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1 GPUMH#E CUDA BFEH A&

Graphic Processing Unit (GPU), Compute Unified Device Architecture (CUDA)
DFWEMM T RO A RANT . BHal, B RGO H T T:

Table 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 %% % £ 57 5 CUDA:

[ # HERBALRS , H 2L
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
nvcce

sudo reboot

nvidia-smi& NVIDIA # % 4 & 2 R &, £ + smi & System Management
Interface WA E. CAURELEMBANNEL, EFLFERAFLUL G AR
GPU [ & #£7.

nvecA& %% CUDA 8 7 iy 4 % 25, LIE XLl cu B

1.2 EAREE

* SP (streaming processor): #x % A< i AL #E ¥ 71, #4187 % CUDA core. E K Hy 354
FEH#E A SP LA E M. GPU #ATHATHH, st 2R £ A SP F A 4t
#.


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

Wed Feb 1 11:12:15 2023

| NVIDIA-SMI 470.161.03 Driver Version: 470.161.03 CUDA Version: 11.4
R ] I 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

+ SM (streaming multiprocessor): % A~ SP v £ 2 & i) — B HJE A ik — 4 SM, 4,
" GPU A#. B ¥ #JE4n: warp scheduler, register, shared memory 4.

SP (streaming Process), SM (streaming multiprocessor) # #& £+ (GPU) #f &, —/
SM [ L4 %/ SP, &/ SM &4 i SP # &K & GPU & A4 1 [7].

Table 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 £ 2 £ B (CUDA) # 4. & 7 #ERZF R4 &it.

B4 45 A2, CUDA B3 24 B W (Grid). & A2 3 (Block) #7 4 #2 (Thread) 42 .

ﬁa YT GPU LT EE T HET Q3 3) ANMNE, ENMNERNEEETHNEE
W, GNEEFAEETNEAE.

s thread: —/> CUDA Wy FH4T12 F &1 LLiF % /> threads 5k $h4T.

* block: *ﬁ{/\ threads & 1% 2 A — /> block, [E — > block # #y threads 7] LA [&] 27,
4, 7] LL3# 3¢ shared memory # 15

grid: % /I blocks M| & B # & grid.

warp: 1€ 32 /> threads 28 f&, — > warp. warp & ¥ J& F1I5 1T HY & K ¥ 0. warp
F BT A threads 4TI AT AE B BV 46 4. — A warp & & 5 Al — /> SM 1247, BT
PL, —/> GPU _E resident thread % % X & SM*warp 1.



1 GPU L Jf #9 & % & & CUDA #% i %% (Kernel Function), % & % 4 # GPU
W Z AN EAEWAT. £ L FRAT kernal B, 2 DL block % #{L, £ — /M block 4Bt



% SM #4715 K. block # B thread X & DL warp 4 #41, % thread #4744+ &.
Bt A& 32 A thread & 4% 4 & — A~ warp & — R HAT. [F — 4> warp F #Y thread AT
Htg A A E e, R RAEHEELSE.

CUDA 3 i block X M EAr, 3Rt T 404 & 0938 12 F B, B 4 block £ fn # 7£
SM _E 34T 8y, BT LA DAAI L SM 4% $£ 89 shared memory 2 syncthreads () ¥
BE I A AZ[E F Fu il (5. T block Z 8], & T 4 K kernel Z 42 ik B F 1y, — 4
TRUEIZAT & G 7, X & FH % CUDA 2 7 ERIEE T EAEL (K F SM # &) ¥
GPU L AR ¥ DLIEAT, oA & HAER T § B, F Il block Z [8] 1 88 A K B, X B2
CUDA By P R FHAT 464,

— block 24t —4 SM &, block — E.# 4B 2| £ 4 SM, 1% block 3t & —
HEYAEZSM #F, ARHATE K. — 4 SM 7 LLE B #4H £ 4> blocks, 1€ % Z 77
PAT.

K # 4 threads R &% 4 FI-AT, I 7R BT A 89 thread 7] DAE 2 | [F] B 34T
R gt 5 B F — A block B & B 2 F 1 F . 7 4h, AT thread Z [Fl gy F
BREEFEAES, WL NMEBEKRE —ANHEELFEREXATA.

6] — /> warp # #7 thread ®] L DUAE BT $14T, active warps #f SM % JE IR . 4
— A warp & A B, SM Bt 7 LA E 5 & £1Z SM 57 — A7 A warp. fE9F & BV warp
Z B 1 ¥ 2 R AT A H AR, A R R A YOUR B stk 4 BC 2| BT thread A7 block, AT LA
FAEW warp RS EEHFMAESM # 7. CPUBREA BT ERF/ZREAELT
X (register 19 7%0), & £ 3F % #E B, T GPU 4 & 4 threads 32 #4172 register, 1T 7 %
/B T

Y — warp F B &AL T AT FIBTIE A W Bl 0 B, IR & T 4 X 4 #
KAV ZR BB/ R XM IEL WA £.

#include “cuda runtime.h”
int dev;

cudaDeviceProp deviceProp;

AW N =

cudaGetDeviceProperties (&deviceProp, dev);

1.3 CUDA HETE
* dim3: f{4£ host 35 7] W, £ X T uint3 W EH K& KA.
+ gridDim: dim3 % & # build-in % &, &7~ grid # A/, LA block %7 (.
* blockDim: dim3 % # # build-in & &, &7~ block #7 A /)N, DA thread 7 # A,
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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

i memory pitch: 2147483647 bytes
alignment: 512 bytes

Clock rate: 1.54 GHz
Concurrent copy and execution:

Figure 1: RTX 2080Ti % % & £

« blockIdx: uint3 % & ¢ build-in & &, £~ grid K 87— 4 block ¥ & 7.

« threadIdx: uint3 % & # build-in & &, &~ 7 block 1 — > thread # & 3.

1D grid of 1D blocks
__device
int getGlobalIdx 1D 1D()
{
return blockIdx.x *blockDim.x + threadIdx.x;
}
1D grid of 2D blocks
__device
int getGlobalIdx 1D 2D()
{
return blockIdx.x * blockDim.x * blockDim.y
+ threadIdx.y * blockDim.x + threadIdx.x;
}
2D grid of 1D blocks



__device
int getGlobalIdx 2D 1D()
{
int blockId = blockIdx.y * gridDim.x + blockIdx.x;
int threadId = blockId * blockDim.x + threadIdx.x;
6 return threadId;

hn B~ W N =

blockIdx.x

blockIdx.y

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

threadIdx.x

threadId = blockId * blockDim.x + threadIdx.x

=~
-

Figure 2: 2D grid of 1D blocks

1.4 CUDA 4sig

CUDA H#E L4 R W a4 6 P RK:
« CPU #£ GPU L4 #: cudaMalloc
« CPU #£#(# % # 3| GPU: cudaMemcpy

« CPU #£ GPU t E#f kemel, U R HCEW—BEF, EENEE L1547



« CPU % #F GPU 3% % & 2 5l CUDA # 1 %: cudaDeviceSynchronize
« CPU #£%4E )\ GPU B E: cudaMemcpy

« CPU B # GPU LW N #: cudaFree

— A kernel B9 H 7

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

FEALLBRTHTRHE.
AR R o A T e R U R, ROR % e 3R e R R A AT 77 A

* host int foo(int a) {}

2 B CPUWEA, &1 CPURATHIEE. © 5 C/C++ FHint foo (int a) { } 4
A

* global int foo(int a) {}

AW  host H#Llfoo<<<dimGrid,dimBlock>>> (a) By X B # driver
API 897 R, £ GPU L 3#AT B AZ e 41

* device int foo(int a){}

&ZH global H#E_  device HFFA, £ GPU ¥ — M4 A& AT
WK, ZfF Lk, device HW#HEU inlineWXEFEEEREFE
PRI, AL EEIEN R

MR AT ERXE ER, REZK B8 Z A E 77 5

« device R &WMA2RELE. device H#M global ®HK
A AT 4.

« constant : W&WWE E. device WH MM global WHA
X H AT R .

« shared :HA*ZTEE. REEE device HHE#E global ©
BAHER. B — AN EBR PR E LA o LA AT E I (4.

T  device X EM constant K&, EHL4 A LLi# i cudaMemcpyToSymbol L
K cudaMemcpyFromSymbol B # £ # s F K M eI E. ¥ T  shared %
¥, global H#KMEIT syncthreads () FE&ERFTHENLBEHITEF.
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#include <stdio.h>
#include <stdlib.h>
#include <omp.h>

const int threadsPerBlock = 4;

const int blocksPerGrid 25
__device
int getGlobalIdx 1D 1D()
{
return blockIdx.x * blockDim.x + threadIdx.x;
}
__global
void dot (float *a, float *b, float *c, int N)
{
__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[cacheIndex] = temp;
[/ 3T EAZSR P AR EITRE S
__syncthreads () ;
int flag = blockDim.x%2;
int i = blockDim.x/2;
while(i !'= 0) {
if (cacheIndex < i) {
cache[cacheIndex] += cache[cachelIndex + 1i];
}
if (flag == 1 && cachelIndex == 0) {
cache[cacheIndex] += cache[2*1i];
}
flag = i%2; 1 /= 2;

11




36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

int

#pragma omp parallel for reduction(+:c) num threads(2)

__syncthreads() ;

}

if (cachelIndex == 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;

//ECPU L& 5B A &

a = (float*)malloc (N*sizeof (float));
b = (float*)malloc (N*sizeof (float))
partial ¢ = (float*)malloc (blocksPerGrid*sizeof (£flg

//EGPU LB A &
cudaMalloc ( (void**) &dev_a,N*sizeof (float));
cudaMalloc ( (void**) &dev_b,N*sizeof (float));
cudaMalloc ( (void**) &dev partial c,blocksPerGrid*siz
/BT ENA A
for(i = 0; i < N; i++) {
ali] = 1; b[i] = -1;
}
[/ B a o 4 b H 42 GPU
cudaMemcpy (dev_a, a,N*sizeof (float), cudaMemcpyHostTqg
cudaMemcpy (dev_b,b,N*sizeof (float) , cudaMemcpyHostTq
dot<<<blocksPerGrid, threadsPerBlock>>> (
dev_a, dev b, dev partial c);
cudaDeviceSynchronize () ;
// ¥ % B dev partial c A GPU A 4|2 CPU
cudaMemcpy (partial c,dev partial c,
blocksPerGrid*sizeof (float) , cudaMemcpyDeviceToH
//BECPU L % m AW K Ariz H
e = 0,0g

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

12
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c += partial c[i];

}

printf ("%s \n”,

for(i = 0; 1 < N; i++) {
printf ("%f %f \n”, alil, blil);
}
printf ("c = %f \n”, c);
printf ("blocksPerGrid %d \n”, blocksPerGrid);

printf ("threadsPerBlock %d \n”, threadsPerBlock);

/) #H Gpu LW A A

cudaFree (dev_a); cudaFree(dev _b); cudaFree (dev part

// #H CcpU LW A A
free(a); free(b); free(partial c);
return 0;

nvcce -Xcompiler -fopenmp main.cu (%7 % £ %))

ial c);

% X B, UL E A Anvecdm F cu X, gecci F ¢ X B Flgecld
F-lcudart¥ — FREHEAE — .

Remark 1.1. &/ )3 7042 5 B A 3 & J& 7, i5 & F bilibi: OpenMP. CUDA, MPI
AR

13


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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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

14



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
e 1list; focus
e info locals;info args;
* backtrace; where; frame
* 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/

15
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3.1

CUDA 2 aYEgeta il

FH CUDA E#itht

(S5 I NS R

(L TN SN

10
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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/

16



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

4

4.1

CUDA frEER{FE A

Table 3: — % CUDA &
B4 EP
Thrust KT C++ B AR AR
cuRAND  FEALE & R &
cuBLAS EALUERETFETF
cuSPARSE  Fi i 48 [
cuSOLVER 7 %5 J& [ AZ # B 2B [ 2 M (R 2K &
cuFFT i R 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,

17

elemSize,

elemSize,


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

18
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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—1ngs—1

z[k1][ks] = Z Z wlj1][j2] exp <527” (jlkl +j2k2)>

n n
J1=0 j72=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

zlk1][ko] = Z Z w(j1][j2 exp<+27r (jlkl +j2k2)>>

71=0 j2=0 2
ni—1ngs—1 k’ k’
(nan J1 J2 Z Z kfl k2 eXP ( —2m (j; - + J; 2)>7
1 2
=0 ko=

H w ZINR, 2 £
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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 cufftMakePlan3d(cufftHandle plan,
int nx, int ny, int nz, cufftType type, size t *wor
cufftResult cufftSetWorkArea (cufftHandle plan, wvoid *wdg

20

*BATCH) ;

*/

kSize) ;

rkArea) ;


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