t � $G R = �A T $H $* $/ <j K! $b Ric hardson K!$H$$$$$^$9!# 4.4 Gauss-Seidel K! Gauss-Seidel K! $O!" 1862 G/$K Philipp Ludwig v on Seidel $5$s (1821{96) $K$h$C$FH/I=$5$l!" 1874 G/$K$-$A$s$H$7$?7A$GCx:n$H$J$j$^$7$? ([2]) !# $^$:!"9TNs A $rJ,N%$7$^$9!# A = L + D + U L : A $N2<;03QItJ, , $?$@$7BP3QItJ,$O 0 D : A $NBP3QItJ, U : A $N>e;03QItJ, , $?$@$7BP3QItJ,$O 0 Gauss-Seidel K!$O R = ( L + D ) � 1 $H A*$S $^ $9!# $3$l$r (9) $KJ|$j9~$‘$H!" x k = D � 1 ( b � Lx k � U x k � 1 ) $H $J $j $^ $9!# L $, 2< ;0 3Q 9T Ns $J $N $G!" $3 $N <0 $O!" x k $N i HV L\ $r 7W ;; $9 $k $H $-!" A0 2s $N x k � 1 $r ;H $& Be $o$j$K!"4{$K i � 1 $^ $G7W;; $5$l $F$$ $k?7$7 $$ x k $N MWAG$r;HMQ$9$k$3$H$r0UL#$7$F$$$^$9!# Gauss-Seidel K! $N <} B+ $K $D $$ $F!" <! $N $3 $H $, CN $i $l$F$$$^$9 ([54]) !# Gauss-Seidel K!$N<}B+>r7o A $, BP 3Q M% 0L 9T Ns!" $^ $? $O BP >N $+ $D @5 Dj CM 9T Ns $J$i$P , Gauss-Seidel K!$O<}B+$9$k . Gauss-Seidel K! $O!" Jacobi K! $K Hf $Y $$ $/ $V $s <} B+ @- $, $h $/ $J$C $F $$ $^ $9 $,!" $^ $@ $^ $@ 2~ A1 $N M> CO $, $"$j$^$9 ([32]) 53 !# 53 5.7 @a $K =P $F $/ $k A0 =h M} 5; K! $O H? I| K! $K $b E, MQ $G $-!" 8= :_ $b @9$s$K8&5f$5$l$F$$$^$9!#LdBj$OJBNs2=$H$NAj@-$G$9!# 4.5 SOR K! SOR K! ( suc c essive over-r elaxation metho d ) $O!" 2a>j4KOBK!!"C‘<!2a4KOBK!$H$b$$$$$^$9!# SOR K!$O!" S. P . F rank el $5$s$H Da vid M. Y oung $5$s$,$[ $\F1;~$KH/I=$7 $?J}K!$G!" Gauss-Seidel K! $N<} B+$r2CB. $5$;$k$? $a!"2CB.78 ?t 1 < ! < 2 $rMQ $$$F R = ( L + ! � 1 D ) � 1 $H$9$k$b$N$G$9!# $3$l$r (9) $KJ|$j9~$‘$H!" n x k = ( D + ! L ) � 1 ( ! b + ((1 � ! ) D � ! U ) x k � 1 ) (10) $H $J $j $^ $9!# ! = 1 $N $H $- $, Gauss-Seidel K!$G $9!# ! > 1 $N$H $- Gauss-Seidel K! $K Hf $Y \ 2a >j " $K =$ @5$5$l$k$?$a!"2a>j4KOBK!$NL>A0$,$D$-$^$7$?!# (10) $r=q$-D>$9$H!"<!$NH?I|$HF1$8$G$9!# y k = D � 1 ( b � Lx k � U x k � 1 ) x k = x k � 1 + ! ( y k � x k � 1 ) (11) SOR K! $N <} B+ $K $D $$ $F $O!" A. M. Ostro wski $5 $s$, 1954 G/$K<($7$?M-L>$JDjM}$,$"$j$^$9 ([32]) !# Ostro wski $NDjM} A $, @5 Dj CM $+ $D BP >N $G D + ! L $, @5 B’ $J $i $P , 0 < ! < 2 $NHO0O$G SOR K!$O<}B+$9$k . :G E, $J ! $H $J $k M} O@ CM $O $o $+$C $F $$ $^ $9 $,!" <B :] $K $I $N $h $& $K A* $s $@ $i <} B+ $, 2C B. $5 $l $k $+ $O B? J, $K %1!< %9 %P %$ %1!< %9 $G!" $3 $l $K 4X $7 $F B? $/ $N 8& 5f $, $J $5 $l $F $$ $^ $9!# >\ :Y $O [32], [51], [61] $r 8f Mw 2< $5 $$!# SOR K! $N :G Bg $N Mx E@ $O!" %W %m %0 %i %‘ $, 4J C1 $K =q $1 $k $3 $H $G!" 8= :_ $b N. BN 2r @O $N J, Ln $r Cf ?4 $K :, 6/ $$ ?M5$$rJ]$C$F$$$^$9 ([55]) !# 0J2<!" SOR K!$NCg4V$r>R2p$7$^$9!# 4.5.1 SLOR K! SOR $N H? I| <0 (11) $N 7W ;; $G $O!" D � 1 $, I, MW $G $9!# $7 $+ $7!" D $O BP 3Q 9T Ns $J $N $G!" 5U 9T Ns $O 1 $r D $N3FMWAG$G3d$C$?$b$N$H$7$F4JC1$K5a$^$j$^$9!# $G $O!" SOR K! $K $* $$ $F!" $3 $N D $N It J, $, ;0 =E BP 3Q 9T Ns$K $J $k $h $& $K A = L + D + U $H J, 2r $7$? $i $I $&$J $k$G $7$g$& $+!#$? $@$7!" J,2r $5 $l$? D $O >/$J $/$H$b@5B’$G$J$$$H$@$a$G$9!# <0$O (11) $HF1$8$G $9!#0c$&$N$O!";0=EBP3Q9TNs $K 4X$9$kO"N) 1 <!J}Dx<0 D � 1 ( b � Lx k � U x k � 1 ) 310

$rD>@\2rK!$G2r$/I,MW$,@8$8$k$H$3$m$G$9 54 !# $3 $N J} K! $r SLOR K! ( suc c essive line over- r elaxation metho d 55 ) $^ $? $O 2a >j @~ 4K OB K!!" C‘ <! @~ 2a4KOBK!$H$$$$$^$9!# SLOR K! $O!" D> @\ K! $H H? I| K! $r AH $_ 9g $o $; $? J} K! $G!" <} B+ @- $N 8~ >e!" @: EY $N 0B Dj $J $I $, Js 9p $5 $l!" 1950 G/ Be =* $j $+ $i 1960 G/ Be $K $+ $1 $F %" %a %j %+ $G Bg $$$K;H$o$l$^$7$?!# $3 $N @. 8y $K 5$ $r NI $/ $7!" SLOR K! $r 99 $K 3H D% $7 $? 56 J} K! $, S2SOR K! ( two-line suc c essive over- r elaxation metho d ) $G$9!# $J $*!" >\ :Y $J 2r @b $, [32] $K $" $j $^ $9 $N $G!" 6= L# $N $"$kJ}$O8fMw2<$5$$!# 4.5.2 SSOR K! SOR K! $N H? I| 9T Ns $O 0l HL $K Hs BP >N $G $9!# H? I| 9T Ns$r BP >N $K J] $D J} K! $, SSOR K! ( symmetric SOR metho d ) $G$9!# 8e $G =P $F $/ $k Cheb yshev 2C B. K! $H AH $_ 9g $o $; $F <}B+@-$r9b$a$k$H!"$J$+$J$+$N@-G=$rH/4x$7$^$9!# $^$?!"$h$/;w$?J}K!$K USSOR K! ( un-symmetric SOR metho d ) $,$"$j$^$9 ([51]) !# 4.5.3 SBOR K! A $r >. 9T Ns $N %V %m%C %/ $K J, 3d $7 $F!" $= $l $> $l $K SOR K!$rE,MQ$9$kJ}K!$, SBOR K! ( suc c essive blo ck over-r elaxation metho d ) $G$9!# 78 ?t 9T Ns $, BP 3Q @. J, $K =8 $^$C $F $$ $k >l 9g $K 0R NO $r H/4x$7$^$9 ([51]) !# 4.6 ADI K! ADI K! ( A lternating Dir e ction Implicit metho d ) $O!" D. W. P eaceman $5$s$H H. H. Rac hford Jr. $5 $s $, 1955 G/ $K H/ I= $7 $? J} K! $G!" 8r 8_ J} 8~ K!$H $b $$$$$^$9!# ADI K!$O!" 2 <!85$N Laplace J}Dx<0!" P oisson J} Dx<0 57 !" G. EA F3J} Dx <0 $N 1"2r K! $J $I$N :9 J, K!$G $h $/ MQ$$$i$l$^$9 ([53]) !# A 1 , A 2 $rBP>N$+$D@5DjCM$+$DBP3QMWAG$,@5$G$=$l 0J30$,Hs @5$N 9TNs!" D $rHs Ii$N BP3Q 9TNs $H$7 $^$9!# 54 87 L) $K $O D> @\ K! $G 2r $/ I, MW $O $I $3 $K $b $" $j $^ $; $s!# $,!" D> @\ K!$,$$$A$P$sB.$$$G$7$g$&!# 55 \ @~ " $N0U L# $O!" :9 J,2= $7 $? L$CN ?t $N 3J;R E@ $N @~$r C1 0L $H$7 $F $"$D$+$&$3$H$KM3Mh$7$F$$$^$9!# 56 D $N%P%s%II}$rBg$-$/$7$? 57 Sim � eon Denis Poisson $5$s (1781{1840) $KM3Mh$7$^$9!# $b$7!" A = A 1 + A 2 + D $H J, 2r $G $- $k $H $-!" E, Ev $J 9T Ns E 1 , E 2 $r $H $l $P!" Ax = b $O ( A 1 + D + E 1 ) x = b � ( A 2 � E 1 ) x ( A 2 + D + E 2 ) x = b � ( A 1 � E 2 ) x $N$I$A$i$N<0$H$bF1CM$G$9!# ADI K! $O!" x k $+ $i 0l J} $N <0 $r ;H $$ Cf 4V %Y %/ %H %k ^ x k $r 5a $a!" <! $K $b $& 0l J} $N <0 $r ;H $$ x k +1 $r :n $k J} K!$G$9!# %] %$ %s %H $O!" $& $^ $$ 6q 9g $K E 1 , E 2 $r A* $s $G 9T Ns A 1 + D + E 1 , A 2 + D + E 2 $r @5 Dj CM $G >r 7o $N $$ $$;0=EBP3Q9TNs$K$9$k$H$3$m$G$9!# >r 7o $N NI $$ ;0 =E BP 3Q 9T Ns $r 78 ?t 9T Ns $H $9 $k O" N) 1 <! J} Dx <0 $O!" D> @\ K! $G %9 %i %9 %i $H 2r $1 $^ $9!# $3 $N $h $&$K!" ADI K! 58 $O D>@\ 2rK!$r 0lIt:N $jF~ $l$?H? I|2r K!$G$9!# $J $*!" [32] $K 1 >O $^ $k $^ $k 3d $$ $? 2r @b $, $" $j $^ $9 $N$G!">\$7$/$O$3$A$i$r;2>H2<$5$$!# 4.7 Aitk en $N � 2 K! Alexander Craig Aitk en $5 $s (1895{1967) $O!" ?t Ns f x n g $, 6K 8B $K 1 <! <} B+ $9 $k $H $-!" f x n g $h $j $b $5 $i $K B. $/ <} B+ $9 $k ?t Ns f y n g $r :n $j =P $9 J} K! $r Ds 0F $7 $^ $7 $?!# $3 $N JQ 49 J} K! $r Aitk en $N � 2 K! $H $$$$$^$9!# f y n g $N:n$jJ}$O$$$m$$$m$"$j$^$9$,!"Nc$($P y i = x i +2 � ( x i +2 � x i +1 ) 2 x i +2 � 2 x i +1 + x i $J $I $G f y n g $r 5a $a $^ $9!# $3 $l $G H? I| K! $N <} B+ $r 2C B.$5$;$k$3$H$rA@$$$^$9 ([34]) !# 4.8 Cheb yshev 2CB.K! Cheb yshev 2C B. K! $b!" H? I| K! $N <} B+ $r B. $a $k M- L> $J <j K! $G $9!# Cheb yshev =‘ H? I| K!$H $b $$ $$ $^ $9!# Cheb yshev 2C B. K! $N 4p K\ J} ?K $O!" \ x k $N 7W ;; $K D> A0 $N x k � 1 $7 $+ ;H $o $J $$ $N $O $b$C $? $$ $J $$ $N $G!" $= $l $h $j A0 $N >p Js x k � 2 ; � � � ; x 0 $b 3h MQ $7 $h $& " $H $$ $&$b$N$G$9!# >pJs$N;H$$J}$H$7$F$O!"H?I|Ns$N0l<!7k9g ^ x k = k X j =0 � j x j 58 !V8r 8_ J} 8~ K!!W $H $$ $& L> >N $O!" J, 3d $7 $? 3J ;R $r!" $^ $: ?e J? J} 8~$K2r$-!"<!$K?bD>J}8~$K2r$/$H$3$m$+$i$-$F$$$^$9!# 311

$KBP $7!" ^ x k $N @: EY $, $b$C $H $b $h $/ $J $k $h $& $J � j $r 7hDj$9$k$3$H$r9M$($^$9!# $3$N � j $O!" k <!$N Cheb yshev 59 B?9‘<0 T k ( t ) = ( cos( k arccos t ) ; j t j � 1 cosh( k arccos t ) ; j t j > 1 $N78?t$+$iF3$+$l$k$3$H$,<($;$^$9 ([61]) !# $3 $N B>!" � j $N 7h $a J} $K $O CG 2C B. K! $J $I $b $" $j $^$9!# 4.9 %b%s%F%+%k%mK! %b %s %F %+ %k %m K! ( Monte Carlo metho d ) $O!" 5U 9T Ns $N MW AG $^ $? $O O" N) 1 <! J} Dx <0 $N 2r $N @. J, $r!" 4| BT CM $, K> $_ DL $j $N 2r $K $J $k $h $& $J E} 7W E* JQ ?t $N %i %s %@ %‘!& %5 %s %W %j %s %0 $r 9T $J $& $3 $H $K $h $j!" E} 7W E* $K ?d Dj$9$kJ}K!$G$9!# H? I| K! $N =P H/ CM $H $7 $F $N $4 $/ AF $$ ?d Dj CM $r F@ $? $$ >l9g$J$I$KMQ$$$^$9 ([34]) !# 4.10 H?I|2~NIK! $5 $F $3 $3 $G!" (9) $N 9T Ns R $O !V A � 1 $G $" $k $3 $H $, K> $^ $7 $$!W $H $$ $&!" 2< <j $J ;E MM =q $_ $? $$ $J >r 7o $r ;W$$=P$7$F$_$^$7$g$&!# Ib F0 >. ?t E@ 1i ;; $N M- 3& @- $h $j!" D> @\ K! $G $b $H $a $? A $N LU J, 2r $O!" $" $k \ 8m :9 " $r 4^ $s $G $$ $^ $9!# $3 $l$r9TNs$N7A$G A = LU + E $H=q$-$^$9!# LU J, 2r $K $h$C $F 5a $a $? 6a ;w 2r ^ x $O!" H? I| K! $N @d 9% $N =i 4| CM $H $$ $( $^ $9!# $^ $?!" LU $N 5U 9T Ns $O!" !V A � 1 $G $" $k $3 $H $, K> $^ $7 $$!W $H $$ $& >r 7o $K E, 1~ $7 $? R $N@d9%$N8uJd$H$$$($k$G$7$g$&!# $= $3 $G!" D> @\ K! $H H? I| K! $r AH $_ 9g $o $; $? H? I| 2~ NI K! ( iter ative impr ovement ) $,!" =i 4| CM $r ^ x !" R = ( LU ) � 1 $H$7$F<!$N$h$&$KDj5A$G$-$^$9!# x k = x k � 1 + ( LU ) � 1 ( b � Ax k � 1 ) ( LU ) � 1 ( b � Ax k � 1 ) $N 7W ;; $O!" c = ( b � Ax k � 1 ) $H$9 $k $H!" LU x = c $r $_ $? $9 x $r 5a $a $l $P $$ $$ $N $G!"A0?JBeF~!&8eB‘BeF~$K$h$j5a$^$j$^$9!# D> @\ K! $K $h$C $F 5a $a $i $l $? 6a ;w 2r $N H? I| 2~ NI $O LU J, 2r$K 8B $i $:!" LD U , LD L T , LL T , M D M T , 59 P afn uti � i L’v o vic h Cheb yshev $5$s (1821{1894) $NL>A0 $+ $i$-$?M-L>$JB?9‘<0$G$9!# QR J, 2r $J $I $G $b 2D G= $G $9!# A $N >r 7o $, $b $N $9 $4 $/ 0-$/$J$1$l$P!"$h$j$h$$@:EY$K2~NI$5$l$^$9 ([60]) !# $^ $?!" R $N 7h $a J} $O <+ M3 $G $9 $N $G!" A $r LU J, 2r $K ET9g $N $$$$ 9T Ns $H!"$= $l 0J 30 E $K @Q 6K E*$K J, $1 $FH?I|$9$kJ}K!$b$"$j$^$9 ([59]) !# SSL I I $K$O!" LU J,2r$GF@$i$l$?6a;w 2r$NH?I|2~ NI %5%V %k!<%A %s DLAXR $,%5 %]!<%H $5$l $F$$ $^$9!# Gauss $N >C 5n K! $G $N 2r K! D VLAX $H AH $_ 9g $o $;!" @: EY $, $I $l $/ $i $$ 2~ A1 $5 $l $k $+ $r D4 :: $7 $^ $7 $?!# 7W ;; 5! $O VP2600/10 !"%3 %s %Q %$ %i $O F OR TRAN77 EX/VP V12L10 $G$9!# J}Dx<0$O 8 > > < > > : a ij = a j i = n + 1 � i (if i � j ) b i = n � i +1 X k =1 n � k + 1 n $GDj 5A$7 $^$9!# 2r$O @53N $K x = (1 =n; � � � ; 1 =n ) $H $J $j$^$9!#$J$*!"8m:9$OAjBP8m:9 max 1 � i � n j nx i � 1 j $GI>2A$7$^$7$?!# H? I| 2~ NI $K $h $j!" Ls 1 7e @: EY $, 2~ NI $5 $l $F $$ $^ $9!#0lJ}!"<B9T;~4V$O2<$NDL$j$G$9!# H? I| 2~ NI $r DI 2C $9 $k $H!" Ls 3 G\ $N <B 9T ;~ 4V $, $+ $+ $j $^ $9!# $h $j @: EY $N $$ $$ 6a ;w 2r $, M_ $7 $$ $J $i $P!" H? I| 2~ NI K! $r ;H $& $Y $- $G $9 $,!" $= $N J, %3 %9 %H $, $+ $+ $k $3$H$r3P8g$9$Y$-$G$7$g$&!# 312

5 6&Lr8{G[K!$N35MW 6& Lr 8{ G[ K! $N 7O E} $O!" N, ;z $@ $i $1 $G Bg $$ $K :. Mp $7 $^$9$N$G!">O$N=*$j$K0lMwI=$r$D$1$^$7$?!# 5.1 A/Nu$J%G%S%e!<$H$=$N8e 6&Lr8{G[K! 60 $O!" M. R. Hestenes $5$s$H E. Stiefel $5$s$K$h$C$F 1952 G/$KH/I=$5$l$^$7$?!# Ev ;~ $O EE ;R 7W ;; 5! $N $? $a $N ?t CM 7W ;; 5; =Q $N 3N N) $, 5^ L3 $H $5 $l $F $$ $k ;~ 4| $G!" 6& Lr 8{ G[ K! $O!" H? I| K! $G $" $j $J $, $i M- 8B 2s $N %9 %F%C %W $G 87 L) 2r $K E~ C# $9 $k $H $$ $& @- <A $H 9* L/ $J %" %$ %G%# %" $, G. 68 E* $K ;Y ;} $5 $l!" !V2J 3X ;K >e $K ;D $k Bg H/ L@!W $H $7 $F 2Z $d $+ $J %G %S%e!< $r >~ $j $^ $7 $? ( Ev ;~ $N 7P 0^ $O [52] $K >\ $7 $/ =q $$ $F $" $j$^$9 ) !# $7 $+ $7!" $$ $6 6& Lr 8{ G[ K! $r <B :] $N Ld Bj $K E, MQ $7 $h $& $H $9 $k $H!" 4] $a 8m :9 $N 1F 6A $r <u $1 $d $9 $/!" 2? 2s H? I|$7$F$b$$$C$3$&$K<}B+$7$J$$Nc$b=P$F$-$^$7$?!# $^ $?!" 7W ;; 5! $N Bg MF NL 2= $K $" $o $;!" %i %$ %P %k $N D> @\ K!$H SOR K! 61 $, M} O@ $H 5; K! $N N> LL $+ $i 4h D%$C $? $3 $H $b $" $j!" 2Z!9 $7 $/ %G %S%e!< $7 $? $o $j $K $O!" Ev ;~ 4|BT$7$?$[$IIa5Z$7$^$;$s$G$7$?!# 1960 G/ Be $N ?t CM 7W ;; $N K\ $r 8+ $k $H!" O" N) 1 <! J} Dx <0 $N 2r K! $H $7 $F Gauss $N >C 5n K!!" Gauss-Jordan K!!" Jacobi K!!" Gauss-Seidel K!!" SOR K!$OI,$:>R 2p $5 $l $F $$ $^ $9 $,!" 6& Lr 8{ G[ K! $r $- $A $s $H 07$C $? K\ $O $= $l $[ $I B? $/ $" $j $^ $; $s!# $7 $P $i $/ IT 6x $N ;~ Be $, B3$-$^$9!# 6& Lr 8{ G[ K! $O!" 1960 G/ Be $K Hs @~ 7A :G E, 2= Ld Bj $N 2r K! $H $7 $F :F EP >l $7!" 1970 G/ Be $K $O AB 9T Ns MQ $N H? I| 2r K! $H $7 $F $N 8& 5f $, 9T $o $l $^ $7 $?!# $= $7 $F 1980 G/Be$K F~ $k $H!" \ A0 =h M} " $H $$ $& ?7 $7$$ <j K! $r IU $1 2C $( $k $3 $H $G!" Bg 5, LO 9T Ns $K BP $9 $k H? I| K! $H $7 $F :F $S 60 !V6& Lr!W $O !V$-$g $& $d $/!W $H FI $_ $^ $9!# $b $H $b $H $O mC ( $/ $S $- ) $r$H$b $K$7$F <V$r0z $/0UL# $N!V6&mC!W $+$i$- $F$$$^ $9!#@N!"?t 3X $N 9V 5A $G!" $H $" $k 65 <x $, !V$3 $l $r !T$-$g $& $( $-!U $H FI $‘ $N $O ?t 3X $, A4 $/ $o $+$C $H $i $s >Z 5r $8$c !A!W $H $*$C $7$c$C $F $$ $? $N $r 5- 21 $7$F$$$^$9!#?t3X<T$NA0$GH/I=$9$k$H$-$O5$$r$D$1$^$7$g$&!# 61 0l HL O@ $G $9 $,!" !VM} O@!W $d !V<j K!!W $J $I $O!" 2J 3X $H $+ O@ M} $N EZ I6 $r $O $_ =P $7 $F!" @/ <# E* 3X H6 E* N) >l!" 8D ?M E* 9% $- 7y $$!" =! 65 4Q $J $I $G Ah $o $l $k $3 $H $, $" $j $^ $9!# $7 $+ $7!" F0 5! $O $H $b $" $l!" 7k 2L $,$_$s$J$N$?$a$K$J$l$P$=$l$G$$$$$N$G$9!# 5S8w$r$"$S$k$h$&$K$J$j$^$7$?!# Hestenes $5 $s $H Stiefel $5 $s $b 4n $s $G $$ $k $3 $H $G $7$g$& 62 !# 5.2 4pK\E*$J9M$(J} 6&Lr8{G[K!$N9M$(J}$O!"<!$N@-<A$,=PH/E@$G$9!# :G>.2=LdBj A $,@5DjCM$+$DBP>N$N$H$- , Ax = b $r2r$/$3$H $O , f ( x ) = 1 2 ( x; Ax ) � ( x; b ) $r:G>.$K$9$k x $r5a$a$k$3$H$HF1CM . ( � ; � ) $O%Y%/%H%kFb@Q ( x; y ) = x T y = n X i =1 x i y i $H$7$FDj5A$7$^$9!# F1CM@-$r3NG’$7$F$*$-$^$7$g$&!# f $rHyJ,$9$l$P r f ( x ) = 0 B B B B @ @ f @ x 1 . . . @ f @ x n 1 C C C C A = Ax � b $H$J$j$^$9 63 !# f ( x ) $N :G >. E@ x � $, 8+ $D $+$C $? $H $9 $k $H!" r f ( x ) $G $N 79 $- $O $J $/ $J $k $N $G!" x � $G $N f $N Hy J, $O 0 $H $J$j!"$D$^$j Ax � � b = 0 $H$J$j$^$9!# $^$?!"G$0U$N%Y%/%H%k h 6 = 0 $KBP$7!" A $NBP>N@- $r;H$C$F f ( x + h ) = f ( x ) + ( h; Ax � b ) + 1 2 ( h; Ah ) 62 $h $/ 2N $d 1G 2h $K $" $k 6Z =q $- $G!" Gd $l $J $$ 2N <j $N G. 68 E* $J %U%! %s $@$C $? =w $N ;R $,!" 2Z $d $+ $J %9 %]%C %H %i %$ %H $r Ma $S $F $I $s $I $s %a %8%c!< $K $J$C $F $$ $/ H‘ $r Ha $7 $= $& $K 8+ $D $a $J $, $i N% $l $F $$ $/ $H $$ $& $N $, $" $j $^ $9!# 1960 G/ Be $K 6& Lr 8{ G[ K! $r 0l =j 7| L? $K 8& 5f $7 $? ?M$b!":#$O$=$s$J5$;}$A$J$N$G$7$g$&$+!# 63 %T %s $H $3 $J $$ J} $O!" f ( x ) $r A4 $F @. J, $N 7A $K =q $- 2< $7 $F!" 0l $D0l$DJPHyJ,$7$F$_$F2<$5$$!# 313

$H$J$k$3$H$,4JC1$K$o$+$j$^$9!# $3 $3 $G!" x � $, Ax � = b $r $_ $? $9 $H 9M$( $l $P!" A $O@5DjCM$G$7$?$N$G ( h; Ah ) > 0 $H$J$C$F 64 !" f ( x � + h ) > f ( x � ) $H$J$j$^$9!#$D$^$j!" x � $+$i>/$7$G$b$O$:$l$k$H!" f ( x ) $N CM $O f ( x � ) $h $j Bg $- $/ $J $j!" $3 $N $3 $H $+ $i x � $, f $N:G>.CM$rM?$($k$3$H$,$o$+$j$^$9!# 6qBNE*$JNc$r$"$2$^$7$g$&!# A = 2 � 1 � 1 2 ! ; b = 1 1 ! ; $H$9$k $H!" A $O BP >N$+ $D @5 Dj CM$G!" Ax = b $N 2r $O x = (1 ; 1) T $G$9!# $^$?!" f ( x ) $O f ( x ) = x 2 1 + x 2 2 � x 1 x 2 � x 1 � x 2 $H$J$j$^$9!# f $r$4$A$c$4$A$cJQ7A$9$k$H f ( x ) = ( x 1 � 1) 2 + ( x 2 � 1) 2 + ( x 1 � x 2 ) 2 2 � 1 $G$9$N $G!":G >. CM$O x 1 = x 2 = 1 $N $H$- � 1 $H $J $k $3$H$,$9$0$K$o$+$j$^$9!# f ( x 1 ; x 2 ) $N (1 ; 1) T $N $^ $o $j $N 7A $r =q $/ $H 0J 2< $N $h$&$K$J$j$^$9!# f ( x ) $N7A>u$HEy9b@~?^ $3 $N ?^ $G :G >. CM $H $J $k x = (1 ; 1) T $, Ax = b $N 2r$G$9 65 !# 5.3 7W;;$N<j=g 6& Lr 8{ G[ K! $H $O!" E, Ev $J =i 4| CM $r =P H/ $7!" =g HV $K C5 :w J} 8~ $r Dj $a!" $= $N J} 8~ $K 1h$C $F :G >. CM $r C5 $7 $K 9T$/<jK!$G$9!# 6qBNE*$J<j=g$O<!$NDL$j$G$9!# 64 @5DjCM$NDj5A$h$j h 6 = 0 $KBP$7 h T Ah > 0 $G$9!# 65 O" N) 1 <! J} Dx <0 $r F1 CM $J :G >. Ld Bj $K ;} $A 9~ $‘ $3 $N J} K! $O!" 6& Lr 8{ G[ K! $K Be I= $5 $l $k $h $& $J 9* L/ $J M} O@ $r @8 $_ $^ $7 $?!# $7 $+ $7!" D> @\ K! $d H? I| K! $K Hf $Y $F :G >. 2= $9 $k 6a ;w 2r $K !VI{ ;: J*!W E* $J 0u >] $r<u$1$k$?$a$+!"7I1s$9$k?M$b$$$^$9!# � =i4|CM x 0 $HC5:wJ}8~ p 0 $r7h$a$k!# � f ( x 0 + �p 0 ) $,:G>.$K$J$k$h$&$J%9%+%i!< � $r7W;;$7!"$=$l$r � 0 $H$9$k!# � 6a;w2r$r x 1 = x 0 + � 0 p 0 $H$9$k!# � <!$NC5:wJ}8~ p 1 $r7h$a$k!# � 0J2<!"5$$,:Q$‘$^$G7+$jJV$9!# :G >. CM $, M_ $7 $$ � $O!" 2 <! <0 $N :G >. 2= $H F1 $8 $K $J $k$N$G!"4JC1$K5a$a$k$3$H$,$G$-$^$9 ([61]) !# =E MW $J $N $O!" C5 :w J} 8~ $H $J $k %Y %/ %H %k p k $r G! 2? $K >e <j $K 7h Dj $9 $k $+ $G $9!# $3 $N A* $S J} $K $h$C $F!" <} B+N($,7hDjE*$KJQ$o$C$F$-$^$9!# 5.4 :G5^9_2<K! :G5^9_2<K! ( ste ep est desc ent metho d ) $O!"C5:wJ} 8~ p k $r x k $K$*$1$k8{G[J}8~ p k = �r f ( x k ) = ( @ f ( x k ) @ x 1 ; � � � @ f ( x k ) @ x n ) T $K$H$k<jK!$G$9!# SD K! $H$b$$$$$^$9!# :G 5^9_ 2< K!$O!" A $N @- <A$, 0-$$ >l 9g!"<} B+ $,$+ $J $jCY$/$J$k$3$H$+$i!"$"$^$j;H$o$l$^$;$s!# 5.5 6&LrJ}8~K! 6& Lr J}8~ K! ( c onjugate dir e ction metho d ) $O!"$5 $i $K >e <j $J p k $N @_ Dj J} K! $G $9!# CD K! $H $b $$ $$ $^ $9!# C5 :w J} 8~ $N A* $S J} $O!" $3 $l $^ $G $N C5 :w J} K! $H \ 6& Lr " $H $J $k J}8~ $K $H$C $F $$ $-$^ $9!# \ 6& Lr " $H $O $3 $N >l 9g!" A $K 4X $7 $F D> 8r $9 $k J} 8~ $r ;X $7 $^ $9!# $A$c $s $H=q$/$H!" 6&Lr$NDj5A %Y%/%H%k x $H y $KBP$7 ( x; Ay ) = ( y ; Ax ) = 0 $, @. $j N) $D $H $- , x $H y $O A $K 4X $7 $F 6& Lr $G $" $k . $H$J$j$^$9!# $D$^$j k HVL\$^$G$NJ}8~ p k $,7h$^$C$F$$$k$H$-!" k + 1 HV L\$NJ} 8~ p k +1 $O!"$= $NA4$F $H6& Lr$K$J $k$h $&$K!"$9$J$o$A ( p k +1 ; Ap i ) = 0 ; i = 0 ; � � � ; k 314

$G7h$a$^$9!# 6qBNE*$JJ}K!$O [52], [61] $r;2>H2<$5$$!# C5 :w J} 8~ p k $r 6& Lr J} 8~ $K Dj $a $k $H $$ $& $3 $H $O!" M} O@ E* $K Bg JQ =E MW $G $9!# $= $l $O!" <! $N Dj M} $, @. $j N) $D$+$i$G$9!# 6&LrJ}8~K!$N<}B+DjM} A $, BP >N $+ $D @5 Dj CM$J $i $P , 6& Lr J} 8~ K! $O 9b!9 n 2s$NH?I|$G87L)2r$KE~C#$9$k . $3 $N!" M- 8B 2s $N H? I| $G 87 L) $J 2r $, F@ $i $l $k $H $$ $& M}O@E*J]>Z$,!"6&LrJ}8~K!$N:GBg$NL%NO$G$9!# 5.6 6&Lr8{G[K! ?? BG $A 6& Lr 8{ G[ K! ( c onjugate gr adient metho d ) $O!" 6& Lr J} 8~ K!$N 0l <o $G!" <! $N $h $& $K C5 :w J} 8~ p k $r7hDj$9$k<j=g$r;X$7$^$9 : :G5^9_2<K!$GA*$s$@C5:w%Y%/%H%k p k $O �r f ( x k ) = b � Ax k $G$7$?!# b � Ax k $O!"J} Dx<0 $N k 2sL\ $N;D :9$H 9M $( $i$l$^$9!#$3$N;D:9%Y%/%H%k$r r k = b � Ax k $H$*$-$^$9!# 6& Lr 8{ G[ K! $N C5 :w J} 8~ p k $O!" $3 $N 8{ G[ J} 8~ r k $+ $i Ap k � 1 $N@.J,$r=| 5n$7 ( p k ; Ap k � 1 ) = 0 $H$J$k$h $&$K7h$a$^$9!#$D$^$j!" p k = r k + � k � 1 p k � 1 � k � 1 = � ( r k ; Ap k � 1 ) ( p k � 1 ; Ap k � 1 ) $H$J$k$h$&$K7h$a$^$9 66 !# $3$N$h$&$K$7$FA*$s$@ p k $K$O6&LrD>8r@- ( p i ; Ap j ) = 0 ; i 6 = j $,!"$^$? r k $K$OD>8r@- ( r i ; r j ) = 0 ; i 6 = j $,5"G<K!$r;H$C$F<($;$^$9 ([54]) !# $3 $l $K $h $j n 2s H? I| $9 $l $P r n = 0 $H $J $k!" $9 $J $o $A x n $, Ax = b $N 2r $K $J $k $3 $H $, $o $+ $j $^ $9!# $=$NM}M3$O!" n + 1 8D$N 0 $G$J$$ n <!85%Y%/%H%k$,8_$$$KD>8r $9$k$3$H$O$"$j$($J$$!# 66 K\Ev$KD>8r$9$k$+$I$&$+7W;;$7$F$_$l$P$o$+$j$^$9!# $+$i$G$9!# =>$C $F!" 6& Lr 8{ G[ K! $O 9b!9 n 2s $N H? I| $G 87 L) 2r $K <}B+$7$^$9!# $H $$$C $F $b!" $3 $l $O M} O@ >e $N OC $G $9!# <B :] $N 7W ;; $G $O 4] $a 8m :9 $, :. F~ $9 $k $? $a!" I, $: $7 $b n 2s $N H? I| $G2r$,5a$^$k$H$O8B$j$^$;$s!# 6&Lr8{G[K!$O 6&Lr79<PK! !" CG K! $H$b$$$$$^$9!# 5.7 A0=hM}IU$-6&Lr8{G[K! A0=hM}IU$-6&Lr8{ G[K! ( pr e c onditione d c onjugate gr adient metho d ) $O!" PCG K! $H$b$$$$$^$9!# <jK!$O!"E,Ev$J@5B’9TNs C $K$h$C$F Ax = b $r ( C � 1 AC � T )( C T x ) = C � 1 b (12) $H F1 CM JQ7A $7 67 !" (12) $KBP $7 6& Lr 8{ G[K! $r E, MQ $9 $k $b$N$G$9!# (12) $N=hM}$r A0=hM} ( pr e c onditioning ) !"9TNs C $r A0=hM}9TNs ( pr e c onditioner ) 68 $H$$$$$^$9!# A0=hM}$r$9$kM}M3 6& Lr 8{ G[ K! $N <} B+ @- $O!" 2r $r 9= @. $9 $k 8G M- %Y %/ %H %k $K BP 1~ $7 $? 8G M- CM$N J, I[ $K $h$C $F Bg $- $/ JQ $o $j $^ $9!# 78 ?t 9T Ns $N 8G M- CM $, =E J# $7 $? $j!" 69 $$ HO 0O $K L) =8 $7 $F $$ $l $P!" <} B+ $, B. $/ $J $k $3 $H $, CN $i $l $F $$ $^ $9 ([56]) !#$D$^$j!" A0 =h M} $O!" 9T Ns $N 8G M- CM J, I[ $r 2~ A1 $7!" <} B+ @- $r8~>e$9$k$3$H$rL\E* $H$7$?<jK!$G$9!# 07$$$K$/$=$&$J9TNs + A0=hM}$K$h$C$F2~A1$5$l$?9TNs 67 C � T $O ( C T ) � 1 = ( C � 1 ) T $N0UL#$G$9!# 68 $*H)$dH1$N>uBV$r@0$($k$?$a$K$b;H$&$=$&$J ... 315

A0 =h M} IU $- 6& Lr 8{ G[ K! $O!" 1980 G/ 0J 9_!" JP Hy J, J} Dx <0 $N N% ;6 6a ;w $+ $i F3 $+ $l $k O" N) 1 <! J} Dx <0 $N 2r K! $K MQ $$ $k $H 8z N( E* $J 6a ;w 2r $, F@ $i $l $k $3 $H $+ $i!" @9$s$KMQ$$$i$l$k$h$&$K$J$j$^$7$?!# $,!" A0 =h M} 5; K! $N >- Mh $K $O JB Ns 7W ;; 5! $, N) $A :I $, $j $^ $9!# $I $& $d $i!" A0 =h M} 5; K! $H JB Ns 2= 5; K! $O $" $^ $jAj@-$,$h$/$J$$$h$&$G$9!# 5.7.1 ICCG K! A0 =h M} 9T Ns $N A* $S J} $O!" 8D!9 $N Ld Bj $K $h$C $F $$ $m $$$m9M$($k$3$H$,$G$-$^$9!# $= $N Cf $G $b!" $H $/ $K 0l HL E* $J 8z 2L $, 4| BT $G $- $k <j K! $K IT 40 A4 Cholesky J, 2r ( inc omplete Cholesky de c omp osition ) $,$"$j$^$9!# $3 $l $O!" AB $G @5 CM BP >N $J 9T Ns A $r!" \ AB " $N @- <A $r$" $^ $j <: $o $J $$ $h $& $K!" E, Ev $J 2< ;0 3Q 9T Ns L $H ;D :99TNs E $G A = LL T + E $^$?$O A = ^ L ^ D ^ L T + E ; L = ^ LD 1 = 2 $HJ,2r$7!" L $rA0=hM}9TNs C $H$9$k<jK!$G$9!# $^$H$b$J Cholesky J,2r!"=$@5 Cholesky J,2r$H0c $$!" $" $i $+ $8 $a ;X Dj $7 $? @. J, 0J 30 $O 0 $H $7!" $= $l 0J 30 $O 8m :9 9T Ns E $K 2! $7 $D $1 $k $H $$ $& ?H >! <j $5 $N $? $a 69 !" \ IT40A4 (incomplete)" $H8F$P$l$^$9 70 !# FC $K LL T , LD L T J, 2r $7 $? 9T Ns $+ $i (12) $r 9= @. $9$kJ} K! $r ICCG K! ( inc omplete Cholesky c onju- gate gr adient metho d ) !" $^ $? $O IT 40 A4 Cholesky J,2rIU$-6&Lr8{G[K! $H$$$$$^$9!# ICCG K! $O 1977 G/ $K J. A. Meijerink $5 $s $H H. A. v an der V orst $5 $s $K $h$C $F H/ I= $5 $l ([22]) !" J* M}!& 9) 3X $J $I $N J, Ln $G 9- $/ MQ $$ $i $l $k $h $& $K $J $j $^ $7$?!# 5.7.2 MICCG K! $3$N$"$?$j$+$i5-9f$,:xAn$7$F$-$^$9!# MICCG K! ( mo di�e d ICCG metho d ) $O!" 9T Ns A $N BP 3Q MW AG $K =E $_ $E $1 $r $7!" =$ @5 9‘ $r IU 2C $7 $F ICCG K!$N2CB.$rA@$C$?$b$N$G$9!# $3 $N 9T Ns $N J, 2r J} K! $r =$ @5 IT 40 A4 Cholesky J, 2r ( mo di�e d inc omplete Cholesky de c omp osition ) $H$$$$$^$9!# 69 ;E;v$G$3$s$J$3$H$r$d$C$?$i!"4V0c$$$J$/7y$o$l$^$9!# 70 Cholesky $5 $s $N L> A0 $O!" ?t CM 2r @O $N @$ 3& $G CN $i $J $$ ?M $O $$ $J $$ $/ $i $$ M- L> $K $J $j $^ $7 $? $,!" !V=$ @5!W !VJQ 7A!W !VIT 40 A4!W $J $I!"$A$g$C$H5$$NFG$J8@MU$,F,$K$/$C$D$-$^$9!# B? $/$N LdBj $G ICCG K! $h$j $b<} B+ $,B. $/$J $k $3$H $,Js9p$5$l$F$$$^$9 ([59]) !# 5.8 6&Lr;D:9K! 6& Lr8{ G[K! $O A $,BP >N $+$D @5Dj CM9T Ns $G$" $k$3 $H $rA0Ds$H$7$?J}K!$G$7$?!# 6a G/!" 6& Lr 8{ G[ K! $r Hs BP >N 9T Ns $X $H 3H D% $9 $k <j K! $, ?t B? $/ Ds 0F $5 $l!" 3F J, Ln $G Bg $- $J @. 2L $r $" $2 $F $$ $^$9!#0J2<!"L>A0$@$14JC1$K>R2p$7$^$9!# 6&Lr;D:9K! ( c onjugate r esidual metho d ) $O!":G>. 2=$9$k4X?t$r;D:9%Y%/%H%k$NJ?J}OB f ( x ) = 1 2 ( Ax � b; Ax � b ) $H$7$F!":#EY$O ( Ap k +1 ; Ap k ) = 0 $H$J$k$h$&$KC5:wJ}8~ p k $r7hDj$9$kJ}K!$G$9!# 6&Lr;D:9K!$O CR K! $H$b$$$$$^$9!#>\$7$/$O [59], [61] $r8fMw2<$5$$!# 5.8.1 ILUCR K! 6& Lr ;D :9 K! $K $b Ev A3 A0 =h M}$r ;\ $9 $3 $H $r 9M $( $^ $9!#A0=hM}IU$-6&Lr;D:9K!$O!"F,$K \preconditioned" $,$D$$$F PCR K! $H$b$$$$$^$9!# :# EY $O A $, BP >N $G $J $$ $N $G!" Cholesky $5 $s $N =P HV$O$J$/!" LU J,2r$NEP>l$G$9!# HsBP>N9TNs A $r!" \ $.$C$A$j " LU J,2r$7$J$$$G!" ET9g$N$$$$2<;03Q9TNs L $H>e;03Q9TNs U $r;H$C$F A = LU + E $HJ,2r$7$^$9!# E $O8m:99TNs$G$9!# $3 $N J, 2r $r IT 40 A4 LU J, 2r ( inc omplete LU de- c omp osition ) $H$$$$$^$9!# $3$3$G!" ( LU ) � 1 Ax = ( LU ) � 1 b $KBP$76&Lr;D:9K!$rE,MQ$7$^$9 71 !# $3 $N <j K! $r ILUCR K! ( inc omplete LU c onju- gate r esidual metho d ) !"$^$?$O IT40A4 LU J,2rIU$- 6&Lr;D:9K! $H8F$S$^$9!# 71 A $, BP >N $N >l 9g $O BP >N @- $r J] $D $? $a $K C � 1 A ( C � 1 ) T $H $9 $k I, MW $, $" $j $^ $7 $? $,!" $3 $N >l 9g A $O $b $H $b $H Hs BP >N $J $N $G!" :8 $+$i ( LU ) � 1 $r$+$1$k$@$1$G$9!# 316

5.8.2 MILUCR K! MILUCR K! ( mo di�e d ILUCR metho d ) $O!" 6& Lr 8{ G[ K! $N $H $- $N MICCG K! $H F1 $8 $/!" 9T Ns A $N BP 3Q MW AG $r =E $_ $E $1 $k $3 $H $G =$ @5 9‘ $r IU 2C $7!" ILUCR K!$N2CB.$rA@$C$?$b$N$G$9!# $3$NJ,2r$r =$@5IT40A4 LU J,2r ( mo di�e d inc om- plete LU de c omp osition ) $H$$$$$^$9!# 5.9 GMRES K! 9TNs A $, BP >N$G $"$C$F $b I,$: $7$b @5 DjCM $G$J $$ >l 9g!" Lanczos K!$H 6& Lr 8{ G[ K! $H $N 4X 78 $r $& $^ $/ Mx MQ $7$?J}K!$K MINRES K! ( minimal r esidual metho d ) $H$$$&J}K!$,$"$j$^$9 72 !# $3 $N J} K! $r Hs BP >N 9T Ns $K 3H D% $7 $? J} K! $, GM- RES K! ( gener alize d minimal r esidual metho d ) $G $9!#6q BN E* $J <j K! $O!" :G =i $K Ds 0F $5 $l $? O@ J8 [26] $r 8fMw2<$5$$ 73 !# 5.10 APBP6&Lr8{G[K! AP BP 6& Lr 8{ G[ K! ( bic onjugate gr adient metho d ) $O!" BP >N $G $J $$ 9T Ns A $K BP $7!" BP >N 9T Ns MQ $N 6& Lr 8{G[ K! $r =$ @5 $7 $F E, MQ $9 $k $b $N $G!" BCG K! $^ $? $O BiCG K! $H$b$$$$$^$9!# 86M}$O!" ( r i ; ^ r j ) = 0 ; ( Ap i ; ^ p j ) = 0 i 6 = j ( r i ; ^ r i ) 6 = 0 ; ( Ap i ; ^ p i ) 6 = 0 i = j $H$J$k%Y%/%H %kNs f p k g , f r k g $H f ^ p k g , f ^ r k g $rH?I| 2aDx$G:n$k$3$H$K$"$j$^$9!# $J$*!">\:Y$O [59] $r8fMw2<$5$$!# AP BP 6& Lr 8{ G[ K! $N JQ <o $K <+ >h 6& Lr 8{ G[ K! (conju- gate gradien t squared metho d) $, $" $j $^ $9!# <+ >h 6&Lr8{G[K!$O CGS K! $H$b$$$$$^$9!# BCG K!$H CGS K!$OK\ <AE*$K$OF1 $8$b$N$G$9 $,!" BCG K!$h $j $b CGS K!$N J}$, <} B+$, B. $$$3 $H$, Js 9p $5$l$F$$$^$9 ([55]) !# $3 $N Fs $D $K A0 =h M} $r ;\ $9 $H!" @h F, $K \precondi- tioned" $,$D$$$F!" PBCG K! !" PCGS K! $K$J$j$^ $9!# 72 $b $& >/ $7 6q BN E* $K 8@ $& $H!" A $N 8G M- CM Ld Bj $r 2r $/ J} K! $G $h $/ CN $i $l $F $$ $k Lanczos K! ([72]) $O!" v 1 = r 0 = jj r 0 jj $H $7 $? $H $- Krylo v 6u 4V K k = span f v 1 ; Av 1 ; � � � ; A k � 1 v 1 g >e $N Galerkin K! $G $" $j!" $3 $N J} K! $O Ax = b $r 2r $/ 6& Lr 8{ G[ K! $K BP 1~$7$F$$$k ([26]) $H$$$&4X78$G$9!# 73 $=$NB> F GMRES K! , GMRESR K!$J$I$,$"$k$=$&$G$9$,!" $A$c$s$HD4$Y$F$^$;$s!# 5.10.1 ILUBCG K! ILUBCG K! ( inc omplete LU BCG metho d ) $O!" IT 40 A4 LU J, 2r $G A0 =h M} $r ;\ $7 $? AP BP 6& Lr 8{ G[ K!$G$9!# F1MM$K <+>h6&Lr8{G[ K!$KBP$9$k ILUCGS K! ( in- c omplete LU CGS metho d ) $b$"$j$^$9!# 5.10.2 MILUBCG K! =$ @5 IT 40 A4 LU J, 2r $K $h$C $F ILUBCG K! $N 2C B. $r A@$C $? $N $, MILUBCG K! ( mo di�e d ILUBCG metho d ) $G$9!# ILCGS K! $N 2~ NI HG $N MILUCGS K! ( mo di�e d ILUCGS metho d ) $b$"$j$^$9!# 5.11 QMR K! AP BP 6& Lr 8{ G[ K! (BCG K! , BiCG K! ) $O 1i ;; $N ES Cf$G%< %m3d$j$, H/@8$7$F7W ;;$,GKC> (breakdo wn) $7 $? $j!" ?t CM E* $K IT 0B Dj $H $J $k 2D G= @- $, $" $j $^ $9!# QMR K! ( quasi-minimal r esidual metho d ) $O!";D:9 %N %k %‘ $N :G >. 2= $K $h $j AP BP 6& Lr 8{ G[ K! $N IT 0B Dj @- $r 9n I~ $7!" 9b $$ <} B+ @- $r A@$C $? <j K! $G $9!# >\ :Y $O [15] $r8fMw2<$5$$!# 5.12 BiCGStab K! <+ >h 6& Lr 8{ G[ K! (CGS K! ) $N <} B+ $N IT 5, B’ @- $r 2~ A1 $9 $k L\ E* $G Ds 0F $5 $l $? <j K! $K BiCGStab K! $, $" $j$^$9!# \BiCGStab K! " $OL5M}$KE83+$9$l$P \biconjugate gradien t stabilized metho d" $G$7$g$&$,!":G=i$KDs 0F $7$? H. A. v an der V orst $5 $s$K $h $l$P \CGS K! $K $h $/ ;w $F $$ $F!" 0B Dj @- (stabilit y) $, F@ $i $l!" $7 $+ $b BiCG K! $H $b 4X 78 $9 $k $N $G!" BiCGStab $H L> IU $1$? " $=$&$G$9!# BiCGStab K! $K $b A0 =h M} $, E, MQ $G $- $F!" v an der V orst $5 $s $O BiCGStab-P $H L? L> $7 $F $$ $^ $9!#>\ :Y$O [31] $r$*FI$_2<$5$$!# 0J >e!" 6& Lr 8{ G[ K! $K B0 $9 $k <j K! $r MQ 8l $N 0U L# $@ $1 35 4Q $7 $^ $7 $?!# $3 $3 $G >R 2p $7 $? $b $N $O!" ;( ;o $d O@ J8 $G$h$/8+$+$1$k$b$N$N$[$s$N0lIt$G$9 74 !# FC $K Hs BP >N 9T Ns $K BP $9 $k <j K! $O!" 8= :_ @9 $s $K 8& 5f $, 9T $J $o $l $F $* $j!" ?7 $7 $$ <j K! $, <!!9 $K Ds 0F $5 $l $F $$$^$9!# 74 ;DG0$J$,$i!" 6&Lr8{G[K!7OE}$G8=:_ (1995 G/ 11 7n ) %;%s %?!< $G8x3+$7$F$$$k%5%V%k!<%A%s%i%$%V%i%j$O$"$j$^$;$s!# 317

\M" $O \mo di�ed" $N M !$ \IC" $O \imcomplete Cholesky" $N \IC" !$ \ILU" $O \imcomplete LU" $N \ILU" !$ \P" $O \preconditioned" $N \P" $@$H3P$($F$*$1$P!"6&Lr8{G[K!4XO"$N$d$d$3$7$$N,8l$,@0M}$G$-$^$9!# N,8l 1Q8lL> F|K\L> SD K! steep est descen t metho d :G5^9_2<K! CD K! conjugate direction metho d 6&LrJ}8~K! CG K! conjugate gradien t metho d 6&Lr8{G[K! PCG K! preconditioned conjugate gradien t metho d A0=hM}IU$-6&Lr8{G[K! ICCG K! imcomplete Cholesky conjugate gradien t metho d IT40A4 Cholesky J,2rIU$-6&Lr8{G[K! MICCG K! mo di�ed imcomplete Cholesky conjugate gradien t metho d =$@5IT40A4 Cholesky J,2rIU$-6&Lr8{G[K! CR K! conjugate residual metho d 6&Lr;D:9K! PCR K! preconditioned conjugate residual metho d A0=hM}IU$-6&Lr;D:9K! ILUCR K! incomplete LU conjugate residual metho d IT40A4 LU J,2rIU$-6&Lr;D:9K! MILUCR K! mo di�ed incomplete LU conjugate residual metho d =$@5IT40A4 LU J,2rIU$-6&Lr;D:9K! BCG K! biconjugate gradien t metho d APBP6&Lr8{G[K! PBCG K! preconditioned biconjugate gradien t metho d A0=hM}IU$-APBP6&Lr8{G[K! ILUBCG K! incomplete LU biconjugate gradien t metho d IT40A4 LU J,2rIU$-APBP6&Lr8{G[K! MILUBCG K! mo di�ed incomplete LU biconjugate gradien t metho d =$@5IT40A4 LU J,2rIU$-APBP6&Lr8{G[K! CGS K! conjugate gradien t squared metho d <+>h6&Lr8{G[K! PCGS K! preconditioned conjugate gradien t squared metho d A0=hM}IU$-<+>h6&Lr8{G[K! ILUCGS K! incomplete LU conjugate gradien t squared metho d IT40A4 LU J,2rIU$-<+>h6&Lr8{G[K! MILUCGS K! mo di�ed incomplete LU conjugate gradien t squared metho d =$@5IT40A4 LU J,2rIU$-<+>h6&Lr8{G[K! QMR K! quasi-minimal residual metho d =‘:G>.;D:9K! � MINRES K! minimal residual metho d :G>.;D:9K! � GMRES K! generalized minimal residual metho d 0lHL2=:G>.;D:9K! � BiCGStab K! biconjugate gradien t stabilized metho d � APBP6&Lr8{G[0BDj2=K! � !ZCm0U![ * $O0lHLE*$J8F$SJ}$,$o$+$i$J$+$C$?$N$GE,Ev$KL>IU$1$?$b$N$G$9!# >e$K!"$d$?$i$H=P$F$-$?N,8l$N0lMw$r$N$;$^$9!# 5.13 6&Lr8{G[K!$NI|3h 1952 G/$KEP>l$7$?6& Lr8{G[K!$O!"Ev=i$NG. 68E*$J %V!< %‘ $, 5n $k $H!" 0l ;~ $O A4 A3 8\ $_ $i $l $J $$ ;~ 4| $, $" $j$^$7$?!# $? $H $( $P!" JP Hy J, J} Dx <0 $K $D $$ $F $N 8E E5 E* L> Cx $H $$$o$l$k [11] $G$O!"<!$N$h$&$K07$o$l$F$$$^$9!# Hestenes $H Stiefel (1952) $N 6& Lr 8{ G[ K! $O M- 8B 2s H? I|$N B2 $N 1 $D $G!" 9= B$$O H? I| E* $G $= $l$K $b $+ $+ $o $i $: M-8B 2s $N %9 %F%C %W $G =* N; $9 $k!# Hf 3S E* Bg MF NL $N 5- 21 Au CV$r I, MW $H $9 $k $N $H!" 3F H? I| CJ 3, $, Hf 3S E* J# ;( $J 9= B$ $N$? $a $K $$ $^ $^ $G $N $H $3 $m JP :9 J,J} Dx <0 $K $O 9- $/ :N MQ $5$l$J$+$C$?!# G. E. F orsythe and W. R. W aso w (1960) !XJPHyJ,J}Dx<0$N:9J,K!$K$h$k6a;w2rK!!Y $? $@ $7!" $+ $J $j $N ?t $N ?t CM <B 83 $h $j!" 6& Lr 8{ G[ K! $O \ $& $^ $/ $$ $1 $P "SOR K! $d Cheb yshev 2C B. K! $H Hf 3S $7 $F 3J CJ $K B. $/ <} B+ $9 $k $3 $H $, CN $i $l $F $$ $^ $7 $?!# $= $N $+ $o $j!" $& $^ $/ $$ $+ $J $$ >l 9g $O!" 4] $a 8m :9 $N 1F 6A $r <u $1 $d $9 $$ @- 3J $, :R $$ $7 $F!" 2? 2s H? I| $7 $F $b >/ $7 $b @h $K ?J $^ $J $$ $H $$ $& ;v BV $K 4Y $k $3 $H $G $b M- L> $G $7$? 75 !# <} B+ $, CY $$ >l 9g $N BP :v $H $7 $F!" H? I| $, Dd BZ $7 $F $7 $^$C $? $i 0l C6 H? I| $r BG $A @Z$C $F :F %9 %?!< %H $9 $k J} K! $d!" =i 4| CM $r $& $^ $/ 2~ NI $9 $k J} K! $J $I $, 9) IW $5 $l $^ $7 $? $,!" $J $+ $J $+ 7h $a <j $r 7g $- $^ $7 $?!# 86 0x $O!" 4] $a8m:9$KBP$9$kA!:Y$5$K$"$j$^$7$?!# 6& Lr 8{ G[ K! $O 4] $a 8m :9 $K <e $$!# $= $l $O !V n 2s H? I| $7 $? $N $K ;D:9 $, 0 $K $J $i $J $$!W $H $$ $& 7A$G 8! =P $5 $l $k!# $^ $?!" 6& Lr 8{ G[ K! $N 7W ;; $r!" C1 @: EY $H G\ @: EY $G 9T $J$C $F Hf 3S $7 $F $_ $k $H!" C1 @: EY $N >l 9g $K $O 4] $a 8m :9 $N $? $a $K!" <} B+ ( ;v <B >e $N ) $, $+ $J $j CY $/ $J$C $F $$ $k $3 $H $, $o $+ $k!# >/ $J $$ 7e ?t $G 7W ;; $9 $l$P 4] $a 8m :9 $, F~ $k $N $O Ev A3 $G $" $k $,!" 6& Lr 8{ G[ K! $O B> $N 2r K! $K Hf 3S $7 $F!" 4] $a8m:9$N1F6A$,Bg$-$$$h$&$G$"$k!# 8M@n H;?M (1975) !X6&Lr8{G[K!!Y 75 G\ @: EY 1i ;; $, 7e 0c $$ $K CY $+$C $? ;~ Be $O!" $d $O $j C1 @: EY 1i ;; $, B? $/ ;H $o $l $^ $7 $?!# $= $l $, 6& Lr 8{ G[ K! $N I> H= $r Mn $7 $? 86 0x $G $b $" $j $^ $9!# M} O@ E* $K $O 9b!9 n 2s $N H? I| $G <} B+ $9 $k \ $O $: " $J $N $K A4 A3<}B+$7$J$1$l$P!"EvA3%$%i%$%i$9$k$G$7$g$&!# 318

7k 6I $N $H $3 $m!" 6& Lr 8{ G[ K! $N ;} $D <} B+ @- $N %P %i %D %- $r 9n I~ $9 $k $? $a $K $O!" $b $H $N J} Dx <0 $r E, Ev $K JQ ?t JQ 49 $9 $k!" $D $^ $j 2? $i $+ $N 9T Ns $r 0z$C $+ $1 $k $3 $H $G!" @- :, $r C! $- D> $9 $7 $+ $J $$ $H $$ $& 7k O@ $K C# $7!" $$ $+$KC!$-D>$9$+$N8&5f$,9T$J$o$l$^$7$?!# Meijerink $5 $s $H v an der V orst $5 $s $, 1977 G/ $K H/ I= $7 $? A0 =h M}$N <j K! ([22]) $O!" 6& Lr 8{ G[ K! $N <} B+ @- $r 7‘ E* $K 2~ A1 $9 $k $3 $H $, L@ $i $+ $H $J $j!" $= $N 8e $N M} O@ E* $J 8& 5f $N H/ E8 $H A0 =h M} 5; K! $H $N AH 9g $; $K $h$C $F!" 6& Lr 8{ G[ K! $O Bg 7? AB 9T Ns $r 78 ?t $H $9 $k O" N) 1 <! J} Dx <0 $N 6a ;w 2r K! $H $7 $F!" A/ $d $+ $J I| 3h $r ?k $2 $^$9!# $= $7 $F 8= :_!" A0 =h M} IU $- 6& Lr 8{ G[ K! $O <! $N $h $& $J I>2A$rF@$k$^$G$K$J$j$^$7$? ([57]) !# A0 =h M} $N F3 F~ $K $h $j!" CG K! $O %, %& %9 >C 5n K! $J $I $N D>@\ 2r K! $r %a %b %j ;H MQ NL!" 7W ;; B. EY $N LL $G N? $$ $@!# 0J Mh!" CG K! 7O$N 9TNs 2rK!$O 3FJ} LL$G 8&5f $5$l!"@5 DjCM $,J] >Z $5 $l $J $$!" <e $$ Hs BP >N 9T Ns $r 2r $/ $3 $H $, 2D G= $J 2rK! $^ $G 3+ H/ $5 $l $F $$ $k!# 8= :_ %, %& %9 >C 5n K! $N M% $l $F $$$k E@ $O!" $h $[ $I $N 0- >r 7o 9T Ns $G $J $1 $l $P 2r $1 $k E@ $G $"$k!#0l J}!" CG 7O$N 7W;; J}K! $O%Q%$ %W%i %$%s 7?%9!< %Q!< %3 %s %T%e!< %? $K $b E, $7 $F $* $j!" :# 8e $^ $9 $^ $9 ;H MQ $5$l$k$3$H$G$"$m$&!# 1):, K.IW (1987) !X6&Lr8{G[K!$N7W;;J}K!$rMxMQ$7$? H>F3BN%G%P%$%9%7%_%e%l!<%?!Y 5.14 H?I|2rK!$NHFMQ@- $? $@ $7!" >e $N I> 2A $O!" \ FC Dj $N JP Hy J, J} Dx <0 $r FC Dj $N <j K! $G N% ;6 2= $7 $F F@ $i $l $? Bg 5, LO AB 9T Ns $K BP $7 $F " $H $$ $& IU BS >r 7o $r $D $1 $k $Y $- $G $7$g $&!# 8= :_ $N $H $3 $m!" 6& Lr 8{ G[ K! $, $9 $Y $F $N D> @\ K! $H H? I| K! $K BP $7$"$i$f$kLL$GM%$l$F$$$k$H$O$$$($^$;$s!# 7k 6I $N $H $3 $m!" @_ Dj $7 $? ?t 3X %b %G %k $H 6a ;w %b %G %k $+ $i F3 $+ $l $k O" N) 1 <! J} Dx <0 $N @- 3J $K $h$C $F!" E, @Z $J<jK!$rA*Br$9$k$7$+$"$j$^$;$s!# $= $N >l 9g!" H? I| K! $H 6& Lr 8{ G[ K! $N Fq E@ 76 $O!" FC $K %9!< %Q!< %3 %s %T%e!< %? $N @- G= $r 6K 8B $^ $G 0z $- =P $9 $K $O!" @l Lg 2H $, :n$C $? %i %$ %V %i %j $, =< <B $7 $F $$ $k D> @\ K! $H 0c $$!" 2? $i $+ $N 7A $G %A%e!< %K %s %0 $7 $J $1 $l $P $J $i $J $$ $H $$ $& E@ $G $9!# M} M3 $O 0J 2< $N DL $j $G $9 ([13]) !# 76 $H$$$&$3$H$OO@J8$N%M%?$K$J$j$d$9$$$H$3$m $& $^ $/ F/ $/ $H $5 $l $F $$ $k H? I|K! $, @. 8y $9 $k M} M3 $O!" $[ $H $s $I $N >l 9g!" $= $l $, 2r $3 $& $H$7 $F $$ $k <B :] $N Ld Bj $H L) @\ $K 7k $S IU $$ $? J} K! $K $J$C $F $$ $k $+ $i $G $" $k!# $7 $? $,$C $F!" H? I| 2r K! $N %5 %V %k!< %A %s $r %i %$ %V %i %j $N Cf $G C5 $7 $F $b L5 BL $G $" $k!# H? I| K! <+BN $O ?t 3X E* $K C1 =c $G $" $k $,!" 9T Ns A $N 9= B$ $O Ld Bj $K $h$C $F J# ;( $K $J $j!" $^ $?!"LdBj$KFCM-$N7A$r$7$F$$$k$3$H$,B?$$!# G. E. F orsythe, M. A. Malcolm and C. B. Moler (1977) !X7W;;5!$N$?$a$N?tCM7W;;K!!Y 5.15 INSPEC $rMQ$$$?<B83 :G 8e $K 0l $D $@ $1!" 6& Lr 8{ G[ K! $N I| 3h $r <( $9 %G!< %? $r$"$2$^$9!# 6e =# Bg 3X Bg 7? 7W ;; 5! %; %s %?!< $G $O!" 1969 G/ 0J 9_ $N J* M}!" EE 5$!& EE ;R 9) 3X!" 7W ;; 5! 2J 3X!" @) 8f 9) 3X!" >pJs9)3X4X78$NJ88%$N%G!<%?%Y!<%9 INSPEC $r%5!< %S%9$7$F$$$^$9 ([66]) !# $= $N %G!< %? %Y!< %9 $K!" 0J 2< $N %-!< %o!< %I $G 8! :w $r $+$1$^$7$? (1995 G/ 10 7n8=:_ ) !# � \conjugate gradien t" \linear equation" � \SOR" \linear equation" � \Gauss" \linear equation" <B:]$K$O \equation" $O \equations" $r4^$_$^$9!# $^ $? \Gauss" $O \Gauss" $H L> A0 $, $D $/ $9 $Y $F $N $b $N$,BP>]$G$9!#=>$C$F!" \Gaussian" $d \Gauss-Seidel" $d \Gauss-Jordan" $b4^$s$G$$$^$9!# $3 $N %-!< %o!< %I $G %R%C %H $7 $? 7o ?t $r G/ Be JL $K $^ $H $a $^ $7 $?!# $J $*!" G/ Be JL $N Am %G!< %? ?t $, 0[ $J $k $? $a!" 100 K| 7o $K BP $7 $F 2? 7o $N 3d 9g $+ $H $$ $& CM $K JQ 49 $7$F$$$^$9!# INSPEC $N%R%C%H7o?t$N?d0\ (100 K|7o$"$?$j ) 319

1970 G/ Be $O \SOR" $H \conjugate gradien t" $O F1 $8 ?t $G $7 $?!# 1980 G/ Be $K $O 6& Lr 8{ G[ K! $K 8@ 5Z $7 $? O@ J8 $N ?t $, 5^ B. $K A} 2C $7 $F $$ $^ $9!# 1990 G/ Be $K $J$k $H!" SOR 4X 78 $O 80 G/ Be $H Bg :9 $J $$ $G $9 $,!" 6& Lr8{G[K!4X78$O$5$i$K?t$,A}$($F$$$^$9!# 1979 G/Ev;~$N%;%s%?!<%*!<%W%s<< 320

6 Gauss $N>C5nK!$N%"%k%4%j%:%‘ $3 $3 $^ $G!" O" N) 1 <! J} Dx <0 $N 2r K! $K $h $/ ;H $o $l $k J} K! $r D> @\ K!!" H? I| K!!" 6& Lr 8{ G[ K! $N =g $K $6$C $H $_ $F$-$^$7$?!# Ev A3!" $3 $l $i $N Cf $G $I $l $, :G $b M% $l $? 2r K! $J $N $+ CN $j $? $/ $J $j $^ $9!# $7 $+ $7!" $$ $6 Hf 3S $9 $k $H $- $O!" 9T Ns A $N >r 7o ( <! ?t $d 7A >u $J $I ) $d!" 7W ;; 5! $N @- G=!" M_ $7 $$ @: EY $J $I!" $$ $m $$ $m $J >r 7o $r 2C L# $7 $J $/ $F $O $J $i $J $$ $N $G!" C/ $b $, G< F@ $9 $k $h $& $J Hf 3S $r $9$k$N$O$=$s$J$K4JC1$G$O$"$j$^$;$s!# 5U $K!" $3 $l $@ $1 $? $/ $5 $s $N <j K! $, Eq BA $5 $l $: $K ;D$C $F $$ $k 77 $H $$ $& ;v <B $O!" O" N) 1 <! J} Dx <0 $N 7h Dj E* $J 2r K! $, L$ $@ Ds 0F $5 $l $F $$ $J $$ $3 $H $N >Z L@ $G $b $" $j$^$9!# :# 8e $O!" D6 JB Ns 7W ;; 5!!& %Y %/ %H %k 7W ;; 5!!& %Y %/ %H %k JB Ns 7W ;; 5! $J $I $N!" <! @$ Be %9!< %Q!< %3 %s %T%e!< %? $H ?F OB @- $N $" $k 2r K! $, @8 $- ;D $k $3 $H $G $7$g $& ([43], [45], [56]) !# $5 $F $3 $l $+ $i @h $O!" :G $b M- L>!" $+ $D!" 9T Ns %G!< %? $r A4 $F <g 5- 21 $K 3J G< $G $- $? >l 9g $K :G $b HF MQ @- $, $" $k $H $$ $o $l $F $$ $k Gauss $N >C 5n K! $K $D $$ $F 9M $( $? $$ $H;W$$$^$9!# Crout K! $b Cholesky K! $b!" 7k 2L E* $K $O LU J, 2r $K5" Ce $5 $l $k $N $G!" Gauss $N >C 5n K! 78 $N Cg 4V $H $7 $F 9M$($k$3$H$K$7$^$9!# $J$*!" $3$N >O$O!"0J 9_$G ;HMQ $9$k Gauss $N >C5n K! $N %" %k %4 %j %: %‘ $H MQ 8l $N $? $a $N 2r @b $G $9!# K\ Bj $O :G 8e $N >O $J $N $G!" $4 B8 CN $N J} $O FI $_ Ht $P $7 $F 7k 9= $G $9!# 6.1 Gauss $N>C5nK! O"N) 1 <!J}Dx<0$r n X j =1 a ij x j = b i ; i = 1 ; � � � ; n (13) $H$7$^$9!# 77 !VB. $$!W $3 $H $, @5 5A $@ $H $9 $l $P!" 4{ $K Eq BA $5 $l $? <j K! $b $+ $J $j$"$j$^$9!# 78 Gauss-Jordan $N A] $- =P $7 K! $O!" LU J, 2r K!$G $J $$ $N $G!" Cg 4V$KF~$l$F$"$2$^$;$s!# 9T Ns A $O0l HL$N Hs BP>N $JL) 9T Ns$G!" $b$A $m $s@5 B’ $@$H$7$^$9!# $^ $:!" (13) $G a 11 6 = 0 $H 2> Dj $7 $^ $9!# Bh 1 <0 $K m (1) i = a i 1 =a 11 $r $+ $1!" x 1 $N 78 ?t $G $" $k a 21 $+ $i a n 1 $^$G$N@.J,$r i � 2, j � 2 $K$D$$$F a (1) ij = a ij � m (1) i a 1 j ; b (1) i = b i � m (1) i b 1 $N2aDx$G>C5n$7$^$9!# $9$k$HJ}Dx<0$O!" (13) $HF1CM$J 0 B B B B @ a 11 a 12 � � � a 1 n 0 a (1) 22 � � � a (1) 2 n . . . . . . : : : . . . 0 a (1) n 2 � � � a (1) nn 1 C C C C A 0 B B B B @ x 1 x 2 . . . x n 1 C C C C A = 0 B B B B @ b 1 b (1) 2 . . . b (1) n 1 C C C C A $N7A$K$J$j$^$9!# 0l HL $N 7A $G =q $/ $H!" Bh k CJ L\ $N >C 5n $O 1i ;; $O!" a ( k � 1) k k 6 = 0 $H2> Dj$9 $k$H $-!" i � k + 1, j � k + 1 $KBP$7 m ( k ) i = a ( k � 1) ik =a ( k � 1) k k a ( k ) ij = a ( k � 1) ij � m ( k ) i a ( k � 1) k j b ( k ) i = b ( k � 1) i � m ( k ) i b ( k � 1) k $G7W;;$7$^$9!# >C 5n $N CJ 3, $K $* $1 $k a ( k � 1) k k $r %T %\%C %H ( pivot ) $^ $?$O ?u<4 $H$$$$$^$9!# $3 $N >C 5n $r Bh 1 <0 $+ $i Bh n � 1 <0 $^ $G 9T $J $& $H!" :G=*E*$K<!$N<0$K$J$j$^$9!# 0 B B B B @ a 11 a 12 � � � a 1 n a (1) 22 � � � a (1) 2 n : : : . . . 0 a ( n � 1) nn 1 C C C C A 0 B B B B @ x 1 x 2 . . . x n 1 C C C C A = 0 B B B B @ b 1 b (1) 2 . . . b ( n � 1) n 1 C C C C A $3$NJ}Dx<0$O (13) $HF1CM$G$9!# =>$C $F!" a ( n � 1) nn 6 = 0 $J $i $P!" $? $@ $A $K n HV L\ $N L$ CN ?t x n $, 5a $^ $j!" $3 $l $r D> A0 $N <0 $K J| $j 9~ $‘ $3 $H$G x n � 1 $,$o$+$j$^$9!# 321

0J2<!"=gHV$K k = n � 1 ; � � � ; 1 $KBP$7 x k = 0 @ b ( k � 1) k � n X j = k +1 a ( k � 1) k j x j 1 A =a ( k � 1) k k $G2r$,5a$^$j$^$9!# 0J>e$,!"4pK\E*$J Gauss $N>C5nK!$N<j=g$G$9!# 6.2 >C5n2aDx Gauss $N >C 5n K! $K $h $k 9T Ns A $N JQ 2= $r ?^ $G 8+ $^ $7$g$&!# 2 CJL\$N>C5n2aDx Gr $$ It J, $O 4{ $K >C 5n $, 40 N; $7 $? It J, $G $9!# ;D $j $N %0 %l!<$NItJ,$O;2>H!&BeF~$,$"$j$^$9!# 3 CJL\$N>C5n2aDx CJ $, ?J $‘ $K $D $l $F!" ;2 >H $5 $l $k >. 9T Ns $, =L >. $7 $F $$ $-$^$9!# n � 1 CJL\$N>C5n2aDx $3$l$,:G8e$N>C5n2aDx$G$9!# >C5n40N; >C5n2aDx$,=*N;$9$k$H1&2<$K a ( n � 1) nn $,=P8=$7$^$9!# 6.3 LU J,2r$H$N4X78 @h $[ $I $N>C 5n 2a Dx $G$O!" 1& JU b $N CM $b A $H 0l=o $K JQ 7A $7 $^ $7 $?!# $7 $+ $7 ?t CM 7W ;; $G $O!" F1 $8 A $K BP $7 $F 2? EY $b 0c $& b $r ;H$C $F O" N) 1 <! J} Dx <0 $r 2r $/ $3 $H $, $h $/ $" $j $^ $9!# $= $N >l 9g!" @h $N %" %k %4 %j %: %‘ $r $= $N $^ $^ %W %m %0 %i %‘ $H $7 $F =q $/ $H!" b $K $" $o $; $F 2? EY $b F1 $8 A $r JQ 7A $9 $k $3 $H $K $J$C $F!" 8z N( $, 0- $/ $J $j $^$9!# $= $N $? $a!" $^ $: 9T Ns A $r LU J, 2r $7!" ;0 3Q 9T Ns L $H U $r MQ $$ $F b $r JQ 7A $9 $k %W %m %0 %i %‘ $K =q $- D> $7 $^ $9!# $3 $N $h $& $K $9 $k $H!" 0[ $J $k b $, M? $( $i $l $? >l 9g!" 0J A0 $N LU J, 2r $G C_ @Q $7 $? >p Js $r 6n ;H $7 $F %9 %‘!<%:$K2r$r7W;;$9$k$3$H$,$G$-$^$9 79 !# <B $O!" LU J, 2r $O Gauss $N >C 5n K! $N 7W ;; $G 4{ $K 40N;$7$F$$$^$9 80 !# >C 5n 2a Dx $G =P $F $- $? m ( k ) i $r!" >C 5n $K $* $1 $k >h ?t ( multipliers ) $H $$ $$ $^ $9!# LU J, 2r $N 2< ;0 3Q 9T Ns L $O!">C5n$K$*$1$k>h?t$r=gHV$KJB$Y$?9TNs 0 B B B B B B B @ 1 m (1) 2 1 0 m (1) 3 m (2) 3 1 . . . . . . . . . m (1) n m (2) n � � � m ( n � 1) n 1 1 C C C C C C C A $H$J$k$3$H$,>ZL@$G$-$^$9 ([50], [60]) !# 0l J}!" >e ;0 3Q 9T Ns U $O!" >C 5n K! $K $h$C $F :G =* E* $K JQ 7A $5 $l $k 9TNs $G $9!# =>$C $F!" Gauss $N >C 5n K! $K $h$C $F L $H U $N CM $, $9 $Y $F $o $+ $j $^ $9!# $H $$ $& $3 $H$O!" LU J,2r$,$G$-$k$o$1$G$9!# 79 @$$N Cf$K=P 2s$C$F $$$kCx L>$J Gauss $N>C 5nK!4X 78$N %i%$%V %i %j$O$[$H$s$I$3$N$h$&$K$J$C$F$$$^$9!# 80 $=$N$?$a!" Gauss $N>C5nK!$H LU J,2rK!$O:G6a F1$8$b$N$H$7 $F07$o$l$^$9!# 322

%W %m %0 %i %‘ $r AH $‘ >l 9g $O!" 5- 21 NN 0h $N @a Ls $N $? $a!" :G =i $K A $r 5- 21 $7 $? >l =j $K L $H U $r >e =q $- $7 $^$9 ([69]) !# LU J, 2r $, 40 N; $9 $l $P!" $" $H $O :n 6H MQ $N %Y %/ %H %k z $rMQ0U$7!" Lz = b $r z $K$D$$$F2r$$$?$"$H!" U x = z $r x $K$D$$$F2r$1$P!"2r$,F@$i$l$^$9!# A0 <T $r A0 ?J Be F~ ( forwar d substitution ) !" 8e <T $r 8eB‘BeF~ ( b ackwar d substitution ) $H8F$S$^$9!# 6qBNE*$J7W;;J}K!$O!"<!$NDL$j$G$9!# A0?JBeF~7W;; i = 1 ; � � � ; n $N=g$K!"<!$r7W;;$9$k!# z i = b i � i � 1 X k =1 l ik z k 8eB‘BeF~7W;; i = n; � � � ; 1 $N=g$K!"<!$r7W;;$9$k!# x i = z i � n X k = i +1 u ik x k ! =u ii 6.4 %T%\%C%HA*Br A0@a$N%"%k%4%j%:%‘$G$O!"%T%\%C%H a ( k � 1) k k $, 0 $G $J $$ $3 $H $r 2> Dj $7 $F $$ $^ $7 $?!# $7 $+ $7!" %T %\%C %H $, 0 $H $J $k >l 9g $b == J, $" $j $( $^ $9!# $^ $?!" %T %\%C %H $N @d BP CM $, >. $5 $$ >l 9g $b!" Ib F0 >. ?t E@ 1i ;; $G %*!< %P!< %U %m!< $, 5/ $-!" <! $N CJ 3, $K ?J $a $J $$ $3 $H $b 9M $( $i $l $^$9!# $= $N >l 9g!" 2? $i $+ $N J} K! $G 0 $G $J $$!" $D $$ $G $K!" ?tCME*$K:GNI$N%T%\%C%H$rC5$99)IW$,I,MW$G$9!# ?t CM 2r @O $N J, Ln $G B? $/ $N AO B$ E* $J ;E ;v $r $5 $l $? James Hardy Wilkinson $5$s (1919{1986) $O!" 1961 G/$K H/ I= $7 $? O@ J8 [35] $G 2 $D $N %T %\%C %H A\ :w K! $r Ds 0F$7$F$$$^$9!# 1 $D L\ $O!" k CJ L\ $N >C 5n $r 9T $J $& A0 $K!" k Ns $N Bh k 9T $+ $i n 9T $^ $G $r D4 $Y!" $= $N Cf $G @d BP CM :G Bg $H $J $k$h$&$J max k � i � n j a ( k � 1) ik j $, %T %\%C %H $H $J $k $h $& $K 9T $r F~ $l 49 $( $F $+ $i!" <! $N CJ3,$N>C5n$r9T$J$&J}K!$G$9!# $3 $N J} K! $r It J, %T %\%C %H A* Br K! ( p artial pivoting str ate gy ) !"$^$?$O!" ItJ,<4A*BrK! $H$$$$$^$9!# 0 B B B B @ a 11 a 12 � � � a 1 n 0 a (1) 22 � � � a (1) 2 n . . . . . . : : : . . . 0 a (1) n 2 � � � a (1) nn 1 C C C C A ItJ,%T%\%C%HA*Br$NBP>]$H$J$k@.J, (2 CJL\ ) 9T $rF~ $l49 $( $k$H $$$& $3 $H$O!" A $K :8$+ $i E,Ev $J CV499TNs P $r0z$C$+$1$k$H$$$&$3$H$G$9!# 2 $D L\ $N J} K! $O!" ;D$C $F $$ $k J} Dx <0 $N 78 ?t 9T Ns ( A0 @a $N %0 %l!< $N It J, ) $9 $Y $F $N @. J, $r D4 $Y $F!" $= $N Cf$G@dBPCM:GBg$N max k � i;j � n j a ( k � 1) ij j $,%T%\%C%H$H$J$k$h$&$KA*$VJ}K!$G$9!# $3 $N J} K! $r 40 A4 %T %\%C %H A* Br K! ( c omplete pivot- ing str ate gy ) !"$^$?$O!" 40A4<4A*BrK! $H$$$$$^$9!# 0 B B B B @ a 11 a 12 � � � a 1 n 0 a (1) 22 � � � a (1) 2 n . . . . . . : : : . . . 0 a (1) n 2 � � � a (1) nn 1 C C C C A 40A4%T%\%C%HA*Br$NBP>]$H$J$k@.J, (2 CJL\ ) 40 A4 %T %\%C %H A* Br K! $N $? $a $K $O!" 9T $N F~ $l 49 $( $K %W %i %9 $7 $F Ns $N F~ $l 49 $( $b I, MW $G $9!# $3 $l $O!" A $K E, Ev $J CV 499T Ns P 1 $r :8 $+$i!" $^ $?!" CV 49 9T Ns P 2 $r 1&$+$i0z$C$+$1$k$3$H$r0UL#$7$^$9!# $3 $N Fs $D $N %T %\%C %H A* Br K! $N Hf 3S $O!" :G =* >O $N Cf ?4$NOCBj$G$9 81 !# 2 >O $G >R 2p $7 $? LU Dj M} $O!" A $, @5 B’ $J $H $-!" $3 $N$h$&$JJ,2r$,2DG=$J$3$H$rJ]>Z$7$F$$$^$9!# 6.5 %T%\%C%HA*Br$NMxE@ %T%\%C%HA*Br$r9T$&:GBg$NM}M3$O!"%T%\%C%H a ( k � 1) k k $, 0 $K $J$j!" Gauss $N >C 5nK! $N =h M}$, GK C>$9 $k $?$a $N$rKI$0$?$a$G$9 82 !# $7 $+ $7!" Wilkinson $5 $s $N Ds 0F $7 $? %T%\%C %H A* Br K!$r :NMQ$7$? >l9g!"$? $H$( a ( k � 1) k k 6 = 0 $G$"$C $F$b!" 9T$dNs$NF~$l49$($,@8$8$k2DG=@-$,$"$j$^$9!# $=$N>l9g!"$3$NA‘:n$OL5BL$J$N$G$7$g$&$+!) 81 $?$@$7!" Wilkinson $5 $s$O!":GBg$NMW AG$r%T%\%C%H $KA*$VJ} K! $, :G NI $N J} K! $G $" $k $H $O 8@$C $F $$ $^ $; $s!# $7 $+ $7!" 8= :_ $N $H $3 $m!" $3 $l $K Be $o $j $& $k <B MQ E* $J %T %\%C %H A* Br K! $O Ds 0F $5 $l $F $$ $^ $;$s ([34]) !# 82 <B?t$r 0 $G$o$k9T0Y$O!"<B?tBN$KBP$9$kD)@o$G$9!# 323

$= $& $G $O $" $j $^ $; $s!# %T %\%C %H A* Br K! $O!" <! @a $G =R $Y $k $h $& $J!" Bg JQ ET 9g $N $$ $$ 9T Ns $G $" $k $3 $H $, $" $i $+ $8 $a $o $+$C $F $$ $k >l 9g $r =| $1 $P!" @’ Hs AH $_ 9~ $‘ $Y$-<jK!$G$9!# $=$NM}M3$O<!$NDL$j$G$9 ([72]) !# � %T %\%C %H $N @d BP CM $, >. $5 $$ $H!" >h ?t m ( k ) i $N7W;;$G7e$"$U$l$r5/$3$94m81$,$"$k!# � j a ( k � 1) k k j $N CM $, >. $5 $$ $N $O!" A0 $N >C 5n $N CJ 3,$G7eMn$A$r$7$?2DG=@-$,Bg$-$$!# � j m ( k ) i j $r >. $5 $/!" $D $^ $j j a ( k � 1) k k j $r Bg $- $/ A* Br$9 $k $[ $& $,!" a ( k � 1) ij $N >p Js$r @8 $+ $9 $3 $H$,$G$-$k!# Gauss $N >C 5n K! $K $* $1 $k M} O@ E* $J 4] $a 8m :9 2r @O $K $h $l $P!" %T %\%C %H A* Br $K $h$C $F 4] $a 8m :9 $N A} Bg $, Cx $7$/M^$($i$l$k$3$H$,$o$+$C$F$$$^$9 ([12]) !# 6.6 %T%\%C%HA*Br$,I,MW$J$$9TNs 0lHL $N9TNs $K Gauss $N>C 5nK! $rE,MQ $9$k >l9g $O!" A0 @a $K $" $2 $? M} M3 $h $j %T %\%C %H $N It J, A* Br $^ $? $O 40 A4A*Br$r9T$&I,MW$,$"$j$^$9!# $?$@ $7!" 9TNs A $, 0J 2<$N $I $l$+ $N >l 9g$O!" %T %\%C %H A* Br $r $7 $J $/ $b LU J, 2r 2D G= $G!" 4] $a 8m :9 $N 1F 6A $b>/$J$$$3$H$,$o$+$C$F$$$^$9 ([12], [74]) !# � @5DjCMBP>N9TNs � BP3QM%0L9TNs � M 9TNs 9TNs A $, @5 DjCM $G$" $k $+$I $&$+ $r H=Dj $9$k $K $O!" Dj 5A DL $j 8G M- CM $r 7W ;; $7 $F!" Id 9f $r D4 $Y $l $P $$ $$ $N $G $9 $,!" <! ?t $, Bg $- $/ $J $k $H $J $+ $J $+ $= $& $b $$ $- $^ $;$s!# $= $N >l 9g!" 9T Ns $r F3 $$ $? \ 0U L# " $r 9M $( $k $H $o $+ $k$3$H$,$"$j$^$9!# Nc $( $P!" M- 8B MW AG K! $J $I $G $O $" $k 4p Dl $G D% $i $l $? 4X?t u h $N%N%k%‘<0$, jj grad u h jj 2 L 2 ( ) = z T Az $J$I$H 2 <!7A<0$N7A$G=q$-I=$;$k>l9g$,$"$j$^$9!# $b$7 %N %k %‘$H 4p Dl $N@- <A $+ $i!" z 6 = 0 $N >l 9g 2 <! 7A<0 $, @5$H $$ $& $3 $H $, $o $+ $k $J $i!" A $, @5 Dj CM 9T Ns $G$"$k$3$H$,H=Dj$G$-$^$9!# $^ $?!" BP >N $+ $D BP 3Q M% 0L $G BP 3Q MW AG $, @5 $N >l 9g!" @5DjCM$G$"$k$3$H$,CN$i$l$F$$$^$9 83 !# 6.7 %9%1!<%j%s%0 %T %\%C%H A*Br$K $h$C$F!" Gauss $N >C5n K!$, GKC> $9 $k $3 $H $J $/!" $7 $+ $b 4] $a 8m :9 $N A} Bg $, M^ $( $i $l $k $3 $H$,$o$+$j$^$7$?!# $7 $+ $7!" $3 $l $K $O !V3F 9T Ns @. J, $N @d BP CM $N Bg $- $5 $, $@ $$ $? $$ F1 $8 Dx EY $G $" $l $P!W $H $$ $& A0 Ds >r 7o $, $D $-$^$9!# <B :]!" 3F J} Dx <0 $K 0 $G $J $$ Dj ?t $r $+ $1 $F $b!" ?t 3X E* $J 0U L# $O IT JQ $G $9!# $7 $+ $7!" %T %\%C %H A* Br $N 7k 2L $OBg$-$/$A$,$C$F$-$^$9!# 0l HL $K!" MW AG $N Bg $- $5 $, 6K C< $K 0c $& $3 $H $O 9% $^ $7 $/ $" $j $^ $; $s!# %T %\%C %H A* Br $r MQ $$ $F $b 8+ Ev 0c $$ $N Ez$,$G$kNc$b4JC1$K:n$l$^$9 ([61]) !# $= $3 $G!" >C 5n K! $K F~ $k A0 $K 3F MW AG $N @d BP CM $N Bg $- $5 $, $@ $$ $? $$ F1 $8 Dx EY $K $J $k $h $& $K D4 @0 $7!" %T %\%C %HA*Br$K0UL#$r;}$?$;$kI,MW$,$"$j$^$9!# $3 $N A‘ :n $r 9T Ns $N %9 %1!< %j %s %0 ( sc aling ) $^ $? $O @55,2= ( normalization ) !"$^$?$O 6QEy2= ( e quilibrium ) $H$$$$$^$9!# %9%1!<%j%s%0A0$N9TNs 8= :_ $N $H $3 $m %9 %1!< %j %s %0 $N 7h Dj HG $O B8 :_ $7 $^ $; $s 84 $,!"$h$/;H$o$l$k$b$N$O<!$NJ}K!$G$9 ([52]) !# 6.7.1 ItJ,%T%\%C%HA*Br$N>l9g i = 1 ; � � � ; n $KBP$7!" i 9T$N@.J,$N@dBPCM:GBg � i = max 1 � j � n j a ij j 83 87L)$K$O!V4{Ls!W$H$$$&>r7o$bI,MW$G$9!# 84 [13] $K %9 %1!< %j %s %0 $K $h$C $F <: GT $9 $k ?M 9) E* $J Nc $, $" $j $^ $9!#$^$?!" [7] $b;2>H2<$5$$!# 324

$G$b$C$F!" a � ij = a ij =� i ; j = 1 ; � � � ; n b � i = b i =� i $HA‘:n$7$^$9!#<0$NFbMF$OJQ$o$j$^$;$s!# $3 $N JQ 7A $N 7k 2L!" $9 $Y $F $N 78 ?t $, @d BP CM 1 0J 2< $H $J $j!" >/ $J $/ $H $b 1 $D $O @d BP CM 1 $N 78 ?t $, $I $3 $+ $K $"$k9TNs$K$J$j$^$9!# 6.7.2 40A4%T%\%C%HA*Br$N>l9g 40 A4 %T %\%C %H A* Br $N >l 9g $O!" <0 $@ $1 $G $J $/ L$ CN ?t $N!"$9$J$o$ANs$N%P%i%s%9$b$H$kI,MW$,$"$j$^$9!# $= $N $? $a $K $O!" 3F 9T $r $= $N 9T $N @d BP CM :G Bg $N MW AG $G3d$C$?$N$A$K!"3FNs$r$=$NNs$N@dBPCM:GBg$NMWAG � j = max 1 � i � n j a � ij j $G$b$C$F a � ij = a � ij =� j ; i = 1 ; � � � ; n x � j = � j x j $HA‘:n$7$^$9!# � i $N>pJs $O$"$H$G ;H$&$N $G5-O? $7$F $*$/I,MW$,$"$j$^$9!# %9%1!<%j%s%08e$N9TNs $3 $N $h $& $J %9 %1!< %j %s %0 $K $h$C $F!" ?7 $7 $$ 9T Ns $N $I $N @. J, $b @d BP CM 1 0J 2< $H $J $j!" $7 $+ $b $I $N 9T $K $b!" $^ $?!" $I $N Ns $K $b >/ $J $/ $H $b 1 $D $N @d BP CM 1 $N MWAG$,4^$^$l$k7k2L$H$J$j$^$9!# 6.8 %W%m%0%i%‘Nc 0J >e $N $3 $H $+ $i!" 9T Ns $, BP >N $J $N $+ @5 Dj CM $J $N $+ M% BP 3Q $J $N $+ @- 3J $, H= A3 $H $7 $J $$ O" N) 1 <! J} Dx <0 $K BP1~$7$? Gauss $N>C5nK!$N%W%m%0%i%‘$r=q$/>l9g!" � %T%\%C%HA*Br$rI,$:$9$k � 9TNs$N%9%1!<%j%s%0$b$"$o$;$F9T$& $H!"0l1~$N@:EY$,4|BT$G$-$^$9!# 0J2<!" Gauss $N >C5n K!$N %W%m%0 %i%‘ $NNc $r$"$2 $^ $9!# It J, %T %\%C %H A* Br $N %W %m %0 %i %‘ $O ?t CM 7W ;; $N K\ $K $h $/ :\$C $F $$ $^ $9 $N $G ([45], [49] $N 2r @b $, $* 4+ $a $G $9 ) !"$3 $3$G$O >JN, $7!"$" $^$j $*L\ $K$+ $+$k $3$H $, $J $$ 40 A4%T %\%C %H A* Br K!$N Gauss $N >C 5nK! %W %m %0 %i %‘$r>R2p$7$^$9!# 8@ 8l $O F ortran $G =q $- $^ $7 $? $,!" F OR TRAN77 $H F ortran90 $NCf4V$_$?$$$K$J$C$F$7$^$$$^$7$? 85 !# $J$*!"4JC1$J%A%e!<%K%s%0$r<!>O$G2r@b$7$^$9!# %5 %V %k!< %A %s L> $O \Gaussian Elimination with Complete Piv oting" $N F, J8 ;z $r $H$C $F!" $5 $i $K!" \V er.0" $N0UL#$r$D$1$F \GECP0" $H$7$F$*$-$^$9!# ! ============================================= ! 40A4%T%\%C%HA*Br Gauss $N>C5nK!%W%m%0%i%‘ ! << Cm0U >> %A%e!<%K%s%0A0$J$N$GCY$$$G$9!* ! ============================================= SUBROUTINE GECP0(A,NX,N,B,EPS,IW,P,Q,VP, & VS,VW,ICON) DOUBLE PRECISION A(NX,1),B(1),VW(1),VS(1), & VP(1),D,EPS INTEGER N,NX,I,J,K,L,C,P(1),Q(1),IW,ICON ICON=0 IF(N.LT.1.OR.N.GT.NX.OR.EPS.LE.0.0D0) & GO TO 8000 IF(IW.EQ.2) GO TO 6000 ! ----------------- 3F<0$N@55,2= ---------------- DO 10 I=1,N D=0.0D0 DO 20 J=1,N IF(ABS(A(I,J)).GT.D) D=ABS(A(I,J)) 20 CONTINUE IF(D.EQ.0.0D0) GO TO 7000 DO 30 J=1,N A(I,J)=A(I,J)/D 30 CONTINUE VP(I)=D 10 CONTINUE ! ----------------- L$CN?t$N@55,2= -------------- DO 40 J=1,N D=0.0D0 DO 50 I=1,N IF(ABS(A(I,J)).GT.D) D=ABS(A(I,J)) 50 CONTINUE IF(D.EQ.0.0D0) GO TO 7000 DO 60 I=1,N A(I,J)=A(I,J)/D 60 CONTINUE VS(J)=D 40 CONTINUE DO 110 K=1,N P(K)=K Q(K)=K 110 CONTINUE 85 %3%a %s%H$N \ ! " $O!":G 6a$N F ortran %3%s %Q%$%i $J$i$[$H $s$I 2r<a$7$F$/$l$k$H;W$$$^$9$,!" \ C " $HF1$8$G$9!# 325

! ------------------ Pivot $NA\:w --------------- DO 120 K=1,N D=0.0D0 DO 130 I=K,N DO 130 J=K,N IF(ABS(A(P(I),Q(J))).GT.D) THEN D=ABS(A(P(I),Q(J))) L=I C=J END IF 130 CONTINUE IF(D.EQ.0.0D0) GO TO 7000 ! ----------- index $N$D$1JQ$( ------------------- IF(K.NE.L) THEN J=P(K) P(K)=P(L) P(L)=J END IF IF(K.NE.C) THEN J=Q(K) Q(K)=Q(C) Q(C)=J END IF ! ----------- LU Decomposition ----------------- IF(ABS(A(P(K),Q(K))).LT.EPS) GO TO 7000 A(P(K),Q(K))=1.0D0/A(P(K),Q(K)) DO 140 I=K+1,N A(P(I),Q(K))=A(P(I),Q(K))*A(P(K),Q(K)) DO 150 J=K+1,N A(P(I),Q(J))=A(P(I),Q(J)) & -A(P(I),Q(K))*A(P(K),Q(J)) 150 CONTINUE 140 CONTINUE 120 CONTINUE ! ----------- Forward Substitution ------------- 6000 DO 160 I=1,N VW(I)=B(P(I))/VP(P(I)) DO 170 J=1,I-1 VW(I)=VW(I)-A(P(I),Q(J))*VW(J) 170 CONTINUE 160 CONTINUE ! ---------- Backward Substitution ------------- DO 180 I=N,1,-1 B(I)=VW(I) DO 190 J=I+1,N B(I)=B(I)-A(P(I),Q(J))*B(J) 190 CONTINUE B(I)=B(I)*A(P(I),Q(I)) 180 CONTINUE ! ---------- 2r$N index $D$149$( ----------------- DO 200 I=1,N VW(I)=B(I) 200 CONTINUE DO 210 I=1,N B(Q(I))=VW(I)/VS(Q(I)) 210 CONTINUE IC=0 RETURN ! --------- ERROR $,=P$?>l9g$N=hM} -------------- 7000 ICON=2000 RETURN 8000 ICON=3000 RETURN END $J$*!"%"%k%4%j%:%‘$O [60] $r;29M$K$7$^$7$?!# GECP0 $G $O!" %T %\%C %H A* Br $N 2a Dx $G @8 $8 $k J} Dx <0 $H JQ ?t $N JQ 49 >p Js $r 5- O? $9 $k @0 ?t $N %$ %s %G%C %/ %9 %Y%/%H%k p = ( p (1) ; p (2) ; � � � ; p ( n )) q = ( q (1) ; q (2) ; � � � ; q ( n )) $r MQ 0U $7!" $3 $N p ( k ) $H q ( k ) $N CM $r 8r 49 $9 $k $3 $H $G @5 $7 $$ 7k 2L $r F@ $k $h $& $K %W %m %0 %i %‘ $r AH $s $G $$ $^ $9!# LU J, 2r $N %W %m %0 %i %‘ $G $O!" � i $N >p Js $r $= $N $^ $^ It J, %T %\%C %H A* Br $K Mx MQ $9 $k J} K! $r :N MQ $9 $k >l 9g $, B? $$ $N $G $9 $, ( 6q BN E* $J %W %m %0 %i %‘ $O [49] ;2 >H ) !" LU J, 2r $N %3 %9 %H $K Hf $Y %9 %1!< %j %s %0 $N %3 %9 %H $O Bg $7 $? $3 $H $J $$ $3 $H $H!" %W %m %0 %i %‘ $r 8+ $d $9 $/ $9 $k $? $a!"M[$K9TNs$r%9%1!<%j%s%0$7$F$$$^$9!# <! $N >O $G $O!" %5 %V %k!< %A %s GECP0 $r $G $- $k $@ $1 3Z$r$7$F%9%T!<%I%"%C%W$9$kJ}K!$r9M$($^$9!# $A$g$C$H5Y7F 326

7 GECP $N%9%T!<%I%"%C%W:n@o $3$N >O$G $O!"40A4 %T%\%C %HA* BrIU $- Gauss $N>C 5n K!%W %m %0 %i %‘ \GECP0" $r!" %9 %+ %i!< 7W ;; 5!!" $* $h $S %Y %/ %H %k 7W ;; 5! $G $H $j $" $( $: $N %9 %T!< %I $, =P $k $h $&$K%A%e!<%K%s%0$7$^$9!# 7W ;; 5! $N FC @- $K $" $o $; $? %A%e!< %K %s %0 $N $? $a $K $O!" 7W ;; 5! Fb It $N :n $j $K N) $A F~$C $? CN <1 $, B? >/ I, MW $K $J $j $^ $9!# $7 $+ $7!" :G 6a $N %W %m %0 %i %‘ 8@ 8l $N :G E, 2= 5; =Q $O M% =( $J $N $G!" $" $k Dx EY $N 6Z F; $r <( $9 $H!" $" $H$O>!<j$K;E;v$r$7$F$/$l$^$9 86 $3 $3 $G $O!" IY ;N DL 3t <0 2q <R $N %3 %s %Q %$ %i It Bb $, Am NO $r 7k =8 $7 $F :n $j >e $2 $? F ortran %3 %s %Q %$ %i $N \F OR TRAN77 EX/VP" $r MQ $$ $F!" GECP0 $N %9 %T!<%I%"%C%W:n@o$rE83+$7$^$9!# 7.1 <B9T;~4V$ND4:: $^$: [45] $N;XE&$r>R2p$7$^$9!# 7P 83 E* ;v <B $H $7 $F!" CPU ;~ 4V $, A4 BN $N Cf $G ;Y G[ E* $J %W %m %0 %i %‘ $G $O!" CPU ;~ 4V $N Bg It J, (90% 0J >e ) $O %=!< %9 %W %m %0 %i %‘ $N ?t % 0J 2< $N It J, $G =8 Cf $7 $F >C Hq $5 $l $k >l 9g $, B? $$!# $7 $? $,$C $F!" %W %m %0 %i %‘ $N 2~ NI $r 8zN( $h $/ 9T $J $& $? $a $K $O!" 7W ;; ;~ 4V $N D9 $$ %W %m %0 %i %‘ $NItJ,$r8!=P$9$k$3$H$,=EMW$G$"$k!# Eg:j bC><!X%9!<%Q!<%3%s%T%e!<%?$H%W%m%0%i%_%s%0!Y %W %m %0 %i %‘ A4 BN $G 9M $( $k $H!" O" N) 1 <! J} Dx <0 $d 8G M- CM 7W ;; $J $I $, !V CPU ;~ 4V $N Bg It J,!W $r >C Hq $9 $k $3$H$O$h$/CN$i$l$F$$$^$9!# $D $^ $j!" GECP0 $N 7W ;; $, CY $$ $H!" A4 BN $N 7W ;; ;~ 4V $, CY $/ $J$C $F $7 $^ $$ $^ $9!# $= $N 0U L# $G GECP0 $N %A%e!<%K%s%0$OHs>o$KBg;v$K$J$j$^$9!# Bh0l$K$d$k$Y$-$3$H$O!" [45] $N;XE&DL$j!" 3F=hM}2aDx$G:G$b%3%9%H$,$+$+$kItJ,$rFCDj$9$k $3$H$G$9!# GECP0 $O 4 $D$NItJ,$KJ,$1$k$3$H$,$G$-$^$9!# 1. @55,2= ( %9%1!<%j%s%0 ) =hM} 86 $3 $& $$$C $? M% =( $J $N $, 8& 5f << $K $? $/ $5 $s $$ $l $P $$ $$ $N $G $9 $,!"8=<B$O$=$&$b$$$-$^$;$s!# 2. %T%\%C%HA*Br$H9T!&Ns$N8r49 3. LU J,2r 4. A0?JBeF~!?8eB‘BeF~!"$*$h$S2r$NJB$Y49$( $9 $0 $l $? %W %m %0 %i %_ %s %0 8@ 8l $K $O!" <B 9T ;~ $N ?6 Iq $$$r2r@O$9$k%=%U%H%&%’%"$,IUB0$7$F$$$^$9 87 !# $7 $+ $7!" $3 $3 $G $O $b$C $H 6q BN E* $K!" %W %m %0 %i %‘ Fb $K CPU ;~ 4V $r 7W B, $9 $k 4X ?t $r Kd $a 9~ $s $G!" 4 $D $N =hM}$N7P2a;~4V$rB,Dj$7$^$9!# B, Dj $O 1995 G/ 10 7n 6 F| $K $*$3 $J $$ $^ $7 $?!# 7W ;; 5! $O FUJITSU VP2600/10 !" %3 %s %Q %$ %i $O F OR- TRAN77 EX/VP $G$9!#:GE,2=%*%W%7%g%s$O OPT(E) $H $7 $F!" %9 %+ %i!< %b!< %I $H %Y %/ %H %k %b!< %I $G J} Dx <0 $N<!?t$rJQ$($F%G!<%?$r=8$a$^$7$? 88 !# 0J 2< $O!" GECP0 $K $* $1 $k 3F =h M} 2a Dx $N A4 BN $N <B 9T ;~ 4V $K @j $a $k 3d 9g $G $9!# $^ $: $O %9 %+ %i!< %f %K%C %H $N$_$r;H$C$?<B9T7k2L$G$9!# 3F=hM}$KMW$9$k%3%9%H ( %9%+%i!<%b!<%I ) =hM}2aDx n = 100 n = 1000 9TNs$N@55,2= 2.64% 0.23% %T%\%C%HA*Br=hM} 49.53% 38.25% LU J,2r 46.39% 61.40% A0?J>C5n!?8eB‘BeF~ 1.44% 0.12% %G!< %? $+ $i $9 $0 $o $+ $k $h $& $K!" %T %\%C %H A* Br $H LU J,2r$K$+$+$k%3%9%H$,B>$r05E]$7$F$$$^$9!# 3F=hM}$KMW$9$k%3%9%H ( %Y%/%H%k%b!<%I ) =hM}2aDx n = 100 n = 1000 9TNs$N@55,2= 0.66% 0.00% %T%\%C%HA*Br=hM} 20.57% 0.80% LU J,2r 78.03% 98.20% A0?J>C5n!?8eB‘BeF~ 0.73% 0.00% BP $7 $F %Y %/ %H %k %b!< %I $G $O!" LU J, 2r $K Bg H> $N %3 %9%H ( n = 1000 $G 98% 0J>e ) $,=8Cf$7$F$$$^$9!# $3 $l $O 6K $a $F =E MW $J $3 $H $G $9!# $J $< $3 $N $h $& $J 0c $$$,@8$8$k$N$G$7$g$&$+!) 87 F OR TRAN77 EX/VP $K$O ANAL YZER $H$$$& %D!<%k$, $"$j$^$9!# 88 $3$N$"$?$j$NMQ8l$,$o$+$i$J$$J}$O!" [63] $r$4$i$s2<$5$$!# 327

%Y%/%H%k2=$G$-$J$$860x n = 1000 $G$N<B9T;~4V$r8+$k$H!" %9%+%i!< %Y%/%H%k %T%\%C%HA*Br=hM} 149 IC 1.9 IC LU J,2r 239 IC 237 IC $G $9!# %Y %/ %H %k %b!< %I $G $O!" %T %\%C %H A* Br =h M} $N <B 9T ;~ 4V $, 149 IC $+ $i 1.9 IC $H Bg I} $K C; =L $G $- $F $$ $^ $9!# BP $7 $F LU J, 2r $N J} $O A4 $/ 2~ A1 $5 $l $F $$ $^ $; $s!# $3 $l $O!" LU J, 2r $N It J, $, A4 $/ %Y %/ %H %k 2= $G $- $F $J $$ $3 $H $r 0U L# $7 $^ $9!# %Y %/ %H %k 7W ;; 5! $K $H$C $F!"$3$N;vBV$O6K$a$F0d48$J$3$H$G$9!# =>$C $F!" %Y %/ %H %k %b!< %I $N =h M} $K $* $$ $F LU J, 2r $K Bg NL $N %3 %9 %H $, $+ $+ $k M} M3 $, $o $+ $j $^ $9!# $D $^ $j!" B> $N =h M} $, $= $3 $= $3 %Y %/ %H %k 2= $G $- $F $$ $k $N $K BP $7 $F!" LU J, 2r $N It J, $@ $1 A4 $/ %Y %/ %H %k 2= $G $- $F $$$J$$$?$a!"AjBPE*$J%3%9%H$,A}Bg$7$?$o$1$G$9!# $G$O!"$3$NItJ,$N2~NI$r9M$($^$7$g$&!# 7.2 9TNs$NCM$N8r49 7.2.1 ?F@Z$J%3%s%Q%$%i GECP0 $N %W %m %0 %i %‘ $G %T %\%C %H A* Br $K $h$C $F @8 $8 $k 9T $H Ns $N 8r 49 $O!" 9T $N >p Js $r 5- 21 $9 $k %$ %s %G%C %/ %9 %Y %/ %H %k$N CM $r 8r 49 $9 $k $3 $H $G $9 $^ $; $F $$ $^ $9!# $3 $N $h $& $K $9 $l $P!" <B :] $K 9T Ns $N CM $r JQ 49 $r $9 $k <j 4V $, >J $1!" 7W ;; ;~ 4V $N @a Ls $K $J $k!" $H ;W $& $N $, Ia DL $G $9!# %$ %s %G%C %/ %9 %Y %/ %H %k $r E: ;z $K MQ $$ $k J} K! $O George E. F orsythe $5$s$H Clev e B. Moler $5$s $N=q $$ $? M- L> $J ?t CM 7W ;; $N 65 2J =q [12] $J $I $G $b ?d >) $5 $l $F $$ $^ $9 89 !# $,!" $3 $N %$ %s %G%C %/ %9 %Y %/ %H %k $r ;H$C $? %W %m %0 %i %‘ $O!" %Y %/ %H %k 7W ;; 5! $K E, $5 $J $$ $3 $H$,CN$i$l$F$$$^$9!# 86 0x $O!" %W %m %0 %i %‘ $r AH $‘ ?M $N %Y %/ %H %k %3 %s %Q %$ %i$KBP$9$k@bL@ITB-$K$"$j$^$9 90 !#Nc$($P!" DO 140 I=K+1,N A(P(I),Q(K))=A(P(I),Q(K))*A(P(K),Q(K)) 140 CONTINUE $N It J, $r %3 %s %Q %$ %i $, 8+ $? >l 9g!" E: ;z $N P(I) $H Q(I) $NCM$O<B9T$9$k$^$G$o$+$i$J$$$HH=CG$7$^$9!# <B:]!"%T%\%C%HA*Br$,:Q$‘$^$G P(I) $H Q(I) $NCM $O$o$+$j$^$;$s!#$7$+$7!"%W%m%0%i%‘$r=q$/?M$O!" 89 $b$C $H $b!" $3 $l $O It J, %T %\%C %H A* Br $N %W %m %0 %i %‘ $K 4X $9 $k $3 $H$G!" $3 $N >l 9g A(P(I),J) $K BP $7 $F $N OC $G $9!# 40 A4 %T %\%C %H A* Br$N>l9g A(P(I),Q(J)) $J$N$G>u67$O0[$J$j$^$9!# 90 $" $k $$ $O %3 %s %Q %$ %i $N G’ <1 IT B- $H $b $$ $( $k $N $G $9 $,!" $= $l $O 9s$H$$$&$b$N$G$9!# P(I) $H Q(I) $O 1 $+$i n $^$G$N$I$l$+$NCM$r$H $j!"F1$8CM$H$J$k$3$H$O@dBP$K$J$$ $3$H$rCN$C$F$$$^$9!#$h$C$F!" I $r K+1 $+$i N $^$G !V$;!< $N!W $G %Y %/ %H %k =h M} $7 $F M_ $7 $$ $H 4| BT $9 $k $N $OEvA3$G$9!# $H $3 $m $,!" %3 %s %Q %$ %i $O $= $s $J $3 $H $O $D $f CN $j $^ $;$s$N$G !V$b $7 $+ $7 $? $i P(I) $O 1, 2, 2, 1,... $J $I $N $h $& $K!" =E $J $j $, $" $k 2s 5" %G!< %? $+ $b CN $l $J $$ $J!# $b $7 $= $& $J $i!" %Y %/ %H %k =h M} $K $h$C $F A $, JQ $J CM $K =q $- $+ $o$C $F $7 $^ $& $+ $b $7 $l $J $$ $>!# $3 $l $O $^ $: $$!# %9 %+ %i!< %f %K%C %H $G =g HV $K =hM}$7$h$&$C$H!#!W $H 9M $(!" $3 $N It J, $r %9 %+ %i!< %b!< %I $G <B 9T $7 $^ $9!# $3$l$O!"%3%s%Q%$%i$K$H$C$FEvA3$NA*Br$G$9!# $= $N 7k 2L!" K\ Mh $O %Y %/ %H %k %f %K%C %H $G <B 9T $5 $l $k $Y$- DO %k!<%W$,Hs>o$KCY$/$J$C$F$7$^$$$^$9 91 $G$O!"$I$&$9$Y$-$+!) BP:v$O<!$N$I$A$i$+$G$9!# !TBP:v 1 !U %Y %/ %H %k 2= $r ?d ?J $9 $k :G E, 2= ;X <( 9T $r %=!< %9 %W %m %0 %i %‘ $K Kd $a 9~ $_!" G[ Ns $K 2s 5" ;2 >H $,$J$$$3$H$r%3%s%Q%$%i$K;X<($9$k!# !TBP:v 2 !U $*$7$c $l $J%$ %s%G%C %/ %9%Y %/ %H%k $K Mj$k $N $r $d $a!" %T %\%C %H A* Br ;~ $K K\ Ev $K 9T $H Ns $N CM $r 8r 49 $9 $k $3 $H $G %3 %s %Q %$ %i $K <+ J, $N 0U ?^ $r ;W $$CN$i$;$k!# 7.2.2 :GE,2=;X<(9T$NA^F~ !TBP :v 1 !U $O!" DO %k!< %W $N A0 $K !V$3 $N G[ Ns $K $O 2s 5" ;2 >H $O $J $$ $h!W $H $$ $& 0U L# $N 9T $r 1 $D DI 2C $7 $^ $9!# F OR TRAN77 EX/VP $N >l 9g!" <! $N $h $& $K $J $j$^$9!# *VOCL LOOP,NOVREC(A) ! $3$N9T$rDI2C DO 100 I=K+1,N A(P(I),Q(K))=A(P(I),Q(K))*A(P(K),Q(K)) 100 CONTINUE NOVREC $O \no v ector recurrence" $N N, $G $9!# >\ $7$/$O [68] $r8fMw2<$5$$!# $? $@ $7 $3 $N J} K! $O!" %Y %/ %H %k 7W ;; 5! $H %3 %s %Q %$ %i $N <o N‘ $K $h$C $F 0[ $J $j $^ $9 $N $G!" $" $/ $^ $G $b 8D JL 7b GK$N:n@o$H$J$j$^$9 92 !# 91 [63] $N <B 83 $G $o $+ $k $h $& $K!" %Y %/ %H %k 7W ;; 5! $+ $i %Y %/ %H %k %f %K%C %H $r $H $l $P!" HF MQ 5! $I $3 $m $+ %Q %= %3 %s $K $b Ii $1 $k 2D G= @- $, $" $j$^$9!# 92 $^ $?!" $3 $N Nc $G $N %Y %/ %H %k 2= $N 8z 2L $O !TBP :v 2 !U $H Hf $Y $F H> J,0J2<$G$9!# 328

7.2.3 K\Ev$K9T$HNs$NCM$r8r49$9$k HF MQ @- $r DI 5a $9 $k $J $i $P!" BP :v 2 $G $9!# $5$C $= $/ %W%m%0%i%‘$r=$@5$7$^$9!# DO 120 K=1,N !-------------- Pivot $NA\:w ------------------ ! D=0.0D0 DO 130 I=K,N DO 130 J=K,N IF(ABS(A(I,J)).GT.D) THEN ! JQ99 1 D=ABS(A(I,J)) ! JQ99 2 L=I C=J END IF 130 CONTINUE !------------- index $N$D$1JQ$( ---------------- ! IF(K.NE.L) THEN J=P(K) P(K)=P(L) P(L)=J DO 131 J=1,N ! DI2C 1 D=A(K,J) ! DI2C 2 A(K,J)=A(L,J) ! DI2C 3 A(L,J)=D ! DI2C 4 131 CONTINUE ! DI2C 5 END IF IF(K.NE.C) THEN J=Q(K) Q(K)=Q(C) Q(C)=J DO 132 I=1,N ! DI2C 6 D=A(I,K) ! DI2C 7 A(I,K)=A(I,C) ! DI2C 8 A(I,C)=D ! DI2C 9 132 CONTINUE ! DI2C 10 END IF 0J>e$O%T%\%C%HA*Br$NItJ,$G$9!# \ DI2C " $N ItJ, $G9T $HNs $NF~$l 49$( $r9T $J$& $h$& $K $7$^$7$?!#$J$*!"F~$l49$($N>pJs P , Q $O!" A0?J!?8e B‘BeF~$G;H$&$N$G$=$N$^$^;D$7$^$9!# ! -------- LU Decomposition ---------------- ! A(K,K)=1.0D0/A(K,K) DO 140 I=K+1,N A(I,K)=A(I,K)*A(K,K) DO 150 J=K+1,N A(I,J)=A(I,J)-A(I,K)*A(K,J) 150 CONTINUE 140 CONTINUE 0J >e $O LU J, 2r $N It J, $G $9!# %$ %s %G%C %/ %9 %Y %/ %H %k P $H Q $,DIJ|$5$l!"$9$C$-$j$7$^$7$?!# $5$C $= $/ <B 9T ;~ 4V $r 7W B, $7 $^ $9!# $5 $- $[ $I $H F1 $8 n = 1000 $G$N%G!<%?$G$9!# %9%+%i!< %Y%/%H%k %T%\%C%HA*Br=hM} 112 IC 0.88 IC LU J,2r 224 IC 0.45 IC $& $^ $/ %Y %/ %H %k 2= $G $- $^ $7 $?!# %3 %s %Q %$ %i $O :# EY $O LU J, 2r $r $9 $Y $F %Y %/ %H %k %f %K%C %H $G =h M} $9 $k %3!< %I $r $O $- $@ $7 $? $? $a!" %9 %+ %i!< %b!< %I $K Hf $Y $F 2? $H 498 G\ $N %9 %T!< %I $, $G $^ $7 $?!# $3 $& $G $J $/ $A$c $$$1$^$;$s!# $^ $?!" 9T $H Ns $r 8r 49 $7 $? %W %m %0 %i %‘ $N J} $,!" %* %j %8 %J %k $N %$ %s %G%C %/ %9 %Y %/ %H %k $r ;H$C $? %W %m %0 %i %‘ $h $j %9 %+ %i!< %b!< %I $G $b B. $/ $J$C $F $$ $^ $9!# 9T $H Ns $N 8r 49 It J, $r ?7 5, $K DI 2C $9 $k $? $a!" $= $N J, 7W ;; ;~ 4V $, M> 7W $K $+ $+ $k $N $G $O!" $H ?4 G[ $5 $l $? %T %\%C %H A* Br =hM}ItJ,$b!" 37 ICB.$/$J$j$^$7$?!#$=$NM}M3$O!" � %T %\%C %H A* Br $N <B 9T ;~ 4V $N Bg It J, $O!" :G Bg %T %\%C%HC5:w$N DO %k!<%W$,>CHq$9$k � $=$N DO %k!<%WFb$G A(P(I),Q(J)) $, A(I,J) $H%9%C%-%j$7$?$?$a!"<B9T8zN($,$"$,$C$? $?$a$G$9!# 7.3 E:;z$NF0$- B3 $$ $F $O!" F ortran 8@ 8l $N FC D’ $r Mx MQ $7 $^ $9!# <! $NJ8$r$*FI$_2<$5$$ ([60]) !# 0lHL $K!" F OR TRAN $G $O!" 2 <!85 0J>e $NG[ Ns$N G[Ns MW AG $O!"<B :] $N %a %b %j >e $G $O!" Bh 1 $NE: ;z $N =g $K O" B3 $7$F JB $S!" <!$K Bh 2 $N E:;z $, 0l $DA} $( $F:F $S Bh 1 $N E: ;z $N =g $K O"B3 $7 $F JB $V $h $& $K %3 %s %Q %$ %k $5 $l $k$3 $H $K $J$C $F $$ $k!# !JCf N,!K $7 $? $,$C $F!" $? $H $( $P 2 <! 85 G[ Ns$NE: ;z$N$=$l $>$l$rFs =E$N DO %k!<%W $GF0$+$9 $h$& $J>l9g$K$OFbB&$N DO %k!<%W$GBh 1 $NE:;z$,F0$-!" 30 B&$N DO %k!<%W$GBh 2 $NE:;z$,F0$/$h$&$K%W%m%0%i %‘ $r=q$/$Y$-$G$"$k!# ?9 @5Ip!X?tCM2r@OK!!Y $3 $l $K =>$C $F %W %m %0 %i %‘ $r =$ @5 $7 $^ $9!# $^ $:!" %T %\%C%HA\:w$NItJ,$N DO 130 I=K,N DO 130 J=K,N IF(ABS(A(I,J)).GT.D) THEN D=ABS(A(I,J)) L=I C=J END IF 130 CONTINUE $N I $H J $rF~$l49$( DO 130 J=K,N ! <--- =$@5 DO 130 I=K,N ! <--- =$@5 IF(ABS(A(I,J)).GT.D) THEN D=ABS(A(I,J)) L=I C=J END IF 130 CONTINUE 329

$H$7$^$9!#<!$K!" LU J,2r$NItJ, DO 140 I=K+1,N A(I,K)=A(I,K)*A(K,K) DO 150 J=K+1,N A(I,J)=A(I,J)-A(I,K)*A(K,J) 150 CONTINUE 140 CONTINUE $GFs=E%k!<%W$NFbB&$GBh 1 E:;z$N I $,F0$/$h$&$K DO 140 I=K+1,N A(I,K)=A(I,K)*A(K,K) ! <-- %k!<%WJ,3d 140 CONTINUE ! <-- =$@5 DO 145 J=K+1,N ! <-- =$@5 DO 150 I=K+1,N ! <-- =$@5 A(I,J)=A(I,J)-A(I,K)*A(K,J) 150 CONTINUE 145 CONTINUE ! <-- =$@5 $H =$ @5 $7 $^ $9!# $= $N B>!" A0 ?J !? 8e B‘ Be F~ 7W ;; $b =$ @5 $9 $k $3 $H $, $G $- $^ $9 $,!" A4 BN $K @j $a $k %3 %9 %H $, Hy!9$?$k$b$N$J$N$G!"2?$b$7$J$$$3$H$K$7$^$9!# <B9T7k2L$r8+$^$7$g$&!# %9%+%i!< %Y%/%H%k %T%\%C%HA*Br=hM} 38 IC 0.87 IC LU J,2r 29 IC 0.45 IC %Y %/ %H %k %b!< %I $G <B 9T ;~ 4V $, JQ $o $i $J $$ $N $O!" 4{ $K <+ F0 %Y %/ %H %k %3 %s %Q %$ %i $K $h$C $F %A%e!< %K %s %0 $, 40N;$7$F$$$k$?$a$G$9 ([45], [49]) !# 0l J}!" %9 %+ %i!< =h M} $G $O!" $?$C $? $3 $l $@ $1 $N =$ @5 $J $N $K!" %T %\%C %H A* Br $G Ls 3 G\!" LU J, 2r $G 7.7 G\ $b $N @- G= $, $G $^ $7 $?!# 0J >e 2 $D $N 2~ NI J} K! $O!" %Y %/ %H %k 7W ;; 5! $@ $1 $G $J $/!" HF MQ 5! $d %o!< %/ %9 %F!< %7%g %s!" %Q!< %= %J %k %3 %s %T%e!< %? $J $I $K $b 6& DL $9 $k 5; K! $G$9!# 7.4 GECP %W%m%0%i%‘ %W %m %0 %i %‘ $N %A%e!< %K %s %0 $N M> CO $O $^ $@ $^ $@ $" $j $^ $9!# Nc $( $P!" A0 ?J !? 8e B‘ Be F~ $H %9 %1!< %j %s %0 $N It J, $O $^$C $? $/ <j $D $+ $: $G $9!# $^ $? \ %k!< %W %" %s %m!< %j %s %0 " $H $$ $& M- L> $J <j K! $r $H $j F~ $l $k $N $b 8z 2L E* $G $7$g $&!# $5 $i $K!" 5- 21 NN 0h $N @a Ls $N LL $G $O!" 0z ?t $G ;H $& %9 %1!< %j %s %0 >p Js $r 3J G< $9 $k %Y %/ %H %k $O!" @k 8@$rITMW$K$9$k$3$H$,$G$-$^$9!# $7 $+ $7!" :G Dc 8B $N %A%e!< %K %s %0 $r $9 $k $@ $1 $G $b!" ( $b $H $N %W %m %0 %i %‘ $K Hf $Y $F ) 3J CJ $N @- G= %"%C %W $, $G $-$^$7$?$N$G!"0l1~$N40@.$K$7$^$9!# =P Mh >e $, $j $N 40 A4 %T %\%C %H A* Br %5 %V %k!< %A %s L> $r \GECP" $H$7$^$9!# 0J2<$O%W%m%0%i%‘%j%9%H$G$9!# ! =========================================== ! ! ------------------------------------------- ! ! SUBROUTINE GECP(A,NX,N,B,EPS,ISW,P,Q,VP, & VS,VW,ICON) ! ------------------------------------------- ! ! << 35MW >> ! <B9TNs$NO"N) 1 <!J}Dx<0 Ax=b $r complete pivoting ! $rMQ$$$? Gauss $N>C5nK!$G2r$/G\@:EYMQ%5%V%k!<%A%s ! << 0z?t >> ! A : 78?t9TNs!%1i;;8e , FbMF$OJ]B8$5$l$J$$!% ! NX : G[Ns A $N@09g@#K! ! N : 78?t9TNs A $N<!?t (N>1) ! B : Dj?t%Y%/%H%k B !%2r%Y%/%H%k x $H$7$F=PNO ! EPS : 78?t9TNs$NFC0[@-$NH=DjDj?t ! ISW : ISW=1 $N$H$- -- :G=i$+$i=hM}$r9T$& ! ISW=2 $N$H$- -- LU J,2r$N%G!<%?$O$=$N$^$^ ! B $NCM$@$1$r49$($F<B9T ! P : pivoting $NNs$NF~$l49$(>pJs%Y%/%H%k ! Q : pivoting $N9T$NF~$l49$(>pJs%Y%/%H%k ! VP : <0$N%9%1!<%j%s%0>pJs%Y%/%H%k ! VS : J}Dx<0$N%9%1!<%j%s%0>pJs%Y%/%H%k ! VW : :n6HMQ<B%Y%/%H%k ! ICON : condition code ! 0 -- @5>o=*N; ! 2000 -- 78?t9TNs$N$"$k9T$+Ns$,%<%m ! $^$?$O pivot H=Dj$, EPS 0J2< ! 3000 -- 0z?t$,4V0c$C$F$$$k ! ------------------------------------------- ! IMPLICIT NONE DOUBLE PRECISION A(NX,1),B(1),VW(1),VS(1), & VP(1),D,EPS INTEGER N,NX,I,J,K,L,C,P(1),Q(1),ISW ! ! ------------------------------------------- ! ! 0z?t$N%A%’%C%/ ! ------------------------------------------- ! ICON=0 IF(N.LT.1.OR.N.GT.NX.OR.EPS.LE.0.0D0) & GO TO 8000 IF(ISW.EQ.2) GO TO 6000 ! ! =========================================== ! ! %9%1!<%j%s%0 ( @55,2==hM} ) ! ------------------------------------------- ! ! * =hM}FbMF * ! Pivoting $NA0CJ3,$H$7$F!$3F78?t$NBg$-$5$,$[$\ ! Ey$7$/$J$k$h$&$K!$8D!9$N<0$r$=$N<0$N@dBPCM:GBg$N ! 78?t$G3d$jD4@0$9$k!% ! $5$i$K3FL$CN?t4V$N%P%i%s%9$r$H$k$?$a!$78?t9TNs$N ! 3FMWAG$r$=$NNs$N@dBPCM:GBg$N78?t$G3d$k . ! * Cm0U * ! <0$N%9%1!<%j%s%0>pJs$r VP $KJ]B8!%$^$? , ! L$CN?t$N>pJs$r VS $KJ]B8$9$k ! =========================================== ! ! ! ------------- 3F<0$N@55,2= ------------------ ! DO 10 I=1,N D=0.0D0 DO 20 J=1,N IF(ABS(A(I,J)).GT.D) D=ABS(A(I,J)) 20 CONTINUE IF(D.EQ.0.0D0) GO TO 7000 ! 9TNs$,Hs@5B’ DO 30 J=1,N A(I,J)=A(I,J)/D 30 CONTINUE VP(I)=D 10 CONTINUE 330

! ------------- L$CN?t$N@55,2= ---------------- ! DO 40 J=1,N D=0.0D0 DO 50 I=1,N IF(ABS(A(I,J)).GT.D) D=ABS(A(I,J)) 50 CONTINUE IF(D.EQ.0.0D0) GO TO 7000 ! 9TNs$,Hs@5B’ DO 60 I=1,N A(I,J)=A(I,J)/D 60 CONTINUE VS(J)=D 40 CONTINUE ! ! =========================================== ! ! Complete Pivoting ! ------------------------------------------- ! ! * =hM}FbMF * ! LU J,2r$N2aDx$N>.9TNs$G@dBPCM:GBg$NMWAG$rFCDj ! BP1~$9$k9T$HNs$NHV9f$r%Y%/%H%k P, Q $KJ]B8 ! =========================================== ! DO 110 K=1,N P(K)=K ! =i4|CM$N@_Dj Q(K)=K 110 CONTINUE ! ------------- pivot $NA\:w ----------------- ! DO 120 K=1,N D=0.0D0 DO 130 J=K,N DO 130 I=K,N IF(ABS(A(I,J)).GT.D) THEN D=ABS(A(I,J)) L=I ! pivot $H$J$k9THV9f C=J ! pivot $H$J$kNsHV9f END IF 130 CONTINUE IF(D.EQ.0.0D0) GO TO 7000 ! 9TNs$,Hs@5B’ ! ----------- index $N$D$1JQ$( ---------------- ! IF(K.NE.L) THEN DO 131 J=1,N D=A(K,J) A(K,J)=A(L,J) ! 9T$NF~$l49$( A(L,J)=D 131 CONTINUE J=P(K) P(K)=P(L) ! 9T>pJs$NF~$l49$( P(L)=J END IF ! IF(K.NE.C) THEN DO 132 I=1,N D=A(I,K) A(I,K)=A(I,C) ! Ns$NF~$l49$( A(I,C)=D 132 CONTINUE J=Q(K) Q(K)=Q(C) ! Ns>pJs$NF~$l49$( Q(C)=J END IF ! =========================================== ! ! LU Decomposition ! ------------------------------------------- ! IF(ABS(A(K,K)).LT.EPS) GO TO 7000 A(K,K)=1.0D0/A(K,K) DO 140 I=K+1,N A(I,K)=A(I,K)*A(K,K) 140 CONTINUE DO 145 J=K+1,N DO 150 I=K+1,N A(I,J)=A(I,J)-A(I,K)*A(K,J) 150 CONTINUE 145 CONTINUE 120 CONTINUE ! ! =========================================== ! ! Forward Substitution ! ------------------------------------------- ! 6000 DO 160 I=1,N ! ISW=2 $N>l9g , $3$3$+$i VW(I)=B(P(I))/VP(P(I)) DO 170 J=1,I-1 VW(I)=VW(I)-A(I,J)*VW(J) 170 CONTINUE 160 CONTINUE ! ! =========================================== ! ! Backward Substitution ! ------------------------------------------- ! DO 180 I=N,1,-1 B(I)=VW(I) DO 190 J=I+1,N B(I)=B(I)-A(I,J)*B(J) 190 CONTINUE B(I)=B(I)*A(I,I) 180 CONTINUE ! ! =========================================== ! ! 2r$N index $D$149$( ! ------------------------------------------- ! DO 200 I=1,N VW(I)=B(I) 200 CONTINUE ! DO 210 I=1,N B(Q(I))=VW(I)/VS(Q(I)) 210 CONTINUE ICON=0 ! $3$3$^$GMh$l$P@5>o=*N; RETURN ! ! =========================================== ! ! ERROR $,=P$?>l9g$N=hM} ! ------------------------------------------- ! 7000 ICON=2000 RETURN 8000 ICON=3000 RETURN END 331

7.5 <B9T;~4V$NHf3S 40 @. $7 $? %W %m %0 %i %‘ \GECP" $G 3F =h M} $, $I $l $/ $i $$ $N %3 %9 %H $r @j $a $k $+ $r %Y %/ %H %k!& %9 %+ %i!< %b!< %IJL$KI=$K$7$^$9!# 3F=hM}$KMW$9$k%3%9%H ( %9%+%i!<%b!<%I ) =hM}2aDx n = 100 n = 1000 9TNs$N@55,2= 4.30% 1.33% %T%\%C%HA*Br=hM} 56.74% 55.88% LU J,2r 37.14% 42.29% A0?J>C5n!?8eB‘BeF~ 1.82% 0.52% Aj JQ $o $i $: %T %\%C %H =h M} $H LU J, 2r $N It J, $K %3 %9 %H $, =8 Cf $7 $F $$ $^ $9!# $& $A!" %T %\%C %H A‘ :n $N <B 9T ;~ 4V$,H>J,0J>e$r@j$a$F$$$^$9!# 3F=hM}$KMW$9$k%3%9%H ( %Y%/%H%k%b!<%I ) =hM}2aDx n = 100 n = 1000 9TNs$N@55,2= 2.61% 0.63% %T%\%C%HA*Br=hM} 64.50% 65.40% LU J,2r 30.94% 33.59% A0?J>C5n!?8eB‘BeF~ 1.94% 0.38% %Y %/ %H %k %b!< %I $G $O!" %T %\%C %H =h M} $K $+ $+ $k 3d 9g $,$5$i$KA}2C$7$F 60% $r$3 $($F$$$^ $9!#$5$i$K>\ $7 $/D4$Y$k$H!"%T%\%C%HA*Br=hM}$N 95% 0J>e$, DO 130 J=K,N DO 130 I=K,N IF(ABS(A(I,J)).GT.D) THEN D=ABS(A(I,J)) L=I C=J END IF 130 CONTINUE $N It J, $K =8 Cf $7 $F $$ $k $3 $H $, $o $+ $j $^ $9!# %3 %s %Q %$ %i $N >p Js $r 8+ $k $H!" $3 $N It J, $O 4{ $K %Y %/ %H %k 2= $5 $l $F $$ $^ $9!# =>$C $F!" ?t G\ $N order $O $"$C $? $H $7 $F $b!" ?t == G\!" ?t I4 G\ $N order $G $N 2~ A1 $O Fq $7 $$ $H ;W $o$l$^$9 93 !# $3 $N It J, $N %3 %9 %H $O!" It J, %T %\%C %H A* Br $G $O $[ $H $s $I L5 ;k $G $- $k CM $G $9!# $D $^ $j!" $I $s $J $K 4h D%$C $F GECP $r %A%e!<%K %s %0 $7 $F $b!" @d BP$K It J, %T %\%C %H A* Br K! $h $j B. $/ $J $k $3 $H $O $" $j $^ $; $s 94 !# 1i ;; 2s ?t $r Hf 3S $7 $F $b!" 7W ;; ;~ 4V $, 2 G\ Dx EY $J $i AG @2 $i $7 $$ B.$5$@$H$$$($^$9!# 93 $O$C $- $j 8@$C $F!" $3 $N It J, $N %A%e!< %K %s %0 $r $I $& $d$C $F $$ $$ $N $+ $h $/ $o $+ $j $^ $; $s!# %k!< %W %" %s %m!< %j %s %0 $/ $i $$ $G $7$g $& $+!) 94 It J, %T %\%C %H A* Br $N %W %m %0 %i %‘ $b F1 MM $K %A%e!< %K %s %0 $7 $? >l 9g$NHf3S$G$9!# $G $O!" GECP %5 %V %k!< %A %s $N =h M} B. EY $r B> $N O" N) 1 <! J} Dx <0 $N %5 %V %k!< %A %s $H Hf 3S $7 $^ $9!# 7W ;; $O %Y %/ %H %k 7W ;; 5! VP2600/10 $G 9T $J $$ $^ $7 $?!# O" N) 1 <!J}Dx<0$N%5%V%k!<%A%s$O<!$N 4 $D$G$9!# %5%V%k!<%A%sL> 2rK! D VLAX Gauss $N>C5nK! ( ItJ,%T%\%C%HA*Br ) LEQLUW Crout K! ( ItJ,%T%\%C%HA*Br ) DLAXL Householder JQ49$K$h$k QR J,2r GECP Gauss $N>C5nK! ( 40A4%T%\%C%HA*Br ) D VLAX $H DLAXL $O SSL I I $N%5%V%k!<%A%s$G$9!# DLAXL $O!" $b $H $b $H :G >. <+ >h K! MQ $J $N $G $9 $,!" 9T $H Ns $N ?t $r B7 $( $k $H O" N) 1 <! J} Dx <0 $N 2r K! $H $7 $F $b ;H$($^$9!# LEQLUW $O NUMP A C $N%5%V%k!<%A%s $G$9!# $3 $N Cf $G VP2600/10 $N @- G= $r :G 9b $K 0z $- =P $9 %5 %V %k!< %A %s $O D VLAX $G $9!# [63] $G $N D4 :: $K $h $l $P!" VP2600/10 $N %T!< %/ @- G= $K Gw $k ?t CM $r =P $7 $F $$$k$N$G!"B>$O$H$F$b$?$A$&$A=PMh$^$;$s!# $h$C $F!" D VLAX $N =h M} ;~ 4V $r 1 $H $7 $F!" 3F %5 %V %k!< %A %s $, $= $N 2? G\ $N =h M} ;~ 4V $K $J $k $+!" <! ?t $r JQ$($J$,$iB,Dj$7$^$7$?!# %5%V%k!<%A%s$N=hM}@-G= QR J,2r $N DLAXL $O$b$H $b$H 1i;; ?t$, LU J, 2r $K Hf $Y $F B? $$ $3 $H $H!" %Y %/ %H %k 7W ;; 5! $K $& $^ $/ BP 1~ $7 $F $$ $J $$ $3 $H $b $"$C $F!" N = 4000 $G D VLAX $N 300 G\ 0J >e $N <B 9T ;~ 4V $, $+ $+$C $F $7 $^ $$ $^ $7 $?!# LEQLUW $O N = 2000 $^ $G $[ $\ 2 G\ $N =h M} B. EY $G$7 $?$,!" N $,A}$( $k$H$@$s $@$s@-G=$, Dc2<$7$F!" N = 7000 $G $O 2.8 G\ $K $J $j $^ $7 $?!# GECP $O N = 500 $N $H $- $K :G Bg 7.6 G\ $H $J $j $^ $7 $? $,!" N $, Bg $- $/$J $k $H $8 $o $8 $o$H :9 $r 5M $a!" N = 7000 $G $O 6 G\$N<B9T;~4V$H$J$j$^$7$?!# LEQLUW $H GECP $N Hf 3S $G $O!" L\ I8 $N \2 G\ " $+ $i8+ $k$H $^$" $^$" $N7k 2L$G $9!#$? $@$7 D VLAX $N %l%Y%k$+$i8+$l$P!"$^$@$^$@$H8@$($k$G$7$g$&!# 332

8 Gauss $N>C5nK!$O0BDj$+!) :G 8e $N >O $O!" EE ;R 7W ;; 5! $, @$ $N Cf $K EP >l $7 $F 0J Mh!"$:$C$H5DO@$N<o$K$J$C$F$$$k8EE5E*L?Bj It J, %T %\%C %H A* Br $N Gauss $N >C 5n K! $O!" $O $? $7 $F0BDj$J?tCM2rK!$+!) $r$H$j$"$2$?$$$H;W$$$^$9!# $3 $N Ld Bj $O!" M} O@ E* $K $O 4{ $K 2r 7h :Q $_ $G $9!# $? $@ $7!" 7P 83 E*!& <B MQ E* $K $O \ $b $d $b $d " $H $7 $? $b $N $, ;D$j$^$9!# 8.1 >C5nK!$NNr;K Gauss $5 $s $O!" 1809 G/ $K =P HG $5 $l $? !XE7 BN 1? F0 O@!Y $H $$ $& K\ $N Cf $G >C 5n K! $r >R 2p $7 ([50]) !" $3 $N J} K!$O9-$/@$$KCN$i$l$k$H$3$m$H$J$j$^$7$?!# $7$+ $7!" Gauss $5$s$, >C5n K!$N %"%k%4 %j%: %‘$N H/ L@<T$H$$$&$o$1$G$O$J$$$h$&$G$9!# 18 @$ 5* 8e H> $K %U %i %s %9 $G 3h Lv $7 $? ?t 3X <T Joseph Louis Lagrange $5 $s (1736{1813) 95 $O!" Gauss $5 $s $, !XE7 BN 1? F0 O@!Y $r =P $9 ?t == G/ A0 $K!" @F <! $J 7O $r 2r $/ $? $a $N >C 5n K! $N %" %$ %G %" $r 4{ $K $[ $N $a $+ $7 $F $$ $^$7$? ([17]) !# $^$?!"<!$N;v<B$b$"$k$=$&$G$9!# 1s$/ Cf 9q $G $O !X6e >O ;; =Q!Y $N Bh 8 >O !VJ} Dx!W $K!" %, %& %9 $N >C 5n K! $H $^$C $? $/ F1 $8 %" %k %4 %j %: %‘ $N 5- =R $, $" $k!#!X6e >O ;; =Q!Y $O 5* 85 A0 2 @$ 5* $N :" $K JT ;< $5 $l $? $H $$ $& $+ $i!" $9 $G $K 2000 G/ $b A0 $+ $i CN $i $l $F $$ $? $o $1 $G$"$k!# 8M@n H;?M!X?tCM7W;;!Y $_ $J $5 $s $b!" 9b 9; $d Bg 3X $G Ld Bj $r 2r $$ $? 96 $3 $H $, $" $k $H ;W $$ $^ $9 $,!" >C 5n K! $d A] $- =P $7 K! $O!" M} O@ $, L@ 2r $J >e!" ;M B’ 1i ;; $5 $( CN$C $F $$ $l $P!" $" $H $O 5! 3# E*$J9TNs7W;;$GEz$,=P$F$-$^$9!# 95 JQ J, K!!" 2r @O NO 3X $N AO ;O <T $G $9!# $^ $?!" Be ?t $N @$ 3& $G $b 0N Bg $J B- @W $r ;D $7 $^ $7 $?!# %a!< %H %k K! $N @) Dj $K $* $1 $k 0Q 0w D9 $G $b $"$C $??M$G$9!# 96 @53N$K$O2r$3$&$HEXNO$7$? $= $N $? $a!" ;f $H 1t I. $G O" N) 1 <! J} Dx <0 $r 2r $/ >l 9g $N M- NO$J <j K! $H $7 $F!" Gauss $N>C 5n K! $O MI$k $. $J $$ CO0L$r3MF@$7$^$7$?!# 1940 G/Be$K$J $k$H!"EE;R7W;;5!$,K\ 3JE*$J<BMQCJ 3, $K F~ $j!" $= $l $K $H $b $J$C $F!" 4] $a 8m :9 $N 8& 5f $b $5 $+ $s $K $J $j $^ $9!# Ev A3!" O" N) 1 <! J} Dx <0 $N 4J C1 $J 2r K! $G $"$k Gauss $N >C 5n K!$b 3J 9% $N8& 5f BP >] $H$J $j $^ $7$?!# :G=i $K$J $5$l $?8&5f $G$O!" 4]$a 8m:9$, Gauss $N >C 5n K! $K $" $? $( $k 1F 6A $O $- $o $a $F Ha 4Q E* $G $7 $?!# [30] $+$i0zMQ$7$^$9!# EE ;R 7W ;; 5! ;~ Be $N Kk 3+ $1 $N :"!" Gauss $N >C 5n K! $O O" N) 1 <! J}Dx <0 $N 2r K! $H $7$F Lr $K N) $? $J $$$N $G $O!" $H 7| G0$5$l $?!# Hotelling $O 1943 G/$NO@ J8$G!" A T Ax = b $N 7A $r $7 $? n � n J} Dx <0 $N 2r $K $* $$ $F 8m :9 $O 4 n � 1 DxEY$K$J$k$G$"$m$&$HM=8@$7$?!#H‘$O$3$&;XE&$9$k!# !V 78 9T $N 9T Ns $G $O!" >. ?t E@ Bh 1 0L $N 6a ;w @: EY $r J] >Z $9$k$N$G$9$i!" 46 7e$,I,MW$H$J$k$@$m$&!#!W L. N. T refethen and R. S. Sc hreib er \Av erage-Case Stabilit y of Gaussian Elimination" :G 8e $N \ 7e ?t 1>!9 " $N It J, $O!" 9T Ns $N <! ?t $r n = 78 $H $7 $F 10 ?J ?t $N 7W ;; 5! $r MQ 0U $7 $? $H $-!" 8m :9 $, 4 n � 1 $G$9$+$i!" 10 x = 4 77 $N 2r $H $7 $F!" 7e ?t $, 46 0J >e @d BP $K I, MW $J $3 $H $r 0U L#$7$^$9!# Ev =i $N 8& 5f $G $N 7k O@ $O!" 100 8D Dx EY $N L$ CN ?t $r ;} $D J} Dx <0 7O $r 2r $/ >l 9g $G $b!" IT 2D G= $J $[ $I $N B? $/ $N M- 8z 7e $r J]$C $F 1i ;; $7 $J $$ 8B $j!" I, MW $J @: EY $O $H $F $bF@$i$l$^$$!"$H$$$&$b$N$G$7$?!# $=$N $?$a!" 0l;~ 4| Gauss $N>C5n K!$O 7W;; 5!$rMQ $$ $? ?t CM 7W ;; $N Iq Bf $+ $i ;Q $r >C $7!" $7 $P $i $/ H? I| K! $N E72<$K$J$j$^$9 97 !# 97 !VH> J, L2 $j $J $, $i $G $b 2r $1 $k $h!W $H Do ;R $X $N <j ;f $G H? I| K! $r 4+ $a$F $$ $? Gauss $5 $s$b!" @8 $-$F $$ $l$P 4n $P$l $? $G $7$g$&!# >C 5n K! $K \Gauss $N " $H $$ $& 8@ MU $, $/$C $D $$ $F $$ $k $3 $H $r Ev ?M $, CN$C $F$$$?$+$I$&$+$h$/2r$j$^$;$s!# 333

Ib F0 >. ?t E@ 1i ;; $H 8G Dj >. ?t E@ 1i ;; 98 $K $* $1 $k 8m :9 2r@O$r M} O@ E* $KH/ E8 $5 $;!" Gauss $N >C5n K! $r ?t CM 7W ;;$NI= Iq Bf$K I| 3h $5$; $? ?M$? $A $O!" Alan Mathison T uring $5 $s (1912{1954) !" John v on Neumann $5 $s (1903{1957) $H Herman Heine Goldstine $5 $s (1903{?) !"$=$7$F$H$j$o$1 James Hardy Wilkinson $5$s (1919{1986) $G$9 ([36]) !# 8.2 8eB‘8m:92r@O Wilkinson $5 $s $N 8m :9 I> 2A <j K! $O!" 8e B‘ 8m :9 2r @O ( b ackwar d err or analysis ) $H $$ $o $l $k <j K! $G $9!# FI $s $G ;z $N $4 $H $/!" 2r $r $? $I$C $F Dj <0 2= $r 9T $J $$!" 8m :9$r8+@Q$b$kJ}K!$G$9!# 8e B‘8m :9 2r @O $N J} K! $H@. 2L $O [35], [36], [37] $K >\ :Y $K $^ $H $a $i $l $F $$ $^ $9 99 !# $3 $l $K BP $7 $F!" A0 ?J 8m :92r@O (forw ard error analysis) $b$"$j$^$9!#$3$A$i $O [27], [28] $r8fMw2<$5$$!# 8e B‘ 8m :9 2r @O $h $j F@ $i $l $? CN 8+ $N Cf $+ $i!" Gauss $N >C 5n K! $K 4X $9 $k 8m :9 I> 2A $r >R 2p $7 $^ $9!# $^ $: $O!" MQ8l$N@bL@$+$i$O$8$a$^$9!# 8.2.1 %^%7%s%$%W%7%m%s %^ %7 %s %$ %W %7 %m %s ( machine epsilon ) $O!" Ib F0 >. ?t E@ ?t $N Aj BP 8m :9 $N >e 8B $r $" $i $o $9 CM $G!" 7W ;; 5! $H IbF0>.?tE@BN7O$K$h$C$F7hDj$5$l$^$9 ([60], [54]) 100 !# %^%7%s%$%W%7%m%s$r " M $H$9$l$P!" " M = c� 1 � t (14) $G $9!# � $O 4p ?t!" t $O 2> ?t It $N 7e ?t!" c $O 4] $a $N J} K! $K $h$C $F 7h $^ $k Dj ?t $G!" ;M <N 8^ F~ $N >l 9g 1 = 2 !" @Z <N$F$N>l9g 1 $H$J$j$^$9!# 8= :_ $h $/ ;H $o $l $F $$ $k ?t CM I= 8= $G $N " M $N CM $O 0J 2<$NDL$j$G$9 ([55], [67]) !# � t " M IBM 7A<0 C1@:EY 16 6 9 : 54 � 10 � 7 G\@:EY 16 14 2 : 22 � 10 � 16 4 G\@:EY 16 28 3 : 10 � 10 � 33 IEEE 7A<0 C1@:EY 2 24 5 : 96 � 10 � 8 G\@:EY 2 53 1 : 11 � 10 � 16 !TCm0U!U " M $O 10 ?J?t$K49;;$7$?6a;wCM " M $O!" H? I| K! $N <} B+ H= Dj $J $I $K $h $/ Mx MQ $5 $l $k 4pK\E*$J?tCM$G$9!# 98 8= :_ $O $" $^ $j ;H $o $l $J $/ $J $j $^ $7 $?!# >\ $7 $/ $O [36] $r 8f Mw 2< $5$$!# 99 :#$O$b$&8EE5$NItN‘$KB0$7$F$k$H$$$($k$+$bCN$l$^$;$s!# 100 !V7W;;5!%$%W%7%m%s!W$H$b$$$$$^$9!# 8.2.2 >r7o?t 8m :9 $r B, $k $? $a $K $O!" 2? $i $+ $N 7A $N !V5w N%!W $N 35 G0 $, I, MW $G $9!# $= $N <\ EY $r %N %k %‘ ( norm ) $H $$ $$ $^ $9!# %Y%/%H%k$N%N%k%‘$r jj x jj 1 = max i j x i j $^$?!"9TNs$N%N%k%‘$r jj A jj 1 = max i n X j =1 j a ij j $GDj5A$7$^$9 101 !# %N %k %‘ $N @- <A $r $h $j!" D> $A $K <! $N $3 $H $, 8@ $( $^ $9!# >r7o?t A $, � A $@$1JQ2=$7$?$H$- x $, � x $@$1JQ$o$C $?$H$9$k$H jj � x jj 1 jj x + � x jj 1 � jj A jj 1 jj A � 1 jj 1 jj � A jj 1 jj A jj 1 $r$_$?$9 . $^$? , b $, � b $@$1JQ2=$7$?$H$-$O jj � x jj 1 jj x jj 1 � jj A jj 1 jj A � 1 jj 1 jj � b jj 1 jj b jj 1 $H$J$k . $3$N Fs$D$NIT Ey<0$O!" x $NJQ 2=$, A $d b $NJQ 2=$N 2?G\$K3HBg$5$l$k$+$r$"$i$o$7$F$$$^$9!# $3$N3HBg$rI=$9CM$r � 1 ( A ) = jj A jj 1 jj A � 1 jj 1 (15) $G=q$-!" � 1 ( A ) $r9TNs A $N >r7o?t ( c ondition num- b er ) $H$$$$$^$9!# 0l HL $K!" >r 7o ?t $, Bg $- $/ $J $k $H!" 78 ?t $N $o $: $+ $J JQ2=$G2r$NJQ2=$KBg$-$J1F6A$,$G$^$9 ([58]) !# >r 7o ?t $, $b $N $9 $4 $/ Bg $- $/ $J $k $h $& $J 9T Ns $O!" Aj BP 8m :9 $, 3H Bg $9 $k 2D G= @- $, 9b $/!" IT 0B Dj @- $r ;} $A $^ $9!# $3 $N $h $& $J 9T Ns $r 0- >r 7o ( il l-c onditione d ) $J 9T Ns$H$$$$$^$9!# <B :] $N 7W ;; $G jj A � 1 jj 1 $N CM $r >/ $J $$ 7W ;; NL $G @5 3N $K 8+ @Q $b $k $N $O $J $+ $J $+ Fq $7 $$ Ld Bj $G!" 46 EY 2r @O$H $h $P $l $k J, Ln $N Cf ?4 Ld Bj $G $9!# >\ $7 $/ $O [55] $r 8fMw2<$5$$!# 101 M-8B<!85 6u4V$N>l9g!" \ %N%k%‘$NDj 5A " $r$_$?$9%N%k%‘$O$9 $Y $FF1$8$H9M$($k$3$H$,$G$-$^$9!#%N%k%‘$K$OB>$K$b jj � jj 1 $d jj � jj 2 $J$I$,$"$j$^$9 ( >\$7$/$O [32], [60] ;2>H ) !# 334

8.2.3 8m:9I>2A 0J>e$N?tCM$rMQ$$$F8m:9I>2A$r9T$J$$$^$9!# ^ x $r Ib F0 >. ?t E@ 1i ;; $K $h $k Gauss $N >C 5n K! $r MQ $$ $F5a$a$?6a;w2r!"$^$? � $r � = max i;j;k j a ( k ) ij j max i; j j a ij j (16) $G Dj 5A $7 $^ $9!# $3 $N $H $- Wilkinson $5 $s $O $$ $/ $D $+ $N 2> Dj $N $b $H!" <! $N M- L> $J Dj M} $r >Z L@ $7 $^ $7 $? ([37]) !# Wilkinson $NDjM} O" N) 1 <! J} Dx <0 $r Gauss $N >C 5n K! $G 5a $a $? $H $-!"$=$NAjBP8m:9$O<!$GI>2A$5$l$k!# jj ^ x � x jj 1 jj x jj 1 � 4 n 2 � 1 ( A ) � " (17) >r7o?t � 1 ( A ) $O9TNs A $,7h$^$l$P8GDj$5$l$^$9!# $^$?!" " $b7W;;5!$H@:EY$K$h$j7h$^$j$^$9!# 4 n 2 $O <! ?t n $K $h$C $F 7h $^ $j!" Ib F0 >. ?t E@ 1i ;; $K $* $$ $F $O IT 2D Hr $N CM $G $9!# $7 $+ $7!" G\ @: EY 1i ;; $r $9 $l $P!" %^ %7 %s %$ %W %7 %m %s $N 4h D% $j $G $J $s $H $+ >. $5 $/ $J$j$=$&$G$9 102 7k 6I!" Wilkinson $5$s $N M? $( $? Dj M} $h$j <! $N $3 $H $,$o$+$j$^$9!# Gauss $N >C 5n K! $O!" >r 7o ?t $H � $, $a $A$c $/ $A$c Bg$-$/$J$i$J$$8B$j0BDj$G$"$k!# � $O!";03Q9TNs2=$K$*$1$k IT0BDj0x;R ( gr owth fac- tor ) !"$^$?$OA}2C0x;R$H8F$P$l$^$9 ([38]) !# 8.2.4 0->r7o$N>l9g$NBP:v >r7o?t � 1 ( A ) $,$I$l$/$i$$$NBg$-$5$K$J$l$P \ 0- >r 7o " $H 8@ $& $+!" 4p =‘ $O $$ $m $$ $m $G $9!# >/ $J $/ $H $b n $K 4X $7 $F ;X ?t 4X ?t E* $J @* $$ $G!" $? $H $( $P 2 n $H $+ e n $H$+$GA}2C$7$F$7$^$&$H!"$b$&$*<j>e$2$G$9!# [55] $+$i0zMQ$7$^$9!# NI>r 7o $N Ld Bj $O!" 8m :9 $, A} Bg $7 $J $$ 0B Dj $J J} K! $r MQ $$ $l$P @: EY $h $/ 2r $/ $3 $H $, $G $- $k!# 0- >r 7o $N Ld Bj $r @: EY $h$/ 2r $/ $? $a $K $O!" $$ $/ $i 2r K! $r 9) IW $7 $F $b $@ $a $G $" $k!#M#0l$NBP:v$O7W;;7e?t$rB?$/$9$k$3$H$G$"$k!# L><h N<!X?tCM2r@O$H$=$N1~MQ!Y 102 5U $K $3 $N DjM} $O!" C1 @: EY 1i ;; $G n = 10000 $d n = 100000 $J$I$N7W;;$r$9$k$3$H$NL5KE$5$r8l$C$F$$$^$9!#$4Cm0U2<$5$$!# 8.2.5 Hilb ert 9TNs 0- >r 7o $H $J $k 9T Ns $N M- L> $J Nc $H $7 $F!" Hilb ert 9T Ns $, $" $j $^ $9!# Hilb ert 9T Ns $O!" Da vid Hilb ert $5 $s 103 (1862{1943) $, 1894 G/ $K H/ I= $7 $? O@ J8 $h $j L>IU$1$i$l$?$b$N$G!" a ij = 1 i + j � 1 (18) $H$J$k9TNs$N$3$H$G$9!# M- L> $J 9T Ns $N $o $j $K $O!" $I $& $d$C $F F3 $+ $l $? $N $+ ?t CM 2r @O $N K\ $K $O $" $^ $j =q $$ $F $J $$ $N $G!" 7P 0^ $r [12] $+$i4JC1$K@bL@$7$^$9!# Ld Bj $O!" 6h 4V = [0 ; 1] $G Dj 5A $5 $l $k O" B3 4X ?t f ( x ) $r n � 1 <!$^$G$NB?9‘<0$G f n ( x ) = n X i =1 c i x i � 1 $N7A$G6a;w$7$?$H$-$N L 2 %N%k%‘$N8m:9 E ( c ) = jj f n ( x ) � f ( x ) jj L 2 ( ) $r :G >. $K $9$k $h $& $K 78 ?t c i $r 7h Dj $9 $k $b $N$G $9!# $J $*!" L 2 %N%k%‘$H$O jj g ( x ) jj 2 L 2 ( ) = Z 1 0 g ( x ) 2 dx $G $9!# E ( c ) $N Hy J, $O 0 $H $J $k $N $G!" c i $G $R $H $D $: $DHyJ,$7$FJQ7A$9$l$P!" n X j =1 � Z 1 0 x i + j � 2 dx � c j = Z 1 0 f ( x ) x i � 1 dx $rF@$^$9!# $3 $l $O!" n 8D $N L$ CN ?t $K BP $9 $k O" N) 1 <! J} Dx <0 $K $J$C$F$$$^$9!#9TNs A $N@.J,$O a ij = Z 1 0 x i + j � 2 dx = 1 i + j � 1 $H$J$C$F!" (18) $,=P$F$-$^$9!# Hilb ert 9TNs$O!"BP>N$+$D@5DjCM9TNs$J$N$G$9$,!" $= $N >r 7o ?t $O ;X ?t 4X ?t E* $K A} Bg $7 $^ $9 ( >\ $7 $$ CM $, CN$j$?$$J}$O [12], [18] $r;2>H2<$5$$ ) !# =>$C $F!" $[ $s $N $o $: $+ $J 8m :9 $N :. F~ $, Cx $7 $/ 2r $N @: EY $r B; $J $$ $^ $9!# BP :v $H $7 $F $O!" 7W ;; 7e ?t $r B? $/ $H$k$7$+$"$j$^$;$s!# Hilb ert 9T Ns $O!" $= $N $" $^ $j $N >r 7o ?t $N 0- $5!" B( $A 2r $- $K $/ $5 $+ $i!" 1940 !A 50 G/ Be $K $+ $1 $F @9 $s $K 8&5f$5$l$^$7$? 104 103 20 @$ 5* A0 H> $N :G $b 0N Bg $J ?t 3X <T $N 0l ?M $G $9!# 1900 G/ %Q %j $N 9q:]?t3X<T2q5D$K$*$1$k!X 23 $N?t3X$NLdBj!Y$OFC$KM-L>$G$9!# 104 n = 10 $^ $G $N 5U 9T Ns $r M? $( $k $@ $1 $N O@ J8 $H $$ $& $N $b $" $j $^ $9!# 335

$? $@ $7!" Hilb ert 9T Ns $N 9= B$ $r 8& 5f $9 $k $N $b Bg ;v $J$N$G$9$,!" George E. F orsythe $5$s$N<!$N;XE&$b Bg;v$G$9 ([12]) !# Hilb ert 9T Ns $N >r 7o $N 0- $5 $O!" $3 $N 9T Ns $N F3 F~ $K MQ $$ $? 6a ;w $N Ld Bj $K $5 $+ $N $\ $k $3 $H $, $G $- $k!# 6h 4V 0 � x � 1 $N>e$G$N4X?t x i ( i = 0 ; � � � ; n � 1) $O$[$H$s$I 1 <! => B0 $G $" $k!# $3 $N $3 $H $O Hilb ert 9T Ns $N 9T %Y %/ %H %k$, $[ $H $s $I 1 <! =>B0 $G $" $k $3 $H!" $9$J $o $A $3 $N 9T Ns $, $[ $H $s $I FC 0[ $G $" $k $3 $H $r 0U L# $9 $k!# !JCf N,!K MW $9 $k $K!" $3 $N 6a ;w $N Ld Bj $O!" Hilb ert 9T Ns $N $h $& $J 9T Ns $rF3$/7A$r$7$F$$$k0J>e!"LdBj$N \ $?$FJ}$,0-$$ " !# G. E. F orsythe and C. B. Moler !X7W;;5!$N$?$a$N@~7A7W;;$N4pAC!Y 8.3 IT0BDj0x;R$N>e8B Gauss $N >C 5n K! $K $* $1 $k Wilkinson $5 $s $N Dj M} (17) $N$b$&0l$D$N<gLr$O!"IT0BDj0x;R � $G$9!# >r 7o ?t $, =c ?h $K 9T Ns $N @- 3J!" $D $^ $j Ld Bj $N @_ Dj $= $N $b $N $K 5/ 0x $9 $k $N $K Hf $Y!" IT 0B Dj 0x ;R $O 9T Ns $N @- 3J $K %W %i %9 $7 $F!" ;; K! $N J} K! $K $h$C $F Bg $- $/ JQ $o $j $^$9!# Wilkinson $5 $s $O!" 8m :9 Dj M} $r >Z L@ $9 $k $@ $1 $G $J $/!"$5 $i $K [35] $K $* $$ $F!" � $N M} O@ E* $J >e 8B CM $r M? $($^$7 $? 105 !#0J 2<!" J} Dx <0$O %9 %1!< %j %s %0$5 $l $F $$ $k$H2>Dj$7$^$9!# � $N>e8B (Wilkinson) ItJ,%T%\%C%HA*Br$rMQ$$$?$H$- � � 2 n � 1 (19) 40A4%T%\%C%HA*Br$rMQ$$$?$H$- � � n 1 = 2 (2 1 3 1 = 2 4 1 = 3 � � � n 1 = ( n � 1) ) 1 = 2 � 1 : 8 n 1 = 4 log n (20) BP>N@5DjCM9TNs$N$H$- ( %T%\%C%HA*Br$J$7 ) � � 1 BP3QM%0L9TNs$N$H$- ( %T%\%C%HA*Br$J$7 ) � � 2 Hessen b erg 9T Ns $K It J, %T %\%C %H A* Br $r MQ $$ $? $H$- � � n 105 1961 G/ $N $3 $N O@ J8 $N Cf $G =i $a $F \complete piv oting" $H \partial piv oting" $NMQ8l$,MQ$$$i$l$^$7$?!# $3 $l$K $h$C $F!" A $,0- >r 7o$G $J $$ >l9g!" BP >N@5 Dj CM 9T Ns 106 $H M% BP3Q 9T Ns $O%T %\%C %H A* Br$r $7 $J $/$F $b 0B Dj!" $^ $? Hessen b erg 9T Ns $G $b It J, %T %\%C %H A* Br $K$h$C$F$[$\0BDj$H$$$($^$9!# $^ $?!" Wilkinson $5 $s $K $h $l $P!" 40 A4 %T %\%C %H A* Br $N >e 8B (20) $O 6K $a $F !V$f $k $$!W 8B 3& $G $"$C $F!" >Z L@ $7 $? K\ ?M $b !V$R $I $$ 2a Bg I> 2A $@!W $H G’ $a $F $$ $^ $9!# <B ?t 9T Ns $K $* $$ $F :# $^ $G CN $i $l $F $$ $k :G Bg $N � $O n $G$9!# G$0U $N@5 B’9T Ns$K BP$7$F � � n $,@. $jN) $D $N $G $O $J $$ $+!" $H $$ $& Wilkinson $5 $s $N M- L> $J M= A[ $, $" $j!" FC Dj $N n $G $O >Z L@ $, $G $- $F $$ $^ $9 $,!" 0l HL$N>ZL@$O$^$@$N$h$&$G$9 ([23], [30]) !# $3$3$G$O!"$=$NM=A[$r?.MQ$9$k$3$H$K$7$^$9!# 40 A4 %T %\%C %H A* Br $N Gauss $N >C 5n K! $O!" >r 7o ?t $,;X?t4X?tE*$KA}Bg$7$J$$8B$j0BDj LdBj$O!"ItJ,%T%\%C%HA*Br$N>e8B 2 n � 1 $G$9!# (19) $H (20) $rHf$Y$F8+$^$7$g$&!# n 10 20 50 complete piv oting 6 : 1 15 75 partial piv oting 512 524 ; 288 5 : 6 � 10 14 It J, %T %\%C %H A* Br $N IT 0B Dj 0x ;R $N >e 8B $O!" $b $N $9 $4 $$ @* $$ $G A} 2C $7 $^ $9!# $3 $l $O!" $A$g$C $H $^ $: $$ $3 $H $K$J$j$=$&$G$9!# 8.4 Wilkinson $5$s$NNcBj ItJ, %T%\%C %HA* Br$rMQ $$$? Gauss $N >C5n K!$K$* $1 $k IT 0B Dj 0x ;R $N >e 8B 2 n � 1 $r >Z L@ $7 $? Wilkinson $5 $s $O!" F1 $8 O@ J8 $G @5 3N $J >e 8B $r M? $( $k 9T Ns $r Hd O* $7 $F$$$^$9 ([35]) !# n <! 9T Ns $r A n $H $7 $^ $9!# 9T Ns $N :n $j J} $O 0J 2< $N DL$j!"$$$?$C$F4JC1$G$9!# k = 1 ; 2 ; � � � ; n � 1 $KBP$7!" A n $NBh k Ns$r � >e$+$i k � 1 HVL\$^$G$, 0 � $=$N$"$H$K 1 ; 1 ; � 1 ; 1 ; � 1 ; 1 ; � � � $,B3$/ � :G8e$NNs$@$1$O � 1 ; 1 ; � 1 ; � � � $H $7 $F :n @. $7 $^ $9!# A $N >r7o ?t $O $= $l $[ $I Bg $- $/ $" $j $^ $; $s ([35]) !# =>$C $F!" 2r $N 0B Dj @- $O IT 0B Dj 0x ;R � $NBg$-$5$K$+$+$C$F$-$^$9!# 106 HsBP >N@5DjCM$G $b � � 1 $, <($;$^$9$,!" $=$N>l9g!" L $N @.J, $,Bg$-$/$J$k2DG=@-$,$"$j$^$9!# 336 n = 5 $N$H$-$O 0 B B B B B @ 1 0 0 0 � 1 1 1 0 0 1 � 1 1 1 0 � 1 1 � 1 1 1 1 � 1 1 � 1 1 � 1 1 C C C C C A $G $9!# $3 $l $r Gauss $N >C 5n K!!" $^ $? $O Crout K! $G LU J, 2r $7 $^ $9!# It J, %T %\%C %H A* Br $G $N 9T $N JQ 49 $O 5/$-$^ $; $s 107 !# 2< ;03Q 9T Ns L $O!" $b $H$N A 5 $N 2< ;0 3Q@.J,$H40A4$K0lCW$7$^$9!#0lJ} U $O!" 0 B B B B B @ 1 0 0 0 � 1 1 0 0 2 1 0 � 4 0 1 8 � 16 1 C C C C C A $H$J$j!" 1&2< $N@. J, $N@d BP CM$, 2 4 = 2 n � 1 $H$J$C $F $$$^$9!# 9T Ns $N 7A $r A 50 $G IA $$ $F $_ $^ $9!# Gr $$ It J, $, 0 !" 9u$, 1 !"%0%l!<$, � 1 $r$H$j$^$9!# 0J 2< F1 MM $K!" 0l HL $N A n $r It J, %T %\%C %H A* Br $G LU J,2r$7$?>l9g!">e;03Q9TNs U $N1&2<@.J,$, ( � 1) n 2 n � 1 $H$J$k$3$H$,3NG’$G$-$^$9!# $3 $N $3 $H $h $j!" n $, Bg $- $/ $J $k $H!" It J, %T %\%C %H A* Br $N Gauss >C 5n K! $O Hs >o $K IT 0B Dj $K $J $j!" U $N $o$: $+ $J 0c $$ $, 8+ Ev 0c $$ $N LU $N CM $r @8 $‘ 4m 81 @- $r $O$i$s$G$$$^$9!# $J $< 4m 81 $+ $N M} O@ E* $J @b L@ $O [33], [35], [38] $K G$ $;$k$3$H$K$7$F!"$5$C$=$/?tCM<B83$r$7$^$9!# Wilkinson $5 $s $N Dj 5A $K => $$!" 9T Ns A n $r :n $j $^ $9!# b $O!"2r$, x = (1 ; 1 ; � � � ; 1) T $H$J$k$h$&$K b i = n X j =1 a ij 107 $3 $3 $, %_ %= $G $9!# 40 A4 %T %\%C %H A* Br $N >l 9g!" %T %\%C %H $, JQ 2= $7$F!"IT0BDj0x;R$O>o$K 2 0J2<$KM^$($i$l$^$9!# $GDj5A$7$^$9!# n $r 10 $+ $i 180 $^ $G 10 $- $6 $_ $G F0 $+ $7!" 8m :9 $r B, Dj $7 $^ $7 $?!# 7W ;; $O G\ @: EY $G $* $3 $J$C $F $$ $^ $9!# 7W;;5!$O FUJITSU M-1800/20 !" F OR TRAN77 EX %3 %s %Q %$ %i $G $9!# %9 %1!< %j %s %0 $D $- It J, %T %\%C %H A* Br $N Gauss $N >C 5n K! %5 %V %k!< %A %s $H $7 $F!" SSL I I 3HD%5!G=$N D VLAX $r;H$$$^$7$? ([70]) !# IT0BDj0x;R$, � = 2 n � 1 $N>l9g$N2r$N?6Iq$$ n = 60 $K $J$kA0$+$i??$N2r$+$i30$l!"8+Ev0c$$$J J}8~$KHt$s$G$$$C$F$7$^$$$^$7$?!# $3 $N 86 0x $r D4 $Y $F $_ $^ $9!# 2r $, Ht $s $G 9T$C $F $7 $^ $& 55 $+$i 60 $^$G$N a nn $NCM$r=q$-=P$7$^$9!# n a nn 55 18014398509481984 56 36028797018963968 57 72057594037927936 58 144115188075855870 59 288230376151711740 60 576460752303423490 IBM $N Ib F0 >. ?t E@ $N @: EY $O!" 10 ?J ?t $K D> $9 $H Ls 17 7e $G $9!# n $r 58 $^ $G Bg $- $/ $9 $k $H!" 2> ?t It $N @: EY 0J >e $N >p Js $, I, MW $K $J $j $^ $9!# Ib F0 >. ?t E@ 1i ;; $G $O!" >p Js $r $? $a 9~ $‘ NN 0h $O $O $8 $a $+ $i 7h $^$C $F $$ $k $N $G!" 7W ;; 5! $O ;E J} $J $/ 2< @~ It $N >p Js $r %+%C %H $7 $^ $9!# $= $N 7k 2L!" a nn � 1 = 2 $J $I $N 7W ;; $O!" 0U L# $r $J $/ $7!" $= $N 1i ;; $r 7+ $j JV $9 $3 $H $K $h$C $F!" I, MW $J >p Js $, <!!9 $K Mn $A $F $7 $^ $$!" 7k 2L E* $K Ez $, $I $s $I $s @5 2r $+$iN%$l$F$$$-$^$9!# $3$NH?Nc$h$j!"<!$NHa4QE*$J7kO@$,F3$+$l$^$9!# It J, %T %\%C %H A* Br $N Gauss $N >C 5n K! $O!" >r 7o ?t $,$h$$>l9g$G$bIT0BDj$H$J$k>l9g$,$"$k!# 337

8.5 $J $< It J, %T %\%C %H A* Br K! $, ;H $o$l$k$N$+!) Wilkinson $5 $s $N 8e B‘ 8m :9 2r @O $N 7k O@ $r 8+ $l $P!" %T%\%C%H$NItJ,A*BrK!$K4X$7$F!" 1943 G/$N Hotelling $5 $s $N M= A[ $N \4 n � 1 " $, \2 n � 1 " $K $J$C $? $@ $1 $N $h $&$K8+$($^$9!# $G$O!" M}O@ E*$K$9 $0$l $?<j K! 108 $G $"$k40 A4%T %\%C %H A* Br K! $d!" $5 $i $K $9 $0 $l $? <j K! $G $" $k QR J, 2r K! 109 $,!" $J $< It J,%T %\%C %H A* Br $K Be$o$C $F Bf F, $7 $J $+$C$?$N$G$7$g$&$+!# $= $l $K $O!" \ <B :] $K $O " $H $$ $&!" ?t CM 7W ;; $K $* $1 $kKDBg$J7P83B’$,4X$o$C$F$-$^$9!# $$$/ $D$+$N K\$H O@J8 $+$i!" Gauss $N>C 5nK! $K4X $9 $k%3%a%s%H$rG/Be=g$K=&$C$F$$$-$^$9!# 5?$$ $b $J $/ L)$J 9T Ns $r ;}$D O" N) 1 <! J} Dx<0 $r 2r $/ $? $a $N :G $b $h $/ CN $i $l $? J} K! $O Gauss $N >C 5n K! $* $h $S $= $N <o!9 $N JQ 7? $G $" $k!# N 8D $N L$ CN ?t $K 4X $9 $k N 8D $N L)$J J}Dx <0$O N 3 = 3 Dx EY$N 2s ?t$N >h;; $H$= $l$K DL >o$" $i$$ ;~ 4V I> 2A $r $9 $k :] $K $O L5 ;k $5$l $k B> $N ;; =Q 1i ;; $G 2r$/$3$H$,$G$-$k!# v on Neumann $H Goldstein $K$h$k40A4$J8m:92r@O$+ $i%G%# %8 %? %k 7? 7W;; 5! $G O" N) 1 <! J} Dx<0 $N 8G Dj >. ?t E@ J}<0 $N 2r $K $* $1 $k @Q $_ =E $M $i $l $?4] $a $N 8m :9 $K BP $9 $k $/$o$7$$8m:98B3&$,M?$($i$l$k!# G. E. F orsythe and W. R. W aso w (1960) !XJPHyJ,J}Dx<0$N:9J,K!$K$h$k6a;w2rK!!Y v on Neumann $5 $s $H Goldstein $5 $s $O!" 1947 G/ $K H/ I= $7 $? O@ J8 $N Cf $G!" @5 Dj CM BP >N 9T Ns $N >l 9g $K!" 4] $a 8m :9 $N 1F 6A $O!" $= $l $^ $G 9M $( $i $l $F $$ $? $[ $IBg$-$/$J$$$3$H$r<($7$^$7$? ([38]) !# !J40 A4 %T %\%C %H A* Br K! $r @b L@ $7 $? 8e!K >C 5n $N ?J 9T $r :G 8e$^ $G 1_ 3j $K ?J 9T $5 $; $k $K $O!" $3 $N $h $& $K $9 $k $N $, :G $bK> $^ $7 $$ $3 $H$G $" $k!# ?M 4V $N 4c$O >u 67 $r 2 <! 85 $G G’ <1$9 $k $N $G!" >e $N $h $& $J @d BP CM :G Bg $J $b $N $N A\ :w $O ?M <j $K $h $k 7W ;; $G $O $‘ $7 $m 4J C1 $G $" $k!# 5! 3# 7W ;; $G $O 1 <!85 $N 2a Dx $G $3 $l $r Av :: $7 $F $$ $+$J $l $1 $P $J $i $J $$ LL E]$, $" $k $,!" $7 $+ $7 5! 3# $N 9b B. @- $r 9M N8 $9 $l $P Bg $7 $? $3$H $G $O $J $$ $N $G!" $< $R $3 $N <j $D $E $- $r 7P M3 $9 $k $N $, K>$^$7$$!# 1’Ln MxM: (1963) !X7W;;5!$N$?$a$N?tCM7W;;!Y 108 8m:9$,>/$J$/$F0BDj$7$F$$$k$H$$$&0UL#!# 109 A $r Householder K!$G QR J,2r$7$?>l9g!"IT0BDj0x;R$O � � n 1 = 2 $K$J$j$^$9 ([38]) !# $* $= $i $/!" EE Bn $d ?t <0 =h M} %= %U %H $N Ia 5Z $,!" ;f $H 1t I. $r ;H$C $F <+ NO $G 7W ;; $9 $k G= NO $r 8: B‘ $5 $; $F $$ $k $N$O4V0c$$$J$$$G$7$g$&!# %W %m %0 %i %‘ 5.2 $O Gauss $N >C 5n K! $r ;H$C $F O" N) 1 <! J} Dx <0 $r 2r $/!# $3 $N %W %m %0 %i %‘ $N ;; K! $, C1 =c $G $" $k $3 $H $O 65 0i $N L\ E* $K $O M} A[ E* $G $" $k!# 0l HL $K M% $l $? Gauss-Jordan K!$N;;K!$O%W%m%0%i%‘ 9.7 $G<($9!# J. M. McCormic k and M. G. Salv adori (1964) !X F OR TRAN $K$h$k?tCM7W;;%W%m%0%i%_%s%0!Y $3$NK\ ([21]) $G$O!" Gauss-Jordan K!$KItJ,%T%\%C %HA*Br$r;\$9%W%m%0%i%‘$r$3$N8e$G>R2p$7$F$^$9!# Gauss-Jordan K!$,!" Gauss $N>C5nK!$KHf$Y$F!V0l HL $K M% $l $F $$ $k!W M} M3 $O!" $I $& $d $i 5U 9T Ns $N 7W ;; $, 4JC1$K$G$-$k$?$a$i$7$$$G$9!# A $, BP 3Q M% 0L $G $J $/!" @5 Dj CM BP >N $G $b Hessen b erg $G $b $J $/!" U $N A} Bg $K $D $$ $F 2? $b >p Js $r $b$C $F $$ $J $$ >l9g$K$O!"40A4%T%\%C%HA*Br$r9T$J$&I,MW$,$"$k!# B. W endro� (1966) !XM}O@?tCM2r@O!Y M}O@E*$JN)>l$+$i$O!"$3$N7kO@$K$J$k$G$7$g$&!# 4N?4$N Wilkinson $5$s$N0U8+$O$I$&$G$7$g$&$+!# ( � = 2 n � 1 $H $J $k $h $& $J ) $I $A $i $+ $H $$ $& $H FC <l $J 9T Ns $b B8 :_ $9 $k!# $7 $+ $7!" <B :] $K $O!" $= $N $h $& $K Bg $- $/ $J$k $N $O Hs >o $K $^$l $G $" $k!# G$ 0U $NMW AG $, 8 $N Bg $- $5 $K $J $k $3 $H $b!" $4 $/ DA $7 $$ $3 $H $G $" $j!" 9T Ns $, $^$C $? $/ 0- >r 7o $G $" $k $H $- $O!" <!!9 $H a ( k ) ij $O 8: >/ $9 $k >l 9g $N $[ $& $, $:$C $H $" $j $= $& $J $3 $H $G $" $k!# $5 $i $K!" $= $N @. D9 $, $b$C $H $f $k $d $+ $J 0x ;R$G @) 8B $5 $l $F $$ $k $3 $H $, \ ;v A0 E* $K " $o $+$C $F $$ $k $h $& $J $$ $/ $D $+ $N =E MW $J N‘$,$"$k!# J. H. Wilkinson (1963) !X4pK\E*1i;;$K$*$1$k4]$a8m:92r@O!Y \ $$ $/ $D $+ $N =E MW $J N‘ " $H $O!" @h $[ $I $N Dj M} $G $" $2 $? $h $& $K!" A $, BP >N @5 Dj CM $d BP 3Q M% 0L $d Hessen- b erg 9TNs$J>l9g$N$3$H$G$9!# $D$^$j!" � = 2 n � 1 $H$J $k$h$&$J $b$N$O \ Nc30 " $G $" $j!" ?M 9) E* $K 0U CO 0- $7 $F :n $i $J $$ $+ $. $j!" IT 0B Dj 0x ;R $, A} Bg $9 $k $3 $H $O $J $$!" $H Wilkinson $5 $s $O <g D%$7$^$9!# $5 $i $K!" 40 A4 %T %\%C %H A* Br K! $N Ld Bj E@ $b ;X E& $7 $F $$$^$9!# 338

$3$& $7 $F M} O@ E* $K M% $l $F $$ $k $3 $H $, <( $5 $l $F $b!" 40 A4 %T %\%C %H A* Br K! $N Mx MQ $, M- 8z $G $" $k $+ $I $& $+ $O 5? $o $7 $$!# $H $/ $K!" 9T Ns $N 3F @. J, $N ?t CM $N 5- 21 $K <’ 5$ %F!< %W$r ;H $& $H $- $K $O!" <B :] $N 4I M} >e $N Ld Bj $, 40 A4 %T %\%C %HA* Br K! $K $* $$ $F $O!" =E MW $J $3 $H $K $J$C $F $/ $k $N $G $" $k!#40 A4 %T %\%C %H A* Br K! $N r CJ 3, $K $* $$ $F!" :G Bg @. J, $rDj$a$k$?$a$K$O!" ( n � r + 1) 2 2s$N8:;;$r$7$J$1$l $P$J $i $J $$ $,!" Ib F0 >. ?t E@ J} <0 $N 1i ;; $G $O!" 8: ;; $N =j MW;~ 4V $O!" >h ;; $K Hf 3S $7 $F L5 ;k $G $- $k $H $$ $& $o $1 $K $O $$$+$J$$!# J. H. Wilkinson (1967) !X@-<A$N0-$$0l<!J}Dx<0$N2rK!!Y %T%\%C%HA*Br$N$?$a$KI,MW$JHf3S$N2s?t$rD4$Y$k$H ItJ,A*Br n ( n + 1) = 2 2s 40A4A*Br n ( n + 1)(2 n + 1) = 6 2s $G $9!# LU J, 2r $K $+ $+ $k 1i ;; 2s ?t (2 = 3) n 3 2s ([41]) $H Hf 3S $7 $F!" It J, A* Br $N >l 9g $O L5 ;k $G $- $k 2s ?t $G $9 $,!" 40 A4 A* Br $N >l 9g!" $[ $\ F1 $8 2s ?t $, %T %\%C %H $r A* $V :n 6H $G I, MW $K $J $j $^ $9!# $^ $?!" <B :] $K $3 $N E@ $, 40 A4 A* Br K! $N :G Bg $N %M%C %/ $K $J $k $3 $H $,!" A0 >O $N ?t CM Nc$r8+$k$3$H$GG<F@$G$-$^$9!# $D $^ $j!" %T %\%C %H $N 40 A4 A* Br K! $N J} $,!" ?t >/ $J $$ ( $H Wilkinson $5 $s$O 8@$C $F $$ $^ $9 ) FC JL $J >l 9g $K$h $j $h $$ @: EY $N 7k 2L $r F@ $k $3 $H $, $G $- $k $3 $H $O M} O@ E* $K $o $+$C $F $$ $k $N $G $9 $,!" \ 7P 83 E* $K " It J, A* Br K! $G $b 0B Dj $J 7k 2L $, F@ $i $l $F $$ $k $N $G!" 7W ;; ;~ 4V $N @aLs $N $? $a!" It J, A* Br $G == J, $@ $H Wilkinson $5 $s $O $*$C$7$c$C$F$$$k$o$1$G$9!# $3 $N!" \ 7P 83 E* $K 0B Dj " $H 8@ $$ @Z $l $k $@ $1 $N ?t CM <B 83 $N @Q $_ =E $M $,!" %T %\%C %H $N It J, A* Br IU $- Gauss $N >C 5n K! $r !V:G $b M- L> $+ $D ?. Mj $G $- $k ( L) 9T Ns $K 4X $9 $k ) O" N) 1 <! J} Dx <0 $N ?t CM 2r K!!W $N CO 0L $K 2! $7 >e $2$k$3$H$K$J$j$^$9!# 1970 G/Be$KF~$k$H!"?t CM7W;;$N@lLg2H$O<! $N$h$& $J7kO@$r2<$7$^$9 ([13]) !# 9T Ns $N 7W ;; $K $H $j AH $s $G $- $? ?M!9 $, 2a 5n 15 $J $$ $7 20 G/4V $K CN$C $? M# 0l $N $7 $+ $b $- $o $a $F =E MW $J $3 $H $O!" <! $N;v<B $G$"$m $&!#%T%\%C %H$NIt J,E* A*Br$r 9T$& Gauss >C5nK!$G$O;D:9$,>.$5$$$3$H$,J]>Z$5$l$k!# G. E. F orsythe, M. A. Malcolm and C. B. Moler (1977) !X7W;;5!$N$?$a$N?tCM7W;;K!!Y 1980 G/ Be $K F~$C $F $b!" %T %\%C %H $N It J, A* Br IU $- Gauss $N >C 5n K! $K M? $( $i $l $? CO 0L $O $^ $9 $^ $9 7x 8G $J $b$N$K$J$j$^$9!# [73] $r0zMQ$7$^$9!# 7W ;;$K 8m :9 $, $J $$ $J$i $P!" M- 8B 2s $N 4 B’ 1i;; $G 2r $, F@ $i $l $k $N $, D> @\ K! $G $" $k!# $3 $N Cf $G!" %T %\%C %H $N A* Br $r H< $& Gauss >C 5n K! $, 7W ;; $N <j 4V $H @: EY $N >e $G :G $b M% $l $? J} K! $H $5 $l $F $$ $k!# 0l ;~ 4|!" $= $N @: EY $K $D $$ $F Ha 4Q E* 8+ J} $, $"$C $? $,!" 8m :9 $N 8e B‘ 2r @O $K $h$C $F!" $3 $N J} K! $N ?. Mj @- $, J] >Z $5 $l $?!# !JCf N,!K 40 A4 A* Br K! $r MQ $$ $? >l 9g $N J} $, a ( k ) ij $N A} Bg N( $K $D $$ $F!" $h $j >. $5 $$ >e 3& $, F@ $i $l $F $$ $k $,!" 7P 83 >e!" It J, A* Br K! $G == J, $G$"$k!# !X4dGH?t3X<-E5!Y (1985) $= $& $O $$$C $F $b!" :, K\ E* $J 5? Ld $, ;D $j $^ $9!# T re- fethen $5$s$N8@MU$r<Z$j$^$7$g$& ([30]) !# Wilkinson $K $h $k Gauss $N >C 5n K! $K $D $$ $F $N I8 =‘ E* 8m :9 2r @O $O!" $? $@ $A $K 0B Dj @- $N5D O@ $r >C 5n 2a Dx $G @. J, $N %5 %$ %: $, $I $N $/ $i $$ A} Bg $9 $k $N $+ $H $$ $& Ld Bj $K 5" Ce $5 $; $k!# $D $^ $j!" P A = LU $N :n @. CJ 3, $G!" U $N @. J, $, A $N $= $l $H Hf $Y $F 6K C< $K Bg $- $/ @. D9 $9 $k $3 $H $, $" $j $& $k $+!" $H $$ $& $3 $H $G $" $k!# 86 M} E* $K $O Ez $( $O y es $G $" $k!# 4J C1 $J Nc $K $h $j 2 n � 1 G\ $b $N Bg $- $5 $K $9 $k $3 $H $, $G $- $k!# $7 $+ $7 8= <B $K $O 7h $7 $F 5/ $- $J $$!# $3 $N 7P 83 E* $J 7k O@ $O $" $^ $j $K $h $/ 3N N) $7 $F $7 $^$C $? $? $a!" <! $N Cm L\ $9 $Y $- >u 67 $r K: $l $, $A $G $" $k!# $9 $J $o $A!" $J $< ( %T %\%C %H $N It J, A* Br IU $- )Gauss $N >C 5n K! $,0BDj$G$"$k$N$+!"C/$bCN$i$J$$$N$G$"$k!* L. N. T refethen (1985) \Three Mysteries of Gaussian Elimination" 8.6 random matrix $G$N<B83 L. N. T refethen $5 $s $O!" $3 $N Ld Bj $r 5 G/ 4V $" $? $? $a $? 7k 2L!" <+ J, $N Ld $$ $+ $1 $K BP $7 $F <+ J, $G Ez $r =P $= $& $H $7 $^ $7 $?!# R. S. Sc hreib er $5 $s $H $N 6& Cx $G 1990 G/$KH/I=$7$?O@J8 [30] 110 $K$*$$$F!" T refethen $5 $s $O!" <! ?t $, 1024 0J 2< $N 9T Ns $K BP $7!" E, Ev $J Mp ?t $r H/ @8 $5 $; $F :n$C $? random matrix $G Gauss $N >C 5n K! $r JR$C $Q $7 $+ $i 2r $-!" IT 0B Dj 0x ;R $N J? 6Q CM $r ;;Dj$7$^$7$?!# $=$l$K$h$l$P!"J?6QCM$O ItJ,%T%\%C%HA*Br$N$H$- � � n 2 = 3 40A4%T%\%C%HA*Br$N$H$- � � n 1 = 2 $H$J$j$^$7$? 111 !# $3$l$r%0%i%U$K$7$^$9!# 110 I{ Bj $O \Dedicated to the memory of Jim Wilkinson." $G$9!# 111 random matrix $, $I $l $/ $i $$ M- 8z @- $r ;} $D $N $+ $O!" 0U 8+ $, J, $+ $l $^ $9!# random matrix $r MQ $$ $? %F %9 %H $O Bg JQ =E MW $@ $,!" ==J,$G$O$J$$!"$H$$$&0U8+$b$"$j$^$9 ([14]) !# 339

IT0BDj0x;R$NA}Bg$NMM;R >e $NFs $D $N 6J @~ $O!" Wilkinson $5 $s $,>Z L@ $7 $? IT 0BDj0x ;R � $N >e 8B (19), (20) $G$9!# 2< $N Fs $D $O T re- fethen $5 $s $, random matrix $r MQ $$ $F 7W ;; $7 $? IT 0BDj0x;R$NJ?6QCM$G$9!# L. N. T refethen $5$s$H R. S. Sc hreib er $N<B 83$, <B :] $K ?t CM 7W ;; $G ;H MQ $5 $l $k 0l HL $N 9T Ns $r $& $^ $/ H? 1G $7 $F $$ $k $H ?. $8 $k $J $i $P!" $3 $N %0 %i %U $K $h$C $F IT 0B Dj 0x ;R $N A} 2C $O :G 0- $N M} O@ CM $h $j $b Aj Ev Dc $$ $3 $H $K$J$j$^$9!# IT 0B Dj 0x ;R $, ;X ?t 4X ?t E* $K A} 2C $9 $k 9T Ns $O!" J? 6Q CM $+ $i 1s $/ N% $l $? 6K $a $F FC 0[ $J $b $N $G $" $j!" $b $7 9T Ns $N >r 7o ?t $, $a $A$c $/ $A$c $K Bg $- $/ $J $1 $l $P!" It J, %T%\%C%H A* Br IU $- Gauss $N>C 5n K! $O 0BDj $G $" $k $H 7k O@$E$1$i$l$^$9!# $3 $N Mj $b $7 $$ 7k 2L $b <h $j 9~ $s $G!" 8= :_ ?t CM 7W ;; $r $9$k?M$N6&DL$NG’<1$O<!$N$h$&$K$J$C$F$$$^$9!# It J, E* %T %\%C %F%# %s %0 $N %3 %9 %H $O!" 7W ;; A4 BN $N %3 %9 %H $KHf $7 $F L5 ;k $G $- $k $/ $i $$ 7Z Hy $J $b $N $G $" $k $,!" 40 A4 %T %\%C %F%# %s %0 $N %3 %9 %H $O Bg $- $/!" 7W ;; A4 BN $= $N $b $N $H F1 Dx EY $G $" $k!# 0l J}!" <B MQ >e $O It J, E* %T %\%C %F%# %s %0$G == J, $G $" $k $3 $H $, $o $+$C $F $$ $k $N $G!" DL >o $O It J, E* %T %\%C %F%# %s %0 $r :N MQ $9 $k!# It J, E* %T %\%C %F%# %s %0 $,M- 8z $K F/ $+ $J $$ $G 8m :9 $N A} Bg $r5/ $3 $9 $h $& $J Nc Bj $b :n $l $k $,!" $= $l $O IB M} 3X E* $J Nc $G!" <B :] >e!" $a$C $? $K =P2q$o$J$$$b$N$G$"$k!# DEED 9’IW (1988) !X?tCM=hM}%W%m%0%i%_%s%0!Y 8.7 IBM}3XE*$JNc !V$a$C $? $K =P 2q $o $J $$!W $H $$ $& $3 $H $O!" $? $^ $K $O =P 2q $& $H $$ $& $3 $H $G $9!# $= $N 0U L# $G T refethen $5 $s $, !V8= <B $K $O 7h $7 $F 5/ $- $J $$!W $H 8@ $& $N $O 9T $- 2a $. $G$9!# :G 6a!" Wilkinson $5 $s $, :n$C $? ?M 9) E* $J9T Ns $G $O $J $/!" \ <B :] $N %b %G %k " $+ $i F3 $+ $l $? $= $l $[ $I 0- >r 7o $G $J $$ 9T Ns $K BP $7 $F!" IT 0B Dj 0x ;R $, ;X ?t 4X ?t E* $K A} 2C $9 $k Nc $, $$ $/ $D $+ Js 9p $5 $l $F $^ $7 $? $N $G!" 4J C1 $J>R2p$H9TNs$N:n$jJ}$r$*65$($7$^$9!# 8.7.1 W righ t $5$s$NNc 1 $D $a $O!" S. J. W righ t $5 $s $, 1993 G/ $K [39] $G H/I=$7$?Nc$G$9!# I R n $N 2 E@6-3&CMLdBj y 0 = M ( t ) y + q ( t ) ; y ( a ) = y ( b ) = � $r 9M $( $^ $9!# 5a $a $? $$ $N $O y ( t ) 2 I R n $G $9!# M ( t ) $O t $K $D $$ $F $N n � n $N 4X ?t 9T Ns!" q ( t ) $O %Y %/%H %k $G$9!#$3$NLdBj$rI8=‘E*$J sho oting metho d 112 $rE, MQ $7 N% ;6 2= $7 $^ $9!# W righ t $5 $s $O FC JL $J >l 9g $H $7 $F n = 2 $N M ( t ) = � 1 = 6 1 1 � 1 = 6 ! ; a = 0 ; b = 60 $r9M$($^$7$?!#78?t9TNs A $O<!$N$h$&$K$J$j$^$9!# A = 0 B B B B B B B @ I I � e M h I 0 � e M h I . . . . . . . . . 0 � e M h I 1 C C C C C C C A I $O 2 <!$NC10L9TNs!" h $O6h4V [ a; b ] $NJ,3dI}!" � e M h = I + M h + O ( h 2 ) � h= 6 � 1 � h � h h= 6 � 1 ! $G $9!# A $O h $,>. $5$$ $J$i!" $=$l $[$I >r7o ?t$O 0-$/ $J $j $^ $; $s!# 9T Ns $N :n $j J} $O <! $N $h $& $K 6K $a $F 4J C1 $G$9!# read(5,*) n ! J,3d?t h = 60.0D0/n ! J,3dI} m=2*n+2 ! 9TNs$N<!?t do 10 i=1,m do 10 j=1,m A(i,j) = 0.0D0 ! =i4|2= 10 continue do 30 i=1,m A(i,i) = 1.0D0 ! BP3Q@.J, 30 continue do 40 i=1,n A(2*i+1,2*i-1) = h/6-1.0D0 A(2*i+2,2*i-1) = -h A(2*i+1,2*i) = -h A(2*i+2,2*i) = h/6-1.0D0 40 continue A(1,m-1) = 1.0D0 ! ;D$j A(2,m) = 1.0D0 112 <jK!$O [39] $N;29MJ88%$r8fMw2<$5$$!# 340

$H $3 $m $,!" $3 $N 9T Ns A $r 78 ?t 9T Ns $K $9 $k O" N) 1 <! J} Dx <0 $r It J, %T %\%C %H A* Br IU $- Gauss $N >C 5n K! $G LU J, 2r $9 $k $H!" IT 0B Dj 0x ;R $, ;X ?t 4X ?t E* $K A} Bg $7 $F $7 $^ $$ $^ $9 113 !# Wilkinson $5 $s $N 9T Ns $H F1 $8 $/!" 2r $, x = (1 ; 1 ; � � � ; 1) T $H $J $k $h $& $K b $r 7h $a $F?tCM<B83$7$^$9!#7W ;;5!$O FUJITSU M-1800/20 $G$9!#Hf3S$N%5%V%k!<%A%s$O � GECP( 40A4%T%\%C%HA*Br ) � GEPP( ItJ,%T%\%C%HA*Br ) � QR J,2r $G9T$$$^$7$? 114 !# QR J, 2r $H 40 A4 %T %\%C %H A* Br $O!" 4| BT DL $j $N @: EY $r <( $7 $F $$ $^ $9!# 0l J}!" It J, %T %\%C %H A* Br $G $O!" 9T Ns $N<! ?t $, 120 $/ $i $$ $G 8+ Ev 0c $$ $J 2r $K H/ ;6 $7 $^ $9!# 860x $O!" Wilkinson $5 $s $N Nc Bj $H F1 $8 $G!" IT 0B Dj 0x ;R$N;X?t4X?tE*$JA}2C$N$?$a$G$9!# ;29M$N$?$a$K!"9TNs A $N7A$r graphics $K$7$^$9!# ""$, 0 !""#$, 1 !";D$j$O%0%l!<$G=q$-$^$9!# W righ t $5$s$N:n$C$?9TNs$N7A 8.7.2 F oster $5$s$NNc <B :] $N ?t 3X %b %G %k $+ $i F3 $+ $l $k O" N) 1 <! J} Dx <0 $K $*$$$F It J, %T %\%C%H A* Br IU $- Gauss $N>C 5n K! $, <: GT 113 n = 200 DxEY$G 2 : 59 � 10 21 $/$i$$$KA}Bg$7$^$9!# 114 GEPP $O SSL I I $N D VLAX !" QR J, 2r $O F1 $8 $/ SSL I I $N Householder JQ49$N DLAXL $rMQ$$$^$7$?!# $9 $k 2 $D L\ $N Nc $H $7 $F!" L. V. F oster $5 $s $, 1994 G/$K [14] $KH/I=$7$?O@J8 115 $r>R2p$7$^$9!# Ld Bj $O 2 3, $N @~ 7A V olterra 116 7? @Q J, J} Dx <0 $+ $i F3$+$l$k x ( s ) � Z s 0 k ( s; t ) x ( t ) dt + � ( s ) x ( L ) = G ( s ) $r 0l HL E* $J 5a @Q K! $G 6a ;w $9 $k $b $N $G $9!# 5a $a $? $$ $N $O 6h 4V [0 ; L ] >e $N x ( s ) !" $= $N B> $N 4X ?t $O 4{ CN $G $9!# F oster $5 $s $O!" 4{ CN $N 4X ?t $r O" B3 Ld Bj $N 2r $, 6q BN E* $K $o $+ $k $h $& $K A* $S!" $= $N N% ;6 6a ;w $r 9T $$ $^ $7 $?!# @QJ,$N6a;w$O Newton-Cotes 117 8x<0$H Simpson 118 $N 8x<0$rAH$_9g$o$;$FMQ$$$^$9!# $3 $N 6a ;w $+ $i F3 $+ $l $k 9T Ns A $O 0- >r 7o $G $O $" $j $^ $; $s!# $7 $+ $7!" It J, %T %\%C %H A* Br $K $h $k LU J, 2r $r $9 $k $H!" $" $k n 0J >e $G $O %T %\%C %H A* Br $r $7 $J $/ $J $j!"$=$N$?$aIT0BDj0x;R$,5^7c$KA}Bg$7$^$9!# F oster $5 $s $O AG @2 $i $7 $$ $3 $H $K!" MA TLAB $H $$ $& 9T Ns 1i ;; %= %U %H $r ;H$C $? %W %m %0 %i %‘ $r %M%C %H %o!< %/ >e$G 8x 3+ $7 $F $$$^ $7 $? 119 !# $= $3 $G!" %W %m%0 %i %‘ $r $H $j 4s $; $F F ortran $K %W %m %0 %i %‘ $r AH $_ D> $7!" ?tCM<B83$7$^$7$?!# $3 $l $O [14] $N :G =i $N Nc Bj $G $9!# 8m :9 $O!" O" B3 Ld Bj $N ?? $N CM $H 6a ;w 2r $N Aj BP 8m :9 $G $9!# DLAX $O It J, %T%\%C%HA*BrIU$-$N Crout K!$N LU J,2r!" DGEF A/SL $O LINP A CK $N %5 %V %k!< %A %s $G $9!# $^ $?!" GENP $O %9 %1!< %j%s %0 $b %T %\%C %H A* Br$b $7 $J $$ Gauss $N >C 5n K! $N 2r K!!" GECP $O $* $J $8 $_ %9 %1!< %j %s %0 $H 40 A4%T%\%C%HA*Br$r9T$J$C$?%5%V%k!<%A%s$G$9!# 115 \Gaussian Elimination with P artial Piv oting Can F ail in Practice" $H$$$&!"$=$N$b$N%:%P%j$NI=Bj$G$9!# 116 Vito V olterra(1860{1940) $5$s$O%$%?%j%"$N?t3X<T$G$9!# 117 Roger Cotes $5 $s (1682{1716) $N L> A0 $, H> J, F~$C $F $$ $^ $9!# 118 Thomas Simpson $5$s (1710{1761) $+$iMh$F$$$^$9!# 119 %"%/%;%9@h$OO@J8$K=q$$$F$"$j$^$9!# 341

GECP $,=gD4 $K<}B+ $7$F $$$/$N $KBP$7!" B>$N%5 %V %k!<%A %s $O!" $" $k n $+ $i 5^ $K NO $D $- $F Ht $s $G 9T$C $F $7$^$&MM;R$,$h$/$o$+$j$^$9!# $3 $A $i $O!" IT 0B Dj 0x ;R $N CM $r %W %m%C %H $7 $? $b $N $G $9!# 40 A4 %T %\%C %H A* Br 0J 30 $N %W %m %0 %i %‘ $, ?? $N 2r $+ $i FM A3 N% $l $F $$ $/ 86 0x $,!" IT 0B Dj 0x ;R $N 5^ 7c $J A} Bg $K$h$k4]$a8m:9$NN_@Q$K$h$k$3$H$,$o$+$j$^$9 120 !# [14] $K $O $b $& 0l $D Nc Bj $, $" $j!" >e $H F1 MM $J 5s F0 $r <( $7 $^ $9!# $3$C $A $O A $, $9 $0 $K :n $l $^ $9!# F ortran $G=q$1$P!" read(5,*) n ! 9TNs$N<!?t k = 1.0D0 ! Dj?t 1 C = 6.0D0 ! Dj?t 2 L =40.0D0 ! 6h4VI} h = L/dble(n-1) ! J,3dI} do 20 i=1,n do 20 j=1,n A(i,j) = 0.0D0 ! =i4|2= 20 continue do 30 i=3,n do 30 j=2,i-1 A(i,j) = -k*h 30 continue do 40 i=2,n A(i,1) = -k*h/2.0D0 A(i,i) = -k*h/2.0D0 + 1.0D0 A(i-1,n) = -1.0D0/C 40 continue A(1,1) = 1.0D0 A(n,n) = 1.0D0 - 1.0D0/C - k*h/2 $GIt J,%T%\%C %HA* BrIU $-$N Gauss $N>C 5nK! $,G\ @: EY1i;;$G<:GT$9$kNc$,$G$-$^$9!# $3 $N 9T Ns $N 7A >u $r <! $N %Z!< %8 $K IA $- $^ $9!# "" $, 0 !"%0%l!<$, � k h= 2 $NItJ,$G$9!# Wilkinson $5 $s!" W righ t $5 $s!" F oster $5 $s $N 9T Ns $N 7A $r 8+ Hf $Y $k $H!" $J $s $H $J $/ ;w $F $$ $k $3 $H $K 5$ $E $- $^ $9!# $3 $N $h $& $J 7A $N 9T Ns $r Mp ?t $G H/ @8 $5 $; $k 120 $3 $l $@ $1 IT 0B Dj 0x ;R $, A} Bg $9 $k $H!" H? I| 2~ NI $r $+ $1 $F $b!" 9T Ns$, \ FC0[ " $@$HH=CG$5$l$F$7$^$$$^$9!# $N$O$+$J$jFq$7$$$G$7$g$& 121 !# 5U $K!"9TNs $N7A $+$i ItJ, %T%\%C %HA*Br $N Gauss $N >C 5n K! $, <: GT $9 $k $3 $H $r ;v A0 $K H= CG $9 $k 4p =‘ $, $G $- $k$J$i$P!"$3$l$OAG@2$i$7$$$3$H$G$9 122 !# F oster $5$s$N:n$C$?9TNs$N7A F oster $5 $s $O!" O@ J8 $N :G 8e $N >O $N !V$J $< It J, %T %\%C %H A* Br $, <: GT $9 $k <B :] $N Nc $, $3 $l $^ $G Js 9p $5 $l $J $+$C $? $N $+!)!W $H $$ $& 9‘ $G!" <! $N $h $& $K =R $Y $F $$ $^ $9 ([14]) !# 2f!9 $O ( <: GT $9 $k Nc $, $3 $l $^ $G Js 9p $5 $l $J $+$C $? ) K\ <A E* $J M} M3 $O!" $3 $N $h $& $J Nc $, 6K $a $F \ $^ $l " $G $" $k $+ $i $@ $H 4| BT $9 $k!# Ld Bj $N @_ Dj $H 2r K! $X $N %" %W %m!< %A $O ?5 =E $K A* Br $5 $l $? $b $N $G $" $k!# $7 $+ $7 $J $, $i!" ?t CM @~ 7A 7W ;; $N %= %U %H %&%’ %" %Q%C %1!< %8 $N $[ $H $s $I $, IT 0B Dj 0x ;R $K $D $$ $F 2? $N >p Js $b Ds6! $7 $F $* $i $:!" $= $7 $F IT 0B Dj 0x ;R $N A} Bg $,!" ;~!9 $G $O $" $k $,!" <B :] $K H/ @8 $7 $F $$$k2DG=@-$,$"$k$3$H$r;XE&$9$Y$-$G$"$m$&!# L. V. F oster (1994) \Gaussian Elimination with P artial Piv oting Can F ail in Practice" \ B. $5 " $N L> $N$b $H $K AB 30 $5 $l$F $$ $k 40 A4 %T%\%C %H A* Br IU $- Gauss $N >C 5n K! $, \ @: EY " $N L> $N $b $H $K Mj $j $K$5$l$k$N$O!"$3$N$h$&$J>lLL$G$9!# $* $= $i $/!" $[ $H $s $I $N @l Lg 2H $, ;X E& $9 $k DL $j!" It J, %T %\%C %H A* Br $, <B :] $N ?t CM 7W ;; $K $* $$ $F CW L? E* $J IT 0B Dj 0x ;R $N A} Bg $r 5/ $3 $9 $3 $H $O \ $^ $l " $J $N $G $7$g $& 123 !# $7 $+ $7!" %W%m %0 %i %‘ $N%P %0 <h $j $b 7s$M $F ?t CM 7W ;; $N ?. Mj @- $r $" $2 $k $? $a $K J# ?t $N 2r K! $r ;n $7 $F $_ $k $3 $H $O!" Bg JQ 8z 2L $, $" $j $^ $9 124 !# $= $s $J $H $-!" 40 A4 %T %\%C %H A* Br IU $- Gauss $N >C 5n K! $O (2 G\ 0J >e $N <B 9T ;~ 4V $, $+ $+ $j $^ $9 $, ) $&$C $F $D $1 $N 2r K! $@ $H $$ $( $^ $9!# $= $7 $F!" $b $7 $+ $7 $? $i 3’ $5 $s $r \ CW L?E*$J<:GT " $+$i5_$C$F$/$l$k$+$bCN$l$^$;$s!# 121 >r 7o $r 8B Dj $7 $? random matrix $r :n $l $P!" 0c $& 7k 2L $, =P $k $+$b$7$l$^$;$s!# 122 $?$@$7!" \ $3$N 7A0J30$O0BDj$G$"$k " $H $$$&$N$r>ZL@$9$k$N $O BgJQ$@$H;W$$$^$9!# 123 $J$s$;8+$D$1$?$@$1$GO@J8$K$J$k$N$G$9$+$i!# 124 $D$$$G$K@:EY$dDj?t$b$$$m$$$mJQ$($F$_$^$7$g$&!# 342

;29MJ88%$H:w0z $"$H$,$- $3 $N 86 9F $O!" $b $H $b $H O" N) 1 <! J} Dx <0 $N ?t CM 2r K! $N 0l Mw I= $H $7 $F ( <+ J, $N $? $a $K ) =q $- ;O $a $7 $?!# 8= :_ $N 8& 5f $N $$ $- $, $+ $j $+ $i!" O" N) 1 <! J} Dx <0 $N 2r $N 87 L) $J I> 2A ( Ib F0 >. ?t E@ 1i ;; $r ;H $& 0J >e!" $" $k I} $r ;}$C $? 6h 4V $N Cf $K 2r $r Jq $_ 9~ $‘ $3 $H $K $J $j $^ $9 ) $, I, MW $K $J$C $? $+ $i $G $9!# $D $$ $G $K :G Bg 8G M- CM $N 87 L) $JI>2A$b$$$k$N$G$9$,!"$3$C$A$O<j$D$+$:$G$9!# 2r $N I> 2A $N $? $a $K $O @: EY NI $$ 6a ;w CM $, I, MW $G $9!# 6a ;w 2r $r F@ $k <j CJ $O \ $I $s $J J} K! $r MQ $$ $F $b " 9= $$ $^ $; $s!# $= $3 $G!" @$ 4V $K $O $I $s $J 2r K! $, $" $k $N $@ $m $& $H ;W $$!" ?t CM 2r @O $N 65 2J =q $J $I $r 8+ $J $, $i %a %b $7 $F$$$C$?7k2L$,$3$N5-;v$H$J$j$^$7$?!# $b $H $b $H $, \ @: EY $, $$ $A $P $s!" B. EY $O Fs $N <! " $H $$ $& L/ $J ;k E@ $G 8+ $F $$$C $? $? $a!" 6 >O 0J 2<!" FC $K 8 >O$OIt J, %T %\%C %HA* Br IU $- Gauss $N >C5n K! $, <: GT $9 $k2DG=@-$P$+$j$rC5$C$F$7$^$$$^$7$?!# $7$+ $7!" Gauss $N>C5n K!$N Nr;K $d4]$a 8m:9 $K$D $$ $F $N 5D O@ $J $I!" $4 B8 CN $J $+$C $? J} $K $O $J $+ $J $+ LL Gr $+$C$? $N $G $O $J $$ $G $7$g $& $+!# $^ $?!" Wilkinson $5 $s $d F orsythe $5 $s $J $I $N L> A0 $, =P $F $- $F 2{ $+ $7 $/ ;W$o$l$?J}$b$$$i$C$7$c$k$H;W$$$^$9!# $5 $F!" 4N ?4 $N 87 L) $J 2r $N I> 2A $G $9 $,!" $3 $A $i $O \ 6h4V2r@O " $H \ ITF0E@DjM} " $H$$$&?t3XE*$JB&LL$H!" %" %k %4 %j %: %‘ $r <B 8= $9 $k @: EY J] >Z IU $- ?t CM 1i ;; %= %U %H $N ;H $$ J} $H $$ $& \ Mx MQ $N <j 0z " $N B& LL $, $"$C $F!" :#2s$O 2r @b $9 $k;~ 4V ( $* $h $S G= NO ) $,$" $j $^ $; $s$G $7 $?!# 6a $$ $& $A $K!" $3 $N 86 9F $N B3 JT $H $7 $F >R 2p $G $- $l $P;W$$$^$9!# ;29MJ88%$K$D$$$F 0J 2< $N ;2 9M J8 8% $N Cf $K $O!" !X8E E5 E* L> Cx!Y $N M@ $l $r <u $1 $J $, $i @d HG $K $J$C $F $$ $k K\ $b >/ $J $/ $" $j $^ $; $s!# 0l 1~!" B9 0z $- $O Hr $1!" 86 E5 $r 6K NO 8+ $k $h $& $K $7 $^ $7 $? $N $G!" ;2 9M J8 8% $N $[ $H $s $I $O 6e =# Bg 3X Cf 1{ ?^ =q 4[ $^ $? $O Bg 7? 7W ;; 5! %; %s %?!< ?^ =q << $K $" $k $+!" $^ $? $O =q E9 $G Cm J8 $9 $l $P <j $K F~ $j $^ $9 (1995 G/ 11 7n 8=:_ ) !#J88% $K4J C1$J >R2p $r$D $1$^ $7$?!# 2?$+ $N;2 9M $K$J$l$P9,$$$G$9!# ;29MJ88% [1] Benoit, Commandan t : Note sur une m � etho de de r � esolution des � equations normales pro v enan t de l’application de la m � etho de des moindres carr � es a un syst � eme d’ � equations lin � eaires en nom bre inf � erieur a celui des inconn ues |Application de la m � etho de a la r � esolution d’un syst � eme de�ni d’ � equations Lin � eaires (Prec � ed � e du Commandan t Cholesky), Bul l � etin G � eo d � esique , No.2, pp.67{77 (1924). | \Commandan t"Cholesky $N6H@S$r>R 2p$7$?D9 $$%?%$%H%k$NO@J8$G$9!#$*$=$i$/$3$3$+$i \Cholesky J,2r " $NL>A0$,Ia5Z$7$?$b$N$H;W$o$l$^$9!#El5~Bg3X $K=jB"$5$l$F$$$^$9!# [2] Bo dewig, E. : Matrix Calculus , North-Holland Publishing Compan y-Amsterdam (1956). | H?I|K!$NNr;K$,>\$7$/=q$$$F$"$j$^$9!# [3] Bo oth, A. D. : Numeric al Metho ds , Butterw orths, London (1957). | Hamilton-Ca yley $N Dj M} $K 4p AC $r $* $/ A � 1 $N 5a$aJ}$,:\$C$F$$$^$9!# [4] Bunc h, James R., Kaufman, Linda and P arlett, Beresford N. : Decomp osition of a Symmetric Matrix : Numerische Mathematik , V ol.27, pp.95{ 109 (1976). [5] Bunc h, James R. and Kaufman, Linda : Some Stable Metho ds for Calculation Inertia and Solv- ing Symmetric Linear Systems, Mathematics of Computation , V ol.31, pp.163{179 (1977). | [4], [5] $G $O!" BP >N 9T Ns $K BP $9 $k 0B Dj $7 $? ?t CM 2r K! ( M D M T J,2r ) $rDs0F$7$F$$$^$9!#6qBNE*$J%"%k %4%j%:%‘$*$h$S ALGOL %W%m%0%i%‘$,$D$$$F$$$^$9!# [6] Du�, I.S., Erisman, A. M. and Reid, J. K. : Dir e ct Metho ds for Sp arse Matric es , Clarendon Press, Oxford (1986). | AB9TNs$N7A>u$N graphics $,IUO?$K:\$C$F$$$^$9!# 9TNs$N7A>u$N?^$O$3$l$r??;w$^$7$?!# [7] Dyksen, W a yne. R. and Rice, John R. : The Im- p ortance of Scaling for the Hermite Bicubic Col- lo cation Equations, SIAM Journal on Scienti�c and Statistic al Computing , V ol.7, No.5, pp.707{ 719 (1986). | ?tCM 2r@O$K$*$1$k%9%1!<%j %s%0$NI,MW@-$rK- IY$J %G!<%?$r6n;H$7$FAJ$($F$$$^$9!# 343

[8] F orsythe, George E. : Gauss to Gerling on Re- laxation, Mathematic al T ables and other A ids to Computation ( 8=:_ Mathematics of Computation ), V ol.5, pp.255{258 (1951). | Gauss $5 $s $, Do ;R $N Gerling $5 $s $K $" $F $F =q $$ $?<j;f$N1QLu$G$9!# [9] F orsythe, George E. : T en tativ e Classi�cation of Metho ds and Bibliograph y on Solving Systems of Linear Equations, in Simultane ous Line ar Equa- tions and the Determination of Eigenvalues Edited b y L. J. P aige and Oliga T aussky , National Bu- reau of Standards Applied Mathematics Series 29 (1953). | O"N) 1 <!J}Dx<0$N2rK!$K$D$$$F$NAm9gJ,N‘$*$h$S Ev ;~ $N :G ?7 $N ;2 9M J8 8% $N 0l Mw $G $9!# $" $- $l $k $/ $i $$ 40‘z$KJ,N‘$5$l$F$$$^$9!# [10] F orsythe, George E. : Solving Linear Algebraic Equations Can b e In teresting, Bul letin of the A mer- ic an Mathematic al So ciety , V ol.59 (1953). | $3 $A$i $O [9] $+ $i 6= L# $"$k 2r K! $r %T%C%/ %"%C %W $7 $F!"E,@Z$J2r@b$r2C$($?O@J8$G$9!# [11] F orsythe, George E. and W aso w, W olfgang R., : Finite-Di�er enc e Metho ds for Partial Di�er ential Equations , John Wiley & Sons, New Y ork (1960). !NK.Lu!O F#Ln @:0l Lu : JPHyJ,J}Dx<0$N:9J,K!$K$h$k 6a;w2rK! ( >e ),( 2< ), 5H2,=qE9 (1968). | JPHyJ,J}Dx<0 $N?tCM2rK!$K$D$$ $F$N8EE5E*L>Cx$H $7$FCN$i $l$F$$$^ $9!#Lu<T $NF#Ln@h @8 ( 2f!9$O \ Bg8f Bg " $H$*8F$S $7$F$$$^ $9 ) $K$O!"=$;N $N:"$K8f ;XF3$$ $?$@$-$^$7$?!# [12] F orsythe, George E., Moler, Clev e B., : Computer Solution of Line ar A lgebr aic Systems , Pren tice- Hall, (1967). !NK.Lu!O =B C+ @/>< , ED JU 9q;N : 7W;;5! $N$?$a $N@~7A 7W ;; $N 4p AC | O" N) 1 <! J} Dx <0 $N %W %m %0 %i %_ %s %0 |, G]Iw4[ (1969). | O"N) 1 <!J}Dx<0$N?tCM2rK!$K4X$9$k8EE5E*L>Cx$H $$ $o $l $F $$ $^ $9!# =x J8 $G !V$3 $N K\ $r J. H. Wilkin- son $KJ{$2$?$$!W$H=q$$$F$"$j$^$9!# [13] F orsythe, George E., Malcolm, Mic hael A. and Moler Clev e B. : Computer Metho ds for Mathe- matic al Computations , Pren tice-Hall (1977). !NK.Lu!O ?9 @5Ip Lu : 7W;; 5!$N$? $a$N?tCM 7W;;K! , F| K\ %3 %s %T%e!< %? 6( 2q JT %3 %s %T%e!< %?!& %5 %$ %( %s %9 8& 5f=j%7%j!<%: , 2J3X5;=Q=PHG<R (1978). | 40@.$7$?%W%m %0%i%‘$K=EE@$r$* $$$?2r@b$,$5$l$F $$$^$9!# F orsythe $5$s$N0d:n$G$9!# [14] F oster, Leslie V. : Gaussian Elimination with P artial Piv oting Can F ail in Practice, SIAM Jour- nal on Matrix A nalysis and Applic ations , V ol.15, No.4, pp.1354{1362 (1994). | It J, %T %\%C %H A* Br IU $- Gauss $N >C 5n K! $, IT 0B Dj $H$J$kNc$r<B:]$NLdBj$+$iF3$$$F>R2p$7$F$$$^$9!# [15] F reund, Roland W., Nac h tigal, N� oel M. : An Im- plemen tation of the QMR Metho d Based on Cou- pled Tw o-T erm Recurrences, SIAM Journal on Scienti�c Computing , V ol.15, No.2, pp.313{337 (1994). | QMR K!$rDs0F$7$?K\?M$,2r@b$7$F$$$^$9!# [16] Girault, Viv ette and Ra viart, Pierre-Arnaud : Fi- nite Element Metho ds for Navier-Stokes e quations, The ory and A lgorithms , Springer Series in Com- putational Mathematics 5, Springer-V erlag (1986). | Na vier-Stok es J}Dx<0$KBP$9$kM-8BMWAGK!$N2rK! $r2r@b$7$?!"$=$NJ}LL$G$OM-L>$JK\$G$9!# [17] Goldstine, Herman H. : A History of Numeric al A nalysis fr om the 16th thr ough the 19th Century , Studies in the History of Mathematics and Ph ys- ical Sciences 2, Springer (1977). | 16 @$5*$+$i 19 @$5*$K$+$1$F$N?tCM2r@O$NNr;K$, =q$$$F$"$j$^$9!# [18] Gregory , R. T. and Karney , D. L. : A c ol le ction of matric es for testing c omputational algorithms , John Wiley & Sons, New Y ork (1969). | O"N) 1 <!J}Dx<0!"5U9TNs!"8GM-CMLdBj$J$I$N%F%9 %H9TNs$r=8$a$?K\$G$9!# [19] Householder, Alston S. : Unitary T riangulariza- tion of a nonsymmetric Matrix, Journal of the Asso ciation for Computing Machinery , V ol.5, pp.339{ 342 (1958). | 8e$K Householder JQ 49 $H8F $P $l $k<j K! $, :G=i $K :\$C$?O@J8$G$9!# [20] Macon, Nathaniel : Numeric al A nalysis , John Wiley & Sons, New Y ork (1963). | LL T J,2r$, \geo detic surv ey or" $N Cholesky $5$s$K$h$C$F 1916 G/$K<($5$l$?!"$H=q$$$F$"$kK\$G $9!# [21] McCormic k, John M. and Salv adori, Mario G. : Numeric al Metho ds in F OR TRAN , Pren tice-Hall (1964). !NK.Lu!O@6?e N1;0O: Lu : F OR TRAN $K$h$k?tCM7W ;;%W%m%0%i%_%s%0 , %5%$%(%s%9%i%$%V%i%j >pJsEE;;5! 1, %5%$%(%s%9<R (1970). | F ortran90 $NGQ;_M=Dj;v9‘$KF~$C$F$7$^$C$?ItJ, $,$+$J$j$"$j$^$9!# [22] Meijerink, J. A. and v an der V orst, H. A. : An Iterativ e Solution Metho d for Linear Systems of whic h the Co e�cien t Matrix is a Symmetric M- Matrix, Mathematics of Computation , V ol.31, pp.148{ 162 (1977). | IT40A4 LU J,2r!"IT40A4 Cholesky $H6&Lr8{G[K! $N Aj @- $N $h $5 $r ;X E& $7 $F 6& Lr 8{ G[ K! $r I| 3h $5 $; $? 2h 4|E*$JO@J8$G$9!#$A$J$_$K Bunc h $5$s$NO@J8$,$3$N $9$0$"$H$KB3$-$^$9!# 344

[23] Pusc hmann, Heinric h and Cort � es, Joaqu � in : The Co ordinex Problem and Its Relation to the Con- jecture of Wilkinson, Numerische Mathematik , V ol.42, pp.291{297 (1983). | 40 A4 %T %\%C %H A* Br K! $K $D $$ $F $N Wilkinson $5 $s $N?dB,$r07$C$?O@J8$G$9!# [24] Rainsford, Hume F. : Survey A djustments and L e ast Squar es , Constable & Compan y (1957). | pp.74 $K!"!V \Commandan t Cholesky" $NDs0F $7$?J}K!$,:G=i$K8x$J$C$? 1924 G/$NO@J8$O;d$,1Q8l $K Lu $7 $?!W $H =q $$ $F $" $k K\ $G $9!# $= $3 0J 30 $O FI $s $G $J$$$N$G!"FbMF$OCN$j$^$;$s!# [25] Rump, Siegfried M. : V eri�c ation metho ds for dense and sp arse system of e quations , Beric h te des F orsc h ungssc h w erpunktes Informations- und Komm unik ationstec hnik, TUHH (1993). | @:EYJ]>ZIU$- ?tCM7W;;$rMQ$$$? O"N)J}Dx<0$N2rK! $r07$C$F$$$^$9!# [26] Saad, Y oucef, Sc h ultz Martin H. : GMRES: A Generalized Minimal Residual Algorithm for Solv- ing Nonsymmetric Linear Systems, SIAM Jour- nal on Scienti�c and Statistic al Computing , V ol.7, No.3, pp.856{869 (1986). | GMRES K!$N86O@J8$G$9!# [27] Stummel, F riedric h : F orw ard Error Analysis of Gaussian Elimination P art I : Error and Resid- ual Estimates, Numerische Mathematik , V ol.46, pp.365{395 (1985). [28] Stummel, F riedric h : F orw ard Error Analysis of Gaussian Elimination P art I I : Stabilit y Theo- rems, Numerische Mathematik , V ol.46, pp.397{ 415 (1985). | [27], [28] $OA0?J8m:92r@O$r07$C$F$$$^$9!# P art I, P art I I $KJ,$+$l$F$$$^$9!# [29] T refethen, Llo yd N. : Three Mysteries of Gaus- sian Elimination, ACM SIGNUM Newsletter , V ol.20, No.4, pp.2{5 (1985). | 7W;;NL!"D>8r JQ49K!$H$N4X78!"0B Dj@-$K$D$$$FO@ $8$F$$$^$9!# [30] T refethen, Llo yd N., Sc hreib er, Rob ert S. : Av erage- Case Stabilit y of Gaussian Elimination, SIAM Journal on Matrix Analysis and Applic ations , V ol.11, No.3, pp.335{360 (1990). | random matrix $r MQ$$$FIT0BDj0x ;R$r7W;;$9$k $3$H$G Gauss $N>C5nK!$NJ?6QE* $J0BDj@-$r<gD%$9$k O@J8$G$9!# [31] v an der V orst, H. A. : Bi-CGStab: A F ast and Smo othly Con v erging V arian t of Bi-CG for the Solution of Nonsymmetric Linear Systems, SIAM Journal on Scienti�c and Statistic al Computing , V ol.13, No.2, pp.631{644 (1992). | BiCGStab K!$N86O@J8$G$9!# [32] V arga, Ric hard S. : Matrix Iter ative Analysis , Pren tice-Hall, (1962). !NK. Lu!O =B C+ @/ >< , C* D. K’ 90 , 6b ;R @5 5W , Ln ED N4 Lu : 7W ;;5! $K $h$k Bg 7?9T Ns $NH? I|2r K! , %5 %$ %(%s %9%i %$%V%i%j >pJsEE;;5! 10, %5%$%(%s%9<R (1972). | O"N) 1 <!J}Dx<0$NH?I|2rK!$N%"%k%4%j%:%‘$H?t3X E*GX7J$r>\$7$/O@$8$?8EE5E*L>Cx$G$9!# [33] W endro�, B., : The or etic al Numeric al A nalysis , Academic Press, New Y ork (1966). !NK.Lu!O 8M@n H;?M Lu : M}O@?tCM2r@O | 7W;;5!$K$h $k ?t CM 7W ;; $N 4p AC |, %5 %$ %( %s %9 %i %$ %V %i %j >p Js EE ;;5! 19, %5%$%(%s%9<R (1973). | ?tCM2r @O$K$*$1$kM}O@E* $JB&LL$rJ?0W$K2r@b $7$? K\$G$9!# [34] W estlak e, Joan R. : A Handb o ok of Numeric al Matrix Inversion and Solution of Line ar Equa- tions , John Wiley & Sons, New Y ork (1968). !NK. Lu!O 8M @n H; ?M Lu : %3 %s %T%e!< %? $N $?$a $N @~ 7A 7W;;%O%s%I%V%C%/ , G]Iw4[ (1972). | O"N) 1 <!J}Dx<0$N?tCM2rK!$r$-$a:Y$+$/J,N‘$7$? %O%s%I%V%C%/$G$9!# [35] Wilkinson, J. H., : Error Analysis of Direct Meth- o ds of Matrix In v ersion, Journal of the Asso ci- ation for Computing Machinery , V ol.8, pp.281{ 330 (1961). | Gauss $N >C 5n K! $K $h$C $F H/ @8 $9 $k Ib F0 >. ?t E@ 1i ;; $N 8m :9 $r!" 8e B‘ 8m :9 2r @O $K $h$C $F I> 2A $7 $? 8E E5 $G $9!# [36] Wilkinson, J. H., : R ounding Err ors in A lgebr aic Pr o c esses , Pren tice Hall (1963). !NK.Lu!O0l>> ?. , ;M>r CiM: Lu : 4pK\E*1i;;$K$*$1$k 4]$a8m:92r@O , G]Iw4[ (1974). | 8m:92r@O$N4pACM}O@$r2r@b$7$?K\$G$9!# [37] Wilkinson, J. H., : The A lgebr aic Eigenvalue Pr ob- lem , Oxford Univ ersit y Press, London (1965). | $= $l $^ $G $N Wilkinson $5 $s $N @. 2L $r 7k =8 $7 $F =q $+ $l $? 600 %Z!< %8 $r 1[ $( $k Bg :n $G $9!# 0l ;~ 4|!" ?t CM 2r @O $N O@ J8 $G $O I, $: $3 $N K\ $, ;2 9M J8 8% $K :\ $; $i $l $F $$$^$7$?!# [38] Wilkinson, J. H., : @-<A$N0-$$0l<!J}Dx<0$N2rK! , in Mathematic al Metho ds for Digital Computers II , Edited b y An thon y Ralson, Herb ert S. Wilf, John Wiley & Sons, New Y ork (1967). !NK.Lu!O JR2, ?. Fs 4FLu : EE ;R7W ;;5! $N$? $a$N ?t3X E* J}K! I I, </Eg=PHG2q (1975). | Wilkinson $5$s$NJ}K!$N%@%$%8%’%9%HHG$G$9!# [39] W righ t, Stephen J. : A Collection of Problems for whic h Gaussian Elimination with P artial Piv- oting is Unstable, SIAM Journal on Scienti�c Computing , V ol.14, No.1, pp.231{238 (1993). | It J, %T %\%C %H A* Br IU $- Gauss $N >C 5n K! $, <: GT $9 $kNc$r$"$2$?O@J8$G$9!# 345

[40] Zeidler, E. : Nonline ar F unctional A nalysis and Its Applic ations , Springer-V erlag, Berlin (1986). | 4X?t2r@O$N @$3&$G$OM-L>$JK\$G $9!#$?$^$K>ZL@$, 4V0c$C$F$$$?$j$7$^$9!# : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 0J2<$O9qFb$N?tCM7W;;$K4X$9$kJ88%$G$9!# [41] 0K M} @5 IW , F# Ln OB 7z : ?t CM 7W ;; $N >o <1 , 6& N) =P HG (1985). [42] 1’Ln MxM: : 7W;;5!$N$?$a$N?tCM7W;; , 1~MQ?t3XNO3X9V :B 14, D+AR=qE9 (1963). [43] EbLZ 9,Hf8E : %9!<%Q!<%3%s%T%e!<%?$H9TNs7W;; , >pJs =hM} , V ol.28, No.11, pp.1441{1451 (1987). [44] <F 3@ OB ;0 M: , 4X ?t 2r @O $H ?t CM 7W ;; $N 4p AC , ?9 KL =P HG (1985). [45] Eg :j bC >< : %9!<%Q!< %3 %s %T%e!<%? $H %W %m %0%i %_ %s %0 , 7W;;5!2J3X!?%=%U%H%&%’%"5;=Q9V:B 9, 6&N)=PHG (1989). [46] ?t CM N. BN NO 3X JT=8 0Q 0w 2q JT : Hs 05 =L @- N. BN 2r@O , ?t CMN.BNNO3X%7%j!<%: 1, El5~Bg3X=PHG2q (1995). [47] ?y 86 @5 82 , << ED 0l M: : ?t CM 7W ;; K! $N ?t M} , 4d GH =q E9 (1994). [48] C+8} Gn : 5!3#9)3X$K$*$1$kEE;R7W;;5!$N1~MQ , %5%$%( %s%9%i%$%V%i%j>pJsEE;;5! 34, %5%$%(%s%9<R (1976). | Cramer $N 8x <0 $N F ortran %W %m %0 %i %‘ $, :\$C $F $$$^$9!# [49] DEED 9’IW : ?tCM=hM}%W%m%0%i%_%s%0 , 4dGH9V:B%=%U%H %&%’%"2J3X 9, 4dGH=qE9 (1988). [50] 8M @n H; ?M : ?t CM7W ;; , >p Js =h M}F~ Lg %3!<%9 7, 4dGH =q E9 (1991). [51] 8M@n H;?M : %^%H%j%/%9$N?tCM7W;; , %*!<%‘<R (1971). [52] 8M @n H; ?M : 6& Lr 8{ G[ K! , %7 %j!< %: ?7 $7 $$ 1~ MQ $N ?t 3X 17, ?7MK<R (1977). [53] 8M@n H;?M : HyJ,J}Dx<0$N?tCM2rK! | M-8BMWAGK!$H:9 J,K! |, %*!<%‘<R (1973). [54] L> <h N< : @~ 7A 7W ;; , $9 $& $, $/ $V$C $/ $9 12, D+ AR =q E9 (1993). [55] L> <h N< : ?t CM 2r @O $H $= $N 1~ MQ , %3 %s %T%e!< %? ?t 3X %7 %j!<%: 15, %3%m%J<R (1990). [56] L> <h N< , Ln;{ N4 : Bg5, LO9TNs 7W;; $K$*$1 $kH? I|2rK! , >pJs=hM} , V ol.28, No.11, pp.1452{1459 (1987). [57] L> <h N< , Ln ;{ N4 JT : %9!<%Q!< %3%s %T%e!<%?$H Bg7? ?t CM7W;; , bit NW;~A}4) , 6&N)=PHG (1987). [58] 0l>> ?. , 8M@n H;?M JT : ?tCM7W;;$K$*$1$k8m:9 , bit NW ;~A}4) , 6&N)=PHG (1975). [59] B<ED 7rO: , >.9q NO , EbLZ 9,Hf8E : %9!<%Q!<%3%s%T%e!< %? | 2J3X5;=Q7W;;$X$NE,MQ |, 4]A1 (1985). [60] ?9 @5 Ip : ?tCM2r @OK! , D+AR 8=BeJ*M} 3X9V:B 7, D+AR=q E9 (1984). [61] ?9 @5 Ip , ?y 86 @5 82 , << ED 0l M: : @~ 7A 7W;; , 4d GH 9V :B 1~MQ?t3X 8, 4dGH=qE9 (1994). [62] EOIt A1N4 : ?tCM7W;;$H8m:9$NOC , 6e=#Bg3XBg7?7W;;5! %;%s%?!<9-Js , V ol.27, No.5, 556{580 (1994). [63] EOIt A1N4 : ?tCM7W;;$HB.EY$NOC , 6e=#Bg3XBg7?7W;;5! %;%s%?!<9-Js , V ol.28, No.3, 207{231 (1995). [64] @~7? Be ?t %"!&%i!& %+ %k %H , ?t 3X %;%_ %J!<!& %j!< %G%#%s %0%9 , ?t3X%;%_%J!<A}4) , F|K\I>O@<R (1990). [65] @: EY J] >Z IU $- ?t CM 7W ;; $H $= $N 1~ MQ , >p Js =h M} V ol.31, No.9 (1990). [66] >pJs8!:w%7%9%F%‘ AIR |AIR $rMQ$$$?J88%>pJs$N8! :w |, 6e=#Bg3XBg7?7W;;5!%;%s%?!< (1995). [67] OS IV/MSP F OR TRAN77 EX ;H MQ <j 0z =q V12 MQ , 79SP-5031 !$IY;NDL3t<02q<R (1991). [68] OS IV/MSP F OR TRAN77 EX/VP ;HMQ<j0z=q V12 MQ , 79SP-5041 !$IY;NDL3t<02q<R (1991). [69] SSL I I ;HMQ<j 0z=q ( 2J3XMQ %5%V%k!<%A %s%i%$%V %i%j ), 99SP{4020, IY;NDL3t<02q<R (1987). [70] SSL I I 3H D% 5! G= ;H MQ <j 0z =q ( 2J 3X MQ %5 %V %k!< %A %s %i %$%V%i%j ), 99SP{4070, IY;NDL3t<02q<R (1991) !% [71] NUMP A C MxMQ<j0z=q , IY;NDL3t<02q<R (1994) !% [72] 8=Be?tM}3X;vE5 , Bg:e=q@R (1991). [73] 4dGH?t3X<-E5 ( Bh 3 HG ), 4dGH=qE9 (1985). [74] %"%k%4%j%:%‘<-E5 , 6&N)=PHG (1994). Cholesky K!$r>R2p$7$? 1924 G/$NO@J8 ([1]) 346