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[MapannenbHble Bbluncnenua (Parallel Computing)

= Llenn ncnonb3osaHnUA MHOronNnpPoLEecCOpPHbIX BbIYUCUTENIbHbIX CUCTEM (BC):

H peweHne 3aga4n 3a meHbllee speMAd Ha HECKOJIbKUX MPOLUECCOPAX

J peweHne 3agaum c 6onblMm 06 BEMOM BXOAHbBIX AAaHHbIX —
MCNO/Ib30BaHMe pacnpeaeneHHON NaMsATU HECKO/IbKUX BbIYUCAUTEIbHbIX Y3108

 pelweHune 3a8a4m c bonblueit BEpOSATHOCTbIO NOYYEHNA KOPPEKTHOTO peLleHuns
(nybnnpoBaHme BbluMCAEHWNIA — NapanNeNbHblIi nepecyer)
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ApPXUTEKTYpa
BbIYNC/INTENIbHbIX CUCTEM
C pacnpeaeneHHoOM NamATbIo



BbluncnmtenbHble CUCTEMBI C pacrlpe,u,eneHHoﬁ MaMATbHO

CPUO

CPU1

Cache

Cache

CPU2

CPU3

CPUO

CPU1

CPU2

Cache

Cache

Cache

Cache

CPU3

Cache

Cache

Paspenaeman namatb Paspgenseman namaTb
(Shared memory) (Shared memory)

I |

KommyHukaumoHHas cetb (Interconnect, Communication network)

"  BbluMCAUTENbHAA cUCTEMA C pacnpeaeneHHoi namaTbio (Distributed memory computer system) —
COBOKYMHOCTb BbIYUCUTENBHbIX Y3/10B, B3aMMOAENCTBUE MEKAY KOTOPbIMU OCYLLECTBAAETCA Yepes
KoOMMYHUKaumMoHHYto ceTb (InfiniBand, Gigabit Ethernet, Cray Gemeni, Fujitsu Tofu, ...)

http://www.top500.0rg

= KaxkAablli y3en MMeeT MHOXKeCTBO NpoLeccopos/aaep, B3aMMOAENCTBYIOLMX Yepes
pa3aensemyto namartb (Shared memory)

http://www.green500.o0rg

http://www.graph500.org

" [lpoueccopbl MOryT BbiTb MHOIOSAEPHbLIMW,
A4pa MoryT noaaep*KMBaTb OAHOBPEMEHHYH MHOIMONOTOYHOCTb (SMT)

http://top50.supercomputers.ru
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BbluncanTenbHble cCUCTEMbI C pacnpe,u,eneHHof/i MaMATbIO

CPUO CPU1 CPU2 CPU3 CPUO CPU1 CPU2 CPU3
Cache || Cache || Cache || Cache Cache || Cache || Cache || Cache
AT
= TLp/pLp A (my)
- /)
y Y v
KommyHukauniagR=y2-11> (Message Passing) cation network)

"  BbluMCAUTENbHAA cUCTEMA C pacnpeaeneHHoi namaTbio (Distributed memory computer system) —
COBOKYMHOCTb BbIYUCUTENBHbIX Y3/10B, B3aMMOAENCTBUE MEKAY KOTOPbIMU OCYLLECTBAAETCA Yepes
KoOMMYHUKaumMoHHYto ceTb (InfiniBand, Gigabit Ethernet, Cray Gemeni, Fujitsu Tofu, ...)

http://www.top500.0rg

= KaxkAablli y3en MMeeT MHOXKeCTBO NpoLeccopos/aaep, B3aMMOAENCTBYIOLMX Yepes
pa3aensemyto namartb (Shared memory)

http://www.green500.o0rg

http://www.graph500.org

" [lpoueccopbl MOryT BbiTb MHOIOSAEPHbLIMW,
A4pa MoryT noaaep*KMBaTb OAHOBPEMEHHYH MHOIMONOTOYHOCTb (SMT)

http://top50.supercomputers.ru
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BbiuncantenoHole Knactepbl (Computer cluster)

Certb InfiniBand ‘Bbl‘-IVICJ'IMTeJ'IbHaFI cesz
! } } } '

’TPOHT;)O‘ ’TPOHTPO‘ Ob6was namsTb Ob6was namsTb Ob6was namsTb Obwas namsTb
’ - ] ¢ ] ] t ¢ ] t
potieccop potieccop Mpoueccop | | Mpoueccop Mpoueccop | | Mpoueccop Mpoueccop | | Mpoueccop Mpoueccop | |Mpoueccop

- !

wada naMAaTb |

Anpo || Appo Anpo || Aapo

Compute node 4 I

Anpo || Aapo Anpo || Aapo

Compute node 2 I

Anpo || Aapo Anpo || Aapo

Compute node 3 I

Anpo || Aapo Anpo || Aapo

Compute node 1 I

Frontend (login node) I

CeTb Gigabit Ethernet sceEBVICHaFI ceTb: NFSi DNSi DHCPi sshi z

= BbluncantenbHble KNactepbl CTPOATCA HaA 6a3e cB060AHO AOCTYNHbIX KOMNOHEHTOB

" BbluMcauTenbHble y3nbl: 2/4-npoueccopHble y3bl, 1 — 8 GiB onepaTMBHOM NamATU Ha A4P0 (MOTOK)

= KOMMYHMKaLMOHHAA ceTb (cepBmcHas n ana obmeHa coobuleHnamm)

= [loacuctema XxpaHeHUA AaHHbIX (AMCKOBbIN MACCUBbI, MapansieNibHble U ceTeBble PpanIoBbie CUCTEMDI)
= Cuctema 6ecnepeborHOro snekTponuTaHuA

= Cuctema oxnaxKaeHua
" [MporpammHoe obecneyenme: GNU/Linux (NFS, NIS, DNS, ...), MPI (MPICH2, Open MPI), TORQUE/SLURM
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[MbpunaHbIE BbIYMCAUTENBbHbIE Y3/1bl

‘ Memory (DDR3) ‘ Memory (DDR3)
CPU1 QPl CPU2
1 M 1
1 Corel Core2 Core3 Core4d Corel Core2 Core3 Core4d 1
t QPI t QPI
i 1/O Hub |

PCl Express

GPU1 GPU2
GPU Memory GPU Memory
Cores Cores
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KoMmMmyHMKaUMOHHble ceTu (Interconnect)

= C pUKCMPOBAHHOMN CTPYKTYpOM (cTaTUuecKkoi Tononornem) — Cray XT3 Scalable
rpadom cBA3EU BbIMUC/IUTE/IbHDbIX Y3108 Interconnect

= KaxKAblX BbIYUCIUTENBHBIN Y3E€1 MUMEET CETEBOU UHTEPPENC
(MapLLIpyTHU3aTOpP) C HECKOIbKMMUM NOPTAMU, YEPE3 KOTOPbIN
OH HanNPAMYO COeANHEH C APYTMMM Y31aMMU

= C AMHAMMNYECKOM CTPYKTYpPOU — Ha Ba3ze KOMMYTaTOpOB

= KaxKAblX BbIYUC/IUTENBHbBIN Y3E1 MUMEET CETEBOU UHTEPPENC
C HECKONTbKMMM NOPTaMMU

" [opTbl MHTEePdENCOB NOAKAIOYEHBI K KOMMYTAaTOpPaM,
Yyepes KoTopble NPOUCXoANT B3aUMoAeNCTBUE Y3N10B
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CeTn ¢ PUKCUPOBAHHOU CTPYKTYPOU

= CtpyKTtypa cetu (tononorusa) — a7o rpad

[ y31bl — MaLwmnHbI (BblYMCAUTENbHbBIE Y3/1bl, cOmputer nodes)
U pebpa — nnHmu ceasm (links)

= [loKa3zatenu 3¢pPeKTUBHOCTU CTPYKTYP:

L agnameTp (MaKcMmanbHOE M3 KpaTyanLmnX pacCTOAHMN)
d cpeaHuin anameTp cetn
J 6ucekumoHHana nponyckHaa cnocobHocTb (bisectional bandwidth)

= [lpumepbl CTPYKTYP

 kD-top (3D, 4D, 5D): Cray Titan (#2) 3D torus,
IBM Sequoia 5D torus (#3), Fujitsu 6D torus (#4)
J Mnepky6
1 PeweTKa, Konbuo, rpadbl Kayua, LWMPKYAAHTHbIE CTPYKTYPHDI, ...

5 oKkTAbpAa 2015 .




CeTn ¢ AMHAMUYECKOU CTPYKTYpPOU

" BbluucantenbHble y3/bl CBA3AHbI Yepe3 aKTUBHbIE YCTPOUCTBA —
ceTteBble KommyTtaTtopbl (network switches)

= KommyTaTop UMeeT PUKCMpoBaHHOE Ymucao noptos (24, 48, 96, 324)
" Kak 06beanHUTb B CETb TbICAYM Y3/10B7?

= Tononorua “toncrtoro aepesa” (fat tree)
Charles E. Leiserson. Fat-trees: universal networks for hardware-efficient supercomputing //
IEEE Transactions on Computers, Vol. 34, No. 10, 1985

= CeTeBble TeXHONOrMu

1 Gigabit Ethernet
d 10 Gigabit Ethernet
4 InfiniBand DDR/QDR/FDR

Fat tree
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[ToKka3zaTtenn spPpeKTUBHOCTU KOMMYHUKALMOHHbIX CETEU

* MponyckHaa cnocobHocTb (Bandwidth) — 6ut/cek. (10 — 54 Gbps — Giga bit per second)
= JlateHTHOCTb (Latency) — cek. (10 us — 100 ns)

" BuceKunoHHaaA NpPonycKHaa cnocobHocTb (Bisectional bandwidth)

5 oKkTAbps 2015 T. 11



Knaccndpumkauma apxmutektyp BC

= Knaccnpukauua ®nmuHa (M. J. Flynn, 1966)

Flynn's taxonomy
Single instruction Multiple instruction
Single data SISD MISD
Multiple data SIMD MIMD

* Mo opraHu3auumu namatu: c obwen namaTtoto (SMP/NUMA), ¢ pacnpeaeneHHon namaTblo
= Mo TNy Nnoaaep*KUBaemMbiX onepaHAoB: CKaNAPHbIE N BEKTOPHbIE CUCTEMDbI

= Mo AOCTYNHOCTU KOMMOHEHTOB, U3 KOTOPbIX CTPOUTCA CUCTEMA:
nponpuetapHble (3aKa3Hbie), Ha 0OCHOoBe 0b6Lea0CTYNHOro annapaTHoOro obecneyeHus
(commodity computing, npoekTt Beowulf)
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Knaccnpukauma ®amnHHa

HIAD Instruction Pool MIBD Instruction Pool
P +|PU - ~Helpul- Lilpul-
= =
= =

HIMD Instruction Pool MIMD Instruction Pool
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E +PU+ 2l—[pul —|Pul-
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.| PU [ —(pul Pyl
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CoBpemeHHble BC Henb3A 0A4HO3HAYHO
Knaccupumumnposatb No PAMHHY — COBPEMEHHbIE
CUCTEMbI MYNbTUAPXUTEKTYPHbI (SIMD + MIMD)

lNMpoueccop — CKanAapHble + BEeKTOPHbIe
NHCTPYKUMK (SIMD)

BbluMcautenbHbIN y3en —

SMP/NUMA-cuctema Ha 6a3e MHOrosiepHbIX
npoueccopos (MIMD) + rpadpuyeckme npoueccopbl
(SIMD)

COBOKYMNHOCTb HECKO/IbKUX BbIYUCINTENbHDbIX
y3nos — MIMD

13



PentuHrn mowHenwnx BC

1. www.top500.0rg — pelueHne cucTtembl IMHENHbIX anrebpanyeckmx ypaBHeHUM
metoaom LU-pakTopumsaumm (High-Performance Linpack, FLOPS — Floating-point
Operations Per Seconds)

2. www.graph500.0org — anropmutmbl Ha rpadax (mnoctpoeHume rpada, o0b6xoa B LUMPUHY,
TEPS — Traversed Edges Per Second)

3. www.green500.0rg — rnaBHbIN KPUTEPUIM — 3HEProaPpPeKTUBHOCT (06bem noTpebnaemomn
3/1eHKTPO3Heprmumn, kW)

4. http://top50.supercomputers.ru — peMTUHT MOLHENLLNX BblYUCAUTENbHBIX cuctem CHI
(tect High-Performance Linpack)

5. Kak co3patb cBOM TECT Npou3BoANTENBHOCTU?
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www.top500.org (UtoHb 2015)

NAME SPECS SITE COUNTRY CORES . PONER
1 Tianhe-2 (Milkyway-2) Intel vy Bridge (12C 2.2 GHz) & Xeon Phi (57C 1.1 GHz), Custom interconnect NUDT China 3,120,000 339 17.8
2 Titan Cray XK7, Opteron 6274 (16C 2.2 GHz) + Nvidia Kepler GPU, Custom interconnect DOE/SC/ORNL USA 560,640 17.6 8.2
3 Sequoia IBM BlueGene/Q, Power BQC (16C 1.60 GHz), Custom interconnect DOE/NNSA/LLNL USA 1,572,864 17.2 79
4 K computer Fujitsu SPARC64 VllIfx (8C 2.0 GHz), Custom interconnect RIKEN AICS Japan 705,024 105 12.7
5 Mira IBM BlueGene/Q, Power BQC (16C 1.60 GHz), Custom interconnect DOE/SC/ANL USA 786,432 8.59 3.95

= CpegHee KONNMYECTBO BblYMCAUTENbHbIX A4ep B cucteme: 50 464

= CpeaHee KONMYECTBO AAep Ha cokeT (npoueccop): 10 (4, 6, 8, 10, 12, 14, 16)

= CpeaHee aHepronotpebneHune: 866 kW

= KomMmyHUMKaumoHHasa cetb: Infiniband (52%), 10G (16%), Custom (14%), Gigabit Ethernet (13%), Cray (3%), ...
= [poueccopsl: Intel (~ 86%), IBM Power, AMD Opteron, SPARC64, ShenWei, NEC

= Yckoputenu (~ 17% cuctem): NVIDIA Kepler (6.6%), Intel Xeon Phi (6.2%), NVIDIA Fermi (3%), ATl Radeon (0.8%),
PEZY-SC (0.6%)

= OnepaunoHHaa cuctema: GNU/Linux & Unix (~¥97%), IBM AIX (9 wr.), Cray Microsoft (1 wT.)
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www.top500.org (UtoHb 2015)

NAME SPECS

Tianhe-2 (Milkyway-2) Intel vy Bridge (12C 2.2 GHz) & Xeon Phi (57C 1.1 GHz), Custom interconnect
Titan Cray XK7, Opteron 6274 (16C 2.2 GHz) + Nvidia Kepler GPU, Custom interconnect
Sequoia IBM BlueGene/Q, Power BQC (16C 1.60 GHz), Custom interconnect

K computer Fujitsu SPARC64 VllIfx (8C 2.0 GHz), Custom interconnect

Mira IBM BlueGene/Q, Power BQC (16C 1.60 GHz), Custom interconnect

SITE

NUDT

DOE/SC/ORNL

DOE/NNSA/LLNL

RIKEN AICS

DOE/SC/ANL

COUNTRY CORES pRuats  POWER
China 3,120,000 339

USA 560,640 17.6

USA 1,572,864 79
Japan 705,0 12.7
USA 3.95

CpegHee KONNMYECTBO BblYMCANTENbHBIX A4ep B cucteme: 50 464
CpeaHee KonnyecTBo Aaep Ha cokeT (npoueccop): 10 (4, 6, 8, 10,

CpeaHee aHepronoTpebnenmne: 866 kW

= HoBocubupckasa NAC —-460 MBT
= HoBocubupckasa TIU-5 - 1200 MBT

KommyHuKaumoHHas cetb: Infiniband (52%), 10G (16%), Custom (le=rojorgumrecorrerrecrroro—cray—toroy—=

Mpoueccopsl: Intel (~ 86%), IBM Power, AMD Opteron, SPARC64, ShenWei, NEC

Yckoputenu (~ 17% cuctem): NVIDIA Kepler (6.6%), Intel Xeon Phi (6.2%), NVIDIA Fermi (3%), ATI Radeon (0.8%),

PEZY-SC (0.6%)

OnepaumoHHasa cuctema: GNU/Linux & Unix (~97%), IBM AIX (9 wT.), Cray Microsoft (1 wr.)

5 oKTabpAa 2015 .
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MynbTUapxmTeKkTypa cospemeHHbIX BC

" Pa3paboTtKka apPeKTUBHbIX NapaniesibHbIX NPOrpamm
ANA MYyNbTUAPXUTEKTYPHbIX BC TpebyeT BlaaeHMUA CTEKOM TEXHO10INIA

[ Internode communications:
MPI, Cray Chapel, IBM X10, Shmem, Unified Parallel C, Coarray Fortran, Global Arrays

O Multithreading: OpenMP, Intel TBB/Cilk Plus, C11/C++11 Threads AMD Opteron

Interlagos (16 cores)

O GPU: NVIDA CUDA, OpenCL, 2 nodes Cray XK7
OpenACC, OpenMP 4.0

O Vectorization (SIMD):

SSE/AVX, AltiVec 2 -
‘ iH ongcEEgmH =

pROCESSOR
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MynbTUapxmTeKkTypa cospemeHHbIX BC

" Pa3paboTtKa adpPeKTUBHbIX Napanae/sibHbIX NPOrpamm
ANA MYNbTUAPXUTEKTYPHbIX BC TpebyeT BlaaeHMA CTEKOM TEXHON0IMI

[ Internode communications:
MPI, Cray Chapel, IBM X10, Shmem, Unified Parallel C, Coarray Fortran, Global Arrays

O Multithreading: OpenMP, Intel TBB/Cilk Plus, C11/C++11 Threads AMD Opteron
Interlagos (16 cores)
0 GPU: NVIDA CUDA, OpenCL, 2 nodes Cray XK7
OpenACC, OpenMP 4.0
 Vectorization (SIMD): |
SSE/AVX, AltiVec g B
‘ H processo” gl Fl

pROCESSOR

Ireger Care 18 | o

aaaaaaaaaa

SSE/AVXL‘
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MynbTUapxmTeKkTypa cospemeHHbIX BC

" Pa3paboTtKa adpPeKTUBHbIX Napanae/sibHbIX NPOrpamm
ANA MYNbTUAPXUTEKTYPHbIX BC TpebyeT BlaaeHMA CTEKOM TEXHON0IMI

[ Internode communications:
MPI, Cray Chapel, IBM X10, Shmem, Unified Parallel C, Coarray Fortran, Global Arrays

O Multithreading: OpenMP, Intel TBB/Cilk Plus, C11/C++11 Threads AMD Opteron

Interlagos (16 cores)

0 GPU: NVIDA CUDA, OpenCL, 2 nodes Cray XK7

|

OpenACC, OpenMP 4.0 @ "|'
. . 1 = nVIDI-J
O Vectorization (SIMD): S P cor

|

N -

R

SSE/AVX, AltiVec

55555555

e
pROCESSOR

Ireger Care 18 | o

aaaaaaaaaa

QpenMP, Intel TBB, SSE/AV;‘
Cilk, POSIX Threads
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MynbTUapxmTeKkTypa cospemeHHbIX BC

Pa3paboTka apPeKTUBHbIX NapannenbHbIX NPOrpamm
ANA MYNbTUAPXUTEKTYPHbIX BC TpebyeT BAageHMA CTEKOM TEXHO10TUMA

d

d

Internode communications:
MPI, Cray Chapel, IBM X10, Shmem, Unified Parallel C, Coarray Fortran, Global Arrays

Multithreading: OpenMP, Intel TBB/Cilk Plus, C11/C++11 Threads AMD Opteron
Interlagos (16 cores)
GPU: NVIDA CUDA, OpenCL, 2 nodes Cray XK7
OpenACC, OpenMP 4.0
Vectorization (SIMD):
SSE/AVX, AltiVec o
; ARl

PROCESSOR

Ireger Care 18 | o

NVIDIA CUDA, OpenMP, Intel TBB,

. SSE/AVXL‘
OpenCL, OpenACC Cilk, POSIX Threads
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MynbTUapxmTeKkTypa cospemeHHbIX BC

" Pa3paboTtKa adpPeKTUBHbIX Napanae/sibHbIX NPOrpamm
ANA MYNbTUAPXUTEKTYPHbIX BC TpebyeT BlaaeHMA CTEKOM TEXHON0IMI

[ Internode communications:
MPI, Cray Chapel, IBM X10, Shmem, Unified Parallel C, Coarray Fortran, Global Arrays

O Multithreading: OpenMP, Intel TBB/Cilk Plus, C11/C++11 Threads AMD Opteron

Interlagos (16 cores)

0 GPU: NVIDA CUDA, OpenCL, 2 nodes Cray XK7
OpenACC, OpenMP 4.0

[ Vectorization (SIMD):
SSE/AVX, AltiVec

MPI, Cray Chapel, Shmem,
Coarray Fortran, Unified Parallel C

NVIDIA CUDA, QpenMP, Intel TBB, SSE /AV;‘
OpenCL, OpenACC Cilk, POSIX Threads
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MuoronpoueccopHbie BC c obuien namatbto (SMP, NUMA)

" [noCbl

[ MpwuBbluHaAA moaenb nporpammmnpoBaHMa (NOTOKKU, NpoLieccol)
(J BbicoKas ckopocTb 0bmeHa AaHHbIMU MeKAY NOTOKamu/npoLeccamu

= MuHyCbI

J CuHXpOHM3aLMA NPpU A0CTYNE K O6LWLMM AaHHbIM (KpUTUYECKME ceKumn)
(J KorepeHTHOCTb KaLlen, NoXKHoe pasaeneHue AaHHbIX

J OTHOCUTENbHO HM3Kaa MacluTabupyemocTb
(kaK npasuno, 4 — 16 npoL.eccopoB Ha y3ne)

d Tpygoemkana opraHmsaumna apdeKkTMBHOro ncnosibsosaHme namatm 8 NUMA-cuctemax

5 oKkTAbps 2015 T. 22



MHoronpoueccopHble BC c pacnpegeneHHoOM namaTbto

" [noCbl

(J BbicoKasa maclutabmpyemocTb (COTHU, TbICAYU U MUANMUOHBI MPOLLECCOPHbIX AAep)
J MeHbLue npobnem ¢ cMHXpoHM3aumen (y Kaxkaoro y3na/cepsepa cBos NaMsaATh)

d Jlekomno3unumsa Ha KpynHble noa3agauu

= MuHyCbI
d HeobxoammocTb Mcnonb3oBaHMs nepeaaym coobuieHuin (message passing)

(] BbicOKMe BpeMeHHble 3a4ep>KKU U HU3KasA NPOnycKHasa cnocobHOCTb
(Bce B3anmoaenctema no cetn — Gigabit Ethernet, Infiniband)

J HeogHopoaHOCTb, OTKasbl Y3108
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TeopeTuyecKkue OCHOBDI
napannesbHbiX BblYUCNEHUN
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[MapannenbHble Bbluncnenua (Parallel Computing)

* Pa3paboTKa napansesnbHOro aaAropuTma

J MNowuck napannennsma B U3BECTHOM NOC/1Ie40BaTE/IbHOM aNropuUTMe,
ero mogmnduKaums nam cosgaHme HoBoro aJirdpUTMa

- [leKomno3unuma 3agavym Ha noasagaum, KOTOpPbl€ MOTYT BbINMO/THATLCA NMapasjie/sibHO

J AHanu3 3aBMCHMMOCTEN MeKay noa3agadyamm

= [lapannenbHana Bepcma camoro 3pheKTUBHOro NocaeaoBaTe/IbHOroO a/I0PUTMA pPeLLleHns
3a4a4un HeobAzaTenbHO byaet camon addbeKTMBHOW NapannesibHOMN peannsaumen
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[MapannenbHble Bbluncnenua (Parallel Computing)

= Peanusauuma napanniesibHoOro airopuTMa B BUAe napanzie/ibHou Nporpammbl
1 PacnpepeneHue nogszanay mexay npoueccopamu (task mapping, load balancing)
J OpraHmnsauma B3ammopaenctema nogsanad (message passing, shared data structures)
J YueT apxuTeKTypbl LLeNeBOM BbIYMCAUTENBHON CUCTEMDI

1 3anyck, u3smepeHue 1 aHanu3 nokasartenen apdbeKTUBHOCTU NapaiienbHOM
nporpammoil

J OnTummsauma nporpammbl

5 oKkTAbps 2015 T. 26



[ToKka3aTenn spPeKTUBHOCTM NapanienbHbIX aArOPUTMOB

= KoapPpunumneHT yckopeHua (Speedup)
= KoadpduumeHTt apdektnsHoctu (Efficiency)
= KoadpdPUUMEHT HaKNaAHbIX PacXxoao0B

= [loKa3aTe/ib paBHOMEPHOCTU 3arpy*KeHHOCTM NapannesibHbiX BeTBEM
(npoueccoB, NOTOKOB)
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KoadpdunumneHT yckopeHus (Speedup)

= BBegem 0603HayeHuUs:
U T(n) — Bpems BbINONHEHMA NOCAeA0BATENbHOM Nporpammsl (sequential program)
d T, (n) — Bpemsa BbINONHEHWA NapaniesibHoM nporpammel (parallel program)
Ha p Nnpoueccopax
" KoadpouumeHT S,(n) yckopeHus napannesnbHomn nporpamm (Speedup):

T(n)
Ty (n)

Sp(n) =

= KoadpduumeHt yckopeHna S, (1) nokasbiBaeT BO CKO/IbKO pa3 napannenbHaa Nporpamma

BbIMO/IHAETCA Ha p NpoLeccopax bbicTpee nocneaoBaTeIbHON NPorpammbl Npu ob6paboTke
OAHUX N TEX }KE BXOAHbIX IAHHbIX pasmepa n

= Kak npasuio
S5,(n) <p
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KoadpdunumneHT yckopeHus (Speedup)

= BBegem o603Ha4yeHUs:
U T(n) — sBpems BbinoNHEHUA NOCeA0BaTEeIbHON Nporpammsl (sequential program)

Q T, (n) — Bpema BbINOSHEHWA NapasnenbHou nporpammbl (parallel program)
Ha p npoLeccopax

" KoadpouumeHT S,(n) yckopeHusa napannesnbHon nporpamm (Speedup):

Sp(n) —

= Lenb pacnapannenmBaHua — A0CTUYb IMHEUHOIO YCKOPEHUA Ha MaKCUMa/ibHO 601bLLOM
Yyucae NpoLeccopos

Sp(n) =p v S,(n) = Q(p) npu p > ©
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KoadpdunumneHT yckopeHus (Speedup)

= Kakoe Bpems 6paTb 3a Bpems BbINO/IHEHUA NOC/eA0BaTe/IbHOW NPOrpaMmmbi?

o Bpems nyywiero n3BecTHOro aropmMtma (B cmbicaie BbIYUCAUTENIbHOM CIOMKHOCTH)?
o Bpemsa nyyiiero TeopeTnveckn BO3IMOXKHOro aaroputma’?

= Yro cuntatb BpemeHem BbinonHeHua T,(n) napannenbHol nporpammbi?

o CpeaHee BpemMs BbINOJIHEHWA NOTOKOB MNPOrpaMmmbi?
o Bpemsa BbINOAHEHUA NOTOKa, 3aBepLumnBLIero paboTty nepsbim?

o Bpemsa BbINOAHEHUA NOTOKa, 3aBepLunBLIero paboTty nocneaHMm?
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KoadpdunumneHT yckopeHus (Speedup)

= Kakoe Bpems 6paTb 3a Bpems BbINO/IHEHUA NOC/eA0BaTe/IbHOW NPOrpaMmmbi?

o Bpemsa nyuwiero usBecTHOro aaroputma Uam Bpems aaroputma, KOTopbiid
noaBsepraerca pacnapanienmBaHuio

= Yro cuntatb BpemeHem BbinonHeHua T,(n) napannenbHol nporpammbi?

o Bpems BbinoNHEHMA NOTOKA, 3aBepLumnBLLEero paboty nocnegHum
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KoadpdunumneHT yckopeHus (Speedup)

" KoadpdpuumneHT oTHOCUTENbHOTO YCKOpeHUA (Relative speedup) — oTHOLWEHMA BPEMEHM BbINONHEHUA
napannenbHOM NporpaMmmsbl Ha k NpoLLeccopax K BpemMeHU eé BbINoJIHEHUS Ha p npoLleccopax (k < p)

Tr(n)
Tp,(n)

S Relative (k; D, n) —

* Koadpoduuyuent adpdpektusHoctu (Efficiency) napannensHom nporpammeol

=Sp(n)= T(n)
p pT,(n)

E,(n) €[0,1]

* KoadpduuymeHT HaknagHbix pacxoaos (Overhead)

TSync (p, n) _ TTotal (p, n) T TC omp (p, n)
TC omp (p: n) TC omp (p' n)

e(p,n) =

" Tgync(p,n) — BpEMA CO34aHMA, CUHXPOHM3ALMM U B3AUMOAENCTBMA P NOTOKOB

" Tcomp(P, M) — BPEMA BLIYMCNEHWUI B KAXKA0M M3 P NOTOKOB
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3aBUCcMMOCTb KO3pPULMeHTa YCKOpeHUa S
napannenbHOro aaroputma X ot KosiMyecTsa p NpoLeccopos

= YCKOpeHMe NPorpaMmmbl MOXKET PacTu C yBEIMYEHMEM Pa3Mepa BXOAHbIX AaHHbIX

UCTBNA NMOTOKOB

J

U npeBoCcxoauUT HakKnagHble pacxXxodbl Ha B3anMoae

Bpems BbluncNeHNN

)

(ynpaBneHne noTokamm, CUHXPOHU3aLMI0, 0OMeH coobLeHnaMMY, ...

33
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KoadpdunumneHT yckopeHus (Speedup)

S
35 T T T T T
A L Linear (ideal)

30 B bomoboe e :

25 R R R R LT __gie) N=60 %2120
NuHeiiHOe ycKopeHne NP - e 1| N =40 * 2720
S,(n)=1/5*p =Q(p) - BRRR R St et EEEEEEREEE

N TontUC .o Ml NN WR N AR

| ol o Ll i ateete| N=20%2/20

o s Al DA R S S NS NS S S B B A ¢

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

3aBUCcMMOCTb KO3pPULMeHTa YCKOpeHUa S
napannenbHOro aaroputma X ot KosiMyecTsa p NpoLeccopos

= YCKOpeHMe NPorpaMmmbl MOXKET PacTu C yBEIMYEHMEM Pa3Mepa BXOAHbIX AaHHbIX

= BpemsA BbIYUCEHNIN NPEBOCXOAUT HaKNaAHble pacxodbl HAa B3aMMOAENCTBUA NOTOKOB
(ynpaBneHue noTokamm, CUHXPOHU3aLMI0, 0bMeH cooblueHnamuy, ...)
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KoadpdunumneHT yckopeHus (Speedup)

" [lapannenbHaa nporpamma (anropnutm) KoaddULUMEHT YCKOPEHUA, KOTOPOM
JIMHENHOW PacTeT C YBE/IMYEHNEM p HA3bIBAETCA JIMHENHO MacLUTabupyemon
NN NPOCTO macwtTabupyemoi (scalable)

" MacuwTtabupyemas napannenbHasa nporpamma AonyckaeT 3¢PpeKTUBHYIO peannsauuto
Ha Pas/IMYHOM YUCNEe NPOLLECCOPOB
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Processors

3aBUCMMOCTb KO3PPULMEHTa YCKOpeHUa S
napannenbHbiX anroputmoB Y U Z OT Koain4ecTBa p NpoL,eccopos

36
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CynepanHenHoe yckopeHue (Superlinear speedup)

" [lapannenbHaa NPorpaMmma MOKET XapaKTepmn30BaTbCA CyNnepIMHEUHbBIM YCKOPEHUEM
(Superlinear speedup) — k03dduUMEHT yckopeHua S (n) NpUHUMaET 3HaueHne bonbLue p

Sp,(n) >p

" [IpUYMHa: nepapxmyecKan opraH1sauma NamaTu:
Cache — RAM — Local disk (HDD/SSD) — Network storage

" [locnepoBaTesibHaA NPOrpPamMm BbINOJHAETCA Ha O4HOM MnpoLeccope
n obpabaTtbiBaeT AaHHbIE pa3mepa n

* [lapannenbHas NporpaMmma MMeeT p NMOTOKOB Ha p NPOLLeccopax, KaxKabl NOTOK paboTaeT co
CBOEM YacCTblo AaHHbIX, 60/1blLaA YaCTb KOTOPbIX MOMET MONacTb B KeL-NamsaThb,
B pe3ynbTaTe B KaxkJO0M NMOTOKE COKpallaeTca Bpems A0CTyna K JaHHbIM

= ToT )Ke cambli 3PpPEKT MOKHO HabAOAATb UMA ABA YPOBHA MEPAPXMYECKON MAMATH:
ANCK — NamMATb
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CynepanHenHoe yckopeHue (Superlinear speedup)

Constant 256000 atoms, 20K temperature and equal number of steps.
|

Time [Sec] # Processors
177330 4
o 78366 8 -0 |
48280 15
42428 20

Superlinear speedup

}g (relative)
? T
i 4
2 Se=—=2.32
8T
8
1h i
-©- measured
—— theoretical
0 | | | | | -
0 1 4 8 12 16 20

Mumber of processors

Parallel Molecular Dynamic Simulation
MPI, Spatial decomposition; Cluster nodes: 2 x AMD Opteron Dual Core; InfiniBand network

http://phycomp.technion.ac.il/~pavelba/Comp Phys/Project/Project.html
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PaBHOMEpPHOCTb pacnpeaeneHms Bbl4NCAEeHNN

= [lo KaKomMy NoKasaTento oL EeHUBaTb PaBHOMEPHOCTb BPEMEHMU BbINOJHEHUA
NnoTokoBs/npoueccoB NapanienbHoi nporpamMmmbi?

" /I3BeCcTHO Bpems BbINMOJAHEHNA NOTOKOB &, ty, ..., tp_1

= KoadpPpuumneHT V Bapmauum

V _ a[ti]

plti]

= OTHOWeHMe min/max

min{t;}

max{t;}
® Jain’s fairness index

(37 e)’

n Zp_l t2

f= 555 €001]
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“MocnepoBatenbHble” YacTn B Nporpammax

" IlHMuManmnsauma u 3asepLueHmne paboTbl
= YTeHne BXOAHbIX AAaHHbIX U 3aNUCh

" IHMUManmn3auma AaHHbIX

" CUHXPOHU3AUMUA, KPUTUYECKME CEKLUMN

= [lyn noToKoB obpabaTbiBaeT HE3aBUCMMbIE 3a4aHNA

" A3BneyeHue 3a4aHUN N3 oyepeamn
= ObpaboTKa pe3y/bTaToB
1 3anucb pe3ynbraTos B 06LLYI0 CTPYKTYPY AaHHbIX

[ ChnsHue pe3ynbTaToB U3 IOKa/IbHbIX CTPYKTYP AaHHbIX
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3akoH k. Amaana (Amdahl’s law)

[ycTb UMeeTca nocaeaoBaTebHAnA NPOrpaMmma ¢ BpeMeHem BbinoaHeHuns T(n)

O603HaumM:
= r € [0, 1] —yacTb nporpammbl, KOTOpaAa MoXeT HbITb pacnapanneneHa (perfectly parallelized) r

= § =1 — r—yacTb NporpaMmmbl, KOTOPaA HE MOXKET ObITb pacnapanneneHa (purely sequential)

Bpems BbINOAHEHUA NapaanenbHoOM NPorpaMmmbl Ha p Nnpoueccopax
(Bpems Kaxka0oro NnoToKa) cKNaabiBaeTca U3 Noc/ieg0oBaTeIbHOW YacTU S U NapPanie/ibHOM r: S

I,@) = T(n)s + 2

r

BbIUMCIMM 3HaYEeHUe KOahPULMEHT ycKopeHusa (no onpeaeneHmio)
T(n) _ T(n) _ 1 _ 1
= = — =
Tp(n) T(n)s+¥r S+§ 1—-7r)+

Sp(n) = T

p

MonyyeHHasa popmynia No 3HAYEHUAM I U S NO3BOJIAET OLLEEHUTb MaKCUMa/IbHOE YCKopeHue
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3akoH k. Amaana (Amdahl’s law)

= [lycTb UMeeTcsa nocneaoBaTeIbHaA NPorpamma C BpemMeHeMm BbinosiHeHUs T(n)
= 0603HauyuMm:
= r € [0,1] —yacTb Nporpammel, KOTOpaA MOXKeT bbITb pacnapanneneHa (perfectly parallelized)

" § =1 — r—yacTb Nporpammbl, KOTOPaa He MOXET bbITb pacnapanneneHa (purely sequential)

= 3aKkoH ). Amaana (Gene Amdahl, 1967) [1]:

MakcumanbHoe ycKopeHue S, NporpaMmbl Ha p Npoueccopax paBHAETCA

S = 1
p= T
1—7r)+—
A-r+35
S lim S li = =
w = lIm = |lim = = —
poo Popoop )l 1-1 s

O Amdahl Gene. Validity of the Single Processor Approach to Achieving Large-Scale Computing Capabilities //
AFIPS Conference Proceedings, 1967, pp. 483-485, http://www-inst.eecs.berkeley.edu/~n252/paper/Amdahl.pdf
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[4

napannenbHou Nporpammbl OT KO/IMYEeCcTBa p NPOL,EeccopoB

3aBUCUMOCTb KO3pPULMEHTA S, YCKOPEHUA

Umeet m cmbicn co34aBaTb CUCTEMDI C KOIMMECTBOM npoueccopos > 1024?

43
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[Tpumep

// NocnepoBaTenbHaA 4YacTb: UHUMUMANMU3AUUA
x = (int *)calloc(n, sizeof(int));

[ycTb AnA onpeaeneHHoOCTH,
umKn do 3aBepliaeTca nocne k utepauunn

// PacnapannenuBaemas 4acTb

do { " Lnkn for mokHO 3dPeKTMBHO pacnapannenntb
for (1 =0; 1 < n; i++) {
x[1] = f(1); // 0(1) * Tseq(n) =m+k+kn
}
// TpoBepka CXOAUMOCTHU - Tpar(n) =n+k+ kn/p
done = ... ; // 0(1)
} while (!done) s o — K _ _kn

— r =
n+k+kn’ n+k+kn

* Torga A0nA Noc/aea0BaTe/IbHOro Koaa npmu n — oo:

I _ n+k 1
noe . noen+k+kn 1+k

" YckopeHue S, =1/s=1+k
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[Tpumep

// NocnepoBaTenbHaA 4YacTb: UHUMUMANMU3AUUA
x = (int *)malloc(n * sizeof(int));

[ycTb AnA onpeaeneHHoOCTH,
umKn do 3aBepliaeTca nocne k utepauunn

// PacnapannenuBaemas 4acTb

do { "  Lukn for moxxHO apdeKTUBHO pacnapannenntb
for (i = 0; i < n; i++) {
x[i] = f(i); // 0O(1) * Tseq(m) =1+k+kn
}
// TlpoBepka CXOAWMOCTMU - Tpar(n) =1+k+kn/p
done = ... ; // 0(1)
} while (!done) - 1+k ___kn

= Y =
1+k+kn’ 1+k+kn

YcKopeHue S — p, npun — o
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[onyweHna 3akoHa . Amgana (Amdahl’s law)

" nOCI'Iep,OBaTEIIbeIﬁ dJITOPUTM ABNAETCA Haubosee onTMMmasnbHbIM cnocobom peweHnsa 3agaum

" BO3MOXHbl CUTYaLWUM KOrga napannesbHaa nporpamma (anropmutm) adpekTMBHEE pellaeT 3a4a4y
(MmoxKeT adpdeKTUBHEE NCMNOB30BATb Kell-namaTb, KoHBenep, SIMD-UHCTpyKUumy, ...)

=  Bpems BbINOJIHEHUA NAapanaeNIbHOU NPOrpamMmmbl OLLEHUBAETCA Yepe3 Bpems BbINO/IHEHUSA
nocneanoBaTesibHOMU, OAHAKO NOTOKM NapanienbHOM NPOrpammbl MOTYT BbINOJHATCA
apPeKkTnBHee

T,(n) =T(n)s + %r, Ha NpPaKTUKe BO3MOXHa cMTyaLms ? >T,(n)

" YckopeHue S (n) oueHusaerca Ana GUKCMPOBAHHOIO pasmepa N JaHHbIX
npu N1O6bIX 3HAYEHUAX P

= B PEeaNbHOCTU NPUN yBENNYHEHUN HNC/TA UCMNOJIb3YEMbBIX MPOLECCOPOB pa3dmMmep N BXOAHbLIX AaHHbIX
TaKXKe YBEINYNBAKOT, TAK KaK MOXKET ObITb AOCTYMNMHO bonblle NnamaATU
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3akoH k. Amaana (Amdahl’s law)

* Ha yTo NOTPaTUTb pecypcbl — Ha YBe/IMUEHUE 40U I NapaneNibHOM YacTu B Nporpamme
WU YBeInYeHUe Yncaa NpoL,eccopoB, Ha KOTOPbIX 3anycKaeTca nporpamma?

T,(n), %
90 :

80
70
60
50
40
30
20 ----
10 ----

r=30%

r=60%

r=90%

b - == - -
IR U N [ —
-t ===

1
1
1
1
—_——t -
1
1
1
1
I N -
1
1
1
1
1
1
1
1
1
1

N
S
00

16

(98]
N

3aBMCMMOCTb BpemeHu T,(n) BbINONHEHMA NapanienbHOM NPOrpaMmbl OT KOIMYECTBA P NPOLLECCOPOB
U A,ONU r pacnapanneneHHoro Koaa (Bpems B % ot spemenu T,(n))
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3akoH k. Amaana (Amdahl’s law)

* Ha yTo NOTPaTUTb pecypcbl — Ha YBe/IMUEHUE 40U I NapaneNibHOM YacTu B Nporpamme
WU YBeInYeHUe Yncaa NpoL,eccopoB, Ha KOTOPbIX 3anycKaeTca nporpamma?

90
ysennumnm yumcno o
npoueccopos ¢ 2-x Ao 4-x gy r=30%
, =
(nporpammy He meHaNK) :
60 i
Bpemsa BbinonHeHUA !
coKpatunocb ¢ 85% a0 77,5% >0 : PP
40 : r=60%
30 i i i i E i
20 ---- EEEEEEEEEE === - F---- fm - - - - - - e
10 l--o- L L TR — > | r=90%
0 : | : | ' | | : P

N
S
00

16 32

3aBMCMMOCTb BpemeHu T,(n) BbINONHEHMA NapanienbHOM NPOrpaMmbl OT KOIMYECTBA P NPOLLECCOPOB
U A,ONU r pacnapanneneHHoro Koaa (Bpems B % ot spemenu T,(n))
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3akoH k. Amaana (Amdahl’s law)

* Ha yTo NOTPaTUTb pecypcbl — Ha YBe/IMUEHUE 40U I NapaneNibHOM YacTu B Nporpamme
WU YBeInYeHUe Yncaa NpoL,eccopoB, Ha KOTOPbIX 3anycKaeTca nporpamma?

Yeenuumnm umcno To(n), %
npoueccopos ¢ 2-x Ao 4-x 30 ' | | | | | | | |
(nporpammy He meHANM) 80 - - + - : -
1 ! 1 - o
Bpems BbiNnoNHeHUA 70 ¥ 1 i r=30%
coKkpatunocb ¢ 85% po 77,5% 60 ! i i i
: |
40 | r=60%
30 1 1 1 1 : 1
YBenunuum B 2 pasa gonto : : : | : : :
20 """ T=-===A===7=7 | I e . i | r==—"=—"1
napannenbHoOro Koaa 0 | L L L — > | r=90%
Bpems BbINONHEHUSA 0 ! : : ! . : : : p

cokpaTtunocb ¢ 85% po 70%

N
S
00

16 32

3aBMCMMOCTb BpemeHu T,(n) BbINONHEHMA NapanienbHOM NPOrpaMmbl OT KOIMYECTBA P NPOLLECCOPOB
U A,ONU r pacnapanneneHHoro Koaa (Bpems B % ot spemenu T,(n))
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3aKoH lyctadpcoHa-bapcuca

* [lycTb MMeeTcs nocseaoBaTe/IbHAA NPOrpamMmma C BpemMeHeM BbinoaHeHua T(n)

"= Q603Haumm s € [0, 1] —yacTb NapannenbHoOM NPOrpaMmmbl, KOTOPAA BbINOJHAETCA NOCAe0BaTENbHO
(purely sequential)

= 3akoH lNycradpcoHa-bapcuca (Gustafson—Barsis' law) [1]:
Macwrabupyemoe yckopeHue S, nporpammbl Ha p NPOLLECCOPaAX paBHAETCA
S5p=DP— s-1)
= O60CHOBaHMe: NYCTb 0 — BPeMA NOC/Ie40BaTe/IbHOW YacTu, b — Bpema napannesibHoM 4acTu
T,(n) =a+b, T(n) =a+ pb
s=a/(a+b), Sp;(n)=s+p(1—-s)=p—-s(p—1)

= Bpems BbINOJIHEHUA NOCNEA0BaTE/IbHOU NPOrPaMMbl BbiparKaeTca yepe3 Bpems BbINOJIHEHUSA
napannenbHoum

O Reevaluating Amdahl's Law, John L. Gustafson, Communications of the ACM 31(5), 1988. pp. 532-533 //
http://www.scl.ameslab.gov/Publications/Gus/AmdahlsLaw/Amdahls.htmIf
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MpuHUKMNbI pa3paboTku
napannesbHbiX aJArOPUTMOB
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MeTtoaonorna PCAM

= Metogonorna PCAM onucbiBaeT 06LWKMKA Noaxoa K npoueccy pa3paboTkmn napannenbHoro
anropuTMma AnA peweHma 3agaHHOoN 3aaa4m

= PCAM = Partitioning, Communication, Agglomeration, Mapping

= Foster |. Designing and Building Parallel Programs: Concepts and Tools for Software
Engineering. Reading, MA: Addison-Wesley, 1995 // http://www.mcs.anl.gov/~itf/dbpp/

DESIGNING and BUILDING
PARALLEL PROGRAMS
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Metoanonorna PCAM

PROEBELEM

e
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OoO00

QOO0
QOO0

OO

Dekomno3uuuna (Partition) BbluncaeHmi
N AAHHbIX HA NapanaenbHble Noa3aaaun
(apxutekTypa BC urHopupyetca)

AHanuns3 3aBucMmocTein n paspabortka aanropurma
B3anmogeicrema (Communicate) napannenbHbix
noa3aaau

Bbibop LeneBow BbiMUCAUTENBbHOM cucTeMbI (Knacca)

MacwTabupoBaHune noasanay (Agglomerate)
C Y4ETOM apXUTEKTYpbIl BbibpaHHOM BC

Pacnpepnenenne noasaaay (Map) mexay
npoueccopamm (CTaTUYECKOE NNK ANHAMUYECKOe)
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Jlekomno3numAa Ha Nnoa3agaym

= BbiiBNIeHUE BO3MOXKHOCTEMN ANA napannenbHoro sbinoJsiHeHUA

" Pa3bueHune 3aga4ym Ha Noa3agaym MMHUMANbHOIO pasmepa —
fine-grained decomposition (menok3epHUcTasa 4eKoMno3nLua)

= Buabl agekomno3snuumu
" Mo aaHHbIMm (Domain decomposition) — pacnpegeneHne AaHHbIX N0 NoA3aaa4am

" dyHKUMOHaNbHaA aekomno3uumna (Functional decomposition) —
pacnpeaeneHue BbIYMUCAEHMIM NO NoA3aAa4am

" Heobxoammo nsberatb Ay61MpoOBaHMA BbIMUCIEHUN N JAHHbIX
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PYyHKLMOHaNbHAA 4EKOMMO3ULUSA

function fib(int n) = [lapannenbHoe BblYUC/IEHUE N-OrO Y1eHa
if n < 2 then nocnaepgoBatesibHOCTM PMb6OHaUUMN
return n = OYHKUMOHANbHAA AEKOMMO3ULUA:
x = fork task fib(n - 1) KaXKAblM PEKYPCUBHbIN BbI30B — 3TO OTAE/IbHAA NoA3a4a4a

y = fork task fib(n - 2)
join threadX
join threadY
return x + vy
end function

5 oKTabpAa 2015 . 55



Bbibop CTPYKTYPbI aNITOPUTMA

* CyLLecTBYIOT TUNOBbIE CTPYKTYpbI (NaTTepHbl) napannenbHbiX airopuTMoB

= Mattson T., Sanders B., Massingill B. Patterns for Parallel Programming. —
Addison-Wesley, 2004

= Krste Asanovic, Ras Bodik, Bryan Christopher et. al. The Landscape of Parallel Computing
Research: A View from Berkeley //
http://www.eecs.berkeley.edu/Pubs/TechRpts/2006/EECS-2006-183.pdf

= Dwarf Mine // http://view.eecs.berkeley.edu/wiki/Dwarfs
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PYyHKLMOHaNbHAA 4EKOMMO3ULUSA

[Nlapannennsm 3agad
(Task parallelism)

JInHeWHasa fekomnosnuunA Mepapxmnyeckas gekomnosmums
MapannenbHble 3afia4n ) (peKkypcMBHbIM Napannenmsm)

“Pazpenan n snacteymn”
(Divide and Conquer)
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Mapannennsm 3agad (Task parallelism)

= MHoroBapmaHTHbIM c4eT, metogbl MoHTe-Kapno, peHaepUuHr rpadpryeckux cueH

" Bo/blIOE KOAIMYECTBO NapaniesibHbIX Nog3agay, Mexay 3agavdamu
HeT 3aBUCUMOCTEMN NO AaHHbIM (embarrassingly parallel)

" MoneKkynapHaa AuHaMmKa (cnctema 3 n B3aMmMoaencTByOLWMX aTOMOB)

" I'Iapanneanoe BbliUNC/1eHNe Cnn, ,£I,€l‘/J1CTByI-OLLI,VIX Ha aTOM

= MeTopa «BeTBen u rpanmu» (branch and bound)

= 06x04 1 pa3breHne MHOMKeCTBa peLleHin B COOTBETCTBMU C NpaBUIaMm
OTCEBa W BETB/IEHUS

» JIuHaMm4yecKoe NopoxKaeHue 3agaHumn

5 oKTabpAa 2015 . 58



PeKypcuBHbIN Napannennsm (pasgenan n Bnactsyi)

secquential | = Parallel Merge Sort
_ = Parallel Quick Sort
up tod-way |
CORCLMTELICY
up to d-wray solve
st bl {5 Ty
up tod-way
el Bhe o T
sequetitial
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PeKypcuBHbIN Napannennsm (pasgenan n Bnactsyi)

= CTeneHb napanneanama UaMeHAETCA B Xoade BbiINO/IHEHUA a/ITOPUTMA

= Onepauunu Split 1 Merge moryT cTaTb Y3KUM MECTOM
(BbINONHAKOTCA NOCNeA0BaTeNIbHO, CM. 3aKOH Amaana)

" 334aHMA NOPOXKAATCA AMHAMMYECKM (banaHCMpPOBKa 3arpy3KM NOTOKOB)

" QOyeHb 60/1bLIOE KOINYECTBO 3a4aHUN MOMKET MPUBECTU K 3HAYUTE/IbHBIM
HaKNaZHbIM pacxoaam
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[eomeTpunyecKasa aekomno3muma (Domain decomposition)

1-D 2-D 3-D

= JlaHHble 338a4m pa3busalotTca Ha 0b6nacTu (kenatenbHO PaBHOro pa3mepa)
= C Kaxaoun 0b61acTbio AaHHbIX aCCOLMUMPYIOTCA aiTOPUTM €€ 06paboTKu
" BbluMC/IEHUA NNOKA/IM30BaHbl BHYTPU obnactn?

= Jla: He3aBuUcCUMble NoA3a4auun

= HeT: TpebyeTca pa3sgeneHme gaHHbIX MexXay obnactamu
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[eomeTpunyecKasa aekomno3muma (Domain decomposition)

= leKOMNO3MUUA CTPYKTYPbI AaHHbIX HA 06aacTu

" Pasmep nogsagay ob6bIMHO NogbUpPaeTca SMNMPUYECKHU

= dopma o0bnacTn BANAET Ha HaKNaaHble pacxoabl (0OTHoweHMe ob6bema K naoLwaan
NOBEPXHOCTH)

= Jly6bnnpoBaHmMe cocegHnx ToYeK
" Peannsauma obmeHa gaHHbIMMU

" [lepen onepaumen obHoOBAEHUA

* [lapannenbHo c onepauuner obHoBNEHUA
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[eomeTpunyecKasa aekomno3muma (Domain decomposition)

= leKOMNO3MUUA CTPYKTYPbI AaHHbIX HA 06aacTu

" Pasmep nogsagay ob6bIMHO NogbUpPaeTca SMNMPUYECKHU

= dopma o0bnacTn BANAET Ha HaKNaaHble pacxoabl (0OTHoweHMe ob6bema K naoLwaan
NOBEPXHOCTH)

= Jly6bnnpoBaHmMe cocegHnx ToYeK
" Peannsauma obmeHa gaHHbIMMU

" [lepen onepaumen obHoOBAEHUA

* [lapannenbHo c onepauuner obHoBNEHUA
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PeKypcuBHaAa A4eKOMMNO3ULUA

" ANropuTm paboTaeT c PEKYPCMBHOM CTPYKTYPOW AaHHbIX (CNUCOK, AepeBo, rpad)

" YacTo KarkeTcs, YToO eAMHCTBEHHbIN cnocob peweHns — nocneaoBaTebHbI 06xoAa
CTPYKTYpbl

= (OAHaAKo MHOr4a BO3MOXKHO nepecTponTb aJICOPUTM TaK, HTO onepaunmm Hag otae/ibHbIMU
/1eMEHTAMUN MOXKHO BbINO/THATbL O AHOBPEMEHHO

= Vivek Sarkar. Parallel Graph Algorithms // http://www.cs.rice.edu/~vs3/comp422/lecture-notes/comp422-lec24-s08-v2.pdf
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KoHBenepHada obpaboTtka (Pipeline)

" BblyncieHna NnpounsBoaATca Hag HAbopom aNEeMEHTOB AAHHbIX, KaXKAbl U3 KOTOPbIX
NPOXOANT HECKO/IbKO cTaanii 06paboTku — aTanbl/610KM KOHBeMepa

" PerynsipHbi, OAHOCTOPOHHUWN, CTAOUNbHbLIM NOTOK AAHHbIX
" [log3apayvu — npumeHeHue onepauunm "ctagma N K KaXkaomy snemeHTy AaHHbIX
= [lpumepsl

= KoHBenepHana obpaboTKka KOMaHA NPOLLECCOPOM

= ObpaboTKa cmMrHanos, GuUnbTPbI, rpadPmKa

Load Image +—> Scale Image +—> Filter Image +——> Save Image
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KoHBenepHada obpaboTtka (Pipeline)

" [lapannenn3m orpaHUYeH YNCIOM CTaANM

" B uaeane BpemeHa paboTbl KaxKa0M CTagnmn A0/KHbI ObITb 0O4MHAKOBbIMU
= Camas mefJsieHHas cTaaus CTaHOBUTCA Y3KMM MECTOM
= KombuHmnpoBaHUE U AEKOMMO3ULUA CTaANN
= PacnapannenmsaHue measeHHoOMW cTagnumu

" BpemeHa 3ano/IHeHUA U ONYCTOLIEeHUNA KOHBelepa

Load Image +—> Scale Image +—> Filter Image +——> Save Image
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KoopAanHauma Ha ocHoBe cobbITUi

» JlekoMno3numa Ha cnabocBA3aHHbIE KOMMOHEHTbI, B3aMMOAENCTBYIOLLNE
HeperynapHbim obpasom

= J1BYCTOPOHHME NOTOKU AAHHbIX

" HeperynapHbie, HenpeacKkasyembie B3auMOAeNCTBUSA

" BbICOKMM PUCK BO3HUKHOBEHMA B3aUMHOW B/IOKMPOBKMU
= [Ipumepbl

= MopaenmpoBaHue ¢ ANCKPETHbIMU COObITUAMM

Npad B3aumopeictBum noasagay

- KOOp,EI,MHaLI,MFI mexay 3sadaHnAMU B Apyrmnx lwabnoHax MOKeET 6bITb HefLeTePMUHUPOBAHHbIM

= PacnpepneneHHble CUCTEMDI
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B3aumoaencresma mexay noasagadyamm

= JloKa/bHble N rnobanbHblE

" CTPYKTYPUPOBAHHbIE U HECTPYKTYPUPOBaAHHbIE
* CTaTUyeckue n AuHaMM4eckume

- CVIHXpOHHbIe N aCNHXPOHHbIE
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B3aumoaencresma mexay noasagadyamm
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JloKanbHble B3anumopaeunucrTeus
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KonnektusHbie (rnobanbHblie) onepauumn
Reduction - cbopka

KonnektusHble onepauuu
All-to-all
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Heat 2D (serial code)

" YpaBHEHME TeNIONPOBOAHOCTM ONMUCLIBAET U3SMEHEHME
TemnepaTypbl B 3a4aHHON 06/1aCTU C TEYEHMEM BPEMEHMU

" [lpnbnunkeHHoe peleHne MOXHO HAaUTU MeTOA0M KOHEYHbIX
Pa3HoOCTEN

= (O6nacTb NOKpPbIBAETCA CETKOM
" [1poun3BOAHbIE aNMNPOKCUMMNPYIOTCA KOHEYHbIMU PA3HOCTAMM

" M3BecTHa TemnepaTypa Ha rpaHuue 061acTn B HaYabHbIN
MOMEHT BpeMeHMU

[*] Blaise Barney. Introduction to Parallel Computing (LLNL)
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U x,y+1

U x-1,y

U x.y

U x+1,y

U x,y-1
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Heat 2D (serial code)

" TemnepaTtypa XpaHUTCA B ABYMEPHOM MaccuBe — pacyeTHas obnacTb

do iy = 2, ny - 1
do ix = 2, nx - 1
u2(ix, iy) = ul(ix, iy) +
cx * (ul(ix + 1, iy) +
ul(ix - 1, iy) - 2.0 * ul(ix, iy)) +
cy * (ul(ix, iy + 1) +
ul(ix, iy - 1) - 2.0 * ul(ix, iy))
end do
end do

[*] Blaise Barney. Introduction to Parallel Computing (LLNL)
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U xy
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Heat 2D (serial code)

= Kaxabin npouecc byaet obpabatbiBaTb cBOIO YacTb 06s1act — 1D domain decomposition

for t = 1 to nsteps
1. Update time
2. Send neighbors my border
3. Receive from neighbors
4. Update my cells

end for

U x,y+1

Ux1y | Uxy | Ux#y

U x,y-1

PacuetHas obnacTtb pa3bura Ha
X BepTUKasbHble NONOCbI —
MaccuB pacnpegeneH

[*] Blaise Barney. Introduction to Parallel Computing (LLNL)
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Heat 2D (serial code)

= Kaxabin npouecc byaet obpabatbiBaTb cBOIO YacTb 06s1act — 2D domain decomposition

for t = 1 to nsteps
1. Update time
2. Send neighbors my border

3. Receive from neighbors
4. Update my cells -
end for
U x,y+1
y Ux-1y | Uxy | Ux#+ly
U x,y-1
~ PacuetHas obnacTtb pa3bura Ha
x npamoyronbHble obnactu (2D)
" . . . CKO/ZIbKO HaA0 BbINOJHUTbL 06MeHOoB
[*] Blaise Barney. Introduction to Parallel Computing (LLNL) Ha Ka20M Ware?
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Jlntepatypa

= JHaptoc [. OCHOBbI MHOIFONOTOYHOrO, NAPaNNeNbHOro U pacnpeaeneHHoro
nporpammupoBaHua. — M.: Bunbamc, 2003.

= Foster |. Designing and Building Parallel Programs: Concepts and Tools for Software
Engineering — http://www.mcs.anl.gov/~itf/dbpp/

= Herb Sutter. Welcome to the Jungle — http://herbsutter.com/welcome-to-the-jungle/
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