Globus $rMQ$$$? Grid >e$G$NJBNs?tCM=hM}$H$=$N@-G=I>2A Ip ED 7C ;K y @> ED 98 yy >. Lx 5A IW yy 6a G/ , 9- 0h $K J,;6 $5 $l $? @$ 3&Cf $N >p Js ;q 8; $rE} 0l E* $K 07 $& Grid $H 8F$P $l $k 5; =Q $,@9 $s $K 8& 5f $5 $l , 3+ H/ $, ?J $a $i $l $F $$ $k . K\ 8& 5f $G $O , LAN >e $N PC %/ %i %9 %? $r Grid $K 8+ N) $F , %0 %m!< %P %k %3 %s %T%e!< %F%# %s %0 $N %= %U %H %&%’ %" %$ %s%U %i %9 %H %i %/ %A%c $K I, MW $H $5 $l $k MM!9$J MW AG 5; =Q $r Ds 6! $9 $k %D!< %k 72 $G$" $k Globus to olkit $r %/%i %9 %?>e $K <BAu $7 $? . <B83 $G $O Globus $r MQ$$ $F <B Au$5 $l $? MPICH $N 3H D%$G $" $k MPICH-G2 $r;HMQ $7$F Linpac k %Y%s%A %^!<%/%F %9%H $r9T$$ , Grid >e$G$N JBNs7W ;;$K $*$1$k @-G= $r , Globus >e$K <BAu$5 $l;q8;4I M}5!G=$r Hw$($? MPICH-G2 $HDL >o$N MPICH $NJ#?t$N %M%C%H%o!< %/>e$G $NHf 3S$K$h $jI>2A$7 $? . <B83$+$i , ==J, $JDL?.BS 0hI}$N $"$k4D6- $G$O , N><T$O$[ $\F1Ey$J @-G=$r <($9$3$H $, J,$+$C$? . P arallel Numerical Computing on the Grid using the Globus T o olkit and its P erformance Ev aluation Y asushi T aked a, y Akira Nishid a yy and Yoshio O y ana gi yy In recen t y ears, the Grid tec hnology , whic h uses collections of geographically distributed information resources in the w orld, is activ ely studied and dev elop ed. In this study , w e ha v e regarded a PC cluster on a lo cal area net w ork as a Grid en vironmen t, and implemen ted the Globus T o olkit on the cluster. The Globus T o olkit pro vides v arious elemen ts of tec hnologies for building soft w are infrastructure for global computing. In a set of exp erimen ts, w e ha v e ev aluated the net w ork p erformance of a message passing library MPICH and the MPICH-G2, a resource managemen t enabled implemen tation of the MPICH on the Globus T o olkit, b y measuring the p erformance of the Linpac k b enc hmark tests on t w o net w orks. The t w o imple- men tations of MPI ha v e sho wn almost the same p erformance on the higher sp eed net w ork. 1. $O $8 $a $K 6a G/ , 9- 0h $K J, ;6 $5 $l$? @$ 3& Cf $N >pJs ;q 8; $r E} 0l E*$K 07$& Grid 1) $H 8F$P $l$k5; =Q$, 9qFb30 $K$* $$$F@9 $s$K 8& 5f$5$l , 3+H/$,?J $a$i $l$F$$ $k . Grid 5;=Q$O 7W;;5! $r;H MQ $9 $k $? $a $N ?7 $7 $$ 35 G0 $G $" $j , EE NO LV $r <( $9 \Grid" $H$$$&8@MU$KI=$o$5$l$k$h$&$K , A}Bg$9$k7W;;5!;q8;$K , E} 0l E* $K , $^ $? 3N<B $+ $D 0B 2A $K %" %/ %; %9 $G $- $k $h $&$K $9 $k $3$H $rL\ I8 $H$7 $F $$$k . %0 %m!< %P%k %3 %s%T%e!< %F%#%s %0 $O , $3 $l $i $N @$3& Cf $K J, ;6 $7 $? 0[ 5! <o 7W ;; 5! 4D 6-$r 2> A[ E* $J 0l $D $N 9b @-G= 7W ;; 5! $H 8+ N) $F , J, ;6 JB Ns 7W ;;$r 9T $& $?$a $N5; =Q $G$" $k . %$ %s%?!< %M%C %H$J $I $N%M%C %H%o!< %/ >e $K @\ B3 $5 $l $F$$ $k 7W ;; 5! $O , $= $N ;q 8; $r >o $K 40A4 $K Mx MQ$7 $F$$ $k $o$1 $G $O$J $$ . %0 %m!<%P %k %3%s %T%e!<%F%# %s %0 $N 35 G0 $O , J,;6 $7 $? M7 5Y >u BV $N 7W ;; 5! ;q 8; $r MxMQ $9 $k $3 $H $G , 7W ;; $K I, MW $H $5 $l $k ;~ 4V , %3 %9 %H $r :o 8: $9 $k y %I%3%b!&%7%9%F%‘%:3t<02q<R DoCoMo Systems, Inc. yy El5~Bg3XBg3X1!>pJsM}9)3X7O8&5f2J%3%s%T%e!<%?2J3X@l96 Departmen t of Computer Science, the Univ ersit y of T oky o $3$H$rL\E*$H$7$F@8$^$l$?$b$N$G$"$k . %0 %m!< %P %k %3 %s %T%e!< %F%# %s %0 $K 4X $7 $F $O , 8= :_ MM!9 $J %W %m %8%’ %/ %H $, ?J $a $i $l $F $$ $k $, , $3 $N $& $A :G $b M- L> $J $b $N $H $7 $F , Globus %W %m %8%’ %/ %H 2) $r 5s $2 $k $3 $H $, $G $- $k . Globus %W %m %8%’ %/ %H $G $O , %0 %m!< %P %k %3 %s %T%e!<%F%# %s %0$r <B 8=$9 $k $?$a $K I,MW $H$5 $l $k Globus T o olkit $H 8F $P $l $k %= %U %H %&%’ %" %D!< %k $r 3+ H/ $7 $F $* $j , Grid >e $N %5!< %S %9 $r Ds 6! $9 $k $? $a $N I8 =‘ E* $J %_ %I %k %&%’ %" $H $J $j $D $D $" $k . $^ $? , AB N3 EY $J J, ;6 JB Ns 7W ;; $rL\E*$H$7$? Ninf 13) $d Netsolv e 14) $J$I , B?$/$N%W%m %8%’%/%H$G8&5f$,?J$a$i$l$F$$$k . K\ 8& 5f $G $O , 9- 0h 7W ;; 4D 6- $K $* $$ $F %M%C %H %o!< %/ BS 0h I} $, 7W ;; @- G= $K M? $( $k 1F 6A $r D4 $Y $k $? $a , 2> A[ E* $J Grid 4D6- $H $7 $F F ast Ethernet, Gigabit Ethernet $N 2 <o N‘ $N %M%C %H %o!< %/ $G @\ B3 $5 $l $? PC %/ %i %9 %? $r 9= C[ $7 , 4p K\ E* $J %M%C %H %o!< %/ @- G= $r I> 2A $7 $? . $5 $i $K , %a%C %;!< %8 DL ?. %$ %s %? %U%’!< %9 $N <B <A E* $J I8 =‘ 5, 3J $G $"$k MPI 3) $r;H MQ$7 , Argonne 9qN)8& 5f=j$K $h$C$F3+ H/ $5 $l $? MPI <B Au $N 0l $D $G $" $k MPICH 4) $H , $= $N Globus 4D 6- $X $N 3H D% $G $" $k MPICH-G2 6) $r MQ $$ $F , D> @\ K! $K $h $k O" N) 0l <! J} Dx <0 $N 5a 2r %i %$ %V %i %j $G $" $k

Linpac k $N JB Ns 7W ;; @- G= $K 4X $9 $k I> 2A $r 9T $$ , Grid >e $G$N:YN3EY$JJBNs7W;;$N2DG=@-$r8!F$$7$? . 2. Grid 5;=Q 2.1 Globus T o olkit Globus T o olkit $O , %;%-%e %j %F%# , ;q 8;G[ CV , ;q8; 4I M} , DL ?. $J $I $N 4p K\ E* $J Grid %5!< %S %9 $r <B Au $7 $? 0l O" $N %3 %s %]!< %M %s %H $K $h $j 9= @. $5 $l $F $$ $k . $3 $3 $G $O Globus T o olkit $N 35 MW $K $D $$ $F =R $Y $k $H $H $b $K , <g $J %5!<%S%9$K$D$$$F@bL@$9$k . 9- HO 0O $N %" %W %j %1!< %7%g %s $d %W %m %0 %i %_ %s %0 %b %G %k $r %5 %]!< %H $9 $k $? $a , Globus T o olkit $G $O , 3+ H/ %" %W %j %1!< %7%g %s $N $? $a $K 8z 2L E* $J %5!< %S %9 $r A* Br 2D G= $J \bag of services" %b %G %k $K 4p $E $$ $F :n @. $5 $l $F $$ $k . bag of services %"%W%m!<%A$G$O , Globus T o olkit $HB> $N 5; =Q $r AH $_ 9g $o $; $k $3 $H $K $h $j , Grid $N 9b EY $J G= NO $r 3h MQ $9 $k %" %W %j %1!< %7%g %s $d , FH <+ $N Grid 4p HW $N :n @. $r MF 0W $K $9 $k . Globus T o olkit $, Ds 6! $9 $k $3 $N $h $& $J 4p K\ E* $J %5!< %S %9 $r ;H $& $3 $H $K $h $j , <! @a $G =R $Y $k MPICH-G2 $N $h $&$J , $h $j %l %Y %k $N 9b $$ %D!< %k $r 3+ H/ $9$k $3 $H $, $G $- $k . I= 1 $K Globus $N<g MW $J %5!< %S %9 $r <($9 . Metacomputing Directory Service (MDS) Grid $G $O IT 6Q <A $J J, ;6 4D 6- $N $b $H $G ;q 8; $N >u BV $, F0 E*$KJQ2=$9$k$?$a , to olkit %3%s%]!<%M%s%H , %W%m%0%i%_ %s %0 %D!< %k , %" %W %j %1!< %7%g %s $N $= $l $> $l $, , %7 %9 %F %‘ 9=B$$H>uBV$NJQ2=$K1~$8$F$=$N5sF0$r E,1~$5$;$kI,MW$, $" $k . Globus MDS $O , Globus Grid 4p HW $N >u BV $K 4X $9 $k E} 9g $5 $l $? >p Js %5!< %S %9 $r Ds 6! $9 $k $3 $H $K$h $j , $3 $N $h $& $J E, 1~ $r 2D G= $K $9 $k $h $& @_ 7W $5 $l $F $$ $k . MDS $K $h $j , %"!< %- %F %/ %A%c %? %$ %W , %* %Z %l!< %F%# %s %0 %7 %9 %F%‘ , %a%b%j , %M%C%H%o!<%/BS0hI}$HDL ?.CY1d , MxMQ2DG= $J DL ?. %W %m %H %3 %k , IP %" %I %l %9 $H %M%C %H %o!< %/ 5; =Q $N %^%C %T %s %0 $J $I $N >p Js $, Ds 6! $5 $l $k . MDS $O , 6q BN E* $K$O Grid $N9= B$ $H >u BV $K 4X $9 $k >p Js $r H/ 8+ , 8x3+ $7 , $^ $? $3$l $i $K %" %/%; %9 $9 $k$? $a $N %D!<%k 5Z $S API 72$G $" $k . MDS %5!< %S %9 $O Ligh t w eigh t Directory Access Proto col (LD AP) $K 4p $E $$ $F $* $j , Grid %3 %s %]!< %M %s %H $K 4X $9 $k >p Js $K $D $$ $F , E} 0l E* $G 3H D% @- $N $" $k I= 8= $r Ds 6! $9 $k . LD AP MDS $G $O 3, AX E* $J LZ 9= B$ 7A <0 $G >p Js $r J] ;} $9 $k . $= $l $> $l $N ;q 8; L> $O , OSName, resourceName $J $I B? $/ $N B0@- $r ;} $A , globus-setup %3%^%s%I$K$h$jJQ992DG=$G$"$k . dn: hn=out0.is.s.u-toky o.ac.jp, dc=is, dc=s, dc=u-tokyo, dc=ac, dc=jp, o=Grid dn: nin=eth0, hn=out1.is.s.u-toky o.ac.jp, dc=is, dc=u-tokyo, dc=ac, dc=jp, o=Grid dn: nin=eth1, hn=out2.is.s.u-toky o.ac.jp, dc=is, dc=u-tokyo, dc=ac, dc=jp, o=Grid I= 2 LDAP MDS $K$h$k;q8;L>$N3dEvNc Globus $G $O , MDS $H $7 $F Grid Resource Informa- tion Service (GRIS), Grid Index Information Ser- vice (GI IS) $N 2 <o N‘ $N %5!< %S %9 $, <B Au $5 $l $F $$ $k . GRIS $O , FCDj $N ;q 8; $K 4X $9 $k Ld $$ 9g $o $; $r , %0%j%C %I ;q 8;>e$N Globus %5!<%S%9$N0lIt $H$7$F<B Au$5$l$F $$$k>p Js%W%m%P%$%@$KE>Aw$9$k$3$H$K$h$j1~Ez$9$k$? $a$NJ,;6 >p Js %5!< %S %9 $G $" $k . GRIS %5!< %S %9 $G $O , %[ %9 %H $N 0l 0U @-$d CPU $N Mx MQ >u 67 $J$I $N >p Js $rDs 6! $9 $k . GRIS $O , Globus T o olkit $, %$ %s %9 %H!< %k $5 $l $k %[ %9 %H $K $O $9 $Y $F<B Au $5 $l $k . 0lJ} , GI IS $O , Globus %0 %j%C %I $r 9=@.$9$k$9$Y$F$N;q8;$K4X$9$k>pJs$rDs6!$9$k Cf1{=8Cf 7? $N MDS %5!< %P $G $" $k . %G %U%) %k %H $G $O $3 $N %5!< %S %9 $O@_ Dj$5 $l $J$$ $, , %5%$ %H Fb$N GI IS 8~ $1$K %[ %9%H $H %]!<%H$K4X$9$k>pJs$rDj5A$9$k$3$H$,$G$-$k . Grid Securit y Infrastructure (GSI) GSI $O 8x 3+ 80 0E 9f $K 4p $E $$ $F G’ >Z $r Ds 6! $9 $k . %f!< %6$O , Globus Grid $KG’>Z$5 $l$? ;~E@ $G $9$Y $F$N ;q8; $K BP $7 $F 4I M} <T8" 8B $r IU M? $5 $l , $3 $l $i $N ;q 8; $rMx MQ $G $- $k $h $& $K $J $k . $3 $N G’ >Z %7 %9 %F %‘ $G $O , Secure So c k ets La y er (SSL) $N <B Au $K 4p $E $$ $? General Securit y Ser- vice API $r ;H MQ $7 $F $$ $k . 0E 9f 2= $K $O RSA %" %k %4 %j %: %‘ $r :N MQ $7 $F $* $j , 8x 3+ 80 , Hk L) 80 $N AP J} $, Mx MQ $5 $l $k . Generic Securit y Service API $G $O , X.509 G’ >Z %W %m %; %9 $,Mx MQ $5 $l $k . %f!< %6 $O , X.509 >Z L@ =q $r %[!< %‘ %G%# %l %/ %H %j $K CV $/ $3 $H $K $h $j , %7 %9 %F %‘ >e $G G’ >Z $r 9T $& $3 $H $, $G $- $k . X.509 >Z L@ =q $K $O , 5v 2D $N M- 8z 4| 4V , RSA 8x 3+ 80 , 5Z $S G’ >Z 5! 4X (Certi�cate Authorit y , CA) $N=pL>$K 4X $9$k >pJs $,4^ $^$l $F $*$j , CA $N$_$, >Z L@ =q $r H/ 9T $9 $k $3 $H $, $G $- $k . Globus Grid $N 4I M} <T $O , Globus %^%C %W %U%! %$ %k $H 8F $P $l $k %( %s %H %j %^%C %W $rJ] ;}$9$k . %(%s%H %j%^%C %W$O Globus $N;q 8;L>$r %m!< %+%k$J%f!<%6L>$K%^%C%W$9$k . \/O=Grid/O=Globus/OU=is.s.u-tokyo.ac.jp /CN=T AKED A Y asushi" ytak eda \/O=Grid/O=Globus/OU=is.s.u-tokyo.ac.jp /CN=familyname �rstname" fo o . . . I= 3 Globus %^%C%W%U%!%$%k$NNc Globus $G $O , %j %b!< %H $N 7W ;; ;q 8; $X $N 4J C1 $J %" %/ %; %9 $r <B 8= $9 $k $? $a , single sign-on $K $h $k G’ >Z $N $_ $N 1? MQ 7A BV $r :N MQ $7 $F $$ $k . $^ $? K! E* $J @) Ls $r Hr $1 $k $? $a , DL?.FbMF$N0E9f2=$O9T$C$F$$$J$$ !y . !y <B :] $K $O IPSec Ey $H J; MQ $7 $F 0E 9f 2= $9 $k $3 $H $, 2D G= $G $" $k $, , $= $N>l 9g $O0E 9f 2= $K$h $k %*!<%P %X%C %I$r 9M N8 $9$k I, MW$, $" $k 10) . $3 $3 $G$O DL >o $N 7A BV$r 2> Dj $7 , 0E 9f 2= $r9T $o $J $$ $b $N$H $7 $F I> 2A $r9T$C$? .

%5!<%S%9 L>>N 5!G= ;q8;4IM} GRAM ;q8;3dEv$H%W%m%;%94IM} DL?. Nexus unicast, m ulticast DL?.%5!<%S%9 >pJs MDS Grid $N9=@. , >uBV$K4X$9$k>pJs$X$NJ,;6%"%/%;%9 %;%-%e%j%F%# GSI G’>Z$J$I$N%;%-%e%j%F%#%5!<%S%9 >uBV4IM} HBM %7%9%F%‘$N>uBV4IM} %j%b!<%H%G!<%?%"%/%;%9 GASS %$%s%?!<%U%’%$%97PM3$G$N%j%b!<%H%"%/%;%9 <B9T4IM} GEM <B9T%U%!%$%k$N9=C[ , %-%c%C%7%s%05Z$SG[CV I= 1 Globus $N<g$J%5!<%S%9 Globus Resource Allo cation Maneger (GRAM) GRAM $O , ;q 8; 3d Ev , %W %m %; %9 @8 @. , >u BV 4F ;k , 5Z $S 4I M}%5!< %S %9 $rDs 6! $9 $k . GRAM $KBP $9 $k%5!< %S %9 MW 5a $O , %8%g %V 5Z $S %8%g %V <B 9T $K I, MW $J ;q 8; $r 5- =R $9 $k $? $a $N 8@ 8l $G $" $k Resource Sp eci�cation Language (RSL) $K$h$C$F9T$o$l , %m!<%+%k $J%9%1%8%e!<%i$H7W;; 5! $KBP $9 $k %3%^ %s %I $K%^%C %W $5$l $k . GRAM $X $N %f!< %6 %$ %s %? %U%’!< %9 $O , gatek eep er $H 8F $P $l $k %G!< %b %s %W %m%; %9 $G$" $k . GRAM $K BP$9 $k %5!<%S %9 MW 5a$K BP $7 $F , gatek eep er $O GSI 7PM3$G%/%i%$%" %s%H$H$NAj8_G’ >Z $r 9T $$ , jobmanager $r 5/ F0 $7 $F MW 5a $5 $l $? %5!< %S %9 $r<B9T$9$k . 2.2 MPICH MPICH 4) $O , %a%C %;!< %8 DL ?. %$ %s %? %U%’!< %9 $N ;v <B>e$NI8=‘$G$"$k MPI (The Message P assing In ter- face) 3) $N Argonne 9q N) 8& 5f =j $K $h $k LO HO <B Au $G $" $j , %W %m %; %9 4V DL ?. $r 5- =R $9 $k $? $a $N %]!< %? %V %k $J %^ %/ %m 5Z $S %5 %V %k!< %A %s %i %$ %V %i %j $G $" $k p4 (P ortable Programs for P arallel Pro cessors) 5) $r %Y!< %9 $H $7 $F 9=C[ $5 $l $F $$ $k . $7$+ $7 $J $, $i , Dc%l %Y %k $J DL ?. $K 4X $9 $k 4X ?t$r Dj 5A$9 $kCj >] %G%P %$ %9%$ %s %?%U%’!< %9 (abstract device in terface, ADI) $rMQ$$ $F$*$j , 0[ $J$C$?J} <0$G DL ?. $r <B Au $9 $k $3 $H $b 2D G= $G $" $k . $3 $N 2< $K , %W %m %;%C %54V$N%G!<%?$N0\F0$r4IM}$9$k%A%c%M%k %G%P%$%9$,Dj5A $5 $l $k . ?^ 1 $K MPICH $N <B Au $r <( $9 . 0J 2< $G $O , p4 %Y!<%9$N%i%$%V%i%j$r MPICH $H8F$V$3$H$K$9$k . ?^ 1 MPICH $N<BAu 2.3 MPICH-G2 MPICH-G2 7) $O , Globus >e $N DL ?. %i %$ %V %i %j $G $" $k Nexus 8) $r MQ$$$F MPI $r<BAu $7$? MPICH $N 3HD% $G $" $k 9) . Nexus $O , 0[ 5!<o $N 7W ;; 5!$N 4V $G 8r$o $5 $l $k %a%C %;!< %8 Cf $N %G!< %? $r JQ 49 $7 , %^ %7 %s 4V $N %a%C %;!< %8 8r49 $K $O TCP $r , $^ $? %^%7 %sFb $N %a%C%;!< %88r 49$K $O %9%l%C%I$^$? $O%Y%s%@Ds6! $N MPI $r<+F0E* $KA*Br$9$k $3 $H $K $h $j , 9b B. $J %^ %k %A %W %m %H %3 %k DL ?. $r <B 8= $9 $k . 0J 2< $K MPICH-G2 $K $h $j 9= @. $5 $l $k 7W ;; %0 %j%C %I 4D 6-$N35G0?^$r<($9 . ?^ 2 MPICH-G2 $K$h$j9=@.$5$l$k%0%j%C%I4D6- MPICH-G2 $K $h $k <B 9T %W %m %; %9 $O 0J 2< $N DL $j $G $" $k . $^ $: , mpirun %3 %^ %s %I $, %" %W %j %1!< %7%g %s $r 5/ F0 $9 $k $? $a $K ;H MQ $5 $l $k . %" %W %j %1!< %7%g %s $r 5/ F0 $9 $k $K$O , 1) RSL %9%/%j%W%H$r5-=R$7 , mpirun $KD>@\$=$l $r EO $9 J} K! $H , 2) MPICH <B 9T ;~ $H F1 MM $N 0z ?t $r MQ $$ $F mpirun $r ;H MQ $9 $k J} K! $N 2 <o N‘ $, $" $k . 8e <T $N >l 9g , RSL %9 %/ %j %W %H $O <+ F0 E* $K @8 @. $5 $l $k . $$ $: $l $N >l 9g $b , RSL %9 %/ %j %W %H $r globusrun $K EO $9 $3 $H $K $h $j MPICH-G2 %8%g %V $, 5/ F0 $5 $l $k . MPI Init $O , Dynamically-Up dated Request Online Coallo cator (DUR OC) $rMQ$$$?%P %j%" $K$h $j , $9$Y$F$N %^%7 %s$G%W %m%;%9$,%m!<%I$5$l , <B9T$r3+;O$9$k$^$GBT5!$9$k . 3. @- G= I> 2A K\ 8& 5f $G $O , Globus T o olkit 5Z $S MPICH-G2 $r %m!<%+%k%M%C%H%o!<%/>e$N PC %/%i%9%?$K<BAu$7 , JBNs HG Linpac k %Y%s%A%^!<%/%i%$%V%i%j$G$"$k HPL 12) $r MQ$$$F MPICH, MPICH-G2 $N@-G=Hf3S$r9T$C$? . 3.1 <B 9T 4D 6- <B83 $G ;H MQ $7 $? %/ %i %9 %? %7 %9 %F %‘ $N %O!< %I %&%’ %" 9= @. , 5Z$S%=%U%H%&%’%"72$O<!$NDL$j$G$"$k .

� %O!<%I%&%’%" { CPU : 4 � dual In tel Xeon Pro cessor 2GHz { <g 5- 21 : 4 � 1GB (256MB � 4) PC800 RDRAM (Ram bus) { i860 c hipset { 3Com 3C920 (10/100BASE-T) { Broadcom Gigabit Ethernet (1000BASE- T) � %=%U%H%&%’%" { OS : Red Hat Lin ux 7.1.2 (Kernel 2.4.7) { C %3%s%Q%$%i : gcc v ersion 2.96 { MPI : MPICH 1.2.2.3 (MPICH-G2 $r4^ $‘ ) { BLAS : A TLAS (V ersion 3.2.1) { Globus T o olkit V ersion 1.1.4 BLAS (Basic Linear Algebra Subprograms) $O , %Y %/ %H %k , 9T Ns 1i ;; $N $? $a $N 9b @- G= $J \building blo c k" %k!<%A%s $G$"$k . Lev el 1 BLAS $G $O%Y%/%H %k - %Y%/ %H %k1i;; , Lev el 2 $G$O9TNs - %Y%/%H%k1i;; , $^$? Lev el 3 $G$O 9T Ns - 9TNs 1i ;; $, <B Au $5 $l $k . A TLAS (Automati- callly T uned Linear Algebra Soft w are) 11) $O , J#?t $N %a%b%j3,AX$H%Q%$%W%i%$%s2=$5$l$? 1i;;%f%K%C%H$r;}$D %W%m %;%C%5 8~$1 $K , :G E,2= $5$l $? BLAS $N C, F ortran 77 %$%s%?%U%’!<%9 $r@8@.$9$k . <B83$G$O , gcc $G%3%s %Q %$%k$7$? A TLAS $r HPL $GMQ$$$? . 3.2 M= Hw <B 83 $^ $: , %M%C %H %o!< %/ >e $G $N %O!< %I %&%’ %" $N @- G= $r D4 $Y $k $? $a , @- G= I> 2A %D!< %k mpptest $K $h $j MPICH $H MPICH-G2 $N%M%C%H%o!<%/@-G=$rI>2A$7$? . ?^ 3, ?^ 4 $K , F ast Ethernet (100BASE-T) 5Z $S Gigabit Ethernet (10000BASE-T) >e$G$N %N %s%V %m%C %-%s%0DL ?.@-G= $r<( $9 . 100BASE-T >e$G$ODL ?.B.EY $, CY$$$?$a , Nexus $NMxMQ$K$h$k DL?.1dCY $N1F6A$O>. $5$$ $, , 1000BASE-T %M%C %H %o!< %/ >e $G $O Aj BP E* $J @- G= :9 $,Bg$-$/$J$C$F$$$k$3$H$,J,$+$k . ?^ 3 100BASE-T %M%C%H%o!<%/>e$G$N%N%s%V%m%C%-%s%0DL?.@-G= 3.3 Linpac k Linpac k $O , BLAS $r MQ $$ $? D> @\ K! $K $h $k O" N) 0l <! ?^ 4 1000BASE-T %M%C%H%o!<%/>e$G$N%N%s%V%m%C%-%s%0DL?.@-G= J} Dx <0 7W ;; $N%i %$ %V %i %j $G $" $j , @- G= I> 2A $N $?$a $N %F %9 %H %Y %s %A %^!< %/ $H $7 $F :G $b 9- $/ MQ $$ $i $l $F $$ $k . HPL $O , MPI $G=q $+$l $? J, ;6 %a%b %j 7? JB Ns7W ;; 5! 8~$1 $N %]!< %?%V%k $J Linpac k %Y%s%A %^!<%/ <BAu $G $"$j , J,;6%a %b%j 7?7W;;5!>e$G n <!85$NL)$JG\@:EYMp?t78?t@~7A7O Ax = b (1) $r2r$/ . Linpac k $G $O , %5 %$ %: n � ( n + 1) $N 78 ?t 9T Ns [ Ab ] = [[ L; U ] y ] $K BP $7 $F 9T It J, ?u <4 A* Br $r MQ $$ $? LU J, 2r $r 9T $& $3 $H $K $h $j , @~ 7A 7O $r 2r $/ . J, 2r $N 2a Dx $G L $, b $KE,MQ$5$l$k$N$G , 2r x $O>e;03Q7O U x = y (2) $r8eB‘K!$G2r$/$3$H$K$h$j5a$a$i$l$k . JBNs7W;;5!>e$G$N%G!<%?$N%V %m!<%I%-%c%9%H$K$OB?$/ $N <j K! $, 9M $( $i $l $k $, , HPL $G $O 6 $D $N %" %k %4 %j %: %‘ $, MQ 0U $5 $l $F $$ $k . MPICH, MPICH-G2 >e $G $= $l $> $l :G Bg @- G= $, F@ $i $l $? increasing-ring %" %k %4 %j %: %‘ , long %"%k%4%j%:%‘$NFbMF$O0J2<$NDL$j$G$"$k . � increasing-ring :G$b 8E E5 E*$J %" %k %4%j %: %‘ $G , %W %m %;%9 $O <! $N %W%m %;%9$K=g<!%a%C%;!<%8$rAw$k . � long $3$N %" %k %4%j %: %‘ $G$O , <B 9T$K MQ $$ $i$l $k A4 $F $N%W %m %; %9 $N 4V $G F1 4| $r <h $k . PxQ 8D $N It J, 9T Ns $H $7 $F J, 3d $5 $l $? %W %m %; %9 $K $* $$ $F , %a%C %;!< %8 $O Q 8D $N >. JR $K J, 3d $5 $l , $= $l $> $l Q 8D $N %W %m %; %9 $K Aw $i $l $k . J, 3d $5 $l $? %a%C %;!< %8 $O , NY @\ $9 $k %W %m %;%9F1;N$NDL?. $K$h$j , Q-1 %9 %F%C%W$r7P$F$9$Y $F $N%W %m%; %9 $KAw $i $l$k . >.JR$r J,3d Aw ?.$9 $k $3$H $G , 7W;;$NBT$A;~4V$r8:$i$9 . 3.4 I> 2A 7k 2L %M%C %H %o!< %/ %G %P %$ %9 $r L@ <( E* $K ;X Dj $9 $k >l 9g , MPICH $G $O P4 pro cgroup %U%! %$ %k $r , $^ $? MPICH- G2 $G$O Globus RSL %U%!%$%k$r:n@.$9$kI,MW$,$"$k . P4 pro cgroup %U%! %$ %k $G $O , %W %m %;%C %5 ?t , <B 9T %U%! %$ %k , 5Z $S ;H MQ $9 $k %M%C %H %o!< %/ %G %P %$ %9 $r ;X Dj $9 $k $3 $H$, $G$- $k . ?^ 5 $K pro cgroup %U%!%$ %k$N 5-=R Nc$r<(

$9 . # example of 4 pro cesses on 1000Base-T 192.168.0.1 1 /home/ytakeda/hpl/bin/xhpl 192.168.0.2 1 /home/ytakeda/hpl/bin/xhpl 192.168.0.3 1 /home/ytakeda/hpl/bin/xhpl 192.168.0.4 1 /home/ytakeda/hpl/bin/xhpl ?^ 5 MPICH-G2 >e$G 1000BASE-T %M%C%H%o!<%/$r;HMQ$9$k>l 9g$N P4 pro cgroup %U%!%$%k5-=RNc Globus RSL %U%! %$ %k$G $O , TCP %P%C %U%! %5%$ %:$r JQ 99 $9 $k $3 $H $, 2D G= $G $" $k . 1000BASE-T %M%C %H %o!< %/$r MxMQ$7$F %W%m%; %9$r5/ F0$9$k>l 9g$N RSL %U%!%$ %k $N5-=RNc$r?^ 6 $K<($9 . 0J 9_ $N <B 83 $G $O DL ?. %*!< %P!< %X%C %I $r M^ $( $k $? $a , TCP %P%C %U%! %5 %$ %: $r 256KB $K ;X Dj $7 $? $, , <B :] $K $O %G %U%) %k %H CM $N 32KB $H Hf 3S $7 $F Bg $- $J @- G= $N 2~ A1 $O8+$i$l$J$+$C$? . I= 4 $KLdBj%5%$%: 10000, %W%m%;%9 ?t 8 $G HPL $r<B9T $7 $? >l9g $N TCP %P%C%U%!%5 %$ %: $H @-G=$H$N4X78$r<($9 . bu�er size P erformance 4KB 7.191G ops 8KB 8.647G ops 16KB 9.152G ops 32KB 9.276G ops 64KB 9.257G ops 128KB 9.295G ops 256KB 9.303G ops I= 4 TCP %P%C%U%!%5%$%:$H@-G=$H$N4X78 (N=10000, np=8 $N >l9g ) HPL $G $O , F~ NO %G!< %? %U%! %$ %k HPL.dat $K $h$C $F %Q %i%a!< %?$r JQ 99$G $-$k $h $&$K $J$C$F $$ $k . F~NO %U%!%$ %k$K$O , LdBj$NBg$-$5 , %^%7%s9=@. , %"%k%4%j%:%‘$N>\:Y $K $D $$ $F $N >p Js $r5- =R $9 $k $3 $H $, $G $- , <B 9T 7A <0 $N%W %m %0 %i %‘ $K $h $j ;H MQ $5 $l $k , I= 5 $O np CM $K BP 1~ $9 $k P , Q $NCM$G$"$k !y . np 1 2 3 4 5 6 7 8 PxQ 1x1 1x2 1x3 2x2 1x5 2x3 1x7 2x4 I= 5 1 $+$i 8 $^$G$N np CM$KBP1~$9$k P , Q $NCM 100BASE-T %M%C%H%o!<%/>e$G$N@-G=Hf3S ?^ 7 $K , 1 $+$i 8 $^$G np CM$r JQ $( $? >l 9g $N MPICH, MPICH-G2 >e $G $N @- G= Hf 3S 7k 2L $r <( $9 . $3 $N 7k 2L $+ $i , $b$C $H $b 8z N( E* $J %W %m %;%C %5 ?t $O %M%C %H %o!< %/ @- G= $K $h$C $F 7h Dj $5 $l $k $H ?d B, $5 $l $k . ?^ 8 $O , 2000 $+ $i 20000 $^ $G Ld Bj %5 %$ %: N $r JQ $( $? >l 9g $N MPICH $H MPICH-G2 >e$G $N Hf 3S7k 2L $r <( $9 . 100BASE-T >e$G $O , MPICH-G2 $O MPICH $H Hf 3S $7 $F == J, $J @- G= $, F@$i$l$J$+$C$? . !y %Q %i%a!<%? $H<B 9T$5$l $k%" %k%4 %j%:%‘ $N>\ :Y$K $D$$$F $O 12) $r ;2 >H$5$l$?$$ . ?^ 7 N=10000 $N>l9g$N 100BASE-T %M%C%H%o!<%/>e$G$N@-G= ?^ 8 np=8 $N>l9g$N 100BASE-T %M%C%H%o!<%/>e$G$N@-G= 1000BASE-T %M%C%H%o!<%/>e$G$N@-G=Hf3S $3$3 $G , 1CPUx2 %N!<%I , 2CPUx1 %N!<%I $G <B 9T$7 $? >l9g$K$D$$$F , 1CPUx1 %N!<%I$r4p=‘ $H$7$?@- G=8~>eN( $rI= 6 $K<( $9 . $3$N 7k2L $+$i , F10l $N%N!< %I>e $G%P %9 $r 6& M- $9 $k $3 $H $K $h $j <c 43 DL ?. @- G= $, Dc 2< $9 $k $b $N $N , 2 $D$N%W%m%;%C%5$,8zN(E*$K;H$o$l$F$$$k$3$H$,J,$+$k . MPICH MPICH-G2 1CPU � 1no de 1.598G ops(100) 1.601G ops(100) 1CPU � 2no des 2.945G ops(184) 2.934G ops(183) 2CPUs � 1no de 2.843G ops(178) 2.821G ops(176) I= 6 1 %N!<%I>e$G 2 %W%m%;%C%5$rMQ$$$?>l9g$N@-G=8~>e ?^ 9 $K , 1 $+$i 8 $^$G np CM$rJQ$($? >l9g$N MPICH $H MPICH-G2 >e $G $N @- G= Hf 3S 7k 2L $r <( $9 . ?^ 10 $O , 2000 $+ $i 20000 $^ $G Ld Bj %5 %$ %: N $r JQ $( $? >l 9g $N Hf 3S 7k 2L $G $" $k . $3 $l $i $N 7k 2L $+ $i , N $, Bg $- $$ >l 9g $K $O , %" %k %4 %j %: %‘ $r D4 @0 $9 $k $3 $H $K $h$C $F MPICH $H MPICH-G2 $G$[ $\ F1 Ey$J @- G= $, F@ $i$l $k $3 $H $, J, $+$k . M= Hw <B 83 $G $O DL ?. CY 1d $K $h$C $F 1000BASE-T %M%C %H %o!< %/ >e $G $N MPICH-G2 $N @- G= $, Dc 2< $7 $F $$ $k $3 $H $+$i , N $N%5 %$%: $, >.$5 $$ >l 9g$K MPICH-G2 $N@-G= $, MPICH $h $j Dc 2< $7 $F $$ $k 86 0x $O , Nexus $K $h $k DL ?. CY 1d $K $" $k $H 9M $( $i $l $k . $9 $J $o $A , $3 $N $h $& $K %M%C %H

+ ( &(resourceManagerContact="out0.is.s.u-toky o.ac.jp") (coun t=1) (lab el="sub job 0") (en vironmen t=(GLOBUS DUROC SUBJOB INDEX 0) (MPICH GLOBUS2 TCP BUFFER SIZE 262144) (MPICH GLOBUS2 USE NETW ORK INTERF A CE 192.168.0.1)) (directory="/home/ytak eda/hpl/bin") (executable="/home/ytak eda/hpl/bin/xhpl") ) ( &(resourceManagerContact="out1.is.s.u-toky o.ac.jp") (coun t=1) (lab el="sub job 1") (en vironmen t=(GLOBUS DUROC SUBJOB INDEX 1) (MPICH GLOBUS2 TCP BUFFER SIZE 262144) (MPICH GLOBUS2 USE NETW ORK INTERF A CE 192.168.0.2)) (directory="/home/ytak eda/hpl/bin") (executable="/home/ytak eda/hpl/bin/xhpl") ) ?^ 6 MPICH-G2 >e$G 1000Base-T %M%C%H%o!<%/$rMxMQ$9$k>l9g$N Globus RSL %U%!%$%k5-=RNc %o!< %/ $N BS 0h I} $, == J, $K Bg $- $$ >l 9g $K $O , DL?. 2s ?t $r M^ $( $? %" %k %4 %j %: %‘ $r :N MQ $9 $k $3 $H $K $h $j , MPICH-G2 >e $G $b MPICH $N >l 9g $H F1 Ey $N @- G= $r <B 8= $G $- $k $b $N $H9M$($i$l$k . ?^ 9 N=10000 $N>l9g$N 1000BASE-T %M%C%H%o!<%/>e$G$N@-G= ?^ 10 np=8 $N>l9g$N 1000BASE-T %M%C%H%o!<%/>e$G$N@-G= 4. 7k O@ K\ 9F $G $O , Grid %5!< %S %9 $r Ds 6! $9 $k %D!< %k %-%C %H $G $" $k Globus $r MQ $$ $F , %/ %i %9 %? >e $K Globus T o okit 5Z$S Globus 8~$1 MPICH 3HD%$G$" $k MPICH-G2 $r <BAu $9 $k $3 $H $K $h $j , Grid >e$G $N JB Ns ?tCM =h M} $N 2D G= @- $K$D$$$F8!>Z$7$? . @- G= @- G= %D!< %k mpptest $K $h $j , DL ?. @- G= $r %F %9 %H $7 $?7k 2L , 100BASE-T %M%C%H %o!<%/ >e $G$N @- G=$H Hf3S $7 $F , 1000BASE-T %M%C%H %o!< %/ >e $G $O , %a%C%;!< %8 %5 %$ %:$,>.$5$$>l 9g$K MPICH $KBP$9$k MPICH-G2 $N@- G= Dc 2< $, $h $j 82 Cx $G $" $k $3 $H $, J, $+$C $? . $^$? , Linpac k %Y%s %A %^!< %/ $N JB Ns <B Au $G $" $k HPL $rMQ $$ $F MPICH $H MPICH-G2 $N @- G= $r Hf 3S $7 $? 7k 2L , 1000BASE-T %M%C%H %o!< %/ >e $G $O :G E, $J %Q %i %a!< %? $r A* $V $3 $H $K $h $j , MPICH $H MPICH-G2 $N @- G= $, $[ $\ F1 Ey $H $J $k $3 $H $, J, $+$C $? . $3 $l $O , MPICH-G2 >e $G :G E, $J long %" %k%4%j %:%‘$G$O MPICH $N>l9g $h$jDL?. 2s?t$,>/ $J$/ , %M%C%H%o!<%/CY1d$N1F6A$,>.$5$$$3$H$K$h$k$b$N $G$"$k $, , $3$N$3$H$O , ==J,$JDL?.BS0hI} $N$"$k4D6-$G $O , DL?. 2s ?t $r M^ $( $? %" %k %4 %j %: %‘ $r :N MQ$9 $k $3 $H $K $h $j , %M%C %H%o!<%/CY1d$N1F6A$r8z2LE*$K7Z8:$G$-$k$3$H $r<($7$F $$$k . :#2s$N<B83$O LAN >e$NM}A[E*$J4D 6-$G9T$C$?$b $N $G $" $j , W AN >e $K J, ;6 $7 $? 4D 6- $K $* $$ $F , 8= ;~ E@ $G $O$h $jBg $-$J DL ?.CY 1d$r A[Dj $7$J $1$l $P$J $i$J $$ . $7$+ $7 $J $, $i , K\ 8& 5f $N 7k 2L $O , 9- 0h 4D 6- >e $G $N :Y N3 EY $J 2J 3X 5; =Q 7W ;; $K$D $$ $F , $= $N 2D G= @- $r <( :6 $7 $F $$$k $b $N $H ;W$o$l$k . ;2 9M J8 8% 1) I. F oster and Carl Kesselman. The GRID: Blueprint for a New Computing Infr astructur e . Morgan Kaufmann Publishers, 1998. 2) The Globus Pr oje ct . h ttp://www.globus.org/. 3) Message P assing In terface F orum, MPI: A Message-Passing Interfac e Standar d , UT-CS-94- 230, Univ ersit y of T ennessee (1994).

4) W. Gropp, E. Lusk, N. Doss, and A. Skjellum. A high-p erformanc e, p ortable implementation of the MPI message p assing interfac e standar d . T ec hni- cal Rep ort ANL/MCS-TM-213, Argonne National Lab oratory (1996). 5) R. Butler and E. Lusk. Monitors, message, and clusters: The p4 p ar al lel pr o gr amming system . P ar- allel Computing, 20, pp. 547{564 (1994). 6) Ian F oster and Nic holas T. Karonis. A Grid- Enable d MPI: Message Passing in Heter o gene ous Distribute d Computing Systems , Pro c. 1998 SC Conference (1996). 7) MPICH-G2 . h ttp://www3.niu.edu/mpi/. 8) Ian F oster, Carl Kesselman and Stev en T uec k e. The Nexus Appr o ach to Inte gr ating Multithr e ading and Communic ation , Journal of P arallel and Dis- tributed Computing, 37(1), pp. 70{82 (1996). 9) Ian F oster, Jonathan Geisler, Carl Kesselman, and Stev en T uec k e. Managing Multiple Communic ation Metho ds in High-Performanc e Networke d Comput- ing Systems , Journal of P arallel and Distributed Computing, 40(1), pp. 35{48 (1997). 10) I. F oster, N.T. Karonis, C. Kesselman, G. Ko enig, and S. T uec k e. A se cur e c ommunic ations infr as- tructur e for high-p erformanc e distribute d c omput- ing 6th In ternational Symp osium on High P erfor- mance Distributed Computing, pp. 125-136 (1997). 11) A utomatic al ly T une d Line ar A lgebr a Softwar e (A TLAS) . h ttp://math-atlas.sourceforge.net/. 12) HPL - A Portable Implementation of the High- Performanc e Linp a ck Benchmark for Distribute d- Memory Computers . h ttp://www.netlib.org/b enc hmark/hpl/. 13) Mitsuhisa Sato, Hidemoto Nak ada, Satoshi Sekiguc hi, Satoshi Matsuok a, Ump ei Nagashima and Hiromitsu T ak agi. Ninf: A Network b ase d In- formation Libr ary for Glob al World-Wide Com- puting Infr astructur e . HPCN’97 (LNCS-1225), pp. 491-502 (1997). 14) Henri Casanov a and Jac k Dongarra. NetSolve: A Network-enable d Server for Solving Computational Scienc e Pr oblems , The In ternational Journal of Su- p ercomputer Applications and High P erformance Computing, 11(3), pp. 212{223 (1997). HPLinpac k b enchmark input �le Inno v ativ e Computing Lab oratory , Universit y of T ennessee HPL.out output �le name(if any) 6 device out(6=stdout,7=stderr,�le) 1 # of problems sizes (N) 10000 Ns 1 # of NBs 72 NBs 1 # of pro cess grids (P x Q) 2 Ps 4 Qs 16.0 threshold 1 # of panel fact 1 PF A CTs (0=left, 1=Crout, 2=Right) 1 # of recursiv e stopping criterium 2 NBMINs ( > = 1) 1 # of panels in recursion 2 NDIVs 1 # of recursiv e panel fact 2 RF A CTs (0=left, 1=Crout, 2=Right) 1 # of broadcast 0 BCASTs (0=1rg, 1=1rM, 2=2rg, 3=2rM, 4=Lng, 5=LnM) 1 # of lo ok ahead depth 1 DEPTHs ( > =0) 2 SW AP (0=bin-exch,1=long,2=mix) 64 sw apping threshold 0 L1 in (0=transp osed,1=no-transp osed) form 0 U in (0=transp osed,1=no-transp osed) form 1 Equilibration (0=no,1=y es) 8 memory alignmen t in double ( > 0) ?^ 11 MPICH >e$G$N<B9T$KMQ$$$?F~NO%U%!%$%k HPLinpac k b enchmark input �le Inno v ativ e Computing Lab oratory , Universit y of T ennessee HPL.out output �le name(if any) 6 device out(6=stdout,7=stderr,�le) 1 # of problems sizes (N) 10000 Ns 1 # of NBs 72 NBs 1 # of pro cess grids (P x Q) 2 Ps 4 Qs 16.0 threshold 1 # of panel fact 1 PF A CTs (0=left, 1=Crout, 2=Right) 1 # of recursiv e stopping criterium 2 NBMINS ( > = 1) 1 # of panels in recursion 2 NDIVs 1 # of recursiv e panel fact 0 RF A CTs (0=left, 1=Crout, 2=Right) 1 # of broadcast 5 BCASTs (0=1rg, 1=1rM, 2=2rg, 3=2rM, 4=Lng, 5=LnM) 1 # of lo ok ahead depth 0 DEPTHs ( > =0) 2 SW AP (0=bin-exch,1=long,2=mix) 64 sw apping threshold 0 L1 in (0=transp osed,1=no-transp osed) form 0 U in (0=transp osed,1=no-transp osed) form 1 Equilibration (0=no,1=y es) 8 memory alignmen t in double ( > 0) ?^ 12 MPICH-G2 >e$G$N<B9T$KMQ$$$?F~NO%U%!%$%k