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Àííîòàöèÿ. Ïðåäëîæåí ïîäõîä ê àâòîìàòèçèðîâàííîé ðàçðàáîòêå ïðîãðàìì,
îñíîâàííûé íà èñïîëüçîâàíèè ñðåäñòâ îíòîëîãèé è àëãåáðîàëãîðèòìè÷åñêîãî
èíñòðóìåíòàðèÿ ïðîåêòèðîâàíèÿ è ñèíòåçà ïðîãðàìì. Ïðèìåíåíèå ïîäõîäà
ïðîèëëþñòðèðîâàíî íà ïðèìåðå ðàçðàáîòêè ïàðàëëåëüíîé ïðîãðàììû èç îá-
ëàñòè ìåòåîðîëîãè÷åñêîãî ïðîãíîçèðîâàíèÿ, à òàêæå ïðèëîæåíèÿ, ïðåäíàçíà-
÷åííîãî äëÿ âûïîëíåíèÿ ñîçäàííîé ïðîãðàììû â «îáëà÷íîé» ñðåäå.

Êëþ÷åâûå ñëîâà: îíòîëîãèÿ, àëãåáðà àëãîðèòìîâ, ïðîåêòèðîâàíèå è ñèíòåç
ïðîãðàìì, ïàðàëëåëüíàÿ ïðîãðàììà, «îáëà÷íûå» âû÷èñëåíèÿ.

ÂÂÅÄÅÍÈÅ

Â ïîñëåäíåå âðåìÿ «îáëà÷íûå» âû÷èñëåíèÿ (cloud computing) [1] ñòàíîâÿòñÿ

âñå áîëåå âîñòðåáîâàííûìè. Ïàðàëëåëüíûå âû÷èñëåíèÿ ñ ïðèìåíåíèåì ìóëü-

òèïðîöåññîðíûõ ñðåäñòâ ÿâëÿþòñÿ îñíîâíûì èñòî÷íèêîì îáåñïå÷åíèÿ âûñîêîé

ïðîèçâîäèòåëüíîñòè âû÷èñëåíèé ïðè ðåøåíèè ñëîæíûõ íàó÷íî-òåõíè÷åñêèõ

ïðîáëåì íà «îáëà÷íûõ» ïëàòôîðìàõ, â ÷àñòíîñòè, èç ïðåäìåòíîé îáëàñòè

(ÏðÎ) ìåòåîðîëîãè÷åñêîãî ïðîãíîçèðîâàíèÿ. Ïðîãðàììíûå ïðèëîæåíèÿ «îá-

ëà÷íûõ» ñèñòåì èñïîëüçóþò Èíòåðíåò-òåõíîëîãèè è ðàçâåðíóòû íà ìíîæåñòâå

âû÷èñëèòåëüíûõ óçëîâ è ñåðâèñîâ, êîòîðûå ïîñòîÿííî èçìåíÿþòñÿ. Ðàçðàáîòêà

òàêèõ ïðèëîæåíèé ÿâëÿåòñÿ äîñòàòî÷íî ñëîæíîé çàäà÷åé, â ñâÿçè ñ ÷åì âîçíè-

êàåò íåîáõîäèìîñòü ñîçäàíèÿ ñïåöèàëüíûõ âûñîêîóðîâíåâûõ ñðåäñòâ ãåíåðà-

öèè âûñîêîïðîèçâîäèòåëüíûõ ïðîãðàìì äëÿ «îáëà÷íûõ» ïëàòôîðì.

Â ðàáîòàõ [2, 3] ïðåäëîæåí ïîäõîä ê àâòîìàòèçèðîâàííîìó ïðîåêòèðîâàíèþ

ïðîãðàìì íà îñíîâå ñîâìåñòíîãî èñïîëüçîâàíèÿ îíòîëîãèé è ñðåäñòâ àëãåáðû àë-

ãîðèòìîâ. Ñîçäàíà îíòîëîãèÿ, ñîäåðæàùàÿ îñíîâíûå ïîíÿòèÿ (ñòðóêòóðû äàííûõ,

îïåðàòîðû è èõ âçàèìîñâÿçè), íåîáõîäèìûå äëÿ îïèñàíèÿ ïðèêëàäíûõ àëãîðèòìîâ

è ïðîãðàìì. Íà áàçå îíòîëîãè÷åñêîãî îïèñàíèÿ ïðîãðàììû âûïîëíåíà àâòîìàòè-

÷åñêàÿ ãåíåðàöèÿ íà÷àëüíîãî âàðèàíòà âûñîêîóðîâíåâîé ñïåöèôèêàöèè ïðîãðàì-

ìû ñ ïîìîùüþ ðàçðàáîòàííîãî èíòåãðèðîâàííîãî èíñòðóìåíòàðèÿ ïðîåêòèðîâà-

íèÿ è ñèíòåçà (ÈÏÑ) ïðîãðàìì [4, 5]. Ñïåöèôèêàöèÿ ïðåäñòàâëåíà â âèäå ñõåìû

â ìîäèôèöèðîâàííûõ ñèñòåìàõ àëãîðèòìè÷åñêèõ àëãåáð Ãëóøêîâà (ÑÀÀ-Ì) [4].

Çàòåì ïðîâåäåíî êîíñòðóèðîâàíèå ñõåìû è ãåíåðàöèÿ òåêñòà ïðîãðàììû íà öåëå-

âîì ÿçûêå ïðîãðàììèðîâàíèÿ (C++, Java) â ñèñòåìå ÈÏÑ.

Öåëüþ íàñòîÿùåé ñòàòüè ÿâëÿåòñÿ äàëüíåéøåå ðàçâèòèå èíòåãðèðîâàííûõ

îíòîëîãè÷åñêèõ è àëãåáðîàëãîðèòìè÷åñêèõ ñðåäñòâ äëÿ àâòîìàòèçàöèè ïðîåêòèðî-

âàíèÿ ïðîãðàìì èç ÏðÎ ìåòåîðîëîãè÷åñêîãî ïðîãíîçèðîâàíèÿ äëÿ âûïîëíåíèÿ íà

«îáëà÷íîé» ïëàòôîðìå. Èñïîëüçîâàíèå ðàçðàáîòàííûõ ñðåäñòâ ïðîèëëþñòðèðîâà-

íî íà ïðèìåðå ñîçäàíèÿ ïàðàëëåëüíîé ïðîãðàììû äëÿ ÷èñëåííîãî ðåøåíèÿ çàäà÷è

êîíâåêòèâíîé äèôôóçèè [6, 7]. Ðàññìîòðåíî òàêæå ïðîåêòèðîâàíèå ïðèëîæåíèÿ,

ïðåäíàçíà÷åííîãî äëÿ âûïîëíåíèÿ äàííîé ïðîãðàììû â «îáëà÷íîé» ñðåäå.

Ïðåäëàãàåìûé ïîäõîä áëèçîê ê ïðèâåäåííîìó â ðàáîòàõ, ïîñâÿùåííûõ èñ-

ïîëüçîâàíèþ îíòîëîãèé äëÿ îïèñàíèÿ è ðàçðàáîòêè ïðîãðàìì [8–11]. Â ÷àñòíîñ-

òè, â [8] îíòîëîãè÷åñêîå ïðåäñòàâëåíèå ïðèìåíÿåòñÿ äëÿ ìîäåëèðîâàíèÿ ñèñòåì-

íûõ òðåáîâàíèé è àâòîìàòè÷åñêîé ãåíåðàöèè èíôðàñòðóêòóðû âåá-ïðèëîæåíèé,
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à â [9, 10] îíòîëîãèè èñïîëüçóþòñÿ äëÿ ñåìàíòè÷åñêîãî ïðåäñòàâëåíèÿ ñåðâèñîâ,

ðåñóðñîâ è ïðîåêòèðîâàíèÿ ïðèëîæåíèé äëÿ «îáëà÷íûõ» ïëàòôîðì. Â ðà-

áîòå [11] ðàññìàòðèâàåòñÿ àâòîìàòè÷åñêàÿ ãåíåðàöèÿ øàáëîíîâ ïðîåêòèðîâàíèÿ,

èñïîëüçóåìûõ â ïðåäìåòíî-îðèåíòèðîâàííûõ ÿçûêàõ ïðîãðàììèðîâàíèÿ, â ñîîò-

âåòñòâèè ñ çàäàííîé îíòîëîãèåé ïðåäìåòíîé îáëàñòè.

Ïðåèìóùåñòâî ïðåäëîæåííîãî äàëåå ïîäõîäà ñîñòîèò â ãåíåðàöèè íà îñíîâå

îíòîëîãèè ïðîìåæóòî÷íûõ âûñîêîóðîâíåâûõ àëãåáðîàëãîðèòìè÷åñêèõ ñïåöèôèêà-

öèé (ñõåì) ïðîãðàìì, ïðåäñòàâëåííûõ â åñòåñòâåííî-ëèíãâèñòè÷åñêîé ôîðìå, ÷òî

îáëåã÷àåò ïîíèìàíèå àëãîðèòìîâ è äîñòèæåíèå íåîáõîäèìîãî êà÷åñòâà ïðîãðàìì.

Äðóãèì ïðåèìóùåñòâîì ðàçðàáîòàííûõ ñðåäñòâ ÿâëÿåòñÿ ïðèìåíåíèå ìåòîäà äèàëî-

ãîâîãî êîíñòðóèðîâàíèÿ ñèíòàêñè÷åñêè ïðàâèëüíûõ ïðîãðàìì [4], êîòîðûé èñêëþ-

÷àåò âîçìîæíîñòü âîçíèêíîâåíèÿ îøèáîê â ïðîöåññå ïðîåêòèðîâàíèÿ ñõåì.

1. ÏÎÄÕÎÄ Ê ÏÐÎÅÊÒÈÐÎÂÀÍÈÞ ÏÐÎÃÐÀÌÌ ÍÀ ÎÑÍÎÂÅ ÎÍÒÎËÎÃÈÉ
È ÑÐÅÄÑÒÂ ÀËÃÅÁÐÛ ÀËÃÎÐÈÒÌÎÂ

Äëÿ ïðîåêòèðîâàíèÿ ïðîãðàìì â íàñòîÿùåé ðàáîòå ïðèìåíÿåòñÿ ðàçðàáîòàí-

íûé â [2, 3] ïîäõîä, îñíîâàííûé íà ñîâìåñòíîì èñïîëüçîâàíèè îíòîëîãèè ïðî-

åêòèðîâàíèÿ ïðîãðàìì, ÿçûêà ÑÀÀ-Ì [4] è ÈÏÑ [5]. Îíòîëîãèÿ â [2, 3] ïî-

ñòðîåíà òàêèì îáðàçîì, ÷òî íèæíèé óðîâåíü âêëþ÷àåò êîíöåïöèè èç ðàçëè÷-

íûõ ÏðÎ, à ïðè íåîáõîäèìîñòè åå ìîæíî ðàñøèðèòü ïîíÿòèÿìè èç íîâûõ

ÏðÎ. Â ñîîòâåòñòâèè ñ ðàçðàáîòàííûì ïîäõîäîì îñíîâíûìè ýòàïàìè ïðîåêòè-

ðîâàíèÿ ïðîãðàììû, îòíîñÿùåéñÿ ê íåêîòîðîé ÏðÎ, ÿâëÿþòñÿ ñëåäóþùèå:

� äîáàâëåíèå â îíòîëîãèþ ïðîåêòèðîâàíèÿ ïðîãðàìì êîíöåïöèé, íåîáõîäè-

ìûõ äëÿ îïèñàíèÿ ïðèêëàäíûõ çàäà÷ èç âûáðàííîé ÏðÎ, à òàêæå óñòàíîâëåíèå

ñâÿçåé ñ ñîîòâåòñòâóþùèìè ïðåäñòàâëåíèÿìè â ÑÀÀ-Ì;

� ïîäãîòîâêà îíòîëîãè÷åñêîãî îïèñàíèÿ ðàçðàáàòûâàåìîé ïðîãðàììû;

� ãåíåðàöèÿ íà÷àëüíîé âûñîêîóðîâíåâîé ñõåìû ïðîãðàììû â ÑÀÀ-Ì ïî åå

îíòîëîãè÷åñêîìó îïèñàíèþ è äàëüíåéøàÿ ìîäèôèêàöèÿ ñõåìû â ñèñòåìå ÈÏÑ;

� ãåíåðàöèÿ òåêñòà ïðîãðàììû â ñèñòåìå ÈÏÑ íà öåëåâîì ÿçûêå ïðîãðàììè-

ðîâàíèÿ íà îñíîâå ñêîíñòðóèðîâàííîé ñõåìû.

Äàëåå â ïîäðàçä. 1.1 ðàññìîòðåíà ðàçðàáîòàííàÿ îíòîëîãèÿ ïðîåêòèðîâàíèÿ

ïðîãðàìì è êðàòêî èçëîæåíî åå ðàñøèðåíèå íîâûìè êîíöåïöèÿìè. Â ïîäðàçä. 1.2

ïðèâåäåíû ñðåäñòâà àëãåáðû àëãîðèòìîâ, êîòîðûå èñïîëüçóþòñÿ äëÿ ãåíåðàöèè

ñõåì ïðîãðàìì íà îñíîâå ñîçäàííîé îíòîëîãèè.

1.1. Îíòîëîãèÿ ïðîåêòèðîâàíèÿ ïðîãðàìì. Ðàññìàòðèâàåìûé ïîäõîä ê ïðî-

åêòèðîâàíèþ ïðîãðàìì îñíîâàí íà ïîíÿòèè îíòîëîãèè. Ôîðìàëüíàÿ ìîäåëü îíòî-

ëîãèè [12, 13] ïðåäñòàâëÿåò ñîáîé êîðòåæ O C H P I AC C� � �, , , , , ãäå C — êîíå÷-

íîå ìíîæåñòâî ïîíÿòèé, íàçûâàåìûõ òàêæå êîíöåïöèÿìè èëè êëàññàìè; HC — èå-

ðàðõèÿ ïîíÿòèé, ò.å. ðåôëåêñèâíîå, òðàíçèòèâíîå è àíòèñèììåòðè÷íîå áèíàðíîå

îòíîøåíèå H C CC � � ; H C CC ( , )1 2 îçíà÷àåò, ÷òî êëàññ C1 ÿâëÿåòñÿ ïîäêëàññîì

C2 ; P P P C CC � � �{ | } — ìíîæåñòâî áèíàðíûõ îòíîøåíèé ìåæäó ïîíÿòèÿìè,

íàçûâàåìûõ ñâîéñòâàìè; îáëàñòü îïðåäåëåíèÿ ñâîéñòâà P PC� — ìíîæåñòâî ïî-

íÿòèé Dom P C C C PD D R( ) | ( , )� �{ }, à îáëàñòü çíà÷åíèé ñâîéñòâà P PC� —

ìíîæåñòâî ïîíÿòèé Range P C C C PR D R( ) | ( , ) }� �{ ; I — ìíîæåñòâî ýêçåìïëÿ-

ðîâ ïîíÿòèé èç C ; A — ìíîæåñòâî àêñèîì îíòîëîãèè.

Â ðàáîòàõ [2, 3] ïîñòðîåíà îíòîëîãèÿ, êîòîðàÿ ïðåäíàçíà÷åíà äëÿ îïèñàíèÿ

äàííûõ è îïåðàòîðîâ, à òàêæå îáùåé ñòðóêòóðû ïðîãðàìì èç ÏðÎ ñîðòèðîâêè ìàñ-

ñèâîâ. Â íàñòîÿùåé ñòàòüå âûïîëíåíî äàëüíåéøåå ðàñøèðåíèå ðàçðàáîòàííîé

îíòîëîãèè äëÿ ïðîåêòèðîâàíèÿ ïðîãðàìì èç îáëàñòè ìåòåîðîëîãè÷åñêîãî ïðîãíî-

çèðîâàíèÿ ñ ïðèìåíåíèåì «îáëà÷íûõ» âû÷èñëåíèé. Â êà÷åñòâå èíñòðóìåíòàëüíîãî

ñðåäñòâà ðàçðàáîòêè îíòîëîãèè âûáðàíà ñèñòåìà Prot�g� [14], êîòîðàÿ èñïîëüçóåò
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ÿçûê îïèñàíèÿ îíòîëîãèé OWL (Web Ontology Language) [15]. Íà ðèñ. 1 â âèäå

îðèåíòèðîâàííîãî ãðàôà ïðåäñòàâëåíà èåðàðõèÿ êëàññîâ ðàçðàáîòàííîé îíòîëî-

ãèè. Óçëàìè ãðàôà ÿâëÿþòñÿ êîíöåïöèè, à äóãàìè ïîêàçàíû îòíîøåíèÿ íàñëåäîâà-

íèÿ ìåæäó íèìè. Ðàññìîòðèì íàçíà÷åíèå îñíîâíûõ êîíöåïöèé.

Ïîäêëàññû êëàññà Data ïðåäñòàâëÿþò ðàçëè÷íûå ñòðóêòóðû äàííûõ, èñïîëü-

çóåìûå â ïðîãðàììàõ: ïàðàìåòðû (Parameter), ïîëÿ äàííûõ (DataField), ïðîñòûå

ïåðåìåííûå (Variable), ìàññèâû (Array) è äð. Ñâîéñòâàìè ýòèõ ïîäêëàññîâ ÿâëÿ-

þòñÿ: hasName — èäåíòèôèêàòîð ïåðåìåííîé; isOfType — òèï äàííûõ, ïðåä-

ñòàâëÿþùèé ñîáîé ýêçåìïëÿð êëàññà DataType. Êëàññ DataField òàêæå èìååò äî-

ïîëíèòåëüíîå ñâîéñòâî hasAccessModifiers, â êîòîðîì óêàçûâàþòñÿ ìîäèôèêàòî-

ðû äîñòóïà ê äàííûì.

Êëàññ Operation ñîäåðæèò îïåðàöèè, ïðèìåíÿåìûå ê äàííûì â ïðîãðàììå, —

îïåðàòîðû è ïðåäèêàòû. Îïåðàöèè ìîãóò áûòü áàçèñíûìè (BasicOperation) èëè ñî-

ñòàâíûìè (CompoundOperation). Ïîíÿòèå ñîñòàâíîãî ýëåìåíòà ñîîòâåòñòâóåò ïîíÿ-

òèþ ïîäïðîãðàììû èëè ìåòîäà êëàññà â ïðîãðàììèðîâàíèè. Êàæäûé áàçèñíûé

ýëåìåíò ñîîòâåòñòâóåò îïðåäåëåííîìó áàçèñíîìó ýëåìåíòó â áàçå äàííûõ ñèñòå-

ìû ÈÏÑ [2, 3]. Âñå îïåðàöèè èìåþò òàêèå ñâîéñòâà: hasName — èäåíòèôèêàòîð

îïåðàöèè; hasParameter — àòðèáóò, ñâÿçûâàþùèé îïåðàöèþ ñ ýêçåìïëÿðàìè

êëàññà Parameter; hasOutputOfType — òèï âîçâðàùàåìîãî çíà÷åíèÿ. Êðîìå òîãî,

áàçèñíûå îïåðàöèè èìåþò äîïîëíèòåëüíîå ñâîéñòâî hasSAAText — çàïèñü îïå-

ðàöèè â ÑÀÀ-Ì, à ñîñòàâíûå îïåðàöèè — äîïîëíèòåëüíîå ñâîéñòâî usesOperation,

â êîòîðîì óêàçûâàþòñÿ èñïîëüçóåìûå áàçèñíûå èëè ñîñòàâíûå îïåðàòîðû.
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Ðèñ. 1. Èåðàðõèÿ êëàññîâ îíòîëîãèè ïðîåêòèðîâàíèÿ ïðîãðàìì



Êëàññ APPLICATION ïðåä-

íàçíà÷åí äëÿ ñïåöèôèêàöèè ýê-

çåìïëÿðîâ ïðîãðàìì, êîòîðûå èñ-

ïîëüçóþò äàííûå, îïðåäåëåííûå

ïîäêëàññàìè êëàññà Data, è îïåðà-

öèè — ýêçåìïëÿðû êëàññà

Operation. Êëàññ APPLICATION

èìååò ñëåäóþùèå ñâîéñòâà

(òàáë. 1): hasName — èìÿ ïðî-

ãðàììû; usesData — ñîâîêóï-

íîñòü ãëîáàëüíûõ ïåðåìåííûõ

èëè ïîëåé äàííûõ; hasMethod —

ïîäïðîãðàììû (ñîñòàâíûå îïåðà-

òîðû); hasProgType — òèï ïðîãðàììû (ïîñëåäîâàòåëüíàÿ, ìíîãîïîòî÷íàÿ èëè

ðàñïðåäåëåííàÿ); targetProgLanguage — öåëåâîé ÿçûê (Java èëè C++);

hasSubjectDomain — íàçâàíèå ïðåäìåòíîé îáëàñòè. (Ïðèìåðû ýêçåìïëÿðîâ

êëàññà APPLICATION ðàññìîòðåíû â ðàçä. 2.)

Ñåðûì öâåòîì íà ðèñ. 1 îáîçíà÷åíû äîáàâëåííûå â îíòîëîãèþ íîâûå êîí-

öåïöèè. Ïîíÿòèÿ Meteo_Variable, Meteo_Array, Meteo_BasicOperator è

Meteo_CompoundOperator ïðåäñòàâëÿþò äàííûå è îïåðàòîðû, ïðåäíàçíà÷åííûå

äëÿ ÷èñëåííîãî ðåøåíèÿ çàäà÷, îòíîñÿùèõñÿ ê ïðåäìåòíîé îáëàñòè ìåòåîðîëîãè-

÷åñêîãî ïðîãíîçèðîâàíèÿ. Ýêçåìïëÿðû ýòèõ êîíöåïöèé îðèåíòèðîâàíû íà ðåøå-

íèå çàäà÷è êîíâåêòèâíîé äèôôóçèè [6, 7], âîçíèêàþùåé ïðè ìàòåìàòè÷åñêîì

ìîäåëèðîâàíèè ïðîöåññîâ â àòìîñôåðå (ñì. ïîäðàçä. 2.1).

Â îíòîëîãèþ òàêæå äîáàâëåíû ïîíÿòèÿ, îðèåíòèðîâàííûå íà «îáëà÷íûå»

âû÷èñëåíèÿ [1], ò.å. ìîäåëü ðàñïðåäåëåííîé îáðàáîòêè äàííûõ, â êîòîðîé âû÷èñ-

ëèòåëüíûå ðåñóðñû (íàïðèìåð, ñåðâåðû, óñòðîéñòâà õðàíåíèÿ äàííûõ, ïðèëîæå-

íèÿ) ïðåäîñòàâëÿþòñÿ ïîëüçîâàòåëþ êàê ñåðâèñ ÷åðåç ñåòü Èíòåðíåò. Îäíîé èç

îñíîâíûõ òåõíîëîãèé, ïîëîæåííûõ â îñíîâó «îáëà÷íûõ» ïëàòôîðì, ÿâëÿåòñÿ

âèðòóàëèçàöèÿ [16] — ïðåäîñòàâëåíèå âû÷èñëèòåëüíûõ ðåñóðñîâ, íå çàâèñÿùåå

îò àïïàðàòíîé ðåàëèçàöèè è îáåñïå÷èâàþùåå ëîãè÷åñêóþ èçîëÿöèþ âû÷èñëè-

òåëüíûõ ïðîöåññîâ, âûïîëíÿåìûõ íà îäíîì ôèçè÷åñêîì ðåñóðñå. Â íàñòîÿùåå

âðåìÿ â ðàçðàáîòàííóþ îíòîëîãèþ âêëþ÷åíû êîíöåïöèè Cloud_DataField,

Cloud_BasicOperator è Cloud_CompoundOperator, ïðåäñòàâëÿþùèå íåîáõîäèìûå

äàííûå è îïåðàòîðû, ïðåäíàçíà÷åííûå äëÿ âûïîëíåíèÿ ïðîãðàììíûõ ïðèëîæåíèé

íà âèðòóàëüíûõ ìàøèíàõ (ÂÌ) «îáëà÷íîé» ïëàòôîðìû. (Ïðèìåðû ýêçåìïëÿðîâ

äàííûõ êîíöåïöèé ðàññìîòðåíû â ïîäðàçä. 2.2.)

Îòìåòèì, ÷òî ïðè ïîñòðîåíèè îíòîëîãèè â Prot�g� äëÿ óñòàíîâëåíèÿ ñâÿçè

ìåæäó ýëåìåíòàìè îíòîëîãèè è ñîîòâåòñòâóþùèìè ýëåìåíòàìè ÿçûêà ÑÀÀ-Ì

èñïîëüçóåòñÿ ñâîéñòâî «rdfs:comment» (êîììåíòàðèé ê êîíöåïöèè) [2, 3].

1.2. Ñðåäñòâà àëãåáðû àëãîðèòìîâ è ãåíåðàöèÿ ñõåì ïðîãðàìì íà îñíîâå
ðàçðàáîòàííîé îíòîëîãèè. Îíòîëîãè÷åñêîå îïèñàíèå ïðîãðàìì, à èìåííî ýêçåì-

ïëÿðû êëàññà APPLICATION ðàññìîòðåííîé ðàíåå îíòîëîãèè, èñïîëüçóåòñÿ äëÿ

àâòîìàòè÷åñêîé ãåíåðàöèè ñ ïîìîùüþ ñèñòåìû ÈÏÑ [5] ñîîòâåòñòâóþùåé íà÷àëü-

íîé ñïåöèôèêàöèè ïðîãðàììû, ïðåäñòàâëåííîé â âèäå ñõåìû â ìîäèôèöèðîâàí-

íûõ ÑÀÀ. Äàííûå ÑÀÀ-Ì [4] ïðåäíàçíà÷åíû äëÿ ôîðìàëèçîâàííîãî ïðîåêòèðîâà-

íèÿ ïîñëåäîâàòåëüíûõ è ïàðàëëåëüíûõ ïðîãðàìì è ÿâëÿþòñÿ äâóõîñíîâíîé àëãåá-

ðîé � �Op Pr, ; 	 , ãäå Op è Pr — ìíîæåñòâà îïåðàòîðîâ è ëîãè÷åñêèõ óñëîâèé

(ïðåäèêàòîâ) ñîîòâåòñòâåííî; 	 — ñèãíàòóðà ëîãè÷åñêèõ è îïåðàòîðíûõ îïåðàöèé.

Îñíîâíûìè îïåðàòîðíûìè îïåðàöèÿìè ÿâëÿþòñÿ ñëåäóþùèå:
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Ò à á ë è ö à 1. Îñíîâíûå ñâîéñòâà êëàññà

APPLICATION

Èìÿ ñâîéñòâà Îáëàñòü çíà÷åíèé
Òèï

îòíîøåíèÿ

hasName string 1 1:

usesData Data 1 : N

hasMethod CompoundOperation 1 : N

hasProgType ProgType 1 1:

targetProgLanguage ProgLanguage 1 1:

hasSubjectDomain SubjectDomain 1 1:



� operator1; operator2 — ïîñëåäîâàòåëüíîå âûïîëíåíèå îïåðàòîðîâ (êîìïî-

çèöèÿ);

� IF ( )predicate THEN operator1 ELSE operator2 END IF — îïåðàöèÿ âåò-

âëåíèÿ;

� WHILE ( END OF LOOPpredicate operator) — îïåðàöèÿ öèêëà;

� PARALLEL , 1) ( )( ...,i n operator� 
0 — ïàðàëëåëüíîå âûïîëíåíèå n îïåðà-

òîðîâ (ïîòîêîâ), ãäå i — íîìåð ïîòîêà;

� WAIT predicate — ñèíõðîíèçàòîð, âûïîëíÿþùèé çàäåðæêó âû÷èñëåíèé

äî òåõ ïîð, ïîêà çíà÷åíèå óñëîâèÿ predicate íå ñòàíåò èñòèííûì.

Ïðèâåäåííûå îïåðàöèè ïðåäñòàâëåíû â åñòåñòâåííî-ëèíãâèñòè÷åñêîé ôîð-

ìå. Ñïåöèôèêàöèè àëãîðèòìîâ — ñóïåðïîçèöèè ðàññìàòðèâàåìûõ îïåðàöèé,

à òàêæå áàçèñíûõ îïåðàòîðîâ è ïðåäèêàòîâ, íàçûâàþòñÿ ÑÀÀ-ñõåìàìè. Â ðàáî-

òå [17] ïðèâåäåíû äîïîëíèòåëüíûå îïåðàöèè ÑÀÀ-Ì, ïðåäíàçíà÷åííûå äëÿ ïðî-

åêòèðîâàíèÿ ïàðàëëåëüíûõ ïðîãðàìì äëÿ ãðàôè÷åñêèõ ïðîöåññîðîâ.

Ñèñòåìà ÈÏÑ èñïîëüçóåòñÿ äëÿ àâòîìàòèçèðîâàííîãî êîíñòðóèðîâàíèÿ ÑÀÀ-

ñõåì è ñèíòåçà ñîîòâåòñòâóþùèõ ïðîãðàìì íà öåëåâîì ÿçûêå ïðîãðàììèðîâà-

íèÿ [4, 5]. Äàííàÿ ñèñòåìà òàêæå âûïîëíÿåò ãåíåðàöèþ ÑÀÀ-ñõåì íà îñíîâå îíòî-

ëîãè÷åñêîãî îïèñàíèÿ ïðîãðàììû. Äëÿ ãåíåðàöèè ñõåìû íà âõîä ÈÏÑ ïåðåäàåòñÿ

OWL-ôàéë îíòîëîãèè, ïîñòðîåííîé â Prot�g� [14]. Ãåíåðàöèÿ ñõåìû îñóùåñòâëÿ-

åòñÿ íà îñíîâå îäíîãî èç ýêçåìïëÿðîâ êîíöåïöèè APPLICATION. Âíà÷àëå îáðàáà-

òûâàþòñÿ çíà÷åíèÿ ñâîéñòâà usesData, ò.å. èñïîëüçóåìûå â ïðîãðàììå ýêçåìïëÿðû

äàííûõ. Äëÿ êàæäîãî ýêçåìïëÿðà ãåíåðèðóåòñÿ ñîîòâåòñòâóþùèé áàçèñíûé ýëå-

ìåíò îïðåäåëåíèÿ äàííûõ, êîòîðûé âêëþ÷àåòñÿ â áëîê îïèñàíèÿ ãëîáàëüíûõ ïåðå-

ìåííûõ ñõåìû àëãîðèòìà. Çàòåì îáðàáàòûâàåòñÿ ñâîéñòâî hasMethod. Íàçâàíèÿ,

ïàðàìåòðû è íà÷àëüíàÿ àëãîðèòìè÷åñêàÿ ðåàëèçàöèÿ ñîñòàâíûõ îïåðàöèé, ïåðå-

÷èñëåííûõ â ýòîì ñâîéñòâå, âñòàâëÿþòñÿ â ñõåìó. Ïîä íà÷àëüíîé àëãîðèòìè÷åñêîé

ðåàëèçàöèåé ïîíèìàåòñÿ ïîñëåäîâàòåëüíîñòü âûçîâîâ áàçèñíûõ è ñîñòàâíûõ îïå-

ðàòîðîâ, ïåðå÷èñëåííûõ â ñâîéñòâå usesOperation ñîñòàâíîãî ýëåìåíòà. Ïîäðîáíåå

ïðîöåññ ãåíåðàöèè ÑÀÀ-ñõåì ðàññìîòðåí â [2, 3].

Ñãåíåðèðîâàííàÿ íà÷àëüíàÿ ÑÀÀ-ñõåìà èñïîëüçóåòñÿ çàòåì êàê îñíîâà äëÿ

äàëüíåéøåãî, áîëåå äåòàëüíîãî, êîíñòðóèðîâàíèÿ ñõåìû ïðîãðàììû â ñèñòåìå

ÈÏÑ. Ïîñòðîåíèå ñõåì îñóùåñòâëÿåòñÿ ïóòåì ñóïåðïîçèöèè ÿçûêîâûõ êîíñòðóê-

öèé ÑÀÀ-Ì, êîòîðûå ïîëüçîâàòåëü âûáèðàåò èç ñïèñêà, íà îñíîâå ïðèìåíåíèÿ ìå-

òîäà äèàëîãîâîãî êîíñòðóèðîâàíèÿ ñèíòàêñè÷åñêè ïðàâèëüíûõ ïðîãðàìì

(ÄÑÏ-ìåòîäà) [4]. Â ñîîòâåòñòâèè ñ óïîìÿíóòûì ìåòîäîì íà êàæäîì øàãå ïðîåê-

òèðîâàíèÿ ñèñòåìà ÈÏÑ ïðåäîñòàâëÿåò ïîëüçîâàòåëþ òîëüêî òå êîíñòðóêöèè

ÑÀÀ-Ì, âñòàâêà êîòîðûõ â äåðåâî àëãîðèòìà íå íàðóøàåò ñèíòàêñè÷åñêîé ïðà-

âèëüíîñòè ñõåìû. Ïî ñêîíñòðóèðîâàííîìó òàêèì îáðàçîì àëãîðèòìó ÈÏÑ âûïîë-

íÿåò ãåíåðàöèþ ïðîãðàììû íà öåëåâîì ÿçûêå ïðîãðàììèðîâàíèÿ (Java èëè Ñ++).

Îïèñàíèå îïåðàöèé ÑÀÀ-Ì è áàçèñíûõ ýëåìåíòîâ, à òàêæå èõ îòîáðàæåíèå â ÿçûê

ïðîãðàììèðîâàíèÿ ñîäåðæèòñÿ â áàçå äàííûõ ñèñòåìû ÈÏÑ [5].

2. ÏÐÈÌÅÍÅÍÈÅ ÎÍÒÎËÎÃÈ×ÅÑÊÈÕ È ÀËÃÅÁÐÎÀËÃÎÐÈÒÌÈ×ÅÑÊÈÕ

ÑÐÅÄÑÒÂ ÄËß ÀÂÒÎÌÀÒÈÇÈÐÎÂÀÍÍÎÃÎ ÏÐÎÅÊÒÈÐÎÂÀÍÈß ÏÐÎÃÐÀÌÌÛ

ÌÅÒÅÎÐÎËÎÃÈ×ÅÑÊÎÃÎ ÏÐÎÃÍÎÇÈÐÎÂÀÍÈß

Â äàííîì ðàçäåëå ðàññìîòðåíî èñïîëüçîâàíèå ñîçäàííîé îíòîëîãèè, ñðåäñòâ

ÑÀÀ-Ì è ñèñòåìû ÈÏÑ íà ïðèìåðå ðàçðàáîòêè ïàðàëëåëüíîé ïðîãðàììû

èç îáëàñòè ìåòåîðîëîãèè, à òàêæå ïðîåêòèðîâàíèå ïðîãðàììíîãî ïðèëîæåíèÿ,

ïðåäíàçíà÷åííîãî äëÿ âûïîëíåíèÿ ïàðàëëåëüíîé ïðîãðàììû íà «îáëà÷íîé»

ïëàòôîðìå.
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2.1. Ïðîåêòèðî-
âàíèå ïðèêëàäíîé
ïàðàëëåëüíîé ïðî-
ãðàììû. Â îñíîâó
ð à ñ ñ ì à ò ð è â à å ì î é
ïðîãðàììû ìåòåîðî-
ëîãè÷åñêîãî ïðîãíî-
çèðîâàíèÿ ïîëîæåíà
ïàðàëëåëüíàÿ ÷èñëåí-
íàÿ ðåàëèçàöèÿ òðåõ-
ìåðíîé çàäà÷è êîí-
âåêòèâíîé äèôôóçèè,
âîçíèêàþùåé ïðè ìà-
òåìàòè÷åñêîì ìîäå-

ëèðîâàíèè àòìîñôåðíûõ ïðîöåññîâ [6]. Èñïîëüçóåìàÿ ìàòåìàòè÷åñêàÿ ìîäåëü
ïðåäñòàâëÿåò ñîáîé ñèñòåìó [7] èç ïÿòè óðàâíåíèé â ÷àñòíûõ ïðîèçâîäíûõ. Ðå-
øåíèåì ñèñòåìû ÿâëÿþòñÿ çíà÷åíèÿ u, � , w ñîñòàâëÿþùèõ âåêòîðà ñêîðîñòè âåò-
ðà, à òàêæå àáñîëþòíîé òåìïåðàòóðû T è ïëîòíîñòè âîçäóõà d. Â ïðîãðàììå ïðè-
ìåíÿåòñÿ ÷èñëåííûé ìîäèôèöèðîâàííûé àääèòèâíî-óñðåäíåííûé ìåòîä
(ÌÀÓÌ) [6]. Ðàñïàðàëëåëèâàíèå âû÷èñëåíèé îñóùåñòâëÿåòñÿ íà òðåõ óðîâíÿõ:
ïî óðàâíåíèÿì ìîäåëè, êîëè÷åñòâî êîòîðûõ çàäàåòñÿ â êîíñòàíòå
EVL_ MT_ VAL � 5; ïðîñòðàíñòâåííûì íàïðàâëåíèÿì — äîëãîòå � , øèðîòå �
è âûñîòå íàä óðîâíåì ìîðÿ z; ïî ïîäîáëàñòÿì, íà êîòîðûå ðàçäåëÿåòñÿ êàæäîå
ïðîñòðàíñòâåííîå íàïðàâëåíèå. Êîëè÷åñòâî ïîäîáëàñòåé çàäàåòñÿ â ïåðåìåííîé
Subdomains � 1. Êîëè÷åñòâî ïàðàëëåëüíûõ ïîòîêîâ â ïðîãðàììå óñòàíàâëèâàåòñÿ
â ñîîòâåòñòâèè ñ ôîðìóëîé NmbThreads 3 Subdomains EVL_ MT_ VAL.�  

Äëÿ ïðîåêòèðîâàíèÿ ðàññìàòðèâàåìîé ïðîãðàììû â ðàçðàáîòàííîé îíòîëîãèè

ñîçäàí ýêçåìïëÿð êëàññà APPLICATION (ñì. ðàçä. 1, òàáë. 1) ñ ïîìîùüþ ñèñòåìû

Prot�g� [14]. Çíà÷åíèÿ ñâîéñòâ äàííîãî ýêçåìïëÿðà ïåðå÷èñëåíû â ñîêðàùåííîì

âèäå â òàáë. 2. Â ñâîéñòâå hasName äëÿ ýêçåìïëÿðà ïðîãðàììû çàäàíî èìÿ model.

Â ñâîéñòâå usesData ïðèâåäåíû ïðèìåðû îñíîâíûõ ïåðåìåííûõ ïðîãðàììû,

ïðåäñòàâëÿþùèå ñîáîé ýêçåìïëÿðû êëàññîâ Meteo_Variable è Meteo_Array ïî-

ñòðîåííîé îíòîëîãèè, à èìåííî: TmKnotsPer12h — êîëè÷åñòâî òî÷åê âðåìåííîé

ñåòêè äëÿ 12-÷àñîâîãî ïåðèîäà; M_prm — m-ïàðàìåòð ÌÀÓÌ [6]; Subdomains —

êîëè÷åñòâî ïîäîáëàñòåé; TmLimCalc — ïåðèîä âðåìåíè (â ñåêóíäàõ), íà êîòîðûé

âû÷èñëÿåòñÿ ïðîãíîç; u , v , w , T, d , p — äâóìåðíûå ìàññèâû äëÿ õðàíåíèÿ çíà÷å-

íèé ñîñòàâëÿþùèõ âåêòîðà ñêîðîñòè âåòðà u, � , w, òåìïåðàòóðû T , ïëîòíîñòè

âîçäóõà d è àòìîñôåðíîãî äàâëåíèÿ p. Ñâîéñòâî hasMethod ñîäåðæèò ïåðå÷èñëå-

íèå ïîäïðîãðàìì ïðîåêòèðóåìîé ïðîãðàììû, êîòîðûå ïðåäñòàâëÿþò ñîáîé ýê-

çåìïëÿðû êëàññà Meteo_CompoundOperator.

Â òàáë. 3 â êà÷åñòâå ïðèìåðà ïðèâåäåíû çíà÷åíèÿ îñíîâíûõ ñâîéñòâ ïîä-

ïðîãðàììû main. Â ñâîéñòâå usesOperation ïåðå÷èñëåíû èñïîëüçóåìûå â ïîäïðîã-

ðàììå îïåðàöèè (ýêçåìïëÿðû êëàññîâ Meteo_BasicOperator è Meteo_Com-

poundOperator). Íàçíà÷å-

íèå ïîäïðîãðàììû main

ñîñòîèò â èíèöèàëèçàöèè

äàííûõ, âûçîâå ïîäïðîã-

ðàììû âûïîëíåíèÿ ïà-

ðàëëåëüíûõ âû÷èñëåíèé

CalcParallelPart, à òàêæå

ñîõðàíåíèè ðåçóëüòèðó-

þùèõ äàííûõ â âûõîä-

íûå ôàéëû.
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Ò à á ë è ö à 2. Çíà÷åíèÿ ñâîéñòâ ýêçåìïëÿðà ïðîãðàììû
model

Èìÿ ñâîéñòâà Çíà÷åíèå

hasName model

usesData
TmKnotsPer12h; M_prm; Subdomains; TmLimCalc;

u v w T d p; ; ; ; ;

hasMethod
main;

CalcParallelPart

hasProgType Multithreaded

targetProgLanguage C_plus_plus

hasSubjectDomain Meteorology

Ò à á ë è ö à 3. Çíà÷åíèÿ îñíîâíûõ ñâîéñòâ ýêçåìïëÿ-
ðà ïîäïðîãðàììû main

Èìÿ ñâîéñòâà Çíà÷åíèå

hasName main

usesOperation

Set_initial_parameters;

Load_the_data_to_arrays_for_meteorological_values;

CalcParallelPart;

Comparing_interpolated_and_calculated_values;

Save_data_to_files_for_3D_convective_diffusion_task



Íà îñíîâå îíòîëîãè÷åñêîãî îïèñàíèÿ ïðîãðàììû model ñ ïîìîùüþ ñèñòåìû

ÈÏÑ ñãåíåðèðîâàíà ïðèâåäåííàÿ äàëåå íà÷àëüíàÿ ÑÀÀ-ñõåìà, â êîòîðîé íàçâàíèÿ

ñîñòàâíûõ îïåðàòîðîâ îò èõ äåòàëèçàöèé îòäåëåíû öåïî÷êàìè ñèìâîëîâ �, áà-

çèñíûå îïåðàòîðû îòìå÷åíû äâîéíûìè êàâû÷êàìè, à áàçèñíûå óñëîâèÿ — îäè-

íàðíûìè:

SAA-SCHEME model ====

General parallel scheme for solving 3D convective diffusion problem

END OF COMMENTS

"GlobalData"

==== "Declare variables (TmKnotsPer12h, M_prm, Subdomains, TmLimCalc)

of type (int)";

"Declare dynamic size two-dimensional arrays (u, v, w, T, d, p) of type (double)”;

"main"

==== "Set initial parameters (Subdomains, M_prm, TmKnotsPer12h, TmLimCalc)";

"Load the data to arrays for meteorological values (u, v, w, T, d, p)";

"CalcParallelPart";

"Comparing interpolated and calculated values";

"Save data to files for 3D convective diffusion task";

"CalcParallelPart"

==== "Initialization of data for parallel part";

"Initialization of variables and arrays for current thread (proc)";

"Set actual equality values for (u, v, w, T, d, p) and boundary conditions";

"Compute the subtasks for current space direction (lambda, fi, z)";

"Compute the average on the basis of the results for each direction";

"Storing the results to global arrays";

"Deallocate the memory for arrays for 3d convective diffusion task";

END OF SAA-SCHEME model

Äàëåå ðàçðàáîò÷èê ïðîäîëæàåò êîíñòðóèðîâàíèå ïðèâåäåííîé ñõåìû ñ ïî-

ìîùüþ èíñòðóìåíòàðèÿ ÈÏÑ, à èìåííî èñïðàâëÿåò ïîäñõåìó, äåòàëèçèðóþùóþ

ñîñòàâíîé îïåðàòîð CalcParallelPart, ò.å. äîáàâëÿåò îïåðàòîðû ïðèñâàèâàíèÿ, îïå-

ðàöèþ ïàðàëëåëüíîãî âûïîëíåíèÿ, öèêë è ñèíõðîíèçàòîðû. Ðåçóëüòèðóþùàÿ

ïîäñõåìà èìååò ñëåäóþùèé âèä:

"CalcParallelPart"

==== "Initialization of data for parallel part";

"NmbThreads := 3  Subdomains  EVL_MT_VAL";

PARALLEL(proc = 0, ... , NmbThreads-1)

(

"Initialization of variables and arrays for current thread (proc)";

"(j) := (M_prm)";

WHILE '(j  tau) <= (TmLimCalc)'

LOOP

"Set actual equality values for (u, v , w, T, d, p) and boundary conditions";

"Compute the subtasks for current space direction (lambda, fi, z)";

WAIT 'All threads completed work';

"Compute the average on the basis of the results for each direction";

WAIT 'All threads completed work';

“Storing the results to global arrays";
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WAIT 'All threads completed work';

"Increase (j) by (M_prm)";

END OF LOOP;

"Deallocate the memory for arrays for 3d convective diffusion task"

);

Íà îñíîâå ïîñòðîåííîé ÑÀÀ-ñõåìû model â ñèñòåìå ÈÏÑ âûïîëíåíà ãåíå-

ðàöèÿ òåêñòà ïàðàëëåëüíîé ìíîãîïîòî÷íîé ïðîãðàììû íà ÿçûêå ïðîãðàììèðîâà-

íèÿ C++ ñ èñïîëüçîâàíèåì áèáëèîòåêè OpenMP [18].

2.2. Ïðîåêòèðîâàíèå ïðèëîæåíèÿ äëÿ âûïîëíåíèÿ ïàðàëëåëüíîé ïðî-
ãðàììû íà «îáëà÷íîé» ïëàòôîðìå. Äëÿ àâòîìàòèçàöèè âûïîëíåíèÿ ñîçäàííîé

ïàðàëëåëüíîé ïðîãðàììû model íà «îáëà÷íîé» ïëàòôîðìå ñïðîåêòèðîâàíî ïðî-

ãðàììíîå ïðèëîæåíèå, íàçâàííîå CloudApplication. Ïðåäïîëàãàåòñÿ, ÷òî ïðî-

ãðàììà model óæå ðàçìåùåíà è ñêîìïèëèðîâàíà íà îäíîé èëè íåñêîëüêèõ ÂÌ,

ïðåäîñòàâëåííûõ «îáëà÷íîé» ïëàòôîðìîé. Äàííûå ÂÌ òàêæå íàçûâàþòñÿ ñåðâå-

ðàìè (servers). Íàçíà÷åíèå ïðèëîæåíèÿ CloudApplication ñîñòîèò â àóòåíòèôèêà-

öèè ïîëüçîâàòåëÿ íà óïîìÿíóòîé ïëàòôîðìå, çàïóñêå ïàðàëëåëüíîé ïðîãðàììû

íà îäíîì èç àêòèâíûõ ñåðâåðîâ, à òàêæå ïðåäîñòàâëåíèè ïîëüçîâàòåëþ ðåçóëüòà-

òîâ âûïîëíåíèÿ ïðîãðàììû â âèäå àðõèâà ñ âûõîäíûìè ôàéëàìè ïðîãðàììû.

Ïîäõîä ïðîèëëþñòðèðîâàí äëÿ ñëó÷àÿ, êîãäà «îáëà÷íàÿ» ñèñòåìà ðåàëèçîâàíà íà

îñíîâå OpenStack [19] — ïëàòôîðìû äëÿ ïîñòðîåíèÿ «îáëà÷íûõ» èíôðàñòðóêòóð

ñ îòêðûòûì èñõîäíûì êîäîì.

Íà÷àëî ïðîåêòèðîâàíèÿ ïðèëîæåíèÿ CloudApplication ïðåäïîëàãàåò ñîçäàíèå

ýêçåìïëÿðà êëàññà APPLICATION è çàïîëíåíèå çíà÷åíèé åãî ñâîéñòâ (òàáë. 4).

Â ñâîéñòâå usesData ñîçäàííîãî ýêçåìïëÿðà CloudApplication ïåðå÷èñëåíû

ïîëÿ äàííûõ îñíîâíîãî

êëàññà ïðîãðàììû —

ýêçåìïëÿðû êëàññà

Cloud_DataField ðàçðà-

áîòàííîé îíòîëîãèè. Òà-

êèìè ïîëÿìè ÿâëÿþòñÿ

ñëåäóþùèå: novaApi —

ïåðåìåííàÿ, ïðåäíàçíà-

÷åííàÿ äëÿ äîñòóïà ê

Nova (ñåðâèñó, óïðàâëÿ-

þùåìó âû÷èñëèòåëü-

íûìè ðåñóðñàìè «îá-

ëà÷íîé» ïëàòôîðìû

OpenStack); provider —

èìÿ ñåðâèñà, ïðåäîñòàâëÿåìîãî «îáëà÷íîé» ïëàòôîðìîé (openstack-nova);

endPoint — óíèôèöèðîâàííûé óêàçàòåëü èíôîðìàöèîííîãî ðåñóðñà (URL) äëÿ

àóòåíòèôèêàöèè ïîëüçîâàòåëÿ â ïëàòôîðìå; identity — èìÿ ïðîåêòà OpenStack è

èìÿ ïîëüçîâàòåëÿ, credential — ïàðîëü äëÿ äîñòóïà ïîëüçîâàòåëÿ ê ïëàòôîðìå;

serverIPAddress — IP-àäðåñ àêòèâíîé ÂÌ (ñåðâåðà); commandToExecute — êî-

ìàíäà äëÿ âûïîëíåíèÿ ïàðàëëåëüíîé ïðîãðàììû model íà ÂÌ; outputPath —

èìÿ àðõèâà ñ âûõîäíûìè ôàéëàìè ïðîãðàììû model; destPath — ïóòü ê ëîêàëü-

íîìó êàòàëîãó ïîëüçîâàòåëÿ, â êîòîðûé íåîáõîäèìî ñêîïèðîâàòü àðõèâ ïîñëå

âûïîëíåíèÿ ïðîãðàììû.

Â ñâîéñòâå hasMethod ïåðå÷èñëåíû ïîäïðîãðàììû ïðèëîæåíèÿ CloudApplica-

tion, à èìåííî: main_ CloudApplication — ìåòîä main â ïðîãðàììå íà ÿçûêå Java;

initialize_CloudApplication — ìåòîä, â êîòîðîì âûïîëíÿþòñÿ èíèöèàëèçàöèè äàí-

íûõ è àóòåíòèôèêàöèÿ ïîëüçîâàòåëÿ; executeProgramOnFirstActiveServer — ìåòîä,
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Ò à á ë è ö à 4. Çíà÷åíèÿ îñíîâíûõ ñâîéñòâ ýêçåìïëÿðà

ïðîãðàììû CloudApplication

Èìÿ ñâîéñòâà Çíà÷åíèå

hasName CloudApplication

usesData

novaApi; provider; endPoint; identity;

credential; serverIPAddress; commandToExecute;

outputPath; destPath

hasMethod

main_CloudApplication;

initialize_CloudApplication;

executeProgramOnFirstActiveServer

targetProgLanguage Java



âûïîëíÿþùèé ïðîãðàììó íà ÂÌ.

Ýòè ïîäïðîãðàììû ÿâëÿþòñÿ ýêçåìïëÿ-

ðàìè êëàññà Cloud_CompoundOperator

ñîçäàííîé îíòîëîãèè. Â òàáë. 5

â êà÷åñòâå ïðèìåðà ïðèâåäåíû çíà-

÷åíèÿ ñâîéñòâ ïîäïðîãðàììû

main_CloudApplication. Â ñâîéñòâå

usesOperation ïåðå÷èñëåíû èñïîëüçóå-

ìûå â ïîäïðîãðàììå îïåðàöèè (ýêçåì-

ïëÿðû êëàññîâ Cloud_BasicOperator è Cloud_CompoundOperator).

Íà îñíîâå îíòîëîãè÷åñêîãî îïèñàíèÿ ïðîãðàììû CloudApplication ñ èñïîëüçî-

âàíèåì ñèñòåìû ÈÏÑ ñãåíåðèðîâàíà ñëåäóþùàÿ íà÷àëüíàÿ ÑÀÀ-ñõåìà:

SAA-SCHEME CloudApplication

"GlobalData"

==== "Declare a variable (novaApi) of type (NovaApi) with access modifiers (private

static)";

"Declare variables (provider, endPoint, identity, credential, serverIPAddress,

commandToExecute, outputPath, destPath) of type (String)

with access modifiers (private)";

"main_CloudApplication"

==== "initialize_CloudApplication";

"executeProgramOnFirstActiveServer";

"Release resources (novaApi)";

"initialize_CloudApplication"

==== "Read input parameters from config file (provider, endPoint, identity, credential,

serverIPAddress, commandToExecute, outputPath, destPath)";

"Authenticate against the cloud provider based on parameters

(provider, endPoint, identity, credential)";

"executeProgramOnFirstActiveServer"

==== "Find the first active server (activeServer)”;

"Set parameters (serverIPAddress, host, password) for connecting to the server

(activeServer)";

"Connect to server (activeServer) with parameters (host, password)";

"Execute command (commandToExecute) on server (activeServer)";

"Return archived output files (outputPath, destPath) from server

(activeServer)";

"Disconnect from server (activeServer)";

END OF SAA-SCHEME CloudApplication

Äàëåå ðàçðàáîò÷èê ïðîäîëæàåò êîíñòðóèðîâàíèå ïðèâåäåííîãî àëãîðèòìà

â ñèñòåìå ÈÏÑ, à èìåííî, â ïîäñõåìó äëÿ ñîñòàâíîãî îïåðàòîðà

executeProgramOnFirstActiveServer äîáàâëÿåò äâå îïåðàöèè âåòâëåíèÿ è îïåðàòîð

âûâîäà ñîîáùåíèÿ íà ýêðàí. Èñïðàâëåííàÿ ïîäñõåìà èìååò ñëåäóþùèé âèä:

"executeProgramOnFirstActiveServer"

==== "Find the first active server (activeServer)";

IF 'Found active server'

THEN

"Set parameters (serverIPAddress, host, password) for connecting to the server

(activeServer)";
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Ò à á ë è ö à 5. Çíà÷åíèÿ îñíîâíûõ ñâîéñòâ

ïîäïðîãðàììû main_CloudApplication

Èìÿ ñâîéñòâà Çíà÷åíèå

hasName main_CloudApplication

usesOperation

initialize_CloudApplication;

executeProgramOnFirstActiveServer;

Release_resources



"Connect to server (activeServer) with parameters (host, password)";

IF 'Connected to a server (activeServer)'

THEN "Execute command (commandToExecute) on server (activeServer)";

"Return archived output files (outputPath, destPath) from server

(activeServer)";

"Disconnect from server (activeServer)"

END IF

ELSE "Output the message ("No active server found.")"

END IF

Íà îñíîâå ïîñòðîåííîé ÑÀÀ-ñõåìû CloudApplication â ñèñòåìå ÈÏÑ âûïîë-

íÿåòñÿ ãåíåðàöèÿ òåêñòà ïðîãðàììû íà ÿçûêå ïðîãðàììèðîâàíèÿ Java ñ èñïîëüçî-

âàíèåì áèáëèîòåêè ñ îòêðûòûì êîäîì jclouds [20]. Äàííàÿ áèáëèîòåêà ïðåäñòàâ-

ëÿåò ñîáîé èíòåðôåéñ ïðîãðàììèðîâàíèÿ ïðèëîæåíèé (API) äëÿ ðàçëè÷íûõ «îá-

ëà÷íûõ» ïëàòôîðì — OpenStack, Amazon Web Services, CloudStack è äð.

2.3. Ðåçóëüòàòû ÷èñëåííîãî ýêñïåðèìåíòà. Ðàçðàáîòàííàÿ ïðîãðàììà

CloudApplication ïðèìåíÿåòñÿ äëÿ âûïîëíåíèÿ ïàðàëëåëüíîé ïðîãðàììû ìåòåî-

ðîëîãè÷åñêîãî ïðîãíîçèðîâàíèÿ model íà ÂÌ, âõîäÿùåé â ñîñòàâ òåñòîâîé «îá-

ëà÷íîé» ñèñòåìû, ðåàëèçîâàííîé íà îñíîâå OpenStack [19]. Äàííàÿ ÂÌ èìååò òà-

êóþ êîíôèãóðàöèþ àïïàðàòíîãî è ïðîãðàììíîãî îáåñïå÷åíèÿ: âîñåìü âèðòóàëü-

íûõ ïðîöåññîðîâ ñ ÷àñòîòîé 2 ÃÃö; îáúåì îïåðàòèâíîé ïàìÿòè 1 Ãáàéò;

îïåðàöèîííàÿ ñèñòåìà Scientific Linux 7.1. Âèðòóàëèçàöèÿ îñíîâàíà íà èñïîëüçî-

âàíèè KVM [16], ÿâëÿþùåãîñÿ îäíèì èç îñíîâíûõ ïðîãðàììíûõ ñðåäñòâ ìîíè-

òîðèíãà ÂÌ â OpenStack. Îïèñàííàÿ ÂÌ âûïîëíÿëàñü íà ôèçè÷åñêîì âû÷èñëè-

òåëüíîì óçëå «îáëà÷íîé» ïëàòôîðìû ñ äâóìÿ ÷åòûðåõúÿäåðíûìè ïðîöåññîðàìè

Intel Xeon CPU E5335 ñ ÷àñòîòîé 2 ÃÃö.

Â ïðîöåññå ýêñïåðèìåíòà ïðèíèìà-

ëèñü òàêèå çíà÷åíèÿ âõîäíûõ ïàðàìåòðîâ

ïðîãðàììû model (ñì. ïîäðàçä. 2.1): ïåðè-

îä âðåìåíè, íà êîòîðûé îñóùåñòâëÿëñÿ

ïðîãíîç TmLimCalc 43200� ñ (12 ÷àñ); êî-

ëè÷åñòâî òî÷åê âðåìåííîé ñåòêè

TmKnotsPer12h � 4320; ïàðàìåòð ìîäèôè-

öèðîâàííîãî àääèòèâíî-óñðåäíåííîãî

ìåòîäà [6] M_ prm � 10. Êîëè÷åñòâî ïîä-

îáëàñòåé Subdomains èçìåíÿëîñü îò îäíîé

äî ïÿòè, à êîëè÷åñòâî ïàðàëëåëüíûõ ïîòî-

êîâ NmbThreads — îò äåâÿòè äî 45 â ñîîò-

âåòñòâèè ñ ôîðìóëîé NmbThreads =

= 9 Subdomains . Íà ðèñ. 2 ïîêàçàíû ïîëó-

÷åííûå çíà÷åíèÿ ìóëüòèïðîöåññîðíîãî

óñêîðåíèÿ Sp T T� 1 8/ , ãäå T1 è T8 — ñðåäíåå âðåìÿ âûïîëíåíèÿ ïðîãðàììû model

íà îäíîì è âîñüìè âèðòóàëüíûõ ïðîöåññîðàõ ñîîòâåòñòâåííî. Ìàêñèìàëüíîå çíà-

÷åíèå óñêîðåíèÿ Sp ïîëó÷åíî ïðè Subdomains 5� è ñîñòàâèëî 6.31. Ýôôåêòèâíîñòü

èñïîëüçîâàíèÿ ïðîöåññîðîâ ïðè ýòîì E Sp� �/ .8 0 79.

ÇÀÊËÞ×ÅÍÈÅ

Ïðåäëîæåíî ðàçâèòèå ðàíåå ðàçðàáîòàííîãî àâòîðàìè ïîäõîäà ê ïðîåêòèðîâà-

íèþ ïðîãðàìì, îñíîâàííîãî íà èñïîëüçîâàíèè îíòîëîãèè è èíñòðóìåíòàëüíûõ

ñðåäñòâ àëãåáðû àëãîðèòìîâ. Îíòîëîãèÿ ðàñøèðåíà íîâûìè êîíöåïöèÿìè

èç ÏðÎ ìåòåîðîëîãè÷åñêîãî ïðîãíîçèðîâàíèÿ, à òàêæå ïðîãðàììèðîâàíèÿ «îá-

ëà÷íûõ» âû÷èñëåíèé. Îíòîëîãèÿ ïîçâîëÿåò îïèñàòü îñíîâíûå îáúåêòû ðàçðà-
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Ðèñ. 2. Çàâèñèìîñòü ìóëüòèïðîöåññîðíîãî
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model



áàòûâàåìûõ ïðîãðàìì èç âûáðàííîé ÏðÎ — ñòðóêòóðû äàííûõ, îáðàáàòûâàþ-

ùèå èõ îïåðàòîðû è âçàèìîñâÿçè ìåæäó íèìè. Íà îñíîâå îíòîëîãè÷åñêîãî

îïèñàíèÿ ïðîãðàììû âûïîëíÿåòñÿ àâòîìàòè÷åñêàÿ ãåíåðàöèÿ íà÷àëüíîé âûñî-

êîóðîâíåâîé ñõåìû ïðîãðàììû è åå ìîäèôèêàöèÿ ñ ïîìîùüþ ðàçðàáîòàííîãî

èíñòðóìåíòàðèÿ ïðîåêòèðîâàíèÿ è ñèíòåçà ïðîãðàìì. Â èíñòðóìåíòàðèè îñó-

ùåñòâëÿåòñÿ òàêæå ãåíåðàöèÿ ïðîãðàììû íà öåëåâîì ÿçûêå ïðîãðàììèðîâàíèÿ.

Ïðèìåíåíèå ïîäõîäà ïðîèëëþñòðèðîâàíî íà ïðèìåðå ðàçðàáîòêè ïàðàëëåëüíîé

ïðîãðàììû äëÿ ðåøåíèÿ òðåõìåðíîé çàäà÷è êîíâåêòèâíîé äèôôóçèè è ïðèëî-

æåíèÿ, ïðåäíàçíà÷åííîãî äëÿ âûïîëíåíèÿ ñîçäàííîé ïðîãðàììû â «îáëà÷íîé»

ñðåäå. Ïðîâåäåí ýêñïåðèìåíò ïî âûïîëíåíèþ ðàçðàáîòàííîé ïàðàëëåëüíîé

ïðîãðàììû íà ìóëüòèïðîöåññîðíîì óçëå «îáëà÷íîé» ïëàòôîðìû, ðåçóëüòàòû

êîòîðîãî ïðîäåìîíñòðèðîâàëè õîðîøèé ïîêàçàòåëü ýôôåêòèâíîñòè ðàñïàðàëëå-

ëèâàíèÿ âû÷èñëåíèé.
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Àíîòàö³ÿ. Çàïðîïîíîâàíî ï³äõ³ä äî àâòîìàòèçîâàíîãî ðîçðîáëåííÿ ïðîãðàì,
ùî ´ðóíòóºòüñÿ íà âèêîðèñòàíí³ çàñîá³â îíòîëîã³é òà àëãåáðîàëãîðèòì³÷íîãî
³íñòðóìåíòàð³þ ïðîåêòóâàííÿ ³ ñèíòåçó ïðîãðàì. Çàñòîñóâàííÿ ï³äõîäó
ïðî³ëþñòðîâàíî íà ïðèêëàä³ ðîçðîáëåííÿ ïàðàëåëüíî¿ ïðîãðàìè ó ñôåð³ ìå-
òåîðîëîã³÷íîãî ïðîãíîçóâàííÿ, à òàêîæ ïðîãðàìíîãî çàñòîñóíêó, ïðèçíà÷å-
íîãî äëÿ âèêîíàííÿ ñòâîðåíî¿ ïðîãðàìè â «õìàðíîìó» ñåðåäîâèù³.

Êëþ÷îâ³ ñëîâà: îíòîëîã³ÿ, àëãåáðà àëãîðèòì³â, ïðîåêòóâàííÿ ³ ñèíòåç ïðî-
ãðàì, ïàðàëåëüíà ïðîãðàìà, «õìàðí³» îá÷èñëåííÿ.

A.Yu. Doroshenko, O.M. Ovdii, O.A. Yatsenko
ONTOLOGICAL AND ALGEBRA-ALGORITHMIC TOOLS FOR AUTOMATED
DESIGN OF PARALLEL PROGRAMS FOR CLOUD PLATFORMS

Abstract. We propose an approach to automated development of programs,
which is based on the use of ontological facilities and algebra-algorithmic tools
for design and synthesis of programs. The approach is illustrated on the example
of developing a parallel program in the meteorological forecasting domain, as
well as software application to execute the developed program on a cloud
computing platform.

Keywords: ontology, algebra of algorithms, design and synthesis of programs,
parallel program, cloud computing.
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