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BceneHHasa — ruppoanHaMuKa BbICOKUX  iByiir

3Heprmm co MHOXeCcTBOM B3auUMOOENCTBUN
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White Dwarf Mergers Neutrori%tars Collision

Relativistic Jet Black Holes Interacting
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™
B3anmonencreme penaTUBUCTCKUX CTPYMU isumir

C MONEeKynspHbIMU obnakamum
Gustavo Esteban Romero (IAR, Jla NnaTta, ApreHTnHa)
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Sotomayor P., Romero G.E. Nonthermal
radiation from the central region of super-

disk wind . shoceed accreting active  galactic  nuclei
vV, Il Astronomy & Astrophysics. — 2022. -
NK va; V. 664. — Article Number A178
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dopMUpoOBaHNE PENATUBUCTCKUX OXKETOB i
Igor Felix Mirabel (IAFE, ByaHoc Aupec, ApreHTUHa)
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PenatTuBuctckaa rmapoguHamMmumka

™

UBMuMI

CAFE WENO + HLLE Het MPI
PLUTO PPM + HLL E = mc? MPI
RAM WENO + AMR + HLL HeT MPI
RAMSES PLM + MUSCL + AMR E = mc? MPI
CRONOS PLM + MUSCL QHTpONuS MPI
GENESIS PLM + Roe E = mc? MPI
TESS Voronoi 2D + HLLC Het MPI + OpenMP

NMpobnema rmnepbosMYHOCTN YpaBHEHUN
PenaTUBUCTCKON rMaAPOANHAMUKU
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MeToAabl pelweHnsa ypaBHEHUW ruapoanHaMUKn

'mapoonHamMmun4yeckue moagenw

'MHD | [ SRHD | [ SRMHD | [ subcrid |

.

Cxembl pewieHus 3agauv PumaHa

ronywos | | Poe | | HLLEICID | [ Pycawos | [ MPesa

BA3KOCTU

Kyco4yHo-nonnHomMmmanbHble PEKOHCTPYKLUU

{Cxema KonraHa] {I‘Iapa6onvmecxa;| ] { Kybuueckasn ]
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PelueHue ypaBHEHWIA rMAPOANHAMMUKMN i

3aKOHbl COXpaHeHus MeTton NloayHoBa
a n+l _ _n F — F
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PeweHue 3agaun PumaHa HBMAMT
BekTopHas
Jitfe  a F, +F S(q)
F=="7"""+-(q,—4qz) | F=——%*"4 0, -0,

F(-A7z)+F(A7r) 3(q

F = ( )2 ( )+ (2 )x(Q(—/lz')—Q(/lz'))

KyCO‘-IHO-I'IOHMHOMVIaanaFI PEKOHCTPYKLUUA
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S dx dE =2,
- X
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Cxema Tuna Jlakca-®pugpmuxca - mw

MpnHUMN makcumyma gnga napadonmnyeckux ypaBHeHuu (!)
[JocTuraercs Ha rpaHuue obnacTu
VN1 B HaYaribHbIX AaHHbIX

dPusnyeckoe orpaHMYeHUs1 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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MeToAabl pelweHnsa ypaBHEHUW ruapoanHaMUKn

'mapoonHamMmun4yeckue moagenw

(@) SRMHD | | subGrid
. 4

Cxembl pewieHus 3agauv PumaHa

Foaywos | | Poe | | HLLE/CID Marpnia |

.

Kyco4yHo-nonnHomMmmanbHble PEKOHCTPYKLUU

{Cxema KonraHa 1» Kyounyeckas ]
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Perynapusauusa
=~ I phii |+Ve| T phiiii—p |=0

™

UBMuMI

h=1+-2L_2
y=1p

|. YpaBHeHMe Anga penaTMBUCTCKOU 3HTPONUMN

0
Ot

ll. 3KBMBarnNeHTHOCTb 3HEepPrMn n maccbl

0
ot

—(1"0',0) + V-(l"o;oii) =0

—(T?ph— p—Tp)+V+(T*phii—Tpii) =0
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Perynapusauus o
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[MnepOoONNMYHOCTbL YpaBHEHUN BT

3aKOHbl COXpaHeHus 3aKOHbl COXpaHeHus
%, oL
L+ veo(f(q))=0 —> "+ VeM =0
ot Ot
Pusnyeckune nepemMeHHble ou
— 21 L —+M Vu=90
U= l// (q) uu at uu
TepmoanHammnyeckue YcnoBue
noteHuuanbl rmnepobosrIM4HOCTH
L=L(u) M=M/u) L >0

Bonpoc o runep6onnM4HoCcTU ypaBHEHUN

PeNnATU BUCTCKOM rmapoaAnNHaMunuKn OTKpPbIT .5
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Ton 10 (noHb, 2023) BT

1. Frontier - AMD 39 Generation EPYC 64C 2GHz, AMD Instinct MI250X, HPE
2. Supercomputer Fugaku - A64FX 48C 2.2GHz, Fujitsu

3. LUMI - AMD 314 Generation EPYC 64C 2GHz, AMD Instinct MI250X, HPE

4. Leonardo - Intel Xeon Platinum 8358 32C 2.6GHz, NVIDIA A100, Atos

5. Summit - IBM POWERS9 22C 3.07GHz, NVIDIA Volta GV100, IBM

6. Sierra-IBM POWERS9 22C 3.1GHz, NVIDIA Volta GV100, IBM/NVIDIA

7. Sunway TaihuLight - Sunway SW26010 260C 1.45GHz, Sunway

8. Perlmutter - AMD EPYC 7763 64C 2.45GHz, NVIDIA A100, HPE

9. Selene - AMD EPYC 7742 64C 2.25GHz, NVIDIA A100, NVIDIA

10. Tianhe-2A - Intel Xeon E5-2692v2 12C 2.2GHz, Matrix-2000, Inspur
16
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CTtpaTerusa pa3padboTku koaoos

o

HUBMuMTI

= OnTmMunsaumusa paboTbl C K3LeM
» BekTopn3auus BbIYNCNEHUN

* Pacwupenne OpenMP Ha GPU

* MuHuMmym npoueccoB

= MakcMumMmyM NOTOKOB B npouecce

= Kogbl ypoBHsA “language only”

18
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™
[Mpon3BOAUTENBHOCTL B paMKaXx y3ma iy

FMA-+SIMD

Ideal code / // EMA
e Yl

Tuning code

Performance (FLOPS)

Memory/compute-bound

—

|
Mamcrry-bodnd Base COde
|

>

Arithmetic intensity (FLOP/byte)
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[Mpon3BOAUTENBHOCTL B paMKaXx y3ma iy

BekTopusauua + Lnknbi +
+AofSvs S of A
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™
[Mpon3BOAUTENBHOCTL B paMKaXx y3ma iy

‘
‘

T [Tepexon K MUKpoOcCeTKaMm

21
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Ot CUDAK OpenMP HBMuMT

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

o

AstroPhi xoa ansa Intel Xeon Phi
#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 /I Computer Physics
Communications. - 2015. - V. 186. - P. 71-80. 22
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Partitioned Global Address Space

Locale (place) 1

Locale (place) 2

Locale (place) N

Threads

0600

Threads

0800

Threads

0800

Local memory 1

Local memory 2

Local memory N

U

Computer node 1

U

Computer node 2

Partitioned global address space

U

Computer node N

CPU cores

0 2 5 s

CPU cores

CPU cores

T 29 s (s

10 e T

Local memory 1

Local memory 2

Local memory N

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

o

HUBMuMTI
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vV V V V V V

Peanu3auuna PGAS HBMNT

Coarray Fortran (ctangapt ®optpaH 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 (bnbnuoteka)

24
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O630p ncnonb3oBaHua Coarray Fortran

> Reshetova, Cheverda & Khachkova, LNCS 2019

» CAF umeet He xyxe npoussoautenoHocts MPl n MPI+OpenMP
npuv 6ONbLLOM 4Yucrie 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 He XyXe no npousBoAUTENbLHOCTU co4YeTaHUA (PyHKUUKN
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
25
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Ucnonb3oBaHue Coarray Fortran

HUBMuMTI

34

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

26
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A ywnu nu mbl ot MPI? 13

HUBMuMTI

B komnunaTtope Intel ucnonb3yroTCcAa TEXHONOrMU
MPI 3.0 ona peanun3auuun 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, ...)

27
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CunbHasa u cnabaa macwtabupyemoctb <—

o

YckopeHue 3D kopa B pamkax y3na HKC-1I1 CCKL:

18x CAF VS. 18x OpenMP
AdbdhektuBHocTb 3D Kopa Ha 192 agpax:
92% CAF VS. 92% MPI
OnTumanbHas A AR
3HeproadpheKTUBHOCTb I . \

AN
.

AocCTUraeTca npw
ucrnonb3oBaHuUu 8 Apep
Ha y3es Ha Knacrepe

HKC-1M CCKL e

o
—

GFLOPS/Watts
/ .
°®
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JBOMIOLNA PensaTUBUCTCKUX AxeToB "
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B3aunmogencreme penaATUBUCTCKUX CTPYWN sy
C MONEeKYyNnApPHbIMU Obrakammu

i = e i — 1.00e-01 H
e . Density
L’ \/ =N 7.50e-02
g L @/
i \/ S 5.00e-02
. (
’ * 2.50e-02
’ Y BLR clouds
phdtosphere 0.00e+00

broad- Ilnq. reglon \\T f

wind
]
] . .,

SMBH

super accretlng disk

Kulikov I., Chernykh l., Karavaev D., Zavyalov O.,

______________________ % Elbakyan V., Abaroa L., Romero G. The Partitioned
Dl _' Global Address Space Parallel Code for Numerical
v v, Modeling in Special Relativistic Hydrodynamics

Il The Astrophysical Journal Supplement Series.
L ' — submitted at December 1, 2023. 30
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ApanTuBHbIe CETKM Ha OCHOBe MUKPOCETOK

UBMuMI

(Adaptive Mesh Refinement)

JIlornyeckasn CTPYKTYpPa aAalTUBHbLIX CETOK

1]12]2|1

(1) Boundary Condition (3) Big Micro Mesh

112]|2]| 4

The Plan

(2) Equal Micro Mesh (4) Small Micro Mesh

of Mesh

The Mesh Configuration

PeweHue 3apgaum PumaHa

il e

B ocHOBe aBTOpPCKOro
AMR nexuT MUKpoceTKa

lMepecTpounka ceTku

B
=g g =

31



AQanTuBHbLIE CEeTKM Ha OCHOBeE MUKPOCETOK isviuvir

™

(Adaptive Mesh Refinement)

Patch-Block-Structured Task-Based
Adaptive-Mesh-Refinement Execution Model
Relativistic Hydrodynamics r )

Patch 5 $
—— &
Patch 4
|
Patch 3
p— ,
Patch 2 Task Mesh

i

[ Patch 1 ]
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JBOSTIOLNA PENATUBUCTCKUX XKETOB /i

™

1.0
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0.5

0.0
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O mawMHHOM O0y4YeHUuun HBMMT

HabnroaeHus

3KcnepwmeHT Teopus

/ BceneHHaﬂ /

)

Relative Declination (mas

BbluncneHus AIIML .
\ J A Relative Right Ascension (mas)
e Mpsamoe
MoaenupoBaHue
I Wa— PeTpocnekTtnBHas

obOpaTHaA 3apava

v

HavyanbHbIe
CynepkomnbloTep ycnoems (Pa u, P)t:(,
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O mawMHHOM OOy4YeHUuun M
BbiuucrneHus HabniopeHus Al/ML nmetoT
nmeroT HeyCTpPaHUMYIo
noTeHUnanbHoO ;. OLLNOKY
GeCKOHeuHylo nepBoro poaa
TOYHOCTb o
A Relative Right Ascension (mas)
MNMpsimoe
BblyncneHus MoAenupoBaHue BblyncrneHus
& @«
M PeTpocnekTuBHas Al/ML
obpaTHaA 3apayva v

HavyanbHble

ycrnoBwus (,0, u’p)t=0
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Myonukaumm T

[1] Kulikov I., Chernykh |., Karavaev D., Prigarin V., Sapetina A., Ulyanichev I.,
Zavyalov O. A New Parallel Code Based on a Simple Piecewise Parabolic Method
for Numerical Modeling of Colliding Flows in Relativistic Hydrodynamics
Il Mathematics. — 2022. — V. 10 (11). — Article Number 1865.

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

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

[4] Akimova E., Misilov V., Kulikov l., Chernykh |I. OMPEGAS: Optimized
Relativistic Code for Multicore Architecture // Mathematics. — 2022. — V. 10 (11). —
Article Number 2546.

[5] Kulikov I. Using Adaptive Mesh Refinement Technique for Numerical Modeling
of Relativistic Jets // Lobachevskii Journal of Mathematics — 2024. — V. 45, |. 1. -
in print.
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3aKkno4vyeHue U AUCKyccus T

> PaspaboTaHa BbluUCNUTeNbHAA Mogenb 3BOMOLUU
PenATUBUCTCKUX [XETOB HA OCHOBe perynsipHbiX W
aganTUBHbIX CETOK.

» Pa3paboTtaHa 3adhcekTUBHAA napannenbHaa peanu3auus
BbIYUCIIUTESNILHON MOAENM Ha OCHOBE TEeXHONormm
Coarray Fortran wn OpenMP ¢ wucnonb3oBaHuem
aBTOPCKOU MEeTOAMKU ONTUMM3aLUM Koaa.

» Heobxooum nepexon kK TtexHornormam PGAS He TonbKo
noaaepxkou onepauun Remote Memory Access (RMA),
HO wun onepaumn Remote Procedure Call (RPC) B
cTaHpapTe fA3blka PopTpaH.

PaboTa noapepxaHa rpaHTOM
Poccuunckoro Hay4yHoro dooHga Ne 23-11-00014

37



UBMuMI

Cnacu60o 3a BHUMaHue!

38
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