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ñèñòåìû "íåôòü-âîäà"è åå ðåàëèçàöèÿ â ñèñòåìå ôðàãìåíòèðîâàííîãî

ïðîãðàììèðîâàíèÿ LuNA

Êðàòêî ïðåäñòàâëåíà òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ è ðåàëèçóþùèå åå
ÿçûê è ñèñòåìà ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA, íà ïðèìåðå ðåøåíèÿ îäíîìåð-
íîé êðàåâîé çàäà÷è ôèëüòðàöèè æèäêîñòè äëÿ ñèñòåìû "íåôòü-âîäà". Òåõíîëîãèÿ îðèåíòè-
ðîâàíà íà ïîääåðæêó ðàçðàáîòêè ïàðàëëåëüíûõ ïðîãðàìì, ðåàëèçóþùèõ áîëüøèå ÷èñëåííûå
ìîäåëè, è èõ èñïîëíåíèÿ íà ñóïåðêîìïüþòåðàõ. Ñèñòåìà LuNA - ýòî ÿçûê è ñèñòåìà ïðî-
ãðàììèðîâàíèÿ, ïðåäíàçíà÷åííûå äëÿ ýôôåêòèâíîé ðåàëèçàöèè áîëüøèõ ÷èñëåííûõ ìîäå-
ëåé íà ìóëüòèêîìïüþòåðàõ (â ïåðâóþ î÷åðåäü, âû÷èñëèòåëüíûõ êëàñòåðàõ). Ýôôåêòèâíîñòü
ïîíèìàåòñÿ â ñìûñëå ðàñõîäà ïàìÿòè è çàòðà÷èâàåìîãî âðåìåíè íà âûïîëíåíèå ïðîãðàì-
ìû. Òåîðåòè÷åñêèì áàçèñîì ñèñòåìû ÿâëÿåòñÿ òåîðèÿ ñòðóêòóðíîãî ñèíòåçà ïàðàëëåëüíûõ
ïðîãðàìì íà âû÷èñëèòåëüíûõ ìîäåëÿõ. Ñèñòåìà LuNA àâòîìàòèçèðóåò ïðîãðàììèðîâàíèå
êîììóíèêàöèé, ðàñïðåäåëåíèå ðåñóðñîâ, óïðàâëåíèå ïàìÿòüþ, ñèíõðîíèçàöèþ äîñòóïà ê îá-
ùèì äàííûì, äèíàìè÷åñêóþ áàëàíñèðîâêó íàãðóçêè íà âû÷èñëèòåëüíûå óçëû è ò.ï. Äëÿ
ïàðàëëåëüíîé ðåàëèçàöèè êðàåâîé çàäà÷è áûë ïðèìåíåí ïàðàëëåëüíûé àëãîðèòì ïðîãîíêè.
Ñ èñïîëüçîâàíèåì ýòîãî ìåòîäà òàêæå áûëà ðåàëèçîâàíà ôðàãìåíòèðîâàííàÿ ïðîãðàììà è
ïðîãðàììà â ñèñòåìå LuNA. Ðàñ÷åòû ïðîâîäèëèñü äëÿ ðàçëè÷íîãî êîëè÷åñòâà òî÷åê ïî îñè
x. Äëÿ ñðàâíåíèÿ êà÷åñòâà ðåàëèçàöèé ïðèêëàäíîé ÷èñëåííûé àëãîðèòì áûë ðåàëèçîâàí â
íåñêîëüêèõ âàðèàíòàõ: ïîñëåäîâàòåëüíàÿ ïðîãðàììà íà ÿçûêå Java, ïàðàëëåëüíàÿ ïðîãðàììà
íà ÿçûêå Java ñ èñïîëüçîâàíèåì êîììóíèêàöèîííîé áèáëèîòåêè MPJ Express, ðåàëèçóþùåé
ñòàíäàðò MPI, ïîñëåäîâàòåëüíàÿ ôðàãìåíòèðîâàííàÿ ïðîãðàììà íà ÿçûêå C++ è ïàðàëëåëü-
íàÿ ôðàãìåíòèðîâàííàÿ ïðîãðàììà íà ÿçûêå LuNA ñ èñïîëüçîâàíèåì îäíîèìåííîé ñèñòåìû
ïðîãðàììèðîâàíèÿ
Êëþ÷åâûå ñëîâà: ôðàãìåíòèðîâàííîå ïðîãðàììèðîâàíèå, LuNA, ÷èñëåííîå ðåøåíèå, MPI,
ïàðàëëåëüíàÿ ïðîãðàììà, ïðîãîíêà.

D. Lebedev, V. Perepelkin
Numerical solution of one-dimensional boundary value problem of �uid for oil-water system

and its implementation in a system of fragmented programming LuNA

Brie�y presented fragmented programming technology and implementing its language and
system of fragmented programming LuNA, the example of the one-dimensional solutions of the
boundary value problem of �uid for oil-water systems. The technology is designed to support the
development of parallel programs implementing large numerical models, and their performance
on supercomputers. System LuNA - a language and programming system designed for e�cient
implementation of a big numerical model on multiple computers (primarily computer clusters).
E�ciency is understood in terms of memory consumption and time spent on the program.
Theoretical basis of the system is the theory of structural synthesis of parallel programs on
computational models.
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The system LuNA automates programming communications, resource allocation, memory
management, synchronizing access to shared data, dynamic load balancing on computing nodes
etc.For the parallel implementation of the boundary value problem has been applied parallel
algorithm Gauss. With the use of this algorithm has been implemented as a fragmented program
and the program in the system LuNA. Calculations were performed for di�erent number of points
along the axis x. To compare the quality of implementation of applied numerical algorithm has been
implemented in several variants: sequential program in Java, and a parallel program in the Java
language using the communication library MPJ Express, implementing standard MPI, sequential
fragmented program in C ++ and parallel fragmented language program LuNA using eponymous
programming system
Key words: Fragmented programming, LuNA, numerical solution, MPI, Parallel program.
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¾Ì´íàé-ñó¿ æ³éåñi ³øií áið °ëøåìäi øåêàðàëû© ñ´éû© ôèëüòðàöèÿñû åñåáiíi­ ñàíäû©

øåøiìi æºíå îíû­ LuNA ôðàãìåíòàðëû ïðîãðàììàëàó æ³éåñiíäå iñ-æ³çiíå àñûðûëóû

Áið °ëøåìäi øåêàðàëû© ñ´éû© ôèëüòðàöèÿñû åñåáiíi­ øåøiìi ìûñàëûíäà ¾ì´íàé-ñó¿ æ³é-
åñi ³øií ôðàãìåíòàðëû ïðîãðàììàëàó òåõíîëîãèÿñûíà æºíå îíû iñ-æ³çiíå àñûðàòûí òiëiíå
æºíå LuNA ôðàãìåíòàðëû ïðîãðàììàëàó æ³éåñiíå ©ûñ©àøà øîëó æ³ðãiçiëãåí. Á´ë òåõíî-
ëîãèÿ ³ëêåí ñàíäû© ìîäåëäåðäi îðûíäàéòûí ïàðàëëåëüäi ïðîãðàììàëàð ©´ðó æºíå îëàðäû
ñóïåðêîìïüþòåðëåðäå îðûíäàó ³øií áà¡ûòòàë¡àí. LuNA æ³éåñi � ìóëüòèêîìïüþòåðëåðäå
(áiðiíøi êåçåêòå, åñåïòåó êëàñòåðiíäå) ³ëêåí ñàíäû© ìîäåëäåðäi òèiìäi îðûíäàó¡à àðíàë¡àí
òië æºíå ïðîãðàììàëàó æ³éåñi. Òèiìäiëiêòi­ ìà¡ûíàñû ðåòiíäå æàäû ©îëäàíó æºíå ïðîãðàì-
ìàíû îðûíäàó¡à æ´ìñàëàòûí óà©ûò àëûí¡àí. Æ³éåíi­ òåîðåòèêàëû© áàçèñi åñåïòåó ìîäåëü-
äåðiíäåãi ïàðàëëåëüäi ïðîãðàììàëàðäû ©´ðûëûìäû© ñèíòåçäåó òåîðèÿñû áîëûï òàáûëàäû.
LuNA æ³éåñi êåëåñiäåé ³ðäiñòåðäi àâòîìàòòàíäûðàäû: êîììóíèêàöèÿëàðäû ïðîãðàììàëàó,
ðåñóðñòàðäû ³ëåñòiðó, æàäûíû áàñ©àðó, æàëïû ìºëiìåòòåðãå ð´©ñàò àëóäû ñèíõðîíèçàöè-
ÿëàó, åñåïòåó ò³éiíäåðiíå æ³êòåóäi äèíàìèêàëû© òå­ãåðó æºíå ò.á. Øåêàðàëû© åñåïòi ïà-
ðàëëåëüäi iñ-æ³çiíå àñûðó ³øií ©óàëàó ºäiñiíi­ ïàðàëëåëüäi àëãîðèòìi ©îëäàíûëäû. Ñîíû-
ìåí ©àòàð, á´ë ºäiñòi ©îëäàíà îòûðûï, ôðàãìåíòàðëû ïðîãðàììà æºíå LuNA æ³éåñiíäåãi
ïðîãðàììà æàñàëûíäû. Åñåïòåóëåð x îñi áîéûíøà ºðò³ðëi í³êòåëåð ñàíû ³øií æ³ðãiçiëäi.
Îðûíäàó ñàïàñûí ñàëûñòûðó ìà©ñàòûìåí ©îëäàíáàëû ñàíäû© àëãîðèòìi áiðíåøå í´ñ©àäà
æàñàëûí¡àí áîëàòûí: Java òiëiíäåãi òiçáåêòåëãåí ïðîãðàììà, MPI ñòàíäàðòûí iñêå àñûðàòûí
MPJ Express êîììóíèêàöèÿëû© êiòàïõàíàñûí ©îëäàíàòûí Java òiëiíäåãi ïàðàëëåëüäi ïðî-
ãðàììà, C++ òiëiíäåãi òiçáåêòåëãåí ôðàãìåíòàðëû ïðîãðàììà æºíå LuNa òiëiíäå áið àòòàñ
ïðîãðàììàëàó æ³éåñií ©îëäàíûï æàçûë¡àí ïàðàëëåëüäi ôðàãìåíòàðëû ïðîãðàììà.
Ò³éií ñ°çäåð: ôðàãìåíòàðëû ïðîãðàììàëàó, ñàíäû© øåøiìäåð, MPI, ïàðàëëåëüäi ïðîãðàì-
ìà, ©´àëàó ºäiñòåìåñi, LuNA.

Ââåäåíèå

Ïðè ïàðàëëåëüíîé ðåàëèçàöèè áîëüøèõ ÷èñëåííûõ ìîäåëåé íà ñóïåðêîìïüþòåðàõ
âîçíèêàþò íåîáõîäèìîñòü ðåøàòü ïðîáëåìû èç îáëàñòè ñèñòåìíîãî ïàðàëëåëüíîãî ïðî-
ãðàììèðîâàíèÿ. Ê òàêèì ïðîáëåìàì îòíîñÿòñÿ äåêîìïîçèöèÿ äàííûõ è âû÷èñëåíèé íà
÷àñòè è ðàñïðåäåëåíèå ýòèõ ÷àñòåé ïî ðàçëè÷íûì óçëàì ìóëüòèêîìïüþòåðà, îáåñïå÷å-
íèå è ñèíõðîíèçàöèÿ äîñòóïà ê ðàñïðåäåë¼ííûì äàííûì, ïëàíèðîâàíèå âû÷èñëåíèé,
îáåñïå÷åíèå äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè íà ïðîöåññîðû, è ò.ä. [1] Ðåøåíèå
ýòèõ ïðîáëåì âàæíî àâòîìàòèçèðîâàòü, ò.ê. ýòî ïîâûøàåò óðîâåíü ïðîãðàììèðîâàíèÿ,
ñíèæàåò òðåáîâàíèÿ ê êâàëèôèêàöèè ïðîãðàììèñòà, îáû÷íî ïîâûøàåò êà÷åñòâî ïàðàë-
ëåëüíîé ïðîãðàììû, óâåëè÷èâàåò ñêîðîñòü è ñíèæàåò òðóäî¼ìêîñòü ðàçðàáîòêè ïàðàë-
ëåëüíîé ïðîãðàììû, ñíèæàåò ÷èñëî âîçíèêàþùèõ îøèáîê. Îñîáåííî ýòî ñóùåñòâåííî
ïðè ïðîãðàììèðîâàíèè íà íåîäíîðîäíûõ âû÷èñëèòåëÿõ, òàê êàê ïðèõîäèòñÿ ó÷èòûâàòü
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ñîîòâåòñòâóþùóþ ñïåöèôèêó - ðàçíûå îáúåìû îïåðàòèâíîé è êýø-ïàìÿòåé óçëîâ, ðàç-
íóþ ïðîèçâîäèòåëüíîñòü âû÷èñëèòåëüíûõ óçëîâ, ðàçíûå õàðàêòåðèñòèêè êîììóíèêàöè-
îííûõ ñåòåé - òîïîëîãèþ, ïðîïóñêíóþ ñïîñîáíîñòü, ëàòåíòíîñòü è ò.ï. Ïîäîáíàÿ àâòîìà-
òèçàöèÿ - ñëîæíàÿ çàäà÷à, êîòîðóþ öåëåñîîáðàçíî ðåøàòü â îãðàíè÷åííîé ïðåäìåòíîé
îáëàñòè è äëÿ îãðàíè÷åííîãî êëàññà âû÷èñëèòåëåé. Òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî
ïðîãðàììèðîâàíèÿ è ïîääåðæèâàþùàÿ å¼ ñèñòåìà LuNA ðàññ÷èòàíû íà àâòîìàòèçàöèþ
ïàðàëëåëüíîé ðåàëèçàöèè èòåðàöèîííûõ ÷èñëåííûõ àëãîðèòìîâ íà ðåãóëÿðíûõ ñåòêàõ
íà íåîäíîðîäíûõ ñóïåðêîìïüþòåðàõ, ïîëó÷àþùèõñÿ â ðåçóëüòàòå îáúåäèíåíèÿ íåñêîëü-
êèõ êëàñòåðîâ â îäèí, íàïðèìåð, ñ ïîìîùüþ êîììóíèêàöèîííîé ñðåäû NumGRID [3].

Ñèñòåìà LuNA

Ñèñòåìà ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ LuNA ðàçðàáàòûâàåòñÿ â ÈÂÌèÌÃ ÑÎ
ÐÀÍ. Îíà ïðåäíàçíà÷åíà äëÿ ýôôåêòèâíîé ðåàëèçàöèè áîëüøèõ ÷èñëåííûõ ìîäåëåé
íà ìóëüòèêîìïüþòåðàõ ñ ðàñïðåäåëåííîé ïàìÿòüþ (â ïåðâóþ î÷åðåäü, âû÷èñëèòåëüíûõ
êëàñòåðàõ). Òóò è äàëåå ýôôåêòèâíîñòü ïîíèìàåòñÿ ñ òî÷êè çðåíèÿ ðàñõîäà ïàìÿòè è
çàòðà÷èâàåìîãî âðåìåíè íà âûïîëíåíèå ïðîãðàììû. Òåîðåòè÷åñêèé áàçèñ ñèñòåìû LuNA
- òåîðèÿ ñòðóêòóðíîãî ñèíòåçà ïàðàëëåëüíûõ ïðîãðàìì íà âû÷èñëèòåëüíûõ ìîäåëÿõ [2].

Îñíîâíîå ïðåèìóùåñòâî, êîòîðîå äà¼ò èñïîëüçîâàíèå ñèñòåìû LuNA - ýòî ýêîíîìèÿ
âðåìåíè ïðîãðàììèðîâàíèÿ áîëüøèõ ÷èñëåííûõ ìîäåëåé. Ýòà ýêîíîìèÿ äîñòèãàåòñÿ çà
ñ÷¼ò àâòîìàòèçàöèè ïðîãðàììèðîâàíèÿ ìíîãèõ òðóäî¼ìêèõ ñèñòåìíûõ êîìïîíåíòîâ ïà-
ðàëëåëüíîé ïðîãðàììû. Â ÷àñòíîñòè, àâòîìàòèçèðóåòñÿ ïðîãðàììèðîâàíèå êîììóíèêà-
öèé, ðàñïðåäåëåíèÿ ðåñóðñîâ, óïðàâëåíèÿ ïàìÿòüþ, ñèíõðîíèçàöèè äîñòóïà ê îáùèì
äàííûì, äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè íà âû÷èñëèòåëüíûå óçëû è ò.ï.

Ñîáñòâåííî ïðîãðàììèðîâàíèå îñóùåñòâëÿåòñÿ íà äâóõ ÿçûêàõ ïðîãðàììèðîâàíèÿ
- LuNA è C++. Ñõåìà ïðèêëàäíîãî àëãîðèòìà îïèñûâàåòñÿ íà ÿçûêå LuNA (Language
for Numerical Algorithms), êîòîðûé ðàçðàáàòûâàåòñÿ â ðàìêàõ òîãî æå ïðîåêòà, ÷òî è
ñàìà ñèñòåìà. Ýòîò ÿçûê ïîçâîëÿåò îïèñûâàòü ñòðóêòóðíóþ ñõåìó àëãîðèòìà êàê äâó-
äîëüíûé îðèåíòèðîâàííûé ãðàô, âåðøèíàìè êîòîðîãî ÿâëÿþòñÿ ôðàãìåíòû äàííûõ è
ôðàãìåíòû âû÷èñëåíèé. Ôðàãìåíòû äàííûõ ñîîòâåòñòâóþò àãðåãèðîâàííûì ïåðåìåí-
íûì àëãîðèòìà, ýòî ìîãóò áûòü, íàïðèìåð, áëîêè ñåòîê, ïîäìàòðèöû, è ò.ï. Ôðàãìåí-
òû âû÷èñëåíèé ñîîòâåòñòâóþò îïåðàöèÿì àëãîðèòìà, îíè çàäàþò, êàê çíà÷åíèÿ îäíèõ
ôðàãìåíòîâ äàííûõ ìîãóò áûòü âû÷èñëåíû èç äðóãèõ ôðàãìåíòîâ äàííûõ. Äóãè ãðàôà
îïðåäåëÿþò äëÿ êàæäîãî ôðàãìåíòà âû÷èñëåíèé, êàêèå èç ôðàãìåíòîâ äàííûõ ÿâëÿ-
þòñÿ äëÿ íåãî âõîäíûìè, à êàêèå - âûõîäíûìè.

Íà ÿçûêå C++ îïèñûâàþòñÿ ïîñëåäîâàòåëüíûå ïðîöåäóðû áåç ïîáî÷íûõ ýôôåêòîâ,
êîòîðûå ðåàëèçóþò ôðàãìåíòû âû÷èñëåíèé. Òàêîå ïðåäñòàâëåíèå ïðèêëàäíîãî àëãîðèò-
ìà áóäåì íàçûâàòü ôðàãìåíòèðîâàííîé ïðîãðàììîé. Èñïîëüçîâàíèå ðàñïðîñòðàíåííîãî
ïîñëåäîâàòåëüíîãî ÿçûêà ïðîãðàììèðîâàíèÿ äëÿ ðåàëèçàöèè ôðàãìåíòîâ âû÷èñëåíèé
âûãîäíî, òàê êàê ïîçâîëÿåò îñíîâíóþ ìàññó âû÷èñëåíèé, ñîñðåäîòî÷åííóþ âíóòðè ôðàã-
ìåíòîâ âû÷èñëåíèé, ðåàëèçîâàòü ñ âûñîêîé ýôôåêòèâíîñòüþ íà áàçå íàêîïëåííîãî îïû-
òà, àëãîðèòìîâ, áèáëèîòå÷íûõ ïîäïðîãðàìì è èíñòðóìåíòîâ, ñóùåñòâóþùèõ â îáëàñòè
ïîñëåäîâàòåëüíîãî ïðîãðàììèðîâàíèÿ.

Ôðàãìåíòèðîâàííàÿ ñòðóêòóðà àëãîðèòìà ñîõðàíÿåòñÿ è âî âðåìÿ åãî âûïîëíåíèÿ, òî
åñòü ôðàãìåíòû äàííûõ è âû÷èñëåíèé ÿâíî ïðèñòóòñòâóþò íà óçëàõ ìóëüòèêîìïüþòåðà
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Ðèñóíîê 1 � Îáùàÿ ñòðóêòóðà ñèñòåìû LuNA (ÔÏ - ôðàãìåíòèðîâàííàÿ ïðîãðàììà)

êàê íåçàâèñèìûå è âçàèìîäåéñòâóþùèå ïðîöåññû. Èñïîëíåíèå àëãîðèòìà àâòîìàòè÷å-
ñêè îñóùåñòâëÿåò Ñèñòåìà LuNA. Îíà ðàçìåùàåò ôðàãìåíòû äàííûõ â ðàñïðåäåëåííîé
ïàìÿòè ìóëüòèêîìïüþòåðà, îòñëåæèâàåò èíôîðìàöèîííûå çàâèñèìîñòè ìåæäó ôðàã-
ìåíòàìè âû÷èñëåíèé è èñïîëíÿåò ïîñëåäíèå. Èñïîëíåíèå ôðàãìåíòà âû÷èñëåíèé ñîñòî-
èò â òîì, ÷òî åìó íàçíà÷àåòñÿ âû÷èñëèòåëüíûé óçåë, â ëîêàëüíóþ ïàìÿòü ýòîãî óçëà
ïåðåäàþòñÿ âñå âõîäíûå ôðàãìåíòû äàííûõ äëÿ ýòîãî ôðàãìåíòà âû÷èñëåíèé (åñëè îíè
óæå íå íàõîäÿòñÿ òàì), è çàïóñêàåòñÿ ïîñëåäîâàòåëüíàÿ ïðîöåäóðà íàä ýòèìè ôðàãìåí-
òàìè äàííûõ. Ðåçóëüòàòîì âûïîëíåíèÿ ïðîöåäóðû ÿâëÿåòñÿ íàáîð çíà÷åíèé âûõîäíûõ
ôðàãìåíòîâ äàííûõ, êîòîðûå èñïîëüçóþòñÿ ñèñòåìîé äàëåå äëÿ âûïîëíåíèÿ ñëåäóùèõ
ôðàãìåíòîâ âûè÷ñëåíèé.

Òàêàÿ ñõåìà âûïîëíåíèÿ ïðèêëàäíîãî àëãîðèòìà ïîçâîëÿåò ñèñòåìå LuNA ðàñïðå-
äåëÿòü è ïåðåðàñïðåäåëÿòü ôðàãìåíòû äàííûõ è âû÷èñëåíèé ïî óçëàì ìóëüòèêîìïüþ-
òåðà è âûáèðàòü ïîðÿäîê èõ âûïîëíåíèÿ. Ýòî ïîçâîëÿåò îñóùåñòâëÿòü àâòîìàòè÷åñêè
áàëàíñèðîâêó íàãðóçêè íà âû÷èñëèòåëüíûå óçëû, óïðàâëåíèå ïàìÿòüþ, ïëàíèðîâàíèå
âû÷èñëåíèé, íàñòðîéêó ïðîãðàììû íà êîíôèãóðàöèþ âû÷èñëèòåëÿ è ò.ï., ñíèìàÿ ñîîò-
âåòñòâóþùóþ ðàáîòó ñ ÷åëîâåêà.

Íåñìîòðÿ íà ïðèíöèïèàëüíóþ âîçìîæíîñòü àâòîìàòè÷åñêè ðåøàòü ïåðå÷èñëåííûå
çàäà÷è, íà ïðàêòèêå ýòî íå âñåãäà âîçìîæíî âñëåäñòâèå àëãîðèòìòè÷åñêîé ñëîæíîñòè
ýòèõ çàäà÷, ìíîãèå èç êîòîðûõ â îáùåé ïîñòàíîâêå ÿâëÿþòñÿ ïåðåáîðíûìè, íàïðèìåð,
çàäà÷à ïëàíèðîâàíèÿ âû÷èñëåíèé. Âñëåäñòâèå ýòîãî â ñèñòåìå LuNA èìååòñÿ âîçìîæ-
íîñòü çàäàâàòü ðåêîìåíäóåìûé ïîðÿäîê âûïîëíåíèÿ ôðàãìåíòîâ âû÷èñëåíèé, ðàñïðåäå-
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ëåíèÿ ôðàãìåíòîâ äàííûõ ïî óçëàì è ò.ï. (äàëåå áóäåì íàçûâàòü ýòî ïîâåäåíèåì ôðàã-
ìåíòèðîâàííîé ïðîãðàììû). Òàêèå ñðåäñòâà ÿâëÿþòñÿ ÷àñòüþ ÿçûêà LuNA è íàçûâàþò-
ñÿ ðåêîìåíäàöèÿìè. Ðåêîìåíäàöèè ÿâëÿþòñÿ ÷àñòüþ ôðàãìåíòèðîâàííîé ïðîãðàììû.
Ðåêîìåíäàöèè èñïîëüçóþòñÿ ñèñòåìîé êàê ïîäñêàçêà ïðè ðåøåíèè îïòèìèçàöèîííûõ çà-
äà÷. Òàêîé ïîäõîä, ñ îäíîé ñòîðîíû, ïîçâîëÿåò ñóùåñòâåííî ïîâûñèòü ðåçóëüòèðóþùóþ
ýôôåêòèâíîñòü èñïîëíåíèÿ ïðèêëàäíîãî àëãîðèòìà. Ñ äðóãîé ñòîðîíû, ïîëüçîâàòåëþ
íå òðåáóåòñÿ ïðîãðàììèðîâàòü æåëàåìîå ïîâåäåíèå ïðîãðàììû, îí ëèøü îïèñûâàåò åãî
â äåêëàðàòèâíîé ôîðìå. Èçìåíåíèå ðåêîìåíäàöèé íå âëèÿåò íà ôóíêöèîíàëüíóþ ÷àñòü
îïèñàíèÿ ïðèêëàäíîãî àëãîðèòìà, òî åñòü íà ñîáñòâåííî âû÷èñëÿåìûå âåëè÷èíû. Ýòî
ïîçâîëÿåò èçìåíÿòü ïîâåäåíèå ïðîãðàììû, äîáèâàÿñü ýôôåêòèâíîñòè åå èñïîëíåíèÿ áåç
îïàñíîñòè íàðóøèòü ïðàâèëüíîñòü åå ðàáîòû.

Ñèñòåìà LuNA ñîñòîèò èç äâóõ îñíîâíûõ êîìïîíåíòîâ - ýòî êîìïèëÿòîð LuNA è
èñïîëíèòåëüíàÿ ñèñòåìà LuNA (ñì. ðèñ. 1). Ïðèêëàäíîé ïðîãðàììèñò îïèñûâàåò ÷èñ-
ëåííûé àëãîðèòì â âèäå ôðàãìåíòèðîâàííîé ïðîãðàììû, êîòîðàÿ êîìïèëÿòîðîì ïðå-
îáðàçóåòñÿ â ïðåäñòàâëåíèå, èñïîëíÿåìîå èñïîëíèòåëüíîé ñèñòåìîé. Êîìïèëÿòîð âû-
ïîëíÿåò ñòàòè÷åñêèé àíàëèç ïðîãðàììû è ãåíåðèðóåò ðÿä ðåêîìåíäàöèé. Â íàñòîÿùåå
âðåìÿ ðåêîìåíäàöèè êîìïèëÿòîðà íå îñîáåííî ñóùåñòâåííî ïîâûøàþò ýôôåêòèâíîñòü
èñïîëíåíèÿ ôðàãìåíòèðîâàííîé ïðîãðàììû, è âàæíîñòü ðåêîìåíäàöèé, ïðåäîñòàâëÿå-
ìûõ ÷åëîâåêîì, ñóùåñòâåííî âûøå. Òàêîå ïîëîæåíèå äåë âûçâàíî ñëàáîé òåêóùåé ïðî-
ðàáîòêîé àëãîðèòìîâ êîìïèëÿöèè. Ïî ìåðå ðàçâèòèÿ ñèñòåìû LuNA ðîëü àâòîìàòè÷åñêè
ñãåíåðèðîâàííûõ ðåêîìåíäàöèé äîëæíà ïîâûøàòüñÿ âïëîòü äî ïîëíîãî îñâîáîæäåíèÿ
÷åëîâåêà îò ýòîé ÷àñòè ðàáîò.

Áîëåå ïîäðîáíî ñ ñèñòåìîé LuNA, åå òåîðåòè÷åñêèìè è òåõíîëîãè÷åñêèìè àñïåêòàìè
ìîæíî îçíàêîìèòüñÿ â [1].

Ðàçðàáîòêà èñõîäíîãî àëãîðèòìà

Áóäåì ðàññìàòðèâàòü îäíîìåðíóþ êðàåâóþ çàäà÷ó ôèëüòðàöèè æèäêîñòè äëÿ ñèñòå-
ìû "íåôòü-âîäà". Äàííàÿ çàäà÷à îïèñûâàåòñÿ ñëåäóþùèìè óðàâíåíèÿìè [4,5]

∂

∂x

[

K0 (1 + CfPh (Po − 1))

(

∂Po

∂x
−

γ0L

Ph

∂z

∂x

)]

+
∂

∂x

[

Kw

(

∂Po

∂x
−

∂Pcow

∂x
−

γwL

PH

∂z

∂x

)]

=

CfPH
∂

∂τ
(SoPo) +

∂

∂τ
[(1− CfPH)So] +

µo

µw

∂Sw

∂τ
+

µoL
2

KρHPH

(qw + qo) , (1)

∂

∂x

[

Kw

(

∂Pw

∂x
−

γwL

PH

∂z

∂x

)]

=
µw

µo

∂Sw

∂τ
+

µoL
2

KρHPH

qw, (2)

ñ íà÷àëüíûìè è ãðàíè÷íûìè óñëîâèÿìè
{

Po(x, 0) = PH
o (x), Pw(x, 0) = PH

w (x)
S0(x, 0) = SH

0 (x), Sw(x, 0) = SH
w (x)

, 0 < x < L

∂Pl

∂x

∣

∣

∣

x=0
= 0, ∂Pl

∂x

∣

∣

∣

x=L
= 0, l = (o, w).

(3)

Äëÿ ïîñòðîåíèÿ ðàçíîñòíîé ñõåìû ïîñòðîèì ñëåäóþùóþ ïðîñòðàíñòâåííî-âðåìåííóþ
ñåòêó:

Dh,τk1 =
{

(xi, tk) : xi = xi−1 + h, i = 1, N, x0 = 0, xN = 1, tk = tk−1 + τ, k = 1, 2, . . . , t0 = 0
}

ISSN 1563�0285 KazNU Bulletin. Mathematics, Mechanics, Computer Science Series �3(82)2014



×èñëåííîå ðåøåíèå îäíîìåðíîé êðàåâîé çàäà÷è . . . 69

Íà ýòîé ñåòêå ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ

Po (xi, tk) = Poi, Po (xi, tk−1) = P oi, Pw (xi, tk) = Pwi,

Pw (xi, tk−1) = Pwi, So (xi, tk) = Soi, So (xi, tk−1) = Soi

Sw (xi, tk) = Swi, Sw (xi, tk−1) = Swi, z (xi) = zi

Äëÿ ðåøåíèÿ ñèñòåìû (1)�(3) ïðèìåíèì èòåðàöèîííûé ìåòîä. Ñàìûì ýôôåêòèâíûì ÿâ-
ëÿåòñÿ ìåòîä ïðîñòîé èòåðàöèè. Äëÿ ýòîãî çàïèøåì óðàâíåíèå (1) â êîíå÷íî-ðàçíîñòíîì
âèäå

a
(r−1)
i P

(r)
oi−1 − b

(r−1)
i Poi

(r) + c
(r−1)
i P

(r)
oi+1 = −f

(r−1)
i , i = 1, N − 1, (4)

Çäåñü

a
(r−1)
i = K

(l−1)
oi−1/2

(
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P
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(
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(r−1)
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τ
CfPHS
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oi ;

f
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[
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)

−
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)
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(
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)) γoL

PH
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+K
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(
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)) γoL
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-K
(l−1)
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[
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(r−1)
cowi +

(γwL
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(zi+1 − zi)

]

+K
(l−1)
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[

P
(r−1)
cowi − P

(r−1)
cowi−1 +

γwL

PH

(zi − zi−1)

]

− h2 µoL
2

KρHPH

(qw + qo) .

Äëÿ ðåøåíèÿ ñèñòåìû (4) íà êàæäîì r èòåðàöèîííîì ñëîå ïðèìåíèì ìåòîä ïðîãîí-
êè[6,7]. Äëÿ çàâåðøåíèÿ ïðîöåññà íåîáõîäèìî âûïîëíåíèÿ ñëåäóþùåãî óñëîâèÿ

∥

∥

∥
P

(r)
oi − P

(r−1)
oi

∥

∥

∥
≤ ε1.

Ñëåäóþùèì øàãîì íàõîäèì Pw ïî ôîðìóëå Pw = Po−Pcow. Çíàÿ Pw ìîæíî íàéòè qw ïî
ôîðìóëå

qw =
KKw

µw

(

dPw

dx
− γw

dz

dx

)

,

êîòîðàÿ èñõîäèò èç çàêîíà Äàðñè. Ñëåäóþùèì øàãîì íåîáõîäèìî îïðåäåëèòü S
(l)
wi , äëÿ

ýòîãî çàïèøåì óðàâíåíèå (2) â êîíå÷íî-ðàçíîñòíîì âèäå è ðàçðåøåííîì îòíîñèòåëüíî
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Swi. Ïðè ýòîì ýòî çíà÷åíèå áóäåò ÿâëÿòüñÿ èòåðàöèîííûì, ò.ê. ïðè åãî íàõîæäåíèè áóäóò
èñïîëüçîâàòüñÿ òå çíà÷åíèÿ, êîòîðûå îïðåäåëåíû íà ïðåäûäóùèõ øàãàõ èòåðàöèè.

S
(l)
wi = Swi +

µoτ

µwh2

[

K
(l−1)
wi+1/2

(

Pwi+1 − Pwi − γw
L

PH

(zi+1 − zi)

)

−K
(l−1)
wi−1/2 (Pwi − Pwi−1 ))]

−γw
L

PH

(zi − zi−1)

)]

−
(µ2

oτL
2

µwKρwPH

qw, (5)

Çíà÷åíèÿ P
(r)
o , S

(l)
w , ÿâëÿåòñÿ ïðîìåæóòî÷íûìè è äëÿ óòî÷íåíèÿ íåîáõîäèìî ïîäñòàâèòü

íàéäåííûå çíà÷åíèÿ â êîýôôèöèåíòû ñèñòåìû (4) è çàíîâî ðåøèòü ýòó ñèñòåìó, çàòåì
íàéäåííûå çíà÷åíèÿ ïîäñòàâèòü â (5). Ïðîöåññ îñòàíîâèòüñÿ ïðè äîñòèæåíèè ñëåäóþ-
ùåãî óñëîâèÿ

∥

∥S(l)
w − S(l−1)

w

∥

∥ ≤ ε2.

Çàòåì íàõîäèì So = 1 − Sw, qo = 1 − qw. Çà ïåðâûå ïðèáëèæåíèÿ P
(0)
o , S

(0)
w , áåðóòñÿ

çíà÷åíèÿ èç ïðåäûäóùåãî âðåìåííîãî ñëîÿ Po è Sw.

Ôðàãìåíòàöèÿ èñõîäíîãî àëãîðèòìà è ðåàëèçàöèÿ åãî â ñèñòåìå LuNA

Äëÿ òîãî, ÷òîáû èñõîäíûé àëãîðèòì ìîæíî áûëî çàïðîãðàììèðîâàòü â ñèñòåìå LuNA,
îí äîëæåí áûòü ôðàãìåíòèðîâàí, òî åñòü ïðåäñòàâëåí êàê ìíîæåñòâî ôðàãìåíòîâ äàí-
íûõ è âû÷èñëåíèé. Äëÿ ýòîãî ïðîèçâåäåì ðàçáèåíèå îáëàñòè ïðîñòðàíñòâà íà m ÷àñòåé,
è áóäåì ðåøàòü èñõîäíóþ çàäà÷ó âíóòðè êàæäîé ïîäîáëàñòè äëÿ óðàâíåíèÿ (1) ìåòî-
äîì ïàðàëëåëüíîé ïðîãîíêè [8], à äëÿ óðàâíåíèÿ (2) èñïîëüçîâàòü ÿâíóþ ñõåìó. Íèæå
îïèñàí îäèí èç âàðèàíòîâ ìåòîäà ïàðàëëåëüíîé ïðîãîíêè. Ïóñòü êàæäîìó ôðàãìåíòó
âûäåëåíî îäèíàêîâîå êîëè÷åñòâî óçëîâ ñåòêè m = M/N , ãäå M - ÷èñëî óçëîâ ñåòêè, N -
÷èñëî ôðàãìåíòîâ, èíäåêñàöèÿ ãëîáàëüíàÿ, åñëè M íå äåëèòñÿ íà N , òî äëÿ ïîñëåäíåãî
ôðàãìåíòà ÷èñëî óçëîâ óâåëè÷èâàåì íà îñòàòîê îò äåëåíèÿ. Òàêèì îáðàçîì, íà îòäåëü-
íîì ïðîöåññîðå ñ íîìåðîì j ðåøàåòñÿ ëèøü ÷àñòü óðàâíåíèé ñèñòåìû (1) ñ íîìåðàìè îò
(j − 1) ·m+ 1 äî j ·m, ãäå j - íîìåð ôðàãìåíòà. Îáîçíà÷èì Poj·m ÷åðåç zj, j = 0, ..., N ,
è ïðåäñòàâèì èñêîìûå çíà÷åíèÿ â âèäå

P
(r)
oi = zj−1 · ui + zj · vi + wi, (6)

ãäå u, v, w - ðåøåíèÿ ñëåäóþùèõ ñèñòåì óðàâíåíèé:

{

a
(r−1)
i · ui−1 − b

(r−1)
i · ui + c

(r−1)
i · ui+1 = 0

u(j−1)·m = 1, uj·m = 0
{

a
(r−1)
i · vi−1 − b

(r−1)
i · vi + c

(r−1)
i · vi+1 = 0

u(j−1)·m = 0, uj·m = 1
{

a
(r−1)
i · wi−1 − b

(r−1)
i · wi + c

(r−1)
i · wi+1 = −fi

w(j−1)·m = 0, wj·m = 0.

(7)

Ðåøåíèÿ ýòèõ òðåõ ñèñòåì ìîæíî íàéòè ìåòîäîì ïðîãîíêè, ïðè÷åì íåçàâèñèìî íà êàæ-
äîì èç ôðàãìåíòîâ. Áóäåì íàçûâàòü ýòè ðåøåíèÿ ïðåäðåøåíèÿìè, à ýòîò ýòàï ðåøåíèÿ
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çàäà÷è - ýòàïîì íàõîæäåíèÿ ïðåäðåøåíèé. Â óðàâíåíèÿ ñ íîìåðàìè j ·m ïîäñòàâëÿåì
âìåñòî Po êîìáèíàöèè (6). Òàêèì îáðàçîì, ïîëó÷àåì ñèñòåìó òðåõòî÷å÷íûõ óðàâíåíèé
äëÿ âû÷èñëåíèÿ zj , èìåþùóþ ñëåäóþùèé âèä:

Aj · zj−1 −Bj · zj + Cj · zj+1 = −Fjj = 1, . . . , N − 1
−B0 · z0 + C0 · z1 = −F0, AN · zN−1 −BN · zN = −FN , B0 = b0 − c0 · u1, C0 = c0 · v1,

F0 = f0 + c0 · w1, Aj = aj·m · uj·m−1, Bj = bj·m − aj·m · vj·m−1 − cj·m · uj·m+1, Cj = cj·m · vj·m+1

Fj = fj·m + aj·m · wj·m−1 + cj·m · wj·m+1, j = 1, . . . , N − 1
AN = aN ·m · uN ·m−1, BN = bN ·m − aN ·m · vN ·m−1, FN = fN ·m + aN ·m · wN ·m−1.

(8)

Íàçîâåì ýòîò ýòàï ðåøåíèÿ çàäà÷è ýòàïîì íàõîæäåíèÿ ðåøåíèé íà ãðàíèöå ïðîöåññî-
ðîâ. Ðåøåíèå ñèñòåìû (8) è ñîñòàâëÿåò íåðàñïàðàëëåëèâàåìóþ ÷àñòü äàííîãî àëãîðèòìà.
Ðàçìåðíîñòü ýòîé ñèñòåìû óðàâíåíèé ðàâíà êîëè÷åñòâó ôðàãìåíòîâ, à íå êîëè÷åñòâó
òî÷åê çàäà÷è. Ñèñòåìó áóäåì ðåøàòü ìåòîäîì ïðîãîíêè íà îäíîì ïðîöåññîðå. Îêîí-
÷àòåëüíîå ðåøåíèå âîññòàíàâëèâàåì ïî ôîðìóëå (6) è ïðîâåðÿåì óñëîâèå ñõîäèìîñòè
∥

∥

∥
P

(r)
oi − P

(r−1)
oi

∥

∥

∥
≤ ε1 äëÿ âñåõ ïîäîáëàñòåé, åñëè îíî íå âûïîëíÿåòñÿ õîòÿ áû â îäíîé

ïîäîáëàñòè, òî ñíîâà ðåøàåì óðàâíåíèÿ (7) çàòåì (8) è (6). Ñëåäóþùèì øàãîì íàõîäèì
Pw ïî ôîðìóëå Pw = Po − Pcow. Çíàÿ Pw ìîæíî íàéòè qw ïî ôîðìóëå

qw =
KKw

µw

(

dPw

dx
− γw

dz

dx

)

.

Çàòåì âû÷èñëÿåì S
(l)
wi ïî ôîðìóëå (5) äëÿ êàæäîé ïîäîáëàñòè è ïðîâåðÿåì óñëîâèå ñõî-

äèìîñòè
∥

∥

∥
S
(l)
w − S

(l−1)
w

∥

∥

∥
≤ ε2 Óçêèì ìåñòîì äàííîãî àëãîðèòìà ÿâëÿåòñÿ òî, ÷òî äëÿ

âû÷èñëåíèÿ zj íåîáõîäèìî çíàòü çíà÷åíèÿ uj·m−1, uj·m+1, vj·m−1, vj·m+1, wj·m−1, wj·m+1

êîòîðûå âû÷èñëÿþòñÿ íåçàâèñèìî. Òàêæå äëÿ âû÷èñëåíèÿ Aj, Bj, Cj, Fj íåîáõîäèìî

çíàòü P
(r−1)
oi , P oi, S

(l−1)
wi , Swi, Soi . Òî åñòü ïðè íàõîæäåíèè zj, ýòè çíà÷åíèÿ ìîãóò õðà-

íèòüñÿ íà äðóãèõ óçëàõ. Ýòè äàííûå äîëæíû áûòü ïåðåäàíû ïåðåä íà÷àëîì âû÷èñëåíèé
ôðàãìåíòà. Åùå îäíèì óçêèì ìåñòîì ÿâëÿåòñÿ ïðîâåðêà óñëîâèé ñõîäèìîñòè. Íà îñíî-
âàíèè ýòîãî ìîæíî ñäåëàòü âûâîä, ÷òî êîëè÷åñòâî ôðàãìåíòîâ íå äîëæíî áûòü ñëèøêîì
áîëüøèì, ò.ê. ìíîãî âðåìåíè áóäåò òðàòèòüñÿ íà ïåðåäà÷ó äàííûõ.

Òåñòèðîâàíèå

Ðàñ÷åòû ïðîâîäèëèñü äëÿ ðàçëè÷íîãî êîëè÷åñòâà òî÷åê ïî îñè x. Äëÿ ñðàâíåíèÿ êà-
÷åñòâà ðåàëèçàöèé ïðèêëàäíîé ÷èñëåííûé àëãîðèòì áûë ðåàëèçîâàí â íåñêîëüêèõ âàðè-
àíòàõ: ïîñëåäîâàòåëüíàÿ ïðîãðàììà íà ÿçûêå Java, ïàðàëëåëüíàÿ ïðîãðàììà íà ÿçûêå
Java ñ èñïîëüçîâàíèåì êîììóíèêàöèîííîé áèáëèîòåêè MPJ Express, ðåàëèçóþùåé ñòàí-
äàðò MPI, ïîñëåäîâàòåëüíàÿ ôðàãìåíòèðîâàííàÿ ïðîãðàììà íà ÿçûêå C++ è ïàðàë-
ëåëüíàÿ ôðàãìåíòèðîâàííàÿ ïðîãðàììà íà ÿçûêå LuNA ñ èñïîëüçîâàíèåì îäíîèìåííîé
ñèñòåìû ïðîãðàììèðîâàíèÿ. Öåëüþ òåñòèðîâàíèÿ ÿâëÿëîñü îïðåäåëåíèå ýôôåêòèâíî-
ñòè ðàçëè÷íûõ ðåàëèçàöèé ðàññìàòðèâàåìîãî ÷èñëåííîãî àëãîðèòìà. Ïîñëåäîâàòåëüíàÿ
è ôðàãìåíòèðîâàííàÿ âåðñèÿ çàïóñêàëèñü íà îäíîì ÿäðå (ïîñëåäîâàòåëüíî). Ïàðàëëåëü-
íàÿ âåðñèÿ çàïóñêàëàñü íà 4-ÿäåðíîì êîìïüþòåðå, à LuNA-âåðñèÿ - íà 32 ÿäðàõ â ðàñ-
ïðåäåë¼ííîé ïàìÿòè (ïî îäíîìó ÿäðó íà âû÷èñëèòåëüíûé óçåë) . Â òåñòîâîì ðàñ÷åòå
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Ðèñóíîê 2 � Âðåìÿ ðàñ÷åòà (â ñåê.) â çàâèñèìîñòè îò ÷èñëà òî÷åê ñåòêè

ðàçìåð ñåòêè ñîñòàâëÿë îò 50 äî 5100 òî÷åê, ÷èñëî âðåìåííûõ øàãîâ - 1, 5×105, êàæäûé
âðåìåííîé øàã ñîñòîèò èç ïîðÿäêà 10 èòåðàöèé. Âðåìÿ âûïîëíåíèÿ ðàñ÷åòîâ ïðèâåäåíî
íà ðèñóíêå 2.

Èç ðèñóíêà 2 âèäíî, ÷òî íà ìàëåíüêîì êîëè÷åñòâå òî÷åê ìèíèìàëüíîå âðåìÿ âûïîë-
íåíèÿ èìååò ïîñëåäîâàòåëüíàÿ ðåàëèçàöèÿ àëãîðèòìà. Íà âòîðîì ìåñòå ôðàãìåíòèðî-
âàííàÿ, íà òðåòüåì � ïàðàëëåëüíàÿ è íà ïîñëåäíåì � LuNA. Ñ óâåëè÷åíèåì êîëè÷åñòâà
òî÷åê, ïàðàëëåëüíàÿ ðåàëèçàöèÿ ñíà÷àëà äîãîíÿåò, à ïîòîì è îáãîíÿåò ïîñëåäîâàòåëü-
íóþ ðåàëèçàöèþ. Ýòî îáúÿñíÿåòñÿ òåì, ÷òî ñ ðîñòîì îáúåìà âû÷èñëåíèé âûãîäà îò
ðàñïàðàëëåëèâàíèÿ íà÷èíàåò ïåðåâåøèâàòü íàêëàäíûå ðàñõîäû, âîçíèêàþùèå âñëåä-
ñòâèå êîììóíèêàöèé. Ïðè ýòîì âðåìÿ âûïîëíåíèÿ ôðàãìåíòèðîâàííîé ðåàëèçàöèè òàê-
æå áîëüøå ÷åì ïîñëåäîâàòåëüíîé. Ýòî ñâÿçàíî ñ òåì, ÷òî âíà÷àëå êàæäîãî èòåðàöè-
îííîãî øàãà àëãîðèòìà âûäåëÿåòñÿ ïàìÿòü ïîä ïåðåìåííûå, à â êîíöå îñâîáîæäàåòñÿ.
Âðåìÿ âûïîëíåíèÿ LuNA-ïðîãðàììû ïðèìåðíî íà ïîëòîðà ïîðÿäêà ïðåâûøàåò âðåìÿ
äðóãèõ ïðîãðàìì. Ïðè÷èíîé ýòîãî ÿâëÿåòñÿ îòíîñèòåëüíî íåáîëüøîé ðàçìåð çàäà÷è,
è ñèñòåìíûå íàêëàäíûå ðàñõîäû íà îðãàíèçàöèþ èñïîëíåíèÿ ôðàãìåíòèðîâàííîé ïðî-
ãðàììû ïðåâûøàþò âðåìÿ "ïîëåçíûõ"âû÷èñëåíèé àëãîðèòìà. Òåì íå ìåíåå, íåñìîòðÿ
íà áîëåå íèçêîå êà÷åñòâî ðåàëèçàöèè LuNA-ïðîãðàììà ïðîùå â ðàçðàáîòêå, òàê êàê ñè-
ñòåìà LuNA áåðåò íà ñåáÿ àâòîìàòè÷åñêîå îáåñïå÷åíèå êîììóíèêàöèé, ðàñïðåäåëåíèÿ
ðåñóðñîâ, óïðàâëåíèå ïàìÿòüþ, è ðÿä äðóãèõ ôóíêöèé.
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Çàêëþ÷åíèå

Ïðèìåíåíà òåõíîëîãèÿ è ñèñòåìà ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA äëÿ
ðåàëèçàöèè àëãîðèòìà ðåøåíèÿ îäíîìåðíîé êðàåâîé çàäà÷è íåôòü-âîäà. Âûïîëíåíî
ñðàâíèòåëüíîå òåñòèðîâàíèå ýôôåêòèâíîñòè ðàçëè÷íûõ ðåàëèçàöèé àëãîðèòìà. Íà îñ-
íîâàíèè ðåçóëüòàòîâ òåñòèðîâàíèÿ ìîæíî ñäåëàòü âûâîä, ÷òî ñàìûì îïòèìàëüíûì ïî
âðåìåíè âûïîëíåíèÿ ÿâëÿåòñÿ ïàðàëëåëüíàÿ ðåàëèçàöèÿ. Îäíàêî ðåàëèçàöèÿ â LuNA
îáëàäàåò ðÿäîì ïðåèìóùåñòâ, òàêèõ êàê îòíîñèòåëüíàÿ ïðîñòîòà ðàçðàáîòêè ïàðàëëåëü-
íîé ïðîãðàììû, ò.ê. ïðîãðàììèñò íå äîëæåí çàáîòèòüñÿ î êîììóíèêàöèÿõ ìåæäó ïðî-
öåññàìè, ðàñïðåäåëåíèè ðåñóðñîâ, óïðàâëåíèåì ïàìÿòüþ, ÷òî â îáùåì ñëó÷àå ÿâëÿåòñÿ
ñëîæíûì â ðåàëèçàöèè. Ðàáîòà âûïîëíåíà ïðè ïîääåðæêå ãðàíòîâîãî ôèíàíñèðîâàíèÿ
íàó÷íî-òåõíè÷åñêèõ ïðîãðàìì è ïðîåêòîâ Êîìèòåòîì íàóêè ÌÎÍ ÐÊ, ãðàíò � 528/ÃÔ2.
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