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Knaccudpumkauma apxuteKTyp BblUUC/IUTENbHbIX CUCTEM
(Mo yMcny NOTOKOB KOMaHA, U AaHHbIX)

Knaccupukauyua M. damHHa (M. J. Flynn, 1966)

Single instruction stream Multiple instruction stream
Single data stream SISD MISD
Multiple data stream SIMD MIMD

SISD — nocnepoBaTtenbHaAa BC; 04HO yCTPOMCTBO ynpaBaeHUs paboTaeT ¢ 0AHMM MOTOKOM UHCTPYKLMIMA B NAMATH,
BbINO/IHAA UX HA NOC/eA0BaTeIbHOM Npoueccope (paboTaeT ¢ 0AHNUM NOTOKOM AaHHbIX): NepBble NPOLLECCOpPbI

SIMD — Bbl4MCAINTENBHAA CUCTEM, B KOTOPOM MHOXECTBO NPOLLECCOPOB BbINONHAKT OAHY MHCTPYKLMUIO HaZ CBOMMMU
NIOKaNbHbIMKU AaHHbIMK: BeKTOpPHble BC Cray, NEC; Habopbl BeKTOpHbIX MHCTPYKUMi AVX, AltiVec, NEON SIMD; GPU

MISD — BbluMCAUTENBHAA CMCTEMA TUMNA “MHOrO NOTOKOB KOMaHA, — OMH NOTOK AaHHbIX”: KOHBelepHble BC
(yacTnyHo) n cuctonunyeckune BC (systolic arrays, 4yacTn4yHO)

MIMD - COBOKYMHOCTb NPOUECCOPHbIX 31EMEHTOB, pa6OTaI-OLLI,I/1X CO CBOMMU NOKA/IbHbIMU MOTOKaMM KOMaH/ U
AaHHbIX: BbIYUCAUTE/IbHbIE KN1ACTEPDLI, MPP-cuctemsl

K Kakomy Knaccy moxkHo oTHecTu npoueccop Intel Xeon Core i5 6200U (Skylake)?


http://en.wikipedia.org/wiki/SISD
http://en.wikipedia.org/wiki/MISD
http://en.wikipedia.org/wiki/SIMD
http://en.wikipedia.org/wiki/MIMD

Knaccudpumkauma apxuteKTyp BblUUC/IUTENbHbIX CUCTEM
(cTpYyKTYpHO-DYHKLUMOHANbHAA — MO cNocoby opraHM3aUmMn onepaTMBHON NamMATH)

Knacc 1. Cuctembl ¢ pasaenaemoi npoueccopamu onepatusHom namartblo (shared memory systems)

=  CMMMeTpPUUHbIe myabTunpoueccopbl (symmetric multiprocessor, SMP) —

MHOX€eCTBO NPOLECCOPOB MMEIOT OANHAKOBbIE BO3MOXXHOCTM NO AOCTYNY K SHECE ISt
pasgensemoii onepaTMBHOM NAamMATU U GYHKLIMOHWUPYIOT NOA yNpaBieHUeM —_— I —
OfIHOM ONepaLnoHHON CUCTEMDbI Cache | Cache Cachs

CPU1 CPU2 CPUN /o

v' OTHOCUTENIbHO NPOCTOoe co3haHune napannensvHbix nporpamm (POSIX threads, OpenMP, ...)

v" KoHTponnep namaTtn — y3Kkoe MecTo, YMCA0 NPoLLeccopos <= 32

= NUMA-cucremsl (non-uniform memory architecture) —
MHOXeCTBO NPOLLECCOPOB UMEIOT HEOOUHAKOBbIE BO3MOXKHOCTM NO AOCTYNyY

K pa3aensiemomn onepaTtMBHOM NamaTn U PYHKLMOHMPYIOT No4 yrnpaBaeHUEM
OZHOV OMepaLMOHHOM CUCTEMBI F Bl Bl
'\_Amote access (slow)
v' OTHOCUTENIbHO NPOCTOE CO3AaHue napasiesbHbIX NPorpamm - m ‘
(POSIX threads, OpenMP, libnuma, thread affinity, ...)
. Local access (fast)
v' KoHTponnep namaTtn n BHyTpucuctemHas wuHa (Intel QPI, HyperTransport) —

y3K0Oe MecCTO, YMCcNo npoueccopos <= 128




KnaccupuKauma apxuTteKTyp BblUUMCANUTE/IbHbIX CUCTEM

(cTPYKTYPHO-PYHKLUMOHAIbHAA — NO cnocoby opraHM3aLumn onepaTUBHOM NaMATH)

Knacc 2. Cuctembl ¢ pacnpegeneHHou onepatuBHo namaATblo (distributed memory systems)

PacnpeaeneHHas BblUUCAUTEIbHAA CUCTEMA —

COBOKYMHOCTb BbIYNCAUTENbHbIX Y3/10B (31€MEHTaPHbIX MaLUUH,
MPOLLECCOPHbIX 3/1IEMEHTOB), B3aUMOAENCTBYIOLIMUX Yepes
KOMMYHWUKaLMOHHYIO CeTb (cpeay); KaxKablii y3en uMmeeT CBOIO OMnepaTUBHYIO
NamaATb U GYHKLUMOHUPYET NoA ynpasB/ieHNnemM CBOM onepaLMoHHON CUCTEMBI

v BbluucauTenbHblii Knactep (computer cluster) — pacnpegeneHHas BC,

MamaTtb

MamaTtb

MamaTtb

MNpoueccop

MNpoueccop

MNpoueccop

!

!

!

KOMMYHMKa LMOHHAA CETb

NOCTPOeHHas Ha ba3e cepuliHO BbIMYCKAaEMOro NPOMbILLNEHHOCTbIO 060pYyA0BaHMSA

v' MaccoBo napannenbHas cucrema (massively parallel system, MPP-system) — 6onbliemaciutabHan
pacnpeaeneHHana BC; kak npasuao, MPP-cuctembl ctpoaTca Ha 6a3e nponpuetapHoro (pupmeHHOro)

obopyaoBaHUA U 3HaUUTENbHO adpdeKkTnBHee KnactepHbix BC (cuctembl IBM BlueGene, Cray XK/XC u ap.)

K KakoMy KJ1accy MOXKHO OTHECTU HOYTOYK Ha Bba3e aByxbagepHoro npoueccopa Intel Xeon Core i5 6200U°

K KakomMy K/1accy MOXKHO OTHECTU ABa CBA3aHHbIX B CETb HOYTOYKa Ha 6a3e npoueccopa Intel Xeon Core i5 6200U7




PenTMHIrM MoLLHEULLUX BbIYMUCUTENbHDBIX CUCTEM

CynepkomnbioTep (cynepBC, supercomputer) — BbluncinTesibHaa cuctema, ob1agaroLLan pekopaHbiMm ons
TEKYLLLEro YPOBHA Pa3BUTUS BbIYUCAUTENIbHOMN TEXHUKKU, NOKa3aTeNAMM NPOU3BOAUTENbHOCTU U/nnu
HaAEXHOCTN, TEXHUKO-3KOHOMMYECKOM 3GPEKTUBHOCTH

www.top500.0rg — peleHne CUCTEMbI IMHENHDBIX anrebpanyecknx ypaBHeHN I
meToaom LU-dakTopusaumm (High-Performance Linpack, FLOPS — Floating-point Operations Per Seconds)

www.graph500.0rg — anroputmbl Ha rpadax (noctpoeHue rpada, 06xoa B LLNPUHY,
TEPS — Traversed Edges Per Second)

www.green500.0rg — rnaBHbIN KpUTEPUIM — 3HEProdadPeKTUBHOCTL (06beM NoTpebaseMon 3N1eKTPO3IHEPTmH,
kW)

http://top50.supercomputers.ru — peMTUHT MOLLHENLLKNX BblYMCAUTENbHbIX cnucTtem CHI (Tect High-
Performance Linpack)

Kak co3patb cBOM TeCT NpOou3BOAUTENIbHOCTU?


http://www.top500.org/
http://www.graph500.org/
http://www.green500.org/
http://top50.supercomputers.ru/

Top500 (noHb 2016)

NAME SPECS SITE COUNTRY CORES e POWER
Sunway TaihuLight Shenwei SW26010 (260C 1.45 GHz) Custom interconnect MSCC in Wuxi China 10,649,600 3.0 15.4
Tianhe-2 (Milkyway-2) Intel Ivy Bridge (12C 2.2 GHz) & Xeon Phi (57C 1.1 GHz), Custom interconnect MSCC in Guangzhou  China 3,120,000 339 17.8
Titan Cray XK7, Opteron 6274 (16C 2.2 GHz) + Nvidia Kepler GPU, Custom interconnect ~ DOE/SC/ORNL USA 560,640 17.6 8.2
Sequoia IBM BlueGene/Q, Power BQC (16C 1.60 GHz), Custom interconnect DOE/NNSA/LLNL ~ USA 1,572,864 17.2 7.9
K computer Fujitsu SPARCS4 VIlIfx (8C 2.0 GHz), Custom interconnect RIKEN AICS Japan 705,024 105 12.7

CpeaHee KONNYeCTBO BblUMCAUTENbHBLIX Aaep B cucteme: 82 030
CpeaHee KonnyecTBo Aaep Ha cokeT (npoueccop): 11.4 (4, 6, 8, 10, 12, 14, 16, 32)
CpenHee aHepronoTtpebnenune: 1010.6 kW

KommyHmnKaumoHHas cetb: InfiniBand (40.8%, cymmapHaa npomn3BoanTeNnbHOCTb — 29.2%),

10 Gigabit Ethernet (35.4%, cymmapHana npoussoantenbHoctb — 14.8%), Custom (14%, cymmapHaa Npon3BoAUTENbHOCTb
—50.8%)

Mpoueccopsl: Intel (> 80%), IBM Power, AMD Opteron, SPARC64, ShenWei, NEC
Yckoputenu (18% cucrtem): Intel Xeon Phi, NVIDIA GPU, ATI/AMD GPU, PESY-SC

OnepaumnoHHas cuctema: GNU/Linux (497 cuctem), UNIX (3 cuctemnl)



ApXUTEKTypHble CBOMUCTBA coBpemeHHbIX BC

" [epapxuyeckas opraHmsauma

KOMMYHUKALMOHHOM cpeapbl

" MynbTUAPXUTEKTYPA BbIYNCAUTE/IbHBIX Y3108

® BosblemacwTabHoCTb

______________________________________________________

InfiniBand FDR
Intel QPI Intel QPI
Mpoueccop Mpoueccop Mpoueccop Mpoueccop
I.'Iﬂt--- 10 llﬂt--- 10} llﬂt--- 10} llﬂt--- 10}
Namatb Namatb Namatb Namatb

KnacTtep (SuperMUC) c nepapxuueckou
cTpykTypou — asa NUMA-y3na

YpoeeHs 1

YpoeeHs 2

YposeHb 3

T

Cuctembl Top500 (#46, 2015): 2, 3 ypoBHA nepapxum

KommyHuKauuoHHasa cpeaa
Ne Cucrtema
YposeHb 1 YpoBeHb 2 YposeHb 3
Tianhe-2 TH Express-2 Intel QPI O6uwan namatb
1 MilkWay-2 fat tree 2 x Intel Xeon DDR3
3120 000 aaep 16 000 y3noB 3 x Xeon Phi 16 anep Intel Xeon
Titan Cray Gemini O6uwan namatb 2%
) Cray XK7 3D-mop DDR3
560 640 agep 18 688 y3nos 16 apep —
AMD Opteron
Sequoia 5D-mop O6wasn namaTb e ﬁ
3 | IBM BlueGene/Q 98 304 y3nos DDR3 e ﬁ
= .
1572 864 apep 16 apep P L
IBM PowerPC A2 -
Hazel Hen Cray Aries Intel QPI O6wan namaTb
8 Cray XC40 Dragonfly 2 x Intel Xeon DDR4
185 088 apep 7 712 y3nos (NUMA-yzen) 12 apep Intel Xeon
SuperMUC InfiniBand FDR Intel QPI O6wan namaTb
23 Knacrtep fat tree 2 x Intel Xeon DDR
147 456 apep 3072 y3nos (NUMA-y3en) 10 agep Intel Xeon




Cuctema Cray XK7 Titan (#3 Top500, uoHb 2016)

= Titan Cray XK7 (MPP-cuctema, https://www.olcf.ornl.gov/titan)
O BbluMcanTenbHble y3nbl: 18 688 (NUMA — 2 AMD Opteron, 560 640 saep)
O KOMMYHMKaUMOHHasA ceTb: Cray Gemini (3D-Top)
o rmbpuaHana BC: x86-64 AMD Opteron + NVIDIA GPU

. . AMD Opteron
= |nternode communications: Interlagos (16 cores)

MPI, Shmem, Unified Parallel C,

Coarray Fortran, Global Arrays, Cray Chapel 2 y3na Cray XK7 :

= Multithreading: OpenMP, Intel TBB/Cilk

= GPU: NVIDA CUDA, OpenCL,
OpenACC, OpenMP 4.0

RRRRRRRRR

= Vectorization (SIMD): SSE/AVX

Cray Gemini (3D-Top)



Cucrtema Cray XK7 Titan (#3 Top500, noHb 2016)

Titan Cray XK7 (MPP-cuctema, https://www.olcf.ornl.gov/titan)
O BbluMcanTenbHble y3nbl: 18 688 (NUMA — 2 AMD Opteron, 560 640 saep)
O KOMMYHMKaUMOHHasA ceTb: Cray Gemini (3D-Top)

o rmbpuaHana BC: x86-64 AMD Opteron + NVIDIA GPU

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

Multithreading: OpenMP, Intel TBB/Cilk

GPU: NVIDA CUDA, OpenCL,
OpenACC, OpenMP 4.0

Vectorization (SIMD): SSE/AVX

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

VVVVVV

PLP — process level parallelism

2 y3na Cray XK7

SSOR

pROCESSOR

NVIDIA CUDA,
OpenCL, OpenMP

AMD Opteron
Interlagos (16 cores)

OpenMP,
POSIX Threads

SSE/AV;‘

TLP — thread level parallelism

ILP — instruction
level parallelism




'MbpuaHblie BbluMcanTeNbHbIE y3abl u BC

____________________________________________________________________________________

‘ Memory (DDR3) |
CPU1 QPl
——
Corel Core2 Core3 Cored
PCI E)V.\
GPU1 GPU2
GPU Memory GPU Memory

Cores ‘

Cores

‘ Memory (DDR3) |

!

CPU2

Corel

Core2 Core3

Cored

PCI Expf\

GPU3

GPU Memory

Cores

Network
controller

____________________________________________________________________________________

NUMA-y3nbl —
Bpema 40CTyna K NaMATU 3aBUCUT

OT ee pa3mMeLleHNs B CUCTEME
(NUMA-node)

YcKkoputenun nogKkNo4aloTcA
no wuHe PCl Express

1 GPU (NVIDIA, AMD)
[ Intel Xeon Phi
(J FPGA-based accelerators



KommyHukKkauyuoHHble cetu BC

= 3a4a4M KOMMYHUKAULMOHHDIX ceTen BC (communication network, interconnect)

U Peanusaums obmeHoB MHGOPMaLMEN MEXKAY BETBAMM MapanieibHbIX MPOrpamm:
OAHOCTOPOHHME 0bmeHbl (one-sided, RDMA: put/get),
[IBYCTOPOHHME (MHAMBUAYyanbHble, anddepeHUnpoBaHHbIe, point-to-point: send/recv),
KoNneKTnBHble onepauun (collectives: one-to-all broadcast, all-to-one gather/reduce, all-to-all)

1 Peanusaumsa obmeHoB cny>kebHol nHbopmaLmeit: KOHTPONb N ANArHOCTUKA COCTOAHUA BbIYUCAUTENbHbIX Y3/108,
H6apbepHan CUHXPOHM3ALUA

0 dyHKUMOHMpPOBaAHUA ceTeBbIX M NapannenbHbix GannoBbIX cMCTEM (AOCTYN K ANCKOBbIM MaccuBam)

= TpeboBaHUA K KOMMYHUKALUOHHOMU CETU

J Bbicokas npon3BoaMUTENbHOCTb peanun3aummn Bcex BUA0B 06MeHOB (ABYCTOPOHHUX, KOIEKTUBHbIX) —
aleKBaTHOCTb CTPYKTYpbl BC lWUMPOKOMY Knaccy napannesibHbiX aAropuTMoB

O Macwrabupyemoctb (NnpocToe yBennveHne n ymeHblueHue yncna M B cucteme)

O

*unByyecTb U 0TKa30ycTOMUYMBOCTb (GYHKLMOHUPOBAHUE NMPU OTKa3ax OTAe/IbHbIX NOACUCTEM)

(d BbicoKaa TeXHUKO-3KoOHOMMUYecKasa 3dpdeKTUBHOCTb (LeHa/apdeKTUBHOCTD)



Buabl KOMMYHMKaLMOHHbIX ceTeu BC

" C PUKCMPOBAHHOM CTPYKTYPOU MeXXMalunHHbIX cBA3en (direct network)

Cray XT3 Scalable

O Kaxkablih BbluMCAUTENbHDBIN Y3en umeeT cemesoli uHmepgelic
Interconnect

(cnctemHoe ycTponcTBO, MapLLPYTU3aTOP) C HECKO/IbBKMMU NOPTaMMU,
yepes KOTOPbIN OH HAMNPAMYH COEANHEH C APYTMMU Y31aMHU

= C guHamuuecKom cTpyKtypou (indirect network, switch-based) -
Ha 6a3e KommyTaToOpPOB

d KasKabli BbIMUCAUTENbHbBIN Y3€1 UMEEeT ceTeBon UHTepdeic
C HECKOJIbKMMM NOPTaMM

O MopTbl MHTEPDENCOB NOAKNIOUYEHBI K KOMMYMAamopam
(switches), yepes KoTopble NPOUCXOANT B3aMMOAENCTBUE
y3/10B

10.0.1.2 10.2.02102.0.3



Bbi6bop CTPYKTYpPbl KOMMYHUKALMOHHOMU ceTu (Tonosormnmn)

* CTpyKTypa BC (cTpyKTYpa KOMMYHUKaLIMOHHOM ceTu, topology) — rpad, B KOTOPOM BepLUMHAM

COOTBETCTBYIOT BbIMUC/TUTE/IbHbIE Y3/1bl, A pe6paM — MexXMallnHHble CBA3U

* TpeboBaHUA K cTpyKType BC (rpady)

= MunHnmmnsauma BpeMEHWU BbIMNO/IHEHUA MeXKMaLUNUHHbIX obmeHOB
U MaKCUMU3aLUUNA UNC/1a BOSMOKHbBIX O4HOBPEMEHHbIX obmeHOB

" MaKkcnMmmn3aums BepoATHOCTM COXPAaHEHMS CBA3HOCTU CTPYKTYpbl BC
npu oTKkaszax M (BepLwmnH) n KaHanoBs cBA3MU (pebep)

A C
®

B
@ D
® ® |
® 2 @
| & ® ®
@ @ o

Obpa3oBannch ase
KOMMOHEHTbI CBA3HOCTU



[MoKkaszaTtenu apPeKTUBHOCTU CTPYKTYpPbI BC

AnameTp rpada — A/1MHa MAaKCMMaIbHOTO U3 KpaTyanwmnx nyten B rpade
(xapaKTepucTUKa Yncaa TPaH3UTHbIX Nepeaay mexay 3M, hops)

CpegHunit pnametp rpada — matemaTUyecKoe OXKMAaHNe PACCTOAHUA MeXay
BEpLUMHAMM NPU UX PaBHOBEPOATHOM Bblbope

BeKTop-PYyHKLUMA CTPYKTYPHOM }KUBYYECTU

BuceKuMoOHHaA NponycKHaA cnocobHocTb (bisection bandwidth) —
CYMMapHas NPonyckHaa cnocobHOCTb KaHANOB CBA3M MeXKAY ABYMSA
HenepeceKaWwmMmmnca NoAMHOKECTBAMM MaLLNH CUCTEMDI

(nna xyawero pazbueHns, MMHUMabHOE 3HaYeHue)

AnnapaTHaAa CNOXKHOCTb — YMCJ/I0 NPOCTENLLNX KOMMYTATOPOB (2 X 2, N X N) N KAHaNOB
CBA3U, HE0OXOAMMBbIX ANS MOCTPOEHUA COCTABHOrO KOMMYTaTOpa CeTH

MeTtpuuecKana CNOXKHOCTb — MAaKCMMabHasA AJIMHA IMHUK CBA3U, Tpebyemas ans
peann3aunm BbIbpaHHOM TONOIOTMKN B TPEXMEPHOM MPOCTPAHCTBE

OnameTtp d =5
@ @
—)
_—

@ @

N\ B
O

N

O e A

A) BUceKUMOHHas
nponycKkHaa cnocobHocTb 5

B) 6MceKumoHHan NponyckHas
cnocobHocTb 3

KommyTaTtop Knosa



CtpyKTtypbl BC c npambim coeguHeHnem y3n0B

= B n-mepHOi1 perynapHoi CTpyKType Kaxaaa M csA3aHa ¢ 2n coceaamm

1D-Top
= TopouaanbHble CTPYKTYPbI
lo—0—0—o0—@
1 Konbuo (1D-Top), ToponaanbHasa pewetka (2D-Top),
TopounaanbHbin Kyb (3D-Top) 2D-Top

O Cray XK7 Titan (3D-top), IBM BlueGene/Q. (5D-Ttop), Fijitsu K Computer (6D-Top)

O /lnHelika (1D-runepky6), peweTKa (2D-runepKky6), 3D-runepkyb

O Intel Paragon, ASCI Red (2D-Ky6), SGI Origin 2000 (3D-Ky6),
MM-X-Y (POAL-BHUNID)

)
" fTMnepKybuueckne CTpyKTypbl ‘*
?

10 1 110 111

— A
1 ¢

000

MnepkybbI: 1D, 2D, 3D 4D-rnnepkyb



CtpyKTtypbl BC ¢ npambim coeagnHeHnem y3nos (2)

" Dragonfly
* HyperX/Hamming Graph
= D -rpadbl, UMPKYAAHTHbIE CTPYKTYpbI (cnctembl MUKPOC)

" [padbl Kayua (Kautz network): cuctema SiCortex SC5832 — 972 y3na, gnametp 6,
NINHKoB 2916

= Data Vortex Interconnect



CtpykTtypbl BC Ha 6a3e KommyTtaTtoposB (indirect nets)

= NlepeBbA
= Tonctoe gepeso (fat tree)
= k-apHble n-gepesbA (k-ary n-tree)
= Extended generalized fat tree (XGFT)



Fat tree (Toncroe aepeso)

Tononorua «toncroe aepeso» (fat tree)

Charles E. Leiserson. Fat-trees: universal networks for hardware-efficient supercomputing //

IEEE Transactions on Computers, Vol. 34, No. 10, 1985
CTpyKTypa Ha 6a3e kommyTaTopos (indirect network)

Constant bisectional bandwidth (CBB) KommyTaTop
ypoBHA 4

CeTb CTPOUTCS U3 KOMMYTATOPOB C OAMHAKOBbIM YNC/IOM
R nopTtoB (AnHKOB, constant radix)

KommyTtaTtopbl
JINHKH (KaHaﬂbI) KOMMYTATOpPOB YPOBHA I NMPOU3BoOAUTE/IbHEE ypoBHA 3

JIMHKOB KOMMYTaTOpPOB ypoBHA i — 1 B R pas

(no yncny nopTos)
KommyTtatopbl

Mpumep: cetn Ha 6a3e InfiniBand, « VP2°B“" 2)
dHa/bl NponsBoauTe/ZibHee B Z pa3a

IBM RoadRunner

'/exiernal interface Kommy-ra-ropm VPOBHﬂ 1

HH (2 nopra)

«—swilching
node

2 channels

BbluncnurenbHbie y3nbl

~—processor

0

1

(.;u='c
23 45 67 8 9 10 11 1213 14 15

Interconnection Network Architectures for High-Performance Computing // © 2013 IBM Corporation, Zurich



Fat tree (Toncroe aepeso)

* OAMHAKOBOE YMCN0 NOPTOB B KOMMYTaTOpPax * OAMHAKOBOE YMC/I0 NMOPTOB B KOMMYTATOPaXx
" JINHKN UMEIOT Pa3HY NPON3BOAUTENBHOCTb "  JINHKN UMetoT OAUHAKOBYIO NPOM3BOAUTE/IbHOCTb
C,=16'C

.;u=§?
o1 23 45 67 8 9 10 11 1213 14 15

Interconnection Network Architectures for High-Performance Computing // © 2013 IBM Corporation, Zurich



Fat tree (Toncroe aepeso)

* OAMHAKOBOE YMCN0 NOPTOB B KOMMYTaTOpPax * OAMHAKOBOE YMC/I0 NMOPTOB B KOMMYTATOPaXx
" JINHKN UMEIOT Pa3HY NPON3BOAUTENBHOCTb "  JINHKN UMetoT OAUHAKOBYIO NPOM3BOAUTE/IbHOCTb
C,=16'C

 =C
0™ ¥
01 23 45 67 89 10 11 1213 14 15 01 23 45 67 8 9 10 11 1213 14 15

Interconnection Network Architectures for High-Performance Computing // © 2013 IBM Corporation, Zurich



Yro ocTtanocb “3a kappom”

= Bbibop CTPYKTYpbI ANA npobaemHO-opueHTMpoBaHHOM BC
(ons onpepeneHHoOro Kaacca 3aaad)

" AZIrOpUTMbI MapLIpyTU3aLmm (Kak 40CTaBUTb coobLueHue oT y3aa A ao y3na B?
KaK yunTbiBaTb 3arpy3Ky KaHan0B, OTKa3bl Y3/10B U JINHKOB?)

=" Bonpocbl TEXHUKO-3IKOHOMUYECKOUN 3P PEeKTUBHOCTH
(yyeT AnnH Kabenen, yncna KOMMYTaTOPOB)



BbluncaurenbHble Knacrepbl (computer cluster)

Cerb InfiniBand (BbluMcnuTernbHas ceTb)

! ! ! ! !

| O6Lwas namsiTb I O6Las namsTb I O6Lwas namsiTb I O6Las namsiTb |
[ 4 [ [ 3 [ [ 3
' ! ' ' ' ' ' '

Mpoueccop | | MNpoueccop Mpoueccop | | MNpoueccop Mpoueccop | | MNpoueccop Mpoueccop | |MNpoueccop

Anpo || Anpo Anpo || Aapo

Mpoueccop | | MNpoueccop
=\

ik
Y 4

| O6Las namsiTb |

Frontend (login node) I Compute node 1 I Compute node 2 I Compute node 3 I Compute node 4 I

Anpo || Aapo Anpo || Aapo Anpo ([ Appo Anpo || Aapo Anpo || Aapo Anpo ([ Appo Anpo || Aapo Anpo || Aapo

CeTb Gigabit Ethernet (cepBucHasg ceTtb: NFS, DNS, DHCP, ssh, ...)

BbluncnmntenbHble Knactepbl CTPOATCA Ha 6a3e cB060AHO AOCTYNHbIX KOMNOHEHTOB

BbluncanTenbHble y3bl: 2/4-npoueccopHsble y3bl, 1 — 8 GiB onepaTMBHOM NamATK Ha AAPO (NOTOK)
KommyHuMKaumoHHas ceTb (cepsucHaa NFS/DNS/NIS n ana obmeHa coobuweHnamu MPI/SHMEM)
Moacuctema xpaHeHUA AaHHbIX (AMCKOBbIM MACCUBbLI, MapansieNibHblie N ceTeBble PparIoBble CUCTEMDI)
Cuctema becnepebomnMHOro sNeKTponmUTaHmS

Cuctema oxnaxXaeHus

MporpammHoe obecnevyeHune: GNU/Linux (NFS, NIS, DNS, ...), MPI (MPICH2, Open MPI), TORQUE/SLURM



MporpammHoe obecneuyeHune BbIUNCAIUTE/NIbHDBIX KNacTepoB

Frontend Service network (NIS, NFS, SSH, ...) Compute node 1
Internet
| Memory | Compute network (MPI | Memory |
plrfrlr]rirjr]r [e][r][rl[r AR
Compute node 2
| Memory |
¥Y3en Frontend — Komnunauua nporpamm n NOCTaHOBKA 33434 B plrlrlr IRIRIRIE
oyepeab (nakeTHaa obpaboTka 3apay, batch processing) Compute node 3
| Memory |
Cuctema ynpasneHua pecypcamm (noaaepKMBaeT o4epeab 3aaau [e] (7] [P1[P1 [Pl [P1[P]["]
N KOHTpPOAMpPYeET AocTyn K pecypcam): TORQUE, SLURM, Altair PBS Pro,
IBM Load Leveler, ... Compute node 4
| Memory |
pirjrlr]rlrir]r

CerteBan (napannenbHan) ¢pamnosana cucrema
(moctyn K /home co Bcex y3nos): NFS, Lustre, PVFS

Cucrtema moHutopuHra: Ganglia, ...

Cetesble cepBucbl: DHCP, DNS, NIS/LDAP, backup

Compute node N

Memory




[lapannenbHblie BblUUCNEHUA —
BBeAeHue



Pa3paboTka napannenbHoro aaroputma

" [oucK napannenmMsma B N3BeCTHOM NOC/e[0BaTe/IbHOM airopuTMe, ero mogudukauuma nam cosgaHuve
HOBOrO a/IOPUTMA: ONpeae/ieHNA YPOBHSA pacnapanieIMBaHuUA — YPOBEHb MHCTPYKLUUN (MEeNKO3ePHUCTbIN
napannenusm, fine grained), notokos/npoueccos (KpynHO3epHUCTbIN Napannennsm, coarse grained)

= Bbibop Knacca uenesomn BC: c obuwen nnm pacnpeaeneHHom NnamaTbio

= Pa3paboTKa anropmtma B TEPMMHAX O4HOMN U3 MOAENEN NPOrpaMmMmnpoBaHua uenesomn BC:

d Cuctembl c obwein namatbio (SMP/NUMA): fork/join model, CSP, Actor model, nepeaaya coobuieHuni

d Cuctembl c pacnpegeneHHo namaTbio (Knactepbl, MPP): ssHaa nepegava coobueHnin (message

passing: o4HOCTOPOHHUE/ABYCTOPOHHME/KONNEeKTUBHbIe 06MmeHbl), BSP — Bulk synchronous parallel,
MapReduce

" [apannenbHana Bepcua camoro 3¢p¢PeKTUMBHOro NocaeAoBaTe/IbHOro a/IOPUTMA peLleHUus 3agaum
HeobA3aTenbHo byaeTr camoi 3pPeKTUBHOM NapansienbHOM peanusaumen



Peanusauua napannenbHoro aaroputma (nporpammoi)

Bbibop nHctpymeHtanbHbix cpeacts (MPIl, OpenSHMEM; OpenMP, POSIX Threads, Cilk)
PacnpepeneHue noasagay mexay npoueccopamm (task mapping, load balancing)
OpraHu3aumna B3ammogencTeuna nogasaaad (message passing, shared data structures)
YyeT apxXMTEKTYpbl LeNeBOWN BbIMNCNUTE/IBHOW CUCTEMDI

3anycK, UsmepeHue n aHann3 nokasatenem appeKTMBHOCTU NAPANNENbHON NPOrPamMmMmbl

OnTMMM3auma NPorpammbl



NMokasatenu adPeKTUBHOCTU NapansenbHbiX aArOPUTMOB

KoadpdunumeHT yckopeHuna (Speedup)
Koadduument apdpektnsHoctu (Efficiency)
KoaddunumeHT HaknagHbIX pacxonos

[ToKa3aTeNb PaBHOMEPHOCTU 3arpy*KeHHOCTU NapaaneNbHbIX BETBEM
(npoueccos, NOTOKOB)



KoadduumeHTt yckopeHusa (Speedup)

Beenem 0603HaueHuUA:
U T(n) — sBpems Bbino/IHEHUA NOC/IeA0BaTENbHOW Nporpammsl (sequential program)
a T, (n) — Bpema BbINONHEHMA NapaanesibHon nporpammbl (parallel program)
Ha p Npoueccopax
Koapduument S (n) yckoperua napannenbHoin nporpamm (Speedup):

T(n)
Ty (n)

Sp(n) =

KoadpduumeHT yckopenua S, (n) nokasbiBaeT BO CKONbKO pa3 NapasiesibHaa Nporpamma

BbIMO/IHAETCA Ha p NpoLeccopax bbicTpee nocnesoBaTeIbHON Nporpammbl Npu ob6paboTke
OLHUX U TEX e BXOAHbIX AaHHbIX pa3mepa n

KaK npasuno

S5,(n) <p



KoadduumeHTt yckopeHusa (Speedup)

= BBegem 0b603HayeHuUs:
L T(n) — Bpems BbINOAHEHMA NOC/AeA0BATENbHOM Nporpammsl (sequential program)
Q T, (n) — Bpema BbINONHEHMA NapannesibHon nporpammbl (parallel program)
Ha p Npoueccopax
" KoadpouumeHT S,(n) yckopeHus napannenbHomn nporpamm (Speedup):

T(n)
Ty (n)

Sp(n) =

= Llenb pacnapannennmsaHua — Ao0CTUYL NIMHENHOoro YCKOpPEeHNA Ha MaKCMMaJ/IbHO 6onbLOMmM
Yynucine npoueccopos

Sp(n) = p nam S,(n) = Q(p) npn p >



KoadduumeHTt yckopeHusa (Speedup)

= Kakoe Bpems 6paTb 3a Bpems BbiNoJIHEHUA Nocnea0BaTe/IbHOM Nporpammbi?

O BpeMFI nyyuwero n3seCtHoro aJiropnutma (B CMbICN1E€ BbIYMUC/IUTENBHOM CI'IO)KHOCTVI)?

o Bpems nyywiero Teopetuyeckm BO3SMOXKHOIo a/iroputma’?

= Yro cumtatb BpemeHem BbinonHeHua T, (1) napannenbHol nporpammbi?

o CpepaHee BpeMs BbINOJHEHMA MOTOKOB NPOrpammbl?
o Bpems BbINONHEHMA NOTOKA, 3aBepLlunBLIero paboTy nepsbim?

o Bpems BbINONHEHMA NOTOKA, 3aBepPLUNBLLIErO PaboTy NnocaeaHUM?



KoadduumeHTt yckopeHusa (Speedup)

= Kakoe Bpems 6paTb 3a Bpems BbiNOJIHEHUA NOC/neA0BaTe/IbHOM Nporpammbi?

o Bpemsa nyuywiero usBecTHOro aArOPUTMa UaM BPEMA aAropruTMma, KOTopbiif
noaBepraeTca pacnapansieMBaHuIo

= Yro cumtatb BpemeHem BbinonHeHua T, (1) napannenbHol nporpammbi?

o Bpems BbINO/IHEHUA NOTOKA, 3aBepLUMBLLUEro paboTy nocnegHUm



KoadduumeHt otTHocutenbHoro yckopeHus (Rel. speedup)

KoadPpuumneHT oTHocuTenbHoro yckopeHus (Relative speedup) — oTHOWEHUA BpeMeHU BbINOAHEHUSA
napannenbHoOM NporpaMmmbl Ha k NpoLeccopax K BpemeHU eé BbINoHEeHUA Ha p npoueccopax (k < p)

Ty (n)
Tp(n)

SRelative (k, D, n) —

KoadpdpuumenT adppektusHocTtu (Efficiency) napannenbHoi nporpammel

S(n) _ T(n)
p pT,(n)

Ep(n) — € [O' 1]

KoadpumumneHT HaknaaHbix pacxoaos (Overhead)

TSync (p, n) _ TTotal (p» n) _ TC omp (p' n)
TC omp (p, n) TC omp (p' n)

e(p,n) =

T sync(P, M) — BpEMA CO3AaHUA, CUHXPOHU3ALMM M B3AUMOAEWCTBUA P NOTOKOB

T comp (P, M) — BPEMSA BbIYMCIEHWNIA B KaXKAOM M3 p NOTOKOB



Buabl macwitabnpyemoctu nporpamm

MacwTtabupyemocTtb napannenbHou nporpammbl (scalability) — xapakTepuctmka nporpammesi,
NOKa3blBatloLLLaA Kak U3MEHAIOTCA ee NoKasaTenn NPomn3BoAUTENbHOCTU NPU BapbUPOBAHUM YMCNA
napannenbHbIX NPOLLEeccoB Ha KOHKpeTHoM BC

Crporasa/cunbHaa macwtabupyemoctb (strong scaling) — 3aBMcumocTb KoadPuumeHTa yCKopeHus oT
4yncna p npoueccos npu GUKCUMPOBAHHOM pa3mepe h BXOAHbIX AaHHbIX (n = const)

J MoKa3biBaeT KaK pacTyT HaknagHble pacxopbl C yBeAnYeHnem p
O Lenb — MMHMMKU3MPOBATL Bpemsa peLleHua 3aaa4m pUKCMpoBaHHOIO pasmepa

Cnabasa macwrtabupyemoctb (weak scaling) — 3aBucMmocTb KoadppnumneHTa YCKOpPEHUA NapanieNibHOM
NPOrpammbl OT YMcC/a NpoL.eccoB NPU GUKCUPOBAHHOM pa3mMmepe BXOAHbIX AaHHbIX HA O4UH NpoLleccop
(n/ p = const)

O Lenb — pewntb 3aga4y Hanbonbluero pasmepa Ha BC

MapannenbHasa nporpamma (anropnutm) KoadPuuUMeHT YCKOPEeHUA, KOTOPOM IMHEMHOM pacTeT C
yBe/IMYEHMEM P Ha3bIBAETCA IMHENHO MaclITabupyemon nam npocto macwmabupyemoli (scalable)



KoadduumeHTt yckopeHusa (Speedup)

Strong
scalability
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3aBUCMMOCTb KO3dPULMEHTa YCKOPEHUA S
napannenbHoOro aaroputma X ot KoaiMuecTsa p NpoLeccopos

" YCKOpEeHMe NPorpammbl MOXKET PacTu C YBe/IMYEHMEM PasMepa BXOAHbIX AaHHbIX

J

MU npesocxoanT HaK/lagHble pacxodbl HAa B3aMMoaencTtBmA noToKoB

Bpems BbluMCNEHNI

)

(ynpaBneHne NoToKamm, CUHXPOHU3aLUIO, 0BMeH cooblleHnaMMY, ...



KoadduumeHTt yckopeHusa (Speedup)

S
33 A S A S R
JInHeliHOe yCKopeHue o 0 0 0 | Linear (ideal)
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3aBUCMMOCTb KO3dPULMEHTa YCKOPEHUA S
napannenbHoOro aaroputma X ot KoaiMuecTsa p NpoLeccopos

" YCKOpEeHMe NPorpammbl MOXKET PacTu C YBe/IMYEHMEM PasMepa BXOAHbIX AaHHbIX

" Bpems BblYNC/IEHUI NPEBOCXOAMT HaKNaAHble Pacxodbl Ha B3aMMOAENCTBUA NOTOKOB
(ynpaBneHne NoToOKamMm, CUHXPOHU3aLMIO, OOMeEH coobLueHnamMY, ...)



KoadppunumeHt yckopeHusa (Speedup)

Linear (ideal)

T N

1
-1
1
1
1
d
1
1
1
1
1
1
1
1
1

L i B

T
1
[

30

25

10

10 12 14 16 18 20 22 24 26 28 30 32

8

6

Processors

3aBUCMMOCTb KO3PPULMEHTa YCKOpeHUa S
napannenbHbIX aaroputmos Y n Z oT Konn4yecrtsa p npoueccopos



CynepauHenHoe yckopeHue (superlinear speedup)

MapannenbHan NpPorpaMmma MOKET XapaKTepmn3oBaTbCA CyNnepANHENHbIM YCKOpPEeHneMm
(superlinear speedup) — k0apduruMeHT yckopeHus S (n) NpUHUMaET 3HaueHne bosbLue p

S,(n) >p

[MpUYMHa: nepapxmyeckan opraHn3auma NaMaAaTK:
Cache — RAM — Local disk (HDD/SSD) — Network storage

[MocnepgoBaTenbHaA NPoOrpamMm BbINOJIHAETCA Ha OA4HOM Npoueccope
n obpabaTbiBaeT AaHHble pa3mepa n

MapannenbHaa Nnporpamma MMeeT p NOTOKOB Ha p NpoLeccopax, Kaxablii NOTOK paboTaeT co
CBOEM YacTblo AaHHbIX, 60/1bLUAsA YaCTb KOTOPbIX MOKET MNonacTb B Kel-NamsThb,
B pe3y/1bTaTe B KaXK/JOM MOTOKE COKpallaeTcs Bpema A0CTyna K AaHHbIM

ToT »Ke cambiv 3dPeKT MOXKHO HabntoaaTb UMSA ABa YPOBHS MEPAPXMUYECKON NAMATK:
ANCK — NaMATb



CynepauHenHoe yckopeHue (superlinear speedup)

Speedup

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

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

Time [Sec] # Processors
177330 g
76365 B
48280 15
42428 20

-9- measured

— theoretical

4 8 12 16
Mumber of processors

20

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

Superlinear speedup

T,
Sq=—=2.32
8= T


http://phycomp.technion.ac.il/~pavelba/Comp_Phys/Project/Project.html

PaBHOMepHOCTb pacnpeaeneHmsa BbluNCAEHUN

Mo Kakomy noKasatento oLeHUBaTb PaBHOMEPHOCTb BpeMeHU BbINO/IHEHUA
NoTOKOB/npoueccos NnapannenbHoi nporpammbi?

M3BeCTHO Bpems BbINONHEHUA MNOTOKOB ty, ty, ..., t

KoadppuumeHT V Bapmauum

V — a[ti]
plti]
OTHoweHmne min/max
min{t;}
M = max{t;}
Jain’s fairness index
2
s
f—( 2t [0,1]




3akoH . Ampgana (Amdahl’s law)

[ycTb MeeTca nocneoBaTesibHas NPorpamma ¢ BpemeHem BbinoaHeHus T(n)
O603HauYnM:
= r € [0,1] —yvacTb nporpammbl, KOTOpaa MOXKeT bbITb pacnapanneneHa (perfectly parallelized)

» § =1 — 7r—yacTb Nporpammbl, KOTopaa He MoXKeT bbITb pacnapanneneHa (purely sequential)

Bpemsa BbINONHEHUA Napaa/ie/IbHOM NPOorpamMmmbl Ha p nNpoLeccopax
(Bpemsa KaxKaoro notoka) cknaabiBaeTcs U3 NOC/1IeA0BaTEe/IbHOM YacTK S U Napa/ie/IbHOM r:

T(n)

T,(n) =T(n)s + r

Boluncanmm 3HavyeHme KoadPmumMeHT ycKopeHua (no onpeaeneHunto)
T(n) _ T(n) 1 1

Tp(”)_T(n)s+¥r _S+% :(1—r)+£

Sp(n) =

[MonyyeHHaA cI)opN\yna MO 3HAYEHUAM I U S NO3BONAET OLUEHNTbL MAdKCMMaJ/iIbHOE YCROpEeHUeE



3akoH . Ampgana (Amdahl’s law)

" [lycTb MMeeTca nocneagoBaTe/ibHasA NpPorpamma ¢ BpeMeHeM BbiNoaHeHUA T(n)
= (O603HaYUM:
= r € [0, 1] —yacTb Nnporpammbl, KOTopasa MoXeT bbITb pacnapanneneHa (perfectly parallelized)
= § =1 — r—yacTb Nporpammbl, KOTOpaa He MOXeT bbiTb pacnapanneneHa (purely sequential)
= 3aKoH . Amaana (Gene Amdahl, 1967) [1]:

MaKkcumanbHoe ycKopeHue S, nporpammbl Ha p NPOLECccopax paBHAETCA

s 1
p= T
1—-7r)+—
A-m+35
S lim S li L -
w = lIm = I1m — = —
poo P opoeop )3l 1-7 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



http://www-inst.eecs.berkeley.edu/~n252/paper/Amdahl.pdf

3akoH . Ampgana (Amdahl’s law)

-l r=95%

-l r=75%
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S, YCKOpeHusA

napannenbHoM NPorpamMmmbl OT KOIMYECTBa p NPOL,EeCcCoOpPOoB

3aBUCUMOCTb KO3PPULMEHTa



JonyweHuna 3akoHa . Amagana (Amdahl’s law)

NMocnepoBaTenbHbIU aNTOPUTM ABAAETCA Hanbosiee onTMManbHbIM CNOCOBOM peLleHUA 3a4a4m

BO3MOXHbI CUTYaUUM Koraa napannesbHaa nporpamma (anropntm) appektmBHee peluaeT 3a4a4y
(MmorkeT apPpeKkTnBHEE NCNONb30BaATb Kel-namaATb, KoHBenep, SIMD-UHCTpyKUuy, ...)

Bpems BbINO/NHEHMA NapaNeNIbHON NPOrpamMmmbl OLLeHMBAETCA Yepe3 BpemMs BbiNO/IHEHUA
nocneposaTteNibHOM, O4HAKO NOTOKM NapannenbHOM NPOrpaMmmbl MOTYT BbIMONHATCA
3pPeKkTnBHEE

T,(n) =T(n)s + %r, Ha NPaKTUKe BO3MOXKHA CUTyaL s % >T,(n)

YckopeHue S,(n) oueHusaerca ana GUKCUPOBAHHOIO pasmepa N AaHHbIX
npu N06bIX 3HAYEHUAX p

B peanbHOCTU NPU YBEANYEHUN YNC/Ia UCNOSIb3YEMbIX MPOLLECCOPOB PasMep N BXOAHbIX AaHHbIX
TaK»e yBe/IMYMBAIOT, TaK KaK MOXKeT BbITb OCTYNHO bonblle namAaATH



3akoH . Ampgana (Amdahl’s law)

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

T,(n), %
90 A
et e e S
g O T W e = £ S S R Y
U e O O O O S A
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N e == gy P
30 fooomdomode S
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3aBucumocTb BpemeHu T,(n) BbINONIHEHNA NapannenbHOU NPOrpamMmbl OT KOJIMYECTBA P NPOLLECCOPOB
W A,ONU r pacnapanneneHHoro Koaa (Bpems 8 % ot spemeHu T,(n))



3akoH . Ampgana (Amdahl’s law)

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

T,(n), %
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3aBucumocTb BpemeHu T,(n) BbINONIHEHNA NapannenbHOU NPOrpamMmbl OT KOJIMYECTBA P NPOLLECCOPOB
W A,ONU r pacnapanneneHHoro Koaa (Bpems 8 % ot spemeHu T,(n))



3akoH . Ampgana (Amdahl’s law)

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

Yeenuumnm umcno T,(n), %
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3aBucumocTb BpemeHu T,(n) BbINONIHEHNA NapannenbHOU NPOrpamMmbl OT KOJIMYECTBA P NPOLLECCOPOB
W A,ONU r pacnapanneneHHoro Koaa (Bpems 8 % ot spemeHu T,(n))



3aKoH lycradpcoHa-bapcuca

" [lycTb UMeeTca nocaeaoBaTeIbHas NPorpaMmma ¢ BpemMeHem BbinonHeHus T(n)

* (Q603HaumMm s € [0, 1] —yacTb NapannenbHo NPOrpaMmbl, KOTOPaA BbINMOAHAETCA NOCAe0BaATENbHO
(purely sequential)

= 3aKoH lycradpcoHa-bapcuca (Gustafson—Barsis' law) [1]:
Macwrabupyemoe yckopeHue S, Nporpammbl Ha p NPOLLECCOPaX paBHAETCA
Sp=DpP— s(p—1)
= O60cHOBaHMe: NyCTb 0 — BpeMs NocnefoBaTe/IbHOM YacTh, b — Bpema napaniesibHoM 4acTu
T,(n) =a-+b, T(n) =a+ pb
s=a/(a+b), Sp;(n) =s+p(1-s)=p—-s(p—1)

" Bpemsa BbINONIHEHUA NOCNEA0BATE/IbHOM NPOrPaMmbl BbiparKkaeTca Yepes BpemMs BbINOJIHEHUA
napannenbHou

0 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.html
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