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O6 MHTEerpMpoBaHHbIX NPOAYKTaX

pznnTer

B. . IOpos

Assembler

2-e H3JaHHe

AONYIWEHD
MWHWUCTEPCTBOM OGPA30BAHHA W HAVKH

BMeCcTO 3aKJ/Il0O4YeHus...

Hy Bot u Bce! IIpoinasich ¢ untareseM, mo3BoJio cede HeCKObKO MbICJIeiT O JKI3HU BCJIYX
(He mpuMHTe UX B KauecTBe HAaCTaBJEHMHIT).

B nanHoil KHITe s MOMbBITAICS TOCMOTPETh Ha S3bIK acceMOsepa Kak Ha OOBIYHBII
S3BIK MporpaMMupoBaHud. [Ip1 aToM XoTes0ch MoKa3aTh, UTO ITOT S3bIK HITUEM He XYIKe,
a B UeM-TO Jlaske JIyullle MPUBBIUHBIX YHTATEIO I3bIKOB BBICOKOTO YpoBHA. Oco3HaHe
3TOTO 0COOEHHO Ba/KHO JIVIsI HAUMHAIOIINX MTPOTPAMMHUCTOB, KOTOPbIE 3a4acTyIo ¢ Tep-
BBIX IIAarOB B CBOEIl Kapbepe IMomnajaloT B «Tellible, HesKHbie, 3a00T/mBbIe... (J1ajblie
MpUYMaiiTe caMi )» 0ObATHS Pa3IMUHBIX HHTEIPHPOBAHHBIX 000JI0UEK, CPel, CTY/IHIL...
OmnacHo 3To TeM, UTO TaKOii MOJIO/I0I, HEONBbITHBII, HAMBHBII MPOrPaMMUCT TTOCTENIEHHO
BCeLeJI0 TIO/UIAeTCsl HesKHOMY 1eJIecTyY 9TUX HHTerPUPOBAHHBIX MPOJAYKTOB M 3achIlaer.
CrnaTtb OH MOJKET JI0JITO, MOKET OBITD, JIaske Ha MPOTSAKeHHH Beell cBoell mpodeccnoHa b-
HOIT Kapbepbl, 1, BO3MOKHO, TIPH 3TOM eMy OV/IeT CHUTBCS COH, CYTh KOTOPOTO B TOM, UTO:

HE€ HYKHO IyMaTb 00 OIITHUMH3AIIHI ITPOTPaMMBbI, B€/Ib IMTaMATH 1 3allaca 6bI(‘TpO,1€‘ﬂ-
CTBHA YV COBPEMEHHOTO I1polieccopa CTOJbKO, YTO XBAaTHUT Ha MTHOBEHHOE T1CE€B/10I1a-
pPaJlJieJIbHOE BBIITOJTHEHHE J1eCATKa 1akKe CaMbIX 66‘3;[21[)HI)IX IIDOrvaMM;
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O 6ubnunoTtekax n dpenmBopKax
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" A
OrpaHn4yeHuns rotoBbIX peLleHnN
> [lpobnema yepHOro swmKa
> [pobnema MHOXecTBa 3aBUCUMOCTEN

> lpobnema orpaHU4YeHUN



" A
OrpaHn4yeHus roTtoBbIX peLueHnm

> [lpobnema yepHOro swmKa
» MaTemaTuka BHYTPU YepPHOro fLunKa
» TOYHOCTb U KOPPEKTHOCTb pe3yrnbkraTa

>  J¢PpdeKTMBHOCTL peannsauum



OrpaHn4yeHus roTtoBbIX peLueHnm

> [lpobnema yepHOro swmKa

> MartemaTtuka BHYTPU YepPHOro filuuMKa

» TOYHOCTb U KOPPEKTHOCTb pe3yrnbkraTa

> IJdpdheKTUBHOCTbL peannsaunm

MaTtemaTnyeckmu annapart
cCneKTparibHbIX NOPTPETOB
KaK oTBeT
Ha HEKOPPEKTHYIO 3apayvy
O YNCNEHHOM HaXOoXAeHUun
COOCTBEHHbIX Yncen
HECUMMETPUYHOU MaTpULbI
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OrpaHn4yeHus roTtoBbIX peLueHnm

> [lpobnema yepHOro siLymkKa
» MaTtemaTuka BHYTPU YepHOro AlunKa
» TOYHOCTb U KOPPEKTHOCTb pe3yrnbkraTta

>  J¢PpdeKTMBHOCTL peannsauum

This necessarily implies positive pressure and v < 1. NAIEHELERER 16105501y 4 (o1 BEeh S g s B w1

0—10

occurs, we floor the density to p =1 and the pressure to F = 10"2%. This occurs roughly once

every 10° updates in our gamma-ray binary simulations. It occurs in the unshocked pulsar wind,

where the density and pressure are lowest and the Lorentz factor the highest. [(ntNiVAddeiie

Lamberts et al, A&A, 2013

UckyccTBeHHasa «owmnbKa» B Macce U BHYTPEHHEW 3Heprum B
OOHON U3 MUJINTMOHA SiYeeK B PESIATUBUCTCKUX AXKeTax
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OrpaHn4yeHus roTtoBbIX peLueHnm

> [lpobnema yepHOro swmKa
» MaTemaTuka BHYTPU YepPHOro fLunKa
» TOYHOCTb U KOPPEKTHOCTb pe3yrnbkraTta

>  J¢PpdeKTMBHOCTL peannsauum

Lamberts et al, A&A, 2013

UckyccTBeHHasa «owmnbKa» B Macce U BHYTPEHHEeN 3Hepruu B
OOHON U3 MUJINTMOHA siYeeK B PESIATUBUCTCKUX AXKeTax

v 16 «OWUOOYHbLIX» A4YeeK HA O4HOM BPEMEHHOM Liare npu
ceTke 2563

v 100 waroB nNo BpPeMeHU «OTPaBUT» BCH PaACYETHYIO

obnactb (3a 1 % pac4eTHOro BpemMeHmu)
10



" A
OrpaHn4yeHus roTtoBbIX peLueHnm

> [lpobnema yepHOro swmKa

> MartemaTuka BHYTPU YepHOro filuMKa
» TOYHOCTb U KOPPEKTHOCTb pe3ynbTaTta

>  J¢PpdeKTMBHOCTL peannsauum

Lamberts et al, A&A, 2013

UckyccTBeHHasa «owmnbKa» B Macce U BHYTPEHHEeN 3Hepruu B
OOHON U3 MUJINTMOHA siYeeK B PESIATUBUCTCKUX AXKeTax

[MOMHUT NU pe3ynbTaT 0 HaYallbHbIX AAHHbLIX?

1



ol
OrpaHn4yeHus roTtoBbIX peLueHnm

> [lpobnema yepHOro swmKa

» MaTtemaTtuka BHYTPU YepHOro silLyuKa
» TOYHOCTb U KOPPEKTHOCTb pe3yrnbkraTa

> JdpdheKTUBHOCTbL peannsaunm

D,oxna,qbl Ha Poccunckmnx cynepkomMnbOTEepPHbIX OHAX:

Petrushov. Advanced Genetic Algorithm in the Problem of Linear Solver Parameters Optimization (2021)
Chernykh. The Impact of Compiler Level Optimization on the Performance of Iterative Poisson Solver for
Numerical Modeling of Protostellar Disks (2021)

Pershin. GPU Implementation of a Stencil Code with More Than 90% of the Peak Theoretical Performance
(2019)

Andreev. Solving of Eigenvalue and Singular Value Problems via Modified Householder Transformations
on Shared Memory Parallel Computing Systems (2019)

Zamarashkin. Block Lanczos-Montgomery Method over Large Prime Fields with GPU Accelerated Dense
Operations (2018)

Kropotina. Maximus: A Hybrid Particle-in-Cell Code for Microscopic Modeling of Collisionless Plasmas
(2018)

Chernykh. Advanced Vectorization of PPML Method for Intel® Xeon® Scalable Processors (2018)
Stegailov. Deploying Elbrus VLIW CPU Ecosystem for Materials Science Calculations: Performance and

Problems (2018)
12



OrpaHn4yeHus roTtoBbIX peLueHnm

> [lpobnema yepHOro swmKa

» MaTtemaTtuka BHYTPU YepHOro silLyuKa
» TOYHOCTb U KOPPEKTHOCTb pe3yrnbkraTa

>  J¢dpdeKTMBHOCTL peanunsauum

D,oxna,qbl Ha Poccunckmnx cynepkomMnbOTEepPHbIX OHAX:

Petrushov. Advanced Genetic Algorithm in the Problem of Linear Solver Parameters Optimization (2021)
Chernykh. The Impact of Compiler Level Optimization on the Performance of Iterative Poisson Solver for
Numerical Modeling of Protostellar Disks (2021)

Pershin. GPU Implementation of a Stencil Code with More Than 90% of the Peak Theoretical Performance
(2019)

Andreev. Solving of Eigenvalue and Singular Value Problems via Modified Householder Transformations
on Shared Memory Parallel Computing Systems (2019)

Zamarashkin. Block Lanczos-Montgomery Method over Large Prime Fields with GPU Accelerated Dense
Operations (2018)

Kropotina. Maximus: A Hybrid Particle-in-Cell Code for Microscopic Modeling of Collisionless Plasmas
(2018)

Chernykh. Advanced Vectorization of PPML Method for Intel® Xeon® Scalable Processors (2018)
Stegailov. Deploying Elbrus VLIW CPU Ecosystem for Materials Science Calculations: Performance and

Problems (2018)
13



" A
OrpaHn4yeHus roTtoBbIX peLueHnm

> pobnema MHOXecTBa 3aBUCUMOCTEMN

> Bce oubnunoteku B coctaBe Kkoga (RayLib)

> Bce oubnuoteku nogknro4varotca cHapyxu (XQuartz)

14
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OrpaHn4yeHus roTtoBbIX peLueHnm

> pobnema MHOXecTBa 3aBUCUMOCTEMN

> DBce oubnunoteku B coctaBe Koaa (RayLib)

> Bce oubnuoteku nogknro4varotca cHapyxu (XQuartz)

RayLib

David
oLrw | cotr

15
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OrpaHn4yeHus roTtoBbIX peLueHnm

> pobnema MHOXecTBa 3aBUCUMOCTEMN

> Bce oubnunoteku B coctaBe Kkoga (RayLib)

> Bce bMbnnoTteku nogkntoyaroTca cHapyxu (XQuartz)

XQuartz

16
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OrpaHn4yeHus roTtoBbIX peLueHnm

> lpobnema orpaHN4YeHUN

» Wcnopy4yeHHbIN NnporpaMMHbIN KoL,

> OKCNOpTHbIe OrpaHUYeHus

17
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OrpaHn4yeHus roTtoBbIX peLueHnm

> lpobnema orpaHN4YeHUN

» WcnopyYyeHHbIN NnporpaMMHbIN KoL,

> OKCNOpTHbIe OrpaHUYeHus

Xabp

AsTtop faker.js n colors.js HamepeHHo
cnomarln CBOU NakKeTbl

PaspaboTka

18



" A
OrpaHn4yeHus roTtoBbIX peLueHnm

> lpobnema orpaHN4YeHUN

» Wcnopy4yeHHbIN NnporpaMMHbIN KoL,

> OKCNOpTHble OrpaHUYeHus

Xabp

Qt Group orpaHuyuna gocTtyn
ANA POCCUNCKUX NONb30BaTeNeN

PaspaboTka

19
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PeweHus orpaHU4YeHUN roToBbIX peLueHnN

> [lpobnema yepHOro swmKa
» HoBble noaxoabl K Bepupukaumm pesynbraTta

» CobcTBeHHble pa3pabdboTku (U3-3a HagEeXHOCTH)

> [pobnema MHOXecTBa 3aBUCUMOCTEN
> Wcnonb3oBaHue MMHUMaNbLHOro Yymcrna ononumortek

» CobcTBeHHbIe pa3paboTku (U3-3a NepeHOCUMOCTH)

> [pobnema orpaHN4YeHUN
» [MapannenbHbI UMNOPT

» CobcTBeHHble pa3paboTKku (U3-3a TOKCUYHOCTH)

20



o0

6\

NMAPAOOKCbI BbIYUCITUTENIBHOM
NIMHENHOW ANIMEBPLI U
CMNMEKTPAJIbHbIE MOPTPETbI MATPUL

loayHoB C.K.

21
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NMpobnema HaxoXxAeHNA COOCTBEHHbIX Yucern

BbiOepem AnA uccrenoBaHMA criegylowyo MaTpuuy:

289 2048 336 128 80 32 16
1152 30 1312 512 288 128 32
29  -1980 756 384 1008 224 48
C=| 512 128 640 0 640 512 128
1053 2136 -604 -384 -856 800 108
-287 4 1712 -128 1968 -30 2032
2176 -187  -1465 -512 -441 -1152 -189 |

Ona nccnegoBaHuA ObINU BbIOpPaHbI
nporpammMHblie cuctembl MATLAB,
MAPLE, Scilab n naket IMSL

22
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NMpobnema HaxoXxAeHNA COOCTBEHHbIX Yucern

Ha camom gene maTpuua nony4veHa crneayrowum o6pa3om:

C=L"'RL
1 2028 256 128 64 32 16 | (1 0 0 0 0 0 O
0 -2 1024 512 256 128 32 01 00O0UO0O
0 0 4 512 1024 256 64 1 01 00 0O
R=|0 0 0 0 512 512 128 L=[0 0 0 1 0 0 O
0 0 0 0 -4 1024 156 001 0100
0 0 0 0 0 2 2048 1 000010
0 0 0 0 0 0 -1 01101 0 1]

23



NMpobnema HaxoXxAeHNA COOCTBEHHbIX Yucern

TouHoe pemeHHe MATLAB MAPLE SCILAB IMSL
2(C)=0 24(C)=-6.18 24(C)=-8.41 2(C)=-7.14 4(C)=0
L(O)=1 4,(C)= 559+ 221i L(C)=-749+324i | A(C)= 648+ 2.73i 4,(C)= -591+2.54i
4(C)= 1 (€)= 559-221i 2,(C) = -7.49 -3.24i 4(C)= 648 -2.73i (€)= -5.91-2.54i
2,(C)=2 A4,(C)=133+5.02i 4,(C)=-189+739 | A(C)= 154+6.14i A4,(C)= 591+ 254
AL(C)= 4 25(C)= 1.33-5.02i 25(C) = -1.89-7.39i A(C)= 1.54-6.14i 2(C)= 5.91-2.54i
25(C) =-4 4(C)=-383+396i | A4(C)=518+5098i 2,(C)=-445+485i | A(C)=3.77i
2(C)=-2 2,(C) =-3.83 - 3.96i 2.(C)=5.18-5.98i 2(C)=-4.45 - 4.85i 2,(C)=3.77i
TouHoe pemeHHe MATLAB MAPLE SCILAB IMSL
A4(CH)=0 A(CT)=8.04 A(CT)=-9.14 A(CT)=5.74 A(CT)=0
ALCTH=1 2,(CT)= 495+566i | A, (C")= 833+3.74i | A, (C")= 3.48+3.51i | L, (C")= 10.89
2(CT)=-1 2,(CT)= 495-566i | A (C")= 833-3.74i | A,(C")= 3.48-351i | A4(C")= 10.89
A(CH= 2 2,(CT)= -181+7.01i | A,(CT)= 1.98+834i | 4,(CT)= -126+4.39 | ,,(CT)= -0.61 +0.42i
A(CTy= -2 | A(CT)=-181-7.01i | A(C")= 198-834i | A(CT)=-1.26-4.39% | A(C")= -0.61-0.42i
A(CTY=4 A(CT)=-7.16+3.07i | A,(CT)=-5.74+6.59 | A,(CT)=-5.09+1.87i | A,(C")=0.61 +0.42i
A (CT)=—4 A (CTY=-7.16-3.07i | A,(CT)=-574-6.59% | A,(CT)=-5.09-187i | A,(CT)=0.61-0.42i

Hu y ogHoro ns naketon

pe3ynbTaT C TOYHbLIM He coBnan!

24




[MlpeacTtaBneHmne BelweCcTBEHHbIX Ynucen

sign  exponent fraction
| | I |
o+f i 0

The three fields in an IEEE 724 float
S E
A=(-1) xMx2

1<M<?2

25
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[MlpeacTtaBneHmne BelweCcTBEHHbIX Ynucen

0.15625=1.25x27"
M =1.01, — fraction =01,
exponent = £E+127 ,=-3,,+127,,=124,,=01111100,

sign =0

sign exponent (8 bits) fraction (23 bits)
|1 I |
olo|1]1|1]2]2|o|o]O|2|0]|O|O|O]O|O|O]|O|O|O]|O|O|O]|O|O|O]|O|O|O|O|O| =0.15625
3-1 2-3 ;

Eiglnl exponent (8 bits) " fraction (23 bits) |
1]1|olojofo]1 {]1I11{]11{]1{]1{]{]{]{]{]{]{]{]{]{]{]{]{]{] = -118.625

0

31 23
26
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Moaenb OKpyrneHuwu

[lo ctaHgapty IEEE 754 BewectBeHHOEe Yncno npeacrasndeTca B BUAE:

A=tm(z)y"y =2 R 5t .

e:" \ 6
The three fields in an IEEE 75
p.<p(z)<p,

A= (—I)S < M x 2%

_4 4 4 G
m(z)—y+7/2+y§+...+yk L CAf =
g p—l\ ([] [c] \
Eg =7 ; XDy =(x+y)(1+a)+,8
1 o] <e 1B <e,
&=V —% J

27



NMpobnema HaxoXxAeHNA COOCTBEHHbIX Yucern

TouHoe pemeHne 16 3HaKko0B 17 3HaKoB 18 3nakoB 19 3nakoB
2(C)=0 2,(C)=-8.41 (C)=-6.81 2(C)=4.71 2,(C)=4.18
L(0)=1 4L(C)=-749+324i | A(C)= 6.17 +2.55i 2,(C) = 2.74 +2.33i 2,(C) = 2.17 + 1.36i
AL(0)= -1 A(C)= 749 -324i A (C)= 6.17-2.55i 4,(C)=2.74-2.33i 4(C)=2.17 - 1.36i
2,(0)= 2 2,(C)=-1.89+739% | A(C)= 1.47+5.77i 2,(C)=-098+298i | A,(C)=-0.77+ 1.84i
(C)= 4 2(C)= -1.89-7.39 A(C)= 147-5.77i 2,(C)=-0.98-2.98i 2,(C)=—-0.77-1.84i
26(C) =-4 75(C)=5.18 + 5.98i (C)=—424+455i | A(C)=—412+1.15i | A(C)=-3.49+0.18i
2,(C)=-2 2,(C)=5.18-5.98i A(C)=—-424-4.55i 2,(C)=—-4.12-1.15 2,(C)=-3.49-0.18

TouHoe pemeHne 16 3nakoB 17 3HakoB 18 3nakoB 19 3nakoB

A4(CTH=0 A(CT)=-9.14 4(CT)=5.66 A(CT)=-538 A(CT)=-4.24
AL(CH=1 AL,(CT)=833+374i | A,(CT)= 3.42+3.44i | 2, (C")= 483+ 1.71i | A,(C")= 3.61 +0.51i
A7) =-1 A(CT)= 833-3.74i | A,(C")= 342-344i | 4,(C")= 4.83-1.71i | A(C")= 3.61-051i
A,(CTH=2 A,(CT)=198+834i | 4,(CT)=-124+428i | ,,(C")=114+401i | A,(C")=0.79 +2.06i
A(CT)y= —2 | A(CT)=198-834i | A(CT)=-124-428i | 3,(C")=1.14-4.01i | A(C")=0.79 - 2.06i
A,(CT)=4 2,(CT)=-574+6.59 | A,(CT)=-5.01+181i | A,(C")=-327+3.14i | A,(C")=-2.27 +1.51i
A,(CT)=-4 2,(CT)=-574-659 | A,(C")=-5.01-181i | A, (C")=-327-3.14i | ,(C")=-227-1.51i

28




NMpobnema HaxoXxAeHNA COOCTBEHHbIX Yucern

20 3HAaKOE 21 3HAaKOE 22 3HAKOE 23 3HAKOB 24 3HAaKOE
A4(C)=3.86 A4(C)=398 A4(C)=4.01 A(C)=4.00 A4(C)=4.00
/?,J(Cj= 2.00=+1.044 ,%J(C)=—4_Dl },:(C‘j =-3.98 /?,J(Cj =—4.00 ,%J(C)=—4_DD
A;(C)=2.00-1.04i A;(C)=2.03 A4(C)=197 A (C)=2.00 A;(C)=2.00
A(C)=-071+ 149§ A (C)=-196 A (C)=-201 A (C)=-2.00 A, (C)=-2.00
}li (C)y=-0.71-1.49{ },5[Cj=[l_85 ,3,5(0):1_02 },5 (C)=0098 },5[Cj=1_[l[l
A;(C)=2.82 A;(C)=0.16 Ag(C)=-0.18 As(C)=10.01 As(C)=10.00
A-(C)=-4.09 A(C)=-1.08 A-(C)=—-0098 A(C)=-1.00 A-(C)=-1.00

20 3HAaKOE 21 3HAaKOE 22 3HAKOE 23 3HAKOB 24 3HAaKOE

A(CT)=4.01
AL(CT)= 1.65+0.26i
A,(CT)= 1.65 -0.26i
A,(CT)=-0.57 +0.59
A, (CTy=-0.57-0.59
A(CTY=-2.17
A-(CT)=-398

A4(CT)=3.99

AL(CT)= 201
A, (CT)= 096
A,(CT)=0.04

A, (CT)=-1.03
As(CT)=-1.98
A-(CT)=-4.02

A (CT)=4.01

AL(CT)=1.99
A, (CT)= 1.02
A,(CT)=-0.02
A, (CT)=-0.97
A (CT)y==-2.01
A-(CT)=-3.99

4, (CT)=4.00

AL(CT)= 199
2,(CT)= 1.00
2,(CT)=-0.01
A,(CT)=-0.99
A(CT)=-2.00
J-(CT)=-4.00

A4(CT)=4.00

A(CT)= 2.00
A,(CT)= 1.00
A,(CT)=0.00

A, (CT)y=-1.00
As(CT)=-2.00
A-(CT)=-4.00

Ona onpepeneHusn TPéxX 3Havyawmx 3HaKOB NOTpedoBanochb
MCNONb30BaTb ABaALaTh YeTblpe 3HaKa AnA npeacraBneHus cammx

MatTpuu n Ansd opraHn3aumm camMmumx BbIYMCIIEHUN

29
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Mpobnema peLieHnA cMcTeM NIMHEeNHbIX

anredbpanyecknx ypaBHeHUM

BbiOepem AnA uccrnenoBaHMA criegyloLwyo MaTpyuy U BeKTOP NpaBoMn YacTu:

280 2044 336 128
1152 30 1312 512
29 1980 756 384
A=| 512 128 640 1
1053 2136 -604 -384
287 4 1712 -128
2176 -185 -1463 -512

80
288
1008
640
-856
1968
-439

32
128
224
512
800
-30

-1152

16
32
48
128
108
2032

1187 |

et ek ek e e ek

u(A4)=)4]|4"|=3.59-10"

2025 |
3454
411
2561
2253
5271

-6114 |
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" J
[Mpobnema peweHna CUCTEM FIMHEUHbIX
anredbpanyecknx ypaBHeHUM

MATLAB MAPLE SCILAB IMSL
[ 2.398 | [0.287 ] C3.588 (1601
0.999 1.001 0.998 0.999
~0.398 1.712 ~1.588 0.393
1.000 1.000 1.000 1.000
2.398 0.287 3.588 1.601
~0.398 1.712 -1.588 0.392
| 1.001 | 0.998 | | 1.001 | | 1.001 |

Hu oanH n3 naketoB 1 6UONMNOTEK He
BblAaan npeaynpexaeHune o nroxou
obycnoBrieHHOCTU MmaTpuubl!
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Mpobnema peLieHnA cMcTeM NIMHEeNHbIX

anredbpanyecknx ypaBHeHUM

(1-2)d+1)x=f (1)

f UHcno 00VCI0BIeHHOCTH | AL | | 8% — Cx" ||
0.9999 2.338666e+00 5.000000e-16 0.000000e+00
0.999 1.248222e+02 2.837252e-15 2.449490e-15

0.99 1.322218e+08 9.767385e-09 2.500000e-14
0.98 2.822938%9e+10 9.073249e-07 3.572114e-14
0.97 5.723564er11 6.171335e-06 1.000000e-14
0.96 4.807893e+12 2.919485e-05 1.421267e-13
0.95 2.525355e+13 4.500942e-03 1.414214e-13
0.94 0.927891e+13 3.620296e-03 1.445683e-13
0.93 3.180642e+14 1.915018e-02 2.547548e-13
0.92 0.203372e+14 1.212315e-02 3.112876e-13
0.91 2.220468e+15 8.000636e-02 1.743560e-13
0.90 6.661538e+15 1.350264e-01 4.242641e-13
0.39 1.482758e+16 2.841732e-01 3.618011e-13
0.88 3.775640e+16 2.551333e+00 2.794638e-13
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Mpobnema peLieHnA cMcTeM NIMHEeNHbIX

anredbpanyecknx ypaBHeHUM

16 3HaKOE 17 3HaKOE 18 3HaKOE 19 3HaKOE

(028713 -0.26817 (-6.15397 -0.19355
1.00035 1.00062 1.00352 1.00058
1.71286 2.26817 8.15398 2.19355
0.99999 | 0.99999 0.99999 0.99999
0.28713 -0.26817 -6.15398 -0.19355
1.71286 | 2.26817 8.15397 2.19355

\0.99964 ] [ 0.99937 | 0.99647 [ 0.99941)

20 3HAKOB 21 3HaKOB 22 3HAKOB 23 3HAaKOB

70.91202 70.99835 71.00232) 70.99975
1.00004 1.00000 0.99999 1.00000
1.08797 1.00164 0.99767 1.00024
0.99999 0.99999 1.00000 0.99999
0.91202 0.99835 1.00232 0.99975
1.08797 1.00164 0.99767 1.00024

| 0.99995 | 0.99999 1.00000 | 0.99999

Ons onpepeneHns YeTbipex 3Ha4YalmMX 3HaKoB noTpeboBanochb
Ucnonb30BaTh ABaAuaTb TPU 3HaKa ANs npeacTaBrieHUs caMux

MatTpuu n Ansd opraHn3aumMm camMmumx BbIYMCIIEHUN
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'_
HoBas MaTemMmaTuKa ¢ rapaHTUPOBaHHOW
OLLeHKOU TOYHOCTMU

LLOYD N. TREFETHEN

_MARK EMBREE _ 3. A. Bubepaop

pus

FAPAHTHPOBAHHASL TOYHOCTb
B TIPHRJAZHbIX 3ATAYAX

SPECTRA JHHEAHOA AJTEBPHI

AND

Cd
bard
=
2o
=
-
—
e
=
i
-
=
=
-
=
S
o)
Q
=
-
=
)

PSEUDOSPECTRA

C. K. loagyHoB

NEKUWKX NO

COBPEMEHHbIM ACMEKTAM
NIMHEUHOW ANMEBPbI

The Behavior of Nonnormal

__Matrices and Operators

ACCUNA: ACCUracy linear algebra Numerical Algorithms
KynukoB .M. (2013)
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Y e
BceneHHas — AMHaMu4yecKas cuctema c

MHOXeCTBOM B3anMoaencTBuun

Relativistic Jet Black Holes Interacting




" J
Ton 10 (HosAOpL, 2021)
1. Supercomputer Fugaku - A64FX 48C 2.2GHz, Fujitsu
2. Summit - IBM POWER9 22C 3.07GHz, NVIDIA Volta GV100, IBM
3. Sierra-IBM POWER9 22C 3.1GHz, NVIDIA Volta GV100, IBM/NVIDIA
4. Sunway TaihuLight - Sunway SW26010 260C 1.45GHz, Sunway
5. Perlmutter - AMD EPYC 7763 64C 2.45GHz, NVIDIA A100, HPE
6. Selene - AMD EPYC 7742 64C 2.25GHz, NVIDIA A100, NVIDIA
7. Tianhe-2A - Intel Xeon E5-2692v2 12C 2.2GHz, Matrix-2000, Inspur
8. JUWELS - AMD EPYC 7402 24C 2.8GHz, NVIDIA A100, Bull
9. HPCS5 - Intel Xeon Gold 6252 24C 2.1GHz, NVIDIA Tesla V100, Dell

10. Voyager-EUS2 - AMD EPYC 7V12 48C 2.45GHz, NVIDIA A100, Microsoft
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QRRARRRRYOEL

Ton 10 (HosOpPL, 2021)

SIMD-based cynep3BM

26 anpens 2017 ropa
(HoBocunbupck, CCKL)
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MapannenbHas peanusauusi BbIYNCNUTeNbHOro siapa

[ ] BbI30Bbl BEKTOPHbLIX apXUTEKTYP:
» OpraHu3auus BbIYUCIIeHUN
! | 8-3reMeHTHbIMU BEeKToOpaMu
_ > accouMaTUBHOCTb K3ll NamMATH
PacnpepneneHue obnacreun >
(MPI) BbipaBHMBaHWe OaHHbIX
U > pacnpeperneHue pabor
» 3aBUCUMOCTb NO AaHHbIM

PacnpeaneneHne noTokoB

(OpenMP)
HKC-1IM CCKL
@ 48-KpaTHOE YyCKOpeHue Ha y3rne
180 NPJIOINC nponsBoauUTEeribHOCTHU
BekTopusauusa

96% macwTabupyemMmocTb

(AVX 512)
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GFLOPS/Watts

CO, impact

0,7' LINL I B I B L LI

0,6

0,5

0,4

0,3

0,2

0,1 bl

Vs \

N

N\,

4 8 16
MPI processes

32
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" J
7 NVIDIA GPU cynepkomnbrotepoB B Ton 10
1. Supercomputer Fugaku - A64FX 48C 2.2GHz, Fujitsu
2. Summit - IBM POWER9 22C 3.07GHz, NVIDIA Volta GV100, IBM
3. Sierra-IBM POWER9 22C 3.1GHz, NVIDIA Volta GV100, IBM/NVIDIA
4. Sunway TaihuLight - Sunway SW26010 260C 1.45GHz, Sunway
5. Perlmutter - AMD EPYC 7763 64C 2.45GHz, NVIDIA A100, HPE
6. Selene - AMD EPYC 7742 64C 2.25GHz, NVIDIA A100, NVIDIA
7. Tianhe-2A - Intel Xeon E5-2692v2 12C 2.2GHz, Matrix-2000, Inspur
8. JUWELS - AMD EPYC 7402 24C 2.8GHz, NVIDIA A100, Bull
9. HPCS5 - Intel Xeon Gold 6252 24C 2.1GHz, NVIDIA Tesla V100, Dell

10. Voyager-EUS2 - AMD EPYC 7V12 48C 2.45GHz, NVIDIA A100, Microsoft
a1



ol
HoBoe nokoneHue rpadnyecknx yckopurerneu

Intel Ponte Vecchio ¢ 45 TFLOPS

DC) n te AO Silicon Current Status
yec (I':' h 10, >45 TFLOPS FP32 Throughput
xecution Progress
|
Memory Fabric
>5TBps g ngwidn
Connectivity
>
2 TBpS Bandwidth
Architecture Day ﬂ Under embargo until August 19th at 5:00 am Pacific time inte]_ 179
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" A
Bmecto CUDA: Intel oneAPI

#pragma omp target parallel for reduction(+:dot) map(to: a,b)
for (inti=0;i<N; i++)
dot = dot + a[i] * b[i];

3anen: AstroPhi ko

#pragma offload target (mic) in(a:length(N), b:length(N))
{
#pragma omp parallel for reduction(+:dot)
for (inti=0;i<N; i++)
dot = dot + a[i] * b[i];
}

Kulikov .M., Chernykh I.G., Snytnikov A.V., Glinskiy B.M., Tutukov A.V.
AstroPhi: A code for complex simulation of dynamics of astrophysical
objects using hybrid supercomputers /[ Computer Physics
Communications. - 2015. - V. 186. - P. 71-80. 43
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Apxutektypa cynep3BM

65536 )
@
@
4096 @
*
*
256
*
16
* ® Nodes
* Cores
*
13 T ' | ' T Y | y |
5) Q) &) ) S
gere™ o yoou? @' one” <4 et o E*a?\ov
<\ b=
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Apxutektypa cynep3BM

2048 y3nosB
65536 @ &
e ° 2048 sipep
4096 @ j
’,,7
256 e
* L
16
3¢ ® Nodes
* Cores

*

1 | | | | ' |
%) AQ) AD) AD) S

200 20 20 « 120 ¢\0P
e gere™ : 3o \ 1'\30“6'2 ) sum““\ : 288
©
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" A0
CTtpaTterusa pa3padoTkm Kkogoos

* Acnonb3oBaHue ycKopuTtesrien u conpoueccopoB

* Acnonb3oBaHue intrinsics-cpyHKuuU (A3bIK Cun)

* Acnonb3oBaHue BEKTOPHbIX onepauun (PopTpaH)

* Acnonb3oBaHue HOBenWnx NHCTpykuun OpenMP

= Bo3moxHaa 3ameHa OpenMP Ha std::thread C++ 11

* MuHnmunsauumsa ceteBbix KommyHukauum (MPI 3 & CAF)
* NocTtuxkeHusa TpedbosaHum “C++ or Fortran Only”

* APXUTEKTYPHO-OPUEHTUPOBAaHHLIE KOAbI

46



" A
‘paBuTaLMA Kak KrnroyeBoun pakTop
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" J
UTepauMOHHbLIN MeTOA peLUeHUS
ypaBHeHus lNyaccoHa Ha ocHoBe MCI

n
AD = 47Z'p (Dik[
O
—Xx Vel =47p N 4
ot MpeactaBneHune Ax =f
P dp B onepaTOpHOM Buae Ha ceTke
EV-F = 4715 =47V -( pu) (6e3 nocTpoeHus CJ1AY)

@

oF
V'( ot j: —V-(47zpu) 3anncb BCeX KOHCTPYKUUN Yepe3 LUKN
forall n onepauun Hag maccnBamm

F G A— dnou C 80 GFLOPS
8t 7 VS.
Yyes, XKBMuMo®, 2020 q)l/l-l—l fl> 3x Intel MKL
ikl 0
@F ’ ( 1+k)
—sz(qu)—47rpu / O(n k<

ot 48



JBONMOUMNA PENATUBUCTCKOro
BHerariaktTm4eckoro axxerta
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Pa3Butne HeyCTOM4YUBOCTU N OOpaTHoOe
TeYeHue B PeNIATUBNCTCKOM OXXeTe

nature — O\

COMMUNICATIO|

Article | OPEN
A galactic microquasar mimicking winged
radio galaxies

Josep Marti =, pedro L. Luque-Escamilla, Valenti Bosch-Ramon & Josep M. Paredes

Nature Communications 8, Received: 17 April 2017
Article number: 1757 (2017) Accepted: 27 October 2017
doi:10.1038/541467-017-01976-5 Published online: 24 November 2017

Download Citation

Galaxies and clusters

High-energy astrophysics

We have thus a clear case of a relativistic jet impinging on
the ISM. This renders the hydrodynamic backflow as the
most plausible explanation of the very, very long secondary
lobes of GRS 1758-258.

Marti et al. 2017, Nature Communications




" J
Computational Challenges

MacLwTtaobl
*Pa3mep BHeranaktun4veckoro axeta 100 knk
*@PparmeHTauma Ha ypoBHe 10 nk
= Pa3pelueHue 10 0003
*[InoTHOCTL Mex3Be3gHou cpeabl 1 cm3
*[InoTHOCTL (hbpoHTa AxeTa 10° cm3
» KoHTpacT nnotHoctn 10°
=2Bonouna axera 10 Myr
*[TpoxoxpaeHne 3BYKOBOU BOJIHbI Yepe3 axet 1 Kyr
* Heo6xoaumocTtb 104 WwaroB No BpeMeHM

51



Physics Challenges

Pusnyeckue npouecchbl

CneunanbHaga penaTUBUCTCKaa rmapoauHamMmumka
CBepx3ByKOBOBbIe Te4eHus ¢ uncriom Maxa ~ 3
NopeHu-chakTop ~ 100

HennHenHasn cBA3b PU3NYECKMUX (MPUMUTUBHbIX)

U KOHCepBaTUBHbLIX NMepeMEeHHbIX

52



" A
YUncneHHbIN MeTOA peLueHnA ypaBHEeHUN
cneyuanbHON PeNATUBUCTCKOU rmapoanHaMUKN

( T'p ) ( I pii )
—| T’phu |+Ve I’ phiti—p |=0 h=1+——— =
\szh— D) \ szhii )

= F(—ﬂ,z')2+F(ﬂ.z') J(Q) ( ( /'Lz') q(/’l,z'))




" A
YUncneHHbIN MeTOA peLueHnA ypaBHEeHUN
cneyuanbHON PeNATUBUCTCKOU rmapoanHaMUKN

Fki% F(—/?,z')2+F(/1'r) 3(4q )X(q( —A7) - q(/’Lz-))

Kyco4Ho- .
napabornunyeckoe 0 A,
npeactaBneHue |
peleHus
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" A
OrpaHun4vyeHmne CKOPOCTU CKOPOCTbLIO CBeTa.

Cxema Tnna Jlakca-®punapuxca

MpnHUMN makcumyma gng napadonnyeckux ypaBHeHuu (!)
HJocTturaercs Ha rpaHuue obnacTu
VUM B HaYarbHbIX AaHHbIX

dPusnyeckoe orpaHNYeHUs1 CKOPOCTHU
CKOpPOCTbIO cBeTa |[v|sc =1

Fki% F(—ﬂ,z')2+F(ﬂ,z') J(Q)x(q( ﬂ,z') q(/’Lz'))
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Density

Normal Velocity

Bepudukauma ymcneHHoro metoga

30 [ I 1 1 I ]
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TexHonorua PGAS

Partitioned Global Address Space

Locale (place) 1

Locale (place) 2

Locale (place) N

Threads

0000

Threads

0900

Threads

0800

Local memory 1

Local memory 2

Local memory N

U

Computer node 1

U

Computer node 2

Partitioned global address space

{d

Computer node N

CPU cores

8 2 5 s

CPU cores

CPU cores

Ao 20 s ()

10 e T

Local memory 1

Local memory 2

Local memory N

(*) Kulagin, Paznikov & Kurnosov, PaCT 2015, LNCS 9251
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Peanuszauua PGAS

Coarray Fortran (ctangapt PoptpaH 2008)
Unified Parallel C (ananekT ctanpapta ISO C)
Chapel (napannenbHbin A3bIK Cray)

X10 (napannenbHbin A3bIK IBM)

Fortress (napannenbHbIN A3bIK Sun)

UPC++ (bubnuorteka wabrnoHoB)
» Remote Memory Access

> Remote Procedure Call

Global Arrays (bubnuoteka)
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Ncnonb3oBaHue knaccuuyeckoro MPI
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Ncnonb3oBaHue knaccuuyeckoro MPI

g (1) MPI_Send
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Ncnonb3oBaHue knaccuuyeckoro MPI
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Ncnonb3oBaHue knaccuuyeckoro MPI
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Ncnonb3oBaHue knaccuuyeckoro MPI

P (4) MPI_Recv
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"
Ncnonb3oBaHue knaccuuyeckoro MPI

< (5)MPI_Send
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Ncnonb3oBaHue knaccuuyeckoro MPI

< (6) MPI_Recv
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Ncnonb3oBaHue knaccuuyeckoro MPI

< (7) MPI_Send
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Ncnonb3oBaHue knaccuuyeckoro MPI

< (8) MPI_Recv
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OnTuMmunsauumsa knaccuuyeckoro MPI

' (1) MPI_Isend/MPI_Irecv
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OnTuMmunsauumsa knaccuuyeckoro MPI

(2) MPI_Isend/MPI_Irecv ‘
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OnTuMmunsauumsa knaccuuyeckoro MPI

(3) MPI_Isend/MPI_Irecv t
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OnTuMmunsauumsa knaccuuyeckoro MPI

(4) MPI_Isend/MPI_Irecv t

71



" A
NUcnonb3oBaHue MPI 3.0

' (1) MPI_Put
l (1) MPI_Put
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" A
NUcnonb3oBaHue MPI 3.0

' (2) MP]_Get
t (2) MP]_Get
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" J
O630p ncnonb3oBaHua Coarray Fortran

> Reshetova, Cheverda & Khachkova, LNCS 2019

» CAF npeBocxogut npousBogutenbHocts MPlI u MPI+OpenMP
npuv 60nNbLLOM 4YMcrie NpoueccoB

> Reshetova, Cheverda & Khachkova, CCIS 2019

» CAF 3HaunTenbHO npoiie B UCMNOSfIb30BaHUN, YeM TEXHOJIOrus
MPI B pa3nuyHbIX BapMaHTax KOMMYHUKaL NN

> Reshetova, Cheverda & Koinov, CCIS 2022
» CAF npeBocxoAuT NO MNpPOU3BOAUTENILHOCTU  (pYyHKUMMU
MPI_Isend/MPI_Irecv

» Garain, Balsara & Reid, JCompPhys 2015

» CAF a3kBuBaneHTHa no npoussogutenoHoctu MPI 3.0

» Shterenlikht & Cebamanos, Parallel Computing 2019

» MacwTtabupyemoctb Ao 100 000 npoueccosB
74
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Ucnonb3oBaHue Coarray Fortran

' 2

irank = this_image()
isize = num_images()

34

if(irank < isize) then

A(1)[irank+1] = A(Nlocal+1)

A(Nlocal+2) = A(2)[irank+1]
endif

sync all 75
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YckopeHue Coarray Fortran koga

12 -
9 ////// 4

1 2 - 8 16 32 64

18 AL LA DL LR L L

15

SpeedUp




" J
MacwTtabupyemoctb Coarray Fortran koaa

1,02

1,00 -Q -

0,98 | "\ -

0,96 ~~—

Scalability

0,94 | N

0,92 | -

0,90
1 2 - 8 16 32 64 128

Images
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" J
A ywnu nu mbl ot MPI?
B komnunaTtope Intel ucnonb3yroTCcAa TEXHONOrMU
MPI 3.0 ana peanunsauuu Coarray Fortran

onepauunun, Ho B 4Yactu komnunatopoB GNU Fortran
n OpenUH ncnonb3yetcsa texHonorna GASNet

TexHonorua GASNet kak anstepHaTtusa MPI

DOE Scientific Applications

Arkouda || FLeCSI ||FlexFlow || ExaBiome || ExaGraph || NWChemEx || AMReX Closely
co-developed

in other projects
Berkeley Fortran
= SHMEM
e [ B cevelcpment
in Pagoda

| One-sided Get/Put RMA |
GASNet EX Other
[ interacing

components

Chapel Legion

Memory Technologies Network Hardware
(Host memory, GPUs, ...) (InfiniBand, Cray Aries, HPE Slingshot, Ethernet, Intel Omni-Path, ...)
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" A
IJBONMIOLUMNA PENATUBUCTCKOro a)xeta

[Kpc]

0,25 A
-0,50 1=  —

0,75 FPer——

¥ o2
0,25 Wl \,‘
e ST f I

0,00 ':':?%?-:------n»unn:u-.!v lt@@ﬂ

!

Shock Front I

/
| [Foipot

e | Contact Surface I
——

- | Jet

|KH Instabilityl

100 125 150 175 200 225
[kpc]

2,50

2,75

3,00

b Backﬂowl
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" J
B3anmoaencrteme penaTUBUCTCKUX OKETOB

1,0 T T T | ' ! ) 0
0,4

0,5 F -

0,0 == —

_0,5 - .

-1,0 N 1 N 1 : 1

-1,0 -0,5 0,0 0,5 1,0
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0
NepcnekTnBa 2025 ropa

AQanTUBHbLIE CeTKU PenAaTnBucTckue gxetbl

[eopge3nyecKkne ceTku HeuTpoHHbIe 3Be3bl

81




NMyonukaunm

Kulikov |., Chernykh I., Tutukov A. A new hydrodynamic code
with explicit vectorization instructions optimizations, dedicated to
the numerical simulation of astrophysical gas flow. |. Numerical
method, tests and model problems /| The Astrophysical Journal
Supplement Series. — 2019. — V. 243. — Article Number 4.

Kulikov |. A new code for the numerical simulation of relativistic
flows on supercomputers by means of a low-dissipation scheme
Il Computer Physics Communications. — 2020. — V. 257. -
Article Number 107532.

Chernykh |., Kulikov |., Tutukov A. Hydrogen—helium chemical
and nuclear galaxy collision: Hydrodynamic simulations on AVX-512
supercomputers /I Journal of Computational and Applied
Mathematics. — 2021. — V. 391. — Article Number 113395.
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" S

Nyonukauun no Coarray Fortran

A new special relativistic hydrodynamics parallel code
based on simple piecewise-parabolic on local stencil

method for numerical modeling of colliding jets

[eor Kulikov, Igor Chernykh, Dmitry Karavaev, Vladimir Prigarin,

Anna Sapetina, Ivan Ulyanichev, Oleg Zavyalov

April 20, 2022

Abstract

The new parallel code for deseribing the interacting jets based on models of
special relativistic hvdrodynamics is presented in the paper. We present the new
numerical method of high accuracy and results of its verification. The parallel im-
plementation of the method by means Coarray Fortran technology and the study
of the method effectiveness are described in details. The code scalability is 92 %
on a cluster with Intel Xeon 62488 NKS-1P, with 192 coarrayv fortran images. As

an astrophysical application we have considered the problem of two relativistic jets

mteraction.
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UcxoaHbIn Ko
https://qgitflic.ru/project/igorkulikov/rhd3dhllk

& GitFlic

8 Mpoexrs igorkulikov / rhd3dhllk

‘&% KomaHabl D @ain @ MNpobnevbl @  # 3anpocel Ha cmakve @ @ Kommutel PBetkn @ W Terv @ & Penusel @

master v | rhd3dhilk m Onucanue

TpexMepHblit napannenbHblin KOA Ha

H Komnanuu

o igorkulikov Initial commit 1 mecsul Hazaz, D Wcropus 0CHOBE COBCTBEHHOTO YHCNEHHOTD
MeTofa PeLleHHs ypaBHeHWH

[ ] source Initial commit MecaL, Ha3ag, CMEUNaNbHOA PENSITUBUCTCKONA
rMAPOAUHAMUKM, PEANU30BaHHbIN C

compile.bat Initial commit Mecal Hazan MCNONb30BaHUEM TEXHONOTUM

napannenbHoro NporpaMMUMpoBaHUsA
Coarray Fortran

MNoMorute NoaaM, UHTEPECYIOLIMMCSA 3TUM Peno3MTOPUEM, NOHATL Ball NpoekT, no6aesre README.md daiin.
Penusbl
i Momous ® @
B 3apeructpuposatscs

=) BoiTtH
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https://gitflic.ru/project/igorkulikov/rhd3dhllk

" J
Onckyccusa n saknro4veHue

» Hy)XHO nn oTkasbiBaTbCsl OT 6MGNnoTtek? KoHe4yHO HeT!
UX HY>KHO ncnonb3oBaTb TaM, r4e 3TO BO3MOXHO

» bubnuoteka KakK «OOBEKT-UHCTPYMEHT-00BHEKT»
nccrnenoBaHus

» TpeboBaHue K HOBbIM Koaam «language only»

»Yxon ot peweHua CJIAY K onepaTopHbIM
npeacTtaBrieHUSM W TEH3OPHbLIM Pa3fioOXeHUAM C
rapaHTUpPOBaHHON TOYHOCTbLIO

> Nepexoa k TexHonormam PGAS ¢ nopaepxkou
onepauun Remote Memory Access (RMA) n Remote
Procedure Call (RPC)
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"
Cneukypc «BbicokonpousBoauTenbHble
BbluMcrieHUs1 Ha A3blke PopTpaH». BecHa 2023 roaa

Ba3oBble KOHCTPYKLUU N paboTta ¢ channamm
®yHKUMK, NoANporpaMmmMmbl, Moaynum
Onepauuu ¢ maccuBamm

Ucnonb3oBaHne OpenMP

Ucnonb3oBaHue CUDA

Y. M. Kynnkos

CYTEPKOMIIbHOTEPHOE MOAEJIMPOBAHWE
rMMAPOONHAMMNYECKMX OB bEKTOB
B 3AIAYAX ACTPODU3NKN

Ucnonb3oBaHue MPI

Ucnonb3oBaHue Intel oneAPI

vV Vv YV VY ¥V V VY V

CpeactBa Coarray Fortran

Cnacu6o0 3a BHUMaHue!
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