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1 GPUMBEHE CUDA EBEEHLEN

Graphic Processing Unit (GPU), Compute Unified Device Architecture (CUDA)
DR EMM RO ERANTH. B, BFEMHEENHF oL

N

Table 1.1: NVIDIA Architecture
Tesla Fermi Kepler Maxwell Pascal Volta Turing Ampere Hopper

2006 2010 2012 2014 2016 2018 2018 2020 2022

https://docs.nvidia.com/cuda/

1.1 =%

Ubuntu 18.04 % % & + ¥ 15 CUDA:

1| # HARAIKS , B ZIHIEHD
2| sudo apt-get remove --purge nvidia*
3| ubuntu-drivers devices
4| sudo apt—-get install nvidia-driver-xxx
5] sudo reboot

6| nvidia-smi

7| sudo apt-get install nvidia-cuda-toolkit
nvcc

9| sudo reboot

nvidia-smi& NVIDIA 8 £ 4 & 3 5 @, £ + smi 2 System Management
Interface 9% 5. wELIFTR, ©H UK EEFHRANGER, EF L FEHELURL
JB Fl #n 2 Fl GPU B & % 7.

nvee& %% CUDA 8 7 8y 4 % 25, IR X DL cu B 4.

https://docs.nvidia.com/cuda/cuda-compiler-driver-nvcc/

1.2 EARES

« SP (streaming processor): #x & A By AL 2 % 71, 4147 & CUDA core. EL{RE$5 4
LA AEE SP A ER. GPU #AT AT A, gt 1R £ A SP Fl B AL

5
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Wed Feb 1 11:12:15 2023

| NVIDIA-SMI 470.161.03 Driver Version: 470.161.03 CUDA Version: 11.4
R B B +
Persistence-M| Bus-Id Disp.A | Volatile Uncorr. ECC |
Temp Perf Pwr:Usage/Cap]| Memory-Usage | GPU-Util Compute M.

NVIDIA GeForce ... Off | 00000000:73:00.0 Off
P2 234W / 250W | 6998MiB / 11016MiB |

| Processes:
GI PID Type Process name

Figure 1.1: NVIDIA HJ # 5 & # AL H

2,

 SM (streaming multiprocessor): % /> SP fn k2 v 8 — & F JFH & — 1> SM,
" GPU A#. H ¥ % JF 4n: warp scheduler, register, shared memory 4.

SP (streaming Process), SM (streaming multiprocessor) = # 4 (GPU) # &, — 4
SM [ LL& 4 %/ SP, &4~ SM & 4 1 SP # 2 1K ¥ GPU 441 1< [7, fm&[L2.

Table 1.2: NVIDIA Architecture
Tesla Fermi Kepler Maxwell Pascal Volta Turing Ampere Hopper

8 32 192 128 64 64 64 64 128

thread, block, grid, warp & % ¢ £ i (CUDA) # 4. & 7 FERLF R % iT.
ML, CUDA B3 M 224 B W (Grid). 4423 (Block) #1 4 2 (Thread) 41 A&
184 T8 GPU EW it H ¥ o4 % T (2 203) M4, & grid &4 % T blocks,
& block & 4 # T threads. BB R T grid K &4 3 %2 4 blocks, & /> block
4 4 %3 threads. F[LAB R T grid W& 4 3 % 2 /™ blocks, & 1> block & 4 * 3
A~ threads.

+ thread: —/> CUDA W FH4T12 F &1 LLiF % /> threads & $h4T.

« block: # 1 threads & # 4 & — /) block, [F] — 4 block F B threads 7] UL [&]
o, 7] LL3# 3¢ shared memory i 15

« grid: %/ blocks | & F 44 & grid.
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A0, 1) (1, L2
Block (1, 1)

Figure 1.2: grid, block, thread

« warp: 1% 32 /> threads 41 ik — A~ warp. warp = il £ 135 1T B9 2 & ¥ 70, warp
¥ BT A threads F 4T B4 30AT A8 [B] B9 38 4. — A warp F & & Al —A> SM & 47. Fr
PL, —4A~ GPU _E resident thread # % 2 & SM*32 4~

= GPU i F 89 & % & & CUDA # & 4 (Kernel Function), % i % & # GPU
FHZ AL AEIAT. & EITFIAT kernal B, 2 DL block % #4r, £ — 44> block 42
% SM T35 % block # # thread X 4 b warp % % {i, %t thread #1744 1 5. 4
A& 32 A thread & # 4 i — A~ warp &k —&3HAT. B —/ warp # 8 thread AT
B AE A 2 AR E Y, R 2B IE T E.

CUDA i 3T block X M Ay, 3 4 7 204 & 8938 15 F B, B 4 block & /i # 7%
SM _F iz ATHy, AT LR LUF| A SM 42 fit 89 shared memory #7 syncthreads () T
eI LEE FFniE (5. 1 block Z 8], I T 4 R kernel Z 4N & Tk [F] F 1y, — k4
TMRAFZEAT R EIRF, L £ F % CUDA B FERIEETENELE CFFE SM#HE)
GPU b #87] LLIEAT, oM B & MAEW B 1, H b block Z [8] 7 gEH K B, X B2
CUDA #7  HAT 4 4. E[L2% H %A block Y thread By B R4 4.

— > block X4 B —4~ SM &, block — E.# 4 B2 2| # 4~ SM, 1% block %t & —
HEYEZ SM F, HEHATE K. —/~ SM 7 LLE B #4H £ 1 blocks, 12 F Z 77|
PAT.

K # 4 threads R & 3 F 34T, 34 2 BT W thread = LLE ) E B B 34T



Figure 1.3: GPU LA

X 5t 5 B F — A block # AR T gt 2 T F . 74, HAT thread Z F By £ F
BREFEAES, HEANEBEKRE -T2 FBREATA.

[E] — A~ warp # #Y thread 7] LA ULAE BT $4T, active warps # SM 7R R #. 4
—/> warp = [ B, SM %t ¥ LA B 5 B % SM F 7 —/NF Al warp. £ & B warp
Z A Y] e A R AT 2 AR Y, B A B AR KR B 2 B2 BT thread A7 block, Fr LL1Z
FREH warp WR S LA FHAESM # 7. CPURABRFTFERF/ZMAELT
X (register P 2%), X & 4 & BT HY, T GPU 4 &> threads 2 5 #1#2 register, T % &
FIEE ETX.

Y — A warp F W& AZ N T AT FI W08 A B B9 Bl o B, K A& T 4 0 #.
RN ZREBEXFHELHNLR L.

#include "cuda runtime.h”

int dev = 0;

1
2
3| cudaDeviceProp deviceProp;
4

cudaGetDeviceProperties (&deviceProp, dev);
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1.3

Devices Information
There is 1 device supporting CUDA.

Device 0:"NVIDIA GeForce RTX 2080 Ti"

Major revision number: 7

Minor revision number: 5

Total amount of global memory: 11544035328 bytes

Number of multiprocessors: 68

Number of cores: 64*68

Total amount of constant memory: 65536 bytes

Total amount of shared memory per block: 49152 bytes

Total number of registers available per block: 65536

Warp size: 32

Maximum number of threads per block: 1024

Maximum sizes of each dimension of a block: 1024 x 1024 x 64

Maximum sizes of each dimension of a grid: 2147483647 x 65535 x 65535
memory pitch: 2147483647 bytes
alignment: 512 bytes

Clock rate: 1.54 GHz

Concurrent copy and execution: Yes

Figure 1.4: RTX 2080Ti i% % & 14

CUDA HET=

dim3: X7 host 3% ] W, £ & T uint3 HWEH X KXA.
» gridDim: dim3 X & & build-in & &, &7~ grid B9 A/, LA block % #fir.
» blockDim: dim3 2 % # build-in & &, & 7~ block B9 A /N, A thread % # 1.

blockIdx: uint3 2 & @ build-in & &, &k <& grid W 89— block By & 5.

« threadIdx: uint3 2 & ¥ build-in & &, & 7~ & block ;1 — > thread ¥y & 5.

1D grid of 1D blocks

__device
int getGlobalIdx 1D 1D()

{
return blockIdx.x *blockDim.x + threadIdx.x;




N B~ W N =

1D grid of 2D blocks

__device
int getGloballdx 1D 2D()
{
return blockIdx.x * blockDim.x * blockDim.y
+ threadIdx.y * blockDim.x + threadIdx.x;

2D grid of 1D blocks

__device

int getGloballdx 2D 1D()

{
int blockId = blockIdx.y * gridDim.x + blockIdx.x;
int threadId = blockId * blockDim.x + threadIdx.x;
return threadId;

v

blockIdx.x

blockIdx.y

blockId = blockIdx.y * gridDim.x + blockIdx.x

threadIdx.x

I | |

threadId = blockId * blockDim.x + threadIdx.x

~
-

Figure 1.5: 2D grid of 1D blocks
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1.4 CUDA %2
CUDA 9% JE#E45 & 354 6 5 B

« CPU £ GPU L4 A%: cudaMalloc

CPU ### % # 2| GPU: cudaMemcpy

CPU £ GPU L E 3l kernel, © 2 B .5 — BB 7, EHFN&E Li5(T

CPU % % GPU 3% % & Z #] CUDA #y£ %: cudaDeviceSynchronize

CPU ### )\ GPU BLE: cudaMemcpy

CPU ## GPU LB N F: cudaFree

— > kernel B9 JF 4

p—

Kernel<<<dimGrid, dimBlock>>>(paraml, param2, ...);

FAEILLERTHTRHE.
Zug R A/ RN A AR P, RATT LA CUDA £ 7 8 £ 2 AR o TR

|| warpSize = 32;

2| numWarp = blockDim / warpSize;

3| for (blockIdx = 0; blockIdx < gridDim; blockIdx++) {
4 threadIdx = 0;

5 for (warpIdx = 0; warpldx < numWarp; warpIdx++) {
6 for(laneldx = 0; laneldx < warpSize; laneldx++)
7 L1777 777777777

8 T F & X

9 [1777777777777

10 threadIdx++;

11 }

12 }

13] }

ZRRTR oA T E R LR B, TROR 3% 8 2R e R R A AT 77 A

* host int foo(int a) {}

11



2 H CPUEA, 5 CPUBATHES. ©5 C/C+H ¥ int foo(int a) {}H
[F.

* global int foo(int a) {}
£ W  host H#Llfoo<<<dimGrid,dimBlock>>> (a) By X 8 # driver
API B 8 A, £ GPU L AT & B 4%

* device  int foo(int a) {}

&ZH  global H#E  device HEFEA, £ GPU # — P& A& EH#AT
W, EFRE, device WAL inlineW AR EEHEREFR
dtw| KA LI, TR R IERE .

“MAE AR TERXE N, REZEEWE FMTFE 7

e device : R&WWEEEZE. device HW#HFM global HHK
A AT 4.

e constant : W&IWWE E. device WH M global WHT
X H AT R .

* shared BN EFLE. HEBHE device MHHHHE global M
BAEFEH. B AR E &7 X AT 5 1 .

¥  device K &M constant K&, Tl Ll i cudaMemcpyToSymbol L

K cudaMemcpyFromSymbol B # F # s F K M eI E. ¥ T shared %

=t

—_—

— O O 00 9 N L AW N

¥, global H#K#EIT syncthreads () HE&RERFTHENLBEHITEP.

#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

const int threadsPerBlock 4;

const int blocksPerGrid 28
__device

int getGloballdx 1D 1D()

{

return blockIdx.x * blockDim.x + threadIldx.x;

12



12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

__global
void dot (float *a, float *b, float *c, int N)

{

int

__shared  float cache[threadsPerBlock];
int tid = getGloballdx 1D 1D();
int cacheIndex = threadIdx.x;
float temp = 0;
while (tid < N) {
temp += al[tid] * b[tid];
tid += blockDim.x * gridDim.x;
}

cache[cachelIndex] = temp;
J/ I3 RAR P RARFETR S
__syncthreads () ;

int flag = blockDim.x%2;
int i = blockDim.x/2;
while(i != 0) {
if (cacheIndex < i) {
cache[cacheIndex] += cache[cachelIndex + i];
}
if (flag == 1 && cacheIndex == 0) {
cache[cacheIndex] += cache[2*i];

}
flag = 1%2; 1 /= 2;

__syncthreads () ;

}

if (cacheIndex == 0) {
c[blockIdx.x] = cache[0];

main (int argc, char *argvl([])

int i, N = 14;
float *a, *b, c, *partial c;
float *dev_a, *dev b, *dev partial c;

//AECPU L@ 5B A &

13



48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

a (float*)malloc (N*sizeof (float)) ;

b (float*)malloc (N*sizeof (float)) ;

partial c = (float*)malloc (blocksPerGrid*sizeof (£flg

//EGPU LB A &

cudaSetDevice (0) ;

cudaMalloc ( (void**) &dev_a,N*sizeof (float)) ;

cudaMalloc ( (void**) &dev Db,N*sizeof (float)) ;

cudaMalloc ( (void**) &dev partial c,blocksPerGrid*siz

//BEEIMA A

for(i = 0; 1 < N; i++) {
ali] = 1; b[i] = -1;

}
//FHE a o 4 b Z 4 2| GPU
cudaMemcpy (dev_a, a,N*sizeof (float), cudaMemcpyHostTqg
cudaMemcpy (dev_b,b,N*sizeof (float), cudaMemcpyHostTqg
dot<<<blocksPerGrid, threadsPerBlock>>>(
dev_a, dev b, dev partial c);
cudaDeviceSynchronize () ;
// ¥ %K 8 dev partial c A GPU X # % CPU
cudaMemcpy (partial c,dev partial c,
blocksPerGrid*sizeof (float) , cudaMemcpyDeviceToH
//CPU LR AR &M KAz H
c = 0.0;
#pragma omp parallel for reduction (+:c) num threads (2)
for(i = 0; i < blocksPerGrid; i++) {
c += partial c[i];

}

yat) ) ;

eof (float) ) ;

Device);

Device);

ost);

printf ("%s\n”, ”
for(i = 0; i < N; i++) {

printf ("%f %f \n”, alil, blil);
}
printf("c = %f \n”, c);
printf ("blocksPerGrid %d \n”, blocksPerGrid) ;
printf ("threadsPerBlock %d \n”, threadsPerBlock);
// #»x GPU L&A A

cudaFree (dev_a); cudaFree(dev_Db); cudaFree (dev part

14
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84 /) #H cpPu LW A A

85 free(a); free(b); free(partial c);
86 return 0;
87| }

1| nvcc -Xcompiler -fopenmp main.cu (%7 % & %)

% X EE, T LE B A Anvecm B cu X, gecm B ¢ Xt B F Hgecld
K -lcudart¥ — FH AL —#2.

Remark 1.1. &) J 7542 5 B A ) @ J& 7, # & & bilibi: OpenMP, CUDA, MPI
FFAT ZRA.

15


https://www.bilibili.com/video/BV1fq4y1L7eS/?spm_id_from=333.337.search-card.all.click
https://www.bilibili.com/video/BV1fq4y1L7eS/?spm_id_from=333.337.search-card.all.click
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2.1

(S5 I NS R

(L TN SN

10
11
12
13
14
15

CUDA FZFBsaiztaN

¥Z API K3

#define CHECK (call)

do
{
const cudaError t error = call;
if (error != cudaSuccess)
{
printf ("CUDA Error\n’);
printf (”\t File > %s\n”, FILE _
printf ("t Line > %d\n”, _ LINE
printf (”\t Error Code: %d\n”, error);
printf ("\t Error Text: %s\n”,
cudaGetErrorString (error)) ;
exit (1) ;
}
} while (0)

P R R g A R g R

2.2 HEZEH
ERAZEHZ G En TR AEA:

—

CHECK (cudaGetLastError ()) ;
CHECK (cudaDeviceSynchronize () ) ;

23 KERFEIR

cuda-memcheck ./a.out

https://docs.nvidia.com/pdf/CUDA Memcheck.pdf

16



https://docs.nvidia.com/pdf/CUDA_Memcheck.pdf

24 BEFER
* nvcc —-g -G -arch=compute 70 -code=sm 70 main.cu -o a.out
* cuda-gdb ./a.out
* set cuda memcheck on
* break main;break main.cu:185;delete
* run; next; contimue; finish
e 1list; focus
e info locals;info args;
e frame; backtrace; where
* cuda device block thread;cuda thread (15);cuda block 1 thread 3
* print array[0]@4

* info cuda warps lanes blocks threads breakpoint all

https://docs.nvidia.com/cuda/cuda-gdb/

17


https://docs.nvidia.com/cuda/cuda-gdb/

3.1

CUDA 2 aYEgeta il

FH CUDA E#itht

(S5 I NS R

(L TN SN

10
11
12
13
14
15
16

cudaEvent t start, stop;

cudaEventCreate (&start) ;
cudakEventCreate (&stop) ;
cudaEventRecord (start) ;

cudaEventQuery (start) ;

V- -l S AW

cudaEventRecord (stop) ;
cudaEventSynchronize (stop) ;

float elapsed time;

cudaEventElapsedTime (&elapsed time, start,

i3

printf ("Time = %g ms.\n”, elapsed time);
cudaEventDestroy (start) ;

cudakEventDestroy (stop) ;

stop) ;

3.2

F3 Nsight 744 &g

o

nsys profile <application> [application-arguments]

nsys stats reportl.nsys-rep

https://docs.nvidia.com/nsight-systems/

18



https://docs.nvidia.com/nsight-systems/

4

4.1

CUDA frEER{FE A

Table 4.1: —¥£ CUDA &
B4 P
Thrust KT C++ B AR AR &
cuURAND  FAALEL A Ak 2
cuBLAS EXREUERKTER
cuSPARSE i i 48 [%
cuSOLVER 18 %5 48 [ A% # B 48 [ 4 1 (R 40 &
cuFFT i e

cuBLAS

https://docs.nvidia.com/cuda/cublas/

1
2
3
4
5

6

cublasStatus t cublasSscal (cublasHandle t handle,
const float *alpha, float *x, int incx);

cublasStatus t cublasSetMatrix (int rows, int cols,
const void *A, int lda, wvoid *B, int 1db);

cublasStatus t cublasGetMatrix (int rows, int cols,

const void *A, int lda, wvoid *B, int 1db);

int n

int

int

10
11
12

//Application Using C and cuBLAS: 0O-based indexing
#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#include “cublas v2.h”

##define I1DM 6
##define N 8
#define IDX2C (i, J, 1d) (((J)*(1d))+ (1))

static inline
void modify (cublasHandle t handle,

19

elemSize,

elemSize,


https://docs.nvidia.com/cuda/cublas/

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

int

float *m, int 1dm, int n,
int p, int g, float alpha, float beta)

cublasSscal (handle, n-g, &alpha, &m[IDX2C(p, g, 1ldm

)1, 1ldm);

cublasSscal (handle, ldm-p, &beta, &m[IDX2C(p, g, ldm)], 1);

main (int argc, char *argvl[])

cublasHandle t handle;

int i, j;

float* devPtrA;

float* a = 0;

a = (float *)malloc (LDM*N*sizeof (*a));

for (7 = 0; J < N; J++) |

for (i = 0; i < LDM; i++) {

a[IDX2C(i, j, LDM)] = (float) (i * N + j + 1

}
printf ( "%s%dx%d\n”, "==C version i
for (J = 0; J < N; J++) |
for (i = 0; 1 < LDM; i++) {
printf ("%7.2f(%2d) ",
a[IDX2C(i, j, LDM)], IDX2C(i, j, LDM));

}
printf (”\n”);
}
printf ( %oes%dx%d\n”, "==F version [
for (i = 0; i1 < LDM; i++) {
for (j = 0; J < N; j++) {
printf ("%7.2f(%2d) ",
a[IDX2C (i, 3, LDM)], IDX2C(i, 5, LDM)+1

}

printf ("\n”);
}
cudaMalloc ( (void**) &devPtrA, LDM*N*sizeof (*a));
cublasCreate (&handle) ;

20
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49 cublasSetMatrix (LDM, N, sizeof(*a), a, LDM, devPtrA, LDM):;
50 modify (handle, devPtrA, LDM, N, 1, 2, 2.0f, 0.5f);

51 cublasGetMatrix (LDM, N, sizeof(*a), devPtrA, LDM, 4, LDM);
52 cudaFree (devPtrA) ;

53 cublasDestroy (handle) ;

54 printf ( "%s%dx%d\n", "==F version ', LDM,
55 for (i = 0; 1 < LDM; i++) {

56 for (j = 0; j < N; J++) {

57 printf ("%7.2f(%2d) ",

58 al[IDX2C(i, j, LDM)], IDX2C(i, j, LDM)+1);

59 }

60 printf ("\n”);

61 }

62 printf ("%s\n”, ” T ;

63 free(a);

64 return 0;

65| }

4.2 cuFFT

The fast Fourier transform (FFT) is a discrete Fourier transform algorithm which reduces
the number of computations needed for NV points from 2N? to 2N log, N.
Fork:1:0,...,n1—landk’g:(),...,ng—l,

ni—1ngo—1

wlk[ks] = Z Z z[71][J2] exp (527“ (jlkl +j2k2)>

n n
Jj1=0 j2=0 1 2

where 6 = —1 for the forward transform, and 6 = +1 for the inverse (backward) trans-

form.

Remark 4.1. FFTW #= cuFFT #2 % A RVATEL R . FTERBANXTFFH

ni—1ns—1

k k
]1 j2 Z Z kl ]fg exp<+2 i (Jl ! 3,222)),

=0 ko=

ni—1ns—1
k k
(ning)wlk:][ks] = ZZ z[j1][72 exp<—27r (371111 j;22)>,
71=0 72=0

H w ZINR, 2 £

21



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

N B~ W N

https://docs.nvidia.com/cuda/cufft/

#define NX 64
#define NY 128
#define NZ 128
#define BATCH 10
#define NRANK 3

cufftHandle plan;

cufftComplex *data;

int n[NRANK] = {NX, NY, NZ};

cudaMalloc ( (void**) &¢data, sizeof (cufftComplex) *NX*NY*NZ

/* Create a 3D FFT plan. */

cufftPlanMany (&plan, NRANK, n,
NULL, 1, NX*NY*NZ, // *inembed, istride, idist
NULL, 1, NX*NY*NZ, // *onembed, ostride, odist
CUFFT C2C, BATCH);

/* Use the CUFFT plan to transform the signal in place.

cufftExecC2C(plan, data, data, CUFFT FORWARD) ;

cudaDeviceSynchronize () ;

cufftExecC2C(plan, data, data, CUFFT INVERSE);

cudaDeviceSynchronize () ;

cufftDestroy (plan);

cudaFree (data) ;

cufftResult cufftCreate(cufftHandle *plan);
cufftResult cufftSetAutoAllocation(cufftHandle plan, in
cufftResult cufftMakePlan3d(cufftHandle plan,

int nx, int ny, int nz, cufftType type, size t *wor
cufftResult cufftSetWorkArea (cufftHandle plan, wvoid *wg
cufftResult cufftDestroy(cufftHandle plan);

BT R BRATE XA B 4T 77 X, 4 FET B — A 6 2 09 1 gk st
o MR IFIE:

22

*BATCH) ;

*/

't autoAllocate);

kSize) ;

rkArea) ;


https://docs.nvidia.com/cuda/cufft/

— Intel(R) Xeon(R) Gold 6248R CPU @ 3.00GHz, % % % %t 2%24*2, N &
500GB

— GeForce RTX 2080 Ti, jit AL 2 & #% (SM) £k = 68, T 7 11016MB
o JIiR ) F: FFT 3D 512%512%512, #iE K A 2 & oy WA 2 3 B AL
EREDF, £ REANEBEE A B FMMTHENE — 1T plan B9 Af

8], & AT A PAT — R E X #efn — k£ & ey & 0[], A A cuFFT, plan B [8] % 0.15
), FATEE] A 0.13 .

Table 4.2: £ & JIl
fftw+mpicc fftw+gcc+OpenMP  fttw+icc+OpenMP  Intel MKL

2 97.58 51.60 54.00 0.06
5.08 2.95 2.95 3.20

4 63.17 45.78 51.75 0.06
2.52 2.76 3.21 1.69

8 44.78 40.85 43.11 0.06
1.45 2.81 3.17 1.00

16 53.33 38.20 40.04 0.06
1.28 3.02 2.93 0.72
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5 BEC sh1F 1%

5.1 1REER
T (z,t) € R® x (0,7,
192 (0,1) = (= A+ V(@) + Blple, N+ 2B 1) — L)l 1)
H,e=05~=0.5,
v = (21,22, 23), V(2) = (2] + 23 + 23),

Bla,t) = Ut ol = [ Uila = 2)ptat)f
R

Lz = —i(mlﬁm - [Egaml).

5.2 MRITGER
B AT I BB AE

]' 1 2 2 2
p(,0) = \/m exp (— 5(1’1 + a3 + 3))

A
| 3 3 [ B 3 1
~|Vp|rde = = 1% Zd:—/— Ydr = ——
[ 5ivekde = [ ViePar =5, [ Sieitar =G
/gp*ngodx:/ O (—1) (2104, — 20, ) dx = 0.
R3 R3
Op Tp .
/\:F,axi 5 P 1,2,3. Bl Uy(x) =1, U &(z) =1
L p=—2\=2H,
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5.3 ADI B ERTE

& B A P % K

L. 2%-\/?6 ') jﬁj ﬁdip

2 — KA 09 _ A

. P = P13 aHat— eAp
§|2—>p1 ERABTHEETEL

D RIS HATH Bt A

L0p
15 (V + Blol? + A2)p —wl.p

. 0
6. p3 = o Fam il = —eAyp
KB, Uy, 0 p 4Bl R Uy, 79 p 9 B ot A 3,

5.3.1 STEP2

Tt € [t e,
Dy

122 (0,1) = —<npl.1),
Ep’

19 k1) = el Pk 1),
53

Ul te) = (k) exp ( — ielkE (e — 1)),

;EJ‘\—'!:F, k= <k1>k27k3)’

ol 1) = /R Ok 1) - exp(+ik - ) dk,

Oy [ :
825( x,t) = T —(k,t) - exp(+ik - x) dk,
D

0z
Ap(z,t) = / —|k|*(k, t) - exp(+ik - x) dk.
R3

25

—(z,t) = /R3 ik; - (k. t) - exp(+ik - z) dk, j =

1,2,3,



Remark 5.1.
0
/ @ (+i) SO(aj,t)alal::/ —ep*Apdz,
R3 815 R3

/ o(— 1)880 (x, t)dx—/ —epAp*dz,
R3 ot R3

d
— t)|* dx = 0.
i [l

5.3.2 STEP4

B, t) = /R Uil — D)ol 1) d
(i)(kv t) = Udip(k)ﬁ(k7t)

Remark 5.2. U, #= p # & FALH 4, W2 T

pz,t) = /R p(k,t) - exp(+ik - x) dk,

Uyp(z) = /IR 3 U,y (k) - exp(+ik - ) dk,
7 1 B LA

p(x,t)—/ *(k,t) - exp(—ik - z) dk,

Usi( / (k) - exp(—ik - z) dk,

%8 p(k,t) = p*(—k,t), Uy (k) = UL (—k).

5.3.3 STEPS

Y =00, ki i%—f = (V+Blo)? +A®)p F M T Kk # i%—f = (V+Blp1P+221)p.
a_(p *
ot

. N, .
= (V + Bl + AB)g s, ¢(—i) = = (V + Blo|> + AB)py”,

B ;
JR— 2 —
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T —ME R, T ULE R AE R TR AR IE 7 KA
Tt E [ts, te,

192(0,1) = (V) + Bl O + A0, 1) — wLeg, ),
HRITHE
158 = (V@) + Blile, L) + 20z, 1,))p — Lol ),
B A R
Ht) = (ot = Do) exp (= e, — tpla)) + 47
s,
p(a) = V(@) + Blpla, L) + 20, 1),
o) = wLap(a 1)
REitH
198 = (V(2) + Bl(e, o) + AB(a, b)) — WL, ),
B A R
flant) = (ole,t) = S exp (=it i) + 22

;Et' CF’, (i)(x;te) = fR3 Udip<x - i)‘@(i‘,te)P d'i.’

Bz) = V(z) + Blg(z, t)|* + AD(, t.).
4(z) =wl.@(x,t.).

= Ja, X
Sp(xate) ~ 5((,5(%,156) + @<x7te))'
Remark 5.3. 9
©
5 + (ip)y = (iq)
5]

QD:Ce_fipdt+6_fipdt/iq€fipdtdt
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54 HELER

£=05v=05 =-2 A=2 w=1, [-88®x[0,1]

1 1 2 2 2
o(r,0) = \/m exp (— 5(901 + 73 + 73))

% B B 3 4 R

Figure 5.1: Z@: t =0; A E: t =1

EE, BT AR ENERE, 72 Lo(r,t) =0. —&#, LRATERIES &
TRF AR T FIE.
5.4.1 TMEEEMNK

B &, T fnxt T2 (8 A A 643 By, A B IE] B AR 29 0.00367 £ 2T F A ]
HAL 4 1283 B ), & /Bt |8] F 3825 0.027 ;T2 B HAE H 2563 H B0, &
AN B JE] 25 AR B2 0.249 £

Table 5.1: 1 884K with [—8, 8] x [0, 1]

ZEAE EEFK HE (sec) TAF (Mb) RERE REEIR =
32° 1073 0.90 237 55366 x 10713 1.654609 x 1077

64° 1073 3.67 329 3.6837 x 10713 1.654654 x 1077

128° 10-3 27.77 1141 7.7182 x 10713 1.654661 x 1077
256° 10-3 249.18 7637 6.8826 x 10712 1.654668 x 1077
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5.4.2 BHEliRZEM

i %62, B [B1R Z 300 2 B

Table 5.2: B [8]1% Z [ with [—8, 8]® x [0, 1]

ZEAE  HESK

Bf ] (sec) 27 (Mb)

FEiRE

HERE

128% 1.00 x 1073
128% 5.00 x 10~*
1283 2.50 x 10~*
1282 1.25 x 1074

27.69
55.75
112.81
228.50

1141
1141
1141
1141

7.7182 x 10713
9.6289 x 10713
1.3539 x 10712
2.2607 x 10712

1.654661 x 1077
4.136790 x 1078
1.034407 x 1078
2.589687 x 107°

5.4.3 KAEHERREM

[—8, 8] x [0,20] with % [8] #L.4£ 128% and & [8] F K 1.00 x 1073, KA [6] 573.18 7, Jit

F1R % 5.0438 x 10712, gt & 18 = 1.275846 x 1077,

29



6 FEFEM

6.1 EARIRIE
6.11 =R%S

n/2—1 1
ple) = Y vlkexp (+27i- (k")) + Y wln+kexp (+2ri- (k7))
k=0 k=—n/2
n/2—1 n—1
= 3 ¢Hexp (+ omi - (kL . “)) + 3 wlk]exp <+27ri (k= n)E ; “))
k=0 k=n/2
olj] = n/ijl vlk)exp (+i- (kj) - 2mAz/) + 21: Yl -+ Kexp (+i (k) - (2mAz/1))
k=0 k=—n/2

::Eiigbﬁjexp (+i- (k) - (2n/m))

nilk] = Y pli)exp (i (k) - (2x/m)

x
0 1 3
0 1 3 5 6 7
4 -3 -2 -1 0 1 2 3 4
k

0
4 5 6 7 0 1 2 3

Figure 6.1: — 4Bt 3 %0 i (b &), — 2 =3 i (T &)

int N[3] = {8,16,32}; /* dimensions of (x,vy,z) */
dim3 dimGrid(N[O0], N[1]), dimBlock(N[2]);
dim3 dimGridBig (2*N[0], 2*N[1]), dimBlockBig(2*N[2]) ;

N B~ W N =

device

30



6

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

37
2 6
15
0 4

13

12

(0,-1) (L,-1) (-2,-1) (-1,-1)
(0,-2) (1,-2) (-2,-2) (-1,-2)
0,1) (1,1) (-2,1) (-11)

0,00 (1,0) (-2,0) (-1,0)

Figure 6.2: — 4Bt xd f2 (A ), = % BT AL (4 H)

int GetGlobalIdx3D ()

{

return (blockIdx.x*gridDim.y+blockIdx.y)*blockDim.x+

}

device

void GetIdxFreqg3D(int k[3])

{
int N[3]
int j[3]
for (int
k[i]
}

return;

}

__device

void GetCoordi3D (double x[3])

{
int N[3]
int j[3]
for (int
x[1]
}

return;

[

-

{gridDim.x, gridDim.y, blockDim.x};
{blockIdx.x, blockIdx.y, threadIdx.x};
= 0; 1 < 3; ++1) {
(JI11>=N[11/2)2(J[1]1-N[i]):3[1];

{gridDim.x, gridDim.y, blockDim.x};
{blockIdx.x, blockIdx.y, threadIdx.x};
= 0; 1 < 3; ++1) {

LOWER[1]

+ J[i]* (UPPER[1]-LOWERI[i]) /N[i]

612 R#zHE

31

threadIdx.x;



__device
cufftDoubleReal norm2 (cufftDoubleComplex *X)
{
return (X->x)* (X->x)+ (X->y) * (X->y) ;
}
__global

cufftDoubleComplex *X, cufftDoubleComplex *Y)

O 00 9 N LB A W N =

10 int globalIndex = GetGlobalIdx3D() ;

11 Z[globalIndex] = cuCmul (X[globalIndex], Y[globalIng
12 Z[globalIndex].x *= alpha;

13 Z[globalIndex] .y *= alpha;

14 return;

151}

void ComputeDot (cufftDoubleComplex *Z, cufftDoubleReal

alpha,

lex]) ;

6.1.3 PR$ISIER

threadIdx.x

/blockldx.y

Figure 6.3: £ A (5% 8), A% (K €)

blockIdx.x

1 device

2| bool IsInCore ()

32



W

O N N D b

11
12
13
14
15
16
17
18
19
20
21
22
23
24

if ( ( blockIdx.x< gridDim.x/4]|| blockIdx.x>=3* gn
| | ( blockIdx.y< gridDim.y/4]|| blockIdx.y>=3* gn
| | (threadIdx.x<blockDim.x/4| |threadIdx.x>=3*blqg
return false;

}

else {

return true;

}
__device
bool IsAtCorner ()
{
if ( ( blockIdx.x< gridDim.x/4|| blockIdx.x>=3* gy
&& ( blockIdx.y< gridDim.y/4]|| blockIdx.y>=3* gn
&& (threadIdx.x<blockDim.x/4| |threadIdx.x>=3*blqg
return true;
}
else {

return false;

PaddingFullTime<<<dimGridBig, dimBlockBig>>>(full, core
PaddingCoreTime<<<dimGrid, dimBlock>>>(core, full, flag
PaddingFullFreg<<<dimGridBig, dimBlockBig>>>(full, corse
PaddingCoreFreg<<<dimGrid, dimBlock>>>(core, full);

__global
void PaddingFullTime (cufftDoubleComplex *full,
cufftDoubleComplex *core, int flag)

int globalIndex = GetGlobalIdx3D() :;

if (!IsInCore()) {
full[globalIndex] .x
full[globalIndex].y 0.0;

33

idDim.x/4)
idDim.y/4)
ckDim.x/4))

idDim.x/4)
idDim.y/4)
ckDim.x/4))

’

~ ~
. .

flag);

{

{
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15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

~

31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49

}

}

else {
int N[3] = {gridDim.x, gridDim.y, blockDim.x};
int j[3] = {blockIdx.x, blockIdx.y, threadIdx.x
for (int i = 0; 1 < 3; ++i) {

}

}

Jlil -= N[i]/4;

int idx = (J[O]*N([1]/2+3[1])*N[2])/2+][2];

if (flag == 2) {
full[globalIndex].x = norm2(core+idx);
full[globalIndex].y = 0.0;

} else if (flag == 1) {
full[globalIndex].x = corel[idx].x;
full[globalIndex].y = 0.0;

} else if (flag == -1) {
full[globalIndex].x = 0.0;

}

full[globallIndex].y

else {

return;

__global

full [globalIndex] .x
full[globalIndex].y

core[idx].y;

core[idx] .x;

core[idx].y;

void PaddingCoreTime (cufftDoubleComplex *core,
cufftDoubleComplex *full, int flag)

int
int
int

for

int

globalIndex = GetGlobalIdx3D();

N[3]
J[3]
(int

Jl1i]

idx

i

{gridDim.x, gridDim.y, blockDim.x};
{blockIdx.x, blockIdx.y, threadIdx.x};
= 0; 1 < 3; ++1) {

+= N[1]/2;

(JIO]*2*N[1]+3[1])*2*N[2]+][2];
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50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85

if (flag == 2) {
core[globalIndex].x = norm2(full+idx);
core[globallIndex].y = 0.0;

} else if (flag == 1) {
core[globallndex].x = full[idx].x;
core[globalIndex].y = 0.0;

} else if (flag == -1) {
core[globallIndex].x = 0.0;
core[globallIndex].y = full[idx].y;

}

else {
core[globallIndex].x = full[idx].x;
core[globallIndex].y = full[idx].y;

}

return;

__global

void PaddingFullFreqg(cufftDoubleComplex

cufftDoubleComplex *core)

int globalIndex = GetGlobalIdx3D() :;

if (IsAtCorner()) {
int k[3], N[3] = {gridDim.x/2, gridDim.y/2, blg
k[0] = ( blockIdx.x>=N[0])?( blockIdx.x-N[0]):
k[1] = ( blockIdx.y>=N[1])?( blockIdx.y-N[1]):
k[2] = (threadIdx.x>=N[2])? (threadIldx.x-N[2]) :14
int idx = (k[O]*N[1]+k[1])*N[2]+k[2];
full [globalIndex].x = corel[idx].x;
full[globalIndex].y = corel[idx].y;

}

else {
full[globalIndex].x = ;
full[globalIndex].y = 0.0;

}

return;

35
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87
88
89
90
91
92
93
94
95
96
97
98
99

__global
void PaddingCoreFreqg(cufftDoubleComplex *core,
cufftDoubleComplex *full)

int globalIndex = GetGlobalIdx3D() ;

int k[3], N[3] = {gridDim.x, gridDim.y, blockDim.x};

k[0] = ( blockIdx.x>=N[0]/2)?( blockIdx.x+N[0]): bl
k[1] = ( blockIdx.y>=N[1]/2)7?( blockIdx.y+N[1l]): Dbl
k[2] = (threadIdx.x>=N[2]/2)? (threadIdx.x+N[2]) :thn
int idx = (k[0]*2*N[1]+k[1])*2*N[2]+k([2];
core[globallIndex].x = full[idx].x;
core[globalIndex].y = full[idx].y;

return;

6.2

cuFFT 8| & 5§18

N W N~

(O BN |

15
16
17
18

cufftHandle planZ2Z, planBigD2Z, planBigZ2D;

void *fft workspace = NULL;

size t ws size = sizeof (cufftDoubleComplex)*4*N[0]*N[1]

cudaMalloc (&fft workspace, ws_size);

cufftCreate (&planz2?z) ;

cufftCreate (&planBigD27) ;

cufftCreate (&planBigZ2D) ;

cufftSetAutoAllocation (planz27Z , 0);

cufftSetAutoAllocation (planBigDbh2Z, O0);

cufftSetAutoAllocation (planBigz2D, 0);

size t workSize = 0;

cufftMakePlan3d (planZ27 , N[O], N[1l], N[2],
CUFFT 727, &workSize);

cufftMakePlan3d(planBigD2Z, 2*N[0], 2*N[1l], 2*N[2],
CUFFT D27, &workSize);

cufftMakePlan3d(planBigz2D, 2*N[0], 2*N[1], 2*N[2],
CUFFT 72D, &workSize);

cufftSetWorkArea (planz2Z , fft workspace);

36
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19
20

cufftSetWorkArea (planBigD2Z, fft workspace);
cufftSetWorkArea (planBigz2D, fft workspace);

E-NEVS I \S)

cufftDestroy (planZzZ27z) ;
cufftDestroy (planBigD27) ;
cufftDestroy (planBigZ2D) ;

cudafFree (fft workspace);

6.3

MRET

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

/* data out -> D phi, data in -> phi */
__host
void DifferentialOperator (cufftDoubleComplex *data out,

}

__global
void DifferentialOperator (cufftDoubleComplex *data out

cufftDoubleComplex *data in, int diff order([3],
cufftHandle plan, int N[3])

int total size = N[O]*N[1]*N[2];

int dox = diff order[0], doy = diff order[l], doz
dim3 dimGrid(N[O],N[1]), dimBlock(N[2])
cufftExecZ2Z (plan, data in, data out, CUFFT FORWARI
cudaDeviceSynchronize () ;
DifferentialOperator<<<dimGrid, dimBlock>>>(data g

]

data out, dox,doy,doz, 1l./total size);
cudaDeviceSynchronize () ;
cufftExecZ2Z (plan, data out, data out, CUFFT INVERS
cudaDeviceSynchronize () ;

return;

cufftDoubleComplex *data in, int dox, int doy, int
cufftDoubleReal alpha)

int globallIndex = GetGlobalIdx3D():;
int k([3], diff order([3] = {dox, doy, doz};

37

diff order([2];

~
~e

ut,

E);

doz,
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36
37
38
39
40
41
42
43

double length;

GetIdxFreqg3D (k) ;

cufftDoubleComplex v [3];

for (int i = 0; 1 < 3; ++1) {
length = UPPER[i]-LOWER[1i];

v[i] = make cuDoubleComplex (0, 2*M PI*k[i]/leng

}
data out[globallIndex].x data in[globalIndex]
data out[globalIndex].y data in[globalIndex]
for (int 1 = 0; 1 < 3; ++1i) {

for (int d = 0; d < diff order[i]; ++d) {

data out[globallIndex] = cuCmul (data out[glg

}
data out[globalIndex].x *= alpha;
data out[globallIndex].y *= alpha;

return;

<Xy

‘Y

6.3.1 Laplace Il

10
11
12
13
14

/* data out -> -Delta phi, data in -> phi */

__host

void LaplaceOperator (cufftDoubleComplex *data out,
cufftDoubleComplex *data in, cufftHandle plan,

int total size = N[O]*N[1]*N[2];
dim3 dimGrid(N[O0], N[1]), dimBlock(N[2]);

cufftExecZ2Z (plan, data in, data out, CUFFT FORWARI

cudaDeviceSynchronize () ;

int

_LaplaceOperator<<<dimGrid, dimBlock>>>(data_ out,

data out, 1./total size);

cudaDeviceSynchronize () ;

cufftExecZ2Z (plan, data out, data out, CUFFT INVERS

cudaDeviceSynchronize () ;

38
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15] }

16|  global

17| wvoid LaplaceOperator (cufftDoubleComplex *data out,

18 cufftDoubleComplex *data in, cufftDoubleReal alpha)
19| {

20 int globallIndex = GetGlobalIdx3D() ;

21 int k[3];

22 GetIdxFreqg3D (k) ;

23 double length;

24 double v = 0;

25 for (int 1 = 0; 1 < 3; ++i) {

26 length = UPPER[1]-LOWERI[i];

27 v += (k[i]/length)* (k[i]/length) ;

28 }

29 v *= -4*M PI*M PI;

30 data out[globallIndex].x = data in[globallIndex].x *
31 data out[globallIndex].y = data in[globallndex].y *
32 data out[globallIndex].x *= alpha;

33 data out[globallIndex].y *= alpha;

34 return;

35| }

6.3.2 Rotation Inl

/* data out -> Lz phi, data in -> phi

1

2 * size of workspace = N[O]*N[1]*N[2] */

3] _host

4| void RotationOperator (cufftDoubleComplex *data out,

5 cufftDoubleComplex *data in, cufftHandle plan, int
6 cufftDoubleComplex *workspace)

T A

8 int total size = N[O]*N[1]*N[2];

9 dim3 dimGrid(N[O0],N[1]), dimBlock(N[2]);

10 cufftExecZ2Z (plan, data in, data out, CUFFT FORWARI

11 cudaDeviceSynchronize () ;

39
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12 _DifferentialOperator<<<dimGrid, dimBlock>>>(workspace,

13 data out, 1,0,0, 1./total size);

14 cudaDeviceSynchronize () ;

15 cufftExecZ2Z (plan, workspace, workspace, CUFFT INVHERSE);
16 _DifferentialOperator<<<dimGrid, dimBlock>>>(data qut,
17 data out, 0,1,0, 1./total size);

18 cudaDeviceSynchronize () ;

19 cufftExecZ2Z (plan, data out, data out, CUFFT INVERSE);
20 cudaDeviceSynchronize () ;

21 _RotationOperator<<<dimGrid, dimBlock>>>(data out,

22 workspace, data out);

23 cudaDeviceSynchronize () ;

24 return;

251}

26| /* Lz phi = -i ( x Py - y Px ) phi

27| * Py may be have same address as Lz */
28| _global
29| void RotationOperator (cufftDoubleComplex *Lz,

30 cufftDoubleComplex *Px, cufftDoubleComplex *Py)
31 {

32 int globalIndex = GetGlobalIdx3D() :;

33 double coordi[3];

34 GetCoordi3D (coordi) ;

35 Lz [globalIndex].x = Py[globalIndex].x*coordi[0];
36 Lz[globalIndex].y = Py[globallIndex].y*coordi[0];
37 Lz [globalIndex] .x —-= Px[globallndex].x*coordi[l];
38 Lz[globalIndex].y -= Px[globallIndex].y*coordi[l];
39 Lz [globalIndex] = cuCmul (Lz[globalIndex],

40 make cuDoubleComplex (0, -1));

41 return;

421 }

6.4 Dipolar Il

I| /* data out -> Phi, data in -> rho = |phi|"2

40



2 * size of ws cplx = 4*N[O]*N[1]*(N[2]+1)
3 * size of ws real = 8*N[O]*N[1]*N[2] */
4] _host
5| void DipolarOperator (cufftDoubleReal *data out,
6 cufftDoubleReal *data in, cufftDoubleComplex *hatU,
7 cufftHandle planBigD2Z, cufftHandle planBigZ2D,
int N[3], cufftDoubleReal dx[3],
9 cufftDoubleComplex *ws cplx, cufftDoubleReal *ws regal)
10| {
11 int total size = N[O]*N[1]*N[2];
12 cufftDoubleReal h3 = dx[0]*dx[1]*dx[2];
13 dim3 dimGrid(N[0], N[1]), dimBlock(N[2]);
14 dim3 dimGridBig (2*N[0], 2*N[1]), dimBlockBig (2*N[2]]);
15 dim3 dimBlockBigHalf (N[2]+1);
16 PaddingFullTime<<<dimGridBig, dimBlockBig>>>(ws regl, data in,
17 cudaDeviceSynchronize () ;
18 cufftExecD2Z (planBigD2Z, ws real, ws cplx);
19 cudaDeviceSynchronize () ;
20 ComputeDot<<<dimGridBig, dimBlockBigHalf>>>(ws cplx,
21 h3/(8.*total size), ws cplx, hatU);
22 cudaDeviceSynchronize () ;
23 cufftExecZ2D(planBigZ2D, ws cplx, ws real);
24 cudaDeviceSynchronize () ;
25 PaddingCoreTime<<<dimGrid, dimBlock>>>(data out, wsg real, 1);
26 cudaDeviceSynchronize () ;
27 return;
28| }
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