
ʉʋʇɽʈʂʆʄʇʔʖʊɽʈʅɸʗ ʄɽʊʆɼʀʂɸ 

ʄʆɼɽʃʀʈʆɺɸʅʀʗ ɿɸɼɸʏ ɻɸɿʆɺʆʁ ɼʀʅɸʄʀʂʀ: 
ʆʊ ʌʋʅɼɸʄɽʅʊɸʃʔʅʓʍ ɿɸɼɸʏ ʂ ʇʈʆʄʓʐʃɽʅʅʆʁ ʇʈɸʂʊʀʂɽ

http://noisette.imamod.ru/

Hi-Fi SRS CFDDNS ïLES ïDES ïRANS 
ɸ. ɺ. ɻʦʨʦʙʝʮ

ʀʇʄ ʠʤ. ʄ. ɺ. ʂʝʣʜʳʰʘ ʈɸʅ

http://noisette.imamod.ru/


ʅʘʫʢʘ ʠ ʧʨʠʣʦʞʝʥʠʷ 

PLM

CAD

CAE

Mesher

CFD solver
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HT, EM, SE, é

CHT, FSI, é

Incompressible

Compressible

Stationary

Scale-resolving

RANS

DES

LES

DNS

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʬʠʟʠʢʘ

ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʝʦʤʝʪʨʠʷ

ʏʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ

é é

é

ʇʨʠʢʣʘʜʥʘʷ ʤʘʪʝʤʘʪʠʢʘ

ʀʥʬʦʨʤʘʪʠʢʘ

é



ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ

ǒʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ DNS     

    ʩʪʦʠʤʦʩʪʴ

                  

ǒʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ LES  

    ʩʪʦʠʤʦʩʪʴ

ǒRANS ïʦʩʨʝʜʥʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʅ-ʉ

ʩʪʦʠʤʦʩʪʴ

ǒRANS-LES ʛʠʙʨʠʜʥʳʝ ʧʦʜʭʦʜʳ (DES)

ʩʪʦʠʤʦʩʪʴ

RANS

LES

ʂʘʩʢʘʜ ʚʠʭʨʝʡ

ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʠʟʦʪʨʦʧʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ



ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ

ʅʝʩʞʠʤʘʝʤʳʝ ʪʝʯʝʥʠʷ ï ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ɹʝʩʢʦʥʝʯʥʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʟʤʫʱʝʥʠʡ ïʧʣʦʭʦ ʜʣʷ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʷ

ɹʳʣʠ ʜʦʩʪʫʧʥʳ DNS ʜʣʷ DIHT (3 ʧʝʨʠʦʜʠʢʠ) ʠCF (2 ʧʝʨʠʦʜʠʢʠ)

ʕʬʬʝʢʪʠʚʥʳʡ ʨʝʰʘʪʝʣʴ ʜʣʷ 1 ʧʝʨʠʦʜʠʢʠ ï ʨʘʜʠʢʘʣʴʥʦʝ ʨʘʩʰʠʨʝʥʠʝ ʢʨʫʛʘ ʟʘʜʘʯ  



ʉʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ ʧʘʨʘʣʣʝʣʴʥʳʡ ʨʝʰʘʪʝʣʴ ʫʨʘʚʥʝʥʠʷ ʇʫʘʩʩʦʥʘ 

ʊʝʭʥʦʣʦʛʠʷ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ ʩ ʦʨʠʛʠʥʘʣʴʥʳʤ ʨʝʰʘʪʝʣʝʤ

ǒ ʅʘʟʥʘʯʝʥʠʝ: ʧʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ3D ʟʘʜʘʯ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤ ʥʘʧʨʘʚʣʝʥʠʝʤ(MPI [1], MPI+OpenMP [2])

ǒ ʕʬʬʝʢʪʠʚʥʦ ʟʘʜʝʡʩʪʚʦʚʘʥ ʩʘʤʳʡ ʤʦʱʥʳʡ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨ ɽʚʨʦʧʳ

ǒ ʈʘʩʯʝʪʳ ʥʘ ʛʠʙʨʠʜʥʳʭ CPU+GPU ʩʠʩʪʝʤʘʭ [3]

ǒ ʆʮʝʥʢʘ ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʠ ʜʦ ʤʠʣʣʠʦʥʘ CPU ʷʜʝʨ([4] ʩʪʨ. 128)

ǒ ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ, ʪʝʣʘ ʚʨʘʱʝʥʠʷ, 3D ʙʝʟ ʧʝʨʠʦʜʠʢʠ

ʇʨʠʤʝʨ ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʫʩʢʦʨʝʥʠʷ ʥʘ ʧʨʘʢʪʠʯʝʩʢʠʭ ʟʘʜʘʯʘʭ, ʩʫʧʝʨʢʦʤʧʴʶʪʝʨ ʃʦʤʦʥʦʩʦʚ (2011)

[1] A. Gorobets et al. Computers & Fluids 39 (2010) 525ï538

https://gorobets.imamod.ru/pub/caf1.pdf

[2]  A. Gorobets et al. Computers & Fluids 49 (2011) 101ï109

https://gorobets.imamod.ru/pub/caf2.pdf

[3] A. Gorobets et al. Computers & Fluids 88 (2013) 764ï772

https://gorobets.imamod.ru/pub/caf3.pdf

[4] ɸ. ɺ. ɻʦʨʦʙʝʮ. ɼʠʩʩʝʨʪʘʮʠʷ ʜ. ʬ.-ʤ. ʥ.(2015)

https://gorobets.imamod.ru/pub/diss.pdf

ʆʩʥʦʚʥʳʝ ʧʫʙʣʠʢʘʮʠʠ:

ʇʨʠʤʝʨ ʨʘʩʯʝʪʘ: ʨʘʟʚʠʪʠʝ ʪʝʯʝʥʠʷ ʚ ʢʘʚʝʨʥʝ ʩ ʨʘʟʥʦʪʝʤʧʝʨʘʪʫʨʥʳʤʠ ʩʪʝʥʢʘʤʠ, 

Ra = 1011 (ʠʟʦʧʦʚʝʨʭʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ), ʩʝʪʢʘ 112 ʤʣʥ ʫʟʣʦʚ, 2007

ʀʜʝʷ ʨʝʰʘʪʝʣʷ: ʩʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʌʫʨʴʝ 3D ʟʘʜʘʯʘ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ 2D ʟʘʜʘʯʠ, ʦʜʥʘ ʠʣʠ 

ʥʝʩʢʦʣʴʢʦ ʥʘʠʙʦʣʝʝ ʞʝʩʪʢʠʭ ʠʟ ʥʠʭ (ʥʠʟʢʠʝ ʯʘʩʪʦʪʳ) ʨʝʰʘʶʪʩʷ ʦʨʠʛʠʥʘʣʴʥʳʤ ʧʘʨʘʣʣʝʣʴʥʳʤ 

ʧʨʷʤʳʤ ʤʝʪʦʜʦʤ, ʦʩʪʘʣʴʥʳʝ ʧʘʨʘʣʣʝʣʴʥʳʤ ʠʪʝʨʘʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ.

ʅʘ ʧʨʘʢʪʠʢʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʜʦ 30 ʪʳʩ. ʷʜʝʨ.

https://gorobets.imamod.ru/pub/caf1_stg.pdf
https://gorobets.imamod.ru/pub/caf1_stg.pdf
https://gorobets.imamod.ru/pub/caf3.pdf
https://gorobets.imamod.ru/pub/caf3.pdf


ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝʥʝʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ

ʈʝʢʦʨʜʥʳʝ ʨʘʩʯʝʪʳ ʪʝʯʝʥʠʡ ʧʨʠ ʝʩʪʝʩʪʚʝʥʥʦʡ ʢʦʥʚʝʢʮʠʠ, ʢʨʫʧʥʳʝ ʨʘʩʯʝʪʳ ʤʦʜʝʣʴʥʳʭ ʟʘʜʘʯ

ǒ ʂʦʥʚʝʢʮʠʷ ʚ ʚʝʨʪʠʢʘʣʴʥʦʡ ʢʘʚʝʨʥʝ (Ra ʜʦ 1011)

ǒ ʊʝʯʝʥʠʝ ʚ ʢʚʘʜʨʘʪʥʦʡ ʪʨʫʙʝ (ReT = 1200)

ǒ ʇʘʜʘʶʱʘʷ ʥʘ ʥʘʛʨʝʪʫʶ ʧʣʘʩʪʠʥʫ ʩʪʨʫʷ(Re=20000) 

ǒ ʂʦʥʚʝʢʮʠʷ ʈʵʣʝʷïɹʝʥʘʨʘ (Ra ʜʦ 1011), 

ʩʝʪʢʠ ʜʦ 6 ʤʠʣʣʠʘʨʜʦʚ ʫʟʣʦʚ, ʜʦ 30 ʪʳʩ. ʷʜʝʨ, 30M CPUh

ʊʝʯʝʥʠʝ ʚʦʢʨʫʛ ʢʚʘʜʨʘʪʥʦʛʦ ʮʠʣʠʥʜʨʘ 

(ʧʦʣʝ ʜʘʚʣʝʥʠʷ ʚ ʩʝʯʝʥʠʠ)

DNS ï ʢʚʘʜʨʘʪʥʳʡ ʮʠʣʠʥʜʨ 

(ʫʚʝʣʠʯʝʥʥʳʡ ʬʨʘʛʤʝʥʪ)

DNS ï ʧʘʜʘʶʱʘʷ ʩʪʨʫʷ

(ʤʦʜʫʣʴ ʩʢʦʨʦʩʪʠ ʚ ʩʝʯʝʥʠʠ)

ʂʦʥʚʝʢʮʠʷ ʈʵʣʝʷ-ɹʝʥʘʨʘ (ʪʝʤʧʝʨʘʪʫʨʘ, ʚʠʭʨʝʚʳʝ ʩʪʨʫʢʪʫʨʳ)

ǒ ʆʙʪʝʢʘʥʠʷ ʢʚʘʜʨʘʪʥʦʛʦ ʮʠʣʠʥʜʨʘ (Re=22000)

Int. J. Heat and Mass Transfer 53 (2010), 665-683

Int. J. Heat and Mass Transfer 55 (2012) 789ï801

ʅʘʟʥʘʯʝʥʠʝ: ʵʪʘʣʦʥʥʳʝ DNS ʨʘʩʯʝʪʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʠʟʫʯʝʥʠʷ ʬʠʟʠʢʠ ʪʝʯʝʥʠʷ

Physical Review Fluids 5 (2020) 024603

ǒ ʊʝʯʝʥʠʝ ʟʘ ʦʙʨʘʪʥʳʤ ʫʩʪʫʧʦʤ (ReT = 395) J. Fluid Mech. 863 (2019) 341ï363

DHC (ʪʝʤʧʝʨʘʪʫʨʘ)

Physics of Fluids 29 (2017) 105103

Computers & Fluids 123 (2015) 87ï98

Int. J. Heat and Fluid Flow 54 (2015) 258ï267



ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ



ɺʘʣʠʜʘʮʠʦʥʥʘʷ ʙʘʟʘ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ

DNS ï ʢʚʘʜʨʘʪʥʘʷ ʪʨʫʙʘ 
DNS ï ʦʙʨʘʪʥʳʡ ʫʩʪʫʧ ʚ ʢʘʥʘʣʝ



ʅʘʫʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ

X. Alvarez-Farre, A. Gorobets, F. X. Trias. Computers & Fluids 214 (2021) 104768

ǒ ʅʘʟʥʘʯʝʥʠʝ: ʤʦʜʝʣʠʨʦʚʘʥʠʝʥʝʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ, ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ, 3D

ǒ ɸʣʛʦʨʠʪʤ ʠʟ ʙʘʟʦʚʳʭ ʦʧʝʨʘʮʠʡ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ, ʣʝʛʢʘʷ ʧʝʨʝʥʦʩʠʤʦʩʪʴ ʥʘ ʚʩʝ ʘʨʭʠʪʝʢʪʫʨʳ

ɻʝʪʝʨʦʛʝʥʥʳʡ ʘʣʛʦʨʠʪʤ ʠ DNS/LES ʢʦʜ ʥʘ ʦʩʥʦʚʝ ʘʣʛʝʙʨʘʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ

ʈʘʟʨʘʙʦʪʘʥʳ ʥʦʚʳʝ ʤʝʪʦʜʳ ʠ ʤʦʜʝʣʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ

ǒ ʉʝʤʝʡʩʪʚʦ LES ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ S3QR, S3PR, S3PQ Physics of Fluids 27 (2015) 065103

ǒ ɼʠʥʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʧʦʜʩʝʪʦʯʥʦʛʦ ʤʘʩʰʪʘʙʘæLSQ, æRLS
Physics of Fluids 29 (2017) 115109

ǒ ɼʠʥʘʤʠʯʝʩʢʠʡ ʤʝʪʦʜ ʨʘʩʯʝʪʘ ʚʝʣʠʯʠʥʳ ʰʘʛʘ ʧʦ ʚʨʝʤʝʥʠComput. Phys. Commun. 305 (2024) 109351

ǒ ʈʝʛʫʣʷʨʠʟʘʮʠʷʜʣʷ ʫʨʘʚʥʝʥʠʡ ʅʘʚʴʝïʉʪʦʢʩʘ J. Scientific Computing 79 (2019) 992ï1014 

ɺʥʝʜʨʝʥʠʝ: CAE ʇʆ Termofluids, ʠʥʪʝʛʨʘʮʠʷ ʩ HPC2; ʦʪʝʯʝʩʪʚʝʥʥʳʡ ʢʦʜ NOISETTE

High Performance Computing 

Hybrid Portable Code 



Bakhvalov P. et. al. JCP 450 (2022) 110819           Averaged Elements Splittings

ɺʷʟʢʦʩʪʴ: ʤʝʪʦʜ ʣʦʢʘʣʴʥʳʭ ʨʘʟʙʠʝʥʠʡ AES

ǒʣʠʥʝʡʥʳʡ, ʩʦʚʧʘʜʘʝʪ ʩ P1 ɻʘʣʸʨʢʠʥʳʤ ʥʘ ʪʝʪʨʘʵʜʨʘʭ

ǒʥʘ ʜʝʢʘʨʪʦʚʳʭ ʩʝʪʢʘʭ ʜʣʷ ʣʘʧʣʘʩʠʘʥʘ 7-ʪʦʯʝʯʥʘʷ ʩʭʝʤʘʚʤʝʩʪʦ 27

ǒʚʘʞʥʦ ʜʣʷ GPU - ʚ ʷʢʦʙʠʘʥʝ ʤʦʞʥʦ ʜʝʨʞʘʪʴ ʪʦʣʴʢʦ ʩʤʝʞʥʦʩʪʴ ʧʦ ʨʝʙʨʘʤ

ʋʨʘʚʥʝʥʠʷ ʅʘʚʴʝ ï ʉʪʦʢʩʘʜʣʷ ʚʷʟʢʦʛʦ ʩʞʠʤʘʝʤʦʛʦ ʛʘʟʘ

ɺʨʝʤʷ: ʥʝʷʚʥʳʝ ʩʭʝʤʳ BDF1, BDF2

ʂʦʥʪʨʦʣʴʥʳʝ ʦʙʲʝʤʳ

ʀʥʪʝʨʧʦʣʷʮʠʦʥʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ

Bakhvalov P. et. al. CAF 157 (2017) 312ï324         EBR-WENO/TVD

Bakhvalov P. et. al. IJNMF 81(6) (2016) 331ï356  EBR schemes

ʂʦʥʚʝʢʮʠʷ: ʩʭʝʤʳ ʩʝʤʝʡʩʪʚʘ EBR(+TVD,WENO)

ǒʉʚʝʨʭʩʧʦʩʦʙʥʦʩʪʠ ʥʘ ʊʉ-ʩʝʪʢʘʭ

ǒʋʧʨʦʱʝʥʥʳʡ ʷʢʦʙʠʘʥ ʚ ʥʝʷʚʥʦʡ ʩʭʝʤʝ

ǒʕʢʦʥʦʤʠʯʥʦʩʪʴ ʧʦ ʧʘʤʷʪʠ, ʚʳʯʠʩʣʝʥʠʷʤ, ʦʙʤʝʥʘʤ

Bakhvalov P. et. al. CAF 239 (2022) 105352           EBR curvilinear reconstructions

A. Dervieux (INRIA), ʀ. ɺ.ɸʙʘʣʘʢʠʥ, ʊ. ʂ. ʂʦʟʫʙʩʢʘʷïMPS scheme

ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ



ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ: ʛʠʙʨʠʜʥʳʝ RANS-LES ʤʝʪʦʜʳ ʩʝʤʝʡʩʪʚʘ DES

ǒDES, DDES, IDDES 

M. Shur, P. Spalart, M. Strelets, A. Travin. FTAC. 95 (2015) 709 ï737. https://doi.org/10.1007/s10494-015-9618-0

    Guseva, E., Garbaruk, A., Strelets, M.K. FTAC 98, 481ï502 (2017). https://doi.org/10.1007/s10494-016-9769-7

     . . .   

ǒɸʣʴʪʝʨʥʘʪʠʚʥʳʝ ʤʝʪʦʜʳ ʠ ʤʦʜʝʣʠ RANS, LES, SGS; STG, CD/UW blending

ɸ. ʇ. ɼʫʙʝʥʴ et. al. ï ʦʙʦʙʱʝʥʠʝ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʢʠ, ʫʣʫʯʰʝʥʠʝ DES

ǒLES ʤʦʜʝʣʠ ʩʝʤʝʡʩʪʚʘ S3
F. X. Trias, D. Folch, A. Gorobets, A. Oliva. Physics of Fluids 27 (2015) 065103. https://doi.org/10.1063/1.4921817

ǒɸʜʘʧʪʠʚʥʳʝ  ʧʦʜʩʝʪʦʯʥʳʝ ʤʘʩʰʪʘʙʳ æLSQ,æRLS
F.X.Trias, A.Gorobets, et.al. Physics of Fluids. 29 (2017) 115109 https://doi.org/10.1063/1.5012546

ʋʣʫʯʰʝʥʥʳʡ DES ʩGAM ʩʚʦʡʩʪʚʘʤʠ ʆʙʳʯʥʳʡ DES

STG 

ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʞʠʤʘʝʤʳʭ ʪʝʯʝʥʠʡ

https://doi.org/10.1007/s10494-015-9618-0
https://doi.org/10.1007/s10494-016-9769-7
https://doi.org/10.1063/1.4921817
https://doi.org/10.1063/1.5012546


ɻʝʪʝʨʦʛʝʥʥʳʝ ʧʘʨʘʣʣʝʣʴʥʳʝ ʚʳʯʠʩʣʝʥʠʷ

ʎʝʣʝʚʳʝ ʘʨʭʠʪʝʢʪʫʨʳ:

CPU ʩ ʚʥʝʰʥʝʡ ʧʘʤʷʪʴʶ

CPU ʩ ʛʠʙʨʠʜʥʦʡ ʧʘʤʷʪʴʶGPU ʩʦ ʚʩʪʨʦʝʥʥʦʡ ʧʘʤʷʪʴʶ

ɻʠʙʨʠʜʥʳʝ ʢʣʘʩʪʝʨʥʳʝ ʩʠʩʪʝʤʳ CPU + GPU 

SoC CPU+GPU ʩ ʦʙʱʝʡ ʧʘʤʷʪʴʶ

ɺʳʙʦʨ ʩʨʝʜʩʪʚ ʨʘʟʨʘʙʦʪʢʠ:

ʊʨʝʙʦʚʘʥʠʷ:

ǒDM MIMD: MPI-1, MPI-2, MPI-3, MPI-4, MPI-CUDAé, SHEM, é

ǒSM MIMD: OpenMP 2.0, 3.0, é; C++ std, pthreads, IntelTBB é

ǒGPU: OpenCL 1.2, 2.0, é CUDA, HIP, SYCL, OpenACCé

ǒʗʟʳʢ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ: C++11,03,14,17,20é; Fortrané

ǒʄʘʢʩʠʤʘʣʴʥʘʷ ʧʝʨʝʥʦʩʠʤʦʩʪʴ

CPU Intel, AMD, IBM, ARM, ʕʣʴʙʨʫʩ, éGPU NVIDIA, AMD, Intel, é 

ǒʄʠʥʠʤʘʣʴʥʳʡ ʧʦʨʦʛ ʚʭʦʞʜʝʥʠʷ

ǒʄʠʥʠʤʘʣʴʥʳʡ ʥʘʙʦʨ ʟʘʚʠʩʠʤʦʩʪʝʡ

ʆʧʪʠʤʘʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ: 2 CPU + 4 GPU (PCIE symmetric, direct)



ʄʥʦʛʦʫʨʦʚʥʝʚʦʝ ʠʝʨʘʨʭʠʯʝʩʢʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ

ǒMPI: ʜʝʢʦʤʧʦʟʠʮʠʷ 1 ʫʨʦʚʥʷ ï ʧʦ ʫʟʣʘʤ ʢʣʘʩʪʝʨʘ

ʚʥʝʰʥʠʡ inter-nodeʠʥʪʝʨʬʝʡʩ (ʩʝʪʝʚʦʡ ʪʨʘʬʠʢ)

ǒOpenMP: ʜʝʢʦʤʧʦʟʠʮʠʷ 3 ʫʨʦʚʥʷ ï ʧʦ ̫ʜʨʘʤ ʠʣʠ ʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʨʘʤ SMT ʷʜʝʨ 

ʄʥʦʛʦʫʨʦʚʥʝʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ, ʚʥʝʰʥʠʡ ʠ ʚʥʫʪʨʝʥʥʠʡ ʠʥʪʝʨʬʝʡʩ

ǒMPI: ʜʝʢʦʤʧʦʟʠʮʠʷ 2 ʫʨʦʚʥʷ ï ʧʦ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʫʩʪʨʦʡʩʪʚʘʤ ʫʟʣʘ

             ʚʥʫʪʨʝʥʥʠʡ intra-nodeʠʥʪʝʨʬʝʡʩ 

 CPU-onlyʨʝʞʠʤ ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ NUMA-ʫʟʣʘʤ (CPU ʩʦʢʝʪʘʤ)

 GPU-only ʨʝʞʠʤ ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ GPU 

 ɻʝʪʝʨʦʛʝʥʥʳʡ ʨʝʞʠʤ ï ʧʦ CPU ʠ GPU ʩ ʚʝʩʘʤʠ ʧʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ

ɼʝʢʦʤʧʦʟʠʮʠʷ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʠ



MPI ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ

ǒʋʧʦʨʷʜʦʯʠʚʘʥʠʝ ʩʝʪʦʯʥʳʭ ʦʙʲʝʢʪʦʚ: INNER, INTERFACE, HALO

   LOCAL = OWN H᷾ALO;    OWN = INNER I᷾NTERFACE

ǒʇʝʨʝʢʨʳʪʠʝ ʚʳʯʠʩʣʝʥʠʡ ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʦʙʤʝʥʦʚ

LOCAL ʜʠʘʧʘʟʦʥʚʤʝʩʪʦ OWN

ǒɻʨʫʧʧʠʨʦʚʢʘ ʦʙʤʝʥʦʚ

   ʤʫʣʴʪʠʩʦʣʚʝʨ ʜʣʷ ʉʃɸʋ ʚ ʥʝʷʚʥʦʡ ʩʭʝʤʝ

Update(x); 

SpMV(b,A,x);

Update(y); 

SpMV(c,A,y);

Update(x,y);

SpMV(b,A,x);

SpMV(c,A,y);

a = dot(x,y) / dot(u,w);

a = div2dot(x,y,u,w);



MPI ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ

ǒMPI ʦʙʤʝʥʳ: ʥʝʙʣʦʢʠʨʫʶʱʠʝ P2P, overlap ïʩʦʢʨʳʪʠʝ ʦʙʤʝʥʦʚ

ʧʦʣʝʟʥʦ ʥʘ CPU, ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ ʥʘ GPU

ǒOpenMP-ʧʘʨʘʣʣʝʣʴʥʘʷ ʟʘʧʘʢʦʚʢʘ ʠ ʨʘʩʧʘʢʦʚʢʘ MPI ʩʦʦʙʱʝʥʠʡ

ʦʙʨʘʙʦʪʢʘ ʚʩʝʭ ʙʫʬʝʨʦʚ MPI ʩʦʦʙʱʝʥʠʡ ʦʜʥʠʤ ʮʠʢʣʦʤ

48 ʷʜʝʨ 9600 ʷʜʝʨ

ʉʝʪʢʘ 16ʄ ʫʟʣʦʚ, ʃʦʤʦʥʦʩʦʚ



OpenMP ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ

SpMV ʥʘ ʫʟʣʝ 2 ʭ 24ʉ CPU

ʆʙʤʝʥʳ ʥʝ ʥʫʞʥʳ, ʥʦ ʥʫʞʥʦ ʫʩʪʨʘʥʷʪʴ ʛʦʥʢʫ

ʇʘʨʘʣʣʝʣʠʟʤ ʮʠʢʣʦʚ      vs       ɼʝʢʦʤʧʦʟʠʮʠʷ ïʢʘʢ ʚ MPI
ʪʦʯʥʝʝ ʙʘʣʘʥʩʠʨʦʚʢʘ

ʩ ʜʠʥʘʤʠʯʝʩʢʦʡ ʧʣʘʥʠʨʦʚʢʦʡ

NUMA-ʬʘʢʪʦʨ 

ʥʝʠʟʙʝʞʝʥ ʥʝʢʦʪʦʨʳʡ ʜʠʩʙʘʣʘʥʩ 

ʬʠʢʩʠʨʦʚʘʥʥʳʝ ʧʦʜʦʙʣʘʩʪʠ -  

NUMA-placement

Affinity + ʥʝʷʚʥʳʡ NUMA-placement 

ʋʧʦʨʷʜʦʯʠʚʘʥʠʝ ʧʦ ʧʦʜʦʙʣʘʩʪʷʤ + (R)CïM  



MPI OpenMP ɺʨʝʤʷ, ʩʋʩʢʦʨʝʥʠʝ

1 1 32 1

1 64 1.43 22

2 32 1.27 25

32 2 1.18 27

EBR3-WENO, Roe, ʥʝʷʚʥʘʷBDF1, RANS, ʩʝʪʢʘ3ʄʫʟʣʦʚ

ʄʘʪʯʘʩʪʴ: 2 ʭ CPU Intel Xeon 6326, 8ʭDDR4-3200 

OpenMP ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ

Intel Xeon ʗʜʝʨ(ʧʦʪʦʢʦʚ)ʋʩʢʦʨʝʥʠʝ

2 ʭ Gold 5218 32 (64) 30

Phi 7250 68 (272) 92

EBR5, ʥʝʷʚʥʘʷBDF2, IDDES, ʩʝʪʢʘ>1M ʫʟʣʦʚ
(ʥʝʩʪʘʮʠʦʥʘʨʥʳʡ ʨʘʩʯʝʪ ï ʚʳʰʝ ʘʨʠʬʤʝʪʠʯʝʩʢʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ)

ǒʅʠʟʢʠʡ ʧʦʨʦʛ ʚʭʦʞʜʝʥʠʷ ï ʚʩʷ ʩʣʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʩʢʨʳʪʘ
    ʩʝʨʚʠʩʥʳʡ ʦʙʲʝʢʪ ʭʨʘʥʠʪ ʜʝʢʦʤʧʦʟʠʮʠʶ ʠ ʜʠʘʧʘʟʦʥʳ ʜʦʤʝʥʦʚ ʧʦʪʦʢʦʚ (Lims) 

ǒʇʦʜʜʝʨʞʢʘ ʩʦʪʝʥ ʧʦʪʦʢʦʚ ï ʚʘʞʥʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚ SMT 

#pragma omp parallel

for(tParallelForIterator i(Lims, N); i<N; ++i){



ʇʦʪʦʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʠ OpenCL ʨʝʘʣʠʟʘʮʠʷ

ʊʦʞʝ ʥʫʞʥʦ ʫʩʪʨʘʥʷʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ʠ ʛʦʥʢʫ, ʥʦ ʙʦʣʝʝ ʦʛʨʘʥʠʯʝʥʥʘʷ ʧʘʨʘʜʠʛʤʘ:
ʦʙʨʘʙʦʪʢʘ ʙʦʣʴʰʦʛʦ ʤʥʦʞʝʩʪʚʘ ʥʝʟʘʚʠʩʠʤʳʭ ʠ ʦʜʥʦʨʦʜʥʳʭ ʟʘʜʘʥʠʡ 

ǒZero column sum 

  ʧʠʰʝʤ ʚ ʷʢʦʙʠʘʥ ʪʦʣʴʢʦ ʚʥʝʜʠʘʛʦʥʘʣʴʥʳʝ ʙʣʦʢʠ

  ʩʦʙʠʨʘʝʤ ʜʠʘʛʦʥʘʣʴ ʩʫʤʤʠʨʦʚʘʥʠʝʤ ʧʦ ʩʪʦʣʙʮʘʤ

ǒʈʘʟʜʝʣʝʥʠʝ ʥʘ 2 ʵʪʘʧʘ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʤʘʩʩʠʚʦʤ:

 1. ʩʯʠʪʘʝʤ ʨʝʟʫʣʴʪʘʪ ʚ ʮʠʢʣʝ ʧʦ ʨʝʙʨʘʤ

   2. ʩʫʤʤʠʨʫʝʤ ʚ ʫʟʣʳ ʚ ʮʠʢʣʝ ʧʦ ʫʟʣʘʤ

ǒʈʝʙʝʨʥʘʷ ʨʘʩʢʨʘʩʢʘ ʛʨʘʬʘ

  ʫʧʦʨʷʜʦʯʠʚʘʥʠʝ ʠ ʦʙʨʘʙʦʪʢʘ ʧʦ ʮʚʝʪʘʤ



ʇʦʪʦʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʠ OpenCL ʨʝʘʣʠʟʘʮʠʷ

ǒʄʘʢʩʠʤʘʣʴʥʦʝ ʧʦʜʦʙʠʝCPU ʠ OpenCL ʚʝʨʩʠʡ, ʦʙʱʠʡ ʬʦʨʤʘʪ ʜʘʥʥʳʭ

ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʠʟʤʝʥʝʥʠʡ ʠ ʧʦʜʜʝʨʞʘʥʠʷ ʢʦʜʘ ʚ ʬʦʨʤʝ

ǒɻʝʥʝʨʘʮʠʷ ʢʝʨʥʝʣ ʢʦʜʘ ʥʘ ʨʘʥʪʘʡʤʝ 

    ʯʪʦʙʳ ʠʟʙʘʚʠʪʴʩʷ ʦʪ if-else-ʡʠswitch-ʝʡ

ǒʈʘʙʦʪʘ ʩ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʬʘʡʣʘʤʠ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ

ʦʙʨʘʙʦʪʢʘ ʣʦʛʘ ʢʦʤʧʠʣʷʪʦʨʘ ʜʣʷ ʧʦʜʩʪʘʥʦʚʢʠ ʬʘʡʣʦʚ ʠ ʩʪʨʦʢ

ǒOverlap ï ʧʝʨʝʢʨʳʪʠʝ ʦʙʤʝʥʦʚ ʠ ʚʳʯʠʩʣʝʥʠʷ 

   ʩʦʢʨʳʪʠʝ ʨʘʩʭʦʜʦʚ ʥʘ ʧʝʨʝʜʘʯʫ ʜʘʥʥʳʭ

ǒʄʠʥʠʤʠʟʘʮʠʷ ʟʘʜʘʥʠʡ work-item-ʦʚ

ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʟʘʛʨʫʟʢʠ ʧʦʪʦʢʦʚʳʭ ʤʫʣʴʪʠʧʨʦʮʝʩʩʦʨʦʚ

ǒʉʤʝʰʘʥʥʘʷ ʪʦʯʥʦʩʪʴ FP64/FP32 

    ʦʜʠʥʘʨʥʘʷ ʜʣʷ ʷʢʦʙʠʘʥʘ ʠ ʥʝʢʦʪʦʨʳʭ ʧʨʦʞʦʨʣʠʚʳʭ ʜʠʩʢʨʝʪʥʳʭ ʦʧʝʨʘʪʦʨʦʚ ï 

    ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʧʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ ʠ memory-ʪʨʘʬʠʢ

    ʙʝʟ ʧʦʪʝʨʠ ʪʦʯʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʘ

ǒɺʩʷʯʝʩʢʦʝ ʧʝʨʝʫʧʦʨʷʜʦʯʠʚʘʥʠʝ

    ʙʣʦʯʥʳʡ RCM, ʣʝʢʩʠʢʦʛʨʘʬʠʯʝʩʢʘʷ ʩʦʨʪʠʨʦʚʢʘ ʨʝʙʝʨ ï ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʣʦʢʘʣʴʥʦʩʪʠ

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

} 

__kernel void 7ÏÒËÌÏÁÄƽƛƾǅ
const int i = get_global_id (0);  
if ( i >=N) return ; 

}

Workload

Workload



MPI
OpenMP

OpenCL

CPUGPU

ɻʝʪʝʨʦʛʝʥʥʳʝ ʚʳʯʠʩʣʝʥʠʷʥʘ CPU ʠ GPU

1 MPI ʧʨʦʮʝʩʩ ʥʘ ʫʟʝʣ ʢʣʘʩʪʝʨʘ
OpenMP ïteams 

OpenMP ïnested



ǒMPI: ʤʥʦʛʦʫʨʦʚʥʝʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ

ǒ 1 ʧʨʦʮʝʩʩ ʥʘ ʫʩʪʨʦʡʩʪʚʦ ï CPU ʠʣʠGPU

ǒOverlap ïʩʦʢʨʳʪʠʝ ʦʙʤʝʥʦʚ ʟʘ ʚʳʯʠʩʣʝʥʠʷʤʠ

ǒ CPU: OpenMP ʧʘʨʘʣʣʝʣʠʟʤ ʥʘ ʦʩʥʦʚʝ ʜʝʢʦʤʧʦʟʠʮʠʠ

ǒ GPU: OpenCL ʧʝʨʝʥʦʩʠʤʦʩʪʴ ʥʘ ʨʘʟʥʳʝ GPU

ǒʂʝʨʥʝʣ-ʢʦʜ ʢʦʥʬʠʛʫʨʠʨʫʝʪʩʷ ʚ ʨʘʥʪʘʡʤʝ 

ǒ ʇʦʣʥʘʷ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴCPU ʠ GPU ʚʝʨʩʠʡ

ǒ ɸʚʪʦʤʘʪʠʯʝʩʢʘʷ runtime ʩʠʩʪʝʤʘ ʪʝʩʪʠʨʦʚʘʥʠʷ
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ɻʝʪʝʨʦʛʝʥʥʳʝ ʚʳʯʠʩʣʝʥʠʷʥʘ CPU ʠ GPU


