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PaccmarpuBaercst peanu3aius MporpaMMHOTO UHCTPYMEHTAPHsI JIUIsl BbIpa-
00TKH 3P (EeKTUBHBIX CTpaTeruii MmpeoOpa3oBaHMs MpeacTaBiIeHu HHPOP-
MAaIMOHHBIX T'Pa(oOB aITOPUTMOB C IICIBI0 KaK BBISBICHHS CKPBITOrO Ia-
pajuienn3Ma, TaKk ¥ OMPEACICHUs PAllMOHAIBHOTO IIaHa (pacrucaHus) BbI-
MOJTHEHUSI TApAJICIIbHBIX YacTed MporpaMM IMpU y4eTe OrpaHHuYCHHH pe-
QJIbHBIX MHOTOIPOIIECCOPHBIX BBIYMCIUTENBHBIX cHcTeM. [ mocTHKeHus
rHOKOCTH pa3pabOTKH CIIEHApHUEB MPEoOpa3oBaHMA MpeacTaBiIcHU rpada

HCIIOJIB3YETCSl BCTPOCHHBIM CKPUNTOBBIN s13bIK Lua.

Kniouesvie cnosa: nabopMalMOHHBIN rpad aiaropuTma, TOHKas MHpopMa-
IIMOHHAS CTPYKTypa TPOTPaMMBI, CKPBITBIA MapauieNnu3M, SIPyCHO-
napauiensHas (popma mHbOpMmalmoHHoro rpada, mpeoOpa3oBaHUs TPE.-
CTaBJICHUs MH(POPMALIMOHHOTO Irpada, BCTPOSHHBIH CKPUNTOBBIN A3bIK MPO-
rpamMmmupoBanus Lua, palimoHanbHas cTpaTerusi HOCTPOSHMS IUIaHa BBINOJ-

HEHMsI TapajyIeIbHOM TPOTpaMMBl.

1. BBegenue

B nacrosmiee Bpemst U3 MyTeil NOBBILIEHHS] IPOU3BOAUTEIBHOCTH BBIYUCIUTEIBHBIX CHC-
TEM JOCTYIEH METO/1 Mapajienu3aniuy 00paboTKH TaHHBIX; UHbIE YT OTpaHUYEHbl pU3nde-
CKUMH 3aKOHAMHU.

Opnnako mapayienu3anus ((pakTHYeCKd OJHOBPEMEHHOE = MapajuleibHOE BBIIOJIHEHUE
Pa3IMYHBIX YacTe OJHOW MPOrpaMMbl Ha HE3aBUCUMO pabOTAIOIIMX BBIUYMCIUTENBHBIX 0J10-

KaX) Tpe6yeT OT AJITOPUTMHUCTOB U MMPOrpaMMHCTOB JOIMOJTHUTCIIbHBIX YCI/IJTI/Iﬁ 110 BBIAABJICHUIO



B QITOPUTME YYACTKOB, MOTYIIIUX OBITh BBIMIOJTHEHHBIMH MMAPAJIJIEIbHO; OCHOBHOE TpeOOBaHUE
K TaKUM OJIOKaM (3epHam WIN epaHyiam) mapaielu3Ma COCTOMT B HE3aBUCHMOCTH (OpTOTO-

HaJ'IBHOCTI/I) HUX I10 JAaHHBIM.

2. O630p uccjien0BaHU B TaHHOI 00J1aCTH

Ananu3 nporpamMM (0OBIYHO MMEHYEMBIH MCCIIEIOBAHUEM MX TOHKOW MH(OpMaMOHHON
CTPYKTYpHI, [1]) O TakOMy KPUTEPHUIO HEMpOCT, II03TOMY T'OBOPSAT O CKPHITOM (He (uKCH-
PYEMOM IIpU MOBEPXHOCTHOM PacCMOTPEHMH) MapajuIeIM3Me; MOLIHBIM HHCTPYMEHTOM IIpU
TAaKOM aHAJIM3€ SBIISCTCS MpeICTaBlIeHUe mporpamM rpadosbiMu Mozaensimu. B Poccun pas-
pabOTKON METOJIOB aHajM3a CTPYKTYpPbI AITOPUTMOB Ha OCHOBE rpad)oBbIX MoJiesel 3aHUMa-
JIMCH aBTOPHBI paboTHI [1].

Cutyarusi yCIOXXHSETCS HEOOXOTUMOCTBIO PAIMOHAIBHOTO HCIIOJIB30BAHUS PECYPCOB
KOHKPETHOW MHOTOIPOIECCOPHON BhruuciutenbHon cucrembl (MBC). OTu pecypcesl (ducio
napaiesibHO paboTalOIIMX BbIUUCIUTENEH, 00BeMbl IaMATH Ha Ka)/I0M U JIp.) BCerja orpa-
HUYEHBI, I03TOMY 3aJaya IJaHUPOBAHUS UCIOJIb30BAHUS PECYPCOB O4YEHb BakHA. Dopmaib-
HO 3TO 3a/laya Paclio3HaBaHUs M ONTUMHU3ALMM, NPUYEM KOHKPETHbIE KPUTEPUM ONTUMHU3A-
LIUU OIPENEISAIOTCS OCTABICHHON UCCIIE0BATEIEM 1IEIIbIO.

HccnenoBanust B 1aHHOM 00jacTy 00J1a1al0T MPAKTHUECKOW IIEHHOCTBIO JJIS CO3JaHus
3 PEKTUBHBIX paclapauIeIMBAIOIUX KOMIMIATOPOB JUIS BBIYUCIMTENBHBIX CHUCTEM apXu-
tektypsl MIMD (Multiple Instruction stream - Multiple Data stream) mo M.®nunny [1] npu
yrpaeieHuu ot notoka koMaun (Instruction Flow) ¢ BeisiBneHHMeM napaiuienu3Ma Ha YpOBHE
porpaMMHOro obecriedeHus (COOCTBEHHO pacnapanneausarouezo komnuisamopa). imerorces
U3YCTHBIE CBeIeHUs1 00 00CYX/I€HUU U MPOBEICHUU MOJOOHBIX MCCIEIOBaHUM MpU pa3padboT-
K€ KOMIIMISTOPOB ISl CEpUU KOMITbIOTEPOB Dab0pyc B KoHLe 80-X u Havase 90-X I.T., U, yX,
HaBepHoOe, mpoekTa Itanium.

WNupopmaninoHHslii rpad anropurMa (BbIYMCIUTENbHAS MOJETH “‘ONEpaTopbl - ONepaH-
nb1”, nanee UI'A) cyTe Hanbosiee mpocToe NnpeicTaBlIeHue KOHKPETHOTO alropuT™Ma B rpago-
BoM Buje. M['A omnuceiBaeT HCKIIOYUTENBHO WH(POPMALMOHHBIE 3aBUCUMOCTH aJrOpPUTMA
(BepuInHBI rpada COOTBETCTBYIOT OTJEIBHBIM OMepanusM - mpeodpa3zoBaTesiiM HHPOpMAIIUU
(apuMeTHKO-TOrUYeCKUe ACHCTBUS U T.I1.); HAIMYKE AYTH MEKAY BEpIIMHAMY i,j TOBOPHUT O
HEOOXOIMMOCTH TPU BBINOJHEHHH OIEPAIlMH | alpHOPHOTO CYIIECTBOBAHUS apryMEHTOB
(omepaH0B), BEIpaOOTAaHHBIX OIEpaliel I; B clydae He3aBUCHMOCTH BBIIOJHEHHSI OTepanuii

| U | nyra mexnay BepuimHamu oTcyTcTByeT). CBoiictBa MI'A: alMKINYHOCTH, HANpaBIlicH-



HOCTb, J€TEPMUHUPOBAHHOCTh. KOHEYHO, B JaHHOM cilydyae TEpMUH "omepaTtopbsl" B M3BECT-
HOU CTENeHH YCIIOBEH, HOo moj "orepaTopaMu’ MOKHO MOHUMATh OT/AEJIbHbIC HE3aBHCUMBIC
M0 JIaHHBIM TOCJIeI0BATEILHOCTH BBIUUCICHUN (epaHyibl napannenuzma) aoodoro (kemaTelb-
HO NMPUOIU3UTEIHHO OJIMHAKOBOT0) pa3Mepa.

CymiecTByIOT ¥ uHBIE (hOpMBI IpaOBOTO MPEACTABICHUS AITOPUTMA - HAIIP., C BEPIIH-
HaMH - paclio3HaBaTENISIMU (3TO YCIIOBHBIE OIEPATOPhI, IEPEKIIIOUATENN U JIP.), KOTOPHIE OIl-
PEeneNsIoT MOoCieI0BaTeIbHOCTh cpabaThiBaHus MpeoOpa3oBareseil mpu paboTe mporpaMmbl
[1], oqHAKO MCIIOJIB30BAHUE UX JJI MOAECIMPOBAHUSA MPAKTHUECKH BO3MOXHO JIMIIb JJIS OT-
HOCHUTEJIBHO HECJIOKHBIX AJITOPUTMOB.

dopManabHO MpOIEaypa BBIBICHUS Mapajienu3Ma M0 HHPOPMALUOHHOMY Tpady airo-
putma (MI'A) cOCTOMT B MOCTPOCHUHU €ro spycHO-mapamieabHoit hopmbr (STID). Spycho-
[Mapamiensuas ®@opma (ST1D, SPF — Stacked Parallel Form) undopmarmontsoro rpaga an-
roputMa cyTth (opma mpejacTaBieHus rpada, Mpu KOTOPOW OMepaTopbl, MOTYIIUECS BBITION-
HATBCS HE3aBUCHUMO JIpYr OT jpyra ((pakTHuecku MapajijielibHO) pacrojararTcs Ha OJHOM
ypoBHe (sipyce). [IpencraBnenue rpada B AID - ogHo U3 Hanboee MOUTHBIX CPEJICTB BHISB-
JIGHUS CKPBITOTrO Mapajuienusma B aaropurme. @opmansHo AID crpoutes Ha ocHoe UT'A ¢
IIOMOIIBI0 HECJIOKHOI'O AJITOPUTMA TPYILOEMKOCTBIO IOPSAIKA O(NZ); Ha puc. 1 npusenena
SATI®D rpacda nporeypsl BHIYMCICHUS BEMIECTBEHHBIX KOPHEW MOJIHOTO KBAIPaTHOTO ypaBHe-

HUs.



Puc. 1. Undopmarmonnslii rpad (cM. pucyHOK cieBa, oomuid Bu: y3iel 11,12,13 -
BXOJIHbIE TaHHbBIE, 9 U 10 - BEIUKCIICHHE BHIXOAHBIX JIAHHBIX) U €r0 MPEICTaBICHHE
B AII® (cnpaBa) nponeaypbl HAX0XKIEHUS BEIIECTBEHHBIX KOPHEH ITOJIHOTO

KBaJpaTHOTO ypaBHEeHUs (mudpsl KpaiiHue cripaBa - Homepa sipycoB SI1D)

Beicota AIID (BeluMcnsiemMast uype3 YUCIO SIPYCOB) OIpeaeNseT o0Iiee BpeMsl BhINOJIHE-
HUs anroputma, mupuHa SI1® — MakcuManbHOE YMCIIO 337€MCTBOBAHHBIX OTAENIBHBIX (Ia-
paJuIenbHO PaOOTAIOIIMX) BBIYMCIMTENEN (HAmp., OTACIBHBIX sAep Ipoleccopa) AAHHOM

MBC.

3. le/IMEHﬂeMI)Ie IpHu UCCJIEAOBAHUU METO/AbI

Peanbupie AP undopmanuonHbix rpadoB 001aaa0T GONBIION HEPAaBHOMEPHOCTHIO
pacnpezneneHuss 4ucia OIepaTopoB IO spycaM, IIPU 3TOM HCHOJb30BaHUE pecypcoB MBC
OUYEHb HEPAIMOHAIBHO - MAKCUMYM 3(P(PEKTUBHOCTH MCIOJIB30BaHUS PECYPCOB OOBIYHO J0OC-
TUTAeTCSd NPU PaBHOMEPHOM (MM OJIM3KOM K PaBHOMEPHOMY) pacIpeiesieHUH ONepaTopoB

1o sApycam.



Opnnako npaktuuecku B robom SIID umeercs sapuamuenocms B PaCIOIOKEHUH Bep-
muH rpada (oneparopoB) MEXIy sipycamu (MepeMeNIeHue ONepaTopoB MEXKIY spycaMu Or-
paHHuYMBaeTCs COOMOIeHuEM HMH(OPMALMOHHBIX 3aBHCUMOCTEH orepaTopoB B rpade; amns
SI1®D rpada Ha puc.1 onepatop 14 MoxeT ObITh TiepeMelieH "BHU3" Ha JIF000# spyc ¢ 2 110 5-
i, oneparop 2 - Ha JIt000ii sipyc ¢ 2 no 4-ii, ornepatop 1 - Ha spycC 2); BO3MOXKHBIN JHana3oH
nepeMelIeHui nokasad Ha puc.l myHktupoM. Jta ocodeHHocTs AIID naeT BO3MOKHOCTD OIl-
tumuzauuu AI® (B cMbiciie, HaMp., TOCTHKEHUS HAMOOJIbIIEH PaBHOMEPHOCTHU pacrpezene-
HUS ONIEpaTOpOB IO sIpycaM — IPHU 3TOM aBTOMATUYECKH JIOCTUIAETCS MAKCUMYM HCIIOJIb30-
Banus pecypcoB MBC). Hanp., B nannom ciyuae Bo3moskHa "pasrpyska’ spyca 1 ot onepa-
TOpoB 14 u 2, B pe3yibTaTe MPUBEACHHAs IpOrpaMMa MOKET ObITh BBINOJIHEHA Ha 2 (BMECTO
4-X) mapaijieIbHO pa0OTAIOUINX BHIYUCIUTENSAX 3 TO KE BpeMsl.

Jns UT'A Gonbiioro pasmepa TpyAO€MKOCTh TaKOM ONTUMU3ALMU 3aMpeebHO BElMKa
(3a7a4a mepecTaHOBOK C y4€TOM BIHMSHUSA M3MeHeHUs1 KoHpurypauuu AlID nmocne xaxmoii),
CYIIECTBYIOIIME AITOPUTMBI pa30ueHus rpadoB SBISAIOTCA dBpucTHUecKuMuU (Hamp., KL-
anroput™ [2]). octrxkenue 1eiau (Hamp., paBHOMEPHOCTH pacIpeeCHHs OIepaTopoB IO
apycam SI1D) BO3MOKHO C MOMOUIBIO PA3IUYHBIX CTpATErUil MEPECTAaHOBKHU ONEPAaTOPOB MO
sipycam; BBIOOp ONTUMAaNIbHOW (parmoHanbHOM) crparerun A AI1D pa3nudHoil cioxHOCTH
— MPAaKTUYECKH-TIONIE3HAs 3a]aua, UMEIOIIas MPsIMOe OTHOILICHHE K mpobdieme 3 dekTruBHOTO
pacnapajiieIMBaHus aJrOpUTMOB.

Hrak, umeeMm nBe (00s13amenbHo nociedo8ameibHO BBITIONHIEMbBIC) 3a/1a4u:

a) BeisiBJIeHHE B 33J]aHHOM aJIrOPUTME COOCTBEHHO HAJIMYHE Mapayiesn3ma (IJis BITOJIHE-
HUSI 3TOTO KaK HEJb34 JIyYIlle NOAXO0IUT MeToI npeacraBienus UI'A B spycHO-napanienbHOn
dopme).

6) [nannpoBaHue MapajuIeIbHOIO BHIMOJIHEHUS AITOPUTMA C YY€TOM peanuil (orpaHudeHuil)
koHKpeTHONH MBC.

Orpannuennst MBC - urciio mapaienbHO pabOTaroNIMX BEIYUCIUTENEH, 00bEMBI UX T1a-
MSITH U JIp., BBIITIOJIHEHHE IIPOrPaMMBbI C YYE€TOM 3TOTO JOCTUTAETCS SKBUBAJICHTHBIMU (HE U3-
MEHSIOIMMHU UH()OPMAIIMOHHBIX 3aBUCUMOCTEH B rpade) npeodpasosanusimu UI'A B SAT1O.

OcnoBuble napameTpsl AI1D rpada (MpUMeHsIOTCS TaK)Ke U UHBIE):

* B - Beicota AII® rpada, onpenensercs: KOIMUYECTBOM SIPyCOB
* H; — mmipuHa i-Toro sipyca (KOJIMYECTBO ONIEpaTopoB Ha HEM)
* H — mmpuna SO rpacga, onpenensercs MaKCHMyMOM OIIEPaToOpoB IO BCEM spycaM Irpa-

¢a; H = max(H;)



» H — cpenuss mmpuna SAId; H = %Zfi’l\’ H; , N - aucno spycos SI1®

» K; = H;/H — crenens (ko> duiuenT) 3anonsenus i-toro spyca SII1®P rpada

* M,,;, — MUHIMaJIbHOE KOJIHYECTBO (TapauieIbHO PabOTAIOIINX) BRIYHCIUTENICH, HEO0X0-
JMMOE JUTSL peajii3allii BEIYMCIIEHUI COTTIACHO JIAaHHOTO rpada; My, = max(H;)

* Kirreguiar - cTenenb (k03QQUIMEHT) HEPABHOMEPHOCTU PACHIPEIECIEHUS ONEPATOPOB MO

apycam SO rpada; Kirregular = max(H;)/min(H;)

1 . j—
s oy = J m YI=N(H; — H)? - cpennexBanpaTtn4HOe OTKIOHEHHE WUPHH APycoB SITID

OCHOBHBIE TOCTAHOBKH ONTUMH3AIMOHHO# 3a/1auu (HE TOJIBKO BO3MOXKHBI, HO U TTOJIC3HBI
KOMOUWHAIIUN):

a) Haubosee mosHas 3arpy3ka HEM3BECTHOTO 3apaHee YHCIIa MapajlielibHO pabOTaroIIUX BbI-
YHCIUTENbHBIX y3510B uMmerolelics MBC npu MUHUMaIbHOM BPEMEHHU BBITIOJIHEHHS 3a/1a-
it Kirreguiar = 1,0 ipu B = B, = const (roe By - AnuHA KPUTUYECKOTO MYTH - MUHHU-
MaJibHasl U3 BCEX BO3MOXKHBIX BbICOT y SIIIMD maHHOrO aruiin4eckoro rpada).

0) HaubGonee nomHoe ucnonb30BaHUE PecypcoB (BBIUMCIUTEIBHBIX Y3110B) uMetoleiics MBC
IpHU TONYIICHUH YBEIMYCHUS BpeMeHH BbinonHenus: max(H;) < M, npu B > B, (31ech
M, - 4uClIO NOCTYIHBIX MapauieabHO padoTaronux BbluuciauTenei B 3amanHoit MBC);
OJIHaKO keJarensHo B—By —» min (MUHUMH3AIMS BPEMEHU BBIOJIHEHUS). MOXeT ObITh
MOJIE3HO MPEACTABUThH ITOT MPOLIECC KaK MOATOTOBKY COCTOsIIIEH U3 He Ooyiee yeM 3aJaH-
Horo yucia Mo 3aBeTOMO HE3aBUCHUMBIX (OPTOTOHAJBHBIX) MO JAHHBIM KOMaHJ| JUIsl BbI-
qUCIUTENBHOM cuctembl apxutekTypbl VLIW (Very Long Instruction Word) B uaenoreme
EPIC (Explicitly Parallel Instruction Computing - MuKpompoliecCOpHasi apXUTEKTypa ¢
SIBHBIM MapajIeIn3MOM KOMaHN).

[To nanubiM [1] mocTaBieHHas 3a7a4ya BBIPAOOTKHU PAIMOHATBLHOTO PACIUCAHUS BBIMMOJI-
HEHUS MapajuleNIbHBIX YacTel MmporpaMM OTHocuTcs K kiaccy NP-monHbIx (KoMOMHATOpHAs
3agada ¢ orpaHudeHussMu). C MPaKTUUECKOW TOYKM 3pEHUs] HEOOXOIUMO MMETh MOIIHBIA U
ruOKMi anmapar /Ui HaXOKIACHUs TPUEMIIEMBIX PElIeHUH 3ToH 3a1aun (MCX0s U3 CKa3aHHO-
ro MpUEMJIEMbI IBPUCTHYECKHE METOIBI).

OnHOMl M3 TEHJIEHLIMH COBPEMEHHOI'O MNPOrPaMMHMPOBAHHUS SIBIIETCS HCIOJIb30BaHUE
BCTPAaMBAEMbIX CKPUINTOBBIX s13bIKOB (BC) nns pacmmpeHns BO3MOXKHOCTEN IPOrpaMMHBIX
KOMIIJIEKCOB B 00JIaCTH CJIOKHOM 00pa®oTKH NaHHBIX. VCTOpHIO COOCTBEHHO CKPUITOBBIX
SI3BIKOB MOYKHO TPOCIETUTH ¢ 60-X T0o/10B (S3BIKM MAaKeTHOW 0OpabOTKH M SI3BIKM KOMAaHTHBIX

000J104€K, UCTOJIb3yeMbIE Yallle BCEr0 B MAaKETHOM PEeXHUME 00pabOTKH), OAHAKO OOJBIIYIO



4acTh IPOLUEAIIErO0 BPEMEHM NPUMEHEHUE MX OIPaHMYMBAIIOCh CHUCTEMHBIMHM IPOEKTAMU
(YpOBEHb OIEpPALMOHHBIX CUCTEM), TOJIBKO B IIOCIEAHEE BpEeMs IPOSBIAETCS TEHACHLMS HC-
nosib3oBanusa BCS B mporpaMMHOM 0OecrieueHuH MEHbILEro MaciiTada.

BerpanBaemble CKpUIITOBBIE SI3BIKM BCJIEICTBHUE MPUCYHICH T'MOKOCTH OMHMCAHUS alro-
PUTMOB JAfOT OOrarhieé BO3MOXKHOCTH CJIOKHOTO NMPEeoOpa3oBaHUs JaHHBIX, HEJOCTH)KUMBIC
TPaJUIIMOHHBIMU METOJaMU (HaIlp., MTPUBBIYHBIMH CUCTEMaMHU OpraHH3aluud HHTEpdeiica ¢
MOJIb30BaTENIeM - MEHIO, KHONIKaMu | Jp.). B cioyuae BCS pa3zpaborunk (uHOrAa M KBaudu-
UPOBAHHBIM TOJIb30BaTENb) OMUCHIBACT (OOBIYHO TNpu 3TOM BbIZOBEI BCS craHOBsTCA
"obeprroit" ¢pynkuuit API "poaurensckoro" npunoxenus, npu 3tom BCS dakTruecku cra-
HOBHTCS TIPEIMETHO-OPHEHTUPOBAHHBIM SI36IKOM IIPOTPAMMHUPOBAHUS) HEOOXOAUMBIE ICHCT-
Bus Ha BCSl, B nanpHelimeM "poauTtenbckoe'" MPUIIOKEHUE UCIIOIb3YET 3TO ONMUCAHUE AJIS
COBEpIICHMs 33JaHHBIX JeicTBuil. Ycnexu B pa3pabotke BCS mo3Bommiu CyliecTBEHHO
YMEHBILIUTh pa3Mep UX KoJa (4acTO TaKUE S3bIKU IOCTABIISIIOTCS B BUJIE UCXOJHBIX TEKCTOB B
pexume Open Source), B 3TOM Cliydae Py BCTPAaUBaHUH pa3Mep "pOAUTEIILCKOTO" MpHUIIoXKe-
HUSl BO3pacTaeT He3HAYUTeIbHO. B HacTosiee BpeMsi U3BECTHBI BCTPAUBAEMbIE CHCTEMBI HA
ocHoBe Basic-momo6Horo s3bika (cemeiictBo mporpamm 1C), Java (JavaScript, JScript), Py-
thon, Ruby, Tcl, PHP, Perl, REBOL, NewLISP u ap.

HenocraTtkamMy CKpUNTOBBIX S13bIKOB SIBJISIIOTCS MOBBIIIEHHOE BpEMsl UCIIOJIHEHUS BCIIE -
CTBUE MHTENIPETUPYyEeMOCTH (uaeosnorema npumenenus 3tux BCS B kauectBe "00epTok" Haj
BBI30BAMU OBICTPBIX KOMIUIMPYEMBIX SI3bIKOB 3Ty MPOOJIEMBI IPAKTUYECKU CHUMAET), OTCYT-
CTBUE YZ00HOI MHTErpupoBaHHOM cpeabl pa3padoTku (IDE) u MmapkeTnHroBoro 0roxera.

Wnrepecusim BCA sBnsiercs Lua, pazpabareiBaemsiii ¢ 1993 1. B KaTOIU4YECKOM YHUBED-
cutere Puo-ge-Kaneiipo [3]. A3pik Lua sBisercss HETUNM3UPOBAHHBIM, HAIMCAH HUCKIIOYH-
tenbHO Ha ANSI C u nonHoctsio Open Source, IpUMEHSET MOAXO0] UHTEPIPETAMU UCXO-
HOT'O TEKCTa C MPOMEXKYTOUHOM (OpPMOH mepe]l BHITOJHEHUEM MPOTrPaMMBbl, O3BOJIIET HC-
M0JIb30BaTh 00BEKTHO-OPUEHTHPOBAHHYIO MOJIENb MPOTrPaMMHUPOBAHUS, peallu3yeT HEBBITEC-
HSIOLYI0 MHOTOHUTEBOCTh, UMEET MHOTO CTaHJApTHBIX OMOIMOTEK U MAKETOB PACHIMPEHUH.
SA3pik Lua mpuMeHeH Kak BCTPOEHHBIM NpH pa3paboTKe TakuxX MpuioxkeHuH, kak Adobe
Lighroom, Nmap, Word of Warcraft, Stalker u ap.

Berpoennsliit ckpunToBslif s13bik Lua ncnonb3oBan npu pazpaboTKe OMUCHIBAEMOM B AaH-
HOM paboTe MpOrpaMMHOM CHCTEMbI BBISBIEHUS CKPBITOrO Mapajuien3Ma U COCTaBICHUS
pacnucaHus BBINOJHEHUS MapajuiebHbIX YacTel mporpamMmsbl. JlaHHast mporpaMMHasi CUCTe-
Ma HamhcaHa Ha s3blke mporpammupoBanus C++ u sBuserca 32-OMTHBIM TPUIIOKEHUEM

Windows (puc. 2); B CBSI3U ¢ TpenojaracMbiM OOJIBIITMM YHCIOM BBIYMCICHUI Tpe/inoara-



ercss uHTerpupoBanue ee B umH@pactpykrypy BOINC (Berkeley Open Infrastructure for

Network Computing) u pacmionoxxenue Ha cepsepe BY3'a.

E_ SPF@home client ver.3.0 jun 2015 B

Pabota c AN$ - PaboTa co axpuntamm - Cepeep SPF@home - Whdopmaws

Tekct ckpunta (006.lua) ObnacTe TeKCTOROIO NpefcTaEneHuA HHropmaLnu
B =l =7 ealkd | 16/5: 89 86 87 88 85 -]
= 8 2|8 ovwe Y | 17i4: 91929093
18/2: 9594

-

19/6: 97 99 96 98 100 101

while GetCountOpsOnTier{GetTierFirstMaxOps(1,nTiers)) = Width -- nc 20/6: 105 102 106 103 107 104

do

21/2: 108 109
nOps-GelCountOps() - obuiee umcna onepatopan 22/9: 110 114 116 117 118 111 112 113 115
printf nOps . =T nTiers | 237 120123 125 124 121 119 122
; 24/1: 126

AverOpsByTier=nOps / nTiers

print( AverOpsByTier ) 25/5: 127 128 129 130 131

K 26/5: 133135136 132134
UnloadTier{ GetTierFirstMaxOps(1,nTiers) ) - pazrpyzka max Harpy. g” :::g

i 3 29/7: 139 140 141 142 143 144 145
nTiers=GetCountTiers() -- obmee yncno Apycoe 30/8: 148 158 153 147 155 151 160 156
31/7: 149 146 157 152 154 159 150
32/6: 162 161 170 166 167 168

= ] i 33/5: 165 164 163 169 171
Visual{) — enmzyannzauma cocroanua ANO 341 172

—PutParamsSPF() -- esieog napameTtpoe AN® 385/6: 173 174 175 176 177 178
36/7: 179 186 185 183 188 184 190
37/6: 180 182 191 187 181 189
38/7: 196 203 204 199 205 201 200

print{GetCountOpsOnTier|GetTierFirstMaxOps({1,nTiers)) .. "-* .. GetTi

—-SoundPlay("kuku.wav") -- nponrpate 2BYyK U2 daina

_!Jrinl{GelCUunlOpsOnTierlGelTierFirslMaxOpsM,nTiers}} = "=" GetlT 397 192 193 194 202 195 197 198
end - konew while GetCountOpsOnTierl..) > Width _l;l 4015: 210» 2060 207» 208» 209 ﬁ
[ » =
5.282051 Py || K1 | »
:j;g __i| Onepatopoe=206, ayr=313, apycoe=40; cpea. on/Apyc=5.150

7 ~ || CKO wnp AN®=2.414, onepatopoE Ha Apyce/Apyc (min:max)=1/1:9/6
ﬂ e HEPABHOMEPHOCTL WHPHHLL AN (no Apycam 1-40)=9.000

| Lua call c_GetOpsMaoves()

Puc. 2. [maBHOE OKHO MPOTrPaMMHOTO MOJYJISI BEISIBJICHUSI CKPBITOTO Mapajuien3mMa

" COCTABJICHUA paCIIMCAHUS BBITIOJIHCHUA TTapaJlJICIIbHBIX qacTei nporpaMmaI

[IporpammusbIil uHCTpyMeHTapuii (¢paktuuecku API monb3oBarens) pazpaboTaHHON cuc-
TEMbl MO3BOJIIET PEaIM30BBIBATH JIOOON M3 MEPEUYUCICHHBIX KPUTEPUEB ONTHMM3ALMHU (a
TaKXe UX KOMOMHALIMK), T.K. BBIOOP KPUTEPHs OCYIIECTBIIIET COOCTBEHHO IOJIb30BaTENb (Ha
OCHOBE 33aJ1ay, UM MOCTaBJIEHHBIX). K pOJCTBEHHBIM 10 TEMATUKE C TaHHBIM IPOEKTAM MOX-
Ho otHectn V-Ray wu ITAPVYC (o6a paspaborku MI'Y um. M.B.JlomonocoBa, Poccust); n3-
BecTHBI Takke cucteMbl METIS u ParMETIS (ynusepcuter Munnecotsl, 1998-2003), pyHk-
[IMOHAJI KOTOPBIX JJIS ITaHHOTO CITy4ast SBHO U30bITOYEH.

WnctpymenTapuii cuctemsl BkitoyaeT Tpu tuna API-Bei30BOB (Bcero okoso 30 mTyK,
pUYeM Kaxabld sBisieTcst Lua-"o6eptkoit", coorBeTcTByMOMIeH C-pyHKITNN):

e lHdopmarmonnsle (cayxaT A noiaydenus napopmanuu o UT'A u ero AIlD; umenHo Ha
OCHOBAaHUU ATUX JIaHHBIX MPUHUMAETCS pEIIeHHe O MPUMEHUMOCTH OJHOW M3 CTpaTerui

npeoOpazoBanus AID rpada, peanuzyemoii B nasibHEeM Ha s3bike Lua).



e AKIMOHHBIE (CIyXaT Ul YKBUBAJICHTHBIX, T.€. HE MEHSIOIUX WH(OPMALMOHHBIE CBSI3U B
UT'A, npeobpazoBanuii SAIID).
e Bcnomorarenpnsie (pabota ¢ ¢haiIoBOM CUCTEMON U T.I1.).

[Tpumepamu MHPOPMALMOHHBIX BBI30BOB SIBISIIOTCS - MOJYYHTH OOIIEe YHCIO SPYCOB
ATID, yucno oreparopoB Ha 3aJaHHOM ApPYCE, NOJIYYUTh JUAIMA30H SPYCOB JUJIsI BO3MOKHOTO
HAXO0X/ICHUS Ha HUX 33JJaHHOTO ONEpaTopa U Jp., aKLIUOHHBIX — IEPEMECTUTD 3a/IaHHBIH Orle-
patop Ha KoHKpeTHbIH sipyc AIID (¢ yuyetoM HeHapylieHHs WHGOPMALMOHHBIX 3aBUCHMO-
CTEil), CO3/1aTh HOBBIA MYCTOM Apyc, YHUUTOKUTH IIyCTOM sApyc U Ap. B mpouecce BbinosHe-
HUSl aKIIMOHHBIX (PyHKIUH coOcTtBeHHO MI'A He m3meHsieTcs (T.e. mporpaMmma OCTaeTcs TON
)K€ caMoil) - MEHseTCs JIMIIb TIpeicTaBiieHue rpada (B JaHHOM cirydae - ero SAI1D).

Hcxonnsiii (1 mpeobpazyemblil B najbHeieM) nHGOpMaMOHHBINA Tpad anropurMa Mo-
eT OBITH MOJIYYEH CIIEYIOIIMMH METOIaMu:

1)  TlocTpoeH BpYy4YHYIO COTJIACHO TEKCTOBOMY OIMHMCAaHHIO aJITOPUTMA WIIM JKE TPE/ICTaBIIe-
HUIO €r0 Ha ICEBAOSA3bIKE WIM B BUJAE OJIOK-CXeMbl (/111 BHOBb pa3padaTbIBa€MbIX alrOpUT-
MOB).

2) Ilyrem aHaim3a MCXOMHOIO TEKCTA MPOTPaMMbl HA OJHOM W3 TPATUIIMOHHBIX S3BIKOB
IpOrpaMMUpOBaHus (IOAOOHBIE aHAIM3ATOPHI CYIIECTBYIOT, OJIHAKO 3a4acTyIO BbIIAIOT IIPO-
TUBOPEUYUBBIE PE3YJIBTATHI).

3)  Kak pesynbTar paboThl nmporpamMmbi-rpadoreHeparopa (IPEUMYIIECTBO - MOXKHO 33/a-
BaTh alpyopHu onpenaeiaeHHble napameTpsl UI'A, naronme MakcuManbHOe €ro IpuOIMKeHne K
peabHBIM; OJJHAKO MCIIOIb30BaHUE OOBIYHO OTPAHUYHUBACTCS TECTOBBIMH IPHUMEPAMH).

4) B cnyuae nmpUMEHEHHE AHHOW CHUCTEMBI B KAUeCTBE KOMIIOHEHTHI paclapajjieIiBat0-
mero komnuistopa Hamuuue UI'A anpuopHo (KoMOmisTop npu paboTe NpOU3BOIUT aHAIIN3
porpaMMbl Ha HH(MOPMAIIMOHHBIE 3aBUCUMOCTH - T.€. (hakTuyecku ctpout UI'A).

ABTOp 11 coctaBieHus: koppekmuozo UI'A ncnonb3yeT NporpaMMHBINA CUMYJISTOp BbI-
gucimrenst motokoBoi (DATA-FLOW) apxutektypsl [4], B KOTOPOM MpOrpaMMa OTIaKHUBa-
eTcs U B JajibHeinieM skcroptupyercs B Qaiinobiii popmar UT'A (CHHCOK CMEXHBIX Bep-
IIKH).

Onna u3 Hanbosiee CIOXKHBIX IIEJIEH MpOeKTa — ompeseneHue Hanbomee 3P HEeKTUBHOM
CTpaTeru OaJlaHCUPOBKHU SPYyCHO-TIapasuieabHOW (opMbl MHGOPMAIMOHHOTO Trpada anro-
pUTMa; 37€Ch MO OaJaHCUPOBKOM MOHMMAETCSI PABHOMEPHOCTh paclpeieieHusi ONepaTopoB
no sipycam SAIID. 3agaya umeeT npsimoe OTHOLIEHHUE K mpodieme 3PGEeKTUBHOTO pacnapal-
JIENIMBAHUS aJTOPUTMOB U, B YACTHOCTH, K BOIPOCY Hanbosee 3eKTUBHOTO UCTIOIb30BaHUS

pecypcoB MBC. Ha nepBoii ctaanu u3 Bcex peanuii KoHKpeTHor MBC y4uThIBaeTCsi TOJIBKO



YHUCJIO MapaJUICIbHBIX BBIYUCIUTENCH, HO B MEPCHEKTUBE CTOST IUIAHBI y4eTa JOMOJHUTEIb-
HBIX [1apaMeTPOB.

B kauectBe napamerpa 3¢(HEeKTUBHOCTH KaKIO0TO MPEIIOKEHHOTO PELIeHHs] HUCIOIb30-
BaJIOCh YHCIIO MEPECTAHOBOK OMepaTopoB c sipyca Ha sipyc AIID mis nmomydyenus 3aaHHOTO

pe3yJbTara.

4. Pe3yabTaThl M UX 00CYyKIeHHE

DddexTuBHOCTh 00PaOOTKM JAHHBIX HIUTFOCTpUpOBaHa Ta0i. 1 (omucannas Ha Lua crpa-
Terus GanlaHCUPOBKH MpuH apycoB UI'A 6e3 yBenmuenust Boicotsl AIID) u tabdmn. 2,3 (cTpa-
Terusi cHkeHus mupunbl AIID k 3amaHHON BenMUYMHE COBMECTHO C 0alaHCHPOBKOI) JUis
Heckonbkux UI'A paznuuHoil CIOKHOCTH.

[TpeoOpazoBanust SI1D BeITOTHEHBI AT PA3IUYHBIX AITOPUTMOB, 331aHHBIX HH(pOpMa-
nroHHbIMU Tpadamu. Mudopmarmonnsie rpader slau_2a, slau_3a, slau_5a u slau_10a - pe-
menne CJIAY mnopsankoB 2,3,4,5,10 COOTBETCTBEHHO KJIAacCHYECKMM MeToaoM ['aycca,
mnk_10 u mnk_20 — nuHeiiHas anmpoKcUManus M0 METOY HaUMEHBIINX KBaapaToB s 10
u 20 Touek, korr 10 u korr_20 — onpenenenne koaddunmenTa mapHoi koppessun st 10 u
20 Toyek, m_matr 5 u m_matr_10 — yMHOXeHHE KBaJpaTHBIX MaTpuIl HOpsakoB 5 u 10
KJIACCMYECKUM METOJIOM.

Crparerus npeoOpaszoBanus AIID, ¢ moMompio KOTOPOil MOSy4eHbI NPHUBEIECHHBIE B
Tabn. 1 pe3ynbrarsl, Ha3BaHa (yclIOBHO) “Bynbao3ep” U OCHOBaHA Ha TMEPEMEIICHUH Olepa-
TOPOB C HauboJiee HarpyXEHHbBIX SIPYCOB Ha HENOTPYKEHHbIE (TaKk HOXK Oyiba03epa cpe3aer
XOJIMBI U CABUTAET UX MaTepHall BO BMAJAWHBI); KPUTEPHI OCTAHOBKH alTOPHUTMa — Mepedop
BCEX OIMEpaTOpPOB, MOTYIIUX OBITh MEPEHECEHHBIMH “‘C XOJIMOB BO BIAJUHBI C IENbIO OalaH-
cupoBku AID. Tabn. 2 u 3 — pe3ynbTaT npuMeHeHus crpareruu “bucexuuns” — Haubonee Ha-
IPY’KEHHBIE SIPYCbl PAa3TPYy’KAIOTCS MYTEM IEPEHECEHUs IOJIOBUHBI HAXOSAIIMXCS Ha HUX
OIIepaTOpPOB Ha BHOBb 00pa30BaHHbIE APYChI, CO3/IaHHbIE O] JaHHBIM PYCOM; KPUTEPUN OC-
taHoBa — “‘yxatue” 11D 1o mmpuHbI, HE MPEeBBIIIAIONIEH 33a/JaHHOM.

KauectBo mocturnyteix mpeoOpazoBanmii AIlD B Tabn. 1-3 xapakrepusyercs Oe3pas-

origin Korigin
H irregular o
MCPHBIMU IOKa3aTCIAMHA IO- = —eformed Y IK = —Teformed > rac TMEPBBIM IOKA3bIBAC€T, BO
o .
H irregular

CKOJIBKO pa3 IMpu NpuMCHCHUHA JTaHHOM CTPATCTUU CHU3UJIACh BCIIMYNHA CKO pacnpeaciiCHu-d

YHCIIa ONEPaTOPOB O pycaM, BTOPOU - TO ke 1Mo KodpUIMeHTy Heperyaspaoctu (original



u reformed - nmokasarenu o u mocne npeodpazoBanust AID); TpynoeMKocTh mpeodpazoBa-
HUS - YHACJIOM IIEPECTAaHOBOK OIIEPATOPOB C sipyca Ha spyc.

Kak BuaHO 13 nanHbIX Tabi. 1-3, onucaHHble (HE ABJISAIOIIMMUCS U3JIHUIIHE U30IIPEHHBI-
MH) CTpaTeruy B CaMOM JleJie MO3BOJIAIOT JAOCTHYb TpeOyeMoro pesyibTara (Habirogaercs
CHIDKEHHE HepaBHOMepHOCTH mupuH SI1D no spycam), oJHaKO ¢ COBEPIICHHO pa3HOM (-
dexTuBHOCTh ans paznuuHbix MI'A. B nenmom naGmronaercs moBbimeHne 3()(eKTuBHOCTH
CTpaTeruy INpH yBeIu4eHuu cioxkHocTu (BapuatuBHocTH) WI'A. OcobeHHa uMHTepecHa U
IPaKTUYECKH BakKHA 3a/a4ya alpUOpPHOro (10 IpOBEeNEHUs COOCTBEHHO IpeoOpazoBaHUN
SII®D) npenckazanus ypoBHA ux 3pdexkTuBHOCTH (3a1a4a pacriozHaBanus). bonbmero s¢-
(exTa MOXKHO TOOUTHCS IYTEM COBEPIIEHCTBOBAHUS CTPATETUi U Pa3yMHOTO UX COBMECTHO-

'O IPUMCHCHMUA.

Tabéauua 1. DdpdexrnBHOCTS TPUMEHEHNUS CTpaTeruu OamaHCUpPOBKH MUPHHBEI T1D

NTI'A npu HensmeHHoH BbicoTe AP

¢aiin onucanus UT'A
YUCJ0
CpeOH}Z}Z nokKkasame.Jib noxkaszamelilb
yucno oye / y3108 / nepecmanoB8oK
wupuna AllD I, Ix
APYCO6 NEPEOHAUANb- onepamopos
nozo AllD
slau_2a. edg 1,29 1,00 1,00 0
18/9/7 ’ ’ ’
slau_3a. edg 2,15 1,13 1,00 4
56/28/13 ’ ’ ’
slau_Sa. edg 4,60 1,06 1,00 13
230/115,/25 ’ ’ ’
slau_10a. edg 12,8 1,05 1,00 81
1610/805,63 ’ ’ ’
mnk_10. edg 4,13 1,002 1,00 1
132/66/16 ’ ! ’
mnk_20. edg 4,85 1,001 1,00 1
252/126/26 ’ ! ’
korr_10. edg 5,87 1,001 1,00 4
174/88/15 ’ ! ’




korr_20. edg

3347168/25 6,72 1,47 1,41 22

m_matr_5. edg 450 158 1,32 30
450/225/5 ’ | |

m_matr_10. edg 190 1,97 1,67 407

3800/1300,/10 ’ |

Tabauua 2. DphekTUBHOCTL TpUMEHEHUs cTpareruu nonydeHus A1 ne 6osee 3apanHON

[IMPUHBI COBMECTHO ¢ OagaHCHpOBKOi mupuH sipycos SATID (1)

¢aiin onucanus UI'A

3a0annas wupura npeoopazosannou AP <=10

603pacmaHue
yucno oye/ yucno
8blCOombl nokKkasame.Jib nokKkasame.Jib
Y3108 / apycos nepecmano6ox
AP I I
nepﬁOHalla]leOZO 0nepam0p06
TP
slau_2a. edg 1,00 1,00 1,00 0
18/9/7 ’ ’ !
slau_3a. edg 1,00 1,00 1,00 0
56/28/13 ! ’ !
slau_sa. edg 1,16 1,80 2,00 32
230/115,25 ! ’ !
slau_10a. edg 2,24 8,10 9,00 926
1610/805,63 ! ’ !
mnk_10. edg 1,19 2,99 3,67 21
132/66/16 ! ’ !
mnk_20. edg 1,19 3,72 4,20 51
252/126,26 ! ’ !
korr_10.edg 1,20 3,28 4,00 32
174/88/15 ! ’ !
korr_20. edg 1,28 6,16 7.75 o1
334/168,25 ! ’ !
m_matr_>. edg 6,40 433 3,76 342
450/225/5 ! ’ !
m_matr.10. edg 272 306 7,52 5232
3800/1300/10 ! !

Ta6auna 3. DpdexkTuBHOCTS NpUMEHEHUs cTpareruu nomyyenus AP ne 6oee 3agaHHOM




IIMPHUHBI COBMECTHO C OajIaHCHPOBKO# mupHH sipycoB IO (2)

¢aiin onucanus U4 3a0annas wupura npeoobpazosannou A <=5
eo3pacmadue
yucno oye / uucno
6blCOMbl nokasameJib noxkaszameJilb
Y3108 / apycos nepecmano6ok
AND I, I
nepeorHavdalbHO2c0 onepanopos
AND
slau_2a. edg 1,00 1,00 1,00 0
18/9/7 ! / !
slau_3a. edg 1,15 2,11 2,00 6
56/28/13 ! / !
slau_Sa. edg 1,56 3,99 4,00 70
230/115,25 ! ’ !
slau_10a. edg 3,65 18,9 18,0 1234
1610/805/63 ! ! !
mnk_10. edg 1,31 3,74 4,40 27
132/66/16 ! ’ !
mnk_20. edg 1,35 6,37 8,40 67
252/126,26 ! / !
korr_10. edg 153 5,96 6,40 51
174/88/15 ! ’ !
korr.20. edg 1,64 10,8 12,4 124
334/168,25 ! / !
m_matr_5. edg 12,8 80,0 3,76 451
450/225/5 ! ’ !
m_matr_10.edg 54,4 540 7,52 6152
3800/1300/10 ! !
5. BuiBoabI

[Tpennosxena nmporpaMMHasi cucteMa (MHCTpYMEHTapHil) JUlsl aHaau3a HHPOPMALMOHHOM
CTPYKTYpbI MPOTrpaMM IO UX MPEACTABICHUIO B BUAE MH(POPMALIMOHHOTO rpada, mo3BOJISIO-
11asi He TOJBKO BBISIBJIATH CKPBITHIM MapaiienusM, HO U pa3pabaThiBaTh palliOHaJIbHBIE pac-
NUCAHUS BBIMOJHEHUS YacTel MapaulelbHbIX MPOrpaMM C YY4E€TOM IapaMeTpoB pealbHbIX

MHOTOITPOLCCCOPHBIX CHCTCM. HckaounuTeabHo OPpUMCHCHUC BCTPOCHHOI'O0 CKPUIITOBOTO



s3plka  Lua Juig  peanm3anuM  CTpATEeTHil  II€JICHANPABICHHOTO HW3MEHEHHUs SpPYCHO-
napayuienbHO (HopMbl rpadoBOrO MPEACTABICHUS MO3BOIMIO JOOUTHCS THOKOCTH U dPdek-
THUBHOCTHU B pEaTM3allMH NOCTABICHHOMN 1IEJIH; 3TO OBUIO OBl HEMBICIMIMO HHBIMU METOIaMH.
Ha npumepax mokasaHa JI€iiCTBEHHOCTb JTAHHOTO TTOAXOAA JJIsl PELICHUs] OCTABICHHBIX
3aga4d. Pe3ynbraTel ncciie0BaHUl MOTYT OBITh MCIOJIB30BAHbI KaK JJIsl TEOPETUYECKOTO aHa-
JM3a aNrOpUTMOB, TaK M B MPAKTHKE NMPH pa3zpadoTke 3()(HEeKTUBHBIX pacmapaieTuBarOIInX
KOMITMIIATOPOB. OmBIT MOKa3biBaeT 3()(HEeKTUBHOCTh NPUMEHEHHS JaHHOW pa3pabOTKu HpHU
YCBOCHUHM OCHOB TapaJulesn3aliy cTyaeHTamMu BY3'0B, mpu 3TOM ecTecTBEHHBIM 00pa3oM

peanu3yrTcs pa3padOTKH UCCIIEIOBATEILCKOTO HAITPABICHUSL.
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Software analysis tools
information structure algorithms by their

information graphs
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The realization of software tools for developing effective strategies to transform
ideas information graphs algorithms for the purpose of identifying how parallelism,
and the definition of management plan (schedule) of parallel parts of the program
taking into account the limitations of the real multiprocessor systems. To achieve
flexibility in the development of scenarios graph representations of transformations

using embedded scripting language Lua.

Keywords: information graph algorithm, the thin structure of the program infor-
mation, hidden parallelism, parallel-stacked form of the information graph, convert
the graph representation of the information, built-in scripting language Lua pro-

gramming, rational strategy of building plan of the parallel program.

1. Introduction

At the moment of the ways to improve the performance of computing systems available
method for data processing parallelization; other ways are limited by physical laws.

However, parallelization (= virtually simultaneous parallel execution of different parts of
a program independently operating computing units) requires the algorithmic and program-
ming additional efforts to identify areas in the algorithm that may be executed in parallel; the
basic requirement for such blocks (grains or granules) parallelism is independent (orthogonal)
of the data.



2. A review of research in this area

Analysis of programs (usually referred to as the study of the fine structure information,
[1]) by this criterion is not easy, so talk about a hidden (not captured in the superficial exami-
nation) parallelism; a powerful tool for this analysis is to present the graph model programs.
In Russia, the development of algorithms for the structure analysis methods based on graph
models involved, the authors of [1].

The situation is complicated by the need for rational use of resources specific multipro-
cessor computer system (MCS). These resources (number of parallel calculators, memory siz-
es and on each other) are always limited, so the task of planning the use of resources is very
important. Formally, it is the problem of recognition and optimization, and optimization of
specific criteria set by the researcher defined purpose.

Studies in this area have a practical value for the establishment of effective parallelizing
compilers for computer MIMD architecture systems (Multiple Instruction stream - Multiple
Data stream) for M.Flinn [1] under the control of the instruction stream (Instruction Flow)
with the identification of parallelism at the software level (parallelizing compiler itself). There
is word of mouth information about the discussion and conduct of such studies in the devel-
opment of a series of compilers for Elbrus computers in the late 80's and early 90-ies, and so
probably, the Itanium project.

Information graph algorithm (computational model "operators - operand”, then IGA) are
the most simple representation of a specific algorithm in the form of graph. IGA information
describes exclusively based algorithm (vertices correspond to individual operations - data
converters (arithmetic and logical operations, etc.), the presence of an arc between the vertices
i, j to the need in step j the existence of a priori arguments (operands), developed the opera-
tion i; in the case of independence of operations i and j arc between vertices is absent). Prop-
erties IGA: acyclic, focus, determination. Of course, in this case, the term "operators" to a cer-
tain extent conditional, because under the "operators™ can be understood separate independent
according to the sequence of calculations (parallelism granules) any (preferably approximate-
ly the same) size.

There are other forms of graph representation of the algorithm - for example, with tops -
resolvers (is conditional operators, switches, etc.), Which define a sequence of operation of
the transducers when the program [1], however their use for simulation feasible only for rela-

tively simple algorithms .



Formally, the procedure for identifying parallelism in data graph algorithm (IGA) is to
construct its stacked-parallel form (SPF). Stacked-Parallel form algorithm graph form the
essence of representation in which the operators, which might be carried out independently of
each other (substantially parallel) are located on one level (tier). Presentation of the graph in
SPF - one of the most powerful means of identifying parallelism in the algorithm. Formally
SPF is based on the IGA using a simple algorithm complexity of order O(N?); fig. 1 is a graph

SPF procedure of calculating the total real roots of a quadratic equation.

Fig. 1. Information graph (see figure on the left, the general form. Nodes 11,12,13 - input
data, 9 and 10 - the calculation of the output) and its representation in SPF (right)
finding the real roots of a quadratic equation procedures complete

(rightmost digits - numbers SPF tiers)

Height SPF (calculated by the number of tiers) determines the total execution time of the
algorithm, the width of the SPF - the maximum number of the individual involved (concur-

rent) calculators (eg, the individual processor cores) of the MCS.



3. Applied research methods

Real SPF information graphs have large uneven distribution of the number of operators
on the tiers, with the use of MCS resources very inefficiently - maximum resource efficiency
is usually achieved when a uniform (or nearly uniform) distribution operators tiers.

However, almost any SPF has a variation in the arrangement of vertices (operators) be-
tween the tiers (moving between tiers of operators is limited to compliance with the infor-
mation dependencies in the graph of operators, for SPF graph in fig. 1 the operator 14 can be
moved "down" at any tier 2 to 5th operator 2 - at any stage 2 to 4, the operator 1 - 2 per line);
the possible range of movement is shown in fig. 1 by dotted lines. This feature makes it pos-
sible to optimize SPF (in the sense, for example, to achieve the most uniform distribution op-
erators tiers - it will automatically use the maximum of MCS resources). For IGA large labor
intensity of such optimization prohibitively high (the problem of permutations based on the
impact of changes in configuration after every SPF), the existing partition graph algorithms
are heuristics (eg., KL-algorithm [2]). Achieving the goal (eg, operators of distribution uni-
formity on the tiers of SPF) is possible through a variety of strategies permutation operators
tiers; selection of the optimal (rational) strategy for SPF varying complexity - practical and
useful task that has a direct bearing on the problem of effective parallelization algorithms.

So, we have two (necessarily sequentially executed) tasks:

a) ldentifying a predetermined algorithm in fact the presence of parallelism (for doing this is
the best suited method of presentation in the IGA-stacked parallel form).
b) Planning of the parallel algorithm execution, taking into account the realities of (limits) of

a particular MCS.

Restrictions MCS - the number of parallel solvers, the volume of memory et al., the pro-
gram to account for this is achieved equivalent (do not change the information in the depend-
ency graph) transformations of the IGA in SPF.

The main parameters of SPF graph (also apply otherwise):

e B - height SPF graph, determined by the number of tiers

e H; -the width of the i-th tier (the number of operators on it)



H - width of the SPF graph is determined by the maximum operator for all tiers of the

graph; H = max(H;)

e H - average width of SPF; H = %Zﬁj’l\’ H;, N - number of layers of SPF

e K; = H;/H - degree (ratio) filling the i-tier SPF Count

e M,,in - the minimum number of (concurrent) calculators, necessary for the implementa-
tion of the calculations according to the graph; M,,,;,, = max(H;)

® Kirrequiar - degree (ratio) uneven distribution operators tiers SPF graph; Kireguiar =

max(H;)/min(H;)

e o= \/%Ziﬂv(lﬂ — H)? - standard deviation widths tiers SPF

The main productions of the optimization problem (not only possible but also useful

combination):

a) The most full load of unknown in advance the number of concurrent computing nodes
available at minimum MBC task: Kjrreguier = 1,0 When B = B, = const (where By -

the length of the critical path - the lowest of all possible heights of SPF from acyclic graph.
).

b) The most complete use of resources (compute nodes) existing MCS assuming increasing
the run time: max(H;) < M, at B > B, (here M, - the number of available concurrent
calculators in a given MCS); however, it is desirable to B—B, — min (to minimize execu-
tion time). It may be useful to think of this process as a preparation consisting of no more
than a predetermined number My notoriously independent (orthogonal) according to the
commands to the computer system architecture VLIW (Very Long Instruction Word) in
idelogeme EPIC (Explicitly Parallel Instruction Computing - microprocessor architecture

with a explicit parallel instruction).

According to [1] posed the problem of rational production schedules of parallel parts of
programs belongs to the class of NP-complete (combinatorial problem with restrictions).
From a practical point of view it is necessary to have a powerful and flexible device for find-
ing acceptable solutions to this problem (on the basis of the above acceptable heuristics).

One of the trends of modern programming is the use of embedded scripting languages

(ESL) to extend the capabilities of software systems in the field of complex data. Ownership



history of scripting languages can be traced back to the '60s (languages batch processing and
languages shells, used most often in batch mode), but most of the elapsed time their applica-
tion was limited to the system project (the level of operating systems), only recently shown
ESL tendency to use the software on a smaller scale.

Embedded scripting languages due to the inherent flexibility of describing algorithms
provide rich opportunities of complex data transformations unattainable by traditional meth-
ods (eg., the usual systems interfacing with the user - menus, buttons, etc.). In the case of ESL
the developer (sometimes skilled user) describes the (usually with the challenges of ESL are
"wrapper" function API "parent™" application, thus all actually becomes object-oriented pro-
gramming language) the necessary steps to ESL, as the "parent” application It uses this de-
scription to perform specified actions. Advances in ESL will significantly reduce the size of
the code (such languages are often supplied as source mode Open Source), in this case, the
embedding size of the "parent"” application increases slightly. At present there are embedded
systems based on the Basic-like language (family 1C), Java (JavaScript, JScript), Python, Ru-
by, Tcl, PHP, Perl, REBOL, NewLISP and others.

The disadvantages of scripting languages is to increase the performance due
intepretiruemosti (ideologem use of ESL as a "wrapper"” on the challenges of fast compiled
languages that virtually eliminates the problem), the lack of a convenient integrated develop-
ment environment (IDE) and a marketing budget.

ESL is interesting Lua, developed in 1993 at the Catholic University of Rio de Janeiro
[3]. Lua language is untyped, written entirely in ANSI C and is completely Open Source, uses
an approach the interpretation of the source text with the intermediate form prior to execution
of the program allows you to use an object-oriented programming model that implements a
non-preemptive multi-thread, has a lot of standard libraries and extension packs. Lua lan-
guage used as a built-in the development of applications such as Adobe Lighroom, Nmap,
Word of Warcraft, Stalker and others.

Built-in scripting language Lua is used in the design described in this paper, a software
system to identify parallelism and scheduling of parallel parts of the program. This software
system is written in C ++ programming language, and is a 32-bit application Windows (fig.
2); in connection with the alleged large number of calculations it is supposed to integrate into
the infrastructure BOINC (Berkeley Open Infrastructure for Network Computing) and the lo-

cation on the server university.
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Fig. 2. The main window of the software module to identify parallelism

and scheduling of parallel parts of the program

Software tool (actually a user API) developed system allows us to implement any of the
optimization criteria (and combinations thereof), as selection criteria operates its own user
(based on the tasks assigned to them). By topics related to this project include V-Ray and
SAIL (both development MSU, Russia); known as system METIS and ParMETIS (Universi-

ty of Minnesota, 1998-2003), the functionality of which in this case is clearly excessive.

The toolkit includes three types of API-calls (about 30 pieces, each is Lua- "wrapper"

according to function):

e Information (used to obtain information about the IGA and SPF; it is on the basis of these

data, a decision on the applicability of one of the strategies of the graph transformation

SPF implemented in the future in the language Lua).

e Action (serve equivalent, ie do not change the information communication IGA, changes

SPF).

o Utilities (work with the file system, etc).




Examples of information and communication challenges are - to get the total number of
tiers of SPF, the number of operators in a given tier to receive a range of tiers for a possible
finding them given operator et al., promo - move a given operator on a specific tier of SPF
(including non-infringement of the information dependencies), to create a new an empty circle
to destroy the empty stage, and others. In the process of implementation of the promotional
functions properly IGA does not change (ie, the program remains the same) - the only change
is a graph representation (in this case - its SPF).

Source (s convertible hereinafter) information graph algorithm can be obtained by the fol-

lowing methods:

e Built by hand according to a text description of the algorithm, or submission to, or as a
pseudo-flowchart (for newly developed algorithms).

e By analyzing the source code of the program in one of the traditional programming lan-
guages (such as analyzers exist, but often give inconsistent results).

e As a result of the program - generator of graphs (advantage - you can set certain parame-
ters priori IGA, giving it a maximum approximation to the real, but is usually limited to the
use of test cases).

¢ In the case of the use of this system as a component of parallelizing compiler presence IGA
priori (compiler at work analyzes program information Depending - that actually builds
IGA).

Author to produce correct IGA uses a software simulator calculator stream (DATA-
FLOW) architecture [4], in which the program is being debugged and later exported to a file
format IGA (adjacency list).

One of the most challenging goals of the project - to determine the most effective strategy
for balancing stacked parallel-form information graph algorithm; here refers to a balanced dis-
tribution uniformity operators tiers SPF. The problem is directly related to the problem of ef-
fective parallelization algorithms and, in particular, to the question of the most efficient use of
resources MCS. In the first step of all the realities of the MCS only the number of parallel
solvers, but in the long term there are plans to include additional parameters.

As an option the effectiveness of each proposed solution has been used the number of

permutations of operators with tier to tier SPF to produce the desired result.



4. Results and discussion

The efficacy data is illustrated in table 1 (described in Lua strategy balancing widths IGA
tiers without increasing the height of SPF) and tables 2,3 (SPF strategy to reduce the width to
the specified value, together with balancing) for several IGA varying complexity.

Conversion SPF performed various algorithms defined by informational graphs. Infor-
mation graphs slau_2a, slau_3a, slau_5a and slau_10a - solution of linear algebraic equations
order 2,3,4,5,10 respectively, the classical method of Gauss, mnk_10 and mnk_20 - linear ap-
proximation by the method of least squares for 10 and 20 points, korr_10 and korr_20 - defi-
nition of correlation coefficient for 10 and 20 points, m_matr_5 and m_matr_10 - multiplica-
tion of square matrices of order 5 and 10 of the classical method.

Strategy transformation of SPF, by which obtained given in table 1 results called (condi-
tionally) "Bulldozer" and is based on the movement of operators with the most loaded tiers on
underused (the bulldozer blade cuts the hills and moves their stuff in the cavity); stopping cri-
terion of the algorithm - through all operators that could be transferred "from the hills into the
hollows™ with the aim of balancing SPF. Tables 2,3 - the result of applying the strategy "Bi-
section” - the most loaded longlines unloaded by transferring half of them are operators of the
newly formed tiers created under this tier; stopping criterion - "to compact” of SPF to the
width does not exceed the specified.

The quality achieved in the transformation of SPF tables 1-3 is characterized by a dimen-

) g oTigin origin )
sionless parameters I, = —f——7j: and u I, = =227 where the first shows how many
Oy irregular

times the application of this strategy has decreased the value of standard deviation of distribu-
tion of operators in tiers, the second - the same as the coefficient of irregularity (original and
reformed - indicators before and after the transformation of SPF); the complexity of the con-
version - the number of permutations of the operators with tier to tier.

As can be seen from tables 1-3 are described (non-overly sophisticated) in the business
strategy can achieve the desired result (a decrease of uneven widths SPF by levels), but with a
completely different performance for different ISA. In general, there is increased efficiency
strategies with increasing complexity (variability) IGA. Particularly interesting and practically
important problem of a priori (before the actual transformation of SPF) predicting the level of
their effectiveness (decision problem). Greater effect can be achieved by improving strategies

and reasonable their joint application.



Table 1. Efficacy of SPF of IGA width balancing strategy at a constant altitude of SPF

IGA description file
number of
medium parameter parameter movements
the number of arcs /
width SPF I, Iy of the opera-
nodes /
tors
tiers initial SPF
slau_za. edg 1,29 1,00 1,00 0
18/9/7 ! ! !
slau_3a. edg 2,15 1,13 1,00 4
56/28/13 ! ! !
slau_sa. edg 4,60 1,06 1,00 13
230/115/25 ! ! !
slau_10a. edg 12,8 1,05 1,00 81
1610/805/63 ! ! !
mnk_10.edg 4,13 1,002 1,00 1
132/66/16 ! ! !
mnk_20. edg 4,85 1,001 1,00 1
252/126,/26 ! ! !
korr_10. edg 5,87 1,001 1,00 4
174/88/15 ! ! !
korr_20.edg 6,72 1,47 1,41 22
334/168/25 ! ! !
m_matr_>. edg 45,0 1,58 1,32 30
450/225/5 ! ! !
m_matr_10.edg 190 1,97 1,67 407
3800/1300/10 ! !

Table 2. The effectiveness of strategies for SPF of not more than a predetermined width
together with balanced widths SPF tiers (1)

IGA description file

the number of arcs /

specifies the width of the transformed SPF <=10

an increase in
the height of

parameter
Iy

parameter

Iy

number of move-

ments of the op-




nodes / SPF erators
tiers initial SPF
slau_2a. edg 1,00 1,00 1,00 0
18/9/7 ! ’ |
slau_3a.edg 100 1.00 1,00 0
56/28/13 ! ’ |
slau_ba.edg 1,16 1,80 2,00 .
230/115/25 ! ’ |
slau_10a. edg 224 8,10 9,00 926
1610/805/63 ! ’ |
mnk_10. edg 1,19 2,99 367 ot
132/66/16 ! ’ |
mnk_20. edg 119 372 4,20 ol
252/126/26 ! ’ |
korr_10. edg 1,20 3,28 4,00 32
174/88/15 ! ’ |
korr_20. edg 1.28 6.16 7,75 91
334/168/25 ! ’ |
m_matr_5. edg 6.40 433 3,76 342
450/225/5 ! ’ |
m_matr_10. edg 27.2 306 7,52 5232
3800,/1300/10 ’ |

Table 3. The effectiveness of strategies for SPF of not more than a predetermined width

together with balanced widths SPF tiers (2)

IGA description file

specifies the width of the transformed SPF <=5

an increase in

number of

the number of arcs / ) parameter parameter
the height of movements of

nodes / I, I

L SPF the operators

tiers initial SPF

slau_2a. edg 1,00 1,00 1,00 0
18/9/7 ’ ’ ’

slau_3a. edg

_— 1,15 2,11 2,00 6

56/28/13




slau_5a. edg 156 3.99 4,00 70
230/115/25 ! ’ |
slau_10a. edg 3,65 18,9 18,0 1234
1610/805/63 ! ’ |
mnk_10. edg 131 3.74 4,40 27
132/66/16 ! ’ |
mnk 20. edg 1,35 6,37 8,40 67
252/126/26 ! ’ |
korr_10. edg 153 596 6,40 ol
174/88/15 ! ’ |
korr_20. edg 1,64 10,8 12,4 124
334/168/25 ! ’ |
m_matr_5. edg 12.8 80.0 3,76 451
450/225/5 ! ’ |
m_matr_10. edg 54.4 540 7,52 6152
3800,/1300/10 ’ |

5. Conclusions

A software system (tool) to analyze the structure of an information program on their rep-
resentation in the form of information graph that allows you not only to identify the hidden
parallelism, but also to develop rational schedules performance parts parallel programs within
the parameters of the real multiprocessor systems. Exclusively use Lua embedded scripting
language to implement strategies focused changes stacked parallel-shaped graph representa-
tion possible to achieve flexibility and efficiency in the implementation of goals; it would be
unthinkable in other ways.

The example shows the effectiveness of this approach for the task. The research results
can be used for theoretical analysis of algorithms, and practice in the development of efficient
parallelizing compilers. Experience has shown the effectiveness of this development in mas-
tering the basics of parallelization university students at the same time naturally develop re-

search directions are implemented.

References

1. Voevodin V.V., Voevodin VI.V. Parallel computing. - SPb.: BHV-Petersburg, 2002. - 608

C.



2. B.W.Kernighan, S.Lin. An ef fi cient heuristic procedure for partitioning graphs. The Bell
System Technical Journal, vol.49, Ne 2, pp.291-307, feb.1970.

3. leruzalimski Robert. Programming in Lua. - M .: DMK Press, 2014. - 382 c.

4. Bakanov V.M. Management dynamic computing processors in a streaming architecture for
various types of algorithms. // Journal SOFTWARE ENGINEERING, - M.: 2015, number
9, p. 20-24.

Literatura (translit)

1. Voevodin V.V., Voevodin VI.V. Parallel'nye vychisleniya. — SPb.: BKhV-Peterburg,
2002. — 608 c.

2. B.W Kernighan, S.Lin. An efficient heuristic procedure for partitioning graphs. The Bell
System Technical Journal, vol.49, Ne 2, pp.291-307, feb.1970.

3. leruzalimski Robertu. Programmirovanie na yazyke Lua. — M.: DMK Press, 2014. — 382
C.

4. Bakanov V.M. Upravlenie dinamikoy vychisleniy v protsessorakh potokovoy arkhitektury
dlya razlichnykh tipov algoritmov. // Zhurnal PROGRAMMNAY INZENERIYA, — M.:
2015, Ne 9, s. 20-24.



