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GPU ARCHITECTURE



WHAT IS A GPU

+ [ElIfZEZIE2S - Graphics Processing Unit

» Multi Thread Design

« SIMD Architecture

https: / /www.nvidia.com /zh-tw /data-center /a100/



Flagship: A100
* FP32:19.5 TFLOPS

* Memory: 1.555TB/s

* 1 FP32 =4 Bytes

19.5 -4
~ 50
1.555

https: / /www.nvidia.com /zh-tw /data-center /a100/



FLYNN'S CLASSIC TAXONOMY
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EXECUTION MODEL

Software Hardware
2 Executed By X .
Thread Scalar Processor
22222222 Executed By X %
Block Multiprocessor (MP)
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BLOCKS & THREADS

- Threads @#83ERE block (ex. block size = 1024)

- #8[E block FBY threads E#HITIE
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WARPS

+ £—1@ block T~ » & 32 @& threads B [E—1E warp

+ 188 warp #14748E8Y instruction — SIMD Z21%
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EXECUTION MODEL

Software Hardware
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WARPS

+ £—1@ block T~ » & 32 @& threads B [E—1E warp

+ 188 warp #14748E8Y instruction — SIMD Z21%

—
* Threadsinwarp : 432 (FfRd) LERFEITHIT SR

» Blocks and grids : ##5_ EBYF1TEIT —P|
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WARP DIVERGENCE

- [E{E warp #2EH threads | \mmmwmmm
ETWE’]@]«E £ threadIdx.x < 16

ex. if, for,while

il

» A warp B A ZHE

* Performance issue!




GPU MEMORY HIERARCHY

Grid

* Perthreads/ Scalar processor ‘
Block (0, 0) Block (0, 1)
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GPU MEMORY HIERARCHY

Grid
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GPU MEMORY HIERARCHY

Grid
* Per grid / GPU device
Block (0, 0) Block (0, 1)
* Global memory Shared Memory Shared Memory
* Constant/ Texture memory Registers | |Registers | | | Registers| | |Registers
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DEVICE QUERY

* https://github.com/NVIDIA/
cuda-samples/tree/master/

Samples/deviceQuery

* GeForce RTX 3070

-+ deviceQuery git:(master) x ./deviceQuery
./deviceQuery Starting...

CUDA Device Query (Runtime API) version (CUDART static linking)

Detected 1 CUDA Capable device(s)

Device O: "GeForce RTX 3070"
CUDA Driver Version / Runtime Version
CUDA Capability Major/Minor version number:
Total amount of global memory:
(46) Multiprocessors, (128) CUDA Cores/MP:
GPU Max Clock rate:
Memory Clock rate:
Memory Bus Width:
L2 Cache Size:
Maximum Texture Dimension Size (x,y,z)
Maximum Layered 1D Texture Size, (num) layers
Maximum Layered 2D Texture Size, (num) layers
Total amount of constant memory:
Total amount of shared memory per block:
Total shared memory per multiprocessor:
Total number of registers available per block:
Warp size:
Maximum number of threads per multiprocessor:
Maximum number of threads per block:

i R A s

8.6

7982 MBytes (8370061312 bytes)
5888 CUDA Cores

1770 MHz (1.77 GHz)

7001 Mhz

256-bit

4194304 bytes

1D=(131072), 2D=(131072, 65536), 3D=(16384, 16384, 16384)
1D=(32768), 2048 layers
2D=(32768, 32768), 2048 layers
65536 bytes

49152 bytes

102400 bytes

65536

32

1536

1024

Max dimension size of a thread block (x,y,z): (1024, 1024, 64)

Max dimension size of a grid size
Maximum memory pitch:

Texture alignment:

Concurrent copy and kernel execution:
Run time limit on kernels:

Integrated GPU sharing Host Memory:
Support host page-locked memory mapping:
Alignment requirement for Surfaces:

Device has ECC support:

Device supports Unified Addressing (UVA):
Device supports Managed Memory:

Device supports Compute Preemption:

Supports Cooperative Kernel Launch:

Supports MultiDevice Co-op Kernel Launch:
Device PCI Domain ID / Bus ID / location ID:
Compute Mode:

< Default (multiple host threads can use ::c

(x,y,2): (2147483647, 65535, 65535)

2147483647 bytes
512 bytes

Yes with 2 copy engine(s)
No

No

Yes

Yes

Disabled

Yes

Yes

Yes

Yes

Yes

e/1/690

vdaSetDevice() with device simultaneously) >

deviceQuery, CUDA Driver = CUDART, CUDA Driver Version = 11.2, CUDA Runtime Version = 11.2, NumDevs = 1

Result = PASS




LOCAL REGISTERS

Total number of reéiéters available per block: 65536
- [E1@ block £F1E[E registers &1 (4 Bytes)

. Block size =1024 (threads) — &1 thread B = 64 1@ registers

* registers A REBEIEED » HiAESEY

- BINHESEY > g®oEcEiglobal memoryii g

* Performance issue!



SHARED MEMORY

Total amount of shared memory ber block:

Total shared memory per multiprocessor:

- #8[E] block THBY threads =] LATZEX

[ iD=

49152 bytes
102400 bytes

& 1

REAIE I registers » 5]9h : Bank conflict

—51\ ’I’/\?

* Ex: Matrix multiplication
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iA9shared memory
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GLOBAL MEMORY

Total amount of glabai memory: 7982 MBytes (8370061312 bytes)
o.N B > =
s DEKXREIE g
° '/IE\' C P U E/\J 5#5*%*?;_{ NVIDIA CUDA i 5888
DR BRF Ak 1.73 GHz
sCISAE AN 8 GB

sCIRREEE GDDRé




CUDA INTERFACE



CUDA

» Compute Unified Device Architecture : #i—3

+ GPGPU (General-purpose GPU) : @FstEGPU

* Languages: C, C++, Fortran

B




MEMORY LOCATION

- CPU : RAM - Malloc:

1 int cpu_arr[LEN];

* GPU : Global memory 2 int xgpu_arr;

3  cudaMalloc(&gpu_arr, sizeof(int) * LEN);

* Memcpy :

4 cudaMemcpy(gpu_arr, cpu_arr, sizeof(int) * LEN,J cudaMemcpyHostToDevice);
5  cudaMemcpy(cpu_arr, gpu_arr, sizeof(int) = LEN,J cudaMemcpyDeviceToHost);



DECLARE & EXCUTE FUNCTION

e _global__ void name(..);

* name<<<grid_size, block_size>>>(..);

1 #define LEN 1000

2 __global__ void gpu_func(int add, int *arr) {

3 arr[0] += add;

4

5

6 int main(int argc, char =xargv[]) {

7 int cpu_arr[LEN];

8 int xgpu_arr;

9 cudaMalloc(&gpu_arr, sizeof(int) * LEN);

10 cudaMemcpy(gpu_arr, cpu_arr, sizeof(int) * LEN, cudaMemcpyHostToDevice);

17 cudalemcpy(cpu_arr, gpu_arr, sizeor(int) * LEN, cudaMemcpyDeviceToHost);
13 }
14



EXECUTION MODEL

Software Hardware
2 Executed By X .
Thread Scalar Processor
22222222 Executed By X %
Block Multiprocessor (MP)
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DECLARE & EXCUTE FUNCTION

e _global__ void name(..);

QR

e name<<<grid_size, block_sizef>>(..);

Block

1 #define LEN 1000

2 __global__ void gpu_func(int add, int *arr) {

3 arr[0] += add;

4 '}

5

6 int main(int argc, char =xargv[]) {

7 int cpu_arr[LEN];

8 int *gpu_arr;

9 cudaMalloc(&gpu_arr, sizeof(int) * LEN);

10 cudaMemcpy(gpu_arr, cpu_arr, sizeof(int) * LEN, cudaMemcpyHostToDevice);

17 cudalemcpy(cpu_arr, gpu_arr, sizeor(int) * LEN, cudaMemcpyDeviceToHost);
13 }
14



DECLARE & EXCUTE FUNCTION

e _global__ void name(..);

e name<<{<grid_size ] block_size>>>(..);

1  #define LEN 1000 .

2 __global__ void gpu_func(int add, int *arr) { Grld
3 arr[0] += add;

4 '}

5

6 int main(int argc, char =xargv[]) {

7 int cpu_arr[LEN];

8 int xgpu_arr;

9 cudaMalloc(&gpu_arr, sizeof(int) * LEN);

10 cudaMemcpy(gpu_arr, cpu_arr, sizeof(int) * LEN, cudaMemcpyHostToDevice);

11

12 cudalemcpy(cpu_arr, gpu_arr, sizeor(int) * LEN, cudaMemcpyDeviceToHost);
13 }

14



DECLARE & EXCUTE FUNCTION

e _global__ void name(..);

* name<<<grid_size, block_size>>>(..);

1 #define LEN 1000
2 __global__ void gpu_func(int add, int *arr) {
3 arr[0] += add;
E% * —
; } H‘IE\/\E_.'IO 100_1000
6 int main(int argc, char =xargv[]) { 13
7 int cpu_arr[LEN]; tf]FEBEi(jES
8 int *gpu_arr;
9 cudaMalloc(&gpu_arr, sizeof(int) * LEN);
10 cudaMemcpy(gpu_arr, cpu_arr, sizeof(int) * LEN, cudaMemcpyHostToDevice);

11 gpu_func<<<10, 100>>>(87, gpu_arr);

17 cudalemcpy(cpu_arr, gpu_arr, sizeor(int) * LEN, cudaMemcpyDeviceToHost);
13 }
14



Block & Thread index

» =@ thread &3MABESEN{E? ? ?

2 v __global__ void gpu_func(int add, int *arr) {
3 arr[0] += add;
4 }

gpu_func<<<10, 100>>>(87, gpu_arr);

e blockIdx.x threadIdx. x blockDim. x

v __global__ void gpu_func(int add, int xarr) {
int bID = blockIdx.Xx;
int tID = threadId.x;
int blockSize = blockDim.Xx;
arr[bID * blockSize + tID] += add;

~ O OT I8N NN



Dim3

thread/block ID 2A& [0, n)

func<<<1, dim3(10,10)>>>

__global__ void gpu_func(...) {
int x = threadld.x;
int y threadld.y;



SHARED MEMORY - STATIC

. 1 #define LEN 1000

» __shared__ 1int s[LEN]; 2
3 __global__ void gpu_func(int *arr, int sz) {
4 __shared__ int s[LEN];

¢ func<< blOCk, thread >>><>; 5 int id = threadId.x;
6 int bs = blockDim.Xx;
7 for (int 1 = 0; i < LEN / bs; i+) {
8 s[i * bs + id] = arr[i * bs + id];
9 Iy
10 __syncthreads();
11
12 }
13
14 int main(int argc, char xargv[]) {
15 gpu_func<<<1, 100 >>>(gpu_arr, LEN);
16 return 0;
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SHARED MEMORY - DYNAMIC

« extern __shared__ int s[];

* func<<< block, thread, SM_size >>>();

1 #define LEN 1000

2

3 __global__ void gpu_func(int *arr, int sz) {

4 extern __shared__ int s[];

5 int id = threadId.x;

6 int bs = blockDim.x; extern
7 for (int 1 = 0; i < LEN / bs; i+) {

8 s[i * bs + id] = arr[i * bs + id];

9 Iy

10 __syncthreads();

11

12}

13

14 int main(int argc, char *argv[]) {

15 gpu_func<<< 10, 100, sizeof(int)*LEN >>>(gpu_arr, LEN);
16 return 0;
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WRITING FAST GPU PROGRAM

BiEC [ERSE L1, L2 cache
FEEEECIERE Shared memory
I INGPU{E R X Large block size

D B IR EY Copy larger memory block
Warp divergence unroll loops...
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DEMO

- All-Pairs Shortest Path
- 0/1 Knapsack



Floyd-Warshall Algorithm

» PRI ITREK

* Sl ) = min(fi G g) s fio (k) + fioi (ks )

- FFEEME | 00’

- Problemsize:n=2-10* - n°> =8 - 10!?



Floyd-Warshall - CPU

for (int k = 0; k < n; k+) {
for (int 1 =0; 1 < n; i+) {
for (int j = 0; j < n; j+) {
glil[j] = min(g[il[j], olillk] + glkl[3l);
}

~] O~ O1 I &N N B



Floyd-Warshall - GPU

. 1 for (int k = 0; k < n; k+) {
- 2HZZ Data dependency 2 o G e G £ @ A d
3 for (int j =0; j < n; j+) {
4 glil[3] = min(Cg[il[j], olillk] + olk1[il);
(i ) = min(f G ) > a0 +fioaGe ) 2
7 }
¢ %—i—l_;_lﬁﬁj lOOp 7§EE§ %ﬁ\ 1 __global__ void gpu(int **g, int n, int k) {
2 int id = blockIdx.x * blockDim.x+ threadIdx.x;
3 int 1 = id / n;
27 SH = = = 3 s /,— 4 int j = id % n;
s RAEE M EEEF1T1E S g[i1[3] = minCglil[31, glillk] + glkI[31);
6 }
7
8 b 1024 = n"2
9 for (int k = 0; k < n; k+) {

10 gpu<<<bs, 1024>>>(g, n, k);
11 }



Performance Issue

. SEIEAEIEEYEDIEELEREY  ninColil[3], ofillk] + alkI[31);
° ﬂ/\lzﬁﬂa E\Eﬂ
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Blocked Floyd-Warshall Algorithm

- 2¥& 8 FW Algorithm

» XA block & » BT FE

cache

- EIFtE A ARG threads £ HFE

— shared memory &
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0/1 Knapsack

» Optimization of Multi-Class 0/1 Knapsack Problem on GPUs by

Minimizing Memory Overhead

- Submitted to ACM Transactions on Parallel Computing

[ Model Archi- | Cores FP32 peak Memory § Memory Price | Release
tecture Op per sec size (GB) § bandwidth § (USD) year

| RTX3070 5888 M 20.3T @1725MHz 448GB/s 2020

| V100 SXM2 15.7T @1380MHz 32 900GB/s [§>10,000 | 2017




0/1 Knapsack

» Optimization of Multi-Class 0/1 Knapsack Problem on GPUs by

Minimizing Memory Overhead

Original | Proposed
Method Method




Conclusion

- ##% GPU ZVEEA iR A I f

- Warp divergence

* Memory Bandwidth

- 1#@® GPGPU ARSATE N ECIBRE /AR

- K2R EE S AIFIREREZEKX




Further Optimization Techniques

CGMA ratio:

https://www.sciencedirect.com/topics/computer-science/global-memory-access

Bank conflict :

https://blog.csdn.net/Bruce_0712/article/details/65447608

CUDA streams:

https://developer.download.nvidia.com/CUDA/training/StreamsAndConcurrencyWebinar.pdf



