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Modeling of natural phenomena such as tsunamis, floods, ocean and river currents, and dam
breaks are pressing environmental problems. Due to the significant difference in the vertical and
horizontal dimensions of the study area, non-stationary two-dimensional hydrodynamic equations
in the shallow water approximation have become very popular among researchers of the processes
under consideration using mathematical modeling methods, which makes it possible to significantly
simplify the mathematical formulation of the problems under consideration. Note, that the accuracy of
numerical prediction using such equations depends on a number of conditions, among which the main
ones are the spatial resolution of the study area and the quality of the selected numerical methods.
However, increasing the spatial resolution significantly increases the time required to obtain a numerical
solution, since in the numerical modeling of processes in the environment, as a rule, explicit or semi-
implicit difference schemes are used with a limitation on the time step, depending on the size of the
spatial grid steps. That is, as a result, due to the need to carry out calculations with a large number
of grid nodes and a smaller time step, calculations on a computer with a sequential architecture can
take quite a long time.

The aim of this work is to formulate a mathematical problem of unsteady isothermal turbulent flows
in river, based on the shallow water approximation, to construct an effective conservative numerical
method, and to develop parallel computing algorithms for multi-core computing systems with shared
RAM.

The turbulent isothermal motion of an incompressible Newtonian fluid in a river flow is considered.
The study area is an open river channel with islands and irregular bottom topography. Current
characteristics can vary significantly over time, and therefore the current is considered unsteady with
potential flooding of coastal areas. The movement of water in a river is determined by the forces of
gravity and friction. In addition, the influence of the Coriolis force and turbulent diffusion on the flow
is taken in to account. It is assumed that the horizontal dimensions of the region significantly exceed
the vertical ones, the Reynolds-averaged flow characteristics change slightly in the vertical direction,
and the vertical pressure distribution is hydrostatic. The thermophysical properties of water (viscosity,
density) are considered constant. For numerical modeling of unsteady isothermal turbulent flows in river
flows, a mathematical model is formulated based on the shallow water approximation for the Reynolds
equations for an incompressible fluid. To take into account the transport, generation, diffusion and
dissipation of turbulent vortices, this work uses the k — € turbulence model constructed by Rastogi
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and Rodi from the original k — ¢ model of Launder and Spalding to close the Reynolds shallow water
equations.

To construct a discrete analogue of the developed mathematical model, the rectangular
computational domain in which the flow with variable boundaries is studied is covered with a structured
mesh with steps Az, Ay, respectively. According to the concept of the finite volume method, each
internal mesh node appears in a separate finite volume. In this case, the values of the flow depth, bottom
topography (and turbulence model parameters) are determined at the nodes of the computational
grid, and the velocity vector components are determined at the midpoints of the corresponding
faces of the finite volumes. The differential equations of the model are integrated over each finite
volume. The equations of motion are approximated in cells shifted by Az/2, Ay/2, respectively. For
approximate calculation of integrals, quadrature formulas of average rectangles are used, derivatives
are approximately calculated using central-difference formulas. To calculate fluxes on the faces of
finite volumes, monotonized upstream van Leer approximations [1| with a limiter [2] are used. When
approximating equations in time, conditionally stable semi-implicit difference schemes are used, which
are conservative not only for the continuity equation, but also for the equations of motion, which is
very important for obtaining non-negative values of flow depth [3]. As a result, semi-implicit difference
schemes of first order approximation in time and second order in spatial coordinates are obtained.

The classical two-dimensional Thacker problem of fluid oscillations without friction in a reservoir
whose bottom is a paraboloid was considered as a problem on which the accuracy of calculations and
the quality of parallelization were tested. Satisfactory agreement between the calculated values of the
flow depth and the analytical solution was obtained.

The constructed semi-implicit difference scheme on staggered difference grids has great potential
for creating an efficient parallel program, since at each time step, calculations of depth or velocity
components can be performed simultaneously and independently in each computational node of the
grid. On a server with a total memory of 192 GB and two twelve-core Intel Xeon Silver 4214 2.2
GHz processors and one NVIDIA GeForce RTX2080 Ti graphics card, a study was conducted of
the effectiveness of parallel programs built using low-cost parallel programming technologies Open
Multi-Processing and Open Accelerators. In these programs, using OpenMP or OpenACC parallel
technologies, the execution of iterations of nested loops was evenly distributed among the active
threads/processes of the central or graphic processor cores.

The calculation using a sequential program for the conditions under consideration on the server
was 547.7 s (500x500 grid) and 4606.4 s (1000x 1000 grid). Parallel calculations showed that the use of
OpenMP technology for two twelve-core central processors makes it possible to speed up the computing
process by more than 15 times. Using OpenACC technology when calculating on the same multi-core
system and the NVIDIA GeForce RTX2080 Ti graphics processor gives a speedup of more than 25.

Key words: parallel computations, shallow water equations, shared memory computers,
OpenMP, OpenACC.
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JLJtst 1MCJIEHHOTO MOJIEIMPOBAHNS HECTAIMOHAPHBIX M30TEPMUIECKUX TYPOYJIEHTHBIX TedeHuil B ped-
HBIX [IOTOKaX CPOPMY/IMPOBAHA MAaTeMATHIECKasd MOJIEIb, OIIMPAIOIIAACT HA TPUOIHKEHNE METKON
BOJIbI Jjisi ypaBHeHuit Peltrosibica jijis HECXKUMAEMON KUIKOCTH, 3DPEKTUBHBINA YNC/ICHHBIH Me-
TOJT, 06€CTIeUNBAIOIIUI B PAMKAX WCIO/Ib30BAHUA METOAd KOHETHOTO 00beMa, CTPYKTYPUPOBAHHBIX
Pa3HECEHHBIX CETOK U MOJIYHEsIBHBIX PA3HOCTHBIX CXeM BBITIOJIHEHUE HA PA3HOCTHOM YPOBHE 3aKOHOB
COXPAHEHUsT MACCHI W WUMIY/IbCA. BbluncanTenbHad peaan3anus MTPeIIoKeHHON MOogenn 1 MeToaa
HbL1a TPOTECTUPOBAHA HA AHAJUTUYIECKOM pelreHnn Takepa u pacnapaJuie/ieHa ¢ TOMOIIBI TEXHO-
goruit OpenMP u OpenACC na rubpuaHoil MHOTOSAEPHON cucTeMe ¢ obIeil maMarbio. Pacuers
oKa3aJ/u, 9To ucnoJb3opanue rexuogorun OpenMP s nByx jBeHaANaTUAIEPHBIX TEHTPAIBHBIX
MIPOIECCOPOB 03BoJigeT Hostee yeM B 15 pa3 yCKOPUTH BBIMUCINTENLHBIN rportece. Mcmonmp3opanme
texaogorun OpenACC mpu pacderax Ha 3TOH Ke MHOTOSIIEPHON crucTeMe n TpaduIeckoM TpoIec-
cope NVIDIA GeForce RTX2080Ti maer yckopenue 6ojiee aem B 25.

KiroueBbie €JI0Ba: Napaslie/bHbIE BbIUYNCACHAS, yPABHEHUS MEJKON BOJIbI, CUCTEMBI ¢ 00meit
mamsaTbio, OpenMP, OpenACC.

BBenenune. MojennpoBanne TakKuX IMPUPOIHBIX ABJeHUN KakK IyHAMHU, HABOJIHEHUd, OKea-
HUYECKUEe U PEUYHbIe TeUYeHUs, HIPOPBIB JIaMObl dBJISIOTCH aKTyaJIbHbIMH 1IPOOJIEMaMU OKPY ZKAI0-
meit cpesibl. B custy cynecTBeHHOrO pa3/inyus B BEPTUKAJBHBIX U TOPU30HTAIbBHBIX pa3zMepax
obJ1acTu OOJIBINYIO TIONMYAIPHOCTD Y UCCAe0BATEIEH PACCMATPUBAEMBIX ITPOIECCOB € MOMOIIIHIO
METOJI0B MaTeMaTUICCKOrO MOJICTHPOBAHIS IPUOOPEH HeCTAIIMOHAPHDIE JIBYMEPHbIE I'UIPOIH-
HAMUYECKHe YPaBHEHHsI B TPUOIHKEHUN MeJIKO# BOJbI |1, O3BOIAIONIME 3HAYUTEBLHO YIIPO-
CTUTh MATEeMAaTHYECKYIO IMOCTAHOBKY TpobeM. 3aMeTHM, OJHAKO, YTO TOYHOCTH UUCJIEHHOTO
MPOTHO3a ¢ TOMONIHIO TAKWX YPaBHEHHIl 3aBUCUT OT PJia yCJIOBUI, Cpei KOTOPHIX OCHOBHBI-
MU SBJISIOTCS MPOCTPAHCTBEHHOE pas3perienue 00JIaCTH UCC/IEI0BAHNS U KA4eCTBO BHIOPAHHBIX
YUCJTEHHBIX MeTOJ0B. (JJIHAKO MOBBIIMIEHNE IIPOCTPAHCTBEHHOTO pa3pelleHus CYIeCTBEHHO YBe-
JIMYMBaeT BpeMeHHble 3aTpaThl HA IMOJIyUeHHe YUCJIEHHOTO pellleHus, MOCKOJIbKY IPU YHUCJIeH-
HOM MOJIeTUPOBAHUH IIPOIECCOB B OKPY¥Kalolllelt cpeje, KaK MPAaBUIO, UCIOJb3YIOTCS SBHBIE
WM TOJyHEsIBHbIE PA3HOCTHBIE CXeMbl ¢ OFpAaHHYEHHWeM Ha TMar 10 BPeMEeHH, 3aBUCIIIUM OT
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pa3mMepa ImaroB IpOCTPAHCTBEHHON ceTkr. 10 ecTh B UTOre n3-3a HeOOXOAMMOCTH BECTH BHITHC-
JieHud ¢ OOJIBIIUM KOJIUIECTBOM Y3JIOB CETKU ¥ MEHBIION BeJTMYMHON Iara 1mo BpeMeHu pacde-
THI Ha KOMIBIOTEpE C MOCJEI0BATEIbHON apXUTEKTYPOil MOI'YT 3aHHMATDh JOCTATOYHO JIOJITOE
Bpems [2-3|. st yCKOpEeHUsT BBIYUC/IEHNE ¢ BBICOKHM MPOCTPAHCTBEHHBIM Da3pENIeHueM IeJie-
co00pa3HO UCIO/Ib30BATDH MAPAJIJIE/IbHBIE KOMITBIOTEPHBIE TEXHOJIOIUH, KOTOPbIE OU€Hb BaZKHBI
n KpaﬁHe HeO6XOﬂHMbI. B HaCTOAIee BpeMd Ha COBPEMEHHBIX MHOT'OAA€ PHBIX MHOT'OIIPOIECCOP-
HBIX BBIYUCJIUTEJIIBHBIX CHUCTEMaAX HaI/I6OJIee MONMYJIAPHBIMHA ABJAIOTCA CJHAEIYIOINE TEXHOJIOTUU
[3-9]: Message Passing Interface (MPI), Open Multi-Processing (OpenMP), OpenAccelerators
(OpenACC), Compute Unified Device Architecture (CUDA). C yderom 5TOro mapaJsuiebHast
peajin3alins YMCJIEHHBIX MO/Ie/1ei, OCHOBAHHBIX HA YPABHEHUAX MEJIKON BOJIbI, MOXKeT ObITh pa3-
JIeJIEHA HA TPU KATErOpuu:

— MOJeJIN, OpUEeHTHPOBaHHBIE Ha MaCCUBHBIE BHIYUC/IUTE/JIbHBIE CUCTEMbBI C MHOTOAAEPHBIMNU
y3JaMHU U pacipeseeHHoil TaMaThIo, HCIOIb3YIOT, KaK ITPABU/I0, TEXHOJOIUH MapaIIeIbHOrO
nporpammuposaaug MPI i MPI+OpenMP [3, 5, §;

— MOJCJIM, OPUCHTHUPDOBAaHHbIC Ha MHOI'OAAE€PHbIC BbIYUC/JIUTEC/IbHBIE CUCTEMbl C O6]l[eIU/I OI1e-
PATHBHOI MaMsIThio, Henob3yoT Texnoaoruio OpenMP (3, 6, §];

— MOJAEJIHU, OpUEHTUPOBaHHBIE Ha FI/I6pI/I,ZLHbI€ BBIYUCJIUTEJIbHBIE CUCTEMDBI C IEHTPaJIbHBIMU U
rpacdugeckumu MaOroOsIepHbIME TTponieccopamu (CPU+GPU) u ofimeii onepaTuBHO TaMITBIO,
ucob3yior texuogorun CUDA win OpenACC [7-9).

[Ipu ucmoabp30BaHUN BHIYHCIUTEILHBIX CUCTEM ¢ OOIIeil OImepaTHBHON MaMIThIO OOMEH JTaH-
HBIMH MEXK/Y IapaJlJleJIbHO HCIIOJIHAEMbIMHA HUTAMK IIPDOIPaMMbl OCYHIECTBJIAETCA IIyTeM 4YTe-
HUAd W 3allUCU I/IHCI)OpMaL[I/H/I IIpdaMoO B OHepaTHBHOfI maMATHU, 9TO IO3BOJIAET Jierde pelniaThb
pobJieMbl OAJIAHCUPOBKH O0IIIel BBIYUCIUTETbHON HAIPY3KH MEXK/Jy aKTUBHBIMU HUTAMH. B
texnoorun OpenMP ocHoBHBIM cpeacTBOM OaJJaHCHPOBKH HATIPY3KH SBJIAETCA paclpejesie-
HUE WTepanuii BIOKEHHBIX [UKJIOB MeXKIy AKTHBHBIME HUTAMHE/mponeccamu. [lapaieabHbie
IpPOrPaMMBbl, PA3BUBAEMble Ha OCHOBE TOTO IMOJX0/Id, UMEIOT IIPEUMYIIECTBA B IPOCTOTE Pa3-
paboTKn Koja, Xoporreii mMacmrabupyemMoctn u nepeHocumoctu. Hampuwmep, B |3| ypaBrenns
MEJIKO#l BOJIbI PEIIaloTCAd METOJaMU KOHEYHBIX Pa3HOCTEH M KOHEYHBIX 00bEMOB B PAMKaxX CXeM
Jlakca-®punpuxca, Jlakca-Benapodda n Makkopmaka. AJTOPHTMBI paclapaJlieeHbl ¢ HC-
nosb3oBanueM OpenMP u MPI. Pesynbrarsl uamepenus 3pGeKTUBHOCTH MapaIIeIbHBIX MPO-
rpamm 1oka3eiBaioT, 1To OpenMP, Tak xe kak MPI noaxomgar s pacnapasieimBanus mpo-
rpaMM YHCJIEHHOI'O pEHICeHHud ypaBHEHUA MEeJIKO1 BOAbI, TOCKOJIBKY 3HaUeHU A SCbeeKTI/IBHOCTI/I
s cetok 400x400, ..., 20002000 me onyckamuch Huke 85 % BO BpeMs TECTHPOBAHUS HA
OTHOCHTETHHO HEeGOIBIIOM KoJudecTse sep (4 u Gosbiie).

B MPI-nmapa/ieTbHBIX TpOrpaMMaX IUCJIEHHOTO PelleHnsT YpaBHEeHHI MeJTKOH BOJIBI pacIrpe-
JACJICHUEC BbIYMCJICHU MexKAYy OTACJIbHBIMKA MHOI'OIIPOLECCOPHbIMU MHOI'OAJCPHbIMHA BblI1UCJIN-
TeJbHBIMHA y3JIaMH C JIOKAJIbHOM OHepaTI/IBHOIU/I HaMATbIO, CBA3aHHBIMHA KOMHbIOTepHOIU/I CeThIO,
MEJTMKOM JIEYKUT Ha pa3paboTdnKe MapasiiebHOTO MTPOTPAMMHOTO 0DeCedeHnsi. JTO ¢ OJHOMN
CTOPOHBI 3HAYUTEJHHO IOBBIIIAET TPYIOEMKOCTb IIPOrPAMMHPOBAHUS, C JAPYTroii — OTKPbIBa-
eT JIONOJTHUTE/IbHBIE BO3MOXKHOCTH MACIITAOMPYEeMOCTH TapaJlIeJbHBIX HTPUJIOKEHHUI 3a cuer
BO3MOYKHOCTH TIPDHBJICUEHUS GOJIBITEr0 KOJUIECTBA BBIYUCIUTENbHBIX pecypcoB (CPUs), uem
B CJy4Yae BbIYUCJIUTE/JIbHBIX CHCTEM C O6H_[€IU/I IIaMATBIO. SaMeTI/IM, OJIHAKO, 4YTO TaKH€ BbIYUC-
JINTEJbHBIE CHCTEMBI KJIACTEPHOI'O THUIIa BCTPEUYAIOTCS TOpasao pexe, dem cepsepa ¢ 1-2 CPU
u obmieit onepaTuBHON NaMATbIo. B mociieinee BpeMs Ji1g MOJICTUPOBAHUS OKEAHUIECKUX Te-
YeHu# B NPHOJIMKEHUH MEJTKOH BOJBI OBLIN IOJIYYEHBI YCIEIIHbIE Pe3y/JIbTAThl B COBMECTHOM
HPUBJICYCHUN JIBYX TEXHOJOTM MapasienbHoro nporpammuposanus: MPI+OpenMP. Hanpu-
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Mep, B [5] 6611 paspaboran rubpuanbiit 3agaunbit MPI+OpenMP noaxos perennst ypaBrenuii
MEJIKO#l BOJIBI ¢ TIOMOIIBIO AIIPOKCUMAIIANE BTOPOTO IOPs/IKA HA PA3HECEHHBIX CeTKAaX M ABHOM
YUCJEHHON CXeMBbI «4exapjar, obecreduBaiomuii Ha cerke 1525x1115 sadpdbexktuBnocTsh 6osee
90 % (meckosbko Bhimie, yeM uncTbiii MPI) npu ucnonb3oBanuu 144 BHIYUCIUTETHHBIX SITIED.

Cpenin Bcex mapaJuie/IbHbIX TPOrPaMM, OPUEHTHPOBAHHBIX HA BBIYUC/IUTEIHLHBIE CHCTEMBI C
o0rieit maMAThIO, MPOrPaMMbl, HCIOJb3YIONIHE rpadpudecKue Mmporneccopbl, JAl0T HauOOJIbIIee
YCKOpeHWe B TapajuiesibHbIX Bhiaucsiennsx [7-9|. Hamuawne Gosbrrero uncia (10 HECKOJbKHX
THICSAY) TPOU3BOIUTETHHBIX JIJI PACIETOB € ILIABAIOIIEH TOYKOM rpaduuecKux MporeccopoB
OTKpPBIBaeT OOJbIINE BO3MOYKHOCTH IS COKPAIIEHUs] BpEMEHH ITPOBeIeHusT OOJIBIIIOro 00beMa
soraucsennii [7-9|. Tpyaoemkocts nporpamvuposanust B pamkax rexuosorun OpenACC nesHa-
YUTEIHLHO OTIHIAETCS OT TPYIOEMKOCTH HCIOb30Banus Texunoorun OpenMP, momomauTe -
HOW HEOOXOIMMOCTBIO SABJIseTCd obecrieuenne nepegadn nHQOPMAIMT MeZKIy 0OIIel maMaThio
KOMIIBIOTEpPA M NMaMATbhio rpadudeckoil kKaprbl. Hecko/bKo BbINIE TPYI0EMKOCTH ITPOrPaMMHU-
poanust CUDA-npmioKeHnii, mOCKOJbKY B Heil momobno MPI, pacmpenesnenne BoraucaeHuii B
OOJIBIIIEH CTEIeHN JIeKUT HA PAa3paboTduKe napasiesabHoii nporpamMmer. Tem ne menee, B |7] uc-
noJsib30BaHue B Borauciaennsax rpaduaeckoit kaprsl NVIDIA Tesla K20 u rexuomorun OpenACC
IpU MOJIEJIMPOBAHUN peaJbHBIX HaBojHeHUit B Kurae Ha TPEyrosbHON ceTKe ¢ KOJMYECTBOM
y370B 2868736 yaagoch AOCTUYb YCKOPeHHS B 31 pa3 1Mo CpaBHEHUIO C IOCJIe/I0BATebHBIMA
Berunciaenus Ha CPU Intel Xeon E5-2690 @ 3.0 GHz.

Henpio pamHoit paboOTHl sBasgeTCss (POPMYINPOBKA MATEMATHUECKO IMOCTAHOBKHU 329U O
HECTAITMOHAPHBIX U30TEPMUYECKUX TYPOYJCHTHBIX TEUYEHHUSIX B PEUYHBIX MOTOKAX, OMUPAIONIEii-
cd Ha MPUOIMKEHNEe MEJIKOH BOJIbI, TOCTPOeHNE 3(PPEKTUBHOTO KOHCEPBATUBHOTO YHUCJIEHHOTO
MeTO/1a, pa3paboTKa Mapasiie/IbHbIX BHIYACIUTEIbHBIX aJITOPUTMOB /It MHOT'OSI/IEPHBIX BBIYUC-
JINTEJILHBIX CHCTEM ¢ ODIIell olepaTuBHON HaMITBHIO.

1. IlocranmoBka 3amaum. PaccmarpuBaercd TypOYIEHTHOE H30TEPMHUUYECKOE IBUXKEHHE
HECZKMMAaeMOil HbIOTOHOBCKOI JKUJIKOCTH B PedHOM moToKe. O0/1acTh HCCIe0BaHMST TPEICTaB-
Jisger coboil y4acTOK OTKPBITOIO PEYHOTO PyCJjia ¢ OCTPOBAMHU U HEPETyJIsapPHLIM peibedoMm JTHA.
XapakTepUCTUKU T€YEeHUA MOI'YT 3HAUUTEIbHO MEHATHCA CO BpeMeHeM, U [IOTOMY TedeHHue CUu-
TaeTCs HeCTAIMOHAPHLIM. /[BU2KeHre BOJIBI B peKe OIpeiesIsdeTcs CHIaMi I'PABUTAIINN U TPEHHSI.
Kpowme Toro, yauTbiBaeTcst BIusHAE Ha TedeHue cuiabl Kopuosuca u TypbynenTnoit nuddysum.

[Ipejnosiaraercs, 410 rOpU30HTAIbHbIE PA3MePbl 00JIACTH CYIIECTBEHHO MPEBOCXOJAT BEP-
THUKAJbHBIE, OCPeHEeHHbIe 0 PeiiHo/IbACY XapaKTepUCTUKHN TeYeHUs CJaad0 MEHSIOTCH B Bep-
THUKAJIHHOM HAIPABJICHUH, a BEPTUKAJIHHOE pacipesie/ieHne TaBICHUs ABIACTCA MUIPOCTATHYIE-
ckuM. Temnodusndeckue cBORCTBA BOJbI (BI3KOCTh, MIOTHOCTH) CYUTAIOTCS TOCTOSTHHBIMH.

1.1. Cucmema ypasnenuti u xpaesvie yciosus. Maremarudeckass MOAeTb B NPHOIMKEHUH
MesKoit Bozbl |10] BKiogaeT ypaBHeHHE HEPA3PBIBHOCTH:
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YpaBHEeHUAd OBUXKEHUA:

J(hu) N O(hu?) N O(huv) Az +h)  10(h7es) N la(hTmy)_i_

ot ox oy = —9h ox +; ox p Oy
(= (mh
J(hv) N O(huv) N o(hv?) ' Iz +h)  10(hry,) 10(h7y,) @)
ot 0z - e T T T oy
+(TyZ)s ; (Ty2)o — hF,.

Baecy h(t,r,y) — vuybuna; u(t,r,y), v(t,x,y) — ocpeJHEeHHbIE 1O IJyOMHE 3HAUEHUS] KOM-
IIOHEHT BEKTOPA CKOPOCTH; 2(2,y) — penabed aHa; p — IIOTHOCTH BOIBI, § — YCKODEHHE CBO-
GOAHOTO HAMCHUS, Tyy, Tyys Tyz, Tyy — OCPEIHEHHBIE TIO DVIYOHHE KOMIOHEHTHI TEH30PA BA3KAX
HAIPsKeHnil 1 HanpskeHuit Peitnonbaca; (7,:)s, (Tuz)b, (Ty2)ss (Tyz)p — TPEHHE HA MOBEPXHOCTH
BOJBI U HA JHE, COOTBETCTBeHHO. IIpenmonaraercs, 9To B paCCMATPUBACMOM CIy4ae BETPOBOE
TpeHI/Ie HE€ OKa3bIBa€T Ha peque TEeYCHUEC 3HAYUTEC/IbHOI'O BJIMAHNA U HOTOMy HE qu/ITbIBaeTCH B
mozean. OcpeHennble 110 IyOuHe KOMIOHEHTh! CUIbl KOpHO/IICa OLpeIe/IdioTCs CIe 1y IOIIM
obpazowm:

F, = (—4n/7)sin(lat)v, F,, = (47 /7) sin(lat)u,

rae lat — reorpadudecKkast MUpoTa, T — TPOJOJIKUTEIBHOCTH CYTOK B CEKYHIaX.
Jlas1 monydYeHnsT HEM3BECTHBIX 3HAYEHWI KOMIIOHEHT TEeH30pa HAIpSKEeHWH B ypaBHEHHUSIX
MOJIEIN UCIIOIb3YIOTCS TpaIieHTHbIE COOTHOIIEeHNs ByccrmHecka:

Ta Ty Ju Ov
= S rw (a—wa—)
Tz ou 2
P = 2v+ Vt)@x - gk’ ®)
Tyy ov 2
v _ 9 ety 2
; (1/+7/t)8y 3k

rjie v — MOJIEKYJidpHas KHHeMaTu4decKas BA3KOCTb BOJIbI, V; — TYpPOyJIeHTHAS BA3KOCTb, kK —
KUHETUYECKas SHEPrus TypPOYIeHTHOCTH.
T'penune o THO ompe/iessgeTcsa Kak:

(Twz)o = pesulWl, (7,.)s = pesu|W,

rje ¢f — Ko3pdUIUuenT TpeHud, 3aBucAmuil 0T GU3NIeCKUX XapakKTePUCTHK PycJia WU KaHasla:
¢y = gn?/h%? onpenensercs u3 3akona Tpenusi Manuunra, rue n — kosddunuent Mannunra,
XapaKTepU3YIONIHii MepoXoBaTOCTh PYCIa, |W| — MOIY/Ib BEKTOpa CKOPOCTH.

s ydera nepenoca, reaepanuu, Juddys3un u guccunanuy TypOyJIeHTHBIX BUXPel B JaHHON
pabore 119 3aMbIKaHUS YPABHEHUI MEJIKONH BOJIbI MPUMEHSIETCS k — € MOJeh Ty POy IeHTHOCTH,
noctpoentas Pacrorn u Poxu [11] u3 opurnnansnoit k —e momenu Jlayunepa u Crosumra [12]
JIJIs 3aMBbIKaHUs ypaBHeHUH PeitHobcA.

Ha Bx07e B pacueTHyio 00JacTh 3a/a10TC OJHOPOTHBIE NMPOMUIN HOPMATHHOH K TPAHUIE
KOMIIOHEHTBI CKOpocTu 1oToKa Uy, snepruu TypOYJEeHTHOCTH Ko, JUCCULAIMHU €9 U TJIyOUHbBI
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Puc. 1. Pacuernas cerka. Kpyribie 3Ha4Ku COOTBETCTBYIOT IEHTPY KOHEYHOTO 00beMa, 3AMOIHEHHBIE POMOBI —

KOMIIOHEHTE CKOPOCTH U, OTKPBITHIE pOM6bI — v

OTOKA, N, MOJYUEHHbIE 3 IMINPUICCKUX JAHHBIX. [oepednas KOMIIOHEHTa CKOPOCTH TOTOKA,
Ha BXOJE 3a/a€TCs PaBHOH Hy/10. B KadecTBe IPaHUYHBIX YCJOBHHA Ha BBIXOAE U3 00JaCTH
HCIOJIb3YeTC PABEHCTBO HYJIIO IIPOU3BOJHBIX [0 BHEINIHEHl HOpMaJu K BBIXOIHOI I'DaHUIE st
OCHOBHBIX XapaKTEePUCTUK TeYeHUs. B HayaabHBIA MOMEHT paclipejesieHus TIYOUHBI II0TOKA
KOMIIOHEHT CKOPOCTH W TapaMeTPOB SHEPIUU TYyPOYJEHTHOCTH Ha PacCMATPHBAEMON 00JaCTH
CYMTAIOTCSA N3BECTHBLIMH.

2. YuciaeHHslii Meron. /lis mocrpoennst IMCKPETHOrO aHaaora paspabaTbiBaeMoil Ma-
TeMATHIeCKOil MoJenn pacderHas obsacts pasmepom [0,L,] x [0,L,], B koTOpoil Hccaemyer-
Csl TE€UYEHHe MOTOKA C II€PEMEHHBIMH I'PAHUIAMHE, ITOKPBIBAETCA CTPYKTYPUPOBAHHOU CETKOM ¢
maramu Az, Ay, coorBercTBeHHo. COMIACHO KOHIIEIIIAA METOIa KOHEYHBIX 00bEMOB, KasK IbIii
BHYTDEHHUIT y3€JI CeTKN OKA3bIBACTCsI B OT/JEIbHOM KoHedHOM obbeme (puc. 1). Ilpu sTom 3Ha-
deHust PIyOMHBI TOTOKA, pestbeda jHa (1 mapaMeTpoB MOAeIN TYPOYJIEHTHOCTH) OMPeIeIAI0TCs
B y3JIaX PACUYeTHON CETKM, a KOMIIOHEHTHI BEKTOPA CKOPOCTH — B CEPEINHAX COOTBETCTBYIOIINX
rpaHeil KOHeYHbIX 00beMoB. /1 paccMaTpuBaeMoro (pparMeHTa CeTKU MCHOJIb3YHOTCS CIIey-
forue obo3HaueHust. Kaykiblii KOHEUHBIH 00beM CeTKH MMeeT 3amaIHyto (W), BOCTOIHYO (e),
ceBepHyIo (n) u 0xuyio (s) rpauunpt 1 nentp (P). Henrpor coceunx KonedHbx 06beMOB 060~
suagaorca W, E, N, S, coorsercTBenno.

Hunddepennmaibabie ypaBHEHUS MO/ HHTETPUPYIOTCS MO KaXKJIOMY KOHEYHOMY 0ObheMy.
YpaBHEHUs JIBUZKEHHs AllIPOKCUMUPYIOTCS B siueiikax, cABUHYTHIX HAa Ax/2 u Ay/2, coorer-
cTBeHHO. [Ij1g NpubIMKeHHOTO BBIYUC/IEHUS MHTEIPAJIOB MCIOJIb3YIOTCA KBaapaTypHble ¢dhop-
MYJIBI CDEIHAX MPAMOYTOILHAKOB, TPOU3BOIHDIE TPUOIMKEHHO BEIUUCISIIOTCA MO NEeHTPAIbLHO-
pasuocTHbIM (opmyaam. [Ipn annpokcumaruy ypaBHEHHI 110 BPEMEHU UCIOJIb3YIOTCS YCJIOBHO
YCTOWYMBBIE MOJYHEABHBIC PA3HOCTHBIC CXEMbI, KOHCEPBATUBHBLIC HE TOJBKO /ISt YDPABHEHUS
HepaspbiBHOCTH (1), HO W I ypaBHEeHUit JBuzKeHus (2), 9TO BeCbMa BayKHO JIJIsl MOJIyYeHUsT
HEeOTPUIATENbHBIX 3HAUeHU T1yGHHB ToTOKa h [13].

B urore mosygaiorca noayHesaBHBIE PA3HOCTHBIE CXEMBI MEPBOTO MOPAIKA AMTPOKCUMAIIIH
10 BPEMEHH ¥ BTOPOI0 — 1O IPOCTPAHCTBEHHBIM KOODMHATAM.
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byt —hy  GE-GY | Gi-GY
- + =

0, 4
Aty Ax Ay 4)
ul' —ug 1 pUp =G pUup il p e
Aty, h* Az c Az
k k k k k k
+i qy nellne — qy seUse . uk qy ne qy ne + (5)
h* Ay ¢ Ay
k+1 k+1 — k|, k+1
- cr|Welue k k
4 E P e o D$ F:c — 07
P S~ (D)) + ()
k+1 _ .k 1 k k _ k k k _ .k
Aty hk Ax Ax
_}_i q]gj ijk\;/_ql; PUB _qulng—qlng n (6)
hk Ay " Ay
kE+1 £k+1 c ’v—‘;k’UInﬁl
+9 X r [ n - (Dy)i + (Fy)lrfz =0.

Ar 0wk

3aech & = z, + h — yposenb nosepxuoctu Bogpl, (D,)F, (D,)% — annpokcumamuu muddy-
3MOHHBIX CJIaraeMbIX ypaBHeHuit (2); 1yist BBIYUCICHHS TIOTOKOB HA IPAHSX KOHEUYHBIX 00bEMOB
Ge = (uh)e = (¢z)e, Gn, = (Vh),, = (gy)n ACIOTBIYIOTCS MOHOTOHU3UPOBAHHDIE IIPOTHBOIOTOKO-

Bble annpokcuManuu Ban Jlupa [14] ¢ orpannantenem [15]:

o {ue(hp +0.50(0%)(hp — hp)),ue > 0 (8) = max (O’mm (mm <20, eﬁ) 2))

ue(hE + 05\11(8_)(]1]5 - hp)), Ue < 0 3

gr _ e —hw

€ hg —hp’
0 hgg — hg

€ hg — hp

h h xre Tw
he = %7%{:P = %7‘]:06 = hP max (’LLe,O) - hE max (—’LLe,O),
Grw = hw max (uy,,0) — hp max (—u,,0);
Qyne = qynT—i_qys; ¢yn = hp max (v,,0) — hy max (—vy,,0),

qys = hg max (vs,0) — hp max (—v,,0).

[Tpu BBHIYHC/IEHUN IOTOKOB — IIPOU3BEIEHUIT ¢y 5 le, Qynelline, QrenVen; dyNUN TAKIKE HCIOJIBb3YHOTCS
anmpokcuManyn BaH Jlupa [14] ¢ orpannantesem [15], pacemorpenubie Boime. st yeToiiauBoro
10 BPEMEHU MHTErpupoBaHusi ypaBHeHuii (4)—(6) BesudnHA 1Iara MO0 BPEMEHU BBHIOHDPAETCS U3
YCIOBUS
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Puc. 2. CpaBHeHne pacdeToB (OTKPBITHIE KPYXKKN) W AHAJMUTUIECKOTO DEIeHus (JIMHWS) JJist Ty OUHBI
skugkocern h (a) w morpentHocTh pacderor (6) myst 2D 3amaun Takepa [16] B Toure (1.004m; 1.004Mm) myst Tpex

[IEPHUOIOB KOJTEOAHUI KUIKOCTH

max (Azx, Ay)

2 (1Wh| + /oh})

Takoit mmar oGecnednBaeT HEOTPUIATETLHOCTE LIyouHb oToka (hst! > 0).

B xadecTBe 3aja4n, Ha KOTOPOH IPOBOIUJIOCH TeCTHPOBAHUE TOYHOCTH BBIYUCJICHUH U Ka-
JecTBa paclapaljle/InBaHnsd, paccCMaTpPHBaIach KJaccudeckad JIByMepHad 3ajada Takepa o Ko-
JgebaHnn KUIKOCTH Oe3 TpeHusi B BOJOeMe, JHO KOTOPOro IpeacTaB/IseT coboil mapaboJIonI.
AnannTudeckoe perrenne 3aJa4u IpeacTasieto B [16] u umeer Bu:

Aty < (7)

h(z,y,t) = 77(% [2(x — L/2)cos(wt) + 2(y — L/2)sin(wt) — n] — zp(x,y);
u(z,y,t) = —nw X sin(wt); (8)
v(x,y,t) = nw X cos(wt),

a pesibed> aHA onpeeasgerca hopMyoi:

a?

ao(ey) = —ho (1 - ﬂ) P eg) = (@ — Lj2 + (y — L/2)"

Bnech L, = L, = L = 4m,a = 1m, hg = 0.1m, 7 = 0.5M, w = /2gho/a, ¢t

Jlist 9TOr0 Ccirydasi ABUKYIIAsACS Oeperopas JUHUA IPeAcTaB/iser coboi smic. CBoboHas
HOBEPXHOCTD KUJKOCTH COBEPIIAET MEePHOANYECKOE JIBUZKEHUE M OCTAeTCs ILIOCKOH BO BpeMe-
Hu. UTOOBI MpecTaBuTh cede 3TOT caydail, Hy’KHO paccMOTpeTh cocyl B (bopme mapabdoJionia,
BHYTPH KOTOPOT'O BpalaeTcs *KUJIKOCTh. B pacderax mcnosb3oaaack ceTka H00x500. 1o Bpe-
MEHH BBIYHCJIUTEJIBHBIN ITpolece IIWICS TPU IIeproja KosaebaHuil »KUJIKOCTH B MapaboIoue.
[ITar mo BpeMeHHU OMpeNesIsiacs U3 YCAOBHSI YCTONIUBOCTH PA3ZHOCTHBIX cxeM (7).

Ha puc. 2, a, npejcrapiens rpadukn n3MeHeHUs! IJIyOMHBI IIOTOKA C TeYeHWeM BPEMEHH B
rouke (z = 1,004m;y = 1,004m). VI3 pucyHka BHIHO, 9TO B PACCMATPUBAEMOM IPOMEKYTKE
BpeMeHH BOJIHA TPOEKPATHO HaOeraeT Ha yKa3aHHOEe II0JI0OKeHHE Ha IOBEPXHOCTH IapadOIOnIA.
OTKpBITHIE 3HAYKH HA PHC. 2, a, COOTBETCTBYIOT Pe3y/IbTaTaM UYHCJIEHHBIX PACcYeToB, & JUHUA
— aHasmTHueckoMy perrernio [16]. Ha puc. 2, 6, B pacdueTHble MOMEHTBI BpeMeHU H300payKeH
MOAYJIb PAa3HOCTHU YHUCJEHHOI'O U aHAJIUTUYICCKOI'O pe]lIeHI/Ifl JJIA I‘J'Iy6I/IHbI TedyeHud B 3TOH 2Ke
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touke. Buano, 4To nanbosbinee pacxokaeHue it PACCMaTPUBAEMOrO TTOJIOKEHNAsST IMEET MECTO
B CJIydae Hadajia U KOHIA POXOZKIeHUd BOJIHBI. [locsieHee MoxKeT ObITH CBA3aHO C T€M, YTO B
AHAJIMTHIECKOM DEIleHUH TPAHUIIBI BOJHBI ABJIAIOTCA HEPepbIBHBIME (DYHKIUSMHA OT BPEMEHH
1 KOODJWHAT, a B YHCJEHHBIX pAcueTaX IMOJOKEeHHEe I'PDAHUIBI MEHAEeTCS JUCKPETHO C IMAroM,
paBHBIM pasMepy dueiikn. Tem He MeHee, KOrja KUJIKOCTh HAKPbIBAET PACCMATPUBAEMYIO TOY-
Ky, TIOTPEITHOCTh Pacyuera TIyOMHbI yMeHbIaeTcs B 4 pasa.

3. ITapanaeabHasa peaau3aiiud. [locTpoenHas BbITe MOJIYHEsSTBHAST PA3HOCTHAST CXeMa, Ha,
Pa3sHECEHHBIX PA3HOCTHBIX CETKAX MMeeT OOJIbLION MoTeHImal 1 co3aanus 3(hheKTUBHON Ha-
paJLIeIbHON MPOrPAMMBI, IIOCKOJIbKY Ha KazKIOM IIare 1o BPeMEHH BBIUUCIEHUS TIyOUHBI HIA
KOMIIOHEHT CKOpocTH 110 (hopmysiam (4)—(6) MOryT HPOU3BOUTHCS OJHOBPEMEHHO U HE3aBUCUMO
B KayKJIOM BBIUYMCJHTEILHOM Y3JI€ CeTKHU.

OcranoBuMcs ToapoOHEE Ha TPOTPAMMHON peau3aliil 3TOH Pas3sHOCTHOH cxembl. Ha
puc. 3 npHuBeJeHa OJ0K-CXeMa IIPOrPaMMBbl, BBHIIOJHAIONENR BBIYUCIEHAS 110 OHHCAHHBIM BbI-
e pasHoCTHBIM cxeMaM. OCHOBHOM IMKJI [0 BPeMeHH BKJIIOUYAET OJIOKH: a) pacdera HOTOKOB
Ge, Gy, Gy, Gs 4epe3 rpanu KOHEYHbIX OOBEMOB W BblUUC/IeHUE 1jiyOuHbl h 10 (4) u ypoBHs
wugrocrn & = h + z; 6) pacdera HOTOKOB jijist ypaBHeHHsI (D) W BBIYUCIEHHE KOMIIOHEHTHI
ckopoctn uf! 1o (5); B) pacdera moToxkoB s ypasHenusi (6) W BLIYMCIEHWE KOMIOHEHTHI
ckopoctu v¥T! o (6); T) o6HOBIEHHE MOJEH HA MPEABIIYINEM MAre M0 BPeMeHH .

B kax0M u3 6JIOKOB a)-—T) BBINOJHSETCS OJHH WM JBA BIOXKEHHBIX IMUKJA 10 CETOYHOM
001aCTH, B KOTOPBIX MO ABHBIM (OpMyIaM HPOU3BOAATCA BHIUUCIeHNs. HampumMep, OCHOBHBIE
610KM porpaMMbl — GJIOK a), B KOTOPOM MPOM3BOAUTCST pacder NayOHHBI TOTOKa U yPOBHS
KUJKOCTH, ¥ GJI0K T), B KOTOPOM BBITIOJHSAETCS OOHOBJICHUE MOJIeil JJIsl CJIe/IYIONero mara 1o
BPEMEHH, MOKHO IIPEJICTABUTDL B CJIEJYIOIIEM BUJIE:

while (time<TimeT) { // ocnosnod wyura no epemenu

for (int i=1; i<Nx; i++) {
for (int j=1; j<Ny; j++) {
// pacuem nomoxos Oas ypasuenwus (4)
Ge — MUSCL(h[i —1][j |, h[i ][], h[i+1][i] h[i+2][] ufi+1][j]);
Gw — MUSCL(h [i 2] (7] b~ 1)[j] 0 ) [3] b (i 1)) ouli](3]);
G — MUSCL(h [ ][] 1] b [ [ 3], 0[5 ][+ b [i][5-2]v[i]][§+1]);
Gs — MUSCL(h[i ][5 — 2], W[i][j — 1], b[i][§], Wlill5 + 1], v[il[§]);
// pacuem 2aybunHbL MOMOKA U YPOEHA MHCUOKOCTIU NO AGHBIM HOPMYAAM
hnext[i][j] = h[i][]j] — dt/dx*(Ge-Gw) — dt/dy*(Gn—Gs);
dzetanext[i][j] = hnext[i][j]+zb[i]]]];
} // end for
// end for

// obmen 3navenuaMu
for (int 1=0; i<Nx+1; i++)
for (int j=0; j<Ny+1; j++) {

h[i][j] = hnext[i][]];

uli][j] = unext[i][]];

vIiT[i] = voext[i][]];
} // end for

time = time + dt;
+ // end while
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Puc. 3. Biok-cxema BbIMUCIUTEIHHOIO IIPOLECCA € YKA3AHUEM O0JIACTH MAPAJIIEIbHBIX BbIYUCICHAN

W3 sToro ¢dpparmMerTa nporpamMMbl BUJIHO, YTO IPOTPAMMa COCTOUT U3 IIOCJIEI0BATETHHOCTH
OJIOKOB JIBOMHBIX BJIOXKEHHBIX IIUKJIOB, B KOTOPBIX aKTHBHO MPOU3BOIUTCA HCIIOJIb30BAHNE H 00-
HOBJIEHIE OJHUX U TeX K& OTHOCUTEJHHO HEOOJBINNX 10 BEJIHYHHE IBYMEPHBIX CTATHYECKHX
MaCCHUBOB. BCG BellleCTBEHHbBIE IIEpEeMEHHbIE U MaCCHUBBLI B IIpOr'paMMe 6BIJH/I OTHECeHbl K THUIlY
double. Pacuersr npoBoananch Ha cepepe ¢ obIieiit namMmarbio oobemMoM 19210 u aByMs 1BeHa-
JgnarusaepabiMu nporeccopaMu Intel Xeon Silver 4214 2,2 I'l'n u oHOo# rpadudeckoit KapToit
GPU NVIDIA Geforce RTX2080 Ti. Pacgyer mo mocienoBareJbHOR IporpaMMe IJIsi paccMar-
PUBAEMbIX YCJIOBHI MPOBEJIEHUs BHIUUCIEHU HA cepBepe coctaBmi 547,7 ¢ (cerka 500x500) u
4606,4 ¢ (cerka 1000x1000).
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[TocTpoenne napasaebHBIX MPOTPAMM OBLIO BBIMOJTHEHO C TIOMOTIBHIO MAJIO 3aTPATHBIX B Ta-
pasteabHOM IporpaMmuposatnu Texuosoruii OpenMP (Open MultiProcessing) u OpenACC
(Open Accelerators), npejHa3HAYEHHBIX, B OCHOBHOM, JJIsi MHOTOSIEPHBIX BBIYUCTHTETBHBIX
cucteM CPU+GPU c obmeit mamsarbio. Ha puc. 3 mTpuxoBoil muHuei BhIaeIeHa YacTh OJI0K-
CXeMbI, B KOTOPO#l MPOU3BOAMINCH NAPAJLIEIbHBIE BEIYUCIeHs. BHyTpU 310# 00/1aCcTH BBIIOJI-
HSJIOCh DacliapaslieInBaHie BIOKEHHBIX MUKJIOB (CM. TPUBEIEHHbIH (DparMeHT mporpaMMb)
cpejgcTBamu mapasutenbabix Texaogornit OpenMP mim OpenACC, T1.e. BvIOJTHEHWE HUTEpaA-
Uil BJIOYKEHHBIX IUKJIOB DABHOMEPHO DPACIIPEIENSIOCh MEXKIY AKTHBHBIMH HHTSIMHU /TIPOIEC-
caM# sJep HEeHTPAJbHOIO MM T'padudeckoro mpoieccopoB. Huzke mnpeacrasien ¢dbparment
OpenMP-niporpammbl, B KOTOPYIO HEepes KazKIbIM BJIOXKEHHBIM ITHKJIOM J00ABJISLINCH JIHPEK-
TuBbl #pragma omp parallel for:

while (time<TimeT) { // ocnoenod wyura no epemenu

#pragma omp parallel for collapse(2) private(Ge, Gw, Gn, Gs)
// pacnpedeaenue umepayul mencdy adpamu CPU
for (int i=1; i<Nx; i++) {
for (int j=1; j<Ny; j++) {
Ge = ...; // pacuem nomoxoe das ypasnwenus (4)

hnext[1][j] = h[i][]j] — dt/dx*(Ge-Gw) — dt/dy*(Gn-Gs);
// pacuem zaybunv nomoka
dzetanext[i][j] = hnext[i][j]+zb[i]]]];
} // end for
// end for

};”//end while

[Tpu xommuIsinUEM BCeX mpOrpamMM UCIOJIb30Baca kommuiaaTop Portland Group 21.9 pgcc,
KOTOPBIH TO3BOJsSET CO3/7aBaTh IMapaJslieJbHble MPOrPaMMBl € HCHOJb30BAHHEM TEXHOJOTHUH
OpenMP u OpenACC 1718 MHOrOSII€pHBIX CHCTEM C IEHTPAJbHBIMH U I'padUIECKUMH IIPO-
ECCOPAMU.

Ha puc. 4 npeacrasiennst rpaduku yckopenus u 3h(PEeKTUBHOCTH TapauiebHON Mpo-
rpaMMbl, co3maHHoi ¢ momornbio OpenMP rtexuonorun st pacaeros Ha cerkax 500x500 u
10001000 ysmoB. Yckopenue S, pacCUUTLIBAIOCh KaK OTHOLIEHHEe H3MEPEHHOI'O BpeMeHH cue-
Ta MPHU 3aMycKe MapajiebHO TporpaMMbl Ha OXHOW HuTH/sape (p = 1) K u3MepeHHOMY
BPEMEHH CYeTa MapaJuIeJbHO HPOrpaMMbl HA D HHTSX/sapax. PaccMarpuBaiuch 3HAYCHUS
p = 1,3,6,12,24. 9P dexTuBHOCTDL MAPATLIETLHON MPOrPAMMBI ONEHUBAIACH KAK OTHOIIEHUE
YCKOPEHHsI K YHCJIy HCIOTb3YeMbIX HUTEll /sep.

W3 puc. 4 BugHo, 4ro ucnoab3oBanue Texunosorun OpenMP nossosser 6osee yem B 15 pas
YCKOPHUTD BBIYUCIUTEIBHBII TIpotiece. [IpuueM nmporpamMma Xopomio MacTabupyercs: Ipu KpaT-
HOM YBEJIMYEHUN BBIYHCIUTENbHON paboTsl (~ B 8 pa3) yckopenue n 3hdeKTUBHOCTE TPOrpaM-
MBI TPAKTUIECKU HE MEHSIETCSI. 3aMeTHM, OIHAKO, U9TO MPH YBEJIMIEHIH KOJNIECTBA UCIOb3Y-
eMBbIX s/Iep eHTPAJIbHBIX IIPOIECCOPOB TEMI YBEJIUYEHUS YCKOPEHUs U 3HadeHus 3PHEeKTUBHO-
CTH TapaJaeqbHON MporpaMMbl cHHXKatoTcd. [locaennee cBa3aHo ¢ yBemdeHneM HArpy3KH Ha
OIIEPATUBHYIO MaMsATh, TOYHEE, C YMEHBIIEHUEM IPOIYCKHON CIOCODHOCTH NMaMATH B pacyere
HA OJHO AKTUBHOE SIIPO TPHU HCIOJIbB30BAHUM BCEX TOCTYIHBIX (PU3HMUECKUX sIAep IeHTPaAJIb-
HOrO mporeccopa. CKOPOCTH BBITTOJTHEHHS apUPMETHIECKUX OIepaIuii B mMporpaMMe 3aBUCHT
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Puc. 4. Yckopenne u s derturocts mapasnieabaoit OpenMP-tiporpammer. ltpuxoBas jmunus — rpaduk

3aBMCUMOCTH MIEAIBHOTO yCKOPeHns Sy = p

HEe TOJILKO 0T (haKTUIECKOH CKOPOCTH MPOIECCOpa U KOJUIECTBA €ro sijiep, HO U OT BPEMEHn
BBIIIO/THEHUS ONEPAIH ¢ TaMSITHIO.

Huzxe npencrasien pparment Open ACC-iporpamMmbl, B KOTOPYIO TePe T KazKIbIM BJIOKEH-
HBIM IUKJIOM JT00aBJS/INCH JUPEKTUBBI #pragma acc kernels. Kpowme Toro, mepes nadagom
BBIYHCJICHHI OBLTIO BBIIOJHEHO KOMUPOBAHEE /CO3/IaHIe BCEX UCMOIb3yeMbIX B Pacdyerax Ha rpa-
(buuaeckom mporeccope MacCHBOB.

// xonuposanue dannuz us O3Y xomnwvromepa

// 6 namamov e2paduueckold wapmou u 06pamuo

#pragma acc data copy(hnext ,unext ,vnext,dzetanext h,u,v)
#pragma acc data copyin (zb)

#pragma acc data create (u,v,hex,hey,qx,qy,qcx,qcy)
while (time<TimeT) { // ocnoenod wyuxa no epemenu

#pragma acc kernels // pacnpedesnenue umepayul uyukaa mexncdy adpamu GPU
for (int i=1; i<Nx; i++) {
for (int j=1; j<Ny; j++) {
Ge = ...; //pacuem nomoxos daa ypasnenua (4)

hnext[1][j] = h[i]]]j] — dt/dx*(Ge-Gw) — dt/dy*(Gn-Gs);
dzetanext [i][j]| = hnext[i][j]4+zb[i][]];
Y // end for
Y // end for

}// end while

Ucnonwzoanne texunonorun OpenACC a1 mporpaMMUpOBaHus Ha rpadUUIecKoil KapTe Ha
paccMaTpuBaeMOil BBIYHC/IUTEIBHON CHCTEMe H MPH TeX Ke YCJIOBHAX MPOBEICHHUSA PACUETOB
JTaer yckopernue 6osee wem B 25 (21,3 ¢ mporus 547,7 ¢) Ha cerke 500x500 u B 31 pas (145,4 ¢
nporus 4606,4 ¢) Ha cerke 1000x 1000.

SaksodyeHue. g YHUCICHHOIO MOJEJTHPOBAHUS HECTAIMOHAPHBIX HM30TEPMHUYECKUX
TYpOYJIEHTHBIX Te4YeHHl B PEYHBIX IOTOKaX CMOPMYyJINpPOBaHa MaTeMaTHIecKas MOJeNb,
onupaloIasicss Ha npubJIMyKeHne MeJJKOW BOJIbl /Il ypaBHeHnit PeftHosibca /Ui Hec:KuMaeMoit
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KUIKOCTH, (DGPEKTUBHBII YHUCTEHHBINT MeTO/, 00eCrednBaONNil B PaMKaX WMCIOIb30BAHUS
METOJ/Ia KOHETHOro 00beMa, CTPYKTYPHPOBAHHBIX PA3HECEHHBIX CETOK U IIOJYHESBHBIX pa3-
HOCTHBIX CXeM BBIIOJIHEHHsS] Ha PA3HOCTHOM YPOBHE 3aKOHOB COXPAHEHHs] MACChl M HMITYJIbCA.
BoraucnrenbHas peaansamnysa MpeIIoyKeHHOH MOIeJH W MeToaa ObLaa IpOTeCTHPOBAHA Ha,
U3BECTHOM AHAJUTHYECKOM PEIeHWH W pacrnapasuiesieHa ¢ nomonipio Texaoaoruit OpenMP u
OpenACC ma rubpuaHON MHOrOsIepHOI cucTeme ¢ ob0Ieil naMsaThbio. PacdeTsl mokasasn, 9To
ucrnoib3oBanue Texuogornn OpenMP aj1st AByX JIBEeHAANATHSIEPHBIX TEHTPAJIHHBIX TTPOIEC-
COpPOB T03BOJIigeT Gojiee 4eM B 15 pa3 YCKOPHUTH BBIYUCIUTEJBHBIN Ipolecc. Vcnosb3oBanue
rexuaosorun OpenACC mpu pacdyerax Ha 3TOH Ke MHOTOSIEPHON cHcTeMe U TpadUIecKoM
uporeccope NVIDIA GeForce RTX2080 Ti gaer yckopenue 6osiee gem B 25 pas.
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