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The imbalance of computational load is one of the key problems of parallel programming. The
imbalance of the computational load occurs due to various factors. The causes of the imbalance
can be both hardware and software. Hardware imbalance occurs due to heterogeneity of computing
system resources. The program imbalance is associated with such factors as the dynamics of the
simulated phenomenon and an ine�ciently parallelized program containing excessive communications,
an unsuccessful distribution of calculations between nodes, etc.

Parallel implementation on supercomputers of large numerical models which requires dynamic load
balancing on computing nodes is a complex task of system parallel programming. Solving this problem
requires certain quali�cations. Ordinary users of supercomputers in the �eld of scienti�c numerical
modeling usually do not have such quali�cations, which makes it di�cult to use supercomputers in
the relevant tasks. The problem is partially solved by using specialized software, where dynamic load
balancing has already been implemented. However, the use of such software is not always possible,
especially for new numerical models.

Dynamic load balancing is a relatively well-developed topic. There are many publications on
this topic. There are algorithms, methods, software implementations and studies of their properties.
However, the task of ensuring e�cient and balanced performance of supercomputer computing
resources is still time-consuming and requires relevant quali�cations. Even a �simple� adjustment of
the parameters of the load balancing algorithm can become an insurmountable problem in practice.
The problem is especially relevant for modern supercomputers of the peta and exa�ops ranges, since
it is not trivial to provide a su�ciently full load of computing resources of such supercomputers even
for simple tasks.

The elimination of the imbalance is a non-trivial task, for which there is no single method. There
are many algorithms aimed at eliminating the imbalance, but none of them is universal.

The principal solution is automation of dynamic balancing of the computing load. Automation in
this case refers to a situation when various methods, algorithms and programs that perform dynamic
load balancing accumulate in some database or library in a form that allows their automatic application.
User creates his program in such a way that the corresponding methods, algorithms, and programs are
applied automatically, without the need for the user to deeply understand the problems of dynamic
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load balancing. A speci�c case is the support for dynamic balancing of computational load in software
such as Charm++ or PICADOR. A general case would be a situation where the programming system
is not specialized, and all the knowledge about dynamic load balancing accumulated by researchers is
available and automatically applied in the library.

It is signi�cant that there are no universal dynamic balancing algorithms due to the algorithmic
complexity of this problem in the general formulation. Therefore, various particular and heuristic
methods and algorithms used in various practical tasks are being researched in the relevant �eld.
Accordingly, the automation of dynamic load balancing is based on the accumulation of these particular
and heuristic algorithms, as well as on the information about their appropriate usage, and on how to
determine which case is more suitable in a particular situation.

The LuNA system of automatic design of parallel programs develops with an understanding of this
circumstance. One of the tasks of the system is to ensure the accumulation and automatic application
of knowledge about dynamic balancing of computing load. The paper reveals the question of how
fundamentally the LuNA system is suited to provide this accumulation and automatic application,
and also provides information about the extent at which this approach is currently implemented. In
particular, the results of an experimental study of the performance characteristics of programs on
LuNA systems using various dynamic load balancing algorithms are presented.

Key words: load balancing automation, fragmented programming technology, LuNA system.
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Â íàó÷íîì ÷èñëåííîì ìîäåëèðîâàíèè íà ñóïåðÝÂÌ ÷àñòî âîçíèêàåò ïðîáëåìà ñòàòè÷åñêîãî
èëè äèíàìè÷åñêîãî îáåñïå÷åíèÿ áàëàíñà âû÷èñëèòåëüíîé íàãðóçêè. Ýòà ïðîáëåìà íå èìååò
ýôôåêòèâíîãî óíèâåðñàëüíîãî ðåøåíèÿ, âñëåäñòâèå ÷åãî íà ïðàêòèêå èñïîëüçóþòñÿ ðàçëè÷-
íûå ÷àñòíûå è ýâðèñòè÷åñêèå àëãîðèòìû áàëàíñèðîâêè íàãðóçêè íà âû÷èñëèòåëüíûå óçëû.
Íåñìîòðÿ íà òî, ÷òî ýòà òåìà õîðîøî ðàçðàáîòàíà â ëèòåðàòóðå è èìååòñÿ áîëüøîå êîëè÷åñòâî
ìåòîäîâ, àëãîðèòìîâ è ïðîãðàìì áàëàíñèðîâêè íàãðóçêè, èõ ïðèìåíåíèå â êàæäîì êîíêðåò-
íîì ñëó÷àå ïðåäñòàâëÿåò ñîáîé ïðîáëåìó. Äàæå íàñòðîéêà ïàðàìåòðîâ ïîäõîäÿùåãî àëãîðèòìà
áàëàíñèðîâêè íàãðóçêè ìîæåò ñòàòü íåïðåîäîëèìûì ïðåïÿòñòâèåì äëÿ ïîëüçîâàòåëÿ ñóïåð-
ÝÂÌ. Ýòî îáóñëàâëèâàåò àêòóàëüíîñòü àâòîìàòè÷åñêîãî îáåñïå÷åíèÿ áàëàíñèðîâêè íàãðóçêè
íà óçëû êàê ïîäçàäà÷è àâòîìàòè÷åñêîãî êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì. Åñëè â
ñèñòåìå ïðîãðàììèðîâàíèÿ èìååòñÿ íàáîð àëãîðèòìîâ áàëàíñèðîâêè â âèäå, äîïóñêàþùåì èõ
àâòîìàòè÷åñêîå ïðèìåíåíèå, òî îáîçíà÷åííàÿ ïðîáëåìà ñíèìàåòñÿ ñ ïîëüçîâàòåëÿ. Â ñèñòå-
ìå àâòîìàòè÷åñêîãî êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì LuNA èìåþòñÿ ñðåäñòâà äëÿ
íàêîïëåíèÿ è àâòîìàòè÷åñêîãî ïðèìåíåíèÿ àëãîðèòìîâ ñòàòè÷åñêîé è äèíàìè÷åñêîé áàëàíñè-
ðîâêè âû÷èñëèòåëüíîé íàãðóçêè íà óçëû. Â ñòàòüå ðàññìàòðèâàåòñÿ ïîäõîä, íà îñíîâå êîòîðîãî
òàêîå íàêîïëåíèå è ïðèìåíåíèå âîçìîæíî â ñèñòåìå LuNA.

Êëþ÷åâûå ñëîâà: àâòîìàòè÷åñêîå êîíñòðóèðîâàíèå ïàðàëëåëüíûõ ïðîãðàìì, äèíàìè-
÷åñêàÿ áàëàíñèðîâêà íàãðóçêè, òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ, ñèñòåìà
LuNA.

Ââåäåíèå. Ïàðàëëåëüíàÿ ðåàëèçàöèÿ íà ñóïåðêîìïüþòåðàõ áîëüøèõ ÷èñëåííûõ ìîäå-
ëåé, òðåáóþùèõ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè íà âû÷èñëèòåëüíûå óçëû, ÿâëÿåòñÿ
ñëîæíîé çàäà÷åé ñèñòåìíîãî ïàðàëëåëüíîãî ïðîãðàììèðîâàíèÿ, ðåøåíèå êîòîðîé òðåáóåò
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ñîîòâåòñòâóþùåé êâàëèôèêàöèè è òðóäîçàòðàò. Áîëüøèíñòâî ïîëüçîâàòåëåé ñóïåðêîì-
ïüþòåðîâ, ñïåöèàëèçèðóþùèõñÿ â ñâîåé îáëàñòè íàó÷íîãî ÷èñëåííîãî ìîäåëèðîâàíèÿ, òà-
êîé êâàëèôèêàöèåé íå îáëàäàþò. Ýòî çàòðóäíÿåò ïðèìåíåíèå èìè ñóïåðêîìïüþòåðîâ â ñî-
îòâåòñòâóþùèõ çàäà÷àõ. ×àñòè÷íî ïðîáëåìà ðåøàåòñÿ ïðèìåíåíèåì ñïåöèàëèçèðîâàííîãî
ïðîãðàììíîãî îáåñïå÷åíèÿ (íàïðèìåð, ïàêåò ìîäåëèðîâàíèÿ), ãäå äèíàìè÷åñêàÿ áàëàíñè-
ðîâêà íàãðóçêè óæå ðåàëèçîâàíà, íî ïðèìåíåíèå òàêîãî ÏÎ íå âñåãäà âîçìîæíî, îñîáåííî
äëÿ íîâûõ è ìàëîðàñïðîñòðàíåííûõ ÷èñëåííûõ ìîäåëåé.

Äèíàìè÷åñêàÿ áàëàíñèðîâêà íàãðóçêè ÿâëÿåòñÿ îòíîñèòåëüíî õîðîøî ïðîðàáîòàííîé
â ëèòåðàòóðå òåìîé. Èìåþòñÿ àëãîðèòìû, ìåòîäû, ïðîãðàììíûå ðåàëèçàöèè è èññëåäî-
âàíèÿ èõ ñâîéñòâ. Òåì íå ìåíåå, çàäà÷à îáåñïå÷åíèÿ ýôôåêòèâíîé è ñáàëàíñèðîâàííîé
ðàáîòû âû÷èñëèòåëüíûõ ðåñóðñîâ ñóïåðêîìïüþòåðà âñå åùå òðóäîåìêà è òðåáóåò ñîîò-
âåòñòâóþùåé êâàëèôèêàöèè. Äàæå ¾ïðîñòàÿ¿ íàñòðîéêà ïàðàìåòðîâ óæå ðåàëèçîâàííîãî
àëãîðèòìà áàëàíñèðîâêè íàãðóçêè ìîæåò ñòàòü íåïðåîäîëèìîé ïðîáëåìîé íà ïðàêòèêå.
Ïðîáëåìà îñîáåííî àêòóàëüíà äëÿ ñîâðåìåííûõ ñóïåðêîìïüþòåðîâ ïåòà- è ýêçàôëîïñíûõ
äèàïàçîíîâ ïðîèçâîäèòåëüíîñòè, ò. ê. îáåñïå÷èòü ðàâíîìåðíóþ è ïîëíóþ çàãðóçêó âû÷èñ-
ëèòåëüíûõ ðåñóðñîâ òàêèõ ñóïåðêîìïüþòåðîâ íåòðèâèàëüíî äàæå äëÿ ñàìûõ ïðîñòûõ çà-
äà÷.

Îäíèì èç âàæíåéøèõ íàïðàâëåíèé èññëåäîâàíèé, íàïðàâëåííûõ íà ïðåîäîëåíèå ýòîé
ïðîáëåìû, ÿâëÿåòñÿ àâòîìàòèçàöèÿ îáåñïå÷åíèÿ äèíàìè÷åñêîé áàëàíñèðîâêè âû÷èñëè-
òåëüíîé íàãðóçêè. Ïîä àâòîìàòèçàöèåé â äàííîì ñëó÷àå ïîíèìàåòñÿ ñèòóàöèÿ, êîãäà ðàç-
ëè÷íûå ìåòîäû, àëãîðèòìû è ïðîãðàììû, îñóùåñòâëÿþùèå äèíàìè÷åñêóþ áàëàíñèðîâêó
íàãðóçêè, íàêàïëèâàþòñÿ â íåêîòîðîé áàçå èëè áèáëèîòåêå â âèäå, äîïóñêàþùåì èõ àâòî-
ìàòè÷åñêîå ïðèìåíåíèå [1], à ïîëüçîâàòåëü ïðåäñòàâëÿåò ñâîþ ïðîãðàììó â òàêîì âèäå,
ïðè êîòîðîì ñîîòâåòñòâóþùèå ìåòîäû, àëãîðèòìû è ïðîãðàììû ïðèìåíÿþòñÿ àâòîìà-
òè÷åñêè, áåç íåîáõîäèìîñòè ïîëüçîâàòåëÿ ãëóáîêî ïîíèìàòü ïðîáëåìàòèêó äèíàìè÷åñêîé
áàëàíñèðîâêè íàãðóçêè. Âûðîæäåííûì ñëó÷àåì ýòîãî ïîäõîäà ÿâëÿåòñÿ ïîääåðæêà äè-
íàìè÷åñêîé áàëàíñèðîâêè âû÷èñëèòåëüíîé íàãðóçêè â ÏÎ, òàêîì êàê Charm++ [2] èëè
PICADOR [3]. Áîëåå îáùèì ñëó÷àåì ÿâëÿåòñÿ ñèòóàöèÿ, êîãäà ñèñòåìà ïðîãðàììèðîâàíèÿ
íå ÿâëÿåòñÿ ñïåöèàëèçèðîâàííîé, è â íåé íàêàïëèâàþòñÿ è àâòîìàòè÷åñêè ïðèìåíÿþòñÿ
çíàíèÿ î äèíàìè÷åñêîé áàëàíñèðîâêå íàãðóçêè.

Ñóùåñòâåííî, ÷òî óíèâåðñàëüíûõ àëãîðèòìîâ äèíàìè÷åñêîé áàëàíñèðîâêè íåò ââèäó
âûñîêîé àëãîðèòìè÷åñêîé ñëîæíîñòè ýòîé çàäà÷è â îáùåé ïîñòàíîâêå. Ïîýòîìó èññëå-
äóþòñÿ ðàçëè÷íûå ÷àñòíûå è ýâðèñòè÷åñêèå ìåòîäû è àëãîðèòìû, ïðèìåíèìûå â òåõ èëè
èíûõ ïðàêòè÷åñêèõ çàäà÷àõ. Ñîîòâåòñòâåííî, è àâòîìàòèçàöèÿ äèíàìè÷åñêîé áàëàíñèðîâ-
êè íàãðóçêè âîçìîæíà íà îñíîâå íàêîïëåíèÿ ýòèõ ÷àñòíûõ è ýâðèñòè÷åñêèõ àëãîðèòìîâ, à
òàêæå èíôîðìàöèè î òîì, â êàêèõ ñëó÷àÿõ è ñ êàêèìè ïàðàìåòðàìè èõ óìåñòíî ïðèìåíÿòü,
è êàê ýòè ñëó÷àè âûÿâëÿòü àâòîìàòè÷åñêè.

Ñèñòåìà àâòîìàòè÷åñêîãî êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì LuNA [4] ðàçâè-
âàåòñÿ ñ ïîíèìàíèåì ýòîãî îáñòîÿòåëüñòâà, è îäíà èç çàäà÷ ñèñòåìû ñîñòîèò â òîì, ÷òîáû
îáåñïå÷èòü íàêîïëåíèå è àâòîìàòè÷åñêîå ïðèìåíåíèå çíàíèé î äèíàìè÷åñêîé áàëàíñè-
ðîâêå âû÷èñëèòåëüíîé íàãðóçêè. Â ñòàòüå ðàñêðûâàåòñÿ âîïðîñ î òîì, êàêèì îáðàçîì
ïðèíöèïèàëüíî ñèñòåìà LuNA ïîäõîäèò ê òîìó, ÷òîáû îáåñïå÷èòü ýòî íàêîïëåíèå è àâ-
òîìàòè÷åñêîå ïðèìåíåíèå, à òàêæå ïðèâîäÿòñÿ ñâåäåíèÿ î òîì, â êàêîé ìåðå ýòîò ïîäõîä
ðåàëèçîâàí íà òåêóùèé ìîìåíò. Â ÷àñòíîñòè, ïðèâîäÿòñÿ ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî
èññëåäîâàíèÿ õàðàêòåðèñòèê ïðîèçâîäèòåëüíîñòè ïðîãðàìì íà ñèñòåìå LuNA ñ ïðèìåíå-
íèåì ðàçëè÷íûõ àëãîðèòìîâ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè.
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Îñòàëüíàÿ ÷àñòü ñòàòüè îðãàíèçîâàíà ñëåäóþùèì îáðàçîì. Â ðàçäåëå 2 îïèñûâàåòñÿ,
êàê â ñèñòåìå LuNA ðàññìàòðèâàåòñÿ çàäà÷à êîíñòðóèðîâàíèÿ ïàðàëëåëüíîé ïðîãðàììû
è êàê ïðè ýòîì ñòàâèòñÿ çàäà÷à äèíàìè÷åñêîé áàëàíñèðîâêè âû÷èñëèòåëüíîé íàãðóçêè.
Â ðàçäåëå 3 èçëàãàþòñÿ îñíîâíûå èäåè ïðåäëàãàåìîãî ïîäõîäà ê ðåøåíèþ ïðîáëåìû, â
ðàçäåëå 4 ïðåäñòàâëåíû ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ.

1. Ïîñòàíîâêà çàäà÷è. Ïðîãðàììà íà ÿçûêå LuNA ïðåäñòàâëÿåò ñîáîé îïèñàíèå ìíî-
æåñòâà âû÷èñëèòåëüíûõ ïðîöåññîâ � ôðàãìåíòîâ âû÷èñëåíèé (ÔÂ). Êàæäûé ÔÂ îïðå-
äåëÿåòñÿ òðèïëåòîì <in, mod, out>, ãäå mod � ýòî íåêîòîðûé âû÷èñëèòåëüíûé ìîäóëü
(íàïðèìåð, ïîñëåäîâàòåëüíàÿ ïðîöåäóðà) áåç ïîáî÷íûõ ýôôåêòîâ, à in è out � èìåíà,
ñîîòâåòñòâåííî, âõîäíûõ è âûõîäíûõ ïàðàìåòðîâ, ê êîòîðûì ìîäóëü ïðèìåíÿåòñÿ. Ýòè
ïàðàìåòðû èììóòàáåëüíû, ñåðèàëèçóåìû è íàçûâàþòñÿ ôðàãìåíòàìè äàííûõ (ÔÄ). Åñëè
íåêîòîðûé ÔÄ ÿâëÿåòñÿ âûõîäíûì äëÿ îäíîãî ÔÂ è âûõîäíûì äëÿ äðóãîãî ÔÂ, òî âòîðîé
ÔÂ èíôîðìàöèîííî çàâèñèò îò ïåðâîãî.

Ìíîæåñòâà ÔÂ è ÔÄ ñóùåñòâóþò ÿâíî â ïðîöåññå âûïîëíåíèÿ ïðîãðàììû, ÷òî âìåñòå
ñ îòñóòñòâèåì ïîáî÷íûõ ýôôåêòîâ â ÔÂ è ñåðèàëèçóåìîñòüþ è èììóòàáåëüíîñòüþ ÔÄ
ïîçâîëÿåò èñïîëíèòåëüíîé ïîäñèñòåìå äèíàìè÷åñêè ðàñïðåäåëÿòü è ïåðåðàñïðåäåëÿòü ÔÂ
è ÔÄ ïî óçëàì ìóëüòèêîìïüþòåðà. Èñïîëíåíèå ÔÂ îñóùåñòâëÿåòñÿ íà îäíîì èç óçëîâ ïðè
óñëîâèè, ÷òî âñå åãî âõîäíûå ÔÄ íàõîäÿòñÿ â ïàìÿòè ýòîãî óçëà. Ðåçóëüòàòîì èñïîëíåíèÿ
ÿâëÿåòñÿ âû÷èñëåíèå çíà÷åíèé âûõîäíûõ ÔÄ, êîòîðûå â äàëüíåéøåì ìîãóò õðàíèòüñÿ íà
ýòîì æå óçëå èëè áûòü ïåðåäàíû íà äðóãèå óçëû ìóëüòèêîìïüþòåðà äëÿ õðàíåíèÿ èëè
ïîòðåáëåíèÿ äðóãèìè ÔÂ.

Ñèñòåìà LuNA îáåñïå÷èâàåò ðàñïðåäåëåííîå èñïîëíåíèå ìíîæåñòâà ÔÂ, äîñòàâêó ïî
ñåòè âõîäíûõ ÔÄ íà óçëû èõ ïîòðåáëåíèÿ ôðàãìåíòàìè âû÷èñëåíèé, âûáîð óçëîâ õðàíå-
íèÿ ÔÄ è èñïîëíåíèÿ ÔÂ, âûáîð ïîðÿäêà âûïîëíåíèÿ ÔÂ è ò. ï. Çàäà÷à äèíàìè÷åñêîé
áàëàíñèðîâêè âû÷èñëèòåëüíîé íàãðóçêè íà óçëû ìóëüòèêîìïüþòåðà ïîíèìàåòñÿ êàê ïå-
ðåðàñïðåäåëåíèå ÔÂ è ÔÄ ïî åãî óçëàì ñ öåëüþ âûðàâíèâàíèÿ íàãðóçêè íà óçëû è ñ
ó÷åòîì íàêëàäíûõ ðàñõîäîâ, íåîáõîäèìûõ äëÿ ìîíèòîðèíãà è ïðîãíîçèðîâàíèÿ çàãðóçêè
è ïåðåðàñïðåäåëåíèÿ ÔÂ è ÔÄ.

Íà òåêóùèé ìîìåíò â ñèñòåìå LuNA èìååòñÿ 3 âàðèàíòà áàëàíñèðîâêè íàãðóçêè: ñòà-
òè÷åñêàÿ áàëàíñèðîâêà, rope of beads [5] è work requesting [6].

Äëÿ ñòàòè÷åñêîé áàëàíñèðîâêè ðàçðàáîò÷èê èëè òðàíñëÿòîð îïðåäåëÿþò, íà êàêîé óçåë
äîëæíû îòïðàâèòüñÿ ÔÂ è ÔÄ.

Â àëãîðèòìå rope of beads ÔÂ è ÔÄ îòîáðàæàþòñÿ íà îòðåçîê ôèêñèðîâàííîé äëè-
íû. Ýòîò îòðåçîê ðàçäåëåí íà ïîäîòðåçêè, êîòîðûå ñîîòâåòñòâóþò óçëàì âû÷èñëèòåëüíîé
ñèñòåìû. Â ñëó÷àå âîçíèêíîâåíèÿ äèñáàëàíñà çàãðóçêè ðàçáèåíèå îòðåçêà íà ïîäîòðåçîê
èçìåíÿåòñÿ äèíàìè÷åñêè. Êàê ñëåäñòâèå, ôðàãìåíòû ïåðåðàñïðåäåëÿþòñÿ ïî óçëàì â ñî-
îòâåòñòâèè ñ íîâûì ðàçáèåíèåì. Ýòîò ìåõàíèçì íàïðàâëÿåòñÿ íà óñòðàíåíèå äèñáàëàíñà
çàãðóçêè. Ïðè ýòîì ñîñåäñòâî (âçàèìíîå ðàñïîëîæåíèå) ôðàãìåíòîâ íà îòðåçêå (à çíà-
÷èò, è â ïîäîòðåçêàõ) íå èçìåíÿåòñÿ. Ýòî ïîçâîëÿåò ýêîíîìèòü íà êîììóíèêàöèÿõ ïóòåì
ðàçìåùåíèÿ èíôîðìàöèîííî ñâÿçàííûõ ÔÂ è ÔÄ â îêðåñòíîñòè äðóã äðóãà íà îòðåçêå.

Â àëãîðèòìå work requesting íåäîãðóæåííûé óçåë çàïðàøèâàåò èçáûòî÷íûå çàäà÷è ó
ñîñåäíèõ óçëîâ. Äàííûé àëãîðèòì ìîæåò èñïîëüçîâàòüñÿ ñîâìåñòíî ñ äðóãèìè è íàöåëåí â
îñíîâíîì íà óñòðàíåíèå ¾òî÷å÷íîãî¿ äèñáàëàíñà çàãðóçêè âû÷èñëèòåëüíûõ óçëîâ (êîãäà â
öåëîì íàãðóçêà ðàâíîìåðíà, íî âñòðå÷àþòñÿ îòäåëüíûå íåäîãðóæåííûå èëè ïåðåãðóæåí-
íûå óçëû).
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Äëÿ îñóùåñòâëåíèÿ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè íà óçëû òðåáóåòñÿ ðåøàòü
òàêèå çàäà÷è êàê ìîíèòîðèíã çàãðóæåííîñòè óçëîâ ìóëüòèêîìïüþòåðà (íàïð., çàãðóçêà
ÿäåð, ðàñõîä îïåðàòèâíîé ïàìÿòè) è êîììóíèêàöèîííîé ñåòè, îáíàðóæåíèå è ïðîãíîçèðî-
âàíèå äèñáàëàíñà çàãðóçêè, îáìåí èíôîðìàöèåé, íåîáõîäèìîé äëÿ ðàáîòû áàëàíñèðîâùè-
êà (íàïð., î çàãðóæåííîñòè óçëîâ), ïðèíÿòèå ðåøåíèÿ î ïðîâåäåíèè áàëàíñèðîâêè, âûáîð
ÔÂ è ÔÄ äëÿ ïåðåðàñïðåäåëåíèÿ, îñóùåñòâëåíèå ïåðåðàñïðåäåëåíèÿ. Ðåøåíèå âñåõ ýòèõ
çàäà÷ çàâèñèò îò êîíêðåòíîãî ìåòîäà èëè àëãîðèòìà äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóç-
êè. Ñèñòåìà LuNA ñïðîåêòèðîâàíà òàêèì îáðàçîì, ÷òîáû âñå ýòè çàäà÷è ìîãëè ðåøàòüñÿ
îòäåëüíûìè ñëàáîñâÿçàííûìè ìîäóëÿìè, è îáåñïå÷èâàåò áàçîâûå íèçêîóðîâíåâûå îïåðà-
öèè, òàêèå êàê ïåðåäà÷à ôðàãìåíòîâ ïî ñåòè, îáëåã÷àÿ ðàçðàáîòêó ìîäóëåé. Â ÷àñòíîñòè,
íà ýòîé îñíîâå ìîæåò áûòü ðåàëèçîâàíà è ìåòàáàëàíñèðîâêà íàãðóçêè íà óçëû. À èìåííî,
â ñèñòåìå ìîãóò ïðèñóòñòâîâàòü äâà è áîëåå ðàçëè÷íûõ ìîäóëåé, îñóùåñòâëÿþùèõ äèíà-
ìè÷åñêóþ áàëàíñèðîâêó âû÷èñëèòåëüíîé íàãðóçêè, óïðàâëåíèå êîòîðûìè îñóùåñòâëÿåò
îòäåëüíûé ìîäóëü � ìåòàáàëàíñèðîâùèê (èëè îðêåñòðàòîð).

Â ôóíêöèè ìåòàáàëàíñèðîâùèêà âõîäèò âêëþ÷åíèå è âûêëþ÷åíèå èìåþùèõñÿ ìîäó-
ëåé äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè íà óçëû, à òàêæå íàñòðîéêà ïàðàìåòðîâ ýòèõ
ìîäóëåé, òàêèõ êàê ïîðîã äèñáàëàíñà, äîëÿ ïåðåñûëàåìîé íàãðóçêè, ïåðèîä îñðåäíåíèÿ
íàãðóçêè ïðè åå ìîíèòîðèíãå è ò. ï. Ðàçíûå àëãîðèòìû áàëàíñèðîâêè íàãðóçêè ìîãóò
èìåòü ðàçëè÷íûå ïàðàìåòðû, ïîýòîìó òàê èëè èíà÷å ìåòàáàëàíñèðîâùèê ïîäðàçóìåâàåò
íàëè÷èå íåêîòîðîãî îáùåãî èíòåðôåéñà, ñ êîòîðûì ìîäóëè áàëàíñèðîâêè íàãðóçêè äîëæ-
íû áûòü ñîâìåñòèìû. ×åðåç ýòîò èíòåðôåéñ ìåòàáàëàíñèðîâùèê ïîëó÷àåò èíôîðìàöèþ
î ñâîéñòâàõ êîíêðåòíîãî ìîäóëÿ, íàëè÷èè ó íåãî ïàðàìåòðîâ è ñïîñîáà íàñòðîéêè ýòèõ
ïàðàìåòðîâ íà êîíêðåòíóþ ñèòóàöèþ.

Ðàññìîòðèì îñîáåííîñòè âû÷èñëèòåëüíîé ìîäåëè, èñïîëüçóåìîé â ñèñòåìå LuNA ñ òî÷-
êè çðåíèÿ äèíàìè÷åñêîé áàëàíñèðîâêè âû÷èñëèòåëüíîé íàãðóçêè íà óçëû ìóëüòèêîìïüþ-
òåðà.

� ßâíî âûäåëåííûå ïîäçàäà÷è � ÔÂ. Äèíàìè÷åñêàÿ áàëàíñèðîâêà ïîäðàçóìåâàåò, ÷òî
áàëàíñèðîâùèê íàãðóçêè ñïîñîáåí âûäåëèòü ÷àñòü ðàáîòû èç îáùåãî îáúåìà âû÷èñëåíèé
è ïåðåìåñòèòü åå íà äðóãîé âû÷èñëèòåëüíûé óçåë. ÔÂ ÿâëÿåòñÿ òàêîé åäèíèöåé. Êîíòåêñò
èñïîëíåíèÿ ÔÂ � ýòî åãî âõîäíûå ÔÄ, è îí îïèñàí ÿâíî. Ýòî ïîçâîëÿåò ñèñòåìå àâòî-
ìàòè÷åñêè âûäåëÿòü è ïåðåäàâàòü ïîäçàäà÷è ñ óçëà íà óçåë, íå âëèÿÿ íà âû÷èñëÿåìûå
çíà÷åíèÿ, ò. ê. ÔÂ íå èìååò ïîáî÷íûõ ýôôåêòîâ, à ÔÄ � èììóòàáåëüíû. Ïðè ýòîì èí-
ôîðìàöèîííûå çàâèñèìîñòè ìåæäó ÔÂ âûðàæåíû ÿâíî, ÷òî ïîçâîëÿåò ó÷èòûâàòü ýòî ïðè
àíàëèçå è ïðîãíîçèðîâàíèè çàãðóçêè óçëîâ.

� Ãðàíóëÿðíîñòü ïîäçàäà÷. Âîîáùå ãîâîðÿ, ÷åì êðóïíåå åäèíèöà áàëàíñèðîâêè, òåì
ìåíåå òî÷íîãî áàëàíñà âîçìîæíî äîáèòüñÿ. Ðàçìåðû ÔÂ è ÔÄ, êàê ïðàâèëî, ÿâëÿþòñÿ
ïàðàìåòðîì LuNA-ïðîãðàììû, ÷òî ïîçâîëÿåò ñäåëàòü èõ äîñòàòî÷íî ìàëåíüêèìè, ÷òîáû
îáåñïå÷èòü òðåáóåìóþ ãðàíóëÿðíîñòü. Ñëèøêîì ìàëåíüêèå ÔÂ è ÔÄ, ñ äðóãîé ñòîðîíû,
îçíà÷àþò óâåëè÷åíèå íàêëàäíûõ ðàñõîäîâ íà ðàáîòó èñïîëíèòåëüíîé ñèñòåìû, ÷åãî ñëå-
äóåò èçáåãàòü.

� Èíôîðìàòèâíîñòü ïðîãðàììû. Áàëàíñèðîâêà íàãðóçêè ìîæåò îñóùåñòâëÿòüñÿ áî-
ëåå ýôôåêòèâíî, åñëè èìååòñÿ äîïîëíèòåëüíàÿ èíôîðìàöèÿ î ñàìîé ïðîãðàììå, ïîìèìî
èíôîðìàöèè î òåêóùåé çàãðóçêå îáîðóäîâàíèÿ. LuNA-ïðîãðàììà èìååò ÿâíóþ ñòðóêòóðó
èíôîðìàöèîííûõ çàâèñèìîñòåé (âûðàæåííóþ â èíôîðìàöèîííûõ çàâèñèìîñòÿõ ìåæäó
ôðàãìåíòàìè), ÷òî ïîçâîëÿåò àíàëèçèðîâàòü, êàê áóäåò èçìåíÿòüñÿ íàãðóçêà ñî âðåìå-
íåì, è êàêèå ïîòðåáóþòñÿ êîììóíèêàöèè äëÿ ïåðåäà÷è ÔÄ ïî ñåòè. Â ðÿäå ñëó÷àåâ ìîæåò
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èìåòüñÿ èíôîðìàöèÿ îá îöåíî÷íûõ âðåìåíàõ âûïîëíåíèÿ ÔÂ è î ïðîãíîçèðóåìûõ ðàçìå-
ðàõ ÔÄ. Ýòà èíôîðìàöèÿ òàêæå ìîæåò áûòü èñïîëüçîâàíà ïðè áàëàíñèðîâêå íàãðóçêè. Â
êà÷åñòâå èñòî÷íèêîâ ýòîé èíôîðìàöèè ìîãóò âûñòóïàòü ïðîãðàììèñò, ïðîôèëè ïðåäûäó-
ùèõ çàïóñêîâ ïðîãðàììû, ñòàòèñòèêà òåêóùåãî èñïîëíåíèÿ è ò. ï.

Äëÿ ôèêñàöèè ÷àñòè÷íûõ ðåøåíèé î ñïîñîáå èñïîëíåíèÿ LuNA-ïðîãðàììû â ñèñòå-
ìå èñïîëüçóþòñÿ àííîòàöèè êîäà èëè âíóòðåííåãî ïðåäñòàâëåíèÿ ïðîãðàììû âî âðåìÿ
òðàíñëÿöèè èëè èñïîëíåíèÿ. Ýòè àííîòàöèè íàçûâàþòñÿ ðåêîìåíäàöèÿìè è ìîãóò ÷àñòè÷-
íî îïðåäåëÿòüñÿ ðàçðàáîò÷èêîì LuNA-ïðîãðàììû, ÷àñòè÷íî � òðàíñëÿòîðîì è èñïîëíè-
òåëüíîé ñèñòåìîé. Ò. î., ïðîöåññ êîíñòðóèðîâàíèÿ è èñïîëíåíèÿ LuNA-ïðîãðàììû ìîæíî
ðàññìàòðèâàòü êàê ïîýòàïíîå ïðèíÿòèå ðåøåíèé î ïîâåäåíèè ïðîãðàììû (ðàñïðåäåëåíèå
ôðàãìåíòîâ ïî óçëàì, ïîðÿäîê âûïîëíåíèÿ ÔÂ è ò. ï.), êîòîðûå â èòîãå ðåàëèçóþòñÿ ïðè
èñïîëíåíèè ïðîãðàììû.

2. Îðãàíèçàöèÿ ìîäóëåé áàëàíñèðîâêè íàãðóçêè. Çàäà÷ó íàêîïëåíèÿ è ïðèìå-
íåíèÿ àëãîðèòìîâ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè íà óçëû îòäåëèì îò çàäà÷è àâ-
òîìàòè÷åñêîãî âûáîðà è íàñòðîéêè ïàðàìåòðîâ àëãîðèòìà. Áóäåì ðàññìàòðèâàòü òîëüêî
ïåðâóþ çàäà÷ó.

Èäåÿ çàêëþ÷àåòñÿ â òîì, ÷òîáû àëãîðèòìû áàëàíñèðîâêè â ñèñòåìå ïðåäñòàâëÿëèñü
êàê óíèôèöèðîâàííûå çàìåíÿåìûå ìîäóëè (ïëàãèíû), è èõ ìîæíî áûëî áû ïåðåêëþ÷àòü
è íàñòðàèâàòü èõ ïàðàìåòðû ïðè èñïîëüçîâàíèè ñèñòåìû. Äëÿ ðåàëèçàöèè ýòîé èäåè òðå-
áóåòñÿ âûäåëèòü îáùèé èíòåðôåéñ äëÿ ìîäóëåé áàëàíñèðîâêè íàãðóçêè, ïðåäîñòàâëÿþ-
ùèé èíñòðóìåíòàðèé äëÿ âçàèìîäåéñòâèÿ ñ ñèñòåìîé, à òàêæå ðàçðàáîòàòü èíòåðôåéñ äëÿ
ìîäóëåé ìåòàáàëàíñèðîâêè.

Îñíîâíûå òðåáîâàíèÿ ê èíòåðôåéñó:
1) ìåõàíèçì êîììóíèêàöèè ìåæäó óçëàìè; 2) âîçìîæíîñòü îïðåäåëåíèÿ íàãðóæåííî-

ñòè óçëà; 3) âîçìîæíîñòü çàäàâàòü ïàðàìåòðû ðàáîòû ìîäóëÿ áàëàíñèðîâêè íàãðóçêè.
Áàçîâûé àëãîðèòì èñïîëíåíèÿ LuNA-ïðîãðàìì ïîäðàçóìåâàåò, ÷òî ÔÂ êàê âû÷èñëè-

òåëüíûé ïðîöåññ â îïðåäåëåííûé ìîìåíò ïîðîæäàåòñÿ è ìîæåò ìèãðèðîâàòü ñ óçëà íà
óçåë. Ïðè ýòîì ñèñòåìà îáåñïå÷èâàåò äîñòàâêó ïî ñåòè âñåõ âõîäíûõ ÔÄ ê ýòîìó ÔÂ, è
êîãäà ïðè ÔÂ îêàæåòñÿ ïîëíûé íàáîð åãî âõîäíûõ ÔÄ, òî îí ìîæåò èñïîëíÿòüñÿ. Â ñâÿçè
ñ ýòèì ìîæíî âûäåëèòü äâà ýòàïà, êîãäà ìèãðàöèþ ÔÂ îñóùåñòâëÿòü ïðîùå âñåãî � ýòî
â íà÷àëå, êîãäà ÔÂ òîëüêî ñîçäàí, è ïåðåä èñïîëíåíèåì, êîãäà âñå âõîäíûå ÔÄ óæå íà-
õîäÿòñÿ ïðè ÔÂ, è ìîæíî ïåðåìåùàòü èõ ñ óçëà íà óçåë êàê îäíî öåëîå. Ïîýòîìó âàæíî
èìåòü âîçìîæíîñòü àëãîðèòìàì áàëàíñèðîâêè îïðåäåëÿòü, â êàêîì ñîñòîÿíèè íàõîäèòñÿ
ÔÂ.

Åùå îäíîé îñîáåííîñòüþ ñèñòåìû ÿâëÿåòñÿ òî, ÷òî áàëàíñèðîâêå ïîäâåðæåíû íå òîëüêî
ÔÂ, íî è ÔÄ. Â ÷àñòíîñòè, â àëãîðèòìå rope of beads ïðè èçìåíåíèè ðàçáèåíèÿ îòðåçêà íà
ïîäîòðåçêè èçìåíÿåòñÿ ðàñïðåäåëåíèå ïî óçëàì íå òîëüêî ÔÂ, íî è ÔÄ. Ñîîòâåòñòâåííî,
íåîáõîäèì ìåõàíèçì, ïîçâîëÿþùèé ìîäóëþ áàëàíñèðîâêè íàãðóçêè ïåðåìåùàòü ÔÄ.

Áûë ðàçðàáîòàí èíòåðôåéñ ìîäóëÿ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè íà óçëû, ñî-
îòâåòñòâóþùèé ïðåäúÿâëÿåìûì òðåáîâàíèÿì è, â ÷àñòíîñòè, äîñòàòî÷íûé äëÿ âêëþ÷åíèÿ
÷åðåç ýòîò èíòåðôåéñ òðåõ èìåþùèõñÿ â ñèñòåìå LuNA àëãîðèòìîâ áàëàíñèðîâêè íàãðóçêè
(â äàííîì ñëó÷àå ñòàòè÷åñêèé àëãîðèòì ìîæíî ðàññìàòðèâàòü êàê âûðîæäåííûé ñëó÷àé
äèíàìè÷åñêîãî, êîãäà çàäàííîå ðàñïðåäåëåíèå íå èçìåíÿåòñÿ ïî õîäó âûïîëíåíèÿ ïðîãðàì-
ìû). Ïðèâåäåì ýòîò èíòåðôåéñ â ñèíòàêñèñå ÿçûêà C++, ò. ê. ýòî ÿçûê èñïîëíèòåëüíîé
ñèñòåìû LuNA (ëèñòèíã 1).

Ëèñòèíã 1. Èíòåðôåéñ ìîäóëÿ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè
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01 : int ca lcu late_rank (bool with_data , int pos=0)=0;
02 : std : : set<int> get_msg_acceptable_tags ( ) ;
03 : void accept_msg ( int src , int tag , void *buf ,
s i z e_t s i z e ) ;
04 : void notify_pool_empty ( ) ;
05 : void noti fy_pool_submitted ( ) ;
06 : void send ( int dest , int tag , const void *buf ,
s i z e_t s i z e , s td : : funct ion<void()> f i n i s h e r=nu l l p t r ) ;
07 : int s i z e ( ) ;
08 : int rank ( ) ;
09 : unsigned int get_queue_size ( ) ;
10 : void relocate_DFs ( ) ;

Ìåòîä calculate_rank ÿâëÿåòñÿ îáÿçàòåëüíûì äëÿ ðåàëèçàöèè è ðåàëèçóåò âàæíåéøóþ
ëîãèêó ìîäóëÿ. Ìåòîäû èíòåðôåéñà áàëàíñèðîâùèêà ìîæíî ðàçäåëèòü íà 3 ãðóïïû:

1. Àáñòðàêòíûé ìåòîä, ðåàëèçàöèÿ îáÿçàòåëüíà (ñòðîêà 01);
2. Àáñòðàêòíûé ìåòîä, ðåàëèçàöèÿ íå îáÿçàòåëüíà (ñòðîêè 02�05);
3. Ìåòîä ðåàëèçîâàí â àáñòðàêòíîì âàðèàíòå áàëàíñèðîâùèêà. Ìîæåò èñïîëüçîâàòüñÿ

âíóòðè ìåòîäîâ áàëàíñèðîâùèêîâ (ñòðîêè 06�10).
Îñíîâíûì ìåòîäîì èíòåðôåéñà áàëàíñèðîâêè ÿâëÿåòñÿ calculate_rank, ðàññ÷èòûâàþ-

ùèé, íà êàêîé óçåë ñëåäóåò îòïðàâèòü ôðàãìåíò. Àðãóìåíò with_data ñîîáùàåò î òîì,
êîãäà ïðîèñõîäèò áàëàíñèðîâêà � äî èëè ïîñëå ïîëó÷åíèÿ âñåõ âõîäíûõ ôðàãìåíòîâ äàí-
íûõ. Ïàðàìåòð pos ÿâëÿåòñÿ îïöèîíàëüíûì. Äëÿ íåêîòîðûõ àëãîðèòìîâ áàëàíñèðîâêè îí
ñëóæèò äëÿ òîãî, ÷òîáû ñîïîñòàâèòü ïîðÿäêîâûé íîìåð ñ ôðàãìåíòîì. Íàïðèìåð, äëÿ
ñòàòè÷åñêîé áàëàíñèðîâêè óçåë, íà êîòîðûé äîëæåí îòïðàâèòüñÿ ôðàãìåíò, ìîæåò îïðå-
äåëÿåòñÿ êàê pos%size, ãäå size � ýòî êîëè÷åñòâî âû÷èñëèòåëüíûõ óçëîâ.

Òàêæå èíòåðôåéñ áàëàíñèðîâêè äîëæåí ïîçâîëÿòü îáìåíèâàòüñÿ ñîîáùåíèÿìè ìåæäó
áàëàíñèðîâùèêàìè íà ðàçíûõ óçëàõ. Äëÿ ýòîãî â èíòåðôåéñ áûëî ââåäåíî 5 ìåòîäîâ:

1. std :: set<int> get_msg_acceptable_tags() � ìåòîä, âîçâðàùàþùèé ñïèñîê èäåíòè-
ôèêàòîðîâ ñîîáùåíèé, êîòîðûå ïðèíèìàåò áàëàíñèðîâùèê.

2. void accept_msg(int src, int tag, void *buf, size_t size ) � ìåòîä, â êîòîðûé èñïîë-
íèòåëüíàÿ ñèñòåìà ïîäàåò ïîëó÷åííûå ñîîáùåíèÿ, åñëè tag ýòîãî ñîîáùåíèÿ âõîäèò â íà-
áîð, âîçðàùàåìûé ìåòîäîì get_msg_acceptable_tags.

3. void send(int dest, int tag, const void *buf, size_t size ,
std :: function<void()> �nisher=nullptr) � ìåòîä, ñ ïîìîùüþ êîòîðîãî áàëàíñèðîâùèê ìî-
æåò îòïðàâëÿòü ñîîáùåíèÿ íà äðóãèå óçëû.

4. int size () � ïîëó÷èòü êîëè÷åñòâî óçëîâ â ñèñòåìå.
5. int rank() � ïîëó÷èòü èäåíòèôèêàòîð òåêóùåãî óçëà.
Äëÿ íåêîòîðûõ àëãîðèòìîâ áàëàíñèðîâêè òðåáóåòñÿ îòñëåæèâàòü ñîñòîÿíèå î÷åðåäè

çàäà÷, ÷òîáû ïðè îòñóòñòâèè íàãðóçêè íà óçëå ïðîèçâîäèòü áàëàíñèðîâêó ôðàãìåíòîâ
ìåæäó óçëàìè. Áûëî ðåàëèçîâàíî 3 ìåòîäà, ïîçâîëÿþùèõ ñëåäèòü çà ñîñòîÿíèåì î÷åðåäè
çàäà÷:

1. void notify_pool_empty() � ìåòîä îïîâåùàåò áàëàíñèðîâùèê, êîãäà çàäà÷è â î÷å-
ðåäè êîí÷èëèñü.

2. void notify_pool_submitted() � ìåòîä îïîâåùàåò áàëàíñèðîâùèê, êîãäà çàäà÷à áûëà
äîáàâëåíà â î÷åðåäü.
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3. unsigned int get_queue_size() � ìåòîä âîçâðàùàåò òåêóùåå êîëè÷åñòâî çàäà÷ â î÷å-
ðåäè.

Äëÿ äèíàìè÷åñêèõ áàëàíñèðîâîê áûë äîáàâëåí ìåòîä void relocate_DFs(). Äàííûé ìå-
òîä âûïîëíÿåò ïåðåìåùåíèå âñåõ ôðàãìåíòîâ äàííûõ, èìåþùèõñÿ íà óçëå, íà òðåáóåìûé
óçåë. Ýòîò ìåòîä òðåáóåòñÿ âûçûâàòü ïîñëå èçìåíåíèÿ êîíôèãóðàöèè äèíàìè÷åñêîãî áà-
ëàíñèðîâùèêà, ÷òîáû ôðàãìåíòû íàõîäèëèñü íà àêòóàëüíîì äëÿ íèõ óçëå.

Â ðåçóëüòàòå ñóùåñòâóþùèå â LuNA àëãîðèòìû áàëàíñèðîâêè áûëè àäàïòèðîâàíû ïîä
îáùèé èíòåðôåéñ.

Íà òåêóùåì ýòàïå ðàçðàáîòêè ìåòàáàëàíñèðîâùèê ÿâëÿåòñÿ õðàíèëèùåì áàëàíñèðîâîê
è âõîäíîé òî÷êîé óïðàâëåíèÿ èìè. Ìåòàáàëàíñèðîâùèê, êàê è äðóãèå àëãîðèòìû áàëàí-
ñèðîâêè, ðåàëèçóåò îáùèé èíòåðôåéñ. Ìåòîäû, êîòîðûå îí ðåàëèçóåò:

1. int calculate_rank(bool with_data, int pos=0). Ïåðåíàïðàâëÿåò âûçîâ âî âêëþ÷åí-
íûé àëãîðèòì áàëàíñèðîâêè;

2. std :: set<int> get_msg_acceptable_tags(). Âîçâðàùàåò íàáîð òåãîâ âñåõ õðàíÿùèõñÿ
áàëàíñèðîâùèêîâ;

3. void accept_msg(int src, int tag, void *buf, size_t size ). Ïåðåíàïðàâëÿåò ñîîáùåíèå
â òðåáóåìûé áàëàíñèðîâùèê;

4. void notify_pool_empty(). Íîòèôèöèðóåò áàëàíñèðîâùèêè î òîì, ÷òî î÷åðåäü çàäà÷
ïóñòà;

5. void notify_pool_submitted(). Íîòèôèöèðóåò áàëàíñèðîâùèêè î òîì, ÷òî â î÷åðåäü
çàäà÷ áûëà äîáàâëåíà çàäà÷à.

Â LuNA-ïðîãðàììå àëãîðèòì áàëàíñèðîâêè îïðåäåëÿåòñÿ ñ ïîìîùüþ ðåêîìåíäàöèé
use_for_balance � ýòî àëãîðèòì work requesting, locator_cyclic � ýòî ñòàòè÷åñêàÿ áàëàíñè-
ðîâêà è locator_rope � ýòî àëãîðèòì rope of beads. Ýòà ðåêîìåíäàöèÿ ïðåîáðàçóåòñÿ â êîä
ïî áàëàíñèðîâêå íà ýòàïå òðàíñëÿöèè LuNA ïðîãðàììû. Äëÿ òîãî ÷òîáû ïîääåðæàòü äèíà-
ìè÷åñêèé âûáîð àëãîðèòìà áàëàíñèðîâêè, áûëà äîáàâëåíà ðåêîìåíäàöèÿ locator_abstract,
êîòîðàÿ òðàíñëèðóåòñÿ â êîä, èñïîëüçóþùèé ìåòàáàëàíñèðîâùèê äëÿ âûáîðà àëãîðèòìà
áàëàíñèðîâêè ôðàãìåíòà. Òàêèì îáðàçîì ìåòàáàëàíñèðîâùèê ðåøàåò ïîòðåáíîñòü ïîâòîð-
íîé òðàíñëÿöèè LuNA ïðîãðàììû ïðè èçìåíåíèè àëãîðèòìà áàëàíñèðîâêè.

3. Òåñòèðîâàíèå. Öåëüþ òåñòèðîâàíèÿ áûëà ïðîâåðêà ðàáîòîñïîñîáíîñòè ïðåäëîæåí-
íîé ñõåìû íà ïðèìåðå ðàçëè÷íûõ çàäà÷, äëÿ ÷åãî áûëà èññëåäîâàíà çàâèñèìîñòü âðåìåíè
âûïîëíåíèÿ çàäà÷ îò àëãîðèòìà áàëàíñèðîâêè íàãðóçêè è åãî ïàðàìåòðîâ.

Òåñòèðîâàíèå ïðîèçâîäèëîñü íà êëàñòåðå Èíôîðìàöèîííî-âû÷èñëèòåëüíîãî öåíòðà
Íîâîñèáèðñêîãî ãîñóäàðñòâåííîãî óíèâåðñèòåòà. Õàðàêòåðèñòèêà êàæäîãî óçëà: 12 ÿäåð è
24 ÃÁ ÎÇÓ.

Äëÿ òåñòèðîâàíèÿ áûëà âçÿòà çàäà÷à ¾Ìåòîä ÷àñòèö â ÿ÷åéêàõ¿. Ýòà çàäà÷à õîðîøî
ïîäõîäèò äëÿ òåñòèðîâàíèÿ áàëàíñèðîâêè íàãðóçêè èç-çà íåðàâíîìåðíîñòè íàãðóçêè, òðå-
áóåìîé äëÿ èñïîëíåíèÿ ôðàãìåíòîâ.

Â çàäà÷å âû÷èñëèòåëüíàÿ ñåòêà ðàçáèâàåòñÿ ïî îñÿì ñ ïîìîùüþ ïàðàìåòðîâ NX, NY è
NZ. Êîëè÷åñòâî ôðàãìåíòîâ â çàäà÷å, êîòîðûå èñïîëíÿþòñÿ íà êàæäîì øàãå, ðàâíÿåòñÿ
NX?NY?NZ. Ïàðàìåòð Eps � ýòî ìàêñèìàëüíàÿ äîïóñòèìàÿ âåëè÷èíà íåâÿçêè íà ýòàïå
ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà. Îí âëèÿåò íà îáúåì âû÷èñëåíèé íà åäèíèöó äàííûõ (÷åì
ìåíüøå Eps, òåì áîëüøå âû÷èñëåíèé).

Òåñòèðîâàíèå ïðîâîäèòñÿ íà ñëåäóþùèõ àëãîðèòìàõ áàëàíñèðîâêè íàãðóçêè:
� áåç áàëàíñèðîâêè � âñå çàäà÷è èñïîëíÿþòñÿ íà îäíîì óçëå;
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Òàáëèöà 1

Ðåçóëüòàòû äëÿ çíà÷åíèé ïàðàìåòðîâ NX = 8, NY = 8, NZ = 2, Eps = 0.01

Òèï Êîëè÷åñòâî Ïàðàìåòðû Ðåçóëüòàò
áàëàíñèðîâêè óçëîâ áàëàíñèðîâêè (ñåê)

Áåç áàëàíñèðîâêè 1 558.50
Work requesting 2 Êîëè÷åñòâî ñîñåäåé: 2 504.48
Work requesting 4 Êîëè÷åñòâî ñîñåäåé: 2 353.99
Work requesting 4 Êîëè÷åñòâî ñîñåäåé: 4 233.22
Ñòàòè÷åñêàÿ 2 471.41
Ñòàòè÷åñêàÿ 4 180.54
Ñòàòè÷åñêàÿ + 2 Êîëè÷åñòâî ñîñåäåé: 2 471.27
work requesting
Ñòàòè÷åñêàÿ + 4 Êîëè÷åñòâî ñîñåäåé: 2 151.92
work requesting
Ñòàòè÷åñêàÿ + 4 Êîëè÷åñòâî ñîñåäåé: 4 174.38
work requesting
Rope of Beads 2 Ïîäîòðåçêîâ: 20 658.89
Rope of Beads 2 Ïîäîòðåçêîâ: 60 684.67
Rope of Beads 4 Ïîäîòðåçêîâ: 20 123.25
Rope of Beads 4 Ïîäîòðåçêîâ: 60 148.97
Rope of Beads + 2 Ïîäîòðåçêîâ: 20; 1248.49
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 2 Ïîäîòðåçêîâ: 60; 1229.89
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 4 Ïîäîòðåçêîâ: 20; 133.38
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 4 Ïîäîòðåçêîâ: 20; 137.23
work requesting Êîëè÷åñòâî ñîñåäåé: 4
Rope of Beads + 4 Ïîäîòðåçêîâ: 60; 152.76
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 4 Ïîäîòðåçêîâ: 60; 149.23
work requesting Êîëè÷åñòâî ñîñåäåé: 4

� ñòàòè÷åñêàÿ áàëàíñèðîâêà � áàëàíñèðîâêà âûïîëíÿåòñÿ ñòàòè÷åñêè âðó÷íóþ, ñè-
ëàìè ðàçðàáîò÷èêà, êîòîðûé çàäàåò ôðàãìåíòàì íîìåð óçëà, íà êîòîðîì îíè äîëæíû
èñïîëíÿòüñÿ (èëè õðàíèòüñÿ);

� Work requesting � äèíàìè÷åñêèé àëãîðèòì áàëàíñèðîâêè work requesting; ïàðàìåòð
¾êîëè÷åñòâî ñîñåäåé¿ çàäàåò îêðåñòíîñòü óçëà, â êîòîðîé íåäîãðóæåííûé óçåë çàïðàøè-
âàåò ðàáîòó;

� Rope of beads � äèíàìè÷åñêèé àëãîðèòì áàëàíñèðîâêè rope of beads. Àëãîðèòì
áàëàíñèðóåò íàãðóçêó èñõîäÿ èç çàãðóçêè òåêóùåãî è ñîñåäíèõ óçëîâ, à ðàçðàáîò÷èê ñòà-
òè÷åñêè ïðèñâàèâàåò ôðàãìåíòàì âû÷èñëåíèé è äàííûõ êîîðäèíàòó íà îòðåçêå, íà îñíîâå
êîòîðîé îïðåäåëÿåòñÿ, íà êàêîì óçëå äîëæåí èñïîëíÿòüñÿ ôðàãìåíò. Ïàðàìåòð ¾êîëè÷å-
ñòâî ïîäîòðåçêîâ¿ îïðåäåëÿåò êîëè÷åñòâî ïîäîòðåçêîâ.

Â òàáë. 1 ïðåäñòàâëåíû ðåçóëüòàòû òåñòèðîâàíèÿ äëÿ ñëåäóþùèõ çíà÷åíèé ïàðàìåòðîâ
çàäà÷è: NX = 8, NY = 8, NZ = 2, Eps = 0.01.

Êàê âèäíî èç ðåçóëüòàòîâ, ëó÷øå âñåãî â äàííîì òåñòå ñåáÿ ïîêàçàë àëãîðèòì Rope
of Beads ñ êîëè÷åñòâîì ïîäîòðåçêîâ 20. Ýòî ñâÿçàíî ñ òåì, ÷òî ïðè ñòàòè÷åñêîé áàëàí-
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Òàáëèöà 2

Ðåçóëüòàòû äëÿ çíà÷åíèé ïàðàìåòðîâ NX = 8, NY = 8, NZ = 1, Eps = 0.001

Òèï Êîëè÷åñòâî Ïàðàìåòðû Ðåçóëüòàò
áàëàíñèðîâêè óçëîâ áàëàíñèðîâêè (ñåê)

Áåç áàëàíñèðîâêè 1 128.88
Work requesting 2 Êîëè÷åñòâî ñîñåäåé: 2 129.02
Work requesting 4 Êîëè÷åñòâî ñîñåäåé: 2 97.94
Work requesting 4 Êîëè÷åñòâî ñîñåäåé: 4 93.54
Ñòàòè÷åñêàÿ 2 129.92
Ñòàòè÷åñêàÿ 4 88.47
Ñòàòè÷åñêàÿ + 2 Êîëè÷åñòâî ñîñåäåé: 2 130.19
work requesting
Ñòàòè÷åñêàÿ + 4 Êîëè÷åñòâî ñîñåäåé: 2 89.32
work requesting
Ñòàòè÷åñêàÿ + 4 Êîëè÷åñòâî ñîñåäåé: 4 117.53
work requesting
Rope of Beads 2 Ïîäîòðåçêîâ: 20 130.59
Rope of Beads 2 Ïîäîòðåçêîâ: 60 137.63
Rope of Beads 4 Ïîäîòðåçêîâ: 20 91.57
Rope of Beads 4 Ïîäîòðåçêîâ: 60 93.40
Rope of Beads + 2 Ïîäîòðåçêîâ: 20; 128.76
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 2 Ïîäîòðåçêîâ: 60; 130.23
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 4 Ïîäîòðåçêîâ: 20; 92.86
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 4 Ïîäîòðåçêîâ: 20; 95.27
work requesting Êîëè÷åñòâî ñîñåäåé: 4
Rope of Beads + 4 Ïîäîòðåçêîâ: 60; 93.17
work requesting Êîëè÷åñòâî ñîñåäåé: 2
Rope of Beads + 4 Ïîäîòðåçêîâ: 60; 97.73
work requesting Êîëè÷åñòâî ñîñåäåé: 4

ñèðîâêå íàãðóçêà ìåæäó óçëàìè ðàçäåëåíà äîâîëüíî íåðàâíîìåðíî è èñïîëüçîâàíèå work
requesting äëÿ ðåøåíèÿ òî÷å÷íîãî äèñáàëàíñà íå ïîëíîñòüþ óñòðàíÿåò äèñáàëàíñ. Òàêæå
ìîæíî âûäåëèòü òî, ÷òî èñïîëüçîâàíèå work requesting óñêîðÿåò ðàáîòó ïðîãðàììû ïî÷òè
âî âñåõ ñëó÷àÿõ. Òàê êàê work requesting ÿâëÿåòñÿ âñïîìîãàòåëüíûì áàëàíñèðîâùèêîì,
êîòîðûé èñïîëüçóåòñÿ äëÿ ðåøåíèÿ òî÷å÷íîãî äèñáàëàíñà, åãî ðåçóëüòàòû îòäåëüíî îò
äðóãèõ àëãîðèòìîâ îêàçàëèñü õóæå, ÷åì ó äðóãèõ áàëàíñèðîâùèêîâ.

Ïàðàìåòðû çàäà÷è: NX = 8, NY = 8, NZ = 1, Eps = 0.001.
Â äàííîì òåñòå áûëî óìåíüøåíî êîëè÷åñòâî ¾òÿæåëûõ¿ ôðàãìåíòîâ, íî óâåëè÷åíà

òî÷íîñòü Eps.
Â äàííîì òåñòå ëó÷øå âñåãî ïîêàçàëà ñåáÿ ñòàòè÷åñêàÿ áàëàíñèðîâêà. Ïðè÷èíà çà-

êëþ÷àåòñÿ â òîì, ÷òî èç-çà ìåíüøåãî êîëè÷åñòâà òÿæåëûõ ÷àñòèö èñïîëíåíèå ïðîãðàììû
ïðîèñõîäèò áîëåå ñáàëàíñèðîâàíî è äèíàìè÷åñêàÿ áàëàíñèðîâêà íå òðåáóåòñÿ, òàê êàê îíà
ñîäåðæèò èçëèøíèå êîììóíèêàöèè è ïîýòîìó ïðîèãðûâàåò ñòàòè÷åñêîé.

Çàêëþ÷åíèå. Ðàññìîòðåíà ïðîáëåìàòèêà îáåñïå÷åíèÿ äèíàìè÷åñêîé áàëàíñèðîâêè
âû÷èñëèòåëüíîé íàãðóçêè ïðè àâòîìàòè÷åñêîì êîíñòðóèðîâàíèè ïàðàëëåëüíûõ ïðîãðàìì
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÷èñëåííîãî ìîäåëèðîâàíèÿ â ñèñòåìå LuNA. Ðàññìîòðåíû àëãîðèòìû äèíàìè÷åñêîé áà-
ëàíñèðîâêè íàãðóçêè íà óçëû, ïðèìåíÿåìûå â ýòîé ñèñòåìå, à òàêæå ïðåäñòàâëåíû ïîäõîä
ê ìåòàáàëàíñèðîâêå íàãðóçêè è åå ïîääåðæêà. Ðåçóëüòàòû ýêñïåðèìåíòàëüíîãî èññëåäî-
âàíèÿ íîñÿò ïðåäâàðèòåëüíûé õàðàêòåð, íî ïîäòâåðæäàþò, ÷òî â ðàçëè÷íûõ óñëîâèÿõ
ïðåäïî÷òèòåëüíûìè îêàçûâàþòñÿ ðàçëè÷íûå àëãîðèòìû äèíàìè÷åñêîé áàëàíñèðîâêè
íàãðóçêè èëè çíà÷åíèÿ ïàðàìåòðîâ ýòèõ àëãîðèòìîâ. Ñèñòåìà LuNA ìîæåò âûñòóïàòü
â êà÷åñòâå îñíîâû äëÿ íàêîïëåíèÿ ðàçëè÷íûõ àëãîðèòìîâ äèíàìè÷åñêîé áàëàíñèðîâêè
íàãðóçêè è ýêñïåðèìåíòàëüíîãî èññëåäîâàíèÿ ïîäõîäîâ ê àâòîìàòèçàöèè âûáîðà ýòèõ
àëãîðèòìîâ èç ÷èñëà èìåþùèõñÿ è íàñòðîéêè èõ ïàðàìåòðîâ.
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Âèêòîð Ýììàíóèëîâè÷

Ìàëûøêèí � ïîëó÷èë ñòå-
ïåíü ìàãèñòðà ìàòåìàòèêè â
Òîìñêîì ãîñóäàðñòâåííîì óíè-
âåðñèòåòå (1970), ñòåïåíü äîê-
òîðà òåõíè÷åñêèõ íàóê â Íî-
âîñèáèðñêîì ãîñóäàðñòâåííîì
óíèâåðñèòåòå (1993). Â íàñòîÿ-

ùåå âðåìÿ ÿâëÿåòñÿ çàâåäóþùèì ëàáîðàòîðèåé
ñèíòåçà ïàðàëëåëüíûõ ïðîãðàìì â Èíñòèòóòå
âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìàòè÷åñêîé
ãåîôèçèêè ÑÎ ÐÀÍ. Îí òàêæå îñíîâàë è â íà-
ñòîÿùåå âðåìÿ âîçãëàâëÿåò êàôåäðó ïàðàëëåëü-
íûõ âû÷èñëåíèé â Íàöèîíàëüíîì èññëåäîâà-
òåëüñêîì óíèâåðñèòåòå Íîâîñèáèðñêà. ßâëÿåòñÿ
îäíèì èç îðãàíèçàòîðîâ ìåæäóíàðîäíîé êîíôå-
ðåíöèè PaCT (Parallel Computing Technologies),
ïðîâîäèìûõ êàæäûé íå÷åòíûé ãîä â Ðîññèè.

Èìååò áîëåå 110 ïóáëèêàöèé ïî ïàðàëëåëü-
íûì è ðàñïðåäåëåííûì âû÷èñëåíèÿì, ñèíòå-
çó ïàðàëëåëüíûõ ïðîãðàìì, ñóïåðêîìïüþòåð-
íîìó ïðîãðàììíîìó îáåñïå÷åíèþ è ïðèëîæåíè-
ÿì, ïàðàëëåëüíîé ðåàëèçàöèè êðóïíîìàñøòàá-
íûõ ÷èñëåííûõ ìîäåëåé.

Â íàñòîÿùåå âðåìÿ îáëàñòü åãî èíòåðåñîâ
âêëþ÷àåò ïàðàëëåëüíûå âû÷èñëèòåëüíûå òåõ-
íîëîãèè, ÿçûêè è ñèñòåìû ïàðàëëåëüíîãî ïðî-
ãðàììèðîâàíèÿ, ìåòîäû è ñðåäñòâà ïàðàëëåëü-
íîé ðåàëèçàöèè êðóïíîìàñøòàáíûõ ÷èñëåííûõ
ìîäåëåé, òåõíîëîãèÿ àêòèâíûõ çíàíèé.
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÷èêîâ ýêñïåðèìåíòàëüíîé ñèñòåìû àâòîìàòè-
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ïðîôåññèîíàëüíûõ èíòåðåñîâ âêëþ÷àåò àâòîìà-
òèçàöèþ êîíñòðóèðîâàíèÿ ïàðàëëåëüíûõ ïðî-
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