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Optimization: CPU and GPU <3

NVIDIA

CPU GPU

* A few cores ® Hundreds of cores
® Good memory bandwidth ® Great memory bandwidth
¢ Best at serial execution ¢ Best at parallel execution



Optimization: Maximize Performance <3

NVIDIA

* Take advantage of strengths of both CPU and GPU
* Entire application does not need to be ported to GPU

Application Code

. —_—
Compute-Intensive

| FunCtionS ((((((((((((((« Rest Of
& o (i« g
Directives DIMMMMY Sequential
GPU CUDA-C/C++ ——————— CPU Code CPU



Application Optimization Process and Tools &

NVIDIA

* ldentify Optimization Opportunities

® gprof
® Intel VTune
* Parallelize with CUDA, confirm functional correctness
® cuda-gdb, cuda-memcheck
* Parallel Nsight Memory Checker, Parallel Nsight Debugger
® 3" party: Allinea DDT, TotalView
® Optimize
* NVIDIA Visual Profiler
* Parallel Nsight
® 3rd party: Vampir, Tau, PAPI, ...



1D Stencil: A Common Algorithmic Pattern <

NVIDIA

* Applying a 1D stencil to a 1D array of elements
® Function of input elements within a radius

radius radius

* Fundamental to many algorithms
® Standard discretization methods, interpolation, convolution, filtering

® Our example will use weighted arithmetic mean



Serial Algorithm <3

NVIDIA.

§ = Thread
(radius = 3)

out ST



Serial Algorithm <3

NVIDIA.

§ = Thread
(radius = 3)

out _, (MO NSOSSSE
i

Repeat for each element



Serial Implementation .E,TZD.A

int main() { void applyStencilliD(int sIdx, int eIdx, const
int size = N * sizeof(float); float *weights, float *in, float *out) {
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources for (int 1 = sIdx; I < eldx; i++) {
float *weights = (float *)malloc(wsize); out[i] = 0;
float *in = (float *)malloc(size); //loop over all elements in the stencil
float *out= (float *)malloc(size); for (int j = -RADIUS; j <= RADIUS; j++) {
initializeWeights(weights, RADIUS); out[i] += weights[j + RADIUS] * in[i + J];
initializeArray(in, N); }

out[i] = out[i] / (2 * RADIUS + 1);
applyStencil1D(RADIUS,N-RADIUS,weights,in,out); }
}

//free resources
free(weights); free(in); free(out);




Serial Implementation ,f,?zm

void applyStencilliD(int sIdx, int eIdx, const
float *weights, float *in, float *out) {

int main() {
int size = N * sizeof(float);
int wsize = (2 * RADIUS + 1) * sizeof(float) Allocate and
//allocate resources initialize = sIdx; i < eIdx; i++) {

float *weights = (float *)malloc(wsize);
float *in = (float *)malloc(size); //loop over all elements in the stencil

float *out= (float *)malloc(size); for (int j = -RADIUS; j <= RADIUS; j++) {
initializeWeights(weights, RADIUS); Apply out[i] += weights[]j + RADIUS] * in[i + j];
initializeArray(in, N); stencil

out[i] = out[i] / (2 * RADIUS + 1);

applyStenciliD(RADIUS,N-RADIUS,weights,in,out);

//free resources
free(weights); free(in); free(out);

Cleanup




Serial Implementation

int main() {
int size = N * sizeof(float);
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources
float *weights = (float *)malloc(wsize);
float *in = (float *)malloc(size):
float *out= (float *)malloc Weighted
initializeWeights(weights, =il over
initializeArray(in, N);

radius

applyStenciliD(RADIUS,N-RADIUS,weights,in,out);

//free resources
free(weights); free(in); free(out);

void applyStencilliD(int sIdx, in
float *weights, float *

for (int i =
out[i] = ©;

sIdx; I < eldx; i++) {

//loop over all elements in the stencil

for (int j

}

out[i] =

)

-RADIUS; j <= RADIUS; j++) {

out[i] / (2 * RADIUS + 1);

For each
element...

out[i] += weights[j + RADIUS] * in[i + j];

10




Serial Implementation Performance ff,%\

int main() {
int size = N * sizeof(float);
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources
float *weights = (float *)malloc(wsize);
float *in = (float *)malloc(size);
float *out= (float *)malloc(size);
initializeWeights(weights, RADIUS);
initializeArray(in, N);

void applyStencilliD(int sIdx, int eIdx, const
float *weights, float *in, float *out) {

for (int 1 = sIdx; I < eldx; i++) {
out[i] = ©;
//loop over all elements in the stencil
for (int j = -RADIUS; j <= RADIUS; j++) {
out[i] += weights[j + RADIUS] * in[i + j];
}
out[i] = out[i] / (2 * RADIUS + 1);

1

applyStenciliD(RADIUS,N-RADIU

CPU

//free resources
free(weights); free(in); free(|

MElements/s

11




Parallel Algorithm <3

2 — Thread NVIDIA

Serial: 1 element at atime

n .. IS AANaANAANAAaANAaN

out ST SSESSACAATSSANANAANANNN
:

Parallel: many elements at a time

n . SOOI STarfaaNaNN

T

12




Parallel Implementation With CUDA <3

NVIDIA
int main() { _ __global__ void applyStenciliD(int sIdx, int eIdx,
int size = N * sizeof(float); const float *weights, float *in, float *out) {
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources int i = sIdx + blockIdx.x*blockDim.x + threadIdx.x;
float *weights = (float *)malloc(wsize); if (i < eIdx) {
float *in = (float *)malloc(size); out[i] = 0;
leaF *?”t= gfloat *?malloc(size); //loop over all elements in the stencil
initializeWeights(weights, RADIUS); for (int j = -RADIUS; j <= RADIUS; j++) {
initializeArray(in, N); out[i] += weights[j + RADIUS] * in[i + j];
float *d _weights; cudaMalloc(&d weights, wsize); }
float *d_in; cudaMalloc(&d_in, wsize); out[i] = out[i] / (2 * RADIUS + 1);
float *d_out; cudaMalloc(&d_out, wsize); }
}

cudaMemcpy (d_weights,weights,wsize,cudaMemcpyHostToDevice);
cudaMemcpy(d_in, in, wsize, cudaMemcpyHostToDevice);
applyStencillD<<<N/512, 512>>>

(RADIUS, N-RADIUS, d weights, d_in, d out);
cudaMemcpy (out, d out, wsize, cudaMemcpyDeviceToHost);

//free resources
free(weights); free(in); free(out);
cudaFree(d _weights); cudaFree(d _in); cudaFree(d out);

13




Parallel Implementation With CUDA <3

NVIDIA

int main() {

int size = N * sizeof(float);
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources * : ;
float *weights = (float *)malloc(wsize); Allocate GPU §)+ blockIdx.x*blockDim.x + threadIdx.x;
float *in = (float *)malloc(size); memory 0;

float *out= (float *)malloc(size);
initializeWeights(weights, RADIUS);
initializeArray(in, N);

__global__ void applyStencillD(int sIdx, int eIdx,
const float *weights, float *in, float *out) {

oop over all elements in the stencil
for (int j = -RADIUS; j <= RADIUS; j++) {
out[i] += weights[j + RADIUS] * in[i + j];

float *d_weights; cudaMalloc(&d_weights, wsize); }
float *d_in; cudaMalloc(&d_in, wsize); out[i] = out[i] / (2 * RADIUS + 1);
float *d out; cudaMalloc(&d_out, wsize); }

}

cudaMemcpy (d_weights,weights,wsize,cudaMemcpyHostToDevice);
cudaMemcpy(d_in, in, wsize, cudaMemcpyHostToDevice);
applyStencillD<<<N/512, 512>>>

(RADIUS, N-RADIUS, d weights, d_in, d out);
cudaMemcpy (out, d out, wsize, cudaMemcpyDeviceToHost);

//free resources
free(weights); free(in); free(out);
cudaFree(d _weights); cudaFree(d _in); cudaFree(d out);

14




Parallel Implementation With CUDA

<3

NVIDIA

int main() {
int size = N * sizeof(float);
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources
float *weights = (float *)malloc(wsize);
float *in = (float *)malloc(size);
float *out= (float *)malloc(size);
initializeWeights(weights, RADIUS);
initializeArray(in, N);
float *d _weights; cudaMalloc(&d weights, wsize);
float *d _in; cudaMalloc(&d_in, wsize);
float *d_out; cudaMalloc(&d_out, wsize);

cudaMemcpy (d_weights,weights,wsize,cudaMemcpyHostToDevice);
cudaMemcpy(d_in, in, wsize, cudaMemcpyHostToDevice);
applyStencillD<<<N/512, 512>>>

(RADIUS, N-RADIUS, d weights, d_in, d out);
cudaMemcpy (out, d out, wsize, cudaMemcpyDeviceToHost);

//free resources
free(weights); free(in); free(out);

cudaFree(d _weights); cudaFree(d _in); cudaFree(d out);

__global__ void applyStencillD(int sIdx, int eIdx,
const float *weights, float *in, float *out) {

int i = sIdx + blockIdx.x*blockDim.x + threadIdx.x;
if (i < eIdx) {
out[i] = ©;
a1l elements in the stencil
Copy inputs IU?‘, ] ;;Diﬁziuis.j?’) {.]
to GPU s[j + in[i + j];

out[i] / (2 * RADIUS + 1);

Copy results

from GPU

15




Parallel Implementation With CUDA

<3

NVIDIA

int main() {

int size = N * sizeof(float
int wsize = (2 * RADIUS + 1
//allocate resources

float *weights = (float *)malloc(wsize);
float *in = (float *)malloc(size);
float *out= (float *)malloc(size);
initializeWeights(weights, RADIUS);
initializeArray(in, N); Launch a
float *d_weights; cudaMalloc(&d_ thread for
float *d_in; cudaMalloc(&d_i
float *d_out; cudaMalloc(&d_out, veaCh fsment

Indicates
GPU kernel

aMemcpyHostToDevice);
pyHostToDevice);

cudaMemcpy (d_weights,weights,wsize,g
cudaMemcpy(d_in, in, wsize, cudaMg
applyStencillD<<<N/512, 512>>>
(RADIUS, N-RADIUS, d weights, d_in, d out);
cudaMemcpy (out, d out, wsize, cudaMemcpyDeviceToHost);

//free resources
free(weights); free(in); free(out);

cudaFree(d _weights); cudaFree(d _in); cudaFree(d out);

__global _ void applyStencillD(int sIdx, int eIdx,
const float *weights, float *in, float *out) {

int i = sIdx + blockIdx.x*blockDim.x + threadIdx.x;
if (i < eIdx) {

out[i] = ©;

//loop over all elements in the stencil

for (int j = -RADIUS; j <= RADIUS; j++) {
out[i] += weights[j + RADIUS] * in[i + j];

}

out[i] = out[i] / (2 * RADIUS + 1);

16




Parallel Implementation With CUDA <3

NVIDIA

int main() {
int size = N * sizeof(float);
int wsize = (2 * RADIUS + 1) * sizeg
//allocate resources
float *weights = (floa _Get the array
float *in = (float *)md index for each

float *out= (float *)ma
initializeWeights(weights,
initializeArray(in, N);
float *d _weights; cudaMalloc(&d weights, wsize);
float *d _in; cudaMalloc(&d_in, wsize);
float *d_out; cudaMalloc(&d_out, wsize);

cudaMemcpy (d_weights,weights,wsize,cudaMemcpyHostToDevice);
cudaMemcpy(d_in, in, wsize, cudaMemcpyHostToDevice);
applyStencillD<<<N/512, 512>>>

(RADIUS, N-RADIUS, d weights, d_in, d out);
cudaMemcpy (out, d out, wsize, cudaMemcpyDeviceToHost);

//free resources
free(weights); free(in); free(out);
cudaFree(d _weights); cudaFree(d _in); cudaFree(d out);

—

__global__ void applyStencillD(int sIdx, int eIdx,

const float *weights, float *in, float *out) {

int i = sIdx + blockIdx.x*blockDim.x + threadIdx.x;
if (i < eldx) {

out[i] = ©;

//loop over all elements in the stencil

for (int j = -RADIUS; j <= RADIUS; j++) {

out[i] += weights[j + RADIUS] * in[i + j];
}
out[i] = out[i] / (2 * RADIUS + 1);

Each thread executes

kernel

17




Functional Correctness <3

NVIDIA

® But our first run returns an error!

stencilld
Segmentation fault

* Debugging Tools:
® cuda-memcheck (memory checker)
® cuda-gdb (debugger)
® printf

18



Memory Checker: cuda-memcheck <3

NVIDIA

Bad Error
Instruction Location

cuda-memcheck stencilld

========= CUDA-MEMCHECK
========= Invalid  global read of size 4
========= at 0x00000240 in stencilld.cu:60:applyStencillD
S —— by thread (31,0,0) in block (0,0,0)

========= Address 0x20020047cN\is out of bounds

Bad Address Bad Thread

19



Debugger: cuda-gdb <X

NVIDIA

cuda-gdb stencilld __global__ void applyStencillD(int sIdx, int eIdx,
const float *weights, float *in, float *out) {
(cuda-gdb) set cuda memcheck on int i = sIdx + blockIdx.x * blockDim.x + threadIdx.Xx;
if (i < eIdx) {
(cuda-gdb) run out[ 1 ] = 0;
[Launch of CUDA Kernel 0 //loop over all elements in the stencil

. for (int j = -RADIUS; j <= RADIUS; j++) {
(applyStencillD<<<(32768,1,1), (512,1,1)>>>) Sub[ i ] 4= weilghts[ i+ RADIUS ] * din[ i+ 4 1;

on Device 0] }

Program received signal CUDA EXCEPTION 1, Lane out[ 1 ] = out[ 1 ] / (2 * RADIUS + 1);
Illegal Address. }

applyStencillD<<<(32768,1,1), (512,1,1)>>> }

at stencilld.cu:60

(cuda-gdb) cuda thread
thread (31,0,0)

Reach the

1 failure point

20



Debugger: cuda-gdb <X

NVIDIA

1 __global__ void applyStencillD(int sIdx, int eIdx,
const float *weights, float *in, float *out) {

(cuda-gdb) print &weights[J+RADIUS] int 1 = sIdx + blockIdx.x * blockDim.x + threadIdx.x;
(const float *) 0x20020003c if (i < eldx) {

out[ i ] = 0;
//loop over all elements in the stencil
for (int j = -RADIUS; j <= RADIUS; j++) {

out[ i ] += weights[ j + RADIUS ] * in[ i + j ];
}
(cuda-gdb) print i+j out[ i ]
31

(cuda-gdb) print &in[i+7]
(float *) 0x20020047c

out[ 1 ] / (2 * RADIUS + 1);

Found the
bad array

1 aCCess

21



Debugger Cuda_gdb Switch to the @Dz

CPU thread NVIDIA

Switch to the frame
where the

cuda-gdb) thread 1 )
( gdb) allocation occurred

(cuda-gdb) info stack

[...]
#10 0x0000000000400e86 in main

float *d_weights; cudaMalloc(&d weights , wsize);
float *d_in; cudaMalloc(&d_in , wsize);
float *d out; cudaMalloc(&d out , wsize);

cudaMemcpy (d_weights, weights, wsize, ...);
(cuda-gdb) frame 10 cudaMemcpy(d_in, in, wsize, ...);
#10 0x0000000000400e86 in main applyStenciliD<<<N/512, 512>>>
(RADIUS, N-RADIUS, d_weights, d_in, d _out);
(cuda-gdb) print wsize / 4 cudaMemcpy (out, d out, wsize, ...);

31

(cuda-gdb) print size / 4
16777216

Found bad
allocation size

22



Corrected Parallel Implementation >

NVIDIA
int main() { _ __global__ void applyStenciliD(int sIdx, int eIdx,
int size = N * sizeof(float); const float *weights, float *in, float *out) {
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources int i = sIdx + blockIdx.x*blockDim.x + threadIdx.x;
float *weights = (float *)malloc(wsize); if (i < eIdx) {
float *in = (float *)malloc(size); out[i] = 0;
float *out= (float *)malloc(size); //loop over all elements in the stencil
initializeWeights(weights, RADIUS); for (int j = -RADIUS; j <= RADIUS; j++) {
initializeArray(in, N); out[i] += weights[j + RADIUS] * in[i + j];
float *d _weights; cudaMalloc(&d weights, wsize); }
float *d_in; cudaMalloc(&d_in, size); out[i] = out[i] / (2 * RADIUS + 1);
float *d_out; cudaMalloc(&d out, size); }
}

cudaMemcpy (d_weights,weights,wsize,cudaMemcpyHostToDevice);
cudaMemcpy(d_in, in, size, cudaMemcpyHostToDevice);
applyStencillD<<<N/512, 512>>>

(RADIUS, N-RADIUS, d weights, d_in, d out);
cudaMemcpy (out, d out, size, cudaMemcpyDeviceToHost);

//free resources
free(weights); free(in); free(out);
cudaFree(d _weights); cudaFree(d _in); cudaFree(d out);

23




arallel Nsight for Visual Studio S

. _ NVIDIA

oo stencil_vcl00 (Debugging) - Microsoft Visual Studio (Administrator)

File Edit View Project Build Debug Team Nsight Data Tools Test Analyze Window Help
EERAr=N" B= R = b # | applyStencillD - | ol = G A e Bl B - -

b 20803 a5Ee

stencilld.cu

(Global Scope) ~| % applyStencill D(int startldy, int endldx, const float * weights, float * in, float * out, size_t N, int weights_s ~

7 | __global -veoid-applystencillD(int-startIdx, - int-endIdx, const-fleat *weights, -
- s --float-*in, -float- *out, -size_t-N,-int-weights_size)-{
-int-i-=-startldx-+-blockIdx.x*blockDim.x+threadIdx.x;

::Jj_f-(i-<-end1dx)'{ Debugger

-float-result-=-8;

~for- (int-j=--RADIUS; - j-<=-RADIUS; - J++) - { StOpS at the

result-+=-weights[j+RADIUS]-*-in[i+j];

M3 S5R1D g 1210/dx3 UOIN|OS i

-
¥

.::-out[i]-:-r‘esult'z"(2-*-R£-.DIUS-+-1); fai I u re

00% = ¢

i location

Output

Show output from: | Nsight

CUDA Memory Checker detected 512 threads caused an access violation:
Launch Parameters

ClUcontext Bec26918

CUstream Bf3batad

CUmodule 18bedzB8

CUfunction 18bfabfa

FunctionName = _ZldapplyStencillDiiPK+FPFS1_di

gridDim {32768,1,1}

blockDim {512,1,1} i y
sharedsiz 8 H h I I
Pa?;;et;rz: Detal I ed I g eve
N = Unsupported read from Gridlaunch scope. o d messa e O
weights_size = Uns ted read from GridLaunch scope. f t g f
;:;Etldx : 55 nsupported rea rom Gridlaunc cope I n o rm a I o n

endIdx = 16777281

weights = @x@5520000 ©.0012512589 the access

in = 8x@5528200 ©.66384511

out = Bx@55a@48@8 -7.9388899e-13 I t
Parameters (raw): VI O a IO n

8x0080006+ BxB8+ 1 8xB855a@8088 8xA855a8288

@x@5528488 @xeleeepss B8x0e88887C

GPU State:
Address i ¥ Block Thread blockIdx threadIdx Source

@55a8688 53873 {288,8,8} ©881d8 c:\temp\stencilistencilld. Farallel Nsight Debug
855208684 {289,08,8} e00lde emphstencilistencilild. MemQr}fChecker detected 512 access
85528688 63873 {29@,8,8} oeealda thvtempistencilistencilld. cu: violations.

8553868¢ {291,0,8} oeelde empistencilistencilild. error = access violation on load
Arr—nenn Arna PP R R AP SR blockldx = {0,0,0}

. L threadldx = {288,0,0}
CUDAInfol BA Locals 5 Watch1 [ Autos M Call Stack - TGS (=] Output address = 0:055a0680
accessSize = 63873
Please see the output window for details.

Ready




arallel Nsight for Visual Studio

1

-}
---out[i]-=-

Filter:

OutOfRangeLoad
GPU Exception

CUDA Info 1 [ NYS

ptien

Non

None

None

None

None

Hone

Hone

Hone

None

angeload

La

M3 SSB|D) Eg 4210(dxg uopnjos ‘*

<X

DA
ES—
NVIDIA
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Parallel Implementation Performance >

NVIDIA
int main() { _ __global__ void applyStenciliD(int sIdx, int eIdx,
int size = N * sizeof(float); const float *weights, float *in, float *out) {
int wsize = (2 * RADIUS + 1) * sizeof(float);
//allocate resources int i = sIdx + blockIdx.x*blockDim.x + threadIdx.x;
float *weights = (float *)malloc(wsize); if (i < eIdx) {
float *in = (float *)malloc(size); out[i] = 0;
leaF *?”t= gfloat *?malloc(size); //loop over all elements in the stencil
initializeWeights(weights, RADIUS); for (int j = -RADIUS; j <= RADIUS; j++) {
initializeArray(in, N); out[i] += weights[j + RADIUS] * in[i + jl;
float *d_weights; cudaMalloc(&d_weights, wsize); }
float *d_in; cudaMalloc(&d_in, size); out[i] = out[i] / (2 * RADIUS + 1);
float *d_out; cudaMalloc(&d out, size); }
}

cudaMemcpy (d welghts welghts w51ze cudaMemcpyHostToDev1ce),

cudaMemcpy (d_i
applyStencill Device Algorithm MElements/s | Speedup

(
cudaMemcpy (out]

//free resourc
free(weights); free(in); free(out);
cudaFree(d _weights); cudaFree(d _in); cudaFree(d out);

} *4 cores + hyperthreading

26




Printf <3

NVIDIA

* Commonly used for debugging, available on GPU

__global  void applyStenciliD(int sIdx, int eIdx, stencilld
const float *weights, float *in, float *out) { out[15] = 0.263680
out [31] = 0.276422
int i = sIdx + blockIdx.x * blockDim.x + threadIdx.x; out[16] 0.274778
if (i < eIdx) { out[32] = 0.227698
out[ i ] = ©; out[17] = 0.280459
//loop over all elements in the stencil out[18] = 0.263378
for (int j = -RADIUS; j <= RADIUS; j++) { out[19] = 0.276602
out[ i ] += weights[ j + RADIUS ] * in[ i + j ]; out [20] = 0.248153
}
out[ i ] = out[ i ] / (2 * RADIUS + 1);
if (i < 128)
printf(“out[%d] = %f\n”, i, out[ i ]);
}
i

27



2x Performance In 2 Hours <3

NVIDIA

In just a couple of hours we...
Used CUDA to parallelize our application
Used cuda-memcheck and cuda-gdb to detect and correct some bugs
Got 2.2x speedup over parallelized and optimized CPU code

* We used CUDA-C/C++, but other options available...
® Libraries (NVIDIA and 39 party)
* Directives
* Other CUDA languages (Fortran, Java, ...)

28



Application Optimization Process (Revisited) &3

NVIDIA

* ldentify Optimization Opportunities
# 1D stencil algorithm

¢ Parallelize with CUDA, confirm functional correctness
® cuda-gdb, cuda-memcheck

® Optimize
e ?

29



Optimize <3

NVIDIA

* Can we get more performance?

* Visual Profiler
Visualize CPU and GPU activity
ldentify optimization opportunities
Automated analysis

30



NVIDIA Visual Profiler N>

=

& stencil.vp 2 = O | g Properties 2 W@ Detail Graphs =0

applyStencillD_gpulint, int, float ...
(=l Process: 8058

=| Thread: 2127574912
= res . Start 69.628 ms
Runtime API -
Driver AP Duration 8.177 ms
= [0] Tesla C2075 Grid Size [ 32768,1,1]
[=] Context 1 (CUDA) Elock Size [512,1,1]
T MemCpy (HtoD)
F MemCpy (DtoH)
=l $r;p4u;e[l] - Occupancy
g d .
=l Stream; o Theoretical 100%

Stream 1 | m L1 Cache Configuration

Shared Memory Reque; 48 KB
- Shared Memory Execu; 48 KB

Name Value

Registers/Thread 20
Shared Memory/Block : 0 bytes

BE Analysis i Details | B Console % |l Settings X 5 gl EE

<terminated= viper runhandler [Program] /home/david/depot/davidg-linux-sw/sw/pvt/davidg/scll_example/stencil/run_gpu
GPU: ©.858926 seconds, 2.27773 GBytes/s, ©.284716 GElements/s




NVIDIA Visual Profiler Timeline of <X

CPU and GPU NVIDIA
File View Run Help yactivity

EoH B

& stencil.vp 2 =g

B Properties 2 | M@ Detail Graphs =0

applyStencillD_gpulint, int, float ...
(=l Process: 8058

=| Thread: 2127574912
= res . Start 69.628 ms
Runtime API -
Driver AP Duration 8.177 ms
= [0] Tesla C2075 Grid Size [ 32768,1,1]
[=] Context 1 (CUDA) Elock Size [512,1,1]
F MemCpy (HtoD)
F MemCpy (DtoH)
=l gn;pdu;e[l] - Occupancy
g d .
=l Stream; o Theoretical 100%

Stream 1 | "apply... L1 Cache Configuration

Shared Memory Reque; 48 KB
- Shared Memory Execu; 48 KB

Name Value

Registers/Thread 20
Shared Memory/Block : 0 bytes

BE Analysis | l§ Details | E Console 3 | @ Settings ] = o

<terminated> viper runhandler [Program] /fhome/david/depot/davidg-linux-sw/sw/pvt/davidg/scll_exas Kernel and
GPU: ©.858926 seconds, 2.27773 GBytes/s, ©.284716 GElements/s memey

details




NVIDIA Visual Profiler

File View Run Help

EOE RS QaQ CUDA AP
& stencil.vp 2 activity on
CPU

|=| Process: 8058
=] Thread: 2127574912
Buntime API

Driver AP
[=l [0] Tesla C2075
[=] Context 1 (CUDA)
F MemCpy (HtoD)
F MemCpy (DtoH)
(=l Compute
SF 5.4% [1] applySt...
[=| Streams
Stream 1

-

B Analysis W& Details B Console I | Settings

B Properties 2 | M@ Detail Graphs =0

applyStencillD_gpulint, int, float ...
Name Value
Start 69.628 ms
Duration 8.177 ms
Grid Size [32768,1,1]
Block Size [512,1,1]
RegistersThee=- 20

Memcpy and
kernel activity
on GPU

L1 Catrme——_

Shared Memory Requeé 48 KB

Shared Memory Execu; 48 KB

X g el F&

<terminated= viper runhandler [Program] /home/david/depot/davidg-linux-sw/sw/pvt/davidg/scll_example/stencil/run_gpu

GPU: 0©.858926 seconds, 2.27773 GBytes/s, ©.284716 GElements/s

NVIDIA




Detecting Low Memory Throughput >

NVIDIA

Memcpy DtoH [sync]

|=l Process: 8094
[=] Thread: -686098560

. Start | 81.836 ms
Runtime API | cudaMemcpy

. Duration  33.735ms
=l [0] Tesla C2075 Size . 64MB
[=| Context 1 (CUDA) Throughput | & 1.85GB/s

Name Value

F MemCpy (HtoD)
T MemCpy (DtoH) Memcpy DtoH I'Liync]
(=] Compute N
F 5.3% [1] applyst...
(=l 5treams
Stream 1 pp Memcpy DtoH [sync]

* Spend majority of time in data transfer
Often can be overlapped with preceding or following computation

* From timeline can see that throughput is low
PCle x16 can sustain > 5GB/s
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Visual Profiler Analysis >

NVIDIA

* How do we know when there is an optimization opportunity?
Timeline visualization seems to indicate an opportunity

Documentation gives guidance and strategies for tuning
* CUDA Best Practices Guide
* CUDA Programming Guide

* Visual Profiler analyzes your application
® Uses timeline and other collected information
Highlights specific guidance from Best Practices
Like having a customized Best Practices Guide for your application
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Visual Profiler Analysis ,S%A

File View Run Help
EoOE mBsS

© stencil.vp 2 = O | W@ Properties 3 W@ Detail Gra... = O

FRUTILITTTE AFI
Driver API
[=] [0] Tesla C2075
[=] Context 1 (CUDA)

Several types
of analysis

Analysis

. pointing out
are provided low memcpy

. throughput

tream 1

NE Analys 2 | I Details | B Console | W§ Settings = 0O

The amount of time performing compute is low relative to the amount g e required for memcy ¢
Resel All | M Analyze All

. Low Memcpy/Compute Overlap [ 0 ns / 8.176 ms = 0% ]

Timeline v The percentage of time when memcpy is being performed in parallel f¥th compute is low.

Multiprocessor m, : Low Memcpy Throughput [ 997.19 MB/s avg, for memcpys/accounting for 68.1% of a

The memory copies are not fully using the available host to device bandwidth.

Kernel Memory m _ Low Memcpy Overlap [ 0 ns / 15.79 ms = 0% ]




Online Optimization Help >

NVIDIA

Low Memcpy Throughput [ 997.19 MB/s avg, for memcpys accounting for 68.1% of all memcpy time ]
The memaory copies are not fully using the available host to device bandwidth.

Each analysis
— : P has link to Best
Visual Profiler Optimizatic ! )

B Preface . Practices
: Pinned Memory documentation

Content: = ~ |

| Parallel Computing with CU
Performance Metrics Page-locked or pinned memory transfers attain the highest bandwidth between the host
imizations . O Cle =16 Gen2 cards, for example, pinned memaory can attain
= (5 Data Transfer Between k
L Pinned Memaory
onous Transfe

how to use these functions as well as how to measure memory transfer

cution Configuration Op
4 Instruction Optimizations
¥4 Control Flow

ations and Bes| _ )
L e i Parent topic:

NVIDIA.




Pinned CPU Memory Implementation ,f,?zm

int main() {

int size = N * sizeof(float); CPU allocations
int wsize = (2 * RADIUS + 1) * sizeof(float); use pinned
//allocate resources memory to enable
float *weights; cudaMallocHost(&weights, wsize); fast memcpy
float *in; cudaMallocHost(&in, size);

float *out; cudaMallocHost(&out, size);
initializeWeights(weights, RADIUS);
initializeArray(in, N);

float *d_weights; cudaMalloc(&d _weights);
float *d _in; cudaMalloc(&d_in);

float *d _out; cudaMalloc(&d out);

No other changes

38



Pinned CPU Memory Result >

NVIDIA

0.12 s Memcpy DtoH [sync]
|=| Process: 8527

= Thread:.-1613166?2ﬂ Start  117.622 ms
Runtime API cudaMemcpy _
Driver APl Duration 10.469 ms
= [0] Tesla 2075 Size . 64 MB
[=| Context 1 (CUDA) Throughput 5.97 GB/s
T MemCpy (HtoD)
¥ MemCpy (DtoH) Memcpy DtoH [s...
&=l Compute [aPPTY STERCIT.-

¥ 3.4% [1] applyst... | applystencil... |
[=| Streams

Stream 1 B ElEE )« Memcpy DtoH [s...

Mame Value

4

B&E Analysis & Details B Console 3 W§ Settings AR L&

<terminated> viper runhandler [Program] /home/david/depot/davidg-linux-sw/sw/pvt/davidg/scl1l_example/stencil/run_gpu
GPU PINNED: ©.0297912 seconds, 4.50528 GBytes/s, ©.563158 GElements/s




Pinned CPU Memory Result >

NVIDIA

0.13s || Memcpy DtoH [sync]
|=| Process: 8527

Name WValue
= Threal:lz.-lblfrlbb?m o e ——
Runtime AP cudaMemcpy _
Driver AP Duration . 10.469 ms
(=] [0] Tesla C2075
(=] Context 1 (CUDA)
F MemCpy (HtoD)
¥ MemCpy (DtoH)
(= Compute
T 3.4% [1] applyst...
[=| Streams

Strea = B
Algorithm MElements/s | Speedup

Size . 64MB
Throughput 5.97 GB/s

Memcpy DtoH [s...

BE Analysis I C

B8
<terminated= vi

GPU PINNEL

*4 cores + hyperthreading
40



Application Optimization Process (Revisited) &3

NVIDIA

* ldentify Optimization Opportunities
® 1D stencil algorithm

¢ Parallelize with CUDA, confirm functional correctness
* Debugger
® Memory Checker

® Optimize
* Profiler (pinned memory)

41



Application Optimization Process (Revisited) &3

NVIDIA

* ldentify Optimization Opportunities
# 1D stencil algorithm

* Parallelize with CUDA, confirm functional correctness
* Debugger
* Memory Checker

® Optimize
* Profiler (pinned memory)
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<X

>
——

The percentage of time when memcpy is being performed in parallel with compute is low. NVIDIA

Low Memcpy/Compute Overlap [ 0 ns / 8.176 ms = 0% ]

* Advanced optimization

® Larger time investment Asynchronous Transfers and Overlapping Transfers with
Computation

* Potential for larger speedup

Data transfers between the host and the device using cudaMemcpy () are blocking
transfers; that is, control is returned to the host thread only after the data transfer is
complete. The cudaMemcpyAsync () function is a non-blocking variant of
cudaMemcpy () in which control is returned immediately to the host thread. In contrast
with cudaMemcpy (), the asynchronous transfer version requires pinned host memaory
(see ), and it contains an additional argument, a stream ID. A stream is

simply a sequence of operations that are performed in order on the device. Operations in
different streams can be interleaved and in some cases overlapped—a property that can
be used to hide data transfers between the host and the device.

Asynchronous transfers enable overlap of data transfers with computation in two

different ways. On all CUDA-enabled devices, it is possible to overlap host computation

with asynchronous data transfers and with device computations. For example,
demonstrates how host computation in the
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Data Partitioning Example >

Partition NVIDIA

data into 2
chunks

out TN ESESSNSASANSTSAAAANOAAANN
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Data Partitioning Example >

NVIDIA

memcpy compute memcpy
faaaaaaaasases ~~rreaaeaaress S aaaN
ceeeececeeceee

ot MAAAANESAASCaaSSaaaNINaaaaN
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Data Partitioning Example >

NVIDIA

chunk 1 chunk 2

in fANaANaaaNAaNAS NN NN
|
1
|

memcpy compute emcpy
L e e e e atatalafatatatalalalafafafad ANEN
ceeeececeece
memcpy compute memcpy

ceeeerreeceeee /
ot AN aNSNSNaaaEN
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Overlapped Compute/Memcpy N>

NVIDIA

(=l Process: 8689
(=l Thread: 812144512
Runtime API
Driver API
(= [0] Tesla C2075
(=] Context 1 (CUDA)
F MemCpy (HtoD)
F MemCpy (DtoH)

I=[ Compute AR EEEEEEEEEEEE RN

¥ 3.7% [16] applys... A EEEEEEEEEEEEERE
=l Streams

Stream 1
Stream 6
Stream 7
Stream 8

Stream 9




Overlapped Compute/Memcpy

(= Process: 8689

=l Thread:” Compute time
R completely

o “hidden”
I=| [0] Tesla C2075

[=| Context 1 (CUDA)
F MemCpy (HtoD)
T MemCpy (DtoH)

I= Compute A E EE BN B E B B EEEEE .

¥ 3.7% [16] applys... AR SR EEEEEEEEEE R
= Streams

Stream 1
Stream 6
Stream 7
Stream 8

Stream 9

>

NVIDIA

Exploit dual
memcpy
engines




Overlapped Compute/Memcpy Result >

NVIDIA

(= Process: 8689
(=] Thread: 812144512
Runtime API

Driver API
[=] [0] Tesla C2075
(=] Context 1 (CUDA)

T R oar (LA

Algorithm MElements/s | Speedup

c

SALISOren e

Stream 9

*4 cores + hyperthreading
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Parallel Nsight For Visual Studio

=0 stencilld111108_013_Capture_000.nvreport - Microsoft Visual Studio [Administrator) - Experimental Instanc

File Edit View Debug Team Msight Data Tools Test Window Help

LI E T e 3 [rypot T ol =rE] B Timeline

— e . CPU & GPU
@ [ I@h- + Timeline

Row Filters [

4727555 4730553 4733555 4736555 4735555 4742500 4745553 4T4B55H 4751555 4754553 4757550 EGIAWERERELERC 4700555 4763555 4772555 4775553 477555 4TBISS  4T7B4553 -

Lo o oy v by b b b e by o by e b a1 PN YT [ [ T T S YT T A T [T T T T AT 4

= Context 1 [1]

Runtime API H LB M LB HNMNHEHEHBEBEHEMNBMNEID cudaDeviceSynchronize [4564]
Driver API T T T T T T T T T T T [ cuchsynehvarize [4564)
Msight

Memory

Compute

1.4 % [18] applyStencil...

Streams

Stream 1

Stream 2

Stream 3

Stream 4

Stream 5

Row Information

1.4 % [18] applyStencillD [CUDA Device Function Call Row] 00DECEAE nwouds.dll culaunch¥eme!
Cursor Informatian cudartdz &1 15.41
dart32 41 15.4]1
A applyStencillD [CUDA Launch] sues =
0=013884AC stencilld. exe enum cudaError _ cdecl cudalaunch<char=(char *) c\program filesy, ~mrn i e et
4 culaunchKernel [CUDA Function Call] . I
0x01581E2€ stencilld.exe void _cdecl _device stub_ Z14applyStencil LDiiPKPIS1_fint,int float const * float = float *)  cusers\mstrengert.nvidie h
P 1[Conted] : 0x01381E4C stencilld.exe void _cdecl applyStencillD{int,int float const * float * float *) c\share\_presentatiog CO r rel atl O n
4 : 0 1 stencilld.exe gpu_overlap chshare\_ presentatiol - I
“riark Trace = 013817 stencilld.exe main cishare\_presentationsies Det al S
D stencilld.exe _ tmainCRTStartup fhdd\wetoolshort_bld\self_xB6 cri\sroues

Correlatlon A Keme ; kernel32.dl
Hierarchy




Parallel Nsight For Visual Studio

oo stencilld111108_015_Capture_000.nvreport - Microsoft Visual Studio (Administrator) - Experimental Instanc

File Edit View Debug Team Nsight

Py o a | & =Y

stencill d111108_01..apture 000.nvreport

Data

Tools Test
== G

Window Help

-| | ol o g e Bl e - - -

© 0«0 an
~ | Filter

rag 2 column header and d

Function Name

applyStencillD
applyStencillD

Instruction, Branch, Memory and
Other Analysis

applyStencillD [CUDA Launch]
P applyStencillD [CUDA Kemel]
4 Experimant Resulis
CUDA Occupancy
CUDA Instruction Statistics
CUDA Branch Statistics
CUDA Issue Efficiency
CUDA Achieved Flops

| CUDA Memary Statistics

View By: | Size

33.03 MR 876
e it Global RS

0.00 g
U.Dv Re

:.DD Re E

0.00 R
— ] e ————

0.00 Req
= Texiure

L1 Cache

98.8 %

147.84 MB

emory ==
o

44433408
45088763

Mame
Globa
Requesis
Loads
Stores
Transactions
Loads
Stores
Size
Loads
144.00 MB stores
Replay Overhead

~ Local

Overview | Global | Local | Atomics

Shared

Texture

Caches

Requesis

Buffers

R_SHARED
PREFER_SHARED

{32768, 1, 1}
{32768, 1, 1}

33,030,140.00
32,505,560.00
524,288.00
283,040,00
234,460.00
1,048,574.00
57 GB

75 GE
128.00 MB

0.16 %

B

Viewing: 18 / 18

1,321,830,000
1,300,549,000
20981,430.00
1572,253,000
1,930,290,000
41962,780.00
235.11 GB/=
230.11 GB/s

5.00 GB/s




Application Optimization Process (Revisited) &3

NVIDIA

* ldentify Optimization Opportunities
# 1D stencil algorithm

¢ Parallelize with CUDA, confirm functional correctness
* Debugger
* Memory Checker

¢ Optimize
* Profiler (pinned memory)
* Profiler (overlap memcpy and compute)
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lterative Optimization r\%%,;

* ldentify Optimization Opportunities
* Parallelize with CUDA

® Optimize
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Optimization Summary

® Initial CUDA parallelization and functional correctness
® 1-2 hours
® 2.2x speedup
® Optimize memory throughput
1-2 hours
4.3x speedup

Overlap compute and data movement
® 1-2days
® 7.2x speedup

.

<3

NVIDIA
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<D
Summary nf,%A

* CUDA accelerates compute-intensive parts of your application
* Tools are available to help with:

p-
.

ldentifying optimization opportunities
Functional correctness
Performance optimization

® Get Started

.

&

.

-
.

p
.

Download free CUDA Toolkit: www.nvidia.com/getcuda

Join the community: developer.nvidia.com/join

Check out the booth demo stations, experts table

See Parallel Nsight at the Microsoft booth (#1601 — 4t floor bridge)
Get stencil example: developer.nvidia.com/scll
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