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CornnacoBanHoe npeacrasjenue Fortran-nporpamm
B komnusaTope PARFOR
HA Pa3HbIX YPOBHAX a0CTpPaKINH

H.A. Karaesn!

1 HUucmumym npuknaonou mamemamuxu um. M.B. Kenoviuwa PAH

AnHoTtanusa. PacnapamrenuBaronmii kommunstop PARFOR, BbeineneHHBI B
OTJIENIbHBI MHCTPYMEHT M3 CHUCTEMbl aBTOMATHU3MPOBAHHOIO pacrapajiieuBaHus
SAPFOR, npennasnauen ans pa3pabOTKM MapaIeIbHBIX MPOrpaMM Ha SI3BIKaX C
HessBHBIM mapasutenu3mom Fortran u C. Lensto paspaborku kommmisatopa PARFOR
SBIISICTCS. aBTOMATUYECKOEe NMPpeoOpa3oBaHKe MPOrpaMMBbl HA YPOBHE UCXOIHOTO KOZa
JUISL  TIOCJIEIYIOIIErO BBIMOJHEHUS Ha BBIYUCIUTEIBHOM KiacTepe. HesBHoe
napajjieibHOe MPOrPaMMHUPOBAHKE MPEAINOIaraeT BO3MOKHOCTh OMHMCAHUSI CBOMCTB
UCXOJHOW TOCEeI0BaTEIbHOW MIPOrpaMMbl, YTOOBI CHU3UTH CIIOXKHOCTh IIOMCKA
HEOOXOIUMBIX MpeoOpa3oBaHuil MporpaMMbl. PacnapaiienuBaHue BBIMONHSIECTCS B
mozaenu DVMH na s3pikax Fortran-DVMH u C-DVMH cootBercTBenHo. [lpu sTom
JUISL aHamu3a MPOrPaMM HCIOJB3YIOTCS BO3MOXHOCTH CHUCTEMBl KOMIWISITOPOB
LLVM, a mnpeoOpa3oBaHus OCHOBaHbI Ha TIPEACTABICHUH TMPOTpaMM B BHJIC
abctpakTHOro cuHTakcuueckoro aepea (AST). B mannoii pabore paccmarpuBaercs
MOJIXO/I, TO3BOJIAIOIINN COTJIACOBAHHO pacCMaTpPUBATh MPOTPaMMBbI Ha JIBYX YPOBHSIX
abcTpakuMy: ypOBHE MCXOJHOTO KOAA M HHU3KOYPOBHETO IIPEJICTAaBIICHUS,
3aJIeHiCTBOBAB MOTEHIIMAJ HU3KOYPOBHEBOI'O MPEJCTABICHUS B OTHOIICHUM aHAJIM3a
nporpaMM U COXPaHHWB TOHSATHBIA [UIsl TOJNB30BATeNsi BHI OTOOpakaeMoi
uHpopmanmu. B pabore Takxke paccMaTpUBaeTCs BO3MOXKHOCTb MCCIIEIOBaHUS
npeoOpazoBanHoro LLVM IR, 4To0Bl MOBBICUTH TOYHO MPOBOJMMOTO AaHAIU3A.
Taxke TpUBOAATCS  OCHOBHBIE TpWUYMHBI BbiOopa LLVM B kauecTtBe
UHCTPYMEHTAJIbHOU 6a3bl U1t pa3padoTku kommuisitopa PARFOR.

Ki1ioueBble c10Ba: HESBHBIN MMapauieNin3M, IpeoOpa3oBaHUe MPOTPaMM, aHAIH3
nporpamm, pacnapamienuBanue nporpamm, SAPFOR, DVM, LLVM

Consistent representation of Fortran programs
in PARFOR compiler
at different levels of abstraction

N.A. Kataev!

1 Keldysh Institute of Applied Mathematics (Russian Academy of Sciences)
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Abstract. PARFOR parallelizing compiler is the main part of SAPFOR (System
For Automated Parallelization). This compiler can be applied as a stand-alone tool to
exploit implicit parallelism in traditional sequential languages Fortran and C. It was
primarily designed to perform source-to-source transformation of a sequential
program for execution on parallel architectures with distributed memory. Implicitly
parallel programming assumes that programmers may describe the properties of the
original sequential program in order to reduce the complexity of finding an optimal
program specific sequence of transform passes. PARFOR focuses on parallel
programming in DVMH model. CDVMH and Fortran-DVMH languages are used.
PARFOR relies on LLVM (Low Level Virtual Machine) compiler infrastructure to
examine a program. However, program transformations are based on a higher level
program representation in the form of an abstract syntax tree (AST). In this paper, we
consider an approach that allows us to consistently represent programs at two levels
of abstraction: the source-level (AST) and the low-level level (LLVM IR). The
considered questions involve the interpretation of information derived from LLVM
IR to retain a user-friendly description of analysis results. In addition, the possibilities
of analysis of the transformed LLVM IR are explored to improve the quality of the
source program analysis. We also discuss the reasons which argue the choice of
LLVM as a base for PARFOR development.

Keywords: implicitly parallel programming, program transformation, program
analysis, program parallelization, SAPFOR, DVM, LLVM

1. BBenenue

[ToBceMecTHOE pacnpOCTPAaHEHUE MHOTOMPOIIECCOPHBIX BBIYMCIUTEIbHBIX
CUCTEM TMPHUBEJIO K HEOOXOAMMOCTH pa3paboTKuM MapalielbHBIX I[POTPAMM,
CIIOCOOHBIX BBIMOJHATBCA Ha CHCTEeMaxX pa3HOW apxXuTekTypbl. g 3Toro
MIPUXOJUTCS OJTHOBPEMEHHO 33J€MCTBOBATh Pa3IN4HbIE TEXHOJOTUU MapajlIeIbHOrO
nporpammupoBanus (MPI, OpenMP, CUDA, OpenACC), nubo WuCIOIb30BaTh
BBICOKOYPOBHEBBIE MOJEININ, 00bEIUHSIONINE Cpa3y HECKOIbKO TexHojoruid (DVM
[1, 2], XcalableACC [3]). [locTrossHHOE YCIOXKHEHHE MOJENEH MapauIeIbHOTO
MpPOrpaMMUPOBAHUSl ~ CTUMYJIMPYET  MCIOJb30BaHUE  A3BIKOB C  HESIBHBIM
apajuyieIu3MOM JUIsl  CO3J@HUsl [ApPAJUICIBHBIX MPOrpPaMM  BBIYHUCIUTEIBHOIO
xapaktepa. Ocoboe BHUMaHUE yaensiercs si3bikam Doptpad u Cu/Cu++, MOCKOIbKY
MX B OCHOBHOM U HCIIOJIb3YIOT MPOTPAMMHUCTHI MIPU PEIICHUH 33Ja4, Hanbojee ocTpo
TpeOYIOIUX pacrapayieTuBaHus.

B OosbIIMHCTBE CIlydaeB MOMbBITKA NMPUMEHEHHUS KOHKPETHBIX TEXHOJIOTUH
NapajuleIbHOTO  MPOTPAMMMPOBAHUS  JUIsl  pacnapauleUBaHUS  MPOM3BOJIbHBIX
MOCJICZ0OBATEIbHBIX MIPOTPAMM HATAJIKMBAETCsI Ha HEOOXOAUMOCTh MPEOOpa30BaHMUs
UCXOJHbIX Tporpamm. Llenpto Takux mnpeoOpa3oBaHUl MOXKET OBITh YCTpAaHEHHE
3aBUCUMOCTEN B Iporpamme, NPENSTCTBYIOUIMX MNapajuIeIbHOMY BBIIIOJHEHUIO
YYaCTKOB KOJa, ONTHUMH3aLHUs JIOCTYNOB K NaMATH, OCOOCHHO aKTyajbHas B Cllydae
ucnonb3zoBanuss GPU. Moxer mnorpeOoBaTbCsi HM3MEHEHUE CTPYKTYpPbl XpaHEHHS
JaHHBIX 171 oOecredeHHs] BO3MOKHOCTH MX XpPaHEHHUs Ha Ipoleccopax B ciydae
MCIIOJIb30BaHUS PACTIPEACIEHHON NaMsITH, a TaKK€ U3MEHEHUE CTPYKTYpbI LIUKJIOB,
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YTOOBl KOPPEKTHO OTOOpa3UTh BBIUMUCICHUS HAa TMPOLECCOPBI, BJIAACHOIINE
COOTBETCTBYIOIIMMHU TMOPLUSAMH JaHHBIX. B KpaiiHeM ciydae, OT mporpamMmucTta
MOXET MOTPeO0BaTHCA BBHIOOP APYTOro ajiropuTMma, peuarouero Ty *e 3agady, HO
o0Jsagaronero 00JpIIMM NOTEHIMAIOM HapajlIeIn3Ma.

Jt1o0 3HAYUTETHHO Cy’Kaer BO3MOXHOCTH aBTOMAaTUYECKOTO
pacnapajieMBaHus. BbIXOJ0M MOXKET CTaTh CJI€I0BaHUE ONPEEICHHBIM MTpaBUaM
MIPY HAITUCAHUU TAPAIICITBHBIX TPOTPAMM M UCTIOJIb30BaHUE CIICITUATBHBIX YKA3aAHHM
B Koj€ WM (praroB KOMOWISATOpA IS 3aJaHUsl CBOMCTB OOBEKTOB MpOrpamMmbl. B
OTJIMYUE OT MOJIEJIEH MapaylyIeIbHOTO MPOTPAaMMHUPOBAHNS, OCHOBAHHBIX HAa BCTaBKE
JTUPEKTUB, OINUCHIBAIOIIMX TMapajlieu3M B  TporpaMMe, JaHHBIM  TOAXOJ
IpenoaraeT OMMCaHNe CBOMCTB MCXOIHOM MOCIIeT0BATENBHON MPOrpaMMBbI, 4TOOBI,
PYKOBOJCTBYACH UMHU, KOMIIWJIATOP CMOT BBITIOJHUTH HEOOXOIUMBbIE TPEOOPA30BAHUS
U OIpPENeTUTh COOTBETCTBYIOUIME CHEHM(PHUKAIMN Tapaien3Ma CaMOCTOSITEIEHO
[4].

Takolt moaxon peadnM3oBaH B aBTOMATHYECKH pacHapalIeTHBAIONIEM
kommmisitope Paralax [5], opueHTHpOBaHHOM Ha BBISBICHHE KPYITHO3EPHHCTOTO
napajieli3aMa ¥ OpPraHU3alMi0 KOHBEHEPHOTO  BBIMOJHEHUS  MPOTPAMMBEI.
Komnunsitop Paralax ucmonb3yeT aHHOTanuu, pa3meniacMble MPOrpaMMECTOM B
KOJZIe TIPOTPAMMBI, JIJIsl BHISIBIICHUSI €€ CBOMCTB. Hampumep, HEKOTOpBIE TIEpeMEHHBIE
MOTYT OBITh TIOMEUEHBI KaK «MEpPTBbIE», IS (DYHKIIMM MOKHO YyKa3aTh HaJU4He
mo00YHBIX 3(pPEeKTOB, MHOTHE aHHOTAIIMH HAMPABICHBI HA OMMCAHUE MCTIOTH30BAHMS
yKaszareyuen B IporpaMme.

Onuncanue CBOMCTB MCXOJHOM HPOrpaMMbl  TAKXKE HCIOJB3YETCA B
unctpymente Parallware [6], opueHTHpPOBaHHOM Ha OOYyYCHHE MapaICIHEHOMY
porpaMMupoBaHuio. Tak, Hampumep, IMOJb30BATEIsl IMPOCIT TapaHTUPOBATH
OTCYTCTBHE IepeceucHus 1o namsatu (aliasing) mexay maccuBamu, SIBISFOIIIAMUCS
napamerpamu pyHkiuu. C Touku 3peHus cranaapra C99 takoro xe 3dexra MOKHO
100uThCs, HE mpuberas K CpeicTBaMU UATIOrOBOM O0OJIOUKH, JOCTATOYHO YKa3aTb
KITFOYEBOE CIIOBO ‘restrict’ B o0bsBieHNH (hOpMaTbHBIX TapaMeTpoB GyHKIUU. CTOUT
OTMETHTh, YTO B JIaHHBIH MOMEHT Bo3MOkHOcTH Parallware 3HaunTeNBEHO
OTpaHMYEHbl M B TIEPBYIO OUEPENb PACCUUTAHBI Ha OOydYeHHE MapalIeIIbHOMY
IPOrpaMMHUPOBAHUIO HA HEOOJBIIMX MpOrpaMMax, a HE Ha pachapasuie/iiBaHHe
OOJBIINX MPOTPAMMHBIX KOMILIEKCOB.

YromsHyThIE WHCTPYMEHTHI HE TMOJYYWJIM B JaHHBIA MOMEHT IIIHPOKOTO
pacnpocTpaHeHUss M Ha JaHHOM OJTale SBISIIOTCS CKOpEe HCCIEA0BATEIbCKUMU
MPOEKTaMH, a HE KOMIWJISATOPAMH, MPUTOIHBIMU JJI paciapaieTuBaHus OOJIbIITNX
BBIUMCIUTENbHBIX  3a7ad. JpyruM BaXXHBIM  HEJOCTAaTKOM  SIBISIETCS — UX
OPHUCHTUPOBAHHOCTh HAa CHUCTEMBI C 0OmIed mamsaTei0, mpu 3ToMm Parallware
MOJJIEPKUBAET TeHEPAIMIo KoAa Js rpadUyecKuX MPOIECCOPOB 3a CUET BCTAaBKH
nupexktuB OpenACC.
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Cucrema SAPFOR [7, 8] nanenena Ha B3aMMOJICHCTBHE C IOJIb30BATEIEM B
WHTEPAKTUBHOM pPEXHME, M O00ecleunBacT TMOJICpKAHUE PA3HON CTEICHH
BOBJICUCHHOCTH MpOTrpaMMHUCTa B  TNPOLECC pacnapajuienuBaHus  (pyyHOe
npeoOpa3oBaHUE MPOTPaAMMBbI, PYYHOW W ABTOMATHYECKUN BBIOOP HEOOXOIMMBIX
npeoOpa3oBaHUii, OMUCAHUE CBOWCTB  MpOrpaMMbl, MOpoQWIMPOBAHHE U
aBTOMATU3UPOBAHHBIN BBHIOOP BpEMSIEMKUX (PparMEHTOB, KOTOpPbHIE TOJKHBI OBITH
PacCMOTPEHBI B IEPBYIO ouepess). CucremMa OpueHTUPOBaHA HAa pacnapayiieIMBaHUU
B Mozaenu DVMH [1,2] u TeM cambiM OXBaThIBa€T CUCTEMbI Pa3HOW apXHUTEKTYpHI,
MO3BOJISIE  MPOBOAUTH paclapayieIMBaHUE JUIsl THOPUIHBIX BBIYUCIUTEIBHBIX
KJIACTEPOB.

B coctaB cumcTeMBl BXOOWUT aBTOMATHYECKH  paclapalieIBarOIIAN
koMmrmuiaTop PARFOR, koTopbIii OTBEYaET 32 aBTOMATUYECKOE IPUHITHE PEIICHUN O
HEOOXOAMMOCTH TpeoO0pa3oBaHUs NPOrpaMMbl, paclpeiesieHHe JaHHBIX U
BBIYMCJICHUH, onTuMu3anuio kommyHukaruid. Kommuasarop PARFOR Moxer ObITh
BBIJICJICH B OTJEIbHBIM MHCTPYMEHT IS PEaM3allii OMUCAHHOTO BHINIE MOAXOAa U
Mo/Iep KaHusl BOBMOXHOCTH HESIBHOTO TapaJIICIIBHOTO MMPOTPaMMHUPOBAHUS.

Kommunstrop PARFOR, «kak wu cucrema SAPFOR, BemonHser
pacnapayyielMBaHue MPOrpaMMbl Ha YpPOBHE HCXOJHOTO KoJia. OTO IO3BOJISET
MTOJTH30BATENIO OIICHUTH MPUHSATHIC PEIICHUS, BHECTH KOPPEKTHBBI B MAPAIICIHHYIO
BEPCHUIO MPOTPaMMBbI, IIporpaMma CTaHOBUTCS Ooiiee mepeHocumoit. Kpome Toro,
ucnons3oBanue mojaenu DVMH 3HauutenbHO CHUXAET CIOKHOCTh IMOCTPOCHUS
napajiyieIbHOW BEPCUU MPOTPAMMBI, TaK KaK CIY>KUT MEPEX0J0M K HU3KOYPOBHEBBIM
TEXHOJOTHSIM TapaienbHoro mnporpammupoBanus (MPIl, CUDA, OpenMP). B
pe3ynbTaTe B KOMIWIATOPE IporpamMma J0JDKHA OBITh NpPENCTaBlIeHa HA YPOBHE
OJIM3KOM K YpPOBHIO HMCXOJHOTO Koja, 3To cymectBeHHO oTiaumdaer PARFOR ot
OOBIYHBIX KOMITMIIATOPHBIX HHPpacTpyKTyp, Takux kak GCC [9] wm LLVM [10,11],
UCIIOJIb3YIOIINX HU3KOYPOBHEBBIC MPEACTABICHHS MIPpOorpaMMbl. B cBOIO ouepenb 3To
HE T03BOJIAECT HAMNPSIMYIO BOCIIOJb30BATHCA IMIMPOKUMH BO3MOXKHOCTSIMHU JIaHHBIX
CUCTEM TI0 aHAJIM3Y U TTPEOOPa30BaHUIO TIPOTPAMM.

B nannoit pabore paccmartpuBaeTcsi moaxoj, ucnoiaszyeMbiii B PARFOR u
MTO3BOJISIOIIIAN BOCITOJIB30BAThHCS IPEUMYIIECTBAMHI HU3KOYPOBHEBOTO
npeacTaBieHusl mporpammbl B cucteMe LLVM B obnactu aHanmmsza mporpamm,
COXpaHUB IIPU HTOM BO3MOXKHOCTh IMpeoOpa3oBaHMsl M pacrapaieTuBaHUs
MporpamMMbl Ha YPOBHE HCXOAHOTO KOJIA.

2. Bb100p HHCTPYMEHTAIbHOM 6a3bl

[lepBonauanbuas Bepcus cucrembl SAPFOR [7,8], opuenTHpoBaHHas Ha
Fortran, ommpanace Ha BHYTpEHHEE MpEICTaBICHHE, 0Opa30BaHHOE aOCTPAKTHBIM
cuHTakcuueckuM jaepeBoM (AST) u 0a3oif JaHHBIX, OTpakalolled OCHOBHYIO
CTPYKTYPY U CBOICTBA MPOTPaMM.
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Crpykrypa uHopmaluu, XpaHuMoil B 0a3e NaHHBIX, ObUla MPOJUKTOBAHA
NOTPEOHOCTSIMU MOJTYJIsI, OTBETCTBEHHOI'O 32 MOCTPOEHUE BapUAHTOB MapasuiesIbHbIX
nmporpaMm (dKCIiepTa), ¥ SIBIISIACh HEKOTOPOM JIOCTaTOYHO TrpyOoi aldcTpakiuen,
OMKCHIBAIONIEH HMCXOAHYIO mMporpamMMmy. baza paHHBIX BBICTyIajla B KadecTBe
uHtepdeiica aig nepenayn HeoOXoAUMON MHGOPMALMKM AKCIEPTY W MOJTYUYEHUS OT
HETO OMHCaHUA Crelu(UKAINA apayijieii3Ma, KOTOPbIE TOJDKHBI OBITH T0OABICHBI B
HUCXOAHYI0 Tiporpammy. Ha ocHoBe mHbopmaiuu, xpaHuMoW B 0a3e JaHHBIX, ObLI
peann30BaH aJTOPUTM OMNpPEACNCHUs CKAISIPHBIX MEPEMEHHBIX, KOTOPHIC OJKHBI
OBITh OOBSIBIICHBI B MApaJICIbHON Mporpamme Kak npuBaTHbie [12]. CyiecTBeHHBIM
MPEUMYIIECTBOM OBLIO TO, YTO PEATM30BAHHBIN aNTOPUTM (DAKTUYECKH HE 3aBUCEIN
OT s3bIKa MCXOJMHOW mporpammbl. OmHaKo, ajig OOJiee CIOXKHBIX aHAIU30B U TEM
Oonee mpeoOpa3oBaHUS MPOTPaMMbI (MIPUBATHU3AIUS MACCHUBOB, OIPEACIICHUE
3aBUCUMOCTEN MO JaHHBIM, aHAJIU3 yKAa3aTeJed, paCIpOCTPAHEHUE KOHCTAHT, KOIUM,
peodpa3zoBaHKe IUKIOB) BO3MOKHOCTEH 0a3bl JTaHHBIX ObLIO HEIOCTATOYHO.

AHanmu3atopel W TeHepaTopbl kopaa, Bxoasmme B SAPFOR, wucnonb3oBamm
a0cTpakTHOe cuHTakKcudeckoe nepeBo (AST) mporpaMMbl ISl TTOCTPOSHHUS Oa3bl
JaHHBIX W TEHEepaluHu MapajulebHOM BEPCUM TMPOTPaMMBbl COOTBETCTBEHHO. JIys
noctpoenns AST mpumensuiack 6ubamoreka Sage++ [13]. Sage++ — 310 00BEeKTHO-
OpUEHTHpOBaHHas OubOIMOTEeKa, paspaboTaHHAas CHENUAIBHO MJI BBIIOJHEHUS
npeoOpa3oBaHUil Ha ypOBHE MCXOAHOTO Koja. K coxkaneHuto, oHa yxe JI0Iroe Bpems
HE Pa3BUBAETCS U OTBETCTBEHHOCTH 32 MOJJIEP>KaHUE HOBBIX SI3BIKOBBIX CTAHJIAPTOB,
a TaKkkKe YCTpaHEHHE OIIMOOK B HCXOJHOM BepcUM OHOIUMOTEKH JIOKUTCA Ha
pazpabotunkoB cucreMbl SAPFOR. B naHHBIE MOMEHT MO/IEP)KUBACTCS TOJIBKO
Fortran 95. Enie 6osee cyiiecTBEHHBIM MOMEHTOM SIBIIIETCS OTCYTCTBUE pean3alluu
OOJBIIMHCTBA M3BECTHBIX QJITOPUTMOB aHaldM3a M NpeoOpa3oBaHUs MPOrPaMM,
MPUMEHSEMBIX B COBPEMEHHBIX KOMIMISATOPAX.

CnenoBarenpHo, mansi moctpoenuss kommwisitopa PARFOR, a Takxke
nanpHenmero passutus cucrembl SAPFOR, BctaeTr Bompoc moucka HOBOM
WHCTPYMEHTAIbHON 0a3bl. Cpen pacCMOTPEHHBIX MHCTPYMEHTOB MOYKHO BBIJICIHUTH
Cetus [14] u ROSE [15].

Cucrema Cetus pazpabaThiBaeTCs C HCIOJIB30BaHHMEM Java B YHUBEPCHUTETE
[lepasto ¢ 2004 roma. B nmaHHbBII MOMEHT mnoaaepxuBaroTcs craHaapTel ANSI
C89/ISO (€90, momnepxka Fortran orcyrcrByer. Peanmmzarus 6a30BBIX alropuTMOB
aHaiM3a, YacTO OKa3bIBAECTCS CIMIIKOM KOHCEPBATUBHOW (HampuMmep, HajIudue
oreparopoB ‘got0’ B HMKIAX MPENSTCTBYET aHAIM3Y, B KayeCTBE PEIYyKIIMOHHBIX
orepanuii JOMYCKAIOTCS TOJBKO onepanuu cioxkenus). CraHgapTHbIE —OIIMU
KOMITIWJIATOPOB ~ TakXK€ HE TMOAJEPKHUBAIOTCS, HTO 3HAYUTEIBHO 3aTPYyIHSET
ucnoip3oBanus Cetus B cucremax cOopku (Takux Kkak make) mius pabGoTel ¢
OOJBIIMMU MPOrPAMMHBIMU KOMILIEKCAMHU.

Cucrema ROSE pazpabateiBaetcs B JluBepMOpCKOl — HAIMOHAIBHOU
nabopatopun uM. J. Jloypenca (LLNL). OcHOBHBIMU TIOAIEP)KHUBAEMBIMH SI3BIKAMH
spisrores  C(89/98), C++(98/11), Fortran (77/95/2003), Java, Python, Haskell.
Hecmotpsi, Ha peanu3anuio OOJBIIOTO KOJWYECTBA AaJITOPUTMOB  aHAIIN3A,
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BO3MOXXHOCTH HCIIOJIb30BaHUSI CHCTEMbl OrpaHU4eHbl. OIBIT HCIOJb30BAHUS
CUCTEMBbI JJIi I[OJyaBTOMAaTUYECKOro rmnpeoOpa3oBaHus mporpamm [16] mnokaszan
HaJM4Me OIIMOOK B peaM3alliil HEKOTOPbIX MOIYJIeH, a OpPUEHTUPOBAHHOCTD
aBTOPOB CHCTEMbI Ha HCCIIEIOBaHUSA B 00JIACTM aHalu3a OMHAPHOTO KOJa, JENaeT
MEePCIEKTUBBI OBICTPOTO UX UCIPABICHUS TYMaHHBIMH.

CoBpeMeHHble KOMOWIATOpHBIE UH(MpacTpykTyphl, Takue kak GCC u LLVM
OMUPAIOTCS Ha CBOM COOCTBEHHBIE BHYTPECHHHE MPEJCTABICHHUS TMPOTPaMM U
pean3yioT OOJIBIIOE YUCIIO alrOpPUTMOB aHanu3a U npeodpazoBanus. llupokoe ux
pacnpoCTpaHEHUE M TOCTOSHHOE pa3BUTHE HE JAeT IOBOJAa COMHEBAThCS B HUX
HAJIS)KHOCTHU U CBOEBPEMEHHOM UCITPABICHUH 00HAPYKUBAEMBIX OINOOK.

OpHako  CYIIECTBEHHBIM  HEJOCTATKOM  SBISIETCS  HU3KHM  YPOBEHBb
UCIIONB3YEeMbIX BHYTpEHHUX mnpexactaBieHuid. Hampumep, LLVM IR - 310
MPOTPaAaMMHBIN KO/, COCTOSIIIMK W3 CTPOro THUOHM3UpOoBaHHOTO Habopa RISC-
MOMOOHBIX WHCTPYKIWK. [l gocTyma K TaMATH  HCIONB3yeTcs HeOObIIoe
MHOXECTBO  CICIHAIBHO  BBIACIACHHBIX  WMHCTPYKIWH. IIporpamMmuBIi  KOA
npejacTaBieH B (opMme ogHOKpaTtHOro mpucBauBanus (SSA) [17], uckimoueHHEM
ABJISIIOTCA MHCTpYyKUMHM jaoctyna kK mnamsatd. I[lpm srom LLVM IR copepxut
NOpOOHYI0 OTJIAJOYHYIO HWH(MOpPMAIUIO O MporpaMMe, KOTOpas MOMKET ObITh
HCIIOJb30BaHa C IEIbI0 pacnpocTpaHeHusi pesyibraroB aHanmmza LLVM IR na
MCXOIHBIA KOJ MpOorpaMMbl. bosee TOro, OTKPBITOCTh MCXOJHBIX KOJOB, HAJIMYHE
MOAPOOHON JOKYMEHTAlluu W OOBEKTHO-OPUEHTUPOBAHHAS CTPYKTypa HCXOJIHBIX
KOJIOB TO3BOJIAIOT paciiupsTh Bo3MokHOCTH LLVM. Takke BaKHO OTMETUTH, UTO
LLVM IR, renepupyemspiii MO0 MCXOJHOMY KOJY TOYHO COOTBETCTBYET ONEpAIUSIM
UCXOJHOM TpPOrpaMMbl: BCE OINTHMU3AIUU BBHITIOJHAIOTCS B BHJIE OT/ACIIBHBIX
npoxonoB. s LLVM IR noctynubl dponTeHab! Kak ¢ s3pikoB C/C++ (Clang) [18],
tak u ¢ Fortran (Flang) [19].

3. BHyTpeHHee npeacTaBiieHue nporpamMmmbl B komnuiasaTope PARFOR

Peanuzanust mpeoOpa3oBaHuil mporpaMM Ha YpPOBHE HMCXOJHOTO KOJa B
kommsitope PARFOR ommpaercs Ha npeacrasienue nporpamm B Bujae AST, B To
BpeMsl KaKk aHaJli3 B OCHOBHOM BBITNIOJIHsIeTCS Hal HU3KoypoBHEBBIM LLVM IR. TTpu
ATOM BBINOJHEHHE TpeoOpazoBanuii Ha ypoBHe LLVM IR mo3Bosnser moBbICHUTH
TOYHOCTh AaHaJu3a HUCXOJHOM MporpaMmbl M HEOOXOAUMO [JIsi pabOThl MHOTHUX
peanuzoBanHbix B LLVM anroputmoB (ompedeneHue HMHAYKIMOHHBIX U
PEAYKITMOHHBIX IMEPEMEHHBIX, BEIUUCICHNE TPAHUI] [IUKJIOB, YTOYHEHUE PE3YyIhTaTOB
aHanM3a ykaszaTeneid). B Toxke BpeMs JaHHBbIe TMpeoOpa3oBaHHMs HHUKAK HE
CKa3bIBAIOTCA Ha HWCXOAHOW mporpamme. Pe3ynbrarhl aHanusa, MOJyYEHHBbIE AJIs
nporpamMmbl B Buge LLVM IR, moryt ObITh pacmpocTpaHeHbl Ha MPOrpaMMy Ha
MCXOIHOM SI3bIKE BBICOKOTO YPOBHs OJarojapsi HaTM4Mio OTJIAA0YHOU MH(POpPMAIUH.
Otnagounass wuHpopmauus B LLVM cranmaptuzoBaHa u mpeicTaBieHa B
cootBeTcTBUM co crangaptom Dwarf [20]. Takum o0pa3oM, OHa MHHHUMAJILHO
3aBUCHUT OT (PpOHTEH 1A, UcToab3yemoro st moctpoenus LLVM IR. Oto nmo3Bomiser
peanuzoBaTh obmue anroputmbel conoctaBiienns AST u LLVM IR u, Gonee Ttoro,
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MCIOJIb30BaTh AJis nocTpoeHuss AST HHCTpyMEHTHI OTIMYHbIE OT (hpoHTEeHA0B. s
C/C++ wucnone3yercs Clang, a mis Fortran Sage++, HecMoTpss Ha TO, 4YTO MJIs
rereparuu LLVM IR npumensercs Flang.

YroObl peann3oBaTh COTJIACOBAHHOE IMPEACTABICHHE NPOrpaMMbl Ha ABYX
ypOBHSX aOcTpakiuu Obla paspaboTaHa CTPYKTypa JaHHBIX, Ha3bIBaeMas JE€PEBOM
TICEBIOHHUMOB.

Kaxgas BepmmHa aepeBa — 3TO OOBEIWHEHHE YYACTKOB MAMSTH. YYacTOK
naMATH XapaKTepus3yeTcs aJpecoM Havaia W pasMmepoM. J[Ba ydacTka mamsTH
MOMAJA0T B OJHY BEPILUHY JI€PEBa, €CIIM OHM MOTEHIIMATILHO MOTYT MEpPeceKaThCsl.
JIns mpoBEpKM MMEpPeceUeHHl Mo MaMsITH HCHOJIb3YITCS peanu3oBaHHbie B LLVM
npoxoisl aHanmu3a. OAMH M TOT K€ JJIEMEHTApHBIM YYacTOK MaMATH MOXKET
OTHOCUTBCS TOJIBKO K OJHOM BEpIIMHE JepeBa. Y OIHOW BEPIITUHBI MOXKET OBIThH
MHO>KECTBO JOYEepHUX BepiinH. Pa3OueHue pnemaercs TakuMm oOpa3oM, UTO
Oo0OBEIMHEHNE BCEX YYACTKOB TAMSTH POAMTEIBCKOM BEPIIUHBI IMOKPHIBACT
o0ObEIMHEHNE YYaCTKOB MaMsITH JaodepHeid. VckimtodeHweMm SBISIETCS TaMsTh,
UCTIONb3yeMasl B BbI3bIBaeMOW (pyHKIMU. Takas mamsTh OMHCHIBAETCS OTACIHHBIM
BUJIOM BEPILIMH M INepecekaeTcsl (He 00sA3aTeNbHO MOKpPhIBasi) ¢ YYACTKAMM MaMSITH
JOYEPHUX BEPIIMH. YYACTKH TaMSITH, OTHOCSIIWECS K COCEAHHM BEpIIMHAM, HE
epeceKaroTCsl.

[TocTpoeHnue nepeBa TCEBAOHMMOB BBHIMOJHIETCS B ABa 3Tama. Ha mepBom
JTame  y4acTKM  MaMsiTH  ONMCHIBAIOTCS  HU3KOYPOBHEBBIMH  OOBEKTaMH,
3aneiicrBoBaHHbIME B LLVM IR. Tloctpoennoe nepeso (alias tree) ucrnonb3yercst st
aHaJM3a IPOrpaMMbl U JICTAIBHOIO OMUCAHUS MOJYYCHHBIX Pe3yJbTaTOB HA HU3KOM
ypoBHE. 3aTreM JepeBO TICEBJIOHMMOB 0000IIaeTCs Ha OCHOBE OTJIaJ0YHOU
uHpOpMalMU, KOTOpash HCHOJB3YyeTCsl JJii ONUCAaHUs Y4YacTKOB IaMsATH B
obo6menHoM nepeBe (source-level alias tree). HuskoypoBHEBbIC y4acTKHU MaMSTH,
KOTOpBIE HE MOTYT OBITh MPEACTABICHBI C MOMOIMIBIO OTIAJ0YHON HH(POpPMAIH,
000011at0TCs 10 OOBEMITIONINX UX YIACTKOB IMTAMSTH.

Hcnonp3oBanne oTaag0o4HON MHGOpPMAIMU AJIsi OMHMCAHUS y4acTKOB MaMSITH,
MO3BOJISIET JIepeBy rceBaoHUMOB (Source-level alias tree) coxpansaTs cBOIO CTPYKTYypy
npu npeodpazoBanusix LLVM IR, HeoOX0AMMBIX [171s1 TOBBIIICHKS Ka4eCTBA aHAIN3A.

OnmauM  ©3 Takux mpeoOpazoBanmii sBiusiercss mpoxony SROA  (Scalar
Replacement of Aggregates), peanuzoBannsiii B LLVM. Jlannbiii mpoxos pasnensier
naMATh arperaTHoro Tuma (CTPYKTYpbl, MacCHUBbl KOHCTAHTHOW JIJIMHBI) Ha
OTJIETIbHBIE CKASIPHBIC YYACTKH MaMSITH (COOTBETCTBYIOIIME 3JIEMEHTAM CTPYKTYpP U
MAacCHMBOB) M pa3MeEUIaeT CKaJISIpHbIE YYaCTKU MaMsITH Ha peructpax. [Ipu stom
oTnagouHas uHbopMalus MOIU(GUIHUPYETCS B COOTBETCTBUM C BBINOJIHEHHBIMU
npeoOpa3oBaHUAMH W TIO3BOJSET OINpPEAEIUTh, KaKUM TEPEMEHHbBIM HCXOHOU
IporpaMMme COOTBETCTBYIOT PErHCTphl. B pe3ysibTaTe MOXKET ObITh BHIMOJHEH aHAU3
CBOMCTB NEPEMEHHBIX UCXOJHOM MPOTpamMMbl, B TOM YHCIJI€ OTAEIBHO AJISl KaXKJIOTO
AJIEMEHTa IePEMEHHOM arperaTHOro THUIA.

B LLVM IR ucnons3yetcsi 6eCKkOHEUHBIN PETUCTPOBLIH (aiii, n oOpalieHus K
peructpam mnpencraBieHbl B SSA-popme. CrencTBueM Takoro mpeoOpa3oBaHUs
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SIBJISICTCS  YIIPOIIEHHE HHACKCHBIX BBIPAKCHHH B OOpAICHHAX K MacCHBaM H
NPUBECHNC X K BUJY, 3aBUCSIIEMY OT UHIYKTHUBHBIX IEPEMEHHBIX [IUKJIA.

OtnanouHas MHPOPMALUS, JOCTYIHAS JUIS MEPEMEHHBIX, Pa3MEIICHHBIX Ha
perucTpax, UCIoJb3yeTcs, YTOObl YTOYHHUTH JepeBo IceBaonumMoB (source-level alias
tree) mocJie BBIMOJIHEHUS JaHHOTO MPeoOpa30BaHMUs.

4. 3akjao4YeHue

Wcnosnp3oBanne s3bIKOB ¢ HesBHBIM mapamtenusmom (C/C++, Fortran)
ABJISIETCSl  COOJA3HUTENBHOM BO3MOXKHOCTBIO Il pa3pabOTKH  HapayliebHBIX
porpamMm, IpH YCIOBUHU, YTO MPOrpaMMbl pa3padaThIBAIOTCSA IO OMNpPEIeIECHHBIM
MpaBujaM M JUIsl YTOUHEHUSI UX CBOWCTB MPOTPAMMUCT pa3MeElIaeT ClelualbHbIe
yKa3aHusi B UCXOAHOM Koje. Jlnsi peanuzanuu JaHHON BO3MOXHOCTH M3 CHUCTEMBI
SAPFOR Obu1 BbII€TIEH B BUI€ OTIETIBHOTO HHCTpyMeHTa kommuisitop PARFOR.

B kauecTBe WHCTpyMeHTajdpbHOW Oa3pl myisa aHanmmza mnporpamm PARFOR
omupaercs Ha LLVM, mpu stom 151 mpeoOpa3oBaHUs MHpOrpaMM Ha YpPOBHE
UCXOJHOTO KOJAa MCHOJb3yeTCcsl a0CTPAKTHOE CHUHTAaKCUYECKOE JEpeBO UL
porpaMMbl Ha COOTBETCTBYOIIEM si3bike (Fortran wiu C).

UtoObl 00ecreunTh COINIaCOBAaHHOE NPECTABICHHE MPOTpaMMbl Ha JTAHHBIX
ypOBHSX, Obl1a pa3paboTaHa HOBas CTPYKTypa JaHHBIX — JEpPEBO IICEBIOHUMOB,
onHparoleecs Ha 0TIIAI0YHYI0 nHpopMaluio, xpanumyo B LLVM IR.

PaccMoTpeHHOE JepeBO MCEBIOHMMOB 00JaAaeT CIEAYIOIIUMU CBOMCTBaAMMU:
(1) o6o01aeT HU3KOYPOBHEBOE MPEACTABICHUE YYaCTKOB MaMaTH Ha ypoBHe LLVM
IR 10 00BekTOB MCXOAHON Mporpammer; (2) HAMPSMYH HE 3aBUCUT OT HUCXOIHOTO
s3pIKa M HWCIOJB3yeMbIX (poHTEeHI0B; (3) amanTtupyeT CBOIO CTIPYKTYpy K
npeoOpa3zoBanusM LLVM IR, kxoTopble He 3aTparuBarOT CTPYKTYpy MaMsTH
HCXOJHOW MPOrpamMMBl.

Pabora Beimonnena mpu moanaepxkke POOU (mpoextsr 16-07-01014, 17-01-
00820, 18-01-00851) u mporpammbl npesunuyma PAH Ne 26 «DyHnameHTanbHbIC
OCHOBBI CO3/IaHUSl AJITOPUTMOB U IPOrPaMMHOr0 OOECIeUEHuUs ISl MEePCHEKTUBHBIX
CBEPXBBICOKOITPOU3BOIUTENBHBIX BEIYUCICHUID.

Jluteparypa

1. Konovalov, N.A., Krukov, V.A, Mikhajlov, S.N., Pogrebtsov, A.A.. Fortan
DVM: a Language for Portable Parallel Program Development. In: Programming
and Computer Software. vol. 21, no. 1, pp. 35-38, 1995

2. baxtun B.A., KnunoB M.C., Kprokos B.A., [Toxneproruna H.B., [Ipuryna M.H.,
CazanoB [O.JI. Paciiupenne DVM-monenu napaiebHOro MporpaMMUPOBaHUS
Al KIIACTCPOB € TCTCPOICHHBIMU Y3JIaMH. — Bectauk IO)KHO-ypaJ'IBCKOFO
rocyagapCTtBECHHOIO YHHUBCPCUTCTA, CCPUA "MareMaTHuecKoe MOACIMPOBAHHUC H

nporpammupoBanue”, Nel8 (277), Beinyck 12 — Uensounck: M3natenbckuii eHTp
HOVpI'Y, 2012. C. 82-92

302



3. Hitoshi Murai, Masahiro Nakao, Takehiro Shimosaka, Akihiro Tabuchi, Taisuke
Boku, and Mitsuhisa Sato. "XcalableACC - a Directive-based Language
Extension for Accelerated Parallel Computing", Supercomputing'14 poster, New
Orleans, LA, USA, Nov. 2014

4. Wen-mei Hwu, Shane Ryoo, Sain-Zee Ueng, John H. Kelm, Isaac Gelado, Sam S.
Stone, Robert E. Kidd, Sara S. Baghsorkhi, Ageel A. Mahesri, Stephanie C. Tsao,
Nacho Navarro, Steve S. Lumetta, Matthew |. Frank, and Sanjay J. Patel. 2007.
Implicitly parallel programming models for thousand-core microprocessors. In
Proceedings of the 44th annual Design Automation Conference (DAC '07). ACM,
New York, NY, USA, 754-759. DOI=http://dx.doi.org/10.1145/1278480.1278669

5. H. Vandierendonck et al. The Paralax Infrastructure: Automatic Parallelization
with a Helping Hand. In PACT, 2010.

6. Manuel Arenaz, and Sergio Ortega, and Ernesto Guerrero, and Fernanda Foertter.
Parallware Trainer: Interactive Tool for Experiential Learning of Parallel
Programming using OpenMP and OpenACC // EduHPC-17: Workshop on
Education for High-Performance Computing. URL:
https://grid.cs.gsu.edu/~tcpp/curriculum/sites/default/files/paper%206_0.pdf

7. M.C. Knunos, B.A. KprokoB. ABTomaruueckoe pacnapamienuBanue doprtpan-
nporpamm. OtoOpaxenue Ha kiactep. BectHuk Hukeropoackoro yHuBepcureTa
um. H.W. JIo6auesckoro, 2009, Ne 2, C. 128-134.

8. baxtun B.A., Kimao M.C., Konranos A.C., Kprokos B.A., ITogneproruna H.B.,
[Tputyna M.H. ABToMaTtuueckoe oTOOpakeHHe MporpamMm Ha s3bike GopTpaH Ha
Kjactepsl ¢ Trpaduueckumu mpoieccopamu // BectHuk HOxkHO-Ypasibekoro
rocygrapCTBCHHOI'O YHHBCPCHUTCTA. CepI/ISIZ BroruuciaurensHags MaTreMaThka U
unpopmatuka. 2014. T. 3. Ne 3. C. 86-96.

9. GCC, the GNU Compiler Collection. URL.: https://gcc.gnu.org/

10. The LLVM Compiler Infrastructure. URL.: http://llvm.org

11. Chris Lattner and Vikram Adve. LLVM: A compilation framework for lifelong
program analysis & transformation. In Proceedings of the International
Symposium on Code Generation and Optimization (GCO), pages 75-87, 2004.

12.Karaes H.A. CraTtuyeckuii aHain3 MOCIEI0BATEIbHBIX MPOrpaMM B CHCTEME
aBTOMAaTU3UPOBAHHOTO pacnapauieIMBaHus CAII®OP /! BectHuk
Huxeroponckoro ynusepcutera um. H.W. Jlobauesckoro. - H. Hosropon: 13a-
Bo HHI'Y. N5(2), 2012, ¢. 359-366

13. pC++/Sage++. URL.: http://www.extreme.indiana.edu/sage/.

14.Lee, S. I, Johnson, T. A., Eigenmann, R.: Cetus an extensible compiler
infrastructure for source-to-source transformation. In: International Workshop on
Languages and Compilers for Parallel Computing, pp. 539-553. Springer, Berlin,
Heidelberg (2003)

15. ROSE compiler infrastructure, http://rosecompiler.org/.

16.Baranov, M.S., Ivanov, D.l.,, Kataev, N.A., Smirnov, A.A.. Automated
parallelization of sequential C-programs on the example of two applications from

303


https://gcc.gnu.org/
http://llvm.org/
http://www.extreme.indiana.edu/sage/

the field of laser material processing. // CEUR Workshop Proceedings 1st Russian
Conference on Supercomputing Days 2015, vol. 1482, pp. 536, 2015.

17.R. Cytron, J. Ferrante, B. K. Rosen, M. N. Wegman, F. K. Zadeck. An Efficient
Method of Computing Static Single Assignment Form // Proceedings of the 16th
ACM SIGPLAN-SIGACT symposium on Principles of programming languages,
pp. 25-35, January, 1989

18. Clang: a C language family frontend for LLVM, https://clang.llvm.org/.

19. GitHub - flang-compiler/flang. URL.: https://github.com/flang-compiler/flang.

20. Dwarf 3 Standard. URL.: http://eagercon.com/dwarf/dwarf3std.htm

References

1. Konovalov, N.A., Krukov, V.A, Mikhajlov, S.N., Pogrebtsov, A.A.. Fortan
DVM: a Language for Portable Parallel Program Development. In: Programming
and Computer Software. vol. 21, no. 1, pp. 35-38, 1995

2. Bakhtin V.A., Klinov M.S., Kriukov V.A., Podderiugina N.V., Pritula M.N.,
Sazanov lu.L. Rasshirenie DVM-modeli parallelnogo programmirovaniia dlia
klasterov s geterogennymi uzlami. — Vestnik luzhno-Uralskogo gosudarstvennogo
universiteta, seriia "Matematicheskoe modelirovanie i programmirovanie", Nel8
(277), vypusk 12 — Cheliabinsk: Izdatelskii tsentr luUrGU, 2012. S. 82-92

3. Hitoshi Murai, Masahiro Nakao, Takehiro Shimosaka, Akihiro Tabuchi, Taisuke
Boku, and Mitsuhisa Sato. "XcalableACC - a Directive-based Language
Extension for Accelerated Parallel Computing”, Supercomputing'14 poster, New
Orleans, LA, USA, Nov. 2014

4. Wen-mei Hwu, Shane Ryoo, Sain-Zee Ueng, John H. Kelm, Isaac Gelado, Sam S.
Stone, Robert E. Kidd, Sara S. Baghsorkhi, Ageel A. Mahesri, Stephanie C. Tsao,
Nacho Navarro, Steve S. Lumetta, Matthew |. Frank, and Sanjay J. Patel. 2007.
Implicitly parallel programming models for thousand-core microprocessors. In
Proceedings of the 44th annual Design Automation Conference (DAC '07). ACM,
New York, NY, USA, 754-759. DOI=http://dx.doi.org/10.1145/1278480.1278669

5. H. Vandierendonck et al. The Paralax Infrastructure: Automatic Parallelization
with a Helping Hand. In PACT, 2010.

6. Manuel Arenaz, and Sergio Ortega, and Ernesto Guerrero, and Fernanda Foertter.
Parallware Trainer: Interactive Tool for Experiential Learning of Parallel
Programming using OpenMP and OpenACC // EduHPC-17: Workshop on
Education for High-Performance Computing. URL.:
https://grid.cs.gsu.edu/~tcpp/curriculum/sites/default/files/paper%206_0.pdf

7. M.S. Klinov, V.A. Kriukov. Avtomaticheskoe rasparallelivanie Fortran-
programm. Otobrazhenie na klaster. // Vestnik Nizhegorodskogo universiteta im.
N.I. Lobachevskogo, 2009, Ne 2, S. 128-134.

8. Bakhtin V.A., Klinov M.S., Kolganov A.S., Kriukov V.A., Podderiugina N.V.,
Pritula M.N. Avtomaticheskoe otobrazhenie programm na iazyke fortran na
klastery s graficheskimi protsessorami // Vestnik  luzhno-Uralskogo

304


https://github.com/flang-compiler/flang
http://eagercon.com/dwarf/dwarf3std.htm

gosudarstvennogo universiteta. Seriia: Vychislitelnaia matematika i informatika.
2014. T. 3. Ne 3. S. 86-96.

9. GCC, the GNU Compiler Collection. URL.: https://gcc.gnu.org/

10. The LLVM Compiler Infrastructure. URL.: http://llvm.org

11. Chris Lattner and Vikram Adve. LLVM: A compilation framework for lifelong
program analysis & transformation. In Proceedings of the International
Symposium on Code Generation and Optimization (GCO), pages 75-87, 2004.

12.Kataev N.A. Staticheskii analiz posledovatelnykh programm v sisteme
avtomatizirovannogo rasparallelivaniia SAPFOR // Vestnik Nizhegorodskogo
universiteta im. N.I. Lobachevskogo. - N. Novgorod: 1zd-vo NNGU. N5(2), 2012,
s. 359-366

13. pC++/Sage++. URL.: http://www.extreme.indiana.edu/sage/.

14.Lee, S. I, Johnson, T. A., Eigenmann, R.: Cetus an extensible compiler
infrastructure for source-to-source transformation. In: International Workshop on
Languages and Compilers for Parallel Computing, pp. 539-553. Springer, Berlin,
Heidelberg (2003)

15. ROSE compiler infrastructure, http://rosecompiler.org/.

16.Baranov, M.S., Ivanov, D.l.,, Kataev, N.A., Smirnov, A.A.. Automated
parallelization of sequential C-programs on the example of two applications from
the field of laser material processing. // CEUR Workshop Proceedings 1st Russian
Conference on Supercomputing Days 2015, vol. 1482, pp. 536, 2015.

17.R. Cytron, J. Ferrante, B. K. Rosen, M. N. Wegman, F. K. Zadeck. An Efficient
Method of Computing Static Single Assignment Form // Proceedings of the 16th
ACM SIGPLAN-SIGACT symposium on Principles of programming languages,
pp. 25-35, January, 1989

18. Clang: a C language family frontend for LLVM, https://clang.llvm.org/.

19. GitHub - flang-compiler/flang. URL.: https://github.com/flang-compiler/flang.

20. Dwarf 3 Standard. URL.: http://eagercon.com/dwarf/dwarf3std.htm

305


https://gcc.gnu.org/
http://llvm.org/
http://www.extreme.indiana.edu/sage/
https://github.com/flang-compiler/flang
http://eagercon.com/dwarf/dwarf3std.htm

	Согласованное представление Fortran-программ в компиляторе PARFOR  на разных уровнях абстракции
	A9Rhesyfn_1spem7k_yls.tmp
	Локальный диск
	file:///C/gorbunov/Дюрсо/2018/online/шапки/h — копия (35).htm



