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Anboranusa

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

Kouwapmun Muzxaua Imumpuesuy

B nannoit pabote paccMaTpuBaeTcs pelieHne 3a/a91 aBTOMAaTU3UPOBAHHOTO pac-
napaJuteuBanuss QopTpaH-porpamMM Jijist cjIydasi 1eJIeBOi CUCTeMbI ¢ ODIIeii orre-
paTUBHOI maMsThIO. 3ajada pemraercd B pamkax jgopaborkn cucrembl SAPFOR c
ucnoab3oBanueM Mogen DVMH B kadecTBe TexHoiornn pacuapasiie IMBaHus.

Bo BBejeHnu npuBOAATCS HEKOTOPBIE CBEJIEHUSA O PaclapaiieuBaHun, Kak 00-
IIENPUHATHIE, TaK ¥ Te, 9TO OTHOCATCA TOIbKO K cucreMaMm SAPFOR u DVM, npu-
BOJIUTCA OIHUCAaHuE 3TUX cucreM. Jlajee, Bo BTOpOil rjiaBe onucChbIBaeTCs MpodJieMa
pacrnapaJsiie/IMBaHus Ha OOILYIO IMaMdaTh ¢ TOYKN 3peHuss DVM-cucreMbl 1 ¢ TOYKT
spenus cucreMbl SAPFOR, paccmarpuatorces monxo/isl K eé pertenuto. B s1oit ria-
Be TaKzKe OIPEJIE/ISAIOTCS OCHOBHBIE TeJTH PAOOTHI, OITUCHIBAIOTCA OCHOBHBIE CIIEHAPUU
UCIIOJIb30BaHUs paspadareiBaeMoro (pyHkImonaaa. B Tperbeii riaBe mopobHo orm-
CBIBAETCS XOJI PEIleHrs TTOCTABJICHHON 3a/1a4u, KOTOPBII ObLT pa30UT Ha TPU dTara —
TEOPETHYECKYIO MMOJATIOTOBKY, pean3aluio 1 TeCTupoBanue. B 4eTBEpPTOil T/1aBe 1pu-
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 pacriapasijie TMBaHus SIBJSETCA OIpejie/IeHre TOro, KaKue JIaHHbIE 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

IIepeMeHHasd ABJIACTCHA npueamHoﬁ n@p&/vlﬁHHO’& nim npueamHvimM MacCu6oM COOTBETCTBCH-

HO.
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, j,t.

YacTo B mporpaMMax BCTPEYAIOTCHA IHUKJIbI, B KOTOPBIX BBIMOJIHAIOTCA PeJyKUUOHHbLE
onepayuy — B HEKOTOPOii TepeMeHHON (pedykyuonHot) CyMMUPYIOTCS 9JIEMEHTBI MacCHBa

NJIM BbIUC/JIAETCA MaKCHUMaJIbBHOE (MI/IHI/IMaﬂbHOG) 3Ha4YeHHue:

7



1 sum = O

2 DO i =1, 10

3 sum = sum + A(i)
4 ENDDO

)

6

write(*x, *) sum

Jluctunr 5: Tlpumep 1ukia ¢ pelyKIMOHHON TlepeMeHHON sum (pe/lyKIIMOHHAST OllepaIfisi —

CJIOZKEHNE).

Vcnonb3oBanue peLyKIIMOHHBIX IIEPEMEHHBIX IPUBOAUT K IOABJICHUIO 3aBUCHMOCTEi
MezKJIy BUTKaMu IUKIOB. Ho cymiecTByIoT npuembl, KOTOpbIe IIO3BOJIAIOT CIIPABUTHCA C
TAKOT'0 BHJIa 3aBUCUMOCTSIMHE IIPU paclapaJule/inBaHuy IporpaMmel. Hanpumep, co3nas ajis
KasKJI0T0 MOTOKA (MJIH IIPOIecca) KOIHUIO IIePEMEHHON, MOXKHO OObeJINHATh UX 3HAYEHUST 110

3aBepllIeHn BbIIIOJIHCHNUA ITUKJIA.

1.2 DVM-cucrema 1 MoaeJjib mapaJjijieJn3Ma 1o JaHHBIM

DVM-cucrema (Distributed Virtual Memory mmm Distributed Virtual Machine) mpes-
cTaBigeT coOoif HaAOOP MPOrPaMMHBIX CPEJICTB, KOTOPBIE IIO3BOJIAIOT IOJIb30BATE/IIO IIPOM3-

BOJIUTD CJIEJIYIOIINE OIIEPAITAN:

e KOMIIMJIMPOBATH MapaJuiesibHble TporpaMmbl Ha s3bikax C-DVMH (paciupenne si3b1-

ka Cu) u Fortran-DVMH (pacmmipenue sisbika @oprpan);
® 3allyCKaTh CKOMIIMJINPOBAHHbIE IIPOTPAMMDI;

® OTJIaKMBAaThb CKOMIIMJIMPpOBaHHLIE IIPOIr'paMMbI (Ha npeaMeT IIPpOU3BOJUTE/ILHOCTH U

KOPPEKTHOCTH PACIaPAJIICTIMBAHIS ).

DVM-cucrema BeJIéT pabory ¢ mporpammamu, HanucanubiMu Ha s3bikax C-DVMH wim

Fortran-DVMH, koTopsie npecrasisaior coboii pacutupenust jiist si3bikoB Cu 99 [11] u @op-

8



tpan 95 [12] coorBercrBenHo. OHU TO3BOJIAIOT paclapalIe/MBaTh OCIEI0BATEIbHBIE TIPO-
IPAMMBI TIPU TIOMOIIH J00aBICHUST TUPEKTUB — nparM (s si3bika CH) HIN CIIeIKOMMEH-
tapues (s si3bika @oprpan). [oxoxwuit moaxos ucnosb3yercs: B rexuosorusax OpenMP,
OpenACC u ap.

[HesteBas BeraucauTebuas cucrema mojean DVMH paccmarpuBaercst Kak COBOKYITHOCTD
Y3JI0B, KazK/Iblil U3 KOTOPBIX UMEET CBOIO OIEPATUBHYIO MaMsdTh. alle Bcero takme y3Jibl
COCTOSIT U3 MPOIECCOPa, K KOTOPOMY IMOJIKJIIOYEHO HECKOJILKO YCKOPUTEJIEH.

[Tpu sTom, DVMH-Mmoz1e/16 OCHOBaHa Ha TapaJuie/in3Me M0 JJAHHBIM. JTO 03HAYAET, UTO
6ubmmoreka nojyiep:kKu cucreMbl DVM pacrpesiensier jantbie (B JAHHOM CJIydae 3JIeMEHThI
MAaCCHBOB) IO JIOCTYITHBIM y3JIaM BBIYUCIUTEIBHON CHCTEMbI B COOTBETCTBUU C 3a/IaHHBIMHE
noJib3oBaTesieM JinpeKTuBamu. [locsie 3T0r0, 0 TPUHIKUITY COOCTBEHHBIX BBIYUCIECHUI, CO-
IJIACHO KOTOPOMY KaXKJIbIfl y3€/1 BBINOJIHAET T€ U TOJBKO T€ BBIYUCJIECHUS, KOTOPbIE OTHO-
CATCSA K JIAHHBIM, PACIIOJIOZKEHHBIM B €0 OIIEPATHBHON ITaMsATH, IPOUCXOIUT paclpeie/ieHne

BBIYMCJICHUI.

1.3 Cucrema SAPFOR

Cucrema SAPFOR (System FOR Automated Parallelization) npennasnadena s
ABTOMATH3AIUU IIPOIECCa PaCHapasIe IMBAHIS IPOTPAMM € HCIIOJIb30BAHUEM TEXHOJIOTUU
DVMH. Omna, tak xke kak 1 DVM-cucrema, nojiepxkusaet sa3bikun Cu u Poprpan. Cucrema
SAPFOR pa3zserena Ha jBa MpOEKTa, KaXKJbIii UX KOTOPHIX OTBeYaeT 3a CBOW sA3BIK. B
JIAHHON paboTe paccMaTpPUBAECTCS TOJBKO YacTh, CBa3aHHas ¢ g3bikoM PopTpad.

C nmomorpio cucrembl SAPFOR M0XKHO TTpoM3BOAMTL HE TOJBKO CaMO paclapaJiie/i-
BaHUE, HO U MHOXKECTBO JIPYTUX MIPeoOpa30BaHUil, TO3BOJIAIONINX IPUBOIUTH IPOIPAMMBI K
NOMEHUUAALHO NAPAANEALHOMY 6UdYy — K (DOpMe, B KOTOPOIl OHA MOXKET ObITH aBTOMATHIE-
CKHU IIepeBejieHa B IapaJiie/IbHyI0 0e3 ydacTus mojb3oBatesid. /st yaiodbcTBa mpoBeaeHns
TaKIX MAHUIYJIANNN ObLIa co3/1ana rpadudeckass 000I09Ka, KOTOPasi IPeI0CTaBIISAET 0 b=
30BaTeJIsIM CUCTEMBI YI00HBIH nHTEpdeiic /st €€ UCIOIb30BaAHUSI.

Taxxke cucrema SAPFOR mpenocraBisier Habop JTUPEKTUB, ¢ TIOMOIIBIO KOTOPBIX MTOJThb-



30BaTe/b MOXKET yIPAaBJ/IATH MOBEJIEHIEM CUCTEMBI Ipu 00paboTKe mporpaMmbl. Hampumep,
C TOMOIIBIO TAKUX JUPEKTUB MOXKHO 33/IaBaTh Pa3UYHbIe CBOICTBA MPOIPAMMBI, JTaBATh
yKa3aHUs Ha PACCTAHOBKY KOHTPOJIBHBIX TOYEK, OI'DAHMYUBATHL pactapasuienusanue. Ceii-
YAC CUCTEMOIl MOJIJIEPKUBACTCH OKOJIO JIECSTU PA3IUIHBIX JINPEKTHB.

PaccmoTpumM ojipobree UPEKTUBBI TPUBATU3AINN U PEJLyKIIUU, KOTOPBIE Oy/IyT yIIOMU-
HATBHCH Jlasiee B pabore. JlupektuBa npuBarusaiun, Kak u Bce qupektusbl cucreme SAPFOR,
IpeJicCTaB/IeHa B BHUJE KOMMEHTapud, HaunHatorierocda ¢ npedurca $SPF. /laree uaér tesno
JITPEKTUBBI, KOTOpoe mMeer Buji ANALYSIS (PRIVATE(...)), r/ie BMECTO TPOETOYHA JOJI-
JKeH OBITh yKa3aH CIHCOK IMPUBATHBIX IIEPEMEHHBIX (CKAJSPOB MM MACCHBOB) Uepe3 3alls-
ryro. Cremyromuii TpuMep JIeMOHCTPUPYET UCIOIb30BaHne AupeKTuBbl PRIVATE crcTeMbl

SAPFOR:

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

3 DO J =1, N

4 B(J) =17

5 END DO

6

7 ACI) = B(A(I))

8 END DO

Jluctunr 6: [Ipumep 3aj1anust MPUBATHOIO MACCUBA B JjId IUKJ/IA Ha CTPOKE 2 ¢ MOMOIIBIO

nupektuBbl cucreme SAPFOR.

XoTs CKaJIsIpbl U MOXKHO OOBABJIATH B JIMPEKTUBE TPUBATH3AINN, Ha TPAKTUKE OOBIYHO
9TO He UCIHOoJIB3yeTcs, motomy uto B cucreme SAPFOR mpu pacmapasiesmBanun aBroma-
TUYECKH TPOU3BOJUTCS AHAJN3 IIPUBATHBIX CKAJSIPHBIX [IEPEMEHHDIX.

Anajormuno ycrpoena gupekTtuBa !$SPF ANALYSIS (REDUCTION(OP(...))), 3a-
JIAIOMAasi PEIYKIMIO 10 TEePEMEHHBIM U3 CIUCKA, CTOSIIEM BMecTO Tpoerouns. 0P B

JIMPEKTUBE 3a/1a€T PEJIYKIIMOHHYIO oneparuio. /lamee mpuBeiéH mpuMep HMCIOIb30BAHUSA

10



3TOM AUPEKTUBDLI:

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

JImcrunr 7: Ilpumep 3ajganmsa peayknuu 1o repeMenHoil EPS ¢ peyKIIMOHHON omeparueit

B3ATHUA MaKCUMYyMa.

11



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;
12



e REGION — ompejiesisieT 00/1aCTh KOJIa, KOTOPYIO CJIeAyeT BBIIOJIHATH HapaJsiiebHoO;

e PARALLEL ... ON — ompejiendgeT IUKJ, BUTKHM KOTOPOT'O CJEAYET BBIIOJHATH ITapaJi-
JIEJIbHO, TIPU 9TOM 3ajiaBasi 0TOOparkeHre MPOCTPAHCTBA BUTKOB ITMKJIa Ha paclpee-

JIEHHBIIT MaCCHUB.

[Ipu sTom gupexkTuBa PARALLEL ... ON MoxKeT BKJIIOUATh B ce0s TaKxKe IIPOU3BOJILHOE

KOJIMYECTBO CJIEAYIOIMUX KJIAY3:

e PRIVATE(...) — 3aJaéT CIKUCOK IIPUBATHBIX II€PEMEHHBIX;

e REDUCTION(OP(...)) — 3aJaéT CIUCOK PEJAYKIIMOHHBIX EPEMEHHBIX C PEYKITHOHHOM

orntepanueir OP;

e ACROSS(array(ly : 71, ... , l, : 7)) — 3a7aéT 3aBUCUMOCTH O JIAHHBIM JIJIS M-
MEPHOT'O MAaCCUBa array, rje lp u ry 9T0 pasMepbl 3aBUCUMOCTHU JJIsd k-1o nu3MepeHus

[14, crp. 16];

e SHADOW_RENEW(...), SHADOW_COMPUTE(...) u REMOTE_ACCESS(...) — KJjay3bl JI0-

cTyna K yIaaéHHbIM JaHasiM (eM. [14]).

Pacemorpum npumep pacrapasiienenaoro B mogean DVM ruesna nukios (em. JIneruar
8). 3iech mpOUCXOUT 0TOOparKeHNe 3JIEMEHTOB MaccuBa B Ha syiemeHTh MaccuBa A, pac-
npejieieHre MaccuBa A ¥ pacrapaJ/iie/inBaHne rHe3la NUKJIOoB. [lpn 3amycke Ha KiacTepe
KazK/IbIil y3eJI oIy IUT HEelIPEPhIBHBIE U IPUMEPHO PaBHBIE CEKITUU MAcCHBa A, TOYHO Takue

JKe CEeKITMU MaccuBa B M cooTBeTCTBYIONINE STUM CEKIUAM UTEPAIUN KA.
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1 !DVM$ DISTRIBUTE (BLOCK,BLOCK) :: A

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

3

4 !DVM$ 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(T, J) = B(I, J)

10 END DO

11 END DO

12 !DVM$ END REGION

JInctunr 8: IIpumep pacnapasutesiernoro B mojiesin DVM ruesna mukios.

Y1o0b! JIaTh OJIB30BATEII0 BO3MOXKHOCTb PaCHapasIe/IMBATh IIPOrPAMMbI Ha OOIILYIO
HaMsATh, B cMHTaKcHC s3bika Mozesn DVMH 6buta nobasiiena HOBasi popMa JUPEKTUBBI
PARALLEL jyts1 pacnapaJsule/IuBanus 0e3 pacipejie/leHus JaHHbIX.

Hosriit BapuanT gupektuBbl PARALLEL oT/imdaeTcss OT MCXOJHOTO TE€M, YTO B Hell OT-
cyrcrByeT kjays3a ON. Ilpu wmcrosb3oBanum Takux JUPEKTUB He HAJI0 yKa3bIBaTh PacCIpe-
JIeJIEHHBIE MaCCUBBI IIPU OTOOPaXKEHUU BUTKOB TApAJLIE/bHBIX MUKI0B. CaMu TUPEKTUBBI
pacupejiesieHus JJAHHBIX TaKKe He HYXKHBbI B TAKUX IIporpaMmax. boJjiee TOro, B TaKUX JIH-
pexktuBax PARALLEL He JIOJI2KHBI IPUCYTCTBOBATh KJIAY3bl JIOCTYIIA K Y/IAJIEHHBIM JTaHHBIM,
Takne kak SHADOW_RENEW, SHADOW_COMPUTE n REMOTE_ACCESS.

B Ttakom BapuanTe gupexkTuBbl PARALLEL MOXKeT pUCyTCTBOBATh Kiay3a TIE, cormoctas-
JIIOIIas uTepaiun nukJia ¢ maccusoM. Ona ucnosb3yercd B8 DVM-cucreme jist yiydmnierms

IIPOU3BOAUTE/JIbHOCTU BBIXOJHOI'O MCIIOJIHAEMOI'O KO/1a.
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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

JIucrunr 9: Ilpumep pacnapaJiesiuBanus THe3/1a IUKJIOB Ha OOILYIO TAMATh.

2.2 MotrunBanus nogaep>kkm B cucreme SAPFOR

Kak 0b1710 0OTMeU€eHO BBIIIE, pa3Hble MUK/l MOTYT TpeboBaTh Pa3HBIX CXEM paclipe/ieie-
Husl JIaHHBIX. V3-3a 9TOro BO3HMKAET 1pob/ieMa MOMCKA ONTUMAJIHLHOIO BapUAHTa pacipe-
JleJIeHUsl TaHHBIX TIPU paciapaJuiemBannn Takux mporpamm depe3 cucremy SAPFOR. Tlo-
9TOMY aHAJIOTMIHAs OTPEOHOCTh B (PYHKIMOHAJIE paclapaJsijie/ TMBaHns Ha OOIIYIO MTaMsTh
BozamKaeT u B cucreme SAPFOR. Takum obpaszom, peaymsaryss HOBOTO peknMa pabOThI
cucrembl SAPFOR i1 pacnapaJsiiennBanust Ha OOIIYIO TAMSITh CTajIa I JaHHOW paboThI

OCHOBHO I[IeJIbIO, KOTOpad J€TaJIbHO OIIMUCBIBACTCA B IIOCJ/IECAYIOINUX pa3/ie/iax.

2.3 llocraHoBKa 3aa4dm, olpejeieHne 1iejieii paboThbl

Taxk BosHukaer 3ajada jgobapienns B cucremy SAPFOR momosauTebHOro crieHapus
paboThl — pacuapaJuieanBaius PoprpaH-mporpamMm 63 IIOCTPOSHUs CXeMbI PACIIPEIeIeHIS
JIAHHBIX U C UCHOJIb30BaHueM nupekTuBbl PARALLEL 6e3 kiray3nl ON.

Tpebyercsi, 9T0OBI HOBBI PEKUM MOT' OOXOJIUTH ONPAHMYEHUs, HAKJIAJIbIBAEMbIE PAaC-
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npeJeieHrneM JTaHHBIX, TeM CaMbIM PacCIIMpsist KJIacC paclapasiieIMBaeMbIX IIPOIPaMM Ha
OOIIYIO IaMATh 10 CPABHEHHIO CO CTaHIAPTHLIM pacliapaJlie/IMBaHueM Ha Kjacrep. B gacr-
HOCTH, BCTaBJIsIEMbIE JTUPEKTUBBI JOJ>KHBI KOPPEKTHO OIKMCHIBATH BCE JIAHHBIE, UCIIOJIb3ye-
Mble B IMKJIe, uX 0objacThb XpaHeHus B namsaTu u 3asucumoctu tuna ACROSS, eciau onn
€CTh.

Takxke o mobaBiIieMoro GpyHKIIMOHAIA €CTECTBEHHO IOTPEOOBATD €r0 KOPPEKMHOCTG:
ecJIi BXOJIHas IIporpaMma KoppekTHasi, To cucreMa SAPFOR mosmkHa BBIIABATH IIPABUIb-
HYIO TapaJslIeJIbHYIO IIPOrpaMMy, KOTopasi OyIeT yCIeIIHO KOMIIMIAPOBATHCS M BBIIOJIHATH-
col.

[Tomumo 3TOTO, PE3y/IBTUPYIOIIEE paciapasie uBaHue JT0JKHO ObITh 3P (MEKTUBHBIM, TO
€CTh JaBaTh MPUEMJIEMbIN IPUPOCT MPOU3BOANTEILHOCTH 38 CIET MHOI'OIIOTOYHOI'O BBIIOJI-
HEHUST: He 3aMe JIATh TPOrPAMMY CYIIECTBEHHO B XY/IIUX CIydasix U IMOJydaTh pacuapaJiie-
JINBaHNe, KOHKYPUPYIOIINE C PYIHBIM B JIyUINAX CJIyYIagX. B 9To TpeboBaHUe JTOTIOTHATETHHO
BXOJUT PacCTaHOBKa onTuMu3upylomunx kaay3 TIE B nupektusbl PARALLEL Be3ne, Te 3TO
BO3MOYKHO.

[Tockobky pabota BeméTcsa B paMkax gopaborku cucrembl SAPFOR, permenne moskmo

OBITh B HE€ MHTEIPUPOBAHO JIOJI?KHBIM 00pa30M:

e B cucreme SAPFOR kaxkioe npeobpaszoBanne ogopmisieTcs B BUE HOCIeI0BATE b
HOCTH NpPoxr0do6 — aJrOpUTMOB, KOTOPbIE JIOTHIECKH pas3aeieHbl Ha Ooku. [losromy
HOBBIN (DYHKIIMOHAJ JIOJIZKEH OBITH peajin30BaH B BHUJIE HOBOIO MPOXOja (WU B BHJIE

I10CJIeJOBATE/IbHOCTH HOBBIX HpOXOﬂOB);

® HOBBIN peKUM pacliapaJijle/IMBaHud JOJIZKEH YIUTbIBATh U IIPaBUJIBHO O6pa6aTbIBaTb

nupekTuBbl cucrembl SAPFOR,;

e Jl0JKHA ObITH JI00aB/I€HA BO3MOXKHOCTH BBI3OBA ITOI'O DPEXKHUMa HY€pe3 JIMajIorOBYIO

rpahudeckyo 000JI0UKY;

® BMeECTe C CaMUM pacCllapaJijie/JIMBaHueM JOJI2KeH OBLITD ,ILO6&BII€H d)YHKH,I/IOHaII aHaJIn-

3a BXOJHOT'O KOJ&, KOTOPBIN BbIaBajl Obl MH(MOPMAIUIO 10 paclapalienBaHnio 0e3
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dakTrdeckoit BcraBku aupekTuB. Anagormdnbiii anaiaus B cucreme SAPFOR ecrb u
JUTS pexKuMa paciapaJiie nBanns Ha Kiaacrep. OH moMoraeT 1moJib30BaTe 0 BbIsBISITh

HpO6JIeMbI 1IpU aBTOMAaTU3UPOBaAHHOM pacCllapaJlJIeJINBaHWUU.

Emg onnoit nmojzaateit paboThl sABJISI€TCs TPOBEPKA BBIOJHEHUS STUX TPEOOBAHMIA ITy-
TEM TIPOBEJICHUsS] TECTUPOBAHUSI Ha MHOXKECTBE IIPOrPAMM, KOTOPBIE JOJIZKHBI COJIEPIKATH
JIOCTATOYHOE KOJIMYECTBO PACIIapaJIeIMBAEMbIX ITUKJIOB Pa3HbIX BUJIOB.

Paccemorpum HeO0IBIION TpUMED paciapaJsie/IMBaHusd Ha OOIILYI0 TaMATh HA YaCTH MPO-
rpaMmbl, peanu3yiomnieit aaroputm Axobu (em. Jlucrunar 10). Cucrema SAPFOR nomkna
YCIIENTHO BCTaBUTH Bce TpucyTcrBylomue aupektuBbl DVM-cucrembr. [Ipu 3amycke ana-
JIn3a KOJla JMAJIOTOBas CUCTeMa JIOJ?KHA COOOIHUTH, UTO BHENIHMN ITMKJI paclapaJlIesnTh
HesTb3sl (M yKa3aTh MPUYUHY ), ¥ 9TO BHYTPEHHUE IUKJIbI MOTYT OBITh pacrapasiieeHbl 6e3

[IPEeIATCTBUI.

17



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, HAIIMCAHHBIE ¢ Ucnosib3oBanueM TexHosorun MPI [15]; uro Mmoxker narh J1omoi-
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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 [16], CAPO, WPP, SUIF, VAST /Parallel, OSCAR [17|, ParallelWare, Intel
Parallel Studio XE [18].

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

B ob6mux gyeprax aJropuTM perreHus MOCTaBICHHON 3a/1a91 MOYKHO OIICATH CJICTY IOIIUM

obpazom:

[ ] pa3pa6aTbIBaeMbIﬁ AJITOPUTM JOJIZ2KEH IIPUHUMAaTDh Ha BXOJL HCXOILHbIﬁ KO/ ITporpaMmbl
1 ONUPATHCA Ha CTATHIECKNN aHAJIN3 e€ CBOWCTB, BhINOHsIeMbIil cuctemoit SAPFOR.
Cucrema omnpejesser 3aBUCHMOCTH TI0 JIAHHBIM MeXKJIy BUTKAME ITUKJIOB, OTIPeJIe/Isi-
€T peryJigpHble 3aBUCUMOCTHU TI0 JaHHBIM, IIPUBATHBIC W PEIYKIIMOHHBIE TIEpEeMEHHbBIE

U KJIOB;

e c yderoM cBoiicTB, HaitmeHHbIX cucremoit SAPFOR, amroputm ompesenser mukJbI,
BUTKHU KOTOPBIX MOTYT BBITOJTHATHCS MAPAJIIeTbHO. /I TAKUX 1UKJIOB NeHEPUPYeTCst

DVMH-upexkTtuBa PARALLEL;

® CpeJy IUKJIOB IIPOrpaMMbl, OTMeYeHHBbIX AupeKTuBoil PARALLEL, ajgropuTm ompeje-
JIZET Te, KOTOPbIE MOTYT BBIIIOJHATHCA Ha YCKOPHUTENIAX. [ €HEepUpyroTCs JTUPEKTUBI
REGION u END_REGION, kjay3nl TIE. Oupee/gsforcss BXOIHbIE M BBIXOJHBIE IT€PEMEH-
HbIe, KOTOPBIE JOJIKHBI OBITH CKOIIMPOBAHBI Ha yCKOpUTE u. B mporpammy mobaBisi-
1oTcst qupekTuBbl ACTUAL u GET_ACTUAL, KoTophie 006eCcIeunBaiOT HeOOX0IMMbIe KOITH-
pOBaHMA JTAHHBIX B IIPOIECCE BBIINOJIHEHUA IIPOTPAMMBI Ha IEHTPAJIBHOM IIPOIeCCope

WA YCKOPUTEJIE;

Peanuzarust 3Toro ajropurMa IpouCcxo/iiia B TPH dTalla — UCCJIEI0BAHNE KOJIOBOI Oa3bl
cucrembl SAPFOR, BHeceHme HEOOXOAMMBIX M3MEHEHHUI W TECTUPOBAHUE PEAIM30BAHHOIO

dyHKIIMOHATIA.

3.1 MHNccaenoBanume Konosoii 6a3pl cucrembl SAPFOR

OcHoBHOI OeJIbIO JTaHHOI'O 3Talla CTaJl aHaJId3 BHYTPEHHEIr'o YCTpOﬁCTBa CHUCTEMbI

SAPFOR, Tak kak ObLIO IPHUHATO peIIeHHe pPeajn30BbIBATH paclapasiie/IuBaHne Kak
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JacTb €€ (byHKHI/IOHaJIa. Ha JaHHOM 3Talle OBLIIO IIPOBEEHO HCCJIEJOBaHE MCXOIAHOI'O KO/da

CUCTEMBI, KOTOPOE J1aJIO OTBETHI Ha CJIECAYIOIIHNE BOIIPOCHI:

® KaK IIPOUCXOJUT 3allyCK pPacCllapaJijie/JIMBaHusd C paclpeacjieHueM JaHHbIX,

® KaKO#l KOJI U B KaKOW IOC/Ie0BATEIbHOCTH paboTaeT MpU paciapaslie/IMBAHIN C Ppac-

npezaesenueM JaHHBIX]

® KaKKe OrpaHMYMBAIONINE IPOBEPKH IIAHUPYETCH YOPATh B IIPOXO/JIE paclapaJLie/nBa-

HUs Ha OOIIYIO TTAMSTh;
® KaKne CTPYKTYPbI JAHHBIX UCIIOJIb3YIOTCS;
® ICIIOJIb30BaHNE KAKUX CTPYKTYP JIAHHBIX HY?KHO M30€KaTh;

e Kakue CyIIeCTBYIOIINe aJropuTMbl (¢ MoguduKausMu i 6e3) MOXKHO (U HY?KHO)

IIepeunucCIioJIib30BaTh B ,ILO6ELBJ'IH€MOM pPezxKuMe.

[IyTém aTeHnsT NCXOTHOTO KO/, MTOKYMEHTAIINN U OOIEHNS ¢ aBTOPAMU CUCTEMBI BCE ITH
BOIIPOCHI OBLTN pa3pereHbl. Jlatee m3maraioTcsd OCHOBHBIE TIOJTyYeHHBIE CBEJIEHUS .

Kak yxe ynmomuuasocs panee, crpykrypao cucrema SAPFOR cocrour m3 mmoxkecrna
AJICOPUTMOB, KOTODbIE JIOTHYECKN Pa3/ieJieHbl Ha OTJIeJbHbIe OJIOKU — TPOXObl. Karkbrit
MIPOXOJ], BBITIOJIHAET CBOIO (DYHKIIMIO M MOYKET 3aBHCETH OT JPYrux mpoxoios. [Ipu 3amycke
[IPOXOJia Mepe] HUM 3aIlyCKAIOTCA BCE MPOXO/IbI, OT KOTOPBIX OH 3aBUCHUT HEIOCPEICTBEHHO
WIN TPAH3UTUBHO, IPU YEM KaKJIbIIl ITPOXOJT 3aIyCKaeTCs He DOJIbIe OJIHOTO pas3a. 1aKum
00pa3oM B CHUCTEME BBICTPAUBAETCH JIEPEBO 3aBUCHUMOCTEN TTPOXOJIOB.

KoneunbiM 1poxosioM Ipu paciapaJiie/IMBAHUA ¢ Paclpeje/ileHueM JIAHHBIX SBJISIETCS
npoxojt ¢ Hazpanuem INSERT PARALLEL DIRS, KoTopblit IpOU3BOIUT BCTABKY CO3/IaH-
HBIX JIUPEKTUB B KOJ. [vaBHas ero 3asucumocThb — mpoxoj, CREATE PARALLEL DIRS
CO3/IaHVS TTAPAJLIE/IbHBIX JIUPEKTUB (6e3 BCTABKM) 10 MOJIYYeHHOI nHMOPMAIUT U3 aHAJIN3a

[IAKJIOB. AHAJIM3 UKJIOB IIPOU3BOINTCS CACIYIONIEH TPYIIIOi IIPOXOI0B:

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

e LOOP ANALYZER DATA DIST S0

OHE 3allOJIHAIOT CTPYKTYPbI, OIUCHIBAIONINE HUKJbI, AHAJIU3UPYIOT OOpaIleHust K
MaccuBaM BHYTPH IHKJIOB, OTOOpaykaioT oOpallleHusl K MacCHBaM Ha IUKJbL TakxKe
OHM CO3JIAI0T W 3aIlOJIHAIT CTPYKTYPY JAHHBIX, [O3BOJISIONLYI0 CTPOUTH DPacIpejesie-
HUE JIAHHBIX — 2pag uamepenuti Maccusos. BmecTe ¢ 3TUM IPOUCXOJUT BBI3OB IIPOXO/IA
CREATE TEMPLATE LINKS, koropsiii 1o moctpoeHHOMY Tpady CO3Ia6T CXeMy pac-
npejie/ieHnst JaHHbiX. Jlo Hux paboraer eré MHOYKECTBO JIDYTUX IIPOXOJIOB (BCEro MOPsIKa
CEMU/IECATH ), KOTOPbIe He OTHOCSATCS K pPACapasule/IMBAaHUI0 HAIPSIMYO. DTH IIPOXOJbI He
KacaloTCsl PacCIpeiesieHnsI JaHHbBIX, II09TOMY OHU JIeTAJIbHO HE PacCMaTpPUBAINCh. JacThb

JIepeBa 3aBUCUMOCTEH MTPOX0/ia BCTABKH MMapaJslIe/IbHbIX JIUPEKTUB m300pakena na Puc. 1:

LOOP_ANALYZER_DATA_DIST_SO
LOOP_ANALYZE§£DATA_DIST_51
LOOP_ANALYZE§£DATA_DIST_S2
CREATE_TEMéLATE_LINRS
LOOP_ANALYZER_COMP_DIST
CREATE_PA§;LLEL_DIRS
INSERT_PA§;LLEL_DIRS

Puc. 1: Ynpomeénnas cxema paboThbl TPOXOJIOB MIPU paclapaslIe/IMBAHIN C PACIIPeIeIeHueM

JaHHBIX.
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Takum o6pazom, ObLIO YCTAHOBJIEHO, YTO JJIsi YCIIEITHON peau3aliny paciapaJiie nBa-

HH1d Ha O6HlyIO IIaMATDb H606XO,ZLI/IMO 1 JOCTATOYHO BHECTHU U3MEHEHUA B 9TU CEMb IIPOXO/I0B.

3.2 Ilpomecc peanmsanuu aJITOPUTMa pacliapaJie/;IMBaHusa Ha 00-

MIyI0 MaMsiITh

HoBprit pe:xum paboThl pacnapasiie/IMBaHusd Ha, OOIILYI0 NMaMsaTh ObLI OOpPMJIEH Kak
OT/IebHBIX TTPOX0/I. [lo anasiorun 3ToT IPOXO/] OBLIT HA3BAH
INSERT PARALLEL DIRS NODIST, 4ro mnog4épkuBaeT OTCYTCTBHE I[TOCTPOCHUA
pacupenenenuns jganabix. [lockonpky INSERT PARALLEL DIRS ocymecTtBiisier ToJb-
KO BCTaBKY CO3/IAHHBIX 3apaHee JMPEKTUB, ero (YHKIUMOHAJ MEHATh HE IPHUILIOCH,
nosromy BHyTpu INSERT PARALLEL DIRS NODIST BbI3BIBacTCS KOJ IIPOXOJA
INSERT PARALLEL_DIRS.

Camo co3jianme TeKCTa MapaslIebHbIX JUPEKTUB, KOTOPOE ITPOUCXOJMIO B IPOXOJIE
CREATE_ PARALLEL DIRS, moasepriioch usmenenusim. OTTyga MOJHOCTBIO yOpaH
KOJI, OTBEUAIONINII 3a JUPEKTUBLI PACIpPE/Ie/IeHUs JIAHHBIX. Takyke U3MEHEH KO JIJIst
KOHCTPYUPOBAHUS MMapaJlIe/IbHbIX JUPEKTUB: yopano co3nanne npucraBku ON B nupekTune
1 KJay3 yAaJEHHOTO JIOCTyIa K JaHHBbIM, cpeJin KoTopbix SHADOW_RENEW m REMOTE_ACCESS.
Taxxke ObLT jT0GaBIEH ajropuT™ 3amnoJHenHns kjaay3 TIE. Oka3ajochb, 9TO HOBasl BEpPCHUs
CREATE PARALLEL DIRS crasa zaMHOr0o KOMIIAKTHee U OBLIO PEIEHO He CO3/IaBaTh
JUTst He€ oTjiesibHbIH mpoxoj u ¢iaesnarh dactbio INSERT PARALLEL DIRS NODIST.

Taxzke, HOBBIN TTPOXO/T, HE YHAC/IEIOBAJ 3aBUCUMOCTH OT ITPOXOJIOB
CREATE TEMPLATE LINKS u LOOP_ ANALYZER DATA DIST S*, mnockoiabky
OHM OTBEYAJIM TOJBKO 3a PACIPE/Ie/IeHNe TaHHBIX.

[Tpoxox LOOP  ANALYZER COMP _DIST npumniiocsk nepepaborars. OH oTBedas 3a
aHaJn3 oOpalleHnii K MaccuBaM BHYTPH IMKJIA W paclapaJsiie/iiBaHie HAa OCHOBE 9TON MH-
dopmanyu. [Tpeobpaszopannsrit mpoxos mosryunt Haspanne LOOP  ANALYZER NODIST.

B pesysibraTte cxema 3aBUCHMOCTEH U3MEHIIACH CJIEIYIONIM 00pa3oM:

Jasee, ciieryer cKa3aThb O €I OJIHON HeMAaJIOBaXKHO# JacTu pabOThl — MHTEI'PAIMH C UH-
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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 pabOThI IIPOXOJIOB PEKUMa PACIapaJIe/IMBAHISA C PACIPE/IeIeHI-

eM JIAHHBIX (CJIeBa) ¢ HOBBIM PEKMMOM paclapaJiieiBaHus Ha OOy HaMsTh (CIpaBa).

CTPYMEHTOM JIJIsi BU3yaau3anuu (auaaoroBoit obooukoii) cucrembl SAPFOR. 3ech Tpe-
O0BaJIOCh peasn30BaTh JIBa OCHOBHBIX clieHAapusd padboTohl. IlepBbiit ocHoBHO# crienapuii —
3aIlyCK pacliapaJjijie/luBaHnus Ha OOIIYI0 NMaMsdaTh. 1peboBajoch MpejIocTaBUTh uUHTEepdelic
JUTsT BBI30Ba TPOXoja Bu3yaym3aTopoM. C 9THM He BO3HHUKJIO CJIOXKHOCTEH, TakK Kak JiIs
9TOTO MOTPebOBAIOCH HaNMcaTh MpocTyio gyHKImMo SPF_SharedMemoryParallelization,
KOTOPYIO BBI3BIBAET JIUAJIOrOBas 000JI0YKA U KOTOpas B CBOIO OYEPE/Ib 3aIyCKAET ITPOXO]T
INSERT PARALLEL DIRS NODIST. Bropoii crierapuit paboThl mpemoaraia 3amyck
aHaJim3a pacrapaJsiemBanus 6e3 (hakKTHIecKOil BCTABKYU JUPEKTHB. AHAJOTUYHO 3aITyCKY

paciiapaJijie/inBanndd, ObLIa ,I];O66LBII€H& BO3MOZKHOCTDL BbI3SBIBATL U3 BU3YaJIU3aTOPa ITPOXO/]

LOOP ANALYZER NODIST.
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3.3 TectmpoBaHme Ha KOPPEKTHOCTh M peNIeHre BO3HUKIINX ITPO-

oJieM

[Tockosibky paboTa BeJETcd ¢ UCXOAHBIM KojioM PopTpaH-TIporpamMmM, MHOXKECTBO BO3-
MOXKHBIX BapUaHTOB BXOJHBIX IPOIPAMM CJIMIITKOM BEJUKO, YTOOBI ITPEyCMOTPETH a0Co-
JIIOTHO BCE CUTYAIlMU Ha dTane peaju3arnuu. 3-3a 3roro ObLIO HEOOXOIUMO ITPOU3BECTU
TIATEJIbHOE TECTUPOBAHUE, YTOObI BBISBUTH OCHOBHBIE CJIyYaW HEKOPPEKTHOIO OBEJIECHUS
cucrembl SAPFOR.

TecTtupoBanue MPOBOINIOCH KAK HA HEOOJIBIITUX MOJIE/IBHBIX IIPUMepax, TaK U Ha 00JIb-
X [PUMepaxX MPAKTUIECKH MCIOIb3yeMbIX mporpaMM. CyMMapHO 3a BCE TeCTHPOBAHNE
ObLIO OOHAPYKEHO MOPsIKa TPUINATH PA3JIUIHBIX ITPUMEPOB HEKOPPEKTHOI'O ITOBE/IEHUS
peasim30BaHHOTO pexknMma. Jlastee ommcanbl HamboIee cojiepryKaTesIbHble U3 HAWJIEHHBIX OIIIN-
00K 1 TO, KaK OHU OBLJIN UCIPABJIEHDI.

[lepBag u3 HUX Kacajgach 00PadOTKM MPUBATHBIX MaccuBOB. [Ipu pacrpeiesienun qanHbIX
B DVM-cucreme 3amperiaercd pacrnpeeasTh MacCUBbI, KOTOPbIE SABJSIOTCS TPUBATHLIMU
xoTsd ObI 1t ojHoro rmukja. [losromy B cucreme SAPFOR Takue maccuBbl He oTOOparka-
I0TCsl Ha IUKJIBI IIPU [IOCTPOEHUN CXEMBI paciipe/iesienus Janubix. [Ipu pacrnapasieinBanun
Ha obmryo namaTb DVM-cucrema JomyckaeT HCIIOIBL30BAHUE OJHOIO MacCUBA B KadeCTBE
[PUBATHOIO U HEIPUBATHOIO JIJIsI PA3HBIX NMUKJIOB. [losToMy st pexkuma pacrapaJiielin-
BaHUs Ha OOIIYIO MaMsATh ObLIO J00aB/IEHO OTOOparKeHUe HA IUKJI BCEX HEIPUBATHBIX JIJIsI
HEro MaCCHBOB (B YACTHOCTH, 9TO HYKHO Jjisl 3ariojiHeHus Kjay3bl TIE). DTo mpusesio K
n3menenusaM B npoxose LOOP ANALYZER NODIST.

Emgé omna npobiema cBszaHa ¢ 00pabOTKO 1epejlaBaeMbIX B IIPOIEIYPhI CEKIUil Mac-
cuBoB. [leno B Tom, uro B DVM-cucreme 3ampereHo mcnob30BaHUE B Pa3HBIX ITHKJIAX
MEPECEKAIONINXCH 110 TTAMATHA PA3JIUIHbIX CEKITNi MaccuBOB. PaccMOTpUM CJie IyIonuii mpu-

Mep:
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program p

integer:: A(100)
call foo(A)

!'DVM$ REGION
!DVM$ PARALLEL (i), TIE(A(i))
do i =1, 100

ACi) =
10 endo
11 !'DVM$ END REGION
12 end
13
14 subroutine foo (A)
15 integer:: A(50)
16

17 !DVM$ REGION
18 !DVM$ PARALLEL (<), TIE(A(<))

19 do i =1, 50
20 A(i) =
21 endo

22 !DVM$ END REGION
23 end

JIuctunr 11: [Ipumep, BBI3BIBAIONIUI OIMUOKY BBITIOJTHEHUS.

B HéM ecTh JiBa napaJiieabHbIX HuK/Ia (cTpoku 8 u 19). OuH 13 HUX UCIIOIB3YeT MOJTHBIH
MaccuB A (KoTopblil 00bsiBIeH Ha cTpoke 3). JIpyroil e HCHOIB3YeT CEKIMIO0 MaccuBa A,

KOTOpast COJep:KUT ero nepsbie 50 sjiemenToB (0ObsiBIeHHEe Ha cTpoKe 15). 3amyck 51oro

26



puMepa MPUBOJUT K OIMuOKe BblnoyiHenus. [Ipu sTom ecsim 6b1 B iojiporpamme foo ObLIO
06bsiBIeHO, UTO MaccuB uMeer pasmep 100 (To ecTb dakTHIecKu mepenaBaics Obl MACCUB
IEJIMKOM ), TO OIMHOKN ObI He ObLIO.

B ciydae anasiormdHOro pacrapasile/IMBaHus C PaclpPe/leJIeHneM JIAHHBIX — OIIH-
OOK BBIIIOJIHEHUsI HEe BO3HUKaeT. VI3-3a 39TOro B Ienb IPOXOJIOB paclapaJlie/nBa-
HUS Ha OONIYI0 MaMATh ObLI JI00ABJIEH HOBBII IIPOXOJ, KOTODPBIN IOJIYYU HA3BaHUE
SELECT ARRAY DIM CONF. Ou zamyckaercs mocjie aHajan3a IUKJIOB U BBIIOJTHSIET
dunbrpanmio mapasieIbHbIX MUKJIOB TaK, YTOObI B HUX HE OBLIO IE€pecevdeHuil 110 naMsaTu
UCIIOJIb3YEMBIX MACCHBOB.

Takum obpazomM cxeMa IIPOXO/I0B HOBOTO PEXKMMAa, [TOJIY U118 OKOHIATEIbHBIH BU/I, IPEJI-

cTaBJeHHbIN Ha Puc. 3:

LBDP;&NALYZER_DATA_DI _S0
1

LOOP_ANAEVZEB;DATK_DIST_S1

)
LOOP_AN ZER_DRTA¥Q;ST_S2
1

CREATE_TEMPLATE_LINKS
!

LOOP_ANALYZER_COMP_DIST -+~ #LOOP_ANALYZER_NODIST
1 l
CREATE_PARALLEL_DIRS :---. SELECT_ARRAY_DIM_CONF
‘Ir ) « \l«
INSERT_PARALLEL_DIRS {------- - INSERT_PARALLEL_DIRS_NODIST

Puc. 3: Urorosas cxema paboThl IIPOXOJIOB IIPU pacipeaeeHun Ha OOIILyI0 TaMsTh.
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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++ [19]. [Tporpamma, mocry-
HAOIIAasT Ha BXOJ[ CUCTEME, TIEPEBOINTCS B aOCTPaKTHOE CUHTAKCUIECKOe JIEPEBO OIIEPATOPOB
(ACI) [20]. B kauectBe peasmsaiun abCTPAKTHOIO CHHTAKCHYIECKOIO JIEPEBA HCIOJIb3YeT-
cst 6ubsmoreka Sage++ [21]. C e mOMOIBI0 BXOMHYIO IPOIPAMMYy 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-

JApOOHO mocTpoerue rpada MacCUBOB OIUCAHO B [22];

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 [23].

5.1 Ilaker 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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’ / 7 7

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 [18] (6 stzep, 12 norokos, komnusitop mpiifort ¢ yposaem onrumuszaru -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
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¥
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BT C6 EP FT LU SP

Puc. 5: 3amep Bpemenn paborhl mosrydeHHBIX Bepeuit Ha DVMH u srasonnbx Bepcuii Ha

OpenMP na nporeccope Intel Core i7 980x (12 moTokos).
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Puc. 6: CpaBnenne Bpemenu pabOThI TECTOB Ha PA3JIMYHOM KOJIMYECTBE TIOTOKOB Ha IIPOIEC-

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 [24].

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)
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@ 1660 ti
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—_— N
(3] o
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=)

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: emoncrpanus yckopeHus paboThl IOJIYUYeHHBIX Bepcuii Ha yckoputessx Nvidia

OTHOCHUTEJIFHO 3allyCcKa MOCIe0BaTe IbHON mporpamMmMbl 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 Te3UCOB [25].
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