Researc h Rep orts on Mathematical and Computing Sciences Series B : Op erations Researc h Department of Mathematical and Computing Sciences T oky o Institute of T ec hnology 2-12-1 Oh-Ok a y ama, Meguro-ku, T oky o 152, Japan Using the Conjugate Gradien t Metho d in In terior-P oin ts Metho ds for Semide�nite Programs (in Japanese) Kazuhide Nak ata y , Katsuki F ujisa w a y and Masak azu Ko jima y B-339 April 1998 Abstract. In recen t y ears, Semide�nite Programming (SDP) has b een in tensiv ely stud- ied from b oth theoretical and practical asp ects in v arious �elds including in terior-p oin t metho ds, combinatorial optimization, and the con trol and systems theory . Besides the SDP A (Semide�nite Programming Algorithm) whic h w e developed to solv e SDPs using the primal-dual in terior-p oin t metho d, man y computer programs for SDPs are no w a v ailable through the In ternet. Most of those programs utilize direct metho ds suc h as the Cholesky factorization or the LU factorization to solv e a system of linear equations whic h arises at eac h iteration to generate a search direction. The system of equations to b e solv ed at each iteration is full dense in general. Hence, as the size of the system of linear equations gets larger, the use of suc h direct metho ds b ecomes more di�cult; ev en storing its co e�cient matrix in the computer memory b ecomes imp ossible. T o o v ercome this di�cult y , w e in- corp orate the conjugate graduate metho d, whic h is a p opular iterativ e metho d for solving systems of linear equations, and v arious impro v emen ts in to the SDP A. In particular, the resultan t mo di�ed metho d, whic h w e call the SDP A-CG, do es not store the co e�cient ma- trix of the system of equations to b e solv ed at eac h iteration. This feature of the SDP A-CG mak es it p ossible to handle m uc h larger size of SDPs than the ones that the SDP A can do. Some numerical exp erimen ts sho w that when the SDP A-CG is applied to sparse problems ha ving a large n um ber of inequality constrain ts, the conjugate gradien t metho d w orks very e�cien tly in earlier stages of the SDP A-CG un til the SDP A-CG generates an appro ximate solution with a lo w accuracy . In particular, the SDP A-CG solv es an SDP relaxation of the maxim um clique problem whic h has 500 � 500 v ariable matrices and more than 110,000 inequalit y constrain ts. Key w ords. In terior-P oin t Metho ds, Semide�nite Programming, Conjugate Gradien t Metho d y Departmen t of Mathematical and Computing Sciences, T oky o Institute of T ec hnology , 2-12-1 Oh-Ok a y ama, Meguro-ku, T oky o 152, Japan.

B-339 H> @5 Dj CM 7W 2h Ld Bj $K BP $9 $k <g AP BP Fb E@ K! $K $* $1 $k 6& Lr 8{ G[ K! $N <B Au Cf ED OB =( y !$ F# Bt 9n <y y !$ >. Eg @/ OB y 1998 G/ #4 7n 35 MW !% !! H> @5 Dj CM 7W 2h !J Semide�nite Programming, SDP $H N, !K Ld Bj $r <g AP BP Fb E@ K! $K $h $j 2r $/ %= %U %H %& %( %" $O !" K\ 8& 5f $, 4p $E $$ $? SDP A $r 4^ $a 4v $D $+ 8x 3+ $5 $l $F $$ $k !# $3 $l $i $N %= %U %H %& %( %" $G $O !" <g AP BP Fb E@ K! $N 3F H? I| $G 2r $/ @~ 7A J} Dx <0 7O $K !" %3 %l %9 %- !< J, 2r $d LU J, 2r Ey $r Mx MQ $7 $F $$ $k !# $7 $+ $7 !" $3 $l $i $N D> @\ 2r K! $G $O !" 7W ;; ;~ 4V $d %a %b %j $N @) Ls $+ $i !" AH 9g $; :G E, 2= Ld Bj $X $N 1~ MQ Ey $K 8= $l $k Bg 5, LO $J Ld Bj $r 2r $/ $3 $H $, :$ Fq $G $" $k !# K\ 8& 5f $G $O !" $3 $N :$ Fq $r 9n I~ $9 $k $? $a $K K\ SDP A $N 3F H? I| $G 2r $/ @~ 7A J} Dx <0 7O $K H? I| 2r K! $G $" $k 6& Lr 8{ G[ K! $r MQ $$ !" $5 $i $K !" 7W ;; 8z N( $r 9b $a $k <o !9 $N 9) IW $r AH $_ F~ $l $? %= %U %H %& %( %" SDP A-CG $N 3+ H/ $r 9T $C $? !# 5- 21 MF NL $N LL $G $b !" SDP A-CG $G $O @~ 7A J} Dx <0 7O $N 78 ?t 9T Ns $r J] ;} $; $: $K 6& Lr 8{ G[ K! $N 7W ;; $r 9T $& $3 $H $K $h $j !" SDP A $K Hf $Y %a %b %j ;H MQ NL $r Bg I} $K 8: $i $9 $3 $H $, $G $- !" $h $j Bg 5, LO $J Ld Bj $r 07 $& $3 $H $, 2D G= $H $J $C $? !# O@ J8 $N 8e H> $G $O !" :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB !" %0 %i %U J, 3d Ld Bj $N SDP 4K OB !" %N %k %‘ :G >. 2= Ld Bj $K BP $9 $k SDP A-CG $N ?t CM <B 83 7k 2L $r Js 9p $9 $k !# $3 $N <B 83 $r DL $7 $F !" AH 9g $; :G E, 2= Ld Bj $N SDP 4K OB $N $h $& $K !" MW 5a $5 $l $k @: EY $, >. ?t E@ #1 !A #2 7e Dx EY $N Dc $$ >l 9g $K $O SDP A-CG $O M- 8z $K F/ $/ $3 $H $r 8! >Z $7 $? !" FC $K !" D6 Bg 5, LO $J :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB !J 9T Ns JQ ?t %5 %$ %: = 500 !" @) Ls >r 7o ?t = 112,253 !K $r 8z N( NI $/ 2r $/ $3 $H $, $G $- $? !# Key w ords Fb E@ K! , H> @5 Dj CM 7W 2h , 6& Lr 8{ G[ K! y M9 JX HV 9f #1 #5 #2 L\ 9u 6h Bg 2, ;3 #2 { #1 #2 { #1 El 5~ 9) 6H Bg 3X >p Js M} 9) 3X 8& 5f 2J ?t M} !& 7W ;; 2J 3X @l 96

1 $O $8 $a $K 6a G/ !" H> @5 Dj CM 7W 2h !J Semide�nite Programming, SDP $H N, !K Ld Bj $K BP $7 $F !" $= $N 2r K! $G $" $k <g AP BP Fb E@ K! $K 4X $o $k M} O@ E* $J 2r @O !" AH 9g $; :G E, 2= Ld Bj $X $N 1~ MQ Ey $N MM !9 $J 8& 5f $, 9T $o $l $F $$ $k !# $^ $? !" 2f !9 $, $G 8x 3+ $7 $? SDP A !J SemiDe�nite Programming Algorithm !" F ujisa w a B> (1996) !K $r ;O $a !" SDP $r <g AP BP Fb E@ K! $K $h $j 2r $/ %= %U %H %& %’ %" $, 4v $D $+ 3+ H/ $5 $l !" $= $l $r $b $H $K $7 $? ?t CM <B 83 Ey $N 8& 5f $, @9 $s $K 9T $o $l $F $$ $k !# Alizadeh B> (1997) !" Borc hers(1997) !" P otra B> (1997) !" T o dd B> (1996) Ey ;2 >H !# $3 $l $i $N %= %U %H %& %’ %" $G $O !" <g AP BP Fb E@ K! $N 3F H? I| $G 2r $/ @~ 7A J} Dx <0 7O $K !" %3 %l %9 %- !< J, 2r !" =$ @5 %3 %l %9 %- !< J, 2r !" LU J, 2r Ey $r Mx MQ $7 $F $$ $k !# $7 $+ $7 $3 $l $i $N D> @\ K! $G $O !" 7W ;; ;~ 4V $d %a %b %j ;H MQ NL $N @) Ls $+ $i !" AH 9g $; :G E, 2= Ld Bj $X $N 1~ MQ Ey $K 8= $l $k Bg 5, LO $J Ld Bj $r 2r $/ $3 $H $, :$ Fq $G $" $k !# $= $3 $G K\ 8& 5f $G $O !" $3 $N :$ Fq $r 9n I~ $9 $k $? $a !" SDP A $N 3F H? I| $G 2r $/ @~ 7A J} Dx <0 7O $K 6& Lr 8{ G[ K! (Conjugate gradien t metho d) $r E, MQ $7 $? %= %U %H %& %’ %" SDP A-CG $N 3+ H/ $r 9T $C $? !# !! 6& Lr 8{ G[ K! $O !" 78 ?t 9T Ns $, BP >N $G $+ $D @5 Dj CM $G $" $k @~ 7A J} Dx <0 7O $N H? I| 2r K! $G $" $j !" DL >o !" 78 ?t 9T Ns $, AB $G $" $k @~ 7A J} Dx <0 7O $N 2r K! $H $7 $F Mx MQ $5 $l $F $$ $k !# <g AP BP Fb E@ K! $G SDP $r 2r $/ :] $K 8= $l $k @~ 7A J} Dx <0 7O $N 78 ?t 9T Ns $O !" 0l HL $K AB $G $O $J $$ $, !" $3 $N 78 ?t 9T Ns $r J] ;} $; $: $K 7W ;; $r 9T $& $3 $H $K $h $j !" SDP A $K Hf $Y %a %b %j ;H MQ NL $r Bg I} $K 8: $i $9 $3 $H $, $G $- $k !# 0l J} !" 6& Lr 8{ G[ K! $K $* $$ $F 7W ;; ;~ 4V $O H? I| 2s ?t $K Bg $- $/ 0M B8 $7 $F $* $j !" $h $j 9b $$ @: EY $N 6a ;w 2r $r @8 @. $9 $k $K $D $l $F !" $3 $N H? I| 2s ?t $O A} Bg $9 $k $3 $H $, M= A[ $5 $l $k !# K\ O@ J8 $G $O SDP A-CG $, @8 @. $9 $k 6a ;w 2r $N <} B+ $* $h $S $= $l $K MW $9 $k 7W ;; ;~ 4V Ey $K 4X $9 $k <B 83 E* 2r @O $r Js 9p $9 $k !# $^ $? !" 6& Lr 8{ G[ K! $N =* N; >r 7o $d !" <B 9T 2D G= @- $N Jd @5 !" 8z N( E* $J 7W ;; J} K! Ey $K $D $$ $F $b Ds 0F $r 9T $& !# $5 $i $K !" O@ J8 $N 8e H> $G $O !" Bg 5, LO $J %0 %i %U $N :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB !" %0 %i %U J, 3d Ld Bj $N SDP 4K OB !" $* $h $S !" %N %k %‘ :G >. 2= Ld Bj $K BP $9 $k SDP A-CG $N M- 8z @- $K $D $$ $F D4 $Y $k !# Bh #2 @a $G $O SDP $N Dj 5A $H $= $N 2r K! $G $" $k <g AP BP Fb E@ K! $K $D $$ $F =R $Y $k !# Bh #3 @a $G $O SDP A $N <B 83 7k 2L Ey $r 4p $K AB $G Bg 5, LO $J SDP $r 4{ B8 $N %= %U %H %& %’ %" SDP $G 2r $$ $? $H $- $N Ld Bj E@ $r L@ $i $+ $K $9 $k !# Bh #4 @a $G $O @~ 7A J} Dx <0 7O $r 2r $/ H? I| 2r K! $G $" $k 6& Lr 8{ G[ K! $K $D $$ $F 4J C1 $K @b L@ $9 $k !# Bh #5 @a $G $O 6& Lr 8{ G[ K! $r <g AP BP Fb E@ K! $N 3F H? I| $G 2r $/ @~ 7A J} Dx <0 7O $K E, MQ $9 $k $K $" $? $C $F !" 8z N( $N $h $$ 7W ;; J} K! $r Ds 0F $9 $k !# Bh #6 @a $G $O SDP A-CG $N @- G= I> 2A $r 9T $& !# Bh #7 @a $G $O !" Bg 5, LO $J %0 %i %U $N :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB !" %0 %i %U J, 3d Ld Bj $N SDP 4K OB !" $* $h $S !" %N %k %‘ :G >. 2= Ld Bj $K BP $9 $k SDP A-CG $N ?t CM <B 83 7k 2L $H $= $l $K BP $9 $k 9M ;! $r =R $Y $k !# Bh #8 @a $G $O $^ $H $a $r =R $Y $k !# 2 H> @5 Dj CM 7W 2h Ld Bj (Semide�nite Programming) < n � n $r n � n $N <B 9T Ns $N =8 9g !" S n $r n � n $N <B BP >N 9T Ns $N =8 9g $H $9 $k !# G$ 0U $N X , Z 2 < n � n $K BP $7 $F !" X � Z $O X $H Z $N Fb @Q !" $9 $J $o $A !" T r X T Z !J X T Z $N %H %l !< %9 !K $r I= $9 !# X � O $O X 2 S n $, @5 Dj CM !" $D $^ $j %< %m $G $J $$ G$ 0U $N u 2 < n $K BP $7 u T X u > 0 $G $" $k $3 $H $r <( $9 !# X � O $O X 2 S n $, H> @5 Dj CM !" $D $^ $j G$ 0U $N u 2 < n $K BP $7 u T X u � 0 1

$G $" $k $3 $H $r <( $9 !# C 2 S n , A i 2 S n (1 � i � m ), b i 2 < (1 � i � m ) $H $9 $k !# $3 $N $H $- !" H> @5 Dj CM 7W 2h Ld Bj (Semide�nite Programming{SDP) $N <g Ld Bj $H AP BP Ld Bj $O 0J 2< $N $h $& $K M? $( $i $l $k !# <g Ld Bj !’ :G >. 2= C � X @) Ls >r 7o A i � X = b i (1 � i � m ) ; X � O : AP BP Ld Bj !’ :G Bg 2= m X i =1 b i y i @) Ls >r 7o m X i =1 A i y i + Z = C ; Z � O : 9 > > > > > > > > > > > > = > > > > > > > > > > > > ; (1) O@ J8 $r DL $7 $F !" A i 2 S n (1 � i � m ) $, @~ 7A FH N) $G $" $k $3 $H $r 2> Dj $9 $k !# X $, X � O $r K~ $? $9 <g Ld Bj $N <B 9T 2D G= 2r $G $" $j !" ( y ; Z ) $, Z � O $r K~ $? $9 AP BP Ld Bj $N <B 9T 2D G= 2r $G $" $k $H $- !" ( X ; y ; Z ) $r SDP (1) $N Fb E@ <B 9T 2D G= 2r $H 8F $V !# 0J 2< $G $O !" SDP $N <g AP BP Fb E@ K! $N OH AH $_ $H C5 :w J} 8~ $N 7W ;; J} K! $D $$ $F 4J C1 $K =R $Y $k !# SDP (1) $K $O Fb E@ <B 9T 2D G= 2r $, B8 :_ $9 $k $3 $H $r 2> Dj $9 $k !# $3 $N $H $- AP BP Dj M} $K $h $j !" SDP (1) $N :G E, 2r $O 0J 2< $N <0 $r K~ $? $9 !# A i � X = b i (1 � i � m ) ; m X i =1 A i y i + Z = C ; X � O ; Z � O ; X Z = O : 9 > > > > = > > > > ; (2) SDP $K BP $9 $k <g AP BP Fb E@ K! $O @~ 7A 7W 2h Ld Bj $K BP $9 $k <g AP BP Fb E@ K! $H F1 MM $K !" Cf ?4 %Q %9 P $K 1h $C $F ?J $_ $J $, $i :G E, 2r $K <} B+ $9 $k H? I| 2r K! $G $" $k !# $3 $3 $G !" Cf ?4 %Q %9 P $O 0J 2< $N $h $& $K Dj 5A $5 $l $k !# P = 8 > > > > < > > > > : A i � X = b i (1 � i � m ) ; ( X ; y ; Z ) m X i =1 A i y i + Z = C ; X � O ; Z � O ; X Z = � I ( 9 � > 0) : 9 > > > > = > > > > ; : (3) $? $@ $7 !" I $O C1 0L 9T Ns $r I= $9 !# G$ 0U $N � $K BP $7 !" Cf ?4 %Q %9 P >e $N E@ $, 0l 0U $K B8 :_ $9 $k $3 $H $, CN $i $l $F $$ $k !# $^ $? !" Cf ?4 %Q %9 P $O SDP $N Fb E@ <B 9T 2D G= 2r $N =8 9g $N Fb It $N 3j $i $+ $J 6J @~ $H $J $C $F $* $j !" � ! 0 $N $H $- SDP $N :G E, 2r $K <} B+ $9 $k $3 $H $b CN $i $l $F $$ $k !# SDP $N <g AP BP Fb E@ K! $G $O !" C5 :w J} 8~ %Q %i %a !< %? � $r A* $S 2< 5- $N >r 7o $r K~ $? $9 Cf ?4 %Q %9 >e $N E@ ( X ; y ; Z ) $r %? !< %2 %C %H $H $7 !" $= $N Newton J} 8~ $K ?J $‘ !# A i � X = b i (1 � i � m ) ; X Z = � I ; m X i =1 A i y i + Z = C : 9 > > = > > ; (4) 0l HL $K !" X Z $O BP >N 9T Ns $G $J $/ !" 7O (4) $N :8 JU $O S n � < m � S n $+ $i < m � S n � < n � n $X $N <L A| $H $J $k $? $a !" D> @\ Newton K! $r E, MQ $G $- $J $$ !# $3 $N $? $a !" 8= :_ $^ $G $K MM !9 $J C5 :w J} 8~ 2

( d X ; d y ; d Z ) $, Ds 0F $5 $l $F $- $? !# K\ O@ J8 $G $O !" $^ $: MZ J} 8~ B2 !J Monteiro B> (1996) !K $K $D $$ $F =R $Y !" $= $N FC <l $J >l 9g $H $7 $F HR VW/KSH/M J} 8~ !J Helm b erg B> (1996), Ko jima B> (1997), Mon teiro (1997) !K $H NT J} 8~ (Nestero v B> (1994,1995)) $K $D $$ $F =R $Y $k !# SDP A- CG $K <B Au $7 $? HR VW/KSH/M J} 8~ $H NT J} 8~ $N >l 9g $K $D $$ $F C5 :w J} 8~ ( d X ; d y ; d Z ) $N 6q BN E* $J 7W ;; J} K! $K $D $$ $F $b =R $Y $k !# MZ J} 8~ B2 !’ G$ 0U $N @5 B’ 9T Ns P 2 < n � n $K BP $7 !" H p : < n � n ! S n $r 0J 2< $N $h $& $K Dj 5A $9 $k !# H P ( A ) = P AP � 1 + ( P AP � 1 ) T 2 : 9T Ns P $O %9 %1 !< %j %s %0 9T Ns $N Lr L\ $r $7 !" H P ( A ) $O %9 %1 !< %j %s %0 $5 $l $? 9T Ns P � 1 AP $N BP >N 2= $K Aj Ev $9 $k !# $3 $N $H $- !" H P ( A ) $O A $K BP $9 $k @~ 7A A‘ :n $G $" $k $3 $r Cm 0U $7 $F $* $/ !# 7O (4) $N X Z = � I $r H P ( X Z ) = H P ( � I ) $K CV $- 49 $( $k $H 0J 2< $N ?7 $7 $$ 7O $r F@ $k !# A i � X = b i (1 � i � m ) ; m X i =1 A i y i + Z = C ; H P ( X Z ) = H P ( � I ) : 9 > > = > > ; (5) $3 $N 7O $K Newton K! $r E, MQ $7 !" C5 :w J} 8~ ( d X ; d y ; d Z ) $r 0J 2< $N J} Dx <0 7O $G M? $( $k !# A i � d X = p i (1 � i � m ) ; m X i =1 A i dy i + d Z = D ; H P ( X d Z + d X Z ) = H P ( K ) : 9 > > = > > ; (6) $? $@ $7 !" p i = b i � A i � X , D = C � P m i =1 A i y i � Z , K = � I � X Z $G $" $k !# #1 $D L\ $N Ey <0 $, <g Ld Bj $N <B 9T 2D G= @- !" #2 $D L\ $N Ey <0 $, AP BP Ld Bj $N <B 9T 2D G= @- !" #3 $D L\ $N Ey <0 $, Aj Jd @- $K Aj Ev $7 $F $$ $k !# $3 $N J} Dx <0 7O $N 0l HL E* $J 2r K! $K $D $$ $F $N >\ :Y $O T o dd (1997) $r ;2 >H $5 $l $? $$ !# HR VW/KSH/M J} 8~ !’ MZ J} 8~ B2 $N P $H $7 $F Z 1 = 2 $r :N $k >l 9g $K Aj Ev $9 $k !# $3 $N $H $- !" HR VW/KSH/M J} 8~ ( d X ; d y ; d Z ) $O 0J 2< $N $h $& $K $7 $F 5a $a $k $3 $H $, $G $- $k !# B d y = b ; d Z = D � m X j =1 A j d y j ; d d X = X ( X � 1 K � d Z ) Z � 1 ; d X = ( d d X + d d X T ) = 2 : 9 > > = > > ; (7) $? $@ $7 !" B ij = A i � X A j Z � 1 (1 � i � m; 1 � j � m ) ; b i = p i � A i � X ( X � 1 K � D ) Z � 1 (1 � i � m ) : $D $^ $j !" $^ $: 9T Ns B $N 3F MW AG $r 7W ;; $7 !" $= $N 9T Ns $r 78 ?t 9T Ns $H $9 $k @~ 7A J} Dx <0 7O $r 2r $- !" d y $r 7W ;; $9 $k !# $= $N 8e !" d Z !" d d X !" d X $r =g <! 7W ;; $9 $k !# 3

NT J} 8~ !’ 9T Ns W $r W = X 1 = 2 ( X 1 = 2 Z X 1 = 2 ) � 1 = 2 X 1 = 2 = Z � 1 = 2 ( Z 1 = 2 X Z 1 = 2 ) 1 = 2 Z � 1 = 2 ; $H Dj 5A $9 $k !J MZ J} 8~ B2 $N P $H $7 $F W � 1 = 2 $r :N $k >l 9g $K Aj Ev !K !# $3 $N $H $- !" NT J} 8~ ( d X ; d y ; d Z ) $O 0J 2< $N $h $& $K $7 $F 5a $a $k $3 $H $, $G $- $k !# B d y = b ; d Z = D � m X j =1 A j d y j ; d d X = W ( X � 1 K � d Z ) W ; d X = ( d d X + d d X T ) = 2 : 9 > > = > > ; (8) $3 $3 $G B ij = A i � W A j W (1 � i � m; 1 � j � m ) ; b i = p i � A i � W ( X � 1 K � D ) W (1 � i � m ) : 9T Ns W $r 5a $a $? 8e $O !" NT J} 8~ $N 7W ;; J} K! $O HR VW/KSH/M J} 8~ $N 7W ;; J} K! $H $[ $\ F1 Ey $G $" $j !" 7W ;; NL $d %a %b %j ;H MQ NL $O $[ $H $s $I JQ $o $i $J $$ $3 $H $r Cm 0U $7 $F $* $/ !# $3 $N @a $N :G 8e $K SDP $N 0l HL E* $J <g AP BP Fb E@ K! $N 35 MW $r 0J 2< $K <( $9 !# 0l HL E* $J <g AP BP Fb E@ K! !’ Step 0: X � O $H Z � O $r K~ $? $9 $h $& $K =i 4| E@ ( X ; y ; Z ) $r 7h $a $k !# Step 1: $b $7 !" 8= :_ $N H? I| E@ ( X ; y ; Z ) $, =* N; >r 7o $r K~ $? $7 $F $$ $? $J $i $P !" H? I| $r =* N; $9 $k !# Step 2: C5 :w J} 8~ %Q %i %a !< %? � $r Dj $a !" >e =R $7 $? J} K! $G C5 :w J} 8~ ( d X ; d y ; d Z ) $r 7W ;; $9 $k !# Step 3: <g Ld Bj $N %9 %F %C %W D9 � p $H AP BP Ld Bj $N %9 %F %C %W D9 � d $r Dj $a X = X + � p d X � O ; ( y ; Z ) = ( y ; Z ) + � d ( d y ; d Z ) � O : $H $9 $k !# Step 4: Step 1 $K La $k !# 3 4{ B8 $N %= %U %H %& %’ %" $N Ld Bj E@ A0 @a $G =R $Y $? <g AP BP Fb E@ K! $K $h $C $F SDP $r 2r $/ $H !" 7W ;; ;~ 4V $N Bg It J, $O <0 (7) $^ $? $O (8) $G $N C5 :w J} 8~ $N 7W ;; !" $= $N Cf $G $b FC $K @~ 7A J} Dx <0 7O B d y = b $N 7W ;; $K ;H $o $l $F $$ $k $3 $H $, CN $i $l $F $$ $k !# F ujisa w a B> (1997a) ;2 >H !# $3 $N @~ 7A J} Dx <0 7O B d y = b $N 7W ;; $O !" Bg $- $/ J, $1 $F 0J 2< $N #3 $D $N It J, $+ $i $J $k !# 4

(I) 78 ?t 9T Ns B $N 3F MW AG $N 7W ;; !# (I I) 78 ?t 9T Ns B $N %3 %l %9 %- !< J, 2r $" $k $$ $O =$ @5 %3 %l %9 %- !< J, 2r !# (I I I) d y $r 5a $a $k $? $a $N Be F~ 7W ;; !# n $r SDP $N JQ ?t BP >N 9T Ns X ; Z $N Bg $- $5 !" m $r JQ ?t %Y %/ %H %k y $N Bg $- $5 $H $9 $k $H !" $3 $l $i (I), (I I), (I I I) $N 7W ;; $K $O !" DL >o !" $= $l $> $l O ( n 3 m + n 2 m 2 ) ops, m 3 = 3 + O ( m 2 ) ops, O ( m 2 ) ops $N 7W ;; $H !" m � m $N 78 ?t 9T Ns B $N 3N J] J, $N %a %b %j $, I, MW $G $" $k !# $J $* !" @~ 7A J} Dx <0 7O B d y = b $N 7W ;; 0J 30 $N It J, $O !" O ( n 3 + n 2 m ) ops $N 7W ;; $H !" $$ $/ $D $+ $N n � n $N 9T Ns $N 3N J] J, $N %a %b %j $, I, MW $G $" $k !# $7 $+ $7 !" I. <T $i $, 3+ H/ $7 $? SDP A (SemiDe�nite Programming Algorithm) $G $O !" F ujisa w a B> (1997a) $G Js 9p $7 $? $h $& $K AB $G Bg 5, LO $J Ld Bj $K BP $7 (I) $N It J, $r $h $j 8z N( E* $J J} K! $G 7W ;; $r 9T $C $F $$ $k !# $3 $3 $G !" AB $G Bg 5, LO $J Ld Bj $H $O !" n $^ $? $O m $, Bg $- $/ !" @) Ls 9T Ns A i (1 � i � m ) $, AB $G $" $k $3 $H $r 0U L# $7 !" AH 9g $; :G E, 2= Ld Bj $X $N 1~ MQ $K $h $/ 8= $l $k !# 0J 2< !" 5D O@ $r 4J C1 $K $9 $k $? $a !" f $r Dj ?t $H $7 $F !" A4 $F $N @) Ls 9T Ns A i (1 � i � m ) $, !" 9b !9 f 8D $N Hs %< %m MW AG $7 $+ ;} $? $J $$ $3 $H $r 2> Dj $9 $k !# $3 $N $H $- SDP A $G $O !" O ( m 2 f 2 ) ops $G (I) $N It J, $N 7W ;; $r 9T $C $F $$ $k !# $3 $l $K $h $j SDP A $G $O 4{ B8 $N %= %U %H %& %’ %" $K Hf $Y !" AB $G Bg 5, LO $J Ld Bj $r 9b B. $K 2r $/ $3 $H $r 2D G= $K $7 $? $, !" n $K BP $7 $F m $, 6K $a $F Bg $- $/ $J $k Ld Bj $O 2r $/ $3 $H $, :$ Fq $G $" $k $3 $H $, ;X E& $5 $l $F $$ $k !J F ujisa w a B> (1997b) ;2 >H !K !# <B :] !" SDP A $O n $r 8G Dj $9 $k $H !" 7W ;; NL $O O ( m 3 ), %a %b %j ;H MQ NL $O O ( m 2 ) $H $J $k !# <! $K SDP A $G $N <B 83 Nc $r <( $9 !# I= #1 $O $$ $/ $D $+ $N AB $G Bg 5, LO $J Ld Bj $r SDP A $K $h $C $F 2r $$ $? $H $- $N !" 7W ;; ;~ 4V $H %a %b %j >C Hq NL $r I= $7 $F $$ $k !# $3 $N Ld Bj $G $O !" #1 $D $r =| $$ $? @) Ls 9T Ns $N Hs %< %m MW AG $O #2 8D $G $" $j !" AP BP %. %c %C %W $, 0.1 0J 2< $K $J $k $^ $G SDP A $N H? I| $r 7+ $j JV $7 $? !# I= 1: AB $G Bg 5, LO $J Ld Bj $r SDP A $K $h $C $F 2r $$ $? $H $- $N 7W ;; ;~ 4V $H ;H MQ %a %b %j n 100 100 100 m 1024 2029 3992 B d y = b $N 7W ;; ;~ 4V 71.1 IC 575.6 IC 5140.6 IC $= $N B> $N It J, $N 7W ;; ;~ 4V 4.6 IC 4.9 IC 5.3 IC Am 7W ;; ;~ 4V 75.7 IC 580.5 IC 5146.9 IC ;H MQ %a %b %j 15.1MB 41.3MB 142.0MB $3 $N I= $h $j !" 7W ;; ;~ 4V $N Bg It J, $O @~ 7A J} Dx <0 7O B d y = b $N 7W ;; $K Hq $d $5 $l $F $$ $k $3 $H $, J, $+ $k !# $= $N It J, $N 7W ;; ;~ 4V $O !" m $, Bg $- $/ $J $k $K $D $l $F Hs >o $K A} Bg $7 $F $* $j !" $= $l $K $H $b $J $$ Am 7W ;; ;~ 4V $b A} Bg $7 $F $$ $k !# $^ $? !" ;H MQ %a %b %j $N Bg It J, $O 78 ?t 9T Ns B $N 3N J] J, $K Hq $d $5 $l $F $$ $k !# $= $7 $F !" $= $N It J, $N ;H MQ %a %b %j $O !" m $, Bg $- $/ $J $k $K $D $l $F Hs >o $K A} 5

Bg $7 $F $* $j !" $= $l $K $H $b $J $$ ;H MQ %a %b %j $b A} Bg $7 $F $$ $k !# $D $^ $j !" m $, Bg $- $/ $J $k $K $D $l !" 7W ;; ;~ 4V $d %a %b %j ;H MQ NL $N 4Q E@ $+ $i 2r $/ $3 $H $, Hs >o $K :$ Fq $K $J $C $F $$ $k !# SDP A 0J 30 $N 4{ B8 $N %= %U %H %& %’ %" !J Alizadeh B> (1997) !" Borchers(1997) !" P otra B> (1997) !" T odd B> (1996) Ey !K $G $b !" @~ 7A J} Dx <0 7O B d y = b $N 2r K! $H $7 $F %3 %l %9 %- !< J, 2r $d =$ @5 %3 %l %9 %- !< J, 2r Ey $N D> @\ K! $r ;H MQ $7 $F $$ $k $? $a !" F1 MM $N Ld Bj $, 5/ $C $F $$ $k !# DL >o !" $3 $N $h $& $J :$ Fq $r 2r 7h $9 $k $? $a $K !" H? I| 2r K! $, Mx MQ $5 $l $F $$ $k !# K\ 8& 5f $G $O !" SDP A $r 4p AC $H $7 $F SDP A $N 3F H? I| $G 2r $/ @~ 7A J} Dx <0 7O B d y = b $K H? I| 2r K! $G $" $k 6& Lr 8{ G[ K! $r E, MQ $7 $? %= %U %H %& %’ %" SDP A-CG $N 3+ H/ $r 9T $C $? !# 4 6& Lr 8{ G[ K! $H $O 6& Lr 8{ G[ K! $O !" Hestenes and Stiefel (1952) $, Ds 0F $7 $? J} K! $G !" 78 ?t 9T Ns $, BP >N $G $+ $D @5 Dj CM $G $" $k @~ 7A J} Dx <0 7O $K BP $9 $k H? I| 2r K! $G $" $k !# $9 $G $K =R $Y $? $h $& $K !" K\ 8& 5f $G $O C5 :w J} 8~ $H $7 $F HR VW/KSH/M J} 8~ $H NT J} 8~ $r MQ $$ $k !# $3 $N $H $- !" @~ 7A J} Dx <0 7O B d y = b $N 78 ?t 9T Ns B $O BP >N $G @5 Dj CM $G $" $k $3 $H $, CN $i $l $F $* $j !" 6& Lr 8{ G[ K! $r E, MQ $9 $k $3 $H $, 2D G= $G $" $k !# $J $* !" C5 :w J} 8~ $H $7 $F B> $N J} 8~ !J AHO J} 8~ Ey !K $r ;H MQ $9 $k >l 9g !" 9T Ns B $O BP >N $G @5 Dj CM $H $J $k $H $O 8B $i $J $$ $N $G !" B> $N H? I| 2r K! (SOR K! $J $I ) $r E, MQ $7 $J $1 $l $P $J $i $J $$ !# 4.1 6& Lr 8{ G[ K! 0J 2< $N %" %k %4 %j %: %‘ $O !" Goulb B> (1983) $G =R $Y $i $l $F $$ $k @~ 7A J} Dx <0 7O B d y = b $r 2r $/ I8 =‘ E* $J 6& Lr 8{ G[ K! $G $" $k !# Algorithm 4.1. 6& Lr 8{ G[ K! k = 1; d y = 0 ; r = b while ( r 6 = 0 ) t 1 = r T r if ( k = 1) p = r else � = t 1 =t 2 and p = r + � p end q = B p � = t 1 = ( p T q ) d y = d y + � p r = r � � q t 2 = t 1 ; k = k + 1 end 6

$3 $N 6& Lr 8{ G[ K! $N #1 H? I| $N 7W ;; $O !" Bg $- $5 m � m $N 9T Ns B $H Bg $- $5 m $N %Y %/ %H %k p $N @Q $N 7W ;; $N It J, $H !" O ( m ) ops $G 7W ;; $G $- $k It J, $+ $i $J $k !# $h $C $F !" 6& Lr 8{ G[ K! $K $h $j Bg $- $5 $, m $N @~ 7A J} Dx <0 7O $r 2r $/ >l 9g $K $* $1 $k 7W ;; NL $O !" ( @Q B p $N 7W ;; NL + O ( m ) ops) � 6& Lr 8{ G[ K! $N H? I| 2s ?t $H $J $k !# $^ $? !" ;H MQ $9 $k %a %b %j NL $O !" Bg $- $5 m $N #2 $D $N %Y %/ %H %k d y !" b $N B> $K Bg $- $5 m $N #3 $D $N :n 6H MQ %Y %/ %H %k r ; p ; q !" Bg $- $5 m � m $N 9T Ns B $H Bg $- $5 m $N %Y %/ %H %k p $N @Q $N 7W ;; $K I, MW $J %a %b %j NL $H $J $k !# SDP A $N >l 9g !" $? $H $( @) Ls 9T Ns $, AB $G $" $C $F $b !" 78 ?t 9T Ns B $, L) $K $J $k !# $D $^ $j !" %3 %l %9 %- !< J, 2r $r 9T $& $H $- $N $h $& $K !" $^ $: 78 ?t 9T Ns B $N 3F MW AG $r 7W ;; $7 $= $l $r J] ;} $9 $k $H !" m $, Bg $- $/ $J $C $? >l 9g !" 7W ;; NL $d %a %b %j ;H MQ NL $N 4Q E@ $+ $i Hs >o $K 8z N( $, 0- $$ !# $3 $N B p $N 7W ;; J} K! $O =E MW $G $" $j !" $3 $N It J, $r $h $j 8z N( E* $K 7W ;; $9 $k J} K! $K $D $$ $F <! @a $G =R $Y $k !# 4.2 A0 =h M} $D $- 6& Lr 8{ G[ K! 6& Lr 8{ G[ K! $N %" %k %4 %j %: %‘ $K $* $$ $F B p $N 7W ;; J} K! $r Dj $a $k $H !" @~ 7A J} Dx <0 7O $r 6& Lr 8{ G[ K! $G 2r $/ $N $K I, MW $J 7W ;; NL $O !" 6& Lr 8{ G[ K! $N H? I| 2s ?t $K Hf Nc $9 $k $3 $H $, J, $+ $k !# 6& Lr 8{ G[ K! $N <} B+ $r B. $a H? I| 2s ?t $r 8: $i $9 J} K! $H $7 $F !" A0 =h M} $D $- 6& Lr 8{ G[ K! $, CN $i $l $F $$ $k !# $3 $l $O !" @~ 7A J} Dx <0 7O B d y = b $r 2r $/ Be $o $j $K !" $" $k @5 B’ 9T Ns $G $" $k A0 =h M} 9T Ns M $K BP $7 $F !" ( M � 1 B M � T )( M T d y ) = ( M � 1 b ) $H $$ $& @~ 7A J} Dx <0 $r 2r $/ $3 $H $K Aj Ev $9 $k !# $3 $N $H $- 9T Ns M � 1 B M � T $N 8G M- CM $r L) =8 $5 $; $l $P !" 6& Lr 8{ G[ K! $N <} B+ $r 2C B. $5 $; $k $3 $H $, $G $- $k !# >\ $7 $/ $O !" Goulb B> (1983) Ey ;2 >H !# $3 $N A0 =h M} $D $- 6& Lr 8{ G[ K! $r MQ $$ $? $H $- !" #1 H? I| $N 7W ;; NL $O DL >o $N 6& Lr 8{ G[ K! $K Hf $Y !" @~ 7A J} Dx <0 7O M M T z = r $r 2r $/ J, $@ $1 A} $( !" $^ $? ;H MQ %a %b %j $O A0 =h M} 9T Ns M $H Bg $- $5 m $N :n 6H MQ %Y %/ %H %k #1 K\ $r J] ;} $9 $k J, $@ $1 A} $( $k !# $h $C $F A0 =h M} 9T Ns $O !" 9T Ns M � 1 B M � T $N 8G M- CM $r $h $j L) =8 $5 $; !" @~ 7A J} Dx <0 7O M M T z = r $r $h $j 4J C1 $K 2r $/ $3 $H $, $G $- !" A0 =h M} 9T Ns M $N J] ;} $K %a %b %j $r $" $^ $j ;H $o $J $$ $J $I $N >r 7o $r K~ $? $7 $F $$ $k $b $N $, K> $^ $7 $$ !# $3 $l $^ $G MM !9 $J A0 =h M} 9T Ns $, Ds 0F $5 $l $F $$ $k $, !" #1 HV 4J C1 $J A0 =h M} $H $7 $F $O !" BP 3Q %9 %1 !< %j %s %0 $, $" $k !# $3 $l $O !" 9T Ns D $r 9T Ns B $N BP 3Q It J, !J $D $^ $j !" diag( B 11 ; B 22 ; � � � ; B mm !K $H $7 $? $H $- !" A0 =h M} 9T Ns M $H $7 $F D 1 = 2 $r ;H MQ $9 $k $b $N $G $" $k !# $^ $? !" $h $/ ;H $o $l $k A0 =h M} 9T Ns $H $7 $F B $N IT 40 A4 %3 %l %9 %- !< J, 2r $, $" $k !# $3 $l $O !" 9T Ns B $N %< %m $N It J, $, A0 =h M} 9T Ns M $G $b %< %m $H $J $k $h $& $K !" 6a ;w E* $K %3 %l %9 %- !< J, 2r $r $9 $k J} K! $G $" $k !# $b $7 9T Ns B $, AB $G $" $l $P !" A0 =h M} 9T Ns M $b F1 Dx EY $K AB $J ;0 3Q 9T Ns $H $J $j !" $5 $i $K 9T Ns M � 1 B M � T $, C1 0L 9T Ns $K 6a $1 $l $P !" <} B+ $O NI $/ $J $k $3 $H $, M= A[ $5 $l $k !# $7 $+ $7 !" SDP A-CG $N >l 9g !" 78 ?t 9T Ns B $O 0l HL $K L) $J 9T Ns $G $" $j !" $3 $N $^ $^ IT 40 A4 %3 %l %9 %- !< 9T Ns $r E, MQ $9 $k $3 $H $O $G $- $: !" 2? $i $+ $N 2~ NI $, I, MW $H $J $k !# NI $$ A0 =h M} 9T Ns $H $O !" 2r $3 $& $H $9 $k Ld Bj $N @- <A $d ;H MQ $G $- $k %a %b %j $N NL $J $I $K 0M B8 $9 $k $H ;W $o $l $k !# #2 <! 3d Ev $F Ld Bj $N 4K OB Ld Bj $G $" $k SDP $r 2r $/ $H $- !" @~ 7A J} Dx <0 7O B d y = b $K 6& Lr 8{ G[ K! $r E, MQ $7 $? 8& 5f $K $* $$ $F !" A0 =h M} $H $7 $F Zhao et al. (1996) $O BP 3Q %9 %1 !< %j %s %0 !" Lin B> (1997, 1998) $O !" 2~ NI $r 2C $( $? IT 40 A4 %3 %l %9 %- !< J, 2r $r ;H MQ $7 $F $$ $k !# K\ 8& 7

5f $G $O !" n $K BP $7 $F m $, Bg $- $$ 0l HL $N SDP $r $G $- $k $@ $1 >/ $J $$ %a %b %j $G 2r $/ $3 $H $r L\ E* $H $9 $k $? $a !" FC $K CG $i $J $$ 8B $j 86 B’ $H $7 $F BP 3Q %9 %1 !< %j %s %0 $r ;H MQ $7 $F $$ $k !# 5 6& Lr 8{ G[ K! $N <B Au @~ 7A J} Dx <0 7O $N 2r K! $H $7 $F H? I| 2r K! $G $" $k 6& Lr 8{ G[ K! $r MQ $$ $k $H !" 6a ;w 2r $7 $+ F@ $i $l $J $$ $? $a !" $$ $/ $D $+ $N Ld Bj $, @8 $: $k !# K\ @a $G $O !" n $K BP $7 m $, Bg $- $J !J m = O ( n 2 ) !K AB $G Bg 5, LO $J Ld Bj $r 2r $/ $3 $H $r 2> Dj $7 !" $= $N $h $& $J Ld Bj !" $* $h $S !" $= $l $i $r 2r 7h $9 $k $? $a $N Ds 0F $H 8z N( $N NI $$ 7W ;; J} K! $K $D $$ $F =R $Y $k !# 5.1 9T Ns $H %Y %/ %H %k $N @Q $N 7W ;; 6& Lr 8{ G[ K! $N 3F H? I| $G 7W ;; $r 9T $& Bg $- $5 m � m $N 9T Ns B $H Bg $- $5 m $N %Y %/ %H %k p $N @Q $O !" 7W ;; ;~ 4V $d %a %b %j ;H MQ NL $N E@ $G SDP A-CG $N 8z N( $K Bg $- $J 1F 6A $r M? $( $k $3 $H $O 4{ $K =R $Y $? !# $^ $: !" 9T Ns B $N 3F MW AG $r 7W ;; $7 J] ;} $7 $F $* $- !" 3F H? I| $G G$ 0U $N i $K $D $$ $F P m j =1 B ij p j $r 7W ;; $9 $k $N $G $O !" m � m 9T Ns B $r J] ;} $9 $k $? $a $N %a %b %j $H 1 H? I| $" $? $j O ( m 2 ) ops $N 7W ;; NL $, I, MW $G $" $j !" m $, Bg $- $J AB $G Bg 5, LO $J Ld Bj $r 2r $/ >l 9g $K 8z N( $, 0- $$ !# $^ $: :G =i $K !" HR VW/KSH/M J} 8~ $N >l 9g $N 7W ;; J} K! $K $D $$ $F =R $Y $k !# @Q B p $G 7W ;; $5 $l $k Bg $- $5 m $N %Y %/ %H %k $r q $H $9 $k $H !" G$ 0U $N i $K BP $7 $F !" q i = m X j =1 B ij p j = m X j =1 A i � X A j Z � 1 p j = m X j =1 T r ( A i X A j Z � 1 ) p j = T r ( A i X m X j =1 A j p j Z � 1 ) = A i � X m X j =1 A j p j Z � 1 $, @. $j N) $D !# $h $C $F !" 0J 2< $N $h $& $J <j =g $G @Q B p $N 7W ;; $r 9T $& $3 $H $, $G $- $k !# H 1 = m X j =1 p j A j ; H 2 = X H 1 Z � 1 ; q i = A i � H 2 (1 � i � m ) (9) $3 $N 7W ;; J} K! $G $O !" 7W ;; NL $H $7 $F $[ $\ Bg $- $5 n � n $N 9T Ns F1 ;N $N 3] $1 ;; #2 2s J, (4 n 3 ops) $H 8+ @Q $b $k $3 $H $, $G $- $k !# $^ $? !" m � m $N 9T Ns B $r J] ;} $; $: $K $9 $_ !" Bg $- $5 n � n $N :n 6H MQ 9T Ns $r ?t 8D J, $N J] ;} $G HR VW/KSH/M J} 8~ $N 7W ;; $, 2D G= $K $J $k !# F1 MM $K $7 $F NT J} 8~ $N >l 9g $O !" 0J 2< $N 7W ;; J} K! $G 5a $a $k $3 $H $, $G $- $k !# H 1 = m X j =1 p j A j ; H 2 = W H 1 W ; q i = A i � H 2 (1 � i � m ) (10) 7W ;; NL $H ;H MQ %a %b %j $O !" HR VW/KSH/M J} 8~ $N $H $- $H JQ $o $i $J $$ !# 8

5.2 <g Ld Bj $N <B 9T 2D G= @- $N Jd @5 @~ 7A J} Dx <0 7O B d y = b $r 6& Lr 8{ G[ K! $G 2r $- F@ $i $l $? 6a ;w 2r $r ~ d y $H $9 $k !# $3 $N ~ d y $+ $i !" <0 (7) $^ $? $O <0 (8) $K $h $j !" 6a ;w C5 :w J} 8~ ( ~ d X ; ~ d y ; ~ d Z ) $r 7W ;; $9 $k $3 $H $, $G $- $k !# $7 $+ $7 !" $3 $N 6a ;w C5 :w J} 8~ $O !" (6) $N A4 $F $N Ey <0 $O K~ $? $5 $J $$ !# 0l HL $K !" 6a ;w C5 :w J} 8~ ( ~ d X ; ~ d y ; ~ d Z ) $O !" 0J 2< $N $h $& $J 4X 78 $r K~ $? $9 !# A i � d X 6 = p i (1 � i � m ) ; m X i =1 A i dy i + d Z = D ; H P ( X d Z + d X Z ) = H P ( K ) : 9 > > > > = > > > > ; (11) <B :] !" <0 (7) $^ $? $O <0 (8) $K $h $j 7W ;; $5 $l $? 6a ;w C5 :w J} 8~ ( ~ d X ; ~ d y ; ~ d Z ) $K $* $$ $F !" G$ 0U $N i $K BP $7 !" p i � A i � ~ d X = b i � m X j =1 B ij ~ d y j ; $H $$ $& 4X 78 $, $" $j !" <g Ld Bj $N <B 9T 2D G= @- $K $* $1 $k 8m :9 p i � A i � ~ d X $O !" @~ 7A J} Dx <0 7O $N 8m :9 b i � P m j =1 B ij ~ d y j $H 0l CW $9 $k !# $J $* @~ 7A J} Dx <0 7O $K 6& Lr 8{ G[ K! $r MQ $$ $k $H $- !" @~ 7A J} Dx <0 7O $N 8m :9 %Y %/ %H %k b � B ~ d y $O 6& Lr 8{ G[ K! $N %" %k %4 %j %: %‘ Cf $N r $K Ey $7 $/ !" @~ 7A J} Dx <0 7O $N 6a ;w 2r ~ d y $+ $i GI @8 $9 $k <g Ld Bj $N <B 9T 2D G= @- $K BP $9 $k 8m :9 p i � A i � ~ d X $O 2~ $a $F 7W ;; $9 $k I, MW $, $J $$ !# $3 $N ;v <B $O 8e $K =R $Y $k 7W ;; J} K! $K $* $$ $F ;H $o $l $k !# $7 $+ $7 !" $3 $l $G $O 6a ;w C5 :w J} 8~ ( ~ d X ; ~ d y ; ~ d Z ) $, !" <g Ld Bj $N <B 9T 2D G= @- $r K~ $? $7 $F $* $i $: !" <g AP BP Fb E@ K! $G $O ET 9g $, 0- $$ !# $h $C $F !" 0J 2< $N :G >. Fs >h Ld Bj $N :G E, 2r ~ d X � $r ~ d X $N Be $o $j $K ;H MQ $9 $k !# minimize k d X � ~ d X k F sub ject to A i � d X = p i (1 � i � m ) : (12) $3 $l $O !" 9T Ns 6u 4V $K $* $1 $k @~ 7A It J, 6u 4V $X $N <M 1F $K Aj Ev $7 $F $* $j !" :G E, 2r ~ d X � $O 0J 2< $N 7W ;; J} K! $K $h $C $F F@ $k $3 $H $, $G $- $k !# Gw = r ; J = m X j =1 A j w j ; ~ d X � = ~ d X + J : (13) $3 $3 $G !" 7W ;; J} K! Cf $N r $O 6& Lr 8{ G[ K! $N 7W ;; $K ;H MQ $9 $k r $G $" $j !" $^ $? !" m � m BP >N 9T Ns G $N 3F MW AG G ij $O G ij = A i � A j (1 � i � m; 1 � j � m ) ; $G M? $( $i $l $k !# $3 $3 $G $O !" $^ $: @~ 7A J} Dx <0 7O Gw = r $r 2r $/ !# $3 $l $O @~ 7A J} Dx <0 7O B d y = b $H F1 $8 Bg $- $5 $N Ld Bj $G $" $j !" @~ 7A J} Dx <0 7O B d y = b $H F1 MM $K 2r $/ $3 $H $, :$ Fq $G $" $k $h $& $K ;W $o $l $k $, !" 0J 2< $N MM $J 0c $$ $, $" $k !# $^ $: !" 9T Ns G $O <g AP BP Fb E@ K! $N 3F H? I| $K $* $$ $F IT JQ $N $? $a !" SDP $r 2r $/ >e $G #1 EY $@ $1 %3 %l %9 %- !< J, 2r $r $9 $l $P $h $$ !# $^ $? 2> Dj $r $7 $F $$ $k $h $& $K A i $, == J, $K AB $J 9T Ns $J $i $P !" G $b AB $K $J $k $3 $H $, M= A[ $5 $l $k !# $h $C $F B? $/ $N >l 9g !" 9

%3 %l %9 %- !< J, 2r $K $+ $+ $k 7W ;; NL !" %3 %l %9 %- !< J, 2r $r $7 $? 9T Ns $N J] ;} !" %3 %l %9 %- !< J, 2r $r $7 $? 9T Ns $r ;H $C $F @~ 7A J} Dx <0 7O Gw = r $r 2r $/ 7W ;; NL Ey $O >. $5 $$ $3 $H $, 4| BT $G $- $k !# 0J >e $G !" 7W ;; $5 $l $? ?7 $7 $$ 6a ;w C5 :w J} 8~ ( ~ d X � ; ~ d y ; ~ d Z ) $O !" 0J 2< $N 4X 78 $r K~ $? $9 !# A i � d X = p i (1 � i � m ) ; m X i =1 A i dy i + d Z = D ; H P ( X d Z + d X Z ) 6 = H P ( K ) : 9 > > > > = > > > > ; (14) $D $^ $j !" <g Ld Bj $N <B 9T 2D G= @- $H AP BP Ld Bj $N <B 9T 2D G= @- $, K~ $? $5 $l $F $$ $k !# Aj Jd @- >r 7o $O K~ $? $5 $l $F $$ $J $$ $, !" $3 $N >r 7o $O @~ 7A 6a ;w $K $h $C $F F3 $+ $l $? >r 7o $G $" $k $? $a !" @5 3N $K K~ $? $5 $l $k I, MW $O $J $$ !# Aj Jd @- >r 7o $K $* $1 $k 8m :9 $N 5v MF HO 0O $O 5.3 @a $N Cf $G =R $Y $k !# 5.3 6& Lr 8{ G[ K! $N =* N; >r 7o 6& Lr 8{ G[ K! $r @~ 7A J} Dx <0 7O B d y = b $K E, MQ $9 $k $H !" M} O@ E* $K $O m !J @~ 7A J} Dx <0 7O $N Bg $- $5 !K 2s $N H? I| $G @5 3N $J 2r d y $, F@ $i $l $k $3 $H $, CN $i $l $F $$ $k !# $7 $+ $7 $J $, $i !" <B :] $K $O 8m :9 $N 1F 6A $r <u $1 $d $9 $/ M- 8B 2s $G @5 3N $J 2r d y $K <} B+ $9 $k J] >Z $O L5 $$ !# 5.2 @a $G =R $Y $? $h $& $K !" 6a ;w C5 :w J} 8~ $O Aj Jd @- >r 7o $r 87 L) $K K~ $? $9 I, MW $O L5 $/ !" SDP A-CG $N <} B+ $r J] >Z $9 $k @: EY $, F@ $i $l $l $P 6& Lr 8{ G[ K! $N H? I| $r BG $A @Z $C $F $h $$ !# $3 $N @a $G $O 6& Lr 8{ G[ K! $N =* N; >r 7o $K $D $$ $F 5D O@ $9 $k !# Ko jima B> (1997) $G $O !" M} O@ E* $J Bg 0h E* <} B+ $N OH AH $_ $N Cf $+ $i admissible dir e ction $H 8F $P $l $k 0J 2< $N <0 $r K~ $? $9 6a ;w C5 :w J} 8~ $r Ds 0F $7 $? !# k H P ( X d Z + d X Z ) � H P ( � I � X Z ) k F � � k H P ( � I � X Z ) k F : (15) $3 $3 $G !" � 2 [0 ; 1) $O 6a ;w @: EY $r I= $9 %Q %i %a !< %? $G $" $k !# K\ 8& 5f $G $O !" 7W ;; $5 $l $? 6a ;w C5 :w J} 8~ $, $3 $N admissible direction $H $J $k $H $- !" 6& Lr 8{ G[ K! $N H? I| $r =* N; $9 $k $3 $H $K $7 $? !# $= $N $? $a $K $O !" 6& Lr 8{ G[ K! $N 3F H? I| $G $3 $N >r 7o (15) $N H= Dj $r 9T $o $J $1 $l $P $J $i $J $$ !# >r 7o (15) $N :8 JU $O !" 6a ;w C5 :w J} 8~ $N d Z $H d Z $r 4^ $s $G $$ $k !# $7 $? $, $C $F !" $3 $N >r 7o $r J8 ;z DL $j %A %’ %C %/ $7 $h $& $H $9 $k $H !" 6& Lr 8{ G[ K! $K $h $C $F 5a $a $? @~ 7A J} Dx <0 7O B d y = b $N 6a ;w 2r ~ d y $+ $i !" $^ $: <0 (7) $^ $? $O <0 (8) $K $h $j ~ d X ; ~ d Z $r 7W ;; $7 !" <! $K <0 (13) $K $h $j <g Ld Bj $N <B 9T 2D G= @- $N Jd @5 $r 9T $$ ~ d X � $r 7W ;; $9 $k $3 $H $K $h $C $F !" 6a ;w C5 :w J} 8~ ( ~ d X � ; ~ d y ; ~ d Z ) $r F3 $+ $J $1 $l $P $J $i $J $$ !# 6& Lr 8{ G[ K! $N #1 H? I| $K $3 $l $@ $1 $N 7W ;; $r 9T $& $H !" A4 BN $N 7W ;; ;~ 4V $r Bg I} $K A} Bg $5 $; $k $3 $H $K $J $k !# 0J 2< $G $O !" ~ d X � $* $h $S ~ d Z $r 7W ;; $; $: !" D> @\ $K >r 7o (15) $N :8 JU k H P ( X d Z + d X Z ) � H P ( � I � X Z ) k F $r I> 2A $9 $k J} K! $K $D $$ $F =R $Y $k !# 6a ;w C5 :w J} 8~ $O ( ~ d X ; ~ d y ; ~ d Z ) $O <0 (11) $r K~ $? $9 !# $7 $? $, $C $F !" H P ( X ~ d Z + ~ d X Z ) = H P ( � I � X Z ) : 10

$, F3 $+ $l $k !# $h $C $F !" >r 7o (15) $N :8 JU $O k H P ( X ~ d Z + ~ d X � Z ) � H P ( � I � X Z ) k F = k H P ( X ~ d Z + ( ~ d X � J ) Z ) � H P ( � I � X Z ) k F = k H P ( X ~ d Z + ~ d X Z ) � H P ( � I � X Z ) � H p ( J Z ) k F = k H P ( J Z ) k F $H $J $k !# $D $^ $j !" 5.2 @a $G =R $Y $? <B 9T 2D G= @- $N Jd @5 $r $9 $k 7W ;; J} K! (13) $G ;H MQ $9 $k 9T Ns J $r ;H MQ $9 $k $3 $H $K $h $j !" k H P ( X ~ d Z + ~ d X � Z ) � H P ( � I � X Z ) k F $N 7W ;; $, 2D G= $G $" $k !# $^ $? !" k H P ( J Z ) k F $O !" 0J 2< $G =R $Y $k $h $& $J 7W ;; J} K! $G !" 7W ;; $5 $l $k !# HR VW/KSH/M J} 8~ $N >l 9g !’ k H Z 1 = 2 ( J Z ) k F = k (( Z 1 = 2 J Z 1 = 2 ) + ( Z 1 = 2 J Z 1 = 2 ) T ) = 2 k F = k (( Z 1 = 2 J Z 1 = 2 ) + ( Z 1 = 2 J Z 1 = 2 ) T ) = 2 k F = k ( Z 1 = 2 J Z 1 = 2 ) k F = T r (( Z 1 = 2 J Z 1 = 2 )( Z 1 = 2 J Z 1 = 2 ) T ) = T r ( J Z J Z ) = n X i =1 n X j =1 ( J Z ) ij ( J Z ) j i : 0J >e $h $j !" >r 7o (15) $N :8 JU $N CM $O 0J 2< $N 7W ;; J} K! $G 7W ;; $5 $l $k !# Gw = r ; J = m X j =1 A j w j ; H = J Z ; >r 7o (15) $N :8 JU $N CM = n X i =1 n X j =1 ( H ) ij ( H ) j i ; 9 > > > > = > > > > ; (16) $? $@ $7 !" G ij = A i � A j (1 � i � m; 1 � j � m ) : $3 $N 7W ;; J} K! $K $h $j !" => Mh Bg $- $5 n � n $N 9T Ns $N 3] $1 ;; #6 2s J, (12 n 3 ops) $[ $I $N 7W ;; NL $, I, MW $@ $C $? $N $K BP $7 !" Bg $- $5 n � n $N 9T Ns $N 3] $1 ;; #1 2s J, (2 n 3 ops) $[ $I $G >r 7o (15) $N :8 JU $N 7W ;; $, 2D G= $K $J $C $? !# $J $* >r 7o (15) $N 1& JU $O !" 0J 2< $N $h $& $K 7W ;; $G $- $k !# k H Z 1 = 2 ( � I � X Z ) k F = k (( � I � Z 1 = 2 X Z 1 = 2 ) + ( � I � Z 1 = 2 X Z 1 = 2 ) T ) = 2 k F = k ( � I � Z 1 = 2 X Z 1 = 2 ) k F = T r (( � I � Z 1 = 2 X Z 1 = 2 )( � I � Z 1 = 2 X Z 1 = 2 ) T ) = T r (( � I � X Z )( � I � X Z )) = n X i =1 n X j =1 ( � I � X Z ) ij ( � I � X Z ) j i : NT J} 8~ $N >l 9g !’ k H W � 1 = 2 ( J Z ) k F = k (( W � 1 = 2 J Z W 1 = 2 ) + ( W � 1 = 2 J Z W 1 = 2 ) T ) = 2 k F = k (( W � 1 = 2 J Z W 1 = 2 ) + ( W � 1 = 2 J Z W 1 = 2 ) T ) = 2 k F = 1 4 n X i =1 n X j =1 (( W � 1 = 2 J Z W 1 = 2 ) ij + ( W � 1 = 2 J Z W 1 = 2 ) j i ) 2 : 11

$3 $l $r MQ $$ $k $H !" >r 7o (15) $N :8 JU $N CM $O 0J 2< $N 7W ;; J} K! $G 7W ;; $5 $l $k !# Gw = r ; J = m X j =1 A j w j ; H = W � 1 = 2 J Z W 1 = 2 ; >r 7o (15) $N :8 JU $N CM = 1 4 n X i =1 n X j =1 ( H ij + H j i ) 2 ; 9 > > > > = > > > > ; (17) $3 $N 7W ;; J} K! $K $h $j !" => Mh Bg $- $5 n � n $N 9T Ns $N 3] $1 ;; #6 2s J, (12 n 3 ops) $[ $I $N 7W ;; NL $, I, MW $@ $C $? $N $K BP $7 !" Bg $- $5 n � n $N 9T Ns $N 3] $1 ;; #3 2s J, (6 n 3 ops) $[ $I $G >r 7o (15) $N :8 JU $N 7W ;; $, 2D G= $K $J $C $? !# $J $* >r 7o (15) $N 1& JU $O !" 0J 2< $N $h $& $K 7W ;; $5 $l $k !# k H W � 1 = 2 ( � I � X Z ) k F = k (( � I � W � 1 = 2 X Z W 1 = 2 ) + ( � I � W � 1 = 2 X Z W 1 = 2 ) T ) = 2 k F = k ( � I � W � 1 = 2 X W X W � 1 = 2 ) k F = T r (( � I � W � 1 = 2 X W X W � 1 = 2 )( � I � W � 1 = 2 X W X W � 1 = 2 ) T ) = T r (( � I � X Z )( � I � X Z )) = n X i =1 n X j =1 ( � I � X Z ) ij ( � I � X Z ) j i : 6 SDP A-CG $N @- G= I> 2A :G =i $K SDP A-CG $N M} O@ E* 7W ;; NL !& ;H MQ %a %b %j NL $K $D $$ $F =R $Y !" SDP A $N $= $l $H $N Hf 3S $r 9T $& !# <! $K !" SDP A-CG $G $N 7W ;; <B 83 $r 9T $$ !" SDP A $H Hf 3S $r $9 $k $3 $H $G !" SDP A-CG $N FC D’ $d SDP A $K BP $9 $k Mx E@ $K $D $$ $F 9M ;! $r 2C $( $k !# $J $* !" 6& Lr 8{ G[ K! $N A0 =h M} $O 86 B’ $H $7 $F BP 3Q %9 %1 !< %j %s %0 $r ;H MQ $7 $F $$ $k !# $^ $? SDP A $, Mehrotra %? %$ %W $N <g AP BP Fb E@ K! $G $" $k $N $K BP $7 !" SDP A-CG $O C1 =c $J %Q %9 DI @W %? %$ %W $N <g AP BP Fb E@ K! (Mehrotra %? %$ %W $G $O L5 $$ ) $G $" $k $3 $H $r IU $1 2C $( $F $* $/ !# $^ $: !" @~ 7A J} Dx <0 7O $r 6& Lr 8{ G[ K! $G 2r $$ $? $H $- $N 7W ;; NL $K $D $$ $F =R $Y $k !# HR VW/KSH/M J} 8~ $N >l 9g $O !" B p $N 7W ;; $K $O Bg $- $5 n $N 9T Ns $N 3] $1 ;; #2 2s J, $N 7W ;; NL $, I, MW $G $" $j !" =* N; >r 7o $N 7W ;; $K $O Bg $- $5 n $N 9T Ns $N 3] $1 ;; #1 2s J, $N 7W ;; NL $, I, MW $G $" $k $? $a !" $3 $l $i $r 9g 7W $7 $F Bg $- $5 n $N 9T Ns F1 ;N $N 3] $1 ;; #3 2s J, (6 n 3 ops) � 6& Lr 8{ G[ K! $N H? I| 2s ?t $N 7W ;; NL $, I, MW $G $" $j !" n � n $N 9T Ns ?t 8D J, $N %a %b %j $, I, MW $H $J $k !# $^ $? !" NT J} 8~ $N >l 9g $O !" B p $N 7W ;; $K Bg $- $5 n $N 9T Ns $N 3] $1 ;; #2 2s J, $N 7W ;; NL $, I, MW $G $" $j !" =* N; >r 7o $N 7W ;; $K $O Bg $- $5 n $N 9T Ns $N 3] $1 ;; #3 2s J, $N 7W ;; NL $, I, MW $G $" $k $? $a !" $3 $l $i $r 9g 7W $7 $F Bg $- $5 n $N 9T Ns F1 ;N $N 3] $1 ;; #5 2s J, (10 n 3 ops) � 6& Lr 8{ G[ K! $N H? I| 2s ?t 12

$N 7W ;; NL $, I, MW $G $" $j !" n � n $N 9T Ns ?t 8D J, $N %a %b %j $, I, MW $H $J $k !# $h $C $F n $K BP $7 m $, Bg $- $J SDP $r 2r $/ >l 9g !" %a %b %j ;H MQ NL $N 4Q E@ $+ $i $O !" SDP A-CG $O SDP A $K Hf $Y m � m $N 78 ?t 9T Ns B $r J] ;} $7 $J $$ $3 $H $, !" Hs >o $K M- Mx $K F/ $/ !# <! $K 7W ;; ;~ 4V $N 4Q E@ $+ $i !" SDP A-CG $H SDP A $r Hf $Y $k !# 3 @a $G =R $Y $? $h $& $K !" SDP A 3F <g H? I| !J <g AP BP Fb E@ K! $N H? I| !K $G $+ $+ $k ;~ 4V $N B? $/ $O !" @~ 7A J} Dx <0 7O B d y = b $K Hq $d $5 $l $k !# $^ $? 6& Lr 8{ G[ K! $N 7W ;; ;~ 4V $O $= $N <g H? I| 2s ?t $K Hf Nc $7 $F $$ $k !# $7 $? $, $C $F !" SDP A-CG $N 3F <g H? I| $G $+ $+ $k ;~ 4V $O !" 6& Lr 8{ G[ K! $N H? I| 2s ?t $K Bg $- $/ 0M B8 $7 $F $$ $k $H $$ $( $k !# I= #2 $O !" AB $G Bg 5, LO $J Ld Bj $r 2r $$ $? $H $- $N !" SDP A $N 3F <g H? I| $K 4X $7 $F $N AP BP ;D :9 , N_ @Q 7W ;; ;~ 4V $H !" SDP A-CG $N 3F <g H? I| $K 4X $7 $F $N AP BP ;D :9 , N_ @Q 7W ;; ;~ 4V , 6& Lr 8{ G[ K! $N H? I| 2s ?t $r <( $7 $F $$ $k !# $^ $? !" $3 $N 7k 2L $r %0 %i %U $K $7 $? $b $N $, ?^ #1 $G $" $j !" 2# <4 $K AP BP ;D :9 $N BP ?t !" =D <4 $K N_ @Q 7W ;; ;~ 4V $r <h $C $F $$ $k !# I= 2: 6& Lr 8{ G[ K! $N H? I| 2s ?t SDP A SDP A-CG Fb E@ K! $N N_ @Q 7W ;; ;~ 4V AP BP ;D :9 N_ @Q 7W ;; ;~ 4V AP BP ;D :9 6& Lr 8{ G[ K! $N <g H? I| 2s ?t ( IC ) ( IC ) <g H? I| 2s ?t 1 13.5 1.61e+02 1.5 1.73e+02 1 2 25.9 2.95e+01 2.0 4.26e+01 2 3 38.4 7.77e+00 2.6 1.77e+01 3 4 50.8 2.11e+00 3.3 7.78e+00 7 5 63.2 4.52e{01 4.4 3.57e+00 21 6 75.7 8.19e{02 6.3 1.49e+00 51 7 88.1 1.32e{02 9.2 5.85e{01 98 8 100.6 2.10e{03 13.8 1.72e{01 171 9 113.0 3.32e{04 21.9 5.57e{02 319 10 125.4 5.50e{05 36.3 1.65e{02 586 11 137.9 1.02e{05 63.5 4.32e{03 1124 12 150.3 2.06e{06 116.8 1.30e{03 2214 13 162.8 4.15e{07 214.2 3.97e{04 4084 14 365.8 1.69e{04 6392 I= #2 $h $j !" SDP A $G $O $= $N #1 <g H? I| $G AP BP ;D :9 $O $[ $\ 0l Dj $N 3d 9g $G 8: $j !" 7W ;; ;~ 4V $b $[ $\ F1 $8 $G $" $k $, !" SDP A-CG $G $O #1 <g H? I| $G AP BP ;D :9 $O $[ $\ 0l Dj $N 3d 9g $G 8: $k $b $N $N !" 3F <g H? I| $G $N 6& Lr 8{ G[ K! $N H? I| 2s ?t $O AP BP ;D :9 $, >. $5 $/ $J $k $K $D $l $F A} $( $F $* $j !" $= $l $K $H $b $J $$ 3F H? I| $G $N 7W ;; ;~ 4V $b A} Bg $7 $F $$ $k $3 $H $, J, $+ $k !# $^ $? $3 $l $i $r %0 %i %U $K $7 $? ?^ #1 $G $O !" SDP A $K $* $$ $F $O AP BP ;D :9 $N BP ?t $H N_ @Q 7W ;; ;~ 4V $O $[ $\ Hf Nc $7 $F $$ $k $, !" SDP A-CG $G $O AP BP ;D :9 $N BP ?t $K $? $$ $7 $F N_ @Q 7W ;; ;~ 4V $O ;X ?t E* $K A} $( $F $$ $k !# $3 $l $i $K $h $j !" SDP A-CG $G $O !" AP BP ;D :9 $, 8: $k $K $7 $? $, $C $F !" 6& Lr 8{ G[ K! $N H? I| 2s ?t $, ;X ?t E* $K A} $( !" $= $l $K $H $b 13

?^ 1: SDP A $H SDP A-CG $N AP BP %. %c %C %W - N_ @Q 7W ;; %0 %i %U 0 50 100 150 200 250 300 350 400 ;~ 4V ( IC ) 10 3 10 2 10 1 10 0 10 � 1 10 � 2 10 � 3 10 � 4 10 � 5 10 � 6 10 � 7 AP BP %. %c %C %W "SDP A-CG" 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 "SDP A" + + + + + + + + + + + + + + $J $$ !" #1 <g H? I| $K $+ $+ $k 7W ;; ;~ 4V $b A} $( $F $$ $k $3 $H $, J, $+ $k !# $D $^ $j SDP A-CG $O SDP A $K Hf $Y !" AP BP ;D :9 $, $" $k Dx EY Bg $- $J @: EY $N 0- $$ 6a ;w :G E, 2r $r 9b B. $K 5a $a $k $3 $H $, $G $- $k !# 0l J} !" SDP A-CG $G 9b @: EY $N 6a ;w :G E, 2r $r 5a $a $k $3 $H $O !" 7W ;; ;~ 4V $N E@ $+ $i :$ Fq $G $" $k !# $h $C $F !" SDP A-CG $O 9b @: EY $N 6a ;w :G E, 2r $G $O $J $/ >e 3& $d 2< 3& $H $J $k @0 ?t CM $r I, MW $H $9 $k AH 9g $; :G E, 2= Ld Bj $N 1~ MQ $J $I $K M- 8z $G $" $k $H 9M $( $i $l $k !# I= #3 $O !" 2.4 @a $G <B 83 $7 $? AB $G Bg 5, LO $J Ld Bj $r SDP A-CG $K $h $C $F 2r $$ $? $H $- $N !" 7W ;; ;~ 4V $H ;H MQ %a %b %j $r <( $7 $? !# =* N; >r 7o $O 2.4 @a $H F1 MM $K !" <B 9T 2D G= 2r $N AP BP ;D :9 $, 0.1 0J 2< $K $J $C $? $H $- $G $" $k !# I= 3: AB $G Bg 5, LO $J Ld Bj $r SDP A-CG $K $h $C $F 2r $$ $? $H $- $N 7W ;; ;~ 4V $H ;H MQ %a %b %j n 100 100 100 m 1024 2029 3992 B d y = b $N 7W ;; ;~ 4V 19.7 IC 27.0 IC 47.4 IC $= $N B> $N It J, $N 7W ;; ;~ 4V 4.5 IC 4.8 IC 5.7 IC Am 7W ;; ;~ 4V 24.2 IC 31.8 IC 53.1 IC ;H MQ %a %b %j 5.5MB 6.1MB 7.4MB I= #3 $h $j !" SDP A-CG $O m $, Bg $- $/ $J $C $F $b !" Am 7W ;; ;~ 4V !& %a %b %j ;H MQ NL $H $b $= $l $[ $I 14

A} $( $F $$ $J $$ $3 $H $, J, $+ $k !# $^ $? !" I= #1 $H I= #3 $r Hf $Y $k $3 $H $K $h $j !" SDP A-CG $O $3 $N $h $& $J AB $G n $h $j $b m $, Bg $- $J Bg 5, LO $J Ld Bj $K BP $7 !" Am 7W ;; ;~ 4V !& ;H MQ %a %b %j $N N> J} $K $* $$ $F SDP A $h $j M% $l $F $$ $k $3 $H $, J, $+ $k !# 7 ?t CM <B 83 SDP A-CG $r MQ $$ $F !" :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB !" %0 %i %U J, 3d Ld Bj $N SDP 4K OB !" %N %k %‘ :G >. 2= Ld Bj $N 7W ;; <B 83 $r 9T $C $? !# :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB $O !" m $, O ( n 2 ) $G $" $j !" n $K BP $7 $F m $, Hs >o $K Bg $- $J Ld Bj $G $" $k !# $^ $? !" @) Ls 9T Ns $, Hs >o $K AB $G $" $j !" (13) $d (17) $K 8= $l $k 9T Ns G $, BP 3Q 9T Ns $H $J $k !# %0 %i %U J, 3d Ld Bj $N SDP 4K OB $O !" SDP $N <g Ld Bj $N Fb E@ <B 9T 2D G= 2r $, B8 :_ $7 $J $$ Ld Bj $G $" $k !# 0l HL $K $3 $N $h $& $J Ld Bj $O !" 4{ B8 $N %= %U %H %& %’ %" $K $* $$ $F $b <B 9T 2D G= Fb E@ $, B8 :_ $9 $k Ld Bj $K Hf $Y !" <g AP BP Fb E@ K! $N <} B+ $, 0- $/ $J $k 79 8~ $, $" $k !# %N %k %‘ :G >. 2= Ld Bj $O !" >e $N #2 $D $N Ld Bj $H 0c $$ !" AH 9g $; :G E, 2= Ld Bj $G $O $J $$ !# $3 $N Ld Bj $O !" 78 ?t 9T Ns $, L) $K $J $k Ld Bj $G $" $j !" 4{ B8 $N %= %U %H %& %’ %" $@ $1 $G $J $/ SDP A $K $* $$ $F $b !" 78 ?t 9T Ns B $N 3F MW AG $N 7W ;; $K ;~ 4V $, $+ $+ $k Ld Bj $G $" $k !# $9 $Y $F $N <B 83 $G C5 :w J} 8~ $O !" HR VW/KSH/M J} 8~ $r ;H MQ $7 !" 6& Lr 8{ G[ K! $N =* N; >r 7o (15) $G $N � $O 0.1 $H $7 $? !# 7W ;; <B 83 $O !" DEC Alpha (CPU 21164) 300MHz, 256MB %a %b %j $G 9T $C $? !# 7.1 :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB G = ( V ; E ) $r L5 8~ %0 %i %U $H $9 $k !# $? $@ $7 !" V = f 1 ; 2 ; . . . ; n g $O D: E@ =8 9g !" E � f ( i; j ) : i; j 2 V ; i < j g $O ;^ =8 9g !# V $N It J, =8 9g $G $" $k C $K BP $7 $F !" 0[ $J $k i; j 2 C ( i < j ) $N $9 $Y $F $N %Z %" $K BP $7 $F ( i; j ) 2 E $G $" $k $H $- !" C $O %0 %i %U G $N %/ %j !< %/ $G $" $k $H $$ $& !# :G Bg %/ %j !< %/ Ld Bj $H $O !" %0 %i %U G $N :G Bg <! ?t $N %/ %j !< %/ $r 8+ $D $1 $k Ld Bj $G $" $j !" NP- :$ Fq $G $" $k $3 $H $, CN $i $l $F $$ $k !# <! $N SDP $N :G E, CM $, !" %0 %i %U G $N :G Bg %/ %j !< %/ $N <! ?t $N >e 3& $r M? $( $k $3 $H $, CN $i $l $F $$ $k !# Helm b erg B> (1996) Ey ;2 >H !# <g Ld Bj !’ :G Bg 2= E � X @) Ls >r 7o E ij � X = 0 (( i; j ) = 2 E ) ; I � X = 1 ; X � O : AP BP Ld Bj !’ :G >. 2= y 0 @) Ls >r 7o y 0 I + X ( i;j ) = 2 E y ij E ij � Z = E ; Z � O : 9 > > > > > > > > > = > > > > > > > > > ; (18) $? $@ $7 !" E $O Bg $- $5 n � n $G MW AG $, A4 $F #1 $N 9T Ns !" E ij $O Bg $- $5 n � n $G ( i; j ) HV L\ $H ( j; i ) HV L\ $N MW AG $, #1 $G ;D $j $N MW AG $, #0 $N 9T Ns $r I= $9 !# $3 $N SDP $G $O !" j E j $r ;^ $N ?t $H $9 $k $H !" m = n ( n � 1) = 2 � j E j + 1 $, @. $j N) $D !# $7 $? $, $C $F !" m $N Bg $- $5 $O O ( n 2 ) $G $" $j !" n $K Hf $Y m $, 6K $a $F Bg $- $/ $J $j F@ $k !# $^ $? !" A4 $F 15

$N @) Ls 9T Ns $O AB $G $" $j !" (13) $* $h $S (17) $K 8= $l $k 9T Ns G $O BP 3Q 9T Ns $H $J $k !# 7W ;; <B 83 $G $O $3 $N @- <A $r M- 8z $K Mx MQ $7 $F $$ $k !# ?t CM <B 83 $O !" %i %s %@ %‘ %0 %i %U $K BP $9 $k SDP (18) $N 7W ;; $r 9T $C $? !# $3 $N %i %s %@ %‘ %0 %i %U $O #2 $D $N %Q %i %a !< %? n; p $+ $i $J $k !# %Q %i %a !< %? n $O %0 %i %U $N D: E@ $N ?t !" %Q %i %a !< %? p (0 < p < 1) $O ;^ $N @8 @. 3N N( $G $" $k !# <B 83 7k 2L $O I= #4 $K <( $9 !# I= #4 $K $O !" SDP A $* $h $S SDP A-CG $N <g H? I| 2s ?t !" 7W ;; ;~ 4V !" %a %b %j ;H MQ NL !" $J $i $S $K SDP A-CG $N :G =* <g H? I| $G $N 6& Lr 8{ G[ K! $N H? I| 2s ?t $, <( $7 $F $" $k !# $J $* !" I= Cf $N 6u Gr $N It J, $O !" <g 5- 21 >e $K A4 %G !< %? $r J] ;} $G $- $: !" 2r $/ $3 $H $, IT 2D G= $" $C $? $? $3 $H $r I= $9 !# $^ $? !" SDP A $* $h $S SDP A-CG $N =* N; >r 7o $O AP BP %. %c %C %W $, 0 : 1 0J 2< $H $7 $? !# =i 4| E@ ( X 0 ; y 0 ; Z 0 ) $H $7 $F !" 0J 2< $N $h $& $J E@ $r ;H MQ $7 $? !# X 0 = 1 n I ; y 0 0 = 10 n; y 0 ij = 0 ( 8 ( i; j ) = 2 E ) ; Z 0 = 10 n I � E : <B 83 7k 2L $h $j !" SDP A-CG $O SDP A $K Hf $Y 7W ;; ;~ 4V $H %a %b %j ;H MQ NL $, Bg I} $K 2~ A1 $5 $l $F $$ $k $3 $H $, J, $+ $k !# 7.2 %0 %i %U J, 3d Ld Bj $N SDP 4K OB G = ( V ; E ) $r 40 A4 L5 8~ %0 %i %U $H $9 $k !# $? $@ $7 !" V = f 1 ; 2 ; . . . ; n g $O D: E@ =8 9g !" E � f ( i; j ) : i; j 2 V ; i < j g $O ;^ =8 9g !# =E $_ C ij = C j i (( i; j ) 2 E ) $b M? $( $i $l $F $$ $k !# n $O 6v ?t $H 2> Dj $9 $k !# %0 %i %U J, 3d Ld Bj $O !" j L j = j R j = n= 2 $H $J $k $h $& $J V $N J, 3d ( L; R ) $N Cf $G !" L $H R $K $^ $? $, $k ;^ $N =E $_ $N Am OB P i 2 L;j 2 R C ij $r :G >. $H $9 $k J, 3d ( L; R ) $r 5a $a $k Ld Bj $G $" $j !" NP- :$ Fq $G $" $k $3 $H $, CN $i $l $F $$ $k !# 0J 2< $N SDP $N :G E, CM $, !" :G >. J, 3d $N CM $N 2< 3& $H $J $k !# Helm b erg B> (1996) ;2 >H !# <g Ld Bj !’ !! :G >. 2= A 0 � X @) Ls >r 7o E ii � X = 1 = 4 (1 � i � n ) ; E � X = 0 ; X � O : AP BP Ld Bj !’ !! :G Bg 2= n X i =1 1 4 y i @) Ls >r 7o y 0 I + n X i =1 y i E ii + Z = A 0 ; Z � O : 9 > > > > > > > > > > > > = > > > > > > > > > > > > ; (19) $3 $3 $G !" A 0 = diag( C e ) � C !" $^ $? !" E ii $O Bg $- $5 $, n � n $G ( i; i ) HV L\ $N MW AG $, #1 $G !" ;D $j $N MW AG $, #0 $G $" $k 9T Ns $r <( $7 $F $$ $k !# SDP (19) $N <g Ld Bj $K $O !" Fb E@ <B 9T 2D G= 2r $, B8 :_ $7 $J $$ !# 0l HL $K $3 $N $h $& $J Ld Bj $O !" SDP A $J $I $N 4{ B8 $N %= %U %H %& %’ %" $K $* $$ $F !" Fb E@ <B 9T 2D G= 2r $, B8 :_ $9 $k F1 Dx EY $N Ld Bj $K Hf $Y !" <g AP BP Fb E@ K! $N <} B+ $, 0- $/ $J $j !" 7W ;; ;~ 4V $, $+ $+ $k 79 8~ $, $" $k !# F ujisa w a B> (1997,1998) Ey ;2 >H !# ?t CM <B 83 $G $O !" %i %s %@ %‘ %0 %i %U $K BP $9 $k SDP(19) $N 7W ;; $r 9T $C $? !# =i 4| E@ ( X 0 ; y 0 ; Z 0 ) $H $7 $F !" (100 I ; 0 ; 100 I ) $r ;H MQ $7 $? !# SDP A-CG $G $N 7W ;; $N ES Cf $G 6& Lr 8{ G[ K! $K $h $C $F !" >r 7o (15) $r K~ $? $9 6a ;w C5 :w J} 8~ $r 7W ;; $9 $k $3 $H $, $G $- $J $/ $J $k $3 $H $, H= L@ $7 $? !# I= #5 $K $O !" 16

I= 4: :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB $G $N <B 83 7k 2L SDP A SDP A-CG H? I| ;~ 4V %a %b %j H? I| ;~ 4V %a %b %j CG K! $N ( n; p ) n m 2s ?t ( IC ) (MB) 2s ?t ( IC ) (MB) H? I| 2s ?t (100,0.9) 100 539 7 13.3 8.5 10 24.7 5.1 336 (100,0.7) 100 1530 6 237.3 26.1 8 16.8 5.6 222 (100,0.5) 100 2513 6 1116.1 60.0 8 17.7 6.2 208 (100,0.3) 100 3528 6 3078.2 102.0 9 25.8 6.7 259 (100,0.1) 100 4476 7 7249.7 175.0 10 19.9 7.2 80 (200,0.9) 200 1977 7 662.6 49.0 10 209.8 9.8 385 (200,0.7) 200 6054 9 223.6 14.9 450 (200,0.5) 200 9957 9 258.0 16.9 488 (200,0.3) 200 14032 9 179.6 18.9 277 (200,0.1) 200 17932 12 275.0 21.0 155 (300,0.9) 300 4568 8 8988.2 193.0 11 1331.9 25.4 778 (300,0.7) 300 13669 10 1442.3 30.2 833 (300,0.5) 300 22572 10 1289.0 34.9 697 (300,0.3) 300 31580 9 724.0 39.7 340 (300,0.1) 300 40388 12 1169.4 44.3 411 (400,0.9) 400 8116 11 3668.7 43.1 849 (400,0.7) 400 24079 10 4322.4 51.6 1114 (400,0.5) 400 40094 10 2994.6 60.0 641 (400,0.3) 400 56073 10 2483.7 68.4 516 (400,0.1) 400 71895 11 1996.6 77.3 304 (500,0.9) 500 12694 11 8102.6 65.9 939 (500,0.7) 500 37596 10 6973.3 79.0 838 (500,0.5) 500 62499 10 6152.9 92.1 694 (500,0.3) 500 87591 10 5053.4 105.0 530 (500,0.1) 500 112253 12 4662.9 118.0 358 17

$= $N ;~ E@ $G $N SDP A-CG $N <g H? I| 2s ?t !" 7W ;; ;~ 4V !" AP BP %. %c %C %W !" :G =* <g H? I| $G $N 6& Lr 8{ G[ K! $N H? I| 2s ?t $r <( $7 $? !# <B 83 7k 2L $h $j !" SDP A-CG $O Fb E@ <B 9T 2D G= 2r $, B8 :_ $7 $J $$ Ld Bj $K BP $7 $F $O !" $" $^ $j M- 8z $G $J $$ $3 $H $, J, $+ $k !# I= 5: %0 %i %U J, 3d Ld Bj $N SDP 4K OB $G $N <B 83 7k 2L AP BP 6& Lr 8{ G[ K! $N ( n; p ) n m H? I| 2s ?t 7W ;; ;~ 4V %. %c %C %W H? I| 2s ?t (100,0.1) 100 101 13 16.2 3.65e-01 121 (100,0.5) 100 101 14 22.8 1.96e-01 195 (100,0.9) 100 101 15 25.0 1.12e-01 206 (200,0.1) 200 201 15 225.0 4.22e-01 277 (200,0.5) 200 201 16 307.6 1.70e-01 366 (200,0.9) 200 201 15 207.6 4.55e-01 220 (300,0.1) 300 301 16 1088.5 4.92e-01 381 (300,0.5) 300 301 16 1415.5 4.21e-01 554 (300,0.9) 300 301 16 1134.1 3.69e-01 372 (400,0.1) 400 401 17 3469.4 5.82e-01 538 (400,0.5) 400 401 16 3075.7 8.88e-01 434 (400,0.9) 400 401 17 3679.2 4.69e-01 540 (500,0.1) 500 501 17 6939.9 6.41e-01 491 (500,0.5) 500 501 17 8983.4 6.96e-01 701 (500,0.9) 500 501 17 7916.8 6.77e-01 648 7.3 %N %k %‘ :G >. 2= Ld Bj F i 2 R q � r (0 � i � p ) $, M? $( $i $l $F $$ $k $H $9 $k !# $3 $N $H $- !" %N %k %‘ :G >. 2= Ld Bj $O 0J 2< $N $h $& $K Dj 5A $5 $l $k !# minimize F 0 + p X i =1 F i y i sub ject to y i 2 < (1 � i � p ) : 18

$3 $3 $G k C k $O C $N %9 %Z %/ %H %k %N %k %‘ !" $D $^ $j k C k = C T C $N :G Bg 8G M- CM $N J? J} :, $G $" $k !# $3 $N Ld Bj $O !" <! $N SDP $K JQ 49 $G $- $k !# T o dd B> (1996) Ey ;2 >H !# AP BP Ld Bj !’ :G >. 2= y p +1 @) Ls >r 7o p X i =1 O F T i F i O ! y i + I O O I ! y p +1 + O F T 0 F 0 O ! = Z ; Z � O : <g Ld Bj !’ :G Bg 2= � O F T 0 F 0 O ! � X @) Ls >r 7o O F T i F i O ! � X = 0 (1 � i � p ) ; I O O I ! � X = 1 ; X � O : <B 83 $G $O !" p = 100 ; 200 ; q = r = 100 $N #2 $D $N %N %k %‘ :G >. 2= Ld Bj $r 2r $$ $? !# $3 $N Ld Bj $O !" @) Ls 9T Ns $, L) $K $J $j !" SDP A $r 4^ $‘ 4{ B8 $N %= %U %H %& %’ %" $K $* $$ $F !" 78 ?t 9T Ns B $N 3F MW AG $N 7W ;; $K 7W ;; ;~ 4V $N B? $/ $, Hq $d $5 $l $k Ld Bj $G $" $k !# SDP A-CG $G $O !" 5.1 @a $G =R $Y $? $h $& $K 9T Ns B $r 7W ;; $; $: B p $r 7W ;; $9 $k $? $a 78 ?t 9T Ns B $N 3F MW AG $N 7W ;; $r 9T $o $J $$ !# Ev A3 !" @) Ls 9T Ns $, L) $G $" $k $? $a !" B p $N 7W ;; $b 4J C1 $K $O 9T $( $J $$ $, !" 6& Lr 8{ G[ K! $N Am H? I| 2s ?t $K $h $C $F $O !" SDP A $h $j $b 9b B. $K C5 :w J} 8~ $r 7W ;; $G $- $k 2D G= @- $, $" $k !# $3 $N Ld Bj $G $O !" 78 ?t 9T Ns B $N 3F MW AG $N 7W ;; $K ;~ 4V $, $+ $+ $k $N $G !" A0 =h M} $H $7 $F BP 3Q %9 %1 !< %j %s %0 $O 9T $o $: !" D> @\ !" 6& Lr 8{ G[ K! $r E, MQ $7 $? !# =i 4| E@ ( X 0 ; y 0 ; Z 0 ) $H $7 $F !" 0J 2< $N $h $& $J E@ $r ;H MQ $7 $? !# y 0 i = 0 (1 � i � p ) ; y 0 p +1 = 1 : 1 k A 0 k ; Z 0 = I O O I ! y 0 p +1 + O F T 0 F 0 O ! � O ; X 0 = 1 n I O O I ! : I= #6 $K p = 100 ; q = r = 100 $N %N %k %‘ :G >. 2= Ld Bj $r SDP A $* $h $S SDP A-CG $G 2r $$ $? $H $- $N !" Aj BP E* AP BP %. %c %C %W $, 10 � 1 !A 10 � 6 0J 2< $K $J $k $^ $G $N !" <g H? I| 2s ?t !" N_ @Q 7W ;; ;~ 4V $r <( $7 $? !# $^ $? !" I= #7 $K p = 200 ; q = r = 100 $N %N %k %‘ :G >. 2= Ld Bj $r SDP A $* $h $S SDP A-CG $G 2r $$ $? $H $- $N !" Aj BP E* AP BP %. %c %C %W $, 10 � 1 !A 10 � 6 0J 2< $K $J $k $^ $G $N !" <g H? I| 2s ?t !" N_ @Q 7W ;; ;~ 4V $r <( $7 $? !# %N %k %‘ :G >. 2= Ld Bj $O !" A0 $N #2 $D $N AH 9g $; :G E, 2= Ld Bj $H 0[ $J $j !" AP BP %. %c %C %W $N @: EY $K $O $5 $[ $I 0U L# $, $J $$ $N $G !" Aj BP E* AP BP %. %c %C %W $r ;H MQ $7 $? !# Aj BP E* AP BP %. %c %C %W $H $O !" P ; D $r $= $l $> $l <g Ld Bj $H AP BP Ld Bj $N L\ E* 4X ?t CM $H $7 $? $H $- !" j P � D j max ( 1 : 0 ; j P j + j D j 2 ) 19

$H $7 $F Dj 5A $5 $l $k CM $G $" $k !# I= 6: p = 100, q = r = 100 $N %N %k %‘ :G >. 2= Ld Bj $N <B 83 7k 2L Aj BP E* SDP A SDP A-CG AP BP H? I| N_ @Q 7W ;; H? I| N_ @Q 7W ;; %. %c %C %W 2s ?t ;~ 4V ( IC ) 2s ?t ;~ 4V ( IC ) 10 � 1 4 369.2 8 255.9 10 � 2 6 510.1 11 334.5 10 � 3 7 580.6 13 395.0 10 � 4 8 651.0 14 435.9 10 � 5 9 721.5 16 536.2 10 � 6 10 792.2 17 585.7 I= 7: p = 200, q = r= 100 $N %N %k %‘ :G >. 2= Ld Bj $N <B 83 7k 2L Aj BP E* SDP A SDP A-CG AP BP H? I| N_ @Q 7W ;; H? I| N_ @Q 7W ;; %. %c %C %W 2s ?t ;~ 4V ( IC ) 2s ?t ;~ 4V ( IC ) 10 � 1 4 794.4 5 368.7 10 � 2 5 948.7 9 618.9 10 � 3 7 1257.6 10 713.9 10 � 4 8 1415.2 12 981.0 10 � 5 9 1572.1 14 1358.4 10 � 6 10 1733.6 15 1643.5 8 $* $o $j $K K\ 8& 5f $G $O <g $H $7 $F 0J 2< $N Fs $D $N $3 $H $r 9T $C $? !# #1 !% SDP $r <g AP BP Fb E@ K! $K $h $j 2r $/ %= %U %H %& %’ %" SDP A $K 6& Lr 8{ G[ K! $r AH $_ F~ $l $? %= %U %H %& %’ %" SDP A-CG $N 3+ H/ $7 $? !# SDP A-CG $N Bg $- $J FC D’ $O !" <g AP BP Fb E@ K! $N 3F H? I| $G C5 :w J} 8~ $N 7W ;; $N :] $K 8= $l $k @~ 7A J} Dx <0 7O $N 78 ?t 9T Ns $r J] ;} $7 $F $$ $J $$ $3 $H $K $" $k !# $3 $l $K $h $j !" %a %b %j ;H MQ NL $r >/ $J $/ 2! $5 $( $k $3 $H $, $G $- !" n $K BP $7 m $, Bg $- $J Bg 5, LO $J SDP $r 07 $& $3 $H 2D G= $K $J $C $? !# 20

#2 !% :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB !" %0 %i %U J, 3d Ld Bj $N SDP 4K OB !" $* $h $S !" %N %k %‘ :G >. 2= Ld Bj $K BP $9 $k <B 83 E* 2r @O $r DL $7 $F !" SDP A-CG $O Ld Bj $K $h $C $F Hs >o $K M- 8z $K F/ $/ >l 9g $H !" :$ Fq $r @8 $: $k >l 9g $, $" $k $3 $H $r <( $7 $? !# (a) :G Bg %/ %j !< %/ Ld Bj $N SDP 4K OB $K BP $7 $F $O !" SDP A-CG $O SDP A $K Hf $Y !" 7W ;; ;~ 4V $* $h $S %a %b %j ;H MQ NL $, Bg I} $K 2~ A1 $5 $l !" :# $^ $G 2r $/ $3 $H $, $G $- $J $+ $C $? D6 Bg 5, LO $J SDP $r 2r $/ $3 $H $, $G $- $? !# (b) %0 %i %U J, 3d Ld Bj $N SDP 4K OB $K BP $7 $F $O !" H? I| $N ES Cf $G !" 6& Lr 8{ G[ K! $r ;H $C $F $N 6a ;w C5 :w J} 8~ $, 7W ;; $G $- $J $/ $J $j !" 2r $r F@ $k $3 $H $K <: GT $7 $? !# $3 $l $O $3 $N Ld Bj $, Fb E@ <B 9T 2D G= 2r $r ;} $? $J $$ $3 $H $K $h $k !# (c) @) Ls 9T Ns $, L) $G $" $k %N %k %‘ :G >. 2= Ld Bj $K BP $7 $F $O !" SDP A $K Hf $Y 2? 3d $+ 9b B. $K 2r $r F@ $? !# $^ $? !" 7W ;; <B 83 $r DL $7 $F !" (d) @: EY $N NI $$ 2r $r 5a $a $h $& $H $9 $k $H 6& Lr 8{ G[ K! $N H? I| 2s ?t $O ;X ?t E* $K A} $( !" $= $l $K H< $$ 7W ;; ;~ 4V $, A} Bg $9 $k $3 $H $, J, $+ $C $? !# $h $C $F !" 9b @: EY $N 6a ;w :G E, 2r $r 5a $a $k $3 $H $O 8= CJ 3, $G $O :$ Fq $G $" $k !# $= $l $f $( !" 9b @: EY $N 6a ;w :G E, 2r $r 5a $a $J $/ $H $b !" >e 3& !" 2< 3& $J $I $N @0 ?t CM $, 5a $a $i $l $l $P == J, $J AH 9g $; :G E, 2= Ld Bj $X $N 1~ MQ $J $I $K !" SDP A-CG $O M- 8z $G $" $k $H ;W $o $l $k !# <U <- K\ 8& 5f $N 0l It $O !" E} 7W ?t M} 8& 5f =j 6& F1 8& 5f (9- 6& 8& B-2) !" F1 (9- 6& 2q -2) !" F1 (9- 6& 2q -3) $K 4p $E $$ $F 9T $o $l $? !# $3 $3 $K !" 6& F1 8& 5f $H 8& 5f 2q $N %a %s %P !< $K 2C $( $F 2< $5 $C $? ED JU T" ;N 65 <x !" ?e Ln ?? <# =u 65 <x !" EZ C+ N4 =u 65 <x $K 46 <U $N 0U $r I= $7 $^ $9 !# ;2 9M J8 8% [1] F. Alizadeh, J.-P .A. Haeb erly , M.V. Na y akk ankuppam, M.L. Overton and S. Sc hmieta, \SDPpac k { User’s Guide {," Comp. Sci. Dept., New Y ork Universit y , New Y ork, June 1997. Av ailable at h ttp://cs.n yu.edu/cs/facult y/o v erton/sdppac k/sdppac k.h tml. [2] B. Borc hers, \CSDP , a C library for semide�nite programming," De- partmen t of Mathematics, New Mexico Institute of Mining and T ec hnol- ogy , 801 Lero y Place So corro, New Mexico 87801, Marc h 1997. Av ailable at h ttp://www.nm t.edu/~b orc hers/csdp.h tml. [3] K. F ujisa w a, M. F ukuda, M. Ko jima and K. Nak ata, \Numerical Ev aluation of SDP A(SemiDe�nite Programming Algorithm)," Researc h Rep ort B-330, Dept. of 21

Mathematical and Computing Sciences, T oky o Institute of T ec hnology , Oh-Ok a y ama, Meguro, T oky o 152, Japan, Marc h 1997. [4] K. F ujisa w a, M. Ko jima and K. Nak ata, \SDP A(Semide�nite Programming Algo- rithm) { User’s Man ual {," T ec hnical Rep ort B-308, Departmen t of Mathematical and Computing Sciences, T oky o Institute of T ec hnology , Oh-Ok a y ama, Meguro, T oky o 152, Japan, Decem b er 1995, Revised August 1996. Av ailable at ftp://ftp.is.titech.ac.jp/pub/OpRes/soft w are/SDP A. [5] K. F ujisa w a, M. Ko jima and K. Nak ata, \Exploiting Sparsit y in Primal-Dual Interior- P oin t Metho ds for Semide�nite Programming," Mathematic al Pr o gr amming 79 (1997) 235{253. [6] G. H. Goulb and C. F. V an Loan, Matrix Computations, (The John Hopkins Universit y Press, Baltimore, Maryland, 1983). [7] C. Helm b erg, F. Rendl, R.J. V anderb ei and H. W olk o wicz, \An in terior-p oin t metho d for semide�nite programming," SIAM Journal on Optimization 6 (1996) 342{361. [8] M. Hestenes and E. Stiefel, \Metho eds of Conjugate Gradien ts for Solving Linear Systems," J. R es. Nat. Bur. Standar ds , 49 (1952) 409-436. [9] M. Ko jima, M. Shida and S. Shindoh, \Searc h directions in the SDP and the monotone SDLCP: generalization and inexact computation," Researc h Rep ort B-327, Dept. of Mathematical and Computing Sciences, T oky o Institute of T ec hnology , Oh-Ok a y ama, Meguro, T oky o 152, Japan, Marc h 1997. [10] M. Ko jima, S. Shindoh and S. Hara, \In terior-p oin t metho ds for the monotone semide�nite linear complemen tarit y problems," SIAM Journal on Optimization 7 (1997) 86{125. [11] C.-J. Lin and R. Saigal, \Semide�nite Programming and the Quadratic Assignmen t Problem," 16th In ternational Symp osium on Mathematical Programming, Lausanne, Switzerland, August 1997. [12] C.-J. Lin and R. Saigal, \On solving large-scale semide�nite programming problems { a case study of quadratic assiginmen t problem," Dept. of Industrial and Op erations Engineering, Universit y of Mic higan, Ann Arb or, MI 48109, 1998. [13] R.D.C. Mon teiro, \Primal-Dual P ath F ollo wing Algorithms for Semide�nite Program- ming," SIAM Journal on Optimization 7 (1997) 663{678 [14] R. Mon teiro and P . Zhang, \A uni�ed analysis for a class of path-follo wing primal-dual in terior-p oin t algorithms for semide�nite programming," T ec hnical rep ort, Sc ho ol of Industrial and Systems Engineering Georgia T ec h. USA, 1996. 22

[15] Y u.E. Nestero v and M.J. T o dd, \Self-Scaled Cones and In terior-P oin t Metho ds in Nonlinear Programming," W orking P ap er, CORE, Catholic Univ ersit y of Louv ain, Louv ain-la-Neuv e, Belgium, April 1994, to app ear in Mathematics of Op er ations R e- se ar ch . [16] Y u.E. Nesterov and M.J. T o dd, \Primal-dual in terior-p oin t metho ds for self-scaled cones," T ec hnical Rep ort 1125, School of Op erations Research and Industrial Engi- neering, Cornell Univ ersit y , Ithaca, New Y ork 14853-3801, USA, 1995. [17] F.A. Potra, R. Sheng and N. Brixius, \SDPHA { a MA TLAB implementation of homogeneous in terior-p oin t algorithms for semide�nite programming," Departmen t of Mathematics, Univ ersit y of Io w a, Io w a Cit y , IA 52242, April 1997. Av ailable at http://www.math.uio w a.edu/ ~ rsheng/SDPHA/sdpha.h tml. [18] M. T o dd, \On searc h directions in in terior-p oin t metho ds for semide�nite program- ming," T ec hnical Rep ort No.1205, Sc ho ol of Op erations Researc h and Industrial En- gineering, Cornell Univ ersit y , Ithaca, NY 14853-3801, Octob er 1997. [19] M.J. T o dd, K.C. T oh and R.H. T � ut � unc � u, \On the Nestero v-T o dd direction in semidef- inite programming," T ec hnical Rep ort, Sc ho ol of Op erations Researc h and Industrial Engineering, Cornell Univ ersit y , Ithaca, New Y ork 14853-3801, USA, March 1996, Revised May 1996. [20] Q. Zhao, S.E. Karisc h, F. Rendl and H. W olk o wicz, \Semide�nite programming relax- ations for the quadratic assignmen t problem," CORR Rep ort 95-27, Departmen t of Com binatorics and Optimization, Univ ersit y of W aterlo o, W aterlo o, On tario, Canada, Septem b er 1996. 23