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ɺʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝʤʦʜʝʣʠʨʦʚʘʥʠʝ



ɻʠʙʨʠʜʥʳʝ ʩʫʧʝʨʚʳʯʠʩʣʝʥʠʷ

ǒDM-MIMD

ǒSM-MIMD

Manycore

SIMD

ǒFLOPS

ǒGB/s

ǒLatency

CPU: Intel, AMD, IBM, ARM, ʕʣʴʙʨʫʩManycore: Intel Xeon Phi, A64FX ARM GPU: NVIDIA, AMD, Intel

ʆʩʥʦʚʥʳʝ ʧʦʥʷʪʠʷ:

Stream processing

ǒSIMD

ǒStream processing



ʊʝʭʥʦʣʦʛʠʷ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʝʛʦʩʫʧʝʨʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ

ǒʉʭʝʤʳ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠEBR  

ʅʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʤʝʰʘʥʥʳʝ ʩʝʪʢʠ

ǒɻʠʙʨʠʜʥʳʝ RANS-LES ʤʝʪʦʜʳ

LES ʤʦʜʝʣʴ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ

ʇʦʜʩʝʪʦʯʥʳʡʤʘʩʰʪʘʙ

ǒʇʘʨʘʣʣʝʣʴʥʳʡ ʘʣʛʦʨʠʪʤ 

DM-MIMD, SM-MIMD, Stream processing, SIMD

ǒʅʝʷʚʥʘʷ ʩʭʝʤʘ ʧʦ ʚʨʝʤʝʥʠ

ǒʇʝʨʝʥʦʩʠʤʘʷ ʛʝʪʝʨʦʛʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ

MPI, OpenMP, OpenCL



ʂʨʠʪʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ ʚGPU-computing

ǒʇʘʨʘʣʣʝʣʴʥʘʷ ʧʘʨʘʜʠʛʤʘ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ

ʘʜʘʧʪʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʢ stream processing      

ǒʆʨʛʘʥʠʟʘʮʠʷ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ

Intranode + internode

ʥʝʦʙʭʦʜʠʤ ʘʩʠʥʭʨʦʥʠ overlap 

ǒʆʧʝʨʘʪʠʚʥʘʷ ʧʘʤʷʪʴ 

ʝʝ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ, ʯʝʤ ʥʘ CPU!

ʥʝʦʙʭʦʜʠʤʦ ʩʠʣʴʥʦ ʫʤʝʥʴʰʠʪʴ ʘʧʧʝʪʠʪ

http://caa.imamod.ru/vmkvm

http://caa.imamod.ru/vmkvm


ʏʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ïʩʭʝʤʘ EBR

ǒʉʚʝʨʭʩʧʦʩʦʙʥʦʩʪʠ ʥʘ ʊʉ-ʩʝʪʢʘʭ

ǒʋʧʨʦʱʝʥʥʳʡ ʷʢʦʙʠʘʥ ʚ ʥʝʷʚʥʦʡ ʩʭʝʤʝ

ʢʘʢ ʫ ʩʭʝʤʳ 1 ʧʦʨʷʜʢʘ

ǒʕʢʦʥʦʤʠʯʥʦʩʪʴ

ʧʦ ʧʘʤʷʪʠ 
ʧʦ ʚʳʯʠʩʣʝʥʠʷʤ
ʧʦ ʦʙʤʝʥʘʤ

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/j.compfluid.2017.09.004

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. 331ï356. https://doi.org/10.1002/fld.4187

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


ʏʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ïMLES ʜʠʩʢʨʝʪʠʟʘʮʠʷ ʚʷʟʢʠʭ ʯʣʝʥʦʚ ʅ ïʉ   

P1 ɻʘʣʝʨʢʠʥʜʣʷ ʚʷʟʢʠʭ ʯʣʝʥʦʚ ʜʘʝʪ 27 ʥʝʥʫʣʝʡʥʘ ʛʝʢʩʘʭʚ ʧʦʨʪʨʝʪ ʷʢʦʙʠʘʥʫ

ʄʝʪʦʜ ʣʦʢʘʣʴʥʳʭ ʨʘʟʙʠʝʥʠʡ

ǒʷʚʣʷʝʪʩʷ ʣʠʥʝʡʥʳʤ

ǒʩʦʚʧʘʜʘʝʪ ʩ P1 ɻʘʣʸʨʢʠʥʳʤʥʘ ʩʠʤʧʣʠʮʠʘʣʴʥʳʭ ʩʝʪʢʘʭ

ǒʥʘ 3D ʜʝʢʘʨʪʦʚʳʭ ʩʝʪʢʘʭ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʣʘʧʣʘʩʠʘʥʘ ʜʘʝʪ 7-ʪʦʯʝʯʥʫʶ ʩʭʝʤʘ, 

ʘ ʫ ɻʘʣʸʨʢʠʥʘ27-ʪʦʯʝʯʥʳʡ ʰʘʙʣʦʥ

ǒʤʦʞʥʦ ʙʝʟ ʧʦʪʝʨʠ ʩʭʦʜʠʤʦʩʪʠ ʠʩʢʣʶʯʠʪʴ ʠʟ ʷʢʦʙʠʘʥʘ ʵʣʝʤʝʥʪʳ,

ʥʝ ʚʭʦʜʷʱʠʝ ʚ 7-ʪʦʯʝʯʥʳʡ ʰʘʙʣʦʥ

Bakhvalov P. A. Method of local element splittings for diffusion terms discretization 

in edge-bases schemes. Keldysh Institute Preprints. 2020. Vol. 79. 1 ï43

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

JCP ïunder review

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


ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ïʛʠʙʨʠʜʥʳʡ RANS-LES

ʅʝʟʦʥʥʳʝʛʠʙʨʠʜʥʳʝ ʤʝʪʦʜʳ ʩʝʤʝʡʩʪʚʘ DES

ǒDES, 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 ï737 https://doi.org/10.1007/s10494-015-9618-0

ǒRANS SA, SST

ǒLES ʤʦʜʝʣʠ ʩʝʤʝʡʩʪʚʘ 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

ǒʇʦʜʩʝʪʦʯʥʳʡʤʘʩʰʪʘʙ 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

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


ʇʨʝʜʳʜʫʱʠʝ ʛʝʪʝʨʦʛʝʥʥʳʝ ʨʝʘʣʠʟʘʮʠʠ

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

Doklady Mathematics. Vol. 98, No. 2, 2018, pp. 1ï3. 

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. 171ï177. 

ɻʝʪʝʨʦʛʝʥʥʳʡ ʢʦʜ ʊʘʧʠʨ

Cell-center, ʧʦʣʠʥʦʤʠʘʣʴʥʘʷ ʨʝʢʦʥʩʪʨʫʢʮʠʷ, ʷʚʥʘʷ ʩʭʝʤʘ



NOISETTE ïʠʛʨʦʚʘʷ ʧʣʦʱʘʜʢʘ ʠ ʢʦʜ ʜʣʷ ʧʨʠʣʦʞʝʥʠʡ

ǒʉʭʝʤʳ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠEBR  

ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʤʝʰʘʥʥʳʝ ʩʝʪʢʠ

ǒC++, MPI, OpenMP, OpenCL

http://caa.imamod.ru/noisette
ǒɺʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝʤʦʜʝʣʠʨʦʚʘʥʠʝ

ʩʞʠʤʘʝʤʳʝ ʪʝʯʝʥʠʷ, 

ʘʵʨʦʜʠʥʘʤʠʢʘ ʠ ʘʵʨʦʘʢʫʩʪʠʢʘ

ʛʠʙʨʠʜʥʳʝ RANS-LES ʤʝʪʦʜʳ

ǒHPC ʨʝʘʣʠʟʘʮʠʷ

ʤʘʩʰʪʘʙʠʨʫʝʤʳʝ ʧʘʨʘʣʣʝʣʴʥʳʝ ʘʣʛʦʨʠʪʤʳ

ʛʝʪʝʨʦʛʝʥʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, é 

ǒɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʠ

IBC, ʘʜʘʧʪʘʮʠʷ ʩʝʪʢʠ,STG,

ʧʘʨʘʣʣʝʣʴʥʳʡ ʧʦʩʪʧʨʦʮʝʩʩʦʨ, 

FW/H, beamforming, 

ʩʢʦʣʴʟʷʱʠʝ ʩʝʪʢʠ, ʨʦʪʦʨ-ʩʪʘʪʦʨ,

ʫʩʢʦʨʝʥʠʝ ʨʘʩʯʝʪʘ, é

http://caa.imamod.ru/


ʇʨʦʙʣʝʤʘ: ʢʦʜ ʩʣʠʰʢʦʤ ʩʣʦʞʥʦ ʦʪʣʘʞʠʚʘʪʴ, ʩʣʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʢʘʯʝʩʪʚʦ

ʈʝʰʝʥʠʝ: 

ǒɸʚʪʦʤʘʪʠʯʝʩʢʦʝ ʪʝʩʪʠʨʦʚʘʥʠʝ ʩ ʨʘʩʰʠʨʝʥʥʳʤ QAʧʦʢʨʳʪʠʝʤ

ǒʂʦʥʬʠʛʫʨʘʮʠʷ ʙʝʟʦʧʘʩʥʦʛʦ ʨʝʞʠʤʘ ʩʦ ʚʩʪʨʦʝʥʥʳʤ ʩʪʝʢ-ʪʨʝʡʩʝʨʦʤ

ǒʂʦʥʪʝʡʥʝʨʳ ʩ ʢʦʥʪʨʦʣʝʤ ʜʦʩʪʫʧʘ ʧʦ ʜʚʫʤ ʠʥʜʝʢʩʘʤ, ʧʦ ʪʠʧʫ, ʠʤʝʥʦʚʘʥʥʳʝ

ǒɺʩʪʨʦʝʥʥʳʡ ʤʦʥʠʪʦʨʯʠʢ ʚʳʜʝʣʝʥʠʷ ʧʘʤʷʪʠ ʜʣʷ ʦʪʯʝʪʦʚ ʠ ʣʦʚʣʠ ʫʪʝʯʝʢ

ǒɺʩʪʨʦʝʥʥʦʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʝ ʧʨʦʬʠʣʠʨʦʚʘʥʠʝ

ʇʦʜʛʦʪʦʚʢʘ ʢ ʚʳʯʠʩʣʝʥʠʷʤ ʥʘ GPU 

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


ʂʦʥʬʠʛʫʨʘʮʠʷ SAFE MODE

ǒLow-level ʧʨʦʚʝʨʢʠ ʚʢʣʶʯʝʥʳ ʚ ʢʦʥʬʠʛʝ SAFE MODE, 

ʚʳʢʣʶʯʝʥʳ ʚ ʨʝʣʠʟʝ

ǒQA ʧʨʦʮʝʜʫʨʘ ïʚ ʩʝʡʬʤʦʜʝ

ǒʇʨʦʚʝʨʢʘ ʜʦʩʪʫʧʘ ʢ ʢʦʥʪʝʡʥʝʨʘʤ ïʤʘʩʩʠʚʘʤ V[i],

ʙʣʦʯʥʳʤ ʤʘʩʩʠʚʘʤV[i][j] ʧʦ ʦʙʦʠʤ ʠʥʜʝʢʩʘʤ

ǒʉʝʡʬʤʦʜʤʝʜʣʝʥʥʝʝ ʨʝʣʠʟʘ ʨʘʟʘ ʚ ʧʦʣʪʦʨʘ

ʠʟ-ʟʘ ʤʥʦʞʝʩʪʚʘ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʨʦʚʝʨʦʢ

ʇʨʦʛʨʘʤʤʥʳʝ ʫʨʦʚʥʠ  

LL ïLow Level ïʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʬʫʥʢʮʠʠ

performance-critical, ʦʙʨʘʙʦʪʢʘ ʦʜʥʦʛʦ ʩʝʪʦʯʥʦʛʦ ʦʙʲʝʢʪʘ

ʠʬ,r ʩʚʠʯʠ, ʘʩʩʸʨʪʳ, ʚʳʟʦʚʳ ʬʫʥʢʮʠʡ ïʩʦʟʜʘʶʪ ʦʚʝʨʭʵʜ

HL ïHigh Level ïʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʬʫʥʢʮʠʠ 

ʦʙʨʘʙʦʪʢʘ ʥʘʙʦʨʦʚ ʩʝʪʦʯʥʳʭ ʦʙʲʝʢʪʦʚ

ʠʬ,r ʩʚʠʯʠ, ʘʩʩʸʨʪʳ, ʚʳʟʦʚʳ ʬʫʥʢʮʠʡ ïʧʨʝʥʝʙʨʝʞʠʤʳ

ʀʣʣʶʩʪʨʘʮʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʝʩʪʘʙʠʣʴʥʳʭ 

ʧʨʦʛʨʘʤʤʥʳʭ ʦʰʠʙʦʢ ʚʠʜʘ Strange bug

ʥʘ ʨʘʟʨʘʙʦʪʯʠʢʘ ʠ ʩʦʧʫʪʩʪʚʫʶʱʠʡ ʤʘʪʯʘʩʪʠ

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


ʇʨʦʙʣʝʤʘ: ʢʦʜ ʩʣʠʰʢʦʤ ʧʨʦʞʦʨʣʠʚ ʧʦ ʧʘʤʷʪʠ, ʘ ʥʘ GPU ʝʝ ʩʦʚʩʝʤ ʤʘʣʦ

ʈʝʰʝʥʠʝ: 

ǒʅʦʚrʡʤʝʪʦʜ ʨʘʩʯʝʪʘ ʚʷʟʢʠʭ ʧʦʪʦʢʦʚ MLES ʚ ʨʘʟʳ ʩʦʢʨʘʪʠʣ ʧʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ
Bakhvalov P. A. Method of local element splittings for diffusion terms discretization in edge-bases 

schemes. Keldysh Institute Preprints. 2020. Vol. 79. 1 ï43

ǒʋʧʨʦʱʝʥʥʳʡʤʝʪʦʜ MLES ʝʱʝ ʩʠʣʴʥʦ ʩʦʢʨʘʪʠʣ ʧʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ
ɻʘʣʸʨʢʠʥ ʪʦʞʝ ʫʧʨʦʱʘʝʪʩʷ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʘʤ, ʪʦʞʝ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʧʦʨʸʙʝʨʥʦʡʬʦʨʤʝ,

ʥʦ ʷʢʦʙʠʘʥ ʥʝ ʫʧʨʦʱʘʙʝʣʝʥ

ǒʉʤʝʰʘʥʥʘʷ ʪʦʯʥʦʩʪʴ FP64/FP32 ïʝʱʝ ʧʦʯʪʠ ʜʚʫʢʨʘʪʥʦʝ ʩʦʢʨʘʱʝʥʠʝ ʧʦʪʨʝʙʣʝʥʠʷ ʠ ʪʨʘʬʠʢʘ

ʚʩʝ ʚ ʜʚʦʡʥʦʡ ʪʦʯʥʦʩʪʠ ʢʨʦʤʝ ʪʷʞʝʣʳʭ ʤʘʩʩʠʚʦʚ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʩʢʨʝʪʥʳʭ ʦʧʝʨʘʪʦʨʦʚ ʜʣʷ    

ʚʷʟʢʠʭ ʧʦʪʦʢʦʚ ʠ ʷʢʦʙʠʘʥʘ ʥʝʷʚʥʦʡ ʩʭʝʤʳ

ʊʦʯʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʥʝ ʧʦʩʪʨʘʜʘʣʘ, ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʪʫʪ:

ʇʦʜʛʦʪʦʚʢʘ ʢ ʚʳʯʠʩʣʝʥʠʷʤ ʥʘ GPU 

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. 1463ï1474.

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

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


ʇʨʦʙʣʝʤʘ: ʢʦʜ ʩʣʠʰʢʦʤ ʩʣʦʞʥʳʡ 

ʇʦʜʛʦʪʦʚʢʘ ʢ ʚʳʯʠʩʣʝʥʠʷʤ ʥʘ GPU 
sorry for English



ʇʨʦʙʣʝʤʘ: ʢʦʜ ʩʣʠʰʢʦʤ ʩʣʦʞʥʳʡ

ʈʝʰʝʥʠʝ: ʫʙʦʨʢʘ ʤʫʩʦʨʘ ʧʦʜ ifdef, ʧʨʦʯʠʩʪʢʘ ʩʚʠʪʯʝʡ ʠ ʚʝʪʚʣʝʥʠʡ ʥʘ ʥʠʞʥʝʤ ʫʨʦʚʥʝ

ʇʦʜʛʦʪʦʚʢʘ ʢ ʚʳʯʠʩʣʝʥʠʷʤ ʥʘ GPU 



ʇʦʜʛʦʪʦʚʢʘ ʢ ʚʳʯʠʩʣʝʥʠʷʤ ʥʘ GPU 

ʇʨʦʙʣʝʤʘ: ʤʥʦʛʦ ʚʳʟʦʚʦʚ ʬʫʥʢʮʠʡ ʥʘ ʥʠʞʥʝʤ ʫʨʦʚʥʝ, ʜʦʩʪʫʧ ʚ ʷʢʦʙʠʘʥ ʥʝ ʧʦ ʨʘʟʫ

ʈʝʰʝʥʠʝ: ʢʦʤʙʠ-ʬʫʥʢʮʠʠʜʣʷ ʧʨʦʜʫʢʪʦʚʦʛʦ ʨʝʞʠʤʘ ïñʙʠʟʥʝʩ-ʣʘʥʯò

ʫʩʪʨʘʥʝʥʠʝ ʚʝʪʚʣʝʥʠʡ, ʚʥʫʪʨʝʥʥʠʭ ʚʳʟʦʚʦʚ ʬʫʥʢʮʠʡ, ʩʦʢʨʘʱʝʥʠʝ memory-ʪʨʘʬʠʢʘ



ʄʥʦʛʦʫʨʦʚʥʝʚʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ MPI + OpenMP + OpenCL 

DM MIMD

SM MIMD 

SIMD OpenCL

GPU accelerator

Stream multiprocessor

OpenMP, OpenCL,

compiler directives, é
SIMD extension

OpenMP 
OpenCL

MPI

Manycore CPU

SMT core

MPI

Hybrid node

Supercomputer

Stream 

Processing



MPI ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ

ǒʄʥʦʛʦʫʨʦʚʥʝʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ

ʫʤʝʥʴʰʝʥʠʝ ʩʝʪʝʚʦʛʦ ʪʨʘʬʠʢʘ

ǒʇʝʨʝʫʧʦʨʷʜʦʯʠʚʘʥʠʝInner-Interface-Halo

ǒOverlap ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʠ ʦʙʤʝʥʦʚ

ʩʦʢʨʳʪʠʝ ʥʘʢʣʘʜʥʳʭ ʥʘ ʧʝʨʝʜʘʯʫ ʜʘʥʥʳʭ

ǒOpenMP-ʧʘʨʘʣʣʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ MPI ʩʦʦʙʱʝʥʠʡ

ʜʣʷ ʫʩʢʦʨʝʥʠʷ ʦʙʥʦʚʣʝʥʠʷ ʛʘʣʦ

ǒʋʣʫʯʰʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʦʙʤʝʥʦʚ

ʦʜʠʥ ʩʧʠʩʦʢ ʫʟʣʦʚ ʧʦ ʚʩʝʤ ʩʦʩʝʜʷʤ

ʧʝʨʝʫʧʦʨʷʜʦʯʠʚʘʥʠʝ ʛʘʣʦ 

ǒɼʠʥʘʤʠʯʝʩʢʘʷ ʩʭʝʤʘ ʦʙʤʝʥʘ

ʜʣʷ ʩʢʦʣʴʟʷʱʠʭ ʩʝʪʦʢ

A.Gorobets. Parallel Algorithm of the NOISEtte Code for CFD and CAA Simulations. Lobachevskii Journal of Mathematics. 

2018, Vol. 39, No. 4, pp. 524ï532. https://doi.org/10.1134/S1995080218040078

https://doi.org/10.1134/S1995080218040078


OpenMP ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ

ǒʇʝʨʝʭʦʜ ʩʧʘʨʘʣʣʝʣʠʟʤʘ ʮʠʢʣʦʚʥʘ ʜʝʢʦʤʧʦʟʠʮʠʶ

ǒʇʝʨʝʫʧʦʨʷʜʦʯʠʚʘʥʠʝ ʧʦ ʧʦʜʦʙʣʘʩʪʷʤ ʥʠʪʝʡ

ǒRCM ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʣʦʢʘʣʴʥʦʩʪʠ ʜʦʩʪʫʧʘ ʢ ʧʘʤʷʪʠ

ǒʄʥʦʛʦʧʦʪʦʯʥʘʷ ʦʙʨʘʙʦʪʢʘ MPI ʦʙʤʝʥʦʚ

Intel Xeon ʗʜʝʨ ʋʩʢʦʨʝʥʠʝ

E5-2683 v4 16 11

Gold 6142 16 13.5

Phi 7250 68 92

EBR5, ʥʝʷʚʥʘʷBDF2, IDDES, ʩʝʪʢʘ>1M ʫʟʣʦʚ

A.Gorobets. Parallel Algorithm of the NOISEtte Code for CFD and CAA Simulations. Lobachevskii Journal of Mathematics. 

2018, Vol. 39, No. 4, pp. 524ï532. https://doi.org/10.1134/S1995080218040078

https://doi.org/10.1134/S1995080218040078


ɸʜʘʧʪʘʮʠʷ ʢ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʥʘ GPU

ʋʩʪʨʘʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʛʦʥʢʠ ʚ ʮʠʢʣʘʭ ʧʦ ʨʝʙʨʘʤ

ǒʘʪʦʤʠʢʠ

ǒʜʫʙʣʠʨʦʚʘʥʠʝ ʚʳʯʠʩʣʝʥʠʡ

ǒʨʘʩʢʨʘʩʢʘ ʛʨʘʬʘ

ǒʨʘʟʜʝʣʝʥʠʝ ʥʘ 2 ʵʪʘʧʘ 

ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʤʘʩʩʠʚʦʤ:

1. ʩʯʠʪʘʝʤ ʨʝʟʫʣʴʪʘʪ ʚ ʮʠʢʣʝ ʧʦ ʨʝʙʨʘʤ

2. ʩʫʤʤʠʨʫʝʤ ʚ ʫʟʣʳ ʚ ʮʠʢʣʝ ʧʦ ʫʟʣʘʤ



ʋʩʪʨʘʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʛʦʥʢʠ ʚ ʮʠʢʣʘʭ ʧʦ ʨʝʙʨʘʤ

ǒʘʪʦʤʠʢʠ

ǒʜʫʙʣʠʨʦʚʘʥʠʝ ʚʳʯʠʩʣʝʥʠʡ

ɸʜʘʧʪʘʮʠʷ ʢ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʥʘ GPU

ǒʨʘʩʢʨʘʩʢʘ ʛʨʘʬʘ

ǒʨʘʟʜʝʣʝʥʠʝ ʥʘ 2 ʵʪʘʧʘ 

ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʤʘʩʩʠʚʦʤ:

1. ʩʯʠʪʘʝʤ ʨʝʟʫʣʴʪʘʪ ʚ ʮʠʢʣʝ ʧʦ ʨʝʙʨʘʤ

2. ʩʫʤʤʠʨʫʝʤ ʚ ʫʟʣʳ ʚ ʮʠʢʣʝ ʧʦ ʫʟʣʘʤ



ʋʩʪʨʘʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʛʦʥʢʠ ʚ ʮʠʢʣʘʭ ʧʦ ʨʝʙʨʘʤ

ǒʘʪʦʤʠʢʠ

ǒʜʫʙʣʠʨʦʚʘʥʠʝ ʚʳʯʠʩʣʝʥʠʡ

ǒʨʘʩʢʨʘʩʢʘ ʛʨʘʬʘ

ɸʜʘʧʪʘʮʠʷ ʢ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʥʘ GPU

ǒʨʘʟʜʝʣʝʥʠʝ ʥʘ 2 ʵʪʘʧʘ 

ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʤʘʩʩʠʚʦʤ:

1. ʩʯʠʪʘʝʤ ʨʝʟʫʣʴʪʘʪ ʚ ʮʠʢʣʝ ʧʦ ʨʝʙʨʘʤ

2. ʩʫʤʤʠʨʫʝʤ ʚ ʫʟʣʳ ʚ ʮʠʢʣʝ ʧʦ ʫʟʣʘʤ



ʋʩʪʨʘʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʛʦʥʢʠ ʚ ʮʠʢʣʘʭ ʧʦ ʨʝʙʨʘʤ

ǒʘʪʦʤʠʢʠ

ǒʜʫʙʣʠʨʦʚʘʥʠʝ ʚʳʯʠʩʣʝʥʠʡ

ǒʨʘʩʢʨʘʩʢʘ ʛʨʘʬʘ

ǒʨʘʟʜʝʣʝʥʠʝ ʥʘ 2 ʵʪʘʧʘ 

ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʤʘʩʩʠʚʦʤ:

1. ʩʯʠʪʘʝʤ ʨʝʟʫʣʴʪʘʪ ʚ ʮʠʢʣʝ ʧʦ ʨʝʙʨʘʤ

2. ʩʫʤʤʠʨʫʝʤ ʚ ʫʟʣʳ ʚ ʮʠʢʣʝ ʧʦ ʫʟʣʘʤ

ɸʜʘʧʪʘʮʠʷ ʢ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʥʘ GPU



ʋʩʪʨʘʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʛʦʥʢʠ ʚ ʮʠʢʣʘʭ ʧʦ ʨʝʙʨʘʤ

ǒʘʪʦʤʠʢʠ

ǒʜʫʙʣʠʨʦʚʘʥʠʝ ʚʳʯʠʩʣʝʥʠʡ

ǒʨʘʩʢʨʘʩʢʘ ʛʨʘʬʘ

ǒʨʘʟʜʝʣʝʥʠʝ ʥʘ 2 ʵʪʘʧʘ 

ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʤʘʩʩʠʚʦʤ:

1. ʩʯʠʪʘʝʤ ʨʝʟʫʣʴʪʘʪ ʚ ʮʠʢʣʝ ʧʦ ʨʝʙʨʘʤ

2. ʩʫʤʤʠʨʫʝʤ ʚ ʫʟʣʳ ʚ ʮʠʢʣʝ ʧʦ ʫʟʣʘʤ

ǒʏʪʦʞʝ ʜʝʣʘʪʴ!?

ɺʩʝ ʧʨʦʧʘʣʦ! ɺʩʝ ʧʨʦʧʘʣʦ!

ɸʜʘʧʪʘʮʠʷ ʢ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʥʘ GPU



ʋʩʪʨʘʥʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʠ ʛʦʥʢʠ ʚ ʮʠʢʣʘʭ ʧʦ ʨʝʙʨʘʤ

ǒʘʪʦʤʠʢʠ

ǒʜʫʙʣʠʨʦʚʘʥʠʝ ʚʳʯʠʩʣʝʥʠʡ

ǒʨʘʩʢʨʘʩʢʘ ʛʨʘʬʘ

ǒZero column sum 

ʧʠʰʝʤ ʚ ʷʢʦʙʠʘʥ ʪʦʣʴʢʦ ʚʥʝʜʠʘʛʦʥʘʣʴʥʳʝʙʣʦʢʠ

ʩʦʙʠʨʘʝʤ ʜʠʘʛʦʥʘʣʴ ʩʫʤʤʠʨʦʚʘʥʠʝʤ ʧʦ ʩʪʦʣʙʮʘʤ

ǒʨʘʟʜʝʣʝʥʠʝ ʥʘ 2 ʵʪʘʧʘ 

ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʤʘʩʩʠʚʦʤ:

1. ʩʯʠʪʘʝʤ ʨʝʟʫʣʴʪʘʪ ʚ ʮʠʢʣʝ ʧʦ ʨʝʙʨʘʤ

2. ʩʫʤʤʠʨʫʝʤ ʚ ʫʟʣʳ ʚ ʮʠʢʣʝ ʧʦ ʫʟʣʘʤ

ɸʜʘʧʪʘʮʠʷ ʢ ʧʦʪʦʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʥʘ GPU



ǒʄʘʢʩʠʤʘʣʴʥʦʝ ʧʦʜʦʙʠʝCPU ʠ OpenCL ʚʝʨʩʠʡ, ʦʙʱʠʡ ʬʦʨʤʘʪ ʜʘʥʥʳʭ

ʜʣʷ ʫʧʨʦʱʝʥʠʷ ʠʟʤʝʥʝʥʠʡ ʠ ʧʦʜʜʝʨʞʘʥʠʷ ʢʦʜʘ ʚ ʬʦʨʤʝ

ǒɻʝʥʝʨʘʮʠʷ ʢʝʨʥʝʣʢʦʜʘ ʥʘ ʨʘʥʪʘʡʤʝ

ʯʪʦʙʳ ʠʟʙʘʚʠʪʴʩʷ ʦʪ if-else-ʡʠswitch-ʝʡ

ǒʈʘʙʦʪʘ ʩ ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʬʘʡʣʘʤʠ ʠʩʭʦʜʥʦʛʦ ʢʦʜʘ

ʦʙʨʘʙʦʪʢʘ ʣʦʛʘ ʢʦʤʧʠʣʷʪʦʨʘ ʜʣʷ ʧʦʜʩʪʘʥʦʚʢʠ ʬʘʡʣʦʚ ʠ ʩʪʨʦʢ

ǒOverlap ïʧʝʨʝʢʨʳʪʠʝ 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 ʩʠʣʴʥʦ ʫʤʝʥʴʰʠʪʴ ʧʦʪʨʝʙʣʝʥʠʝ ʧʘʤʷʪʠ ʠ memory-ʪʨʘʬʠʢ.

ʢʦʥʝʯʥʦ, ʙʝʟ ʧʦʪʝʨʠ ʪʦʯʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʘ

ǒɺʩʷʯʝʩʢʦʝ ʧʝʨʝʫʧʦʨʷʜʦʯʠʚʘʥʠʝ ʫʟʣʦʚ 

ʙʣʦʯʥʳʡ RCM, ʣʝʢʩʠʢʦʛʨʘʬʠʯʝʩʢʘʷ ʩʦʨʪʠʨʦʚʢʘ ʨʝʙʝʨ ïʜʣʷ ʧʦʚʳʰʝʥʠʷ ʣʦʢʘʣʴʥʦʩʪʠ

ɺʳʯʠʩʣʝʥʠʷ ʥʘ OpenCL

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

} 

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

}

Workload

Workload



ɻʝʪʝʨʦʛʝʥʥʳʝ ʚʳʯʠʩʣʝʥʠʷ CPU & GPU

ʇʦʜʭʦʜ: ʦʜʠʥ ʧʨʦʮʝʩʩïʦʜʥʦ ʫʩʪʨʦʡʩʪʚʦ

MPI ʧʨʦʮʝʩʩʳ ʜʝʣʷʪʩʷ ʥʘCPU ʠGPU ʨʦʣʠ

ɼʚʫʭʫʨʦʚʥʝʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ 

ʩ ʵʤʧʠʨʠʯʝʩʢʦʡ ʙʘʣʘʥʩʠʨʦʚʢʦʡ

ʇʦʣʥʘʷ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴCPU ʠ GPU ʚʝʨʩʠʡ

ɻʝʪʝʨʦʛʝʥʥʘʷ ʨʝʘʣʠʟʘʮʠʷ



ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ QA ʩʠʩʪʝʤʘ ʩ ʨʘʩʰʠʨʝʥʥʳʤ ʧʦʢʨʳʪʠʝʤ

ʩʨʘʚʥʝʥʠʝ ʩ ʵʪʘʣʦʥʥʳʤʠ ʨʝʰʝʥʠʷʤʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ CPU ʚʝʨʩʠʠ  

ɸʚʪʦʢʦʥʪʨʦʣʴ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʚʝʨʩʠʡOpenCL vs CPU 

ʯʪʦʙʳ CPU ʠGPU ʜʝʣʘʣʠ ʨʦʚʥʦ ʦʜʥʦ ʠ ʪʦ ʞʝ 

ǒ ʧʨʦʚʝʨʢʘ ʧʦ ʢʘʞʜʦʤʫ ʢʝʨʥʝʣʫ

ʚʩʝʭ ʚʳʭʦʜʥʳʭ ʜʘʥʥʳʭ  

ǒ ʧʨʦʚʝʨʢʘ ʧʦʣʥʳʭ ʰʘʛʦʚ ʧʦ ʚʨʝʤʝʥʠ 

ɿʘʱʠʱʝʥʥʦʩʪʴ ʦʪ ʚʥʝʩʝʥʠʷ ʦʰʠʙʦʢ



ʏʠʩʣʝʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ:

ʉʭʝʤʘ EBR5

ʅʝʷʚʢʘBDF2 ʩ ʩʦʣʚʝʨʦʤBiCGSTAB

ɻʠʙʨʠʜʥʳʡRANS-LES ʧʦʜʭʦʜIDDES

ʉʤʝʰʘʥʥʘʷ ʪʦʯʥʦʩʪʴ FP64/32

ʇʘʨʘʣʣʝʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ: MPI+OpenMP, NT=24

ʉʝʪʢʘ: 80Mʫʟʣʦʚ (ʦʙʪʝʢʘʥʠʝ ʣʦʧʘʪʢʠ ʊʅɼ)

ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ: ʪʦʣʴʢʦ CPU

ʋʟʣʳ: 2 ʭ24C Intel Xeon Platinum



ʏʠʩʣʝʥʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ:  EBR5, BDF2, IDDES

ʇʘʨʘʣʣʝʣʴʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ: MPI+OpenMP+OpenCL, NT=16

ʉʝʪʢʘ: 80Mʫʟʣʦʚ (ʦʙʪʝʢʘʥʠʝ ʣʦʧʘʪʢʠ ʊʅɼ)

ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ: ʪʦʣʴʢʦ GPU

ɻʠʙʨʠʜʥʳʡ ʢʣʘʩʪʝʨ K60-GPU

ʋʟʣʳ:

2 ʭ16C Intel Xeon Gold 6142 (120 GB/s)

4 ʭ GPU NVIDIA V100 (32 GB, 900GB/s)

ʉʝʪʴ: InfiniBand FDR

ʇʘʨʘʣʣʝʣʴʥʦʝ ʫʩʢʦʨʝʥʠʝʉʦʦʪʥʦʰʝʥʠʝ (4 GPU vs 2 CPU)


