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What is GPU Computing?
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Computing with CPU + GPU
Heterogeneous Computing
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GPUs: Turning Point in Supercomputing <A

nvibDia

Desktop beats Cluster

4 Tesla
C1060 GPUs

L8

256 AMD dual-
core Opterons

55 60 65 70 Tesla Personal

$CaICUA Digital Tomography Supercomputer
5 Million Reconstruction Time
$10,000

Source: University of Antwerp, Belgium



Not 2x or 3x : Speedups are 20x to 150x <3

nvibDiA

Medical Imaging Molecular Dynamics Video Transcoding Matlab Computing Astrophysics
U of Utah U of lllinois, Urbana Elemental Tech AccelerEyes RIKEN

Financial simulation Linear Algebra 3D Ultrasound Quantum Chemistry Gene Sequencing
Oxford Universidad Jaime Techniscan U of lllinois, Urbana U of Maryland
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NVIDIA Tesla 10-Series GPU

Massively parallel, many core architecture

240 Processor Cores

1 Teraflops - 1,000 times Cray X-MP

IEEE Compliant Double Precision Floating Point

Designed for Scientific Computing



Tesla T10 GPU: 240 Processor Cores

Thread Processor (TP)

Multi-banked
Register File

4

® Processor core has
* Floating point / Integer unit
* Move, compare, logic, branch unit

IEEE 754 floating point

# Single and Double

102 GB/s high-speed interface
to memory

Thread Processor Array (TPA)

Special Function Unit (SFU)

TP Array Shared Memory

s s Sl SRR S SRR
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GDDR3
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102 GB/sec

30 TPAs = 240 Processors

512 bit
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Parallel Computing on All GPUs f’%‘
100+ Million CUDA GPUs Deployed

GeForce® Teslam Quadro®
Entertainment High-Performance Computing Design & Creation




Tesla GPU Computing Products <3
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Tesla Personal

Tesla S1070 1U System

Tesla C1060 Supercomputer
Computing Board (4 Tesla C1060s)
GPUs 4 Tesla GPUs 1 Tesla GPU 4 Tesla GPUs
Single Precision Perf 4.14 Teraflops 933 Gigaflops 3.7 Teraflops
Double Precision Perf 346 Gigaflops 78 Gigaflops 312 Gigaflops
Memory 4 GB/ GPU 4 GB 4 GB/ GPU




Tesla S1070: Green Supercomputing ,S%A

20X Better
Performance / Watt

20
15 ® Hess ® University of Heidelberg
¢ Chevron ® University of lllinois
¢ Petrobras ® University of North Carolina
10 * NCSA ® Max Planck Institute
* CEA * Rice University
® Tokyo Tech ¢ University of Maryland
2 * JFCOM *  GusGus
*  SAIC ® Eotvas University
) ¢ Federal ® University of Wuppertal
® Motorola ® Chinese Academy of Sciences
x86 Server Tesla S1070 * Kodak * National Taiwan University
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A $5 Million Datacenter
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CPU 1U Server 2 Quad-core Xeon 8 CPU Cores + CPU 1U Server
CPUs: 8 cores 4 GPUs =968 cores Tesla 1U System
0.17 Teraflop (single) 4.14 Teraflops (single)
0.08 Teraflop (double) 0.346 Teraflop (double)
$ 3,000 $ 11,000
700 W 1500 W
1819 CPU servers 455 CPU servers )

310 Teraflops (single)

155 Teraflops (double)

Total area 16K sq feet

Total 1273 KW

455 Tesla systems

1961 Teraflops (single)

196 Teraflops (double)

Total area 9K sq feet

Total 682 KW

===)p 6x more perf

=) 60% smaller

=) 5 the power
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Introducing the Tesla Personal Supercomputer >
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Supercomputing Performance
® Massively parallel CUDA Architecture
® 960 cores. 4 TeraFlops

® 250x the performance of a desktop

Personal
# One researcher, one supercomputer
® Plugs into standard power strip

Accessible
® Program in C for Windows, Linux
® Available now worldwide under $10,000
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More Information <A

NVIDIA
® Tesla main page ® YouTube Videos
® http://www.nvidia.com/tesla * http://www.youtube.com/nvidiatesla
® Product SpeCS, Marketing ¢ Hear CUDA deve|_0perS talk
Literature about their experiences
® CUDA Zone

® http://www.nvidia.com/cuda
* Applications, Papers, Videos
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http://www.nvidia.com/tesla
http://www.nvidia.com/cuda
http://www.youtube.com/nvidiatesla

UDA

CUDA Parallel Programming Architecture
and Programming Model
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CUDA Parallel Computing Architecture <3
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Parallel computing architecture Appllcatlon

and programming model

DX11
Includes a C compiler plus UPOnCEEROran Compute
support for OpenCL and

DX11 Compute

Architected to natively support
all computational interfaces

(standard languages and APIs)

14
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CUDA Facts

<A cuba ZoneE
NVIDIA

i

DOWNLOAD CUDA WHAT IS CUDA DEVELOPING WITH CUDA FORUMS NEWS AND EVENTS

750+ Research Papers

r;“.‘ Rl
] . I T g
GLAMER®lab AP for Linear H.264 Video Encoder Large Vocabulary Continuous Qunnﬂtaﬁw Risk Analysis and
Algebra Operations on GPUs Speech Recognition Algorithmic Trading Systems

50+ universities teaching CUDA S - \. | : 3

i =

1 0 0 IVI i I I i o n C U D A- E n a b I e d G P U s GPU Acceleration Solutions Isr;rt\:;:::?ov:ls::g;ﬂ:n LIBOR Interest rate Model ?synﬁats::grﬁlg:::i;:ummus

GPUZ e
2 5 K ACt ive D eve I o p e rs Dimw Jacket: GPU Engine for Seismic Data = Ray Casting Deformable

MATLAB Interaction Models

www.NVIDIA.com/CUDA
15



Simple “C” Description For Parallelism <3
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void saxpy_serial(int n, float a, float *x, float *y)

{

for (int i = 0; i < n; ++1)
y[i]l = a*x[i] + y[il; Standard C Code
}

// Invoke serial SAXPY kernel
saxpy_serial(n, 2.0, x, y);

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

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

if (i < n) y[i]l = a*x[i] + y[il; Parallel C Code
}

// Invoke parallel SAXPY kernel with 256 threads/block
int nblocks = (n + 255) / 256;
saxpy_parallel<<<nblocks, 256>>>(n, 2.0, X, y);

16



Compiling C for CUDA Applications <3
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4mmm Combined CPU-GPU Code

C for CUDA
Application

C for CUDA Rest of C
Kernels Application

CPU Compiler
¥ v

CUDA object CPU object
files files

17



NVIDIA C for CUDA and OpenCL <3

nvibia
Entry point for developers
who prefer high-level C

Entry point for developers
who want low-level API

Shared back-end compiler
and optimization technology
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Different Programming Styles <3
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® C for CUDA

O

.

a

.

QO

C with parallel keywords
C runtime that abstracts driver API

Memory managed by C runtime (familiar malloc, free)
Generates PTX

Low-level “driver” API optionally available

® OpenCL

.

a

.

Hardware API - similar to OpenGL and CUDA driver API

Memory managed by programmer
Generates PTX

19



<3

nNVIDIA

Application Domains
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Accelerating Time to Discovery <A

nVIDIA.

4.6 D

° Days 2.7 Days 3 Hours

8 Hours
27 Mi 1S 16 Minutes
LS 13 Minutes

Computational Neurological Cell Phone RF 3DCT

Chemistry Modeling Simulation Ultrasound

W CPUONly M With GPU
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Computational Finance <3
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_ _ _ ;LT:) Derivativg Ericing using
® Financial Computing Software vendors 35 1 81isecs SCiFinance
- - - - - - 30 ]
# SciComp : Derivatives pricing modeling 25 -
. oo . 0 20 A
® Hanweck: Options pricing & risk analysis 15 |
. . . c 10 A
® Aqumin: 3D visualization of market data 5 dsecs 095 cece
. g . - (0] T
* Exegy: High-volume Tickers & Risk Analysis O T SRS O n——
a . . . . (2.6 GHz) C1060s
QuantCataIys_t. Pr.lcmg &_ Hedging Engine O
® Oneye: Algorithmic Trading
P o o . . o . o o o Million
® Arbitragis Trading: Trinomial Options Pricing o o f?g:ehglmgdggglONtérinn?uelgﬁggserators
pers%cooo 7
® |ntel Xeon Quad-Core 5132
5000 1 (3.0GH2)

ETesla C1060

® Ongoing work o ]

¢ LIBOR Monte Carlo market model 3000 1
2000 -

¢ Callable Swaps and Continuous Time Finance ey
0 -

2116

Mersenne Twister DR LRAND48
+ Box-Mueller (MKL)

Source: CUDA SDK
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Molecular Dynamics

® Available MD software

®

O

«®

®

NAMD / VMD (alpha release)
HOOMD
ACE-MD
MD-GPU

® Ongoing work

«

.

«

LAMMPS
CHARMM
GROMACS
AMBER

Billion Evaluations / sec

Time steps calculated / sec

300 ~
250 H
200 ~
150 A
100 A

50 A

>

nviDIiA
lon Placement in VMD
241
271X
Faster

0.89
Intel QX6700 4 GPUs
quad-core w/  (Tesla 10-series)

SSE

Source: Stone, Phillips, Hardy, Schulten

600 1
500 -
400 A
300 -
200 A
100 -~

Lennard-Jones Liquid Model
on LAMMPs vs HOOMD

® 16 AMD Opteron 280s
B ] GPU (Tesla 8-series)

N=24,300 N=64,017 N=125,010
Number of Particles
Source: Anderson, Lorenz, Travesset
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Quantum Chemistry rf,%\

GAMESS on Intel Pentium D (3.0 GHz)
vs CUDA code on Tesla 8-Series GPU

47 mins 5.5 mins 123 mins

1000

1.1 mins

® Available MD software 10

* NAMD /VMD (alpharelease)

Time (Log-scale)
5

1
¢ HOOMD
0.1
® ACE-MD Caffeine  Cholesterol Taxol Buckyball Valinomycin
Source: Ufimtsev, Martinez
¢ MD-GPU
Time Coulomb Potential Evaluation
_ (secs) Gaussian 03 on Intel Pentium (2.4 GHz)
® Ongm ng work 200 - VS CUDA code on 1 Tesla 8-Series GPU
9.9 mins
¢ LAMMPS B0
500 A
* CHARMM 400 -
300 -
¢ Q-Chem 200 4 2.8 mins
® Gaussian 100 - _ _ _ 4.5 secs
0 -

Taxol/ LSDA/  Taxol/  Valinomycin/ Valinomycin/
3-21G PW91/6- LSDA/3-21G PW91/6-

31G 31G
Source: Yasuda
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Computational Fluid Dynamics (CFD) ,f,%A

Gflops Incompressible Navier-Stokes
60 1

= AMD Opteron 2.4 GHz 54
. ’ 50 {4 ®1TeslaC870 48
«® m 2 Tesla C870s
Ong0|ng WOor 40 { m4Teslac870s 0

* Navier-Stokes 30 - 24

® Lattice Boltzman 205

» 3D Euler Solver =

* Weather and ocean modeling - 128x32  256x32  512x32  1024x32

x128 X256 x512 x1024
Source: Thibault, Senocak

700 4 Lattice Boltzman Methods

Million 600 4  for 128x128 Mesh Size el
Lattice 500 -
Updates 400 1
per
o 300
(MLUPs) 200 1
0 ; — .

Intel Xeon Intel NEC SX6+ NVIDIA
(3.4 GHz) Itanium2 (565MHz) GeForce
(1.4 GHz) 8800 Ultra

Source: Tolke, Krafczyk 25



Electromagnetics / Electrodynamics <3
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® FDTD Solvers

Speed Cell Phone Model Simulation

® Acceleware Meells/s Simulation size : 80 Mcells
y 600 - 500.0
«®
EM Photonlc_s Meells/s
¢ CUDA Tutorial S0
400 -~
® Ongoing work =20
* Maxwell equation solver 200 1
® Ring Oscillator (FDTD) 100 - 9.9
: : : Mcells/s
¢ Particle beam dynamics simulator 0 ,
Intel Xeon (2.6 GHz) 4 GPUs

(Tesla 8-series)

FDTD Acceleration using GPUs
Source: Acceleware
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Weather, Atmospheric, & Ocean Modeling >

NVIDIA
WSM5 Micro-Physics Kernel
_ Mflops/s in WRF 64.728
® CUDA-accelerated WRF available 20000 - Mflops/s
® Other kernels in WRF being ported ol
40000 A
30000
] 20000 4 1,315
® Ongoing work 10000 | Mflops/s
- - 0 T T 1
® Tsunami modeling Intel Xeon AMD Opteron 1 Tesla 10-

. (3.0 GHz) (2.4 GHz)  series GPU
® Ocean modeling

® Several CFD codes

Source: Michalakes, Vachharajani

Tsunami simulation
3000km x 3000km (500m mesh)

5 days

Time

(mins)
350
300 H
250
200 H
150 A
100 4.8

50 - hours
O T T

Intel Xeon (2.4 GHz) 1 Tesla 10-series
GPU

Source: Matsuoka, Akiyama, et al
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Libraries
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FFT Performance: CPU vs GPU (8-Series)

90
80 ~
70 A

60 ~

GFLOPS

30 ~

20 ~

10 -

50 ~

40 -

<3
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Quad-Core Intel Xeon CPU 5400 Series 3.0GHz,
On CUDA In-place, complex, single precision
-_.ﬁ’./\/./l—l\ . ./'\/-—l
=B=-CUFFT 2.x
A . =+=CUFFT 1.1
*~INTEL MKL 10.0
FFTW 3.x
f+ Intel FFT numbers )
\_‘. calculated by repeating
e\ S same FFT plan
4 A e A e e " < e  Real FFT performance is
- - “ \_ ~10 GFlops y
P L P R P P P P R e d > P
L S NP A RO qi@i\ o \Q@b O b‘@&b &

Transform Size (Power of 2)

Source for Intel data : http://www.intel.com/cd/software/products/asmo-na/eng/266852.htm
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BLAS: CPU vs GPU (10-series) N>
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Single Precision BLAS: SGEMM Double Precision BLAS: DGEMM
350 - 70 1
300 - 60 1 / . +N
. 50 .
250 %) ——CUBLAS
Q00 %0 . —B-ATLAS Parallel
—+—CUDA ——ATLAS Single
i150 iﬂ 1 ™
=&—=ATLAS 1 Thread Q)
100 20 1
== ATLAS 4 Threads
50 - S 0= b ——————————p
v/x‘_,x‘___;xq———bld———k‘ - - .
0 | e : :fﬂ ﬁ : -y : o : ~dx : 7 - i - i - A 3 0] T T T T T T T T T T 1
© X xS © O O 0 x x @ @ O P D
I TR UZI SN S A A N S S T O
& ¥ P N O 5 » ® O O AT N o o A o
A (O,{I/ %y\q/ Q i bgs\‘ b?5\‘ ‘b+ + + + (f.) (ﬁD (o'\ QQ/ q/b& b‘p bc(b QQD OSO OSI/ o_)qz
Matrix Size Matrix Size

CUBLAS: CUDA 2.0, Tesla C1060 (10-series GPU)

ATLAS 3.81 on Dual 2.8GHz Opteron Dual-Core 30
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GPU + CPU DGEMM Performance
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Results: Sparse Matrix-Vector Multiplication (SpMV) on CUDA @DZ

nVIDIA
GFLOPS i ISi - .-
oL Single Precision GFLOPS Double Precision
WU 7 14.00 -
mTeslaC1060 GPU: CSR ¥ |ntel Xeon Quad 2.3 GHz
18.00 - mTesla C1060 GPU: HYB B Tesla C1060 GPU : CSR
12.00 - B Tesla C1060 GPU: HYB
16.00 -
14.00 10.00 -
12.00 - o
10.00 -
8.00 - R
RS 4.00 1
4.00 -
2.00 -+
2.00 +
0.00 - 000 -
2 & L2 & & & O R . d D e R N : < XN o
@& & N (XS O CR e S R, S P @SSR N 0
& S & O S o & AR S o oy ®®‘<‘\ R & & F Y
IS L N S FLd C LS
< (2PN N < PR\
¢ % < CS

CPU Results from “Optimization of Sparse Matrix-Vector Multiplication on Emerging Multicore Platforms", Williams et al, Supercomputing 2007
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Questions?

mharris@nvidia.com

http://www.nvidia.com/CUDA
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More on Tesla Hardware
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IEEE Compliant Double Precision Floating Poin

NVIDIA Tesla T10

Precision
Rounding modes for FADD and FMUL

Denormal handling

NaN support

Overflow and Infinity support
FMA

Square root
Division
Reciprocal estimate accuracy

Reciprocal sgrt estimate accuracy
log2(x) and 2x estimates accuracy

|IEEE 754
All 4 IEEE, round to nearest, zero, inf, -inf

Full speed
Yes
Yes
Yes

Software with low-latency FMA-based
convergence

Software with low-latency FMA-based
convergence

24 Dbit
23 bit
23 bit
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Connecting Tesla S1070 to Host Servers <3
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PCl-e Gen2 Host
Interface Cards

PCle Gen2 Cables
(0.5m length)

Host Server

Tesla S1070
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NVIDIA: Leadership in GPU computing 5%\

100s of Apps on CUDA Zone 30+ CUDA GPU clusters 50+ Universities Teaching CUDA
750+ research papers

B = Duke Northeastern
== g!i Erlangen Oregon State
: = gF ETH Zurich Pennsylvania
= = iiﬁ Georgia Tech Polimi
== . Grove City College Purdue
E% ! — Harvard Santa Clara
[ISc Bangalore Stanford
IIIT Hyderabad Stuttgart
T Suny

] lllinois Tokyo
100 M CUDA enabled GPUs 150K CUDA compiler downloads N TU-Vienna
25,000+ active developers

lowa uUSC
) 160,000 CUDA 2.0 ITESM Utah
cai: 140,000 Johns Hopkins Virginia
120,000 Kent State Washington
100,000 CUDA 1.1 Kyoto Waterloo
80,000 Lund Western Australia
E0000 ICUDA 1.0 A Maryland Williams College
40,000 McGill Wisconsin
20,000 MIT Yonsei
| ] q
;f North Carolina
‘ d},da,ce}éé A N PR S
T . \>0\P o Qéo ‘a@ é\y Q)@ “\"b\ o R & & &
Q208 Fazog e ?‘coeq O ep-i O & <@ '?'%0(5\
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100x more affordable

20x less power Tesla

T
250x Hi J— Personal
upercomputer
o)
o
c .
®© Supercomputing
g Cluster 250x
O Faster
S
O
o
1x Today’s

Workstations

$100K - $1M <$10 K
Accessibility 38



New GPU-based High-Performance Computing Landscape

5000x esla Cluster

250x

Performance

1x

$100K - $1M < $1b K
Accessibility
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More Than 250 Customers / ISVs

<3
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Life Sciences & Productivit  Oil and Manufa CAE/ Commun
Medical Equipment y [ Misc Gas cturing Finance Numerics ication
Max Planck GE Healthcare CEA Hess Synopsys Symcor The Nokia
FDA Siemens WRF Weather TOTAL Nascentric Level 3 Mathworks RIM
Robarts Techniscan Modeling CGG/\Veritas SciComp Wolfram Philips
Research Boston Scientific OptiTex Chevron Hanweck National Samsung
Medtronic Eli Lilly Tech-X Headwave Quant (IS EnE LG
AGC Silicon Telilr?rr:]o?g;eillas Acceleware Catalyst A’?]C?ei‘s Sony
Evolyed Informatics Dimensioill Seismic City RogueWave atics Ericsson
UETHIRES Stockholm Imagli P-Wave BNP Paribas Tech-x NTT
Smith-Waterman Research Manifold Seismic RIKEN DoCoMo
DNA sequencing Harvard Digisens Imaging SOFA Mitsubishi
AutoDock Delaware General Mills Mercury Hitachi
N NRAMID Pittsburg Rapidmind Computer Radio
Folding@Home ETH Zurich ST ffA Research
Howard.Huges (iAo e Studio Laboratory
3™ IE mtou CUDA =
xNormal :
Elcomsoft
LINZIK
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GPUs: Better Architecture for Computing
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CPUs: Memory Bandwidth Bottleneck <3
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240 cores

Thread Manager

64 bit FSB 12.8GB/sec 102 GB/sec GDDR3

¥

8x faster
interface

512 bit
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NVIDIA’s GPUs : Ever Increasing Performance

GFlops
1200 - )
T10 = Tesla 10-series ~=-NVIDIA GPU T10 Double
G9x = GeForce 9800 GTX 0
1000 {  G80 = GeForce 8800 GTX =Rl - Precision
G71 = GeForce 7900 GTX
800 1 G70=GeForce 7800 GTX debut
NV40 = GeForce 6800 Ultra G9x
NV35 = GeForce FX 5950 Ultra G80
600 1 NV30 = GeForce FX 5800
400 A
G70 Grl Intel Xeon
200 + NV30 NV35  NVA40 Quad-core 3 GHz
0 - ————— ¢ .
9/22/2002 2/4/2004 6/18/2005 10/31/2006 3/14/2008

nNVIDIA



CPU vs GPU 1U Comparison

Product
# of Cores

Single Precision Flops

Double Precision Flops

Typical 1U System Power

>

nNVIDIA

2x Quad Xeon: 3 GHz
8 CPU cores

0.192 Teraflop

96 GFlops

670 W

Tesla 1U System

Quad-GPU Tesla 1U

4 GPUs: 960 cores

4.14 Teraflops === 21x higher Gflop

346 GFlops === 3.6x higher Gflop

700 W

Note: Current top Intel GFlops: Xeon Harpertown X5482 @ 3.2 GHz is 102.4 Gflops (> $1000 CPU)
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