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* OpenMP

* Login to Wisteria/BDEC-01

« OpenMPIZ&BiEF{E(0) (1227 FT)
« OpenMP[Z&LBiMi54E (1) (First Touch)
« OpenMPIZ& 5S4k (2) (+ELL)
1
1

« OpenMPIZ& 554k (3) (+omp-parallelBIE)
* OpenMPIZ& 554k (4) (+BEHmE1E
(Fortran®+) )




Hybridii 5|70 5204

« ALy Fiifl+AvtE—UNy 0y
— OpenMP+ MPI
— CUDA + MPI, OpenACC + MP!
* OpenMPHAMPIK YFRFEELVS Z &G0

— T—REKEFEHEDLGTWEETHNIL, BEMAIIZOpenMPig
TXZE ANNIER L
— NUMAIZ7E 5 & K Y% : First Touch Data Placement




Flat MPI vs. Hybrid
Flat-MPI:Each Core -> Independent

HEEEE
HEER

Hybrid : Hierarchal Structure

memory
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HEAE) BT E#

MEMORY
cllcllcl|lcl|lc|lc|c| c
PIIP|PI|PI|[P|P|P]| P
Ulfujlu|lul|lul|lullu]lu

« SMP
— Symmetric Multi Processors
— BHOCPU@7) TRILARVZERZHXEH I ST —FTIVF7

\
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OpenMP& [ (1/2)

http://www.openmp.org

« HBFAREWIFTEHADDirectiveD it —1R1%
— MPIOHPFIZLE AR S EES1996 FEM B EEIF I8
— IR7E Ver.4.X

de B
* B

— Cray&SGID &6 (1996)

— ASCIETEI D Figg (1995)

 Accelerated Strategic Computing Initiative (ASCI) -> Advanced
Simulation and Computing Program (ASC)
« ASCI:#Z%ZEEBRDIIal—av[tkbHRE
— STE#EZR, o2aL—23avyIbmox7
« SMPOSRRZTH—HA
— ASCI Red (Intel), Blue Pacific/White/Purple/BlueGene (IBM), Blue Mountain (SGI)
« SMPHSRAMITOMFITOST 53245 0 @EAPI(Application Program
Interface) N HE
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OpenMP& [ (2/2)

http://www.openmp.org

FLRAREBARUA—NEE->T OpenMP ARBZ#ERL,

1997 F XL AR EMNTETCUL=ZEOTHS

— SC98TIL 9 TIZTOpenMPDF2—k )7 L& T-L, 9 TIZ
SGI Origin2000 COpenMP-MPI/NA T yk D22l — 3
DX TWLWAHlEH T,

OpenMPI&Fortankik EC/C++ R D FRIE M2 HI| &< (2

HoNTET=,

— Ver.2 5CEEZB DI #E/H—

Ver.4.0TIZGPU, Intel-MICZCo-Processor,

Acceleratorl R I ZE COEMELEE

— OpenACCIZiEDLYTLYS
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OpenMP D&

— AT S LEMF|IZETT A=HDEIEEZI—H—H AR

— OpenMPEITIRIEIE, IKEFER, &R, TykOvy, BRESK
, #HRELTTOT SLMNRDI=EITIZOEN D K7 RRE
ICET 5F Ty VIEEKRSNTLVELY,

— TRV SLMELLEFTEINDIIERT ADF1——DE
ETH5,

» RITETIV
— fork-joinB i 5| ET L

o BAEIIRZALYREMEINSE—T OIS LELTETERIIAL,
TPARALLEL]J, TEND PARALLELIT AL T4 D xi THiFtEiE%E
BT 5, TFBEENENBIETRAIZALYRIZALYRDF—LESE
BL, FOF—LDIRAEL D,

— LWL ANFIEEIDRIEETHSHH, CZTlEF7iiy
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Master

Master

thread

thread

thread

thread

thread

thread

thread

Master

Fork-Join & ifi 51| &5 )L

Master

thread

thread

thread

thread

thread

thread

thread

Master

PARALLEL END PARALLEL @ PARALLEL END PARALLEL
fork join fork join
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ALwvw K%

o IRIEZ# OMP_NUM_ THREADS

- EDEZRA
« bash(.bashrc) export OMP_NUM_THREADS=8
» csh(.cshrc) setenv OMP_NUM_THREADS 8

e 1-&¢Z ¥, OMP_NUM THREADS=4¢9 B¢, LI FTDOLSIZ
i=1~100MDIIL—T e EIEh, FFICETINS,

— do i= 1, 26 |

— do i= 26, 50 |

do i= 1,100 ‘e—-

— do i= 51, 75 |

— do i= 76, 100 |—




OMP-1

OpenMPIZBEHET 515

OpenMP Architecture Review Board (ARB)
— http://www.openmp.org

& X H
— Chandra, R. et al.l' Parallel Programming in OpenMP ]
(Morgan Kaufmann)

— Quinn, M.J. T'Parallel Programming in C with MPI and
OpenMP | (McGrawHill)

— Mattson, T.G. et al. [ Patterns for Parallel Programming |
(Addison Wesley)

— £ BElOpenMPIZ&AMi5TOT S35 BT E X (ALE)
— Chapman, B. et al. [Using OpenMP ] (MIT Press)
ETHEMIZKDEIER : (OpenMP 3.0) iHiE |

— http://www.openmp.org/mp-documents/OpenMP30spec-ja.pdf

11
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o FALOTAY FETAT) DI THIE

OpenMP ) 454

—EABEZDIIL—THILF{EEN D
— AN R—LTUWEITNIE, AV REHAGENS

12



OpenMP/Directives
Array Operations

Simple Substitution Dot Products
#ipragma omp parallel for private (i) RHO = 0.0;
for (i=0; i<N; i++) | #ipragma omp parallel for private (i)
X[i] = 0.0; reduction (+:RHO)
W[O][i] = 0.0; for (i=0; i<N; i++) {
W[1I[i] = 0.0 RHO += W[R]I[i] * W[Z][i];
| Wi2][i] = 0.0
DAXPY

#pragma omp parallel for private (i)
for (i=0; i<N; i++) |
Y[i] = Y[i} + alphat*X[i];

13
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OpenMP/Direceives
Matrix/Vector Products

fioragma omp parallel for private (i, VAL, j)
for (i=0; i<N; i++) |

VAL = D[i] = W[P][i];
for (j=indexLU[i]; j<indexLU[i+1]; j++) {
| VAL += AMATL[j] * W[P][itemLU[j]-1];

WIQI[i] = VAL;

14
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OpenMP D 4%

* TALDT47 GEFRAT

)

—HBABEZDIL—TH:

D #2 THI A

SlE=nd

— AVINATBRYR—FLTUWEITNIL, AV REH LGNS
e fAIBIEELETMNIX, fAIHLALY

- TB#ESE), TEBEINIMIVIEIEIFE LS,

— FTFRLEIEZTTHERMLEGHRERIZES  ANUMLEERIC

— T—AR358E (Ordering) (ZF|BEDEE
 HFAFYI=WrADOTOEYHH#IZGLT,

FThreath\_LEJ:h\é

— [Thread]:MPITULNS I JO€X JIZHEET 5,

— E&E (X Thread%h=

7 N

y

A1 =—wbRATAtEy Y, a7

HITHAMNTIEDT —F7T9F v TlEHyper Threading
(HT) BN R—bSNTWDEDHAZLN(1TF7 T2-4RALYEK)
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AE!1) 3RS (Memory Contention)

MEMORY
cllcllcl|lcl|lc|lc|c| c
PI|P|P|PI|/[P|[P|P]| P
Ulluljlujlul|lul|lullu]lu

. EHEMEELTOES, BROALYRAAEY L
DRELTRLRIZH BT —4% FBICEHT B4t S
%5,

— EHMOCPUNEHDRILE S ZEEH LEIET S,

— AE)EEHOATTHEAELTWA=HIZDO LOHIEME
560

— BEICESTIEEZEANEDLS

Y

[
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AE5EE (Memory Contention) (#t=)

MEMORY

el L

Anni

P
U

P
U

P
U

P
U

|
cllC
P| P
uilu

cCvUo

cCUvo

» KEBTHOTWBBIL, TDXIBIEMNELHNLS,
ZALYEDRIFIZRICR R ZEFHIT AL H&IFA

NFDICTTH(EIFTZH T HE

LY) o

- NFA—HF—DEETPLDIEL, THD

. F—BIRTEH:

- (Data Dependency)

¢ ATRALYRH) B HIFE, AEYAD BB

Z T, W

LEEIFIET IS5 (AEYEETD)
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OpenMP D 438 (=)

« EKIIT#pragma omp parallel for

o FEHIZDOUNT, ¥ A—/\)l/sharedZiZE$i L, ThreadN
TA—AJ i private TG E#IZH TN D,
— T 74L& global/shared
— NFEF KROS5 E L reduction 1 Z{ES

VAL= 0.0; W(,2), R, Z, PEsmpTOT
#pragma omp parallel for private (i, ip) HEIFFT O—/ LT
reduction (+:VAL)
for (ip=0; ip<PEsmpTOT; ip++) {
for (i=INDEX[ip]; i<INDEX[ip+1]; i++) {
\ VAL= VAL + W[R]I[i] * W[Z][i]l;
J
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FORTRANZEC

use omp_lib
]$6mp parallel do shared(n, x,y) private(i)
do i? 1, n |
x(i)=x(i) +y(i)
enddo

I$ omp end parallel do

#include <omp. h>
T..

#pragma omp parallel for default(none) shared(n, x,y) private(i)

for (i=0; i<n; i++)
x[i] +=yl[i];

19
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REZRICBITSAE

* OpenMPIIZHREHEEZF>TLVDOD, ThoDET
FE—HZDHZEIFLALY,
- FHEBADETZIE, BELTULSDITTIELLY,

s HIEABENTICHELTRIEEDHEDAFEET S,
— B{RBIZIFE, EBEETHEOTLWBPCGEIZEARTYARER
VILIN—ZEIDNT F=OIZIELGHEEEDAIZDODNVTEETH

— TNUSNOEEEICOVTIE, BE, EFRDOIE(Z2TIZEAL
NBEIFRGZELY)



OMP-1

2 [l Yuba

« use omp_lib FORTRAN
« #include <omp.h> C

o PRARIBIRIELE, 1A T—ADTE
LI TYHHR—)

# (OpenMP3.0

21



OMP-1 29

OpenMPT 1L %2+7) (FORTRAN)

sentinel directive_name [clause|[[,] clause]..]

¢« AKXF/INMNXFILXFISNZELY,
e sentinel
— ZEATY

— FORTRANTIZINI$OMPY, TC$SOMPY, *$SOMP, {HELH
—A K TIXTISOMP D H

— B ITIZIZIFORTRANERILIL—ILANEREN S, LLTIELY
3Nt ISOMP PARALLEL DO SHARED(A,B,C)

!SOMP PARALLEL DO | SOMP PARALLEL DO &
! SOMP+SHARED (A, B, C) ! SOMP SHARED (A,B,C)
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OpenMPT L %247 (C)

#pragma omp directive_name [clause[[,] clause]..]

o FAHEITIEIN
o INXFEFEA(ZEH#A L)

#fpragma omp parallel for shared (a,b,c)




OMP-1

PARALLEL DO/for

!SOMP PARALLEL DO[clause[[,] clause] .. ]
(do_loop)
1SOMP END PARALLEL DO

#pragma omp parallel for [clause[[,] clause] .. ]
(for_loop)

¢« ZEALYFICE>TETNSMEEZEZEREL, DOJIL—
JDiFbEERT S,
- VIEHE (clause) : K<FFHT HEHD
— private (list)
— shared (list)
— default(private|shared|none)
— reduction ({operation|intrinsic}: list)
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REDUCTION

REDUCTION ({operator|intrinsic}: list)

reduction ({operator|intrinsic}: list)

« [MPI_REDUCEJD &5t ERZIE KLY
» QOperator

-+, % -, .AND., .OR., .EQV., .NEQV.
 |ntrinsic

— MAX, MIN, IAND, IOR, IEQR

25



EHIA1:BHEG)L—T

#fpragma omp parllel for
for (i=0; i<N; 1i++) {
Bli]l]= (A[i] + B[i]) * 0.50;
}

e JL—TODRYRLEHM(ZZTIKINDIETIAILLT
private’g D T, BATRMICE ST EFT &,

« TEND PARALLEL DOJIZ&E BRI EE,
- CEa&TIEZ3THHFHELEL

26
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={51A2: REDUCTION

#fipragma omp parallel default (private) reduction(+:A, B)
for (1i=0; 1i<N; i++) {
err= work (Alocal, Blocal);
A= A + Alocal;
B= B + Blocal;

27
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OpenMP{ERKIZIFUHT ZENDTES
B

int omp_get_num_threads (void) ALy #agh
int omp_get_thread_num (void) BALYRE®DID
double omp_get_wtime (void) MPI_Wtime&[E L
void omp_set_num_threads (int
num_threads) ALy #ERTE

call omp_set num_threads (num_threads)



OpenMP for Dot Products

VAL= 0.0;
for (i=0; i<N; i++) |

}

VAL= VAL + W[RI[i] * W[Z][i]:

29
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OpenMP for Dot Products

VAL= 0.0;
for (i=0; i<N; i++) {
VAL= VAL + W[RI[i] = W[Z][i];

]
VAL= 0.0;

#ipragma omp parallel for private (i) reduction(+:VAL)
for (i=0; i<N; i++) {
| VAL= VAL + W[R][i] = W[Z][i];

Directives are just inserted.

Thread #0 W[R][i[*"W[Z][] >
Thread #1 W[R][i]*W[Z][i] -
Thread #2 W[R][II*W[Z][i] = yvAL

Thread #M W[R][I*W[Z][]] >
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OpenMP for Dot Products

VAL= 0.0;
for (i=0; i<N; i++) {
VAL= VAL + W[RI[i] = W[Z][i];

J
VAL= 0.0; _ e
’ . . : . OpenMPT AL UT4JDiEA
#praggs(?rg;p?gﬁ;lIie+l+)f?r private (i) reduction(+:VAL) ~ I (L AT A

] VAL= VAL + W[RI[i] * W[Z][i]:

VAL= 0.0; * SEL—TDOHEA
fpragma omp parallel for private (i, ip) PESmpTOT:ALvh3
reduction (+:VAL) HoMUBHTINDEX()IZFRELTHL
for (ip=0; ip<PEsmpTOT; ip++) { | FYMERCIHNEFTHEE
for (i=INDEX[ip]; i<INDEX[ip+1]; i++) { (RHZIEMN LB DT TIREL)

} VAL= VAL + W[RI[i] * W[Z][i]:
]
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OpenMP for Dot Products

VAL= 0.0;
for (i=0; i<N; i++) {
VAL= VAL + W[RI[i] = W[Z][i];

}
VAL= 0.0; — —
#pragma omp parallel for private (i) reduction(+:VAL) 9‘;?%“4}?@1;;;;5?%1
— VU a E

for (i=0; i<N; i++) {
VAL= VAL + W[RI[i] * W[Z][i]:

'

VAL= 0.0; ZEIL—TDEA

#pragma omp parallel for private (i, ip) PEsmpTOT: RLwk#

reduction (+:VAL) o HoMLHIINDEX()IZFAELTHL
for (ip=0: ip<PEsmpTOT: ip++) { FYREEICI 5 EEHE

for (i=INDEX[ip]l, i<INDEX[ip+1]; i++) {

VAL= VAL + WIRI[i] * W[ZI[i]; N ¢
} PEsmpTOTE DAL yRMILE LM

J Y, i 5=R4T
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OpenMP for Dot Products

VAL= 0.0; ZEIL—TDEA
#ipragma omp parallel for private (i, ip) PEsmij'OT:ZVyP%&
reduction (+:VAL) HHOMLEBIINDEX[JERABELTHES
for (ip=0; ip<PEsmpTOT; ip++) { FYREEICIFIET EEHE
for (i=INDEX[ip]; i{INDEX[ip+!]; i++) {
} VAL= VAL + WIRIL[i] * WLZ]Lil; PESMpTOTEA®M R LR AT H ALY,
] WHIZZEST
BERNGTESNSALYFE
IHETES
e.g.: N=100, PEsmpTOT=4
INDEX[0]= O
INDEX[1]= 25
INDEX[2]= 50
INDEX[3]= 75
INDEX[4]= 100




Matrix-Vector Multiply

for (i=0; i<N; i++)
VAL = D[i] = W[P][i];
for (j=indexLU[i]; j<indexLU[i+1]; j++) {
VAL += AMAT[j] * W[P][itemLU[j]];

J
WIQI[i] = VAL;

$

———

#ipragma omp parallel for private (i, VAL, j)
for (i=0; i<N; i++)
VAL = D[i] = W[LP][i];
for (j=indexLU[i]; j<indexLU[i+1]; j++) {
| VAL += AMATL[j] * W[P][itemLU[j]];

WIQI[i] = VAL;

r——




Matrix-Vector Multiply

for (i=0; i<N; i++)
VAL = D[i] = W[P][i];
for (j=indexLU[i]; j<indexLU[i+1]; j++) {
VAL += AMAT[j] * W[P][itemLU[j]];

J
WIQI[i] = VAL;

$

———

#ipragma omp parallel for private (i, ip. VAL, j)
for (ip=0; i<PEsmpTOT; ip++) {
for (i=index[ip]; i<index[ip+1]; i++) {
VAL = D[i] * W[P][i]l;
for (j=indexLU[i]; j<indexLU[i+1]; j++) {
VAL += AMATL[j] * W[P][itemLU[j]];

}
WIQI[i] = VAL;

35



« omp parallel-omp end

omp parallel (do)

parallellEZ D =TVIZR
Rk, HRSH
% : fork-join

Ly F&4

o+ JL—THE

IN—Ay K215,

« omp parallel + omp

do/omp for

Master

thread

thread

Master

thread

Master

thread

thread

thread

Master

thread

2t D ET —

thread

thread

thread

thread

Master

thread

thread

thread

PARALLEL END PARALLEL | PARALLEL END PARALLEL
fork join fork join

36

#pragma omp parallel ...

#pragma omp for ({

#pragma omp for {

1 Somp

! Somp
do

1 Somp
do

! Somp

parallel ...

do
i= 1, N

do
i= 1, N

end parallel

required



* OpenMP

* Login to Wisteria/BDEC-01

« OpenMPIZ&BiAEF{E(0) (1227 FT)
« OpenMP[Z&LBiM54E (1) (First Touch)
« OpenMPIZ& 5S4k (2) (+ELL)
1
1

« OpenMPIZ& 554k (3) (+omp-parallelBIlE)
* OpenMPIZ& 554k (4) (+BEHEEAE
(Fortran®+) )




* OpenMP

* Login to Wisteria/BDEC-01

« OpenMPIZXk5iEF{E(0) (1237 X T)

« OpenMP[Z&LBiM54E (1) (First Touch)

« OpenMPIZ&AEF{E (2) (+ELL)

« OpenMPIZ& 554k (3) (+omp-parallelBIE)
» OpenMPIZ&5ii514t (4) (+EEHEREL
(Fortran® &) )




__TCOHE

- JOYJ 3 LDiF{E

¢ OpenMPIETRITZANDSEEITTR>THS
— “poi_gen.f/c”’(poi_gen),
— “solver_PCG.f/c” (solve PCGQG)

39
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40

HIALIR T KR B ECiE

Preconditioned Conjugate Gradient Method (PCG)

Compute r(®= b-[A]x () ERIZAOEIRTEHE DL

for

i= 1, 2, .
solve [M]z({@ 1= yp(i-1)

py = £ g tzy=[M]"r}

if 1=1

e R AT B S B ASE
Pl e M =[Al, [M]=[A]

epdif |

AR T B D FALE : A 24 ) 4751

ol e TR (M =[A]", [M]=[A]

check convergence |r|

SR —L Y BB =L
m["=[D[", IM]=|D]
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ART—) ), RYIERILE

» BILIEITHIELT, LEDITH DM H BT DHZHY H
LT=175ZR10E 1T [M] £T5,

- XBR—1)>, mAakE (point-Jacobi) Bij AL IE
D, 0 .. 0 0
0 D, 0 0
IM]=] ...
0 0 D,, O
0 0 0 D,

e solve [M]z@ D= rE-LE\SIGEIZHITIIZRE
[ZRHBHZEMNTES,

o EIRIETIIINET S,
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AGAFX7 Oty

TofuD arkOo—35

TofuD arkA—35

" CMG#0

112

]

HBM2

N

CMG#2
11213

6|7

|
(oo P~ (=)
()

\S

617
9110 11j

S

HBM2

| €
5

(0123
516

|~ |O
($)]

9 [10]11
2/

¢NgH

o[1[2]3
4|15(6]7
819 [10]11
CMG#1

V.

4 7 |
L\s 9 |10 11
CMG#3

¢NgH

JOtvyy4 AB4FX
(7:?%##;& 1 (48+F L RERTT2 or 4)
JE R 2K 2.2 GHz

HimEF R 3.3792 TFLOPS
ARYBRE 32 GiB

A FiEiE 1,024 GB/s

L1 Cache 64 KiB/core (Inst/Data)
L2 Cache 8 MiB/CMG

e 4DMCMG (Core Memory Group), 125tEa37/CMG

* NUMA7 —F%T77
v AEYZECMGIZHES

+ (Non-Uniform Memory Access)
SN TWLWTHIL, £75H5CMGDHA—7]

ILAER) EDT—2%T7 O RAT A LILAIRE
vV O—AILATYY EDT—3FE->TEHE T 5D HNER

+ RIS

15l : £CMGIZ1-MPIZ

Lyk), 7

5 RN4T

+ X (12-OpenMP X
TRADINAT) R HELR
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AGAFX7 Oty

TofuD o kA—5

TofuD arkA—35

HBM2

MPI #1

HBM2

12 Threads |

ﬁ!

MPI #0
12 Threads ;; y

MPI #2
12 Threads

¢NgH

MPI #3
12 Threads

¢NgH

JOtyy 4 AB4FX
TEEYTR | | 4o R RaT2 00 )
(aAT7H)

B 2.2 GHz

i E 5 1 aE 3.3792 TFLOPS
AEUBE 32 GiB

AR FIEIE 1,024 GB/s

L1 Cache 64 KiB/core (Inst/Data)
L2 Cache 8 MiB/CMG

e 4D0MCMG (Core Memory Group), 1251&Ea7/CMG

* NUMAY —FT 73

+ (Non-Uniform Memory Access)

vV AEYIFECMGIZEE SN TULTHAL, EHSACMGOHO—H
ILAER) EDT—2%T7 O RAT A LILAIRE
vV O—AILAE) LD T—3FE T EIT 5D ERY

+ RIS

15 : % CMGIZ1-MPIZ

L),

—

7y N4AT

+ X (12-OpenMP X
TRADINAT) YR HELE




A64FX:CMG (Core Memory Group) 44

TofuD a>~A—Z | TofuD a>kA—3

HBM2
¢INgH

HBM2
¢INgH




Memory #6 || Memory #7

\
BEOGEER
HEE08 mma#

2 AEYEE(1/2)

CMG:#0-#3, Core:#12-59, Memory :#4-#7

v# AMowd || S# AMows

CMGE=, a7 &




CMGES, a7 &S, AEYBES(1/2)
CMG:#0-#3, Core:#12-59, Memory :#4-#7

T CMG#2 ) | =

wolorfulm) | &

40[a1]42]a3] - 3

[lelwls)

NSOl | < [ (s]es]s0]51)| '3
5| |28]29]30]31 52]53[54]55) | 3

S [32)z3[34[3s 56]57]58[59) | 'S

= | cmG# . cmG#3 /|
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74 JL3E—: Wisteria/BDEC-01

>$ cd /work/gt00/t00XYZ
>$ cp /work/gt00/z30088/ompw.tar

>$ tar xvf ompw.tar

>$ cd ompw — N Z<$0-ompw> & FE A5
LUTDOT4LY F)DBHEFETINS C & FHEER

run src—c0 src—-cl src—c2 src-c3 src—c3b src-f0 src—-fl src—-f2 src-f3 src-f4

>$ module load £fj AJA LT NEEZAT (A1)
>$ make —-f makec
>$ 1ls run/solcO
solcO
>$ cd run

<modify “INPUT.DAT”, “cl2.sh”>

>$ pjsub cl2.sh



<$0-ompw>/makec

default:
(cd src—cO ; make )
(cd src—cl ; make )
(cd src—c2 ; make )
(cd src—c3 ; make )
(cd src—-c3b ; make )

clean:

(cd src—cO ; make clean)

(cd src—cl ; make clean)

(cd src—-c2 ; make clean)

(cd src—-c3 ; make clean)

(cd src—-c3b ; make clean)

<$0-ompw>/makec-org

default:

(cd src-cO ; make —-f make-o0)

(cd src—cl ; make —f make-o0)

(cd src—c2 ; make —-f make-o)

(cd src—-c3 ; make —-f make-o0)
clean:

(cd src—cO ; make —-f make-o clean)
(cd src-cl make —f make—-o clean)
(cd src—c2 make —f make—-o clean)
(cd src—-c3 make —f make-o clean)

Ne Ne Ne N



<$0-ompws>/src-c0/Makefile, make-o
parallel computing by OpenMP

CcC = fccpx
OPTFLAG= —-Kfast, openmp -Nclang -msve-vector-bits=512 -ffj-ocl
TARGET = ../run/solcO

.SUFFIXES:
.SUFFIXES: .o .c

.C.O:
$(CC) -c $(CFLAGS) $(OPTFLAG) $< -o sa@

OBJS = input.o pointer_init.o boundary_cell.o cell_metrics.o ¥
poi_gen.o solver_PCG.o outucd.o allocate.o main.o

HEADERS = struct.h struct_ext.h pcg.h pcg_ext.h input.h pointer_init.h¥
boundary_cell.h cell _metrics.h poi_gen.h solver_PCG.h allocate.h outucd.h

all: $(TARGET)

$ (TARGET) : $ (OBJS)
$(CC) $(CFLAGS) $(OPTFLAG) -o $@ $(OBJS)

$ (OBJS) : S (HEADERS)

clean:
rm —-f *.o0o $(TARGET) *.log *~ *.lst

CcC = fccpx
OPTFLAG= —-Kfast, openmp
TARGET = ../run/solcO
.SUFFIXES:

.SUFFIXES: .o .c

.C.O:
$(CC) -c S (CFLAGS) $(OPTFLAG) $< -o sa@
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tradE—F
(-Nnoclang #733>)
(T74ILR)

REHEXIUVPRIMEHPC FX100LARID L AT LRITE
ITEIAVNATEN—RET D,

tradE—FIE, EERKDELBEIV/NNISEDHEMES
I BEEITE LTS,

HiR—kLTULVA{EHk(E, C89/C99/C11, OpenMP
3.1/0OpenMP 4.5(—Ef)

AT a BB (T I4JLR) &, -Nnoclang4 723
> 3E A

RT—ZADIGZEEL

clang®—F
(-Nclang #733>)

F—TV—RYTr 7 THSHClang/LLVMa /N
45§&_Z&¢éo

clangE—F I, X EEBTHEFERALIZTOI 5L,

A—TV—RVI+ T %8RI HHEEITELTLY
P
HiR—kLTULVS1E4R(IE, C89/C99/C11, OpenMP
4.5/0penMP 5.0(—&F)

RKr—ZANIBE, tradE—FELYEL, ELTHEE
(XiEE 5D, §EIETIA4/LETclangE—F{EF
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CMGES, a7 &S, AEYBES(1/2)
CMG:#0-#3, Core:#12-59, Memory :#4-#7

T CMG#2 ) | =

wolorfulm) | &

40[a1]42]a3] - 3

[lelwls)

NSOl | < [ (s]es]s0]51)| '3
5| |28]29]30]31 52]53[54]55) | 3

S [32)z3[34[3s 56]57]58[59) | 'S

= | cmG# . cmG#3 /|
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Va—o~DIEH
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37 RX91)Tk:c12.sh

/work/gtOO/tOOXXX/ompw/run/clz.sh

#!/bin/sh
#PIJM —-N “cl2”

#PJIM
#PJIM
#PJIM
#PJIM
#PJIM
#PJM
#PJM
#PJIM

-L rscgrp=tutorial-o

-L

node=1

——omp thread=12

-L
—-g
=J
-e
-o

elapse=00:15:00
gt00

err
cl2.1st

module load £fj
export OMP_NUM_THREADS=12 ALY F# (——omp thread=xx¢& B C#)
export XOS_MMM_1I1._  PAGING_POLICY=demand:demand:demand

numactl -1 ./solcO
numactl

-C 12-23 -m 4

+ T JLRHYYTR

UaJAM (HERT)

EITH*+ 1—4 (Resource Group)
/—F# ([RE]=1)

ALy F# (1-48, LIES<(F1-12)
E1THE

JIL—T7% (Btf)

IZS—HAT7AI
EEHRDIT 7ML

./solcO



a3 A1) Tk:e12.sh
e /work/gt00/t00XXX/ompw/run/cl2.sh
e numactl:A—AJLIG)Y—RX%ED

numactl -1 ./solcO
numactl -C 12-23 —m 4 ./solcO

C CMG#2 )

o# Aowd\

36 [37[38] 39
40| 41[42] a3
a4 |45 46| a7

g IR\" 7/

*£4 L0123 7, 1-CMG £ ~
ElHE->TH>THS 4849150 51
S [28[29]30]3 52(53[54]55
S| | [32[33]34]35 56 57| 58] 59

= | cmG# . CMG#3

J# AMowapy
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a7 AH1)Tk:c12.sh

export XOS_MMM 1. PAGING_POLICY=

demand : demand : demand

IRIEER A {5 7E fE (__[Idefault)

XOS MMM _L PAGING [demand | prepage]
_POLICY [demand | prepage]

[demand | prepage]

BAEYFEHEOR—O T AR (R—DDEY
HTE) 7EIRT HERTE

v demand: TYVER—U UG AR

v’ prepage: TUYR—I G AR

AEHFOIAVRXYIYT 3 DDAEY FRIFED

R—=UUTHEREREE:

v F1IETE #T—30D bss fRlE, Y
T—7A®M .data fEEIIR— VT BARIBE
DRI THEIZ prepage

v 2T AX YU MEE - AL YRR Z Y TE
18

v EIIETEXBIRIAT) FERMEE

EEBELSDEZIEELZIGEIE,
[prepage:demand:prepage I118EEH7HT

BEHCMGEF-CH A EdemandZH#iE !



VEWE:PN

>$ cd /work/gt00/t00XYZ
>$ cd ompw/run
>$ pjsub cl2.sh

>SS cat cl2.1st

INPUT.DAT

128 128 128
1.00e-0 1.00e-00 1.00e-00
1.0e-08

NX NY N2Z
DX/DY/DZ
EPSICCG

56



i 71 (1/2)

[t00XYZ@wisteriaOl run]$ cat cl2.1lst
128 128

128

1
101
201
301
401
501
601
701
801
826

kDNI—‘ub\waNmm

.958216e+00
.313496e+00
.090443e+00
.811029%e-01
.769653e-02
.429978e-04
.940783e-05
.888611e-06
.243179e-08

.818026e-09

8.634058e+00 sec.
1.459831e+04

2097152
128 128 128

1 8.958216e+00
101 8.313496e+00
201 2.090443e+00
301 3.811029e-01
401 3.769653e-02
501 9.429978e-04
601 4.940783e-05
701 1.888611e-06
801 2.243179e-08
826 9.818026e-09

8.631781e+00 sec.

2097152

(solver)

(solver)

1.459831e+04
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5[EIFDEM: (FEALERL

i 71 (2/2)

[t00XYZQwisteriaOl run]$ grep “(sol” cl2.1st

(SING, I S S,

oo

.040907e+00
.040407e+00
.038814e+00
.042296e+00
.033407e+00

.034004e+00
.035210e+00
.047046e+00
.043275e+00
.036129e+00

secC.
secC.
secC.
secC.
secC.

secC.
secC.
secC.
secC.
secC.

(solver)
(solver)
(solver)
(solver)
(solver)

(solver)
(solver)
(solver)
(solver)
(solver)

numactl ./solcO

numactl

-C 12-23

—Im

4

./solcO
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#|FA v gE7xResource Group (Queue)

« LITM2FEEE MDResource Group# #|FARIEE
« RKI12/—F%FZ5

— lecture-o
« 12/—K(57637), 1559, 7Hh oo rExhEAR B F|H AT EE
. @YHI—Y—THHE
— tutorial-o
« 12/—K(57637), 155, #BE - EE EkERET
o Lecture-o&YIFIZLDIaTHHE AR GEAERIZLSD)
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¥RARTaA<wUR

VEWEXS pjsub SCRIPT NAME
a7 ETIRR pjstat

oaJELE pjdel JOB ID

a7 Fa—NIKR pjstat —--rsc

a7 X a1—0KR (BEH#E) pjstat —-rsc -x
RT3V IER pjstat -a
CATVETERE pjstat -H

a7 EITHIE pjstat ——limit



[t00470@wisteria01 run]$ pjsub f2_48. sh
LINFO] PJM 0000 pjsub Job 15713 submitted.

[t00470@wisteria0l runl$ pjsub £3_48.sh
LINFO] PJM 0000 pjsub Job 15714 submitted.

[t00470@wisteria01 run]$ pjstat
Wisteria/BDEC-01 scheduled stop time: 2021/05/28 (Fri) 09:00:00 (Remain: 4days 1:25:56)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE
15713 t2_48 RUNNING gt00 lecture-o 05/24 07:34:03 00:00:02
15714 t3_48 QUEUED gt00 lecture-o /= —=i—=l—- 00:00:00

[t00470@wisteria0l run]$ pjstat
Wisteria/BDEC-01 scheduled stop time: 2021/05/28 (Fri) 09:00:00 (Remain: 4days 1:25:56)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE
15713 t2_48 RUNNING gt00 lecture-o 05/24 07:34:03 00:00:02
15714 t3_48 RUNNING gt00 lecture-o (05/24 07:34) 00:00:00

[t00XYZ@wisteria01 ~1$ pjdel 15714
[INFO] PJM 0100 pjdel Accepted Job 15714

[t00XYZ@wisteria0l ~]$ pjstat
Wisteria/BDEC-01 scheduled stop time: 2021/05/28 (Fri) 09:00:00 (Remain: 4days 1:25:56)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE
15713 t2_48 RUNNING gt00 lecture-o 05/24 07:34:03 00:00:02

[t00XYZ@wisteria0l ~]$ pjstat
Wisteria/BDEC-01 scheduled stop time: 2021/05/28 (Fri) 09:00:00 (Remain: 4days 1:21:45)

No unfinished job found.

TOKEN




[t00XYZ@wisteriaOl ~]$ pjstat —rsc
SYSTEM: Odyssey
RSCGRP
lecture-o
tutorial-o

STATUS
[ENABLE, START]
[DISABLE, STOP]

SYSTEM: Aquarius
RSCGRP

lecture-a
tutorial-a

STATUS
[ENABLE, START]
[DISABLE, STOP]

[t00XYZ@wisteriaOl “1$ pjstat —rsc —x
SYSTEM: Odyssey
RSCGRP
lecture-o
tutorial-o

STATUS
[ENABLE, START]
[DISABLE, STOP]

SYSTEM: Aquarius
RSCGRP

lecture-a
tutorial-a

STATUS
[ENABLE, START]
[DISABLE, STOP]

[t00XYZ@wisteria0l ~]1$ pjstat —Ilimit
SYSTEM: Odyssey
PROJECT

gt00 0/ 128 0/ 16 0/

ACCEPT

SYSTEM: Aquarius
PROJECT ACCEPT

RUN BULK_ACCEPT

RUN BULK_ACCEPT
gt00 0/ 4 0/ 2 0/

NODE
96
2x12x16

NODE GPU
1 56
2 16

MIN_NODE MAX_NODE MAX_ELAPSE REMAIN_ELAPSE MEM(GiB) PROJECT
1 12 00:15:00 00:15:00 28 gt00
1 12 00:15:00 — 28 gt00

MIN_NODE MAX_NODE AVAIL_GPU MAX_ELAPSE REMAIN_ELAPSE MEM(GiB) PROJECT
1 1 1,2,4 00:15:00 00:15:00 448 gt00
1 1 1,2,4 00:15:00 e 448 gt00

NODE
0/ 2304

BULK_RUN
8 0/ 16

BULK_RUN GPU
0 0/ 0 0/ 64




poi_gen (1/2): I%*B

El”h privatel T EFE

#ipragma omp parallel for private

(icel, icN1, icN2, icN3, icN4, icN5, icN6, VOLO, isLU, icou, coef, ii, jj, kk)
for (icel=0; icel<ICELTOT; icel++) {

icN1 = NEIBcell[icel][0]

icN2 = NEIBcel I [icel][1]

icN3 = NEIBcell[icel][2];

icN4d = NEIBcell[icel][3];

icN5 = NEIBcell[icel][4];

icN6 = NEIBcell[icel][5]

VOLO = VOLCEL[icel];

isLU=indexLU[icel];

icou= 0;

if(icN5 1= 0) {
coef = RDZ * ZAREA;
D[licel] —= coef;
itemLU[icou+isLU]= icN5-1;
AMAT [icou+isLU]= coef;

} icou= icou + 1;

D - |

ii = XYZ[icel][0];

JJ = XYZ[icel][1];

kk = XYZ[icel][2];

BFORCE[icel] = - (double) (ii + jj + kk) * VOLCEL[icel];
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poi_gen (2/2): 5 AR
ElZhprivate[TEE

#ioragma omp parallel for private (ib, icel, coef)

for (ib=0; ib<ZmaxCELtot; ib++) {
icel = ZmaxCEL[ib];
coef = 2.0 * RDZ * ZAREA;
D[licel-1] —= coef;
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solve_PCG (1/5)

include <stdio.h>
binelude <stdi b parallel computing by OpenMP

#include <string h> _

ﬁ:ﬂg:ﬂgg ggrﬁégi? HFA AT —RAELH
t " -

inelude <nc1)?np. w restrict: IRAADMUDEMHOSSEEINLLY

#include “solver PCG.h”

extern int
solve_PCG(int N, int *restrict indexLU, int *restrict itemLU,
double *restrict D, double *restrict B, double *restrict X,
double *restrict AMAT, double EPS, int *restrict ITR, int *restrict IER)

double VAL, BNRM2, WVAL, SW, RHO, BETA, RHO1, C1, DNRM2, ALPHA, ERR;
double Stime, Etime;

int i, J, 1c, ip, L, ipl, N3;

int R = 0;

int Z =1,
int @ =1;
int P = 2;
int DD = 3;

double (krestrict W) [N] = (double (*) [N])malloc (4*sizeof (double[N])) ;
if(W == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1;

}
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solve_PCG (2/5)

#pragma omp parallel for private (i)

for (i

|

=0; i<N; i++) {

X[i] =0.0;

WL1][i] = 0.0;
W[2][i] =0.0;
WE31[i]l =0.0;

#pragma omp parallel for private (i)

for (i=0;

i<N; i++) {

WIDD][i]= 1.e0/D[i];

#pragma omp parallel for private (i, VAL, j)

for (i=0;

VAL

i<N; i++) {
=D[i] * X[il;

for (j=indexLU[i]; j<indexLU[i+1];

VAL += AMAT[j] * X[itemLU[j]];

]
WIRI[i]l = B[i] - VAL;

BNRM2 = 0.0;
#pragma omp parallel for private (i) reduction (+:BNRM2)

i)

Compute r(®= b-[A]x(?

for 1= 1, 2,

solve [M]z@ D= r@-1)
P, ;= rt-l zG-1)
if i=1

pL= 7z(0)

else

Bii= Pi1/Pis

pil= z(-1 4 B pG-D
endif

q'= [A]p™
o, = p;,/pHg
x(= x(-1 4 o,p)
ri= -1 — o g
check convergence |r]|

end

for (i

=0; i<N; i++) {

BNRM2 += B[i]*B[i];
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solve PCG (3/5)

*ITR = N; Compute r{%= b-[A]x("
for i= 1, 2,

Stime = omp_get _wtime() ; . .
P-SEE- solve [M]z(D= r(-D

for (L=0; L<(xITR); L++) { P, = rG1 zGE-1)
#oragma omp parallel for private (i) i J;'1=)1 )
for (i=0; i<N; i++) | p = z
WLZI[i]l = WIRILi]l=W[DD][i]; else
Bi—1= Pi_1/Pi—2
RHO = 0.0; p(i)= z (i-1) 4 Bi—l p(i-l)

#pragma omp parallel for private (i) reduction(+:RHO) endif
for (i=0; i<N; i++) { g®= [A]p®
RHO += W[RIL[i] * W[Z][i]; .

if(L==0) { L= pGE-1) — g.g)
#pragma omp parallel for private (i) t t 1
for (i=0; i<N; i++) { check convergence |r|

}W[P][i] = WIZILi1;

0]
3
O,

} else {
BETA = RHO / RHO1;
#pragma omp parallel for private (i)
for (i=0; i<N; i++) |
WIPI[Li] = WLZ][i] + BETA * W[P][i]:




solve_PCG (4/5)

#oragma omp parallel for private (i, VAL, j)
for (i=0; i<N; i++) {
VAL = D[i] = W[P]ILi];
for (j=indexLU[i]; j<indexLU[i+1]; j++) {
VAL += AMATL[j] * W[P][itemLU[ ]];

%[OJ[i] = VAL;

Compute r(®= b-[A]x(9)
for 1= 1, 2,
solve [M]zG@1l= r@-1)
p,_,= ri-1 z{-D

if i=1
pL= 7z(0)
C1 =0.0; else
#ipragma omp parallel for private (i) reduction(+:C1) B. 1= Pi1/Pis

for (i=0; i<N; i++) |
C1 += W[PIL[i] * WLQILil;

|
ALPHA = RHO / C1;

ipragma omp parallel for private (i)
for (1=0; i<N; i++) {
X[i] _ += ALPHA * W[P][i];
WIRI[i] —= ALPHA * W[Q][i];

DNRM2 = 0.0;

p(l)z Z(l_l) + Bj_—]_ p(l_l)
endif
o, = p;,/pHg®
xW= xG1 4 qp@)
r(1)= r(i-l) -— (xlq(l)
check convergence |r|
end

#ioragma omp parallel for private (i) reduction (+:DNRM2)

for (i=0; i<N; i++) |
DNRM2 += W[R][i]*W[R][i];

ERR = sqgrt (DNRM2/BNRM2) .



for (L=0; L<(*ITR); L++) {

N900:

solve PCG (5/5)

Stime = omp_get wtime() ; =—

i f (ERR < EPS) {
*[ER = 0;
goto N90O;

} else { Elapsed Time= Etime - Stime
RHO1 = RHO;

}
*[ER = 1;

Etime = omp_get _wtime(); =——

fprintf (stderr, “%5d%16. 6e¥n”, L+1, ERR);
fprintf (stderr, "%16.6e sec. (solver)¥n”, Etime — Stime);

*[TR = L;
freeW) ;
return 0;
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#PJIM
#PJIM
#PJIM
#PJM
#PJIM
#PJIM
#PJM
#PJM
#PJIM

70

c01,c02,c04,c06,c08,c12.sh

e /work/gt00/t00XXX/ompw/run/cYZ.sh
o RTVa—5~DEF + PTILARYTH

#!/bin/sh

N “eYZ”
—-L rscgrp=tutorial-o
—L node=1

——omp thread=Y2Z

—L elapse=00:15:00
—-g gtO00

—J

—e err

-0 cYZ.1lst

module load £
export OMP_NUM_THREADS=YZ
export XOS_MMM_I._PAGING_POLICY=demand:demand:demand

numactl -1 ./solcO

numactl -C 12-23 —m 4

./solcO

O3 JEH (HBAED

EIT*X1—4 (Resource Group)
/—F# ([fE]=1)

ALw F# (1-48, LIES5<(F1-12)
= 1THFE

JI—T%4 (Bifh)

IS5—HAT77A4I
ZXEHN DT FAIL

ALvw F# (——omp thread=Yz & [A L)



PCG:Et & B5RS: Etime-Stime : Fortran
NX=NY=NZ=128
= 1THFE  5EAE L CeiRBFEIRFE

THIEMIZESARIET  AEYFIHAIZEDOET

Parallel
Thread # H Speed-up Efficiency (%)

Large I 1 5027  1.00 100.00

X 2 25.24 1.99 99.60
Granularity : $i & 4 12.98 3.87 96.86
Problem Size/Thread 6 9.24 5 44 90.73
Small 8 7.27 6.92 86.50

R 1 12 5.09 9.88 82.30

Parallel Efficiency(%)= 100*(Speed-Up)/Thread#
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c04.sh

#!/bin/sh

#PJIM -N “c04"

#PIJM -L rscgrp=tutorial-o
#PIJM -L node=1

#PIJM —-—omp thread=4

#PIM L elapse=00:15:00
#PIM -g gt00

#PIM  —7

#PIM  -e err

#PIM -0 c04.1st

module load iy
export OMP_NUM_ THREADS=4
export XOS_MMM_L_PAGING_POLICY=demand:demand:demand

numactl -1 ./solcO
numactl -1 ./so0lcO
numactl -1 ./solcO
numactl -1 ./solcO
numactl -1 ./so0lcO
numactl —C 12-23 -m 4 ./s0lcO
numactl —C 12-23 -m 4 ./s0lcO
numactl —C 12-23 -m 4 ./solcO
numactl —C 12-23 -m 4 ./solcO
numactl —C 12-23 -m 4 ./s0lcO



c08.sh

#!/bin/sh

#PIM -N “c08"

#PIJM -L rscgrp=tutorial-o
#PIJM -L node=1

#PIJM —-omp thread=8

#PIM L elapse=00:15:00
#PIM -g gt00

#PIM  —7

#PIM  -e err

#PIM -0 c08.1st

module load iy
export OMP_NUM_THREADS=8
export XOS_MMM_L_PAGING_POLICY=demand:demand:demand

numactl -1 ./solcO
numactl -1 ./so0lcO
numactl -1 ./solcO
numactl -1 ./solcO
numactl -1 ./so0lcO
numactl —C 12-23 -m 4 ./s0lcO
numactl —C 12-23 -m 4 ./s0lcO
numactl —C 12-23 -m 4 ./solcO
numactl —C 12-23 -m 4 ./solcO
numactl —C 12-23 -m 4 ./s0lcO



CMGZiE N

PCG:Et & B5RS: Etime-Stime : Fortran
NX=NY=N/Z=128
5 1T RS RS  5IE) R L C AR R

Large
ParaIIeI

Granularity : $i £ 5.09 12.00 100.00
Problem Size/Thread 2 79 21 88 91.18
Small 36 1.99 30.75 85.41

)N 48 1.70 35.97 74.95

Parallel Efficiency(%)= 100*(Speed-Up)/Thread#
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Memory #6 || Memory #7

\
BEOGEER
HEE08 mma#

2 AEYBE(1/2)

CMG:#0-#3, Core:#12-59, Memory :#4-#7

v# AMowd || S# AMows

CMGE=, a7 &




CMG#=, O7&=5, *EVES(2/2)
CMG:#0-#3, Core:#12-59, Memory :#4-#7

" CMG#O0 7 CMG#2

=) =
+ )
%‘ numactl numactl g
= .C 12-23 -C 36-47 3
= -m 4 -m 6 3
L0 =
*; humactl nhumactl cgp
S [ -c24-35 -C 48-59 3
= -m 5 -m 7 <
9 H
= . cmGg#z /|




#!/bin/sh
#PJM -N
#PJIM -L
#PJIM -L
#PIJM  ——omp
#PJIM —-L
#PIM -g
#PIM  —7
#PJIM —e
#PIM -0

module load

w c0_1 2

rscgrp=tutorial-o

node=1

cO0 12.sh

thread=12
elapse=00:15:00

gt00

err

c0_12.1st

£

export OMP_NUM_THREADS=12

export XOS_MMM_L_PAGING_POLICY=demand:demand:demand

numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl

-1 ./solcO
-1 ./solcO
-1 ./solcO
-1 ./solcO
-1 ./solcO
—C 12-23
—C 12-23
—C 12-23
—C 12-23
—C 12-23
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g [ _Smoro ougr2_ | |2
g numactl numactl | |3
£ -C 12-23 -C 36-47 3
g ma | -m 6 J %
0 —— B
2| || numactl || numactl /| | @
S[ -c24-35 -c48-59 |3
E I -m5 | -m7 ] |<
\_ CMG#1  / CMG#3 /

[T T AN AT AT AN

./solcO
./solcO
./solcO
./solcO
./solcO




cO0 24.sh

#!/bin/sh

#PIM -N “c0_24"

#PIM -L rscgrp=tutorial-o
#PIM -L node=1

#PIJM ——omp thread=24

#PIM  —L elapse=00:15:00
#PIM —g gt00

#PIM  —7

#PIM  —e err

#PJM ®) c0_24.1st
module load iy

export OMP_NUM_THREADS=24

export XOS_MMM_L_PAGING_POLICY=demand:demand:demand
numactl -1 ./solcO

numactl -1 ./solcO

numactl -1 ./solcO

numactl -1 ./solcO

numactl -1 ./solcO

numactl —C 12-35 -m 4-5 ./solcO
numactl —C 12-35 -m 4-5 ./solcO
numactl -C 12-35 -m 4-5 ./solcO
numactl —C 12-35 -m 4-5 ./solcO
numactl —C 12-35 -m 4-5 ./solcO

o# Aowap\

L# RMowap




#!/bin/sh
#PJIM
#PJM
#PJM
#PJIM
#PJIM
#PJIM
#PJIM
#PJIM
#PJM
module load
export
export

numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl

c0 36.sh

A\ C0_3 6”
rscgrp=tutorial-o
node=1

thread=36
elapse=00:15:00
gt00

err

c0_36.1lst

£

OMP_NUM_THREADS=36
XOS_MMM 1. PAGING POLICY=demand:demand:demand

-1 ./solcO
-1 ./solcO
-1 ./solcO
-1 ./solcO
-1 ./so0lcO
-C 12-47 -m
-C 12-47 -m
-C 12-47 -m
-C 12-47 -m
-C 12-47 -m

Memory #4

Memory #5

" CMG#0

| numactl
-C 12-23
-m 4

A A

CMG#2

Y

numactl ||
-C 36-47
-m 6

| numactl numactl |
— || -C 24-35 -C 48-59
[ -m5 m7 |
CMGi#1 CMG#3 /

4-6 ./solcO
4-6 ./solcO
4-6 ./solcO
4-6 ./solcO
4-6 ./solcO
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o# Aowap\




#!/bin/sh >
#POM -N  “cO0_48”" g [ _cma#o oMGr2 | |=
#PIJM -L rscgrp=tutorial-o | > T numact g
#PIM  -L node=1 g [l -c12-23 C36-47 ||| 12
#PIJM —-omp thread=48 2 -m 4 3
#PIM L elapse=00:15:00 X
#PJIM -9 gt00 o — —— =
#PIM  —j e numactl numactl @
#PIM  -e err S -C 24-35 3
#PIM -0 c0_48.1st £ _-m5 <
= | cmc# 3
module load iy

c0 48.sh

export OMP_NUM_THREADS=48

export XOS_MMM_L_PAGING_POLICY=demand:demand:demand
numactl -1 ./solcO

numactl -1 ./so0lcO

numactl -1 ./solcO

numactl -1 ./solcO

numactl -1 ./so0lcO

numactl —C 12-59 -m 4-7 ./solcO
numactl -C 12-59 -m 4-7 ./solcO
numactl —C 12-59 -m 4-7 ./solcO
numactl —C 12-59 -m 4-7 ./solcO
numactl -C 12-59 -m 4-7 ./solcO
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* OpenMP

* Login to Wisteria/BDEC-01

« OpenMP[Z&BiEF{E(0) (1227 F T)

« OpenMPIZ Xk 514514k (1) (First Touch)

« OpenMPIZ&5EF{E (2) (+ELL)

« OpenMPIZ& 554k (3) (+omp-parallelBIE)

» OpenMPIZ&5ii514t (4) (+EEHEREL
(Fortran® &) )
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AGAFX7 Oty

TofuD a>kO—5 | TofuD a>rO—5

Jotyb 4 AB4FX

" cma#o Y| cmG#2 _ .
2| |(o] =] oL 2s) g | 25507 |1 ussrerssraz2ors
T (l4]5]6]7 y 415[6]7|8

(8] 11J y ks 9 [10]n]) IR %L 2.2 GHz

~ |7 HimEFEEE 3.3792 TFLOPS
S PICEREI ED1] (0 1[{218) | [ *EURE 32 GB
§ i : 160 171 k‘l z 160 171 ‘% )‘:EU%tEqu]E 15024 GB/S
CMG#1 / \J CMG#3

e 4DMCMG (Core Memory Group), 125tEa37/CMG

« NUMA7—FT7%F (Non-Uniform Memory Access)
vV AERYFEEZCMGIZEEH SN T THIL, £44H4CMGHAO—H
ILAR) EDT—3ET7 ORI HIEIETTEE
vV B—AILAE) LD T—E3EFE->TEHET LD HEN
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FT—RZ0O—H)LAEYIZELHE(1/2)

. NUI\/IA7 XTOFXTIL, 709 S LIZEWNTEHHOE
5l EL-FEATIE MERMATY LIZERIEEEILHE
1%‘5%3’ DAEAERETZANTIVEALI=-a7 (DET S
CMG)DA—AILAEY LIZ, TDZEHDELIEFEE (R—
V) DBERSNDS,

« ZN%First Touch Data Placement (First Touch) &0
0, @Eﬁlw)*ﬂ,ﬁﬂﬂzfﬁllﬁ"éﬂ) SONAEREMN KIEIZZEE
I HEGENHA=D, FENVLETHS,

« BIZ(EHLEFZMELT HIGEE, FIZHEELLZIFNILX0
FEDOCMGTHHEENITTHONST=8, BRIEFEEIL0EE
CMGOO—AHILATE!) EIZFERIND,




OMP-3 4

F—AEO—HILAEYIEHE(2/2)

e LI=AoT, MO CMGTIDEHDT—2ETI1RTH
BEIZIE, T OBECMGDAE)IZTIERTHELHENH
51=8, ELVEREZFAIEIIEEETH S,

- ERHDMELE, EEFEDOFHEDFIRIZLI=A>T
OpenMPZE->Tii 52T NIX, ERICETEZIB Y
9 HCMGDAE)IZZDEH DB A ERH DECIEEE A

RSN, KYIEBEMICEHEZERT HEMNTES,

« ICMGLAMERALGWMESIXCDIILEREEITE
— OpenMP/MPI/NATJ1)yFT1-CMGHYIZIDOMPIZOER%

HERT B8R

— numactl
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First Touch Data Placement
“Patterns for Parallel Programming” Mattson, T.G. et al.

To reduce memory traffic in the system, it is important to keep the
data close to the PEs that will work with the data (e.g. NUMA control).

On NUMA computers, this corresponds to making sure the pages of
memory are allocated and “owned” by the PEs that will be working
with the data contained in the page.

The most common NUMA page-placement algorithm is the
“first touch” algorithm, in which the PE first referencing a region of
memory will have the page holding that memory assigned to it.

A very common technique in OpenMP program is to initialize
data in parallel using the same loop schedule as will be used later
In the computations.



OMP-1

First-TouchlZxf>LT=7\—3> :src-c1
ZF1oFJLld sre-c0

>$ cd /work/gt00/t00XYZ/ompw
>$ cd run

<modify “INPUT.DAT”, “cl_XY.sh”> (XY:12,24,36,48)

>$ pjsub cl_XY.sh
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[XYZ@wisteriaOl run]$ cd ../src-c0
[XYZQwisteriaOl src—-£f0]$ diff poi_gen.c ../src-cl/poi_gen.c
25,29¢c25,31

for (i = 0; i <ICELTOT ; i++) {
BFORCE[i]=0.0;
D[i] =0.0;
PHI[i1]=0.0;
INLU[i] =

fpragma omp parallel for private (i)
for (i = 0; i <ICELTOT ; i++) {

BFORCE[i]=0.0;
D[i] =0.0;
PHI[i]=0.0;
INLU[i] =




indexLU[i] = O; src-c0

fpragma omp parallel for private (i)
for (i = 0; i <=ICELTOT i++) |

indexLU[i] = O; -
}

for (1i=0; i<ICELTOT; i++) {

for (j=indexLU[i]; Jj<indexLU[i+l1];
itemLU[j]=0;

AMAT[3j]1=0.0;

1++
J++) o src-c0

#pragma omp parallel for private (i, j)
for (1=0; i<ICELTOT; i++) {
for (j=indexLU[i]; j<indexLU[i+1l]; j++) {
itemLU[]j]=0;
AMAT[j]=0.0;




#!/bin/sh
#PJM  -N “cl_48" 2| [ CMG#o CMG#2 =
#PIM -L rscgrp=tutorial-o || > numactl numactl 3
#PIM  -L node=1 g [l -c12-23 C36-47 ||| 12
#PIJM —-omp thread=48 2 -m 4 3
#PIM L elapse=00:15:00 X <
#PJIM -9 gt00 o — —— =
#PIM  —j e numactl numactl @
#PJM  —e err S -C 24-35 3
#PIM -0 cl_48.1st £ _-m5 <
=| | cmG# 3
module load iy

c1 48.sh

export OMP_NUM_THREADS=48

export XOS_MMM_L_PAGING_POLICY=demand:demand:demand
numactl -1 ./solcl

numactl -1 ./solcl

numactl -1 ./solcl

numactl -1 ./solcl

numactl -1 ./solcl

numactl —C 12-59 -m 4-7 ./solecl
numactl -C 12-59 -m 4-7 ./solcl
numactl -C 12-59 -m 4-7 ./solecl
numactl —C 12-59 -m 4-7 ./solecl
numactl -C 12-59 -m 4-7 ./solcl
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CMGIE N ’
PCG:itE RS : Etime-Stime: Fortran
NX=NY=NZ=128

E1THH : 5ERIE L THRaEFR R R F

Parallel
Thread # H EfflClency V)

5.09 12.00 100.00

2.79 21.88 91.18
36 1.99 30.75 85.41
48 1.70 35.97 74.95
12 5.27
24 2.70 22.61 94.20
36 1.87 32.65 90.69

48 1.52 40.09 83.51



CMG 5 i “
PCG:tE FfEl: Etime-Stime: C(clang)
NX=NY=N/Z=128

R1THHE : SELAIE L THREREERF

Parallel
Thread # = EfflClency (%)

5.03 12.00 100.00

24 2.69 22.42 93.41
36 1.91 31.57 87.69
48 1.57 38.51 80.23
Cache is well-
19 500 ) _ utilized,
because the
24 2.70 22.39 93.29 problem size is
36 185  32.66 90.71 small

48 1.17 51.70 107.7
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CMGZiE mn
PCG:t & FfEl: Etime-Stime
NX=NY=NZ=128

E1THH : 5EIRIE L TR R R F

Fortran 5.09 2.79 1.99 1.70
C (clang) 5.03 2.69 1.91 1.57
C (trad) 7.75 419 2.90 2.36

Fortran 5.27 2.70 1.87 1.52
First-Touch C (clang) 5.22 2.70 1.85 1.17
C(trad)  7.85 4.05 2.79 e

(112.6 %)



* OpenMP

* Login to Wisteria/BDEC-01

« OpenMPIZ&BiEF{E(0) (1227 FT)

« OpenMP[Z&LBiMi54E (1) (First Touch)

. OpenMPIZ& 3154 (2) (+ELL)

« OpenMPIZ& 554k (3) (+omp-parallelBIE)

* OpenMP[Z& 5 F{E (4) (+EFEHEEIE
(Fortran® &) )
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ERIT A DB HR AT I

CRS (Compressed Row Storage)
for (i=0; i<N; i++) E
VAL = D[i] * W[PI[il;

for (j=indexLU[i]; j<indexLU[i+1]; j++) |
&AL += AMAT[j] * W[P][ItemLU[Jj]

%[Q][i] = VAL;}

ELL (ELLPACKI/ITPACK)

for (i=0; i<N; i++) E
VAL = D[I] * W P][I

for ( d 0; f |
AL + MA [6%i+j] * W[P][itemLU[6%i+j]];
}
WIQI[i] = VAL;}
 CRS: Compressed Row Storage
— IEFAERFAMD DAEHRDATYEIFTEEN, STEHEREL

« ELL:ELLPACK/ITPACK

— EFOEMBRSHBEE=>0DECAIZITOZANSD
— BMBRE, HEEFEZ AN ATYT IR EEER L =Prefetch




ERIT A DB HR AT I

CRS (Compressed Row Storage)

for (i=0; i<N; i++)
VAL = D[i] * W P1Li];
for ( d indexLU[1]; <|ndexLU[|+1] i++) |
AL += AMAT[J] * W[P][ltemLU[Jj]

%[Q][I] = VAL;}

ELL (ELLPACKI/ITPACK)

for (i=0; i<N; i++) {
VAL = D[I] * W P] 1],

for ( & 0; J< + . o
AL += AMA [6xi+j] * W[P][itemLU[6*i+j]];

%[0][|] = VAL;}

ELL (ELLPACK/ITPACK) C &6 6®MAMTZLVSGE

for (i=0; i<N; i++) E
VAL = D[l] * WIP][i];

.I:
}Or Uap 2 AMAf[.ﬁ[J] * WP [itemLULi1[j1];
WIQI[i] = VAL:)
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e o

poi_gen (1/2): Privatel ;X &

#ioragma omp parallel for private
(icel, icN1, icN2, icN3, icN4, icN5, icN6, VOLO, icou, coef, ii, jj, kk)

for (icel=0; icel<ICELTOT; icel++) {
icN1 = NEIBcell[icel] [0]
icN2 = NEIBcell[icel][1]
icN3 = NEIBcell[icel][2];
icN4 = NEIBcell[icel][3];
icN5 = NEIBcell[icel][4];
icN6 = NEIBcell[icel][5]

VOLO = VOLCEL[icel]:

icou= 0;

if(icN5 1= 0) {
coef = RDZ * ZAREA;
D[licel] —= coef;

itemLU[6*icel+icou]l= icN5-1;
AMAT [6%icel+icoul]= coef;
icou= icou + 1;

]

if(icN3 1= 0) {
coef = RDZ * YAREA;
D[licel] —= coef;

itemLU[6*icel+icou]l= icN3-1;
AMAT [6*%icel+icou]= coef;
icou= icou + 1;
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poi_gen (2/2):Padding

N2= 128 (poi_gen.c)

/kkskskkkokkkokk
* PADDING *
skeokkskkkokokkokk /
icou= 0;
for (i = 0; i <ICELTOT ; i++) {
for (k = 0; k <6 ; k++) {
if (itemLU[6*i+k]==-1) {
lcou= icou + 1;
itemLU[6*i+k]= ICELTOT-1 + icou;
if (icou==N2) {icou=0;}

N+1

N+2

N+3

N+4

N+5 | N+6

N+7

N+8

N+9

N+10

N+11

N+12|N+13

N+14

N+15

N+16 | N+17

N+18

N+19

+125

+126

+127

N N+1

N+2

N+3

N+4 | N+5

N+6

N+7

N+8

N+9

N+10




solve PCG (1/2)

W = (double **)mal loc (sizeof (double *)*4) ;
if(W == NULL) {

fprintf (stderr, “Error: %s¥n”, strerror(errno));
return -1,

}
for (i=0; i<4; i++) |
WLi] = (double *)malloc(sizeof (double)* (N+N2)) ;
iTWLi] == NULL) {
fprintf (stderr, “Error: %s¥n”, strerror(errno));

| return -1;
J
#ioragma omp parallel for private (i)
for (i=0; i<N; i++) {
X[i] =0.0;
W[1l[i] = 0.0
W[2][i] = 0.0
} W[31[i] = 0.0

#ipragma omp parallel for private (i)
for (i=0; i<N; i++) {
| WIDD][i] = 1.0 / D[i];
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solve PCG (2/2)

/****************

* {a} = [A]l{p} *

****************/

#ipragma omp parallel for private (i, VAL, j)

for (i=0; i<N; i++) |
VAL = D[i] * W[PI[il;
for (j=0; j<6; j++) |
VAL += AMAT[6%i+j] * W[P][itemLU[6%i+j]];

}
WLQI[i] = VAL;
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OMP-1 100

ELLIZXT i LT=7N\—3Y
Src-c2

>$ cd /work/gt00/t00XYZ/ompw
>$ cd run

<modify “INPUT.DAT”, “c2_48.sh”>

>$ pjsub c2_48.sh
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c2 48.sh

#!/bin/sh >

#PJM  -N “c2_48" 3 DA CMG#2 =

#PIJM -L rscgrp=tutorial-o | > T numactl g

#PIM  -L node=1 g [l -c12-23 C36-47 ||| 12

#PIJM —-omp thread=48 2 -m 4 3

#PIM L elapse=00:15:00 X <

#PIM  -g gt00 o —— — =

#PIM  —j e numactl numactl @

#PIM  -e err S -C 24-35 3

#PIM -o c2_48.1st £ _-m5 ‘;<;
| = CMGi# ~

module load iy

export OMP_NUM_THREADS=48

export XOS_MMM_L_PAGING_POLICY=demand:demand:demand

numactl -1 ./solc2

numactl -1 ./solc2

numactl -1 ./solc2

numactl -1 ./solc2

numactl -1 ./solc2

numactl —C 12-59 -m 4-7 ./solc2

numactl -C 12-59 -m 4-7 ./solc2

numactl -C 12-59 -m 4-7 ./solc2

numactl -C 12-59 -m 4-7 ./solc2

numactl -C 12-59 -m 4-7 ./solc2



1
101
201
301
401
501
601
701
801
826

kDNI—‘ub\waNmm

H 1 (1/2) Fortran

[t00XYZ@wisteriaOl run]$ cat £f12.1lst
.958216E+00
.313496E+00
.090443E+00
.811029E-01
.769653E-02
.429978E-04
.940783E-05
.888611E-06
.243179E-08

.818026E-09

5.275418E+00 sec.

##ANSWER

1
101
201
301
401
501
601
701
801
826

\oton-.huowwl\)oooo

2097152

.958216E+00
.313496E+00
.090443E+00
.811029E-01
.769653E-02
.429978E-04
.940783E-05
.888611E-06
.243179E-08

.818026E-09

5.270398E+00 sec.

##ANSWER

2097152

(solver)

1.459831E+04

(solver)

1.459831E+04
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H #(2/2) :Fortran, 5[EIZEHE: X IXELC

[XYZ@wisteriaOl run]$ grep “(sol” £f1_48.1st

HH R

RERRERR

.480524E+00

.501454E+00
.441297E+00
.483405E+00
.481864E+00

.475129E+00
.483695E+00
.485036E+00
.502549E+00
.487192E+00

secC.

secC.
secC.
secC.
secC.

secC.
secC.
secC.
secC.
secC.

(solver)
(solver)
(solver)
(solver)
(solver)

(solver)
(solver)
(solver)
(solver)
(solver)

numactl -1 ./solfl

numactl

-C 12-59

-m 4-77

./solfl

[XYZQwisteriaOl run]$ grep “(sol” £2_48.1st

\l\l\l\l\l

Ndddd

.713702E-01

.568300E-01
.328739E-01
.826090E-01
.884219E-01

.546160E-01
.937970E-01
.403760E-01
.745121E-01
.862871E-01

secC.

secC.
secC.
secC.
secC.

secC.
secC.
secC.
secC.
secC.

(solver)
(solver)
(solver)
(solver)
(solver)

(solver)
(solver)
(solver)
(solver)
(solver)

numactl -1 ./solf2

numactl

—-C 12-59

-m 4-7

./solf2
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* OpenMP

* Login to Wisteria/BDEC-01

« OpenMPIZ&BiEF{E(0) (1227 FT)

« OpenMP[Z&LBiMi54E (1) (First Touch)

« OpenMPIZ& 5S4k (2) (+ELL)

« OpenMPI[ZKk5 514k (3) (+omp-parallel&lli& )

« OpenMPIZKk5iF14E (4) (+E L HEiE1E
(Fortran?#-) )




« omp parallel-omp end

omp parallel (do)

parallellEZ D =TVIZR
Rk, HRSH
% : fork-join

Ly F&4

o+ JL—THE

IN—Ay K215,

« omp parallel + omp

do/omp for

Master

thread

thread

Master

thread

Master

thread

thread

thread

Master

thread

2t D ET —

thread

thread

thread

thread

Master

thread

thread

thread

PARALLEL END PARALLEL | PARALLEL END PARALLEL
fork join fork join

105

#pragma omp parallel ...

#pragma omp for ({

#pragma omp for {

1 Somp

! Somp
do

1 Somp
do

! Somp

parallel ...

do
i= 1, N

do
i= 1, N

end parallel

required
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omp parallel for: ALK & Bl E iR

#oragma omp parallel for private (i, VAL, j) Compute r®= b-[A]x

for (i=0; i<N; i++) {
VAL = D[i] * WPI[il; | | Eos
for (j=indexLU[i]; j<indexLU[i+1]; j++) {
VAL += AMAT[j] * W[P][itemLU[]j]];

]
WIQI[i] = VAL;
C1 =0.0;
#oragma omp parallel for private (i) reduction(+:C1)
for (i=0; i<N; i++) |
} Cl1 += W[PJLi] = WIQ][i]l;
ALPHA = RHO / C1;

ipragma omp parallel for private (i)
for (1=0; i<N; i++) {
X[i] _ += ALPHA * W[P][i];
WIRI[i] —= ALPHA * W[Q][i];

end

DNRM2 = 0.0;
#ioragma omp parallel for private (i) reduction (+:DNRM2)

for (i=0; i<N; i++) |
DNRM2 += W[R][i]*W[R][i];

ERR = sqgrt (DNRM2/BNRM2) .

solve [M]z@ D= r@-1)
p,_,= ri-1 z{-D
fe

1IE A=l

:p(1)== 7 (0)
else

B, 1= Pi1/Pic

endif

q¥’= [A]p®

o; = Py /PHq®

x(W= x@E-1 4 g p)
ri= p@E-1) - g gt
check convergence |r|



BiFHmE b D7 &t

* Src-c3, src-f3
- ERET—MEEFTomp
parallel Z M5
 src-f4 (Fortran®#)
— 1$omp parallellE—[a] D A
HFUHYT (REOZE
x1%)
— 1$omp dot %4 < 9
— NFEER S Dreduction(ilf:
Fl{E L 7% Ly

Master

Master

thread

thread

thread

Master

thread

thread

thread

Master

thread

107

thread

thread

thread

thread

Master

thread

thread

thread

PARALLEL END PARALLEL | PARALLEL END PARALLEL
fork join fork join
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B 5miEIED A & FortranDiz &
src-f4

|$omp parallel private (---)

do L= 1, ITR . do L=1, ITR
%$omp parallel private (i,k, VAL)
I$omp end parallel
enddo enddo
900 continue 900 continue
ITR= L ITR= L
I$omp end parallel
deal locate (W) deal locate (W)
return return

end end
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src_c3 (1/2)

*ITR = N; Compute r®= b-[A]x )
Stime = omp_get wtime() ; for i=1, 2, .. |
for (L=0; L<(GxITR); L++) { solve [M]z@ D= r@E-1)
: — P, = ri-1 z(E-1)
#oragma omp parallel private (i, j, VAL) { i-1
if i=1
#pragma omp for (1)= o (0)
for (i=0; i<N; i++) | P z
WLZI[i]l = WIRIL[il«W[DD1[i]; else
} Bi—_1= pi—_l/pi—z _
RHO = 0.0; pt=zt + B, pt
#pragma omp for reduction (+:RHO) endif
for (i=0; i<N; i++) { gi= [A]p@

\ RHO += W[RI[il * W[ZI[i]; o, = p,/pPg®
(D= % (1-1) + g.p (1)
if(L=0) { o o

#oragma omp for r®= & - oq®
for (i=0; i<N; i++) { check convergence |r|
WCPILi]l = WLZITil; end
else {

BETA = RHO / RHO1;
#pragma omp for
for (i=0; i<N; i++) {
} WLPI[il = W[ZI[i] + BETA * W[PI[i];
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src_c3 (2/2)

#ipragma omp for (0)= - (0)
Pfor (i=00 i<N: i+ { Compute ri"= b-[Alx
VAL = D[i] * WIPI[il; for i=1, 2, ... |
for (i=0; i<6; i++) | solve [M]zG D= rG-1)
} VAL += AMAT[6*i+j] * W[P][itemLU[6*i+]j]]; p.,= U1 zG-D
WLQIL[i]l = VAL; if i=1
pL= 70
C1 =0.0; else
#pragma omp for reduction(+:C1) = 0.../0._
for (i=0; i<N;_i++) | Bl(i}z pl(il_l)pljﬁ iy
| C1 += W[P][i] = WLQILil: E;'f z il 12
endif
ALPHA = RHO / C1; q‘v= [A]lp®
#pragma omp for o, = p;_/pHgi
for()i(=[(_)]; i<N; IXJI:I)DHI{ T xW= x@-1) 4 g p)
| += * e i) = i- i
WLRI[i]1 -= ALPHA = W[Q][il: ri= G0 - o, q™

check convergence |r|

DNRM2 = 0.0;
#pragma omp for reduction (+:DNRM2)
for (i=0; i<N; i++) { .
DNRM2 += W[RI[iI*W[R][i];

J
ERR = sqrt (DNRM2/BNRM2) ;



OMP-1

src-c3 I LT-/\—3>

>$ cd /work/gt00/t00XYZ/ompw
>$ cd run

<modify “INPUT.DAT”, “c3_48.sh”>

>$ pjsub c3_48.sh
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#!/bin/sh
#PJM -N
#PJIM -L
#PJIM -L
#PIM  ——omp
#PJIM —L
#PIM -g
#PIM  —7
#PJIM —e
#PIM -0

module load

“C3_48”

rscgrp=tutorial-o

node=1

c3 48.sh

thread=48
elapse=00:15:00

gt00

err

c3_48.1st

£3

export OMP_NUM_THREADS=48

export XOS_MMM_L_PAGING_POLICY=demand:demand:demand

numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl
numactl

-1 ./solc3
-1 ./solc3
-1 ./solc3
-1 ./solc3
-1 ./solc3
—C 12-59
-C 12-59
—C 12-59
—C 12-59
-C 12-59

Memory #4

Memory #5

(N N -

" CMG#0

CMG#2

Y h 4 Y

Y

numactl
-C 12-23
-m 4

numactl
-C 36-47

A A

h 4 h 4 Y

Y h 4 Y

numactli
-C 24-35
-m 5

numactl

A

CMG#1

I
Ndddd

./solc3
./solc3
./solc3
./solec3
./solc3
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o# Aowap\

L# RMowap



OMP-1

>$ cd run

<modify “INPUT.DAT”,

>$ pjsub c48org.sh

c48org.sh

#!/bin/sh

#PJM -N "cx48"

#PJIJM -L rscgrp=lecture-o
#PJM -L node=1

#PIJM ——-omp thread=48
#PJM -L elapse=00:15:00
#PJIM —-g gtO00

#PIM -3

#PJIJM —e err

#PJM -o c48o0rg_160.1st

&5 tradZz @515 5

>$ cd /work/gt00/t00XYZ/ompw

module load f£3j

export OMP_NUM_THREADS=48
export XOS_MMM_L_PAGING_POLICY=demand:demand:demand

numactl
numactl
numactl
numactl
numactl

./solcOorg
./solcOorg
./solcOorg
./solcOorg
./solcOorg

“c480rg.sh”>

113
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PCGi%: s+ E RS N=1283 48X LYK
N= 2,097,152

S e g G

srcO (P HEAER7E) 1.671 1.564 2.354
src1 (First Touch) 1.480 1.122 1.720
src2 (+ELL) 0.747 0.809 1.127
src3

(+omp-parallel i) iy 0.834 0.854
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PCG:% 5t & FRE : N=1603, 48X L vk
N= 4,096,000

S e g G

srcO (FHAEEE) 3.610 3.484 4.067
src1 (First Touch) 2.993 2.228 3.425
src2 (+ELL) 1.534 1.690 2.340
e 1556  1.693  1.742

(+omp-parallelEli&)
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PCG%: 51 & FFFfE : N=2003, 48X L wk
N= 8,000,000

S e G ng) Cuvsa)

srcO (#HER &) 7.666 8.321 9.397
src1 (First Touch) 6.952 5.102 8.008
src2 (+ELL) 3.421 3.910 5.381
src3

(+omp-parallelll&) 3.440 3.920 3.824
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PCG:k: 5t & B5RT : N=2563, 48X LYK
N= 16,777,216

S e g G

srcO (#)HAZR 7E) 34.308 24.772  25.547
src1 (First Touch) 32.202 22.172 23.814
src2 (+ELL) 8.916 10.761 14.566
src3

(+omp-parallel&lli&) 8.915 10.764  10.415



module solver PCG
contains

1C

ICx*x solve PCG

IC

src 4 (1/5)
parallel computing by OpenMP

subroutine solve PCG
( N, NPLU, indexLU, itemLU, D, B, X, AMAT, EPS,

use omp_lib
implicit REALx8 (A-H, 0-2)

real (kind=8), dimension(N) )
real (kind=8), dimension(N) . B
real (kind=8), dimension(N) D {
real (kind=8), dimension(NPLU) :: AMAT
integer, dimension(0:N) 1 indexLU
integer, dimension(NPLU) :: itemLU

real (kind=8), dimension(:, :), allocatable :: W
integer (kind=4), dimension(: ), allocatable :: SMPindex

integer, parameter :: =
integer, parameter :: =
integer, parameter :: =
integer, parameter :: P=
integer, parameter :: DD=

AowbhpNo —

real (kind=8), dimension(:) , allocatable :: W _RHO, W C1,

&
ITR, IER)

W_DNRM2
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I $omp

allocate (W(N+N2,4))

parallel do private(i)

I $omp

doi=1, N
X(i) =0.d0
W(i,2)= 0.0D0
W(i,3)= 0.0D0
W(i,DD)= 1.d0/D(i)
enddo
parallel do private(i)

I $omp

do i= N+1, N+N2
X(i) =0.d0
W(i,2)=0.0D0
W(i,3)=0.0D0
W(i,DD)= 1.d0/D(i)
enddo

parallel

I $omp

PEsmpTOT= omp_get_num_threads ()
end parallel

allocate (SMPindex (0:PEsmpTOT))
SMPindex (0)= 0
m = N/PEsmpTOT
nr= N — PEsmpTOT*m
do ip= 1, PEsmpTOT
SMPindex (ip)= m

if (ip. le.nr) SMPindex (ip)= m+1

enddo
do ip= 1, PEsmpTOT

src_f14 (2/5)

PEsmpTOT: #& X L v FEHEE

SMPindex (0:PEsmpTOT) : XL v FSEFEREBE

SMPindex (ip)= SMPindex (ip)+SMPindex (ip-1)

enddo

allocate (W_RHO (PEsmpTOT), W_C1(PEsmpTOT), W_DNRM2 (PEsmpTOT)) RNFE
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src 14 (3/5)

|$omp parallel do private(i, VAL, k)

do I=1,
VAL= D(|)*X(|)
do k= 6

VAL= VAL + AMAT (k, i) *X (itemLU(k, i))

enddo
W(i,R)= B(i) — VAL
enddo
BNRM2= 0. 0DO
I $omp garallfl do private(i) reduction (+:BNRM2)
0 i=

BNRM2 = BNRM2 + B (i) *%2
enddo



ITR= N
Stime= omp_get_wtime ()
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src_f4 (4/5)

I$omp parallel private(L, ip, ipl, ip2, i, k, VAL
'$omp private , A, DNRM2) Compute r(®= b-[A]x(9)
do (=1, IR ,
for 1= 1, 2,
ip = omp_get_thread_num()+1 i-1)— i-
ipl= SMBlndexglp 1) +1 solve [M]z® V= G-
ip2= SMPindex (ip) P, = ri1 z@E-1)
[$omp simd el
©nii. 52w Ry i, bD) £
i,2)=W(i,R)=W(i,
enddo P(1)= z (0)
W_RHO (ip)= 0. 0d0 else
| $omp glmd : ip2 Bi-1= Pi-1/Pi
0 I= ) : .
\ngHO(lp) PI_RHO(ip) + Wi, R)#W (i, 2) p¥= zG + B, pt™
enddo i
Somp_baprier o encit (1)
I $omp S|ma ' ger= RIE , ,
“ORtio= R+ W RAO (i) O = Pia/pral’
= + | . .~ i
(1) = (i-1) _ (1)
if (Loeq1) then e L LEC
!&mpSﬂd ! check convergence |r|
0 i= | |p
W(i,P)=W(i, 2) end
enddo
else
BETA= RHO / RHO1
I$omp simd
do i= ipl, ip2 .
WG, P)= W(i-2) + BETAWN (i, P)
enddo
endif
I$omp barrier



I $omp
I $omp

I $omp

I $omp

I $omp

I $omp
I $omp

do i= ipl, ip2

VAL= D(l)*W(l P)
do k=1, 6

VAL= VAL + AMAT (k, i)W (itemLU (k, i), P)

enddo
W(i, Q)= VAL

enddo

W_C1(ip)= 0.0d0
simd
do i= ipl, ip2

W_C1(ip)= W ' C1(ip) + W(i,P)*W(i, Q)

enddo

barrier

C1= 0.d0

simd

do i =1, PEsmpTOT

G1= C1 + W_C1(i)

enddo
ALPHA= RHO / C1

simd
do i= ipl, ip2

X(i) = X(i) + ALPHA * W(i, P)
W(i,R)‘ WG, R) — ALPHA * W(i, Q)

enddo

W_DNRM2 (ip)= 0. 0d0
simd

do i= | 2

W DNRM2(|p§) W_DNRM2 (ip) + W(i, R) **2
enddo

barrier

DNRM2= 0. dO

simd

do i =1, PEsmpTOT

DNRM2= DNRM2 + W_DNRM2 (i)

enddo
ERR = dsqgrt (DNRM2/BNRM2) . . .
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src_f4 (5/5)

Compute r(®= b-[A]x(9)
for 1= 1, 2,
solve [M]zG@1l= r@-1)
p,_,= ri-1 z{-D

if i=1
pM= z(0
else
Bii= Pi1/Pis
p(l)— Z(l 1) 4+ Bl . P (i-1)
endif

q¥’= [A]p®

o; = Py /PHq®

x(W= x@E-1 4 g p)
ri= p@E-1) - g gt
check convergence |r|
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srcd |2 LT=/N\—23y

>$ cd /work/gt00/t00XYZ/ompw
>$ cd run

<modify “INPUT.DAT”, “f4_48.sh"”>

>$ pjsub f4_48.sh
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f4 48.sh

#!/bin/sh
#PJM  -N "F4_ 48" 2| [ CMG#o CMG#2 =
#PJM -L rscgrp=tutorial-o g- T numactl g
#PJM  -L node=1 £ -C 12-23 -C 36-47 3
#PIJM —-omp thread=48 2 -m 4 3
#PIM L elapse=00:15:00 X >
#PIM  -g gt00 o —— —— =
#PIM  —j e numactl numactl @
#PIM  -e err S -C 24-35 3
#$#PIM -0 f4_48.1st £ -m5 ~;<;
= | cmG# N

module load iy
export OMP_NUM_THREADS=48
export XOS_MMM_L_PAGING_POLICY=demand:demand:demand

numactl -1 ./solf4
numactl -1 ./solf4
numactl -1 ./solf4
numactl -1 ./solf4
numactl -1 ./solf4
numactl —C 12-59 -m 4-7 ./solf4
numactl -C 12-59 -m 4-7 ./solf4
numactl -C 12-59 -m 4-7 ./solf4
numactl —C 12-59 -m 4-7 ./solf4
numactl -C 12-59 -m 4-7 ./solf4
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PCGi%: s+ E RS N=1283 48X LYK
N= 2,097,152

S i G ong) cuvsa)

srcO (P HEAER7E) 1.671 1.564 2.354
src1 (First Touch) 1.480 1.122 1.720
src2 (+ELL) 0.747 0.809 1.127
src3

(+omp-parallel&li) 0.707 0.834 0.854
src3b 0.764

(+ clang loop unroll_count)

src4

0.676

(+omp-doZEL, reductionfEL)




src—cJ
#tpragma omp for

for (i=0; i<N; i++)
VAL = D[i] * W[P][i];
for (j=0; j<6; j++)
VAL += AMAT[6%i+j1*W[P] [itemLU[6%i+]j]];

%[OJ[i] = VAL;

src—c3b: clang® &

#ipragma omp for
#ipragma clang loop unroll| _count (8)

for (i=0; i<N; i++) {
VAL = D[i] * W[P1[i];
for (j=0; j<6; j++)
VAL += AMAT[6*i+j1*W[P] [itemLU[6*i+j]1];

%[QJ[i] = VAL;

src_c3b (5/5)

Compute r(®= b-[A]x(9)
for 1= 1, 2,
solve [M]z@ D= r@-1)
p,_,= ri-1 z{-D
if i=1
pL= 7z(0)
else
Bii= Pi1/Pis
pil= z(-1 4 B pG-D
endif
q¥’= [A]p®
o, = p;,/pHg
x(= x(-1 4 o,p)
ri= -1 — o g
check convergence |r|
end

6
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PCG:% 5t & FRE : N=1603, 48X L vk
N= 4,096,000

S i ong) cuvsa)

srcO (P HEAER7E) 3.610 3.484 4.067
src1 (First Touch) 2.993 2.228 3.425
src2 (+ELL) 1.534 1.690 2.340
src3

(+omp-parallell) 1556  1.693  1.742
Slieclo 1,586

(+ clang loop unroll_count)

src4

1.435

(+omp-doZEL, reductionfEL)
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PCG%: 51 & FFFfE : N=2003, 48X L wk
N= 8,000,000

S i ong) cuvsa)

srcO (F1EAER %E) /.666 8.321 9.397
src1 (First Touch) 6.952 5.102 8.008
src2 (+ELL) 3.421 3.910 5.381
src3

(+omp-parallell) 3440 3920  3.824
Slieclo 3.624

(+ clang loop unroll_count)

src4

3.276

(+omp-doZEL, reductionfEL)




PCG:f - SH & B - N=2563 48 ALK

N= 16,777,216

S o g o

srcO (R HAER E) 34.308 24.772
src1 (First Touch) 32.202 22.172
src2(+ELL) 8.916 10.761
src3

(+omp-parallel&li&) 8.915 10.764
. 10.003
(+ clang loop unroll_count)

src4

8.620

(+omp-doZEL, reductionfEL)

25.547

23.814
14.566

10.415

29
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FEH

« BRAREEICKSRTYUARERXYIL/N—, PCGEIZE
58— RFEINKAE=OpenMP I 51k
» Wisteria/BDEC-01 (Odyssey) (A64FX) [ZL5ERE
— EHCMGEES
— CaAVuNMSDEE=>2021F11AKEKYRE
« FRRITEREIL
— First Touch Data Placement
— ELL, OpenMPA—/\—~ v HI
. REICTEIWNSGE, THEHIEZATLNVS
— P — b CREODGW.ERZHSFEVLWV:LET
s T—AKFHEELIHSE (ICCG) I, 3HM, 2022FFK
LIICHETE




SR EET O O7145
« AIEEETOYSLNTIETE (E#HETET)

== /=

e 178|317
- STEMEE, HEBNFFMLET 250N 5
e Excel(w#&0O)

— https://www.dropbox.com/s/kat9ny5aoxp7cgm/cpu_pa_rep
ort.xIsm?d|=0




OMP-3 132

SHMETOT74SF A (1/4)
AEBHNZETAT S LHNTERE, 1F5FEaVIN(ILAT
a3V A E solver PCG.c/f

#include “fj_tool/fapp.h”

fapp_start (“"CG”,1,0);, = call fapp_start (“CG",1,0) <*
Stime = omp_get_wtime() ; Stime = omp_get _wtime ()
for (L=0; L<(*ITR); L++) { do L=1, ITR
o i f (ERR < EPS) { - if (ERR . It. EPS) then
*]ER = 0; IER = 0
goto N90O; goto 900
} else { else
RHO1 = RHO; RHO1 = RHO
| } endif
enddo
*[ER = 1; IER = 1
N90O: 900 continue
Etime = omp_get wtime() ; Etime= omp_get wtime ()
fapp_stop ("CG”,1,0); <= call fapp_stop ("CG”,1,0) -
return 0; return

J end
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MO 7A45F A (2/4)

Wisteria/BDEC-01 L TOXE1T

>$ cd /work/gt00/t00XYZ/ompw
>$ cd run

<modify “fapp.sh”, “data.sh”>
>$ pjsub fapp.sh
(after finishing)
>$ pjsub data.sh

>$ 1ls pa*.csv
pal.csv .. pal7.csv



OMP-1

ETALIR)DBRIZE

HHoOo7(4>F A (3/4)

Wisteria/BDEC-01 L TOEFTRHIY Tk

fapp.sh

#!/bin/sh
#PJM -N "fapp"
#PJM -L rscgrp=tutorial-o
#PJIM -L node=1
#PJM -omp thread=48
elapse=00:15:00

#PJIM
#PJIM
#PJIM
#PJIM
#PJIM

—-L
9
—J
—e
-0

gt00

err
test.lst

module load £fj
export OMP_NUM THREADS=48

export XOS_MMM IL_PAGING_POLICY=demand:demand:demand

fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp
fapp

-d ./repo01
-d ./repo02
-d ./repo03
-d ./repo04
-d ./repo05
-d ./repo06
-d ./repo07
-d ./repo08
-d ./repo09
-d ./repol0
-d ./repoll
-d ./repol2
-d ./repol3
-d ./repol4
-d ./repol5
-d ./repolé6
-d ./repol?

HLTE(EEBEFILALY)

—Hevent=pal
—Hevent=pa2
—Hevent=pa3
—Hevent=pa4
—Hevent=pab
—Hevent=pab
—Hevent=pa’7
—Hevent=pa8
—Hevent=pa9
—Hevent=palO
—Hevent=pall
—Hevent=pal2
—Hevent=pal3
—Hevent=pal4
—Hevent=palb
—Hevent=palb6
—Hevent=pal7

./solf2
./solf2
./solf2
./solf2
./solf2
./solf2
./solf2
./so0lf2
./solf2

./solf2
./so0lf?2
./solf2
./so0lf?2
./solf2
./so0lf?2
./solf2
./so0lf?2

#!/bin/sh

#PJM -N "data"

#PJIM -L rscgrp=lecture-o
#PJM -L node=1

#PJM —--mpi proc=1

#PJIM -L elapse=00:15:00
#PJIM —-g gt00

#PIM -3

#PJIM -e err

#PJM -o data.lst

module load £fj
module load fjmpi

fapp -Af-d./repo0l f-Icpupa,mpi -tcsv -o
fapp —-Af-d./repo02 f-Icpupa,mpi -tcsv -o
fapp —-Af-d./repo03 f-Icpupa,mpi -tcsv -o
fapp —-Af-d./repo04 f-Icpupa,mpi -tcsv -o
fapp —-Af-d./repo05 f-Icpupa,mpi -tcsv -o
fapp —-Af-d./repo06 f-Icpupa,mpi —-tcsv -o
fapp -Af-d./repo07 f-Icpupa,mpi -tcsv -o
fapp —-Af-d./repo08 f-Icpupa,mpi -tcsv -o
fapp —-Af-d./repo09 fIcpupa,mpi -tcsv -o
fapp -Aj-d./repol0 fFIcpupa,mpi -tcsv -o
fapp -Aj-d./repoll fFIcpupa,mpi -tcsv -o
fapp -Aj-d./repol2 fFIcpupa,mpi -tcsv -o
fapp —-Af-d./repol3 f-Icpupa,mpi -tcsv -o
fapp -Aj-d./repold fFIcpupa,mpi -tcsv -o
fapp —-Af-d./repolb fIcpupa,mpi —-tcsv -o
fapp -Aj-d./repolé6 fFIcpupa,mpi -tcsv -o
fapp -Aj-d./repol7 fFIcpupa,mpi -tcsv -o

pal.
paz
pa3
paé
pab
pab.
pa’.
pa8
ra?d
ralol
pall
pal2
pal3

paléd.

palb

palé6.

pal’
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ERENTWASIERIEIFEZZEIZLT

Csv

.CsSVv
.CSV
.CsSVv
.CSV

Csv
Csv

.CsSVv
.CSV

.CSVvV
.CsSVv
.CSVvV
.CsSVv
Ccsv
.CsSVv
Ccsv
.CsSVv
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T a7/ 5% (4/4)

PCETDET

» pa*.csvxPCEA~OE—

>$ scp t00XYZ@wisteria.cc.u-tokyo.ac.jp:/work/gt00/t00XYZ/ompw/run/pa*.csv .

- Lt&ipa*.csvéExcelv/B77AMIERLTALIMIIZE
<

« ExcelxoBT77AILEZTILI) YD
— FERIZHES
— AlITIZE<CGZEEIR
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PCGi% : T E R :N=1603, 48X L vk
N= 4,096,000, /—KF 1=V & Fortran
5@1l:=>)‘- ')E‘Q—ﬁzﬁﬁﬁij]iéhﬂ, JouleﬂEIiﬂi'F

Throughput Core
Effective goad/ Node
tore
" Memory

81.6
solf0 369 159  20.0 30.3 3.39x10" 8.27x10" 10.9
20.2
solf1 1 10 921
First Touch) 298 197 2838 375  2.35x10" 533x10° 108  136.
33.3
solf2 1 10 104.
o ELL) 158 373 497 700  1.19x10" 417x10" 150  170.
51.7
solf3 101
S;r;erfuced 158 372  48.4 69.8  1.22x10" 4.10x10" 149  167.
parallel’ >1.0
solf4 102,
(+further 145 406  55.1 758  1.10x10" 3.78x10"° 158  174.

optimization) 96.5
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Fortran, 2 CMG

Cycle Accounting execution time(s)

src1:First Touch

Cycle Accounting execution time(s)

3.5E+00

src2: +ELL

3.0E+00 -

2.5E+00

2.0E+00

1.5E+00 -

1.0E+00 -

5.0E-01 1

0.0E+00

Thread 0

Thread 1

Thread 2

Thread 3

Thread 4

Thread 5
Thread 6

»
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[o}
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Thread 7
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Process
0

4.0E+00

Cycle Accounting execution time(s)

3.5E+00

3.0E+00

2.5E+00

2.0E+00

1.0E+00 -

5.0E-01 -

0.0E+00

Thread 0

Thread 1

Thread 2
Thread 3
Thread 4
Thread 5
Thread 6
Thread 7
Thread 8
Thread 9
Thread 10
Thread 11

Process

O Other instruction commit

@4 instruction commit

B 3 instruction commit

B 2 instruction commit

B 1 instruction commit

W Barrier synchronization wait

O Instruction fetch wait

M Store port busy wait

O Other wait

B Branch instruction wait

O Floating-point operation wait

B Integer operation wait

OFloating-point load L1D cache access wait (*)
@ Floating-point load L2 cache access wait
OlInteger load L1D cache access wait
Blnteger load L2 cache access wait

B Floating-point load memory access wait

B Integer load memory access wait

O Prefetch port busy wait by software prefetch
O Prefetch port busy wait by hardware prefetch

B Floating-point busy rate execution time
Olnteger busy rate execution time

OL1 busy rate execution time

O L2 busy rate execution time

B Memory busy rate execution time

(*)Include wait time for integer L1D cache access

Prefetch Port Busy Wait (H/W)
Integer Load L1D Cache Access Wait
Floating-Point Operation Wait

B B ¥ Instruction Commit
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1.6E+00

1.4E+00

1.2E+00

1.0E+00
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src3:omp-parallel
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src4: omp-dofEL, reductionfEL

1.8E+00

1.6E+00

1.4E+00

Thread 0

Thread 1

Thread 2

Thread 3

Thread 4

Thread 5
Thread 6

o
5]
o 8
I
I
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Thread 7

1.2E+00
1.0E+00
8.0E-01
6.0E-01
4.0E-01
2.0E-01
0.0E+00
| o g o ol a| ||| o N o oo
2 RIS s|lsvs|wv|Bv || || v vl | 2|
g/ 3 BB g8/ 8 8|8 8 8, 8 8|8 8|R B
= = [0 [0 ol ol ol ol et et et et et et
= = el el 4 [
FlR| =] & ElEfE F|FF EFEIEIE|E E| 2 £
FlF FlF
Process
0

1.8E+00

1.6E+00

1.4E+00

1.2E+00

1.0E+00

8.0E-01

6.0E-01

4.0E-01

2.0E-01

0.0E+00

Cycle Accounting execution time(s)

Thread 0

Thread 1

Thread 2

Thread 3

Thread 4

Thread 5
Thread 6

»
Og
o
g
a

Thread 7

Thread 8

Thread 9

Thread 10

Thread 11

O Other instruction commit

@4 instruction commit

B 3 instruction commit

B 2 instruction commit

B 1 instruction commit

W Barrier synchronization wait

O Instruction fetch wait

W Store port busy wait

O Other wait

B Branch instruction wait

O Floating-point operation wait

B Integer operation wait

OFloating-point load L1D cache access wait (*)
@ Floating-point load L2 cache access wait
OlInteger load L1D cache access wait
Blnteger load L2 cache access wait

B Floating-point load memory access wait

B Integer load memory access wait

O Prefetch port busy wait by software prefetch
OPrefetch port busy wait by hardware prefetch

B Floating-point busy rate execution time
Olnteger busy rate execution time

OL1 busy rate execution time

O L2 busy rate execution time

B Memory busy rate execution time

(*)Include wait time for integer L1D cache access

Prefetch Port Busy Wait (H/W)
B Floating-Point Load Memory Access Wait

Floating-Point Load L2D Cache Access Wait
Floating-Point Load L1D Cache Access Wait

H B M Instruction Commit
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PCG;%: st E R : N=1603, 48X L vk
N= 4,096,000, /—F&=-U#tEHE, C(clang)
RIBIE=>ATYED—=HEE HEM, JoulelElXET

Instruction Power (W
Peak SIMD Memory (W)

Time Perf. .
. Ratio | Throughput
(sec.) F}f)tl)o A A Effective

solcO 3.53 4.83x10" 1.65x10""} 12.9 134
17.9
solci LU
. 2.42 2.97x10" 1.10x10" 119  153.
(First Touch)
33.8
solc2 LA
(+ ELL) 1.73 1.74x10" 8.92x10" 139  163.
* 44.8
(Sf I::esduc;ed U]
y 1.75 1.68x10" 8.88x10'Y 14.2  167.
omp-
b} 45-0
parallel”)
solc3b 109.
(+ clang loop 1.62 1.37 x10" 146  168.
unroll_count) 44 .4
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PCG:%: 1 E /KM :N=1603, 48 AL vk

N= 4,096,000, /—

5@1!::}-

\\ oo

JEv—=

FE-UELE, C(trad)
HEE IS, JouleﬂEldJE&'F

Instruction Power (W

Throughput Core
Effective goad/ Node
tore
" Memory

solcOorg 4.14
solclorg

(First Touch) S
solc2org

(+ ELL) 2.34
solc3org

£+ reduced 170
omp-

parallel”)

2.66 27.3
3.13 37.4
4.70 58.1
3.46 471

91.3

271 3.78x10" 7.40x10" 11.3
18.4
90.

31.8 2.75x10" 6.14x10" 9.86  128.
28.4
95.1

47 1 1.63x10" 4.77x10"° 117 144,
37.6

96.7
64.8 1.17x10" 4.14x10" 13.9 159.
48.7



