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•! 8..+1+('75(%9.$+#.+%
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•! 8AB'#.+>+#7"%$#%".$+#.+%'#A%+#<$#++($#<%
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•! ,5#<%7+(>%>'$#7+#'#.+%
•! C#A+?+#A+#7%7+"7%'#A%+B'1*'45#%
•! !*7(+'.;%'#A%A$""+>$#'45#%
•! P$<;%1+B+1%*"+(%"*??5(7%

Q%
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APPLICATIONS 
 
 

GENERAL PURPOSE TOOLS 
 
 

SUPPORT TOOLS AND UTILITIES 
 

 
HARDWARE 

8#13/2Q$-#,"2*K*Q<$A1-"7$R70/S$K12#7TI$
$
•! B5K6,*)#I$S1/2-1/2$,*SAK#U$,*)#7H$123$)#AK/,1-#$RUVW$123$(*0#)XH$9K5#$

@1-#)7H$:O'&T$
•! B12<,*)#Y#S>#33#3I$57#$S12<$7/SAK#)H$K*0$A*0#)$,*)#7$4)*S$#S>#33#3$

7<7-#S7$R9K5#O#2#H$L102/2QT$
•! O(;Y%,,#K#)1-*)I$57#$"/Q"K<$7A#,/1K/Z#3$A)*,#77*)7$4)*S$Q1S/2QYQ)1A"/,7$

S1)=#-$7A1,#$R:[/3/1$\#)S/H$&#KKH$]2-#K$^2/Q"-7$&*)2#)Y81))1>##T$

_/7=7$/2$70/S$K12#$7#K#,6*2I$
$
•! '#K#,-$-**$7**2I$57#)7$,122*-$4*KK*0$
•! '#K#,-$-**$K1-#I$41KK$>#"/23$A#)4*)S12,#$,5).#$
•! '#K#,-$/2,*))#,-K<I$75>+#,-$57#)7$-*$S5K6AK#$

3/7)5A6.#$-#,"2*K*Q<$,"12Q#7$



&1-#Q*)< $$ !**K$ \52,6*21K/6#7$

:5S#)/,1K%

!)/K/2*7% 81<5($7;>"%D5(%7;+%$7+('4B+%"51*45#%5D%1'(<+%"?'("+%1$#+'(%"2"7+>"%

J<A)#% 81<5($7;>"%D5(%7;+%$7+('4B+%"51*45#%5D%1'(<+%"?'("+%1$#+'(%"2"7+>"%J<($AS.+#7($.%$#7+(D'.+"K%

(N!',% I551"%D5(%7;+%"51*45#%5D%TU:"%J"?'("+%1$#+'(%'#A%#5#1$#+'(%"2"7+>"%5D%+)*'45#"K%

';:L]%8'% 951B+("%D5(%7;+%"51*45#%5D%"2"7+>"%5D%5(A$#'(2%A$M+(+#4'1%+)*'45#"F%#5#1$#+'(%'1<+6('$.%
+)*'45#"F%'#A%A$M+(+#4'1S'1<+6('$.%+)*'45#"%

',18%(%&^% P$<;%?+(D5(>'#.+%A+#"+%1$#+'(%'1<+6('%(5*4#+"%

'8N(,% :$<+#"51B+(%?'.0'<+%6*$17%5#%75?%5D%T:I9.%

'5A#)8;% V+#+('1S?*(?5"+%1$6('(2%D5(%7;+%A$(+.7%"51*45#%5D%1'(<+F%"?'("+F%#5#"2>>+7($.%1$#+'(%
"2"7+>"%
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>$#$>$W'45#F%65*#A%.5#"7('$#+A%5?4>$W'45#K%
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8/>)1)<$L#.#K*AS#2-% %!8%'% I551"%D5(%7;+%'*75>'4.%<+#+('45#%5D%5?4>$W+A%#*>+($.'1%"5G-'(+%JA+#"+%1$#+'(%'1<+6('K%

•! N/Q#2.1K5#7$
•! '/2Q5K1)$[1K5#$L#,*SA*7/6*2$
•! 8/2#1)$8#17-$'`51)#7$

8/2#1)$'*K.#)7$RL/)#,-$B#-"*37TI$
$
•! 8;$
•! &"*K#7=<$
•! 8L8!$R-)/3/1Q*21K$S1-)/,#7T$$
•! a_$

•! :*2K/2#1)$#`516*27$R:#0-*2E>17#3T$
•! :*2K/2#1)$*A6S/Z16*2$

•! :#0-*2E>17#3$
•! &O$
•! L/)#,-$7#1),"$

•! MLN7$
•! '#27/6./-<$121K<7/7$

8/2#1)$'*K.#)7$R]-#)16.#$B#-"*37TI$
$
•! &O$
•! OB_N'$
•! &O'$
•! 9/&O'!%9$
•! aB_$
•! 'bBB8a$

•! [1)/*57$A)#,*23/6*2#)7$

•! B5K6Q)/3$
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'*P01)#$]2-#)41,#7$

\%

CALL BLACS_GET( -1, 0, ICTXT ) 
CALL BLACS_GRIDINIT( ICTXT, 'Row-major', NPROW, NPCOL ) 
    : 
CALL BLACS_GRIDINFO( ICTXT, NPROW, NPCOL, MYROW, MYCOL ) 
    : 
CALL PDGESV( N, NRHS, A, IA, JA, DESCA, IPIV, B, IB, JB, DESCB, INFO ) 

Data Layout 

structured composite blockstrc unstruc CSR 

Linear Solvers 

GMG FAC Hybrid, ... AMGe 
 

ILU, ... 

Linear System Interfaces 

]! E=7Ac-<A#$$d,QHQS)#7H>,Q7He`S)Hfg$
]! EA,c-<A#$$dK5H/K5H+1,*>/H7*)H17SHfg$

,"-)+%./%$0).1+
$

]! E=7AcS1Uc/-$$hS1Uc/-#)7i$
]! E=7AcQS)#7c)#7-1)-$$h)#7-1)-i$
]! EA,c17Sc*.#)K1A$$h*.#)K1Ai$
]! EA,c17Sc-<A#$$

d>17/,H)#7-)/,-H/2-#)A*K1-#H2*2#g$

command line 

function call 

problem domain 

(ScaLAPACK) 

(PETSc) 

(Hypre) 



a5#76*27$4*)$1AAK/,16*2$3#.#K*A#)7$

•! P5-%A5+"%?+(D5(>'#.+%B'(2%-$7;%A$M+(+#7%.5>?$1+("^%
•! C"%?55(%?+(D5(>'#.+%.5((+1'7+A%-$7;%.+(7'$#%!9%D+'7*(+"^%
•! P'"%'%(+.+#7%.;'#<+%.'*"+A%*#'#4.$?'7+A%?+(D5(>'#.+^%
•! P5-%A5+"%?+(D5(>'#.+%B'(2%-$7;%&TC%B'($'#7"^%
•! _;2%$"%5#+%'??1$.'45#%B+("$5#%D'"7+(%7;'#%'#57;+(^%
•! _;'7%$"%7;+%(+'"5#%D5(%7;+%56"+(B+A%".'1$#<%6+;'B$5(^%
•! U$A%7-5%(*#"%+Y;$6$7%"$>$1'(%?+(D5(>'#.+^%
•! P5-%'(+%?+(D5(>'#.+%A'7'%(+1'7+A%75%'??1$.'45#%+B+#7"^%
•! _;$.;%>'.;$#+"%-$11%(*#%>2%.5A+%7;+%D'"7+"7%'#A%-;2^%
•! _;$.;%6+#.;>'(0"%?(+A$.7%>2%.5A+%?+(D5(>'#.+%6+"7^%

%%@%
%
J1/'%2()34/546$7((%468(9:(K%

`%



•! QU%?(5O1+%6(5-"+(%J?'('?(5DK%
•! I5%*"+%I8aF%5#+%5#12%#++A"%75%"+7%'%.5*?1+%5D%
+#B$(5#>+#7%B'($'61+"%'#A%"*6"47*7+%7;+%#'>+%
5D%7;+%.5>?$1+(%-$7;%'%I8a%";+11%".($?7%

•! :YZ%X1'7%?(5O1+%5D%&$('#A'%J,,3,b%;2A(5A2S
#'>$."%c%X5(7('#%d%&TCK%5#%'#%%/Vc,b%%

!%;I$(#)4*)S12,#$%21K<7/7$

e%

2*3#H$,*2-#U-H$-")#13$

•! ()*jK/2Qf%"*>>'(2%"7'4"4."%5D%?+(D5(>'#.+%
>+7($."%%Jg%5D%4>+"%'%(5*4#+%-'"%$#B50+A%+Y.1*"$B+%
5(%$#.1*"$B+%4>+%5(%;'(A-'(+%.5*#7"F%.'117(++"%'#A%
.'11<('?;"F%>+>5(2%'#A%>+""'<+%"$W+"%%+7.K%

•! !)1,/2Qf%-;+#%'#A%-;+(+%+B+#7"%7550%?1'.+%'15#<%'%
<156'1%4>+1$#+%J4>+"7'>?+A%15<%5D%+B+#7"F%
>+""'<+%.5>>*#$.'45#%+B+#7"K%

•! 8*75>'4.%$#"7(*>+#7'45#%5D%"5*(.+%.5A+%JTUIK%
•! E*#"%5#%6'"$.'112%'11%PT=%?1'h5(>"%%

J9++%;i?fcc7'*Z*5(+<5#Z+A*c7'*Z??7K%



!#,"2*K*Q<$!)127/6*2$

j%

107 

106 

105 

104 

103 

102 

10 

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Top500 

COTS/MPP + MPI 

COTS/MPP + MPI (+ OpenMP) 

GPU CUDA/OpenCL 
Or Manycore BG/Q, R 

Exascale + ? 

Franklin (N5) 
19 TF Sustained 
101 TF Peak 

Franklin (N5) +QC 
36 TF Sustained 
352 TF Peak 

Hopper (N6) 
>1 PF Peak 

NERSC-7 
10 PF Peak 

NERSC-8 
100 PF Peak 

NERSC-9 
1 EF Peak 

Pe
ak

 T
er

af
lo

ps
 

… and impacts to a facility like NERSC 
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(1)1S#-)/,$_#7#1),"$123$]2-#Q)16*2$

kl%

APPLICATIONS 
 
 

GENERAL PURPOSE TOOLS 
 
 

SUPPORT TOOLS AND UTILITIES 
 

 
HARDWARE 

•! J123E-52/2Q$1KQ*)/-"S/,$
A1)1S#-#)7$,12$>#$
,5S>#)7*S#$

•! %5-*E-52/2Q$A)*35,#7$1$
7/2QK#$-52#3$K/>)1)<$RS1U$
,*)#7$A#)$2*3#T$

•! '*S#$1AAK/,16*27$0*2k-$
7,1K#$f$

•! %5-*E-52#3$1KQ*)/-"S/,$
A1)1S#-#)7$

•! %5-*E-52#3$K/>)1)/#7$-")*5Q"$
7-##)/2Q$A1)1S#-#)7$Rl,*)#7Y
2*3#T$

•! _52E6S#$7#K#,6*2$*4$-52#3$
K/>)1)<$

•! 9/21)<$)#0)/62Q$RmT$



2"34%-)+5""&*+6"-+788&'0%("$+9)/)&"8#)$:;+<"-:%='&':>+%$.+<)-6"-#%$0)$

•! S/2mB7(C2/CD%)2C)/+'B/9n% % %J?(57572?+K%
•! S/2mB7(C2/C)/+'B/9n % %J?(5A*.45#K%
•! S/2m)/EF$%(G:(0(+/H7(92G1/)2n%%
•! S1Um)/EF$%(C+=5(n%%
•! S1Um%()/'%1(C'B+=I$B/9n%%

•! !*71$B+%=5>?1+Y$72%
–! C#.(+'"$#<12%"5?;$"4.'7+A%>5A+1"%
–! &5A+1%.5*?1$#< % % % %)/EF$%(4(0/+'B/94
–! C#7+(A$".$?1$#'(2%

•! 9*"7'$#+A%T+(D5(>'#.+%
–! C#.(+'"$#<12%.5>?1+Y%'1<5($7;>"%
–! C#.(+'"$#<12%A$B+("+%'(.;$7+.7*(+" % %+/9.G2(%74:(+=0(%$,+()4
–! C#.(+'"$#<12%A+>'#A$#<%'??1$.'45#"% %%

kk%





(1)66*2#3$OK*>1K$%33)#77$'A1,#$R(O%'T$812Q51Q#7$

•! 86"7('.7%";'(+A%'AA(+""%"?'.+%-$7;%.5#7(51%5D%15.'1$72%D5(%
9T&U%?(5<('>>$#<%>5A+1%

•! =5#B+#$+#7%D5(%'??1$.'45#%A+B+15?>+#7%
•! ,'#<*'<+"%

–! a#$O+A%T'('11+1%=%JaT=F%8JH;KK'H1-+,+-./0K%
–! =5S8(('2%X5(7('#%J=8XF%8JH;KKFFF-1/G$%%$3-/%.K%
–! I$7'#$*>%J8JH;KKB2$9='7-1)-,(%A(+(3-(:'K%
–! X5(7(+""%J8JH;KK,+/.)-/%$1+(-1/7KH%/L(1M/%2%())K%
–! =;'?+1%J8JH;KK18$H(+-1%$3-1/7K%
–! oSkl%J8JH;KKNOPG+$9.-/%.K%

•! V893:If%15-S1+B+1%#+7-5(0$#<%1'2+(%7;'7%?(5B$A+"%;$<;S
?+(D5(>'#.+%.5>>*#$.'45#%?($>$4B+"%7'$15(+A%D5(%TV89%
1'#<*'<+"%J8JH;KK.$)9(2-1)-,(%A(+(3-(:'K%

kQ%



&*E1))1<$\*)-)12$

•! C>'<+f%+'.;%(+?1$.'45#%5D%'%?(5<('>%
•! 92#7'Yf%

real, dimension(10), codimension[*] : : x,y 
x(:) = y(:)[q]    ! coarray y on image q is copied into coarray x on the executing image 
%

•! 9$>?1+%"7'7+>+#7"%(+?1'.+%&TC%.'11"%J"$>?1+(F%";5(7+(F%>5(+%
>'$#7'$#'61+%.5A+KF%#5%#++A%75%?'.0%'#A%*#?'.0%A'7'%J+((5(%
?(5#+K%

•! 92#.;(5#$W'45#%
 

CRITICAL   ! Begin critical region 
END CRITICAL   ! End of a critical region 
SYNC ALL   ! Synchronize all images 
SYNC IMAGES  ! Synchronize a specified subset of all images 
SYNC MEMORY  ! Memory barrier  
 

•! 9++%G?Z#'<Z.5Z*0c".HH-<[c3kelkS3ke[lc3keHRZ?AD%D5(%A+7'$1"%
kR%



!1)Q#-$%AAK/,16*2I$-"#$(1)1KK#K$M,#12$()*Q)1S$R(M(T$

k[%

<;5"7%.+11%5(%;'15%(+<$5#%D*11%A5>'$#%-$7;%";'A+A%1'#A%.+11"%J-;$.;%'(+%(+>5B+AK%

"?'.+SO11$#<%.*(B+%

A$?51+%5(%7($?51+%<($A"%'(+%>'??+A%$#75%'%HU%A5>'$#%%



(M($&*SA*2#2-7$

•! /'(5.1$#$.f%A+#"$72%A+?+#A"%5#%7;+%7+>?+('7*(+%'#A%?(+""*(+F%"15-%
>545#%p%O#$7+%A$M+(+#.+"%

•! /'(57(5?$.f%A+#"$72%A+?+#A"%5#12%5#%7;+%?(+""*(+F%D'"7%>545#%p%
J?(+.5#A$45#+AK%.5#q*<'7+%<('A$+#7%

•! kU%A'7'%"7(*.7*(+%$#%7;+%6'(57(5?$.%"51B+(%+#'61+"%7;+%+1$>$#'45#%
5D%1'#A%?5$#7"%$#%7;+%HU%A'7'%"7(*.7*(+%
–! .;'#<+"%7;+%>'7($YSB+.75(%>*14?12%J$#A$(+.7%'AA(+""$#<K%
–! *"+"%=9E%D5(>'7%

•! /'(57(5?$.%.5>?5#+#7%'"%'%>$#$'??%%
–! kQ%B+("$5#"%JQ%HU%A'7'F%kl%kU%A'7'K%62%975#+F%U+##$"%'#A%97(5*7%J=!%97'7+K%
–! j%?5$#7%"7+#.$1%
–! ;'15%*?A'7+"%

k\%



&*SS52/,16*2$(1n#)2$57/2Q$CL$'-)5,-5)#$

k`%

"1K*$ "1K*$

"1K*$ "1K*$



(#)4*)S12,#$&*SA1)/7*27$

grid size  
(per block) np mpi2s1D caf1D 

no overlap overlap no sync images sync images 

MULTI_PULL SINGLE_PUSH SINGLE_PULL SINGLE_PUSH SINGLE_PULL 

60x40 576 26.5 26.8 46.7 28.9 29.0 27.5 27.5 
1416 8.8 8.9 22.2 12.6 11.5 10.9 10.7 
2832 5.1 5.9 14.1 6.2 6.6 7.4 7.6 

90x60 672 20.6 21.7 49.4 21.8 22.0 22.9 22.7 
1320 10.6 10.8 28.3 11.3 11.8 12.6 12.8 

120x80 96 168.6 168.0 211.4 170.0 170.4 171.3 171.3 
192 92.1 91.0 130.0 92.9 93.0 92.7 92.7 
264 68.6 69.0 109.4 70.5 70.6 70.3 70.2 
384 47.0 47.0 83.4 48.0 48.2 48.1 48.1 
768 17.8 18.0 57.9 19.4 19.6 20.9 19.8 

180x120 96 193.2 191.5 261.0 193.4 193.4 194.6 194.6 
120 158.0 156.2 226.7 158.8 159.6 158.1 158.1 
192 108.4 108.7 176.2 110.9 111.2 109.8 109.7 
360 57.9 57.7 123.2 58.8 58.8 58.7 58.6 

ke%

'm0n%r%'%%%%%%%%'%r%'m0n%%

8/HH(%-9(%)1-./0;4OQRSTOU41/7H'2(41/%()4V%$34WXU4YUSRZ[41/7H'2(49/:()4F=284T42F(+0(G
1/%(4"#\4#$.93V/'%)]4$9:4^(7=9=4=92(%1/99(12_4O/47/:(+_4OTP4V^4=2(%$B/9)4

6'(($+(%

l%
Hl%
Rl%
\l%
el%

kll%
kHl%
kRl%
k\l%
kel%

j\% kjH% H\R% QeR% `\e%
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%&!'$!**K7I$25S#)/,1K$452,6*21K/6#7$RCYoT$

Hl%



%&!'$!**K7I$25S#)/,1K$452,6*21K/6#7$RFYoT$

Hk%



%&!'$!**K7I$25S#)/,1K$452,6*21K/6#7$RoYoT$

HH%



(M(I$>K*,=$7/Z#7$4*)$1$C*$S*3#K$RoWGGUFpGG$Q)/3$A*/2-7T$

blocks 
 (each direction) 

grid points 
(3600x2400) 

points per 
block halo 

20 180 120 21600 604 
30 120 80 9600 404 
40 90 60 5400 304 
60 60 40 2400 204 
75 48 32 1536 164 
100 36 24 864 124 
150 24 16 384 84 
200 18 12 216 64 

HQ%



B/2/1AA7$4*)$!#762Q$(O%'$812Q51Q#7$$

•! &$#$'??"%J'"%A+O#+A%62%&Z%P+(5*Y%+7%'1ZF%HlljK%
–! /+#.;>'(0$#<%$#%$>>'7*(+%+#B$(5#>+#7"%
–! 9$>?1+%6*$1A%?(5.+""%75%+#'61+%+'"2%?5(4#<%
–! 865*7%klll%9,!=%
–! T+(D5(>'#.+%?(5Y2%
–! T(5<('>>'6$1$72%?(5Y2%J.5A+%$>?5(7'#.+F%$#.(+>+#7'1%
$>?(5B+>+#7K%

%

HR%



(M($B/2/1AAI$\5-5)#$@*)=$

•! 8#'12"$"%5D%7;+%.5>>*#$.'45#%?'i+(#%
•! =8X%6'"+A%5#%V893:I%5#%;5??+(%
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