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JddexTrBHOE MpOrpaMMHUPOBaHHUE MApaJlJIeIbHbIX APXUTEKTYP BCEra ObLI0 CA0XKHOH 3a-
Jladyeil 1 0CO6EHHO YCI0KHAETCS IPU UX COBPEMEHHOM pa3Ho06pa3nu. 3aZjaya aBTOMaTHYeCKO-
ro pacnapaJijieIJMBaHUsl IPOTPaMMHOr0 KoJja 6bl1a cGopMysrMpoBaHa C MOMEHTA MOSIBJIEHUS
IepBBIX NapasljieJIbHbIX 0TeYeCTBEHHBIX BeruncauTesned (Hanpumep, [1C2000). K HacTosmemy
BpeMeHH pa3paboTaHbl 3bIKA U TEXHOJIOTUH NPOrpaMMHUPOBAHHS, KOTOPbIE YIIPOLIAIT pabo-
Ty nporpammucta (T-Cuctema, MC#, Erlang, Go, OpenCL), HO He fAesnalT pacnapasijieIMBaHUe
aBTOMaThieckuM. CI0KUBLIASACSA CUTyalusl TpebyeT pa3paboTKU U pasBUTHS 3QPeKTUBHBIX
VHCTPYMEHTOB NPOrpaMMHUPOBaHUs BbIYMCIUTENIbHBIX CUCTEM. Takhe MHCTPYMEHTHI J0JKHbI
NO/IleP’KUBATh Pa3paboTKy napaJsiiebHbIX IPOrpaMM [iJisl CUCTEM C 00111el U pacnpe/eleHHON
naMsTblo. B pa6oTe paccMaTpuBaeTcs 33Zja4a aBTOMAaTHYECKOTO pacnapasijie/MBaHus JUHeH-
HBIX [POrpaMM /[Jisl Takux cucteM. O6Cy»K/1al0TCsl pa3paboTaHHbIE METO/Ibl BBIYMCIAEHUS MPO-
CTPAaHCTBEHHO-BpPEMEHHbIX MPe06pa3oBaHUN, ONTUMHU3UPYIOLIMX JIOKAJbHOCTb HPOTPaMMBI.
PaccmaTpuBaeTcsa peanusanus MeToZoB Ha s3bike Haskell B pamkax source-to-source TpaHcJisi-
TOpa, OCYILEeCTBJIAOLET0 aBTOMaTU4YeCcKoe pacnapasiennuBaHue. OcylecTBAsAETCA CpaBHEHUE
OBICTPO/IEHCTBHS Mapa/lieJibHBIX MporpaMm lu, atax, syr2k, mosiyueHHbIX C TOMOLIbIO pa3pabo-
TAaHHOU CHUCTEMbI U COBPEMEHHOTO UHCTpyMeHTa Pluto. JkcnepuMeHThl MPOBOAUJINUCE HA ABYX
MalllMHaX apXUTeKTypbl X86_64, o6beuHeHHbIX ceTbhio InfiniBand. B kayecTBe TexHosiorwi
pacnapasiearuBaHus ucnoJsb3oBaancbk OpenMP u MPI. BeicTpozelicTBue pe3yabTUpyIOILEH na-
paJljieIbHOW NPOTPaMMbl CBH/IETE/BbCTBYET O MPAKTUYECKOW NPUMEHHUMOCTH pa3paboTaHHOU
CUCTEMBI pacnapasjieJUBaHusA JUHEHHBIX IPOrpaMM.

Kawuesvie c106a: aBToMaTU4ecKoe pacnapaJsiyieJiMBaHue, JIMHeHHbIe ImporpamMmsbl, MoaeJib
MHOTOI'PAaHHHUKOB, OIITUMHU3AHNA JIOKAJIBbHOCTH, JUHEeNHOEe oeJo4YrucCJeHHOoe Imporpam-
MHpPOBAHHE.
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Effective programming of parallel architectures has always been a challenge, and it is
especially complicated with their modern diversity. The task of automatic parallelization of
program code was formulated from the moment of the appearance of the first parallel computers
made in Russia (for example, PS2000). To date, programming languages and technologies have
been developed that simplify the work of a programmer (T-System, MC#, Erlang, Go, OpenCL), but
do not make parallelization automatic. The current situation requires the development of effective
programming tools for parallel computing systems. Such tools should support the development
of parallel programs for systems with shared and distributed memory. The paper deals with the
problem of automatic parallelization of affine programs for such systems. Methods for calculating
space-time mappings that optimize the locality of the program are discussed. The implementation
of developed methods is done in Haskell within the source-to-source translator performing
automatic parallelization. A comparison of the performance of parallel variants of lu, atax, syr2k
programs obtained using the developed tool and the modern Pluto tool is made. The experiments
were performed on two x86_64 machines connected by the InfiniBand network. OpenMP and
MPI were used as parallelization technologies. The performance of the resulting parallel program
indicates the practical applicability of the developed tool for affine programs parallelization.

Keywords: automatic parallelization, affine programs, polyhedral model, locality optimization,
integer linear programming.

For citation: Magomedov Sh.G., Lebedev A.S. A tool for automatic parallelization of affine programs for systems
with shared and distributed memory. Rossiiskii tekhnologicheskii zhurnal = Russian Technological Journal. 2019;7(5):7-
19 (in Russ.). https://doi.org/10.32362/2500-316X-2019-7-5-7-19

BBejgeHue

B BIYUCIIUTEIFHO EMKHUE HAYYHBIC M MHKECHEPHBIC MPUIIOKEHHUS B OOJBITUHCTBE CBOEM Tpa-
TAT 3HAYUTEIBHYIO YaCTh MTPOIIECCOPHOTO BPEMEHHU HA UCTIOTHEHUE BIOKEHHOCTEH 1IHK-
JIOB, YaCTO yJOBJIETBOPSIONINX CBOMCTBAM JIMHEWHBIX MporpamM. J[Jis aHanu3a u mpeoopaso-
BaHMsI TAaKUX MPOTPAMM CYIIECTBYET MOJIEIh MHOTOTPAHHUKOB [ 1], TO3BOJISIONIAs TPUMEHUTD
TEXHUKU pacrapajuieTMBaHus U JIOKAJTU3alMK TAHHBIX C IIEJIbIO TTOBBIICHUS OBICTPOACHCTBUS
KPUTHYECKUX BBIUUCITUTEIHFHO EMKHX YYACTKOB.

Cpenu nepBbIX MPOEKTOB, B KOTOPHIX OBLIN PeaTn30BaHbl METOIbI MOJIETTH MHOTOTPaHHHU-
k0B, BeieIsIOT LooPo [2] u PIPS [3]. JlanbHeiiee pa3BuTHE METOIBI MOJIETTH MHOTOTPaHHHU-
KOB HAIIUTM B COBPEMEHHOM source-to-source Tpancisitope Pluto [4, 5] u pabdorax, pokycupy-
FOIIMXCS HA arperupOBAHUN UTEPALMH B OJIOKH JJIs1 TIOMOJIHUTEIBLHOTO YIIYYIIICHHUS] BPEMEHHOU
Y TPOCTPAHCTBEHHOM JIOKAJILHOCTHU BBIUMCICHUH [6, 7]. B pabote [8] aBTOpHI mMpuMeHMIN
METO/Ibl MAIIMHHOTO OOy4YeHHUs ISl BBIOOpA ONTUMHU3HPYIOIIUX MPEeoOpa30oBaHUl B MOACIIH
MHOTOT'PAHHUKOB, CJI€JIaB IIar B CTOPOHY OT PAaCMpOCTPAHEHHOUW MPAKTUKU MPUMECHEHUS
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KJIACCUUYECKUX METOI0B onTUMM3aLuu. [ [pakTryueckas IeHHOCTh METOA0B MOJIETIM MHOTOI'PaH-
HUKOB JJISl CUCTEM TPAHCIISALUH MPEIMETHO-OPHUEHTHPOBAHHBIX s13bIKOB (DSL) Oblia mokazana
B npoekre Pencil [9], nmpu 3TOM OocTaercs akTyaabHBIM TPaIUIMOHHBIN BapUaHT UCIIOJIb30Ba-
HUS pacrnapajuIeIMBalOIIUX CUCTeM: Ko, HanucaHHbIi Ha s3bike C i FORTRAN, ontumu-
3UpyeTrcs Ul NapajyieIbHOTO BBINOJIHEHUS U KOMIIWIMPYETCS JUIsl LIEJIEBOM apXUTEKTYphI, O
4eM CBUJETEIbCTBYIOT HallpaBlieHUs pa3Butus open-source [4, 10, 11] 1 koMMepueckux KoM-
nunsitopos [12, 13].

PacnapaienuBanue porpaMM B MOZEIM MHOTOTPAHHUKOB OCYILECTBIISIETCS B IITh 3TAIIOB!

1. AHanu3upyroTcs 3aBUCMMOCTHU 1O JAHHBIM: MTOTOKOBBIE 3aBUCUMOCTH (UTE€HHUE IOCIIEe
3aIlUCH), aHTU3aBUCUMOCTH (3aIMCh MOCJIE YTEHHs ), 3aBUCUMOCTH Yepe3 BBIXOJ] (3alKch Mocie
3aIucy).

2. BpluucnseTcs MHOTOMEPHOE pacycaHue MporpaMMbl, 00J1a1atolee napauieiu3MOM 1
ONTUMU3UPYIOLIEE BPEMEHHYIO JIOKAJIBHOCTD JaHHBIX IIPU BHIYUCIICHUAX.

3. Brbrumcnsiercs NpoCTpaHCTBEHHOE pa3MelleHne, o0naarolee napauieaIu3MoM U ONTH-
MHU3UPYIOLLEE IPOCTPAHCTBEHHYIO JIOKAJIBHOCTD JAHHBIX IIPU BBIYUCIICHUSAX.

4. BpInonHsAETCS arperupoBaHue UTEpaluil B OJIOKU IJIs JONOJTHUTEIBHOTO YITy4IICHHS
BPEMEHHOU U IIPOCTPAHCTBEHHOM JIOKAJbHOCTU BBIYMCIICHUMN.

5. T'eHepupyercs napajuiespHas Iporpamma coniacHo nonaxony [14] B cooTBeTcTBUU C
MIPOCTPAHCTBEHHO-BPEMEHHBIMU ITPe00pPa30BaHUSAMHM, BEIYUCICHHBIMH Ha 3Tanax 2—4.

Llenbto HacTosimiel pabOThI ABJIAETCS MpPaKTUYECKas peanusalus paHee pazpaOoTaHHBIX
METO/IOB BBIYUCIICHHUsS] MPOCTPAHCTBEHHO-BPEMEHHBIX mpeoOpasoBanuii [15—-17] B pamkax
source-to-source TpaHCJIATOpa JIMHEHHBIX POrpaMM, HallMCaHHbIX Ha s3bIKe C. AHAI0roM JUIs
CpaBHEHMsI CIIY>)KUT MHCTpYMEHT Pluto — pa3BuThIii source-to-source TPaHCIATOp, pealln3yro-
it Metozsl [4, 5S]. BHauane npuBoAUTCS NOHATUHHBIN anmapaT MOJEIM MHOTOIPaHHUKOB, 3a-
TEM 0COOEHHOCTHU peanu3aliy pa3paboTaHHONW CUCTEMBI, IIOCIIE YETro MPOBOAUTCS CpaBHEHHE
cucTeMBbl ¢ MHCTpyMeHToM Pluto Ha npumepe Tpex aaropuTMoB JuHeHoH anre6psr: LU-pas-
JOKEHUE KBAaPaTHON MaTpUIIbl, MATPUYHBIC IPOU3BECHUS ataxX U syr2k.

IIoHATUMHBIN annapaT MOAeJ/J I MHOTOTPAHHUKOB

Mopens MHOTOTPAaHHHKOB — MOJIENb MOCIEI0BATEIbHBIX U MapalIeIbHBIX BBIYUCICHUH,
paspaboTaHHasl JAJIs aHaTU3a U MPeoOpa3oBaHUs TMHEHHBIX porpaMM. [Touck U npumMeHeHue
ONTUMU3HPYIOMIUX TPeoOpa3oBaHU OCYIIECTBISETCS B paMKaxX MaTeMaTHYeCKOW Mojenu
(«mONMMAIPATLHOTO MPECTABICHHUS) 0€3 HeMOCPEICTBEHHBIX MAHUITYIISIIUIN C UCXOTHBIM TEK-
CTOBBIM Ipe/ICcTaBIeHHEeM porpamm. Kitacc TMHEHHBIX IPOrpaMM OMUCHIBACTCS CIEAYIOLITUMU
OTpPaHUYCHUSIMU:

* B KaueCTBE UCTIOJHUTEIHHBIX OMEPATOPOB UCTIOIB3YIOTCS TOJIBKO OMEPATOPHI IPUCBAK-
BaHUs, IIPaBast YacTh KOTOPHIX — apU(METUIECKOE BBIPAKCHHE;

* ISl OMIMCAHUS TIOBTOPSIIOLINXCS OTIEpAIMid UCTIONB3YIOTCS TOJBKO ITUKIIBI C U3BECTHBIM
yricnom noropernid (1ukiabl DO s3pika FORTRAN win sxBuBanentHbie nukibl for s3bika C);
JIOTTYCKAIOTCS BIO)KEHHOCTH IIUKJIOB TIPOU3BOJILHOM CTPYKTYPHI (IIJIOTHBIE U HETNIOTHEIE); Tpa-
HUIBI H3MEHEHHSI CYUETYMKOB LIUKIIOB 33at0TCs ahpUHHBIMU (DYHKITUSIMU OT UHJEKCOB ITUKJIOB,
00paMIISIOIINX TAHHBIA UK, ¥ BHEITHUX MTEPEMEHHBIX TPOTPAMMBEI;

* JIOMYCKAeTCs MCIOJIb30BAaHUE OTIEPATOPOB BETBIICHUS, B YCIOBUSAX KOTOPBIX UCIIOIB3Y-
10TCs TONIBKO ahpuHHBIE (DYHKITMH OT HHIEKCOB LIUKIIOB, 00PaMIISIOIIUX OTIEPaTOP, M BHEITHUX
MIEPEMEHHBIX ITPOTPAMMBI; HE TOMTYCKAIOTCS MOOOUHBIE BBIXO/IBI U3 IIUKIIOB;
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