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History

Erik Holmberg (1908-2000)

Dlssertatlon Univ. Lund (Schweden) (1937):
A study of double and multiple galaxies "

Galaxies often in Groups and Pairs

Irregular Distribution of Satellite Galaxies
(Holmberg-Effect)
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HARDWARE

before von Neumann..

. Konrad Zuse (1910 1995) Berlln

o/t

Invented freely programmable Computer

.ll."

Z1lin parehtal flat 1936



HARDWARE

John ven Neumann (1903-1957)

Born Budapest, Lecturer Berlln since 1930 Princeton Univ.
Requwements for the Co_nstructlon of an electronlc__computlng device(1946)

Tastatur
Maus Zentraleinheit Drucker

Sleuer- Rechen
| werk werk

Bikdschirm

{GPU (Coniral Praceesing Uri)

g“ﬁ!‘l:ir" Feslplatle
peicher




Computer

Zuse Z4: 1944 Be'r_llf_'__i_n., 1950 Ziirich, 1954 Frankreich
- 1959 Deutsches Museum Miinchen

e
T

Computing Speed 0.03 MHz Memory 256 byte



Astronomisches
Rechen-Institut (ARI)
at Univ. of Heidelberg,

| Germany
I | TS -

M uter in 1964



Astronomisches Rechen-Institut in Heidelberg
Mitteilungen Serie A Nr. 14

Die numerische Integration des n-Korper-Problemes

fiir Sternhaufen I
Von
SEBASTIAN VvoN HOERNER
Mit 3 Textabhildungen
( Eingegangen am 10, Mai 1960)

Astronomisches Rechen-Tnstitut in Heidelberg
Mitteilungen Serie A Nr. 19

Die numerische Integration des n-Korper-Problems
fiir Sternhaufen, II.
Von
SEBASTIAN voN HOERNER

Mit 10 Textabbildungen

( Eingegangen am 19, November 1962)

Tabelle 5. Zahl der gegenseitigen Umldufe,
Haufigheit des Auftretens und kleinster
gegenseitiger Abstand D, der engsten Paare.
(Alle engsten Paare mit mehr als zwei
vollen Umlaufen wurden notiert)

Hiiufigkeit \

0.0102
0.0177
0.0070
0,0141
0.0007
0.0035
0.0039

2—3 \ 1
3—b5
5—10
10—20
20—50
50—100
100—200

= D QD e

S.v. Hoerner,
Z f.Astroph. 1960, 63

Siemens 2002
N=4,8,12,16 (4 Trx)

N=16,25 (40 Trx)



“The father OQ Dmp u te r

. Seymour Cray (1925 1996)

s

CRAY1: Vectorregisters (1976)
160 Mflop, 80 MHz, 8 MByte RAM
CRAY2: (1984)

1Gflop, 120MHz, 2GByte RAM




Computer

Supercomput P
IBM Blue Gen e
At FZ Jiilich, .
Germany

-Q-an.ﬁa-xf.t-u-p;
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Opening Ceremony June 2008



Credit: Whitmore (STSc¢l) and NASA

Holmberg, '1';93?;'19&1
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Fig. 23 —Symmetric model of NG 4038)9 Here two identical disks of radius 0.75R i
suffered an ¢ = 0.5 encounter with orbit angles fy = iy = 00° and wy = wy = =3I0° that appearsd
the same to both. The above all-inclusive views of the debris and remnants of these disks have been
drawn exactly normal and edge-on te the orhit plane; the Iatter viewing direction is itsell 30
from the line connecting the two periceniers. The viewing time 15 f = 15, or slightly past apocenter.
The filled and open symbols again disclose the original loyalties of the various lest particles,

Toomre & Toomre, 1972, ApJ, 178, 623

Ingo Berentzen International Symposium "Computer Simulzbons on GPLUY

HITS

Jume 1 2011 - Mainz, Germany




Number of transistors on

Moore's Law Ending (Red Line):
Delayed products, Delayed 45nm / 32 nm, Reduced Capex
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Exaflop/s?

Petaflop/s  [JEEERTEa | | | l %
-
10° Gflops | ;
M
104 Gflops |
2
Teraflop/s € 10°Gflops

Gigaflop/s

-
102 Gflops J

10 Gflaps

1 Gfiop

Fujitsu :
TMC  Numerical Intel "‘ssﬁém“" Earth IBM
CM-5  Wind Tunnel ASCIRed ™ Simulator Blue Gene/L
5 KW 100 kW 850 kw 12,000 kW ~4,000 kW

1993

1995

1997

1999

2001

Problems:

Power Consumpti'on
Efficiency for Real Application

2003 2005 2007 2009

S

Figure 1. Rising power requirements. Peak power consumption of the top supercomputers has steadily increased over the past

15 years. Thanks to Horst Simon, LBNL/NERSC for this diagram.




SPECIAL HAR

CPUs

Central Processing Linits

General Purpose orientsd
I-12 Cores

Up to 4 pipes per core using
Victor Units

Fully Programmable, rmary
languages avadable

Viary well studied
Maxt 125W per processar

Slide: Guillermo Marcus

Ingo Berentzen

GPUs

Graphic Processing Units

Graphics orsented
16512 Cores

Massivedy Parallel
Architecture, specialioed
instructions for parallsl
processing

Fully programmable, but
lirnited languages

Algorithrms not fully
eeplored

Max, 400V per card

FPGAS

Fleld Programmable
Cate Arrays

processing streaming data

Programmable Logic,

Architecture & custom-built
for the required application

Reduires exténsive
kncwiedge to program,

development time is longer

than CPUs and GPUks
Apphcation Interface is

custom built on each case

Mase S0V per FPGA,

Intermational Symposium "Computer Simulabons on GPLUY

DWAR

| 1]

ASICs

Applicatian Specific
Integrated Circuits

Fully customn designs, buitt
for a specific application

Mot flesdble, cannot be
changed once it & built

Development is even mone
specialoed than FPGAS

Poswer consumplion varies
with the application, usually
best parformance per YWatt

W,
P
+ %

HITS

Jure 1 2011 - Mainz, Germany

11



GRAPE-6 Gravity/ Coulomb Part

o G6 Chip: 0.25u 2MGate ASIC, 6

Pipelines
» at 90MHz, 31Gflops/chip
o 48Tflops full system (March 2002)

o Plan up to 72Tflops full system (in
2002)

e Installed in Cambridge, Marseille,

Drexel, Amsterdam, New York

(AMNH), Mitaka (NAO), Tokyo, etc..
New Jersey, Indiana, Heidelberg




1998, 120 Developers: Junichiro Makino, Toshiyuki Fukushige, Hiroshi
Gflops Daisaka, Eiichiro Kokubo, Masaki Koga, Makoto Taiji, Ken
Namura

GRAPE-6: Massively-Parallel Special-Purpose Computer for
Astrophysical Particle Simulations

Sales Information

The Green500 List - November 2010

Listad balow are the Novemaer 2010 The Gresn500's enargy-eiticient supsreomputess ranked
fram 1 to 100,

http://www.green500.org

-_

-{E-MTI'IDII'EHIJ Wat=on Research Cenler NNSASC Blue Genedd Projotyoe 353.80

i

mmu IO ORer oy GRAPE-DR acoeleratyr Ciuster, Infiniband 245 >

- HP ProLian: SL390s GT Keon 6C X5670, wida .

: mmw EE—— e i
- m Hybre Cluster Core (3 283Gz Dual Cere, 10
= NVIDIA C2080. Infinikand x

Ingo Berentzen International Symposium "Computer Simulations on GPL" June 1 2011 - Mainz, Germany




: ?.0 VoIkswagenStlftung_

‘GRACE 'Cl_uSter' '

4 Tflops (32 micro-GRAPESG)
Dual Port Infiniband

4 MPRACE-1 reconfigurable =
~ (soon: 32 MPRACE-2) | & 8 S

 GRAPE + MPRACE
- =GRACE




GRACE = GRAPE + MPRACE

*32 dual-Xeon 3.2 GHz nodes
*32 GRAPEG6a

*°32 FPGA

°7 TB RAID

*Dual port Infiniband link (20 Gb/s)
*Speed: ~4 Tflops

°N up to 4M

*Cost: ~380K EUR

*Funding: Volkswagen/Baden-Wirttemberg




Graphics Processors as General
Purpose Supercomputers (GPGPU) |

T T
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BLISS 8800GTS PCX
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2008...

GeForce 9800 GTX, 128 Stream Proc.,
512 MB

GeForce 9800 GX2, 256 Stream Proc., 1
GB

GeForce 9800 GT, 64 Stream Proc., 512
MB

[...]

2009: Tesla ~200 Proc., 4GB

2010: Fermi ~400 Proc., 4GB

2013: Kepler K20, ~2500 Procs., 6GB



CPU and GPU; from CUDA NVIDIA Developer Zone at
http://docs.__nvio_l__i_a.com/cuda/cuda-c-programming-guide/index.html

“The GPU devotes more transistors to computing”
“favours data parallel operations”



3.0 GHz

May Nov Mar Nov
2005 2006




w Each core
—

Input Assembler 8 functional units

Thread Execution Manager
: SIMD 16/32 “warp”
| ] g } ! ! | } [:] D |:] l:l . .
SIMD Core SIMD core SIMD core SIMD Core SIMD Core SIMD Core SIMD Core 5IMD Core El D El D 8‘. l o shge plpellne
00 DOgO0 DOpOE OOgEE OOmOn0 OO ODeEn0 OORno 0o
B8 CojE0 CoWCOE SEjEE EOfjo0 Cojon COfcos Cofe0 B0 1 0 1 Thread scheduler
00 OOpOD DONOD OOe00 DOMOC0 OOx00 OCOMCo OOwo0 00
DO DOR00 CDeon OO0 DOmon OO0 OOecn OCORo0 0o l:' I:J I:] D 128-512 threads/core
Parallel Paraliel Parallel Paraliel Parallel Parallel Parallel Parallel
Data Cache Data Cache Data Cache Data Cache 16 KB hared mem
B - - - - - ] ' Parallel Data Cache s ory

Load/store

Total #threads/chip
_ 16 * 512 = 8K

GeForce 8800 GTX:

575 MHz * 128 processors * 2 flop/inst * 2 inst/clock = 333

Gflops
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The host issues a succeszion of kemel invocations to the device. Each kerne! = exscuted as a batch
of threads oeganized as a grid of thread blocks

B

‘Tﬁmﬂ{ﬂ;ﬂ} Thread (1, 0)

=

GPU Structure From: http://geco.mines.edu/tesla/cuda_tutorial_mio/

=

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




Theoretical GFLOP/s

5750
5500
5250
5000
4750
4500
4250
4000
3750
3500
3250
3000
2750
2500
2250
2000
1750
1500
1250
1000
750
500
250
0

Apr-01

Floating Point Operations per Second for CPU and GPU:
From NVIDIA CUDA Developer Zone at:

Pentium 4

NVIDIA GPU Single Precision
et NVIDIA GPU Double Precision

*Intel CPU Double Precision
empmm|ntel CPU Single Precision

Notice: there is still AMD with
OpenCL and competitive GPUs
Here we focus on NVIDIA GPUs
And CUDA for practical reasons!

Tesla K40
Tesla K20X

Tesla M2060

Tesla C2050
Tesla C1060
Harpertown

vy Bridge
- Sand Bridg Gt
“"Woodcrest & e

Lr::c:mﬁe[d Westmere

Sep-02 Jan-04 May-05 Oct-06 Feb-08 Jul-09 Nov-10 Apr-12 Aug-13 Dec-1:-


http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html

Theoretical GB/s

360

330

300

270

240

210

180

150

120

90

60

30

GeForce FX 5

Memory Bandwidth for CPU and GPU:

From NVIDIA CUDA Developer Zone at:

———Ty Tesla K40 ,

ssnesGefForce GPU
Tesla K20X

g T oc]lg GPL]
W N e 0 Bl ST b

GeForce GTX 480

GeForce GTX 680

Tesla M2090

GefForce GTXK 230 g !
Tesla C2050
GeForce 8800 GTX -
Tesla C1060 ’
GeForce 7800 GTX ; Ivy Bridge
Sandy Bridse
- . Bloomfield
L:-:-Far-:-al- 6800 GT
" Prescott Woodcrest
g Westmere
Harnertuwn
orthwood

0

2003 2004 20{15 Zﬂﬂﬁ 2007 2008 2009 2010 2011 2[}12 2013


http://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html

CUDA Optimized Libraries: Integrated CPU + GPU
math.h, FFT, BLAS, ... C Source Code

NVIDIA C Compiler

NVIDIA Assembly
for Computing (PTX) CPU Host Code
CUDA Debugger _
Driver Profiler Standard C Compiler

GPU CPU



CPU C program

void addMatrix(float *a, float *b,
float *c¢, int N)

int i, j, index;
for (1 = 0; 1 < N; i++) |
for (j = 0; j < N; j++) {
index = i + j * N;
c[index]=a[index] + b[index] ;

void main()

addMatrix(a, b, ¢, N);

CUDA C program

__global__ void addMatrix(float *a,float *b,
float *¢, int N)

int i=blockIdx.x*blockDim.x+threadIdx.x;
int j=blockIdx.y*blockDim.y+threadIdx.y;
int index =i + j * N;
if (i< N & j <N)

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

void main ()

..-.. // allocate & transfer data to GPU
dim3 dimBlk (blocksize, blocksize) ;

dim3 dimGrd (N/dimBlk.x, N/dimBlk.y);
addMatrix<<<dimGrd,dimBlk>>>(a, b, ¢,N);
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NAOC laohu cluster Beijing, China




Milky Way GPU cluster.

SFB 881 — The Milky Way System
Collaboration with FZ Jiilich, Germany

206 nodes x 24 = 4944 CPU cores (@ 2.8 GHz)
206 x 96 GB ~ 20 TB RAM CPU memory

408 GPUs M2070/M2050 ~ 200k GPU threads
~ 2 TB GPU device memory

since mid. 2012 jointly operated.

nodes “judgel23 - judge206” — MW part.

GPU Cluster
Milky Way Judge

84 Nodes

2x GPU M2070 2x GPU M2070 2x GPU M2050

96 GByte/Node -

i/ 68 Nodes 54 Nodes
2
£

;j 96 GByte/Node




O O o D

i 2 00 VolkswagenSitimng
Heidelberg  Kepler GPU clusterc: SHIEEERE

0O 0

Kepler GPU cluster

12 nodes = 12 x 16 = 192 CPU cores (@ 2 GHz) r = 1
12 x 64 GB = 768 GB RAM CPU memory

12 GPUs K20m = 12 x 2496 ~ 30k GPU threads
12 x 4.8 GB ~ 57 GB GPU device memory

4 x Xilinx Virtex-6 FPGA (ML 605)

since beg. 2013 operated.

|I
i
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—— .
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Top 10 List November 2010

National Supercomg

Tianjin
China

COE/SC/Cak Ridge National
Laboratory
nited States

National Superco
Shenzhen (NSCS)
China

GSIC Center, Tokya Institute of
Technology '

Japan .

DOE/SC/LBNL/NERSC
inited States

Commissariat a I'Energie Atomligue
(CEA)
France FR

DOE/NNSALANL
Linited States

Wafional Institute for Computational
SclencesUniversity of Tennessee
United States

Farschungszentrum Jijgss ;
Germany

DOE/NNSALANL/ISNL
Linited States

Tlanhe-1A - NUDT TH MPP, X5670 293Ghz &G,
NVIDIA GPU, FT-1000 BC

NUDT GPU

Jaguar - Cray XT5-HE Opteron 6-core 2.6 GHz
Cray Inc

Nebulae - Dawning TC3600 Blade, Intel X5650,

NVidia Tesla 2050 GFU

Dawning GPU
TSUBAME 2.0 - HP ProLlant 513905 G7 Xeon 60
X5670, Nvidia GPU, LinuxWindows

NEG/HP GPU

Hopper - Cray XE6 12-care 21 GHz
Cray Inc

Tera-100- Bull bullx super-node SE010/56030
Bull- SA

Roadrunner - BladeCenter QS22/L.521 Cluster,
PowerXCell 8 3.2 Ghz / Opteron DC 1.8 GHz,
Violtaire Infiniband

IBM

Kraken XT5 - Cray XT5-HE Opteron 6-core 26 GHz

Cray Ing

JUGENE - Blue Gens/P Salution
(BN

Cielo - Cray XEB B-core 24 GHz
Cray Inc

From www.top500.org - list of fastest

supercomputers in the world...
... last year Nov. 2010:

b China Grabs Supercomputing
Leadership Spot in Latest
Ranking of World's Top 500

Supercomputers
Thu, 2010-11-11 22:42

MAMNHEIM, Germany, BERKELEY, Calif

and KNOXVILLE, Tenn—The 36" edition of
the closely watched TOFS00 list of the world's
most powerful supercomputers confirms the
rumored takeover of the top spot by the
Chinese Tianhe-1A system at the Mational
Supercomputer Center in Tian)in, achieving a
performance level of 2.57 petaflop/s
(quadrillions of calculations per second).



http://www.top500.org/

-

I
“FeiE— 2" HEMIITEYES

TH-1 supercomputer

Landmark result of the important project "High Efficient Supercompurter and Grid

sarvice Environment” supported by National 863 Program.

B ELilt by Mational University of Dafensa | achnology, with the cogperabion af National
Sugrercompular Center in Tianjin | MSCC « T and Inspor Begingl Elactrone information
Enoiustry G, L.

Host system of NSCC-T.J, installed in Tianjin Binhai New Area.
A backbane node of the national grid of China,



NCSA director: GPU is future of supercomputing

/ Brooke Crothers BN BY Font sice g Print  [WE|E-maill 94 Share t; & comments

» Tweset 99 25 2 i.DIgg k|

The directar afthe Mational Center for Supercomputing Applications has seen the future of supercomputing and i
can besummed up inthree [etters: GPLL

Tham Dunning, wha dirgcts the NCSA and the Institute for Advanced
Computing Applications and Technologles atthe famed supercomputing
facilities on the campus of University of lllinois at Urbana-Champaign, says
high-performance camputing will begin to move toward araphics
processing units or GPUs, Mot coincidentally, this is exactly what China
has done to achieve the world’'s Tastest speeds with its "Tianhe-1A"
supercomputer. That computer combines about 7,000 MNvidia GPLs with
14,000 Intel CPLUs: the anly hybrid CRL-GPL system in the waorld of that
scale,

"What wa're really seeing inthe efforts In China as well as the anes we
have inthe LIS, is that GPUs are what the future will look like," said
Dunning In a phone interview Thursday, "What we're seeing is the
beginning of something that's going to be happening all over the world "

MCSA already has a small CRU-GFL hybrid system. "lt's something we
have been warking on for a number af years. We have a CPLU-GPL cluster .
faorthe NCSA academic community. Made up of Intel CPLIs and Myidia Tham Dunning directs the Institute for .
GFUs A 50 teraflap machine,” he said, (Mate that Oak Ridge National Advanced Computing Applications and
Laboratories is also installing a hybrid system now | Technologies and the NCTSA




Top 10 List 2011 —----

Sequoia - BlueGene/Q,
Power BQC 16C 1. 680 GHz,
Custom

Ko computer, SPARCE4L VIl
2 0GHz, Toefu interconnect

Mira - BlueGene/(}, Fowar
BOQC 16C 1.60GHz, Custam

SsuperMUC - DataFlex
DR3Ie0M4A, Xeon EG-2680
B 2 TOGEHz, Intimiband
EDR

Tianhe-1A - NUDT ¥H MPFE,
Weon X6ETO BC 2.93 GH=,
MAICHA 2050

Jaguar - Cray xK&, Opteron
6274 16C 2 200GHz, Cray
Eemirm interconnect, MNWIDTA
2090

Fermi - BlueGenea/), Fowsr
BQLC 16C€ 1.60GHz, Custam

JUQUEEN - BluelGene/Q,
Power BOC 16C 1 60GH=,
Custom

Curie thin nodes - Bull=
B510, Xeon EB-2680 BC
2. 700Ghz, Infiniband QDR

Nebulae - Dawning TC3600
Blade System, Xeon 5650
6C 2.66GHz, Infiniband
QDR, NVIDIA 2050

2012

Rank

@

Site

Mational University of Defense

Technology
Xeong

China
DOE/SCG/Oak Ridge National Labaratory

Linited States
GPU

DOE/NMSA/LLNL
Linlted States

RIKEMN Advanced |nstitute for
Coemputational Science (AICS)
Japan

DOE/SCArgonne Nafional Laboratory
United States

Texas Advanced Computing
Center/Liniv. of Texas

United States Xeon Q

Farsshungszentrum Juelich (FZJ)
Germany

DOEMNNSA/LLML
Linited States

Leibniz Rechenzentrum
Germany

System

Tianhe-2 (MilkyWay-2) - TH-IWVB-FEP Clusle
Intet Xeen E5-268212C 2.200GHz, TH Expre
intel Xeon PhiA1S1P

NUDT

Titan - Cray XK7 , Opteron 6274 16C 2.200C
Cray Geminl Interconnect, NVIDIA K20
Cray Inc.

Sequola - BlugGene/Q, Power EQC 16C 1.4
GHz, Custom
=

K computer, SPARCE4 Vilibe 2.0GHz, Tofu
mterconnect

Fujitsu

Mira - BlueGene/C, Fower BQC 160 1. 604!

Custom
B

Stampede - PowerEdge C8220, Xeon E5-2
aC 2. 700GHz, Infinikband FOR, Intel Xean Phi
SE10P

Dell

JUQUEEN - BlueGene/0), Power BQC 16C
1.600GHz, Custam Interconnect
IBM

Vulcan - BlueGene/Q, Power BQC 1680
1.600GHz, Custom Interconneat
[BEM

SuperMUC - iDataPlex DX360M4, Xeon E5-:
8C 2 70GHz, Infiniband FCR



Nr. 1,2 Supercomputer from China: 96/33 Pflop/s Linpack
Wuxi/Guangzhou/Tianjin National Supercomputing Center
Taithu 10 mill. cores

Test of Taihu planned,;
But:

Local cluster with new
GPUs at NAOC gives

32000 Intg'Xeon 12 cﬁre, much more resources.

48000 Intel PhiAccelerators 57 Core
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Exaflop/s?

Petaflop/s  [JEEERTEa | | | l %
-
10° Gflops | ;
M
104 Gflops |
2
Teraflop/s € 10°Gflops

Gigaflop/s

-
102 Gflops J

10 Gflaps

1 Gfiop

Fujitsu :
TMC  Numerical Intel "‘ssﬁém“" Earth IBM
CM-5  Wind Tunnel ASCIRed ™ Simulator Blue Gene/L
5 KW 100 kW 850 kw 12,000 kW ~4,000 kW

1993

1995

1997

1999

2001

Problems:

Power Consumpti'on
Efficiency for Real Application

2003 2005 2007 2009

S

Figure 1. Rising power requirements. Peak power consumption of the top supercomputers has steadily increased over the past

15 years. Thanks to Horst Simon, LBNL/NERSC for this diagram.
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Institute of Physical and
Chemical Research [RIKEMI

GSIC Center, Tokyo Institute of
Technology

G5l Helmholtz Center

Institute of Modern Physics
[IMP], Chinese Academy of
Sciences

Stanford Research Computing
Center

IT Campany

Internet Service

Internet Service

Internet Service

Internet Service

System

ExaScaler-1.4 B0Brick, Xeon ES-2&6T18Lw3 8C 2.3GH=,

Infiniband FOR, PEZY-5C

L 1U-AGPUSTDARe- 16 Cluster, Intel ¥eon

ES-2620v2 4C 2. 1GHz, Infiniband FER, NVIDIA Tesla

Han

ASUS ESCAD00 FDR/G25, Intel Xeon ES-26%0v2 10X

3GHz, Infiniband FOR, AMD FirePro 57150

Sugon Cluster W780I, Xeon ED-28640w3 BC Z2.6GHz=,
Infiniband QGDR, MVIDIA Tesla KED

Cray C5-5torm, Intel Xeon ES-Z246B0v2 TOC 2. EGH=,

Infiniband FOR, Nvidia K80

Imspur TSTO000 HPC Server, Xeon ES-2620v3 50
2 AGHz, 106G Ethernet, NYIDLA Tesla KAD

Imspur TSTO000 HPC Server, Intel Xeon ES-Z620w2
S0 2.1GH=z, 10G Ethernet, NVIDIA Tesla K40

Imspur TSTO000 HPC Server, Intel Xeon ES-24620v2
&C 2.16Hz, 106G Ethernet, NVIDIA Tesla KAaD

Imspur TSTO0000 HPC Server, Intel Xeon EE-Z4620w2
&C 2. 1GHz, 10E Ethernat, NVIDIA Tesla KAD

Imspur TS10000 HPC Server, Intel Xeon ES-2620w2
SC 2. 1GHz, T0G Ethernat, NVIDIA Tesla KAD
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Intel MIC Hardware
INSPUR, NAOC - 2013.X1.26
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Intel MIC Hardware

Intel” Xeon Phi™ Coprocessor Family Reference Table

GODRS
Memaory

Memory
Capacity

Board
TOP (Wtts)

Peak Double
Freckson

Sipmerl
(G1/s)

55

(L)

[scicsed
ol 3100 series

launch (H1713)

PCle Card, Actively Cooled

PCle Card, Passively Cooled
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PRACE Award -
2011

Astrophysical Particle Simulations with Large Custom GPU Clusters
on Three Continents

Rainer Spurzem, et al, Chinese Academy of Sciences & University of Heidelberg

Julian Martin Kunkel
Thomas Ludwig

LARG E -SCA LE Hans Werner Meuer (Eds.)
COMPUTING

TECHNIQUES
FOR COMPLEX SYSTEM
SIMULATIONS

WERNER DUBITZKY » KRZYSZTOF KURDIWSK] =

ISC'13 Leipzig
Supercomputmg

28th| i g Conf , ISC2013

LNCS 7905

BERNHARD SCHOTT Leipzig, Germany, June 2013

Proceedings

@ Springer

\\ #ﬂﬂf?ﬁﬁﬁﬁiﬁ

NATIONAL ASTRONOMICAL OBSERVATORIES ,CHINESE ACADEMY OF SCIENCES

) Jeg 1Y

PEKING UNIVERSITY




146X

Interactive
visvuahz ation of
volumelric
white matter
connectiviby’

149X

Financial
simulation of
LIBECR modsl

with swaptions®

lonic placement
for molecular
dynamics
simulation on
GRLP

47X

GLAME@lab:
Fl-zcript AP for
linsar Algebra
operations on
GRPL7

Transcoding
HO video
stream to
H. 264 for

portable video?

ltrasound
medical

imaging for
cancer

diagnostics®

Simulation in
Matlab using
mex file LD
function®

24 X

Hig bl
aptimized
abject oriented
molecular
dynamics?

100X

Astrophysics B-
body
simulation®

30X

Cmatch exact
string matching
- find similar
proteins & gene
sequenceas!®




Jowards Peta-Scale Green Computation
— applications of the. GPU supercomputers in CAS

http [IWww. nV|d|a .com/gtc2010-content G P

Algorithms & Numerical Techniques
Astronomy & Astrophysics
Audio Processing

Cloud Computing
Computational Fluid Dynamics
Computer Graphics

Computer Vision

Databases & Data Mining
Digital Content Creation
Embedded & Automotive
Energy Exploration

Film

Finance

General Interest

GPU Accelerated Internet

High Performance Computing

TECHNOLOGY
CONFERENCE

Watch the Keynote Recordings

Imagin

Life Sciences

Machine Learning & Artificial

Intelligence

Medical Imaging & Visualization Wei Ge
Mobile & Tablet & Phone paaeiiang
Molecular Dynamics Inst of Proc. Eng.
Neuroscience

Physics Simulation Yunquan Zhang

Programming Languages & Inst. of Software
Techniques
Quantum Chemistry Rainer Spurzem
Ray Tracin Nat. Astro. Obs.
Signal Processing Chn.
Stereoscopic 3D "

: ; ong Wang
Tools & Libraries

Video Processing

SC Center



Exascale simulation will enable fundamental
advances in basic science

= High Energy & Nuclear Physics

— Dark-energy and dark matter

— Fundamentals of fission fusion reactions
» Facility and experimental design

— Effective design of accelerators

— Probes of dark energy and dark matter Hubble image

of lensing

— ITER shot planning and device control

« Materials /f Chemistry

— Predictive multi-scale materials modeling: o — ’ N
observation to control ;

— Effective, commercial technologies in
renewable energy, catalysts, batteries and
combustion

« Life Sciences

— Better biofuels
— Sequence to structure to function

Structure of
nucleons

These breakthrough scientific discoveries
and facilities require exascale applications
and resources

Slide: Horst Simon, Exascale Computing



Advanced Computation in Energy Science
at LBNL

Probe natural systems under constraints that are difficult or
impossible to impose in the field or laboratory

Reveal the manner in which large-scale phenomena arise from
smaller-scale properties

Discover new materials for green technology applications through

first-principles calculations Global Scale Reactive Transport
Modeling of CH, hydrates (M. Reagan)

—

t(s)
10° | Pore Scale Reactive Transport
L Modeling of CO, sequestration
(D. Trebotich)
1091

Natural Nanofluids (. BEourg)

% Molecular Dynamics Simulations of

10%
First-Principles Calculations of

Materials Genome (K. Persson)

10! - " — . ~ [ (m)
w2 1w* 1w 10 100 100 7

Slide: Horst Simon, Exascale Computing



Research http://www.fz-juelich.de/ias/jsc/EN/Research/research _node.html
JSC's research and development concentrates on mathematical modelling and numerical, especially
parallel algorithms for quantum chemistry, molecular dynamics and Monte-Carlo simulations. The focus in
the computer sciences is on cluster computing, performance analysis of parallel programs, visualization,

computational steering and grid computing.

Modelling and Simulation

The simulation of complex systems in natural science or
engineering depends on the developmant of adequate
mathematical models. Thus the development of realistic and
yet efficient models is a core aclivity at JSC. Examples of
simulations are:

-+ Computational Plasma Physics
= Protein Folding

=+ Cuantum Information Processing
=+ Civil Secunty and Traffic

Algorithms and Methods

Efficient simulations need powerful algorithms and methods,
JSC focusses on the development of the following methods:

-+ Fast Coulomb Solvers

<+ Parallel-In-Time Integration
-+ Fast Multipole Method
Parallel 1O



Computer Physics - Astrophysics

Molecular Dynamics



Fermi-based GPU supercomputer IPE
Rpeak SP : 2Pflops (2010.04.24)

Rpeak DP:  1Pflops
Linpack: ~ 207.3T(Top500 ) %
Mflops/Watt: 431 (Green500 8th) '
Total RAM :  17.2TB

Total VRAM :  6.6TB

TotalHD:  360TB

Inst. Comm. : H3C GE
Data Comm. : Mellanox QDR IB

Occupied >
area:  150sqg.m.
Weight : 12.6 tons

Max Power :  600kW(computing)

e 200kW(cooling)
System : CentOS 5.4, PBS
Monitor : Ganglia, GPU monitor
Lanquages : C, C++, CUDA 3.1, OpenCL

(2) ¢ R FHIYE TR

Instifufe OF Process Engineering, Chinese Academy (O Sciances
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DNS of gas-solid flow : >20x speedup (1C1060/1E5430 core)
120K Particles + 400M pseudo-particles

Reactor:
0.4*20m
3D



Animation Challenge:
9600x2400 -2 1200x300 pixels
1000 - 17 frames




Computer Physics - Astrophysics

Cosmology



Computer Physics - Astrophysics

* Structure Formation in the Universe

’

* \Wilkinson Microwave Anisotropy. Probe (WMAP. - e
P (WMAP)..and ““today

(Cosmic Microwave Background)
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Millenium Simulaiton (Springel et al.)
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2725 Kelvin

"HITS

{Image: TH. Jarett (IPAC/SSC))

Ingo Berentzen Imternaticnal Symposium “Computer Simulations on GPU" June 1 2011 - Mainz, Germany




Computer Physics - Astrophysics

Black Holes in
Galaxies and

Star Clusters
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Simulations with
stars and dark matter

Khan, Berczik, Spurzem, ...2012
stars



Post-
Newtonian
Dynamics
Gravitational

. - Wave
0 10 20 30 40 50 60 70 | Templates

Time (s)

iy in arbitrary units

Figure 3.11: Waveform for two equal mass objects on a an orbit with ¢ = 0.5. §§

fiy in arbitrary units

Handle spin-orbit and | | | | .
spin-spin coupling 0 20 40 60 80 100
(P.Brem, R. Spurzem, e
UniV. Heidelberg) Figure 3.12: Waveform for two objects with a mass ratio of ¢ = 1/10 on an orbit

with e = 0.5 and spins a1 » = 1.0. ag, = 1.0.




EUROPEAN GRAVITATIONAL OBSERVATORY

(7))
({(#//),

Consorlium of

Example: VIRGO Detector in Cascina near Pisa, Italy




VIRGO — Pisa 3km
LIGO — Livingston, LA

Hanford, WA
1km

GEO600 — Hannover
600m

AIGO — Australien
(planned, 5 km)

http://www.ligo-la.caltech.edu/ .
http://www.ego-gw.it Outreach to 50 Millionen

http://www.geo600.uni-hannover.de |ight years (Neutron Stars)


http://www.ligo-la.caltech.edu/
http://www.ego-gw.it/
http://www.geo600.uni-hannover.de/

Parallel Computing

Some basic ideas



Amdahl's Law (Gene Amdahl 1967)

Evolution according to
Adclehle Lo Amdahl's law of the
theoretical speedup of
the execution of a
program in function of
the number of

'l===I‘ll== [l ing
processors executing it,
- for diff I fp.
sonl L L LU LTI ITTTTT] [ Riitel:
_ ...F.!E--...... by the serial part of the
program. For example,

o e
: can be parallelized, the

_ . theoretical maximum
speedup using parallel

computing would be 20
times.

By Daniels220 at English Wikipedia - Own work based on: File:AmdahlsLaw.png, CC BY-
SA 3.0, https://commons.wikimedia.org/w/index.php?curid=6678551



Calculate Amdahl's Law:

Let X be the part of my program (in terms of computing time) which can be parallelised.
The sequential computing time Tseq is normalized to unity (1), and can be expressed as:

Tseq=1= X+ (1-X)

The parallel computing time Tpar under ideal conditions (ideal load balancing, ultrafast
communication):

Tpar = X/p + (1-X) with processor number (core number) p
Then the speed-up of the program S = Tseq / Tpar :

S =1/ (1-X+XIp)

Note the limitif p is very large: S=1/(1-X).Andif X~1:S ~ p

With communication overhead:
Tpar = XIp + (1-X) + Tcomm — S =1/ (1-X+X/p+Tcomm)

If Tcomm independent of p we have for large p: S =1/ (1-X + Tcomm) = const.



1600 GPUs .
440 cores

= 704.000
GPU-Cores

Using
Mole-8.5
of

IPE/CAS
Beijing

Berczik et al.
2013
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m Reag. m Comm.R.
m Irr. il Send.l.
m Pred. B Send.R.
1 Init.B. m Barr.
1 Adjust
m KS
m Move
m Comm.l.
Table 1 Main components of NBODY6 ++
Timing Expected scaling
Description Shiiabla N N Fitting value [sec]
D
Regular force computation — Tiep ~ O(Nyegg - N) O(N; ) (2.2-107% - N> +10.43) - N,
Irregular force computation ~ Tiee  O(Nirr - (Nnp))  O(N; ) (39-1077-N"™® —16.47) - N; '
Prediction y O(N*™») O(N; '7) (1.2-107°. N1°' —3.58) - N;O°
Data moving Tuwov  O(NF7m1) O(1) 25-107% N+ 28
MPI communication (regular) Tiner O(NFner ) O(kper - v o ) (3.3.107°. N 1L 0.12)(15 hﬁp 1}
MPI communication (irregular) Tinei O(NF*™ i)  O(kpei - Eﬁvp—) (3.6-1077- N 40.56)(1.5- Eﬁ;—l}
Synchronization Tain O(N*™=) (’J{N;fps} (4.1-107% . N +0.07) - N,
Sequential parts on host Thost O(NF*mh) O(1) 441077 N4 4123




o
4

‘b”f -

. i i
. ‘; i
= -

el

-

NBODY6++GPU

1
1 1 -
- - 3 ; N ] :
- i i ; i
L : -

| i | | |
32 64 128 256 512 1024

AT
N,

Huang, Berczik, Spurzem, Res. Astron. Astroph. 2016, 16, 11.

Fig.2 The speed-up (5) of NECDY&++ as a function of particle number (/) and processor

number (N, ). Solid points are the measured speed-up ratio between sequential and parallel wall-
clock time, dash lines predict the performance of larger scale simulations further. The symbols

used in figure have the magnitudes: 1k = 1,024, 1M = 1k and 1G = 1k,




http://crd.lbl.gov/departments/computer-science/PAR/research/roofline

Arithmetic Intensity

The core parameter behind the Roofline model is Arithmetic Intensity.
Arithmetic Intensity is the ratio of total floating-point operations to total
data movement (bytes).

0.1-1.0 flops per byte Typlcally < 2 flops per byte O{10) Mlops per byte

(—J\—\

SpMV
BLAS1.2 Particle

Stencil DEs] Methods
ncils (PDEs) ” -

Lattice Boltzmann Spectral Methods Linear Algebra
Methods (BLAS3)

(1) Of log(N) ) O(N)



http://crd.lbl.gov/departments/computer-science/PAR/research/roofline
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http://lorenabarba.com/wp-content/uploads/2012/01/roofline_slide.png

Parallel Computing

Matrix Multiply and Debugging

Ol



Intuitive multiply
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Tiled Multiply

|+ Each computes one wu__u

square sub-matrix Pd,,of size S
TILE_WIDTH

- Each thread computes one
element of Pd.

)
.1|
ty
TILE_WIDT™,

©Wen—mei W. Hwu and David Eil/INVIDIA, -
Berkeley, January 24-2b, 2011

23




Speed-Up Ratio
GPU speed-up over CPU
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CUDA - GNU Debugger - CUDA-gdb

http://docs.nvidia.com/cuda/cuda-gdb/index.html

(’E‘ DEVELOPER CUDA ToOLKIT DOCUMENTATION "_}‘ earct
RVIDIA Z0ONE

CUDA Toolkit v7.5
& CUDA-GDB (FDE) - v7.5 (older) - Last updated Septermber 1, 2015 - Send Feedback - B 4 [ =3

CUDA-GDE

=1, Introduction
2. Release Notes

3. Getting Started

t-4. CUDA-GDB Extensions This document introduces CUDA-GDB, the NVIDIA® CUDA® debugger for Linux and Mac 0S,

5, Kernel Focus

& B, Program Execution 1.1, What is CUDA-GDB?

& 7. Breakpoints & CUDA-GDB is the NVIDIA tool for debugging CUDA applications running on Linux and Mac. CUDA-GDB s an extension to the x86-64
Watchpoints port of GDB, the GMU Project debugger. The tool provides developers with a mechanism for debugging CUDA applications running on

& 8. Inspecting Pregram State actual hardware. This enables developers to debug applications without the potential variations intreduced by simulation and emulation

&= 8, Event Notifications environments.

f—’-éﬂ-ﬂ?ﬁitr?gmﬂﬂc Error CUDA-GDB runs on Linux and Mac 0S X, 32-bit and 64-bit. CUDA-GDB is based on GDB 7.6 on both Linux and Mac 05 X.

=11, Walk-Through Examples
=12, Advanced Settings

B CUDA-GDE is designed to present the user with a seamless debugging environment that allows simultaneous debugging of both GPU
A Supported Platforms and CPU code within the same application. Just as programming in CUDA C is an extension to C programming. debugging with

B. Known lssues CUDA-GDB is a natural nsion to debugging with GDB. The existing GDB debugging features are inherently present for debugging
the host code, and additional features have been provided to ort debugging CUDA device code,

CUDA-GDB supports debugging C/C++ and Fortran CUDA applications. (Fortran debugging support is limited to 64-bit Linux operating
system) All the C++ features supported by the NVCC compiler can be debugged by CUDA-GDB,

CUDA-GDB allows the user to set breakpoints, to single-step CUDA applications, and also to inspect and modify the memory and
variables of any given thread running on the hardware,
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41 - a1t R10 1060608 -271911904
= 0 aial R11 0 2 s
B console 88 ¥ Tasks [l Problems | (3 Executables| @ Memory ik L o B v

vectorAdd [C/C++ Application] gdb traces

Bx400308800" }, {name="C" ,value="8x4063081008" |, {name="numElements” , value="380"}T, file=". . /src/vectorAdy
d.cu”, fullname="/home/eostroukhov/cuda-workspace/vectorAdd/src/vectorAdd.cu”,line="36"}

470,340 (qgdb)

470,340 157"done, register-values=[{number="15",value="6x06"}]
470,348 (gdb)

476,340 158"done,register-values=[{number="15",value="8"}]
476,340 (gdb)

Click to zoomdshrink




Additional deeper material:

SN o AL T

Lectures by Prof. Wen-Mei Hwu Chicago in Berkeley 2012 and

Beljing 2013, see http:lliccs.lbl.goviworkshops/tutorials.html
(down on page links to all lecture files, also available on request from
spurzem@nao.cas.cn)

Lecturel:
Lecture?2:
Lecturea3:
Lecture4:
Lectureb:
Lecture6:
Lecture?:
Lecture8:

See also:

Computational thinking
Parallelism Scalability
Blocking Tiling
Coarsening Tiling

Data Optimization
Input Binning

Input Compaction
Privatization

http://freevideolectures.com/Course/2880/Advanced-algorithmic- technll jues-for- GPUsIl
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http://iccs.lbl.gov/workshops/tutorials.html
http://freevideolectures.com/Course/2880/Advanced-algorithmic-techniques-for-GPUs/1
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