


Program of this lecture

® Difference between CPU and GPU
= Why and when to use a GPU!?

® \What is CUDA?

= \When can | use cuda?

® Structure of a GPU program

= Nomenclature
® First example of CUDA programming

® First step in optimisation of a CUDA program

= Managing memory transfer

CECI training: Cuda 2 2020



CPU
Central Processing Unit
Several cores

Low latency

CPU versus GPU
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GPU
Graphics Processing Unit
Many cores

High throughput

Good for serial processing Good for parallel processing

Can do a handful of operations at once Can do thousands of operations at ance
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Speed versus Latency

® Speed: number of operation per second

® |atency:delay in the first operation
= T'=L+vD

® How amazon transfer data from one cluster to
another

® Speed: Large bandwidth
« Fiber connection: Gb

® |atency: time of the
travel between the two
cluster.

® |atency is “reactivity”
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GPU versus CPU

® CPU minimizes latency

® GPU hides latency by overlapping computation

CPU core - Low Latency Processor Computation Thread/Warp
m ‘Tﬁsl ‘ 74 l ‘ }Processing

GPU Stream Multiprocessor — High Throughput Processor

Waiting for data

Ready to be processed

Context switch

® TJ[ransit

® Moving data ® Moving data

CECI training: Cuda 5




GPU versus CPU

® CPU minimizes latency

® GPU hides latency by overlapping computation

CPU core - Low Latency Processor Computation Thread/Warp

GPU Stream Multiprocessor Hich Throughput Processor

Waiting for data

I H H r Ready to be processed
ﬁ H Context switch

® TJ[ransit

® Moving data ® Moving data
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Amdahl’s law

® A cpu has 8 core a GPU 2056 core
= Should my code should be 200 faster?

Twoindependentparts A B

® |t depends which

Original process fl"aCtlon Of )’OUI" COde

Vake B Sxfaster (NN can use parallelism
Amdahl's Law
® This is Amdahl’s law u .
° ° 2 /
given theoretical . AL LT
speed-up of your code S Yo

NNNNNN
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Speed-up in practise

® Comparing speed of code between cpu and gpu
are not really fair

= (Cost of the GPU/CPU

= Huge speed-up typically means “bad” denominator

® A“normal’ is around 5-20

= Much higher number reported in some cases.

® GPU clock is slower than CPU clock
= GPU ~ mhz
= CPU ~ Ghz
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Stream computing

® The idea of GPU are

= “multiple data”

= SAME operation

® Same as vectorisation on CPU (but different scale)

Inputstream | 5|13 |82 |3|6|7|7|3|4|5

Kernel y.=x +1

Outputstream |6 |2 (49|13 (4|(7|8|8|4|5]|6

® You can have synchronisation between threads

CECI training: Cuda 8 2020



<A NVIDIA.

CUDA.

® As for CPU, you do not want to code at assembler
level

® First released in 2006
= Restricted to nvidia GPU

= Expose the raw computation power

+ No need of graphical knowledge

CECI training: Cuda 9



GPU availability

® Dragon 2:

= Two machines with two NvidiaVI00

® Manneback (UCL only)
= Two machines with two NyvidiaV 100
= One MIO
= One K80

® (Future) Lumi European computer (EUROHPC)
= Not Nvidia GPU machine

= Cuda code need to be converted to HEAP
+ Alternative: OpenACC, OneAPI, Sycl, kokos,...
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SLURM FOR GPU

® Check ressource
= sinfo --format="%N %.6D %P %G"

mb-bro@8@ 1 cp3-gpu gpu:fesiaKS@:Z,localscratch:lSE
mb-cas101 1 gpu gpu:TeslaV100:2,mps:TeslaV100:100,localscratch:17?2

mb-cas102 1 gpu gpu:TeslaV1lod:2,mps:TeslaV109:100,localscratch:411
mb-sab@4d 1 gpu gpu:TeslaMl@:4,localscratch:46

® First run iteratively

= srun -p gpu --gres=gpu:TeslaV100:| --pty bash

® Check module on the machine

= module av

® Check that you have access to the GPU

= nvidia-smi

CECI training: Cuda I



SLURM FOR GPU

® Check ressource
= sinfo --format="%N %.6D %P %G"

NODELIST NODES PARTITION GRES
drg2-w[@01-017] 17 batch* (null)

drg2-w[001-017] 17 long (null)
drg2-w[018-019] 2 gpu gpu:Z
drg2-w[001-017] 17 debug (null)

® First run iteratively
= srun -p gpu --gres=gpu:| --pty bash
® Check module on the machine

= module av

® Check that you have access to the GPU

= nvidia-smi

CECI training: Cuda



Cuda Programming model

® A GPU needs to be controlled by a CPU.

CECI training: Cuda

)

)
)
)
)

All programs start by the CPU

Data are prepared on the CPU and moved to the GPU

GPU is crunching data

Data moved back to the cpu

Programs end

Kernel execution 1s
asynchronous

Asynchronous memory
transfers also availablc

2020




Cuda Programming model

® The cpu is called the “host”

® The gpu is called the “device”

= Viewed as a co-processor

® Function executed on gpu are called kernel

= Executed in parallel on different data element

® Both the host/device have their own memory
= Memory management is handle by the host

= Automatic management is possible

CECI training: Cuda 13 2020



Multi-processor/block/thread

2 Faprass 30 Hoet Ivtnrface

GigaThroad Engine

H

mponuey Lowepy

Momory Conteoller

*
3
3
o o
v
a
-]

ant-clier

Bjjonuo ) Lowayy

Memery

e L e
NYLink NYLink NVLInk

Main component
= Memory

= Streaming Multiprocessor (84 of them here)
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Multi-processor/block/thread

® Main component
= Memory

= Streaming Multiprocessor (84 of them here)

CECI training: Cuda | 4 2020




Multi-processor/block/thread

2 Faprass 30 Hoet Ivtarfac

LD Instruction Cache LO Instruction Cacha
Warp Scheduler {32 theead'clk) Warp Scheduler {32 thread/clk)
Cwpater Unt |32 1hread/c k) Dispatch Umit (32 thrcad'clk)

Register File (13,384 x 32.bit) Register Fike (16,384 x 32.bit)

Mervory Controlier

INTA2 INT2Z FPA2 FPO2 INTAZ INTA? FPAZ FRA2 FPad
INTIZINTI2 FP32 FIe2 INTAZ INTS2 FP3Q PRS2 rmes
INTIZINI22 FP32 PR32 g IN' 53 INIS2 RPAZ RS2 Frey
INT3ZINT32 FP32 FP22 INT2E INTO2 FPI2 FRO2  FPe4

TENSOR CORE TENSOR CORE
INTIZINII2 BH3Z FPa2 INTHZ INT3Z P2 FR32 R

Momory Conteoller

INTaENF22 FP32 FPE2 INTA2 INTSZ RPA2 PRS2 FPés4
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INTA? NTI2 FPA2 FPR2 INTAS INTSR FPAZ FRO2 FP&d
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ST 87 S & T T T s $7 87 ST ST ST ST ST
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Register Flle (15,384 x 32-bit) Register File {16 384 x 32-bit)

INTIZINN22 FPA2 FP22 FPea INTAG INTSZ FPAZ FRA2 FPés

INT3ZINT22 FP32 FPa2 rre4 INTE INTS2 TP32 roa2 rres

Memeory Sont-clier

INTIZINIIZ BP32 FFO2 INTEG INTIZ RPA2 B RS2 ket

INT3ZINTaZ FP32 FP22 INTA (N¥SE FPA2 FRI2  FPe4
TENSOR CORE TENSOR CCRE

re INT32INT32 FP32 FRa2 INTZE INT32 FP32 FR32 FPes

NYLink

INTI2 NTI2 PR32 P2 INTAZ INTXZ PPAD PRS2 FPas
INT32INT22 FP32 FiS2 INTAZ INTS2 P32 Fra2 FPés

INTIZINKL2 FP32 FPI2 8 INTH INTSZ FPAR FRA2 FPéd

Ly Lof o/ Wy Wy ] SFU i L0\ Lo\ w w w L

Main component LR -

192K0 L1 Data Cache J Shasad Mermory

Tex Tex

= Memory

= Streaming Multiprocessor (84 of them here)
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Block

® Thread are grouped by block

= Collaboration of thread (syncronization, shared
memory)

® Up to 2048 thread per block

® Block are fully independent
= (Can be executed in any order

= (Can be executed on different GPU

CECI training: Cuda



® Separation into block allow you to adapt to various
GPU in an easy way.

CECI training: Cuda 16



Wrap

® block are organised in wrap of 32 thread

= Correspond to an hardware configuration

® Those 32 threads are working in lock step
= Run the same command at the same time

= |f statement slows down the code

l l l (assume logic below is to be executed for each
L 2 Bedolad J _8 element ininput array ‘A’ producing output into
ALU 1 ALU 2 “ee ce e ALU 8 t“m‘,'"m

<unconditional code>
float x = A[i];
if (x > 0) {

} else
float tmp = kMyConstl;

x = 2.f * tmp;

<resume unconditional code>

CECI training: Cuda 2020




Let’s port this function to GPU

1=0; 1 < n; 1++){

vecY[1] alpha * vecX[1] + vecY[1];

*) malloc(N*sizeof(float));
float *) malloc(N*sizeof(float));
(int 1 =0; 1 < N; 1++) {
x[1] = 1.0f;
y[1] = 2.0f;

1
J

saxpy_cpu(x, y, 2.f, N);:

oat maxert = 0.0f,

r (int = 0; 1 < N; 1++)

maxError = fmax(maxError, std::abs(y[1]-4.0f));
printf("Max error: %f\n", maxError);

CECI training: Cuda 18



Let’s port this function to GPU

(int 1=0; 1 < n; 1++){
vecY[1] alpha * vecX[1] + vecY[1];

X = (float *) malloc(N*si1zeof(float));
(float *) malloc(N*si1zeof(float));

(int 1 =0; 1 < N; 1++) {

x[1] = 1.0f;

y[i] = 2.0f;

1
J

saxpy_cpu(x, y, 2.f, N);:

y -

oat maxert = 0.0f,

r (int = 0; 1 < N; 1++)

maxError = fmax(maxError, std::abs(y[1]-4.0f));
printf("Max error: %f\n", maxError);

CECI training: Cuda 18



Let’s port this function to GPU

il float* vecrX
- ]

for (int 1=0; 1 < n; 1++){ —_— —_
. _ . —_—
= \Y ;l }-\ ] * /e x /e Y : —
} vecY[1] alphc vecX[1] + vecY[1]; ‘. )7 Cli;x: _+_ )7

1
J

float® is used here for
passing an array

= (float *) malloc(N*si1zeof(float));
y = (float *) malloc(N*si1zeof(float));

r(int 1 =0; 1 < N; 1++) {

x[1] = 1.0f;

y[i] = 2.0f;

1
J

saxpy_cpu(x, vy, 2.f, N);

at ma r = 0.0f;
rn = 0; 1 < N; 1++)
maxError = fmax(maxError, std::abs(y[i]-4.0f));
printf("Max error f\n", maxError);

CECI training: Cuda 18



Let’s port this function to GPU

pu(float*

r(int 1=0; 1 < n; 1++){

vecY[1] alpha * vecX[1] + vecY[1]; —
}- ® y=ax + Y
1

® float™ is used here for
passing an array

X = (float *) malloc(N*si1zeof(f

Y = CFloat *) malloc(N*sizeof(Floaty. that array is assigned

U, L

\ ! |
x[1] = 1.0f;

SR dynamically (malloc)

saxpy_cpu(x, vy, 2.f, N);

at max r = 0.0f;
rn = 0; 1 < N; 1++)
maxError = fmax(maxError, std::abs(y[i]-4.0f));
printf("Max error f\n", maxError);

CECI training: Cuda 18



Let’s port this function to GPU

X = (float *) malloc(N*si1zeof(float

y = (float *) malloc(N*si1zeof(float
r(int 1 =0; 1 < N; 1++) {
x[1] = 1.0f;
y[i] = 2.0f;

.

saxpy_cpu(x, vy, 2.f, N);

at maxError = 0.0f;
r (in = @; 1 < N; 1++)

maxError = fmax(maxError, std::abs(y[1]-4.0f));

),
),

printf("Max error f\n", maxError),

CECI training: Cuda

® y=ax+y
® float™ is used here for

passing an array

® that array is assigned
dynamically (malloc)

We explicitly loop over
the data element



Cuda version: kernel

GPU CPU

__global _

blockIdx.x*blockDim.x + threadldx.x; " for (i 1=0: 1 < n; 1++){
f (1 < n) d_VecY[1] = alpha*d_VecX[1] + d_VecY[1]; vecY[1] = alpha * vecX[1] + vecY[1];

® No loop anymore !!
= FEach thread will take care of one data
= Need to compute which element each thread has to handle.

= Various variable defined for that
4+ blockldx.x (.y/ .z if 2D and 3D): id of the current block

4+ blockDim.x: number thread in Block (for that dimension)

4+ threadldx.x: id of the current thread inside the block

CECI training: Cuda 19



Index

® |et’s give an example:

Block () Block 1 Rlock 2 Block 3 Block 4

i N i N i . : . i . :
~ ~ ~ ~" ~" ™

veeX NO0O0000000000000000000000000M00000000000000 -
vec¥ (0000000000000000000000000000RC0000000000000

3 %8 +5 =29

s
i
-
/
g 8
’
4

blockIdi.x
blockDim. x

threadIldx.x = 5

3
8

® Super Important - coalesced memory:

* Reading (global) memory should be from
adjacent memory address for the threads

CECI training: Cuda 20 2020



Index

® |et’s give an example:

Block () Block 1 Rlock 2 Block 3 Block 4

z A, : A ! a 1 a 1 A 1

vecX NO0O0000000000000000000000000MR0000C00000000 -
vecY (000000000000000000000000C00ORN0000000000000

/A =13 %8+5=29

blockIdi.x
blockDim. x
threadIldx.x = 5

3
8

® Super Important - coalesced memory:

* Reading (global) memory should be from
adjacent memory address for the threads

blockIdi.x 3
blockDim.x 8
threadldx.x =6

CECI training: Cuda 20 2020




Kernel call

® How do you call a kernel?

= saxpy<<<numblock, blocksize>>>(d _x,d y,a, n)

Block 0 .  Block I . Block 2 . Block3 . Block4 . #Numblock

: A 1 A ! N 1 N 1 A !

vecX NO0O0000000000000000000000000700000000000000 -
vecY (00000000000000000000000000000C0000000000000

) >
Blocksize

® blocksize: number of thread in a block

* Should be multiple of 32 (due to wrap)
*  Maximum of 2048

» depends of the GPU capabilities

CECI training: Cuda pA 2020




A complete GPU code

® Code steps in more details:

|. Initialise GPU
Initialise variable on the host (cpu)
Allocate memory on the device (gpu)
Move data from host to device
Execute kernel on device

Move back results

N oUW N

Clean up (deallocation)

CECI training: Cuda 22 2020




A complete GPU code
|. Initialise GPU

2. Initialise variable on the host (cpu)

int main(void)
int N = 1<<20;
float *x, *y, *d_x, *d_y;

x = (float*)malloc(N*sizeof(float));
y = (float*)malloc(N*sizeof(float));

culnit(@);

® culnit(0) is NOT required for the code to work

*  Will be called automatically at first cuda function call

*  Nice to use for profiling

*  Otherwise first call much slower than expected

CECI training: Cuda 23



A complete GPU code

3. Allocate memory on the device (gpu)

float *d_x, *d_y;
LudaMalloc(&d X, N¥sizeof(float));

cudaMalloc(8d_y, N*sizeof(float));

® cudaMalloc does NOT follow the exact same syntax as a
ma”oc: x = (float*)malloc(N*si1zeof(float));

* The cuda rule for any function is to return an error
code

* So the cuda malloc does not return a pointer but has
one more argument (pointer of pointer)

® Here we use ‘d_" prefix to indicated device pointer.

» Useful convention for code clarity

CECI training: Cuda



A complete GPU code

4. Move data from host to device

cudaMemcpy(d_x, x, N*sizeof(float), cudaMemcpyHostToDevice);

N | -

cudaMemcpy(d_y, v, N*sizeof(float), cudaMemcpyHostToDevice);

CECI training: Cuda



A complete GPU code

4. Move data from host to device

cudaMemcpy(d_x, x, N*sizeof(float), cudaMemcpyHostToDevice);

cudaMemcpy(d_y" vy, N*sizeof(float), cudaMemcpyHostToDevice);
YNVY_Y & ¥ . Y

CECI training: Cuda



A complete GPU code

4. Move data from host to device

cudaMemcpy(d_x, x, N*sizeof(float), cudaMemcpyHostToDevice);

cudaMemcpy(d_y | v, N¥sizeof(float), cudaMemcpyHostToDevice);

*
Host pointer

CECI training: Cuda



A complete GPU code

4. Move data from host to device

cudaMemcpy(d_x, x, N*sizeof(float), cudaMemcpyHostToDevice);

cudaMemcpy(d_y 1 v,) N*¥*sizeof(float), fcudaMemcpyHostToDevice);

Transfer direction

*
Host pointer

CECI training: Cuda



A complete GPU code

4. Move data from host to device

cudaMemcpy(d_x, x, N*sizeof(float), cudaMemcpyHostToDevice);

cudaMemcpy(d_y 1 v,) N*¥*sizeof(float), fcudaMemcpyHostToDevice);

\¢ N
Host pointer Transfer direction

® Quite slow transfer but 2 tricks:
|. For simple initialisation/value
= cudaMemSet(d_x, 0, N*sizeof(xxxxx))
2. Used hosted pinned memory for host
= cudaMallocHost(&&x_host, size)

= Slower allocation on host

CECI training: Cuda



A complete GPU code

5. Execute kernel on device

// Perform SAXPY on 1M elements
size = 512;

int blocks
int nblock = N/blocksize + ( n % blocksize > @ 7 1: @ );
saxpy<<<nblock, blocksize>>>( d_x, d_y, 2.0f, N);

CECI training: Cuda 26



A complete GPU code

5. Execute kernel on device

// Perform SAXPY on 1M elements
1nt blocksize = 512;

int nblock = N/blocksize + ( n % blocksize > @ 7 1:
saxpy<<<nblock, blocksize>>>( d_x, d_y, 2.0f, N);

® Computing the number of block needed
»  Special <<<A, B, C,D >>> syntax
*  A:number of block
*  B:number of thread per block
»  C:dynamically allocated shared memory

 D:which stream to use

CECI training: Cuda 26



A complete GPU code

5. Execute kernel on device

// Perform SAXPY on 1M elements

1nt blocksize = 512;

int nblock = N/blocksize + ( n % blocksize > @ 7 1: @ );
saxpy<<<nblock, blocksize>>>( d_x, d_y, 2.0f, N);

® Computing the number of block needed
»  Special <<<A, B, C,D >>> syntax
*  A:number of block
*  B:number of thread per block
»  C:dynamically allocated shared memory

 D:which stream to use

__global__ void saxpy(float *d_VecX, float *d_VecY, float alpha, int n)

. global  to use for kernel called from the host

* _ device  for GPU function call from a kernel
CECI training: Cuda 26



A complete GPU code

6. Move back results

/. Clean up (deallocation)

cudaMemcpy(y, d_y, N*sizeof(floot), cudaMemcpyDeviceToHost);

float maxError = 0.0f;
for (int 1 = 0; 1 < N; 1++)
maxError = max(maxError, obs(y[1]-4.@f));

printf("Max error: %f\n", maxError);

cudaFree(d_x);
cudaFree(d_y);
free(x);
freeCy);

CECI training: Cuda 27



Full code

#include <stdio.h>

__global__ void saxpy(float *d_VecX, float *d_VecY, float alpha, int n)
{
int 1 = blockIdx.x*blockDim.x + threadIdx.x;
1f (1 < n) d_VecY[1] = alpha*d_VecX[1] + d_VecY[1];

int main(void)

{

® How to compile it!

int N = 1<<20;
float *x, *y;
x = (float*)malloc(N*sizeof(float));
y = (float*Imalloc(N*sizeof(float));

culnit(®);

float *d_x, *d_y;
cudaMalloc(&d_x, N*sizeof(float));
cudaMalloc(&d_y, N*sizeof(float));

for (int 1 i1 < N; 1+4+) {
x[i] = 1.
y[i] = ¢

}

cudaMemcpy(d_x, x, N*sizeof(float), cudaMemcpyHostToDevice);
cudaMemcpy(d_y, y, N*sizeof(float), cudaMemcpyHostToDevice);

// Perform SAXPY on IM elements

int blocksize = 512;

int nblock = N/blocksize + ( n % blocksize > @ 7 1: 0 );
saxpy<<<nblock, blocksize>>>( d_x, d_y, 2.0f, N);

cudaMemcpy(y, d_y, N*sizeof(float), cudaMemcpyDeviceToHost);

float maxError = @.0f;
for (int 1 = 0; 1 < N; 1++)

maxError = max(maxError, abs(y[1]-4.0f));
printf("Max error: %f\n", maxError);

cudaFree(d_x);



Compilation of cuda code

® Module load CUDA

® nvcc -arch=sm_ 70 saxpy.cu -o saxpy

= You can have additional flags for C++ par of the code
(library linking, -O3,...)

= Arch allows to have a minimum target gpu
= No dedicated flag for additional GPU optimisation

= GPU does support multiple file source code
4+ But seriously limit optimisation

® Cudall starts supports for that but still limited.
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Is GPU always faster?

o GPU o CPU

[omatt@mb-casl@2 omatt]$ time ./saxpy [omatt@mb-cas10Z2 omatt]$ time ./saxpy_cpu
Max error: 0.000000 Max error: 0.000000

real bOmZ.401s real Om@.803s
user Omd.752s user ome . 704s
SYS Pmd.555s SYS Om@.097s

® You need to have a lot of work to do on the GPU
to hide the latency, the initialisation, ...

CECI training: Cuda 30



Type of Memory available

® You have to manage memory: Plenty of type of
memory on the GPU

® |nside each SM:

L0 Instruction Cache
Warp Scheduler {32 thrend'clk)
Cpater Unt (32 1Thread/c )

Register File (13,384 1 32.bit)

INTI2 INT22 FPA2 FPO2

INTI2INT32 FP32 FIS2 FPE4
INTIZINILZ P32 FP32 FPe4
INTIZINT3Z FP32 FPI2  FPC4
INTIZWNTI2 BH32 FF2 a4
INT32 P32 FP32 FPR2 FPEd
INTI2INTI2 FP32 FF22 FPE4
INTA? T2 FPA2 FP22 FPrd

[ LN o S o S "I ¥ « U ¥ <V ¥ « VIR ¥ 1)
5T ST & BT 5T ST ST ST SFU

LU Ingtruction Cache
Warp Scheduler {32 Lhread'c|k)
Ctopater Unt [32 Ihread/iclk)

Register Flle (15,384 x 32-bit)

INT3ZINN2 FPA2 FP22
INT3Z T2 FP32 FP2
IKTIZINIIZ P32 FP32
INTIZEINT2Z FP32 FP22
TENSOR CORE
INTI2INTI2 FP32 FFR2
INTA2 T2 PP PP
INT32 T3 TP32 Fis2
INTIZINKIZ FP32 FPI2

Ly wof W W oo o wv v U
ET BT &7 ET ET ET ET 8T SFU

INTAG INTAR
INTES INTS2
ING 53 INES2
INTIE INTOZ
INTRI INT32
INTA2 INTS2
INT3Z INTS2
INTAS INTSR

¥ N <)
s s7

INTAG INTS2
INT2E INTS2
INTES INT32
INTAZ INTSR
INTRZ INT32
INTAZ INT2
INTAZ INTS2
INT X INT 52

R
T $T

LC instruction Cacha
Warp Scheduler {32 thread/clk)
Dispatch Umit (32 thrcad'clk)

Register Fike (16 384 x 32.bit)

FPAZ FR32  FPas
FPag Frag rmes
FPI2 FR32Z  FPet
FPIZ FRO2 FPe4
TENSOR CORE
S T N T
FPAZ PRS2 FPed
P2 Fraz FPes
FPI2 FRA2  FPe4

L\ Lo w  w w Lb a=
$T ST ST ST ST ST 3FU

LO instruction Cacha
Warp Scheduder [32 thread/cik)
Dispatch Umt (32 thrcad'elk)

Register File {16,384 x 32.bit)

FPAZ FR32 FP&s
PRI Pes
[ P R FEe
FPIZ FRI2 FPéd
TENSOR CCRE
FPa2 Fra2 FPes
FPAZ PRS2 FPas
rrag resz FPés
FPA2 FR32 FPéd

Lo\ w w w L
ST $T ST T T

192K0 L1 Date Cocre ) Sharad Merory

Ten
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Type of Memory available

® You have to manage memory: Plenty of type of

memory on the GPU
® Inside each SM:

——  J————— ® Register

Register File (18,384 1 32.bit) Register Fike (16 384 x 32.bit)

S ST * Fastest memory

INT32INT32 FP32 FPE2 INTEE INTS2 FPAQ PRS2 mes
INTIZINIL2 BPS2 PR32 e IN 53 INIS2 P2 FR32 FPet
°
— i et R e ° [ hread specific
TENSOR CORE TENSOR CORE
INTIZWNTI2 BH32 FF2 INTEI INTIZ FPS2 PR32 FHEY
INTI2 NP2 FP32 FP22 - INTAI INTS2 FPAZ PRS2 FPéd

INTI2INTI2 FP32 FFE2 INT3Z INTS2 FP3Q FrR32 FP&s

*  Very limited amount

L Lof Lo/ 4 N ) £y .E_\ Lo\ Lo w W w L 3=y

87 5 ¥ 13 T T T s s $7 ST ST ST ST ST
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Type of Memory available

® You have to manage memory: Plenty of type of

memory on the GPU
® Inside each SM:

—————  J— ® Register

Cwpater Unt [32 thread/cl) Dispatch Umit (32 thrcad'clk)

Register File (18,384 1 32.bit) Register Fike (16 384 x 32.bit)

* Fastest memory

INT32INT32 FP32 FPS2 Fre4 INTE INTS2 FP3R FPS2 e
INTIZINILZ P32 FP32 c IN S INESE RPAS FR32 FPet
o
o o i I~ ° [hread specific
ENSOR CORE TENSOR CCRE
INTIZNTI2 BP3Z FPa2 INTEZ INT32 FPS2 FRE32  HPe

INTIEINF22 FP32 FPE2 INTAZ INTSE FPAZ PRS2 FPéd

INTI2INTI2 FP32 FFE2 INT3Z INTI2 FP3Q FP32 FP&s

|~ *  Very limited amount
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Type of Memory available

® You have to manage memory: Plenty of type of
memory on the GPU

® QOutside the SM

® Global memory
High bandwidth (900Gb/s) but High latency
High number of thread need to hide this latency

Default memory for cpu/gpu pointer
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Index

® This is how the memory should be read/write by
the various thread

Block 0 Block 1 RBlock 2 Block 3 Block 4

: A, : A H A : A : . !

veeX NOO00000000000000000000070000MC0000000000C000 -
vec¥ (0000000000000000000000000000RC0000000000000

® You need to be careful with 2D array to be sure
that you follow that pattern
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Index

® This is how the memory should be read/write by
the various thread

Block 0 Block 1 RBlock 2 Block 3 Block 4

: A : A ! A 3 A : A 1

veeX DOO00000000000000000000070000Mm000000000C000 -
vec¥ (000000000000000000000000C00OMR0000000000000

threadldx.x = 5 threadldx.x = 6

® You need to be careful with 2D array to be sure
that you follow that pattern

CECI training: Cuda 33 2020




Coalesced memory

Access
direction
in Kernel
code

Time Period 1| Time Period 2
Ty T Ty T, Ty T, T4 Ty

“? ||

MO.O M1.0 M2.0 . MO 1 M1.' MZ.1 MJ.1 MUZ Ml_z N‘Z.Z Mj.Z MO‘J M1 3 N‘Z.J M3 3

Shde credit. Hau & Kirk
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Uncoalesced Memory

Access
direction
In Kernel
code

MO 3M1 l%M? RM3 3

Time Period 2

T, T T,

2 T,

ime Period

T, T, T, T,

(I
!

ho,&h"nqkﬁz. o Vo 1M, M, M Mg .M, .M, 5M; ;Mg sM; sM; sM; 5
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Structure of array
= A0S vs. SOA

struct foo{

Structure of 1ot 281
Arrays
(SQA) int d[(8),;
N / } A Better for GPU/ vectorised CPU

struct foo{

Arrayof float a,

Structures
(AOS) int d;
\2 b/ } A[B];

Better for non-vectorised operation for CPU
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Coalesced access

® Coalesced access not possible?

= Use shared memory as a cache

Global Memory

v Vv

vy VvV vV v Vv Vv VvV Vv Vv v v v Vv VY Y VvV vy VvV VvV VvV v v
shared Memory [ [ (0 I I T T T T T D E

=

Thread
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Type of Memory available

® Constant memory

= Will be put in cache (same speed as shared memory)

® TJexture memory

= Related to graphics

® Unified Memory

= Special type of global memory
+ Accessible both on cpu and gpu
= cudaMallocManaged(&&x, size)

= Pointer available both on device and on cpu
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CUDA profiler

® nv-nsight-cu-cli -o profile --target-processes all ./
saxpy
= [Executable is also sometimes “ncu”

= The more convenient is to download back that profile
on your laptop and use “nsight compute” to visualise
the data (do not need a GPU on that machine)

® On cluster mode, you need to be sudo to run
those command. Contact us if needed.
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What is the limitation of your kernel?

GPU Utilization

® Here two metric
= How much the code compute (here more than 90%)

= How much memory you use (here 5%)

® This indicates what limit your computation

= Here we are Compute bound
+ But many memory available

® We can try to cache computation
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What is the limitation of your kernel?

COMPUTE BOUND MEMORY BOUND LATENCY BOUND

® |deal case: compute AND memory bound

If you are latency bound you need to allow more
parallelism

Floating Point Operations Roofline

Periormance [FLOP/s)
[1 = 100.000.000.000}

CECI training: Cuda




® Hide latency with other wrap

{time

4 active warps
Warp 0

...... gy .y -

’f*j’ﬁ 77 Instruction 3
i

Warp 1

D e

S Inslruclion 2
THTRTIYTIYTYY

Warp 2

S Instruction 1

s Instructlon i
m

Warp 1

R Instruction 3

eI
Warp 0

VN Yy Y Y Arey

s Instruction £
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Effect of occupancy
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Occupancy
® Occupancy is limited

= Each SM has limited ressources
+ Maximum number of wrap (64)
+ Maximum number of block (32)
+ Register usage (256Kb)
+ Shared memory usage (64Kb)

Impact of Varying Register Count Per Thread
S

" o D . ’ . . ’ " . ’ " . Y
A = fs | - » r~ L I o [u ! C. ~ : [
5 - b oY L = 5 L. ~ (= o = S ) 3

-~ o
Ragistars Par Theaad
Impact of Varying Block Size

Block Skze
Impact of Varying Sharad Memory Usage Per Block
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Checking memory

® You should also check where your memory
bottleneck are

147.46 K Inst 131.07 K Req

<

16.38 K Req

0.00 Req

System Memory

0.00 Inst

L1/TEX
0.00 Req Céche 32.00 MB L2 Cache

» Hit Rate:

Hit Rate: 4.00 MB .
0.00 Inst 0.00 Req 0.00 % : 1113 %

32.00 MB

3.18 MB

Device Memory

0.00 Inst

Shared
Memory

CECI training: Cuda



Memory bank

® Shared memory use a

Thread 0 N Bank 0 “Bank” system
Thread 1 Bank 1
Thread 2 > Z
Thread 3 >
Thread 4 >
Thread 5 >

>

>

= Each wrap has 32 bank
that can provide one data
element per cycle

Thread 6 = The shared memory is

dispatched between all
. those bank

Thread 15 < Bank 15 ‘ + A given data can only be

given by ONE bank
Linear addressing: stride = 1 + (&x) % 32

Thread 7

-
EEEEEEEEE NN S0 better to use
Bank 1234567 81234567 812345067 8 COaleSCdeemor)’aS

well
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Memory bank

® |f you do some striding

Thread 0 Bank 0

Thread 1 ‘[—_B_aﬂijrl = Bank conflict
Thread 2 ‘, Bank2

 Bank3 = |ncrease latency

Thread 3 ‘
Thread 4 "4“Bank4 |

' Bank5 + A bank can provide only
 Bank6 one value per cycle

Thread 8
Thread 9
Thread 10
Thread 11

Thread 0
Thread 1
Thread 2 |
Thread 3 ¥
Thread 4
Thread 5

Thread 6 » Tt

2-way bank conflict: stride = 2 Thread 7

EOEORCROECRCRONCRCRIEORC

Bank 1234567 81234567 81234567 8
8-way bank conflict: stride = 8
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Optimization Wrap

® |f statement
® Coalesced memory

® Shared memory

= Memory bank
® Ressource limitation

® Single file
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Nice series of tutorial:

® https://developer.nvidia.com/blog/even-easier-
introduction-cuda/

= At the bottom of the page you have a list of quite
progressive tutorial

® Nice video on Cuda 5: https://www.youtube.com/watch?
v=irvhW70oSNeQ&list=PLGvfHSglmk4aAt3R3XKvUMIv_RFOzSnWz&index=2
® Nice presentation: https://cac-staff.github.io/
summer-school-201| 8/files/
cuda_dayl summer_school 2018.pdf

CECI training: Cuda
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Conclusion

® GPU is a high throughput
= High latency

® Various level of parralelism
= thread/wrap/block

® Various type of memory

= register/shared memory/global memory

® Optimization for the hardware is key
= (Coalesced memory ->Array of structure

= Shared memory
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