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The paper presents a scalable distributed algorithm for dynamic data allocation in LuNA
fragmented programming system. The proposed algorithm is optimized for data lattice distribution on
a grid network topology. The algorithm takes into account data structure of the application numerical
model executed and enables dynamic load balancing.

Implementation of numerical models on multicomputers with large number of computing nodes
is a challenging problem in the domain of high-performance parallel computing. E�ective resources
allocation and balancing strategies are necessary to achieve good e�ciency and scalability of parallel
programs. LuNA is a fragmented programming system which is being developed in Supercomputer
Software Department of Institute of Computational Mathematics and Mathematical Geophysics SB
RAS. LuNA's main objective is automation of construction of parallel programs, which implement
large-scale numerical models for large-scale multicomputers.

In LuNA system an application algorithm is represented as two sets: a set of immutable data pieces
(data fragments, DF) and a set of side-e�ect free computational processes (computational fragments,
CF). All these fragments can be distributed over computational nodes of a multicomputer. Each DF
is produced by one CF and can be used as an input by other CFs; each CF is executed only once
and requires values of all its input DFs to be gathered on a single node for its execution. Execution of
a program is managed by LuNA's runtime system. The runtime system performs distribution and
migration of DFs and CFs over nodes of a multicomputer and deliverance of input DFs to their
corresponding CFs to provide execution of all CFs in the program.

E�ciency of LuNA program execution (in terms of running time, memory consumption,
communications amount, etc.) heavily depends on quality of CFs and DFs distribution. LuNA's runtime
system may use di�erent algorithms for data distribution and load balancing. First, algorithm Rope was
developed, which supported distribution of a general data structures on a one-dimensional grid network.
One of requirements of a quality data distribution is data locality, i.e. dependent data fragments should
be allocated on the same or neighbor nodes to minimize communications. To improve data locality for
multidimensional data lattices on multidimensional grid networks, new Patch algorithm was developed.

As in Rope algorithm, Patch uses mapping of data fragments to intermediate coordinates. The
mapping is a constant function during execution of a program, thus it can be computed on any node
without communications. Each coordinate is represented as a cell, and all coordinates are represented
as a mesh of cells. That intermediate mapping is to account data dependencies: dependent (

”
neighbor“)

data fragments should be mapped to the same or neighbor cells; that way they will be distributed on
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the same or neighbor nodes. The cell mesh is split on cell domains, each node receives its own cell
domain. Each data fragment is allocated on the node containing cell to which its is mapped. Each cell
stores information about current location (node) of all cells adjacent to it in the cell mesh. With this
information it is possible to �nd a location of any cell from any node, using only local communications
between nodes. This search is used for initial data fragment allocation and also to serve requests for
data fragments from computational fragments.

For the purpose of dynamic load balancing mapping of cells to nodes can be changed. Migration
of workload is accomplished by migration of cells between cell domains. Migration of cells causes
migration of actual data fragments, mapped to these cells, and subsequent change of workload. To
organize exchange of workload, di�usion scheme is used. All nodes are organized into overlapping
groups, each group consisting of main node and its neighbors. Each node knows its own workload and
workload of its neighbors in a group. Formulas for workload evaluation can be di�erent, for example
value of workload can be proportional to a volume of memory occupied by data on the node. Workloads
of neighboring nodes are compared periodically; if the main node is overloaded (its workload exceeds
average workload of the group by some threshold), it migrates cells to underloaded nodes. Only cells
on domains' borders are eligible for migration, i.e. ordering of cells' coordinates isn't changed after
migration. That way data locality is preserved during dynamic load balancing.

Usage of only local communications for data allocation and load balancing makes proposed
algorithm scalable to a large number of computational nodes, because no global synchronization (that
can impede scalability) is used.

Testing of Patch algorithm has shown improvements over Rope algorithm, both in average length
of communications between nodes in a topology and in average volume of transmitted data. Further
development, testing and optimization of the algorithm are planned.

Key words: scalable distributed system algorithm, dynamic data allocation, distributed
algorithms with local interactions, fragmented programming technology, fragmented programming
system LuNA.
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Â ñòàòüå ïðåäñòàâëåí ðàñïðåäåëåííûé àëãîðèòì ñ ëîêàëüíûìè âçàèìîäåéñòâèÿìè Patch, èñ-
ïîëüçóþùèéñÿ äëÿ ðàñïðåäåëåíèÿ äàííûõ è äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè â ñèñòåìå
ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA. Àëãîðèòì ðàçðàáîòàí äëÿ ñëó÷àÿ ðàñïðåäåëå-
íèÿ ìíîãîìåðíîé ñåòêè äàííûõ íà ìíîãîìåðíîé ðåøåòêå âû÷èñëèòåëüíûõ óçëîâ, ó÷èòûâàåò
çàâèñèìîñòè ìåæäó äàííûìè è ñîõðàíÿåò ëîêàëüíîñòü äàííûõ ïðè äèíàìè÷åñêîé áàëàíñè-
ðîâêå íàãðóçêè. Ïðîèçâåäåíî òåñòèðîâàíèå àëãîðèòìà, ïîêàçûâàþùåå åãî ïðåèìóùåñòâî íàä
äðóãèìè àëãîðèòìàìè ðàñïðåäåëåíèÿ äàííûõ â ñèñòåìå LuNA.

Êëþ÷åâûå ñëîâà: ðàñïðåäåëåííûé àëãîðèòì, ðàñïðåäåëåíèå äàííûõ, äèíàìè÷åñêàÿ áà-
ëàíñèðîâêà íàãðóçêè, òåõíîëîãèÿ ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ, ñèñòåìà ôðàãìåí-
òèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA.

Ââåäåíèå. Â íàñòîÿùåå âðåìÿ íàáëþäàåòñÿ øèðîêîå èñïîëüçîâàíèå êðóïíîìàñøòàá-
íûõ ÷èñëåííûõ ìîäåëåé, îñîáåííî â íàóêå. Äëÿ äîñòèæåíèÿ õîðîøåé ïðîèçâîäèòåëüíîñòè
è ìàñøòàáèðóåìîñòè ïàðàëëåëüíûõ ïðîãðàìì ÷èñëåííîãî ìîäåëèðîâàíèÿ íà ðàñïðåäåëåí-
íûõ âû÷èñëèòåëüíûõ ñèñòåìàõ òðåáóþòñÿ ýôôåêòèâíûå ñòðàòåãèè ðàñïðåäåëåíèÿ ðåñóð-
ñîâ (äàííûõ) è äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè. Ââèäó çàòðàò íà ðåàëèçàöèþ òàêèõ
ñòðàòåãèé äëÿ êàæäîãî ïðèëîæåíèÿ ñëîæíîñòü ïðèêëàäíîãî ïàðàëëåëüíîãî ïðîãðàììè-
ðîâàíèÿ ñòàíîâèòñÿ ñîïîñòàâèìà ñî ñëîæíîñòüþ ñèñòåìíîãî ïàðàëëåëüíîãî ïðîãðàììèðî-
âàíèÿ. Äëÿ óïðîùåíèÿ ðàçðàáîòêè ïàðàëëåëüíûõ ïðîãðàìì ÷èñëåííîãî ìîäåëèðîâàíèÿ
ðàçðàáàòûâàåòñÿ ñèñòåìà ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA ([1�6]).

Ñèñòåìà LuNA àâòîìàòè÷åñêè êîíñòðóèðóåò ïàðàëëåëüíóþ ïðîãðàììó èç ýëåìåíòîâ
(ôðàãìåíòîâ) äàííûõ è âû÷èñëåíèé, êîòîðûå îïèñûâàþòñÿ ïðèêëàäíûì ïðîãðàììèñòîì.
Êàæäûé ôðàãìåíò âû÷èñëåíèé (ÔÂ) îïðåäåëÿåò íåçàâèñèìûé ïðîöåññ, âû÷èñëÿþùèé âû-
õîäíûå ôðàãìåíòû äàííûõ (ÔÄ) èç âõîäíûõ ôðàãìåíòîâ äàííûõ. Êàæäîìó ôðàãìåíòó
äàííûõ ïðèñâàèâàåòñÿ çíà÷åíèå òîëüêî îäèí ðàç, è êàæäûé ôðàãìåíò âû÷èñëåíèé èñ-
ïîëíÿåòñÿ òîëüêî îäèí ðàç. Ôðàãìåíòèðîâàííàÿ ñòðóêòóðà ïðîãðàììû ñîõðàíÿåòñÿ âî
âðåìÿ åå èñïîëíåíèÿ, ÷òî ïîçâîëÿåò íåçàâèñèìûì ôðàãìåíòàì âû÷èñëåíèé èñïîëíÿòüñÿ
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ïàðàëëåëüíî, à âñåì ôðàãìåíòàì (äàííûõ è âû÷èñëåíèé) � ìèãðèðîâàòü ìåæäó óçëàìè
ìóëüòèêîìïüþòåðà äëÿ îáåñïå÷åíèÿ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè.

Ýôôåêòèâíîñòü èñïîëíåíèÿ ôðàãìåíòèðîâàííîé ïðîãðàììû çíà÷èòåëüíî çàâèñèò îò
êà÷åñòâà ðàñïðåäåëåíèÿ ðåñóðñîâ, ò. å. äàííûõ è âû÷èñëåíèé. Â ñòàòüå îïèñûâàåòñÿ ðàñ-
ïðåäåëåííûé àëãîðèòì ñ ëîêàëüíûìè âçàèìîäåéñòâèÿìè Patch, ïðåäíàçíà÷åííûé äëÿ ðàñ-
ïðåäåëåíèÿ ðåñóðñîâ â ñèñòåìå LuNA è îïòèìèçèðîâàííûé äëÿ ñëó÷àÿ ðàñïðåäåëåíèÿ ìíî-
ãîìåðíûõ ñåòîê äàííûõ íà ìíîãîìåðíîé ðåøåòêå âû÷èñëèòåëüíûõ óçëîâ.

1. Îáçîð. Ñóùåñòâóåò ìíîãî àëãîðèòìîâ äåêîìïîçèöèè äàííûõ è äèíàìè÷åñêîé áà-
ëàíñèðîâêè íàãðóçêè. Îäèí èç ñïîñîáîâ äåêîìïîçèöèè äàííûõ �

”
ïëèòî÷íûå“ ìàññèâû

([7�10]). Ìàññèâ äàííûõ ñíà÷àëà ðàçáèâàåòñÿ íà ïðÿìîóãîëüíûå áëîêè (
”
ïëèòêè“), çàòåì

ýòè áëîêè ðàñïðåäåëÿþòñÿ ïî óçëàì ìóëüòèêîìïüþòåðà. Ðàçáèåíèå íà ïëèòêè ìîæåò áûòü
èåðàðõè÷åñêèì, êàê ïîêàçàíî, íàïðèìåð, â ðàáîòàõ [7] è [9]. Ðàçìåð è ðàñïîëîæåíèå ïëè-
òîê îòíîñèòåëüíî äðóã äðóãà ìîãóò áûòü êàê ðåãóëÿðíûìè, òàê è ïðîèçâîëüíûìè (ñì.
[10]). Ðàçáèåíèå íà ïëèòêè ìîæåò ïðîèçâîäèòüñÿ àâòîìàòè÷åñêè èëè êîíòðîëèðîâàòüñÿ
ïîëüçîâàòåëåì ([8]). Îãðàíè÷åíèåì

”
ïëèòî÷íîãî“ ïîäõîäà ÿâëÿåòñÿ ïðÿìîóãîëüíàÿ ôîðìà

ïëèòîê, ÷òî â íåêîòîðûõ ñëó÷àÿõ ìîæåò ïîìåøàòü îñóùåñòâèòü ñáàëàíñèðîâàííîå ðàç-
áèåíèå äàííûõ íà ïëèòêè. Äðóãèì îãðàíè÷åíèåì ÿâëÿåòñÿ ïðåäïîëàãàåìàÿ ñòàòè÷íîñòü
ðàçáèåíèÿ, ÷òî ïîäðàçóìåâàåò íåâîçìîæíîñòü åãî äèíàìè÷åñêîãî èçìåíåíèÿ, â ò. ÷. ðàñ-
ïðåäåëåííûì ñïîñîáîì.

Ðàçëè÷íûå ìåòîäû äåêîìïîçèöèè ðàñ÷åòíîé îáëàñòè øèðîêî èñïîëüçóþòñÿ â âû÷èñëè-
òåëüíûõ ìåòîäàõ, íàïðèìåð, â ïðèëîæåíèÿõ ìîëåêóëÿðíîé äèíàìèêè, ñèìóëÿöèÿõ ÷àñòèö
è ò. ï. ([11�15]). Â ñòàòüÿõ [11] è [13] ðàñ÷åòíàÿ îáëàñòü � ïîëå ÷àñòèö � ðàçáèâàåòñÿ íà
äîìåíû ïóòåì ïîìåùåíèÿ ñïåöèàëüíûõ âíóòðåííèõ âåðøèí âíóòðü îáëàñòè äëÿ ñîçäàíèÿ
ñåòêè äîìåíîâ; êàæäûé äîìåí èçíà÷àëüíî èìååò ïðÿìîóãîëüíóþ ôîðìó è ðàñïðåäåëÿåòñÿ
íà îòäåëüíûé óçåë ìóëüòèêîìïüþòåðà. Äëÿ îñóùåñòâëåíèÿ äèíàìè÷åñêîé áàëàíñèðîâêè
íàãðóçêè âíóòðåííèå âåðøèíû ìîãóò èçìåíÿòü ñâîå ïîëîæåíèå, â ñâîþ î÷åðåäü èçìåíÿÿ
ôîðìó äîìåíà, êîëè÷åñòâî ÷àñòèö â äîìåíå è íàãðóçêó ñîîòâåòñòâóþùåãî óçëà ìóëüòè-
êîìïüþòåðà. Áàëàíñèðîâêà ìîæåò ïðîõîäèòü ðàñïðåäåëåííûì ñïîñîáîì, ãäå êàæäûé óçåë
âçàèìîäåéñòâóåò òîëüêî ñî ñâîèìè ñîñåäíèìè óçëàìè è èõ äîìåíàìè. Òåì íå ìåíåå, äëÿ
ñìåùåíèÿ îäíîé âíóòðåííåé âåðøèíû òðåáóþòñÿ êîììóíèêàöèè ìåæäó ðàçäåëÿþùèìè åå
8-þ ñîñåäíèìè óçëàìè (â òðåõìåðíîì ñëó÷àå). Äîïîëíèòåëüíûì îãðàíè÷åíèåì ÿâëÿåòñÿ
òðåáîâàíèå âûïóêëîé ôîðìû äîìåíîâ.

Â ñòàòüå [14] èñïîëüçóåòñÿ àëãîðèòì ðåêóðñèâíîé îðòîãîíàëüíîé áèñåêöèè. Ðàñ÷åòíàÿ
îáëàñòü ðåêóðñèâíî äåëèòñÿ ïëîñêîñòÿìè áèñåêöèè íà äîìåíû, êîòîðûå çàòåì ðàñïðåäå-
ëÿþòñÿ íà âû÷èñëèòåëüíûå óçëû. Äëÿ áàëàíñèðîâêè íàãðóçêè ïëîñêîñòè áèñåêöèè ñìå-
ùàþòñÿ äëÿ èçìåíåíèÿ ðàçìåðîâ äîìåíîâ. Íåäîñòàòêîì ÿâëÿåòñÿ òî, ÷òî ñäâèã ïëîñêîñòåé
áèñåêöèè ìîæåò ïîòðåáîâàòü îáõîäà âñåãî äåðåâà áèñåêöèè äëÿ èçìåíåíèÿ èíôîðìàöèè î
äîìåíàõ è ïðèâåñòè ê êîììóíèêàöèÿì ìåæäó íåîãðàíè÷åííûì ÷èñëî óçëîâ.

Â ñòàòüå [12] äîìåíû ñîñòîÿò èç ÿ÷ååê Âîðîíîâà. ß÷åéêè íà ãðàíèöàõ äîìåíîâ ìîãóò
ìèãðèðîâàòü ìåæäó äîìåíàìè äëÿ èçìåíåíèÿ èõ ôîðìû è äîñòèæåíèÿ áàëàíñà íàãðóçêè.
Â [15] àíàëîãè÷íûì ñïîñîáîì èñïîëüçóþòñÿ îáû÷íûå ïðÿìîóãîëüíûå ÿ÷åéêè. Äëÿ òîãî,
÷òîáû êàæäûé óçåë âçàèìîäåéñòâîâàë òîëüêî ñ îïðåäåëåííîé ãðóïïîé ñîñåäíèõ óçëîâ,
íåêîòîðûå êëåòêè îáîçíà÷àþòñÿ êàê ïîñòîÿííûå è íå ìîãóò ïîêèäàòü ñâîé äîìåí.

Áîëüøèíñòâî àëãîðèòìîâ ðàñïðåäåëåíèÿ äàííûõ è äèíàìè÷åñêîé áàëàíñèðîâêè íà-
ãðóçêè, ïðèâåäåííûõ â âûøåîïèñàííûõ ðàáîòàõ, íàöåëåíû íà ðàáîòó â îïðåäåëåííûõ çàäà-
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÷àõ (íàïðèìåð, ìåòîäû ìîëåêóëÿðíîé äèíàìèêè è ò. ä.) è ìîãóò ïîòðåáîâàòü ñóùåñòâåííîé
ïåðåðàáîòêè äëÿ èõ àäàïòàöèè ê áîëåå øèðîêîìó êðóãó çàäà÷.

Ìîæíî çàêëþ÷èòü, ÷òî îñíîâíûìè ÷åðòàìè, êîòîðûå ìîæíî òðåáîâàòü îò àëãîðèòìîâ
ðàñïðåäåëåíèÿ äàííûõ è áàëàíñèðîâêè íàãðóçêè, ÿâëÿþòñÿ ðàñïðåäåëåííîñòü, èñïîëüçîâà-
íèå ëîêàëüíûõ êîììóíèêàöèé, ïðèìåíèìîñòü êî ìíîãèì êëàññàì âû÷èñëèòåëüíûõ çàäà÷.

2. Ðàñïðåäåëåííûå àëãîðèòìû ðàñïðåäåëåíèÿ äàííûõ. Èçíà÷àëüíî äëÿ ðàñïðå-
äåëåíèÿ äàííûõ è äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè â ñèñòåìå LuNA áûë ðàçðàáîòàí
àëãîðèòì Rope ([1, 2]). Àëãîðèòì Rope â îáùåì ñëó÷àå ïîääåðæèâàë ðàñïðåäåëåíèå ïðî-
èçâîëüíûõ ñòðóêòóð äàííûõ íà âû÷èñëèòåëüíîé ñåòè ñ ïðîèçâîëüíîé òîïîëîãèåé. Òåì íå
ìåíåå, îí èìåë íåêîòîðûå íåäîñòàòêè ïðè ðàñïðåäåëåíèè ìíîãîìåðíûõ ñòðóêòóð äàííûõ,
äëÿ èñïðàâëåíèÿ êîòîðûõ áûë ðàçðàáîòàí àëãîðèòì Patch. Â äàëüíåéøèõ ðàçäåëàõ ïðåä-
ñòàâëåíû îïèñàíèå àëãîðèòìà Patch è åãî ñðàâíåíèå ñ àëãîðèòìîì Rope.

2.1. Âñïîìîãàòåëüíûå îïðåäåëåíèÿ. ×èñëåííûå ìåòîäû çà÷àñòóþ îïåðèðóþò ñ ìíîãî-
ìåðíûìè ñåòêàìè äàííûõ (ìåòîä ÷àñòèö-â-ÿ÷åéêàõ, èòåðàöèîííûå ìåòîäû ðåøåíèÿ äèô-
ôåðåíöèàëüíûõ óðàâíåíèé ñ ïîìîùüþ êîíå÷íî-ðàçíîñòíîé ñõåìû è ò. ä.). Ïðè äåêîìïîçè-
öèè ñåòêà ðàçáèâàåòñÿ íà áëîêè (ôðàãìåíòû), ïðåîáðàçóÿñü â ñåòêó ôðàãìåíòîâ äàííûõ.
Ôðàãìåíòû äàííûõ, ñìåæíûå â ñåòêå, áóäåì íàçûâàòü ñìåæíûìè. Äâà ôðàãìåíòà äàííûõ
áóäåì íàçûâàòü ñîñåäíèìè, åñëè îíè ó÷àñòâóþò â îäíîì è òîì æå ôðàãìåíòå âû÷èñëåíèé:
çíà÷åíèå îäíîãî ÔÄ âû÷èñëÿåòñÿ íà îñíîâå çíà÷åíèÿ äðóãîãî ÔÄ, ëèáî çíà÷åíèÿ îáîèõ
ÔÄ èñïîëüçóþòñÿ äëÿ âû÷èñëåíèÿ çíà÷åíèÿ òðåòüåãî ÔÄ.

Â ñèñòåìå LuNA êàæäûé ôðàãìåíò äàííûõ è âû÷èñëåíèé ðàñïðåäåëÿåòñÿ íà âû÷èñëè-
òåëüíûé óçåë ìóëüòèêîìïüþòåðà äèíàìè÷åñêè, ò. å. ïî õîäó èñïîëíåíèÿ ïðîãðàììû. Ò. ê.
ðàñïðåäåëåíèå ôðàãìåíòîâ äàííûõ ïî óçëàì íå ñòàòè÷åñêîå, à ìîæåò ìåíÿòüñÿ ñî âðåìåíåì
(íàïðèìåð, èç-çà äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè), òðåáóåòñÿ ñïîñîá äèíàìè÷åñêîãî
îïðåäåëåíèÿ òåêóùåãî ìåñòîïîëîæåíèÿ ôðàãìåíòîâ äàííûõ äëÿ âîçìîæíîñòè èõ çàïðîñà
ôðàãìåíòàìè âû÷èñëåíèé. Óçåë, íà êîòîðîì äîëæåí (íàïðèìåð, â ðåçóëüòàòå ïðèíÿòèÿ
ðåøåíèÿ ïî ðàñïðåäåëåíèþ) õðàíèòüñÿ ôðàãìåíò äàííûõ, áóäåì íàçûâàòü ðåçèäåíöèåé
ýòîãî ôðàãìåíòà äàííûõ. Åñëè âû÷èñëåíà ðåçèäåíöèÿ ôðàãìåíòà äàííûõ, òî ýòîò ôðàã-
ìåíò äàííûõ äîëæåí áûòü ñîçäàí íà ýòîì óçëå (ïåðåìåùåí íà íåãî) è õðàíèòüñÿ íà íåì,
à òàêæå ìîæåò áûòü çàïðîøåí (ñêîïèðîâàí) ñ íåãî ïðè íåîáõîäèìîñòè. Òàêèì îáðàçîì,
ïðîáëåìà ðàñïðåäåëåíèÿ è ïîèñêà ôðàãìåíòà äàííûõ ñâîäèòñÿ ê ïðîáëåìå îïðåäåëåíèÿ
åãî ðåçèäåíöèè ñ ëþáîãî óçëà.

2.2. Àëãîðèòì Rope. Äëÿ öåëåé ðàñïðåäåëåíèÿ ôðàãìåíòîâ äàííûõ àëãîðèòì Rope
èñïîëüçóåò îòîáðàæåíèå ñåòêè ôðàãìåíòîâ äàííûõ íà îäíîìåðíûé ÷èñëîâîé äèàïàçîí,
íàïðèìåð, ñ ïîìîùüþ ïðîñòðàíñòâåííîé êðèâîé Ãèëüáåðòà (ðèñ. 1), [16]). Êàæäûé ôðàã-
ìåíò äàííûõ ïîëó÷àåò ñâîþ (öåëî÷èñëåííóþ) êîîðäèíàòó â äèàïàçîíå. Îòîáðàæåíèå íà
äèàïàçîí äåëàåòñÿ òàêèì îáðàçîì, ÷òîáû ñîñåäíèå ôðàãìåíòû äàííûõ îòîáðàæàëèñü èëè
íà îäíó è òó æå êîîðäèíàòó, èëè íà áëèçêèå êîîðäèíàòû â äèàïàçîíå (èñïîëüçîâàíèå
êðèâîé Ãèëüáåðòà ïîçâîëÿåò îáåñïå÷èòü âûïîëíåíèå ýòîãî óñëîâèÿ â òîé èëè èíîé ìåðå).
Îòîáðàæåíèå ôèêñèðóåòñÿ ïåðåä íà÷àëîì èñïîëíåíèÿ ôðàãìåíòèðîâàííîé ïðîãðàììû è
â õîäå èñïîëíåíèÿ íå ìåíÿåòñÿ.

Äëÿ ðàñïðåäåëåíèÿ ôðàãìåíòîâ äàííûõ ïî óçëàì ìóëüòèêîìïüþòåðà äèàïàçîí ðàçáè-
âàåòñÿ íà ñåãìåíòû ïî ÷èñëó âû÷èñëèòåëüíûõ óçëîâ, êàæäûé óçåë ïîëó÷àåò ñâîé ñåãìåíò.
Ïðåäïîëàãàåòñÿ, ÷òî óçëû îáúåäèíåíû â ëèíåéíóþ òîïîëîãèþ, ÷òî ïîçâîëÿåò ïðîâåñòè
îòîáðàæåíèå ñåãìåíòîâ íà óçëû îäèí-â-îäèí. Ðåçèäåíöèåé ÔÄ ñòàíîâèòñÿ óçåë, ñåãìåí-
òó êîòîðîãî â äàííûé ìîìåíò ïðèíàäëåæèò êîîðäèíàòà ýòîãî ÔÄ. Òàêèì îáðàçîì, ïîèñê
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ðåçèäåíöèè êàæäîãî ÔÄ çàêëþ÷àåòñÿ â ïîèñêå óçëà ñ íóæíîé êîîðäèíàòîé. Òàê êàê êîîð-
äèíàòû óïîðÿäî÷åíû ïî óçëàì, ïîèñê ñåãìåíòà ìîæåò áûòü ïðîèçâåäåí ñ ïîìîùüþ ïðîõîäà
ïî ëèíåéêå óçëîâ, ñ èñïîëüçîâàíèåì òîëüêî ëîêàëüíûõ âçàèìîäåéñòâèé ìåæäó âû÷èñëè-
òåëüíûìè óçëàìè.

Îòîáðàæåíèå ñîñåäíèõ ÔÄ íà îäíó è òó æå èëè áëèçêèå êîîðäèíàòû ïîçâîëÿåò îáåñ-
ïå÷èòü èõ ðàñïðåäåëåíèå íà îäèí è òîò æå èëè áëèçêèå â òîïîëîãèè óçëû, òàêèì îáðàçîì
äîáèâàÿñü ëîêàëüíîñòè êîììóíèêàöèé. Ïîäðîáíåå ïðî àëãîðèòì Rope ñì. â [1, 2].

2.3. Àëãîðèòì Patch. Èç-çà îòîáðàæåíèÿ ôðàãìåíòîâ äàííûõ íà îäíîìåðíûé äèàïàçîí
àëãîðèòì Rope íå ïîçâîëÿåò ïîëíîñòüþ ñîõðàíÿòü ñîñåäñòâî ôðàãìåíòîâ äàííûõ ïî âñåì
èçìåðåíèÿì äëÿ ìíîãîìåðíûõ ñåòîê ôðàãìåíòîâ äàííûõ: íåêîòîðûå ñîñåäíèå ôðàãìåíòû
äàííûõ áóäóò îòîáðàæåíû íà äàëåêî îòñòîÿùèå äðóã îò äðóãà êîîðäèíàòû è, ñëåäîâà-
òåëüíî, ðàñïðåäåëåíû íà äàëåêî îòñòîÿùèå äðóã îò äðóãà â ëèíåéíîé òîïîëîãèè óçëû.
Äëÿ óñòðàíåíèÿ ýòîãî íåäîñòàòêà òðåáóåòñÿ îòîáðàæåíèå íà ìíîãîìåðíóþ îáëàñòü êîîð-
äèíàò, êîòîðàÿ ïîçâîëèò ó÷èòûâàòü ñîñåäñòâî ôðàãìåíòîâ äàííûõ ïî ìíîãèì êîîðäèíàòàì
îäíîâðåìåííî. Â ñâîþ î÷åðåäü, ìíîãîìåðíàÿ îáëàñòü êîîðäèíàò äîëæíà îòîáðàæàòüñÿ íà
ìíîãîìåðíóþ ðåøåòêó âû÷èñëèòåëüíûõ óçëîâ, ðàçìåðíîñòüþ íå áîëüøåé ÷åì ñàìà îá-
ëàñòü. Òàêîå îòîáðàæåíèå áûëî ðåàëèçîâàíî â íîâîì àëãîðèòìå Patch.

Áûëî ðàññìîòðåíî íåñêîëüêî âàðèàíòîâ ïðåäñòàâëåíèÿ ìíîãîìåðíîé îáëàñòè êîîðäè-
íàò è ñïîñîáîâ åå äåêîìïîçèöèè íà äîìåíû: ââåäåíèå êîíòðîëüíûõ âåðøèí âíóòðè îáëàñòè,
ïëîñêîñòåé ðàçáèåíèÿ è ò. ä. Ó÷èòûâàëèñü ñëåäóþùèå êðèòåðèè:

� íåâîçìîæíîñòü îøèáîê îêðóãëåíèÿ ïðè âû÷èñëåíèè ïðèíàäëåæíîñòè êîîðäèíàòû
äîìåíó;

� âîçìîæíîñòü èçìåíåíèÿ ðàçìåðà è ôîðìû äîìåíà ïóòåì ëîêàëüíûõ âçàèìîäåéñòâèé
ñ ôèêñèðîâàííûì ÷èñëîì ñîñåäíèõ óçëîâ è èõ äîìåíîâ, ò. å. áåç êîììóíèêàöèé ñî âñåìè
óçëàìè, âûäåëåííûì öåíòðàëüíûì óçëîì èëè áîëüøîé ãðóïïîé óçëîâ.

Ñ ó÷åòîì ýòèõ òðåáîâàíèé áûë âûáðàí ñëåäóþùèé ïîäõîä: îáëàñòü ïðåäñòàâëÿåòñÿ â
âèäå ðåãóëÿðíîé äåêàðòîâîé ñåòêè ÿ÷ååê, êàæäàÿ ÿ÷åéêà èìååò ñâîþ n-ìåðíóþ öåëî÷èñ-
ëåííóþ êîîðäèíàòó. Ôðàãìåíòû äàííûõ îòîáðàæàþòñÿ íà ÿ÷åéêè. Ñîñåäíèå ôðàãìåíòû
äàííûõ îòîáðàæàþòñÿ íà îäíó è òó æå èëè ñìåæíûå ÿ÷åéêè. Ïðåäïîëàãàÿ, ÷òî âû÷èñ-
ëèòåëüíûå óçëû îáúåäèíåíû â òîïîëîãèþ

”
ðåøåòêà“, ñåòêà ÿ÷ååê ðàçáèâàåòñÿ íà äîìåíû

ÿ÷ååê, ïî îäíîìó äîìåíó íà óçåë (ðèñ. 2), [16]. Êàæäûé äîìåí � ñâÿçíàÿ ãðóïïà ÿ÷ååê.
Èçíà÷àëüíî äîìåíû èìåþò ôîðìó ïàðàëëåëåïèïåäîâ, íî â äàëüíåéøåì ìîãóò ïðèíèìàòü
ëþáóþ ôîðìó.

Ðåçèäåíöèåé ÔÄ ÿâëÿåòñÿ óçåë, êîòîðîìó â äàííûé ìîìåíò ïðèíàäëåæèò ÿ÷åéêà ýòî-
ãî ÔÄ. Äëÿ âîçìîæíîñòè ïîèñêà ðåçèäåíöèè ôðàãìåíòà äàííûõ ñ êàæäîãî óçëà êàæäàÿ
ÿ÷åéêà õðàíèò òåêóùåå ìåñòîïîëîæåíèå âñåõ ñìåæíûõ ñ íåé ÿ÷ååê � íîìåð óçëà, íà êî-
òîðîì â äàííûé ìîìåíò íàõîäÿòñÿ ñìåæíûå ÿ÷åéêè. Èñïîëüçóÿ ýòó èíôîðìàöèþ î ñìåæ-
íîñòè, âîçìîæíî îïðåäåëèòü ðåçèäåíöèþ ëþáîãî ôðàãìåíòà äàííûõ, íà÷èíàÿ ñ ëþáîãî
óçëà, çà êîíå÷íîå ÷èñëî øàãîâ. Äëÿ îïðåäåëåíèÿ ðåçèäåíöèè ñíà÷àëà âû÷èñëÿåòñÿ êîîð-
äèíàòà ÿ÷åéêè, íà êîòîðóþ îòîáðàæåí èñêîìûé ôðàãìåíò äàííûõ. Ââèäó íåèçìåííîñòè
îòîáðàæåíèÿ ôðàãìåíòîâ äàííûõ íà ÿ÷åéêè, ýòà êîîðäèíàòà � êîíñòàíòà. Çàòåì ïðîâå-
ðÿåòñÿ, ñîäåðæèò ëè òåêóùèé óçåë ÿ÷åéêó ñ íóæíîé êîîðäèíàòîé. Åñëè ÿ÷åéêà íàéäåíà,
ïîèñê ðåçèäåíöèè çàâåðøåí. Èíà÷å, ó÷èòûâàÿ, ÷òî êîîðäèíàòû óïîðÿäî÷åíû, ñ ïîìîùüþ
èíôîðìàöèè î ñìåæíîñòè ìîæíî îïðåäåëèòü ñîñåäíèé óçåë â íàïðàâëåíèè èñêîìîé ÿ÷åéêè
è ïðîäîëæèòü ïîèñê ñ ýòîãî ñîñåäíåãî óçëà.
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Ðèñ. 1. Ðàñïðåäåëåíèå äàííûõ ïî âû÷èñëèòåëüíûì óçëàì â àëãîðèòìå Rope ñ ïîìîùüþ êðèâîé

Ãèëüáåðòà, èçíà÷àëüíîå (ñëåâà) è ïîñëå âîçìîæíîé áàëàíñèðîâêè íàãðóçêè (ñïðàâà). Ðàçíûå öâåòà

îáîçíà÷àþò ðàçíûå âû÷èñëèòåëüíûå óçëû

Äëÿ îáåñïå÷åíèÿ êîððåêòíîñòè ðàñïðåäåëåíèÿ è ïîèñêà ôðàãìåíòîâ äàííûõ äîëæíû
ïîääåðæèâàòüñÿ ñëåäóþùèå îãðàíè÷åíèÿ:

� íå äîïóñêàåòñÿ ïóñòûõ äîìåíîâ (íå ñîäåðæàùèõ íè îäíîé ÿ÷åéêè);
� äîìåí êàæäîãî âû÷èñëèòåëüíîãî óçëà äîëæåí áûòü ñìåæåí (èìåòü ñìåæíûå ÿ÷åéêè)

ñ äîìåíàìè ñîñåäíèõ ñ íèì â òîïîëîãèè âû÷èñëèòåëüíûõ óçëîâ.
Ñòîèò îòìåòèòü ñëåäóþùèå ïðåèìóùåñòâà àëãîðèòìà Patch ïî ñðàâíåíèþ ñ àëãîðèòìîì

Rope:
� ñîõðàíåíèå îòíîøåíèÿ ñîñåäñòâà ôðàãìåíòîâ äàííûõ ïî âñåì èçìåðåíèÿì: ñîñåäíèå

ôðàãìåíòû äàííûõ íàõîäÿòñÿ èëè íà îäíîì è òîì æå, èëè ñîñåäíèõ óçëàõ, ÷òî ïðèâîäèò
ê ñîêðàùåíèþ îáúåìà è äëèíû êîììóíèêàöèé;

� õîðîøî ïîäõîäèò äëÿ âû÷èñëèòåëüíûõ ñèñòåì ñ ðåàëüíîé òîïîëîãèåé
”
ðåøåòêà“;

� âðåìÿ ðàñïðåäåëåíèÿ èëè ïîèñêà ôðàãìåíòà äàííûõ â õóäøåì ñëó÷àå ïðîïîðöèî-
íàëüíî äèàìåòðó òîïîëîãèè âû÷èñëèòåëüíîé ñåòè, â òî âðåìÿ êàê ó Rope îíî ïðîïîðöèî-
íàëüíî ÷èñëó âñåõ óçëîâ.

2.4. Äèíàìè÷åñêàÿ áàëàíñèðîâêà íàãðóçêè â àëãîðèòìe Patch. Äëÿ äèíàìè÷åñêîé áà-
ëàíñèðîâêè íàãðóçêè â àëãîðèòìå Patch, êàê è â àëãîðèòìå Rope, èñïîëüçóåòñÿ ïðèíöèï
äèôôóçèè. Âñå âû÷èñëèòåëüíûå óçëû ìóëüòèêîìïüþòåðà ðàçáèâàþòñÿ íà ïåðåêðûâàþùè-
åñÿ ãðóïïû, êàæäàÿ ãðóïïà ñîñòîèò èç öåíòðàëüíîãî óçëà ãðóïïû è âñåõ ñìåæíûõ ñ íèì
óçëîâ â òîïîëîãèè. Öåíòðàëüíûé óçåë êàæäîé ãðóïïû îäíîâðåìåííî ìîæåò áûòü ñìåæíûì
óçëîì â äðóãèõ ãðóïïàõ, ÷òî îáåñïå÷èâàåò âçàèìîäåéñòâèå ìåæäó ãðóïïàìè è ïîçâîëÿåò
ïåðåäàâàòü íàãðóçêó ÷åðåç âñå ìíîæåñòâî óçëîâ, î ÷åì áóäåò ñêàçàíî äàëåå. Äëÿ êàæäîãî
óçëà ðàññ÷èòûâàåòñÿ çíà÷åíèå åãî íàãðóçêè. Â àëãîðèòìå Rope íàãðóçêà ðàññ÷èòûâàåòñÿ
äëÿ êàæäîé êîîðäèíàòû èç ñåãìåíòà íà óçëå, â Patch � äëÿ êàæäîé ÿ÷åéêè èç äîìåíà íà
óçëå. Çíà÷åíèå íàãðóçêè êàæäîãî óçëà ðàâíî ñóììå çíà÷åíèé íàãðóçêè åãî êîîðäèíàò/ÿ÷å-
åê. Äëÿ ðàñ÷åòà çíà÷åíèÿ íàãðóçêè êîîðäèíàòû/ÿ÷åéêè ìîãóò èñïîëüçîâàòüñÿ ðàçëè÷íûå
ôîðìóëû è êðèòåðèè, íàïðèìåð, ñóììàðíûé òåêóùèé îáúåì ôðàãìåíòîâ äàííûõ íà óçëå,
îòîáðàæåííûõ íà ýòó êîîðäèíàòó/ÿ÷åéêó. Ñîñåäíèå óçëû îáìåíèâàþòñÿ çíà÷åíèÿìè ñâîåé
íàãðóçêè, òàê ÷òî êàæäîìó óçëó èçâåñòíû çíà÷åíèÿ åãî íàãðóçêè è íàãðóçêè åãî ñîñåäåé
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Ðèñ. 2. Ðàñïðåäåëåíèå äàííûõ (ÿ÷ååê) ïî âû÷èñëèòåëüíûì óçëàì â àëãîðèòìå Patch, èçíà÷àëüíîå (ñëåâà)

è ïîñëå âîçìîæíîé áàëàíñèðîâêè íàãðóçêè (ñïðàâà). Ðàçíûå öâåòà îáîçíà÷àþò ðàçíûå âû÷èñëèòåëüíûå

óçëû

â ãðóïïå. Óçåë ñ÷èòàåòñÿ ïåðåãðóæåííûì, åñëè çíà÷åíèå åãî íàãðóçêè áîëüøå çíà÷åíèÿ
ñðåäíåé íàãðóçêè â ãðóïïå (ñ ó÷åòîì íåêîòîðîãî ïîðîãà äèñáàëàíñà), è íåäîãðóæåííûì,
åñëè ìåíüøå. Åñëè öåíòðàëüíûé óçåë ãðóïïû ïåðåãðóæåí, îí äîëæåí ïåðåäàòü ñâîþ èç-
áûòî÷íóþ íàãðóçêó íåäîãðóæåííûì óçëàì â ãðóïïå.

Ïåðåäà÷à íàãðóçêè ïðîèçâîäèòñÿ ïóòåì ïåðåðàñïðåäåëåíèÿ êîîðäèíàò ìåæäó ñåãìåíòà-
ìè/äîìåíàìè. Â àëãîðèòìå Rope äëÿ èçìåíåíèÿ ñåãìåíòîâ èñïîëüçîâàëñÿ ñäâèã ãðàíèöû
ìåæäó ñìåæíûìè ñåãìåíòàìè. Â àëãîðèòìå Patch èñïîëüçóåòñÿ ìèãðàöèÿ ÿ÷ååê ìåæäó
ñìåæíûìè äîìåíàìè, ñ ïåðåãðóæåííîãî óçëà íà íåäîãðóæåííûé. Äëÿ ìèãðàöèè âûáèðà-
åòñÿ ãðóïïà ÿ÷ååê íà ãðàíèöå äîìåíîâ. Ïðè ìèãðàöèè ÿ÷ååê ïðîèñõîäèò èçìåíåíèå ôîðìû
äîìåíîâ. Ôðàãìåíòû, îòîáðàæåííûå íà ìèãðèðîâàâøèå ÿ÷åéêè, òàêæå ìèãðèðóþò íà íî-
âûé óçåë, ÷òî è ïðèâîäèò ê âûðàâíèâàíèþ íàãðóçêè ìåæäó óçëàìè. Ñòîèò îòìåòèòü, ÷òî
ïîðÿäîê êîîðäèíàò íå ìåíÿåòñÿ, ÷òî ïîçâîëÿåò ñîñåäíèì ôðàãìåíòàì äàííûõ îñòàâàòüñÿ
íà îäíîì èëè ñîñåäíèõ âû÷èñëèòåëüíûõ óçëàõ ïîñëå áàëàíñèðîâêè.

Ïðè âûáîðå ãðóïïû ÿ÷ååê äëÿ ìèãðàöèè äîëæíû ó÷èòûâàòüñÿ ñëåäóþùèå êðèòåðèè,
îáåñïå÷èâàþùåå äàëüíåéøåå ýôôåêòèâíîå ôóíêöèîíèðîâàíèå àëãîðèòìà:

� ñóììàðíàÿ âåëè÷èíà íàãðóçêè ãðóïïû ÿ÷ååê äîëæíà áûòü ïðèìåðíî ðàâíà âåëè÷èíå
íàãðóçêè, êîòîðóþ íóæíî îòäàòü íà íåäîãðóæåííûé óçåë;

� òàê êàê ïëîùàäü ãðàíèöû äîìåíà çà÷àñòóþ ïðîïîðöèîíàëüíà îáúåìó êîììóíèêàöèé
ñ ñîñåäíèìè óçëàìè, ýòà ïëîùàäü äîëæíà îñòàâàòüñÿ ìèíèìàëüíîé ïîñëå ìèãðàöèè ÿ÷ååê;

� ïîñëå ìèãðàöèè äîìåí äîëæåí ïðîäîëæàòü ïðåäñòàâëÿòü ñîáîé ñâÿçíóþ ãðóïïó ÿ÷ååê
è èìåòü ñìåæíûå ÿ÷åéêè ñ äîìåíàìè ñîñåäíèõ â òîïîëîãèè óçëîâ.

Æàäíûé àëãîðèòì èñïîëüçóåòñÿ äëÿ âûáîðà ÿ÷ååê äëÿ ìèãðàöèè, â öåëÿõ îïòèìèçàöèè
âðåìåíè ðàáîòû ýòîé ïðîöåäóðû. Ñíà÷àëà âûáèðàåòñÿ îäíà ñòàðòîâàÿ ÿ÷åéêà äëÿ ìèãðà-
öèè, çàòåì ê íåé ïî îäíîé äîáàâëÿþòñÿ ñìåæíûå ÿ÷åéêè, ïîêà íå áóäåò íàáðàíà íóæíàÿ
ãðóïïà ÿ÷ååê, ïðè ýòîì êîíòðîëèðóåòñÿ ñîáëþäåíèå âûøåîïèñàííûõ êðèòåðèåâ.

Ðàñïðåäåëåííàÿ ïðèðîäà àëãîðèòìà äîçâîëÿåò ïàðàëëåëüíîå îñóùåñòâëåíèå ìíîãèõ
ìèãðàöèé ÿ÷ååê ìåæäó ðàçíûìè óçëàìè. Äëÿ ñèíõðîíèçàöèè ïðèåìà è îòïðàâêè ÿ÷ååê
ìåæäó óçëàìè èñïîëüçóåòñÿ ìåõàíèçì òðàíçàêöèé. Êàæäàÿ òðàíçàêöèÿ çàêëþ÷àåò â ñå-
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áÿ ïåðåñûëêó îäíîé ãðóïïû ÿ÷ååê îò îäíîãî óçëà äðóãîìó. Â êàæäûé ìîìåíò âðåìåíè
êàæäûé óçåë ìîæåò âûïîëíÿòü òîëüêî îäíó òðàíçàêöèþ (ïðèåì èëè îòïðàâêà ÿ÷ååê), ïðè
ýòîì âûïîëíåíèå äðóãèõ òðàíçàêöèé îò äðóãèõ óçëîâ ïðèîñòàíàâëèâàåòñÿ. Äëÿ îïðåäå-
ëåíèÿ ïîðÿäêà èñïîëíåíèÿ òðàíçàêöèé è ïðåäîòâðàùåíèÿ âçàèìíûõ áëîêèðîâîê, êàæäîé
òðàíçàêöèè íàçíà÷àåòñÿ ñëó÷àéíûé ïðèîðèòåò; êàæäûé óçåë âûïîëíÿåò òðàíçàêöèè â ïî-
ðÿäêå óáûâàíèÿ èõ ïðèîðèòåòà. Òàê êàê ìèãðàöèÿ ÿ÷ååê ìîæåò ïîòðåáîâàòü èçìåíåíèå
èíôîðìàöèè î ñìåæíîñòè â ÿ÷åéêàõ íà íåñêîëüêèõ óçëàõ (íå òîëüêî ó÷àñòâóþùèõ íåïî-
ñðåäñòâåííî â ïðèåìå è îòïðàâêå ÿ÷ååê), äîìåíû êîòîðûõ ñìåæíû ñ èçìåíÿåìûì äîìåíîì,
òàêèì óçëàì îòïðàâëÿþòñÿ ñîîáùåíèÿ äëÿ ïîääåðæàíèÿ êîððåêòíîñòè ýòîé èíôîðìàöèè.

Îïèñàííûé àëãîðèòì áàëàíñèðîâêè ÿâëÿåòñÿ ðàñïðåäåëåííûì, ïàðàëëåëüíûì è ìàñ-
øòàáèðóåìûì íà áîëüøîå ÷èñëî âû÷èñëèòåëüíûõ óçëîâ, ò. ê. êàæäûé óçåë âçàèìîäåéñòâó-
åò òîëüêî ñ êîíå÷íûì ÷èñëîì ñîñåäíèõ â òîïîëîãèè óçëîâ. Èçìåíÿÿ, àâòîìàòè÷åñêè èëè
âðó÷íóþ, òàêèå ïàðàìåòðû àëãîðèòìà êàê ÷àñòîòà âûçîâà áàëàíñèðîâêè, ïîðîã áàëàíñè-
ðîâêè, âåëè÷èíà ïåðåäàâàåìîé íàãðóçêè è ò. ä., ìîæíî ðåãóëèðîâàòü ñêîðîñòü ñõîæäåíèÿ
âñåõ óçëîâ ê ñáàëàíñèðîâàííîìó ñîñòîÿíèþ, íèâåëèðóÿ âîçìîæíûé íåäîñòàòîê

”
äèôôó-

çèè“ â âèäå ìåäëåííîãî ñõîæäåíèÿ ê ãëîáàëüíîìó áàëàíñó èç-çà èñïîëüçîâàíèÿ òîëüêî
ëîêàëüíûõ êîììóíèêàöèé.

3. Òåñòû. Äëÿ ñðàâíåíèÿ àëãîðèòìîâ Patch è Rope èñïîëüçîâàëàñü ôðàãìåíòèðîâàí-
íàÿ ðåàëèçàöèÿ ðåøåíèÿ óðàâíåíèÿ Ïóàññîíà â òðåõìåðíîé îáëàñòè ñ ïîìîùüþ ÿâíîé
êîíå÷íî-ðàçíîñòíîé ñõåìû. Òåñòèðîâàíèå ïðîâîäèëîñü íà êëàñòåðå ñ äâóìÿ ïðîöåññîðàìè
Intel Xeon E5-2690 íà óçëå è êîììóíèêàöèîííîé ñåòüþ In�niband FDR. Èñïîëüçîâàëèñü
êîìïèëÿòîð C++ GCC 5.3 è áèáëèîòåêà MPI MPICH 3.2.

3.1. Ðåçóëüòàòû òåñòîâ. Äëÿ òåñòèðîâàíèÿ â çàäà÷å èñïîëüçîâàëàñü ðåãóëÿðíàÿ ñåòêà
ðàçìåðîì 5123, ðàçáèòàÿ íà 322 ôðàãìåíòà äàííûõ ïî äâóì êîîðäèíàòàì. Äî 256 ïðîöåññîâ
èñïîëüçîâàëîñü äëÿ çàïóñêà. Êîíôèãóðàöèÿ êëàñòåðà ïîçâîëÿëà ïîìåñòèòü äî 4-õ ïðîöåñ-
ñîâ íà îäèí âû÷èñëèòåëüíûé óçåë. Äëÿ àëãîðèòìà Rope ïðîöåññû áûëè îáúåäèíåíû â
òîïîëîãèþ

”
îäíîìåðíàÿ ðåøåòêà“, äëÿ Patch � â òîïîëîãèþ

”
äâóìåðíàÿ ðåøåòêà“.

Îòñëåæèâàëèñü ñëåäóþùèå õàðàêòåðèñòèêè èñïîëíåíèÿ ïðîãðàììû: ñðåäíÿÿ äèñòàí-
öèÿ ïåðåñûëêè ôðàãìåíòà äàííûõ (AvgSD, ïðîöåññû) è ñðåäíèé ñóììàðíûé îáúåì ïåðå-
äàííûõ ôðàãìåíòîâ äàííûõ (AvgSD, ìåãàáàéòû).

Òàáë. 1 ïîêàçûâàåò ðåçóëüòàòû äëÿ ñëó÷àÿ ðàâíîìåðíîé çàãðóçêè ïðîöåññîâ äàííûìè
è âû÷èñëåíèÿìè. Àëãîðèòì Patch îæèäàåìî ïîêàçûâàåò ìåíüøóþ ñðåäíþþ äèñòàíöèþ
ïåðåñûëêè, ÷åì Rope, ÷òî îáúÿñíÿþòñÿ ëó÷øèì ó÷åòîì ñîñåäñòâà ôðàãìåíòîâ äàííûõ â
Patch: êîììóíèêàöèè ïðîèñõîäÿò òîëüêî ìåæäó ñîñåäíèìè ïðîöåññàìè, ïîýòîìó äèñòàí-
öèÿ ïåðåñûëêè íèêîãäà íå ñòàíîâèòñÿ áîëüøå 1. Îäèíàêîâûé îáúåì ïåðåñûëàåìûõ äàííûõ
äëÿ Rope è Patch â ýòîì òåñòå îáúÿñíÿåòñÿ ðåãóëÿðíîñòüþ çàäà÷è, íî ñëåäóåò ó÷åñòü, ÷òî
â ñëó÷àå Rope òå æå äàííûå ïåðåñûëàþòñÿ íà áîëüøóþ äèñòàíöèþ, ÷åì â ñëó÷àå Patch,
÷òî ïðèâîäèò â èòîãå ê áîëüøèì çàòðàòàì íà êîììóíèêàöèè äëÿ Rope.

Äëÿ òåñòèðîâàíèÿ äèíàìè÷åñêîé áàëàíñèðîâêè íàãðóçêè áûë ñîçäàí èçíà÷àëüíûé äèñ-
áàëàíñ ïóòåì ðàñïðåäåëåíèÿ äàííûõ è âû÷èñëåíèé òîëüêî íà ïîëîâèíó ðàáîòàþùèõ ïðî-
öåññîâ. Öåëüþ áàëàíñèðîâêè áûëî äèíàìè÷åñêè ïåðåðàñïðåäåëèòü äàííûå è âû÷èñëåíèÿ
íà âñå ïðîöåññû äëÿ èõ ðàâíîìåðíîé çàãðóçêè. Ðåçóëüòàòû èñïîëíåíèÿ ïðîãðàììû ïîêà-
çàíû â òàáë. 2, à ãðàôèê íàãðóçêè � íà ðèñ. 3. Â äàííîì òåñòå Patch âûèãðûâàåò ó Rope
êàê ïî ñðåäíåé äèñòàíöèè ïåðåñûëêè, òàê è ïî ñðåäíåìó ñóììàðíîìó îáúåìó îòïðàâëåí-
íûõ äàííûõ, ÷òî îïÿòü æå îáúÿñíÿåòñÿ ëó÷øåé ëîêàëüíîñòüþ äàííûõ. Óìåíüøåíèå ñðåä-
íåé äèñòàíöèè ïåðåñûëêè è óâåëè÷åíèå îáúåìà îòïðàâëåííûõ äàííûõ, ïî ñðàâíåíèþ ñî
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Òàáëèöà 1

Ñåòêà 5123, 322 ôðàãìåíòîâ, ðàâíîìåðíîå ðàñïðåäåëåíèå

N 1 2 4 8 16 32 64 128 256

AvgSD, Rope 0 1,00 1,50 1,80 2,50 3,24 4,84 6,41 9,66
AvgSD, Patch 0 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
AvgSS, Rope 0 20,20 20,20 20,20 15,10 12,60 8,80 6,90 4,70
AvgSS, Patch 0 20,20 20,20 20,20 15,10 12,60 8,80 6,90 4,70

Òàáëèöà 2

Ñåòêà 5123, 322 ôðàãìåíòîâ, íåðàâíîìåðíîå ðàñïðåäåëåíèå

N 2 4 8 16 32 64 128 256

AvgSD, Rope 1,00 1,19 1,42 1,48 1,46 1,80 1,30 1,44
AvgSD, Patch 1,00 1,03 1,18 1,27 1,31 1,24 1,16 1,04
AvgSS, Rope 7787,60 6246,70 2821,60 1032,20 1192,60 598,00 566,90 392,00
AvgSS, Patch 9917,90 4955,90 2225,30 1226,20 714,60 444,10 193,80 91,80

à) á)

Ðèñ. 3. Äèíàìè÷åñêàÿ áàëàíñèðîâêà íàãðóçêè â àëãîðèòìàõ Rope (ñëåâà) è Patch (ñïðàâà). Íàãðóçêà

ðàçíûõ ïðîöåññîâ ïîêàçàíà ðàçíûì öâåòîì

ñëó÷àåì ðàâíîìåðíîãî ðàñïðåäåëåíèÿ, ñâÿçàíî ñ ó÷åòîì âêëàäà îò ìèãðàöèè ôðàãìåíòîâ
äàííûõ ïðè áàëàíñèðîâêå, êîòîðàÿ ïðîèñõîäèëà ìåæäó ñîñåäíèìè ïðîöåññàìè.

Ðèñ. 3 ïîêàçûâàåò ãðàôèê íàãðóçêè äëÿ 8-è ïðîöåññîâ â õîäå äèíàìè÷åñêîé áàëàíñè-
ðîâêè íàãðóçêè äëÿ àëãîðèòìîâ Rope è Patch. Íàãðóçêà óçëà èçìåðÿëàñü êàê òåêóùèé
îáúåì àêòèâíûõ äàííûõ íà óçëå. Â âèäó òîãî, ÷òî ÷èñëî îäíîâðåìåííî âçàèìîäåéñòâó-
þùèõ óçëîâ â àëãîðèòìå Patch áîëüøå, ÷åì â Rope, àëãîðèòìó Patch áûñòðåå óäàåòñÿ
ïðèâåñòè äàííûå ê ñáàëàíñèðîâàííîìó ñîñòîÿíèþ.
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Çàêëþ÷åíèå. Ïðåäëîæåí ðàñïðåäåëåííûé àëãîðèòì ñ ëîêàëüíûìè âçàèìîäåéñòâèÿìè
Patch äëÿ äèíàìè÷åñêîãî ðàñïðåäåëåíèÿ äàííûõ è áàëàíñèðîâêè íàãðóçêè â ñèñòåìå
ôðàãìåíòèðîâàííîãî ïðîãðàììèðîâàíèÿ LuNA. Ïðîâåäåíî ñðàâíèòåëüíîå òåñòèðîâàíèå
àëãîðèòìà íà ðåàëüíîé âû÷èñëèòåëüíîé çàäà÷å. Ïîêàçàíû ïðåèìóùåñòâà ðàçðàáîòàííîãî
àëãîðèòìà. Â íàïðàâëåíèÿ äàëüíåéøåé ðàáîòû âõîäÿò äàëüíåéøàÿ îïòèìèçàöèÿ è
òåñòèðîâàíèå àëãîðèòìà íà âû÷èñëèòåëüíûõ çàäà÷àõ ðàçíûõ êëàññîâ.
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Â.Ý. Ìàëûøêèí ïîëó-
÷èë ñòåïåíü ìàãèñòðà ìàòåìàòèêè â Òîìñêîì
ãîñóäàðñòâåííîì óíèâåðñèòåòå (1970), ñòåïåíü
êàíäèäàòà ôèçèêî-ìàòåìàòè÷åñêèõ íàóê â Âû-
÷èñëèòåëüíîì öåíòðå ÑÎ ÀÍ ÑÑÑÐ (1984), ñòå-
ïåíü äîêòîðà òåõíè÷åñêèõ íàóê â Íîâîñèáèð-
ñêîì ãîñóäàðñòâåííîì óíèâåðñèòåòå (1993). Â
íàñòîÿùåå âðåìÿ ÿâëÿåòñÿ çàâåäóþùèì ëàáîðà-
òîðèåé ñèíòåçà ïàðàëëåëüíûõ ïðîãðàìì â Èí-
ñòèòóòå âû÷èñëèòåëüíîé ìàòåìàòèêè è ìàòåìà-
òè÷åñêîé ãåîôèçèêè ÑÎ ÐÀÍ. Îí òàêæå îñíî-
âàë è â íàñòîÿùåå âðåìÿ âîçãëàâëÿåò êàôåäðó
Ïàðàëëåëüíûõ âû÷èñëåíèé â Íàöèîíàëüíîì èñ-
ñëåäîâàòåëüñêîì óíèâåðñèòåòå Íîâîñèáèðñêà è
êàôåäðó Ïàðàëëåëüíûõ âû÷èñëèòåëüíûõ òåõ-
íîëîãèé â ÍÃÒÓ. ßâëÿåòñÿ îäíèì èç îðãà-
íèçàòîðîâ ìåæäóíàðîäíîé êîíôåðåíöèè PaCT
(Parallel Computing Technologies), ïðîâîäèìîé
êàæäûé íå÷åòíûé ãîä â Ðîññèè. Èìååò áîëåå
110 ïóáëèêàöèé ïî ïàðàëëåëüíûì è ðàñïðåäå-
ëåííûì âû÷èñëåíèÿì, ñèíòåçó ïàðàëëåëüíûõ
ïðîãðàìì, ñóïåðêîìïüþòåðíîìó ïðîãðàììíîìó
îáåñïå÷åíèþ è ïðèëîæåíèÿì, ïàðàëëåëüíîé ðå-
àëèçàöèè êðóïíîìàñøòàáíûõ ÷èñëåííûõ ìîäå-
ëåé. 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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