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Disclaimer:
This material is ONLY for academic purposes developed by

NVIDIA in the context of NVIDIA® CUDA Teaching Program
and NVIDIA® CUDA Reseearch Center and the NVIDIA
Scientific Program.

Instructors are not official speakers of NVIDIA® Incorporated.

Some of these slides are proposed by Pedro Velho (UFRGS),
Michael Lasen (NVIDIA@) and Monica Hernandez (SC3-UIS).
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Prerequisites

® You need experience with C

® You don’t need GPU experience

® You don’t need parallel programming experience (It’s not really
true, if you have is better!!!)




Evolution of Configurable
Architecture
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GPUs vs CPUs Pertormance
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GPUs vs CPUSs
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Massive Parallel Processing
(MPP)

® Computer system with .
ma ny independen‘l’ @ 1998 The Computer Language Co. Inc.
arithmetic units or entire
microprocessors, that
run in parallel

® MPPA is a MIMD
(Multiple Instruction
streams, Multiple Data)
architecture, with
distributed memory
accessed locally, not
shared globally




® Mulficore: Execution
speed of sequential
programs while
moving into multiple

cores.

® Many-core: ":'_
Execution i.szzg E:::::::::::::::::E
throughput of it

parallel applicafions.



CPUs and GPUs Design
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PU Graphics Pipeline

Memory Resources
(Buffer, Texture
Constant Buffer)

Input Assembler
Stage
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Vertex Shader
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Stream Output
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Bottleneck Flow

Vary Frame | Frame Buffer

RunApp ——» Buffer i Bandwidth |
= —/ Bandwidth — _Limited

o No

Vary Texture | Texture
i ilteri > Bandwidth |
Size/Filtering | < e

Vary | Fragment
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| Vertex
Transform
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Vary Vertex
Instructions |
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Vary Vertex | FPS Transfer
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cPU
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AMD™ s RADEON™ HD2900XT
Pipeline

l

rvmm index Fotch S Command Processor

Tessellator Geometry Rasterizer
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Shader Export
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- TESLA™ Graphics and
Computing Architecture

Features
® TESLA™ shader processors are fully
programmable

> Large instructions memory
> Cache Instructions
> Logic Sequence Instructions
® TESLA™ to non-graphics programes:
> H|erorch|cc1I Porc:llel Threods




N GPU Architecture:

Two Main Components

® Globadl memory
> Analogous to RAM in a CPU server
> Accessible by both GPU and CPU
> Currently up to 6 GB
>

Bandwidth curren‘rly up to 150 GB/s for
Quadro and Tesla products |

> ECC on/off option for Quadro onol Teslo ________ a
products N :

® Streaming Multiprocessors (SMs)
> Perform the oc’ruol compu’ro’rlons

o g .
-O\C N V.l aYe - O\N/N° e - —1 1 1 1 1
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Heterogeneous Computing

= Terminology:
= Host  The CPU and its memory (host memory)
= Device The GPU and its memory (device memory)




- GPU Architecture:
Two Main Components

® Global memory

Analogous to RAM in a CPU server
Accessible by both GPU and CPU
Currently up to 6 GB

Bandwidth currently up to 150 GB/s for
Quadro and Tesla products

> ECC on/off option for Quadroand Tesla By l
products

v V VvV Vv

® Streaming Multiprocessors (SMs)
> Perform the actual computations
> Each SM has its own:

- Control units, registers, execution pipelines,
caches

h.'..;.‘..l. i Gilla Fhread M



GPU Architecture - Fermi:
Sire\‘am\i\ng Multiprocessor (SM)

® 32 CUDA Cores per SM

> 32 fp32 ops/clock

> 16 fpb64 ops/clock

> 32int32 ops/clock
® 2 warp schedulers

> Up to 1636 threads
concurrently

® 4 special-function units

- ® 64K N"Areaomem +11




GPU Architecture — Fermi:
CUDA Core

® Floating pom’r &
Integer unit

> |EEE 754- 2008 floqhng—
point standard

> Fused mulfiply-add
(FMA) instruction for
both single and
double precision

® Logic unit




GPGPU Accelerate Computing

Latency Processor + Throughput processor

00000000 00000000
SNEEEEES EEEEEEEE
SEEEEEEN EEEEEEEE
SEEEEEEN EEEEEEER
SEEEEEEN EEEEEEEE
SESEEEEN EREEEEER
SEEEEEER EEEEEEEE
SEEEEEER EEEEEEEE
SEEEEEED EEEEEEEE
SEEEEEER EEEEEEEE
SENENEEN SEEEEEED
00000000 0000oaog
SEEEENED EEEEEEEm Y




Low Latency or High

100s of ALUs

Control

CPU GPU

— * Optimized for data-parallel,

* Optimized for low- throughput computation
latency access to cached ¢ Architecture tolerant of memory
data sets latency :

¢« Control logic for out-of- ¢ More transistors dedicated

Qrder and speculative computation




PCle Bus

1. Copy input data from CPU
memory to GPU memory



Processing Flo

CPU

PCle Bus >

W,

1. Copy input data from CPU
memory to GPU memory
2. Load GPU program and
exaailics
caching data on chip for

DRAM



Processing Flow,

PCle Bus

1. Copy input data from CPU
memory to GPU memory
2. Load GPU program and
exaeilics
caching data on chip for




TESLA : SC3 Choice in GPUs

Fermi (GUANE-1) Kepler (GUANE-2)

Instruction Cache

Register File (65,536 x 32-bit)
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Medical Molecular Video Matlab Astrophysics
Imaging Dynamics Transcoding Computing RIKEN
U of Utah U of lllinois, Elemental Tech AccelerEyes

GPUsAccelerate Science

Financial LinearAlgebra 3L | Quantum™™ Gene
(0)i{e] (e} U of lllinois, U of Maryland




\3 Ways to Accelerate Applications
W




3 Steps to CUDA-
accelerated application

® Stclelp 1: Substitute library calls with equivalent CUDA library
calls

saxpy ( .. ) cublasSaxpy ( .. )

® Step 2: Manage data locality

- with CUDA: cudaMalloc (), cudaMemcpy (), etc.
- with CUBLAS: cublasAlloc (),
cublasSetVector (), etc.




Some GPU-accelerated
_bra

NVIDIA  NVIDIA

NVIDIA NPP

NVIDIA cuBLAS
cuRAND cuSPARSE 7 - 3
TP (EULA|tools
L el
Vector Signal GPU Matrix Algebra @
Image Accelerated on QPU and spnsaucs NVIDIA cuFFT
. )
/f% {=ll E E .:l E:' ( (? 7 é}
. u N CI Wf@c@?
ROGUE WAVE e’
S PN AR ArrayFire Matrix Sparse Lmeal@ C++ STL @
IMSL Library Computations Algebra = FeaglJJrSZ for e




Explore the CUDA

L ibraries

Fcosyste

nvIDIA

+ CUDA Tools and

Ecosystem
described in detail
on NVIDIA

Developer Zone:

eveloper.nvidia.co
m/cuda-tools-
ecosystem

DEVELOPER
ZONE

DEVELOPER CENTERS

TECHNOLOGIES TOOLS RESOURCES COMMUNITY

The NVIDIA Registered Developer
Program

CUDA Newsletter

CUDA Downloads

CUDA GPUs

Get Started - Parallel Computing
CUDA Spotlights

CUDA Tools & Ecosystem

FEATURED ARTICLES

0OpenACC Compiler
For $199

Introducing NVIDIA
b Nsight Visual Studio

Edition 2.2, With
Local Single GPU CUDA
Debugging!

(. CUDA Spotlight:
Lorena Barba,
Boston University
Stanford To Host

CUDA On Campus
Day, April 13, 2012

CUDA Spotlight:




3 in House Examples
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linfluenza MetaGenomics

N-Bodies Based in
Montecarlo

ng EDF

icroscopy

M




> Memory Allocation

® NVIDIA TESLA K40 Performance
Evaluation
> Application Assembly and Portability

® NVIDIA TESLAK20x + OMMPs
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3 Application Examples

® GROMACS +FlowVR

> Visualisation Assembly addressed to Multi-GPU Execution
(In Consortium with INRIA Rhone Alpes, France)
® Seismic ([I.nverse and Elastic) Methods for Oil and Gas
Prospective

> GPU and Multi-GPU Codes (In Consortium with ICP-
Ecopetrol and Barcelona Supercomputing
Center(BSC_CNS) )

® VisioPlatform for Astronomy and Astrophysics
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New Challenges

® Gas Pipelines Simulation
® Water Simulations
® Falls of Cosmic Ray

® Seismic Solvers to Oil and Gas Needs (in
Consorfium with BSC)




More Programming
Languages

Python » PpycuDA

S MATLAB g\




\Ge’r Started Today

These languages are supported on all CUDA-capable GPUs.

You might alrea ave a CUDA-capable GPU in your laptop or desktop PC!

'CUDA C/C++ I GPU.NET
http://developer.nvidia.c http://tidepowerd.com

/ Thrust C++ Template Lib
http://developer.nvidia.col

" MATLA
~ http://www.
[ matlab-gpqu.htgﬁ[

e

'CUDA Fortran

\Viathematica

- \ NLp://W



6 CUDA C

Standard C Parallel C

///’—7 “\\\\ __global__ “\\\\
void saxpy(int n, float a, void saxpy(int n, float a,

float *x, float *y) float *x, float *y)
{ {
for (int i = 0; i < n; ++i) int i = blockIdx.x*blockDim.x + threadIdx.x;
y[il = a*x[i] + yl[il; if (i < n) y[i] = a*x[i] + y[il;
} }
int N = 1<<20; int N = 1<<20;

cudaMemcpy(d_x, x, N, cudamemcpyHostToDevice);
cudamMemcpy(d_y, y, N, cudaMemcpyHostToDevice);

// Perform SAXPY on 1M elements // Perform SAXPY on 1M elements
saxpy(N, 2.0, X, y); saxpy<<<4096,256>>>(N, 2.0, d_x, d_y);

cudaMemcpy(y, d_y, N, cudaMemcpyDeviceToHost);




Serial C++ Code
with STL and Boost

A: N = 1<<20;
std: :vector<float> x(N), y(N);

// Perform SAXPY on 1M elements

std::transform(x.begin(),
x.end(Q),

y.begin(Q),

y.end(),

2.0f * _1 + _2);

N

Thrust C++ Template Library

Parallel C++ Code

ﬁn = 1<<20;
thrust: :host_vector<float> x(N),

y(N);

thrust: :device_vector<float> d_x
thrust: :device_vector<float> d_y

// Perform SAXPY on 1M elements
thrust: :transform(d_x.begin(),

d_x.end(),
d_y.beginQ,
_y.beginQ),




Standard Fortran

mu'le mymodule contains \
subroutine saxpy(n, a, X, Yy)

real :: x(:), y(:), a

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

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

end subroutine saxpy
end module mymodule

program main
use mymodule
real :: x(2**20), y(2*%*20)
x=1.0, y=2.0

I Perform SAXPY on 1M elements
call saxpy(2**20, 2.0, x, y)

end program main

CUDA Fortran

Parallel Fortran

module mymodule contains
attributes(global) subroutine saxpy(n, a, x, y)
real :: x(:), y(:), a
integer :: n, i
attributes(value) :: a, n
1 = threadIdx%x+(blockIdx%x-1)*b1lockDim¥%x
if (i<=n) y(@() = a*x()+y()
end subroutine saxpy
end module mymodule

program main
use cudafor; use mymodule
real, device :: x_d(2**20), y_d(2**20)
xd=1.0, yd=2.0

! Perform SAXPY on 1M elements
call saxpy<<<4096,256>>>(2**20, 2.0, x_d, y_d)

end program main




Standard Python

//:;;ort humpy as np

def saxpy(a, x, y):

return [a * Xi + yi

for xi, yi in zip(x, y)]

X = np.arange(2**20,
dtype=np.float32)
y = np.arange(2**20,
dtype=np.float32)

saxpy (2.0, X, y)

cpu_result =

Python

Copperhead: Parallel Python
from copperhead import * el B}
import numpy as np (::{‘}
def saxpy(a, x, y):

return [a * xi + yi

@Qcu
for xi, yi in zip(x, y)]

np.arange(2**20, dtype=np.float32)
np.arange(2**20, dtype=np.float32)

X
y

with places.gpu0:
gpu_result = saxpy(2.0, x, y)

with places.openmp:
cpu_result = saxpy(2.0, x, y)




~ Anatomy of a CUDA
Application

® Serial code executes in a Host (CPU) thread

® Parallel code\@xecu’res in many Device (GPU) threads
QACross mul’riple\brgcessing elements

CUDA Application

dYerial coade

Device = GPU
carailiel
code

Sderial code

Host = CPU g
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CUDA Kernels

® Paradllel p
as a kernel

> Entire GPU execu

lon of application: execute

kernel, many threads

® CUDA threads: CPU Ho Executes functions

- > Lightwel GPU Device cutes kernels




® A kernel IS a function
executed on the GPU as
an array of ’rhredds Ig

parallel |
odar X =
input[threadldx.x];
® All threads execute the float y = func(x);

same code, can take ou’rpu’r[’rhreodldx x| =
different paths









CUDA Kernels Subdlwde into

.os]\&




CUDA Kernels Subdlwde into

;os]‘§

O Threads are grouped into blocks




CUDA Kernels: Subdivide into




Kernel Executio

CUDA thread
block

n

CUDA
NiElelagligle

= "I

CUDA core

SOr

executed by a core

* Each block is
executed by one SM
and does not migrate

» Several concurrent
blocks can reside on
one SM depending on
the blocks’ memory
requirements and the

%Mcwpsmgws
SMIHES on one




\Qread blocks allow

cooperation

® Threads may need to cooperate:

> Cooperatively load/store blocks of memory
that they all use

> Share results with each other or cooperate to
produce a single result

> Synchronize with each other




Thread blocks allow scalability

® Blocks can execute in any order, concurrently or sequentially

® Thisindependence between blocks gives scalability:
> A kernel scales across any number of SMs

Device with 2 SMs Kg:?:' Device with 4 SMs

SMO SM 1 Block 0 SMO SM 1 SM 2 SM 3
Block 0 Block 1 Block 1 Block 0 Block 1 Block 2 Block 3

Block 2 Block 3 Block 2 Block 4 Block 5 Block 6 Block 7

Block 4 Block 5 || Block 3 | '
Block 6 Block 7

Block 4
Block 5
Block 6

Block 7



Memory hierarc;hy

® Thread:

> Reqisters
> Local memory

® Block of threads:
> Shared memor Y

® All blocks:
> Glob.ol memory




Dynamic Parallelism

Sl Kepler GPU




\\Dyn amic Work Generation

Coarse gﬁd\ Fine grid Dynamic grid
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What is Dynamic Parallelism?

The ability to launch new kernels from the GPU
> Dynamically - based on run-time data
> Simultaneously - from multiple threads at once
> Independently - each thread can launch a different grid

7 N




Familiar Programming Model

int main() {
float *data; _ CPU """""""""""

setup(data);
I
A <<< ... >>> (data); :
B <<< ... >>> (data); |
C <<< ... >>> (data); :
; ; - GPU
cudabeviceSynchronize(); :
return 0;

{

__global__ void B(float *data)

do_stuff(data);

X <<< ... >>> (data); ‘\

Y <<< ... >> (data);

e ———




Simpler Code: LU Example

LU decomposition (Fermi) LU decomposition (Kepler)
dgetrf (N, N) { | dgetrf (N, N) | ,
for j=1 to N [ ! :
for i=1 to 64 i dgetrf<<<>>> _E_> dgetrf (N, N) {
idamax<<<>>> ' - . ! for j=1 to N
memcpy : [ idamax () ; ! for i=1 to 64
dswap<<<>>> : : idamax<<<>>>
memcpy : = || e (7 ] dswap<<<>>>
dscal<<<>>> © 1+ : dscal<<<>>>
dger<<<>>> —i—» dscal () ; ! dger<<<>>>
next i — [ : next i
! gerO); i dlaswap<<<>>>
memcpy i ! dtrsm<<<>>>
dlaswap<<<>>> g [ : dgemm<<<>>>
dtrsm<<<>>> | dlaswap () ; i next j
dgemm<<<>>> : > : }
next j . P | dtrsm(); . :
g : > synchronize () ; !
: dgemm () ; } .
: -




Program Model Interests

GPU-side Libraries

Batching to Help Fill GPU

Dynamic Load Balancing

Simplify CPU/GPU Divide
\
\\

Data-Dependent Execution

Recursive Parallel
Algorithms



® NVIDIA DEVELOPI\/\ENT SITE

- hitp: //developer nvidia.com/page/home.html

® NVIDIA CUDA ZONE\

. http://www.nvidia.com/obiect/
cuda home new.html
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Compiling a CUDA™ code

® Using nvcc ompilator

> Visit this site and the examples:

- http://developer.nvidia.com/object/
cuda 3 1 downloads.nt

® Typical compiling
nvcc mycudacode.cu




inal Notes

® CUDA Is good
> Parallel Massive Programs

> Low Bandwidth and Fine granularity
Programs

> Scale Programs
® Efficient Load Balancing
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Thanks - Questions?
p://sc3.uis.edu.co




