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e ALy FiF|l+AytE—DNw 0y
— OpenMP+ MPI
— CUDA + MPI, OpenACC + MPI
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Flat MPI vs. Hybrid

Flat-MPI : Each Core -> Independent

A core | | core HEEE
HEEE

Hybrid : Hierarchal Structure
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OpenMP &1 (1/2)

http://www.openmp.org

o HBFATYBRWUFIFTER#ERDDirectiveD i — RS
— MPIXOHPFIZEE RS &EC1996 FEE M o B BB I
— IR7E Ver.4.X

Jde B
* B

— Cray&SGID & 6(1996)

— ASCIETE D BfgE (1995)

» Accelerated Strategic Computing Initiative (ASCI) -> Advanced
Simulation and Computing Program (ASC)
o ASCI:ZEEBRDIIaL—1avItkbdRE
— ETEMBER, 3al—13 VI 7
o« SMPOSRAZTH—HA
— ACI Red (Intel), Blue Pacific/White/Purple/BlueGene (IBM), Blue Mountain (SGlI)
e SMPHSRAMITOAFTOS SIS D EEAPI (Application Program
Interface) HNIHE
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OpenMP &1 (2/2)

http://www.openmp.org

FHETEHA T —HEFE-T OpenMP ARBZFFERKL,

1997 F (2 EHIREENTETWV=Z5TH S

— SC98TILX I TIZOpenMPDF—kr )7 ILHA&®H>T-L, 9 TIZ
SGI Origin2000COpenMP-MPI/NA T ) yRMD 32l — 3
VEPSTWAHIEH 1=,

OpenMPIdFortankr EC/C++iRDFRIEH £ < HIl & 125

HoLNTET-,

— Ver.2 5CTEEBD T —

Ver.4.0TIZGPU, Intel-MICZ Co-Processor,

AcceleratorlzRIZE TOEMELEE

— OpenACCIZIEDLYTLYA
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OpenMP DI E

- TRV SLEMSIZETT S-HDEMEEZI—F—HEAR

— OpenMPEITIRIE L, KFREER, &R, TykOv), BRESE
#, FRELTTOT T LD ES=EITIZTDOEN DK% RE
[CBHT 2F TV VIFEREIN TV,

— TR S LD ELLETEINSAISBHTHDIE1I—H—DE
ETH5,

o EITETIL
— fork-joinZ! ifi 5I| &5 )L

o« BAITREIRALYREEIEINBE—TOI S LELTETEZREL,
TPARALLEL], TEND PARALLEL | T4LOT49 DXt i §#E &%
VT 5, 5B ENENEETRAIRALYRIZRALYRDF—LEE
BL, FDF—LDIARELED,

— LW S ANFEEILRIBETH SN, —ZTlEzkHialy
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Master

thread

thread

Master

thread

thread

Master

Fork-Join &43ifi 515 )L

Master

thread

thread

thread

thread

thread

thread

thread

thread

thread

thread

Master

PARALLEL END PARALLEL PARALLEL END PARALLEL
{014 join fork join




ALY K%

o IRIEZ I OMP_NUM THREADS

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

e 1-&-Z ¥, OMP_NUM THREADS=4,9 3¢, LI TDESI(C
i=1~100MDIIL—TNanEEh, RFEICETINS,

— do i= 1, 25 |

—| do i= 26, 50 |

do i= 1,100 ' ee—

—| do i= 51, 75 |

—| do i= 76, 100 |




OMP-1

11

OpenMPIZBEET 515k

 OpenMP Architecture Review Board (ARB)

— http://www.openmp.org

« &M

— Chandra, R. et al.[ Parallel Programming in OpenMP |
(Morgan Kaufmann)

— Quinn, M.J. 'Parallel Programming in C with MPI and
OpenMP ] (McGrawHill)

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

— £ BlTOpenMPIZ&BHEHTAT ST E#ERTE X (ILE)
— Chapman, B. et al. T'Using OpenMP | (MIT Press) fx#!
E1TEMICKAEE: (OpenMP 3.0) ik |

— http://www.openmp.org/mp-documents/OpenMP30spec-ja.pdf
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¢ FALYTAY FETIT) DR THIE

OpenMP O 4312

~HEAEZDIL—THAF{EEN D
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OpenMP/Directives
Array Operations

Simple Substitution Dot Products
I$omp parallel do I$omp parallel do private(i)
do i=1, NP | Somp& reduction (+:RHO)
W(i,1)=0.d0 do i= iS, iE
W(i,2)=0.d0 RHO= RHO + W(i, R)*xW (i, 2)
enddo enddo
I$omp end parallel do I$omp end parallel do
DAXPY
I$omp parallel do
do i= 1, NP
Y(i)= ALPHA%X (i) + Y (i)
enddo

I$omp end parallel do
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OpenMP/Direceives
Matrix/VVector Products

I$omp parallel do private(i, j)
do i=1, N
W(i,Q=DC)*W(i,P)
do j=1, INLC(i)
W(i, Q)= WC(i,Q) + W(IAL(j, i),P)
enddo
do j= 1, INU(i)
W(i,Q)=W(i,Q) + W(AU(, i),P)
enddo
enddo
I$omp end parallel do
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OpenMP M 4%

o TALDT4) 3ERIT) D THFE
- EAEZRDIL—THiiF{EEIN S
— AN YR—FLTWVEITNIE, A REHGEEIND
e fAIBIEELZIFNIL, AT LAY
- TB#ESEl, TEBEINIMIVIEIEITEG S,
CFERIEETREEMURIERIES AT LEERL
— T—AR5 85 (Ordering) (ZFBEDEE
o« XFARYA=ZYFROTOEYHEIZILLT,
FThreath\\l‘ta EHv5
— [Thread ] :MPITW\WI AR JIZTHET 5,
— LT@EIE Thread#i=HEF AT 1=y, ATOEY S %, a7
HITH AN RIED T —F T F v TlIHyper Threading
(HT) MY R—bENTWSEDHN LN (1T T2-4X L)
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AE!1) %4 (Memory Contention)

MEMORY

-

cllclic|lc|lcllcl|lc]|c
PIIP|PI|lPI|P|P]|PI|P
Ullulffu|lullullullullu

. EMALEELTOHEE, EROALYRNATY L
DRILTRLRIZ$H BT — 2% REICEHT AR
5%,

— BEHOCPUMNERIIDRILEH D EEHLEOET S,

— AEYEEHOAT7THELTWSEHZD IS G D
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—BEIZEOTIXBANEDLS
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AE 3RS (Memory Contention) (i)

nenni

PIIP|IP]| P
ullullullu

o KBEBETHEATWAHIE, ZDLIGEIENELITENEKD,
FEALYEDRIFICRICAR D ZEH T 2LIGETEIF%E
LNEIITT S,

- INFA—F—DERETOEIL, THD.

o T—AIKTE (Data Dependency)

o ZLDATH(RLYRE) AR B(ZE, AEU~DEIR
MEZT, WEREIET IS AE)EFD),

nin

CUOO >
CcCTO
CcCTO
COO H—>
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OpenMP D451 (5 &)

o EKI[IINomp parallel for]~Ilomp end parallel do|

o TEIZDOLT, ¥O—/\)L/shared’ZZE &, Thread N
cO—Ah)glprivate B EIZ 2 (T3,
— T4 )Lk &I global/shared ]
— REZX KD BHEHEE L reduction 1 ZES

VAL= 0.d0 W(,), R, Z, PEsmpTOT
I$OMP PARALLEL DO PRIVATE(ip, i) REDUGTION (+:VAL) HREIFTO—/ LT
do ip= 1, PEsmpTOT
do i= index(ip-1)+1, index(ip)
VAL= VAL + W(i,R) * W(i, 2)
enddo

enddo
I$OMP END PARALLEL DO
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FORTRANZEC

use omp_Ilib

I$omp parallel do shared(n, x,y) private(i)
do i=1, n
x(i)=x(@i) + y(i)
enddo
I$ omp end parallel do

#include <omp. h>
.{.

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

for (i=0; i<n; i++)
x[i] += y[i];
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RBEISHT DI

¢ OpenMPIXZHRIGHEREZF>TLVEH, TNOLDET
R —HZHEIFLAEL,
—- BEBLETHIBE, EELTWLWSDITTIEZL,

o BERTICKHELTRIEEDHEDAFEET 5,
— BRBIZIX, BETROTULVBICCGEIZELART7YVARER
VILIN—ZE DN T =D EGEBEDHAIZDODNTEE TS

— TNLSDOBEBEIZDULNTIE, BE, BRIDZE(ETIZEADL
NAHEILRELEELY),
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B2 BE

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

o HRAKIRBEH, /10271 —ADEZE (OpenMP3.0
LABE THHR—B)
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OpenMP T 4L %247 (FORTRAN)

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

o RMFINZXFIIRXAISMNLY,
e sentinel
— REEEF
— FORTRANTIZIN$OMP], TC$OMP], M*$OMPJ, ELBEH
Y—AE K TIENSOMP D H,

— EEITICIZFORTRANERILIL—ILANE RSN S, LT IELY
3 nET$SOMP 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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OpenMP T 4L%47) (C)

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

o HEFRITIEIN
o INFZH{FEH(ZH A L)

#pragma omp parallel for shared (a,b,c)
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PARALLEL DO

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

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

\O

=EZL, DOJL—

o ZEALYNZKOTEITINDMELE
JDFEZEERT S,

« WUIEHE (clause) : KLFNHT5ELD
— PRIVATE (list)
— SHARED (list)
— DEFAULT (PRIVATE|SHARED|NONE)
— REDUCTION ({operation|intrinsic}: list)
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REDUCTION

REDUCTION ({operator|instinsic}: list)

reduction ({operator|instinsic}: list)

« ITMPI_REDUCEID &5t MDERZIE LKLY
e Operator

— 4+, *, -, .AND., .OR., .EQV., .NEQV.
 [ntrinsic

— MAX, MIN, IAND, IOR, IEQR

25
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EHIAL: BHEG)L—T

!SOMP PARALLEL DO
do i= 1, N
B(i)= (A(1i) + B(i)) * 0.50
enddo
!SOMP END PARALLEL DO

o JL—TMD#EYIR La"yﬂ(::’C(iru)(iT7T)lxl~’C
private’s M T, ARMICE S I E,

« TEND PARALLEL DO |34 BERIEE,
— CEE&ETlEZEL 2 EFERELZL

26
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={5|A2: REDUCTION

!SOMP PARALLEL DO DEFAULT (PRIVATE) REDUCTION (+:A, B)
do i= 1, N
call WORK (Alocal, Blocal)
A= A + Alocal
B= B + Blocal
enddo
!SOMP END PARALLEL DO

« TEND PARALLEL DO |IZ&B&A[RE,

27
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OpenMPEAFICHEUNHT CENDTES
ks

int omp_get_num_threads (void) ALy #a%L
int omp_get_thread _num (void) BALYE®DID
double omp_get_wtime (void) MPI_Wtime& &L
void omp_set_num_threads (int
num_threads) AL YR EERTE

call omp_set num_threads (num_threads)



OpenMPZ&E R 9 4(2(F ? (RFE)

VAL= 0. d0
do i=1, N

VAL= VAL + W(i,R) = W(i, 2)
enddo
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OpenMPZ&E R 9 4(2(F ? (RFE)

VAL= 0. d0

do i=1, N
VAL= VAL + W(i,R) = W(i, 2)

enddo

VAL= 0. dO0

!$OMPdPARAL%ELNDO PRIVATE (i) REDUCTION (+:VAL)

o i=1,
VAL= VAL + W(i,R) = W(i, 2)

enddo

$OMP END PARALLEL DO

Thread #0 W(i,R)*W(i,Z) =
Thread #1 W(i,R)*W(i,Z) —»
Thread #2 W(i,R)*W(i,2) e VAL

Thread #M W(I,R)*W(i,Z2) —»

OpenMPT AL T4 DA
N THIFIEFHEILATEE
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OpenMPZ&E R 9 4(2(F ? (RFE)

VAL= 0. d0

do i=1, N
VAL= VAL + W(i,R) = W(i, 2)

enddo

VAL= 0. dO0

!$OMPdPARAL%ELNDO PRIVATE (i) REDUCTION (+:VAL)

o i=1,
VAL= VAL + W(i,R) = W(i, 2)

enddo

$OMP END PARALLEL DO

VAL= 0.d0

I$OMP PARALLEL DO PRIVATE(ip, i) REDUGTION (+:VAL)
do ip= 1, PEsmpTOT
do i= index(ip-1)+1, index(ip)
VAL= VAL + W(i,R) * W(i, 2)
enddo
enddo

I$OMP END PARALLEL DO

OpenMPT AL T4 DA
N THIFIEFHEILATEE

ZEIL—TDEA

PESmpTOT: AL YR %
HOMLEDHIINDEX()IZRELTHL
KYREREIZH H| 5 EEHE

(AZEh A KLIE D DT TIHEL)
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OpenMPZ&E R 9 4(2(F ? (RFE)

VAL= 0. d0

do i=1, N
VAL= VAL + W(i,R) = W(i, 2)

enddo

VAL= 0. dO0

!$OMPdPARAL%ELNDO PRIVATE (i) REDUCTION (+:VAL)

o i=1,
VAL= VAL + W(i,R) = W(i, 2)

enddo

$OMP END PARALLEL DO

VAL= 0.d0

I$OMP PARALLEL DO PRIVATE(ip, i) REDUGTION (+:VAL)
do ip= 1, PEsmpTOT
do i= index(ip-1)+1, index(ip)
VAL= VAL + W(i,R) * W(i, 2)
enddo
enddo

I$OMP END PARALLEL DO

OpenMPT AL T4 DA
N THIFIEFHEILATEE

ZEIL—TDEA

PEsmpTOT: AL wk%k
HOMLEDHIINDEX()IZRELTHL
KYMEERICIFIFTEEE

PESmpTOTE DAL yRAILE LAY,
A5 (2397
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OpenMPZ&E R 9 4(2(F ? (RFE)

VAL: 0 dO %E)L_j‘)d)ﬁk -
1$OMP PARALLEL DO PRIVATE (ip, i) REDUCTION(+:VAL)  PESmpTOT:ZLwF#
do ip= 1, PEsmpTOT HoMEOHTINDEX()1ZRAELTHL
do i= index (ip-1)+1, index(ip) SYUMEEICHHHEER
VAL= VAL + W(i,R) * W(i, 2)
enddo PEsSmpTOTED AL YyRMIIE EAY,
enddo I F =T
I$OMP END PARALLEL DO
BEENTEINSIAL YL
IEETES
Bl Z (X, N=100, PEsmpTOT=4,9 %¢&:
INDEX(0)= O
INDEX(1)= 25
INDEX(2)= 50
INDEX(3)= 75

INDEX(4)= 100



Matrix-Vector Multiply

doi=1, N
VAL= D (i)W (i, P)
do k= indexL (i-1)+1, indexL (i)
VAL= VAL + AL (k) *W(itemL (k), P)
enddo
do k= indexU(i-1)+1, indexUC(i)
VAL= VAL + AU (k) *W(itemU k), P)
enddo
W(i, Q)= VAL
enddo

34



Matrix-Vector Multiply

I$omp parallel do private(ip, i, VAL, k)
do ip= 1, PEsmpTOT
do i = INDEX(ip-1)+1, INDEX(ip)
VAL= D (i)W (i, P)
do k= indexL (i-1)+1, indexL (i)
VAL= VAL + AL (k) *W(itemL (k), P)
enddo
do k= indexU(i-1)+1, indexUC(i)
VAL= VAL + AU (k) *W(itemU k), P)
enddo
W(i, Q)= VAL
enddo
enddo
I$omp end parallel do

35



Matrix-Vector Multiply: Other Approach

This is rather better for GPU and (very) many-core
architectures: simpler structure of loops

I$omp parallel do private(i, VAL, k)
doi=1 N
VAL= D (i)*W (i, P)
do k= indexL (i-1)+1, indexL (i)
VAL= VAL + AL (k) *W(itemL (k), P)
enddo
do k= indexU(i-1)+1, indexUC(i)
VAL= VAL + AU (k) *W(itemU (k), P)
enddo
W(i, Q)= VAL
enddo
I$omp end parallel do



e omp

paral

L

omp parallel (do)

E Ak,

5 : fork-join
o IL—ThERT DHEA—
/{_/\“J I:‘:fd:%)o

e omp parallel + omp

do/omp for

Master

J

thread

thread

thread

Master n

thread

thread

thread

thread

>

/

parallel-omp end
ellXZD=UIZR
N

Master

thread

thread

Master

thread

HBRSE

thread

Master

thread

thread

thread

PARALLEL END PARALLEL PARALLEL END PARALLEL
fork join fork join

#pragma omp parallel ...

#fpragma omp for {

#fpragma omp for {

! Somp

! Somp
do

! Somp
do

! Somp

parallel ...

end parallel

required
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__TCHBEE

« solve PCG (RERY—1) V5, myaERILEf
=CGiE) DiEFE
e “solver PCG.f/c” (solve PCG)

e OpenMPIETRITZANSZIT (Index{E47ilLy) T
POTHD




HIALIR{ 1R B BCIK

Preconditioned Conjugate Gradient Method (PCG)

Compute x(= b-[RIxC s B NEEHEIL

for i= 1, 2, .
solve [M]z( 1= r@(i-1)

Piy= rh z G {Z} :[M ]_1{r}

if i=1
caze SRR DH A BE:
s P pen M =[AY [M]=[A
G prpign FRABDRTILIE : & 24 D #1751
K S T e M =[A]7, [m]=[A

check convergence |r|

MEART—)T FEE=8L>
M =[p]", [m]=[D]

0]
3
O}
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XTRRT—)2, AvaEgiLE

o BILEEITHELT, LEDITI DR AT DAHZHYH
L7=1T5ZRILEITH] [M] £T B,

I

- SR —)Y, mAral (point-Jacobi) Fij AL IE
D, 0 .. 0 O
0 D, 0 0
M]=] ...
0 0 D,, O
0 0 .. 0 D

e solve [M]z@ V= rG-LENSIGEIZHITIHZRHE
IZROBDHZENTES,
« B TITINRT B,
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Orlglnal solve PCG (1/3)

ITR= N xRS D (RTALEEF )

. ZTOHE, REZTHEHME

g 2T MBULM=, FHEFIIHE
iC : : o Eflilﬁﬁtﬂﬂﬁiﬁ
IC | {z}= Minv]{r} | [F10:1EFEHN TV AR

do i= 1,
X(i) =0d0
W(i,2)= 0.0D0
W(i,3)=0.0D0
W(i,DD)= 1.d0/D(i)
enddo
o " REEREETEAL,
do i=1, N
W(i,Z)= W(i,R)*W(i, DD)
enddo
!C:::
IC
I1C :
IC | RHO= {r} {z} |
I1C :
!C:::
RHO= 0. dO0
do i=1, N
RHO= RHO + W(i, R)*W (i, Z)
enddo

0O,

Compute r(®= b-[A]x(9
for i= 1, 2,

solve [M]z(i 1= p@(-1)
p,_,= ri-1) zli-1)
ie

if i=1

Bi—lz pi—l/pi—2

p(l)z Z(i_l) + Bi—l p(j—_l)

endif

q¥'= [A]lp®

a, = p,_/pHgd

xW= xE1D + gp®
rid= rt-1H — q.q@
check convergence |r|
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Original: solve PCG (2/3)

;8: : Compute r(®= b-[A]x(®
;C| {p} = {z} if [TER=1 | for i= 1, 2,
ig | BETA= RHO / RHO1 otherwise | solve [M]z@ 1= p@-1)
1C=== P, = r(i-1) 5 (i-1)
f (Leg.1) th 1ol
| d( e? N) o if i=1
W(| P)=W(i,2) ()= - (0)
enddo P =
eIEETA RHO / RHO1 else
dowi(; |1>3 Nw( e BTGB Bisi= Pi-1/Pi-z
i,P)=W(i,2) + W (i, (i) = o (i-1) _ (i-1)
enddo p_ “ *Piap
endif endif
IC=== gi= [A]lp®
< | a, = pia/pWgt
61 (= Wb | x= x84 dp'
l - } r(l)z r(i_l) — alq(l)
 doi=1 N check convergence |r|
VAL= D (i)W (i, P) end

do k= indexL(i-1)+1, indexL (i)
VAL= VAL + AL (k)*W(itemL (k),P)

enddo

do k= indexU(i-1)+1, indexU(i)
VAL= VAL + AU(k)*W (itemU(k),P)

enddo

W(i, Q)= VAL

enddo



IC
IC
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Original: solve PCG (3/3)

IC +

1C | ALPHA= RHO / {p} {a} I

l C:::

IC

C1= 0.d0
doi=1, N
Cl= C1 + WG, P)*W(i, Q)
enddo
ALPHA= RHO / C1

IC +

(x] + ALPHA® o] |

{ {r} - ALPHA*{q] |

do i=1, N
X(i) X(i)  + ALPHA * W(i, P)
Wi, R)— W(i,R) — ALPHA * W(i, Q)
enddo
DNRM2= 0. d0
doi=1, N
DNRM2= DNRM2 + W(i, R) *x2
enddo
ERR = dsqrt (DNRM2/BNRM2)
ifIéERR bIt. EPS) then
flgoto_900 r= b-[A]lx
else = 2
RHO1 = RHO DNRM2=| z |
endif BNRM2=|b |2
enddo
IER = 1 ERR= |r|/|b]|

Compute r®= b-[A]x(®
for l_ 1, 2,
solve [M]zU@ D= rG-1)
i
if i=1
pM= 2
else

Bi—1= Pi-1/Ps—2

pil= zG-1) 4 B, pli-1

a, = pi_l/p(l)q(l)

X(l)z X(i_l) + alp(l)
r(l)z r(i_l) — alq(l)
check convergence |r|



solve PCG (1/5)
parallel computing by OpenMP

module solver PCG

contains
subroutine solve PCG &
& ( N, NPL, NPU, indexL, itemL, indexU, itemU, D, B, X, &
AL, AU, EPS, ITR, IER, N2)

&

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

integer :: N, NL, NU, N2

real (kind=8), dimension(N) 2D, B, X

real (kind=8), dimension(NPL) :: AL
real (kind=8), dimension(NPU) :: AU

integer, dimension(0:N) 7 indexL, indexU
integer, dimension(NPL) :: itemL
integer, dimension(NPU) :: itemU

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

Integer, parameter :: R=1
integer, parameter :: /= 2
Integer, parameter :: Q= 2
integer, parameter :: P=3

Integer, parameter :: DD= 4

46
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solve PCG (2/5)

| $omp gara}II?I 'c\lio private (i) Compute r(®= b-[A]x(
oi=1, .
X(i) =0.d0 for i= 1, 2,
W(i,2)= 0.0D0 (i-1)= 4 (i-1)
W(i,3)=0.0D0 solve [-Di]z o r
W(i,DD)= 1.d0/D(i) P 1= r&-h z@=1b)
enddo if i=1
I$omp parallel do private(i, VAL, k) pt= 2z
do i=1, N clse

VAL= D (i) *X (i)

do k= indexL(i-1)+1, indexL (i)
VAL= VAL + AL (k) *X (itemL (k))
enddo
do k= indexU(i-1)+1, indexU(i)
VAL= VAL + AU(k)*X (itemU (k))
enddo
W(i,R)= B(i) - VAL
enddo
BNRM2= 0. 0DO
| $omp garall?l ﬂo private (i) reduction (+:BNRM2)
oi=1,

M
3
0O,

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

Bi—l= Pi_1/P;i-;

p(l)z Z<l_l) + Bi—l p(l_l)
endif
gi'= [A]pD
Gi = pi_l/p(l)q(l)
X(l)z X(i_l) -|- alp(l)
r(l)z r(i_l) — alq(l)
check convergence |r|
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solve PCG (3/5)

ITR= N
Stime= omp_get_wtime ()
do L=1, ITR
I$omp parallel do private(i)
do i=1, N
W(i,Z)= W(i,R)=xW(i, DD)
enddo
RHO= 0. d0
I$omp parallel do private(i) reduction (+:RHO)

I $omp

do i=1, N
RHO= RHO + W(i, R)*W (i, Z)
enddo

if (L.eq.1) then

I $omp

parallel do private(i)
do i=1, N
W(i,P)=W(,2)
enddo
else
BETA= RHO / RHO1
parallel do private(i)

do i=1, N
W(i,P)=W(i,Z) + BETA#W (i, P)
enddo
endif

Compute r®= b-[A]x(®
for i= 1, 2,
solve [M]z(@ V= p@E-1)
p,_,= ri-1) zli-1)
if i=1
pl= z(
else

Bi—1= Pi—1/Pi—2
pW= zG1D 4 B, pli-D

a, = pi_l/p(l)q(l)

X(l)z X(i_l) + alp(l)
r(l)z r(i_l) — alq(l)
check convergence |r|



solve PCG (4/5)

49

I $omp gargll$l ﬂo private (i, VAL, k) Compute r(®= b-[A]x(®
oi=1, .
o k= e (1-+1._index (i e
o k= indexL(i-1)+1, indexL (i (1-1)= 4 (i-1)
VAL= VAL + AL (k) #ll (i temL (k) P) solve [Mlz® = r
enddo P;_;= r&7h) zG7H
do k= indexU(i-1)+1, indexU(i) if i=1
VAL= VAL + AU (k) *W (itemU (k), P) (1) (0)
enddo p =z
W(i, Q)= VAL clse
enddo E—
e ) dli Bi—l= Pi1/Pis
= 0. ()= o (i-1) (i-1)
I$omp parallel do private(i) reduction(+:C1) E). z tPiar
do i=1, N endif
Cl1=C1 + W(i,P)*W(i, Q) (i) = (i)
enddo 9 [Alp

| $omp

o; = Py /PHq®

i) = g (i-1 i
::(?)- ::(f ) + (]iID(T)
parallel do private(i) ri)= -1 — q.q@®

ALPHA= RHO / C1

I $omp

do i=1, N
X(i) = X(i) + ALPHA * W(i,P)
W(i,R) = W(i,R) — ALPHA * W(i, Q)
enddo

DNRM2= 0. d0
parallel do private(i) reduction (+:DNRM2)

0]
3
0.

do i=1, N
DNRM2= DNRM2 + W(i, R) **2
enddo

ERR = dsart (DNRM2/BNRM2) . . .

check convergence |r|



900

solve PCG (5/5)

Stime = omp_get_wtime ()
do L= 1, ITR

if (ERR . lt. EPS) then
IER = 0
goto 900

else
RHO1 = RHO

endif

enddo

IER = 1

continue

Etime= omp_get_wtime ()

write (%' (i5,2(1pel6.6))’) L, ERR

~—

—

Elapsed Time= Etime - Stime

write (%’ (1pel6.6, a)’) Etime-Stime, ' sec. (solver)’

ITR= L
deal locate (W)

return
end
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OMP-1

274 )LaE—:OBCX

>$ cd /work/gt00/t00XYZ
>$ cp /work/gt00/z30088/omp/omp—£f.tar

>$ tar xvf omp-f.tar

>SS cd multicore

LTFDTA4 LY FUMNHETINS C & &HERE

omp stream

>$ cd omp/src20
>$ make
>$ ed ../run

<modify “INPUT.DAT”>
<modify “gol.sh”, “go2.sh”>

>$ pjsub gol.sh
>$ pjsub go2.sh
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<$0O-omp >/src20/Makefile
parallel computing by OpenMP

F90 = ifort
FO90OPTFLAGS= —align array64byte —-03 —-axCORE-AVX512 -gopenmp -ipo

FO0FLAGS =$ (F90OPTFLAGS)

.SUFFIXES:

.SUFFIXES: .o .f .f90 .c

#

.£90.0:; S$(F90) -c S(F90FLAGS) $(F900OPTFLAG) $S<
.f.o:; $(F90) —-c S$(F90FLAGS) S (F90OPTFLAG) s<

#

OBJS = ¥

solver PCG.o rcm.o struct.o pcg.o ¥
boundary_cell.o cell _metrics.o ¥

input.o main.o poi_gen.o pointer_init.o outucd.o

TARGET = ../run/sol20

all: $(TARGET)
S (TARGET) : $ (OBJS)
S(F90) S (F90FLAGS) -o $(TARGET) ¥
S (OBJS) ¥
S (FO90FLAGS)
clean:
rm —-f *.o $(TARGET) *.mod *~ PI¥*
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Oakbridge -CX /—F®D 7 Ovo X
1/—F:2CPU(V4 k)

4 Intel® Xeon® \<:JPI : 4 Intel® Xeon® )

Platinum 8280 Platinum 8280

(Cascade Lake, CLX) <:E> (Cascade Lake, CLX)
2.7GHz, 28-Cores 2.7GHz, 28-Cores

2.419 TFLOPS <:JPI N 2.419 TFLOPS

Soc. #0: 0th-27th cores Soc. #1: 28th-55t cores
N J \U /

Memory
96 GB

—
2933 MHz x 6ch U'tfaopftl Interconnect 2933 MHz x 6¢ch

140.8 GB/sec 10.4 @T/sec x3 140.8 GB/sec
= 8 GB/sec

287 287
Socket #0 Socket #1

ERXMIZ1V45 vk
(1CPU) D AFES




a3 J A1) T(1/2)gol.sh

e /work/gt00/t00XXX/multicore/omp/run/gol.sh
o A7 Va—3~DEF + PTILRYTH

#!/bin/sh
#PJIJM -N “testl”
#PJM -L rscgrp=tutorial

#PJM -L node=1
#PJM —-omp thread=24

#PJIM -L
#PJIM —g
#PJIM -5
#PIM -e
#PJIJM -o

elapse=00:15:00
gt00

err
testl.1lst

a7 (HEEW)
ETxX1—4

/—Fr# (JRE|=1)

ALYy F# (1-56, [FRE|1-28)
1T

JIL—T7% (Btfn)

IS5—HAT77A4I)L
BEEHRAT7AIL

export KMP_AFFINITY=granularity=fine, compact

./s0l20

J0%5 5 LFEST

export KMP_AFFINITY=granularity=fine, compact
FAL Y Fhisocket#0DOFEMNIRFHFIATICIEHFICEIVE TN D

55



#PJM -N
#PIM -L

56

aJR9') Tk (1/2)go2.sh

e /work/gt00/t00XXX/multicore/omp/run/go2.sh
o« RTTa—3~DET + YTIRI)TH

#!/bin/sh

“test2”
rscgrp=tutorial

#PJM -L node=1
#PJM —-omp thread=24

#PJIM -L
#PJIM —g
#PJIM -5
#PIM -e
#PJIJM -o

./s0l20

elapse=00:15:00
gt00

err
test2.1st

a7 (HEEW)
ETx+1—4%

/—Fr# (JRE|=1)

ALYy F# (1-56, [FRE|1-28)
1T

JIL—T7% (Btfn)

IS5—HAT77A4I)L
BEEHRAT7AIL

7095 LEST

BALY Fhisocket#0/#1DEATFIZTS A LIZEIYHBTEND



Oakbridge -CX /—F®D 7 Ovo X
1/—F:2CPU(V4 k)

/ N e ™ T
Intel® Xeon® Intel® Xeon®
Platinum 8280 <:E> Platinum 8280
(Cascade Lake, CLX) <:E> (Cascade Lake, CLX) Memory
2.7GHz, 28-Cores 2.7GHz, 28-Cores 96 GB
2.419 TFLOPS <:JPI N 2.419 TFLOPS
Soc. #0: 0th-27t cores Soc. #1: 28th-55t cores
- J \_ )/ ; )
2933 MHz % 6ch Ultra Pat} Interconnect 2933 MHz x 6¢h
140.8 GB/sec 10.4 @T/sec x3 140.8 GB/sec
= 8 GB/sec

287 287
Socket #0 Socket #1

gol.sh: Y4 yr0DaAF7 DHHFEHND

export KMP_AFFINITY=granularity=fine, compact
go2.sh : Y yr#0E#1DAT IV LIZfEHbnb,
gol.sh KYEBRWNGENH D,
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oaJEBA

>$ cd /work/gt00/t00XYZ
>$ cd multicore/omp/run
>$ pjsub gol.sh

>S cat testl.lst

INPUT.DAT

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

NX NY N2Z
DX/DY/DZ
EPSICCG
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e LUTD2FEFEDF1—%FIAAIEE
« RA8/—F&{FEZS
— lecture
« 8/—K(44807), 155y, 7h oo EHAR R FI AR 88
« 2YBFIL—Y—THSE
— tutorial

e« 8/—K(4487), 15%, ExE - EE EEFERT
¢ lecturedVYITZL DI TEHTBATREGEAESIZLD)
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VEWE a1

ITETIRR

TadEL

¥RARa<voUR

o377 X2 —nRKRR
037 Fa—0DIRR (FEHH)

EX WL

Bt

DATETERE

37 R17H

IR

pjsub SCRIPT NAME

pjstat
pjdel JOB ID
pjstat —--rsc

pjstat —-rsc —x
pjstat -a
pjstat —-H

pjstat ——-1limit
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[t00XYZ@obcx04 runl$ pjsub gol. sh
[INFO] PJM 0000 pjsub Job 292019 submitted.

[t00XYZ@obcx04 runl$ pjsub go2. sh
[INFO] PJM 0000 pjsub Job 292020 submitted.

[t00XYZ@obcx04 run]$ pjstat
Oakbr idge—-CX scheduled stop time: 2020/04/24 (Fri) 09:00:00 (Remain: 3days 23:09:15)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE TOKEN NODE
YAYAURY testl RUNNING gt00 lecture 04/20 09:50:42<  00:00:02
292020 test2 QUEUED gt00 lecture -/ —=l—=l—- 00:00:00

[t00XYZ@obcx04 run]$ pjstat
Oakbr idge—-CX scheduled stop time: 2020/04/24 (Fri) 09:00:00 (Remain: 3days 23:09:12)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE
YAYAURY testl RUNNING gt00 lecture 04/20 09:50:42< 00:00:06
292020 test2 RUNNING gt00 lecture 04/20 09:50:46< 00:00:02

[t00XYZ@obcx04 run]$ pjdel 292020
[INFO] PJM 0100 pjdel Job 292020 canceled.

[t00XYZ@obcx04 run]$ pjstat
Oakbr idge—-CX scheduled stop time: 2020/04/24 (Fri) 09:00:00 (Remain: 3days 23:09:04)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE TOKEN NODE
PAYAURY testl RUNNING gt00 lecture 04/20 09:50:42< 00:00:14 - 1

[t00XYZ@obcx04 runl$ pjstat
Oakbr idge—-CX scheduled stop time: 2020/04/24 (Fri) 09:00:00 (Remain: 3days 23:07:14)

No unfinished job found.




[t00XYZ@obcx04 “1$ pjstat —rsc

RSCGRP STATUS NODE
lecture [ENABLE, START] 32
tutorial [DISABLE, STOP] 64

[t00XYZ@obcx04 “1$ pjstat —rsc -x

RSCGRP STATUS MIN_NODE MAX_NODE MAX_ELAPSE REMAIN_ELAPSE MEM(GB) PROJECT
lecture [ENABLE, START] 1 8 00:15:00 00:15:00 168 gt00
tutorial [DISABLE, STOP] 1 8 00:15:00 — 168 gt00

[t00XYZ@obcx04 “1§ pjstat -a
Oakbr idge—-CX scheduled stop time: 2020/04/24 (Fri) 09:00:00 (Remain: 3days 23:19:29)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE
284147 sporkdokkdkk RUNNING sookokskoorx — 04/19 12:58:20 =il
284149 sporkdorkkdkk RUNNING sookorskodorx — 04/19 11:50:18 =il
284159 sporkdokkdkk RUNNING sookokskodork — 04/19 19:16:10 —— ==

289904 sprktokktokk RUNNING soksorokskrk smal | 04/18 19:59:41 37:40:50
289909 spkktokktokk RUNNING sokskorokskrk smal | 04/19 01:02:58 32:37:33

[t00XYZ@obcx04 “1$ pjstat -H
Oakbr idge—-CX scheduled stop time: 2020/04/24 (Fri) 09:00:00 (Remain: 3days 23:19:16)

JOB_ID JOB_NAME ~ STATUS PROJECT RSCGROUP START_DATE ELAPSE
290914 test END gt00 lecture 04/18 12:46:24 00:01:44
290913 test END gt00 lecture 04/18 12:46:06 00:02:07
290915 test END gt00 lecture 04/18 12:49:26 00:00:59
(-

[t00XYZ@obcx04 “1§ pjstat ——limit
PROJECT ACCEPT RUN BULK_RUN NODE
gt00 0/ 80 0/ 20 0/ 256 o/ -




PCGEtERFR: Etime -Stime
NX=NY=NZ=128, gol.sh
E1TEE  OOAZE SEIKGULVEAIEL TR EEEFR

- goLsh Thread # Speed-up

27.201  1.000

1
2 13.796  1.972
4 7.185 3.786
I I I 8 4.099 6.637
l 12 3.435 7.918
- E. N N W 8RR

16 3.260 8.343
20 3.048 8.925

- Granularity ‘ 24 20982 9123

Large Al Smalll
jg Problem Size/Thread N 28 2.877 9.456

100

80 r
60

40

Parallel Performance (%)

20

Core #




gol.sh

Only cores on a single socket used

#!/bin/sh

#PJM -N “testl”

#PIJM -L rscgrp=tutorial
#PJM -L node=1l

#PIJM —-omp thread=24
#PIM -L elapse=00:15:00
#PJM —-g gt00

#PIM -5

#PIM -e err

#PIM -o testl.1lst

1,2,4,8,12,16,20,24,28

export KMP_AFFINITY=granularity=fine, compact

./s0l120
./s0l120
./s0l120
./s0l120
./s0l120

Socket#0
Core #0-#27

td—b

DDR4
: DDR4 <
DDR4

2933 MHz x 6¢ch
140.8 GB/sec

Intel® Xeon®
Platinum 8280
(Cascade Lake, CLX)
2.7GHz, 28-Cores
2.419 TFLOPS
Soc. #0: 0"-27" cores

Intel® Xeon®
Platinum 8280
(Cascade Lake, CLX)
2.7GHz, 28-Cores

2.419 TFLOPS
Soc. #1: 28-55 cores

Memory
“ 96 GB
{ bRz,

2933 MHz x 6¢ch
140.8 GB/sec
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go2.sh
cores are randomly selected from 2 sockets

#!/bin/sh

#PJM -N “testl”

#PIJM -L rscgrp=tutorial

#PJM -L node=1l

#PIJM —-omp thread=24 1,2,4,8,12,16,20,24, 28
#PIM -L elapse=00:15:00

#PJM —-g gt00

#PIM -5

#PIM -e err

#PIM -o testl.1lst

./s0l120 Socket#0 Socket#1
./s0120 Core #0-#27 Core #28-#55
O / 5012 0 Inte_l® Xeon® Inte_l® Xeon®

. / sol20 (CF;@EL’ Tal?ez,%?_x) (czliﬂﬂé’ Tal?ez,i?_x)

2.7GHz, 28-Cores 2.7GHz, 28-Cores

- / so0l20 2.419 TFLOPS 2.419 TELOPS
< DoRE )

Soc. #0: 0"-27" cores Soc. #1: 28M-55t cores

2933 MHz x 6¢ch
140.8 GB/sec




Parallel Performance (%)

Results: Parallel Performance
NX=NY=NZ=128
Measurement: 5 times, best case
*go2.sh” is generally better
based on “gol.sh” with 1 thread

120

mgol.sh . g()l_sh
"o><" | M go2.sh

8 12 16 20 24 28

Core #

100

(0]
o
T

60 r
40 r

20 r
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Oakbridge -CX (OBCX)
1-node: 2-CPU’s/sockets

- " - ™ T
Intel® Xeon® Intel® Xeon®
CBora.>  Platinum 8280 Platinum 8280
“ (Cascade Lake, CLX) (Cascade Lake, CLX) Memory
( DDRA.>  2.7GHz, 28-Cores 2 7GHz, 28-Cores 96 GB
2.419 TFLOPS 2.419 TFLOPS
\ Soc. #0: 0th-27t cores / kSoc. #1: 28-55t cores /
2933 MHz X 6¢ch Ultra Path Interconnect 2933 MHz X 6¢h

140.8 GB/sec 10.4 GT/sec x3 140.8 GB/sec

Socket #0 ~'*8CPc Gocket #1

e QOakbridfe-CX
— &/—FkI&:2v4 vk (CPU) :Intel Cascade Lake (CLX)
— &YHykE28a7 (£5H56a7)
o« BVYRDZEIATIXMD V7 IrDAE)IZT AT EE GE
L) : NUMA (Non-Uniform Memory Access)
o« A—HILAEYZFIATHIENKY TR
— RETSTRERNIZIYYREER
— go2.shlEV 7y H1=Y a7 8D - B =ZERAEV T VA0 8EE




go3.sh

#!/bin/sh

#PJM -N “test2”

#PIJM -L rscgrp=lecture5

#PJM -L node=1l

#PIJM —--omp thread=24 1,2,4,8,12,16,20, 24, 28
#PIM -L elapse=00:15:00

#PJIM —-g gt55

#PJIM -3 Socket#0 Socket#1

#PJM —e err Core #0-#27 Core #28-#55

-— ( bbra,)  Intel® Xeon® Intel® Xeon® |« BBRZ, >
#PJM -o test3.1lst Platinum 8280 Platinum 8280

DDR4 S DDR4

Memory (Cascade Lake, CLX) (Cascade Lake, CLX)

96 GB 2.7GHz, 28-Cores 2.7GHz, 28-Cores
DDRZ 2.419 TFLOPS 2.419 TFLOPS DDRA,

/ s o l 2 0 Soc. #0: 0"-27t cores Soc. #1: 28M-55 cores
L ]

2933 MHz x 6¢h i 2933 MHz x 6¢h
140.8 GB/sec - s 140.8 GB/sec

export KMP_AFFINITY=granularity=fine, compact
./s0l120

export KMP_AFFINITY=granularity=fine,balanced
./s0l120

export KMP_AFFINITY=granularity=fine, scatter
./s0l120
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go4.sh: “verbose” provides topology
mapping (core -thread)

#!/bin/sh

#PJIJM —-N “test2”

#PJIJM -L rscgrp=lecture5
#PJM -L node=1

#PIJM —-omp thread=24 1,2,4,8,12,16,20,24,28
#PJM -L elapse=00:15:00 Socket#0 Socket#1
#PJM —-g gt55 Core #0-#27 Core #28-#55
W =9 SBEY om0 gl
#PJM -e err S e e o LR e

5 DDR4 J

S DDR4 J
DDR4 2.419 TFLOPS 2.419 TFLOPS DDR4 J

#P JM -0 te st 3 . l st ﬁ Soc. #0: 0-27" cores Soc. #1: 281-55% cores

2933 MHz x 6¢h H 2933 MHz x 6¢h
140.8 GB/sec ; S X 140.8 GB/sec

export KMP_AFFINITY=verbose

./s0l120

export KMP_AFFINITY=granularity=fine, compact, verbose

./s0l120

export KMP_AFFINITY=granularity=fine,balanced, verbose
./s0l20

export KMP_AFFINITY=granularity=fine, scatter, verbose

./s0l20



Results(none): 128 3, 24 threads

: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:

KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:

F
(Ci

2.044 sec.

225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751
225751

Socket#1l

tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid
tid

225751
225753
2251752
225754
225755
225756
225157
225758
225759
225760
225761
225762
2251763
225764
225765
225766
225167
225768
2251769

2mory

’ Core #28-#55 "

JIIT €

™~

thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread

O ~JdJO 1AW —=N O

to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to
to

0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S
0S

proc
proc
proc
proc
proc
proc
proc
proc
proc
proc

prog
prog
prog
prog
prog
prog
prog
prog
prog
prog
prog
prog
prog
prog

set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set

OO OO OO O O OO

I
I 1 1 1 ©° 1 [ I I | coaCc1010101 0101010101

G101 G101 C1 010101010101 0101 06101 G161 C1 O1 G1 O1 G1 O1 O1
G1 O1 G1 O1 G1 O1 G1 O1 O1 O1 O1 O1 O1 O1

O OO OO OO OO OO O OO
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Results(compact): 128 2, 24 threads
2.978 sec., All threads on Soc.#0

OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225775 |thread 0 HQound to 0S proc|set 0
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225776 jthread 1 Hound to 0S proc|set 1
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225777 |thread 2 ound to OS proc]set 2
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225778 |thread 3 Hound to 0S proc|set 3
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225780 |thread 5 Hfound to 0S proc|set 5
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225779 |thread 4 HQound to 0S proc|set 4
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225781 |thread 6 Hound to OS proc]set 6
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225782 |thread 7 Hfound to 0S proc|set 7
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225783 |thread 8 Hound to 0S proc]set 8
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225784 |thread 9 Hound to 0S proc|set 9
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225785 |thread 10 fjbound to OS prof set 10
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225786 fjthread 11 jbound to OS prof set 11
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225787 |thread 12 jbound to OS prof set 12
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225788 |thread 13 jbound to OS prof set 13
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225789 fthread 14 jbound to OS prof set 14
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225790 |thread 15 jbound to OS prof set 15
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225791 |thread 16 jbound to OS prof set 16
OMP: Info #251: KMP_AFFINITY: pid 225775 tid 225792 fthread 17 jbound to OS prof set 17
OMP: Info #251: KMP AFFlNlTY: pid 225775 tid 225793 jthread 18 jbound to 0S prof set 18
: : _Dj ' thread profp set 20
, e thread profp set 19
Socket#0 % | Socket#1 thread prof set 21
° Core #O0- #27  Core #28- #55 thread prop set 22
B INU Y thread profp set 23

2933 MHz x 6¢ch
40.8 GB/se

Thread ID




Results(balanced): 128 3, 24 threads
2.007 sec., 0-11:So0c.#0, 12-23:S0c.#1

OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225799 )thread 0 Hound to OS proc|set 0
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225800 fthread 1 Hound to OS proc|set 1
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225801 Jthread 2 Hound to OS proc|set 2
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225802 thread 3 Hound to OS proc|set 3
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225803 )thread 4 Hound to OS proc|set 4
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225804 )thread 5 Hound to OS proc|set 5
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225805 Jthread 6 Hound to OS proc]set 6
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225806 Jthread 7 Hound to OS proc|set 7
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225807 Jthread 8 Hound to OS proc|set 8
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225808 Jthread 9 Hound to OS proc|set 9
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225809 |thread 10 jbound to OS prog set 10
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225810 )thread 11 jbound to OS prof set 11
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225811 Jthread 12 Jbound to 0S prof set 28
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225812 |thread 13 Jbound to 0S prof set 29
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225813 thread 14 Jbound to 0S prof set 30
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225814 |thread 15 Jbound to 0S prof set 31
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225815 |thread 16 Jbound to 0S prof set 32
OMP: Info #251: KMP_AFFINITY: pid 225799 tid 225816 Jthread 17 Jbound to 0S prof set 33
OMP: Info #251: KMP AFFINITY: pid 225799 tid 225817 thread 18 Jbound to 0S prof set 34
' : D] 00 1 thread set 35
, R0 thread set 36
Socket#0 % | . Socket#l - thread set 37
" Core #0-#27 %" | * Core #28-#55 thread set 38
e thread set 39

2933 MHz x 6¢ch
40.8 GB/se

Thread ID




Results(scatter): 128 3, 24 threads

*° Core #0-#27

. Info #251:
: Info #251:
. Info #251:
: Info #251:
. Info #251:
: Info #251:
. Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:
: Info #251:

KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:
KMP_AFFINITY:

80 F
CLX) a1 (C:
es

2.1/7/5 secC.

225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid
225823 tid

Socket#1l

™~

225823
225824
225825
225826
2258217
225828
225829
225830
225831
225832
225833
225834
225835
225836
225831
225838
225839
225840
225841

s M Core #28-#55

thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread
thread

to 0S proc
to 0S proc
to 0S proc
to 0S proc
to 0S proc
to 0S proc
to 0S proc
to 0S proc
to 0S proc
to 0S proc
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro
to 0S pro

set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set
set

0
28
1
29
2
30
3
31
4
32
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Exercises

o Effect of problem size (NX, NY, NZ)
o Effect of Thread # (omp_thread: 1-28)
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Login to OBCX

Parallel Version of the Code by OpenMP
STREAM

Data Dependency
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X-Way

Cateqgor Capacit 2
gory pacity Set Assoclative
L1$Data 32 KB/core 8-Way 64B
L1$Instruction 32 KB/core 8-Way 64B
L2 1.00 MB/core 16-Way 64B
L3 38.5 MB/socket 11-Way 64B
Intel® Xeon® Intel® X ®
nte eon
Platinum 8280 Platinum 8280
(Cascade Lake, CLX) hm (Cascade Lake, CLX) Memory
2.7GHz, 28-Cores 2.7GHz, 28-Cores 96 GB
2419TFLOPS K TUPL »  2.419 TFLOPS
Soc. #0: 0-27t cores Soc. #1: 281-55% cores
—____
2933 MHz X 6¢ch Ultra Path Interconnect 2933 MHz X 6¢ch
140.8 GB/sec 10.4 GT/sec x3 140.8 GB/sec

= 124.8 GB/sec

Intro
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do i=1, N

517 51 - B AT 5

do j=1, N

Y(i)=D(i)*X(i) Y(j)= 0.d0

do k= index(i-1)+1, index(i) do i=1, N
kk=item(k) Y(j)=Y() + ACi, j)*X(i)
Y(i)=Y(i) + AMAT (k) *X (kk) enddo

enddo enddo

enddo
e “X”IN RHS
- BIT5 &R T VLR, Tyl a BRI
~ BRATHI BRI IREESN T, Frvl e EMTERTES

« KYI'memory-bound J
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GeoFEM Benchmark

ICCGED E8E (EAR H=EMmIT)

SR11K/J2 SR16K/M1

Core #/Node 8

(P(Seéllfgsg;)rmance 128.0
STREAM Triad (GB/s) 43.3
B/F 0.338
GeoFEM (GFLOPS) 11.0
% to Peak 8.59
LLC/core (MB) 0.75

BR{T 51/ JLs 3\—: Memory-Bound




STREAM benchmark

http://www.cs.virginia.edu/stream/

o ARYNURIEZFRIETEIAVFI—Y
Copy: c(i)=a()
Scale: c(i)=s*b(i)

Add:

c()=afi) + b())

Triad: c(i)=a(i) + s*b(i)

Double precision appears to have 16 digits of accuracy
Assuming 8 bytes per DOUBLE PRECISION word

Number of processors = 16
Array size = 2000000
Offset = 0

The total memory requirement is 132.4 MB (
45. 8MB/task)

You are running each test 10 times

The *best* time for each test is used
*EXCLUDING* the first and last iterations

Function Rate (MB/s) Avg time Min time Max time

Copy: 18334. 1898 0.0280 0.0279 0.0280
Scale: 18035. 1690 0.0284 0.0284 0.0285
Add: 18649. 4455 0.0412 0.0412 0.0413

Triad: 19603. 8455 0.039%4 0. 0392 0.0398
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OMP-1

E1T:-MPl/x—3Y

cd /work/gt00/t00XYZ
cd multicore/stream

mpiifort -align array64byte —-03 —-axCORE-AVX512 stream.f -o stream

pJjsub XXX.sh

Intel® Xeon®

Platinum 8280
(Cascade Lake, CLX)
2.7GHz, 28-Cores
2.419 TFLOPS

Soc. #0: Oth-27th cores}

2933 MHz x 6¢h
140.8 GB/sec

Socket#0
Core #0O-#27

( Intel® Xeon® \

Platinum 8280
(Cascade Lake, CLX)
2.7GHz, 28-Cores

2.419 TFLOPS

>
\Soc. #1: 28th-55th coresj

2933 MHz x 6¢h
140.8 GB/sec

Socket#1l
Core #28-#55

82



s01.sh

83

- Use 1 core

#!'/bin/sh

#PJM -N "test"

#PIJM -L rscgrp=tutorial

#PJM -L node=1l

#PJM —-mpi proc=l

#PIJM -L elapse=00:15:00

#PJIM -g gt00

#PJIM -3

#PJM —-e err

#PJM -o s0l.1lst

mpiexec.hydra -n ${PJM _MPI_PROC} ./stream M go2.sh

selected random

export I_MPI_PIN_PROCESSOR_LIST=0

mpiexec.hydra -n ${PJM MPI_PROC} ./stream O gO]"Sh
compact

Intel® Xeon®
Platinum 8280

2.7GHz, 28-Cores
2.419 TFLOPS
Soc. #0: 0"-27% core

(Cascade Lake, CLX)

Intel® Xeon®
Platinum 8280
(Cascade Lake, CLX)
2.7GHz, 28-Cores

2.419 TFLOPS
Soc. #1: 281-55 cores

S

2933 MHz x 6¢ch
140 8 GB/sec

Ultra Path Inter@onnect
104 GT/secx 3

2933 MHz X 6¢h
140.8 GB/sec
I

=124.8 GB
Socket #0: 0 th-27t Cores

Socket #1: 28 th-55t Cores
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s16.sh: Use 16 cores

#!/bin/sh

#PJM —-N "test"

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

#PJIJM ——mpi proc=16
#PIJM -L elapse=00:15:00
#PJIM -g gt00

#PIM -3

#PIJM -e err

#PJIM —-o sl6.1st

mpiexec.hydra -n ${PJM _MPI_PROC} ./stream Cores are randomly M go2.sh
selected random
export I_MPI_PIN_PROCESSOR_LIST=0-15
mpiexec.hydra -n ${PJM_MPI_PROC} ./stream Core are specified M gol.sh
compact
Intel® Xeon® Intel® Xeon®
Platinum 8280 Platinum 8280

(Cascade Lake, CLX)
2.7GHz, 28-Cores
2.419 TFLOPS
Soc. #0: 0"-27% cores

(Cascade Lake, CLX)
2.7GHz, 28-Cores
2.419 TFLOPS
Soc. #1: 281-55 cores

2933 MHz x 6¢h Ultra Path Intergonnect 2933 MHz x 6¢h
1408 GRJsec 1¢4 GT/secx 3 140.8 GB/sec
I

Socket #0: 0 th-27th Cores Hee Socket #1: 28 th-55t Cores
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s32.sh: Use 32 cores

#!/bin/sh

#PJM —-N "test"

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

#PJM ——mpi proc=32

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

#PIM -3

#PIJM -e err

#PJIM —-o s32.1st

mpiexec.hydra -n ${PJM _MPI_PROC} ./stream Cores are randomly M go2.sh
selected random

export I_MPI_PIN_PROCESSOR_LIST=0-15,28-43

mpiexec.hydra -n ${PJM MPI_PROC} ./stream Core are spec|f|ed O g01'Sh
compact
Intel® Xeon® Intel® Xeon®
Platinum 8280 Platinum 8280
(Cascade Lake, CLX) (Cascade Lake, CLX)
2.7GHz, 28-Cores 2.7GHz, 28-Cores
2.419 TFLOPS 2.419 TFLOPS
Soc. #0: 01-27th cores Soc. #1: 28t-55t cores
2933 MHz x 6¢h Ultra Path Intergonnect 2933 MHz x 6¢h
140.8 GBIsec 1044 GT/secyx 3 140.8 GB/sec

Socket #0: 0 th-27th Cores Hee Socket #1: 28 th-55t Cores
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s48.sh: Use 48 cores

#!/bin/sh

#PJM —-N "test"

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

#PJM ——mpi proc=48

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

#PIM -3

#PIJM -e err

#PJIJM —-o s48.1st

mpiexec.hydra -n ${PJM _MPI_PROC} ./stream Cores are randomly M go2.sh
selected random

export I_MPI_PIN_PROCESSOR_LIST=0-23,28-51

mpiexec.hydra -n ${PJM MPI_PROC} ./stream Core are spec|f|ed O g01'Sh
compact
Intel® Xeon® Intel® Xeon®
Platinum 8280 Platinum 8280
(Cascade Lake, CLX) (Cascade Lake, CLX)
2.7GHz, 28-Cores 2.7GHz, 28-Cores
2.419 TFLOPS 2.419 TFLOPS
Soc. #0: 01-27th cores Soc. #1: 28t-55t cores
2933 MHz x 6¢h Ultra Path Intergonnect 2933 MHz x 6¢h
140.8 GBIsec 1044 GT/secyx 3 140.8 GB/sec

Socket #0: 0 th-27th Cores Hee Socket #1: 28 th-55t Cores
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s56.sh: Use 56 cores

#!/bin/sh

#PJM —-N "test"

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

#PJIJM ——mpi proc=56
#PIJM -L elapse=00:15:00
#PJIM -g gt00

#PIM -3

#PIJM -e err

#PJIM —-o s56.1st

mpiexec.hydra -n ${PJM _MPI_PROC} ./stream Cores are randomly M go2.sh
selected random
export I_MPI_PIN_PROCESSOR_LIST=0-55
mpiexec.hydra -n ${PJM_MPI_PROC} ./stream Core are specified M gol.sh
compact
Intel® Xeon® Intel® Xeon®
Platinum 8280 Platinum 8280

(Cascade Lake, CLX)
2.7GHz, 28-Cores
2.419 TFLOPS
Soc. #0: 0"-27% cores

(Cascade Lake, CLX)
2.7GHz, 28-Cores
2.419 TFLOPS
Soc. #1: 281-55 cores

2933 MHz x 6¢h Ultra Path Intergonnect 2933 MHz x 6¢h
1408 GRJsec 1¢4 GT/secx 3 140.8 GB/sec
I

Socket #0: 0 th-27th Cores Hee Socket #1: 28 th-55t Cores




Triad on a Single Node of OBCX
Peak is 281.57 GB/sec.

AE Xy a(dIRandom DA MNEYTHERIZ
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- | O Random \
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Triad on a Single Node of OBCX
Peak is 281.57 GB/sec.

AE Xy a(dIRandom DA MNEYTHER]IZ
AN TS (12-28a7NDEE)

250 2=SocKkets
[ O Random Random
200 | @ Specified #0-#55 | ‘R o
o 150 |
2 :
e i
(D L
o o 1-Socket
- Specified
: °
1 10 100

Core #



Intel® Xeon®

Mmry DDR4 (Cascade Lake, CLX)

96 GB 27GH 28-Cor
2 419 TFLOPS

DDR4

:124;2
Socket #0: 0 th.27t Cores

Intel® Xeon®

Platinum 8280
(Cascade Lake, CLX)

2.7GHz, 28-Cores
2.419 TFLOPS

Soc. #1: 28"-55" co|

2933 MHz 6 h Ultra Path Intergonnect
1d

.DDR4, ) Memory

140.8 GB/sec
=

° Socket #1: 28 th-55th Cores

1
2
4
6
1 8
12
16
24
28
32

2 48
56

1 o —

. 998
912
. 192
. 615
11.
12.
12.
1.
15.
15.
1.

089
214
218
962
901
452
370

. 963

809
682
177
844
968
945

. 105
. 862
15.
15.

497
398

Trladona -
Single Node of

OBCX

13729 HERER L

(Speed-Up)
. ‘J’T‘Jhéf.'d%%')%)v/

T ILE=6

— BYIYTYNZI6HD AT %
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— 1V45wk6a7 (6701X)
FTIXIZIZX LA

e 12-28 cores

— Random :2V4 vy F|H

— Specified/Compact :1%
Tk




Triad on a Single Node of OBCX
Peak is 281.57 GB/sec.

@  AE!/\KIEIX8-28aF7 TIFF—5E (8aF0)
32-56a7 Tl EIZh 5

250

- O Random ( \
200 [ ® Specified #0-#55 | CO oo
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Triad on a Single Node of OBCX
Peak is 281.57 GB/sec.

AE Xy a(dIRandom DA MNEYTHERIZ
Oﬂﬁémft\é (12-28a7 DIZE)

2
15 | ¢ o
o
= I
D 10 +
(D)
o I
%)
5
O Random
@ Specified #0-#55
— |deal
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60

Core #



Exercises

 Running the code
e Try various number of processes (1-56)
 OpenMP-version and Single PE version are

available

— Fortran, C
— Web-site of STREAM
— http://www.cs.virginia.edu/stream/
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Login to Reedbush-U

Parallel Version of the Code by OpenMP
STREAM

Data Dependency




ICCGEMD M FI4E

N5 :OK

DAXPY : OK
THIRYKILFE: OK
EIRUES



OMP-1

Hij AL IE
Xt RT—I) 2T 1

do i=1, N
W(i,Z)= W(i,R)*xW(i, DD)
enddo

I $omp parallel do private(i)
doi=1 N
Wi, Z)= W(i,R)=W(i, DD)
enddo
I$omp end parallel do

I$omp parallel do private(ip, i)
do ip= 1, PEsmpTOT

~ fri

> FE]

do i = INDEX(ip-1)+1, INDEX(ip)

Wi, Z)= W(i,R)=W(i, DD)
enddo
enddo
I$omp end parallel do

TE2THM?

H . THEW

64*64*64
METHOD= 1

1

6.543963E+00

101 1.748392E-05
146 9.731945E-09
real Oml4.662s
METHOD= 3

1 6.299987E+00
101 1.298539E+00
201 2.725948E-02
301 3.664216E-05
401 2.146428E-08
413 9.621688E-09
real Oml9.660s
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OMP-1

HI AL EE

"Xl do i= 1, N

TE2THM?

OLRFT— VAL= D (i)
AL do k= indexL (i-1)+1, indexL (i)
VAL= VAL - (AL (k) *x2) * W(itemL (k) DD)
enddo
W(i,DD)= 1.d0/VAL
enddo

HIER A do i=1, N

WVAL= W(i, Z2)

do k= indexL(i-1)+1, indexL (i)
WVAL= WVAL - AL (k) * W(itemL (k), Z2)
enddo
W(i, Z)= WWAL = W(i, DD)
enddo
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OMP-1

T—RREFNE AT DFEAHAAHEEE
HUARERICHEEL, MWHEEEE

"Xl do i= 1, N

OLRFT— VAL= D (i)
AL do k= indexL (i-1)+1, indexL (i)
VAL= VAL - (AL (K)**2) * W(itemL (k) DD)
enddo
W(i,DD)= 1.d0/VAL
enddo

I ER A do i= 1, N

WVAL= W(i, Z2)

do k= indexL(i-1)+1, indexL (i)
WVAL= WVAL - AL(Ck) * W(itemL(k), Z)
enddo
W(i,Z)= WVAL * W(i, DD)
enddo



OMP-1

AR YRIZK A FEZFE A5

13

14

15

16

10

11

12

6

7

38

2

3

4

RERA

do i=1, N
WVAL= W(i, 2)
do k= indexL (i-1)+1, indexL (i)
WVAL= WVAL - AL(k) * W(itemL (k), Z2)
enddo
W(i,Z)= WVAL %« W(i, DD)
enddo
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OMP-1

100

AIE A
AR YRIZK A FEZFE A5

enddo

enddo

enddo

enddo

I$omp parallel do private (ip, i, k, WAL) INDEX (0)= 0
1311411516 do ip=1, 4 INDEX (1)= 4
do i= INDEX(ip-1)+1, INDEX(ip) INDEX(2)= 8
9 |10}11 |12 WVAL= W(i, 2) INDEX (3) =12
51678 do k= indexL (i-1)+1, indexL (i) INDEX (4)=16
WVAL= WVAL - AL(k) * W(itemL (k), Z)
enddo
11213 |4 W(i,Z)= WAL * W(i,DD)
enddo
enddo
I$omp parallel enddo
y Y y Y :d)J:afd:4Xl/‘yI:7b§lﬁl H%':
do i=1,4 do i=5,8 do i=9,12 do i=13,16 %ﬁﬁéhé LI



OMP-1

101

F—UKFEMH  ABYADEZHL,

SR IAAHDRIFFIZHRAE

13

14

15

16

10

11

12

38

4

I$omp parallel do private (ip, I, k, VAL) INDEX (0)= 0
do ip=1, 4 INDEX(1)= 4
do i= INDEX(ip—1)+1, INDEX(ip) INDEX (2)= 8

WVAL= W(i, Z2) INDEX (3)=12
do k= indexL (i-1)+1, indexL (i) INDEX (4) =16
WVAL= WVAL - AL(k) * W(itemL(k), Z)
enddo
W(i,Z)= WVAL * W(i, DD)
enddo
enddo

I$omp parallel enddo

SDERFTIZ
T—RRFIEFRE
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ICCGEMD M FI4E

« N$E:OK

« DAXPY:0OK

o FTHIRIRILFE:OK

o IR ZZAEM LTS

— BEflllZOpenMP7i & M$E7R1T (directive) @ ALT=1=(F
TIXT M F[E 1 TELLY,




