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BBegeHune

O yensx usdaHus

Hacrosiimee mocoOue MOCBSIIEHO PAaCCMOTPEHHIO HEKOTOPBIX
CYIIECTBYIOIIUX IMOIXO/I0B B HANHMCAHUH IMapaJUICIBHBIX MPOTPAMM.
ITockonbKy cam 1o cebe (pakT HAIMYUS Napajulen3Ma CpeJibl BBINOI-
HEHUS U BBITEKAIOIIAs OTCIOAAa HEOOXOIUMOCTh pacrapauleIHBaHHs
IporpaMM B 00LIeM cilydae He MPUBS3aHbl K KOHKPETHOW peaau3anun
napajyieIbHON Cpefbl, 3/1eCh HEe MPUBOIUTCS KJIAaCCU(UKALIUSI MHOTO-
MIPOIIECCOPHBIX CHCTEM U HE JIeJIaeTCs aKI[eHTa Ha KOHKPETHYIO KaTe-
TOPHUIO BBIYMCIUTEIIBHON CUCTEMBI. JIJI O3HAKOMJICHHS C KIIAcCH(H-
Kaluei MokHO o0paTuThes K Apyroi surepatype [1, 3, 6].

Takoke 371ech HE PaCCMaTPUBAIOTCS CIICIIHATN3UPOBAHHBIC SI3BIKU
napajjieIbHOrO MPOrpaMMHUpPOBaHMs, Takue Kak, Hampumep, Occam,
WU A3BIKM C €CTECTBEHHOM MOMAJEP KKOM MapaiebHOTO Mporpam-
mupoBanus, Hanogooue Erlang mmm Oz. 3nmech, ckopee, aenaercs mo-
MIBITKA TIO3HAKOMUTH YUTATENS C CYIMIECTBYIOMIMMH MOJXOAaMU M Me-
TOJJAMHU HapauIeIbHOTO NPOTPaMMHUPOBAHUS Ha OCHOBE Y)K€ H3BECT-
HBIX €My KOHCTpYKIMH. B yacTHOCTH, C MCTIONIB30BaHHEM M3BECTHOTO
si3pika. J[1s Hamrero usnokeHus OyneT Hambonee yaoOeH si3bik C++,
XOTsI BOOOIIIE BEIOOD SI3bIKA HEMTPUHIIUITAATICH.

Haxkomnern, mockonbKy HAcCTOSIIME MOCOOHME Tak)Ke HE IMpeaHa-
3HAUEHO JUISl IEPBOHAYAIBHOTO O3HAKOMIICHHSI ¢ OCHOBAMH ITPOTPaM-
MHPOBaHHS, OHO HE COJEP)KUT 0030pa MCIOJIB3YEeMOro B IpPUMEpax
a3bIka. HanmpoTus, /U1 MOHMMaHUs U3J10)KEHHOI0 MaTepuaia Heo0Xo-
JMMO XOpOIee BJIJICHUE HCIIOIb3YEMbIM SI3bIKOM, U HMEHHO 110 3TUM
NpUYMHAM BBIOpAaH TOCTATOYHO MOIYJISIPHBINA SI3BIK MPOTPaMMHUPOBa-
Hus. [1o Tem ke MpuYuHaM HUTZIE B TEKCTE HE OOBSICHSIOTCS MpaBUIIa
¥ TIPUHIMIE pabOTHl CO CTaHAAPTHBIMU KOHTEWHEpaMu OHOIMOTEKH
STL, XOTs1 OHU MIUPOKO UCTIONB3YIOTCS B TPUMEPAX MPOTPaAMM.

[IpuBoanMBIE MpOrpaMMBbl, KaK NpPaBUIIO, HE SBIAIOTCSA Kak Ta-
KOBBIMH TTOJIHOLIEHHBIMH NIPOrpaMMaMU JIJIsl KOMIWJISLMY, a SBJISIFOT-
csl JUIIb (parMeHTaMu Koja, WILIIOCTPUPYIOIMMH MaTepuan. [lis
BO3MOYKHOCTH KOMITHJISIIIAU 3TH (PParMEHTHI TOJHKHBI OBITH JOTOJTHE-
HBI CTaHAAPTHBIMH KOHCTPYKIHUSMH, C KOTOPBIMH YHTATENb JTOJKCH
ObITb 3HaKOM (oOpamiieHHME B (YHKLUUHM, OOBSABICHUE KOHCTAHT,
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subcart OymeT coBmajaTh) MPOU3BOIUTCS PACCHUIKA XPAaHUMOTO UM
O70Ka JIeBOW MaTPHUIIBI BO BCE OCTaJbHBIE Mpolecchl subcart. B ka-
gyecTBe aprymenrta casura ¢yHkuuu MPI Cart shift nmepenaercs
TakoW mapameTp, YToObl TEKYIIUH HOMEpP MO TOPU3OHTAIU YMHO-
&KaemMoro 0JIOKa JIeBOW MaTpHIlbl, KOTOPBIH OyAeT pa3ociiaH, COOT-
BETCTBOBAJI TEKYILIIEeMYy HOMEPY IO BEPTUKAIU yMHOXKAeMOro 0J10Ka
MIpaBON MaTpPUIHI.

ITpuHATHIN 6J10K J1€BOI MAaTPUIIBI TEPEMHOXKACTCS C TEKYIIUM
6i0kOM MpaBoil Marpuubl, IOCIe d4ero Ttekymuid Onok RES;

WHULUATU3UPYETCs  pe3ynbTaTtoM (Ha TEpBOM IHare) HIH
MOMOHSETCS UM (Ha OCTAJbHBIX).

Hakonen, B KOHIIE BBINOJIHEHHUS Ka)XJIOro 3Tala YMHOXEHUs
LIUKIMYECKH CABHUraercs OJOK MpaBOi MaTpHIbl B BEPTUKAIBHOM Ha-
npaBJeHuu ¢ ucrnonb3oBanueM Gynkiun MPI Sendrecv _replace. /s
OTIpeIeNIeHHsI HOMEPOB IMpollecca-UCTOYHNKA U MpoIiecca-NpHEeMHUKA
npu caBure cHoBa mcnoib3yercs ¢ynkuus MPI Cart shift. Coznan-
Hasi HaM¥ JIEKapTOBa TOIOJIOTHS HM30aBJISIET HAC OT HEOOXOIMMOCTH
«BPYYHYIO» BBIYHCIIATH HOMEpPa MPOIIECCOB U 00padaThiBaTh BBIXO] 3
IpeJenbl Juana3oHa, YTO BHIMOIHAIOCh HAMU B TMPEABLIYLIEM IpUMe-
pe. Ilo 3aBepiieHNH UKJIAa MPOU3BOAMTCS OYUCTKA CO3JAHHBIX KOM-
MYHHKaTOPOB U TPYIIL.

Ha xaxmoMm mare mpou3BOAUTCS IO IBE MEPECHUIKH, TOATOMY
BO BpEMs BBINOJHEHUS TAaKOH OINepaluu YMHOXCEHUS OYyIeT BbI-
nonHeHo Bcero 2+/N mepechiiok 6710KOB MaMSTH, 4TO [UIs KOJIHHe-
ctBa nporeccoB N >4, HECOMHEHHO, OKa3bIBaeTcs ropaszno Oonee
3¢ ()EKTUBHBIM 10 CPaBHEHHIO C MPEABLAYLIUM CIIOCOOOM, IIO-
CKOJIBKY MO3BOJISIET CYIIECTBEHHO COKPAaTUTh HAKJIAJHBIE PACXOJbI
Ha KOMMYHHUKAaIIUH.

[To 3aBepIeHUIO0 YMHOKEHHS OJIOKU pacupeneIeHHOM 10 Mpo-
neccaM MaTpuibl pesynbrara RES; MoryT ObITh HCIONB30BaHBI B

COOTBETCTBUHM C WX HazHaueHueM. K mpumepy, MOxKeT OBITH BbI-
MOJTHEHO YMHOKEHHUE paclpeieIeHHON MaTpHIlsl Ha BekTop. Cxema
TaKOT0 YMHOXCHHS MOKET OBITH IMMOCTPOCHA IMyTeM KOMOWMHUpPOBA-
HUSI IBYX ONHMCAHHBIX paHee CIOCOOOB YMHOXEHHUS pacrpe/ielieH-
HON MaTpHIBl HA BEKTOP.
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BKJTIOYEHHUE 3ar0JIOBOYHBIX (haiyioB, JOCTYH K MPOCTPAHCTBAM MMEH).

Peanuzanusi kak TakOBOTO MEXaHW3Ma paclapajuIeIUBaHUS IS
OOJIBIIMHCTBA MIPOrPAMM MPUBOJIUTCS C UCMIOIB30BAHUEM HECKOJIBKHX
Pa3IUYHBIX TPOTPAMMHBIX HHTEP(EHCOB, IPU ITOM JENAETCS MOTMbIT-
Ka MaKCHMaJIbHO COXPaHUTh MPEIOCTaBISEMbIN BBI3BIBAIOIIEMY KOy
MPOTpaMMHBIA UHTEpQEHC U, COOTBETCTBEHHO, N30ekKaTh N3MEHECHUN
B HEM MpU Nepexojie 0T OJHOro crocoba peanu3anuu K apyromy. Ta-
KOH MOJIX0/ BBIOpaH € IEJbI0 TI0Ka3aTh, YTO MPOIECC HANMCaHHs Ta-
paJIENbHBIX MPOrpaMM, XOTh W MPUBA3aH BO MHOTOM K YJI00CTBY
MPEIOCTaBIIEMbIX MHCTPYMEHTOB, BCE XK€ YIUpAaeTcs HE B BHIOOD
KOHKpPETHOI'0 MHCTPYMEHTA U CTENEHb BJIaJCHUS UM, a B IPABUJIbHBIN
BBIOOp apXHUTEKTYphl MapajuIeNbHOM MPOrpaMMbl, HanOoiee IMOJIHO
COOTBETCTBYIOIIUM CTOSIIIECH 3a1a4e.

ITocKONBKY MOMHOCTBIO YUTH OT BOIPOCOB pealnu3allid HEJb3s,
B MEPBOM IJIaBe MPUBOJUTCS KPaTKU 0030p JABYX MOIMYJSPHBIX MPO-
rpaMMHBIX HMHTEpP(ENcOB pacnapasieMBaHusi C TpUMEpamMHu Tpo-
rpamMM. OpHako 3a Oojee MOAPOOHBIM OMHUCAHMEM JSTHX U JPYTHX
MIPOrpaMMHBIX HHTEPQEHCOB clieyeT o0panmarbes K crenuGuKanusm
[36, 38] u cenMabHO MOCBALICHHBIM UM H3AaHusaM [2, 3, 31].

B ocranpHBIX T71aBax paccMaTpuBAIOTCS HECKOJIBKO MOAeIei
MapajuieTbHOTO MPOrPaMMHUPOBAHMS, CYLIECTBYIOIINX CETOAHS U 3a-
YaCTYI0 BBIJIBUTAEMBIX WX MPUBEPKEHIAMU B KAa4eCTBE YHHBEpCAIb-
HOTO CpEJCTBAa MOCTPOCHUS MapaieNbHbIX MporpamMm. Bo3moskHbie
MOAXOJbl HE OrPAHUYUBAIOTCS PACCMOTPEHHBIMU BapuaHTamu. K
MpUMEpPYy, B CHIIy JTOBOJIGHO CHEIM(UYHBIX OONacTed MpUMEHEHHUS
3/1eCh HE PACCMOTPEHBI HEHPOHHBIE CETH U KIJIETOYHBIC aBTOMATHI.

Bo Bcex cnmydasix nemaeTcsl MOMbITKA OTAEIUTh YHUBEpCAIbHBIE
MEXaHHM3Mbl TIOCTPOCHHS COOTBETCTBYIONIMX BHIOpAaHHOW MOJIEIH
KOHCTPYKLHUH W Mapajule]bHOTO BBIMOJHEHHUS BETBEH OT cnenuuku
KOHKpeTHOU 3a7aun. C 3TOH N0 CTPOUTCS YHUBEPCATBHBIA HAOOP
KJIACCOB, KOTOPBIM MOKET OBITH UCIIOJIB30BAH AJIs PEIIEHUS IIUPOKO-
ro Kpyra 3aJa4, ¥ B TOM YHCJI€ HCIIOIb3yeTCs B MPUBOJIUMBIX MPUME-
pax. Peanmzanusi KOHKPETHBIX 3a7a4 CBOJAMTCS K HAMHCAHUIO KO,
HCIIONB3YIOEro ATH Kiacchl. OCYIECTBIEHUE K€ MapaieIbHOTO
BBINIOJTHEHUS OTJEJBbHBIX BETBEH MHKAICYJIUpPYETCs] BHYTPU HUX, UTO
MO3BOJISIET YNPOCTUTh HAIMCAaHUE W TEM CaMbIM TOBBICHTH HaJeXk-



HOCTB BBI3BIBAOIICIO KOJA.

O npobneme napannenbHO20 NPO2PaMMUPOBaHUS

BONBIIMHCTBO CEroAHAIIHMX MapajuleidbHbIX BBIUMCIEHUH pea-
JU3yeTcsl B BHJE MapajlielIbHO-NOCIE0BATENbHBIX MporpaMM. [Ipu
3TOM B CYIIECTBYIOIIEM MOCIEIOBATEILHOM aJTOPUTME BBLACISIIOTCS
HE3aBUCHMBIE IOCIIE0BATEIbHBIC BETBU, KOTOPbIE MOTYT OBITh BBI-
MNOJHEHBbI MapayIeNIbHO, U C ATUM YYETOM IUIIETCS MapajulebHO-
MOCJIE0BaTENIbHAs MIPOrpaMMa. 3adacTyl0 M3HAYaJbHO Oepercst cy-
LIECTBYIOLIAsl MOCIeA0BaTeNbHAs MporpaMMa U IyTeM J00aBIeHHS
HEKUX KOHCTPYKLIMH pacnapaieluBaHus NpeoOpasdyercs B mapai-
JIENIbHO-IIOCNIEOBATENIbHY0. YeM ClloKHee MCXOJHas I0CIeN0Ba-
TeJIbHAsl MpOorpaMMma, 4eM 3allyTaHHEe 3aBUCHMOCTU MEXKIY OTACIb-
HBIMU €€ BETBAMH, TEM CJIO’)KHEE OKa3bIBACTCS BBINOJIIHUTH €€ pacla-
pajuieIuBaHue.

OcHoBHas MnpoOjeMa CEroAHSIHEr0 MNapajjaelbHOro Ipo-
IrPaMMHMPOBaHUS 3aKJIIOYAETCSd B OTHOCUTENIBHOW CIOKHOCTH IIO-
CTPOEHUsSI CXEMBI MapajUICNIbHBIX BBIYMCICHHN B TOJOBE IPOTpaM-
Mucra. YenoBek B NPUHLHUIE MBICIHUT IOCIEAOBATEIBHO. 31€Ch,
pazymeercs, UMeeTCsl B BHJY IPOLECC MOCTPOEHUS YMO3AKIIIOUe-
HUH, a HEe BHYTPEHHHME IPOLIECCHl MO3ra Ha (PU3HOJOTHUYECKOM
ypoBHe. IMEHHO 03TOMY MOCIeA0BATENbHBI OOJIBIIMHCTBO CYIlle-
CTBYIOLIMX CEroJHs SI3bIKOB mporpammupoBanus. Ceiyac, xorja
MOJIyIPOBOJHUKOBBIE KOMIIBIOTEPHI HOJOLLIM K IpeJelny CBOEH
MPOU3BOAUTENIHLHOCTH U HAYMHAIOT PACTH «BIIUPHY, & HE «B BBICO-
Ty», CTAaHOBUTCA BCE 00Ji€€ aKTyaJbHBIM IPOrpaMMHUpPOBAHME I1a-
pajIeIbHBIX BBIYMCINUTEIBHBIX CTPYKTYp. BOJNBIIMHCTBO aBTOPOB,
paboTaromux B 001acTH Mapauie]IbHOTO IPOrPaAMMHUPOBAHHUS, CXO-
JSTCS B CIEAYIOUIEM: Pa3BUTON AMCIHUIUIMHBI MapajuleIbHOTO MPo-
IrPaMMHPOBAHUS HAa CETONHSAIIHUNA MOMEHT HET.

CymiecTByeT HEMaJIO W3/IaHHWH, MOCBAIICHHBIX HHTEpdelicam n
TEXHOJIOTUSIM MapajjIeNIbHOrO MPOrpaMMHUPOBAHUs, HaAnojobue pac-
cmarpuBaeMblx Huxke MPI n OpenMP. Opnako 3710 sumb HHCTPY-
MEHT, a MPOrPaMMHUCTY, KaK MPaBUJIO, OJHOTO MPEKPAaCHOro 3HaHUs
MHCTPYMEHTa HEIOCTATOYHO Ui TOTO, YTOOBI Jerko U 3((HeKTuBHO
peann3oBaTh KOHKPETHYIO 3aj1ady. MlHaue roBops, NOMUMO 3HAaHUU O

58

// BHUMCJMVM CJIeNyOUMA U NPEeObOylinii paHTu
// mns coBura Mo CTOJIOLY [IPOLECCOB
MPI Cart shift(cart, 0, -1, &src, &dst);

// cmBuHeMm mtxlloc Mexny mopoleccaMmu B CTojble
MPI_Status status;
MPI_Sendrecv_replace (

gmtxlloc(1l, 1),

mtxlloc.vsize() * mtxlloc.hsize(), MPI DOUBLE,
dst, O,
src, 0,

cart, é&status);
bi
MPI_Group_ free (&gsubcart);
MPI Group free(&gcart);
MPI_ Comm_ free (&subcart) ;
MPI_Comm_ free (&cart);

Hnst ynoOcTBa onepupoBaHusi HOMEpaMU MPOILECCOB MBI TEp-
BBIM JICJIOM CO3/1aéM KOMMYHHUKATOp cart ¢ JeKapTOBOH TOIOJIOTH-
ell, mocje 4yero BBIACHAEM KOOPAMHATHI B HEM HalIero Ipolecca.
CoznlaHHas TOMOJIOTHS SBJISETCS IBYMEpPHBIM TOPOM, T.e. 00€ KO-
opauHATHl 00JaAI0T NEPUOAUYHOCTHIO. CIEnyIonMM 3TarnoM ¢
nomomisto pynknun MPI Cart_sub Bce mpoueccsl pa3ouBaroTCs Ha
MOATPYIIBI O TOPU3OHTANBHBIM MosocaM. [loMydeHHBIH KOMMY-
HUKaTOp subcart MCHONB3yeTCs MO3XKe Ui IIHPOKOBEHIaTeIbHON
pacceliku 6J10Ka JeBoi MaTpulbl. HakoHel, B LIMKJIE BBIMOJIHAETCS
VN 1maros onepamuy yMHOKEHHS.

Ha kaxxgoMm mare mepBbIM 3TamoM C TOMONIbIO (YHKIHUH
MPI_Cart_shift BoimonHsIeTCS ompejeieHrue paHra Mpoilecca, OT
KOTOpPOTO OyJeT MPOU3BOJUTHCS PacChUIKa OJI0Ka JIEBOW MaTpPUIIGI
B KOHTEKCTE TEKyIlero KOMMyHHKaTtopa subcart. Ompexnenenue
MPOU3BOAMTCS 10 OMMCAHHO BHIIIE CXeMe Ha OCHOBE HOMepa Iiara
¥ HOMEpa CTPOKH OJ0KOB vcoord, Mpu 3TOM, OCKOJIBKY (DYHKITUS
MPI_Cart_shift Bo3Bpamaetr panr co CABUTOM OTHOCUTEIHHO Te-
KyLIero Ipoliecca, BBOJUTCSA IONpaBka Ha KoopAuHaTy hcoord.
[TockonbKy MBI IOJTydyaeM paHr mpolecca B Ipynne KOMMYHHUKATO-
pa cart, HaM TpeOyeTCsl ero TpaHCISAIUs B 3HaYCHUE PAaHTa B TPYII-
me KOMMYHHKaTopa subcart, I 4ero HCIOJb3yeTcs QYHKIUS
MPI_Group_translate ranks. Ilocie onpeznenenuss Homepa npoiec-
ca-UCTOYHUKA (OH BO BCEX Ipolieccax TEKyIero KOMMYHHKaTopa
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MPI Comm cart, subcart;
// co3maeM KOMMYHMKATOP C IeKapTOBOM TONOJIOTUENR

int dim[ndims] = {sqgrtsize, sqrtsize}, period[ndims] = {true, true};
MPI Cart create(MPI_COMM WORLD, ndims, dim, period, false, &cart);
int coords[ndims], &vcoord = coords[0], &hcoord = coords[l];

MPI Cart coords(cart, rank, ndims, coords);
// pas3buBaeM IEeKAPTOB KOMMYyHMKATOP MO CTPOKAaM
int split[ndims] = {false, true};

MPI Cart sub(cart, split, &subcart);

// moyyumM TPYNIE (OHM HYXHEl OJIS TPAHCJIALMY PaHTOB)
MPI Group gcart, gsubcart;

MPI_Comm_group (cart, &gcart);

MPI_Comm_group (subcart, &gsubcart);

// mnpaBasg mMaTpuila (JOKaJibHAS YaCThb)
matrix type<double> mtxlloc(nloc, nloc);
// ... MHMUOMaAIM3aLng npaBoﬁ Ma T PULEL

// neBas MaTpuua (JIOKaJbHAas 4YacThb)
matrix type<double> mtx2loc(nloc, nloc);
// ... VMHULMaIM3auus JIEBOM MaTPULEL

// MaTpulla - pes3yJbTaT yMHOXEHMS (JIOKajbHas YacThb)
matrix type<double> resloc(nloc, nloc);

// BEHIIOJIHEHME yMHOXeHusa mtxl Ha mtx2 cieBa (res = mtx2 * mtxl)
for (int k = 0; k < sqrtsize; k++)

{

// BBIUMCJIMM PaHT [POLIECCa-MUCTOUHMKA IJIS PaCCBUIKM

// ©JoKa JIeBOM MaTPULE CPeOy CTPOKM [NPOLIEeCCOB

int src, dst, subroot;

MPI Cart_shift(cart, 1, hcoord - vcoord - k, é&src, &dst);

MPI Group translate ranks(gcart, 1, &src, gsubcart, &subroot);

// pasouyieM OJIOK JIEBOM MaTpPMLEl BCeEM IIpoleccaM CTPOKM

matrix type<double> mtx2copy (mtx2loc.vsize(), mtx2loc.hsize());
if (rank == src)

mtx2copy = mtx2loc;
MPI_Bcast (

smtx2copy (1, 1),

mtx2loc.vsize() * mtx2loc.hsize(), MPI_ DOUBLE,

subroot,

subcart) ;

// TepeMHOXMVM JIOKAJIbHEIE OJIOKM JIEBOM ¥ MPABOM MaTPMULE
matrix type<double> mloc = mtx2copy * mtxlloc;
// coxpaHuM KBaOpaTHHM OJIOK pesyJsibTaTa
if (k == 0)
resloc = mloc;
else
resloc += mloc;
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TOM, YTO HYXXHO HCIIOJIb30BaTh M KaK 3TO HYXHO HCIIOJIb30BaTh, He-
00XO/MMBI 3HAHHS O TOM, JUISI YETO ATO HY)KHO HCIIOJIB30BaTh, KaKHe
3aJa4u TIPU 3TOM BBITIOJIHATH M, CaMOE TJIaBHOE, KaK BBITIOJIHSATH ATH
camble 3aJ1auu.

MHuorue aBTopsl MyOIMKalUi MO MapaieIbHbIM BHIYMCICHU-
SAM CXOJATCSA B TOM, YTO JUIS ONMHCAHHS MapajieIbHBIX MPOrpaMM
HEO0OXOMMO YWTH OT UMIIEPATUBHBIX S3BIKOB IMPOTPAMMHUPOBAHUS.
NmnepatuBHbie sS3bIKM (OT JaT. imperativus — MOBEIUTEIbHBIN )
OTIMCHIBAIOT, KaKMe JACHCTBUS U B KAKOM IOPSAKE HAO BHITIOJIHUTH,
4TOOBI MOJIyYUTh pe3ynbTaT. B naHHOM ke ciiydyae TpeOyeTcs Hc-
MmoJb30BaHuEe JeknapaTuBHBIX (oT nar. declaratio — 3asBieHue,
00BsIBIIEHUE) SA3BIKOB, T.€. TAKHX, KOTOPbHIE OMHUCHIBAIOT, YEM SIBIISI-
€TCSl pe3yJbTaT, KOTOPBIA JOJKEH OBITh MOJYYeH, OCTABUB BHITIOJ-
HEHHE JICUCTBUM Ha [OJI0 KOMIWIATOpPAa WU HHTEPIpETaTopa.
[Mpumepamu TeKJIapaTUBHBIX SI3BIKOB SIBIISFOTCS SI3BIK JIOTHUYECKOTO
nporpammupoBanust Prolog u s3bIK (DyHKIIMOHAJIBHOTO IpPOrpaM-
MupoBaHus Lisp.

OpHaKo MHOTHE CYIIECTBYIOIIME S3BIKU ACKIAPAaTUBHOTO MPO-
TpaMMHPOBaHUS, HECMOTPSI Ha CBOIO MOIIb, HE 00ECIIEYMBAIOT TOJ-
HOIICHHOH 0a30BOM TIAT(OPMBI IS ONMMCAHHUS MapajlIeIbHBIX ajro-
putMoB. [IprunHa B TOM, 4TO ceUU(HKALUN ITUX SI3bIKOB CO3/1aBa-
JUCh TOT/A, KOT/Ia BONPOC MapajuleIbHOIO MPOrpaMMHPOBAHUS HE
CTOSUI TaK OCTPO, KaK CEroJHs, ¥, BUAMMO, IIOITOMY OHH 3a4acTyIO
TaKXe COJEp)KaT OTPAaHWYCHUS], CBOJISIINE BHIYMCICHUS K TTOCIIEA0BA-
TEJBHBIM.

Takum 00pazom, sl TOJTHOICHHOTO YJOOHOTO OMHCAaHHs Ta-
paJUIeNIbHBIX MPOTpaMM, TaK WIM HMHauye, MOTpeOyeTcss HOBBIA S3bIK.
CerosiHs M3BECTHO HEMAaJO MONBITOK CO3JaHMsI MOJOOHBIX S3BIKOB.
ABTOp BO3JCPKUTCS OT MX IMEpedHcieHus, a0kl u30exarb oriarie-
HUS JTUYHBIX MPEANOYTeHUH. Pe3yabTaTel ATUX MOIMBITOK ITOKa HE 00-
penu MIMPOKOH TMOIYJISIPHOCTH, U MOKHO JIMIIb HANEATHhCS, YTO OHH
o0petyT ee B OyaymieM. B mpoTUBHOM cCitydae MOKHO TaKKe HallesTh-
Csl, YTO MOSBATCS ApyTUe MOJIHOLIEHHBIE MapallebHbIe S3bIKU BBICO-
koro ypoBHs. [loka e Mbl OyZieM OTTalKUBaThCsA OT (pakTa OTCYTCT-
BUS TIOCIICHUX, B CBSI3M C 4eM OyJeM paccMaTpHBaTh MOIMYJISPHBIC
MOJIENI TApAIIISITFHBIX BBIYHCICHUI C MMPUMEpaMy Ha OCHOBE MOITY-



JIIPHOTO UMIIEPATUBHOTO SI3BIKA.

CrnexyeT UMETH B BHJLY, UTO MO IPO3BYYABIIUM YTBEPKICHHEM
00 OTCYTCTBHU TOMYJSPHBIX SI3IKOB MapalijIeIbHOTO MPOTPAMMHUPO-
BaHUs UMEJIOCh B BHJy OTCYTCTBHUE TaKHX S3bIKOB, KOTOPbIE HE OpH-
SHTHPOBaHBl HAa KaKyIO-IMOO Y3KOCHEUAIN3UPOBAHHYIO 001acTh
MPUMEHEHUS U KOTOPBIE UCIIOJIb3YIOTCA JIsl AapaJUIebHBIX BbIYMCIIE-
HUN moBceMecTHO. CTOUT OTMETHTh, YTO IOIYJIAPHOCTH CPEACTBa
MPOrpaMMHUPOBaHUsI OYEHb BaXKHA B CErOAHSIIHUX YCIOBHUSX, KOT/a
OOJIBIIMHCTBO MPOTPAMMUCTOB BBIHYXKJEHBI OBITH «COBMECTUMBIMID)
Ipyr ¢ apyrom. Tpyno3arpaTsl Ha OCBOEHHE MHOTOYUCIIEHHBIX, XOTb
U MPOrPECCUBHBIX, HO HEMOMYJSIPHBIX TEXHOJOTHMI OYEHb 4acTO HE
OTIPaB/BIBAIOT ce0s, BCIEACTBHUE YEro OOJBIIMHCTBO MPOTPAMMHUCTOB
BBIHYKJCHBI KOHCEPBATUBHO I0JIb30BATHCS PELICHUSAMH C HCIOJIB30-
BaHHEM IOPOH HE CaMbIX YAAYHBIX, HO YCTOSIBIIMXCS CPEJCTB.

Paznensor MOHATHUS JIOTMYECKOro M (PU3UUECKOro Mapaulenn3-
Ma. B ciryuae norndeckoro napajuienansma 3aj1ada MOKeT ObITh pasfie-
JIeHa Ha HE3aBHCUMBIE TO3a/1a4M, KOTOpbIe BCIEICTBHE CBOEH He3a-
BHUCHUMOCTH MOTYT peIIaThCs mapayuiedasbHo. [lpu aTom ¢pusndecku BbI-
MOJIHEHUE MOXKET MPOU3BOAUTHCA KaK yrOJIHO, B TOM YHUCIE TOCIeN0-
BaTelbHO. B cimywae ¢usmueckoro mapauiennusMa I0Apa3yMeBaloT,
YTO 337a4a (PU3MUECKH 0JIKHA BBIMOIHATHCS MapajuleIbHO B HEKOTO-
poil cymiecTByIOIIel MapaiieabHON BRIYUCIUTENbHON cucteme. [Ipu
9TOM 3aj[aya MOXeT He 001aJjaTh IPKO BBIPAKECHHBIM JIOTHUECKUM Ta-
paIenu3MoM, BCIEICTBUE YEro pacnapajuieTMBaHIue MOXKET SIBIISIThCS
B HEKOTOPOM POJIe HEECTECTBEHHBIM U COMPOBOXKIATHCS CIOKHOCTHIO
MporpaMMHOM peanuzaunu. OUeBUIHO, HAUITYYIINE BO3MOKHOCTH MO
¢u3nueckoMy pacrnapaiieIMBaHUIO MPEJOCTABIISAIOT aIrOPUTMBI, 00-
Ja/laloIIKe JIOTHYECKUM MapajuleIn3MoM, IO3TOMY 3/1eCh paccMaTpu-
BaIOTCS BO3MOXKHbBIE IYTH NPEACTABICHUS 3aJay C MCIOJIb30BaHUEM
JIOTUYECKOr0 MapajuieTu3Ma.

Pazymeercs, Hu OOMH W3 MPEACTABIECHHBIX HUXE MOAXOJI0B K
OpraHM3alluM MapajuIeIbHOTO BBIMOJHEHUsS 3a7a4 He SBISETCS ma-
Haleeld M He JaeT MPOCTOro M HArJSAHOTO ONMUCAHUs A 000N
3a/1ayy, BOMPEKHU yOEeKICHUSIM HEKOTOPBIX UX NMpuBepxkeHuen. Ox-
HU 3a1a4u Hanbosee yZOoOHO OMHUCHIBAIOTCS OIHOW MOJENBIO BBI-
YHCIICHHU, IPyTHE — IPYTOH, a TPEThU HanboJiee IPOCTO U HATJISII-
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MpeIbIAYIIEM cydae, WCHOIb30BAaTh LIUKIMYECKUH CIBHUT B BEPTH-
KaJbHOM HaIlpaBlIeHHU. VICIONB30BaTh aHAJIOTHYHBIA CABHT W JUIS
cMeHsI Onoka MLj; HaM He 103BOJISICT TOT (haKT, 4TO B OOLIEM Ciydae
i # . Ilo 3Toi MpUYMHE MBI UCIOIB3yeM pacChUIKy Ooka mexay N’
nporeccaMy OT 0JHOTO U3 HuX. [losicHuM 310 moapoOHee. Pacrimiem
pe3yJIbTaT MOJIHOTO yMHOKEHHs B KaxaoM mpouecce RES; ¢ yyerom

Ha4dYaJbHOI'O CABHI'A JIOKAJIbHBIX 0JIOKOB npaBoﬁ MaTpulbl 110 IMpouec-
caM:

RES|| = ML; ;MR | + ML, MRy, + -+ ML;yMRy;

RES, = ML;;MR, + ML, MRy, +-+-+ ML, \s MRy 2

RES ' = MLy ;MR s + ML MRy s+ + MLy MRy
RES); = MLy, MRy, + -+ ML,y MRy + MLy MR ;;

RES,p = MLy MRy ++++ + MLy MRypy + MLy MR 5
RESy; = MLyn'MRy + MLy MR + -+ + MLy tMRy_1 1

RESyn' = MLyn'MRyn + MLy MRy + -+ + MLy o MRy Z NS
Buano, 4yro mis Bcex RESJ- C OJMHAKOBBLIM 3HAYEHHEM i, T.C. B

mpejenax oJHOW CTPOKH OJIOKOB, Ha KaXKIOM Iiare OJOKH JIEBOH yM-
HOYKaeMO# MaTpHIlbl COBMaAaoT. [Ipu 3TOM HOMEp B CTpoKe Tpedye-
Moro 0sioka Ha KakaoM mmare K =1,...,N’ pasen:
i+k-1, i+k—-1<N’ 9
i+k-1-N', i+k-1>N'’ ©)
BJ0K ¢ BBIYHMCIEHHBIM HOMEPOM pPacChUIACTCS MEXKIy BCEMHU
MpoIeCCaMK, HaXOAIIUMHUCS B OJHON TOPH3OHTAH IBYMEPHOH pe-
IIETKH, HEMTOCPEIICTBCHHO TEpe] BBITIOJIHEHUEM MIEPEMHOKEHUS IBYX
os0koB. [lociie mepeMHOKCHHUST BBIMOJIHICTCS CIBUT OJIOKOB MpaBOU
MaTPHI[bl ¥ IEPEXO0JI K CICAYIOMIEMY IIary.
OnucaHHbIA MPOIECC HILTIOCTPUPYETCS CICAYIOIIAM KOJIOM:

int sqgrtsize = (int) floor(sqgrt(l.0 * size) + 0.5);
int nloc = n / sqgrtsize;
const int ndims = 2;
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ruM OoJiee CIOXKEH Ui peau3aliy, OJHAKO MO3BOJSIET COKPATHThH
KOJIMYECTBO TEpechUIoOK obmactelt mamatu. Ha 3ToT pa3 Oyzem cum-
TaTh, YTO KOJIMYECTBO IPOLIECCOB SIBJISETCS KBAAPaTOM LIEJIOro, a pas-
MEpPHOCTh MEPEMHOKAEMbIX MaTpUll N KpaTHa 3ToMy Liesnomy. byaem
pa3zouBaTh 00€ TIepeMHOKaeMble MaTPHUIILl Ha KBajipaTHbIe Oioku. Ha
puc. 6 IpUBEACH NMpUMEpP pa3MeIIeHus OJIOKOB JIEBOU U MpaBoil nepe-
MHOAa€MBIX MaTpHI], a TAK)KE€ MaTPUIIBI pe3yIbTarTa, s CIydasl pac-
IpeJeNeHus 1o AeBATH IpoleccaM. Bece MHOXkeCTBO mpolieccoB oOpa-
3yeT ABYMEPHYIO PEIIETKY, KOTOpas MOXKET ObITh pa3duTa Ha CTPOKU
IIPOLIECCOB 110 TOPU3OHTAIIM M Ha CTOJIOLIBI TPOLIECCOB 110 BEPTHKAIIH.

0 |1 |2 0 |1 |2 0 |1 |2

304 |5 |x |3 |4 |5 |=131]41|5

6 |7 |8 6 |7 |8 6 |7 |8
Puc. 6

JlokanbHOW  pa3MepHOCTBIO  OyJleM  Ha3biBaTh  BEIUYHHY
m= n/ VN, npu 31oM Kaxaslit u3 N TIPOLECCOB XPAHHT MO OTHOMY
KBaJipaTHOMY OJIOKY MXx M u3 00enx nepeMHokaeMbIx Matpuil. [Ipu
nepemuokenun mporsBoutes N'=+/N 1maros, Ha KamoM U3 KOTO-
PBIX BBITIOJIHSETCS YMHOKEHHUE JIBYX KBaJIPaTHBIX OJIOKOB W3 JIEBOH U
MpaBol TEPEeMHOKAaeMbIX MaTpwuil. [lomydeHHbIe pe3ynbTaThl BCEX
1aroB CYMMHUPYIOTCS, B PE3YJITATE YETrO TMOCJE BBIOTHEHHSI MTOJIHO-
o IMKJIa B KaKJ10M mporiecce ¢ Homepom rank =0,...,N —1 xpanurcs
KBazIpaTHbIA 610K Mx M MaTpuupl pesyabrata RES;:

NI
RES] = kZMLik . MRkj N
=1

rank =(i—1)N'+ j -1, (8)
i,j=1...,N"
M3HaganbHO KaXKIBIM MPOIECC XPAHUT B CBOEH MAMSTH JIOKAJb-
Hble Onoku obenx matpunl ML; u MR;. Pasymeercst, Ha kaxaoM Lia-

re 00a MEepPeMHOYKaEMbIX MPOIECCOM OJIOKA JTOJDKHBI MEHAThCS. J[is
CMEHBI OJIHOTO M3 OJIOKOB, K TPUMEpY, MRJ- , MBI MOEM, Kak U B
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HO OINKMCBHIBAIOTCS NMPOCTHIM IUKJIOM Ha MMIIEPATHBHOM S3BIKE. TeM
HE MEHee, IOHNMaHNUEe OCHOB BCEX PACCMOTPEHHBIX MOJECIIEH U Ia-
pasiurM B KOMILJIEKCE MOXET CYIIECTBEHHO YIPOCTUTH pa3paboTKy
napajulesIbHbIX NIPOIPaMM C TOH TOYKM 3PEHHUs, YTO NacT BO3MOXK-
HOCTb CMOTPETh IIMPE U CIVIAUT OTCYTCTBUE Yy YEJOBEKa «Iapai-
JIEJIBHOT'0Y» MBIIIICHUSA.

ITo cyTn, B paMKax BCEX ONMMCAHHBIX MOJIENIEN paccMaTpuBac-
MBI€ 3aJ]aud NPEJCTABIAIOTCA JCKIAPATHBHO (CETEBBIM IpadHuKOM
paboT, 1MarpaMMoi COCTOSIHMM aBTOMaTa, CXeMOI aBTOMAaTHOH ce-
TH, cxeMoil cetu IleTpu), BeIMOIHEHNE ke BO3JaraeTcsi Ha peaiu-
3allMI0, KOTOpas MOXET OBbITh KaK IOCJIEN0BaTENIbHOM, Tak U ma-
paJIJIeNIbHOM ¢ MCHOJIB30BAaHUEM Pa3IMYHBIX MOJAXOAOB K (huszuue-
CKOMy mapajurenusmy. VlHade roBops, mapajIeIbHOE BBIIIOJIHEHUE
JNEeKJIapaTUBHO ONHMCAaHHOM MpOrpaMMbl 3aBUCHT OT BHYTPEHHEH
peanu3aluu KOHKPETHOTO MeXaHu3Ma o0pabOTKM JeKJIapaTHUBHBIX
JAHHBIX, @ HE BO3JIaraeTcs Ha IUIEYH POrpaMMHUCTA.

06 ucnonb3yemoli mepMuHono2UU

Crnenyer OroBOPUTH HEKOTOPHIE HCIIONb3yEMbIE B JajbHEH-
IeM TEPMHHBI, TIOCKOJBKY B CYIIECTBYIONIEH TUTEpaType OHU 3a-
gacTyr pacxonasrcs. K mpumepy, B OJHHX HCTOYHHKAX TEPMUH
«TIPOLIECCOP» MCIIONIB3YIOTCS I yKa3aHUS OTIENIBHOTO ITOCIIENO-
BaTEJIbHOT'O BBIYMCIUTEIBHOIO YJIEMEHTA, B APYTUX — Ui YKa3aHUS
OTIIETBHOTO y3J1a BEIUUCIUTEIHHON CETH.

31ech TEPMHH «IIPOIECCOpP» OyaeT MCIOIb30BaThCS B KaUeCT-
BE ONHUCAHUS OTIEIBHOTO TOCIEIOBATEIHHOTO BBIYUCIHTEIHBHOTO
3JIEMEHTa CUCTEMBI C 00IIel MaMsIThi0, HE3aBUCUMO OT TOTO, SIBJISI-
eTCsl TM OH Ha CaMOM JieJie OTJENBHBIM MPOLECCOPOM MHOTOIIPO-
LECCOPHOT'0 CepBepa, SAPOM MHOTOSICPHOTO TIpOILeccopa WIH
9JIEMEHTOM BBIYMCIUTEIBHON CHCTEMBI C OpraHHM3aluell JocTyna K
oOmieit maMaTH 4epe3 KOMMYTATOp. YCIOBUMCS Tak)Ke Ha3bIBaTh
«y3JIOM» OTJACIBHBIN 3JEMEHT BBIYUCIUTEIBHONH CHUCTEMBI C pac-
MpeIeIEHHON MaMAThI0. ITO MOKET OBITh DJIEMEHT CHCTEMBI C Mac-
COBBIM IMapaJlJIeIn3MOM HIIU K€ MPOCTO OTAEIbHas MallnHa, pabo-
TaloIas B COCTaBE BBIYMCIUTEIBHOIO KiIacTepa.

Takke ciemayeT OroBOpPUTH CIEAYIONIEe PACXOKIACHHE MEXKIY
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TEPMHMHAMU, XOTSI OHO HE CTOJIb MPUHLIUIHUAIBHO. Tak CI0XKHIOCH,
YTO OT/JEJIbHbIEC MapaljiesIbHbIe BETBH BBINOJIHSAIONIETOCS IpoIecca
(threads, light-weight processes) MHOTHE Ha3bIBAIOT MOTOKaMH (T10-
TOKaMHU KOMaH], TIOTOKaMH yTPABJICHHs, HO Yallle MPOCTO MOTOKa-
MHu). EcTp aBTOpBI, KOTOpBIE HACTOWYMBO HCIIOJB3YIOT TEPMHH
«HUTBY», MOCKOJIbKY MMEHHO «HHUTH» COOTBETCTBYET aHIJIHUIICKOMY
cioBy «thread», B TO BpeMs Kak «IIOTOK» COOTBETCTBYET CJIOBY
«streamy (a Takke B HEKOTOPBIX obmactsax cinoBy «flow» — «flow-
based programming»), u Bo U30eKaHUE IMyTAaHULBl B PYCCKOSI3bIU-
HBIX TEPMHUHAX CIIEJYeT pa3/ieisaTh dTU MOHATUSA. be3yclioBHO, OHU
npasbl. OfIHaKO 3/€Ch NMPUXOAUTCS YUUTBHIBATh, YTO HAa TEKYIIMH
MOMEHT JUIsl 0003HAau€HUsI ITOro MOHATHUS ropa3fo 06ojiee MUPOKO
pacnpoCcTpaHeH TEPMHUH IIOTOK», U C IIENbI0 OOIIEHNUS HA €IMHOM
A3bIKE OOJIBIIMHCTBY MPOIPAMMUCTOB MPUXOAUTCS MHPUTHCS C He-
KOPPEKTHOCTBIO TEPMUHOJIOTUHU. B cuily TOro, 4T0 3TOT MOMEHT HE
UMEeT NPUHLUIUAIBHOTO 3HAUYEHUS JUISl JaJIbHEHIIero U3JI0KEeHHUS,
MBI OyJI€M HCIIOJIb30BaTh TEPMHH IIOTOK», MMOCKOJIbKY B CHIIY HC-
TOPUYECKH CIOXKHUBIIUXCS OOCTOSTENBCTB 3TOT TEPMUH OKa3bIBACT-
cst 6osiee MPUBBIYHBIM JJI51 OOJIBIINHCTBA IPOTPAMMHUCTOB.

ITockonpKy M3II0’KEHUE 3a4acTyro He OyJeT MPHUBSA3aHO K pea-
TU3auu QU3NYECKOro IMapajuleu3Ma, HOMUMO MPOYEro Ham Io-
TpeOyeTcss YHUBEPCAIbHBIM TEPMHH, KOTOPBIM MBI OyjaeM 0003Ha-
4aTh HEKUW pecypc, B paMKaxX KOTOPOTO BBITIOJIHSETCS MOCIE0Ba-
TeJbHAsl BETBb MporpamMMbl. bysiemM Ha3bIBaTh TaKkylo CYIIHOCTbH Ma-
paJlJIeNbHBIM pecypcoM. B 3aBHCHMOCTH OT KOHTEKCTa, 3TOT Tep-
MHUH MOXET 03Ha4yaTh MOTOK MHOT'ONOTOYHOI'O Ipoliecca WM IO-
CJIeJIOBAaTeIbHBIA MPOIECC, BBHIMOIHSIONIMICS Ha y3Je pacrpeie-
JICHHON CHCTEMBI.

Hakonen, cienyeT oroBOpUTh NMOHSATHE «BbI3bIBAIOIIUN KOO,
KOTOPOE YacTO BCTPEUYACTCs B M3JI0XKEHUU. Bhllie ToBOpUIOCH, 4TO
Koa OOJIBIIMHCTBA NMPHBOJUMBIX IPOTPaMM pas[elieH Ha olmue
YHHUBEpCaJIbHBIE KIACCHI U HEKUH KOJI, peaTH3yIOIUi KOHKPETHYIO
3aa4y W UCIMOJB3YIOUIMH 3TH Kiacchl. [1o1 BRI3BIBAIONINM KOJIOM B
U3JIOKEHUH TOAPa3yMeBaeTCss MMEHHO KOJ, PEealM3yIOUIHi KOH-
KPETHYIO 3ajlauy, MOCKOJIbKY OH SIBHO MJIM HESBHO BBI3BIBAET KOJ
YHHBEPCATbHBIX KJIACCOB.
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next, (rank + i + 1) % size,
MPI COMM WORLD, &status);
i

[locne BBHIMONHEHUS HA KAXKAOM IIare NEPEMHOKEHHUS JBYX
MPSIMOYTOJIBHBIX OJIOKOB M KOTMPOBAHHS MOJyYCHHOTO pe3yJsibTara B
050k MaTpullel RES BBIMONHSETCS MUKINYECKHHA CABUT OJIOKOB Mart-
puil ML Mexay mporieccamMu 1O KOJBIEBOW Tomosoruu. CaBur
OCYIIECTBISICTCA OJHOKPATHOW OTHPABKOM OJIOKa M3 KaXIOro mpo-
1ecca npeApAyIeMy U COOTBETCTBYIOIIETO IIPUEMa OT CIIEYIOLIETO B
Ty ke 00sacTh mamsaTH ¢ nomotbio Gyrkimn MPI Sendrecv_replace.
Homepa cremyromero u mpenblayIiero mpoueccoB BBIUHCISIOTCS Ha
OCHOBE HOMEpa TEKYIIEro ¢ MCIOJIb30BAHUEM OMNEpalnuyl MOTy4eHHs
ocTaTka OT AeieHus. Takol moaxon Juist oOpabOTKU CUTYyaluil BBIXO-
Jla 3a TPAHUIIBl 3aKOJIBIIOBAHHOTO JMara3oHa SBIseTcs 0ojee KOpoT-
KO aJIbTepHATUBOM SIBHOW 00pabOTKE yCIOBHIA.

[IpuBeneHHBI KO TPHU3BAaH MPOMUTIOCTPUPOBATH OMHCAHHYIO
MPOIEeypy HATJISIHO, OJHAKO OH HE SIBJISIETCS BO BCEX OTHOIICHHUSX
ONITUMAJILHBIM. B 4acTHOCTH, omeparus KOmMupoBaHUs 001acTH mamsi-
TH 3/€Ch W3JUILIHSASA, TaKkKe Kak M camMo (opMupoBaHHE IOMOJIHU-
TeJNbHOM 007aCTH MaMATH JUIS XpaHEHUs KBaapaTHOro 6j10ka. MoxHo,
MHUHOBAB HCIOJIb30BAHUE OMPEACIICHHOTO Il 00BEKTa MAaTPHULIBI OIle-
paTropa YMHOXEHHS, OCYIIECTBUTh YMHOKEHHE OJIOKOB «BPYYHYIO» C
COXpaHEHHEM pe3yJibTaTa cpasy B 0ok marpunbsl RES.

Kpome Toro, ecau nporpamma padoTaeT Ha Ipejeie UCIob30-
BaHUs MaMATH, BO BpPeMs IMKINYECKOrO CABHIa MOKHO BMECTO OT-
MPaBKH LEJIOro OJ0Ka OCYIIECTBIATH MHOTOKPATHYIO MOCTENECHHYIO
OTHpaBKy Oojiee MEIKUMH OJOKaMH, K IpUMepy, HOCTpouHo. Pazyme-
€TCs, 3TO CKAXETCS Ha CHW)KCHWUHW TPOW3BOAMTEIHLHOCTH H3-3a Ja-
TEHTHOCTH ceTH. OHAKO Takod MOAXoxa moTpeboBayics ObI B Cydae
sBHOrO Hcnonb3oBanus Gynkuuit MPI Send nu MPI Irecv, B Hamem
XKe ciydae 00 OJTHUX acleKTax JOoJDKHAa 3a00THTbCS BHYTPCHHSIS
peammmzanus Gpynkuun MPI Sendrecv_replace.

B pe3ynbTare BBIOTHEHMS MOJTHOTO IMKJIA YMHOXKeHHS Bce N
mpoueccoB OyayT coaepxkarb N BepTHKaIbHBIX OJOKOB MAaTpHIIBI pe-
3ynbTaTa. B mporecce BBHIMONHEHUS YMHOKEHUSI OyAeT TPOHU3BEICHO
N mepechlIok 00MacTel maMsTy.

Tenepb paccMOTpuUM Jpyroil BapuaHT yMHOkeHHs. OH HEMHO-
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s ellle OJHUM KBaJpaTHBIM OjokoM. Ha puc. 5 uzoOpaxeHo pacmpe-
JACJICHUC PE3YJIbTATOB YMHOXCHHA IMOCJIC IICPBLIX ABYX IIAroB MCKIY
YETBIPbMS IIPOLIECCAMU.

1 0

0 1 2 3

Puc. 5

Kaxnpiii BepTUKANBHBIN OJOK OTpakaeT OJIOK pe3yibTara, Xpa-
HUMBII B IAMATH COOTBETCTBYIOLIETO mporecca. KBaapaTaele O10Ku
MIPOHYMEPOBAHBI B COOTBETCTBUU C HOMEPOM IIara, Ha KOTOPOM OHHU
MOJTYYCHBI, 3alITPIXOBAHHBIC OJIOKH €IIe HE 3aI0JIHEHBI.

Bcro onucanHyo mpoueaypy WITFOCTPUPYET CIASTYIOMNN KO :

int nloc = n / size;

// mnpaBas mMaTpuia (JOKaJIbHAS YaCTb)

matrix type<double> mtxlloc(n, nloc);

// ... VHULMaIM3aluus NpaBOi MaTPMLE

// neBas MaTpuua (JIOKajibHas YacThb)

matrix type<double> mtx2loc(nloc, n);

// ... VMHULMaIM3auus JIEBOM MaTPULEL

// mMaTpuua - pesyibTaT YMHOXEHMs (JIoOKaJibHas dYacThb)
matrix type<double> resloc(n, nloc);

// BBEUMCIIEHME PaHTOB ClledypnleIro M Npenplayuero NpoLeCcCOoB

int next = (rank + 1) % size;

int prev = (rank + size - 1) % size;

// BEHIIOJIHEHME yMHOXeHusa mtxl Ha mtx2 cieBa (res = mtx2 * mtxl)
for (int i = 0; 1 < size; i++)

{

// YMHOXMTBH BepTMKaJIbHENI mtxlloc Ha TOPMBOHTANBHEI mtx2loc

matrix type<double> mloc = mtx2loc * mtxlloc;
// COXpaHUTL KBaAPATHENI OJIOK pes3yJbTara B resloc
memcpy (

&resloc(((rank + 1) % size) * nloc + 1, 1),
&mloc (1, 1),

mloc.vsize () * mloc.hsize() * sizeof (double));

// cmBuHYTb mtx2loc MexOy NOpoliecCamm
MPI Status status;
MPI_Sendrecv_replace (
&mtx2loc(l, 1), mtx2loc.vsize() * mtx2loc.hsize(), MPI_DOUBLE,

)

prev, (rank + 1) % size,
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naBa 1. UHTepchenchbl M TeXHONOrMM NapannensHoro
nporpaMMupoBaHms

3nech OyAyT pacCMOTPEHbI HEKOTOPbIE TEXHOJIOIUHU, IPEAOCTaB-
JISIOLIME BO3MOXKHOCTD paclapajuleIMBaHuUs I0CIEI0BaTENbHbIX IIPO-
rpamm. Camu 1o ceGe 3TH TEXHOJIOTUH HE JAIOT B SIBHOM BUJE IIUPO-
KHX BO3MOKHOCTEH [UIsl paclapauIeIMBaHMs, TOCKOJIBKY IS 3TOTO
HEOO0XOIMM, TIPEXKIE BCETO, alTOPUTM C HAMYUEM JIOTHYECKOTO Ta-
pamenu3ma. Ilpenocrasisemsle cpencTBa CKOpee MO3BOJISIFOT PAaCIIu-
PUTh BO3MOKHOCTH BBIIIOJIHEHUS CYIIECTBYIOIIMX [TOCIEA0BATENbHBIX
[IPOrpaMM € HAJIMYHUEM Iapaljiesin3Ma JJIs BbIIOJIHEHUS B NIapajuleib-
HOU cpefe.

OOuwmii MoAXO MPH MCIOIB30BAHUN BCEX MOJOOHBIX TEXHOJIO-
TU#l 3aKitoyaeTcsi B pa3paboTke B /Ba 3tamna. [lepBwiii aTanm — Hamuca-
HUE U IIOJIHOLICHHAs OTJIAJKa I10CJIE0BATEIbHON BEPCUU IIPOIPAMMEI.
Bropoii sTan — pacnapajuiearBaHue ¢ UCIOJIb30BaHUEM BBIOPAHHOIO
CpelcTBa U mocienyrouas otaaaka. Hanucanue cpasy napasuieabHoU
BEpCUH, pazyMeeTcs, GU3NUECKH BO3MOXKHO, HO COIPSDKEHO C CyIIe-
CTBEHHBIM YCIIOKHEHWEM OTJIAJIKH, CBSI3aHHBIM CO CJIOXKHOCTBIO IO-
MCKa UCTOYHHMKA OIIMOKH, IIOCKOJIBKY OH MOKET KPBIThCS KaK B OIIU-
OOYHOM aIrOpUTME, TaK U B HEKOPPEKTHOM paclapaslleIiBaHUH.

MEI pacCMOTPUM ABE TEXHOJIOTUU MapajljIeIbHOrO IPOrpaMMu-
poBanus. OHa U3 HUX paccyMTaHa Ha CHCTEMBI ¢ OOIIeH MamsThio,
Ipyras — Ha CHCTEMBI C pAaCIpPENEICHHOW MaMsAThio. Ilockonbky B
KHU3HH YacTO BCTPEYAIOTCS THOPHIHBIE CHUCTEMBI, TaK € YacTo
BCTpeYaeTcsl U TMOPUIHOE MPOTPAMMHUPOBAHUE — C MCIIOIH30BAHHEM
00enx OMMCAHHBIX TEXHOJIOTHH.

1.1 Uumepcpetic OpenMP

Untepdeiic OpenMP (Open Multi-Processing) npeanasHauex
JUIS pacrapauIeTIMBaHus MPOTPaMM B CHUCTEMax ¢ OOIIeH MamsAThIO.
OH npenoCTaBIsSeT MPOTPAMMUCTY YAOOHBIH M IEPEHOCUMBIN CITOc0o0
MHOTOIIOTOYHOTO PACHapaUICIMBaHUs W3HAYAIbHO MOCIIEI0BATEIb-
HOU MPOrpaMMBbI, OCTaBIISIS 32 KaJpOM TOHKOCTH CO3JJaHUSI IOTOKOB U
yIPaBJICHUS UMH.

3nech OyAeT MpHUBEICHO MOBEPXHOCTHOE ONHMCAHUE MPEIOCTaB-
nsieMoro uHTep(deiica ¢ HeNplo Co3MaHus OOLIeTro MPEACTaBICHUS O



11

npuHIUnax pabotel ¢ HUM. s Gosee mOAPOOHOTO O3HAKOMIICHHS C
dbopmaTroM ONMUCAaHWS TUPEKTHUB W BbI30Ba (DYHKIMH ciexyeT oOpa-
maThes K crienudukanmu [38].

Becoh npegocrasisiembiii OpenMP nnTepdeiic MOXXHO pa3aenuTh
Ha UPEKTHUBBI Tpernpolieccopa u runtime-pyHknun. Mcmonp3oBanue
runtime-QpyHKIMH JOMYCTUMO JIMIIb B CIy4ae HAIMYMSA IOJICPIKKH
OpenMP mpu BKIIIOYEHHH B IIPOrpaMMy COOTBETCTBYIOLIETO 3arojio-
BouHOro daiina. Mcnons3oBanue xe aupektuBs OpenMP Bo Bpems
HaIMCaHWs TPOrPaMMbI BO3MOYKHO BCET/a, TIPU STOM 3a/IeHCTBOBAHbBI
OHU OYyIyT JMIIb IPU HUCHOJIB30BAHUU COOTBETCTBYIOLIETO (iara BO
BpeMsl KOMIIWISILMU B cucTeMe ¢ nogaepxkoi OpenMP.

OpHuM U3 HECOMHEHHBIX TocToMHCTB OpenMP sBisercst BO3-
MO>XHOCTh KOMITWJISIIMM HMCXOJHOTO TEKCTa pacnapajuie]IeHHON Mpo-
rpamMmbl B cucteme 0e3 momaepkku OpenMP. Ilpu sTom mporpamma
KOMITHJIMPYETCSl TaK, Kak OyaTO B HEH OTCYTCTBYHOT JTUPEKTHUBBI
OpenMP. Pazymeercs, B 3ToM ciydae mporpamma OyaeT mocliiefoBa-
TEJIHHOU, OJIHAKO ATO M30aBIIIET OT HEOOXOJAMMOCTH TOJICPKKH He-
CKOJIbKUX BepcHil mporpamMmbl. DakTUUECKH, BCIEACTBUE TaKOTO IIO-
JOKECHHS CTAaHOBHUTCS BO3MOXXHBIM  HCIOJB30BaTh JTUPEKTHUBBI
OpenMP B nr000it TporpaMmme ¢ TeM, YTOOBI PaHO WIIH TO3JIHO MyTEeM
N00aBIeHUS COOTBETCTBYIOLIEro (hjara KOMIWIALMHM IporpamMma
MorJa ObITh pacriapaieieHa.

OT0, 0JJHAKO, KacaeTcsl ucnoib3oBanus nupektus OpenMP. Hc-
noJp30BaHue ke runtime-¢pynkuuii OpenMP He crons ynoOHo, 0 4yem
noApoOHee OyAET CKa3aHO MPHU ONMMCAHUH 3TUX (HYYHKITHH.

1.1.1 MNepBas nporpamma — psg JlebHunya

OnHUM U3 JOBOJBHO MONYJISIPHBIX MPOCTEHIINX IPUMEPOB BbI-
YUCIUTENBHBIX 337a4, UCIOJIb3YEMBIX JUIsl JEMOHCTPAaLUU pacnapal-
JIETUBAaHUA TPOTpaMM, SABISIETCS NMPOTpaMMa BBIYHMCICHHA YHUCIA T
OOBIYHO MPHU 3TOM HPUOJIMKEHHO BBIUUCIAIOT WHTErpaji OT MpPOU3-
BOJIHOM apKTaHTreHca. Ml jke ucronb3yeM paf Jleitbnuma, mockoiabKy
nojryyaemMasi IpH 3TOM IporpaMmma MeHee oOpeMeHeHa KaK TaKOBBIMU
BBIUUCIICHUSIMA M TIOTOMY B HaIlleM Cllydae MOKET ObITh Oojiee Ha-
[JISITHA.

Psin JIeiiOHuIa BBITIIAIUT CIEAYIOIUM 00pa3oM:
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0o0enx MaTpull, MMOCKOJIbKY MMEHHO OHHM HamOoJIee WHTEPECHBI IpHU
BBITIOJTHEHUH BBIYMCIMTEIBHBIX 33/1a4 B PACHPECICHHBIX CHCTEMAaX.
OpnHako cienyeT OCO3HaBaTh, YTO TAaKOM MOAXOJ HOTPeOyeT MOBBI-
IIEHHOT0 0OMeHa HH(opMaIed MexKIy y3IaMHu.

0

1

Puc. 4

[lepBBIM nemoM paccMOTpUM Hambosee mpocToi Bapuant. Jlo-
ycTUM, TpeOyeTcss yMHOXHUTH cieBa Marpully MR na matpuny ML u
MOJTYYUTh MaTpuIly pedynbrara RES:

RES=ML-MR @)

Toraa Oynem xpanuth matpuily ML ropuzoHTanbHBIMU OJIOKa-
mu, MR — BeprukanbHbiMu (puc. 4). Bynem cHoBa JUIsi TIPOCTOTHI
CUNTATh, YTO PA3MEPHOCTH IMEPEMHOKAEMBIX MATPHIl KpaTHA KOJIHYe-
ctBy mporieccoB N u JokanbHas pasmeprocts M=n/N. Kaxpiii
MPOLIECC COACPXUT oauH OMok Nxm marpuiel MR w omun 6ok
mx n matpusl ML. ITomumo 3TOTO, Ka)KIblil Iponiecc BbIAETSET 00-
JacTh MAMATH JUIS XpaHEHUs OJIOKa MaTpPHUIBl pe3ysbTaTa MepeMHO-
xeHust RES. DToT 610K MOXeT ObITh KaK BEPTHKAIBHBIM, TaK H TOPH-
30HTAJIBHBIM, B HAIlIEM CIy4ae OH OyAeT BepPTUKAIbHBIM.

Bech mporecc nepeMHOKEHHS MATPHIl SBISETCS IMOIIATOBBIM C
KOJIMYECTBOM IIaroB, paBHBIM KoiudecTBY mpoueccoB N . Ha xaxmom
Iare BBITIOTHSCTCS TIEPEMHOKEHHE JIBYX JIOKATBHBIX MPSIMOYTOIBHBIX
OJIOKOB, pe3yJbTaTOM KOTOPOTO SIBJISCTCS KBaIpaTHBIA OJOK Mx M.
DeMeHTHI 3TOro 0JI0Ka MOMELIA0TCs B JIOKAIbHBIA IPSIMOYTOJIbHBIN
omox matpunel RES, mocne dero ocymiecTBIsSeTCS ITUKIMYECKUAN
caBur 0J0KOB JieBoi Matpuitel ML mexay nporieccamu. Ecin Ob1 MbI
B KaXK/IOM TIPOLIECCE XPAHWIN HE BEPTHUKAIBHBINA, @ TOPU3OHTAIBHBIN
OJIOK pe3ynbTara, CIeI0BaIo Obl IUKINISCKHA CABUTATh OJIOKU MPaBOM
Mmatpuiil MR. Tocie caBura BBIMONHSASTCS CIEAYIONIMIA 1Iar, Ha KO-
TOPOM MPSIMOYTOJIBHBIN OJIOK MaTpuibl pedynbrata RES momonuser-
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// BEKTOP TEeKylero NpubiamxeHMd (JIoOKajibHas YacThb)
vector type<double> uloc = floc;
// BEINOJIHEHME HECKOJIbKMX MIPOCTHX UTEPaLUA
for (int 1 = 0; 1 < 20; i++)
{
vector_ type<double> u(n);
MPI Allgather (
&uloc(1l), uloc.vsize(), MPI_DOUBLE,
&u(l), nloc, MPI_DOUBLE,
MPI COMM WORLD) ;
uloc = aloc * u + floc;
}i

[Tocine BBIMIONHEHUS 3a1aHHOTO KOJIMYECTBA UTEPALIUi MOJTy4EH-
HBI pe3yibTaT MOXET OBITh COOpaH B KakOM-IHOO mporecce GyHK-
nueit MPI_Gather anst manpHe#Iero nCnoab30BaHUs!.

[TomuMoO npHBENEHHBIX CHOCOOOB pacHpeseNeHHOr0 XpaHEeHUs
MaTpHIIbl, pa3yMeeTcsi, BO3MOXKHBI U Apyrue. B wactHOoCTH, B CHITy
KaKuX-T100 OOCTOSTENHLCTB pa3OueHHe MaTpHIBI ObIBaeT YI00HO
MPOM3BOIUTH KaK 10 TOPU3OHTANHN, TaK M 1o BepTukanu. K mpumepy,
Takasi cuTyanusi Oyzaer onucaHa jganee. B Takom cinyuyae cxema yMHO-
KEHUS PacHpeeICHHOM MaTpHULbl HA BEKTOP MOXKET OBITh MOJy4YeHa
MyTeM KOMOMHHUPOBAHHS OMMCAHHBIX IPUEMOB.

1.2.5 NepemHOXEHWE MaTpUL,

Hpyroil 4acTo BO3HMKAIOIIEH BBIYMCIHTEIBLHON 3aladel, JIErKo
HOJTAIONICHCS pacHapauIeIMBaHUIO, SBIISCTCS NMEPEeMHOXKEHUE Mart-
puil. MBI 3/1eCh paCCMOTPHUM TPOIECC MEPEMHOKEHHUS JIBYX KBaJpaT-
HBIX MaTpPUI[ pa3MEPHOCTH N.

KacaTtenbHO pacripenieieHHOTO XpaHEHHsS BO3MOXKEH BapHaHT,
KOTJa MEXAy MalldHAMU PacIpenessseTcss XpaHEeHHE JUIIb OJHON
MaTpHIIbI, KOTHS K€ BTOPOU MPHUCYTCTBYET B MAMATH KaXXIOTO TPO-
necca neinukoM. Takas mporpamma, pazymeercsi, OyJer paboTaTh Hau-
6onee 3¢ dekTuBHO, HO MOTpedyeT OONBIIOTO KOJIMYECTBA MAMSTH.
OTOT ciay4ail MblI 37ech He OyleM paccMaTpuBaTh, MOCKOJIBKY TakKas
IporpaMMa MOET OBITh JIETKO IOCTPOEHAa Ha OCHOBE MPOTpaMM Iie-
PEMHOKEHHSI MaTPHIIBI U BEKTOpa, IPUBEACHHBIX BhiIIe. Kpome Toro,
Takas TporpaMma B TIPUHIWIE TIPEACTABISIET Majo HWHTEpeca, I0-
CKOJIbKY YBEJIMUYEHHE KOJIMUECTBA Y3JI0B HE 00ECIICUUT BO3MOKHOCTH
YBEJIMUEHHs pa3MEepOB pelaeMoi 3a1auH.

bynem paccmarpuBaTh cioydau pacHpeieseHHOTO XpaHEeHHs
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w (1)
z( ) :1_1+1_1+1_...:£_ 1)
neo2n+1 3579 4

()HHHM U3 CBOMCTB 3TOTO psaga ABJIACTCA OYCHb MCOJICHHAA
CXOJUMOCTb, KOTOpass U OOBACHIET yA0OCTBO €ro pacCMOTPEHHS
AJIs1 AEMOHCTpAallMU pacrapauiCJIMBaHusA BHHHCHGHHﬁ.3HeCB MBI,
OIHAaKO, HE OIroOBapuBac€M BOIIPOCHI OIITHUMAJIBHOI'O IMMOPAJKAa BBIYHC-
JICHHUA 3TOro psaaa ¢ UCJIbK0 MOBBIMICHUA TOYHOCTH, ITIOCKOJIBKY 3TOT
BOTIPOC JIGKHUT BHE 00cyxknaemoil Tembl. [locnenoBarenbHast mpo-
rpamMmMa BBIYUCIICHUSA CYMMBbI IICPBbIX N YJI€HOB pAaAa BBITTISIAUT
JOCTaTOYHO MPOCTO:

#define NUM_ITERATIONS 1000000

int main(int argc, char *argvl([])
{
double sum = 0.0;
for (int i = 0; 1 < NUM ITERATIONS; i++)
sum += ((1 & 1) 2 - 1.0 : 1.0) / ((i << 1) | 1);
std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
return 0;

}

OHa COCTOMT M3 OJHOTO LIMKJIA, B KOTOPOM TeKyllee 3HauYCHHE
CYMMBI psa IOCIIEIOBATEIbHO TOTOIHICTCS OYEepPEIHBIMU €r0 dJjie-
HamH. B KOHIle TOJy4YeHHas cyMMa yBEIHMYMBACTCS B YETHIPE pasa,
9TOOBI MOTYYUTH YUCIO 7. [Ipy BEIMHMCIEHHN Ka)XIOTO 4JIeHA psijia He
HCTIONB3YIOTCSl PEKYPPEHTHBIE COOTHOIICHHUS, U BCE MTEPALIUM SBIISI-
IOTCSl HE3aBUCHMBIMH JIPYT OT JIPYTa, YTO MO3BOJIIET HAM CBOOOHO
BBINOJIHATH pacliapauIeIMBaHUE UTEPAIUI.

PacripeniennuM npuBeneHHbIC BBIYHCICHHS PAaBHOMEPHO MEXKIY
N norokamu. Bynem cumrats /s mpoctotel, uro N kpatHo N. Ilo-
CKOJIbKY BCE WTEpAIH SBISIOTCS HE3aBHCUMBIMHU JPYT OT Jpyra u
MPUOM3UTENFHO OJJMHAKOBBIMU TI0 JUTUTEILHOCTH, HAHOOJIEe eCTeCT-
BEHHBIM CIIOCOOOM pacmapajuieNuBaHusl paboThel OyneT pacnpenerne-
HHE €€ MEeXIy MOTOKAMH PaBHbIMH MHTepBanamu 110 N/N ureparmii
(puc. 1). Kaxxaplit TOTOK JOJDKEH BBIYUCIHUTD JIOKAJTBHYIO CYMMY CBO-
el yacTu psna, 1ocje 4Yero 3TH CYMMBI M3 BCEX IMOTOKOB JOJIKHBI
OBITh IPOCYMMHPOBAHBI.
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Thread 0
n/N-1 (_ l)l

%= Zol 2i+1
N—Is NE
i=0 4

Thread N-1

n/N-1 _IYanmN+
S = Z.; 2((N-1)/N+i)+1

Puc. 1

s HU3KOYpOBHEBOM OpraHM3alid MHOTOIIOTOYHOIO pacma-
paJUTeNIMBaHUs CYIIECTBYIOT Pa3IMYHBIE MPOTPaMMHBIE HHTEP(EHCHI.
K mpumepy, moxHO BoOcmonb3oBarbest uHTepdeiicom Win32 API,
MPEeIOCTaBIIIEMbIM OTNIEPAIMOHHBIMU CUCTEMaMuU ceMeiicTBa Microsoft
Windows. B 3ToM cityyae Hody4eHHBIH IoOcie pacnapauleIMBaHus
KOJI MOKET BBITJISLIETh CIEAYIOLUIMM 00pa3oM:
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3nech Ui HATJIATHOCTH BBITIOJHSACTCS (DUKCHPOBAHHOE KOJIHYE-
CTBO Utepanuii. Boobuie e 00bIYHO HCMONB3YIOT OLIEHKY TOYHOCTU
TEKYIIEero MPUOIMKEHHS 110 BEJIMYMHE OTHOCUTEILHON HEBSI3KH.

s pacnapannenuBaHus TaKOd NMpPOrpaMMbl OJHUM W3 IpUBE-
JICHHBIX BBIIIE CIIOCOOOB JOCTAaTOYHO HMCIIOJIB30BaTh BMECTO OOBSBIIC-
HUS TIOJTHOPA3MEPHBIX MAaTPHIIBI U BEKTOpa OOBsIBICHHE JHUIIL HEOO-
XOJUMBIX JIOKQJIbHBIX OJIOKOB, a TAK)Ke MPOU3BECTH YMHOXEHHE C UC-
MOJIb30BaHUEM OJHOTO W3 MPUBEAEHHBIX BbIe (pparmentoB. K mpu-
Mepy, Ul IEPBOr0 PacCMOTPEHHOrO HaMH Ciyyas, T.e. JUIsl ciiydas
XpaHEeHUs] MaTPHILIbl TOPU30HTAILHBIMU OJIOKaMH, HMEEM:

#define NUM_ITERATIONS 1000000
#define NUM_THREADS 4

struct thr_param
{

int begin;

int end;

double result;
}i

DWORD WINAPI thr proc(LPVOID param)
{
thr param &p = *static_cast<thr param *>(param);
for (int i = p.begin; i < p.end; i++)
p.result += ((1 & 1) ?2 - 1.0 : 1.0) / ((i << 1) | 1);
return 0;

}

int main(int argc, char *argvl[])
{
// oObABJIEHME CTPYKTYyp C [apaMeTpaMu OJiS KaxIOoTO MOTOKa
thr param param[NUM THREADS];
for (int i = 0; 1 < NUM THREADS; i+4)
{
param[i] .begin = i * (NUM_ITERATIONS / NUM_THREADS) ;
param[i].end = (i + 1) * (NUM ITERATIONS / NUM THREADS) ;
param[i].result = 0.0;

int nloc = n / size;

// maTpuia (JIOKaJibHAS YacThb)

matrix type<double> aloc(nloc, n);

// ... VHMUMAJIU3aUUsa MaTpPULE

// BekTOp CBOOOIHHX KO3bOULUMEHTOB

vector type<double> f (n);

// ... VMHULIMaJIM3aluus BEKTOpa NpaBOM 4YacTu

// BEKTOp TeKymero IPUOJIMKEeHMS
vector type<double> u = f;
// BBINOJIHEHME HECKOJIbKUX MIPOCTHX UTEPALUNA
for (int i = 0; 1 < 20; i++)
{
vector type<double> uloc = aloc * u;
MPI_Allgather(
&uloc(1l), uloc.vsize(), MPI_DOUBLE,
&u(l), nloc, MPI DOUBLE,
MPI_COMM WORLD) ;
u += f;
}i

MoXHO 3aMeTHUTh, YTO B TMPHUBEJACHHOM (QparMeHTe KaxIbIM
IIPOLIECCOM BBIIIOJIHAIOTCS OTYACTH JIMIIHME BbluMciaeHus. [lyrem us-
MEHEHHUS TOPSAIKA BBIMOJHEHHS ONEpaluii yMHOKEHHSI U 00BbeuHe-
HUS BEKTOPAa MOXKHO COKPATUTh KaK TPeOyeMyIo /Ui XpaHEHHUsI BEKTO-
pa maMsTh, TaK U KOJUYECTBO BBIMIOJHSAEMBIX ONEpanui cioxxeHus. B
pe3yJIbTaTe Ipoleaypa IpUMET CIECAYIOIUN BUL!

int nloc = n / size;

// maTpuua (JOKajibHAS YacThb)

matrix type<double> aloc(nloc, n);

// ... VHMUYaIU3aluus MaTPULE

// BekTOp CBOOOIHHIX KO3OOUUMEHTOB (JIOKAJIbHAS UYACThb)
vector_type<double> floc(nloc);

// ... vHMUMaIM3aluus BEeKTOpa IPpaBOM YacTu
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TOW MPUYMUHE, UYTO, KaK MPAaBWIO, JJI JATbHECUIINX BEIYUCICHUNA KaXK-
JIOMy TIpOIlecCy HEeoOXOoJuMa JIUIIh YacTh BEKTOpA pPE3yJbTaTa, MBI
MoeM ucnonb3oBats QyHkuuro MPI Reduce scatter. Bo Bpemst BbI-
TIOJIHEHUS 3TOM KOJJIEKTUBHOM OMepalvy BCe MOTHOpPa3MEPHBIE BEK-
TOpPBI U3 KaXKJOTO MPOIEcca CYMMHPYIOTCA, TMOCIE Yero pe3yibTaT
pacnpenensaeTcss 4acTs MU O BCEM IpoueccaMm. Takyr Mpouenypy
YMHOKEHUSI MATPHUIIbI HA BEKTOP WIITIOCTPUPYET CACTYIOMMN KO:
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int nloc = n / size;

// MaTpuia (JlOKajbHAasa UYacThb)

matrix type<double> aloc(n, nloc);

// BEKTOP-MHOXUTEJbL M Pe3yJbTaT (JIOKAJIbHEE YaCTH)
vector type<double> uloc(nloc), auloc(nloc);

// ... vaMumamuszauua aloc u uloc

// yMHOXeHUe
vector type<double> aupart = aloc * uloc;

// uHMUManM3auyus pasMepoB OOJIacTel IJjid pacCerBaHud
vector type<int> nlocs(size);

for (int 1 = 1; i <= nlocs.vsize(); i++)

nlocs (i) = nloc;

// cyMMMpoOBaHMe BCEX aupart ¥ paccemBaHue pes3yJsbTara
MPI_Reduce_scatter (

&aupart (1), &auloc(l), &nlocs(l),

MPI DOUBLE, MPI SUM, MPI COMM WORLD) ;

}i

// cos3maHue MNOTOKOB

HANDLE hdl[NUM_THREADS] ;

DWORD ded[NUMiTHREADS];

for (int i = 0; i < NUM THREADS; i++)

hdl[i] = ::CreateThread/(
NULL, O,

thr proc, &param[il],

0, &dwId[il]);

// oXupaHue 3aBepleHus Mx pPasoTH
::WaitForMultipleObjects(NUMﬁTHREADS, hdl, TRUE, INFINITE);
// OCBOBOXIEHME PECYypPCOB
for (int 1 = 0; 1 < NUM_THREADS; i++)

::CloseHandle (hdl1[1i]);
// CyMMMpOBaHME pes3yJIbTAaTOB BOEIOMHO
double sum = 0.0;
for (int 1 = 0; 1 < NUM THREADS; i++)

sum += param[i].result;
std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
return 0;

Peanu3oBanHO€ OMMCaHHBIMHU MYTSAMU MHapajlIebHOE YMHOXeE-
HUE MAaTPHIIBI HA BEKTOP MOXET OBITH JIETKO WCIOJIh30BAaHO TIPU pe-
menun CJIAY utepanroHHbIMU MeTonaMu. JJisi BRITOTHEHUS TOCIe-
nosatenpHoro pemenus CJIAY U— AU = f c HeusBecTHBIM BekTO-
poM U METOAOM MPOCTOM UTEpPAlUH BHOJHE JOCTATOUYHO CIEAYIOLIEH
MIPOTPaMMBI:

// marpuna
matrix type<double> a(n, n);

for (int 1 = 1; i <= a.vsize(); i++)
for (int j = 1; j <= a.hsize(); j++)
a(i, j) = /* ... vHMUMaNIMU3AUMA MaTPMULE */;

// BekTOp CBOOOIHHIX KO2b0OULUMEHTOB
vector_type<double> f (n);
for (int 1 = 1; 1 <= f.vsize(); i++)

f(i) = /* ... MHMUMAIM3aUMsa BeKTOpa MNpaBOi ydacTtu */;

// BEKTOp TeKymero NPpUOIVIKeHNS
vector_ type<double> u = f;
// BHIIOJIHEHME HECKOJIbKMX IPOCTHEIX MTepalmi
for (int 1 = 0; 1 < 20; i++)
u=a*u+ f£;

[Iporpamma ocymectBisier co3ganne NUM_THREADS mnoto-
KOB, IOCJIE YEro OXXKHUIAeT HX 3aBEpUICHHUs, OCBOOOKIAET PECypCHl,
CYMMHPYET MpPOMEKYTOUHBIE CYMMBI U BBIBOJHUT IOJYYCHHBIH pe-
3ynbraT. Kakaplii U3 CO3MaHHBIX TMOTOKOB BBITIOJHAET CBOIO 4acTh
BBIUMCIICHUH. B Haudane mporpaMMbl OCYLIECTBIISIETCSl 3allOJHEHHE
MaccuBa CTpyKTyp thr param, koTopele ciyxar Ui mepenadd Kax-
JIOMY TIOTOKY BXOJHBIX TTApaMEeTPOB U MOJy4YEeHUS pe3ynbTaTta. B aTnx
CTPYKTypax COJep:KaTcsi JaHHbIE O TPaHMIAX MHTEpBajia CyMMHUpOBa-
HUS, a TaKKe NMEpEeMEeHHas, B KOTOpPOW OyJeT COXpaHEHO 3HaueHHe
MIPOMEXYTOUYHON CYMMBI, BBIUUCICHHON B TEKYILEM IIOTOKE.

Kak TakoBoe CyMMHMpOBaHHE psijia IOJTHOCTBIO BO3JIAaraeTcsl Ha
¢bynkuio motoka thr proc. B 3To#l GyHKIMM ocyliecTBIsIETCS] BbI-
YHUCIIEHUE CYMMBI WIEHOB Psijia M3 3aJaHHOro MHTepBaia. [lomyuen-
HBII pe3yNbTaT COXpaHIETCs B CTPYKTYpE, aJlpec KOTOpoil ObLI mepe-
JaH QYHKIIMY TTOTOKA.

[Ipu HanMYUKM B CUCTEME JOCTATOYHOTO KOJMYECTBA CBOOOIHBIX
IPOLIECCOPOB BCE MOTOKM MOTYT BBHINOJHATH CBOIO paboTy mapai-
JIENBHO, BCIEACTBUE YET0 PE3yibTaT BHIYMUCICHUNH MOXKET OBITh MOJTY-
YeH ropaszio ObICTpee, HEXKENH B IIOCIIEJ0BATEIbHOM BapUaHTE.

Bo muorux UNIX-cuctemax st opranu3aidyd MHOTOITOTOYHOM
paboThl MPUIOKEHUSAM MPEJOCTABISAETCS MPOTrpaMMHBIN HHTepdeiic
POSIX Threads (pthreads). PacmapamieneHHblii ¢ UCIIONB30BaHHEM
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TakKoro MHTepdeiica KoJ JOBOIBHO MOX0K HAa BAPUAHT pacrapaijiciii-
BaHUsA ¢ momompio QyHknuid Win32 API. M3MeHEHHWIO IMOMJICKHT
JUIIb (PparMeHT oT CO3AaHMS MOTOKOB JI0 OCBOOOKICHHSI PECYPCOB:

//

// cos3maHye MOTOKOB

pthread t pth[NUM THREADS];

for (int i = 0; i < NUM THREADS; i++)

::pthread create(&pth[i], NULL, thr proc, &param([i]);
// oxunaHue 3aBepmeHus uMx PaBoTH M OCBOOOXIEHME PEeCypPCOB
for (int i = 0; i < NUM THREADS; i++)

::pthread join(pth([i], NULL);

// CyMMMpOBaHME pPEe3yJIbTaTOB BOEOMHO

//

Benenctue pazinmumii mporpaMMHBIX HHTEP(EHCOB, TakkKe Tpe-
OyeT U3MeHeHUsI curHatypa (yHKIHMU [TOTOKA, IIPU 3TOM COAEPKUMOE
ee He MEHseTCs:

void *thr proc(void *param)
{
/] ..
return NULL;
}

B o0oux mpuBeAEHHBIX Cilydyasx MapajUIeIbHbIC BBIYUCICHUS
BeinosiHATCs B NUM_THREADS norokax, riiaBHbIH k€ IIOTOK BbI-
YUCIIEHUH HE BBINOJHSET, a JIMIIb O0KHMIAET 3aBEPIIECHHs OCTAIIbHBIX.
Takum o6pa3oM, B mporecce NPUCYTCTBYET HA OAUH MOTOK OOJIbILE,
yeM Heo0XxoanMo. YToObl 3TOr0 He MPOUCXOANIIO, OylIeM OCYyIIeCTB-
JSITh CO3/1aHME MEHBILEro Ha €AMHMILy KOJIMYECTBA JOMOIHUTEIbHBIX
MOTOKOB, IIPH 3TOM IJIABHBIM MOTOK ITIE€pe]] BBHIIIOJIHEHUEM OXKUAAHHS
JIOJKEH BBIIIOJHUTBH CBOIO 4acTh paboThl. [locTpoeHHast Takum obpa-
30M Iporpamma ¢ ucnosib3oBanueMm unrepgeiica POSIX Threads mo-
KET BBITVIAJIETh CIETYIOUIUM 00pa3oM:

#define NUM_ITERATIONS 1000000
#define NUM_THREADS 4

struct thr_param
{

int begin;

int end;

double result;

}i

void *thr proc(void *param)

{

thr param &p = *static cast<thr param *>(param);
for (int i = p.begin; i < p.end; i++)
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HUMBII 2y1eMeHT. MHaekcanus 3J1eMEHTOB MaTpUll U BEKTOPOB — C
€IUHUIIBI. DTO MPOTHUBOPEUYUT CYLIECTBYIOIUM YCTOSIM MPOrpaMMHU-
pOBaHUs, HArPOMOXKJAET KOJ M3IHIIHUMU MPUPALICHUSIMU HHJIEKCOB
1 JIeNIaeT €ro MeHee YNTabeIbHbIM U y100HBIM. OIHAKO 3TO OTBEYAET
MaTeMaTUYeCKHM YCTOSIM, TIO3TOMY 3/€Ch JUll COOJIIOAECHUS MaTeMa-
THUYECKOH KOPPEKTHOCTH MbI Oy/IeM HCIIONIb30BaTh HYMEpAlMIO 3Je-
MEHTOB ¢ eAuHULBI. [IONHBINA TEKCT IpuMepa pealn3aluy TaKUX I1a0-
JIOHOB KJIACCOB MOXXHO HAWTH B MPUJIOKEHUN 1.

IIpu Be13OBe QyHkuuu MPI Allgather mMbl nomKHBI nepenatsb
ajpeca MacCHBOB OTHPABJIIEMbIX U IPUHUMAEMbIX JAaHHbIX. B mpuse-
JIEHHOM (parMeHTe HCHOJIb3YyeTCs MMEHHO YCIOBHE XpaHEHHs 3Jie-
MEHTOB MaTpHIIbl B HEMPEPBIBHOM MaccuBe. B 00oux ciryuyasx Ml Iie-
pelaeM azpec MepBOro 3JIE€MEHTa BEKTOpPa, KOTOPBIM SBISETCS ajape-
COM Hadyaja COOTBETCTBYIOIIET0 MaccuBa. Takoil cmoco0 nepenadu
JAHHBIX MaTpHIl M BEKTOPOB MEXIy IMpoleccaMu OyIeT HCIOJIb30-
BaTbCsl HAMU U B JaJIbHEHILIEM.

+
+

Puc. 3

Bo BTOpOM paccMaTpuBaeMoOM HaMH CIIydae 3JIEMEHThI MaTPHULIbI
pacrpeniesieHsl 10 TpoleccaM BepTUKaIbHBIMH Ojokamu (puc. 3).
Kaxxnomy nporieccy Ha Kax10i utepauuu TpeOyeTcs Haluiue OJHOTO
MPSIMOYTOJIBHOTO N X M OJI0Ka MaTPHUIIBl U OJHOTO JIOKAJIBHOTO OJIOKa
YMHOKaeMoro Bektopa. Kaxplii mporiecc BBINOJIHAET IEPEMHOKEHHUE
00eHX CBOMX JIOKAIBHBIX YacTeH, Mociie 4ero JUIs MoyrydeHus Tpedye-
MOTO pe3ynbTara, MO MPaBHIy YMHOXEHHS OJOYHBIX MaTpHIL, MOJTY-
YEeHHBIC MTOJTHOPA3MEPHBIE BEKTOPHI U3 BCEX MPOIIECCOB JOJIKHBI OBITH
IIPOCYMMHPOBAHBI U CHOBA paclpejiesieHsl o npoueccam. s atoro
MBI MOXKeM Bocmonb3oBatbes (pyHkimein MPI Allreduce, ognako mo
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matrix type (const matrix type &src);

// mecTpykTOp
~matrix_ type (void);

// pasMepH O BEPTUKAIM ¥ TOPUBOHTAIIN
int vsize(void) const;
int hsize (void) const;

// obpalleHue k SIyeMeHTaM [0 MHIOeKCaM (HyMepalums C eOVHMLE)
const element type & operator () (int i, int Jj) const;
element type & operator () (int i, int j);

// TnpucBamBaHME MaTPMUL, ONVHAKOBEIX Pa3MEpOB
matrix type & operator =(const matrix type é&src);
// npmubaBiieHME MaTPULEL
matrix type & operator +=(const matrix type &src);
// BHUMTaHUE MaTPULEL
matrix type & operator -=(const matrix type &src);
// cyMMa IOBYX MaTpWMl

friend
matrix type operator +(

const matrix_ type &srcl, const matrix type &src2);
// PasHOCTbL OBYX MaTpPULL

friend
matrix type operator -(

const matrix type &srcl, const matrix type &src2);
// [IEPEMHOXEHME OBYX MaTpuUL]

friend
matrix type operator *(

const matrix type &srcl, const matrix type &src2);
}i

// BexKTop - MaTpulla B OOVH CTOoJber
template <class e t>
class vector_type: public matrix type<e t>
{
public:
typedef matrix type<e t> base_ type;
typedef typename base type::element type element type;
// KOHCTPYKTOP
vector type (int vsize);
// KOHCTPYKTOp - Npeobpas30OBaHMe THUIa
vector type (const base type &src);
// ofpalmeHye K BJIeMeHTaM [0 MHIEeKCY (HyMepauus C eIOVHLE)

const element type & operator () (int i) const;
element type & operator () (int i);

// npucBamuBaHUe

vector_type & operator =(const base_ type &src);

}i

p.result += ((1 & 1) 2 - 1.0 : 1.0) / ((1i << 1) | 1);
return NULL;
}

int main(int argc, char *argvl([])
{
// oOBaBIIeHME CTPYKTYyp C [apaMeTrTpaMmu OJis KaxIOoI'o [NOTOKa
thr param param[NUM THREADS];
for (int i = 0; i < NUM THREADS; i++)
{
param[i] .begin = i * (NUM_ ITERATIONS / NUM_THREADS) ;
param[i].end = (1 + 1) * (NUM_ITERATIONS / NUM_THREADS) ;
param[i] .result = 0.0;
bi
// cos3maHMe MNOTOKOB
pthread_t pth[NUM THREADS - 1];
for (int 1 = 0; 1 < NUM THREADS - 1; i+4)
::pthread create(&pth[i], NULL, thr proc, &param[i + 1]);
// BLHIIOJIHEHME B TIJIABHOM I[OTOKE
thr proc(&param(0]);
// oXumaHVe 3aBepleHUd MX paboThl U OCBOOOXIEHMUE PEeCypPCOB
for (int i = 0; i < NUM _THREADS - 1; i++)
::pthread join(pth[i], NULL);
// CyMMMpOBaHME pes3yJIbTaTOB BOEIMHO
double sum = 0.0;
for (int 1 = 0; 1 < NUM_THREADS; i++)
sum += param[i].result;
std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
return 0;

}

B mpuBeneHHOM KozAe IEpPBBIN 3JIEMEHT MAacCHBa CTPYKTYp Ia-
pameTpoB mepenaercss (QYHKIWH, BHITIOTHSIEMOW B TJIABHOM TOTOKE,
OCTAJIBHBIE NIEPENAIOTCS CO34aBAEMBIM ITOTOKAM.

Teneps nmepeilieM K ri1aBHOMY MOMEHTY TeKyllero paszena. Io-
CIIeZIHEH TPUBEACHHOW TporpamMMe Mo (PYHKIIMOHAIBHOCTH TIOJHO-
CThIO SKBUBAJICHTEH CJIEIYIOIIMNA KOA:

OcHoBHOE HEOOX0aUMOe TpeOOBaHUE K pealln3aluy — MOCTe/I0-
BaTEJIbHOE MOCTPOYHOE XPAaHEHUE HJIEMEHTOB B TAMATH. DTO TpedyeT-
csi s oOecrieueHus] BO3MOXKHOCTH OOMEHa JaHHBIMHU C HCIIOJB30Ba-
aueMm ¢ynxmuii MPL. ITo Tem >xe mpuumHaM omepanus oOpamieHus K
AJIEMEHTY TI0 WHJICKCY BO3BpAIAeT CChUIKY HETMOCPEACTBEHHO Ha Xpa-

#define NUM_ITERATIONS 1000000
#define NUM_THREADS 4

int main(int argc, char *argv([])
{
double sum = 0.0;
#pragma omp parallel for num_ threads (NUM THREADS) reduction(+: sum)
for (int i = 0; i < NUM_ITERATIONS; i++)
sum += ((1 & 1) ?2 - 1.0 : 1.0) / ((i << 1) | 1);
std::cout << std::setprecision(20) << sum * 4.0 << std::endl;
return 0;

}

BuzaHo, 4TO 3TOT KO OT/IMYAETCS OT MOCIEA0BATENbHON BEPCUU
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JUIIb HAIMYUEM TUPEKTHBBI MpEnpoleccopa, KOTopas sBJIETCs Of-
HOW W3 JUPEKTHB BBICOKOYPOBHEBOTO MHTEp(delica MHOTOMOTOYHOTO
nporpammupoBanuss OpenMP. I UMEHHO B 3TOI TUPEKTHUBE CKPBITA
OpraHM3allysi BCET0 OMUCAHHOTO (yHKI[MOHATIA.

Hanwune mupextuBbl parallel for ykaspiBaeT KOMOWIATOPY Ha
HEOOXOIMMOCTh BBINIOJHEHUS MHOTOIOTOYHOTO pacriapauleIHBaHus
CJIEYIOIIEr0 HETOCPEACTBEHHO 3a HEll omeparopa mukia. [lapamerp
num_threads nmpeAnuchIBaeT BBHIMTOIHUTE MPU 3TOM CO3/IaHUE YKa3aH-
HOTO B CKOOKax koiimdecTBa moTokoB. [lapamerp reduction B Hamem
cily4ae TpEeNUChIBAET OCYIIECTBUTH BBIICJICHHE COOTBETCTBYIOIIETO
KOJTMYECTBA MEPEMEHHBIX ISl XPaHEHUS! MPOMEXKYTOUHBIX pe3yJbTa-
TOB CYMMHPOBAHUS, a TaKXKe OCYIIECTBUThH IMOCJIEIYIOIIEE BBIOIHE-
HUE WX CYMMHPOBAHMS C MOMEIIEHHUEM pe3yJibTaTa B UCXOJHYIO Tie-
PEMEHHYIO.

Takum 00pa3oM, MBI BHAUM, YTO BeCh ()YHKIIMOHAJ, KOTOPHIHA
MBI TOJBKO YTO BBITIOJNHSUIA BPYYHYIO C IOMOIIBI0 HU3KOYPOBHEBBIX
nHTEp(]EcoB, MOXKET OBITH BBITIOJHEH aBTOMATHYECKH W TpaKTHYe-
cku 0e3 Hamero ydacTtus. boiiee Toro, 3ToT 3PeKT MOXKeT OBITh JI0C-
TUTHYT JIMIIb TPH UCTIOIB30BAHUH CIIEIIHATBHOTO (pylara KOMITHISTO-
pa. B mporuBHOM cnyuyae mporpaMma OyneT CKOMITWJIMpPOBAaHa Tak,
Kak OyATo B Hel He conepxkutcsi aupektuB OpenMP, 1.e. Oyzaer mo-
cienoBaTenbHOM. Takum 00pa3oM, B OJTHOM HCXOJHOM KOJE MBI II0-
JydyaeM TIOCTIJOBATENbHYI0 W TMapajljielIbHyI0 BEPCHH TMPOTPaMMBI,
MpH 3TOM MapaijielibHAs BEpCUs HE MPUBSA3aHA K KaKOMY-THOO KOH-
KPETHOMY HHU3KOypOBHEBOMY HMHTepdeiicy. Ternepb, mponmuIocTpupo-
BaB Moulb uHTEepdeiica OpenMP Ha mpumepe, paccCMOTPUM €T0 YyTh
0ojee aeTalbHO.

1.1.2 OCHOBHble KOHCTPYKLUM NapannenbHOro BbINoNHeHUs

Ucnonb3oBanue aupexktuB OpenMP 3axirouaercsi Bo BCTaBke
CTPOK € JUPEKTHBAMH IIPEIPOLECCopa Mepe] CYIECTBYOIUMA y4a-
ctkamu kojaa. Ctpoka nupextuBbl OpenMP comepxut nms TupeKTH-
BBl U, BO3MOKHO, CITUCOK MMapaMeTPOB, U UMEET CIEAYIOIMMI BUA:

#pragma omp <name> [<paraml> [<param2>] ...]

[lepeuncianM OCHOBHBIE HEOOXOIUMBIE [UIS pacapauIeTHBaHUS
nporpaMMel ¢ nomonibio OpenMP nupextuBsl. [Ipexnae Bcero, sTo
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0JIOK MaTPUIIHI U TOJIHYIO KOO BEKTOPa, HA KOTOPBIA MPOW3BOIUT-
ca yMHOXeHue. [Iporecc BBIMOJHIET NEPEMHOKEHHUE OPSIMOYTOIBHO-
ro Ojoka MaTpUIlbl MX N U BEKTOpa, B PE3yJbTATE YETO MO MPaBUITY
YMHOXEHHS OJIOYHBIX MaTpHI] MOJydaeT BEKTOP JIOKAJbHOU pa3mMep-
HOCTH M, COOTBETCTBYIONIUI YacTH TpeOyeMOro BEKTopa pe3yJibTaTa.
IToce BbIONHEHUS BCEMU MPOLIECCAMU TAKOH OINEpPAaLN BCE JIOKAJIb-
HBIE PE3YyJbTaThl OJDKHEI OBITh OOBEAWHEHBI B IMOJTHOPA3MEPHBII
BEKTOpP pe3ysibTaTa YMHOXXEHUS JUIsl HaJIbHEHIIIEro UCMoJib30Banus. B
yacTHOCTH, TIpH perieHuu CJIAY uTepalluOHHBIMH METOJaMHU BEKTOP
JIOJDKEH OBITh CKOITMPOBAH B MaMATh KaXKJOTO TMpoIliecca I BBITION-
HEHUS JaJbHEWIUX uTepanuidi. Bo3MoXHOCTh 00BEUHUTEL BCE YaCTH
BEKTOpa W CKOIMPOBATh BO BCE MPOIECCHI MPEIOCTABISACT (PYHKIIHS
MPI_Allgather. Crneayromuii koA IEMOHCTPUPYET ONMHUCAHHYIO TPO-

HEAYpY:

int nloc = n / size;

// maTpuia (JoKajbHAsS YacCThb)
matrix type<double> aloc(nloc, n);
// BEKTOP-MHOXUTEJIL U Pe3yJibTaT
vector type<double> u(n), au(n);
// ... vHMUMammMs3auMa aloc u u

// yMHOXeHMEe
vector type<double> auloc = aloc * u;

// cBopka uyactTeit
MPI Allgather(

&auloc(l), auloc.vsize(), MPI_DOUBLE,
&au(l), nloc, MPI_DOUBLE,

MPI COMM WORLD) ;

31ech ¥ B JalbHEHIEM IpU ONHUCAaHUU NPOrpaMM, paboTaroNIIX
C MaTpULAMHU U BEKTOPAaMH, UCHOJB3YETCs CIELMAIbHO HallMCAHHBIN
JUTsL 3TOTO IAOJIOH Kilacca matrix_type, a TakkKe yYHAclIeOBaHHBIM OT
HETO I1a0JIOH vector type, SBISIONUNCS YACTHBIM CIIy4aeM MaTpPHIIbI
¢ ogauM ctonbuom. IIporpammHublii nHTEpdeiic, MpeaocTaBiIsieMbIi
9TUMHU 11a0JIOHAMU, ONIPeJIeNIeH CIEAYIOINUM 00pa3oM:

// marpuna
template <class e_t>
class matrix type
{
public:
typedef e t element type;
// KOHCTPYKTOP
matrix type(int vsize, int hsize);
// KOHCTPYKTOP KONMPOBaHMS
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OBITh BUFOU3MEHEHBI C yUETOM WH(OPMAITUU TEKYIIETO pa3ena.

1.2.4 YMHOX€HMe MaTpULbl HAa BEKTOP

PaccmoTpum Teneps emie oaHy 3azady, HEOOXOAUMOCTh pelle-
HUSl KOTOPOH, B OTJIMYME OT BhIYMCIECHHUS psana JlelOHMIA, Hepeako
BO3HHMKAET MPH PEIICHUH PEeabHBIX BBHIYMCIUTENBHBIX 33/1a4, K MpH-
Mepy, IpU PEIICHUH WUTEPAIIMOHHBIMH METOJaMHU CHCTEM JIMHEHHBIX
anredpandeckux ypaBHenuii (CJIAY).

B takux 3amauax Hambosee pecypcoeMKON SBISETCS Onepanus
YMHOKEHHsI MaTpHILbl Ha BEKTOP, IOITOMY UMEHHO €€ pacrapaijiesu-
BaHHE B HauOOJbIIEH CTENEHH MOBBIIIAET CKOPOCTb BBIYMCICHUH.
[Tomumo 3TOTO, ClEAyeT OTMETUTH, YTO, KOTAAa pedb WUAET O pacma-
paJUTeTMBaHUU MPOTPAMMBI B CHCTEME C PacIpeeNIeHHON MaMsThIO,
ObIBaeT HEOOXOIUMO HCIIOIb30BAaTh BO3MOXHOCTH PACIpEeNICHUs
JaHHBIX 337a4d MEXAY Y3J7IaMH, MOCKOJBKY 3a4acTyl0 BCIIEICTBHE
pa3MepoB pemaeMoi 3a/1aun ee JaHHbIE HE YMEIIAIOTCS B ONEpaTHB-
HOM MmaMsTH oAHOW MamuHbL. [lo 3TUM HpUYMHAM MBI pacTpeneTuM
0 TIpoIIeccaM TakKe U XpaHEHHE YMHOKAEMOW Ha BEKTOP MaTPHIIBI.

Pacnpenenennoe XxpaHeHHE MAaTPHUIBI BO3MOXXHO MHO>KECTBOM
BapHaHTOB, MBI )K€ 3[IeCh PACCMOTPHM J[Ba HaNOOJIee TIPOCTHIX U3 HUX.
Jlns mpocTOThl onucaHus OyneM TpearoJiarath, 4To pPa3MEpHOCTh
MaTpPHUIIBl KPaTHA KOJIMYECTBY MpoIeccoB. Bemnuuny m=n/N Oyxem
Jlaiee Ha3bIBaTh JIOKAJBHOW Pa3MEPHOCTBHIO.

Puc. 2

B nepBom paccMaTpuBaeMOM HaMM Ciydae 3JI€MEHTHI MATPHUILIbI
pactpeeNstoTes 1Mo MpoIeccaM TOPU30HTAIBHBIME OJI0KaMu (puc. 2).
Kaxnprit mporiecc coaep>KUT B CBOEH MaMsITH OJWH TOPU3OHTAIBHBIN
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aupexTrBa parallel, o0bsBIISIONIAs TAPATIICIBHBIA PETHOH:

#pragma omp parallel
{

// ...

}

OOBSBICHHBI TaKOW JAWPEKTUBOM MapaieIbHBIA PETHOH OTpa-
HUYHMBAETCS OIEPaTOpOM, CIEAYIOIIUM Cpa3y 3a HUM. OTO MOXET
OBITh TaK)kKe COCTABHOM OMepaTop, OrpaHMYCHHBIH (UTYPHBIMH CKOO-
KaMH.

B nauane mapanienbHOrO perMoHa CO34aeTcs HEKOTOPOE KOJIH-
YECTBO MTOTOKOB, II0CJIE€ YEro BCE OHM BBIIOJHSIOT YYacTOK KoJa, 3a-
KJIFOUEHHBIN B MapaiesibHblil pernoH. B KoHIe pernoHa BBIIOJIHSAET-
csi GapbepHas CHHXPOHHM3AIMS BCEX CO3/aHHBIX B Hayalle MOTOKOB,
T.€. K&KIBIH MOTOK MO JAOCTIXKEHUH KOHIIA PETHOHA OCTAHABJIMBACTCS
U JKJET, OKa BCE OCTaJbHBIE MOTOKH TAKXKE HE JOCTHUTHYT KOHIA pe-
ruoHa. [locie 3aBepleHUs BBINIOJHEHUS PETMOHA BCEMHU IOTOKAMMU
BBIXOJ U3 HEro OCYILECTBIISIETCS JIMILIb OJHUM IIOTOKOM, OCTaJIbHbIE
YHUYTOXKAIOTCS 32 HEHAJO0OHOCTHIO (BOIPOC BO3MOKHOCTH KAIIHPO-
BaHHUA MOTOKOB 3/IECh HE PacCMaTPUBAETCSI, IIOCKOJIBbKY SBIISETCS BO-
MIPOCOM BHYTPEHHEH peanu3alnm).

C momomipio aupekTuBsl parallel oOBsiBAsieTCS ydacToK Kona,
KOTOPBIM 0JKEH OBITh BBINOJIHEH MapajljiebHO HECKoJbko pa3. K
puMepy, Clenyronmii (parMeHT KoJa Ha MHOTOMPOIECCOPHON Ma-
LIMHE BBIBEJET HECKOJIBKO CTPOK NPUBETCTBUSL:

#pragma omp parallel
printf ("Hello, World!\n");

Ctporo roBopsi, TaKOM KOJ MOKET BBIBECTH HECKOJIBKO CTPOK
OTHIOZIb HE IOCJIE0BATENIbHO, a BIEPEMENIKY, IMOCKOJIbKY 31ECh BCE
MOTOKH OCYLIECTBIISIIOT OJIHOBPEMEHHBIN JOCTYI K 00ILeMy pecypcy —
KoHconu. OJJHAKO 3/1eCh U Jlajee B TeKyIIeM pasjesie Mbl OyeM cuH-
TaTh, YTO BBIBOJ CTPOKHM B KOHCOJIb ABJISIETCSI aTOMapHOW oreparuei
JUI BCEX MOTOKOB NapajlIeIbHOro peruona. s ciydaes, KOraa 3To
HE TaK, MOXET OBbITh BBHIMOJIHEHO SIBHOE pa3rpaHUYCHHE JOCTyHa K
o01eMy pecypcy ¢ MOMOLIbIO ONMCAHHBIX HUKE JUPEKTHB.

Ecnu 3anpamimBaeMoe KOJIMYECTBO CO3/1aBAEMbIX MapaliedbHbIX
[IOTOKOB B SIBHOM BH[IE€ HE YKa3aHO, OHO OIpEJEIsIeTCs peanu3alueit
OpenMP. K npumepy, 0HO MOXKET ObITh PaBHO KOJIMYECTBY YCTaHOB-
JICHHBIX NPOLECCOPOB B CUCTEME. YIPABIATh KOJIMYECTBOM CO3Ja-
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BaeMbIX TTOTOKOB MOYKHO HECKOJIBKUMH CIIOCO0aMH, OJMH W3 HUX — C
MTOMOIIIBIO JIOTIOTHUTENIFHOTO TTapamerpa num_threads:

#pragma omp parallel num_ threads(5)
printf ("Hello, World!\n");

B pesynbrarte BBHIMOTHEHUs TaKOW MPOTpaMMbl OyJIeT BBIBEIECHO
ISITh CTPOK MPHUBETCTBUS (TIPH BBIKIIIOYEHHOM PEXUME THHAMHYECKO-
TO YIpaBlIeHHUS KOJIMYECTBOM CO3IaBAEMBIX TOTOKOB). Bo3MOKHO
TaKXe YIpaBJICHNUE HE TOJBKO KOJIWYECTBOM ITOTOKOB, HO TAK)KE U BO-
obmre (akToM OCYIIECTBICHHUS pacHapauIeIMBaHus TEKYIIEro peruo-
Ha. K nmpumepy, eciu Ham TpeOyeTcs BBIOIHATH PETHOH MapalIeIbHO
JMIIb B CIy4ae BBINOJHEHHS KaKUX-THOO YCIOBHM, MBI MOXEM BOC-
MOJIb30BaThCs MapaMeTpoM if:

int n = (argc > 1) ? atoi(argv([(l]) : 1;
#pragma omp parallel if(n > 1 && n <= 16) num threads(n)
printf ("Hello, World!\n");

Takoi koj BBIBEAET 3aJJaHHOE M3BHE KOJMYECTBO CTPOK JIMIIH B
CJIy4ae, €CJIM 3TO KOJIMYECTBO NONAAAeT B HEKUU 3aJJaHHbBIN TUAaIa3oH.

HupexTuBa parallel MokeT Takke UMETh W ApPYTHE IMapaMeTphbl,
Kacaroluecs pas3/ieieHUs] IEPEMEHHBIX MEXKAY MOTOKaAMH. DTy TeMy
MBI 3aTPOHEM TO3KE.

BHyTpHu mapajuiesbHOT0 pEerMoHa MOKET ObITh BBIIMIOJIHEHO Pa3-
neyieHre paboThl MEXy TToTokamu. Kak mpaBuiio, mapauieabHbIN pe-
THOH COJIEP)KUT KaKHUe-JIMOO YYaCTKH KOja, KOTOPBIC JOJKHBEI OBITH
BBITIOJTHEHBI MapalIeIbHO, HO KaXKIABIH W3 HUX HE JOJDKEH OBITh BBI-
MOJTHEH MHOTOKpaTHO. Torma TpeOyercss pacrpenesiuTh BBIMOJTHCHHUE
MapajyieIbHOTO PETMOHA YaCcTAMHU MEXIY MapajlieIbHBIMU MOTOKAMH.
Jlyis Takoro pacrpeiesieHus MpeyCMOTPEHbI IUpeKkTuBhl for, sections
u single.

JlupekTrBa sections MO3BOJIIET PACIPEICITUTh MEKIY TTOTOKAMHU
pasHble HE3aBHCHUMBIC ydacTKH Koaa. K mpumepy, eciam HEeKOTOpHIi
Y4aCTOK KOJIa BBITOJIHSET MOCIIE0BATEIbHO HECKOIBKO HE3aBUCHMBIX
M0J133/1a4, BCE OHU MOTYT OBITh BBIJICJICHBI B OTCIbHBIC CEKIIUH yda-
CTKa sections:

#pragma omp parallel num threads(3)
#pragma omp sections

{

#pragma omp section

printf ("Hello, World 1!\n");
#pragma omp section
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JAHAMHUYECKH II0 MEpE BBINOJHEHUS UMHU IPEABIAYIINX, K IIPUMEDPY,
HEKUM YTPABISIONIMM TIpolieccoM. Takoe pacrpenencHue Haunbosee
y,Z[O6HO AJI1 AOCTUIKCHUA OJJHOBPEMCHHOI'O 3aBCPIICHUSA BBINIOJITHCHHA
3a/1a4u, 0COOEHHO B HEOJHOPOJHBIX cucTteMax. OJHAKO AWHAMHYE-
CKOE pacIipesie]icHre, KaK MpaBuio, TpedyeT ropaso 0obiie KOMMY-
HI/IKaLII/Iﬁ MEXKAY IpouecCaM U COOTBETCTBYIOHIUX IMMOTEPb BPEMCHHU.
3ayacTyr0 HEKOTOPOMY TMpOIeCCY OBIBAE€T MPOIIE BBIOTHHUTH
KaKyIo-Tu00 paboTy caMoMy, HEXENW IepeaaBaTh JaHHBIC JJIS BbI-
MIOJIHEHUS 3TOM PabOTHI APYroMy MpoIeccy U MoiaydaTh pe3ynsTaT. K
pUMepy, IPU HAIMYUK HE caMOi OBICTPOJEHCTBYIOMIEH ceTH yIpaB-
JISOIIEMY TIPOIECCY MOMKET OKa3aThCs TOpaslio Mpolle W ObIcTpee
BBIYUCIUTH CKAJIPHOC MPOU3BCACHUEC JIBYX BCKTOPOB CaMOCTOATCIIb-
HO, HEXEJIM TOpy4YaTh €ro BBIYKCICHHE MPOIECCY Ha JAPYroM y3Jie C
COOTBETCTBYIOIICH Mepenadeii JaHHBIX B 00€ CTOPOHBI.

BCJ'IelICTBI/IC 9TOI'0 BO3HUKACT TaKasd CUTyalHsd, 4TO AWHAMUYC-
CKOE paclipelieJICcHHe Harpy3KH, MPU BCEH CBOCH MEPCIIEKTUBHOCTU C
TOYKH 3PEHHS] BO3MOXXHOCTH YTPABICHUS HArpy3Kol BO BpeMs BbI-
IMOJIHCHHM, BO MHOTHX CUTyallUAX OKa3bIBACTCA MCHEC 6LICTpO,[[eI>'ICT-
BCHHBIM BapHaHTOM [0 CPAaBHEHHUIO CO CTATHYECCKHM pacrpeiciicHu-
eM. BbIXooM MOXeET SIBIATbCA YKpyINHEHHE OJOKOB Omepanui, pac-
npeesieMbIX JUHAMUYECKH, T.€. YBEITUUCHNE Pa3MePOB BhIIEIsIeMON
3a OJIMH 3aXO0J TOJ33J]a4l C COOTBETCTBYIOIIMM COKpAaIICHHEM KOM-
MYHHKALHUI.

OI[HaKO CYIIECTBYIOT 3aJa4r, B KOTOPBIX IMOA3ada4d HE TOJIBKO
HC paBHbI, HO U HCACTCPMHUHUPOBAHLI 11O AJIUTCIBHOCTU, T.C. Mbl HC
3HACM HaICpCa, KaK MCKAY c000i1 cOOTHOCATCA JIJIIUTEIIbHOCTHU BbI-
MOJTHEHUS To/3aaad. B Takux ciydasx 0e3 IWHAMUYECKOTrO pacipe-
JIEJICHUs] HAarpy3Ku OOOWTHCH He mosrydaercsi. Kak mpaBuio, B Takux
CUTyalnusx ynoOHO BBIJEIUTH OJIUH IpPOIEcC, KOTOPBIH OyaeT 3aHu-
MAaThCsl paCIpe/ISICHUEM T10/13a71a9 Ha OCTaJIbHBIC MPOIIECCHI IO Mepe
BBITTOJIHEHHSI C TOCIEIYIOIUM cOOpoM pesyibratoB. [loapobHee o
BapUaHTax JUHAMUYECKOW HArPy3KH MOKHO MpounTaTh B [31].

[IpencraBnenHslie B JadbHEHIIEM U3T0KEHUHM MPUMEPHI MbI IS
MPOCTOTHI OyjeM MPUBOIUTH MCXOJIS U3 MPENONOKEHUS, YTO CHUCTE-
Ma OJIHOPOJHA U YTO Harpy3ka paBHOMEpHaA (B YaCTHOCTH, pa3Mmep 3a-
Jladll KPaTeH YHCIy MPOIECCOB). B MPOTMBHOM Cilydae OHU MOTYT
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// ... OlleHOYHas uTepauud
speed = MPI Wtime () - speed;
speed = 1.0 / speed;
// BeEUMCIeHue nloc
MPI Allreduce (&speed, &allspeed, 1, MPI DOUBLE, MPI SUM,
MPI_COMM_WORLD) ;
nloc = (int) floor(n * (speed / allspeed) + 0.5);
// xoppexTupoBka nloc musa rank == 0, eciu Tpebyercsa
MPI Reduce (&nloc, &allnloc, 1, MPI_INT, MPI SUM, 0, MPI_COMM WORLD) ;
if (rank == 0 && allnloc != n)
nloc += n - allnloc;
// BBIUMCJIEHME NPABOM TPAHULE UHTEPBAJa MUHIEKCOB
MPI_Scan(&nloc, &nright, 1, MPI INT, MPI_SUM, MPI COMM WORLD) ;

for (int i = nright - nloc; i < nright; i++)
// ... BHIIOJIHEHME UTEpPalUMUy C HOMEpOM i

printf ("Hello, World 2!\n");
#pragma omp section

printf ("Hello, World 3!'\n");
}

OueBuAHO, TMOHOOHBIA CIMOCOO OIEHKH MPOM3BOAUTEIHHOCTH
JUI pactpeiesieHnss Harpy3kd B HEOJHOPOIHBIX CHCTEMAax SIBIISETCS
BeChbMa MPUOIU3UTEIFHBIM, BCICACTBHE YETr0 PACXOXICHUS IO TOJ-
HOMY BPEMCHH BBIYMCICHUH MEXKIy IMpOILECCAMU BCE PaBHO MOTYT
BO3HMKATh. K TipuMepy, MOXKET MOABECTH BHIOOP RIIEMEHTapHOH ore-
pauuu s onleHKd. OJHAKO Jake B TaKOW CUTYaIlMU 3TO PaCXOXkK[e-
HUE B HEOJHOPOJHBIX CHCTEMax, KaK MPaBmiIo, OyAeT ropa3nao HIXKE,
HEXeNlM MPU PaBHOMEPHOM II0 YMCIY MOA33Jad pachpe/ielieHnd Ha-
rpy3Ku. VIHBIC e IyTH OIICHKH MPOU3BOANUTEIILHOCTH (K IIPUMEPY, TIO
OTHOILLIEHHUIO TAKTOBBIX YacCTOT) MOTYT €Illeé MEHEe COOTBETCTBOBATH
peaTIbHOCTH BCIIEACTBUE PA3INUUi, K IPUMEpPY, BO BHYTpEHHEH apXu-
TEKType mporeccopoB. ONTUMANbHBIM 3/1€Ch, BEPOSITHO, SIBIISICTCS OI-
peneneHne COOTHOMCHUH BEIYUCITUTEIBHBIX CKOPOCTEH OTIBITHBIM ITy-
TEM Ha peaslbHBIX 33/7a4ax C MOCIEIYIONUM COXpPaHEHUEM ITHUX BEIH-
YHH B Ka4eCTBE KOH(DUTYPAIMOHHBIX ITAPaMETPOB JJISl HCIIOJB30BAHHUS
B JAJbHEMINNX CXOXUX BbluncieHusx. [logoOHas skcnepumeHTanb-
Hasi cXeMa OLIEHKM OJI3Ka K MeTOJaM MOJEIMPOBaHUS Hamogobue
Monte-Kapio, xoTopble Takke HaXOAAT IIUPOKOE NPUMEHEHHUE B
MPaKTUKE, HECMOTPS Ha TOTEHIUAIBHYIO HETOYHOCTh TPH MAJIOM KO-
JIUYECTBE HKCIIEPUMEHTOB.

Bce paccMoTpeHHBIE MyTH pacrpeieieHUs] Harpy3Kd SIBIISUTHCH
CTaTUYECKUMH, T.€. PacHpeiesieHHe Harpy3ku B HHUX IMPOUCXOAUIIO
OJIMH pa3 Ha BeCh MEPUOJ BBINOJHEHMs. Ha nmpakTuke 3a4acTyio Tak-
YK€ MCIOJIB3YeTCsl TUHAMUYECKOe pacripenesieHne. B Takoil cutyanun
pacrpeniesieHie O4epenHBbIX I0/3aa4 Ha MPOIECCHl MPOU3BOIUTCS

Kaxpiii He3aBuCUMBIN (hparMeHT ydacTka sections oOpamiisieT-
sl B OTAETBHBIN y4acToK section. B nmpuBeneHHOM (parmMeHTe B Haya-
Jie TapajuIeTbHOTO PErHOHAa MPUHYAMTENIBHO CO3AETCS KOJINYECTBO
[MOTOKOB, PaBHOE KOJIMYEeCTBY cekiuii. OHAaKO TaKoW MOAXO0 HE BCe-
rra onTuMasieH U ynooeH. OObIYHO MpaBUIIbHEE HE 337aBaTh KOJIHYE-
CTBO NMOTOKOB, @ OCTaBUTh €ro BbIOOp Ha coBecTh cucteMbl OpenMP,
4TOOBI 00€CTIEYUTh OOJBIITYIO0 THOKOCTh MPU CMEHE MI1aT(GOPMBI.

Haxonen, onna u3 Hanbojee BaKHBIX JUPEKTUB — JUPEKTHBA
for. Kak u3BecTHO, HaMOONBIINI MOTEHIIMAN K paclapauIeIMBAHUIO
cozepkat nukibl. JlupektuBa for mo3BomseT pacmapauieIuTh BBITION-
HEHHME OTICIIbHBIX MTEpalluii HEKOTOporo 1ukia. CleayeT OTMETUTD,
YTO Ul BO3MOXKHOCTH pacrapasieIiBaHusl IIUK/Ia HEOOXOIUMO, 4TO-
OBl UTEepanuy ObLTU HE3aBUCUMBIMH MEXy COOOM 1O BXOJHBIM U BbI-
XOAHBIM JaHHBIM. MHa4ye roBops, B HUX HE JTOHKHO OBITH 3aBHCHMO-
CTH OT TIOpsAIKa BhIMONHEHHA. K mpuMepy, peKyppeHTHbIE UTeparun
SIBIISTIOTCSI  3aBUCHUMBIMH, TI03TOMY HX pachapaieiiBaTh Topaso
CIIOXKHEE, €CIT BOOOIIIe BO3MOKHO.

HupextuBa for pacmpenenser urepauuy OJHOMMEHHOTO ITUKIIA
MEXIY CYUIECTBYIOIMMH ITOTOKAMH NapaJlIeIbHOTO PETHOHA!

#pragma omp parallel

#pragma omp for

for (int i = 0; 1 < 3; i++)
printf ("Hello, World %d!\n", 1i);

IIpu 5TOM apryMeHTHI IHMKJIA JOJDKHBI OBITh B TaK Ha3bIBAEMOWM
KaHOHW4YeCcKoH (opMme. '0BOpsi KOPOTKO, apryMEHTHI JIOJKHBI COMIEp-
’)KaTh MHUIMAJIU3ALUI0 HEKOM NEPEMEHHONW, CPABHEHUE €€ 3HAYEHUS C
3aJJaHHBIM 3HAYCHHWEM TPAHUIIBI JHANa30Ha M MpHpAIlCHIE 3HAYCHUS
MIEPEMEHHOI, KOTOPOE MOXKET COJIEePKaTh yBETMUECHNE WM YMEHbIIIE-
HUe Ha (UKcUpoBaHHYIO BennuuHy. [logpoOHee 06 3TOM MOXKHO Ipo-
yuTaTh B crienudukanuu [38].

Utepanuu 1ukna, oObSBIEHHOTO B KOHTEKCTE TUPEKTHBHI for,
pactpeneNsoTes Mexay MmoTokaMu oOheMITIoIero peruona parallel.
Jnist SIBHOTO yKa3aHHsI CIIOco0a pacIpeeNieHusI HTepaiidi MeXIy I1o-
TOKaMH (CTaTHYECKOEe, AWHAMHYECKOE, NIp.) MCIIONB3YeTCsl Tapamerp
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schedule.

BO MHOTHUX ClIydasax 6LIBaeT H€06XOI[I/IMO BBIICIIUTL B ITapall-
JICJIBHOM PCETHUOHC Yy4YaCTOK KO/Ja, KOTOpBIﬁ 6Y)16T BBITIOJIHATHCA JINIIBb
oaHUM TOTOKOM. [l 3Toro mpemHasHadeHa mupekTuBa single. K
MpUMepy, B cleAyromeM (hparMeHTe Ko/1a BHIBOJI COOOIICHHS KaXK bl
pa3 OyJeT MPOU3BOJIUTRLCS U3 BCEH TPYIIITLI MOTOKOB JIMIIb OJTHUM:

#pragma omp parallel

{

#pragma omp single

printf ("Stage 1\n");

// ... xakas-jambo mnapaJsulesibHas pabora
#pragma omp single

printf ("Stage 2\n");

// ... mpyrasa napajuienbHasa pabora

B xoHme pernoHoB sections, for u single HESBHO BBITOTHSIETCS
OapbepHasi CHHXPOHHU3AIMS BCEX MOTOKOB OOBEMITIOLIETO Mapajliesb-
HOTO PETHOHA, KPOME CITy4aeB, KOTa B COOTBETCTBYIOIICH JTUPEKTHUBE
yKa3aH mapaMeTp nowait. YkazaHHe Takoro mapaMmeTrpa MOXKET B He-
KOTOPBIX CHUTYyalUsX OOECHEYNTh MOBBIMIEHHE OBICTPOACUCTBUS 32
CUeT MCKIIOYCHUS 3aJepikeK Ha oxunanue. B cinenyromem ¢parmente
MIPEIIIoIaraeTcsi, YT0 MepBhIe /IBa IMKJIA HE3aBUCHMEI JPYyT OT ApyTa,
a TPETUH 3aBHCHUT OT HUX 00OMX:

#pragma omp parallel
{
#pragma omp for nowait
for (int i = 0; 1 < 200; i++)
{
//
}
#pragma omp for
for (int j = 0; j < 300; j++)
{
//
}

#pragma omp for
for (int k = 0; k < 100; k++)
{
//
}
}

BcenencrBue ykaszaHusi mapaMmerpa nowait mepesi MepBbIM IHK-
JIOM, TIOCJIE HETO HE BBINOJIHAETCS CHHXPOHU3ALUs IOTOKOB, BCIIEACT-
BUE YEro OCBOOOJUBILIUECS IMOTOKM MOTYT Cpa3dy HPHUCTYNaTh K BbI-
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YEHHBIMU OLEHKaMH [IPOU3BOIUTEILHOCTH.

[TycTs KaxIBIi TIpOIIECcC BHIOIHMII CBOIO I0/13aJauy-00paser 3a
Bpemst T,,i=0,...N—1. Torza ckopocTb BBIIOJHEHUSI TaKWX 3aj1adq
Ka)/IbIM [IPOLIECCOM B €AMHHMILy BpeMeHu cocrasiuser 1/T; . Cymmap-
Hasi CKOPOCTb BBINOJIHEHHS 3aJa4 BCEMHU IIPOLIECCAMH OJHOBPEMEHHO

N-1
pasa Y 1/T,. Toraa, eciu 3a Becb MEPHOA PabOTHI COBOKYIHOCTH
i=0
IPOLIECCOB JOJKHO OBITh BBIOJHEHO N 3a7ay, paclpeleseHHOEe Ha
KOHKPETHBIH MpPOIECC KOJUYECTBO JOJKHO OBITh paBHO MPHUOIH3H-
TENBHO:
UT;

n ziNl Ln
2Tk
k=0

Paszymeercs, B 9TOl cuTyanuu He u30exaTh HETOUHOCTEH. B pe-
3yJIbTaTe OKPYIJIEHUH Nj J0 LENBIX YUCEI MOKET BO3HUKHYTb CUTYya-

N-1
uust, korga  » . ny # n. [pobiema MoxeT ObITh pelieHa MyTeM BBIYHC-
i=0
JIeHUs B KaKOM-THOO KOHKPETHOM Ipoliecce, K MpUMEpY, HyJIEBOM,
CYMMBI BceX N U KOPPEKTUPOBKH JIOKAIBHOIO 3HAYEHUs N, Ha BEIH-
N-1

9EHY N— DN, .
i=0

)

HpaBaﬁ nri n JICBas nli TpaHUIbl KaXXJ0ro HMHTECpBaJla MOI'YT
OBITE BBEIYHCIIEHEI W3 IMOJTYYCHHBIX 3HAYCHUH ni B BHIC JaCTHIHOM

CYMMBI:
i
k=0

IIpu 3TOM U3 BCex UTepanuii [O; n) Ha KaXXZIbI Tpoliecc pactpe-

JIETISIETCSL MHTEPBAN WTEpaluil ln'i;nri)i =0,...,N—1. Omucanusrii
MEXaHHM3M WITIOCTPUPYET KOJ HUXKE:

double speed, allspeed;
int nloc, allnloc, nright;
// BHYMCIIEHME CKOPOCTMU
speed = MPI Wtime();
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IIpm 3TOM Ha Ka)KIbpIM MPOLECC pacHpenesaeTCss NHTEpBall UTe-
panmit Tn'i ;n'i + 1 ) OnucaHHyl0 CXeMy WUTFOCTPHUPYET CICHYOIIHMA

KOZ:

// BBUMCIeHre nloc ¥ JIEBOM T'PAHULE UHTEpBasa MHIEKCOB
int nloc, nleft;

nloc = n / size + (rank < (n % size) 2 1 : 0);
nleft = (n / size) * rank + (rank < (n % size) ? rank : n % size);
for (int i = nleft; i < nleft + nloc; i++)

// ... BHIIOJIHEHME UTEpalUuUy C HOMEpOM i

B cnyuyae npuMeHeHHMs] Takoro Mojaxoja HpH PELIeHUH IeCATH
noJ3a7ad B 4YETHIPEX Hpoleccax OyneT MOIy4eHO pacHpeleseHHe
{{0,1,2},{3,4,5},{6,7},{8.9}}.

B HEKOTOpBIX caydasx HaM MOXKET MOTpeboBaThCa pa3padboTarh
MporpaMMy, KoTopas JofiHa OyaeT paboTaTh B HEOAHOPOIHON CHC-
TeMe, T.€. CUCTEME, B KOTOPYIO BXOAAT Y3JIBI C pa3HOM MPOU3BOIU-
TenbHOCTHIO. K mpuMepy, 3To0 MOXeT ObITh CeTh M3 HECKOJIBKHX Ma-
LIMH C pa3HbIMU XapaKTepUCTUKaMH. B 3ToM ciyuyae paBHOMEpHOE 10
BpEMEHM paclpeesieHue Harpy3Ku Ha y3JIbl BBIYMCIUTENbHON cucTe-
MBI CHOBa JIOXKHUTCSI Ha IJIedd mporpammucra. B obmem ciydae 310
3a/1a4a O4eHb HEMPOCTasA, OAHAKO B HEKOTOPBIX YACTHBIX CIydasx, KO-
TOPBIX BeChbMa HEMall0, MOXKHO MPUOJIM3UTEIHHO OIIEHUTh MPOU3BO-
JIUTENIbHOCTh KaXKAO0I0 y3Jla U pacHpeleNuTh Harpy3Ky B COOTBETCT-
BUU C BBINIOJHEHHBIMU OIEHKaMH. Takas OleHKa MOXKET OBITh caema-
Ha Tepe] HayajJoM BBIYMCIIEHUI Ha OCHOBE 3aMepa BPEMEHHU BBIIOJI-
HEHUS! BCEMH y3JIaMHd HEKOTOPOH HEOOJBbIION TUITMYHOM ISl BCe 3a-
Jadd MoA3aAavu-o0pasia, MHOTOKPATHOE BBIMIOJIHEHHE KOTOPOW 3a-
HUMAET MOAABJIAIOIIEE BPEMsI B XOJI€ BEIYNCIICHUM.

K npumepy, ecnu y Hac CTOUT 3ajadya MEPEMHOXKEHHUS ABYX
IJIOTHBIX MaTpHL, epes HauajaoM pacHpelesIeHus NoA3aaay KaxIpIM
BBIYUCITUTEIHHBIM y3JIOM MOKET OBITh BBIITOJIHEH 3aMep BPEMEHH BbI-
MOJIHEHUST OTEpalyd YMHOXKEHHUSI MaTpuisl Ha Bektop. Wnm, x mpu-
Mepy, KOTJla y Hac CTOMT 3aJa4a YMHOXEHUS MAaTpHUIbl Ha BEKTOP,
HY’KHasl OLIEHKA MOKET OBITh BBINMOJIHEHA HA OCHOBE 3aMepa BpPEMEHU
BBIYHCIICHUS KQKJBIM Y3JIOM CKaJSIPHOI'O IPOU3BEICHUS.

ITocne Toro, kak pacupenensomui MPOLeCC MOJIYIWI pe3yibTa-
THI 3aMEPOB CO BCEX Y3JIOB, OH MOXET BBINNOJHUTH PaCIpeleIcHUE
00JIBIIOTO KOJMYECTBA MOA33/ay IO y37aM B COOTBETCTBUHU C TIOJY-
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MOJTHEHUIO BTOPOTO IHKIIA. [I0CKOIIBKY TPETHil IIMKII 3aBHCUT OT TIep-
BBIX JIBYX, HEOOXOJMUMO, YTOOBI TIEpe/l €r0 BBITOJHEHUEM BCS TIPE/IbI-
nyuias pabora Obula 3aBepiieHa. Tak v MPOUCXOIUT BCIIEACTBUE TOTO,
4TO BO BTOpPOW IupeKkTHBe for mapamerp nowait He yKas3aH, a 3HAYHUT,
MOCJIE/T BTOPOTO LUKJIA BBIMOJHICTCS OapbepHasi CHHXPOHH3ALIHSL.

B Gonee cnoxHBIX cilydasx MOXKET MOTpeOOBaThCs HCIIOIB30Ba-
HUE SIBHOW OaphepHOW CHHXPOHH3AIHMU TMOTOKOB, U YETO CIYXKHT
JIMPEKTHBA barrier:

#pragma omp barrier

HupexTtuBa parallel 3agactyro ucmosnb3yercs COBMECTHO C M-
pextuBamu for m sections, BeaencTBHE 4ero i yA0OCTBa Mporpam-
MHUPOBaHHS IPEAYCMOTPEHBI (HOpMBI O0JIee KOPOTKOH 3aIUCH:

#pragma omp parallel for
//
#pragma omp parallel sections

//

Kaxxmast Takast 3amich SKBHBAJCHTHA yKa3aHHUIO JIBYX ITOCIIENO-
BaTEIILHBIX CTPOK — OJHOM nupekTuse parallel u omgHoi mupextuse for
WM sections COOTBETCTBEHHO.

1.1.3 HekoTopble BcnoMoratenibHble AUPEKTUBbI

[ToMrMO OnHMCaHHBIX ITUPEKTUB, KOTOPHIX B OOJNBIIMHCTBE MPO-
CTBIX CiIydaeB ObIBaeT JocTarouHo, uHrepdeiic OpenMP mpemmaraer
TaK)Xe HECKOJBKO APYTHUX BCIIOMOTATEIbHBIX KOHCTPYKITHA.

JupexTrBa master 0OBsBISET 00JIACTh BHYTPH MapajuIeIbHOTO
peruoHa, KoTopasi JOJKHAa ObITh BBIIOJIHEHA TOJBKO IJIaBHBIM I1OTO-
KOM. [ JTaBHBIM NTOTOKOM SIBJISIETCSI TOT, KOTOPBI MOPOIMI TEKYIIYIO
rpymily MOTOKOB NapajjienbHoro peruoHa. [lo cMmpiciy 3Ta AUpeKTHBa
6mu3Ka K single, HO, TOMHIMO KE€CTKOW MPHUBS3KU K TIIABHOMY MOTOKY,
OTJIMYAETCS eIle OTCYTCTBHEM OapbepHO CHHXPOHHW3AIMK Ha TpaHH-
I1e COOTBETCTBYIOIIEH 00JIacTH.

Jpyro#i TUpeKTUBOM, Takke oT4acTH OIM3KOH K single, siBiser-
cs qupekTuBa critical. OHa 00BABISAET 00JaCTh BHYTPHU MapajuIeIbHO-
rO peruoHa, KoTopasi B JI000if MOMEHT BPEMEHU MOKET BBIITOIHATHCS
JUIIE OJHUM TOTOKOM. C HCIONB30BaHHEM TaKOW KOHCTPYKIIUH
MOJKHO BHYTPH MapajlIeIbHOTO PETHOHA OCYIICCTBUTH IMOOYECPETHBIN
JOCTYT K KAKUM-JTH00 OOIIMM JaHHBIM:

‘int sum = 0;
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#pragma omp parallel for

for (int 1 = 0; 1 < 100; i++)

{

int item;

// ... BHUKUCJIEHME DBJIEMEHTa CyMMH
#pragma omp critical

sum += item;

}

B npuBeneHHOM (pparMeHTe OCYIECTBIIAETCS U3MEHEHHE 001Ien
nepeMeHHO sum. [TockoibKy Kakablii pa3 MPOU3BOAUTCS IOCIENO-
BaTeJIbHOE YTCHHE €€ 3HAYEHUs U3 MaMsiITH, U3MEHEHHE 3HAUYeHUs U
COXpaHEeHHe pe3yibraTta 00paTHO B MaMsTh, MPH MAPAJUICTHHOM BbI-
TIOJTHEHUU BO3MOJKHBI KOJUIM3HH, BCIIEICTBHE KOTOPBIX OyAET IOITy-
YeH HEBEPHBI pe3ynbrat. Mcrnonb30BaHne AMPEKTHBHI critical B maH-
HOM CJIy4ae TapaHTUPYET, YTO MOKa OJIMH MOTOK HE COXPAHUT H3Me-
HEHHOE 3Ha4YeHue, IPyroil He HaYHET ero YTeHue.

CrnemyeT OTMETUTh, YTO JAUPEKTHBA critical mpegHa3zHaveHa IS
Oosiee CIIOKHBIX CHTyallMd, HEXeNu NpPUBEACHHAs, K IpUMepy, Ui
B3aWMOMCKITIOYAIONIETO AOCTyNa K ¢aitmy. [IpuBeneHHbIH ke npumep
rpaMOTHEE PeaIn30BaTh C UCIIOJIB30BaHUEM Iapamerpa reduction nu-
pekTussl for.

B mapamnensHOM pernoHe MOTYT OBITH OOBSIBICHBI 00JIACTH
critical, TpeOyromue B3aMMOUCKIIIOYAIOIIETO BBIITOJHEHUSI HE CO BCE-
MHU, a JIMIIb C HEKOTOPBIMH OOBSBICHHBIMU B TOM € pPEeruoHe obiac-
TsaMHU critical. B Takux cirygasx ObiBaeT y100HBIM 33/1aBaTh B KAUECTBE
napameTpa JIMPEKTHBBI critical UMsi COOTBETCTBYIONICH KPUTHUECKOM
obnactu. B 3TOM ciiyyae MOTOK 10 JOCTHKEHUU Hayana KpUTHUECKON
obnactu OynmeT *aaTh 10 TeX MOop, IMOKa OHa He CTaHeT cBOOOHA, T.C.
moka He Oy/eT JIOCTUTHYTa CUTYyallHs, KOrJa HeT HU OJHOTO IMOTOKa,
BBITTOJTHSFOIIETOCS B PaMKaxX KPUTHYECKOW O0JIACTH C TEM JKE HMEHEM.
Kputndeckue oOmactu, UMs JUIsl KOTOPBIX HE YKa3aHO, CUHUTAIOTCS
OJTHOMMECHHBIMHU.

JupexTtuBa atomic siBiseTcst 0ojiee YNPOLIEHHBIM BapHaHTOM
critical. B To Bpemsi kak 061acTh KOHCTPYKIMH critical MokeT OBbITh
KaKoil yrogHo, 00:1acTh KOHCTPYKLUHU atomic OrpaHUYMBACTCA OJHUM
OTIEpaTOpOM TMPHUCBAUBAHHUA C MOIU(HUKAINEH, TAKUM KaK B IIPHBE-
JICHHOM paHee MpUMepe ¢ AUPEKTHBOI critical, wim ke BeIpaKCHHEM
WHKpEeMeHTa-AeKkpeMenTa. [Ipu 3ToM KpUTHYeCKOil 001acThIO SIBIISET-
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LUKJIMYECKOMY paclpeiesICHUIO Moa3a4a4.

OpHako Mo pa3aUYHBIM MPUYHHAM OJIOUHOE pacrpesciicHUe 3a-
yacTyio ObIBaeT MpEANOUYTHTENbHEE IUKINYECKOTO, KaK ¢ TOYKHU 3pe-
HUS MPOTPaMMHUPOBAHUSA, TaK U C TOYKU 3PEHUS MPOU3BOIUTEIHHO-
ctu. Takas cuTyanus 3a4acTyl0 MOXET BO3HUKHYTh B CHITy CHeIH(U-
KU KOHKpeTHOH 3amauu. K mpumepy, ecinu JaHHbIe 17151 BCeX MO3a1a4
JIe)KAT B MOCIIEAOBATEIIHHOM MAacCHBE, U HaM HEOOXOJUMO pacmpee-
JUTH 3TH JaHHBIE MEXAY y3JamH, yJoOHee U ObicTpee OyIeT MOCHI-
JIaTh JJaHHBIE HECKOJBKHUX IIOCJIeAOBATEIbHBIX IT0A3anay OJHUM He-
MpEepPhIBHBIM OJIOKOM, HEKENH HECKOIbKMMH TOCBUIKAMH IO OJIHOM
noj3anade. Takxke MpU PeLICHUH HEKOTOPBIX KOHKPETHBIX 3a/1a4 CKO-
POCTh BBIYUCIICHUH MOXKET OBITh IMOBBIIICHA MTyTEM HCIIOIH30BAHMS
KaKAX-THO0 PEeKypPEHTHBIX COOTHOIICHWH, CBSA3BIBAIOIINX COCEIHHUE
MojA3aja4yr, ¥ B ATOM Cllydae HaM TaKKe ropa3io yaoO0Hee cxema
OJIOYHOTO pacipe/IeIICHuSI.

UYrtoObl B 3TOM Cily4ae HaM He TPUILIOCh MUPHTHCS ¢ OoJiee BbI-
COKOI HEpaBHOMEPHOCTBIO pacIpe/elieHns Harpy3KH IO IMpolieccam,
MBI MOKEM BOCIIOJIb30BaThCS CIACAYIOMIEH MPOCTOM CXEMOU BbIYKCIIC-
HUS KOJMYECTBA MoA3aaad i OJ0YHOTO pacipeaeneHus. JomycTum,
AMEETCS UK B N MPUOIM3UTEIHFHO OJMHAKOBBIX 1O JTUTEIHLHOCTH
uTepanuid u Tpedyercs pachpeneinth ero mexxay N mporeccamu,
mpudeM N He kpaTHo N. Torga Ha OCHOBE JIENEHUS C OCTATKOM KO-
JIUYECTBO WUTEPALUHA MOXKET OBITh MPEJCTABICHO Yepe3 Iielible Yncia
a,b B cieayromeit popme:

n=aN+b, 0<b<N. 2)
B srom cnyyae mmpuHa WHTEpBaJla WUTEpaIMid JUIS KaKIOTO
nporecca N,i =0,..., N —1 MOXeT OBbITH BEIYHCIICHA CIEAYIONIHM 00-
paszoM:
a+1, i<b 3)
n = _
' a, i>b
JleBast rpaHuIia KaXXJA0ro HHTEpBaia n'i,i =0,...,N—-1 moxer
OBITh BEIYHCJICHA Ha OCHOBE TeX JK€ COOTHOIICHUMH:
i o, i<b
n'i=2nk—ni=a|+ _ 4)
k=0 b, i>b
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cucreMbl. bosee Toro, maxe mpocTeie I pacnapauieInBaHus 3a1a9n
3a49acTyl0 He MOTYT OBITh pacmpeiesieHbl paBHOMepHO. K mpumepy,
Takas CUTyallls MOKET BO3HHMKHYTH NPH KOJHYECTBE IMOJ331ad, HE
KpaTHOM YMCIIy NPOLECCOB, a TAKXKE B CIIyyae, €CJIM UMEIOIAsCs BbI-
YHUCIUTENbHAS CHCTEMa HEOJHOPOIHA.

PaccmoTpum, K mpuMepy, BO3MOXKHBIE BapUaHTHI paclpeaese-
HUS TPUOIM3UTEIHHO OJMHAKOBBIX IO JUIUTEIHHOCTH HE3aBUCHMBIX
utepanuii nukiaa. CymecTByeT ABa OCHOBHBIX IOJXOJa K pacmlpese-
JICHUIO HArpy3KH B TOJJOOHBIX CHUTYalUsAX — OJOYHOE W IMKIUYECKOEe
pacnpenenenue [1]. Takxke cymiecTByeT ONOYHO-IIMKIMYECKOE pac-
npeeneHue, KOTopoe SBIsieTcss KoMOuHanuein 000ux MOJIXO0I0B, Of-
HAaKO MBI €ro 371eck He Oynem paccmarpuBarth. [Ipu 6mouHOM pactpe-
JIEJICHUH UTEPALH PACIIPEIEIISIIOTCS Ha KaKIbIi MPOLIECC MOCIIEA0Ba-
TEJbHBIMU MHTEPBAJIAMH MTapaMeTpa IHKJIA:

int nloc = (n + (size - 1)) / size;
for (int i = nloc * rank; i < nloc * (rank + 1) && 1 < n; i++)
// ... BHIIOJIHEHME MTEepalUuyu C HOMEPOM i

[Tpy UKINYECKOM paclpesesieHUH BCE UTEPALH pacIpenes-
IOTCS 110 TpoLieccaM IOCIeI0BaTeIbHbIM YepeloBaHUEM, WU Mpope-
KMBAHUEM 10 HOMEPY UTEpAIMM C [1aroM, paBHbIM KOJIMYECTBY HpO-

OCCCOB!
for (int 1 = rank; 1 < n; 1 += size)
// ... BHIIOJIHEHME MTEepaluuy C HOMEPOM 1

K nmpumepy, y Hac ecTb 3ajaua, COCTOSIIIAs U3 AECATH HE3aBU-
CHUMBIX M0/133/1a4 OJIMHAKOBOMN BBIYMCIUTENLHON CII0KHOCTH U YEThIpE
npoliecca Ha KjlacTepe U3 4eThlpex y3iaoB. Eciu Obl MBI BOCIOIB30Ba-
7MCh ONOYHBIM paclpesieleHHeM Moj3aaad, Mbl Obl HOIYYHIH pac-
npenenenne {{0,1,2},{3,4,5},{6,7.8},{9}}. TIpu mmxmmueckom pacrpe-
JENeHUH AECATH MOJ3a[ad Ha YeThIpe IPOLEcca MbI HMONYYUIH Obl
{{0,4,8},{1,5,9},{2,6}, {3,7}}.

Ha sToM mpuMepe BHIHO OCHOBHOE IPEMMYIIECTBO IMKINYE-
CKOTO pacripeiesieHusI Tiepe OJIOUHBIM — IepBoe o0ecreynBaeT Ooee
PaBHOMEPHYIO 3arpy3Ky Ha OJHOPOJHBIX CHCTEMax B TEX CIydasX,
KOTI'Jla KOJIMUECTBO I0/133/1a4 HE KPaTHO KOJIMYECTBY IpolieccoB. MHa-
4e TroBOpS, IOCTUTAeTCsl HAaMMEHbIIAas DPa3sHUIA MEXKIY 3aHATOCTBIO
OTJENbHBIX IpolneccoB. FIMEHHO 1M0ITOMY BO M30€KaHUE CYIIECTBEH-
HOM HEpaBHOMEPHOCTHU 3arpy3KH IPOIECCOB 3a4acTyl0 MPUOErarT K
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Ccsl JIeBas 4acTh OIepaTropa, a MMEHHO M3MEHEHHE KaKoi-mrbo mepe-
MeHHOM. [IpaBas yacTh He MONaaaeT B KPUTHUECKYIO 00JIacTh, ITO3TO-
My €clii B MPaBOW YacTH CTOWT, K MPUMEPY, BHI3OB JIMTEIHLHON BbI-
YUCIUTENbHON (DYHKIIMHU, 3TO HE BBI30OBET 3a/I€P’KKU BCEX OCTAJIbHbIX
IIOTOKOB.

B HekoTophIx ciydasx ObIBaeT HEOOXOAWMO BBINOJHATH HEKO-
TOpbIE YYACTKH TeJla pacrapalijieIeHHOTO [IUKJIAa B TOM MOpPSAKE, B KO-
TOPOM OHHM BBITIONHSUTMCH OBbI B MOCJEN0BaTebHOM 1ukie. s 06o-
3HAYEHMS TAKUX YYaCTKOB B Telle pacnapalIeJICHHOTO IUKIA CIIYKHUT
nupekTBa ordered. JlupektuBa for COOTBETCTBYIOIIETO IIMKJIA TOJIXK-
Ha co/IeprKaTh MPH 3TOM mapameTp ordered.

1.1.4 Pa3geneHue faHHbIX

O4eBUAHO, YTO TP MHOTOIIOTOYHOH paboTe MoTpedyeTcs orl-
penenuTh, Kakue JaHHble OyIyT OOIIMMHE JUIs BCEX IMOTOKOB, a KaKUe
OyIqyT 4acTHBIMHU i Kaxnaoro u3 Hux. C »Tod menblo mHTepdeiic
OpenMP mpenycmarpuBaeT aupekTuBy threadprivate, a Takxe He-
CKOJIBKO TapaMeTpoB [yt AupekTuB parallel, sections, for u single.

[To ymomuanuio nepeMeHHbIe, 00BSIBICHHBIC BHE MAPAJLICIEHOTO
peruoHa, CYUTAIOTCS OOMIMMU; OOBSBICHHBIC BHYTPH, KPOME CTATH-
YEeCKHX, — YaCTHBIMU. Takasi MHTepIpeTanus MOXKET ObITh U3MEHEHA C
nomotisio napamerpa default(none) nupextussl parallel.

JupektuBa threadprivate oOBSBISECT pa3lENCHHBIN 3amsITHIMU
CIHCOK TJIOOANBHBIX JHOO CTaTHYECKUX MEPEMEHHBIX, KOTOpPBIE Clie-
IyeT cIenaTh YaCTHHIMU. B MOMEHT cO3/1aHUs MMOTOKOB B Hadaie ma-
paJUIETHHOTO PETHOHA ISl TAKOW TIEPEeMEHHON B KaXKJIOM ITOTOKE CO3-
naercst cBosl konus. JJo MOMeHTa niepBoro oOpalleHus Kaxkaas Komus
MHHULUAIN3UPYIOTCS B COOTBETCTBUU CO CTPOKOIN MHHMLIMAIN3ALUKN UC-
XOHOM mepeMeHHON. Ecnu B cTpoke MHMIIMANW3AIMN UCXOJIHOM Tie-
peMeHHOU (GUTYpHUPYIOT Kakue-TnO0 OOBEKTHI WU APYTHE IepeMeH-
HBIC, NX 3HAUYCHHS HE JOJDKHBI MEHSATHCS 10 MOMEHTA HHUIHATN3AIHN
KOITMHU MIEPEMEHHOM, T.€. 10 TIepBOro obpamieHus K Heil. [TockonbKy ¢
MOMEHTa MHHUIIUAIN3AI[IH TIEPEMEHHOW B TJIABHOM TIOTOKE 10 MOMEH-
Ta CO3JIaHMsI MOTOKOB B MapajjieIbHOM PETHOHE €€ 3HAYCHHE MOKET
OBITh U3MEHEHO, 3HAUYEHHsI YAaCTHBIX MEPEMEHHBIX MOTYT OTIMYAaThCS
OT 3HaYCHHS B TTIaBHOM MoToKe. OHAKO TPHU BXOJI€ B MapajlIeIbHBINA
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PETHOH CO3JAHHBIM YAaCTHBIM IIEPEMEHHBIM MOXET OBITh MPUCBOCHO
3HAUCHHE TIEPEMEHHON U3 TJIaBHOTO MOTOKA. J{JIs 3TOro B AMPEKTHBE
parallel cnenyer ucnosib30BaTh NapaMeTp copyin:

static int a = 10;
#pragma omp threadprivate (a)

a = 5;
#pragma omp parallel for num threads(5) copyin(a)

for (int 1 = 0; 1 < 10; i++)
printf ("Local copy value of a is %d\n", a);

B npuBenenHoM ¢parmMeHTe mpu OTCYTCTBHHU IapaMeTpa copyin
3HAYCHHE KOMMHU CTATHUECKOW MEPEMEHHON BHYTpPH IHKIA OyneT OT-
JMYaThCs OT 3HAYCHUS B TNIABHOM MOTOKe. Hanmuuaue copyin 3actaBis-
€T KOMIIISATOP B Ha4ajie MmapajuieIbHOTO PETHOHA IPUCBOUTH KOTIHSAM
3HAYeHUWEe U3 TIJIABHOIO IOTOKa. MHaye roBops, NMpH OTCYTCTBHU
copyin 3HaYeHHS YACTHBIX MEPEMEHHBIX OIPEICNISIOTCS CTaTUYECKU
BO BpeMs KOMIWISINH, TPH HAJTMYUU — TUHAMUYECKH, BO BPEMsI BbI-
TIOJTHEHUSI.

st oOBsIBICHNS YaCTHBIMU JINOO OOIIMMU TEPEMEHHBIX, HE SIB-
JSIOIIUXCS TI00ATBHBIMU JTHOO CTaTUYECKUMHU, MPETYyCMOTPEHBI Ma-
pameTphl aupekTuB parallel, sections, for u single. C momorsio mapa-
MeTpa private JOCTHUTaeTcs CXOXKUN C MPEIbIAYIINM pe3ysbTaT — JUis
BCEX MEPEUMCICHHBIX B CKOOKaX Yepe3 3aIsiTyI0 ePEeMEHHBIX B KaxK-
JIOM TIOTOKE CO37aeTcsi CBOS Komus. [Ipu 3TOM OHa ocTaeTcsi HeWHU-
[MUATU3UPOBAHHOM, IS OOBEKTOB HCIIOIB3YETCS KOHCTPYKTOp TIO
YMOJTYAHHIO.

[Tapamerp firstprivate melicTByeT aHaIOTHYHO private, 3a HcC-
KIIIOYEHHEM TOTO, YTO CO3JaHHAs KOMHWS WHHULIHAIN3UPYETCS 3Haye-
HHEM OpPWUTMHAIBHOW NMEPEMEHHOM, KOTOPOE OHA MMENA HEMOCPEICT-
BEHHO BO BpEMs IOCTIDKEHUS TEKylIel TUPeKTUBBL. 111 0OBEKTOB
UCTIONIB3YETCS KOHCTPYKTOP KOTIMPOBAHMSL.

Hakonen, mapamerp lastprivate Taxke AEHCTBYeT aHAJIOTHMYHO
private, 3a MCKJIIOYEHHEM TOTO, YTO 3HAYCHMS YKa3aHHBIX ME€pEeMeH-
HBIX, TIOJIy4E€HHBIC HA MOCTEeIHEH TI0 HOMEPY MTEPAlluH IIUKJIa KOHCT-
pykuuu for mmbo mocnenHeil CeKIuM KOHCTPYKIMHU sections, KOmupy-
IOTCSl B UCXOJIHYIO TEPEMEHHYIO C MOMOIIBIO OTeparopa MprucBanuBa-
HUSL.
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KOB, TIO3TOMY JI€Bas W MpaBas €ro rpaHuua JJis Kaxaoro mpoiecca
JIETKO BBIYMCIISIFOTCSA HA OCHOBE ITPOU3BEACHUS Pa3Mepa HHTEPBAIOB U
HOMEpa COOTBETCTBYIOLIETO MPOLECCa.

[Tocne BeIYMCIACHUS KasKABIM MPOLIECCOM JIOKAJIILHOW CYyMMBI Psi-
Jla BCE TOJYYCHHBIE PE3yJbTaThl JOJDKHBI OBITH MPOCYMMHPOBAHBI.
JUist 3TOTO HCIONB3yeTCsl onepanusi TIo0anbHONH peayKIuu C mapa-
metpom MPI_SUM. Bo Bpems Be3oBa ¢ynkiun MPI_ Allreduce 3Ha-
YeHUs MEepeMEHHbIX locsum U3 BceX MPOLECCOB KOMMYHHKATOpa
MPI COMM_WORLD cymMMupyroTcsi, HOCJI€ 4ero MoJIy4eHHOe 3Ha-
YEeHUE PACChLIAETCSl CHOBAa BO BCE IPOLIECCHl M MOMEIIAeTcs B Iepe-
MEHHYIO sum. 3Ha4eHHE dTOM MEePEMEHHON YBEJIUYMBAETCSA B YETHIPE
pasza, B pe3yJlbTaTe 4ero BCE MPOLECCHl XPAHAT B MEPEMEHHOM sum
3Ha4yeHue, SBIAIOIIEECs allpoKCUMalMel 4Yuciia 7, KOTOPOe MOXKET
OBITH NCTIOJIH30BAHO UMH B JATbHEHIIIEM.

B koHLe mporpaMmsl BBINOIHAETCS OCBOOOXKAECHUE PECYPCOB,
3aHATHIX MO/ CBOU HYXbI cpencTamu MPI.

Kax MbI BUIuM, IpUBEJEHHAs IporpaMma MoJIydymIach ropasio
Oosiee TPOMO3/IKOH, HEXEIH B ClIydae pacnapajjieIMBaHHUs C MOMO-
upio OpenMP. Onnako 37ech crneAyeT YUYUThIBaTh, YTO 3a/1a4a pacra-
pajuleNIMBaHUs BBIIOJHEHNUS MEXIY IpolieccaMu ropasao Ooinee Tpy-
JO€MKa, YeM 3aJada pacHapauieIHBaHHUs MEXIy MOTOKaMH OJHOTO
mpolecca, U B cilydae, €ciad Obl Mbl M 371€Ch MONBITAINCH IPUBECTU
AQHAJIOTMYHBIA O (YHKLUMOHAIBHOCTU KOJ C HCIOJIb30BaHHEM
cpeacTB 0ojiee HU3KOYPOBHEBOI'O MEXIPOLIECCHOTO B3aUMOJIEHCTBHUS,
OH OBI MOJTy4YHIICS TOpa3io 0ojiee 0OHEMHBIM.

[IpuBenenHas mporpamma BBITIOJHSET, KaK yKe ObLIO CKa3aHo,
paBHOMEPHOE PacCHpeAeICHUE HArpy3KU MeXxay npoueccamu. Jlaneko
HE BCerja TakoW Moaxoj] ynoOeH, IOITOMY Jajee Mbl OIMMUIIEM BO3-
MO>KHBIE BapUAHTHl HEPABHOMEPHOHN HATrPY3KH.

1.2.3 HepaBHOMepHOe pacnpegeneHne BbIYUCNEHNIA

[Mockonbky untepgeiic MPI pazpaboran cnenuanbsHo it pado-
THI IPOTPAMMBI B paMKaX HECKOJIIBKHX Y3JIOB, IIPH pabOTe ¢ HUM CTa-
HOBHTCSl aKTyaJIbHOW MpoOjemMa paBHOMEPHOCTH BBIYMCIUATEILHON
3arpy3ku IpoleccoB. Jlaneko He Bce 3aJaud MOryT OBITh JIETKO
pacmpenesnieHsl [0 TOA3ajayaM  Ha  y3JIbl  IPOU3BOJILHOM
cyliecTByolie cucremsl. bonee Toro, npaxe mpocTeie I
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MPI Comm rank (MPI COMM WORLD, &rank);
if (n % size == 0)

double locsum = 0.0;
double sum = 0.0;
int nloc = n / size;
for (int i = nloc * rank; i < nloc * (rank + 1); i++)
locsum += ((i & 1) 2 - 1.0 : 1.0) / ((1 << 1) | 1);
MPI Allreduce (
&locsum, &sum, 1, MPI DOUBLE,
MPI_SUM, MPI_COMM WORLD) ;
sum *= 4.0;
if (rank == 0)
cout << setprecision(20) << "calc = " << sum << endl;
}i
bi
MPI Finalize();
return 0;

}

3nech GYHKIMS main TpHBEIEHA NPAKTUYSCKH TOJHOCTHIO,
BKJIIOUAsi BCe HEOOXOMMbIe BBI30BHI (hyHKIMH MPI obmiero Hasnaue-
HUs (MCKJTFOYEH JIMIIb BBIBOJ COOOIICHMH 00 ommbkax). B manbHEi-
IIeM OTH BBI30BBl OYAYyT OITyCKAaThCS, BIUIOTH O BHI30BOB
MPI Comm size u MPI Comm rank, OyayT HNpUBOAMTBCS JIUILIb
(GparMeHThl K0Ja, WUIIOCTPUPYIOIINE HENOCPEICTBEHHO OIMChIBae-
MBI MEXaHHM3M B3auMoielicTBUs ¢ uHTephericom MPI.

[lepBbIM /1€70M B MPEACTABICHHOM (pparMeHTe OCYIIECTBISIETCS
nHUIHanu3anus uarepdeiica MPI ¢ nepenadeii aprymMeHTOB (QyHKIIHN
main. /lanee 3aaeTcs KOJIMYECTBO BEIUMCIIIEMBIX WICHOB psiia. OHO B
o0IIeM cirydyae MOKET OBITh MPOMUCAHO B MPOrpaMMe KOHCTAHTOM,
MOJKET 3a/1aBaThCsl BBOJOM II0JIb30BaTelNs, HapaMeTpOM KOMaHJIHOU
CTpOKH, U3 (aiia KOHPUTypaluyu WM KaKuM-THO0O0 erie CrocoOoM.
[Tocne storo ¢ momomsio ¢ynkuuu MPI Comm_size BeimonmHsieTcs
MOJyYeHWE KOJMYECTBA TMPOIECCOB B TPyIMIe KOMMYHHKATOpa
MPI COMM_WORLD, a Takxe mosydeHHe HOMEpPA TEKYIIETO TPO-
necca B 1o rpynne ¢ nomoupto Gynkuuun MPI Comm_rank. Ilo-
CKOJIbKY Mbl YCJIIOBHJIUCH, YTO KOJUYECTBO BBIYMCIISIEMBIX YJIEHOB Psi-
Jla TOJDKHO OBITh KPAaTHO KOJMYECTBY IPOLIECCOB, MBI IIPOBEPSEM OC-
TaTOK OT COOTBETCTBYIOLIETO JIETICHHUS HAa PAaBEHCTBO HYIIIO.

Haxoner, Mpl BeramcisieM pasmep nloc mHTepBaia nteparuii Juis
TEKyIIero npoiecca. B naHHOM citydae OH BO Bcex Ipoleccax oJuHa-
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[Napamerp shared mo3BossieT B SBHOM BHIE OOBSBUTH IEPEUHC-
JICHHBIE B CKOOKaX IMepeMEHHBIE OOIIIMH.

Hakonen, napametp reduction npeanasHaueH i 0003HAYEHUS
o0IIMX MMEePEMEHHbIX, B KOTOpPbIE MOMAAaeT pe3yabTaT HEKOW MHOXe-
CTBEHHOM OIEpaIiy, BBHITIOIHAEMON BHYTPHU MapajieIbHOTO PEruoHa.
K mpumepy, 310 MOXeT OBITh CyMMa, IMpPOHM3BEAECHUE WM OUTOBOE
CIIO’KEHHE TI0 MOJYJIIO JIBa OOJIBIIIOrO KOJMYECTBA JIEMEHTOB. ApTy-
MEeHT mapameTtpa reduction COCTOUT M3 JBYX YacTei, pa3aeleHHBIX
JBOETOUYMEM — 00O3HAUYEHUE OMNEpPalMyd M CHHCOK COOTBETCTBYIOIINX
MEPEMEHHBIX Yepe3 3alsTyo.

[Ipu BXOozAe B mapajuleTbHBIN PETHOH A KaKAOH Takoil oOmiei
MIEPEMEHHON co37aeTcs KONUs B KaXKAOM IOTOKE U MHULHMAIU3UPYET-
CSl «IyCTBIM» 3HaYeHHeM. {151 CyMMBI 3TO HOJIb, JJI IPOU3BEACHUS —
equHuna, Jis orundeckoro «JIN» — «JIOXKby, u T.1. ITocae BeImo-
HEHUS MapaJlJIeIbHOTO PErMOHa 3HAYCHHsI BCEX KOMHUI 00BeAMHSAIOTCS
C MOMOIIBIO TOH K€ ONepanyu, U Pe3ysbTaT MOIMaaaeT B HUCXOJHYIO
MIEPEMEHHYIO.

Crnenyromuii (parMeHT KoJa IOKa3bIBaeT, KaK NpPUBEICHHBIN
BBIIIIE TIPUMEP HCIOJIH30BAaHUS AMPEKTHBHI critical MokeT OBITH pea-
JIM30BaH C MCIOJb30BaHUEM reduction:

int sum = 0;
#pragma omp parallel for reduction (+: sum)
for (int i = 0; 1 < 100; i++)
{
int item;
// ... BHIUMCJIEHME 3JIEMEHTA CyMME
sum += item;

}

B omimume ot peanmzanuu ¢ moMoreto critical, 31eck He Oyner
BBITIOJTHATHLCS HUKAKUX OXHJIAHUN MEXK]y TOTOKaMH, 32 MCKIIFOUCHU-
eM Oapbepa B KOHIIE PErHOHA, BCICACTBHE Yero paboTaTh TaKOH KOJ
MOXeET Topas3no dpdexTuBHEE.

1.1.5 Runtime-chyHkuun

[Tomumo mupexTuB KoMnwisiuuu, uatepgeiic OpenMP npenna-
raeT TaKkke HEKOTOphle (DYHKIMU Uil BHI30BAa HETOCPEACTBEHHO W3
Koza mporpammbl. TakuMu (pyHKIHSIMA BO MHOTHX CIyYasx yI0OHO
MOJIB30BAThCA MPHU OTIAAKE WM MPOBEPKE OBICTPOACWUCTBUSA pacra-
pajIeTIeHHOM MPOTrpaMMBl.
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OpHako cieayer UMeTh B BUJAY, YTO HCIOJB30BaHUE runtime-
(GYHKIMH CTaBUT MOJ yAap OJHO M3 TIIaBHBIX qoctonHCTB OpenMP, a
MMEHHO BO3MOXXHOCTh KOMIHJISIIUU pacrapajuieIeHHOW MPOrpaMMBI
B cucreme 6e3 moanepxkku OpenMP. Iloaromy, ecinu ecTh cTpemie-
HUE MMETh TaKyl0 BO3MOXHOCTb, IIPOILE ObIBAECT HE 3JI0YNOTPEOISITH
UCTOJIb30BaHUEM runtime-(QyHKIMH, a TOUCKaTh TaKUe IyTH IIO-
CTPOEHHSI aITOPUTMA, IPU KOTOPBIX BCE pacrapajuieTMBaHNEe BMECTE C
OJIOKMpOBKaMU OyJIeT PEalu30BaHO C MCIOJb30BAHUEM TOJBKO M-
PEKTHB.

IIpun Hamuuuu noanepxku OpenMP u BKIIOUEHHH COOTBETCT-
ByIoIero ¢uara Kommnuistopa oobasusierca Mmakpoc OPENMP, uto
JaeT BO3MOKHOCThH HCIIOJIb30BaTh runtime-(QyHKIMHA BHYTPH KOHCT-
PYKIUH YCIOBHOW KOMITWJISILIUU HAMIOJOOME CIIETYIOIICH:

int proc;

#ifdef _OPENMP

proc = omp_get num procs();
felse

proc = 1;

#tendif //_OPENMP
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TBI cO cpenoit BeimonHeHns MPI, o6paboTunkamMu ommbOOK, a TaKxke
MeXaHU3M MPOQWINPOBAHKS IPOTPAMM, T.€. OIECHKH MPOU3BOIUTEIh-
HOCTH Pa3JIUYHBIX YaCTEeH MPOrpaMMBI C TOYKH 3PCHUST PaOOThI BBI3bI-
BaeMbIX GyHKIM MPI.

Pazymeercs, 31ech nepednciensl Aajaeko He Bce (PyHKIMH, mpe-
noctasisiemble MPL. [l o3HakoMIIeHUS ¢ OCTANBHBIMU (DYHKLUSIMH,
TaKKe Kak W JIIA TOJdy4deHus OoJiee eTanbHONW MH(pOPMAIUK O Tepe-
YHUCIIEHHBIX, peKOMEHAyeTCsl oOpamaThes K crnenudukanuu [36], mu-
00 K crienuanbHO IOCBAILIEHHON 3TOi Teme nureparype [1, 2, 3, 31].

1.2.2 CHoBa psg JlenbHuua

[IpuBenem mpocToii mpumep Hcmoiab3oBaHus O6ubimorekn MPI
Ha TIpUMepe y>Ke paCCMOTPEHHOTO HaMH PaHEE YaCTHIHOTO BHIYHCIIE-
Hus psga JletOauma. [TocnenoBarensHOE BEIYUCIEHUE CYMMBI IIEPBBIX
N 4YJIeHOB Psijia BRITISANT CIEIYIOMIMM 00pa3oMm:

Pazymeercs, 3T0 MO3BOJIAET COAEPKATH B OHOM HCXOJHOM TEK-
CTe ¥ MapauIeIbHYI0, M OCJIE0BATEIILHYIO BEPCHU IIPOrPAMMBI 1aXKe
C MCIOJIb30BaHUEM runtime-QyHkui. OHAKO MO0 Mepe yCIOKHEHUs
MpOTrpaMMbl TakOW MOAXOJ TMPHUBOAMT K CIOXKHOCTH BOCIPUATHUS U
MOJ/IEP’KaHMsI COOTBETCTBHS (hparMeHTOB 00EMX BEpCHil M B KOHEU-
HOM WTOT€ CTaHOBHTCS IIarOM B CTOPOHY IMOMJCPKKH JBYX BEpPCHI
MIPOTPaMMBI.

B kauecTBe anbTepHATUBBI HCIOJIb30BAHUIO YCIOBHOM KOMIIH-
nsuu ciennukamus OpenMP nipemaraer wcnonb3oBanue (yHK-
MUA-3arTyIIek, SMYJTUPYIONX padoTy runtime-QyHKIUH B TIOCe10-
BaTENILHOU Cpejie BBIMOMHEHUs. Takue (QyHKIUH MOTYT OBITH peaiu-
30BaHbl M TPWIOKEHBI K TPOrpaMMe, KOTopasl BBI3BIBACT runtime-
¢yskumn OpenMP u nomkHa OBITH CKOMIWJIMpPOBaHa B cpene 0e3
noanepxkku OpenMP.

Mbl He Oyaem yrayOmsThesi B oOmMMcaHue runtime-QyHKIUH
OpenMP, a orpaHn4YMMcsl JHUIIb WX TEPEUUCICHUEM, 32 MOAPOOHBIM
YK€ OIMCAHMEM ClenyeT oOpaTutbes Kk crenudukammu [38]. IIpexae
BCET0, 9TO ()YHKIINHU CPEJIbI BHITIOTHEHHUS:

- omp_set num_threads — ycTaHOBKa KOJIHMYECTBA IOTOKOB,

double sum = 0.0;

for (int i = 0; 1 < n; i++)

sum += ((i & 1) ? - 1.0 : 1.0) / ((i << 1) | 1);
sum *= 4.0;

Jns mpoctoTel OyaeM mpennosiarath, 4YT0 y HaC B HAJMYUU OF-
HOpO/IHAsl BBIYMCIUTENbHAS CHCTEMA, a pa3Mep 3a1aud N (B JaHHOM
Clly4ae — KOJMYECTBO BBIUMCISIEMBIX WICHOB psla) ACIUTCS Halelo
Ha KOJIMYECTBO Bbruucisonmx mnpoueccoB N. Toraa Mbl MoxeM pac-
MPEeTUTh HArPYy3Ky MEXIY IpolieccaMH paBHOMEpHO. B MHBIX ciry-
qagx TpeOyercss HepaBHOMEPHOE pacIpenesieHHe Harpy3K, HEKOTO-
pBIe BO3MOXKHBIE BapHAHTBI KOTOPOH OYAyT paCCMOTPEHBI TTO3XKE.

Bbynem ocymecTBiATh pacnapajuleIMBaHUE IO TOW K€ CXeMe,
YTO U paHee — OJMHAKOBbIMM MHTepBanamu 1o N/N wurepauuii (puc.
1). OTnuume 3akiroyaeTcsl JUIIb B TOM, YTO CeHyac MTEpallH pac-
MPEIeNAITCs He 10 MOTOKaM, a Io mpoueccaM. Takyro pacupezeneH-
HYI0 CXEeMYy BBIUMCIICHHS C HCIoyib3oBaHueM (yHkuuid MPI wimoct-
pUPYET CIEAYIOMIMMA KOJI:

int main(int argc, char *argv[])

{

int n;
MPI Init(&argc, &argv);
if (argc == 2 && (n = atoi(argv([1l])) > 0)

{
int rank, size;
MPI Comm size (MPI COMM WORLD, &size);




35

MPI_Group_intersection, MPI Group_difference,

MPI_Group_incl, MPI_Group_excl, MPI_Group _free;

- Tony4eHue uHpopMaIu 0 KOMMYHUKATOPAX:

MPI_Comm_size, MPI Comm_rank, MPI Comm_compare;

- CO3JIaHHE U YHHUYTOXKCHHE KOMMYHHKATOPOB:

MPI Comm_create, MPI Comm_dup, MPI Comm_ split,

MPI Comm_free;

- (yHKIMU pabOTHI C TaK Ha3bIBAEMBIMU HHTEP-KOMMYHHKATOPAMHU:
MPI_Intercomm_create, MPI Intercomm_merge,
MPI_Comm_test_inter, MPI Comm_remote group,

MPI Comm_remote_size.

JIOOTHUTENBHO K OMUCAHHBIM (DYHKIHSIM pabOThl ¢ KOMMYHH-
karopamu, MPI Taxke comeput QyHKIMH Ui pabOTHI ¢ BUPTYailb-
HBIMH TOTIOJIOTHSMH, KOTOPBIE TAaKKe MPEACTABIAIOTCS KOMMYHHKA-
TOpaMM U MpeiHa3HaueHbl, IPEKIE BCero, i Oosiee yaoOHOM aape-
callyy MPOLECCOB B MPOrpaMmMe:

- (yHKIUM paboOTHl C MHOTOMEPHOU PEIIETKON B IEKAPTOBBIX KOOP-

JTMHATAX:

MPI_Cart_create, MPI_Cart_coords, MPI Cart rank,

MPI_Cart_shift, MPI Cart_sub u np.;

- (ynkuun paboThl C MPOU3BOILHBIM Ipadom:

MPI_Graph_create, MPI Graph neighbors_count,

MPI_Graph_neighbors u np.

B paMkax KOMMyHHKaIuil MpOLECCOB MEXIy CO0OW MOTYT Ie-
penaBaThCs JIaHHBIE KaK TPEAONPENCICHHBIX THUIIOB, TaKk MU OoJjee
CIIO’KHBIX OTIPE/ICTICHHBIX TTOJIb30BaTENIEeM TUIIOB JaHHBIX. [ paboThI
CO CJIOXHBIMU THnNamu naaHHbIXx MPI mpenocrasiser cremyromue
byHKIUY:

- CO3J1aHHE U OCBOOOXKIEHUE COCTABHBIX TUIIOB JAHHBIX:

MPI Type contiguous, MPI Type vector, MPI Type indexed,

MPI Type_struct, MPI Type commit, MPI Type free;

- (opMHpOBaHUE U3 MPOM3BOJBHBIX JAHHBIX C TPOHU3BOJIBHBIM pa3-
MEILEHHEM HEeNpepbIBHOM OOJIACTH JAHHBIX Ui MEepeaayd MExay
y3J1aMH, a TaKKe U3BJICUCHHUE UX Ha IPUEMHON CTOPOHE:

MPI Pack size, MPI Pack, MPI Unpack.

Haxkonern, nporpaMMHBIi HHTEpQEc coaepXuT GyHKIUN pado-
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CO3/IaBaeMbIX 10 YMOJYAHHIO B TOCIEAYIOMNX Mapayielb-
HBIX peTHOHAaX 0e3 sIBHOTO yKazaHus mapamerpa num_threads;

- omp_get num_threads — mody4eHHe KOJIMYECTBA IMOTOKOB,
CO3JIaHHBIX B TEKYIIEM HapajjeIbHOM PErnoHe, U3 KOTOpOro
BbI3BaHa (DYHKITUS;

- omp get max_ threads — momydyeHue MaKCHMAalLHOTO KOJIH-
9gecTBa MOTOKOB, KOTOPOE MOXKET OBITh CO3[aHO B Iapal-
JICNTBHBIX PETHOHAX;

- omp_get thread num — mosryueHne HOMepa TEKYIIETO MOTOKA
B TEKYLIEM MapajjiebHOM PErHoHe;

- omp_get num_procs — MOJIYYEHHUE KOJIMYECTBA TOCTYITHBIX
MIPOIIECCOPOB;

- omp_in_parallel — monydenne mHpOpMAIIUK O TOM, BEI3BaHA
T (pYHKIMSI U3HYTPH MMapauIeIbHOTO PETHOHA;

- omp_set dynamic — pa3zpenieHue/3anpenieHre pexkuma, pu
KOTOPOM cpeJia BO BPeMs BBIIIOJHEHUS IUHAMUYECKH yIpaB-
JSIeT KOJMYECTBOM CO3[aBA€MbIX MOTOKOB B TOCJEIYIOLIMX
napajuieNIbHBIX PETHOHAX;

- omp_get dynamic — nojydyeHrue WHGOPMAIUK O TOM, BKIIIO-
YeH T PEKHUM JTHHAMHUYECKOTO YIPABICHUS KOJIHMYECTBOM
CO3/1aBa€MbIX IIOTOKOB;

- omp_set nested — paspelieHue/3anpenieHne BIOKEHHOTO Ma-
pajuienusMa, T.€. BBIIOJHEHHUS pacrapasiieIuBaHuUs BIOKEH-
HBIX MapaJuIeITbHBIX PETHOHOB;

- omp_get nested — moxy4yeHue HHGOPMAIH O TOM, pa3pelieH
JIA BJIOKCHHBIM MapaJlyIeInu3M.

Hexoropele u3 mepeunciieHHbIX (QYyHKIMHA NpeaHa3Ha4deHbl Ui
yIpaBJIeHHs TapaMeTpaMy CpeJibl BBITTOIHEHHs], YTO 3a4acTyl0 ObIBaeT
JIOBOJIHO yI0OHBIM. [I0CKONIBbKY B HEKOTOPBIX CHTyalUsX, YIIOMSHY-
TBIX BBINIE, OBIBAaCT NPEANOUYTHTEIbHEE H30erath HCIOIb30BAHMUS
¢byskunii OpenMP, npoGiiema yrpaBineHus mapaMeTpamMu Cpelbl MO-
XKeT OBITh PElICHA IyTEeM HCIIOJIb30BAaHMS TEPEMEHHBIX OKPYKCHHUS
OMP_SCHEDULE, OMP NUM_ THREADS, OMP DYNAMIC u
OMP_NESTED, o yem noapoOHee onucaHo B cnerudukanuu [38].

[Momumo ¢yHkmiA cpensl BeimonHeHus, uHTEpdeiic OpenMP
npeaiaaraeT (QyHKIUUA OJIOKUPOBKH. OTH (YHKIMM OOCSCICUHUBAIOT
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BO3MOXKHOCTH 00Jiee THOKOTO TOCTPOCHUSI KOHCTPYKLHH, 10 CMBICITY
omuskux K critical. /g ucnonap3oBaHus QyHKIUNA OJOKHPOBKH MPO-
rpamMma J0JDKHA OOBSBHUTH NIEpeMEHHYIO OiokupoBku. Kaxkmas mepe-
MEHHasl OJIOKMPOBKH B OIMH MOMEHT BPEMEHH MOKET OBbITh 3aXBayeHa
JUIIB OAHUM MOTOKOM. IIpy mombITKe MPOYMX MOTOKOB 3aXBaTHTh €€
OHHU TIEPEBOIATCSA B COCTOSHHE OKHAAHUS 10 TEX MOp, MOKa 3axBa-
TUBIINN IIOTOK €€ He 0CBOOOUT.

BrnokupoBkH MoanepKUBAIOTCS ABYX THUIIOB — TPOCTBIC W BKJIA-
neiBaeMble. [IpocTast GIIOKMpOBKA MOKET OBITh 3aXBady€Ha IOTOKOM,
TOJIBKO €CJIM OHa HE 3aXBau€Ha HM OJHUM U3 IOTOKOB, BKIIIOYas Te-
Kymui. BxiagpiBaemass GJOKMpPOBKa MOXKET OBITH 3axBaueHa B CIIy-
yae, Koraa oHa cBoOo/Ha, 10O KOTZa OHA YXKe 3aXBaueHa TEKYIIUM
MOTOKOM. B 3TOM cilydae MpOMCXOIUT yBENMYEHHE CUETYMKA BIIO-
KEHHOCTH OJOKHMpOBKU. [Ipu BBI30BE (D)YHKIIMHM OCBOOOKIACHHUS BIIO-
KCHHOW OJIOKMPOBKH MPOU3BOIUTCS YMCHBIICHUE CYCTYMKA BIIOYKCH-
HOCTH, (PaKTHYECKOE K€ OCBOOOXKIEHUE MPOUCXOIUT MpU ero oOHYy-
JICHUU.

Jns paboTel C MPOCTBIMH M BKJIA/IBIBAEMBIMH OJIOKMPOBKAMU
MPEIYCMOTPEHBI THITBI JaHHBIX omp lock t w omp nest lock t coot-
BETCTBEHHO, a TaKXKe CIeIyronue QyHKIN:

- omp_init lock m omp init nest lock — cozmanue Onoku-

POBKH;

- omp_destroy lock m omp destroy nest lock — yauuroxxenue
OJIOKUPOBKH;

- omp set lock m omp set nest lock — 3aXxBaT GIOKHPOBKHU;

- omp_unset lock u omp unset nest lock — ocBoboxnenue
OJIOKUPOBKH;

- omp test lock m omp_test nest lock — mpoBepka GiIOKUPOB-
KM, TIONBITKA 3aXBaTa 0€3 BHITOJHEHUS OXKHIAHHS.

Haxonen, cpenn runtime-pynkmuii OpenMP npemnaraer ¢yHk-

[IUH OIICHKH BPEeMEHU BbINIOTHEHUs. Cpeii HUX JIBE:

- omp_get wtime — MOJydeHHE KOJIMYECTBA CEKYH]] B BHUJE
quciaa ¢ JBOMHOM TOYHOCTHIO, MPOILIEALIET0 C HEKOTOPOTro
(UKCUPOBAHHOTO MOMEHTA BPEMEHH;

- omp_get wtick — mony4eHre BETMYMHBI pa3peiieHus TaiMe-
pa, T.e. BeIMYMHBI WHTEPBAJIa BPEMEHH MEXKIy COCEIHUMHU
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MPI Isend c ee Bapuantamu, MPI Iprobe, MPI Irecv;
- TIPOBEpPKa 3aBEpIICHUS OJHOI MM OoJiee aCHHXPOHHBIX OIeparuii
OTMpaBKH/TIpUEMa:
MPI Test, MPI Testall, MPI_Testany, MPI Testsome;
- O’KMJIaHUE 3aBepIICHUsS OJHOM MK 0oJiee aCHHXPOHHBIX ONepanuit
OTIIpaBKH/TpUeMa:
MPI_ Wait, MPI Waitall, MPI Waitany, MPI Waitsome;
- OTJIOKCHHBIC OTIIPABKA/TIPUEM:
MPI Send init ¢ Bapuantamu, MPI Recv_init, MPI Start,
MPI_Startall, MPI Request free;
- KOMOWHHMPOBAHHBIE ONIEPALIUH OTIIPABKH/TIpUEMA:
MPI_Sendrecv, MPI_Sendrecv_replace.
I[MTomumo mapHoro oomena, MPI conmepkuUT (QYHKIHMH KOJJICK-
TUBHOTO OOMEHA JaHHBIMU:
- MepechbUIKa OJAMH-KO-MHOTHM:
MPI Bcast, MPI Scatter, MPI Scatterv;
- TepechbUIKa MHOTO-K-OJJHOMY:
MPI_Gather, MPI Gatherv;
- TIepechUIKa MHOTO-KO-MHOTHM:
MPI_Allgather, MPI Allgatherv, MPI Alltoall, MPI Alltoallv;
- ryo0ayibHas peAyKIUs, BBIIOJIHEHHE HEKOTOPOM acCOLMaTUBHOM U,
BO3MOXXHO, KOMMYTATHBHOM OIEpalii HaJ paclpereleHHbIMU
JAHHBIMHU:
MPI Reduce, MPI Allreduce, MPI Reduce scatter, MPI Scan;
- OapbepHast CHHXPOHHU3AIIUA:
MPI Barrier, oTHOCUTCA K KOJUIEKTUBHBIM KOMMYHMKALIUAM,
XOTSI HE SIBJIETCs onepalueil nepeiaun JaHHbIX B SBHOM BHJIE.
Bce kKOMMyHMKallMOHHBIE ONEPALUU OCYLIECTBISIOTCS B KOH-
TEKCT€ HEKOTOPOH TpyNIbl, CBS3aHHOM C yKa3aHHBIM IpPU BBI30BE
orepanuy KOMMYHHKATOpOM. Iyl MaHMITYJISIUA TPyNIaMd U KOM-
MYHHKAaTOpaMH CYIIECTBYIOT CIIEAyIONIre (QyHKIUH:
- TosyyeHre MHGOPMAIMU O TPYIIaX HPOLECCOB:
MPI_Group_size, MPI_Group rank,
MPI_Group _translate ranks u ap.;
- CO3JaHME U YHUYTOKEHHE TPYIIIL:
MPI_Comm_group, MPI_Group union,
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4acTo.

[Tockonbky MBI HE CTaBUM ceOe IeNbI0 0XBATUTH BCE Hanbolee
MPOrPECCUBHBIE HA CETOMHSIIHUNA MOMEHT MOJXOABI K MapayjiesIbHO-
My HOpOTrpaMMHUpPOBAHMIO, Mbl HE OylleM CTPEMUTbCS PACCMOTPETh BCe
TOHKOCTH M MOMEHTBI, CYIIECTBYIOIIME B PA3IMYHBIX pPEaTH3aLUAX
MPI. Ha Texynuit MOMEHT naneko He Bce peanmsanuu MPI oxsartsl-
BaloT cnenudukanuio Bepcuu 2.0, IoATOMY B JalbHEHIIIEM IS OTpe-
JlelIeHHOCTH OyJnieM paccmaTpuBath uHTepderic MPI Bepcun 1.1. Oto
He00X0JUMO TIOMHHUTH, MTOCKOJIBKY, MOPO, OYAyT 3By4aTh yTBEPKIe-
HUS KacaTeJIbHO HMEHHO 3TOH Bepcuu uHTepdeiica, K mpuMepy, Kaca-
TEJIBHO OTCYTCTBMSI HEKOTOPBIX BO3MOXKHOCTEH, MOSBUBLIUXCS B BEp-
cuu 2.0.

1.2.1 KpaTkoe onucaHve npefoctaBnseMbIX (pyHKLMIA

31ech Mbl IEPEUUCINM KpPaTKO OCHOBHBIE IPENOCTaBIIsIEMbIE
nporpaMMHbIM uHTepdeiicom MPI pynkuuu. Mel He paccMoTpuM 31U
(GYHKLIMU JeTabHO, TAK)K€ Mbl HE OXBAaTHM BCE MHOXECTBO MpEI0C-
TaBIIeMBbIX (QYHKIMA. J{71s1 3TOr0 €cTh HEMano y)Ke HalMCaHHOH Jiu-
Teparypsl, B yacTHOCTH [1, 2]. MbI JulIb YIIOMSIHEM MOBEPXHOCTHO
3a71a4M, BBINOJHAEMbIC (QYHKIMSIMHU MPEJIOCTaBIsEMOTo HHTepdeiica,
C TeM, YTOOBbI ObLIa MOHATHA €ro CTPYKTypa. JleTanyu BBINOIHIEMbIX
GyHKUMAMHU JeMCTBUHM CTaHYT SCHBI IPU pa300pe ONMMCAHHBIX HUXKE
MIPUMEPOB MPOrPaMM.

Crnemuduranus MPI ompenenser unTepdeiic, mpeaocTaBisio-
muit ynoOHbIM 0OMEH JaHHBIMH MEXIY IpOIecCaMU B pacIpeseseH-
HOH cpeze. [Ipu 3TOM MOMHMMO HENOCPEACTBEHHO (YHKIMH oOMeHa
JAHHBIMU HPEIOCTABIAIOTCS TAK)K€ BCIOMOTaTelbHbIE (YHKIUH, TaK
WINM MHa4ye MOBBIIAoNINE y100CTBO 00OMeHa, Takue Kak (hopMHUpOBa-
HHUE MPOU3BOJILHBIX TUIOB JAHHBIX WJIHM MPOU3BOJILHBIX T'PYMI MPO-
LIECCOB.

[Ipexne Bcero, MPI npenocraiser ¢pyHKIUM TapHOTO OOMEHa
JAHHBIMU MEXJy IpOoLleccaMH, T.€. PYHKLUH Nepejauu JaHHbIX OJIUH-
K-OJTHOMY:

- CuHHXpOHHBIE OIepaluy OTIPaBKU/IpUeMa:

MPI Send c ee Bapuantamu, MPI Probe, MPI Recv;

- ACHHXPOHHBIE OIIEepaliy OTIPABKU/TIpUEMa:
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M3MEHEHHUSMH 3HA4YEeHUs TaiiMepa; ObIBaeT HY)KHO JJIS OLCH-
K{ IOTPEIIHOCTH MPHU 3aMePE BPEMEHU BBIIIOJIHEHNUS.
3a noapoOHbIM onucaHueM runtime-pynkuuii OpenMP crenyer
oOparuthbes k cnierudukanuu [38].

1.1.6 Bbluncnenue onpeaeneHHoro uHTerpana

Jlist 3aBeplieHHs] 3HAKOMCTBA C BO3MOXKHOCTSMHU WHTep(erica
OpenMP paccmoTpuM HEOOIBIION TpUMEp paclapajuleInBaHus He-
KOW BBIYMCIMTENBHON npoueaypsl. IlokakeM Ha ee mpuMepe HEKOTO-
pbleé MOMEHTBI, KOTOpbl€ YJOOHO YYMTBIBATh NPH HAMMCAHUM IPO-
IpaMMBbI JUIsl JalbHEUIIETO pacnapauleIuBaHus.

IIpruBeneHHBIN HUXKE KOJA HMIUTIOCTPUPYET BBIUHUCIECHUE ONpele-
JIECHHOTO MHTErpajia Ha WHTepBaje [a; b] OT HEKOTOpPOW (PYHKIIMU OJI-

HOM IEPEMEHHOM METOJIOM CPEIHUX MPSAMOYTOJIbHUKOB:

// KONMMYECTBO MHTEPBAJIOB - HaudajibHOE pas3bueHyre
int n = 10;

// KONMYECTBO BHIIOJIHEHHEIX MUTEPAaLMit

int iter = 0;

// Texkymwmii ¥ OPHOBOYWVA Pe3yJibTaTk

double sum, sumpre;

double h, x, f;
int 1i;

do

{

sumpre = sum;

h = (b -a) / n;

sum = 0.0;

for (i = 0; 1 < n; i++)
{
x =a+h* (i + 0.5);
f = /* unrerpupyemas obyHkumsa */;
sum += £ * h;

}i

n <<= 1;
} while (iter++ < 1 || std::abs(sum - sumpre) > eps);
printf ("Calculated value is %.16f, %d iterations\n", sum, iter);

HporpaMMa 3a4a€T HEKOTOPOEC HAYaJIbHOC KOJINYECTBO MHTCPBA-
JIOB pa36I/ICHI/IH obnactu HHTCTPUPOBAHUA U UTCPATUBHO BBIYHCIIACT
HpI/I6J'II/I)K€HHI)Ie 3HAYCHUA MHTETpajia, yABaWBasl KOJIUYCCTBO HHTEP-
BaJIOB pa361/ICHI/I$[ Moclie Kaxaou UTCpanuu. Brinonnenue 3aBCpLIACT-
Ci, Korjga pasHuia MEKAYy BbIYHMCICHHBIMU HpI/I6J'II/I)KeHHI>IMI/I 3Ha4yc-
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HUSIMH WHTETpaja Ha JBYX MOCIETHUX HTEPALUSX CTAHOBUTCS MEHbB-
1I€ 3a/laHHOM TOYHOCTH. I OCYIIECTBIICHUS TaKOW MPOBEPKH JTOJIK-
HO OBITh BBITIOJITHEHO MUHHMYM JIBE HTEPAITUH.

Ha xaxnoif uTepaluu OCYIIECTBJISETCS BBIYMCICHUE IlAra Te-
KyIIEro pa30MeHus] U IMKJI CyMMHPOBAHUS IUIOLIA/ICH MPSIMOYTOb-
HUKOB. B Tene mukia oCymiecTBIseTCs BBIYMCICHHE CEpPEeIUHbI MH-
TepBaja W 3HAYCHNE UHTETPUPYEMOil (YHKIMHU B HEM, IOCIIE YEeTO BbI-
YHUCIEHHOE 3HAu€HHE IUIOLAAU MPSIMOYroJbHUKA J00ABISIETCs K Te-
KyLIeHd CyMMe.

B npuBeneHHOM npuMepe BepXHsis IpaHMIAa BHEIIHETO LUKJIA He
M3BECTHA 3apaHee, MOITOMY, HECMOTPSI Ha OTCYTCTBHE 3aBUCHMOCTEN
MEXIY HTEpalusMH, €r0 HENb3sl pacrnapaieIuTh aBTOMATHYECKH.
PacniapaiienyBaHuO MOJIEKUT BHYTPEHHUH LIMKII, B KOTOPOM OCY-
HIeCTBIIAETCS cyMMupoBaHue. [Ipu oObsBIEHNHN 3TOr0 LMKIA Mapai-
JICTBHBIM HaM TOTPEOyeTCs aTOMapHBIN TOCTYI K BHEUTHEW 10 OTHO-
MIEHUI0 K LHUKIY TMEePeMEHHOW Sum, B KOTOPOW XpaHUTCA TEKyIee
3HaUeHUE CyMMBI, TH0O HCTOIbp30BaHue napamerpa reduction. ITomu-
MO 3TOro, B Telle LIMKIA HCHOIB3YIOTCA elle JIBe mepeMeHHsle. [lo-
CKOJIbKY OHHM SIBJISIFOTCSI BHEITHHMU 110 OTHOIICHUIO K IUKIY W BUIH-
MBIMH B MOMEHT OOBSIBIICHUS IUKJIA MMapauIeIbHBIM, IO YMOITYaHUIO
OHHU sBISAIOTCS OOmUMH. OnHAKo [UIs KOPPEKTHOM paboThl mapai-
JIENTBHOTO LIUKJIa OHU JIOJKHBI ObITH ClieNlaHbl YacTHBIMU. B pesynbra-
T€ MOJIy4aeM MapajuIeIbHbIA UK CIEIYIOUIeT0 BUIA:
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9TON TpuUYHMHE OOIIeH PEeKOMEHIAIMeN 3/1eCh SBIACTCS CIIETOBaHHE
TaKOMYy CTHJIIO HAIMCAaHWS MPOTpPaMM, KOraa OOBSBICHUE MEepeMEH-
HBIX MPOUCXOJUT JIUIIL BHYTPU OJIOKA, B KOTOPOM OHH HEMOCPEICT-
BEHHO UCMOJIb3YIOTCs. Mcnoabp30BaHus Ii00abHBIX MM CTaTHUECKUX
[IEPEMEHHBIX NP MAPAIIEIBHOM IPOrPpaMMHUPOBAHUM T10 BO3MOXKHO-
CTH cieayeT BooOuie u3berath. [Ipy TakoMm moaxoje OecTBuUS, BbI-
MOJIHSIEMbIE TIO YMOJIYaHHUIO KOHCTpyKuusiMu OpenMP, B 60nb1mnHCT-
B€ CIIy4aeB COOTBETCTBYIOT TPEOOBAHUAM pEaIN3yeMOro ajJropuTMa.

K mpumepy, npuBeneHHBIH KO MOXET OBITh MEpEnrcaH cle-
JYIOUIMM 00pa3oMm:

int n = 10;
int iter = 0;
double sum, sumpre;

do
{
sumpre = sum;
double h = (b - a) / n;
sum = 0.0;
#pragma omp parallel for reduction (+: sum)
for (int 1 = 0; 1 < n; i++)
{
double x = a + h * (i + 0.5);
double f /* uHTerpupyemas QyHKUuUS */;
sum += f h;
bi
n <<= 1;
} while (iter++ < 1 || std::abs(sum - sumpre) > eps);

*

#pragma omp parallel for private(x, f) reduction (+: sum)
for (i = 0; i < n; i++4)

x =a+h* (1 + 0.5);
f = /* unrerpupyemasa obyHKUUS */;
sum += £ * h;

MpbI BUIUM, UTO Jake B TaKOW JOCTATOYHO MPOCTOM BBIYHUCIHU-
TEJNBHOW TpoIeype MOTpeOoBaNoCh IBHOE OOBSBICHHE YACTHBIX IIe-
pemeHHBIX. Ecnm Ob1 0 KaKMM-THO00 MPHYUHAM STH TIEpEeMEHHBIE ObI-
JIM CHIETaHbl CTATHYECKUMH WM TIIO0AIBHBIMHU, CUTYAIHs TIOTpeOoBa-
7a OBl MCIOJIL30BAHMUS JIOTIONIHUTENBHBIX AUPEKTHB. [Ipn peanuzamuu
OoJiee CI0XKHBIX BBIUMCIUTEIbHBIX AJITOPUTMOB 3a/lauya SBHOTO yKa3a-
HUS YaCTHBIX M OOIIMX TEpPEeMEHHBIX MOXKET OKa3aTbCs Topaszo
CIIO’)KHEE, B PE3yJIbTaTe Yero CTaHeT JIETKO OMHOuThCs B Aetanix. [1o

OOBsBIIEHNE JIOKATBHBIX IO OTHOIIIEHUIO K HUKJIIaM IEPEMCHHBIX
MIEPEeHEeCeHO U3 Havaja ()parMeHTa B COOTBETCTBYIOIUE Ooku. B pe-
3YyJIbTATC 3TOTO UBMCHUJIACh UX 00J1acTh BUIUMOCTH, BCJICOACTBHUEC YECTO
B MOMEHT OOBSIBJICHHS JUPEKTHBbI pacapajiejiBaHusl OHH HE CTa-
HOBSITCS OOILMMH, U MOTOMY He TpeOyeTCsl UX SBHOE OOBsIBICHHE Ya-
CTHBIMU.

1.2 Unmepgpetic nepedayu coobuieHull MPI

Onucanuio mporpamMmmuoro uHTepderica MPI, momumo crenu-
¢ukanuu [36], MOCBSAIIEHO HEMAIO WU3/IaHWH, B TOM YHUCIE PYCCKOS-
3p14HBIX [1, 2, 3, 31], moaTomMy MBI He OyeM OIMUCHIBATH €0 MOIPO0-
HO. BMecTo 3TOro Mbl paccMOTpUM BapUaHThl PELIEHUS! C UCIOJIb30-
BanueM MPI Heckonpkux Hamboiee MPOCTHIX AJISI pacrapauienBa-
HUS 33/1a4, MHOTHE U3 KOTOPBIX, TEM HE MEHEe, BO3HUKAIOT JIOBOJIBHO




