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Î ÂÐÅÌÅÍÈ ÐÅÀËÈÇÀÖÈÈ ÐÀÑÏÐÅÄÅËÅÍÍÛÕ ÂÛ×ÈÑËÅÍÈÉ
ÏÐÈ ÎÃÐÀÍÈ×ÅÍÍÎÌ ×ÈÑËÅ ÊÎÏÈÉ ÏÐÎÃÐÀÌÌÍÎÃÎ ÐÅÑÓÐÑÀ

Ïàâëîâ  Ï.À.,
êàíäèäàò ôèçèêî-ìàòåìàòè÷åñêèõ íàóê, äîöåíò,

Ïîëåññêèé ãîñóäàðñòâåííûé óíèâåðñèòåò

Ïîâûøåíèå ïðîèçâîäèòåëüíîñòè âû÷èñëèòåëüíûõ ñèñòåì âñåãäà áûëî è îñòàåòñÿ àêòóàëüíîé
ïðîáëåìîé.  Íèêàêàÿ  âû÷èñëèòåëüíàÿ  ñèñòåìà  ïî  ñâîåé ìîùíîñòè íå  ìîæåò  ñðàâíèòüñÿ  ñ  òåìè
ñóììàðíûìè ðåñóðñàìè, êîòîðûå ñîñðåäîòî÷åíû â ëîêàëüíûõ è ãëîáàëüíûõ êîìïüþòåðíûõ ñåòÿõ.
Áûñòðîå ðàçâèòèå èíôîðìàöèîííî-êîììóíèêàöèîííûõ è ñåòåâûõ òåõíîëîãèé ïðèâåëî ê èíòåí-
ñèâíîìó èñïîëüçîâàíèþ ãåîãðàôè÷åñêè ðàñïðåäåëåííûõ âû÷èñëèòåëüíûõ ðåñóðñîâ è ñîçäàíèþ íà
èõ îñíîâå äèíàìè÷åñêè-ìàñøòàáèðóåìûõ âûñîêîïðîèçâîäèòåëüíûõ ðàñïðåäåëåííûõ âû÷èñëèòåëü-
íûõ ñèñòåì (ÐÂÑ).

Â ëèòåðàòóðå îòñóòñòâóåò êàíîíè÷åñêîå îïðåäåëåíèå ðàñïðåäåëåííîé âû÷èñëèòåëüíîé ñè-
ñòåìû. Íàïðèìåð, ïðîôåññîð Ýíäðþ Ñòþàðò Òàíåíáàóì (Andrew Stuart Tanenbaum) îïðåäåëÿåò
ðàñïðåäåëåííóþ ñèñòåìó êàê «�íàáîð íåçàâèñèìûõ êîìïüþòåðîâ, ïðåäñòàâëÿþùèõñÿ èõ ïîëüçî-
âàòåëÿì åäèíîé îáúåäèíåííîé ñèñòåìîé» (Ñòèí âàí, Òàíåíáàóì, 2021). Â êíèãå (Ðîáè, Çàìî-
ðà, 2022) ñêàçàíî, ÷òî «�ïîä ðàñïðåäåëåííîé ñèñòåìîé ìû ïîíèìàåì âñÿêóþ âû÷èñëèòåëü-
íóþ ñèñòåìó, â êîòîðîé íåñêîëüêî êîìïüþòåðîâ èëè ïðîöåññîðîâ, òàê èëè èíà÷å, âñòóïàþò âî
âçàèìîäåéñòâèå». Âåðîÿòíî, ìîæíî ñ÷èòàòü, ÷òî ðàñïðåäåëåííàÿ ñèñòåìà � ýòî ñèñòåìà, êîì-
ïîíåíòû êîòîðîé ðàñïîëîæåíû íà ðàçíûõ ñåòåâûõ êîìïüþòåðàõ, êîòîðûå îáìåíèâàþòñÿ äàí-
íûìè è êîîðäèíèðóþò ñâîè äåéñòâèÿ ïóòåì ïåðåäà÷è ñîîáùåíèé äðóã äðóãó (Áàáè÷åâ, Êîíü-



189

Î âðåìåíè ðåàëèçàöèè ðàñïðåäåëåííûõ âû÷èñëåíèé ïðè îãðàíè÷åííîì ÷èñëå êîïèé ...

êîâ, 2019). Ìîäåëüþ ðàñïðåäåëåííîé ñèñòåìû ìîæåò òàêæå áûòü íàáîð ïðîãðàììíûõ ñðåäñòâ,
ïðåäñòàâëÿþùèé ñîáîé ñîâîêóïíîñòü âçàèìîñâÿçàííûõ ïðîöåññîâ, âûïîëíÿåìûõ íà îäíîì è
òîì æå âû÷èñëèòåëüíîì óñòðîéñòâå (Êîñÿêîâ, 2014).

Èç ïðèâåäåííûõ îïðåäåëåíèé ñëåäóþò âàæíûå ñïåöèôè÷åñêèå îñîáåííîñòè ÐÂÑ: îòñóò-
ñòâèå îáùåé ïàìÿòè è íåîáõîäèìîñòü îáìåíà ñîîáùåíèÿìè ìåæäó ïðîãðàììíûìè êîìïîíåí-
òàìè äëÿ èõ âçàèìîäåéñòâèÿ è ñèíõðîíèçàöèè; îòñóòñòâèå åäèíîãî âðåìåíè, êîòîðîå õàðàêòå-
ðèçóåò òåððèòîðèàëüíîå ðàñïðåäåëåíèå êîìïîíåíòîâ ñèñòåìû; ãåîãðàôè÷åñêàÿ óäàëåííîñòü
êîìïîíåíòîâ ñèñòåìû, ÿâëÿþùàÿñÿ îòëè÷èòåëüíûì ïðèçíàêîì ðàñïðåäåëåííîñòè; àâòîíîì-
íîñòü è ãåòåðîãåííîñòü óçëîâ ñèñòåìû, ïîçâîëÿþùèå ñèñòåìå ëåãêî ìàñøòàáèðîâàòüñÿ; íà-
ëè÷èå ïàðàëëåëüíûõ ïðîöåññîâ, çà÷àñòóþ ðàçäåëÿþùèõ ðåñóðñû ñèñòåìû; íàëè÷èå ñâÿçóþùåãî
èëè ïðîìåæóòî÷íîãî ïðîãðàììíîãî ñëîÿ (middleware), îáúåäèíÿþùåãî âû÷èñëèòåëüíûå ðå-
ñóðñû â åäèíóþ öåëîñòíóþ ñèñòåìó.

Â íàñòîÿùåå âðåìÿ ñóùåñòâóþò ðàçëè÷íûå òèïû ðàñïðåäåëåííûõ âû÷èñëèòåëüíûõ ñèñòåì: âû-
÷èñëèòåëüíûå êëàñòåðû, ñèììåòðè÷íûå ìóëüòèïðîöåññîðû (SMP), ñèñòåìû ñ ðàñïðåäåëåííîé ðàç-
äåëÿåìîé ïàìÿòüþ (DSM), ìàññîâî-ïàðàëëåëüíûå ñèñòåìû (MPP) è ìóëüòèêîìïüþòåðû (Òîïîð-
êîâ, Åìåëüÿíîâ, 2018).

Ïðè ñîçäàíèè ÐÂÑ îñîáóþ àêòóàëüíîñòü ïðèîáðåòàþò çàäà÷è ïîñòðîåíèÿ è èññëåäîâàíèÿ ìà-
òåìàòè÷åñêèõ ìîäåëåé îðãàíèçàöèè âçàèìîäåéñòâèÿ ïðîöåññîâ, êîíêóðèðóþùèõ çà ïðîãðàììíûé
ðåñóðñ. Â ñâÿçè ñ ýòèì ïðåäñòàâëÿþò èíòåðåñ çàäà÷è ðàñïðåäåëåííûõ âû÷èñëåíèé, ñâÿçàííûå ñ
ïîëó÷åíèåì ìàòåìàòè÷åñêèõ ñîîòíîøåíèé, êîòîðûå ìîãóò èìåòü êàê ïðÿìîé, òàê è îáðàòíûé õà-
ðàêòåð. Ïðè ïîñòàíîâêå ïðÿìûõ çàäà÷ óñëîâèÿìè ÿâëÿþòñÿ çíà÷åíèÿ ïàðàìåòðîâ ðàñïðåäåëåííîé
âû÷èñëèòåëüíîé ñèñòåìû, à ðåøåíèåì � ìèíèìàëüíîå îáùåå âðåìÿ ðåàëèçàöèè çàäàííûõ îáúåìîâ
âû÷èñëåíèé. Ïîñòàíîâêà îáðàòíûõ çàäà÷ ñâîäèòñÿ ê ðàñ÷åòó õàðàêòåðèñòèê ðàñïðåäåëåííûõ ñèñ-
òåì, ïîèñêó êðèòåðèåâ ýôôåêòèâíîñòè è îïòèìàëüíîñòè îðãàíèçàöèè âûïîëíåíèÿ ìíîæåñòâà ðàñ-
ïðåäåëåííûõ êîíêóðèðóþùèõ âçàèìîäåéñòâóþùèõ ïðîöåññîâ. Êðîìå òîãî, ïðèíöèïû ðàñïðåäå-
ëåííîé îðãàíèçàöèè ïðîöåññîâ îòíîñÿòñÿ íå òîëüêî ê óíèâåðñàëüíûì ñïîñîáàì äîñòèæåíèÿ âûñî-
êîé ïðîèçâîäèòåëüíîñòè è íàäåæíîñòè âû÷èñëèòåëüíûõ ñðåäñòâ, îíè íîñÿò äîñòàòî÷íî îáùèé
õàðàêòåð è ïðèñóùè ïðîöåññàì ðàçëè÷íîé ïðèðîäû, ïðåæäå âñåãî ñèñòåìàì óïðàâëåíèÿ, îïåðàöè-
îííûì ñèñòåìàì, ñèñòåìàì àâòîìàòèçèðîâàííîãî ïðîåêòèðîâàíèÿ, ðàñïðåäåëåííûì ýíåðãåòè÷åñ-
êèì ñèñòåìàì è ò.ä. (Zaiets, Shtepa, Pavlov, 2019; Êàïëóí, Ïàâëîâ, Øòåïà, 2019; Êîâàëåíêî, Ïàâ-
ëîâ, 2023). Ïðè ïîñòðîåíèè è èññëåäîâàíèè ìàòåìàòè÷åñêèõ ìîäåëåé è çàäà÷ îïòèìàëüíîé îðãà-
íèçàöèè ðàñïðåäåëåííûõ ïðîöåññîâ øèðîêî ïðèìåíÿþòñÿ àïïàðàò òåîðèè ãðàôîâ, ëèíåéíûõ
äèàãðàìì Ãàíòà, òåîðèè ðàñïèñàíèé, êîìáèíàòîðíîé îïòèìèçàöèè, àëãåáðû ìàòðèö è äð. (Òàíàåâ,
Ñîòñêîâ, Ñòðóñåâè÷, 1989; Åìåëè÷åâ, Êîâàëåâ, Êðàâöîâ, 1981; Ëàçàðåâ, 2019).

Ñëó÷àé íàëè÷èÿ â îáùåé ïàìÿòè ÐÂÑ îäíîé êîïèè ïðîãðàììíîãî ðåñóðñà (PR) áûë èçó÷åí ñ
ðàçëè÷íûõ òî÷åê çðåíèÿ â ðàáîòàõ (Ïàâëîâ, Êîâàëåíêî, 2011; Êîâàëåíêî, Ïàâëîâ, Îâñååö, 2012;
Kovalenko, Pavlov, Ovseec, 2012; Kovalenko, Pavlov, 2012; 2014; Pavlov,2012; 2023à; 2023â; Êîâà-
ëåíêî, Ïàâëîâ, 2023). Íî, ê ñîæàëåíèþ, îòñóòñòâóþò ðàáîòû ïî ìàòåìàòè÷åñêîìó ìîäåëèðîâàíèþ
ôóíêöèîíèðîâàíèÿ ðàñïðåäåëåííûõ ñèñòåì, â êîòîðûõ â îáùåé ïàìÿòè íàõîäèòñÿ íå îäíà, à íå-
ñêîëüêî êîïèé ïðîãðàììíîãî ðåñóðñà. Ïîýòîìó èçó÷åíèå çàäà÷, îòíîñÿùèõñÿ ê îïòèìàëüíîé îðãà-
íèçàöèè ðàñïðåäåëåííûõ ïàðàëëåëüíûõ âû÷èñëåíèé, ïðèîáðåòàåò îñîáóþ àêòóàëüíîñòü â ñëó÷àå,
êîãäà â îáùåé ïàìÿòè ÐÂÑ ìîæåò áûòü îäíîâðåìåííî ðàçìåùåíî îãðàíè÷åííîå ÷èñëî êîïèé ïðî-
ãðàììíîãî ðåñóðñà. Òàêîå îáîáùåíèå íîñèò ïðèíöèïèàëüíûé õàðàêòåð, ïîñêîëüêó îòðàæàåò îñ-
íîâíûå ÷åðòû ìóëüòèêîíâåéåðíîé îáðàáîòêè, à òàêæå ïîçâîëÿåò ñðàâíèòü ýôôåêòèâíîñòü êîíâåé-
åðíîé è ïàðàëëåëüíîé îáðàáîòêè.

Â ðàáîòå ïîñòðîåíà ìàòåìàòè÷åñêàÿ ìîäåëü ðàñïðåäåëåííûõ âû÷èñëåíèé, ðåøåíû çàäà÷è íà-
õîæäåíèÿ ìèíèìàëüíîãî âðåìåíè âûïîëíåíèÿ íåîäíîðîäíûõ è îäíîðîäíûõ ðàñïðåäåëåííûõ ïðî-
öåññîâ, êîíêóðèðóþùèõ çà èñïîëüçîâàíèå îãðàíè÷åííîãî ÷èñëà êîïèé ïðîãðàììíîãî ðåñóðñà â
ñèíõðîííîì ðåæèìå â ñëó÷àÿõ íåîãðàíè÷åííîãî è îãðàíè÷åííîãî ïàðàëëåëèçìà ïî ÷èñëó ïðîöåñ-
ñîðîâ ìíîãîïðîöåññîðíîé ñèñòåìû. Ïðè ýòîì èñïîëüçîâàíû èäåè ñòðóêòóðèðîâàíèÿ ïðîãðàììíî-
ãî ðåñóðñà íà ëèíåéíî-óïîðÿäî÷åííûå áëîêè ñ èõ ïîñëåäóþùåé êîíâåéåðèçàöèåé ïî ïðîöåññàì è
ïðîöåññîðàì ìíîãîïðîöåññîðíîé ñèñòåìû (Ïàâëîâ, Êîâàëåíêî, 2011).
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Ìàòåìàòè÷åñêàÿ ìîäåëü ðàñïðåäåëåííûõ âû÷èñëåíèé ïðè îãðàíè÷åííîì ÷èñëå êîïèé ïðî-
ãðàììíîãî ðåñóðñà. Êîíñòðóêòèâíûìè ýëåìåíòàìè äëÿ ïîñòðîåíèÿ ìàòåìàòè÷åñêèõ ìîäåëåé, ðåà-
ëèçóþùèõ ìåòîäû ðàñïðåäåëåííûõ âû÷èñëåíèé, ÿâëÿþòñÿ ïîíÿòèÿ ïðîöåññà è ïðîãðàììíîãî ðå-
ñóðñà. Áóäåì ðàññìàòðèâàòü ïðîöåññ êàê ïîñëåäîâàòåëüíîñòü íàáîðîâ êîìàíä (ïðîöåäóð, áëîêîâ,
ïîäïðîãðàìì) (1, 2, , )sI s= K . Ïðîöåññû, êîòîðûå âëèÿþò íà ïîâåäåíèå îäèí äðóãîãî ïóòåì
îáìåíà èíôîðìàöèåé, íàçûâàþò êîîïåðàòèâíûìè èëè âçàèìîäåéñòâóþùèìè ïðîöåññàìè. Ìíîãî-
êðàòíî âûïîëíÿåìóþ â ìíîãîïðîöåññîðíîé ñèñòåìå ïðîãðàììó èëè åå ÷àñòü áóäåì íàçûâàòü ïðî-
ãðàììíûì ðåñóðñîì, à ìíîæåñòâî ñîîòâåòñòâóþùèõ ïðîöåññîâ � êîíêóðèðóþùèìè.

Ìàòåìàòè÷åñêàÿ ìîäåëü ñèñòåìû ðàñïðåäåëåííîé îáðàáîòêè êîíêóðèðóþùèõ âçàèìîäåéñòâóþ-
ùèõ ïðîöåññîâ ïðè îãðàíè÷åííîì ÷èñëå êîïèé ïðîãðàììíîãî ðåñóðñà âêëþ÷àåò: 2p ≥  ïðîöåññî-
ðîâ ìíîãîïðîöåññîðíîé ñèñòåìû, êîòîðûå èìåþò äîñòóï ê îáùåé ïàìÿòè; 2n ≥  ðàñïðåäåëåííûõ
êîíêóðèðóþùèõ ïðîöåññîâ; 2s≥  áëîêîâ ñòðóêòóðèðîâàííîãî íà áëîêè ïðîãðàììíîãî ðåñóðñà;
ìàòðèöó [ ]ijT t= , 1,i n= , 1,j s= , âðåìåí âûïîëíåíèÿ áëîêîâ ïðîãðàììíîãî ðåñóðñà ðàñïðåäåëåí-
íûìè âçàèìîäåéñòâóþùèìè êîíêóðèðóþùèìè ïðîöåññàìè; 2 c p≤ ≤  ÷èñëî êîïèé ñòðóêòóðèðî-
âàííîãî íà áëîêè ïðîãðàììíîãî ðåñóðñà, êîòîðûå ìîãóò îäíîâðåìåííî íàõîäèòüñÿ â îïåðàòèâíîé
ïàìÿòè, äîñòóïíîé äëÿ âñåõ p ïðîöåññîðîâ; 0θ >   � ïàðàìåòð, õàðàêòåðèçóþùèé âðåìÿ äîïîëíè-
òåëüíûõ ñèñòåìíûõ ðàñõîäîâ, ñâÿçàííûõ ñ îðãàíèçàöèåé êîíâåéåðíîãî ðåæèìà èñïîëüçîâàíèÿ áëî-
êîâ ñòðóêòóðèðîâàííîãî ïðîãðàììíîãî ðåñóðñà ìíîæåñòâîì âçàèìîäåéñòâóþùèõ êîíêóðèðóþùèõ
ïðîöåññîâ ïðè ðàñïðåäåëåííîé îáðàáîòêå.

Áóäåì òàêæå ïðåäïîëàãàòü, ÷òî ÷èñëî áëîêîâ ïðîãðàììíîãî ðåñóðñà 
p

s
c

 ≤   
, ãäå [x] � öåëàÿ

÷àñòü ÷èñëà, à ÷èñëî ïðîöåññîâ n êðàòíî ÷èñëó êîïèé c ñòðóêòóðèðîâàííîãî ïðîãðàììíîãî ðåñóð-
ñà, ò.å. n mc= , 2m≥ , è ÷òî âçàèìîäåéñòâèå ïðîöåññîâ, ïðîöåññîðîâ è áëîêîâ ïðîãðàììíîãî
ðåñóðñà ïîä÷èíåíî ñëåäóþùèì óñëîâèÿì:

1) íè îäèí èç ïðîöåññîðîâ íå ìîæåò îáðàáàòûâàòü îäíîâðåìåííî áîëåå îäíîãî áëîêà;
2) ïðîöåññû âûïîëíÿþòñÿ â ïàðàëëåëüíî-êîíâåéåðíîì ðåæèìå ãðóïïàìè, ò.å. îñóùåñòâëÿåòñÿ

îäíîâðåìåííîå (ïàðàëëåëüíîå) âûïîëíåíèå c êîïèé êàæäîãî áëîêà â ñî÷åòàíèè ñ êîíâåéåðèçàöè-

åé ãðóïïû èç c êîïèé jQ -ãî áëîêà ïî ïðîöåññàì è ïðîöåññîðàì, ãäå 1,j s= ;

3) îáðàáîòêà êàæäîãî áëîêà ïðîãðàììíîãî ðåñóðñà îñóùåñòâëÿåòñÿ áåç ïðåðûâàíèé;

4) ðàñïðåäåëåíèå áëîêîâ jQ , 1,j s= , ïðîãðàììíîãî ðåñóðñà ïî ïðîöåññîðàì äëÿ êàæäîãî èç

ïðîöåññîâ ( 1)i c l q= − + , 1,l m= , 1,q c= , ãäå 
n

m
c

= , îñóùåñòâëÿåòñÿ öèêëè÷åñêè ïî ïðàâèëó:

áëîê ñ íîìåðîì j  ðàñïðåäåëÿåòñÿ íà ïðîöåññîð ñ íîìåðîì ( 1)c j q− + .
Ââåäåì ñëåäóþùèå ðåæèìû êîíâåéåðíîé ðåàëèçàöèè âçàèìîäåéñòâèÿ ïðîöåññîâ, ïðîöåññîðîâ

è áëîêîâ ñ ó÷åòîì íàëè÷èÿ c  êîïèé ïðîãðàììíîãî ðåñóðñà.
Àñèíõðîííîé ðåæèì âçàèìîäåéñòâèÿ ïðîöåññîâ, ïðîöåññîðîâ è áëîêîâ ñòðóêòóðèðîâàííîãî ïðî-

ãðàììíîãî ðåñóðñà ïðåäïîëàãàåò, ÷òî íà÷àëî âûïîëíåíèÿ êîïèè î÷åðåäíîãî jQ -ãî áëîêà, 1,j s= , îïðå-
äåëÿåòñÿ íàëè÷èåì c  ïðîöåññîðîâ è ãîòîâíîñòüþ êîïèè áëîêà ê âûïîëíåíèþ, ïðè ýòîì ïðîãðàììíûé
áëîê ñ÷èòàåòñÿ ãîòîâûì ê âûïîëíåíèþ, åñëè îí íå âûïîëíÿåòñÿ íè íà îäíîì èç ïðîöåññîðîâ.

Ïåðâûé ñèíõðîííûé ðåæèì îáåñïå÷èâàåò ëèíåéíûé ïîðÿäîê âûïîëíåíèÿ áëîêîâ ïðîãðàìì-

íîãî ðåñóðñà âíóòðè êàæäîãî èç ïðîöåññîâ áåç çàäåðæåê, ò.å. â ñëó÷àå, êîãäà 2
p

s
c

 ≤ ≤   
, ìîìåíò

çàâåðøåíèÿ âûïîëíåíèÿ jQ -ãî áëîêà, 1, 1j s= − , ïðîöåññîì ñ íîìåðîì ( 1)i l c q= − + , 1,l m= ,

1,q c= , íà (( 1) )j c q− + -ì ïðîöåññîðå ñîâïàäàåò ñ ìîìåíòîì íà÷àëà âûïîëíåíèÿ ñëåäóþùåãî 1jQ + -ãî
áëîêà íà ïðîöåññîðå ñ íîìåðîì ( )jñ q+ .
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Ïðè âòîðîì ñèíõðîííîì ðåæèìå â ñëó÷àå, êîãäà 2
p

s
c

 ≤ ≤   
, ìîìåíò çàâåðøåíèÿ âûïîëíå-

íèÿ i-ì ïðîöåññîì, ãäå ( 1)i l c q= − + , 1, 1l m= − , n
m

c
= , 1,q c= , j-ãî áëîêà, 1,j s= , íà

(( 1) )j c q− + -ì ïðîöåññîðå ñîâïàäàåò ñ ìîìåíòîì íà÷àëà âûïîëíåíèÿ  j-ãî áëîêà ïðîöåññîì ñ

íîìåðîì ( )i c+  íà ýòîì æå ïðîöåññîðå, ò.å. îáåñïå÷èâàåòñÿ íåïðåðûâíîå âûïîëíåíèå êàæäîãî
áëîêà âñåìè ïðîöåññàìè.

Î ï ð å ä å ë å í è å  1. Ñèñòåìà n ðàñïðåäåëåííûõ êîíêóðèðóþùèõ ïðîöåññîâ íàçûâàåò-

ñÿ íåîäíîðîäíîé, åñëè âðåìåíà âûïîëíåíèÿ áëîêîâ ïðîãðàììíîãî ðåñóðñà 1 2, , ..., sQ Q Q çà-

âèñÿò îò îáúåìîâ îáðàáàòûâàåìûõ äàííûõ è/èëè èõ ñòðóêòóðû, ò.å. ðàçíûå äëÿ ðàçíûõ
ïðîöåññîâ.

Î ï ð å ä å ë å í è å  2. Ñèñòåìó ðàñïðåäåëåííûõ êîíêóðèðóþùèõ ïðîöåññîâ áóäåì íàçûâàòü

îäíîðîäíîé, åñëè âðåìåíà âûïîëíåíèÿ jQ -ãî áëîêà êàæäûì èç i-õ ïðîöåññîâ ðàâíû, ò.å. ij jt tθ θ= ,

1,i n= , 1,j s= .

Î ï ð å ä å ë å í è å  3. Ñèñòåìó ðàñïðåäåëåííûõ êîíêóðèðóþùèõ ïðîöåññîâ áóäåì íàçûâàòü
îäèíàêîâî ðàñïðåäåëåííîé, åñëè âðåìåíà âûïîëíåíèÿ âñåõ áëîêîâ PR êàæäûì èç ïðîöåññîâ

ñîâïàäàþò è ðàâíû it
θ , ò.å. ñïðàâåäëèâà öåïî÷êà ðàâåíñòâ 1 2 ...i i is it t t tθ θ θ θ= = = = ,  äëÿ âñåõ 1,i n= .

Âðåìÿ ðåàëèçàöèè íåîäíîðîäíûõ ïðîöåññîâ ïðè äîñòàòî÷íîì ÷èñëå ïðîöåññîðîâ. Íà ðèñ. 1
èçîáðàæåíà äèàãðàììà Ãàíòà, èëëþñòðèðóþùàÿ ôóíêöèîíèðîâàíèå ðàñïðåäåëåííîé ñèñòåìû, ãäå

1 ( , , , , )í
ñT p n sñ θ � âðåìÿ âûïîëíåíèÿ  n íåîäíîðîäíûõ êîíêóðèðóþùèõ ïðîöåññîâ, èñïîëüçóþùèõ ñ

êîïèé ïðîãðàììíîãî ðåñóðñà, ñòðóêòóðèðîâàííîãî íà  s ëèíåéíî-óïîðÿäî÷åííûõ áëîêîâ

1 2, , ..., sQ Q Q  ñ ìàòðèöåé âðåìåí âûïîëíåíèÿ ñ ó÷åòîì äîïîëíèòåëüíûõ ñèñòåìíûõ ðàñõîäîâ

[ ]
ij n sT tθ θ

×=  â ïåðâîì ñèíõðîííîì ðåæèìå. Ïðåäïîëàãàåòñÿ, ÷òî âûïîëíåíèå ïðîöåññîâ îñóùåñòâ-

ëÿåòñÿ â âû÷èñëèòåëüíîé ñèñòåìå ñ p ïðîöåññîðàìè, è êàæäûé èç ïðîöåññîâ ÿâëÿåòñÿ ðàñïðåäå-
ëåííûì.

 p

1

3

7

6

5

4

2

0 1 2 3 4 5 6 7 8 9 10 ),,,,(1 θcsnpTí

ñ
11 12

θ
43tθ

23t θ
63t

θ
33t θ

53tθ
13t

θ
11t θ

31t θ
51t

θ
41tθ

21t θ
61t

θ
42t θ

62tθ
22t

θ
32t θ

52tθ
12t

Ðèñ. 1. Ïåðâûé ñèíõðîííûé ðåæèì ïðè äîñòàòî÷íîì ÷èñëå ïðîöåññîðîâ

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.
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Ðàññìîòðèì ñëó÷àé, êîãäà ÷èñëî ïðîöåññîðîâ íåîäíîðîäíîé ðàñïðåäåëåííîé ìíîãîïðîöåññîð-

íîé ñèñòåìû ÿâëÿåòñÿ äîñòàòî÷íûì, ò.å. 2
p

s
c

 ≤ ≤   
. Âñå ìíîæåñòâî ïðîöåññîâ ðàçîáüåì íà

ïîäìíîæåñòâî c ïî  m ïðîöåññîâ â êàæäîì, ïðè÷åì  â êàæäîå q-å ïîäìíîæåñòâî, 1,q c= , áóäóò
âêëþ÷åíû ïðîöåññû ñ íîìåðàìè ( 1)i c l q= − + , 1,l m= , áëîêè êîòîðûõ áóäóò âûïîëíÿòüñÿ íà
( ( 1) )c j q− + -õ  ïðîöåññîðàõ, 1,j s= . Òîãäà äëÿ âû÷èñëåíèÿ âðåìåíè âûïîëíåíèÿ 1 ( , , , , )í

ñT p n sñ θ
èìååò ìåñòî ôîðìóëà (Ëàçàðåâ, 2019):

1 1

1 ( 1) , , ( 1) ,
1 1

1 1 1 1

( , , , , ) max max
m u u s

í
ñ ñ i q j ñi q j c m q j

q c u s
i j j j

T p n sñ t t tθ θ θθ
− −

− + + − +
≤ ≤ ≤ ≤= = = =

  
 = − + 
    
∑ ∑ ∑ ∑ .

Çäåñü 
1

( 1) , ,
1

1 1

max
u u

ñ i q j ñi q j
u s

j j

t tθ θ
−

− + +
≤ ≤ = =

 
− 

  
∑ ∑ , 1, 1i m= −  � íà÷àëî âûïîëíåíèÿ ïåðâîãî áëîêà äëÿ êàæäîãî

èç ïîñëåäóþùèõ ïðîöåññîâ, íà÷èíàÿ ñ  ( )ci q+ -ãî â  q-ì ïîäìíîæåñòâå ïðîöåññîâ, à ( 1) ,
1

s

c m q j
j

tθ − +
=

∑ �

äëèòåëüíîñòü âûïîëíåíèÿ ïîñëåäíåãî ïðîöåññà  q-ãî ïîäìíîæåñòâà, ãäå 1,q c= .

Âðåìÿ ðåàëèçàöèè ðàñïðåäåëåííûõ íåîäíîðîäíûõ ïðîöåññîâ ïðè îãðàíè÷åííîì ïàðàëëå-

ëèçìå. Ðàññìîòðèì îáùèé ñëó÷àé, ò.å. êîãäà 
p

s
c

 >   
 è 

p
s k

c
 =   

, ãäå 1k >  (ðèñ. 2).
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Ðèñ. 2. Íåñîâìåùåííûå äèàãðàììû Ãàíòà ïðè  
p

s k
c

 =   
, 1k >

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.

Â ýòîì ñëó÷àå âûïîëíèì ðàçáèåíèå âñåõ áëîêîâ íà k ãðóïï ïî 
p

c
 
  

 áëîêîâ â êàæäîé. Òîãäà

ìàòðèöà âðåìåí âûïîëíåíèÿ áëîêîâ ñòðóêòóðèðîâàííîãî PR ñ ó÷åòîì äîïîëíèòåëüíûõ ñèñòåìíûõ
ðàñõîäîâ θ , ñâÿçàííûõ ñ îðãàíèçàöèåé êîíâåéåðíîãî ðåæèìà èñïîëüçîâàíèÿ áëîêîâ ìíîæåñòâîì
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âçàèìîäåéñòâóþùèõ êîíêóðèðóþùèõ ïðîöåññîâ ïðè ðàñïðåäåëåííîé îáðàáîòêå [ ]ijT tθ θ= ,  1,i n= ,

1,j s= , ðàçîáüåòñÿ íà  k ïîäìàòðèö Tθ
ϕ  ðàçìåðíîñòüþ 

p
n

c
 ×   

 êàæäàÿ, ãäå 1,kϕ = .

Èç àíàëèçà äèàãðàìì Ãàíòà íà ðèñ. 2 âèäíî, ÷òî êàæäàÿ èç äèàãðàìì îòîáðàæàåò âî âðåìåíè

âûïîëíåíèå î÷åðåäíûõ 
p

c
 
  

 áëîêîâ ïðîãðàììíîãî ðåñóðñà íà 
p

ñ
c

 
  

 ïðîöåññîðàõ âñåìè  n ïðîöåñ-

ñàìè, ïðè÷åì ïðè 
p

s
c

 >   
 íåïðåðûâíîñòü âûïîëíåíèÿ áëîêîâ ñòðóêòóðèðîâàííîãî ïðîãðàììíîãî

ðåñóðñà ìîæåò íàðóøèòüñÿ ïðè ïåðåõîäå îò ϕ -é ãðóïïû áëîêîâ ê ( 1)ϕ + -é, 1, 1kϕ = − , à âíóòðè
êàæäîé èç ãðóïï íåïðåðûâíîå âûïîëíåíèå áëîêîâ êàæäîãî ïðîöåññà ñîõðàíÿåòñÿ.

Äëÿ äàëüíåéøåãî èññëåäîâàíèÿ, êàê è ïðè äîñòàòî÷íîì ÷èñëå ïðîöåññîðîâ, âñå ìíîæåñòâî
ïðîöåññîâ ðàçîáüåì íà ïîäìíîæåñòâà, ïðè÷åì êàæäîå q-å ïîäìíîæåñòâî, 1,q c= , áóäåò ñîñòîÿòü
èç m  ïðîöåññîâ ñ íîìåðàìè ( 1)i c l q= − + ,  1,l m= , êîòîðûå áóäóò âûïîëíÿòüñÿ íà ïðîöåññîðàõ ñ

íîìåðàìè ( ( 1) )c j q− + , 1,
p

j
c

 =   
. Ââåäåì ñëåäóþùèå îáîçíà÷åíèÿ:

®
,q

ijtϕ  � âðåìÿ âûïîëíåíèÿ â ϕ -é ãðóïïå áëîêîâ i-ì ïðîöåññîì èç q-ãî ïîäìíîæåñòâà ïðîöåñ-
ñîâ  j-ãî áëîêà ñ ó÷åòîì ïàðàìåòðà θ :

,

( 1) ,( 1)

q
ij p

c i q j
c

t tϕ θ
ϕ  − + − +  

= , 1,kϕ = , 1,q c= , 1,i m= , 1,
p

j
c

 =   
;

® qTϕ  � âðåìÿ âûïîëíåíèÿ â ϕ -é ãðóïïå áëîêîâ q-ãî ïîäìíîæåñòâà ïðîöåññîâ:

1 1

( 1) ,( 1) ,( 1)11 1 1

max
m u u

q p pp ñ i q j ñi q jui j jc cc

T t tϕ θ θ

ϕ ϕ

− −

     − + − + + − +   ≤ ≤= = =     

 
 = − +
  

∑ ∑ ∑

[ ]

( 1) ,( 1)
1

p c

p
ñ m q j

j c

tθ
ϕ  − + − + =  

+ ∑ , 1,kϕ = , 1,q c= ;

® Tθ
ϕ  � îáùåå âðåìÿ âûïîëíåíèÿ ϕ -é ãðóïïû áëîêîâ âñåìè n  ïðîöåññàìè íà 

p
ñ

c
 
  

 ïðîöåññî-

ðàõ ñ ó÷åòîì ïàðàìåòðà θ :

1 1

1 ( 1) ,( 1) ,( 1)11 1 1

max max
m u u

p ppq c ñ i q j ñi q jui j jc cc

T t tθ θ θ
ϕ

ϕ ϕ

− −

   ≤ ≤   − + − + + − +   ≤ ≤= = =     

    = − +    
∑ ∑ ∑

[ ]

( 1) ,( 1)
1

p c

p
ñ m q j

j c

tθ
ϕ  − + − + =  


+



∑ , 1,kϕ = ;



194

Ïàâëîâ Ï.À.

®
,q

ijEϕ  � âðåìÿ çàâåðøåíèÿ îáðàáîòêè â ϕ -é ãðóïïå áëîêîâ i-ì ïðîöåññîì èç q-ãî ïîäìíîæå-

ñòâà  j-ãî áëîêà:

1 1
,

( 1) ,
( 1) ,( 1) ,( 1)11 1 1

max
i u u

q
ij c i q j p pp ñ q w ñ q wu w wc cc

E E t tϕ ϕ θ θ

µ ϕ µ ϕµ

− −

− +      − + − + + − +   ≤ ≤= = =     

 
 = = − +
  

∑ ∑ ∑

( 1) ,( 1)
1

j

p
ñ i q w

w c

tθ
ϕ  − + − + =  

+∑ , 1,kϕ = , 1,q c= , 1,i m= , 1,
p

j
c

 =   
.

Àíàëèç äèàãðàìì Ãàíòà íà ðèñ. 2 ñâèäåòåëüñòâóåò, ÷òî ìèíèìàëüíîå îáùåå âðåìÿ âûïîëíåíèÿ
íåîäíîðîäíûõ ðàñïðåäåëåííûõ ïðîöåññîâ, êîíêóðèðóþùèõ çà èñïîëüçîâàíèå ñ  êîïèé ñòðóêòóðè-

ðîâàííîãî ïðîãðàììíîãî ðåñóðñà â ñëó÷àå 
p

s
c

 >   
 è 

p
s k

c
 =   

, 1k > , îïðåäåëÿåòñÿ êàê ñóììà

äëèí ñîñòàâëÿþùèõ äèàãðàìì, ò.å.

1 1
1

1 1

( , , , , ) , , , , max
k k

í í
ñ ñ q

q c

p
T p n s c T p n k c T T

c
θ ϕ

ϕ
ϕ ϕ

θ θ
≤ ≤= =

  = = =    
∑ ∑ .

Âðåìÿ 1 , , , ,í
ñ

p
T p n k c

c
θ  

    
 ìîæíî ñóùåñòâåííî ñîêðàòèòü, åñëè âîñïîëüçîâàòüñÿ ñîâìåùåíèåì

ïîñëåäîâàòåëüíûõ äèàãðàìì Ãàíòà ïî îñè âðåìåíè ñïðàâà íàëåâî. Â ðåçóëüòàòå ñîâìåùåíèÿ ïîëó÷èì:

1

1
1 1

, , , ,
k k

í
ñ

p
T p n k c T

c
θ

ϕ ϕ
ϕ ϕ

θ δ
−

= =

   = −    
∑ ∑ ,

ãäå ' "min( , )ϕ ϕ ϕδ δ δ= , 1, 1kϕ = −   � äëèíà îòðåçêà ìàêñèìàëüíî âîçìîæíîãî ñîâìåùåíèÿ äâóõ ïîñ-
ëåäîâàòåëüíûõ äèàãðàìì Ãàíòà ïî îñè âðåìåíè (ðèñ. 3).
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Ðèñ. 3. Ñîâìåùåííûå äèàãðàììû Ãàíòà ïðè 
p

s k
c

 =   
, 1k >

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.
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Çäåñü '
ϕδ  � îòðåçîê âîçìîæíîãî ñîâìåùåíèÿ ïî îñè âðåìåíè, êîòîðûé ïðåäñòàâëÿåò ñîáîé

ðàçíîñòü ìåæäó ìîìåíòîì íà÷àëà âûïîëíåíèÿ j-ãî áëîêà ïåðâûì ïðîöåññîì q-ãî ïîäìíîæåñòâà
ïðîöåññîâ â ( 1)ϕ + -é ãðóïïå áëîêîâ è ìîìåíòîì çàâåðøåíèÿ âûïîëíåíèÿ j-ãî áëîêà ïîñëåäíèì
ïðîöåññîì q-ãî ïîäìíîæåñòâà ïðîöåññîâ â ϕ -é ãðóïïå áëîêîâ, ò.å.

[ / ] 1
'

1 ( 1) ,( 1) ,1 1 1

min min
p c j

q p ppq c c m q w q wj w j wc cc

T T t tθ ϕ θ θ
ϕ ϕ

ϕ ϕ
δ

−

   ≤ ≤   − + − + +   ≤ ≤ = + =     

    = − + + =     
∑ ∑

1

( 1) ,
1 ,1 1

min min
j

c m q j ppq c q wj w cc

T E tθ ϕ θ
ϕ

ϕ

−

− +  ≤ ≤   + ≤ ≤ =    

    = − +     
∑ , 1, 1kϕ = − .

Çíà÷åíèå "
ϕδ  ïðåäñòàâëÿåò ñîáîé ðàçíîñòü ìåæäó íà÷àëîì âûïîëíåíèÿ ïåðâîãî áëîêà i-ì ïðî-

öåññîì â ( 1)ϕ + -é ãðóïïå áëîêîâ è ìîìåíòîì çàâåðøåíèÿ âûïîëíåíèÿ ïîñëåäíåãî áëîêà i-ì ïðî-
öåññîì â ϕ -é ãðóïïå áëîêîâ, ò.å.

" , , 1 , 1
1 1

1 1 ,
min min q q q

i ipq c i m i
c

T E E tθ ϕ ϕ ϕ
ϕ ϕδ + +

 ≤ ≤ ≤ ≤   

  
  = − + − =     

1
( 1) ,1

1 1 ( 1) , 1( 1) ,
min min c i q ppq c i m c i qc i q

cc

T E E tθ ϕ ϕ θ
ϕ

ϕ
+
− +   ≤ ≤ ≤ ≤ − + +− +      

  
  = − + −     

,  1, 1kϕ = − .

Â ñëó÷àå, êîãäà 
p

s k r
c

 = +  
, 1k ≥ , 1

p
r

c
 ≤ <   

 (ðèñ. 4), âñå ìíîæåñòâî èç  s áëîêîâ ðàçáèâàåò-

ñÿ íà ( 1)k + -ó ãðóïïó ïî 
p

c
 
  

 áëîêà(îâ) â êàæäîé, çà èñêëþ÷åíèåì ïîñëåäíåé, â êîòîðîé áóäåò

òîëüêî r  áëîêà(îâ) PR. Òîãäà âðåìÿ âûïîëíåíèÿ n íåîäíîðîäíûõ ðàñïðåäåëåííûõ êîíêóðèðóþùèõ
ïðîöåññîâ, èñïîëüçóþùèõ c êîïèé ñòðóêòóðèðîâàííîãî íà s áëîêà(îâ) ïðîãðàììíîãî ðåñóðñà â
âû÷èñëèòåëüíîé ñèñòåìå ñ p ïðîöåññîðàìè â ïåðâîì ñèíõðîííîì ðåæèìå, áóäåò îïðåäåëÿòüñÿ ïî
ôîðìóëàì (ðèñ. 5):

( )
1

1 1 1
1 1

, , , , , , , ,
k k

í í
ñ ñ k k

p
T p n s c T p n k r c T T

c
θ θ

ϕ ϕ
ϕ ϕ

θ θ δ δ
−

+
= =

  = + = + − − =    
∑ ∑

1
1

1 1
1 1

max max
k k

k
q q k

q ñ q ñ
T Tϕ

ϕ
ϕ ϕ

δ δ
−

+

≤ ≤ ≤ ≤= =
= + − −∑ ∑ .

Çäåñü:

® 1kTθ
+  � âðåìÿ âûïîëíåíèÿ ( 1)k + -é ãðóïïû èç r áëîêîâ âñåìè n ïðîöåññàìè:

1 1
1

1
1 1 1( 1) , , ( 1) ,

1 1 1 1

max max max
m u u r

k
k qp p p

q c u r q cñ i q k j ñi q k j ñ m q k j
i j j jc c c

T t t t Tθ θ θ θ
− −

+
+      ≤ ≤ ≤ ≤ ≤ ≤− + + + + − + +     = = = =     

  
  = − + =
    
∑ ∑ ∑ ∑ ;
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®
1k

qT +  � âðåìÿ âûïîëíåíèÿ  q-ãî ïîäìíîæåñòâà èç m ïðîöåññîâ â ( 1)k + -é ãðóïïå áëîêîâ:

1 1
1

1 ( 1) , , ( 1) ,
1 1 1 1

max
m u u r

k
q p p p

u r ñ i q k j ñi q k j ñ m q k j
i j j jc c c

T t t tθ θ θ
− −

+
     ≤ ≤ − + + + + − + +     = = = =     

 
 = − +
  

∑ ∑ ∑ ∑ , 1,q c= ;

® kδ  � âåëè÷èíà ìàêñèìàëüíî äîïóñòèìîãî ñîâìåùåíèÿ ïî îñè âðåìåíè  k-é è ( 1)k + -é äèàãðàìì:

' "min( , )k k kδ δ δ= .
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Ðèñ. 4. Íåñîâìåùåííûå äèàãðàììû Ãàíòà ïðè  
p

s k r
c

 = +  
, 1k ≥ , 1

p
r

c
 ≤ <   
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Ðèñ. 5. Cîâìåùåííûå äèàãðàììû Ãàíòà ïðè  
p

s k r
c

 = +  
, 1k ≥ , 1

p
r

c
 ≤ <   
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Îòðåçêè âîçìîæíîãî ñîâìåùåíèÿ ïî îñè âðåìåíè '
kδ  è "

kδ  áóäóò îïðåäåëÿòüñÿ ïî ôîðìóëàì:

[ / ] 1
'

1 1 ( 1) ,( 1) ,
1 1

min min
p c j

k
k k q p p

q c j r c m q k w q k w
w j wc c

T T t tθ θ θδ
−

   ≤ ≤ ≤ ≤ − + − + +   = + =   

  
  = − + + =
    

∑ ∑

1

( 1) ,
1 1 ,

1

min min
j

k
k c m q j p

q c j r q k w
w c

T E tθ θ
−

− +  ≤ ≤ ≤ ≤ + =  

  
  = − +
    

∑ ;

" , , 1 , 1
1 1

1 1 ,
min min k k q k

k k i ipq c i m i
c

T E E tθ θ θδ + +
 ≤ ≤ ≤ ≤   

  
  = − + − =     

1
( 1) ,1

1 1 ( 1) , ( 1) , 1
min min k k

k c i qp p
q c i m c i q c i q k

c c

T E E tθ θ+
− +   ≤ ≤ ≤ ≤ − + − + +      

  
  = − + −
    

.

Çäåñü

1 1
, 1 1

( 1) , ( 1) ,( 1) ,( 1) ( 1) ,( 1)
1

1 1 1 1

max
ji u u

q k k
c i q j ñ q k r w ñ q k r w ñ i q k r wij

u r
w w w

E E t t tθ θ θ
µ µ

µ

− −
+ +

− + − + + + + + + − + + +
≤ ≤= = = =

 
= = − + 

  
∑ ∑ ∑ ∑ ,

1,q c= ,  1,i m= , 1,j r= .

Âðåìÿ ðåàëèçàöèè îäíîðîäíûõ êîíêóðèðóþùèõ ïðîöåññîâ ïðè îãðàíè÷åííîì ÷èñëå êî-
ïèé ïðîãðàììíîãî ðåñóðñà. Ñîãëàñíî îïðåäåëåíèþ 2 äëÿ îäíîðîäíûõ ñèñòåì ðàñïðåäåëåííûõ
êîíêóðèðóþùèõ ïðîöåññîâ, âðåìåíà âûïîëíåíèÿ jQ -ãî áëîêà êàæäûì èç i-õ ïðîöåññîâ ðàâíû, ò.å.

ij jt tθ θ= , 1,i n= , 1,j s= .
×åðåç 1 ( , , , , )î

ñT p n sñ θ  îáîçíà÷èì ìèíèìàëüíîå îáùåå âðåìÿ âûïîëíåíèÿ â ïåðâîì ñèíõðîííîì
ðåæèìå íà  p ïðîöåññîðàõ n îäíîðîäíûõ ðàñïðåäåëåííûõ êîíêóðèðóþùèõ ïðîöåññîâ, èñïîëüçóþ-
ùèõ c êîïèé ñòðóêòóðèðîâàííîãî íà s áëîêîâ ïðîãðàììíîãî ðåñóðñà ñ ó÷åòîì äîïîëíèòåëüíûõ
ñèñòåìíûõ ðàñõîäîâ 0θ >  (ðèñ. 6).
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Ðèñ. 6. Ïåðâûé ñèíõðîííûé ðåæèì âûïîëíåíèÿ îäíîðîäíûõ ðàñïðåäåëåííûõ ïðîöåññîâ
ïðè äîñòàòî÷íîì ÷èñëå ïðîöåññîðîâ

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.
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Èç äèàãðàììû íà ðèñ. 6 âèäíî, ÷òî â ñëó÷àå äîñòàòî÷íîãî ÷èñëà ïðîöåññîðîâ, ò.å. êîãäà

2
p

s
c

 ≤ ≤   
, âû÷èñëåíèå îáùåãî âðåìåíè âûïîëíåíèÿ n mc= , 2m≥ , îäíîðîäíûõ ðàñïðåäåëåí-

íûõ ïðîöåññîâ,  êîíêóðèðóþùèõ çà èñïîëüçîâàíèå îãðàíè÷åííîãî ÷èñëà êîïèé ïðîãðàììíîãî ðå-

ñóðñà 2 c p≤ ≤ , ñâîäèòñÿ ê íàõîæäåíèþ îáùåãî âðåìåíè âûïîëíåíèÿ m ïðîöåññîâ íà p

c
 
  

 ïðî-

öåññîðàõ, êîíêóðèðóþùèõ çà èñïîëüçîâàíèå îäíîé êîïèè ïðîãðàììíîãî ðåñóðñà. Îáîçíà÷èì äëè-

òåëüíîñòü âûïîëíåíèÿ âñåãî ïðîãðàììíîãî ðåñóðñà êàæäûì èç ïðîöåññîâ ÷åðåç 
1

s

s j
j

T tθ θ

=
= ∑ , òîãäà

1 1

1 1
1 1

1 1 1 1

( , , , , ) , , ,1, max max
m u u s

î î
ñ ñ j j j

q c u s
i j j j

p
T p n sñ T m s t t t

c
θ θ θθ θ

− −

≤ ≤ ≤ ≤= = = =

      = = − + =           
∑ ∑ ∑ ∑

1 1

1 1
1 1 1 1

max ( 1) max
m u u s

j j j j s
u s j s

i j j j

t t t m t Tθ θ θ θ θ
− −

≤ ≤ ≤ ≤= = = =

 
= − + = − + 

  
∑ ∑ ∑ ∑ . (1)

Äàëåå ðàññìîòðèì ñëó÷àé, êîãäà 
p

s k
c

 =   
, 1k >  (ðèñ. 7).

 

θ
1t

θ
1t

θ
4t

θ
4t1 

2 

3 

4 

5 

6 

p

7 

θ
3t

θ
3t

θ
3t

θ
3t

θ
1t

θ
1t

θ
2t

θ
2t

θ
2t

θ
2t

120 ),,,,(1 θcsnpT î

c
23

θ
4t

θ
4t

θ
6t

θ
6t

θ
6t

θ
6t

θ
5t

θ
5t

θ
5t

θ
5t

Ðèñ. 7. Íåñîâìåùåííûå äèàãðàììû Ãàíòà îäíîðîäíûõ ïðîöåññîâ ïðè 
p

s k
c

 =   
, 1k >

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.

Äëÿ îäíîðîäíûõ ïðîöåññîâ ôîðìóëû äëÿ âû÷èñëåíèÿ ,q
ijtϕ , Tθ

ϕ  è ,q
ijEϕ  ñ ó÷åòîì òîãî, ÷òî ij jt tθ θ= ,

1,i n= , 1,j s= , áóäóò èìåòü âèä:
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®

( 1)
j p

j
c

t tϕ θ
ϕ  − +  

=  � âðåìÿ âûïîëíåíèÿ êàæäîãî èç  ϕ -õ 
p

c
 
  

 áëîêîâ èñõîäíîé ïîñëåäîâàòåëü-

íîñòè 1 2, , ..., st t tθ θ θ  ñ ó÷åòîì ïàðàìåòðà θ , 1,kϕ = , 1,
p

j
c

 =   
;

® Tθ
ϕ  � îáùåå âðåìÿ âûïîëíåíèÿ ϕ -é ãðóïïû áëîêîâ âñåìè n  ïðîöåññàìè ñ ó÷åòîì ïàðà-

ìåòðà θ :

[ ]

[ ]

1 ( 1) ( 1)
1

( 1) max
p c

p p
j p c j j

jc c

T m t tθ θ θ
ϕ

ϕ ϕ   ≤ ≤ − + − +   =   

= − + ∑ , 1,kϕ = ;

®

[ ]1,( 1) ( 1) ( 1)
1

( 1) max
j

ij p p p
j p ci j j w

wc c c

E E i t tϕ θ θ θ
ϕ ϕ ϕ     ≤ ≤− + − + − +     =     

= = − + ∑ � âðåìÿ çàâåðøåíèÿ âûïîëíåíèÿ

â ϕ -é ãðóïïå áëîêîâ âñåìè m ïðîöåññàìè  j-ãî áëîêà, ãäå 1,kϕ = , 1,i m= , 1,
p

j
c

 =   
.

Â ñëó÷àå, êîãäà 
p

s k
c

 =   
, 1k > , ìèíèìàëüíîå âðåìÿ âûïîëíåíèÿ n îäíîðîäíûõ ðàñïðåäåëåí-

íûõ êîíêóðèðóþùèõ ïðîöåññîâ, èñïîëüçóþùèõ c êîïèé ñòðóêòóðèðîâàííîãî íà s áëîêîâ ïðî-
ãðàììíîãî ðåñóðñà ñ ó÷åòîì äîïîëíèòåëüíûõ ñèñòåìíûõ ðàñõîäîâ 0θ > , áóäåò îïðåäåëÿòüñÿ êàê
ñóììà äëèí ñîñòàâëÿþùèõ äèàãðàìì Ãàíòà ñ ó÷åòîì èõ ñóììàðíîãî ìàêñèìàëüíî äîïóñòèìîãî
ñîâìåùåíèÿ ïî îñè âðåìåíè (ðèñ. 8), ò.å.
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1 1
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T p n k c T
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ϕ ϕ ϕ
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θ ω ω
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= =

   = −    
∑ ∑ .

Çäåñü âåëè÷èíû '
ϕω  è "

ϕω  ïðåäñòàâëÿþò ñîáîé âðåìåííûå îòðåçêè ìàêñèìàëüíî äîïóñòèìîãî
ñîâìåùåíèÿ ïðîöåññîâ ϕ -é è ( 1)ϕ + -é ãðóïï áëîêîâ:

®
'
ϕω  � îòðåçîê âîçìîæíîãî ñîâìåùåíèÿ ïî îñè âðåìåíè, êîòîðûé ïðåäñòàâëÿåò ñîáîé ðàç-

íîñòü ìåæäó ìîìåíòîì íà÷àëà âûïîëíåíèÿ j-ãî áëîêà ïåðâûì ïðîöåññîì â ( 1)ϕ + -é ãðóïïå áëîêîâ
è ìîìåíòîì çàâåðøåíèÿ âûïîëíåíèÿ  j-ãî áëîêà ïîñëåäíèì ïðîöåññîì â ϕ -é ãðóïïå áëîêîâ:

[ / ] 1
'

( 1)1 1 1

min
p c j

p pp w wj w j wc cc

t tθ θ
ϕ

ϕ ϕ
ω

−

     − + +   ≤ ≤ = + =     

 
 = +
  

∑ ∑ , 1, 1kϕ = − ;

®
"
ϕω  � ïðåäñòàâëÿåò ñîáîé ðàçíîñòü ìåæäó íà÷àëîì âûïîëíåíèÿ ïåðâîãî áëîêà i-ì ïðîöåññîì

â ( 1)ϕ + -é ãðóïïå áëîêîâ è ìîìåíòîì çàâåðøåíèÿ âûïîëíåíèÿ ïîñëåäíåãî áëîêà i-ì ïðîöåññîì â
ϕ -é ãðóïïå áëîêîâ:

" 1
,1

1 1,
min i ppi m i
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T E E tθ ϕ ϕ θ
ϕ ϕ

ϕ
ω +

  ≤ ≤ +     

 
 = − + −
 
 

, 1, 1kϕ = − .
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Ðèñ. 8. Ñîâìåùåííûå äèàãðàììû Ãàíòà îäíîðîäíûõ ïðîöåññîâ ïðè 
p

s k
c

 =   
, 1k >

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.

Òàê êàê
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Ìîæíî çàìåòèòü, ÷òî â ñëó÷àå, êîãäà 
[ ] [ ]1 1 ( 1)

max maxp p
j p c j p cj j

c c

t tθ θ
ϕ ϕ   ≤ ≤ ≤ ≤+ − +      

< , ìèíèìóì ïîñëåäíåãî

âûðàæåíèÿ äîñòèãàåòñÿ ïðè i m= , à â ñëó÷àå, êîãäà 
[ ] [ ]1 1 ( 1)

max maxp p
j p c j p cj j

c c

t tθ θ
ϕ ϕ   ≤ ≤ ≤ ≤+ − +      

> , ìèíèìóì

äîñòèãàåòñÿ ïðè 1i = . Åñëè æå 
[ ] [ ]1 1 ( 1)

max maxp p
j p c j p cj j

c c

t tθ θ
ϕ ϕ   ≤ ≤ ≤ ≤+ − +      

= , òî ïðè ëþáûõ çíà÷åíèÿõ i ,

1,i m= , âûðàæåíèå áóäåò ïðèíèìàòü îäíî è òî æå çíà÷åíèå. Ó÷èòûâàÿ ýòî, ïîëó÷èì:

[ ] [ ]
"

1 1( 1)
min ( 1) max , ( 1) maxp p

j p c j p cj j
c c

m t m tθ θ
ϕ

ϕ ϕ
ω    ≤ ≤ ≤ ≤− + +      

 
 = − − =
  

[ ] [ ]1 1( 1)
( 1)min max , maxp p

j p c j p cj j
c c

m t tθ θ
ϕ ϕ   ≤ ≤ ≤ ≤− + +      

 
 = −
  

, 1, 1kϕ = −  .

Â ñëó÷àå, êîãäà 
p

s k r
c

 = +  
, 1k ≥ , 1

p
r

c
 ≤ <   

 (ðèñ. 9), ìèíèìàëüíîå îáùåå âðåìÿ âûïîëíå-

íèÿ n îäíîðîäíûõ ðàñïðåäåëåííûõ êîíêóðèðóþùèõ ïðîöåññîâ, èñïîëüçóþùèõ c  êîïèé ñòðóêòó-
ðèðîâàííîãî ïðîãðàììíîãî ðåñóðñà, ñ ó÷åòîì äîïîëíèòåëüíûõ ñèñòåìíûõ ðàñõîäîâ îïðåäåëÿåòñÿ
ïî ôîðìóëå:

( )
1

1 1 1
1 1

, , , , , , ,1,
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î î
ñ ñ k k

p p
T p n s c T m k r T T

c c
θ θ

ϕ ϕ
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θ θ ω ω
−

+
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    = + = + − −        
∑ ∑ ,

ãäå 1kTθ
+  � âðåìÿ âûïîëíåíèÿ ( 1)k + -é ãðóïïû èç r áëîêîâ âñåìè m ïðîöåññàìè, à kω  � âåëè÷èíà

ìàêñèìàëüíî äîïóñòèìîãî ñîâìåùåíèÿ ïî îñè âðåìåíè k-é è ( 1)k + -é äèàãðàìì.
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Ðèñ. 9. Íåñîâìåùåííûå äèàãðàììû Ãàíòà îäíîðîäíûõ ïðîöåññîâ ïðè 
p

s k r
c

 = +  
, 1k ≥ , 1

p
r

c
 ≤ <   

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.
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Çíà÷åíèÿ 1kTθ
+  è kω  îïðåäåëÿþòñÿ ïî ñëåäóþùèì ôîðìóëàì:
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( 1) max
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k p p
j r k j k j

jc c

T m t tθ θ θ
+    ≤ ≤ + +   =   

= − + ∑ ; ' "min( , )k k kω ω ω= .
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2 2 2min( , ) 2ω ω ω= =  è ( ) ( )1 17,4,8,2, 3,2,8,1, 23î î

ñ ñT Tθ θ= =  (ðèñ. 10).
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Ðèñ. 10. Ñîâìåùåííûå äèàãðàììû Ãàíòà îäíîðîäíûõ ïðîöåññîâ ïðè 
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Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.

Î ï ð å ä å ë å í è å  4. Îäíîðîäíîå ñòðóêòóðèðîâàíèå ïðîãðàììíîãî ðåñóðñà íàçûâàåòñÿ

ðàâíîìåðíûì, åñëè 1 2 ... st t t tθ θ θ θ= = = = .

Èìååò ìåñòî
Òåîðåìà. Åñëè âçàèìîäåéñòâèå ïðîöåññîâ, ïðîöåññîðîâ è áëîêîâ ñòðóêòóðèðîâàííîãî ïðîãðàìì-

íîãî ðåñóðñà ïîä÷èíåíî óñëîâèÿì ïåðâîãî ñèíõðîííîãî ðåæèìà, òî â ñëó÷àå ðàâíîìåðíîãî ñòðóê-
òóðèðîâàíèÿ äëÿ âû÷èñëåíèÿ ìèíèìàëüíîãî îáùåãî âðåìåíè âûïîëíåíèÿ ðàñïðåäåëåííûõ êîíêóðè-
ðóþùèõ ïðîöåññîâ ïðè îãðàíè÷åííîì ÷èñëå êîïèé ïðîãðàììíîãî ðåñóðñà èìåþò ìåñòî ôîðìóëû:
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Ä î ê à ç à ò å ë ü ñ ò â î. Ðàññìîòðèì ñëó÷àé, êîãäà min( , )
p

m s
c

  ≥  
 (ðèñ. 11).
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Ðèñ. 11. Ïåðâûé ñèíõðîííûé ðåæèì ïðè ðàâíîìåðíîì ñòðóêòóðèðîâàíèè PR

Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.

Äëÿ äîêàçàòåëüñòâà ïåðâîé ôîðìóëû òåîðåìû âîñïîëüçóåìñÿ ïåðâîé ôîðìóëîé (1):
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 (ðèñ. 12).
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Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.



204

Ïàâëîâ Ï.À.

Êàê ïîêàçàíî íà ðèñ. 12, âû÷èñëåíèå 1 ( , , , , )ðñ
ñT p n s cθ  ñâîäèòñÿ  ê íàõîæäåíèþ âðåìåíè âûïîë-

íåíèÿ km-ïðîöåññîâ íà 
p

c
 
  

  ïðîöåññîðàõ, êîíêóðèðóþùèõ çà èñïîëüçîâàíèå îäíîé êîïèè ñòðóê-

òóðèðîâàííîãî íà 
p

c
 
  

  áëîêà(îâ) ïðîãðàììíîãî ðåñóðñà:

[ / ]1 1
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 (ðèñ. 13).
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Èñòî÷íèê: àâòîðñêàÿ ðàçðàáîòêà.

Âû÷èñëåíèå 1 ( , , , , )ðñ
ñT p n s cθ  ñâåäåòñÿ ê íàõîæäåíèþ âðåìåíè âûïîëíåíèÿ ( 1)k m+ -ãî ïðîöåñ-

ñà íà cr  ïðîöåññîðàõ, êîíêóðèðóþùèõ çà èñïîëüçîâàíèå îäíîé êîïèè ñòðóêòóðèðîâàííîãî íà r
áëîêà(îâ) ïðîãðàììíîãî ðåñóðñà:

( ) ( )
( 1) 1 1

1 1
1

1 1 1 1

( , , , , ) ,( 1) , ,1, max ( 1) 1
k m u u r

ðñ ðñ
ñ ñ

u r
i j j j

T p n sñ T cr k m r t t t k m r t
θ θ θ θθ θ

+ − −

≤ ≤= = = =

 
= + = − + = + + − 

  
∑ ∑ ∑ ∑ .

. .⊗
Çàêëþ÷åíèå. Ïðåäñòàâëåííûå â äàííîé ñòàòüå ðåçóëüòàòû ìîæíî èñïîëüçîâàòü ïðè èññëå-

äîâàíèè àñèíõðîííîãî è âòîðîãî ñèíõðîííîãî ðåæèìîâ âçàèìîäåéñòâèÿ ïðîöåññîâ, ïðîöåññî-
ðîâ è áëîêîâ ñòðóêòóðèðîâàííîãî ïðîãðàììíîãî ðåñóðñà ïðè ñðàâíèòåëüíîì àíàëèçå ðàçëè÷-
íûõ ðåæèìîâ ðàñïðåäåëåííûõ âû÷èñëåíèé, ïðè ìàòåìàòè÷åñêîì èññëåäîâàíèè ýôôåêòèâíîñ-
òè è îïòèìàëüíîñòè ìóëüòèêîíâåéåðíîé îðãàíèçàöèè âû÷èñëåíèé, ïðè ðåøåíèè çàäà÷
ïîñòðîåíèÿ îïòèìàëüíîé êîìïîíîâêè áëîêîâ ïðîãðàììíîãî ðåñóðñà è íàõîæäåíèÿ îïòèìàëü-
íîãî ÷èñëà ïðîöåññîðîâ, îáåñïå÷èâàþùèõ äèðåêòèâíîå âðåìÿ âûïîëíåíèÿ çàäàííûõ îáúåìîâ
âû÷èñëåíèé è äð.



205

Î âðåìåíè ðåàëèçàöèè ðàñïðåäåëåííûõ âû÷èñëåíèé ïðè îãðàíè÷åííîì ÷èñëå êîïèé ...

Ë è ò å ð à ò ó ð à

Áàáè÷åâ Ñ.Ë., Êîíüêîâ Ê.À. 2019. Ðàñïðåäåëåííûå ñèñòåìû. Ìîñêâà: Þðàéò. 507 ñ.
Åìåëè÷åâ Â.À., Êîâàëåâ Ì.Ì., Êðàâöîâ Ì.Ê. 1981. Ìíîãîãðàííèêè. Ãðàôû. Îïòèìèçàöèÿ.

Ìîñêâà: Íàóêà. 344 ñ.
Êàïëóí Â.Â., Ïàâëîâ Ï.À., Øòåïà Â.Í. 2019. Ðåñóðñíî-ïðîöåññíàÿ ìîäåëü ýíåðãîìåíåäæìåíòà

ëîêàëüíîãî îáúåêòà ñ íåñêîëüêèìè èñòî÷íèêàìè ýíåðãèè. Âåñòíèê Áðåñòñêîãî ãîñóäàðñòâåííîãî òåõ-
íè÷åñêîãî óíèâåðñèòåòà. ¹ 4. Ñ. 86�91.

Êîâàëåíêî Í.Ñ., Ïàâëîâ Ï.À. 2023. Ìàòåìàòè÷åñêàÿ ìîäåëü íåïðåðûâíîãî îáåñïå÷åíèÿ ýëåêòðè-
÷åñêîé ýíåðãèåé êîíå÷íûõ ïîòðåáèòåëåé. Ýêîíîìèêà, ìîäåëèðîâàíèå, ïðîãíîçèðîâàíèå. Ñáîðíèê íà-
ó÷íûõ òðóäîâ. Ìèíñê: ÍÈÝÈ Ìèíèñòåðñòâà ýêîíîìèêè Ðåñïóáëèêè Áåëàðóñü. Âûïóñê 17. Ñ. 132�140.

Êîâàëåíêî Í.Ñ., Ïàâëîâ Ï.À., Îâñååö Ì.È. 2012. Çàäà÷è îïòèìèçàöèè ÷èñëà ïðîöåññîðîâ è ïîñò-
ðîåíèÿ îïòèìàëüíîé êîìïîíîâêè ðàñïðåäåëåííûõ ñèñòåì. Âåñòíèê ÁÃÓ. Ñåðèÿ 1: Ôèçèêà. Ìàòåìàòèêà.
Èíôîðìàòèêà. ¹ 1. Ñ. 119�126.

Êîñÿêîâ Ì.Ñ. 2014. Ââåäåíèå â ðàñïðåäåëåííûå âû÷èñëåíèÿ. Ñàíêò-Ïåòåðáóðã: ÍÈÓ ÈÒÌÎ. 155 ñ.
Ëàçàðåâ À.À. 2019. Òåîðèÿ ðàñïèñàíèé. Ìåòîäû è àëãîðèòìû. Ìîñêâà: ÈÏÓ ÐÀÍ. 408 ñ.
Ïàâëîâ Ï.À. 2014. Âðåìÿ ðåàëèçàöèè àñèíõðîííûõ ïàðàëëåëüíûõ ïðîöåññîâ ïðè ìàêðîêîíâåéåðíîé

ñîñðåäîòî÷åííîé îáðàáîòêå. Ïðîáëåìû èíôîðìàòèêè. ¹ 3. Ñ. 37�52.
Ïàâëîâ Ï.À., Êîâàëåíêî Í.Ñ. 2011. Ìàòåìàòè÷åñêîå ìîäåëèðîâàíèå ïàðàëëåëüíûõ ïðîöåññîâ.

Germany: Lambert Academic Publishing. 246 ñ.
Ïàâëîâ Ï.À., Êîâàëåíêî Í.Ñ. 2023. Ðåñóðñíî-ïðîöåññíàÿ ìîäåëü ðàñïðåäåëåííûõ âû÷èñëåíèé

ïðè îãðàíè÷åííîì ÷èñëå êîïèé ïðîãðàììíîãî ðåñóðñà. Ðàçâèòèå èíôîðìàòèçàöèè è ãîñóäàðñòâåí-
íîé ñèñòåìû íàó÷íî-òåõíè÷åñêîé èíôîðìàöèè (ÐÈÍÒÈ-2023). Äîêëàäû XXII Ìåæäóíàðîäíîé íàó÷-
íî-òåõíè÷åñêîé êîíôåðåíöèè. Ìèíñê, 16 íîÿáðÿ 2023 ã. ÎÈÏÈ ÍÀÍ Áåëàðóñè. Ñ. 205�210.

Ðîáè Ð., Çàìîðà Äæ. 2022. Ïàðàëëåëüíûå è âûñîêîïðîèçâîäèòåëüíûå âû÷èñëåíèÿ. Ïåð. ñ àíã. À.Â.
Ëîãóíîâà. Ìîñêâà: ÄÌÊ Ïðåññ. 704 ñ.

Ñòèí âàí Ì., Òàíåíáàóì Ý.Ñ. 2021. Ðàñïðåäåëåííûå ñèñòåìû. Ïåð. ñ àíã. Â.À. ßðîöêîãî. Ìîñê-
âà: ÄÌÊ Ïðåññ. 584 ñ.

Òàíàåâ Â.Ñ., Ñîòñêîâ Þ.Í., Ñòðóñåâè÷ Â.À. 1989. Òåîðèÿ ðàñïèñàíèé. Ìíîãîñòàäèéíûå ñèñòå-
ìû. Ìîñêâà: Íàóêà. 327 ñ.

Òîïîðêîâ Â.Â., Åìåëüÿíîâ Ä.Ì. 2018. Ìîäåëè, ìåòîäû è àëãîðèòìû ïëàíèðîâàíèÿ â ãðèä è îá-
ëà÷íûõ âû÷èñëåíèÿõ. Âåñòíèê Ìîñêîâñêîãî ýíåðãåòè÷åñêîãî èíñòèòóòà. ¹ 6. Ñ. 75�86.

Kovalenko N.S., Pavlov P.À. 2012. Optimal grouping algorithm of identically distributed systems.
Programming and Computer Software. Vol. 38. No 3. P. 143�150.

Kovalenko N.S., Pavlov P.À., Ovseec M.I. 2012. Asynchronous distributed computations with a limited
number of copies of a structured program resource. Cybernetics and systems analysis. Vol. 48. No 1.
P. 86�98.

Pavlov P.À. 2012. The optimality of software resources structuring through the pipeline distributed
processing of competitive cooperative processes. International Journal of Multimedia Technology (IJMT).
Vol. 2. No 1. P. 5�10.

Pavlov P.À. 2023à. Asynchronous mode of distributed computing with a limited number of copies of a
program resource. Theoretical and practical perspectives of modern science. Proceedings of the IV
international scientific and practical conference. September 19�20, 2023, Stockholm, Sweden. P. 10�20.

Pavlov P.À. 2023â. Resource-process model of distributed computing with a limited number of software
resource copies. Challenger and problems of modern science. Proceedings of the IX international scientific
conference. September 7�8, 2023, London, Great Britain. P. 13�21.

Zaiets N., Shtepa V., Pavlov P., Elperin I., Hachkovska M. 2019. Development of a resource-process
approach to increasing the efficiency of electrical equipment for food production. Eastern-European Journal
of Enterprise Technologies. Vol. 5. No 8. P. 59�65.

Ñòàòüÿ ïîñòóïèëà 01.02.2024 ã.

 u 



312

ÑÎÄÅÐÆÀÍÈÅ

ÝÊÎÍÎÌÈÊÀ ........................................................................................................................................ 3

Äàâûäåíêî Å.Ë., Ñèñàóðè Ä.È. Ýêîíîìè÷åñêîå âëèÿíèå ïðîöåññà ðàñøèðåíèÿ
èíòåãðàöèîííîãî îáúåäèíåíèÿ íà ñòðàíû-ó÷àñòíèöû .................................................................... 3

Äàâûäåíêî Ë.Í. Ìåòîäîëîãè÷åñêèå àñïåêòû ñîòðóäíè÷åñòâà Áåëàðóñè è Êèòàÿ
â ïðîãðàììå «Îäèí ïîÿñ � îäèí ïóòü» ........................................................................................... 12

×àí Õ.,  Êàðà÷óí È.À., ×æàé ß. Öèôðîâàÿ ýêîíîìèêà: ãåòåðîãåííîñòü è ýâîëþöèÿ
â ñòðàíàõ èíèöèàòèâû «Îäèí ïîÿñ, îäèí ïóòü» è ÅÀÝÑ ............................................................. 18

Áåëîóñîâ À.Â. Ó÷àñòèå Áåëàðóñè â ìåæäóíàðîäíûõ öåïî÷êàõ
ñîçäàíèÿ ñòîèìîñòè: àíàëèç íà îñíîâå äàííûõ ÎÝÑÐ .................................................................. 30

Ïðèâàëîâà Í.Í., Æóðàâëåâà Î.Â. Îñîáåííîñòè ðåãóëèðîâàíèÿ ðûíêà òðóäà Ðîññèè
â óñëîâèÿõ ïàíäåìèè è ñàíêöèé ..................................................................................................... 41

Ïîïîâà È.Ã. Ðàçðàáîòêà è ñîâåðøåíñòâîâàíèå íîðì òðóäà:
îòå÷åñòâåííûé è çàðóáåæíûé îïûò ................................................................................................ 48

Äàâûäåíêî Å.Ë., Àëèñåéêî Ì.À. Ñîâåðøåíñòâîâàíèå îöåíêè ôîðìèðîâàíèÿ ýêîíîìèêè
çàìêíóòîãî öèêëà â Ðåñïóáëèêå Áåëàðóñü â êîíòåêñòå ìèðîâîãî óñòîé÷èâîãî ðàçâèòèÿ .......... 56

Äîãèëü Ë.Ô. Ìåæäóíàðîäíûå âûçîâû ïåðåõîäà íà ñîâðåìåííûå òåõíîëîãèè
ìåíåäæìåíòà êà÷åñòâà â áèçíåñå ..................................................................................................... 65

Áóðà÷åâñêèé À.À., Æóê È.Í. Èíòåãðàöèÿ ñîþçíîãî ãîñóäàðñòâà â ñôåðå ÀÏÊ:
ðåçóëüòàòû, ïðîáëåìû è ïåðñïåêòèâû ðàçâèòèÿ ............................................................................ 72

Ãîäåñ Í.Â. Ýêîíîìè÷åñêàÿ è ôèíàíñîâàÿ áåçîïàñíîñòü ðåãèîíàëüíîãî èíòåãðàöèîííîãî
îáúåäèíåíèÿ: ìåòîäîëîãè÷åñêèé àñïåêò ......................................................................................... 84

Áàðàíîâ À.Ì. Ìåòîäîëîãè÷åñêèå àñïåêòû îöåíêè âëèÿíèÿ ïîêàçàòåëåé ðàçâèòèÿ íàó÷íî-
èññëåäîâàòåëüñêîãî ñåêòîðà íà ïàòåíòíóþ àêòèâíîñòü â Ðåñïóáëèêå Áåëàðóñü ........................ 97

Çàëèâàêî Ñ.Ã., Ôèëèïïîâà À.Â. Ïåðñïåêòèâû ëèáåðàëèçàöèè ñåêòîðà
áûòîâûõ óñëóã â ÅÀÝÑ ................................................................................................................... 105

Øàãðàé Ï.Ñ. Ñðàâíèòåëüíûé àíàëèç ñòðóêòóðíîé äèíàìèêè ñåêòîðà
äåëîâûõ óñëóã â Áåëàðóñè è â îòäåëüíûõ ñòðàíàõ ....................................................................... 114

ÌÎÄÅËÈÐÎÂÀÍÈÅ .......................................................................................................................... 123

Åãîðîâà Í.Ã., Ñîòñêîâ Þ.Í., Øåíäåðîâà Þ.À. Ðàñïðåäåëåííûå çàäà÷è
êàëåíäàðíîãî ïëàíèðîâàíèÿ ïðîèçâîäñòâà: îáçîð ëèòåðàòóðû
è àëãîðèòìû îïòèìèçàöèè ðàáîò íà çàâîäå .................................................................................. 123

Ïîääóáíàÿ Î.Í. Ïîäõîäû ê ìîäåëèðîâàíèþ òåõíîëîãè÷åñêèõ òðàíñôîðìàöèé
ñîöèàëüíî-ýêîíîìè÷åñêèõ ñèñòåì ................................................................................................. 138

Äåìèäåíêî Â.Ì. Êðàò÷àéøèå òðàíñïîðòíî-ëîãèñòè÷åñêèå ñåòè è èõ ïîñòðîåíèå ................. 150

Ïðîíåâè÷ À.Ô., Õàöêåâè÷ Ã.À. Ïîëíàÿ íåéòðàëüíîñòü íàó÷íî-òåõíè÷åñêîãî ïðîãðåññà
ïî Õèêñó è äèíàìè÷åñêèå ìíîãîôàêòîðíûå ïðîèçâîäñòâåííûå ôóíêöèè ............................... 161

Àëüñåâè÷ Â.Â., Õàðêåâè÷ Í.Ï. Óñëîâèÿ ñóùåñòâîâàíèÿ ðåøåíèÿ â çàäà÷å
àíàëèçà ñïîñîáîâ ïðîèçâîäñòâåííîé äåÿòåëüíîñòè .................................................................... 172



313

Ìàòâåé÷óê Í.Ì., Ñîòñêîâ Þ.Í. Öèôðîâàÿ òðàíñôîðìàöèÿ àãðîïðîìûøëåííîãî
êîìïëåêñà è ïîäãîòîâêà èíæåíåðîâ-àãðàðèåâ ïî íîâûì ñïåöèàëüíîñòÿì ................................ 182

Ïàâëîâ Ï.À. Î âðåìåíè ðåàëèçàöèè ðàñïðåäåëåííûõ âû÷èñëåíèé
ïðè îãðàíè÷åííîì ÷èñëå êîïèé ïðîãðàììíîãî ðåñóðñà .............................................................. 188

Áåëüçåöêèé À.È. Àíàëèç âçàèìîäåéñòâèÿ ðûíêà è âíåøíåé ñðåäû ......................................... 206

ÏÐÎÃÍÎÇÈÐÎÂÀÍÈÅ ...................................................................................................................... 217

Êðàâöîâ Ì.Ê., Ãëàäêàÿ À.À., Äåõòÿðü Ò.À. Ìåòîäèêà ôîðìèðîâàíèÿ
ðåãèîíàëüíî-îòðàñëåâîé ìàòðèöû ñîöèàëüíûõ ñ÷åòîâ Ðåñïóáëèêè Áåëàðóñü .......................... 217

Êðàâöîâ Ì.Ê., Äåõòÿðü Ò.À., Ãëàäêàÿ À.À. Ìåòîäè÷åñêèå îñíîâû äåêîìïîçèöèè
ìóëüòèïëèêàòîðîâ ðåãèîíàëüíî-îòðàñëåâîé ìàòðèöû ñîöèàëüíûõ ñ÷åòîâ
Ðåñïóáëèêè Áåëàðóñü ...................................................................................................................... 231

Ïàðõèìåíêî Â.À., Àêñåíü Ý.Ì., Áûêîâ À.À. Èìïîðò êàê ôàêòîð ýêîíîìè÷åñêîãî ðîñòà:
ìîäåëèðîâàíèå íà îñíîâå òàáëèö «çàòðàòû � âûïóñê»............................................................... 245

Ìàëþãèí Â.È., Øòîëü Å.Þ. Êðàòêîñðî÷íîå ïðîãíîçèðîâàíèå îáúåìà ïðîìûøëåííîãî
ïðîèçâîäñòâà íà îñíîâå ìîäåëåé êîððåêöèè îøèáîê â óñëîâèÿõ øîêîâûõ âîçäåéñòâèé ........ 260

Ëèòâèíîâè÷ À.À., Åðåìåíêî Ì.Ì., Àêñåíü Ý.Ì. Ìîäåëèðîâàíèå îïòèìàëüíîãî
ðàñïðåäåëåíèÿ ðåñóðñîâ â ñôåðå æèëèùíîé ïîëèòèêè â íåïðåðûâíîì âðåìåíè
ñ ó÷åòîì çàïàçäûâàíèÿ ................................................................................................................... 271

Ëèïñêèé Â.À. Ìîäåëèðîâàíèå ïîòåíöèàëüíîãî ÂÂÏ Ðåñïóáëèêè Áåëàðóñü ........................... 284

Áåòü Ì.À., ×è÷èíà À.Ñ. Ïðîãíîçèðîâàíèå äåôëÿòîðà ÂÂÏ:
îòå÷åñòâåííûé è çàðóáåæíûé îïûò .............................................................................................. 290

Ðåçþìå .................................................................................................................................................. 299

Summary ............................................................................................................................................... 306



314

COTENTS

ECONOMY .............................................................................................................................................. 3

E.Davydenko, D.Sisauri. Economic impact of the integration structure expansion
on the participating countries ............................................................................................................... 3

L.Davydenko. Methodological aspects of cooperation between Belarus and China
in the «One Belt � One Road» Initiative ............................................................................................ 12

H.Chang, I.Karachun, Y.Zhai. Digital economy: heterogeneity and evolution in the Belt
and Road Initiative countries and the EAEU...................................................................................... 18

A.Belavusau. Belarus' participation in International Value Chains: analysis based
on OECD data ................................................................................................................................... 30

N.Privalova, O.Zhuravleva. The features of the Russian labor market regulation
in the pandemic and sanctions context ............................................................................................... 41

I.Popova. Labor standards development and improvement: domestic and foreign experience ......... 48

E.Davydzenka, M.Aliseiko. Prospects for the circular economy development in the Republic
of Belarus in the context of global sustainable development .............................................................. 56

L.Dogil. International challenges of quality management transition to modern technologies
in business .......................................................................................................................................... 65

A.Burachevskiy, I.Zhuk. The results of the Union State integration
in the agro-industrial complex: challengers and development prospects ............................................. 72

N.Íîdzes. Economic and financial security of a regional integration association:
methodological aspect ........................................................................................................................ 84

A.Baranov. Methodological aspects of assessing the development indicators impact
in the research sector on patent activity in the Republic of Belarus ................................................... 97

S.Zalivaka, A.Filipava. Prospects for the consumer services sector liberalization
in the EAEU ..................................................................................................................................... 105

P.Shahrai. Comparative analysis of the business services sector structural dynamics
in Belarus and some other countries ................................................................................................ 114

MODELING ........................................................................................................................................ 123

N.Egorova, Y.Sotskov, Y.Shenderova. Distributed production scheduling tasks:
literature review and algorithms for optimizing work at a plant ....................................................... 123

O.Poddubnaia. Approaches to modeling technological transformations
of socio-economic systems .............................................................................................................. 138

V.Demidenko. The shortest transport and logistics networks and their construction ..................... 150

A.Pranevich, G.Khatskevich. Complete Hicks neutrality of technological progress
and dynamic multifactor production functions ................................................................................. 161

V.Alsevich, M.Kharkevich. Conditions for the problem solution existence
of analyzing production activity methods ....................................................................................... .. 172

N.Matsveichuk, Y.Sotskov. Digital transformation of the agro-industrial
complex and agricultural engineers training in new specialties ......................................................... 182



315

P.Pavlov. On the implementation time of distributed computing with a limited number
of a software resource copies ........................................................................................................... 188

A.Belzetsky. Interaction analysis of the market and the external environment ............................... 206

FORECASTING .................................................................................................................................. 217

M.Kravtsov, A.Gladkaya, T.Dekhtyar. Methodology of a regional-industry matrix
of social accounts in the Republic of Belarus ................................................................................... 217

M.Kravtsov, T.Dekhtyar, A.Gladkaya. Methodological basis for multipliers decomposition
of social accounts regional-industry matrix in the Republic of Belarus ............................................ 231

U.Parkhimenka, E.Aksen, A.Bykau. Import as a factor of economic growth:
the modeling based on input-output tables ....................................................................................... 245

V.Malugin, K.Shtol. Short-term forecasting of industrial
production volume based on error correction models under shock impacts .................................... 260

A.Litvinovich, M.Yeremenko, E.Aksen. Continuous-time modeling of the resource allocation
in the field of housing with the allowance for the delay ................................................................... 271

V.Lipskiy. Potential GDP modeling for Belarus ............................................................................. 284

M.Bet, A.Chichina. Forecasting the GDP deflator: domestic and foreign experience .................... 290

Summary in Russian ......................................................................................................................... 299

Summary in English .......................................................................................................................... 306



316

Ðåäàêòèðîâàíèå è êîððåêòóðà � À.Ì. Ñòðîíãèíà
Âåðñòêà � Å.Ý. Äðîáûøåâñêàÿ

Ñáîðíèê íàó÷íûõ òðóäîâ

Îñíîâàí â 2007 ãîäó

Âûïóñê 18

Ýêîíîìèêà, ìîäåëèðîâàíèå, ïðîãíîçèðîâàíèå

Ïîäïèñàíî â ïå÷àòü 9. 08. 2024 ã.  Ôîðìàò 60õ84 1/
8
. Áóìàãà îôñåòíàÿ. Ãàðíèòóðà Òàéìñ.

Ïå÷àòü îôñåòíàÿ. Óñë.ïå÷.ë. 36,73. Ó÷.-èçä.ë. 27,21.
Òèðàæ 100 ýêç. Çàêàç ¹ 332.

Èçäàòåëü è ïîëèãðàôè÷åñêîå èñïîëíåíèå
ÃÍÓ «ÍÈÝÈ Ìèíèñòåðñòâà ýêîíîìèêè Ðåñïóáëèêè Áåëàðóñü»:

Ñâèäåòåëüñòâî î ãîñóäàðñòâåííîé ðåãèñòðàöèè èçäàòåëÿ, èçãîòîâèòåëÿ,
ðàñïðîñòðàíèòåëÿ ïå÷àòíûõ èçäàíèé ¹ 1/258 îò 2 àïðåëÿ 2014 ã.

ËÏ ¹ 38200000015421, äåéñòâóþùàÿ ñ 30.04.2004 ã.

220086, ã. Ìèíñê, óë. Ñëàâèíñêîãî, 1, êîðï. 1. Òåë./ôàêñ (017)  271-02-78
gnu-niei@niei.by

Íàó÷íîå èçäàíèå


