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AHHoTanus. B pabore paccMOTpeH HETPaIUIMOHHBIA MOAXOM K CO3JAHUIO MapalIelIbHBIX
IporpaMM, HMX aHaIW3y M TpaHC(HOpMAaIMU C KCIOJIB30BAHHEM SI3bIKAa (DYHKIIMOHAIBHO-
MOTOKOBOTO IapaUIeNIbHOTO MPOrPaMMHUPOBaHHMsI, 00OECIICUNBAIONIEr0 HAMMCAHHUE ITPOTrpaMM
6e3 yuéra pecypcHBIX OTpaHHYEHHH, YTO MO3BOJISACT H3HAYAIBHO OPHEHTHPOBATHCS Ha
ITOPUTMBI C MAaKCHMaJbHBIM Tapamienu3MoM. Pa3paboTaHHBIE HHCTpyMEHTalIbHBIC
cpencTBa  00ECHEUMBAIOT  TPAHCIAIMIO, BBINONHEHHE, OTIAAKY, ONTHMH3AIUI0 U
BepuuKanuio (YHKIHOHATHHO-TIOTOKOBBIX MHAapaUIETbHBIX INpOrpaMM. BrImonHeHHe
pa3paboTaHHBIX IPOrpaMM OCYILECTBISAETCS MYTEM «CxKaTUs» MHapajulenu3Ma C ydEToM
OTPaHUUYEHHBIX PECYPCOB PEATbHBIX BBIYMCIUTENBHBIX CUCTEM. BhIumciauTeNnpHbIN mpolecce
paccMaTpuBaeTCsl KaK HAJOXKEHHE YNPAaBISIOWEro rpada, Onpenessiomero OpraHu3aliio
BBIYMCIICHUH, Ha MH(QOPMALMOHHBII Tpad, ONHMCHIBAIOIINK (QYHKIOHAIBHbIE 0COOCHHOCTH
peanu3yemMoro anropurMa. Bo3MOXHO HCIONIb30BaHME PA3IUUHBIX CTpATErHMi yIpaBICHUS
myTéM MoauduKanuy ynpasisiomux rpagos. [IpeanoskeHHbIe HHCTPYMEHTH 00€CTIeYNBAIOT
(opMHpOBaHHME TPOMEXKYTOUHBIX IPEJCTaBICHHH, HAa OCHOBE KOTOPHIX BO3MOXKHBI
JanmbHEeWIme mpeoOpa3oBaHMWs MCXOJHBIX IIPOTpaMM B IPOTpaMMBI JUISt  pealbHBIX
ApPXUTEKTYp NapalIeNbHbIX BEIYMCIUTEIBHBIX CHCTEM.

KimoueBbie ci0Ba: apXUTEKTypHO-HE3aBUCHMOE IapajuleNlbHOE MPOrpaMMHPOBAHHE;
(YHKIIMOHATBHO-TIOTOKOBOE mapajieTbHOe  NPOTPaMMHPOBAHKE; TpaHchopmanus
IpOTpaMM; CpeICTBAa Pa3padOTKH IPOTpaMM; HH(POPMAMOHHBIH rpad, ypaBisiomuii rpagd.
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1. BeedeHue

[TapannensHOE POrpaMMHUPOBAHHUE AABHO IEPECTATIO HCIIOIb30BATHCS TOJIBKO AT
BBICOKOTIPOM3BOJUTENIFHBIX BBIYHMCICHHNH. BMecTe ¢ TeM, moaxompl K pa3paboTke
MapajuleNIbHBIX TPOrPaMM MaJl0 M3MEHWINCh 10 CpaBHEHMIO ¢ 80-Mu romamu
npouutoro Beka. Kak u paHblie, HanOonee MPUMEHSEMBIM SIBISIETCS HAIlMCAHHE
Ko/a ¢ yu€ToM 0COOSHHOCTEH IeJIeBOi BBRIYHUCIUTENHFHON crcTeMbl. [Ipu mepeHoce
IporpaMMbl  Ha JPYIyl0 AapXWUTEKTypy TPHUXOAMTCS JHOO IIOMHOCTBIO €&
NepenuchBaTh, JUOO0 TOABEpraTh CymiecTBeHHOH Moaudukanuu. IlonsiTku
MepeiTH Ha HEeTpaJULMOHHbIC NapajuleNibHble BerauciuTenbHble cucremsl (I[1BC),
Kak ¥ paHee, IOABEPralOTCs KPUTUKE, OCHOBHOM wupaeell KOTOPOH sBIsETCS
HECOBMECTHMOCTh CO3/IaBaeMBbIX Ul HUX MPOTPaMM C YK€ CYHIECTBYIOIUMU. XOTH
0 TaKoM HECOBMECTMMOCTH MOXHO TOBOPUTH MPAaKTUYECKH MAJs BCEX BHOBBb
pa3pabaThIBaeMbIX MapajlieibHbIX mporpamu [1, 2].

lupokoe nNpUMEHEHHE MMIEPAaTUBHOIO MOJXOJAa BHOCUT B  pa3pabOTKy
MapajieNbHBIX MPOrpaMM CBOM CIOXHOCTH. [IporpaMMHCT $SBHO MM HESIBHO
(opMHpyeT OTHOIIEHHS MEXIYy IpPOIPaMMHBIMH OOBEKTaMH, KOTOPHIE MOYKHO
oXapaKTepru30BaTh CIeAyomuM obpazom [3]:

® OTHOIICHHMS MEXIY JaHHBIMH (MH()OPMAIMOHHBIC OTHOILCHUS), HITH
nH}popManMOHHBIH rpad IporpaMMBl, 3a1AIOIIHIA CBSI3b MEXKIY
00pabaThIBaeMbIMU JJAHHBIMH U OTIEPALIUSIMU;

® OTHOIICHHMS YIIPABICHHUS, ONPENEIIIOIINE OPSIOK BHIIONHEHHS ONepaLit
u GyHKUMI nporpamMMmel;

® OTHOIICHHS MEXy BBIYHCINTEIBHBIMU pecypcaMu (IIaMAThIO,

MIPOLIECCOPHBIMHU Y3JIaMH), B KOTOPBIX JOJDKHBI BBIIIOIHATHCS OIepalny,

OTIMCHIBAEMBIE B IIPOTPaAMME.
B GonpmmHCTBE ciydaeB pa3pabOTUNKy MPOTPaMMBI IPUXOJUTCS SIBHO YIUTHIBATH
B3aUMOCBSI3b MEXKIy STHMH OTHOIICHHSIMH, JOOWUBAsCh TOTO, YTOOBI HE BO3HHUKAJIH
JOTUYECKHE TPOTHBOPEYMs, BEeAyMIHMEe K OMIMOOYHOMY BBIIONHEHMIO. Jlis
COBPEMEHHBIX MAPAJUICIBHBIX MPOTPAMM 3TO TPYJHOAOCTIKMMO, YTO 3aTPYAHSET
OTIaAKy W BepuHUKAaIWIO, HECMOTPS Ha NPUMEHEHHE CIIEIHaIN3NPOBAHHBIX
MHCTPYMEHTAIBHBIX ~ CPEACTB, MOJJICPKHUBAIOIINX, Harmpumep, QopmaibHyO
BepU(HKAIUIO C UCTIOIb30BaHKUEM MpoBepku Mojeneii (model checking) [2, 4]. Tlpu
Iepexofie Ha JpPYryl0 apXUTEKTypy BeCch IIpoIlecC pa3pabOTKu M OTIaJKH
MPAaKTUYECKH TPUXOAUTCS TOBTOPATH 3aHOBO.
ITomuMo 3TOTO, HAMMYKE 3aBUCHMOCTH OT KOHKPETHBIX apXHUTEKTYpP, COUETAFONINX
Mapajuleiu3M ¢ IOCJIE0OBATEIbHBIM IPOTPAMMHUPOBAaHUEM, HE CIIOCOOCTBYET
BHE/IPCHUIO HCTUHHO TApaJUICNbHBIX AJITOPUTMOB Ha HAYaJNbHBIX CTAAMAX HX
pa3paboTku. OTO BeAET K HCKAKECHUIO HCXOJHOTO NapajuieNu3Ma 3a/adu,
3aBUCUMOCTH OT PECYpPCHBIX OTrpaHUYEHUM, KOTOpble TIPHU MOCIEAYIOIEM
pacnapajuleIMBaHNM HE BCErja II03BOJSIIOT MpPUHTH K Oonee 3((EeKTUBHBIM
pEIIEHUSM.
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HecmoTpst Ha 3TO, KIIFOYEBBIM HAIPABJICHUEM B NAPAJUICIbHOM POrPAMMHUPOBAHUI
SBISIETCS  pa3pabOTKa ApXUTEKTYPHO-3aBUCHMBIX  [APAJUICNIBHBIX  IIPOTPAMM.
CylIecTBYIOT pa3lM4Hble TMOIXOJBl, CHJBHO OTIMYAIONIMECH [0 HIECOIOTHI
nojyiepkanus mapamiennsma. K Haubosiee MOMYISPHBIM CPEM HHUX ClELyeT
OTHECTH: pachapajjiejliBaHHe Ha OCHOBe mepemadu  coobOmienmit  [5],
MHOTOIIOTOYHOE W MHOTOSAEPHOE MPOrPaMMHUPOBAaHUE [ULI CHCTEM ¢ obmieit
namsTeio [6], mpuMeHeHne rpadmueckux yekopurenei [7], a Takke codeTaHue Beex
TpeX MOAXOZOB B pPAa3IMYHBIX KOMOWHAIMSIX @PH HPOTPAMMHPOBAHHU LS
THOPHIHBIX U PacIpeie/IeHHBIX apXuTekTyp [8-11].

HecmoTpst Ha TO, YTO KOHIEMHLUS HEOTPAHMYCHHOTO Mapajule/ii3Ma B HACTOSIICE
BpEMs HE MOJB3YETCS MOIMYJISIPHOCTHIO IPH Pa3paboTKe PeasibHBIX MapauIeiIbHBIX
nporpamm [12], y Hee UMEIOTCsI Ope/IeIeHHbIE IEPCIICKTHBBL B KAYECTBE OCHOBBI
st GOpMHpPOBAHHS ~ CHCTEM  IIPOTPAMMHUPOBAHHS,  OGECIICUMBAFOIINX
HOCIEAYIONIYI0 TpaHCHOPMALIMI0 B PECYPCHO-OTPAaHHYCHHBIC M apXHUTEKTYPHO-
3aBUCHUMBIC TapaJlUICJIbHBIC IPOTPaMMBI. HOE)TOMy aKTyaHLHOﬁ ABIIICTCA 3aJa4da
CO31aHHuA A3BIKOBBIX U HHCTPYMCHTAJIBHBIX CPEACTB, O6eCHe‘H/IBaIOHII/IX TIOCTPOCHUC
napajiyiCJibHbIX MTpOorpamM™M, HE CBA3aHHBIX Ha HaYaJbHBIX JTarax pa3pa60TKH C
apxutektypamu peanbHbix [IBC, BBIOOp KOTOPBIX MOT' ObI OCYIIECTBISITHCS YyIKE
HOCJIE MPOBEIEHHUS POIIECCOB BePUBHUKAIINK, TECTUPOBAHUS U OTIIAIKH.

2. OcobeHHOCMuU Modenu eblyucsieHUll U si3biKa
¢byHKUUOHa/IbHO-MOMOKO8020 napasisiesibHo20
npozpaMmMuposaHusi

OCHOBHBIMH HJESIMH TIPEUIaraeMoro IoJX0/Ja, OINPEACISIONIMMH KOHIIEHIHIO
ApPXUTEKTypHO-HE3aBHCUMOT'0  MapajyIeIbHOTO  IPOTPAMMHUPOBAHUSA,  SIBISIOTCS
HCKJTIOUEHHE PECYPCHBIX OTPAaHMYCHWH W HESIBHOE YIPABJICHHE BBIUYMCIICHUSIMH.
IIpenmomaraercsi, uyTO BHpPTyaJdbHas MalllMHA, HMEIOMIAsCS B PACIOPSKCHUU
MPOTPaMMHUCTa, O0JIaaeT HEOTPAHWYEHHBIMH BBIUHCIUTENBHBIMU pEcypcaMu, a
S3BIK  MPOTPAMMHUPOBAHMS TO3BOJISIET OMNMCHIBATE TOJBKO HH(GOPMAIMOHHEIE
3aBUCHMOCTH MEXJY BBINOJHsAEMbIMA (GYHKUMSIMU. B3aumonelcTBue Mexiy
(YHKIMSAMHU TIPH 3TOM OCYIIECTBISIETCSI 110 TOTOBHOCTH JAaHHBIX, YTO IMO3BOJISET
CO3/1aBaTh MPOrpaMMbl € MaKCHMAaJILHO BO3MOXKHBIM IIapalIeNIM3MOM, CHXKaTHe
KOTOPOTO K KOHKPETHBIM BBIYHCIIUTEIBHBIM PECypcaM M YCIOBHUSIM SKCIUTyaTalliH
OyzneT MpoMCXOAUTH MOCie BepU(PUKAMKA M OTIaJKH HANHCAHHBIX IPOrpaMM Ha
YPOBHE HMCXOJHOTO IIPEJACTABIEHHUSA. OJTO IIO3BOJISET MOBHICUTH 3()()EKTHBHOCTDH
mpouecca pa3pabOTKu MapajuledbHBIX MporpamMMm. Hampumep, MOXHO co31aTh
eAnHyl0 OMONHOTeKy GYHKIMH, amanTHPYeMyl0 K pPa3IMdHbIM apXUTEKTypam
BBIYUCITUTEIFHBIX CUCTEM.

Jis  peanmzanmMyM CHUCTEMBI, OPHEHTHPOBAHHOW HA CO3/IaHHE AapPXHUTEKTYPHO-
HE3aBHUCHMBIX apajuieNbHBIX IpOTpaMM, HE00X0 MO obecreunTh
COOTBETCTBYIOIIYIO MOJACP)KKY Ha YPOBHE MOJAEIM BbIUMCIEHHH. Jlexamas B
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OCHOBE  f3bIKa  IPOTPaMMHpPOBAHUS  MOAENb  (DYHKIHMOHAIBHO-TIOTOKOBBIX
napayuiesbHbIX Beraucnenui [ 13] 3amaercs tpoiikoit:

M = ( G, P! SO )1
rie G - amuKIMYecKWd ~ OpPHEHTHPOBAaHHBIA  Tpad,  ONpeNeNsTIONTiiA
HHPOPMAIMOHHYIO CTPYKTYPY IporpamMmsl (ee HHpopMarmoHHsIi rpad), P - Habop
NpaBWI, ONPEACISIONNX AWHAMUKY (YHKIMOHHPOBAHMSA MOAETH (MEXaHH3M
(hopMupoBaHUS pa3zMETKN), Sy - HAYAIbHAS Pa3METKa.
WudopmanmonHsli rpad

G=(V,A),

rae V - MHOXECTBO BEpIIMH, ONPEACISIIONIMX  MPOrpaMMo-(popMHUpYIOIINE
orepaTopsl, a A - MHOKECTBO AYT, 3a[alOMIMX MYTH Neperadnd HHPOPMAIUU MEXITY
HHUMU.
Hmeercss TONBKO OAWMH  Omeparop, peayusyromuii  QyHKuuio:  omeparop
uHTepnperanuyd. OH IpUHUMAeT JABa apryMeHTa, OJUH M3 KOTOPBIX SBISAETCA
3HAYCHHUEM (YHKIIUH, & APYrON — UCXOAHBIMHU JaHHBIMH, MOIJICKAIUMEI 00paboTKe

(puc. 1).
A "
O
FX)
al b)

Puc. 1. I'paguueckoe 0b603nauenue onepamopa uHmepnpemayuu
(a— obwas popma, b — 6 cryuae, ko2oa snauenue gynxkyuu uzeecmuo)
Fig. 1. Graphical designation of the interpretation operator (a is the general form,
b is in the case when the value of the function is known)

Ha Beixome d¢opmupyercs pesynbrar. s OOCTIKEHHS Ooiee HAriisiIHOTO
TEKCTOBOT'O IPEACTABJICHHS NPOrpaMM C YIPABJICHHEM MO T'OT)OBHOCTH JAHHBIX
orepaTop MMeeT NpeUKCHYI0 M TOCTYUKCHYIO (OpMYy 3aIliCH, YTO MO3BOJISET
Beipakerne F(X) mpeacTaButs qByMs crmocobamu:

X:F nmm FMX.

@OyHKINU MOTYT SBISTHCS M3HAYAJIBHO 3a/laHHBIMHU 3JIEMEHTAPHBIMH OIEpanusIMH
WIM CO3[aBaThCsl NPOTPAaMMHUCTOM. AKCHOMAaTHKa Moaenn u e€ anrebpa
npeoOpa30BaHMi OIPENENAIOT 6a30BbIe BAPUAHTHI PEealIM3alui 3TOTO OIepaTopa.
OcrayibHBIE  OHEpaTopsl  MOJEIM  SBIAIOTCS  NPOrpaMMo-(hOPMHPYIOLINMH,
MOPOXKAAs CBSI3M MEXAY (QYHKIMAMH HWHTEPIIPETallMk 3a CYET TPYNIUPOBKH
MOPOXKIAEMBIX MMM JAaHHBIX B Pa3lIWYHBIE CTPYKTYPHI (CIHCKOB), 0a30BBIH HAOOD
KOTOPBIX TMpEACTaBIeH Ha pUC. 2 W BKIIOYACT: KONHPOBAHWE JAHHBIX,
(hopMupoBaHHE KOHCTAHT, CO3JAaHWE CHHCKA JAHHBIX M3 HE3aBHUCHMBIX BEIHYHH,
(hopMupOBaHKE MAPAJUIETHHOTO CITMCKA, CIUCOK 3aJIepKAHHBIX BEIYNCICHUI.
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X X1|X2 (X3 | X4 X1[X2 (X3 |X4

(X1, X2, X3, X4) [X1, X2, X3, X4]

{(A, BT}

al bi ¢ d) el

Puc. 2. I'paghuueckoe obo3nayenue npoepammo-Gopmupyionux onepamopos
(a — xonuposanue oanneix, b — 3a0anue koncmanmel, C — 2pynnuposra 6 cnucok oanuvlx, d —
2PYNNUPOBKA 8 NAPALIENbHBII CRUCOK, € — CO30AHUE 3A0EePHCAHHO20 CNUCKA)
Fig. 2. Graphical designation of program-forming operators
(a - copying data, b — constant assignment, ¢ — grouping in the data list,
d - grouping in the parallel list, e - creating the delayed list)

Oneparop KonmupoBaHus (puc. 2a) obecrieunBaeT pa3MHOKEHHE JTAHHBIX. B sI3bIKe
ompezenseTcss dYepe3 HMMEHOBAaHME 3HAYCHUS M JAJbHEHINEEe HCIOIb30BAHUE
BBE/ICHHOTO O0O3HAYCHMS B TPEOYEMBIX TOUYKaxX IPOrpaMMBl. McHomb3yroTcsi Kak
npeduKCHOE, TaK U ITOCT(HUKCHOE UIMEHOBaHHE CBA3CH:
3HaYeHHe >> UM, WIIH UM << 3HaYeHHe.
KoHcTaHTHBIH onepaTop He uMeeT BxomoB (puc. 2b). Y Hero ecTh TOIBKO OJHH
BBIXOJ, Ha KOTOPOM TIOCTOSIHHO HAaXOOUTCA pa3MeTKa, OIpeaessromas
MpEeANICaHHOE 3HAYCHHE. B S3bIKOBOM NpeACTaBICHUN KOHCTAHTHBIN MPOrpaMMo-
(hopmupyrOLIHii OnIepaTop 3aJaeTcsi 3SHaYCHHEM COOTBETCTBYIOLIETO TUIIA.
OmnepaTop rpynnupoBKH B CHUCOK AAHHBIX (PHUC. 2C) UMEET HECKOJIBKO BXOJIOB U
omuH BbIX0JA. OH oOecrieuymBaeT CTPYKTypH3alMIO W YHOPSAIOYEHHE JIAHHBIX,
MOCTYMAIOMMX IO JyraM M3 pa3IWYHBIX HCTOYHHKOB. IlOpsSIoOK 3JIeMEeHTOB
onpeziensieTcss HOMEpaMH BXOAOB, KaXKJOMY M3 KOTOPBIX COOTBETCTBYET
HaTypalbHOe uuciao B auamazoHe or 1 mo N. B TekcroBom Buae 3amaercs
OrpaHHYECHHUEM SIIEMEHTOB CITHCKa KPYTJIBIMU cKoOKamMHu «(» 1 «)». Hanpumep:
(X1, X2, X3, X4).
Omneparop co3gaHusi napajuiebHoro cnucka (puc. 2d) rpynmnupyer 3JeMeHTHI,
AQHAJIOTUYHO CHUCKY JaHHbIX. OJHAaKO Ha BBIXOAE MpPEANOJaraeTcs Haludue
MHOXECTBEHHOH CBSI3H, KPAaTHOCTb KOTOPOM OINpeNeNnseTcsl KONUIECTBOM BXOJIOB B
oneparop. [Ipu BbIIONHEHHMH oOmepaTopa MHTEPHPETAlMH  OCYILECTBIAETCS
napajuiesibHasi 00paboTKa BceX apryMEHTOB OHON (QyHKINEH:
[X, y, z]:sin = [x:sin, y:sin, z:sin].
AHaNOrM4HO NMPY HAJMYHUHK CIIHCKA (QYHKIMH BCe OHM TapajuiesIbHO 00pabaThIBaloT
OJIUH U TOT K€ apTyMEHT:
(%, 0):[<, =, >] = [(x, 0):<, (x, 0):=, (x, 0):>].

169



Legalov A.1., Vasilyev V.S., Matkovskii I.V., Ushakova M.S. Support tools for creation and transformation of
functional-dataflow parallel programs. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, 2017, pp. 165-184

B menom anrebpa mpeoOpa3oBaHW S3bIKa OMHCHIBACT pas3iMyHbIE Oojee oOImue
SKBHBAJIECHTHBIE TIPEOOPA30BaHNUS NMAPAIICTBHBIX CIICKOB.
OmnepaTop rpynnupoBKH B 3a[IePKAHHBINH CIIHCOK (PHC. 2€) 3a71aeTcsl BEPIIHHOM,
cojlepKaIei JOMyCTHMBIN BBIYHCISIEMbIH moarpad (HaXoIuTCs BHYTPH KOHTYPA,
BBIICJICHHOTO ITYHKTHPOM), B KOTOPOM BO3MOKHO HECKOJIBKO BXOJOB M BBIXOJOB.
Bxompl cBsSI3aHBI ¢ Ayramu, ONPEACISIONIMMHI IOCTYNJICHHE apTyMEHTOB, a BBIXOJ
ompenenseT BBIIABacMbIi W3 moarpada pesynpraT (B OOImIeM ciiydae B BHAC
napanienbHoro crnucka). OcoOeHHOCTBIO TakoW TPYMIHUPOBKHU SBISETCA TO, UYTO
OTpPaHUYEHHBIC JaHHBIM OINIEPATOPOM BEPIIHHBI, HE MOTYT BBIIOIHATHCS, AaXKe IMpU
HaJIMYUM BCEX apryMeHToB. VX axkTHBM3alMs BO3MOXKHA TOJBKO HpPU CHITHU
3aJepKKN  (PacKpBITUM KOHTYpa), KOrjJa OrpaHHYCHHBIH mNoArpad CTaHOBHUTCS
YacThI0 BCETO BBIYMCIAEMOro rpada. B s3bike CIHMCOK 3aJep)KaHHBIX BBHIYUCICHUI
3a/1a€TCSI OXBAaTOM COOTBETCTBYIOLIMX OINECPaTOPOB (GUIYypHBIMU CKOOKamu «{» wu
«}». PackpbITHE IPOMCXOINUT, KOTa 3a/Iep>KaHHbIH CIIICOK OKa3bIBACTCS OJHUM H3
apryMeHTOB oOIlepaTtopa HHTepIpeTanud. lcromb3oBaHHE 3aAep>KaHHOTO CITHCKA
omnpezenseT GopMHUPOBaHKE YCIOBHBIX BETBICHHH B MPOrpaMMe.
[Ipumenenne mporpamMmo-(GopMHUPYIOIIUX ONIEPAaTOPOB U alaredpsl mpeodpazoBaHmil
3aUMCTBOBaHbl M3 paboThl [14] M comoOcTaBUMO C MNpPEACTABICHHBIMH B HEl
¢ynkiponanbHeIME popMaMu. OmHAKO B AaHHOM Cilydyae MMEHHO pa3HooOpasme
3THX OIEPAaTOPOB SBISETCS OCHOBHOW HJEe MO IOBBINICHHUIO THOKOCTH IIPH
HalMCAHUH MapaUIeIbHBIX IPOTPAMM U pPEaln3alii Pa3IHIHbIX HETPaIUINOHHBIX
Hﬂeﬁ K MIOCTPOCHUIO MMapaUICJIbHBIX aJITOPUTMOB.
B kauecTBe mpuMepa NpHBENEHO OmMUcaHue (yHKINMM HaxXOXICHUS (aKTopuania C
paclIerieHreM rara3oHa oT 1 10 N momonaM M IapajiebHBIM BEIYUCICHUEM IS
7eBod W mpaBoil BerBeil. I'omoBHas (yHkims parfact ocymiecTiusier mpoBepKy
Ha4YaJIbHOTO 3HAYCHUA aprymMeHta i ONpEACIICHUA XOJa BBIYHCIIEHUN. Ta
MPOBEpKa Ha PABEHCTBO HYNIO OCYIIECTBISACTCS ONEpalMsSIMU MEHBINE, PaBHO U
Oonbplie  OZHOBPEMEHHO B  COOTBETCTBHH C  aiureOpoil  AKBUBAJICHTHBIX
npeoOpa3oBaHuil sI3bIKa:
parfact<< funcdef n {

selector<< (n,0):(L,=,>):?;

selector” (-1, 1, {(n,1l) :mult}):. >>return
}
B pesynbrare cpaBHEHHs aprymMeHTa N C HYJIEBBIM 3HAaY€HHEM BO3BPALLAETCS
CIIMCOK JAaHHBIX C 6yHeBCKI/IMI/I BCIIMYUHAMU, ONPCACIAIOIINMNA HCTUHHOCTDH
Ka)XJOr0 W3 IIPOBepsieMbIX yCJOBHH. BcrpoeHHas ¢QyHKums «?» Qopmupyer Ha
BBIXOJI€ MapajyIeNIbHbIN CIHUCOK C HOMEPaMU 3JIEMEHTOB, MPUHSIBIIUMH HUCTUHHbBIE
3HAYCHMSI B XOJI€ IPOBEICHHOM NpoBepku. B naHHOM ciydae 310 Oyner omHO W3
TpeX 3HAUEHU, KOTOPOE U BBICTYNAET B KAUECTBE CEIEKTOPA OJHOTO U3 BapHAaHTOB
JambHEHIIero  BBINOJHEHWA  gaHHOM  (yHkumn. Hampumep, mpum n=5
(opmupoBaHue cenekTopa OyIeT OCYIIECTBISATHCS CIEAYIONMM 00pa3oM:

(5,0):(<,=,>):? => (false, false, true):? => 3

170



Jleranos A.1., Bacuises B.C., Markosckuii M.B., Yinakoa M.C. MHCTpyMeHTalIbHAs MOAAEPKKA CO3AAHUS U
TpaHchopMaImH (yHKIHOHAIBHO-IIOTOKOBBIX MApaeIbHbIX mporpaMM. Tpyost MCIT PAH, Tom 29, Bem. 5, 2017 1.,
crp. 165-184

B omnepanumm wuHTepmperanmd cPOPMHUPOBAHHOE LEIOYUCICHHOE 3HAYCHHE
BBICTYMAaeT B POJIM HMHICKCA, MO KOTOPOMY W3 CIIHMCKAa JaHHBIX BBIOMPAETCS
COOTBETCTBYIOIIHNH dyieMeHT. [Ipu 3HaueHnu N > 0 U3 cuUcKa ¢ albTePHATHBHBIMHU
mapamMeTpamMH  BBIOMPAeTCs 3aJepKAHHBIA  CIUCOK, KOTOPBI pacKphIBacTCs
OTIepaTOPOM WHTEPIPETALNH, COACPKAIINM B KaueCTBEe (QYHKIIUH ITyCTOE 3HAUCHHE,
0003HAYCHHOE TOYKOI:
{(n,1) :mult}:. => (n,1l) :mult
Ilocme  pacKpeITHS — 3aJepKaHHOTO — CIMCKa  3amyckaercs  QyHkmms — mult,
BBIYUCIIAIONIAS MPOM3BEACHNE YUCeN OT 1 10 N ¢ HCHOIB30BaHHEM PEKYPCHBHO-
MapaJjuIeIbHOTO  AITOPUTMA, PAcCIICIUBIIONIETO JHAala3oH [0 JJIEMEHTapHBIX
omnepanuil YMHOXKEHUS € IOCIEAYIONIEN CBEpTKOM YaCTUUHBIX IPOU3BEICHUM
mult<< funcdef pair {
selector<< pair: (<,=,>):?;
selector” (
_1,
{pair:1},
{ ([ (pair:1, ((pair:+,2) :div>>half,1) :4),
(half, pair:2)
] :mult) : *

) :. >>return

}

[TepBOHauanbHO, KaKk ¥ B NPEANICCTBYIONECH (DYHKIMH, OCYILECTBIIETCS IPOBEpKa
nuanasoHa. COpMUPOBAaHHBII CENEKTOpP MO3BOJSIET BBHIOpPATh M3 CIMCKA JaHHBIX
OJTHO M3 TpexX 3Ha4yeHuil: -1, eciim Auamna3oH 3ajaH HEKOPPEKTHO; OJHO 3HAueHHE,
ecnu o0a dYWCia PaBHBI; 3aJep)KaHHBIA CITUCOK, OCYLIECTBISIOIIUNA IpoOieHue
Jana3oHa TOToJIaM M OJHOBPEMEHHOE PEKYPCHBHOE BBIYMCIICHHE NPOM3BEICHUS
JUIsL IOJTyYeHHBIX WHTepBajioB. BerpoeHnas dyHkims div obecriedrBaeTt mpu 3ToM
LEJIOYHCIICHHOE JIeJICHHE, I03BOJIIST TEM CaMbIM HaWTH CepeluHy Huana3oHa.
WNudopmanmonHbIif rpad TaHHOH QYHKIIUH MIPEICTABICH HA pHUC. 3.

3. NHcmpymeHmanbHas noddepikka ¢hYHKUUOHasIbHO-
nomokoeo20 napasiesibHo20 NPo2pamMmmMupo8aHust

g ucnonp30BaHMSA TOAXOJA pa3paboTaH pAJ HHCTPYMEHTAJbHBIX CPENCTB,
obecreunBaronmx MOIJIEPIKKY (G YHKIIMOHATIHHO-TIOTOKOBOMA napaaurMbl
MapajjielbHOTO  MPOTpaMMHUpOBaHuA. Pa3paOoTaHHBI  S3BIK, oOOecmedmBaeT
MPEICTaBICHNE MapajuleIn3Ma Ha YPOBHE AJIEMEHTAPHBIX OINEpaIHid, TP KOTOPOM
Kaxnas (YHKINS OIMCHIBACT TOJNBKO WH(GOPMAIMOHHBIM Tpad amroputMma 0Oe3
KakuX-JIM0O YNpaBIsIOIUX CBsi3eid. TpaHcnarop mpeoOpasyeT HCXOJHBIM TEKCT
(YHKIMM B NPOMEXKYTOYHOE MPEJACTABICHHE, KOTOPOE HCIOJIb3yeTcs Ul
ONTHMU3AINHN CYLIECTBYIOMINX 3aBHCUMOCTEH IO Pa3IMYHBIM KPUTEPHSM, a TaKXkKe
JUISL TIOCTPOGHUSI HAa €ro OCHOBE YNPABISIOIIEro rpada, 3aJaromero MopsiIoK
BBINIOJIHEHWST B COOTBETCTBMM C  BBIOPaHHOM  cTparerMell  yIpaBieHHs
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BerunciaeHusMu [3]. Tpanchopmanus ynpaisomero rpaga ¥ ero ONTHMU3AIHS
MO3BOJISIIOT MOJIy4YaTh CTPATETHH, OTIMYAIONIMECS OT YNPAaBJICHHS 110 TOTOBHOCTH
JAHHBIX W YYHTHIBAION[UE PA3IHYHbIC OTPaHMYCHUS, CBOWCTBEHHBIC, HAMpUMep,
peabHBIM BBIYHCIUTEILHBIM CHCTEMaM.

mult

return

Puc. 3. I'pagpuuecroe npedcmagnenue GyHkyuu nepemHodiceruss 8 3a0aHHOM OUANA30He
NOJIOHCUMENIbHBbIX YUcen
Fig. 3. Graphical representation of multiply function for given range of positive numbers

OOmas  cxema, oroOpaxkaioliass pa3IMYHBIE  BAPHAHTHl  HCIIOJIL30BAHUS
IpeUlaraéMbIX HMHCTPYMEHTAIBHBIX CPEJCTB, TNpHBeaeHa Ha puc. 4. B pamkax
CO3/1aBaEMOM CPENbI BBIIENAIOTCS CIEAYIOIINE TIOACUCTEMBI:

® TPAHCIATOP C A3bIKA PYHKIIMOHAIFHO-ITIOTOKOBOTO MapaJuIEIBHOTO
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IIPOrpaMMUPOBAHMS B IIPOMEKYTOYHOE IIPEJCTABICHUE, HA3BIBAEMOE
peBepcuBHBIM HH(pOopMannoHHbM rpadom (PUT);

e reHeparop ympasistomero rpada (YI'), hopmupyronmii rpad ynpaBieHHs
BBIYHCIICHUSAMM;

e coObITHITHAS MaIIHa, 00ECIIeYMBAOIIAs BHITIOTHEHHE (PYHKINOHAIBHO-
MOTOKOBBIX TapautenbHeIX (PIIII) mporpamm B aBTOMATHYECKOM H
OTJIAZIOYHOM PEXHMAX, UCIIOJIb3YIoLas B kayecTse nporpammsl PUI' u VT

® Cpe/CTBa ONTHMHU3ALNHU PEBEPCUBHOTO HHPOPMAIIMOHHOTO rpada;
® CpeACTBa ONTHMH3AINH YIPABILIOMIETO Tpada;
e cpexctsa ¢popmansHOi Bepudpukanuu O nporpamm;

e cpexcTsa npeodpazoBanus OIIIT nporpamMm B IporpaMmsl JUIst APYTUX
apxurektyp [IBC.

IIpozpamma — Komnuaatop

Y
Cpencrea Pegepcusnstii
ONTHMH3ANHH U PoOpMayUon Hbtil
PHI zpag (PHT)
Y -
CobbrTHizHan
Cpeacrea TenepaTop MAaMHHEA
topmansroR YOPaBIAI0MEro + OTIATIHK
BepHOHKANHA rpada
y Cpeacrea
Cpenctea L npeodpa3zoBaHAN
ONTHMH3AIHH Ynpaengiomuit B apyrae
U epagp (¥T) APXHTEKTYPBI

Puc. 4. Cocmag uncmpymeHmanbHuix cpeocma, no00epHCUsArOUUX QYHKYUOHATLHO-
NOMOK0BOE NAPANIENbHOE NPOSPAMMUPOBAHUE
Fig. 4. System of tools for functional-dataflow parallel programming support

4. TpaHcnayusi pyHKYUOHaIbHO-MOMOKO8bIX NapasesibHbIX
npozpamm

TpancnaTop opueHTHpOBaH Ha 00pabOTKY TEKCTOBBIX (haiiIOB, KAXK/bI N3 KOTOPBIX
MOXET COJAepXaTh MHOXecTBO (yHKuMH, HamucaHHbIX Ha s3bike  DIIII
nporpammupoBanus  «[lucdarop» [13]. [dnst kaxkmod GyHKUME B OaMsTH
KoMITbioTepa nopoxkaaercs PUIT, KoTopelii coxpaHsieTcsi B peno3uTopiy GyHKIHMH B
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TEKCTOBOW Qopme. Bwibop TekcToBOro mpencraBieHus sl onucanus PUD
00yCIIOBJICH TeM, 9TO (DOPMUPOBAHKE HA €T0 OCHOBE BHYTPEHHETO MPEACTABICHUS B
MaMATA KOMIIBIOTEPHON CHCTEMBI MOKET OBITH JIETKO BBIITONHEHO C IOMOIIBHIO
MPOCTHIX TPAHCIHPYIOMHUX MporpamMm. [IoMrMo 3TOro pa3paboTIWK MOXKET JIETKO
YUTaTh W AHAIW3UPOBATH OTTPAHCIMUPOBAaHHBIE (YHKIMH, paccMaTpuBas JaHHYIO
(hopMy Kak aHAJIOT sI3bIKa acceMoOuiepa.

®opmupyemMoe UIA KaXIoW (QYHKIMH B IpoIecce CHHTAKCHYECKOTO aHaln3a
IIPOMEXYTOUYHOE IpEJCTaBiIcHHE ompenenser csod PUI Kak Habop
B3aMMOCBSI3aHHBIX CTPYKTYp MJaHHBIX. llepen 3aBeplleHUEM TPAHCIALNUH 3TH
NPE/ICTABICHUS COXPAHSIOTCS B TEKCTOBBIX (aillax W MOTYT HCIIOJIb30BATHCA
BHEUIHUMH IIporpamMmaMu. B wyacTHocTH, (yHKUIMS BBIYMCICHUS (aKkTopHaia
parfact npeo6pasyercs B cinenyioniee npescrasieaue PUL:

External
0 parfact
1 mult
Local
0 0
1 -1
2 1
3 1
4 {137
id delay operation links
0 0 arg
1 0 (---) 0 loc:0
2 0 (---) < =>
3 0 : 12
4 0 : 3
5 1 (---) 0 loc:3
6 1 : 5 ext:1
7 1 [---1 6
8 0 (---) loc:1 loc:2 loc:4
9 0 : 8 4
10 O : 9
11 0 return 10

ITpu HaMYKMK BHEMTHUX (DYHKIUH ¥ KOHCTAHT JaHHOE TPEICTaBICHUE COMCPIKUT Ha
HUX CChUIKM (ccbuika Ha ¢yHkuuio Mmult). [Momumo 3TOro B HEM 3aaaroTcs
BHYTPCHHHE KOHCTAHTHI, a TAK)KE PEBEPCUBHBIN WHPOPMAMOHHBIN rpad 3agaHHON
¢yaknmuu. O0NacTh ONMMCAHWN BHEIIHUX CCHUIOK HAYMHACTCS C KIFOYEBOTO CIOBA
External u comepXuT CIHUCOK CTPOK, B KAKJOH M3 KOTOPBIX 3aJaH JECKPHUIITOP
(HOMep) BHelIHEHN ccbUIKM U €€ uMs. Ha HyneBoil mo3uuuu Bceraa pacnojaraercs
CCBUIKAa Ha TPAHCIHPYEeMYIO (YHKIHIO. DTO IMO3BOJIIET MCIOIB30BaTh O0OpaIIcHUE
(hyHKIMH K caMoii cebe B cirydae peKypCHBHBIX BBI30BOB.

O01acTh JIOKAJIBHBIX KOHCTAHT HAYMHAETCS C KIroueBoro ciosa Local u comepxut
CIHCOK KOHCTaHT, WCIOJNB3YEeMBIX B XOJi¢ BBINONHEHUsA ¢QyHKumu. Kaxnon
KOHCTaHTE COOTBETCTBYET CBOW JECKPUINTOP (HOMEP), KOTOPHIA MPH BHIMOJTHEHUN
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nporpamMMbl  00ecrieyrBaeT JOCTYIl K COOTBETCTBYIOIIMM JaHHbIM. Hapsny c
YHCJIIOBBIMA M CHMBOJIBHBIMH JIJaHHBIMH B 3TOM 0O0JIAaCTH XpAHSTCS KOHCTAHTBHI,
OIpesieNAoNe NapaMeTphl 3aJepKaHHbIX CIHMCKOB. Kakgas U3 TakMX KOHCTAHT
XpaHUT HOMEp 3aJepXKaHHOTO CIHCKa, a Takke jaeckpunrop ysna PUIL,
BO3BPALIAIOIIETO BBIYMCICHHOE 3HAYEHHE W3 [JAHHOTO 3aJEP’KaHHOTO CIIHCKA
(TIOmOOHEII y3€eI CYIIECTBYET B IIOOOM 3a/1epyKaHHOM CITHCKE).
Onucanue PUI" copepXuT cUCOK BEPILNH, UX CBSI3€H C JTOKANbHBIMU KOHCTaHTaMU
M BHEIIHUMH CChbUIKamMH. JlaHHas oOmacTe HauyMHAETCS C  3arojoBKa,
OIHKCBIBAIOLIETO COJEPKAHNE KAKIONU CTPOKH:

id delay operation links
Cronbenr id 3amaér meckpunrop (Homep) BepumHbl PUI. B cronbue delay
YKa3pIBa€TCSl HOMEp  3aJepXKAHHOIO CIMCKAa, B KOTOPOM  pacloJIOXKeHa
COOTBETCTBYMOIIAs BepiunHa. Ecinu Bepmmna PUIT He HaxoaurTces B 3afep:KaHHOM
CIIUCKe, B NAHHBIA cToynOer 3aHocuTCs HOMb. B crombue operation pasmermaercs
oreparysi, BbIMONHSeMas B cooTBercTBytomiei Bepimue PUI. Cronbery links
YKa3blBaeT Ha CBA3M BepIIMH. B HeM 3a7aéTcsi CIHMCOK CCBUIOK HAa HCTOYHHKH
JaHHBIX JUI1 TEKyIned BepmuHbL. VcTouHmkamn uH(pOpManmmm MOTYT OBITb:
BHEIIIHUE CCBUIKH, JIOKAJIbHBIE KOHCTAHTHI, NPEAONpPEACIEHHbIE CUMBOIBI U Y3JIBI
PUI'. Kaxnplifi U3 3THX HCTOYHHUKOB [AHHBIX HACHTUPHUIHPYETCS B KadecTBE
3JIEMEHTa CIHCKA CBs3€M C MCIOJIBb30BAaHHMEM CBOETO BapUaHTa IPEICTABICHHS.
Pa3nuune B onucaHuu cBs3ed B JaNbHEHIIEM ONpeelsieT oOpallieHue K pa3HbIM
00J1aCTsIM NaMATH B BEIYUCIUTEIIE.
Yka3zaHue Ha BHEITHIOIO CCHUIKY 331aéTCs B CISAYIOIEeM GopmMare:

ext:<cumeonuyecKkoe_ums_6HeuiHell_CColIKu>

Jl1s1 ToKanbHOM KOHCTaHTHI CIIONb3yeTcst popmart:

loc:<snauenue_xoncmanmur>
[MpenonpenenéHHble CUMBOJBI, OOBIYHO CBSI3aHHBIE CO 3HAKAMHU Pa3IMUHBIX
orepanyi, 3aal0TCs CBOMMH 3HAYCHUSIMHM, Hampumep: +, -, * u tak ganee. Ecim
UCTOYHUKOM OHNEpPaHAOB CIYyXHUT Apyras BepmuHa PUI, To B kauecTBe CBs3U
3aJaéTcs LeJI0e YUCIIO, PABHOE JECKPUNITOPY STON BEPIIMHEI.
[ToMuMoO 3TOTO B AOTIOTHHUTENBHBIX (aiinax coaepXuTcs HHGpopManus It OTIAAIKH
IporpamMMel, cBsi3bIBaromas y3isl PULT ¢ necxoqueiM tekcroM ¢ynkimn. Takxke, npu
HalMuuK THIOB (hopmupyeTcs (aiiia, B KOTOPOM OINMCHIBAIOTCS THUIIBI JIaHHBIX,
MOpOXkAaeMble B Kak7oM U3 y310B PUT.

5. @opmupoeaHue ynpaensrou,e2o epagha

PeBepcuBHBIN HHPOPMAIMOHHBIN Tpad, NOPOKAEHHBIH TPAHCIATOPOM, MO3BOJISIET
MOCTPOUTH YNpPABISIONMKA Tpad, onpenensomuil BelMoNHEHHE QyHKIMU. s
9TOTO IIpeAHa3Ha4YeHa clelnallbHas yTHiuTa, kotopas ¢popmupyer YI, 3amatommit
ynpasneHue BepmmHamMu PHUIT mo roroBHocTH naHHbIX. YI' coxpansercs B

175



Legalov A.1., Vasilyev V.S., Matkovskii I.V., Ushakova M.S. Support tools for creation and transformation of
functional-dataflow parallel programs. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, 2017, pp. 165-184

perno3utopud B TeKCTOBOM Buje. [y paHee npuBen€HHO#M (QyHKUNHM BBIYUCICHUS
(hakropuana oH OyJeT BBITIISAIETH CIASAYIONTUM 00pa3oM:

parfact

id delay automat inode links

0 0 arg,0 0 links:1,1;5,1;
1 0 (---),0 1 links:3,1;
2 0 (---),0 2 links:3,2;
3 0 :,0 3 links:4,1;
4 0 :,0 4 links:9,2;
5 1 (---),0 5 links:6,1;
6 1 :,0 6 links:7,1;
7 1 [---1,0 7

8 0 (---),0 8 links:9,1;
9 0 :,0 9 links:10,1;
10 O :,0 10 links:11,1;
11 0 return, 0 11

Signals: (Number, Node, Input)

0 1 2

1 2 1

2 2 2

3 2 3

4 4 2

5 5 2

6 6 2

7 8 1

8 8 2

9 8 3

10 10 2

Dynamic links: (Number, Delay list, Node)

0 1 7

IepBas crpoka GopMUpyeMOTo MpeACTaBICHUS CIYKHUT A uaeHTuukammn YT
B wHeii 3amaércs wums BbimosiHsiemMod ¢Qynkumu. Crepyromias CTpoka HOCHT
CIPaBOYHBIN XapaKTep, OMHUCHIBAas HA3BaHUS CTOJIOIOB yNPABIAIONIEro rpada, y3ibl
KOTOPOTO pacHojararoTcs B BUJIE CIFICKa CTPOK HEMOCPEACTBEHHO 3a Hel. Cronberr
id ucmone3yeTcs i 3amaHus geckpunropa (Homepa) yziaa YI'. B cronbue delay
YKa3bIBa€TCsl HOMEP 3aJ€P/KAHHOIO CIUCKA, B KOTOPBIA BXOAUT TOT WU MHOH y3€l
WI'. Eciu y3en He BXOJAUT HU B OJIMH U3 MMEIOIIUXCS 3a/lep>KaHHbIX CIUCKOB, TO B
JTAaHHOM TI0JIe CTOMT 3Ha4yeHWe, paBHOe Hymro. B cronbme automat zagaércs twn
aBTOMAaTa, UCIMOJIb3YEMOT0 JUIsl YIPABJICHUS y3JI0M, U 4epe3 3alATyl0 yKa3blBaeTCs
ero HayaibHOE coctostHue. OOBIYHO TpH (opMupoBaHun Y aBTOMAThl HaXOIATCS
B Ha4yaJbHOM (HYJIEBOM) COCTOSHMM. VX COCTOSIHMSI MOTYT M3MEHATHCS B XOJ€
ONTHMHU3AIMM  YNpaBisiomero rpada ¢ HCHOJIb30BAaHUEM COOTBETCTBYIOIINX
yrunut. B cronbue inode ykaseiBaercst y3en PUIL, HemOCpeaCTBEHHO CBSI3aHHBIN €
naHHoi BepmmHoW YI'. Ilpu nepBonauanbHOW reHepauuu YI' KoJIMYeCTBO €ro
BEPIINH COBMaaaeT ¢ yucyioM BepmuH PUI, n BepmuHb 060uX TpadoB HaXOIATCS
B OJHO3HAYHOM COOTBeTcTBHH. OIHAKO B Xonxe onTuMm3anuu YI', Bo3MOXkHa
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MOJU(HKAIHS 3TOTO COOTBETCTBUSI. MOKET U3MEHHUTHCSA KaK COCTOSHUE aBTOMATa,
pasmerénnoro B BepimHe YT, Tak u ero tun. Crosber links ykassiBaet Ha CIIHCOK
YIPaBJISAIOIUX CBSA3EH, HAIIPABIEHHBIX OT UCTOYHUKOB YIPABISAIOMIMX CUTHAJIOB K
ux npuémHukaM. B ormmuue or PUIL, B VI' HampaBieHue cBsizedl ompeneisercs
TakKAM 00pa3oM, YTOOBI KaXIbIi MCTOYHUK JAHHBIX WHHUIMHAPOBAI BBHIIIOIHEHHE
MPOIIECCOB B CBS3aHHBIX ¢ HUM mnpuéMHUKaX. OmnmcaHue KaXIOH CBSI3U
yIpaBIomero rpada Coaep XuT HOMep y3Ia-puEMHUKA 1 HOMEp BXOZa B HEM.
OO6nacTp yHpaBIAIOIINX CHTHAJIOB CIEAyeT Tocie omucanus BepmuH Y,
OTHEISASACH OT HEr0 3ar0JIOBKOM:

Signals: (Number, Node, Input)
IIpencrapnennpie B Y[ CHUTHaNBI OOCCIICUMBAIOT HAYATIBHYI WHUIIMATH3AIUIO
BBIYUCIIEHUH, OINpeensss TOTOBHOCTh K MCHoJib30BaHUIO0 KOHCTaHT PUI'. Mmenno
STH CHTHAJIBI, HAPSIy C CHUTHAJIOM, WHGOPMHUPYIOIIMM O MOSBICHUHA apryMCHTa
(yHKOHMH, ONpemeNsIIoT Hadajlo BBMUHCICHHUN. KaKabplii CHTHANM WMeeT CBOWM
JIecKpunTop (HoMep) u 3a71aéT y3ela-MpHEMHUK, a TAaK)Ke HOMEp BXOZa B 3TOM Y3JI€.
Jnsa mepemenienuss Mexnay ys3namu PUIT B Xxonme BBIUMCIEHUH HEpPacKpBITHIX
3a/Iep)KaHHBIX CIIICKOB HEOOXOIMMa JTOTIOTHUTEIbHAS YIPABIAIOMAs HHOOPMAITHSL.
Ona 3amaéres B 001aCTH 3a1ep>KaHHBIX CBs3el. Onrcanne KaxX IO CBS3H CONCPKHUT
HOMeEp 3aJepKaHHOro cnucka u yzen PUILT, sBastomuiics HCTOYHUKOM pE3yJibTaTa,
MOPOXKIAEMOT0 PACKPHITHIM 3aJIepPKaHHBIM CIIUCKOM. JlaHHAs 00IacTh HAYWHACTCS
C 3aroJIOBKa:

Dynamic links: (Number, Delay list, Node)

6. MapannenbHas cobbimuiiHass MawuHa

Brimonnenne GyHKINOHAIBHO-TIOTOKOBBIX TapalIeNbHBIX MPOTpaMM HA TEKYILEM
3Tare OCYLIECTBIISIETCS CHIENNABHBIM HHTEPIPETATOPOM (COOBITHHHON MalIMHOMN),
COCTOSIIIMM W3 MHOXecTBa coObITHHHBIX TpoueccopoB (CII), ympaBisembIx
MEHEKEPOM COOBITHIHOW MamuHbl. Kaxasiii u3 3THX mporeccopoB (puc. 5)
OCYIIECTBIISIET 00pabOTKy TOJBKO OIHOW (YHKIMHM, 3aIlyCKaeMOH B OTIEIHHOM
notoke. BeimonHeHne omnepanuii BHYTpH (YHKIIMM B HACTOSIIUII MOMEHT
OCYULIECTBJISICTCSL IIOCIENOBATENbHO 3a CUET M3MEHEHUs COCTOsIHMS BepmMH YT,
KOTOpbI€ MHUIIMUPYIOT BbIUUCIIECHU B BepinHax PUIL.

Oynkunonuposanue CII ocymecteisiercst cienyromum obpasom. VcexonHbie
CUTHaJBL, (UKCHpYIOIIHE MPOTEKAaHWE B CHCTEME pa3IHYHBIX COOBITHH U
onpeJesieMble HadaJIbHOM pa3MmeTkod VY1, 3arpyxaroTcs B o4yepelb, U3 KOTOPOH
nepenaroTcss oOpaboOTUYMKY B COOTBETCTBHM C IUCUMIUIMHOW oOCIyXuBaHwus. B
mpocTteiiimeM ciaydae 3To MokeT ObiTh  gucnuiummHa  FIFO.  O6pabotumk
YIPaBISIIONIMX CHUTHAJIOB AHAIM3UPYET IIOCTYyNUBIIEE COOBITHE W BBIOMpaET
yKa3aHHBIN B HEM y3el ynpasiisitonero rpaga. Ha ocHoBe aHanm3a cocTOSHUS y3i1a
YT oH MOXeT 00paTHUThCS K CBSI3aHHOW ¢ HUM BeplInHE MH(OPMALMOHHOTO rpada
3a KOJIOM BBINOJIHAEMOH omnepannu. B cimydae, korna onepaunsi 00pab0TKH JaHHBIX
JIOJDKHA OBITH BBINIOJIHEHA, IMPOUCXOJUT oOpamieHne K oOpaboruuky ysnos PUI,
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KOTOPBI  OCYIIECTBIISIET Tpebyemble (yHKIIMOHAJIbHBIE TpeoOpa3oBaHus U
COXpaHsSeT  NPOMEXKYTOUHble  pe3ynbrarhl. [locie  0OpabOTKH  JaHHBIX
YIOPaBISIIONIMNA  y3€J TEePEeXOJAUT B HOBOE COCTOSHHE M MpPU HEOOXOIMMOCTH
(dopmupyeT cHTrHaJ, MepelaBaeMblil CICAYIOUIEMY Y31y, KOTOPBIH MOCTymaer B
ouepe/Ib YIPABIISIONIINX CUTHAJIOB.

( CHrHATEI HAYATPHOH PasMETEH )

Ouepens YIPABAOMINEX CUTHATIOR j———————————————

ITocTynmaromue CHTHATEL IToposxmaeMple CHTHATEL

———— OOpadoTYHK YIPaBIAIOMX CHIHATIOB

A

Tlomyuerne ysma YT Obpabotra ysmna PHT
e |
HMamererne cocToAHRd yama Y1 Iomyuenne yzaa PHT

T Y G
< Pabouasn namats ysmos PHT ><

Puc. 5. Obodowénnaa cmpyxmypa cobvimuiino2o npoyeccopa
Fig. 5. Event processor ’s general structure

Msmerenne coctoarma ysma PHTT

[Nepen 3amyckoM cOOBITHIHON MaIIMHBI TPON3BOIUTCS] KOMIIOHOBKA ITPOTPAMMBI 13
OTAETBHBIX (PYHKIMH, pasMEIIEHHBIX B peno3nTopu. KoMmmoHOBHIIMK mpoBepsieT
HaJIM4KEe BCEX DJIEMEHTOB, NEPEUYHCIECHHBIX B paszene BHemHUX cceliok PUT. B
TOM Clly4ae, €CIM KaKOH-TO U3 3THX 3JEMEHTOB OTCYTCTBYET, HHTEpIpETalus
00BsABISIETCST HEBO3MOXKHOW. ISl KaXIOro W3 HaHAEHHBIX JJIEMEHTOB TaKXkKe
MPOU3BOJUTCS KOMIIOHOBKA. Bce HaiineHnble B nponecce komrnoHoBku PUI u YT
COXpPaHSIOTCS B MAMATH, OTKyJa JIETKO MOTYT OBITh W3BJICUYEHBI, IPH
HEOOXOIMMOCTH, 10 MMEHHU. Tabmuiyy 3arpyXeHHBIX KoMroHoBmukoM PUI u VI
XpaHUT MeHeJKep cOOBITHHHONW MamuHbI. [Ipoliecc nHTepIpeTanuu HaYMHACTCS C
co3manus nepsoro (HagansHOro) CIT. Emy nepenatorcs cepuiku Ha PUTT u YT Toid
(yHKIMH, C KOTOpOH BBINOJIHEHHE JMOJDKHO HadaThcs. llpomeccop coxpanser
naHHbIe B paboueli mamatu y3noB PUIT, a cocTosiHus aBTOMAaTOB B pabodeit mamsaTi
y3ioB YI, mocne dYero HauMHAeT aHauW3 yIpasisomiero rpada. ABToMarsl,
cBsi3aHHBIE ¢ BepmmHaMu Y1, koTopsiM B PUI' COOTBETCTBYIOT KOHCTAaHTHI, OyayT
M3HAYaJIbHO HAXOUTHCS B COCTOSTHUU TIOPO>K/ICHHS HOBBIX COOBITHH. DTH COOBITHS,
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cienys mo cBs3aM Y, akTUBUpPYIOT NpUHHMAronie HMX aBToMaTel. llpomecc
nepenayd COOBITUH O CBSA3SIM IIPOJNOJDKAeTCs A0 TeX Iop, Ioka He Oyner
obpabotaHa BepinHa, cooTBeTcTBYIomas B PUI" Bepuinae «returny (B aTom ciryuyae
(yHKIHMS cYMTaeTCs BBIIOJIHEHHOW), MJIM MOKa o4epeab coObITHH He omycTeeT. B
nocienHeM cirydae CII mepedaer B CIsImuii pesxum, peIBapuTeI-HO OIIOBECTUB 00
S9TOM MCEHEIKEp COOBITHIHON MamuHBL. JlaHHas cHUTyanus BO3MOXKHA, KOrza
00paboTaHbl Bce BHYTPCHHHE CHTHAIbl M HE TNPHILIN YIPABISIONINE CHUTHAIBI,
CHTHAJM3HPYIOIIHE O TOIy4YCHNH PE3YJIbTATOB B BHI3BIBACMBIX (DYHKIUSX.

7. Onmumusauun d)yHKuUOHaﬂbHO-ﬂOMOKOGbIX napasnsiesibHbIX
npozpamm

OCHOBHBIE METOZABl ONTHMH3ALHUH, pa3pabOTaHHBIE B HACTOSIIEE BpPEMS,
3aTparuBaroT MpeoOdpa3oBaHKe MPOMEXKYTOUHBIX MPEACTaBICHNH (YHKIMOHAILHO-
IMOTOKOBBIX  MapaJlyICJIbHBIX  HIpOrpaMm. Onu HanpaBJICHBI Ha  HU3MCHCHHC
nH(opManMoHHOrO U ynpasisitomero rpados. IIpoBoaumbie npeobpa3oBaHusl BO
MHOTOM aHaJIOTUYHBI ME€TOAaM, HCHOJIb3YEMbIM IIpU ONTUMH3ALUNU HCXOIHBIX
TEKCTOB IPOrpaMM M HX IPOMEXKYTOUHBIX IPEACTABICHUN B JPYrUX S3bIKax
NPOrpaMMUPOBAHUs, U MPEAHA3HAYECHBI U PELICHUs cXOxkuX 3axad. Crenuduxa
(hyHKIIMOHATBHO-TIOTOKOBOM MOJENH TapayieIbHBIX BBIYMCICHUN HAKIaJbIBAcT
CBOM OCOOCHHOCTH HAa PEM3alMio 3THX MeTojoB. OHa oOycioBieHa anreOpoi
SKBUBAJICHTHBIX  INPEOOpa30OBaHMHA  MOJENHM,  pCalM30BaHHOW B  SI3BIKE!
MH()OPMAMOHHBIA ¥ YHpaBIAIOMUI Tpadbl MOTYT M3MEHSTHCS HE3aBUCHMO APYT
oT apyra. B xoze ontumMusanny HeoOX0aUMO obecrieunBaTh coryiacoBaHHOCTs PUT
u YT, ogHako, U1 MHOTHX 3a7a4 J0cTaTo4HO 00paboTku PUI. B Takux ciyuasx
ONTUMM3ALMA  YOpaBIAOIEro  rpada  JODKHA  OCYIIECTBIATBCS — MOCIHIE
Tpancdopmanun HHGOPMAIIMOHHOTO rpada U NOCTPOSHUH Ha €ro OCHOBE HOBOTO
VYI'. Crenyer OTMETHTh, YTO pa3padaThiBacMble B HACTOSIIEE BPEMsS YTHIIUTHI HeE
3aTparuBaroT pacrpeesieHle pealbHbIX BBIYMCIUTENIbHBIX pECypcoB. B HacTodmuii
MOMEHT PealM30BaHbl CJIEAYIONIHE METOIbI.

1. YnaneHue HEHCIONBb3YeMOIO KOJQ, TO €CTh €CIM BBIYUCICHHSA HE BIUAIOT Ha
MOJy4eHHE pPe3yNbTaTa, TO UX MOXXHO yAanuTh u3 (QyHKIuH. COOTBETCTBYIOIIAS
YTWINTA TMPOXOJUT MO PEBEPCUBHOMY HH(OpMannoHHOMY Tpady OT BEpIIUHEI
BO3Bpara U3 (YHKIMU U COOMPAET BCE MCIOJIBb3YEMbIE BHIYUCIICHUS, OCTAIbHBIE —
yramsores. Cnennduka JaHHOTO TPeoOpa3oBaHUs OIpeAenseTcs 0COOCHHOCTHIO
(DyHKIIMOHAJIBHOTO SI3bIKa, B KOTOPOM Kaxjass (YHKIHsS IOJDKHA 3aBEpLIaThCS
BO3BPaTOM PE3yJIbTATOB.

2. OnTuMH3anys B MOBTOPSIIONIMXCS BRIYUCICHHUSX. TPaJNIIMOHHO B KOMITWIIATOPAX
nogo0Hoe TpeoOpa3oBaHue BHINOIHETCS IS IMKJIOB. B paccmarpruBaeMoM cirydae
AQHAJIOTUYHBIM 00pa30M OCYILECTBISIETCS PeoOpa3oBaHUe PEKYPCHH U UMEIOIMXCS
B MOJIENIN U SI3bIKE TapajlIeNIbHbIX CIIMCKOB. B yacTHOCTH:

e [IpW ONTHUMH3AINU B PEKyPCUBHOMN (PYHKITMH, BEIYUCICHNS, HE 3aBUCSIINE
II0 JaHHBIM OT U3MEHAEMBIX [1aPAMETPOB PEKYPCHUH, BEIHOCATCS BO
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BCIIOMOTATENbHYIO (DYHKIIHIO, a pe3yIbTaT MepenaéTcss B OCHOBHYIO
(YHKIHIO B KA4ECTBE JIOTIOHUTEILHOTO ITapaMeTpa;

® [P ONTHUMHU3AIMH NapajUIeIbHbIX CIIHCKOB, aHAIM3UpYyeTCs QyHKIuS,

MIpUMEHsieMasi K CITUCKY, U U3 He€ B BBI3BIBAIONIYIO (DYHKIIMIO BBIHOCSITCS

BBIYHCIICHUSI, HE 3aBHUCAIIIE OT aprymenta [15].
3. HenocpencrBennas (inline) moncraHoBka mpocThix ¢yHKuumid. Ecnu ¢yHKIus
JIOCTaTOYHO Maja, TO JIOJIs MOJIE3HBIX BBIYHMCICHHH B HEH MOXKET ObITh HEBEJIHMKa
OTHOCHTEJIFHO M3JIEPKEK Ha BBI30B (YHKIHMH. B CBS3M ¢ 3TuM Teno (QyHKINH
BCTaBJISIETCSI BMECTO €€ BBI30BA.
4. Ynanenune moBTOpsromerocs koma. Ecnu monrpadsl mHQOpMAauOHHOTO Tpada
BBITIOJTHAIOT OJMHAKOBBIEC NCHCTBHSA HAJ OAHUMH U TEMH XE€ apryMEHTaMH W ITIpH
3TOM HaXOJTCS B OJHOM WM MEPApXUYECKH BIIOKEHHBIX 3a/IepKaHHBIX CITUCKAX,
TO WX MOXXHO CIINTb, YIaIUB TEM CaMbIM M30BITOYHBIC BEIYHCICHHS. B peanmsanun
sToro npeodpazosanus u3 PUI cHavana ycTpaHSIOTCS MOBTOPSIFONINECS KOHCTAHTHI.
Tornma, BEpIIMHBI SIBISIOTCS «IIOBTOPSIIOIIMMHUCSY TOJIBKO B TOM CIy4ae, €CIH
BBITIOJIHSIOT OJTHY H TY )K€ OIEPALUIO HaJl ONHUMH U TEMH K€ Y3JIaMH.
5. OnTuMmu3anusi Ha OCHOBE JSKBUBAJICHTHBIX INPeoOpa3oBaHUi, OIMpPEAEIIEeMbIX
anreOpoit mpeoOpa3oBaHUi MOnENH (YHKIIMOHAIbHO-TIOTOKOBBIX IapalIelbHbIX
BbluucieHuil. B PUI" BbIonHAETCSA MOUCK KOHCTPYKLIMH ONPEAeaEHHOr0 BUIA U UX
TpaHcdopManus B SKBHBaJICHTHYIO, HO OoJiee TIPOCTYIO /I BhIUUCICHUS Gopmy. B
YaCTHOCTH, MOZEJb JIONYCKAaeT CIIEAYIONIIE SKBUBAJICHTHbIC IPEOOpa30BaHUs:

® YHOPOMICHUC OAHOIJICMCHTHOTO NAapaJICJIbHOI'O CIIUCKA,
® CBCPTKY B OJJUH HETTIOCPEACTBEHHO BJIOKCHHBIX IMapalJICIbHBIX CIIMCKOB,

e IIpeIBapUTENIFHOE YIPOIIEHUE I CIIMCKOB, pa3Mep KOTOPHIX U3BECTEH
MIPU KOMITHJISIIUH.
6. VYpameHnwe W30BITOYHBIX  YIPABISAIOMIMX  3aBUCHUMOCTEH. PeBepcuBHBIN
MHQOPMALMOHHBIA Ipad OMHUCHIBAET 3aBUCHUMOCTH IO JAaHHBIM, a YIPABISIOMINI
CTPOWTCS Ha €ro OCHOBE B COOTBETCTBHM CO CTpaTeruedl ympaBiCHUSA IIO0
TOTOBHOCTH JaHHBIX. OZHAKO B pAJ€ CIy4aeB 4acThb NMOCTPOSHHBIX YNPABIISIONINX
cBszell sBisIeTcs M30BITOUHON. [lo3TOMy MX ynaleHHe He CKakeTcsd Ha MOpsKe
BBINOJIHEHHS ITPOTPaMMBI.
7. TopoxkaeHue ynpasismoonero rpada, peain3yrolero mociea0BaTeIbHbIA 00X01
BepumiH PUI. B jaHHOM ciydae ocyuiecTBiseTcs (OPMUPOBAHHE BEPILUH
yrOpaBigonero rpadga 0OeCTeYMBAIONINX 3allyCK BePIINH HHPOPMALHMOHHOTO
rpada 6e3 JOMOIHUTEIHHOTO aHAIN3a TOTOBHOCTH JJAaHHBIX.

8. PopmanbHas eepugbukayusi @I npozpamm

Hammane B mporpamme TOJIBKO HMH(POPMAIMOHHBIX 3aBHCUMOCTEH M OTCYTCTBHE
PECYPCHBIX OTPaHWYEHHUI MO3BOJSIOT OONErduTh (OPMANBHYIO BEPHUPHUKAIHIO.
OCHOBHBIMH 33/1a4aMH B JIaHHOM HaIlpaBJICHUH palboT SBIIIOTCS: HCCIIEAOBaHUE
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crnemudrKd NMpUMEHEHHUs (OPMAIBHBIX METOJOB JIOKAa3aTEeNIbCTBA KOPPEKTHOCTH;
pa3paboTka HHCTPYMEHTAJIBHBIX CPEACTB, YIPOIIAONINX BEPH(HUKALINIO.

AKIIEHT cJieflaH Ha J10Ka3aTeIbCTBO KOPPEKTHOCTH MPOrpaMMBI C UCIIOJIb30BaHUEM
JeIyKTUBHOTO aHalM3a Ha OCHOBe ucuucieHus Xoapa [16]. Tpoiika Xoapa
NPE/ICTaBISIeTCS KaKk MH(QOPMALMOHHBIH rpad NporpaMMBbl, K BXOIHOHW U BBIXOIHOW
JIyre KOTOpOrO NpHBsI3aHbl (DOPMYJIBI Ha sI3bIKe crieruduKanuu (IperycioBue U
nocrycioBue). [Iponecc nokazaTenbcTBa KOPPEKTHOCTH MPOTPAMMBI 3aKJIIOYAETCS B
pa3MeTKe Ayr WHGOPMAIMOHHOTO Tpada (OopMyIaMHu Ha S3bIKE CICIUPUKAINH, B
Mogupukanuu rpada m ero cBépTke. B pesympTare, mMoydaeTcst HECKOJIBKO
uHpOopManMOHHEIX TpadoB, y KOTOPBIX BCE Iyr'W pasMmedeHel. Kaxneri n3
TIOJTHOCTHIO pa3MedeHHBIX rpad)oB MOXKET OBITH IIpeoOpa3oBaH B GOPMYITYy Ha SA3BIKE
noruku. ToXXaecTBEHHass HICTHHHOCTD BCEX IMOIYYCHHBIX ()OPMYI CBHICTEIECTBYET
0 KOPPEKTHOCTH Iporpammsl [17].

[Ipomecc moka3aTenbcTBa HOCTATOYHO TPYAOEMOK, TaK KaK TpeOyeT pacCMOTPEHHS
OOJIBIIOT0 KOJWYECTBA pPA3IMYHBIX BapHAaHTOB TIpadoB M TpeoOpa3oBaHUIL.
[TosTomMy pa3paboTaHbl OCHOBHBIE KOHLENIUH apXHTEKTyphl HMHCTPYMECHTAJILHOTO
CpeAcTBa Ul MOJACPKKH (hOopManbHON Bepudukanuu nporpamMm Ha sizbike DIIIT
nporpammupoBanust [18]. Cuctema monywaer Ha Bxoa WH(oOpManMoHHBIH Tpad
nporpamMMbl M (JOPMYJIBI TIPEIYCIIOBHSI M TOCTYCJIOBHS Ha SI3bIKE CHEHU(HUKALIUH.
Ona HaxOAMT Hepa3MeueHHble AYru rpada M MOMOraeT C BHIOOPOM aKCHOM H
TeopeM, HEeoOXOOMMBIX I HUX pa3MeTKu. Bech Ipolecc Jo0Ka3aTenabCTBa
NPE/ACTABISIETCST B BHAE JEpPEBa, KAKIBIM y3€l KOTOPOTO SBISETCS YaCTUYHO
pa3medeHHbIM TpadoM. IlocTpoeHue mepeBa 3aBepuIaeTcs, KOTrJa BCE €ro JIMCTh
coJieprkaT MOJIHOCTBIO pa3MeueHHbIe HHpOpMaHoHHbIe Tpadbl mporpammsl. [locie
3TOrO JUIA Kaxaoro rpada m3 amcTa reHepupyercst GpopMyiaa Ha SA3bIKE JIOTHKH.
Ecnm Bce hopMyIibl TOXXKAECTBEHHO HCTHHHBI, TO IIPOrpaMMa KOPPEKTHa.

9. 3aknroyeHue

PazpaboTaHHble ~ WMHCTpYMEHTAJbHBIE  CpEICTBA  IIO3BOJSIIOT  CO3]aBaTh
apXUTEKTypHO-HE3aBUCHMBIE  MapajyielIbHble  IPOrpaMMbl, Ha  KOTOPBIE
BIIOCHEJCTBMM MOXHO HAaKIa[AblBaTh pa3IM4Hble CTPATETHH  YNPABICHUSA
BBIUUCIICHUSIMUA 03 M3MEHEHHs JIOTUKU (pyHKIHOHHpoBaHusA. Huuto He Memaer
NPOBOJUTh  NPENBAPUTEIBbHYI0  ONTHMHU3ALUMI0  HMHPOPMAHMOHHOTO  rpada,
OCYIIECTBIIITh TECTHpOBaHME M OTIaAKy. llocmemyrommme mnpeobpa3oBaHUS
MPOMEKYTOUHBIX IMIPEACTABICHUN B MPOTPaMMBI JJISI PealbHBIX BBIYUCIUTEIHHBIX
pecypcoB MOTYT TIPOBOAWTHCS Ha YK€ OTJIAKEHHOM KOJe C NPUMEHEHHEM
(hopManM30BaHHBIX ITOAXOAOB, YTO TO3BOJUT MOBBICHTH HAJEKHOCTH MPOTPaAMM.
Mo3kHO Takke IPOBOJUTH JOMOJHUTENbHBIE ONTUMU3AINY, HAIIPUMED, MOBBIIICHUE
3¢ peKTUBHOCTH HCHOJIb30BaHus namsaTu. Ho Bce 310 Oyner penartbest mocie Toro,
Kak OCHOBHas ImpoOieMa  pa3pabOTKH, py4YHOE CO3JlaHHE  KOPPEKTHO
(yHKIIMOHMPYIOILEH MpOrpaMMBbl, YK€ pelreHa. Bmecre ¢ TeM cieqyeT OTMETHTh,
YTO B HACTOSAIIMH MOMEHT pElleHa TONbKO IepBas 4acThb 3ajaud, CBA3aHHas C
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BBITIOJTHEHWEM MPOrpaMM Ha JMYJISATOpe COOBITHHHOW Mammebl. Ilepexom
npeoOpa3OBaHHUI0 HA pEaJbHBIC BBIYUCIUTEIBHBIE CHCTEMBI IUIAHUPYETCS Ha
CIIEIYIOIIEeM dTare paboTHI.

HccnenoBanme BeIONMHACTCA TIpH (uHAHCOBOH monaepkke PODU B pamkax
Hay4qHOTO mpoekTa Ne 17-07-00288.
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Abstract. In the article, a novel approach to the development, analysis and transformation of
parallel programs is considered. A functional dataflow parallel programming language is
used. It supports writing programs independently of any resource limitations. This allows to
develop algorithms with maximal level of parallelism. Support tools for translation,
execution, debugging, optimization and verification of functional dataflow parallel programs
are developed. The translator transforms source code of a program to an intermediate
representation, in which each function is defined by its dataflow graph. A dataflow graph
describes data dependencies in the function and allows to construct the control graph, which
defines the organization of computations by specifying the order of the operators execution.
The optimization and verification of the program is carried out on their dataflow and control
graphs. In order to execute a program the maximal parallelism is to be «compressed»
according to particular computing systems' resource limitations. A computation process is
considered as a juxtaposition of the control graph and the dataflow graph. It is possible to
employ different control strategies by means of control graphs modification. The developed
support tools allow to change computation control strategies adapting them to the
peculiarities of a computational environment. The suggested tools provide generation of
intermediate representation, which could be used as a basis for the following transformations
of a program to the program for existed parallel computing systems architecture.
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programming; transformation of programs; software development tools, dataflow graph,
control graph

DOI: 10.15514/ISPRAS-2017-29(5)-10

For citation: Legalov A.l., Vasilyev V.S., Matkovskii 1.V., Ushakova M.S. Support
tools for creation and transformation of functional-dataflow parallel programs. Trudy
ISP RAN/Proc. ISP RAS, vol. 29, issue 5, 2017. pp. 165-184 (in Russian). DOI:
10.15514/ISPRAS-2017-29(5)-10

183



Legalov A.1., Vasilyev V.S., Matkovskii I.V., Ushakova M.S. Support tools for creation and transformation of
functional-dataflow parallel programs. Trudy ISP RAN/Proc. ISP RAS, vol. 29, issue 5, 2017, pp. 165-184

References

[1]. Matloff Norman. Parallel Computing for Data Science With Examples in R, C++ and
CUDA. CRC Press. Taylor & Francis Group, 2016.

[2]. McKenney Paul E. Is Parallel Programming Hard, And, If So, What Can You Do About
It? - 2014.

[3]. Legalov A.l. About computation control in parallel system and programming languages.
Nauchiy Vestnik NGTU [Scientific Bulletin of NSTU], Ne 3 (18), 2004, pp. 63-72 (in
Russian).

[4]. Karpov Y.G. Model Checking. Parallel and distributed program system verification. -
SPb., BHV-Petersburg, 2010. - 560 p. (in Russian).

[5]. Korneev V.D. Parallel Programming in MPI. Novosibirsk, ICMMG SB RAS, 2002, 215
p. (in Russian).

[6]. Shameem Akhter, Jason Roberts. Multi-Core Programming. Intel Press, 2006.

[7]. Cheng John, Grossman Max, McKercher Ty. Professional CUDA ® C Programming.
John Wiley & Sons, Inc., Indianapolis, Indiana, 2014

[8]. Tay Raymond. OpenCL Parallel Programming Development Cookbook. Published by
Packt Publishing Ltd., 2013

[9]. Lastovetsky Alexey L. Parallel Computing on Heterogeneous Networks. John Willey &
Sons, 2003

[10]. Grid Computing — Technology and Applications, Widespread Coverage and New
Horizons. Edited by Soha Maad. Published by InTech Janeza Trdine 9, 51000 Rijeka,
Croatia, 2012.

[11]. Benedict R. Gaster, Lee Howes, David R. Kaeli, Perhaad Mistry, Dana Schaa.
Heterogeneous Computing with OpenCL. Advanced Micro Devices, Inc. Published by
Elsevier Inc., 2013

[12]. Voevodin V.V., Voevodin VI.V. Parallel computing. SPb., BHV-Petersburg, 2002, 608
p. (in Russian).

[13]. A.l.Legalov Functional language for architecture-independent programming]
Vichislitelnye Technologii [Computing technologies], Ne 1 (10), 2005, pp. 71-89 (in
Russian).

[14]. Backus J. Can programming be liberated from von Neuman style? A functional stile and
its algebra of programs CACM. 1978, Vol. 21, N 8, pp. 613-641.

[15]. Vasilyev V.S., Ryzhenko I.N., Matkovskii 1.V. Parallel list optimization for function
dataflow programming language “Pifagor”. Systemy. Methody. Technologii [Systems.
Methods. Technologies]. Ne 3 (23), 2014, pp. 102-107. (in Russian).

[16]. Hoare, C. A. R. An axiomatic basis for computer programming. Communications of the
ACM, 1969, Vol. 10, No. 12, pp. 576-585. DOI: 10.1145/363235.363259

[17]. Kropacheva M., Legalov A. Formal Verification of Programs in the Pifagor Language.
Parallel Computing Technologies, 12th International Confernce PACT September-
October, 2013. St. Petersburg, Russia. Lecture Notes in Computer Science 7979,
Springer, 2013, pp. 80-89.

[18]. Ushakova M.S., Legalov A.l. Automation of Formal Verification of Programs in the

Pifagor Language. Modeling and Analysis of Information Systems, 2015, 22(4), pp.
578-589. DOI:10.18255/1818-1015-2015-4-578-589

184



