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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 e�ectively 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 �exibility 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 e�ective 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 classi�cation and
the explicit �rst 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 �rst 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 di�erent
types of computing systems and �exibly con�gure 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 e�ectively 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 �rst 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 e�ciency of decomposition into small blocks and the e�ciency 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 e�ciency 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 modi�cations
during the transition to the new model of parallel programming will also be carried out without
modi�cations of the program parts responsible for calculating the shallow water equations, which
greatly simpli�es the model development and support.

Key words: parallel computing, hybrid parallel programming, shallow water equations, software
architecture.
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Ãèáðèäíûå ìîäåëè, ñî÷åòàþùèå â ñåáå òåõíîëîãèè MPI äëÿ àðõèòåêòóð ñ ðàñïðåäåëåííîé ïà-
ìÿòüþ è OpenMP äëÿ àðõèòåêòóð ñ îáùåé ïàìÿòüþ, ñòàíîâÿòñÿ âñå áîëåå ïîïóëÿðíûìè, ïî-
ñêîëüêó ñîâðåìåííûå âûñîêîïðîèçâîäèòåëüíûå âû÷èñëèòåëüíûå ñèñòåìû ïðåäñòàâëÿþò ñîáîé
íàáîð ìíîãîïðîöåññîðíûõ ñèñòåì ñ îáùåé ïàìÿòüþ, îáúåäèíåííûõ â åäèíóþ êîììóíèêàöè-
îííóþ ñåòü. Ñîçäàíèå ìîäåëåé, èñïîëüçóþùèõ ýôôåêòèâíî ðåñóðñû òàêèõ âû÷èñëèòåëüíûõ
ñèñòåì, ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé íà ñåãîäíÿøíèé äåíü. Â ðàáîòå ïðåäñòàâëåíà ãèáðèäíàÿ
ìîäåëü ìåëêîé âîäû, ÿâëÿþùàÿñÿ îäíèì èç îñíîâíûõ áëîêîâ ñèãìà-ìîäåëè îáùåé öèðêóëÿöèè
îêåàíà INMÎM. Ïðîãðàììíàÿ àðõèòåêòóðà ìîäåëè ìåëêîé âîäû ïîñòðîåíà ïî ïðèíöèïó ðàçäå-
ëåíèÿ îáÿçàííîñòåé, ÷òî ïîçâîëÿåò âûäåëèòü ïàðàëëåëüíûå ìåòîäû è ïîäõîäû â îáîñîáëåííóþ
÷àñòü ïðîãðàììû ñ öåëüþ èõ àäàïòàöèè äëÿ âû÷èñëèòåëüíûõ ñèñòåì ðàçëè÷íîãî òèïà è ãèáêîé
íàñòðîéêè ïðîãðàììíîãî êîìïëåêñà íà öåëåâóþ âû÷èñëèòåëüíóþ ñèñòåìó. Â ìîäåëè ìåëêîé
âîäû áûë ðåàëèçîâàí ãèáðèäíûé ïîäõîä, ïðè êîòîðîì ðàñ÷åòíàÿ îáëàñòü ðàçáèâàåòñÿ íà áëî-
êè ìàëîãî ðàçìåðà, êîòîðûå çàòåì ðàñïðåäåëÿþòñÿ ïî âñåì äîñòóïíûì ïðîöåññàì è ïîòîêàì.
Ðàñïðåäåëåíèå áëîêîâ îñíîâàíî íà ìåòîäå áàëàíñèðîâêè íàãðóçêè ñ èñïîëüçîâàíèåì êðèâûõ
Ãèëüáåðòà, ÷òî îáåñïå÷èâàåò ðàâíîìåðíóþ âû÷èñëèòåëüíóþ íàãðóçêó íà ïðîöåññû è ïîòîêè. Â
ðàáîòå ïîêàçàíî ïðåèìóùåñòâî ýòîãî ïîõîäà â ñðàâíåíèè ñ øèðîêî ðàñïðîñòðàíåííûì âåêòîð-
íûì ïîäõîäîì, â êîòîðîì OpenMP èñïîëüçóåòñÿ òîëüêî äëÿ ðàñïàðàëëåëèâàíèÿ äâóìåðíûõ
öèêëîâ ïî ïîäîáëîñòÿì. Òåñòèðîâàíèå ãèáðèäíîé ìîäåëè ïðîâîäèëîñü íà êëàñòåðå ÈÂÌ ÐÀÍ
è ñóïåðêîìïüþòåðå ÌÑÖ ÐÀÍ. Áûëà ïîêàçàíà ýôôåêòèâíîñòü ðàçáèåíèÿ íà áëîêè ìàëîãî
ðàçìåðà, ïîêàçàíà ýôôåêòèâíîñòü ãèáðèäíîãî ïîäõîäà â ñðàâíåíèè ñ ÷èñòûì MPI ðåæèìîì è
òàêæå ïðîäåìîíñòðèðîâàíà ýôôåêòèâíîñòü ìåòîäà áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé.

Êëþ÷åâûå ñëîâà: ïàðàëëåëüíûå âû÷èñëåíèÿ, ãèáðèäíûå ìîäåëè ïàðàëëåëüíîãî ïðîãðàì-
ìèðîâàíèÿ, óðàâíåíèÿ ìåëêîé âîäû, ïðîãðàììíàÿ àðõèòåêòóðà.

Ââåäåíèå. Ãèáðèäíûå ìîäåëè, ñî÷åòàþùèå â ñåáå òåõíîëîãèè ïåðåäà÷è ñîîáùåíèé
MPI äëÿ àðõèòåêòóð ñ ðàñïðåäåëåííîé ïàìÿòüþ è ìíîãîïîòî÷íîé îáðàáîòêè äàííûõ
OpenMP äëÿ àðõèòåêòóð ñ îáùåé ïàìÿòüþ, ñòàíîâÿòñÿ âñå áîëåå ïîïóëÿðíûìè, ïîñêîëüêó
ñîâðåìåííûå âûñîêîïðîèçâîäèòåëüíûå âû÷èñëèòåëüíûå ñèñòåìû ïðåäñòàâëÿþò ñîáîé íà-
áîð ìíîãîïðîöåññîðíûõ ñèñòåì ñ îáùåé ïàìÿòüþ (âû÷èñëèòåëüíûõ óçëîâ), îáúåäèíåííûõ
â åäèíóþ êîììóíèêàöèîííóþ ñåòü. Ñîçäàíèå ìîäåëåé, ýôôåêòèâíî èñïîëüçóþùèõ ðåñóð-
ñû òàêèõ âû÷èñëèòåëüíûõ ñèñòåì, ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé íà ñåãîäíÿøíèé äåíü [1].

Ðàáîòà âûïîëíåíà â ðàìêàõ íàó÷íîãî ïðîåêòà ÐÔÔÈ � 20-31-90109.
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Ïåðåíîñèìîñòü ìîäåëåé íà ìíîãîïðîöåññîðíûå ñèñòåìû âî ìíîãîì îïðåäåëÿåòñÿ ïðàâèëü-
íûì âûáîðîì åå ïðîãðàììíîé àðõèòåêòóðû, êîòîðàÿ îáåñïå÷èâàëà áû òàêæå ãèáêîñòü è
ïðîñòîòó ïîääåðæàíèÿ êîäà.

Â ðàáîòå ðàññìàòðèâàåòñÿ ìîäåëü ìåëêîé âîäû, ÿâëÿþùàÿñÿ áëîêîì ñèãìà ìîäåëè îá-
ùåé öèðêóëÿöèè îêåàíà INMOM (Institute of Numerical Mathematics Ocean Model). Ìîäåëü
INMOM ðàçâèâàåòñÿ â ÈÂÌ ÐÀÍ è èñïîëüçóåòñÿ â êà÷åñòâå áëîêà êëèìàòè÷åñêîé ìîäå-
ëè INMCM (Institute of Numerical Mathematics Climate Model), ñîçäàííîé â ÈÂÌ ÐÀÍ è
ó÷àñòâóþùåé â ïðîãðàììå IPCC (Intergovernmental Panel on Climate Change) ïî ïðîãíî-
çèðîâàíèþ èçìåíåíèé êëèìàòà [2]. Ìîäåëü ïîëíîñòüþ íàïèñàíà íà ÿçûêå Fortran 90/95.

Â ðàáîòàõ [3, 4] áûëà ñôîðìóëèðîâàíà ìîäåëü ìåëêîé âîäû, êîòîðàÿ ìîæåò èñïîëü-
çîâàòüñÿ êàê â êà÷åñòâå áëîêà ñèãìà ìîäåëè îêåàíà INMOM, òàê è íåçàâèñèìî, íàïðè-
ìåð, äëÿ ðàñ÷åòîâ ïðîõîæäåíèÿ âîëíû öóíàìè, ïðèëèâîâ è âåòðîâîãî íàãîíà. Â ðàáîòå [4]
áûëà ðåàëèçîâàíà ïàðàëëåëüíàÿ âåðñèÿ ìîäåëè ìåëêîé âîäû äëÿ èñïîëüçîâàíèÿ íà âû-
÷èñëèòåëüíûõ àðõèòåêòóðàõ ñ ðàñïðåäåëåííîé ïàìÿòüþ, ìîäåëü áûëà ïðîòåñòèðîâàíà äëÿ
çàäà÷ ìîäåëèðîâàíèÿ öóíàìè â Òèõîì îêåàíå è øòîðìà 2013 ã. íà Àçîâñêîì ìîðå. Â ðà-
áîòå [5] áûë ðåàëèçîâàí è ïðîàíàëèçèðîâàí ìåòîä áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé íà
ïðîöåññîðû ñ èñïîëüçîâàíèåì ôðàêòàëüíûõ êðèâûõ Ãèëüáåðòà ïðèìåíèòåëüíî ê ìîäåëè
ìåëêîé âîäû. Â ýòèõ ðàáîòàõ ìîäåëü ìåëêîé âîäû áûëà ðåàëèçîâàíà äëÿ èñïîëüçîâàíèÿ
íà âû÷èñëèòåëüíûõ ñèñòåìàõ ñ ðàñïðåäåëåííîé ïàìÿòüþ ñ ïðèìåíåíèåì òåõíîëîãèè MPI,
è ïðîãðàììíàÿ àðõèòåêòóðà ìîäåëè íå ïðåäïîëàãàëà ãèáêîãî ïåðåõîäà íà ãèáðèäíûå ìî-
äåëè ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ ñ ñîâìåñòíûì èñïîëüçîâàíèåì òåõíîëîãèé MPI è
OpenMP.

Öåëü äàííîé ðàáîòû � ñîçäàòü íîâóþ ïðîãðàììíóþ àðõèòåêòóðó ìîäåëè ìåëêîé âîäû,
ïðåäïîëàãàþùóþ ãèáêèé ïåðåõîä íà ãèáðèäíûå ìîäåëè ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ
ñ èñïîëüçîâàíèåì òåõíîëîãèé MPI è OpenMP è ðåàëèçîâàòü íà îñíîâå ýòîé ïðîãðàìì-
íîé àðõèòåêòóðû ãèáðèäíóþ ìîäåëü ìåëêîé âîäû äëÿ ýôôåêòèâíîãî èñïîëüçîâàíèÿ íà
ìàññèâíî-ïàðàëëåëüíûõ ìíîãîïðîöåññîðíûõ âû÷èñëèòåëüíûõ ñèñòåìàõ.

1. Ìîäåëü ìåëêîé âîäû. Ðàññìàòðèâàåìàÿ â ðàáîòå ìîäåëü îñíîâàíà íà ñèñòåìå
íåëèíåéíûõ óðàâíåíèé ìåëêîé âîäû, êîòîðàÿ çàïèñûâàåòñÿ â ïðîèçâîëüíîé îðòîãîíàëüíîé
ñèñòåìå êîîðäèíàò â ñëåäóþùåì âèäå:

∂rxryhu

∂t
+ Tu(u, v)− Fu(u, v)− hrxrylv + ryhg

∂ζ

∂x
= RHSu

∂rxryhv

∂t
+ Tv(u, v)− Fv(u, v) + hrxrylu+ rxhg

∂ζ

∂y
= RHSv

∂h

∂t
+

1

rxry

(
∂uryh

∂x
+
∂vrxh

∂y

)
= 0

, (1)

ãäå rx, ry � ìåòðè÷åñêèå êîýôôèöèåíòû Ëàìå, âîçíèêàþùèå ïðè çàïèñè ñèñòåìû óðàâíå-
íèé â ïðîèçâîëüíîé îðòîãîíàëüíîé ñèñòåìå êîîðäèíàò; u, v � êîìïîíåíòû óñðåäíåííîãî
ïî ãëóáèíå âåêòîðà ãîðèçîíòàëüíîé ñêîðîñòè; l � ïàðàìåòð Êîðèîëèñà; g � óñêîðåíèå ñâî-
áîäíîãî ïàäåíèÿ; ζ � îòêëîíåíèå óðîâíÿ ìîðÿ îòíîñèòåëüíî íåâîçìóùåííîãî ñîñòîÿíèÿ;
h = H + ζ � ïîëíàÿ ãëóáèíà îêåàíà; H � ãëóáèíà îêåàíà â ñîñòîÿíèè ïîêîÿ. Îïåðàòîðû
ïåðåíîñà Tu , Tv çàïèñûâàþòñÿ â êðèâîëèíåéíîé ñèñòåìå êîîðäèíàò â äèâåðãåíòíîé ôîðìå:

Tu(u,v,h) =
∂hryuu

∂x
+
∂hrxvu

∂y
− h

(
v
∂ry
∂x

− u
∂rx
∂y

)
v

Tv(u,v,h) =
∂hryuv

∂x
+
∂hrxvv

∂y
+ h

(
v
∂ry
∂x

− u
∂rx
∂y

)
u
. (2)
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Îïåðàòîðû âÿçêîñòè Fu , Fv çàïèñûâàþòñÿ êàê äèâåðãåíöèÿ òåíçîðà íàïðÿæåíèé:

Fu(u,v) =
1

ry

∂

∂x

(
r2yKDTh

)
+

1

rx

∂

∂y

(
r2xKDSh

)
Fv(u,v) = − 1

rx

∂

∂y

(
r2xKDTh

)
+

1

ry

∂

∂x

(
r2yKDSh

) . (3)

Çäåñü K � êîýôôèöèåíò âÿçêîñòè, à DT è DS � êîìïîíåíòû òåíçîðîâ íàïðÿæåíèé
ñæàòèÿ-ðàñòÿæåíèÿ è ñäâèãà ñîîòâåòñòâåííî:

DT =
ry
rx

∂

∂x

(
u

ry

)
− rx
ry

∂

∂y

(
v

rx

)
DS =

rx
ry

∂

∂y

(
u

rx

)
+
ry
rx

∂

∂x

(
v

ry

) . (4)

Â îáùåì ñëó÷àå â ïðàâûõ ÷àñòÿõ RHSu , RHSv ðàññ÷èòûâàþòñÿ ãðàäèåíòû àòìîñôåð-
íîãî äàâëåíèÿ è íàïðÿæåíèÿ òðåíèÿ âåòðà.

Íà áåðåãàõ äëÿ ñêîðîñòè çàäàþòñÿ ãðàíè÷íûå óñëîâèÿ íåïðîòåêàíèÿ è ñâîáîäíîãî
ñêîëüæåíèÿ.

Èìåííî â âèäå (1)�(4) íåëèíåéíûå óðàâíåíèÿ ìåëêîé âîäû ïðåäñòàâëåíû â ñèãìà ìîäå-
ëè îáùåé öèðêóëÿöèè îêåàíà INMOM, âîçíèêàþùèå ïðè ðàçðåøåíèè áûñòðûõ áàðîòðîï-
íûõ ãðàâèòàöèîííûõ âîëí.

Ñèñòåìà óðàâíåíèé (1)�(4) â ìîäåëè ðàçðåøàåòñÿ ñ èñïîëüçîâàíèåì ÷èñëåííûõ ìåòîäîâ.
Ïðè äèñêðåòèçàöèè ïî ïðîñòðàíñòâó ïðèìåíÿåòñÿ òåõíèêà ïîñòðîåíèÿ ðàçíîñòíûõ àïïðîê-
ñèìàöèé âòîðîãî ïîðÿäêà òî÷íîñòè íà ðàçíåñåííîé 'C'-ñåòêå ïî êëàññèôèêàöèè Àðàêàâû
[6, 7], â îáùåì ñëó÷àå èñïîëüçóåòñÿ ñòåêà íåðåãóëÿðíàÿ êàê ïî äîëãîòå, òàê è ïî øèðîòå.
Ïðè äèñêðåòèçàöèè ïî âðåìåíè èñïîëüçóåòñÿ ÿâíàÿ ÷èñëåííàÿ ñõåìà '×åõàðäà ñî ñðåäíåé
òî÷êîé' ('leapfrog'). Ïðè ýòîì íà êàæäîì âðåìåííîì øàãå äåëàåòñÿ ôèëüòðàöèÿ, ÷òîáû èç-
áåæàòü ðàñùåïëåíèÿ ðåøåíèÿ ïî íå÷åòíûì è ÷åòíûì âðåìåííûì øàãàì, ÷òî ñâîéñòâåííî
äëÿ òàêîé ÷èñëåííîé ñõåìû [8, 9].

Áîëåå ïîäðîáíî ïðî ôîðìó çàïèñè ñèñòåìû íåëèíåéíûõ óðàâíåíèé ìåëêîé âîäû è èõ
ðàçðåøåíèÿ ñ èñïîëüçîâàíèåì ÷èñëåííûõ ìåòîäîâ ìîæíî ïîñìîòðåòü â ðàáîòàõ [4, 5, 10].

2. Ïàðàëëåëüíàÿ ðåàëèçàöèÿ äëÿ âû÷èñëèòåëüíûõ ñèñòåì ñ ðàñïðåäåëåííîé

ïàìÿòüþ. 2.1. Ìåòîä äåêîìïîçèöèè ïîäîáëàñòè. Â êà÷åñòâå îñíîâíîãî ìåòîäà ðàñïàðàë-
ëåëèâàíèÿ äëÿ âû÷èñëèòåëüíûõ àðõèòåêòóð ñ ðàñïðåäåëåííîé ïàìÿòüþ â ìîäåëè ìåëêîé
âîäû èñïîëüçóåòñÿ äâóìåðíûé ìåòîä äåêîìïîçèöèè îáëàñòè, ñóòü êîòîðîãî â ñëåäóþùåì:
èñõîäíàÿ ðàñ÷åòíàÿ îáëàñòü ðàçáèâàåòñÿ íà ïîäîáëàñòè è êàæäîìó ïðîöåññîðó ñòàâèòñÿ â
ñîîòâåòñòâèå ñâîÿ ïîäîáëàñòü. Ó êàæäîé ïîäîáëàñòè åñòü âíåðàñ÷åòíàÿ ãðàíèöà òîëùèíîé
â îäíó òî÷êó, è åñëè ïðîöåññîðó íóæíû äàííûå ñ ñîñåäíåé ïîäîáëàñòè, òî ïðîèçâîäèòñÿ
ñèíõðîíèçàöèÿ âñåõ ïðîöåññîðîâ, ïðè êîòîðîé çàïîëíÿåòñÿ âíåðàñ÷åòíàÿ ãðàíèöà êàæäîé
ïîäîáëàñòè, è â ïîñëåäóþùèõ âû÷èñëåíèÿõ ïðîöåññîð áåðåò ýòè äàííûå ñî ñâîåé âíåðàñ-
÷åòíîé ãðàíèöû. Ñèíõðîíèçàöèÿ ïðîöåññîðîâ ïðîèñõîäèò ñ èñïîëüçîâàíèåì òåõíîëîãèè
MPI.

Íàèáîëåå ðàñïðîñòðàíåííûì è ëåãêî ðåàëèçóåìûì ìåòîäîì ðàçáèåíèÿ íà ïîäîáëàñòè
ÿâëÿåòñÿ ìåòîä ðàâíîìåðíîãî ðàçáèåíèÿ íà ïðÿìîóãîëüíûå ïîäîáëàñòè, ýòîò ìåòîä è ìå-
õàíèçì ñèíõðîíèçàöèé ïðåäñòàâëåíû íà ðèñ. 1. Íà ðèñ. 1 òàêæå âèäíî, ÷òî èç-çà íåîäíî-
ðîäíîñòè àêâàòîðèè ïðè òàêîì ðàçáèåíèè ÷àñòü ïîäîáëàñòåé ïîëíîñòüþ ïîïàäàåò íà ñóøó
è íå ó÷àñòâóåò â âû÷èñëåíèÿõ, à ÷àñòü çàãðóæåíà ìåíåå ÷åì íà ïîëîâèíó èç-çà áîëüøîãî
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Ðèñ. 1. Ñëåâà: ðàâíîìåðíîå ðàçáèåíèå íà ïðÿìîóãîëüíûå ïîäîáëàñòè, êðàñíûì ïîìå÷åíû ïîäîáëàñòè,

ïîïàäàþùèå ïîëíîñòüþ íà ñóøó; æåëòûì ïîìå÷åíû ïîäîáëàñòè, çàãðóæåííûå ìåíåå ÷åì íà ïîëîâèíó.

Ñïðàâà: ìåõàíèçì ñèíõðîíèçàöèé, êðàñíûì ïîêàçàíà ãðàíèöà êàæäîé ïîäîáëàñòè, ñèíèì ïîêàçàíà

âíåðàñ÷åòíàÿ ãðàíèöà è çåëåíûì ïîìå÷åíû âíóòðåííèå òî÷êè ïîäîáëàñòè

êîëè÷åñòâà òî÷åê ñóøè âíóòðè. Ïðè òàêîì ïîäõîäå âûõîäèò, ÷òî ÷àñòü ïðîöåññîðîâ ïðî-
ñòàèâàåò â âû÷èñëåíèÿõ, à äðóãàÿ ÷àñòü ÷àñòî íàõîäèòñÿ â îæèäàíèè èç-çà íåäîñòàòî÷íîé
çàãðóæåííîñòè.

Ïîýòîìó â ìîäåëè áûë ðåàëèçîâàí óñîâåðøåíñòâîâàííûé ìåòîä ðàçáèåíèÿ íà ïîäîáëà-
ñòè, òàê íàçûâàåìûé áëî÷íûé ïîäõîä. Ñóòü ýòîãî ïîäõîäà â ñëåäóþùåì: èñõîäíàÿ ðàñ÷åò-
íàÿ îáëàñòü ðàâíîìåðíî ðàçáèâàåòñÿ íà ïðÿìîóãîëüíûå áëîêè ìàëîãî ðàçìåðà, è êàæäîìó
ïðîöåññîðó ñòàâèòñÿ â ñîîòâåòñòâèå íåêîòîðûé íàáîð áëîêîâ, êîòîðûå è ôîðìèðóþò åãî
ðàñ÷åòíóþ ïîäîáëàñòü, ïðèìåð ïîêàçàí íà ðèñ. 2. Âñå âû÷èñëåíèÿ â ìîäåëè ïðîèñõîäÿò ïî
áëîêàì, ó êàæäîãî áëîêà åñòü ñâîÿ âíåðàñ÷åòíàÿ ãðàíèöà. Åñëè áëîêè íàõîäÿòñÿ âíóòðè
îäíîé ïîäîáëàñòè, òî ïðè ñèíõðîíèçàöèè ïðîèñõîäèò îáû÷íîå êîïèðîâàíèå ãðàíèöû áëîêà
íà âíåðàñ÷åòíóþ ãðàíèöó ñîñåäíåãî áëîêà. Åñëè áëîêè íàõîäÿòñÿ íà ñîñåäíèõ ïîäîáëàñòÿõ,
òî ïðè ñèíõðîíèçàöèè èñïîëüçóåòñÿ ïî-ïðåæíåìó òåõíîëîãèÿ MPI. Áëî÷íûé ïîäõîä óæå
óñïåë çàðåêîìåíäîâàòü ñåáÿ â òàêèõ ìîäåëÿõ îêåàíà êàê Parallel Ocean Program (POP) [11,
12] è HIROMB (High Resolution Operational Model for the Baltic Sea) [13].

Ðàññìàòðèâàåìûé áëî÷íûé ïîäõîä èìååò ðÿä ïðåèìóùåñòâ:
Ïîäîáëàñòè ìîãóò áûòü ïðîèçâîëüíûìè ìíîãîóãîëüíèêàìè. Äåéñòâèòåëüíî, ò. ê. ïîä-

îáëàñòü ñîñòîèò èç íàáîðà áëîêîâ ìàëîãî ðàçìåðà, òî ìîæíî ôîðìèðîâàòü ïîäîáëàñòè
äîâîëüíî ïðîèçâîëüíîé ôîðìû. Ýòî ñâîéñòâî ïîçâîëÿåò ïðîâîäèòü ìåòîä áàëàíñèðîâêè
íàãðóçêè âû÷èñëåíèé íà ïðîöåññîðû, ôîðìèðóÿ ïîäîáëàñòè ïðèìåðíî îäèíàêîâîé çàãðó-
æåííîñòè, î ÷åì áóäåò áîëåå ïîäðîáíî íàïèñàíî â ñëåäóþùåì ðàçäåëå.

Ýôôåêòèâíàÿ ðàáîòà ñ êýø ïàìÿòüþ. Âûáèðàÿ áëîê ìàëîãî ðàçìåðà, ìîæíî ïîëó÷èòü
ïðèðîñò â ïðîèçâîäèòåëüíîñòè çà ñ÷åò ýôôåêòèâíîé ðàáîòû ñ ïàìÿòüþ. Äëÿ ãèäðîäèíà-
ìè÷åñêèõ ìîäåëåé ýòî ñâîéñòâî êðàéíå âàæíî, ò. ê. ëþáîå âû÷èñëåíèå íà ñåòêå ñîïðîâîæ-
äàåòñÿ áîëüøèì êîëè÷åñòâîì îáðàùåíèé â ïàìÿòü. Åñëè áëîêè, äëÿ êîòîðûõ ïðîâîäÿòñÿ
âû÷èñëåíèÿ, ïîìåùàþòñÿ ïîëíîñòüþ â êýø ïàìÿòü, òî ìíîãî÷èñëåííûå îáðàùåíèÿ â ïà-
ìÿòü ïåðåñòàþò áûòü òàêèìè äîðîãîñòîÿùèìè, è ìîæíî îæèäàòü çíà÷èòåëüíûé ïðèðîñò
â ïðîèçâîäèòåëüíîñòè.

Òàêæå áëî÷íûé ïîäõîä èìååò íåäîñòàòîê: äîïîëíèòåëüíûå çàòðàòû íà êîïèðîâàíèå
âíåðàñ÷åòíîé ãðàíèöû áëîêîâ ïðè ñèíõðîíèçàöèè.
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Ðèñ. 2. Ïîøàãîâûé àëãîðèòì áàëàíñèðîâêè íàãðóçêè ñ ïîìîùüþ êðèâûõ Ãèëüáåðòà

Â ðàçäåëå ñ âû÷èñëèòåëüíûìè ýêñïåðèìåíòàìè áóäåò ïîêàçàíî, ÷òî ïðè ìàëîì ðàçìåðå
áëîêîâ ýôôåêòèâíàÿ ðàáîòà ñ êýø ïàìÿòüþ êîìïåíñèðóåò çàòðàòû íà êîïèðîâàíèå ïðè
ñèíõðîíèçàöèè, è ïîýòîìó ýòîò íåäîñòàòîê ìîæíî ñ÷èòàòü íå òàêèì ñóùåñòâåííûì.

2.2. Áàëàíñèðîâêà íàãðóçêè âû÷èñëåíèé. Êàê óæå áûëî ñêàçàíî ðàíåå, áëî÷íûé ïîäõîä
ïîçâîëÿåò ôîðìèðîâàòü ïîäîáëàñòè â ôîðìå ïðîèçâîëüíûõ ìíîãîóãîëüíèêîâ, ÷òî ïîçâî-
ëÿåò èñïîëüçîâàòü ìåòîäû áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé ïðè ïîñòðîåíèè ïîäîáëà-
ñòåé ïðîöåññîðîâ. Â ìîäåëè â êà÷åñòâå îäíîãî èç òàêèõ ìåòîäîâ áûë ðåàëèçîâàí ìåòîä
áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé ñ èñïîëüçîâàíèåì êðèâûõ Ãèëüáåðòà. Â ðàáîòàõ [5,
14] ïîäðîáíî îïèñàí è ïðîàíàëèçèðîâàí ýòîò ìåòîä. Çäåñü æå êðàòêî åãî îïèøåì. Ïðåä-
âàðèòåëüíî âñÿ ðàñ÷åòíàÿ îáëàñòü ðàâíîìåðíî ðàçáèâàåòñÿ íà ïðÿìîóãîëüíûå áëîêè. Äëÿ
êàæäîãî áëîêà ðàññ÷èòûâàåòñÿ çíà÷åíèå çàãðóæåííîñòè áëîêà êàê ñóììà âñåõ òî÷åê, êî-
òîðûå íå ëåæàò íà ñóøå. Äàëåå, íà ñåòêå áëîêîâ ïðîâîäèòñÿ êðèâàÿ Ãèëüáåðòà, êîòîðàÿ
ïåðåâîäèò äâóìåðíîå ïðîñòðàíñòâî áëîêîâ â îäíîìåðíîå. Ðàçáèåíèå íà ïîäîáëàñòè ïðî-
èñõîäèò âäîëü êðèâîé è òàêèì îáðàçîì, ÷òîáû ïîäîáëàñòè èìåëè ïðèìåðíî îäèíàêîâóþ
ñóììó çàãðóæåííîñòè áëîêîâ. Çàòåì êàæäîìó ïðîöåññîðó ñòàâèòñÿ â ñîîòâåòñòâèå åãî ïîä-
îáëàñòü, íà êîòîðîé îí ïðîâîäèò âû÷èñëåíèÿ. Áëîêè, êîòîðûå ïîëíîñòüþ ñîñòîÿò èç òî÷åê
íà ñóøå, â ðàñïðåäåëåíèè ïî ïðîöåññîðàì è â äàëüíåéøèõ âû÷èñëåíèÿõ íå ó÷àñòâóþò. Íà
ðèñ. 2 íàãëÿäíî ïîêàçàíû øàãè îïèñàííîãî àëãîðèòìà.

3. Ãèáðèäíàÿ ìîäåëü ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ. Óçêîå ìåñòî â ðàñ-
ñìàòðèâàåìîé ìîäåëè ìåëêîé âîäû � ýòî ñèíõðîíèçàöèè MPI ìåæäó ïðîöåññîðàìè, ò. ê.
ïðè óâåëè÷åíèè ÷èñëà âû÷èñëèòåëüíûõ óçëîâ âîçðàñòàþò íàêëàäíûå ðàñõîäû íà ñèíõðî-
íèçàöèè èç-çà âûñîêîé íàãðóçêè íà ñåòü. Ìîæíî óìåíüøèòü ñèíõðîíèçàöèè è òåì ñàìûì
óìåíüøèòü íàãðóçêó íà ñåòü, åñëè èñïîëüçîâàòü OpenMP äëÿ ðàñïàðàëëåëèâàíèÿ íà îá-
ùåé ïàìÿòè âíóòðè óçëà. Ýòî òàê íàçûâàåìûé ãèáðèäíûé ïîäõîä. Åñëè ïðè èñïîëüçîâàíèè
òîëüêî òåõíîëîãèè MPI, â òàê íàçûâàåìîì ÷èñòîì MPI ïîäõîäå, äëÿ êàæäîãî ÿäðà íà óçëå
ñîçäàåòñÿ îòäåëüíûé MPI ïðîöåññ, òî â ãèáðèäíîì MPI + OpenMP ïîäõîäå íà êàæäûé
óçåë ñîçäàåòñÿ òîëüêî îäèí MPI ïðîöåññ, è äëÿ êàæäîãî ÿäðà ñîçäàþòñÿ îòäåëüíûå ïîòîêè.
Ãèáðèäíûå ïîäõîäû â ïîñëåäíåå âðåìÿ ñòàíîâÿòñÿ âñå áîëåå àêòóàëüíûìè è èñïîëüçóþòñÿ
âî ìíîãèõ ãèäðîäèíàìè÷åñêèõ ìîäåëÿõ [15, 16, 17, 18].

Åñòü äâà ïîäõîäà ïðè èñïîëüçîâàíèè òåõíîëîãèè OpenMP äëÿ ðàñïàðàëëåëèâàíèÿ íà
îáùåé ïàìÿòè [19]. Ïåðâûé è íàèáîëåå ðàñïðîñòðàíåííûé ïîäõîä íàçûâàåòñÿ âåêòîðíûì
ïîäõîäîì (vector based). Ïðè ýòîì ïîäõîäå ïðîèñõîäèò ðàñïàðàëëåëèâàíèå ïî ïîòîêàì âñåõ
âû÷èñëåíèé â ìîäåëè ïî ïîäîáëàñòè, êàê ñõåìàòè÷íî ïîêàçàíî ñëåâà íà ðèñ. 3. Ò. å. êàæäî-
ìó MPI ïðîöåññó ñîîòâåòñòâóåò íåêîòîðàÿ ïîäîáëàñòü, è âñå OpenMP ïîòîêè ñóùåñòâóþò
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Ðèñ. 3. Ãèáðèäíûå MPI + OpenMP ïîäõîäû. Ñëåâà âåêòîðíûé ïîäõîä; ñïðàâà çàäà÷íûé ïîäõîä

è ïðîâîäÿò âû÷èñëåíèÿ âíóòðè ýòîé îáùåé äëÿ íèõ ïîäîáëàñòè. Ýòîò ïîäõîä ëåãêî ðåà-
ëèçóåì, íî äåìîíñòðèðóåò ìàëóþ ïðîèçâîäèòåëüíîñòü âî ìíîãîì èç-çà òîãî, ÷òî ïîòîêè
OpenMP íåýôôåêòèâíî èñïîëüçóþò êýø ïàìÿòü ïðè ðàáîòå íà îáùåé ïàìÿòè.

Âòîðîé ïîäõîä íàçûâàåòñÿ çàäà÷íûì ïîäõîäîì (task based). Ãëàâíàÿ èäåÿ â ýòîì ïîä-
õîäå çàêëþ÷àåòñÿ â òîì, ÷òîáû èñïîëüçîâàòü ìåòîä äåêîìïîçèöèè îáëàñòè äëÿ ïîòîêîâ
OpenMP, ò. å. ñòàâèòü êàæäîìó ïîòîêó â ñîîòâåòñòâèå íåêîòîðóþ ïîäîáëàñòü. Ïðè òàêîì
ïîäõîäå êàæäûé ïîòîê ñóùåñòâóåò è ïðîâîäèò âû÷èñëåíèÿ íà ñâîåé ñîáñòâåííîé ïîäîá-
ëàñòè, êàê ñõåìàòè÷íî ïîêàçàíî ñïðàâà íà ðèñ. 3. Çà îñíîâó ãèáðèäíîãî MPI + OpenMP
ïîäõîäà â ìîäåëè ìåëêîé âîäû áûë âçÿò èìåííî çàäà÷íûé ïîäõîä. Áëîêè èç ðàçáèåíèÿ
ðàñïðåäåëÿþòñÿ êàê ïî ïðîöåññàì MPI, òàê è ïî ïîòîêàì OpenMP. Ðàñïðåäåëåíèå áëîêîâ
ïî MPI ïðîöåññàì ïðîèñõîäèò ñ èñïîëüçîâàíèåì ìåòîäà áàëàíñèðîâêè íàãðóçêè âû÷èñ-
ëåíèé, îïèñàííîãî â ïðåäûäóùåì ðàçäåëå, è äàëåå ïðîèñõîäèò ðàñïðåäåëåíèå áëîêîâ ïî
OpenMP ïîòîêàì âíóòðè êàæäîãî MPI ïðîöåññà ñ èñïîëüçîâàíèåì æàäíîãî àëãîðèòìà
ñëåäóþùèì îáðàçîì: âñå äîñòóïíûå áëîêè MPI ïðîöåññà ñîðòèðóþòñÿ ïî âåëè÷èíå çàãðó-
æåííîñòè è äàëåå â ýòîì ïîðÿäêå ïî îäíîìó ðàñïðåäåëÿþòñÿ íà âñå äîñòóïíûå ïîòîêè
âíóòðè MPI ïðîöåññà. Òàêîé àëãîðèòì ïðè óñëîâèè, ÷òî êîëè÷åñòâî áëîêîâ â ðàçáèåíèè
âåëèêî, îáåñïå÷èâàåò ðàâíîìåðíóþ íàãðóçêó âû÷èñëåíèé ïî âñåì äîñòóïíûì ïîòîêàì â
âû÷èñëèòåëüíîé ñèñòåìå.

Â ðàçäåëå ñ âû÷èñëèòåëüíûìè ýêñïåðèìåíòàìè áóäåò ïðîâåäåíî ñðàâíåíèå äâóõ îïè-
ñàííûõ ãèáðèäíûõ ïîäõîäîâ MPI + OpenMP è ïðîäåìîíñòðèðîâàíî, ÷òî çàäà÷íûé ïîä-
õîä âî ìíîãîì ýôôåêòèâíåå âåêòîðíîãî ïîäõîäà. Çäåñü æå îòìåòèì, ÷òî èìåííî çàäà÷íûé
OpenMP ïîäõîä èñïîëüçóåòñÿ â øèðîêî èçâåñòíûõ ìîäåëÿõ àòìîñôåðû WRF (Weather
Research and Forecasting Model) [20] è îêåàíà ROMS (Regional Ocean Modeling System) [15,
21].

Îòìåòèì òàêæå ñëåäóþùèå îñîáåííîñòè ðåàëèçîâàííîãî ãèáðèäíîãî ïîäõîäà ñ èñïîëü-
çîâàíèåì òåõíîëîãèé MPI è OpenMP:

� Ó êàæäîãî ïðîöåññîðà åñòü áóôåð äëÿ MPI îáìåíà äàííûìè c ñîñåäíèìè ïðîöåññî-
ðàìè, â êîòîðîì èìååòñÿ ìåñòî ïîä õðàíåíèå äàííûõ ñî âñåõ ãðàíèö áëîêîâ ïîäîáëàñòè,
íåîáõîäèìûõ äëÿ ïåðåññûëêè íà ñîñåäíèå ïðîöåññîðû. Ñèíõðîíèçàöèÿ ìåæäó ïîäîáëàñòÿ-
ìè ïðîèñõîäèò ñ èñïîëüçîâàíèåì ýòîãî áóôåðà è íåáëîêèðóþùèìè âûçîâàìè MPI, ïðè÷åì
ñèíõðîíèçàöèÿ âûïîëíÿåòñÿ îäíèì ïîòîêîì.



10 Ïàðàëëåëüíîå ñèñòåìíîå ïðîãðàììèðîâàíèå è âû÷èñëèòåëüíûå òåõíîëîãèè

Ðèñ. 4. Òðåõóðîâíåâàÿ ïðîãðàììíàÿ àðõèòåêòóðà ìîäåëè ìåëêîé âîäû

� Ïðè ñèíõðîíèçàöèè êîïèðîâàíèå ãðàíèöû áëîêîâ âî âíåðàñ÷åòíóþ ãðàíèöó ñîñåäíèõ
áëîêîâ è â áóôåð äëÿ MPI îáìåíà ïðîèñõîäèò ïàðàëëåëüíî âñåìè ïîòîêàìè OpenMP.

� Äëÿ OpenMP ïàðàëëåëüíûé ðåãèîí ñîçäàåòñÿ â íà÷àëå çàïóñêà ìîäåëè è ñóùåñòâóåò
äî êîíöà ðàñ÷åòà, ÷òî ìèíèìèçèðóåò âðåìåííûå çàòðàòû íà èíèöèàëèçàöèþ ïîòîêîâ â
ìîäåëè.

� Èíèöèàëèçàöèÿ âñåõ äàííûõ ïðîèñõîäèò â ïàðàëëåëüíîì ðåãèîíå OpenMP. Ýòî îáåñ-
ïå÷èâàåò òî, ÷òî ñòðàíèöà ïàìÿòè âûäåëÿåòñÿ ñ óçëà òîãî ïîòîêà, êîòîðûé ïåðâûé ê íåé
îáðàòèëñÿ (�rst-touch policy). Ïðè òàêîì ïîäõîäå ïîòîêè ýôôåêòèâíåå ðàáîòàþò ñ ïàìÿ-
òüþ â NUMA-ñèñòåìàõ (Non Uniform Memory Access), â êîòîðûõ äîñòóï â ïàìÿòü ÷óæîãî
óçëà çàíèìàåò ñóùåñòâåííî áîëüøå âðåìåíè, ÷åì äîñòóï â ïàìÿòü ñâîåãî óçëà.

� Áàëàíñèðîâêà íàãðóçêè âû÷èñëåíèé ïî ïîòîêàì ïðîèñõîäèò â íà÷àëå ðàñ÷åòà, è
äàëåå âñþäó èñïîëüçóåòñÿ ñòàòè÷åñêîå ïëàíèðîâàíèå OpenMP ïîòîêîâ ïî áëîêàì, ò. å.
èñïîëüçóåòñÿ schedule(static). Ïðè äèíàìè÷åñêîì ïëàíèðîâàíèè, ò. å. ïðè èñïîëüçîâàíèè
schedule(dynamic), èìåþòñÿ íàêëàäíûå ðàñõîäû è ïðîèñõîäèò ìåíåå ýôôåêòèâíàÿ ðàáîòà
ñ ïàìÿòüþ, ÷åì ïðè ñòàòè÷åñêîì ïëàíèðîâàíèè.

� Âñþäó, ãäå ýòî âîçìîæíî, èñïîëüçóåòñÿ nowait äëÿ ïàðàëëåëüíûõ ñåêöèé OpenMP,
÷òîáû ìèíèìèçèðîâàòü òî÷êè ñèíõðîíèçàöèè ïîòîêîâ.

4. Ïðîãðàììíàÿ àðõèòåêòóðà. Â ìîäåëè áûëà ðåàëèçîâàíà ïðîãðàììíàÿ àðõèòåêòó-
ðà, îñíîâàííàÿ íà ïðèíöèïå ðàçäåëåíèÿ îáÿçàííîñòåé. Ïðîãðàììíàÿ àðõèòåêòóðà çàêëþ-
÷àåòñÿ â òîì, ÷òî âåñü ïðîãðàììíûé êîìïëåêñ ðàçäåëÿåòñÿ íà òðè óðîâíÿ: ñàìûé íèæíèé
óðîâåíü, óðîâåíü ßäðà, ñîäåðæèò âñå ïðîöåäóðû, íåîáõîäèìûå äëÿ âû÷èñëåíèÿ óðàâíåíèé
ìåëêîé âîäû, òàê íàçûâàåìûå ÿäðà ìîäåëè; ñàìûé âûñîêèé óðîâåíü, óðîâåíü Àëãîðèòìà,
îòâå÷àåò çà ïîðÿäîê âûçîâà ÿäåð ìîäåëè è çàäàåò ñõåìó ðàáîòû ìîäåëè ïî âðåìåíè; óðî-
âåíü Èíòåðôåéñà âûñòóïàåò â êà÷åñòâå ïðîìåæóòî÷íîãî óðîâíÿ ìåæäó ïåðâûìè äâóìÿ è
îòâå÷àåò çà ïàðàëëåëüíûå ìåòîäû è ïîäõîäû, èñïîëüçóåìûå â ìîäåëè (ðèñ. 4).

Ïðîãðàììíûå àðõèòåêòóðû òàêîãî òèïà ïîçâîëÿþò âûäåëèòü ïàðàëëåëüíûå ìåòîäû
â îáîñîáëåííóþ ÷àñòü ïðîãðàììû (óðîâåíü Èíòåðôåéñà) ñ öåëüþ èõ àäàïòàöèè è ãèáêîé
íàñòðîéêè íà öåëåâóþ âû÷èñëèòåëüíóþ ñèñòåìó, êîòîðûå ïðîèñõîäÿò áåç èçìåíåíèé ÷àñòåé
ïðîãðàììû, îòâå÷àþùèõ çà âû÷èñëåíèÿ óðàâíåíèé ìåëêîé âîäû. Òàêîé ïîäõîä îòäåëÿåò
ôèçèêó ìîäåëè îò îñîáåííîñòåé ïàðàëëåëüíîé ðåàëèçàöèè, ÷òî óïðîùàåò ïîääåðæêó è
ðàçâèòèå âñåãî ïðîãðàììíîãî êîìïëåêñà.

Òðåõóðîâíåâàÿ ïðîãðàììíàÿ àðõèòåêòóðà, îñíîâàííàÿ íà ïðèíöèïå ðàçäåëåíèÿ îáÿçàí-
íîñòåé, çàðåêîìåíäîâàëà ñåáÿ â ìîäåëè ìåëêîé âîäû èç ìîäåëè îêåàíà NEMO (Nucleus for
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European Modelling of the Ocean) [22] è ïëàíèðóåòñÿ âíåäðèòü åå â ïîëíóþ ìîäåëü îêåàíà
NEMO ê 2022 ãîäó [23].

Îïèøåì ñõåìàòè÷íî êàæäûé ïðîãðàììíûé óðîâåíü ìîäåëè ìåëêîé âîäû.
4.1. Óðîâåíü ßäðà. Óðîâåíü ßäðà ñîäåðæèò âñå âû÷èñëèòåëüíûå ïðîöåäóðû, òàê íàçû-

âàåìûå ÿäðà ìîäåëè. Â îáùåì ñëó÷àå ÿäðî ìîäåëè ïðåäñòàâëÿåò ñîáîé íåêîòîðûé äâóìåð-
íûé öèêë ïî ïðÿìîóãîëüíîé ïîäîáëàñòè, âíóòðè êîòîðîãî ïðîèñõîäÿò ñåòî÷íûå âû÷èñëå-
íèÿ � ýòî ìîãóò áûòü øàáëîíû ðàçíîñòíûõ ñõåì è ïðî÷åå. Íà ýòîì óðîâíå ïðîèñõîäèò
ðàáîòà ñ îáûêíîâåííûìè äâóìåðíûìè ìàññèâàìè, è èñõîäíàÿ íåðàñïàðàëëåëåííàÿ ïðî-
ãðàììà ïðåäñòàâëÿåò ñîáîé íàáîð èìåííî òàêèõ ïðîöåäóð, ò. å. ýòî áàçà ìîäåëè. Âñåãî â
ìîäåëè ìåëêîé âîäû áûëî âûäåëåíî ïîðÿäêà 15 ÿäåð. Â ëèñòèíãå íèæå ïðåäñòàâëåí îáùåé
âèä ÿäðà ìîäåëè, ãäå nx_start, nx_end, ... � ýòî ãðàíèöû ïîäîáëàñòè; bnd_x1, bnd_x2,
... � ýòî ãðàíèöû ïîäîáëàñòè, âêëþ÷àþùèå âíåðàñ÷åòíóþ ãðàíèöó; var � ñåòî÷íàÿ ïåðå-
ìåííàÿ, êîòîðàÿ ìîæåò áûòü óðîâíåì, êîìïîíåíòíîé ñêîðîñòüþ è ò. ä.

subrout ine ke rne l ( var )
r e a l (wp8 ) , i n t en t ( inout ) : : var (bnd_x1 : bnd_x2 , bnd_y1 : bnd_y2)
. . .
do m = nx_start , nx_end

do n = ny_start , ny_end
var (m, n) = <some computations>

enddo
enddo

end subrout ine

4.2. Óðîâåíü Àëãîðèòìà. Íà óðîâíå Àëãîðèòìà çàäàåòñÿ ïîðÿäîê âûçîâà ÿäåð ìîäåëè,
òåì ñàìûì íà ýòîì óðîâíå îïèñûâàåòñÿ îñíîâíîé âðåìåííîé öèêë ìîäåëè. Íà ýòîì óðîâíå
ïðîèñõîäèò ðàáîòà ñ àáñòðàêòíûìè ñòðóêòóðàìè äàííûõ, íàïðèìåð êëàññîì ocean_type,
âêëþ÷àþùèì â ñåáÿ ñåòî÷íûå ïåðåìåííûå óðîâíÿ, êîìïîíåíò ñêîðîñòè è ò. ä. Â ëèñòèí-
ãå íèæå ñõåìàòè÷íî ïðåäñòàâëåí ïðèìåð êîäà ýòîãî óðîâíÿ. Íà ýòîì ïðèìåðå ñíà÷àëà
âûçûâàåòñÿ ÿäðî ðàñ÷åòà óðîâíÿ (kernel_ssh), çàòåì ÿäðî ðàñ÷åòà êîìïîíåíò ñêîðîñòè
(kernel_uv) è ò. ä. Âûçîâû ÿäåð ïðîèçâîäÿòñÿ ñ èñïîëüçîâàíèåì ñïåöèàëüíîé ïðîöåäóðû
envoke, ÿâëÿþùåéñÿ ÷àñòüþ Èíòåðôåéñà, î êîòîðîì ðå÷ü ïîéäåò äàëåå.

. . .
type ( ocean_type ) , t a r g e t : : ocean_data
procedure ( empty_kernel ) , po in t e r : : kernel_ssh , kernel_uv
. . .
c a l l envoke ( ocean_data%ssh , kerne l_ssh )
c a l l envoke ( ocean_data%u , ocean_data%v , kernel_uv )
. . .

4.3. Óðîâåíü Èíòåðôåéñà. Ïðîìåæóòî÷íûé óðîâåíü ìåæäó ÿäðîì è âûçîâîì ÿäðà �
ýòî óðîâåíü Èíòåðôåéñà, â êîòîðîì ðåàëèçîâàíû âñå ïàðàëëåëüíûå ìåòîäû è ïîäõîäû,
èñïîëüçóåìûå â ìîäåëè. Â ÷àñòíîñòè, â èíòåðôåéñå ïðîâîäèòñÿ ðàçáèåíèå íà áëîêè (ðàç-
äåë 2.1), áàëàíñèðîâêà íàãðóçêè âû÷èñëåíèé (ðàçäåë 2.2), ãèáðèäíûé ïîäõîä ñ èñïîëü-
çîâàíèåì òåõíîëîãèé MPI è OpenMP (ðàçäåë 3), ñèíõðîíèçàöèè ïðîöåññîðîâ è ïðî÷åå.
Íà ýòîì óðîâíå ïðîèñõîäèò ðàáîòà ñ ïàðàëëåëüíûìè òèïàìè äàííûõ, íàïðèìåð êëàññîì
data2D_real8_type, ñîäåðæàùèì â ñåáå ðàñïðåäåëåííûå äàííûå ïî áëîêàì.
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Ðèñ. 5. Òåñòèðîâàíèå áëî÷íîãî ïîäõîäà íà îäíîì ÿäðå. Ïî âåðòèêàëüíîé îñè � âðåìÿ â ñåêóíäàõ:

æåëòûì öâåòîì � îáùåå âðåìÿ ðàáîòû ìîäåëè; îðàíæåâûì � âðåìÿ íà ñèíõðîíèçàöèè áëîêîâ. Ïî

ãîðèçîíòàëüíîé îñè � êîëè÷åñòâî áëîêîâ â ðàçáèåíèè

Íà íèæíåì óðîâíå ßäðà è âåðõíåì óðîâíå Àëãîðèòìà ñîäåðæèòñÿ âñÿ ôèçèêà ìîäåëè,
è ïðè ýòîì íà ýòèõ óðîâíÿõ íè÷åãî íå èçâåñòíî ïðî îñîáåííîñòè ïàðàëëåëüíîé ðåàëèçàöèè,
êîòîðûå ñêðûòû îò íèõ â Èíòåðôåéñå. Èíòåðôåéñ ðåàëèçóåòñÿ óíèâåðñàëüíûì äëÿ âñåõ
ÿäåð ìîäåëè, ÷òî ïîçâîëÿåò ãèáêî íàñòðàèâàòü ìîäåëü ïîä öåëåâóþ àðõèòåêòóðó âû÷èñ-
ëèòåëüíîé ñèñòåìû. Íà ëèñòèíãå íèæå ñõåìàòè÷íî ïðåäñòàâëåíà ðåàëèçàöèÿ èíòåðôåéñà
ñ ïîìîùüþ åäèíîé ïðîöåäóðû envoke. Ýòà ïðîöåäóðà âûçûâàåò ÿäðî äëÿ êàæäîãî áëîêà
ïîòîêà OpenMP è ïðîâîäèò çàòåì ñèíõðîíèçàöèþ MPI ïðîöåññîâ è ïîòîêîâ OpenMP.

subrout ine envoke ( var , k e rne l )
type ( data2D_real8_type ) : : var
. . .
! $omp do pr i va t e ( k ) schedu le ( s t a t i c , 1)
do k = 1 , b locks

c a l l k e rne l ( var%block (k ) )
enddo
! $omp end do nowait
c a l l sync

end subrout ine

5. Âû÷èñëèòåëüíûå ýêñïåðèìåíòû. 5.1. Àêâàòîðèÿ áåç ó÷àñòêîâ ñóøè. Ïåðâàÿ
ñåðèÿ âû÷èñëèòåëüíûõ ýêñïåðèìåíòîâ ïðîâîäèëàñü äëÿ àêâàòîðèè áåç ó÷àñòêîâ ñóøè ñ
ðàçìåðîì 1525 íà 1115 òî÷åê. Ýòà ñåðèÿ ýêñïåðèìåíòîâ ïðîâîäèëàñü ñ öåëüþ ïðîäåìîí-
ñòðèðîâàòü ïðîèçâîäèòåëüíîñòü ìîäåëè áåç ýôôåêòîâ íåðàâíîìåðíîé íàãðóçêè íà ïðîöåñ-
ñîðû. Ðàñ÷åòû ïðîâîäèëèñü ñ øàãîì, ïî âðåìåíè ðàâíûì 1 ñåêóíäå, âñåãî ïðîâîäèëîñü
8640 øàãîâ.

Áûë ïðîòåñòèðîâàí áëî÷íûé ïîäõîä íà îäíîì ÿäðå, ò. å. ïîñëåäîâàòåëüíàÿ âåðñèÿ ìî-
äåëè. Òåñòèðîâàíèå ïðîâîäèëîñü íà ïðîöåññîðå Intel Xeon Silver 4214. Íà ðèñ. 5 ïîêàçàíî
âðåìÿ ðàáîòû ìîäåëè â çàâèñèìîñòè îò êîëè÷åñòâà áëîêîâ, ó÷àñòâóþùèõ â ðàçáèåíèè îáëà-
ñòè. Âèäíî, ÷òî ñ óâëå÷åíèåì êîëè÷åñòâà áëîêîâ â ðàçáèåíèè (ò. å. ñ óìåíüøåíèåì ðàçìåðà
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Ðèñ. 6. Ñðàâíåíèå ãèáðèäíûõ è ÷èñòîãî MPI ïîäõîäîâ. Ñëåâà: ìàñøòàáèðóåìîñòü íà êëàñòåðå ÈÂÌ ÐÀÍ;

ñïðàâà: âðåìÿ ðàáîòû íà ñóïåðêîìïüþòåðå ÌÑÖ ÐÀÍ

áëîêà ò. ê. ðàçáèåíèå íà áëîêè ðàâíîìåðíîå) îáùåå âðåìÿ ðàñ÷åòà ìîäåëè óâåëè÷èâàåòñÿ
èç-çà çàòðàò íà êîïèðîâàíèå ãðàíèö áëîêîâ íà âíåðàñ÷åòíûå ãðàíèöû ñîñåäíèõ áëîêîâ.
Êîãäà ðàçìåðû áëîêîâ ñòàíîâÿòñÿ äîñòàòî÷íî ìàëûìè, à èìåííî êîãäà ðàçáèåíèå íà÷è-
íàåò ñîñòîÿòü èç 256 áëîêîâ, ïðîèñõîäèò óñêîðåíèå íà 12 % ïî ñðàâíåíèþ ñ íåáëî÷íûì
ïîäõîäîì çà ñ÷åò ýôôåêòèâíîé ðàáîòû ñ êýø ïàìÿòüþ â áëî÷íîì ïîäõîäå. È õîòü îáùåå
âðåìÿ ðàñ÷åòà ïðîäîëæàåò äàëåå óâåëè÷èâàòüñÿ ñ óìåíüøåíèåì ðàçìåðà áëîêîâ, ïðè 1024
áëîêîâ â ðàçáèåíèè îíî âûðàâíèâàåòñÿ ñî âðåìåíåì íåáëî÷íîãî ïîäõîäà. Èç âñåãî ýòîãî
ìîæíî ñäåëàòü âûâîä, ÷òî, åñëè âûáèðàòü ìàëûå ðàçìåðû áëîêîâ, òî ýôôåêòèâíàÿ ðàáîòà
ñ êýø ïàìÿòüþ êîìïåíñèðóåò çàòðàòû íà êîïèðîâàíèå ãðàíèö áëîêîâ ïðè ñèíõðîíèçàöèè.
Äëÿ ðàññìîòðåííîé àêâàòîðèè ïîëó÷èëîñü, ÷òî îïòèìàëüíûé ðàçìåð áëîêà, ïîëó÷àåìûé
ïðè ðàçáèåíèè îáëàñòè íà 256 áëîêîâ, ñîîòâåòñòâóåò ðàçìåðó 95 íà 69 òî÷åê. Ïîñêîëüêó
â âû÷èñëåíèÿõ èñïîëüçóþòñÿ ÷èñëà ñ ïëàâàþùåé çàïÿòîé äâîéíîé òî÷íîñòè (64 áèòà íà
îäíî ÷èñëî), òî îäèí òàêîé áëîê çàíèìàåò îêîëî 50 Êáàéò â ïàìÿòè.

Íà êëàñòåðå ÈÂÌ ÐÀÍ [24] áûë ïðîòåñòèðîâàí ãèáðèäíûé çàäà÷íûé ïîäõîä, è áûëî
ïðîâåäåíî ñðàâíåíèå ñ ãèáðèäíûì âåêòîðíûì è ÷èñòûì MPI ïîäõîäàìè. Òåñòèðîâàíèå
ïðîâîäèëîñü â ñìåøàííîé î÷åðåäè êàê ñî ñòàðûìè, òàê è ñ íîâûìè óçëàìè. Â î÷åðåäè áû-
ëî 8 ñòàðûõ óçëîâ, ñîñòîÿùèõ èç äâóõ ïðîöåññîðîâ Intel Xeon E5-2670v3 (24 ÿäðà íà óçåë)
è 6 íîâûõ óçëîâ, ñîñòîÿùèõ èç äâóõ áîëåå ñîâðåìåííûõ ïðîöåññîðîâ Intel Xeon Silver 4214
(òàêæå 24 ÿäðà íà óçåë). Íà ðèñ. 6 ïîêàçàíû ãðàôèêè óñêîðåíèÿ â çàâèñèìîñòè îò ÷èñëà
ÿäåð, óñêîðåíèå ñ÷èòàëîñü îòíîñèòåëüíî âðåìåíè ðàáîòû ìîäåëè íà îäíîì ÿäðå. Íà ðèñ.
6 (ñëåâà) ïåðâûå 144 ÿäðà ñîîòâåòñòâóåò 6 íîâûì óçëàì î÷åðåäè, è äàëåå ïîäêëþ÷àþòñÿ 8
ñòàðûõ óçëîâ, ìàêñèìàëüíîå êîëè÷åñòâî ÿäåð â î÷åðåäè ðàâíî 336. Âî âñåõ çàïóñêàõ äëÿ
ãèáðèäíîãî çàäà÷íîãî è ÷èñòîãî MPI ïîäõîäîâ êîëè÷åñòâî áëîêîâ áðàëîñü ðàâíîìó êîëè-
÷åñòâó ÿäåð (ò. å. êàæäîìó ïîòîêó ñòàâèëñÿ â ñîîòâåòñòâèå îäèí áëîê èç ðàçáèåíèÿ), äëÿ
ãèáðèäíîãî âåêòîðíîãî ïîäõîäà êîëè÷åñòâî áëîêîâ áðàëîñü ðàâíîìó êîëè÷åñòâó óçëîâ. Èç
ðèñ. 6 âèäíî, ÷òî íà 6 íîâûõ óçëàõ ãèáðèäíûé çàäà÷íûé è ÷èñòûé MPI ïîäõîäû äåìîíñòðè-
ðóþò ïðàêòè÷åñêè ëèíåéíîå óñêîðåíèå, â òî âðåìÿ êàê óñêîðåíèå ãèáðèäíîãî âåêòîðíîãî
ïîäõîäà ïîëó÷àåòñÿ â äâà ðàçà ìåíüøå. Ýòî, êàê óæå ãîâîðèëîñü, âî ìíîãîì ñâÿçàíî ñ òåì,
÷òî â ãèáðèäíîì âåêòîðíîì ïîäõîäå íåýôôåêòèâíî èñïîëüçóåòñÿ êýø ïàìÿòü ïîòîêàìè.
Ïðè ïîäêëþ÷åíèè ñòàðûõ óçëîâ íà ãðàôèêàõ âèäåí ïðîâàë â óñêîðåíèè, êîòîðûé ñâÿçàí ñ
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Ðèñ. 7. Ìàñøòàáèðóåìîñòü áëî÷íîãî ïîäõîäà ñ áàëàíñèðîâêîé íàãðóçêè âû÷èñëåíèé íà ïðîöåññîðû

(ñèíèé) â ñðàâíåíèè ñ ðàâíîìåðíûì ðàçáèåíèåì áåç áàëàíñèðîâêè íàãðóçêè (êðàñíûé)

ãåòåðîãåííîñòüþ âû÷èñëåíèé íà ðàçíûõ ïðîöåññîðàõ. Íà áîëüøåì êîëè÷åñòâå ÿäåð âèäíî,
÷òî äëÿ ãèáðèäíîãî çàäà÷íîãî ïîäõîäà ïîëó÷àåòñÿ óñêîðåíèå áîëüøå, ÷åì â ÷èñòîì MPI,
èç-çà òîãî, ÷òî â ãèáðèäíîì ïîäõîäå äåëàåòñÿ ìåíüøå ïåðåññûëîê ñîîáùåíèé, ÷åì â ÷èñòîì
MPI, è ñîçäàåòñÿ ìåíüøàÿ íàãðóçêà íà êîììóíèêàöèîííóþ ñåòü.

Ïðîâîäèëèñü òàêèå æå ýêñïåðèìåíòû íà ñóïåðêîìïüþòåðå ÌÂÑ-10Ï ÎÏ1 (ÌÑÖ ÐÀÍ)
íà î÷åðåäè broadwell, ñîñòîÿùåé èç ïðîöåññîðîâ Intel Xeon E5-2697Av4 [25]. Êàæäîìó óçëó
â î÷åðåäè ñîîòâåòñòâóþò 32 ÿäðà, òåñòèðîâàíèå ïðîâîäèëîñü íà 16 óçëàõ (512 ÿäåð ìàê-
ñèìàëüíî). Íà ðèñ. 6 (ñïðàâà) ïîêàçàíî âðåìÿ ðàáîòû ãèáðèäíûõ ïîäõîäîâ â ñðàâíåíèè ñ
÷èñòûì MPI ïîäõîäîì. Âèäíî, ÷òî ãèáðèäíûé çàäà÷íûé è ÷èñòûé MPI ïîäõîäû äåìîí-
ñòðèðóþò ïðèìåðíî îäèíàêîâîå âðåìÿ ðàñ÷åòà è õîðîøóþ ìàñøòàáèðóåìîñòü, áëèçêóþ ê
ëèíåéíîé. Ãèáðèäíûé âåêòîðíûé ïîäõîä èìååò òàêæå õîðîøóþ ìàñøòàáèðóåìîñòü, áëèç-
êóþ ê ëèíåéíîé, íî âèäíî, ÷òî èç-çà áîëüøîãî âðåìåíè ðàñ÷åòà íà îäíîì óçëå ýòîò ìåòîä
îòñòàåò ïî ïðîèçâîäèòåëüíîñòè îò äâóõ äðóãèõ.

5.2. Àêâàòîðèÿ Àçîâñêîãî ìîðÿ. Âòîðàÿ ñåðèÿ ýêñïåðèìåíòîâ ïðîâîäèëàñü äëÿ àêâà-
òîðèè Àçîâñêîãî ìîðÿ ñ ðàçðåøåíèåì 250 ìåòðîâ, ðàñ÷åòíàÿ îáëàñòü ñ ðàçìåðàìè 1525 íà
1115 òî÷åê. Ðàñ÷åòû ïðîâîäèëèñü ñ øàãîì, ïî âðåìåíè ðàâíûì 1 ñåêóíäå, âñåãî ïðîâîäè-
ëîñü 2160 øàãîâ. Ãëàâíàÿ èäåÿ â ýòèõ ýêñïåðèìåíòàõ çàêëþ÷àëàñü â òîì, ÷òîáû ïîñìîòðåòü
ïðîèçâîäèòåëüíîñòü ìîäåëè ìåëêîé âîäû íà çàäà÷å ñ âîçìîæíûìè ýôôåêòàìè íåðàâíîìåð-
íîé íàãðóçêè íà ïðîöåññîðû è ïðîäåìîíñòðèðîâàòü ðàáîòó ìåòîäà áàëàíñèðîâêè íàãðóçêè
âû÷èñëåíèé. Àêâàòîðèÿ Àçîâñêîãî ìîðÿ ñîäåðæèò äîâîëüíî áîëüøîå êîëè÷åñòâî áëîêîâ
(ñì. ðèñ. 2). Ïðè ðàçáèåíèè ýòîé àêâàòîðèè íà 4096 áëîêîâ áîëåå ïîëîâèíû áëîêîâ ïî-
ïàäàåò ïîëíîñòüþ íà ñóøó, ïîýòîìó ìåòîäû áàëàíñèðîâêè íàãðóçêè çäåñü áóäóò îñîáåííî
àêòóàëüíûìè.
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Âû÷èñëèòåëüíûå ýêñïåðèìåíòû äëÿ ýòîé àêâàòîðèè ïðîâîäèëèñü íà êëàñòåðå ÈÂÌ
ÐÀÍ íà 6 óçëàõ, ñîñòîÿùèõ èç äâóõ ïðîöåññîðîâ Intel Xeon Silver 4214 (24 ÿäðà ñóììàðíî
íà óçåë). Âî âñåõ ýêñïåðèìåíòàõ ðàçìåð áëîêà âûáèðàëñÿ îïòèìàëüíûì äëÿ àêâàòîðèè, à
èìåííî âûáèðàëîñü ðàçáèåíèå ñ 256 áëîêàìè ïðè ðàçìåðå êàæäîãî áëîêà, ðàâíîãî 95 íà
69 òî÷åê (ñì. ðèñ. 5). Íà ðèñ. 7 ïîêàçàíà ìàñøòàáèðóåìîñòü áëî÷íîãî ìåòîäà ñ áàëàíñè-
ðîâêîé íàãðóçêè (ñèíÿÿ ëèíèÿ) â ñðàâíåíèè ñ ðàâíîìåðíûì ðàçáèåíèåì áåç áàëàíñèðîâêè
íàãðóçêè (êðàñíàÿ ëèíèÿ). Ïóíêòèðíàÿ ëèíèÿ ïîêàçûâàåò óñêîðåíèå, ðàññ÷èòàííîå òîëüêî
äëÿ ïðîöåññîðîâ, ó÷àñòâóþùèõ â âû÷èñëåíèÿõ, ò. å. ïðîöåññîðû, ïîëíîñòüþ ïîïàäàþùèå
íà ñóøó, èãíîðèðóþòñÿ ïðè ïîäñ÷åòå óñêîðåíèÿ. Èç ðèñ. 7 âèäíî, ÷òî áëî÷íûé ìåòîä ñ
áàëàíñèðîâêîé íàãðóçêè äåìîíñòðèðóåò ëèíåéíîå è äàæå ñâåðõëèíåéíîå óñêîðåíèå íà ìà-
ëîì êîëè÷åñòâå ÿäåð, â òî âðåìÿ êàê ìåòîä áåç áàëàíñèðîâêè íàãðóçêè äåìîíñòðèðóåò
óñêîðåíèå â äâà ðàçà ìåíüøåå. Åñëè ïðè ïîäñ÷åòå óñêîðåíèÿ èãíîðèðîâàòü ïðîöåññîðû,
ïîïàäàþùèå ïîëíîñòüþ íà ñóøó, òî âèäíî, ÷òî óñêîðåíèå ìåòîäà áåç áàëàíñèðîâêè íà-
ãðóçêè óâåëè÷èâàåòñÿ ïðèìåðíî íà 30 %, íî âñå ðàâíî îñòàåòñÿ äàëåêèì îò ëèíåéíîãî
èç-çà íåñáàëàíñèðîâàííûõ âû÷èñëåíèé íà çàãðóæåííûõ ïðîöåññîðàõ.

Çàêëþ÷åíèå. Â ðàáîòå áûëà ðåàëèçîâàíà òðåõóðîâíåâàÿ ïðîãðàììíàÿ àðõèòåêòóðà
äëÿ ìîäåëè ìåëêîé âîäû, îñíîâàííàÿ íà ïðèíöèïå ðàçäåëåíèÿ îáÿçàííîñòåé è âûäåëÿþùàÿ
ïàðàëëåëüíûå ìåòîäû è ïîäõîäû â îáîñîáëåííóþ ÷àñòü ïðîãðàììû ñ öåëüþ èõ àäàïòàöèè
è ãèáêîé íàñòðîéêè ïîä öåëåâóþ âû÷èñëèòåëüíóþ ñèñòåìó áåç èçìåíåíèé ÷àñòåé ïðîãðàì-
ìû, îòâå÷àþùèõ çà âû÷èñëåíèÿ óðàâíåíèé ìåëêîé âîäû. Íà îñíîâå ýòîé ïðîãðàììíîé
àðõèòåêòóðû â ìîäåëè ìåëêîé âîäû áûëè ðåàëèçîâàíû ñëåäóþùèå ïàðàëëåëüíûå ìåòîäû
è ïîäõîäû:

Óñîâåðøåíñòâîâàííûé ìåòîä äåêîìïîçèöèè îáëàñòè, òàê íàçûâàåìûé áëî÷íûé ïîäõîä,
êîíñòðóèðóþùèé ïîäîáëàñòè ïðîöåññîðîâ èç íàáîðà áëîêîâ ìàëîãî ðàçìåðà. Áëî÷íûé ïîä-
õîä ïîçâîëÿåò ñîçäàâàòü ïîäîáëàñòè ïðîöåññîðîâ ïðèìåðíî îäèíàêîâîé çàãðóæåííîñòè ñ
èñïîëüçîâàíèåì ìåòîäîâ áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé è ýôôåêòèâíî ðàáîòàòü ñ
êýø ïàìÿòüþ ïðè âû÷èñëåíèÿõ íà áëîêàõ.

Ãèáðèäíûé çàäà÷íûé ïîäõîä ñ èñïîëüçîâàíèåì òåõíîëîãèé MPI è OpenMP, ñòàâÿùèé
êàæäîìó ïîòîêó â ñîîòâåòñòâèå íàáîð áëîêîâ. Â ãèáðèäíîì çàäà÷íîì ïîäõîäå êàæäûé ïî-
òîê ñóùåñòâóåò è ïðîâîäèò âû÷èñëåíèÿ íà ñâîåé ñîáñòâåííîé ïîäîáëàñòè, ÷òî ïîçâîëÿåò
ýôôåêòèâíî ðàáîòàòü ïîòîêàì ñ êýø ïàìÿòüþ ïðè âû÷èñëåíèÿõ íà ñâîèõ áëîêàõ. Ãèáðèä-
íûé ïîäõîä ïîçâîëÿåò ñíèçèòü íàãðóçêó íà ñåòü ïðè ñèíõðîíèçàöèè âíåðàñ÷åòíûõ ãðàíèö
íà áîëüøîì êîëè÷åñòâå âû÷èñëèòåëüíûõ óçëîâ, ïîòîìó ÷òî ñèíõðîíèçàöèè âíóòðè óçëîâ
íå òðåáóþòñÿ èç-çà íàëè÷èÿ îáùåé ïàìÿòè.

Â ðàáîòå áûëî ïðîâåäåíî òåñòèðîâàíèå ìîäåëè ìåëêîé âîäû: ïðè ðàñ÷åòå íà îäíîì ÿä-
ðå áûëà ïîêàçàíà ýôôåêòèâíîñòü ðàçáèåíèÿ íà áëîêè ìàëîãî ðàçìåðà è ýôôåêòèâíîñòü
ðàáîòû ñ êýø ïàìÿòüþ; ïðè ðàñ÷åòå íà ìíîãèõ âû÷èñëèòåëüíûõ óçëàõ áûëî ïîêàçàíî, ÷òî
ðåàëèçîâàííûé ãèáðèäíûé çàäà÷íûé ïîäõîä â ìîäåëè â äâà ðàçà ïðîèçâîäèòåëüíåå øè-
ðîêî ðàñïðîñòðàíåííîãî ãèáðèäíîãî âåêòîðíîãî ïîäõîäà, è áûëî ïîêàçàíî ïðåèìóùåñòâî
ãèáðèäíîãî ïîäõîäà â ñðàâíåíèè ñ ÷èñòûì MPI ïîäõîäîì. Òàêæå â ðàáîòå áûëà ïðîäåìîí-
ñòðèðîâàíà ýôôåêòèâíîñòü ìåòîäà áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé.

Îòìåòèì, ÷òî ðåàëèçîâàííàÿ ïðîãðàììíàÿ àðõèòåêòóðà â ìîäåëè ìåëêîé âîäû
ïîçâîëÿåò îñóùåñòâèòü ãèáêèé ïåðåõîä íå òîëüêî íà ãèáðèäíûå ìîäåëè ïàðàëëåëüíîãî
ïðîãðàììèðîâàíèÿ, íî è â ïåðñïåêòèâå íà ìîäåëè ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ äëÿ
ãåòåðîãåííûõ âû÷èñëèòåëüíûõ ñèñòåì ñ èñïîëüçîâàíèåì òåõíîëîãèé CUDA, OpenACC è
ò. ä. Âñå ìîäèôèêàöèè ïðè ïåðåõîäå íà íîâóþ ìîäåëü ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ



16 Ïàðàëëåëüíîå ñèñòåìíîå ïðîãðàììèðîâàíèå è âû÷èñëèòåëüíûå òåõíîëîãèè

áóäóò îñóùåñòâëÿòüñÿ òàêæå áåç ìîäèôèêàöèé ÷àñòåé ïðîãðàììû, îòâå÷àþùèõ çà âû÷èñ-
ëåíèÿ óðàâíåíèé ìåëêîé âîäû, ÷òî ñóùåñòâåííî óïðîùàåò ðàçðàáîòêó è ïîääåðæêó âñåãî
ïðîãðàììíîãî êîìïëåêñà.

Ñïèñîê ëèòåðàòóðû

1. Lawrence, B. N. and Rezny, M. and Budich, R. and Bauer, P. and Behrens, J. and Carter, M. and
Deconinck, W. and Ford, R. and Maynard, C. and Mullerworth, S. and Osuna, C. and Porter, A. and
Serradell, K. and Valcke, S. and Wedi, N. and Wilson, S. Crossing the chasm: how to develop weather
and climate models for next generation computers? // Geosci. Model Dev., 2018. N 11. P. 1799�1821.

2. Âîëîäèí Å.Ì., Äèàíñêèé Í.À., Ãóñåâ À.Â. Ìîäåëü çåìíîé ñèñòåìû INMCM4: âîñïðîèçâå-
äåíèå è ïðîãíîç êëèìàòè÷åñêèõ èçìåíåíèé â 19-21 âåêàõ // Èçâåñòèÿ ÐÀÍ. Ôèçèêà àòìîñôåðû è
îêåàíà, 2013, Ò. 49, � 4, Ñ. 379�400.

3. ×àïëûãèí À.Â. Ïàðàëëåëüíàÿ ðåàëèçàöèÿ îáùåé ìîäåëè öèðêóëÿöèè îêåàíà INMOM //
Ñáîðíèê òåçèñîâ ëó÷øèõ âûïóñêíûõ êâàëèôèêàöèîííûõ ðàáîò ôàêóëüòåòà ÂÌÊ ÌÃÓ 2017.
Ìîñêâà: ÌÀÊÑ ÏÐÅÑÑ, 2017. Ñ. 27�28.

4. ×àïëûãèí À.Â., Äèàíñêèé Í.À., Ãóñåâ À.Â. Ïàðàëëåëüíîå ìîäåëèðîâàíèå íåëèíåéíûõ
óðàâíåíèé ìåëêîé âîäû // Òðóäû 60-é Âñåðîññèéñêîé íàó÷íîé êîíôåðåíöèè ÌÔÒÈ, 2017.

5. ×àïëûãèí À.Â., Äèàíñêèé Í.À., Ãóñåâ À.Â. Ìåòîä áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé ñ
èñïîëüçîâàíèåì êðèâûõ Ãèëüáåðòà ïðèìåíèòåëüíî ê ïàðàëëåëüíîìó àëãîðèòìó ðåøåíèÿ óðàâíå-
íèé ìåëêîé âîäû // Âû÷èñëèòåëüíûå ìåòîäû è ïðîãðàììèðîâàíèå. 2019. � 20. Ñ. 75�87.

6. Arakawa A., Lamb V.R. Computational design of the basic dynamical processes of the UCLA
general circulation model. // Methods in computational Physics. V. 17.

7. Mesinger F., Arakawa A. Numerical methods used in atmospheric models. // JOC, GAPR
Publication Series. 1976. V. 1, N 17.

8. Ðîó÷ Ï. Âû÷èñëèòåëüíàÿ ãèäðîäèíàìèêà. Ì: Ìèð, 1980.
9. George L. Mellor. User guide for a three-dimensional, primitive equation, numerical ocean model.

Princeton University.
10. Äèàíñêèé Í.À. Ìîäåëèðîâàíèå öèðêóëÿöèè îêåàíà è èññëåäîâàíèå åãî ðåàêöèè íà êîðîò-

êîïåðèîäíûå è äîëãîïåðèîäíûå àòìîñôåðíûå âîçäåéñòâèÿ. Ì.: Ôèçìàëèò, 2012.
11. Smith R., Jones P., Briegleb B., et al. The Parallel Ocean Program (POP) Reference Manual

Ocean Component of the Community Climate System Model (CCSM) and Community Earth System
Model (CESM). 23 March 2010.

12. van Werkhoven B., Maassen J., Kliphuis M., Dijkstra H.A., Brunnabend S. E., van Meersbergen
M., Seinstra F. J., and Bal H.E. A distributed computing approach to improve the performance of the
Parallel Ocean Program. // Geosci. Model Dev., 2014. N 7. P. 267�281.

13. Wilhelmsson Tomas. Parallelization of the HIROMB Ocean Model. Licentiate Thesis, Royal
Institute of Technology Department of Numerical Analysis and Computer Science, 2002.

14. John M. Dennis. Inverse Space-Filling Curve Partitioning of a Global Ocean Model. IEEE
International Parallel and Distributed Processing Symposium, 2007.

15. Liu T. et al. Parallel Implementation and Optimization of Regional Ocean Modeling System
(ROMS) Based on Sunway SW26010 Many-Core Processor. // IEEE Access, V. 7. P. 146170�146182,
2019.

16. Afzal, A., Ansari, Z., Faizabadi, A.R. et al. Parallelization Strategies for Computational Fluid
Dynamics Software: State of the Art Review. // Arch Computat Methods Eng 24, 337�363 (2017).

17. Akhmetova D, Iakymchuk R, Ekeberg O, Laure E. Performance study of multithreaded MPI
and Openmp tasking in a large scienti�c code. // Proc. 2017 IEEE 31st Int. Parallel Distrib. Process.
Symp. Work. IPDPSW 2017. P. 756�65.



À.Â. ×àïëûãèí, À.Â. Ãóñåâ 17

18. Ìîðòèêîâ Å.Â. Ïðîãðàììíàÿ ðåàëèçàöèÿ áëîêà ïåðåíîñà ïðèìåñåé â êëèìàòè÷åñêèõ ìîäå-
ëÿõ íà îñíîâå ãèáðèäíîãî ïðîãðàììèðîâàíèÿ MPI-OpenMP. // Ñóïåðêîìïüþòåðíûå äíè â Ðîññèè:
Òðóäû ìåæäóíàðîäíîé êîíôåðåíöèè. 2016. Ñ. 521�529.

19. Rabenseifner R. and Wellein G. Communication and optimization aspects of parallel
programming models on hybrid architectures. // Int. J. High Perform. Comp. Appl., 2003. N 17(1).
P. 49�62.

20. Elliott, S., Sobhani, N., Del Vento, D., Gill, D. O. WRF performance optimization targeting
Intel multicore and manycore architectures. In 2nd Symposium on High Performance Computing for
Weather, Water, and Climate. American Meteorological Society: New Orleans, LA, US, 2016.

21. Shchepetkin Alexander F., McWilliams James C., The regional oceanic modeling system
(ROMS): a split-explicit, free-surface, topography-following-coordinate oceanic model // Ocean
Modelling. 2005. V. 9. Iss. 4. P. 347�404.

22. Porter Andrew R., Appleyard Jeremy, Ashworth Mike, Ford Rupert W., Holt Jason, Liu Hedong
and Riley Graham D.. Portable multi- and many-core performance for �nite-di�erence or �nite-element
codes � application to the free-surface component of NEMO (NEMOLite2D 1.0). // Geosci. Model
Dev., 2018. N 11. P. 3447�3464.

23. NEMO Consortium. NEMO development strategy Version 2: 2018-2022. 2018.
24. Êëàñòåð ÈÂÌ ÐÀÍ. [Ýëåêòðîí. ðåñ.]: http://cluster2.inm.ras.ru.
25. Êëàñòåð ÌÑÖ ÐÀÍ. [Ýëåêòðîí. ðåñ.]: http://www.jscc.ru.

×àïëûãèí À.Â. � e-
mail: achaplygin99@gmail.com,
òåë. +7 965 1818175. Îêîí÷èë
áàêàëàâðèàò ÂÌÊ ÌÃÓ ïî íà-
ïðàâëåíèþ 01.03.02

”
Ïðèêëàä-

íàÿ ìàòåìàòèêà è èíôîðìàòè-
êà“, òåìà äèïëîìà:

”
Ðåàëèçà-

öèÿ ïàðàëëåëüíîé âåðñèè ìîäåëè öèðêóëÿöèè
îêåàíà INMOM“.

Ñ ýòèì äèïëîìîì îí ïîáåäèë â êîíêóðñå
âûïóñêíûõ êâàëèôèêàöèîííûõ ðàáîò 2017 ãîäà
ôàêóëüòåòà ÂÌÊ ÌÃÓ, ïîëó÷èë äèïëîì ïîáå-
äèòåëÿ 2 ñòåïåíè. Â 2019 ãîäó ñ îòëè÷èåì îêîí-
÷èë ìàãèñòðàòóðó ÂÌÊ ÌÃÓ ïî íàïðàâëåíèþ
01.04.02

”
Ïðèêëàäíàÿ ìàòåìàòèêà è èíôîðìà-

òèêà“, òåìà ìàãèñòåðñêîé äèññåðòàöèè:
”
Ìåòîä

áàëàíñèðîâêè íàãðóçêè âû÷èñëåíèé ñ èñïîëü-
çîâàíèåì ôðàêòàëüíûõ êðèâûõ Ãèëüáåðòà äëÿ
ìîäåëè INMOM“. Äâà ðàçà ó÷àñòâîâàë â ìåæ-
äóíàðîäíîé Ðèìñêî-Ìîñêîâñêîé øêîëå ïî ìàò-
ðè÷íûì ìåòîäàì è ïðèêëàäíîé ëèíåéíîé àë-
ãåáðå, à òàêæå ïðîõîäèë äëèòåëüíûå ñòàæè-
ðîâêè â êà÷åñòâå ïðîãðàììèñòà-èññëåäîâàòåëÿ
â âûñîêîòåõíîëîãè÷íûõ êîìïàíèÿõ, ãäå ðàáî-
òàë ñ âûñîêîïðîèçâîäèòåëüíûìè ïðîãðàììíû-
ìè êîìïëåêñàìè ïî ÷èñëåííîìó ìîäåëèðîâà-
íèþ. Â íàñòîÿùåå âðåìÿ ÿâëÿåòñÿ àñïèðàíòîì
ÈÂÌ ÐÀÍ. Îáëàñòü íàó÷íîé äåÿòåëüíîñòè ñâÿ-
çàíà ñ ìàòåìàòè÷åñêèì ìîäåëèðîâàíèåì, ïà-

ðàëëåëüíûì ïðîãðàììèðîâàíèåì è ÷èñëåííûìè
ìåòîäàìè. ×àïëûãèí À. Â. èìååò 4 ïóáëèêàöèè
â íàó÷íûõ èçäàíèÿõ, èíäåêñèðóåìûõ â ÐÈÍÖ è
âõîäÿùèõ â òåêóùèé ïåðå÷åíü ÂÀÊ Ðîññèè, èç
íèõ 2 ïóáëèêàöèè èç WoS è Scopus; 5 ïóáëèêà-
öèé â ìàòåðèàëàõ êîíôåðåíöèé, èíäåêñèðóåìûõ
â ÐÈÍÖ.

Chaplygin A.V. graduated from the
Bachelor's degree program of the Moscow State
University in the direction 01.03.02

”
Applied

Mathematics and Computer Science“. In 2019,
he graduated with honors from the Master's
program of the Moscow State University in
the direction 01.04.02

”
Applied Mathematics

and Computer Science“. He participated twice
in the international Roman-Moscow School of
Matrix Methods and Applied linear algebra,
and also completed long-term internships as a
research programmer in high-tech companies,
where he worked with high-performance software
for numerical modeling. Currently, he is a post-
graduate student of the Marchuk Institute of
Numerical Mathematics. The �eld of scienti�c
activity of Chaplygin A.V. is connected with
mathematical modeling, parallel programming
and numerical methods. Chaplygin A.V. has 4
scienti�c publications, including 2 publications
fromWoS and Scopus; 5 publications in conference
materials.



18 Ïàðàëëåëüíîå ñèñòåìíîå ïðîãðàììèðîâàíèå è âû÷èñëèòåëüíûå òåõíîëîãèè

Ãóñåâ À.Â. (èíäåêñ õèð-
øà 17 ïî ÐÈÍÖ è 12 ïî WoS,
çà ïîñëåäíèå 5 ëåò 50 ïóáëèêà-
öèé, èç íèõ 19 èç WoS è Scopus)
ñòàðø. íàó÷. ñîòð. ÈÂÌ ÐÀÍ è
ÈÎ ÐÀÍ, êàíä. ôèç.-ìàò. íàóê.

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

Îêîí÷èë Ìîñêîâñêèé ôèçèêî-òåõíè÷åñêèé
èíñòèòóò â 2005 ãîäó, ïîñëå ÷åãî áûë ïðèíÿò
â àñïèðàíòóðó Èíñòèòóòà âû÷èñëèòåëüíîé ìà-
òåìàòèêè ÐÀÍ. Â 2009 ãîäó çàùèòèë äèññåð-
òàöèþ íà ñîèñêàíèå ó÷åíîé ñòåïåíè êàíäèäàòà
ôèçèêî-ìàòåìàòè÷åñêèõ íàóê ïî òåìå

”
×èñëåí-

íàÿ ìîäåëü ãèäðîäèíàìèêè îêåàíà â êðèâîëè-
íåéíûõ êîîðäèíàòàõ äëÿ âîñïðîèçâåäåíèÿ öèð-
êóëÿöèè Ìèðîâîãî îêåàíà è åãî îòäåëüíûõ àê-
âàòîðèé“ ïî ñïåöèàëüíîñòè 05.13.18 �

”
Ìàòå-

ìàòè÷åñêîå ìîäåëèðîâàíèå, ÷èñëåííûå ìåòîäû
è êîìïëåêñû ïðîãðàìì“. Â íàñòîÿùåå âðåìÿ ðà-
áîòàåò â ÈÂÌ ÐÀÍ íà äîëæíîñòè ñòàðøåãî íà-
ó÷íîãî ñîòðóäíèêà. Îáëàñòü íàó÷íîé äåÿòåëü-
íîñòè Ãóñåâà À. Â. ñâÿçàíà ñ ÷èñëåííûì ìîäå-
ëèðîâàíèåì öèðêóëÿöèè îêåàíîâ è ìîðåé. Â îñ-
íîâå èññëåäîâàíèé, ïðîâîäèìûõ â ÈÂÌ ÐÀÍ ïî
ýòîìó íàïðàâëåíèþ, ëåæèò íàó÷íàÿ áàçà, ñîçäà-
âàåìàÿ íà ïðîòÿæåíèè ìíîãèõ ëåò îñíîâàòåëåì
èíñòèòóòà àêàäåìèêîì Ã. È. Ìàð÷óêîì è åãî
ó÷åíèêàìè. Çà âðåìÿ ðàáîòû Ãóñåâ À. Â. âíåñ
áîëüøîé âêëàä â ñîçäàíèå è ðàçâèòèå ÷èñëåí-

íîé ìîäåëè öèðêóëÿöèè Ìèðîâîãî îêåàíà ÈÂÌ
ÐÀÍ è ìîäåëè êëèìàòè÷åñêîé ñèñòåìû Çåìëè.
Ðàçðàáîòàííàÿ èì ìîäåëü, èçâåñòíàÿ â ìåæäó-
íàðîäíîì ñîîáùåñòâå êàê INMOM (Institute of
Numerical Mathematics Ocean Model), íàõîäèò
øèðîêîå ïðèìåíåíèå êàê â Ðîññèè, òàê è çà ðó-
áåæîì.

Gusev A.V. (Hirsch index 17 in the RSCI
and 12 in WoS, 50 publications over the past 5
years, 19 of them from WoS and Scopus) Ph.
D. He graduated from the Moscow Institute of
Physics and Technology in 2005, after which he
was accepted to the postgraduate program of the
Institute of Numerical Mathematics of the Russian
Academy of Sciences (INM RAS). In 2009, he
defended his Ph. D. thesis in the specialty 05.13.18

”
Mathematical modeling, numerical methods and
software packages“. Currently, he works at the
INM RAS as a senior researcher. The �eld of
scienti�c activity of Gusev A.V. is connected with
numerical ocean circulation modeling. During his
work, Gusev A.V. made a great contribution to
the creation and development of the numerical
world ocean circulation model and the model of
the Earth's climate system. The model developed
by him, known in the international community as
the INMOM (Institute of Numerical Mathematics
Ocean Model), is widely used both in Russia and
abroad.

Äàòà ïîñòóïëåíèÿ � 03.02.2021


