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INPEAUCJIOBHUE

[Tocobue mpemnasHaueHO A CTYIEHTOB JHEBHOW (hOpMBI OO0yUEHUS
@akynpreTa NpuKIagHOd Marematuku U uHpopmatuku HI'TY, Hanpasie-
Hus noaroToBku «llprknagnas MmaTemaTnka U THPOPMATHKA» (TUCIUILINHA
«OCHOBBI TapajUIeIBHOTO TIPOTPaMMHPOBaHMs») U «MartemaTHyeckoe
obecrieueHre W agMHUHHCTPHPOBaHHE HWH(POPMAIMOHHBIX CHCTEMY (IHCIIH-
wHa «[lapaienbHoe IporpaMMHUPOBaHHUEY).

YyeOHOE TTOcOOME COAEPKUT BBEACHNE B MPOOJIEMATHKY MapasuIeIbHO-
ro OporpaMMHpoOBaHHUsA C MCIIOJB30BAHUCM IIPUKIIAJHOTO HNPOTpaMMHOI0
naTepdetica OpenMP. B paznenax 1-4 comepKuTcs MOApOOHOE OMHCAHHE
mupexktuB OpenMP ¢ mpumepamu ucnosnb3oBaHus. PaccmarpuBaercst mMo-
nens BerauciaeHunit OpenMP, pacnipenenenue paboThl B MapaieIbHBIX [HK-
JlaX U CEKIUAX, UCIIOJIB30BAHUEC PEAYKIIUN, CUHXPOHU3AlIWH, ITapaluICIn3Ma
3a7a4 1 BEKTOPH3aL1H.

Pazmensr 5 1 6 MOCBSAIMIEHBI OTJIANKE W ONTHMH3AITUHN MMApaUICITHHBIX
mporpaMM C TIOMOIIBI0 HMHTErPUPOBaHHBIX cpen paspaborku Oracle
Developer Studio u Intel Parallel Studio XE. Ha npocTteix mpumMepax morma-
rOBO pa30HpaeTcsi UCHOIb30BAHUE 3TUX HHCTPYMEHTOB JUIA IMOMCKA THIINY-
HBIX OIMOOK (TOHOK JAaHHBIX, JAENJIOKOB) M YCTPaHEHWS TUIHYHBIX MpPO-
OneM ¢ TPOM3BOAUTENHLHOCTHIO (HEpallMOHAJIBHOE HCIONb30BaHUE KOII-
TaMsITH, OOJIbIIIast A0S TOCIIEA0BATENHHOTO KOJIA).

B paznmene 7 mpencrasieH 1abopaTOpHbIA MpakTUKyM. OH OpUEHTUPO-
BaH Ha 3aKpeIIeHHe TEOPETHUYECKUX 3HAHWH W Pa3BUTHE TMPAKTHIECKUAX
HaBBIKOB ucnoib3oBanus OpenMP. Kaxknas naGoparopHas pabota cozep-
KUT MaTepuai, CTPYKTypUPOBAaHHBIN OIpeNelIeHHbBIM 00pa3oM: meib pado-
ThI, IOPAA0K BBIITOJIHCHUA pa60Tm, BapUaHThI SaI[aHI/Iﬁ JJIA CaMOCTOATEIIb-
HOH paboTHI, KOHTPOJIBbHBIE BOIPOCH. KpoMe mabopaTopHBIX paboT pasiern
COACPKUT METOANYECCKYIO I/IH(bOpMaHI/IIO 0 KOMIIMJIAIIMK TapalICJIbHBIX
porpaMM, B KOTOPBIX ucnonbidyercs OpenMP, n o mpaBuiax moaroToBKU
OTYETOB.



B mocobun paccmarpuBaercs crnenuduxanusi OpenMP Bepcun 4.5,
a TOYHee — TOJIbKO €€ YacTh, Kacaromascs ncrnoias3oBanust OpenMP ¢ s3b1-
kamu C/C++. Omymens! HekoTopble acniekTsl OpenMP, KoTopble HE BXOASAT
B IIPOTpaMMBbl Y4eOHBIX TUCIUITINH «OCHOBBI ApasUIEIbHOTO MPOTPaMMHU-
poBanua» u «llapamnensHoe mporpamMmmupoBaHue». B dacTHOCTH, HE omH-
CBIBAIOTCA TIEPEMEHHBIE OKPYKEHUS M OONBITMHCTBO OMOTHMOTEYHBIX (yHK-
LU, TUPEKTUBBl pabOThl C BHELIIHUMH yCTPOHCTBAMH, MEXaHU3M OTMEHBI
WCTIOJTHEHHS;, BCKOJIb3b YIOMHHAIOTCS BO3MOXKHOCTH TIO 33JaHHIO0 3aBHCH-
MOCTeH MEXTy 3ala4aMu.

Ji ycnemHoro oBIafieHHS MaTepHalioM Nmocobus HeoOxoaumbl 6azo-
Bble 3HaHMs s3bIka C minm C++. XKenarenen onsIT nporpamMmuposanus B OC
Linux.

B pesynbrare u3yueHus Marepuaa mocoous CTyACHT JODKEH:

3Hamo

e Mojenb Beruuciennit OpenMP;

e ocHOBHBIE AupekTuBbl OpenMP u ux omnuuuy;

® OCHOBHBIC IPUMHTHBBI CHHXPOHMU3ALUK Ul Pa3padOTKU Hapaieib-
HBIX TIPOTpamMM;

ymento

® TIPUMEHATH TUPeKTUBBHI OpenMP u ux omuu st pa3paboTKH mapai-
JIENTBHBIX MPOTPAMM;

e co37aBaTh 3aKOHYEHHBIE IMapajyIeIbHbIE MPOrpaMMbl Ha OCHOBE
OpenMP;

® BBINMOJHITH BEKTOPHU3AIUIO LIUKIOB ¢ ToMoIsio OpenMP;

® HAxXOOUTh OWMOKW B MapajUIeNbHBIX MNpOrpaMMax Ha OCHOBE
OpenMP;

® BBINOJHATH HECIOKHYIO ONTUMH3AIMIO NMapajUIeIbHBIX MIPOrpaMM Ha
ocHoBe OpenMP;

enademsp

e METOJIaMH MapajyIeNbHOTO MPOTrpaMMHMPOBAHUSA C HCIOJIb30BaHHEM
OpenMP;

e HaBbIKaMH npuMeHeHus orragunkoB Oracle Thread Analyzer u Intel
Inspector ans morcka omuOOK B NapaJuIedbHBIX IPOrpaMMax;

e HaBBIKAMHU TpUMeHeHUs mnpodmmpoBmmkoB Oracle Performance
Analyzer u Intel VTune Amplifier mis onTumu3anmun napajuie’dbHBIX TPO-
IpamMM.



BBEJEHHUE

[MpuknanHo#t mporpamMublii uHTepdeiic OpenMP® (anrn. OpenMP
Application Programming Interface, OpenMP API) — cpencTBo s 3amanus
MapajyiebHOTO BBIMOJIHEHHS ONEpaliii B MOJIENIN OOIIel aMsTH, a TaKKe
JUTS YTIIpaBIIEHHUS BEIYMCICHUSMHI Ha COTMPOIIECCOpaxX B MPOTpamMMax Ha s3bl-
kax C/C++/Fortran. Crneuudukannn mHTepdeiica pa3padaThIBAIOTCS MO
KOHTpOJIeM HeKoMMepUeckoro koucopauyma OpenMP Architecture Review
Boards (OpenMP ARB), o6benunstomero Takue kommnanuu kak IBM, Intel,
AMD, Nvidia u np. B mocobun paccmarpusaetcs Bepcus 4.5 [7], u3nannas
B 2015 roxy.

OnHolt U3 MAel, MpUBeNINX K MOsBICHUIO crenuduxanun OpenMP,
cTajlla uaes «WHKPEMEHTHOTO pachapauienuBanus». OHa mpenrosiaraer,
YTO MapajulesibHas MporpamMma pa3pabaThIBaeTCs Ha OCHOBE IOCIENOBa-
TENBHOTO KOJa, HalpUMep, MOCIeloBaTeNbHOW mporpaMMbl Ha s3bike C.
[IporpaMMHUCT ¢ MOMOILBIO AUPEKTUB KOMITHIIATOPA pa3MedaeT Ko Mmocie-
JIOBaTeNbHON MPOrpaMMBbl, SIBHO BBIJENsisl He3aBUCcHMBbIe Onoku. Kommus-
TOp TeHEepHUpyeT KoA, obecrieunBasl pacrpelesicHHe HEe3aBHUCHUMBIX OJIOKOB
MEXy HECKOJIbKUMH MOTOKaMH. UTOOBI KOMIHIISITOP «IOHSUDY TUPEKTUBBI
OpenMP, kak npaBmio, HEOOXOAWMO BKJIIOYUTH CIEHUATBHYIO OIIHMIO.
Wnaue 3T qUpPEKTHBBI OYAyT MPOUTHOPUPOBAHBI M CreHEPHPYETCs] OOBIU-
Has MocjeoBaTesIbHasl IporpaMma.

Crnemnduxarus OpenMP mpenronaraer, 9To Ha IPOTPAMMUCTE JICKHUT
BCSl OTBETCTBEHHOCTH 3a HMPUHSATHE PELICHUH O TOM, KaKHe YacTH KoJa Mo-
TYT BBIMOJHATHCS MapajIeIbHO, O CHHXPOHHU3AINH MapaJlIeIbHBIX TOTOKOB.
Bce pemenust BbIpakaloTCsl NPOrPaMMHUCTOM SIBHO 4epe3 CpeAcTBa
OpenMP. Crnenudukanus He HAKIAIsBACT Ha KOMITHISTOPHI HIN OMOIHO-
TEKH MOJAEP>KKM BPEMEHH BHIIIONHEHUs, peanusytomue OpenMP, Hukakux
0053aTeNbCTB MO MPOBEPKE MIIM OOECTIEYEHHIO KOPPEKTHOCTH B3aUMOJEH-
CTBHS NIapaJUIETBbHBIX ITOTOKOB.



Crneuudukanus OpenMP passuBanace ¢ 1997 r. Bepcus 1.0 (1997-
1998 rr.), TMaBHBIM 00pa3oMm, OblIa MOCBSIIEHA PaclapaUICINBAHHUIO IIHK-
J0B. DTO 00ecneynBaIo peaan3alnio MOIEIH «IIapajuleIn3Ma [0 JaHHBIM»
[4] 1 cooTBETCTBYIOIMM 00pa30oM OrpaHHMYMBAIO KPYT MPHIIoKeHUH. Jlamb-
Helflee pa3BUTHE MPOTPaMMHOIO HHTepdeiica ObI0 00YCIIOBICHO CTPEM-
neaneM OpenMP ARB co3naTe yHHBepCanbHBII WHCTPYMEHT pa3paboTKu
3¢ GEKTUBHBIX TEPEHOCUMBIX MapaUIeIbHBIX IMPOrpaMM, YUYHUTHIBAIOLIMN
TEHJCHITUU B Pa3BUTHH ammapartHoro obecredenus. B crnenudukaruu 3.0
(2008 T.) ObLTM BBEJEHBI KOHCTPYKIUU JUIS peaTH3aliyd MOACTH «IapaJie-
JU3Ma 3a7a9»: CTaJl0 BO3MOXKHBIM OIMCBHIBATH MHOKECTBO «3aau» — IPO-
IrPaMMHBIX OJIOKOB, 3aJ1al0IINX MMPOU3BOJILHBIC HE3aBUCHMBIEC BBHIUMCIICHHS.
B cnemmuduxarnmm Bepcun 4.0 (2014 1.) mosBUINCH HHCTPYMEHTHI IS TIPO-
rpaMMHPOBAHMS anmapaTHBIX yCKOpHTeNel, 3amaHus BeKTOpHBIX (SIMD)
WHCTPYKIUH, 00paOOTKH OMIMOOYHBIX CUTYallUil, YIpaBIEHUS MPHUBI3KOI
IIOTOKOB K SiipaM BBIUHCIIUTENBHON CUCTEMBI, 3a1aHUs 3aBUCUMOCTEH MEXK-
ny 3anadamyd. OCHOBHBIMH HOBOBBeAeHUsAMHU Bepcuu 5.0 [12] cramm ymyd-
LIEHHbIE BO3MOYKHOCTH IO MOAJEP)KKE CNIEHUAIN3UPOBAHHBIX allapaTHBIX
YCKOpHUTENEeH U cpecTBa sl B3aMMOIEHUCTBHUS ¢ BHEIIHUMHI WHCTPYyMEHTa-
MU OTJIAJKH U ONTUMH3ALMH.

[IpenmymectBa mpumenenus OpenMP 1Mo cpaBHEHHUIO C TapaICIIEHBIM
IPOrpaMMHUPOBAHUEM Ha ypoBHE moTokoB (Hanpumep, POSIX Threads [5])
3aKITIOYAIOTCS B CIIEAYIOIIEM:

e (QoJee BBICOKMI YPOBEHb NMPOrPaMMHUPOBAHUS: MPOTPAMMHUCT yKa3bl-
BaeT, KAKWE€ YacTU MPOrPaMMbl MOTYT OBbITH BBIIIOJHEHbI HE3aBUCUMO APYT
OT JIpyra, HO HE 3aHUMAaeTcs HEMOCPEJCTBEHHO YIpaBIeHHEM IMOTOKaMH
OTIEPAIMOHHOMN CUCTEMBI;

¢ >(p(deKkTrBHAS MEPEHOCUMOCTh: MPOTPAMMBI, CIEIyIOIne CHernudu-
kauusaM OpenMP HCIIOTHAIOTCS Ha BBIUMCINUTENBHBIX CUCTEMaX pa3iIMYHBIX
npow3BoAnTeNeH 0e3 W3MEHEHHH, AT UX COOpPKH TpeOyeTcsl TOJBKO KOM-
NWIATOP, PEATH3YIOMUHA COOTBETCTBYIOIIYIO cClelH(UKAHNI0; 0c000
clemyeT MOMTIepKHYTh, uTo crnenudukanus OpenMP mmpoko momnepkaHa
MIPOM3BOAUTESIMH aNapaTHBIX U MIPOrPaMMHBIX CPEJCTB, IOITOMY MOKHO
0KHIIaTh, YTO MPOTpPaMMBI, pa3paboTaHHble ¢ mpuMeHeHHeM OpenMP, Oy-
OyT TMpoAoiDKaTh paboTaTh Ha OyAyIIMX ammapaTHBIX M HPOTrpaMMHBIX
miaThopMax;

® OTHOCHTENFHO JieTKasg TpaHc(opMalus HMEIOIIerocs IOoceI0Ba-
TEJNBHOTO KOJIa B MapaJIIeNbHBIN.



Crnenudukanus NPHUKIAZHOTO TMporpaMMHoro wuHTepdeiica OpenMP
BKJIIOYAET B Ce0s ONMMCAHUSA:

® JMPEKTHB KOMIWIATOPOB s13bIKOB C/C++/Fortran, ¢ moMOIIBI0 KOTO-
PBIX NIPOrPaMMUCT pa3MedaeT KO, 4TOObl OOBACHUTH KOMIMJIATOPY, Kak
OpTaHM30BaTh BHIUYMCIICHHS MapaIlIeILHBIM 00pa3oMm;

e Oubnmoreku (QYHKLUUH, KOTOPbIE JAIOT BO3MOXHOCTH YIPABIATH XO-
JIOM WCTIOJTHEHHA MapaJuIeIbHON IPOTPaMMBl;

® TEPEeMEHHBIX OKpY)KEHHs, IO3BOJIIONIMX HACTPOUTh MapaMeTpsl
KOMIIWJISIIMY ¥ OMOIMOTEKY BPEMEHHU BBINOJIHEHUS (HalpuMep, 3a1aTh MaK-
CHUMAJIBHO JIOTTYCTHMOE KOJMYECTBO MMOTOKOB).

Jus obmero 3aakomcTBa ¢ OpnMP momoiinyt xauru [1-3]. s rimy6o-
KOTO U BCECTOPOHHETO M3YyYEHHs TEMbl PEKOMEHAYETCS OOpaTHTHCS K OpH-
TUHATBHOU crienmdukanuu [7]. s 3HakoMcTBa ¢ TeOpHeH MapauieIbHOTO
MIpOrpaMMHUPOBaHUsI pEKOMEHIyeTcsl KHura [4].



1. HTAPAJUIEJIBHBIE OBJIACTH

MOJIEJIb BBIYMCJIEHUAM

MogaeJb nporpamMMsl

OcHoBHBEIM HHCTpyMeHTOM OpenMP, ¢ momonpio KOTOporo mporpam-
MHUCT OOBSCHSET KOMITWISITOPY, KaK OPraHM30BaTh MapaijielbHbIC BbIYKC-
JICHUSI, ABTISIOTCS Oupexkmugnl. Kaxknasi TupeKTrBa NMeeT BHI:

#pragma omp <directive-name> [ <clause> [ [,] <clause>] ... ] new-line
<structured-block>

3necy #pragma omp — 00s3aTe’NbHBINA MpePUKC JTFOO00H TUPEKTHUBHI
OpenMP, <directive-name> — uMs TUPEKTUBHI, <Clause> — OMIUN TUPEKTH-
Bbl, new-line — o0s3aTenbHBIA MepeBoa CTpokH, <structured-block> — uc-
noJHsieMasi HHCTpyKuus (aHri. statement) [18] s3pikoB C/C++, BO3MOXKHO
CIIO)KHasA, HanpuMmep, nuki for, while nwmu 6nok wmHCTpYKUMKA. s pa3nnd-
HBIX JUPEKTUB MOJAEPKHUBAIOTCS pa3nuuHble HaOopwl omumil. Kaxmas om-
s uMeeT cBoe uMst. OOBSIBICHNS BHYTPH KBaJPAaTHBIX CKOOOK MOTYT OBITh
OITyIIICHBI.

JIupeKkTuBsl Aenarcs Ha dexiapamusuvie (aHTa. declarative) u ucnosnms-
emvie (aHrn. executable). JlekaapaTuBHbBIE TUPEKTUBBI CIy>KaT IJIsl TIOPOXK-
JeHUs1 00BSABICHUI 00BEKTOB, HAIPUMED, TUPEKTHBA

#pragma omp declare simd
MOXKET OBITh yKa3aHa mepes (yHKIHeH, MPUHUMAIOIIEH CKaIsIpHbIe mapa-
MCTDPBI, ‘-ITO6I>I 34aCTaBUTh KOMIIWIATOP CICHCPUPOBATH BCKTOPHBIC BCPCUU

JMaHHOW (QyHKimu (cM. moxpoOHee B pazuene «Mcnonb3oBanue QyHKIUN B
BEKTOPU3YEMBIX IMKJIax»). VCmomHseMble TUPEKTUBHI IPEANHUCHIBAIOT
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KOMITHJISITOPY BBITIOJHHUTH CIEAYIOIINA 32 HUMHU KOJ| OTpeeieHHBIM 00pa-
30M, HaIlpUMep, AUPEKTUBA

#pragma omp parallel for

TpeOyeT UCIONHHUTH CIEeNyIOIIUi 3a Hell UUKI Tha for mapajienbHo 3a
CYET paclpeesIeHUs UTepalyil HUKIa MEXAY HECKOIbKUMH MOTOKAMHU.

Mopgeans HCHOJTHEHHUS

B tepmunonornn crnenudpukanun OpenMP BbimonHeHne mporpaMMbl
COCTOUT B TOM, 4TO nomoxku (aHri. threads) BBIMOTHSIIOT MHOXECTBO Tak
Ha3bIBaeMbIX 3aday (aHri. task). 3amaum pasmernsroTcs Ha JBa MOJAMHOXE-
CTBa: ONpenenseMble SBHO (TOCPEICTBOM AWMPEKTUBHI task) M HESBHO.
B wacTtHOCTH, HESIBHO OTIpEAENCHHOMN 3a/Ja4ueil SBISETCS HAYAIbHAA 340a4d
(anrm. initial task), koTopasi COCTOUT B BBHINOJHEHWH BCEH MporpaMMel. Bri-
MOJHEHHWE HauyallbHOW 3a/Jlaud OCYUIECTBISECT HaydalbHBIA MOTOK. B xoze
BBIMOJIHEHHUS 3a/1a4 MOTYT MOPOXKAATHCS APYTHE 3a1a4M, MOTOKH MOTYT Iie-
PEKITI0YaThCs MEKAY 3aJadaMHu, BBITTOJIHEHUE WM MPOJOIDKEHIE BBIIOIHE-
HUS 38124 MOXKET 3aBHCETh OT 3aBEPILUCHUS APYTHX 3a1au.

Crnemnduxarnus OpenMP mpenmonaraer [7, ¢. 14], yTo mapaiienbHbIE
BBIUUCIICHHSI PEaM3yI0TCs MO Mojenu fork-join [4], xak MoKa3aHO Ha
puc. 1.

Iopoxnenne komauasl 13 N notokos: fork

N-1 Beinonnenune napamienbHon
00J1acTH KOMaH/I01 IMTOTOKOB

3aBepIieHNE BBIMOIHCHHUS Mapa-
JIeNTBHOM 00JacTy: join

Puc. 1. Mopens fork-join

Korna xakoii-1n00 MoToK, B TOM YHMCJIE HAayaJbHbIM, B XOJE CBOETO BEI-
monHeHs BcTpedaer nupektuBy OpenMP parallel (cm. pasmen «O0bsBie-
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HUE MapauieTIbHON 00JIACTHY), TOTOK IMOPOXKIAET TaK Ha3bIBAEMYIO KOMAH-
0y nomoxog (aHri. team), COCTOSNIYI0O KaK MHHUMYM M3 OJIHOTO IIOTOKA.
[Ipoucxoaut MopoXKACHUE HESBHBIX 33Jla4 — 10 OJHOHM 3ajadye Ha IOTOK.
CyTb KaXJ01 3a7jadé COCTOUT B BBITIOJTHEHUH KOJa, 3aKJIIOYCHHOTO B paM-
Kax KoHcTpykuuu parallel. Kaxapiii moTok moiy4yaer CBOW MIESHTHU(PUKATOP
(matypanpHOe guncio ot 0 mo pazmep komauasl-1). [lopoknarontuii MOTOK B
KOHTEKCTE TIOPOXKISHHOW WM KOMAaHIbl HA3bIBACTCS MACEP-NOMOKOM
(anrn. master-thread) m umeer mnentudukarop 0. B koHIe obmactu meit-
CTBHS TUpEKTHBHI parallel mpeamnonaraercs weseHas bapvephas CUHXPOHU-
3ayus: BCe TMOTOKA KOMaHIBI OXKHJIAIOT 3aBEPIIEHUS 3a7ad APYTUMHU IOTO-
KaMH, 3aTeM KOMaHJa pacGOpPMHUPOBBIBACTCS, W BBIIOJHEHHE KOJAa TMOCIE
00macTi neiCTBUS TUPEKTUBHI parallel ocyIecTBIsIeT TOTOK, BCTPETHBIIIAMA
nupektuBy parallel. Koa, xoTopwlii BBINONHSAETCS KOMaHAOH ITOTOKOB,
Ha3bIBACTCA napanienvHol obaacmyio. J1ns 0OITHOCTH TEPMHUHOIOTHN CUH-
TaeTCs, YTO BCS MPOrpaMMa 3aKIoueHa B HESBHYIO NapauIeIbHYI0 00JIacTh,
KOTOpasi BHIMTOJIHAETCS KOMaHA0H U3 OJHOTO Ha4alIbHOTO ITOTOKA.

B xoze BeIMONHEHUs 3a7ad MOTYT MOPOXKIAThes Apyrue 3amadu. OHU
nersiTcst Ha omaodcernsle (auril. deferred), KOTOpbIe CTaBATCSA B OYepenb HA
BBITIOJTHEHHUE TIPH TOM, YTO MPOAOJDKAETCS BBIMTOJNHEHHE MOPOJMBIIUX WX
3amad, u HeomodcHwvle (aHTI. undeferred), KOTOpEIE BBIMOTHIIOTCS HEMEI-
JICHHO W Ha BpPEeMs WX BBINIOJHEHHS NpPUOCTaHABIMBaeTcs (aHri. suspend)
BBITIOJTHEHNE TIOPOAMBINUX MX 3a7ad. Kpome Toro, 3amaun pa3nensiorcs Ha
npussazannvle (aHri. tied) — BBIIOTHEHHWE KOTOPBIX IOCIE MPHUOCTAHOBKU
00513aTeIbHO OCYLIECTBISETCS TEMH )K€ TIOTOKaMH, KOTOPBIE BBITTOIHSIIN UX
JI0 TIPHOCTAHOBKH, U Henpugszanuvie (aHrIL. untied) — BBITOIHEHHE KOTOPBIX
MI0CJI€ TIPUOCTAHOBKH MOXET OCYIIECTBISITHCS MTPOU3BOJIILHBIMU MOTOKAMHU
13 KOMaH/Ibl, K KOTOPOW MPUHAICKUT MOPOAUBIINNA UX MOTOK. Tak, 3ana-
Yy, HESBHO IMOPOXKAAaeMble AUPEKTUBOU parallel, sSBIsAOTCS NpUBA3aHHBI-
Mu. Kon sSIBHO mopo’kgaeMbIX 3aad HE CUHUTAEeTCS YacTbiO MapajuiebHON
o0macTH.

Crierudukanus onpeaenseT Tak Ha3bIBAEMbIE MOYKU NAAHUPOBAHUSL 3d-
Oay (anrin. task scheduling points) [7, c. 94]. Korma moTok B X0/1€ BBIITOJTHE-
HUSl KakOW-Tu0O0 3aJaud JTOCTUTAET TAKOW TOYKH, BBIOJNHEHHE TEKYIEH
3aJla4d MOXKET OBITh MPHUOCTAHOBIEHO W MOTOK OYJIeT MepeKiIoueH Ha BbI-
MIOJIHEHHWE JIpYrod 3ajgadd u3 odepenu 3ajgad. Eciu Tekymas 3amada oTHO-
CHUTCS K KJIacCy MPUBSI3aHHBIX, TO €€ BBITIOJHEHNE OYyIeT BO30OHOBJIEHO BEI-
MOJIHSIBILIEM €€ paHee MOTOKOM. BO30OHOBHUTH BBINOTHEHNE HETIPUBIA3aHHON
3aJla4l MOKET APYTON MOTOK.
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Crnemndukanus OpenMP mpexycMaTpuBaeT cpeacTBa I 3aIaHHs 3a-
BHCHUMOCTEH MEXIy 3aJadyaMH MO0 JaHHBIM. Tak, MOXKHO yKa3aTh, YTO OJHA
13 3a/7ad NPUHUMAET HAa BXOJ JAaHHbBIE, BHIYMCICHHBIE pyroil 3anadeil. B
3TOM Cliyyae IepBas 3ajada MOXKET HadaTh BBINOJHATHCS TOIBKO TOIJA,
KOTJ1a BTOpasi 3aBEPILIUT BHIMOJHEHHUE U €€ PE3yIbTaThl CTAHYT AOCTYITHBIMHU
JUTSL YTEHHS U3 COOTBETCTBYIOIIUX MEPEMEHHBIX.

OpenMP mno3BossieT pa3pabaThiBaTh MPOTPaMMBI, KOTOPBIE pacmpese-
JISTFOT BBIYMCICHHUSI MEXITYy HECKOJNBKUMH aIlapaTHBIMU yCTPOHCTBaMH.
HauanpHBIN MOTOK CTapTyeT Ha erasHom ycmpoticmee (aHTi. host device),
IJie TI0Jbh30BaTeNh CTAPTyeT Imporpammy. [J1aBHOE yCTPOMCTBO MOXKET OT-
npaBiaTh (anri. offload) manHBIe W BEIYHMCICHUS Ha yeledble YCMPOUCmaed
(anrm. target device). Kaxxgoe ycTpolCTBO HIMEET CBOE MHOKECTBO IIOTOKOB,
MIOTOKA HE MHIPUPYIOT MEXIy YycrpoiictBamu. [IpumepoM TriaBHOTO
YCTPOMCTBA SIBJISIETCS LIEHTPAIbHOE MPOIIECCOPHOE YCTPOHUCTBO MEPCOHANb-
HOTO KOMITBIOTEPA, a IPUMEPOM IIEJIEBOI0 YCTPOWCTBA — BUICOKAPTa C MO/~
nepxkoit CUDA [3].

Cremudukamus OpenMP nonyckaer [7, c. 14], 4to paspabortaHHas
KOPPEKTHas mapasielibHas IporpaMma Ipu KOMIIHUIISIIIMKA ¢ UTHOPUPOBAHHM-
€M JIUPEKTHB JaCT HEKOPPEKTHYIO IOCIeIOBATEIbHYI0 nmporpamMmy. Kpome
TOr0, HEOOXOIUMO TIOMHHUTh, YTO JaXKe €CIM TMOCJeIOBaTeIbHAS U Mapall-
JieNbHask MPOTPAMMBI PEANU3YIOT OJUH M TOT K€ aJrOPUTM, TO PA3IUYHBINA
MOPSIJIOK BBITIOJTHEHHMS OTICPAIUil U OTPAaHUYCHHAS TOYHOCTh NIPEICTABICHUS
BEIIIECTBCHHBIX YUCET B KOMITBIOTEPE MOTYT MPHUBOAUTH K OTIHUYHUSIM B pe-
3yJbTaTaXx PacueTOB MEXIY IMOCISIOBATEILHOW BEpCcHEl MpOrpaMMel, Ia-
PAICIIBHOM BepCHEH NPU PA3IMYHOM KOJUYECTBE MOTOKOB U JIaXKe MEXKITY
Pa3IUYHBIMU 3aITyCKaMH TapaUIeIbHOW BEPCHH Ha OJTHOM M TOM e KOIH-
YECTBE MMOTOKOB.

Moaean naMaTu

Cretudpukarus OpenMP onpenenser MoHATHE namsAmu 4acmHoU 0
nomoxa (auri. thread-private memory), Kak IaMsTH, K KOTOPOH HE JOJKHBI
HMMETh JOCTYIa PyrHe MOTOKH. B Takoil maMsaTu pa3MeIaroTcs YacHmHble
nepemennvie (aHTI. private variables) moToka, B TO BpeMs Kak B pa3zodeisie-
Mot namamu (anri. shared memory) pa3MenarTcs paszoeisemvle nepemeH-
nole (aHrIL. shared variables).

Ecmn nepemennas ¢ Touku 3peHus s3bika C/C++ gBnseTcs BUANMOM B
CTPYKTYPHOM OJIOKE, KOTOPBIH peain3yeT MapajuiedbHy 007acTh, U MPH
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3TOM OBLJIa ompenesneHa BHE 3TOro Oloka, To, M0 YMOIYaHHUIO, Takas Iepe-
MeHHas OyZeT pa3fensieMoil I KOMaH bl TIOTOKOB, BRITTOJTHSIONINX Mapall-
JeNbHYI0 005acTh (CM. Takxke omnucanue omuu default nupexrussl parallel
B pazzene «YacTHbIe U pa3ienseMble TIepeMeHHbIEY). YacTHRIMA IS TIOTO-
Ka SABJSIIOTCS NEpPEMEHHBIC, OOBABICHHBIE BHYTPH MapajlieIbHONH OOJIACTH.
Kpome Toro, mpu OOBsSIBIEHHUH MapayIeNbHOW 00IacTH MPOTPAMMHUCT MO-
KET yKa3aTb, UYTO UM paHee OOBABICHHON NIEPEMEHHOM, KOTOpas Mo yMOJ-
YaHUIO JOJDKHA OblIa OBI CTAaTh pa3zeiieMol B MapauiebHON 00JiacTd, Ha
caMoOM JieJie JOJDKHO CTaTh UMEHEM YacTHOM MEPEMEHHOW B Ka)KOM IOTO-
ke. Takum o0Opa3oM, B KaKIOM ITOTOKE 3aBOJUTCA OOJACTh IMAMSTH IJIS
XpaHEHUs 3HAa4eHHs YacTHON INEPEMEHHOM, NMPU 3TOM IMOTOK HCIIOJB3YET
yKa3aHHOE UM JJIs 00paleHnus K 3TOH 001acTu.

Texuuuecku, B paspaboranHod ¢ momoisio OpenMP napannensHoOiM
IporpaMMme, Bce TOTOKH MMEIOT JIOCTYI KO BCEH MaMsATH Mpolecca Ha dre-
HUe ¥ 3anuch. OQHN MOTOKU MOTYT oOpariatscsi cpeacTBamu si3bika C/C++
0 a/ipecaM K siaeiikaM MaMsTH, B KOTOPBIX pa3MeIleHbl YaCTHBIE MepeMeH-
HBIE JPYTUX MOTOKOB, HO Takoe oOpamenue cnennpukanueln OpenMP ne
MIPEOIAraeTCs ¥ €ro Pe3yJIbTaThl HE IPECKA3yEeMBbI.

Kaxnplif U3 MOTOKOB MOXET HMETh CBOE BpeMEHHOE HpedcmagieHue
(amrm. temporary view) O COCTOSIHWH IaMSTH: HAIpUMep, 3HAUYEHUS HEKO-
TOPBIX TEPEMEHHBIX, KOTOPBIMH IIOJIB3YETCSl IOTOK, MOTYT OpaTbesi U3 pe-
THUCTPOB WJIM B K3IIIE€ MPOIIECCOPA, IIPH TOM, YTO COCTOSTHHE HaMSITH MOXET
HU3MEHSTHCS BCIEICTBHE ONEpalyi 3amucy APyrUMH NOToKaMu. TakuMm 06-
pa3oMm, eci OJUH U3 MOTOKOB MPOU3BOINT 3aMKCh B MAMATh, TO CHHXPOHH-
3alUH [TOTOKOB HEIOCTATOYHO, YTOOBI TapaHTUPOBATh, YTO APYIHE MOTOKU
YBUIAT 3TO m3MeHeHne. HeoO0xomumo, 4TOOBI MOTOK OCYIIECTBHI COpOC
(amrm. flush) cBoero BpeMeHHOTo TpeaCcTaBlIeHUs B o0yt namstb. COpoc
OCYIIECTBIISIETCS AaBTOMAaTHYECKH B OMNPEIENIEHHBIX TOYKaX KOHCTPYKITHHA
OpenMP [7, ctp. 165], B vacTHOCTH, IPH BXOJE B MapajuiesbHbIE 00JIaCTU U

BBIXO/I€ U3 HUX, a TAKXKe MOXeT ObITh POPCHPOBAH C MTOMOIIBIO TUPEKTHUBEI
flush:

#pragma omp flush [(<list>)] new-line

B ommmonaneHOM criiucke <list>, MOTYyT OBITH IEpEYNCIICHBI TTEpEMEH-
HBIE, KOTOpBIE TpedyeTcsa cOpOCHTh, OAHAKO B 3aBUCUMOCTH OT peaiu3alun
OpenMP cOporieHo MOXKeT OBITh COCTOSIHHE BCETO BPEMEHHOT'O MPEACTaB-
nenus. Ecny B ciiucke yka3aHa epeMeHHas-yKas3aresb, TO cOpachiBaeTcs ee
3Ha4YeHHe, a He 001aCTh MaMITH, Ha KOTOPYIO OHA YKa3bIBaeT.
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OBBSIBJIEHUE IAPAJUIEJIBHOM OBJIACTH

Jniss oObsiBIEHUs] TapajuIeNbHON 00JacTH HWCHONb3yeTcs ITUPEKTHBA
parallel, xotopas cnenmdukanueir OpenMP ompenensercss cleayrommuM 00-
pazom:

#pragma omp parallel [ <clause> [ [,] <clause>] ... ] new-line
<structured-block>

Korna notok B Xxoz1e CBOETO BHIIIOIHEHUS BCTpEUaeT JUPEKTUBY parallel,
MIPOMCXOANT TTOPOXKIEHHE KOMAH/AbI MOTOKOB, KaXABI M3 KOTOPHIX HAadH-
HAeT BBIMOJHITH HHCTPYKLMH U3 CTPYKTYPHOTO OJIOKa.

B mpumepe 1 nmokaszano, Kak BHYTPH CTPYKTYPHOTO OJOKa Ka)XAbIi IMO-
TOK BBIBOIUT OOIEe YHUCIO MOTOKOB B KOMaHAE, KOTOpOE BO3BpallacT
¢ynkmus OpenMP

int omp_get_num_threads();

Y UICHTU(PUKATOP MTOTOKA, KOTOPHIN BO3BpamiaeT (hyHKITHS
int omp_get_thread_num();

OTH 3HaYCHUSI COXPAHSAIOTCS B IEpeMeHHbIe id U Size.

YacTHble U pa3essieMble epeMeHHbIe

CornacHo mozenu namatu OpenMP, nepeMeHHbIe BHYTpU Mapauieib-
HOM oOyacTh HmensITcs Ha JBa Kiacca: YacTHBIE W pasnemnsembie. OpenMP
MIPEOCTABIAET CPEACTBA JUIsl OTHECEHHS NMEPEMEHHBIX K TOMY WM UHOMY
KJIacCy C MOMOIIBIO OMIIUH

private(<list>)
u
shared(<list>)

B ckoOkax, cregyromux 3a onuusMu private(shared), ykaspBaroT cru-
COK TIEPEMEHHBIX, OOBSIBICHHBIX B 00OBEMITIONICH 00JIaCTH BHIUMOCTH, KO-
TOpbIe HEOOXOAMMO OTHECTH K KJIACCY YAaCTHBIX (pa3AemsieMbIX).

B npumepe 1 nmepemennas id Obuta 00BsABICHA 0 MapaieIbHONH 00Ja-
CTH | TI0 YMOJTYAHHUIO JOJDKHA ObLIa OBITH pa3/IesiieMol, OJHAKO B PE3yIIb-
TaTe AehCTBUS onmuu private(id) oHa CTaHOBUTCS YaCTHOM M B KayKJIOM ITO-
TOKE WISHTHQUIHPYET COOCTBEHHYI oOnacTh mamsaTtu. [losromy, xorma
MMOTOKU BBI3BIBAIOT (QyHKIMIO omp_get thread_num(), kaxablii MOTOK MO-

15



Jy4yaeT cOOCTBEHHOE 3HauCHUE 3TOi nepeMeHHOW. Bee mepeMeHHbIe, 00b-
ABJICHHBIE B TIPEJIeNiaX MapaiebHOW 00JacTH, IO YMOTYaHUIO OTHOCSTCS K
KJIACCY YACTHBIX NEePEeMEHHBIX, MOITOMY y KaKIOro MOTOKa B mpumepe 1
“MeeTcsl COOCTBEHHAs KOTHS NEPEMEHHOM Size.

Ilpumep 1. YacTHble M pasienseMble MEPEMEHHbIC B MapauieabHON
obmactu

#include <omp.h>
#include <iostream>

using namespace std;

int main() {

char hello_string[] = "Hello World from thread";
// 3Ha4eHune «1234» CMbICNIOBOW Harpy3kn He UMEET M UCMONb3yeTcs
/I anga Toro, 4Tobbl NOKa3aTb, YTO id Y BCeX MOTOKOB
/l B napannenbHoi obnacTtu otnnyaeTcs oT id 4o napannenbHon
/l obnactu

intid = 1234;

int size = 0;

cout << "Initial thread: id =" <<id << ", size =" << size << end|;
/I Onpektuea OpenMP: 00bsiBNeHne napannensHon obnacTtu
#pragma omp parallel private(id) shared(hello_string)

int size = omp_get_num_threads();
cout << "Number of threads =" << size << endl;
cout.flush();
id = omp_get_thread_num();
cout << hello_string << " " << id << end|;
cout.flush();

} // KoHeu, napannensHoi obnactm

return O;

B oOmewm ciywae, 3HaueHHE HWCXOOHOW IEPEMEHHOM, BKIIIOUEHHOW B
CIIMCOK private, He ONpeAeIeHo MOCIe BBIXOAA U3 KOHCTPYKIUH, B KOTOPOU
ynoTpebieHa 3Ta onuus. YacTHBIE NMEepeMEHHbIE CO3IAal0TCsl Kak OOBIYHBIC
ABTOMATHYECKUE IIEPEMEHHBIE C UCIOJIb30BAHUEM KOHCTPYKTOpA IO YMOJI-
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YaHUIO, €CJIM TAaKOBOH OIpeAesieH I TUIA JTaHHON MepeMeHHOH, Tubo xe
MOJYYaroT HeopeIeeHHbIC 3HAYCHUSI.

[To ymomuanwuio, Bce mepeMeHHbIE, OOBSIBICHHBIE B 00BEMITIONIEH 001a-
CTH BHIUMOCTH, OYIyT pa3lesiieMbIMH B MapajlieIbHOH 001acTH, OZHAKO
MPOTPAMMHUCT MOXKET U3MEHUTH 3TO C MOMOIIBIO ONIIHN

default(shared | none)

3nauyenne shared cOOTBETCTBYeT MOBEACHHUIO MO YMOIYAHHIO, a 3HAYCHHE
none tpebyeT, 4TOOBl Bce HEOOXOAMMBIE B MapajuielbHOW 00JacTu mepe-
MEHHBIE OBLITH SBHO TIEPEYUCIICHBI B onIusx private u/unu shared (HeoOxo-
IUMO OTiaW4arh omimio shared ot 3Hadenus: shared s ommuu default).
Ecnmn onmus default ycranoBnena B 3HaueHue shared, mporpaMMHCT IO-
MPEeKHEMY MOXET yKa3bIBaTh OMIMIO shared B 1eisix SIBHOW JeKJIapaluu
HaMEpeHUs NMPUAEPKUBATHCA MpaBUiIa Mo yMoadaHuto. Tak, B mpumepe 1 B
KadecTBe pa3leisieMol MepeMeHHON SIBHBIM 00pa3oM ykazaHa CTpoka hel-
lo_string. Baxno otmetuts, uTo omuus default pacmpocTpaHseTcss TOJIBKO
Ha [IepEeMEHHbIE, OOBSIBICHHBIC BHE MapajuiesibHON obnactu. Bee mepemen-
HBIE, OOBSBICHHBIE BHYTPH MapayieIbHON 0071aCTH, OCTAIOTCS YaCTHBIMH.

OnHoM W3 THMMHYHBIX OMMOOK npu Harmucannu OpenMP mporpamwm sB-
JsieTcs HEKOPPEKTHOE MCIOIb30BaHKUE Pa3/iesieMbIX IEpEMEHHBIX B Mapall-
JenbHBIX obnacTsx. Tak, ecnu Obl nepemenHas id B mpumepe 1 He Obia OBl
00BsIBIICHA KAaK YaCTHasl, HENb3s1 ObLIO OBl IPEACKa3aTh COAEPKaHUE BHIBOJA
MIPOrpaMMBl, TOCKOJIBKY MOTOKH 3aMHMCHIBAIN U CYUTHIBAIN OBl 3HAYCHUS U3
00JacTH TaMATH, HASHTU(GUIIUPYEMOU 3TOH IEepeMEHHOW, B CIIydJailHOM
TIOpSAIKE.

B HEKOTOpBIX claydasx HUMEeT CMBICH MHHLIHAIH3UPOBAaTh YacTHBIC IIe-
pEeMeHHbIe 3HaYeHHEM OPUTHHAIBHOW TepeMEeHHON U3 oO0beMITIomIel o0a-
CTH BUIUMOCTH. [[J1sl TAKHX CHTyaluii IpeayCMOTPEHA OMLIHS

firstprivate(<list>)
IIpaBuia ee MpUMEHEHUS WIUTFOCTPUPYIOTCS B TpuMepe 0.
PenyxkumnonHblie onepauuu

TunuyapM M1a0JIOHOM TMAPAIEIFHOTO MPOTPAMMHUPOBAHUS SBISETCS
peayKuus, B KOTOPOH pe3yNbTaThl, MOMydYeHHbIE MapajUIeTbHBIMU MTOTOKA-
MU/TIporieccamMmu, OOBEIUHSAIOTCS C TTOMOIIBI0 HEKOTOPOU OIepaliuu, Hasbl-
BaeMOU pedyKyuoHHotl, B 001Ul pe3ynbTar. [ BEIOTHEHUS peayKIUNA B
OpenMP npegycMoTpeHa omius
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reduction(reduction-identifier : <list>)

3neck <list> — 3TO cIMCOK TIepeMeHHBIX, KOTOPBIE JOJDKHBI OBITH OOBSBIIE-
HEI B 00BEMITIONIEH 00JIaCTH BUAUMOCTH. B pe3ynbrare NeiCTBUS ONINH B
napajuieIbHONH 00JacTH KaKIbl MOTOK IMOJyYaeT YaCTHHIC MMEPEMEHHEIE C
TaKAMHU K€ MMEHaMH, a IOClie BBIXOJla W3 MapauIebHON o0NacTu mepe-
MEHHBIC U3 CIHCKa MPUOOPETAIOT 3HAYCHUS B PE3yJbTaTe MPUMEHCHHS K
3HAYEHUSAM COOTBETCTBYIOIIMX YACTHBIX NEPEMEHHBIX W 3HAYECHHUIO HCXOM-
HOHM TIepEMEHHOW OTeparuu peayKIuH, 3aJaHHON C ITOMOIIBI0 UACHTU(U-
KaTopa peayKUHOHHOW omepauuu reduction-identifier. YacTHeie nepemen-
HbI€ WHULUAJU3UPYIOTCS B COOTBETCTBUM C PEAYKLIHMOHHOW oOIlepaiuei,
3amanHol uaeHTuduraropom reduction-identifier.

B Tabn. 1 mpencraBieHbl JOITyCTHMEIE OTEpaIK PEIYKIIMH U COOTBET-
CTBYIOILME 3HAYEHUA AJI1 UHUIUAINA3AUN YACTHBIX MTEPEMEHHBIX. B TpeTh-
€M CTOJIOIe yKa3aH Croco0 MOIydYeHHs pe3ysibTaTa B epeMeHHOoi omp_out
W3 3HAUYCHUW YACTHBIX MEPEMEHHBIX M 3HAUCHHUS HCXOJHOU MepeMeHHOU
omp_in. BaXXHO NOMHHTH, YTO NOPATOK NPUMEHEHHUS OIepaluil MOXET
BJIMSITH HA UTOTOBBINA pE3yNbTaT PEAYKLUUU B CBA3U C OTPAHUYEHHON TOYHO-
CTBIO MIPEACTABIICHUS YUCEN B KOMIIBIOTEPE.

Tabnuma 1
PenykuuoHHbIe onepanun
I/Iz[eHTHq)HKaTovp 3HaueHne U HHUIIHATH3a- Cr10co6 momyseHms
PEILyKINOHHOMN UM YaCTHBIX ofmero pesymsTaTa
orneparmu B C/C++ IIEPEMEHHBIX
+ 0 omp_out += omp _in
* 1 omp out *=omp in
- 0 omp_out —= omp in
& 0 omp out &= omp in
| 0 omp_out |= omp _in
" 0 omp_out "= omp_in
&& 1 omp_out =omp_out &&
omp in
| 0 omp out =omp out || omp in
max HaMMEHbIIee MPEeACTaBUMOE | omp out =omp in >
YHCIO B COOTBETCTBHH C TH-|omp out? omp in:omp out
TIOM IePEMEHHOM
min HauOonpllee MpeACcTaBUMOeE | omp out = omp_in <
YHUCJIO B COOTBETCTBUU C TH- |omp_out ? omp in:omp out
TIOM IIEPEMEHHOM
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[IporpaMMHUCT MOXKET caM ONpPENEIUTh HOBBIE ONEPALMH PEAYKLUHU C
TOMOIIBI0 TUPEeKTUBH declare reduction [7, ctp. 220].

B mpumepe 2 mokazaHo MpUMEHEHUE OMIUU PEIyIUPOBAHUS IS pe-
LICHUS 3aJa4d CyMMHPOBaHHUs DJIEMEHTOB MaccuBa. B kauectse reduction-
identifier mojcTaBlieH 3HaK CyMMHUpPOBaHUA +, CIUCOK list cOCTOUT U3 0jI-
HOTO JJIEMEHTa — NEepPeMEeHHOW sum. B mapamnensHO# oOnacTu KaXKIblit
MOTOK OMpeAeNsieT HayalnbHbIM uHAeKC start yacTu maccuBa, KOTOPYIO OH
IoJKeH OyAeT MpoCcyMMHUPOBATh, U pa3Mep dToi dacTu a_local_size. Ilo-
cJ€ BBINOJHEHMS LUKJIa for B KONMMHM MEepeMEeHHOM SUm KaKJIOro MOTOKa
HaXOAUTCS pe3yJbTaT CYMMHUPOBaHUs yacTu MaccuBa. Ha BrIxoxe u3 ma-
pauiensHOM 00JACTH TMPOWCXOJUT aBTOMATHYECKOE€ CYMMHPOBAHHUE ITHUX
YAaCTUYHBIX 3HAYEHUN M MCXOJHOTO 3HAUCHUS MEPEeMEHHOU Sum Havaib-
HOTO IMOTOKAa, 3aTEM pe3yJbTaT MOMEIIAETCA B NEPEMEHHYIO SUM Hadallb-
HOTO MOTOKA.

Ipumep 2. icionp3oBanue omiuu reduction

#include <omp.h>
#include <iostream>

using namespace std;

int main() {
int sum = 0;
const int a_size = 100;
int a[a_size], id, size;

for(int i = 0; i<100; i++)
afi] = i;

/I MpnmeHeHne onunm reduction
#pragma omp parallel private(id, size) reduction(+:sum)
{// Hayano napannensHon obnactu

id = omp_get_thread_num();

size = omp_get_num_threads();

/I Pazpgensem paboTy mexay notokamm
int integer_part = a_size / size;
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int remainder = a_size % size;
int a_local_size = integer_part +
((id < remainder) ? 1 : 0);
int start = integer_part *id +
((id < remainder) ? id : remainder);

int end = start + a_local_size;

[/l KaxkgbIi NOTOK CYMMUPYET 3NEMEHTHI

/| cBoEen YyacTn maccmBea
for(int i = start; i < end; i++)

sum += a[i];

/l KaxxgpbIl MOTOK BLIBOAUT CBOK YACTUYHYIO CYMMY
cout <<"Thread " << id << ", partial sum =" << sum << endl;

/I Bnarogapst onuun reduction cymma 4acTuYHbIX
[/l pesynbTaToB gobaBneHa k 3Ha4eHWI0 NepeMeHHON
/l sum Ha4yanbHOro nNoToKa

cout << "Final sum =" << sum << end|;

return O;

[Touemy B mpumepe 2 TpebyeTcs ucnoianp3oanue omun reduction? Ilo-
4YeMy HeJb3s OCTABUTH NEPEMEHHYIO SUM pa3fensseMod B NapasuleIbHON
00JacTi W TO3BOJHUTH MOTOKAM CyMMHPOBATh JJIEMEHTHl MacCHBa HEIIO-
CPEJCTBEHHO CO 3HAUYEHUSAMH 3TOH nepeMeHHON? Jleno B TOM, 4TO orepa-
s += He ABJIAETCA aTOMapHOM, T. €. OHa COCTOUT U3 HECKOJIBKUX MOZOIe-
patmii:

® KaXIIbIi IOTOK 3arpy’kaeT B HEKOTOPBIN PerucTp (a y Kaxmoro moro-
Ka COOCTBEHHBIE PETUCTPHI) U3 aMATH 3HaUCHUE IEPEMEHHOH sum;

e B JIpYyroil perucTp 3arpy’kaeT 3HaueHHE O4YEpEIHOTO JJIEMEHTa Mac-
CHBa,;

® OCYIIECTBIIIET CYMMHPOBaHNE Ha PETHCTPAX;

® OCYILECTBISIETCS 3alUCh PE3yJIbTaTa 0OPATHO B MAMSTh.

Ecimn B mpumepe 2 He ucmonb3oBaTh onmuio reduction, motoku OymyT
OCYIIECTBIIATh YTEHUE U 3alHCh MIEPEMEHHOM SUM B IPOU3BOJIBHOM MOPS-
Ke, U 3HaueHHEe MEPEMEHHON Ha BBIXOZAE W3 INapajieNbHOM obnactu Oyaer
HEJETEPMUHUPOBAHHBIM.
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anaB.nelme KOJINY€¢CTBOM ITIOTOKOB

[To ymonmuaHHIO KOJIMYECTBO MOTOKOB ONpeAesieTcs] KOJINIeCTBOM JIO-
THYECKUX SJep, JIOCTYHHBIX B BBIYUCIUTENbHOM cucreme. Tak, Ha
nByxsiaepHoM mnporeccope Intel® Core™ i3-7320 ¢ BKIFOUEHHOM MOAIEPIK-
ko texHonormu Hyper-Threading mmeem 4 normdeckux sapa, MOITOMY
BBITIONHATh TapajuienbHble o0jacTh w3 mpumepa | u mpumepa 2 OynmyT
4 notoka.

OmnpeneneHHoe TakuM 00pa3oM KOJMYECTBO MOTOKOB MOJXOIUT HE IS
Bcex 3azad. Hampumep, mpu aktuBHOW TexHomorun Hyper-Threading mo-
XKET BO3HUKHYTh HEOOXOIUMOCTh YMEHBIIUTh KOIUYECTBO IIOTOKOB, YTOOBI
ObLTa BO3MOYKHOCTh Ha3HAYNTh KaXKIBIA M3 HUX HA OTJENbHOE (DH3MUECKOEe
SIIPO TpoIieccopa.

Ji1 U3MeHeHUs1 KOJIMYecTBa MOTOKOB MO YMOJIYAHHUIO MOXHO HCIOJIb-
30BaTh (QYHKLHUIO

void omp_set_num_threads(int num_threads)

ITapamerp num_threads 3agaeT KOJIMYECTBO JOCTYIIHBIX IOTOKOB.

Crneundukanuss OpenMP He ompeznenser, B KaKOH MOMEHT JOJKHBI
(akTHUECKH MOPOKAATHCS NOTOKU. B panHux peanmzauusx OpenMP noto-
KM MOPOXKIANNCH B Hauasle KaXIOW MapansienbHoi 00JacTd, M yHHUTOXA-
JUCH B KOHIE. Ecny 3TO MpoMCcXOoAmIo 9acTo BO BPEMs BBITIOJHEHHS IPO-
IpaMMBI, TO TaKHe JOPOTOCTOSIIUE OMNEpali CYIIECTBEHHO CKa3bIBAJIUCh
Ha MPOU3BOJUTENBHOCTH MpOrpaMMbl. B coBpeMeHHBIX peann3anusax, Kak
MIPaBUJIO, UCIIONB3YETCS MyJl OTOKOB, KOTOPBIN MOPOXKIAETCS WK IPU CO-
3aHUU TIEPBOH MapansieabHol 001acTy, WK IpU 3aJaHUU KOJIWYECTBa I0-
ToKOB. OH HCITONIB3YETCS TIOKA MPOTpaMMa He 3aBEpIINTCS WIH HE 3aTpedy-
€T U3MEHEHUs KOJINYEeCTBA TOTOKOB.

3a1aTh KOJIMYECTBO TMOTOKOB JIJIi KOHKPETHOW MapaliebHONW 00JIaCTH
MOKHO € TOMOIIBIO onuK num_threads B nupektuse parallel. B npumepe 3
PaccMOTPEHO pelleHHe 3aJaud NPUOIMKCHHOTO BBIYMCICHHUS 4YUCla T, B
KOTOPOM B Ka)KJJOM TIOTOKE BBIUMCIISIETCS TIOCIE0BATEIHHOCTH MICEBAOCITY-
yaiinpix' unce. KoJuyecTBo MOTOKOB 3ajiaeTcs omnmue num_threads.

' B mpakTHYeCKHX 3a7a4ax HY’KHO 0OOpaliaTh BHAMAHHE HA KA4eCTBO CIydaii-
HBIX YHCEJI, IOJIy4EHHBIX [TapaJIeIbHOM IeHepalrel, TaK KaK I10CIe10BaTeIbHOCTH
4HCel, MOJMYYEHHBIX Pa3HBIMU IIOTOKAMH, MOTYT OKa3aThCs 3aBUCUMBIMH.
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Ipumep 3. Vcionp3oBanue omnuu num_threads

#include <omp.h>
#include <iostream>
#include <random>
#include <math.h>

using namespace std;

int main() {
/I YcTaHoBKa 4mcna noTokos (4)
// TlposiBUTCSA NPy BbINOSIHEHUM BTOPOW NapannenbHon obnactu
omp_set_num_threads(4);

/l VicnonHATb KoA cneaytowen obnactu 6yayT 2 noToka,
/I Tak kak gencteue omp_set_num_threads()
/I oTmeHsieTcst onumen num_threads

#pragma omp parallel num_threads(2)

intid = omp_get_thread_num();
if(0 ==id) {
int size = omp_get_num_threads();
cout << "Number of threads =" << size << end|;
cout.flush();
}
}

inti, sum = 0, npoints = 10000000;

// B cnepytowen 4actu koga NpouCcXoauT NpUbnmkeHHOe BblYUCEHNE
// uncna MNu. B kBagpaTe CO CTOPOHON paBHOM 2 BbibpackiBaeTcs

// npoints crniyqyanHbIx To4ek, 3aTemM 4ncno Nu oueHnBaeTcs Ha

// oCHOBE COOTHOLLEHUSI YMCTa TOYEK, MONaBLUMX BO BMUCAHHbIN

Il kpyr paguyca 1, k npoints.

// TlokasaHo, kak pa3genuTb Aeknapauuio napannensHon obnactm

// Ha 2 cTpoKM C NoMOLLIbI0 0BpaTHOro cnawia.

// B aTon obnactu B komaHae OyaeT 4 noToka.

#pragma omp parallel private (i) shared (npoints) \
reduction (+: sum)
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uniform_real_distribution<double> unif(-1.0,1.0);
random_device rd;

default_random_engine re(rd());

int numthreads = omp_get_num_threads();

for(i = 0; i < npoints / numthreads; i++)

double randx = unif(re);
double randy = unif(re);
if (sqrt(randx * randx + randy * randy) <= 1.0)
sum++;
}

}
double pi = 4.0*(double(sum)/npoints);
cout << "pi (approximately) =" << pi << end|;

return O;

CUHXPOHM3ALIUA IIOTOKOB

JIMpeKTHBBl CUHXPOHU3ALUH UCIIOJIB3YIOTCS BHYTPU MapauIeNbHON 00-
JAaCTH JUISL COTIIaCOBaHUS paOOTHI IOTOKOB IPH OOpaIlleHHH K pa3AeisieMbIM
NIEPEMEHHBIMU U JPYTUM Pa3AeIsiEMbIM PECYPCAM.

bapbepHas cuHXpOHM3aLUs 331a€TCs AUPEKTUBOM barrier:

#pragma omp barrier new-line

Kaxp1if IOTOK OCTaHABIUBAETCS B MECTE OOBSIBICHUS 3TON AUPEKTUBBI
1 OKUJAAET, TIOKA BCE OCTAIBHBIC MOTOKH JOCTUTHYT 3TOH ITUPEKTHBBI, I1O-
CJIe 4Ero BCE MOTOKH MPOJIOIKAIOT HCIIOTHEHHUE.

B kauecTBe mpuMmepa npuUMeHEeHHs OapbepHON CHHXPOHU3ALMH PEIINM
po0bsieMy ¢ HEYIOpPSAJOYEHHBIM BBIBOJOM IporpaMmbl u3 mpumepa 1. Ot
3ammycKa K 3aIryCKy MOPSIOK COOOMEHNH, BEIBOAUMBIX TPOTPaMMO, MOKET
OTIMYaThCsl. BBIBOO MOXET OKa3aThCsi M HE YUTaeMbIM (pHUC. 2), TaK Kak
OUYEpEeTHOCTH JOCTYMAa MOTOKOB K KOHCOJIM HE 3a/laHa U 3aBUCUT OT CIIy4ail-
HBIX (paKTOpOB.

B npumepe 4 nmokaszaHo, Kak B napajieabHOH 001acTH 00eCIeYnTh BbI-
BOJ OT MOTOKOB B MOPsIKE BO3pacTaHus UX HoMepoB. Ha kaxxaoi urepanuu
LMKJIa TOJBKO OJMH MOTOK MOXKET BBIBOJAUTH WH(OPMAITUIO B KOHCOJb, TPU
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3TOM «O0OTHATBH)» €ro JIPYrue MOTOKH HE MOTYT, TaK KaK B 3aBEPIICHHUH
LMKJIa CTOUT TUPEKTUBA barrier.

P omptest@ssd2: ~ =RiC)]
omptest@ssd2:~$ ./omp_examplel.exe

Initial thread: id = 1234, size = 0

Number of threads = Number of threads = Number of thr
leads = Number of threads = 88

Number of threads = Number of threads = Hello World f
rom thread 6

Number of threads = 8

Hello World from thread 80

8 \
Hello World from thread 84
'Hello World from thread 1
Number of threads = 8 |
Hello World from thread 2

Hello World from thread 7

Hello World from thread 5 l
8
Hello World from thread 3
omptest@ssd2:~$ [

Puc. 2. BeiBog nporpamMmsl U3 pumMepa 1, moxydeHHbIH
Ha 8-S7IepHOM MPOIIeCcCOpe

Ilpumep 4. YnopsanodeHue BBIBOJA MOTOKOB C MOMOIIbIO JTUPEKTUBDI
barrier

#include <omp.h>
#include <iostream>

using namespace std;

int main() {
int num_threads = 8;
omp_set_num_threads(num_threads);
/I Onpektuea OpenMP: 00bsiBNeHne napannenbHon obnacTtu
#pragma omp parallel

int size = omp_get _num_threads();
intid = omp_get_thread_num();
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for(inti = 0;i < size; i++) {
if(i == id) {
cout << "Number of threads =" << size << end|;
cout << "Hello World from thread " << id << end|;
cout.flush();

}

#pragma omp barrier

}

return O;

}

Kputnueckne cekuum 3agaroTes AUPEeKTUBO critical:

#pragma omp critical [<name>] new-line
<structured-block>

B 1106011 MOMEHT BpEMEHU TOJBKO OJMH MOTOK MOKET BBIMOIHITH KO
ncnoHsAeMol MHCTpyKuuu (<structured-block>), ciemyrommuii 3a JUpEKTH-
BO# critical ¢ ogMHaKOBBIM MACHTH(HUKATOPOM <name> B KadyecTBE Mapa-
meTpa. Cuuraercs, 4TO BCe YHNOMMHAHHUs critical, s KOTOPBIX HE 3aJaHO
SIBHO 3HAUCHWE MapaMeTpa <name>, UMEIOT OJIHO M TO K€ 3HAYCHHUE HTOTO
rnapaMmeTpa.

Bosee nerkoBecHoM anbTepHATUBOM JUpEKTUBE critical siBisieTcs AUpeK-
THBa atomic

#pragma omp atomic new-line
<expression-stmt>

MO3BOJISAIONIAs BHIIOJHUTH BBIPAXKEHUE <expression-stmt> aToMapHO OTHOCH-
TENBHO JPYTHX MOTOKOB. B KauecTBe BrIpakeHHSI Yallle BCETO UCTIOIB3YIOT:

o MpeUKCHBINA WM TOCTUKCHBI HHKPEMEHT (Harpumep, X++, --X);

® IIPOCTOE MPHUCBaWBaHUE BBIPAKEHUS (HAIpUMeEp, X = X +5);

® COCTaBHOE IpHUCBaMBaHUE (X += <Bblpa)XeHWe CKanspHoro Tuna>).

Criertudukarus OpenMP npexycmaTpuBaeT TakKe ONIMHA Y AUPEKTUBBI
atomic, npyrue ¢GopMbl 3TOH AUPEKTUBBI, U IPyrold HaOOp BUIOB BEIpaxe-
HUH, K KOTOPBIM OHA MOXeET OBITh IPUMEHEHA, HO €€ CyTh HE MEHIETCS: OHa
BBIHYKJIA€T IIOTOKU BBIIOJHATH BBIpAXKEHUE <expression-stmt> B pexume
B3aMIMHOTO HCKITFOUEHWISL.

K mupextuBam cuaxpoHm3anuu oTHocsATcs Takke flush (paccmorpeHa B
pasnene «Moaenb namsaT») u depend (omucana B pasjenie o 3a7avax).
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Kpome mmpextus, mis cunxponusanuu B OpenMP moryrt ucmosnszo-
BaTbcsl OmOMMoTewHple QYyHKIUHU s paboTsl ¢ 3amkamu (anri. lock). ITo
CYTH, 3TO 0a30BbIi HU3KOYPOBHEBBI MPUMUTHB CHHXPOHM3ALUH, HA OCHO-
B€ KOTOPOTo paboTaroT 60iee BHICOKOYPOBHEBBIE MEXAaHU3MbI CHHXPOHHU3A-
uuu OpenMP.

3amku OpenMP MOTYT IPUHUMATH OJTHO U3 COCTOSIHUM: «HE HHHUITHAIN-
3UpPOBaH», KOTKPBITY», «3aKpbIT». ECM 3aMOK HaXOAUTCA B COCTOSHUM «OT-
KPBIT», II000H MOTOK MOKET EPEBECTH €T0 B COCTOSIHUE «3aKphIT». 110TOK,
YCTAaHOBUBIIHMH 3TO COCTOSIHUE, MOJIy4aeT 3aMOK BO BiaaeHHUE. TOJBKO IO-
TOK, BJIQJCIOIINI 3aMKOM, MOXKET TIEPEBECTH €TI0 B COCTOSIHUE «OTKPBIT.

3amkn OpenMP OBIBalOT NMPOCTHIMH M JOMYCKAIOIMMH TTOBTOPHYIO
OokupoBKy. IlpocTeie 3amkum mpencTaBistorTcs TurmoM omp_lock_t. s
paboThl ¢ HUMHU MCIOJB3YIOTCS CAeAyore GyHKINH:
void omp_init_lock(omp_lock_t *lock);
void omp_destroy_lock(omp_lock_t *lock);
void omp_set_lock(omp_lock_t *lock);
void omp_unset_lock(omp_lock_t *lock);

@yukuus omp_init_lock() mo3BosisieT HTHUIUAIU3UPOBATh 3aMOK U Tepe-
BECTH €r0 B COCTOSIHUE «OTKPBITY. [l 3axBaTa/OCBOOOKICHUS 3aMKa HUC-
mone3ytoTest pyHknuu omp_set_lock() m omp_unset_lock() cooTBeTcTBeH-
Ho. Korma 3amok Oosibllie HE HYXEH, €r0 HYXXHO YJAJIUTh C MOMOIIBIO
dbyuxaum omp_destroy_lock().

Nudopmanuio o 3aMKax ¢ MOBTOPHOH OJIOKUPOBKOH MOKHO HalTH B
criertuukarm [7].



2. KOHCTPYKIIUUA PACIIPEJAEJIEHUSA PABOTbI

B pazmene «OObsiBICHHE mMapajuleNnbHOW 0oO0NacTH» OBIIO TOKa3aHO
(cM. mpumep 2), 9TO TIOTOKH BHYTPH MapauIeIbHON 00JacTH MOTYT OIpe-
JeTsITh CBOIO 4acTh B 0o0mIel paboTe HAa OCHOBE CBOMX HAECHTH()UKATOPOB
(romepa moToka). CrienuduKanus npeaycMaTpuBaeT psii TUPEKTHB, KOTO-
phI€ MOTYT TMPUMEHSATHCS B MapajUICIbHBIX 00JACTAX JJIS TOTO, YTOOBI aB-
TOMAaTH3UPOBATh PEIICHHUE 3aJa4ll O paCTpe/eieHus] paboThl MEXIy MOTO-
KaMH B HEKOTOPBIX TUIIMYHBIX CUTYyaIlHsX.

IMAPAJUIEJIBHBIE IHHTUKJIBI

Jns aBTOMAaTM3alMK PAcHpeAeCHUs] UTEpaluil LUKIa crnennuKays
OpenMP npexycmarpuBaeT TupeKkTuBy for:

#pragma omp for [ <clause> [ [,] <clause>1] ... ] new-line
<for-loops>

3nece <for-loops> — ene300 yuxioé — COBOKYIHOCTH ITUKIIOB, T BTOPOM
BIIOXKEH B MEPBBIN, TpeTH BO BTOpod W Tak mainee. [Ipeamonaraercs, 4to
MEX]Ty 3ar0JIOBKaMH IIMKJIOB HET APYTUX HHCTPYKIIUH.

JupexTuBa MpUMEHAETCS BHYTpHU MapajuiedbHON obiactu. B mpocreit-
ieM ciiydae JCeHCTBUE JUPEKTHBBI PACIIPOCTPAHSETCS Ha CaMbIil BHEIIHUH
UK ¥ YKa3bIBa€T KOMIWISITOPY, YTO UTEPAINH ITUKIIA HE 3aBHUCSIT APYT OT
Jpyra ¥ MOTYT OBITh BEINIOJIHEHBI MapaiiesibHO. MTepanuu 1ukia pacmupe-
JENSIOTCS MEXAY MapauIeIbHBIMI TOTOKAMH, COCTABIISIONUMH KOMAaHIY
IMOTOKOB 00BEMJTIONICH MapalIeIbHON 00JIaCTH.

Crerudukarus OpenMP BBOIUT MOHATHE KAHOHUYECKOU (DOPMbL YUKAA
(amrm. canonical loop form) [7, ¢. 53] — TONBKO IHUKIIBI B TaKOH (hopMe MO-
ryT ObITh cpenu <for-loops>. @opmanbHOE OnMcaHue KAHOHUYECKOH (HOpMBI
3[1eCh HE MPHUBOJUTCA IO MPUYKHE OONBIIOr0 00beMa, OTHAKO CMEICIT Tpe-
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0OoBaHUI TPOCT: HAKJIAABIBAIOTCS OTPAHWYCHUS HA TTApaMETPhI IIUKJIOB THIIA
for, koTopbie 00ecIIeYnBalOT BO3MOKHOCTE JTM00 B X0 KOMITHIISIIIIH, JIHOO
B XO/JI€ BBINOJIHEHUSI IPOTPaMMBbl A0 Hayaja LUKJIA BEIYUCIUTH KOJIUYECTBO
ero ureparuii. TakuM oOpa3om, HapuUMeEp, CICTYIOIINA 3ar0JIOBOK ITUKIIA
OyzeT mpHeMIIeMBbIM:

for(inti = 0; i < 100; i += 2)

a B cneaytromem nukie, rae f(), g(), h() — HekoTopsie (HyHKIMH, HEBO3MOXKHO
B 00IIIeM CiTydae BEIYUCIUTEL KOJIMYECTBO UTEPAIiii 3apaHee

for(int i = f(); g(i); i = h(i))

MOATOMY TaKOH IIUKJI HEJIb3s1 paclapaieInTh C IOMOIIbIO aBTOMAaTHUYECKUX
nHcTpyMeHToB OpenMP. KpomMe Toro, uHaekcHas nepeMeHHasi He AOKHA
M3MEHSTRCS B ITUKJIC HHAYE KaK HA OCHOBE BBIPAKEHUS B TPETHEM ITapaMeT-
pe 3arojoBka 1ukJia for.

B nepBoii yactu mpumMepa 5 moka3zaHo, Kak MOXET OBITh COKpAIlIeH KO
npuMepa 2 ¢ nomomplo Aupektussl for. OHa mpUMEHsETCs TOraa, KOrna B
apauieTbHOW 00JaCTH KpOoMe paclapauIeIMBAeMOTO IUKIIA JOKEH OBITH
eme npyroi kon. Ecmu TpeOyeTcs pacmapalieNuTb TOJBKO OJWH IIHKII,
MOKHO HCIIOJIB30BaTh elie 0ojiee KOPOTKYIO 3alHCh, 00BEINHUB IHPEKTH-
BhI parallel u for B ogHOI cTpoke

#pragma omp parallel for [ <clause> [ [,] <clause>] ... ] new-line
<for-loops>

Kak IMOKa3aHo BO BTOPOM 4acTu mpumepa S.

Ilpumep 5. cionb3oBaHue JUPEKTHB pacnapajieIMBaHus LIUKIOB

#include <omp.h>
#include <iostream>

using namespace std;
int main() {
int sum = 0;
const int a_size = 100;
int a[a_size];
for(int i = 9; i<100; i++)

al[i] = i;
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// Yactb 1
#tpragma omp parallel reduction(+:sum)

{
int id = omp_get thread_num();
#pragma omp for
for(int i = @; 1 < a_size; i++)
sum += a[i];
cout << "Thread " << id << ", partial sum = " << sum
<< endl;
}
cout << "#0 Final sum = " << sum << endl;
// YacTtb 2
sum = 9;

#pragma omp parallel for reduction (+:sum)
for(int i = 0@; i<a_size; i++)

sum += a[i];
cout << "#1 Final sum = " << sum << endl;

//

return 0;

Yaie Bcero u3 oMU AUPEKTUBHI fOr UCIIONB3YIOTCS paHee OMUCaHHBIE
onuuu private, firstprivate, reduction, a taxxe onuusa schedule, koTopas
orpeieNsieT, KakuM 00pa3oM OYyIyT paclpeleieHbl UTepalliy IUKIIa MEXKTY
moTokaMu (MopoOHeH cM. crenyromuil pa3aen). Kpome toro, nHorma Tpe-
Oyercs OOHOBHTH 3HAUCHHE OPUTHHAIBLHON NEPEeMEHHON Ha OCHOBE 3HAYE-
HUSl YaCTHOH INMEpPEeMEHHOW, MPUOOPETEHHOr0 Ha TMOCJeIHEH UTepaluu ma-
paenbHOro nukia. [t 3Toro uCoIb3yeTcs OIIus

lastprivate(<list>)

3nech <list> — crIMCOK IepeMEeHHbIX, ONPEENICHHBIX B 00beMIIromeil o0ma-
CTH, KOTOPbIE TOJDKHBI BHYTPH KOHCTPYKIIMH pacupeesieHus: padoThl CTaTh
YaCTHBIMM UIsS TIOTOKOB, IIPX 3TOM HA BBIXOJE U3 3TONH KOHCTPYKLIHMH OpH-
THHAJIBHBIC TIEPEMEHHBIE TONYYal0T 3HAYCHHs YaCTHBIX NEPEMEHHBIX, KO-
TOpbIe OBUIM MOTyYEHBI IIPU BHIMIOJIHEHUH TOCIEIHEN UTepaly IUKIIA.

B koHUEe AMpeKTUBHI for Mo yMONMYaHUIO NPUCYTCTBYET HESIBHBIH Oapb-
ep. UToObl OTMEHHTH €T0 U MO3BOJIUTH IOTOKAM, 3aKOHUYMBIINM CBOIO YacTh
paOoThI BEINTH U3 KOHCTPYKILUH, MOXKET HCIIOJIb30BATHCS OMLIUS

nowait
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[Ipu rcoIR30BaHUN ITON OINIMH HAMO CJIEIUTH, YTOOBI HECOTIIACOBAH-
Has JeSATEIHHOCTh MMOTOKOB HE MTPUBEJa K TOHKAM JAHHBIX WM JIEUIOKY [5].

Ba.nchnpOBKa BBIYHCJINTENbLHOM Harpy3Kum MeEK1y NoTOKaMu

Jiis 6amaHCHPOBKH BBIYHCIUTENFHOW HArpy3KHd MEXAY MOTOKaMH HC-
none3yetcst onius schedule, kotopyro crierudukanus OpenMP onpenens-
€T CIICTYIOITNM 00pa3oM:

schedule([ <modifier> [, <modifier>]:]<kind>[, <chunk_size>])

3meck <kind> — ompenenseT MOJIUTHKY IJIaHUPOBaHHUA, <chunk_size> —
«EMKOCTBY» EAWHHIIBI HArpy3kd (JMODKHO OBITh MHBApPHAHTHBEIM OTHOCH-
TEJBHO IUKJIA, C MOJIOKUTEIILHBIM IIEJIOYUCIICHHBIM 3HAYCHHEM), HeoO0s3a-
TeIpHBIH MomudukaTop <modifier> Bimuser Ha cmocod pacnpeaeIeHus
Harpy3Kku, HO €r0 pacCCMOTPEHHUE BBIXOJUT 32 PAMKH ITOCOOHSI.

HekoTopble 3HaYeHHS MONUTUKU TJIAHUPOBAHUS MPUBEACHBI B TaOI. 2.
Ecau ncnonb3yercs kiroueBoe clioBo static, To urepauuu LMKIA pacnpene-
JSIOTCA MEXIY IMOTOKAMH KOMaHIBI ITUKINYEeCKH Onokamu 1o <chunk_
size> mTyk (mocnemHWit OIOK MOXeT OBITh MEHbBIIEro pasmepa). Ecim
<chunk_size> He ykazaH, TO UTeparui pa3OWBarOTCS Ha PaBHBIC IO pa3Me-
py mocnenoBaTenbHbIe OJMOKH (TOCIETHUI OJIOK MOXKET OBITh MEHBIIETrO
pasMepa) ¥ KaxIbIi OTOK ITOTydaeT He 0oJiee 0THOTO OJIOKA.

Tabnuma 2

Tunbl NOJIUTHKH IVIAHUPOBAHHUSA

Tun Onwucanue

static Wtepanun pa3narorcst HIOTOKaM 3apaHee HeIPEPHIBHBIMU GHOKaMI/I
OJIMHAKOBOTO pa3Mepa IUKINIecKHM 00pa3oM (round-robin)

dynamic [ToTrokn momy4aroT OJIOKM HWTEpalyii OAWHAKOBOTO pa3Mepa IIo
Mepe BbINOITHEHUS
IToTokn nUHAMHYECKH MOTYdYaroT OJIOKM WTEpanuii 0 Mepe BbI-

guided MIOJTHEHHUS, TIPH 3TOM pa3Mep 0JIOKa ¢ KayKAbIM Pa3oM YMEHbIIaeT-
Cs1 ¥ TIPONOPLHOHAJIEH OCTaBIIEMYCS KOJIMYECTBY MTEpaIui, Jie-
JICHHOMY Ha KOJIMYECTBO MOTOKOB

[Momutuxku mnanupoBanust dynamic u guided TpeOyeTcs UCMONB30BATH
TOTJ1a, KOTJa BpeMs BBIIOJIHEHUS UT€paluil LIUKJIA MOKET OTau4atbes. Mc-
MOJIb30BaHUE ITUX TMOJHUTHK OOEcTeYrBaeT JMHAMHUYECKYI0 0alaHCHpPOBKY
3arpy3KHy MpOLIECCOPHBIX SAEP.
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Ecmu BeiOpana monmutuka dynamic, TO KaXJaoMy IOTOKY Ha3HAYaeTCs
650k n3 <chunk_size> utepanuii, 1 TOTOKH OepyT cieayromuiie OJOKH IO
Mepe BBINOJIHEHUS YK€ HazHadeHHbIX. Ecinu <chunk_size> nHe ykasan, ToO
CUMTAETCS, YTO OH paBeH eAnHHUIe. Bo BpeMst AMHaMUYECKOTO pacrpeaee-
HUSA HE CYIIECTBYET MPEACKa3yeMOro NopsiaKka Ha3HauYeHUsI UTepaLui HUKIa
IIOTOKaM.

B ciydae monmutikm guided moToku Takke OepyT mrepanuii Oiokamwy,
OJTHAKO pa3Mep OJIOKOB TUHAMHYECKH MEHSETCS 10 Mepe WX BBHIYMCIICHHS.
Ecnu <chunk_size> paBen 1, To pa3mep 0510Ka, BRIJaBAEMOI0O IMOTOKY, ITPO-
MOPLMOHATEH KOJIMYECTBY OCTABLIMXCS UTEpalUi, pa3eleHHbIX Ha KOJU-
4ecTBO MOTOKOB. Eciu <chunk_size> Gounbmie 1, To mpaBmiio To e, HO pas-
Mep TOPIUMU HEe MOXET ObITh MeHbIe <chunk_size> mms Bcex MOPIHA,
KpOMe IIOCIIEJHEN.

ITpuMeps! KOHCTPYKLUM ONPEAEICHUS OJUTUK INIAHUPOBAHMSL:

e #pragma omp parallel for schedule(static, 4)

e #pragma omp parallel for schedule(dynamic, 2)

e #pragma omp parallel for schedule(dynamic)

ITAPAJVIEJIBHBIE CEKIIUHN

Korna BbluucneHus, KOTOpbIE MOTYT OBITH BBIIONHEHBI ITapajuIeIbHO,
€CTECTBEHHBIM 00pa30M HE MOTYT OBITh NPE/ICTABICHBI KaK UTEpPAIH KA,
U1t oOpMIICHHSI TaKMX YYacTKOB B BUJE MApaJUICNbHBIX 3a/lad MOTYT HC-
TIOJIK30BATRCS napaiienvhsie cekyuu (aHri. parallel sections), paccMoTpeH-
HBIE HIDKE, JTN0O SIBHBIE 3a0ayu (aHTIL. tasks), paccMOTpeHHBIE B pa3jede 3.

KoHncTpykius mapaniensHbIX CEKIIMA COCTOUT U3 00PaMIISIONIET0 00b-
SIBIICHUSI 00JIACTH CEKLHUI C MOMOIIBIO AUPEKTUBHI Sections M CIHcKa Cek-
LWH BHYTPH 3TOH 00JIaCTH C ITOMOIIBIO TUPEKTHUBHI Section:

#pragma omp sections [clause[ [,] clause€] ... ] new-line

[#pragma omp section new-line]
<structured-block>

[#pragma omp section new-line
<structured-block>]
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KoucTpykius ymoTtpeOnseTcs BHyTpU NapauienbHbIX oOnacteit. Cek-
oUU pacrpeacidroTCsa MEXAY IMOTOKaMH KOMAaH/bI, BBIHOJ'IHiIIOIlICfI Tapai-
nenbHy o0macthb. [1opsIoK BEITIONHEHUS CEKIUH MOTOKaMHU He crienudu-
nupoBaH. Ecnmu miig moToka B KaKOW-TO MOMEHT HE OCTAeTCs CBOOOIHOM
CEeKIIUH, TO OH MPOCTANBACT B OKUJAHUH HA HESIBHOM Oapbepe B KOHIIE 00-
JIACTU CEKIIUH, TIOKa NPYTHe TIOTOKH 3aBEPINAOT BHITIONHEHUE ceKiuid. OT-
MEHUTh 0aphep MOXKHO C TIOMOIIBI0 oniuK nowait. C KOHCTpYKIMEH Takxke
MOTYT ymoTpeOyaThest ommmu private, firstprivate, lastprivate, reduction
(cM. omwmcanue ommuuii B pasnenax «OObsABICHHE MapaUIeIbHONH 001acTH,
«ITapamnensHbie UKITE). CMbict onruu lastprivate(<list>) mpu ucmonb30-
BaHUU C TApaJUIENbHBIMH CEKIUSIMU B TOM, YTO OPUTHMHAIBHEIE MEpPEeMEH-
HbIe, YbM WMEHa yKa3aHbl B CHUCKe list, mprHoOpeTaloT 3HAYEHHUS] YaCTHBIX
MIEPEMEHHBIX, IOJIYYeHHBIC B TIOCIIEIHEHN 110 CIMCKY MapaslIeIbHON CeKIIHH.

B npumepe 6 mokazana opranuzanus nporpaMmsl [8, paszmen 1.10] ¢ ma-
PAIENEHBIMHA CEKIUSMU, IIPUYEM MPUBEACHA CUHTAKCHUYECKHU MPaBUIIbHAS,
HO (D)YHKIIMOHAIBHO HEKOPPEKTHAs IporpamMma: ee MMoBeJIeHHE HE IEeTePMHU-
HUPOBaHO. B Kak10M U3 CeKIUit MOXKET OBITh BBIBEICHO KaK YHCIIO «OIAHHY,
TaK U «JIBa», IMOCKOJIbKY CEKIIUHU MOTYT 6BITB BBIIIOJTHCHBI JII/I6O ABYMA I10-
TOKaMH, JH00 OJHUM B KaKOM-JIMOO TIOPSJIKE.

Tlpumep 6. HeneTepMUHUPOBAHHOE TTOBEICHUE B MAPAIUICTBHBIX CEKIMAX

#include <omp.h>
#include <stdio.h>
#include <iostream>

#define NT 4
using namespace std;

int main( )

{

int section_count = 0;
omp_set_num_threads(NT);

#pragma omp parallel
#pragma omp sections firstprivate(section_count)

#pragma omp section

section_count++;
/I MoxeT ObITb Hane4yaTaHo 1 unn 2
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cout << "section_count " << section_count << end|;

}

#pragma omp section

section_count++;
/l MoxeT 6bITb HaneyaTaHo 1 nnm 2
cout << "section_count " << section_count << endl;

}
}

return O;

}
BBINIOJIHEHUE PABOTHI OJJHUM ITIOTOKOM

Jl1is BBITIOJTHEHUSI CTPYKTYPHOTO OJOKa OJHUM MOTOKOM HCIIONIE3YETCS
mupektuBa single. OcTambHBIE MTOTOKH TMONAJAI0T HA HESBHBIM Oapbep H
JKIYT 3aBEPIICHUS BBHITIOJHEHHS CTPYKTypHOTo Oinoka. Beibop moroka, BbI-
TIOJTHSIFOIIIETO CTPYKTYPHBIH OJIOK, onpezensercs peanmm3arueit OpenMP.
#pragma omp single new-line
<structured block>

JupextuBa master crenuuIupyer, 4To CTPYKTYPHBIH OJIOK JOJDKEH
OBITh WCIIOJIHEH TOJBKO MAaCTEP-TIOTOKOM KOMAaHJBI TIOTOKOB, BBHITIOHSIO-
e mapasuenpHyo oonacts. B oTnumume ot aupexTHBH Single, sTa KoH-
CTPYKIIMS HE MPeIyCMaTpPUBAET Ha BBIXOJIE HESIBHOTO Oaphepa.

#pragma omp master new-line
<structured-block>



3. HAPAJUIEJIBHBIE 3AJAYA

SABHOE OBBbSABJIEHUE 3AIAY

B mpumepe 5 mokaszaHo, Kak 3a/aBaTh aBTOMAaTUUYECKOE pacIpeaesieHne
uTepaluil MUKIOB MEeXIy moTokaMu. CyIIecTBYeT MIMPOKUMA KJIacC MPHIIO-
JKEHUH, OCHOBHBIE BBIYMCIICHHS B KOTOPBIX PEAIM3YIOTCS B LIMKJIAX C HE3a-
BUCUMBIMH UTepaunusiMu. Kpome Toro, B mpumepe 2 ObUIO MOKa3aHO, YTO
OpenMP o0nanaeT yHHBEpPCAILHOCTBIO: MOYHO 3alpOTrpaMMHpPOBATh IPO-
M3BOJILHOE TTOBEJCHUE KAKIIOTO IMOTOKA B MapalIeIbHON 00JIacTH B 3aBH-
CUMOCTH OT €ro HoOMepa, KOTOpbIi Bo3Bpamaet GyHkius omp_get thread_
num(). B aToMm paznene paccmarpuatotcs cpenctea OpenMP i onucanus
MHOJKCCTBA 3a/la4, KOTOPLIC B XO/JI€ BBIMIOJIHCHUA IPOTrpaMMbl aBTOMAaTHYC-
CKU paclpeAeaioTcsl MeXIy NOTOKAMU: CO3JaeTcsl ouepeb 3a1ay, U MOTo-
KM TI0 Mepe BBITTOJIHCHHS OJHUX 3aja4 OepyT m3 Hee ciemyromue. B xome
BBIITOJIHCHUA 3ala4d MOT'YT CO31aBaThbCsA (I/I I[O63B.]'I}ITI)CSI B O‘ICpeI[I)) HOBBIC
3amayn. CylIecTBYET KJIAcC MPUIOKEHUH, U1 KOTOPhIX €CTECTBEHHO Mpe-
CTaBJICHHUE MapalyICJIbHBIX BhIUMCIIEHNHT B TakoMm cruiae. On IMOJIYy4YHJI
Ha3BaHUC napajieiusm 3a0ay.

JupexTrBa MOPOXKIEHUS SIBHOW 3aJadd OMpEJeNieHa B CIEU(pUKAITTN
OpenMP cneayromum 06pazom:

#pragma omp task [ <clause> [ [,] <clause>] ... ] new-line
<structured-block>

[ns oxugaHus 3aBeplieHUs JOYEPHUX 3a/1ad MOKHO UCIIOJIb30BaTh JU-
pektuBy taskwait:

#pragma omp taskwait new-line

B mpumepe 7 mokazaHo nmpuMeHEHUE 3a7ad sl MapauiebHOTO CyM-
MHPOBaHUS 3JIEMEHTOB MAaCcCHBAa PEKYPCHUBHBIM aJITOPHUTMOM: MAcCHUB pas-
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OuBaeTCs HA JIBE YaCTH, JJIS KOKJIOU M3 KOTOPHIX BBI3BIBACTCS Ta XKe MpPO-
ueaypa.

Ipumep 7. CymMmMHpOBaHHE 3JIEMEHTOB MaccHBa C TIOMOIIBIO 33124

#include <omp.h>
#include <iostream>

using namespace std;

double sum(double* a, int count)

{
if(count == 0)
return O;
if(count == 1)
return a[0];
I

double res = 0;
double s1 =0, s2 =0;
int d = count/2;
/I TlopoxxpatoTcst 3agayun, KOTopble pacnpenensaTcs
/I mexxgy noTokamm
#pragma omp task shared(s1)
s1 =sum(a, d);
#pragma omp task shared(s2)
s2 = sum(a + d, count - d);
#pragma omp taskwait
I
res +=s1 + s2;
I
return res;

}

int main() {
constint a_size = 1000;
double* a = new double[a_size];
/[l IHnumanmnsaumsa maccmsa
#pragma omp parallel for
for(inti = 0; i<a_size; i++)
afi] = i;
double res = 0;
#pragma omp parallel
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/[l OQnH 13 NOTOKOB KOMaHAbl MOPOXAAET 3agavy
#pragma omp single nowait
res = sum(a, a_size);
cout << "Res =" << res << end|;
I
delete[] a;
1
return O;

B ¢yskumm main() oO0bpsiBeHa nmapamiensHas obmacte. B xome ncmon-
HEHUS MPOrPaMMbI C 3TOM 00J1aCThIO CBA3BIBACTCS HEKOTOPas KOMaHa Io-
TokoB. CormacHo TepmuHojioruu crnenrdukanuu OpenMP cumraercs, 9To
MOTOK, BBIMOJIHSIONUN KOJI U3 MapajUIeIbHOM 00JIaCTH, BBIMOJHSICT Hess-
Hy1o 3a0ayy (aHri. implicit task).

OnvH U3 TOTOKOB BHITIONHAET CTPYKTYPHBIH OJIOK, CBA3aHHBIN C TUPEK-
THBOH single. Omiusa nowait 3Toit TUPEKTUBEI OTMEHSET HEeSIBHBIA Oapbep B
KOHIIE COOTBETCTBYIOIIEIO CTPYKTYPHOTO OJIOKA, M BCE OCTAJIbHBIC TTOTOKH
Y3 KOMaH/bl TTOTOKOB TOMAJAl0T Ha HESBHBINM Oapbep B KOHIIC Mapalieiib-
HO¥ o0nacTu.

Hupextussl task B pyHKIME sum() ompeneistoT (MOPOKIAIOT) sA6HbIE
(amrm. explicit) 3agadu, KOTOPBIE MOTYT OBITH HEMEUICHHO MCIIOJIHEHHI T10-
TOKOM, BCTPETHBIIHM 3Ty AHUPEKTHBY, JHOO K€ IOMEIICHBI B OuYepeh U
OBITh HCITOJIHEHHBIMU JIFOOBIM JPYTUM TIOTOKOM U3 KOMaH]Ibl TIOTOKOB.

JupextuBa taskwait 3acTaBiser BCTPETHBIIUI €€ MOTOK OXHIATh 3a-
BepIIeHUs movYepHUX 3amad (anri. child task), mMOpoXKIeHHBIX B XOJ€ BHI-
MOJIHEHUSI TEKYILIEeH ABHOU MM HesiBHOM 3anaun. [ToTok mopoxnaer 3anayu,
OCTaHABJIMBACTCS HA OKHMJAHUH, IPYTHe TMOTOKU BBHIOMPAIOT 3aJaud U3 OYe-
peau, AENaroT TO XK€ CaMoe, M B KOHIIE KOHIIOB BCE IMOTOKH KOMaHJbI OKa-
3BIBAIOTCS B COCTOSTHUM OXHUIaHus Ha taskwait mpu Tom, 4To odepenp 3amad
He mycra. Jleaymoka He MPOUCXOIUT, MOCKOIBbKY crenudukanus OpenMP
MIpelyCMaTpUBAET TaK Ha3bIBaeMble mouku nianuposarus (anri. scheduling
point), B KOTOPHIX TIOTOK MOKET MPUOCTAHOBUTH BBITIOJHEHHE TEKYIIECH 3a-
Jlauy ¥ MEPEKIIIOYUTHCS Ha BBIMIOJIHEHUE JPYroi 3amaun. B yactHoCTH, Tie-
PEKITIOYATHECS MOTYT TIOTOKH, HAXOSIIUECS B OXKUIAHUH, CBI3aHHOM C JIH-
pexTuBoii taskwait, Ha SBHBIX U HEABHBIX Oaphepax, a TaKke KOTJa B XOJIe
BBITIOJTHEHHS BCTpeUaeTcs qUpeKTrBa task.
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Cnenyer oOpaTHTh BHUMaHHE Ha TO, YTO B MpuMepe 7 mepeMeHHast S1
0OBSIBIICHA BHYTPH TNapalielbHOH 06MacTH', T.e. OTHOCHTCA K KiIaccy
YaCTHBIX MEPEMEHHBIX (cM. pazaen «Mojenb namsatuny). [loatomy B qupex-
tuBe task mcmomn3yercs omus shared(s1) I TOTo, YTOOBI MMOTOK, KOTO-
pBIii OyneT BHIMOMHATH 3afady s1 = sum(a, d), oOpamancst He K cBOeH Ko-
NUU TEPEMEHHOM, a K S1 TMOTOKa, MOpoJuBIIEro 3amady. To ke camoe
paccyXleHue MpUMEHsSIeTCs K mepeMeHHOoM s2. JlokanpHasi mepemMeHHas,
yKa3aHHas B CIHCKE onmuu shared, MOKeT OBITh YK€ YHHUTOXKEHA K TOMY
MOMEHTY, Korja 3agada (hakThdecku OyaeT BHIMONHATHCA. He mormyckaTh
MOOOHBIX OIIMOOK SBJISETCS OOS3aHHOCTHIO Mporpammucrta [7, crp. 191].
B mpumepe 7 ommOKu HE CITyYUTCs, TOCKOIBKY TMPOUCXOIUT OKHAJAHHE 3a-
BEpIICHUS 3374 B 00JIaCTH BUJUMOCTH IEPEMEHHBIX S1 U S2.

Cpenu onuuii IUpeKTHBHI task Hanboee 9acTo ymoTpeoIsTtoTCs:

e shared(<list>) — 0OBABIAET CIUCOK MEPEMEHHBIX MOTOKA, MOPOXKIa-
FOILIETO 3a/1a4y, TOCTYIIHBIX B IOTOKE, BHIIONHSIOIIEM IaHHYIO 33/1a4y;

e untied — ykas3pIBaeT, 4TO, €CIM BBIIIOJIHEHHE 3agadu ObLIO MpHOCTa-
HOBJIICHO TIOTOKOM B HEKOTOPOH TOYKE IUIAHUPOBAHUSA, TO TPOJIOJIKUTH
BBITIOJTHEHUE ITOH 3aJa4d MOXKET 000 Ipyrodl MOTOK (IT0 YMOJIYAHHUIO
BBINIOJIHEHME 3a/1a4M BCEraa MpOJOJDKAECT MOTOK, KOTOPBIM HAayal €€ HUCIOJI-
HEHUE);

e priority(<priority-value>) — mo3BoJsIeT 3a4aTh IPUOPUTET JIJIS 3aa4H B
BHIIC IIeNOTO Yucia priority-value: peamm3aruu OpenMP nomkHBI cTpe-
MHUTBCSI UCHOJHATh 337a4d C y4E€TOM INPUOPUTETA, OJHAKO T'apaHTUU CO-
OJIFO/ICHYSI TPUOPUTETOB CIICIU(UKAIUS HE TPEIOCTABIISCT;

e depend(<dependence-type>:<list>) — nepeuncnser cnucok <list> me-
PEMEHHBIX, OTHOCHUTEIHHO KOTOPBIX JaHHAs 3ajada MMEET 3aBUCHMOCTH
pasnau4yHOro Tuna <dependence-type> ¢ IpyrMMH 3aJa4aMu, IOPOXKIECHHBI-
MU B TOH XK€ MapajuieqbHONW 00JacTH; JUIsl OJHOW TUPEKTUBHI task MOKHO
yKa3aTh HECKOJIbKO omiuil depend.

' Mimeercs B By mapaiuienbHas o61acTh B GyHKIEE main. Tak Kak QyHKIus
SUM BBI3BIBACTCSl M3 3TOH MapajulebHOW OONACTH, TO JIOKANBHBIC MEepeMeHHbIC,
0OBsBICHHBIC B (YHKIUH Sum, OyAyT JISKATh B YaCTHOH NaMATH TIOTOKa, KOTOPBIi
BBI3BaN (DYHKLIHIO.
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Hcnonw3oBanue onmuu depend mo3BOJSET HATIOKUTH OrpaHUYEHUE (Ya-
CTUYHBIN TOPSIIOK) HAa WCTIOJHEHUE 3a/1ad. B kadecTBe THIA 3aBUCUMOCTH
<dependence-type> MOHO yKa3aTh OJHO U3 TPEX KIHOUYEBBIX CJIOB:

e in — 3a7a4a HE MOXKET UCIIOJIHATHCS 10 TOrO, KaK 3aKOHYMINA HCIOJI-
HEHUE paHee OOBSBIICHHBIC 33J]a4d, Y KOTOPBIX MO KpalHEe#l mMepe oaHa w3
MIEPEMEHHBIX, YKA3aHHBIX B TaHHOM CHHCKe <list> Takxe yka3aHa B OILHU
depend ¢ TUIIOM 3aBUCUMOCTH out miu inout.

e out u inout — 3a1aya He MOXET UCHOJIHATHCA 0 TOT0, KaK 3aKOHUYMIIN
WCTIOJTHEHHUE paHee OO0BSIBICHHBIC 3a7]a4M, Y KOTOPBIX 110 KpalHel Mepe O1-
Ha U3 MEePEMEHHBIX, YKa3aHHBIX B JaHHOM crnucke <list> Takke yka3aHa B
onuuu depend, HO ¢ TUTIOM 3aBUCUMOCTH in, out Uiy inout.

TUIINUYHBIE OINUBKU NCITIOJIb30BAHUA 3ATAY

B mpumepe 8 mokazaHa pacmpocTpaHeHHas OUIMOKa, MPUBOIAINAS K
TOHKaM AaHHBIX [5]. Ommnbka BO3HUKAET U3-3a2 TOTO, YTO MOCIIe 00BSIBICHUS
3aJaud MPOUCXOJUT MOAU(UKALUS 3HAYCHUS TEPEMEHHOH, Ha KOTOPYIO
CChUIAETCA KOJ 3a/1a4H.

Ilpumep 8. OmmnbKka TUIIA «TOHKH JaHHBIX»

#include <omp.h>
#include <iostream>

using namespace std;
int main() {
int var = 123;
I
#pragma omp parallel
#pragma omp task
cout << "var =" << var << endl;
}
var = 321;
}
I

return O;

}
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[Iporpamma MOKeT BBIBOIUTH JuO0 var = 123, nubo var = 321 B 3aBU-
CUMOCTH OT TOTO, KaK ()aKTUYECKH BBITIOITHIETCS KOJI:

® eCiH 33ja4a BEIOIHAETCS OTACIBHBIM MTOTOKOM, JINOO TEM MOTOKOM,
KOTOPBIN MTOPOJTAI €€, HO Cpa3y e MOcIie TIOPOXKACHHUS, TO OYIeT BEIBEICHO
var = 123;

e eciu 3ajada OblIa MOMEIIEeHa B O4Yepe]b, U MOPOAMBIINI €€ MOTOK
BBITIOJIHUJI €€ TIOCIIe TOTO, KaK JIOIIEIN IO HESIBHOTO Oaphepa B KOHIIE mapal-
JenbHOM 00nacTH, To OyaeT BbIBeneHo: var = 321.

Takum ob6pazom, Jake €cii KOJIMYECTBO IIOTOKOB B KOMaHJe OyneT
paBHO 1, pe3ynbTar Bce paBHO OCTACTCS HEACTEPMUHHUPOBAHHBIM.

B mpumepe 9 mokaszana pacrpocTpaHeHHas OMIMOKa, KOTOpas MOMKET
MIPUBECTU K NeTOKY [5]. OmmOKka BO3HUKHET B TOM CIydae, €CIIU TP BbI-
TIOJTHEHUH TIPOTPAMMBI TIOTOK OTJIOXKHUT BBITIOTHEHHE 3amaqyum 1, 3aiiier B
KPUTUYECKYIO CEKIUIO, 3aT€M B MOMEHT JOCTIKEHHSI TUPEKTHUBBI, TTOPOXK-
Jaromeid 3agady 2, NEepeKIYUTCs Ha BbIMONHEHHE 3ajgauu 1. Curyanus
HHTEPECHA TeM, 4TO IIOTOK MOXKET 3a0JI0KHPOBATH CaM celst .

Ipumep 9. OmmOKa THITA «IEIITIOK

#include <omp.h>
#include <iostream>

using namespace std;

int main() {
#pragma omp parallel

/l 3apava 1
#pragma omp task

#pragma omp critical

cerr << "3apgava 1 Bowna B kKputnyeckyto cekumio” << endl;

}
}

1
HCO6XOI[I/IMO NIOMHUTB, YTO KPUTUYCCKHUE CCKIIUN 0e3 SIBHOTO UMEHU UMEIOT
OJMHAKOBOC HCSIBHOC MM?, a JIBa pasa BOUTH B KPUTHYCCKYIO CCKIIUIO C OAHUM U
TEM K€ HMCHEM HCJIb34.
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#pragma omp critical

cerr << "Kputudeckasn cekums" << endl;
/l 3apayva 2
#pragma omp task
cerr << "3apayva 2" << endl;
}

}

return O;



4. BEKTOPHBIE OIIEPAIINHN

BEKTOPU3ALIUA IUKJIOB

Kak w3BecTHO [6], CYIIECTBEHHYIO POJIb B OOeCleueHHH MPOU3BOJIH-
TEJILHOCTH COBPEMEHHBIX IIPOLIECCOPOB HIPAIOT BEKTOPHBIE OIEPALH.
[IpumeHeHne BEKTOPHBIX Omepaluii B MporpaMmax peanusyercss Judo 3a
CYET SBHOTO HCIIOJIb30BAaHUS acCeMOJIEPHBIX BEKTOPHBIX KOMaHJ (TIPSMO B
accembnepe wnmu B C/C++ B (opme cnenuanbHbIX (QYHKIUH — UHTPUHCHU-
KOB), 1100 Gyiarogapst KOMIOMISTOPaM, KOTOPbIe BO MHOTHX CUTYalUsIX YxKe
Hay4YWIACh pacmo3HaBaTh B koje C/C++ rpymmsl CKaNSIpHBIX ONeparui u
YMEIOT 3aMEHATh UX Ha BEKTOPHBIE OINEPaLUH.

OpnHako ocTaloTcsa CUTyaluH, B KOTOPHIX KOMIIMISTOPBI HE MOTYT BEK-
TOPHU30BaTh KOJ aBTOMaTH4YecKd. UToObI N30aBUTh MPOrPaMMHUCTa OT HEOO-
XOAMMOCTH TIEPEXOJUTh B TaKUX CiIydasx K accemOiepy, crenu(ukanus
OpenMP npenycMaTpuBaeT HECKOJBKO KOHCTPYKLHH, KOTOpPBIE MpPOrpaM-
MHUCT MOXET MCIOJb30BaTh I pa3MeTku koma C/C++, sBHO yKa3blBas
KOMITWJIATOPY Ha YYacTKH KOJa, KOTOPbIE MOTYT OBITh MOJABEPTHYTHI BEKTO-
pu3anuu.

JupextrBa simd coo0maeT KOMIOWISTOPY, YTO THE3A0 LHUKJIOB MOXKET
ObITh mIpeoOpazoBaHo B SIMD-mukm, moj KOTOPBIM TIOHHUMAeTcs ITHKI,
conepxkamuid Xxota 6s1 oguH SIMD-610K.

#pragma omp simd [ <clause> [ [,] <clause>] ... ] new-line
<for-loops>

3nece <for-loops> — THE370 IMUKIOB B KAHOHUYECKON (opme (cM. pasment
«[TapainensHbie nUKIB). SIMD-010k — 3T0 HabOp UTEpaIUii, KOTOpPHIC
BBIMIOJIHAIOTCS] MTApAJIENbHO 32 CYET UCIOJb30BAHMS BEKTOPHBIX HHCTPYK-
MM A1 peanu3alyy Olepaluii, U3 KOTOPBIX COCTOAT uTepanuu. Lukn
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BBITIOIHSETCA TeM MOTOKOM, KOTOPBIN BCTPETHII €TI0 B XOJI€ CBOETO BHITOII-
HeHUs. PaboTa Mex Iy MOTOKaMu He pacipeaensieTcs.

C aupexTuBO# Simd MCHOIB3YIOTCS OILIMH:

o safelen(<length>). Omus ykas3pIBaeT, 4TO MapauieIbHO MOTYT BBI-
MIOJHSITHCSI TOBKO MTEPAIUU, HAXOAAIIUECS APYT OT Apyra Ha PacCTOSHUU
He Oonee <length> urepanuii. Hanpumep, nporeccop mo3BoJsSET BBIION-
HATH OAHOBPEMEHHO 4 WTepalui, HO aTOPUTM MpPEIoaraeT, YTo Kaxaas
TPEThsl UTEPAlMs 3aBUCUT OT JABYX MPEAbIAYLIUX, TOTJIa OJHOBPEMEHHO
MOJKHO BBHITIOJTHATE HE Ooiee IByX WUTEpaIVid, U JOJDKHA OBITH HCIOIB30Ba-
Ha omius safelen(2).

e simdlen(<length>). Onius Mo3BOJSET PEKOMEHIOBATH KOMIIUJISITOPY
ncronb3oBaTh SIMD-6mokn pazmepom <length>, ogHako HE rapaHTHpYET,
YTO UMEHHO TaKOH pa3Mep OyeT MCII0JIb30BaH.

o aligned(<list>[ : <alignment>]). /a5 Toro, 4ToOBI BEKTOPHU3ANUS MOTIIA
OBITH BBINIOJHEHA Y(QQEKTUBHO, TAaHHBIE JOJDKHBI OBITh §bipoGHeHbl (aHTII.
aligned) [6]. Onmus aligned mo3BoJISIET YBEAOMHUTD KOMITHIISITOP, YTO TIEpe-
MeHHBIE U3 criicka <list> (B C++ 3To0 MOryT OBITh MacCHBBI, yKa3aTeId Ha
MaCCHBHI UM CCHUIKA Ha MAaCCHBBI) BBIPOBHEHHI 10 YHCITy OalWTOB, yKa3aH-
HOMY B mapamerpe <alignment>. Eciau 3ToT mapamerp He yKaszaH, Kaxkaas
peanmzanus cnenudukanua OpenMP MoxeT mosipazymeBarh CBOE 3HaYCHUE.

e collapse(<n>). Onmus yKa3bIBaeT, 4YTO MHPH BEKTOPH3AINH JJOJDKHO
paccMmatpuBaThcs OOBEIMHEHHOE MPOCTPAHCTBO HWTEpalWii BHEIIHUX <N>
LIMKJIOB THe31a HukioB <for-loops>. KomnuecTBo utepanuii BIOKEHHBIX
[IAKJIOB TIOJICYUTHIBACTCS O Hadayia BEITIOJHEHUS KOHCTPYKIIHH, TIOITOMY
KOJ, B KOTOPOM KOJIMYE€CTBO HTEPalii BHYTPEHHHUX LUKIOB JOJDKHO BBI-
YHUCIATHCS B XOJI€ BBINIOJTHEHUS, HE OyJeT paboTaTh KOPPEKTHO IOCIIE BEK-
Topu3anuu. ['pynnupoBanue urepanuii 00beIUHEHHOTO MPOCTPAHCTBA IS
BEKTOPHOTO BBIMOIHEHUS MPOUCXOAUT B TOM MOPSAKE, B KOTOPOM OBI Ipo-
HCXOAMIIO TIOCJIEIOBATEIFHOE BBITIOJHEHHE uTepannid. /i mosicHeHus cka-
3aHHOTO paccMmoTpuM npumep 10. Ecinm mporieccop noaaepkuBaeT BEKTOp-
HyI0 OINEpalyio, pealn3ylllyl0 OJHOBPEMEHHO 4 CIIOKEHHUs, TO B
npumepe 10 oqHOBpeMEeHHO OYAYT BBIMOJHEHBI 2 UTEPAIH BHEITHETO ITHK-
7a, B KaXJI0M M3 KOTOPBIX OYAYT BBHIMONHATHCSA 2 UTEpAId BHYTPEHHETO,
T.€. OJTHOBPEMEHHO OyIyT peajn30BaHbl, Hanpumep, urepanuu (i, j): (0, 0),
(0, 1), (1, 0), (1, 1). Ecniu onmst HEe yKa3aHa, TO MapajuIEIbHO BBITIOIHSIIOT-
Csl TOJIBKO UTEpAIlNi BHEITHETO IUKJIa, HApuUMep, OYAyT BBITOJHITHCS OJ-
HOBpeMeHHO Takue urepanni (i, j): (0, 0), (1, 0), (2, 0), (3, 0).
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o linear(<linear-list>[ : <step>]). Onmus MO3BOJAET yKa3aTh KOMITHIISI-
TOPY, UTO IEPEMEHHBIE N3 00bEeMITIONIEH 001aCTH BUANMOCTH, BKIIIOUCHHBIC
B cnucok <linear-list>, MOMKHBI CcTaTh YAaCTHBIMH IS KaXKIOW UTEpaluu
uukia. [Ipu aTom 3agaeTcs MHULHAIA3ALMA 3HAUEHUH 3TUX YacCTHBIX Iepe-
MEHHBIX: Ha KaXJOW uUTepalyuyd 3Ha4Y€HHE BBIYUCISETCA Kak i*step, rae i —
3HaUYE€HHE UHJIEKCHOU MepEMEHHOM BeKTopu3yemMoro nukia. Eciu mapamerp
step He yKa3aH, TO 10 YMOJIYaHHUIO OH paBeH 1.

Ilpumep 10. BexTopusanust BIOKEHHBIX LIUKIIOB

#include <omp.h>
#include <iostream>

using namespace std;

int main() {
float a[80], b[80], sum = 0;

1
for(inti = 0; i<80; i++)

afi] = b[i] = i;

// BekTopusaums rHesga Uuknos
#pragma omp simd collapse(2) reduction(+:sum)
for(inti = 0; i<40; i++)

for(intj = 0; j<2; j++)

sum += a[i*2+j] + b[i*2+j];
cout << "Sum =" << sum << end|;

return O;

[ToMuMO yHOMSIHYTBIX BBILIE OMNIHN, B AUPEKTHBE Simd MOTYT HCIOJb-
30BaThCsl paHee ONMMCaHHBIE omiuu private, lastprivate, reduction (cm. pas-
nen «OO0BsIBIeHNE MapayIeIbHON 00J1acTH»).

HCHOJb30BAHUE ®YHKIIUI
B BEKTOPU3YEMBIX IUKJIAX

Z[J'I?I TOrO YTOOBI moAACpKatb BEKTOPHU3AIUIO ITUKJIOB, KOTOPEIE BBI3bI-

BalOT B CBOeM Teje QyHKimu, B crnenudukanuu OpenMP npenycmorpeHa
nupektuBa declare simd. Heckoinbko TakuxX NUPEKTHB MOXKET OBITH MOMeE-
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meHo nepen oOwsBieHneM (aHri. declaration) wimu ompeaeneHrueM (aHIIL
definition) ynkIHN:

#pragma omp declare simd [ <clause> [ [,] <clause>1] ... ] new-line
[#pragma omp declare simd [ <clause> [ [,] <clause>] ... ] new-line]

]

<i’.L;nction definition or declaration>

Kaxzgas u3 cTpok ¢ AMPEKTUBON MPEJOCTABISAET KOMIMISITOPY HOCPEI-
CTBOM oOmNImii WHYOPMAIUIO 00 OCOOCHHOCTIX MCIOJB30BaHU (YHKIIMH B
Pa3IMYHBIX KOHTEKCTaX. JTa WH(OpMAIUs MO3BOJSET IUIS KaXKIOTO KOH-
TEKCTa CTEHEPUPOBATh BEKTOPHYIO BEPCUIO (YHKIUH, KOTOpas OyaeT Hpu-
HUMAaTb HAa BXOJ BEKTOPHBIE apryMEHTHl W PEalM30BBIBATH ACHCTBUE HUC-
XOJTHOM CKasIpHON (hyHKIUW HaJ dJIEMEHTAMH BEKTOPHBIX apTyMEHTOB.

C IupeKTUBOI MOTYT UCIIONIB30BATHCS CIIEIYIONTUE OIIIUU:

e simdlen(<length>). Onuus 3amaeT KOJIUYECTBO 3JIEMEHTOB BEKTOPHO-
ro aprymeHra uepes napamerp <length>. Eciau onimusi OTCyTCTBYET, IIMPUHA
BEKTOPHOTO apryMeHTa omnpenemnsercs peanusanuein OpenMP.

o linear(<linear-list>[ : <linear-step>]). Onuus no3BoaseT TPOUHPOPMHU-
pOBaTh KOMIWIATOP, YTO 3HAUYEHHUE IMapaMeTpoB (PYHKINH, BKIFOYCHHBIX B
crucok <linear-list>, TMHENTHO 3aBUCAT OT UHAEKCHOW NMEPEMEHHOW BEKTO-
pusyeMoro uukia. Takoe yTOUYHeHHe MO3BOJIIET KOMIWIATOPY MPUMEHUTH
PSAI OITUMM3AIUH, KOTOPBIE MOTYT OBITH HEKOPPEKTHBI JJIsT OOIIETro CIydasl.
[Ilar u3MeHeHHs apaMeTpa MEXKAYy MTEPAlUsIMU YKa3bIBAaeTCs B HEOOs3a-
TeabHOM napamerpe <linear-step>. Ilo ymomuanuto wmar paseH 1. B npume-
pe 11 [8] moka3aHO NMPUMEHEHUE OMIMH JJIs CHeUU(DUKALUN JTHHSHHOTO
W3MEHEHUS 1IeJIOYHCIeHHOro napamerpa i GyHkuuu add2(), a Takxe s
criermuUKaIy JTUHEHHOTO W3MEHEHHUS IMapaMeTpoB-yKazaTened a u b
¢ynkunu add3() mpu Bb130Be 3TUX (QYHKUMI B IUKIE U3 QyHKIIH Work().

o uniform(<argument-list>). Onmus coo0IaeT KOMIWISATOPY, YTO 3Ha-
YeHHs mapamMeTpoB (YHKINH, YKa3aHHBIX B CIIUCKe <argument-list>, oxnHa-
KOBBI ISl BCEX BBI30BOB (DYHKIIMHM W3 BEKTOPU3YEMOTO IUKIA (CM. IpUMEp
UCTIONb30BaHuA B mpumepe 11).

e inbranch. Onmus mMo3BoNAeT COOOMUTE KOMIIIATOPY O TOM, YTO B
BEKTOPHU3YEMOM IHKJIEC (YHKIHS BCETNa BBI3BIBACTCS ITOCIIEC IIPOBEPKH
YCJIOBHSI B YCJIOBHOM OIEPaTOpE.

e notinbranch. Omus nHGOPMUPYET KOMITUIIATOP, 9YTO (PYHKIMS HUKO-
ra He OyIeT BEI3BIBATLCS B BETBSIX YCIIOBHOTO OIIEpaTOpa.
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Kpowme Toro, ¢ nqupextuBoii simd ymoTtpe0biisercss paHee ONMKMCaHHAs OIl-
nus aligned.

Ipumep 11. Ucnionp3oBaHue (PyHKINI B BEKTOPH3YEMBIX ITUKIAX

#include <omp.h>
#include <iostream>

using namespace std;

#pragma omp declare simd uniform(fact)
double add1(double a, double b, double fact)

double c;
c=a+b +fact;

return c;

}

#pragma omp declare simd uniform(a,b,fact) linear(i:1)
double add2(double *a, double *b, int i, double fact)

double c;
c = a[i] + b[i] + fact;

return c;

}

#pragma omp declare simd uniform(fact) linear(a,b: 1)
double add3(double *a, double *b, double fact)

double c;
c=*a+*b + fact;

return c;

}

void work(double *a, double *b, int n)

{
int i;
double tmp;
I
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#pragma omp simd private(tmp)
for(i=0;i<n;it+)

tmp = add1(a[i, bli], 1.0);
ali] = add2(a, b, i, 1.0) + tmp;
ali] = add3(&al[i], &b[i], 1.0);
}
}

int main(){

int i;

const int N = 32;

double a[N], b[N];
I

for(i=0;i < N;ji++){
afi] = i;
b[i] = N-i;

}
1

work(a, b, N);

for(i = 0; i < N; i++) {
cout << j<<"" << g[i] << endl;

}

return O;



5. OTJIAAKA ITAPAJUIEJIBHBIX ITPOI'PAMM

OpenMP siBnsieTcst BBICOKOYPOBHEBBIM CPEICTBOM MapajlIeIbHOrO MPo-
TPaMMHUPOBAHUS, CKPBIBAIOIIUM OT IMOJB30BATENs JETAId pealn3alny Io-
TOKOB WM aBTOMATUYECKH PpACTPENEeNSIONIMM padoTy MeXIy MOTOKaMu
C TIOMOILBIO CTIEHUAIBHBIX JUPEKTUB. DTO TO3BOJISET HCKIIOUUTD PsJ] OLIH-
00K mapajuienbHOro mporpammupoBaHus. OIHAKO, TaKWe paclpoCTpaHEH-
HBbIe OIMOKM, KaKk TOHKH JaHHBIX U neanoku B OpenMP-nmporpammax mo-
npexHeMy Bo3MOKHBI. [loaTomy otnagke OpenMP-niporpamm Heo0X0auMO
YIENATh MOBBIIIEHHOE BHUMAaHHUE.

HNHCTPYMEHTBI OTJIAJAKA

[Iporpamma, wucronp3ytomas mupektuBel OpenMP, mociae oO0paboTku
KOMITWJIATOPOM TIPEBpaImaeTcsi B OOBIYHYI0 MHOTOIIOTOYHYIO MPOTPAMMY.
Tem He MeHee, OOJBIIMHCTBO CPEICTB AJISl MOUCKA OIIMOOK B MHOTOIIOTOY-
HBIX Iporpammax, He noaaepxusatommx OpenMP B siBHOM Buze, HE HOA-
xomaT ans aHanmmza OpenMP mporpamm. Tak MpoMCXOAWT, KaK MUHHMYM,
10 IBYM NPHUUYUHAM:

e [IpeoOpazoBanue mporpamMMmsl B MapajuleIbHYIO NMPOUCXOJUT CKpbI-
TBIM OT MPOrPaAMMHUCTa O0Pa30M M 3aBHCUT OT pealn3alud creunuKauu
OpenMP B xoHKpeTHOM KoMmuisATOpe. [lake ecnu WHCTPYMEHT OOHAPYKUT
OomuOKy, OH HE CMOXET yKa3aTh MECTO B HCXOJHOW IporpamMme, TJae OHa
MOSIBWJIACh, U NMPHUYMHBI €€ BO3HUKHOBEHMS, TaK Kak AupekTuBbl OpenMP
IUTS HETO HE BUIHBI.

e Crioco0 peanu3anvy MHOTOIOTOYHOTO B3aUMOJCHCTBUS TaKXE 3aBU-
cuT oT peanuzanun cnennpuxannu OpenMP B kommumsitope. B To e Bpe-
Msl OOBIYHBI WHCTPYMEHT MOKET OBITh PAacCUMTaH Ha KOHKPETHBIH CTaH-
napt, Hanpumep, POSIX Threads. B urore nactpyMmeHT MoxeT paboTaTh Ha
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OJTHOM cHCTEeMe, HO He paboTaTh Ha JPYroi, 4To JejaeT ero HeHaJeKHBIM
(BO3MO>KHO OOJNBIIOE YUCIO JOXKHBIX cpabaThIBAaHUK M MPOIYCK PealbHBIX
OIMHIO0K).

Cpeny MHCTPYMEHTOB, HEMOCPEICTBEHHO IOJJIEPKUBAIONINX aHAIN3
OpenMP nporpamm, MOKHO BBIJICIHUTH:

o Oracle Thread Analyzer. Bxogut B coctaB naketa Oracle Developer
Studio [9]. [1o3BonseT MPOM3BOAUTH aHAIM3 MHOTOMOTOYHBIX MPOrpamM,
HAMMCaHHBIX Ha si3bikax C++ win Java, B T.4. MOUCK OMHUOOK THUIA «TOHKU
JaHHBIX» W «IeIIoK». [loanep>KuBalOTCs MPOrpaMMbl, HCHOJb3YIOIINE
POSIX Threads, Oracle Solaris thread, OpenMP, a Taxke KOMOMHAIIHIO
n3 Bcero BeimenepeunciaenHoro. Oracle Developer Studio mpemocrais-
ercsa mo OecrutaTHOW JymneH3unm i paspaborku [10. Hcmonms3oBanue
s3pika Java pgemaet Oracle Thread Analyzer kpoccminar@opMeHHBIM MpH-
JIO)KEHHUEM.

o [ntel Inspector. Bxomut B coctaB makera Intel Parallel Studio XE
[10]. ITo3BoyIsIET OCYMIECTBIATH MOUCK TAKMX OIMMOOK MHOTOTIOTOYHOCTH,
KaK TOHKH IaHHBIX, JACIJIOKH, OTEPSHHbIE CHT'HAJBI U JAp. B uucno mox-
Jep>KUBAEMBIX SI3BIKOB MporpammupoBanus Bxonat C/C++ u Fortran. Iloa-
nepxkuBaroTcst mwiatgopMbl Windows u Linux. [l mcmoiib3oBaHusS WH-
CTpyMeHTa TpeOyeTcsi IUIaTHas JMLEH3Ws, HO JUIS CTYACHTOB WU
npernojaBarteneil €CTh BO3MOKHOCTD MOTYYHUTh OECIIaTHYIO BEPCHUIO.

INOUCK OIIUBKU TUITA «'OHKH JAHHBbIX»

IIpuMep HeKOPPEKTHOH MPOrpaMMBbI

B npumepe 12 mnokazaHo pacnapajyienuBaHUE 3aJayd IO MOACYETY
CYMMBI 3JIEMEHTOB MaccuBa ¢ nomonipio OpenMP. B mporpamve nmeercs
omuOKa: B pacrmapajule]IeHHOM LHWKJIEe HaKOIUIEHHE pe3yJbTaTa MpOH3BO-
OUTCS. HECKOJBKUMM TOTOKaMH B OOIIyr0 (pa3geisieMyro) MepeMEHHYIO
sum, Ipy 5TOM OTCYTCTBYIOT HEOOXOIUMBIE B TAKOM CIy4ae CpPelCTBa CHH-
XpOHM3AIMH WIN OpraHU3aliy PeayKIUH, YTO IPUBOANT K HEKOHTPOJIUPY-
€MOMY JOCTYIy K IEepeMEHHON M3 Pa3HBIX MOTOKOB. B WTOre BO3HHKaeT
COCTOSIHME TOHKH JTAHHBIX — HECHHXPOHU3MPOBAHHOE YepeIOBaHUE Olepa-
LI YTEHUS W 3alKCH U3 Pa3HBIX IIOTOKOB, KOTOPOE MOXET MPUBECTH K IO-
Tepe 4acTu pe3ynbrara. [Ipy pa3HbIX 3alycKax Ha OJHUX U T€X K€ NaHHBIX
IporpaMMa MOXKET BbIIaBaTh pPa3HbIE Pe3yIbTaThI.
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Ilpumep 12. IIporpamma ¢ OIMTUOKOM THITA «TOHKH JTAHHBIX)»

#include <omp.h>
#include <iostream>

using namespace std;

int main(int argc, char **argv) {

const int size = (argc > 1 ? atoi(argv[1]) : 1000);
int *a = new int[size];

#pragma omp parallel for

for(inti=0;i < size; i++) {
alil=i;

}

int sum = 0;

#pragma omp parallel for

for(inti=0;i < size; i++) {
sum += a[if;

}

cout << "Sum =" << sum << endl;

delete[] a;
return O;

Otnagka ¢ nomombio Oracle Thread Analyzer

[Nonck ommuOOK MOKHO MPOBOAMTE Kak ¢ nmomolnsio Oracle Thread Ana-

lyzer, Tak u Hanpsmyto u3 Oracle Developer Studio. Buauane paccmorpum
MOWCK OIMMOKM THWIIAa «TOHKHM JaHHBIX» Hampsmyilo u3 Oracle Developer

Studio.
3amyctum cpeny paspabotku Oracle Developer Studio u co3naaum Ho-

BoIii ipoekT (C/C++/Fortran Application), kak moka3aHo Ha puc. 3.

B xauectBe HaOOpa MHCTPYMEHTOB Ui KOMIWIsHH BeIOepeM Oracle
Developer Studio (puc. 4).
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(55 ewpraece

Steps Choose Project
g. Choose Project Q Filter: | |
Categories: Projects:
[ C/C++/Fortran [ c/C++/Fortran Project with Existing Source
] Tuxedo [ c/C++/Fortran Project from Binary File

[C/C++/Fortran Application
C/C++/Fortran Dynamic Library
C/C++/Fortran Static Library
C/C++ Qt Application

C/C++ Qt Dynamic Library
C/C++ Qt Static Library

C/C++ Database Application

o= (3 Samples

4

o]

Description:

Creates a new application project. It uses an IDE-generated makefile to build your
project.

H Next > H H Cancel H Help

Puc 3. Coznanue npoekra B Oracle Developer Studio

New C/C++ Applicati

Steps Project Name and Location

1. Choose Project Project Name: [data_race |
2. Project Name and

Location Project Location: [/home/opp/openmp |

Project Folder: /home/opp/openmp/data_race

Project Makefile Name: [Makefile |

e v i EEE—

Build Host: |loca|host ['l
Tool Collection: |0racIeDeve|operStudio (Oracle Deve... ['l
I < Back | ‘ Next = ‘ | Finish | I Cancel H Help |

Puc. 4. Co3nganue npoekra B Oracle Developer Studio (pomomkenue)

50



Hob6aBuMm ncxonHsie (Gaiinbl B MPOEKT (MOXHO NOOABHThH CYLIECTBYIO-
Ui (aiia WM co3MaTh HOBBIA (paill M BCTaBUTh B HETO TEKCT MpHUMepa),
BbIOepeM KoH(uryparnuio Debug, B HacTpoiikax KOHGUTYpauuu I KOM-
nuisTopa BKIrouuM nogaepxkky OpenMP (Other Options, Multithreading
Level; puc. 5).

X Project Properties - oracle-datarace-sv

Categories i )
o General Configuration:|Debug (active) v Manage Configurations...
¢ © Build ; = = — _ _
o C Compiler ? IG”‘"" =
o G4+ Compiler Include Directories
F Include Headers
o Fortran Compiler
Preprocessor Definitions
o Assembler i Lo
& Linkar Use Lm‘ker Ll?ranes v
o Packaging ¢ Basic Options
b Rin Development Mode Debug -
o Profile Warning Level Some Warnings e
Architecture <Default> bl
> Debug S
o Related Projects Strip Symbals
C++ Standard <Default> -
© Formatting ¢
o License Headers ? l"f";"’:‘?“s "
o Launichiers Multithreading Leve OpenMP -
Library Level Binary Standard -
Standards Evolution Default -
Language Extensions Default -
¢ Tool
Tool cc
¢ Compilation Line

Additional Ontions

Multithreading Level

Note for OpenMP on Solaris and Linux: unless already defined. the IDE will set the maximum number of
threads the program can create to 2 via the environment variable OMP_NUM_THREADS. Go to the
Run|Environment property in the project properties and set OMP_NUM_THREADS to the number of your choice
if you want to change this

Gancel Aoniv Help
Puc 5. Bxmouyenne nognepxku OpenMP B HacTpoiikax mpoekTa

[IpoBepuM, 4TO MPOEKT KOMIUIUPYETCS U codbupaercs Oe3 ommook. 3a-
MyCTUM COOpaHHOE TMPUIOKEHHE HECKONBKO pa3, YTOOBI MPOHAOIIOIATh
3((eKT «rOHOK JaHHBIX» (BBIBOAUMBIA Pe3yJbTaT MEHSAETCS OT 3alycKa K
3aIyCcKy NP OAHUX M TEX e BXOJHBIX ITapameTpax).

Pasmep maccuBa, nepenaBaeMblii Kak apryMEHT KOMAaHJHOW CTpPOKH,
MOXHO 3amaTh B onmuu Run Command B cBoiicTBax KOH(HUTyparuu
(puc. 6). Tam e MOXHO 3amaTh 4uciIo moTokoB OpenMP uepe3 mepemen-
Hyto OMP_NUM _ THREADS (ommus Environment).

[lepeiineM HEMOCPEACTBEHHO K IOWCKY OINMOKH. 3alyCTHM aHaIHu3
npunoxenust (Ctrl+Alt+A), BeiOepeM OMIUIO MOKCKA TOHOK JaHHBIX U JIe]-
JIOKOB, KaK MOKa3aHo Ha puc. 7.
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x Project Properties - oracle-datarace-sv

Categories:

o General Configuration:|Debug (active) - [ Manage Configurations. \
9 @ Build
© ¢ Compiler plGenerl |
@ C++ Compiler Run Command “${OUTPUT_PATH}" 10000 vu
@ Fortran Compiler Run Directory L‘
& ‘Aagsibler Environment W m
% Tickar Build First @
o Packaging Console Type Internal Terminal >
N External Terminal Type Default
o ‘Profis Remove Instrumentation Ask -
@ Debug
@ Related Projects
© Formatting
@ License Headers
o Launchers
Debug
[ ox ]| Cancel h soply |[ help

Puc. 6. 3aganue apryMeHTOB KOMaHHON CTPOKHU

x Select Analysis Type
X Collect Data For: |Data Races and Deadlocks | v

Monitor Main Project

Start Collecting: |At beginning of project run Iv‘

=] Overhead: High
Memory Access Errors

®

Data Races and/or Deadlocks

i Cancel H Start

Puc. 7. Beibop Tuma aHanmsa

[locne 3aBepuieHHs aHamW3a BHIUM, YTO OBbLIM OOHApPY)KEHBI T'OHKH
nmaHsebIxX (puc. 8). [lepeiimem k meramsM, HakaB Ha cchbUIKy details.

B otkpriBIIEMCst OKHE (CM. pHc. 9) OyIyT MOKa3aHbl Bce 0OHApPYKEHHBIE
KOH(JIMKTBl JOCTyIAa K IEPEMEHHBIM, a TaKKe KOHKPETHBIE MecTa B IPO-
rpaMMe, Iie OHHU NPOU3O0IILIH.
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Data Races and Deadlocks Detection - oracle-datarace-sv X

&

Analysis complete, see results below

[ ]
@

%) 2 dataraces detected

Thread Usage
2F

Oy i gy Sy gy

details

P Uy

M

M Threads

00

0:15

Puc. 8. PesynbraThl ananmza

Thread Analysis Tool X

¢ & Address 0x7ffd681ba28c: 1 concurrent accesses

@ main (W] | main [R]
¢ & Address 0x7ffd681ba28c: 1 concurrent accesses
@ main (W] | main (W]

Puc. 9. llogpo6uas nHpOpMAIHS IO OOHAPYKEHHBIM TOHKAM JJaHHBIX

Hepefmﬂ K yKa3aHHOI71 CTPOYKE B MpoOrpamMme, BUAuUM, 4YTO OHA OTHOCUT-

¢ B Access (W)
® main at data_ra
© _collector_get frame Info
© <static>@0x51e38 (<libcollector.. s0>)
@ main at data_ra pp:1
© _libc_: start main

¢ B Access [R]
® main at data_race.cpp:18

% _ collector_get | frame info ir

© <static>@0x51e38 (<libcollector. so>)

© main at data_race o
® __libc_start_main

s K IIUKITY C IepeMeHHo# sum (cMm. puc. 10).

Teneps mpoBeaeM 0OHapy’KeHHE TOHKH JAHHBIX C IIOMOIIBIO OTJAEIBHO-
ro uHcrpymenta Thread Analyzer, Bxonsmero B coctaB Oracle Developer
Studio. Hdns storo 3amyctum Thread Analyzer (komanmoii tha), BeIOEepemM
MYHKT TPO(GWINPOBAaHUS TMPUIOKEHUS M 33JaJlM €r0 HAaCTPOWKH: WCIOJ-
HSIeMbIi (Qaiil MPUIOKEeHUs ISl aHalN3a, apryMEHThl KOMaHIHOW CTPOKU U

nepeMeHHsle cpeasbl (puc. 11).
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(S data_race.con x|
[ source | Hstoy | @ B 8- QRSB

1 B #include <omp.h> [<[m

2 T #include <stdio.h>

3 #include <stdlib.h>

4

S B int main(int argc, char **argv) {

6 const int size = (argc > 1 ? atoi(argv[1]) : 1000);

7

8 int *a = new int[sizel;

9

10 #pragma omp parallel for

18 for (int 1 = 0; 1 < size; i++) { =

12 alil = 1;

13 ¥

14 -

15 int sum = 0;

16

17 #pragma omp parallel for

=] for (int 1 = 0; 1 < size; i++) {

& sum += a[il;

20

21 (-

22 printf(“sum = %d\n", sum);

23

24 delete(] a;

25

26 return 0;

27 ¥

P =

) » © main ) for(inti=0:ix<size: i++) ) x
19:1 INS'

Puc. 10. Mecto B iporpamme, T1ie ObUTH 0OHAPYKEHBI
TOHKH JTaHHBIX

[ General | Data to Collect | Output

Specify Application to Profile

Target Program: * [p/data_race/dist/Debug/OracleDeveloperStudio-Linux/data_race| [ .. |

[10000 J
Working Directory: [/hone/opp/opennp/data_race | —

Environment Variables: [OMP_NUM_THREADS=4 |

Target Input/Output: @ Use External Terminal O Use Built-in Output Window

Specify Experiment

Name: [test.l.er |

Directory: | JE
Group: | \[:l
Advanced Experiment Settings
Data Limit (MB): [Unlimited |+
Time Limit (Seconds): |Unlimited | v|

Archive Mode:

Follow Descendant Processes:
Signal to Pause/Resume Collection:

D Resumed

Preview Comma

Puc. 11. 3ananne napameTpoB pabOTHI
Oracle Thread Analyzer
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Bo Bkmanke BeIOOpa maHHBIX misa coopa (Data to Collect) HeoOxoaumo
MIPOBEPUTH, YTO BEIOpPAHBI IMyHKTHI O0OHApY>KeHUs TOHOK naHHbIX (Data Race
Detection) u nemokos (Deadlock Detection).

BaxHo, uTOOBI mTpMIOKEHHE OBUI0O CKOMIIMIUPOBAHO C KITFOYOM
—xinstrument=datarace, o0ecrieurnBaomIM 00HApYKEHUE TOHOK JaHHBIX.

[Nocne 3amycka dKCIIEpUMEHTa OTKpOiiTe ero pe3ynsrarhl (puc. 12). boum
00OHapy>keHbI HECKOJIBKO CITyYaeB rOHOK JaHHBIX. Ha Bkianke Races (puc. 13)
MOYHO TIPOCMOTPETH MH(OPMALIMIO [0 OOHAPYKEHHBIM KOH(IIMKTaM.

©©® test.1.er - Oracle Developer studio Thread Analyzer

File_ Views Metrics ToolsHelp

BBEDT | PG @ | vewmode:[user [v] FIRGA] Find tet in vie =) 1 CMatch case
Views @)
————————= Experiment(s)

Welcome
- - bl test.l.er

Overview >

Races. Metrics

Deadlocks Select the metrics to display in the data views, then click a data view in the navigation panel on the left.
Timeline Available Metrics Clear All
Dual Source Experiment Duration: 0.003 Seconds

—— ~ Race Access Data

RECOACCESSOEI 16 5 sitomn i uvt it s ., i S SR Wil SNt i *

Experiments ~ Deadlock Data

Mores DBadOtkar0  « apee e wmain aUsEs SEA L G A T <R SRS SG

Filters

2 = 1| | Metrics Preview

To add a filter, select ace... | Deadl... |Hame

2 row from a view $3 EXCLUSIVE | 83 EXCLUSIVE

(such es Functions) ¥ #

16 | 0 | <Total>
Compare
Local Host: bee | Remote Host: | Working Directory: .../data_race | Compare: off | Filters: off | [Pwarnings

Puc. 12. Pe3ynbpTaThl 5KCIEPUMEHTA
B Oracle Thread Analyzer

©© @ test.1.er - Oracle Developer Studio Thread Analyzer

Eile Views Metrics Tools Help

BBEDT | ¥E S | viewmode:[user [+ Find: OMat

Views & )| [Total Races: 2 4 Race Details |
Welcome Race #1, Vaddr :0x7ffel395b92c Data for Selected Race
S Access 1: Read, line 18 in "data_race.cpp”, Id: Race 1/2 -- Callstack Trace 1/1
erview nai
Access 2: Write, line 19 in "data_race.cpp", Madde [ax7Hfe1 3056300
Races | nain Access 1
Deadlocks ¢-[JTotal Callstack Traces: 1 Type: Read
[ callstack Trace #1 = =
Timeline main, line 18 in “data_race.cpp!
Race #2, Vaddr :0x7ffel395b92¢ R __collector_get_frane_info + 0x000001ED
Dual Source Access 1: Write. line 19 in *data_race.cpp*. <static>@0x51e38 (<libcollector.so») + 0x00000066
Source Access 2: Write, line 19 in "data_race.cpp". sain Blinef)73inkdata race-copd
i __libc_start_main + OxGOGOOOEE
Experiments #-CJTotal Callstack Traces: 1
More... [ callstack Trace #1
Access 2
Type: Write
Filters main, line 19 in "data_race.cpp”

__collector_get_frame_info + 0x00000180
<static>@0x51e38 (<libcollector.so») + 0x00000066
main, line 17 in “data_race.cpp"
__libc_start_main + 0x000000EE

To add a filter, s

Local Host: georgy-PC | Remote Host: | Working Directory: .../oracle-datarace-sv | Compare: off | Filters: off | [PWarnings

Puc. 13. O6HapyKCHHBIC TOHKHU JTaHHBIX
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Bxiiagka Source mo3BoJisieT NepeiTH K KOHKPETHOMY MECTY B IPOrpam-
Me, T1e OblIa 0OHapyx)eHa omuoka (puc. 14).

Race Deadl...
Acces...
I3 INCLUSIVE

#

data_race.cpp

I3 INCLUSIVE
#*

L8 deleted as dead code
<Function: main -- Parallel loop from line 10 [_§d1A10.main]>
ol <] | 1. #pragma omp parallel for

Source loop below has tag L1

L1 autoparallelized

L1 parallelized by explicit user directive

L1 parallel loop-body code placed in function _$d1410.main along with © inner loops
L1 cloned for microvectorizing-epilog. Clone is LS

L1 is micro-vectorized

11. for (int 1 = 0; 1 < size; i++) {

12, ali] = 1i;

13, H

(X=X
(X=X

<] | <] | 1s. int sum = 0:

Source OpenMP region below has tag R2
Private variables in R2: i
Shared variables in R2: size, a, sum
Copy in M-function of loop below has tag L10
Copy in M-function of loop below has tag L13
<Function: main -- Parallel loop from line 17 [_$d1B17.mainf>
16 | [¢] | 17. #pragma omp parallel for
Source loop below has tag L2
L2 autoparallelized
L2 parallelized by explicit user directive
L2 parallel loop-body code placed in function _$d1B17.main along with O inner loops
L2 cloned for microvectorizing-epilog. Clone is L12
L2 is micro-vectorized
(¢) || AIGE for (int'i=0; i <size; i++) {
13 0 ‘ 19. sum += ali];
¢ 20. 1

o | <] | 2. printf("sum = %d\n", sum);

Puc. 14. IIpobnemMHbIe y9aCTKH B KOAE MPOTPaMMEI

B kom mporpamMmbl A0OaBISIOTCS aHHOTAIMH TI0 JACHCTBHUSAM, BBITIOJN-
HEHHBIM KOMIIWISATOPOM IMpU pacnapajUieIMBaHUM MOporpaMMbl. BumHo,
YTO KOH()JIMKT BO3HHKAeT MPH OOpamleHrH K MepeMeHHOH Sum, KoTopas
SBIISIETCS] pa3JeNIIeMOi, 0 YeM CKa3aHO B aHHOTAIIMH Iepe] MapauieIbHON
00J1aCTBIO.

HcnpaBuMm ko1, SIBHO yKa3aB SUM Kak MEPEeMEHHYIO PeNYKINH (KayKIbIi
MOTOK OyZAeT Terneps paboTaTh € JTOKaIbHON KOHEH epeMeHHON):

#pragma omp parallel for reduction(+:sum)
for(inti=0;i < size; i++) {
sum += a[i];

ITocne mepeKOMITUIISAIIMN TPOTPaMMEBI 3aITyCTHM aHAlld3 CHOBa U yOe-
JIUMCsI, 9YTO TOHKH JTaHHBIX ucuednu (puc. 15).

56



Select the metrics to display in the data views, then click a data view in the navigation panel on the left.

Available Metrics | % Hot | | Reset || Clear Al

Experiment Duration: 0.001 Seconds
¥ Race Access Data

RACEACCESSES: 0 . v v v v v e e e e e e vl
v Deadlock Data
Deadlocks:0 & & ¢ e sie e s @ B e e 6 e et e e i el wGe e s W i v]

Puc. 15. Ommbka ucripasieHa, TOHOK JJaHHBIX He 00HApYKEeHO

Tenepb nmporpaMma JAO0JDKHA BbIAaBAaTh OAWHAKOBBIC PE3YJIbTAThI Ha
OJIMHAKOBBIX JaHHBIX NIPU KaXJO0M 3aILyCKE.

Otnanka ¢ nomousio Intel Inspector

ITepen Haganom paboTs ¢ Intel Inspector HEOOXOIUMO CKOMITHIIHPOBATE
nporpammy ¢ mnomoiisio Kommwistopa Intel C++ ¢ onuusMu BKIIOYCHHS
OTIIamOoYHOM mHpopManuu 1 noanepkku OpenMP:

$ icpc -g -O3 -qopenmp data_race.cpp

3amyctum Intel Inspector, co3mamum HOBBIA MPOEKT, YKaXeM MIyTh K
CKOMIIWJIUPOBAaHHOMY IPUIIOKEHHUIO, a TAKXKE TapaMeTpbl KOMaHHON CTpO-
KM, IepeMeHHbIe cpenbl (puc. 16) U MyTh K AUPEKTOPUH C UCXOIHBIM KOJIOM
nporpaMmsl (Bkiaaka Source Search).

o data_race - Project Properties

Target ' Suppressions | Binary/Symbol Search | Source Search
Specify and configure your analysis target: an application or a script to execute. Press F1 for more details.

Application: I/home/opp/openmp/data_race/aAoud ;l Browse...
Application parameters: IIOOOO ;I Modify...

4 use ication directory as working directory

Working directory: |/homC/opp/opcnmp/data’ra(c ;, Browse...
User-defined environment variables:

[oMP_NUM_THREADS=4 Modify..

@ Store result in the project directory: |/home/intel/inspxe/projects/data_race
O store result in (and create link file to) another directory

nspxe/projects/data_race Browse..

Result location:
/homefi /projects/data_race/ {at}

[/hon

© Advanced

Cancel

Puc. 16. 3ananue cBoiicTB poekTa B Intel Inspector
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Jnst co3maHHOrO MpoeKTa HEOOXOAMMO BHIOPATh THIl aHAIH3a «IIOUCK
ommn60k MHOTormoToyHOCTH» (aHri. Threading Error Analysis), B mapamer-
pax aHajH3a yKa3aTb OOHapyXEeHHUE JeIJI0KOB U TOHOK JAaHHBIX (puc. 17).

Naw Inspector Result = 5
&2 configure Analysis Type INTEL INSPECTOR 2018

4L A Anaysis Type | = | I ”
 st0p
_

1o Detect Deadiocks i
N\ e | oetecoesdions sndoutaaces “
o , Locteoedodsandomares il
Threacing Error Amaly| = ) anaysis Time Overhead MemoryOverhesd Ry Reset Growth Tracking
Locate Desdlocks and Data Races <oy [ MessureGrowth
detea
Y % Reset Lesk Tracking.
e - ~ |3 Findiesks
@ Terminsteondeadiock 3
stack frame depth: 16
scope: Normal
@ Remove duplicates
e ces
@ Anstyzewithout debugger
Enable debugger when problem detected
Setectanalsis start ocation with debugger
s9er € o
© vetais

Puc. 17. Beibop Tuna ananuza u ero napameTpos B Intel Inspector

ITocne oxoHwaHuWs aHamM3a OTKPBIBAETCS OKHO C pe3yJbTaTaMu
(puc. 18), B xoTOpOM OTOOpakaroTCs OOHApyXEHHBIE OMIMOKU. YYacTOK
KOJa ¢ OUIMOKOM MOKa3aH B HIXKHEH 4acTH OKHA. BuaHo, 4To omubka npo-
HMCXOAUT M3-3a TOr0, YTO OJIMH MOTOK IMBITAETCS 3alucaTh 3HAUCHHUE B Tepe-
MEHHYIO SUM, TOT/a KaK JPYroil MOTOK BBIMIOJHSET YTEHHUE W3 ITOU Iepe-

MEHHOI
%2 Locate Deadlocks and Data Races INTEL INSPECTOR 2018
1 @ Target A Analysis Type [ CollectionLog f @ Summary b
© | Filters sortv @
Modules  State Severity
pp G Error Titem(s)
Datarace data_race.cpp:19  a.0ut RNew Type
Datarace data_race.cpp:19 a.out R New Data race 1item(s)
Source
¥ data_race.cpp Titem(s)
Module
aout Titem(s)
State
New 1item(s)
Suppressed
Notsuporessed 1item(s)
@ [ Timetine 2

1 10f6 b | Al | |Code Locations: Data race

Description | Source Function | Module | Variable
a.0ut

Read data_race.cpp:19 main
#pragna omp parallel for a.out!main - data_race.cpp:19
for (int i = 0; i < size; i++) {
sum 4= a[il;
2 } :

data_race.cpp:19 main a.0ut
#pragma omp parallel for a.out!main - data_race.cpp:19
for (int i = < size; i++) {

sum += a[i
}

Puc. 18. PesynpraTsl ananm3a nprioxerus B Intel Inspector
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[Tocne ucnpasnenus (crioco® omucaH B MPEABIAYIIEM pa3fielie) U mepe-
KOMITWJIALIAN KOJIa TIPOTPaMMBI 3aIlyCTHM aHAJIU3 CHOBA, YTOOBI yOeIUThCS
B OTCYTCTBHMHM F'OHOK JTaHHBIX (puc. 19).

i Locate Deadlocks and Data Races INTEL INSPECTOR 2018
! @ Target A Analysis Type [ CollectionLog | @ summary b
Filters a9

Severity
Type
Source
Module

State
No Problems Detected

Intel Inspector detected no problems at this analysis scope. If this result is unexpected, try

rerunning the target using an analysis type with a wider scope. Press F1 for more information. Investigated

i suppressed

Puc. 19. Intel Inspector He 0OHapY XU TOHOK TaHHBIX

INOUCK OHIUBKHA TUIIA «IEAJOK»

IIpuMep HeKOPPEKTHOM MPOrpaMMBbI

B mpumepe 13 peanm3oBaHa cxeMa IPOU3BOIUTEIL-IIOTPEOUTEIH: OTUH
MOTOK TIOMEMIAeT 3HAYCHHUS B OOIIYI0 OuYepenb, APYTOH IMOTOK HM3BICKAET
3HauYeHUs U3 ovepean; 00a IOTOKa TaK:Ke BBIBOAST 3HAYCHHS Ha IKPaH.

ITotoku peanuzoBaHbl yepe3 MexaHusM cekiiuii OpenMP. [ns cunaxpo-
HU3allMKU JOCTyHa K O4Y€pe€au M IMOTOKY BbIBOAAa HA 3KpaH HCIIOJIB3YIOTCSA
IIPUMUTHUBBl CUHXPOHU3AaLlUU — 3aMKU. TeM He MeHee, B IIpOorpaMMe Ipu-
CYTCTBYeT OmMOKa: 00a MOTOKa 3aXBaTHIBAIOT OJTHOBPEMEHHO J[BA 3aMKa
JUTS. TIPOIOJDKEHUS paboThl, HO B pa3HOM Mopsake. MoKeT BOZHUKHYTh CH-
Tyalys, Korja JiBa IIOTOKa 3aXBAaTHUJIUM MO OJHOMY pa3dHOMY 3aMKy, HO HC
MOTYT HU 3aXBaTUTh CIEIYIONINI 3aMOK, HU OCBOOOIMTD MPEIbLIYIINH, YTO
MIPUBOJUT K AEIVIOKY. J[e/UTOK MOKeT BO3HUKATh HE MPU KKIOM 3aITyCKe
MIPIIIOKECHIS, UTO JIETaeT ero 00HApy KCHHE 3aTPyAHUTEIHHBIM.

Ipumep 13. [IporpaMma ¢ OIIMOKOM THTIA «ICIIOK»

#include <omp.h>
#include <queue>
#include <iostream>
#include <cstdlib>

int main(int argc, char **argv) {
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const int size = (argc > 1 ? atoi(argv[1]) : 10);
omp_lock_t queue_lock, io_lock;
omp_init_lock(&queue_lock);
omp_init_lock(&io_lock);

std::queue<int> queue;

#pragma omp parallel sections shared(size, queue)
#pragma omp section

for(inti=0;i < size; i++) {
omp_set_lock(&queue_lock);
omp_set_lock(&io_lock);

I
const int value = i;
queue.push(value);
std::cout << "Put " << value << " into queue"

<< std::endl;

I
omp_unset_lock(&queue_lock);
omp_unset_lock(&io_lock);

}
}

#pragma omp section

bool working = true;
while (working) {
omp_set_lock(&io_lock);
omp_set_lock(&queue_lock);
I
if (Iqueue.empty()) {
const int value = queue.front();
queue.pop();
std::cout << "Get " << value << " from queue
<< std::endl;
working = (value < size - 1);
}
I
omp_unset_lock(&queue_lock);
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omp_unset_lock(&io_lock);
}
}

}

i
omp_destroy_lock(&queue_lock);
omp_destroy_lock(&io_lock);
return O;

Otaaaka ¢ nomombio Oracle Thread Analyzer

ITepen HagamoM OTJIATKH HEOOXOIUMO CKOMITHIMPOBATH IMPOTPaAMMYy C
nomomsio nHcTpyMenToB Oracle Developer Studio. 3amyctum Thread Ana-
lyzer, ykaxkeM MyTh K aHAIM3UPYEMOMY IPHIIOKECHUIO W €r0 MapaMeTphl,
BKJIIOUUM TOHCK JIEJUIOKOB U TOHOK JAHHBIX M 3aIlyCTUM aHAIU3.

Pesynmprar amanmmsa mpencrasieH Ha puc. 20. IlokazaHo, Kakue 3aMKd
KaKdMH MMOTOKaMH OBLIH 3aHATHI M KaKue 3arpochkl Ha OJOKHPOBKY 3aMKOB
ObuTH ToTy4eHbl. Ha Briagke Source MOXHO yBHIETh KOHKPETHBIE MECTa B
nporpaMmme, Tae Mpou3oLIen 1eaiok (puc. 21).

D test.1.er - Oracle Developer Studio Thread Analyzer

Eile Views Metrics Tools Help

BBEDE | PE @ | viewMode:[user |~] Protad vion | =
Views R @) [Total beadlocks: 1 { Deadlock Details
Welcome Deadlock #1 (Actual deadlock) Data for Selected Deadlock &
e ¢ 3 Total Threads: 2 1d: 1

ervey. Thread #5 Type: Actual deadlock
Racas A} Lock being held: x7ffc7287fd3c ,at main, line 36 in “"deadlock.cpp”

Lock being requested: Ox7ffc7287fd38 ,at <OMP-lock_vait> AThread Involved
Deadlocks Thread #6 Thread Id: S
D Lock being held Ox7ffc7267¢d38 ,at main, line 20 in “deadlock.cpp® k]

Timeline Lock being requested: Ox7ffc7287fd3c ,at <OMP-lock vait> Type: [Lock being held

Dual Source main, line 36 in “deadlock.cpp®

o __libc_start_main + OxGOGG00F3
Experiments

More...
Filters
= Type: Lock being requested

<OMP-lock_wait>
omp_set_lock + 0x00000082
main, line 37 in "deadlock.cpp”
__libc_start_main + GxG00000F3

Compare

Local Host: bee | Remote Host: | Working Directory: .../deadlock | Compare: off | Filters: off | [PWarnings

Puc. 20. PesynbraTsl anammsa npunoxenns B Oracle Thread Analyzer

W3 ananm3a xoma u WHQOPMAITUK O HAWIEHHBIX OIMHOKAX CTAHOBUTCS
MOHSTHO, YTO MPUYUHA JENJIOKA KPOETCs B Pa3HOM MOPSAKE 3aXBaTa JBYX
3aMKOB. McripaBuM ommOKy, CIeaB MOPSIOK 3aXBaTa OJMHAKOBBIM BO BCEX
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MecTax. [locie mepeKoMIWISIIIMA ¥ TIOBTOPHOTO aHaiu3a yOeaumcs B OT-
CYTCTBUH OIMIHMOOK ¥ KOPPEKTHOU paboTe MporpaMMmBbl.

Race Deadl... |deadlock.cpp na
Acces... V4
13 INCLUSIVE | 33 INCLUSIVE
# #
17. #pragma omp section -
18. {
Source loop below has tag L1
L1 not parallelized because it is inside OpenMP region Rl
Function _ cxxabivl::ex_get() not inlined because the compiler has not seen the body o
Function std::terminate() not inlined because the compiler has not seen the body of th
Copy in M-function of loop below has tag L1l
¢ ’ 0 19. for (int i = 0; 1 < size; 1++) {
[¢] 1 20. omp_set_lock {(§queue_lock);
[¢} 1 21. omp_set_lock(&io_lock);
22,
0 | 0 | 23. const int value = i;
Function std::queue<int, std::deque<int, std::allocator<int> > >::push(const int&) inl
s queue. push(value);
Function std::basic_ostream=char, std::char_traits<char> »& std::_ ostream_insert<chan
0 | 0 | 25. std::cout << "Put " << value =< " into queue" << std::endl;
26.
¢} ‘ 0 | 27. omp_unset_lock (§queue_lock);
[¢] ¢} 28. omp_unset_lock (&io_lock); -
29. }
30. H
31.
¢} | 0 | 32. #pragna omp section
33. {
34. bool working = true; =
Discovered loop below has tag L6
L6 not parallelized because it is inside OpenMP region Rl
Copy in M-function of loop below has tag L13
L13 cloned for branch-elimination. Clone is L15
Bounds test for L13 moved to top of loop
0 0 35. while (working) {
[¢] 1 36. omp_set_lock (§&io_lock);
[¢] 1 37. omp_set_lock (§queve_lock):
38. =
4 | »

Puc. 21. YyacTku KoJia, B KOTOPBIX POU3OIIEIN JeATI0K

Otnanka ¢ nomousio Intel Inspector

Hns Havana OTIagKd HEOOXOOMMO CKOMITMIIMPOBATH MPUIOKEHHE C
noMompio KommmisTopa Intel C++. Jlanee, co3mamum mpoekt B Intel
Inspector, ykaxeM HEOOXOOUMBIE MApPaMETPhl, B TOM YUCIIE Pa3pelIM aB-
TOMAaTHUYECKOE 3aBEpIIEHUE aHaIu3a IpU OOHAPYKEHUU Ae/UIoKa (U3-3a I0-
SIBIICHUS JCIJIOKA aHAIN3 MOKET HE 3aBEPLINTHCS CAMOCTOATENILHO)  3aIly-
CTHM aHaJIM3 Ha HAJIMYKE JISJJIOKOB ¥ TOHOK JJAHHBIX.

Pesynprarel aHanu3a mokasanbl Ha puc. 22. Mudopmanus, B uenom,
cxoxa ¢ Oracle Thread Analyzer: MOXHO yBHUIETb, UTO AEIIOK BO3HHUK H3-
3a Pa3HOro MOPSIIKA 3aXBaTa 3aMKOB.
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Locate Deadlocks and Data Races
O Target A Analysis Type [3 Collection Log

@ summary

INTELINSPECTOR 2018

b @ Fiteers Sortv @
D |® [Type Sources Modules | State Severity
e DestiocGesNatiean a.0u Not fixe § Error Titem(s)
Deadlock deadlock.cpp:10; deadlock.cpp:11; deadlock.cpp:20; deadlock.cpp:21; deadlock.cpp:36; deadlock.cpp:37  a.out P Not fixed I Type
Deadlock 1item(s)
1 10f1 > Al |Code Locations: Deadlock: @ | Timetine 7
Description | Source Function | Module | Variable
deadlock.cpp:20 main a.0ut

Lock owned block allocated at deadlock.cpp:10
18
for (int i = 0; i < size; i+) {
omp_set_lock(&queue_Lock) ;
omp_set_Lock(&10_lock);

deadlock.cpp:36 main
bool working = true;
while (working)
omp_set_lock(&10_tock) ;
omp_set_lock (§queue_tock) ;

Lock owned block allocated at deadlock.cpp:11
34

nted deadlock.cpp:37 main
while (working) {
omp_set_lock(&io_lock) ;

omp_set_lock(&queue_lock);

block allocated at deadlock.cpp:10

if (!queue.empty()) {
deadlock.cpp:21 main
or (int 1
omp_set_lock(&queue lock);
omp_set_Lock(&io_lock);

nted

const int value
aout blockallocated at deadlock.cpp:10

omp_lock_t queue lock, io lock;

omp_init_lock(&queue_lock);

omp_init_lock(&io_lock);

a.out
omp_lock_t queue_lock, io_lock;
omp_init_lock(6queue_lock) ;
omp_init lock(&io_lock);

block allocated at deadlock.cpp:11

std: :queue<int> queue;

a.out!_start

.out!main -

.out!_start

-out!main -
.out!_start

-out!main -
a.out!_start

-out!main -
.out!main -

deadlock.cpp:20
deadlock.cpp:15

.out!main - deadlock.

- deadlock.

deadlock. cpp:21

out!main - deadlock.cpp:15

deadlock.

deadlock.

OMP Worker Thread #1(15849)

Puc. 22. O6napyxenHsIi geiok B Intel Inspector

Crnioco6 ucnpaBieHus OMMOKM aHAJIOTWYEH NMPUBEACHHOMY B IpEbI-

IyIIeM pasfene.



6. OITUMMN3ALNMSA ITAPAJUIEJIBHBIX ITPOI'PAMM

OpenMP no3BonsieT JOCTaTOYHO MPOCTO CO34aTh NapajUIeNbHYIO IPO-
rpaMMy, HO JaJieKOo HE BCEr/a Takas MapajuleJbHas mporpamMma OyJeT Ofl-
TUMaJIbHOM IO TaKUM XapaKTepPHCTHKaM, KaK yCKOpeHHe, MaciuTabupye-
MOCTB H T. 1.

HexoTopble U3 npuyuH, yXyalawlire KkauyecTBo ucnoignenus OpenMP
MPOTpaMM:

o Hed((EKTUBHOE KCIOJIB30BAHUE MMOTOKAMHU KAII-MIAMSTH (HampuMmep,
M3-32 «ILTOXOT0Y» TOpsiiKa 00X0/1a 3IEMEHTOB B ITAMSATH);

e (QombLIas A0S NOCIEAOBATEILHOTO KOAA;

® BBICOKHE 3aTpaThl Ha 0OOpabOTKYy HEKOTOphIX aupekTuB OpenMP
(HampumMep, MCIIONBb30BaHNE JMHAMUYECKOTO TUTAHUPOBAHUS MPU OOJIBIIOM
YUCIIC METKHX 3aJ1a4);

e HecOATaHCHPOBAHHOCTh 00BbeMa paboT MeXIy MOTOKaMu (OoJbIras
4acTh MMOTOKOB MOKET MPOCTAUBATh B OKHJAHUU B TOUKE CHHXPOHH3AIINN);

® HEMPaBWIBHOE HCIOJB30BAHUE HMHCTPYMEHTOB CHHXPOHH3AINH
(HampuMep, YacToe HCIIONH30BAaHNE KPUTHICCKUX CEKIMH ¢ OOJBIITNM 00b-
€MOM KOJIa, HCIOJIb30BaHNE KPUTHIECKUX CEKIUI MM aTOMapHBIX olepa-
LN BMECTO TUPEKTUBBI PEIYKIIHH).

BrusiBute npuunHy Hu3KoH 3¢ dextuBHOcTH OpenMP mporpamMmer Mo-
JKeT OBITh HEMPOCTO. AHAIN3 YCIOXHAET TOT (DaKT, YTO WUCIOIHEHHE TPO-
IpaMMBI MOJKET 3aBHCETh KaK OT MCIOIb3YEMON BBIYUCIUTENLHON MAIIMHBI,
TaK ¥ OT MPOU3BOJUTENS U BEPCUH ONEPAIIIOHHONW CHCTEMBI, KOMITHISATOPA
u o6ubmmorexn OpenMP.

OnHUM M3 METO/IOB, TIOMOTAIONINX MPU ONTUMH3AINN TPOTPAMM, SIBIIS-
eTcs npodunupoBaHre. DTOT METO MOXKHO YCIIEIIHO MCIIONB30BATh U IS
ontumuzanuu OpenMP nporpamm.
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NHCTPYMEHTBI IPO®PUNINPOBAHUA

HHCcTpyMeHT nmpodunupoBaHMs AOJDKEH MOANEPKHUBATH TEXHOJIOTHIO
OpenMP Ha ypoBHe ucxonHoro koga. Cpenu TakuxX HHCTPYMEHTOB MOYKHO
BBIJICJIUTD:

e Oracle Performance Analyzer. UHcTpyMeHT BXoauT B coctaB Oracle
Developer Studio [9]. [To3BossieT mpoBoAUTE NPOQHUIUPOBAHKE MTOCIEI0BA-
TEJIbHBIX M MapaljielbHbIX Nporpamm. M3mepsieT Takue XapaKTepUCTHUKU
MPOTpaMMBbI, KaK BpeMsl BBHIMOTHEHUS (B T.4. Uil KAXKIOW CTPOKH U (yHK-
LUK B UCXOJHOM KOJZ€), BpeMs, 3aTpaueHHOEe Ha CHHXPOHHU3ALUIO, HCIIOIb-
30BaHME MAMSTH U IPYTHX PECYPCOB.

o [ntel VTune Amplifier. JlocTynieH Kak OTIEJbHBIA NPOLYKT, TaK U B
cocraBe maketa Intel Parallel Studio XE [10]. Ilo3BonseT aHAMM3UPOBATH
nocjenoBaTeNbHbIE U TapajulelbHble MPOTrPaMMbl, BBIAET PEKOMEHIAIMN
10 ONTUMM3ALUH IPOrPaAMM.

OIITUMU3 AL CUHXPOHU3AIINU ITIOTOKOB

PaccMOTpUM HEKOPPEKTHYHO IpOorpamMmy CYMMHPOBaHHUS 3JIEMEHTOB
BekTopa u3 mpumepa 12. Ilycts oOHapyX B OMMOKY THIA «TOHKH JaH-
HBIX», POTPAMMUCT MPUHSI PEHICHUE O 3aKJIFOUESHUN 00paleHus K 00mei
MEepEeMEHHON B KPUTHUYECKYIO CEKIMIO, KaK Moka3aHo B npumepe 14. ITpose-
puM, K Y€MY 3TO MOXKET NIPHUBCCTH.

Ilpumep 14. UctipaBieHue omuOKN B MporpamMMme U3 mpumepa 12 ¢ mo-
MOIIbIO KPUTHUYECKOU CEKITUHI

#include <omp.h>
#include <iostream>

using namespace std;

int main(int argc, char **argv) {
const int size = (argc > 1 ? atoi(argv[1l]) : 1000);
int *a = new int[size];
#pragma omp parallel for

for(int 1 = 9; i < size; i++) {
al[i] = i;
}
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int sum = 0;

#pragma omp parallel for
for(int i = @; 1 < size; i++) {
#pragma omp critical
sum += a[i];

}

cout << "Sum = " << sum << endl;
delete[] a;
return 0;

Hns  anamm3a mporpamMMbl  Bocmoib3dyemcsi Oracle  Performance
Analyzer. [Ins aToro co3mamum HOBEIH ipoekT B Oracle Developer Studio u
n00aBUM B HErO MCXOAHBIA KoXA. B HacTpolikax cOOpKH B KauecTBE aKTHB-
HoOW KoH(urypammu BbiOepeM Release, B HacTpoiikax xommmistopa CH++
BKJIIOUMM noanepxky OpenMP, B kauecTBe pexxuma pa3paboTku BbIOepeM
Diagnosable Release mmm Performance Release (cm. puc. 23) u cobepem
NPUIIOKEHHE.

© @ Project Properties - vec_sum

Cateqgories:
o General Configuration{Release (active] | v| | Manage Configurations.. [
¢ o Build —
o ¢ Compiler FACenera] =]
o EFTicomaes Include Directories [N
O Fortran Compiler Include Headers [
o Assembler Preprocessor Definitions L
o ‘finker Use Linker Libraries
L o packaging ¢ Basic Options
o! Ris Development Mode Diagnosable Release -
o' Prchils Warning Level Some Warnings -
o Debug Architecture <Default> -
o Related Projects Strlp inle =|
&. Formatting C++ Standard <Default> -
O License Headers RACther,Options)
& Liiicheis Multithreading Level OpenMP -
Library Level Binary Standard -
Standards Evolution Default -
Language Extensions Default -
¢ Tool
Tool cc L]
¢ Compilation Line =
Additinnal Ontinns =
Development Mode
Development mode
[ox ][ cancel ][ aeoty |[ nelo ]

Puc. 23. Hactpoiiku kommusitopa B Oracle Developer Studio
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3amycture Performance Analyzer xomanmoit analyzer. Ero unTep-
¢eiic ananornyen unrepdeiicy Oracle Thread Analyzer (cm puc. 11). Yka-
JKEM TIYTh K CKOMIMJINPOBAHHOMY TPHIIOKEHUIO, apTyMEHTHI KOMaHIHOMN
CTPOKH M HACTPOUKH MEPEMEHHBIX cpebl. Bo BkIaake BeIOOpa JaHHBIX IS
coopa (Data to Collect) MOXHO 0CTaBUTh 3HAYEHUS TI0 YMOTYAHHIO.

BroimmonauMm  aHanus IIPUIJIOKCHUA. PC3y.]'II>TaTI)I MpeACTaBJICHBI Ha
puc. 24. BugHo, uTo 00IIee BpeMs BBITOTHEHHS HPHIOKEHHUS COCTABHIIO
0,835 cexyHnbl, 3aTpadeHHOE MpoleccOpHOe BpeMs — 3,32 cekyHIbl. B cek-
mun OpenMP Profiling 3nauenne OpenMP Work Time mokaseiBaeT Bpems,
3aTpadyeHHOE MOTOKAMH Ha HWCIIOIHEHHE MpOrpaMMHOro koxa, a OpenMP
Wait Time — Bpems1, 3aTpadeHHOE Ha OXKUITAHHE.

© ©® @ test.1.er - Oracle Developer Studio Performance Analyzer

gniyiews Metrics Tools Help

BBEDET | PSS | viewMode:[user [+] BiRdl| Finc text inview [} [ Match Case
Views ©)]
—————— 1 Experiment{s}
Welcome
5 P test.l.er
Overview
Functions Metrics
Timeline Select the metrics to display in the data views, then click a data view in the navigation panel on the left.
Call Tree Available Metrics Clear All
Flame Graph Experiment Duration: 0.835 Seconds
Source ¥ Clock Profiling
Total CPUTime: 3.320 S6CONAS .+ .+ v v v v vt v *
Disassembly v OpenMP Profiling
ol OpenMP Work Time: 0.000 Seconds
OpenMP Wait Time: 3.320 Seconds -
Experiments OpenMP Overhead Time: 0.000 Seconds O
Threads <
Filters
naSoled =\ Metrics Preview
|To add a filter. select Total CPU Time Open... Open... |Name
|2 row from a view 23 EXCLUSIVE | 33 INCLUSIVE | 33 INCLUSIVE | I3 INCLUSIVE
[tsuch as Functions) 20c) sec o) ec
agiibapiicieassiog 3.320 3.320 | 0. |7 3320 |<rotal>
Compare
Local Host: bee | Remote Host: | Working Directory: ...Avec_sum | Compare: off | Filters: off | [PWarnings

Puc. 24. PezynbraTel ananu3a B Oracle Performance Analyzer

[epeiins Ha Brimagky Functions, Mbl yBUIUM (CM. pHC. 25), BBI30B KaKUX
(yHKIMI BHEC HAMOOJNBIIMIA BKJIAJ BO BpPEMsl HCIIONHEHUS MPOTPAMMBI.
B uwactHOCTH, Ha dyHKIMI0O <OMP-critical_section_wait> npuxonurcs mmo-
JABIISIOIIEE YUCIO HMPOLIECCOPHOrO BpeMeHH. DTa (QYyHKUHUS COOTBETCTBYET
OKHJIAaHHIO TTOTOKOB Ha BXOJIC B KPUTHYECKYIO ceKuio. [1o nadopmarmm u3
cteka Be3oBOB (okHO Call Stack — Timeline) BUIHO, YTO OHA BBI3BIBACTCA
Ha cTpoke 19.
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)

® test.1.er - Oracle Developer Studio Performance Analyzer
Elle Views Metrics Tools

BBEDT || @ | viewMode:[User [+]| S Find: [ 1 |+ | & [IMatch Case.
Views < (4 Total CPU Time open... Open.. | Hame w4 Selection Details
| Work Wait »
Welcome 3 Time Time Narme: <OMP-critical_section_vait>
overview S DOLLEN LB mews [\BRcLaaRl] B o 18 PC Address: 9:0100000600
Size: 0

T 2 330 | 6 | 330 |<otal> — ;

1500 2,907 2,900 [<on-cratical sectionvaits] | Source Fle: (unknown)
Timeline 0.420 3.320 0. 3.320  an Object File: est.1.er/archives/libatsk.s0.1_cGydg-g

C 3.3 e | 338 |_libe start sain Load Object: Tibntsk.s0.1 (found as test.l.er/archi
Call Tree

angled Name:
Flame Graph Aliases:
Source 22 Exclusive 2 inclush
Total CPU Time: 2.900 ( 87.35%)| 2.900 ( 87
i
Dlesssmbly OpenMP WorkTime: 0. ( 0. %) 0. (0
Callers-Callees OpentP Wakt Time: | 2,900 ( 67.35%) 2.900 ( 87
Experiments OpenMP OverheadTime: 0. ( 0. %)| 6. ( O
Threads - 5
Processes Call Stack - Timeline |
More... <OKP-critical_section vait>
1, line 19 in “vec_sun.cpp"
__libe_start_nain + Gx0GGOCF3

Called-by / Calls |
<OnP-critical_section wait>

Total ... |<OMP-critical_s... Tot: | <OMP-critical_section_wait>
ATIREUTED | is called by ATIRIBUTED | calls

; *2is0 | main

Compare

HEE o=

Local Host: bee | Remote Host: | Working Directory: ...vec_sum | Compare: off | Fiters: off | [PWarnings 24

Puc. 25. Inpopmanus o BHI3BIBABIINXCS (PyHKIMAX
B Oracle Performance Analyzer

[epeiinem x ncxomHOMY KOIy, BHIOpaB BkIaaky Source (puc. 26). Bua-
HO, YTO TOJAABIIAIONINN MPOLEHT MPOLECCOPHOTO BPEMEHU MPUXOIUTCS Ha
mupektuBy OpenMP critical, a He Ha Moe3HbIE BRIYUCIEHUS.

Total Open... Open... |vec_sum.cpp "a
<Py Work walt !
Time Time Time
3INCLUSIVE | 33 INCLUSIVE | 33 INCLUSIVE
sec. sec. sec.
0. | 0. | 0. | 15 int sum = 0; =
16

Source OpenMP region below has tag R2
Private variables in R2: i
Shared variables in R2: size, a, sum
Copy in M-function of loop below has tag L10
Bounds test for L10 moved to top of loop
<Function: main -- Parallel loop from line 17 [_$d1B17.main)>
0. | 0. | 0. | 17 #pragma omp parallel for

Source loop below has tag L2

L2 autoparallelized

L2 parallelized by explicit user directive

L2 parallel loop-body code placed in function _$d1B17.main along with O inner loops

0. 0 0. 18 for (int i = 0; i <size; iv+) {

3,000 0, 3,000 19. #prag: iti

0.320 0 0.320 sum += a[il;

0. 0, 0,

0. | <] | 0. | printf(“sun = %d\n", sum);

0. 0 o, delete() a; i
return 0;

0 | o | o |

Compile flags: /fopt/oracle/developerstudiol2.6/bin/CC -xopenmp=parallel -03 -c -xdebugi~
»

Puc. 26. Pa36uBka BpeMeHU HCHOJHEHHUS 110 CTPOKAM MCXOIHOTO KO/
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yJ’Iy‘{IHI/IM MIPUIIOKEHNE, 3aMECHNUB KPUTHYCCKYIO CEKIIUIO Ha TUPEKTUBY
penyKuuu:
#pragma omp parallel for reduction(+:sum)
for (inti=0;i < size; i++) {
sum += a[i];

[Tocne mepexoMMUISIINY MPHIIOKEHUS 3allyCTHM aHaiu3 cHoBa. Ob1ee
BpeMsi BBINIOJIHEHUST cokpaTuioch 0 0.018 cekyHn, mpoiieccopHoe — 10
0.030 cexynz.

KOMIUIEKCHAS OIITUMUM3ALIUA

B kauecTBe mpuMepa KOMIUIEKCHON ONTHUMH3aLMU IMPOrPAMMBI pac-
CMOTPHUM pean3aluio peieHus ypasHeHus Ilyaccona B nBymepHoii oOua-
CTH C KPaeBBIMHU YCJIOBHAMH NIEPBOTO pOJia IBHBIM METOI0M SIKOOH.

VYpasuenue Ilyaccona umeer Bug [21, ctp. 291]:

62(p 62(p

2t/

ox“ Oy
rae ¢(x,y) u f(x,y) — HempepbIBHbIC (YHKIMH; 3HAUCHHE () HA TPAHHIIC
00J1aCTH U3BECTHO.

Ilycte B 00jacTH BBeJcHA peryyisapHas KBajapaTHas ceTKa. Peienue
TG GepeHIIMATBHOTO YPaBHEHHS B Y3JIaX CETKH OyIeM HaXOAWTh C MOMO-
IIbI0 IBHOM KOHEYHO-Pa3HOCTHOM cxeMbl 1o ¢gopmyie (h - mar cetkn) [21,
ctp. 381]:

k+1 3 k k k
0 = 0,25(%—1]' T Piv1j Pt Py hhf"f')

[Iporpamma, pemaromiasi MOCTaBICHHYIO 3aJady, NMPUBEICHA B MpUMeE-
pe 15. B Hell yxe Npou3BeleHO MNEPBOHAYAIBHOE paclapajiieIMBaHUE C

nomomsio OpenMP. TTocmoTpuM, HacKoibko 3G (GEKTHBHOW MOIYYHIACh
napaJulesibHas IIPorpaMma M Kak ee MO>KHO ONTHMH3HPOBATh.

Ilpumep 15. Pemenne ypapaenus [lyaccona metomom Axkoou

#include <omp.h>
#include <vector>
#include <iostream>
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#include <cstdlib>
#include <cmath>

typedef std::vector<double> Vector;

double func(double x, double y) {
return sin(x)*cos(y);

double right(double x, double y) {
return -2*sin(x)*cos(y);

}

int main(int argc, char **argv) {
const int N = (argc > 1 ? atoi(argv[1]) : 1000);
const double eps = (argc > 2 ? atof(argv[2]) : 1e-8);
const int max_iter = (argc > 3 ? atoi(argv[3]) : 1000);
const double h = 1.0/N;

Vector AN*N), A_next(N*N), f{(N*N);

for(intj = 0;j < N; j++){
for(inti=0;i <N; i++) {

ifi==0]j==0]]i==N-1]]j==N-1){
A[i*N + j] = func(i*h, j*h);

}else {
AJi*N +j]1 = 0.0;

fli*N + j] = right(i*h, j*h);
}

double norm = 0.0;
int iter = 0;

do {
norm = 0.0;
1
#pragma omp parallel for reduction(max:norm)
for(intj=1;j<N-1;j++){
for (inti=1;i<N-1;i++){
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A_next[i*N +j] = (A[(i- 1)*N + ]+ A[(i + 1)*N +j]
+ AN +j- 1]+ A[i*N +j + 1]
- h*h*f[i*N + j])/4.0;
norm = fmax(norm, fabs(A_next[i*N + j] - A[i*N + j]));
}

}
I

A=A next;

iter++;
} while ((norm > eps) && (iter < max _iter));

1
std::cout << "Norm =" << norm << ", iter = " << jter << std::end|;
return O;

CkoMmuiIupyeM mporpamMmy ¢ momomsio kommwisitopa Intel C++ ¢
noaaepxkoit OpenMP:

$ icpc -qopenmp -g -O3 -parallel-source-info=2 puasson_v1.cpp

Oniuu -g u -parallel-source-info=2 Hy»HbI JJIs BKIFOUEHUS B UCTIOTHSI-
eMBIH (ailyl JOMOTHUTEIFHOHN O0TIag0IHON HHpOPMAITHH.

3amyctum VTune Amplifier u co3maauM B HEM HOBBIN MPOEKT. B kaue-
CTBE HMCHOJHAEMOro (aiiyia yKaskeM IMyTh K CKOMIMJIUPOBAHHON MpOrpaM-
Me, 33aJaJuM IapaMeTphl TMPOTrPaMMBbl, 3HAYCHHUS IEPEMEHHBIX CpeIbl U
MaKCHMaJbHOE KOJMYECTBO MOTOKOB, BO BKJIaJKe Search sources ykakem
IyTh K TUPEKTOPUHU C UCXOJHBIM KOJIOM NPHIIOKEHUs (puc. 27).

VTune Amplifier mpegocTaBiser BbIOOP THIIOB aHAnHM3a AJS OICHKU
Pa3IMYHBIX aCIEKTOB WCIOIHEHHS MPOTPaMMbI. BO3MOXHOCTh BBIITOIHUTH
TOT WJIM UHOM aHaJM3 3aBHCUT OT UCIIOJIb3YEMOTO MPOIieccopa, ONepariioH-
HOW cucTeMbl M crniocoba ycraHoBkn VTune Amplifier. Hanpumep, mis
npoBenenus aHanmuza HPC Performance Characterization, KoTopblii OyaeT
WCIIONB30BaH sl mpumepa 15, MoxeT moTpeGoBaThCs YCTaHOBKA CIICIH-
IBHBIX JpaiBepOB, UTO MpeAroiaraeT HaJu4yhe MpaB aAMUHHCTpAaTopa Ha
JIOCTYTI K CUCTEME.

Ha pwuc. 28 mokazansl Bo3MOXKHBIE HacTpoiku aHaimza HPC Perfor-
mance Characterization. Yactora ompoca ycraHoBieHa B 1 mMc, BbIOpaHbI
omuu cbopa MHPOPMAIMK O CTEKaX BBI30BOB U MapaUIEIbHBIX PErHOHAX
OpenMP.
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& Choose Analysis Type INTEWTUNEAMPUHER 2013

0 @ Analysis Target | A Analysis Type

- o > e s
s e e Launch Application

[‘ 5 Search binaries
S . a—r
Specify and configure your analysis target: an application or a script to execute. Press F1

@ local host

Android device (ADB) for more details. | | % Search sources ‘
remote Linux (SSH) |
Application: [
/home/opp/openmp/puasson/a.out |9
Select a target type to
profile: Application parameters:
5000 1e-8 100 o
Attach to Process

w| Use application directory as working directory

@ Profile System Working directory:
6 Launch Appiication
User-defined environment variables:

OMP_NUM_THREADS 4 o

Managed code profiling mode
Auto

Puc. 27. 3ananne Hactpoek nporpammsl B Intel VTune Amplifier

& Choose Analysis Type

INTELVTUNE AMPLIFIER 2018
1. © Analysis Target | A Analysis Type /

Algorithm Analysis

BasicHospos

Advanced Hospots
‘Analyze important aspects of your appication perlormance, including

Concurtency ‘anayss, ¥

Lodks and waits

Memory Consumpton

HPC Performance Characterization ()

¥

ry intel Advisor. tidentiies

‘Compute-intensive Application
Analysis -

Microarchitecture Analysis
ing interval, m
——— CPU sampling Interval, ms

Mermory Access 1
TSX Experason

TSX Hotsposs
bandwidih
= Analyze memory

| Collect stacks

v E
Platform Analysis
CPUGPU Concutency
System Overview > Details
GPUHotspots

GPU el Protang

Iputand Oupat

Graphcs Rendenng (preview)

CPUFPGA Ineracton (preview)

/| Analyze OpentP regions

Puc. 28. Beibop Tuna aHamm3a 1 €ro HaCTPOCeK

Haxxmem Ha KHOIIKY Start u AOKACMCA YCIICHIHOI'O OKOHYAaHUS aHaJInM3a.

ITo xaxnomy tumy anammza VTune Amplifier mpemocTaBiseT HECKOIBKO
TaK Ha3bIBAEMBIX «BHIOB» (aHIJI. viewpoint), OTpa’karoIuX pa3IUdHbIEC ac-
MIEKTHI UCIIOJTHEHHS MPOrpaMMbl. B mepByio ouepens Hac OyJeT MHTEpECO-
BaTh Buj Hotspots («ropsume» TOUKHM) — MeCTa B IpOrpamme, BHOCSIINE
HauOONBIINI BKJIaJ BO BpeMs ee BhINONHeHHs. [[ns cMeHbl Buaa HeoOXxo-
JMMO Ha)kKaTh Ha CCBUIKY change psoM ¢ HIMEHEeM BUAA.
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B Bune Hotspots otkpoem Bkiaaky Summary (o0mas uapopmarus). Ha
Hell mpezacTaBineHa Takas WH(oOpMaius, Kak oOIiee BpeMs BBITIOJHEHHS
nporpaMmbl U aHanu3 pabotsl OpenMP (cm. puc. 29). Kaxapiii myHKT
MOXKHO «pa3BEpHYTH», 0TOOpa3uB Oosee mopoOHyo nHpopmarwmio. Kpac-
HBIM IIBETOM BBIJICJICHBI 3HAYCHUS, TJIe, 10 MHeHuIo VTune Amplifier, npo-
HUCXOIUT Hed(PDEKTHBHOE UCTIOTHEHHE.

EHPC Performance Characterization Hotspots viewpoint (change) @ INTELVTUNE AMPLIFIER 2018
4 © Analysis Target A Analysis Type E CollectionLog | & Summary | & Bottom-up & Caller/Callee & Top-downTree ' f1P b |

D) -
© Elapsed Time @: 12.748s

© cPUTime”: 46.663s
() Effective Time“: 36.553s
(® spin Time s 10.107s &
(® Overhead Time “: 0.003s
Instructions Retired: 127,439,472,521
CPI Rate ”: 1.540 &
CPU Frequency Ratio 1.051
Total Thread Count: 4
Paused Time : 0s

© OpenMP Analysis. Collection Time @, 12.748 =
© serial Time (outside parallel regions) ' 2.712s (21.3%) &
© Top Serial Hotspots (outside parallel regions)
This section lists the loops and functions executed serially in the master thread outside of any OpenMP region and consuming
the most CPU time. Improve overall icati by optimizing or izing these hotspot { Since the
Serial Time metric includes the Wait time of the master thread, it may significantly exceed the aggregated CPU time in the
table.

Function Module Serial CPU Time ©
__intel_ssse3_rep_memmove a.out 2.052s
__libm_sse2_sincos a.out 0.217s
__libm_sin_I9 a.out 0.189s
[Loop at line 27 in main)] a.out 0.037s
right a.out 0.033s

[Others) 0.061

() Parallel Region Time “: 10.036s (78.7%)

Puc. 29. ITpumep 15: Hotspots, Summary

B o0meii nHpopMauu 0 BpEeMEHH HCIIOJHEHUS KPACHBIM BBIJICICHBI
Takye mapaMmeTpsl, kak Spin Time — Bpems, MPOBEIEHHOE MPOIECCOPOM B
pexume oxunanus, u CPI Rate — yncio mukioB, 3aTpaueHHOE Ha BBINOJ-
HEHHE OJTHOW MHCTPYKIMH. BBICOKOE 3HAUEHHE STUX MapaMeTpOB CUTHAIH-
3UPYET 0 HU3KOU 3PPEKTUBHOCTH MCIIOJIHEHHUS POTPAMMEI.

[TonpoGyem pazobpatbes, B dem mpuunHa. Bwidepem Bua Hardware
Issues, B Hem Bkiagky Bottom-up (puc. 30). Ha Bxiagke mpencraBieHBI
3HAYEHUS Pa3IMYHBIX XapaKTEPUCTHK MMPOU3BOJUTEIHHOCTH (YHCIO TAKTOB
Ha MHCTPYKLUIO, yncio kau-nmpomaxoB (LLC Miss) u 1p.) Ui OTAEIBHBIX
(hyHKIUI 1 y9aCTKOB IMTPOTPaMMHOTO KOJa.
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EHPCP ch ization Hardware Issues viewpoint (change) @
4 © Analysis Target A Analysis Type EJ CollectionLog & Summary | & Bottom-up | & Top-downTree {2 Platform

Grouping: Module / Function / Call Stack ~|[x]2][=]
Modue / Function / Call Stack | coatigs v | instuctions Retired | CPIRate | LLCMiss | Mooue | Function (Fuiy | Source File |

v aout 153,092.704.281 _ 83.452.359.869 51.6% Iomelopplopenmplpuassonva.out
[Loop at line 45 in mainSompSparallel_for@|  131,950,457,449|  69,628,548,601 | 59.3%| a.out | [Loop at line ... | puasson.cpp | Ihomelopplopenmp/puasson/a.out

» _intel_ssse3_rep_memmove 8,630,265,125 3667469990 2.353 88% aout  _intel_ssse. Ihomelopplopenmplpuasson/a out

» __libm_fmax_e7 7.101,360,004 3,854,218,160 1842 0.0% |a.out __libm_fmax... /ome/opp/openmp/puassona.out

> Imax 3209615286 1715073978 1871 0.0%|aout  fmax Iomelopplopenmpipuassonva.out

» __libm_sse2_sincos 907281459 1812035060 0501 0.0%|aout | _libm_sse2... Ihomelopplopenmplpuasson/a.out
» _libm_sin_I9 863716226 1706506627  0.506 0.0%|aout | _libm_sin_I3 Ihomelopplopenmplpuasson/a.out

» [Loop atline 27 in main] 153,636,582 454361184 0338 0.0%|aout [Loopatiine ...  puasson.cpp | Mome/opplopenmplpuasson/a.out

Puc. 30. Ilpumep 15: Hardware Issues, Bottom-up

BribepeM rpynmupoBKy MO MOIYJSIM, YTOOBI BBIACIHUTH OTHEIBHO
(dhyHKIIME 13 MOAyJs a.out (B ATOT MOIYJb CKOMITHIHpPOBaH mpumep 15).
Bunno, uto Hanbosbiee 3nadenne CPI Rate u k31I-mpoMaxoB MPUXOIUTCS
Ha IIUKJ Ha CTpoke 45.

[IlenxHyB IBa)KIbl IO 3TOH CTPOKE, MBI MEPEUTIEM K UCXOJHOMY KOIY
rporpaMMel (puc. 31). DTOT HUKI COOTBETCTBYET OCHOBHOMY pPacueTHOMY
LUKIY NporpaMMbl U3 mpuMepa 15, KOoTopelii pacnapaiieNeH ¢ MOMOIIbIO
nupekTuBbl for 1 ucnonp3oBanus onuuu reduction. CnpaBa OT UCXOAHOIO
KOJZIa PacIOJIOKEHBI 3HAYCHHUSI CYETYHKOB COOBITHH. st moyueHus Gonee
MMOTHOW WH(OpPMAaNUd MOXHO OTKpHITH BUA Hardware Events, Ha Hem —
Bkiaaky Event Count (puc. 32). BunHo, 4To Ha Hall HUKI NPUXOAUTCS IIO-
JIABJISFOIIEE YHCIIO COOBITHI MPOCTOS UCIIOTHEHHS BBHUILY KAII-TIPOMAaXOB.

EHPC Perft Ch ization Hard! Issues viewpoint (change) @
4 © Analysis Target A Analysis Type £ CollectionLog & Summary & Bottomup & Top-downTree %3 Platform | B puasson.c... |

[Tsource | assembly | | | %] | ] 9| 9] al|assemblygrovping: Address

s Hardware Event Count by Hardware Event Type
us — cpu.cve.[ove[ove.[cve.[ 0., [iNT..[ Me. | Me. [oFF.[oFF. Res. Rs .
20 const int max_iter = (argc > 3 7 atoi(argv([3]) 1000) ; | | | | | | | | |
21
2 const double h = 1.0/N:
23
24 vector A(N*N), A next(N*N), f(N*N);
25
26 for (int J = 0; J < N; j++) {
7 for (int i = 0; 1 < N; ivs) {
28 if (1==0 1] j==0|] 1==N-1]|]j==n1) {
29 A[i*N + j] = func(i*h, j*h);
30 } else {
3 Ali*N + j] = 0.0;
32 }
33 f(1*N + J] = right(i*h, j*h);
3 y
3 )
36
37 m = 0.0
38 0;
3
o do {
a1 = 0.0
I #pragna omp parallel for reduction(max:norm)
44 for (int j =1; j <N 1; j++) {
as for (int i = 1; 1 <N - 1; i+4) {
A next(i*N + §] = (AL(1 - 1)*N + J) + AL(i + 1)*N + §]

Puc. 31. AHanu3 uCX0HOTO KOJia IPOTPaMMBI
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& HPC Performance Characterization Hardware Events viewpoint (change) © INTELVTUNEAMPLIFIER 2018
1 @ AnalysisTarget A Analysis Type ] CollectionLog & Summary | & Event Count | & Sample Count & Caller/Callee & Top-downTree [ Platform 2o’/ v
Grouping: Module / Function / Call Stack ~|[x][o][=]

Module / Function / Call Stack

T
& [CYOLE ACTVITYSTALLS Lib PENOING] CYCLE ACTIVITY.CYGLES NO EXECUTE |CYGLE ACTITYSTALLS LOW PENOING] CYGLE ACTVITYSTALLS (2 PENOING ¥ | 100 U0P

¥ aout 110 80,707,763,778 92,948,080,422 86,894,992,188 84,550,584,258

| (Loop atline 45 in mainsompSparalel_for@ 26 | 72.377.949,798| 81,345,492,180 77,484,454,674) 73.314.656,646 |
» __intel_ssse3_rep_memmove 232 4,416,590,622 7,013,503,134 5,448,022,464 6,880,659,828
» _ibm_fmax_e7 120 2760850422 2979.417.216 2641.078.458 2917.523.166 |
» tmax ;270 1,152,363,936 1,477,553,046 1,236,517,062 1,380,703 ,344
» _lbm_sin_19 368 o £0,042,966 24,004,626 12,019,198
» [Loop at line 44 in mainsompSparaliel_{or@,| 0 o 12,010,356 12,008,646 12,012,816
» night 720 0 ) 12,001,782 12,004,656
» __libm_sse2_sincos »32 ° 36,037,878 36,004,476 12,004,608 |
» [Loop at line 749 in sid::_fil_n_a<double*, 3364 0 24,023,640 ) 0
» [Loop at kne 27 in main] 78 o o [ 0 )
» sin 0 J o o o |
» _ibm_cos_ 19 ) ) 0 0 0
» [Loop at kne 43 in main] o o 0 0 0

» libiomp$.s0 334 84,068,808 14,528,480,646 2,808,561,240 2,917,675,386

Puc. 32. Tlpumep 15: Hardware Events, Event Count

UTo0b! ONpeneanTh NMPUUMHY TaKOro OOJBIIOTO YUCIIA KAII-IPOMAaxoB,
paccMOTpUM KOJ| TIporpamMmbl mojipooHee. CeTka MpeCcTaBIsSeTCs B TaMsATH
KaK JIByMEPHBI MacCHB, KOTOPBIA XPaHUTCS MO CTPOKaM, OJHAKO B I[UKJIC
CHadaja ujeT ooxox mo cronbiam. Tak Kak JaHHBIE MOMEIIAIOTCS B KOIII-
MaMATh CTPOKaMH, 00pabOTKa 1Mo CTOJIONAaM MPUBOIUT K TOMY, UTO TIPH TIie-
pexo/ie OT OJHOTO CTONOIA K JAPYTrOMY HY>KHBIC JTAaHHBIE BBHITCCHSIOTCS W3
KOII-NIAMATH, YTO IPUBOAUT K OOJIBIIOMY YUCITY KIII-IPOMaXOB.

HcnpaBum nporpaMMy myTeM IMepecTaHOBKU 3ar0JIOBKOB IUKIIOB, B TOM
YHUCIIEe B IUKJIC MHUIMATN3AIAN, KaK TIOKa3aHo B mpumMepe 16.

Ilpumep 16. Pemenne ypaBHenus Ilyaccona meromom Skobu (c mepe-
CTaHOBKOH IMKJIOB, MIOKa3aHbl TOJIBKO U3MEHEHH B TEKCTe Npumepa 15).
for(inti=0;i<N; i++) {
for(intj=0;j <N; j++) {

if(i==0]j==0]]i==N-1]j==N-1){
A[i*N + j] = func(i*h, j*h);
}else {
A[i*N +j] = 0.0;
fli*N + j] = right(i*h, j*h);
}
}
double norm = 0.0;
int iter = 0;
do {
norm = 0.0;

#pragma omp parallel for reduction(max:norm)
for (inti=1;i<N-1;i++){
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for (intj=1;j<N-1;j++){
A_next[i*N +j] = (A[(i- 1)*N +j] + A[(i + 1)*N + j]
+A[I*N +j-1]+A[i*N +j + 1]
- h*h*f[i*N + j])/4.0;
norm = fmax(norm, fabs(A_next[i*N + j] - A[i*N + j1));
}
}
A =A_next;
iter++;
} while ((norm > eps) && (iter < max _iter));

Ilepexomnunupyem nporpaMmy M 3alyCTUM aHaju3 CHOBAa. Pe3ynbTarsl
aHalv3a pecTaBieHbl Ha puc. 33.

HPC Performance Characterization Hotspots viewpoint (change) @ 7
4@ Analysis Target A Analysis Type Collection LogJ & summary | & Bottom;ug o) calier/cal(ee Q Tof.

© Elapsed Time ®: 6.791s
p

© cpPuTime?: 24.2825
® Effective Time %z 16.814s
® spin Time 7.465s R
( overhead Time @: 0.003s
Instructions Retired: 94,742,392,486
cpiRate?: 1.086 K
CPU Frequency Ratio e 1.059
Total Thread Count: 4
Paused Time @ 0s

© OpenMP Analysis. Collection Time : 6.791
© serial Time (outside parallel regions) “: 2.591s (38.2%) k
© Top Serial k ide parallel regions)
This section lists the loops and functions executed serially in the master thread outside of any OpenMP
region and consuming the most CPU time. Improve overall application performance by optimizing or
parallelizing these hotspot functions. Since the Serial Time metric includes the Wait time of the master
thread, it may significantly exceed the aggregated CPU time in the table.

Function Module Serial CPU Time ©
__intel_ssse3_rep_memmove a.out 2.044s
__libm_cos_I9 a.out 0.160s
__libm_sin_I9 a.out 0.138s
[Loop at line 749 in std::__fill_n_a<double*, unsigned long, double>] a.out 0.025s
right a.out 0.023s
[Others] 0.065s

® Parallel Region Time ©: 4.200s (61.8%)
Puc. 33. Ilpumep 16: Hotspots, Summary
Bpems paboThl mporpaMMbl 3HAYHUTENFHO yMEHBIIWIOCH. OIHAKO HC-

MOJIHEHHE TocienoBaTenbHoro koma (Serial Time) B pamkax OpenMP
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3anumMaeT 38 % BpemeHu. bonbiias 0 MOCIEIOBATEIEHOTO KOJIa UMEET
HETaTUBHOE BIMSHUE Ha MacIITAOMpOBaHHE MMPOTPAMMBI, IIO3TOMY €€ JKeJa-
TCJIIbHO MUHUMU3NUPOBATh.

B crnmcke Top Serial Hotspots mpencraBieH crucok (yHKIHA, BHOCS-
IIMX HauOOJBIIUH BKJIAJ BO BPEMs MMOCJICIOBATEIBHOIO HCIIONHEHMS. Buj-
HO, YTO MHOTO BpeMEHH TpaTUTca Ha ¢yHKIHIO __intel_ssse3 rep_
memmove. HaxaB Ha nMms (QyHKOMH W Tiepeiins Ha BKIaaky Bottom-up
(puc. 34), MBI yBUAUM TOAPOOHYIO WHGPOPMAIHMIO MO0 Kaxa0H (hyHKIHH, a
TaKXKe I10 BCEMY IIPOLECCY UCITOIHEHUS IPOTPAMMBI.

& HPC Perf Ch ization  Hotspots viewpoint (change) © INTELVTUNEAMPLIFIER 2018
1 ©AnalysisTarget A Analysis Type [J CollectionLog & Summary | & Bottom-up | & Caller/Callee & Top-downTree [ Platform A o NS 3
Grouping: Function / Call Stack [+][%][2][%] cpuTime M|

= Furcton’ Cal sia uTme v | [coirae [ voose Funcoon 0] | Viewng ~ 1041 - seced 500

» [Loop at kne 46 in mainsompSparallel_for@44 7.976s GEENNNNED 20539871874 1112 0995 aout [Loop at e 46 in mainSompSparaliel_for@44] 1000w @ous ol 20845 |
» __kmp_fork_barrier 7131 GEENNEND | 30880.567.246 0979 1.060 Wiomps.so __kmp_fork_basrier(it, int)

» [Loop at ne 46 in mainSompSparallel_for@44 3.112s G 12058671753 1137 1156 aout [Loop at ine 46 in mainSompsparaliel_for@44]

» _libm fmax_e? 2211s @B 9.112.562.762 __libm_tmax_e7

» Imax 09725 @ 3,789,309,126

» sched_yweld 02565 | 1122147586 0987 1081 Wc21950  sched_yiekd

» _libm_cos_lo 0.160s | 1,774,386,766. 0.383 1.063 a.out __libm_cos_19

» __ibm_sin_jo 0.138s | 1492480676 0394 1064 aout bm_sin_t9

» __kmp_join_call 0.077s | 332,034,288 0.975. 1056 WiompS.so  __kmp_join_call

» [vmlinu) 0,070s | 202390135 1320 0955 vminux [vminux) i
» [Loop atkne 749 in std::_fil_n_a<double*, un 0.025s | 36.462.221 2.756 0.993 aout [Loop at line 749 in __gnu_cxoc:_enable_if<sid [{
» mainSompSparaliel_for@44 00245 | 85650431 1167 1042 aout manSompSparalel_for@44

» right 00235 | 464341882 0214 1059 aout ight(double, double)

» [Loop at kne 28 in main] 0.018s | 227,764,145 0.338 1045 aout [Loop at line 28 in main]

» [Loop at kine 46 in mainSompSparaliel_for@44 0.017s | 56,852,789 1158 0.989 aout [Loop atline 46 in mainsompSparallel_for@44]

Puc. 34. llpumep 16: Hotspots, Bottom-up

B mpaBoii yactu s Kaxaoi BeIOpaHHOH (QyHKIMM OyAyT MOKa3aHBI
CTeKH BBI30BOB, BKIIOYAIOIINE NMaHHYI (yHKIMIo. HaiineM, KTo BBI3BIBAI
JaHHYI0 QYHKIMIO U3 MOAYJIS a.out (aHaTH3UpyeMast TPOrpaMMma).

[lepeiinem k KOqy MpOrpaMMbl B OOpaTUM BHUMAHHE, YTO KOHCTPYKITUSI
A = A_next sBnseTcs KONUPOBAaHUEM MacCHBa M OHa HE pacnapaijiesieHa.
Taxoxe 3ameTnm, uro B ciricok Top Serial Hotspots monanu BRI30BEI (yHK-
uuid sin() 1 cos() U3 UMKJIA MHULMAIA3AUWU JAaHHBIX, KOTOPBIA TOXE HE
pacmapalieneH.

HcnpaBuM mporpaMmy, pacnapajiielB IOCIeI0BaTeIbHbIE YUYacTKH,
Kak mokazaHo B npumepe 17. [lepexomnunupyem nporpammy M 3amyCTHM
aHanu3 cHoBa. Pe3ynbTaThl mpeacTaBieHsl Ha puc. 35.

Ilpumep 17. Pemenne ypaBHenus Ilyaccona meromom Skobu (c mepe-
CTaHOBKOH LIMKJIOB W pachapajieMBaHUEM TOCIEA0BaTEIbHBIX YYacTKOB,
MMOKa3aHbl TOJHKO U3MEHEHHS B TEKCTE IpumMepa 16).

#pragma omp parallel for
for(inti=0;i<N; i++) {
for(intj=0;j < N; j++) {
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ifi==0]j==0]]i==N-1]]j==N-1){
A[i*N + j] = func(i*h, j*h);

} else {
AJi*N +j]1 = 0.0;

fi*N + j] = right(i*h, j*h);
}
}

double norm = 0.0;
int iter = 0;

do {
norm = 0.0;

#pragma omp parallel for reduction(max:norm)
for(inti=1;i<N-1;i++){
for(intj=1;j<N-1;j++){
A_next[i*N +j] = (A[(i- 1)*N +j] + A[(i + 1)*N + ]
+ AN +j- 1]+ A[i*N +j + 1]
- h*h*f[i*N + j])/4.0;
norm = fmax(norm, fabs(A_next[i*N + j] - A[i*N + j]));
}
}

#pragma omp parallel for
for(inti=0;i<N; i++) {
for(intj = 0; j < N; j++) {
AJi*N + j] = A_next[i*N + j];

}
iter++;
} while ((norm > eps) && (iter < max_iter));

BpeMﬂ MMOCJICAOBATCIILHOIO HMCIIOJIHCHUSA TCHEPh COCTAaBIACT 4YYTh
0oJIbIIe IPOIIEHTa OT OOIIET0 BPEMEHH HCIIOTHEHUS — 3TO XOPOIINHA MoKa-
3arenb. OHAKO MporpaMMy MOXHO ONTHMM3HPOBATH ellle CUiIbHee. JHaue-
e OpenMP Potential Gain (pasmen OpenMP Analysis) moka3siBaer,
CKOJIBKO BPEMEHH MBI IIPUMEPHO CMOXKEM BBIMIPATH, YJIYUIIUB paclapai-
nenuBaaue OpenMP, B gacTHOCTH cOamaHCHPOBAaB pabOTy MEXIY IMOTOKA-
mu. PaccMoTpuM, Kak 3TO MOKHO OCYIIICCTBUTH.
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@ HPC Performance Characterization Hotspots viewpoint (change) © I@@:EAHPHBE/RZNB
4 @ AnalysisTarget A AnalysisType EJ CollectionLog & Summary | & Bottom-up & Caller/Callee & Top-downTree & Platform b

© Elapsed Time “: 6.107s l
) CPU Time : 22.854s

Instructions Retired: 60,129,961,043
CPI Rate ™: 1604 &
CPU Frequency Ratio 1.055
Total Thread Count: 4
Paused Time “: 0s

() OpenMP Analysis. Collection Time “: 6.107

5) Serial Time (outside parallel regions) “: 0.090s (1.5%)

) Parallel Region Time : 6.017s (98.5%)
Estimated Ideal Time ”:  5.746s (94.19%)
OpenMP Potential Gain :  0.271s (4.4%)

-} Top OpenMP Regions by Potential Gain

This section lists OpenMP regions with the highest potential for performance improvement. The Potential Gain metric shows the elapsed
time that could be saved if the region was optimized to have no load imbalance assuming no runtime overhead.

OpenMP Region OpenMP Potential Gain” (%) OpenMP Region Time
pp:45:52 0.186s  3.0% 4.013s

cpp:54:59 0.077s  1.3% 1.937s

cpp:27:37 0.009s 0.1% 0.068s

() Top Hotspots

This section lists the most active functions in your application. Optimizing these hotspot functions typically results in improving overall application

performance.
Function Module CPU Time

[Loop at line 47 in mainSompSparallel_for@45] aout 8.107s
__intel_avx_rep_memcpy aout 7.067s
{Loop at line 47 in maingompsparallel_for@45) aout 3.172s
__libm_fmax_e7 a.out 2.233s
__kmp_fork_barrier libiompS.so 0.880s

Puc. 35. IIpumep 17: Hotspots, Summary

Otkpoem Bug HPC Performance Characterization, Bximagky Bottom-up
(puc. 36). /IBa OCHOBHBIX IIMKJIA HAIIEH MPOTpaMMBI (IIUKIJI pacueTa W IIHKI
KOITMPOBaHUs) UMEIOT HEHyJIeBoe 3HaueHne napameTpa Imbalance or Serial
Spinning — BpeMeHH, NOTPa4eHHOTO MOTOKaMU Ha OKUAaHUE BBUIY AncOa-
JIaHCaA HAarpy3KH MEXIy MOTOKaMH WM APYrux npuyuH. Bkymne ¢ 6onbmmm
BpeMeHeM paboThl pyHkuuu __kmp_fork_barrier 3To 03Ha4aeT, 4TO MOTOKU
IIPOBOJST MHOTO BPEMEHU B OXXKMIAHUU Ha Oapbepe, HE BBINOJIHSIS IOJIE3-
HY0 paboTy.

& HPC Perf ch ization HPC Performance Characterization viewpoint (change) @

4 @ AnalysisTarget A Analysis Type EJ CollectionLog & Summary & Bottom-up | & Caller/Callee & Top-down Tree

Grouping: OpenMP Region / OpenMP Barrier-to-Barrier Segment / Function / Call Stack v "?HF T
= VCPUTlme R EE— S| 7M£mwym

‘OpenMP Region / OpenMP Barrier-to-Barrier r 0 e
Segment / Function / Call Stack I

!

» mainsompSparallel:4@/home/opplopenmplpu 0.300s 0s  0.010s 0s 0.000s 0s 0s  0.0025 1.8%  N/A with H
» [Serial - outside parallel regions] 0.009s 0s  0.000s 0s 0s 0s 0s  0.001s 0.0% | N/A vith H
» mail 00325 0s  0.001s os os 0s os 0s|  18.3% NAwihH

Puc. 36. ITpumep 17: HPC Performance Characterization, Bknaaka Bottom-up
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IMo ymomuanuo paboTa B ukiax for pacnpeaessieTcss MexXIy MOTOKa-
MU CTATUYECKH, IO 60JII)HIOMy 6HOKy UTEpaii Ha KaKIBIH MOTOK (CM.
pasnen «IlapamrensHbie TUKIBDY). XOTS 00beM BBIYNCICHUN Ha TTOTOK OJTH-
HAKOB B TEOPHUH, U3-32 OCOOCHHOCTEH pa0OThI ¢ KAIIIEM, TAMITBIO U JAPYTUX
TEXHUYECKUX HIOAHCOB OJHH MOTOKH MOTYT 3aBEPIINTh BHIUMCIICHUS PaHb-
1Ie IpyTuX, YTO BBIHYKAAET UX MPOCTauBaTh Ha HEIBHOM Oapbepe B KOHILIE
napajuiebHON obmacTu. DTy HH(POPMALIMIO MOXXHO HAWTH B HIDKHEH YacTH
BKIaaku Bottom-up Bunma Hotspots (cm. puc. 37), rae npencraeieH rpaduk
paboTHl IS KaKIA0ro MoToka. OTMETHM HAJIMYHE TIEPUOIOB MPOCTAUBAHUS
1ocJie nepruoaa padoThl ISl OCHOBHBIX IIOTOKOB.

% OMP Worer Trveaa £3 (D... |
[ owe waser veaa so o i
OMP Worker Tvead #1110 |
o> woskae vesa 20| [N

aSpin and Overhead Time:
O #CPU_CLK_UNHALTE.
cPUTIme
auCPU Timo

2 miSpen and Overhead Time

| 2l =

Puc. 37. TIlpumep 17: Hotspots, Bottom-up

Brecem ucnpaBieHns B MporpaMMy, YCTAaHOBHUB JJISi OCHOBHOTO ITUKJIA
for aMHAMHYecKOe ITUIAHMPOBAaHUE M pa3OMB pabOTy HAa MEHBLIME MOPLHH,
Kak mokazaHo B mpumepe 18. Ilepekomnminpyem mporpaMMy M 3amyCTHM
aHaJln3 CHOBa. Pe3ynbTaThl MpeacTaBiIeHbl Ha puc. 38.

Ilpumep 18. Pemenne ypaBuenus Ilyaccona metomom Sxobu (¢ mepe-
CTAHOBKOHM LIMKJIOB, paclapalieIMBaHUEM IOCIEI0BATEIbHBIX YYaCTKOB U
JUHAMUYCCKUM IINIAHUPOBAHUCM, IMOKa3aHbl TOJIBKO HM3MCHCHHSA B TEKCTC
npumepa 17).

do {
norm = 0.0;
#pragma omp parallel for reduction(max:norm)
schedule(dynamic, 100)
for(inti=1;i<N-1;i++){
for(intj=1;j<N-1;j++){
A next[i*N +j]=(A[(i- 1)*"N+j]+A[(i +1)*N + ]
+A[I*N +j-1]+A[i*N +j + 1]
- h*h*f[i*N + j])/4.0;
norm = fmax(norm, fabs(A_next[i*N + j] - A[i*N + j]));
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#pragma omp parallel for schedule(dynamic, 100)
for (inti=0;i<N;i++){
for (intj=0;j < N; j++) {
AJi*N +j] = A_next[i*N + j];

iter++;
} while ((norm > eps) && (iter < max_iter));

EHPC Performance Characterization Hotspots viewpoint (change) © INTELVTUNE AMPLIFIER 2018
9@ Analysis Target A Analysis Type EJ CollectionLog Jilrl summary | & Bottom-up & Caller/Callee @ Top-downTree 2 Platform )
© Elapsed Time ?: 5.967s
© cpUTime 22.037s
lnsnucncr[s Retired: 65,280,707,532
CPIRate 1430 K
CPU Frequency Ratio % 1.059
Total Thread Count: 4
Paused Time % os

)
© OpenMP Analysis. Collection Time ®: 5.967
() Serial Time (outside parallel regions) ' 0.106s (1.8%)
© Parallel Region Time ”: 5.861s (98.2%) Tl
Estimated Ideal Time ”:  5.762s (96.6%)
OpenMP Potential Gain“":  0.099s (1.7%)
) Top OpenMP Regions by Potential Gain
This section lists OpenMP regions with the highest potential for performance improvement. The Potential Gain metric shows the elapsed
time that could be saved if the region was optimized to have no load imbalance assuming no runtime overhead.

OpenMP Region OpenMP Potential Gain® (%) OpenMP Region Time
cpp:45:52 0.064s 1.1% 3.858s
PP:54:59 0.026s 0.4% 1.942s
cpp:27:37 0.008s 0.1% 0.061s

© Top Hotspots

This section lists the most active functions in your application. Optimizing these hotspot functions typically results in improving overall application

performance.

Function Module CPU Time
[Loop at line 47 in mainSompSparallel_for@45] a.out 11.110s
__intel_avx_rep_memcpy a.out 7.263s
__libm_fmax_e7 aout 2.114s
fmax aout 0.879s
__kmp_fork_barrier libiomps.50 0.206s
[Others] 0.464s

Puc. 38. IIpumep 18: Hotspots, Summary

Ha Bxnagke Bottom-up Buga HPC Performance Characterization BumHO
TpOEeKpaTHOE CHI)KEHHE 3HaueHus moka3atesst Imbalance or Serial Spinning

IJI4 ONTUMU3HUPOBAHHBIX HHUKIIOB: IEPHUOJABLI IIPOCTOS IOTOKOB Ha CHHXPO-
HU3allM1 3HAYUTCIIBHO COKPATUIINCh.



7. JABOPATOPHbBII TIPAKTUKYM

Tekct mporpamMmsel ¢ ucnoib3oBanueM OpenMP 00s3aTensHO TOIDKEH
CoJIepKaTh TUPEKTUBY TOJKIFOUEHUS 3ar0JI0BOYHOTrO (aiina omp . h:

#include <omp.h>

Jlist cOOpKHM TapauieTsHOM MporpaMMbl ¢ ucmoib3oBanueM OpenMP,
KaK MPaBmIIO, TPEOYETCs ABHO yKa3aTh JOIMOIHUTEILHYIO OTIIHI0 KOMITHIIS-
nuu. Tak, 9TOOBI CKOMITMJIMPOBATH KOJ C TIOMOINBIO KOMIWIATOpa gt++
HeoOX0MMO yKa3aTh Kiitod -fopenmp:

$g++ -fopenmp example.cpp -0 example.exe

3neck example.cpp — (aiin, comepxamuii mapayuIeIbHY0 POTPaMMy C HC-
nostb3oBanueM OpenMP APIL. Ecimu kimou -fopenmp He ykazaH, KOMITHJIS-
TOp g++ cobepeT 0ObIUHYIO TOCIEAOBATEIbHYIO IPOrPaMMy, BCE JUPEKTH-
Bbl OpenMP OyayT npourHOpupOBaHbI.

CKOMIUIMPOBaHHAs MPOTpaMMa 3aITyCKaeTcsst 0OBIYHBIM 00pa3oM:

$./example.exe

Jlns BBINOJHEHUsI peajbHBIX BBIYMCICHUN NporpaMma JOJDKHA OBITH
CKOMITMJIUPOBAaHA C KII0YaMU ONTHMHU3anuu. B obmem ciydae, s moiy-
YEeHUS! MaKCHMAJIbHOW TPOU3BOAUTENFHOCTH HA0Op HEOOXOAMMBIX KITIOUeH
noadupaeTcsi SKCHEpUMEHTATBHBIM crocoOoM. B pamkax s1abopaTOpHBIX
paboT AOCTaTOYHO MCIOJIB30BATh KIt0d -O3.

[Ipu BKIFOYEHHBIX OMIHUAX ONTUMH3AINH KOMITAISATOP MOXET YAAISATh
BBIUMCJICHUS, pe3yJIbTaThl KOTOPBIX HUTAE Jajiee He UCHOb3ytoTcs. [loaTo-
My B XOJl¢ SKCIIEPUMEHTOB C MPOrpaMMaMu HEOOXOOUMO CIEAUTH 3a TEM,
YTOOBI Pe3yIbTAaThl PacYeTOB KyAa-THOO BHIBOAMIINCH, NHAYE 3aMephl Bpe-
MEHH BBIITOJTHEHHUS IPOTpaMM He OYIyT HMETh CMBICIIA.
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JIABOPATOPHAS PABOTA Ne 1
IMAPAJVIEJIBHBIE TUKJIBI

ean padoTsl

3HaKOMCTBO cO crenudukanueil MPUKIATHOTO MIPOTPAMMHOTO HHTEP-
(hetica OpenMP, npumeneanem OpenMP 11 pacnapaiieTMBaHus IHKIIOB,
HCIIONIb30BaHUEM KOMITHIIATOPOB, pean3ytonux crenupukanuto OpenMP.

IMopsinok BbINOJIHEHUSI paboOThI

1. CxoMnunupyiTe U 3ayCTUTE IporpamMmy u3 nmpumMepa 19.

2. Moaudunupyiite nporpamMmmy, 3ameHuB afi] = b[i] B Tene nmkia Ha
a[fi] = f(b[i]), rne f — HexoTOpass yucTas GyHKIWA, 3aMal0Mas TOCTATOTHO
CJIO)KHOE BBIYWCIIEHUE, YTOOBI BpeMs ee paOdOoThI COCTAaBISIIO Topsiaka 1 ce-
KyHZIbl. 3allyCTUTE B TEPMUHAJIBHOM OKHE NporpaMMy top, mepeidaurte B
PEXUM OTOOpaXKeHHUsl 3arpy3Kd OTHENBHBIX siAepP BBIYUCIMTEIBHOW CHCTE-
MBI, HOKaB KJIaBuiry «1». B apyrom okHe ckoMmuimpyite Moaupuuupo-
BAHHYIO Mporpammy c UrHopupoBaHuem aupektuB OpenMP u 3amyctute
ee. Ilpoananusupyiite 3arpysky szpep, oToOpaxkaeMylo Hporpammoi top.
Wntencusno paboraer 1 simpo (ecnu B cUCTeMe HET APYTHX MapajlielbHbBIX
MIPOIIECCOB, MHTEHCUBHO HCITOIB3YIONINX MPOIIECCOP).

3. CkoMnunupyiTe nporpammy c noaaepxkkoil OpenMP. 3amyctute
nporpammy. Ilpoananusupyiite oTianuue B 3arpy3ke sfep B Iporpamme
top: Teneps HHTEHCHUBHO PabOTAIOT BCE SI/Ipa CUCTEMBI.

4. Uzyunte paboTy mporpaMm u3 npumMepos 1-6.

5. IlpoBenuTe HKCIEPUMEHTHI C HUCKIOYEHHEM onuuu reduction wu3
npuMepa 2, BBIHECEHUEM NIEPEMEHHOM id U3 KJlacca YacTHBIX B KIIAcC pasfe-
JsIeMBIX epeMeHHbIX. [Ipoananu3upyiiTe BO3SHUKAIONIME OIIUO0YHBIE CHTY-
aruu.

6. [leperummuTe mporpamMmy w3 mpuMepa 2 0e3 HCIOIB30BaHUS OMITHH
reduction, HO ¢ TpUMEHEHUEM OUPEKTHUBHI critical.

7. Ha ocHOBaHMU NPUMEPOB U MOSCHEHUM B TEOPETUUYECKON YacTH pas-
pabotaiiTe mporpaMmy B COOTBETCTBHH C BAPHAHTOM 3aJlaHHMsl, COTJIACOBAH-
HOTO C TIPETIO/IaBaTENEM.

8. Pa3paboTaiiTe cucTeMy TeCTOB, MPOBEAUTE TECTHPOBAHUE U OPOpMHU-
TE OTYET B COOTBETCTBHH ¢ TpeboBaHusIMU pa3zaena «IloarotoBka oryera mo
J1a00paTOPHOM padoTe».
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Ipumep 19. llapannensHble UKIIBL.

#include <omp.h>
#include <iostream>

using namespace std;

int main() {

int a[100], b[100];

/[l IHnumanunsaumsa maccusa b
for(inti = 0; i<100; i++)
b[i] = i;

/I Onpektnea OpenMP ans pacnapannenvBaHus uukna
#pragma omp parallel for
for(inti = 0; i<100; i++)

afi] = bfi;
b[i] = 2*al[i];

int result = 0;
/I Danee 3HaueHus ali] n b[i] ncnoneayoTtcs, Hanpumep, Tak:
#pragma omp parallel for reduction(+ : result)
for(inti = 0; i<100; i++)
result += (a[i] + bl[i]);
cout << "Result =" << result << end|;
I
return O;

BapuanTsl 3a1aHuil 1J151 CAMOCTOSATEILHON padoThI

1. Pemmenne CJIAY ureparimoHHbeiMu MeTonamu [19].

2. UucnenHoe pemieHue ypaBHeHus [lyaccoHa Ha OCHOBE KOHEYHO-
Pa3HOCTHOTO MPUOIMKEHHSI, UTepalluOHHBIE MeTOBI [20].

3. @OunpTparus nzobpaxenuit [22].

4. Iloctpoenne u3zobpaxkeHuss MHOxkecTBa MannensOpora [23]. 3a oc-

HOBY TIpeJjiaraeTcs B3sTh TOTOBYIO IOCIICIOBATEIbHYIO IMpOTrpaMMy Ha
si3pike C [24] u pacmapallIenuTh HUKIBI, UMesl B BUAY, YTO BpeMs pacueTa
JUTST KQKIOHW TOYKHM M300paKEHUS WHIUBUIYaTbHO M HEM3BECTHO 3apaHee

(TpeOyercst TUHAMHUUYECKas OalaHCHPOBKA).
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5. IlocTpoeHne nByMEpHOTO M300pakeHUS TPEXMEPHOH CIIEHBI METO-
JIoM TpaccupoBkH syueit [25]. Ilockonbky BpeMs pacueTa A KaKIoW TOY-
KM M300pakeHNsI MHIMBUIYabHO M HEU3BECTHO 3apaHee, Tpedyercs TuHa-
MUYEeCKas 0aTaHCHPOBKA.

KonTposbHbIE BONIPOCHI

. Obnacte npumenenust OpenMP.

. Mogens mapamrenusma Fork-Join.

. Hupextusa for: omnuus reduction.

. [npexrtuga for: onuus schedule.

. Paznensiemble 11 yacTHBIE TIEpEeMEHHBIE.

. JIMpeKTHBBI CHHXPOHU3AINH.

. Kakue xoncrpykunn OpenMP mipenycmatpuBaroT HessBHbIE Gapbephl?

~NON DN kW —

JIABOPATOPHAS PABOTA Ne 2
ITAPAJUIEJIBHBIE 3AJTAYHN

Hean padoTsl

Ocpourts ynpasieHus 3agadamu B OpenMP.

HOpﬂ)]OK BbINNOJIHEHUSA paﬁoTu

PaboTa BBIMONHSIETCS MOCIE TOTO, KaK CTYyJAEHT OCBOHMJI BBOJAHBINA MaTe-
puan no cnenudukanuu OpenMP, Bemonnsis Jlabopatopryro padory Ne 1.

1. M3yunrte npumMepsl 7-9 mporpamm, CKOMOWINPYUTE U 3aITyCTUTE UX.

2. Mognduuupyiite nporpaMMmy U3 mpuMepa 7 Tak, 4yToObl B Hayaie
BBIMOJIHEHUS 3a/laud MOTOK BBIBOAMI B (aiil CBOW HOMEp, NpUYEM IJis
Ka)XI0T0 MOTOKa JIOJKEH OBITh OTAENbHBIN (paii.

3. Moaudummpyiite mporpaMMmy M3 npumepa 7 Tak, 4TOOBI pPEKypCHB-
HO€ pa3BOpauMBaHUE OCTAaHABIMBAJIOCH IMOCIE TOr0, Kak rmapamerp count
(byaKIME sUM() CTAHOBHUTCS MEHBIIIEC WM PAaBEH HEKOTOPOMY IIEJIOUHCIICH-
HOMY TapaMeTpy mporpaMmmsel. YacTu MaccuBa COOTBETCTBYIOIIETO pa3zMepa
JIOJKHBI CYMMUPOBATHCS MIOCIEA0BATEILHON NIPOLIE Y POH.

4. Hannmurte nporpaMMy, pealu3yIollylo HapaielbHOe CYMMHpPOBa-
HHE MacCHBa C IOMOILBIO AUPEKTUBHI for, CpaBHUTE €€ MO MPOU3BOIUTENb-
HOCTH C MPOTPaMMOil U3 MPebIIyIIEro MyHKTa.

5. Ha ocHOBaHMM NPUMEPOB U MOSACHEHUH B TEOPETUYECKON 4acTH pas-
paboraiiTe mporpaMmy B COOTBETCTBHH C BAPHAHTOM 3aJjaHHMsl, COTJIACOBAH-
HOTO C IIPENOoJaBaTEeIEM.
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6. Pa3paboraiite cucremy TeCcTOB, MPOBEIUTE TECTUPOBAHUE U OPOPMHU-
TE€ OTYET B COOTBETCTBHH C TpeOoBaHUsAMU pa3zaena «IloAroToBka otyera o
nabopaTopHOU paboTe».

BapuanTsl 3axaHuii VIS cCAMOCTOSITEIbHOM padoThI

1. briouHsIii anropuTM YMHOXEHHS MaTpHIl [26].

2. bnounsrit anroputm LU-pasnokenus. lcronb30BaTe HPHOPUTETHI
3amadq [27].

3. Meron Xoneuxoro. biounsrit anroputm [27]

4. IlocTpoenne n3obpaxkeHuss MHOXecTBa Manaens0pora [23, 24].

5. Busyanm3aius TpeXMepHOU CIICHBI METOIOM TPAaCCHPOBKY JTyueit [25].

6. O6xox rpada.

KOHTpOJ’IbHBIe BOIIPOCHI

1. PacckaxxuTe 0 Ha3HAYeHUHU JUPEKTUBHI task U ee onmuusix.

2. Uro Takoe Touka mraHuposaHus (schedule point)?

3. Kakue cpenctsa nmpexycmotpensl cnenudukanueir OpenMP s 3a-
JTAHWUS TIOPSIIKA BBITIOJIHCHUS 32,1247

4. Kakas ommnOKa BO3MOKHA IIPH YKa3aHWU B oniuu shared TupeKTHUBEI
task TOKaTBHBIX TIEPEMEHHBIX?

5. B KakoM TOpsIKe BBITIONHIIOTCS 3a/add, OOBSIBIECHHBIE IPYT 3a

npyrom?

JIABOPATOPHAS PABOTA Ne 3
OTJAIKA 1 OITUMHN3AIIUAA

Hean padoTsl

O3HaKOMHTBLCS CO CpeaACTBaMU OTJIAAKU U ONTUMH3AINU NAPpATIJICIIbHBIX
nporpaMm; U3y4uTb MCTOAbI ITIOUCKaA OIIMOOK U CIIOCOOBI UX YCTpaHCHUA.

IMopsiiok BbINOJIHEHUSI pa0OTHI

1. I3y4nTh TEOPETUUYECKYIO YaCTh U3 pa3jiena 5.

2. BBINONMHUTH TOUCK OMIMOKH THIA «TOHKH JaHHBIX» M3 IpuMepa 12 ¢
nomomrsto Oracle Thread Analyzer u Intel Inspector (cm. pazmen «Ilouck
OIIMOKY TUTIA «KTOHKH JAHHBIX» ).

3. BBIMOMHUTD MOMCK OMIMOKM THUNA «AEAJIOK» U3 mpumMepa 13 ¢ momo-
mpto Oracle Thread Analyzer u Intel Inspector (cMm. pasnmen «Ilouck omu6-
KU THIIA «IEIUIOKY).
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4. VI3yunTh TEOPETUUECKYIO YaCTh U3 paszena 6.
5. BBIMOTHUTS ONTHUMU3AIMIO IPOTPaMMBl U3 MpuMepa 15 ¢ moMoImbio
Intel VTune Amplifier (cm. pazaen «KoMriekcHas ONTHMU3AIHY ).

BapuanTsl 3axaHmii 111 cCAMOCTOSITEILHOM PadoThI

BrITOTHATE 3a7aHue IS CaMOCTOSTEIIEHOH paboThI (ITOMCK OITHOOK B
nporpamme, MpeAoCTaBIeHHON npenoiaBareneM). [lo pesynbpratam moro-
TOBUTH OTYET B COOTBETCTBHM C TpeOoBaHUAME pasnena «llogroroBka ort-
geTa 1o JabopaTopHoi padboTey.

KoHTposbHbIE BONPOCHI

1. Uem oTnaauuK OTIAMYAETCS OT MPOPHIUPOBIIHKA?

2. Kakue HHCTpYMEHTHI NTO3BOJISIIOT OTJIKUBATh IPOrPaMMbl Ha OCHOBE
OpenMP? Kaxoro poja ommOKky OHH MOTYT OOHApy>KUBATh?

3. Kakue HMHCTpyMEHTHI MO3BOJIAIOT ONTHMHU3HPOBATH MPOrpaMMBbl Ha
ocHoBe OpenMP?

4. Kak ckoMOWwIMpoBaTh MporpamMmy Juisi paboThl € OTJIAAUYUKOM?
C npodunupoBmuKom?

5. Ilo3Bonger M OTIATYMK OOHAPYKUTH BCE BO3MOXKHBIE OLIMOKH B
nporpamme? [Touemy?

6. Kakyto nn¢popmanuio o pabore mporpamMmbl MO3BOJISIFOT COOHMpaTh
npodmmpoBmmkn? Kakue onTUMU3anmd HA OCHOBE STOW WHGOpMAIHNH
MOKHO NPEANPUHATD?

MOATOTOBKA OTYETA I10 IABOPATOPHOM PABOTE

Otuér odopmisieTcs Mo pe3ysibTaTaM BBIOTHEHUS KaXKA0H J1abopaTop-
HOH pabOTHI M MIPEIOCTABIIAETCS HAa TMPOBEPKY B IeuaTHOH popme. Kakmprid
CTYJEHT TOTOBUT OTUET CaMOCTOSITEIbHO, HE3aBUCHMO OT TOTO, BBITIOIHS-
nach 1 1abopaTopHasi paboTa UHAWBUIYaIbHO WM B COCTaBE TPYIIIEI CTY-
IeHTOB. Bmecte ¢ oTuéroM mpemocraBisieTcs pa3paboTaHHas MporpaMmma,
KOTOpasi MOXKeET ObITh O(OpMIICHA B ITeYaTHOH (B BHJE MPHIIOKECHUS K OTUE-
Ty), THOO B IIEKTPOHHOMH (hopMme.

IIpu cnadye oTuéra mpenoaaBaTeNlb MOKET CHEJaTh YCTHBIE WM IUCh-
MEHHBIE 3aMEYaHUsl, ONPOCUTh YTOUHHUTh PAcU€Thl WU BBIMOJIHUTH UX C
IPYTHMH TIapaMeTpaMy. OJTH 3aJaHus BBIMOJTHSIOTCS CTYJEHTOM Ha OT-
JENBHBIX JINCTaX U 0OPMIIIOTCS IPHIIOKEHUEM K OTUETY.

TpeOGoBaHus K OTUETY MPUBECHBI B IPUIOKECHUA A.
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HNPUJIOXEHUE A
TPEBOBAHUSA K OTYETY

TpeOoBaHUA K COAEP:KAHUIO OTYETA

Otuér mo naGopaTopHOi paboTe JOMKEH COAEPKATh CIECIYIOUIUE pa3-
JICITBI:

o [locranoBka 3a7auu — BKJIIOYAET B ce0sl 1eTb BHIITOTHEHUS! PabOTHI U
TEOPETHUYECKYIO YaCTh;

e Pa3paboTka perieHns — BKJIIOYACT JIETALHOE OIMCaHKUe pa3padoTaH-
HOro airoputMma (cmocoba ero mapajuieNbHON peanu3anuu), 0ObSICHEHUE
MIPUHSATHIX aPXUTEKTYPHBIX U TEXHUYECKHUX PEIIeHUH;

e Pe3ynbTaThl SKCIIEPUMEHTOB — BKJIFOUAET OMMCAHNE MCIIOH30BaHHO-
ro o0OpyAOBaHUsA, METOAbl U3MEPEHUS, IPpaUKH MPOU3BOJUTEILHOCTH U
YCKOPEHHUS, IPYTUE TOJIYUYCHHBIC Pe3yJIbTaThl;

e BriBogbl — KpaTKO H3JlaraeT OCHOBHBIC MPHOOPETEHHBIC 3HAHUS O
MIPEeIMETE UCCIICIOBAHNUS.

e B cinyuae HEOOXOIUMOCTH B KOHIIE OTU€Ta MOXKET OBITh IPUBEICH
CIIHCOK JIUTEePATypBhIL.

OTuét momkeH OBITh HANMCaH YETKO, SACHO, akKypaTHO. CokpalieHHs
CJIOB, KpOME OOIIENPUHATHIX, HE JOMYCKAIOTCA.

TpeOoBaHusI K IPOrPaAaMMHOMY KOAY

[IporpaMMHBIil KOJ JOTKEH yAOBIETBOPATH CIIEIYIOIUM TPEOOBAaHUAM:

e [IporpaMma pa3pabaTbeiBaeTcs O ONEPAaLMOHHYIO cucTeMy Linux Ha
a3bike iporpammupoBanus C nim C++.

e [IporpaMMa JOKHAa YCHEIIHO KOMIMIMPOBATHCS KOMITHISTOPAMH
GCCu ICPC.

e VcxonmHbIN KOA MODKEH OBITH pa3paboTaH caMOCTOSTENbHO. Perre-
HUsl, CKayaHHble U3 MHTEpHETa, K 3aluTe HE NOIyCKaroTca. B ciaydae
YaCTUYHOTO 3aWMCTBOBAaHHUS HEOOXOAWMO IMPHBECTH CCBHUIKM Ha HCTOY-
HUKH.

e Vcxomublil KO OMKEH OBITH XOPOLIO JOKYMEHTHpPOBaH. B KoMMeH-
TapusIX JOJDKHO AETAIbHO MOSCHATHCS Ha3HaYeHHUE OCHOBHBIX OJIOKOB KOAa,
a TaK)Ke BCEX HEOUEBUAHBIX KOHCTPYKIIHIA.
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TpeboBaHus k opopMJIeHUIO OTYETA

OdopmiteHne TekcTa:

e OtuéT HAOUMpaeTCs MAIWHOIMCHBIM CIIOCOOOM Ha cTpaHuie Qop-
mata A4 c cobroeHreM moJieil: BBepXy U BHU3Y — 2 €M, clieBa — 2,5 cwM,
ciopaBa — 1 cm.

o IlepBas cTpaHuIia — TUTYJIBHBIH JUCT — OGOPMIISETCS COTIIACHO MPH-
JI0KeHHIo b.

e Iy OCHOBHOI'O TEKCTa OTYETA UCIOJIb3yeTcs rapHuTypa Times (Miu
cBOOOMIHBIN aHANOT), KerJIb — 12 1T, nHTepBai — 1, mBeT Tekcta U GopMys —
4E€PHBINA, OTCTYI MEPBON CTPOKH Kaxkaoro adzama — 1 cMm. Cogepxumoe aod-
3ala BEIPAaBHUBAETCS 110 IIHPUHE.

o Crpanuibl 0TuéTa HyMEPYIOTCS apaOCKUMu nuppamMu, UCKITIOYas TH-
TYNBHBIN JTHCT. HOMepa cTpaHull yKa3bIBalOTCS B IPAaBOM HUXKHEM YTIIY.

o Pazgenbl oru€ra HyMepyroTcs apabckumu nudpamu. s pasaenos
ucrosnb3yercss rapaurypa Times (wim CBOOONHBIM aHAOr), KErib —
14 nT, HauepTaHWe — TOJYXHUPHOE, BBHIPABHUBAHUE — IO JICBOMY Kparo
CTPaHMIIBI.

OdopmiieHHE PUCYHKOB:

o PucyHKH, 10 BO3MOXKHOCTH, JOKHBI OBITh MOJTOTOBJICHBI B BEKTOP-
HOM (opmare.

e Bce pucyHKu IOMKHBI OBITH O3arjiaBieHbl U MPOHYMEPOBAHbBI. 3aro-
JIOBOK TIOMENIAETCs TIOJ] PUCYHKOM U BBIPABHUBAETCS TI0 IIEHTPY CTPAHUIIBL.

e Ha Bce puCYHKH B TEKCTE JOKHBI OBITH TAHBI CCHIITKH.

OdopmiteHre TaOJIHII:

o TaGmuiel TOJDKHEI OBITH HaOpaHBI TEM JK€ KETJjieM, YTO M OCHOBHO
TEKCT.

e Bce TabmuIbl JOKHBI OBITH O3ariaBiIeHbl ¥ IPOHYMEPOBAHBI. 3aro-
JIOBOK TaOJNHIBI JTOJDKEH OBITh MOMENICH Haj TaOJMIed W BBIPOBHEH IO
MPaBOMY Kparo CTPaHUIIBI.

e Ha Bce TaOnuIbl B TEKCTE JIOJIKHBI OBITh TAHBI CCHUIKU.

Odopmrnenune Gopmyi:

o Kaxnas hopmyna HaOupaeTcsi ¢ HOBOM CTPOKH M BBIpaBHHBAETCS IO
LEHTPY CTPAHHUIIBI.
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OdopmiteHrE TPOrPaMMHOTO KOJIa:

o [IporpaMmHBIil KOI JOKEH OBITH OQOPMIIEH B COOTBETCTBHH C O-
HUM 13 pacnpoctpaHéHHbx ctuieil: K&R Style, Allman style, Google C++
Style Guide, nnm aHaJOTHYHOMY .

o [IporpaMMHBIi K0T HAOUpAETCs C UCIONb30BaHNEM TapHUTYpHl Con-
solas (umm cBOGOAHEIH aHasor), keriab — 11 nT, naTepBan — 1.

o [IporpaMMHBIN KO HaOMpaeTcs OTAETBHBIM ab3aleM ¢ HOBOW CTpO-
ku. OTCTyn cBepXy W CHU3Y ab3ama — 12 mr.

e B OCHOBHOI1 TEKCT JOMyCKaeTCs BKIIOYATh HE Oojiee OHON CTPOUKHU
MIPOrpaMMHOTO Koza (Hampumep uMs GYHKIMH WA IEpEMEHHON ).
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