
GPU

1.

( 1(a))

1(c)

,

([1, 2]) Navier-Stokes

(Direct numerical simulation, DNS)

,

DNS ,

DNS

DNS

MPI

OpenMP

GPU

DNS

Helmholtz GPU

2. DNS

(DNS) Reτ ≈ 1000

[3, 4]

Reτ 8000 [5, 6]

GPU ([7, 8]) GPU

(GPU

) , DNS

.

7 100 , DNS

N 2 4 . ,

(Reτ = 2000 , N ≈ 1000) [4]

DNS( Reτ = 200–300, N = 256) [2] 10

1
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1 [9]

Helmholtz Poisson

Helmholtz (FFT

)

2 , Helmholtz 2

[10] ( [11] (7)(8) ).

DNS [2] , ,

1 N O(N3) [3, 4] 2

Helmholtz

GPU

,

GPU

3 Helmholtz 4

BLAS GPGPU cuBlas

Fortran

GPU P100 (Reedbush) A100 (Wisteria Aquarius)

3.

(DNS)

[11]

Helmholtz ([11] (7)(8) )

x u kx

Lx

2h

mean

flow

x y

z
(a)

(b) (c)

1 (a) . (b)

(c) .

2
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û 2 [10] Helmholtz

∇2
2Dû(y, z)− aû(y, z) = F (1)

∇2
2D ≡ ∂

∂2y + ∂
∂2z , , a kx F Navier-Stoke

U = (Uj,k) = û(yj , zk), y z

N D

D2U + U(D2)T − aU = F (2)

(yj = cos(πj/N),

zk = cos(πk/N)) D(= Dy = Dz)

D2 = PΛP−1 Ũ = P−1UP−T , F̃ = P−1FP−T

(PΛP−1)T = P−TΛPT

(PΛP−1)U + U(P−TΛPT )− aU = F (3)

ΛŨ + ŨΛ− aŨ = F̃ (4)

Ũj,k =
F̃j,k

λj + λk − a
(5)

U = PŨPT P−1 P−T ,

Λ

(Step 1) F̃ = P−1FP−T

(Step 2) (5)

(Step 3) U = PŨPT

Step 1 3

Level 3 BLAS DGEMM GPU CUBLAS

N C = AB

A DGEMM

C = (AT )T ×B Step 2

Ej,k = λj + λk .

(Step 1) F̃ (= P−1FP−T ) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

⎡
⎣(P−T )T × F

(i) dgemm

⎤
⎦
T

(ii) transpose

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

T

× P−T

(iii) dgemm

(Step 2) Ũj,k =
F̃j,k

Ej,k − a

(Step 3) U (= PŨPT ) =

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

⎡
⎣(PT )T × Ũ

(i) dgemm

⎤
⎦
T

(ii) transpose

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

T

× PT

(iii) dgemm

3
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4. GPU

DNS Fortran

GPU OpenACC

Blas MPI GPU

Intel Fortran cuBlas CUDA

(CUDA INSTALL DIR)/src/ wrapper interface

(fortran.c, fortran.h, fortran common.h) cuSparse

cusparse fortran.c, cusparse fortran.h, cusparse fortran common.h

cuBlas v8 v11 cuSparse

v10 v11 cuSparse

cuBlas (5) , CUDA

C interface CUDA

(Coalesced Transpose, NVIDIA “An Efficient Matrix Transpose in CUDA C/C++”

(https://developer.nvidia.com/blog/efficient-matrix-transpose-cuda-cc/ )

Listing 1 GPU (my transpose.cu).

#include <ctype.h>

#include <stdio.h>

#include <string.h>

#include <stddef.h>

#include <stdlib.h>

#if defined(__GNUC__)

#include <stdint.h>

#endif /* __GNUC__ */

#include "cuda.h"

#include "cuda_runtime.h"

//#include <cublas.h>

#include <cublas_v2.h>

#define TILE_DIM 32

#define BLOCK_ROWS 8

typedef size_t ptr_t;

__global__ void transposeCoalesced(double *odata,

double *idata, int width, int height)

{

__shared__ double tile[TILE_DIM][TILE_DIM];

int xIndex = blockIdx.x*TILE_DIM + threadIdx.x;

int yIndex = blockIdx.y*TILE_DIM + threadIdx.y;

int index_in = xIndex + (yIndex)*width;

xIndex = blockIdx.y * TILE_DIM + threadIdx.x;

yIndex = blockIdx.x * TILE_DIM + threadIdx.y;

int index_out = xIndex + (yIndex)*height;

4
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for (int i=0; i<TILE_DIM; i+=BLOCK_ROWS) {

tile[threadIdx.y+i][threadIdx.x] =

idata[index_in+i*width];

}

__syncthreads();

for (int i=0; i<TILE_DIM; i+=BLOCK_ROWS) {

odata[index_out+i*height] =

tile[threadIdx.x][threadIdx.y+i];

}

}

// interfaces

extern "C" {

int transpose_gpu_(ptr_t *handle, const int *Nx, const int *Ny,

const double *alpha, const ptr_t *devPtrA, ptr_t *devPtrC)

{

double *A = (double *)(*devPtrA);

double *C = (double *)(*devPtrC);

const int size_x = *Nx;

const int size_y = *Ny;

// execution configuration parameters

dim3 grid(size_x/TILE_DIM, size_y/TILE_DIM), threads(TILE_DIM,BLOCK_ROWS);

transposeCoalesced<<<grid, threads>>>(C, A, size_x, size_y);

return 0;

}

}

Listing 2 fotran.c

CUDAINC = /$(CUDA_INSTALL_DIR)/$(CUDA_VER)/include/

CUDALIB = /$(CUDA_INSTALL_DIR)/$(CUDA_VER)/lib64/

CCFLAGS = -DARCH_64=1 -DCUBLAS_GFORTRAN -I$(CUDAINC)

icc -c $(CCFLAGS) fortran.c

nvcc -c $(CCFLAGS) my_transpose.cu

Fortran

-I$(CUDAINC) -L$(CUDALIB) -lcudart -lcublas -lcublas_device \

-lcudadevrt [-lcusparse]

cuBlas Fortran Step

1-(i) dgemm, (P−T )T × F CPU dgemm allocate

call N ×N P−T PM1T

Listing 3 Fortran

allocate(PM1T(N,N),F(N,N),FT(N,N))

... ! pre-process of P, PT, PM1, PM1T, E !

call dgemm(’t’,’n’,N,N,N,1.d0,PM1T,N,F,N,0.d0,FT,N)

5
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cublas transpose handle

Listing 4 Fortran cuBlas

external cublas_init, cusparse_create

integer*8 handle

...

call cublas_init

istat = cusparse_create(handle)

GPU int8 cublas allocate GPU

double N ×N PM1T

GPU

cublas set matrix (

).

Listing 5 Fortran cuBLAS

external cublas_alloc, cublas_set_matrix

integer*8 dp_PM1T, devPtrF, devPtrFT

...

istat= cublas_alloc(N*N, 8, dp_PNM1T)

if (istat.ne.0) write(*,*) ’cublas alloc. error: PNM1T’,istat

istat= cublas_set_matrix(N, N, 8, PM1T, N, dp_PM1T, N)

if (istat.ne.0) write(*,*) ’cublas setmat error: PM1T’,istat

GPU F GPU FT

istat= cublas_alloc(N*N, 8, devPtrF)

istat= cublas_set_matrix(N,N,8,0.d0,0,devPtrF,1) ! zero

istat= cublas_alloc(N*N, 8, devPtrFT)

istat= cublas_set_matrix(mm2+1,mm2+1,nk,0.d0,0,devPtrFT,1) ! zero

cuBlas

external cublas_set_matrix, cublas_dgemm, transpose_gpu

...

istat = cublas_set_matrix(N,N,8,F,N,devPtrF,N)

istat = cublas_dgemm(’t’,’n’,N,N,N,1.d0,dp_PM1T,N,devPtrF,N.0.d0,devPtrFT,N)

istat = transpose_gpu(handle,int(N,kind=8),int(N,kind=8),1.d0, &

devPtrFT,dp_tmp2d)

...

Helmholtz U cublas get matrix

.

external cublas_get_matrix

...

istat = cublas_get_matrix(N,N,8,devPtrU,N,U,N)

6
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cublas free cublas shutdown GPU

5.

2 Helmholtz CPU GPU 2 (

Wisteria Aquarius (A100) ) CPU N3

GPU

N ≈ 1000 10 N

Wisteria (N < 512)

N > 1000 P100 GPU

(PCI express Gen3 Gen4 )

10
3

0.01

0.1 

1   

10  

cpu
P100

10
3

0.01

0.1 

1   

10  

cpu
A100

2 Helmholtz GPU

CPU GPU (

Reedbush-H, P100 Wisteria-A, A100) N 1

N3

0 10 20 30 40
# f d

0

5

10

15

N=769 (Reedbush-H)
N=1025 (Reedbush-H)
N=1025 (Wisteria-A)

(a)

nodes

η

0 10 20 30 40
# f d

0

0.2

0.4

0.6

0.8

1

N=769 (Reedbush-H)
N=1025 (Reedbush-H)
N=1025 (Wisteria-A)

(b)

nodes

3 Weak scaling (a) DNS . Nx =

96 × (node),Ny = Nz = N . (b) ( Reedbush-H (32 process/node)

Wisteria-A (32 process/node) .)

Weak scaling 3 . Wisteria-A

InfiniBand EDR InfiniBand HDR
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6.

Helmholtz GPU DNS

CPU GPU

GPU 1GPU 10 20% 2GPU

CPU/GPU 1CPU 1GPU

Reedbush-H

Reedbush-H 3072(x) × 1025(y) × 1025 32 1step

12 3(a) 100

10 Reedbush-H (P100 × 2) 3

GPU GPU

GPU MPI

MPI GPU cuBlas

OpenACC CPU/GPU

A100 GPU 40GB

1GPU

GPU-DNS

(2019 ) GPU DNS (2020

) Wisteria/BDEC-01
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