Figures, examples amé

1. Apxitektovikn YmroAoyioTtwy, NMoootikn MNMpooéyyion, J.L.Hennesy, A. Patterson
2. An Introduction to the Intel® QuickPath Interconnect:

http://www.intel.com/content/www/us/en/io/quickpath-technology/quick-path-interconnect-introduction-paper.html
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" 2-4 UPNVEC OE MPOCWTILKOUC/PoPNTOUC UTIOAOYLOTEC KAl OE KLVNTA
NA£dwva

= AekAbOeC MUPAVEC o€ €vav cloud server, o€ pia kapta ypadLlkwy, o€ Evav
computation accelerator

= Ekatovtadec/Xhiadec/Ekatoppupia(!?) nuprvec os €va data center, 1aaS
provider, supercomputer

cslab@ntua 2012-2013



Aiadpopog Mvrung (memory bus)
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Aiktuo Alaocuvdeong (11.x. Ethernet, Myrinet, SCI)

SMP kéuBog N

SMP kéupog 2

SMP képupog 1

Aiktuo Alacuvdeong (11.X. Ethernet, Myrinet, SCI)
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" APXLTEKTOVLIKN:
- NMwc¢ ennpealovtal oL LEPOPXLEC LVNHWV;
- Nwc dtaocuvdeovtal ol eTeepPYAOTEC;
" A\OYLOMLKO:
- NMw¢ mpoypoupati(ouE QUTA TO CUCTAMOTO,
- Aewtoupylko cuotnpa: Nwc Ba tpemneL va Asttoupyel o
Xpovobpopoloyntng;
- Nwc Ba cuyxpovicoupe amodoTIKA TTOAAQTTAA VI LOTO,

cslab@ntua 2012-2013



" APXLTEKTOVLIKN:

- NMwc¢ ennpealovtat ot LepapXlec pvnuwyv; NMponyuéva Ospata
APXLTEKTOVIKNG YITOAOYLOTWV

- Nwc dtaocuvdeovtal ol eMeEPYAOTEC; ZNUEPLVO HAONpa Kot
Zuotnuota NapaAAnAng Emeéepyaoiog

" A\OYLOMLKO:

- NMw¢ mpoypoppati¢ou e aUTA TA CUCTAMOTA; ZUCTHHOTA
NapaAAnAng Emeéepyaoiog

- Aewtoupylko cuotnpa: Nwc Ba tpemneL va Asttoupyel o
xpovodpopoloyntnig; Zuotipota MapaAAnAng Enegepyaciog

- Nwc Ba cuyypovicoupe amodoTIKA TTOAAQTTAA VI LOTO,
Zuotnuota MNapaAAnAng Emeéepyaoiog

cslab@ntua 2012-2013



= Tepdotia cuoTAUATO ME XIALAOEC/EKATOUHUPLA EMEEEPYOAOTEC
= XpNOLUOTIOLOUVTAL YL ETILOTNLOVIKEC EPAPUOYEC

- Life sciences

- Earth Sciences

- Engineering

- Etc.
= Top500:

- 2 $OopEC TO XpOVOo avakovwvetat N Alota pe touc 500
LOXUPOTEPOUC ETEEEPYAOTEC
» Supercomputing, NoguBptoc, http://sc13.supercomputing.org/ (HMA)

» |SC, louviog, http://www.isc-events.com/isc13/ (Feppavia)

cslab@ntua 2012-2013



rendered-on SuperMUC by LRZ
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500 ® PrEsERTER Y ICLL\JUV FIND OUT MORE AT
U R s M\'WQX%EVE e www.top500.org
NOVEMBER 2012
NAME SPECS SITE COUNTRY  CORES Eaper M
1 Titan Cray XK7, Operon 6274 16C 2.2 GHz + Nvidia Kepler GPU, Custom interconnect  DOE/OS/ORNL USA 560,640 17.6 8.3
2  Sequoia IBM BlueGene/Q, Power BQC 16C 1.60 GHz, Custom interconnect DOE/NNSA/LLNL USA 1,572,864 16.3 7.9
3 K cOMPUTER  Fujitsu SPARCE4 Vlllfx 2.0GHz, Custom interconnect RIKEN AICS Japan 705,024 10.5 12.7
4 Mira IBM BlueGene/Q, Power BQC 16C 1.60 GHz, Custom interconnect DOE/OS/ANL USA 786,432 8.16 395
5  JuQUEEN IBM BlueGene/Q, Power BQC 16C 1.60 GHz, Custom interconnect Forschungszentrum Jillich ~ Germany 393,216 4.14 1.97
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Top500:
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http://www.top500.org/

Top 500 (November 2012 list)
Top 5

MAME SPECS SITE COUNTRY CORES FEL":,E}S PEMTER
1 TiTAN Cray XK7, Operon 6274 16C 2.2 GHz + Nvidia Kepler GPU, Custom interconnect  DOE/OS/ORNL USA 560,640 17.6 83
Z  Sequola IEM BlueGene/Q, Power BQC 16C 1.60 GHz, Custom interconnect DOE/NNSA/LLNL UsA 1,572,864 16.3 7.9
= K COMPUTER  Fujitsu SPARCE4 VIllfx 2.0GHz, Custom interconnect RIKEN AICS Japan 705,024 10.5 12.7
4 Mira IBM BlueGene,/Q, Power BQC 16C 1.60 GHz, Custom interconnect DOE/OS/ANL USA 786,432 8.16 3.95
5 JuQUEEN IEM BlueGene/Q, Power BQC 16C 1.60 GHz, Custom interconnect Forschungszentrum Jilich ~ Germany 393,216 4.14 1.97
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Top 500 (November 2012 list)

Performance development

PERFORMANCE DEVELOPMENT PROJECTED
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Top 500 (November 2012 list)

Performance development

PERFORMANCE DEVELOPMENT PROJECTED

162
1Eflop/s Pllap/s
100 Pllop/s

. ® .
o« *

° 17.6
10 Piop/s Pllapya
[ 3 =
1 Pflap/s
100 Télop/s ] . _®
s ® * 76.5
117 5 * [ ] L] - '___!-___,-‘“ Thop/s
L TR P -
. ® e ® s 0
1Tes 597
Glicnsg @ ® & & ® ....
100 Gilop/s ® e ® ® L
«*"* 1
o
108
e 0.4_ e @ . *
Gllop.s L}

1Gflap/s . @

1993 1534 1995 1594 1997 1558 1999 2000 2001 2002 2003 2004 2005 20 2047 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018
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Top 500 (November 2012 list)

Performance development

PERFORMANCE DEVELOPMENT PROJECTED
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Top 500 (November 2012 list)

Performance development

PERFORMANCE DEVELOPMENT PROJECTED
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Top 500 (November 2012 list)

Performance development

PERFORMANCE DEVELOPMENT PROJECTED
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Why?
Roadrunner is still high in Top500 (rank 22!)
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Top 500 (November 2012 list)

Performance development

Rank Site

m Information Technology Center, The
University of Tokyo
Japan

€) poemnsaLan
United States

€3 university of Edinburgh
United Kingdom

cslab@ntua 2012-2013

System

Oakleaf-FX - PRIMEHPC FX10, SPARCE4
[Xfx 16C 1.848GHz, Tofu interconnect
Fujitsu

Roadrunner - BladeCenter QS22/L521
Cluster, PowerxCell 8i 3.2 Ghz / Opteron
DG 1.8 GHz, Voltaire Infiniband

IBM

DIRAC - BlueGene/Q, Power BEQC 16C
1.60GHz, Custom
IBM

Cores

76800

Rmax
(TFlopls)
1043.0

1042.0

1035.3

Rpeak
(TFlopls)
1135.4

1375.8

1258.3

Power
(kW)
1177

2345

493
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Top 500 (November 2012 list)

Performance development

Rank Site

m Information Technology Center, The
University of Tokyo
Japan

€) poemnsaLan
United States

€3 university of Edinburgh
United Kingdom

cslab@ntua 2012-2013

System

Oakleaf-FX - PRIMEHPC FX10, SPARCE4
[Xfx 16C 1.848GHz, Tofu interconnect
Fujitsu

Roadrunner - BladeCenter QS22/L521
Cluster, PowerxCell 8i 3.2 Ghz / Opteron
DG 1.8 GHz, Voltaire Infiniband

IBM

DIRAC - BlueGene/Q, Power BQC 16C
1.60GHz, Custom
IEM

Rmax
Cores (TFlopls)

7600
122400

=1

Rpeak Power
(TFlop/s) (kW)

1135.4

1375.8
1258.3

Low power efficiency!
(Flop/Watt)
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Top 500 (November 2012 list)

Performance development

PERFORMANCE DEVELOPMENT PROJECTED
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Shall we reach “Exaflop computing” by the
end of this decade?
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Top 500 (November 2012 list)

Performance development

PERFORMANCE DEVELOPMENT PROJECTED
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Two major problems:
a) power
b) data movements
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Top 500 (November 2012 list)

Architecture

ARCHITECTURES
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20%

Top 500 (November 2012 list)

Architecture

ARCHITECTURES

1993 19594 1995 1996 1997 1998 1999 ZDOONDO1 2002 2003 NO4 2005 2004 WOO7 ZO0DE| 200% 2010 2011 2012

What are these?
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= SMP: Symmetric Multiprocessor
= Constellation: ZuAAoyn) ano dlodopeTikd cuoTHpaTa

= MPP: Massively Parallel Processing
- Malika topaAAnAa cuotipata
- Baoilovtal o€ l81ka Kataokevaopeva (custom made) otolxeia
» Alktua Staocuvdeonc (katd kUpLo Adyo)

» EmefepyaoTIKEC LOVADEC
- M.x. Blue Gene/Q, Cray XK7
- KataAapBavouv tic upnAotepec Beoelc tov Top500
- XapnAOTtepPn KATAVAAWGON EVEPYELOC
- YPnAdtepo KOOTOG
= Clusters: Zuotolyiec cuoTnUATWY
- OAa ta otolyela Touc ival RdN epmopka Stabgoua
- Aiktua dtaoclvdeonc: Infiniband, 10G Ethernet, Gbit Ethernet

cslab@ntua 2012-2013
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Top 500 (November 2012 list)

Power efficiency
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Top 500 (November 2012 list)

Architecture — The accelerator trend

ACCELERATORS/CO-PROCESSORS

1] Intel Xeon Phi
I

50 |
2 NVIDIA 2070
2 a0 ATI GPU
2 .

30

- [

. B womaoso

Clearspeed (SX600 -- - NVIDIA 2050 DI K
[ 2010 2011

200 2007 2008 2009 2012
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Top 500 (November 2012 list)

Processor Architecture

Processor Generation System Share

|
|
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g

Processor Generation Performance Share

cslab@ntua 2012-2013

B Xeon 5600-series (Westmer...

B Intel Xeon E5
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B Power BQC
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B Xeon 5400-series "Harperto...

174V
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Top 500 (November 2012 list)
Processor Architecture

Processor Generation System Share
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Commodity processors

Processor Generation Performance Share
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Top 500 (November 2012 list)

Processor Architecture

Processor Generation System Share
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Custom processors
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Top 500 (November 2012 list)

Countries
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" AloouvOEouv SOULKEC LoVAdEC EVOC CUVOETOU CUOTAMATOC
= On-Chip Network (OCN) or Network-on-Chip (NoC):
- Caches
- Processing cores
- CMPs.
= System/Storage Area Networks (SAN):
- Eme€epyaoteC pe HOVASEC LVANG
- YnoAoyloTEG HeTaED TOUG
- YMOAOYLOTEC LE OUOKEVEC artoBnKeuong
= Local Area Networks (LAN):
- YMoAOYLOTEC O€ €val TOTILKO SikTuOo
= Wide Area Networks (WAN):

- YNoAOoYyLOTEC O OTIOLOSATIOTE ONKELO TOU TTAOQVATN

cslab@ntua 2012-2013
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" AloouvOEouv SOULKEC LoVAdEC EVOC CUVOETOU CUCTAMATOC
= On-Chip Network (OCN) or Network-on-Chip (NoC):

- Caches

- Processing cores

- CMPs.
= System/Storage Area Networks (SAN):

- Eme€epyaoteC pe HOVASEC LVANG

- YnoAoyloTEG HeTaED TOUG

- YMOAOYLOTEC LE OUOKEVEC artoBnKeuong

cslab@ntua 2012-2013
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= Enidoon:

- Latency: Xpovoc mou armatteital yia va ¢TaoeL To mpwTo byte
nAnpodopiac armod Tov AmooTOAEN OTOV TIAPAANTITN

- Bandwidth: O puBuo¢ pe tov omolo petadidetal n mAnpodopia
= Kootog:

- AplBuoc ports ota switches

- AplOuog switches

- AplOuoc cuvdEoewv

» Enektaowpotnta: H Suvatotnta tou SIKTUOU va UTTOOTNPLEEL EMEKTAON OF
pHeyaAutepo aplOpo dtacuvdeopuevwy povadwv

cslab@ntua 2012-2013
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= BaBuadc koppBou (node degree) d: aplOuoc cuvdEouwy oe Eva Koo
- MPEMEL VA lval
» ULKPOG (AOyw KOOoTOUC)
» oTtabepoC (YLa emekTAOLLOTNTA)

= Aldpetpog Siktuov D: pEyloto eAdxLoTto povoratt petaél SUo onolwvonToTE
KOUBwV

- ‘000 ULKPOTEPN, TOCO KAAUTEPN N XELPOTEPN TIEPLMTTWON ETUKOLVWVLOLG

» EUpo¢ topn¢ (bisection width) b: o eAdxlotoc aplOpoC akpwy mou KOBOUUE,
xwpilovtag to diktuo ota dvo

- Amnotelel éva Koo deiktn Tou pEylotou eVpouc {wvng ETLKOLVWVLOC O€
éva Slktuo

Cslus@ntua 2012-2013
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= Shared-media networks: To péoo eival dStapotpalopevo amo OAoUC ToUG
KOuBoug, T.X.
- AtauAocg (bus) og povoemeEepyaoTLKA KOl TTOAUETEEEPYOAOTIKA OCUCTHLOTOL

- To napadoolako Ethernet

» Switched-media networks: Yrapyouv SLakomtopevVa LLOVOTIATLAO TTOU
HUrtopoUV va UTtooTNPiEouV TNV TOUTOXPOVN EMIKOLVWVIO aVAETSO O
Stadopetika (eVyn KOUBwWV

Shared-media network

Switched-media network

Node

Node

Node

Node

cslab@ntua 2012-2013

Node

N, S

S%itch fabric

ASEEERNN

Node

Node
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* Napadoolakog tpomnog dtaoclvdeonc oe eva NoC

= AmnAnR vAomoinon Ue XapnAo KOoTog

- Data, address, control buses
- Awatnoia (Arbitration)
" Yrnootnpilel eukoAa broadcast kot multicast
= EUkoAn uAomoinon cache coherence pe snooping

= AAAQ: Sev elval emektaolog (Tumikd Alyec 6ekadec otolelwv)

- Meploplopévo cuvoAko bandwidth
- AvokoAia otn dtattnoia

Processor

Processor

Processor

Processor

Cache

Cache

Cache

Cache

% Bus

Memory

Memory

Memory

Memory

cslab@itua 2012-2013
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ALOKOTITEC

cslab@ntua 2012-2013
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= AmAoUoTtepn, TaxUTEPN aAAA Kol akplpotepn Avon yila tn dtacuvdeon N
OTOLXELWV

= Antattel N2 Stakomteg, 6gv KALAKWVEL AOYW KOOTOUC

= Xpnotuornoteital oe NoC yia tn dtaoclvdeon Alywv dekadwv otoLxeilwv

o
L
B
B
B
B
]
=

Thalakakalakakala
eRkALSLSESESESES
ERakSLaLSKSESESES
Lt eleleleieiele
rkakabakSkSESEIES
SRSLSKSESESESESES
eRELSESESESESRSES
S SESESESESREES

cslab@ntua 2012-2013
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= Alacuvdeouv N otolxeila pe Tn xpron moAveninedwyv SLaKomTwy

= Av xpnowpomnotnBouv k x k dtakomnrteg, xpetalovral log N otadia pe N/k
Stakomteg ava otddio (ouvoho N/k log, N Srakomreg)

= Avaloya pe tn Stacuvdeon Twv SLakomtwy £xouv ipokUP el SltadopeTika
Sdiktua mou avrtamokpivovtal oe SLadpopeTIKA patterns EMLKOVWVLOG

cslab@ntua 2012-2013 37



Centralized Switched Networks
Multistage networks

. > .

- > .

Benes network

Butterfly network
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Omega network
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OL eowTtepLkol KOUBoL eival SLAKOTITEC
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Benes network

Xpnotpormnoleitol katd kopov o€ SANS Kal KUpiwg og
Supercomputers (Infiniband, Myrinet, kAm)
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- N kopBot
- N(N-1)/2 cbvbeopol
BaBuoc kopBou d=N-1

Awdpetpog D=1

Eupoc toung b=(N/2)?

Elval CUPETPLKO

cslab@ntua 2012-2013
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Distributed Switched Networks
Ring

- N koupot

- N ouvbeopol

-  BaBuog koppwv d=2
- Awapetpoc: N/2

-  EUpog topng b=2

-  Eilval ouppetpiko

cslab@ntua 2012-2013
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- N=n* koppot
- k-8tdotato mesh pe n kOpBouc ava dtevBuvon
- BaBuoc kopBou d=2k
- Sdtapetpocg diktuou D=k(n-1)
- Ma eva 2-6laotato mesh:
»  N=n?koupot
»  2N-2n=2n2%-2n cuvdeopot
» BaBuoc ecwtepkwv KOpBwv d=4
»  Aldpetpog D=2(n-1)
» Eupoc toung b=n

»  Aev elval CULUETPLKO

cslab@ntua 2012-2013




-  Yrnoduthaolaletal n SLAUETPOC o€
oxeon He to Mesh

- yla evav nxXn duadiko torus (k=2):

»

»

»

»

»

»

cslab@ntua 2012-2013

N=n? koupol
2N olvdeopol

BaBuoc kopBou d|=4 |
n

Alwapetpog D = ZL—J
2

EUpoC TOUNG 2N

Elval CUPETPLKO

~

v U U
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- N=2" kouPol

- nN/2 ouvdeopol

- BaBuog kopBou d=n
- Aldpetpog D=n

- Eupoc touncg b=N/2
- Eival cuppetpko

- Apecog mpoodLopLoOG SLadpOoUNG
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Aiktua SL1aocVUVOECNC OTOUC UTTEPUTTOAOYLOTEC
Top500, November 2012

Interconnect Family System Share

B Infiniband

B Gigahit Ethernet

I Custom Interconnect
B Froprietary Metwark
B Cray Interconnect

B Myrinet

B Fat Tree

Interconnect Family Performance Share

B nfiniband
B Gigahit Ethernet
0 Customn Interconnect
B Froprietary Metwark
B Cray Interconnect
B Myrinet

Other
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= BlueGene/Q: 5D torus

»= BlueGene/P : binary tree, 3D torus
= K computer: 6D torus

" Infiniband configuration: fat tree

* Historical note (1987): Connection Machine CM-2, 8192 nodes,

hypercube

cslab@ntua 2012-2013
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Aiktva doouvdeonC
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Aiktva doouvdeonC
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Aiktva doouvdeonC
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Aiktva doouvdeonC

Intel® Quickpath Inteconnect
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chipset
Memory  ® : Memory
processor processor M Interface
Interface
- <>
—l——p
Memo . H Memory
Inte riag : ProCESSOl i DI OCESSOF [ Interface
chipset
Legend:
-f—P Bi-directional bus
sssss -ff—— Unidirectional link
li®]

Image taken from: An Introduction to the Intel® QuickPath Interconnect:
http://www.intel.com/content/www/us/en/io/quickpath-technology/quick-path-interconnect-introduction-paper.html
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= Juotnuata NapdAAnAng Eneepyaciag (9° E€dpnvo)

= AVTIKELpEVO pabrpatoc:

APXLTEKTOVLIKEC MapAAANAWY ZUCTNUATWV
Aiktua dtaocuvdeong

Movtelomnoinon enidoonc

2xeSLAOUOC TIOPAAANAWY TIPOYPOLUUATWV
YAomoinon mapaAAnAwv TPoypapULATWY
2UYXPOVLOLLOC

XpovodpopoAdynon

Edappoyeg

cslab@ntua 2012-2013
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" EpyaotnplaKEC ALOKNAOELC:

MpoypaUUATIOMOC Yot cuoTApata peyaing kAipokac (Message Passing
Interface — MPI)
MpoypapUaTIopoC yia toAumtupnva cuotnuata (OpenMP, Cilk, TBBs)
MpoypapuaTiopoc yio kaptec ypadikwv (CUDA) kat emtaxuviéc (Xeon Phi)
EktéAeon edapuoywv oOe:

» 8-node, Intel Xeon Cluster (16 cores, 32 threads)

» 32-node, 8-core Intel Harpertown Cluster (256 cores)

» 24-core Intel Dunnigton

32-core/64-thread Intel Sandy Bridge
» Fermi GPUs

b

v

2" Epyaotnplakn Acknon Ak. Etog 2011-2012:

Students of the Parallel Processing Systems course, “Parallelizing the Floyd-
Warshall Algorithm on Modern Multicore Platforms: Lessons Learned”, 5th
Conference of Electrical and Computer Engineering Students, University of
Thrace, Xanthi, Greece, April 2012.

cslab@ntua 2012-2013 53



