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ɺʠʭʨʝʨʘʟʨʝʰʘʶʱʝʝ CFD ʠ CAA ʤʦʜʝʣʠʨʦʚʘʥʠʝ  

ʚ ʘʚʠʘʮʠʦʥʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ 



2 http://caa.imamod.ru/ ʉAA lab, ʀʇʄ ʠʤ. ʄ. ɺ. ʂʝʣʜʳʰʘ ʈɸʅ  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʚʝʨʪʦʣʝʪʘ 



3 http://caa.imamod.ru/ ʉAA lab, ʀʇʄ ʠʤ. ʄ. ɺ. ʂʝʣʜʳʰʘ ʈɸʅ  

3 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʥʝʩʫʱʝʛʦ ʚʠʥʪʘ ʚʝʨʪʦʣʝʪʘ 



4 http://caa.imamod.ru/ ʉAA lab, ʀʇʄ ʠʤ. ʄ. ɺ. ʂʝʣʜʳʰʘ ʈɸʅ  

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʨʳʣʘ ʩ ʤʝʭʘʥʠʟʘʮʠʝʡ 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʨʝʘʢʪʠʚʥʦʡ ʩʪʨʫʠ 
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ɺʳʩʦʢʘʷ ʨʝʩʫʨʩʦʝʤʢʦʩʪʴ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʨʘʩʯʝʪʦʚ 

ʅʝʜʦʨʘʟʨʝʰʝʥʥʦʝ ColorFD 
ɻʝʥʝʨʘʮʠʷ ʦʯʝʥʴ ʮʚʝʪʥʳʭ,  

ʥʦ ʦʯʝʥʴ ʙʝʩʩʤʳʩʣʝʥʥʳʭ ʢʘʨʪʠʥʦʢ 

ʇʨʦʞʠʛʘʥʠʝ CPU ʚʨʝʤʝʥʠ ʢʦʩʤʠʯʝʩʢʦʛʦ ʤʘʩʰʪʘʙʘ  
ʈʘʩʯʝʪ ʩʘʤʦʣʝʪʘ ʮʝʥʦʶ ʩ ʩʘʤʦʣʝʪ 

https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20160009089.pdf 

https://commonresearchmodel.larc.nasa.gov/files/2018/01/AIAA-2017-3362.pdf 

https://fs.hlrs.de/projects/teraflop/26thWorkshop_talks/WSSP26-11-Kessler.pdf 



7 http://caa.imamod.ru/ ʉAA lab, ʀʇʄ ʠʤ. ʄ. ɺ. ʂʝʣʜʳʰʘ ʈɸʅ  

ǒ  ʕʢʦʥʦʤʠʯʥʳʝ ʠ ʪʦʯʥʳʝ ʤʝʪʦʜʳ 

    ʯʠʩʣʝʥʥʳʝ ʩʭʝʤʳ, ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, é 

ǒ  ʕʬʬʝʢʪʠʚʥʳʝ HPC ʨʝʘʣʠʟʘʮʠʠ 

    ʤʘʩʰʪʘʙʠʨʫʝʤʳʝ ʘʣʛʦʨʠʪʤʳ, ʛʝʪʝʨʦʛʝʥʥʳʝ ʚʳʯʠʩʣʝʥʠʷ, é  

ǒ  ʕʬʬʝʢʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʚʝʜʝʥʠʷ ʨʘʩʯʝʪʘ 

    ʘʜʘʧʪʘʮʠʷ ʩʝʪʢʠ, ʫʩʢʦʨʝʥʠʝ ʉʉʈ, ʧʦʩʪʧʨʦʮʝʩʩ, é   

ɼʦʩʪʠʞʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʦʡ ʧʨʠʤʝʥʠʤʦʩʪʠ 
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ʏʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ 
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ǒ  ʏʠʩʣʝʥʥʳʝ ʩʭʝʤʳ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠ 

ǒ  ʄʦʜʝʣʠ ʠ ʧʦʜʭʦʜʳ ʢ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 
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ɹʘʟʦʚʘʷ ʩʭʝʤʘ 1 ʧʦʨʷʜʢʘ 

3D 2D 

ʂʦʥʪʨʦʣʴʥʳʡ ʦʙʲʝʤ 

Bakhvalov, P.A. & Kozubskaya, T.K. Comput. Math. and Math. Phys. (2017) 57: 680.  

https://www.doi.org/10.1134/S0965542517040030  

ʕʢʦʥʦʤʠʯʥʳʝ EBR ʩʭʝʤʳ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠ 
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3D 2D 

ʉʭʝʤʘ EBR5-HYB 

+15% ʢ ʩʪʦʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʘʟʦʚʦʡ ʩʭʝʤʳ 

ɼo 5-ʛʦ ʧʦʨʷʜʢʘ ʪʦʯʥʦʩʪʠ (ʥʘ ʊʉ ʩʝʪʢʘʭ)   

ʂʦʥʪʨʦʣʴʥʳʡ ʦʙʲʝʤ 

ʕʢʦʥʦʤʠʯʥʳʝ EBR ʩʭʝʤʳ ʧʦʚʳʰʝʥʥʦʡ ʪʦʯʥʦʩʪʠ 

Bakhvalov, P.A. & Kozubskaya, T.K. Comput. Math. and Math. Phys. (2017) 57: 680.  

https://www.doi.org/10.1134/S0965542517040030  
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ʈʘʟʨʳʚʥʳʡ ʤʝʪʦʜ ɻʘʣʸʨʢʠʥʘ 

Most promising framework 

ʧʦ ʤʥʝʥʠʶ ʧʝʨʝʜʦʚʳʭ 

ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʩʭʝʤ 

ǒ  ʋʥʠʚʝʨʩʘʣʴʥʳʡ ʧʦʜʭʦʜ 

 ʩʦʪʥʠ (ʪʳʩʷʯʠ?) ʩʪʘʪʝʡ,  

 ʨʝʮʝʧʪʳ ʥʘ ʚʩʝ ʩʣʫʯʘʠ ʞʠʟʥʠ ʠ ʩʤʝʨʪʠ 

ǒ  ʃʶʙʦʡ ʧʦʨʷʜʦʢ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

 ʦʪʣʠʯʥʘʷ ʪʦʯʥʦʩʪʴ ʥʘ ʛʣʘʜʢʠʭ ʨʝʰʝʥʠʷʭ,  

 ʚʦʟʤʦʞʥʘ ʧʦʜʩʝʪʦʯʥʘʷ ʘʜʘʧʪʘʮʠʷ 

ǒ  ʊʚʸʨʜʳʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʙʘʟʠʩ 

 ʣʠʥʝʡʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʥʘ ʣʶʙʦʡ ʩʝʪʢʝ, é 

ǒ  ʂʦʤʧʘʢʪʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ 

 ʭʦʨʦʰʦ ʣʦʞʠʪʩʷ ʥʘ ʥʦʚʳʝ ʘʨʭʠʪʝʢʪʫʨʳ 

ǒ  ɺʳʩʦʢʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʪʦʠʤʦʩʪʴ: 

 - ʜʣʷ ʥʝʷʚʥʦʡ ʩʭʝʤʳ; 

 - ʜʣʷ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʵʣʝʤʝʥʪʦʚ; 

 - ʨʘʩʯʸʪ ʥʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʩʝʪʢʝ  

   ʧʦ ʮʝʥʝ ʨʘʩʯʸʪʘ ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ; 

ǒ  ʇʦʪʝʨʷ ʪʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚʘʭ 

 ʪʦʯʥʦʩʪʴ ʪʝʨʷʝʪʩʷ, ʘ ʩʪʦʠʤʦʩʪʴ ʦʩʪʘʸʪʩʷ 

ʅʝ ʚʩʝʛʜʘ 

ʷʚʣʷʝʪʩʷ ʣʫʯʰʠʤ 

ʩʨʝʜʩʪʚʦʤ ʨʝʰʝʥʠʷ 

ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ 
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ʈʘʟʨʳʚʥʳʡ ʤʝʪʦʜ ɻʘʣʸʨʢʠʥʘ: ʣʝʯʠʪʴ ʥʝʣʴʟʷ ʦʪʢʘʟʘʪʴʩʷ 

ʇʘʮʠʝʥʪ  

ʩʢʦʨʝʝ ʞʠʚ 

ǒ  ɺʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʥʝʷʚʥʦʡ ʩʭʝʤʳ 

 ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʠʙʣʠʞʸʥʥʳʭ 

 ʤʝʪʦʜʦʚ ʦʙʨʘʱʝʥʠʷ ʤʘʪʨʠʮʳ 

 (ʧʦ ʘʥʘʣʦʛʠʠ ʩ R. Abgrall, <hal-01445543v2>) 

 

ǒ  ɺʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʥʘ ʢʨʠʚʦʣʠʥʝʡʥʳʭ ʩʝʪʢʘʭ 

 ʚʤʝʩʪʝ ʩʦ ʩʪʦʠʤʦʩʪʴʶ ʨʘʩʪʸʪ ʠ ʧʣʦʪʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ; 

 ʧʨʦʙʣʝʤʘ ʥʠʚʝʣʠʨʫʝʪʩʷ ʨʦʩʪʦʤ ʤʦʱʥʦʩʪʝʡ  

 

ǒ  ʈʘʩʯʸʪ ʟʘʜʘʯ ʩ ʨʘʟʨʳʚʘʤʠ  

 ʨʝʰʝʥʠʝ ʘʢʪʠʚʥʦ ʠʱʝʪʩʷ  

 (ʩʤ. ʜʝʩʷʪʢʠ ʩʪʘʪʝʡ C.-W. Shu ʠ M. Dumbser) 
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ʈʘʟʨʳʚʥʳʡ ʤʝʪʦʜ ɻʘʣʸʨʢʠʥʘ: ʣʝʯʠʪʴ ʥʝʣʴʟʷ ʦʪʢʘʟʘʪʴʩʷ 

ɸʣʴʪʝʨʥʘʪʠʚʳ DG ʥʘ ʥʝʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʩʝʪʢʘʭ: 

ǒ  Finite-Volume WENO schemes 

 ʥʘ ʪʝʩʪʘʭ ʩ ʨʘʟʨʳʚʘʤʠ ʨʘʙʦʪʘʝʪ ʣʫʯʰʝ DG, ʥʦ ʝʱʝ ʜʦʨʦʞʝ ʠ ʥʝ ʪʘʢ ʥʘʜʸʞʥʦ. 

 ʇʨʝʠʤʫʱʝʩʪʚʘ FV WENO ʧʳʪʘʶʪʩʷ ʠʥʢʦʨʧʦʨʠʨʦʚʘʪʴ ʚ DG. 

ǒ  Spectral Difference schemes 

 ʯʫʪʴ-ʯʫʪʴ ʜʝʰʝʚʣʝ DG, ʥʦ ʦʩʥʦʚʥʳʝ ʧʨʦʙʣʝʤʳ ʪʝ ʞʝ + ʤʝʥʝʝ ʥʘʜʸʞʥʦ. 

ǒ  ʈʸʙʝʨʥʳʝ ʩʭʝʤʳ (EBR, FC) ʠ Multislope MUSCL schemes 

 ʜʸʰʝʚʦ, ʥʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦ ʢ ʢʘʯʝʩʪʚʫ ʩʝʪʢʠ.  

 ʍʦʨʦʰʠʡ ʚʘʨʠʘʥʪ, ʝʩʣʠ ʚ ʦʙʣʘʩʪʠ ʠʥʪʝʨʝʩʘ ʩʝʪʢʘ ʙʣʠʟʢʘ ʢ ʨʝʛʫʣʷʨʥʦʡ. 

ǒ  Active Flux scheme 

 ʧʦʧʳʪʢʘ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʈʠʤʘʥʘ. 

 ʈʘʟʨʘʙʦʪʢʘ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ, ʜʘʣʝʢʘ ʦʪ ʧʨʘʢʪʠʢʠ 

ǒ  ʉʭʝʤʳ ʥʘ ʦʩʥʦʚʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʤʝʪʦʜʘ ɻʘʣʸʨʢʠʥʘ 

 ʤʝʪʦʜ ʊʝʡʣʦʨʘ-ɻʘʣʸʨʢʠʥʘ, SUPG ʠ ʪ. ʜ.  

 ʇʨʝʠʤʫʱʝʩʪʚʘ ʧʝʨʝʜ DG ʥʝʷʩʥʳ. 

 ʂʣʠʥʠʢʘ 

ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ 

ʞʜʸʪ ʥʦʚʳʭ ʧʘʮʠʝʥʪʦʚ 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ǒ  ʇʨʷʤʦʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ DNS      

    ʩʪʦʠʤʦʩʪʴ ###########    ʪʦʯʥʦʩʪʴ ########### 

                   

ǒ  ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʢʨʫʧʥʳʭ ʚʠʭʨʝʡ LES   

    ʩʪʦʠʤʦʩʪʴ #####                ʪʦʯʥʦʩʪʴ ####### 

 

ǒ  RANS ï ʦʩʨʝʜʥʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʅ-ʉ 

    ʩʪʦʠʤʦʩʪʴ #                        ʪʦʯʥʦʩʪʴ ### 
 

ǒ  RANS-LES ʛʠʙʨʠʜʥʳʝ ʧʦʜʭʦʜʳ (DES) 

    ʩʪʦʠʤʦʩʪʴ ###                    ʪʦʯʥʦʩʪʴ ###### 

1-100M CPUh 

1E20  FLOP 

100K-10M CPUh 

100 ï 10K CPUh 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ǒ ɺʦʟʤʦʞʥʦʩʪʠ RANS ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʝʥʳ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʨʘʩʯʝʪʫ 

ʩʣʦʞʥʳʭ ʪʫʨʙʫʣʝʥʪʥʳʭ ʪʝʯʝʥʠʡ  

   (ʦʩʦʙʝʥʥʦ ʧʨʠ ʦʪʨʳʚʥʷʢʝ, ʪʨʘʥʩ- ʠ ʩʚʝʨʭʟʚʫʢʦʚʳʭ ʨʝʞʠʤʘʭ, é ) 

 

ɺʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʫʣʫʯʰʝʥʠʶ RANS ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʛʨʘʥʠʯʥʦʛʦ ʩʣʦʷ ʩ 

ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʤ ʛʨʘʜʠʝʥʪʦʤ ʜʘʚʣʝʥʠʷ, ʜʣʷ ʨʘʩʯʝʪʘ ʦʪʨʳʚʥʦʡ ʟʦʥʳ ʠ ʜʨ. 

   C.Grabe et al. A Strategy for RANS Turbulence Model Improvement // HiFiLeD Symposium, 2018 

 

ǒ ʆʧʪʠʤʘʣʴʥʳʡ ʚʳʙʦʨ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ ʮʝʥʘ ï ʪʦʯʥʦʩʪʴ  

   ʩʨʝʜʠ ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʨʘʩʯʝʪʦʚ: ʛʠʙʨʠʜʥʳʝ RANS-LES ʤʝʪʦʜʳ 

    

   ʊʝʭʥʦʣʦʛʠʯʝʩʢʠ ʩʣʦʞʥʘʷ ʚʝʱʴ.  

çʉʣʝʧʦʝè ʧʨʠʤʝʥʝʥʠʝ ʛʠʙʨʠʜʥʳʭ RANS-LES ʤʝʪʦʜʦʚ ʤʦʞʝʪ ʥʝ ʧʨʠʚʝʩʪʠ ʢ 

ʞʝʣʘʝʤʦʤʫ ʨʝʟʫʣʴʪʘʪʫ: ʪʨʝʙʫʝʪʩʷ ʧʦʥʠʤʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʪʝʯʝʥʠʷ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʦʜʝʣʝʡ, ʚʦʟʤʦʞʥʦʩʪʝʡ ʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʩʝʪʢʦʧʦʩʪʨʦʠʪʝʣʝʡ,é 
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ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 

ǒ ɺʦʟʤʦʞʥʦʩʪʠ ʫʣʫʯʰʝʥʠʷ ʛʠʙʨʠʜʥʳʭ RANS-LES ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʯʝʨʧʘʥʳ.  

   ʋʩʠʣʠʷ ʥʘʧʨʘʚʣʝʥʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʨʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ çʩʝʨʦʡ ʟʦʥʳè  

   ɺʝʜʫʪʩʷ ʨʘʙʦʪʳ, ʥʘʧʨʠʤʝʨ, ʧʦ ʫʩʢʦʨʝʥʠʝ çʯʠʩʣʝʥʥʦʛʦè ʧʝʨʝʭʦʜʘ ʦʪ RANS ʢ LES 

ʚ ʩʣʦʷʭ ʩʤʝʰʝʥʠʷ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʧʦʜʩʝʪʦʯʥʳʭ ʤʘʩʰʪʘʙʦʚ 

ʠ/ʠʣʠ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ LES ʤʦʜʝʣʝʡ 
    Go4Hybrid: Grey Area Mitigation for Hybrid RANS-LES Methods // Notes on Numerical Fluid 

Mechanics and Multidisciplinary Design 134, 2018 

   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, 115109 (2017) 
 

 

 

 

 

ǒ ɼʘʣʴʥʝʡʰʠʝ ʫʣʫʯʰʝʥʠʷ ʩʚʷʟʘʥʳ ʩ ʧʦʚʳʰʝʥʠʝʤ çʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠè 

ʚʠʭʨʝʨʘʟʨʝʰʘʶʱʠʭ ʘʣʛʦʨʠʪʤʦʚ ʠ ʢʦʜʦʚ 
   P.R.Spalart & M.K.Strelets. Attached and Detached Eddy Simulation // 

   Progress in Hybrid RANS-LES Modelling, 2018 

 

 

 

ʘʜʘʧʪʠʚʥʳʝ ʯʠʩʣʝʥʥʳʝ ʩʭʝʤʳ, ʘʜʘʧʪʠʚʥʳʝ ʩʝʪʢʠ, 

ʟʦʥʥʳʝ ʧʦʜʭʦʜʳ, ʤʝʪʦʜʳ ʛʝʥʝʨʘʮʠʠ ʩʠʥʪʝʪʠʯʝʩʢʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, é 
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ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʡ ʨʝʡʪʠʥʛ ʧʦ HPL 

HPL  

High 

Performance 

Linpack 

 

ʇʨʷʤʦʝ ʨʝʰʝʥʠʝ 

ʉʃɸʋ ʩ ʧʣʦʪʥʦʡ  

LU ʨʘʟʣʦʞʝʥʠʝʤ 

 

O(N2) ʧʦ ʧʘʤʷʪʠ 

 

O(N3) FLOP 

https://www.top500.org/lists/2018/11/ 
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ʉʫʧʝʨʢʦʤʧʴʶʪʝʨʥʳʡ ʨʝʡʪʠʥʛ ʧʦ HPCG 

HPCG  

High 

Performance 

Conjugate 

Gradient 

 

ʀʪʝʨʘʮʠʦʥʥʦʝ 

ʨʝʰʝʥʠʝ 

ʉʃɸʋ ʩ  

ʨʘʟʨʝʞʝʥʥʦʡ 

ʤʘʪʨʠʮʝʡ 

 

ʂʦʤʧʦʪ ʠʟ CG,  

MG,  

ɻʘʫʩʩʘ-ɿʝʡʜʝʣʷ 

 

O(N) ʧʦ ʧʘʤʷʪʠ 

 

O(N) FLOP 
http://www.hpcg-benchmark.org/ 
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ʉʦʦʪʥʦʰʝʥʠʝ ʙʝʥʯʤʘʨʢʦʚ ʩ ʨʝʘʣʴʥʦʩʪʴʶ 

HPCG 

ʂʨʘʡʥʝ ʥʠʟʢʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʳʯʠʩʣʝʥʠʡ 

 

1-2% ʦʪ ʧʠʢʘ 

 

ʀʟʣʠʰʥʝ ʞʝʩʪʦʢʦʝ 

ʦʙʨʘʱʝʥʠʝ 

ʩ ʤʘʪʯʘʩʪʴʶ 

 

 

HPL 

ɺʳʩʦʢʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʚʳʯʠʩʣʝʥʠʡ 

 

70-90% ʦʪ ʧʠʢʘ 

 

ʉʣʠʰʢʦʤ 

ʫʜʦʙʥʳʡ  

ʜʣʷ ʤʘʪʯʘʩʪʠ 

ʈʝʘʣʴʥʳʝ ʧʨʠʣʦʞʝʥʠʷ 

5-10% ʦʪ ʧʠʢʘ    
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in
te

rc
o
n

n
e

c
t 
 

memory 

CPU 

CPU memory 

SP SP SP 

CPU 

CPU memory 

SP SP SP 

memory 

CPU 

CPU memory 

SP SP SP 

CPU 

CPU memory 

SP SP SP 

memory 

CPU 

CPU memory 

SP SP SP 

CPU 

CPU memory 

SP SP SP 

memory 

CPU 

CPU memory 

SP SP SP 

CPU 

CPU memory 

SP SP SP 

memory 

CPU 

CPU memory 

SP SP SP 

CPU 

CPU memory 

SP SP SP 

memory 

CPU 

CPU memory 

SP SP SP 

CPU 

CPU memory 

SP SP SP 

ɻʠʙʨʠʜʥʘʷ ʩʠʩʪʝʤʘ 



21 http://caa.imamod.ru/ ʉAA lab, ʀʇʄ ʠʤ. ʄ. ɺ. ʂʝʣʜʳʰʘ ʈɸʅ  

CPU: multicore, superscalar, out-of-order ʠʣʠ WLIV,  SIMD   

ɿʦʦʧʘʨʢ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ 

MIC: manycore, Intel Xeon Phi 

ɺʝʢʪʦʨʥʳʝ ʧʨʦʮʝʩʩʦʨʳ 

NEC 

SoC CPU+GPU  

ʩʤ. Mont-Blanc project 

 

GPU: stream processing 

FPGA ʫʩʢʦʨʠʪʝʣʠ 

Ultra-manycore 

PEZY-SC, SunWay 

*ʢʘʨʪʠʥʢʠ ʫʧʝʨʪʳ ʩ ʩʘʡʪʦʚ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ ʠ ʠʟ ʧʨʦʯʠʭ ʠʥʪʝʨʥʝʪʦʚ 
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ʈʝʢʦʥʩʪʨʫʢʮʠʷ ʧʦ ʟʥʘʯʝʥʠʷʤ ʚ ʷʯʝʡʢʘʭ 

ʟʥʘʯʝʥʠʡ ʥʘ ʛʨʘʥʷʭ 

    ʮʠʢʣ ʧʦ ʥʘʙʦʨʫ ʛʨʘʥʝʡ 

ɿʘʧʦʣʥʝʥʠʝ ʜʘʥʥʳʭ ʜʣʷ ʨʝʢʦʥʩʪʨʫʢʮʠʠ 

    ʮʠʢʣ ʧʦ ʥʘʙʦʨʫ ʷʯʝʝʢ 

ʈʘʩʯʝʪ ʧʦʪʦʢʘ ʯʝʨʝʟ ʛʨʘʥʴ 

     ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ ʈʠʤʘʥʘ ʦ ʨʘʩʧʘʜʝ ʨʘʟʨʳʚʘ 

    ʮʠʢʣ ʧʦ ʥʘʙʦʨʫ ʛʨʘʥʝʡ 

ʇʝʨʝʭʦʜ ʥʘ ʥʦʚʳʡ ʚʨʝʤʝʥʥʦʡ ʩʣʦʡ: 

ʩʫʤʤʠʨʦʚʘʥʠʝ ʧʦʪʦʢʦʚ ʯʝʨʝʟ ʛʨʘʥʠ ʚ ʷʯʝʡʢʠ 

ʮʠʢʣ ʧʦ ʥʘʙʦʨʫ ʷʯʝʝʢ 

ɸʣʛʦʨʠʪʤ 

ʄʘʩʩʠʚʥʦ-ʧʘʨʘʣʣʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ 

ʵʣʝʤʝʥʪʦʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ 

(ʫʟʣʳ, ʛʨʘʥʠ, ʩʝʪʦʯʥʳʝ ʵʣʝʤʝʥʪʳ, é) 
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ʉʫʧʝʨʩʢʘʣʷʨʥʦʩʪʴ ʠ out-of-order 

https://en.wikichip.org/wiki/intel/microarchitectures/skylake_(client) 

ʋʩʪʨʦʡʩʪʚʦ 

ʩʫʧʝʨʩʢʘʣʷʨʥʦʛʦ 

out-of-order  

ʷʜʨʘ  

Intel Skylake 
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ʆʨʛʘʥʠʟʘʮʠʷ ʚʳʯʠʩʣʝʥʠʡ ʥʘ GPU 

https://www.ixbt.com/video4/nvidia-volta.shtml https://devblogs.nvidia.com/inside-pascal/ 

Volta 

Pascal 

Kepler 
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ʇʝʨʬ vs ʙʵʥʜʚʠʩ 

Intel Xeon 

E5-2690 

8 cores 

51GB/s 

0.2TF 

NVIDIA 

Tesla 

2090 

178 GB/s 

0.67TF 

NVIDIA 

Tesla 

K40 

288GB/s 

1.5TF 

Intel Xeon 

E5-2697v3 

14 cores 

68 GB/s 

0.29TF 

Intel Xeon 

8160 

24 cores 

120 GB/s 

1.6TF 

 

NVIDIA 

Tesla 

V100 

900GB/s 

7TF 

ʈʘʟʨʳʚ ʤʝʞʜʫ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʠ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ 

Intel Xeon 

X5670  

6 cores 

32GB/s 

0.07TF 

ʆʪʥʦʰʝʥʠʝ ʧʠʢʦʚʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ  

ʠ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʘʤʷʪʠ 
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ʇʨʦʙʣʝʤʳ ʨʦʩʪʘ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ǒ  Intel Xeon Platinum ï ʨʘʟʲʝʤ FCLGA3647  

ǒ  DDR4 DIMM ï 288 ʢʦʥʪʘʢʪʦʚ 

ɺʳʚʦʜ ï ʩʣʠʰʢʦʤ ʤʥʦʛʦ ʥʦʞʝʢ 

ɸ ʢʘʢ ʫʚʝʣʠʯʠʪʴ bandwidth? 

ǒ  ʧʦʚʳʩʠʪʴ ʯʘʩʪʦʪʫ 

ǒ  ʨʘʩʰʠʨʠʪʴ ʰʠʥʫ 

3D ʤʠʢʨʦʩʙʦʨʢʘ ï ʤʥʦʛʦʩʣʦʡʥʳʝ ʤʠʢʨʦʩʭʝʤʳ ʧʘʤʷʪʠ 

 

HBM, HMC, MCDRAM, é 

ʃʘʪʝʥʪʥʦʩʪʴ ʥʝ ʫʤʝʥʴʰʘʝʪʩʷ, ʪʘʡʤʠʥʛʠ ʪʦʣʴʢʦ ʨʘʩʪʫʪ 

ʩʥʠʞʘʝʪ ʚʣʠʷʥʠʝ ʣʘʪʝʥʪʥʦʩʪʠ CPU c SMT, GPU oversubscription 
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ɻʠʙʨʠʜʥʘʷ ʧʘʤʷʪʴ 

ǒ  ʃʘʪʝʥʪʥʦʩʪʴ MCDRAM ʚʳʰʝ, ʯʝʤ DDR4 

ǒ DRAM ʭ6 DDR4 ~100 GB/s, ʙʦʣʴʰʦʡ ʦʙʲʝʤ  

Intel Xeon Phi: DRAM + MCDRAM 

ʄʥʦʛʦʢʘʥʘʣʴʥʳʝ ʢʦʥʪʨʦʣʣʝʨʳ ʥʘ ʜʚʘ ʪʠʧʘ ʧʘʤʷʪʠ  

ǒ MCDRAM ï 3D ʤʠʢʨʦʩʙʦʨʢʘ, ~400 GB/s, ʦʙʲʝʤ 8-16 GB  

ǒ  ʈʝʞʠʤʳ cache, flat, hybrid 

ǒ  API memkind  ʜʣʷ ʚʳʙʦʨʘ ʪʠʧʘ ʧʘʤʷʪʠ ʚ ʧʨʦʛʨʘʤʤʝ       

ǒ  numactl           ʜʣʷ ʚʳʙʦʨʘ ʪʠʧʘ ʧʘʤʷʪʠ ʧʨʠ ʟʘʧʫʩʢʝ  

  numactl ïm 0 task.px       ʙʝʨʝʪ ʧʘʤʷʪʴ ʪʦʣʴʢʦ ʩ DRAM  

  numactl ïm 1 task.px       ʙʝʨʝʪ ʧʘʤʷʪʴ ʪʦʣʴʢʦ ʩ MCDRAM 
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NODE 

  

DEVICE 

DEVICE 

 DM MIMD 

 SM MIMD 

SIMD ʠ SP 

ʋʨʦʚʥʠ ʧʘʨʘʣʣʝʣʠʟʤʘ ʠ ʩʨʝʜʩʪʚʘ ʨʘʟʨʘʙʦʪʢʠ 

Supercomputer MPI 

MPI,  

OpenMP,  

OpenCL,  

CUDA, OpenCL,  

OpenACC, OpenMP 4.0, é 

OpenMP, OpenCL,  

compiler directives, é 

Hybrid node  

Multicore CPU 

Multithreaded core 

SIMD extension 

GPU accelerator 

Stream multiprocessor 
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ʈʝʘʣʴʥʘʷ ʠ ʧʠʢʦʚʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

200 

150 

100 

50 

250 

300 

350 

GFLOPS 

  ʉʝʪʢʘ 445 ʪʳʩ. ʷʯʝʝʢ. 1 ʰʘʛ ʧʦ ʚʨʝʤʝʥʠ 5 ʤʩ ʥʘ AMD Nano  

  AI ~2 FLOP/byte, ~2.5 KFLOP ʥʘ ʷʯʝʡʢʫ, ~1.1KB ʥʘ ʷʯʝʡʢʫ 

Intel Xeon 

E5-2690 

8 cores 

51GB/s 

0.2TF 

Intel Xeon 

Phi 7110X 

61 cores 

352GB/s 

1.2TF 

NVIDIA 

Tesla 

2090 

178 GB/s 

0.67TF 

NVIDIA 

Tesla 

K40 

288GB/s 

1.5TF 

AMD 

FirePro 

9150 

320 GB/s 

2.5TF 

AMD 

Radeon R9  

Nano 

512 GB/s 

0.5 TF 

Intel Xeon 

E5-2697v3 

14 cores 

68 GB/s 

0.29TF 

Intel Xeon 

Phi 7290 

72 cores 

400GB/s 

3.4TF 

Intel Xeon 

8160 

24 cores 

120 GB/s 

1.6TF 

 

NVIDIA 

Tesla 

V100 

900GB/s 

7TF 

ʉʨʘʚʥʝʥʠʝ ʫʩʪʨʦʡʩʪʚ ʥʘ ʛʝʪʝʨʦʛʝʥʥʦʤ CFD ʢʦʜʝ 
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ʄʥʦʛʦʫʨʦʚʥʝʚʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ 

inner interface halo 

P2 P1 

P3 P4 

ʈʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʧʘʤʷʪʴʶ DM-MIMD 

Domain decomposition   
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inner cell interface cell interface face 

P2 P1 

P3 P4 

t2 t1 

t1 

t2 

t1 

t2 t1 

t1 

t2 

t1 

t2 t1 

t2 t1 

t1 

t2 

t1 

t2 

t1 

t1 

ʄʥʦʛʦʫʨʦʚʥʝʚʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ 

ʈʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ ʩ ʦʙʱʝʡ ʧʘʤʷʪʴʶ SM-MIMD 

Domain decomposition   
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SM 

VPU 

ʄʥʦʛʦʫʨʦʚʥʝʚʦʝ ʨʘʩʧʘʨʘʣʣʝʣʠʚʘʥʠʝ 

SIMD  

ɺʝʢʪʦʨʠʟʘʮʠʷ  

ʇʦʪʦʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ 
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ʄʥʦʛʦʫʨʦʚʥʝʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ 
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Overlap: ʩʦʢʨʳʪʠʝ ʦʙʤʝʥʦʚ ʟʘ ʚʳʯʠʩʣʝʥʠʷʤʠ 

EXEC queue ST queue LD queue 

Computing  

Inner  

elements 

Device to host 

ɻʘʣʦ ʷʯʝʡʢʠ ʀʥʪʝʨʬʝʡʩʥʳʝ ʷʯʝʡʢʠ 

ɺʥʫʪʨʝʥʥʠʝ ʷʯʝʡʢʠ 

Fluxes at faces ï inner 

Summation to cells 

Runge-Kutta step ï inner 

Halo update  

Boundary conditions 

Fluxes at faces ï interface 

Runge-Kutta step ï interface 

Fluxes at faces 

Summation to cells 

Runge-Kutta step 

Halo update  

Boundary conditions 

MPI Isend  

MPI Irecv  

MPI wait  

Host to device 

interface 

Synchronization  

ɺʳʯʠʩʣʝʥʠʷ ʠ ʦʙʤʝʥ ʜʘʥʥʳʤʠ 
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ʄʥʦʛʦʫʨʦʚʥʝʚʘʷ ʜʝʢʦʤʧʦʟʠʮʠʷ 

P3 

P1 

P2 

P5 

ɻʘʣʦ 

ʀʥʪʝʨʬʝʡʩ 

ɺʥʫʪʨʝʥʥʠʝ ʷʯʝʡʢʠ 

P4 


