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Vazlat

* Motivdcio

* Belizemelés

* 6PU szdmolas CUDA programozas nelkiil, konyvtarak
* (C alapok)

* Hardware adottsagok, CUDA programozasi modell
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Irodalom - CUDA

* http://heim.ifi.uio.no/~knutm/geilo2008/seland. pdf

* CUDA, Supercomputing for the Masses Part 1-15
http://www.drdobbs.com/cpp/207200659

 CUDA official manuals

Programming Guide, Reference Manual, Release Notes

http://developer.nvidia.com/object/cuda_2_3_downloads.html
http://developer.nvidia.com/object/cuda_3_0_downloads.html


http://developer.nvidia.com/object/cuda_2_3_downloads.html
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Irodalom - Egyeéb

* Kernighan, Ritchie: The C Programming Language
http://zanasi.chem.unisa.it/download/C.pdf
http://www.windowsceportal . hu/download/doc/cpl_hu.zip

* OpenMP tutorial
https://computing.linl.gov/tutorials/openMP/

* MPI tutorial
https://computing.linl.gov/tutorials/mpi/




Motivacio
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Szuperszamitéogép GPU-bol
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Moore torvénye
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A parhuzamositds korszakal

* Nem a sebesség, hanem a processzorok szama no

» At kell gondolni algoritmusaink szerkezetét:
soros —» parhuzamos



&
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A parhuzamositds korszakal

MPI (Message Passing Interface) - process szintii

Processor 1 Processor 2

application SEND ~ network — application RECV

data {14 | _data |

i

Path of a message buffered at the receiving process

* Tipikus sok géep
(klaszter) esetén

* Kiilon memoria a
processznek

* Halozati (TCP/IP)
adattranszfer
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A parhuzamositds korszakal

MPI (Message Passing Interface) - process szintii
Egy szamolo core

top - 11:14:16 up 21 days, 1:22, 84 users, load average: 2.65, 1.04, 0.41
Tasks: 485 total, 2 running, 483 sleeping, 0 stopped, @ zombhie
Cpu(s): 6.5%us, 0.2%sy, 0.0%ni, 93.3%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%st

Mem: 473821 total, A41908M used, 54731 free, 566M buffers
iwap: 614431 total, 160N used, 612831 free, 33619HM cached
I VIRT RES S %CPU %MEM T COMMAND
9610 jurek 20 @ 366m 1/m 1456 R 100 0.0 1:43.95 sample.out
4939 jurek 20 @ 620m 102m 16m S 2 0.2 629:06.59 kongueror
129 root 15 -5 0) 0] O 1 0.0 68:46.54 kondemand/4
1379 mt 20 @ 879 1480 856 5 1 0.0 42:57.57 top
1825 jurek 20 ® 112/m 1.1g 37/9m 5 1 2.4 78:27/.74 Xvnc
5195 jurek 20 @ 55/m 154m 37/m S 1 ©.3 18:58.77 kongueror
9544 jurek 20 @ 879 1484 852 R 1 0.0 0:01.35 top
21917 jurek 20 @ 8784 1484 844 5 1 0.0 139:14.03 top
1592 mt 20 0 16344 3648 3248 5 0 0.0 17:20.91 Xvnc
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A parhuzamositds korszakal

MPI (Message Passing Interface) - process szintii

Tobb szamolo core

top - 11:13:37 up 21 days, 1:22, 84 users, load average: 2.76, 0.84, 0,33
Tasks: 488 total, 5 running, 483 sleeping, 0 stopped, @ zombie
Cpu(s): 25.2%us, 0.3%sy, 0.0%ni, /4.5%id, 0.0kwa, 0.0%hi, 0.0%si, 0.0%st

Mem: A7382M total, A1955M used, 54271 free, 566M buffers
iwap: 614431 total, 160M used, 612831 free, 336191 cached
I S %CPU %MEN TIME+ COMMAND
9607 jurek 20 @ 366m 16m 1456 R 100 0.0 1:09.,28 sample.out
9609 jurek 20 @ 366m 16m 1456 R 100 0.0 1:06.36 sample.out
9610 jurek 20 @ 366m 16m 1456 R 100 0.0 1:04.74 sample.out
9608 jurek 20 @ 366m 16m 1456 R 100 0.0 1:07.75 sample.out
4939 jurek 20 @ 620m 102m 16m S 1 0.2 629:05.79 kongueror
1379 mt 20 @ 879 1480 856 5 1 0.0 42:57.34 top
1825 jurek 20 O 112/m 1.1g 879m 5 1 2.4 78:27.44 Xvnc
5195 jurek 20 @ 55/m 154m  37/m 5 1 ©.3 18:58.52 kongueror
21917 jurek 20 O 8784 1484 844 5 1 0.0 139:13.80 top
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s

A parhuzamositds korszakal

OpenMP (Open Multi-Processing) - szadl (thread) szintii

* Egy gép - sok
J mag esetén
— D — —
master I ’ ce oo
thread —— N e Szalak: kozos
memoriateriilet +

parallel regmn} parallel regmn} sajéf valtozok
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A parhuzamositds korszakal

OpenMP (Open Multi-Processing) - szadl (thread) szintii

top - 11:15:23 up 21 days, 1:23, 84 users, load average: 3.06, 1.44, 0.59
Tasks: 485 total, 2 running, 483 sleeping, 0 stopped, 0 zombie
Cpu(s): 24.6%us, 0.3%sy, 0.0%ni, 75.1%id, 0.0%wa, 0.0%hi, 0.0%si, 0.0%st

Mem: 473821 total, 41913M used, 54681 free, 566M buffers
iwap: 614431 total, 160N used, 612831 free, 33619M cached
S %CPU %MEN ] COMMAND
9646 jurek 20 @ 39/m 22m 1460 R 400 0.0 2:44 .79 sample.out
4939 jurek 20 @ 620m 102m 16m S 2 0.2 629:07.92 kongueror
24131 jurek 20 @ 879 1468 844 5 1 0.0 140:47.02 top
3633 jurek 20 @ 394m 84m 23m S 1 0.2 22:46.83 dolphin
129 root 15 -5 0 0 0 5 0 0.0 68:46.60 kondemand/4
439 mt 20 O 3374m 2.2g 258m 5 O 4.8 396:12.48 MATLAB
1379 mt 20 @ 879 1480 856 5 O 0.0 42:57.92 top
1586 mt 20 0 68788 3696 2224 5 0 0.0 58:02.47 icewnm
1756 gb 20 0 14096 3608 3248 5 O 0.0 17:56.28 Xvnc
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Grafikus kartyak

nVidia 6TX280 (grafikus kartya):
240 db 1.36Hz processzor
1000MB memoria

Tesla C1060 (szamitasokhoz):
240 db 1.36Hz processzor
4000MB memoria
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Grafikus kartyak

* 1920 mag, 7 Tflops (float)
(FLoating point Operations Per Second)

100x asztali gép teljesitmény

* ,.Személyi szuperszdmitogep”:
1 kutato, 1 szamitogép

* Elérheto: megfizetheto ar
win/linux/mac + C
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Heterogén szamoldsok

Multi-Core plus Many-Cores

Host computer + Device

Grafikus kdrtya
~ coprocesszor:

* sajat processzorok

* sajat memoria

* host masol ra adatot

* host inditja a szdmoldst
a coprocesszoron

* host visszamdsolja az
eredményt



Peak GFLOP/s
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GPU vs. CPU

Szamitasi teljesitmény
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—— NVIDIA GPU

Intel CPU
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GPU vs. CPU
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GPU vs. CPU

Szal-végrehajtas

Kiilonboz6 adatcsomagok és mijveletek: Gyoztes a CPU ° CPU . MI M D
L

A klasszikus processzornak nem okoz gondot két, egymastol tel- A GPU nem képes egyszerre tobbféle, komplex feladatot parhuzamosan

[ J [ J
jesen eltér6 feladatot egy id6ben, parhuzamosan végrehajtani. végrehaitani. llvenkor egyesével, sorosan dolgozza fel ezeket, vagyis M I 1' I I 1' 1-
meglehetésen lassl. u ' e ns ruc 'O" ¥}

5 .
Wﬁm% __@g_ - Multiple Data

Bejove adatcsomagok Feldolgozott adatcsomagok Bejov6 adatcsomagok Feldolgozott adatcsomagok

* GPU: SIMD/SIMT
Single Instr. '

Az altalanos célu kdzponti processzor akkor is csupan két adatcso- Az alacsony 6rajelen dolgozé GPU azonos
magot dolgoz fel, amikor ugyanazt a miveletet kell végrehajtani feladat - tébb adatcsomag esetén van

mindegyiken. elemében: a shaderprocesszorok egymas b4
llett, parhuzamosan dolgoznak fel nagy- u l p e a a
. sagren Obb adatcsomagot.
| ingle I
Single Instr.,

g

' Itiple Thread
Bejtvd adatcsomagok Feldolgozott adatcsomagok Bejtve adatcsomagok Mu t'p e r‘ea

Feldolgozott adatcsomagok

Azonos adatcsomagok és miveletek: Gydztes a GPU

40  [EIE 2009/12 CHIPONLINE.HU
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GPU vs. CPU

A nagy memoria (RAM) elérése rendkiviil idoigényes
(~100 orajel)

\

gyorsitas sziikséges

A

CPU

~MB gyorsmemoria (cache)
a CPU-n

GPU

kicsi (~16kB) gyorsmemoria
de ~128szal/mag
hyperthreading
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GPGPU programozas tortenete

* Kezdet: massziv GPU programozas

* Utobbi eévekben két fejlesztéi kornyezet:
- nVidia - Compute Unified Device Architecture, CUDA
- AMD Firestream (ATI)

((H?! -
: NVIDIA. A l i
(- intel: Larrabee, ~x86) el STREAM

" CUDA

* OpenCL (Open Computing Language): nyilt szabvany
heterogén rendszerek (pl. CPU+GPU) programozashoz
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CUDA

Compute Unified Device Architecture

Magas szinti kiterjesztés a C/C++ nyelvhez
CUDA programozdsi és memoria modell
nvcc fordito

=P GPUmagok szdmaval skalazodo programok
(kod djraforditdsa nelkiil)



L. GPU, mint szuperszamitégép — I. (23)

Péeldak

Interactive lonic placement for Transcoding HD video Fluid mechanics in Astrophysics N-body
visualization of molecular dynamics stream to H.264 Matlab using .mex file simulation
volumetric white simulation on GPU CUDA function
matter connectivity

RS
ey
'u'l.i‘.'-lz ;
47X
Financial simulation GLAME®Ilab: an M- Ultrasound medical Highly optimized Cmatch exact string
of LIBOR model with script APl for GPU imaging for cancer object oriented matching to find
swaptions linear algebra diagnostics molecular dynamics similar proteins and

gene sequences



VMD
NAMD
HOOMD
HMMER
Autodock
CHARMM
Amber
GROMACS

LAMMPS
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1.8.7

2.7 beta
0.8.1

0.9.1

0.9

Beta

Alpha patch
4.0

Alpha

Péeldak

Molekuladinamika és kvantumkémia programok
GPU-val gyorsitva

Released
September 2009
Released
Released

Beta

December 2009

Released

Released (alpha)

Free download from VMD site
Nightly build being rolled into beta 2
Multi-GPU support in 0.8.1
GPU-HMMER available now

From Silicon Informatics

Generalized Born only, 1 GPU

CUDA client based on OpenMM adds
support for implicit solvent

2 pair styles ported to GPU
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ik
S
Pt

CUDA - Belizemeleés
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CUDA-képes hardware

http://www.nvidia.com/object/cuda_gpus.html

<ANVIDIA. ErT—

DOWNLOAD DRIVERS COOL STUFF SHOP PRODUCTS COMMUNITIES

‘ CUDA GPUs l

MNVIDIA Home = Tec s = CUD = Share this page

MVIDIA CUDA-enabled GPUs power millions of desktops, notebooks, workstations, and supercomputers around the world, accelerating computationally-intensive

tasks for consumers, professionals, scientists, and researchers.

1.) How can | find out which GPU is in my computer?
2.) Do | have a CUDA-enabled GPU in r omputer?
.} How do | know if | have the latest drivers?
.) How can | get a CUDA-enabled GPU?
.) How can | download the CUDA software development kit?

CUDA EMABLED GEFORCE PRODUCTS

NVIDIA.
| EEFDHI:E‘i GeForce GTX 295 GeForce 9800 GTX+ GeForce GTX 2B5M GeForce 9800M GT
ey GeForce GTX 285 GeForce 9800 GTX GeForce GTX 2B0M GeForce 9800M GTS
GeForce GTX 285 for Mac GeForce 9800 GT GeForce GTX 260M GeForce 9800M GS
GeForce GTX 280 GeForce 9600 G50 GeForce GTS 360N GeForce 9700M GTS

E

GeForce 8, 9, 100, 200-series GPUs with a minimum of 256MB of local graphics memory.
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CUDA telepites
Hardware:

GPU: 4 x nVidia 6TX295 sl
(1920 x 1.36Hz mag) |*
CPU: Intel(R) Xeon(R) CPU |
E5520 @ 2.276Hz
(8 mag, 16 thread)

Software:

OpenSuse 11.2 Linux
gcc-4.4.1
kernel 2.6.31.5-0.1 x86 64
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CUDA telepités

Hardware:

GPU: 4 x nVidia 6TX295
(1920 x 1.3G6Hz mag) |

CPU: Intel(R) Xeon(R) CPU
E5520 @ 2.27GHz
(8 mag, 16 thread)

Software:

OpenSuse 11.2 Linux
gcc-4.4.1
kernel 2.6.31.5-0.1 x86_64
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CUDA ftelepites

Hardware:

GPU: 4 x nVidia 6TX295 ~-
(1920 x 1.36Hz mag) _ . .

CPU: Intel(R) Xeon(R) CPU =
E5520 @ 2.27GHz -
(8 mag, 16 thread)

Software:

OpenSuse 11.2 Linux
gcc-4.4.1
kernel 2.6.31.5-0.1 x86_64




CUDA telepités

Hardware:

GPU: 4 x nVidia 6TX295
(1920 x 1.36Hz mag) 1

CPU: Intel(R) Xeon(R) CPU 7§
E5520 @ 2.27GHz
(8 mag, 16 thread)

Software:

OpenSuse 11.2 Linux
gcc-4.4.1
kernel 2.6.31.5-0.1 x86_64

: {.-' | -
T E T o el i o e e e e
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CUDA telepités

Driver (root-ként telepiteni)
nvidia.ko; /usr/lib64/libcuda.so

Toolkit (célszerii root-ként telepiteni)
nvcc compiler; CUDA FFT,BLAS. profiler; gdb
default install: /usr/local/cuda

SDK (Software Development Kit;
lehet felhaszndloként is telepiteni)
Példaprogramok; ~/NVIDIA_GPU_Computing_SDK
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CUDA letoltesek

http://developer.nvidia.com/object/cuda_2_3_downloads.html
http://developer.nvidia.com/object/cuda_3_0_downloads.html

<A DEVELOPER
nv I[?I'.IA ; 20N E

nvidiadeveloper

Quick Links CUDA 2.3 Downloads Twitterfeed

included in the CUDA
r all supported Linux

NVIDIA Parallel Nsight
1™

Graphics

» Attending the GDC next
ou can find ALL the

CPU and startfend times on the
vith compute capability
MacOS now has it's own installer, and is available separate from the
X, and Wint

SP1) and 9 (
SUSE 11.1, and LIt.unfu 2.10 &
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CUDA letoltéesek

http://developer.nvidia.com/object/cuda_2_3_downloads.html

CUDA Toolkit F::nr RedHat Enterprlse Linux 4.7

CUDA Toolkit for DpenSUSE 11.1

CUDA Toolkit for SUSE Linux Enterprlse Desktnp 11




Driver

Toolkit

SDK
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CUDA telepités

NVIDIA-Linux-x86_64-190.53-pkg2.run

root @i nux> sh NVI DI A- Li nux-x86_64-190. 53- pkg2. run

sziikséges: Base-development (gcc, make)
Kernel-devel (kernel-source, headers)

cudatoolkit 2.3 linux 64 susell.l.run

root @i nux> sh cudatool kit 2.3 linux 64 susell.l.run

cudasdk 2.3 linux.run

user @i nux> sh cudasdk 2.3 |inux.run
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CUDA telepitées -
rendszerbeadllitasok

 Futtatni rel ease notes |inux.txt
(CUDA download page) scriptjét (-> load module, devs)

* ~/.bashrc-be:
export PATH=/usr/| ocal /cuda/ bin
export LD LI BRARY PATH=/usr/ | ocal/cuda/li b64
Megj. ("nem tamogatott” linux esetén):
* nvcc nem kompatibilis gcc-4.4-gyel —» gcc-4.3
* SDK példaprog.-hoz kellett: freeglut freeglut-devel



L. GPU, mint szuperszamitdgép — I. (36)

SDK - példaprogramok

Forditas:

cd ~/ NVID A GPU Computi ng_ SDK/ C
make

Példaprogramok:

cd ~/ NVID A GPU Computi ng SDK/ C/ bi n/ 11 nux/rel ease
S
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SDK - példaprogramok

JdTd
alighedTypes
ASYNCART
bandwidihTest
bicubicTexture
binomialOptions
BlacksScholes
boxFilter

Clock
convolutionFRTZ0D

convolutionSeparable

convolutionTexture
cpplntegration
dCtExd

dewvice(Query
deviceQueryDry
dwiHaar 1D

dx L

eigenvalues
fastWalshTransform
Tluidsil

histogram
imagebenoising

linedfiight
Mandelbrot
marchingCubes
matrixMul
matrixMulDry
matrixMulbynlinkdIT
MersenneTwister
MonteCarlo

MonteCar loMultiGPU
nbody

oCeanFFT

particles
postProcessil
ptxjit
quasirandomGenerator
radixSort
recursiveGaussian
reduction
scalarProd

SCan

scanLargehrray
simpleAtomicIntrinsics
simpleCUBLAS

simpleCURFT

simplecl
simpleMultiGPLU
simplePitchLinearTexture
simpleStreams
simpleTemplates
simpleTexture
simpleTexture3D
simpleTexturebry
simplevoteIntrinsics
simpleZeroCopy
smokeParticles
sobelFilter

Sobo LTORMG
sortingNetworks
template
threadFenceReduction
threadMigration
transpose
transposeNew
wolumeRender
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CUDA LIVECD

CD-rol futtathato 32bites OpenSuse 11.2 + CUDA 2.3:

http://www.szfki.hu/~jurek/archive/2010_CUDAseminar/index.html
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Szamitasok GPU-n
CUDA programozas nélkiil
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Konyvtarak

Optimalizélt kényvtarak haszndlata jelentdsen
felgyorsithatja kodfejlesztésiinket.

Pl. - BLAS (Basic Linear Algebra Subprograms)
- FFTW (Fast Fourier Transform)
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Konyvtarak

Optimalizélt kényvtarak haszndlata jelentdsen
felgyorsithatja kodfejlesztésiinket.

Pl. - BLAS (Basic Linear Algebra Subprograms)
- FFTW (Fast Fourier Transform)

CUDA megvalodsitas (Toolkit része):
- CUBLAS
- CUFFT
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Pl. CUBLAS

Alapmodell

* Létrehozzuk a vektor/matrix objektumokat a GPU-n
(host -> device adattranszfer)

* Meghivjuk a CUBLAS fiiggvényeket (szamolas GPU-n)

* Visszaolvassuk az eredményeket
(device -> host adattranszfer)

» Altaldnos stratégia: minél tovdbb szdmolni a GPU-n
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NS
Portland accelerator
#1 ncl ude <accel mat h. h>
i{nt mai n(voi d) i{nt mai n( voi d)
{ ?pragna acc region
\ . \
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Portland accelerator

Forditas:

pgcc sanple.c -3 -ta=nvidia -Mnfo -fast
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Portland accelerator

Forditdsi zenet:

237, Accelerator restriction: size of the GPU copy
of an array depends on val ues conputed in this | oop
238, Accelerator restriction: size of the GPU copy
of 'm 1s unknown

Accel erator restriction: size of the GPU copy
of "xi' 1s unknown

Accel erator restriction: one or nore arrays

Loop not vectorized: data dependency
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Portland accelerator

Forditdsi zenet:

235, CGenerating copyin(xi[O:natom 1][0: 2])
Generating copyin(nfO: natom1])
Generating copyout (ai[0: natom 1][0: 2])
Generating conpute capability 1.0 kernel

£ 1E] o (1 () )] [) - ALl) [ KE] []E

237, Loop 1s parallelizable
Accel erat or kernel generated

. #PI agiia o O pPdl a cl, Ve Ol

Non-stride-1 accesses for array 'Xxi'

Non-stride-1 accesses for array 'ai'

244, Conplex | oop carried dependence of 'ai'

prevents parallelization
Loop carried reuse of 'ai' prevents

parallelization
| nner sequential | oop schedul ed on accel erator
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Portland accelerator

A CPU kod szervezésétdl erdsen fiigghet a GPUs
gyorsitds hatékonysdgal

Irodalom pl.:

http://ww. pgroup. com resources/accel. htm
http://ww. pgroup.comlit/articles/insider/vlnlal. htm
http://ww. pgroup.comlit/articles/insider/vln2al. ht m
http://ww. pgroup.comlit/articles/insider/vln3al. htm
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Magasabb szintii nyelvek + CUDA

Természetes a CUDA kiterjesztés, ha lehetdség van
C-ben irt modulok hasznalatara

* Python - PyCUDA

* Matlab
- mex -> nvmex
http://developer.nvidia.com/ob ject/matlab_cuda.html

- 6PUmat / Jacket

Ugyelni kell a nyelvek kozotti adatdtvitel tébbletidejére!
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atlab + CUDA

GPUmat

GPUmat allows standard MATLAB code to run on GPUs. The execution is transparent to the user as shown in the following example:

GPUsingle (r

= GPUdouble | 0}); % B is on GPU memory
A+B; % executed on GPU.
fft(C); % executed on GPU

A+B; % executed on CPU.
fft(C); % executed on CPU

Executed on CPU




GPU, mint szuperszamitégép —

Matlab + CUDA

TC PU

speedUP =
p -I-GF‘U

GPUmat allows sta

2 4 6

matrix elemets [10°]

% e
fft(C); % executed on CPU

Executed on CPU

I. (50)

ng example:




C gyorstalpalo



L. GPU, mint szuperszamitégép — I. (52)

o
P

C gyorstalpalo

main filiggvény, vadltozok

I nt mai n(voi d) [/ main fg. definialas
{ int I; /1l lokalis valtozo def.
| =1; /1 értekadas
\ return(i); [/ fg. visszatérési érték

/] Ez egy kommrent

Adattipusok: int, float, double, char,
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C gyorstalpalo

Forditas:
gcc -0 test.out test.c

Futtatas:

./ test. out
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C gyorstalpalo

Kiils6 fiiggvények

#i ncl ude <stdio.h> // kuls fg-ek dekl aral asa
voi d mal n(voi d) [/ main fg. definialas
{

int i; [/ lokalis valtozd def.

| =1; /| eértékadas

printf("%l\n”,1); // kils fg. hivasa
}

/] Ez egy kommrent

Adattipusok: int, float, double, char,
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<L
C gyorstalpalo
Kiils6 fiiggvények
#1 ncl ude <mat h. h> /1

#i ncl ude <stdi o. h>
voli d mai n(voli d)
doubl e Xx;
X = sqrt(2.0); [/ Kuls fg.

printf(”%\n", x);
}
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C gyorstalpalo

Forditas:
gcc -0 test.out test.c -Im

Futtatas:

./ test. out



L. GPU, mint szuperszamitégép — I. (57)

g
! 4
C gyorstalpalo
Fliggvények
int foo(int 1, int j) { [// fg. definialas
return(j *i); /] visszateéreési eéerték
I nt mai n(voi d) /] main fg. definialas
{
I nt 1 =1; /] lokalis valtozd def.
| = foo(2,1); [/ flggveényhivas
return(i); [/ fg. visszatérési érteék

}



L. GPU, mint szuperszamitégép — I. (58)

g
' 4
C gyorstalpalo
Fliggvények
int foo(int I, int j); [/ fg. dekl aral as
I nt mai n(void) { [/ main fg. definialas
I nt 1 =1; [/ lokalis valtozd def.
| = foo(2,1); [/ flggveényhivas
return(i); [/ fg. visszatérési erteék
}
Int foo(int 1, int j) { g. definialas

[ f
return() *i); [/ visszateresi érteék
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C gyorstalpalo

Mutatok

'

]
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C gyorstalpalo

Mutatok
#I ncl ude <stdi o. h>
voi d mai n(voli d)
{ int 1, *p; [/ mutato definialas
| =1;
p = &,

mutato | cinere
p értéekenek kiirasa

[/
printf("% %\n”,1,*p);//

*Pp = 2; /] értékadas p értékére
printf("% %\n”,i,*p); // kiiratas
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ik
S

C gyorstalpalo

Mutatok - tombaok

Int *p ;
0 0+2 p = nmalloc(5*sizeof (int));
p[0] @ *p
Memoaria l l 4 c:’*(p+2)
v

si zeof (I nt)
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C gyorstalpalo

Tombok - vektorok

#1 ncl ude <stdlib. h>
voi d mai n(voli d) {
Int 1, *p, N=10;

p = (int*)mall oc(N*sizeof(int)); //din.memf.
for (i=0: i<N;, i=i+1) /1 tombfeltoltés
{

p[1] = 2*i; /] vektorel em
[/ 2.0: double, 2.0f: float

free(p); /1 mem felszabaditas
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C gyorstalpalo

Tombok - matrixok

#1 ncl ude <stdlib. h>
voi d mai n(voli d)
int 1, |, *p, N=10, M=20;

p = (int*)mall oc(N*Msizeof (int)); //nmemf.
for (i=0; i<N i=i+1) {

for (j=0; j<M j=j+1) { ,
pl1*M] = 2%(1*MH); /] tonbfeltdltes

.

}
free(p);
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GPU hardware felépites
és
CUDA programozasi modell
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Programozasi modell

* CUDA programkod (“.cu” kiterjesztéssel)
* Forditas nvcc forditoval
* Futtatas
Megj.: célszerii egy konyvtarat létrehozni az adott

részfeladat GPU-n torténd elvégzéséhez, majd azt
CPU-s programunkhoz kapcsolni (“linkelni”).
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Programozasi modell
CUDA programkod:

* GPU-n futo rész (kernel): fg., ami a szamoldsi
feladat iddigényes részét szamolja
(dltaldban eredetileg roveidebb CPU kodrész)

 CPU-n futo rész: adatelokésziteés
adatmasolas a GPU-ra
GPU kernel futtatasa
adatmasolas a GPU-rol
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CPU - Fizikai feléepités

Processor 0 Processor 1

Cora 1 Corag 2 Cora 3

‘ CcPU \ ‘ CPU ‘ CPU
L1 C:-u:he L'1 Cache | L1 Cache |

‘ L2 Cache \ ‘ L2 Cache \

Egyenértékii processzormagok: O, 1, 2, ..., N-1
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CPU - Futtatasi modell

OpenMP a CPU-n

E—-

master

J
0
I
thread [’ N

{ parallel region } { parallel region }

Egyenértékii szdlak: 0, 1, 2, ..., N-1
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CPU - Futtatasi modell

Host computer
* Legjobb kihasznaltsag tipikusan:

threadek szama = CPUmagok szama

red * A threadek szdma bedllithaté:

onp_set numthreads(N ;

* Azonositas: lekérdezheto ID:
Id = onp_get _thread num() ;
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Fizikai felepites
* N db multiprocessor (MP)
Ve Al ° M db singleprocessor(SP) / MP

Mult ] GeForce | GTX280
ultiprocessor 9400M

N |2 30

M 8 8
Orajel| 0.26Hz | 1.3 6Hz
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Futtatasi modell

Bl ock O

Thread O
Thread 1

Thread bSi ze-1

Bl ock nBl ck-1

Thread O
Thread 1

Thread bSi ze-1

* Kernel: GPU-n futé objektum
* A threadek a kernelt hajtjdk végre
* A grid thread blockokbal dll

* A blockok szamat és méretét
(execution configuration) a host
alkalmazas allitja be

* Mindegyik thread azonositja magat
blockIdx, threadIdx (blockon beliil),
blockDim, gridDim

| dx = blockldx.x * blockDDm x +
t hr eadl dx. x
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Futtatasi modell

gridbbmx =3, blockDhmx = 4

bl ockl dx. x=0 bl ockl dx. x=1 Dbl ockl dx. x=2
threadIdx.x:

odlrJ213 I N ol1J2]3

Global threadID:
i dx = bl ockldx.x * blockDimx + threadl dx. x

I N Adsjel7 8lojofn
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Futtatasi modell

* A grid és a blockok méretét
Block  Block a host alkalmazés éllﬂ'JCI be

(1, 0) (2, 0)
; t kernel <<<g,th>>> (p, x)
Block . Block
1,1 % (21 ahol pl. | |
/ L __global __ void tkernel (int *p,int Xx)

| SR - Grid dim.: 1 vagy 2

Block (1, 1)

.... * Block dim.: 1, 2 vagy 3
Thread | Thread | Thread | Thread | Thread
0,0 | 4,0 | 20 | 6,0 | 40
T.m., pl. threadl dx. x
o1 | @,y | @y | 61 | @1

t hreadl dx. vy
“’““1 @3 t hr eadl dx. z
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Futtatasi modell

Device

Grid 1 * PI. 512 szal / 6rid

1 Block = Block  Block blockDim.x 32 64
0,00 (1,00  (2,0)
| Bluck--""f Block Block gndD|m-X 16 8
Kernel

1 (11 | @1 . ..
* 6rid dim.: 1 vagy 2
bl ockl dx. x, bl ockl dx.y

Grid 2

x

* Block dim.: 1, 2 vagy 3
t hreadl dx. , t hreadl dx. y, t hreadl dx. z

+ Pl. 64 szdl / Block
= blockDimx | 64 | 32
T blockDim.y 1 | 2

Block (1, 1)

Thread | Threa:
(0,2) (1,2)

2,
2,
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Fizikai felepites
* N db multiprocessor (MP)
Ve Al ° M db singleprocessor(SP) / MP

(S5zamunkra) legfontosabb
Multiprocessor 1 meméridk:

sP 1] el

Mem. lathatdésdg sebesség

Global grid lass(

. Shared  block gyors

Global Register thread gyors
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Fizikai felepites
Global (~GB):
* lassu elérés
(400-600 orajel)
* host és device irja,
Multiprocessor 1 olvassa

. * elérése gyorsithatd, ha

Multiprocessor N

a szalak rendezetten
olvasnak/irnak

<o 1] [

Global cudaMenctpy

pl. cudaMal | oc
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Fizikai felepites

Multiprocessor 1

sP 1] el

<o 1] [

Global

Register (16384 db):
* leggyorsabb memoria
* egy thread latja
* csak device irja/olvassa

pl. kernel (__gl obal __)
lokalis valtozoi:
int id, N, i;
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Fizikai felepites

Multiprocessor 1

sP 1] el

<o 1] [

Global

Shared (16kB):
* gyors
* egy Block Gsszes
threadje latja
* csak device irja/olvassa

pl. kernelben:
_shared__ float x| 8]
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Grid

Block (0, 0)

Shared Memory

Registers Registers

Thread (0, 0) Thread (1, 0)

Local Local
Memory Memory

Global
Memory

Constant
Memory

Texture
Memory

GPU memoria

Block (1, 0)

Shared Memory

Registers Registers

Thread (0, 0) Thread (1, 0)

Local Local
Memory Memory

Global
Shared
Register
Constant
Texture

Local

(79)
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SDK - deviceQuery
nVidia 6TX295 hardware tulajdonsagai

There are & devices supporting CUDA

Dewvice O "GeForce GTX 295"

CUDA Driver Yersion: 2.30

CUDA Runtime Wersion: 2.30

CUDA Capability Major rewvision number: 1

CUDA Capability Minor revision number: 3

Total amount of global memory: 939261952 bytes
Mumber of multiprocessors: 30

Mumber of Cores: 240

Total amount of Constant memory: 65536 hytes
Total amount of shared memory per block: 16384 bytes
Total number of registers awvailable per block: 16384

Warp size: 32

Maximum number of threads per block: 512

Maximum sizes of each dimension of a block: 512 x 512 x &4
Maximum sizes of each dimension of a grid: 65535 w BLEE35 x 1
Maximum memaory pitch: 262144 bytes
Texture alignment: 256 hytes
Clock rate: 1.24 GHz
Concurrent Copy and execution: Tes

Fun time 1limit on kernels: Mo

Integrated: Mo

Support host page-locked memory mapping: fes

Compute mode ! Default (multiple host threads can use this device simultaneously)
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L
v 4 °
GPU memoria
Memoria lathatdsag R/W sebesség
Global grid
block
thread
Local thread RW lassu
Constant grid RO | lassu/cache gyorsit
Texture grid RO | lassud/cache gyorsit




L. GPU, mint szuperszamitogép — I. (82)

GPU memoria

Memoria - foglalas

Global: pl. host (CPU) kodrészben:
cudaMal | oc( (voi d**) &g, nenti ze);

Register: a kernelben (__global___ fiiggvény)
pl. valtozé deklardlasa: fl oat r;

Shared: kernelben
pl. __shared__ float s[1000][4];
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GPU memoria

Memoria - adattranszfer

Ertékaddssal, pl.

* Global -> Register
r=g9[2] ;

* Global -> Shared
s[O][O] = 9[1] ;

* Shared -> Global
g[O0] = s[O0][O] ;
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Szamitasi folyam

Execute parallel
in each core

Processing flow

on CUDA




CUDA kodszerkezet

__device  void nykernel (float *v, int D float c) {.}

I nt mai n(void) {

cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;
cudaMencpy( d, h, s, cudaMentpyHost ToDevi ce);

din8 gridD (30);
di 8 bl ockD (16, 16);
nykernel <<< gridD, blockD >>> (d, D, 2.0f);

cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - soros CPU

#1 ncl ude <stdlib. h>

void nyfunc(float *v, int D, float c) {
}

Il nt mai n(void) {
int 1, D=1000000, s;
fl oat *h;
s = D* sizeof (float); [/ size 1n bytes
h = (float*) nmalloc(s);
for (1=0; 1<D; 1=1+1) { h[i] = (float)i; }
nyfunc (h, D, 2.0f);
free(h);
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Példaprogram - soros CPU

#1 ncl ude <stdlib. h>

void nyfunc(float *v, int D, float c) {

Int 1 ;
for (1=0; 1<D; 1=1+1) {
vii] = v[i] * c;
}
}
I nt mai n(void) {
}

O -
= =
—>
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Példaprogram - parhuzamos CPU

#1 ncl ude <stdlib. h>
#1 ncl ude <onp. h>

void nyfunc(float *v, int D, float c) {
Int 1d, N I;
N = onmp _get _num procs();
onp_set _numthreads(N);
#pragma onp parallel private(id,i)

ld = onp _get thread num();
for (i=id; i<D i=i+N) {
vii] = v[i] * c;

I. thread: i i +N i +2N
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Példaprogram - CUDA

__global __ void nykernel (float *v, Iint D, float c) {.}

I nt mai n(void) {
Int 1, D=1000000, s;
float *h, *d,
s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;

for (i=0; i<D; i=1+1) { h[i] = (float)i; }
cudaMencpy( d, h, s, cudaMenctpyHost ToDevi ce);
din8 grid (30);

dinB threads (32);

nykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(voi d) { [/ var. dekl araci ok
int 1, D=1000000, s; [/ tonmb hossza byt e-ban
float *h, *d,;
s = D * sizeof (float);
cudahal 'ocHost ((vol d**) &h, s);
cudaMal | oc( (void**) &d, s) ;

for (i=0; i<D; i=1+1) { h[i] = (float)i; }
cudaMencpy( d, h, s, cudaMenctpyHost ToDevi ce);
din8 grid (30);

dinB threads (32);

nykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(void) { [/ mem foglalas
Int i, D=1000000, s; /] host-on és device-on
float *h, *d;

s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);

cudaMal l oc( (void**) &d, s) ;

for (1=0; i<D;, i=i+1) { h[i] = (float)i; }
cudaMenctpy( d, h, s, cudaMentpyHost ToDevi ce);
dinB grid (30);

dinB threads (32);

nykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(void) { [/ tOnmb i nicializalas
Int i, D=1000000, s;
float *h, *d;
s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;

for (1=0; i<D;, i=i+1) { h[i] = (float)i; }
cudaMencpy( d, h, s, cudaMenctpyHost ToDevi ce);
din8 grid (30);

dinB threads (32);

nykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(void) { [/ tOnmb nasol asa device-ra
Int i, D=1000000, s;
float *h, *d;
s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;

for (i=0; i<D; i=1+1) { h[i] = (float)i; }
cudaMentpy( d, h, s, cudaMentpyHost ToDevi ce);
din8 grid (30);

dinB threads (32);

nykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(void) { [/ grid definialas
Int i, D=1000000, s;
float *h, *d;
s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;
for (1=0; i<D;, i=i+1) { h[i] = (float)i; }
cudaMencpy( . d, h, s, cudaMencpyHost ToDevice);
dinB grid (30);
dinB threads (32);
nykernel <<< grid, threads >>> (d, D, 2.0f),;
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(void) { /] kernel aszinkron futtatasa
Int 1, D=1000000, s; /| device-on
float *h, *d; [/ futtatasi konfig. negadasa

s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;

for (i=0; i<D; i=1+1) { h[i] = (float)i; }
cudaMencpy( d, h, s, cudaMenctpyHost ToDevi ce);
din8 grid (30);

dinB threads (32);

mykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(void) { /| erednény visszamasol asa
Int i, D=1000000, s;
float *h, *d;
s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;

for (i=0; i<D; i=1+1) { h[i] = (float)i; }
cudaMencpy( d, h, s, cudaMenctpyHost ToDevi ce);
din8 grid (30);

dinB threads (32);

nykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMenctpy( h, d, s, cudaMentpyDevi ceToHost);
cudaFreeHost (h); cudaFree(d);



L. GPU, mint szuperszamitégép — I. (97)

Példaprogram - CUDA

__global __ void nykernel (float *v, int D, float c) {.}

I nt mai n(void) { /] menori af el szabadit as
Int 1, D=1000000, s; /] host-on es device-on
float *h, *d,

s = D* sizeof(float);
cudaMal | ocHost ((voi d**) &h, s);
cudaMal | oc( (void**) &d, s) ;

for (i=0; i<D; i=1+1) { h[i] = (float)i; }
cudaMencpy( d, h, s, cudaMenctpyHost ToDevi ce);
din8 grid (30);

dinB threads (32);

nykernel <<< grid, threads >>> (d, D, 2.0f);
cudaMencpy( h, d, s, cudaMentpyDevi ceToHost) ;
cudaFreeHost (h); cudaFree(d);
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Példaprogram - CUDA

__global __ void nykernel (float *v, Iint D, float c)

i .
Int 1d,N1:

1d = blockldx.x * blockDDm x + threadl dx. x :
N =gridDmx * bl ockD m x;

for (i=id;, i<D; i=i+N) {
vii] = v[i] * c;

I nt mai n(voi d) {

_— : : :

i. thread: i N LIN
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Példaprogramok

Forditas:
gcc -0 testserial.out testserial.c
gcc -0 testonp.out testonp.c -fopennp -Igonp

nvcc -0 testcuda. out testcuda.c



& GPU, mint szuperszamitégép — I. (100) gz,

Fizikai vegrehajtas
* Egy Blockot egy MP
szamol

* Minden Block SIMD

l—‘ I—l csoportokra van osztva:

Device with 2 SMs Device with 4 SMs War'p

SMO SM1 SMO SM 3

a warp threadjei
__Il__ J LIl fizikailag egyszerre

=L IL_IL_J __ hajtodnak végre

Blocks  Blocks
Bocks  Block7 * a warp (ma) 32 szalbal
all (0-31,32-63,...)
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Aritmetika idoigénye

4 clock cycles:

m Floating point: add, multiply, fused multiply-add
m Integer add, bitwise operations, compare, min, max

16 clock cycles:

m reciprocal, reciprocal square root, __log(x), 32-bit integer
multiplication

32 clock cycles:

m _sin(x), __cos(x) and __exp(x)
36 clock cycles:

m Floating point division (24-bit version in 20 cycles)
Particularly costly:

m Integer division, modulo
m Remedy: Replace with shifting whenever possible

Double precision (when available) will perform at half the
speed
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Kovetkezmények

*# Block / # MP > 1
minden MP szdmol
*# Block / # MP > 2
egy MP egyszerre tobb Blockot is szamol
* # Block / # MP > 100
* egy Block eréforras-igénye < MP teljes erdforrdsa
shared memoria, register
egy MP egyszerre tobb Blockot is szamolhat
* egy warpon beliili thread-divergencia keriilendo
a kiilonbozo dgak sorbarendezve hajtodnak végre



Tippek



£ GPU, mint szuperszamitégép — I. (104) gz

Tippek

* nvcc flagek:
-emu : emuldcio CPU-n (-> printf,debug)
-keep : megorzi a forditds kozbenso fajljait
-arch sm_13 ; -arch compute_13 : double support
-arch sm_10 ; -arch compute_10 : lekorldtozas

* Tobb végrehajtasi konfigurdcio (szamitasi halo,
computational grid) kiprobdlasa (gridDim, blockDim)

* Hibakezelés (Id. Supercomputing for the masses)



Tippek
* Profiler (cudatoolkit)
* Debugger (cudatoolkit)
* Kartyalefagyds esetén:
kill -9 <application PID>
varni perceket

root-ként: rmmod nvidia ; modprobe nvidia

* lib készitése (Id.: példaprogramok)

& GPU, mint szuperszamitégép — I. (105) gz,
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Tippek: idomérés
GPU-n:

cudaEvent t start, stop;

cudaEvent Create( &start ) ;
cudaEvent Create( &stop ) ;

cudaEvent Record( start, 0 );

{ ...}
cudaEvent Record( stop, 0 );

cudakvent El apsedTi ne( &el apsedTi nel nMs, start, stop);

Id. pl. bandwidthTest.cu forrdskod (SDK)



£ GPU, mint szuperszamitégép — I. (1w07) gz

Tippek: idomérés
CPU-n:

struct tinmespec start, end,
clock gettime(CLOCK REALTI ME, &start);

.
cudaThr eadSynchr oni ze() ; / / non- bl ocki ng GPU ker nel !

cl ock_gettime(CLOCK REALTI ME, &stop);

time_elapsed = (stop.tv_sec - start.tv_sec) +
(doubl e)(stop.tv _nsec - start.tv_nsec) / 1000000000 );

Megj: GPU kernel aszinkron végrehajtas -»
CPU/GPU parhuzamos szdmolds
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Tippek: tobb kartya egy gepben

OpenMP + CUDA

master
thread

{ parallel region } { parallel region }




P P4
7% /i

Tippek: tobb kartya egy gépben

GPU, mint szuperszamitégép — I. (109) sz

Il Nt num gpus, gpu id, cpu thread id, numcpu threads;

cudaCet Devi ceCount ( &um gpus) ;
onp_set num t hreads(num gpus);

#pragnma onp parallel private(cpu thread i1d,gpu_id)

}

cpu thread id = onp get thread nun(),;
num cpu_threads = onp get numthreads();

cudaSet Devi ce(cpu_thread id % num gpus);
cudaCet Devi ce( &gpu_id);

di B gpu_threads(..);
di B gpu_bl ocks(..);
cuda_kernel <<< gpu_bl ocks, gpu threads >>> (d, X);

https://www.wiki.ed.ac.uk/display/ecdfwiki/Use+multiple+GPU+devices+with+OpenMP+and+CUDA
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Pelda: matrixosszeadas

CPU Program CUDA Program

void add_matrix —-global__ add_matrix
( float* a, float* b, float* c, int N ) { ( float* a, float* b, float* ¢, int N ) {
int index; int 1 = blockldx.x * blockDim.x + threadldx.x;
for ( int 1 = 0; 1 < N; ++1i ) int j = blockIdx.y * blockDim.y + threadldx.y;
for ( int j = 0; j < N; ++j ) { int index = i + jx*N;
index = i + j=*N; if (1 <N & j<N)

c[index] = al[index] + b[index]; c[index] = al[index] + b[index];

}

}
int main() {
int main() { dim3 dimBlock( blocksize, blocksize );
add_matrix( a, b, c, N ); dim3 dimGrid( N/dimBlock.x, N/dimBlock.y );
} add_matrix<<<dimGrid, dimBlock>>>( a, b, c, N );
t
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Pelda: matrixosszeadas

CPU Program CUDA Program

void add_matrix —-global__ add_matrix
( float* a, float* b, float* c, int N ) { ( float* a, float* b, float* ¢, int N ) {
i 1eXx; int 1 = blockldx.x * blockDim.x + threadldx.x;
for ( int 1 = 0; 1 < N; ++1i ) int j = blockIdx.y * blockDim.y + threadldx.y;
int index = i + j*N;
if (i <N& j<N)

c[index] = al[index] + b[index];

int. = ._“\,r 1
int main() { dim3 dimBlock( blocksize, blocksize );
add_matrix( a, b, c, N ); dim3 dimGrid( N/dimBlock.x, N/dimBlock.y ).
} adlematrix<<<dimGrid, dimBlock>>>C aw™l, c, N );

}
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