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Usage of supercomputers for numerical simulations implies the complexity of distributed parallel
programs development. Non-functional requirements for such programs include e�ciency, memory and
network bandwidth economy, tuning to available resources, fault tolerance and check pointing support,
dynamic workload balancing, etc. To satisfy these requirements one has to concern peculiarities of
application algorithm, hardware con�guration and data. The development requires skills and knowledge
supercomputer users are unlikely to have. To reduce the complexity of parallel programs development,
debugging and modi�cation diverse systems and tools of programs construction automation exist and
evolve. Such tools accept a high level description of an application algorithm, as well as hardware
con�guration description, to produce and execute a parallel program, which implements the algorithm
and �ts into the non-functional requirements. Thus some of the programmer's burden is eliminated. Also
such systems and tools are necessary to implement an active knowledge technology, where application
algorithm is synthesized automatically based on application problem speci�cation and has then to be
automatically executed.

Automatic parallel programs construction system has to employ a high-level description of
an application algorithm. The algorithm representation should be independent from hardware
con�guration and allow tuning of algorithm execution to given hardware and data. The representation
should comprise independently computable parts which system should be able to dynamically map to
given resources.

According to such demands the fragmented programming technology (FPT) is being developed in
ICMMG SB RAS, as well as LuNA system for automatic numerical parallel programs construction
(LuNA stands for Language for Numerical Algorithms). In the FPT computations are represented
as the fragmented algorithm (FA) � a countable set of computational tasks called computational
fragments (CFs). A CF is de�ned by two �nite sets of input and output arguments � immutable data
objects called data fragments (DFs) � and an operation on the DFs, which computes values of output
DFs from values of input DFs. Execution of FA is the execution of all the CFs once their input DFs are
computed. Operations are side-e�ect-free sequential subroutines, thus a CF can be executed on any
computing node dynamically, provided its input DFs' values are transferred to the node. The job of
the programming system is to dynamically map DFs and CFs to computing nodes, provide input DFs
transfer to CFs and execute CFs to produce new DFs. During FA execution the system redistributes
CFs and DFs in order to balance workload, employs replication to provide fault tolerance, saves DFs
values for check pointing or performs other jobs to provide necessary non-functional properties of the
program execution.

In order to improve non-functional properties of FA execution supplementary information called
recommendations can be provided by the user. Recommendations are means to overcome the
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fundamental di�culty of e�cient execution of an application algorithm, represented in a high-level
language, such as LuNA. Using recommendations the user can explicitly declare properties of the
algorithm, which are hard to obtain automatically, but can signi�cantly a�ect execution (e.g. estimated
operations execution time). Also the user can employ recommendations to express his insight on how
the computations should be performed in order to achieve high e�ciency (instead of programming it
in a low-level language, such as C+MPI). The system will follow the recommendations in cases, where
good e�ciency is hard to achieve automatically.

An experiment of automatic CFs mapping to resources using pro�ling is concerned. An application
(matrices multiplication test) was run multiple times in the pro�ling mode. After each run the CFs
mapping to computing nodes was adjusted to avoid load imbalances, which occurred in the previous
execution. After few executions the execution time of the program decreased to the time of an e�cient
hand-made implementation of the same algorithm. This shows the possibility to automatically tune a
FA execution to hardware con�guration.

Another experiment shows automatic provision of dynamic load balancing on the example
application of self-gravitating dust cloud simulation using Particle-in-Cell method. The application
is an example of a problem, where workload distribution cannot be predicted statically and depends
on input data. Necessary dynamic workload balancing was provided by LuNA system automatically
based on the Rope of Beads algorithm, which preserves distributed data structure when balancing.

A number of other models and real-life applications were developed using the LuNA system. The
e�ciency of the constructed program is generally lower, than the one of hand-coded implementation,
but reduction of labourness of program development, debugging and modi�cation is often worth it.
In future it is planned to implement other system algorithms and heuristics to improve the quality of
automatically constructed programs, and to use LuNA system as a basis for active knowledge system
construction.

Key words: Fragmented programming technology, automatic parallel programs construction,
high performance computing, LuNA system.
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Ðàçðàáîòêà ïàðàëëåëüíûõ ïðîãðàìì ÷èñëåííîãî ìîäåëèðîâàíèÿ íà ìóëüòèêîìïüþòåðàõ ÿâëÿ-
åòñÿ ñëîæíîé çàäà÷åé ââèäó íåîáõîäèìîñòè îáåñïå÷èâàòü íåôóíêöèîíàëüíûå ñâîéñòâà ïðî-
ãðàìì (ïðîèçâîäèòåëüíîñòü, ðàñõîä ïàìÿòè, íàãðóçêà íà ñåòü è ò. ï.), à òàêæå äèíàìè÷åñêóþ
áàëàíñèðîâêó íàãðóçêè, îòêàçîóñòîé÷èâîñòü è äðóãèå ñâîéñòâà. Â ðàáîòå ðàññìàòðèâàþòñÿ òåõ-
íîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ è ïîääåðæèâàþùàÿ åå ñèñòåìà LuNA àâòîìà-
òè÷åñêîãî êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì ñ çàäàííûìè íåôóíêöèîíàëüíûìè ñâîé-
ñòâàìè. Ïðèêëàäíîé àëãîðèòì ïðåäñòàâëÿåòñÿ â âèäå ìíîæåñòâà èíôîðìàöèîííî-çàâèñèìûõ
çàäà÷, ÷òî ïîçâîëÿåò ïàðàëëåëüíî èñïîëíÿòü èõ, äèíàìè÷åñêè ïåðåðàñïðåäåëÿòü èõ ïî óçëàì
ìóëüòèêîìïüþòåðà, îáåñïå÷èâàÿ äèíàìè÷åñêóþ áàëàíñèðîâêó íàãðóçêè íà óçëû, à òàêæå ðåà-
ëèçîâûâàòü äðóãèå íåôóíêöèîíàëüíûå ñâîéñòâà ïðîãðàììû àâòîìàòè÷åñêè. Ðàññìàòðèâàåòñÿ
âîçìîæíîñòü àâòîìàòè÷åñêîé íàñòðîéêè èñïîëíåíèÿ ïðîãðàììû íà êîíôèãóðàöèþ âû÷èñëè-
òåëÿ íà îñíîâå ïðîôèëèðîâàíèÿ.

Êëþ÷åâûå ñëîâà: òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ, àâòîìàòè÷åñêîå
êîíñòðóèðîâàíèå ïàðàëëåëüíûõ ïðîãðàìì, âûñîêîïðîèçâîäèòåëüíûå âû÷èñëåíèÿ, ñèñòåìà
LuNA.

Ââåäåíèå. Ïðèìåíåíèå ñóïåðêîìïüþòåðîâ äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ íàòàëêèâà-
åòñÿ íà ïðîáëåìó ðàçðàáîòêè ýôôåêòèâíîé ïàðàëëåëüíîé ïðîãðàììû, ðåàëèçóþùåé òðå-
áóåìûé ïðèêëàäíîé àëãîðèòì. Ïîä ýôôåêòèâíîñòüþ ïîíèìàåòñÿ ñîîòâåòñòâèå íåôóíêöèî-
íàëüíûì òðåáîâàíèÿì, ïðåäúÿâëÿåìûì ê ïàðàëëåëüíîé ïðîãðàììå � ïðîèçâîäèòåëüíîñòü,
ðàñõîä ïàìÿòè, íàãðóçêà íà ñåòü, ïîëíîòà è ðàâíîìåðíîñòü íàãðóçêè íà äîñòóïíûå ðåñóðñû
è ò. ï. Â ðÿäå ñëó÷àåâ îò ïðîãðàììû òðåáóåòñÿ äèíàìè÷åñêè áàëàíñèðîâàòü íàãðóçêó íà
âû÷èñëèòåëüíûå óçëû, îáåñïå÷èâàòü îòêàçîóñòîé÷èâîñòü, ñîõðàíÿòü êîíòðîëüíûå òî÷êè
è ïðî÷åå. Äîïîëíèòåëüíûå òðóäíîñòè âîçíèêàþò â ñëó÷àå, åñëè âû÷èñëèòåëü èìååò âû-
÷èñëèòåëüíûå óçëû ðàçëè÷íîé êîíôèãóðàöèè, à òàêæå, åñëè ðàñïðåäåëåíèå íàãðóçêè ïî
óçëàì çàâèñèò îò âõîäíûõ äàííûõ çàäà÷è è èçìåíÿåòñÿ ïî õîäó âû÷èñëåíèé. Ðàçðàáîòêà
ïðîãðàììû, óäîâëåòâîðÿþùåé ýòèì òðåáîâàíèÿì, çàòðóäíèòåëüíà è òðåáóåò ñïåöèàëüíîé
êâàëèôèêàöèè, êîòîðîé ïîëüçîâàòåëè ñóïåðêîìïüþòåðîâ îáû÷íî íå îáëàäàþò â äîñòàòî÷-
íîé ñòåïåíè.

Â ýòîé ñâÿçè âàæíóþ ðîëü èãðàþò ñðåäñòâà àâòîìàòèçàöèè êîíñòðóèðîâàíèÿ ïàðàë-
ëåëüíûõ ïðîãðàìì, â êîòîðûõ ïðèêëàäíîé àëãîðèòì îïèñûâàåòñÿ ñïåöèàëüíûì îáðàçîì,
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äîïóñêàþùèì àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå ïàðàëëåëüíîé ïðîãðàììû, à ñàìà ïðî-
ãðàììà êîíñòðóèðóåòñÿ è èñïîëíÿåòñÿ àâòîìàòè÷åñêè ñ ó÷åòîì ñâîéñòâ ïðèêëàäíîãî àë-
ãîðèòìà, âû÷èñëèòåëÿ è âõîäíûõ äàííûõ çàäà÷è. Ñèñòåìà àâòîìàòè÷åñêîãî êîíñòðóèðî-
âàíèÿ áåðåò íà ñåáÿ ÷àñòü ðàáîò ïî êîíñòðóèðîâàíèþ ïðîãðàììû, ñíèìàÿ èõ ñ ïîëüçîâà-
òåëÿ. Ýôôåêòèâíîñòü êîíñòðóèðóåìîé ïðîãðàììû ìîæåò áûòü êàê âûøå, òàê è íèæå, ÷åì
ó àíàëîãè÷íîé ïðîãðàììû, ðàçðàáîòàííîé âðó÷íóþ. Ïîñëåäíåå ÷àñòî ïðèåìëåìî çà ñ÷åò
ýêîíîìèè ñèë ïîëüçîâàòåëÿ ïî ðàçðàáîòêå, îòëàäêå è ìîäèôèêàöèè ïðîãðàììû, îñîáåííî
ïðè ïðîòîòèïèðîâàíèè. Òàêæå àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå è èñïîëíåíèå ïðîãðàìì
ñ çàäàííûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè ÿâëÿåòñÿ íåîáõîäèìûì êîìïîíåíòîì äëÿ
òåõíîëîãèè àêòèâíûõ çíàíèé [1], ãäå àâòîìàòè÷åñêè ñèíòåçèðóåòñÿ àëãîðèòì ðåøåíèÿ ïî-
ñòàâëåííîé çàäà÷è ïî åå ôîðìàëüíîé ïîñòàíîâêå, ïîñëå ÷åãî äîëæíà áûòü àâòîìàòè÷åñêè
ñêîíñòðóèðîâàíà ïðîãðàììà, ðåàëèçóþùàÿ ýòîò àëãîðèòì.

Â íàñòîÿùåå âðåìÿ ñóùåñòâóþò è àêòèâíî ðàçâèâàþòñÿ ðàçëè÷íûå ïîäõîäû ê àâòî-
ìàòè÷åñêîìó êîíñòðóèðîâàíèþ ïàðàëëåëüíûõ ïðîãðàìì. Â ñèñòåìàõ [2, 3] èññëåäóåòñÿ
ïîäõîä ê êîíñòðóèðîâàíèþ ïàðàëëåëüíîé ïðîãðàììû íà îñíîâå àííîòèðîâàííîãî ïîñëå-
äîâàòåëüíîãî êîäà, ïðè÷åì â ðÿäå ñëó÷àåâ àííîòèðîâàíèå ìîæåò âûïîëíÿòüñÿ àâòîìàòè-
÷åñêè. Ïðåèìóùåñòâîì ïîäõîäà ÿâëÿåòñÿ ëåãêîñòü ïîëó÷åíèÿ ïàðàëëåëüíîé ïðîãðàììû,
åñëè èìååòñÿ ïîñëåäîâàòåëüíûé êîä, à íåäîñòàòêîì � íåîáõîäèìîñòü ñèñòåìå äîïîëíèòåëü-
íî ðåøàòü çàäà÷ó âûÿâëåíèÿ ïàðàëëåëèçìà ïðèêëàäíîãî àëãîðèòìà ïî åãî ïîñëåäîâàòåëü-
íîìó ïðåäñòàâëåíèþ, à òàêæå âûÿâëÿòü ìíîæåñòâî ïåðåìåííûõ ïðèêëàäíîãî àëãîðèòìà
ïîñëå òîãî, êàê îíî áûëî îòîáðàæåíî íà êîíêðåòíûå ðåñóðñû ïàìÿòè â ïîñëåäîâàòåëüíîé
ïðîãðàììå. Îáå ýòèõ çàäà÷è ÿâëÿþòñÿ òðóäíî ðåøàåìûìè, ÷òî ÷àñòè÷íî ïðåîäîëåâàåòñÿ
àííîòèðîâàíèåì êîäà è ïðèìåíåíèåì ýâðèñòè÷åñêèõ ìåòîäîâ. Õîðîøóþ ýôôåêòèâíîñòü
óäàåòñÿ îáåñïå÷èâàòü ïðè ïðèìåíåíèè ÷àñòíûõ (íå óíèâåðñàëüíûõ) ìîäåëåé âû÷èñëåíèé,
â òàêèõ ñèñòåìàõ êàê [4, 5], íî ïîëüçîâàòåëü ïðè ýòîì îãðàíè÷åí êðóãîì çàäà÷, êîòî-
ðûå ìîãóò áûòü âûðàæåíû ñðåäñòâàìè ÷àñòíîé ìîäåëè. Â ñèñòåìàõ ñ ïàðàëëåëèçìîì
íà óðîâíå çàäà÷ (íàïð., [6, 7]) ïðèêëàäíîé àëãîðèòì ïðåäñòàâëÿåòñÿ â âèäå ìíîæåñòâà
èíôîðìàöèîííî ñâÿçàííûõ èëè îáìåíèâàþùèõñÿ ñîîáùåíèÿìè çàäà÷, ÷òî ïîçâîëÿåò ñè-
ñòåìå àâòîìàòè÷åñêè ðàñïðåäåëÿòü è äèíàìè÷åñêè ïåðåðàñïðåäåëÿòü çàäà÷è ïî óçëàì, à
òàêæå âëèÿòü íà ïîðÿäîê âûïîëíåíèÿ çàäà÷, òåì ñàìûì áàëàíñèðóÿ íàãðóçêó, óïðàâëÿÿ
ðàñïðåäåëåíèåì ðåñóðñîâ. Â [6] ýòî òàêæå ïîçâîëÿåò îáåñïå÷èâàòü îòêàçîóñòîé÷èâîñòü è
ñîõðàíåíèå êîíòðîëüíûõ òî÷åê. Íåäîñòàòêîì ïîäõîäà ÿâëÿåòñÿ òðóäíîðåøàåìîñòü çàäà-
÷è îáåñïå÷åíèÿ ýôôåêòèâíîãî èñïîëíåíèÿ àëãîðèòìà, ïðåäñòàâëåííîãî òàêèì îáðàçîì,
ïîýòîìó îáëàñòü ïðèìåíåíèÿ ñèñòåì îãðàíè÷åíà êëàññîì ïðèêëàäíûõ àëãîðèòìîâ, îïðå-
äåëÿåìûõ èñïîëüçóåìûìè â ñèñòåìå ýâðèñòèêàìè. Ýòîò æå íåäîñòàòîê èìåþò ñèñòåìû ñ
îáùåé ðàñïðåäåëåííîé ïàìÿòüþ [8, 9, 10]. Îäíèì èç âîçìîæíûõ ïîäõîäîâ ê ðàñøèðåíèþ
îáëàñòè ïðèìåíåíèÿ ñèñòåìû ïðîãðàììèðîâàíèÿ ÿâëÿåòñÿ ââåäåíèå ñðåäñòâ óïðàâëåíèÿ
èñïîëíåíèåì ïðèêëàäíîãî àëãîðèòìà, êîãäà, ïîìèìî ñîáñòâåííî îïèñàíèÿ ïðèêëàäíîãî
àëãîðèòìà, ïîëüçîâàòåëü òàêæå ïðåäîñòàâëÿåò íåêîòîðóþ ñõåìó (

”
óïðàâëÿþùèé ñëîé“),

îïèñûâàþùóþ íà ïðåäìåòíî-îðèåíòèðîâàííîì ÿçûêå, êàê ñëåäóåò èñïîëíÿòü ïðèêëàäíîé
àëãîðèòì â òåõ èëè èíûõ óñëîâèÿõ. Ýòîò ïîäõîä ïðèìåíÿåòñÿ â ñèñòåìàõ [5, 12, 13]. Ïðè
ñóùåñòâåííîì èçìåíåíèè êîíôèãóðàöèè âû÷èñëèòåëÿ èëè ñâîéñòâ âõîäíûõ äàííûõ óïðàâ-
ëÿþùèé ñëîé ìîæåò èçìåíÿòüñÿ äëÿ íàñòðîéêè ïðîãðàììû íà èñïîëíåíèå â íîâûõ óñëîâè-
ÿõ áåç íåîáõîäèìîñòè ïîâòîðíîé îòëàäêè îïèñàíèÿ àëãîðèòìà. Ïåðñïåêòèâíîñòü ïîäõîäà
îáóñëîâëåíà òåì, ÷òî ïî ìåðå ðàçâèòèÿ ýâðèñòè÷åñêèõ ìåòîäîâ ýôôåêòèâíîãî èñïîëíåíèÿ
ïðèêëàäíûõ àëãîðèòìîâ óïðàâëÿþùèé ñëîé ìîæåò áûòü îòáðîøåí èëè ñãåíåðèðîâàí àâòî-
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ìàòè÷åñêè, ïîýòîìó îí íå îãðàíè÷èâàåò ïåðåíîñèìîñòè è ýôôåêòèâíîñòè ïðåäñòàâëåííîãî
àëãîðèòìà.

1. Òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ. Òåõíîëîãèÿ ôðàãìåí-
òèðîâàííîãî ïðîãðàììèðîâàíèÿ (ÒÔÏ) ðàçðàáàòûâàåòñÿ â ÈÂÌèÌÃ ÑÎ ÐÀÍ. Â îñíîâå
ïîäõîäà ëåæèò ïðåäñòàâëåíèå ïðèêëàäíîãî àëãîðèòìà â âèäå íå áîëåå ÷åì ñ÷åòíîãî ìíî-
æåñòâà âû÷èñëèòåëüíûõ çàäà÷, íàçûâàåìûõ ôðàãìåíòàìè âû÷èñëåíèé (ÔÂ). Êàæäûé ÔÂ
� ýòî òðèïëåò ?in, out, op?, ãäå in è out � êîíå÷íûå ìíîæåñòâà âõîäíûõ è âûõîäíûõ îáú-
åêòîâ äàííûõ, íàçûâàåìûõ ôðàãìåíòàìè äàííûõ (ÔÄ), à op � îïåðàöèÿ, âû÷èñëÿþùàÿ
çíà÷åíèÿ ÔÄ out èç çíà÷åíèé ÔÄ in. Òàêîå ïðåäñòàâëåíèå áóäåì íàçûâàòü ôðàãìåíòè-
ðîâàííûì àëãîðèòìîì (ÔÀ). Ïðîöåññ âû÷èñëåíèé ðàññìàòðèâàåòñÿ êàê âûïîëíåíèå âñåõ
ÔÂ ïî ìåðå ãîòîâíîñòè èõ âõîäíûõ ÔÄ. Îïåðàöèè op ðåàëèçóþòñÿ ïîñëåäîâàòåëüíûìè
ïðîöåäóðàìè áåç ïîáî÷íûõ ýôôåêòîâ, ÷òî ïîçâîëÿåò âûïîëíÿòü ÔÂ íà ëþáîì âû÷èñ-
ëèòåëüíîì óçëå ïî âûáîðó ñèñòåìû, â òîì ÷èñëå äèíàìè÷åñêè ïåðåðàñïðåäåëÿòü ÔÂ ïî
óçëàì ìóëüòèêîìïüþòåðà. ÔÄ ÿâëÿþòñÿ îáúåêòàìè åäèíñòâåííîãî ïðèñâàèâàíèÿ, êîòîðûå
ñèñòåìà ìîæåò äóáëèðîâàòü, ïåðåäàâàòü ïî ñåòè èëè ñîõðàíÿòü íà äèñê. Òàêèå ñâîéñòâà
ÔÂ è ÔÄ ïîçâîëÿþò àâòîìàòè÷åñêè ðàñïðåäåëÿòü è äèíàìè÷åñêè ïåðåðàñïðåäåëÿòü ÔÂ è
ÔÄ ïî óçëàì ìóëüòèêîìïüþòåðà, âûáèðàòü ïîðÿäîê âûïîëíåíèÿ ÔÂ (â ðàìêàõ èìåþùèõ-
ñÿ èíôîðìàöèîííûõ çàâèñèìîñòåé), îáåñïå÷èâàòü äèíàìè÷åñêóþ áàëàíñèðîâêó íàãðóçêè
íà óçëû, èñïîëüçîâàòü ðåïëèêàöèþ äëÿ ïîâûøåíèÿ äîñòóïíîñòè äàííûõ è îáåñïå÷åíèÿ
îòêàçîóñòîé÷èâîñòè, ñîõðàíÿòü êîíòðîëüíûå òî÷êè èñïîëíåíèÿ, àâòîìàòè÷åñêè îáåñïå÷è-
âàòü ïåðåäà÷ó ñîîáùåíèé ïî ñåòè è ñèíõðîíèçàöèþ ïàðàëëåëüíûõ ïðîöåññîâ, îáåñïå÷èâàÿ
òðåáóåìûå íåôóíêöèîíàëüíûå ñâîéñòâà ïàðàëëåëüíîé ïðîãðàììû.

Ñ öåëüþ ðàñøèðåíèÿ êëàññà ýôôåêòèâíî èñïîëíÿåìûõ àëãîðèòìîâ â ÒÔÏ ïðåäóñìîò-
ðåíà âîçìîæíîñòü âëèÿíèÿ íà õîä èñïîëíåíèÿ ïðîãðàììû ïóòåì îïðåäåëåíèÿ

”
ðåêîìåíäà-

öèé“ � äîïîëíèòåëüíîé èíôîðìàöèè îá àëãîðèòìå è ñïîñîáå åãî îòîáðàæåíèÿ íà ðåñóðñû
ìóëüòèêîìïüþòåðà âî âðåìåíè. Óïðàâëåíèå èñïîëíåíèåì îñóùåñòâëÿåòñÿ ïî ñëåäóþùèì
îñíîâíûì àñïåêòàì: îòîáðàæåíèå ÔÂ è ÔÄ íà óçëû ìóëüòèïðîöåññîðà, ïîðÿäîê âûïîëíå-
íèÿ ÔÂ è ñáîðêà ìóñîðà. Ðåêîìåíäàöèè íå âëèÿþò íà âû÷èñëÿåìûå çíà÷åíèÿ, íî âëèÿþò
íà íåôóíêöèîíàëüíûå ñâîéñòâà (ýôôåêòèâíîñòü) èñïîëíåíèÿ ÔÀ.

Ðåêîìåíäàöèè ìîãóò èñïîëüçîâàòüñÿ äëÿ îïèñàíèÿ âàæíûõ ñ òî÷êè çðåíèÿ ýôôåêòèâ-
íîñòè, íî òðóäíî àâòîìàòè÷åñêè âûÿâëÿåìûõ ñâîéñòâ ïðèêëàäíîãî àëãîðèòìà (íàïðèìåð,
îöåíî÷íûå âðåìåíà âûïîëíåíèÿ ÔÂ èëè àñèìïòîòè÷åñêàÿ ñëîæíîñòü îòäåëüíûõ ÷àñòåé
àëãîðèòìà), à òàêæå äëÿ îïèñàíèÿ ïîäñêàçîê òîãî, êàê ñëåäóåò èñïîëíÿòü ÔÀ. Ïðèìåðîì
ïîñëåäíåãî ìîæåò ñëóæèòü àëãîðèòì Rope of Beads [14], èñïîëüçóåìûé â ÒÔÏ äëÿ êîí-
ñòðóèðîâàíèÿ äèíàìè÷åñêîãî îòîáðàæåíèÿ ìíîæåñòâ ÔÂ è ÔÄ íà óçëû ìóëüòèêîìïüþ-
òåðà, ïîääåðæèâàþùåãî äèíàìè÷åñêóþ áàëàíñèðîâêó íàãðóçêè íà óçëû ñ ñîõðàíåíèåì
ñîñåäñòâà ðàñïðåäåëåííûõ ñòðóêòóð äàííûõ ÔÀ. Èäåÿ ýòîãî àëãîðèòìà ñîñòîèò âî ââå-
äåíèè ðåêîìåíäàöèé îá îòîáðàæåíèè ìíîæåñòâà ÔÂ è ÔÄ íà íåêîòîðûé âèðòóàëüíûé
âû÷èñëèòåëü ñ ñåòåâîé òîïîëîãèåé

”
òîð“. Ïðè èñïîëíåíèè ÔÀ âèðòóàëüíûé âû÷èñëèòåëü

äèíàìè÷åñêè îòîáðàæàåòñÿ (
”
íàêëàäûâàåòñÿ“) íà ðåàëüíûé ñ ó÷åòîì ñåòåâîé òîïîëîãèè

è îòíîñèòåëüíîé ïðîèçâîäèòåëüíîñòüþ âû÷èñëèòåëüíûõ óçëîâ ïîñëåäíåãî (÷åì áîëåå ïðî-
èçâîäèòåëåí óçåë ìóëüòèêîìïüþòåðà, òåì áîëüøå ñîñåäíèõ âèðòóàëüíûõ óçëîâ íà íåãî
íàçíà÷àåòñÿ). Ïðè âîçíèêíîâåíèè äèñáàëàíñà íà íåäîãðóæåííûé âû÷èñëèòåëüíûé óçåë
ïåðåäàåòñÿ ÷àñòü âèðòóàëüíûõ óçëîâ (è, ñîîòâåòñòâåííî, íàçíà÷åííûõ íà íèõ ÔÄ è ÔÂ),
âñëåäñòâèå ÷åãî íàãðóçêà âûðàâíèâàåòñÿ. Ïðè ýòîì

”
ïåðåìåøèâàíèÿ“ ÔÄ è ÔÂ íå ïðîèñ-

õîäèò, ò. ê. èõ îòíîñèòåëüíîå ðàñïðåäåëåíèå ïî âèðòóàëüíûì óçëàì íå èçìåíÿåòñÿ.
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Èñïîëüçîâàíèå ÒÔÏ ïîçâîëÿåò ïðè ðàçðàáîòêå ïàðàëëåëüíûõ ïðîãðàìì îãðàíè÷èòüñÿ
ðàçðàáîòêîé ïîñëåäîâàòåëüíîãî êîäà (ïîñëåäîâàòåëüíûõ ïðîöåäóð, ðåàëèçóþùèõ îïåðà-
öèè) è îïèñàíèåì ïðèìåðíîé ñõåìû èñïîëíåíèÿ ïàðàëëåëüíîé ïðîãðàììû íà ïðåäìåòíî-
îðèåíòèðîâàííîì ÿçûêå (à íå ïðîãðàììèðîâàòü è îòëàæèâàòü ýòî â íèçêîóðîâíåâûõ òåð-
ìèíàõ ñ èñïîëüçîâàíèåì êîììóíèêàöèîííîé áèáëèîòåêè).

2. Ñèñòåìà LuNA è ïðèëîæåíèÿ. Äëÿ ïîääåðæêè ÒÔÏ áûëà ðàçðàáîòàíà ýêñ-
ïåðèìåíòàëüíàÿ ñèñòåìà LuNA (îò Language for Numerical Algorithms) àâòîìàòè÷åñêîãî
êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì íà ìóëüòèêîìïüþòåðàõ. Âõîäÿùèé â åå ñîñòàâ
ÿçûê LuNA ïîçâîëÿåò îïèñûâàòü ÔÀ êàê ìíîæåñòâî ÔÂ è ÔÄ, à òàêæå ðåêîìåíäàöèè.
Îïåðàöèè ðåàëèçóþòñÿ ïðîöåäóðàìè íà ÿçûêå C++. Ñèñòåìà îáåñïå÷èâàåò òðàíñëÿöèþ
LuNA-ïðîãðàìì âî âíóòðåííåå ïðåäñòàâëåíèå, êîòîðîå çàòåì èñïîëíÿåòñÿ èñïîëíèòåëüíîé
ñèñòåìîé íà ìóëüòèêîìïüþòåðå. Íà áàçå ñèñòåìû LuNA áûë ïðîâåäåí ðÿä ýêñïåðèìåíòîâ,
äåìîíñòðèðóþùèõ àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå ïàðàëëåëüíûõ ïðîãðàìì ñ çàäàííû-
ìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè.

Òàê, â [15] áûëà ïîêàçàíà âîçìîæíîñòü àâòîìàòè÷åñêîé íàñòðîéêè èñïîëíåíèÿ ïðî-
ãðàììû íà âû÷èñëèòåëü ñ ïîìîùüþ ïðîôèëèðîâàíèÿ. Ñóòü ýêñïåðèìåíòà çàêëþ÷àëàñü â
òîì, ÷òî ïðîãðàììà (óìíîæåíèå ïëîòíûõ ìàòðèö) ñ ïðîèçâîëüíûì ðàñïðåäåëåíèåì ÔÂ
ïî óçëàì ìóëüòèêîìïüþòåðà èñïîëíÿëàñü â ðåæèìå ïðîôèëèðîâàíèÿ. Ïîñëå èñïîëíåíèÿ
ïðîôèëü àíàëèçèðîâàëñÿ íà ïðåäìåò íàëè÷èÿ äèñáàëàíñîâ çàãðóçêè âû÷èñëèòåëüíûõ óç-
ëîâ, è ïðè îáíàðóæåíèè äèñáàëàíñà íåêîòîðîå êîëè÷åñòâî ÔÂ, êîòîðûå èñïîëíÿëèñü â
ñîîòâåòñòâóþùèå ìîìåíòû âðåìåíè, ïåðåíàçíà÷àëèñü ñ ïåðåãðóæåííûõ óçëîâ íà íåäîãðó-
æåííûå. Çàòåì ïðîãðàììà îïÿòü çàïóñêàëàñü â ðåæèìå ïðîôèëèðîâàíèÿ, è ðàñïðåäåëåíèå
ÔÂ ñíîâà êîððåêòèðîâàëîñü. Ïîñëå íåñêîëüêèõ òàêèõ öèêëîâ âðåìÿ âûïîëíåíèÿ ïðîãðàì-
ìû ñíèæàëîñü äî âåëè÷èíû, ðàâíîé âðåìåíè âûïîëíåíèÿ àíàëîãè÷íîé ïðîãðàììû, ðàçðà-
áîòàííîé âðó÷íóþ íà îñíîâå èçâåñòíîé ñèñòîëè÷åñêîé ñõåìû. Òàêèì îáðàçîì, íàñòðîéêà
ðàñïðåäåëåíèÿ ÔÂ ïî óçëàì ìóëüòèêîìïüþòåðà áûëà ïîñòðîåíà àâòîìàòè÷åñêè.

Â ðàáîòå [16] áûëè èññëåäîâàíû àëãîðèòìû àâòîìàòè÷åñêîé äèíàìè÷åñêîé áàëàíñè-
ðîâêè ÔÂ è ÔÄ ïî óçëàì ìóëüòèêîìïüþòåðà íà ïðèìåðå ìîäåëèðîâàíèÿ ýâîëþöèè ñàìî-
ãðàâèòèðóþùåãî ïðîòîïëàíåòíîãî ïûëåâîãî äèñêà ìåòîäîì ÷àñòèö-â-ÿ÷åéêàõ â òðåõìåð-
íîé îáëàñòè. Ýòî ïðèëîæåíèå ÿâëÿåòñÿ ïîêàçàòåëüíûì ïðèìåðîì òîãî, êàê îò èçìåíåíèÿ
âõîäíûõ äàííûõ çàäà÷è èçìåíÿåòñÿ ðàñïðåäåëåíèå âû÷èñëèòåëüíîé íàãðóçêè ïî óçëàì
ìóëüòèêîìïüþòåðà. Â ýêñïåðèìåíòå ïîêàçàíî, êàê ñ ïîìîùüþ àëãîðèòìà Rope of Beads
âûðàâíèâàåòñÿ äèñáàëàíñ íàãðóçêè ñ ñîõðàíåíèåì ïðîñòðàíñòâåííîé ñòðóêòóðû äàííûõ è
âû÷èñëåíèé.

Â ðàáîòàõ [17�19] ðàññìàòðèâàþòñÿ ðåàëèçàöèÿ êîíêðåòíûõ ïðèëîæåíèé â ñèñòåìå
LuNA è ýôôåêòèâíîñòü êîíñòðóèðóåìûõ ñèñòåìîé LuNA ïðîãðàìì â ñðàâíåíèè ñ òåìè
æå àëãîðèòìàìè, ðåàëèçîâàííûìè âðó÷íóþ ñðåäñòâàìè êîììóíèêàöèîííîé áèáëèîòåêè,
ðåàëèçóþùåé ñòàíäàðò MPI (Message Passing Interface). Â [20] ðàññìàòðèâàåòñÿ àâòîìàòè-
çàöèÿ èñïîëüçîâàíèÿ GPU â LuNA-ïðîãðàììàõ. Ïî ýòèì ýêñïåðèìåíòàì âèäíî, ÷òî ýô-
ôåêòèâíîñòü LuNA-ïðîãðàììû îáû÷íî íèæå, ÷åì ýôôåêòèâíîñòü MPI-ïðîãðàìì, ÷òî, òåì
íå ìåíåå, ÷àñòî ïðèåìëåìî çà ñ÷åò ïðîñòîòû ðàçðàáîòêè, îòëàäêè è ìîäèôèêàöèè LuNA-
ïðîãðàììû â ñðàâíåíèè ñ MPI-ïðîãðàììîé.

Çàêëþ÷åíèå. Òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ è ñèñòåìà LuNA
ïðåäñòàâëÿþò ïîäõîä ê àâòîìàòè÷åñêîìó êîíñòðóèðîâàíèþ ïàðàëëåëüíûõ ïðîãðàìì ñ çà-
äàííûìè íåôóíêöèîíàëüíûìè ñâîéñòâàìè. Ñîçäàí çàäåë äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòîâ ñ
ðàçëè÷íûìè ñèñòåìíûìè àëãîðèòìàìè è ýâðèñòèêàìè. Ïðîäåìîíñòðèðîâàíà âîçìîæíîñòü
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àâòîìàòè÷åñêîãî îáåñïå÷åíèÿ ðàçëè÷íûõ íåôóíêöèîíàëüíûõ ñâîéñòâ êîíñòðóèðóåìûõ
ïàðàëëåëüíûõ ïðîãðàìì. Â äàëüíåéøåì ïëàíèðóåòñÿ ðàñøèðåíèå îáëàñòè ïðàêòè÷åñêîãî
ïðèìåíåíèÿ ñèñòåìû çà ñ÷åò óëó÷øåíèÿ ñèñòåìíûõ àëãîðèòìîâ è ýâðèñòèê, à òàêæå
èñïîëüçîâàíèå ñèñòåìû LuNA äëÿ ïîääåðæêè òåõíîëîãèé àêòèâíûõ çíàíèé.
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Àëåêñàíäðîâè÷ � íàó÷íûé
ñîòðóäíèê Èíñòèòóòà âû÷èñ-
ëèòåëüíîé ìàòåìàòèêè è ìà-
òåìàòè÷åñêîé ãåîôèçèêè ÑÎ
ÐÀÍ; ñòàðøèé ïðåïîäàâàòåëü
êàô. ïàðàëëåëüíûõ âû÷èñ-
ëåíèé ôàêóëüòåòà èíôîðìà-

öèîííûõ òåõíîëîãèé Íîâîñèáèðñêîãî íàöèî-
íàëüíîãî èññëåäîâàòåëüñêîãî ãîñóäàðñòâåííî-
ãî óíèâåðñèòåòà. Òåë.: (383) 330-89-94, e-mail:
perepelkin@ssd.sscc.ru. Â 2008 ãîäó îêîí÷èë
Íîâîñèáèðñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò
ñ ïðèñóæäåíèåì ñòåïåíè ìàãèñòðà òåõíèêè è
òåõíîëîãèè ïî íàïðàâëåíèþ

”
Èíôîðìàòèêà

è âû÷èñëèòåëüíàÿ òåõíèêà“. Èìååò áîëåå 25
îïóáëèêîâàííûõ ñòàòåé ïî òåìå àâòîìàòèçà-
öèè êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì
â îáëàñòè ÷èñëåííîãî ìîäåëèðîâàíèÿ. ßâëÿåò-
ñÿ îäíèì èç îñíîâíûõ ðàçðàáîò÷èêîâ ýêñïåðè-
ìåíòàëüíîé ñèñòåìû àâòîìàòèçàöèè êîíñòðó-
èðîâàíèÿ ÷èñëåííûõ ïàðàëëåëüíûõ ïðîãðàìì
äëÿ ìóëüòèêîìïüþòåðîâ LuNA (îò Language for

Numerical Algorithms). Îáëàñòü ïðîôåññèîíàëü-
íûõ èíòåðåñîâ âêëþ÷àåò àâòîìàòèçàöèþ êîí-
ñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì, ÿçûêè
è ñèñòåìû ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ,
âûñîêîïðîèçâîäèòåëüíûå âû÷èñëåíèÿ.
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