<BBP>N9TNs$N@5DjCM@-H=Dj%W%m%0%i%‘ Numerical V eri�cation of P ositiv e-De�niteness for Real Symmetric Matrices EOIt A1N4 y ;3K\ Ln?M z CfHx =<9( z <BBP >N9T Ns$N @5Dj CM@- H=Dj %W %m%0 %i%‘ vpdsm $r VPP700/56 >e$G %F%9 %H8x 3+$7 $^$9!% vpdsm $K $h$k 7W ;; 7k 2L$O!$ 6h 4V 1i;; (cf.4 >O ) $K $h $k 4]$a 8m :9 $N9M N8 $r9T $J$C $F $$$k $? $a!$ @5Dj CM @- $,H= Dj $5 $l$? >l 9g!$9T Ns $, !T?t3X E* $K87 L) $J0U L# $G!U@5 Dj CM$G $" $k $3$H $r J]>Z $7 $^$9!% $^ $?!$@5 Dj CM$G $" $k$3 $H $,H= Dj $5 $l$? 9T Ns$K$D$$$F$O!$:G>.8GM-CM$N2<8B$b$"$o$;$F=PNO$7$^$9!% K\ %W %m %0 %i %‘ $O!$ J? @. 6 G/ EY 8e 4| !A J? @. 9 G/ EY A0 4| $N %W %m %0 %i %‘ %i %$ %V %i %j 3+ H/ 2] Bj !X@: EY J] >Z IU $- ?tCM7W;;%7%9%F%‘!Y$K$h$C$FF@$i$l$?@.2L$N0lIt$G$9!% 1 %W%m%0%i%‘$N35MW $3$N>O$G$O!$ vpdsm $N35MW$r@bL@$7$^$9!%$J$*!$BP>] $H$9$k9TNs$O$9$Y$F@5J}9TNs$G$9!% 1.1 <BBP>N9TNs$N@5DjCM@- 2J3X $N B? $/ $N J, Ln $K $* $$ $F <B BP >N 9T Ns ( r e al symmet- ric matrix ) $O IQHK $KEP >l$7 $^$9 1 !% $=$7 $F!$$=$l $i$N 9T Ns$, @5DjCM ( p ositive de�nite ) $G$"$k$J$i$P!$M}O@LL ( Nc $($P H? I| K! $N <} B+ >Z L@ $N 2> Dj $, K~ $? $5 $l $k ) $* $h $S <B MQ LL ( Nc$($P7W;;NL$N>/$J$$9TNs$NJ,2rK!$rA*Br$G$-$k ) AP J} $G $h $$ $3 $H $, $? $/ $5 $s $" $j $^ $9 ( Nc $( $P [1], [2], [6], [15] $r;2>H ) !% @5DjCM$NDj5A n � n $N<BBP>N9TNs A $H x 6 = 0 $G$"$kG$0U$N n � 1 <B%Y%/%H%k x $KBP$7 x T Ax > 0 $H $J $k $H $-!$ A $O @5 Dj CM $G $" $k $H $$ $$ $^ $9!% $^ $?!$ 9T Ns A $O @5 Dj CM @- ( p ositive-de�niteness ) $r ;}$D$H$$$$$^$9!% Dj5ACf$N \ T " $OE>CV5-9f$G$9!% <B BP >N 9T Ns $N @5 Dj CM 2 @- $O!$ $9 $Y $F $N <B 8G M- CM $, @5 $G $"$k $3 $H $H F1 CM $G $9 (cf.7.1 @a ) !% =>$C $F!$ n � n $N <B BP >N9TNs$,@5DjCM$G$"$k$+$I$&$+H=Dj$9$k$K$O!$$=$N n 8D $N8GM-CM$rD4$Y$l$P$h$$$3$H$K$J$j$^$9!% y 6e=#Bg3XBg7?7W;;5!%;%s%?!< e-mail:watanabe@cc.kyushu-u.ac.jp z 6e=#Bg3XBg3X1!?tM}3X8&5f2J e-mail: f yamamoto, mtnakao g @math.kyushu-u.ac.jp 1 Nc$( $P!$ <+A3 8=>] $r ?t3X $N 8@MU $G5- =R $7$? ;Y G[J} Dx<0 $N \ N% ;62= " $H \ @~7A2= " $N 7k2L$H $7$F$h$/ F@$i$l $^$9!%<B BP>N9T Ns$H$O!$MW AG$,<B ?t$G$"$j!$E>CV9TNs$H0lCW$9$k$h$&$J9TNs$N$3$H$G$9!% 2 !V@5 Dj CM!W $O!$ !V@5 CM!W $^ $? $O !V@5 Dj Id 9g!W $H 8F $P $l $k $3 $H $b $" $j$^$9!% $H $3$m$,!$ M?$($i $l$? 9TNs$N 8GM-CM $rDj 5ADL$j ;f$H1t I. ( <j7W;; ) $G5a$a$h$&$H$9$k$H!$ n <!$NBe?tJ}Dx<0$r2r $/Ld Bj$K5"Ce $7$^$9!%$7 $+$7!$ 5 <!0J>e$N Be?tJ}Dx <0$K BP $9$k:, $N8x<0 $,B8 :_$7$J $$$3$H $O!$M- L>$J!V%, %m%"$N M}O@!W$K$h$C$F>ZL@$5$l$F$$$^$9 ( Nc$($P [9] $r;2>H ) !% $D $^$j!$2> $KL58B 7e$r J]>Z$9 $k7W;; 5!$d M-M}?t 1i;;$r MQ$$$?$H$7$F$b!$ (5 <!0J>e$N ) 8GM-CMLdBj$r0lDj2s?t$N A‘ :n $G 40 A4 $K 2r $/ $3 $H $O IT 2D G= $G $" $j 3 !$ $I $& $7 $F $b $" $k<} B+>r 7o$r2] $7$?H? I|K!$r 7W;;$N 0lIt$K <h$jF~ $l$kI, MW$,$"$j$^$9!% =>$C $F!$?tCM 7W;; $K$h$C $F8GM- CM$r I>2A $7!$<B BP>N9T Ns$N @5Dj CM@-$r H=Dj$9 $k$?$a $K$O!$ 4]$a8m :9$N8+ @Q$j$K 2C$($FH?I|K!$NBG$A@Z$j8m:9$b9MN8$9$kI,MW$,$"$j$^$9!% 9T Ns$N@5 DjCM@- $NH= DjK!$K $D$$$F $O!$$3 $l$^$G 4v$D$+ $N <j K! $, Ds 0F $5 $l $F $$ $^ $9 ( Nc $( $P [7], [8], [14]) !% $7 $+ $7!$ $=$l$i $N<jK! $O!$8B Dj$5$l $?9TNs $KBP $7$FE, MQ2DG= $G $"$C $? $j!$ CV 49 9T Ns 4 $N B8 :_ $d H? I| K! $N <} B+ $r H= Dj >r 7o$H $9$k $J$I!$I, $:$7$b HFMQ@- $H87 L)@-$r ;}$D%" %k%4%j %:%‘$H$O8@$($^$;$s!% 1.2 @5DjCM@-H=Dj%W%m%0%i%‘ vpdsm $O!$Mx MQ<T$,MQ 0U$7$?<B BP>N9TNs %G!<%?!$$^$? $O BP>N9T Ns$r4^ $‘6h 4V%G!<%? FI$_9~ $_!$$= $N@5Dj CM@-$r H=Dj$9$k%W%m%0%i%‘$G$9!% 6qBNE*$K$O!$ Householder-bisection K! ( %"%k%4%j%:%‘ $O Nc $( $P [21] $r ;2 >H ) $K $h $j F@ $i $l$? 9T Ns $N 6a ;w :G >. 8G M-CM $N6aK5$rD4 $Y!$:G>.8G M-CM$,?? $K 0 $h$jBg$-$$ $+$I $& $+$rI> 2A$7$^ $9!%$^ $?!$@5Dj CM$G$" $k$3 $H$,J] >Z$5$l $?9TNs$KBP$7$F$O!$:G>.8GM-CM$N2<8B 5 $r=PNO$7$^$9!% 3 ?t <0 =h M} %= %U %H $N Mathematic a $d Maple V $O 4 � 4 0J 2< $N 9T Ns $K BP $7 $F $O :, $N 8x <0 $r MQ $$ $? 7W ;; $r 9T $J $$ $^ $9!% $7 $+ $7 <! ?t $, 5 <! 0J>e $K$J$k $H!$$h$[ $I \ 7?$K$O $^$C$? " 9TNs 0J30$O 6a;w7W ;;$K$h$C$F 8G M- CM $r 7W ;; $7 $^ $9!% 6a ;w 7W ;; %" %k %4 %j %: %‘ $K 2? $r MQ $$ $F $$ $k $N $+ $O %^ %K%e%" %k$K$O=q$$ $F$"$j$^$; $s ( $3$3$,?t<0 =hM}%=%U%H $NIT5$L# $J$H$3 $m$G$9 ) !% 4 9T Ns $N FC Dj $N 9T $^ $? $O Ns $r F~ $l 49 $( $k $? $a $K :8 1& $+ $i 0z$C $+ $1 $k 9T Ns $N $3 $H!% 1 $, $I $N 9T $b $I $N Ns $b $A$g $& $I 1 8D $" $j!$ B> $O $9 $Y $F 0 $N9TNs$G$9!% 5 $3$l0J2<$K$O@dBP$K$J$$$H$$$&CM!% 1

$5$i$KMxMQ <T$O!$%Q %i%a!< %?$r<+ ?H$G D4@a$9 $k$3 $H$K $h $j!$ :G >. 8G M- CM $N 2< 8B $r $h $j \ %7%c!< %W " $K $9 $k $3 $H $b2DG=$G$9!% vpdsm $NFCD’$O!$7W ;;5!$NIb F0>.?tE@ 1i;;$K$* $$$FH/ @8$9$k4]$a8m :9$r 40A4$K <h$j9~ $_$J$, $i?J $‘$?$a!$ $b$7 9TNs$N:G>.8G M-CM $,@5$G $"$k$H $$$&7k 2L$r F@$?>l 9g!$9T Ns$N@5DjCM@- $,?t3X E*$K87 L)$J0U L#$G J]>Z$5 $l$k$H $3$m $K$"$j$^$9 6 !% vpdsm $N%"%k%4%j%:%‘$O 5 >O$G>R2p$7$^$9!% 2 MxMQJ}K! $3$N>O$G$O!$ vpdsm $NMxMQJ}K!$r@bL@$7$^$9!% 2.1 F0:n4D6- vpdsm ( /usr/local/bin/ vpdsm ) $O!$ VPP700/56 ( %[%9%HL> kyu-vpp !$ IP %"%I%l%9 133.5.9.70) $N 1PE 7 $G F0 :n $7 $^ $9!% @5 Dj CM H= Dj $N It J, $O F ortran 90 $G :n @. $5 $l$?<B9T2DG=7A<0%U%!%$%k$G$9!% MxMQ<T$O!$ 5 <o N‘$N7A<0 $N$I$l$+ $rA*Br$7!$ BP1~$9$k 9TNs%G!<%?$rMQ0U$7$^$9!%%G!<%?$O kyu-vpp $N%(%G%#%? $G$"$k emacs $^$?$O vi $G:n@.$9$k$+!$ ftp(/bin/ftp) $J$I$G kyu-vpp $KE>Aw$7$^$9!% $^ $?!$ HF MQ 7W ;; 5! $N UNIX %7 %9 %F %‘ (kyu-cc) $+ $i $N vpdsm $NMxMQ$O$G$-$^$;$s!% 2.2 F~NO7A<0 vpdsm $NF~NO7A<0$O vpdsm size typ e delta matrix-�le $G$9!%$=$l$> $l6uGr $G6h@Z $j$^ $9!%=g=x $NF~$l 49$( $O$G $-$^$;$s!% 3F%Q%i%a!<%?!$%U%!%$%kL>$NFbMF$O<!$NDL$j$G$9!% size 9TNs$N<!?t ( @0?t ) typ e 9TNs$N<oN‘ (1 !A 5 $N@0?t ) 1 � � � @0?t$^$?$O<B?t%G!<%? 2 � � � 6h4V%G!<%? 3 � � � M-M}?t%G!<%? 4 � � � %P%$%J%j%G!<%? 5 � � � %P%$%J%j6h4V%G!<%? delta %Q%i%a!<%? � (0 < � � 1 $N<B?t ) matrix-�le 9TNs%G!<%?$r3JG<$7$?%U%!%$%kL> 6 Bg $2 $5 $K 8@ $( $P!$ 7W ;; 5! $K $h $k Dj M} $N >Z L@ $G $9!% 8, 5u $K 8@ $( $P!$ Householder-bisection K! $N BG $A @Z $j 8m :9 $r I> 2A $9 $k $3 $H $K $h $k 6a ;w 7W;;$N?.Mj@-$N3NG’$G$9!% 7 Pro cessor Elemen t $NN,!%>\$7$/$O [22] $r;2>H!% size $O9TNs$N%5%$%: ( <!?t ) $r;XDj$7$^$9!%Nc$($P 10 � 10 $N>l9g$O 10 $G$9!%@0?t0J30$NCM ( Nc$($P 10 : 0) $r;XDj $9 $k$H!$FI $_9~ $_;~$K %(%i!< $H$J$j $^$9!% $^$?!$ 9TNs%5 %$%:$H matrix-�le $N%G!<%?$H$N@09g@-$,$H$l$F$$$J$$>l 9g $K$b%( %i!<$H$J $k$+ 8m$C$?7k 2L$rJV $9$? $aCm0U $,I,MW $G$9!% typ e $OF~NO$9$k9TNs$N<oN‘$r@0?t$G;XDj$7$^$9!%@0?t 0J 30$NCM $r;XDj $9$k $HFI$_ 9~$_;~ $K%( %i!<$H$J $j$^$9!% $^$?!$ 1 � 5 0J30$N@0?t$r;XDj$7$?>l9g$O!$ 1 $,;XDj$5 $l$?$b$N$H$7$F=hM}$,B39T$5$l$^$9!% delta $O 5 >O$G>R2p$9$kHy>.$JCM � $rF~NO$7$^$9!%Nc$( $P!$ � = 10 � 2 $N >l9g!$ 0.01 !$ 1.0E-2 , 1.0D-2 $J$I $H ;X Dj $7 $^ $9!% 6 >O $N ?t CM <B 83 $G 8+ $k DL $j!$ � $N CM $O 9T Ns $N@-3J ( >r7o?t!$%5%$%:$J$I ) !$$* $h$S!$$I$l$/$i$$:G>. 8GM- CM$N 2<8B$r @:EY$h $/5a$a $?$$$+ $K1~$8 $FE,59 ;H$$J, $1$F$/$@$5$$!% matrix-�le $O@5DjCM@-$rH=Dj$9$k9TNs%G!<%?$N3JG<$5 $l$?%U%!%$%kL>$G$9!%7A<0$O typ e $G;XDj$7$?9TNs$N<oN‘ $K 1~ $8 $F 0[ $J $j $^ $9!% F~ NO %G!< %? $N 7A <0 $O 2.5 @a $G @b L@ $7$^$9!% 2.3 BPOC7?$G$NMxMQ vpdsm $N$" $H!$0l$D0J >e$N%9%Z!< %9$r$*$$ $F%Q%i%a!< %?$H%U%!%$%kL>$rF~NO$7$^$9!% 0J2<$O!$<!85?t 10 $NM-M}?t%G!< %?!$ � = 10 � 2 !$%U%! %$%kL>$, \ matrix.data " $NNc$G$9!% kyu-vpp% vpdsm 10 3 0.01 matrix.data � � � � � =h M}7k2L $OI8=‘ =PNO $K=q$- =P$5 $l$^$9!% 7k2L $r%U%!%$ %k $K Mn $9 $K $O %j %@ %$ %l %/ %7%g %s \ > " $r MQ $$ $^ $9!% Nc $H $7$F!$%U%!%$%k \ out " $K=PNO$7$^$9!% kyu-vpp% vpdsm 10 3 0.01 matrix.data > out � � � � � =hM}7k2L$N8+J}$O 2.6 @a$r;2>H$7$F$/$@$5$$!% 2.4 %P%C%A=hM}$G$NMxMQ 9T Ns $N %5 %$ %: $, Bg $- $$ 8 >l 9g $O %P%C %A =h M} $r $* 4+ $a $7 $^$9!% MxMQJ}K!$O!$ VPP700/56 $G F ortran, C %W%m%0%i%‘!$ Gaussian $J$I$r%P%C%A=hM}$G<B9T$9$k<j=g$HF1MM$G$9 9 !% $3$3$G$O:GDc8B$N<j=g$N$_>R2p$7$^$9!%>\$7$/$O [22], [17] $r;2>H$7$F$/$@$5$$!% 8 300 � 300 $r D6 $( $k $H J, C1 0L $N <B 9T ;~ 4V $, I, MW $K $J $j $^ $9!% $^ $?!$ BP OC 7? =h M} $N 5- 21 NN 0h $N @) 8B CM $r D6 $( $F $7 $^$C $? >l 9g $b %P%C %A =h M}$H$J $j$^$9!%9TNs$N%5%$%: $H7W;;;~4V$K$D$$ $F$O!$ 3.6 @a$G<BB,%G!< %?$r>R2p$7$^$9!% 9 $3 $3 $G $N !V%P%C %A =h M}!W $H $O!$ %3 %^ %s %I $N :G 8e $K \ & " $r $D $1 $k UNIX $N !V%P%C %/ %0 %i %& %s %I $G $N <B 9T!W $H $O =h M} 7A BV $, 0[ $J $k $3 $H $K $4 Cm 0U $/ $@ $5 $$!% \ & " $r $D $1 $? >l 9g $K $O BP OC 7? =h M} $H F1 MM $N @) 8B CM!$ 1i;;IiC46b$,E,MQ$5$l$^$9!% 2

$^$:!V%P%C%A%j %/%( %9%H!W $H8F$P $l$k %7%’%k %9%/ %j%W %H$r kyu-vpp $N%U%!%$%k$H$7$F:n@.$7$^$9!%Nc$G$O%U%! %$%kL>$r \ a.sh " $H$7$^$9!%%U%!%$%k a.sh $K$O!$ kyu- vpp $N%[!<%‘%G%#%l%/%H%j$+$i matrix.data $N$"$k%G%# %l%/ %H %j $X $N 0\ F0 ( cd %3 %^ %s %I ) $K B3 $1 $F!$ BP OC 7? $H F1 MM$N=hM}<j=g$r5-=R$7$^$9!% # � csh $G5-=R cd EXAMPLE � %G%#%l%/%H%j$N0\F0 vpdsm 100 3 0.001 matrix.data >e$O!$ <! 85 ?t 100 $N M- M} ?t %G!< %?!$ � = 10 � 3 !$ %U%! %$ %k $O EXAMPLE %G%# %l %/ %H %j $N matrix.data $H $7 $? %P%C%A%j%/%(%9%H$N5-=RNc$G$9!% <!$K!$ qsub(/bin/qsub) %3 %^ %s %I $G %P%C %A %j %/ %( %9 %H$rEjF~$7$^$9!% kyu-vpp% qsub a.sh � � � � � Request 41739.kyu-vpp submitted to queue: p1. %8%g%V $N =h M} >u 67 $O qps(/usr/local/bin/qps) %3 %^%s%I$G3NG’$G$-$^$9!% Nc$G$O!$=hM} 7k2L $O%8%g%V $rEj F~$7$? %G%#%l %/%H %j$K \ a.sh.o41739 " $*$h$S \ a.sh.e41739 " $H$$$&%U%!%$%k L>$GJV5Q$5 $l$^ $9!%JV5Q $5$l $k%U%!%$ %k$N L>A0 $O!$%P%C %A%j%/%( %9 %H%U%! %$%k L> $H qsub %3 %^%s %I $rF~ NO$7 $? :] $K<+F0E*$KH/9T$5$l$k 5 7e$N<1JLHV9f$G9=@.$5$l$^$9!% \ o " $,$D$/%U%!%$%k$K vpdsm $N=hM}7k2L$,!$ \ e " $,$D $/%U%!%$%k$K %(%i!< $,5/$- $?>l 9g$N%a%C %;!<%8 $,$= $l$> $l=PNO$5$l$^$9!% 2.5 F~NO%G!<%?$N7A<0 $3$N@a$G$O!$ 9TNs%G!< %?$N :n@.J} K!$K $D$$$F @bL@ $7$^ $9!% 2.5.1 @0?t$^$?$O<B?t%G!<%? ( typ e =1) typ e =1 $N>l9g!$@0?t$^$?$O<B?t%G!<%?$r 10 ?J$N%F%- %9%H7A<0$GM?$($^$9!% 9TNs $r A = f A ij g !$ %5 %$ %: $r n $H $9 $k $H $-!$ %G!< %? $O6uGr$r6h@Z$j$H$7$F A 11 A 21 : : : A n 1 A 12 A 22 : : : A n 2 : : : A 1 n A 1 n : : : A nn $N=gHV$K $9$Y$F$NMWAG $r5-=R$7$F$/$@$5$$ 10 !%ESCf$GE, Ev$K2~9T$7$F$b9=$$$^$;$s!% $^$?!$ vpdsm $O9TNs%G!<%?$r IEEE IbF0>.?tE@7A<0 64 %S%C%H%G!< %? 11 $K JQ 49 $7 $F 7W;; $r 9T $J $$$^ $9!% $h$C $F!$ ;X ?t It 11 %S%C %H $G I= 8= $G $- $k HO 0O $r D6 $( $k 9T Ns $O =h M} $G$-$^$;$s!%$^$?!$2>?tIt 53 %S%C%H ( 1#$l%S%C%H$r4^$‘ ) $rD6$($k>pJs$O@Z<N$F$i$l$^$9!% 10 BP >N @- $N 3N G’ $H BP >N 9T Ns $r Jq 4^ $9 $k 6h 4V 9T Ns $r :n @. $9 $k M} M3 $+ $i!$$9$Y$F$NMWAG$,I,MW$H$J$j$^$9!% 11 2 ?J $G $9!% VPP700/56 $N F ortran %3 %s %Q %$ %i $G $" $k F ortran 90/VP $G$O REAL(KIND=8) ( G\@:EY<B?t7? ) $G$9!%>\$7$/$O [19] $r;2 >H$7$F$/$@$5$$!% !~ Example 1 4 � 4 $N@0?t9TNs 0 B B B B @ 4 3 2 1 3 3 2 1 2 2 2 1 1 1 1 1 1 C C C C A $N9TNs%G!<%?$G$9!% 4 3 2 1 � @0?t%G!<%? 3 3 2 1 2 2 2 1 1 1 1 1 !~ Example 2 5 � 5 $N<B?t9TNs 0 B B B @ 0 : 81321 � 0 : 00013 0 : 00014 0 : 00011 0 : 00021 � 0 : 00013 0 : 93125 0 : 23567 0 : 41235 0 : 41632 0 : 00014 0 : 23567 0 : 18765 0 : 50632 0 : 30697 0 : 00011 0 : 41235 0 : 50632 0 : 27605 0 : 46322 0 : 00021 0 : 41632 0 : 30697 0 : 46322 0 : 41931 1 C C C A $N9TNs%G!<%?$G$9!% 0.81321 -0.00013 0.00014 0.00011 0.00021 -0.00013 0.93125 0.23567 0.41235 0.41632 0.00014 0.23567 0.18765 0.50632 0.30697 0.00011 0.41235 0.50632 0.27605 0.46322 0.00021 0.41632 0.30697 0.46322 0.41931 $3 $N $h $& $J %G!< %? $r :n @. $9 $k >l 9g $O!$ I, $: 3.2 @a $r ;2 >H$7$F$/$@$5$$!% !~ Example 3 4 � 4 $N<B?t9TNs$NNc$G$9 12 !% 0.2173913043478261 0.1739130434782609 4.347826086956522E-02 4.347826086956522E-02 0.1739130434782609 0.2173913043478261 4.347826086956522E-02 4.347826086956522E-02 4.347826086956522E-02 4.347826086956522E-02 0.1739130434782609 8.695652173913043E-02 4.347826086956522E-02 4.347826086956522E-02 8.695652173913043E-02 0.1739130434782609 $3 $N $h $& $J %G!< %? $r :n @. $9 $k >l 9g $O!$ I, $: 3.2 @a $r ;2 >H$7$F$/$@$5$$!% 12 F ortran %W %m %0 %i %‘ $r MQ $$ $F F~ NO %G!< %? $r :n @. $9 $k 4J C1 $J J} K! $H $7 $F!$ G\ @: EY $^ $? $O @0 ?t 9T Ns A $r Dj 5A $7 $? 8e $K \ WRITE(N,*) A " ( N $OE,Ev$J unit HV9f ) $G9TNs$r=q$-=P$9$3$H$,9M$($i$l$^$9!% 3

2.5.2 6h4V%G!<%? ( typ e =2) typ e =2 $N>l9g!$%G!<%?$O 10 ?J$N%F%-%9%H7A<0$G9TNs $N3FMWAG$r6h4V (cf.4 >O ) $H$7$FM?$($^$9!% $9$J$o$A!$9TNs A $N3FMWAG A ij $O>e8B$H2<8B$r;}$D6h 4V [ A ij ; A ij ] Fb$N<B?t$H$7$FI=8=$5$l$^$9!% %G!<%?$O!$9TNs$N6h4VMWAG$N2<8B!$>e8B$rB3$1$F A 11 A 11 : : : A n 1 A n 1 : : : A 1 n A 1 n : : : A nn A nn $N=gHV$K$9$Y $F$N MWAG$r 5-=R$7 $F$/$@ $5$$!% 6h@Z$j $O6u Gr$G$9!%>e8B $H2<8B $,0lCW $9$k >l9g$G $b!$F1$8 ?tCM $r5- =R$7$F$/$@$5$$!% MWAG$K4X$9$k>r7o$O typ e =1 $HF1$8$G$9!% !~ Example 4 4 � 4 $N6h4V9TNs 0 B B B B @ [3 : 99 ; 4 : 01] [2 : 99 ; 3 : 01] [1 : 99 ; 2 : 01] [0 : 98 ; 1 : 02] [2 : 99 ; 3 : 01] [3 : 00 ; 3 : 00] [1 : 99 ; 2 : 01] [0 : 99 ; 1 : 01] [1 : 99 ; 2 : 01] [1 : 99 ; 2 : 01] [1 : 99 ; 2 : 01] [0 : 99 ; 1 : 01] [0 : 98 ; 1 : 02] [0 : 99 ; 1 : 01] [0 : 99 ; 1 : 01] [0 : 99 ; 1 : 01] 1 C C C C A $N9TNs%G!<%?$G$9!% 3.99 4.01 2.99 3.01 1.99 2.01 0.98 1.02 2.99 3.01 3.00 3.00 1.99 2.01 0.99 1.01 1.99 2.01 1.99 2.01 1.99 2.01 0.99 1.01 0.98 1.02 0.99 1.01 0.99 1.01 0.99 1.01 9TNs$NMWAG$r6h4V$GM?$($k>l9g!$ vpdsm $O6h4V9TNs$K 4^$^$l$k!T$9 $Y$F$N BP>N9T Ns!U$K BP$9$k @5DjCM @-$r H=Dj $7$^$9!% 2.5.3 M-M}?t%G!<%? ( typ e =3) typ e =3 $N>l9g!$9TNs$rM-M}?t$GM?$($^$9!% 8D!9$NM-M}?t%G!<%?$O6uGr$r$*$+$:$K Id9g J,;R ( @0?t ) / J,Jl ( @0?t ) $GM?$($^$9!%9TNs$N=g=x$O typ e =1 $HF1$8$G$9!% 0J2<$OCm0U;v9‘$G$9!% � 0l 9T $K :G Bg 255 J8 ;z $^ $G 5- =R $G $- $^ $9!% $= $l 0J >e $O2~9T$7$F$/$@$5$$!% � M-M}?t$N6h@Z$j$O6uGr$G$9!% � J, Jl!$ J, ;R $O IEEE $N 8 %P %$ %H @0 ?t 7? $G 5- =R $G $- $kHO0O � 9223372036854775808 � 9223372036854775807 0JFb$G5-=R$7$F$/$@$5$$!% � @0?t$N>l9g \ / " $OI,MW$"$j$^$;$s!% � 0l$D$N MWAG$r \ 234/45+1/2 " $J$I $H5-=R $9$k$3 $H $O$G$-$^$;$s!% !~ Example 5 4 � 4 $NM-M}?t9TNs 0 B B B B B B B B B B B B @ 1 � 1 2 1 3 � 1 4 � 1 2 2 3 � 3 4 1 1 3 � 3 4 11 3 � 1 � 1 4 1 � 1 9 4 1 C C C C C C C C C C C C A $N9TNs%G!<%?$G$9!% 1 -1/2 1/3 -1/4 -1/2 2/3 -3/4 1 1/3 -3/4 11/3 -1 -1/4 1 -1 9/4 2.5.4 %P%$%J%j%G!<%? ( typ e =4) typ e =4 $N>l9g!$9TNs%G!<%?$r F ortran 90/VP $N=q<0 $J$7 write J8 $G=PNO$7 $? IEEE IbF0>.?t E@7A<0$N G\@:EY <B ?t7?%G!< %?$H $7$FM? $($^ $9!%%U%!%$ %k$O %P%$ %J%j%U%! %$%k$G$9!% =q<0$J$7 write J8$G$N%U%!%$%k$N=q$-=P$7$O!$Nc$($P REAL(KIND=8),DIMENSION(10,10) :: A : WRITE(1) A ! =q<0$J$7 write J8 $H$7$^$9 ( FbMF$N@bL@$O>JN,$7$^$9 ) !% =q <0 $J $7 write J8 $G $N 5- O? J} K! $O =h M} 7O ( 7W ;; 5!!$ %3 %s %Q %$ %i ) 0M B8 $G $9 $,!$ IEEE Ib F0 >. ?t E@ 7A <0 $r %5 %]!< %H$7$F$$$k=hM}7O$NB?$/$K8_49@-$,$"$j$^$9 13 !% F ortran 90/VP $N=q<0$J$7 F ortran 5-O?$K$D$$$F$N>\ :Y$O [19] $r;2>H$7$F$/$@$5$$!% 2.5.5 %P%$%J%j6h4V%G!<%? ( typ e =5) typ e =5 $N>l9g!$ typ e =4 $N%P%$%J%j%G!<%?$r6h4V$H$7 $F M? $( $^ $9!% %G!< %? JB $S $O F ortran 90/VP $N =q <0 $J $7 write J8 $G =P NO $7 $? IEEE Ib F0 >. ?t E@ 7A <0 $N G\ @: EY J# AG ?t7?%G!<%?$HF1$87A<0$G$9!% $^$?6h4V%G!<%?$O!$ F ortran 90 $N%b%8%e!<%k5!G= ( Nc $($P [4] $r;2>H ) $rMQ$$$k$3$H$G4JC1$KDj5A$G$-$^$9!% 0J 2< $O F ortran 90/VP $G $N 6h 4V 9T Ns $N Dj 5A $H =P NO Nc $G$9!% 13 %; %s %?!< $N wisdom !$ medics, $* $h $S El KL Bg 3X $N SX-4/128H4 $G %G!< %? $N 8_ 49 @- $r 3N G’ $7 $^ $7 $?!% kyu-cc, kyu-msp $O IBM 7A <0 (M 7A <0 ) $N $? $a 8_49 @- $, $" $j $^ $; $s ( JQ 492D G= $G $9 $,!$ >p Js $, 7g Mn$7 $^$9 ) !% 4

MODULE IVL_DEF TYPE INTERVAL SEQUENCE DOUBLE PRECISION LOWER, UPPER END TYPE INTERVAL END MODULE IVL_DEF USE IVL_DEF TYPE(INTERVAL),DIMENSION(10,10) :: A : WRITE(1) A 2.6 =hM}7k2L$N8+J} 2.6.1 @5DjCM@-$,H=Dj$5$l$?>l9g vpdsm $K$h$C$F@5DjCM@-$,H=Dj$5$l$?>l9g$K$O%a%C%;!< %8$H:G>.8GM-CM$N2<8B$,=PNO$5$l$^$9!% ********************************************* * GIVEN 4 TIMES 4 MATRIX IS * POSITIVE DEFINITE RIGOROUSLY. * LOWER BOUND OF MINIMUM EIGEN VALUE IS * 9.573528097924996E-05 ********************************************* delta $r 99 $K >. $5 $/ $9 $k $3 $H $G!$ $h $j :G >. 8G M- CM $K 6a $$2<8B$rF@ $k$3$H $,$G$- $^$9!% $?$@$7!$ H=Dj>r 7o$r K~$? $5$J$/$J$k2DG=@-$b9b$/$J$j$^$9!% 2.6.2 6a;w:G>.8GM-CM$,Ii$K$J$C$?>l9g 6a;w:G>.8G M-CM$, Ii$K $J$C$?>l 9g!$%" %k%4%j %:%‘ $N>r 7o$, K~ $? $5 $l $J $/ $J $j $^ $9!% =>$C $F vpdsm $O H= Dj $r BG $A@Z$j!$0J2<$N%a%C%;!<%8$r=PNO$7$^$9!% APPROXIMATE MINIMUM EIGENVALUE = -0.4912715326 ---------------------------------------------- APPROXIMATE MINIMUM EIGENVALUE IS NONPOSITIVE. THE VERIFICATION ALGORITHM CAN NOT BE APPLIED. **THIS MATRIX MIGHT BE NON-POSITIVE DEFINITE** ---------------------------------------------- 2.6.3 6a;w Cholesky J,2r$K<:GT$7$?>l9g 5 >O$N%"%k%4%j%:%‘$N6a;wE*$J Cholesky J,2r$K<:GT$7 $?>l9g$O!$0J 2<$N%a%C %;!<%8 $r=PNO $7=h M}$rBG $A@Z $j$^ $9!% ---------------------------------------------- APPROXIMATE MINIMUM EIGENVALUE = 9.6702234E-05 ---------------------------------------------- APPLOXIMATE CHOLESKY DECOMPOSITION FAILED. PLEASE SET MORE LARGER DELTA THAN 1.00000E-16 ---------------------------------------------- $3$N >l 9g!$ delta $N CM $r Bg $- $/ $7!$ :F <B 9T $7 $F $_ $F $/ $@$5$$!% 2.6.4 8!>Z>r7o$rK~$?$5$J$+$C$?>l9g 5 >O $N %" %k %4 %j %: %‘ $N :G 8e $N 8! >Z >r 7o $r K~ $? $5 $J $+$C $?>l9g$O!$0J2<$N%a%C%;!<%8$r=PNO$7$^$9!% ********************************************* * NUMERICAL VERIFICATION FAILED. * PLEASE SET MORE LARGER DELTA THAN 1.0E-08 * AND TRY AGAIN. ********************************************* $3 $N >l 9g!$ delta $N CM $r Bg $- $/ $9 $k $+!$ 6h 4V %G!< %? $r M?$( $F$$ $k>l9g $O6h4V $NI}$, >.$5$/ $J$k$+ $I$&$+ $r8!F$ $7 $F$/$@ $5$$!%$^ $?!$9T Ns$NBP >N@-$r 3NG’ $9$k$3 $H$b$* 4+$a$7$^$9!% 2.6.5 %(%i!<%a%C%;!<%8 \ jwe " $G ;O$^ $k %a%C%;!< %8$, I8 =‘%( %i!<=P NO 14 $K =q$- =P$5$l$F$$$k>l9g$O!$ F ortran 90/VP $,2?$i$+$N%(%i!< $r8!=P$7$F$$$^$9!% F~ =PNO$K 4X$9 $k%a%C %;!<%8$N >l9g!$ F~NO %Q%i %a!<%?$H 9TNs %G!<%? $H$N@0 9g@-$, $H$l$F $$$J $$$3$H $,9M$( $i$l$^ $9!% $= $NB>!$ ;X?t %"%s %@!<%U %m!<$d%*!< %P!<%U %m!<$r 5/$3 $7 $F<B9T $,BG$A @Z$i $l$?;] $N%a%C%;!< %8$, =q$-=P $5$l$F $$$k>l9g$O!$;DG0$J$,$i vpdsm $,07$($kHO0O$rD6$($?9T Ns$G$"$k2DG=@-$,9b$/$J$j$^$9!% 3 Cm0U;v9‘ $3$N>O$G$O!$ vpdsm $r;HMQ$9$k:]$NCm0U;v9‘$r=R$Y$^ $9!% 3.1 ?t3XE*$J87L)@-$rF@$k$?$a$N>r7o 9T Ns $N @5 Dj CM @- $, vpdsm $K $h$C $F H= Dj $5 $l $? >l 9g!$ $=$N 7k2L $,?t3X E*$K87 L)$G$" $k$? $a$K$O!$ 0J2<$N >r7o$, I,MW$G$9!% � @0?t$^$?$OM-M}?t%G!<%? 7k2L$O87L)$KJ]>Z$5$l$^$9!% � %P%$%J%j6h4V%G!<%? M? $( $? 6h 4V 9T Ns $K M_ $7 $$ 9T Ns $, ?? $K 4^ $^ $l $F $$ $l $P!$7k2L$O87L)$KJ]>Z$5$l$^$9!% � 6h4V%G!<%? %F%-%9%H7A<0$GM?$($k 10 ?J?t%G!<%?$r7W;;5!Fb$G 07 $& $3 $H $N $G $- $k 2 ?J ?t %G!< %? $K JQ 49 $9 $k ;~ $K JQ 498m:9$,@8$8$^$9!% vpdsm $O$3$N JQ498m:9$O9MN8 $7$^$;$s !%=>$C$F!$?t3XE*$K87L)$G$"$k$?$a$K$O!$ 14 I8 =‘ %( %i!< =P NO $r %U%! %$ %k $K =P NO $9 $k $K $O \ >& " $r $D $1!$ Nc $( $P vpdsm 10 4 0.01 test.data >& out $H$7$^$9!% 5

H= Dj $7 $? $$ 9T Ns $, 2 ?J ?t $K JQ 49 $5 $l $? 6h 4V 9T Ns $K ??$K4^$^$l$F$$$k$3$H$,>r7o$G$9 15 !% � %P%$%J%j%G!<%? %G!< %? $, M_ $7 $$ 9T Ns $K !T40 A4 $K!U 0l CW $7 $F $$ $k $3 $H$,>r7o$G$9!% � <B?t%G!<%? 2 ?J?t$KJQ49$7$?%G!<%?$,M_$7$$9TNs$K!T40A4$K!U 0lCW$7$F$$$k$3$H$,>r7o$G$9!% 3.2 9TNs%G!<%?<+?H$N;}$D8m:9 3.1 @a$N>r7o$K$"$k$h$&$K!$FC$K9TNs%G!<%?$,<B?t$N>l 9g$OCm0U$,I,MW$G$9!% Nc $( $P 1/3 $r 0.3333 $G I= 8= $9 $k $3 $H $K $h$C $F H/ @8 $9$k8m:9!$$"$k $$$O 9TNs$r MQ0U$9 $k7W;; $NCJ 3,$GN_ @Q$9 $k4]$a8m:9$K $D$$ $F$OMx MQ<T$, @UG$$r ;}$C$F BP=h$9 $kI, MW$,$"$j$^$9!% =>$C$F!$<B:]$K 87L) $JI>2A $r9T $J$$$? $$>l 9g$O!$ M-M} ?t%G!<%?$H$7 $F9T Ns$rI= <($9 $k$+!$6h 4V%G!< %?$K $h$C$F CM$r [0.333333333333332,0.333333333333334] 3 1 3 $J$I$HI=8=$9$k$3$H$,I,MW$G$9 16 !% 3.3 !V@5DjCM$G$J$$!W$3$H$NH=Dj vpdsm $OM?$($i$l $?9TNs$, @5DjCM$G$" $k$+$=$& $G$J$$ $+$rH=Dj$9 $k%W%m %0%i%‘ $G$O $"$j$^ $;$s!%$b $A$m $s!$@5 DjCM @- $, H= Dj $G $- $? >l 9g!$ (3.1 @a $N 2> Dj $N $b $H ) ?t 3X E* $K87L)$J0UL# $G@5 DjCM$G $"$k$3 $H$,J] >Z$5 $l$^$9!% $7$+ $7!$ vpdsm $K$h$C$F@5DjCM@-$,H=Dj$5$l$J$+$C$?9TNs$, !V@5DjCM$G$J$$!W$3$H$OJ]>Z$7$^$;$s 17 !% 3.4 F~NO$7$?9TNs$,BP>N$G$J$$>l9g vpdsm $O!$ F~ NO %G!< %? $, A ij 6 = A j i $H $J$C $F $$ $k >l 9g!$ A ij ; A j i $GI=8=$5$l$k6h4V$r:F9=@.$7=hM}$rB39T$7 $^$9!% Nc$($P!$ A ij = 1, A j i = 2 $N >l 9g!$$= $N N> J} $r 4^ $‘ 6h4V A ij = A j i = [1 ; 2] $KJQ49$7$^$9!% F~NO$,6h4V$N>l9g$bF1MM$G$9!%Nc$($P!$ A ij = [ � 1 ; 1], A j i = [0 ; 2] $N >l 9g!$ 6h 4V A ij = A j i = [ � 1 ; 2] $K JQ 49 $7$^$9!% 15 F ortran 90 $G $O 2 ?J ?t =P NO $r Nc $( $P \ WRITE(6,’(B64)’) " $J $I$G 4J C1 $K =P NO $G $- $^ $9!% JQ 49 8m :9 $O $3 $N 5! G= $r MQ $$ $k $3 $H $G 3N G’ $G $-$^$9!% 16 $3 $3 $G $O $o $+ $j $d $9 $$ $h $& $K 10 ?J ?t $G =q $$ $F $$ $^ $9 $,!$ 2 ?J ?t $KJQ49$7$?8e$N6h4V$K 1/3 $,4^$^$l$F$$$k$3$H$,I,MW$G$9!% 17 Householder-bisection K!$O ?. Mj $G $-$k ?t CM 2rK! $@ $H $$$o $l $F $$ $^ $9!% =>$C $F!$ Ib F0 >. ?t E@ 1i ;; $K $h $k ?t CM 7W ;; $N 7k 2L!$ :G >. 8G M- CM $, @5$G $" $k $3 $H $, $o $+ $l $P!$ $= $N 9T Ns $, @5 Dj CM $G $" $k 2D G= @- $O 6K $a $F 9b $$$H $$ $( $^ $9!% $= $N 0U L# $G!$ vpdsm $O 6a ;w 7W ;; $N 3N <B $J J] >Z $r M? $( $k %W%m%0%i%‘$@$H$b$$$($^$9!% 3.5 6h4V$NI} 6h 4V $N I} $, Bg $- $$ >l 9g $O!$ 9T Ns $N %9 %Z %/ %H %k H> 7B ( 8G M- CM $N @d BP CM :G Bg ) $, $h $[ $I Bg $- $/ $J $$ 8B $j!$ @5 Dj CM @- $OJ]>Z$5$l$^$;$s!% =>$C $F!$6h4V 9TNs $G%G!< %?$rM? $($k >l9g!$ 6h4V $NI}$O $G$-$k$@$1>.$5$/$H$k$h$&$K?4$,$1$F$/$@$5$$!% 6h4V$NI}$H@5DjCM@-$N4X78$K$D$$$F$O!$ [11] $G>\$7$$ M}O@E*9M;!$,M?$($i$l$F$$$^$9!% 3.6 1i;;;~4V 9TNs$N %5%$%:$K1~$8$? vpdsm $N CPU ;~4V$O<!$N DL$j $G$9 18 n � n CPU ;~4V 64 � 64 0.36 IC 128 � 128 2.67 IC 256 � 256 21.1 IC 512 � 512 212 IC 1024 � 1024 1,705 IC 2048 � 2048 10,870 IC 4096 � 4096 89,070 IC $9 $Y$F9T Ns$N@5 DjCM @-$N3N G’$K@. 8y$7 $?%1!<%9 $G$9!%9T Ns$NFI$_9~$_$KMW$9$k;~4V$O4^$^$l$F$$$^$;$s 19 !% 4 6h4V1i;;$N35MW $3 $N>O$G $O!$?tCM 7W;; 7k2L$K 4^$^$l $k4] $a8m:9 $N87L) $JI>2A$rF@$k$?$a$N4pAC$H$J$k 6h4V1i;; ( interval arith- metic ) $K $D$$$F 4JC1 $K@bL@ $7$^ $9!%>\:Y $O [10], [13] $r ;2>H$7$F$/$@$5$$!% 4.1 6h4V1i;;$NDj5A 6h 4V1i;; $G$O!$?t CM$K 4^$^$l $k8m :9$r9M N8$9 $k$?$a!$ <B?t x $r2<8B x $H>e8B x $K$h$k6h4V (in terv al) X = [ x ; x ] = f x j x � x � x g $G I=8=$7 $^$9!%$5 $i$K!$ $9$Y$F $N1i;; $r6h 4V$KBP $9$k1i ;;$GCV$-49$($^$9!% Nc $( $P!$ 6h 4V X = [ x ; x ], Y = [ y ; y ] $K BP $9 $k ;M B’ 1i;;$NDj5A$O<!$NDL$j$G$9 : X + Y = [ x + y ; x + y ] ; X � Y = [ x � y ; x � y ] ; X � Y = [ min f x y ; x y ; xy ; x y g ; max f x y ; x y ; xy ; x y g ] ; X= Y = [ x ; x ] � [1 = y ; 1 =y ] : 18 1997 G/ 11 7nB,Dj!% 19 9T Ns $N %5 %$ %: $O %P %s %/ %3 %s %U %j %/ %H (cf.[20]) $N 5/ $3 $k 2D G= @- $N $b$C$H$b9b$$CM $rA*$s$G$$$^$9!% n $r$3$NCM$+$i 1 $:$i$9$H?t % Aa$/ $J $j $^$9!% $^ $?!$9T Ns $N FI$_ 9~ $_ ;~4V $O A4BN $N 1i ;;;~ 4V $KHf $Y $F $o$: $+$N$?$a!$1i;;;~4V$O$I$N9TNs%?%$%W$KBP$7$F$bEv$F$O$^$j$^$9!% 6

$?$@$7=|;;$G$O Y 63 0 $H$7$^$9!% $3$N$H$-!$<B?t x $O 1 E@$+$i@.$k6h4V [ x; x ] $H$7$F9M $($^$9!%$^$?!$6h4V$N@dBPCM$r j X j � max fj x j ; j x jg $G!$ CfE@$r mid( X ) � ( x + x ) = 2 $GDj5A$7$^$9!% 4.2 7W;;5!>e$G$N<B8=J}K! 7W;;5!$GI= 8=2DG= $J6h4V $O!$$= $N>e2< 8B$,7W ;;5! $GI= 8=2DG=$JIbF0>.?tE@?t$K8B$i$l$^$9!% 7W;;5!>e$GI=8=2DG=$JIbF0>.?tE@?tA4BN$r S $H$7$F!$ I ( S ) � f [ a; b ] j a; b 2 S $+$D a � b g ; $^$? \ � " $r;MB’1i;;$N$I$l$+$H$7$^$9!% X , Y 2 I ( S ) $KBP$7$F!$0lHL$K X � Y 2 I ( S ) $H$O8B $j$^$; $s!% $7$+ $7!$ X � Y � Z $H$J $k Z 2 I ( S ) $, B8 :_$9$k>l9g$K$O!$ X � Y $N I ( S ) $X$N 4]$a : R ( X � Y ) 2 I ( S ) $rDj $a$k $3$H $,$G $-$^ $9!%<B :]$K $O!$ X � Y � Z $H $J $k :G $b 6h 4V I} $N 69 $$ Z $r R ( X � Y ) $H $7 $F Dj $a $^ $9!% 4.3 6h4V1i;;%i%$%V%i%j IbF0>.?tE@ $N7A<0 $K1~$8!$ ;MB’ 1i;;7k 2L$N:G Bg8m :9$, 7h$^$j$^$9!%=>$C$F!$$3 $N:GBg8m :9$rMQ $$$k$3$H $G X � Y $N I ( S ) $X$N4]$a$rDj$a$k$3$H$,$G$-$^$9!% 6aG/!$$3$l$i $NA‘:n $rAH$_ 9~$s $@6h4V 1i;;%i %$%V %i%j $,4v$D$+8x3+$5$l$k$h$&$K$J$j$^$7$?!%FC$K C++, F or- tran 90 $N 1i ;;;R :F Dj 5A (op erator o v erloading) 5! G=$r MQ$$$k%i%$%V %i%j $O!$MxMQ <T$N<j ;}$A$N 7W;; 5!>e$G $N6h 4V1i;;$rHf3SE*MF0W$K<B8=$7$^$9!% vpdsm $O!$ R. Bak er Kearfott $,Cf?4$K$J$C$F3+H/$7 $? \ INTLIB_90 "([5]) $N 6h 4V 1i ;; $K 4X $9 $k %b %8%e!< %k $r MQ$$$F:n@.$7$?%W%m%0%i%‘$G$9 20 !% 6h4V1i;;%i%$%V%i%j$K4X$9$k>\:Y$O WWW $N URL: http://interval-computations.home.ml.org/ $r8fMw2<$5$$!% 5 %"%k%4%j%:%‘ $3$N>O$G$O!$ vpdsm $N%"%k%4%j%:%‘$H>ZL@$r=R$Y$^$9!% $J$*!$$[$\F1MM$N<jK!$, [12] $GDs0F$5$l$F$$$^$9!% 5.1 %"%k%4%j%:%‘ MWAG $r 6h 4V $H $7 $F ;} $D n � n 9T Ns $r X $H $7 $^ $9!% %" %k %4 %j %: %‘ $O!$ X $K 4^ $^ $l $k $9 $Y $F $N <B BP >N 9T Ns $N @5 DjCM@-$rH=Dj$7$^$9!% 20 8= :_ 5, 3J 2= $, ?J 9T Cf $N <! 4| ( F| K\ $G $O <!!9 4| )F ortran 5, 3J \F or- tran 2000" $G$O!$6h4V 1i;;$r5,3J$KF~$l $k$3$H$,OC$79g$o $l$F$$$k$= $&$G $9!% $b $7 5, 3J 2= $5 $l $k $H 6h 4V 1i ;; $r $h $j <j 7Z $K Mx MQ $9 $k $3 $H $, $G $-$k$G$7$g$&!% %" %k %4 %j %: %‘ $N 1. $H 4. 0J 30 $N <B :] $N 7W ;; $O!$ 6h 4V 1i ;;$K$h$C$F4]$a8m:9$rI>2A$7$J$,$i9T$J$$$^$9!% $^$? \mid( X ), mid( Y )" $O6h4V9TNs$N3FMWAG$NCfE@ 21 $K $h$C$F9=@.$5$l$k9TNs!$ I $OC10L9TNs$G$9!% Algorithm 1. mid( X ) $N6a;w:G>.8GM-CM � $r5a$a$k!% 2. $"$kHy>.$J?t 0 < � � 1 $K$h$j ~ � � (1 � � ) � $H$9$k!% 3. Y � X � ~ �I $r7W;;!% 4. mid( Y ) $r6a;wE*$K Cholesky J,2r : mid( Y ) � ~ C ~ C T $9$k!% 5. Z � ~ C ~ C T � Y $r7W;;!% 6. � � max 1 � i � n n X j =1 j Z ij j $r7W;;!% 7. ~ � � � > 0 $J$i$P X $K4^$^$l$k$9$Y$F$N<BBP >N9TNs$O@5DjCM!%$+$D ~ � � � $O X $N:G>.8GM- CM$N2<8B!% <B:]$N7W;;$K$*$1$k \ ~ � � � > 0" $NH=Dj$O!$ ~ � $r4^$‘ 6h4V$N2<8B$, � $r4^$‘6h4V$N>e8B$h$jBg$-$$$3$H$r8+$^ $9!% $^$?!$ 4. $N6a;w Cholesky J,2r$G$O!$BP3Q@.J,$, 0 $G $J$$$3$H$r2>Dj$7$^$9!% 5.2 %"%k%4%j%:%‘$N>ZL@ X $K4^$^$l$kG$0U$N<BBP>N9TNs$r X 0 $H$*$-$^$9!%0J 2<!$ >ZL@$N 1i;;$O 6h4V $G$O$J $/<B?t $N0U L#$G9M $($^$9!% $^ $? � $O %" %k %4 %j %: %‘ $N 6. $G F@ $i $l $k 6h 4V $N >e 8B $H $7 $^$9!% x T x = 1 $J$kG$0U$N n <!85%Y%/%H%k x $KBP$7!$ ~ C ~ C T � ( X 0 � ~ �I ) $OBP>N9TNs$G$"$k$3$H$+$i!$ 2 <!7A<0$N@dBPCM j x T ( ~ C ~ C T � ( X 0 � ~ �I )) x j $O 9TNs $N 2 %N%k %‘ 22 B($A %9%Z %/%H %kH> 7B$G >e$+ $i2! $($i $l$^$9!% $5$i$K!$ Gersc hgorin $NDjM}$h$j!$%9%Z%/%H%kH>7B$N >e3&$O9TNs$N l 1 %N%k%‘ 23 $GM?$($i$l$^$9 ( Nc$($P [16] $r ;2 >H ) !% $3 $3 $G!$ X 0 2 X $G $" $k $3 $H!$ $* $h$S 6h 4V 1i ;; $K$h$kI>2AJ}K!$h$j!$ j x T ( ~ C ~ C T � ( X 0 � ~ �I )) x j � � 21 Ib F0 >. ?t E@ $G 9= @. $5 $l $k 6h 4V $N Cf E@ $, I, $: $7 $b Ib F0 >. ?t E@ $G I= 8= $G $- $k $o $1 $G $O $J $$ $N $G!$ @5 $7 $/ $O !VCf E@ $N 6a ;w!W $G $9!% <B :] $N 7W ;; $G$b$3$NItJ,$O6a;w$G9=$$$^$;$s!% 22 \ %9%Z%/%H%k%N%k%‘ " $H$b8F$P$l$^$9!% jj A jj 2 � sup x T x =1 jj Ax jj , $?$@$7 jj � jj $O%f!<%/%j%C%I%N%k%‘!% 23 jj A jj 1 � max 1 � i � n n X j =1 j A ij j 7

$,@. N) $7 $^ $9 24 !% $h$C $F!$ ~ C ~ C T $, @5 Dj CM $G $" $k $3 $H $h $j!$ x T ( X 0 � ~ �I ) x � � � $H$J$j$^$9!%=>$C$F x T x = 1 $+$i x T X 0 x � ~ � � � > 0 ; B($A7kO@$rF@$^$9!%"" 6 ?tCMNc $3$N>O$G$O!$4v$D$+$N?tCMNc$r$"$2!$ vpdsm $NM-8z@- $rL@$i$+$K$7$^$9!% 6.1 Hilb ert 9TNs 9TNs$N @-3J $r$" $i $o$9 ;X I8$K >r 7o?t ( c ondition num- b er ) $, $"$j $^$9 (cf.[16]) !% >r7o ?t$, Bg$- $$9T Ns$O!$ $=$N MWAG $, >/ $7 JQ 2= $7 $? $@ $1 $G Ld Bj ( Nc $( $P O" N) 1 <! J} Dx <0 $N2r ) $N Aj BP 8m :9 $, A} Bg $9 $k $? $a !V0- >r 7o $H $J $k 9T Ns!W $H8F$P$l$^$9!% K\9F$G$O n � n 9TNs A $N8GM-CM � 1 ; � 2 ; : : : ; � n $KBP$7!$ >r7o?t$r cond( A ) � max 1 � i � n j � i j min 1 � i � n j � i j $GDj5A$7$^$9 25 !% 0->r7o$H$J$kM-L>$J9TNs$K Hilb ert 9TNs : A ij = 1 i + j � 1 i; j = 1 ; 2 ; : : : ; n $,$" $j$^ $9!% Hilb ert 9T Ns $OBP >N $J @5 Dj CM 9T Ns $G $9 $,!$ $=$N>r7o?t$O;X?t4X?tE*$KA}Bg$7$^$9 26 !% [3] $K$h$k$H!$:G>.8GM-CM!$>r7o?t$O<!$N$h$&$K$J$j$^ $9!%>r7o?t$OM-8z?t;z 6 7e$G;M<N8^F~$7$F$$$^$9!% n :G>.8GM-CM >r7o?t 3 2 : 687340355773529 � 10 � 3 5 : 24057 � 10 2 4 9 : 670230402258689 � 10 � 5 1 : 55137 � 10 4 5 3 : 287928772171863 � 10 � 6 4 : 76607 � 10 5 6 1 : 082799484565550 � 10 � 7 1 : 49511 � 10 7 7 3 : 493898605991218 � 10 � 9 4 : 75367 � 10 8 8 1 : 111538966372442 � 10 � 10 1 : 52576 � 10 10 9 3 : 499676402911493 � 10 � 12 4 : 93155 � 10 11 10 1 : 093153819379666 � 10 � 13 1 : 60263 � 10 13 24 6h 4V 1i ;; $r MQ $$ $? M} M3 $O!$ 2 <! 7A <0 $N >e 3& � $r (o v er estimate $G$b9=$o$J$$$N$G ) 87L)$KI>2A$9$k$?$a$G$9!% 25 0l HL E* $J >r 7o ?t $N Dj 5A $O!$ 9T Ns %N %k %‘ jj � jj $K BP $7 cond( A ) = jj A jj jj A � 1 jj $G $9!% <B BP >N 9T Ns $K BP $7 $F 2 %N %k %‘ $r MQ $$ $k $H K\ 9F $N Dj 5A$H0lCW$7$^$9!% 26 Hilb ert 9TNs$,F3$+$l$k7P0^$O [18] $r8fMw$/$@$5$$!% vpdsm $G $O!$ N = 10 $^ $G $N @5 Dj CM @- $, H= Dj $G $- $^ $7 $?!% � = 10 � 6 $G $9!% 0J 2< $K!$:G >. 8G M- CM 27 $KBP $9 $k Householder-bisection K!$K$h$k6a;w2r$NAjBP8m:9!$$*$h $S vpdsm $K$h$C$FF@$i$l$?:G>.8GM-CM$N2<8B$H$NAjBP8m :9$r <($7$^$9!%$= $l$>$lM- 8z?t;z 6 7e$G ;M<N8^F~$7 $F$$ $^$9!% n 6a;w2r$NAjBP8m:9 2<8B$NAjBP8m:9 3 3 : 75836 � 10 � 14 1 : 00000 � 10 � 6 4 2 : 63179 � 10 � 13 1 : 00004 � 10 � 6 5 1 : 62260 � 10 � 11 1 : 00139 � 10 � 6 6 3 : 33365 � 10 � 10 1 : 04452 � 10 � 6 7 9 : 50657 � 10 � 12 2 : 40610 � 10 � 6 8 5 : 40777 � 10 � 8 4 : 62505 � 10 � 5 9 4 : 55702 � 10 � 6 1 : 56398 � 10 � 3 10 5 : 29759 � 10 � 5 5 : 07078 � 10 � 2 6.2 Bg5,LO$JLdBj <! $K!$ Hf 3S E* @- <A $N $h $$ ( >r 7o ?t $, $= $l $[ $I Bg $- $/ $J $$ ) 9TNs$rA*$s$GBg5,LO$JLdBj$r2r$$$F$_$^$7$?!% A ij = min f n � i + 1 ; n � j + 1 g i; j = 1 ; 2 ; : : : ; n $N8GM-CM � i $O � i = 1 2 � 1 � cos (2 i � 1) � 2 n + 1 � � 1 i = 1 ; 2 ; : : : ; n $H$J$j$^$9 ([3]) !%=>$C$F!$<!?t$rBg$-$/$9$k$H:G>.8GM- CM$O 1 = 4 $K<}B+$7$^$9!% ?tCM<B83$G$O!$ � = 10 � 2 $KBP$7H=Dj$r9T$J$$!$ N = 4096 $^ $G $N @5 Dj CM @- $, H= Dj $G $- $^ $7 $?!% $= $l 0J >e $N %5 %$%:$O!$1i;;;~4V$NLdBj$K$h$j<B9T$7$F$$$^$;$s!% 0J 2<$O!$>r 7o?t$H!$ :G>. 8GM-CM $N2< 8B$N?? $NCM $KBP$9 $kAjBP8m:9$H$rI=$K$7$?$b$N$G$9!% n 2<8B$NAjBP8m:9 >r7o?t 4 0 : 0100000000000417 2 : 92840 � 10 1 16 0 : 0100000000008186 4 : 37697 � 10 2 64 0 : 0100000000303602 6 : 74067 � 10 4 256 0 : 0100000016619280 1 : 06654 � 10 5 1024 0 : 0100001019772134 1 : 70154 � 10 6 4096 0 : 0100064565713022 2 : 72048 � 10 7 >r7o?t$OM-8z?t;z 6 7e$G;M<N8^F~!$AjBP8m:9$O>.?tE@ 17 7e0J9_$r@Z<N$F$F$$$^$9!% ?t CM<B83 $K$h$j!$ >r7o ?t$,$= $l$[$I 0-$/ $J$$9T Ns$KBP $7$F $O!$ � $,2<8B $NAjBP 8m:9$H $[$\0lCW $9$k$3 $H$,$o$+ $j$^$9!% 27 [3] $K$h$kCM$r??$NCM$H8+$J$7$F$$$^$9!% 8

6.3 %i%s%@%‘9TNs :G8e$K!$>r7o?t$H � $N4X78$rD4$Y$k$?$a$K!$ 100 � 100 $NMp?t9TNs$rMQ$$$??tCM<B83$r9T$J$$$^$7$?!% F ortran 90 $N Mp ?t H/ @8 4X ?t $G F@ $i $l $? 100 8D $N @5 $N ?t$K$h$C$F9= @.$5$l $kBP 3Q9TNs $K!$F1 $8$/Mp ?t$K $h$C$F F@$i$l$?D>8r 9TNs $r:81& $+$i$+ $1$k$3 $H$K $h$j!$8G M-CM $NCM$N$o$+$k 9TNs $r9=@. $7$^$7 $?!%9TNs $N:n @.2aDx $K$O IbF0>.?tE@1i ;;$K $h$k4] $a8m:9 $,F~$k $?$a!$ $9$Y$F $N=h M}$r F ortran 90/VP $N 4 G\ @: EY (128 %S%C %H 1i;; ) $G 9T $J$C $? 8e!$ 8G M- CM $* $h $S 9T Ns $r G\ @: EY (64 %S%C %H ) $K JQ 49$7$F vpdsm $KEO$7$F$$$^$9 28 !% <!$N 3 $D$N?^$O!$ � = 10 � 2 , 10 � 6 , 10 � 10 $N>l9g$N@5 DjCM@-$NH=Dj$,@.8y ( !| ) !$IT@.8y ( !{ ) $r%W%m%C%H$7$?$b $N$G$9!% =D<4$O6a;w 2r$H?? $N2r$H $NAj BP8m:9!$ 2#<4$O >r7o ?t$G $9!% $3$N7k2L$+ $i!$>r7o ?t$,Bg $-$$ 9TNs$K BP$7$F $O@: EY$h $$6a;w2r$rF@ $k$3$H $,$G$- $:@5Dj CM$N H=Dj$b Fq$7$/ $J$k $3$H!$$^$?!$>r7o ?t$K1~$8 $F � $NCM $rD4@a$9 $k$3$H $G@5 DjCM@-$,H=Dj$G$-$k2DG=@-$,$"$k$3$H$,$o$+$j$^$9!% !T � = 10 � 2 !U !T � = 10 � 6 !U 28 $b $A $m $s!$ 87 L) $K $O M? $( $? 9T Ns $H 8G M- CM $O @5 3N $K BP 1~ $7 $^ $; $s!% $7$+ $7!$ 9T Ns $N <! 85 $H Ib F0 >. ?t E@ 1i ;; $N @: EY $+ $i 6K $a $F !V6a $$!W 4X 78 $K$"$k$3$H$,4|BT$5$l$^$9!% !T � = 10 � 10 !U 7 JdB- $3 $N>O$G $O!$$3$l $^$G $N>O$G A0Ds$H $7$? $3$H$, $i$K$D $$$F$NJdB-$G$9!%>\:Y$J>ZL@$O>JN,$7$^$9!% 7.1 @5DjCM9TNs$K$^$D$o$k@-<A @5DjCM@-$K4X$7$F@.$jN)$D4pK\E*$J@-<A$rNs5s$7$^$9!% @-<A 1 @5DjCM$NDj5ACf$N \ x 6 = 0 $G$"$kG$0U$N n � 1 <B%Y %/%H%k x $K BP$7 " $O!$ \ G$0U $N x T x = 1 $J$k n � 1 <B%Y%/%H%k$KBP$7 " $KCV$-49$($k$3$H$,$G$-$^$9!% [ M} M3 ] I, MW== J, >r7o $O x $N %f!< %/%j%C %I %N%k %‘ jj x jj 2 = ( x T x ) 1 = 2 $KBP$7$F y = x= jj x jj 2 $r9M$($k$3$H$G3NG’$G$-$^$9!% @-<A 2 0 $G$J$$%Y%/%H%k x $H%9%+%i!< � $, Ax = �x $rK~$?$9$H$-!$ � $r A $N8GM-CM!$ x $r8GM-%Y%/%H%k$H$$ $$$^$9!% A $,BP>N$J$i$P A $N8GM-CM$O$9$Y$F<B?t$G$9!% [ M}M3 ] A $N8GM-CM � $H8GM-%Y%/%H%k x $N6&Lr@.J, � � , � x $KBP$7$F A � x = � � � x $H$J$k$3$H $+$i!$ x T A � x = � �x T � x , � x T Ax = � � x T x $H$J$j$^ $9!% $3$3$G A $NBP>N@-$rMQ$$$k$H � = � � $,$$$($^$9!% @- <A 3 <BBP >N 9T Ns $, @5 DjCM $G $" $k $? $a$N I, MW == J, >r 7o$O!$$9$Y$F$N8GM-CM$,@5$G$"$k$3$H$G$9!% [ M}M3 ] 8GM-CM � $H8GM-%Y%/%H%k x $KBP$7 x T Ax = �x T x = � jj x jj 2 2 $G$"$k$3 $H$+$i!$ A $,@5DjCM$J$i$P � > 0 $G$9!%5U $O!$8GM-%Y%/%H%k $, @5 5, D> 8r 7O $r $J $9 $h $& $K $H $l $k $3 $H $H!$ G$ 0U $N %Y %/ %H %k x $r @5 5, D> 8r7O $GD%$k $3$H$, $G$-$k $3$H$r MQ$$$F!$ x $N E83+7A $r x T Ax $KJ|$j 9~ $s$G@5DjCM@-$rF3$-$^$9!% @-<A 4 <B9TNs A $,@5B’ ( 5U9TNs$r;}$D ) $J$i$P!$ AA T $O@5DjCM9TNs$G$9!% [ M} M3 ] x T AA T x = ( A T x ) T ( A T x ) = jj A T x jj 2 2 $h $j F3 $+ $l $^ $9!% @-<A 5 <BBP>N9TNs A $,@5 DjCM$J$i$P!$ BP3QMWAG$O$9 $Y$F@5$G$9!%5U$O@.N)$7$^$;$s!% 9

[ M}M3 ] Dj 5A $N G$ 0U $N x $H $7 $F C1 0L 9T Ns $N Bh j Ns %Y %/ %H %k $r =g HV $K $H $l$P$o$+$j$^$9!% @-<A 6 <BBP >N9TNs A $,@5DjCM $J$i$P!$$=$N@d BPCM:G Bg$NMWAG$OBP3Q>e$K$"$j$^$9!%5U$O@.N)$7$^$;$s!% [ M}M3 ] @d BPCM :GBg $NMW AG$r A ij $H$7 $F i 6 = j $H $7$^ $9!%$3$N $H$-!$ i HVL\$N@.J,$, � , j HVL\$N@.J,$, � , B>$N@.J,$O 0 $H$$$&%Y%/%H%k e $K BP$7 e T Ae = A ii � 2 + 2 A ij � + A j j � 2 $, 0 $h$jBg$-$/$J$k$?$a$N H=JL<0$h$jL7=b$rF3$-$^$9!% @-<A 7 A $,@5DjCM$G$"$l$P!$ A = C C T $H$J$k$h$&$J2<;03Q9TNs C $,B8:_$7$^$9!%$3$N$h$&$JJ, 2r$r Cholesky J,2r$H8F$S$^$9!% [ M}M3 ] Cholesky J,2r$N%"%k%4%j%:%‘<+BN$,>ZL@$K$J$C$F$$$^$9!% 7.2 @5DjCM@-$NH=DjJ}K! 9TNs$N@5Dj CM@-$O!$ $=$N9T Ns$, F3$+$l $?7P0^ $+$i H=Dj $G$-$k>l9g$,$"$j$^$9!%$?$H$($P!$ 2 <!7A<0 x T Ax $,2? $+$N%N%k%‘$d%(%M %k%.!<$rI= $9$J$i$P!$$= $l$, 0 0J30$G @5$NCM$r$H$k$3$H$,$o$+$j$^$9!% $^$?!$ $9 $Y $F $N <g >. 9T Ns <0 (principal minor) $, $9 $Y $F@5$G$"$k $3$H$, $$$($l $P!$$b $H$N9T Ns$O@5 DjCM $G$9!% $?$@$7!$<!?t$,9b$/$J$k$H7W;;NL$,B?$/$J$j$^$9!% M-8z$J@5Dj CM@-$N H=Dj K!$H$7 $F!$!V4{ Ls$+$D BP3Q @.J, $,@5$G$"$kM% BP3Q 9TNs$O @5DjCM!W $H$$$& DjM} $,$"$j $^$9 ([16]) !% $b$7$3$l$i$NH=DjJ}K!$+$i@5DjCM@-$,$$$($k$N$J$i$P!$ $b$A$m$s vpdsm $rMQ$$$kI,MW$O$"$j$^$;$s!% ;29MJ88% [1] E. Anderson, Z. Bai, C. Bisc hof, J. Demmel, J. Dongarra, J. Du Croz, A. Green baum, S. Hammarling, A. McKen- ney , S. Ostrouc ho v, D. Sorensen : LAP A CK Users’ Guide , So ciet y for Industrial and Applied Mathematics, Philadelphia, 1992. [2] F# Ln @6<! , D% >RNI : H?I| K!$N?t M} , 1~MQ ?tCM7W ;;%i%$ %V%i%j , D+ AR=qE9 , 1996. [3] Rob ert T. Gregory , Da vid L. Karney : A Col le ction of Matric es for T esting Computational A lgorithms , John Wiley & Sons, New Y ork, 1969. [4] El ED 9,<y , ;3K\ K’?M , 7’Bt M’?. : F~Lg F ortran90 <BA)%W%m %0%i %_%s%0 , %=%U%H%P%s%/ , 1994. [5] R. Baker Kearfott, V. Kreino vic h : Applic ations of Inter- val Computations , Klu w er Academic Publishers, Nether- land, 1996. [6] Thomas H. Kerr : F allacies in Computational T est- ing of Matrix P ositiv e De�niteness/Semide�niteness, IEEE T r ansactions on A er osp ac e and Ele ctr onic Systems , V ol.26, No.2, pp.415{421 (1990). [7] M{ b} : @5 DjCM9TNs $N<BMQE* $JH=JLK! $K$D$$ $F , F| K\1~MQ?t M}3X2q O@J8;o , V ol.7, No.1, pp.91{96 (1997). [8] Ev an M. Ma, Christopher J. Zaro wski : On Lo w er Bounds for the Smallest Eigen v alue of a Hermitian Positiv e- De�nite Matrix, IEEE T r ansactions on Information The- ory , V ol.41, No.2, pp.539{540 (1995). [9] S. %^%C%/ %l!< %s ( W= 1J >; 5H4F =$ , @VHx OB CK!& 2, K\ <~ 0l6& Lu ) : ?t 3X { $=$N7A<0$H5!G= , ?9KL=PHG , 1992. [10] Arnold Neumaier : Interval Metho ds for Systems of Equa- tions , Cam bridge Univ ersit y Press, Cam bridge, 1990. [11] J. Rohn : P ositiv e De�niteness and Stabilit y of In terv al Matrices, SIAM Journal on Matrix A nalysis and Appli- c ations , V ol.15, No.1, pp.175{184 (1994). [12] Siegfried M. Rump : V eri�cation Metho ds for Dense and Sparse Systems of Equations, in J � urgen Herzb erger(Editor), T opics in V alidate d Computations (Pro ceedings of the IMA CS-GAMM In ternational W ork- shop on V alidated Computation, Olden burg, German y , August 30th{Septem b er 3rd, 1993), Elsevier Science, North Holland, Amsterdam, pp.63{135 (1994). [13] ?y86 @582 , <<ED 0lM: : ?tCM7W;;K!$N?tM} , 4dGH=qE9 , 1994. [14] T. Szulc : T esting Some Prop erties of Real Matrices, Computers and Mathematics with Applic ation , V ol.31, No.4/5, pp.63{65 (1996). [15] ;3K\ Ln?M , EOIt A1N4 , EDCf F@EP , CfHx =<9( : 0lHL2=8GM-CMLdBj$N @: EY J] >ZIU $- 2r K! , F| K\1~ MQ ?t M}3X 2q 1997 G/ EY G/2q 9V 1i M=9F =8 , pp.10{11 (1997). [16] Ric hard S. V arga : Matrix Iter ative A nalysis , Pren tice- Hall, 1962. !NK.Lu!O =BC+ @/>< , C*D. K’90 , 6b;R @55W , LnED N4 Lu : 7W;;5!$K $h $kBg 7?9TNs $NH?I| 2rK! , %5%$%( %s%9 %i%$%V %i%j >pJs EE;; 5! 10, %5%$%(%s%9<R , 1972. [17] EOIt A1 N4 : VPP700/56 $G $N BPOC 7? =h M} , 6e =#Bg 3X Bg 7?7W ;; 5! %;%s%?!<9-Js , V ol.30, No.2, pp.167{185 (1997). [18] EOIt A1N4 : O"N) 1 <! J}Dx <0$N 4pAC CN<1!A $*$h $S Gauss $N>C 5nK! $N 0BDj @-$K $D$$ $F!A , 6e =#Bg 3XBg 7?7W ;;5! %;%s %?!<9- Js , V ol.28, No.4, pp.291{349 (1995). [19] UXP/V F ortran 90/VP ;HMQ <j0z =q V10 MQ , J2U5-0050, IY ;NDL3t<02q<R , 1995. [20] UXP/V VP %W%m%0%i%_%s%0%O%s%I%V%C%/ V10 MQ , J2U5-0070, IY;NDL3t<02q<R , 1997. [21] SSL I I ;H MQ <j 0z =q ( 2J 3X MQ %5 %V %k!< %A %s %i %$ %V %i %j ), 99SP{ 4020, IY;NDL3t<02q<R , 1987. [22] VPP700/56 Mx MQ $N <j 0z ( Bh 1.0 HG ), 6e =# Bg 3X Bg 7? 7W ;; 5! %; %s %?!<!&%W%m%0%i%‘%i%$%V%i%j<< (1997). http://interval-computations.home.ml.org/ 10