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Anboranusa

Pazpaborka n peasimsaiiyst aJropurMa paciapasiie THBaHus
dopTrpaH-1porpaMM Ha ODOIILYIO ITaMATh

Kouwapmun Muzxaua Imumpuesuy

B nmannoit paborte paccMaTpuBaeTCs peIleHre 3aJadd  paciapaJsiie/iBaHus
QopTpaH-TIporpaMMm I Caydas IeJeBOil CUCTeMBbI ¢ O0IIel olepaTuBHON TaMATHIO.
Bajaua pemaercs B pamkax jopaborku cucrembl SAPFOR ¢ wucnonbsoBanmem
mozein DVMH B kadecTBe TeXHOJIOTUN paciiapaJiie/ TMBaHu.

Bo BBejeHnu npuBOAATCS HEKOTOPBIE CBEJIEHUSA O PaclapaiieuBaHun, Kak 00-
IIENPUHATHIE, TaK ¥ Te, 9TO OTHOCATCA TOIbKO K cucreMaMm SAPFOR u DVM, npu-
BOJUTCs OIHUCaHue 3TuUX cucreMm. /lamee, Bo BTOPOii rjiaBe OIHUCHIBAETCs HIPObHIIEMa
pacrnapaJsiie/IMBaHus Ha OOILYIO IMaMdaTh ¢ TOYKN 3peHuss DVM-cucreMbl 1 ¢ TOYKT
spenus cucreMbl SAPFOR, paccmarpuatorces monxo/isl K eé pertenuto. B s1oit ria-
Be TaK>Ke OIPEJIeISIIOTCS OCHOBHBIE T1€/11 PAOOThI, OITUCHIBAIOTCSI OCHOBHBIE CIIEHAPUHT
HCIIOJIb30BaHUA pa3padaTbiBaeMoro pyHKIMOHaJA. B TpeTheil riiase MmMoJapoOHO OIn-
CBIBAETCsI XO/I PEIeHNs ITOCTaBJIEHHON 3a/1a4u, KOTOPBIH ObLI pa3dbuT Ha TPU dTalla —
TEOPETUIECKYIO MOJAI0TOBKY, peajln3alliio U TeCTupoBaHue. B 1eTBEPTOIl Ty1aBe mpu-
BEJICHO OIMCAHUE CYINECTBOBABIINX M JO0ABJIEHHBIX AJTOPUTMOB, O KOTODPBIX IILIa
pedb B IpeblayIeil ryiaBe. B ngToil riiaBe MpUBOJIATCH Pe3yabTaThbl UCCJIEI0BaAHUS
9 HEKTUBHOCTH TTOJIyIAa€MOT0 paciapaJsiie/IMBalnsd Ha IPUMepPe MPOrpaMM U3 MaKe-

ta NAS Parallel Benchmarks.
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1 BBenenne

B coBpemennom mupe Crpoc Ha BBIYUCCHUS PACTET ObICTpee, YeM TaKTOBas YacTOTa
paboThI TTPOIECCOPOB, YTO OOYCJIOBICHO (PU3MIECKUMU TTPOOIeMaMi U OrpaHndeHusMu. 13-
3& 9TOTO BBIYUCUTEIbHBIE CHCTEMBI HAPAIIUBAIOT CBOIO MOIIb 3 CUYCT yBEJHMYCHUS UHUCIIA
BBIYUC/UTEBHBIX sIJIep. DTO MPUBEIO K TOMY, UTO B HACTOsIIEe BpPeMs CTajia aKTyaJbHa
TeMa MapaJiieIbHbIX BhIIUCAeHUiT. Pa3udnble TeXHOJIOTHE TapaJsIe/IbHOTO ITPOrpaMMIPO-
BaHUs JIAIOT JIFOJIAM BO3MOXKHOCTH 3(PMEKTUBHO UCIIOIb30BATH MHOI'OsI/IEPHBIE TTPOIECCOPDI
u rpaduyuecKne yCKOPUTEIIH.

Cozanue napaJsiebHOro Kojia — 3a/ia4a, TpedyIolas O0JIbIINX TPY/I03aTPaT U BHICOKOI
kBasuduranun. Ecrs Texnomornn, KoTopbie TPEOYIOT OT pa3pabOTINKOB OOJIHIIIOIO BHUMA-
HUs K JeTajidaM pacnapajuiesnBanus. OHU UHTErPUPYIOTCH B JIOTHKY IPOrPAMM, UTO I103-
BOJISIET MUCATH MaKCUMAaJbHO 3(MD@PEKTUBHBIN KOJ, YTO, B CBOIO O4Y€PE/b, BEJIET K JOIOJI-
HUTEJILHOMY, WHOI/IAa OI'POMHOMY, YCJIOXKHEHHIO CTPYKTYp mnporpamm. [Ipmmepamu Takmx
rexnostoruit siBystiorcst pthreads [1], CUDA [2], HIP [3], OpenCL [4] u ap.

st 60pbOBI CO CJI0XKHOCTBIO Pa3spadOTKM IapaJsiie/IbHOIO KOJia OBLIN CO3JIaHBI CPE/l-
CTBA, C IIOMOIMIHIO KOTOPBIX MOXKHO JIOOMTLCs paclapaslie/IMBAHUA HE U3MEHss JIOTUKY Pa-
601wl porpamM. [Ipu TakoM MoOIX0/1e MOYXKHO MTOTEPITH B 3(PHEKTUBHOCTU IO CPABHEHUIO C
MPEJIBIIYIIIAMEI TEXHOJOTUSAME, HO CIKOHOMUTDH YejioBevdecKne pecypchl. Takme TeXHOJIOrnn
OOBIYHO ITPEIOCTABIAIOT TPOTPAMMUCTY JIETKUIT U yI00HbII nHTepdeiic, ohOpMIECHHBIN B BU-
e CHeIUAIbHBIX TUPEeKTUB KoMnuisitopy. Ciona MoxkHO orHectn Texaosorun OpenMP 5],
OpenACC [6], DVM [7].

Hakownerr, cymecTByOT MHCTPYMEHTBI, KOTOPBIE €IE CUIbHEE CHUKAIOT TPY/I03aTPaThI
nporiecca pacnapaJsiieuBadusg. C MOMOIBbI0 HUX MOXKHO B aBTOMATHU3MPOBAHHOM PEKUME
MOJTy 9aTh HapaJlie/IbHbIE ITPOrPaAMMbI U3 TIOCJIEI0BATEIBHBIX. JacTO 9TO HAK/IAIBIBAET OI'Pa-
HUYCHHUSA Ha BO3MOXKHOCTHU paciiapaJijie/IMBaHns, HO BBU/LY HEXBATKU YEJIOBEUCCKUX PECYPCOB
TaKOM T10JIX0JT B OIPEJICJIEHHBIX C/IydasgX MOXKeT ObITh ollpaBjiaH. K 9ToMy Kjaccy OTHOCST-
cs1 uacrpymenTsl Takue kak CAPTools/Parawise, FORGE Magic/DM, ParalWare Trainer,
SAPFOR [§].



Bosbmmx ycnexoB B HapaB/IEeHUN SKOHOMHUU Y€/TOBEYECKUX PECYpPCOB JIOCTHIIN YUE-
oble n3 Mucruryra npukaaanoit marematnku M. M.B. Kemgeima Poccniickoit akajgemun
nayk [9]. B Uncruryre 6buin paspaboTaHbl U aKTUBHO TIOJJIEPKUBAIOTCS JBa CPEJICTBA Ma~
paJjutesibHOrO TporpamMupoBanus: 310 DVM-cucrema [7] — mporpaMMHBIH KOMILIEKC 17Tt
KOMITHJISIIIAY, BBITIOJTHEHUS W OTJIQJIKU MAapaJslIeIbHOrO KOJa, a TaK»Ke MHCTPYMEHT JIJIS aB-
TOMATH3UPOBAHHOTO pacnapaJuiesnBanns nporpamm — cucrema SAPFOR [8], [10].

[Iepen Tem, Kak mepeiT K OCHOBHOI TeMe JIaHHOW paboThl, B 9TOM IlaBe Oy/IyT OIuca-
HbI HEKOTOPBIE CBEJIEHUS O IapasljIeIbHOM ITPOTPAMMUPOBAHNN, KaK OOIEN3BECTHBIE, TaK U

otHocamuecs nckaounTeabHo K DVM u SAPFOR, #Ha 6a3e KOTOPBIX 1 IPOBOAMIACE PAOOTA.

1.1 OO6mue cBejieHuss 1 TEPMUHBI U3 TapaJljie;IbHOTO MPOrpaMMu-

POBaHMA

Korja peub miéT 0 BBICOKOYPOBHEBBIX TEeXHOJIONHAX pacnapasuienunBanust (OpenMP,
OpenACC, DVM), roBopsiT 0 pacnapaJuie/IiBaHIl BUTKOB UKJIOB. Ha 9T0 ecTh HECKOIBKO

IIPpUYMH:

® O0OBIMHO, 0OJIbINAS YACTH BBIYUCIUTEIbHON PabOTHI B IpOrpaMMaxX HAXOIUTCS UMEHHO

B [IUKJIAX;

® AaHaJIM3UPOBATH a6CTpaKTHbIe I1ocJje 10BaTe/JIbHOCTU OIIEepaTOPOB € TOYKHM 3pE€HUA BO3-
MOZKHOCTHU UX ITapaJljlIeJIbHOI'O BBIIIOJTHEHUA CJIO2KHEEe, YeM aHaJIM3UpPOBaTh 3aBUCHUMO-

CTHU MEXKJ/1y BUTKaMU ITUKJIOB]

e JBHOE yKa3aHUe paclapaJsijle/InBaeMbIX YacTeil Koja BJIeYET 3a cOOOil M3MEHEeHHS B
CTPYKTYype KOJ/Ia, B TO BpeMs KaK yKa3aHue Iapasiie/IbHOTO MUK/ OOBIYHO BBITJISIUT

KaK JUPEKTUBa IIepel €ero 3aroJIOBKOM.

BoJstee Toro, mpuHaTO paccMarpuBaTh TOJIBKO IUKJIBI, HAXOJAIIUECTd B KAHOHUYECKOU
opme, TO eCTh UKJIBI, Y KOTOPBIX €CTh HTEPAIMOHHAsT TIepeMeHHasT, IIPOXO/IsIIast 38 [aHHbBI

JAUaIa30H 3HaYeHnil ¢ 3aJaHHbIM IITaroM:



1 DO i = 1, 10
2
3 ENDDO

Jluctunr 1: Ilpumep nukia B KaHoHu4deckoit popme Ha g3bikKe PopTpaH ¢ UTEPAITMOHHOMN

IepeMeHHON i, mpuHUMalomas Bce 3Hadenns ot 1 jo 10.

I/IHOF,ILa IPUXOJUTCA UMETDH JEJIO C BJIO2KEHHBIMU ITUKJIaMHU, Y KOTOPbLIX HET OII€EpaTOPOB
ME2KY 3aroJiIoOBKaMM U KOHIIaMM ITUKJIOB. nNx COBOKYIIHOCTH Ha3bIBalOT 2ne300M MeCcHoBA0-
HCEHHBIT UUKA06, NJIX TTPOCTO T'HE3A0OM HUKJIOB. C Toukn 3peHud I1apaJijieJin3Ma, B O6HI€M
CJIyda€ BbII'OJHEE DacCllapaJljleJInBaTb HE TOJIBKO caMbIii BerHI/Iﬂ OUKJI B I'He31e, a I'He310

OEeJINKOM, yBe/JIM9uBad TEM CaMbIM UTEPallMOHHOE IIPOCTPAHCTBO.

1 DO i = 1, 10

2 DO j = 2, 20

3 DO k = 3, 30
4

5 ENDDO

6 ENDDO

7

ENDDO

Jluctunr 2: [Ipumep ruesna n3 TPEX TECHOBJIOXKEHHBIX ITUKJIOB.

Byziem roBopuTh, 9T0 BUTKH IUKJIA (MM THE3/a IIUKJIOB) UMEIOT 346UCUMOCTNG N0 JaH-
HDILM, ECJTU B HEM CYIIIECTBYIOT JIB& BUTKA i U 11 TaKHeE, 9TO B IIOCJIE0BATEIHLHON TTPOrpaMMe

BHUTOK ’io 3alllChIBACT KaKne-aInbo daHHBbIE, a BUTOK ’il X CHUTbIBACT.



1 DO i = 3, 10
2 A(i) = A(L - 1) + A(L - 2)
3 ENDDO

Jluctunr 3: [Ipumep nuKIa ¢ 3aBUCUMOCTBIO 10 JIAHHBIM, IJIe KaXKJIbIil BUTOK C HOMEPOM {

3allUChIBAET JlaHHbIE, KOTOpPbIE YUTAIOT BUTKA ¢ + 1 1 ¢ + 2.

B obmem ciyduae Takue IUKJIBI HEJIb3d paclapaJsiie/liBaThb, TaK KaK B HUX BarKeH I10-
PSJ/IOK UTepalnii, HO CYIeCTBYET HECKOJIBKO PA3HbBIX ITPUEMOB, MO3BOJISIONINX B HEKOTOPBIX
cJIydasgx yCTPAHUTh 3aBUCUMOCTHU 1O JTAHHBIM.

BaxkubiMm sTanom pacnapaJiielnBaHus sABJIETCH OIpeje/ieHre TOro, KaKhe JaHHbIe sB-
JIAIOTCSI JIOKAJIbHBIMUA WJIM OOIUMK 110 OTHOIIEHUIO K BUTKaM IUKJIOB. Ecim ckaigapHas
[epeMeHHasi UJIM MACCUB IepeJi UCIIOJIb30BAHUEM [ePEOIpeIessaeTcst (Iepe3aChbiBatoTCs
3HAYEHUS JIEMEHTOB COOTBETCTBEHHO) Ha TOil YK€ CaMOil WTepalun, TO TOBOPST, UTO TaKast
repeMeHnas ABJISIETCH NPUSAMHoU nepemerHott WiIn NPUeaImHbIM MACCUSOM COOTBETCTBEH-

Ho. VI3 omnpejiesienns ciieyeT, 9ToO CUETUMK IUKJIa BCEIjla IIPUBATEH.

1 DO i = 1, 10

2 DO j = 1, 100
3 TMP(j) = j
4 ENDDO

5

6 t = TMP (100)

7 ENDDO

Jluctunr 4: [Tpumep mukia o i ¢ mpuBaTHLIM MaccuBoM TMP U MPUBATHBIMU IT€PEMEHHBIMU

i (cuérunk), j, t.

IToxo:KuM sIBJIETCA KJIAace pedy%uuonnbw: NeEPEMEHHDLT. On cocrout us IIEPEMEHHDBIX,
SHa4YeHUAd KOTOPLIX IIOCJIE IHKJIa 3aBUCAT OT KaH(,ILOﬁ urepanun nukJjia, HO HE 3aBUCAT OT

IIOpsAJKa X BbIIIOJTHCHUW . HpI/I 9TOM 61/1HapHa5{ olrepanud, ¢ IIOMOIIbIO KOTOPBIX O6’be,ZLI/IHH—
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I0TCA 9aCTUYHbIC SHAYCHUA, Ha3bIBACTCA pe@ymguomwzi.

1 sum = O

2 DO i =1, 10

3 sum = sum + A(i)
4 ENDDO

)

6

write(*, *) sum

Jucrunr 5: Tlpumep 1ukia ¢ peyKIMOHHON mepeMeHHO# sum (pelyKIMOHHASI Olepaliust —

CJIOZKEHNe).

1.2 DVM-cucrema u mMo/ieJib napaJsjaejn3Ma 110 JJaHHbIM

DVM-cucrema (Distributed Virtual Memory nmm Distributed Virtual Machine) mpen-
cTaBiigeT coboif Habop MPOrPaMMHBIX CPEJICTB, KOTOPBIC HO3BOJISIOT TI0JB30BATENIO IIPOU3-

BOJIUTH CJIEJIYIOIINE OIEPAITAN:

e KOMIIMJIMPOBATH NMapaJuiesibHble porpaMMbl Ha s3bikax C-DVMH (paciupenne si3bi-

ka Cu) u Fortran-DVMH (pacmpenne sisbika @oprpan);
® 3aIlyCKaThb CKOMIIMJIAPOBAHHLIC IIPOTPAMMBI;

® OTJIaKMBAThb CKOMIIMJIMPDOBaHHbLIE IIPOI'PaMMbI (Ha npeaMeT IIPpOU3BOJUTE/ILHOCTH U

KOPPEKTHOCTH PACIaPAJIICTINBAHIIS ).

DVM-cucrema BegéT paboTy ¢ nmporpamMmvamu, HanncaHubiMiu Ha g3biKax C-DVMH wunn
Fortran-DVMH, koropbie npejcrasisior coboit pacupenus jyist sisbiko Cu 99 [11] u @op-
tpan 95 [12] coorBercTBenHo. OHU TO3BOJIAIOT paclapalIe/IMBaTh OCIEI0BATEIbHBIE TIPO-
IPAMMBI TIPU TIOMOIIH J00aBICHUS TUPEKTUB — nparM (s si3bika CH) MIN CIIeIKOMMEH-

tapues (s si3bika @oprpan). Toxoxwuit moaxos ucnosb3yercs: B rexuosorusax OpenMP,

OpenACC u map.



[HeneBas Berancmrebaas cucreMa mojen DVMH pacecmarpuBaeTcd KakK COBOKYITHOCTD
V3JIOB, KaKJIbIil M3 KOTOPBIX UMEET CBOIO ONEPATHBHYIO MaMATh. Jallle BCEro TakKue y3JIbl
COCTOSAT U3 IPOIECCOpa, K KOTOPOMY TOJIKJII0YEHO HECKOJIBKO YCKOPUTEIEH.

[Ipu stom, DVMH-Mome1b ocHOBaHa Ha mapaJiien3Me 0 JaHHBIM. DTO 03HAYAET, UTO
6ubmmoreka mojyiep:kKu cucreMbl DVM pacrpesiesnisier gantbie (B JAHHOM CJIydae 3JIeMEHThI
MACCHUBOB) TIO JIOCTYIIHBIM y3JIaM BBIUYUCJIUTEILHON CHCTEMBI B COOTBETCTBUY C 33 [AHHBIMU
1oJib3oBaTesieM JaupeKTuBamMu. [locse 9Toro, 1Mo MpUHIMIY COOCTBEHHBIX BBIUUCJICHU, CO-
IJIACHO KOTOPOMY KaXKJIbIif y3€J1 BBIIOJIHSIET T€ W TOJbKO T€ BBIYUCJIEHUS], KOTOPHIE OTHO-
CATCs K JIAHHBIM, PACIIOJIO?KEHHBIM B €0 OIlePaTUBHO ITaMsATH, IIPOUCXOIUT paciipeieeHne

BBIUUCJIEHU.

1.3 SAPFOR

Cucrema SAPFOR (System FOR Automated Parallelization) npennasmadena s
aBTOMATHU3aIUN IIPOIECCa paclapaJsiie/IMBaHusd IIPOrPaMM C HUCIOJIb30BAaHUEM TEXHOJIOTHU
DVMH. Omna, tak xke kak u DVM-cucrema, nomiepxkuBaet a3k Cu u @oprpan. Cucrema
SAPFOR pazmenena na JBa IpoeKTa, KayKJblii MX KOTOPBIX OTBEYAeT 3a CBOH sA3bIK. B
JIaHHO# paboTe paccMaTPUBAETCA TOJBKO YacTh, CBA3aHHas ¢ si3bikoM PoprpaH.

C momompio cucremMbl SAPFOR MoKHO IPOM3BOAUTL HE TOJIBKO CaMO paclapasiiesin-
BaHMe, HO U MHOYKECTBO JPYTHUX IIPE0OPA30BAHUI, O3BOJIAIOIINX IPUBOIUTH IIPOIPAMMBI K
NOMEHUUANLHO NAPAAAEALHOMY 6UJY — K POpPMe, B KOTOPOI OHA MOKET OBITh aBTOMATHIE-
CKU IIe€peBe/IeHa B IMapaJlIe/IbHyI0 06e3 ydacTus moJib3oBaresis. s ynobcTsa mpose/ieHust
TAKUX MAHUIYJIANNN Oblia co3/tana rpadutieckass 000/J09Ka, KOTOPasi IPEI0CTaBIISAET O Ib-
30BATEJISIM CUCTEMBI YI00HBIN MHTEepdeiic 11 €€ UCIIOTb30BaHUs.

Taxxke cucrema SAPFOR mpenocrasisier Habop JTUPEKTUB, € TIOMOIIBIO KOTOPBIX MTOJThb-
30BaTe/Ib MOYXKET YIIPABJIATDH IIOBEJIEHUEM CUCTEeMbl IIpu 0OpaboTKe mporpaMMbl. Hamnpumep,
¢ TIOMOIIBIO TAKUX JUPEKTUB MOXKHO 3a/[aBaTh Pa3UIHBbIE CBOCTBa IPOTPAMMBI, JTaBATH
YKa3aHWsl Ha PACCTAHOBKY KOHTPOJIBHBIX TOYEK, OIPAHMYINBATH pacrapasiienuBanue. Ceii-

qac CUCTEMOU MOJIEPXKUBAETCS OKOJIO AeCATH Pa3JIMYHbIX JIUPEKTUB.



Pacemorpum mojipobHee UPEKTUBBI TPUBATU3AINT U PEIYKIIMU, KOTOPhIE OyIyT yIOMSI-
HATLCsI Jajiee B pabore. JlupekTuBa npuBaTu3alum, Kak u Bce qupekTusbl cucreme SAPFOR,
IpeJicTaBjieHa B BHUEe KOMMEHTapus, HaunHatoterocsa ¢ npedurca $SPF. Jlaree njgér teso
JIMPEKTUBBI, KoTopoe umMeer Buj ANALYSIS (PRIVATE(...)), rie BMECTO TPOETOUHS JI0JI-
JKeH OBITh YKa3aH CIIUCOK MPUBATHBIX IIEPEMEHHBIX (CKaJIsIPOB MJIM MACCUBOB) Yepes3 3allsi-
tyio. Cremyroomnuii IpuMep JIeMOHCTPUPYET UCIOIb30BaHue AupeKTuBbl PRIVATE crcTeMbl
SAPFOR:

1 !'$SPF ANALYSIS (PRIVATE(B))
2 DO I =1, N

3 DO J =1, N

4 B(J) =17

) END DO

6

7 A(CI) = B(A(I))

8 END DO

Jluctunr 6: [Ipumep 3a/1annst MPUBATHOIO MAacCUBa B Jj1d IUKJ/IA HA CTPOKE 2 € MOMOIIBIO

nupektuBbl cucreme SAPFOR.

XoTs CKaJISIPbl 1 MOYKHO OOBSIBJIATH B JIMPEKTUBE MPUBATH3AINN, HA IPAKTUKE OOBITHO
9TO He UCHOoJIB3yeTcs, motomy uto B cucreme SAPFOR mpu pacmnapasiiemBanun aBroma-
TUYECKH TPOU3BOUTCS AHAJIM3 IPUBATHBIX CKAJISPHBIX [IEPEMEHHBIX.

Anajnormuno ycrpoena gumpekTtuBa ! $SPF ANALYSIS (REDUCTION(OP(...))), 3a-
JIAIOINAst PEIYKIMI0 110 IEepeMEHHBIM M3 CIHCKa, CTOsINeM BMecTo Tpoerounst. 0P B
JIMPEKTUBE 3aJaéT PELyKIMOHHY0 orepaluio. Jlajee NpuBeIéH TpUMep HUCIOIb30BAHMSA

3TON JTUPEKTUBBI:
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1 !$SPF ANALYSIS (REDUCTION (MAX(EPS)))

2 DO I =1, N

3 DO J =1, N

4 EPS = MAX(EPS, ABS(B(I,J) - A(I,J)))
5 ACI, J) = B(I, J)

6 END DO

7 END DO

Jluctunr 7: [lpumep 3ajanusa peayKiuu 1o nepeMeHHoil EPS ¢ pe/yKIIMOHHOI olteparueit

B34ATHUA MaKCUMYyMa.
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2 PacnapannenuBanue Ha OONIyI0 MaMATh

[Ipu nanucanuun napaJsuienbabix DVMH-iporpaMm mosib3oBaTesib perraeT JiBe 3a/1a4u:
OH JIOJIZKEH HafTH ONTUMAJILHBIN CIOCOO pacIpejie/ieHus JaHHbIX U ODO3HAYUTH ITUKJIBI,
KOTOPBIE MOTYT BBIIOJHATHCA MapasiieabHo. Ha mpakTnke HepeIKO BOSHUKAIOT CUTYAalUH,
KOTJIa JIJII pacCCMaTPUBAEeMO TPOTPAMMBI PEINUTH ITEPBYIO 38/1a9y TPY/IHO I HEBO3MOZKHO,
HO BTOpAas 3a/1a9a PEIaeTcs YCIEIHO, TO eCTh TPorpaMMa 00/1a/1aeT XOPOIITUM MOTEHITIATIOM
JUIS paciapaJsljie/InBaHus.

OcHoBHOIT 11p0O6JIEMO#I, BOSHUKAIOIIEN MPU IOMBITKE MOCTPOUTH CXEMY PACIpe/IeIeHIs
JIAHHBIX, SBJISETCS TO, 9TO Pa3Hble IUKJIbI JIJId UX paclapa/ule/IuBaHus MOIYyT TpebOBAThH
PA3HBIX, KOHMIIUKTYIONINX CXEeM DPacCIpeJie/ieHus JaHHbIX. B cuiy 00bEMHOCTU TPaKTHYe-
CKHU 3HAYUMBIX MPOTPAMM IIPH UX PaCHapasIeTMBAHIN TaKue KOHMIIUKTHl BO3HUKAIOT I0-
BCEMECTHO. DTa npobJieMa moJpobHo paccmarpusaercd B [13].

BrixomoM n3 Takoit cuTyanyum ABJISIETCS PACCMOTPEHNE YaCTHOTO ciIydas — pacrapaJiie-
JIMBaHUA Ha 00IIyIo namMaTh. [Ipu TakoMm pacrnapaJieITMBaHuy TPeIo/IaraeTcs, YTo 1eJieBas
BBIYUC/IUTE/IbHAST CUCTEMA COCTOUT U3 €/IMHCTBEHHOI'O YCTPOMCTBA. DTO OrpaHUYCHUE T03BO-
JigeT yoOpaTh HeoOXOMMOCTD B PACIIPE/IEJIEHIH JIAHHBIX, TAK KAK BCE JIAHHbIE PACIIO/IAraloTCs
B 00III€eli OIepaTUBHON AMATH yCTPONCTBA.

B kagecTBe ycTpoiicTBa /71 3aITycKa IIPOrPaMMBI, paciapaJsieJeHHON Ha OOy o TaMsTh,

MOKHO PacCMaTPUBATHb MHOT'OIIOTOYHBIN ITPOIECCOpP WM IpaduIecKuil yCKOPUTE/Ib.

2.1 Peagmzammsa B8 DVM-cucreme

Kak omnucbiBaioch BO BBeJleHNH, paciapaJuieauBanne B Mojean DVM npoucxoaut npu
ITOMOIIN CHEIAIbHBIX UPeKTUB. [I[pr mpuBLIYHOM pacnapaJiieTMBaHuN ¢ Pacipe/ieieHueM

JaHHBbIX, B OCHOBHOM, HMCIIOJIB3YIOTCA CJIEAYIOIIUuEe JUPEKTUBDBI:

e DISTRIBUTE — npejHa3Ha4deHa JJid paclpelleJIeHUs 3JeMEHTOB MAaCCUBOB 110 y3J1aM;

e ALIGN — orobparkaeT 9/1eMEeHThI HECKOJIbKIX MaCCHBOB Ha 33/IaHHBIN pacpe/ e/ IEHHbII

MaCCHUB U paclipeJe/ideT nX Ha COOTBETCTBYIOIIUE Y3JIbI;
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e REGION — ompejiesisieT 00/1aCTh KOJIa, KOTOPYIO CJIeAyeT BBIIOJIHATH HapaJsiiebHoO;

e PARALLEL ... ON — onpelessgeT IIMKJI, BATKU KOTOPOI'O CJIEYET BBINOJHATH IIapaJi-
JIEJIBHO, TIPU 9TOM 3aJlaBasd OTOOpazKeHue MpOCTPAHCTBA BUTKOB ITUKJIA Ha pacipe/ie-

JIEHHBIII MaCCUB.

1 !DVM$ DISTRIBUTE (BLOCK,BLOCK) :: A

2 !DVM$ ALIGN B(I,J) WITH A(I,J)

3

4 IDVM$ REGION

5 !DVM$ PARALLEL (I,J) ON A(I,J), REDUCTION (MAX(EPS))
6 DO I =1, N

7 DO J =1, N

8 EPS = MAX(EPS, ABS(B(I,J) - A(I,J)))
9 A(I, J) = B(I, J)

10 END DO

11 END DO

12 !DVM$ END REGION

JImcruar 8: [Ipumep pacnapasienennoro B mojean DVM ruessa muk/ioB. 3/1eCh TPOUCXOIAT
oTobpazkeHre 3JIeMEHTOB MacchuBa B Ha 3/1eMeHThI MaccuBa A, pacupejeseHne maccuBa A
1 pacrnapaJijle/IiBaHie THe3Jia IUKJIOB. [Ipu 3amycke Ha KJracTepe KasKJIbIi y3es1 IOy IuT
HEeIpepBbIBHbIE U IIPUMEPHO PaBHBIE CEKIINNA MAcCHBa A, TOYHO TaKWe »Ke CeKINHU MaccuBa B

1 COOTBETCTBYIOIIUE 3TUM CEKIUAM HUTEpalluu IIUKJIa.

Yro0b! aTh MOJIB30BATENIO0 BO3MOXKHOCTh PaCHapaJsieTMBATh MPOrPaMMbl Ha OOIILYIO
naMsATh, B CHHTaKcHC s3blka Mogeaun DVMH 6nuta nobasiena HoBast popma JTUPEKTHUBBLI
PARALLEL jiy1si pactapaJiie/TuBanus 0e3 pacrpejieieHus JaHHbIX.

Hosrrit BapuanT jqupekTnsbl PARALLEL oT/im4yaeTcss OT MCXOJHOTO TeM, YTO B Heil OT-
cyrcrByeT kjays3a ON. Ilpm mcrosb3oBanum Takux JUPEKTUB He HAJI0 yKa3bIBaTh PacIpe-

,ZLeIIéHHbIe MaCCHUBBI 1IpHA OTO6pa}KeHI/II/I BUTKOB IIapaJlJIEJIbHBIX HUKJIOB. Camn JAUPEKTUBDLI
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pacrupejiesieHns JJaHHBIX TaKKe He HYXKHBbI B TaKUX IIporpaMmax. boJjiee TOro, B TaKuX Jiu-
pekTuBax PARALLEL He HOJIZKHBI IPUCYTCTBOBATH KJIay3bl JIOCTYIA K Y/IAJEHHBIM JaHHBIM,

Takne kak SHADOW_RENEW, SHADOW_COMPUTE u REMOTE_ACCESS.

1 !DVM$ REGION
2 IDVM$ PARALLEL (I,J), REDUCTION (MAX(EPS)), TIE(A(I, J),
— B(I, J))

3 DO I =1, N

4 DO J =1, N

5 EPS = MAX(EPS, ABS(B(I,J) - A(I,J)))
6 ACI, J) = B(I, J)

7 END DO

8 END DO

9 !DVM$ END REGION

Jluctunr 9: Ilpumep pacnapapaJiieuBanus rHe3/a [UKJI0B Ha OOIILYIO TaMSITh.

B Takom BapmanTe jupekTunbl PARALLEL MoxKeT mTpucyTcTBOBaTH Kiay3a TIE, comocras-
JIATOIIAast UTepaIu 1uKJIa ¢ MaccuBoM. OHa ucrnosb3yercs B DVM-cucreme jijis yirydieHus

IIPOU3BOAUTEC/IbHOCTU BbBIXOJHOI'O MCIIOJIHAEMOI'O KO/Ia.

2.2 MotrunBanus nogaep>kkm B cucreme SAPFOR

Kak 0b1710 0OTMeU€eHO BbIIIe, pa3Hble UK/l MOTYT TpebOBaTh PA3HBIX CXEM paciipe/ieie-
HUsI JIaHHBIX. V3-3a 9TOro BO3HHMKaeT mpob/ieMa MOMCKA ONTUMAJIHLHOTO BapUaHTa pacipe-
JIeJIeHUsI TaHHBIX TIPU paciapaJuieimBannn Takux mporpamm depe3 cucremy SAPFOR. Tlo-
9TOMY aHAJIOTMIHAS TOTPEOHOCTh B (PYHKIMOHAJIE paclapaJslie/ TMBaHns Ha OOIILYIO MTaMsTh
BozaUKaeT u B cucreme SAPFOR. Takum obpaszom, peasmsaryst HOBOTO pexknMa paboThI
cucrembl SAPFOR nyi pactiapasiieuBanust Ha OOIIYIO TAMATH cTaja s JAHHON paboTh

OCHOBHO1 I[IEJIbIO, KOTOpad J€TaJIbHO OIIMCBIBACTCA B IIOCJICAYIOINUX pa3je/iax.
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2.3 llocraHoBKa 3aaa4dm, olpejeieHne 1iejieii paboTbl

Taxk BosHukaer 3ajada jgobapienns B cucremy SAPFOR gonosauTebHOro crieHapus
paboThl — pacrapaJjieauBannsg PopTpaH-TIporpaMM 6e3 MOCTPOEHUsI CXeMbI pacIIpe/Ie/IeHnsT
JIAHHBIX U C UCHOJIb30BaHueM nupeKTuBbl PARALLEL 6e3 kiray3n ON.

Tpebyercsi, 9T0OBI HOBBII pe:KUM MOI' OOXOIUTH OI'PAHMYEHUsI, HaKJ/IaIbIBaeMble pac-
IIpeJIeJIEHNEeM JTaHHBIX, TEM CAMbBIM PACIIUpss KJIACC paclHapauieIMBAEMbIX IIPOrpaMM Ha
OOIIYIO TTAMSTH 110 CPABHEHUIO CO CTAHIAPTHBIM pacliapaJuie/iuBaHueM Ha Kjactep. B gact-
HOCTHU, BCTaBJIEMbIe JTUPEKTUBBI JOJIKHBI KOPPEKTHO OMHUCHIBATH BCE JAHHBIE, UCIOIb3Yye-
MbI€ B IUKJE, uX 00jacThb XpaHeHus B mnamsatu u 3asucumoctu tuna ACROSS, eciu onn
€CTh.

Takxke ot j106aB/IIEMOrO (PYHKITMOHAJIA €CTECTBEHHO MOTPEOOBATD €TI0 KOPPEKMHOCTNG:
ecJIi BXOJIHasI IIporpaMma KoppekTHasi, To cucreMa SAPFOR mosmkHa BBIIABATH IPABUIb-
HYIO TIapaJlJIeJIbHYIO ITPOrpaMMy, KOTopas OyJIeT yCIEeITHO KOMITMTUPOBATHCS M BBITIOJTHATH-
col.

[ToMuMoO 3TOTO, PE3y/ILTUPYIONIEE paclapaslIe/IMBAHIE JTO2KHO ObITh 9 (PEKTUBHBIM, TO
€CTh JaBaTh MPUEMJIEMBIN TPUPOCT ITPOU3BOIUTEIBHOCTH 38 CIYET MHOT'OIIOTOYHOI'O BBITIOJI-
HEHUs: He 3aMeJIITh ITPOrPaMMYy CYIIECTBEHHO B XY/IIIUX CJIyUdasxX ¥ IMOJy4aTh paciapaJiie-
JINBaHUE, KOHKYPUPYIOIINE C PYYHBIM B JIVUIIAX CIydasx. B 9To TpeboBanue JOMOJTHATETHHO
BXO/IUT PacCTaHOBKa oNTUMU3Upylomux kaay3 TIE B aupektubl PARALLEL Be3ze, T/e 3TO
BO3MOXKHO.

[Tockosbky pabota Begércsa B paMkax gopaborku cucrembl SAPFOR, pemenne moskHo

OBITH B HEE MHTEIPUPOBAHO JIOJIKHBIM 00Pa30M:

e B cucreme SAPFOR kaxioe npeobpasoBanne opopMIIsieTcsi B BUJIE TOCTIEI0BATE b=
HOCTH NPoxodo6 — aJrOPUTMOB, KOTOPBIE JIOTUYECKHU pasjieseHbl Ha Ojoku. [losromy
HOBBIN (DYHKIMOHAJI JIOJIZKEH OBITH peajin30BaH B BHUJIE HOBOIO MPOXOja (WU B BHJIE

I10CJIe JOBATE/JIbHOCTHU HOBBIX HpOXO,ZLOB);

® HOBBIIl PEXKUM paciapajiieIuBaHns JIOJKEH YIUTHIBATb U MMPABUJILHO 00pabaThiBaTh
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jmpekTusnl cucreMbl SAPFOR;

® JTOJIZKHa OBLITD ILO6&BII€H& BO3MO2KHOCTL BBISOBa 39TOI'O PEKUMa 4Y€epe3 rUaJIOTrOBYIO

rpadudeckyio 000JI049KY;

® BMECTEe C CAMEM paclapasiieJIMBaHueM J0JIKEH ObITh J100aB/ieH (PyHKIIMOHA AHAJIU-
3a BXOJHOI'O KOJIa, KOTOPBIl BblJaBasl Obl HHMOPMAIIMIO 110 pacliapaJsiie/iIMBaHuio 6e3
daxTugeckoit BcraBku jupekTuB. Anasornunbiii ananu3 B cucreme SAPFOR ects u
JIUIS pezKUMa pacriapaJuiesnpanns Ha Kiaactep. OH IoMoraeT moJib30BaTes 0 BhIABIATh

HpO6JI€MbI IIpu aBTOMaTU3UPOBAaHHOM pacCIllapaJlJIeJINBaHWUH.

Emé onnoit nmogzanateiil paboThl sIBISETCsT TPOBEPKA BBITIOJTHEHUS STUX TPEOOBAHMIL ITy-
TEM TIPOBEJICHUsT TECTUPOBAHUSI HA MHOXKECTBE IIPOrPaMM, KOTOPBIE JOJIZKHBI COJIEPIKATH
JIOCTATOYHOE KOJIMIECTBO PaCIapasIeIMBAEMbIX ITUKJIOB PA3HBIX BUJIOB.

Paccemorpum HeO0IBIIION TpUMED paciapaJsiie/IMBalHid Ha OOIILYIO TaMATh Ha 9aCTH MPO-
rpaMmbl, peanusyromnieit aaroputm Axobu (em. Jlucrunar 10). Cucrema SAPFOR nosmkna
YCIIENTHO BCTaBUTb Bce HpucyTcrBylomue aupekTuBbl DVM-cucrembr. [Ipu 3amycke ana-
JIn3a KOJIa JIMAJIOroBas CHUCTeMa, JIOJIZKHA COOOIUTH, YTO BHEIIHHN IUKJI PACIAPAJLICTHTD
HeJb3sl (M yKa3aTh MPUYUHY ), ¥ 9TO BHYTPEHHUE IUKJIbI MOTYT ObITh pacrapasiieeHbl 6e3

NPENATCTBUNA.
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do it = 1,itmax
eps = 0.
!DVM$ REGION
!DVM$ PARALLEL (j,%), PRIVATE (%,37),TIE (a(<,35),b(2,35)),
— REDUCTION (maz (eps))

O

5 do j = 2,1 -1

6 do i =2,1 -1

7 eps = max (eps,abs (b(i,j) - a(i,j)))

8 a(i,j) = b(i,j)

9 enddo

10 enddo

11 !DVM$ PARALLEL (j,i), PRIVATE (%,3),TIE (a(%,35),b(%,7))

12 do § = 2,1 -1

13 do 1 =2,1 -1

14 b(i,j) = calculate (a(i - 1,j) + a(i,j -
— 1) + a(i + 1,j) + a(i,j + 1))

15 enddo

16 enddo

17 !'DVM$ END REGION

18 if (eps .1lt. maxeps) goto 3

19 enddo

20 3 continue

Jluctunr 10: [Ipumep pacrapaJsienBanns Ha OOILYIO MAMSITh.

B nmomonnenne K onmmcaHHOMY, CYTIECTBYET eIlé HeCKOJIbKO CIIeHapUeB UCTIOIb30BAHNS CH-
crembl SAPFOR, tipu KOTOpoM MOKET TPUTOINTHCSA HOBBIN (DYHKITMOHAJ. BO-11epBbhIX, ¢ 110-
MOIIIBIO PeXKMMa paciapasiieIMBaHus Ha OOIILYI0 MaMATh MOXKHO Oy/eT paclapaJlie/lnBaTh

[POrpaMMbl, HAIUCAHbIE ¢ ucnosib3oBanueM Texuojsorun MPI [14], aro moxker garTh J1010J1-
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HUTEJIbHOE yCKOopeHue. Bo-BTOPBIX, JAHHBINA PEKUM MOYKET ObITh IT0JI€3€H U IPU OOBIMHOM
pacnapaJjie/IMBaHiN ¢ paclpe/ieleHueM JAHHBIX: C €r0 IIOMOIIIbI0 MOXKHO IIPE/IBAPUTEILHO
OIIEHUBATh IIPOrPAMMBbI Ha IIpe/IMEeT IIOTEeHIaIa K pacliapa/lIe/IMBaHIIo, HAIIPUMeD 3apaHee
y3HaBaTh, KAKNE IUKJIbI MOI'YT OBITH paclapaJuie/ieHbl, a Kakue HeT. Vcmosb3ys mosyden-
HyI0 HHGMOPMAINIO, MOXKHO OIEHUBATH BEPOATHOCTH TOIO, UTO paclapaJlIe/IMBAHUE JIACT

HOJIOXKATEbHBIN 9(PPEKT elmé 10 CO3TaHMs CXeMbl PACIpPeIe/IeHISA JaHHbIX.

2.4 (O630p cyIIecTBYIOIUX pPEHIeHU

UccieioBanus 1o TeMe aBTOMATU3UPOBAHHOTO PACIapaJlIeIMBAHNAs IPOIPAMM BeJIyTCs
JIOCTATOYHO JilaBHO. Ha JaHHBIT MOMEHT CYIIECTBYeT HE TaK MHOT'O IIHPOKO MCIOJIH3YEMbIX
CPEJICTB, TMO3BOJIAIONINX TTOJIYYaTh Mapasiie/ bHbii Ko Cpeau cpeicTB, KOTOPhIe B TOW N
MHOI1 CTETIeHN TIOMOTaloT B ITPOIecce paclapaJlIeInBaHus IPOTPAMM MOYKHO BBIJIETTUTD CJle-
aytorue: Polaris [15], CAPO, WPP, SUIF, VAST /Parallel, OSCAR [16], ParallelWare, Intel
Parallel Studio XE [17].

O/1HaKO, OTKPBITHIX PEAU3AII aJrOPUTMOB PACIapaJIIeIUBAHNS TIOUYTH HET, TIO9TOMY
38 OCHOBY pellieHusi ObLT B34T yxKe cytectByiomuii B cucreme SAPFOR pexxkum pacnapast-
JIEJINBAHUS C PACIPEJIeIEHUEM JAHHBIX. DTOT IOJIX0/I HE TOJIHLKO TOMOI' YUECTh CIENUuMUKY
sa3b1K0B Poprpan 1 DVMH, Ho 1 o3Bo/in/ MUHUMU3UPOBATH 00BHEM BHECEHHBIX B CUCTEMY

SAPFOR usmenenuii.
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3 IlocTpoeHue pernieHud

Ber IIpOoIecC IIOCTPOCHUA pelIeHnd MOXKHO pa3/Je/IMTh Ha TPHU OCHOBHBIX JTalla — UCCJIe-
noBanne KoaoBoit 6asel cucrembl SAPFOR, BHeceHne HeOOXOMMMBIX M3MEHEHN 1 TECTHPO-

BaHUE PEAJTM30BAHHOIO (DYHKITMOHAIA.

3.1 IlepsBrplii 3Tarr — DOATrOTOBKA

OCHOBHOI TIEJIBIO JIAHHOTO 3Talla CTaJ aHaJu3 BHYTPEHHEI'O YCTPOWCTBA CHCTEMBI
SAPFOR, Tak kKak ObLIO IPHUHATO peIIEHHE Peau30BbIBATh paclapaslie/uBaHue Kak
JacTh €€ pyHKIuonaaa. Ha gaHHOM 3Tale ObLIO IPOBEIEHO MCCIEI0BAHIE NCXOTHOIO KOJIA

CHUCTEMBI, KOTOPOE J1aJI0O OTBETHI Ha CJIEAYIOIIHNE BOIIPOCHI:

® KaK IIPOUCXOJUT 3allyCK pPacCllapaJijie/JIMBaHUsA C paclpeaejieHueM JaHHbIX,

® KAaKO# KOJI U B KaKOU IOC/Ie0BATEIbHOCTH pabOoTaeT MPU paciapaslie/IMBAHIN C Pac-

npezaesieHueM JaHHBIX]

® KaKre OrpaHUYMBAIOININE IPOBEPKH IIAHUPYETCS YOPATh B IIPOXOJIE paciapaJLie/ TnBa-

HUs Ha OOIIYIO TTAMSTh;
® KakKue CTPYKTYPbI JAHHBIX MCIIOJIB3YIOTCS;
® TCIIOJIb30BaHNE KAKNX CTPYKTYP JIAHHBIX HY?KHO H30€7KaTh;

® KaKe CYIIECTBYIOIINE aJropuTMbl (¢ MogudUKAIMAMA Wil 6€3) MOXKHO (M HY?KHO)

IIEepenucCIioJIb30BaThb B ,HO6&BJ'I$I€1VIOM pPexKuMe.

[TyTém aTeHns HCXOTHOTO KOJIA, JTIOKYMEHTAIIUN U OOIIEHNs C ABTOPAME CUCTEMbBI BCE 9TH
BOIIPOCHI ObLTN pa3perenbl. Jlaee w3araioTcs OCHOBHbBIE TIOJIyYeHHBIE CBEJIEHUS .

Kak yxe ymomuuasoch panee, crpykrypao cucrema SAPFOR cocrour m3 muoxkecTBa
AJICOPUTMOB, KOTODbIE JIOTMYECKU PAa3/IeJI€Hbl Ha OTJe/bHbIe OJIOKU — IPOXobl. Karkibrit

IIPOXO/I BBIIIOJIHAET CBOIO (byHKILI/IIO 1 MO2KET 3aBUCETDL OT APYTI'HUX IIPOXOIO0B. HpI/I 3allyCKe
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[IPOXO/Ia Ie€PeJ HUM 3aIlyCKAIOTCS BCE MPOXO/IbI, OT KOTOPBIX OH 3aBUCUT HEIOCPEICTBEHHO
WIN TPAH3UTUBHO, IPU YEM KarKJIbII ITPOXOJT 3aIyCKaeTCs He DOJIbIe OJIHOTO pasda. 1aKum
00pa30M B CHCTEME BBICTPAMBAELTCS JEPEBO 3aBUCUMOCTEN ITPOXO/IOB.

KoneunbiM 1Ipoxo/ioM Ipu paciapaiie/IMBAHUA ¢ Paclpee/ieHueM JTaHHBIX SBJISIETCS
npoxojt ¢ Hazpanuem INSERT PARALLEL DIRS, koropslit IpOU3BOIUT BCTABKY CO3JIaH-
HBIX JIUPEKTUB B KOJ. [aBHas ero 3asucumocTsb — npoxogq, CREATE PARALLEL DIRS
CO3/IaHVS TTAPAJLIE/IbHBIX JIUPEKTUB (6e3 BCTABKMU) 10 MOJIYYeHHOI nHMOPMAIIUT U3 aHAJIN3a

[IAKJIOB. AHAJIM3 IUKJIOB IIPOU3BOINTCS CJAEIYIONIEN TPYIIIOi IIPOXOI0B:

e LOOP ANALYZER COMP DIST;
e LOOP_ANALYZER DATA DIST S2:
e LOOP ANALYZER DATA DIST SI;

e LOOP ANALYZER DATA DIST S0

OHE 3aIlOJIHAIOT CTPYKTYPbI, OIHUCHIBAIONINE IHUKJbI, AHAJU3UPYIOT OOpaIleHust K
MaccuBaM BHYTPH IIHKJIOB, OTOOpaykaioT oOpallleHusl K MacCHBaM Ha IUKJbL TakxKe
OHM CO3JaI0T U 3allOJIHAIOT CTPYKTYPY JAaHHBIX, IIO3BOJIAIONLYIO CTPOUTL paclipejiesie-
HUE JIAaHHBIX — 2pag uamepenuti Maccusos. BmecTe ¢ 3TUM TPOUCXOJUT BBI3OB IIPOXO/IA
CREATE TEMPLATE LINKS, koropsiii o moctpoeHHOMY Tpady cO3MaéT CXeMy pac-
npejie/ieHnst JaHabix. Jlo Hux paboraer eré MHOYKECTBO JIDYIUX IIPOXOJI0B (BCEro MOPsIKa
CeMI/I,ZLeCﬂTI/I), KOTOPbI€ HE OTHOCATCA K pacCllapaJlIeJIMBaAaHUIO HaIIPAMYIO. STI/I IIPOXOJbI HE
KaCcaloTCsl PacIpeiesieHnsI JaHHbBIX, II09TOMY OHU JIeTAJIbHO HE PacCMaTpPUBAINCh. JacThb

JiepeBa 3aBUCUMOCTEl MMPOX0/ia BCTABKY MMapaJslIe/IbHbIX JIMPEKTUB m300pakena Ha Puc. 1:
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LOOP_ANALYZER_DATA_DIST_SO
LOOP_ANALYZE§£DATA_DIST_Sl
LOOP_ANALYZE§£DATA_DIST_S2
CREATE_TEMéLATE_LINRS
LOOP_ANALYZER_COMP_DIST
CREATE_PA§;LLEL_DIRS
INSERT_PA§;LLEL_DIRS

Puc. 1: Yupomeénnasi cxema paboThl IPOXOJIOB IIPU paciapaJsiie/IMBAHII C PacipeieeHueM

JaHHDbIX.

Takum o6pa3om, ObLIO YCTAHOBJIEHO, YTO JIJIsd YCIIENTHON peau3allui paciapaJiie/ nBa-

Hud Ha O6H_Iy10 IIaMATb H€O6XO,ZLI/IMO 1 JOCTAaTOYHO BHECTU U3MEHECHUA B 3T CEMb IIPOXO/0B.

3.2 Bropoii aTamnm — peajsm3alus

HoBprit pe:xum paboThl pacnapasiie/IMBaHus Ha OOIIYI0 NMaMsTh ObLT 0OpM/IEH Kak
oTAebHBIX TTpoxoj. [lo anajorum sToT npoxo 1 ObLT Ha3BAH
INSERT PARALLEL DIRS NODIST, 4ro mnog4épkuBaeT OTCYTCTBHE I[TOCTPOCHUS
pacupegenerns jganabix. [lockonmpky INSERT PARALLEL DIRS ocymecTBiisieT TOJIb-
KO BCTaBKYy CO3JIAHHBIX 3apaHee JUPEKTHB, €ro (QyHKIMOHAJ MEHATb He IIPUIILIOCh,
nostomy BuyTpu INSERT PARALLEL DIRS NODIST BbI3BIBacTCS KO IPOXO/IA
INSERT PARALLEL_ DIRS.

Camo co3zjanne TekcTa IapaslIeIbHbIX JUPEKTUB, KOTOPOE IITPOUCXOJMIIO B IIPOXOJIE
CREATE PARALLEL DIRS, mnoasepriioc uamenenussm. OTTyga [MOJTHOCTHIO yOpaH

KOJI, OTBEYAlONUil 3a JIUPEKTHBbI paclpe/eeHnd JIaHHBIX. TaKyKe H3MEHEH KOJI JIJId
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KOHCTPYHMPOBAHNUS HapaJlJIeIbHbIX JIMPEKTUB: yopano cosanne npucrasku ON B qupekTnBe
1 KJIay3 yJAaJIEHHOTO JIOCTYIIa K JaHHBIM, cpeau KoTopblx SHADOW_RENEW u REMOTE_ACCESS.
Takke ObLI J100aBJIEH AJITOPUTM 3amnoHeHus Kiays TIE. Okaszayoch, 9TO HOBasl BEPCH:A
CREATE PARALLEL DIRS crasa naMHOr0 KOMIIAKTHEEe U OBLIO PENIeHO He CO3/1aBaTh
JUIst Heé oTebHbIi Tpoxos u ¢aenarh dacThio INSERT PARALLEL DIRS NODIST.
Takke, HOBBIl IIPOXOJ], HE YHACJIEIOBAJ 3aBUCUMOCTU OT IIPOXO/IOB
CREATE TEMPLATE LINKS u LOOP_ ANALYZER DATA DIST S* mnockoibKy
OHU OTBEYAJIM TOJIHLKO 3& PaCIpPe/ie/IeHe JTaHHbIX.
[Tpoxon LOOP ANALYZER COMP DIST npunutocs nepepaborars. On orsedast 3a
aHaJin3 obpaleHnii K MaccuBaM BHYTPH IMKJIA M pacliapaJsiie/iiBaHie Ha OCHOBE 3TOH MH-
dopmanmu. [Tpeobpazoannstit mpoxo mosryunt Hasaanne LOOP  ANALYZER NODIST.

B pesynbraTe cxema 3aBUCHMOCTEH N3MEHMJIACH CJIEYIONTIM 00pa30M:

LO\OP\_ANALYZER_DATA_DI _S0
1

L00P_ANAEV2£57DATE_DIST_s1

)
LOOP_AN ZER_DNIST_S2
{

CREATE_TEMPLATE_LINKS
!

LOOP_ANALYZER_COMP_DIST {---------- '{ LOOP_ANALYZER_NODIST
{

CREATE_PARALLEL_DIRS -

] ) (

INSERT_PARALLEL_DIRS {------- - INSERT_PARALLEL_DIRS_NODIST

Puc. 2: CpaBuenne cxeMbl PabOTBI IIPOXOJIOB PEKUMA PACIIAPAJIICTNBAHISA C PACIPEIETCHI-

eM JIAHHBIX (CJIeBa) ¢ HOBBIM PEKMMOM paclapaJiienBaHus Ha OOILYI0 HaMsTh (CIpaBa).

,Haﬂee, cjeayeT CKa3aTb O GLLLé O,ZLHOI71 HEMAaJIOBa KHOM 4YacCTu pa6OTbI — UHTerpanuu ¢ nH-

CTPYMEHTOM JIJIsl BU3yau3aImn (1uaaorooit obosoukoit) cucrembr SAPFOR. 3mech Tpe-
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60BaJIOCh peasn30BaTh JBa OCHOBHBLIX clieHapus paboTbl. [lepBbiil OcHOBHOI clieHApHiT —
3allyCK pacrapaJsule/IuBaHus Ha OOILyIo maMaThb. TpeboBasioch MpeiocTaBuTh wHTEPdEic
JUIsL BBI30Ba IPOXojia Bu3yasmn3aTopoM. C 9THM HE BO3HUKJIO CJIOXKHOCTEH, TaK Kak JiJIsd
9TOTO MOTPEOOBAJIOCH HANUCATH HpocTyio ¢gyukimioo SPF_SharedMemoryParallelization,
KOTOPYIO BBI3BIBAET JUAJIOIOBas 000J0UKA U KOTOpas B CBOIO OUYEPEb 3aIlyCKAET IIPOXO/T
INSERT PARALLEL DIRS NODIST. Bropoit crienapuii paboTsl mpejmoarai 3amyck
aHaJIM3a pacrapaJuie/inBanust 0e3 GpakTUIecKOil BCTABKHM JUPEKTUB. AHAJTOIUIHO 3aIlyCKy

paciiapaJijieJinBaHnd, ObLIA ,ZLO6&B.H€H3 BO3MOXKHOCTB BBISBIBaTb U3 BU3yaJIU3aTOpPa IIPOXOJL

LOOP_ ANALYZER NODIST.

3.3 Tpernii stan — TecTupoBaHNEe N peNieHNEe BO3HUKINNX MPodJieM

[TockobKy paboTa BemeTcst ¢ MCXOAHBIM KojoM DoprpaH-TiporpaMmM, MHOXKECTBO BO3-
MOXKHBIX BapHaHTOB BXOJHBIX MPOIPAMM CJIMIIKOM BEJUKO, 9TOOBI MPELyCMOTPETh abCo-
JIIOTHO BCe CHUTyalluu Ha 3Tale peajusarnuu. V3-3a 3Toro ObLIO HEOOXOIMMO ITPOU3BECTH
TIIATETLHOE TeCTUPOBaHME, YTOObI BBIABUTH OCHOBHBIE CJIyYad HEKOPPEKTHOI'O ITOBEIEHUSI
cucrembl SAPFOR.

TectupoBanme MPOBOINIOCH KaK HA HEOOJIBIITUX MOJIE/IbHBIX IIPUMepax, TaK W Ha 00JIb-
X IpUMepax MPaKTUIeCKd HCIOJb3yeMbIX mporpaMm. CyMMapHO 3a BCE TECTUPOBaHUE
OBLIIO OOHAPYKEHO MOPAKa TPUIANATH PA3JIHIHBIX IIPUMEPOB HEKOPPEKTHOI'O IOBEJIECHUS
peam30BaHHOIO pexknuma. lajee onucannl Hambosee comep:KaTebHble U3 HaliIeHHBIX OIIN-
00K U TO, KaK OHU OBLIN HCIIPABJICHBI.

[lepBas n3 HEUX Kacajgach 0OpabOTKH IIPUBATHBIX MaccuBOB. [Ipu pacipegeeHIn JaHHBIX
B DVM-cucreme 3ampemaercd pacrpeiesiaTh MACCUBbBI, KOTOPbIE ABJIAIOTCH TPUBATHLIMU
xoTd Obl 111 omHoro Imkia. [losromy B cucreme SAPFOR Takme maccuBbl He oToOpazka-
I0TCA Ha IUKJIBI IIPU ITOCTPOEHUN CXEMbI pacipeaeaeHus fanubix. [Ipu pacnapasiemBanun
Ha obrryio maMaTtb DVM-cucrema JiomyckaeT HCIIOJb30BaHUE OJHOTO MacCHBa B KadeCTBe
PUBATHOTO M HEIPUBATHOTO JJjIsI pa3HBIX IMUKJIOB. [losToMy y1st pekmMma paciapaliielin-

BaHUs Ha OOIIYIO IMaMATh OBLIO J00ABJIEHO OTOOPaXKeHWe Ha IUKJ BCEX HENPUBATHDBIX JIJIs
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HEro MacCuBOB (B YACTHOCTH, 9TO HYKHO JJId 3amojiHeHus Kjay3bl TIE). Dr1o npuseso K
u3menenusim B ipoxosgie LOOP  ANALYZER NODIST.

Emgé onnra mpobiiema cBsizaHa ¢ 06pabOTKOM IepeaBaeMbIX B IIPOIEYPhl CEKIIM Mac-
cuBoB. /leqo B Tom, uto B DVM-cucreme 3amperieHo UCIOIb30BaHIE B PA3HBIX IHUKJIAX

[ePeCEKAIONINXCS 110 TTaMATH PAa3IUIHbIX CEKINi MaccuBOB. PaccMoTpuM ciiejiyIonuii mpu-

Mep:
1 program p
2
3 integer:: A(100)
4 call foo(A)
)
6 !DVM$ REGION
7 !DVM$ PARALLEL (<), TIE(A(%))
8 do i =1, 100
9 ACi) =
10 endo
11 !'DVM$ END REGION
12 end
13
14 subroutine foo (A)
15 integer:: A(50)
16

17 !'DVM$ REGION
18 IDVM$ PARALLEL (4i), TIE(A(3i))

19 do i =1, 50
20 ACi) =
21 endo

22 IDVM$ END REGION

24



23 end

Jluctunr 11: npumep, BBI3BIBAIONINI OMMMUOKY BBIITOJTHEHUS.

B uém HEM ecTh JiBa MapasulesIbHbIX 1uK/Ia (cTpoku 8 u 19). OJuH U3 HUX HUCIOJIB3YeT
HOJIHBIH MaccuB A (KOTODbI 00bsBIIeH Ha cTpoke 3). JIpyroii e UCIOIB3yeT CEKIUI0 Mac-
cuBa A, KOTOpasi cojepKuT ero mepsbie 50 sjeMeHToB (06bsiBIeHne Ha cTpoke 15). 3amyck
9TOr0 IpUMepa IMPUBOJIUT K omnOKe BbioiHeHusd. [Ipu aTom ecin 661 B mojrporpamme foo
ObLI0 00bsABIEHO, uTO MaccuB umeer pasmep 100 (To ecTb dhakTUIeCKU IepeaBasics Obl
MAaCCHB II€JIMKOM), TO OITHOKHU ObI He OBbLIO.

B cayyae amajormvyHoro pacliapajuieJIMBaHus C paclpejgejeHrneM JaHHbIX —OIIH-
OOK BBINIOJIHEHNsT HE BO3HMKaeT. M3-3a 5TOro B Iellb IPOXOJOB paclapaJsiie/nBa-
HUs Ha OOIIYI0 TaMATb ObLT JI0OABJEH HOBBII IMPOXOJ, KOTOPBLIA IOJYYM/I HA3BAHUE
SELECT ARRAY DIM CONF. On 3amyckaercs mocjie aHaJIu3a IUKJIOB W BBIOJIHSIET
dunbTpanuio napasieibHbIX TUKJIOB TaK, 9TO0bI B HUX HE OBLIO MEPECeueHuil 1Mo MaMaTh
MCIIOJIb3YEMbIX MaCCHUBOB.

Taxum obpazoM cxema MPOX0JI0B HOBOT'O PEXKMMA TIOTYIUIa OKOHYATETbHBIN BUJI, TTPEJI-

craBjeHubi na Puc. 3:
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LBDP;&NALYZER_DATA_DI _S0
1

LOOP_ANAEVZEB;DATK_DIST_S1

)
LOOP_AN ZER_DRTA¥Q;ST_S2
1

CREATE_TEMPLATE_LINKS

l

LOOP_ANALYZER_COMP_DIST

1

CREATE_PARALLEL_DIRS

!

INSERT_PARALLEL_DIRS

~—-+LOOP_ANALYZER_NODIST

l
SELECT_ARRAY_DIM_CONF
!

INSERT_PARALLEL_DIRS_NODIST

Puc. 3: uroroBasi cxema pabOTBI ITPOXOJIOB IIPHU PACIPE/IC/IEHUH Ha, OOIIYIO TaMATh.
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4 Omnucanmne aJropuTMOB pacHapaJijieJuBaHUA B CICTEME

SAPFOR

B npespiytmeit rraBe ObLIO JaHO KPATKOE OIMMCAHKE MPOXOJIOB, PAbOTAIOIINX TPH Pac-
HapaJUIeJIMBAHUN C PACIpeJie/IeHHeM JAaHHbIX M UX AHAJIOIOB JJIs CJIydasi ObIeil maMsiTH.
Hasee npuBouTCs TOAPOOHOE ONMMCAHUE AJTOPUTMOB, € TIOMOIIBIO KOTOPBIX PEATN30BaHbI
9THU TIPOXOJIBI.

Becw ncxomnsrit ko cucrembr SAPFOR namnmcan va s3bike C++ [18]. [Iporpamma, mocry-
HAOIIAasT Ha BXOJ[ CUCTEME, TIEPEBOINTCS B aOCTPaKTHOE CUHTAKCUIECKOe JIEPEBO OIIEPATOPOB
(AC) [19]. B kauectBe peasmsaiun abCTPAKTHOIO CHHTAKCHYIECKOTO JIEPEBA HCIOJIb3YeT-
cst 6ubsmoreka Sage++ [20]. C eé mOMOIIBI0 BXOIHYIO IPOIPAMMY MOYKHO aHAJIN3UPOBATH,
MOJIUMUITTPOBATH U MIEPEBOJINTH 00paTHO B KO/ Ha PopTpane.

[Tomumo cTpykTyp bubsmorekn Sage++, B cucreme SAPFOR BBeiéH psiji TUIIOB TaHHBIX,
yrpomammux paspaborky. Cpean HIX MOXKHO BBIJIEUTD CJIEIyIONe Hanbojee NCIoIb3y-

€MbIC:

e Array — THUII, OTparKakoIUil MacCUB BXOAHON TporpaMmbl. [loMrmo mpotero, conepKuT

nH(MOPMAITIIO O €r0 UMEHH, Pa3MEPHOCTH, OIPEJIC/ICHUN, MeCTax MCIOJ/Ib30BAHNS;

e FuncInfo — orpaKaeT HpOIEAypy BXOJHON mporpaMmbl. Comaep:KuT nH(MOPMAIIIO O
Ha3BaHUU, OIPEJICJICHNN, TOYKaX €€ BbI30Ba, IMOJIK/IIOYEHHBIX cCOMMON-0/I0KOB, UMeHax

eé popMaIbHBIX apryMEHTOB, HH(MOPMAIIMIO O HAJIUIUN TOOOIHBIX 3(PHEKTOB U T. I1.;

e LoopGraph — orpaxKaer nmuks. Vmeer nndopMario o MecTe pacrooKeHns, BJIOXKEH-
HBIX IUKJIaX, BbI30BaX (DYHKIMI BHYTPH IUKJIA, ONEPAIldaX HaJ MACCUBAMU BHYTPHU
UKJIa. Kem MUK/ Haxo/IuTcst B KAHOHUIECKO! (hopMe, JTIONMOJIHUTETHLHO COIEPKUT Ha-
3BaHUe UTEPAIMOHHON IePEMEHHOM, MPAHNIIAX U I1are UTePUPOBaHUs, TJIyOUHY IHE3/1a
TECHOBJIOYKEHHBIX IMUKJIOB. Kpome 3TOro cTpyKTypa COAep:KUT HAOOp (DJIaroB, oTMe-

JalomuxX MHTEPECYIoIre C TOYKU 3PEHUA pacllapaJlie/JIMBaHnAd CBOﬁCTBa;
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e ParallelDirective — CTPYKTYypPa, OTpaKawlas CO3AaHHYIO JUPEKTUBY pacliapaJijie-
smBanus. Couep:kuT nHMOPMAIIIO O pa3Mepe paclapaJLieMBaeMoro ruesja, o Kia-
y3ax SHADOW_RENEW, ACROSS, REMOTE_ACCESS, REDUCTION, PRIVATE u ucio/b3yemMbIx

B HUX MaCCHBaX;

4.1 AJgropuTmbl pacliapaJJieJIMBaHUs C pacnpeejieHueM JaHHbIX

Paccmorpum mogpobree yerpoiictBo peannzoBanubix B cucreme SAPFOR mpoxosos, o1-
BEYAIOIIIX 38 [OCTPOEHUE CXeMbI PACIIPEJIeSIeHNsT TaHHBIX 1 paciapasuesmBanme (em. Puc.
1).

Haaném ¢ mpoxoma LOOP ANALYZER DATA DIST SO. Ha Bxom o mosydaer
AC]JI, muoxkecTBa 3aroHeHHbIX cTPYKTYP FuncInfo u LoopGraph ist Beeit mMpoOrpaMMbl,
OTParKaIOIMMUX BCe €€ MPOIEAYpPbl W IUKJbL. Pe3yJibTaToM JaHHOIO IPOXOJIa SBJISAETCH
3aIl0JIHEHHBIN Tpad W3MepeHuit MacCHUBOB. B Ipoxojie MPOUCXOJUT HUTepalus IO BCEM
POl IypaM BXOJHOM mporpamMmbl. /g KaxKao#l mporeypbl MPOU3BOIAATCA CJIeTyIONINAe

JOeCTBUS:

® BBITIOJTHSETCS IIPOXOJ], TI0 BCEM OIIEpATOpPaM ITPOIETYPHI;

® CCJIM 9TOT OIIepaTop COAEPKHUT 3allUMChb B JJIECMEHT MaCCHBa WJIN YTEHHE U3 MaCCUBa
1 3TOT MaCCHUB pacnpe;;eﬂﬂeMblﬁ, TO €CTb OH HE€ ABJIA€TCdA HUTJAEC IIPUBATHBIM HWJIN

PEYKIIMOHHBIM, TTPOUCXOJIUT OTOOPAXKEHHE STOM OllepaIluu Ha, COJIepKaIlne €6 IUKIIbI;

e 0oTOOparkeHue 3aK/II0YAETCS B COXPAHEHUN 3aINCell BUJA <UYUKA, MACCUS, MUN ONePa-
yuu, Homep udmeperus, A, B> Bo BpeMeHHYIO CcTpYKTypy. Takas 3amuch co3maérest
JUTI KarKJIOTO U3MepeHus, OOpallleHre 10 KOTOPOMY B TEKYIIel ONepPaIuu UMeeT BH]

A*i+B, rne A u B - neible aucia, i - CY6TINK [UKJIA;

e Jlajiee IPOUCXOJIUT JI0DaB/ICHUE TOJyYeHHBIX 3amuceii 06 obpaleHnsax K MaccuBaM B
CHENUATBHYIO CTPYKTYPY JAHHBIX — I'pad M3MepeHuil MacCuBOB. DTa CTPYKTypa UC-

IIOJIB3YETCA JIJIAA ITOCTPOECHUA CXEMBI paClpejIe/IieHUud JaHHbIX W IIPEJICTaBJIACT coboit
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rpacb, BeEpIINHaMM KOTOPOI'O ABJIAIOTCA USMEPEHUA MaCCHUBOB, B JIyI'aMi — CBA3U ME>K-
Ay U3MEpEHUAMN MaCCUBOB COIVIACHO UX MCIIOJIb30BaHHWIO B IHUKJIaX IIPOI'PaMMbI. ITo-

JIpobHO mocTpoerue rpada MacCUBOB omucano B [21];

e 110c/ie 0OpabOTKH BCEX IMPOIEYP ITPOXO/I 3aBepIiaeT padoTy.

Hanee 3amyckaercsa npoxog LOOP _ANALYZER DATA DIST S1. Bxognbie gannbie
y mero takue ke, kak u y LOOP_ _ANALYZER DATA DIST S0. Ero mesb — cobpatb
nHMOPMAIIIO O 3aBUCHMOCTIX TI0 JAHHBIM B IUKJIAX U 3aIlCATb €€ B IOJId CTPYKTYDbI
LoopGraph.

B sToM 1poxojie TakKe MPOUCXOJAUT UTEPAIUS [0 BCEM TPOIETYPaM ITPOrPaMMBbI U IIPO-

U3BOJISATCS CJIETYIONTINE JIENCTBUS:

® BLIIIOJIHACTCA IIPOXO/ IO BCEM OllepaTopaM IIPOLEIAYPhI;

e oOpabaTbhIBarOTCs OOpallleHnsI K MacCUBaM C COXPaHEHUeM 3alliceil Bujaa <uyux.i, Mac-

CuB, Mun oNepayuL, HOMepP uamepenus, A, B>;

® BMECTO ,ILO6&B.TI€HI/ISI I/IHCI)OpMaHI/II/I B rpa(b I/ISMepeHI/Iﬁ MaCCHUBOB BbIABJIAIOTCA 3aBUCH-
MOCTH II0 JaHHBIM BHYTPpHU HOUKJIOB HyTéM IIOCTpOEHUAd CIIeIUaJIbHOI'O rpacba 3aBUCH-

MOCTeil;

® JIJId KaxKJI0I'o IUKJIa, KOTOprfI nMeeT 3aBUCHMMOCTH 110 JJaHHbIM, 3aHOCUTCA IIOMETKa B
CTPYKTYDPY LoopGraph O TOM, YTO ITUKJI UMeeT 3aBUCHUMOCTD 110 JaHHbBIM W HE€ MOXKeT

OBITH pacrapaJiie/ieH;

® UCKJIFOUEHUsT COCTABJISIIOT 3aBUCUMOCTH (PUKCUPOBAHHOMW JIIMHHBI, TO €CTh TAKHE, ITO
HOMEpa 3aMUCHIBAIOININX U IUTAIONINX BUTKOB OTJIHIAIOTCS HA (DUKCUPOBAHHYIO BeJIU-
quny. Takne MuKJIbI MOTYT OBITH paciapaJsuiesiensl ¢ noMorbio aupekTusbl ACROSS

(cm. mpumep Ha Puc. 4 B riaBe 5);

e 11ocjie 06paboTKU BCEX MPOIIE/Lyp IIPOXOJL 3aBepiiaeT padboTy.
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[Tpoxox LOOP ANALYZER _DATA DIST S2 nosyuaer na BX0oJ rpad nusmepeHuit
MacCuBOB. Pe3ysibTaToM Mpoxojia sABJISeTCs yCedeHHbIH rpad n3Mepenuii MacCUBOB (Takoii
rpacd u3MepeHnit MacCUBOB, KOTOPBII HE COAEPXKUT IHUKJIOB, IOPOXKIAIOIIINX KOHMJIMKTHBIE
CUTYaIMN) JJisl TOCJIEIYIONIEro CO3/IaHusT PACIPEIC/ICHUsT JIAHHBIX. B OCHOBe JiexKar aJiro-
PUTMBI [IOMCKA IIPOCTBIX IUKJIOB B Ipade U MOCTPOCHUs] MUHUMAJIBLHOTO OCTOBHOTO JIePeBa.

[Tpoxonx CRATE TEMPLATE LINKS mnosyyaer Ha BXOJ ONTHUMU3UPOBAHHBIN Tpad
U3MEepeHuil MacCHBOB, B KOTOPOM OTCYTCTBYIOT IUKJIbL. [locko/bKY B 9TOM rpade HeT muK-
JIOB, BCE €r0 KOMIIOHEHTBI CBSIBHOCTH IIPEJICTABJISAIOT CODOM JiepeBbs. B KaxK/I0M TakoM ie-
peBe HAXOJUTCS MACCUB C HAUOOJIBIIEH PAa3MEPHOCTHIO U IO HEMY CO3IAETCs CJIyKeOHBII
MaCCHUB-TTA0JIOH, Ha, KOTOPBII BBIPABHUBAIOTCS BCE MaCCUBBI PACCMATPUBAEMOro jepeBa. Ta-
KM 00pa30M, Ha BXOJI TOT IPOXOJ] IPUHUMAET rpad M3MEpeHuil MacCUBOB, a Ha BBIXOJIE
[IOJTY 9ai0TCS IMPEKTUBBI PACIIPE/I€/IEHUsT I BHIDABHUBAHUS IAHHBIX, IIPEICTABIEHHBIE CTPYK-
Typoit DataDirective, XpaHsIleil BCI0O HEOOXOIMMYIO HH(MDOPMAIIUIO.

[Tocste sToro 3amyckaercs mpoxogq, LOOP  ANALYZER COMP _DIST pacupesenenust
BBIYUCJICHUIl COIVIACHO TIOCTPOEHHOMY PACIIpeIe/IeHUI0 JaHHbIX. Ha BXoJi OH mojyda-
er ACJl mporpammbl, MHOXKecTBa CTPYKTyp FuncInfo, LoopGraph, rpad wusmepenwmii
MaCCHBOB M IIOCTPOEHHOEe pacipejenerne paHHbX. OOmmasi cxema pabOThI COBIAIAET
¢ LOOP_ ANALYZER DATA DIST SO um LOOP_ANALYZER DATA DIST_ Sti:
IIPOUCXO/IUT UTEPAIUS 10 BCEM IIPOIE/LypaM U 3al0JIHEHIEe KOPTEXKeH <uuka, Maccus, mun
onepauyuu, Homep uamepenus, A, B>. Ilocie 3amonnenust 31oit mHMGOPMAIINN, TPOUCXOST

cJIeJTyTone IefiCTBUSA:

® 110 OTJC/JIbHOCTHU PaCCMaTpPUBACTCA Ka}K,HbII;'I THKJI]

e 110 rpynne ¢uiaroB cTpyKTypsl LoopNode ompenensercs, ecTh U (PaKTOPHI, TPETAT-

CTByIOIUE pacliapaJijieJIMBaHUIO IMUKJIa]

® €CJIN HET, Cpeau BCeX MaCCHUBOB, UCIIOJIb3YyEMbBIX B ITUKJIE, BbI6I/Ipa€TCH Hy‘ILHI/IfI HJId TO-
To, 9TO0BI OTHOCUTEJILHO HETO pacipee/inTb BUTKU ITUKJIA. Hpe,ZLHOLITeHI/Ie OT,ZLaéTCH

MacCuBaM, B KOTOPbI€ IIPOUCXOJUT 3allUChb U KOTOPbIE HMMEIOT HauOOJIbINIee KOJIMYIe-
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c¢TBO u3Mepennii. Ecmm Takux HeT, BHIOOP IPOUCXOIUT CPEIU MAaCCUBOB, U3 KOTOPBHIX

IIPOUCXOJUT YTECHUE,

e JIIsi KaXKJI0ro IUK/I1a 6e3 orpaHuveHuil Ha pacrapaJuie/IMBaHue co3/IaéTcsd CTPYKTypa
Tuna ParallelDirective, B KOTOpPYIO 3alUChIBACTCH BBLIOPAHHBIN MACCUB W JIPyTras
nadopmanusa, Takas kak ACROSS-3aBucuMocT u Jip., n3BaekaeMas B TOM YHUCJIe U3

rpacda u3MepeHuit MacCuBOB;

e II0oJIy4deHHbIe CTPYKTypbl ParallelDirective coxpaHAIOTCA B COOTBETCTBYIOIINAX

crpyKkrypax LoopNode;

® [10CJI€ CO3JIaHNE BCEX AUPEKTHUB, JJId KayKJI0I0 TECHOBJIO?KEHHOT'O T'HE3/1a IapaJlie/b-
HBIX IIUKJIOB ITPOUCXOIUT oObeunenne ParallelDirective sy TOro, 9TOOBI paciia-

paJuie/imBaJIiCd HE TOJIBKO caMBbIit BerHI/Iﬁ OUKJI, a BCE T'HEe310.

Barem BosbiBaercs npoxos CREATE PARALLEL DIRS. Ha Bxoj on nosydaer 1o-
CTPOEHHBIE JMPEKTUBBI PACIIPe/IeIeHUs JTaHHBIX U JIMPEKTUBBI paclapaJie TMBaHus ITUKJIOB
B BUJie CTpyKTyp DataDirective u ParallelDirective.

CravaJia paccMaTpPUBAIOTCS JUPEKTUBBI Pacpeje/ienns JaHHbIX. s Kaxoil qupek-
THUBBI, 110 TH(MOPMAIIUNA U3 CTPYKTYPbI, CTPOUTCH €€ TEKCTOBOE IIPEJICTABICHUE: B BUJIE CTPOK
kouctpyupyiorca DVM-mupexktusbr ALIGN u DISTRIBUTE. /lajiee aHajOrM9HBIN 1Tporiecc
MIPOUCXOJ/IUT C JIUPEKTHUBAMU paclapaJiienBanus: (GopMupyoTcs JupekTuBbl PARALLEL
ON m Bce mHyxXKHBIC KJay3bl, Takue kak PRIVATE, REDUCTION, ACROSS, SHADOW_RENEW,
REMOTE_ACCESS. TekcroBbie qupekTuBbl DVM-cucreMbl cOXpaHAIOTCS B BUJIE MHOYXKECTBA
cTpyKTyp CreatedDirective, KOTOpbIE XpaHIT TEKCT JUPEKTUBLI U HOMED CTPOKH, TIEPE]T
KOTOPOil €€ HeoOXOANMO BCTABUTh.

Haxonern, npoxox INSERT PARALLEL DIRS, nosydatormuii MHOXKECTBO CO3aHHBIX
JINPEKTHUB, TTPOU3BOJIUT MX BCTaBKy B Buje komMentapueB B ACJI obpabarbiBaemoit 1mpo-

I'paMMBI II€Epe]] COOTBETCTBYIOIIUMM OIl€epaTOpaMM.
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4.2 AJaropuTmMbl pacliapaJjiyieJIMBaHus Ha OOIIYI0 MaMsTh

B sroMm pasjiesie mpuBe/ieHo MopodbHOe ONUcaHne BCeX M3MEHEHN, BHECEHHBIX B CHCTEMY
SAPFOR 11 mo/iiepzKKu pezkuMa paciapaJiie/IMBanust Ha, OOIIYIO TaMsTh.

Kak 6but10 ommcano panee, tpoxogsl LOOP ANALYZER DATA DIST S* u
CREATE TEMPLATE LINKS oreeuator cyrybo 3a pacipejiesieHne JaHHBbIX, I10-
STOMYy paboTa IO paclapa/uUle/IMBAaHUI0 Ha OOILYI0 I[MaMsaTh HAYUHACTCSA Cpa3y ¢
anajora npoxojga LOOP ANALYZER COMP _DIST, xkotopsblit mojaydusa Ha3BaHUE
LOOP_ ANALYZER NODIST.

Ha Bxox on Takxke npunumaer ACJI nmporpammbl, MHOXKeCTBO CTpYKTyp LoopGraph u
FuncInfo (Ho 6e3 rpada uamepenuii MaccuBoB). OTimans B paboTe HAYUHAIOTCS CO CLIOC00A
[IOCTPOEHUs KOPTEXKENH <UukA, MACCUS, MUN ONEPAYUL, HOMED usmepenus, A, B>: mnpn
pACIIpe/IeJIeHUN JAHHBIX TAKNE 3aIllUCU He COXPAHSINCH JIJIsi MACCUBOB, KOTOPBIE SIBJISTIOTCSI
MPUBATHBLIME B KAKOM JINOO ITUKJIe TTporpaMMbl. [Ipu pacniapasiienBaniu Ha OOIILYIO TaMATh
€CTh BO3MOKHOCTH CHSITH 9TO OTpaHWYEHNe W OTOOpakaTh Ha UK/ BCE er0 HelPUBATHBIE
MaCCHBBI, JIazKe €CJIN JJIsl IPYTUX IUKJIOB OHU SIBJIAIOTCS TPUBATHBIMU.

Hamee, mogBMIach BO3MOXKHOCTE 0DOHTH OTOOparkeHre BUTKOB IUKJIA Ha PacIpeesis-
eMbIii MaccuB. [Ipeobpa3oBaHHBII aJTOPUTM He 3aIlyCKaeT MMOUCK HAWJIYYIIero pacipeie-
JIEHHOT'O MaCCUBa I paclpeie/IeHns] BLIYUC/IEHNI 1 He 3aII0THAEeT COOTBETCTBYIONIEE T0JIe
B cTpyKType ParallelDirective, xors 3amoJiHeHne apyrux mosieit, Takux kak ACROSS-
3aBUCHMOCTH, OCTAETCA AKTYaTbHbIM.

Ha cnemyromem srame paboraer noBbiil mpoxon SELECT ARRAY DIM CONF
peraionuii mpodJieMy pacrapaJiie/IMBaHus IUKJIOB, HCIOJIL3YIOMNX CEKIIMH MAaCCHBOB.
[Togpobuo mpobsiema omuchiBaJaCh B IHpeablayineil riaBe. Ha BxoJ mpoxoji mpuHUMaeT
MHOXKECTBO CTPYKTYp LoopNode ¢ 3allo/THEHHBIME TIOJSIMU ITapPaJ/LIEJIbHBIX JINPEKTUB
ParallelDirective. Tak xe nepemaércs epag ceazeli meocdy maccusamu. Beprmmnamu
9TOTO OPUEHTUPOBAHHOTO rpada SB/IAIOTCT CTPYKTYyphl Array. Jlyru crposTes 1o ciemy-
IOIEMY TIPaBUJIy: IIYCTh MaccuB B sBisiercss (hopMaJIbHBIM apryMeHTOM IpOoIeaypbl F.

Torna B rpade cyrecrByer jiyra oT MmaccuBa A K B B TOM 1 TOJIBKO TOM CJIydae, e/ eCTh
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BBI3OB IPOIEAYpHl F' ¢ mepemadeii ceknnm MaccuBa A B KadecTBe (paKTHIECKOIO apr'yMeHTa
st B.

[Iepes Tem Kak paccMaTpuBaTh pabOTy aJropuTMa, BBEJIEM JIBa MTOHATHSA. DyjieM Ha3bI-
BaTh MaCCHB 2406HblM, €CJIU OH He SIBJIAeTCa (POPMAJIbHBIM apryMeHTOM (DYHKIUU, B KOTO-
pOit OH OIIPeJIe/IEH. 3aMeTUM, 9TO B I'pade CBI3ei MeK Iy MAaCCUBAMU [JIABHBIMU OyJIyT T€ U
TOJIBKO T€, KOTOPbIEe He UMEIOT BXOIAMNX JyT. TakxKe Ha30BEM Konduzypanueti N-MEePHOIO
MacCCuBa KOPTE2K M3 11 YUCEJI a;, B KOTOPOM @; ABJIACTCA I[.HI/IHHOIU/I i—I‘O U3MEPCHUA.

AnropurMm paboTaer CJIeLYIOMMIM 00Pa30M:

® J[JIsi KaXKJI0r0 IJIABHOT'O MAaCCUBa CTPOUTCS MHOYKECTBO KOH(MUTYpAIUil MACCHBOB, J10-

CTH2KUMBIX U3 IJIABHOTO B rpade cBdA3ell MacCUBOB;

® I KaXKJIOr'O TVIABHOT'O MAaCCUBa BLIOMpAETCs JIydlnast KOHMUryparus — Takas, KOTO-
past COOTBETCTBYET HaMOOJIBIIIEMY CYMMAapHOMY KOJIMYECTBY 3JIEMEHTOB (CyMMapHOE

KOJI-BO 39JIEMEHTOB BBIYHNC/IAETCA KaK IIPOU3BEIECHUE 9JIEMEHTOB KOpTG)K&);

® pacCMaTPUBAIOTCA BCEe HEBBIOpaHHBbIE KOHGUryparuu. Bee MUKIBI, KOTOPBIE HCIIO/Ib-
3yIOT XOTb OJIMH MAacCCUB, KOHMUIYpallud KOTOPOro He ObLia BbIOpaHa Ha, IPOIILIOM
mare, OTCTPAHAIOTCS OT paclapaJiieuBaHus IMyTEM MOIHATHSA CIEeIUaJIbLHOTO (iara
hasAccessToSubArray B cTpykType LoopGraph u yajicHuda B HEil AUPEKTUBBI paclia-

paJiie/IuBaHus, ecjiu OHa ObLiIa.

Takum obpaszom, mocjie JAHHOTO IMPOXOJa U3 paclapaslieIMBaHusd OYIyT HUCKJIIOYEHbI
IUKJIbI, KOTOPbIE MOTYT BbI3BaTh ONIMOKY IPU BBIITOJTHEHUH [TPOI'PAMMBL.

Hanee B mpoxoge INSERT PARALLEL DIRS NODIST 3amyckaercst aaroputM mo-
JIy4eHNs TEKCTOBOI'O IIpeJICTaBJIeHUd NUPEKTUB pacliapasie/mBannsg ParallelDirective,
KOTOPBIIl UMeET CJeAyIolue OTJINYUs OT cilydad pacliapaJijle/IMBaHus C paclipelleleHueM

JAHHBIX:

® JIMPDEKTHUBLI pacClIpeAec/JICHNA JaHHbIX HE HCIIOJIb3YIOTCA IIPOXO/JI0M KU HE O6pa6aTbIBa—

IOTCS;
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e B IIapaJlJIeJIbHBIX JUPEKTUBaxX He IIPOUCXOJAT KOHCTpyUpoBaHue Kjay3bl ON;
® He IMPOUCXOJAUT KoHcTpyupoBanue Kiay3 SHADOW_RENEW m REMOTE_ACCESS;

e j0baByieH0 KoHCTpyupoBanue kjay3 TIE. [ljisi 3amoJiHeHusi CrimcKa OTOOparKaeMbIX

MaCCHUBOB HCIIOJIb3YETCA COXpaHéHHaSI I/IHCbOpMaLLI/Iﬂ 06 O6pam€‘HI/IHX K MacCuBaM C

npoxoga LOOP  ANALYZER NODIST.

B pesynbrarte mnoJiygaercsd MHOXKECTBO CO3/IaHHBIX JUpeKTHB CreatedDirective, cojep-
JKalree TOJIBKO JUPEKTUBBI paciapaslIe/IMBAHIS Ha OOILYIO MaMATh.

Bagepinaer pacrapaJiie/inBanne Ha OOIIYIO IMaMsTh BCTABKA JUPEKTUB IyTEM BBI30Ba
koja rpoxojia INSERT PARALLEL DIRS c¢ nepeatieii MHOXKeCTBa CO3/IAHHBIX JIUPEKTUR

CreatedDirective.
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5 MWccanemoBanne 3¢hbPeKTUNBHOCTHU

HemaJstoBazknyio poJib B OIIEHKE KaUeCTBA BBIIIOJIHEHHON PAOOTHI UI'PAeT TECTUPOBaHUE Ha
npeiMeT 3hPEKTUBHOCTH MOy 4aeMOro paciapaJieauBanusd. s stux nesreit ObL1 BEIOpaH
CIIENUAJIBHBIN MTaKeT MMPOrpaMM, KOTOPBIH IUPOKO HCIOJIbL3YeTCcsd B cepe MCCie/I0BaHns

sdpdexrusHOCTH pacnapasienuBanus — naker NAS Parallel Benchmarks [22].

5.1 NAS Parallel Benchmarks

NAS Parallel Benchmarks — 3To maker u3 gecstu mporpamm, paspaboTaHHbBIX JIJI TECTHU-
pPOBaHUS ITPOU3BOJUTEIBHOCTH MHOIOIIOTOYHBIX BBITUCIUTEIHLHBIX CHCTEM, BOCEMb U3 HUX
nanucanbl Ha Poprpane, octanbuble — Ha sa3bike Cu. Tectsr Ha PopTpane BKIIOYAIOT CJlIe-

JIyIOIIue IpOorpaMMblL:

e BT, SP, LU — Block Tri-diagonal, Scalar Pentadiagonal, Lower-Upper. Pemator cun-
TETHYECKYIO CHCTeMY HeJTMHEHHBIX AudupeHnraaIbHbIX YPABHEHUH B YaCTHBIX ITPOU3-
BOJIHBIX (3-MepHast cucrema ypapuerunit Habe — Crokca Jijist CKUMAEMOii XKUJIKOCTH
WA Ta3a), UCHOJb3ysl TPU aJIrOpuTM™Ma: OJIOUHAs TPEXIMArOHAJIbHAS CXEMa C MeTO-
qoM niepemennbix Harpasienuil (BT), ckangpuas naruaumaronanbras cxema (SP) u
MeTOJI CUMMETPHYHOI Toc/ieioBaTe/IbHON BepxHeil penakcarun (agropurm SSOR, 3a-

nada LU);

e CG — Conjugate Gradient. [Ipubinkenne K HamMeHbITIEMY COOCTBEHHOMY 3HAYEHUIO
OOJIBIIION Pa3pPerKEeHHON CUMMETPUIHON TOJIOXKUTEIbHO-0IIPEIeIEHHONR MaTPHUIIBI C HC-
[IOJIb30BAHUEM METO/1a OOPATHBIX UTEpaIliii BMECTE ¢ METOJIOM COIPSKEHHBIX I'PaIH-

€HTOB B KadecTBe mojporpaMmbl jisi perernsi CJTAY,

e EP — Embarrassingly Parallel. ['enepanusa nezaBucumMbIx HOpMaJIbHO PACIIPE/IE/IEHHBIX

CJIy4alHbIX BEJIUYUH;

e F'T — Fourier Transform. Perrerue TpéxMepHOro ypaBHEHUsI B YACTHBIX ITPOU3BOIHBIX

pu ToMoIIu ObIcTporo npeodbpazosanus DOypobe;
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e MG — Multi-Grid. Anmpokcumanys perienns TPEXMEPHOTO JUCKPETHOIO YPABHEHHS

HyaCCOHa IIpyu IIOMOIITU V—HI/IKJIOBOFO MHOI'OCETOYHOI'O METO/da;

e UA — Unstructured Adaptive mesh. Perenne ypaBaeHust TEIIONMPOBOIHOCTH C yIETOM
qubdy3un 1 KOHBEKIUU B KyOe. McToUHMK Terlia MOJBUKEH, CeTKa HeperyiapHa 1

MeHdeTCd KazKIble 5 I1aros.

Kaxkmast mporpamMma makera uMmeeT napaJsiienbable Bepcun Ha OpenMP n wa MPI, co-
3JIaHHBIC pa3pabOTUYNKAMU STOTO MmakeTa. Kpome Toro, HEKOTOphIE TECThI UMEIOT HECKOJIBKO
BapuUaHTOB pacrapaJuiesnBannd. Tak, Hanpumep, s Tecta LU Mo:KHO BbIOpaTh KOHBE-
epHOe pachapaJile/inBanne, paciapaJuienuBanne mo rumepiiockoctam uan DO-ACROSS
BEPCHIO.

[TockoJibKy pacnapaJsuieiIiBaHue MPOU3BEICHO pa3paboTdnKaMi IaKeTa, mpodeccrnona-
JIJaMI B 00JIACTH HapaJLIeIbHBIX BBIUUCICHN, OBLIO IPUHSITO PEIeHne B3STh 9TH BEPCUH 34
9TAJIOH paclapaslie/IMBAHUSI.

[TakeT 103BOJISIET 3aIlyCKATh BCE TECTHI HA PA3HBIX KAACCAT OAHHBIT, ITO JTaéT BOZMOXK-
HOCTB TOJOUPATD JIJisi KOHKPETHOM BBIMUC/IUTEIHLHON CUCTEMbI ONTUMAJIbHBIN pa3Mep 3a/1a-
i, YTOOBI TECT PAbOTAJ HE CJIUIIKOM OBICTPO U HE CJUIIKOM J0/r0. s ynoberBa B KaxkK-
JIYIO [IPOTPaMMYy BCTPOEHBI CPEJCTBa JIJIs 3aMepa BpeMeH! pabOThl TeCTa M CaMOIIPOBEPKA

Pe3yIbTaTOB BHIYUCICHUNA.

5.2 llIponecc pacnapaJijieIMBaHUSA

YacTo 171 TOro, 9To0bI HOJIYIUTb 3MPEKTUBHBIN Tapaslie/IbHbI BApUaHT ITPOrPaMMBbI
¢ omornipio cucrembl SAPFOR, Tpebyercst mpoBectn psiji mpeobpa3oBaHUil NCXOIHOTO KO-
na. Ilpu pacmapasurenuBanun TectoB NAS MprXoInIoch COBEPIATHL MHOTO ITPeoOpa30BaHmii
JIBYX BUJIOB: TIOJCTAHOBKA IIPOIEIYP, YKa3aHNe MPUBATHBIX U PEIYKITMOHHBIX MaCCHBOB.

B HekoTOpBIX MecTax paciapaJiie/liBaHie IUKJIOB 3aTPYIHEHO HAJTUYINEM B TeJIe IIHKJIa
BBI30BOB IPOIELYP. UT0OBI pacnapasiieuTh TaKue IUKJIbI, MOYKHO ITOIBITATHCA [T0ICTABUTH

TEJIO IIPpOoIEyPbl BMECTO €€ BBI30Ba. TaK KaK B ILHaHOFOBOﬁ 000JIOUKE €CTh IIPOXObI aHaJIN3a
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KOJIa U IIOJICTAHOBKH IIPOIEIYP, MOXKHO TaKzKe 6€3 OOJIBINNX YCUIUH HARTH IUKJIbI, KOTOPHIE
He paclapaJlIe/IMBaloTCs U3-3a BBI3OBOB IIPOIELYP U IIPOU3BECTH IOJACTAHOBKY B HYZKHBIX
MeCTax.

Hepeako B Kosie BcTpedaroTcst IpUBaTHBIE M PEYyKIMOHHBIE MAaCCUBLI. Tak Kak cucreMa
SAPFOR B gaHHbIil MOMEHT He HOIAEP:KUBAET aBTOMATHYECKOE OOHAPYIKEHUE TaKUX Mac-
CUBOB C TIOMOIIBIO METOJIOB CTATUYIECKOTO aHAJN3a, UX IPUXOJUTCI BPYUIHYIO YKa3bIBATh
pu oMoty JupekTus !'$SPF ANALYSIS (PRIVATE) u !$SPF ANALYSIS (REDUCTION).

OtnenbaOro BHUMaHus norpedbosasa nporpamma LU. OcHoBHasi BbIYucuTe/IbHAS Ha-
rpy3Ka [IporpaMMbl puxoauTces Ha aaroputm SSOR, (MeTo 1 cuMMeTpudHOii T1oc/1e/10BaTe Ib-
HOIT BepxHeii pestakcarin). OH mpecTaBiiser coboil mapy rHE3J1 MUKJIOB TeCHOI BIOKEHHO-
cti JBa. PaccMOTpuM TOJIBKO TIepBOE U3 9TUX T'HE3J, TaK KaK BTOPOE paclapaJlie IMBaeTC s
aHAJIOrTIHO. BO3MOXKHOCTH MMapaJiie/;IbHOTO BBIIOJTHEHNST BUTKOB 3TOTO ITUKJIA MEIIAeT TOTh-
KO 3aBUCHMOCTD 10 JJAHHBIM MaccuBa rsd: Kazk/asi uTeparys ¢ HOMEPOM (i, j) MCIoIb3yer
9JIEMEHTBI, KOTOPbIe BBIYUCISIIOTC BUTKaMu (i - 1, j), (i, j - 1). B makoit curyarun BUTKu
NMEIOT YaCTHIHBIN TMOPSIJIOK W HEKOTOPBIE TPYIITHI BUTKOB MOT'YT BBITIOJHSITHCS ITapaJljieb-

Ho. B makere ecTb Tpu peasnzaiiuun TaKOro pacriapaJsiie/iBaHmIs:

® BEpCHAd C UCIIOJIb30BaHUeM TaK Ha3bIBa€MOI'O KZOHG@QZ@pHOZO napasienu3ma. B neit 1101~
JdepzKaHnue KOppeKTHOﬁ I10CJIe 10BATEJIbHOCT BUTKOB ITUKJIa OCYHICCTBJIAETCA 3a CUET
HCIIOJIB30BaHM A Cﬂy}Ke6HOFO CHUHXPOHU3AaIIMOHHOI'O MaCCHUBa U IIPUMHUTUBOB CUHXPOHM-

zamuun OpenMP atomic read m atomic write;

e B Jipyroii Bepcum, KoTopas HazbiBaeTca DO-ACROSS, ucrnosnb3yercs: moxoxkasi cxe-
Ma, TOJIbKO CUHXPOHU3AIUA PeaJIM30BaHa MEXaHU3MOM YIIOPAJT0YEHHOTI'O BBIIIOJITHEHU A

BUTKOB 1uKJIa. st sToro B OpenMP ecthb crienmanbaast qupektusa ORDERED;

® [I0CJIe/IHSISE BEPCUST UCTIOJIB3YET NAPAAAEAUIM NO 2unepniockocmsam. Llpu Hammanm ta-
KOIi 3aBUCUMOCTH, BUTKU C HOMEPaMHU (i, j), Y KOTOPBIX CyMMa i + j COBIIaJiaeT, o0pa-

3YIOT TUIEPIJIOCKOCTH U MOTYT BBITOTHATHCS TTapasuiesbao (cm. Puc. 4).
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Puc. 4: Pazjenenune urepalimoHHOrO IIPOCTPAHCTBA HA THIIEPILJIOCKOCTU. BHYTpH OHOM rH-

IIEPIIJIOCKOCTU JIEMEHTBI MOI'yT CHUTATBHCA ITapaJlJICJIbHO.

B cuny Toro, uro SAPFOR He criocoben mpoaHam3npoBaTh JIOTUKY CHHXPOHU3AIMA 1
3aBUCUMOCTH MEYK/Ly PA3HBIMU I'HIIEPILIOCKOCTSIMIE, TEPBBIi ¥ TPETUIl BapUAHTHI paciapali-
JleqnTh He yaasiock. OmqHako, Bo BTopoM BapuanTte cucreMa SAPFOR ycremno pacrosnaa

3aBACUMOCTD IO JITAHHBIM W pacHapaJiieJnaa IMAKJ ¢ UCHOJb3oBaHueM KJuay3bl ACROSS:
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1 'DVM$ REGION
2 !1DVM$ PARALLEL (k,j5), PRIVATE (...), TIE(..., rsd(*,#*,
— j5,k)), ACROSS (rsd(0:0,0:0,1:0,1:0))

3 do k = 2,nz - 1

4 do j = jst,jend
5

6 enddo

7 enddo

8

'DVME END REGION

Jluctunr 12: Ilpumep Becrapiaennoit kinay3sl ACROSS, 3ajaiomniyio 3aBUCHMOCTb pa3Mepa
1 mo mociiemHEM ABYM Hu3MepeHHsSIM MaccuBa rsd. B Tee mMuKia MIpOHUCXOAUT YTEHHE
s1eMeHTOB MaccuBa rsd(k,%,j-1,k), rsd(*,*,j,k-1) u 3amuch B 3JIEMEHTHl MacCHBa

rsd(*,*,j,k).

B pesyabrare aBTOMaTH3MPOBAHHOIO pAaCHApPAJICTUBAHUS € TOMOIIBIO CHCTEMBI
SAPFOR 6pumn mosyuensr mapasuienbasie Bepcun tecros BT, CG, EP, FT, SP, LU.
Ocraspabie Tectbl (To ecth MG u UA) pacmapasuiesmTs He yIaJoCh Jaxe PU HOMOIIH
npeobpazoBanuii. llpuamHoit STOMY CJyKUT HaJU4dMe B STHUX TeCTaX HETPUBUAIHLHON

JIoruku, Koropas He mo3Bojsier cucreme SAPFOR npoussoauTh pacnapaJsiiemBasue.

5.3 Pe3yabTaThl 3aIlyCKOB

[Tocte nostyvuenus pacrapaJuie/leHHbIX Ha OOMIYIO MAMSATh BEPCUIl TECTOB OBLIT MPOBEIEH
UX 3allyCK Ha Pa3/IMYHbIX BBIYUCIUTEIbHBIX ycTpoiicTBax. [Ipomssesieno cpaBnenne mosry-
YeHHBIX Bepcuil ¢ napasuienbubivu Bepcugmu na OpenMP. Bamyck ma mporeccope Intel
Core 17 980x [17] (6 siuep, 12 norokos, komnusitop mpiifort ¢ yposaem onrumusaruu -O3)

HOKa3aJI cjejyomue pesyabrarsl (em. Puc. 5 u 6):
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YcKopeHue 0THOCUTENbHO nocsiegoBaTeNibHoM nporpaMmsl (12 noToko., knacc A)
9 813 B Yckoperue SAPFOR + DVMH
8 735 : @ YckopeHue OpenMP
7
6
o 5
©
o
o 4
?
5 3
X
2
1
0
BT 6 EP FT LU SP
YcKopeHue 0THOCUTENbHO NocsiefoBaTenbHoW nporpamMmsl (12 noTokos, knacc B)
10 B Yckoperne SAPFOR + DVMH
9 871 g53 B YckopeHue OpenMP
8
7
6
2 5 443
a 4,29 .
8 4 3,93 3,76
=
g 3 261 212 224 229
2 17172
1
0 T T
BT c6 EP FT LU SP
YcKopeHWe 0THOCUTENbHO NMocsiefoBaTesNibHOM nporpaMmsl (12 noTokos., knacc C)
10 B Vckopenue SAPFOR + DVMH
8,65 853
’ B YckopeHue OpenMP
8
6
o™
©
o
2 4 3,79 3,79
=
(=]
¥
2
0
BT C6 EP FT LU SP

Puc. 5: 3amep Bpemenu paboTbl noJiydeHHbix Bepcuit Ha DVMH u sTajonnsix Bepcuit Ha

OpenMP na nporeccope Intel Core i7 980x (12 moTokos).
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BT, knacc C CG, knacc C
1200 250
B SAPFOR + v ESAPFOR +
Y000 DVMH 2,00 DVMH
5800 B OpenMP E B OpenMP
@ 2150
§600 §
3 3 100
0400 o
s s
|| AubUnunnn ¢ “I II II II II II
o o
0 0
1 2 3 4 5 6 7 8 9 10 1 12 1 2 3 4 5 6 7 8 9 0T 1 12
MoToKKn MoToku
EP, knacc C FT, knacc C
160 250
% 140 WSAPFOR+ | B SAPFOR +
3 DVMH 3200 DVMH
= 120 '3
I -] s B OpenMP
Z 100 OpenMP S 150
X X
E 60 3100
= x
z 40 z 50
o Wi :
i Mmmmm |°,
1 2 3 4 5 6 7 8 9 0 1N 12 1 2 3 4 5 6 7 8 9 0 1 12
MoToKu MoToku
LU, knacc C SP, knacc C
800 700
o B SAPFOR + o B SAPFOR +
700 DVMH 3600 DVMH
%600 mOpenMP €500 ®OpenMP
$500 b
I T400
EI‘UU §300
2300 3
2200 2200
TERRENET B
0 0
1 2 3 4 5 6 7 8 9 0V 1N 12 1 2 3 4 5 6 7 8 9 0 1 12
MoToku MoToku

Puc. 6: CpaBHEHHE BpEMEHU pa6OTbI TECTOB Ha Pa3/IMYHOM KOJIMYECTBE IIOTOKOB Ha IIPOLEC-

cope Intel Core 17 980x (ksmacc C).

Ha ocnose IIOJIYYEHHBIX PE3YJIbTaTOB MOXKHO CAeJIaTh CJIeAYIoIIe BbIBOADLI:

e paccMaTpuBaeMble MPOTrpaMMbl yeKopsitoTcst He opnHakoBo: Tectbl CG, FT, SP naror
MaKCUMaJbHOE yCKOpeHue mpuMepHoB jBa pasa, BT u LU — B dernipe ¢ mojoBHHOIA,
EP — B BoceMb ¢ 11010BUHOIT TP 3allycke Ha 6-TU sJIEPHOM ITPOIIECCOPE;
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® Ha OJHOM M TOM 2Ke KJIaCCe€ pa3Hbl€ TECTbl CUJIbHO OTJIMYalOTCAd 110 BpeMEHU pa6OTbI

(mampumep, Tect BT ma 12 morokax paboraer okoso 400 cexynn, a EP - okoso 20tu

CEKYH]L);

e paznuna Mmexgay DVMH-sepcusmun n OpenMP-epcusivu Ha Kiacce A cocrasisier
okos0 10-20% B monszy OpenMP; na Tecre F'T pasaunbl Her BoBce; ¢ poCTOM pasmepa

3a7a4 pas3pbiB ymenbimaerca 10 0-5% na kmacce C;

e ma kiacce C recter F'T, LU, SP nokazeiBatoT ojinnakosoe yckopenue, Ha BT u CG co-
xpangercd 3amejienne DVMH-sepcuit, DVMH-Bepcus EP yckopsgerca nemuoro jryd-

e, veM OpenMP-sepcust;

e Bpems paborel DVMH-Bepcuit u OpenMP-Bepcuit Ha pa3imaHOM KOJTMYECTBE UCIIOJIb-
3yeMbIX MTOTOKOB TaKKe OTJIUYAETCS HECYIIECTBEHHO, C POCTOM KOJUYECTBA MOTOKOB

9TO pa3J/indue YyMEHbIIACTCH,

e ecthb npuMepbl, Ha KoTopbix DVMH-Bepcun 6eictpee (EP, ximace C), yem Bepcuu Ha
OpenMP u nao6opor (BT u LU, knacc C);

JlomoiHuTeIbHO OBLIN TOJIYYEeHbl PE3YJIbTAThl PAOOTHI Ha IpadUIECKUX YCKOPUTEISIX.
[Ipu TecTupoBanmu ucnosb3oBaauch BugeokapThl Nvidia GeForce GTX 1660 Ti n Nvidia
GeForce GTX 1050 Ti [23].

B mporecce 3anmyckoB Bosuukm mpobsiembl ¢ Tecrom F'T. [Tapasienbaast Bepcus 3T0Oro
TeCTa COJIEP:KUT IIPUBATHBIE MACCUBBI OOJIBIINX PA3MEPOB, UTO IIPUBOIUIIO K TEPEIIOTHEHUIO
maMsITH BU1eOKapThl. [109TOMY OBLIO IPUHSATO pelleHre 0TKa3aThCsl OT 3aIlyCKa IIPOrPaMMBbl
FT na yckopurensax.

PeBy.TIbTaTBI OCTaJIbHBIX 3allyCKOB IIpE€ACTaBJIEHbBI Ha Puc. 7:
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YcKopeHUe 0THOCUTENbHO NOC/Ief0BaTeNbHOW nporpaMmsl (knacc A)
25

@ 1660 ti
21,24 m1050 ti

—_— N
(3] o

Kon-Bo pas
=)

BT CG EP LU SP

YcKopeHue 0THOCUTENbHO Nocsief0BaTeNIbHOW nporpaMmsl (knacc B)

1660 ti
34,82

35 W 1050 ti
30
25

(]

T 20

o

® 15

=

o

¥ 10

BT CG EP LU SP
YcKopeHWe 0THOCUTENbHO NocnefoBaTenbHo nporpaMmsl (knacc C)
45 )
39,68 w1660 ti
40 m 1050 ti
35

Kon-Bo pa3s

BT CG EP LU SP

Puc. 7: nemoncrpanus yckopeHnusi pabOThI ITOJIyUYeHHBIX Bepcuii Ha yckopurteaax Nvidia or-

HOCHUTEILHO 3aIlyCKa, MMOC/IeI0BaTeIbHON TTporpaMMbl Ha mporieccope Intel Core i7 980x.

OrHOCHTEIHHO PE3YJILTATOB pa.6OTI)I IIOJIy9Y€HHBIX BepCI/Iﬁ Ha BHUJCOKapTax CIIpaBe/IJINBbI
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caejytonme (pakThr:

e tect BT na Bujeokapre yckopuiics B 15.3 pa3 (nporus 3.6 pas Ha 1211 notokax Ha

kiacce C);
e CG — yckopennue B 8.6 pa3 nporus 2.7,
e EP — yckopenne B 39.7 pa3 npotus 8.5 — camoe BBICOKOE YCKOPEHHUE;

e LU — yckopenue B 5.4 pa3 npotuB 3.8 — BHJICOKAPTA IMOYTH HE JAET BBIMTPBIII 11O

CPaBHEHUIO ¢ MHOTOITOTOYHBIM ITPOIECCOPOM;
e SP — yckopenue B 10.4 pa3 nporus 2.5;

® C DOCTOM MOIIHOCTU BHJICOKAPTHI pacTéT u yckopenue (Mmogens GeForce GTX 1660 Ti

cospemenneii n Mormmeit gem GeForce GTX 1050 Ti).
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6 3akJirouyeHue

Nrak, ObL1a 1poBejieHa paboTa M0 UCCACTOBAHUIO U YJIYUIICHUIO CUCTEMbI aBTOMATH3H-
posannoro pacnapasienuBarng SAPFOR. B kagectse pesymbrara B cucremy SAPFOR 6b11
JI006aBJICH HOBBIN PEKUM PA0OTHI paclapa/lIeJIMBaHus Ha, OOIIYI0 TaMATh, YTO TO3BOJIIIO
PACIINPUTH KJIACC PACIIapasIeINBAEMbIX TTPOTIPAMM.

Paszpaboranubiii mpoxo ObLT JOKHBIM 0O6pa3oM umHTerpupoBan B cucremy SAPFOR.
Boumm nopmep:kannl kKak gupekTusbl cucreme SAPFOR, Ttak u B3ammojeiicrBue ¢ auasio-
roBO# 000JI0YKOM, B 9aCTHOCTH (DYHKIIMA 3allycKa IMPoXoja aHa n3a Koja. JlobaBieHHbI
IIPOXO/I UCIIOJIb3YET KaK Ipeodpa30BaHHbIE BEPCUU Y2Ke CYIIECTBOBABIINX AJIOPUTMOB, TaK
U HOBBIE PEIeHMUS.

JlobaBieHHBIN KO/ OBLI TIIATEIBHO ITPOTECTUPOBAH. DBBIJIO BBIIOJIHEHO TECTUPOBAHUE
Ha OOJIBIIOM MHOYKECTBE Pa3/JIMIHBIX IIPOrpaMM Ha IMIPEJIMET KOPPEKTHOCTH IIOJIYIaeMOIo
napaJutessbaoro DVMH-koga. Takzke ¢ moMoInbio HOBOIO IIpoXo/ia OBLIN paclapaJiie/eHbl
recthl 3 nakera NAS Parallel Benchmarks.

Pacnapasuieusanue nporpamm u3 nakera NAS Parallel Benchmarks sbizsasio Hekoro-
pble TPYAHOCTHU, OOJIBIIMHCTBO U3 KOTOPBIX YIAJ0Ch IPEOIOJIETh ¢ IOMOIIBIO IpadUIecKOi
obostouku cucrembl SAPFOR u ¢ ucnosib3oBanuem npyrux peajn30BaHHBIX B CHCTEME MPO-
x0J10B. B pesynbrare pacnapaJsiienBaHus i OOJIbIIEH YaCTH T€CTOB OBLINM MOy YeHbI 3¢-
dekTuBHBIE MMapaJliebHbie Bepcun Ha ga3bike DVMH, KoHKypupytolme ¢ 3TaJJOHHBIMIA Bep-
cusgymu Ha OpenMP. Iloydennbre napaJiiebHble BEPCHH MOTYT YCIIEITHO BBITOJTHATHCS HA
rpadUIecKnX YCKOPUTEIAX 0e3 m3MeHeHnit Ko/a Wi Habopa BCTABJIEHHBIX JTUPEKTUB.

Pesynbrarsl paboThl ObLIN Ipe/icTaBACHb Ha KOHMepeHun «/lomonocosckue wmenus,

2024» u onyOJIMKOBaHbL B €€ COOPHUKe Te3HCOB [24].
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