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ÓÄÊ 004.42 ÊÎÌÏÎÍÅÍÒ ÏÐÎÂÅÐÊÈ ÊÎÐÐÅÊÒÍÎÑÒÈÈÑÏÎËÜÇÎÂÀÍÈß MPI Â ÏÐÎÃÐÀÌÌÍÎÌ ÊÎÌÏËÅÊÑÅ S-MPIÀ. Â. Îãîðîäíèêîâ, Í. À. Ïîáóðèííàÿ, Ì. È. Ñòàðîâ(ÎÎÎ "Öåíòð êîìïåòåíöèé è îáó÷åíèÿ", ã. Ñàðîâ)Ðàçðàáàòûâàåìûé èíñòðóìåíò MCCT ïðèçâàí îáëåã÷èòü ïðîãðàììèñòàì ïîèñê ðå-àëüíûõ è ïîòåíöèàëüíûõ ïðîáëåì â ïàðàëëåëüíîì êîäå, èñïîëüçóþùåì MPI. Äàííûéïðîãðàììíûé êîìïîíåíò ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI âõîäèò â ñîñòàâðàçðàáàòûâàåìîãî êîìïëåêñà S-MPI � ïåðâîãî ïîäîáíîãî êîììåð÷åñêîãî ïðîäóêòà âÐîññèè.Íà ðÿäå ïðèìåðîâ ïðîáëåìíîãî èñõîäíîãî êîäà äåìîíñòðèðóåòñÿ óñïåøíîå îáíàðóæå-íèå ïðîáëåì ñ ïîìîùüþ MCCT. Ïðèâîäÿòñÿ ðåçóëüòàòû ïðîâåðêè êîððåêòíîñòè äâóõïðîãðàììíûõ ïàêåòîâ � ËÝÃÀÊ-ÄÊ è ËÎÃÎÑ, ðàçðàáîòàííûõ â ÐÔßÖ-ÂÍÈÈÝÔ.Çàìåðû ïðîèçâîäèòåëüíîñòè ÌÑÑÒ ïîäòâåðæäàþò åãî äîñòàòî÷íî õîðîøóþ êîíêó-ðåíòîñïîñîáíîñòü.Êëþ÷åâûå ñëîâà: MCCT, ïðîâåðêà êîððåêòíîñòè, MPI, ïðîãðàììíûé êîìïëåêñS-MPI. ÂâåäåíèåÑîâðåìåííûå ïàðàëëåëüíûå ïðîãðàììíûå êîìïëåêñû, èñïîëüçóþùèå èíòåðôåéñ MPI (MessagePassing Interface) [1], ñòàíîâÿòñÿ âñå ñëîæíåå; îíè èñïîëüçóþò âñå áîëüøåå êîëè÷åñòâî âû÷èñëè-òåëüíûõ ÿäåð, à ñëåäîâàòåëüíî, ïðîöåññîâ MPI. Äëÿ óëó÷øåíèÿ ìàñøòàáèðóåìîñòè ïðèëîæåíèé MPIàâòîðû çà÷àñòóþ îòêàçûâàþòñÿ îò ñèíõðîííûõ (áëîêèðóþùèõ) îáìåíîâ MPI, îòäàâàÿ ïðåäïî÷òåíèåíåáëîêèðóþùèì. Òàêæå ñîçäàþòñÿ áîëåå ñëîæíûå òèïû äàííûõ äëÿ îáìåíà ìåæäó ñ÷åòíûìè ïðî-öåññàìè è äðóãèå ñïåöèàëèçèðîâàííûå ðåñóðñû MPI, òàêèå êàê MPI_Comm, MPI_Group, MPI_Op,MPI_Errhandler è ò. ä. ×åì ñëîæíåå ïðèëîæåíèå, òåì çà áîëüøèì êîëè÷åñòâîì áóôåðîâ è ðåñóðñîâMPI ïðèõîäèòñÿ ñëåäèòü ñàìèì ðàçðàáîò÷èêàì, òàê êàê êîìïèëÿòîðû, êàê ïðàâèëî, íå îòñëåæèâàþòêîððåêòíîñòü èñïîëüçîâàíèÿ MPI. Ðåàëèçàöèè áèáëèîòåê MPI òàêæå íå äåëàþò ýòîãî â ïîëíîé ìå-ðå, òàê êàê íàëè÷èå áîëüøîãî êîëè÷åñòâà ïðîâåðîê ïðîòèâîðå÷èò óâåëè÷åíèþ ïðîèçâîäèòåëüíîñòèáèáëèîòåê.Âûøåïåðå÷èñëåííûå ôàêòû ñâèäåòåëüñòâóþò î òîì, ÷òî âåðîÿòíîñòü íåêîððåêòíîãî ïðèìåíåíèÿâûçîâîâ MPI âîçðàñòàåò (â ñèëó ñëîæíîñòè ïðîãðàììíîãî êîìïëåêñà, ïðèìåíÿåìîé â íåì ñõåìûêîììóíèêàöèé, ïåðåñûëêè ñëîæíûõ íàáîðîâ äàííûõ). Íàëè÷èå îøèáîê, â ñâîþ î÷åðåäü, ìîæåòïðèâåñòè ê èñêàæåíèþ ïåðåäàâàåìûõ äàííûõ, çàâèñàíèþ ïðîãðàììû è ò. ä.Êàê ïðàâèëî, ïðè ïîèñêå ïðîáëåì â ïðîãðàììíîì êîäå ðàçðàáîò÷èêè èñïîëüçóþò ïðîãðàììû-îòëàä÷èêè, ïîçâîëÿþùèå ïîøàãîâî èññëåäîâàòü âûïîëíåíèå ïðîãðàììû. Íî ïîäîáíîå èññëåäîâàíèåâñåãî ïàðàëëåëüíîãî ïðîãðàììíîãî êîäà, â êîòîðîì èäåò ïîñòîÿííûé ìåæïðîöåññíûé îáìåí, ÿâ-ëÿåòñÿ âåñüìà äëèòåëüíûì. Ïîýòîìó ëîãè÷íî ïåðåëîæèòü âñå ïðîâåðêè ïàðàëëåëüíîãî êîäà íàâû÷èñëèòåëüíóþ ìàøèíó, êîòîðàÿ áóäåò âûïîëíÿòü èõ áåç çàäåðæåê è ïî òî÷íî çàêîäèðîâàííûìñïåöèôèêàöèÿì. Ýòî ïîìîæåò ïðîãðàììèñòó òî÷íî îïðåäåëèòü ìåñòîíàõîæäåíèå îøèáêè â êîäå èñðàçó çàíÿòüñÿ åå èñïðàâëåíèåì.Ïðåäñòàâëåííûé êîìïîíåíò ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI �MCCT (MPI CorrectnessChecking Tool) â ñîñòàâå ðàçðàáàòûâàåìîãî ïðîãðàììíîãî êîìïëåêñà S-MPI ïðèçâàí çíà÷èòåëüíî� 86 �



Êîìïîíåíò ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI â ïðîãðàììíîì êîìïëåêñå S-MPIîáëåã÷èòü ïîèñê îøèáîê â ðåàëèçàöèè ïàðàëëåëüíîãî êîäà MPI. Òåêóùàÿ âåðñèÿ MCCT ñîäåðæèòáîëåå 100 ëîêàëüíûõ è ãëîáàëüíûõ (âûíåñåííûõ â îòäåëüíûé ñëóæåáíûé MPI-ïðîöåññ) ïðîâåðîê.Öåëü ðàçðàáîòêèÎñíîâíîé öåëüþ ðàçðàáîòêè MCCT ÿâëÿåòñÿ ñîçäàíèå êîíêóðåíòîñïîñîáíîãî èíñòðóìåíòà ðîñ-ñèéñêîãî ïðîèçâîäñòâà äëÿ ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI. Èíñòðóìåíò äîëæåí îáåñ-ïå÷èâàòü êà÷åñòâî è ñòàáèëüíîñòü è õàðàêòåðèçîâàòüñÿ:� îòñóòñòâèåì ëîæíûõ ñðàáàòûâàíèé (false positives);� ÿñíûì äëÿ ðàçðàáîò÷èêà îïèñàíèåì ïðîáëåì ñ óêàçàíèåì òî÷íîãî ìåñòà â ïðîãðàììíîì êîäåàíàëèçèðóåìîãî ïðèëîæåíèÿ MPI;� ïîëíûì îõâàòîì òåêóùåãî ñòàíäàðòà MPI-2.Âðåìÿ ïîëó÷åíèÿ ðåçóëüòàòîâ ïîäîáíîãî àíàëèçà òàêæå äîñòàòî÷íî êðèòè÷íî äëÿ ðàçðàáîò÷èêîâ âñëó÷àå, êîãäà íåîáõîäèìî ïðîâîäèòü ðÿä ïðîâåðîê ñ ðàçëè÷íîé êîíôèãóðàöèåé çàïóñêà(ñ ðàçíèöåé â êîëè÷åñòâå ïðîöåññîâ, â èñïîëüçóåìûõ êîììóíèêàöèîííûõ ñðåäàõ, àëãîðèòìàõ îá-ìåíà êîëëåêòèâíûõ îïåðàöèé MPI è ò. ä.). Ïîýòîìó âàæíî, ÷òîáû MCCT îáåñïå÷èâàë ïðèåìëåìóþïðîèçâîäèòåëüíîñòü â ñðàâíåíèè ñ êîíêóðåíòàìè.Îáçîð âîçìîæíîñòåéÊîìïîíåíò ñîäåðæèò îáåðòî÷íûå ôóíêöèè (wrappers) ñòàíäàðòà MPI-2, â êîòîðûõ ïðîèçâîäÿòñÿâñå íåîáõîäèìûå ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI è èç êîòîðûõ âûçûâàåòñÿ ñîîòâåòñòâó-þùàÿ PMPI-ôóíêöèÿ. Èíèöèàëèçàöèÿ êîìïîíåíòà ïðîèñõîäèò ïðè âûçîâå ôóíêöèè MPI_Init èëèMPI_Init_thread.Ïðè êàæäîì âõîäå â ôóíêöèþ MPI êîìïîíåíòîì MCCT ïðîâåðÿåòñÿ ðÿä óñëîâèé, òàêèõ êàêïðàâèëüíîñòü àðãóìåíòîâ, ñîîòâåòñòâèå ïîëó÷àåìûõ äàííûõ èõ òèïó, âûïîëíÿåòñÿ ñîïîñòàâëåíèåêîëëåêòèâíûõ îïåðàöèé è ò. ä. Äëÿ ïðîâåäåíèÿ òàê íàçûâàåìûõ ãëîáàëüíûõ ïðîâåðîê, êîòîðûåòðåáóþò äàííûõ îò äâóõ è áîëåå ïðîöåññîâ, êîìïîíåíò ïåðåñûëàåò ñëóæåáíûå äàííûå ñåðâèñíî-ìó ïðîöåññó (àâòîìàòè÷åñêè ñîçäàåòñÿ ïðè èñïîëüçîâàíèè ñêðèïòà çàïóñêà). Ïðè íåâûïîëíèìîñòèïðîâåðÿåìûõ óñëîâèé êîìïîíåíò ïåðåäàåò ñîîáùåíèå î íàéäåííûõ ïðîáëåìàõ â ïîòîê âûâîäà stdout.Èíñòðóìåíò MCCT ñîäåðæèò áîëåå 100 ëîêàëüíûõ è ãëîáàëüíûõ ïðîâåðîê, â òîì ÷èñëå:� ïàðàìåòðîâ ôóíêöèé MPI; ïðè ýòîì ó÷èòûâàåòñÿ êîíòåêñò âûçîâîâ äëÿ äàííîé ôóíêöèè MPI, àòàêæå, âîçìîæíûå îãðàíè÷åíèÿ ñ ó÷åòîì ÿçûêîâîé ïðèíàäëåæíîñòè èñïîëüçóåìîé ðåàëèçàöèèMPI (C, Fortran);� ïåðåíîñèìîñòè èñõîäíîãî êîäà íà äðóãèå ðåàëèçàöèè MPI;� öåëîñòíîñòè èñïîëüçóåìûõ äàííûõ â âûçîâàõ MPI;� ñâîåâðåìåííîãî îñâîáîæäåíèÿ ïàìÿòè, çàäåéñòâîâàííîé ïîëüçîâàòåëüñêèìè ðåñóðñàìè MPI;� âîçìîæíîãî íàëîæåíèÿ ïàìÿòè, â òîì ÷èñëå âíóòðè ñëîæíûõ òèïîâ äàííûõ MPI;� ñîâïàäåíèÿ òèïîâ ïåðåñûëàåìûõ äàííûõ ìåæäó ïðîöåññàìè;� êîëëåêòèâíûõ îïåðàöèé, âûçâàííûõ èç âîâëå÷åííûõ â äàííûé êîììóíèêàòîð ïðîöåññîâ MPI(ñîïîñòàâëåíèå ïî ðÿäó ïðèçíàêîâ);� âîçìîæíûõ ïîòåðü äâóõòî÷å÷íûõ ñîîáùåíèé.Êðîìå òîãî, âûïîëíÿþòñÿ ïðîâåðêè âîçíèêíîâåíèÿ óñëîâèé âçàèìîáëîêèðîâîê (deadlocks) ñ ó÷å-òîì âîçìîæíûõ óñëîâèé ãîíêè (race conditions). Â îòëè÷èå îò äðóãèõ ïîäîáíûõ èíñòðóìåíòîâ äèà-ãíîñòèðóåòñÿ ïåðâîïðè÷èíà ñëó÷èâøåéñÿ âçàèìîáëîêèðîâêè ñ âîçìîæíîñòüþ âèçóàëèçàöèè áëîêè-ðóþùåãî îáìåíà. Ïðè ýòîì èñïîëüçóåòñÿ óòèëèòà dot èç ïàêåòà Graphviz [2] ñ óäîáíûì ÿçûêîìèíòåðïðåòàòîðà äëÿ ïðåäñòàâëåíèÿ áëîê-ñõåì â ãðàôè÷åñêîì âèäå.Èíñòðóìåíò MCCT ïîçâîëÿåò îòñëåæèâàòü ñòåê âûçîâîâ, êîòîðûé ïîìîãàåò áîëåå òî÷íî îïðå-äåëèòü ïðîáëåìíîå ìåñòî ïðèëîæåíèÿ, è â òî æå âðåìÿ îí íå îêàçûâàåò ÷ðåçìåðíîãî âëèÿíèÿ� 87 �



À. Â. Îãîðîäíèêîâ, Í. À. Ïîáóðèííàÿ, Ì. È. Ñòàðîâíà ïðîèçâîäèòåëüíîñòü ïðîâåðÿåìîãî ïðèëîæåíèÿ MPI, ÷òî ïîçâîëÿåò åìó âûãîäíî îòëè÷àòüñÿ îòïðîãðàìì-êîíêóðåíòîâ (ðèñóíîê). Ïðè ýòîì èñïîëüçóåòñÿ API áèáëèîòåêè Stackwalker èç LGPLïðîäóêòà Dyninst [3].×òîáû äàííûé êîìïîíåíò âêëþ÷èëñÿ â ðàáîòó, íåîáõîäèìî, ÷òîáû îí áûë ïîäãðóæåí ïðè çàïóñ-êå MPI-ïðèëîæåíèÿ ñ èñïîëüçîâàíèåì ìåõàíèçìà LD_PRELOAD. Âîçìîæåí òàêæå âàðèàíò, êîãäàMPI-ïðèëîæåíèå ñòàòè÷åñêè èëè äèíàìè÷åñêè ñâÿçûâàåòñÿ (ëèíêóåòñÿ) ñ äàííûì êîìïîíåíòîì.Äëÿ óäîáñòâà çàïóñêà ÌÑÑÒ îáåñïå÷åí çàïóñêàþùèé ñêðèïò, ïîìîãàþùèé âêëþ÷èòü â ðàáîòóäàííûé êîìïîíåíò. Ïðèìåð êîìàíäíîé ñòðîêè:$ checkrun -np 4 ./helloworldÂ õîäå âûïîëíåíèÿ ïðîãðàììû íà ýêðàí èëè â ôàéë âûâîäÿòñÿ äèàãíîñòèðóåìûå ïðîáëåìû. Ôîð-ìàò âûâîäèìîé äèàãíîñòèêè:MPI CCT: <òèï_äèàãíîñòèêè>: <ñîîáùåíèå>.Òèïîì äèàãíîñòèêè ìîæåò áûòü ERROR, WARNING èëè INFO.Ïðèìåðû äèàãíîñòèê MCCT:MPI CCT: ERROR: MPI_Bcast [rank 0]:MPI CCT: ERROR: Two collective calls cause a type mismatch!Àíàëèç íàéäåííûõ îøèáîê èñïîëüçîâàíèÿ MPI ïîìîæåò ïðîãðàììèñòó óñòðàíèòü èõ.Ñðàâíåíèå ñ ïðîãðàììàìè-êîíêóðåíòàìèÂ íàñòîÿùåå âðåìÿ íàèáîëåå èçâåñòíûìè ÿâëÿþòñÿ ñëåäóþùèå èíñòðóìåíòû ïðîâåðêè êîððåêò-íîñòè èñïîëüçîâàíèÿ MPI â ïðîöåññå âûïîëíåíèÿ ïðèëîæåíèÿ: ìîäóëü ïðîâåðêè êîððåêòíîñòè â

Äèàãðàììà îòíîøåíèÿ âðåìåíè âûïîëíåíèÿ ïðèëîæåíèÿ IBM ñ ïðîâåðêîé êîððåêòíîñòè èñïîëüçîâàíèÿ â íåìMPI êî âðåìåíè âûïîëíåíèÿ IMB áåç òåñòèðîâàíèÿ äëÿ èíñòðóìåíòîâ, îòñëåæèâàþùèõ ñòåê âûçîâîâ: ÷åðíûåñòîëáöû � ÌÑÑÒ; ñâåòëî-ñåðûå � MUST 1.1; òåìíî-ñåðûå � Intel TAC 8.0.3 (øêàëà îòíîøåíèÿ âðåìåíè �ëîãàðèôìè÷åñêàÿ) � 88 �



Êîìïîíåíò ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI â ïðîãðàììíîì êîìïëåêñå S-MPIñîñòàâå Intel Trace Analyzer and Collector (TAC) [4] (ñì. òàêæå ãëàâó "Correctness Checking" â [5]),Marmot [6] è MUST [7]. Âñå ýòè èíñòðóìåíòû èñïîëüçóþò èíòåðôåéñ PMPI äëÿ ñàìîïîäêëþ÷åíèÿê âûïîëíÿåìîìó ïðèëîæåíèþ. Òàêæå îíè èìåþò îáùèå êëàññû ïðîâåðîê: ïðîâåðêà àðãóìåíòîâôóíêöèé; ñëåæåíèå çà ðåñóðñàìè MPI, çà äâóõòî÷å÷íûìè è êîëëåêòèâíûìè îïåðàöèÿìè; àíàëèçâçàèìîáëîêèðîâîê. Îñíîâíûå îòëè÷èÿ äàííûõ èíñòðóìåíòîâ äðóã îò äðóãà ïðèâåäåíû â òàáë. 1, ãäåçíàê "+" îçíà÷àåò íàëè÷èå óêàçàííîé õàðàêòåðèñòèêè, à "�" óêàçûâàåò íà åå îòñóòñòâèå.Äëÿ îöåíêè ïðîèçâîäèòåëüíîñòè MCCT áûëè ïðîèçâåäåíû çàìåðû âðåìåíè âûïîëíåíèÿ òåñòàIMB (Intel MPI Benchmarks) [8] íà 2, 4, 8, 16 è 32 ïðîöåññàõ â ñðàâíåíèè ñ ðåçóëüòàòàìè ïðîãðàìì-êîíêóðåíòîâ, èìåþùèõ âîçìîæíîñòü îòñëåæèâàòü ñòåê âûçîâîâ. Òåñò IMB âî âñåõ ñëó÷àÿõ çàïóñ-êàëñÿ ñ àðãóìåíòàìè -iter 1 -npmin NP, ãäå NP � êîëè÷åñòâî çàïóñêàåìûõ ïðîöåññîâ MPI. Èñïîëüçî-âàëîñü 4 âû÷èñëèòåëüíûõ ñåðâåðà, îñíàùåííûõ ïðîöåññîðîì Intel Xeon è 48Ãá îïåðàòèâíîé ïàìÿòè.Ðàñïðåäåëåíèå ïðîöåññîâ ïî óçëàì X5650 ïðîèçâîäèëîñü ïî àëãîðèòìó round-robin (ðàñïðåäåëåíèåïî êðóãó). Â êà÷åñòâå êîììóíèêàöèîííîé ñðåäû MPI èñïîëüçîâàëèñü ðàçäåëÿåìàÿ ïàìÿòü (sharedmemory) è âûñîêîñêîðîñòíàÿ êîììóòèðóåìàÿ ïîñëåäîâàòåëüíàÿ øèíà (In�niBand) QDR îò Mellanox.Çàïóñê âñåõ èíñòðóìåíòîâ ïðîâîäèëñÿ ñ åäèíñòâåííûì îòëè÷èåì îò íàñòðîåê ïî óìîë÷àíèþ: äëÿìàêñèìàëüíîãî ïðèáëèæåíèÿ êîíôèãóðàöèé èíñòðóìåíòîâ äðóã ê äðóãó áûëà îòêëþ÷åíà ïðîâåðêàöåëîñòíîñòè ïåðåäà÷è äàííûõ GLOBAL:*:DATA_TRANSMISSION_CORRUPTED [7], ðåàëèçîâàí-íàÿ òîëüêî â Intel TAC.Íà ðèñóíêå ïîêàçàíà äèàãðàììà îòíîøåíèÿ âðåìåíè âûïîëíåíèÿ ïðèëîæåíèÿ IBM ñ ïðîâåðêîéêîððåêòíîñòè èñïîëüçîâàíèÿ â íåì MPI êî âðåìåíè âûïîëíåíèÿ IMB áåç òåñòèðîâàíèÿ. Ñòîèòîòìåòèòü, ÷òî IMB íå èìååò ñ÷åòíîé ÷àñòè è òåñòèðîâàíèå ïîêàçûâàåò ðåçóëüòàò ìàêñèìàëüíîéíàãðóçêè, öåëèêîì ïðèõîäÿùåéñÿ íà ìåæïðîöåññíûé îáìåí MPI.Èç ïðèâåäåííîé äèàãðàììû âèäíî, ÷òî òåêóùàÿ âåðñèÿ MCCT îïåðåæàåò MUST 1.1 (îòíîøåíèåóêàçàííûõ âðåìåí ìåíüøå) â 2�3 ðàçà, à ïî ñðàâíåíèþ ñ ìîäóëåì ïðîâåðêè êîððåêòíîñòè IntelTAC 8.0.3 îíà âåäåò ñåáÿ áûñòðåå â 3�52 ðàçà, ïðè ýòîì ïîëíîöåííî îòñëåæèâàÿ ñòåê âûçîâîâ.Òàêîé ðåçóëüòàò ïî ñðàâíåíèþ ñ MUST 1.1 îáóñëîâëåí áîëåå àêêóðàòíîé ðàáîòîé ñ íàêàïëèâàåìûìèäàííûìè â ñòåêå âûçîâîâ ôóíêöèé ïðè èñïîëüçîâàíèè áèáëèîòåêè Stackwalker [3].Äîïîëíèòåëüíîå èññëåäîâàíèå ïîêàçàëî, ÷òî íàáëþäàåìîå îãðîìíîå îòñòàâàíèå ìîäóëÿ ïðîâåðêèêîððåêòíîñòè Intel TAC îáúÿñíÿåòñÿ áîëüøèìè íàêëàäíûìè ðàñõîäàìè ïðîâåðêè ïåðåêðûòèÿ ïàìÿ-òè (LOCAL:MEMORY:OVERLAP [7]). Äàííàÿ ïðîâåðêà òàêæå ïðèñóòñòâóåò â MCCT è MUST; îíàáûëà âêëþ÷åíà âî âðåìÿ òåñòèðîâàíèÿ, íî òàêîãî ñóùåñòâåííîãî çàìåäëåíèÿ çà ñîáîé íå ïîâëåêëà.Äèàãíîñòèðîâàíèå îøèáîêÂ äàííîì ðàçäåëå íà ïðèìåðå íåñêîëüêèõ òåñòîâ ïîêàçàíû âîçìîæíîñòè MCCT äèàãíîñòèðîâàòüîøèáêè èñïîëüçîâàíèÿ MPI, êîòîðûå, êàê ïðàâèëî, íå äèàãíîñòèðóþòñÿ ñîâðåìåííûìè ðåàëèçà-öèÿìè áèáëèîòåê MPI. Ðàññìàòðèâàåìûå ïðèìåðû áûëè ïîñòðîåíû è ïðîòåñòèðîâàíû ñ ïîìîùüþòåñòîâîé âåðñèè áèáëèîòåêè S-MPI.
Òàáëèöà 1Îòëè÷èÿ èíñòðóìåíòîâ ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPIÕàðàêòåðèñòèêà MCCT Intel TAC 8 MUST 1.1 Marmot 2.4LD_PRELOAD-ìåõàíèçì + + + �Îòñëåæèâàíèå ñòåêà âûçîâîâ + + + �Ïðîâåðêà öåëîñòíîñòè ïåðåäà÷è äàííûõ ïëàíèðóåòñÿ + � �Ïîääåðæêà MPI-2 ÷àñòè÷íàÿ ÷àñòè÷íàÿ ÷àñòè÷íàÿ ïîëíàÿÈíòåãðàöèÿ ñ òðàññèðîâùèêàìè ïëàíèðóåòñÿ Intel Trace Collector � VampirtraceÈíòåãðàöèÿ ñ îòëàä÷èêàìè ïëàíèðóåòñÿ + � +� 89 �



À. Â. Îãîðîäíèêîâ, Í. À. Ïîáóðèííàÿ, Ì. È. ÑòàðîâÂçàèìîáëîêèðîâêà ïðè âûïîëíåíèè äâóõ îïåðàöèé MPI_Isend. Â òàáë. 2 ïîêàçàí äâóõ-òî÷å÷íûé îáìåí ñ èñïîëüçîâàíèåì MPI_Isend. Äâà ïðîöåññà âõîäÿò âî âçàèìîáëîêèðîâêó â îæèäà-íèè âûïîëíåíèÿ çàïðîñà â MPI_Wait ïåðåä âûçîâàìè MPI_Recv. Äëÿ ñîîáùåíèé ìàëîãî ðàçìåðàôàêòè÷åñêè âçàèìîáëîêèðîâêà íå ñëó÷àåòñÿ, íî èíñòðóìåíò MCCT âñå ðàâíî äèàãíîñòèðóåò äàííóþïðîáëåìó � ýòî çàâèñèò îò ðåàëèçàöèè áèáëèîòåêè MPI.Âçàèìîáëîêèðîâêà ïðè âûïîëíåíèè îïåðàöèè MPI_Scatter. Ïðèìåð â òàáë. 3 ïîêàçû-âàåò áëîêèðîâêó ïðèëîæåíèÿ âñëåäñòâèå íåñîîòâåòñòâèÿ êîëëåêòèâíîé îïåðàöèè: íóëåâîé ïðîöåññâûïîëíÿåò MPI_Finalize, à ïåðâûé � MPI_Scatter. Äëÿ ìàëûõ ðàçìåðîâ ðàññûëàåìîãî ñîîáùåíèÿôàêòè÷åñêîãî çàâèñàíèÿ ïðèëîæåíèÿ ìîæåò íå ñëó÷àòüñÿ (â çàâèñèìîñòè îò ðåàëèçàöèè áèáëèîòåêèMPI).Íàëîæåíèå ïàìÿòè. Ïðèìåð â òàáë. 4 äåìîíñòðèðóåò äèàãíîñòèðîâàíèå íàëîæåíèÿ ïàìÿòè íàóæå èñïîëüçîâàííîå àäðåñíîå ïðîñòðàíñòâî â òåêóùåì îáìåíå MPI. Òàáëèöà 2Âçàèìîáëîêèðîâêà ïðè âûïîëíåíèè äâóõ îïåðàöèé MPI_IsendÊîä ïðèìåðà Ðåçóëüòàò ïðîâåðêè$ cat deadlock_isend.c $ mpicc -g deadlock_isend.c -o deadlock_isend#include �mpi.h� $ checkrun -np 2 -nets sm,tcp ./deadlock_isendint main (int argc, char **argv) { MPI CCT: ERROR: Global:int myrank, remote; MPI CCT: ERROR: The application issued a set ofchar data1[1000000], data2[1000000]; MPI calls that can cause a deadlock!MPI_Request req; MPI CCT: ERROR: A graphical representation of thissituation is available in the �le named"MCCT_Deadlock.dot".MPI_Init(&argc, &argv ); MPI CCT: ERROR: Use the dot tool of the graphvizMPI_Comm_rank( MPI_COMM_WORLD, package to visualize it, e.g. issue&myrank ); "dot -Tjpg MCCT_Deadlock. dot -o deadlock.jpg".if( myrank == 0 ) MPI CCT: ERROR: The graph shows the nodes thatremote = 1; form the root cause of the deadlock, any other activeelse MPI calls have been removed.remote = 0; MPI CCT: ERROR: A legend is available in the dotMPI_Isend(&data1, 1000000, MPI_CHAR, remote, format in the �le named "MCCT_DeadlockLegend.dot".100, MPI_COMM_WORLD, &req ); MPI CCT: ERROR: References 1-2 list the involvedMPI_Wait(&req, MPI_STATUS_IGNORE); calls (limited to the �rst 5 calls, further calls may beMPI_Recv(&data2, 1000000, MPI_CHAR, remote, involved).100, MPI_COMM_WORLD, MPI CCT: ERROR: The application still runs, if theMPI_STATUS_IGNORE ); deadlock manifested (e.g. caused a hang on thisMPI implementation) you can attach to the involvedMPI_Finalize( ); ranks with a debugger or abort the application (ifreturn 0; necessary).} MPI CCT: ERROR: References:MPI CCT: ERROR: 1: MPI_Wait [rank 0](in main@deadlock_isend.c:20);MPI CCT: ERROR: 2: MPI_Wait [rank 1](in main@deadlock_isend.c:20);MPI CCT: ERROR: A deadlock has been detected,detailed information is available in the checker output �le.MPI CCT: ERROR: You should either investigatedetails with a debugger or abort, the operation of thechecker will stop from now.� 90 �



Êîìïîíåíò ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI â ïðîãðàììíîì êîìïëåêñå S-MPIÒàáëèöà 3Âçàèìîáëîêèðîâêà ïðè âûïîëíåíèè îïåðàöèè MPI_ScatterÊîä ïðèìåðà Ðåçóëüòàò ïðîâåðêè$ cat deadlock_scatter.c $checkrun -np 2 -nets sm,tcp ./deadlock_scatter. . .int main( int argc, char **argv ) { MPI CCT: ERROR: Global:MPI_Init( &argc, &argv ); MPI CCT: ERROR: The application issued a set ofMPI calls that can cause a deadlock!int myrank; . . .MPI_Comm_rank( MPI_COMM_WORLD, MPI CCT: ERROR: References 1-2 list the involved&myrank ); calls (limited to the �rst 5 calls, further calls may beinvolved).int senddata[1000000], recvdata[1000000]; MPI CCT: ERROR: The application still runs, if theif( myrank != 0 ) deadlock manifested (e.g. caused a hang on this MPIMPI_Scatter(&senddata, 1000000, MPI_INT, implementation) you can attach to the involved&recvdata, 1000000, MPI_INT, 0, ranks with a debugger or abort the applicationMPI_COMM_WORLD ); (if necessary).MPI CCT: ERROR: References:MPI_Finalize(); MPI CCT: ERROR: 1: MPI_Finalize [rank 0](in main@deadlock_scatter.c:17);return 0; MPI CCT: ERROR: 2: MPI_Scatter [rank 1]} (in main@deadlock_scatter.c:15);MPI CCT: ERROR: A deadlock has been detected,detailed information is available in the checkeroutput �le.MPI CCT: ERROR: You should either investigatedetails with a debugger or abort, the operation ofthe checker will stop from now. Òàáëèöà 4Íàëîæåíèå ïàìÿòèÊîä ïðèìåðà Ðåçóëüòàò ïðîâåðêè$ cat overlap.c $ mpicc -g overlap.c -o overlap. . . $ checkrun -np 2 -nets sm,tcp ./overlapint main( int argc, char **argv ) {int myrank, commsize, data[2]; MPI CCT: ERROR: MPI_Gather [rank 0]:MPI_Init( &argc, &argv ); MPI CCT: ERROR: The memory regions spannedMPI_Comm_rank( MPI_COMM_WORLD, by the recv part overlaps at the 0(th) repetition of&myrank ); datatype at its position (MPI_INT) with regionsMPI_Comm_size( MPI_COMM_WORLD, spanned by the send part of this operation!&qcommsize ); MPI CCT: ERROR: MPI_Gather [rank 0] called from:. . . MPI CCT: ERROR: #0 main@overlap.c:16data[0] = myrank + 1; data[1] = myrank + 1; MPI CCT: ERROR: #1MPI_Gather(data+1, 1,MPI_INT, data, 1, __libc_start_main@/lib64/libc-2.12.so:(0x32a2e1ecdd)MPI_INT, 0, MPI_COMM_WORLD ); MPI CCT: ERROR: #2if( myrank == 0 ) _start@/home/aogorodn/work/checker_examples/overlap:printf( "data[0]=%d, data[1]=%d\n", data[0], (0x4008a9)data[1] ); data[0]=1, data[1]=2. . . MPI CCT: INFO: Detected 1 errors and 0 warnings.More details is available in the checker output �le.� 91 �



À. Â. Îãîðîäíèêîâ, Í. À. Ïîáóðèííàÿ, Ì. È. ÑòàðîâÍåñîîòâåòñòâèå òèïîâ ïåðåñûëàåìûõ äàííûõ. Â äàííîì ïðèìåðå (òàáë. 5) äëÿ øèðîêî-âåùàòåëüíîé ðàññûëêè èñïîëüçóåòñÿ êîëëåêòèâíàÿ îïåðàöèÿ MPI_Bcast, êîòîðàÿ ðàññûëàåò äàí-íûå çàðåãèñòðèðîâàííîãî òèïà mpi_Struct1, ïðåäñòàâëÿþùåãî ñîáîé ñòðóêòóðó {MPI_DOUBLE,MPI_INT}. Ïðèíèìàþùèå ïðîöåññû îæèäàþò äàííûå çàðåãèñòðèðîâàííîãî òèïà mpi_Struct2 �ñòðóêòóðó {MPI_INT, MPI_DOUBLE }.Ïîòåðÿ äâóõòî÷å÷íîãî ñîîáùåíèÿ. Òàáë. 6 ñîäåðæèò ïðèìåð îòñëåæèâàíèÿ ïîòåðÿííûõ(íåïåðåäàííûõ) ñîîáùåíèé äâóõòî÷å÷íîãî îáìåíà. Â äàííîì ñëó÷àå ðåãèñòðèðóåòñÿ ïîòåðÿ ñîîá-ùåíèÿ ïî çàïðîñó îò âûçîâà MPI_Send_init.Â êà÷åñòâå ðåçþìå ê ïðèâåäåííûì âûøå ïðèìåðàì ìîæíî îòìåòèòü, ÷òî âñå äåìîíñòðèðóåìûåïðîáëåìû óñïåøíî äèàãíîñòèðóþòñÿ äàííîé óòèëèòîé. Ïðè ýòîì ïðåäîñòàâëÿåòñÿ ìàêñèìàëüíîïîëíàÿ èíôîðìàöèÿ äëÿ ðàçðàáîò÷èêà î ìåñòîíàõîæäåíèè ïðîáëåìíûõ ìåñò â èñõîäíîì êîäå áëà-ãîäàðÿ ðåàëèçîâàííîìó îòñëåæèâàíèþ ñòåêà âûçîâîâ.Ïðèìåð èñïîëüçîâàíèÿ MCCT íà ðåàëüíîì ïðèëîæåíèèÂ êà÷åñòâå ïðåäìåòà ïðîâåðêè áûëè èñïîëüçîâàíû äâà ïðîãðàììíûõ ïðîäóêòà ôèçèêî-ìàòåìàòè-÷åñêîãî ìîäåëèðîâàíèÿ � ËÝÃÀÊ-ÄÊ 4.0 è ËÎÃÎÑ 4.0 [9], ðàçðàáîòàííûå â ÐÔßÖ-ÂÍÈÈÝÔ.Óñïåøíûé çàïóñê MCCT äëÿ ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI ïðè ðàñ÷åòå òåñòîâûõçàäàíèé fbo_22_14_newdk.k è naca.yaml âûÿâèë ñëåäóþùèå ïðîáëåìû:1. Íå îñâîáîæäàþòñÿ êîììóíèêàòîðû, ãðóïïû MPI è òèïû äàííûõ MPI ïåðåä âûçîâîìMPI_Finalize.2. Ôóíêöèè MPI_Alltoallv, MPI_Isend, MPI_Recv âûçûâàþòñÿ ñ íóëåâûìè çíà÷åíèÿìè àðãóìåíòàcount.3. Ôóíêöèè äâóõòî÷å÷íîãî îáìåíà âûçûâàþòñÿ ñî çíà÷åíèåì àðãóìåíòà tag áîëüøå ÷åì 32 767,÷òî íå ïîääåðæèâàåòñÿ íåêîòîðûìè ðåàëèçàöèÿìè MPI.Ìîæíî îòìåòèòü, ÷òî îáíàðóæåííûå ïðîáëåìû íå ÿâëÿþòñÿ êðèòè÷åñêèìè â áîëüøèíñòâå ðåàëè-çàöèé áèáëèîòåêè MPI, íî ïîòåíöèàëüíî ìîãóò ïðèâîäèòü ê îøèáî÷íîìó âûïîëíåíèþ ïðèëîæåíèÿ.Çàêëþ÷åíèåÂ ðàáîòå àíîíñèðîâàí êîìïîíåíò ïðîâåðêè êîððåêòíîñòè ïðèëîæåíèé MPI, âõîäÿùèé â ñîñòàâðàçðàáàòûâàåìîãî ïðîãðàììíîãî êîìïëåêñà S-MPI, ïîçâîëÿþùèé ñîêðàòèòü âðåìÿ íà îòëàäêó èîïòèìèçàöèþ ñëîæíûõ ïàðàëëåëüíûõ êîìïëåêñîâ.Íà ðÿäå ïðèìåðîâ ïðîäåìîíñòðèðîâàíà ñïîñîáíîñòü MCCT óñïåøíî äèàãíîñòèðîâàòü ñåðüåçíûåîøèáêè â ïàðàëëåëüíîì êîäå ïðèëîæåíèé MPI è âûäàâàòü ìàêñèìàëüíî ïîëíóþ èíôîðìàöèþ ïîîáíàðóæåííîé ïðîáëåìå, âêëþ÷àÿ ñòåê âûçîâîâ è ðàñïîëîæåíèå â èñõîäíîì êîäå.Äàííûé èíñòðóìåíò ïðîøåë óñïåøíóþ ïðîâåðêó íà ïðèìåðå äâóõ ïðîãðàììíûõ ïðîäóêòîâ ðàçðà-áîòêè ÐÔßÖ-ÂÍÈÈÝÔ � ËÝÃÀÊ-ÄÊ è ËÎÃÎÑ. Èíñòðóìåíò ïîçâîëèë îáíàðóæèòü ðÿä ïðîáëåì,íå ÿâëÿþùèõñÿ êðèòè÷åñêèìè äëÿ áîëüøèíñòâà ðåàëèçàöèé áèáëèîòåêè MPI.Çàìåðû ïðîèçâîäèòåëüíîñòè MCCT ïîêàçàëè, ÷òî ïðîäóêò äîñòàòî÷íî õîðîøî ïðîÿâëÿåò ñåáÿ ïîñðàâíåíèþ ñ ïðîãðàììàìè-êîíêóðåíòàìè.Â öåëÿõ ðàçâèòèÿ MCCT ïëàíèðóþòñÿ:1. Íàëàäêà ðåãóëÿðíîãî òåñòèðîâàíèÿ êîìïîíåíòà ñ öåëüþ îòñëåæèâàíèÿ è óñòðàíåíèÿ êðèòè÷å-ñêèõ îøèáîê â èñõîäíîì êîäå MCCT.2. Äîáàâëåíèå ïðîâåðêè öåëîñòíîñòè ïåðåäàâàåìûõ äàííûõ ìåæäó MPI-ïðîöåññàìè.3. Ðåàëèçàöèÿ âîçìîæíîñòè íàñòðàèâàòü êîíôèãóðàöèþ ïðîâåðîê ÷åðåç ïåðåìåííûå îêðóæåíèÿ.4. Ðàñøèðåíèå ïîääåðæêè ñòàíäàðòà MPI-2.5. Èíòåãðàöèÿ MCCT ñ êîìïîíåíòîì ïðîôèëèðîâàíèÿ è òðàññèðîâêè ïðèëîæåíèÿ MPI â ñîñòàâåïðîãðàììíîãî êîìïëåêñà S-MPI.6. Ïîääåðæêà ðàáîòû â ïàðå ñ îòëàä÷èêîì, òàêèì êàê GDB, Alinea DDT, TotalView.� 92 �



Êîìïîíåíò ïðîâåðêè êîððåêòíîñòè èñïîëüçîâàíèÿ MPI â ïðîãðàììíîì êîìïëåêñå S-MPI
Òàáëèöà 5Íåñîîòâåòñòâèå òèïîâ ïåðåñûëàåìûõ äàííûõÊîä ïðèìåðà Ðåçóëüòàò ïðîâåðêè$ cat mismatch.c $ mpicc -g mismatch.c -o mismatch. . . $ checkrun -np 2 -nets sm,tcp ./mismatchtypedef struct { double a; int b; } Struct1; [0] Broadcasting data: data.a=1.000000, data.b=2typedef struct { int a; double b; } Struct2; [1] Bcast receive success: data.a=0, data.b=0.000000int main ( int argc, char **argv ) {MPI_Datatype mpi_Struct1, mpi_Struct2; MPI CCT: ERROR: MPI_Bcast [rank 0]:int myrank, blocklengths[] = { 1, 1 }; MPI CCT: ERROR: Two collective calls cause aMPI_Aint displs1[] = { 0, 8 }, displs2[] = { 0, 4 }; type mismatch!MPI_Datatype types1[] = { MPI_DOUBLE, MPI_INT MPI CCT: ERROR: This call sends data to the call}, types2[] = { MPI_INT, MPI_DOUBLE }; in reference 1.MPI CCT: ERROR: The mismatch occurs at. . . send type and at (STRUCT)[0][0](MPI_INT) inMPI_Type_struct(2, blocklengths, displs1, types1, the receive type.&mpi_Struct1); MPI CCT: ERROR: (Information on communicator:MPI_Type_commit(&mpi_Struct1); MPI_COMM_WORLD)MPI_Type_struct(2, blocklengths, displs2, types2,Datatype created at reference 2 is for C, committed at&mpi_Struct2 ); (Information on send transfer of count 1 with type:MPI_Type_commit( &mpi_Struct2 ); reference 3, based on the following type(s):{ MPI_DOUBLE, MPI_INT})if( myrank == 0 ) { (Information on receive of count 1 with committed atStruct1 data; reference 5, based on the following type(s):data.a = 1; data.b = 2; { MPI_INT, MPI_DOUBLE})MPI_Bcast( &data, 1, mpi_Struct1, 0, MPI CCT: ERROR: References:MPI_COMM_WORLD ); MPI CCT: ERROR: 1: MPI_Bcast [rank 1]} else { (in main@mismatch.c:28);Struct2 data; MPI CCT: ERROR: 2: MPI_Type_struct [rank 0]MPI_Bcast( &data, 1, mpi_Struct2, 0, (in main@mismatch.c:16);MPI_COMM_WORLD ); MPI CCT: ERROR: 3: MPI_Type_commit [rank 0]} (in main@mismatch.c:17);. . . MPI CCT: ERROR: 4: MPI_Type_struct [rank 1](in main@mismatch.c:18);MPI CCT: ERROR: 5: MPI_Type_commit [rank 1](in main@mismatch.c:19);MPI CCT: ERROR: MPI_Bcast [rank 0] called from:MPI CCT: ERROR: #0 main@mismatch.c:25MPI CCT: ERROR: #1 __libc_start_main@/lib64/libc-2.12.so:(0x32a2e1ecdd)MPI CCT: ERROR: #2 _start@/home/.../checker_examples/mismatch:(0x400949)MPI CCT: INFO: Detected 1 errors and 0 warnings.More details is available in the hecker output �le.
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À. Â. Îãîðîäíèêîâ, Í. À. Ïîáóðèííàÿ, Ì. È. Ñòàðîâ Òàáëèöà 6Ïîòåðÿ äâóõòî÷å÷íîãî ñîîáùåíèÿÊîä ïðèìåðà Ðåçóëüòàò ïðîâåðêè$ cat lost.c $ mpicc -g lost.c -o lost. . . $ checkrun -np 2 -nets sm,tcp ./lostint main( int argc, char **argv ) {int myrank, data, data1 = 10, data2 = 20; MPI CCT: ERROR: MPI_Start [rank 0]:MPI_Request req; MPI CCT: ERROR: Lost send of rank 0 to rank 1 (bothas ranks in MPI_COMM_WORLD) tag is 1!. . . if( myrank == 0 ) { MPI CCT: ERROR: (Information on communicator:MPI_Send_init( &data1, 1, MPI_INT, 1, 1, MPI_COMM_WORLD)MPI_COMM_WORLD, &req ); MPI CCT: ERROR: MPI_Start [rank 0] called from:MPI_Start( &req ); MPI CCT: ERROR: #0 main@lost.c:15MPI_Request_free( &req ); MPI CCT: ERROR: #1MPI_Send( &data2, 1, MPI_INT, 1, 2, __libc_start_main@/lib64/libc-2.12.so:(0x32a2e1ecdd)MPI_COMM_WORLD ); MPI CCT: ERROR: #2} else if( myrank == 1 ) _start@/home/aogorodn/work/checker_examples/lost:MPI_Recv( &data, 1, MPI_INT, 0, 2, (0x4008f9)MPI_COMM_WORLD, MPI_STATUS_IGNORE );. . . MPI CCT: INFO: Detected 1 errors and 0 warnings.More details is available in the checker output �le.Ðàáîòà âûïîëíåíà â ðàìêàõ êîíòðàêòà (� 07.524.12.4020) ñ Ìèíèñòåðñòâîì îáðàçîâàíèÿ è íàó-êè ÐÔ. Ñïèñîê ëèòåðàòóðû1. Message Passing Interface Forum. MPI: A Message Passing Interface // Proc. of "Supercompu-ting '93". Los Alamitos: IEEE Computer Society Press, 1993. P. 878�883.2. Graphviz. http://www.graphviz.org.3. Dyninst, Stackwalker. http://www.dyninst.org/downloads/stackwalkerapi.4. Intel Trace Analyzer and Collector. http://software.intel.com/en-us/articles/intel-trace-analyzer/.5. Intel@ Trace Collector. Reference Guide. http://software.intel.com/sites/products/documentation/hpc/ itac/itc_reference_guide.pdf.6. Marmot. http://www.hlrs.de/organization/av/amt/research/marmot/.7. MUST � MPI Runtime Error Detection Tool. http://tu-dresden.de/die_tu_dresden/zentrale_einrichtungen/zih/forschung/software_werkzeuge_zur_unterstuetzung_von_programmierung_und_ optimierung/must/index_html/document_view?set_language=de.8. IMB. http://software.intel.com/en-us/articles/intel-mpi-benchmarks/.9. ËÝÃÀÊ-ÄÊ è ËÎÃÎÑ. http://www.vniief.ru/wps/wcm/connect/vniief/site/researchdirections/Research/theoryandmodel/metodikiiprogrammi.Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 29.08.12.


