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Buxpepaspeluarowiee MmoaenupoBaHue
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MbpunaHble cynepBbIMMCNEHUSA

CPU: Intel, AMD, IBM, ARM, 3nb6pyc

Xeon Phi™ Coprocessor

OCHOBHbI€ NOHATUSA: e FLOPS Wil
He KOpMUTB!
e DM-MIMD e SIMD e GB/s
e SM-MIMD e Stream processing e Latency
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TexHONOrMA BUXpepaspeLllaloLero CynepkoMnbLTEPHOro MoaenMpoBaHuUs

¢ CxeMbl noBbIWEHHOU TOYHOCTU EBR
HecTpyKkTypnpoBaHHbLIE CMeLLaHHbIE CETKU

e HesiBHasa cxema no BpemeHu

e 'MopuagHblie RANS-LES meToabl
LES mogenb TypbyneHTHOCTU
[NooceToyHbI MacLuTabd

e [MapannenbHbIN anNropuTm
DM-MIMD, SM-MIMD, Stream processing, SIMD

e [lepeHocnmas reTeporeHHasa peanusauus
MPI, OpenMP, OpenCL
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Kputunyeckue npobnemsl B GPU-computing

Kernel
e [MapannenbHasa napagurma NOToOKOBOW 00paboOTKKn
agantauus anropntma K stream processing ﬂé
L |
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YucneHHbIn MeTog — cxema EBR
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e CBepxcnocobHoctn Ha TC-ceTKkax

. . e ®
e YnpoLleHHbIN SIKOOMaH B HESIBHOW CXeMe Vi AT
KaK y cxembl 1 nopsaka fel e = rD
Vi
— (0)
e DKOHOMMUYHOCTb T, =T e =p©
A < J Ok

no NnamMmAaTu rD W o
J / r:
No BbIYUCIIEHNAM N 4 g
no o6MeHam ri? |
Jjk =y
I/ . Jk

Bakhvalov Pavel, Abalakin Ilya, Kozubskaya Tatiana. Edge-based reconstruction schemes for unstructured tetrahedral meshes.
International Journal for Numerical Methods in Fluids. 2016. Vol.81(6). P. 331-356. https://doi.org/10.1002/fld.4187

Bakhvalov Pavel, Kozubskaya Tatiana. EBR-WENO scheme for solving gas dynamics problems with discontinuities on unstructured meshes.
Computers and Fluids. 2017. Vol. 157, p. 312-324. https://doi.org/10.1016/].compfluid.2017.09.004



https://doi.org/10.1016/j.compfluid.2017.09.004
https://doi.org/10.1002/fld.4187

YucneHHbin metop — MLES puckpetusauua BA3kux yneHos H-C

P1 ManepKkuH ana BA3KUX YNIeHOB AaeT 27 HeHynen Ha rekcax B NOpTpeT AKoOuaHy

MeTopn nokasnbHbIX pa3oneHun
e dABNAeTCA NMUHENHbIM
e coBnapgaet ¢ P1 NanepknHeiM Ha cumMmnnmuuanbHbIX CETKaxX

e Ha 3D gekapToBbIX CETKax annpokcmmMmauua nannacnaHa gaet 7-ToYeYHyo cxema,
a y [anépkuHa 27-ToueudHbIn WwabsioH

® MOXXHO 0e3 NoTepu CXoAUMOCTU UCKNMIOYNUTb U3 AKOOMaHa 3fIeMEeHTbI,
He BXxoasiLme B 7-TOYEYHbIN LWAabnoH

Bakhvalov P. A. Method of local element splittings for diffusion terms discretization
in edge-bases schemes. Keldysh Institute Preprints. 2020. Vol. 79. 1 — 43
https://doi.org/10.20948/prepr-2020-79-e

JCP — under review


https://doi.org/10.20948/prepr-2020-79-e

MaTtemaTuueckana mogenb — rubpuaHbin RANS-LES
He30HHbIEe rTMOpuAaHbLIE MeToAabl cemencTBa DES

e DES, DDES, IDDES
M. Shur, P. Spalart, M. Strelets, A. Travin. An Enhanced Version of DES with Rapid Transition form RANS to LES
in Separated Flows. Flow, Turbulence and Combustion. 95 (2015) 709 — 737 https://doi.org/10.1007/s10494-015-9618-0

e RANS SA, SST

e LES mopenu cemencrtBa S3
F. X. Trias, D. Folch, A. Gorobets, A. Oliva. Building proper invariants for eddy-viscosity subgrid-scale models.
Physics of Fluids 27 (2015) 065103 https://doi.org/10.1063/1.4921817

e Moaceto4yHbIn macwTab Delta-LSQ
F.X.Trias, A.Gorobets, M.H.Silvis, R.W.C.P.Verstappen, and A.Oliva. A new subgrid characteristic length for turbulence
simulations on anisotropic grids. Physics of Fluids.29 (2017) 115109 https://doi.org/10.1063/1.5012546

DDES with A = A, Q1D Uiy 1-i DDES with A = Aj,q and S3QR LES model

55 9.7 17.0 30.0



https://doi.org/10.1007/s10494-015-9618-0
https://doi.org/10.1063/1.4921817
https://doi.org/10.1063/1.5012546

NMpeabiaywime rereporeHHble peanusauuu

leTeporeHHbIV Koa Tanup
Cell-center, nofiMHOMManbHasi PEKOHCTPYKLUSA, sSIBHaAsA cxema
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Yucrno ysnos

A.Gorobets, S.Soukov, P.Bogdanov. Multilevel parallelization for simulating turbulent flows on most kinds of

hybrid supercomputers. Computers and Fluids. Vol. 173, 2018,

pp. 171-177.

S. A. Soukov, A. V. Gorobets. Heterogeneous Computing in Resource-Intensive CFD Simulations.

Doklady Mathematics. Vol. 98, No. 2, 2018, pp. 1-3.



NOISETTE — urpoBasa nnowazgKka u Kog ona npurioXXeHuu

C++, MPI, OpenMP, OpenCL
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Cxembl noBbIlWeHHOW To4HOCTU EBR (O =
HEeCTPYKTYpMPOBaHHbIE CMeLlaHHble CETKM (§ LA\

Buxpepaspelwariiee mogenupoBaHue
CXXMMaeMble TeYEHUS,

aspoguHaMuKa U aspoaKkycTuka
rmopmngHole RANS-LES meTtoabl
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HPC peanusauus
MacLwiTabmpyemble napanmnesibHble anropuTmbl
reTeporeHHble BblYUCIIEHUS, ...

BblyncnurtenbHble TEXHONOINMMU
IBC, agantauus ceTtkun, STG,
napansnesnbHbI NOCTNPOLECCOp,
FW/H, beamforming,

CKONnb34dLlne CeTKN, poTop-cTaTop,
YCKOpeHue pacyera, ...
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NMoarortoBKa K BblyucneHnam Ha GPU

NMpoGnema. Koa CAMLLKOM CJI0XKHO OTNaXXUBaTb, CFIOXXHO KOHTPONIMPOBaTb Ka4yecTBO
PeweHue:

e ABTOMaTM4YeCKOe TeCTUpoBaHue C paclumpeHHbIM QA NOKpbITUEM

e KoHdurypauma 6e3onacHoro pexxmma co BCTPOEHHbIM CTeK-TPencepom

o KOHTeﬁHepbl C KOHTpOINnemMm gocTtyna no AByM nHaekcam, no tuny, MMeHoBaHHbIe

o BCTpOGHHbII?I MOHMUTOPYUK BblAerneHnA NnamMmATn AnAa otT4eToB U NOBJIN yTe4YEeK

e BcTpoeHHOe MHCTpyMeHTanbHoe npodgunmpoBaHue

A. Gorobets, P. Bakhvalov. Improving Reliability of Supercomputer CFD Codes on Unstructured Meshes.
Supercomputing Frontiers and Innovations. 2019. Vol. 6, No. 4, pp. 44-56. http://dx.doi.org/10.14529/jsfi190403



http://dx.doi.org/10.14529/jsfi190403

KoHndwurypauua SAFE MODE

[MporpamMmHble YPOBHU

LL — Low Level — BblcOKOYACTOTHbIe PYyHKLUN
performance-critical, obpaboTka ogHOro cCeToMHOro obbLeKTa
Ndobl, CBUYKN, aCCEPTHI, BbI30BbI (PYHKLMN — CO3al0T OBEPX3L],

HL — High Level — Hn3ko4actoTHble doyHKL MK
obpaboTka HabopoB CETOUHbLIX OOBLEKTOB
Ndobl, CBUYKN, aCCEPTHI, BbI30BbI PYHKLMIN — NpeHebpexmnmeol

e Low-level npoBepku BKknroveHbl B KOHdure SAFE MODE,
BbIKITlOYEHbI B pernuse

e QA npouenypa — B cendpmope

AT TG : I~

e [lpoBepka gocTtyna K KOHTeMHepam — MmaccuBam V|[i], MnniocTpaumsa BO3AENCTBUA HECTabUMNbHBIX
ono4yHbiM Mmaccuam V[i][j] no o6oum nHaekcam nporpamMMHbIX ownbok Buaa Strange bug

Ha pa3paboTymka 1 ConyTCTBYIOWMA MaT4acTu
e Cendomon menneHHee penusa pasa B nonrtopa
MU3-3a MHOXeCTBa BbICOKOYACTOTHbIX NPOBEPOK

A. Gorobets, P. Bakhvalov. Improving Reliability of Supercomputer CFD Codes on Unstructured Meshes.
Supercomputing Frontiers and Innovations. 2019. Vol. 6, No. 4, pp. 44-56. http://dx.doi.org/10.14529/|sfi190403



http://dx.doi.org/10.14529/jsfi190403

NoaroroBka K BbiuucneHuam Ha GPU

NMpobnema. Koa CNMLKOM NPOXOopnuB nNo namMaTu, a Ha GPU ee coBceMm mano

PeweHue:

e HoBbIn meToa pacyeTa BA3KUX NOTOKOB MLES B pa3bl COKpaTUn NoTpedneHne namaTtu
Bakhvalov P. A. Method of local element splittings for diffusion terms discretization in edge-bases
schemes. Keldysh Institute Preprints. 2020. Vol. 79. 1 — 43

e YnpoueHHbIn Metoa MLES ewle cunbHO coKpaTtus notpebreHne namMaTu

[AanépKMH TOoXe ynpoLlaeTcs No KoadpdnumeHTam, ToxXe 3anucbiBaeTcs B nopebepHon dopme,
HO sikobuaH He ynpouwabeneH

e CmewaHHaa ToyHocTb FP64/FP32 — ewwe no4yTu ABYKpaTHOE COKpalueHune notpedneHmna n tpaduka
BCE B IBOMHOWN TOYHOCTU KPOMeE TSAXKeSIbIX MacCUBOB KO3(PPMLMEHTOB AUCKPETHbLIX OMepaTopoB A4
BA3KMX NMOTOKOB U siIkobraHa HESIBHOW CXEMbI

To4yHOCTb pe3ynbraToOB HE NocCTpaAasa, Kak ObINO NoKa3saHo TYT.

A. Gorobets, P. Bakhvalov, A. Duben, P. Rodionov. Acceleration of NOISEtte Code for Scale-resolving Supercomputer
Simulations of Turbulent Flows. Lobachevskii Journal of Mathematics. Vol. 41, No. 8, 2020, pp. 1463-1474.
http://dx.doi.org/10.1134/S1995080220080077



http://dx.doi.org/10.1134/S1995080220080077

NoaroroBka K BbluucneHuam Ha GPU
NMpoGnema: Koa CANLLKOM CIIOXHbIN sorry for English

[ Time step ]

[ Convedctive fluxes

[Loop over faces]

Convective fluxes in each face | <,I:| High-frequency call [Some extra case needed ]
for some paper 5 years ago

Reconstruction ] ’_l
[ \—[ EBR | MPs | DG | sb [ PoLy | .. ) < muitiple choice

Experimental
made for some plot EBR |EBR-WENO| EBR-TVD |
\—[EBR-LOWI EBR3 | EBR5 |

4[ Riemann solver ]
] Special mode |—[ Roe | LF | HLL | HLLE | HLC [ .. |
[ Viscous terms ) for some test

—[ Low mach ]

L[ Turkel Ri Thornb
[LoopoveredgesILoopoverelements] e I |eperI om erI ]

4[ VarType ] ’_[W}
—[ Elementwise form ] special junk
L[ MUSCL | HYBRID | ... ]

L[ P1 [P1simp| ...]
( - -
| Edgewise form Special patch

]_l_[forsome case } DEF I KEP I ]
Abandoned processing LO I HO I ] _ .
of special test case [ — (Spemal version
[ Full I Simplified I ]

| for some equation




NMoaroroBka K BbluucneHusam Ha GPU
NMpobnema: Koa CAULLKOM CFIOXXHbIN

PeweHune: ybopka mycopa nog ifdef, npouncrka cBUTHYEN N BETBNEHUN HA HUXKHEM YPOBHE

[ Time step ]

[ Convective fluxes

[Loop over faces]

Convective fluxes in each face ]

\—[ Reconstruction ]

EBR
{ EBR |[EBR-WENO]| EBR-TVD |

EBR-LOW| EBR3 EBR5
4[ Riemann solver ] I I ]

] Roe
[ Viscous terms ) _[ Low mach ]
[Loop over edgesILoop over elements] —
— Eleme"tw ] — VarTyr\:)ZSCL | I]4YBR|D J Sl
|

| Edgewise form }

( Ful | simplified ]

DEF




NMoaroroBka K BbluucneHusam Ha GPU
NMpobnema:. MHOro BbI30BOB (PYyHKLUMUU HA HUXKHEM YPOBHe, 4OCTYyN B AKOOMaH He no pa3y

PeweHune: KoMOU-byHKUMN NS MPOAYKTOBOro pexmnma — “OnsHec-naHy’
yCTpaHeHMe BETBMNEHUN, BHYTPEHHUX BbI30BOB (PYHKLMN, COKpaLleHne memory-Tpaduka

Time step function Time step function Output
_ _ _ to nodes:
Lﬁ Convective fluxes L% Combined function
I_,r‘“[ """""" daes I__r“'[ """""" daes Jacobi
\_ LOOp over eages Output to nodes: CrraoP OVEL EA9ES | matrix
L[ Convective fluxes in one edge | I _ . Reconstruction !|3] 4 blocks
> Jacobian prisiptiitlet ittty ‘
~{ _ Reconstruction | 2| 4 blocks __Riemann solver_: | Fluxes
——————————————————————————————— 2 9‘
L{Switch: EBR WENO DG | .. | |* 2008 =" : i Viscous terms _ }]>] 2 blocks
: Fluxes -
Reconstruction | 2 2 blocks
—{ Riemann solver | >| = 40B each
—{ Switch: Roe [HLLC |L-F|...
Riemann solver | Legend:
{ . . N
High level function
: Output .
- Viscous terms o ngdes Jacobian | (computes many mesh objects) |
1" Loop over elements | 816 blocks _ _
———————————————————————— > >200B each | Low level function (one object) |
|—~[ Viscous terms from one element ]}i Viscous terms r ““““““““ Code block \:
4-8 blocks | @& ———/——¥—/+¢+#¢6¢/©&> - """ """~
> 40B each Data array




MHoroypoBHeBoe pacnapannenuanue MPI + OpenMP + OpenCL
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MPI pacnapannenuBaHue

e MHoOroypoBHeBasi AeKOMMNO3ULUA NODED AN [aeiay |\ R—
yMeHbLLEHNE CETEBOrO Tpaduka i \
'
o MepeynopsimounBsanue Inner-Interface-Halo TR
l. -~y

e Overlap Ans BbIYUCIIEHUU U OOMEHOB
COKpPbITUE HaKMaOHbIX HA nepeaadvy OaHHbIX

e OpenMP-napannenbHaa obpabotka MP| coobLweHnn

NODE1

A4 YCKOPEHNA obHOBNEHMSA rano

0 numeration > Npo
LOCAL SUBDOMAIN OF PROCESS 0 |

e YnyJuweHHaa peanusauusa oomMeHOB =
OOMH CMNCOK Y3OB N0 BCEM COCEAaM |0 Nown Neo

OWN | HALO |
nepeynopagodmnBaHme raro
0 ~> Ninn Nown Npg
| INNER [ INTERFACE
o [lnHammnyeckasa cxema obmeHa o
0 Ninn Nown Npg
ONA CKOJTb3ALWNX CEeTOK | INNER | INTERFACE [P1[P2]Pa]P4|

A.Gorobets. Parallel Algorithm of the NOISEtte Code for CFD and CAA Simulations. Lobachevskii Journal of Mathematics.
2018, Vol. 39, No. 4, pp. 524-532. https://doi.org/10.1134/S1995080218040078



https://doi.org/10.1134/S1995080218040078

OpenMP pacnapannenuBaHue

® I'Iepexop, C napansnernn3Mma UMKJIioB Ha AeKoOMNo3nuunro

e [lepeynopsagovymnBaHue no nogobrnacTamMm HUTEN

RCM ans yny4weHus NOKanbHOCTU JOCTyNa K NaMATH

e MHoronoto4yHasa obpaboTtka MP| oobmeHOB

EBRS5, HeaBHaa BDF2, IDDES, ceTtka >1M y3noB

Intel Xeon Apep YckopeHue

E5-2683 v4 16 11
Gold 6142 16 13.5
Phi 7250 68 92

A.Gorobets. Parallel Algorithm of the NOISEtte Code for CFD and CAA Simulations. Lobachevskii Journal of Mathematics.
2018, Vol. 39, No. 4, pp. 524-532. https://doi.org/10.1134/S1995080218040078



https://doi.org/10.1134/S1995080218040078

ApanTtauma K notokoBoun obpabortke Ha GPU

YcTpaHeHue 3aBUCUMOCTEN U FOHKU B LIMKINaxX no pebpam

e ATOMUKHU

e AyONupoBaHMe BbIMUCNEHUN
e packKkpacka rpada

e pasgeneHue Ha 2 3Tana
C NPOMEXYTOYHbIM MaCcCUBOM:
1. cunTaem pesynsrart B LUKIie no pebpam
2. CyMMUpPYEM B Y3nbl B LXKNE NO y3nam




ApanTtauma K notokoBoun obpabortke Ha GPU

YcTpaHeHue 3aBUCUMOCTEN U FOHKU B LIMKINaxX no pebpam

¢ afFoMHUkKH

e AyONMpoBaHMe BbIYUCIIEHUMN
e packKkpacka rpada

e pasgeneHue Ha 2 3Tana
C NPOMEXYTOYHbIM MaCcCUBOM:
1. cunTaem pesynsrart B LUKIie no pebpam
2. CyMMUpPYEM B Y3nbl B LXKNE NO y3nam




ApanTtauma K notokoBoun obpabortke Ha GPU

YcTpaHeHue 3aBUCUMOCTEN U FOHKU B LIMKINaxX no pebpam

- aTOMUKU
o Ay6RAUpPOBaHNe BbittMEACHUN
e packpacka rpada

e pasgeneHue Ha 2 3Tana
C NPOMEXYTOYHbIM MaCcCUBOM:
1. cunTaem pesynsrart B LUKIie no pebpam
2. CyMMUpPYEM B Y3nbl B LXKNE NO y3nam




ApanTtauma K notokoBoun obpabortke Ha GPU

YcTpaHeHue 3aBUCUMOCTEN U FOHKU B LIMKINaxX no pebpam

- aTOMMUKKH
o Ay6RAUpPOBaHNe BbittMEACHUN
oo e

e pasgeneHue Ha 2 3Tana
C NPOMEXYTOYHbIM MaCCUBOM:
1. cunTaem pesynsrart B LUKIie no pebpam
2. CyMMUpPYEM B Y3nbl B LXKNE NO y3nam




ApanTtauma K notokoBoun obpabortke Ha GPU

YcTpaHeHue 3aBUCUMOCTEN U FOHKU B LIMKINaxX no pebpam

o aToMUKNA

1. cyuTaem pesynbTaT B LMKe no pedpam
2. CyMMMpPYEM B Y3nbl B LIMKIIE MO y3nam

e Y10 Xe penatb!?
Bce nponano! Bce nponano!




ApanTtauua K notokoBon obpabortke Ha GPU

YcTpaHeHue 3aBUCUMOCTEN U FOHKU B LIMKINaxX no pebpam
S

o Ay6RAUpPOBaHNe BbittMEACHUN

* packpackarpaca

e pasgeneHue Ha 2 3Tana
C NPOMEXYTOYHbIM MaCCUBOM:
1. cunTaem pesynsrart B LUKIie no pebpam
2. CyMMUpPYEM B Y3nbl B LXKNE NO y3nam

e Zero column sum
nuwem B SKobmaH TonbKo BHeanaroHasrbHble 0rnoku
cobupaem gmaroHanb CyMMMPOBaAHMEM MO cTONnoOUam

o ~N o g B~ W N = O




BbluncneHua Ha OpenCL

MakcumanbHoe nogobue CPU n OpenCL Bepcun, obwmm dopmat AaHHbIX

ANS YNPOLEHNA N3MEHEHUI 1 NoaaepXKaHnsa koaa B popme
FeHepauunsa KepHen Koga Ha paHTanmMme 4

4yTOObI N30aBUTLCA OT if-else-n n switch-en .'

for(int i=0; i<N; ++i){

RN

__________________________________

PaboTta ¢ MHOXeCcTBeHHbIMU (pannamm McxogHoro Kkoaa
obpaboTka fiora KomnunaTopa Asa NoAcTaHOBKM ddaniioB N CTPOK @

__kernel void Workload(..){
Overlap — nepekpbiTUE OOMEHOB U BbIYUCIIEHUSA E;r(wit_li\lr;trit:Pﬁ?t_global_id(0);
COKpbITME pacxogoB Ha rnepegady AaHHbIX ’

SN

MuHumusauma sagaHmm work-item-oe |y T
05 NOBbILLEHNA 3arpy3Kn NOTOKOBLIX MYSBTUMPOLECCOPOB \_

CmewaHHasa TouyHocTb FP64/FP32

oAuHapHas anst akobmaHa n HEKOTOPbIX NPOXKOPMUBbLIX AUCKPETHLIX ONepaTopoB —
YTOObI CUSTBHO YMEHBLUUTL MNOTPEObNeHne naMmaT 1 memory-Tpadgouk.

KOHEYHO, 6e3 NoTepu TOMHOCTU pesyrbraTta

Bcsaveckoe nepeynopsifoumMBaHume y3noB
6no4vHbin RCM, nekcukorpaduyeckas coptTupoBka pedbep — Ans NoBbILLEHUS NTOKaNbHOCTY



[eTeporeHHas peanusauus

[eTeporeHHble Bbluncnenusa CPU & GPU
NMoaxon: oauH npouecc — 0ogHO YCTPOUCTBO
MPI npouecchl genatca Ha CPU n GPU ponu

[ByxypoBHeBas AEeKOMMNoO3nLusa
C aMnupunyeckon 6anaHCcMpoBKOU

NonHasa cornacoBaHHocTb CPU n GPU Bepcun

r

(CPU-only process
e

CP

-

GPU-only process 1
Hybrid node '

~

caore

care

core
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3awmLleHHOCTb OT BHECeHUsA onobok

ABTOMaTn3npoBaHHast QA cuctema C pacLUMpPEHHbIM NOKPbITUEM
CpaBHEHME C ITanoHHbIMW peLLeHnsiMu nocnegoBatensHon CPU Bepcun

ABTOKOHTpOIb cornacosaHHocTty Bepcuun OpenCL vs CPU
4yTtobbl CPU n GPU genanv poBHO OOHO U TO Xe TNIT SbeS DIFE REL NORM
INIT viscousTurb DIFF REL NORM
FLUX CE TURB DIFF REL NORM
e MpoOBepKa No KaXxAaomMy KepHeny INIT UA DIFF REL NORM
INIT UB DIFF REL NORM
BCEX BbIXOAHBLIX AAHHBLIX INIT CE DIFF REL NORM
INIT UA_Phys DIFF REL NORM
FLUX CE DIFF REL NORM
e [POBEpPKa NMNOoJIHbIX WaroB nNo BpemMeHu UB before BC DIFF REL NORM
BC FLUX CE DIFF REL NORM
NPREP2 CE DIFF REL NORM
resC DIFF NORM 9.9

resL DIFF NORM 5.
Solver DUA DIFF REL NORM
RenewUA UA DIFF REL NORM
BCForce UA DIFF REL NORM
CellSchemeFlags DIFF REL MORM
UA after CHK DIFF REL NORM
INIT UA_Phys DIFF REL NORM
FINAL ACCUMULATED ERROR res QA = 1.
Doing CPU vs GPU whole timestep test

2.37454e-21

2.73317e-15

2.73393e-15

FULL TEST CHECK DIFF REL NORM



NMpousBoautTenbHOCTbL: TONbko CPU

YucneHHas koHduUrypaums: 40
Cxema EBRS Linear
Hesaska BDE2 ¢ CONBEPOM BiCGSTAB 35 _ . MPI+0penMP _______________ ________________
MepunaHbin RANS-LES noaxop IDDES -
CMellaHHast TO4HOCTb FP64/32 30

MapannensHas koHdurypaums: MPI+OpenMP, NT=24 55

CeTtka: 80M yanos (o6TekaHue nonatku THO) 5
3 2. S USRS NSRS SRS S ST ) G ——
O

N

Yanbl: 2 x 24C Intel Xeon Platinum

1 i i I i
240 2000 4000 6000 8000 10000
Cores




NMpousBoauTenbHOCTbL: TONbkKo GPU

UuncneHHas koHdurypauus: EBR5, BDF2, IDDES
NMapannenbHaa koH(purypauma: MPI+OpenMP+OpenCL, NT=16

Cetka: 80M yanoB (obTekaHue nonatku THL)

[TapannenbHoe ycKkopeHue

Linear
|=— = a == CPU-only
—a— GPU-only

CooTtHoweHune (4 GPU vs 2 CPU)

20

16

18

14
12
10

~ (®)] oo
T T T

N
1 1

—a——

——

o —

'MopuaHbIn knactep K60-GPU

Y3nbl:

2 x16C Intel Xeon Gold 6142 (120 GB/s)
4 x GPU NVIDIA V100 (32 GB, 900GB/s)
CeTtb: InfiniBand FDR



CooTtHoweHue npousBogutenbHoctn CPU vs GPU

e 1V100 GPU =8 16-core Intel Xeon Gold CPU = 140 Gold apep
COOTHOLLEHME NPOMNYCKHOM CNOCOBHOCTU NamaATn 7:1

1 GeForce RTX 3070 =1 AMD RX 5700 = 80 Gold ssigep

e 36 V100 GPU > 4,500 spep 16C Intel Xeon Gold CPU
9TO eCcnv cpaBHMBaTbL C 288 aapamu

e 36 V100 GPU = 10,000 agep MareNostrum 4 - 24C Intel Xeon Platinum CPU

npsimoe cpaBHeHUue (Bpems 0.27 ¢ Ha Liar)

BbiBOAbI:
GPU ¢ HBM2 u aaxe urpoBble ¢ GDDRG6
PBYT KaK rpernky npoueccopbl ¢ DDR4

FeTeporeHHbIn pexxnm CPU + GPU yxe (noka ewie) He 04eHb UMeeT CMbICHT



eTeporeHHbIn pexum CPU + GPU

UncneHHasa koHdwurypauumsa: EBR5, BDF2, IDDES
NMapannenbHaa koHpurypauma:. MPI+OpenMP+OpenCL, NT=14/4

Cetka: 12M y3noB (00TekaHue Kpyrnoro umnuHapa)

[TapannenbHOe yCKopeHune CooTHoweHne ¢ CPU
6 Se¢——
_ g P —— e l
S — é'g‘za;my ) i M Lomonosov-2
5 || —=—— GPU-only Wz 25} 14C Intel Xeon E5-2697v3 & NVIDIA K40
~:= == CPU+GPU N | T

. - - YmepeHHoe cooTHoweHne GPU vs CPU 2:1
http://hpc.msu.ru/node/159

1 5 Re =93,000

——a—— GPU-only
—-—¢-—= CPU+GPU

0.5

5 10 15 2'0 25 30 Re = 1,000,000 T —



http://hpc.msu.ru/node/159

lNpakTnyeckoe ncnonb3losaHme OpenCL Bepcuu

T106C THO mopenbHas 3agadka

EBR5, BRD2, IDDES, 80M y3noB

[maBHaga npobrnema Ha GPU — 0bbem namsaTu.

B 1 GPU c 32 GB BnunxuBaeTcs Tonbko 6 — 7 M y3nos.

CtoumocTb npumepHo 2.7K CPUh Ha TU

[Re.,=200000

wl/Ug: 0 04081218 W Saae u|/Up: 0 04081216

NMpombiwneHHble pacyeTbl THO
[MonHble nonatku, cetkn 150M y3nos

ul/Us: 0 04081216



lNpakTnyeckoe ncnonb3losaHme OpenCL Bepcuu
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BbiBOAbI

e CPU - cnuwkomMm MmeaneHHble
Ha DDR4 BooOLwwe Hukakmx waHcos, Aa n Ha DDR5 Toxe

e GPU - cnuwkom mano namaTtu
ecnn 1 GPU = 150 aaep, 1o 310 BCcero 200MB Ha agpo

e OpenCL Bepcus:
Kopa crnoxHee moaudpuumpoBatb U nogaepxuBaTb
HO 3TU NPOONeMbl MOXXHO 3aMEeTHO MArYUTb
yckopeHue npotuB CPU Toro ctout

e [eTeporeHHbIn pexum CPU+GPU 1 npouecc — 1 geBanc
CUIbHO NpoLle, YeM OKy4MBaTb rmdpuaHsIn y3en ns-nog OpenMP

lNoka B co-execution HeT cmbicna, GPU cnuwkom ObICTpble
Ho Mmbl Xxpgem, yto CPU HaHecyT OTBeTHbIN yaap U
BOCCTaHOBAT naputet ¢ GPU




Cnacun6o 3a BHuUMmaHue!

We'll meet again
some sunny day




BHeKknaccHoe YTeHue

MaTtepuansbl K y4ueOHOMY Kypcy maructpatypbl BMK MI'Y
http://caa.imamod.ru/vmkvm

BbasoBoe pacnapannenuBaHme NOISETTE ana CPU

A. Gorobets. Parallel Algorithm of the NOISEtte Code for CFD and CAA Simulations.
Lobachevskii Journal of Mathematics. Vol. 39, No. 4, 2018, pp. 524-532.

NMoarotoBka NOISETTE K reteporeHHbIM BbIYUCIIEHUAM

A. Gorobets, P. Bakhvalov, A. Duben, P. Rodionov. Acceleration of NOISEtte Code for Scale-resolving Supercomputer
Simulations of Turbulent Flows. Lobachevskii Journal of Mathematics. Vol. 41, No. 8, 2020, pp. 1463-1474.

A. Gorobets, P. Bakhvalov. Improving Reliability of Supercomputer CFD Codes on Unstructured Meshes.
Supercomputing Frontiers and Innovations. Vol. 6, No. 4, 2019, pp. 44-56.
lNMpeabigywme reteporeHHbIe peanusauum

A.Gorobets, S.Soukov, P.Bogdanov. Multilevel parallelization for simulating turbulent flows on most kinds of hybrid
supercomputers. Computers and Fluids. Vol. 173, 2018, pp. 171-177.

S. A. Soukov, A. V. Gorobets. Heterogeneous Computing in Resource-Intensive CFD Simulations.
Doklady Mathematics. Vol. 98, No. 2, 2018, pp. 1-3.

EBR cxembl

|. Abalakin, P. Bakhvalov, T. Kozubskaya, Edge-based reconstruction schemes for unstructured tetrahedral meshes.
International Journal for Numerical Methods in Fluids, Vol. 81, No. 6, 2016, pp. 331-356.

P. Bakhvalov, T. Kozubskaya, EBR-WENO scheme for solving gas dynamics problems with discontinuities
on unstructured meshes. Computers and Fluids, Vol. 157, 2017, pp. 312-324.


http://caa.imamod.ru/vmkvm

