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© GPUDFIFE |
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© ‘ NVIDIA GPU

« NVIDIA GPU (Tesla series)

Tesla K40 Tesla P100 | Tesla V100
(Kepler) (Pascal) (Volta)
NumberofSM | 15 8 80
FP64 Cores/GPU 960 1792 2560
Memory B/W [GB/s] 288 732 900
[PCleGen3x16[GB/S] | 315 | 315 | 315
NVLink [GB/s/port] N/A 40 50

4 (& lXboost clockB * Tensor Core
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@ HPC on GPU

« GPUZERWNIERDETEDTY1T
- —BBCETEREINEFR Ry R A7Rw )
— ZDERDTZIFGPUIC TATO—F]1 9352 &£ THREMELE
- L OMIIRETEICHEIRIEE > ZED AL v R ICKDiFIILE
- RVWIL—T RFBEFRDIRECH
. HDIZEEMIRIIE
- =SB
« Host (CPU) & device (GPU) DREIDFT —4#nixht bottleneck
= DT =XV EREA—/IN-SYV I TETDEEE
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©

Coding framework

« Device %Z host (CPU) h Sl
« Device £ TEITENS3I— R (kernel code)
- J1—Yh"ERK (API-based): CUDA, OpenCL
- O>)\ASH4ERL (directive based): OpenACC
- SA4JSUZFIA (cuBLAS 72 &)

APl based Directive based
ﬁ\ﬁ& i & MPI XcalableMP
AL vkiliFl| Pthread OpenMP
TBB, C++ thread B & 54t + 5 R X
ZA220—K OpenCL OpenACC
CUDA (NVIDIA) OpenMP 4.x
Hitachi Fortran
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@ ~ Coding framework

« Device LDAEL
- Host & device DX ZEfE](d—Ai%(TIRIL
« &I unified memory &5
- Host-device D/ > Right bottleneck: PCIe, NVLink
— F—YInXZE/IMET DRE
« Device LDOH—)LI—F
- HFOIV7 THHFEITCTETDILDICEREZEE
o BU\TIKRFBRDIRWNY RT3 R
« SM (streaming muliprocessor) ATIIHBEATY ZEL T —F3iE
- V—FFTUOFvORNRZEAEL Tt
« SIMDEITEND ALY R, HBEXEUDFIRARE

« Coalesced access: ALY RO ATEY 77O ZezmE b 3 dKDI(C
Ac5ERZ 8% — Array of Structure (of Array)
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@ - Coding framework

— A IRALIB DTN
- T)\A A= ED %@
« EOFTI)I\ARAZ[EDIN 1RE
- FT)\ A X EDAED FEIZHDMHER
« Host TD malloc (CHiE (C++ D new)
- F—4#RiX: host — device
- TI)I\A R EDH—FRILELT
« Host WoH—FRILEITZEFHITID
- F—4#RiX: device — host
- XEYUBRIBDEFI
« Host T free (CXFIt (C++ Tl delete)
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@ } OpenACC

« OpenACC &(&

- EENRSEREEDTEOHDT A L IOT4 T - R—ADSATSY

« XLw Rilli5dD OpenMP (CXJits
- C/C++, Fortran T#IFHTIgE
- XS U TTLYBcompiler
« PGI compiler (NVIDIA 2F) (<« SEFABALE)
« Cray compiler (ffo 72 &7qWY)
« References
- OpenACC Home: http://www.openacc.org/
- [OpenACC F« LT TJ(CKBTOTIS=>22]1 (PGI)
https://www.softek.co.jp/SPG/Pgi/OpenACC/ (F1ERAR)
< IFCRIDXEZNEDSZE(CL TS
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https://www.softek.co.jp/SPG/Pgi/OpenACC/

@ } OpenACC

« OpenACC DEHWHE
- Directive @A —<Ywv

#pragma acc directive-name [clause[[,] clause]...

{
BEto OV o
}
- J2)\AS(& directive Z8IRU. H—>R)L 11— RZEERk
e [H—xIL] : 7OCSL—FAITEET DI I—R
« OpenACCOMFEDIIHRIF loop
« XREPD % procedure ELTHUIDH L. device code =4k
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@ ‘ OpenACC ,

o 3FEFED directive X HEAXN
- LFIFEIZDIETE = Accelerator compute X
« VOTSL—ALECATO—RIDI—THREDZIEET D
. WAHEREEENEND YA XZIETE
- XEVUDHERET—FEH (host «— device) = data #&X
. 3 — B (ST R RN (IS
- enter, exit, update BXZEDSHEEHD («ESZED)
- AL RIANCT DY RXDTDIEE = loop 1HEX
o i5{E9 D for Zi8TE
« EDOREBICZDIL—TZEIDHTINZIETE
« BICHRIERENDIE
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@ OpenACC

« Accelerator Compute X : l:5ZE1TrAIKDIETE
« OpenMP @ #pragma omp prallel (CXE
- Kernels 8 — 2 )\ SEHhEEL

o AB{ED T DRIFIERRAT M ERECRAT DRI 1 — U OREDE
FiEa)\ASHEaS

 [tightly nested loop] (CiEF
- Parallel 8 - 1—YUFEHEE («E5%ZFED)
o MHDENGEDCEDBEPIZIEE. IKFIERECEI-—INEEZRD
o BB, ALY RCHITDIINEERITHEHEIE
« Work-sharing Z172J)L—(CX L. loop directive TEx
« Work-sharing loop M#21O D TRIRA(FENS RN
« Parallel region MRE TREAAZESD
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@ OpenACC

o TI\ARAAEDDHERET—FEnX
- O2)\A SFAFNEBATHEAT DIEHDA T Z5) A X EICHEER
- data #X° declair BX CHRAZRBY(CERR TED
- BCHFEARBY(CAERR T D ED D

. data X
- OO0 AT —IEXICEEUEEEICT—YElgEERN. T—5
BLXSND

- JE—®M7FAE%Z clause TIEE
« copyin(array[size]): host — device DIE—
« copyout : #7T%. device = host ®IE—
e COpY : copyin & copyout
« present : BECTFIET BT —F THDCEZIBTE
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@ } OpenACC

« EO—DDHAE
- enter X CTHER. exit X CHEZAR. update XX CEH
« OpenACC 2.0 ""5H]EE
o« ATZT0 NDAER - TWERFIC AT A ZHER - SN TE S
« Parallel region MREITI(E #pragma acc data present(var-list)
« VOUSL—FLDT—H
- private: parallel #83 C#8XE. gang (C private
- Gang A(worker, vector) THEEEINS
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@ . OpenACC

. IHEITOEERS
- 3fEE - ENENDY A X%Z clause TIEE
- gang: streaming multi-processor (NVIDIA) (CtHZ. =4} loop
- worker: warp (CXt
- vector: warp AN thread (C#HZ. &MAloop
« LooptEX
- parallel #8XX D T(I work-share 93 loop ZIETE I DI (CuHE
- collapse(n): nf@ldOnestEeN/cloopZzE EHD
- reduction(operation:var-list)
- private(var-list) ZdDloop TIT SAN— MREEICT D
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@ A recipe of offloading

« LI FDOpenACC #gez D> TATIO—RIOI—RZEI N ?
- BERIPIMELT: “recipe” h'dp D & 1EF|
- My recipe: lattice QCD, #fhE> =L —>3>(CEH
- C-based (Fortran Mi5&(d C-code (CFBHEL T Fortran Hh'SIES)
- 175 - RO NUEDD— Rzl

« Step (0): device IRIEBD#E
- T\ A RBEIRDRTE (Z (& CUDA)
« [ EXB5)\A =S acc_get_num_devices() B84
« EFSF)\AX%EIEE: acc_set _device_num() BIEX
— EBEGPUDER (MPIEAE TR T OTCRICEINDHTSD., F)
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@ A recipe of offloading

« UTFTDOKIRRO—-F2ZERD (IT5IRDT MG

double *A c, *v _c, *w c; // as global variables
int Nv = 100;

inline int index_mat(int i, int j){ return 1 + Nv * j; }
inline int index_vec(int i){ return i; } eI

AXED FOBCEZZE G DIHEAN

void mult(double* v2, double* v1){ // v2 = A * vl

for(int i = @; i < Nv; ++i){
v2[index_vec(i)] = 0.0;
for(int j = 0; j < Nv; ++j){
v2[index_vec(i)] +=
A c[index mat(i,j)] * vi[index_ vec(j)];

¥
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@ A recipe of offloading

« Step (1): device memory DIER
- Host T memory Z#{x9 S malloc D9 <& THAR
- LI# host MR- >4~ T device DT —SF =SB TE3

double *A c, *v _c, *w c; // as global variables
int Nv = 100;

init(){

A c = (double*)malloc(Nv * Nv * sizeof(double));
#pragma acc enter data create(A_c[@O:NV*NV])  @mmig 2 xisr

w_C = (double*)malloc(Nv * sizeof(double));
#pragma acc enter data create(w _c[@:Nv])

v_c = (double*)malloc(Nv * sizeof(double));
#pragma acc enter data create(v_c[O:Nv])

Hideo Matsufuru, TOpenACC TEEGPU #3511k, HPC-Phys ##= 2018.08.22
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@ A recipe of offloading

« Step (2), (4): T—H X
- Device TEITURVEIDDRIE TT —F=HH)

main(){
init();

#pragma acc update device(A _c[@:Nv*Nv]) gp_gz3@asH/IAIETTS
#pragma acc update device(w _c[O:Nv]) (—EBSS DIRE BB A2

host — device DX

for(i=0; i<10; ++i){
mult(v_c, w c);
mult(w c, v c);

}

#pragma acc update host(w_c[0O:Nv]);
device — host ME#Rx

tidyup();
}
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@ A recipe of offloading

« Step (3): device kernel 17

data B TEEDIRVEISTE
e Copyin, copyout, copyinout, present, create
parallel #3X C device L TEITI DEHHZIETE
. worker, vector DY+ X%385E
loop X TR L v Rilli5I{E I D)L —T %187
« gang, worker, vector DOFEEZ1ETE
JERIHASETT
« parallel #8X(Z async(<num>) clause =273 (<num> (FZE)
« #pragma acc wait(<num>) TEHI%ZES
- update #&X CHERT]
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@ A recipe of offloading

void mult(double* v2, double* v1) // v2 = A * vl

{ 5 —4(3BE(Cdevice L(C3H B
#pragma acc data present(v2[0:Nv], v1[O:Nv], A c[@:Nv*Nv]) \

copyin(NV) Ny (3 copyin 33 (XEURREL TLVRLER)

{
#pragma acc parallel num_workers(NUM_WORKERS) \ Z DA { ... Y device

vector length(VECTOR _LENGTH) FTEFENS
{ . (#define T NUM_WORKERS,
#pragma acc loop independent ganga worker vector VECTOR_LENGTH &L TH<)
for(int i = @; i < Nv; ++i){
v2[index_vec(i)] = 0.0; T co—TERLw R
for(int j = @; j < Nv; ++3){ (3BT R THIA)
v2[index_vec(i)] +=
A c[index _mat(i,j)] * vi[index_vec(j)];

CICED— DI —"TZANDE LD —TERTZFIZT (CRIT

}}/f/aiﬁcdiiza“d T ZLv REOE#EERS
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@ A recipe of offloading

« (5) device memory DR
- Host DX EJmEEAEFIRDIERT CTEIT

tidyup(){ // function to free the memory resources

#pragma acc exit data delete(A c[@:Nv*Nv])
free(A_c);

#pragma acc exit data delete(w c[©@:Nv])
free(w c);

#pragma acc exit data delete(v_c[©@:Nv])
free(v_c);
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@ A recipe of offloading

« A)NAIL. UZD

- PGI O>2)\ASD/mAE. -acc AT 3> T0OpenACC Z#EFR
« EEfb: -fast
« I—4vw N7 —FFTFvIEE: -ta=tesla:ptxinfo,cc60,cuda8.0

(P100 DIFAE: cc (& computger capability, cuda ®/\—=32>)

. [B¥RDFR: -Minfo
« 3E(C inline ERA: -Minline=levels:3
« XEUZRLADILER: -mcmodel=medium (WELS large)

- Fortran & C @ interoperavility
« C-code: void, & (FNXF. &R&IC“_" ZfTD. BlIEIFIRA >
« Fortran: CEHZ®D “ " Z4+ LU T call, FL/"Cb\éd)(a*@EﬁUO)fE B LR
« C++ ‘C‘(J%HIJ@?//J > J(TER (extern “C" THEBE)
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@ ~ Arecipe of offloading

-/,

e XAT
- ERAXEUDHLIK: ulimit -s unlimit
- XEBEUFIT VI URNB3EIT: cuda-memcheck ./a.out
- PGIOT7OT7145EHD
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@ Example 1: Lattice QCD

« Bridge++ benchmark

H. Matsufuru et al., Proc. Comp. Sci. 51 (2015) 1313
201589)sb(CZE= (PGI 14.10 {£1)

C++ template P TED E1IEU SEMELIRLY

— C D1—REUTHEITEERE UCEEEZ® template 75 XA SR

IRTE(IFE SN TV BAINZRLY
Wilson fermion solver: coalesced access DT — S BL5I| ZiA

« Complex Langevin J— R
- Original code: Fortran code by KEK Fasf & A
- Recipe BODFIETATIO— |~ :

« Step (1) Solver = NVIDIA P100 T 38 GFlops #2E
« Step (2) Other parts (staple — force 12 &)
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@ - Example 1: Lattice QCD

« Wilson fermion benchmark
S. Motoki et al., Lattice 2015 proceedings: PoS (LATTICE 2015) 040
- K40: 4290(FP32)/1430(FP64) GFlops, memory B/W 288 GB/s

- Compiler: PGI 14.10 (R7E(% AMD GPU (FH7R— k4t)

OpenCL OpenACC
operation float double float double
NVIDIA Tesla K40 (Kepler):

Wilson mult 232 GFlops 121 GFlops 196 GFlops  39.1 GFlops
CG solver 160 GFlops 86.0 GFlops 123.7 GFlops 35.0 GFlops
NVIDIA Tesla M2090 (Fermi):

Wilson mult 154 GFlops 39.2 GFlops 149 GFlops  22.9 GFlops
CG solver 107 GFlops  33.7 GFlops  84.3 GFlops  21.1 GFlops
AMD FirePro W9100:

Wilson mult 179 GFlops 110 GFlops 123 GFlops  19.0 GFlops
CG solver 120 GFlops 79.5 GFlops 130 GFlops  20.6 GFlops

163 x 32 lattice.

Table 2: Performance with OpenCL and OpenACC for Wilson fermion matrix mult and CG solver on a
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@ Example 2: 1D Supernova

« Spherically symmetric supernova simulation
H. Matsufuru and K. Sumiyoshi, ICCSA 2018
- Boltzmann equation (neutrino) + Hydro (matter) + GR (&)

(Cf. FE=AD review talk)
- 1D ABTEEED/ (S ALY —TIFEFE LR
- B, Za1— KU DRI —5 DR, LRcEtEOEE
- SREDORMINETENNE
- Bottleneck
(1) BEEFEETRHERMREAERDORERE (2AEDI0%L L)
— JOv O =&1T8 ERT MLDIE
(2a) A ETE DR (RiBL/\S XS —D51E): 1T/EE
(2b) Boltzmann eq. DRIGIE (RICEDETR): (Z(EFED
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@ Example 2: 1D Supernova

- (1) ODREMFESIDZ GPU (CATO— R~
H. Matsufuru and K. Sumiyoshi, ICCSA 2018
- 175D MLIEIC cuBLAS library Z{#R (JREEEHBED)

- NVIDIA P100 (Pascal) x 4 + POWERS8 x2 + NVLink

Power/Pascal (Set-2) Np =16 Np =4 GPU (cuBLAS)

Collision (2b) 8.6 35.1

Matrix total 168.0 622.5 45.9
Setup (2a) 11.8 43.7 45.0
Inversion (7 iter) (1) 156.2 578.8 0.9

]

. (2a), (2b) DA TO— RO— RE%EA

- (2a) (HMTHEERDT (1) LIFEEER

- (2b) FRIGEEHE +TE5 > A TO— RTKIEREIL
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@ CUDA, OpenCL &ML

« CUDA, OpenCL

API X—_X® framework

Kernel J— rZBHD TEKHNEDHD

SHN < EETED

OpenCL T(37 /A RIRBDRENS & D EHEA

« OpenACC M5 CUDA, OpenCL /\

Lt recipe (&. CUDA/OpenCL TOFIEE(F(F 1xF1 X

— ZNEND directive Z API (CESHZ TLMTD

#pragma acc data 8 CTHETE UIZEZ = kernel code MD5|£X
#pragma acc loop T2 /zAEE%Z kernel code & U T
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@ . Summary

« FXED
- XAZT—=775ER ] gEIRS A T DETE(C GPU (IRIERHY
- OpenACC ZF#AHT B L LEEIFE(CGPUZFEX D
- TR NAEDZEZH(C. HEIFYR recipe Z#A7T
- GPU 7—FFU0F v DIEEZIBR I I ENERLICERE
e IRRA T )\A A7 —FEmEDE/IME
« XEU7Z T ADEREIL
« AL v RODBEEMA
« HEXEY
- CUDA, OpenCL N\EIFTTChO#¥eE LU THERD
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