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Hybrid models that combine MPI message passing technologies for distributed memory
architectures and OpenMP multithreading for shared memory architectures are becoming increasingly
popular. Modern high-performance computing systems are multiprocessor systems with shared memory
(computing nodes), united in a single communication network. Creating models that effectively use
the resources of such computing systems is an urgent task today. The portability of models to
multiprocessor systems is largely determined by the correct choice of its software architecture, which
would also provide flexibility and ease of maintaining the program code.

The paper considers the system of shallow water equations in the form presented in the ocean
general circulation sigma model INMOM (Institute of Numerical Mathematics Ocean Model). The
INMOM model is being developed at the INM RAS and is used as a ocean component of the INMCM
(Institute of Numerical Mathematics Climate Model) climate model, created at the INM RAS and
participating in the IPCC (Intergovernmental Panel on Climate Change) program for climate change
forecasting. The model is completely written in the Fortran 90/95 programming language. In previous
works, a shallow water model has been formulated that can be used both as a program block of the
sigma ocean model INMOM and independently, for example, to calculate tsunami waves, tides, and
wind surges. The model was implemented using MPI technology, and the software architecture of the
model did not involve the use of hybrid parallel programming.

The aim of this work is to create a new software architecture of the shallow water model, which
involves the use of hybrid parallel programming, and to implement a hybrid MPI/OpenMP shallow
water model based on this software architecture for effective use on massively parallel multiprocessor
computing systems.

The model is based on a system of nonlinear shallow water equations that are solved using numerical
methods. The second order numerical schemes on the ‘C’-grid according to Arakawa classification and
the explicit first order ,leapfrog” scheme are used as spatial and temporal discretization schemes in
the model, respectively.

A new software architecture for the shallow water model was developed, based on the separation of
concerns. This software architecture divides program code into three levels. The lowest level contains
all subroutines needed to calculate the nonlinear shallow water equations, the so-called computational
cores. The highest level is responsible for the order of calling the computational cores and describes
the time cycle of the model at a relatively high level. The intermediate level between the first two is
responsible for the parallel methods and approaches used in the model. Such software architectures
allow separate parallel methods and approaches from the model in order to adapt them for different
types of computing systems and flexibly configure the model for the target computing system, without
changing the parts of the program responsible for calculating shallow water equations.
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As the main method of parallelization, the model uses an improved two-dimensional method of
domain decomposition: the initial computational domain is uniformly divided into rectangular blocks
of small size and each processor is assigned a certain number of blocks, which form its computational
subdomain. This approach has a number of advantages: it becomes possible to balance the load of
calculations on processors and work effectively with cache memory. Due to the presence of islands and
coasts in the computational area, the load balancing is a particularly urgent task. The method of load
balancing using Hilbert curves is chosen as one of such methods.

In the model, a task-based hybrid MPI/OpenMP approach was implemented, in which blocks from
a two-dimensional decomposition are distributed across OpenMP threads. Blocks are first distributed
across MPI processes using the load balancing method, and then within the MPI process are distributed
across its available threads, ensuring a uniform computational load per thread. The paper shows the
advantage of this approach in comparison with the widespread vector-based MPI/OpenMP hybrid
approach, in which OpenMP is used only for parallelizing two-dimensional loops over subdomains.

The paper shows the efficiency of decomposition into small blocks and the efficiency of working
with cache memory when calculating the shallow water model on a single core. It was shown that
the implemented task-based hybrid approach has a performance twice as high as the vector-based
hybrid approach when calculating the model on many computing nodes. The advantage of the task-
based hybrid approach over the pure MPI approach was shown. The efficiency of the method of load
balancing was also demonstrated in the work.

Note that the implemented software architecture in the shallow water model also makes it possible in
the future to apply heterogeneous parallel programming using CUDA, OpenACC, etc. All modifications
during the transition to the new model of parallel programming will also be carried out without
modifications of the program parts responsible for calculating the shallow water equations, which
greatly simplifies the model development and support.

Key words: parallel computing, hybrid parallel programming, shallow water equations, software
architecture.
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I'ubpuaabie Momeu, coueratonme B cedbe rexuomoruu MPI mia apxurekTyp ¢ pacmpemenieHnoit ma-
MsaThio u OpenMP mig apxurekTyp ¢ 0bIIelt maMsaThio, CTAHOBITCS BCe DOJiee TMOMYJISPHBIMU, TI0-
CKOJIbKY COBPEMEHHBI€ BHICOKOIIPOU3BOAUTEC/IHHBIE BHIYNUCINTE/IBHBIE CHCTEMbI TPEACTABJIAIOT CO60fI
HabOp MHOTOMPOIECCOPHBIX CUCTEM € 0DIIell TaMsAThi0, OObeTMHEHHBIX B €IUHYH KOMMYHUKAIIN-
ounyto cetb. Cozmanue Mofeseil, UCIOML3YIMNUX I(PEPHEKTUBHO PECYPChl TAKUX BBITUCIUTETHHBIX
CHCTEM, SBJSAETCA aKTYyaJbHOI 3a/ladeil Ha CeroJHAIIHNH JeHb. B pabore npesicrasiena rubpuinas
MOJIEIb MEJIKOM BOJIBI, ABJISIOMIAACT OJHUM U3 OCHOBHBIX OJIOKOB CUTMa-MOIe/Iu O0IIeH 1upPKyIaIiun
okeana INMOM. IIporpaMmMHas apXuTeKTypa MOJIEIN METKON BOJIBI IOCTPOEHA 10 IPUHIIUAITY Pa3/ie-
JIEHUsT O0SI3aHHOCTEH, UTO MO3BOJISIET BBIIEJINTE MAPALICIbHBIE METOIBI U MOAX0IbI B 060COBIEHHY 0
YaCTh HPOTPAMMBI C T[€JIBI0 UX a/IAIITAINH JIJI BRIYUCJIUTENbHBIX CUCTEM PA3JIMYHOrO TUMA U THOKOMI
HACTPOMKM MPOrPAMMHOIO KOMILJIEKCA HA IEJEBYIO BBIUUC/IUTEIbHYIO cuCTEMY. B MoOjean MesKoit
BO/IbI OBLJI peaJin30BaH MUOPUIHBIN [I0/IX0/], IPU KOTOPOM pacdeTHad objacTh pa3bubaercd na 0J10-
KJ MaJjIoro pasMepa, KOTOpbIe 3aTeM PACIPEIETISTIOTCS TT0 BCEM JOCTYITHBIM TPOIECCAM U MOTOKAM.
Pacmpenenenne 6,10KOB OCHOBAHO HA METOAE OAJAHCHPOBKH HATPY3KHU C UCIOJIB30BAHUEM KPUBBIX
lNunsbepra, uTo 0becnevunBaeT paBHOMEPHYIO BHITUCIUTEIbHYIO HATPY3KY HA MPOIECCHl U TTOTOKU. B
paboTe mMoKa3aHO MPEUMYIIECTBO 3TOrO TOX0Ia B CPABHEHUN C IIMPOKO PACITPOCTPAHEHHBIM BEKTOD-
HBIM TOJIX0JI0M, B KoTopoM OpenMP wncnosb3yercss TOJBKO /i pacnapasiieIMBaHus JIBYMEPHBIX
LMKJI0B 10 mogobaocraM. TectupoBanue rubpuaHoil MOeaM IPOBOAUI0CH Ha Kiaacrepe MBM PAH
u cynepkommbiorepe MCIl PAH. Broita nmokazana 9¢gpdekKTHBHOCTL pasdbuennst Ha OJIOKH MAaJIOTO
pasmepa, nokazana 3hdeKTUBHOCTh THOPUIHOTO TMOAX01a B cpapHeHnn ¢ uncThiM MPI pexxuvom n
TaK>Ke [IPOJIEMOHCTPUPOBaHa 3 PeKTUBHOCTL MeT0/1a OAJAHCUPOBKY HATPY3KHU BbIYUC/ICHUIA.

Kurouessbie cjioBa: napaJiiesibHble BBIYUCIEHNS, THOPUHBIE MO/IEN APAJIIETBHOTO IIPOrpaM-
MUPOBaHUS, YPaBHEHU MeJKOU BOABI, TPOTPAaMMHas apXUTEKTYpPa.

BBenenune. ['nbpugabie Mozen, coderarolue B cede TEXHOJOTHH Tepeaadn coobIeHuit
MPI nna apxuTekTyp ¢ pacupeeeHHOfl MaMATbio W MHOTOIOTOYHONW OOpabOTKU JAaHHBIX
OpenMP 119 apXuTeKTyp ¢ 00IIell TaMATbIO, CTAHOBATCS Bee OoJjiee TOMYISPHBIME, IOCKOJIBKY
COBpPEMEeHHBIE€ BBICOKOIIPOU3BOIUTEIbHBIE BRIYUCIUTETbHBIE CHCTEMBI ITPEJACTABIIIOT COOOM Ha-
GOP MHOTOIPOIECCOPHBIX CHCTEM € 00MIEHl TaMSATHIO (BBIYUCIUTEIBHBIX Y3JI0B), 00beMHEHHBIX
B €JIMHYI0 KOMMYHUKAIMOHHYIO ceTh. Co3manne Momeneil, 3(ppeKTHBHO HCIOIb3YIONINX PECyp-
Chl TAKUX BBIYUCJIUTEIBHBIX CUCTEM, ABJAAETCHI aKTyaJIbHON 3aJladeil Ha CeTOAHIIIHUN JeHb [1]

Pabora Bemosinena B pamkax HaydHOro npoekta PO®U Ne 20-31-90109.
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[TepenocumocTb MoIeIeiT HA MHOTOIIPOIECCOPHBIE CHCTEMBI BO MHOTOM OTIPEIe/IIeTCs MPABUIb-
HBIM BBIOOPOM ee IPOTpPaMMHOM apXHUTEKTYpbl, KOTOpas obecrednBaJia Obl TaKzKe I'MOKOCTH H
HPOCTOTY TOJJIEPKAHIS KOJIA.

B pabore paccmarpuBaercss MOIEb MEJIKOW BOJIBI, ABISIOMAsSICA OJOKOM CHIMa MOJEH 00-
miedt upkyJsimun okeana INMOM (Institute of Numerical Mathematics Ocean Model). Mogenb
INMOM passuBaerca 8 UBM PAH u ucnosip3yercs B kadecTBe 0J0KA KJIMMATHIECKONH MOIE-
au INMCM (Institute of Numerical Mathematics Climate Model), coznannoit 8 UBM PAH u
yaacteytomieit B mporpammve IPCC (Intergovernmental Panel on Climate Change) mo mporso-
3UpOBaHMIO U3MeHeHuil KaumaTa [2]. Moseas moanocTbio Hanucana ua s3bike Fortran 90/95.

B paborax |3, 4] 6b1a chopmysinpoBana MOJEIb MEJKOH BOJbI, KOTOPasi MOXKET HUCIOJIb-
30BaThCA KaKk B KadecTBe 0jioka curma mogenn okeana INMOM, tak u HezaBuCHMO, HApPH-
Mep, JIUIS PACYETOB TIPOXOKICHWsT BOJHBI IlyHAMHE, TPUJIHBOB M BETPOBOTO Harona. B pabore [4]
ObLIa peaiM30BaHa MapaJiiebHas BEPCUA MOJIETH MEJIKOU BOIBI JIJI MCIOJb30BAHUSA HA BBI-
YUCIATEIbHBIX aPXUTEKTYPaxX ¢ pacupeeeHHON MaMsIThIo, MOIEIb ObLIA MPOTECTUPOBAHA, JIJIsT
3aJ1a4 MojempoBanus nynavu B Tuxom okeane u mropma 2013 r. ma A3zosckom mope. B pa-
Gore [5] GBI peanu30BaH M MPOAHAIU3UPOBAH METOJ OAJTAHCUPOBKH HATDY3KH BHIYUC/IEHHI HA
MPOIIECCOPHI € UCMOJIb30BaHnEM (hPAKTAJTBHBIX KPUBBIX [ Mab0epTa MPUMEHUTETHHO K MOIEIN
MeJIKO#t Bojpl. B aTHX paborax Mojeb MeJIKO# BOJBI Oblla peaju30BaHa JIJId KCIIOJIb30BAHUS
HA BBIYUCJIUTEJIHHBIX CHCTEMAX C PACHpeIe/IeHHON TaMAThIO ¢ IpuMeHenneM Texxogoruu MPI,
U IpOTPaAMMHAST apXUTEKTypa MOJETN He TMPeIroaraia ruOKoro nepexoaa Ha THOPUIHBIE MO-
JIeJIU 1apaJsiieJIbHOIO TPOIPAMMHUPOBAHMUS C COBMECTHBIM HCIOJIb30BaHueM Texunosoruit MPI u
OpenMP.

Hesrs anHO# paboThl — €O3/IaTh HOBYIO IIPOrPAMMHYIO apXUTEKTYPY MOJEIN MEJTKOM BOJIbI,
HPEIIOIATAIoNLY 0 THOKHUI epexo 1 Ha THOPUIHBIE MOJEIN Mapa/IeIbHOI0 IIPOrPAaMMUPOBAHMS
¢ ucnoab3oBanueM texnoaoruit MPI m OpenMP u peanu3oBaTh Ha OCHOBE 3TO#l TpPOTpaMM-
HOW APXUTEKTYPbl I'MOPUIHYIO MOJE/]b MEJKO# BOALI s 3B HEKTUBHOIO HUCHIOJIH30BAHUS HA
MAaCCUBHO-TIAPAJLIEIBHBIX MHOTOIPOIECCOPHBIX BBITHCJIUTETLHBIX CHCTEMAX.

1. Moaenp menkoii Boabl. PaccmarpuBaemast B pabore MoJe/ib OCHOBaHA Ha, CHCTEMeE
HEeJIMHEeWHBIX YPABHEHUN MEJIKOK BOJIbI, KOTOPad 3alUCHIBACTCA B IPOU3BOJbHON OPTOrOHAJILHOK
cUCTeMe KOOPJUHAT B CJEAVIONEM BHIE:

«Tyh
% + Tu(u,v) — Fy(u,v) — hryrylo + ryhg% = RHS,
% + T, (u,v) — F,(u,v) + hryrylu + Tmhga—y = RHS, | (1)
Oh 1 [Ouryh  Ouvrgh
- + —0
ot ryry \ Ox oy

rae 7,7, — MeTpudeckue KodpduunuenTs! Jlame, BOZHUKaIOIIUE IIPU 3aIHCH CHCTEMbl ypaBHe-
HUl B MPOU3BOJILHON OPTOTOHAJIBHON CHCTeMe KOOPIAWHAT; U, U — KOMIIOHEHTHI YCPEIHEHHOTO
110 TyiybuHe BeKTOpa ropu3oHTa bHOl ckopoctH; | — napamerp Kopuosuca; g — yckopenue cBo-
60,ZLHOFO MaJeHUA; C — OTKJIOHeHUnE YPOBHA MOPAd OTHOCUTEJIbHO HEBOSMYIIIEHHOI'O COCTOAHMA,
h = H + ( — nonnag ruryouna okeaHa; H — riybnHa okeaHa B COCTOSHHH MOKOsg. OTepaTopsl
nepenoca 1), , T, 3aMUCBIBAIOTCS B KPUBOJIHHEHHOM CHCTEMe KOOPJIUHAT B JIMBEPreHTHOHN (hopme:

Ty(u0,h) = Ohryuu n Ohr,vu o v% B u@rx y
ox oy ox oy 2)
h h '

Ty (u0.h) = Ohryuv n Ohr,vv h v% B u@rx "

ox oy + ox oy
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Omneparopsl Bss3koctu F, , F, 3anuChIBAIOTCS KAK JIUBEPTEHIINST TEH30PA HAPSIZKEHUI:

Fy(uw) = Lo (r2KDrh) + 1o (r2K Dgh)
Ty 8% 7“9618% (3)
1 .
FU(U,U) = —Ea—y (TiKDTh) -+ T_y% (T;KDsh)

3nece K — koadpdumuent Bsazkoctu, a Dy u Dg — KOMIIOHEHTHI T€H30POB HAIPSIZKEHUH
C2KATHSA-PACTIKEHUS U CJIBUTA COOTBETCTBEHHO:

ry 0 (u ry O (v
Dr=—~2—|—)—-——=—|[—
Ty 0x \ 1y Ty Oy \ Ty (4)
ry 0 [ u ry O (v’
Dg=——|—|+2=— | —
Ty Oy \Tg Ty 0x \ 1y

B ob6mem ciyuae B npasbix gactsax RHS, , RHS, paccauTbBaIOTCs IPAJAUEHTHI aTMOChep-
HOTO JIABJICHUS W HAMPSIY)KEHUS TPEHUS BETPA.

Ha Geperax st CKOPOCTH 3aal0TCsl TPAHWYHBIE YCIOBUSI HEMPOTEKAHWS W CBOOOIHOTO
CKOJTb2KEHUS.

Nmenno B Buge (1)—(4) HeuHelHbIe ypABHEHHUST METKON BOJIBI TIPEJICTABIEHBI B CHIMa MOJIE-
au obmeit mupkyasaiun okeana INMOM, Bo3HuKaoIue Ipu paspenieHnn ObICTPBHIX 0apOTPOII-
HBIX I'PABUTAINMOHHBIX BOJIH.

Cucrema ypasrennii (1)—(4) B Mojenn pa3peniaercs ¢ HCIOJb30BaHUEM YHCIEHHBIX METOIOB.
[Ipu quckpeTu3anuu MO MTPOCTPAHCTBY MPUMEHAETCS TEXHUKA MOCTPOEHUS PA3HOCTHBIX aIllIPOK-
CHMAIIMii BTOPOrO MOPSIKa TOYHOCTH Ha pasHeceHHo# 'C’-ceTKe mo Kaaccupukanum ApakaBbl
[6, 7], B 0OIeM ciiyuae UCHOJIB3YETCS CTEKA HEPeryIsipHas Kak 10 J0JITOTe, TaK U 10 IIHPOTE.
[Ipu nuckperuszanuu MO BPEMEHH UCIIOJIb3YETCS sIBHAS YUCICHHAs cxema dexapia co cpe/neit
roukoii’ ("leapfrog’). TIpu 3T0M Ha KayK10M BPEMEHHOM Trare jesaercs huabTparsi, 4To0b u3-
OeKaTh PACITIEIJIeHns PellleHus 110 HeUYeTHBIM U YeTHBIM BPEeMEeHHBIM IaraM, YTO CBOHCTBEHHO
JUIsT TAKO# ducaeHnoit cxemsl |8, 9].

Bonee mogpobuo mpo hopMy 3amucu cucTeMbl HETUHEHHBIX ypPaBHEHWH MEJTKON BOABI U UX
pa3pelienust ¢ UCIOJAb30BAaHNEM YHCICHHBIX METOJ0B MOXKHO HOCMOTpeTh B paborax |4, 5, 10].

2. [TapannenbHada peanu3anusd IJd BbIUYUCIUTEIbHBIX CUCTEM C PACIpeae/IeHHOM
naMaTbio. 2.1. Memod dexomnosuyuu nodobaacmu. B kKadecTBe OCHOBHOTO METO/a paciapaJi-
JIeJTABAHUS JIJI BRIYHCJIUTETBHBIX aPDXUTEKTYDP C PACIPeIeJeHHON MaMAaThI0 B MO/ MeJKON
BOJIBI UCTIOJIB3YETCS JIBYMEPHBIN METO JTeKOMIIO3UIIMH O0JIACTH, CYTh KOTOPOTO B CJIEIYIONIEM:
UCXOJIHAs pacyerHas 00/1acTh pa3duBaercs Ha H0A00JIaCTH U KAZKJIOMY IIPOIECCOPY CTaBUTCS B
COOTBETCTBUE CBOS 110/100J1aCTh. Y KazKJ0il 1000/1acTH eCTh BHEpacYeTHAs TPAHUIIA TOJIIHHON
B OJIHY TOYKY, W €CJIH MPOIECCOPY HYXKHBI JIaHHBIE C COCEJHEel MOom00/IacTh, TO MPOU3BOINTCS
CUHXPOHU3AIN BCeX IIPOIECCOPOB, MPU KOTOPOl 3al0THIeTCs BHepAacUeTHAs IPAHUIA KaxK a0k
noJ00aCTH, W B TOCTEYIONMNX BBIYHCIEHUIX TPOIeccop HGepeT 9TH JTaHHBIE cO CBOell BHepac-
JeTHOW Tpauuipl. CHHXPOHU3AIUS TPOIECCOPOB MPOUCXOMNUT C HCIOIB30BAHUEM TEXHOJOTUU
MPIL.

Hanbosnee pacrnpocTpaHeHHBIM ¥ JIEFTKO Pean3yeMbIM METO0M pa3OueHusl Ha 10100 acTh
SIBJII€TCS MEeTOJT PABHOMEPHOTO Pa30HeHns Ha MPAMOYTOJbHBIE MOM00JACTH, 3TOT METOJ M Me-
XaHU3M CHHXPOHU3anuit mpeacTaBiaensl Ha puc. 1. Ha puc. 1 Tak:ke BUIHO, YTO M3-3a2 HEOTHO-
POJHOCTY AKBATOPUU MPU TAKOM Pa3OMEHUN JacTh MomobIacTeil MOJTHOCTHIO TOMAIAET Ha CYIITY
U He y9acTBYeT B BBIUUCJIEHUSX, & YACTh 3arpy’KeHa MeHee YeM Ha MOJIOBUHY U3-3a 0OJIbIITOTro
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Puc. 1. Cnesa: paBHOMepHOE pa3bueHne HA MPSIMOYTOJIbHBIE MOI00JIACTH, KPACHBIM IOMEUYEHBI MOI00/1aCTH,
TTOTIA,TAOIIME TTOJTHOCTHIO HA CYTITY; YKEJIThIM MOMEYEHbI MOI00IACTH, 3arpyKEeHHbIE MEHEE YeM Ha TIOJIOBUHY.
CupaBa: MeXaHU3M CMHXPOHU3ALMNA, KPACHBIM IIOKA3aHa IPAHULA KazK/I0# 110100J1aCTH, CHHUM 1IOKA3aHa

BHEPacCY€THadA I'PaHUIla U 3€JIEHbIM IIOMEYEHbl BHYTPEHHHUE TOYKU HO/‘IO6.TIa.CTI/I

KOJIMYeCTBa TOYEK CYITU BHYTPH. lIpnm TakoMm moaxome BBIXOAHUT, YTO YaCTh HPOIECCOPOB MPO-
CTAUBAET B BBIYUCJICHUIX, & APYTasd YaCTh YACTO HAXOMUTCS B OXKUJTAHUYU U3-33 HEJOCTATOYHOMN
3arpyKeHHOCTH.

[Tosromy B Mo/ ObLIT peaTn30BaH yCOBEPIIEHCTBOBAHHBII MeTO/] pa3bueHus Ha 1momi00./1a-
CTH, TaK Ha3bIBaeMbIil OJIOUHBIH TOAX0. CyTh 9TOT0 MOJAX0/A B CJIeAYIONEM: HCXOTHAS PACIeT-
Hasd 00J1aCTh PABHOMEPHO pa3duBaeTCs Ha MPIMOYTOJIbHBIE OJIOKH MAJIOTO Pa3Mepa, U KazKJIoMy
MPOIECCOPY CTABUTCS B COOTBETCTBUE HEKOTOPBIT HAOOpP OJOKOB, KOTOpPLIe U (DOPMHUPYIOT €T0
pPacUYeTHyIO Mo00/IaCTh, IPUMED MOKA3aH Ha puc. 2. Bee BBIYUCICHUS B MOIE/H IIPOUCXO/IST 110
HsioKaM, y KaxkI0ro 6/I0Ka eCTh CBOS BHEpacUYeTHas TpaHura. Kcam O/I0KH HAXOAATCa BHYTPH
OJTHOI TTOI0BJTACTH, TO TPU CHHXPOHU3AIUN TPOUCXOIUT OOBITHOE KOIUPOBAHUE IPAHUIIBI OJIOKA
Ha BHEPACUETHYIO I'PAHUILY coceqHero 010Ka. Ecin 6uI0Kr HaXonaTes Ha COCeTHUX MOI00IaCTAX,
TO TPU CHHXPOHUBAIUH UCIOJb3yeTcs Mo-TpexkHeMy TexHoaorusd MPI. birounsrit moaxom yxke
yCIIe/I 3apeKOMEHI0BATh cebst B TAKUX Mojesisx okeana kak Parallel Ocean Program (POP) |11,
12] w HIROMB (High Resolution Operational Model for the Baltic Sea) [13].

Paccvarpupaemblii OJ109HBINH TOIX0I UMEeT Psiji TPeuMYIIeCTB:

[TomobstacT MOTYT OBITH MPOU3BOJBHBIMU MHOTOYTOJbHUKAMU. [lelicTBUTENBHO, T. K. MO/I-
obJIacTh COCTOUT M3 Habopa OJOKOB MAaJIOro pasMepa, TO MOKHO (bOpMHUpPOBATH MOI001aCTH
JIOBOJIBHO IIPOU3BOJIbHON (DOPMBI. DTO CBOHCTBO MMO3BOJISIET IPOBOAUTH METOJ OaJIaHCHPOBKHU
HATrPY3KH BBIYUC/ICHUI HA TPOIECCOpbl, (hOPMHUPYs MOA00IaCTH TPUMEPHO OJIMHAKOBOI 3arpy-
JKEHHOCTH, 0 YeM Oyer 6ojiee oapoOHO HATIMCAHO B CJIEAYIOIIEM pa3Jiesie.

DddekTuBnasg pabora ¢ K31 naMsATbio. Beidupas 6,10k MaJoro pasmepa, MOXKHO IOJIYIUTD
OPUPOCT B MPOU3BOJIUTENHHOCTH 3a cUeT IDPEeKTUBHON paboOTh ¢ maMaThio. s ruapoanna-
MHIYECKHAX MOJe e 3TO CBOMCTBO KpaiiHe BaXKHO, T. K. JII0OOE BBIYUCICHHE HA CeTKe COMPOBOIK-
Jlaercsd OOJIBIIMM KOJIMYeCTBOM ObpallieHuil B naMaTh. e 0J10Ku, JJ1si KOTOPBIX MPOBOAATCS
BbIIHCJICHU D, ITOMEITal0TCA ITOJHOCTBIO B KI9II IIaMAThL, TO MHOT'OYUCJICHHbIC 06pameHH5{ B IIa-
MATh TePeCcTaloT ObITh TAKUMHU JTOPOTOCTOSAINIAME, I MOYKHO OXKWIATHh 3HAYNTETbHBINA MPUPOCT
B TTPOU3BOAUTETHHOCTH.

Takzke OJOYHBIN TOIXOM MMeeT HEeJOCTATOK: JOMOJHUTETbHBIE 3aTPAThl HA KOTHPOBAHUE
BHEPACYETHON I'PAHUIBI OJIOKOB IIPU CUHXPOHUBAIUH.
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Puc. 2. TTomarossrit anroputM OaTaHCUPOBKU HATPY3KH C TMOMOIIBIO KPUBBIX | manbepTa

B pazzese ¢ BBIUHCIATETPHBIMEI SKCIIEPUMEHTAMU OYIeT TTOKA3aHO, YTO IIPU MAJIOM pa3Mepe
6Js10kOB 3 dekTuBHAs paboTa ¢ KNI HAMATHIO KOMIIEHCUPYET 3aTPaThl HA KOIIMPOBAHUE LIPU
CHHXPOHHU3AINN, U TIO3TOMY TOT HEIOCTATOK MOZXKHO CUYUTATH HE TAKUM CYIIECTBEHHBIM.

2.2. Baaancuposra nazpysku sviuucienud. Kak yxke ObLJIO cKa3aHO paHee, OJIOUHBIH MOIXO0/T
03BOJIgeT (POPMUPOBATH MOI0OJIACTH B (DOPMe MPOU3BOTBHBIX MHOTOYTOJBHUKOB, 9TO TTO3BO-
JISIeT UCIOTB30BaTh MeTOIbl OAJTAHCUPOBKYM HATDY3KHM BBIYUCIEHUI TPU MOCTPOEHUU MOm00 18-
cTeit mporeccopoB. B Mozmenn B KadecTBe OJHOTO M3 TAKUX METOJOB OBLT PeaJTM30BaH METO.T
OaJIaHCHPOBKH HAIDY3KH BBIYHCJICHUIT ¢ MCIOJb30BaHueM KpuBbIX | uianbepra. B paborax [5,
14] moxpobHO ommuCaH U MPOAHAIN3UPOBAH STOT METOM. 3/eCh Ke KpaTKo ero omnwumreM. [Ipej-
BapUTEIbHO BCd pacdeTHas 00JacTh pABHOMEPHO pa3buBaeTcsd HA TPAMOYTOIbHBIE O10KH. s
KayKJI0ro OJI0KA PACCUMTHIBAETCS 3HAUEHUE 3arpyKeHHOCTH OJIOKA KaK CyMMa BCeX TOYeK, KO-
TOpbie He JexKaT Ha cyme. [lamee, Ha ceTKe OJOKOB MPOBOAUTCS KpuBas ['minbepra, KoTOpasd
HEPEBOUT JIBYMEPHOE IIPOCTPAHCTBO OJIOKOB B ojHoMepHOe. Pazbuenue na 10/100/1aCcT 1IPO-
UCXOJUT BJIOJb KPUBOW U TAKUM 0Opa30M, 4TOOBI MOA00IACTH MMEIN ITPUMEPHO OJUHAKOBYIO
CYMMY 3arpyzKeHHOCTH OJIOKOB. 3aTeM KazKJIOMY MPOIECCOPY CTABUTCH B COOTBETCTBUE €T'0 MO/
00J1acTh, Ha KOTOPO# OH MPOBOJUT BRIYUCIEHUA. BIOKH, KOTOPBIE TOJHOCTBIO COCTOAT U3 TOUEK
Ha CyIlle, B PAcIpe/leIeHUuH 10 MPOoIeccopaM U B JaJbHEHITUX BRIYHCIEHUAX He ydacTBYOT. Ha
pUC. 2 HAIVISAJHO HOKA3aHbl Al OIUCAHHOIO aJrOPUTMA.

3. T'ubpunHas MoAe/ib MapajljIeILHOTO MNPOrPaMMUPOBAHUS. Y3KOE€ MECTO B pac-
CMaTPUBAEMON MOJIE/IN MEJKOW BOJIBI — 310 cuaxponusarun MPI mexy mponeccopavu, T. K.
IPU YBeJIMYeHUH YNCJIA BBIYHCJIATETBHBIX Y3J0B BO3PACTAIOT HAKIAHBIE PACXOJbl HA CHHXPO-
HU3AIUU U3-32 BBICOKOI HATPY3KH Ha ceThb. MOXKHO YMEHBIUTH CHHXPOHU3AIUN U TEM CaMBbIM
YMEHBIIUTH HATPY3KY HA CeTb, ecyin ucno/ib30oBars OpenMP st pacnapasuiesimBanust na 00-
et maMsITH BHYTPH y3Ja. DTO TaK Ha3bIBA€MBbIil THOPUIHBIH Toax0/1. Ecau mpu ucnoap3oBannn
tosibko Texnosiornn MPI, B Tak HazerBaemom uncrom MPI noaxose, 1ist KazKa0T0 sg/1pa Ha y3J1e
cosgaercsa ornaeabubrii MPI nponece, To B rubpuaaom MPI + OpenMP nonxone Ha KazKiablit
y3eJI co3ziaercs ToIbKo oguH MPI mporiece, u 17151 KayK0r0 sipa co37at0TCs OT/Ie/IbHbIe TOTOKH.
[M'ubpuanbe TOAXOABI B IOCTETHEE BDEMsI CTAHOBATCS Bee H0JIee aKTYaIbHBIMU U UCTIOIb3YIOTCS
BO MHOTHX THJIDOJMHAMIYECKHX Mozessx [15, 16, 17, 18|.

Ecrs nBa moaxoma npu ucnosb3oBanun texnoaorun OpenMP njs pacmapaiiennBanus Ha
obeit mamsitu [19]. TlepBbiii 1 HaunboJIEe PACIPOCTPAHEHHBII MOIXO0/] HA3BIBAETCA BEKTOPHBIM
noaxosioM (vector based). IIpu 9T0oM OAX0/IE TPOUCXOTUT PACTAPAJLIETUBAHKE MO TOTOKAM BCEX
BBIYMCTIEHUI B MOJIEJIN IO TTOA00IACTH, KaK CXeMaTHYHO TTOKA3aHO cJieBa Ha puc. 3. T. e. KaxK10-
my MPT npomeccy coorBercTByer HexkoTopast momobiacts, u ce OpenMP noroku cymecTByoT
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Puc. 3. I'mopuamasre MPI + OpenMP monxonpr. CieBa BEKTOPHBII TOIXO; CIIPpaBa 3aJa9HBIN TOIXO

«— [— |«—
«— [— |«—
«— [— |«—
«— [— |«—

U [POBO/SIT BBIYUCJIEHUS BHYTPH ITON OOl Jist HUX 1MOM001aCTH. DTOT MOJIXO[ JIETKO pea-
JIU3yeM, HO JEeMOHCTPHUPYET MAaJIVIO HPOU3BOJIUTE/ILHOCTH BO MHOTOM H3-3a TOI'O, YTO IOTOKH
OpenMP nesdpdpeKTUBHO UCIONB3YIOT K3 HaMATh IIPU paboTe Ha obIIeil maMATH.

Bropoii moxo HazbiBaeTCsa 3a0auHbIM moax00M (task based). TiaBHast uuess B 9TOM TOJI-
XO/le BAKJIIOYAETCS B TOM, 9TOOBI HCIIO/Ib30BATH METOJ, JEKOMIIO3UIUN O0JIACTU /ISl TIOTOKOB
OpenMP, T.e. cTaBuTh KaxKI0My TOTOKY B COOTBETCTBHE HEKOTOPYIO MOA001acTh. [Ipn Takom
HO/IXO/I€ KAaKJIBIi ITOTOK CYIIECTBYET M HMPOBOJUT BBIYHMC/ICHHUS HA CBOEH COOCTBEHHOM 1M0O100-
JIACTH, KaK CXeMaTHYHO IOKA3aHO CIIpaBa Ha puc. 3. 3a ocuoBy rubpumanoro MPI + OpenMP
MOIXOa B MOJEIN MEJKON BOABI OBLIT B3AT MMEHHO 3aJaUHbIi MOAX0a. Bioku u3 pazdbueHwus
pacupeensiorces Kak 1o npomeccam MPI, tak u mo norokam OpenMP. Pacupeenenue 610k0B
no MPI nporneccam mpoucxoguT ¢ UCHOAB30BAHUEM MeTOJa OAJaHCUPOBKU HATPY3KH BBIYUC-
JIEHWI, OIIMCAHHOIO B HPEJIBIAYINEM pas3jiesie, U jajiee IIPOUCXOAUT pacipejesenne 0JI0KOB IO
OpenMP mnorokam BHyTpu Kaxkiaoro MPI mpomecca ¢ ucnosb30BaHHEM KaJIHOTO aJTOPUTMA
caeayionuM obpaszoM: Bce goctynnbie 6,i0ku MPI nporecca coptupyiorcest o BeJIMduHe 3arpy-
JKEHHOCTH U JIAJIee B 9TOM HOPsIJIKE 110 OJHOMY PACIIPEAE/ISIIOTCS Ha BCE JOCTYIHBIE HOTOKH
BuyTpu MPI nponecca. Takoit anroput™ npu ycaoBUH, 4TO KOJUYECTBO OJIOKOB B paszbuenun
BEJINKO, 00ECITeunBaeT PABHOMEDHYIO HATPY3KY BBIUUCAEHHUIl MO BCEM IOCTYITHBIM MOTOKAM B
BBIYHCIUTEIHLHOM cucTeMe.

B paszzaene ¢ BBIYHCIUTEILHBIMA SKCHEPUMEHTAMHU OYJIeT IPOBEICHO CpaBHEHHE IBYX OIHU-
caHHbIX THOpUAHBIX 1101x010B MPI + OpenMP u npoaemoncTpupoBaHO, 9T0 3aJ1a9HbIi 1MO/-
X0/, BO MHOTOM 3 deKTuBHEee BEKTOPHOTO MOAX0/IA. 3/1eCh YK€ OTMETUM, 9TO UMEHHO 3aIa9HbIH
OpenMP nozxos ucnosnb3yercs B IMHPOKO m3BecTHHIX Mojenasix armochepsr WRE (Weather
Research and Forecasting Model) [20] u okeana ROMS (Regional Ocean Modeling System) [15,
21].

OTMeTHM TakzKe CJIeAYIONe 0COOEHHOCTH PeaTn30BaAHHOI0 THOPHIHOTO IMOIX0A C UCIOThb-
zopanueM TexHosoruit MPT u OpenMP:

— V¥ KaxKJIoro mporeccopa ectb oydep mig MPI obMena janHbIMEU C COCETHUMHE ITPOIECCO-
paMu, B KOTOPOM HMEEeTCs MeCTO IIOJI XpaHeHue JIAaHHBIX CO BCeX I'paHull OJI0KOB 10100/1aCTH,
HEOOXOIMMBIX JIJIsl IEPECCHIIKU Ha coceiHue mporeccopbl. CHHXPOHH3AIUA MEXK LY 0100.1aCTs-
MU IIPOUCXOIUT € UCIOJIb30BaHIeM 3Toro Oydepa u nebaokupyionumu BbizoBamu MPI, npudem
CUHXPOHU3AIUS BBITIOJHAETCS OHUM TIOTOKOM.
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Puc. 4. TpexypoBHeBas mporpaMMHas apXUTEKTypa MOJETN MEJIKON BOJIBI

— Ilpu cunxpoHusanuu KOIMMPOBAHUE I'PAHUILBI OJIOKOB BO BHEPACUETHYIO I'PAHUILY COCEIHUX
os0k0B 1 B Oydep mira MPI o6mena npoucxonuT napaJsuieabao scemu morokamun OpenMP.

— JInas OpenMP napaJsiienbHbBI PErHOH CO3MA€TCS B HAYa e 3aIyCKa MOIEIN W CYIIEeCTBYET
JIO KOHIIa pacyera, YTO MUHUMH3MPYET BPEeMEHHbIE 3aTpaThl HA HHHUIMAJIH3AIUIO IOTOKOB B
MOJIEJIH.

— WMuanmuain3anms BcexX JaHHBIX MPOUCXOIHUT B MapasaeabaoM pernone OpenMP. 9o obec-
eYnBaeT TO, 9TO CTPAHUIEA TaMATH BBIJIEJAAETCA C y3Ja TOTO MOTOKA, KOTOPBIA NEepBBIil K Hell
obparmics (first-touch policy). ITpu Takom moaxome moroku 3ddekTuBHEe PABOTAIOT € MAMSI-
b0 B NUMA-cucremax (Non Uniform Memory Access), B KOTOPBIX JOCTYII B MAMSATH 4yZKOTO
y3J1a 3aHUMaeT CYIIEeCTBEHHO OOJIbIe BpeMEeHH, YeM JOCTYI B IaMsATh CBOEro y3Ja.

— banancupoBka HArpy3KH BBIYHCJAEHHN IO MOTOKAM HPOUCXOJNT B HavaJje pacdeTra, 1
Jlajiee BCIOJY HCHOJIb3yeTcst crarudeckoe mmanupoBanune OpenMP morokos mo 6jiokam, T.e.
ucnonb3yercs schedule(static). [pu nuHaAMHYECKOM TIAHMDOBAHWH, T. €. [IPH HCIOIb30BAHIH
schedule(dynamic), umerorcs HaKJIaIHbIe PACXOJIbI U IPOUCXOAUT MeHee dbderTuBHasg pabora
C MAMATDHIO, YeM IIPU CTATUIECKOM ILIAHUPOBAHUM.

— Becioay, rae 3To BO3MOXKHO, HCHOJIb3yeTcsT nowait g mapasieabubix cexiuit OpenMP,
I'ITO6bI MHHUMHU3UPOBATH TOYKHW CUHXPOHU3aIUU ITOTOKOB.

4. ITporpamMmHast apxuTekTypa. B Mo/e/n Oblia peajn3oBana IporpaMMHas apXUTEKTY-
pa, OCHOBaHHAsI HA MPUHIUIE pa3jenennus obs3anHocTeir. [IporpaMMHast apxXuTeKTypa 3aKJIH0-
9aeTcs B TOM, YTO BECh IIPOrPAMMHBIN KOMILIEKC pa3/IeasdeTcsd Ha TPU YPOBHS: CaMblii HUXKHUH
YPOBeHDb, YPOBEHb flapa, COMepKHUT BCe MPOIEe/IyPhl, HEOOXOIUMBIE /I BEIYUCICHNAS YPaBHEeHMH
MEJIKOI BOJIbI, TAK HA3BIBAEMbIE SIJIPA MOJEJH; CAMbIil BBICOKHIT YPOBEHb, yPOBeHb AJropurMa,
OTBEYAET 34 MOPLAIOK BBI30BA, JIep MOJEJN U 33aeT CXeMy pabOThl MOJIEJ/H [0 BPEMEHH; YPO-
Benb uTepdeiica BHICTYIAET B KAYECTBE MPOMEZKYTOUYHOIO YPOBHS MEXKJIY MEPBLIMU JBYMS U
OTBEYAeT 3a MapaJllebHbIe METO/bl W TMOJXO/Ibl, HCTOIb3yeMble B Mojesu (puc. 4).

[IporpaMmMubBIe apXUTEKTYpPbl TAKOTO THIIA IO3BOJILAIOT BBIICIUTH MapaJsaeabHble METOIbI
B 000COBJIEHHYIO YacTh TporpaMMbl (yposenb MuTrepdeiica) ¢ meibio UX aJanTaiuu U ruOKoi
HACTPOIKHN HA IEJIEBYIO BBIYUCIUTEIHLHYIO CUCTEMY, KOTOPbIe TPOUCXOIAT 0e3 n3MeHeHU ! JacTei
IPOTPAMMBI, OTBEYAIONINX 33 BBIYUCCHUS yPABHEHUI MEJIKOW BOMBI. TaKoil 1MOAX0/ OTae/deT
buU3MKY MOJIeSIM OT OCODEHHOCTEH HapaslIeJbHO peau3alii, YTO YIPOIIAeT IOJJIEPXKKY H
Pa3BUTHE BCET'O MPOIPAMMHOIO KOMILTEKCA.

TpexypoBHeBast IporpaMMHas apXUTEKTYpa, OCHOBAHHAS Ha ITPUHIIHIIE pa3aeaeHus 00sI3aH-
HOCTEI, 3apeKoMeH 1oBaIa cebst B MO/ MeJIKOH Bojibl 13 Mosesnn okeana NEMO (Nucleus for
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European Modelling of the Ocean) [22| n nuranupyeTcst BHEAPUTH €e B MOJHYIO MOJEIb OKeaHa
NEMO k 2022 roxay [23].

OnuireM cXeMaTHIHO KaXKJbI TPOrPaMMHBIN YPOBEHb MOIEIN MEJIKOW BOJIDI.

4.1. VYposenv fdpa. YpoBenb Zlapa coaepKUT Bce BHIYUCIUTEIbHBIE MPOIEIYPhI, TAK Ha3bI-
BaeMblIe sijipa Mojiesn. B obiem ciydae sijipo Mojiesin npeacTaBisieT co0oil HEKOTOPBI JIByMep-
HBIH IUKJI 110 TPSIMOYTOJIBHO# 110/1001aCTH, BHYTPHU KOTOPOT'O ITPOMCXO/ISIT CETOTHBIE BhIUNC/TE-
HUAST — 3TO MOTYT OBbIThH MAOJOHBI PA3HOCTHHIX cXeM W mpodee. Ha 3ToM ypoBHE MpOMCXOaUT
paboTa ¢ OOBIKHOBEHHBIMHU JBYMEPHBLIMH MACCHBAMH, U HUCXOJHAA Hepaclapaslie/IeHHas po-
rpamMMa IpeJcTaBiasgeT coboil Habop MMEHHO TaKUX MPOIEeayp, T.e. 93T0 6a3a momenn. Beero B
MOJIEJIM MEJIKO BOJIbI ObLIO BblJIe/IeHO 1opsijiKa 15 sjep. B jincrunre Huzke upejicrapies ooiei
BHJI g]ipa Mojesu, rjae nx _start, nx end, ... — 310 rpanuns nogodbaacru; bnd x1, bnd  x2,
... — 3TO TPAHUIBI MOA00JACTU, BKIIOYAIONINE BHEPACUCTHYIO IPAHUILY; VAl — CETOYHAs Iepe-
MeHHasl, KOTOpas MOKeT OBbITh YPOBHEM, KOMIIOHEHTHON CKOPOCTBIO U T. .

subroutine kernel(var)
real (wp8), intent (inout) :: var(bnd_xl:bnd_ x2, bnd_yl:bnd y2)

do m = nx_ start, nx end

do n = ny_ start, ny end
var(m, n) = <some computations>
enddo
enddo

end subroutine

4.2. Vposenv Asrzopumma. Ha yposre AsropurMa 3a/1aeTCs MOPSAIOK BBI30BA S/1€p MOIEH,
TeM caMbIM Ha 3TOM yPOBHE OIUCBHIBAETCs OCHOBHON BpeMeHHO# IukJ mofgeru. Ha sTom ypoBHe
IPOUCXOIUT PaboTa ¢ abCTPAKTHBIMI CTPYKTYPAMU JAHHBIX, HAIPUMep KJIACCOM ocean type,
BKJTIOYAIONINM B ce0sl CeTOUYHbIe MepeMeHHbIe YPOBHs, KOMIOHEHT CKOPOCTH | T. . B smuctun-
re HUZKE CXEMAaTHYHO NPEJCTABJIEH IIPUMEp KOJja 3Toro ypoBHsd. Ha 3ToMm npumepe chadaJa
BBI3BIBAETCA s1po pacdera ypobHs (kernel ssh), 3arem sipo pacdera KOMIOHEHT CKOPOCTH
(kernel _uv) u 1. 1. BBI30BHI sijiep MPOM3BOASITCS € MCTOIB30BAHNEM CIENUATBHOMN MPOTeLy bl
envoke, saBisionieiicss yactbio aTepdeiica, o KoTopoMm pedb moiiner maJiee.

type(ocean type), target :: ocean_ data
procedure (empty kernel), pointer :: kernel ssh, kernel uv

call envoke(ocean data%ssh, kernel ssh)
call envoke(ocean data%u, ocean data%v, kernel uv)

4.3. Vposenv Hnmepgetica. [IpoMeKyTOUHBIH YPOBEHD MEXKIY sIIPOM M BBI30BOM sipa —
5T0 ypoBeHb HTepdeiica, B KOTOPOM peau30BaHbl BCE HapaJie/bHble METOAbl M IOIXO/IbI,
HCIIOJIb3YeMble B MOJIeJIH. B dacTHOCTH, B nHTepdeiice mpoBoauTcs pasbuenne Ha 6JOKH (pas3-
nes 2.1), GanaHCUPOBKA HAIDY3KH BbIYHCIEHUN (pasmes 2.2), TuOpUIHBIH OIX0M ¢ HCIOJb-
soBanueM texuosoruii MPI u OpenMP (pazgen 3), CHHXpOHH3AIMA TPOLIECCOPOB U IPOYEe.
Ha stom ypoBHe mpoucxoaut paboTa ¢ mapasieJbHBIMA TUIIAMU JAHHBIX, HAPHEMEP KJIACCOM
data2D real8 type, comepxkaiium B cebe pacupe/ie/ieHHble JaHHbIe 110 OJIOKaM.
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Puc. 5. TectupoBanue 6;I09HOTO MOAXOMA HA OAHOM sipe. 110 BepTuKaIbHOM OCH — BpeMs B CEKYHIAX:
JKEJITHIM I[BETOM — 00IIIee BpeMsi pabOThl MOJEJIN; OPAHKEBBIM — BpEMs Ha, CHHXpOHM3aInn 060K0B. I1o

FOPU30HTAJIBHON OCH — KOJIUIECTBO OJIOKOB B pa30ueHnn

Ha mm:xuem yposue flapa n BepxHEM ypoBHE AJITOPHUTMa COAEPKHUTCA BCA (pU3MKa MOIEH,
U IPU 9TOM Ha TUX YPOBHAX HUYErO HE H3BECTHO PO OCOOCHHOCTHU NapaJlIeIbHOM pean3alui,
KOTOpBIe CKPBITH OoT HUX B VHTepdeiice. lnTepdeiic peanmusyercs YHUBEPCAJIbLHBIM JJIsI BCEX
sJIep MOJIeJIM, YTO IIO3BOJIseT I'MOKO HACTPauBaTh MOJIE/b HOJ, MEJEBYI0 apXUTEKTYPY BbIYUC-
JINTEJIbHOM cucTeMbl. Ha JIMCTHHIE HUKe CXeMaTUYHO MpeJcTaBieHa peajausaius nHTrepdeiica
C TIOMOIIIHIO €JIUHOI MPOIEAYPHl envoke. DTa mporeaypa BBIZBIBAET SIAPO LTSI KAZKJI0TO 0JI0KA
noroka OpenMP u nposoaut 3arem cunxponusanuio MPI mponeccos n norokos OpenMP.

subroutine envoke(var, kernel)
type(data2D real8 type) :: var

'$omp do private (k) schedule(static, 1)
do k = 1, blocks
call kernel(var%block (k))
enddo
'$omp end do nowait
call sync
end subroutine

5. BuruucaureabHble 3KcrepuMeHThI. 5.1. Axeamopus 6e3 yuacmros cywu. IlepBas
cepusi BBIYHCJIUTE/IBHBIX YKCIEPUMEHTOB IIPOBOIMJIACH JIJIA aKBATOPUH O3 YIacTKOB CYIIH C
pasmepom 1525 ma 1115 TodYeK. DTa cepud KCIEPHUMEHTOB MPOBOIUIACH C HEJIbIO IPOIEMOH-
CTPUPOBATH MIPOU3BOIUTEILHOCTH MOAETN 0e3 3(hDEeKTOB HepaBHOMEPHOH HAIPY3KHU Ha, MPOIEC-
copbl. Pacuernl nmpoBojauinch ¢ marom, o BpeMeHH paBHBIM 1 CeKyH/Ie, BCEro MpOBOJMIOCDH
8640 maros.

BoL1 nporecTupoBan OGJIOYHBIH TOIX0/ Ha OJHOM sJIpe, T. €. IOCJe0BaTeIbHas BEPCHA MO-
jgesn. TectupoBanue npoBoauIoch Ha mporeccope Intel Xeon Silver 4214. Ha puc. 5 nokazano
BpeMsI pabOTHI MOJEIN B 3aBUCUMOCTH OT KOJINUIeCTBA OJI0OKOB, yIACTBYIOMKX B pa3buenun ob.Jia-
cru. Bugno, uto ¢ yBiedennem KosmaectBa 6JOKOB B pasbuenun (T. €. ¢ yMeHbIIEHHEM pa3Mepa
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320 —— Pure MPI —e— Pure MPI
Hybrid MPI+OpenMP: task based 400 Hybrid MPI+OpenMP: task based
2724 —o— Hybrid MPI+OpenMP: vector based —e— Hybrid MPI+OpenMP: vector based

Time, sec
N
S
S

112 150

50

161
16 32 48 64 80 96 112 128 144 160 176 192 208 224 240 256 272 268 304 320 336 1 2 3 4 5 6 7 8 9 101 1213 14 15 16
Number of cores Number of nodes

Puc. 6. CpaBuenune rubpuanabix u aucroro MPI noaxonos. CneBa: macirabupyemocts Ha Kiacrepe IBM PAH;

cipasa: Bpems paborsl Ha cynepkommbiorepe MCIL PAH

6s10Ka T. K. pa3bueHne Ha GJIOKH pAaBHOMEPHOe) 00Iiee BpeMsl pacdeTa MOJEU YBeJInInBAeTC s
U3-3a 3aTpaT Ha KOIMPOBAaHHE I'PAHUIl OJOKOB Ha BHEPACUYETHBIE I'DAHHIILI COCETHUX OJIOKOB.
Korma pasmepnl 0JI0KOB CTAHOBSITCS JIOCTATOYHO MAJbIMH, 8 UMEHHO KOTJa pa3OHeHHe Havu-
HAET COCTOATHL M3 256 GJI0KOB, nmpomcxoauT yckopenue Ha 12 % no cpaBneHuio ¢ HeGJOYHBIM
MOJIXOJIOM 3a cueT 3PDEeKTUBHON paboThl ¢ K3 NaMaThio B 6yiouHoM nojaxoje. 1 xors obriee
BpeMs pacdeTa IpoJIoJIzKaeT jlajiee YBEJIUIUBATbCA ¢ YMEHbIIeHHeM pa3Mepa 0J10KoB, npu 1024
OJIOKOB B pa3dMEHHH OHO BBIPABHUBAETCS CO BpeMeHeM HeOJIoYHOro moaxoja. V3 Bcero sroro
MOXKHO CIeJIaTh BBIBOJI, UTO, €CJAU BEIOUpPATH MAaJIble pa3Mephl 0JI0KOB, TO 3¢} eKTuBHAaS paboTa
C K31 TaMATbI0 KOMIEHCUPYET 3aTPaTbl Ha KOMUPOBAHUE I'PAHUIL OJIOKOB DU CUHXPOHU3AIUH.
Jliist paccMOTpEeHHO# aKBaTOPHUHU MOJYYHIOCH, 9TO ONTHUMAaJIbHBIN pa3mep 0JI0Ka, MOJydaeMblii
npu pazduenun obsactu Ha 256 6JI0KOB, cOOTBETCTBYET paszMepy 95 Ha 69 touek. ITockoabky
B BBIYUCJICHUAX UCIHOJIb3YIOTCA YUCJA C IJIABAIONICH 3andToN JIBOMHON TOYHOCTH (64 ouTa Ha
OJIHO YHCJI0), TO OJIUH TaKOH GJOK 3aHmMaeT okosio 50 KbaiiT B mamsru.

Ha xuacrepe UBM PAH [24| 661 nporecrupoBan ruOpuaHBIA 33 Ja9Hblil 10AX0, 1 ObLIO
HPOBEJICHO cpaBHeHue ¢ rudpuHbiM BeKTOPHbIM u yncThiM MPI noaxonamu. Tectuposanue
MPOBOJIMJIOCH B CMEITIAHHON OYepe/in KaK CO CTapbIMH, TaK U C HOBBIMHU y3j1aMu. B odepean Obi-
JI0 8 CTApBIX Y3JI0B, COCTOSIIMX U3 JABYX mpoteccopos Intel Xeon E5-2670v3 (24 axpa Ha y3en)
1 6 HOBBIX Y3JIOB, COCTOAIIUX U3 ABYX Oo0Jjiee coOBpeMeHHBIX IpoieccopoB Intel Xeon Silver 4214
(rakzxke 24 siipa va y3ena). Ha puc. 6 nokasanbl rpadukn yCKOPEHHs! B 3aBHCUMOCTH OT YUC/IA
saJ1ep, YCKOPEHHEe CYUTAJJI0Ch OTHOCHTEIBHO BpeMeHu paboThl Moje/ M Ha ogHoM sgiape. Ha puc.
6 (caieBa) mepBbie 144 sapa cooTBeTCTBYET 6 HOBBIM y3J1aM OYepe/IH, U Jajee MOJAKII0YAlTcs 8
CTapbIX Y3JI0B, MAKCUMAJIbHOE KOJHYECTBO sdjiep B odepeu paBHo 336. Bo Bcex 3amyckax jijis
rudbpuaHOrO 3aauHoro u yncroro MPI noaxonos kosmmdecTBo 6JI0KOB Opajioch paBHOMY KOJIH-
4ecTBY sjep (T.e. KayKJIOMY MOTOKY CTABHJICS B COOTBETCTBUE OJUH OJIOK U3 pasOueHus), Jjis
ruOpPUIHOTO BEKTOPHOTO TI0/1X0/1a KOJHYECTBO OJIOKOB OpPaIoch PAaBHOMY KOJIMYIECTBY y3j0B. 113
puc. 6 BuIHO, 9TO Ha 6 HOBBIX y3JIax THOPUAHBI 3a,1a4Hblit  ancTbiit MPI noaxoapr iemMoncTpu-
PYIOT MPAaKTUYECKH JIMHEIHOe YCKOpeHUe, B TO BpeMs KaK yCKOpeHue I'MOpHIHOTO BEKTOPHOIO
HOJIX0/IA TOJIYYAeTCd B IBa pa3a MEHbIIe. DTO, KaK YzKe FOBOPUJIOCH, BO MHOI'OM CBSI3aHO C TEM,
YTO B THOPHIHOM BEKTOPHOM MOAX0Ae HedMDMEKTUBHO UCIONIB3YETCS KA MaMITh MOTOKAMH.
[Ipu nopk/II0YEHUM CTAPBIX Y3/10B HA rpaduKax BUJEH 1IPOBaJl B YCKOPEHUU, KOTOPbIN CBI3aH C



14 Hapa/me/tbnoe CUCTNMEMHOE NPOZPAMMUPOBAHUE U BBIHUCAUINEADHDBIE TNETHOAOZUU

64 - —e— Block, load balance
60 | —*— No block, no load balance

sl T No block, no load balance (without idle cores)

524

48

4 8 12 16 20 24 28 32 36 40 44 43 52 56 60 64
Number of cores

Puc. 7. MacurrabupyemMocTs OJI0YHOTO MOAX0AA € OATAHCUPOBKOM HATPY3KH BBIYUCJIEHWH HA MPOIECCOPHI

(cuHuit) B CpaBHEHUU C PABHOMEPHBIM pa3buenuem Ge3 0aJTaHCUPOBKYU HAPY3KHU (KPACHBII)

reTeporeHHOCTHIO BHIUYUC/ICHHI Ha pasHbIX mporeccopax. Ha 6osbineM KomdecTBe siiep BHUITHO,
9TO JIjIsi TUOPUJIHOIO 3aa9HOI0 MOJIX0Aa MMOJIydaeTcss yCKopenue 6oJibine, yeMm B dunctom MPI,
n3-3a TOTO, 9TO B I'UOPUTHOM MOAXO/E JIe/TaeTCsd MeHbIIe TePeCChlJIOK COODIEeHH , 4eM B INCTOM
MPI, u co3maerca MeHbllasg Harpy3ka Ha KOMMYHHUKAITMOHHYIO CETb.

ITpoBOUIKCEH TAKHE YKe SKCIIEPUMEHTHI Ha cynepkoMibiorepe MBC-10IT OIT1 (MCIL PAH)
Ha ouepenn broadwell, cocrosieit u3 nporeccopos Intel Xeon E5-2697Av4 [25]. Kaxnomy y3ay
B OYepe/ COOTBETCTBYIOT 32 s/pa, TECTUPOBAHUE HPOBOAMIOCH Ha 16 y3max (512 sjep Mak-
cumasibho). Ha puc. 6 (cnpaBa) mokaszaHo BpeMsi paboThl THOPUAHBIX HOIXOJ0B B CDABHEHUH C
quctbiM MPIT nogxomom. Buano, aro rubpuansiit 3agadasiit 1 gucteiit MPI nmoaxoabr memon-
CTPUPYIOT MPHUMEPHO OJUHAKOBOE BpeMs pacdera U XOPOIIYI0 MACIITabUPYyeMOCTh, OJIU3KYIO K
JuHeiHoU. ['MOPUIHBIA BEKTOPHBIN MOIX0 UMeeT TaKzKe XOPOIIYI0 MACIITabupyeMOoCThb, OJ113-
KYyIO K JITHEHHOM, HO BUJIHO, 9TO U3-3a 0O0JIHIIOIO BPEMEHHM pacydera Ha, OJHOM y3Jie 9TOT MEeTO/I
OTCTaeT IO IIPOU3BOAUTECJIBHOCTH OT JABYX APYIUX.

5.2. Axsamopus Asosckozo mops. Bropasi cepusi SKCIepUMEHTOB MPOBO/INIACH JIJIsT aKBa-
Topuu A30BCKOr0 MOps ¢ pa3perterneM 250 MeTpoB, pacdeTHas 00JIacTh ¢ pa3mepaMmu 1525 Ha
1115 Touek. PacyeTsl TPOBOIUIHNCH ¢ TTATOM, 1I0 BpeMeHHW PaBHBIM 1 ceKyHJIe, BCEro MpoBOIHU-
Jock 2160 maros. [1aBHas naesd B 9THX SKCIEPUMEHTAX 3aK/JII09AJIaCh B TOM, YTOOBI TOCMOTPETD
HPOU3BOIUTEILHOCTH MOJIEIN MEJJTKOI BO/IbI Ha 3a/1a4e C BO3MOKHBIMI 3 deKTaMn HepaBHOMED-
HOM HArPY3KH HA MPOIECCOPHI U TPOJIEMOHCTPHPOBATHL PAbOTy MeTO/a OATAHCUPOBKHU HATPY3KH
BBIUKCIeHUH. AKBAaTOpus A30BCKOIO MOpPSI COAEPZXKHUT JTOBOJHHO OOJIBIIOE KOJUIECTBO OJIOKOB
(cm. puc. 2). Ilpu pasbuenun stoit akparopun Ha 4096 6J0KOB Gosiee TOJOBHHBI BJIOKOB MO-
aJaeT MOJHOCTBIO Ha CYIILY, TO3TOMY METOAbI DAJAaHCUPOBKH HAIPY3KHU 371eCh OYIYT 0COOEHHO
AKTYyaJIbHbIMU.
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Boraucureabuble 3KCIEPUMEHTHI JIId ITOW aKBATOPUU NMPOBOAWINCH Ha Kjaactepe MBM
PAH na 6 y3nax, cocrosmux u3 aByx mporeccopos Intel Xeon Silver 4214 (24 aapa cymmapuo
Ha y3es). Bo Bcex skcnepuMeHTax pasmep 6J0Ka BHIOHPATICS ONTUMAJIBHBIM JJIsi aKBATOPHH, a
HMEHHO BBIOMpAJIOCh pazdueHue ¢ 256 OJOKaMU IPH pasMepe KaxKIoro 0J0Ka, paBHoro 95 Ha
69 rouex (cm. puc. 5). Ha puc. 7 mokazana mMacmrabupyeMocTsb OJOYHOr0 MeToaa ¢ Hazancu-
POBKOIT HArpy3Ku (CHHSIsI JTUHUS) B CDABHEHUN ¢ DPABHOMEDHBIM pasbuenneM 6e3 6amaHCHPOBKH
Harpysku (KpacHasi quHus). [lyHKTUpHAs JTUHWS TOKA3bIBAET YCKOPEHHEe, DACCIUTAHHOE TOJBKO
JIJIST TIPOIIECCOPOB, YUACTBYIONIUX B BBIYHCJICHHSAX, T. €. IIPOIECCOPBI, HOJTHOCTHIO IOMAIAIONIHE
Ha CYIIy, HTHOPHPYIOTCS TIPHU TojcueTe ycKopenud. V3 puc. 7 BHAHO, 9TO OJOUHBINR MeTO C
6a/IaHCUPOBKON HAI'PY3KHU JIEMOHCTPUPYET JIMTHEHHOE U J1aXKe CBEPX/INHEHHOEe YCKOPEHNE HA Ma-
JIOM KOJUYEeCTBE sifiep, B TO BpeMs Kak MeToJ 0e3 0aJaHCHPOBKH HATPY3KHU JIEMOHCTPHPYET
YCKOpPEHWe B JBa pa3a MeHbInee. KCau Mpu MoJCYeTe YCKOPEHUsI UTHOPUPOBATH MPOIECCOPHI,
HOTIAIAIONIHE TOJTHOCTBIO HA CYIILY, TO BHJHO, YTO YCKOpEHHe MeToja 6e3 OaJaHCHpPOBKU Ha-
I'PY3KH yBeamdupaeTcd npuMepno Ha 30 %, HO Bce paBHO OCTAETCA JAMEKAM OT JUHEHHOIrO
u3-3a HecOaJJaHCUPOBAHHBIX BbIYMCJICHUN HA 3aIPY2KEHHbBIX HPOIECCOPaX.

3akaogyeHme. B pabore Oblia peajim30BaHa TPEXypPOBHEBasl MPOrPAMMHAasi apXHTEKTYpa
JJ14d MO eI MeJIKOt BOJbI, OCHOBaHHad Ha MPUHIUIIE Pa3AeJICHIA O6H3&HHOCT€IU/I " BBICJIAIOIAA
HapaJiieJIbHbIe METOJIbI U TOJIX0/bI B 060COOIEHHYIO JaCTh IIPOrPAMMBI € MEJbI0 UX aJAllTaIlH
U ruOKOi HACTPOUKH IO/ IIEeJIEBYIO BRIYUCIUTEILHYIO CHCTEMY 0€3 U3MEHEeHHH JacTeil mporpam-
MBI, OTBEYAIONINX 3a BBHIYUCJICHHS ypaBHeHUH MenKoil BOgbl. Ha ocmoBe 3To#t mporpaMmHOit
APXUTEKTYPbI B MOJEH MEJKOH BOIBI OBLIN PEATN30BAHbBI CJIEAYIONINE TaPa/LIeIbHBIE METOIbI
U TTOAXO/IbI:

YcoBepIleHCTBOBAHHBIN METO/T JIEKOMIIO3UIMH 001aCTH, TaK HAa3bIBAEMbIH OJIOUHBIN TIOIXO/,
KOHCTPYHUPYIOIU 110100/ IaCTH IPOLeccOPoB U3 Habopa BJ0KOB MaJIoro pasmMepa. biiodnbrit moi-
XOJI TO3BOJISIET CO3JaBaTh MOM00JACTH TPOIECCOPOB MPUMEPHO OJIMHAKOBOIl 3arpyzKeHHOCTH C
UCIIOJIb30BAHUEM METO/IOB OAJITAaHCHPOBKU HAUPY3KU BbIYucaeHUN u 3pdekTuBHO paboTarh C
KoII MaMATBbIO IIPHU BBIYHUCJAECHUAX Ha 6JIOKaX.

lMubpuaabil 3aa9nblii moaxoa ¢ ucnoab3oBanneM Texnoaoruiit MPI u OpenMP, crapsimumit
KazKJIOMY IIOTOKY B COOTBETCTBHE HA0OOP 6J10KOB. B rubputHoM 3a/1a9HOM TOIX0/1e KAazKIBIH 1M0-
TOK CYIIECTBYET U IIPOBOJIUT BBIYUCJIEHUS Ha CBOEil cOOCTBEHHON MOm001aCTH, UTO TO3BOJISET
3P PeKTUBHO padOTATh TOTOKAM C KJII MaMsIThIO PH BbIYUCJIEHUIX Ha cBOuX OJiokax. ['ubpu i-
HBIH TOJIXO/T MO3BOJILET CHU3ATH HATPY3KY HA CETh MPH CUHXPOHU3AINA BHEPACYETHBIX TPDAHUIL
Ha 6OJ'IBH_IOM KOJUYECTBE BHIYUCJIUTE/JIBHBIX Y3JIOB, MOTOMY YTO CUHXPOHU3allUU BHYTPU Y3JIOB
He TPeOYIOTCS U3-3a HAJUYHS OOIIeil HaMsTH.

B pabote ObL10 IPOBEIEHO TECTUPOBAHKE MOJIEIN MEJIKOM BOIBI: IPH pacdeTe Ha OJHOM sijI-
pe Oblia nokasana 3h@eKTuBHOCTL pa3dueHns Ha OJIOKM MaJIoro pa3mMepa u 3pdeKTuBHOCTD
pa6OTbI C K9II NaMATBhIO; IIPU pacdeTe Ha MHOTI'IX BBIYHUCJIHUTE/JIbHBIX y3JlaX 6bIJIO IMOoKa3aHO, 4TO
peaan30BaHHBIN THOPUIHBIN 33/ IaUHbBIN MMOIX0 B MOJEJH B JBa pa3a MPOU3BOIWTEhHEE IH-
POKO PacIpOCTPAHEHHOIO THOPHUTHONO BEKTOPHOI'O MOJAX0/a, W ObLIO HOKA3aHO HPEUMYIIEeCTBO
rubpuIHOTO Moaxoaa B cpaBHeHun ¢ uncTbiM MPI moaxomom. Takzke B pabore ObLIa IPOIEMOH-
cTpupoBaHa 3MPEKTUBHOCTD MeTo1a 0ATaHCUPOBKU HATPY3KU BBIUHCICHUI.

OrMmeruM, 9TO peajM30BaHHAs MPOTPAMMHAS APXUTEKTYpPAa B MOJEJIH MEJTKOH BOIBI
MO3BOJISIET OCYIECTBATH IMOKWiI Tepexoj| He TOJhKO Ha THODPUIHBIE MOJEIN MAPALIETHHOTO
HPOrPaAMMUPOBAaHUs, HO M B HEPCIEKTUBE HA MOJIEIN MapaJLIebHOr0 IPOrPAMMHPOBAHUS JIJIs
reTepOreHHbIX BHIYUCIUTEIbHBIX cucTeM ¢ ucrnoiab3oBanneM Texaoaoruit CUDA, OpenACC u
T. 1. Bce Momudukanmuu mpu mepexoe Ha HOBYIO MOJE]b MapaJlIeTbHOIO MPOrPAaMMHUPOBAHMS
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OyyT OCYIIECTBIATHCA Tak:xKe 6e3 MoauduKalmii 4acteil mporpaMMbl, OTBEYAIONINX 3a BHIYUNC-
JIEHUS yPaBHEHUH MEJIKON BOJIBI, UYTO CYIIECTBEHHO YIIPOIAET PaspabOTKy U IHOJJIEPKKY BCEro
MPOTPAMMHOIO KOMILIEKCA.
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ey baxkanaspuar BMK MI'V mo na-

\?/‘ npasyiernio 01.03.02 ,Ilpukman-

- Hasd MaTeMaTWKa W WHGOPMATH-

“ Ka‘“, Tema IuWILIOMa: ,Peannsa-

g MaPAJICTbHONR BEPCUM MOIEN IUPKY/IAIUN
oxeana INMOM®.

C »tuM jgumyioMoM OH 100eIUI B KOHKYpCE
BBIITYCKHBIX KBasindukaruonabix pabor 2017 roga
dakysmprera BMK MIY, noayawnn aumiom mnobe-
muress 2 crenernu. B 2019 rogy ¢ oTimaneM OKOH-
yun maructparypy BMK MI'Y no mampassienmio
01.04.02 ,Tlpukmaguas maremarnka u wHDOPMa-
THKa', TeMa MarucTepCcKOi guccepTamun: ,, MeTos
OaTaHCUPOBKY HATPY3KW BBIYUCICHUNH C WMCIO/b-
3oBaHueM (ppakTaJbHBIX KpuBbIX 'miasbepra jiist
momern INMOM®. Jla paza y4acTBOBAT B MEXK-
nynaponuoit Pumcko-MoCKOBCKOHM TTKOJTe TT0 MaT-
pPUYHBIM METOAAM M IPUKJ/IAAHON JIMHEHHON aJi-
rebpe, a TaKxKe MIPOXOJUJI JIJINTEJIbHBIE CTAXKU-
POBKM B KA4€CTBE IIPOI'PAMMUCTA-UCCAECIOBATES
B BBICOKOTEXHOJIOTMIHBIX KOMITAHUAX, Tae Pabo-
TaJl ¢ BBICOKONIPOM3BOINTETLHBIMU MTPOTPAMMHEI-
MF KOMILJIEKCAMHU 110 YHUCIEHHOMY MOJETUPOBa-
outo. B HacTodIee BpeMs ABJSETCS aCOUPAHTOM
NBM PAH. O6macts HaydHo# AeATeTbHOCTH CBSI-
3aHa C MaTeMaTHYeCKUM MOJeINPOBAHUEM, IIa-

pPaLIeILHBIM IPOTPAMMUPOBAHUEM U UUCTEHHBIMA
veromamu. Jammeirua A. B. nmeer 4 mybawkanmm
B HayYHBIX M3JaHUAX, HHIeKcupyeMblx B PUTHII u
BxogAIMX B Tekyimii mepeders BAK Poccnnm, uz
Hux 2 mybaukanun 3z WoS u Scopus; 5 nybsinka-
nit B MaTepuaiax KOHepeHInii, NHIEKCUPYEMBIX
B PUHII.
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Matrix Methods and Applied linear algebra,
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research programmer in high-tech companies,
where he worked with high-performance software
for numerical modeling. Currently, he is a post-
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Numerical Mathematics. The field of scientific
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mathematical modeling, parallel programming
and numerical methods. Chaplygin A.V. has 4
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materials.
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I'yce A.B. (uHuerc xup-
ma 17 mo PUHIL u 12 mo WoS,
3a nocsiesiaue 5 jer 50 nybsmka-

- ‘ i, u3 Hux 19 3 WoS u Scopus)

craprr. Hayd. corp. UBM PAH u

“g- O PAH, kamnj. dus.-Mar. HAyK.

e-mail: anatoly.v.gusev@gmail.com, Tes. +7 903
2467187.

Oxonunyn MocKOBCKU# (DUIUKO-TEXHUIECK U
wactutyT B 2005 romy, mocje wero ObLI TPUHAT
B acnupanTypy WHCTUTYTa BBIYUCIATETHHON Ma-
remaruku PAH. B 2009 roxy zammruma guccep-
TAIUI0 HA COMCKAHUE YUEHOH CTENeHW KaH/IM/1aTa
(UBUKO-MATEMATHIECKUX HAYK 110 Teme ,, Jucaen-
Has MOJeIh THIPOJMHAMUKN OKEAHA B KPUBOJIM-
HEHHBIX KOOPIMHATAX JIJIsT BOCIPOU3BEICHUS TTUP-
KyJsisiiiud MUPOBOT'O OKeaHa U ero OT/EIbHBIX aK-
BaTOpwMii
MaTUYECKOE MOJEJTUPOBAHNE, YUCJIEHHBIE METO/IbI
¥ KOMILJTIEKCHI TTpoTrpaMM “. B macTosaree Bpems pa-
6oraer B8 UBM PAH ma moskHOCTH cTapiiero Ha-
yuHoro corpyaauka. O67acTh HaydIHON IesaTe/b-
moctw ['ycea A. B. cBazana ¢ 9ucieHHBIM MOe-
JINPpOBAaHWEM TUPKYJISIIAA OKEaHOB U Mopeit. B oc-
HOBe uccaenoBanuii, mpoBoguMbix B UBM PAH mo
TOMY HAITpABJIEHUIO, JIEXKUT Hay4dHas Oaza, co3/1a-
BaeMas Ha MPOTAKEHUN MHOTUX JIET OCHOBATEIEM
WHCTUTYTa akajgemMukoMm I. M. Mapuykom u ero
yuenukamu. 3a Bpemsi paborsl ['yces A. B. Brec
BoJIbIIION BKJIA)] B CO3JI[AHUE U PA3BUTHE YHUCJIEH-

mo croermanabHocTn 05.13.18 — , Mare-

HOM Momem mupKyadiun Muposoro okeana TBM
PAH u mozmenm KINMaTHYECKOH CUCTEMBI 3eMJIN.
Pazpaborannast um Mofeb, U3BECTHAT B MEYKTY-
HapoaHoM coobmectBe kKak INMOM (Institute of
Numerical Mathematics Ocean Model), naxomur
[IITPOKOe TIpUMeHenne Kak B Poccuu, Tax u 3a py-
OexkoM.
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