J,;66&M- %a %b %j 4IM} %W %m%; %C%5 MBP-ligh t $N %" %; %s %V %i $*$h $S %3 %s %Q %$ %i$N <BAu $H I>2A 0$It 9d !& 0f>e9@L@ !& H~JU1{4u !& <cNS@5<y !& E7Ln1Q@2 7DXf5A=NBg3X 7W;;5!2J3X@l96 ") 223-8522 2#IM;T9AKL6hF|5H 3-14-1 E-mail: ab e@am.ics.k eio.ac.jp 35MW D6 JB Ns 7W ;; 5! JUMP-1 $K $* $$ $FJ, ;6 6& M- 5- 21 $r8zN( $h$/ 4I M} $9 $k $? $a $K !" MBP-ligh t $H 8F $P$l $k@) 8f c hip $, Ds 0F $5 $l $F$$ $k !# MBP-ligh t $O !" %Q%1 %C %H $N 9bB.=hM} $r L\E* $H $7 $F MMC $H RDT In terface $H $$ $& @lMQ %O !< %I %&%’ %"$H !" =@Fp@-$N 3NJ] $r L\ E* $H $7 $? MBP Core $H 8F $P $l $k 16 bit I}$N RISC %W %m%; %C%5 $+$i$J $k !# MBP Core $O %W %m %H %3%k =hM} $NJ#;( $J ;E;v $r C4Ev $7 !" $+ $D !" %O !< %I %& %’ %"NL $r M^ $( $k $? $a !" P ac k et-Bu�er Register %"!< %-%F%/ %A%c $H 8F $P $l $kFC<l $J 9=B$ $r ;}$D !# $= $3 $G !" K\O@ J8 $G $O !" $3$NFC<l $J%"!< %-%F %/ %A %c $r $& $^$/3h MQ $9$k $h $& $J MBP-ligh t MQ %"%; %s %V %i 5Z $S %3 %s %Q %$ %i$N<BAu5Z $S I>2A $r 9T $& !# <BAu $K :] $7 $F$O !" MBP Core $N FC<l@- $r$J $k $Y $/5[<} $7 !" %W %m %0 %i %‘$N@8;:@- $N 8~ >e $r ?^$k $3$H$r L\E* $H $9$k !# $= $7 $F !" $=$N 7k2L !" 4JC1 $J%Q%1%C %H =hM};~4V $K 4X $7 $F I>2A $r 9T $J$$ !" ==J, $J @-G= $, F@ $i $l $k $3$H$r <($9 !# %- !<%o!< %I : JUMP-1, MBP-ligh t, PBR, %" %; %s %V %i , %3 %s %Q %$ %i An Implemen tation and Ev aluation of the Assem bler and the Compiler for MBP-ligh t T.Ab e, Inoue. H, O.minab e, M.masaki and H. Amano Dept. of Computer Science, Keio Univ ersit y E-mail: ab e@am.ics.k eio.ac.jp abstract A massiv ely parallel pro cessor called JUMP-1 has b een dev elop ed for building an e�cien t cac he coheren t- distributed shared memory on a large system with thousands of pro cessors. MBP(Memory Based Pro cessor)- ligh t is a sp ecial purp ose con troller to manage the DSM (Distributed Shared Memory) on JUMP-1. It consists of a simple RISC core pro cessor to treat a complicated proto col transaction exibly and hardwired con trollers to manage quic kly memory systems, bus and net w ork pac k ets. Since MBP-ligh t is imp osed limitations on the small n um b er of gates, It has a sp eci�c instruction set arc hi- tecture called Bu�er-Register Arc hitecture. In this pap er, an assem bler and a compiler for MBP-ligh t for dev eloping proto col pro cessing programs are in tro duced. An empirical ev aluation sho ws that these to ols are e�ectiv e for dev elopmen t o f a high sp eed proto col programs. Key w ords : JUMP-1, MBP-ligh t, PBR, Assem bler, Compiler

1 $O $8 $a$K CC-NUMA(Cac he Coheren t Non-Uniform Memory Access mo del) $O >-Mh $NBg5, LO $+$D9b@- G= $JJBNs 7W ;; 5! $N9= @. J} <0 $N0l $D $H $7 $F Cm L\ $5 $l$F$$$k!# %P %9 7k 9g 7? $N >. 5, LO JB Ns 7W ;; 5! $K Hf $YB? ?t $N %W %m %; %C %5 $r@\B3 $G$- $k 0l J} !" $3 $l$i$N>. 5, LO JB Ns 7W ;; 5! $G3+H/ $5 $l$?JBNs %W %m %0 %i %‘ $r MF0W $K 0\?" $G$- $k $H $$ $& MxE@ $b ;}$D !# $3$N $? $a !" :G 6a $O 8&5f MQ !" >& MQ $N CC-NUMA system $, 3F CO $G3+ H/ $5 $l $F $$ $k !# Stanford Bg 3X $N D ASH[1]/FL ASH[2] !" MIT $N Alewife[3] !" SGI $N Origin2000[4] !" Se- quen t <R $N NUMA-Q[5] $, $=$N BeI=Nc $G$" $k !# $7 $+ $7 !" => Mh $N CC-NUMA $N <B8=J}<0 $O ?t== !" ?t I4 %W %m%;%C %5 $N 5, LO$G $O 8z N( $h $/ F0 :n $9 $k$b $N $N !" ?t @i !" ?t K| %W %m %; %C %5 $K$b5Z $V5, LO $G $O J, ;6 6& M- 5- 21 $r4I M} $9 $k $N $K B? NL $N ;q8; $r I,MW $H $7 !" 8zN( $, 0-$$ !# JUMP-1[8] $O !" 7 Bg 3X$N 6( NO $K $h $j 3+ H/$5$l $F $$ $k cac he coheren t $J J,;66&M-5- 21 (DSM) $r ;}$DD6JBNs7W ;;5! $N;n835! $G$" $k !# $3$N 7W;;5! $N3+H/L\E* $N0l$D $O !" D6 JB Ns 7W ;; 5! >e $K 8z N( $N NI $$ DSM $r <B 8= $9 $k $? $a $N 4p K\ E*$J 5; =Q$r 3N N) $9 $k$3 $H $K $" $k !# $3 $N $? $a !" B? $/ $N ?7 $7 $$ 5; =Q $, JUMP-1 $N DSM $K $O F3 F~$5 $l $F $$ $k $, !" $3 $l $i $N 5; =Q $N <B 8= $N 80 $H $J $k $N $O !" MBP(Memory Based Pro cessor)-ligh t $H 8F $P $l $k J,;66&M-5-21@)8fMQ %W %m%;%C%5 $G$" $k !# K\O@J8 $G$O !" $3 $N MBP-ligh t $N$? $a$N %" %; %s %V %i 5Z $S %3%s %Q %$ %i$r <B Au $7 !" MBP-ligh t $K $* $1 $k %W %m %H %3 %k %W %m %0 %i %_ %s%0 $N @8 ;: @-$N 8~ >e$r ?^ $k !# Bh 2 @a$G$O JUMP-1 $N9= B$ $K$D $$ $F@b L@ $9 $k!# $^ $? !" MBP-ligh t $N 9= @. $rBh 3 @a $G !" %" %; %s %V %i $rBh 4 @a !" %3 %s%Q %$ %i $rBh 5 @a !" I>2A $r Bh 6 @a $G 9T $& !# 2 D6JBNs7W;;5! JUMP-1 ?^ 1 $K <($9$h $& $K !" JUMP-1 $O RDT (Recursiv e Di- agonal T orus)[11] $H 8F $P $l $k 7k 9g LV $r DL $8 $F 256 $N %/ %i %9%? $r 7k9g $7 $? 9= @. $r$H $k !# RDT $O ?^ 2 $N$h $& $K Fs <!85 $N torus $r BP 3QJ}8~ $K :F5" E* $K =E $M$? 9= @. $r ;} $A !" torus $@ $1 $G $J $/ 0l <o$N fat tree $N 9= B$$b 9g$o $; ;} $D !# 3F !9 $N %/%i %9%? $+$i $O !" 9bB. $J I/O %M %C %H %o !< %/ [10] $r 2p $7 $F DISK $d 9b 2r A| EY$N VIDEO $X $D$J $0 $3 $H $b 2DG= $G$" $k !# ?^ 1: JUMP-1 $N 9=@. ?^ 2: 7k9gLV RDT ?^ 3: JUMP-1 $N cluster 9=@. 3F !9 $N %/%i %9 %?$O ?^ 3 $N $h $& $J %P %9 7k 9g 7? $N JB Ns 7W ;; 5! $G $" $j !" L2 cac he $r ;} $D 4 Bf$N Sup erSP AR C+ !" MBP-ligh t $H RDT router[9] $+ $i $J $k !# JUMP-1 $N ?4 B! It $K 0LCV $9 $k MBP-ligh t $O DSM !" F1 4| $d %Q %1 %C %H =h M} $r 4IM}$9$k@lMQ %W %m%; %C%5 $G$" $k !#

JUMP-1 $K $* $1 $k DSM 4IM} $N >\:Y $J J}<0 $O [12, 13] $K 5-=R$5 $l $F $$ $k !# 3 MBP-ligh t $N 9=@. JUMP-1 $K $*$$$F MBP-ligh t $O 8z N( $N NI$$ J,;66& M- %a %b %j $r <B8=$9$k $?$a$N 3K $H$J $k !# FLASH $N MA GIC $d NUMA-Q $G $N SCLIC $J $I => Mh $N DSM @)8f MQ %W %m%; %C %5 $G $O !" $^ $: <u?. $7 $?%Q%1%C %H $N %X %C %@ It $H %G !<%? It $r%O!< %I %& %’ %" $G J,N% $9 $k!# $= $7 $F %W %m %H %3 %k=hM} $K 4X 78 $7 $J$$ %G !< %?It $r %P %C %U %!4V $GD>@\ E> Aw $7 !" %W %m %H %3 %k=hM} $K 4X78 $9 $k %X %C %@ It $O 6/ NO $J %3 %" %W %m %; %C %5 $N %W %m %0 %i%‘ $K$h$j=h M} $9 $k!# :G =* E* $K%Q%1 %C %H $r Aw?. $9 $k ;~ $K !" %X %C %@ It $H %G !<%? It $r :F $S %O!< %I %&%’%" $K $h$j 9bB. $K AH $_ 9g $o$; $k !# $7 $+ $7 $J $, $i !" JUMP-1 $G$3 $NJ} <0 $r $H$k $H !" 0J 2< $N LdBj $, H/@8$9$k !# 1. RHBD[7] J} <0$H 8@ $& %G %# %l %/ %H %j J} <0$G $O %a %C %; !< %8 $N %^ %k %A %-%c %9 %H $K 4p $E $$ $F $$ $k$? $a $K !" 1~Ez %Q%1 %C %H $N 9bB. $J @8@.5Z $S <}=8 $, @-G= $K Bg $- $/4sM? $9$k !# $3 $l$K$O 6/NO $J %W %m%;%C %5 $r @_ $1$? $H $7 $F $b$=$N =hM}G=NO $O ==J, $H $O 8@ $($J$$ !# 2. %/ %i %9 %? %a %b %j >e $N %G !<%? $N>uBV $r <($9 %? %0 $O%3 %" %W %m%;%C %5$h $j$b $‘ $7 $m%O!< %I %&%’ %" $G 8!:: $5 $l $k$Y$- $G $" $k !# 3. RHBD J} <0$O J# ;($J %X %C %@ 9= B$$r I, MW$H $9 $k $N $G !" <o !9 $N %5 %$ %:$N %X %C %@ It $, JUMP-1 $G MQ $$ $i $l $F$$ $k !# $3$N$? $a !" %Q%1 %C %H $N <+F0J, 3d $O :$Fq $G $" $k !# $^$? !" DSM >e $G $N 8z N($N $h $$ %a %C %; !< %8 E>Aw $r C#@. $9$k $? $a $K !" %G !<%?It $K$O 0l<o $N%? %0$, B8:_ $9$k !# $3 $l$i$O %W %m %H %3%k $K 4X78 $7 $F $$ $k $?$a !" %3%" %W %m%;%C %5 $K $h$j07 $o $l $J $1 $l $P $J $i $J$$ !# $3 $l$i $N M}M3 $+$i %Q%1%C %H $N <+F0J,3d $O MBP-ligh t $K $H $C $F E, $7 $? $b$N $G$O$J $$ !# $=$N$?$a !" 0J2< $N @_7WJ}?K $r :NMQ$5 $l $F $$ $k !# 1. 1~Ez %Q %1%C %H $N @8@. $d <}=8 $O @lMQ $N%O!< %I %&%’ %" O@M} $K $h$j4IM}$5 $l $k !# $^ $? !" %/ %i %9 %? %a %b %j $N %? %0 $r 8!::$9$k$? $a $K $b JL$N@lMQO@M} $r @_ $1 $k !# 2. >e 5- $K=R $Y $? =h M} $O %O !< %I %& %’ %" $G 9T $& >l 9g $K %2!< %H ?t $N A}Bg $r >7$/ !# $= $3 $G !" %W %m%;%C%5 %3%" $r C1 =c $J 16bit I}$N RISC $H $9$k$3$H $G A4BN $N %O!< %I %& %’ %"NL $r8:>/ $5 $;$k!# $3 $N MBP Core $O C1 =c $J 9=@. $N0lJ} !" %Q%1%C %H =hM} $K E,9g $7 $? L?Na %;%C %H $G $"$k Bu�er-Register Arc hitecture[15] $K $h$j9b B. $K %Q%1%C %H $r =hM}$9$k $3$H $,$G $- $k !# ?^ 4 $K MBP-ligh t $N9= @. $r<( $9 !# MBP-ligh t $O 7k 9g LV $G$N%Q %1 %C %H $r 07 $& RDT In terface !" %/ %i%9 %? %a %b%j $* $h $S%P %9 $r@) 8f $9 $k MMC (Main Memory Con troller) !" MBP Core $N ;0$D$N It J, $+$i 9=@.$5 $l $k !# RDT In ter- face $H MMC $O %O !< %I %&%’%" O@ M} $G @) 8f $5$l !" MBP Core $+$i$O FHN) $K F0:n$9$k !# MBP Core $N F0:n $, I,MW $J >l 9g $O !" MBP Core $X 3d$j 9~$_$r$+ $1 $k$3$H$G =h M} $9$k !# ?^ 4: MBP-ligh t $N A4BN9=@. 3.1 Bu�er-Register Arc hitecture 9b B. $J %Q %1 %C %H =h M} $N B? $/ $O !" RDT In terface $H MMC $N%O!< %I %& %’ %"O@ M} $K$h$j@) 8f $5 $l $k $? $a !" MBP Core $O DSM $r 4IM} $9 $k %W %m %H %3 %k$NJ# ;( $JItJ, $r<u $1 ;} $D $3$H $K $J$k !# $= $N;E;v $H $7 $F $O !" <u ?. %Q %1 %C %H $N2r@O $d GPMT $N ;2>H !" %" %I %l %9JQ49 !" Aw?. %Q%1%C %H $N @8@.Ey $, $" $2 $i $l $k !# JUMP-1 $N %Q %1%C %H $N %X %C %@ It$O J# ?t it $K $o$? $kJ#;( $J$b$N $G !" $+ $D %G !<%? It $K$O %W %m %H %3 %k @)8f $K I,MW $J tag $b4^$^ $l$F$$$k !# $h $C $F !" A4 $F $N%Q %1 %C %H %P%C %U %! $r %l%8 %9 %? $H $7 $F 07$& $3 $H $, :G $b8z N( $, $h$$ !# $7 $+ $7 $J $,$i !" %Q %1 %C %H %P%C %U %! $NI} $, 68bit $G $"$k $? $a !" $b $7 <B8= $G$- $? $H $7 $F$b !" Hs >o $K B?$/ $N%O !< %I %&%’%" NL $r I,MW $H $9$k !# $3 $N Ld Bj $r 2r 7h $9 $k $? $a $K !" MBP Core $O 16 8D � 16bit I} $N GPR (General Purp ose Register) $H 112 8D � 68bit I} $N PBR(P ac k et Bu�er Register) $r ;}$D !# PBR $O G- PR $r %] %$ %s %? $H $7 $F ;2 >H $5$l !" $" $? $+ $b 16bit I} $N %l %8 %9%?$N $h $& $K ?6 Iq $& !# $=$N$? $a !" PBR{GPR 4V$H PBR{PBR 4V $N1i;; 5Z $S E>Aw $r 9T $& $3 $H $,$G$- !" $^ $? !" 68bit I} $N %Q %1 %C %H $H $7 $F MMC $d RDT In terface $XD> @\ EO $9 $3 $H$b2D G= $G$"$k!# $3 $l$i$N1i ;; $, <g $K%Q%1 %C %H %P%C %U %! $H %l%8 %9 %? $N4V $G 9T $o $l $k $3 $H $+ $i !" 2f!9 $O$3 $N 9=@. $r Bu�er-Register Arc hitecture $H 8F $V !#

MBP Core $N 9=@. $r ?^ 5 $K <($9 !# MBP Core $O 21bit I} $NL? Na $H 16bit I} $N %G !< %? $r 07$& 4 CJ %Q %$ %W %i %$ %s$+ $i$J $k RISC $G $" $j !" 21bit � 64K $N @l MQ $N%m !< %+ %k %a %b%j $r;} $D!# $^ $? !" MBP Core $O I/O %^ %C %W J} <0 $r $H $C $F $*$j!" 64K HVCO $, I/O %G %P %$ %9 $d F14| A‘:n$N$?$a $K JL $K M? $( $i $l $F$$$k !# $^ $? !" %/ %i %9 %? %a %b %j $b PBR $r DL $8 $F;2>H $5 $l $k!# B> $K$b !" 16bit � 256 $NFb It %a %b%j $r ;}$A !" table jump $d 1~ Ez%Q %1%C %H MQ$N >p Js $r J] ;} $7 $F $$$k !# ?^ 5: MBP Core $N 9=@. 3.2 L?Na72 ?^ 6: BeI=E* $J L?Na7A<0 ?^ 6 $O MBP Core $N BeI= E* $J L?Na 7A <0 $r <( $7 $F$$ $k !# GPR $O 3-p ort memory $r MQ$$ $F$$ $k$N $G !" GPR 4V $N 1i ;;$O 3 $D $N %* %Z %i%s %I $r $H $k $3 $H$, $G $- $k !#0l J} !" PBR $O 2-p ort memory $G $" $k$? $a !" PBR{GPR 4V$N 1i ;; $O !" 2 $D$N %* %Z%i %s %I $7 $+$H $k $3 $H $,$G$-$J$$ !# ?^ 6 Cf $N PBR{GPR 4V $N 1i ;; $O GPR $NFb MF $H GPR+4bit $N %G %# %9 %W%l !< %9 %a %s %H$K $h$C $F;X $5 $l $F$$$k PBR Fb $N 16bit %G !<%? $H$N4V $G 9T $o $l $k !# $[$H $s $I $N%Q%1 %C %H %X %C %@ $N �eld $, 8bit 0J 2< $G $"$k $? $a !" PBR $r%?!< %2%C %H $H $7 $? 1i;; $O 8bit $+ 16bit I} $N$b $N $, B? $$ !# $7 $+ $7 !" %G !<%? E>AwMQ $K $= $l 0J>e $N I} $r ;}$DL?Na $b$" $k !# I= 1: MBP Core $N L?Na $N J,N‘ J,N‘L> <oN‘ BeI=Nc W GG L?Na GPR{GPR 4V $N 1i;; ADDGG, SUBGG W GI L?Na GPR{ D>CM4V$N1i;; ADDGI, SUBGI J,4tL?Na J,4t BOZ, BNZ LMA L?Na lo cal memory $N ;2>H LLM, SLM BPI L?Na PBR{ D>CM4V$N1i;; ADDPI, SUBPI WPG L?Na PBR{GPR 4V $N 1i;; ADDPG, SUBPG MPP L?Na PBR{PBR 4V $N E>Aw MVPP , MVLPP RDT L?Na RDT In terface @)8f PRDT, GRDT MMC L?Na MMC @)8f TGM, PBP TJ L?Na T able Jump TJ, TJR Q INT L?Na 3d$j9~$_4X78 RFI, INTE IMA L?Na FbIt memory $N ;2>H LIMG, SIMG SPE L?Na FC<lL?Na HSHC, HSHG NOP L?Na No OP eration NOP I= 1 $K MBP Core $N ;}$D L? Na$N J, N‘ $r <($9!# :#$^ $G =R$Y$F $- $? L? Na $K 2C $( !" RDT In terface $d MMC $r @) 8f $9 $k L? Na $d3d $j 9~ $_4X 78 $NL? Na Ey $bB8 :_ $7 $F$$$k!# $^ $? !" %W %m %H %3%k =h M} $r 9bB. $K 9T $& L\E* $G FC <lL? Na $r 12 L?Na Dx EY Hw $( $F$"$j!" $3 $l$K$h$jDL >o $N RISC %W %m %; %C %5 $h$j$b M-Mx $J >l9g $, $" $k [15] !# $3 $N$h $& $K !" MBP-ligh t $O FH<+ $N@_7W $r MQ $$ $F$*$j !" $^ $?8e =R $9 $k $, MM!9 $J6X;_ ;v 9‘ $,$"$k !# $3 $l$i$9 $Y $F $r >o $KGD 0. $7 $F %W %m %H%3 %k %W %m %0 %i%‘ $rAH$‘ $3 $H $OMF 0W $G $O $J $/!" $=$NIiC4 $r >/ $7 $G $b 7Z$/$9$k $?$a K\O@J8 $G $O !" %"%; %s %V %i$H%3 %s %Q %$ %i $r <BAu $7 $? !# 4 MBP-ligh t %" %; %s %V %i MBP-ligh t %"%; %s %V %i $O !" F~NO $r lex $G ;z6g2r@O $7 !" y acc $K $h $jJ8 K! %A %’ %C %/ 5Z $S %3!< %I $X$NJQ 49 $r9T$& !# =P NO 7A<0 $O !" VHDL %7 %_ %e %l !<%? MQ 7A <0 $H%P %$ %J %$ %j7A <0 $N 2 <oN‘ $r%5 %]!< %H !# %" %; %s %V %i$N %3!< %I Am9T ?t $O Ls 4500 9T !# $3 $N %" %;%s%V %i$O !" C1 BN$G $N Mx MQ$H !" %3 %s %Q %$ %i $N %P %C %/ %( %s %I $H $7 $F$N MxMQ $K BP$9$kFs$D $N 5!G= $, $" $j !" $=$N F0:n $O B?>/0[ $J $C $F$$ $k !# %"%; %s %V %iC1 FH $G ;H MQ $9 $k >l 9g $O !" 0l @Z $N:G E, 2= $r9T $J$o $J$$!# J8 K! 4V 0c $$ 0J 30 $O$9 $Y $F %W %m %0 %i%^ $, GD 0. $7 $F $$ $k$b$N $H $9 $k $, !" 2<5- $K $" $k MBP Core L?Na$N$* $1 $k6X ;_ ;v 9‘ $K 0c H? $7 $? >l 9g $O !" 7Y 9p $r=P NO $9 $k $h $& $K $7 $? !# $^ $? !" 5? ;w L? Na $d %m !<%+ %k%i %Y %k Ey $r<h $j F~ $l $k $3$H $K $h$j!" @8;: @- $N8~>e $r ?^ $C $F$$$k !# >e $NI= 1 $K <( $7 $? 3FL?Na $K $*$$ $F$N 6X;_;v9‘ $r 0J2< $K $^ $H$a$F $* $/ !#

� $9$Y$F$N J,4t L?Na $O dela y slot 1 $r ;}$D CY 1dJ, 4t $G $" $k !# J,4t $G ;H $& %l %8 %9 %? $K BP $7 $F$O%U%) %o!< %G %# %s %0$, 9T $J$o $l $J $$ !# � %] %$ %s %? $H$J $k GPR $K $D$$$F $O 40A4 $K%U %)%o!< %G %# %s %0 $, 9T $J $o $l $k $, PBR $NCM $O%U %) %o !< %G %# %s%0 $5 $l $J $$ !# $7 $? $, $C $F PBR $K =q $- 9~ $s$@ CM $r ;H $& $?$a $K$O 1 L?NaJ,$N NOP $^ $? $O 4XO" $N$J $$ L?Na $r A^F~ $7 $J$1 $l $P $J$i$J $$ !# � MMC 7O L? Na$H MMC 7O L? Na $N F1 4| L? Na$G $" $k MEMBAR L? Na$H $N 4V $K $*$$ $F !" PBR $K %" %/ %; %9 $9 $k :] $K $O $= $N CM $OJ] >Z $5 $l $J $$!# $? $@ $7 !" $= $N F0 :n $K;H MQ $7 $F $$ $J $$ <o N‘ $N PBR $X $N %" %/ %;%9 $O <+M3 $K 9T $J $& $3$H $, =PMh $k !# $3 $3 $G 8@ $& PBR $N <oN‘6hJL $O (MMC-PBR !" F rom-RDT PBR !" T o- RDT PBR) $N 3 <oN‘ $r;X $7 $F$$$k !# $^ $? !" MMC 7OL?Na $ND>A0 $N L? Na $G$b PBR $r%" %/ %; %9 $7 $F $O $J$i$J $$ !# � T able Jump L? Na $b %8 %c %s %W L?Na $J $N $G !" 1 slot $r ;}$D CY1dJ, 4t $G$" $k !# $7 $+ $b 0z ?t $G$" $k GPR $X $O %U %)%o!< %G %# %s %0$, $G $- $J $$ !# � FbIt %a %b %j %" %/ %; %9 $N D>8e $K T able Jump L?Na $r 9T $J $C $F $O$J$i$J $$ !# � FC <l L? Na$N 0l It$N L? Na (LUDR !" SUDR) $O %U %) %o!< %G %# %s %0 $5 $l $J$$$N $G !" D> 8e $N %9 %H %" L?Na $K $O NOP $r F~ $l $kI,MW $, $" $k !# %3 %s%Q %$ %i $H $H$b $K ;HMQ $9 $k >l 9g $K$* $$ $F $O !" %3 %s%Q %$ %i $G<}=8 $5 $l$?>pJs $rMx MQ $7 !" 5! 3# 0M B8 $N:G E, 2= $r9T $J $& !# 8= :_ 9T $J$C $F$$$k $N $O !" %a %b%j %"%/ %;%9 $G 5/ $-$k MBP Core $N %9 %H !< %k $G $N :G E, 2= $@$, !" $3 $l $O !"%a %b %j %" %/ %; %9L?Na $H$=$N F14|L? Na $G$" $k MEMBAR L?Na $H $N4V $K D> @\ $3 $N%9 %H !< %k $H4X 78 $J$$ L? Na $r2D G= $J8B $j A^ F~ $9 $k $3 $H $K$h $C $F<B8= $9 $k!# %3 %s%Q %$ %i $+ $i F@ $i $l $k PBR $N <oN‘ $N >pJs $r Mx MQ $7 !" $=$N PBR $N <oN‘ $H$O 0c$& L? Na !" $b $7 $/ $O$= $l$H $O A4$/ 4X 78 $J$$L? Na $rE, ;~ F~ $l $F $$ $/ !# 5 MBP-ligh t %3 %s %Q %$ %i $3 $N %3 %s%Q %$ %i $O !" C 8@ 8l $H$$$& 9b ?e =‘ 8@ 8l $N:N MQ $K $h$j !" MBP Core $K $*$1 $k DL ?. %W %m %H %3%k %W %m %0 %i %‘ $N @8;:@-$N 8~>e $r ?^$j!" PBR $K $* $1 $k :GE,2=$N >pJs<} =8 !" HF MQ %l%8 %9 %?:G E, 2= Ey $K$h$k @- G= $N8~ >e $r $O $+ $k $3 $H$r L\ E* $H $7 $F $$ $k !# F~NO $O C 8@ 8l $N %5 %V %; %C %H $r 4p K\ $H $7 !" =PNO $O%"%; %s %V %j8@8l $H $9 $k !# 5.1 MBP-ligh t %3 %s %Q %$ %i$N 8@8l;EMM K\ %3 %s %Q %$ %i$NBP>] $G$" $k MBP Core $O !" %/ %i %9%? %a %b %j 4V$N DL ?. %W %m %H %3 %k =h M}$r @l MQ $K 9T $& $b$N $G $" $j !" $=$N=hM} $G ;HMQ$5 $l $k7? $O @0?t $K 8BDj$5 $l $F $$ $k !# $3 $l$r 9MN8 $7 !" 4pK\ 7? $K$O 16bit @0?t7? (in t) $H 8bit @0 ?t 7? (c har) $N $_ $rMQ 0U $7 $? !# GI @8 7? $H %] %$ %s%? $r %5 %]!< %H $9$k !# PBR: %W %m%H %3 %k =h M}$H $$ $&$N $O !" <B :]$K $O %Q %1 %C %H $N @8@. !" J,2r $, <g $J =h M} $G $" $k !# $3 $N %Q%1 %C %H $O P- BR(P ac kt Bu�er Register) $H $$ $& 68bit %l %8 %9%? $K F~ $l $i $l !" 2C 9) $5 $l $k !# $7 $? $, $C $F !" $3$N PBR $r MF0W $K A‘:n $G$- $k;EMM $, 5a $a $i $l $k !# $= $3 $G !" $3$N PBR @lMQ $N7? $r:n @. $7 !" $= $l$rG[Ns $H $7 $F %" %/ %;%9 $G$-$k $h $& $K $7 $? !# 6q BN E* $K $O !" ;0 <o $"$k PBR( HFMQ PBR !" T o RDT PBR !" F rom RDT PBR) $r$= $l $>$l !" @k 8@ pbr !" tpbr !" fpbr $K BP1~ $5 $; !" PBR <+BN $X$N:G>. %" %/ %; %9C1 0L $G$" $k 8bit(T ag:4bit) $G %" %/ %; %9 $G$- $k$h $& $J G[Ns $K $7 $? !# PBR G[Ns $O !" <B :] $N 68bit %l %8 %9 %? $= $N$b $N $J $N $G !" %0 %m!< %P %kJQ?t 07 $$ $H $7 $? !# PBR @k8@ $O !" HF MQ $N 68bit %l %8 %9 %? $O 64 K\ ( @k8@ Nc : pbr p[64][9]) !" F rom RDT MQ 68bit %l %8 %9 %? $O 8 K\ ( @k8@Nc : fpbr fp[8][9]) !" T o RDT MQ 68bit %l %8 %9 %? $O 8 K\ ( @k8@Nc : tpbr tp[8][9]) $N$h $& $K $9$k !# FC<lL?Na : MBP Core $K$O !" C 8@8l $N 0lHLE* $J J8K! $G $O I=8= $7 $K $/ $$FC <l L? Na $, ?t B? $/ $"$k!# $3 $N2r 7h J} K! $O $$ $/ $D $+$"$k $, !" 8= :_ $O$b $C $H$bC1 =c $K %7 %9 %F%‘ %3!< %k $H$$ $& 7A $G :N $jF~ $l$? !# $3 $l $i $O $[ $\ %"%; %s %V %j L? Na Ns $H 0lBP0lBP1~ $r <h$j!" $=$N$^$^ JQ49$5 $l $k !# 5.2 %3 %s %Q %$ %i$N <BAu <B :]$N =h M} $O !" F~NO$r lex $G ;z 6g 2r @O !" y acc $G 9= J8 LZ $r:n@. $7 !" 9= J8 2r @O $G !" Cf 4V %3!< %I $K Mn $9 !# Cf 4V %3!< %I $K BP $7%l%8 %9 %? :G E, 2= Ey $r ;\ $9 !# Cf 4V %3!< %I $H 5-9f I= $r MQ $$ %" %; %s %V %j 8@ 8l $K JQ 49 $9 $k!# JQ 49 $O;HMQ $9 $k L? Na $N A*Br $H <B9T;~ $N 5-214I M} ( @EE*3d $jIU $1 !" %9 %?%C%/ 3d $j IU $1 ) !" %l %8 %9 %? $N 3d$j IU $1$G $" $k !# :#2s $N<B Au $G$O MBP Core FC M-$N :G E, 2= 5Z $S HF MQ %l %8 %9%? :G E, 2= $K =E E@ $r $*$$$? !# %3 %s %Q %$ %i$N %3 !< %I Am9T?t $O Ls 8 @i9T !# HFMQ %l %8 %9 %? :G E, 2= : MBP Core $K $O %-%c %C %7%e $, $D $$ $F$* $i $: !" %a %b%j %" %/ %;%9 $K :] $7 $F B? Bg $JCY 1d $, @8 $8 $k !# FC $K !" %3 %s %Q %$ %i $K$* $$ $F %l%8 %9 %? $N3d $jIU $1 $r 8z 2LE* $K 9T $o $J $$ $H%m !< %I !" %9 %H %" L?Na $, IQ=P $7 !" $3 $l $,

@- G= $K Bg $-$/ 6A $/ $H9M $( $i $l $k!# $= $N $? $a !" HF MQ %l%8 %9 %? $N :GE,2= $r 9T$C $? !# <B Au $O !" %3 %s %Q %$ %i $K $* $$ $F !" Cf 4V %3!< %I $^ $GJQ49 $7 $? $" $H !" $3 $l$r%U %m!< %0 %i %U $K JQ 49 $9 $k!# %U %m !< %0 %i %U $O4pK\ %V %m %C %/ $H $= $l $i $r7k $S @) 8f $NN. $l$rI= $9 %] %$ %s %? $+ $i $J$k!# 4p K\ %V %m %C %/ $O O" B3 $7 $? Cf 4V %3!< %I $NJ8 $+ $i $J$j!" ES Cf $G J,4t $7 $?$j $7 $J$$J8 $N=8 $^ $j $r8@ $& !# $3 $N4p K\ %V %m %C %/ $+ $i$b $7 $/ $O 4p K\ %V %m %C %/ $X $N %] %$ %s %? $r D% $k $3 $H $G !" A4 BN $N@) 8f $NN. $l$rI= $9 !# $3 $N %U %m !< %0 %i %U $rMxMQ $7 !" 3F 4p K\ %V %m %C %/ $G$NJQ ?t $NDj 5A !" ;H MQ Ey $N>p Js $r=8 $a$k $3 $H $K$h$j!" :G =* E* $K :GE, $J %l%8 %9 %?3d $jIU $1$r 7h $a $k [16] !# MBP Core 8GM- $N :GE,2= : MBP Core 8GM- $N :GE,2= $G $O !" K\ Mh !" %" %/%; %9 $9 $k PBR $N <o N‘ ( HF MQ !" F rom RDT !" T o RDT) $, $$ $: $l$G $" $k $N $+$O PBR $X$N %] %$ %s %? $G$" $k %l%8 %9 %? Fb $NCM $K$h $k $N $GJ, $+ $i $J$$ $H $3$m $r !" PBR $K 4X$9$k>pJs $r%"%; %s %V %i $K EO$9 $3$H$G !" %" %; %s %V %i $K$h$k %3!< %I @8@. $NCJ 3, $G !" :G E, 2= $G$-$k $h$& $K $9 $k !# %l%8 %9%? $N3d$jEv $F : MBP Core $K$O R0 $+$i R15 $N 7W 16 8D $N 16bit %l%8%9 %? $r ;} $D!# 3d $j Ev $F $OI= 2 $K<( $9 !# I= 2: %l %8 %9 %?3d$jEv $F %l %8 %9 %? Lr3d R0 >o $K 0 R0 !A R7 0lHLE* $J 7W;; $K ;HMQ R8 !" 9 !" 10 IQHK$9$kG[Ns7W;;MQ $K ;HMQ R11 8=:_<B9T $7 $F $$ $k %W %m %0 %i %‘ $N @EE* JQ?t $r 3JG< $7 $F $$ $k %a %b %j $N @hF, %] %$ %s %? (ST A TIC-TOP) R12 8=:_<B9T $7 $F $$ $k4X?t $N <+F0JQ?t $r 3JG< $7 $F $$ $k %a %b %j $N >eC< %] %$ %s %? (ST A CK-TOP) R13 8=:_<B9T $7 $F $$ $k4X?t $N <+F0JQ?t $r 3JG< $7 $F $$ $k %a %b %j $N 2<C< %] %$ %s %? (ST A CK-END) R14 8=:_<B9T $7 $F $$ $k4X?t $N JV$jCM (RET-NUMER) R15 8=:_<B9T $7 $F $$ $k4X?t=*N;8e $K Ht $V HVCO (RET-ADDRESS) %a %b %j 4IM} : <B 9T;~$N %a %b %j4IM} $O !" @h $K $N$Y$? 5-21 4I M} MQ %l%8 %9 %? (R11 !A R15) $r MxMQ $7 $F 9T$& !# 8= :_ !" @E E*3d $jIU $1 !" %9 %?%C%/3d $jIU $1$N $_%5 %] !< %H $7 $F$$ $k !# $=$N MM;R $r ?^ 7 $K <( $7 $F $* $/ !# 0l O" $N %3!< %I 2r @O $, =* $k $H !" Cf 4V 8@ 8l $+ $i%" %; %s %V %j 8@ 8l $K JQ 49 $9 $k CJ 3, $r $‘ $+ $($k !# $3 $N;~ 9M $( $J $1 $l $P $J $i$J$$ $3 $H $O %a %b%j 4I M} $G$"$k!# %3!< %I 2r @O $H$$$& @E E* 2r@O $, =*N; $7 $?;~E@ $G $O !" %3!< %I !" @E E* JQ ?t !" $= $7 $F 3F 4X ?t Fb$G @k 8@ $5 $l $k JQ ?t$N 3 $D $N Bg$- $5 $, J, $+ $C $F $$ $k !# 3d $jIU $1$N =i4|>uBV ;~E@ $G $O !" (a) $N $h $& $J >uBV $G R11 5Z $S R13 $r%; %C %H $7 $F$* $- !" $3 $N >u BV $G %W %m %0 %i%‘ $N <B9T $r 3+;O$9$k !# <B9T3+;O8e !" 0lHLE* $K $O $^ $: main 4X ?t $K Ht $V $3 $H $K$J$k!# $= $N $H$- $N %a %b%j 3d $j IU $1 >uBV $, (b) $G $" $k !# :G=i $K 8= :_ $N %7 %9 %F %‘ %l %8 %9%? (R12 !A R15) $r B‘ Hr $7 $? $"$H !" $=$N 8e$m $K main 4X ?tFb$N JQ ?t J, $NNN 0h $r3N J] $9 $k $h$& :F $S%7 %9 %F%‘ %l%8 %9 %? $r@_ Dj $7 $J $*$9!# (c) $O main 4X?t Fb $K $" $k%5 %V %k !<%A %s $G $5 $i $K Ht $s$@ >l9g $r I= $7 $F $*$j F1MM $N F0:n $r $9$k !# $3$N $h $& $J4I M} $r$9$k $3 $H $K$h $j!" @E E* 5Z $S <+ F0 JQ ?t $O AjBPHVCO $G 4IM} $G$- $k !# ?^ 7: Memory $N 3d$jIU $1 $3 $l $i $N =h M}$r $X $F !" :G =* E*$K %3 %s %Q %$ %i$O MBP Core $N%"%; %s %V %j8@8lL?NaNs $r =PNO$9$k !# 6 I>2A K\8& 5f $G Ds 0F $7 $? MBP-ligh t %3 %s %Q %$ %i$r MQ$$$F 4J C1 $J %W %m %H %3 %k %W %m %0 %i%‘ $r %3 %s %Q %$ %k $7 !" $= $N<B 9T ;~ 4V $r I>2A$9$k !# I>2A %W %m %0 %i %‘ $O !" ?^ 8 $K $*$$ $F 1. RDT Net w ork $+$i%G !<%? MW5a $r <u ?. !" $=$N MW5a $5 $l $? %G !<%? $r %/ %i%9 %? %a %b %j $NCf $+$i <h $j=P $9 2. MW5a $r =P $7 $? %/ %i %9 %? $K 1~Ez $r JV$9 $H $$ $&F0:n $r 9T $& $b$N $G$" $k !#

?^ 8: I>2A %W %m %0 %i %‘%b %G %k I> 2A $O !" $3 $N %W %m %0 %i %‘$r 0J 2<$N >r 7o$G =h M} $7 $F 9T $C $? !# � %" %; %s %V%i %l%Y %k $G 40 A4 $K :G E, 2= $7$F 5- =R $7$? $b $N � C 8@8l $G =q $- :GE,2= $7 $J$+ $C $?$b$N � 5!3#0MB8 $N :GE,2= $N$_ $r $7 $?$b$N � HFMQ %l %8 %9 %? $N :GE,2=$^ $G $7 $?$b$N $= $l $> $l $N <B 9T ;~ 4V $r B, Dj $7$?!# <B 9T ;~ 4V $N B, Dj $O VHDL %7%_ %e %l !< %? $rMQ $$ $F9T $$ !" MBP-ligh t $NF0 :n <~ GH ?t $O 50MHz $H $7 $F B,Dj $7 $? !# B,Dj7k2L $r I= 3 $K <($9 !# I= 3: <B9T;~4V >r7o <B9T;~4V :GE,2= $J $7 11020 ns 5!3#0MB8 $N$_ 8860 ns :GE,2=$9 $Y $F 9T $& 4652 ns %"%; %s %V %i %l %Y%k 2200 ns I= 3 $r8+ $l $P J, $+ $kDL $j!" %" %; %s %V %i %l %Y %k $G 40A4 $K :G E, 2= $7 $?5-=R $K BP $7 !" C 8@ 8l $G5-=R $7 $? %W %m %0 %i%‘ $O :G>. $G $b Ls 2 G\$N <B 9T ;~ 4V $, $+ $+ $k$H $$ $&7k 2L $, $G $F $7 $^ $C $F $$$k!# $3 $N86 0x $H $7 $F $O !" %5 %V %k !< %A %s 8F $S =P $7 $K $h$k %7 %9 %F%‘ %l%8 %9 %?Ey $N %m !< %I !" %9 %H %" $K$h$kCY 1d ;~ 4V $NA} Bg $d !" G[ Ns $NMW AG 7W ;; $K$h$k %3!< %I NL $NHn Bg 2= $J $I $, $" $2 $i $l $k !# FC $K 8e <T $N1F 6A $, Bg $-$/!" %l%8 %9 %? CM $rM= B, $7 $F %3!< %I $r 5- =R $G$-$k %" %; %s %V %i5- =R $K BP $7 !" %3 %s %Q %$ %i $O E: ;z $NJQ ?t Fb MF $^ $G DI $( $J$$ $? $a $K Kh 2s ?t 2s $N3] $1 ;; Ey $r6/ $$ $i $l $k!# $= $N $? $a !" %3 %s %Q %$ %i $N %3 !< %I 5Z $S <B9T;~4V $, HtLvE* $K A}Bg $7 $F $7 $^ $C $? !# :G E, 2= $K4X $7 $F $O !" $d $O$j5! 3# 0M B8 $N:G E, 2= $, 8z 2L $r H/4x $7 $F $$ $k !# $3 $l $O !" MBP Core $, FH <+$N %W %m %; %C %5 $G$"$j!" MMC 7OL? Na $N %9 %H !< %k$N$h$& $JFC<l $J>r7o $G Bg $- $J%* !< %P %X %C %I $, =P $k >l 9g $, B? $$ $3 $H $, 4X78 $7 $F $$ $k !# 7 7kO@ K\ O@ J8$G$O !" MBP-ligh t $K $*$1 $k %W %m %H %3 %k %W %m %0 %i%_ %s %0 $N@8 ;: @- $N8~ >e $r?^ $k $? $a $K %3 %s%Q %$ %i $N<B Au $r 9T $C $? !# $^ $? !" <B :] $N %" %; %s %V %i %l %Y %k$N5- =R $d:GE, 2= EY 9g $$ $K$h$k<B 9T ;~ 4V $NB, Dj $r9T $C $? !# $= $N7k 2L !" %" %;%s %V %i %l %Y%k $N 5- =R $K BP $7 !" Ls 2 G\$N <B 9T ;~ 4V$H$J $j !" G[ Ns 7W ;; $d%5 %V %k !< %A %s 8F $S =P $7 $K $h$k %*!< %P%X %C %I $, $=$N $^$^<B9T;~4V $H$J $C $F 8= $l $k $3 $H $, $o$+ $C $? !# :#8e !" $3 $l$i $N ItJ, $N :GE,2= $r 9T $&M=Dj $G$" $k !# ;29MJ88% [1] D. Lenoski et. al., \The Stanford D ASH Multi- pro cessor," IEEE Computer, 25 , pp.63{79, 1992. [2] J. Kuskin et. al., \The Stanford FLASH Multi- pro cessor," The 21st ISCA, pp.302{313, 1994. [3] D. Chaik en and A. Agarw al, \Soft w are-Extended Coheren t Shared Memory: P erformance and Cost," The 21st ISCA, pp.314{324, 1994. [4] J. Laudon and D. Lenoski, \The SGI Origin: A c- cNUMA Highly Scalable Serv er," The 24th ISCA, 1997. [5] T. Lo v ett and R. Clapp, \STiNG: A CC-NUMA Computer System for the Commercial Mark et- place," The 23rd ISCA, pp.308{317, 1996. [6] H. T anak a et. al., \The Massiv ely P arallel Pro- cessing System JUMP-1," %* !<%‘<R , 1996. [7] T. Kudoh et. al., \Hierarc hical bit-map directory sc hemes on the RDT in terconnection net w ork for a massiv ely parallel pro cessor JUMP-1," In terna- tional Conference on P arallel Pro cessing, August, pp.I-186{I-193, 1995. [8] K. Hiraki et. al., \Ov erview of the jump-1, an mpp protot yp e for general-purp ose parallel com- putations," IEEE In ternational Symp osium on P arallel Arc hitectures, Algorithms and Net w orks, pp.427{434, 1994.

[9] Hiroaki Nishi et. al., \Router Chip: A v ersatile router for supp orting a distributed shared memo- ry ," IEICE-ISP AN, 1997. [10] H. Nak a jo et. al., \An I/O Net w ork Arc hitecture of the Distributed Shared-Memory Massiv ely P ar- allel Computer JUMP-1," In ternational Symp o- sium on Sup ercomputer, 1997. [11] Y.Y ang et. al., \Recursiv e Diagonal T orus: An in- terconnection net w ork for massiv ely parallel com- puters," IEEE the 5th Symp osium on P arallel and Distributed Pro cessing, pp.591-594, Dec. 1993. [12] T. Matsumoto et. al., \Distributed Shared Memo- ry Arc hitecture for JUMP-1: A General-Purp ose MPP Protot yp e," In ternational Symp osium on P arallel Arc hitectures, Algorithms and Net w orks, pp.131{137, 1996. [13] T. Matsumoto and K. Hiraki, \Memory-Based Comm unication F acilities and Asymmetric Dis- tributed Shared Memory ," Inno v ativ e Arc hitec- ture for F uture Generation High-P erformance Pro cessors and Systems, pp.30{39, 1997. [14] K. Li., \A Shared Virtual Memory System for P arallel Computing" In. Conf. on Par al lel Pr o- c essing, St. Charls, IL , pp.94{101, August 1988. [15] 0f >e 9@ L@ B> , !V D6 JB Ns 7W ;; 5! JUMP-1 $K$* $1$k MBP Core Arc hitecture $N I> 2A , !W CPSY, pp.1{8, Jan- uary , 1998. [16] A.V. %( %$ %[ R. %;%7 %# J.D %&%k %^ %s 6& Cx 86 ED 8- 0lLu \ %3 %s %Q %$ %i " 1990.