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Implementation of numerical algorithms as parallel programs for distributed memory
multicomputers is a complex task, since the program not only has to contain the algorithm
implemented, but also deals with a number of other problems of system parallel programming. Those
are: organize parallel computational process, synchronize parallel threads and processes, perform
communications, distribute and balance computational workload and more. Implementation of such
static and dynamic properties of the program requires concerning peculiarities of both multicomputer
and application algorithm, or even peculiarities of the input data. Development, debugging and
modi�cation of such a parallel program are extremely complex for scientists, who need to implement
their numerical models. Moreover, the program also has to be e�cient (in terms of computation time,
memory consumption, etc.).

To overcome the complexity program construction automation can be useful. A programmer
describes the algorithm in a high-level language, and the parallel program is constructed automatically
by a programming system. In this case the complexity of parallel program development is hidden
from programmer. This approach also allows constructing di�erent parallel program for di�erent
multicomputers or input data, which is potentially, allows more e�cient programs, than programs,
developed for general case.

In this paper we assume, that an application algorithm is described in a high-level programming
language, such as LuNA language. The description is functionally decomposed, i.e. consists of functions.
Each function has a pre-de�ned �nite number of modules that implement it. The modules di�er in
the non-functional properties respect (for example, they may have di�erent execution time or memory
consumption). These non-functional properties of the modules are considered known. The problem of
parallel program construction is considered as the problem of choice of a module for each function.
Since each module has di�erent non-functional properties, the resulting program will also have di�erent
non-functional properties. The aim is to construct a program with desired non-functional properties.

The complexity of the problem is conditioned by the fact that the dependency between the
assembled program's properties and the properties of the modules can be di�erent for di�erent
applications or even input data. Therefore, it is important to have a general way of describing the
revealed dependences and including them in some knowledge base in a form that allows their automatic
usage. In this case, for various limited subject areas and classes of applied algorithms, it is possible
to accumulate knowledge in such base. As a result, automatic construction of an acceptable quality
program would be provided.

The main point of the proposed solution is to use the computational models (CMs) described in
the theory of synthesis of parallel programs on the basis of computational models for organization
of such a knowledge base. Information on how the initial description of the computational process is
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represented in the form of a set of functions, which modules are available for each function, and how
the program is assembled from these modules, is described in the CM.

The practical application of the approach implies that the end user has no information about the
CM, its composition and structure. Their role is limited to describing the computational process in a
high-level language. The CM is described by the developer of the programming system. The algorithm
of creating a set of acceptable modules from the CM and the construction of the program is �xed. The
advantage of using the CM for solving the problem is the possibility to put in the CM a number of
alternatives for designing the program. This leads to the possibility of automatic program construction
in a wide range of non-functional properties required for di�erent execution conditions.

To investigate the e�ectiveness of the proposed solution an explicit �nite di�erence method for 3D
Poisson equation solution was chosen as a test application. This problem was chosen as an example,
because it has a typical parallel implementation scheme used for a wide class of numerical algorithms
on meshes (spatial decomposition with border exchange). Within the framework of this test the one-
dimensional spatial decomposition of the three-dimensional computational domain was used. Two
series of experiments were conducted: in shared and distributed computing environment. The results
demonstrated the desired ability of automated program construction with di�erent non-functional
properties, preferred for di�erent execution conditions.

Key words: automated parallel programs synthesis, computational models, program auto-
tuning, fragmented programming technology, fragmented programming system LuNA, code generation.
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Â ðàáîòå ðàññìàòðèâàåòñÿ ïðîáëåìà àâòîìàòèçàöèè êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì
÷èñëåííîãî ìîäåëèðîâàíèÿ ñ çàäàííûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè. Çàäà÷à êîíñòðóè-
ðîâàíèÿ ïðîãðàììû ðàññìàòðèâàåòñÿ êàê çàäà÷à âûáîðà äëÿ êàæäîé ôóíêöèè, âõîäÿùåé â
èñõîäíîå îïèñàíèå àëãîðèòìà ðåøåíèÿ çàäà÷è, ðåàëèçóþùèé åå ìîäóëü èç ÷èñëà çàðàíåå çà-
äàííûõ, êàæäûé èç êîòîðûõ îáëàäàåò ðàçíûìè (èçâåñòíûìè) íåôóíêöèîíàëüíûìè ñâîéñòâà-
ìè. Â êà÷åñòâå ìàòåìàòè÷åñêîãî àïïàðàòà äëÿ ôîðìàëüíîãî îïèñàíèÿ ñâÿçè ìåæäó ñâîéñòâàìè
îòäåëüíûõ ìîäóëåé è ñâîéñòâàìè ðåçóëüòèðóþùåé ïðîãðàììû ïðåäëàãàåòñÿ èñïîëüçîâàòü âû-
÷èñëèòåëüíûå ìîäåëè, îïèñàííûå â òåîðèè ñòðóêòóðíîãî ñèíòåçà ïàðàëëåëüíûõ ïðîãðàìì è
ñèñòåì íà âû÷èñëèòåëüíûõ ìîäåëÿõ. Íà áàçå ñèñòåìû ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ
LuNA, îðèåíòèðîâàííîé íà àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå ïàðàëëåëüíûõ ïðîãðàìì ÷èñëåí-
íîãî ìîäåëèðîâàíèÿ, ïðîâåäåí ýêñïåðèìåíò ïî êîíñòðóèðîâàíèþ ïàðàëëåëüíîé ïðîãðàììû ñ
çàäàííûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè.

Êëþ÷åâûå ñëîâà: àâòîìàòèçàöèÿ ñèíòåçà ïàðàëëåëüíûõ ïðîãðàìì, êîäîãåíåðàöèÿ, àâòî-
ìàòè÷åñêàÿ íàñòðîéêà ïðîãðàìì, òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ, ñèñòå-
ìà ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA.

Ââåäåíèå. Â îáëàñòè íàó÷íîãî ÷èñëåííîãî ìîäåëèðîâàíèÿ ñ ïðèìåíåíèåì ñóïåðêîì-
ïüþòåðîâ ñòîèò ïðîáëåìà ðàçðàáîòêè ïàðàëëåëüíîé ïðîãðàììû (ÏÏ), ðåàëèçóþùåé çàäàí-
íûé ïðèêëàäíîé ÷èñëåííûé àëãîðèòì. Íåîáõîäèìûì òðåáîâàíèåì ê ÏÏ ÿâëÿåòñÿ åå ýô-
ôåêòèâíîñòü (òóò è äàëåå ýôôåêòèâíîñòü ïîíèìàåòñÿ â ñìûñëå âðåìåíè âûïîëíåíèÿ ÏÏ,
ðàñõîäà ïàìÿòè, íàãðóçêè íà êîììóíèêàöèîííóþ ïîäñèñòåìó è ò. ï.). Äëÿ ýòîãî ÏÏ äîëæ-
íà îáåñïå÷èâàòü íàñòðîéêó íà äîñòóïíûå ðåñóðñû, ðàâíîìåðíîñòü ðàñïðåäåëåíèÿ íàãðóçêè
ïî âû÷èñëèòåëüíûì óçëàì âî âðåìåíè, îñóùåñòâëåíèå êîììóíèêàöèé íà ôîíå âû÷èñëåíèé
è äðóãèå ñâîéñòâà. Òàêèì îáðàçîì, ÏÏ äîëæíà ó÷èòûâàòü îñîáåííîñòè âû÷èñëèòåëÿ, ïðè-
êëàäíîãî àëãîðèòìà è âõîäíûõ äàííûõ çàäà÷è. Ðàçðàáîòêà, îòëàäêà è ìîäèôèêàöèÿ òàêîé
ÏÏ ñòàíîâÿòñÿ ÷ðåçâû÷àéíî ñëîæíûìè äëÿ ïîëüçîâàòåëåé ñóïåðêîìïüþòåðîâ, îñîáåííî,
åñëè âû÷èñëèòåëü ÿâëÿåòñÿ íåîäíîðîäíûì (ñîñòîèò èç ðàçíûõ âû÷èñëèòåëüíûõ óçëîâ),
ãåòåðîãåííûì (ñîäåðæèò GPU è äðóãèå ñïåöâû÷èñëèòåëè), à ïðèêëàäíàÿ çàäà÷à õàðàêòå-
ðèçóåòñÿ äèíàìèêîé, íå ïîçâîëÿþùåé çàðàíåå ñïëàíèðîâàòü âû÷èñëåíèÿ, ðàñïðåäåëåíèå
äàííûõ ïî óçëàì è/èëè êîììóíèêàöèè.
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Â ñâåòå îáîçíà÷åííîé ïðîáëåìû àêòóàëüíîé ÿâëÿåòñÿ çàäà÷à àâòîìàòèçàöèè êîíñòðóè-
ðîâàíèÿ ÏÏ, ïðè êîòîðîé ïîëüçîâàòåëü îãðàíè÷èâàåòñÿ îïèñàíèåì ïàðàëëåëüíîãî âû÷èñ-
ëèòåëüíîãî ïðîöåññà íà îòíîñèòåëüíî âûñîêîì óðîâíå àáñòðàêöèè, íå âäàâàÿñü â ïîäðîá-
íîñòè ðåøåíèÿ îáîçíà÷åííûõ ïðîáëåì èç îáëàñòè ñèñòåìíîãî ïàðàëëåëüíîãî ïðîãðàììè-
ðîâàíèÿ, à òðåáóåìàÿ ÏÏ êîíñòðóèðóåòñÿ àâòîìàòè÷åñêè. Â ÷àñòíîñòè, ïðè òàêîì ïîäõîäå
îòêðûâàåòñÿ âîçìîæíîñòü êîíñòðóèðîâàòü ðàçíûå ÏÏ äëÿ ðàçíûõ âû÷èñëèòåëåé è/èëè
êëàññîâ âõîäíûõ äàííûõ. Òàêàÿ ÷àñòíàÿ ÏÏ âûèãðûâàåò â ýôôåêòèâíîñòè ó ÏÏ, ðàññ÷è-
òàííîé íà îáùèé ñëó÷àé.

Âûñîêèé óðîâåíü àáñòðàêöèè äîïóñêàåò ðàçëè÷íûå ñïîñîáû ðåàëèçàöèè îïèñàííîãî
âû÷èñëèòåëüíîãî ïðîöåññà. Íàïðèìåð, â ñèñòåìàõ, òàêèõ êàê [1, 2], èìååòñÿ âîçìîæíîñòü
êàê ñòàòè÷åñêîãî ïëàíèðîâàíèÿ âûïîëíåíèÿ çàäà÷, òàê è èõ äèíàìè÷åñêîãî âûáîðà èç
îáùåãî ïóëà ïî ìåðå îñâîáîæäåíèÿ ðåñóðñîâ. Â ðàçëè÷íûõ ñèòóàöèÿõ îïòèìàëüíûì ìîæåò
îêàçûâàòüñÿ è òîò, è äðóãîé âàðèàíò.

Òàêèì îáðàçîì, ïåðåä ñèñòåìîé êîíñòðóèðîâàíèÿ ÏÏ âñòàåò ïðîáëåìà ïðèíÿòèÿ ðåøå-
íèé î âûáîðå îïòèìàëüíîãî (èëè, ïî êðàéíåé ìåðå, ïðèåìëåìîãî) ìîäóëÿ, ðåàëèçóþùåãî
òîò èëè èíîé ýëåìåíò çàäàííîãî îïèñàíèÿ âû÷èñëèòåëüíîãî ïðîöåññà (ôóíêöèè) äëÿ ïî-
ñòðîåíèÿ ÏÏ. Ò. ê. ðåøåíèÿ ìîãóò áûòü âçàèìîñâÿçàíû, òî îíè äîëæíû ïðèíèìàòüñÿ
êîìïëåêñíî. Êàê ñëåäñòâèå, äëÿ àâòîìàòèçàöèè ïðèíÿòèÿ òàêèõ ðåøåíèé ïðè êîíñòðóè-
ðîâàíèè ÏÏ âîçíèêàåò çàäà÷à îðãàíèçàöèè, íàêîïëåíèÿ è èñïîëüçîâàíèÿ íåêîòîðîé áàçû
çíàíèé î òîì, êàê ñëåäóåò ïðèíèìàòü ýòè ðåøåíèÿ. Îáåñïå÷åíèå âîçìîæíîñòè íàêàïëè-
âàòü è àâòîìàòè÷åñêè ïðèìåíÿòü òàêèå çíàíèÿ ÿâëÿåòñÿ îäíèì èç âàæíåéøèõ âîïðîñîâ â
ñôåðå àâòîìàòèçàöèè êîíñòðóèðîâàíèÿ ÏÏ äëÿ ñóïåðêîìïüþòåðîâ.

Ðàáîòà ïîñâÿùåíà ïîïûòêå ïðèìåíåíèÿ ìàòåìàòè÷åñêîãî àïïàðàòà âû÷èñëèòåëüíûõ
ìîäåëåé [3] äëÿ îðãàíèçàöèè òàêîé áàçû çíàíèé. Ïðîâåäåí ýêñïåðèìåíò ïî àâòîìàòèçè-
ðîâàííîìó êîíñòðóèðîâàíèþ ÏÏ ñ âûñîêîóðîâíåâîãî îïèñàíèÿ ÷èñëåííîãî àëãîðèòìà íà
ÿçûêå LuNA [4].

Ñòàòüÿ îðãàíèçîâàíà ñëåäóþùèì îáðàçîì. Â 1-ì ðàçäåëå ïðèâîäèòñÿ îáçîð ðîäñòâåí-
íûõ ðàáîò. Â ðàçäåëå 2 ïðèâîäÿòñÿ íåîáõîäèìûå òåðìèíû è îïðåäåëåíèÿ. Â 3-ì ðàçäåëå
îïèñûâàþòñÿ ïîñòàíîâêà çàäà÷è è ïðåäëàãàåìûé ñïîñîá îðãàíèçàöèè áàçû çíàíèé. Â ðàç-
äåëå 4 îïèñûâàþòñÿ ýêñïåðèìåíòû ïî êîíñòðóèðîâàíèþ ÏÏ è èõ ðåçóëüòàòû.

1. Îáçîð ðîäñòâåííûõ ðàáîò. Àíàëîãè÷íàÿ ïðîáëåìà âûáîðà ýôôåêòèâíîé ðåàëè-
çàöèè âîçíèêàåò â êîìïèëÿòîðàõ èìïåðàòèâíûõ ÿçûêîâ ïðîãðàììèðîâàíèÿ â ïðîöåññå îï-
òèìèçàöèè ïðîãðàììû. Èç äîñòóïíîãî ìíîæåñòâà îïòèìèçàöèé êîìïèëÿòîðà íåîáõîäèìî
âûáðàòü íåêîòîðîå èõ ïîäìíîæåñòâî òàê, ÷òîáû óëó÷øèòü õàðàêòåðèñòèêè ðåçóëüòèðóþ-
ùåé ïðîãðàììû îòíîñèòåëüíî íåêîòîðîãî êðèòåðèÿ è óñëîâèé âûïîëíåíèÿ.

Îäíèì èç âàðèàíòîâ ðåøåíèÿ ïðîáëåìû ÿâëÿåòñÿ èòåðàòèâíûé ïîèñê, êîòîðûé çà-
êëþ÷àåòñÿ â ïîëíîì ïåðåáîðå âñåõ âîçìîæíûõ âàðèàíòîâ ïðèìåíåíèÿ îïòèìèçàöèé ïóòåì
ïîâòîðåíèÿ öèêëà ïîñòðîåíèÿ, çàïóñêà ïðîãðàììû è çàìåðà ïðîèçâîäèòåëüíîñòè [5]. Òà-
êîé ïîäõîä ïëîõî ìàñøòàáèðóåòñÿ îòíîñèòåëüíî êîëè÷åñòâà ðàññìàòðèâàåìûõ âàðèàíòîâ
è ïðèâîäèò ê ýêñïîíåíöèàëüíîìó óâåëè÷åíèþ âðåìåíè êîìïèëÿöèè. Ñóùåñòâóþò ïîïûòêè
óëó÷øèòü ñèòóàöèþ ïóòåì ïðèìåíåíèÿ ïàðàëëåëüíûõ âû÷èñëåíèé äëÿ ïîèñêà âàðèàíòîâ
[6], íî ïðè ðåàëèçàöèè êðóïíîìàñøòàáíûõ ÷èñëåííûõ ìîäåëåé ýòî íå èãðàåò ñóùåñòâåí-
íîé ðîëè, ò. ê. âûïîëíåíèå ïðîãðàììû ìîæåò çàíèìàòü äëèòåëüíîå âðåìÿ. Íåêîòîðûì
óëó÷øåíèåì ìåòîäà èòåðàòèâíîãî ïîèñêà ÿâëÿåòñÿ èñïîëüçîâàíèå ãåíåòè÷åñêèõ è äðóãèõ
ýâðèñòè÷åñêèõ àëãîðèòìîâ [7, 8].
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Äëÿ ïðåîäîëåíèÿ íåäîñòàòêîâ îïèñàííûõ ïîäõîäîâ ïðèìåíÿþò ìåòîäû, ïîçâîëÿþùèå
äèíàìè÷åñêè ñîçäàâàòü íàáîðû ïðèìåíÿåìûõ îïòèìèçàöèé è ñóæàòü îáëàñòü ïîèñêà îï-
òèìèçàöèé, ÷òîáû íå äåëàòü ïîëíûé ïåðåáîð. Â òàêèõ ïîäõîäàõ èñïîëüçóåòñÿ ôàêò ïðè-
ñóòñòâèÿ çàêîíîìåðíîñòè ìåæäó âûáðàííûì íàáîðîì îïòèìèçàöèé è ñâîéñòâàìè ðåçóëü-
òèðóþùåé ïðîãðàììû. Ïîñëå âûÿâëåíèÿ ýòîé çàêîíîìåðíîñòè ïóòåì àíàëèçà è/èëè òå-
ñòèðîâàíèÿ îíà ôèêñèðóåòñÿ â êîìïèëÿòîðå äëÿ ïîñëåäóþùåãî èñïîëüçîâàíèÿ. Ïîäõîäû
ðàçëè÷àþòñÿ ñïîñîáàìè õðàíåíèÿ çàêîíîìåðíîñòåé è àëãîðèòìàìè ðàáîòû ñ íèìè.

Íàèáîëåå ðàñïðîñòðàíåííûì ÿâëÿåòñÿ èñïîëüçîâàíèå ôèêñèðîâàííûõ íàáîðîâ îïòèìè-
çàöèé. Íàáîðû ñîñòàâëÿþòñÿ òàêèì îáðàçîì, ÷òîáû äëÿ áîëüøèíñòâà ïðîãðàìì îïðåäå-
ëåííîãî êëàññà ãåíåðèðîâàëàñü îïòèìàëüíàÿ ïðîãðàììà (èëè áëèçêàÿ ê íåé ïî êà÷åñòâó).
Âûáîð íàáîðà èç íåáîëüøîãî ÷èñëà çàðàíåå ïîäãîòîâëåííûõ ëåæèò íà ïîëüçîâàòåëå. Òàê,
íàïðèìåð, â èçâåñòíîì êîìïèëÿòîðå GCC (GNU Compiler Collection) [9] èñïîëüçóþòñÿ êëþ-
÷è âèäà �O óðîâåíü [10]. Îäíàêî òàêîé ïîäõîä íå îáëàäàåò ãèáêîñòüþ: äëÿ áîëåå òîíêîé
íàñòðîéêè ïðîãðàììû íà âû÷èñëèòåëü òðåáóåòñÿ ðó÷íîå çàäàíèå äîïîëíèòåëüíûõ îïöèé.

Â ìåòîäàõ ìàøèííîãî îáó÷åíèÿ íà îñíîâå íåêîòîðîé êîíå÷íîé âûáîðêè ïðèìåðîâ ñî-
çäàåòñÿ ìîäåëü ïðåäìåòíîé îáëàñòè, êîòîðàÿ îòðàæàåò çàâèñèìîñòè, ñîäåðæàùèåñÿ â ýòèõ
ïðèìåðàõ. Ñîçäàííàÿ ìîäåëü äîëæíà èìèòèðîâàòü ïîâåäåíèå ðåàëüíîé ñèñòåìû ïðè ïî-
ñòóïëåíèè ñõîæèõ äàííûõ. Ðåàëèçàöèÿ ýòîãî ïîäõîäà îïèñàíà â [10, 11]. Ñóòü çàêëþ÷àåòñÿ
â òîì, ÷òî â êàæäîé ïðîãðàììå âûäåëÿþòñÿ õàðàêòåðèçóþùèå åå îñîáåííîñòè, ýòè îñîáåí-
íîñòè ïðåäñòàâëÿþòñÿ â âèäå n-ìåðíîãî âåêòîðà, êîòîðûé ïîäàåòñÿ íà âõîä íåéðîííîé
ñåòè, è íà âûõîäå ïîëó÷àåòñÿ íàáîð îïòèìèçàöèé, êîòîðûå íóæíî ïðèìåíèòü ê ïðîãðàì-
ìå.

Â íåêîòîðûõ ïîäõîäàõ (íàïð., [12]) äëÿ õðàíåíèÿ ñóùåñòâóþùèõ îñîáåííîñòåé ïðî-
ãðàìì ïðèìåíÿþòñÿ îíòîëîãèè. Îíòîëîãèè ïðåäñòàâëÿþò ñîáîé ìíîæåñòâî ïîíÿòèé íåêî-
òîðîé ïðåäìåòíîé îáëàñòè, äëÿ êîòîðîãî îïðåäåëåíî ìíîæåñòâî áèíàðíûõ îòíîøåíèé. Ñ
ïîìîùüþ îíòîëîãèé ìîæíî ñîñòàâèòü îïèñàíèå ïðîãðàììû, êîòîðîå êîìïüþòåð ñïîñîáåí
ðàñïîçíàòü è èñïîëüçîâàòü äëÿ âûáîðà âàðèàíòà ìåòîäàìè ìàøèííîãî îáó÷åíèÿ. Íåäî-
ñòàòêîì ïîäõîäà ÿâëÿåòñÿ òî, ÷òî îáó÷åííàÿ ñèñòåìà ðàáîòàåò òîëüêî â ðàìêàõ ñèòóàöèé,
êîòîðûå ñõîæè ñ îáó÷àþùåé âûáîðêîé, èíà÷å äëÿ ýôôåêòèâíîé ðàáîòû ñèñòåìû íóæíî
ïðîèçâîäèòü ïåðåîáó÷åíèå, ÷òî ÿâëÿåòñÿ äëèòåëüíûì è ñëîæíûì ïðîöåññîì. Ê òîìó æå,
ñîáðàòü äîñòàòî÷íî áîëüøóþ è ðåïðåçåíòàòèâíóþ âûáîðêó ïðèìåðîâ íå âñåãäà óäàåòñÿ.

Ðàññìîòðåííûå ïîäõîäû îáëàäàþò ðÿäîì íåäîñòàòêîâ è ïîëíîñòüþ îáîçíà÷åííîé ïðî-
áëåìû íå ðåøàþò, ïîýòîìó ïðîðàáîòêà íîâûõ ïîäõîäîâ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé.

2. Òåðìèíû è îïðåäåëåíèÿ. Âû÷èñëèòåëüíûå Ìîäåëè.

Ïðèâåäåì îïðåäåëåíèå âû÷èñëèòåëüíîé ìîäåëè èç [3]. Ïóñòü çàäàíû:
� êîíå÷íîå ìíîæåñòâî X={x, y, z, . . . } ïåðåìåííûõ äëÿ ïðåäñòàâëåíèÿ âû÷èñëÿåìûõ

è èçìåðÿåìûõ âåëè÷èí;
� êîíå÷íîå ìíîæåñòâî F={a, b, c, . . . } ñèìâîëîâ îïåðàöèé àðíîñòè m×n, m>0, n>0

(m è n ðàçëè÷íûå äëÿ ðàçëè÷íûõ ñèìâîëîâ);
� ñ êàæäûì ñèìâîëîì îïåðàöèè a àðíîñòè m×n ñâÿçàí íàáîð in(a)=(x1, . . . , xm) âõîä-

íûõ è íàáîð out(a)=(y1, . . . , yn) ðàçëè÷íûõ âûõîäíûõ ïåðåìåííûõ.
Ïàðà Ñ=(X , F ) íàçûâàåòñÿ ïðîñòîé âû÷èñëèòåëüíîé ìîäåëüþ (äàëåå � âû÷èñëèòåëü-

íàÿ ìîäåëü, ÂÌ). Îïåðàöèÿ a∈F îïèñûâàåò âîçìîæíîñòü âû÷èñëåíèÿ ïåðåìåííûõ out(a)
èç ïåðåìåííûõ in(a) ñ ïîìîùüþ íåêîòîðîé ïðîöåäóðû.

ÂÌ ìîæíî ïðåäñòàâèòü êîíå÷íûì äâóäîëüíûì îðãðàôîì (ñì. ïðèìåð íà ðèñ. 1).
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Ðèñ. 1. Âû÷èñëèòåëüíàÿ ìîäåëü; êðóãè � ïåðåìåííûå, êâàäðàòû � îïåðàöèè

ÂÌ â öåëîì îïèñûâàåò âåëè÷èíû íåêîòîðîé ïðåäìåòíîé îáëàñòè è âîçìîæíîñòü ïîëó-
÷àòü îäíè âåëè÷èíû èç äðóãèõ.

Îïðåäåëèì ïîíÿòèå çàäà÷è íà ÂÌ â ñîîòâåòñòâèè ñ [3]. Ïóñòü çàäàíû äâà ïîäìíî-
æåñòâà: âõîäíûõ ïåðåìåííûõ V⊆X è âûõîäíûõ ïåðåìåííûõ W⊆X . Ïàðà T=(V , W )
íàçûâàåòñÿ çàäà÷åé. Ïîäãðàô P⊆C íàçûâàåòñÿ ïëàíîì ðåøåíèÿ çàäà÷è, åñëè îí ñîäåðæèò
V èW è âñå ïåðåìåííûå èçW âû÷èñëèìû ÷åðåç îïåðàöèè èç V (âîçìîæíî, ÷åðåç ïðîìå-
æóòî÷íûå ïåðåìåííûå èç P). Äëÿ îäíîé è òîé æå çàäà÷è ìîæåò ñóùåñòâîâàòü íåñêîëüêî
ïëàíîâ ðåøåíèÿ. Â [3] òàêæå ðàññìàòðèâàåòñÿ ïðîöåññ âûâîäà îïòèìàëüíîãî ïëàíà äëÿ
çàäàííîé çàäà÷è, ïðè ýòîì îïòèìèçàöèÿ îñóùåñòâëÿåòñÿ ïî ÷èñëó îïåðàöèé è/èëè ïå-
ðåìåííûõ. Ïî ïëàíó ðåøåíèÿ çàäà÷è î÷åâèäíûì îáðàçîì ìîæíî âîñïðîèçâåñòè ïðîöåññ
(íàïðèìåð, çàïðîãðàììèðîâàâ â âèäå ïðîãðàììû) âû÷èñëåíèÿ çíà÷åíèé ïåðåìåííûõ W
ïî çàäàííûì âõîäíûì V .

Ïðèìåíåíèå ÂÌ äëÿ ðàññìàòðèâàåìîé ïðîáëåìû ïðåäñòàâëÿåòñÿ öåëåñîîáðàçíûì ââè-
äó òîãî, ÷òî ÂÌ ïîçâîëÿåò îïèñûâàòü ïðîöåññ ñèíòåçà ïðîãðàììû íà æåëàåìîì óðîâíå
àáñòðàêöèè, îïèñûâàòü ðàçëè÷íûå âàðèàíòû âûáîðà ìîäóëåé äëÿ ðåàëèçàöèè îòäåëüíûõ
÷àñòåé (ôóíêöèé) âû÷èñëèòåëüíîãî ïðîöåññà, ñòàâèòü è ðåøàòü çàäà÷ó ñèíòåçà îïòèìàëü-
íîé ïðîãðàììû.

Ðàñøèðèì ïîíÿòèå ÂÌ ïîíÿòèåì àòðèáóòîâ. Ïóñòü èìååòñÿ êîíå÷íîå ìíîæåñòâî àòðè-
áóòîâ A={A1, . . .Ak}. Ïóñòü äëÿ êàæäîãî àòðèáóòà Ai çàäàíî ìíîæåñòâî åãî çíà÷åíèé Di.
Êàæäîé îïåðàöèè è ïåðåìåííîé ñòàâèòñÿ â ñîîòâåòñòâèå çíà÷åíèå íåêîòîðîãî ïîäìíîæå-
ñòâà àòðèáóòîâ (âîçìîæíî, ïóñòîå). Êðîìå òîãî, ïóñòü èìååòñÿ ôóíêöèÿ êà÷åñòâà ïëàíà
Q , êîòîðàÿ ñòàâèò â ñîîòâåòñòâèå êàæäîìó ïëàíó P åãî îöåíêó êà÷åñòâà Qp, îïðåäåëÿ-
åìóþ ïåðåìåííûìè è îïåðàöèÿìè ïëàíà è èõ àòðèáóòàìè. Ïîèñê îïòèìàëüíîãî ïëàíà,
òàêèì îáðàçîì, ìîæåò îñóùåñòâëÿòüñÿ íå íà îñíîâå êîëè÷åñòâà îïåðàöèé è ïåðåìåííûõ,
à â âèäå ïðîèçâîëüíîé çàêîíîìåðíîñòè ÷åðåç çàäàíèÿ àòðèáóòîâ è ôóíêöèè êà÷åñòâà. Íà
ïðàêòèêå ìîæåò èñïîëüçîâàòüñÿ íåñêîëüêî ðàçëè÷íûõ ôóíêöèé êà÷åñòâà äëÿ îïòèìèçàöèè
êîíñòðóèðîâàíèÿ ïðîãðàììû ïî ðàçëè÷íûì êðèòåðèÿì.

3. Ïîñòàíîâêà çàäà÷è è ïðåäëàãàåìîå ðåøåíèå. Â ðàìêàõ ðàáîòû çàäà÷à êîí-
ñòðóèðîâàíèÿ îïòèìàëüíîé ïðîãðàììû ðàññìàòðèâàåòñÿ ñëåäóþùèì îáðàçîì. Ïðåäïîëà-
ãàåòñÿ, ÷òî èìååòñÿ íåêîòîðîå îïèñàíèå âû÷èñëèòåëüíîãî ïðîöåññà (íàïðèìåð, íà ÿçûêå
ïðîãðàììèðîâàíèÿ âûñîêîãî óðîâíÿ, òàêîì êàê ÿçûê LuNA [4]). Ïðåäïîëàãàåòñÿ òàêæå,
÷òî ýòî îïèñàíèå ñîñòîèò èç ðÿäà ôóíêöèé, äëÿ ðåàëèçàöèè êàæäîé èç êîòîðûõ èìååò-
ñÿ êîíå÷íûé íàáîð ìîäóëåé. Êàæäûé ìîäóëü îáëàäàåò èçâåñòíûìè íåôóíêöèîíàëüíûìè
ñâîéñòâàìè (òóò è äàëåå ïîä íåôóíêöèîíàëüíûìè ñâîéñòâàìè ïîíèìàåòñÿ âðåìÿ âûïîëíå-
íèÿ, ðàñõîä ïàìÿòè, íàãðóçêà íà êîììóíèêàöèîííóþ ïîäñèñòåìó, îáëàäàíèå äèíàìè÷åñêè-
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ìè ñâîéñòâàìè è ò. ï. ñâîéñòâà, íå âëèÿþùèå íà âû÷èñëÿåìûå çíà÷åíèÿ, íî ñóùåñòâåííûå ñ
òî÷êè çðåíèÿ ýôôåêòèâíîñòè). Òðåáóåòñÿ âûáðàòü îäèí èç ìîäóëåé äëÿ êàæäîé ôóíêöèè,
ïîñëå ÷åãî ïðîèçâîäèòñÿ êîìïîíîâêà âûáðàííûõ ìîäóëåé â ðåçóëüòèðóþùóþ ïðîãðàììó â
ñîîòâåòñòâèè ñ îïèñàíèåì âû÷èñëèòåëüíîãî ïðîöåññà. Òîò ôàêò, ÷òî êàæäûé ìîäóëü îáëà-
äàåò ðàçëè÷íûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè ïðèâîäèò ê òîìó, ÷òî ðåçóëüòèðóþùàÿ
ïðîãðàììà òàêæå ìîæåò îáëàäàòü ðàçëè÷íûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè. Çàäà-
÷à ñîñòîèò â òîì, ÷òîáû äîáèòüñÿ æåëàåìûõ ñâîéñòâ ðåçóëüòèðóþùåé ïðîãðàììû ïóòåì
âûáîðà ìîäóëÿ äëÿ êàæäîé ôóíêöèè.

Ñëîæíîñòü çàäà÷è â òîì, ÷òî õàðàêòåð çàâèñèìîñòè ñâîéñòâ ðåçóëüòèðóþùåé ïðîãðàì-
ìû îò ñâîéñòâ ìîäóëåé ìîæåò áûòü ñàìûì ðàçíûì â ðàçíûõ ïðåäìåòíûõ îáëàñòÿõ, êëàññàõ
ïðèêëàäíûõ àëãîðèòìîâ è äàæå çàâèñåòü îò âõîäíûõ äàííûõ. Ïîýòîìó âàæíî èìåòü íåêî-
òîðûé óíèâåðñàëüíûé ñïîñîá îïèñàíèÿ âûÿâëåííûõ çàêîíîìåðíîñòåé è âêëþ÷åíèÿ èõ â
íåêîòîðóþ áàçó çíàíèé â âèäå, äîïóñêàþùåì èõ àâòîìàòè÷åñêîå èñïîëüçîâàíèå. Â òàêîì
ñëó÷àå äëÿ ðàçëè÷íûõ îãðàíè÷åííûõ ïðåäìåòíûõ îáëàñòåé è êëàññîâ ïðèêëàäíûõ àëãî-
ðèòìîâ âîçìîæíî íàêîïëåíèå çíàíèé â áàçå, â ðåçóëüòàòå êîòîðîãî îáåñïå÷èâàëîñü áû
àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå ïðîãðàììû ïðèåìëåìîãî êà÷åñòâà.

Ñóòü ïðåäëàãàåìîãî ðåøåíèÿ çàêëþ÷àåòñÿ â èñïîëüçîâàíèè ÂÌ äëÿ îðãàíèçàöèè òà-
êîé áàçû çíàíèé. Èíôîðìàöèÿ î òîì, êàê èñõîäíîå îïèñàíèå âû÷èñëèòåëüíîãî ïðîöåññà
(èñõîäíàÿ ïðîãðàììà íà ÿçûêå âûñîêîãî óðîâíÿ àáñòðàêöèè) ïðåäñòàâëÿåòñÿ â âèäå ìíî-
æåñòâà ôóíêöèé (ò. å. êàêîâà ôóíêöèîíàëüíàÿ äåêîìïîçèöèÿ àëãîðèòìà), êàêèå ìîäóëè
äîñòóïíû äëÿ êàæäîé ôóíêöèè è êàê êîìïîíóåòñÿ ðåçóëüòèðóþùàÿ ïðîãðàììà èç ýòèõ
ìîäóëåé, âíîñèòñÿ â ÂÌ â âèäå îïåðàöèé è ïåðåìåííûõ. Èíôîðìàöèÿ î íåôóíêöèîíàëü-
íûõ ñâîéñòâàõ ìîäóëåé ââîäèòñÿ â ÂÌ â ôîðìå àòðèáóòîâ îïåðàöèé è ïåðåìåííûõ.

Ïðàêòè÷åñêîå ïðèìåíåíèå ïîäõîäà ïîäðàçóìåâàåò, ÷òî êîíå÷íûé ïîëüçîâàòåëü íå èìååò
èíôîðìàöèè îá àòðèáóòàõ, ôóíêöèè êà÷åñòâà è ÂÌ. Åãî ðîëü îãðàíè÷èâàåòñÿ îïèñàíèåì
âû÷èñëèòåëüíîãî ïðîöåññà íà ÿçûêå âûñîêîãî óðîâíÿ. Îïèñàíèå ÂÌ, íàáîð è çíà÷åíèÿ
àòðèáóòîâ ñîñòàâëÿåò è ïîääåðæèâàåò ðàçðàáîò÷èê ñèñòåìû ïðîãðàììèðîâàíèÿ (êîìïè-
ëÿòîðà). Àëãîðèòì âûâîäà îïòèìàëüíîãî ïëàíà è êîíñòðóèðîâàíèÿ ðåçóëüòèðóþùåé ïðî-
ãðàììû íå èçìåíÿåòñÿ.

Ïðåèìóùåñòâîì èñïîëüçîâàíèÿ ÂÌ äëÿ ðåøåíèÿ äàííîé çàäà÷è ÿâëÿåòñÿ âîçìîæíîñòü
âêëàäûâàòü â ÂÌ ìíîæåñòâî ðàçëè÷íûõ âàðèàíòîâ êîíñòðóèðîâàíèÿ ðåçóëüòèðóþùåé
ïðîãðàììû. Ýòî îáåñïå÷èâàåò âîçìîæíîñòü àâòîìàòè÷åñêîãî êîíñòðóèðîâàíèÿ ïðîãðàì-
ìû â øèðîêîì ñïåêòðå íåôóíêöèîíàëüíûõ ñâîéñòâ, òðåáóåìûõ äëÿ òåõ èëè èíûõ óñëîâèé
çàïóñêà.

4. Ýêñïåðèìåíòàëüíîå èññëåäîâàíèå. Â ðàìêàõ íàñòîÿùåé ðàáîòû áûë ïðîâåäåí
ýêñïåðèìåíò ïî àâòîìàòèçàöèè êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì íà áàçå ñèñòåìû
ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA [4]. Ýòà ñèñòåìà áûëà âûáðàíà â êà÷åñòâå
áàçîâîé ïëàòôîðìû èññëåäîâàíèÿ, ò. ê. îíà ÿâëÿåòñÿ ñèñòåìîé êîíñòðóèðîâàíèÿ ïàðàë-
ëåëüíûõ ïðîãðàìì ÷èñëåííîãî ìîäåëèðîâàíèÿ äëÿ ñóïåðêîìïüþòåðîâ íà îñíîâå âûñîêî-
óðîâíåâîãî îïèñàíèÿ âû÷èñëèòåëüíîãî ïðîöåññà (íà ÿçûêå LuNA).

Â ðàìêàõ ðàáîòû, äëÿ îáåñïå÷åíèÿ òðåáóåìîé âàðèàòèâíîñòè êîíñòðóèðîâàíèÿ ïàðàë-
ëåëüíîé ïðîãðàììû, áûëî ñîçäàíî ðàñøèðåíèå ñèñòåìû LuNA, êîòîðîå êîíñòðóèðóåò ðå-
àëèçàöèþ çàäàííîé ôóíêöèè îïðåäåëåííîãî âèäà ñïåöèàëèçèðîâàííûì àëãîðèòìîì, ÷òî
ïîçâîëèëî, â íåêîòîðûõ ñëó÷àÿõ, èìåòü äëÿ òàêèõ ôóíêöèé äâà ìîäóëÿ ñ ðàçíûìè íåôóíê-
öèîíàëüíûìè ñâîéñòâàìè. Èíôîðìàöèÿ îá ýòèõ ñïîñîáàõ êîíñòðóèðîâàíèÿ áûëà âûðàæåíà
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â âèäå ÂÌ. Íà ýòîé ÂÌ ñòàâèëàñü è ðåøàëàñü ðàçðàáîòàííûì äëÿ ýòîé öåëè èíòåðïðåòà-
òîðîì çàäà÷à êîíñòðóèðîâàíèÿ îïòèìàëüíîé ïî âðåìåíè èñïîëíåíèÿ ïðîãðàììû.

Äàëåå â ðàçäåëå ïðèâîäÿòñÿ ñâåäåíèÿ î ñèñòåìå LuNA è îïèñàíèå ýêñïåðèìåíòà.
4.1. ßçûê è ñèñòåìà LuNA. Â ñèñòåìå LuNA ïîëüçîâàòåëü îïèñûâàåò âû÷èñëè-

òåëüíûé àëãîðèòì áåç ïðèâÿçêè ê ðåñóðñàì â ðàìêàõ ìîäåëè data�ow. Òàêîå îïèñàíèå
íàçûâàåòñÿ ôðàãìåíòèðîâàííûì àëãîðèòìîì (ÔÀ). Îòëè÷èòåëüíûìè îñîáåííîñòÿìè ÔÀ
ÿâëÿþòñÿ èììóòàáåëüíîñòü (åäèíñòâåííîå ïðèñâàèâàíèå) äàííûõ è îòñóòñòâèå ïîáî÷íûõ
ýôôåêòîâ ó âû÷èñëèòåëüíûõ ìîäóëåé. Äàííûå è âû÷èñëåíèÿ ÔÀ ÿâíî ðàçäåëåíû íà ò. í.
ôðàãìåíòû äàííûõ è âû÷èñëåíèé (ÔÄ è ÔÂ ñîîòâåòñòâåííî). Èñïîëíåíèå ÔÀ ïîäðàçóìå-
âàåò íàçíà÷åíèå ÔÄ è ÔÂ íà âû÷èñëèòåëüíûå óñòðîéñòâà è âûáîð ïîðÿäêà âûïîëíåíèÿ
ÔÂ (êîòîðûé íå äîëæåí ïðîòèâîðå÷èòü èíôîðìàöèîííûì çàâèñèìîñòÿì). Îò òîãî, êàêèì
îáðàçîì áóäåò îñóùåñòâëÿòüñÿ ýòî íàçíà÷åíèå, çàâèñÿò íåôóíêöèîíàëüíûå ñâîéñòâà èñ-
ïîëíåíèÿ ÔÀ. Â ÷àñòíîñòè, äèíàìè÷åñêîå íàçíà÷åíèå ÔÄ ìîæåò áûòü áîëåå òî÷íûì, íî
ïðèâîäèò ê ïîÿâëåíèþ íàêëàäíûõ ðàñõîäîâ âî âðåìÿ èñïîëíåíèÿ.

Êàê ïðàâèëî, ÔÀ èñïîëíÿåòñÿ â ðåæèìå èíòåðïðåòàöèè èñïîëíèòåëüíîé ñèñòåìîé
LuNA. Äëÿ ïîâûøåíèÿ ýôôåêòèâíîñòè èñïîëíåíèÿ ÔÀ ïðèìåíÿþòñÿ ñðåäñòâà ïðÿìîãî
(èìïåðàòèâíîãî) óïðàâëåíèÿ [15, 16]. Îíè ïîçâîëÿþò íà ñòàäèè êîìïèëÿöèè ïðèíÿòü ðÿä
ðåøåíèé ïî óïðàâëåíèþ âû÷èñëåíèÿìè è ðàñïðåäåëåíèþ ðåñóðñîâ è çàôèêñèðîâàòü èõ
â âèäå æåñòêîãî (áåç äèíàìè÷åñêèõ ñâîéñòâ) óïðàâëÿþùåãî ìîäóëÿ, ðàáîòàþùåãî â ñïå-
öèàëèçèðîâàííîì èñïîëíèòåëüíîì îêðóæåíèè, íàçûâàåìîì LuNA Framework (LuNA-FW).
Ðàáîòà òàêîãî ìîäóëÿ îñíîâàíà íà event-driven ìîäåëè (â îòëè÷èå îò èñõîäíîé data�ow ìî-
äåëè), ÷òî ïîçâîëÿåò, â íåêîòîðûõ ñëó÷àÿõ, äîñòèãíóòü áîëåå ýôôåêòèâíîãî èñïîëíåíèÿ
ÔÀ.

Áûë ðàçðàáîòàí è ðåàëèçîâàí àëãîðèòì àâòîìàòè÷åñêîé ãåíåðàöèè óïðàâëÿþùèõ ïðî-
ãðàìì äëÿ LuNA-FW [17] äëÿ çàäàííûõ ôóíêöèé â ÔÀ. Àëãîðèòì ðàñïîçíàåò è îáðàáàòû-
âàåò ôóíêöèè ÷àñòíîãî âèäà, êîòîðûå ìîæíî íåôîðìàëüíî îõàðàêòåðèçîâàòü êàê èòåðàöè-
îííûå ïðîöåññû íà ñåòêàõ. Ïðèíàäëåæíîñòü çàäàííîé ôóíêöèè ýòîìó êëàññó ïðîâåðÿåòñÿ
î÷åâèäíûì àëãîðèòìîì ñòàòè÷åñêîãî àíàëèçà íà ñòàäèè êîìïèëÿöèè ÔÀ.

Ñãåíåðèðîâàííàÿ óïðàâëÿþùàÿ ïðîãðàììà äëÿ LuNA-FW ñîäåðæèò òî æå ìíîæåñòâî
ÔÂ íàä òåìè æå íàáîðàìè ÔÄ, ÷òî è â èñõîäíîì ÔÀ, à ïîðÿäîê âûïîëíåíèÿ ÔÂ íå
ïðîòèâîðå÷èò èõ èíôîðìàöèîííûì çàâèñèìîñòÿì, ÷òî îáåñïå÷èâàåò êîððåêòíîñòü ïðåîá-
ðàçîâàíèÿ. Ïðè ýòîì èñïîëüçîâàíèå event-driven ìîäåëè ïîçâîëÿåò ñîêðàòèòü êîëè÷åñòâî
íàêëàäíûõ ðàñõîäîâ ïî îðãàíèçàöèè âû÷èñëåíèé âíóòðè è ìåæäó óçëàìè, ÷òî ïîçâîëÿåò
ïîëó÷èòü ëó÷øóþ ïðîèçâîäèòåëüíîñòü èñïîëíåíèÿ ïîäïðîãðàììû ïî ñðàâíåíèþ ñ ñèñòå-
ìîé LuNA.

Òàêèì îáðàçîì, äëÿ êàæäîé ôóíêöèè â ÔÀ èìååòñÿ âîçìîæíîñòü êîíñòðóèðîâàòü äî
2-õ ðàçëè÷íûõ ðåàëèçóþùèõ ìîäóëåé � LuNA-ðåàëèçàöèþ ñ äèíàìè÷åñêèìè ñâîéñòâàìè,
ðàáîòó êîòîðîé êîíòðîëèðóåò èñïîëíèòåëüíàÿ ñèñòåìà LuNA (ýòîò ìîäóëü äîñòóïåí âñå-
ãäà), è LuNA-FW ðåàëèçàöèþ áåç äèíàìè÷åñêèõ ñâîéñòâ, íî áîëåå ýôôåêòèâíóþ â ñëó÷àÿõ,
êîãäà äèíàìè÷åñêèå ñâîéñòâà íå òðåáóþòñÿ (åå âîçìîæíî ãåíåðèðîâàòü äëÿ ïîäïðîãðàìì
÷àñòíîãî âèäà).

Ñîâìåñòíàÿ ðàáîòà ìîäóëåé LuNA è LuNA-FW îñóùåñòâëÿåòñÿ â îáùåì ñèñòåìíîì
îêðóæåíèè.

4.2. Îïèñàíèå ýêñïåðèìåíòà. Äëÿ èññëåäîâàíèÿ ýôôåêòèâíîñòè ïðåäëîæåííîãî àë-
ãîðèòìà áûëà èñïîëüçîâàíà ôðàãìåíòèðîâàííàÿ ðåàëèçàöèÿ ÿâíîé êîíå÷íî-ðàçíîñòíîé
ñõåìû äëÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà â òðåõìåðíîì ïðîñòðàíñòâå ñ íà÷àëüíûìè êðàå-
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Òàáëèöà 1

Ðåçóëüòàòû çàïóñêîâ ðàçëè÷íûõ ðåàëèçàöèé ôóíêöèè, ïðåäñòàâëÿþùåé îñíîâíîé öèêë
âû÷èñëåíèé, â çàâèñèìîñòè îò êîëè÷åñòâà ïðîöåññîâ (îáùàÿ ïàìÿòü)

1 2 4 8 16

LuNA 581,150 289,230 152,910 83,755 71,716
LuNA-FW 301,100 168,880 85,550 86,186 109,070

âûìè óñëîâèÿìè ïåðâîãî ðîäà [18]:

∇2φ = f,

φ| G = F.

Çíà÷åíèÿ â óçëàõ ñåòêè âû÷èñëÿëèñü ïî ôîðìóëå:
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Ýòà çàäà÷à áûëà âûáðàíà êàê ïðèìåð, èìåþùèé õàðàêòåðíóþ ñõåìó ïàðàëëåëüíîé ðåà-
ëèçàöèè, ïðèìåíÿåìóþ äëÿ ðåàëèçàöèè øèðîêîãî êëàññà ÷èñëåííûõ àëãîðèòìîâ íà ñåòêàõ
(ïðîñòðàíñòâåííàÿ äåêîìïîçèöèÿ ñ îáìåíàìè íà ãðàíèöàõ). Â ðàìêàõ íàñòîÿùåãî òåñòè-
ðîâàíèÿ ïðèìåíÿëàñü îäíîìåðíàÿ ïðîñòðàíñòâåííàÿ äåêîìïîçèöèÿ òðåõìåðíîé ðàñ÷åòíîé
îáëàñòè.

Çàïóñê çàäà÷ ïðîèçâîäèëñÿ íà êëàñòåðå ÌÂÑ-10Ï [19] (2 ïðîöåññîðà Xeon E5-2690, 64
ÃÁ îïåðàòèâíîé ïàìÿòè, êîììóíèêàöèîííàÿ ñåòü íà áàçå FDR In�niband).

Ïàðàìåòðû òåñòîâîé çàäà÷è áûëè âûáðàíû áëèçêèìè ê ïàðàìåòðàì, èñïîëüçóåìûì íà
ïðàêòèêå äëÿ òàêîãî ðîäà çàäà÷: 128 èòåðàöèé; ðàçìåð ðàñ÷åòíîé îáëàñòè 1200×300×300;
ðàçìåð äîìåíà 30×300×300, êîëè÷åñòâî äîìåíîâ: 40.

Äëÿ ôóíêöèè, ïðåäñòàâëÿþùåé îñíîâíîé öèêë âû÷èñëåíèé, èìåëîñü äâà ðåàëèçóþ-
ùèõ ìîäóëÿ, îáëàäàþùèõ ðàçëè÷íûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè: áàçîâûé data�ow
(LuNA) è èìïåðàòèâíûé event-driven (LuNA-FW). Äëÿ âñåõ îñòàëüíûõ ôóíêöèé, ïðèñóò-
ñòâóþùèõ â îïèñàíèè, áûë âûáðàí áàçîâûé ìîäóëü LuNA.

Áûëè ïðîâåäåíû äâå ñåðèè òåñòîâ: â îáùåé è ðàñïðåäåëåííîé ïàìÿòè.
Â òàáë. 1 ïðèâåäåíû ðåçóëüòàòû çàïóñêîâ LuNA è LuNA-FW ïðîãðàìì. Âèäíî, ÷òî â

çàâèñèìîñòè îò êîíôèãóðàöèè âû÷èñëèòåëÿ âûáîð ìîäóëÿ âëèÿåò íà âðåìÿ âûïîëíåíèÿ
ðåçóëüòèðóþùåé ïðîãðàììû: LuNA-FW áûñòðåå âûïîëíÿåòñÿ íà ìàëîì êîëè÷åñòâå ïðî-
öåññîâ, LuNA � íà áîëüøîì (8 è áîëåå). Òàêèì îáðàçîì, òåñò ÿâëÿåòñÿ ðåïðåçåíòàòèâíûì
ñ òî÷êè çðåíèÿ òîãî, ÷òî èìåþòñÿ ðàçëè÷íûå âàðèàíòû ðåàëèçàöèè îäíîãî è òîãî æå àë-
ãîðèòìà, êàæäûé èç êîòîðûõ ÿâëÿåòñÿ îïòèìàëüíûì â íåêîòîðîé îãðàíè÷åííîé îáëàñòè
ïàðàìåòðîâ èñïîëíåíèÿ.

Èíôîðìàöèÿ î òàêèõ íåôóíêöèîíàëüíûõ ñâîéñòâàõ ìîäóëåé è èõ ñâÿçè ñ íåôóíêöèî-
íàëüíûìè ñâîéñòâàìè ðåçóëüòèðóþùåé ïðîãðàììû áûëà çàôèêñèðîâàíà â âèäå ÂÌ, àò-
ðèáóòîâ è ôóíêöèè îöåíêè êà÷åñòâà. Íà îñíîâå ýòîãî îïèñàíèÿ, â ñîîòâåòñòâèè ñ îïè-
ñàííûì âûøå ïîäõîäîì, èíòåðïðåòàòîðîì ÂÌ àâòîìàòè÷åñêè âûáèðàëñÿ îïòèìàëüíûé
ìîäóëü (ñì. ðèñ. 2). Êîëè÷åñòâî ïðîöåññîâ áûëî ïàðàìåòðîì ïðè îïòèìèçàöèè êîíñòðóè-
ðîâàíèÿ ïðîãðàììû.



Ïåðåïåëêèí Â.À., Ñîôðîíîâ È.Â., Òêà÷åâà À.À. 11

Ðèñ. 2. Àâòîìàòè÷åñêèé âûáîð îïòèìàëüíîé ðåàëèçàöèè (Auto) ñðåäè äâóõ äîñòóïíûõ âàðèàíòîâ

êîíñòðóèðîâàíèÿ ïàðàëëåëüíîé ïðîãðàììû (îáùàÿ ïàìÿòü)

Òàáëèöà 2

Ðåçóëüòàòû çàïóñêîâ ðàçëè÷íûõ ðåàëèçàöèé ôóíêöèè,
ïðåäñòàâëÿþùåé îñíîâíîé öèêë âû÷èñëåíèé,

â çàâèñèìîñòè îò êîëè÷åñòâà óçëîâ (ðàñïðåäåëåííàÿ ïàìÿòü)

1/1 8/1 8/2 8/4

LuNA 591,966 88,143 82,236 81,101
LuNA-FW 301,103 101,259 63,808 97,749

Âî âòîðîì ýêñïåðèìåíòå èññëåäîâàëîñü ïîâåäåíèå ñèñòåìû â ðàñïðåäåëåííîé ïàìÿòè
ïðè ðàçíîì êîëè÷åñòâå óçëîâ. Êîëè÷åñòâî ïðîöåññîâ îñòàâàëîñü ïîñòîÿííûì è ðàâíÿëîñü
8, êîëè÷åñòâî óçëîâ âàðüèðîâàëîñü îò îäíîãî äî ÷åòûðåõ. Äëÿ ôóíêöèè, ïðåäñòàâëÿþùåé
îñíîâíîé öèêë âû÷èñëåíèé, òàêæå áûëî äîñòóïíî äâà ìîäóëÿ: LuNA è LuNA-FW. Â òàáë.
2 ïðèâåäåíî âðåìÿ ðàáîòû êàæäîé èç ïîñòðîåííûõ ÏÏ ïðè âûáîðå òîãî èëè èíîãî ìîäó-
ëÿ â ðàçíûõ óñëîâèÿõ çàïóñêà. Â ïåðâîé ñòðîêå òàáëèöû ïåðâàÿ öèôðà îçíà÷àåò îáùåå
êîëè÷åñòâî ïðîöåññîâ, âòîðàÿ � êîëè÷åñòâî çàäåéñòâîâàííûõ óçëîâ.

Íà ðèñ. 3 ãðàôèêîì Auto îòðàæåí ðåçóëüòàò ðàáîòû ÏÏ, ðåàëèçàöèþ êîòîðûõ âûáèðàë
èíòåðïðåòàòîð ÂÌ. Òàêæå êàê è â ïðåäûäóùåì ýêñïåðèìåíòå, ïî ââåäåííûì äàííûì î âû-
÷èñëèòåëå ïðèíèìàëîñü ðåøåíèå î âûáîðå îïòèìàëüíîãî ìîäóëÿ äëÿ ðåàëèçàöèè ôóíêöèè,
ïðåäñòàâëÿþùåé îñíîâíîé öèêë âû÷èñëåíèé. Âûáîð îñóùåñòâëÿëñÿ ñëåäóþùèì îáðàçîì:
åñëè çàïóñêàåòñÿ íà îäíîì óçëå íà ìíîæåñòâå ïðîöåññîâ, òî âûáèðàåòñÿ ìîäóëü LuNA (òî÷-
êà 8/1), åñëè æå íà óçëå çàïóñêàåòñÿ ìàëî ïðîöåññîâ (â ñðàâíåíèè ñ îáùèì êîëè÷åñòâîì �
âîñåìüþ) è ìàëî óçëîâ, òî âûáèðàåòñÿ ìîäóëü LuNA-FW (òî÷êà 8/2).

Çàêëþ÷åíèå. Ðàññìîòðåíà ïðîáëåìà àâòîìàòèçàöèè êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ
ïðîãðàìì ñ òðåáóåìûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè íà îñíîâå èìåþùåãîñÿ ôóíê-
öèîíàëüíîãî îïèñàíèÿ àëãîðèòìà ðåøåíèÿ çàäà÷è ÷èñëåííîãî ìîäåëèðîâàíèÿ. Îïèñàíèå
ïðåäñòàâëÿåò ñîáîé ìíîæåñòâî ôóíêöèé, ñâÿçàííûõ äðóã ñ äðóãîì çàâèñèìîñòÿìè ïî äàí-
íûì, ýòèìè çàâèñèìîñòÿìè îïèñûâàåòñÿ ÷àñòè÷íûé ïîðÿäîê âû÷èñëåíèé. Ïðåäëîæåí ïîä-
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Ðèñ. 3. Àâòîìàòè÷åñêèé âûáîð ðåàëèçàöèè (çåëåíûé ãðàôèê) ñðåäè äâóõ äîñòóïíûõ ìîäóëåé

(ðàñïðåäåëåííàÿ ïàìÿòü)

õîä ê èñïîëüçîâàíèþ âû÷èñëèòåëüíûõ ìîäåëåé äëÿ ïðåäñòàâëåíèÿ è ïðèìåíåíèÿ çíàíèé î
òîì, êàêèìè ìîäóëÿìè ñ ðàçëè÷íûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè êàæäàÿ ôóíêöèÿ,
îïèñàííàÿ â àëãîðèòìå, ìîæåò áûòü ðåàëèçîâàíà. Ðàçðàáîòàíû ñèñòåìíûå àëãîðèòìû è
ïðîãðàììíûå ìîäóëè äëÿ ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïðåäëîæåííîãî ïîäõîäà. Ïî-
êàçàíà âîçìîæíîñòü àâòîìàòè÷åñêîãî âûáîðà îïòèìàëüíîé ðåàëèçàöèè â ÷àñòíîì ñëó÷àå
íà ïðèìåðå êîíñòðóèðîâàíèÿ ïðîãðàììû èç îïèñàíèÿ àëãîðèòìà ðåøåíèÿ óðàâíåíèÿ Ïóàñ-
ñîíà ÿâíûì ìåòîäîì â ðàìêàõ ñèñòåìû ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA.

Â äàëüíåéøåì ïëàíèðóåòñÿ ðàçâèâàòü ïðåäñòàâëåííûé ïîäõîä ñèñòåìíûìè àëãîðèò-
ìàìè, îáåñïå÷èâàþùèìè àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå ýôôåêòèâíûõ ïàðàëëåëüíûõ
÷èñëåííûõ ïðîãðàìì â áîëåå øèðîêîì êëàññå ñèòóàöèé.
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