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SM (Streaming Multi-processor)
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SIMT Architecture

Single-Instruction, Multiple-Thread

AKin to a single-instruction multiple-data (SIMD) array processor per
Flynn’s taxonomy combined with fine-grained multithreading.

SIMT architectures expose a large set of hardware threads, which is
partitioned into groups called warps.

 Interleave warp execution to hide latencies.
- Execution context for earch warp is kept on-chip for fast interleaving.

When scheduled, each thread of a warp executes on a given lane of a
SIMD function unit.

Each SM sub-partition can be thought of as a SIMT engine that creates,
manages, schedules, and executes warps of 32 parallel threads.
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Thread Hierarchy

CUDA/Software Hardware

Grid

Thread Block || Thread Block || Thread Block [ Thread Block - A CUDA kernel is launched on 3 grld of thread
uuuu blocks, which are completely independent.

WL

N
FARERNY JRERAR RRARYY ORIRNY

- Thread blocsk are executed on SMs.

« Several concurrent thread blocks can reside on an

Thread Block SM.
1 u - Thread blocks do not migrate.
YYYYYYY - Each block can be scheduled on any of the available

SMs, in any order, concurrently, or in series.

» Individual threads execute on scalar CUDA cores.
Scalar CUDA core
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Thread Block Clusters

- For Hopper GPUs, CUDA introduced an optional level in the thread hierarchy called Thread Block Clusters.

- Thread blocks in a cluster are guaranteed to be concurrently scheduled and enable efficient cooperation and data
sharing for threads across multiple SMs.

- For more information on this topic visit GTC session [S62192]: “Advanced Performance Optimization in CUDA”".
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https://www.nvidia.com/ja-jp/on-demand/session/gtc24-s62192/
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GPU H—RIJLETD;
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GPU H—RIJLETD;
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GPU Computing in a Nutshell

All GPU programming models follow this pattern

Program flow and resource
allocation is managed by
the CPU

—

Data & GPU “kernels” offload to the GPU

Rest of Sequential
CPU Code

CPU

GPU Parallelize using CUDA
Programming Model

—

CPU & GPU work together <SAnVIDIA I



CPU + GPU

CPU memory is larger, GPU memory has more
bandwidth

CPU and GPU memory are usually separate, connected
by an I/O bus (traditionally PCl-g)

Any data transferred between the CPU and GPU will be ‘
handled by the |/O Bus

RN

The 1/O Bus is relatively slow compared to memory High
bandwidth ign
Capacity
| o Memory
Basically, programmers have to handle explicit data
transfer between CPU and GPU 10 Bus High Bandwidth

\/1lemaor
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CUDA Unified Memory

Simplifed Developer Effort

Without Managed Memory

lalalulaalalamualalaanalalala
MY i O B B s
1] ]

1 1]
HiEn.

S

System GPU Memory
Memory

/

Commonly referred to as

"‘managed memory.”

With Managed Memory

]
1] ]
0000

CPU and GPU memories are

combined into a single, shared pool

Managed Memory
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Overview of GPU Programming



GPU Applications

https://www.nvidia.com/en-us/gpu-accelerated-applications/

<X NVIDIA. Products Solutions Industries For You Shop  Drivers  Support Q ©

Applications Accelerated
on NVIDIA Platforms

The Accelerated Apps Catalog features DPU- and GPU-accelerated solutions. Find

applications, developer tools, plugins, and more for Al, data science, design, and beyon
and discover how they benefit from the latest NVIDIA technologies.

Filter = Sort AZ Share < Search Apps Q,
Display 15 v per page 1-15 of 1594 items 1 v > D
Shenzhen Rayvision Technology Co Ltd Sunvega DexForce Technology Co Ltd
3D CAT.live 3D Cloud Design 3D Industrial Camera XEMA
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GPU Applications

https://www.nvidia.com/en-us/gpu-accelerated-applications/

<X NVIDIA. Products Solutions Industries For You Shop  Drivers  Support Q ©®©

Filter| ] Sort A:Z Share <« Search Apps Q.

Workload Industry Validation Type Acceleration

All Workloads (1594) Data Science (218) Rendering / Ray Tracing (236)

AR /VR (27) Edge Computing (83) Robotics (41)
Accelerated Computing & Developer Tools (130) Game Engines (5) Simulation / Modeling / Design (479)
Computer Vision / Video Analytics _I 500 LXJ: 0) — 7; |) 7_ > N 75\\ G PU ‘_ -Lj'rl\_ ing / Conferencing (102)
Conversational Al / NLP J / 5 / — X\ ’L’\ (10)
Cybersecurity / Fraud Detection (12) Other (196)
Data Center / Cloud (66) Recommenders / Personalization (13)
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https://www.nvidia.com/en-us/gpu-accelerated-applications/

Leading Applications

https://developer.nvidia.com/hpc-application-performance

ENngineering
FUN3D —
0 10 20 30 40
CPU-Only Nodes Replaced
CPU Server: Dual Xeon Platinum 8480+ @2GHz | GPU Server: Dual Xeon Platinum 8480+ @2GHz with 4x NVIDIA H200 | FUN3D Benchmark: waverider-20M w/chemistry, CUDA Version: 12.4
Geoscience
e Evan |
0 10 20 30 40
CPU-Only Nodes Replaced
CPU Server: Dual Xeon Platinum 8480+ @2GHz | GPU Server: Dual Xeon Platinum 8480+ @2GHz with 4x NVIDIA H200 | SPECFEM3D Benchmark: four_material_simple_model, CUDA Version: 12.4
Molecular Dynamics
AMBER 121
GROMACS
LAMMPS 37
NAMD 22
0 20 40 60 80 100 120 140

CPU-Only Nodes Replaced

CPU Server: Dual Xeon Platinum 8480+ @2GHz | GPU Server: Dual Xeon Platinum 8480+ @2GHz with 4x NVIDIA H200 | AMBER Benchmark: DC-STMV_NPT, CUDA Version: 12.4 | GROMACS Benchmark: ADH Dodec, CUDA Version: 12.4
| LAMMPS Benchmark: Tersoff, CUDA Version: 12.4 | NAMD Benchmark: apoal_nve_cuda, CUDA Version: 12.4

Physics

GTC

MILC

94
0 20 40 60

36

80 100
CPU-Only Nodes Replaced

CPU Server: Dual Xeon Platinum 8480+ @2GHz | GPU Server: Dual Xeon Platinum 8480+ @2GHz with 4x NVIDIA H200 | GTC Benchmark: moi#proc.in, CUDA Version: 12.4 | MILC Benchmark: Apex Medium, CUDA Version: 12.4

< NVIDIA.




Programming the NVIDIA Platform

Unmatched developer flexibility

Accelerated Standard Languages Incremental Optimization Platform Specialization

Languages & P
Programming OpenAcc @
Mode|s . More Science, Less Programming nVIDIA®
python CUDA

Fortra,n QFM C++ | Fortran | Python

Acceleration Libraries
Libraries &

HEINENelg Core Math Communication Data Analytics Al DSLs

GPU CPU Interconnect

Wherever You Run

PCs Workstations On Prem At the Edge
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NVIDIA Math Libraries
Linear Algebra, FFT, RNG, and Basic Math

i

L

CUBLAS cuSPARSE

N

cuTENSOR

N\

CURAND

AVaY

cuSOLVER

I

_/

Math API

Il

CUTLASS
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Partner Libraries

O

% FFmpeg {A} ARRAYFIRE

O

OpenCV

IMSL ~BditeSparse LA |tools

SSSSSSSS

Geometry Performance Primitives PARALUT'ON SOftwa re
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Programming the NVIDIA Platform

Unmatched Developer Flexibility

Accelerated Standard Languages Incremental Optimization Platform Specialization

Languages & P
Programming OpenAcc @
Mode|s . More Science, Less Programming nVIDIA®
python CUDA

Fortra,n QFM C++ | Fortran | Python

Acceleration Libraries
Libraries &

Frameworks Communication Data Analytics Al DSLs

GPU CPU Interconnect

Wherever You Run

PCs Workstations On Prem At the Edge
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SAXPY (Y = A*X +Y)

void saxpy(int n, float a,
float *x, float *y)

{
for (int 1 = 0; 1 < n; ++i)
yli] += a*x[i];

saxpy(N, 3.0, x, y);

void saxpy(int n, float a,
float *x, float *y)

{

[=](float xi, float yi) A
return a*xi + yi;

}

saxpy(N, 3.0, x, y);

CPU

X+n,

Y,

Y,

Standard Language

NVIDIA



SAXPY (Y = A*X +Y)

subroutine saxpy(n, a, X, Yy)
real :: a, x(:), y(:)

integer :: n, 1
do 1 =1, n

y(i) = a*x(i)+y(1)
enddo

end subroutine saxpy

call saxpy(N, 3.9, x, V)

subroutine saxpy(n, a, X, Yy)
real :: a, x(:), y(:)
integer :: n, 1

y(i) = a*x(i)+y(1)

end subroutine saxpy

call saxpy(N, 3.9, x, V)

CPU

Standard Language

NVIDIA



Programming the NVIDIA Platform

Unmatched Developer Flexibility

Accelerated Standard Languages Incremental Optimization Platform Specialization

Languages & P
Programming OpenAcc @
MOdels thOn N More Science, Less Programming nVIDIA®
PY CUDA
O enMP C++ | Fortran | Python
Fortran TRV Fortran | Py
Libraries & Acceleration Libraries
Frameworks Core Math Communication  Data Analytics Al DSLs

GPU CPU Interconnect

Wherever You Run

PCs Workstations On Prem At the Edge
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SAXPY (Y = A*X +Y)

void saxpy(int n,
float a,
float *x,
float *restrict y)
{
#pragma omp parallel for
for (int i = 0; i < n; ++i)
yli] += a*x[i];

saxpy(N, 3.0, x, y);

void saxpy(int n,
float a,
float *x,
float *restrict y)

for (int i = 0; i < n; ++i)
yli] += a*x[i];

saxpy(N, 3.0, x, y);

CPU (OpenMP)

OpenACC

NVIDIA



SAXPY (Y = A*X +Y)

void saxpy(int n,
float a,
float *x,
float *restrict y)
{
#pragma omp parallel for
for (int 1 = 0; 1 < n; ++i)
yli] += a*x[i];

saxpy(N, 3.0, x, y);

void saxpy(int n,

float a,
float *x,
float *restrict y)
{
for (int 1 = 0; 1 < n; ++1i)
y[i] += a*x[i];
}

saxpy(N, 3.0, x, y);

CPU (OpenMP)

OpenMP Offloading

NVIDIA



Programming the NVIDIA Platform

Unmatched Developer Flexibility

Accelerated Standard Languages Incremental Optimization Platform Specialization

P .

python

Languages &

Programming
Models

OpenACC <3

More Science, Less Programming n‘II DIA
®
CUDA

QpenMP C++ | Fortran | Python

Fortran

Acceleration Libraries
Libraries &

HEINENelg Core Math Communication Data Analytics Al DSLs

GPU CPU Interconnect

Wherever You Run

PCs Workstations On Prem At the Edge
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SAXPY (Y =
CUDA

void saxpy(int n, float a,
float *x, float *y)
{
for (int 1 = 0; 1 < n; ++i)
yli] += a*x[i];
}
saxpy(N, 3.8, x, y);
CPU

A*X +Y)

__global__ void saxpy(int n, float a,
float *x, float *y)

{

int i = threadIdx.x + blodkDim.x * blockIdx;

if (i < n)

y[i] += a*x[i];

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

cudaMalloc(&d_x, size);
cudaMalloc(&d_y, size);

cudaMemcpy(d_x, x, size,
cudaMemcpy(d_y, y, size,
saxpy<<< N/128, 128 =>>(N, 3.0, d_x,
cudaDeviceSynchronize();
cudaMemcpy(y, d_y, size,

d_y),;

cudaMemcpyHostToDevice) ;
cudaMemcpyHostToDevice) ;

cudaMemcpyDeviceToHost) ;

CUDA

<ANVIDIA. I



Standard Language Parallelism



HPC Programming in ISO C++

ISO is the place for portable concurrency and parallelism

C++17 & C++20 Preview support coming to NVC++

Parallel Algorithms

»  Parallel and vector concurrency

std: :mdspan Senders/Receivers

Forward Progress Guarantees »  HPC-oriented multi-dimensional array »  Standardized mechanism for asynchrony in
> Extend the C++ execution model for abstractions. the C++ standard library

accelerators » Preview Available Now »  Simplify launching and managing parallel work

across CPUs and accelerators

M Model Clarificati : » Preview Available Now

emory Model Claritications Range-Based Parallel Algorithms
> EXtend the C++ memaory mOdel fOr aCC6|eratOFS > |mproved multi_dimensional Ioops

Linear Algebra

Ranges Extended Floating Point Types » C++ standard algori.thrns API to Ii.near.algebra
» Simplifies iterating over a range of values - First-class support for formats new and old: »  Maps to vendor optimized BLAS libraries
std::float16_t/float64_t » Preview Available Now
Scalable Synchronization Library
»  Express thread synchronization that is MDArray and SubMDSpan
portable and scalable across CPUs and » Expands the capabilities of C++23 MDSpan

accelerators

> Preview Available Now

< NVIDIA.




NVC++ can compile Standard C++ algorithms with
the parallel execution policies

An NVC++ command-line option, -stdpar, is used to
enable GPU-accelerated C++ Parallel Algorithms

All data movement between host memory and GPU
device memory is performed implicitly and

automatically under the control of CUDA Unified
Memory

NVIDIA

void saxpy(int n, float a,

float *x, float *y)
{

[=](float xi, float yi) A
return a*xi + yi;

}

saxpy(N, 3.0, x, y);

X+n,

Y

Y



HPC Programming in ISO Fortran

ISO is the place for portable concurrency and parallelism

Preview support available now in

NVFORTRAN

Fortran Array Intrinsics

» NVFORTRAN 20.5 DO CONCURRENT Reductions
» Accelerated matmul, reshape, spread, ... > NVFORTRAN 21.11

» REDUCE subclause added
DO CONCURRENT ~  Support for +, *, MIN, MAX, IAND, IOR, IEOR.
>

7 NVFORTRAN 2011 Support for .AND., OR., .EQV., .NEQV on LOGICAL values
» Auto-offload & multi-core

Co-Arrays

» Not currently available
» Accelerated co-array images

@A NVIDIA. I



NVFORTRAN can compile do concurrent

An NVFORTRAN command-line option, -stdpar, is
used to enable GPU-accelerated do concurrent

All data movement between host memory and GPU
device memory is performed implicitly and

automatically under the control of CUDA Unified
Memory

NVIDIA

subroutine saxpy(n, a, X, Yy)

real :: a, x(:), y(:)
integer :: n, 1

y(i) = a*x(i)+y(i)

end subroutine saxpy

call saxpy(N, 3.0, Xx, y)



Standard Language Parallelism d—F®DEJLF

C++: nvc++, Fortran:nvfortran

-stdpar=gpu . Standard language parallelism Z&%IC L. NVIDIAGPU EIFICEIL
-stdpar=multicore . YJLF7 CPUMIFICHEIL RATEE

-Minfo=stdpar . EDQJDCHFIN I NI=DICEA T D AN S XytE—JZFRK

-gpu=. .. . GPU O— R&RICEE T 25T sE

S nvc++ -stdpar=gpu -Minfo=stdpar saxpy.c

NVIDIA HPC Compilers User's Guide

NVIDIA


https://docs.nvidia.com/hpc-sdk/compilers/hpc-compilers-user-guide/index.html




Why Developers Love OpenACC

Incremental Single Source Low Learning Curve

OpenACC is meant to
be easy to use, and
easy to learn

Programmer remains
in familiar C, C++, or
Fortran

No reason to learn
low-level details of
the hardware.

* Rebuild the same
code on multiple
architectures

» Maintain existing
sequential code

- Add annotations to | |
axnose parallelism Compiler determines
X P how to parallelize for

- After verifying the desired machine
correctness, annotate . .
Sequential code is

more of the code maintained

<ANVIDIA. I



void saxpy(int n,

float a,
Similar to OpenMP CPU code float *x,
#pragma omp ... -> #pragma acc ... float *restrict y)
Additional description about data transfer {
for (int 1 = 0; i < n; ++1i)
yli] += a*x[i];
}

saxpy(N, 3.0, x, y);

NVIDIA



subroutine saxpy(n, a, X, Y)
real :: a, Y(:), Y(:)

Similar to OpenMP CPU code Integer ::n, 1
IS omp ... -> lSacc ...
Additional description about data transfer ,
do i=1,n
Y(i) = a*X(i)+Y(i)
enddo

end subroutine saxpy

call saxpy(N, 3.0, Xx, y)

NVIDIA



Parallel Directive

void saxpy(int n,

float a,
*
Parallel directive with loop directive marks the region float *X' |
for parallel execution and distributes the iterations of float *restrict y)
the loop. {
parallel

for (int 1 = 0; 1 < n; ++i) A
yli] += a*x[i];
}
}

saxpy(N, 3.0, x, y);

NVIDIA



Kernels Directive

void saxpy(int n,

float a,
x*

The compiler will analyze the loops and parallelize float *X' .
those if it finds safe and profitable to do so. float *restrict y)

{

kernels
It the compiler decides that the loop is not for (int i = 0; i < n; ++i) {
parallelizable, it will not parallelize the loop. y[i] += a*x[i]:
}
}

saxpy(N, 3.0, x, y);

NVIDIA



Kernels vs. Parallel

Kernels Parallel
 Compiler decides what to parallelize with * Programmer decides what to parallelize and
direction from user communicates that to the compiler
 Compiler guarantees correctness  Programmer guarantees correctness
* Can cover multiple loop nests  Must decorate each loop

@A NVIDIA. I



Loop Directive

void saxpy(int n,

float a,
float *x,
Must be contained within an OpenACC compute float *restrict y)
region (either a parallel or a kernels region) {
loop

Allows the programmer to give additional information

and/or optimizations about the loop for (int 1 = @0; 1 < n; ++1) {

independent : F{LRIEE yli] += axx[il];
seq : IXIRZELT }
collapse . IL—TRE j

gang/vector : WHMLHIE

saxpy(N, 3.0, x, y);

NVIDIA



Data Clause

void saxpy(int n,
float a,
float *x,

Used with parallel / kernels directive |
float *restrict y)

{
Define data movement between host and device copy copyin
copyin : parallel sBiEFHEFIC CPU -> GPU for (int 1 = 06; i < n; ++1) {
copyout : parallel fE15#& T B§IC CPU <- GPU yli] += a*x[i];
copy . copyin & copyout O }
create : GPU _LICXTED ZHER }

saxpy(N, 3.0, x, y);

NVIDIA



Defines a lifetime for data on the device beyond
individual loops

During the region data is essentially "owned by * the

accelerator

Data movement between host and device

7 — X R FREFIC CPU -> GPU
D T XMEERR TEFIC CPU <- GPU
. copyin & copyout D
. GPU LI X T ZHER

NVIDIA

copyiln
copyout

copy
create

Data Directive

iy

3]

void saxpy(int n,

}

1
}

float a,
float *x,
float *restrict y)

for (int 1 = 0; 1 < n; ++i) |
yli] += a*x[i];

}

data

saxpy(N, 3.0, x, y);



CUDA Unified Memory

void saxpy(int n,
float a,
float *x,

float *restrict y)

Handling explicit data transfers between the host {
and device (CPU and GPU) can be difficult

for (int 1 = 0; 1 < n; ++i) |

] — * 1 |
The NVIDIA HPC Compilers can utilize CUDA y[i] += a*x[i];

Managed Memory to defer data management }

}

Dynamically allocated memory would be under
control of Unified Memory with an appropriate
compiler flag (-gpu=managed)

saxpy(N, 3.0, x, y);

NVIDIA



OpenACC J—F®DEIL R

C:nvc, C++:nvc++, Fortran:nvfortran

-acc=gpu . OpenACC ZEB3xIC L. NVIDIAGPU mEIlFICEIL R
-acc=multicore : WJILFI7 CPUMREIFICHEIL FAJHEE
-Minfo=accel . EDIDICMHIHEEINTAICET D AVNA T Xyt —IZKRR
-gpu=. . . . GPU O—R&RICEET 255z isE
-gpu=managed . CUDA Unified Memory 31t

S nvc -acc=gpu —gpu=managed -Minfo=accel saxpy.c

NVIDIA HPC Compilers User's Guide

NVIDIA


https://docs.nvidia.com/hpc-sdk/compilers/hpc-compilers-user-guide/index.html

CUDA




SAXPY (Y =
CUDA

void saxpy(int n, float a,
float *x, float *y)
{
for (int 1 = 0; 1 < n; ++i)
yli] += a*x[i];
}
saxpy(N, 3.8, x, y);
CPU

A*X +Y)

__global__ void saxpy(int n, float a,
float *x, float *y)

{

int i = threadIdx.x + blodkDim.x * blockIdx;

if (i < n)

y[i] += a*x[i];

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

cudaMalloc(&d_x, size);
cudaMalloc(&d_y, size);

cudaMemcpy(d_x, x, size,
cudaMemcpy(d_y, y, size,
saxpy<<< N/128, 128 =>>(N, 3.0, d_x,
cudaDeviceSynchronize();
cudaMemcpy(y, d_y, size,

d_y),;

cudaMemcpyHostToDevice) ;
cudaMemcpyHostToDevice) ;

cudaMemcpyDeviceToHost) ;

CUDA

<ANVIDIA. I



GPU E1TOERFRLE RN

GPU X CPU h 5 DFITEITENE

AFIT—A :CPU D5 GPU ICE

GPU h—=%JL:CPU Hh' 5% A

Ri% (H2D)

HHF—4& :GPU H5 CPU |CE

NVIDIA

Ti% (D2H)

CPU

ANT—X
BT IR

GRU A1 —=IL
A

[=]EA

BT~
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GPU L TEE



__global__ void saxpy(int n, float a,
float *x, float *y)

{
int i = threadIdx.x + blodkDim.x * blockIdx:;
if (i < n)
y[i]l += a*x[i];
}
AT — RERIX
11— )LECED size = N * sizeof(float);
[A]HA x = (float *) malloc(size);
H 17 — XX y = (float *) malloc(size);

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice) ;
cudaMemcpy(d_y, y, size, cudaMemcpyHostToDevice);
saxpy<<< N/128, 128 >>>(N, 3.0, d_x, d_y);
cudaDeviceSynchronize() ;

cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);

NVIDIA



__global__ void saxpy(int n, float a,
float *x, float *y)

{
int i = threadIdx.x + blodkDim.x * blockIdx:;
if (i < n)
yli] += a*x[i];

GPU X E ) FEfR }
11— I)LECE) size = N * sizeof(float);
[A]HA x = (float *) malloc(size);
H 17 — XX y = (float *) malloc(size);

cudaMalloc(&d_x, size);
cudaMalloc(&d_y, size);

saxpy<<< N/128, 128 >>>(N, 3.0, d_x, d_y);
cudaDeviceSynchronize();
cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);

NVIDIA



__global__ void saxpy(int n, float a,
float *x, float *y)

{
int i = threadIdx.x + blodkDim.x * blockIdx:;
if (i < n)
yli] += a*x[i];
GPU X &) FE{R }

ATIT—FERIX

size = N * sizeof(float);

[5]EA x = (float *) malloc(size);
H 17 — XERi% y = (float *) malloc(size);

cudaMalloc(&d_x, size);
cudaMalloc(&d_y, size);

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice);
cudaMemcpy(d_y, y, size, cudaMemcpyHostToDevice);

cudaDeviceSynchronize();
cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);

NVIDIA



GPU X E ) FER
AT —AERIX
11— )LECED

H 717 — Z Rk

NVIDIA

__global__ void saxpy(int n, float a,
float *x, float *y)

{
int i = threadIdx.x + blodkDim.x * blockIdx:;
if (i < n)
yli] += a*x[i];
}

size = N * sizeof(float);

x = (float *) malloc(size);
y = (float *) malloc(size);
cudaMalloc(&d_x, size);
cudaMalloc(&d_y, size);

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice);
cudaMemcpy(d_y, y, size, cudaMemcpyHostToDevice);
saxpy<<< N/128, 128 >>>(N, 3.0, d_x, d_y);

cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);



__global__ void saxpy(int n, float a,
float *x, float *y)

{
int i = threadIdx.x + blodkDim.x * blockIdx:;

if (i < n)
yl[i] += a*x[i];
GPU X & FE&® f

ATIT—FERIX

H— % )LECED size = N * sizeof(float);

[A]HA x = (float *) malloc(size);
y = (float *) malloc(size);
cudaMalloc(&d_x, size);
cudaMalloc(&d_y, size);

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice) ;
cudaMemcpy(d_y, y, size, cudaMemcpyHostToDevice);
saxpy<<< N/128, 128 >>>(N, 3.0, d_x, d_y);
cudaDeviceSynchronize() ;

NVIDIA



1 DD GPU X L v FODAIBARAB % 5Cb

1 DD GPU XL RHN 1 DOERHIERDINIE% B Y
threadIdx.x : Thread ID within the block
blockDim.x : Dimensions of the block
blockIdx.x : Blockindex within the grid

blockDim.x = 8 (8 threads/block) D4l

threadIdx.x threadIdx.Xx threadIdx. X

O|1(2|3[4|5|6(7(0|1]2[3|14|5|6|7|0|1(2|3[4|5|6/|7

\ N AN J
Y Y Y

blockIdx.x = 0 blockIdx.x = 1 blockIdx.x = 2

NVIDIA

void saxpy(int n, float a,
float *x, float *y)
{
int 1 =
if (i < n)
yl[i] += a*x[i];

size = N * sizeof(float);

x = (float *) malloc(size);
y = (float *) malloc(size);
cudaMalloc(&d_x, size);
cudaMalloc(&d_y, size);

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice);
cudaMemcpy(d_y, y, size, cudaMemcpyHostToDevice);
saxpy<<< N/128, 128 >>>(N, 3.0, d_x, d_y);
cudaDeviceSynchronize() ;

cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);



Global Thread ID

- Which thread will operate on the red element?

Array index

Local thread ID

1nt 1

9 4 6 7|8 9 10111213151617181920212223
threadIdx.x = 6
9 4 6 77|O 112345 /10112314567
\ y,
blockDim.x = 8 Y
blockIdx.x = 1

threadIdx.x + blockIdx.x * blockDim.x:

6

14 ;

+

]

*

8

)
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Execution Caniguration __global__ void saxpy(int n, float a,
float *x, float *y)

{
int i = threadIdx.x + blodkDim.x * blockIdx:;
if (i < n)
yli] += a*x[i];
<<< number_of_blocks, block_size >>> }

Block_size should be multiple of 32 size = N * sizeof(float):

X = (float *) malloc(size);
For block_size good numbers to start with would be y = (float *) malloc(size);
128 or 256 cudaMalloc(&d_x, size);

cudaMalloc(&d_y, size);

cudaMemcpy(d_x, x, size, cudaMemcpyHostToDevice) ;
cudaMemcpy(d_y, y, size, cudaMemcpyHostToDevice);
saxpy (N, 3.0, d_x, d_y);
cudaDeviceSynchronize() ;

cudaMemcpy(y, d_y, size, cudaMemcpyDeviceToHost);

NVIDIA



CUDA Unified Memory __global__ void saxpy(int n, float a,
float *x, float *y)

1
int i = threadIdx.x + blodkDim.x * blockIdx:;
if (i < n)
yli] += a*x[i];
A single pointer value enables CPUs and GPUs to }

access a single Unified Memory pool

N x e .
GPU programs may access Unified Memory from GPU size = N * sizeof(float);

and CPU threads concurrently without needing to
create separate allocations (cudaMalloc()) and
copy memory manually back and forth
(cudaMemcpy*())

CUDA APIs to allocate Unified Memory
(cudaMallocManaged())

saxpy<<< N/128, 128 >>>(N, 3.0, x, y);
cudaDeviceSynchronize();

NVIDIA



CUDA Unified Memory __global__ void saxpy(int n, float a,
float *x, float *y)

{
int i = threadIdx.x + blodkDim.x * blockIdx:;
if (i < n)
y[i] += a*x[i];
CUDA Unified Memory may not always have all the }

information necessary to make the best performance
decisions related to unified memory

size = N * sizeof(float);

The cudaMemPrefetchAsync APl is an asynchronous
API| that may migrate data to reside closer to the

specified processor cudaMallocManaged(&x, size);
cudaMallocManaged(&y, size);

saxpy<<< N/128, 128 >>>(N, 3.0, x, y);
cudaDeviceSynchronize();

NVIDIA
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% 8E Tips

3R ALY R (VD= 0O—KR/ANT7ZFXEHT. XTI RS2OHFOD 302 FHT
- bSO 3> 1 X 32,64, or 128 bytes
- CS YO 3 I, D VIFE L LY

- f5l: 4-byte element access, 128-byte transaction

128-byte x ISERRENREEY 1=
Coalesced r erp 7 :
v LTI

14151617 ... 293031

0 31

32-byte x32

|
N 2
]
|

Not Coalesced

128 byte BH 128 byte BR
Memory Adresses
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NSIGHT SYSTEMS

System profiler

Key Features:
System-wide application algorithm tuning
Multi-process tree support

Locate optimization opportunities

Visualize millions of events on a very fast GUI timeline
Or gaps of unused CPU and GPU time

Balance your workload across multiple CPUs and GPUs

CPU algorithms, utilization and thread state
GPU streams, kernels, memory transfers, etc

Command Line, Standalone, IDE Integration

OS: Linux (x86, Power, Arm SBSA, Tegra), Windows, MacOSX
host

GPUs: Pascal+

Docs/product: https://developer.nvidia.com/nsight-systems

4s 89.6ms +389.8ms +390ms +390.2ms +390.4ms +390.6ms +390.8ms +391ms +391.2ms +391.4ms +391.6ms +391.8ms

R T ]

+ [532] python
+ Threads (21)

» [532] python

+392ms +392.2ms +392.4ms +392.6ms +392.8ms +393ms —

- 15661 cafeTaskTre__| [ .G

pthread_cond_wait

pthread_cond_wait

8.
B L D |

] Al(es=SteamSymchron.

pthread_cond_wait

OS runtime librarie ... ||pthr.. [pthread.. |
CUDA AP (Jeemel agent ) cudaStreamSynchronize [
- (558] CaffeTaskThre_§ | | i - ' W ]
OS runtime librarie | |. ,thhread_mute.. pthread_...| pt.. [
CUDA API m : '.l cuda!ream!gdmmbe
v [562] CaffeTaskThre
OS runtime librarie pthread_mutex_lock
CUDA API
- [561] CaffeTaskThre B ) - ]
OS runtime librarie ot. pthread_mu...| |pthread_...| [pthre.., []
CUDA AP 8l cudaStreamsynchronize |}

16 threac
~ CUDA (Quadro GV10(
~ [All Streams)

» 99.5% Kernels

Events View ~

s Y v R —_—

80 0 Vokasgemm3nd.) (]
' , 80
(volta_sgemm _32x128..) (]
@0 -
>
Search...

Start “ generate_seed_pseudo =
3.85619s Begins: 3.88089s

Ends: 3.88217s (+1.283 ms)
3.8576s grid: <<<64, 1, 1>>>
3.85771s block: <<<64, 1, 1>>>

Launch Type: Regular
3.85916s Static Shared Memory: 0 bytes
3.86057s Dynamic Shared Memory: 0 bytes

Registers Per Thread: 48
SB8G05ES Local Memory Per Thread: 0 bytes
3.86202s Local Memory Total: 193,986,560 bytes
3.86343s Shared Memory executgd: 0 bytes

Shared Memory Bank Size: 4 B
3.86344s Theoretical occupancy: 62.5 %
2 RAARRKRc ¥ Launched from thread: 532

| [T
A
|<l‘
;
l“.
:
b
"

Frame #397 [5.956 ms] |

# Name Duration GPU
1 generate_seed_pseudo 1.249 ms GPU O
2 gen_sequenced 35.745 ps GPU 0O
3 _kernel_agent 1.696 ps GPU O
4 generate_seed_pseudo 1.271 ms GPU O
5 gen_sequenced 12.448 us GPU O
6 UniformShift 10.241 ps GPU O
7 generate_seed_pseudo 1.274 ms GPU O
8 gen_sequenced 11.872 us GPU O
9 UniformShift 9.856 ps GPU O
in nanarata caad ncaudn 1 26A me GRLLN
3s +530ms _ +531ms ‘ +532ms '-:-J-Jms ‘ +524ms £ 2300
P————
Blocked State . . s 1 . I ' .
DXGI AP
DX11 API we b {(M(io3011...
threads hidden... wmsje i | - A '(l;Ilto:-- _ - |
ID3D11DeviceContextd:Drawindexed
¥ Frame duration (60 FPS) | DX11 AP calls
v (CPU frame duration Frame #8595 E....l Frame #896 [3.634 ms] Beging: 3532506 {

1 Ends: 3.53258s (+ 200 ns)

Frame Action Build frame 3.., Build frame [3.684 ms]

Build frame [5,956 ms)

Frame health Memory Allocation [Delta 99,360,000.00%)

Stutter
v WDDM
v 3D
v Contexts

v Odfffdd8b3aeblded

CPU Context Queue

O ' ~

Bottom-Up View ~ Process [9695] vmd_LINUXAMD&4. 11 (3 of 19 threads)

S

 Filter... 99.82% (23,260 samples) of data is shown due to applied filters.
Y (23, ples)

Symbol Name
v VolumetricData::compute_volume_gradient()
v VolumetricData::compute_volume_gradient()
v BaseMolecule::add_volume_data(char const*, double const*, double const*, double const®, double const®, int, int, int, float®)
v VMDApp::molecule_add_velumetric(int, char const®, double const®, double const®, double const®, double const®, int, int, int, float™)
v obj_segmentation(void®, Tcl_Interp®, int, Tcl_Obj* const®)
[Max depth]
v BaseMolecule::add_volume_data(char const®, float const®, float const®, float const®, float const®, int, int, int, float®, float®, float®)
v MolFilePlugin::read_volumetric(Molecule®, int, int const®)
v VMDApp::molecule_load(int, char const®, char const®, FileSpec const®)
v text_cmd_mol(void®, Tcl_Interp®, int, char const™)
v TcllnvekeStringCommand
v TclEvalObjvinternal
v TclExecuteByteCode
v TclCompEvalObj
v TclEvalObjEx
v Tcl_RecordAndEvalObj
v TclTextInterp::evalFile(char const®)
v VMDApp:logfile_read(char const®)
v VMDreadStartup(VMDApp*)
[Max depth]
. Ox7f10ca7022d6

- obj_segmentation(void®, Tcl_Interp*, int, Tcl_Obj* const®)

Selﬁf % Module Name

20.14 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD64.11

20.14 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD64.11
18.30 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD64.11
18.30 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD®64.11
18.30 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD®64.11
18.30 [Max depth]
1.84 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD®64.11
1.84 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD64.11
1.84 /home/jchns/vmd/src/gtcbuilds/vmd_LINUXAMDS4.11
1.84 /home/jochns/vmd/src/gtcbuilds/vmd_LINUXAMDS4.11
1.84 /home/jochns/vmd/src/gtcbuilds/vmd_LINUXAMDS4.11
1.84 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD®64.11
1.84 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD64.11
1.84 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD®64.11
1.84 /home/jochns/vmd/src/gtcbuilds/vmd_LINUXAMDG4.11
1.84 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD64.11
1.84 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMD64.11
1.84 /home/jchns/vmd/src/gtcbuilds/vmd_LINUXAMDS4.11
1.84 /home/jochns/vmd/src/gtcbuilds/vmd_LINUXAMDS4.11
1.84 [Max depth]
5.13 /usr/lib64/libcuda.s0.390.25
3.44 /home/johns/vmd/src/gtcbuilds/vmd_LINUXAMDG4.11
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= Timeline View v | Oix U | A\ 6 warnings, 201 messages

+ ISPms +155ms +160ms $165ms $170ms +175ms ¢ 180ms +185ms +190ms
’ . L L_' 15 2 ‘ ) 2 - A | : 3 ) M ’ s L r s | ‘- 2 -
CPU 94 utilization ]
il o
~ Processes (49) Processes & |
v (@ [54354] pytho threads '

v Threads({15)

1
| MR

v ¥ [54354] python ~ ' OS runtime
APls | .

S

0OS runtime librane

NVTX NAVAD 4
CUDA AP annotations

cuBLAS

Profiler overhead

pthread_cond_wait

PP I T SPT R TP R PO (R R TR § e

MR ETYER! l 1111y H..ninlian.,!s}_’lnn.-

v ¥ [56191] python ~

......................................................................................

R R R IR R R IR IR R R AR R R AR R R AR R AR s R R AR I IR R AL IEEEEEEE I I BB 2

CUDA &

0S runtime librz “pthread_cond wait B | _pthread_cond_wait |
cuBLAS s ltludredlnddnnlinlld untadradtatl alnld

» ¥ [S6496) python -«

12 threads hidden —+

e GPU CUDA

e Kernels & memory
- 71.0% Default stradfie transfers rrsrrnoeysiT § NPV TSVEAN TNV TS VSR N 'V Y SreN'e N N
b 99.3% Kernels £ TR ) S VENTARNISRAAWTION N 'NRERION'S Y

b 0,7% Memory

i es - . . -

-

.-

NVTX

NVTX projected on
GPU CUDA streams

v _ [54268] py

-

K ' o
Bottom-Up View ~  Process [54354] python (6.1%, 15 of 15 threads) v
Y Filter... 0.81% {171 samples) of data is shown due to applied filters. Time filter: 3.14 to 3.19 (0.05 seconds or 0.6%). Search \
Symbol Name } CPUIP & ~ self.% - Module Name =
~ PyEval EvalFrameDefault 5.85 /opt/conda/bin/python3.6
- fast function backtrace 3.51 Jopt/conda/bin/python3.6
v call function sample data 3.51 Jopt/conda/bin/python3.6
» gen send ex 1.17 Jopt/conda/bin/python3.6
» PyEval EvalCodeWithName 0.58 Jopt/conda/bin/python3.6
[Max depth] 0.58 [Max depth]
v __pthread_mutex_unlock 3.51 /lib/x86_64-linux-gnu/libpthread-2.27.s0 -
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Nsight Systems CLI Ic&k2 7O 71U >Y

S nsys profile [options] <application> [application-arguments]

-t <parameters> . fL—X9BAPI Z38F. T 7 #JL bIlE. cuda, opengl nvtx, osrt
--stats <true|false> . true T70O7 2 LAERITROMTEHRZEEHIICKTR
-0 <filename> : BT 71 ILATIEE

--force-overwrite <true|false> : true THAZ77AILDOLEZZFF0], T 7 #JL ki& false

RE... FMIE. nsys --help or nsys [specific command] --help THEEZRIEE

<filename>.nsys-rep HHAOIN3
O—AJL PC IC <filename>.nsys-rep Z&rix L. Nsight Systems Ul TrRI{R1L

Nsight Systems user guide:

NVIDIA


https://docs.nvidia.com/nsight-systems/UserGuide/index.html

GPU 71—=IJL

5 — gt

ETT

Nsight Systems 101

Project 1 X report.nsys-rep X

= Timeline View v ‘ \ ® Options... \ Q X /\ 1 warning, 16 messages

| ! ! |

Os ~ +430ms +432ms +434ms +436ms +438ms +440ms +442ms +444ms +446ms +448ms +450ms ¢

~ CUDA HW (0000:01:00.0 - NV Kernel | ‘
» 100.0% pair_gpu_184

v 0.2% Memor

98.0% HtoD memcpy
2.0% DtoH memcpy

NVTX [ Pair_Calculation [74.822 ms]

¥ Threads (6)
~ [2061] rdf_c 0-100% L y

OS runtime libraries

OpenACC -‘ { Wait : rdf_data_directive.cpp:184 Wait : rdf_data_directive.cpp:184 ][Walt rdf_data_dire...

NVTX [ Palr_CaIcuIatlon [75.256 ms]

CUDA API E] . { cuStreamSynchronize ][ cuStreamSynchronize ][cuStreamSynchronize

Profiler overhead

v [2071] 0-100%

OS runtime libraries poll
Profiler overhead

Stats System View ~

CUDA APl Summary “ Time ¥ Total Time Instances Avg Med Min Max StdDev Category Operation

CUDA API Trace 0 : -
CUDA GPU Kernel Summary 99.8% 74.683 ms 10 7.468ms 7.469ms 7.468ms 7.469 ms 403 ns CUDA_KERNEL pair_gpu_184(const double * const

CUDA GPU Kernel/Grid/Block Summa 0.2% 127.008 us 4 31752 us 41.664us 1920 us 41.760 us  19.888 us MEMORY_OPER [CUDA memcpy Host-to-Device]

CUDA GPU MemOps Summary (by Si 0 e
CUDA GPU MemOps Summary (by Ti 0.0% 2.528 pus 1 2528 us 2.528 us 2.528 us  2.528 pus Ons MEMORY_OPER [CUDA memcpy Device-to-Host]

CUDA GPU Trace

CUDA Kernel Launch & Exec Time Su
CUDA Kernel Launch & Exec Time Tre
CUDA Summary (API/Kernels/MemOk
DX11 PIX Range Summary

DX12 GPU Command List PIX Ranges

DX12 PIX Ranae Summarv N
q b

CLI command::
nsys stats -r cuda_gpu_sum "/Users/

naruhikot/Desktop/report.sqglite" < b

<A NVIDIA. I
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Win/Mac/Linux FA % g%

NVIDIA Nsight Systems

NVIDIA Nsight™ Systems is a system-wide performance analysis tool
designed to visualize an application’s algorithms, identify the largest

opportunities to optimize, and tune to scale efficiently across any quantity or

size of CPUs and GPUs, from large servers to our smallest system on a chip
(SoC).

Nsight Systems 20Z24.1 is available now.

Download

Latest version

Supported
Platforms

System
Requirements

Release Notes
Feature Table

Archives

Resources

Documentation

Self-Paced
Training

Tutorial Sessions
Video Series

Support

Download NVIDIA Nsight
Systems

Nsight Systems 2024.1 is Available Now

Review the supported platforms for NVIDIA Nsight™ Systems to choose the

correct version for your host and profiling target.
If profiling from the CLI, pick your platform based on where the CLI will be run. If

using the GUI (Full Version) to view reports, do profiling, or do remote profiling, pick

your platform based on the host PC architecture where the GUI will be run.

Also review the system requirements before downloading.

Desktop, workstation, and server platforms:

Download for Windows on x86_64

Download for Linux on x86_64

Download for Linux on Power9

Download for Linux on Arm Servers and NVIDIA Grace

Download for macOS

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

<ANVIDIA. I
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AN RIADEZER N TG TS, ZRT0T7()> ) 608

S nsys profile --stats=true —o <filename> <application> [application-arguments]
S nsys stats --report cuda_gpu_sum <filename>.sqglite

--stats=true Z{I9 3 & T. MeHIBEHRA S XN/ <filename>.sqlite HHITNB
nsys stats J< > KT <filename>.sqlite Z&ALIE

Processing [report1.sqlite] with [/opt/nvidia/hpc_sdk/Linux_x86_64/23.7/profilers/Nsight_Systems/host-linux-
x64/reports/cuda_gpu_sum.py]...

** CUDA GPU Summary (Kernels/MemOps) (cuda_gpu_sum):

Time (%) Total Time (ns) Instances Avg (ns) Med (ns) Min (ns) Max (ns) StdDev (ns) Category Operation
35.0 1,536 1 1,536.0 1,536.0 1,536 1,536 0.0 CUDA_KERNEL saxpy_4_gpu
32.8 1,439 2 719.5 719.5 575 864 204 .4 MEMORY_OPER [CUDA memcpy HtoD]
32.1 1,408 1 1,408.0 1,408.0 1,408 1,408 0.0 MEMORY_OPER [CUDA memcpy DtoH]

Nsight Systems user guide:

NVIDIA


https://docs.nvidia.com/nsight-systems/UserGuide/index.html
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