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AmaryopeleTaL 1) avTIypor], 0o KeELOT Kot S10VOUT TS TAPOVSUS EPYACIAG, €& OAOKANPOL 1 TUN-
LOTOG QUTAG, Yot EUTOPIKO okomd. Emtpéneton n avartdnwon, amodnikevon kot dlovoun yio. okomd
L1 KEPOOGKOMIKO, EKTALOEVTIKNG 1 EPEVVITIKNG GVONGC, VIO TNV TPoUTOOEGN VO avapEPETaL 1) TNy
npoélevong kot va dratnpeiton to Tapdv pnvope. Epotipata mov apopoldv ) xpion e epyaciog
Y10 KEPOOOKOTIKO GKOTO TPEMEL VA, ameLBVVOVTAL TTPOG TOV GLYYPUPEQ.

O1 amOYELS KO TOL GUUTEPAG AT TTOV TEPIEXOVTOAL GE AVTO TO £YYPAPO EKPPALOVV TOV GUYYPUPEN Kol

dgv mpémet va epunvevdel 0TL avtimpoocwnevovy Ti enionpeg Béoeig tov EBvikod Metoofiov [Tolvte-
YVeiov.



IHepiinyn

[pdoopateg e&eliels o alyopiBuovg e VYNAG VTOAOYIGTIKO POPTO GE SLAPOPOLS TOUEIS OTWC T
eneEepyocio ewdvag, N Suvapikn EAEYYOL Ppong Kot 1 UNavikn pndbnon napovsialovy palikd avén-
LEVT OVALYKT) Y10 VTOAOYIGTIKT 1oyV. Ao TV AN mAgvpd, To High Performance Computing Bpiocke-
TOL VIO GUVEYN OVATTVED, TPOCPEPOVTAS TPOTYLEVES APYLTEKTOVIKES VAIKOD KOl TOPAAANAC LOVTEAQL
TPOYPOULULOTIGHOV KOl TPOTOKOALO TTOV AVEAVOLY TV GO0 KOl LELMVOVY TO KOGTOG TETOLMV EP-
yaoumv. Q6T0G60, 1 EKUETAAAEVCT AVTAOV TV TEXVOLOYI®V givar dStaBéoiun Hovo og eEEIOTKEVIEVOVG
YPNOTEG, EVA Ol UEGOL TPOYPOUUUTIOTEG LTOPOVVY VA, AGYOANO0VV HOVO LE Eva TEPLOPIGUEVO aplOUO
TEYVOLOYIDV TTOL £YOVV OvVOTTTUYOEL 0pKETE MOTE VA TEPIAAUPAVOVY 10, OTAT] SIETOQEN IKAVT| VO, 0O~
KPOTTEL TNV LYNAN TOAVTAOKOTITA.

Y auT TN SA®UOTIKY EPYAGio, LEAETOOLE L0 GELPA SLOPOPETIKAOV TEYVOLOYIDV TOL UITOPOVV
VO GUVOLAGTOVY Y10 VO, SIEVKOAVVOLVY TNV avanTLEY, PEATIOTOTOINGN KOt EKTEAEGT UI0IG TOPAAANANG
epappoyns. Eotidoape oto oyedlacpd e opyLltEKTOVIKNG UG VTOSOUNG, 1) OTOio TaipveL T LopeN
LG ePYAAELOONKNG TOV TPOGOEPEL UI0, TOKIALL SLOUPOPETIKMOV Agttovpyldv. H yprion piag tétotag
VTOJOUNG GTOYEVEL VO BonO1GEL TOV XPNOTH VO VAOTOWGEL EPOPLOYES VYNANG amdd0oNS, IKAVES VOl
avamtuyBovV Ge dLAPOPES APYLTEKTOVIKEG KOl YDPOVG LVALNG.

"Eva mapdAinio Ipoypappotiotiké Movtédo €xel oyedlootel yia TNV Kabodnynorn tov ypnot
HEG® TNG S1OIKAGTI0G OXESIAGLOV EQAPUOYNS. AVTO TO LOVTEAO OTOKPVTTEL TOV TPOYPOAULATIOTH 0T
TNV EPAPLOYN YOUNAOD EMTESOV, PPovTILOVTOC OAES TIG EpYUTies emKoOv@Viog Kot ektéleons. H olo-
KAMp®GoN Kot 1) EKTELEST] TNG EQPAPOYNG Elvar evBuvn Tov epyadeiov Alayeipiong Extéleonc mov €xet
ovamTuyOel yio TNV EQUPLOYN TOV 0N YLDV YUUNA0D ETTESOV Kol TN YpN o eEmTEpKDV BiiAtodnKmV.
H Ipoypoppatiotikn Alema@n amotehei LEPOG TOV LOVIELOL TPOYPUUUOTIGUOD KOl ATOTEAEITOL KV-
plog amd £va cvoro PAOONKOV oL avamThYONKAY Y10 VO ETTPETOVY TNV EMKOWVOVIN LETAED TV
EMPEPOVS KOUMATIOV TG epapuoyns. Eva epyaieio Avtopatng [aporinionoinong etvat to amoté-
AEGLLOL LLLOG EKTETAUEVNG LEAETIG TOV GUYYPOVOV TEXVIKMV TOV YPTGLLOTOLOVVTAL GTOV TOUEN KOl EK-
petaAievetar 1o oyedacud tov [poypappatiotikod Moviélov yio tnv avtopatn toporinionoinon
LEPDV TNG EQUPLOYNS TTOV TEPIAAUPEVOLY peydlo vToAoyioTkd OpTo. Eva epyaieio Myne amoed-
GEWMV OGOV 0POPA TIC O100EG1LES TEXVIKEG TOV VITOGTNPILOVTAL, EKUETAAAEVETAL TIC 0O YIEG TOV XPNOTN
Y TV ovaBeoT) TUNUAT®V TG EQOPLOYNAG OTA d1APOoPa GToLXEID LAIKOD Kot ETAEYEL TIC AVTIOTOLXES
TEYVOAOYIEG Y10, TNV VAOTOINGT] TV AEITOVPYIDV EMKOWVMVIOG KOl EKTEAECTG YAUNAOD EMTESOV TOV
amotTovvToL.

O1 K0p101 6TOYOL AVTNG TS EPYOCING UTOPOVV VO GLVOYIGTOVV GE TPiol LEPT), CLYKEKPIUEVA GTO
kepdhona B, @ ko Bl. Zro mpdro pépog suinrape tig tpéxovoeg Texvoroyies mapainiomoinone, eoTid-
Covtag edikd oty a&lohdynomn g anddoong tov mapariniomomty] PLuTo kot Tov petayA®Ttiot
ROSE, gpyasia yio v kdAvyn TEPIGGOTEPOV TEPITTMSEMVY Kot BEATIGTOTOINON TNG ANOIOONG. XT0
deVTEPO UEPOG, TEPLYPAPOVLE AETTOUEPADS TO TAPUAANAO TPOYPUUUATIGTIKO LOVTEAO TTOL YPNGILO-
moteitan yio Vv ypnomn Tev epyareiov. Télog, oto Tpito puépog, culnTape TIg AETTOUEPELES OAOKANP®-
ong wog tétotag vrodoung (AEOLUS) kot tdg 1 aAANAETIOpaoT TV HEPDOV TNG UTOPEL VO TPOGPEPEL
MG ATOTELEC LA [LL0L OAOKANPOUEVT] Kal BEATIGTOTOMEVT TOAPAAANAT EQOPLOYT.

Ag&Eaic KAEWOWa

[Moparinionoinon, Avtépatn [Hoparinionoinon, IlapdAinia Xvotipata, [Ipoypappatiotikd Mo-
vTélo






Evyoaprotieg

Oa Mdera va guyapiotiom Tov kadnyntr pov, l'edpyro [kodpa, yio 6An v moAdtyn fondetd tov
KATA TN SLAPKEL AVTNS TNG TTEPLOS0V. Oyt LoVo Lov E0moe KATELOVVTIPLEG YPOUUES KOl VTOGTAPIEN
v To B€pa avThg TG SatpiPc, AALA KoL [LE EIGTYOYE OTO TESIO TV AEITOVPYIKMY KOt TOPAAANA®DY
GLGTNUATOV HEGH TOV TOAAATA®Y PaBn TV Tov peleTovsa vtd Ty enifAeyn Tov. To evdlapépov
Kol 0 vOoVoLacIOC TOV LE 00YNGAV VO AVTIILETMTIC® TO £PYO0 OV LE TOV 1010 TPOTO.

Emumdéov, Oanbeka va gvyapiomiom v etaupeioc WINGS ICT Solutions kot to wpoypappo PHANTOM
Horizon 2020, 610 0moio £pydotnKo, TapEYOVToS TOPAAANAN £Va, LEYAAO HEPOC OTNG TG EPYUCTOG
v Ty avantoén tov. Zuykekpiuéva, Oa n0eia va vyapioTHom Tovg TpoioTduevong pov [avayid
Bloyga kot [Tavoyidtn Agpéotiya, mov e vTootnpi&ay e TG GVUPBOVAEG TOVE, TNV KoTAvOnon Kot
TNV EUAMIOTOGVVT TOVG Kl *OAN ovTr| TNV TTEPiodo.

EminpécOeta, Oa ffeha va svyapltotio® GAOVG TOUG GIAOVE OV OV HE VIOGTHPIEAY KOl [LOV
€0moav Kivntpo 60Ao avtd 1o didotnua Kot wiaitepa tovg Kovetavtivo, Xdapn kot Ztabn pe toug
omolovg mepdoape pali ta televtaio ypovia g eoitnong pag. Oa ndela eniong va ekepdcwm
Babvtatn guyveprosvhvn HoL Yia T UNTEPO OV, TOV TOTEPO OV KOl TO AOEAPLOL LLOV, TTOV EUEIVOY GTO
TAELPO pov, vrootnpilovrog kot cvpPovievovtdg pe. Evyapiotd wwntépog v EAévn, mov ftav
TAVTO EKEL VTOLOVETIKA Y10 va. [LE BonBnoet kal va Le oTtnpi&el e omolovonmoTe TpOmo.

Méoa and avtéc Tig Ypappés, o ndela va avayvopicm 6Aovg dcoug pe forincav vo 0oAoKAN PO
ovTO TO £PY0 KOTA TN S1APKELN VTG TNG EVTOVNE TEPLOSOL TNG CONG OV UE TNV NOIKT TOVG VITOoTNPIEN
KoL GUUPOVAEGS.

lodvvng E. TCavettng,
AbBnMva, 11 Nogpppiov 2019

EBviko Metoofio [oivteyveio, Zyoin Hiexktpordywv Mnyavikov kot Mnyavik@v Yroloyiotov, Topéag Te-
xvoroyiag ITAnpopopikng kou Yroroyiotdv, Epyactipio Yroroyiotikdv Zvotnpdatev, Noéuppog 2019.
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Kepararo 1

Ewcaymyn

1.1 Kivntpo

Yfuepa, ol VTOAOYIOTIKEG Epyocieg Teivouv va, yivovtal oloéva kot o omontnTikég. H dvodog
NG UNYOVIKNG LABnong, g emoTRUNG TV dedouévav Kot TG eneéepyaciog wdvag, Kadmg kot 1
{Nton o€ €QapUoYEC GE TPAYLATIKO XpOVO, dElYVOLY CaP®S TNV aVAYKT Y0 TEPICCOTEPT VITOAO-
YIOTIKT 10}V Kol PELOWPEVT KaTtavaAiwmor evépyelag. Exel yivetar aviiinme n aéio tov €1€p0oyevadv
ocvotnudtov. H tpéyovoa kot pedlovtiky| €pguva e0TIOLETAL EKTEVAOC GTNV KOVOTNTA GUVOLAGHOV
™G 16(H0G VTTOAOYIG OV TOV GLOTIUATOV VYNANG amdd0oorg (.. GLOTASES UNYAVAOV) LE XOUNAT KO-
TAVAA®GON LIKPOTEP®V, EVEPYELOKE OTOSOTIKMOV GUGKELMV (T.Y. EVOOUATOUEVES cLOKEVEC, FPGAS
KAL) Kot oty a&lomoinon g yio TV Tpo®inon g avantuéng CLGTNUATOV VYNANG amOd06NS
KOV®V VO, EKTEAOVV BEATIOTO TOAADV E0DV EPAPUOYES.

A6 ™V GAAN TAELPAE, 1) AVATTVEN TOPAAANA®Y EQUPUOYDV Y10 SIOPOPETIKEG GUOKEVES £V [l
ypovoPopa kot dVGKOAN dtadikacio, Tov deV TPOOPILETUL Y10 TOV HEGO TPOYPALIATICT] TOV YVO-
pilel povo and ceprokod mpoypappatiopd. [oAlég PipAodnkeg kot vrodouég Exovv avamtuydel Yo
Vo VTOGTNPIEOVY TOV TAPAAANAO TPOYPULUATIGUO YPNCULOTOIDVTAG TOAAUTAG VALLATO, JIEPYOCIEG,
TUPNVEG N OLOPOPETIKOVG EMTOYLVTES. (26TOGO, 1 AVATTLEN LI0G TOAVIIAGTATNG EPAPUOYNS TTOV UTO-
pet va ekpetaAhenTel d1aQOPETIKG EMITESN LIAG TOPAAANANG OPYLTEKTOVIKNG, CUUTEPIAAUPAVOUEVDV
TOV eEOTEPIKAOV EMTAYVVTIOV, onortel e£otkeimon pe moAAATAES VTOOOUES Kol UTOPEL VO 0dTYNGEL
o€ VIEPPOMKN TPOGTADELD Y100 TOV TPOYPOUUUOTIOTY], OTOUTAOVTOG EKTETAUEVT] ATOGOUALATMOOY] Kot
avadIOUOPPMCT] TNG EPAPLLOYNS Y10 TPOCUPLLOYT GTNY VILAPYOVCA. APYITEKTOVIKT.

[Tapdro mov 0 oYESIAGLOC ETEPOYEVDV TOPAAANA®Y EQAPLOYOV EivaL Eva TEPITAOKO Kol TOAVIIE-
0T0TO £PY0, VO LEYOAO UEPOC TG dladlkaciog Tov umopel va avtopatorombei, pe myv npoimdbeon
OTL VILApPYEL LEPIKN KaBodynon and Tov ypnoth. Mio vTodoun mov propel va S1eVKOADVEL TO Gye-
dtaopd TopdAANA®V epapuoymv Bo Tpémel va vTooTNPILEL O10POPETIKEG YADGGEG KOl LOVTELD TTPO-
YPOLUATIGHOD, VO UTOPEL VO EKUETAALEDETOL SLOPOPETIKES APYLTEKTOVIKES, TAPEXOVTOS TAPAAANAL
€Val LOVTEAO TTPOYPAUUOTIGHOD VYNAOD EMTESOV TOV ATOUOKPOVEL TOV XPNOTI OO TIG VAOTOUGELS
YoUNA00 emmédov.

1.2 Ztoyor

H 10é0 mico amd pio vrodoun mov Umopel vo S1EVKOADVEL KOl VoL EVIGYVGEL T1) d1081KaGi0 TG T~
PAAANANG OVATTTUENG EQPOPUOYDY OTOGKOTEL GTNV QPAIPEST] TV VYNADV EMTESOV SVGKOAING TOL
VILAPYOLV OTAV EYOVLE VO KAVOVUE e GOVOETEG OPYITEKTOVIKES GUGTNUATOV. ALNQOPETIKA TEPPAA-
AOVTO OUAIVOVY SLOLPOPETIKA GTUA TPOYPULLOATICUOD, SIETAPEG KOl OKOUN Kol YAMGGOES, Ol OTO1ES
0€ MOMAEG TEPIMTTMOELS KOABIGTOVV TNV ETEPOYEVT OVATTVLEN TTOAD TEPITAOKT] Y100 TOV LEGO TPOYPOULLLLOL-
Tiot. 'Evog evotdpecsog npdxtopag” Hetall Tov TpoypapLaTIoT] KOl TOV dBEGILOV GTOYEVOUEVOD
oLoTHHOTOG Ba TPEMEL VO avOAAPEL TIG VAOTOMGELS YOUNAOD ETITESOV TNG EPAPLOYNG OTAAAAGGO-
VTAG TOV amd TV VBVV TS AVTILETATIONG TNG TOAVTAOKOTNTAG TOV dnpovpyeitan Sabfétovtag e
oVTO TOV TPOTO AELITOVPYiEG TOPAAANAOTOINOTG OE £Vl AYOTEPO EEEIBKEVUEVO KOLVO.

To mpdPAnua mov Ba aviipeToTicovue BacileTol 6TO GYESUGLO KOL TNV OPYITEKTOVIKT UI0G OEL-
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pag epyareimv mov Oo eTTPEYEL GTOV PN OTY VA GYEOIAGEL Lol TOPUAANAT EPAPLOYT OKOAOVODVTOGC
GUYKEKPUEVES KATELOVVTIPIEG YPAUUEG KOOBMDC Kat TV VAOTOINoT TV PACIKOV EpYOAEI®V TOV 0To-
TEAOVV TOV TUPNVA TNG VTOJOUNG, GTO OTOi0 GTN GUVEYELD UTOPOVV va Tpootehovv ki GALo OAo-
KANPpOVOVTOG TN AEITOVPYIKOTNTA TG, ZKOTOG TG TOPoVoag Epyusiog elvat vo Tapdyet pio VITOdoun
7OV VoL VTOGTNPILEL TO GYESIAGHO TAPAAANAWDY EQOPLOYDY TOL OTOTEAOVVTOL OO TOAAG aveEAPTITAL
LEPT TTOV UTOPOVY VO EKTEAEGTOVV TTOPAAANAQ, KOOMG KoL TNV OTOLUKT TOPOAANAOTOINGT TOLG Kot
TEMKA TNV avATTUEN TOLG GE 0L KATOVEUTLEVT] KOl TOUPGAANAT OPYLTEKTOVIKY OOTELOVUEVT] OO
TOALOTTAOVG VITOAOYIGTIKOVG KOUPOLG LE TIC O1kEC Tovg duvatdtnteg. O oYedAoUOS TOV LOVTEAOV
TPOYPOAULOTIGHOV Ba Yivel [e TETO10 TPOTO MOTE VO UTOPEL Vo, EEETOGTEL KOL 1) ETEPOYEVIG QPYLTE-
KTOVIKT, cvumephapfoavopévav tov enttayvviav (m.y. GPUs) 1 tov FPGAs, edv vrtapyovv této1eg
GULGKEVEC.
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Kepdioro 2

I'evikéc Tinpo@opisg

2.1 TlopdAiinies APYITEKTOVIKEG

INa va Eenepaotel n enintmon g Tapaknis Tov Nopov Tov Moore, 1) ETIGTNHLOVIKH KOOt T Ep-
valetor A0 Kot TEPICCOTEPO Y10 TNV EKUETAAALELGN TOAAATAGY TVPVAV / ETEEEPYAGTDOV / UNYOVAOV
Yo TNV EKTEAEDT] EPYOCIOV TopaAANAc. H taydtnta Tov pepovopévev enetepyactdv dev umopel va
avénbei 1660 ypyopa 660 TPy, dALA 1) GLAAOYIKY EPYACIH TV VTOAOYIOTIKAOV GUGKELMV GTOYEVEL
Vo KaAOWYEL 0VTO TO KEVO Kot VoL ovaldPet Tnv vTooTipIEN TV OAO KoL TO OTALTNTIKGOV VTOAOYIOTL-
KOV epyaciav mov nepthapfdvovy ot cOYypovot aryopBpotl. Ot mapdAAniol VITOAOYIGTEG LITOPOVV VO
ta&voun0obv Katd TPOGEYYIoT COLPMOVA, LIE TO EMIMESO GTO 0010 TO VAIKO vITooTnpilel mapaAAnit-
oud. Avtn 1 Ta&vOUNoT EIVOL G YEVIKEG YPOUUES AVAAOYT UE TNV 0TOoTOoT UETAED TV POCIKMV
KOpP@V vroroylot@v. Ot TOTOL aVTOol deV Elval AOPoimG ATOKAEIGUEVOL, Y10 TOPAELY L0, CLCTAES
GUHUETPIKAOV TOAVETEEEPYUGTMOV EIVOL GYETIKH KOWVEG.

2.1.1 TIoAlvmopnve Xvotipato

"Evoc enelepyaotng moAlamAGV mopivev gival Evag eneEepyaotng mov TepAapPivel TOAMATAES
povadeg eneepyaciag (mov ovopdlovrar “moupnvec”’) 610 id10 To1m. AVTog 0 eMeEEPYOTTNS OLOPEPEL
amd évay vepyordfo encEepyaotn, 0 0moiog TEPIAAUPAVEL TOAMATAEG LOVEADOEG EKTELEOTG KOl PTOpEl
va ekdmoel TOAUTAEG 001 yieg avd KOKAO poroylol amd pio pon evioddv (thread). Avtifétwc, €vag
ENEEEPYOUOTNG TOAAUTADY TUPVAOV UTOPEL VO EKODGEL TOAAATAEG 001Yieg avd KUKAO pOAOYLOD Ol
TOAMATALG po€G eviolmv. Kabe mupfvog og Evav enelepyaoti) TOALOTADY TUPNVOV UTOPEL EVOEYOULE-
VoG va lval Ko TeEPSKANPKOG - ONAadn, o€ KaOe KOKAO pohoylol, ke mupnvag umopel vo eKOMGEL
TOALOTTAEG 001 Yieg amd Eva, VL.

O tavtdypovog moAv-vnpatiopnog (m.y. Hyper-Threading tng Intel) tov pio mpodn popen yevdo-
TOAL-TLPNVIGLOV. 'Evag emelepyaotnq tKavog Yio TanTdYpovo TOAL-VILATIGHO TEPIAApPAvEL TOAA-
TAEC LOVAdEG eKTELEDT|G oV 10100 Lovada emeEepyaciag (dnA. Exet o vepodyypovn apyITtEKTOVIKY)
KoL Umopel va kdidel TOALOTAEG 00N yieg ovd KOKAO poAoylov amd TodhamAd vipata. H ypovikr ToA-
Aamn emegepyacio mepAapPavel o eviaio povada ektédeonc otny 101a povada emeEepyaciog Kot
Umopel vo ekdMOEL Lo EVTOAT KAOE Qopd omd TOALOTAG VALLOTAL.

2.1.2  Apprekrovikég Kowviig Mviung

"Evoc ooppetpikdc mohveneEepyaotig (SMP) gival €éva 60T O VTOAOYIGTN LE TOAAATAOVS TOV-
TOGMUOVG EMEEEPYOOTES TTOL LOPALOVTOL TH UVIUT Kot GLUVOEOVTOL LEG® €VOG d100A0v. To TpoPANpa
TOV SLOAOL OOTPETEL TNV KMUAK®OGT TOV OPYLTEKTOVIK®V StvA®V. g amotélecpa, o, SMP yevikd
dev meprhopfavovy meptocdtepovg amd 32 emelepynotés. Adym Tov pHiKpov peyEBovg tov enelepya-
GTAOV KO TNG GNUOVTIKNG HEIMONE TOV AIOITNCE®V Y10, TO VP0G {MVNG TOL SLOVAOL TOV EMLTVYYOVO-
VTOL LE LEYOAEG KPLPES UV LLEG, LTOL 01 GUUUETPIKOT TOAVETEEEPYOTTEG Elval EENPETIKA OUKOVOLLLKOL,
He TNV Tpobmodeom OTL VTLAPYEL ETAPKES EVPOG LOVNG VAUNG.

Ta SMP ypnopomoiovv Apyitektovikéc Opotdpopea Kataveppnmuévng Mviung (UMA) mov on-
paivet 6t OAot ot emeepyaotic Exovv mpdofact otn LU we To idto €bpog {dvng Kat TV idta Kabv-
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oTépNoT. YTapyouv Unyoveg Tov dev akoAovfovv v 1010 Tpocéyyion, 6o 1 TPOSRacT GTN UvAUN
yivetat avopoldpopea. To unyovioTo ToL YPTCLOTOIOVY UPYITEKTOVIKT LI OLOIOHOPONG UVILNG
(NUMA) gpopavifovv dtopopetikn| kafootépnon 0tav ot S10popeTIKOL ETeEEPYAOTEG EXOVV TPOSPaon
OTN MUVAuN.

Symmetric Multiprocessing (SMP)
Uniform Memory Access (UMA) Non-Uniform Memory Access (NUMA)

(o] Lo [~]
-0

o
Confroller
o
Controller

Xyqpa 2.1: SMP kot NUMA apyttektovikég

2.1.3 Apprexrovikés Katavepnpévng Mvijung

"Evoc kotavepnuévog vmoAoyiotig (emiong yvmoeTog ™G TOAVENEEEPYUOTNG KATOVEUNLLEVIG UVT-
ung) gival v GHGTNIO LTOAOYLIOTY] KOTOVEUNUEVIC LVIUNG GTO 0Toi0 T oToyEin enesepynciog Guv-
déovtal uécm evog duktvov. Ot Katavepnuévol VToloyloTég gival egatpetikd emextdoipol. Ot 6pot
PTOPAAANAOG VTOAOYIGLOG”, TOVTOYPOVOG VITOAOYIGUOG” Kol KOTAUVEULEVOG VITOAOYICUOC” £YOVV
TOALEG OAANAETIKAADYELC KOl OEV LITAPYEL caPNG d1dkpion HETaED Tovg. To 1dto choTna propel va
YAPOKTNPIOTEL KOl 0G "TOPAAANA0” Kot ~KaTaveUNILEVO”, 0L ENEEEPYACTEG OE £VOL TUTIKO KOTOVEUN-

HEVO cVOTNLO EKTEAOHVTAL TAVTOYPOVO TOPAAANACL

Tompa 2.2: ApyItekTovikég KOTOVEUNUEVNG VNG

Ot KoToveEUNUEVES OPYLTEKTOVIKEG TTEPIAaUPavOLV emiong VPPIOIKEG ADGELS TTOV YPTGLULOTOLOVV
moALomAd SMPs cuvdedepéva peta&d Toug HEGH SIKTOLOV.

2.1.4 YmoroyIGTIKG GUGTI|HOTOU GUUTAEYNOTOG

"Eva ooumAeypa (cluster) etvon piio opdada amd yoiapd culevyévoug VTOAOYIGTEG TOL GLVVEPYALO-
VTOL 6TEVA, £TCL MOTE OO KATOLES ATOYELS VO LTOPOoVV Vo, BempnBovv wg évag Lovo vroroyiotc. Ta
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Zynpa 2.3: YPPpokég apyltekTovikeg

clusters amoteAov VTl A0 TOAAATAG OVEEAPTNTO UNYAVILOTO TOV GLVOEoVTaL LE Eval bikTvo. Evd ta
UNYOVILOTO GE £vOL GOUTAEYLLOL OV ¥petdletal va elval GUUUETPIKE, 1 e€lGoppoTNGN PopTiov givat
70 dVGKOAN av dev givatl. O cvvnBéatepog ToTog cluster givar To cupmieypa Beowulf, to omoio givan
éva cOUTAEY O TOV EQAPROLETAL € TOAALODS 110VG EUTOPIKOVG VTTOAOYIGTES EKTOG TOV PAPL TOV GUV-
déovrtan pe éva tomikd diktvo TCP / IP Ethernet. H teyvoloyia Beowulf avomtoydnke apyikd amd tov
Thomas Sterling kot Tov Donald Becker. To 87% 6Awv t@v vrepvroroyiotdv TopS500 givar clusters.

Eme1dm ta cvetipoto vroroyiotdv mAéypatog (grid) pmwopovv edKora va ¥EPIeTOVY VITEPPOALKE
TApAAANAL TPOPANATA, TO GUYYPOVE GUUTAEYLOTO Eival cuviBmG oyedlacuéva Yia va yewpilovtat
710 dVOKOAN TPOPANUATA - TPOPANLOTA TOL OTALTOLY KOUPOLS Vo potpalovTal GuYVOTEP TO. EVOLI-
peca amoteléopato. Avtd amartel vVYNAG g0poc {OVNG Kat, TO CNUAVTIKOTEPO, OIKTLO O10.GVVIESTG
yopmAng kobvotépnong. TloAdoi 16TopiKol Kot TPEYOVTEG VIEPVTOAOYIOTESG YPNCILOTOLODY TPOCHP-
HOGHEVO DAKS SIKTOOV LYNANG amdd00NS EO0IKE GYEOLAGHEVO Y10 VTTOAOYIOTEG GUUTAEYOTOC, OTTMG
10 diktvo Cray Gemini. And 1o 2014, o1 neplocdTEPOL GVYYPOVOL VITEPVIOAOYIGTES PN CLLOTOLOVV
€101KO TVTOTOUNUEVO VAIKO d1kTHOL, cuyva Myrinet, InfiniBand 1} Gigabit Ethernet.

2.1.5 Movaodeg emelepyaoiog yYpoQIK®OV

M povada enegepyaciog ypapikav (GPU) givar éva eEg1dkeupiévo NAEKTPOVIKO KUKAWMLLO TOV
€xel oxedlooTel yio va xelpileTon ypryopo Kot VoL TPOTTOTOIEL TN VI N Y10 VO EMLTAYVVEL TH SNovpyio
ewovov ot éva Tpocwpvo buffer mov Tpoopiletar yio €00 o€ pia cuokevn amekovions. Ot povadeg
GPU ypnoylomo1oiviol 6 EVEOUATOUEVE GUGTHLATO, KIVITO THAEQ®VA, TPOSMTIKOVG VITOAOYIGTES,
61000V epyaciag Kot Kovaoreg matyvioldv. Ot oOyypoveg povadec GPU eivar moAD amodoTikég 6To
YEPIOUO YPOPIKGV VTTOAOYIGTOV Kot eneéepyaciog ewovac. H e&oupeticd TapdAinin dopun tovg kot-
OTA TO OTOJOTIKEG OO TIC KEVIPIKEC povadeg emetepyaciag yevikng xpnong (CPU) yia aiydpiBuovg
nov ene&epydlovior ToPAAANAC PEYAAD TUNUOTA OEOOUEV@Y. € £VAV TPOGMOTIKO VTOAOYIOTY], Ui
GPU pumopet va givarl mapoboo oe pia KAPTO YPOPIKOV 1 EVOOUOTOUEVT] OTN UNTPIKN TAAKETO. X
opiopéveg CPU, eivan eveopatopéveg oto CPU chip.

2.1.6 Xvokevéig TPOYPUUNOTILONEVES GTO TEDIO

FPGA eivar éva oAokANpopévo KOKA®LO OXEOIOGLEVO Y10 VO OL0LOPPDVETOL OO VOV TEAGTN M
évav oYedlo0Tr LETA TNV KATAoKELN - €€ 0V ko 0 0pog field-programmable”. H Stopdppwon FPGA
kaBopiletal yevikd ypnoomoldVTOG Hio YADSGo Tteptypapng vAukov (HDL), mapopown pe exeivn
OV YPNOLUOTOIEITAL Y10l EVOL OAOKANPOUEVO KOKA®UO €101KNG epopproyns (ASIC). Ta dwypdppota
KUKAOUATOV ypnoiponombnkay 6to mapeAfov yia va kabopicovv T StopdpPwot, aAld avtd kabi-
GTOTOL OAO KO IO GTTAVIO AOY® TNG ELPAVIONG EPYOLEIDV OVTOUAUTIGIOV NAEKTPOVIKOD GYEOLOGLOV.

To FPGA mepiéyovv (o oelpd TpoypappotilOUevmV AOYIK@V UTAOK Kol Ui lEpopyio ’emava-
TPOGOLOPLOUEVAOV SLUCVLVOIEGEDV” TTOV EMTPETOVY TV "GUPHATOOT TOV UTAOK, OTMG TOAAES TOAES
AOYIKNG TTOL UTOPOoVV va, S10.6VvOEO0VY GE SAPOPETIKEG SUUOPEDCELS. Taw AOYIKA UTAOK UTOPOVV
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va. S1opope®O0VV £T61 MGTE VL EKTEAOVV TOADTAOKES GUVIVLOGTIKEG Aettovpyieg 1 amAd aniég Aoyt
Kkég mOAeg OTmG ot AND kot XOR. Ztic mepiocdtepeg FPGASs, Ta Aoywkd pmAok mepthapfdvouy emiong
otoyeia pviung, ta onoia propel va etvon amhd flip-flops 1 o oAokAnpopéva priox pviung. IToAra
FPGASs pnopodv vo, emovampoypopaTIGTODV Y10 VO EQOPUOGOVV JUPOPETIKEG AOYIKES AEITOVPYIES,
EMTPEMOVTAG EVEMKTOVG VITOAOYIGUOVG TTOV EKTEAOVVTOL GE AOYIGUIKO VTTOAOYIGTY.

2.2 Movtehomoinon avaivong

BéA\tiota, N emtdyvvorn amd Topoiiniiopd Oo NTov YPoppKn-OmAactocrog Touv aptpov TV
otolyelov eneEepyaciag Bo TPEMEL VAL LELOGEL KATE TO NGV TOV YPOVO EKTEAEONG KOl SITAAGIOGLLOC
v dgvTEpN Popd Ba TPEMEL VO LEIDOEL Kot TOAL KATA TO UGV TO Ypdvo ektéreons. 2oTOG0, TOAD
Alyotr mapdiiniotl adyopiBpot emttvyydvouy ) Bértiot emtdyvvor. Ot mepiocdTepol amd avTOvG
£YOUV L0 GYEOOV YPOULLIKT TOYOTNTA Yo UiKpo aplBpd ctoyeiov eneéepyaciag, 1 omoio GuYKAIvEL
o€ (o otafepn Tun yo peydao aplfpod otoyeiov encEepyociog.

H mBovn emttdyvvon evog adyopibpov o o TopdAANAn DTOAOYIOTIKN TAOTPOPUO diveTal omd
tov vopo Amdahl:

1
l—p+p/s

Omov Sigtency elvar n mbav emtéypvon g KaBvoTEPNONG TG EKTELESTIG OAOKA POV TOV £PYOV.
s etvan 1 enttdyvvon g KeBvuoTépnong e EKTELECT|G TOV TOPIAANAOL LEPOVG TOV EPYOV. P €IVl TO
TOGOGTO TOV YPOVOL EKTEAECT|C OAOKANPNG TNG EPYACING TOV QLPOPE TO TOPAAANAO LEPOG TNG EPYACIOG
TP Ao TNV TOPOAANAMGUO.

To yeyovog 0t Sjatency < 1/(1 - p), delyver 611 Eva pkpd PEPOG TOL TPOYPAUATOG TOV GeV UTOPEL
vo Tapariniotel Oo meplopicel T cuVOAKY ToyLTNTO OV VIAPYEL ond TapaAiniioud. Eva mpo-
Ypopa ETIAVONG EVOG LEYAAOD HOABNUATIKOD ) UNyovikoy TpofALatog Bo amoteAeital TV amd
TOAAG TapdAANAa TUAHOTO KoL 0d TOAAG un TopdAAnAa (ogplakd) puépn. Eqv to pn mapdiinio
pépog evoc mpoypdippotog aviiotoyel oe 10% tov xpovov extéreong (p = 0.9), dev pmopovue va me-
TOyovue TePlocoTEPeG and 10 popég TayvTNTa, aveEdptnta amd Tov apud TV ENeEEPYACTOV TOV
npootifevral. Avto BETEL Vo aVMDTEPO OPLO GTY| YPNCYOTNTO TS TPOSHNKNG TEPIGTOHTEP®V LOVAS®OV
TapAANANG ektéreons. Otav o epyacio dev UTopel vo yoploTel AOY® S10800Y KMV TEPLOPIGUDOV, 1|
EPAPUOYT TEPIGTOTEPTG TPOOTADELNG OEV EYEL KOO ETIOPACT) GTO YPOVOSIAYPULLLLAL.

O vopog Tov Amdahl 1oy0el pdvo Yo TEPITTAOGELS OTOL TO LEYEDOG TOV TPOPALLOTOC Eival oTa-
0epo. v mpdaén, kabmg drutifeviol TePIGGOTEPOL VIOAOYIGTIKOL TOPOL, TEIVOLV VO cuvnBicovy og
peyalutepa TpofAata (LeyoAdTeEPpO GOVOAN OES0UEVIOV) Kol O ¥POVOG TOV OPLEPDVETOL GTO TTOPAA-
Mo LEPOg avédvetarl TOAD TayLTEPO OTO TNV EYYEVAG GEIPLOKN £PYACIO. XTNV TEPINTOOT AVTH, O
vopog tov Gustafson divel puo Aryodtepo amoictdodoln Kot o PEAAIGTIKY EKTIUNGN TN TOPAAANANG
AmOO00MG:

Slatency = (2 1)

S=1—-p+sp (2.2)

O vépog tov Amdahl kot o vopog Tov Gustafson vrofétovv 011 0 ¥pOVOG EKTEAEST|G TOV GEPLO-
KOV HEPOVG TOV TPOYPALLOTOG Elvar aveEdpTnTog amd Tov apBpud tov eneepyactdv. O vOUOg TOV
Amdahl vroBétel 611 0AoKANPO TO TPOPANUA givan oTabepod peyéBovg €Tl AGTE TO GLVOAIKO TOGO
gpyociog mov mpémetl va yivel mapdiinia va gival emiong aveldptnro and tov aplBpd tov enelep-
YOoTOV, EVO 0 vOuog Tov Gustafson vToBETel 6TL T0 GUVOAKO TOGO £PYACING TOL TPEMEL VAL YiVEL
TAPAAANAQ TOIKIAAEL YPOUUIKA e TOV aplBUd TV EMEEEPYUCTMV.

2.3 Tegyvoroyieg mapariniomoinong

Katd v avamroén piog mopdAAning epaproyns, 0 TPOYPOUUATIOTHG TPEMEL VO AGBEL vITOYN Lo
GELPA TOPAUETPMOV TOL TPOKELTAL VO, KaBopicovv o epyaleia, Kot TIC TEXVIKEG TOV Ba, TPEMEL vaL yp1-
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GLUOTOI GOV Y10 TV VAOTOoiINGT). O1 VTOA0YIGTIKOT TOPOL KAl 01 APYITEKTOVIKES TTOL v S100€opES
neplopilovv Tig EMAOYEG TOL UTOPOVV VO, XPNCIUOTO 000V G5OV apOopd To. LOVTELD TPOYPOLLILOTL-
opob Tov propovv va agromomBovv. Awd v GAAN TAEVPE, 01 aVAYKES TNG EPAPUOYNG KaBMS Kot M
@001 TG KaBoOYOLV TOV TPOYPOUUATIOTH) OE CUYKEKPLLEVO LOVTEAD TTOL UTOPEL VO Elval TO EM®PE-
MG Y100 KGOE GUYKEKPILEVN TepinTon). Xtov mivaka 2. 1], katnyoplomolodpie Tig S10popeTicés Tpocey-
YiGEIS TOV PTOPOVV VO 0KOAOVONBOVV Kot TO, O18POPA TAEOVEKTLATO / LELOVEKTLLALTO TTOV VILAPYOVY
v KGOg pio amd ovTéC.

Architecture
Shared Memory Distributed Memory
(1) (3)
Shared address | T Easy implementation + Easy programming
space + Easy programming - Dafficult implementation
Programming + High performance - Low performance
Model (2) (4
Distributed + Easy implementation + Easy implementation
address space | + High performance + High performance
- Dafficult programmaing - Dafficult programming

Mivakag 2.1: Apy1teKToviKEG KO TPOYPULLUOTIGTIKO LOVTELD

1. Ta otoyeia emelepyociog Tov ekTEAODV TN Por £XOVV AUEST TPOSPOoT oTNV 1510l v Kot
UTOPOVV ETIONG VA avVOQEPOVTAL GE SIELOVVGELC PVIING PN CULOTOIMVTAG TOVG 10100¢ deikTeC.
To POSIX multi-threading eivat £éva T£1010 TOPASELY L0, OOV TO SLOPOPETLKE VILLOLTO XPT|CLLO-
OO0V TNV 10100 VN KOt YDPO LVAKNG,.

2. To otoyyeia eneepyaciog Exovv TpdsPact oty idta Lvipn, 0AAL SEV LITOPOLV VO YPTCLLOTOL-
NOOLV TIC 101EG OVaPOPES PVAUNG (OEIKTES), EMELON XPTOLOTOIOVY JLUPOPETIKO YDPO LVAUNG.
Emopévag, mpémet va xpnoilonotony StopopeTIKONS UNYAVIGHOUS Y10 VO LETAPEPOLV dESOUEVA
Stapopetikd amd toug deiktec, €€ ov Ko 1 Suvokorio TpoypappatTicpov. Ot dwudwkacieg UNIX
XPNOWOTOLOVV TNV 1010 VAN, 0AAG 0VOPEPOVTAL GE SLUPOPETIKO XDPO LVAUNG.

3. Ta otoryeia emeepyaciag dev Egovv TpdcPacn otnV 610 GLGIKY HVIUTY, GAAE LTOPOLY VAL VAL
PEPOVTOL GTOV 1510 YDOPO UVAUNG. AESOUEVOL OTL M TPOGPOGT) GTN VAN Eivor EUpEDT), DTTAPYEL
KOGTOG Yol TNV Amdd00T], GAAG Kat yio TV VAomoinon dedopévou 0Tt Ba Tpémel va vILapyeL Eval
eminedo middleware mov va yepiletor OAeg TIg Aettovpyieg PvauNg.

4. To otoyeio eneepyaciag dev £xovv TpoOcPacn o0TE GTNV 1010 PLGIKT PVIUN 0VTE GTOV d10
xdpo pvnunc. 'Etot, o xpnote mpémnet va epaprocel Kabe emkotvovio Tov givat amapaitntn yo
TNV EQAPHOYT], KAVOVTAG TOV TPOYPOUUATIGHO VO SVOKOAO EPY0 OTMG LLE TN (P ION SL0dIKACIHOV
oToV 1010 y®po pviung. ‘Eva mapdderypo avthg g mpocéyyiong eivat 1 SlEmapn HETAS0oNG
pnvopdtov (MPI) kot ot viomomoeig g (OpenMPI, MPICH).

2.3.1 Kow®g ypnoLOTOL0VNEVES TEYVOAOYIES

OpenMP

To OpenMP (Open Multi-Processing) givat pia Siemapn tpoypappaticpol epappoyadv (API) tov
VooTNPilel TPOYPUUUOTIGUO TOAAATADY eNEEEPYACTMV UVIUNG TOALOTAGV TAaT@opudv o C, C
++ ko Fortran 611¢ Tep1o60TEPEG TAATPOPLES, GTIS UPYITEKTOVIKEG GUVOAMY EVIOADV KOl GTO AEL-
TOVPYIKE GLGTAHATA, cuuTEPAaPavopévou Tov Linux kot tov Windows. Amoteleiton amd éva 60-
VOAO 0ONYL®DV HETUYAMTTIOTN, pouTives BipAodnkmv kot petafintéc mepiBdAloviog mov exnpedlovv
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TN GLUTEPLPOPA YPOVOL eKTELEONG. XPNGILOTOLEL £V POPNTO, KAUAK®OTO LOVTELO TTOV OIVEL GTOVG
TPOYPOLULOTIOTEG L0 ATTAT] KOL EDEAIKTT SIETOPT] Y10 TV OVATTUEN TOPAAANA®Y EQAPLOYDV Y10 TACT-
(POPLEG TTOV KVUOIVOVTOL OTO TOV TUTIKO EMTPATE]LO VTOAOYIOTH £MG TOV VIEPVTOAOYIGTY.

CUDA

H CUDA (Compute Unified Device Architecture) givat pia mapdAAnin TAateopio vVTOAOYIGTOV
KoL LOVTEAO OLEMAPNC TPOYPOLULATICHOV e@appoydV (API) mov dnpovpyndnke and t Nvidia. Emt-
TPEMEL GTOVG TPOYPAULUOTIOTEG AOYIGUIKOD KOl GTOVG UNYAVIKOVG AOYIGUIKOD VO YPNGILOTOI00V LidL
povada eneéepyosiog ypapikmv pe duvatdotnta CUDA (GPU) ya yevikn ene&epyosio - pio Tpocéy-
yion mov ovopaletar GPGPU (vmoloyiopog yevikng xpriong o€ povadeg eneepyaciog ypopikov). H
mroteoppo CUDA givat éva 6Tp®dpa AOYIo UKo Tov Tapéyxel Apec TPOGRUGT 6TO EIKOVIKO GHVOAO
evtolmv ™ GPU xot 6€ TapdAAnAc DVITOAOYIGTIKA GTOLYELR VIO TV EKTEAEGT] VITOAOYICTIKOV TLPT-
VOV.

H mhatedppa CUDA £€xet oyediactel yio va Aettovpyel e YADGGEG Tpoypapatiopod énwg C, C
++ ko Fortran. Avti  Tpocfactptdtnta S1€0K0AVVEL TOVG EO1KOVG GTOV TOPAAANAO TPOYPAUUATIGHO
va ypnotponolovy tovg mopovg GPU, og avtifeon pe ta wponyovueva API 6nwg to Direct3D kot to
OpenGL, ta onolo anattodcav mTponyuéveg 6E10TNTEG GTOV TPOYPLUUATIGHO Ypapkdv. Emiong, n
CUDA vmootnpilet vrodouég mpoypappaticpov 0rmg 1o OpenACC kot to OpenCL. Otav mopov-
oldoTNKeE Yo TpOTN Qopd and t Nvidia, To dvopa CUDA Ntav éva apktikoreto yia v Compute
Unified Device Architecture, aAld 1 Nvidia €énece otn cuvEKELD TNV KOV ¥P1IGN TOV OKP®VLUIOV.

MPI

To MPI givar éva Tvmomompévo kal GopnTd TPOTLIO PETAOOONG UNVVUATOV IOV oYXedIAoTNKE
OO [0, OGO EPEVVITMV OO TOV OKOONULOTKO KOGHO Kot TN Propnyavio yio vo. AELTOVPYHGEL GE UidL
peyain mokidio TopdAANA®Y VTOAOYIGTIK®V apyltekToviK@V. To TpodTuIo Kabopilel T chvTadn Kot
TN ONUAGLOAOYiO EVOG TVPN VO, poVTives BBAMOONKOV OV ival XpNOUES GE £va EVPV PAGLLO XPT|OTOV
OV YPAPOLY PopnTa TTpoyphupate tépacpa unvopdtov o C, C ++ kot Fortran. Yrdpyovv apketég
SOKILOGHEVES KOl ATOJ0TIKEG EQUPLOYEG ToV MPI, ToAAEG amd Tic omoieg sivat avotyTod KmdKo 1} 6TO
dnuodclo topéa. Avtég evldappuvay v avamtuén TapdAining Popnyaviog Aoyiopko kot evoappo-
VO TNV ovOTTUEN POPNTOV Kol KAPOKODUEV®V HEYAANG KAILOKOS TOPAAANA®Y EQUPLOYDYV.

Emionpeg viomomoeig:

1. H apyum epappoyn tov tpotomov MPI 1.x jrav 1 MPICH, and to £Bvikd epyactiplo Argonne
(ANL) kot to xpatikd mavemotiuo tov Mississippi. H IBM ftav eniong mpmipun etaipeio vio-
TOINGCTMG KOl Ol TEPLGGOTEPEG ETALPEIES VTEPVTTOAOYIGTMV T1g dekaeTiag Tov 90 gite epumopevod-
tav v MPICH egite dnpodpyncav tn ok tovg epapuoyn. To LAM / MPI and 10 Kévtpo
VIEPLVTOAOYIGT®OV TOV Oydio NTov pa GAAN Eykaipr avowktn epapuoyn. H ANL cvvéyioe v
avéantuén e MPICH yio nédve and e dexaetio kot tdpa tpocpépelt MPICH-3.2, epappolo-
vtog 1o Tpotvmo MPI-3.1.

2. To Open MPI (wov dev mpémet va cvyyéetal pe To OpenMP) dnpovpynnke amd ta Guyymvey-
péva FT-MPI, LA-MPI, LAM / MPI ko1 PACX-MPI ko Bpicketor 6€ moOALOVG VIEPVTOAOYIOTEG
TOP-500.

2.3.2 TAoooeg meprypagns viwkov (HDL)

Verilog

H Verilog, n omoia eivat tumomompévn og IEEE 1364, givot o yAwooo teprypapng vikod (HDL)
IOV YPYCLLOTOLEITAL Y10l TN HOVTEAOTOINGT NAEKTPOVIK®Y CLOTNHATOV. Xpnoiponoteitol cuvnOé-
GTEPN OTO GYELOOUO KOL TNV EMUANOEVGT YNOLOKDV KUKA®UATOV GTO EMITESO OPAIPESS KATUYDPTONG-
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UETOPOPAc. Xpnoomoteital Exiong oty emaAnfevon TV avarloyIKOV KUKAOUATOV Kol TOV KUKA®-
UATOV PKTOD GUATOG, KOOMG Kol GTO OYEOIAGLO YEVETIKAOV KUKAMUATOV.

‘Eva vmocuvoro tov dnAdcewnv otn yAdooa Verilog etvor cuvBeoiotnroc. Movdadec Verilog
IOV CLUHHOPPAOVOVTOL LE £V, cUVOETO GTLA Kwdikomoinong, Yvwotd wg RTL (eninedo kotaymdpnons-
LETAPOPAS), LTOPOLV VoL VAOTOU B0V uoiKd e Aoyiokd cvvleonc. To Aoyiopud chvBeong alyo-
pOpKa petatpénel v (apnpnuévn) anyn Verilog e o netlist, o Aoyikd 160d0vaun Teptypoen
7oV anoteleitor povo amd oToyelddn Aoywkd apyétuma (AND, OR, NOT, flip-flops k.Am.) mov givon
dwbéoa oe o cuykekpuévn texvoroyia FPGA 11 VLSI. ITepattépm yeipiopoi oto netlist odnyovv
TEAMKO G £vo GYES0 KOTAGKELNG KUKADUOTOG (OTMC Lo OTOYPOQIKT LACKO TOV EYEL OPLOTEL Yo
éva ASIC 1 éva bitstream apyeio yia éva FPGA).

VHDL

H VHDL (VHSIC-HDL) givon pio YA@GGO TEPLypo@ng DAKOD TOL YPNCULOTOLEITOL GTNV MAE-
KTPOVIKT] UTOHOTOTOINGT] GYESIOGHOD Y10, TNV TEPLYPUPT YNPLIKDY GUGTNUATOV KOl GUGTNUATOV
LIKTOV GNLOTOC, OTIMG Ol TPOYPALUATILOUEVES GEWPEC TOANG KAl TA OAOKANPpOUEVE KUKAGUaTO. To
VHDL propei erniong va ypnoiponondei wg mapdAAnin yevikn YAOGGO TPOYPOUUUATICUOV.

To VHDL ypnoiponoteiton cuvimg yio Ty €yypoen LOVIEA®DY KEWWEVOL TOV TEPLYPAPOLV EVal
Aoyco kOKAopa. ‘Eva té€toto poviého eneepyaletor amd Eva mpodypappo ovvieons, uoévo av givon
HUEPOG TOV AOYIKOV GYeOAGLOV. 'Eva TpOypaLLe TPOGOHOIMGNS XPNCLOTOLEITAL Y10, TY) SOKIUT TOV
AOYIKOV GYESLOGLOD YPNCULOTOIDOVTOS LOVTEAN TPOCOLOIMONE Y10 VO OVTITPOCMTEVEL TO AOYIKA K-
KADUOTO 1OV S10GVVOEOVTOL [LE TO GYESLO.

2.3.3 Etgpoyevi] vmOAOYIOTIKG GUGTINOTA

O e1epoyeVig VTOAOYIGHOG UIOpEl Vo 0p1loTel G 1) CLVTOVIGUEVT ¥PNoT SLPOPOV TOTTOV LN-
YOVAV, SIKTOMOV KOl SIETOQOV YIo T LEYIGTOMOINGT TNG GLVIVAGIEVNC 0mOO0GNC TOVG 1 / Kot TNG
OY£0NG KOGTOVG-OTOTEAEGUATIKOTNTOG. AVTE TOL GUGTNUATO, EXMPEAOVVTAL OO TNV TOKIALN SLUVOTO-
THTOV TAPOAANAIGLOD TTOL PTOPOVV VO TPOGPEPOVY GE SLUPOPETIKA LEPT] TOL POPTIOL VITOAOYIGLLOV
SLPOPETIKA €101 eme&epyaoTOVY, GUVENEEEPYAGTAOV KOl GAA®V EMLTAYVVTIAOV VAIKOV, OTMG LOVADES
eneéepyooiog ypaowov (GPU) 1 FPGAs. 'Etot, cuvdvdlovtal Kot ypnolomrolovvol S1opopeTIKa
TAEOVEKTHLOTO. TTOV UTOPOVV VA TPOCPEPOLY JIAPOPA UEPT] TOV VAKOV, KaBEVe Yio TO UEPOG TOV
VITOAOYIGHOD OOV £lval o TOADTILO, BEATIGTOTOLOVTOG T1 GLUVOALKT OTOS0CT) TOV GLUGTHLLOTOG,.

OpenCL

To OpenCL (Open Computing Language) givot pio vodopn yio Ty eyypoer| TpoypoupUdT®v Tov
EKTEAOVVTOL GE ETEPOYEVEIC TAATQOPLLES OMOTEAOVIEVES A0 KEVTPIKES Lovades eneEepyaciag (CPU),
povadeg encéepyosiog ypoaewav (GPU), ynolokovg enelepyaotég onuatov (DSPs), Tpoypoppoti-
opéveg oepéc mOANG (FPGAs) encéepyaotéc 1 emitoyvvtég vakov. To OpenCL kabopilel YAdooEC
wpoypappoticpov (Baciopéveg oe C99 kot C ++ 11) yia TOV TPOYPOUUUOTIGHO OVTAV TOV GUGKELMOV
KoL SIETUQDV TPOYPOUUATIGHOV g@aproydy (API) yia tov éheyyo TG TAATQOPUAG KL TV EKTEAECT
TPOYPOAUUATOV OTIG DVTOAOYLOTIKEC cLoKEVEG. To OpenCL mapyet o, TumoTOIMNUEVT SIETAPT Y10 TTOL-
POAANAO VTOAOYIGHO YPNCUYLOTOLDVTAG TUPOAANAMGUO PAoel epyaciog Kot dedoUEVOV.

OpenACC

To OpenACC (Yo 0vOIKTOVG EMTOYVVTEG) EIVAL £V TPOTVTO TPOYPUUHUOTIGLOV Y10 TOPHAANAOVG
VTOAOY10TEG oL avantuyOnke and Cray, CAPS, Nvidia xar PGI. To mpdtumo £xet oxedaotel yio va
OmAOTO1EL TOV TOPAAANAO TPOYPOUUATIGHO eTEPOYEVOV cuatnudteov CPU / GPU.

Onwg kot 6to OpenMP, 0 poypappaticoc prnopei va oyoAdoel tov anyoio kodwke C, C ++
ka1 Fortran yio va Tpocotopicel TG TEPLOYES TOL TPEMEL VO, EMLTAYLVOOVV YPNGLOTOIDOVTAS 00N YiEg
UETAYA®TTIOTH Ko TPpOoBeTEC Acitovpyies. Ommg 1o OpenMP 4.0 kot 1o vedtepo, To OpenACC umopei
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va 6ToYevoeL TOG0 atny apyitektovikn s CPU 660 kot otnv GPU kot va EEKiviioel ToV VToA0YIGTIKO
KOJIKO GE ALTA.
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Kepaiawo 3

Avtopotn [lapaiiniomoinon

H é&vodoc g voroyiotikng enelepyaciog Tig Televtaieg dekaeTieg TPOKAAESE TNV ERPAVIOT TOVL
edIov AVTOUATNG TAPAAANAOTOINGTG Le GTOYO TNV TANPT TAPASOCT] OTOIWVINTOTE EPYUCIOV PEATL-
GTOTOINGNG 1 TAPUAANAIGLOD OV S1oEPILETOL O TPOYPALUATIGTAG LLE VITEPCVYYPOVO EPYUAEiD aVEL-
TTVENG. AVTA TO gpYyaAeia ivat vTeEvBVVA oYL LOVO 1o TNV AVAALGT KoL T GUVTOEN TOV KOOIKA OAAG
KOLL Y10 T1] LETATPOTN TOV GE HOPPEG TTOV EMITPETOVY TV EKUETUAAELGT] TOV TPOSLUYPUPDOV TG LUVN-
UNG TOV GLGTIHLOTOC KOOMG Kot TOVE S100EG1LOVG TOPOVE TOV UTOPOVY Va. XPNCLOTOINBovV Yia TNV
KOTOVOUT EPYACL®V Kot TNV emttdyvvor. [IoAAég Epevveg £xovv emikevipmbel otnv avamtuén T€T010vV
TEYVIKDV, TOV ameLHOVOVTOL GE SLOPOPETIKA TEPPAALOVTO VTTOAOYIGTAOV, OPYITEKTOVIKES KOL YADGCOES
TPOYPAUUATIGHOD.

[Mapdro mov 1 Taparinionoinon pumopel vo Oempndei og 1 Kotavoun TANpog aveldptntov epya-
OOV G€ SLOPOPETIKONS TOPOLS EMEEEPYOTING, TO IO SNUOPIAEG TUN O TNG CLTOUATNG TOPUAANAOTOT-
NONG APOoPE KLPIME TNV OVAAVGT] KOt TAPOAANAIOUO TV SNADOGE®V BpdYov, o1 omoieg Teptlappdvovy
TapOLOL0 KAOKOVTO VTOAOYIGUMY TOV EKTELOVVTOL GE SIAPOPETIKH dESOUEVA. AVTO TPOKAAEITAL KV-
plog AOY® TG TOAVTAOKOTNTOG TOL TPOKVTTEL OTOV OVOAVOVTOL Ol U1 OLOLOHOPPES EPYOTIES, OAAG
Kot ENEWN EVOL LEYAAO LEPOGC TOV VITOAOYIOTIKOD QOPTIOV EMIKEVIPMOVETAL OE OUTE TO TUHATE TOV
KdOwa. And v GAAN TAevpd, N AVAALGT EPYOCLOV OV OPOPOVV TIC 1O1EG EVEPYEIEG OALA GE dlo-
(POPETIKEG TEPLOYEG UVIUNG UTOPEL vaL YiVEL TOAD TIO EVKOAN LE TO VTAPYOVTO epyaieio cuvTAENG.
DuoiKd, d1APOPOL EPEVYNTEG GTOV TOUED, JIEPELVOVV OAEG TIG TOAVEG KATEVBVVOELS TOV UTOPOLY VO
dMOOVV KAPTOPOPO, ATOTEAEGILATA, OAAG GTO TAAICLO VTN TNG Epyaciag dev Ba emkevipwbovpe o
TPOGEYYIGELS MOV ATOKAIVOLV Ao TNV PPoy0-KEVIPIKN TopaAinAomoinom.

Avt 1 evotnta apyiletl pue o oudATnon Yo HePIKEG 0o TIG MO ONUOPIAEIS TPOGEYYIGELG TOV
eEetdlovtal 6Tov Topén Kot cuveyilet LLe TV E10ay®YN Kot T GVYKPLOT| EPYOAEI®V TOL £XOVV OVOTTL-
¥Oel ypMoYOTOIOVTAG AVTEG TIG TEXVIKES Y10, TN PEATIGTOMOINGOT KOt TOPOAANAGHO TV YEPOYPAPOV
npoypappdtov. Téhoc, Ba mapovciactel kKot Ba ypnopomoindel Eva eKTETOUEVO LOVTEAO TPOYPOILL-
LOTIGUOD Y10, TNV EMLTUYN EVOOUATMOON TOV EPYOAEI®V LLE L0, TPAYLLOTIKT EQOPLOYN Y¥PNONE oL Oa
ypnoomomOei yio tnv a&loAdynon tovg.

3.1 To IToAvedpko (Polyhedral) Movtého

To moAvedpikd LovtéLo Yia T PEATICTONTOINGT TOV LETAYAWDTTIOT Eival Eva 1oYvpo HadNUATIKO
mA0iic10 ov PacileTol 6TV TUPAUETPIKN YPOUUIKT GAYERPQ KOl TOV AKEPALO YPOUUIKO TIPOYPOUUOTL-
ono. Iapéyel pio apaipeon yio vo avTITPOSOTEVEL TOV VTOAOYICUO £VOETOV BpoYoL Kot TIC EE0PTNOELS
TV 0e60UEVMV TOL YPNCLUOTOIDVTOS OKEPOLO CNUEIN GE TOADESPAL.

H ovvBetn avadiopydvmon ektéleong, 1 ool popel va PeATiOoEL TNV omdd00T HE TaPUAANAL-
opd KaBdg kot e v gvioyvon g tonobeciog, cCLALAUPAVETAL OO LETACKTLATIGHLOVG CUVOAPLOYNG
670 TOAVESPIKO HoVTELD. To HoVvTELD £xEl TAOEL 08 EMIMESO WPLOTNTOG GE SIAPOPES TTVYES - GL-
YKEKPIUEVO, O UKL LOYLPT] EVOLAUEST] OVATOPAGTOCT Y10, TV EKTEAECT] LETOCYTLOTICUMV KOl TNV
TOPUYOYN KOSIKO PETO AT LETACYTLLOTICLOVE.

Kémoiot opiopoti epgaviovior mopakdt® Yo vo S1eVKOAVVOEL 1 TOPOVGINoT TMV TEYVIKAV TOL
Bacilovtot 610 povtéro:
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Yympa 3.1: To TToAvedpucod (Polyhedral) povtéro

A@wiké vrepeminedo To cuvoro X tov dtovuoudtov & € Z™ tétowwv dote h.Z = k,ywa k € Z,
glvar évol a@vikd vrepeninedo.

IMoivedpo To chivoro Towv Stoavvopdtov £ € Z™ tétowwv dote AZ+b > 0, 6mov A, vag mivakog
axepainv, opilel Eva (kuptd) aképato Tordedpo. Eva molvtomo opiletal g éva opaypévo moAvedpo.

MoAved prxi| avoTapacTacT) TPOYPOUUNATOV

Me dedopévo Eva Tpoypapa, KEOE SuVOLIKT EPLEAVIOT| oG EVTOANS, S, opiletat omd To Stivuoua
EMOVAANYNG TNG 1, TO 0010 TEPLEYEL TILEC Y10 TOVG OEIKTEG TV Ppdywv mov mepPdAlovy 10 S, amd
10 e£@TEPIKO £mG TO goTEPIKO. KdBe popd mov Ta dpta fpdyov ivat ypapkol cuvovacol dEIKTOV
eEmTEPIKOD PPOYOL KOl TOPAUETPOV TPOYPAUUATOS (TUTTIKA, GLUBOMKEG GTUOEPES TOV OVTITPOCM®-
TEVOVV TO, HEYEON TPOPANUAT®V), TO GUVOLO SIVUCUATOV ETOVAAYNG TTOL OVIKEL GE L0 OTAWDOT)
opiletl éva moivtomo. ‘Eotw Dg vo avTItpocOREVEL TO TOAVTOMO KAl 1 SICTOCT TOL Va ival mg.
‘Eoto p' 1o 31GVvuc e TV TOPOUETPOV TOV TPOYPAULOTOS.

3.1.1 TIloAlvedpikég eoptiosig

To povtédo £aptnong mov AapuPaveTat VTOYT AVOEEPETOL GE EEQPTNOELG TOV TPOGO10pilovTal e
akpifelo HEo® TG avAAVo™NG PONG OEOOUEVMV, AALA Bempol e OAES TIG EEQPTNOELS, CLUTEPIALPOVO-
uévov tov eEaptmoemv WAR (eyypaon petd v avayvoon), WAR (eyypagn HeTd TV €yypoen]) Kot
RAR (avayvaoon petd v avayvoon) oniadr] o KOoKg 16000V deV OmoLTEl LETATPOTT) GE HOPOT|
OTTANG EKYDPTONG.

I'pagog &aptnong dedopévev O I'papog EEaptnong Agdopévov (DDG) givar éva katevBuvo-
LLEVO TOAAATAS YPAOM LA Le KABE KOPLPN TOL AVTITPOCMMEVEL L0 EVIOAN Kol [ akpn, € € F, and
Tov KOpPo S; émg Sj MoV avTITPOSMTEDVEL [0 TOAVESPIKY) £EAPTNON amd Uior SUVOUIKTY EPPAEVIOT S;
oe éva omd ta S;: yapoktnpiletor amd éva molvedpo, P, mov ovopdletar modldedpo eEptnong mov
cvAlapPaver Tig axpiPeic TAnpopopieg e&pTnong mov avTieTot)ovV 610 €. To ToAVEdPIKO eEAPTNONG
glvarl 610 GOpoIoUA TOV SAGTACENDY TOV TOAVESPOV TNG TNYNG KOL TOL TPOOPIGHOV (LE dOGTAGELS
Y10 TIG TOPOUETPOVG TOV TPOYPAUaTOg £tionc). Eotm § aviimpoowmedel Ty emavainyn Tnyng Kot
t eivon 1 emavalnmTch 6TOXEVON TOL TYETilETAL pe TNV eEdpTnon eEdpnong e. Eivor duvatdv va
EKQPOOTEL 1] EMAVAANYT] TOV TNYAIOV KAOJIKA MG OPIVIKT GUVAPTNGT) TOV GTOYOL emavaAyewng 102,
OnA. Yo va Bpedel n tedevtaio TovtdYpovn TPOSPacT. AvTh 1| APVIKY GUVAPTNON elvan emiong yvm-
oTN ©g h-petacynpatiopdc, kot fo extpoconeital and Tov yo po ok e&dptnong e. g ek TovTov,
§= he(ﬂ. O1 106TNTEC TOV AVTIOTOLYOVV GTOV HETASYNUATIGHO h givan éva pépog tov moAvedpov
€EAPTNONG KOl UTOPOVY VO YPTGLLOTOINOOVV Y10l VO, LELOGOVV TIG SLOGTAGELS TOV.

To oyfua B.2 deiyvel TNV TOAVESPIKY OVATUPAGTOCT) EVOC amhoD mapadeiypatos. ' Eotw S, So, . .
., Sy 0L eVTOAEG TOL TTPOYPAppOTOS. 'Evag LovodidoTaTog apivikog LETAGYNLOTIGUAG Y10 TV EVTOAN
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for (jmll; §N; je) ) , )l.l T 1 i T 0 A paraliel
S0 AL ] = Al f el filevI[§] + w2[ijev2]) | 52 i T 1] ojo 1 0 | fwd.dep
for (loeik k<M kel ﬁ[ | a0 o L g o I | scalar
for (Is=ll; 1<N; b+ Duata dependence graph Statement-wise transformation
520 xfk] = elkprALLKpyl i | L 6 0 0 0 0% [é] >0
Original code I | .
1] 1 ] 1] | 1 7l ! far (clall ol <N cles)
£ 0 0 o i b0 I “I 'I" ”I k - O for (cl=lk c2< N 24+
: i 0 L | il =0 Alelel] = Al
1 1 } i
(“' 0 1 I:] ‘J-] ! 0 0 =10 W) N =0 xfel] = alel]
& I 1 i I e 1 -1 0 o of 1] =0
Diasimabn of $1 |3qrru|(|xu |n-|:\-||r|||||:| for 51 —=52 r||!_'|: Franaforied code
Yympa 3.2: Hopdderypa moAvedpkng avomTapioTaonS TPOYPAUIOTOS
S opileton o¢:
Ps, (1) = [e1...cm, (1) +co,ci € Z 3.1

@s,, umopel eniong vo ovopaleTon apvikod VIEPENITESO 1| 10 GLVAPTNON GKESACNG OTAY 0OYOAEL-
TaL e TN yevvnTplo kdodua. 'Evag moAvdidotatog agpvikog LETACYTLATIOUOG Y10, L0l EVTOAT] AVTUTPO-
oORTEVETOL ATO LU0 UNTPO e KAOE GEIPA Vo eivat Eva apLvIKO VITEPETITEDO.

Ixavomoinom e€dpnong: Mia agpivikn e&dptnon pe to mToAvedpo P ikovomoteital o€ €va eminedo
1 av kot pévo av 1 akdAovdn cuvlnkn Kavoroteitat:

VE(L<k<l-1):¢5 () - ¢L(3) >0, <5i>€ P (32)

Kot
¢, (0) — ¢L,(5) >0, <5, f>€ P, (33)

3.1.2 Mzeraoympoatiopoi fpoymv

"Epevveg o€ teyvoroyieg atyig 6TOV TOUEN DTOSEIKVOOLV TH GTLOGI0 TOV TOAVESPIKOD HOVTEAOD
GTNV TEPLOYN| TNG CLTOLOTNG TAPAAANAOTOINGNC, TO OTOI0 YPTGLLOTOLEITOL Y10l TOV LETUCYNLLOTIOUO
TOV KMOIKO, [LE TETOL0 TPOTO, OOV VPICTOVTOL Ol VIAPYoVSeS e€apToelg kot eppaviovtol véa mo-
PAAANAQ TUMHOTO KOOIKAL.

Y7dpyovv d00 KOWEG TPOGEYYIGELS VIO TOV HETOCYNUOTIGUO TOL BpOYov. TNV TPMTN TPOGEY-
YoM, Ol EPELVNTEG EXOLV BEPNGEL GUVOETOVE LETACYNLOTIOUOVS OG 0L GEIPE LEPOVOUEVOV LETO-
CYNUOTIOU®V OT1 QOAA Bpoxmv. AvTh 1 TPOCEYYIoT 1oYVEL Y10 YEVIKEG POAEG Ppdyov, oALd dev
glvarl caQéc TG va eMAEEOVUE TOV KOAVTEPO GLVIVAGUO LETAGYNHOTIGUOV oV Oa EQOPROCTEL OE
pia dedopévn eoMd Ppdyov. Mo debtepn mpocéyyion Bempel Tovg pLeTaoyNUATIGUOVS Vo gival pe-
TAGYNUOTIGHOL LATPOG GE £V YDPO ETAVIANYNS. ALTH 1) TPOosEyyion etvan Koyt oAhd epappoletan
UOVO GE TEPLOPICUEVES TIEPUTTMOELS, OTAV 01 EEAPCELG UTOPOVY VO GLVOYIGTOVY MG SLUVOGLLOTO 0T~
otoong. To moAvedpikd poviélo cuvovalel T HOBNUATIK AVGTNPOTNTO GTO LOVTELO LETOCYNMUOTL-
OUOV UATPAG LE TN UEYOADTEPT] YEVIKOTNTA TG 0KOAOLOING TOV LEHOVOUEVOV LeTaoynlaTiopmy. H
avtoAdoyn Bpoyov (LETaoTOEIMOT), 1 AVTIGTPOPT Kot 1) KAION £ivol EVOTOMUEVEG (G U1 OLOLMOELS
LLETACYNLLOTIOLOL KOl Ol POPELG EEAPTNONG EVEOUATMOVOLY TANPOPOPIES ATOCTUCNG KOl KATELOVLVONC.
AVt 1 gvomoinom mopEEL Lol YEVIKT SOKIUN Yol VoL TPOGOIOPIGTEL €4V 0 KMOIKAG TOL AopfdaveTon
UEG® EVOC LETAGYNHOTIGLOV EVMOOTG Elval VOLILOG, 6€ avTiBeomn He pia 101KT dOKIUN VOULLOTNTOGC Y10
KG0e LePOVOUEVO GTOLYELMOT pLeTaoynpatiopd. Etot, To Tpopinpa petacynpaticpod fpoyov umopel
va dtutvnwBlel wg dueon emilvon ylo TOV LETOCYNUOTIOUO TOV LEYIGTOMOLEL KATOL0 OVTIKELLEVIKT
Agrtovpyia, eV KoVOTOlE £V GHVOLO TEPLOPIGUMV. XPNOLUOTOIDMVTAG 0vTh T Bewpia, Exovv ava-
nTuyBel ToAlol alyopBuot yuo tn Peltioon tov mapoiiniicopov kot e 8€omg pog eoAldg Bpodyov
nécm petacynpatiopdv Bpdyov. To mAakidlo, av Kot dev gival £vog LOVOLOPPOG LETACYNUATIGLOG,
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Oewpeitor emiong Kot TEPLYPAPETAL OC GLVNOMS YPNCIULOTOLOVUEVT TEXVIKT GTO TEGIO AVTOUOTNG TTOL-
poAinAomoinomng.

H petaotpoon, n avacstpoen kot 1 kAion gival Tpelg YveoTol HETUGYNLATIGHOT TOL UITopohV Vo
avamopactafodv G U LOVOTIKEG UNTPES.

Permutation: A permutation ¢ on a loop nest transforms iteration (p; ... pn) to (Ps, -.- Po,,)- This
transformation can be expressed in matrix form as I, the nxn identity matrix I with rows permuted
by o. The loop interchange above is an n = 2 example of the general permutation transformation.

Reversal: Reversal of the ;A loop is represented by the identity matrix, but with the i,/ diagonal
element equal to 1 rather than 1. For example, the matrix representing loop reversal of the outermost
loop of a two-deep loop nest is:

-1 0
0 1

Skewing: Skewing loop I; by an integer factor f with respect to loop /; maps the iteration:

(P1+--Die1:Di» Pit1---Pj—1,Dj, Pjt1---Pn) (3.4

to:
(P1.--Di-1:Di> Pit1---Pj—1,Dj + [DisDjs1.--Pn) (3.5)

H pitpa petaoynuatiopov T mov mapdyet khion givatl n pTpa ToVTOTNTAG, AAAL LLE TO OTOLYELD
tj, 1 ioo pe f ko oy undév. Aedopévov o6t 1o 1 <j, 10 T mpémer va givor kKdTo TPTYOVIKO.

Tiling: O petaoynuatiopog tiling mwopd to yeyovog 6Tt dev eivau évag unimodular petacynuott-
opog, etvan évag Pacucdg petacynuatiopds yio ) Pertioon g Béong ko umopet eniong va ypn-
ocomoinfel yio va, dnuovpynostl duvotdtnteg course-grain wopourinAiiouov. To tile mepthapPdver
TOVG YVMOTOVG LETAGYNIATIGLOVG strip-mine-and-interchange ko unroll-and-jam. Onwg kot pe tovg
unimodular PETOCYNHATICUOVE, O TPOYPOUUATIOTHG TPENEL VO EEETAGEL VIO TOEG GUVONKEC O LLETO-
OYMNUOTIOHOG gival £YKVPOG KoL TAOG 1) EPAPUOYT TOV G€ o poALY Bpdyov oAAalel T oAl fpdyov.
Ot o onpo@ireic pébodot tiling Bemwpotv poévo opBoydvia tiles. Evtovtolc, pmopovv va enttevyfodv
un opBoyovia tiles cuvdvalovtog (opBoydvia) tiles pe unimodular petacynuoticpovg Bpdyov.

3.2 Epyaieio Avtopatng Hapariinromoinong

3.2.1 Mzerayrottiotic ROSE — gpyaieio autoPar

To ROSE givar puo vrodopn HeTayA®TTIOT 0VOLYTOL KAOJIKA Y10 TNV KOTOOKELT EPYUAEi®V pe-
TATPOTNG KOl VAALGON G TPOYPOUUAT®V TNYNG TPog Ty" Yo epappoyég C / C ++ kan Fortran peyding
KApaxag. Aedopévou 0Tt SoTnpel TV OVATEPACTOOT] TG UPUIPEST|S VYNAOD EMTESOV, EV YAVOLY
TIG OOLTOVUEVES TANPOPOPIES Y10 VO AVAYVOPIGOLV TETOLES OLPOIPETELS KOL 1] GYETIKT GNLLOGLOAOYI0L
umopet va cvvaydet a&domota. To ROSE emitpénet axcoun kot og un eEE101KEVUEVOVG YPT|OTEG VAL EK-
UETAAAEVTOVV TEYVIKES LETAYAMTTIOTY Y10, TV AVTILETMIIGT THG AVAADOTG KAl TOV LETOCYNILATICHLOD
TOV 0QaipecNg.

"Evoc maporiniiomg oyedidotnke 6to mAaicto g ovamtuéng tov épyov ROSE ypnoiponoum-
VTOG TOV LETAYAWTTIOTH Y10 TOV QUTOUATO TOPUAANAIOUO TOV PPOY®mV-GTOX®OV Kol TOV AEITOVPYLDV,
glodyovtag gite omp for gite omp task kot dAheg omartovpeveg 0dnyieg OpenMP ko pritpec. o Tpo-
YpaupoTo 166600V pe vapyovoeg 0o yieg OpenMP, To epyaieio Oa ehéyéet SimAd tnv opBoOTTO OTOV
glval evepyomompévn 1 cOGTH ETAOYY.

"Exet oxedunotel yia va yepiletor kot Tovg cupPatikong Bpdyovg Tov AEITOVPYOLV GE TPOTOYOVES
GLOTOLYIEC KAl GVYYPOVEG EPAPLOYES XPNOLOTOIDOVTOS OLPAIPECELS VYNAOD ETTEIOV.

H Baoikn 10€a Tov adyopBpov etvat va cuALdPet e€aptioelg eviog evog oToOYoL Kot va eEaleipet
apyotepa 6GO TO SVVOTOV TEPLGGOTEPO UE PAon dtpopovg kavoves. O mapolinAopodg eivol acea-
AN av Ogv vdpyovv voromeg eEoptioetg. To semantics TG aPAIPECNG XPTNOLLOTOLOVVTOL GYEOOV
o€ KaOe Pripa yio va, S1euKoAHVOLV TOVG LETOCYNUATICLOVS KOt TIG OVOAVGELS, CUUTEPTAAUPAVOLEVIC
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Tymqpa 3.3: Pon extéheonc tov petayrottiotr] ROSE

NG AVOYVAPLONG TOV KANGEDV AEITOVPYING MG LETARANTOV aVOQOPAS, TNG OVOYVAOPLGNG TOL TPEXO-
VTOG GTOLYEIOL TTOV TPOCSTEANDVETOL KOl TNG SAGPAAMONG OV VILAPYOVV TEPLOPIGLOL VIO TV GEPAG
TPOGPACEDV EYYPAPNG GE KOWESG UETAPANTEG.

3.2.2 Toapaiinromomtig PLuTo

To PLuTo givau éva avtépato epyadreio mapaiiniicpot mov Baciletal 6to moAlvedpikd LoVTELO.
To epyaleio petaoynuartilel ta mpoypappate C amd Tyn € TNyR Yo TO course-grain TopoAANAoUO
kot v tonobecia dedopévav tavtoypova. To TAICI0 HETAGYNUATIOUOD VPV AELTOVPYEL Kupimg
LE TNV €0PECT CLVOPDOV LETACYNUUTIGL®VY Y10, 0od0TikO TAakdkt. O mapdiiniog kdducag OpenMP
Yo ToAvmHpMVe. popei va dnpiovpyndet avtopate amd Sradoykég evotnteg Tpoypaupatog C. E&m-
TEPIKT (YWPIg EMKOWV®VIA), ECOTEPIKN 1] COANVOEIONG TAPAAANAOTOINGT EMTVYYAVETOL KOBapd e
OpenMP mapdAinlio yio pragmas, 0 KOG eival eniong PeAtictomompévog yia v tonobecia ko
glvar KATAAANAOG Y10 0VTOLOTH SLOVUCUATMOT).

Onwg avaeéphnie 101N, T0 TOAVEIPIKO LOVTEAO OTOTEAEL £vO, OAOKANPOUEVO LOVTELO Y10 TNV
avéAvon g pong SedoUEVAOV KOL TV EQOPLOYN OTOLOVINTOTE LETUCYNLATICUOV TOV Bempodvton
OTTOPAITNTES Y1 TNV EKUETAAAEVCT] TOV TAPUAANAIGHOV. QGTOCO, U0 TPOGEYYIOT Y10 TV ALTOLOTN
€0PECT) KOADV LETAGYNUATICUOV Y10 TN PEATIGTOTOINGT TNE EMKOVOVIOG LLE course-grain TopoAAnAL-
ouo pali pe  Bertictomoinon g tonobesiog vanpée Pacikog cvvdeoog mov Acimel. To PLuTo €yet
avartydel yio va TpocpEpEL anTO aKPIP®S. Eva VEO TAAIGIO AVTOLOTOV HETAGYNILATIGLOD TTOL ADVEL
TO TOPATAV® TPOPANUA. AVTH N TPOGEYYIoN AEttovpyel Pe TNV €EEVPECT] KOADY LETACYNUOTIGULOV
GUVAPELNG HECH HOG LOYLPNG KOL TPOKTIKNG YPOLUKNG CUVAPTNONG KOGTOVS OV EMITPEMEL OTOTE-
Aecpotiko tiling kot ouvBeoT aAANAoL LGV avbaipeta eLEOAELUEVODVY BpoYmV. AVTO e TN GEPE TOV
EMTPEMEL TOVTOYPOVY PEXTIOTONOINGT Yot course-grain mopoAANAGUO Kot TOTOAOYIKES BEATIGTOTOL-
noeig. O TapaAAnMcopidc yopic cLuYXPOVIcUO Kol 0 ay®yOg TAPUAANAMGLOC GE dLAPOPQ EMITED LLTO-
povv va e&ayxBovv. To mhaiclo pmopel va 6TOYEVEL € SLUPOPETIKES TAPAAANAEG OPYLITEKTOVIKES, OTWG
01 TOAMOTAEG YEVIKES YPNOELS, O EMEEEPYUOTNG KVWEANS, ot povadeg GPU 1 ot evowpotopévol SoCs
TOALOTADV ENEEEPYOCTOV.
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To meplypapOUEVO TAAIGLO £XEL EPAPUOCTEL, GE £VOL VEO EPYOAEID LETACYNUATIGHOD OO AKPO GE
axkpo, to PLuTo, 10 onoio umopei va mopdyet avTtOUATO TOUPAAANAO KOJIKO Od TO KAVOVIKE TUN-
pata tov tpoypdappotog C. Ta mepapotikd omoTeAEGHOTO OO TO EPUPLOCUEVO GUGTNUA dELXVOLV
oNUAVTIKY BeATimon g omdd0oomnG Yio LoVOTAELPT Kot TOALTOPIVY EKTEAECT LEGM VITEPCVYYPOVDOV
TAOIGIOV LETOYADTTIOT®V £PEVVOG KAOMG KOl TOV KOADTEPOV LETAYADTTIOTOV PLGIKNG TOPOYOYNS.
INo moAAovg mokvolhg mupNveg YPOUIKNG dAYeRpag, 0 KOdKag mov mapdyetal amd tov [TAovtmva
YTUTA, LE ONUAVTIKO TEPBMPLO, TOVG id10Vg TVP1VEG OV epapudlovtal pe Tig axoAovdieg KANoewmV
o¢g PAodnkeg vyning evkpivelag mov mapéyovral omd Tovg Tpoundevtéc. To choTU emTpénel mi-
oG T OlEVEPYELD EUTELPIKNG PEATIOTOTOIMONG G £va. TOAD EVPVTEPO TAAIGLO 0o O, TL EXEL EMLELPT el
nponyovuévmg. EmmAiéov, to PLuTo umopei va ypnoyedoel og mapdbupo dnuiovpyiog TapdAinion
KOOKA Y10 PKETEC YAMOGEG LYNAOD ENUTEOV Y10l GUYKEKPUUEVO TOUE.

To moAvedPIKO TANIGIO PETAYAMTTIOTN EIVOL LK OPOIPEST] Y10, VAAVOT| KOl LETOGYNUATICUO TV
TpoypappdTov. Kataypdeest Ty ektéleon evog TpoypapiloTog 6 o 6TATIKY pOOIoT), EKTPOCORTM-
VTOG TIG TEPUTTMGELS TOV MG akEPaLo onueio evtdg mapapeTpikng moAvedpiag. Ta mepiocdtepa S100é-
GO GTO KOO EPYOLELD KO LETAYAWDTTIOTEG TOV (PTCLULOTOIOVV 0VTO TO TANIGL0, EEGYOVV L1 TETOLL
avaropdotacn and ta tpoypdupata C, C ++ kot Fortran.

[MoAvedpin avamapdotaon npoypappdtov: Eotm Si, Ss ... Sy, ot SNADGGCELG TOL TPOYPAUUATOS.
KéBe dvvapikn spedvion pag MMAwong, S, avayvopiletot amd To SIGvuso ETAVAANYNG TNG 1 TOV
TEPLEYEL TILES Y10, TOVG OEIKTEG TV PpOy®V oL TEPIPAAAOLY TO S, 0o T0 EEDTEPIKO GTO EGMOTEPIKO.
KéBe popd mov ta 6pto Tov Ppodyov gival GLVOPTACELS GLVOPTHCEMY TOV SEIKTMV TOV £EMTEPIKOV
Bpoyov Kot TOV TAPUUETPOV TOV TPOYPAUUATOS, TO GUVOAO TMV SOVUGUATMOV ETAVAANYNG TOL OVI|-
KoLV 6€ pia OMAWGT oynuotilel £va Kuptd TOAVEIPIKO TOV OVOUALETOL TOUEN 1) GOVOAO JEIKTMV TOV.

‘Eotm 011 I g €ival 1o chVOLo SEIKT®Y TOV S KOl APT|OTE TN SLUCTATIKOTNTO TOL va. eivar mg. Ecto p o

QOPENS TOV TOPAUETPOV TOV TPOYPAUUATOS. Ol TOAPAUETPOL TOV TPOYPALLUATOS OEV TPOTOTOLOVVTOL
OTOVONTOTE GTO TUMLLO TOV KMOOIKO, TTOV TPOCSTUOOVILE VO, LLOVTEAOTON|GOVLLE.
Mo cvuvaptnon f og éva medio Ig Aéyetal apviki] cuvapTnoT av Hropel va avorapoactadet ond
v akdAovin pLopen:
f(@) = [c1¢...Cmg) (i) + co,i € Is (3.6)

Ot ToKTIKEG TPOoPaoelg dedoUEVOV GE o SNAMOT] AVIUTPOSMTEDOVTUL OC TOAVIIACTUTES OLPL-
VIKEG CUVOPTACELG TOV dEIKTMV TopEN. O1 KAOJIKES TOV 1KAVOTOIOVV aVTODE TOVG TEPLOPLGUOVG Eivat
emiong yvmotol o¢ apwvikol eppmicvpévol Bpoyot. Tloivedpucéc eEdpaoeis: To ypdonpa e£apTnong
dedopévav (DDG) eivar éva katevfuvopevo TOAATAO YPAQNUO LE KABE KOPLPT| TOV OVTITPOGM-
TeVEL o SMAwon kou pia okun, € € E, and tov kopfo S; éog S mov aviirpocomevel o ToAVESPIKT
g&apTnomn anod pia exavaAnyn tov S; 6€ pia exavaAnyn tov S;: yapoxtnpiletar omd Evo TOAVEIPIKO,
D¢, mov ovopaletar moAveEavio eEdptnong ko cvAloppdvet axpiPeic TAnpoeopieg eEdptnong mov
avtioTolyobv o1o e. To moAvedpikod eEdpnong eivol 6To AOPOIGUA TOV SICTACEDY TOV YOPWOV EMTO-
VOAWE®Y YN Kot GTOYOV KOl 6TOV aplipd TV TapapéTpmy Tov Tpoypappatos. TovAdyiotov pia
Omo TIG TPOOTEAGCELS TTNYNG KOl GTOYOV TPEMEL VoL EIVALL LIl EYYPOQN.
for(t=0; t<=TI1; t++)

for(i=1; 1i<=—N2; i++)
for(j=1; j<=—N2; j++)
ali][jl= ( a[=il]J[—j1] + a[-il][j] + a[-il][j+1]
+ali][—j1] + a[i][j] + a[i][j+1] + a[i+1][—j1] + a[i+1][j] + a[i+1][
j+1] ) / 9.0

INa mapdadetypio, 670 TUNHE KOdIKA Taparndve, 1 e&dptnon peta&d g eyypoaeng afi] [j] oto 5=
(t, i, j) kar e avéyveong oto t=t, 1, *) o€ éva [i’-1] [j’-1] divetar amd o moAvedpikd eEdpnong,
D, =8, t, P, 1), nov anotelel cuvdLOoHO TV aKOAOVOMY EEIGHGEMY KAl OVIGOTHTMV:

=i+ 1, =41t =t (3.7)

0<t<T-1, 1<i<N-3, 1<j<N-3 (3.8)

30



3.2.3 Intel C++ Compiler

Mia GAAT ETAOYT Y10 EVOV QVTOLOTO LETOYAMTTIOTH TAPOALOYNG TOV Eivat O100EG1OG, AALY oYL
OVOIKTOV KOOKA 6€ ovTifeon e Tovg AAAovg dvo, ivar o emelepyaotig Intel C ++. H Aettovpyia ov-
TOUATOV TOPOAANAIGHOD ToV petayAmttiot) Intel C ++ petappdlel ovTtOHATO TO GEIPLOKE TUN LT
TOV TTPOYPALLLOTOG EIGOIOV GE GNUOGIOAOYIKA 1G0SVVALO KOJIKA TOALUTA®V VvpdTov. H avtdpatn
napariniomoinon kabopilel Toug Ppodyovg Tov givar 1KOVoi Vo LOPAGTOVY TOVG LITOYNPIOVG, EKTE-
Agl TNV avaivon porg 0E00UEVMY Yol VO, EMUANBEVGEL T 6MGTH TOPdAANAN ekTéEAEOT] Kot ywpilet Ta
dedopéva Yo dnuovpyio YEVIKGOV KOOKOVIOV OTMG AmOLTEITOL Y10, TOV TPOYPUUUOTIOUO TOV 0d1)-
yiovv OpenMP. Ot epappoyég OpenMP kot avtdpatng mapaiinionoinong Tapéyovy Ta KEPON amd
TNV KON UVALT GE GUGTILLOTA TOALATADY EXEEEPYAOTAOV.

Ot petaylottiotég g Intel BedtioTonolobvTal 6Ta GLGTHUATO VITOAOYIGTAOV TOL YPNGUYLOTOLOVY
eneEepynotéc mov vootnpilovy apyrtektovikég g Intel. ‘Exovv oyediaotel yia vo EAay1otonolody
TOVG TTAYKOVE KO VO TOPAYOLV KMOKO TOV EKTEAEITAL GTOV EAGYIGTO duvaTd apBud KhkAwv. O eme-
Eepyaotg Intel C ++ vrootnpilel Tpelg EexmploTég TEXVIKEC LYNAOD ETTESOV Y10 T PEATIGTOMTOINGON
TOV TTPOYPAUUATIOUEVOL TPOYPappatoc: Bedtiotonoinon petaéoy dwadikaciov (IPO), Bedtictomoinon
KkaBodnyovpevov and tpodid (PGO) kol Bedtiotomomioelc vyniov ermédov (HLO). O petayrwtri-
ot¢ Intel C ++ ota npoidvra Parallel Studio XE vrootnpilet emiong epyaieia, Te)VIKEG KO ETEKTACELS
YADGGOC Y10 TNV TPOGO KN Kot TN 51011 pNoN TAPUAANACHOD EQapoY®V ot enetepyaotéc TA-32 kot
Intel 64 kon emtpéner v enelepyacia yo eneepyaoctés kKot cvvepyaldpevoug eneEepyaotés Intel
Xeon Phi.

H Beltiotomoinon pe kabodrynon Pacet Tpoeik avapépetal og évav tpomo Peitiotonoinong,
OTOL 0 LETAYAWMTTIOTAG £xEL TN dLVOTOTNTA TPOGPUCNC 08 dEJOUEVO amd Lo SOKIUN OelyloTog Tov
TPOYPAULOTOG OE VO OVTUTPOSOTEVTIKO GUVOLO E1600mV. Ta dedopéva deiyvouv moleg TEPLOYES TOV
TPOYPALUILOTOS EKTELOVVTAL GLYVOTEPO KO TTOLEC TEPLOYES EKTEAOVVTAL AyOTEPO GLY V. OAeg ot Pe-
TIGTOTOWGELS ETMPEAOVVTAL OO TO, GYOALN TOL KaBodNyouvTal Ao TO TPOPiA enedn ivor Atydtepo
eEaptnuéva amd To VPETIKE GToLYElD KATA TN ANYN TOV OTOPAGEMY GUAAOYNG.

O1 BertioTomomoelg VYNA0D ETTESOL ival PEATIOTOTONGELS TOL EKTEAOVVTOL GE L0, £KOOCT] TOV
TPOYPAUILOTOS TOV AVIUTPOCOTEVEL TEPICCOTEPO TOV TN Y0 KMOWKA. AvTd TepthapPdavel TNV evai-
Aayn Bpoyov, T ohvinén Ppoymv, v oxdon Ppoyov, v ekTOMEN Bpoyov, TV TPoPOPTIoT dESOLLE-
VOV Kot TOAAG GAAOL.

H diemyeipnoiokn Bertictomoinon epapuolet Tig Tumikég PEATIGTOMOMCELS TOV HETAYAWMTTIOT
(6mwg M cvveNG d1adooM) AAAG XPTCILOTOLEL EVaL EVPVTEPO TEGIO TTOV PTOPEL VA TEPIAOUPAVEL TOA-
AOTAES O10.01K0GIES, TOAMATAG apyeiol 1] OAOKANPO TO TPHYPOLLLLL.

3.24 CETUS

O Cetus givor o vrodoun LETAYAMTTIOTY] Y10 TOV LETOCYNUATIOHO TOV TPOYPOLUATOV OO TNYT|
o€ Y. Anovpyndnke amod Ty avaykn yio Evo epeuvnTikd TEPIPAAAOV LETAYAMTTIOTH TOV O1EVKO-
AOVEL TNV 0VATTUEY SEPYAOTNPLUKDY TEYVIKOV 0VAALOTG Kot TAPOAANAIGLOD Yo Tpoypappata C, C
++ ko Java. To Cetus glvar £€va 6OvoAro katnyopldv evotdpeong avarapdotoong (IR) kot dSwapdoemv
BeltioTomoinong Kot dev TePLEYEL KavEVA 1O1OKTNTO KOdKa Tov PacileTon oe eAedBepa dtabéotpia gp-
yoreia. [ dnpovpyia evog avaivty Cetus e€etdotniay ot yevvitpleg cuvoiwv Yacc kot Bison,
o1 omoieg ypnoponootv lex 1 flex yio oépwon, kot o Antlr, To omoio givarl cuVOEIEUEVO LE TN OKN
TOV YEVVITPLO GOPWTY].

O Cetus £yet ToVG aKOAOVOOVG GTOYOVG:

e H sowtepikn| avanoapdotaon (IR) etvat opatiy and Tov cuyypoaeéa mepdopuatog (xpNotng) LEc®
pog demapng, Tnv omoia Oa avapepbovpe wg IR-APL. O oyediooudg evog amiov, dypnoTov
IR-API, mov eivon emektd oo yio LEALOVTIKEG SOUVATOTITEG - E0KA Y10 TNV VITOGTNPIEN dAA®DY
YADGG®V - EIVOL TO TLO SVGKOAO £PYO UNYOVIKTG.
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o [Ipémel va eivol 0KOA0 VoL YPAWETE LETOTYTLOTIGHOVG TNYNG-TNYNS Kot TEPAGHOTO PEATIOTO-
moinong. H viomoinon gival pia tepapytkn Ta&ivopunon avtikellévaoy te EAaytoto aptdud ovo-
pérov pebddmv IR-API (xpnoiomoimvTag EIKOVIKES AEITOVPYIEG KOl GUVETT OVOLOGiN), E0YPT-
oteg pebooovg IR traversal kot TAnpo@opieg mov umopovv va cuvaybodv amnd dALa dedopéval
QVGTNPA KPUUUEVO OO TO YPNOTNG.

e H gvkoAia ToV EVIOMIGHOD COUALATOV Umopel va eivat KaBOPIoTIKY| Yo TV EXLTUYI0 OTO10VO1-
TOTE £PYOV LETAYAWDTTIOTH TTOL Ypnotpomotel v vrodopn]. To IR-API Ba tpémetl va kataotoet
adVVATH T1 SNUIOVLPYIC AVTIIPATIKOV OVOTAPOCTAGEDV TPOYPUUUAT®V, aALE eEokolovBovpe
va ypealdpocte epyoreion mov GLAAAUPAVOLY Kovd AdBn kou mepiPdAilovia mov KabioTodv
EOKOAN TNV AVIYVELOT COUALATOV GE TEPITTMOOT EUPAVIONE TPOPANUATOV.

e To Cetus Oo mpémel vo Aettovpyel o6& TOAMATAEG TAUTPOPLES XOPIG Kapio 1 ELAYIGTN TPOTO-
woinom. H popntotta g vodoung oe pio peyain mokiiio miatpoppudv 0o kavet tov Cetus
XPNOLO GE LUaL LEYOADTEPT] KOVOTNTAL.

3.3 Iewpopotiopnos Kol GOYKPLeT

3.3.1 Ilepopotiopdg epyareimv

INa v a&oAdynon tov epyoleiov ¥pNGILOTOWCAUE TN UNYovh GUUOBOANG, UEPOG TV TOPOV
CSLab, mov eivar eéomhopévn pe 4 enefepyaotég Intel Xeon E5-4620 (Sandy Bridge) oe apyitekrto-
vikn NUMA. Kda0¢e eneEepyoaotng diabétet 8 mopnveg, mapéxoviag cuvolKd 64 kKAmotég d100éaieg
Yo EKTEAEDT).

H covita avagopdc «polybench» ypnoipomonke yio tn cOHyKplon Tov €pYareinv, dEGOUEVOL
OTLTTOPEYEL VO GUVOLO CTUEIDV AVOPOPAS EOIKE GYEAGUEVA Y10 VO SOKIUALOVY TIG TEXVIKEG TOPOA-
AnAomoinong. XZvyKekpiéva, ot covita dtatibetol pio GePa epaproydv mov oyetiloviot e vro-
AOY10TIKEG HeBOOOVG, TOV KOADTTOVV AmOAVTO. TIG avayKes TG a&loldynone. Ta kpitiplo avapopdg
nopovsilovtat cuvortikd otov Hivoka B.1.

Ot mopdAiniec ekdOGELG TOV CNUEIOV OVAPOPEG EKTEAESTIKAY GTO UNYAvNUa appoBoing (4 x
Intel Xeon E5-4620 - Sandy Bridge) tov epyactnpiov ypnowyonowdvtag 1, 2, 4, 8, 16, 32 kot 64 vij-
poto. Amo avtd 1o meipapa, e£Nyxdn o oepd amd ATOTELEGUOTO OYETIKE LLE TNV EMLTAYVLVCT TOL
TapoTNPEiTOL HETE TNV TOPUAANAMGLO, KABMG Kol TNV ETEKTOCILOTNTO TOV TOPUAANAIGUEV®OV TPO-
ypaupdTemv, 6tav datibevtal Tpochetot vioroyiotikol Tdpot. Ta anotedéopata Tapovstdlovial 6To
[Mopdptua A.

I'evikéc mapaTnpioels

‘Ocov agopd TNV SuVATOTNTA KMUAK®OGNS TOV EXOOGE®V OTTMC Topovstdletol oto [Tapdptnua A,
UTOPODVLLE VOL TOLPOTIPTICOVULE OTL Kot To, dVO pyareia Seiyvouv Lo KOAY CUUTEPLPOPE KAUOKMOGEWDG,
evd KaBDS avEdvoupie Tov aptBpd TV ¥pNGUYLOTOIOVUEVAOV VIILAT®V, 0 XPOVOG EKTEAEGNC LLEUDVETOL
avaAOY®C. XTI TeplocdTepe; TepmTdael, 1o PLuTo amodeikvietat 6Tt £xel KaAdTEPN amdd00T Omd
10 ROSE. Mzopovpe va vrofécovpe 0Tt 0utd TPOKaAEITOL KUPIMG AOY® TOV UETAGYNUATIGULDY TOV
apaypotonotel o PLuTo yuo va BeAtiooel Tig Asttovpyieg mpdoPacng uviung Kot £T61 va BeEATIdoEsL
TN GLVOAIKT amOO0oT OKOUN Kot OTav ypnotponolel 1 viua.

[N va stoaydyovpe o o S1AQOTICTIKT EXOKOTN GO TNG OMOTEAEGLLOTIKOTITOS TV EPYOAEI®V,
&yovpe ta&voundeil n GVUTEPIPOPE OTOSOGTG GE OKTM KOTNYOPIES AvALOYO LLE TO GUVOAMKO KEPOOG
KOl TNV EMEKTACIUOTNTO TOV TOPATNPOVLE KATE TNV EKTEAEST TOV KpUtnpiwv avoaeopds. o Adyoug
OTTEIKOVIONG UTOPOVLE Vo BEmPNCOVUE MG apyIKO XPOVO EKTELEGNG TNV ATOS0GCT) TV CTUEI®V OVOL(pO-
pag dtav exterovpe v £kdoon ROSE pe éva vijpa (dnAadn 1o tpdto onpeio e KOs UmAe Ypopikn
napdotacn), 0eod To ROSE dev extelel petaoynUatiopods Kadka Kot £T61 TPEYEL QLT TNV €KO00T)
ypnoponowwvrog £va To vipa givat Alyo ToAd 1 ceplaxy / apyikn £kdoon).

Ot okt Kot yopieg opilovtar mg e€ng:
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Benchmark Description

2mm 2 Matrix Multiplications (alpha * A * B * C + beta * D)
3mm 3 Matrix Multiplications ((A*B)*(C*D)})

adi Alternating Direction Implicit solver

atax Matrix Transpose and Vector Multiplication
bicg BiCG Sub Kernel of BiCGStab Linear Solver
cholesky Cholesky Decomposition

correlation Correlation Computation

covariance Covariance Computation

deriche Edge detection filter

doitgen Multi-resolution analysis kernel (MADNESS)
durbin Toeplitz system solver

fdtd-2d 2-D Finite Different Time Domain Kernel
gemm Matrix-multiply C=alpha.A.B+beta.C
gemver Vector Multiplication and Matrix Addition
gesummy Scalar, Vector and Matrix Multiplication

gramschmidt

Gram-5chmidt decomposition

head-3d Heat equation over 3D data domain

jacobi-1D 1-D Jacobi stencil computation

jacobi-2D 2-D Jacobi stencil computation

lu LU decomposition

ludemp LU decomposition followed by Forward Substitution
mvt Matrix Vector Product and Transpose

nussinov Dynamic programming algorithm for sequence alignment
seidel 2-D Seidel stencil computation

symm Symmetric matrix-multiply

syr2k Symmetric rank-2k update

syrk Symmetric rank-k update

trisolv Triangular solver

trmm Triangular matrix-multiply

IMivaxag 3.1: H covita petpompoypappdtov polybench

. High scalability
O1 TePITTOGEIS OOV 0 YPOVOG EKTEALEOTG YIVETAL YPIYOPQ LIKPOTEPOG LE TNV AENGT TOV aptb-
LoV TV VIUAT®V TOL ¥PNCUYLOTOI0VVTOL

. Low scalability
Ot TeptTdGELS OTTOL 0 XPOVOG EKTEAEGNG YIVETOL IKPOTEPOG LE apYd pLOUO pe TNV adénor Tov
aplOPov TV VIUAT®V TOV YPNGILOTOL0VVTOL

. No scalability, good performance

O1 tepuTdGELg OOV dev Topotnpeital Kapio KApoKoootnTo Kabng avédvouvpe tov apliud
TOV VINUATOV, 0AAG Tap’ OA0 0VTA 1) 0TOS0GT] TOV LETPOTPOYPALLLOTOG stval KA AOy® PeATt-
GTOTOCEMV GTOV KOJIKO (LOVO atny wepintwon tov PLuTo)

. First worse, then better

Ot TepmT®GEIS OOV 01 PEATIGTOMOMGELS GTOV KOJIKA TPOKAAODY LEeYOIAN KabvoTépion otV
apyn, 0ALG pe v avénon Tov apBpol Tev treads, n aTdd06N YIVETOL KOADTEPT] OO OVTN TNG
apykng éxdoong (Lovo yuo to PLuTo)

. Early saturation

33



O1 TepImTOOELS OOV PETE TNV EI0AY®YN VOGS UIKPOV aplBpol vnudtwov, 1 arddocn dev Pei-
TIOVETAL LE TNV TPOGONKN TEPIGGOTEPWOV

6. First better, then worse
O1 TEPTMOELG OOV UETE TNV E10AYMYN EVOC KPOV aptBpol VIHATOV, 1] 00006 ETOEVD-
VETOL LLE TNV TPOCHNKN TEPIOTOTEP®V VNUATOV

7. No performance gain
O1 TtepmTMOGELG OOV deV LILAPYEL KEPOOG ATOSOGTG LE TNV ELCAYWDYT| TEPIGCOTEP®V VIUATOV

8. Scaling backwards
O1 TEpIMTOGELS OTTOL 1| TPOGHN KN TOV VNUATOV TPOKAAEL LOVO YOUNAOTEPN amddoon

To amoTEAEGOTO, TOPOVGLALOVTAL YPICILOTOLOVTOS TIG Topamdve katnyopieg otov IMivaxa B.2.

High Low No scalability, good | First worse,
scalability scalability performance then better
ROSE 16 2 0 0
| PLuTo 6 3 7 1
Early First better, No performance Scaling
saturation | then worse gain backwards
ROSE 0 3 4 3
| PLuTo 1 3 6 2

Mivaxag 3.2: ASl0AGYNON T®V PETPOTPOYPAUUATOV TNG covitag polybench

Aappévovrag veoyn tov mivako B2, propoviie vo Sovpe 6t To o omd o benchmarks peitioto-
momOnkav pe emitvyio gite pe PEATIOTOTOMGEIS KOJIKO TOV PEATIOVOLV TIG dSuvaTdTNTES TPOGPUOTG
G€ UVALT KOL TOPOAANAOUO EI1TE LLE TNV EI0AYOYT TOAAATADV VILATOV TOV EMETPEYAV TO, EKTEAECLLLOL
VoL TPEXOLV TapdAAN A kaOnovTa VopiTepa. AVTOg eival Evag KaAOS OIKTNG Y10 TV OTOTEAECUOTIKO-
TNTO TOV EPYOAEIMV KOl TOV OVTIKTUTO TNG AE10TOINoNG TOVS 0Td TOVG TPOYPULLATIGTES EPOPUOYDV
OV TEPILAUPAVOVY LEYAAO VITOAOYIGTIKG (OPTIaL.

A6 ™V GAAN TAELPA, UTOPOVLLE VO, TAPATNPTICOVE OTL TEPiTOL TO 1/3 TV kprimpiov a&loAdyn-
oNG Qaivetal va £xel EMAyLoTo KEPSOG Omd TN YPNOT TOV EPYUAEI®V 1], GE OPIOUEVES TEPUTTAOCELS, VO
EMOEUCVVEL OKOUT KOt Lo LEYOAT EMPEpuven mov elGAYETOL UE TNV TPOGOHNKT TOAAATADY VIULAT®V.
DuoIKd, VTTAPYOVY KOl LEPIKA ATOTEAECUATO GTO HEGOIO £60POC, OOV LITOPOVLE VO SOVUE KATOL0L
Beltioon e ™ xpnomn evog HikpoH TOGo1 VIUATOV Kol GAA®Y OO0V (PElalOLACTE OKOUT TEPIOGOTEPA
vinata yuo va dovpe kdmota Pertioon.

Avé@lven emrayovong

Y10 ZyAua B.4, n cvvolikn emttéyvvon Tov Kdbe PETPOTPOYPAUIOTOS EXEL VITOAOYIOTEL AT TOV
TOTO:

Initial Execution Time

Sspeedup = (3 9)

ming(Parallelized version running using x threads)

omov x = 1,2,4,8,16,32,64 vijuata

Onwg avapevotayv, To PLuTo emdeucvoet pepikd eEopetikd kEPOT anddoong 6 GUYKPIOT LE TA
amotedéopata ROSE (Ta oxfuato B.4 éxovv efopatvvlei oe mepuconés taydtag peyokdtepeg amd
X64 Y10 VoL SIEVKOADVOLV TNV OMEIKOVICT).

34



Speedup ROSE vs PluTo
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Tyqpa 3.4: Tehikd k€pdog Gg eMTAYLVOT AOY® PEATIGTOTOMGEMY Kol TOPAAANAOTOINGTG
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Typa 3.5: Entdyvvon o€ chyKpion e TV amdd0GT TNG TOPUAANAOTONUEVG EKOOCTC KMOKA, LE
™ XpNON EVOG VIUATOG

IMou T pétpnon g enekTacudTTAG TOL TPOGPEPETAL amtd KAOE epyadeio, cuykpivape exiong v
KOADTEPN 0mOd00N KAOE £KS0ONG TOL KOJIKO LLE TNV ATOS0GT) TOL EMTLYYAVETOL OO TNV EKTEAEDT)
g 1010g £K00GNG YPNCLOTOLDVTAS TO VIO, Mg auTdV ToV TpOTO KATAPEPALE VO EEETAGOVE TOVG
UETACYNLOTIOHOVG Bpdy@v Kot TIC BEATICTOTOCELS TNG TOTIKNG LWVIUNG, TPocdlopilovTtag T Tpay-
LOTIKG KEPOT amOO06TG TTOV EMTUYOUE OO TNV aVENGT TOL aplOUoD TV VIIATOV Yo KaOE £kdooT).
To. amoteléopota paivovon oto Tyfpa B.3

Ed® pmopovpe va mapoatnproovie 6Tt 1) S10popd OV TOPATPNCOLE GTI CUVOALKT 0TdS00T TOV
Vo gpyaieimv dev glvat TG0 peydAn 660 Kol Tpwv. Av ayvoncovpe To kKEPON amdd0oomg and TOVG
LETACYNLLOTIOLOVG KDOKO, propovpe va dovpe 0Tt To ROSE gaivetol va feltidveTor moAd kaAvtepa
amo6 6t 610 TapeAdov o oyéon pe to PLuTo, Tov omoiov 1 amddocm Tov eakorovbei va eivar peydin
0€ OPIOUEVEC TEPITTMGELS, AALA OY1 TOGO UEYOAN MGTE Vo Bempeital koADTEPT ETAOYT]. ZVYKEKPIUEVA,
pmopovue va dovpe Tic nepttdcels 0mov 10 ROSE Eemepvd to PLuTo kot mapatnpolpe 6Tt vndpyet
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ROSE Loop Success Rate
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Xympa 3.6: Anddoon tov ROSE oty napariniomoinon Bpdywv

peydAn dwpopd (PAéme mvt, gramschmidt, gemver, gessumv, symm, trmm, deriche), eved avtifeta
umopovpe va dovpe 6tL to PLuTo givar kaivtepo, To ROSE Bpicketor Alyo mo kdtm, Tpdypae wov
onpaivel 0Tt 1o kEPJOG gival TAPOUO10.

3.3.2 Eg@oappoyég amd Tov *TpaypaTikd Koopo’
Epyoieio mapaiiniomoinong

O PLuTo parallelizer £xel amoderyfei 6Tt gival £va amotehecATIKO EPYOAEIO Y10 TNV TAPOAANAL-
OUO TOV EPAPUOYDV LE TN AELTOVPYIO LETOCYNHATICHOD KOJIKA TOV E1GAYEL KABMG Kot TIG EYYVCELS
OpenMP c10v kdd1Ka. Qotdc0, OTOV PIAAUE Yio EQAPUOYEG GE TPAYUATIKO KOGLO, TPEMEL VO EXOVLE
KaTd vou OTL 01 YADOOGEG VYNAITEPOL EMTEOOV TPOTIUADVTOL GLVIOWOE Y10 VITOAOYIOTIKEG EPAPHOYES,
kabiotdvTog v vrootpiEn g PLuTo yio ™ yAdooa youniot emimédov C pio Abon neplocdTEPO
TPOGOAVOTOAGUEVT GTIV £PELVOL.

Amo TV aAAN Thevpd, o petaylottiot)g ROSE eival og Bon va vrootpi&et epappoyég C ++
KoL OTTOG TOVIGOLE GTNV TPONYOVUEVT TAPAYPAPO, TO KEPSOG TOL EYOVLE GTI| YEVIKN TEPITTMOT OTAV
ypnoponoovpe to PLuTo avti va punv givar peydlo 6tav pAdpe yuo €va peyaao aptBpd vnudtoy .
To epyaieio autoPar tov ROSE Aeitovpyel kuping pe £yyvon tov kddika pe pragmas OpenMP o1ig
ePLOYEG Tov Bempovvton epappocteg omd droyn mov oyetiCeton e v e&dptnon. o va eheyyBein
SVVATOTNTO EQAPLOYNG TOL EPYUAEIOL, TPUYUATOTOONKE ol SoKI| a&loAdYNoNg TPOKELUEVOL VO
petpnBovv o1 cuvorkoi fpdyotl Tov Tpocdiopilovral amd To epyareio mg mapdAinio. O Adyog yio tov
omoio BewpnOnKe onUAVTIKO va TpoypaTomonOel o tétoto avaivon frav n e&étacn Tov epyaieiov
OYETIKCL L€ TNV OTOTEAEGUATIKOTITA TOV GE d1apopa £idn Ppoymv pe dtapopetikég e&dpoets. 'Etot, av
T0 gpyoieio givar og BEon va TapaAANAMGOEL Eva LeyAAO LEPOG TV OVOYVOPIOUEVOVY Ppdymv pmopel
va BewpnBei epapudcipo oe £va VPO PAGLLO VTOAOYIGTIKMDY EPYACLOV.

Onwg eaivetor oty Ewdva B.g, n mietovomta tov avayvopiopévev Ppoxev ota onpeio avo-
@opag moAvPaviov BempnOnke 6TL dev efaptdvTor amd TV e£APTNON, UE ATOTELECLN TO TOCOGTO
napaAiniiopov tov Bpdyov va vrepPaivel Ta 60% yio To TEPIGGOTEPA GMUEIN AVAPOPAS, TOGOGTO
etvar kovtd oto 50%. Avtd ta anoteAéouate, 6€ GLUVOLACUO LE TNV TPAYUATIKY EMLTAYVVCT TOL
TapatnpNONKe 6To oNUEiR AVOPOPAS, NTAV APKETH EVOAPPLVTIKA DOTE VO UG ETITPEYOVV VO TPOY®-
PCOLLE OTNV EMOUEVT PACT] SOKIUMY OTOV SOKIUAGULLE L0 GEPA EPUPLOYDY TPOYUATIKOV KOGHLOV
ypnoormowwvtag to ROSE vy va a&loloyficovpe Ty amdd06m Tov.

Aoxipdalovtag Tig duvatodtnteg Tov petaylmttiot ROSE, yprconomocople pio epaproyn mov
oyeTiletal e TNV KATOKOPLEN EMLTHPTOT) TOV EXIKEVIPMVETAL GTNV AVAALGT T®V SOPLPOPIKDV EIKO-
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vector<vector<inti? t» » replaceBlock(vector<vector<inti2 t» > &mat 1
int3Z t firstBow,
int32 © lastRow,

int32 v firsrCol i,

int3Z t lastColumn,
VECTLOI<VECTOI<INTIZ t> > &mat_2)
{
vectorevector<int3ii t> » result = mat_1;
nt3Z £t mat2 1 = 0;
int32 t i, 3;
for (i = firstRow; 1 <m lastRow; i++) |

int32 Lt mat2 ] =
for {j = firstColumn; j <= lastColumn; J++) {
result[i] [j] = mat 2[mat2 i] [matz j]:
mat? 4+
}
matd 1+t
¥

return result;

Yympa 3.7: Koppdtt kodika amd v gpapuoyn surveillance - tavtonoinon HeTafAnTig ETavainymg

vov. O KOJKG TNG EPOPHOYNS, AOY® TNG PVONG NG, TEPAaUPavel peydia Tocsd Ppdywv Kot LVITo-
AOYIOU®V TVOKO OV [OG ETLTPETEL VO 0ELOAOYNGOVUE EDKOAD TNV amdd0oT ToVv gpyaieion. Me
SOKIUN TOL £PYOAEIOV EVAVTIO GE QVTE T YOPOKTNPIOTIKG KOOIKO, EYOVUE TNV gvKopia va emBem-
PHGOLLE OPLOUEVA TPOPANLLOTA TOV GUUPOIVOLY LE PEAAICTIKEG EQOPUOYEC OTTOL 1) YPNOT| EPYOAEIDV
TapaAANAopov Bo dNIoVPYOVsE CNUAVTIKA KEPON ATOS0GTG.

Otav 06Y0A0OHOCTE LLE TPOYLATIKES EQAPUOYES, TPETEL VO AGBOVLLE VTTOYT OTL O KMOOIKOS TTOL LLE-
Aetdiple dev gival TavTo BEATICTOTOMNUEVOC KO G TOAAEG TEPITTMGELG OEV EIVOL EPIKTO VO, TAPAYOVLLE
0. amoteléopota o mepuévovpie. Eva tétot0 mapadetypo propei va mapovstaotel oto Zyfua B.7.

Y10 Tyfpa B.7, propovpe evkoha vo mapotnpicovpe T ot §Ho Bpodyot pmopodv evkoka Vo ma-
paiAnAlotovy. Qotdc0, oL HeTofANTég mat2_i, mat2_j dnpovpyovv eE0pTHGEIS TOV JEV UTOPOVV
gbkoha va mapoatnpnBodv amd ta avtdpota epyorein. Avtd opeileTor 6To YEYOVOG OTL OL LETAPAN-
Té¢ Oev avayvopilovtal og iterators tov Ppdyov (wov Ba Avcovv TIc €E0PTNOELS), TAPOAO TOV GTNV
TPOYUOTIKOTNTA EIVOL, £TCL DOTE 0 YEPLGUOG TOVS EVTOC TOV PPOYOV VO UMV EMTPETEL GTO EPYAAELD
va gyyonfet v TopdAAnAn Tapodiayr Tove ympic e&dptnon. Avtifeta, av 0 TPOYPUULATIOTNG EixE
YPNOLOTOUGEL TIC AEITOVPYIEG TOV 1 Kot j 0vTi TV petaPAntdv (mat2_i = i - firstRow, mat2_j
= j - firstColumn yia Tov mopaAAnAoT Kot Tapotnpnbovoe, ol e€aptnoelg Oa emdvovay.

"Evo GAA0 TpOPAN O TOV UTOPOVLLE VA TAPUTNPTICOVIE EDKOAO GTO TPOAVAPEPHEY TUN LA KOSIKOL
glvar n pnN XPNOM SLVAUUIKDV SOUDY SEGOUEVMV, SLOVUGUATOV, TO 0TI EMLTPETOVY GTOV TPOYPULL-
LOTIOTH VO TPOTOTOLEL SLUVOUIKA TOV dtabEao Ydpo yia Ta dedopéva divovtag peyalvtepn gveléia
oTN YEWPOYDYNON TNG SOUNG. ATO TNV GAAN TAELPA, 1 XPNOT| TETOLOV SOUDY VITOONADVEL TN dvVa-
LLIKN TOVG KATAGTOOT Kol GUVETMS dNovpyel mpdcobeteg EaPTNOELS. TO GUYKEKPIUEVO TOPAOELY L,
UTOPOVLE OKOUT VO TOPOTNPTCOVUE OTL 1| SUVOUIKE GUOT TV SLOVUCUATMV OEV YPNOLUOTOLEITOL
KaBOAOV, TPAYLA TOV CTLLOIVEL OTL O TPOYPAUUATIGTNS B LTOPOVGE VO YPTCLLOTOGEL EDKOAM TIG
OTOTIKEG QOUEG OEDOUEVAOV OTMG Ol TIVOKES Y10l TNV VAOTOINOT] VTG TNG AELTOVPYING, EMITPENOVTOG
€101 TNV TAPAAANAY TOPAAAAYT| TOV.

AvTd o, " IKpd” aAAG SNUOVTIKG TPOPANLLATA TPOKVTTOUV EDKOAO GE EPAPUOYES TOV £XOVV GYE-
dtaotel VIO TPAYUOTIKEG GLUVOTKEG Ko TpEmeL va, Aapfdvoviat coPapd voyn katd tnv a&loAdynon
evog avtopatov mapoiinioti. [ mapdderypa, o petaylmttiotig ROSE mov emidéEape va ypnot-
LLOTOUGOVLE O&V EPAPUOLEL LETACYNUATICLOVG GTOV KOJIKO Yio TNV e&GAeym T€To10V ££0PTHOEMV,
evd 10 PLuTo gpapuodlel morAdmloka Lovtéda petacynioticpod (dni. IloAvedpucd) yio va mwapodin-
AoOVY TOV KOOKE, L0 OTTOTELECLLATIKAL.
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Kowé ntpopfiipata

g T TNV EVOTNTO, ATOPIOUODLE TO O OTLOVTIKG OPOKTNPLOTIKE TOL UTOPOVV VO, OVAYVOPL-
GTOVV GTOV KOJIKO IKOVA VO, O1LLLOVPYHOOVY aveTiAVTEG eEAPTNGELS KAl VO TOPEUTOSICOVY GUVOAIKA
N dwdkocio TapaAAnAoUov:

e 'Eppeon npoécPaon ot pviun: To mpofAnua oty mepintwon avt speoaviletor otav £xete
TpocPacn oe d1evBHVOELG VNG TTOVL dEV €lval YVOOTEG 6€ Ypovo peteyhottiong. [Topaiin-
Aomoinon kddiKa wov TEPIAAUPAVEL TETOO YOPAKTNPIOTIKG UTTOPEL Vo TpokaAésel TpoOSPacn
GTOV 1010 YMPO LVAUNG TOALEC POPEG TOPAAANAN OE TVYOIO GEPE TPOKAADVTAG AGVVETELEG.

o [Tapevépyeleg: Ot KANGEIG CUVOPTNCEDV LE AYVMOTEG TOPEVEPYEIEG OTOV KMIKA EUTOdIovV
TNV TOPAAANAOTOINGN TOV, KOOMG 0 HETAYAMTTIGTNG OV EYEL TNV TANPN EUKOVO TNG dtaryeiplong
XDOPOL UVAUNG OTIG AELTOVPYIES TNG CLVAPTNOTG.

o Efaptioeig pong dedopévav: Ot eaptioelg Tmv 0e00UEVOV GTI POT| EVIOADYV TOV KOJIKO O&V
EMTPENMOVV TI COGTH TAPOAANAICUO TOV, ONUIOVPYDVTOG TEPLOPIOUOVS OTN GEPE EKTEAEONG
TOV EVIOADV KOl OTNV TOPAAANAN EKTELEGT TOVG.

o Avvopikég ocvototyieg (arrays) / dopég dedopévav: H ypnon duvapukdv dopumv dedopévav me-
PLAALPAVEL CNUOVTIKO TTEPLOPIOUO otV TopaAinionoinon tov kddwa. Otav ene&epydleton
SUVOUIKA TO YDOPO UVAUNG, O LETAYAMTTIOTHG OgV €xEl Kapia €KoOva TG KaTdoTaong g do-
UNG, GUVERAMG O 0dNYiEG TOV EKTEAOVVTOL TAPUAANAL UTOPEL VO TPOKOAEGOVV OLGVVETEIEG KOl
TPOGPOOT GE UN) OEGUEVUEVO YDPO LVAUNG.

Eivar mpogavég 0T1 ta avtoOpoTo Epyareio TapaAAnAomoinong Kot TeYVIKEG TOL gival d100écipeg
dgV UTOPOVV VO, SNUIOVPYHGOVV TIC AMOITOVLEVEC GUVONKES Y10, TNV TANPY| EXIAVGT TGV TpOoovapepHE-
viov TpoPinudtov. Opiopéva amd ovTd HTopovy vo emtABovy TANP®G N €V UEPEL, EVAD GALN OTTOTOOY
GLYKEKPUEVES CLUPIPAGHOVE TTOL OVTIOPOVY GTNV AVTOUATOTOIN O™ TG dtadikaciog, KaBdg dev vdp-
XEL CAPNG TPOTOG LETAPOPAG TOV YVADGEMV TOV AVIKEL O TPOYPUUHATIOTIS GTOV TAPUAANALIGTY. XT0
EMOUEVO TUNO, O TEPLYpAYOLLE KATOLES OO OVTEG TIG CLUEMVIES KOl TO KEPOT) TOL Bol LTOPOVGOV
VO TPOGPEPOVY GTN SLSIKOGIN TAPAAANAIGLOV.

3.3.3 Ewoaymyn og éva EKTETAPEVO POVTELD TPOYPOUNOTICLOD

O e€aptnoelg pong dedopévav givat Leptkd amd To TTLO KOVE Kol OTILOVTIKA Y0POKTNPLOTIKA TTOV
UTOPOVV VO UTAOKAPOLV T1 S1001KaGi0 TOPUAANAMGHOD. Q6TdG0, VTAPYOLY TPOTOL AVTIUETOTIONG
gv Hépet pe KatdAinlovg petacynuoticpovs. H ypron epyaieiov énwg PLuTo, wovdv yia tétoteg
Beltiotonomoelg, umopel va eaeiyel moALEg eEapTNoElS Kot v EEKAEIOMOEL TOAAEG SLUVOTOTITEG
TAPOAANACLLOD.

Ao ™V GAAN TAVPAE, 01 GLVAOELS TPOKTIKEG KMOOKOTOINONG TEPIAAUPAVOUY OPICUEVO YOLPOKTT]-
plotikd (éppeon oevBvvon, KAoelg Aettovpyiag, SuVAUKOl OPEic) TOL OMOKPOTTOVY EVa LEYAAO
UEPOG TNG AELTOVPYIKOTNTOS TOV TPOYPALUIATOS KAOIGTMOVTAG TO 10 TEPITAOKO Kot umodilovtag Tnv
avéivon Tov and Tov TapoAANAoT. PVGIKE, VIAPYOLY TEPITTAOGELS OOV YPNGLOTOLOVVTIOL TOGO
TOAOTAOKO YOPAUKTNPLOTIKA, GALL AOY® TNG POONG TG EPUPLOYNG, OEV VILAPYOVY TPAYLLOTIKES EEQP-
™oelg. Q61660, AOY® TNG EALEIYNG KOTAVONGNG TNG AEITOVPYIKOTNTOG OO TOV TOPIAANMGTT, aL-
Té¢ o1 e&aptoelg eakorovBodv va evtomilovtal kot vo, unv emdvovtat. [Ipog avth v KatevBuvon
TPoTEIVETAL £0M £VOL EKTETAUEVO LOVTELO TPOYPUUUOTIGHOD, MOTE O ¥PNOTNG VO UTOPEL EVKOAN VL
nephapPdvel mAnpogopieg oyeTikd pe Tov KddKa Tov dev pmopel va eEoybel pntd. Me avtd Tov
TPOTO, 0 TPOYPAUUOTIOTAG givar o€ BEon va "aAAnAemdpdoet” pe Tov TapaAln Mot Kot vo Tpoché-
GEL AETTOUEPELEG OYETIKA LLE TIG Asttovpyieg mpdSPaong 6T LV, TN GTATIKOTNTA TOV SLUVUCUATOV
KOLL TIG TOPEVEPYELES TNG AELTOLPYING, TPOKEUEVOL VO EEKAEIOMCOVY TEPIGGOTEPEG SVVATOTNTES TO-
poaAnAopoV. To poviélo mepthapPdvel avTég TIg TANPOPOPIES e T HOPPY| onpeimy pragma dnwg
TEPLYPOAPETOL TAPUKATO:
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1

for (int i = startRow; 1 <= endRow; i++) {
for (int j = startCol; J <= endCol; j++) {
if (cond[il[31) {
// Parallelisable Loop
for (int k = 0; k < rowBlockIndex.size(); k++) {
result[i + rowBlockIndex[k]][] + colBlockIndex[k]] = true;
}

Zympo 3.8: Koppdt kddiko and ) surveillance epappoyn - £upecn Tpooméracn Lviung

#pragma aeolus function/loop static-vectors
Eyyvaton 6t 1 akdAovdr cuvaptnon / Bpdyog meprrappdvel pdvo otatikovg vectors, Tpayol
OV OTLLOEVEL OTL OEV VTLAPYEL OLVOULKT KOTAVOUT LVAKNG KOTA TNV EKTEAEDT).

#oragma aeolus loop no-aliasing
Eyyvdror 611 ) cuvaptnon / Bpodyog dev mepiiapPavet aliasing deiktn, mTov onpaivel tpocPaon
oty 101 dtevbuvon pviung amd dPOPETIKOVG OEIKTEG.

#pragma aeolus function no-side-effects

Eyyvator 611 1 axdAovbn cvvdptnon dev meptapfavel Tapevépyelec, mov onpaivel Tl dgv
VIAPYEL YPAPT 0TS d1evBhvoelg Lvipelg N o€ streams, Kt £TGL 1 POT| TOL TPOYPAUIOTOG OEV
emnpealetal mEPa amd TNV TN EMGTPOPNS TNG CLVAPTNOTC.

To emduevo Tunpo KOS ePEavilel Eva Koo Tapddstyua Yeudong yeudacOnuatog otny Tpasn
omov N ypnon tov cvuctolyldv ‘rowBlockIndex’ kot *colBlockIndex’ yia éppeon npodcfoocn otn ou-
ototyia "result’ dnpiovpyel yevdeic e&apaelc mov dev pTopoHv vo TABOVVY LE TIC TPEOVGEG TEYVIKES
TapoAAnAoToinoNG.

[IpocBétovtag €dd 10 oyoMacd «no-aliasing» umopet vo KaBodNyNoeL ToV TAPUAANALGTH OTL OL
e&apoelg mov oyetilovtot pe v éuuecn tpdcsfacn puropovv vo e&aielphov e aGOALELA.

H éZ0d0¢ avti¢ TG pyaciog oYETIKA LE TN (PNOT VTOL TOV EKTETAUEVOD HOVTELOV TPOYPOLLLLOL-
TIoUOV Y10, TN BerTIoTOTOINOT T®V amoTELEcUAT®V TOV AapBdavovtot amd To ROSE givat éva gpyoieio
Auto-Parallelization mov avagépetar kat TéAt 670 TAaico ToL Kepataiov [.

3.3.4 Exterapévn Xovita Benchmark

[Ipokepévou va ereyyBel mepattépm 1 PEATIOON TOV EMTLYYAVETAL KATH TN XPTOT TOL LOVTE-
AOV EKTETAUEVOL TPOYPOUUATIGHOD, EENYALE VO GOVOAD AELTOVPYIDV TOV ATOLTOVY VITOAOYIGTIKES
EVEPYELEC TTOV TEPLEYOVV TETOLN EEQPTNHLOTO OO TTPAYLLOATIKES EQPUPLOYESC. XPNOUYLOTOUCULE QVTA TOL
TUNHOTO Y10, VO GUUTTEPIAGPOVLE LEPIKE TPOYLLOTIKG TOPASETYLATA KOSIKO TOV UTopovv va Ppedovdv
G€ EQPOPUOYEC KOL VO EMEKTEIVOVLE TN MOTA OVOQOPAS LLOG e TPOGHETA YOPAKTIPIOTIKG KOO TOV
npénel vo, vootnpi&et éva epyoleio maporiniicpov. Mepikd mapadeiypata amd avtdv TOV KATAAOYO
umopeite vo, fpeite mopakdto.

vector <double> replacelndexByVector(vector<double> &vec, vector<int32 t> &
index vec, vector<double> &value) {
int32 t i;
int32 t index size = index vec.size();
vector <double> result = vec;
for (i = 0; 1 < index size; i++)
result[index vec[i]] = value[i];
return result;
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370 TOPUTAV® TUNUO, ELEAVIETAL EVOG KOOKOG 0 £Vo ONUELD avapOPiG, CUUTEPIAOUBOVOLLE-
VOV TOV YOPUKTNPIOTIKOV Eppeons dievbuveloddtnonc. Edwm, o didvuoua *anoteréopatog’ ivat Ep-
LEGO, TPOGTEAAGILOG e TO dLvuod "indexyec’ @G evpeTnpro. ['a Aoyikovg Adyouc, YiveToal avepd
OTL OV VTLAPYEL AAMNAETIKAALYT LETAED SLOPOPETIKAOV EMAVAANYE®VY Bpdyov, omdTe dTAV E1GGYOVLE
Tov oyohMooud ‘no-aliasing’ o1 e&dpoeig eEoleipovtar. Emmiéov, pmopodpe va mpocbécovpie Tov Gyo-
Moo o ’static-vector’ Y10 vol SNAMGOLLLE TN GTATIKOTITA TOV YPTCLLOTOLOVUEV®V SOVUCUATOV KOTA
TNV EKTELECT) TOV KMDOIKO.

int32 t square(int32 t x) {
return x*x;

3

int32 t square _sum(vector<int32 t> &vec) {
int32 t i;
int32 t vec size = vec.size ();
int32 t result = 0;
for (i = 0; 1 < vec_size; i++)

result += square(vec[i]);
return result;

Opoimg, 6To TaPATdvVE TU L LTOPOVLE VA SOV LE TTMG 1) ¥PNON TOV GYOAAGL®OVY ‘no-side-effects’

umopel vo emANoeL eEUPTNOELS TOV GUVOEOVTAL LE TIG AYVOOTEG TOPEVEPYEIEG TV OTOKAAOVUEVDV
AgLTOVPYLDV.
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Keoaiaro 4

IHHoparinio Ilpoypoppatictikd Movtéro

Onog tovicaple 6€ TPONYOVUEVEG EVOTNTEC, 1] OVATTUEN LLOG TOPAAANANG EQAPLOYNG GE U] OHO1O-
LOPQEC OPYLTEKTOVIKEG UTOPEL va glval éva TOAD cvvBeto kat ypovoPopo épyo. Ileptapfavel tnv
TPOGOPUOYT SL0POP®Y UOVTEA®DY TPOYPOUUUATIGHOD KOl SIUPOPETIKAOV TPOTOKOAA®Y EMKOVOVIOG
KaBDG KoL TNV EVOOUATOON SLOPOPETIKMY OPYITEKTOVIKMOV. L€ LT TNV eVOTNTA B0 OVOADGOVLLE TN
dradtkocio TOL TPEMEL VoL KOAOVINGOLE KATA TNV avATTUEN HOG TOPOAANANG EQAPUOYAG KOL TN
GLYKPIVOLUE LE QLTHY TTOV YPTCLUOTOLOVUE OTAV YPTCLLOTOLOVLE EVO EVIOIO HLOVTEAO TOPAAANAOL
TPOYPAUUOTIGHOD. XT1 GUVEKELD, B0 TAPOVCIAGOVE TO GYEOUCUO EVOG LOVTELOL TTaPAAAN OV TpO-
YPOLUATIGHOD KOt TIG AETTOUEPELIEG TOV KAVOLY TNV EPAPLLOYT TOV.

4.1 ‘Eva Hopdariinio [Hpoypoppatiotikd Movtéro: Xyeo100pn0g

[pokeévou va dievkorvviel | felTiotonoinon ToV anoTeEAeoUATOV aVATTLENG OO TV ATOYT
NG 0mdO00G KOl TNG OIKOVOULKNG AOd00NG, KABMGS Kot 1) EvEMEIN TOV CLGTAILOTOG VO EKUETAALELTEL
dtpopa. PEPN Tov dtaBéciiov VAKOD, avalapfdvovpe Eve GOVOAO EEXMPIOTMOV GLGTOTIKAV EQOPLLO-
YOV OV €KTELOVVTAL OVEEAPTNTO, GE GUVEPYELD YPNCUYLOTOLDOVTAS Ha KaBopiopévn demapi (1 oroio
neptypaeeton oty evomto B.1.3) yio v ektédeon pag cvykekpiuévng Asttovpydtnrog. H onpa-
oo AV TNE TG amdPACNG EYKELTOL GTO YEYOVOG OTL TO £pyoleio Oa mpémel va eivar o€ B€om va dtaveipet
TO (POPTIO VTOAOYICUOV LE SLUPOPETIKOVE TPOTOVG GTO SOBESIO VAKO Yo VO BEATICTOTOOEL TN
GULVOALKT aOO00T| TNG EQPOPUOYNG.

Mo mapaderypa, ag EETACOVIE Hio LIKPT EQapLoYn e 600 ototyeia A Kot B kot éva chotnua
2 CPU pe o dwhéoyun GPU. Mia mbavr yoptoypdaenon Ba mepihdpupove Kabe cuvieTd®o TOV
Aertovpyovace o o (dopopetikn) CPU. Mia dwapopetikn Ba tpdTeve To otoryeio A vo extedeoTel
ot CPUI ko to otoyeio B otnv CPU2 pe 10 tehevtaio va ypnoonotel T GPU yia va ekteléoet
HUEPOG TOL POPTIOL VITOAOYIGLOV GE AVTO.

"Etot, 0 ypnomnc propel vo SOKILAGEL SIAPOPETIKEG AVTIOTOLYIGELS LETAED TOV GTOLXEIMV KOl TOV
SBECIUMV TOPOV Y10 VO AVATTOEEL TNV EQAPLLOYT] KOL VO 0ONYNOEL GE [0 ATOTEAEGLOTIKT] OTOPAOT
IOV VO IKAVOTOLEL TG ATOTNOELS TOVG.

INo va dounBel koAvtepa 0wTd TO LOVTELD, £xEL KOBOPLIOTEL EVOL GUVOAD OO KAAGELS OTIC OTOIEG
dNAdvovtal OAES Ol OTOPAITNTEG TANPOPOPIES TOGO Y10 TO KOUUATIO TNE EPAPLOYNG OGO KO YiaL TIC
OVTOAAAYEG OEOOUEVMV TTOV TPOLYLLOTOTOLOVVTAL LETAED TOVC. AVTEG 01 KAAGELS TTEPLYPAPOLY SO GU-
YKEKPIUEVES OVTOAOYiES: Tar KoppdTio TG epappoyns (Components) Kot T0 AVTIKEIUEVA ETIKOVOVIONG
g epappoyng (Communication objects).

Components: 'Eva component opiletar og Egxmpiotd, aveEapTnTo PEPOG TG EPAPUOYNG LE G-
YKEKPILEVO YOUPOKTNPLOTIKA OTMG TO OVOLLOL KO TO OVOYVMPLOTIKO Tov gival o B€om va aAAnAemdpd
LE GAAG GUGTOTIKA LECH OVTIKEILEVMOV ETKOIVOVING.

Communication Objects: 'Eva communication object opiletan gite g cuvoriayn dedoUEVDV [LE-
Ta&D GLOTUTIKMV LE CUYKEKPLLEVO YOPAKTNPLOTIKE OTmG PEYEBOC dESOUEV®V, TOTOG OEOOUEVAV, TTPO-
€AEVLOT KO GTOYOG N G EVEPYELX GLYYPOVIGLOV TOL GTOYEVEL GTO GUVTOVIGHO TMV GTOLYEL®MV TOL TO
deopedouy.

O1 KAGoelg Tapovotdlovtot 6to Tyfuo K. 1.
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Component Resource
Mame Name
Source file gﬁ—is executed Dnﬁ Type
Communication Objects List P
Resource Port
HW Threads
0.n 1
Communication Object
Mame
Protocol
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Component List

Tyqpa 4.1: Awdypoppa Kidceov Movtéhov Epappoyng

Kickstarter
DataOk
' o Mean1 ' |
StdDeviation F Mean
StdDev Mean2
Normalize Data11 Normalize with
with StdDeviation Mean
Data? Data12
Correlation Covariance

Zypa 4.2: [Topaderypo Component Network

Y10 oo B2, propovpe vo 5o e va TapESELY (LA TOV TPOTOD LIE TOV OTOI0 Ol TEPITTOGELS OVTAY
TOV KAMAGE®V UTOPOVV Vo, GYNHATIcoVV éva dikTvo Tov omoiov o HEAN oyeTilovtan peta&d Tovg pe
TOV TPOTO OV TEPLYphpeTat oto Tyfipo @1,
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4.1.1 Movtélo Egappoyig

INo va pmopécet 0 ypNoTNG VL TEPLYPAWEL TNV EQOPLOYN TOV YPNCLUOTOIDVTOS TO LOVTEAO TOV
TOPOVGLAGTIKE TOPATAVED KOl VA, TO VITOPAAEL WG £16000 Y10 TO EpYyaArEio, Exel oyedlootel Eva apyeio
XML axoAovddvTog avtd 1o Hovtélo, To omoio TePIAAUPAvEL OAEG TIG ATAPAITITEG TATPOPOPIES TOV
OTTOLTOVVTOL Y10 TO GTOLYEID KO TO OVTIKEIIEVA EMKOV®Viag Tng aitnone. 'Eva mapddstypio avtod Tov
apyeiov epeavileton TopaKdT®:

i i ="tu i value= n —purpos
<application name="tutorial” value="general ose”’>

3 <l—— Components description ——>

o

<component name="C0” type="asynchronous”>
<source file="CO.cpp” lang="cpp” path="src”/>
<devices CPU="yes” FPGA="no” GPU="no”/>

</component>

<component name="Cl” type="asynchronous”>
<source file="Cl.cpp” lang="cpp” path="src”/>
<devices CPU="yes” FPGA="no” GPU="no”/>

</component>

3 <component name="C2” type="asynchronous”>

<source file="C2.cpp” lang="cpp” path="src”/>
<devices CPU="yes” FPGA="no” GPU="no”/>
</component>

<!—— Communication objects description ——>

<comm—object item—size="16793807” name="Queuec0” object—class="FIFO” size="5" type
="”Queue”>
<source name="C0” port—name="inQueue00” type="in"/>
<target name="Cl” port—mame="outQueue0l1” type="out”/>
<target name="C2” port—mame="outQueue02” type="out”/>
</comm—object>
<comm—object item—size="4
Shared —Memory”>
<source name="C2” port—name="inShared0” type="in"/>
<target name="Cl” port—mame="outShared0” type="out”/>
</comm—object>
<comm—object item—size="1
Signal”>
<source name="C0” port—mame="inSignal0” type="in"/>
<target name="C2” port—name="outSignal0” type="out”/>
</comm—object >
<comm—object item—size="1
Signal”>
<source name="Cl” port—name="inSignall” type="in"/>
<target name="C2” port—mame="outSignall” type="out”/>
</comm—object >
<comm—object item—size="1
Signal”>
<source name="C2” port—name="1inSignal2” type="in"/>
<target name="Cl” port—name="outSignal2” type="out”/>
</comm—object>

)

name="Shared0” object—class="shared” size="10" type="

2 »1”

name="Signal0” object—class="signal” size= type="

()

name="Signall” object—class="signal” size="1" type="

£

name="Signal2” object—class="signal” size="1" type="

</application >

Mo €Qoppoyn TOL ¥PNGLUOTOLEL TO HOVTELO TOPAAANAOL TPOYPUUHOTIGHOD opileTal omd dvo
OLOPOPETIKES OVTOTNTES, GTOLYEID AOYIGIKOD Kol avTikeipeva emkovoviog. ‘Eva dAlo mapddetypo
epoavifetarl otov mapakdto Topéa:

<applicationname="Example Application”xsi:noNamespaceSchemaLocation="./aeolus.xsd
»s

<component name="A" type="asynchronous”>
<implementation id="1" model="any” target-HW="CPU”>
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<source lang="c” file="CB.h” path="src\components”/>
</implementation >
</component>
<component name="B” type="asynchronous” >
<implementation id="1" model="any” target-HW="CPU”’>
<source lang="c” file="CB.h” path="src\components”/>
</implementation >

</component>

<comm—object name ="B” type="Buffer” object—class="FIFO” size="128" item—size="8"
>
<source name="A” port—mame="inAl” type="in""/>

<target name="B” port—name="outBI1” type="out”/>
</comm—object >
<comm—object name ="S” type="Signal” object—class="Control”>
<source name="A” port—name="inA2” type="in"/>
<target name="B” port—name="outB2” type="out”/>
</comm—object>
<comm—object name ="Sh” type=""Shared Memory” object—class="Memory” size="1024"
item—size="32">
<source name="A” port—mame="inA3” type="in""/>
<target name="B” port—name="outB3” type="out”/>
</comm—object >
</application >

Yvotatikd (Components) TnG EQUPROYNS

Mia gpappoyi AEOLUS yopiletotl og S10p0opeTIKE HéEPT AOYIGUIKOD TOV EKTEAOVVTOL TOPGAAT AL
Kol EeKvov amd TNV TAATEOpL 6TV apyn TG ektéleons. Kabe component avtiototyel o€ éva ov-
ykekpyévo Tnyaio apyeio 6mmg opiletal ato Component Network, To omoio Tpémet va €yl £va onpeio
€166000V Y10 TNV EKTEAEOT] TOV GTOLKElOV. Tal GTOLYElD LWITOPOVV VA, ETAVAYPTCLLOTONOOVV TOAAEG (PO-
PEC, OGOV 0VTO OpileTal pNTd GTO JIKTVLO CLVIGTOOMY. EEKIVOUV (G EEYOPLOTES KOl ove&apTNTES
Agttovpyiec.

AVTIKEIpEVA EMKOLVOVING

INo va evepyomomBel n emkowvovia peta&d tov dapopmv eEaptnudtov ™¢ ePapUoyns, T0 Ho-
vtého mpoypappoticpod AEOLUS opilet pia GAAn oviotnta mov kabopilel GUYKEKPIUEVA TIG AVTOA-
Aayéc dedoUévev N TIG AELTOVPYIEC GUVTOVIGHOD OV ATALTOLVTAL ard TNV ePappoyn. Téooepic T0-
ot Avtikelpévov Enkowvaviog Exovv avamtuydei, Kowodypnoto, ovpd, onpa, Mutex (meptypdapovtot
oTNV EXOUEVN EVOTNTA), Ol OTTO{0L VAOTOIOVVTOL OO TIG aVTIoTOLYEG JEMAPES. To TPOTOKOALA EYOVV
evioyvOel TEpAITEP® YO TN ¥PNON CLYKEKPLLEVOV TOT®V dESOUEVOV Y1 KAOE OVTIKEILEVO EMIKOV®-
viag, mov opiletar amd To mepiPdrrov mpoypappatiopod AEOLUS. Ewdwdtepa, Tapéyovtot ot akod-
AovBot Tomot:

e acolus_shared
e acolus queue
e acolus_signal

e acolus_mutex

4.1.2 Movtého avantToing

Ext6g amd 1o oyedacpd mov Ba Tpémel vo akoAOVONGEL | EPOPLLOYT Y10 VO OAOKANPADGEL T AEL-
TOVPYIKOTNTA TNG, B0l TPEMEL VA TapEYETOL 0l TO YPNOTN VO LOVTELD OVATTUENG, Y10, TOV EVIOTIGUO
TOV JPOP®V GTOYWOV VAKOD Kol TAATPOPUAOV OV £ival O1aB€CIIES Kot Y10, TN OPTOYPEON Y| TOV
GUOTATIKOV GTOLYEIDOV EQAPLOYDV GE OVTA Y10 EKTEAECT] GOUP®VA LLE KAOE 1010TNTEC TOV GTOLYEIOV.
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1

Xrovyeia/Ilopor Yrko0 (Hardware Elements)

[pokeévou va dnuovpyndel €va TPaypatikd HOVIELO TV SIAPOPETIKOV oXESI®V avATTLENG
IOV UTOPOVV VO EKTELEGTOVV, TPEMEL VO OPIGOVLE EVOL GVVOAO GTOLYEIWV VAIKOD GTO OTTOT0 LTOPOVY VO
avarTuyHovv Ta d1popa GVGTATIKA GTolXEin TG Epapproync. Etot, amapiBpovpe kot meprypdpovpe
€0M, T0 dLapopa oToLyElR TOL VIooTNPilovTal omd TO LOVTELD.

o CPU - only (SMPs) processing nodes
Av1d ta otolyeio wepthappdvouy povo eneEepyaoTtés Yevikng ypnong (évav 1 mePLecOTEPOVS)
OV AEITOVPYOVV HOVO GE KOWVT UVIAUN. AVTEG Ol TEPTYPAPEG TEPIAAUPAVOLY TAN pOPOpieg OTMGS
TOV TP VA TOV KABE eneEepyaoTn, TN CLYVOTNTO KAT.

e CPU - GPU processing nodes
[Mopdpota pe o poviého CPU - only, to ototyeio avtd Bewpel o mpodchetn cvokevy GPU
oLVvdEdEEVT GTOV KOMPO Kot gival €0KOAN TPOGPACIUN Ad TOV EXEEEPYOOTI] YEVIKOD GKOTOV
Tov kOpPov. Ta components TG EPAPLOYNG TOV £XOVV OVTIGTOLYIGTEL Y10 VO EKTEAEGTOVV GE
avtd To otoryeio ypnoomotovy v CPU yio TNy eKTEAEST] KoL TNV EKQPOPTMGCT) CLYKEKPILEVMV
VTOAOYICUMV GTI GLGKELT Y10 TV a&lomoinomn TV TPV Tov elval S1aBEciplot Yo EmTdyvuvon.

e CPU - FPGA processing nodes
[Mopdpota pe 1o poviého povo CPU, avtd 1o otoyyeio eetdlel mpdoBeTong A0YIKoVG TOPOLG
FPGA mov pmopodv va 81e0koAdvouy Tig AEITovpyieg TpOGRaoTg LVAUNG KOl VO, EXLTOYOVOLV
GLYKEKPIHEVOVG VTTOAOYIGHOVG. Kot TdAL, Ta e£apThLata AOYIGHIKOD AEITOLPYODV KUPIMG 0TI
Aerrovpyiec CPU kot ekQOpTOVOLV GUVOPTHGELS TOV UITOPOLV Vo, ferTioTonomBodv 6Tovg To-
povG VAoV Ttov givat daBéaipot otig FPGAS.

Ieprypogn Thot@oppog

H meprypagn| tng TAaTOp LG LETAPEPEL TATPOPOPIEC VYNAOD ETTEIOV GYETIKA [LE TO VAIKO, OTMG
10 CPU, ta Kov@ALo Lvipng Kot ETIKOVOVIOG 6TO GUOTNIO 1] AALES 1O10TNTES TTOV TEPLYPAPOVVY TLO
OLYKEKPLUEVES GLOKEVEG TTpooplopov dmwg GPUs, FPGASs k.Am. Zkomdg antig e TePLypaeng eivat
va empéyel 6tov AEOLUS va yeipiotel edkora pua mokidio apyttektovikov. 'Eva mapdderypo Tov
apyeiov XML gpooaviletol TopakdTo :.

<platform name="localhost” xsi:noNamespaceSchemalLocation="./hw development.xsd”>

3 <!l—— localhost —>

4

5

20

<device name="DevelopmentMachine” type="CPU-SMP” reliability="5">
<processing —node name="unitl” type="CPU-SMP” architecture="SMP”> <l——
Intel Core i7 —6700K ——>
<processor name="local” type="INTEL-COREi7”’>
<configuration name="core number” value="4"/>
<configuration name="cpu frequency” value="4.0" unit="GHz
/>
<configuration name="bytespercycle” value="1"/>
<memory name="LOCALMEMI” type="RAM” size="2048" size—unit
="MB” access—time="1" access—time—unit="ns/word”/> <!——assuming 8—byte word
-
</processor >
</processing —node>

<comm_interface name="enp0s3” type="Ethernet Network”>
<configuration name="speed” value="100" units="MBit/s” ip=
localhost” user="demo”/>
</comm_interface>

2

</device>

</platform>
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To apyeio XML tng mhatpopuag XML ypnoiponoteitar yio tov kafopiopo tng apyIteKTOVIKNG TOV
GLGTALATOG, CUUTEPTAAUPAVOLEVOV OAMY TMV YOPOKTNPLIOTIKOV TOV ELVOL YPTGLLOL Y10 TV OVOATTUEY.
Hopakdto mapovoidletal po teptypaen tiatpopuag CPU-FPGA:

<platform >
<device name="CPU-FPGA device” type="CPU-FPGA” reliability="2">
<processing —node name="UlZynq—unitl” type="CPU-SMP” architecture="SMP”>
<processor name="UlZynq—P1” type="ARM-Cortex”>
<configuration name="core number” value="2"/>
<configuration name="cpu frequency” value="800" unit="MHz"/>
<configuration name="bytespercycle” value="1"/>
<memory name="UlZynq—SM3” type="DDR3” size="1024" size—unit="MB” access—
time="8" access—time—unit="ns/word”/>
</processor >
</processing —node>
<processing —node name="UlZynq—unit2” type="FPGA” brand="Xilinx >
<fpgalogic name="UlZynq—PL1” type="xc7z045ffg900—-2">
<resource name="UIZynq—LC” type="logiccell”/>
<resource name="UIZynq—LUT” type="lookuptables”/>
<resource name="UlIZynq—LUTRAM” type="lookuptablesRAM”/>
<resource name="UlZynq—FF” type="flipflop”/>
<resource name="UlIZynq—BRAM” type="blockRAM”/>
<resource name="UlZynq—DSP” type="digitalsignalprocessing”/>
<resource name="UIZynq—BUFG” type="bufferglobal”/>
<configuration name="UlZynq—maxfrequency” value="200" units="MHz"/>
<memory name="UIZynq—SM1” type="DDR3” size="1024" size—unit="MB” access—
time="8" access—time—unit="ns/word”/>
</fpgalogic >
</processing —node>
<local bus name="UlZynq—AXI” type="AXI4” throughput="15" throughput—time—unit="
Bytes/ns”/> <!——15GB/s——>
<comm interface name="UlZynq—EXT” type="Ethernet Network”>
<configuration name="UlZynq—speed” value="100" units="MBit/s” ip="192.168.1.2
” user="external”/>
</comm interface>
</device >
</platform >

Xyéow Extéreong (Deployment Plan)

[Ipoxkepévou va avamtuydei 1 epappoyn oty Stabéoiun vrodoun vAKoV, 0 ¥poTng Tpootadel
VO AVTIOTOLYIGEL TO GUOTATIKO JIKTLO PECH TNG TEPLYPAPNS TNG TAATOOpHOG. To anotéleoua avtng
g OdtKaciog yaptoypdenong ivat éva oxédlo avdmtvuéne. Ot avanTiEelg EKTPOGOTOVVTOL GTHY
dwo popen mov Paciletan o XML 6mmg cuintOnke nponyovpéves. ‘Eva mopdadetypa paiveton mo-
POKATO:

<deployment name="tutorial Mapping” xmlns="DE” xsi:noNamespaceSchemaLocation=" ../
models/deployment . xsd”>

3 <l—— Estimated Execution Time:705.0 local:5.0mW ——>
<!—— Estimated Reliability:5.0——>
<l— Component Deployment —>

<target—application name="tutorial”/>
<target —hw—platform name="DevelopmentMachine”/>
<mapping name="component CO map” type="processing”’>
<component name="C0” comp_ id="0" subcomponents= secure="false”/>
<CPU processor —name="1ocal” device—type="CPU-SMP” CPU-type="SMP”/>
</mapping>
<mapping name="component Cl1 map” type="processing”’>
<component name="Cl” comp_id="1" subcomponents="1" secure="false”/>
<CPU processor—name="1local” device—type="CPU-SMP” CPU-type="SMP”/>
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15 </mapping>

16 <mapping name="component C2 map” type="processing”’>

17 <component name="C2” comp_id="2" subcomponents= secure="false”/>
18 <CPU processor —name="1ocal” device—type="CPU-SMP” CPU-type="SMP”/>
19 </mapping>

2211122

o1 </deployment>

4.1.3 Ipoypappotietikny Aenagr (Programming Interface)

[N va dtevkoAivvOel 1 xp1on TOV TPOTOKOAW®Y ETUKOWVAOVING, TOPEXETAL LKL OLETAPT) CTOV TPO-
YPOUUOTIOT KOl TEPLYPAPETUL OTIC EMOUEVEG TTOpAypApovs. [lapatnpnote ) dapopd peta&d g
SLETOPNG XPNOTN TOV TPMOTOKOAAMY Kol TNG TPOYLATIKNG SIETOPNG TOV AELTOVPYIDV TPMTOKOALOL
7oV TEPLypapetal otny gvotnto “YAomoinon’. Ta API amaitodv minpoopieg yio T1g omoieg eivar
vrevbovvog o Aayeipiotig Extéheong (Deployment Manager), TpoKeEVOL Vo GUTOUOTOTOIGOVY T
drodikacio avantuéng. O AemTopépeleg GYeTIKA e To BEpa avtd culnTohvtal GTNV OVTIGTOLYN EVO-
TNTO OOV TEPLYPAPETAL 1] AetToLpYIKOTNTA TOL Atoryelpioth) Extédeong.

Ipotéxoiro Korwviig Mviung

To mpwtdKOAAO KOVNG vUNG (Shared Protocol) meptypdipet Aettovpyieg avtoriayng dedopévav
UEGM TNG UVAUNG OV Eival ovolaoTikd kowoypnotr. [apéyel otov ¥protn T dvvaTdTNTA VO XEL-
piletar Tig petaPfAnTéc g KOG 610 TEPPAALOV TOV OAOKANPOUEVOL GLVGTHOTOC. To TPMTOKOAAD
YPNOOTOLEL TO HOVTELO OTABEPOTNTOC TG LVIUNG OV onpaivel 6Tt omolocdnmote dtaalel ) ypd-
(QEL TNV GUECT] EVIUEPWOT) TG KOWVOYPNOTNG LVIUNG, OTOTE O TPOYPAUUATIOTHS Eivar vTevBLVOG Vo
KOAECEL KATAAANAEG AELITOVPYIEG GLYYPOVICUOV TPOKEUEVOL VO TAPATKEL TV OTAPOITN T GUVETELA.

Emiong, o ypriotng dev £xet dueon mpodcPacn oty KowoypnoTr LN, OTOTE 1] AELITOVPYIiN GVY-
YPOVIGLOV TTPETEL Vo xpnoyortomn el yio tn peTapopd dedopévev mpog Kot amd ovtd. Epeavileton
€00:

bool aeolus synchronize(void *item, int dir)

[pokadei tnv tomikn Tpofoin Tov ool Eiov va evnuepmbel cOpE®VL e To ovTicTorYo OE-
dopéva otV Kowvi pviun, €av 1 petofantn dir £xet v Tiun 0. Zmnv avtifetn nepintmon, 1
KOWOYPNGTN UV EVIUEPDVETAL GOUPMOVE LLE TNV TOTIKT TPOPOAN TOV GTOLYEIOV.

potékoiro Ovpag

To Tlpwtoéxoiro Ovpdg (Queue Protocol) mapéyet katdAinieg Aettovpyieg mov eMTPENTOVY GTO
yPNOTN va SroyelpileTol TNV EMKOVOVIO LETOED TOV EEUPTNUATMOV TOV GLUVOEOVTOL LLE GUYKEKPIUEVO
OVTIKEIUEVO ETIKOVOVIOG LLE TN LOPPN OVPAOV Kot EWOIKOTEPO e TN Lopen armokAeispod FIFOs av-
Baipetov peyébovg. Ot Aettovpyieg Tov Tp®TOKOALOL Queue TapEYovy GTO ¥PNOTN TN SLVATOTNTA
0001 KELOTNG KUl TPOOTEALAUOTG GTOLYEIMV GE [0l SOUT OLPAG KoL TNV KOTOUETPNOT TOV 0ptOpod Tmv
GTOLYEIV TOV VIAPYOLV GTNV OVPA GE GLYKEKPIUEVT XPOVIKN oTiyur]. Ot Agitovpyieg Tov avagépo-
VIOl 6TO TPEYOV 6TAd0 givar o1 e€Ng:

bool aeolus _queue get(void *item)
Pulls an item from the queue, storing it in the address pointed by item. Returns true if the
transaction was successful.

bool aeolus_queue_put(void *item)
Pushes to the queue the item in the address pointed by item. Returns true if the transaction was
successful.
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bool aeolus _queue_peek(void *item)
Gets an item from the queue, storing it in the address pointed by item but not extracting it from
the queue. Returns true if the transaction was successful.

uint32 t aeolus queue count(void *queue)
Returns the number of items that exist in the queue at the time of the call.

Note: The Queue Protocol has been developed to support object transfers of variable length. For
that purpose, the objects are passed to the queue functions serialized including the size of the
object in the 4 first bytes. Although the developers are free to develop their own functions for
serialization, some prototype ones have been developed and are provided for the facilitation of
the process.

pmTtéKoAro SNUATOV

Extoc and v avtairoyn kot vy oviodiayn dedopévav, teptiapupdvetat exiong to [lpwtdokorro
ZNLLOVONG TO OTTOL0 TTOPEYEL GTO YPNOTI OLVUTOTNTEG OTLLATOOOTNONG, EXITPEMOVTUG TITV GUVIOVIGUEVT|
ekTéLEOT oTOoLKElV KOl TUNUATOV Lésa og KAOe aTotyElo. AVTEG 01 AgtTovpyieg GUUTANPOVOVY ETi-
oG TIG AELTOVPYIEC TOV KOWVOYPNOTMV TPOTOKOA®V Kl TV 0vpdV, Kabdg ypeldleTol eniong va
oLYYPOVICOLV TNV EKTEAEOT] TOVG HeTAED TV ototyeiv. Ot Aettovpyieg emtpémovy ota eaptipota
Vo avTOAAGGGOUY ONUATO KAOME Kot Vo SNHLOVPYOLV QPAYLOVG GUYXPOVICHOD, OTMG TEPTYPAPETAL
TOPUKAT®:

bool aeolus wait(int src)
Blocks the current thread/process until the signal in question is notified by the thread/process
with id=src.

bool aeolus notify(int dst)
If dst = -1 unblock a random single thread/process waiting on the signal. Else unblock the
thread/process with id=dst.

bool aeolus notifyall()
Unblock all threads/processes waiting on the signal.

bool aeolus_barrier()
In addition, a barrier function is provided able to wait until all threads or processes before that
call, have finished their work.

Mpwtékoiro Mutex

To mutexes ypnNoUOTOIOVVTOL Yo TNV EMPOAN apoPaiov amOKAEIGUOD UETOED EVOC GUVOLOL
otolyelov o pia Kpiotun mepoyn émov ypnoyonotovvtor kowd dedopéva. Epappoloviar og emi-
TEDO GUVICTMOGMV Kol OV oyeTilovtar pe To mutex o€ eminedo OS amd aAla API, aAAd 1 yprion Tovg
glvan mapopota e avtn oL TEptypapetal ota tpdtuma POSIX. Ioyvet yio thmovg deiktn Kot TivoKe.
Ot Aertovpyieg API mov emitpémovy ) ypnon Tov mutex meEPLYPAPOVIOL TOPAKATO:

bool aeolus_mutex_lock(void *mutex)
Block until the current mutex can be owned by the requesting component.

bool aeolus _mutex unlock(void *mutex)

Release the current mutex, ifit is currently owned. Any components waiting on ‘acolus_mutex_lock’
can then recontest for the mutex. If multiple components are blocked then a random one is
awarded the lock.
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bool aeolus _mutex_trylock(void *mutex)
Attempt to lock the mutex, but do not block if the attempt was unsuccessful. Returns true if the
mutex was locked and false if not.

4.2 'Eva mapaiinio tpoTLmo npoypoppoticpov: EQappoyn

To onpeio draipeong g eQoPROYNS o€ EeY®PLoTd oToLYEID OPOPA TNV TAPAAANAN EKTEAEGT TOVG,
KOTAAQUPAVOVTOG S10pOPETIKES S10dIKAGIEG OE dLaPOPETIKOVS KOLPovs eneéepyaciog. 20T0G0, 1) TAN-
PG EVOOUATMOOT TOV GUCTUTIK®V GE L0 EVICiN EQUPLOYN omontel TV VAomoinon g petalld Toug
emkowvmviag. Etot, éva chvolo TpmToKOAA®MY ETKOIVOVING £YEL GYESIUOTEL Y10 VO TAPEXEL GTOV YPT-
OTN EMOPKN UETAPOPE dedOUEVDV, KAODS Kal AEITOVPYiEG GLYYPOVIGUOD TTOV o emitpémovy T dla-
@Aavelo, (OTOV YPNOTN) VO EXLTPETOVY TIG ATAPOITNTEG EVEPYELESG EMIKOIVMVING KOl GUVTOVIGLOV UETAED
TOV SLPOPOV CLVIGTOCHV. XTIG ETOUEVEG EVOTNTEG B0 GUINTHGOVLE TO GYESIAGHO KOL TIV EPAPUOYT
TOV KOOEVOG ATd OVTA TO TPMTOKOAAL.

4.2.1 Ymnoomipi&n petapopdc ogdopévav

H diemaen mpoypappoticpod mov 8o Tapovciloctel empénel v entkovovia internode petaly
TOV e£APTNUATOV Y10 TOAD TOAOTAOKES VAOTOMGELS Ywpig TV mapéuPacn Tov xpnot. Qo1dc0, N
LOPOT TOV TPOG LETOPOPA OESOUEVOV ATOLTEL TNV VI0OETNOT EVOG GUYKEKPIUEVOD LOVTELOV TTOV (KO-
AovBel éva cVuvoro Kavovev (KatevBuvinplov ypappmv). I'a va dtatnpndei 1o povrédo avtd 660 1o
duvaToV To YaAapod, £xovv KaTaPANOel OAEC 01 TPOOTADELES Y10 TV EMEKTACT] THE VITOGTHPIENG OOUDV
dedoUEVOV TOV PUTOPOVV Vo HETAKIVNBOUV HETAED TOV S10(POPMY GLVIGTOCHV.

Avtopatn vrootipén

O1 Tpotapykol TOTot dedopévev vrootnpilovior aVTOUATO 0T TN SETAPT| TPOYPULLLATIGHLOV.
Av16 Teprhopfavet toug tomovg: char, short, int, long, float, SutAd Kot OAw Ta. TPOGOVTA TOV TAPAUTAVD
(vmoyeypapUéEVa, UM VTOYEYPOUUEVO, LOKPO KOL LOKPE KoL 0UTE TOL SNAMVOVTOL const).

Extetapévn vrootipién
o Aopég (structs) Kot EVOOELS T®V TAPUTAVED TOTM®V

o [livakeg T@V Topamdved TOTOV (CUUTEPIAAUPAVOLEV®VY TOV VTOGTIPILOUEVOV dOUMVY KOl EVD-
Ge®V) TOL dNAGVOVTOL e oTaTikd oplopevo pnéyebog, mov kabopiletal katd tn petayAdTioo.
Avto ovumepthapPavel TOAVSIAGTATOVG TIVAKES, OOV OAEG O1 SIUCTAGEIS £YOVV GTATIKA OPl-
Copevo péyebog, mov kabopiletal kaTd T LETUYADTICO.

o Ot mivakeg HeTaBANTOV UAKOVE TOV TUPATAVE TOT®V, apov T0 HEYEBOg TOVG Umopel va peta-
BAnOei and 0 cvvieleot sizeof() o€ ¥pOVO HETOYADTIGONC.

o XTiypidtuna KAAGE®V TOV TOPATIVED
e AvaQopEg 0T TOPOITAVED

Axppag, évag mivakog e otatikd PHEYEBoc HETOYAMTTIONG elvan Tivakeg 6oL To sizeof() umopet
vo emhbel 6€ ol TR 6TO POVO UETAYAMDTTIONG WOPIC VoL XPpeLGLeTal va. SNIoVPYNOEL KDSKA, XPO-
vou gktéheonc. o ypron TpoToyeEVdY, 01 ¥pNoTEG EVOAPPHVOVTUL VO YPNGILOTOLOUV THTOVS TOV
neptiapfavoviot ot Piprodnkn stdint.h, Adyw tov otabdepov Tovg peyébovg peta&d SloPOPETIKOY
OPYITEKTOVIKAOV. e [0, SIAPOPETIKN TePimTmon, o Awoyelptotig Extédeonc Ba avardfel tnv exilvon
TOV AGVVETELDV TOTOV TPV OO TNV OVATTLED.

Ortdmot deikn dev vtootnpilovral avTdHaTA EXEWN OV EYOVV VON IO OTOV LETAPEPOVTOL GE AAAO
YDOPO UVAUNG. AVTOG 0 TEPLOPIGHOG 1oYVEL Kat Yo Tig douég pe medio deiktn. To 1610 1oyvel Kot yio
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tovg popeic C ++ kot yio GAAES dopég TV omoiwv To uéyebog eivor petafAntd kot dev pmopei va yivel
YVOOTO KOTA TN LETOYAMDTTION.

AVTIPETOMION AVETOVUNTOV KOTAGTAGEDV

O TepmTdoELS OOV TO. SESOUEVA TOV TPETEL VOL LETOPEPHOVV akorovBovv pa mo ohvOeTn doun
oamd ekeiva moLv avaEEpONKaY TOPATAVE®, LTOPOVV ETIOTG EDKOAN VO, XEPIOTOVV O XPNOTNG GLUTEPL-
AQUPBAVOVTOC TN CELPLOKT] OVAADCT] TOV 0EOOUEVMOV GE L0 GTOTIKT OOWN TPV O TN UETAPOPA OTMS
(QOIVETOL GTO TUPOKATM TAPAOELY O, .

struct X *data out; // Unsupported data type

int component A () {
initialize (data out);

#pragma queue out object out
char object out[100]; // Supported data type

serialize X (data out,object out);
queue put(object out);
return 0;

2 }

struct X *data _in; // Unsupported data type

» int component B() {

#pragma queue out object in
char object in[100]; // Supported data type

queue_get(object in);
deserialize X (object in ,data _in);
return 0;

Ievikd, n SlocHVOEST TPOYPOUUATIGHOD TAPEYXEL GTOV YPNOTN EVPEiR VTOoTAPIEN Yo KAOE €1d0VG
petagopéc. [Ipémet va 600el Tpocoyn 6TOVE TEPLOPIGHOVG (TOV TEPLYPAPOVTUL TAPOUTAVE®) TOL TPOEP-
XOVTOL OO T LETAYYN YDPOL deLBHVOEDV KOTA TN HLETAKIVIGT) OVTIKEWLEV®V HETAED SLOPOPETIKMV
TUNUATOV TNG OPYLTEKTOVIKNG VAIKOV.

4.2.2 Agutovpyies TPOTOKOALOV EMKOIVOVIOG

AvdLoya [e TOV TOTO PLGIKNG LVAUNG TTOV OTOLTEITOL Y10l TV EMKOVOVIQ, YP1CYLOTO00VTOL S16-
@opeg PProdnKec OTMG TEPYPAPETAL TUPAKATE.

21NV TEPINTOON TOL TEPLIGGATEPQ OO £VA EENPTALLATO EKTEAOVVTOL GE £VOL GOGTN O KOWVOYPNOTNG
UVAUNG, TO. GLYKEKPLULEVE oTotyeln Bo ekTEAODVTOL MG SLOPOPETIKA VILLATO TTOV HotpalovTot Tov 1010
y®dpo pvnune. To aviikeipeva emikovoviag mov yepiloviat povo and otoryeio otov idto kouPo eme-
Eepyaciog vAomotovvTol pe T xpnon Tov pthreads pali pe diieg Aettovpyieg POSIX (6nwg mutexes
Kol LETOPANTEG cLVONKDV) Yoo va dtatnpnBel To KOGTOG EMKOVMVING YOUNAO KaB®OC Kot TO AroTy-
OO LVIHNG.

[N ta ototyeia OV GAANAETIOPOVV LE TO OVTIKEIILEVO OTOV EKTEAOVVTAL G SLUPOPETIKOVS KO-
Boug, oNAad Vo GUOTNUO KOTOVEUNUEVNG UVIUNG, OTOLTEITOL P10l TEXVIKT LETAOOCTG UNVOLAT®V.
INo to Adyo avtd emhéybnke n Piprodnkn OpenMPI AdY® TG amodoTIKOTNTOG Kot TNG OTAOTITOG
NG o€ JLPOPETIKA €I0M EPAPUOYDV TPAYLOTIKOV KOGUOV. XVYKEKPLUEVQ, 1] EKTEAECT] OLOPOPETIKOV
ototyeiov Ba viomomBel wg drapopeTikég diepyacicg MPI ko 1 emkotvovia petald toug Oa eKpeTaA-
Aevtel TOAAEG amd TIC MO VILAPYOLOESG Agttovpyieg demapng tov OpenMPI ov givon draBéoies.

2T1C ETOUEVEG TOPAYPAPOVG, EMGVVATTETOL L0 TEPLYPOPT] TG EPUPLOYNG TOV TPMOTOKOAA®V pali
Le optopéveg omd TIC PACIKEG AEITOVPYIEG TOV TPOTOKOAA®Y, TPOKEILEVOL VO TOPOVGIUCTEL Lo KOAN
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gwova g Aettovpywotrag g Aterapng. [leplocdtepeg AeTTOUEPEIEG GYETIKA LE TNV VAOTOINGN
Ba cu{ntBovv oty endpevn evotnta dmov meptypdpetor o Deployment Manager, AOy® TG LeydAng
e&aptnong g SocHVIEST|G TPOYPUUUATIGHOD OO QTN V.

Kowé npotékorro - EQappoyr) kowviig pvijung

To Ko1voyPNGTO TPOTOKOAAO VAOTOIEITOL SLUTIPDOVTAG L0 TEPLOYN OTN O10OEGIUN VI OC KOVO
TN HOL LETOED TV S10(POP®Y GLVIGTOCHOV.
if(dir == 0) {
pthread mutex lock(&obj—>lock);
memcpy (local data ,shared data ,dims[0]* data size);
pthread mutex unlock(&obj—lock);

}

else if(dir == 1) {
pthread mutex lock(&obj—>lock);
memcpy (shared data ,local data ,dims[0]* data size);
pthread mutex unlock(&obj—>lock);

pmtékoiro Kowvig pviung - YA0moinon ketavepunuévig pviung

Otav vdpyovv Kowvd dedopéva petald SapopeTikdv KOUPmV akolovbeital o GAAN 6TpoTN-
YIKT]. Anpovpyeitan £Vog OVGLAGTIKE KOWOYPNoTOG YDPog d1eufiveemv Hetaé&d TV d10dIKOCIOV GTIG
omoieg ektedovvtar T ototyeia. H pébodoc cuyypovicopob ypnoyomoteital yio tn Aym / elcaymyn
0TOLOVONTOTE SESOUEVOV ATTO / TPOC TNV KOWOYPNOTH LVIUN.

2NV €QoproY YapMAov ETESOV, T dedoUEVO ATOONKEDOVTAL GE SIUPOPETIKEG UVILEG GE OAN
™V TAATEOPL VAKOD Kal ot Aettovpyieg RMA mov mapéyovior and to tpwtoékoiro MPI ypnoiuo-
TOLOVVTOL Y10, TN ONovpyic, TNG OVCLUGTIKG KOWNG TTEPLOYNG OTOV XDPO J1EVBVLVGEDY TV dLdTKO-
ocwwv. Ewdwotepa, ot Aettovpyiec MPL Get() kar MPI_Put() ypnoytomotobvtot yio Ty vAomoinon tov
KIVGEDV JESOUEVAOV TTOV AALTOVVTOL Yl Vo givol LOVOTAELPT). AVTO ornuaivel 0Tt 0 eneEepyaoThg
TOV OTO{OL M UV EVOL TTPAYLLOTIKA EVIIHEP®UEVT (GTOYOG) dev YpeldleTarl va eitvat evepyn| Kot LOvo
0 enelePYNOTHG TOV EVIUEPDOVEL TN UVALT (TPOEAEVOT) TPETEL VAL EVEPYTOEL.

Mopaxdto, eppaviCetar n dnpovpyia evog tétotov mepiPdirovtog, polli Le TNV €QOpUOYn TG
Aettovpyiag aeolus synchronize() API.

H onmpovpyia g eppavildpevng cvuvaptnong initialize() ivor pépog tng AE1TovpyIKodTTOUC TOL
Deployment Manager kot 6o su{nndei miqpog oty evotnra 5. Edé mapovoidleron 1 katovopn tov
OTTOUTOVUEVOD TTAPOUBVPOL KOG LVIUNG KAOMDE Kot 1) 0Tapaitn T AEITOVpYio Yo TNV EVUEP®ON TNG
TOTIKNAG UVIUNG HE TNV KON £KO0GT TV SES0UEVOV (1] AVTIGTPOPLL).

void initialize () {
MPI Init(argc, argv);
MPI_Comm_size (MPL COMM WORLD, &world_size);
MPI Comm_rank (MPL COMM WORLD, &world rank);
buf = (int *)malloc(l10*sizeof(int));
MPI _Win_create(buf, 10*sizeof(int), sizeof(int), MPI INFO NULL,
MPL COMM_WORLD, &win) ;
}

void aeolus synchronize(void *local, void *shared, int dir, int caller, int owner
, int disp, int size, MPI Datatype type, MPI Win win) {
if(dir == 0) {
if(caller != owner) {
MPI Win lock (MPI LOCK SHARED, owner ,0 ,win) ;
MPI_Get(shared , size ,type ,owner,0,size ,type ,win);
MPI_Win_unlock (owner , win) ;
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memepy (local , shared , size*disp);

H
else if(dir == 1) {
memcepy (shared , local , size*disp);
if(caller != owner) {
MPI Win _lock (MPI_ LOCK EXCLUSIVE, owner ,0,win) ;
MPI _Put(shared,size ,type ,owner,0,size ,type,win);
MPI Win unlock (owner,win) ;
¥
}
else {

perror (”Error, not a valid direction”);

}

MpmwTtoxoiro ovpdgs - EQappoyi Kowvig pviung

To TpwTOKOALO 0VPAG YPNOYLOTOLEL EMIONG L0 KOVOYPNOTN TEPLOYN UVIUNG Y10 VO S1OTNPCEL
Ta dedopéva g ovpds. Emumiéov, ypnoylomoteitol po kown UeEToPANT delkTn Yo TNV Tpocfoon
oTNV 0Vpd Kal TNV emelepyacio TV SEOOUEVOV TNG.

void aeolus queue get(aeolus queue *queue, void* it, int data size) {
while (queue —>count == 0);
pthread mutex lock(&queue—>lock);
acolusQnode *tmp = queue—>front;
queue —>front = queue—>front —>next;
if (queue—>front == NULL)

queue —>rear = NULL;

queue —>count ——;
memcpy (it ,tmp—>item , data size);
pthread mutex unlock(&queue—>lock);
free (tmp) ;

}

bool aeolus queue put(aeolus queue *queue, void* it) {
acolusQnode *new node = generate aecolus Qnode(it);
pthread mutex lock(&queue—>lock);
if (queue—>rear == NULL) {

queue —>front = queue—>rear = new_node;
else {

queue —>rear —>next = new_node;

queue—>rear = new_node;

queue —>count++;
pthread mutex unlock(&queue—>lock);
return true;

pmwTtoxkoiro ovpds - EQappoyn kKatavepnpuévng pviung

To TpwtdKOALO OVPAC, OTMG KOl GTO KOWOYPNGTO TPMOTOKOAAO, ¥pnoytonotel Aettovpyieg RMA
Yo TNV aoONKEVOT Kol TNV ovTOAAOYT SES0UEVOV. ZVYKEKPLLEVO, KAOE OVTIKEILEVO EMKOVMVIOG
amoOnKedeTOL GTO YDPO S1EVHVVENG UIOG GUYKEKPLUEVTG SIEPYAGIOG GUUPOVA LE TO €10 AVATTUENC
Kat ypnoiponotel Tig Aettovpyieg MPI  Get() kou MPI _Put() v tnv mpdofacm kat TNV amocToAn
OEQOUEVOV GTIV TAATOOPLO DAIKOD.

// queue get function

3 prev_front = queue—>front;
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if (queue—>front == queue—>rear)
queue—>front = queue—>rear = —1;
else
queue —>front = (queue—>front + queue—>disp) % info_offset;
queue —>count ——;
set_queue_info (queue—>qdatatinfo_ offset ,queue—>front ,queue—>rear ,queue—>count);

if (caller != queue—>owner) {
MPI_Win_lock (MPI LOCK EXCLUSIVE, queue —>owner ,0 , queue —>win) ;
MPI_Get(queue—>qdata+prev_front ,queue —>disp ,MPL UNSIGNED CHAR, queue —>
owner , prev_front ,queue—>disp ,MPI UNSIGNED CHAR, queue —>win) ;
MPI_Put(queue—>qdata+tinfo_ offset ,3*sizeof(uint32 t),MPI UNSIGNED CHAR,
queue —>owner , info_offset ,3*sizeof(uint32_t) ,MPI UNSIGNED CHAR, queue —>win) ;
MPI Win unlock (queue —owner, queue —>win) ;

}

memcepy (item , queue —>qdata+prev_front ,queue—>disp);
// queue put function
if (queue—>rear == —1) queue—>front = queue—>rear = 0;

else queue—>rear = (queue—>rear + queue—>disp) % info offset; queue—>count++;
set _queue_info (queue—>qdatatinfo_ offset ,queue—>front ,queue—>rear ,queue—>count);

; memcpy (queue —>qdatatqueue—>rear ,item , queue —>disp);

if(caller != queue—>owner) {
MPI Win_ lock (MPI LOCK EXCLUSIVE, queue —>owner ,0 , queue —>win) ;
MPI Put(queue—>qdatat+info offset ,3*sizeof(uint32 t),MPI UNSIGNED CHAR,
queue —>owner , info_offset ,3*sizeof(uint32 t) ,MPI UNSIGNED CHAR, queue —>win) ;
MPI Put(queue—>qdata+queue —>rear ,queue —>disp ,MPI UNSIGNED CHAR, queue —>
owner , queue —>rear , queue —>disp ,MPI UNSIGNED CHAR, queue —>win) ;
MPI_Win_unlock (queue —>owner , queue —>win) ;

IIpowtéxkoiro Znpdtov - Yiomoinon Kowviigc Mvijung

To [Mpwtoéxorro Inpdtov (Signal Protocol) ypnoyonotel tig dopég petafintov cuvOnikng o

opifovtar otnv POSIX yio tv avtoiioynq onpudtov peta&d tov components.

void aeolus notify(aeolus signal *curSignal, bool *rd, int aeolus src) {
pthread mutex lock(&curSignal —lock);

curSignal —>ready = *rd;
if (curSignal —>ready == true) {
if (pthread cond signal(&curSignal —>cond) != 0) {
fprintf(stderr ,”Failed to send signal\n”);

exit (0);
}
H
else {
perror (”Signal called with value 07);
exit(l);
b

pthread mutex unlock(&curSignal —>lock);

}

void aeolus wait(aeolus signal *curSignal, bool *rd, int aeolus cmpid) {
pthread mutex lock(&curSignal —>lock);

while (curSignal —>ready == 0) {
if (pthread cond_wait(&curSignal —>cond,&curSignal —>lock) != 0) {
fprintf(stderr, ”failed to wait the condition variable\n”);
exit (0);
}
else {
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}
}

curSignal —>ready = 1;

*rd = true;

pthread mutex unlock(&curSignal —>lock);

Hpotéxoiro Xnpatov - Yroroinon Katavepnuévne Mvijung

Orav ektehovvral o€ drapopetikons KopPovg, ot Aettovpyieg MPI Send(), MPI_Recv(), MPI_Bcast()
¥pNoomoobvIaL Yia T onpatodotnon kot MPI Barrier() ywo tn Agttovpyia acolus_barrier().

void aeolus_notify(int *rd, int

MPI Send(rd,

3

int

void aeolus notifyall (int
MPI Bcast(rd,1,MPI INT, src ,comm) ;

3}

aeolus wait(int *rd,

MPI_Status status;

MPI_
return

Recv(rd, 1, MPI INT,
status . MPI ERROR;

1, MPI INT, dst,

dst, MPI Comm comm) {
0, comm) ;

int src, MPI Comm comm) {

*rd ,

int

src , MPI ANY TAG, comm, &status);

src , MPI Comm comm) {

void aeolus barrier (MPL Comm comm) {
MPI Barrier (comm) ;

3}

Ipotéxoiro Aporfaiov Anokieropot - Yhomoinon Kowviig Mviung

To IlpmwtoKorro Apotfaiov ATOKAEIGHOD ¥P1GILOTOLEL TNV OVTIGTOLYN AEITOVPYIKOTNTO TOV Eivat

dwbéoun otig Prprrodnrec g POSIX.

bool aeolus mutex lock(aeolus mutex *mutex) {
if (! pthread mutex lock(&mutex—>lock))

bool

else

return true,;

return false;

aeolus mutex unlock (aeolus mutex *mutex) {
if (! pthread mutex unlock(&mutex—>lock))

else

return true;

return false;

bool aeolus mutex trylock (aeolus mutex *mutex) {
if (! pthread mutex unlock(&mutex—>lock))
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Ipowtéxoiro Aporfaiov Amokietopov - Yromoinon Karavepnuévng Mviung

Onwg Kot e T0 TPOTOKOAAO 0VPAC, TO TPMOTOKOALO ApOIPOion ATOKAEIGUOV dlatnpel po AloTta
TPOTEPALOTNTAG GE EVOV GLYKEKPIUEVO KOUPO, 0 omoiog dnAdvetal and 1o oyédto avamtuénge. ‘Etot,
kG0e drndikacio ypnoiponotel Aettovpyieg RMA yuo mpoéofacn otov doktitn Tov mutex. Edv n
KAeWopld amoktdtol omd GAAN Sradikacia, TOTE N dladikacior KAoNG amokAEiel T ¥P1oN TOV OTO-
Kiewopuod MPI Recv() péxpt va olokAnpmBei n kiewdapid. And v GAAn dkpn, N dedikocio Tov
ovykpatel v khewdapid ypnotiponotet MPL Send() yio va ddoet v kKAgdaptd og pio and Tig d1adt-
KOGIEC TOL TNV TEPLUEVOLV.

// lock function

// Try to acquire lock in one access epoch
MPI Win lock (MPI LOCK EXCLUSIVE, mutex—>home, 0, mutex—>win);
MPI Put(&lock, 1, MPI CHAR, mutex—>home, mutex—>ID /* &win[mutex—>ID] */, 1,
MPI CHAR, mutex—>win) ;
MPI Get(waitlist , mutex—>numprocs, MPI CHAR, mutex—>home, 0, mutex—>numprocs,
MPI CHAR, mutex—>win);
MPI_Win_unlock (mutex —>home, mutex—>win);

assert(waitlist [mutex—ID] == 1);
// Count the 1°s
for (i = 0; i < mutex—>numprocs; i++) {
if (waitlist[i] == 1 && i1 != mutex—ID) {

// We have to wait for the lock
// Dummy receive , no payload
MPI_Recv(&lock , 0, MPI CHAR, MPI ANY SOURCE, mutex—>tag , mutex—>comm,
MPI_STATUS_IGNORE) ;
break ;
}
H

// unlock function

3 MPI_Win_lock (MPI_LOCK_EXCLUSIVE, mutex—home, 0, mutex—>win);

16

MPI Put(&lock, 1, MPI CHAR, mutex—>home, mutex—>ID /* &win|[mutex—>ID]| */, 1,
MPI CHAR, mutex—>win) ;

MPI_Get(waitlist , mutex—>numprocs, MPI CHAR, mutex—>home, 0, mutex—>numprocs,
MPI CHAR, mutex—>win) ;

MPI Win unlock (mutex—home, mutex—>win) ;

assert(waitlist [mutex—ID] == 0);

// If there are other processes waiting for the lock, transfer ownership

next = (mutex—>ID + 1 + mutex—>numprocs) % mutex—>numprocs;

for (i = 0; i < mutex—>numprocs; i++, next = (next + 1) % mutex—>numprocs) {
if (waitlist[next] == 1) {

// Dummy send, no payload
MPI Send(&lock, 0, MPI CHAR, next, mutex—>tag , mutex—>comm) ;
break ;

4.2.3 Apykomoinon

O ypNoTNG WITOPEL VO OTOKTNGEL VOV OEIKTI GTI| SO TOV OVTIKEYULEVOD EMKOIVMOVIOG LECH LLOG
puebdoov apykomoinone, Mote vo pmopel vo kaAéoet Tic vtdAouteg peBodovg API ypnoylomoiwvrag
avtov tov deiktn. Ot Asttovpyieg apykomoinong epeoavilovtol TapoKaT®:

aeolus shared *aeolus shared_init(char *comm_object port)

aeolus_queue *aeolus _queue_init(char *comm_object_port)
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aeolus_signal *aeolus signal init(char *comm_object port)

aeolus mutex *aeolus mutex_init(char *comm_object port)

omov comm_object port givor To 6vopa g Bvpog Tov avtikeévoy dnmg opileTal oto diKTLO
cuvictoo®v. To dvopa g B0pag oyetileTon ovoTNPA Le TO apyelo TPOEAEVOTG KOt OYL [LE TNV OVTO-
TNTO CLVICTOOMV, ETOUEVOC TO GTOLYELN TOL GLVOEOVTAL LLIE TO 1010 apyeio Tpoéhevong Oa Tpémetl va
YPNOLLOTOLOVV TO 1510 dvopa BHpaG 0T SIKTLO CLVIGTOGMY Y10 T AVTIGTOLYO CVTIKEIIEVOL.

Mo onpovtiky] onpeioon €0 givatl 6Tt 0 XpNoTNG TPEMEL VAL SNAMGEL TIG LETOPANTES OVTIKEILE-
VOU EMIKOVMVIOG TPOKEEVOD VO YPTCLLOTOMGEL TIG OVTIOTOLYEG AELTOVPYiEC TPp®TOKOALOVL. Omo1Es-
ONTOTE APYIKOTOMGELS AVTIKEILEV®V EMKOWVMVIAG O TPEMEL vaL, YIvOVTaL TAVTA TOTIKA LEGO OTN AEL-
TOVPYiO TOV 6TOLYEIOV. ATO TNV AAAN TAEVPA, O SEIKTNG TOVL AVTIKEUEVOD UTOPEL VOL TEPATEL GE OTTOL0L-
dMmote Aettovpyia ypeldleTor 0 YpoTNS Y10 Vo KOAEGEL TIG Aettovpyieg TpTokOALov (acolus queue get,
aeolus_synchronize etc.).

4.2.4 Agurovpyiec apysiov

To povtéro mpoypoppaticpod AEOLUS €xet emektobel pe Aettovpyiec apyeimv mov mpoxeiTat
Vo EMTPEYOLV TN AgtTovpyia. opyeiV GE Ui U] OHOLOLOPPT) OPYLTEKTOVIKY] LE SLOLPOPETIKY VAN
omov ta apyeio propei va Bpiokovror omovdnmote. Ot Tpdcheteg Aettovpyieg eivar KabBpépteg Twv
Aettovpyimv tov apyeiov POSIX, wpokeyévon va peytotomomBei n copPotdtra. To avtikeipeva
POTNG OV EMGTPEPOVTOL ATTO TIG AELTOLPYIES Eivol cuUPATA pE TIG AAAEG AetTovpYieg 16050V / €£660V
amd 1o potvmo C library, fprintf, fscanf, snprintf, sprintf, sscanf.

FILE * aeolus _fopen ( const char * filename, const char * mode )

int aeolus_fclose ( FILE * stream )

int aeolus_fflush ( FILE * stream )

size_t aeolus fwrite (const void * ptr, size_t size, size_t count, FILE * stream )
size_t aeolus fread (void * ptr, size t size, size_t count, FILE * stream )

int aeolus_fgetpos ( FILE * stream, fpos_t * pos )

int aeolus_fseek ( FILE * stream, long int offset, int origin )

int aeolus_fileno(FILE *stream)
Returns the integer file descriptor associated with the stream pointed to by stream.

FILE *aeolus fdopen(int fd, const char *mode)

Yuvoéel o pon e Tov vIapyovta meptypapéa apyeiov, fd. H Aettovpyia g pong (Hio amd
TG TWEG: “17°, “r+7, “W”, “w+”, “a”, “at”) mpénet va elvor cupPoaty pe T Asttovpyia ToL TE-
prypagéa apyeiov. H évdei&n Béong apyeiov g véag pong £xel OPIOTEL GE VTNV TOL OVIKEL
oto fd kot o1 evdei&elg opaiudtav Kot T€lovg Tov apyeiov daypdeovtat. Ot tpoémol "w” 7 "W
+” deV TPOKAAOVV TEPIKOTT TOV apyeiov. O Teptypapéac Tov apyeiov dev eivat SIMA®UEVOG Kot
0o Kheioel 6tav Kheioel ) 6éoun gvepyeidv Tov dnpiovpynonke omd to aeolus fdopen(). To
amotéhespo TG eappoyng aeolus fdopen () oe éva avtikeipevo KowoypNoTNg LVNUNG Elval
AmPOGOOPICTO.

int aeolus_get fd flags(int fd, int value)
Avaxtd v tpé€yovoa BEon ot pon.
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long int aeolus_ftell(FILE *stream)

Emotpépetl v tpéyovoa tiun tov deiktn B€ong e pone. o dvadikéc poéc, owtdg eivat o
apOpog tov bits amd v apyn Tov apyeiov. [a Tig poég keyévov, 1 aplBunTikn T uropet
VoL YpNOOTOm el Yo TV ETOvVOQopd TG BEong otny id1a BEom apydTEPA YPTCLOTOIDOVTIS TO
aeolus_fseek().

4.2.5 Monitoring library

"Eyet emiong dnpovpynBet pia diemapn| mapakoAodnong yio tov xpiotn vo mapakolovdel cuyke-
KPLEVO TUA LT TNG EQapLoYNG Tov. O THmog acolus_monitor opiletar yia va mapéyet tpdofacm oTig
Agttovpyiec mapakorovdnong mov mapéyet to AEOLUS.

aeolus_monitor *aeolus_monitor_init()
Emiotpépet évav deiktn oty 006vn Tov ¥p1GIUOTTOLEiTOL Yo TNV 0B KEVOT| LETPTCEDY GE
TOTIKA apyeia.

void aeolus mf start(aeolus monitor *monitor)

Kataypaepel v évopén tov component. Av dev ypnoionombei, Oa Eekvioet avtdpota 1
évapén g ektéleonc, 1 onoio pumwopel va unv mpocdopicst emaxpPog v Evapén Tov vwo-
AOYIOTIKG £VTOVOL TUNLOTOG TOL component.

void aeolus mf user_metric(aeolus_monitor *monitor, char *metric_name, int value)
Kartaypdeet po petpikn mov o ypnotns propel va Bewpnoet yprioiun.

void aeolus mf end(aeolus monitor *monitor)

Kataypdeet 1o téhog extéleong tov component. Edv dev ypnotporombei, Oa kataympnbei av-
TOLOTA TO TEAOG TNG EKTEAECTG, TO OO0 UTOPEL VO PNV TTPOGOIopicel EMaKPIOdG TO TEAOG TOV
VTOAOYIGTIKOV EVTOTIKOD TUNUATOG TOV component.

Ynueioon: Onog cupPaivel e TIC apYIKOTOCELG T®V communication objects, 0l apyIKOTOU]-
GELG TOPAKOAOVONGNC Bol TPEMEL VOL TPOLY LOTOTOLOVVTAL TAVTO TOTIKA LEGH 0N POCIKT GUVAP-
Tnomn Tov component, EVM 0 OIKTNG TOV Monitor PTopel Vo TEPAGEL G€ 0TO0ONTOTE AetTOoVPYia,
yPEALETOL O YPNOTNG YO VO KAAEGEL TIG AELTOVPYiEC TapaKolovOn oG,

4.2.6 Emonpeaiocseig napaiinromoinong

To povtého mpoypappaticpov Exel emektadel dote va meptiapuPdavel BonOnTikéc emioneldoELS
Yl TN OTOTIKY OVAALGT TOV KOJIKO Y10 TNV EVIGYLOT TV ATOTEAECUATMOV TOPUAANAIGHOD TOV EP-
yareiov Topariintonoinong (6mwg mapovstdletar oty evomra B.3.3). Avtd mapéxovy mpocheteg
TANPOPOPIEG OV elvar TOAD TEPIMAOKES Y10l va. £0xB0VV AVTOUATO KO ETOUEVMG LITOPOVV VO, YP1C1-
HomomBovV amd TOVE TPOYPULUATIOTES Y10 VO BEATIOGOVY TNV aVATTLEN TOL KMSIKE TOVS, YOPIC Vo
emPBaAiovy kaTevBuvtple YPOUUES 6 GAOVG TOVG TTPOYPOLUATICTES.

#pragma aeolus function/loop static-vectors
Eyyvator 6t1 1 axdAovdn Aettovpyia / Bpdyog mepthapfdvel HOVO oTOTIKOVS Vectors, TPyl
OV oNUAiVEL OTL OEV LILAPYEL SUVOULKT] KOTOVOUT LVIUNG KOTA TNV EKTEAEDT).

#pragma aeolus loop no-aliasing
Eyyvatar 611 1 Aertovpyia / Bpdyog dev meptiapfaver aliasing deiktn, mov onpaivel tpoécPaocn
oV 101 S1evBVVOT PVAUNG OO SLOPOPETIKOVG OEIKTEG.

#oragma aeolus function no-side-effects

Eyyvdrtor 611 n axdéAovdn Aertovpyia dev mepthapPavel mapevépyelec, mov onpaivel 6Tt dev
VIAPYEL Ypaen oTiG devdOveElc N TG POEC LVIAUNG, £TGL 1| PO TOV TPOYPAUUATOG OEV €MN-
pealetal TEPLGGOTEPO ATO TNV TN EMGTPOPNG TNG AELTOLPYING.
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H moteoppoa Bo eraindedoet avtd ta pragmas (6tav givarl duvotov) yio vo fondnocet tov mpo-
YPOUUATIOT Kol Oa eppavicel QA edv TapaPlactel, 0AAG YEVIKA Bempohvtal ®¢ £YYONOELS Ao
TOV TPOYPULLLLOTIGT OTIV TAUTOOPLLEL.
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Kepararo 5

Mo vrodoun Yo Avamtoén, Bedtiotomoinon kot Extéleon
napariniov gpappoyd@dv (AEOLUS)

5.1 Ioéa

To TAeovekTpOTA TG ETEPOYEVOVS TANPOPOPIKNIG, O™ NON avapépbnke, Pacilovtal 6Tov Guv-
VOGO SLOPOPETIKAOV TEYVOLOYLDV Y10l TIV EKUETAAAELOT] TV SLOPOP®V TEPLOYDV TAPIAANAOL KO-
O1KOL TOL GLUTEPLPEPOVTAL BEATIOTO GE SLOPOPETIKOVE TOTOVG eneEepyaoT®dV. 'ETot, auth 1 moikiAio
TOV EPYALEI®V TOV ATALTOVVTAL EIVOL 1] KOPLO SVGKOALD Y10t TOV TPOYPOUUATIGTH OV Eivat VTELOLVOG
Vo £XEL ETOPKN YVAGCT] OVTOV TOV EPYOULEIDV 1] VO ATOKTHGEL OUTI T YVAOOT] Y10 VO ETLTVYEL TO GTOYO
TOVG,.

H Aon mov mpoteivetal €00 AGYOAEITAL PE TNV APYLITEKTOVIKY KOl AEITOVPYIKOTNTO piag Y T0d0-
ung yio v Avantoén kot Bedtiotonoinon Epappoyov oe Iapdiiniec Apyitektovikég (AEOLUS),
T0 07010 TAPEYEL TOAVIIAGTATEG SOLVATOTNTEG TAPOUAANAIGLOD TOV B0l EACYIGTOTOLOVV TO XAGUM YVO-
ONG LETOED TOV TPOYPULULATICTH] KoL TV S0POPOV CLGTNUATMOV TOV UTOPOVY VO YPTGLLOTOO0VV.
Me o160 TNV avanTtuén eQapUOYDY oE €va ETEPOYEVEG TEPIPAALOV, Ta epyaieio Oa EKUETOAAEVTODY
TEYVOAOYiES ayLng, fonddvTag TavTdypova TV OvATTLEN G€ TOALATAL GLGTATIKE VAIKOV. To KVpLo
GLOTATIKO TNG GEPAG EpYareimV Ba TapEYEL TOV TVUPVO TOV CLGTNUATOG AVATTLENG KOt £V GUVOAO
TPOGHETOV EVOTHTOV B OLOKANPDOGEL TNV OPYLITEKTOVIKT TOV TAUIGIOV LE TEPLGGOTEPES AELITOVPYIES
LLE OTOYO TNV TEPATEP® PEATIOTOTOINGT TNG EPAPLOYNS T TNG XPNONG TOL GLOTILOTOG.

5.2 Apjyurektovikn

H Baomn tov cvotipatog givar éva ototyeio avamtvéng mov ovoudletar Deployment Manager, To
omoio gival vEVBVVO Y10 TNV AVATTLEN TNG EPOPLOYNG GTNV VTOJOUT VAIKOV Kol TNV DAOTOINGT TNG
emKovoVviag HeTatd Tav dopdpmv eEuptnudtmyv vAKov. H evoopdtoon g epaproyng orokinpo-
VETOL [E TN XPNOTN GLYKEKPUEVOV peBodoroyimv mov vrootnpilovion amd eEmtepikés PiAodnkeg
OV EMAEYOVTOL COUO®VO LE TIG OMOITNOELS TNG OvATTLENG amd €va GAlo otoryeio, To Technique
Selection. 'Eyet avamtuyfei o mpodcbetn evotnta yio vo vrootnpilel tnv molvdidotatr BEATIoTOnol-
NOT KOJKO Kot TopoAANAopo, Tov avapépetot g Auto-Parallelization Tool.

Mo, £T6KOTNON TG APYLTEKTOVIKNG TOL GLGTANATOS eppaviletal oo oxfua b.1, evéd eényeiton
pio OVTOUn mEPLypapn Tov toolflow.

Onog answovietar oto oynpa b1, H AEOLUS, 6no¢ vionoteitor 610 mhaiolo avtic e epya-
oiog, arotedeitan omd Técoepa Pacikd cToryeio:

1. Programming Model
"Eva 6volo kavovov kot Katevhuviiplov ypappudv tov kabopilovv ) dudikacio avamtuéng
K0 DAOTTOIN GG TV GLGTATIKMY AOYIGHIKOD KATA TPOTO TOL VAL £YYVATOL TNV ETLTUYY OVATTUEN
KO TOPOAANAIGUO TNG EPAPLOYTS.

2. Automatic Parallelization Tool
"Eva epyaieio yio v ovaADGT| TOL KOOTKO KOL TV TOPAYWOYT TOPOAANAIGUEV®VY EKOOCEDY TOV
components.
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3. Technique Selection
Eva epyaieio yio v emdoyn TOV KOTAAANA®V DAOTOMGE®DY Kol T@V 000 GTOXEIMV KOl TOL

Yyqpa 5.1: H apyirektovikny too AEOLUS

KAOOIKO ETIKOVAOVIONG COUPOVO LLE TO GLYKEKPIUEVO GYES0 AVATTUENG.

4. Deployment Manager
"Eva epyaieio yio tnv vAomoinon g eKTELECTG T®V GTOLEIDV TN EPUPLOYNG OTNV VITOSOUT
VAKOV cvuemva pe To Deployment Plan kot ta amoteAéopota ond 1o Technique Selection.
Emmdéov, éxel avamtoybei pia diemapn Tpoypoppaticpod (éva covoro APIs) yia tnv viomoi-

/

NoN NG EXKOWVAOVIOG / CLUYYPOVIGLOD HETAED TV GTOLYEIDV TNG EPOPUOYNC.

H pon tov gpyaleiov exvael pe T OTATIKN TAPOAANAIGUO TOV LELOVOUEVOV EEOPTNUAT®V TG
EPAPUOYNG LE AMOTEAEGLO. TNV TOPAYDYT TOPAAANA®Y EKOOGEDV TV EEQPTNUATOV KOl TNV 0rodn-
KEVLOT TOVG O€ Ui SEQEV TOV LITOPEL VO TPOGEYYIOTEL amd GAAeg HOVAdES. ZOUQ®VA LE TN Xop-
TOYPAQENOT TOV CTOEIOV TNG EPAPUOYNS OTO dtdpopa e&apTNUATA VAIKOD (0Y€010 avamTuéng), M
Teyvikn Emhoyn emidéyet T1g KaTtdAANAEG eKd0GELS TOL Bl BEATIOTOTOUCOVY TV AOS0GN TNG EQOP-
LOYRHG TNV LIodoun VAKoV. EmmAéov, emAéyetan o oTpatnyikn avantuéng, cOUP®VO LE TO GYES10
avdamrtuéng, 1o omoio avtiotoyel dpeca oty emioyn twv API emikowveviag mov tpdkeltol va ypnot-
pomomBovv yia tnv vAomoinon g aAANAETIdpaonS TV cuoTatik®v ototyeiov. TéLog, Ta otoryeia
pali pe tig eEmtepucés PpAobnkeg mov amattovvTal Yo TV enkovavio tovg petapifaloviot 6to
Awyeiprot Extéleonc og ohvolo apyeiov Tyaiov kdOK Yo, TNV TPOYLOTIKY VAOTOINo TOV TE-
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LVIKOV avanTuéng Tov emAéyOnkav oto mponyovpevo otédto. To amotélecpa tov toolflow amotelei-
TOL 7O £V0, GUVOAO EKTEAEGIUMV OPYEIDV KOl OpYEI®V SIAUOPPMOTG GTOVG OVTIGTOLYOVG GTOYOVS TOV
TeEMKA ekTELOOVTAL Kot TapakorovBodvtol. H cvuvolikn dadikacio kabodnyeiton and tn dopn mov
£)EL OPLOTEL GTO POVTEAD TPOYPOLLATIGLOV.

5.3 Movtého TPOYPUPNATIGHOD

To povTélo TPOYPOUUATIGUOD OV Opicape 6TO TUNLO 7 amoTtelel Tov mupniva Tov Thatsiov. Ot
YPNOTEG AVOTTVGGOVY TNV EPAPUOYN TOVG AKOAOVOMVTOG GLYKEKPIUEVEG 00N Yieg Tov opilovtol 6To
LOVTELO TTPOYPULUATIOUOD, SNUIOVPYDVTOS IO EQAPLLOYT] TTOV, OVAAOYA LE TIC VAYKES TNG, UTOPEL
vo ovartuyOel o€ o GEPE SLOPOPETIKMY TAATPOPU®Y VAKOV. To HOVTELO TPOYPOUUATIGHOV:

e VTOGTNPILEL TN OTOTIKY TOPUAANAOTOINGT) SLOPOPETIKOY components EVIGYVOVTOGS TIG SVVATO-
TNTEC TOV £PYOAEIOV [e PoNONTIKEG EMONUEIDGELS AT TO XPNOTN

o TOPEYEL SIAPOPES EMAOYES Y10 T GTPATNYIKY EKTEAECTG (TEXVIKEG / TEXVOLOYIES) QKO KO YLl
éva gviaio Deployment Plan

o dNUIOVPYEL TIC GCLVONKEC VIO TIG OTOIEC TOL GTOLYELN LTOPOVV VO, EVOMUATOOOVY Kol VO, VO TV-
000V w¢ pia eviaio epapuoyn

o TOPEYEL P10 GEPE TPOTOKOAA®DV EMKOWVOVIONG TOV EMTPEMOVY EMIKOWVMVIO KOl GUYYPOVICUO
peta&h Tov components

o [lapéyel o mowihio and S10popeTIKEG Ae1TOVPYiEG TOV PUTOPOLV VO PEATIOCOVY TNV EUTEPiaL
TOV ¥PNOTN, OTMG 1) TOPAKOAOVONGOT TNE EKTELECT|G TOV GTOYEI®MY TOL AOYIGUIKOV, KAOMS Kot
N tpdcPaon oe apyeio o€ SLPOPETIKA UNYOVILOTO

"Eyovpe opicet to povtéro mpoypoppaticpod o ypnotponoteitar and to AEOLUS oty evotnta
B. Ze avtiv Ty Tapaypopo, TEpypapovpE TOV TPOTO LE TOV OOT0 1) VIOSOUT EKHETAAAEDETOL OVTO
TO HOVTEAO Y10, VO, VTOGTNPIEEL TAPAAANMOUO KOl KATAVOUT GOPTIOL TNG EPAPUOYNG 6T0 dtabécio
VA, [leptocoTEPEC AEMTOUEPELEG Y1 TIC OLAUPOPETIKES TTLYEG TNG OTVOVTAL GTO AVTIGTOLYO TUNLLOTOL
TOV EPYOULEI®V TOV TO EKUETOAAEDOVTAL.

5.3.1 XvotoTiKa

KéBe otoryeio avtiototyel oe éva cuykekpiuévo apyeio mnyng énwg opiletar oto dikTvo cvota-
TIK®OV GTOLEI®V, TO 0Tol0 TPEMEL VoL €XEL £va. ONLEI0 E1GOO0V Yo TNV €KTEAEST TOL otolygiov. Ta
GTOlYElD LTOPOVV VO, ETOVOYPTGLULOTOM B0V TOAAEG POopEs, EpOcoV avtd opileTarl pnTd 6To dikTVLO
GUVICTOCMY. EEKIVOUV ¢ EEYMPIOTEC Kot aveEAPTNTEG AELTOVPYiEC. AVTEC O AELITOVPYIEG VTAPYOLV
07O OMOKAELOTIKO apyeio Tpoérevong Tov eapTHUATOG LE TO avTiGTOLXO Ovopa. O TPOYPOUNOTIGTNG
glvar og Béom va emréEet vo peTafIfAcel To EMLYELPNUATO TNG YPOUUNAG EVTOAMV 0T Asttovpyia. Té-
A0G, 0 TOHTOC EMOTPOPNG TV AerTovpYI®V Ba wpémel va givan kevog*. Emopévmg, n vmoypaen g
oVVAPTNONG Yo Eva oToLKElo e apyelo Tpoéhevong comp example.cpp Ba mpémetl va gival €Tt

void *comp_example(int32_t argc, char **argv)
or
void *comp example()

Ot poypoplpoTiotég eivan elevBepot va cupmepthafouy OAes Tig emTepikég PifAtodnKkes mov emt-
Bupovv va ypnopomocovy, kabmg dev evtonionkay {NTHRATe CLUPATOTNTAG KOTA TV AVATTLEY.
Amd ™V GAAN TAEVPE, TPOKELUEVOD Ta. GTOLYEID VO XpMolomolovy Ti§ Pifiodnkeg AEOLUS, tpémet
va cuopmeptnedel To apyeio keparidag *acolus.h’, €161 dote o amapaitnteg SOUES Kot Agttovpyieg va
glval 0patég amd TNV KVPLOL CLVIGTAOGO TOL EENPTNUATOC.
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EXAMPLE OF

REPOSITORY EXAMPLE OF METADATA FILES

FILE-FOLDER STRUCTURE T\{Iet-.ulutn uploaded for file "main.c"

"project” : "face-recognititon",
"source" ; "development”,
"type":"Usercase",

=== Source: “development™ "content":"src_file",

: "any_user_label": "some value",

| Project : “face-recognititon™

| Path: “mypath”™

2 FA
! %~ Tilename: “main.c’ }
L}
H <& Metadata uploaded for file "main.h"

=502 Filename: “main h**

é.\%/ Filename: “main.h 0

“project” ; "face-recognititon”,
"source" :"development",

"type":"Usercase",

"content":"src_file",
"any_user_label": "some valug",

L T T T

.- Source: *“P1™

L)
. Path: “new_path/”

PR - Ty P
Y Filename: “main.c

2 Filename: “main.h"”

e | Project : “weather prediction™
. y | Source: “deployment”

.
! | Path:

b e
[

"mypath/

Filename: “main.c™

= TFilename: “main.h"

Tyqpa 5.2: Aopn anobetnpiov

5.3.2 Avrtikeipeva gmkowvoviog

To AEOLUS opilet o oepd and Pifiodnieg avantuéng mov Teptypdooviol AETTOUEPDG OTNV
evomto Tov Deployment Manager (5.6) kot givot vehOvvor yio v eioyoyn tov Stapdpav tapop-
POOEDV ETKOVOVIOG TOV OTOLTOVVTOL Y10l TIV ENLTUYY EKTEAECT] TNG EPOAPUOYTG.

Mia amd auTég TG SIOUOPPDCELS TEPIAAUPAVEL TOV OPIGUO TOV OVTIKEIHEVOV EMIKOWVOVING TOV
KOWwOypNoToL TP®MTOKOAAOL. O TpoypoppaTioTig ival o€ BEom va petagépet avtikeipeva Tov opi-
fovtar amo to ypnotn pe otatikd péyebog. Ipokeévon va evepyomomboidv tétoteg cuvarrayés, o
ypnotg Ba mpémetl va meprlapfdver tig PifAodrkeg mov opilovv tétoteg dopég oe Eva 101k apyeio
KEPAAISOG Y10 0V TO TO 6KOTO. AVTo TO apyeio ovopdaletar *acolus user defined structs.h’ kot wpémet
va totofet0el 6TOV KOTAAOYO Src (deite TV EXOUEVT] EVOTNTA).

5.3.3 TomoBitTnon ™S €QUPROYNS TOV TPOYPUUNOTIOTH 6TO ATOOETPLO TOV
AEOLUS

To amoBetnpro tov AEOLUS ypnoytomoteitor amd OAa o S10QpopeTIKAE epyoreior TOV TAOLGIOL.
INo to oxomd avtod, Ta epyareion avolopufavouy pio GLYKEKPUEVT dOUN GTO XMPO OTOBNKELONC TOV
TPENEL VAL GEPETAL O TPOYPUUUATIOTIG KATH TI QOPTMOGCT OTOLMVINTOTE aPYEiDV TPoEAELONC, £1G60-
dov 1 teprypapnc. H dopn mov axorovbeitat amd 10 ydpo amobfkevong tepéyet €va GHVOLO QUKEAMV
EMIESOV-EVA TTOL BE®POVVTAL O1 KOTAAOYOL £pYOV. XT0 0e0TEPO EMIMEDO VILAPYEL EVOL GOVOAO KATAAO-
yov mov opilovv v anyn (1810kTHTN).

O TPOYPUUUATIOTAG TPETEL VO, TOTOOETNGEL OO T OmapaiTnTO apyEio. 6TO YDPO ATOONKEVONG
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o710 project_name/development Tpwv amo v Evapén tov epyareiov. Ewdikotepa, Oa mpénet va ako-
AovBeiton 1 axdAovOn dopn:

project_name/

development/

sre/
aeolus_user_defined_structs.h

description/
Component-Network.xml
Platform-Description.xml

inputs/

outputs/

5.4 Avtoporo gpyoieio maparinromoinong

5.4.1 Ileprypoon

To Tp®TO GTASIO TNG UPYLTEKTOVIKNG TOV VITOSOUN APOPA TNV CLTOLATY TOAPAAANAOTOINGT TV
otolyeiov g gpapuoync. I'a 1o okomd avto, £xet avamntuydel Eva LTOLNTO EPYAAEID TOV AVOADEL
TOV TNY0i0 KOSIKO GUGTATIKMY GTOLYEIMV KOl TO UETAGYNIOTICEL COUQ®VO UE TIC 0dNYieS TAPUAAN-
MGV oL TTapEYEL 0 YpNoTNG. H AEITOLpYIKOTNTA TOV EPYOAEIOD ETIKEVIPOVETAL GTNV OVIAVLGT TOV
KOJIKO Y10, TOV EVTIOTIGUO TOPAAANAWDY TEPLOYDY GE AVTO KOL TNV TOPOYDYT| TPOTOTOMUEVOY EKOO-
GEWMV OV EMTPETOVV TNV TEPULTEP® EKUETAAAEVCT] TV TOPOV TOL GVOoTHHOTOC. H avédAlvon otoyevet
GTNV OTOUOVAOCT] TOV £E0PTHOEMV OESOUEVAOV TOV AVOKOADPON KAV KOTA TNV 0VAALGT), Ol OTTOIEG dEV
ennpealovv Vv mlav cuvaeeld. Ot 6YOAMAcLHOL KOSIKA LTOPOVY VO TAPEYOVTAL OO TOV TPOYPOLLL-
LLOTIOTH Y10 VO EXEKTEIVOVV TNV KATOVOT OGN TOV €PYOAEIOV Yo TN pon] OeSOUEVOV KOl VL ETADGOVY
TOALEC OO aLTEG TIG €E0PTNOELS. AETTOUEPNG TEPLYPAPT| TNG POTIG EPYOAEI®V OVOTTOCCETOL GTIG OKO-
AovbBeg mapaypdpovg.

5.4.2 ZXyedwuopog

O okomdg avtod ToV gpyareiov oty apyttektoviki AEOLUS sivor n avtépatn dnpovpyia tpo-
TOTOUMUEVOV EKOOGEMV TMV OPYIKDV EENPTNILATOV Y10 TNV EKTEAECT] TOVG GE OLOPOPETIKA GUOTILLOTOL
Yy TV 0E0ToINoT TOV EWBIKOV 1310THTOV Tov K®ddKo. Ot ekddcelc Tov vrrootnpiloviol vtV ™
otiyun etva:

OpenMP version: [Teptiapfavel emonpeiwoeig OpenMP wov vrodeikvhovv T yp1on ToA -
TA®V VIUATOV Y10 TV EKTEAECT] TOL component G€ TOAVTVPTVO, GUGTI|LLOLTOL.

CUDA version: [leptiopfaver m diemapn (API) g CUDA pe v omoia emikovmvel pe o
kernel g GPU (10 KOUHATL KOSIKO TTOL TPEYEL GTNV GUGKELT]) EMITOYVLVOVTOS TNV EPUPLOYN
ue xpnon GPU. H éxdoon avtr| dnpovpyeiton povo otav drevkpvileton pnté oto Component
Network mwg eivor duvartni 1 dnpovpyia Tne.

H dnpovpyia tov evruepouévav atoryeiov Ba dmwoet ) dvvatotnta oto AEOLUS va expeta-
Aevtel Vv 0100Ec1UN TAATEOPLLO DALKOD KOl VOL ETLTOYVVEL T AELITOLPYIKOTNTA TS EPappoyns. H pon
TOV EPYAAEIOD TEPLYPAPETOUL OTA TAPUKATD PrLLOTOL
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Avaivon Component Network

H xbdpuo Spactnprotnta tov epyoireiov gival 1 aLTOUOTN TOPAAANAOTOINOT TV CTOLXEI®V Kot
TV BAobnkdv mov opilovtar and to ypriotn. [a v vAomoinon avtig TG CAANAETIOpAGNC LIE TO
¥PNOTN, TO epyoireio maipvel oav gicodo to apyeio XML tov Component Network, to omoio mepié-
YEL OAEG TIG AMOPOLTNTEG TANPOPOPIES Y10l TO, oToryelo (.. OVOO, apyelo TPoEAEVOTG, EEMTEPIKES
BiBAodnkeg mov ypnopomomOnKay KAT.) Kot amodnKevel VTEG TIC TANPOPOPIES YPNOULOTOIDVTAG
éva 6OVOAO KAAGEWV TTOV €YoV oYed100TEL Yio VO LOVTEAOTO10VV Ta, software components kol Ti¢
UETAPOPEC dedOUEVOV PETAED TOVG,.

Avtopatn loparinromoinon

Metd v e&aymyn Tov anapaitnTov IANpoeopidv ord 1o apyeio XML, 10 epyaieio umopel va
TPOYWPNGEL GTNV TOPUAANMGLO TOL KDOKA. ['la To oKomd avtd, amatteiton GAAN oAAnAenidpaor pe
TO YOPO ATOONKEVONG Yo TN AMyYN TV apyeimv kddika TG epapproyns. TEAOC, ¥pNOILOTOLEITOL T
TPOYUOTIKY 0VAALOT] TOL KOJIKO Yo OA0 Ta. oTolyeia Kot Tig eEmTepikéc PiPpAonkes (LOvo ekeiveg
7ov opilovtal oto diktvo Component) TOV YPTNCLLOTOLOVVTOL, OTMOG TEPLYPAPETOL GTU TOPAKAT® [1)-
poTaL.

IIpoeneiepyacio pe 10 povréLo TPOYPOPPATIGNOD

XopaKTnpioTiKd ToV LOVTEAOD TPOYPAUUOTIGHOL BonBolv to 6Tddo T avaivong kddwa. Ei-
OKOTEPO, 1] ATOUOVMCT] GLGTATIKMV GTOXEI®V TOV HOVTEALOV OTUaivEL OTL VTAPYOVV ATOKPICELS dE-
SOUEVOV OV aVAKOAVPONKAY KATd TN JdpKeELD TG AvAAVOoTG, Ol omoieg ogv emnpedlovv T dvuvn-
TIKN ovvdeetd. o To A0Y0 avTd, 01 GUYKEKPIUEVOL GYOAMACLOL, TOV TEPIAALPAVOVTIOL GTO LOVTELOD
TPOYPOAULOTIGLLOV, YPTCLLOTOOVVTOL Y10 TV EXEKTOGCT TNG KATOVONGNG TG PONS dedopévav amd To
gpyoieio kat yuo TNV exilvon ToAAGV amd avtég Tig egaptioets. Iapadeiypotoc yéptv, ol ototikol
(Qopeig vector #pragma aeolus ypNGLUOTOIOVVTIOL Y10, TOV YOUPUKTIPIOUO EVOG POPEN GTOTIKOD UEYE-
Bovg, 0 omolog KATOPYEL e AVTOV TOV TPOTO TMOAAEC OO TIC EUPTIOEL TOV TPOKLATOVY AOY® TOL
petafAnton peyébovg tov popéa. I'a va ekpeToAAenToOV AVTEG TIG EVOEIEELS, Vo LEYAAO LEPOG TNG
AELTOVPYIKOTNTOC TOV EPYOAEIOV QpOpd TV TPOoENEEEPYNTIO TOL KOJIKA, LE GTOYO TNV EMIAVOT TOA-
AoV velotapévev egaptnoewy Tov. To epyaieio ypnoiponotel avtn Ty oAANAenidpaon e Tov xpio
Yo Vo ETADGEL PEPIKEG Omd TIC OVGKOALEG TTOV OV EYOVV AKOUN EMAVGEL 01 TEAELTAIEG TEYVIKES Q-
TOUATNG TOPAAANAOTTOINONG.

HapapeTpomoinoen OpenMP

H avéivon kddwka mov ekteleiton amd 1o epyoreio mpocsdiopilel TapdAAnAes mEPLOYEG OTOV KM-
dka Kot Topdyet po mopaAAnAouévn ékdoon mov tepiEyet emtonpdvoeelg OpenMP mov emitpénouvv
™ PO TOAAATA®V VNUATOV KaTd TV eKTéAESN TOL GTolyEiov o€ éva cvatnua ToAlarimv CPU.
Ot TapdAAnAeg TaPaALOYEG TTOL TAPAYOVTOL ATOONKEVOVTOL TAPAAANAL LLE TO apYIKd GTOLYELD.

Metd v mpoeneéepyacio Tov oToyygion, To epyareio eQupprOleEl HEPIKES OO TIC TTO TPOGQO-
TEG TEYVIKEG CLALOYNG Y10 VO, LOVTEAOTOGEL TOV TNYaio KdOuKa. Mia avamapdotacn eEopTOUEVNS
uniTpog devpopévng katevbovvong (EDM) ypnoyomoteital yio v KAGADYN TV U1 KOOV OOV
Bpoyov mov mepdirovy pdvo pia omd Tig 000 INAMGELS, TPOKEWEVOD VA YEIPLGTOVV U TEAELD EVE-
pévoug Bpdyovs. ['a T1g Tpoomeddoelg mvak®v eviog v Ppoymv, évag Gaussian adyopiBuoc e&det-
YNG XPNOLOTOLEITAL Y10 TNV ETIAVGT EVOG GUVOAOVL YPOUUIKOV OKEPALOY EEICDCEDY TOV HETAPANTOV
eMOy®YNS Tov Ppoyov. H eicaywyn tétoimv poviélmv Bondd 6tov eVIOMIGHO GAMMS aviyvVEDGIUMV
UEYOA®V SUVOTOTNT®V TAPUAAN GOV,

Ta otdd10 TOV TEPLAQpPAVOVTAL GTNV avaAvoT eivon T €ENG:

e EQoaployn TPoopeTIK@®V TPOCUPUOGUEVOVY LETACYNUATIOUOV UE BACT TN ONUOCIOA0Yio K®-
O1Ka, 16000V, OTIMG 1) LETATPOTY] AOPOUDY FEVIP®V GE ETAVOAYELS BpOYOV o€ OUAOES V-
une.
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o Koavovikoroinon Ppoymv, cupureplapovoUévoy auTdv Tov YPNCIUOTO00V HETAPANTES EMO-
vaAnyme.

e Evpeon Ppoy@v vmoloyiopod vroyneov wivaka Pe Kavovikég popeég (for omp for) i Bpdywv
KOl GUVAPTIGEMY OV AEITOLVPYOVV o€ pepovopéva ototyeia (for omp task).

e [0 kGO voynelo Ppodyo/cuvéptnon:

— Amoppryn Tov vroyneiov €6V VILAPYOLY KANGELS GUVAPTIGEMY YWOPIG YVOGTY| O1LAGLO-
Aoyl M mopevEPYELES.

— Exkivnon avdivong egaptioemv kat liveness petafAntov.

— Ta&wéunon OpenMP petafintdv (autoscoping), avoy®pPLon ovoQOpPOY GTO TPEYOV GTOL-
x€lo Kot evpeon TpocPhoemv eyypapng mov givar avedpTTeg omd T GEPA EKTELEGNC.

— E&dhewyn eoptioewv mov oyetifovion pe Tig autoscoped petafAntés, exeiveg mov apo-
povV Hovo ta Tpéyovto otoryeio kot eaptoelc e£60ov (WAW) mov mpokalodvtat amd
aveEApTNTEG Ao TNV GEPE EYYPAPES.

— Ewaymyn tov avtictotywv entonueidoswv OpenMP av dev vdpyovv eE0pTROELS.

e Tomu anobnkevon Tev véwov maporinioroimuévov OpenMP gkddcemv TOV KOSIKA.

Téhog, 10 otoyeio voPaiietan o eneEepyacio yio TuYOV GALOYEG TOV GYOAMAGTNKOAV KOTA T1)
dlaprela TG TpoemeEepyaciag Tov, TPOKEEVOL va datnpnBel 1 apyikn Tov AsttovpykdTnTa.

5.4.3 Asgmtopépereg viomoinong
A&omoine1 Tov povtELov EQUPROYNS

‘Eva peydio pépog g avaivong apopd Ty Tpoenesepyasio Tov KMOKO GOUPOVO LE TIG TOPO-
TNPNOELG YPNOTOV OT®S aVTEC opilovtatl amd T0 LOVTEAD EQPAPUOYNG. ZVYKEKPIULEVO, Ol 0KOAOLOES
pragmas 0£10mo1o0vToL awd T0 EPYAAEIO Y1 TN SIEVKOAVVGT TG AVAAVCONG:

#pragma aeolus function no-side-effects

H emonpeioon onimvel 6Tt pio cuvdptnon pnopetl va Bewpnbel og eAehBeprn mapevépyelag,
OV GMUALVEL OTL OEV YPAPEL GE SLEVOVVGELG VI UNG EKTOG TNG TEPLOYNG TG AVTO EMLTPETEL GTO
epyoireio va ayvoel Toxdv e£apTHGELS TOL TPOEPYOVTOL OO OTOIECONTOTE KANGELG GE OVTH TN
Aettovpyia.

#pragma aeolus loop no-pointer-aliasing

H emonueioon pmopel va ypnoyorombel yio va, SNADGEL OTL OTOL0GONTOTE TPOSTEAACLLOG
deiktng / mhéypa otov emduevo Ppdyo dev Bo emkaAvTTETAL PUE KATOOV AAAO. AVTEG Ol TAN-
POPOpPieg ¥PNOLOTOLOVVTOL Yo TV EEAAELYT EEQPTNOEDV OV TPOKLATOVV eEATIOG EUIECDV
TPOCTELACEDV YPNCIUOTOIDVTOS TIG TIUEG TOV 0pilovTaLl KOTA TO YPOVO EKTELECTG.

#oragma aeolus loop static-vectors

H emonpeimon propei va ypnoyomomBei yio vo SnADoEL OTL OTOIAONTOTE AVTIKEIIEVH KAGONGC
vector Tov VIaPYoLVV 6Tov Bpdyo dTNPOVV TO HEYEDOG TOVG KATH TN S1APKELL OAWV TOV ETA-
VOAWYEDVY, OTOPEVYOVTOG LE OVTO TOV TPOTO TIG EAPOELS TOV TPOKAAOVVTOL OO TPOCPACELS
G€ U1 KOTOVEUNEVES O1evBuvaelg LVAUNG. XP1OILOTOMVTOS OVTEG TIG TANPOPOPIES, TO EPYO-
Aeio Bempel Tovg vectors mov gpeavifovtarl otov Bpdyyo avaivong wg otatikéc cvatoryieg C.
Avt 1 évdeiln Ppédnke 6T glvon o ypNoun aeob 1 KAAoN vector ypnoilomoleitatl ToAD
oTig epappoyég C ++ TpayoTikod KOGV,
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O perayrottiotic ROSE

To epyaieio ypnoyomotetl Tov petaylmttiot) ROSE kotd ) didpketo g avaAvong KMotk 6
kG0e otoyeio 1 eEmtepikn PiPriobnkn mov opiletar amd tov ypiotn. To ROSE eivar pia vwodopn
LETAYADTTIOTH] 0VOLYTOD KMOTKO Y10 TNV KOTAGKELN EPYOLEIWV LETACYNLLATICLOV KOl GVOAVOTG TPO-
YPOUUAT®V TNYAG TPOG TTNYT Y10 EPOPUOYESG LEYOANG KAMPOKOG. ZVUYKEKPUEVA, TO EPYAAEID YPNOILO-
motel to epyaieio autoPar, To omoio eivat pua epappoyn avtdpang topaiinionoinong pe to OpenMP
Kot propel va e1odyet avtopata tig odnyieg OpenMP 3.0 og cepraxd kmdika gld6dov C/ C ++.

H evoopdtwon pe to Compiler ROSE &yt tomofetnOei kadd otnv teAkn dopn Tov epyaieiov pe
OTOTELEG O, TNV VI0OETNOT TOV TEAELTAIOV OL0OECIUMOV TEYVOAOYIDV, EVED TOPAAANAC TKOVOTTOLEL Kot
TOVG MEPLOPIGLOVG OGOV APOPd TIG ATALTGELS TTEPT ¥pNione. Me v vTosTHPIEN TOV LOVTEAOL TTPO-
YPOUUOTIGHOD, TO epyaAeio eivar o€ Béom va emekteivel Tn AEITOVPYIKOTNTO TOV €pyaAgiov autoPar,
eEakeipovtag moALES eEAPOELS TOV KOBIGTOVV TIC EPAPLOYEG TOV TPAYLOTIKOD KOGLOV OUGKOAO Vo
TAPAAAAMGTODV, YPTCLULOTOLDOVTOG KOO TPOMYLEVO OO LTI LOVTEAD Yl VAL SteEdyouy TV avd-
Avom KOoKa.

5.4.4 Extetopévn AELTOLPYIKOTNTO

O oyedloopog tov epyareiov epeovilel pnTa T dSuVATOTNTA TOV VO ETEKTEIVEL TNV VTOGTNPLEN TOL
OTIG OLAPOPES TEYVIKES OTOLOTNG TOPOAANAOTOINGONG 1 OTA EPYUAEID TOV VITAPYOLV 1| EVOEYETOL VAL
vdpyovv oto pEAAov. H ékdoon twv cuetatikdv ototyeiov eival pia avstnpd duvopkn dtadikocio
7ov evBappuvel TV Tpochnkn véwv epyaieiov otnv aAvcida epyaieiov yia tn cvveyn e&EMEn Tov
TEAKOD GYEOIAGILOV KOl TNG EQPOPLOYNG TNG EPAPUOYNG OTN JBEGTUT VTTOJO LT VAIKOV.

e aut) ™ dTpPn, 1 vrootpiEn TopaAAnAcpot tov OpenMP éxel cvumepiinebei oto oye-
SLOGHO TOV TPMOTOTOTOV OV OElyVEL LOVO Lol OTO TIG TEPUTTAOCELS TTOV UTOPEL VAL OVTILETOTIOTEL 0o
éva té€1010 gpyareio. EmmAéov épeuva Pmopel vo EVIGYVCEL TO OMOTEAEGLLOTO TG AELTOVPYIKOTNTAG
TOV €PYOAEIOV, E1GAYOVTOG LK GELPE A0 SLOPOPETIKES TEXVIKEG TOVL OTELOVVOVTAL GE £Vl EVPVTEPO
(QACLLO EPUPUOYDYV KAOMG KOl G€ GTOYOVG VAIKOD TOL UTopobV v cupPdiovy otr BektioTomompuévn
EKTELEDT] TOV OTOLXEIOV.

INa vo to emelepynoTtolyle, 1) pYAAEIOONKN TTOV TEPTYPAYALE GE AVTHV TNV EVOTNTO GYESIAGTNKE
€101KA Y100 val glvorl ETopK®G apBpmt, emTpémovTog T xpnomn npdcsbetwv epyoieiov kabmg yivovtal
Kot GAAeg Pertidoeic. ‘Etot, yo va cvoumepiingfovv nepiocdtepeg mapdAAnies EKOOCELG TOV GTOL-
yelwv, Ta eEmteptkd epyaieion LmopodV amAd vo amodnKeLGOLV TIC VEEG EKOOCELS GTOV OVTIGTOLYO
KOTAAOYO KO VO TPOTOTOMGOVY OVOAOY®MG TO GUGTATIKO SIKTVO OGS TEPTYPAPTKE TAPUTAVE®.

5.4.5 Awena@éc Yo avanton Kol EKTELECT] EQUPUOYDV OE ETEPOYEVEIC TAUTPOPHES

Extoc amd v enikowvovio peta&d S1opopeTikdy eaptnUAT@V, 1 ETIKOVOVIO LE O10POPETIKOVG
TOTOVC GLOKEVMV ATMALTEITAL EMIOTG Y10 VO EVIGYLOEL 1] LVTOGTAPIEN TNG ETEPOYEVOVG AVATTTVENG TOV
oLGTHHOTOG. AV gival Lo TPocEyyior mov dev epevviinike og fabog Katd T didpKela TG eEETaoNC
OLTAG TNG SLTPIPNG Kat, ™G €K TOVTOV, UTopEl vaL vTooTnpiEet LOvo ToAD amAoikég nepintooelc. [lept-
Aopfavetor €06, LOVo ®¢ amddEEn TG EVVOLAC, Y10 VO VTOGTNPIEEL TV TOKIAOHOPPIL TMV TEYVIKMOV
OV UTOPOVV VA ¥PNGILOTOINB00V 6TO TAAIGLO TNG XPTONG TNG VITOSOUNG.

Mo demapn] ypnotn Yo vrostipién GPU

Mia Tpoontdfeio vTosTHPIENG AVTOD TOL EI00VG TOV GUCTNUATOV EXKEVIPOVETAL GE £V, CUYKE-
Kkpévo API mov poopiletar va Bonbnoel tov ypnot pe Kvnoelg 0edopUEVOV TPOog Kot amd T G-
okevn kaBdG KoL PE TNV avATTLEN TOL KMOUKO TOL TUPTNVEL TOV EMTPENEL TV EMLTAYVVOT TNG TAT-
popopikne. Avtd 1o API mepthapBdvetl éva ochvoro onueiwv pragma gdKd GYESOCUEVOV DOTE VO
EMTPEMOVY TNV EI0AYOYN UETAPANTOV €16660V / €000V KabmG Kot TG AglTovpyieg TOL TVPTNVA TOL
TPEMEL va. KoAovvTal. Q¢ amotéleca, mapdyovtol ot avtictowes Aettovpyieg CUDA, cuumAnpovo-
VToG ToV Tnyoio kdduka eapthipatog yio avantuén og o GPU.
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H popon tov pragmas mov 0a ypnoiporomnbovv opiletot wg e€ng:

Defining a kernel input:
#oragma aeolus kernel <function> kernelin <name> type=<type> size=<size>

Defining a kernel output:
#pragma aeolus kernel <function> kernelout <name> type=<type> size=<size>

Avéntoén o€ ovokevég GPU

Me ) yprion awtov tov API, t0 epyaieio pmopei va petacynuatiosl Tov mnyaio Kadiko tov e&up-
THLLOTOG TAPAYOVTOG Lo £KG0CT) TOV OVTIGTOLYOL CLGTATIKOV OV Uropel va avortuydel o€ puo GPU.
Hopokdto, epeaviletar Eva ToPAdEYILO TOV LETACYNILATICULMOY KOOIKE, Y10, TNV KOTOVONGCT) TOV 00~
TEAEGUATOV UiaG TETOWG oviAlvong. [Ip@tdtunn Hopen Tov KOIKOL EENPTHHATOC:

int *vec_add(int *a, int *b) {
int ¢[10000 ];

#pragma aeolus kernel vec add CUDA kernelin a type=int size=10000
#pragma aeolus kernel vec_add CUDA kernelin b type=int size=10000

for(int 1=0; 1<10000; i++)
c[i] = a[i] + b[i];

#pragma aeolus kernel vec add CUDA kernelout c¢ type=int size=10000

return c;

Edo givar opati 1 xprion tov API GPU, opiovtog tig cuotoryies a kot b mg gicodot kot tov mivaka
¢ g £€€060 Yo TN Aertovpyia Tov Tuprva vec add CUDA(). Ta amoteAéopata g avdivong Kot n
napayoyn g ékdoons GPU tov otoryeiov eppavilovor mopakdtm:

int *vec_add(int *a, int *b) {

3 int ¢[10000];

// Declare pointers for the GPU to use
int *dev_a, *dev_b, *dev c;

// Allocate memory on the GPU

cudaMalloc ((void **)&dev_a, 10000*sizeof(int));
cudaMalloc ((void **)&dev_b, 10000*sizeof(int));
cudaMalloc ((void **)&dev_c, 10000*sizeof(int));

//Copy the arrays a and b to the GPU
cudaMemcpy( dev_a, a, 10000*sizeof(int), cudaMemcpyHostToDevice);
cudaMemcpy( dev_b, b, 10000*sizeof(int), cudaMemcpyHostToDevice);

// Launch the kernel with 100/128 thread blocks of 128 threads
dim3 block (128);

dim3 grid ((10000+ 127)/128);

vec_add CUDA<<<grid, block>>>(dev_a, dev_ b, dev_c, 10000);

//Copy the array c¢ back from the GPU to the CPU
cudaMemcpy( ¢, dev_c, 10000*sizeof(int), cudaMemcpyDeviceToHost);

// Free the memory allocated on the GPU
cudaFree( dev_a );

cudaFree( dev_b );

cudaFree( dev c );

return c;
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5.5 Emaoyn Teyvikov - Technique Selection

5.5.1 Ileprypaon

O oKomdC TG ONLovpyiog UaG SEGUNG SLUPOPETIKMOV TOPUAANAIGUEV®Y EKOOCEDY TMV GUCTOTL-
KOV oTotyelmv Kabdg Kot SopopeTik®V ekddcemv TV API emucowvoviag £ykeitat 6t felticTonoinon
NG amOO0GNG TNG EPAPUOYNG, OVALOYA LLE TN PVOT TV GTOLYEIDV KOl TOVS S10BEGILOVS GTOYOVS VAL-
kov. [Ipoxeipévov va enttevybel 0vTdg 0 6TOYOC, VIAPYEL AUEST] AVAYKT Y10 VAV UNYOVIGUO OTOPUOT|G
7oV Bol EMAEEEL TIG KATAAANAES VAOTOMGELS TOV GE GLUVOVACUO LE TO GUYKEKPIUEVO GYEDIO AVATTL-
&ng Ba &yovv ¢ amotédecpa TV avénor Tng amdd0oMG Kot TNV EAAYLOTOTOINGT TOV OTOTUTMUNTOC

1oYVOC KoL LLVAUNG.

5.5.2 Emloyn £K0001G KOOIKA,

210 TPAOTO GTAI0 TNG AELTOVPYIKOTNTAG TOV, TO EPYOAEID EMALYEL TNV KOAVTEPT TEYVOAOYiD TTOL-
paANAopob yio kGO otoyeio (m.y. OpenMP yia cvoetiuata CPU mollaridv mopnivev, CUDA 1
OpenCL ywo GPU, mopnveg IP yio FPGA k.AT.) oOup@va pe 1o ox£510 avamtuéng Kot dnpuovpyel to
TPAYLOTIKO GUVOAO TV GTOLXEI®V oL B ypnoyoronBodv Katd tnv avantouén.

e autn T olatpiPn], ot TexvoAoyieg mov vootnpilovtol amd To epyaAEio VTOUATNG TOPOUAAN-
Aromoinong AEOLUS meptlopfdavovv povo v €kdoon OpenMP tov eéapmnudtov. Q61060, 6mmg
neptypapetonl oty evomra B.4.3, mopéyetar évo API yuo ™V avtodhoyn Kot Ty avamtoén dedopé-
vov og 6toyovg GPU, mov emttpénet TV EKUETAALELON TOV TVPIVOV TOL £YOVV AVATTVYOEL Ao TOV
xpiot CUDA. Eto1, oty mepintmon mov éva otoryeio oyedidleton va tpéet o€ £va ouotnua CPU,
emAéyetor 1 ékdoon Tov OpenMP, emitpénovtag T SLVaTOHTNTO TAPAAANANG EKTEAEGNC TOV GTOLXEIOL
YPNOCLOTOLDVTOSC TOAALOTAG VLT, ATO TNV GAAN TAELPA, €4V TO GYEd0 avATTLENG avabETeL TO
otoryeio og pia GPU ywo va emtaydvel Ty extédeon tov, emidéyetan n €kdoon CUDA (mov mapéyeton
omd Tov ¥pnoTn), vobétovtag 6Tt To API ypnoiponombnke e emiTvyic. 6GTOV KOSIKA GUVIGTOCHV.

I public void TechSel {
boolean gpu flag=false , fpga flag=false;

for(int i=0; i<Components.size (); i++) {
if (Components. get(i).getLoops().size() == 0) {
Components. get(i).setFinalVersion“(”OpenMP) ;
continue ;

e T I N

}
8 else {
9 for(int j=0; j<Components.get(i).getLoops().size(); j++) {
10 if (Components. get(i).getLoops().get(j).RunsOnGpu()) ¢
11 gpu_flag = true;
12 }
3 else if( Components.get(i).getLoops().get(j).RunsOnFpga) {
14 fpga flag = true;
15 }
16 }
7 }
18 if(gpu_flag && !fpga flag) {
19 Components. get(i).setFinalVersion“(”CUDA) ;
20 }
21 else if(!gpu flag && fpga flag) {
Components. get(i).setFinalVersion“(”VHDL) ;
}

H dwdkacio g emtloyng mov TeptypapeTal TUPOTAVE aPopd T LETAPPUCT TOL GYEdiOV eYKa-
TAGTOONG OO L0 EKTPOCAOTNCT] VAIKOD YOUNAGTEPOL EMTEIOV TOV GLGTOTIKAOV GTOLYEI®V GE £val
AOYIG KO vyMAGTEPOL EMTESOV. O1 TEAKEG EKOOGELG TOV GLGTATIKAOV GTOLXEI®MV amobdnkevovton Ee-
YOPLOTA Ao TIC AAAEG dla0Eaipeg ekOOGELG Kot elvar £Totueg va PeATimbBoly Kot va avortuybolv amd
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70 Deployment Manager (evotnra b.6).

5.5.3 Emloyn teyvikig eKTéreonc

To povtého epapuoyng opilel 0tL éva ochvoro otolyeimv Ba Aettovpyei ave&dptnTo Ko TopOA-
ANAd, VO AAANAETIOPOVV HETAED TOVG, Y10 VO, ATOTEAEGEL TN GUVOAIKT AELTOVPYIKOTNTO TNG EPUPLLO-
NS AvTog givat £vag YeEVIKOG OptopOS O EMLTPEMEL Kamoto evehiéio otV TE(VOAOYin TOL UTopEl va
ypnoponombet yio v ovAamTTuEn TS EQAPHOYNG, KOBMDC KOl Yl TNV EMKOWVOVIK LETUED TV GTOl-
yelov. 'Etot, évag pnyaviods Mg amopdcemyv ivat amapaitnTog yio Vo, dmoQacIoTOVY T0 TPOTLTH
TEYVOAOYIOG TOV TPEMEL VAL KOAOVONGEL 1) EPOPLLOYN TOV.

Qo61600, QLT 1 ATOPACT) deV £)XEL VO TOGO VPV PAGHLO ETMAOYDV, AOY® TNG VYNANG a&lomoTiog
TOV TTPOG TO G010 avATTLENG oL KaBopilel T BEon Tovg TAvm otV TAaTEOpL LAKOD. Ta oTotyeio
7ov avtiototyilovol otov 1010 kKOpPo eneéepynsiog ¥pNOILOTOIOHY TOV 1010 Ydpo dievdvveemv, no-
pévag ot Piiiodnkeg 6nmg to pthreads kat o OpenMP pmopovv va ypnciponomboidv mopdiinio ce
Eexmplotd Bépata. Amo TNV AAAN TAEVPA, Ta oTOLYElD TOV EYoVV eKY®PNOEl Yia ekTédeon o€ dlapo-
PETIKOVG KOUPOVG TPETEL VO XPTGLOTO0VV AAAOVG TOTTOVS PIPAI0ONKOVY Yia va Agttovpyodv o€ Eva
nepPdAdov 6mov ot kopPot epydlovratl oe daPopeTIKo ydpo devduveewv. H ypnon pag epaproyns
MPI 6rwg MPICH kot OpenMPI givar pio Kotvi] A0on o€ TETOEG TEPITTOCELS EOIKA Y10 YADCOES
yopunAob emmédov, 6nme 1o C.

Y10 TAaiclo VTG NG epyaciag Bo cu{NTACOLLE [0 EPAPLOYT] TOV EICAYOUEVOD GUGTHUATOS
ypnoponowwvrog povo pthreads kot OpenMPI (BAéne kepdiaio 5.8: Deployment Manager), aAAG
OGS Ko Ue TG vroroutes povadeg AEOLUS éyovv avamtuyfel povo Pacikég Aettovpyieg, £Tol doTE
UEALOVTIKG 01 EMEKTACELS HopovV va Tpoctedolv devphvovtog TV VTOGTHPIEN TOV GLGTHLATOG Y10
EPLocoTEPEC PiPAtodnKec Tov UTOPOVV Vo PEATIGTOTOIGOVY TO AMOTEAECUATO TNG avanTuéng. H
oTPATNYIKT TOL B0 aKkOAOVONGOVE GYETIKA LE TNV TEYVOAOYIKT ETAOYN TNG EYKATAGTAONG GYETI-
Cetar avotpd pe TIc 0dnyieg Tov oyediov avamTLENG GYETIKA LE TO avTIKEIEVD emkovoviag. Kade
OVTIKEILEVO EMKOVMVING TPOGEYYILETOL 0O £VO. GOVOAO GTOLXEI®V TOL HTOPOVV VO, EKTELEGTOVV GTOV
1010 1 6€ GALO YDPO HVIUNG, OTTOTE 1] KATAVOT CLTMV TOV OVIOTHTOV G€ OAO TO VTTOAOYIGTIKO GUVEYES
Kk000opileL TOV YOpUKTAPA EPAPUOYNG TOVS. ZVYKEKPIUEVD, LEAETMVTAL SVO SLOPOPETIKEG TEPIMTOGCEL
GYETIKA [LE TNV DAOTOINGN EVOG OVTIKELEVOD EMKOVAOVIOG:

¢ O)o To otovycia mov oYETILOVTOL NE TO GVTIKEIPEVO EKTEAOVVTOL GE £V GUOGTING KOWVHG
pvnpung
211 oLVEKELX, TO OEGOUEVA LITOPOVV VAL AVTOAAOYOVV LLE AGPAAELN (OC Lo StoptotpalOpevn doun
ot pvnun. Ta otoyeio extehovviol ®g EexwploTd viUATo XPNCIHLOTOLOVTAS TN PLA1061 KN
pthreads pali pe ta tpoétvma POSIX yia v npdcPacn ota dedopéva.

o Ta otoyyeio mov oyeTilovTal pe TO AVTIKEINEVO EKTEAOVVTOL GE OLOPOPETIKG GLOTHNOTA
pVNpUNG
"Eva tpoTOK0oALO HETASOONG UVOUATOVY EIVOL OTOPAITNTO Y10, TN LETOPOPH TV dedopuévav. Ta
ototyeia ektelovvtal og Eexmplotég depyacieg MPI ypnoiponoidvtog t fipitodnkn OpenMPI,
evod ta API ov mapéyovtotl oamd to MPI ypnoiporolovvral eniong yuo tnv tpodcPacn ota dedo-
péva.

ZOUQOVO LE TIC TOPATAVE OTOPAGELS, Ol 0VTIGTOXES VAoToMoelg v API emidléyovton kot omo-
Onkevovrar pali pe v TeAKn €K600T TV GLGTATIKAV.

5.5.4 Extetopévn AELTOLPYIKOTNTA

O oyedlacpdc avTig TS HOVAdSAG ERPAVILEL GOPMOS TN dVVATOTITA TNG VO ETEKTEIVEL TNV VITOGTI-
pL&N g oTIg S1apopEG TEXVIKEG 1| PLA10ONKES TOL VILAPYOLV 1 EVOEXETAL VA LITAPYOLY 6TO PéALOV. H
enéktoomn ¢ ovuPadilet pe to epyaieio avtdpang TOpaAinionoinong, To omoio aenvel TepOdpLo
Y10 LEAAOVTIKEC TPOCONKES, LLE OMOTEAEGLO VO, SIOAEEETE MO TPOTOTONLUEVEG EKOOCELS TMV OPYLIKMDV
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eCopudtov. Otng kot pe ) ovurepiinymn tov ekddcewv CUDA nov vrootnpilovral and to GPU
API, nep1oc6TEPEC EKOOGEIS LTOPOVV EMIGTC VO TAPEYOVTOL OTO TOV YPNOTY, VTOOETOVTOG OTL VTLAPYEL
1N avtictoyn vrootNP&n Yo TV avamtuén Tovg oty dabéatun vrodour VAIKOD.

5.6 Awysiprotiig Extéleong

5.6.1 Ileprypaon

Ag v0PEGOVE P10L EQPOPLOYT TTOV aKoAoVOEL TO LOVTELO IOV TEptyphpnKe otV evotnTo B ko
Lo TEPITAOKT ETEPOYEVI TAATPOPLLOL VAIKOD OV TEPILOUPAVEL SLUPOPETIKEG CLOKEVEG KOL APYLTE-
KTOVIKEG OTIG OTO1eg TPOKELTOL VO EKTEAECTEL 1] EQUPHOYN. X€ ETEPOYEVT] VTOAOYIOTIKG GLGTIHATO,
0 TPOYPOLUATICTAG Elvar LITEVBVVOG Yo TNV VAOTOINOT TNG AVATTLENG TG EQUPLOYNS OTO SLAPOPO
e&opTpaTo VAIKOD, eEAGPAAILOVTAG TOVTOYPOVA TIG AVAYKES ETKOVMOVIONG TOV UTOPEL VO TPOKHYOLV
petalh TV 6TorKEIV TOL AOYIGLUKOD 1] TV EEQPTNUATOV Kol TOV EEMTEPIKAOV GVOKEVAOV. Aappdvo-
vtag voyn OAeg Tig drapopetTikég Pifitodnieg Kot epyaieio Tov TPEMEL va YpMoIoTomBodv Kot Tig
OLOPOPETIKES OAUOPPDGELS TOL TPEMEL VO TPAYLATOTOM OOV Yia TNV avATTLEN OIS EPOPUOYNG O
éva etepoyevég mepIBarAov, umopet va eivar pia, toAd cuvBeTn Kot ypovofopa dlodikacioL.

O ot610G ToL AEOLUS givat vo eAay1GTOTOMGEL TV TPOSTADELN KO TIG YVDGELS TOV OIOLTOVVTOL
Ot TOV TPOYPUUUOTIOTH Y10, TNV OVATTTUEN LG EPOPULOYNG TOV EKTEAEITAL GE ETEPOYEVT] GLUGTILOLTOL
H 13éa mov culntdape edd eivar yio pua Eex@ploty evOTNnTa TNG APYITEKTOVIKNG TOL TANLGIOL OV Oa
0£0e1l G TPOYPUUUATIOTHG VO KAVEL OAEG TIG OTOPAITNTES SIOUOPPADCELS Y10 VAL AVOTTOEEL TO. GTOLYEIL
TapAAANAa og oxéon He TV emkovovia petald tove. o tnv vAomoinon evog Tétotov Tapdyovta, o
KOJIKOG OOV TPETEL VoL OPLGTOVV 0L AALPAITTEG SOUEG KOt AgtTovpyieg Tpémet va dnpovpyn el katd
TOV YPOVO GUVTOENG, £TCL MGTE OAOKAN PN M EQUPLOYN VO UTOPEL VO GUVTOVIOTEL KATA TNV EKTEAEDT)
ToL ¥povov. AAAG 1 peimon g Tpoomddelog Tov avlpdTIVOL TapdyovTa GNUOIVEL T dnpiovpyia
evog TEXVNTOV HEPOVG TTOL glvarl LTEVBVVO Yo OAO TOL TEYVIKA LEPT TNG AVATTLENG TTOV O XPNGTNG OEV
umopei 1) 0V TPEMEL VoL Eiva.

e avtnv TV evotnta Ba oulntn el  AettovpykdTnTo EVOG EPYaAEiOL TOL avaPEpeTal G Ala-
yeprotg Extédleong”. Ot d109opeTikég TPOcapHOYES Kot PEATIOCELS KOO EKTEAOVVTOL OG TEAKO
GTAO10 TNG AVATTLENG TNG EPAPUOYNC, AKOAOVOMVTAG TNV OVAALGCT KOl T ATOTEAECUATO TV TPOT)-
YOUUEV®G SVINTNUEVOV EPYUAEIDV KOl LOVTEA®MV EQAPUOYDY OT®S opilovtar amd tov ypnotr. Emt-
TAEOV, TOPAYETOL £VO GHVOLO GEVOPIMV OV OVTIGTOLYOVV GTNV TOPATAVE® OAOIKOGI0, VAOTOIDOVTOG
TNV TPAYLOTIKT GLALOYN KOl avATTLUEN TOV GTOLYEIDV 6TO d1aBEGILo VAIKO.

5.6.2 Tlpoowypa@és oyediaocng Ko OlEmTaPES

'Onwg 110M avaeépbnie, 0 vTeLOVVOC AVATTLENG Eivat LTEVOVVOG Y10. LLLOL GELPE EVEPYELDY GYETIKA
LLE TNV EVOOUATOOT TOV GTOLXEI®V KoL TNV 0DTOUNTN 6VVTAEN EKTEAEGT] TOVE, TPOKELUEVOD VO S1EVKO-
AvvOel ) dadtkacio avdmtuéne. Xe oot TNV evotnTa, avtd To Prjpata Ba Teptypa@oby AETTOUEPDG,
EVO 0NV ENOUEVT evOTNTA B0 GLUTEPIANPOOVY KoL OPIGUEVEG AETTOUEPELES EPAPUOYNG YOUNADTEPOL
emuédov. Tto oynua b.3, answovilerar n Aetrovpykdmta Tov pyaleiov.

Onog paiveton oo oyfue B.3, 1 pon epyadeion tov Awyepiot Extéheong pmopei va xopiotei oe
tpio otddia. [Ipdtov, vdpyel n povteAomoinon Tng EPapUOYNG OTOL YPNCILOTOLEITOL VO GUVOAO KO-
TNYOPLOV Java yio tnv TEpLypaen TV oTOLYEI®MV, 0 TPOTOC EXIKOVOVING LETAED TOVS, 1 XAPTOYPAPN oM
TOVG OTIV TAATQOPLLE VAIKOD Kol TANPOPOpieg GYeTIKA pe To dedopéva 1 To oNpaTe Tov xpetalovron
Yy TV avtoddayn. Agvtepov, Ba mpaypoatomombei n dnovpyio Tov avaykaiov apyeiov, To oroio
B0 emTpéyouv TNV EVOOUATOOT TV oTOYEIOV LETAED TOVG, LIE TOV TPOTO AVTO TNV EMKOLVOVIO |-
Ta&0 TV SEdpOV TUNHATOV TNG PaploYns. Téhog, Ba dnpovpynbei déoun déoung evepyeldv yia
TNV KATOOKEVT KOl TOTOOETNGN TV SLASIKOV APYEIDV OTIG AVTIOTOLYEG UNYOVEG.
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s Parsing Component Network, Deployment Plan and Platform Description
¢ Parsing code for communication objects and API calls

s|ntegrating components in a single application
¢Implementing communication through the Programming Interface

*Generating compilation scripts for downloading and building the application
sGenerating deployment script for execution on the hardware infrastructure
. s Automatic Building and Execution

Xynpa 5.3: Pon extéheong tov Awyeproty Extéleong

Movtehomoinen spappoy®v

Mo v evopynotpmon ¢ avATTLENG COUPOVA LE TIG 0dNYiEG TOL ToYEdIOV AVATTVENG KOl TG
EVOTNTOG EMAOYNG TEYVIKNG, 0 VIEVOVVOG aVATTVLENG TPETEL VO GUAAEEEL OAEC TIC AALPOALITITEG TATPO-
QOPiES Y10 VO LOVTEAOTIOIGEL TNV EPAPLOYT OVE GUVICTMGO GUVOOEVOLEVT] OO TO AVTICTOLYO OVTL-
Keipeva emKovaoviag. AVvtég ol TANPoPopieg eival KATAAANAL evempotopéveg ata apyeio XML tov
Component Network and Deployment Plan kafd¢ kot péoa otov mnyoio kdOKo e T HOpPT| oNueiov
pragma.

1. Avéivon apyeiov povréhov XML

[pdtov, ot arapaitreg TANpoeopie eEGyovtal amd 10 dIKTLO GUVICTOGMOV TPOKELLEVOL VoL Kol
TOGKELOOTEL £VOL LOVTEAD EQPAPUOYNG XPNOILOTOIDOVTIOG v GUVOAO Katnyopldv Java. Iapéyovtan
TANPOPOpPiEg OTMS TO, OVOUATO TMV CLUGTUTIKAOV GTOLYEI®V, TA apyYeiot TPOEAEVOTG KOl Ol SLOOPOUES
670 YOPo omobrKeLoNC, KAOMC Kol 1 TOTOBETNON TV oTolXElOV UEGH OTO OIKTLO TV GTOLYEI®V,
7OV OTUOIVEL TIC OAANAETISPAGELG TOVG LE GALA GTOLYXEIN KO TO OVTIGTOLY VTIKEILEVO ETIKOVAOVING.
EmimAéov, Pacikég TANPoQOpiec GYETIKA LE TO AVTIKEILEVO EMKOV®VING AopupavovTtot emiong yio va
SLUTEPIANPOOVV 6T0 dikTLO. XAPAKTNPIGTIKA TOV YOPAKTNPI{OVY VTH To OVTIKEIIEVA ETIKOVOVING,
OT®G ToL OVOpLTA, TO HEYEDOC, N TNYN KOl 0 GTOYOG TOVG, EAYOVTaL amd TO JIKTVO GUVICTMGMOV TPO-
KEWEVOL Vo, d1ovpyndodv ot avtioTolyeg ovtOTNTEG GTO LOVTELO.

H zmeprypagn| tng mAaT@Oppag avaideTol ETIONG Y10 T GLAAOYN TOV OESOUEVOV TTOV OLPOPOVY T
dwbéorpa otoryeia VAKoD. O GYeSUGLOG TG OPYLTEKTOVIKNG TOV CLUGTHUATOSG TEPIAAUPAVETAL GTO
HOVTEAD €QUPLOYNG KAODC Kot TANpoeopieg Yo Kabe pepovopuévo punydvnua 1 cvokevn. ‘Etol, ta
YOPUKTNPLOTIKA OTMG 1 GLYVOTNTA, TO €0pOC {dVNG, N Lvnun cache, o apBpdc Tupvov, 1| dievbuvon
IP cuykevtpdvovtal yio Tov GuVTOVIoUO TNG avarTuéng otV vtodopr vAkov. H cuoyétion peta&y
TOV OTOLYEIMV TOV AOYIGHIKOD KOl T®V OVTIKEUEVOV ETKOWVOVIOG TOVG, KOOMG Kol TV eE0pTnd-
TOV VAIKOD TNG TAATQOPUAG, ETLTVYXAVETAL UE TNV 0VAAVGT TOL Xyediov Avamtuéng. Kabe cuotatiko
GTOLYEI0 KO AVTIKEIEVO ETIKOIVAOVIOG YOPTOYPAPEITAL GE EVOV GUYKEKPIUEVO GTOLYELD VAIKOD, omdTE
KO 0UTH 1) GUVOEST TEPIAAUPAVETUL GTO LOVTELO EPAPLOYNG CUUTANPOVOVTOS TN dOUN TOV.

2. Avayv@pion OVTIKEIREVOD ETLKOIVOVING

To AEOLUS &givat vrebBovvo yia ) dnpuovpyio evog Kotvod mepPAAlovTog Yo T0 GUGTUTIKA TOL
TPOKELTOL VO EKTELECTOVV, GE £vOL LYNAOTEPO AOYIKO EMIMEDO OO AVTO GTO OMOI0 AELTOVPYOVV TCL
ototyeia. Ola o kowd dedopéva PpiocKoviol 6To YMPO OVOUAT®V Tov HotpdleTot petald OA®V TV
GTOLYEIOV TOL OTOTEAOVV TNV g@apUoy]. Edv 600 otoyyeio kowvdypnotwv dedopévev ovopdlovtat
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Zympa 5.4: Movtého eQoprOYNG

to 1O, avtipeTonifovtol og 1o 1610 ototyeio amd v vrodour. O YOPOG OVOUAT®V KOWVMV dESOE-

vov opileTal ®g T0 GOHVOAO GTOLYEIDV KOWVOYPNOT®V ded0UEVOV GE OA TO GTOLYEID TOL GLGTAUATOG.

AVTO dev TTPEMEL VO GUYYEETAL LLE TOVG YDPOLVS ovoudtv ot YAdooa C mov meplopilovtol o€ va

LELOVOUEVO oTOLYETD.

// Declaring a communication object called the data, linked to the // local
variable data

#pragma aeolus shared in the data offset=896
uint8 t data[128];

10 mapomave mapaderypa, n petafAantn the data Bpicketal 6To KOOXpNOTO YDPO OVOUATOV
ded0UEVOV € OXO TO GVOTNUA, Ta OEGOUEVA EIVOL TOTIKA 6TO 6TOLXEI0 C GOUPMOVA LLE TOVG KAVOVIKODS
kavdvec oprobétnong tov C.

[pokepévov va TpocsdloptoTohy Ta SESOUEVE EMKOVOVING Kol Vo cuvdgBoDV 01 TOTIKEG LETO-
BANTéG TOV APOPOVV T 1010 AVTIKEILEVE ETKOVAOVIOG, £V TPOKOTAPKTIKO CUUTAT| PO TOV KMOTKO
Bo Eexvnoel TNV avdivon. Zvykekpipéva, o ypnoomombody 800 oyolacuol pragma mov wopé-
YOVTOL OO TO HOVIEAO TTPOYPOUUOTIGHOV, £TGL OOTE TO OVTIKEILEVA EMKOVOVING VO UTOPOLY VO
MNAwBovv cg mep1Baiiov vymAotepov emmédov. Otav dnAdVETUL Eva AVTIKEILEVO ETKOV®VING, O1-
AdveTon emiong m avtictoyn mAnpogopia, 6T®MG 0 PEYEBHS TOV, TO GVOpa TNG TOMIKNG HETAPANTAS
670 omoio amobnkevovTol To SedOUEVA, TO TPOTOKOALO TOV YPTCULOTOLEITAL Y10, TH LETOPOPE KAT.
2OHPOVO LE TO TPMTOKOAAO TOV £XEL OPIOTEL Y10 £VOL TO AVTIKEILEVO EMKOWVMVING, O TPOTOG LE TOV
omoio yivetar TpocPact o€ avTd TO AVTIKEIILEVO, AALALEL KO O1 ATOLTIGEIS GUVETELNS TMV OEOOLEVMV.
Mepikoi eEaoparilovv d1000yIKn GLVERELN 1 IGYLPOTEPT, EVD GALOL deV 0pilovV Kapio GUVETELD Kot
0 TPOYPOAULOTIOTNG TPETEL VO, YPEDCEL LLE TO YEPL CLYYPOVIGLO.

To HOVTELD EQOPUOYNG CUUTATPOVETAL UE TIC TATPOPOPIES TOL TPOEPYOVTAL OO TOV TNYOI0 KO-
dka, omoTe 0 Atoyelprtotg Extédeong umopet va mpoywpnoel 6TV VAOTOINGN TNG TPUYHOTIKNG AvE-
nroéne. H apyitektovikn Tov HovtéAov Tov dnuovpyndnie akoAovdel tn dopn Tov S0y paLATOS OTO
Syfine 5.4.

Kotaokev] pog e@appoyns Torlamimdv S1EpYooLOV

Yrdpyovv morrég BipAiobnkeg mov pmwopovv va, ypnotpomom oy yio v mopdAnAn eKTEAEC
TV otoryeiov. KaBodnyobpevn amd Ty emthoyn PA0ONKNG TG EVOTNTAG ETAOYNC TEXVIKNG, O LITED-
Buvog avanTuéNg aVamTTUGGEL TNV LAOTOINGT TNG GUVTOVIGUEVNG EKTEAEOTG TV oTolXElmV, poll pe
™V enKowvwvio mov arorteitan petald toug. To HoVTEAD TPOYPAUUOTIGHOD EyyVATal TNV OveEOPTN-
ola TV oTolyeimV Kot £xEl oYed100TEL £101KA £TO1 OOTE Ol LEDOSO1 ETKOVMVING TOV YPTGLLOTOLOVVTOL
UTOPOVV VoL EMAEYOVV HETAED TOIKIA®Y EMAOYDV, GUUTEPIAAUPOVOUEVOV TOV SLOPOPETIKMV BLAl0-
Onkov, texvoloyimv Kot TpmtokdAioy. Emopévac, ta ototyeio O mpénet va umopolv vo EKTEAOVVTOL
¢ aveEAPTNTES O1EPYOGIEC TOV PHITOPOVV VO ETKOVMOVOVDY HECH TOL SIKTVOV, HECH UNYOVICUMV VITO-
d0YNG M KOOl KoL YPNCILOTOI®mVTAG TOTkO 1 cloud storage yio vol (uAovv o €vag 6Tov GALO HEGH TOV
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Yympa 5.5: Algpopeticég viomotoelg tov SPMD povtélov pe yprion viHAToV Kal diepyacidv

Programming Interface. Ot 510QpopeTIKEG EPAPUOYES LTOPEL VO SLOUPEPOVY AVAAOYQ LE TIC SLOPOPETL-
KEG AOTIGELS TOV GLVOVTAOVTOL KATA TNV avArTTLE.

To AEOLUS é£yet oyediaotei yio va xpnoiponolel tnv mowidio epyaieiov mov £yovv avamtuydel
vl TN BEATIOTONOIN O TNG ATOS0GNC CUUPDVOL LLE TIG TOAVOLACTATEG OMAULTNCELS OTWS O YPOVOC EKTE-
Agomng ko 1 Ketoviiwmon evépyelog. o va axoiovdnoet avtod to kivtpo, o Alayepiotig Extédeong
VAOTOLEL TNV OVATTTVEY TV GTOXEL®V OE GYECN HE AVTEG TIG OMOLTHGELS. ['ia To oKOTd 0V To, 1 dlemapn
TPOYPAULOTIGHOD VI0BETNGE TO TPTOKOALO MPI Y10 eKTEAEST] GE GLGTIOTO STOVEUTUEVIG VI LNG
Kol £€v0. GOVOAO TEYVIKAOV OMOVPYIOG VILATOS KOl GUYYPOVIGHOD Y10 TEPALTEP® TAPUAANMOUO GE
KkaOe KOUPO KL GVVTOVICUO HETAED TOVC.

H apyitektovikn g epapproyng £xel oxedlactel yio va akoAovbei to poviého SPMD yia v ekté-
AECT] T®V OLOPOPETIKAOV EPYACIOV TOL {NTOvVTAL OO TOV ¥PNOTN TopdAAnia. Mia aenpnuévn (ko
€0KOAN aKoAovBin) VAOTOINGCT TNG AVATTLENG TV CLGTATIKOV GTOLXEIMV V10BeTEL TANP®G WTO TO
povtéLo kat vAomotei v kopveaia de&id BN omd to Zyfue B.5, oo onoio o TpOYpapa Snpovp-
vel TOAAATAG VILOTO Y10 TV EKKIVIION KOl TNV EKTEAECT TOV GTOLXEI®V. AVTO TO HLOVTELO Umopet val
epoppoctel LOVo oty mePinTmon VOGS GLGTNLATOG KOVOYPNOTNG LVAUTG, OTOV O XPNGTNG AToPaci-
o€l 0L OAa Ta oTotKEla Ba Tpémet var ektehovvTOL 6TOV 1010 KOUPBo/SMP.

Ye o Topopoto oA Tepintor, 6Tav 0 ¥PNoTNG EXEL ODCEL EVIOAN OTNV EQOPLOYN VO EKTEAE]-
TOL G€ £VOL 1O TEPIMAOKO TEPPAAAOV O EVal Kot LOVO UNYOvN A, (.. VO, YPTCLLOTO00V SL0POPETL-
KOUG KOUPOVG EVOG GLOTNUATOG CUUTAEYHOTOG), OTOLTEITOL £V TPOTOKOAAO HETAGOOTG UIVOUATOV
Yo TV OVTOAAQYT] OEOOUEVMV GE LU0 KOTAVEUNEVT LWV space, £T61 ®aTE va, v1oBetnBel To Tpw-
t6k0AAo MPL Avt eivan 1 kéto apiotepn mepintoon oto Zyfua B.9. Ze avtqv v nepintmon, ta
SLopopeTIKA oToLyEin ekteAovvVTOL TO KaBéva w¢ Eeymprot dadikacioo MPI, cOhppwva pe 1o oxédio
avantuéng, 6ha Aettovpyovv mapdiinia. H epoppoyn Atenaeng [poypapplaticpod pnoionotet Tig
avtiotolyec Asttovpyiec MPI yia ) petagopd de00UEVOV KAl CUATOV GLYYPOVIGLOD HETAED TV
otoeiov. O Awyeiprotng Extéleong etvar vevBuvog yia tn dnutovpyio TV omapaitntov apyeiov
v T O€GELOT TOV GTOXEI®V G€ o epappoyn MPI kat yio ) dNAmon Twv dopdv Tov amaiTov-
VTOL Y10 TNV VAOTOINOT| TG EXKOWVOVIOG. AVTA To apyEic TEPLYPAPOVTAL AETTOUEPADC GTNV EVOTITA
’YAonoinon’.

M mio mepimhoxn epappoyn Bo Tpoomadnosl vo PEL®GEL TO YEVIKA ££000 TTOL TPOKOAOVVTOL
omd ™ dnpovpyia dStopopetikdVy dtadtkactmv MPI, evd mapdAinia o expetodievtel TIg SuvatdTN-
TG TOAA®V TUPHVOV TV dlaféciu@v pnyavnudtov. o to okond avtd, 1 EKTELECT] T®V GTOLYEIOV
7OV EKTELOVVTAL GTOV 1010 YMPO UVALNG VAOTOEITOL MG dlapopeTikd vipata TG it dtadikaciog.
To amotéleopo sivor TopOROLO (e TO KoThTato dikaiopo oty ewdva B.3. ‘Eva chvolo dtadikacidv
MPI Eegxwvaet (€va yio kdBe drapopeTikd pnydvnua), kabéva amd to omoio dnpuovpyet po oelpd amd
0éuato yio Kabe 6ToLYEI0 TOV £XEL AVTIGTOLYIOTEL GTO YMPO TNG UVAUNG TOV. AVTN €IvAL 1] TO YEVIKN
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TEPIMTTOOT TOV TAPOUTAVE®, OOV 1 TOPAAANAN TOPUALAYT| TOV SOUPOPETIKOV GUVICTOCMV ETLTVYY-
VETOL G€ EMMESO TOTIKNG UVALNG OO L0 OTTTIKT YOVid, 0AAG KOl GE EMIMESO KATAVEUNUEVIG LVILNG
oo £va TOAVETEEEPYUCUEVO.

‘Olec ormpooeyyioelg £xouv To O1KA TOVG OQEAN KoL TOL LLELOVEKTILLATE TOVG OGOV 0lpOPE TN GLUTE-
piAnymM emmAéov pOVoL EMPAPVVONG, KATAVAAMGNG EVEPYELNS 1 OTOTVIMUATOG pvAuns. H kaddtepn
TPOGEYYIOT TPEMEL VAL ATOPUCIOTEL LE BAOT T S1APOPETIKG TYEI KO OTTOLTHOEL TNG EQAPHOYNG TOV
avomTOoGETAL. AVTOg gival o Adyog Yo tov omoio 1 AEOLUS evBoppivel S10popeTikég ETavorlnyeLs
avamTLENG Y10 TN SOKIUN SLOPOPETIKMY YOPTOYPUPLDV KOl TEXVIKMV, PEATIGTOTOIDOVTOG TIC EMOOGELS
TOV GUGTILLUTOG XPTCLLOTOLDOVTOS TOAAUTAL AVTIKEEVIKA KPLTHPLOL.

Eveopdarmon pe tn d1€ma@) TpoypupipoTIicov

H viomoinon tov Ateragn| [lpoypappatiopov eaptdral o€ peydio Babpd amd to LovTELD EQOp-
LOYNG TOL £YEL EMAEYEL Y1t TNV EPAPUOYN OIS eENYeitan 6TV TPOTYohUEVN Tapdypapo. AVTOg eivat
0 AOY0G Y10 TOV 01010 KOTA TN S1EPKELD TNE EVEOUATMOONS TOV EEAPTNHATOV TNG EPAPUOYNE ONUIOVP-
yobvTal Eniong ot amapoitnTtes Sopég akoAovOdVTOS Ta TPATLTO OV TTpoTeivovtal and v Teyviky
Emioyn v tv vAomoinon g emwowvoviag petad Tmv cuvieTOo®Y 6To TEPPAAAOV VAIKOD TO
VTOJEIKVVETAL OO TO LYE010 AVATTUENG. AETTOUEPEIEG GYETIKA LE TIG TPOUVOUPEPOUEVEG OOLES TOV
YPNOLOTOOVVTAL LItopovV Vo BpeBov oty evotnta Y Aomoinon ™.

Anmovpyia kot avarTun SVASIKAOV apyeimv

H avéntuén tov ototyeimv ot cuykekpipévn vrodoun vAKos ivar 1 facikn Aeitovpyio Tov Ato-
yewprot) Extéleong. Evo avtd 1oydet, n mpayuatiky] avamtoén sivor pio evépyeia mov £xet exywpn el
OTO XPNOTN HECH EVOC GUVOLOL GEVaPIMV OV Tapdyovtal and To epyareio. KatevBuvopevo amod to
Deployment Plan, to DM dnpuovpyet to scripts LeTayA®TTIONG TPOKEUEVOD VO, ONLLOVPYNGEL TO. dLO-
OIKA opyEln EPOPLOYDV OTIG OVTIGTOLYES UNYOVEG / GUOKEVEG OTAV O XPNOTNG EMAEEEL VAL TIG EKTEAEGEL.
H Swdwaocio culioync cuveyiletol o Gyéon Le TNV EAA(IOTOTOINOT TG TEPLTTNG ONpLiovpyiag dva-
OKOV opyelV Kol TOV UETAPOPOV OpyEiV amd 1 TPog 10 ydpo arobnikevong. Ta Tapakdte Prpota
OelyvoLV TIg EVEPYELEG TTOL OAOKANPDOVOVTOL LLE TNV EKTELEGT] TOV GEVOPIOV.

1. Script MetayldTTIiong

1. Check for the necessary binaries on the target machines.
2. If not found on machines

(a) Check on Repository.
(b) If found on Repository
i. Get binary from Repository
(c) Else
i. Get project source folder from Repository
ii. Compile source files and generate corresponding binary
iii. Put on Repository

3. Get necessary input files (check if they already exist on the machines)

Hapotnpnote 611 e€autiag Tov TEPAGTION PeYEDOVG OPIGUEVOV OPYEIDV, ATOPEDYOVTUL TEPITTEG
LETAPOPEC EAEYYOVTOG TOTKA TaL apyeial 0TV YpedleTat. AVTd 16Y0EL TOGO Y10, ToL SVASIKA apyeio Kot
To apyeio £16050V.

Emumhéov, éxet copmeptineBei otn dradkacio n Aettovpyucodtnta Checksum. Xe wepintmon mov 1o
ntodpevo apyeio EvIOmoTEL GE TOMIKO EMMESO ALY e SLALPOPETIKY TIUT ELEYYOL abpoicpaTog amd
ekelvn oV VIAPYEL GTO YDPO amobKELONC, TO apyeio Bewpeitan KATESTPAUUEVO KO OTOPPIMTETOL.
AvT10 10Y0€L TOGO Y10, TO, SLUSIKE apPyElDL OGO KoL Yo TOL apYELD ELGOJ0V.
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Zyqpa 5.6: ToroBéon tov Awyepiot Extéheong oy apyitektoviky tov AEOLUS

2. Script Extéheong

Anpovpyeiton emiong €U EVEPYEIDV YOl TNV £VAPEN TNG EKTEAEGTG TOV CLUGTAUTIKAV GTOLYEIOV
OTNV ETEPOYEVI] OPYLTEKTOVIKTY VAIKOV. AvTO TO GEVAPLO TPEMEL VA, TEPLEYEL TIC 0dNYieg avamTLENG
OYETIKA LLE TO OV TTPEMEL VO eKTEAEiTAN KGBE oToLXEl0. AdY® TNG TOTOBEGING TNG EPAPLOYAG TTOV TTPO-
wBeitar amd 1o povtédo mpoypappatiocpol, o Alayepiotic Extédeonc Oa mpénetl va kotafdiel kdOe
dvvartn Tpoomadeia yio va gyyondei yuo tn dtacHvoeon Tov eE0PTNUATOV AOYIoUKOD L Ta e&apTh-
LOTO VAIKOD 6TV TAAT@OpU VAKOV. o to okomd avtd, n Piprodnkn OpenMPI mapéyet €101cég
AglTovpyiec KATd TNV EKTEAEDT], O1 Omoiec a&tomolovvTat TANpwG amd v AEOLUS yia ) déopevon
GUYKEKPIUEVOV SLOSIKAGIDV 08 GLYKEKPIUEVOLG TUPTVEG EMEEEPYUGTMV, VITOOOYES KAT.

Ta mpoavagepBévta cevapia eivor SaBécio 6To YPNoTN Yo EKTEAEGT] GTO OMOUOKPVGUEVO LUN-
yévnpo 6mov ekteleiton o Alayeipiotig Extéleong.

AlAemiopaon pe drra epyareio

Onwc cupPaiverl pe 6da ta epyoreion AEOLUS, o Awyepiotig Extédeonc eivar pépog g cuvo-
MKNG 0PYLTEKTOVIKNG KO TTPEMEL VAL ETIKOWVMVEL LLE TOL AAAL EPYOAELD Y10 VO, OAOKA PDGEL TN AELTOVP-
Yot T0v. H Tomobémot tov oty mhatedppa paivetat oto Tyfua .6,

Onwg mepryphoeton oto Tyfua b.6, To 1810 0 epyoieio ypetdletat povo vo oANAEmSPAcEL pe TO
Repository, amoktd®vtag To apyeio IOV amattovvTal Yo Ty ovamtuén. Avtd nepiiappdvoouv:

o H meprypoen mhatedpuag, émov opiletar 1 vwodopun vVAIKODH
e To dikTvo GUVICTOCGOV, OTOL TTEPLYPAPETAL ] SOUN TNG EPUPLOYIS

o To Xy&d10 Avamtuéng, omov meptypdoetal 1 xopToYpAENnon mov oyxedidotnke and tov Xaptn
[MoAMamhodv Z1oymv
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o To apyeio Tpoéievong Tov SlapEVOLY GTO YDPOo amobnkevong

Ot mparypatiKég OAANAETIOPACELS TTOL KAVEL TO EPYOLEID [E TIG GALEG EVOTNTEG TPOKDTTOVY OO
To 6eVApLaL TOV dMpovpyovvToL Kol TEpAapPivouy apketéc alinAemdpdoelg e to Repository yio
™V ANy / TomoBétnon dvadikdv apyeimv Kot apyeimv 16000V / €£000V.

5.6.3 Agmtopépereg viomoinong
AvayvOplon avTIKEIPEVOVY ETKOWVOVING

To avTikeipeva eTKOVOVIOG OV XPTCLLOTOOVVTOL OO TV EPAPLOYN TPETEL VO ONADVOVTOL GOV
oTolONTOTE GAAT peTafAntr. T o SHA®GON OVTIKEWEVIKNG EXIKOVOVIOG YPTCLLOTOLEITOL £VOC
GYOMOAGLOG pragma opilovTtag T0 TPOTOKOAAO TOV AVTIKELEVOD, TO OVOLLA TOL KAT.

Ot oyoMacol pragma TeplypaeOvIOL 00 AETTOUEPDGS:

#oragma <queue | shared | signal | mutex> <in | out | inout> name maxsize=maxsize offset=offset
AnAdvovTag €V OVTIKEILEVO YPNOILOTOIDVTIOG UTHY TNV pragma, 1 TOmMKN HETAPANTH TOL
akolovBei Tov oyoMaco cuvdéeTal te o avTikeipevo. To péyebog Kot 0 TOTOG TOV AVTIKELE-
vou kaBopilovtol armd To avTIGTOLO YOPOUKTIPIOTIKA TNG TOTIKNG LETAPANTAS.

[Tinpogopieg mov mepthapPdvovtal ot ONAMON TOTIKNG LETAUPANTAGC:
o Tomwkd 6vopo LeTaPANTAG
e Méyebog avtikeévon

o TOmOC avTKeéVOL
Ytov oyoMacud pragma, opilovtotl eniong ta akOA0OLOA YOPUKTNPIOTIKA:

o ‘Ovopo OVTIKEEVOD ETKOVOVING
e [Ipwtdkorro (ovpd 1 KON YpToN)
o Kartevbvvon tov aviikepévou (pnoipomoteital og £i60d0¢, ££050¢ 1 Kal To, 6VO)

o M£y1lotn mocdHTNTO AVTIKEWEVOV TOV HITopovV va, 10800V 6TV ovpd (LOVO Yo avTIKEILEVO
TPMOTOKOAAOV OVPAG OVOLLLOVIG) - TTPOULPETIKA

o Amdxhion yio v mpdoPaoct cuYKEKPIUEVDV 6ed0UEVOV EVOC TIVOKO TOV gival omobnkevuévo
GTNV KOWOYPNOTH HVALT. XPAGILO Y10 TV OTOQUYN TNG LETAKIVIONG LEYOA®V KOUUOTIOV Og-
Sopévav HETaED TV GTOLEIDV Y®PIC TPAYLATIKO AdY0. (LOVO Y10 AVTIKEILEVO KOWVOYPTGTOV
TPMOTOKOAAOV) - TPOUPETIKEL

10 akdAovB0 TOPAdELYLLO, UEPIKES OO TIC AELTOVPYIES TPOTOKOAAOL TTOV OpIcTNKAV OTN Ole-
TOPT] TPOYPAUUATICUOD ¥PNGHoTTotovvTol pHeTa&d tav otoryeiov CA kot CB yia va fondicovy oty
KaTavonon Tov Tpoavapephivimv onueiov pragma. Xto mepiPdriov kdOe cuoToTiKoD YiveTal [l
dMAwon avtikelwévou emkovaviag (pragma), otnv omoia givatl opatd 6Tl T0 dvopa givar To 1610 Yo
TO OVTIKEILEVOL TTOV OVOPEPOVTOL GTO 1010 OVTIKEIIEVO, EVED TO OVOLLO TOV TOTIKMOV UETAPANTOV dEV
&xel oyéomn pe to dANo. Ag €EETAGOVIE TO OVTIKEIIEVO OV €xel dNAwBEl mg GToXEID KOWVOYPNGTNG
LVAUNG XPNOOTOIHVTAS TO avayveoplotiko ‘the data’. Avtd onpaivel 6t to dvoua 'the data’ ava-
eépetal otV 1010 oglpd 1024 avTiKEWEVOV KoL TOV TOTOL Uint8 t, wov dnAdvovtal 6Tl VEdPYOVV
ot pviun kot potpaovrot petalh tmv 600 otoryeiwv. Ot Tomikég HETAPANTES TOV XPTCLLOTOOVY TO
ovopa *dedopéva’ givor 000 S10POPETIKEG LETAPANTEG TTOL VITAPYOVV GE SLOPOPETIKE EVPT| TG EPAP-
HoYNG, aALd opilovTot yio vo d1aTnpovV 10 1610 KOPUATL 0EGOUEVMV YPTCLLOTOLOVTIS TO KOWVOYPNOTO
TPOTOKOAAO.
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// Component A

#pragma aeolus signal out ready
bool startb;

#pragma aeolus shared out the data
uint8 t data[1024];

#pragma aeolus queue in sum
uint32 t input_sum;

void CB() {
construct _input_data(data);
aeolus synchronize(data,l); // 1 is for updating the shared memory
acolus signal(&startb);
aeolus queue get(&input sum);

}

// Component B

#pragma aeolus signal in ready
bool startme;

// Getting the last 128 items from the “the data comm. object
#pragma aeolus shared in the data offset=896
uint8 t data[128];

#pragma aeolus queue out sum
uint32 t output sum;

void CB() {
while (true) {
acolus wait(&startme);
aeolus_synchronize (data ,0); // 0 is for updating the local memory
for(int 1=0; 1<128; i++)
output sum += data[i];
aeolus _queue put(&output sum);

210 TOPATAV® TOPASELY LA, T) EQOPLLOYT YPTCLULOTOLEL TO KOVOYPNGTO TPWTOKOAAO Y10 VOL LETAPE-
petdedopéva amd To CA component to component CB. H kAo ot cuvdptnon aeolus_synchronize()
LLE TO YOPAKTNPLOTIKO KATEVOBLVONC TOV £YEL OpLoTEL GTNV TN * 17 EVIILEPDOVEL TNV KOWVOYPNOTN VAN
petald twv 600 oToyelmv pe TIc THEG TG HETOPANTNG dedopévav oto atotyeio CA, evd otnv dAin
mAevpa 10 ototyeio CB kolel aeolus synchronize() pe to yopakInplotikd Katevhuveng mov Exet opt-
o1el 670 0’ Y10 TNV EVNUEPMOT] TNG TOTMIKNG LVIUNG LE TIG TIEG GTNV Kowvoypnotn pvhiun. [lpoxeyé-
VOU V0. OLUCPUALGTEL 1| GUVAPELL TOV OESOUEVDV, O TPOYPUUUATICTHS YPTOLLOTOINGE TO TPMTOKOALO
GNHATOG Y10 TOV GUVIOVIGHO T®V GuVOAAaY®V petalld tov ototyeimv. To mpwtdkoilo ovpdc ypn-
GIUOTOLELTAL EMIONG Y10 TN HETOKIVION TOL ATOTEAEGLOTOC TMV VTOAOYICUOV oL Yivovtal oto CB
mico 610 CA. Aev amortodviol EVEPYELEG GLYYPOVIGHOD £d®, KAOMS TO TPMTOKOAAO OVPAG UTOPEL VO
gyyunOel yia tn cuvéneld Twv dedoUEVOV.

H gu0dvn tov Alayeipiot) Extédeong katd m didpkeio avtod Tov 6Tadion £YKELTOL GTNV aviAvon
TOV KMOIKO EVIOTIGLOL TOV TTPoavapepBEévTv pragmas mpoketévov vo oAokinpwbei 1o povtédo
EQUPLOYNG OE EMMEDO KM TNYNG, OTWC GYEINACTNKE OO TOV TPOYPALLATICT] CUUTEPIALUPOVO-
UEVOV TOV GTOLEIDV, TOV AVTIKEIWEVOV EMIKOIVAOVIOG KOl TOV KOOKA CYETIKEG UE AVTEG, ONAAOT] TIG
dnAmoelg pragma Kot Tig avtiototyeg kKAnoeig APL

Katd m didpketa ovtg tng dradikaciog, ot Anpopopieg eEdyovtat amd Tig pragmas Kot yivovron
opopéveg Tpomomotnoelg otic kAoelg APL ‘Etot, po odon mpo-civtaéng exkteleitor otov mnyoio
K®OKa kKO oTolYEloL KATA TNV Omoia YivovTol ot aKOAoLOEG eEVEPYELEG:
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1. Av evtomiotel puo SNA®MON OVTIKEWWEVOL ETKOV®VIOG, EEAYOVTOL OO QLTI Ol AVTIGTOLYES TTAN-
po@opieg kot To pragma dtaypdeetat. O Awayeipiomg Extéleong amobnkevel autéc Tig mAnpo-
(Qopieg Yo vo Tpomonooel avaioya Tig kAnoelg API mov propei va mpoxvoyouy petd tnv mpdén.
Enopévac, eivor onpoavtikd n SAwon pragma va Tpoymprioel GE OTOLONTOTE YPT O TV TO-
KOV LETAPANTOV TOL GUVOLOVTOL LUE TO OVTIKEIUEVO, OTTMG KOl LE [0 KOVOVIKT LETOPANTN
oMAwon.

2. Edv npocdiopiotel o kAnon API, tpoctifevial cuykekpiuéva eTyeipniuaTo., TopEXovTog Tig
OTOPLTNTEC TANPOPOPIES TTOL TPOKELTAL VO, OAOKAT|PDOCOVV T AELTOVPYIKOTNTA TNG.

Evoopdarmon pe tn d1€ma@n TpoypupipoTIicLov

H diemapn TpoypapLoTIGHOD YPTGILOTOLEL £VOL GHVOLO SOUMV Y10 TOV XEIPIGIO KOl TN LETAPOPA
TOV OVTIKELEVOVY EMKOVMVIOG. AVTEG 01 SOUEC OVTITPOCOTEDOVY TO AVTIKEILEVA EMKOIVOVING GE YO~
UNAOTEPO EMMESO Y10 VO SLIEVKOAHVOLV TIV DAOTOINCT] TV LETOPOPDV SEOOUEVMV LETAED TMV GTOL-
yelov. Amobnkevovv Tig anapaitntec TANPoPopieg oe cuykekpluéva edio Kot Exovv TpdcPacn amod
ta API y1o0 va OLoKANp®OGOLV TIG AEITOVPYIEG TOVG.

Ta avtikeipeva Tov polpdaloviatl 6 Evov YOPo SIOVEUNUEVIG LVALNG XPNCLOTOL00V TIG AKOAOV-
Oec dopéc:

// QUEUE PROTOCOL

typedef struct aeolus queue {
uint8 t *qdata;
uint32 t front, rear, count;
uint32 t disp, maxsize, owner;
MPI_Win win;

} aeolus queue;

// SIGNAL PROTOCOL
typedef struct {

int sig;

MPI Comm comm;
} aeolus signal;

// MUTEX PROTOCOL
typedef struct aeolus mutex {
int numprocs, ID, home, tag;
MPI Comm comm;
MPI Win win;
unsigned char *waitlist;
} aeolus _mutex;

While objects that live in a shared memory space use the next structures:

// SHARED PROTOCOL

typedef struct {
pthread mutex t lock;
int size;
void *data;

v } aeolus _shared object;

/1 SIGNAL PROTOCOL

typedef struct {
pthread mutex_t lock;
pthread cond t cond;
int ready;
int source;
int target;

} aeolus_signal;

// MUTEX PROTOCOL
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typedef struct {
pthread mutex t lock;
} aeolus _mutex;

> // QUEUE PROTOCOL
23 typedef struct phnode {

void* item;
struct phnode *next;
} aeolusQnode;

typedef struct {
acolusQnode *front;
aeolusQnode *rear;
pthread mutex t lock;
volatile int count;
} aeolus queue;

[Ipokepévoo va mapé€yetal dSoPavelo 6Tov ¥pNnotn Kabmg Kot SuvoaTdTnTe SIHOPPOCENS GTNV
EPAPUOYN TNG EPUPLOYNS, O TPOYPUULOTIGTAS XPNOIUOTOLEL tio, oA dacbvdeon (PAETe KepAAo10
7.1.3) yio TNV KAMON TOV GVTIGTOL®V AEITOVPYIDV TPOTOKOAALOL. ZOUP®VO LE TO XxE610 AvamTuéng,
ot kKAnoeig API mov mpocdiopiloval TpomomotovvTal yio va ToplalovV GTIG AVTIoTO(EG VAOTOUGELS
OV VTLOSEIKVOOVTOL OO TNV eMA0YN Teyvikng. AvTég ol epappoyEg pmopovv va Bpebodv oto mpo-
captnpa 1.

Kotaokev] pog e@appoyng moALami®v S1EpYooLOV

H viomoinon ¢ mapaydpevng epappoyng 0o akorlovbncel v mpocéyylon Single-Program-
Multiple Data (SPMD) ypnoiponoidvrag ™ Bpiodnin OpenMPIL. Avtd onpaivel 6t éva eviaio
TPOYPOLLLO EIVAL YTIGHEVO KOL TPEXEL BTNV VITOOOUT VAIKOV, AKOAOVOMVTAG Lol S10pOPETIKT O10.0poun|
PONG eAEYYOV Y10 KAOE S1apopeTiKd aToryeio TG dadikaciog. To Tpwtokolho MPI emid&yOnke yio v
OMOTEAEGLOTIKOTNTA TOL TOGO o115 apyltektovikéc UMA 660 kot 6Tig apyrtektovikés NUMA, Aoy
TOV CTPATNYIK®OV TNG TOTIKNG LVALNG TOL 0KOAOLOEL, KOOMG Kot Yo TNV EQOPUOYN TOL GE ETEPOYEVN
nepIPAAAOVTaL.

JUYKEKPIUEVO, LU0 0Py OPYIKOTTOINGNG Elval TO oMUEl0 EKKIVNONG TNG EQAPHOYNS, OOV KATOVE-
povtal OAES OL OTAPAITNTEG SOWES, CUUTEPIAOUPBAVOUEVOV TOV AVTIKEILEV®Y ETKOVOVIOG, GUVOOEVO-
LLEVEG OO L0l AELITOVPYIO OPIGTIKOTOINGNG TOV OVOKATEDEL KADE YPNGLOTOIOVLEVO YDPO KOt TEAEID-
ver Vv ektéleot). 'Eva Koo apyeio Ke@aAidag ypnoomoteital yia Tr dnpiovpyic Tov tepBAAAovTog
AEOLUS, xpatcdvtog Tig TANpopopieg vynAdTEPOL EMMEGOV TOV ATALTOVVTIOL VIO THV VAOTOINGT.
INo v mepaymyn ovtdv Tev apyeiov TpoéAeuong PNCILOTOLEITAL TO LOVTEAD EQAPLOYNG OV £XEL
dnpovpynOel 6To TPONYOVUEVO GTAGIO Y10 TV TOPOYH TOV OVTIGTOIY®V TANPOPOPIDV (T.). TOTIKES
UETAPANTEG, TANPOPOPIEG AVTIKEILEVOD EMKOVMVIOG K.AT.).

"Evo mapdodetypa g cvvaptnong apytkonoinong epeoviletal 6to akdéAovbo Tunua:

#include ”aeolus.h”

3 void invoke component(int id) {

10
11
12

if(id == 0) {
CAQ);

}

else if(id == 1) {
CB() ;

}

return ;

}

3 void initialize (int *argc, char*** argv) {

MPI _Init(argc, argv);
MPI_Comm_size (MPL COMM WORLD, &world_size);
MPI Comm_rank (MPL COMM WORLD, &world rank);
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buf = (int *)malloc(10*sizeof(int));

MPI Win create(buf, 10*sizeof(int), sizeof(int), MPI INFO NULL,
MPIL COMM_WORLD, &win) ;

signal = aeolus_signal_init (MPLCOMM WORLD) ;

acolus mutex init(&mutex0,0);

}

void finalize () {
acolus mutex destroy (mutex0);
MPI_Win_free(&win) ;
MPI Finalize () ;

int main(int argc, char** argv) {
initialize (&argc,&argv);
invoke component(world rank);
finalize () ;
return 0;

Onog aneikovileTon Tapamdve, EVo GHVOLO AELTOVPYLOY TOV SNULOVPYOVVTOL OO TO ALOYEIPLOTH
Extédeong pubuilet to mepifpairov AEOLUS S100étovtag ydpo yio TIG amapaitnteg SOUES Kot Tpo-
gropdlovtag Tig avtiotolyeg TEG / avtikeipeva, cuvtovilel Tnv extéheon Kot telkd kaboapilel To
nepIardov.

O1 peTaPfANTEG TOV YPNCLOTOLOVVTAL Y10 TNV DAOTOINGT) TOV OVTIKEIUEVOV ETIKOVOVING GTO T~
pomdve Tpo dnAdvovtal oto “acolus.h’; To omoio eppavileton TapakdTw:

#include <mpi.h>
#include <stdio.h>

3 #include <stdlib .h>

#include ”signalAPI.h”
#include <string.h>

» #include ”mutexAPI.h”

#include ”sharedAPI.h”
#include “queueAPI.h”

MPI Win win;

acolus mutex *mutexO;
aeolus _signal *signal;

int *buf;

int world rank, world size;

void CA();
void CB();

Hapotnpnote 611 0 TOHTOC TOV TANPOPOPLOV OV amobnkevovTUl 0TIC INA®UEVES dOUES dLopE-
peL amd TV €QPAPUOYY 6Ty VAoToinon. I'a TNV vVAOTOINGT EVOG KOVOXPNGTOL YMPOL HVIAUNG, 1 Pi-
BAobnkn POSIX ypnowonoteitor yio tnv vAomoinon tov APL Xg avtnv v nepintwon, to apyeio
“aeolus.c’ powalet pe avto:
void aeolus init() {

int i, sig=0, que=0, shr=0;
phsignal = (aeolus_signal **) malloc (NUM SIGNALS*sizeof(aeolus_signal *))

phqueue = (aeolus _queue **) malloc (NUM QUEUES*sizeof (aeolus queue *));
phshared = (aeolus_shared object **) malloc (NUM SHARED*sizeof (

aeolus shared object *));
signal _index = (int *) malloc (AEOLUS NUMOFCOMMS*sizeof (int));
queue_index = (int *)malloc (AEOLUS NUMOFCOMMS*sizeof (int));
shared index = (int *) malloc (AEOLUS NUMOFCOMMS*sizeof (int));

for (i=0; i<AEOLUS NUMOFCOMMS; i++) {
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if (commobj type[i] == SIGNAL) {

phsignal[sig] = initialize aeolus signal (aecolus source id
[i], aeolus target id[i]);
signal index[i] = sig++;
}
else if(commobj type[i] == QUEUE) {
phqueue[que] = initialize aeolus_queue();
queue_index[1] = que++;
}
else if(commobj_ type[i] == SHARED) ({
phshared[shr] = initialize aeolus shared object(
commobj datasize[shr], commobj size[shr]);
shared index[i] = shr++;
}

O1 10 GUVOETEG KATAOTAGELG LTOPOVY VAL TPOKVLYOLV OTTMG TEPLYPAPTKE TPONYOVUEVAS, OTTOV M
epappoyn umopel va mepAapfavel Guvovacud TV V0 TPOCSEYYICEWY, TNV aVATTLEN TV GTOKEI®V
1660 otig dwdikacieg MPI 660 kot 6ta Egymprotd BEpata, fEATioTOTOIOVTAG TNV OVATTLEY OVEAOYOL
LE TO GYEOACIO TNG EPAPUOYNG KADDG KOL TIC OMALTNOEL TNV EKTEAEGT] TOL.

Anmovpyia kot avarTon SVASIKAOV apyeimv

Ta oevipilo Tov ONULOVPYOHVTAL TPOETOUALOVY TOVG TOTIKOVS KATAAOYOVG TOV VAIKOV Yo ava-
noén. Ta dvadkd apyeio 1 Ta apyeio TPOELELONG HETAPOPTMVOVTOL (AVALOYO LLE TO TTPOTYOVLEVQ
YPNOCLOTOLOVLEVE SVASTKA apyEial Yo Vo amoPevyOei n avacVYKPOTNOT TOL 1310V KOJIKA), VO GUYKE-
vipobBovv kat va tomrofetBobv otig avtiototyeg 6éoelg TV unyavav-otdywov. Eqv onuovpyodvio
VEEC EKOOOELS TV dVASIKMDY OPYEI®MV, LETOPOPTMOVOVTIOL GTO YMPO ATOOKELGONG Y10 LEAAOVTIKY] ETOL-
vaypnowomoinorn. To Makefile, mov Bpicketar 6Tov katdloyo ’src’ Tov Repository, tpomomoieiton
eMIONG Y10 Vo CUUTEPIAGPEL TO OVTIOTOLYO TEPITVALYLLATO PLETOYAMTTIOTH (nvee, mpice), TG amapai-
reg Pipiodnieg (OpenMP, pthreads) ko To tpomomompéva apyeio Tpoéievong. [apaxdto mapov-
cualetan €va Topddetypa g 06N GVVTAENC:

PROJECT N. ="test_project”;
LOCAL_DIR="~/AEOLUS/Repository /$ {PROJECT NAME }/DM”;
BIN_PATH_ON_REPO="bin";

BIN NAME="myapp—bin20181010”;

FILE_PATH="$ {LOCAL DIR }/$ {BIN_PATH ON_REPO }/$ {BIN NAME}”;

cd ~/AEOLUS;

# CHECK FOR CORRESPONDING BINARY
if [ —f S$FILE PATH ]

then
echo ”File exists”
else
# TRY GETTING BINARY FROM REPO
response_code=°Get file.sh ${PROJECT NAME} ${BIN PATH ON REPO}/$ {BIN NAME
b °s

if [ ! ”${response code}” —eq 200 ]
then
# GET SOURCE FILES FROM REPO
~/AEOLUS/ Repository/scripts/Get _dir.sh ${PROJECT NAME} src;
rm Src.zip;
# GENERATE BINARIES
cd ${LOCAL DIR}/src;
make
mv ${BIN NAME} ${LOCAL DIR}/${BIN PATH ON REPO}
cd ~/AEOLUS
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# PUT BINARY ON REPO
Put file.sh ${FILE PATH} ${BIN PATH ON REPO};
fi;

fi;

INPUT PATH ON REPO="inputs”;
INPUT NAME="input_data.txt”;
INPUT_FILE="${LOCAL _DIR }/$ {INPUT PATH ON_REPO}/$ {INPUT NAME} " ;

» # PLACE INPUT FILES AT THE CORRESPONDING LOCATIONS

# CHECK FOR CORRESPONDING FILE
if [ —f SINPUT_FILE ]
then
echo ”File exists”
else
# GET FILE FROM REPO
response_code=‘Get_file.sh ${PROJECT NAME} ${INPUT PATH ON_REPO}/$ {
INPUT _FILE} °;
fi;

To Script Extéheong eivat vredBuvo yuo TV TPayRaTiKy EKTEAECT] TOV GTOLYEIOV OTIG OVTIOTOL-
¥&G 0€ae1g. Avti 1 Séoun evepyelDY EXEL GYEOIOOTEL GOUPOVA LLE TT) YOPTOYPAPTON OV TEPLYPAPETOALL
670 Zy£010 avantuéng kot v Ieptypaen TAatedpuag mov mapéyel T B€om dikTvov KaOEe Unyovig
N ovokevng. Ot unyavég Exovv mpdoPaon pécm SSH amd To unydvnuo avémtuéng, 6nov ekteleiton
o Awyeprotg Extéleonc. Emopévamg, Bewpodviot amapaitnteg SIapopPAOGELS Yo TV EMTVYN OVE-
mtoén g EpappOYG.

EXECUTE PROGRAM

mpirun <affinity options>
—host <IP> —np <number of processes> <executable name>

HH o FH H H H H®

—host <IP> —np <number of processes> <executable name>

# example: 2 components executed on different machines
mpirun —nolocal —host 192.282.77.22 —np 1 executable
—host 192.151.23.34 —np 1 executable

To OpenMPI napéyet pia AMota eMAOYDOV OV ETITPETOVY TNV EKTEAECT GLVOEGEWV GLYYEVELOC.
Me 1 0€GUEVOT] CUYKEKPLUEVOV TTOPMV GE CUYKEKPLUEVEG dlEPYATies, LAOTOEITOL 1 avATTTLEN TOV
npoteivetan oto Deployment Plan, evd emmAov PEATIGTOMOMGELS TOTIKMV YDP®V EMTPETOVY TEPOLL-
TEP® PEATIOOELS GTNV EKUETAAAEVOT TOV TOPOV UVILUNG.

5.7 A&widéynon

H a&oldynon g arvcidag epyoreiov Ba Paciotel o€ po TPAYLOTIKY TEPITTOON XPIONG TOL
EVOTIOLEL YOPOKTIPIOTIKA OO SLOPOPETIKE ETIGTNOVIKA TTESIO VIO TNV EMKOPMOOT] TOV OTOTEAEGLAL-
TOV. € QUTN TNV EVOTNTA TEPLYPAPOVLLE OVTHV TNV EPAPLOYT KO TAS TO EEAPTHHATA TNG EIVAL KATHA-
ANAa yio TN SOKIUT TV Sapopmv epyareiov. EmmAéov, TapEYOvpLe (Lol ETIGKOTNOT TOV SOKILMDY TOV
EKTEAEGOLLE TPOKEILEVOL VAL 0ELOAOYTGOVLLE TNV VOO LT KO TNV TPOKVTTOVG O TAPUAAN AT EPOPLOYN
oo TNV ATOW™ LOG GEPAG AEITOVPYIKMDVY KO [T AELTOVPYIKDV OTOLT|CEDV.

5.7.1 Tleprypaen mepinTtmong ypnong

H gpappoyn mov gpnoiponomdnke yio tnv a&loAdyNon ToL TEAMKOV ATOTEAEGHOTOC TNG AVGIONG
epyareimv Teprypdoetar ed0. Tpelg S10popeTIKoi TPOGOUOIOTEG BEmPOVVTAL OTL KOAVTTOUV £Vl EVPV
QAGLOL YOPOKTNPIOTIKAV TTOL UTOPOVV VO, BpeBov G€ TPAYLATIKES KO DVTOAOYIGTIKG EVTATIKES EQOP-
HOYEC. AVTOL 0L TPOGOUOLMTEG TEPLEYOVY VITOAOYIGLOVE 0o TO, TESTA XTATIGTIKNG, AVAADGONG EIKOVAG
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Tyqpa 5.7: AZoAdynon HoVTEAOL EQUPHOYNG TEPITTOONG YPONG

Kot duvapkng eEréyyov pong (CFD). Zuykekpuéva, Ta ototyeio kot 1 peTa&d ToVg EMKOVOVIN Topov-
oalovrar Aemtopepmg oto Tyfua B.7, 6mov opiletat To poviého epappoyng (Network Component)
G TEPIMTOONG YPTIONG.

Yuykekpipéva, o Xtatiotikog [pocsopoimtig Exet oyedtaotel Yo vo mepthapfivel ToAAG PIKpO-
TEPO GTOLYEID TTOV AVTAAAACCOVV EKTEVMG TATPOPOPIES YPTCLUOTOLDVTOS T KOVOYPNGTO, OVPE Kot
TPOTOKOAAO otV 6mwg opilovtol Kot papudloviol 6To TANIGIO TOV LOVIEAOV TPOYPOLLLLOTL-
opov. O TPOGOUOIMTHG AVAALGNG EIKOVOV OTOTEAEITAL OO dVO GTOLYELN VTOAOYIGTIKNG EVIAONG TOL
YPNOULOTOLOVV EMioNG £V, VITOGHVOLO TNG SLACVVOEGTC TPOYPULUATICHOD Y10 TV avTaAdoyn 6edo-
uévov. O tpocopotwtig CFD mepthappdver éva ndévo ototyeio 1o omoio vAOTOLEL Evav VTOAOYICTIKO
CFD vroAoyiopud, o onoiog mapéyet d0o dlapopetikég ekdooels, pioo CPU povo kot pia CPU-GPU.

To Component Network £yet oxedlactel e 0vTOV TOV TPOTO Yo VO, TAPEYEL L0, TOWKIAMD Yopa-
KTNPLOTIKGV oV BepohvTon oMpavTikKd Yo TNV €EETACT] TV SOPOPETIKMV YOPUKTNPICTIKOV TMV
gpyoireiov. Ta Tapdderypa, pe Tov ZToTioTikd TPoGopHoloTn a&lohoyoVUE TV TOAVTAOKOTITO TOL
umopel va vrootnpyel amd 10 HOVTELO TPOYPOUUATIGHOD KOOMS KAl T1 AEITOVPYIKOTNTU TV AEL-
TOVPYLDV TPOTOKOAALOL TPOYPAUHLOTIGLLOD TOL YPTCLLOTOIOVVTOL EKTEVAS GE 0VTO TO PEPOG. Ot AAAOL
000 TPOGOUOLMTEG EMKEVIPOVOVTOL GTO (POPTIO VITOAOYIGLOD TOL OTLLLOVPYEITAL KOTA TNV EKTEAEON
TOV GTOLYEIDV TOVG KO YPT|GLLOTOLOVVTOL Y10 TV OITOKTOT| LETPTCEWMV ATtO TIG TAPAAANAES TOPOALO-
véc Tov OpenMP mov Tapdyovtat amd to epyareio avtdpoTNg TApPOUETpoToinonc. I'a tnv tepintwon
tov CFD Simulator, n) éxdoon CPU-GPU éyet eniong coumepiinedei ot dtodtkocio yio vo SOKIHAGEL
TNV OAOKANP®GN TNG TAATQOPLOG LE TapdANAeS ek0OGELC £KTOG amd To OpenMP.

Avértoén pe ypiion tov AEOLUS

H BeAtiotomoinon g popuroyns, amd Ty amoyn Tov ¥povov ektéleons ( GAAOV GTOY®V TOV
dgv pedetnoape €00 - T.Y. AMOSOTIKOTNTA 1YVOG), EIVOL O TPOPAVIG GTOYOG EVOG TPOYPULLATICT
OV YPMOOTOLEl pUio TapGAANAT vTodopun. £T0 TAAIGIO OLTHG TNG EPYACING, MGTOCO, E0TIALOVE
OTNV OPYITEKTOVIKT] TOV GLGTILOTOG KOl TV TPOKLATOVGO EQOPLOYN OPOV YPTCLLOTO|GOVLE TO
KaBoplopéva YapaKTNPIoTIKA ToL TAdciov. Ot kbpilot deikteg mov eEgtdoape yio TNV agloldynon
™G GEPAG epYOLEi®V TEPIAAUPAVOLV TI COGTY AEITOVPYIKOTNTA TNG TPOKVTTOVGUS EPAPHOYNG KoL
TNV IKOVOTNTA TG VO, TPOSAPUOLETOL GE L0 GELPE SAPOPETIKDV apyLTeKTOVIK®Y. Emumpdcbeta, fie-
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TPNOOLE TNV OTOUIKT aOS0CT] TOV TPLOV TPOGOUOLDTOV TPOKEWEVOL VO, 0ELOAOYTGOVE TOV TPOTO
BeltioTonoinong avtdv Kot vo vroloyicovpe toxdv overhead mov pmopel va lGdyeTal amd TV LIO-
doun.

Agurrovpywki] doxpn

[N ™ Aettovpytkn dokin ¢ QOPROYNG, EEETAGALLE L GEPA amd O10POPETIKES SOKIUES (OVTL-
oTolyicelg components e SLUPOPETIKES SlEPYAGIES) YO VO, SOKILACOVUE TIC O1APOPEG VAOTOMGELS
avATTLENG KOl ETKOVOVING. ZVYKEKPIUEVO, YPNCILOTOICOLUE TO AKOAOVOO GUVOLO AVTIGTOLYLOV Y0,
v avantuén tov Zroatiotikov [Ipocopoln:

Aoxn 1:
Atepyacio 0: OAa ta components
Aoxyn 2:

Atepyacia 0: Kickstarter, Mean, Normalize with mean, Covariance

Atepyaoia 1: StdDeviation, Normalize with stddev, Correlation
Aoxyn 3:

Atepyacia 0: Kickstarter, Mean
Atepyaoia 1: StdDeviation, Normalize with mean, Normalize with stddev
Atepyacia 2: Covariance

Atepyacia 3: Correlation

Avdroya pe 1o S100€0110 KowvoypnoTo TEPIPAALOV, YPNCILOTOMONKAV 01 AVTIoTOLXES VAOTON-
GELG EMKOWVAOVIOG Y10 TNV aVTOAANYT OEOOUEVOV KOl CNUATOV, EVAD TO GLOTUTIKA £Y0VV 0PYIoEL (OC
Oénata N diepyacieg avaroya. A&loldynomn anddoong

H AEOLUS dokiudotnke yio ta KEPON Amddoong 6€ d00 amd TOVG TPOSOUOIOTES. Ta mpoypdipt-
LOTO SOKIUAGTNKOY Kol EXKVPpOONKAV e T cuufoAr Tov gpyodeiov ypnoiponoidvtog o Intel 17
CPU 12 vnudrov. Ta 11 dokég, Ha GEPA HKPOVY, LEGOI®mV Kol HEYAA®Y GUVOA®Y OEOOUEVOV
€16000V, OOV YPNCILOTOLEITOL 1] EKUETUAAEVGT] SLOPOPETIKOV TOGOTHTOV J0OESIUOV KADGTOV UE
OTOTEAEG O LUKPA Kol PeyaAa @optia vroAoylopov. H ceiplaxn €kdoon g epapproyng Bempndnke
®G M ypapuun Paong, eved n Pertioon Exel VTOAOYLIOTEL G€ GUYKPIOT| LLE TOV TOAVVILLOTIKO TOPAAANAO
KOO0 OG:

sertal — parallel

Per formancelmprovement =

. 100% 5.1
sertal

Y YeVIKEG YPOUUESG, O TPOKVTTTMV TOPIAANAOG KMOOIKAG PAVIKE VO TPOooHETEL Ko EMPBApLVOT)
GTNV EQUPLOYT, £TCL OTAV TO POPTIO VITOAOYIGLOV HTAV GYETIKA UIKPO, TO YEVIKO NTAV ERPAVES, EVED
Y. LEYOADTEPA POPTIC, VTOAOYIGHOD 1] EMTAYLVOT TNG EPAPLOYNG VIEPVIKA GTULOVTIKA TO. YEVIKA
¢€oda, emttuyydvovtag Oetikd amoteléouata o€ 84 %. To GLYKEKPUEVA ATOTEAEGLOTO TOV TOPOV-
oalovv Pertioon mapovoidiovtot otov MMivakoa b. 1.
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Merponpoypopupa Surveillance

Méyebog e16600v \ # vnudatwv || 3 vijpata | 6 vijpata | 12 vijpata
Muwkpé -10% -19% -22%
Meoaio 57% 70% 13%
Mgeyaho 62% 80% 84%

Merponpoypoppo CFD

Méyebog e16600v \ # vnudtwv || 3 vijpata | 6 vijpata | 12 vijpata
Muwpo -18% -11% 26%
Mgeoaio -8% 4% 29%
Mgyaho 59% 8% 30%

Mivakag 5.1: AEloAdYNO™ TOV ATOTEAEGUATOV Yo T LETpompoypdupata Surveillance kot CFD
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Kepalaro 6

Eniloyoc

e avTo TO KEQAAOL0, B0 TPOOTOONGOVIE VO GLVOWIGOVE TO £PYO TTOL EXEL YIVEL GTO TANIGLO
VTG TNG O TPIPNC, Lall e TO GUUTEPAGLOTO TTOV £YIVOY KOTA TO GYESIUOUO TNE APYLITEKTOVIKNG Kol
™V avanTuén TV S10pOp®Y TUNUATOV TNG EPYUAEIOUNYOVNAG TTOV TEPLYPAPNKE GTO TO, TTPOT)YOVLEVA
Kepdlata. o copmepthafovpe emiong HePIKES Ao TIC 1OEEG OV dNUIOVPYNONKAY OO TIG AVAYKES
€vog mapdAAnov TAosiov ePapUoyNG, 0TS 0VTO TOL TEPLYPAPETAL GE VT TN STPPn, Kabdg
KOl OPIGLEVEG EMEKTACELS TOV gPYAAEion OV Ba propovsav va, aroderyBovy TOAD ¥PNOULES Yid TN
dradtkocion ovATTUENG Kl EKTEAEGTG EQAPLOYDV.

6.1 Xvpnépaopo

O1 KOP1OL TVADVES AVTAG TNG EPYACIOG LITOPOVV VAL TEPLYPOPOLY EV GUVTOIN GE TPial SLOPOPETIKA
pépn. I'a 1o TpdTO PEPOG, LEAETNOALLE LEPIKA OO T TAEOV GUYYPOVO EPYAAELDL KOL TEYVIKEG TTOV YPN-
GLUOTOIOVVTOL Y10 TIV OVTOHOT TopaAAnAomoinor kddika. [ to devtepo puépog oyedidcape Eva po-
VTELO TOPAAANAOL TPOYPOUUATIGHOD TTOV EXITPEMEL TNV AVATTVEYN HLOG TAPAAANANG EQAPHLOYNS. ZTO
Tpito Ko TELEVTAiO HEPOG TNG SLaTPIPNG avOTOEQE TV TPOKVTTOVGA GEPA EPYOAEi®V OO TO VO
TPONYOVLEVO LEPT TTOV AOTEAOVV L0 DTTOOOUN Y10l TV OVATTUED oG TOPAANANG EQAPUOYNS Ao
TNV oVATTLEN TNG LEXPL TNV ALTOLOTN TOPAAANAOTOINGT TNG UE TNV OAOKANP®GT KOL TNV DAOTOINGT
™me.

6.1.1 Avtopoarn lHopaiinromoinon

Katd ™ ddpkela g pehétng pag yuo to epyoieio avtdpotng tapaiinionoinong, eEetdoaype
dvo dwpopetikd gpyareio, to ROSE Compiler kot to PLuTo, éva avtoépoto mtapoiiniiors. Avaio-
cape TG dlapopég petalhd twv dvo gpyaleiwv Kol ekteAécape po dtadikacio Sokiung Hetalld Toug
Y10 VO GUYKPIVOLE TNV amodoTikdTNTd Tove. ' To okomd avtod, ypnoonomaoape to Polybench,
pio TAovG 1o GoViTO GLYKPLTIKNG a&L0AGYNoNG TTOL TEPIAAUPAVEL o GEPE atd TopadeiyuaTe TUN UG-
TOV KOOIKO KATAAANAL Y10 TapolAniiond. H avdivon tov epyaleinv £6e1&e £va coQEC TAEOVEKTN O
yw tov mapaiiniioty PLuTo, o omoiog ypnoylomotel omoTeEAecHATIKOVG HETAGYNUATICUOVG KOSTKOL
Oyl LOVO Y10 VO, TAPUAANAOTOMCEL TEPIOGOTEPO, TUNLOATA KOIKA OAAY Kot Yio VO BEATICTOTOIOEL
NV TPOGPOGCT) OTN UVAUN Y10 VO, EAAYLOTOTOWOEL TIG AELTOVPYiES avayvamong Kot eyypoens. Evtov-
TO1G, o a&loonpeimtn mopatnpnon sivor oti, av kot to PLuTo mapovsioce kaAdtepa omoteAécpota
a6 1o ROSE yevikd, to tekevtaio anodelybnke 011 viootnpiletl Evav peyaAdTEPO £0POC EQAPULOYDOV
(dedopévovu 01 givan éva epyareio cupPotd pe  C ++), evd mapdAinio amodidel KoAvTep omd TO
TPMTO GE OPICUEVES TEPIMTMGCELG, OTOTE TO KEPSOG TTOL EMTVYYAvVETAL e T Yprion Tov PLuTo avti
tov ROSE d¢ev givar 1600 peydiro.

INo va erexteivovpe TIg SOKIUEG LG, YPT|CLULOTOUGULLE L0 GEWPA O TEPITAOK®V TOPASEIYULATOV
7ov e&dryovtat omd EQAPHOYES TPAYLATIKOD KOGLOV Y10 TNV EMEKTACT] TNG GOVITAC LETPOTPOYPUMLLA-
TOVv. ATO TNV droyn avTi, Bemproape YpCILO VO TPOTEIVOVLE £VOL EKTETOUEVO LOVTELO TPOYPOLLLLLO-
TICLOV OV B0l EMETPETE GTOV YPNOTI VO EVTOTIGEL TEPLOYEG GTOV KMOKA IOV UTOPEL va eivor TapdA-
ANAEG, AALG AOYM EIOTKOV YOPOKTNPLOTIKOV OPLOCUEVES EENPTNOELG OV UITOPOVV va. ETMAVOOHY amd TovV
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napariniioth. To poviého anédelée OTL EMAVEL OPICUEVEG EENPTNOELS TTOL TTAV 0dVVATOV Vo, BpeBovv
YPNOCLOTOLDVTOG TO EPYUAELD AVTOLOTNG TOPAAANAOTOINOTG.

6.1.2 TIlapaiinin poypappatiki Movrtelomoinon

[0 to oYed106 10 EVOG LOVTELOV TOPAAANAOD TPOYPOUUATIGHOD, TPETEL TPMTA, VO EEETACOVLE TN
YEVIKT TTPOGEYYIOT] TTOV akOAOLOEITAL KOTA TO GYESUOUO LG TOpOAANANG EQappoYNc. Me avtd Tov
TPOTO, TEPLYPAPOVLLE GTNV TPUYUATIKOTNTA TL YiveTon amd To backend mov Ba vrootpile Eva povtélo
TPOYPAULOTIGHOD. AVTH 1] EVOTNTA Eival APIEPOUEVN OTIC AETTOUEPELES GYEOLAGLOD Kol VAOTOINOT|G
evog TéTt010V LoVvTEAOL. To HOVTELO TPOYPOALLATICHOV oV TTeptypdpovpe PacileTor 6to oyedacud
™G EPAPUOYNG 0KOAOLODVTAG 10 SIUUOIPAGUEVT] dOUN TV GTOLYEIMV TOL AOYIGUIKOD OV EMKOVO-
VOOV HETAED TOVG YPNOLUOTOIOVTOS £va KaBopiopévo ahvoro API ov agaipobv v eQapuroyn Toug
oo TO ¥PNOTH YOUNAOD EMTEGOV. AVTN 1) TPOGEYYIOT EMITPENEL TNV AVATTVEN TOV EEQPTNUATOV O
Stpopa. unyovipoto / 6Totyeio, VAIKOD 1oV BEATIGTOTOLOHV TV ATO30GT] UVAAOYO LLE TO SLOLPOPETIKA,
YOLPOKTNPLOTIKA TOVG.

6.1.3 Hvmodopj AEOLUS

H vrodopun AEOLUS givat to mpaypotikd Tpotdv avTig TS £pyucioc. Zuvovalel To OTOTEAEGLLN
oo To GAAG SO HEPM YOl VO OIUUOPPMCEL L0, GEPE EPYOAEIDV TTOL OL TPOYPOUUATIOTEG UTOPOVV
Vo 0&LOTOCOVY Y10 VO GYESIACOVY KOl VO BEATIGTOTOMGOVY TV EQPAPLLOYT| TOVS OKOAOVOMVTAG TIG
odnyieg mov kabopilovtar amd To TPOTLTO TPOYPapUATIoUOV. [Tepthapfdvel T CUVOAIKY apPYLTEKTO-
VIKT] TOV TAQLGIOV Kot TG OAANAEMOPAGELS LETAED TV epyulei®V, KABME Kol TO GYESUGHO Kot TNV
vAomoincn Tovg.

H vrodopn katackevdletat pe BAon 1o TPpOTLTO TPOYPOUUATIGHOV. O TPOYPUUUOTIOTHS EEKIVA
v vAomoinon oyedidlovtog to Component Network (to omoio meprypdpet tnv epappoyn), pe faon
™V Tpocéyyion ov Paciletorl 6TIG CLVIGTOOEG TOL TTEPLYPAPeTaL Kot TV [leptypagn TAaTEOpLOg
(n omoia mePypAQEL TO VTOKEIPEVO VAIKO OV givan dtabécipo). Zovdvalovtag ovtd, umopovv va eml-
AEEOLV LKL GUYKEKPIUEVT] OVATTUEN KOl VO TO OTEKOVIGOUV € €va Xy€dto Avamtuéne. O KddKag
umopel va puOUIoTEL GOUPOVA LE TIG OTOLTHGELG TNG EQOPLOYNG. ATO ekel, Evo avTOHOTO Epyaeio
TAPOAANAOHOD umopel vo avaddPetl TV mopaymyn TapIAANA®Y EKOOGEDV TOV CLGTATIKOV (YPN-
ocwomolovtag OpenMP, CUDA 1 dAhec BipAiodnkeg) yuo ektédeon og moivvnuotikég CPU 1 diAo
VAKO. LT CLUVEXELD, L0 EVOTNTO EMAOYNS TEXVIKAOV B emAéEet Tig avtioToryeg vAomomoeig API ko
TIG €k060¢ElC eEAPTNUATOV SOLEOVA e TO ZXE010 AVATTLENC, TO 0010 GTN GUVEXELN OVOTTUGGETOL
an6 tov Awyepiot Extéleonc, o omoiog evompatdvel, Kotaptilel Kol EKTEAEL TNV EQUPHOYN GTOVGS
OVTIOTOLOVG GTOYOVG TOL UNYOVILOLTOG.

2KOTOG VNG TNG HEAETNS elval va TapdoyEl TO OXEOAGIO oG OAOKANPOUEVNG ADONS Yo TNV
OVATTUEN TAPAAANA®Y EQOPLOYDY Y10l [LL0L VITTOSOUT| TOV UTOPEL VAL OVOTTTVUYDEL, EVED OVOTTUGGOVTOL
SlPOPETIKEG TEYVOAOYiEG Kot povTéda. Opiopéva and to epyoreio Lmopodv va avTikatactadovy,
A0 uTopovV Vo, PeEATIOB0DV, EVD 1] GUVOALKT OPYLTEKTOVIKT UTOPEL va enekTabel, e16ayovTag véa
gpYaAEiol GTIV VOO0 TOL UTOPOVV VO TPOGOEPOLV L EVPVTEPT] dEGUN VTOGTNPILOUEVOV TTEPL-
TTOCEMY YPNOTG.

6.2 MellovTiKi] d0VAELO

Katd v avémtuén kot a&loAdynon g Tpokvumtoucag oelpdc epyaieimv, vmpEav TOAAEG 10€€g
OV TPOEKLY OV, LOEEG TTOL Bl SIEVKOALVOY TNV EUTELPIO TOL TPOYPOLUOTIOTY], KAODG KOL TNV EXLEKTOOT
TOV SLVOTOTNTOV TOV TPOCPEPOLV TO. EPYOAEiD, BEATIOVOVTOAG TAPAAANAL TNV OTOS00T TNG TOPEA-
ANANG epapUoyNG. Ze aVTO TO TELELTAIO TUN O, BETOVE OPIOUEVEG OO AVTEG TIG 1OEEG TOV TTAPEYOVY
KIVTPO Y100 TNV TEPOUTEP® EMEKTAGT TNG SOVAELAG LLOG GTNV LITOJOWT, TO OTTOT0 £YEL SOLVOTOTNTES Yo
OPILGUEVEG TTOAD EATIIOOPOPES KOl EVOLULPEPOVTEG PEATIDCELC.
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6.2.1 Avtopoarn lHopaiinromoinon

Ot poondBeteg yio vt TN S0 TPIPN] EMKEVTPOONKAY GTNV AVTOLOTY TUPAAANAOTOINOT OE L
KAlpoko toAlamimv Bopupov xpnoionoidviag To povtéro tpoypappatiopod OpenMP. [lapoio mov
ta Sro0éoipa epyareia deiyvouv Kuplwe TOAAL VTOGYOUEVO ATOTEAEGLOTO YPNCUYLOTOIDVTAG OVTO TO
LOVTELO, VILAPYOLV TOAAEG GUVEYILOUEVEG EPYOOIES e GALEG TOAVTOMKES TEXVOLOYIES 1] AKOMO KOt
TEYVOAOYIES Y10 eEMTEPIKY EKPETAAAELGT VAIKOV wapopola pe CUDA xot OpenCL. Mg 10 épacpio
TOV YPOVOV, eUPavIlovTol TOAAEG VEEG AVOOVOLEVEG TEXVOLOYIES, TOGO Y10 TO TUNLO TPOYPOUUATL-
ooV 000 Ko Yo To LAMKO. NEEG GUOKEVES Kot VEEC SEMOPES TPOKELTAL VO XPTOLUOTOIM OOV Y10, TN
GUVEYN EMTAYVVOT| EPUPLOYDV KOL VTOAOYICUDV EKPOPTMONG TOV UTOPOVV VO TPOCAUPUOGTOVV GE
GUYKEKPLEVO VAIKO.

[Ipoxkepévou va evoopatmboiy Kot vo alomombovv 0Aec avTég o1 S1aPopeTIKEG Aaels, To Mo-
viého ITpoypappatiopon (mov meptypdpetor oty evotna H) éxet oyediootel e181kd yio va vTooT-
pilel drapopeTikég TeXVorOYieg KOl GLOKEVES, emTpEénovtag T delaywyn TOKIA®Y EQPUPUOYDY Kot
VAOTIOGEWDY, DGTE 0 TPOYPOUUATIOTNG VO, LTOPEL VO SOKIILAGEL SLUPOPETIKES ADGEIC PEATIOTOTOID-
vtog TV amoddoon g epappoyne. Kabwg eicdyoval véa epyaleia avtopatng Topaiinionoinong,
UTOopovV va dnpovpynBodv Kot vo, eEETOGTOVV SLUPOPETIKEG EKOOCELS TMV GTOLYEIMV AOYIGLIKOV Y10
avamTusn.

[N 10 oxomd aVTo, TO EPyareio avTOUATNG TAPUAANAoTOiNoTG UTopel va enekTabel ylo vo vo-
otnpi&el mePLocOTEPES TEYVOLOYIEG TAPUAANAIGLOD Y10 KOV KOl KOTAVEUNUEVT] LV 1] Yio eEmTe-
pucég ovokevég / vk, Opoimg, n evotTnTa EMAOYNG TEXVIKNG Uropel va emektabel yio vo emAé€et
SLOPOPETIKEC EKOOGELC TV EEUPTNUATOV Y10 TIG 101G 1) SIUPOPETIKEG GLOKEVEG / UNYOVES, KOS Kot
Stapopetikes Piprlodnkec encovaviog Yoo LETAPOPA SEGOUEVOV KOl CIUATO GUYYPOVIGLOV, GV~
QOVA LLE TNV ETAEYUEVO TPOTO EKTEAECTC.

6.2.2 BeltioTomoinon dwevopung Topwv

Onwg £xet 101 avaeepbel, to AEOLUS emtpénet v avantvén tov eopTnHatov TG GLYKE-
KPWEVNG EPOPUOYHG AOYIGHIKOV GE SLOPOPETIKG GTOLYEID DAIKOD, £TG1 MOTE O TPOYPUUUOTIOTAS VAL
umopet va, SOKIUAGEL SLOPOPETIKES VAOTOGELS TG EPAPLLOYNG TOVS LLE GTOYO TN PEATIOTONOINOT TG
am6doonG. Qotdc0, AVTEG Ol SLUPOPETIKEG EKTELETELS doKIUMV Pacifovtot moAd ot dwaicOnon kot
GTO OGO O TPOYPULULATIOTNG EEOIKEIMVETOL LE TO VTOKEIPEVO VAKO. ['a va, Tapatnpioovy Kamoto
Beltioon, o1 TPOYPAUUATIOTEG TPENEL €1TE VAL Elval APKETE TVYEPOT DOTE VO SOKILAGOVY KATO10 LO-
vTého eKTEAESNC TOV va Oglyvel KEPOM amdOooNC, £ite TPEMEL TPAYUATIKE Vo Yvopilovy Tt Kévouv
(voBétovtog PePaimg o LEYAAN EQAPLOYT TOAOTAGY GTolXEl®mV HE HEYAAO aplBpd mbavodv po-
VTEA®V EKTENEDT|G).

"Eva gpyaleio dtovopng moépwv pmopel va kavel akpipdg avtd, propel va avamtuydei ylo va ypnot-
LOTOMGEL TN S10icON o™ TOV EUTEPOYVOUOVOV, 1] OTToid dEV lval KATL TOV 0 PHEGOG (PT|OTNG KOTEXEL,
Vo aodidet e EUPaot To SLAPOPO GLOTUTIKA GE GLYKEKPIUEVO OTOLXEID VAIKOV. AVAAOYO LLE TOL (0L
POKTNPIOTIKA TOV eEUPTNUATOV Kol To SLOPOPETIKE KPITHPLYL / OTALTACELS TOV ¥PNOTY (TayLTNTA,
1oYVG K.AT.), TO EPYAAEIO0 PUTOPEL VO TPOTEIVEL 1] VO SOKILAGEL OVTOUATO SIUPOPETIKEG EPAPLOYEG TTOV
UTOPOVV VO Elval apkeTd akpiPeic Kot vo BEATIOTOTONOOVY LE TOV Kopd TNV TEMKT VAOTOINCN N
gpappoymn.

6.2.3 AmoOetiipro apycimv

Av ka1 1 TPEYOVGA UPYITEKTOVIKT] TOV TAOIGIOV EMTPENEL TNV AAANAETIOpaoT HeTAED S10POPETL-
KOV INYavov 6€ oxEoN LE TO YPNOTN KoL TNV OVIOAAAYT OTUATOV, 0 ¥PNOTNG TPETEL VO £XEL TANPT
EM{YV®OOT TOV TOL VO TOTOOETNOEL TOL AMAPAITITO APYELD TOV YPTGLULOTOLOVVTAL OO T NPT LOTOL
™G EQAPUOYNG.

ADO EVOEIKTIKES TPOGEYYIOELS GYETIKA LLE TNV VAOTOINOT TEPLYpAPOvVTUL E6:
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e 'Evog kevrpikdg dakopiotng arobetnpiov: ‘Evag amopokpuopévog SoKoHGTIG TOL YPNCIHO-
moteitan ylo amodnkevon apyeiov. Avti n Abvon mapéxet Eva cuvoro API mov emtpémovy otnyv
EQOPLOYN VO, aokTd TPOSPacon €€ amooTACE®MS 6TO SLOKOMOTY Kot Vo S10faleL / LETOPOPTOVEL
/ avePalet ta apyeia mov ypedlovral.

e 'Evo xatavepnuévo amobetipro: ‘Eva cvvoro API mov pmopei va mopéyel tpoésPacn ota op-
xelo mov dopévouy og daPopeTika unyovipato. O ydpog amodnKevong 6 AVTHY TV TEPTL-
TTOON OOVEUETOL O OAES TIG SLUPOPETIKES CLOKEVES / unyoavEg oL opilovtot oty [leprypaon
mhateoppoc. To Movtédo ITpoypappatiopod eivot vrevduvo yio Ty agaipesn Tov ¥p1otn ard
OTOLEGONTOTE PETAPOPES / TPOOCTELACELS YOUNAOD EMUTESOV UETAED TOV SLUPOPETIKMY LN)OL-
VAV, TOPEYOVTAG TNV EIKOVO, VOGS £VINIOL OHOIOHOp@oL amofetnpiov L ToV omoio pmopel va
€xel TpOGPaon XPNOILOTOIDOVTOG TNV 1010 SIETOPT LLE (VTN TOL KEVIPKOV amobeTnpiov.

6.2.4 A&widynon amodoong

I'o T0 oYEJAGUO TOV HOVTEAOL TPOYPUUUOTICHOD, EEETAGALE TNV OVAYKT TOL ¥PNGTN VO TopO-
KOAOVOEL TNV EQUPLOYN TOV, OGOV APOPd d1APOPES TTLYES TNG Amdd0oNG (YPOVOS eKTEAEGNC, 1OYVG
K.AT.). [ To Adyo avtod €yovv oyediaotel ta avtiototya API mov divovv ) duvatdTnTO 0TO YPNHOTN
VO GLALEYEL TANPOPOPIEC TYETIKA LE TV EKTEAECT KO VAL TO atoBnKevEL OOV Kt av TpoTid (apyeio,
extOm®on otV €£060 K.AM.). Ot avTioTOolYEG VAOTONGELS QVTAOV TOV AEITOVPYIDV UTOPOVV VO, ETTE-
KT0B0UV G€ SLOPOPETIKA €101 CLGKELMV KOl VAIKOD Y10l T1 HETPNOT) SLOUPOPETIKMY TAPUUETPAOV Y10l VOL
dtevkoAivvlei 1 a&lodldynon g amddooNS TG EPUPLOYNG o€ KGOE avamTun).

O TAnpo@opieg Tov GVAAEYOVTOL OO TIG SLAPOPEG EKTEAEGEIC UTOPOVV VO TTOPAGYOVV TOAD YpN-
GIUEG TANPOPOPIES IO EPYALEID OTMG TO EPYUAEIO SLOVOUNG TOPMV TTOV OVOPEPULLE TPOTYOVUEVOC
Kot Yo Tov yprotn emiongs. ‘Etot, n opyavopévn anobnkevon kot cuvafpoior outdv TV SE00UEVOY
glvar peydin vdbeon. Ta mpoavapepbévia API mapakorodBnong wropobv va enektafovy doTe va
TOPEYOLY OVTA TO, SEGOUEVO QVTOUATO GE [0, TAATPOPUO TOPAKOAOVON GG, 1 OTTOla LE TN GEPE TG
umopel va mopéyel SuvaTdOTNTES ATOBNKEVOTG, VAAVGONG KOl OTEIKOVIOTG, OIEVKOADVOVTOG T1 GUVO-

AMK1 0E0AGYNON TG EPAPUOYNG.

6.2.5 Awenmagr dwyeiprong

H dwyeipion kou 1 extédeon tov epyareimv kabdg kot 1 avamTuén g EQAPUOYNG COLPOVO [E
T1g Tpodlaypapéc Tov Movtédov Ipoypappoticpod propet va sivol cdvleteg epyaciec. Mia dtemaon
dweiplong v v mopakolovOnomn Kot dayeipion TV S10POpOV AEITOVPYIOV TOV EPYOULEIOV Kot
Yo T 01eVKOALVGN TG JdIKOGTING AVATTLENG HEGM EVOG YPAPIKOL TTEPIPAAAOVTOG XPNOTN LTopEl
VO OTAOTTOUGEL TIV TOADTAOKOTNTA TOL OEYETAL O YPNOTNG. Mia oelpd mpdebetwv Aettovpyldv pmopel
va gloayfel cav avTd TOL TPOSPEPEL VEES HUVATOTNTES EKUETAAAEVOTG TG GEPAS epyaieimy. Mepikd
Tapoadeiypato araplfuodvtol TapoKaT®:

o Extéleon tv epyorei®V Yp1CILOTOLDVTOG L0 YPOPIKT SIETOPT] Y10 T SIEVKOAVVGT TNG YP1-
O1G TOVG

o AvAamTtuén ¢ EQUPULOYNG TAPEXOVTAS L0 S10GVVOEST] TOV UTOPEL VO OITOLOKPVVEL TV TOAV-
TAOKOTITA TOV 0ONYIDV TOV HOVTEAOV TPOYPOUUATIGUOD, EXTPETOVTOS GTOVS (PT|OTEG VO TPO-
coppolovtar ebkola Le To HLovTELD KaBMG cuveyilovot

o [TapakoriovOnon g avamTuEnG TG EQAPLOYNG O TPAYLATIKO XPOVO, CUUTEPIAAUPAVOUEVDV
TOV SL0POPOV 6TUdIMV TNG AVAALGNG TG (TOPUAANALGLOG, KOTAVOUR TOP®VY, GOVTOEN K.A.T.)

o [TapakorovOnon g eKTELEOTG TNG EPAPUOYNG OE TPAYLOTIKO XPOVO, TAPOLGIALOVTUS PN Ol
LEG OVOADOELS GYETIKA LE TG SLAPOPEG VAOTOMGELS, EVD LETPDVTOL ETIOTG OLOPOPETIKES TAPGL-
HeTpot
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Abstract

Recent advancements on computationally intensive algorithms in various fields like Image Pro-
cessing, Control-Flow-Dynamics and Machine Learning showcase the massively increased need for
computational power. On the other hand, High Performance Computing is under continuous develop-
ment offering advanced hardware architectures and parallel programming models and protocols that
increase the performance and decrease the cost of such tasks. Still, the exploitation of these technolo-
gies is only available to specialized users, while average programmers can only deal with a limited
set of technologies that have been developed enough to include a simple interface able to abstract all
complexity.

In this Diploma Thesis, we studied a series of different technologies that combined can facilitate
the development, optimisation and deployment of a parallel application. Focus was given to the design
of the architecture of a framework, which takes the form of a multi-component toolchain offering a
variety of different functionalities. The utilization of such a framework aims to assist the user to
implement highly efficient applications, able to be deployed on a variety of different architectures and
memory spaces.

A Parallel Programming Model has been designed guiding the user through the application design
procedure. This model abstracts the programmer from the low-level implementation, taking care of
all communication and deployment tasks. The integration and deployment of the application is the
responsibility of the Deployment Manager tool that has been developed to implement the low-level
directives and library inclusions. The Programming Interface is part of the Programming Model and
mainly consists of a set of libraries developed to allow communication between the software com-
ponents of the application. The Auto-Parallelization tool is the result of an extended study of the
state-of-the-art techniques utilized in the field and exploits the design of the Programming Model to
automatically parallelize parts of the application that can be computationally intensive. The Technique
Selection decision tool exploits user directives for assigning parts of the application on the different
hardware components and selects the corresponding technologies to implement the low-level com-
munication and deployment functionalities.

The main objectives of this thesis can be summarized into three parts namely chapters pl, i con §. At
the first part, we discuss current parallelization technologies, focusing specifically on the performance
evaluation of the PLuTo parallelizer and the ROSE Compiler, while also extending relevant work to
cover more cases and optimize performance. At the second part, we describe in detail the parallel
programming model that is used for the integration of the different tools. Finally, at the third part, we
discuss the integration details of such a framework (AEOLUS) and how their interaction can provide
the outcome in the form of an integrated and optimised parallel application.
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Chapter 1

Introduction

1.1 Motivation

Nowadays, computing tasks tend to become more and more demanding every day. The rise of ma-
chine learning, data science and image processing, as well as the demand for real-time applications
show clearly the need for more computation power and reduced power consumption. This is where
the value of heterogeneous systems becomes evident. Current and future research extensively focuses
to the ability to combine computation power of high performance systems (e.g. clusters) with low
consumption of smaller, energy-efficient devices (e.g. embedded devices, FPGAs etc.) and utilize it
to promote the development of highly efficient systems able to optimally execute all kinds of appli-
cations.

On the other side, developing parallel applications for different devices is a time consuming and
difficult procedure, not meant for the average programmer who is only familiar with serial program-
ming. Plenty of libraries and frameworks have been developed to support parallel programming using
multiple threads, processes, cores or different accelerators. However, developing a multi-dimensional
application that can exploit different levels of a parallel architecture including external accelerators
demands familiarity with multiple such frameworks and can result in widely increased effort for the
programmer requiring extensive debugging and reformatting of the application to adjust to the existing
architecture.

Although designing heterogeneous parallel applications is a complicated and multi-dimensional
task, a big part of its procedure can be automated assuming partial guidance by the user. A framework
that can facilitate parallel application design should be aware of different languages and program-
ming models, be able to exploit different architectures, while at the same time providing a high level
programming model abstracting the user from the low level implementations.

1.2 Objectives

The idea behind a framework that can facilitate and enhance the procedure of parallel application
development aims to abstract the high levels of difficulty that exist when dealing with complex sys-
tem architectures. Different environments mean different programming styles, interfaces and even
languages, which in many cases makes heterogeneous deployment extremely complicated for the av-
erage programmer. An intermediate “agent” between the programmer and the available target system
should take up the low-level implementations of the application relieving the former from the respon-
sibility of dealing with the complexity that is created and making fine-tuned parallelism available to
a less expert crowd.

The problem we will be facing is based on the design and the architecture of a toolchain that
will allow the user to design a parallel application while following specific guidelines, as well as
the implementation of some key components that constitute the core of the framework, on which
more components can be built and developed completing its functionality. The aim of this thesis is
to provide a framework sufficient enough to support the design of parallel applications consisting
of multiple components that can be executed in parallel, as well as their individual parallelization
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and finally their deployment on a distributed and parallel architecture consisting of multiple computer
nodes each with its own multicore capabilities. The design of the programming model will be designed
in a way, so that a heterogeneous architecture, also including accelerators (e.g. GPUs) or FPGAs, can
also be considered if such devices are available.
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Chapter 2

Background

2.1 Moore’s Law

Moore’s Law asserts that the number of transistors on a microchip doubles every two years, though the
cost of computers is halved. In other words, we can expect that the speed and capability of computers
will increase every couple of years, and that their cost will be less and less. Another tenet of Moore’s
Law is that this growth in the microprocessor industry is exponential—meaning that it will expand
steadily and rapidly over time. To break down the law even further, it specifically stated that the
number of transistors on an affordable CPU would double every two years (which is essentially the
same thing that was stated before) but ‘more transistors’ is more accurate.

However, if you were to look at processor speeds from the 1970’s to 2009 and then again in
2010, one may think that the law has reached its limit or is nearing the limit. In the 1970’s processor
speeds ranged from 740 KHz to 8MHz. From 2000 — 2009 there has not really been much of a speed
difference as speed ranges from 1.3 GHz to 2.8 GHz, which suggests that speed has barely doubled
within a 10 year span. This is because we are looking at the speed and not the number of transistors;
in 2000 the number of transistors in the CPU numbered 37.5 million, while in 2009 the number went
up to an outstanding 904 million; this is why it is more accurate to apply the law to transistors than to
speed.

But Moore’s Law may not be able to go on indefinitely. The high tech industry might love its
talk of exponential growth and a digitally-driven “end of scarcity,” but there are physical limits to the
ability to continually shrink the size of components on a chip. Already the billions of transistors on the
latest chips are invisible to the human eye. If Moore’s Law was to continue through 2050, engineers
will have to build transistors from components that are smaller than a single atom of hydrogen. It’s
also increasingly expensive for companies to keep up. Building fabrication plants for new chips costs
billions. As a result of these factors, many people predict Moore’s Law will peter out some time in
the early 2020s, when chips feature components that are only around 5 nanometers apart.

2.2 Parallel Architectures

To overcome the effect of Moore’s Law’s decline, the scientific community has been working more
and more on the exploitation of multiple cores/processors/machines to execute tasks in parallel. The
speed of individual CPUs may not increase as fast as before, but the collective work of computing
devices aims to fill that gap and take up to support the increasingly demanding computing tasks that
modern algorithms include. Parallel computers can be roughly classified according to the level at
which the hardware supports parallelism. This classification is broadly analogous to the distance
between basic computing nodes. These are not mutually exclusive; for example, clusters of symmetric
multiprocessors are relatively common.

2.2.1 Multi-core computing

A multi-core processor is a processor that includes multiple processing units (called ’cores”) on the
same chip. This processor differs from a superscalar processor, which includes multiple execution
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units and can issue multiple instructions per clock cycle from one instruction stream (thread); in con-
trast, a multi-core processor can issue multiple instructions per clock cycle from multiple instruction
streams. Each core in a multi-core processor can potentially be superscalar as well - that is, on every
clock cycle, each core can issue multiple instructions from one thread.

Concurrent multithreading (e.g. Intel’s Hyper-Threading) was an early form of pseudo-multi-
coreism. A processor capable of concurrent multithreading includes multiple execution units in the
same processing unit (i.e. it has a superscalar architecture) and can issue multiple instructions per clock
cycle from multiple threads. Temporal multithreading on the other hand includes a single execution
unit in the same processing unit and can issue one instruction at a time from multiple threads.

2.2.2 Shared Memory Architectures

A symmetric multiprocessor (SMP) is a computer system with multiple identical processors that share
memory and connect via a bus. Bus contention prevents bus architectures from scaling. As a result,
SMPs generally do not comprise more than 32 processors. Because of the small size of the processors
and the significant reduction in the requirements for bus bandwidth achieved by large caches, such
symmetric multiprocessors are extremely cost-effective, provided that a sufficient amount of memory
bandwidth exists.

SMPs use Uniform Memory Architecture (UMA) meaning that all processors access the mem-
ory with the same bandwidth and the same latency. There are machines that do not follow the same
approach where memory is accessed non-uniformly. Machines that use Non-Uniform Memory Ar-
chitecture (NUMA) show different latency when different processors access the memory.

Symmetric Multiprocessing (SMP)
Uniform Memory Access (UMA) Non-Uniform Memory Access (NUMA)

o
Controllar
BE8

wiaanar —|
wiiean

\fo

Conitroller

Figure 2.1: SMP vs NUMA architectures

2.2.3 Distributed Memory Architectures

A distributed computer (also known as a distributed memory multiprocessor) is a distributed memory
computer system in which the processing elements are connected by a network. Distributed comput-
ers are highly scalable. The terms “concurrent computing”, ”parallel computing”, and distributed
computing” have a lot of overlap, and no clear distinction exists between them. The same system may
be characterized both as “’parallel” and “distributed”; the processors in a typical distributed system
run concurrently in parallel.

Distributed architectures also include hybrid solutions that use multiple SMPs connected together

through a network.
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Figure 2.2: Distributed memory architectures

"

Figure 2.3: Hybrid architectures

2.2.4 Cluster computing

A cluster is a group of loosely coupled computers that work together closely, so that in some respects
they can be regarded as a single computer. Clusters are composed of multiple standalone machines
connected by a network. While machines in a cluster do not have to be symmetric, load balancing
is more difficult if they are not. The most common type of cluster is the Beowulf cluster, which
is a cluster implemented on multiple identical commercial off-the-shelf computers connected with
a TCP/IP Ethernet local area network. Beowulf technology was originally developed by Thomas
Sterling and Donald Becker. 87% of all Top500 supercomputers are clusters.

Because grid computing systems (described below) can easily handle embarrassingly parallel
problems, modern clusters are typically designed to handle more difficult problems—problems that
require nodes to share intermediate results with each other more often. This requires a high band-
width and, more importantly, a low-latency interconnection network. Many historic and current su-
percomputers use customized high-performance network hardware specifically designed for cluster
computing, such as the Cray Gemini network. As of 2014, most current supercomputers use some
off-the-shelf standard network hardware, often Myrinet, InfiniBand, or Gigabit Ethernet.

2.2.5 Graphics Processing Units

A graphics processing unit (GPU) is a specialized electronic circuit designed to rapidly manipulate
and alter memory to accelerate the creation of images in a frame buffer intended for output to a dis-
play device. GPUs are used in embedded systems, mobile phones, personal computers, workstations,
and game consoles. Modern GPUs are very efficient at manipulating computer graphics and image
processing. Their highly parallel structure makes them more efficient than general-purpose central
processing units (CPUs) for algorithms that process large blocks of data in parallel. In a personal
computer, a GPU can be present on a video card or embedded on the motherboard. In certain CPUs,
they are embedded on the CPU die.
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2.2.6 Field-Programmable devices

A field-programmable gate array (FPGA) is an integrated circuit designed to be configured by a cus-
tomer or a designer after manufacturing — hence the term “field-programmable”. The FPGA configu-
ration is generally specified using a hardware description language (HDL), similar to that used for an
Application-Specific Integrated Circuit (ASIC). Circuit diagrams were previously used to specify the
configuration, but this is increasingly rare due to the advent of electronic design automation tools.

FPGAs contain an array of programmable logic blocks, and a hierarchy of “reconfigurable inter-
connects” that allow the blocks to be “wired together”, like many logic gates that can be inter-wired
in different configurations. Logic blocks can be configured to perform complex combinational func-
tions, or merely simple logic gates like AND and XOR. In most FPGAs, logic blocks also include
memory elements, which may be simple flip-flops or more complete blocks of memory. Many FP-
GAs can be reprogrammed to implement different logic functions, allowing flexible reconfigurable
computing as performed in computer software.

2.3 Performance Modelling

Optimally, the speedup from parallelization would be linear—doubling the number of processing ele-
ments should halve the runtime, and doubling it a second time should again halve the runtime. How-
ever, very few parallel algorithms achieve optimal speedup. Most of them have a near-linear speedup
for small numbers of processing elements, which flattens out into a constant value for large numbers
of processing elements.

The potential speedup of an algorithm on a parallel computing platform is given by Amdahl’s law:

1

T=p+o/s =0

Slatency =

where Sjgteney is the potential speedup in latency of the execution of the whole task; s is the
speedup in latency of the execution of the parallelizable part of the task; p is the percentage of the
execution time of the whole task concerning the parallelizable part of the task before parallelization.

Since Sjgtency < 1/(1 - p), it shows that a small part of the program which cannot be parallelized will
limit the overall speedup available from parallelization. A program solving a large mathematical or
engineering problem will typically consist of several parallelizable parts and several non-parallelizable
(serial) parts. If the non-parallelizable part of a program accounts for 10% of the runtime (p = 0.9),
we can get no more than a 10 times speedup, regardless of how many processors are added. This
puts an upper limit on the usefulness of adding more parallel execution units. When a task cannot
be partitioned because of sequential constraints, the application of more effort has no effect on the
schedule.

Amdahl’s law only applies to cases where the problem size is fixed. In practice, as more computing
resources become available, they tend to get used on larger problems (larger datasets), and the time
spent in the parallelizable part often grows much faster than the inherently serial work. In this case,
Gustafson’s law gives a less pessimistic and more realistic assessment of parallel performance:

S=1—p+sp (2.2)

Both Amdahl’s law and Gustafson’s law assume that the running time of the serial part of the
program is independent of the number of processors. Amdahl’s law assumes that the entire problem is
of fixed size so that the total amount of work to be done in parallel is also independent of the number
of processors, whereas Gustafson’s law assumes that the total amount of work to be done in parallel
varies linearly with the number of processors.
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2.4 Parallelization Technologies

When developing a parallel application, the programmer needs to take into account a series of pa-
rameters that are going to determine the tools and techniques that they will have to use for the im-
plementation. The computing resources and architectures that are available narrow down the choices
that can be used concerning the programming models that can be exploited. On the other hand, the
needs of the application as well as its nature guide the programmer towards specific models that may
be more beneficial for each specific case. In Table R.1|, we categorize the different approaches that
can be followed and the different advantages/disadvantages that exist for each one.

Architecture
Shared Memory Distributed Memory
(1) (3)
Shared address | T Easy implementation + Easy programming
space + Easy programming - Difficult implementation
Programming + High performance - Low performance
Model (2) (4)
Distributed + Easy implementation + Easy implementation
address space | + High performance + High performance
- Difficult programming - Dafficult programming

Table 2.1: Architectures and programming models

1. The processing elements executing the stream have immediate access to the same memory and
can also refer to memory addresses using the same pointers. POSIX multi-threading is such an
example, where the different threads are using the same memory and memory space.

2. The processing elements have access to the same memory, but cannot use the same memory
references (pointers) since they use a different memory space. So, they have to use different
mechanisms to transfer data other than pointers, hence the difficulty in programming. Different
UNIX processes use the same memory, but refer to a different memory space.

3. The processing elements don’t have access to the same physical memory, but can refer to the
same memory space. Since memory accessing is indirect there is a cost to performance, but also
to the implementation since there should be a middleware layer handling all memory operations.

4. The processing elements have access to neither the same physical memory, nor the same mem-
ory space. So, the user needs to implement any communication that is necessary for the appli-
cation, making programming a difficult task as with the use of processes on the same memory
space. An example of this approach is the Message Passing Interface (MPI) and its implemen-
tations (OpenMPI, MPICH).

2.4.1 Single perspective techniques
OpenMP

OpenMP (Open Multi-Processing) is an application programming interface (API) that supports multi-
platform shared memory multiprocessing programming in C, C++, and Fortran, on most platforms,
instruction set architectures and operating systems, including Linux, and Windows. It consists of a set
of compiler directives, library routines, and environment variables that influence run-time behavior. It
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uses a portable, scalable model that gives programmers a simple and flexible interface for developing
parallel applications for platforms ranging from the standard desktop computer to the supercomputer.

CUDA

CUDA (Compute Unified Device Architecture) is a parallel computing platform and application pro-
gramming interface (API) model created by Nvidia. It allows software developers and software engi-
neers to use a CUDA-enabled graphics processing unit (GPU) for general purpose processing — an
approach termed GPGPU (General-Purpose computing on Graphics Processing Units). The CUDA
platform is a software layer that gives direct access to the GPU’s virtual instruction set and parallel
computational elements, for the execution of compute kernels.

The CUDA platform is designed to work with programming languages such as C, C++, and For-
tran. This accessibility makes it easier for specialists in parallel programming to use GPU resources,
in contrast to prior APIs like Direct3D and OpenGL, which required advanced skills in graphics pro-
gramming. Also, CUDA supports programming frameworks such as OpenACC and OpenCL. When
it was first introduced by Nvidia, the name CUDA was an acronym for Compute Unified Device
Architecture, but Nvidia subsequently dropped the common use of the acronym.

MPI

Message Passing Interface (MPI) is a standardized and portable message-passing standard designed
by a group of researchers from academia and industry to function on a wide variety of parallel com-
puting architectures. The standard defines the syntax and semantics of a core of library routines useful
to a wide range of users writing portable message-passing programs in C, C++, and Fortran. There
are several well-tested and efficient implementations of MPI, many of which are open-source or in
the public domain. These fostered the development of a parallel software industry, and encouraged
development of portable and scalable large-scale parallel applications.

Official implementations:

1. The initial implementation of the MPI 1.x standard was MPICH, from Argonne National Labo-
ratory (ANL) and Mississippi State University. IBM also was an early implementor, and most
early 90s supercomputer companies either commercialized MPICH, or built their own imple-
mentation. LAM/MPI from Ohio Supercomputer Center was another early open implementa-
tion. ANL has continued developing MPICH for over a decade, and now offers MPICH-3.2,
implementing the MPI-3.1 standard.

2. Open MPI (not to be confused with OpenMP) was formed by the merging FT-MPI, LA-MPI,
LAM/MPI, and PACX-MPI, and is found in many TOP-500 supercomputers.

2.4.2 Hardware Description Languages (HDL)
Verilog

Verilog, standardized as IEEE 1364, is a hardware description language (HDL) used to model elec-
tronic systems. It is most commonly used in the design and verification of digital circuits at the
register-transfer level of abstraction. It is also used in the verification of analog circuits and mixed-
signal circuits, as well as in the design of genetic circuits.

A subset of statements in the Verilog language are synthesizable. Verilog modules that conform
to a synthesizable coding style, known as RTL (register-transfer level), can be physically realized by
synthesis software. Synthesis software algorithmically transforms the (abstract) Verilog source into a
netlist, a logically equivalent description consisting only of elementary logic primitives (AND, OR,
NOT, flip-flops, etc.) that are available in a specific FPGA or VLSI technology. Further manipulations

24



to the netlist ultimately lead to a circuit fabrication blueprint (such as a photo mask set for an ASIC
or a bitstream file for an FPGA).

VHDL

VHDL (VHSIC-HDL) (Very High Speed Integrated Circuit Hardware Description Language) is a
hardware description language used in electronic design automation to describe digital and mixed-
signal systems such as field-programmable gate arrays and integrated circuits. VHDL can also be
used as a general purpose parallel programming language.

VHDL is commonly used to write text models that describe a logic circuit. Such a model is processed
by a synthesis program, only if it is part of the logic design. A simulation program is used to test the
logic design using simulation models to represent the logic circuits that interface to the design.

2.4.3 Heterogeneous Computing

Heterogeneous computing can be defined as the coordinated use of different types of machines, net-
works, and interfaces to maximize their combined performance and/or cost-effectiveness. These sys-
tems benefit from the variety of parallelization capabilities that different kinds of processors, copro-
cessors and other targets like graphics processing units (GPU) or field-programmable devices can
offer to different parts of the computation load. So, different advantages that different parts of hard-
ware can offer are combined and used, each for the computation part where they are most valuable,
optimizing the overall efficiency of the system.

OpenCL

OpenCL (Open Computing Language) is a framework for writing programs that execute across hetero-
geneous platforms consisting of central processing units (CPUs), graphics processing units (GPUs),
digital signal processors (DSPs), field-programmable gate arrays (FPGAs) and other processors or
hardware accelerators. OpenCL specifies programming languages (based on C99 and C++11) for
programming these devices and application programming interfaces (APIs) to control the platform
and execute programs on the compute devices. OpenCL provides a standard interface for parallel
computing using task- and data-based parallelism.

OpenACC

OpenACC (for open accelerators) is a programming standard for parallel computing developed by
Cray, CAPS, Nvidia and PGI. The standard is designed to simplify parallel programming of hetero-
geneous CPU/GPU systems.

As in OpenMP, the programmer can annotate C, C++ and Fortran source code to identify the areas
that should be accelerated using compiler directives and additional functions. Like OpenMP 4.0 and
newer, OpenACC can target both the CPU and GPU architectures and launch computational code on
them.
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Chapter 3

Automatic Parallelization

The rise of computing in the last decades has caused the field of automatic parallelization to emerge,
aiming to the complete hand-over of any optimization or parallelization tasks currently handled by the
programmer to state-of-the-art compiling tools. Such tools are responsible, not only for the analysis
and compilation of the code, but also its transformation to forms that allow the exploitation of the
system’s memory specifications as well as the available resources that can be used for task allocation
and acceleration. A lot of research has been concentrated to the development of such techniques,
directed to different computing environments, architectures and programming languages.

Although parallelization can be considered as the allocation of completely independent tasks to
different processing resources, the most popular part of automatic parallelization mainly refers to
the analysis and parallelization of loop statements, which include similar computation tasks executed
on different data. This is mostly caused because of the complexity that arises when analyzing non-
uniform tasks, but also because a big portion of the computing load is concentrated on these parts of
the code. On the other hand, analyzing tasks that refer to the same actions but on different memory
regions can be modeled a lot easier using existent compiling tools. Of course, different researchers in
the field explore all possible directions that may provide fruitful results, but in the scope of this thesis
we will not concentrate on approaches that diverge from loop-centric parallelization.

This section begins with a discussion of some of the most popular approaches that are considered
in the field and it continues with the introduction and comparison of tools that have been developed
using these techniques for the optimization and parallelization of manually-written programs. Finally,
an extended programming model will be presented and used for the successful integration of the tools
with a real-world use case application which will be used for their evaluation.

3.1 Code Optimisations

In this paragraph, the basic types of dependencies that can exist in both simple and complex loops are
described along with a few techniques that have been proven very helpful concerning code analysis,
transformations and parallelization. In specific, some of the most popular dependence tests are intro-
duced, as well as a series of transformations that can be applied in the code, giving strong insight in
the latest strategies that state-of-the-art tools follow in automatic parallelization.

3.1.1 Dependences

Two iterations are said to be dependent if they access the same memory location and one of them is a
write. A true dependence exists if the source iteration’s access is a write and the target’s is aread. These
dependences are also called read-after-write or RAW dependences, or flow dependences. Similarly,
if a write precedes a read to the same location, the dependence is called a WAR dependence or an
anti-dependence. WAW dependences are also called output dependences. Read-after-read or RAR
dependences are not actually dependences, but they still could be important in characterizing reuse.
RAR dependences are also called input dependences. Dependences are an important concept while
studying execution reordering since a reordering will only be legal if does not violate the dependences,
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i.e., one is allowed to change the order in which operations are performed as long as the transformed
program has the same execution order with respect to the dependent iterations.

Due to the multiple dependencies that may occur in the code, an automatic parallelization tool can-
not safely produce parallel code before checking for possible dependencies across different iterations
of the loops. Mathematically a dependence can be described with the following definition:

Definition 3.1. Dependence existence A dependence exists if there exist iteration vectors k and j
such that:

-

L<k<j<Uandfik)=gi(j), 1<i<d. (3.1)

where L and U the lower and upper bound vectors of the loop. Another approach to describe the
identification of a dependence relies on the check of the iteration vector where if it’s found to be
lexicographic-ally positive a dependence can be assumed to exist.

Some examples of dependence testing can facilitate the understanding of these definitions. Some
powerful techniques about dependence testing have been developed and here we will present some of
the most popular.

The Lamport test

The Lamport test is a simple test for index expressions involving a single index variable, and with the
coefficients of the index variable all being the same, i.e.:

Al bxi+cy,...]=A[..,bxi+cy,...] (3.2)

If there are 77 and i9 such that:

L <1 SigSUandb*il—i-cl:b*i2+02:>i2—i1:(61—62)/b (3.3)

then there is a dependence in the loop. Note that an integer solution exists only if (¢; — ¢2)/b is an
integer. Then the dependence distance is:

C1 — C9
d=

LifL<d<U (3.4)

e [f d>0 then the dependence is a true dependence
e [f d=0 then the dependence is loop-independent

e [f d<0 then the dependence is an anti-dependence

The GCD test
The GCD test is based on following theorem.

Theorem 3.1. Equation 3.5 has an integer solution x1, x2, ..., Ty, iff the Greatest Common Divisor
(GCD) of a1, as, ..., a,, divides c.

Z a;T; = C (3.5
i=0

e.g.:2xx; —2xx2 = 1. GCD(2,-2) =2 and 2 cannot divide 1. So, there is no integer solution for
the equation above.

28



It is difficult to analyze array references in compile time to determine data dependency (whether
they point to same address or not). A simple and sufficient test for the absence of a dependence is the
greatest common divisor (GCD) test. It is based on the observation that if a loop carried dependency
exists between X[a * i + b] and X|[c % ¢ + d| (where X is the array; a, b, ¢ and d are integers, and i
is the loop variable), then GCD (c, a) must divide (d — b). The assumption is that the loop must be
normalized — written so that the loop index/variable starts at 1 and gets incremented by 1 in every
iteration. For example, in the following loop, a=2, b=3, ¢=2, d=0 and GCD(a,c)=2 and (d-b) is -3.
Since 2 does not divide -3, no dependence is possible.

for(i=1; 1<=100; i++)
X[2*i+3] = X[2*i] + 50;

The Banerjee test

The Banerjee test [2] is based on the Intermediate Value Theorem. It is another widely used test that
calculates the possible minimum and maximum values an expression on the LHS of a linear equation
can achieve, given bounds on each of the variables involved. Once the minimum and maximum of the
expression is known, the test checks whether the constant on the RHS of the equation falls between
these extreme values. If it does not, then no dependence exists. If it does fall in the range, we know
only that a real solution to the linear equation exits. However, we cannot conclude that a dependence
exists, since there may not in fact be an integer solution to the equation. This inability to distinguish
between real and integer solutions makes the Banerjee test, though highly efficient, an inexact test.
In addition to providing a no or maybe answer to a dependence test, the Banerjee test can be used to
generate direction vector information.

3.1.2 Loop transformations

In compiler theory, loop optimization is the process of increasing execution speed and reducing the
overheads associated with loops. It plays an important role in improving cache performance and mak-
ing effective use of parallel processing capabilities. Most execution time of a scientific program is
spent on loops; as such, many compiler optimization techniques have been developed to make them
faster.

Loop optimization can be viewed as the application of a sequence of specific loop transformations
to the source code or intermediate representation, with each transformation having an associated test
for legality. A transformation (or sequence of transformations) generally must preserve the temporal
sequence of all dependencies if it is to preserve the result of the program (i.e., be a legal transforma-
tion). Evaluating the benefit of a transformation or sequence of transformations can be quite difficult
within this approach, as the application of one beneficial transformation may require the prior use of
one or more other transformations that, by themselves, would result in reduced performance. Common
loop transformations include:

e Fission e Skewing

e Fusion e Splitting

e Interchange e Tiling

e [nversion e Vectorization
e Reversal e Unrolling
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3.1.3 OpenMP annotations

We discussed about the usage of the OpenMP programming model in a previous section. The ease of
use and understanding that is offered by OpenMP make it a preferable solution for many automatic
parallelization tools which use OpenMP pragma annotations to execute tasks in parallel after identify-
ing the ones that can be considered parallelizable. The annotations are placed before the parallelized
code segments, splitting them to different threads.

3.2 The Polyhedral Model

The Polyhedral model for compiler optimization is a powerful mathematical framework based on
parametric linear algebra and integer linear programming. It provides an abstraction to represent
nested loop computation and its data dependencies using integer points in polyhedra.

Complex execution-reordering, that can improve performance by parallelization as well as locality
enhancement, is captured by affine transformations in the polyhedral model. The model has reached
a level of maturity in various aspects — in particular, as a powerful intermediate representation for
performing transformations, and code generation after transformations.
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Figure 3.1: The polyhedral model

Some definitions are displayed below to facilitate the presentation of the techniques that the model
relies on:

Definition 3.2. Affine Hyperplane The set X of all vectors ¥ € Z" such that h.Z = k, for k € Z,
is an affine hyperplane.

Definition 3.3. Polyhedron The set of all vectors ¥ € Z" such that AZ + b > 0, where A is an
integer matrix, defines a (convex) integer polyhedron. A polytope is a bounded polyhedron.

Definition 3.4. Polyhedral representation of programs Given a program, each dynamic instance of
a statement, S, is defined by its iteration vector i which contains values for the indices of the loops
surrounding S, from outermost to innermost. Whenever the loop bounds are linear combinations of
outer loop indices and program parameters (typically, symbolic constants representing problem sizes),
the set of iteration vectors belonging to a statement define a polytope. Let Dg represent the polytope
and its dimensionality be mg. Let p’'be the vector of program parameters.

3.2.1 Polyhedral dependences

The dependence model considered is referred to at [3][4][5][6]. Dependences are determined pre-
cisely through dataflow analysis, but we consider all dependences including anti (write-after-read),
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output (write-after-write) and input (read-after-read) dependencies, i.e., input code does not require
conversion to single assignment form.

Definition 3.5. Data Dependence Graph The Data Dependence Graph (DDG) is a directed multi-
graph with each vertex representing a statement, and an edge, e € £, from node S; to S; represent-
ing a polyhedral dependence from a dynamic instance of S; to one of S; : it is characterized by a
polyhedron, P,, called the dependence polyhedron that captures the exact dependence information
corresponding to e. The dependence polyhedron is in the sum of the dimensionalities of the source
and target statement’s polyhedra (with dimensions for program parameters as well). Let § represent
the source iteration and ¢ be the target iteration pertaining to a dependence edge e. It is possible to
express the source iteration as an affine function of the target 102 iteration, i.e., to find the last con-
flicting access. This affine function is also known as the h-transformation, and will be represented by
he for a dependence edge e. Hence, § = h,(t). The equalities corresponding to the h-transformation
are a part of the dependence polyhedron and can be used to reduce its dimensionality.

for (=l i<MN:j+esl St q‘x\ | 51 | s2 |
% i ] conaf] k i com st
for (jml; j<N;jr+) e " 1 /ll'l cy | O ;. il 1 7] ] parallci
S AfLg] = Al jlrul []ev [ + a2]djev2]f | .,;:’.v ‘ i1 0 o |lo 1 0 | Fad.dep
for (el k<M ket R P | oo I | scalar
for (I=ll; 1<N; H+) Duata dependence graph Statement-wise transformation
82 xfk] = xlkBALLKpyLE F R 6 B e s FResh
Oviginal code I e .
1 0 0o 1 Pl 20 o (clel: cl <M cles)
P i il i i o o . i o L k 4\ for (2=l c2<N; c2++}
: 00 o I T o Y e Alctel] = Alelel lafe2jevicl §;
ul |I_-, III |I: { 0 T 1] ||. O N | T xcl] = afel rAlc2cljoyc2]:
o ! " 1 ! Xl 1 =3 1] il il l 1 ]
Domakn of 51 Dependence polyhedron for 5152 edpe Fransformed code
Figure 3.2: Polyhedral representation example
Figure @ shows the polyhedral representation of a simple code. Let S1, So, . . . , .S, be the

statements of the program. A one-dimensional affine transform for statement S, is defined by:

¢, (1) = [c1...Cm,, )(0) + co,ci € Z (3.6)
¢s,, can also be called an affine hyperplane, or a scattering function when dealing with the code
generator. A multi-dimensional affine transformation for a statement is represented by a matrix with
each row being an affine hyperplane.
Dependence satisfaction: An affine dependence with polyhedron P, is satisfied at a level | iff the
following condition is satisfied:

VE(1<k<l—1): ¢4 (1) = ¢5(5) >0, <5i>€ P, (3.7)

and
¢, (0) — ¢L,(5) >0, <5, f>¢€ P, (3.8)

3.2.2 Loop transformations

Latest research indicates the importance of the polyhedral model in the area of automatic paralleliza-
tion, which is used for transforming the code in such a way where existing dependencies are resolved
and new parallelizable code segments appear.

There are two common approaches to loop transformation. In the first approach, researchers have
considered compound transformations as a series of individual transformations on the loop nest. This
approach is applicable to general loop nests, but it is not clear how to choose the best combination
of transformations to apply to a given loop nest. A second approach considers transformations to be
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matrix transformations on an iteration space. This approach is elegant but applicable only in limited
cases, when the dependences can be summarized as distance vectors. The polyhedral model combines
the mathematical rigor in the matrix transformation model with the greater generality of the sequence
of individual transformations approach. Loop interchange (permutation), reversal and skewing are
unified as unimodular transformations, and the dependence vectors incorporate both distance and
direction information. This unification provides a general test to determine if the code obtained via a
compound transformation is legal, as opposed to a specific legality test for each individual elementary
transformation. Thus the loop transformation problem can be formulated as directly solving for the
transformation that maximizes some objective function, while satisfying a set of constraints. Using
this theory, multiple algorithms have been developed for improving the parallelism and locality of a
loop nest via loop transformations. Tiling, while not a unimodular transformation, is also considered
and described as a commonly used technique in the automatic parallelization field.

Permutation, reversal and skewing are three well known transformations that can be represented
as unimodular matrices.

Permutation: A permutation ¢ on a loop nest transforms iteration (p; ... pp) to (pgy --- Ps,,)- This
transformation can be expressed in matrix form as I,,, the nxn identity matrix I with rows permuted
by o. The loop interchange above is an n = 2 example of the general permutation transformation.

Reversal: Reversal of the i:h loop is represented by the identity matrix, but with the ;i diagonal
element equal to 1 rather than 1. For example, the matrix representing loop reversal of the outermost
loop of a two-deep loop nest is:

-1 0
0 1

Skewing: Skewing loop I; by an integer factor f with respect to loop I; maps the iteration:

(P1---Pim1, Pi> Pit1---Pj—15Dj> Pj+1--Pn) (3.9)

to:
(P1.--Di—1,Di, Pit1---Pj—1,P5 + fDi, Djs1---Pn) (3.10)

The transformation matrix T that produces skewing is the identity matrix, but with the element tj,i
equal to f rather than zero. Since i <j, T must be lower triangular.

Tiling: The tiling transformation despite the fact that it is not a unimodular transformation, is
a primary transformation for improving locality, and can also be employed to expose coarse-grain
parallelism. Tiling encompasses the well-known transformations of strip-mine and interchange [[7]
and unroll-and-jam [8]. As with unimodular transformations, the programmer must consider under
what conditions the transformation is legal, and how applying it to a loop nest changes the loop nest.
The most popular tiling methods consider only rectangular tiling. However, non-rectangular tiles can
be achieved by combining (rectangular) tiling with unimodular loop transformations.

3.3 Automatic Parallelization Tools

3.3.1 ROSE Compiler — autoPar tool

ROSE [[14] is an open source compiler infrastructure to build source-to-source program transformation
and analysis tools for large-scale C/C++ and Fortran applications. Since it preserves the representa-
tion of high-level abstractions, no required information to recognize such abstractions is lost and the
associated semantics can be reliably inferred. ROSE allows even non-expert users to exploit compiler
techniques to address the analysis and transformation of abstractions.

A parallelizer was designed in the context of the development of the ROSE project using the
compiler to automatically parallelize target loops and functions by introducing either omp for or omp
task, and other required OpenMP directives and clauses. For input programs with existing OpenMP
directives, the tool will double check the correctness when the right option is turned on.
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It is designed to handle both conventional loops operating on primitive arrays and modern appli-
cations using high-level abstractions. The parallelizer uses the following algorithm:

1. Preparation and Preprocessing

(a) Read a specification file for known abstractions and semantics.

(b) Apply optional custom transformations based on input code semantics, such as converting
tree traversals to loop iterations on memory pools.

(c) Normalize loops, including those using iterators.

(d) Find candidate array computation loops with canonical forms (for omp for) or loops and
functions operating on individual elements (for omp task).

2. For each candidate:

(a) Skip the target if there are function calls without known semantics or side effects.
(b) Call dependence analysis and liveness analysis.

(c) Classify OpenMP variables (autoscoping), recognize references to the current element,
and find order-independent write accesses.

(d) Eliminate dependencies associated with autoscoped variables, those involving only the
current elements, and output dependencies caused by order-independent write accesses.

(e) Insert the corresponding OpenMP constructs if no dependencies remain.

Loop
Mormalization

Custom Liveness
Serial Code ||| Optimization Analysis
Abstraction and
Semantics
Specification
i —
OpenMP Dependence Depend ence
Code ig Elimination Analysis

Variable
Classification

Figure 3.3: ROSE Compiler toolflow

The key idea of the algorithm is to capture dependencies within a target and eliminate them later
on as much as possible based on various rules. Parallelization is safe if there are no remaining de-
pendencies. Semantics of abstractions are used in almost each step to facilitate the transformations
and analyses, including recognizing function calls as variable references, identifying the current ele-
ment being accessed, and ensuring if there are constraints for the ordering of write accesses to shared
variables.
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3.3.2 PLuTO parallelizer

PLuTO is an automatic parallelization tool based on the polyhedral model. The tool transforms C
programs from source to source for coarse-grained parallelism and data locality simultaneously. The
core transformation framework mainly works by finding affine transformations for efficient tiling.
OpenMP parallel code for multicores can be automatically generated from sequential C program sec-
tions. Outer (communication-free), inner, or pipelined parallelization is achieved purely with OpenMP
parallel for pragmas; the code is also optimized for locality and made amenable for auto-vectorization.

As already discussed, the polyhedral model stands as a complete model for analyzing the data flow
and applying any transformations that are considered necessary for exploiting parallelism. However,
an approach to automatically find good transformations for communication-optimized coarse-grained
parallelization together with locality optimization has been a key missing link. PLuTO has been devel-
oped to offer exactly that; a new automatic transformation framework that solves the above problem.
This approach works by finding good affine transformations through a powerful and practical linear
cost function that enables efficient tiling and fusion of sequences of arbitrarily nested loops. This in
turn allows simultaneous optimization for coarse-grained parallelism and locality. Synchronization-
free parallelism and pipelined parallelism at various levels can be extracted. The framework can be
targeted to different parallel architectures, like general-purpose multicores, the Cell processor, GPUs,
or embedded multiprocessor SoCs.

The described framework has been implemented in [[10][]11], into a new end-to-end transforma-
tion tool, PLuTO, which can automatically generate parallel code from regular C program sections.
Experimental results from the implemented system show significant performance improvement for
single core and multicore execution over state-of-the-art research compiler frameworks as well as the
best native production compilers. For several dense linear algebra kernels, code generated from Pluto
beats, by a significant margin, the same kernels implemented with sequences of calls to highly-tuned
libraries supplied by vendors. The system also allows empirical optimization to be performed in a
much wider context than has been attempted previously. In addition, PLuTo can serve as the parallel
code generation backend for several high-level domain-specific languages.

The polyhedral compiler framework is an abstraction for analysis and transformation of programs.
It captures the execution of a program in a static setting by representing its instances as integer points
inside parametric polyhedra. Most publicly available tools and compilers that use this framework
extract such a representation from C, C++, and Fortran programs.

Polyhedral representation of programs: Let S1, So... S, be the statements of the program. Each
dynamic instance of a statement, S, is identified by its iteration vector i that contains values for in-
dices of the loops surrounding S, from outermost to innermost. Whenever the loop bounds are affine
functions of outer loop indices and program parameters, the set of iteration vectors belonging to a
statement form a convex polyhedron called its domain or index set. Let Ig be the index set of S and
let its dimensionality be mg. Let p be the vector of program parameters. Program parameters are not
modified anywhere in the portion of code we are trying to model.

A function f on a domain [g is called an affine function if it can be represented in the following
form:

f(@) = [c1¢...Cmg) (i) + co,i € Is (3.11)

Regular data accesses in a statement are represented as multi-dimensional affine functions of do-
main indices. Codes that satisfy these constraints are also known as affine loop nests. Polyhedral
dependences: The data dependence graph (DDGQG) is a directed multi-graph with each vertex repre-
senting a statement, and an edge, e € E, from node S; to S; representing a polyhedral dependence
from an iteration of S; to an iteration of S;: it is characterized by a polyhedron, D, called the depen-
dence polyhedron that captures exact dependence information corresponding to e. The dependence
polyhedron is in the sum of the dimensionalities of the source and target iterations spaces, and the
number of program parameters. At least one of the source and target accesses has to be a write.
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1 for(t=0; t<=—T1; t++)
for(i=1; i<=—N2; i++)

3 for(j=1; j<=—N2; j++)

4 ali][jl= C a[=il][—j1] + a[=ilJ[j] + a[—ilJ[j+1]

5 +ali][—j1] + al[il[j] + a[il[j+1] + a[i+1][—j1] + a[i+1][j] + a[i+1][
j+1] ) / 9.0

For example, in the code segment above, the dependence between the write a[i][j] at §= (t,i,j) and
the read at ¢ = (t’,i’,j’) at a[i'—1][j'—1] is given by the dependence polyhedron, D.=(5, £, p, 1), which
is a conjunction of the following equalities and inequalities:

=41, =+ 1t =t (3.12)
0<t<T-1,1<i<N-3, 1<j<N-3 (3.13)

3.3.3 Intel C++ Compiler

Another choice for an automatic parallelization compiler that is available, but not open-source unlike
the other two, is the Intel C++ Compiler. The auto-parallelization feature of the Intel C++ Compiler au-
tomatically translates serial portions of the input program into semantically equivalent multi-threaded
code. Automatic parallelization determines the loops that are good sharing candidates, performs the
data-flow analysis to verify correct parallel execution, and partitions the data for threaded code gen-
eration as is needed in programming the OpenMP directives. The OpenMP and auto-parallelization
applications provide the performance gains from shared memory on multiprocessor systems.

Intel compilers are optimized to computer systems using processors that support Intel architec-
tures. They are designed to minimize stalls and to produce code that executes in the fewest possible
number of cycles. The Intel C++ Compiler supports three separate high-level techniques for optimiz-
ing the compiled program: interprocedural optimization (IPO), profile-guided optimization (PGO),
and high-level optimizations (HLO). The Intel C++ compiler in the Parallel Studio XE products also
supports tools, techniques and language extensions for adding and maintaining application parallelism
on [A-32 and Intel 64 processors and enables compiling for Intel Xeon Phi processors and coproces-
sors.

Profile-guided optimization refers to a mode of optimization where the compiler is able to access
data from a sample run of the program across a representative input set. The data would indicate which
areas of the program are executed more frequently, and which areas are executed less frequently. All
optimizations benefit from profile-guided feedback because they are less reliant on heuristics when
making compilation decisions.

High-level optimizations are optimizations performed on a version of the program that more
closely represents the source code. This includes loop interchange, loop fusion, loop fission, loop
unrolling, data prefetch, and more.

Interprocedural optimization applies typical compiler optimizations (such as constant propagation)
but using a broader scope that may include multiple procedures, multiple files, or the entire program.

3.34 CETUS

Cetus is a compiler infrastructure for the source-to-source transformation of programs. It was created
out of the need for a compiler research environment that facilitates the development of interprocedural
analysis and parallelization techniques for C, C++, and Java programs. Cetus is a set of intermediate
representation (IR) classes and optimization passes and does not contain any proprietary code relying
on freely available tools. For creating a Cetus parser the parser generators Yacc and Bison were
considered, which use lex or flex for scanning, and Antlr, which is bundled with its own scanner
generator.

Cetus has the following goals:
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e The Internal Representation (IR) is visible to the pass writer (the user) through an interface,
which we will refer to as the IR-API. Designing a simple, easy-to-use IR-API, that is extensible
for future capabilities — especially to support other languages — is the most difficult engineering
task.

o It must be easy to write source-to-source transformations and optimization passes. The im-
plementation is an object-oriented class hierarchy with a minimal number of IR-API method
names (using virtual functions and consistent naming), easy-to-use IR traversal methods, and
information that can be inferred from other data strictly hidden from the user.

e Ease of debugging can be decisive for the success of any compiler project that makes use of the
infrastructure. The IR-API should make it impossible to create inconsistent program represen-
tations, but we still need tools that catch common mistakes and environments that make it easy
to track down bugs if problems occur.

e Cetus should run on multiple platforms with no or minimal modification. Portability of the
infrastructure to a wide variety of platforms will make Cetus useful to a larger community.

3.4 Experimentation and comparison

3.4.1 Tool experimentation

For the evaluation of the tools we used the sandman machine, part of the CSLab resources, that is
equipped with 4 Intel Xeon E5-4620 (Sandy Bridge) processors in a NUMA architecture. Each pro-
cessor holds 8 cores, providing a total of 64 threads available to use for execution.

The ‘polybench’ benchmark suite was used for the comparison of the tools, as it provides a
set of benchmarks specifically designed to test parallelization techniques. In specific, a series of
computation-intensive, math-related applications is available in the suite, which covers perfectly the
needs of the evaluation. The benchmarks are briefly presented in Table B.1].
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Benchmark Description
2mm 2 Matrix Multiplications (alpha * A*B* C+beta* D)
Imm 3 Matrix Multiplications ((A*B)*(C*DY))
adi Alternating Direction Implicit solver
atax Matrix Transpose and Vector Multiplication
bhicg BiCG Sub Kernel of BiCGStab Linear Solver
cholesky Cholesky Decomposition
correlation Correlation Computation
covariance Covariance Computation
deriche Edge detection filter
doitgen Multi-resolution analysis kernel (MADNESS)
durbin Toeplitz system solver
fdtd-2d 2-D Finite Different Time Domain Kernel
| gemum Matrix-multiply C=alpha A B+tbhetaC
| gemver Vector Multiplication and Matrix Addition
| gesummy Scalar, Vector and Matrix Multiplication
| gramschoudt Gram-Schmidt decomposition
head-3d Heat equation over 3D data domain
jacobi-1D 1-D Jacobi stencil computation
jacobi-2D 2-D Jacobi stencil computation
lu LU decomposition
ludemp LU decomposition followed by Forward Substitution
myt Matrix Vector Product and Transpose
NUSSINOY, Dynamic programming algorithm for sequence alignment
seidel 2-DD Seidel stencil computation
SV Svmmetric matrix-multiply
svr2k Symmetric rank-2k update
svrk Symmetric rank-k update
insolyv Triangular solver
trmum Triangular matrix-multiply

Table 3.1: The polybench benchmark suite

The parallelized versions of the benchmarks were executed on the sandman machine (4 x Intel
Xeon E5-4620 - Sandy Bridge) of the lab using 1, 2, 4, 8, 16, 32 and 64 threads. From this experiment,
a series of results were extracted concerning the speed-up that is observed after parallelization, as well
as the scalability of the parallelized programs when additional computing resources are available. The
results are illustrated in Appendix [Al.

General Observations

Regarding the benchmarks’ scalability as it is illustrated in Appendix [Al, we can observe that both
tools show a good scalability behaviour, while as we increase the number of threads used, execution
time falls accordingly. In most cases, PLuTo proves to perform better than ROSE. We can assume
that this is mostly caused due to the transformations performed by PLuTo to improve memory access
operations and thus improving the overall performance even when using 1 thread.

To introduce a more enlightening overview of the tools’ efficiency, we have sorted performance
behavior in eight categories according to the overall gain and the scalability that we observe during
the benchmarks’ execution. For visualization purposes we can assume as initial execution time the
performance of the benchmarks when running the ROSE version with one thread (i.e. the first point on
each blue plot), since ROSE doesn’t perform any code transformations and thus running this version
using one thread is pretty much the serial/initial version.

The eight categories are defined as follows:
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1. High scalability
The cases where execution time gets lower with a fast rate as we use more threads

2. Low Scalability
The cases where execution time gets lower with a slow rate as we use more threads

3. No scalability, good performance
The cases where no scalability is observed as we increase the number of threads, but perfor-
mance is better due to code optimizations (only for PLuTo)

4. First worse, then better
The cases where code optimizations provide a big overhead at first, but with the usage of more
threads performance get better than the original (only for PLuTo)

5. Early saturation
The cases where after introducing a small number of threads, performance doesn’t get better
with the addition of more threads

6. First better, then worse
The cases where after introducing a small number of threads, performance gets worse with the
addition of more threads

7. No performance gain
The cases where there is no performance gain when introducing more threads

8. Scaling backwards
The cases where the addition of threads only causes lower performance

The results are visualized using the above categories in Table B.2.

High Low No scalability, good | First worse,
scalability scalability performance then better
ROSE 16 2 0 0
| PLuTo 6 3 i 1
Early First better, No performance Scaling
saturation | then worse gain backwards
ROSE 0 3 4 3
| PLuTo 1 3 6 2

Table 3.2: polybench benchmarks evaluation

Considering Table B.2, we can see that half of the benchmarks were successfully optimized either
by code optimizations improving memory accesses and parallelization capabilities, or by the intro-
duction of multiple threads which allowed the executables to run in parallel and complete their tasks
sooner. This is a good indicator about the tools’ efficiency and the impact of their utilization by
developers of applications that include big computational loads.

On the other hand, we can notice that around 1/3 of the benchmarks appear to have minimal gain
from the utilization of the tools, or in some cases even demonstrate a big overhead introduced by the
addition of multiple threads. Of course, there are also some middle-ground results where we can see
some improvement with the utilization of a small amount of threads and others where we need even
more threads to see some improvement.
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Speedup Analysis

In Figure B.4, the overall speedup of each benchmark has been calculated from:

Initial Execution Time

Sspeedup = (3 . 14)

ming(Parallelized version running using x threads)

where x = 1,2,4,8,16,32,64 threads

As expected, PLuTo demonstrates some extraordinary performance gains in comparison to ROSE
(Figure B.4 results have been normalized to cut-off speedups greater than x64 to facilitate visualiza-
tion).

For measuring the scalability that is offered by each tool, we also compared the best performance
of each version of the code to the performance obtained from running the same version using on thread.
That way we were able to look past the loop transformations and memory locality optimizations iden-
tifying the actual performance gains we got from increasing the number of threads for each version.
The results are shown in Figure B.3.

Here we can notice that the difference that we observed in the overall performance of the two tools
is not as big now as before. By ignoring the performance gains from the code transformations, we can
see the ROSE appears to scale a lot better than before in comparison with PLuTo whose performance
gain is still big in some cases, but not that big to be considered as a better choice. Specifically, we
can see the cases where ROSE outperforms PLuTo and notice that there is a big difference (see mvt,
gramschmidt, gemver, gessumv, symm, trmm, deriche), whereas in the opposite case we can see that
where PLuTo is better, ROSE stands a little below, meaning that the gain is similar.

3.4.2 Real-World Applications

Parallelization Tools

The PLuTo Parallelizer has proved to be an effective tool for parallelizing applications with the code
transformation functionality it introduces as well as the OpenMP injections to the code. However,
when we talk about real-world applications we should keep in mind that higher-level languages are
usually preferred for computationally intensive applications, making the support of PLuTo for the C
low-level language a more research-oriented solution.
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Figure 3.6: ROSE loop parallelization success rate

On the other hand, the ROSE Compiler is able to support C++ applications and as we stressed in the
previous paragraph, the gain that we get in the general case when using PLuTo instead is not a big one
when we talk about a big amount of threads. The autoPar tool of ROSE mainly works by injecting
the code with OpenMP pragmas in the regions that are considered applicable from a dependence-
related point of view. To test the tool’s applicability, an evaluation test has been conducted in order to
measure the total loops that are identified by the tool as parallelizable. The reason it was considered
important for such an analysis to take place was the examination of the tool concerning its effectiveness
on different kinds of loops with different dependences. Thus, if the tool is able to parallelize a big
portion of the identified loops it can be considered applicable in a wide range of computation tasks.

As displayed in Figure B.6, the majority of the identified loops in the polybench benchmarks were
considered dependence-free, resulting in a loop parallelization rate more than 60% for most of the
benchmarks, while the average loop parallelization rate is close to 50%. These results combined with
the actual speed-up that was observed on the benchmarks were encouraging enough to allow us to
move on to the next testing phase where we tested a series of real-world applications using ROSE to
evaluate its performance.
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Figure 3.7: Code segment from surveillance application - iterator identification

Testing the capabilities of the ROSE Compiler, we used an application related to the Surveillance
vertical that concentrates on the analysis of satellite images. The application’s code, due to its nature,
includes big amounts of loops and array calculations which allows us to easily evaluate the tool’s
performance. Testing the tool against such code characteristics, we get the chance to inspect certain
problems that occur with realistic applications where the use of parallelization tools would create
significant performance gains.

When dealing with real applications we need to consider that the code we study is not always optimized
and in many cases it’s not feasible to produce the results that we expect. Such an example can be shown

in Figure B.7.

In Figure B.7, we can easily observe that the two loops can be easily parallelized. However, the
variables mat2_1i, mat2_j create dependencies that can not be easily observed by automatic tools.
This is because the variables are not identified as iterators of the loop (which would resolve the depen-
dencies), even though they actually are, so their manipulation inside the loop does not allow the tool
to guarantee their dependence-free parallelization. On the contrary, if the programmer had used func-
tions of i and j instead of the variables (mat2_i = i - firstRow, mat2_j = j - firstColumn)
for the array index, the iterator usage would be obvious for the parallelizer to notice and the depen-
dencies would be resolved.

Another problem that we can easily observe in the aforementioned code segment is the explicit use
of dynamic data structures, vectors, which allow the programmer to dynamically modify the allocated
space for the data giving more flexibility to the manipulation of the structure. On the downside, the
use of such structures implies their dynamic state and thus creates additional dependencies. In the
specific example, we can even notice that the dynamic nature of the vectors is not used at all, which
means that the programmer could have easily used static data structures such as arrays to implement
this function, thus allowing its parallelization.

Such “small” but significant problems easily come up in applications designed under real circum-
stances and should be strongly considered when evaluating an automatic parallelizer. For example,
ROSE Compiler that we chose to use doesn’t apply any transformations to the code to eliminate such
dependencies, while PLuTo applies complex transformation models (i.e. polyhedral) to parallelize the
code more efficiently.
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Common Dependencies

In this section, we list the most significant characteristics that can be identified in the code able to
create unresolved dependencies and hinder the parallelization procedure overall:

e Indirect addressing: The problem in this case appears when accessing memory addresses that
are not known at compile time. Parallelization of code that includes such characteristics may
cause accessing the same memory space multiple times in parallel in a random order causing
inconsistencies.

e Side effects: Calling functions with unknown side-effects in the code hinders its parallelization,
since the compiler does not have the complete picture of the memory space management in the
function’s operations.

e Data flow dependencies: Data dependencies in the code’s instruction flow do not allow its cor-
rect parallelization, creating constraints in the order of these instructions, hence to their parallel
execution.

e Dynamic arrays/data structures: Usage of dynamic data structures includes a major constraint
for code parallelization. When manipulating memory space in a dynamic manner, the compiler
has no view of the structure’s state, thus instructions running in parallel may cause inconsisten-
cies and access on unallocated memory space.

It becomes apparent that the automatic parallelization tools and techniques that are available can-
not create the required circumstances for the complete resolution of the aforementioned problems.
Some of them can be completely or partially resolved, while others require specific tradeoffs that act
against the automation of the procedure since there is not an explicit way to transfer the knowledge
owned by the programmer to the parallelizer. In the next section, we will describe some of these
tradeoffs and the gains they could offer to the parallelization procedure.

3.4.3 Introduction to an extended programming model

Data flow dependencies are some of the most common and significant characteristics that can block
the parallelization procedure. However, there are ways to deal with them partially through appropri-
ate transformations. Using tools such as PLuTo, capable of such optimizations can eliminate many
dependencies and unlock many parallelization capabilities.

On the other hand, common coding practices include certain characteristics (indirect addressing,
function calls, dynamic vectors) that obscure a big part of the program’s functionality making it more
complex and thus, hindering its analysis by the parallelizer. Of course, there are cases where such
complex characteristics are used but due to the nature of the application, no actual dependences exist.
However, due to the lack of understanding of the functionality by the parallelizer, these dependencies
are still identified and not resolved.

To this direction, an extended programming model is being proposed here, to enable the user to
easily include information about the code that cannot be extracted explicitly. In this way, the pro-
grammer is able to “interact” with the parallelizer and add details about memory access operations,
staticality of vectors and function side-effects in order to unlock more parallelization capabilities. The
model includes this information in the form of pragma annotations as described below:

#pragma aeolus function/loop static-vectors
Guarantees that the following function/loop includes only static vectors, meaning that there is
no dynamic memory allocation during its execution.

#pragma aeolus loop no-aliasing
Guarantees that the function/loop does not include pointer aliasing, meaning access to the same
memory address from different pointers.
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for (int i = startRow; i <= endRow; i++) {
for (int j = startCol; J <= endCol; Jj++) {
if (cond[il[J1) {
// Parallelisable Loop
for (int k = 0; k < rowBlockIndex.size(); k++) {
result[i + rowBlockIndex[k]][] + colBlockIndex[k]] = true;
}

Figure 3.8: Code segment from surveillance application - indirect addressing

#opragma aeolus function no-side-effects
Guarantees that the following function does not include any side-effects, meaning that there is
no writing on memory addresses or streams, thus the flow of the program is not affected any
more than the function’s returning value.

The following code segment displays a good example of false aliasing in practice where the use
of the ‘rowBlockIndex’ and ‘colBlockIndex’ arrays to indirectly access the ‘result’ array creates false
dependences that cannot be resolved with the current parallelization techniques.

Adding here the ‘no-aliasing’ annotation can instruct the parallelizer that the dependences related
to indirect access can be safely eliminated.

The output of this work regarding the utilization of this extended programming model for the
optimisation of the results obtained by ROSE is an Auto-Parallelization Tool that is referenced again
in the context of chapter .

3.4.4 Extended Benchmark Suite

In order to further test the improvement obtained when using the extended programming model, we
extracted a set of computationally intensive functions containing such parts from real-world applica-
tions. We used these parts to include some real examples of code that can be found in applications
and extend our benchmark list with additional code characteristics that a parallelization tool should
support. Some examples from this list can be found below.

vector <double> replacelndexByVector(vector<double> &vec, vector<int32 t> &
index vec, vector<double> &value) {
int32 t i;
int32 t index size = index vec.size();
vector <double> result = vec;
for (i = 0; 1 < index_size; i++)
result[index vec[i]] = value[i];
return result;

In the above segment, code from a benchmark including indirect addressing characteristics is
shown. Here, the ‘result’ vector is indirectly accessed with the ‘endex,ec’ vector as index. For logic-
related reasons, it becomes obvious that there is no overlapping between different loop iterations, so
when inserting the ‘no-aliasing’ annotation the dependencies are eliminated. Additionally, we can add
the ‘static-vector’ annotation to declare the staticality of the used vectors during the execution of the
code.

int32 t square(int32 t x) {
return x*x;
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4 int32 t square_sum(vector<int32 t> &vec) {

int32 t i;

int32 t vec _size = vec.size ();
int32 t result = 0;

for (i = 0; i < vec_size; i++)

result += square(vec[i]);
return result;

Similarly, in the above segment we can see how the use of the ‘no-side-effects’ annotations can

resolve dependencies that are bound to the unknown side-effects of called functions.
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Chapter 4

Parallel Programming Modelling

As we stressed in previous sections, developing a parallel application in non-uniform architectures
can be a very complex and time-consuming task. It includes the adaptation of various programming
models and different communication protocols as well as the integration of different architectures.
In this section, we will analyze the procedure that needs to be followed when developing a parallel
application and compare it with the one when using a uniform parallel programming model. Next, we
will present the design of a parallel programming model and the details that make its implementation.

4.1 A Parallel Programmming Model: Design

In order to facilitate the optimization of the deployment results in terms of performance and cost ef-
fectiveness as well as the flexibility of the system to exploit different parts of the available hardware,
we assume a set of separate application components that are executed independently, but also work
in synergy using a defined interface (which is described in section #.1.3) to perform a certain func-
tionality. The meaning of this decision resides on the fact that the tool should be able to distribute
the computation load in different ways on the available hardware to optimize the application’s overall
performance.

For example, let’s consider a small application with two components A and B and a 2-CPU system
with an available GPU. A possible mapping would include each component running on a (different)
CPU. Another one would suggest that component A is executed on CPU1 and component B on CPU2
with the latter using the GPU to execute part of the computation load on it.

So, the user can try different mappings between the components and the available resources to
deploy the application and result in an efficient decision that satisfies their requirements.

To better structure this model, a set of classes has been defined in which all the necessary informa-
tion is declared for both the software components and the data exchanges that take place between them.
These classes describe two particular ontologies: the application components and the communication
objects of the application.

Components: A component is defined as a separate, independent part of the application with spe-
cific attributes like name and ID that is able to interact with other components through communication
objects.

Communication Objects: A communication object is defined either as a data transaction between
components, with specific attributes like data size, data type, origin and target or as a synchronization
action that aims to the coordination of the components that commit it. The classes are presented in
Figure }.1.

In Figure #.2], we can see an example of how instances of those classes can form a network whose
members relate to each other in the way that is described in Figure 4.1,

4.1.1 Application Model

In order for the user to be able to describe their application using the model presented above and submit
it as input for the tool, an XML file has been designed following that model including all the necessary
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Figure 4.2: Example component network schema

information that is needed about the components and the communication objects of the application.
An example of this file is displayed below:

<application name="tutorial” value="general —purpose”™>

3 <l—— Components description ——>
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5 <comm—object item—size="4

<component name="C0” type="asynchronous”>
<source file="CO.cpp” lang="cpp” path="src”/>
<devices CPU="yes” FPGA="no” GPU="no”/>

</component>

<component name="Cl” type="asynchronous”>
<source file="Cl.cpp” lang="cpp” path="src”/>
<devices CPU="yes” FPGA="no” GPU="no”/>

</component>

3 <component name="C2” type="asynchronous”>

<source file="C2.cpp” lang="cpp” path="src”/>
<devices CPU="yes” FPGA="no” GPU="no”/>
</component>

<!—— Communication objects description ——>

<comm—object item—size="16793807” name="Queue0” object—class="FIFO” size="5" type
="Queue”>
<source name="C0” port—name="inQueue00” type="in"/>
<target name="Cl” port—mame="outQueue0l” type="out”/>
<target name="C2” port—mame="outQueue02” type="out”/>
</comm—object >
” name="Shared0” object—class="shared” size="10" type="
Shared —Memory >
<source name="C2” port—name="inShared0” type="in"/>
<target name="Cl” port—mame="outShared0” type="out”/>
</comm—object >
<comm—object item—size="1
Signal”>
<source name="C0” port—name="inSignal0” type="in"/>
<target name="C2” port—name="outSignal0” type="out”/>
</comm—object>

L)

name="Signal0” object—class="signal” size="1" type="

3 <comm—object item—size="1" name="Signall” object—class="signal” size="1" type="
Signal”>
<source name="Cl” port—mame="inSignall” type="in"/>
<target name="C2” port—name="outSignall” type="out”/>

</comm—object >
<comm—object item—size="1
Signal”>
<source name="C2” port—name="inSignal2” type="in"/>
<target name="Cl” port—mame="outSignal2” type="out”/>
</comm—object >

()

name="Signal2” object—class="signal” size="1" type="

</application >

An application using the Parallel Programming Model is defined by two different entities, software
components and communication objects. Another example is shown in the segment below:

<applicationname="Example Application”xsi:noNamespaceSchemalLocation="./acolus.xsd
”>
<component name="A" type="asynchronous”>
<implementation id="1" model="any” target-HW="CPU”>
<source lang="c” file="CB.h” path="src\components”/>
</implementation >
</component>
<component name="B” type="asynchronous” >
<implementation id="1" model="any” target-HW="CPU”>
<source lang="c” file="CB.h” path="src\components”/>
</implementation >
</component>
<comm—object name ="B” type="Buffer” object—class="FIFO” size="128" item—size="8"
>
<source name="A” port—name="inAl” type="in"/>
<target name="B” port—mame="outBl” type="out”/>
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</comm—object >
<comm—object name ="S” type="Signal” object—class="Control”>
<source name="A” port—name="inA2” type="1in"/>
<target name="B” port—name="outB2” type="out”/>
</comm—object>
<comm—object name ="Sh” type="Shared Memory” object—class="Memory” size="1024"
item—size="32">
<source name="A” port—mame="inA3” type="in"/>
<target name="B” port—name="outB3” type="out”/>
</comm—object >
</application >

Components

An AEOLUS application is split into different software components that execute in parallel and are
launched by the platform at the beginning of the execution. Each component corresponds to a specific
source file as defined in the component network, which should have an entry point for the compo-
nent’s execution. Components can be reused multiple times as long as this is explicitly defined in the
Component Network. They are initiated as separate and independent functions.

Communication Objects

To enable the communication between the different application components, the AEOLUS Program-
ming Model defines another entity to specifically define the data exchanges or the coordination func-
tionalities that are required by the application. Four types of Communication Objects have been de-
veloped, Shared, Queue, Signal, Mutex (described in the next section), which are implemented by
the corresponding interfaces. The protocols have been furtherly enhanced to use specific data types
for each communication object, defined by the AEOLUS Programming Interface. In specific, the
following types are provided:

e aeolus_shared
e acolus queue
e acolus_signal

e acolus mutex

4.1.2 Deployment Model

Except from the design that the application should follow to complete its functionality, a deployment
model should be provided by the user as well, for identifying the various hardware targets and plat-
forms that are available and for mapping the application components on them for execution according
to each component’s properties.

Hardware Elements/Resources

In order to create an actual model of the different deployment plans that can be executed, we have
to define a set of hardware elements on which the different application components can be deployed.
So, we enumerate and describe here, the different elements that are supported by the model.

o CPU - only (SMPs) processing nodes
These elements only include general — purpose processors (one or more) that only work on
shared memory. These descriptions include information like the core number of each processor,
its frequency etc.
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e CPU - GPU processing nodes
Similar to the CPU — only model, this element considers an additional GPU device connected
to the node and easily accessed by the general — purpose processor of the node. Software com-
ponents that are mapped to be deployed on these elements use the CPU for their execution and
offload specific calculations on the device for exploiting the resources that are available for
acceleration.

e CPU - FPGA processing nodes
Similar to the CPU — only model, this element considers additional FPGA logic resources that
can facilitate memory access operations and accelerate specific calculations. Again, the soft-
ware components mainly run on the CPU and offload specific functions that can be optimized
on the hardware resources that are available on the FPGAs.

Platform Description

The platform description carries high-level information about the hardware, such as the CPU, mem-
ory and communication channels in the system or other properties that describe more specific target
devices like GPUs, FPGAs etc. The goal of this description is to allow AEOLUS to handle easily a
variety of architectures. An example of the XML file is displayed below:.

I <platform name="localhost” xsi:noNamespaceSchemalLocation="./hw_development.xsd”>
3 <|—— localhost —>

4 <device name="DevelopmentMachine” type="CPU-SMP” reliability="5">

5 <processing —node name="unitl” type="CPU-SMP” architecture="SMP”> <l——

Intel Core i7 —6700K ——>

6 <processor name="local” type="INTEL-COREi7”>

7 <configuration name="core number” value=74"/>

8 <configuration name="cpu frequency” value="4.0" unit="GHz
/>

9 <configuration name="bytespercycle” value="1"/>

10 <memory name="LOCALMEMI” type="RAM” size="2048" size—unit

="MB” access—time="1" access—time—unit="ns/word”/> <!l——assuming 8—byte word
—S

11 </processor >

12 </processing —node>

13

14 <comm_interface name="enp0s3” type="Ethernet Network”>

15 <configuration name="speed” value="100" units="MBit/s” ip="

localhost” user="demo”/>
16 </comm_interface>
.
18 </device>
19
20 </platform >

The Platform Description XML file is used to define the system architecture including all charac-
teristics that are useful for the deployment. Below, a CPU-FPGA platform description is also depicted:

I <platform>
> <device name="CPU-FPGA device” type="CPU-FPGA” reliability="2">
<processing —node name="UlZynq—unitl” type="CPU-SMP” architecture="SMP”>
4 <processor name="UlZynq—P1” type="ARM-Cortex”’>
5 <configuration name="core number” value="2"/>
6 <configuration name="cpu frequency” value="800" unit="MHz"/>
7 <configuration name="bytespercycle” value="1"/>
8 <memory name="UIZynq—SM3” type="DDR3” size="1024" size—unit="MB” access—
time="8" access—time—unit="ns/word”/>
9 </processor >
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</processing —node>
<processing —node name="UlZynq—unit2” type="FPGA” brand="Xilinx ">
<fpgalogic name="UlZynq—PL1” type="xc7z045ffg900—2">
<resource name="UIZynq—LC” type="logiccell”/>
<resource name="UIZynq—LUT” type="lookuptables”/>
<resource name="UlIZynq—LUTRAM” type="lookuptablesRAM”/>
<resource name="UIZynq—FF” type="flipflop”/>
<resource name="UIZynq—BRAM” type="blockRAM”/>
<resource name="UlIZynq—DSP” type="digitalsignalprocessing”/>
<resource name="UIZynq—BUFG” type="bufferglobal”/>
<configuration name="UlZynq—maxfrequency” value="200" units="MHz"/>
<memory name="UIZynq—SM1” type="DDR3” size="1024" size—unit="MB” access—
time="8" access—time—unit="ns/word”/>
</fpgalogic>
</processing —node>

<local bus name="UlZynq—AXI” type="AXI4” throughput="15" throughput—time—unit="
Bytes/ns”/> <!——15GB/s——>

<comm _interface name="UlZynq—EXT” type="Ethernet Network”>
<configuration name="UlZynq—speed” value="100" units="MBit/s” ip="192.168.1.2
” user="external”/>
</comm_interface >

</device >

</platform>

Deployment Plan

In order to deploy the application on the available hardware infrastructure, the user attempts to map
the component network over the platform description. The result of this mapping process is a deploy-
ment plan. Deployments are represented in the same XML-based format as previously discussed. An
example is shown below:

<deployment name="tutorial Mapping” xmlns="DE” xsi:noNamespaceSchemalLocation=""../
models/deployment . xsd”>

3 <l—— Estimated Execution Time:705.0 local:5.0mW ——>
<l—— Estimated Reliability:5.0——>
<!—— Component Deployment —>

©

16
17
18
19

20

)

s <target—application name="tutorial”/>

<target —hw—platform name="DevelopmentMachine”/>
<mapping name="component CO map” type="processing”’>
<component name="C0” comp_id="0" subcomponents= secure=""false”/>
<CPU processor—name="1local” device—type="CPU-SMP” CPU—type="SMP”/>
</mapping>

P B

2 <mapping name="component Cl map” type="processing”>

ke

<component name="Cl” comp_id="1" subcomponents= secure="false”/>
<CPU processor—name="local” device—type="CPU-SMP” CPU—type="SMP”/>
</mapping>
<mapping name="component C2 map” type="processing”’>
<component name="C2” comp_ id="2" subcomponents= secure="false”/>
<CPU processor —name="1local” device—type="CPU-SMP” CPU-type="SMP”/>
</mapping>

1

</deployment>

4.1.3 Programming Interface

To facilitate the usage of the communication protocols, an interface is provided to the programmer
and is described in the following paragraphs. Notice the difference between the user interface of the
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protocols and the actual interface of the protocol functions that is described in the implementation
section. The APIs demand information for which the Deployment Manager is responsible in order to
automate the deployment procedure. The details on that subject are discussed in the corresponding
section where the functionality of the Deployment Manager is described.

Shared Protocol

The shared protocol describes functions for exchanging data through the virtually shared memory. It
provides the user with the ability to manipulate variables as shared in the integrated system environ-
ment. The protocol makes use of the relaxed memory consistency model meaning that any reads or
writes instantly update the shared memory, so the programmer is responsible to call suitable synchro-
nization functions in order to provide the necessary consistency.

Also, the user doesn’t have direct access to the shared memory, so the synchronize function needs
to be used in order to move data to and from it. It is shown here:

bool aeolus_synchronize(void *item, int dir) Causes the local view of the item to be updated
according to the corresponding data on the shared memory, if the dir variable has the value 0.
On the opposite case, the shared memory is updated according to the local view of the item.

Queue Protocol

The Queue Protocol provides suitable functions that enable the user to manage the communication
between components that are linked with specific communication objects in the form of queues and
more specifically the form of blocking FIFOs of arbitrary size. The functions of the Queue protocol
provide the user with the ability store and access elements in a queue structure and to count the number
of the elements that exist in the queue at a specific time. The functions addressed in the current stage
are the following:

bool aeolus queue get(void *item)
Pulls an item from the queue, storing it in the address pointed by item. Returns true if the
transaction was successful.

bool aeolus_queue_put(void *item)
Pushes to the queue the item in the address pointed by item. Returns true if the transaction was
successful.

bool aeolus_queue_peek(void *item)
Gets an item from the queue, storing it in the address pointed by item but not extracting it from
the queue. Returns true if the transaction was successful.

uint32_t aeolus _queue count(void *queue)
Returns the number of items that exist in the queue at the time of the call.

Note: The Queue Protocol has been developed to support object transfers of variable length.
For that purpose, the objects are passed to the queue functions serialized including the size of
the object in the 4 first bytes. Although the developers are free to develop their own functions
for serialization, some prototype ones have been developed and are provided for the facilitation
of the process.

Signal Protocol

Apart from sharing and interchanging data, the Signal Protocol is also included which provides the
user with signalling facilities, enabling the coordinated execution of components and sections inside
each component. These functions also complement the functions of the Shared and Queue Protocols
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since they also need to synchronize their execution between components. The functions enable the
components to exchange signals as well as create synchronization barriers, as described below:

bool aeolus wait(int src)
Blocks the current thread/process until the signal in question is notified by the thread/process
with id=src.

bool aeolus notify(int dst)
If dst = -1 unblock a random single thread/process waiting on the signal. Else unblock the
thread/process with id=dst.

bool aeolus notifyall()
Unblock all threads/processes waiting on the signal.

bool aeolus_barrier()
In addition, a barrier function is provided able to wait until all threads or processes before that
call, have finished their work.

Mutex Protocol

Mutexes are used to enforce mutual exclusion between a set of components on a critical region where
shared data is used. They are enforced at the component level and are unrelated to OS-level mutexes
from other APIs, but their usage is similar to the one described in the POSIX standards. Applies to
pointer and array types. The API functions that enable mutex usage are described below:

bool aeolus _mutex_lock(void *mutex)
Block until the current mutex can be owned by the requesting component.

bool aeolus mutex unlock(void *mutex)

Release the current mutex, ifit is currently owned. Any components waiting on ‘aeolus_mutex lock’
can then recontest for the mutex. If multiple components are blocked then a random one is
awarded the lock.

bool aeolus_mutex_trylock(void *mutex)
Attempt to lock the mutex, but do not block if the attempt was unsuccessful. Returns true if the
mutex was locked and false if not.

4.2 A Parallel Programming Model: Implementation

The point of dividing the application into separate components is about their parallel execution occu-
pying different processes on different processing nodes. However, the total integration of the compo-
nents into a single application requires the implementation of their in-between communication. So, a
set of communication protocols have been designed to provide the user with sufficient data transfer
as well as synchronization functions that are going to transparently (to the user) allow the necessary
communication and coordination actions between the different components. In the following sections,
we will discuss the design and implementation of each one of these protocols.

4.2.1 Data Transfer Support

The programming interface that will be presented allows internode communication between the com-
ponents for very complex deployments without the user’s intervention. However, the form of the data
to be transferred requires the adoption of a specific model that follows a set of rules (guidelines). In
order to keep this model as relaxed as possible, all efforts have been made for the extension of the
support of data structures that can be moved among the different components.
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Automatic Support

Primitive data types are all automatically supported by the Programming Interface. This includes the
types: char, short, int, long, float, double and all qualified versions of the above (signed, unsigned,
long, and long long, and those declared const).

Extended Support

e Structs and unions of the above types

e Arrays of the above types (including supported structs and unions) that are declared with a
compile-time static size. This includes multidimensional arrays, where all dimensions have a
compile-time static size.

e Variable-length arrays of the above types, since their size can be manipulated by the sizeof()
operator at compile-time.

e (Class instances of the above

e References to the above

Precisely, an array with a compile-time static size are arrays where sizeof() can resolve to a value
at compile-time without having to generate run-time code. For the use of primitives, users are en-
couraged to use types included in the stdint.h library, because of their constant size among different
architectures. In a different case, the Deployment Manager will take up to resolve type inconsistencies
before the deployment.

Pointer types are not automatically supported because they are not meaningful when transferred
to another memory space. This restriction also applies to structs with pointer fields. The same stands
for C++ vectors and other structures whose size is variable and cannot be known at compile-time.

Handling Unsupported Situations

Cases where the data that needs to be transferred follows a more complex structure than the ones
mentioned above, can also be easily handled by the user by including serialization of the data into a
static structure (array) before the transfer like shown in the example below.

struct X *data out; // Unsupported data type

int component A () {
initialize (data out);

#pragma queue out object out
char object out[100]; // Supported data type

serialize X (data_out,object out);

queue put(object out);

return 0;
struct X *data_in; // Unsupported data type
int component B() {

#pragma queue out object in

char object in[100]; // Supported data type

queue_get(object_in);
deserialize X (object in ,data _in);

53



return 0;

In general, the Programming Interface provides to the user a wide support for all kinds of transfers.
Attention should be paid to the limitations (described above) coming from the address space switching
when moving objects among different parts of the hardware architecture.

4.2.2 Communication Protocol Functions

Depending on the type of physical memory that is required for the communication, different libraries
are used as described below.

In the case that more than one components are executed on a single shared memory system, the
particular components are going to be executed as different threads sharing the same memory space.
The communication objects that are manipulated only by components on the same processing node
are implemented with the use of pthreads along with other POSIX functionalities (like mutexes and
condition variables) to keep the communication cost low as well as the memory footprint.

For components that interact with the object when executed on different nodes, meaning a dis-
tributed memory system, a Message Passing technique is required. For this reason the OpenMPI
library was chosen due to its efficiency and simplicity on different kinds of real world applications.
In specific, the execution of different components will be implemented as different MPI processes
and the communication between them will exploit a lot of the already existing OpenMPI interface
functions that are available.

In the following paragraphs, a description of the protocols implementation’ is attached along with
some of the key functions of the protocols, in order to display a good view of the Interface’s functional-
ity. More details about the implementation will be discussed in the next section where the Deployment
Manager module is described, due to the major dependence of the Programming Interface with it.

Shared Protocol - Shared Memory Implementation

The Shared Protocol is implemented by keeping an area in the available memory as a shared segment
between the different components.

if(dir == 0) {
pthread mutex_lock(&obj—>lock);
memcpy(local data ,shared data ,dims[0]* data size);
pthread mutex unlock(&obj—>lock);

}

else if(dir == 1) {
pthread mutex lock(&obj—lock);
memcpy ( shared data ,local data ,dims[0]* data_ size);
pthread mutex unlock(&obj—lock);

}

Shared Protocol - Distributed Memory Implementation

When the shared data exists between different nodes another strategy is followed. A virtually shared
address space is created between the processes that the components are executed on. The synchronize
method is used to get/put any data from/to the shared memory.

At the low-level implementation, data is stored on different memories across the hardware plat-
form and RMA operations provided by the MPI protocol are used to create the virtually shared area
in the processes’ address space. In specific, the MPI Get() and MPI Put() functions are exploited
for the implementation of data movements which are needed to be one-sided. This means that the
processor whose memory is actually updated (target) doesn’t have to be active and only the processor
that updates the memory (origin) needs to act.
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Below, the creation of such an environment is displayed, along with the implementation of the the
aeolus_synchronize() API function.
The generation of the displayed initialize() function is part of the Deployment Manager’s func-
tionality and will be fully discussed in section f. Here, the allocation of the required shared memory
window is presented, as well as the necessary function to update the local memory with the shared
version of the data (or vice versa).

> void initialize () {

¢ }

MPI Init(argc, argv);

MPI Comm_size (MPL COMM WORLD, &world size);
MPI Comm_rank (MPL COMM WORLD, &world rank);

buf = (int *)malloc(10*sizeof(int
MPI Win create(buf, 10*sizeof(int
MPIL COMM_WORLD, &win) ;

I void aeolus synchronize(void *local,
, int disp, int size, MPI Datatype type, MPI Win win) {

S}

if(dir == 0) {
if(caller != owner) {

)) s

), sizeof(int), MPI INFO NULL,

void *shared ,

int

MPI Win_lock (MPI LOCK SHARED, owner ,0,win) ;
MPI Get(shared ,size ,type ,owner,0,size ,type ,win);

MPI_Win_unlock (owner , win)

MPI_Win_lock (MPI_LOCK _EXCLUSIVE, owner ,0 ,win) ;

)

)

)

dir, int caller ,

MPI Put(shared,size ,type ,owner,0,size ,type,win);

)

}
memcpy (local ,shared , size*disp
H
else if(dir == 1) {
memcepy (shared , local , size*disp
if(caller != owner) {
MPI Win unlock (owner , win)
}
}
else {
perror (”Error, not a valid direction”);
H

Queue Protocol - Shared Memory Implementation

int owner

The Queue Protocol uses a shared memory area as well to keep the data of the queue. In addition, a
common pointer variable is used to access the queue and manipulate its data.

1 voi u ueu u ueu ueue, VoI
oid aeolus queue get(acolus _queue *queue oid*

while (queue—>count == 0);
pthread mutex lock(&queue—>lock);
acolusQnode *tmp = queue—>front;
queue —>front = queue—>front —>next;
if (queue—>front == NULL)

queue —>rear = NULL;
queue —>count ——;
memepy (it ,tmp—>item , data size);
pthread mutex unlock(&queue—>lock);
free (tmp) ;

it ,

int

data size) {
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bool aeolus_queue_put(aeolus_queue *queue, void* it) {
acolusQnode *new node = generate aecolus Qnode(it);
pthread mutex lock(&queue—>lock);
if (queue—>rear == NULL) {

queue —>front = queue—>rear = new_node;
else {

queue —>rear —>next = new_node;

queue —>rear = new_node;

queue —>count++;
pthread mutex unlock(&queue—>lock);
return true;

Queue Protocol - Distributed Memory Implementation

The Queue Protocol, similarly to the Shared Protocol, uses RMA operations to store and exchange
data. In specific, each communication object is stored in a specific process’s address space according
to the Deployment Plan and uses the MPI Get() and MPI Put() functions to access and send data
across the hardware platform.

// queue get function
prev_front = queue—>front;

if (queue—>front == queue—>rear)
queue —>front = queue—>rear = —1;
else
queue —>front = (queue—>front + queue—>disp) % info offset;
queue —>count ——;
set _queue_ info (queue—>qdata+info offset ,queue—>front ,queue—>rear ,queue—>count);

if(caller != queue—>owner) {
MPI Win lock (MPI LOCK EXCLUSIVE, queue —>owner ,0 , queue —>win) ;
MPI_Get(queue—>qdata+prev_front ,queue—>disp ,MPI UNSIGNED CHAR, queue —>
owner, prev_front ,queue —>disp ,MPI UNSIGNED CHAR, queue —>win) ;
MPI Put(queue—>qdata+info offset ,3*sizeof(uint32 t),MPI UNSIGNED CHAR,
queue —>owner , info_offset ,3* sizeof(uint32 t),MPI UNSIGNED CHAR, queue —>win) ;
MPI_Win_unlock (queue —>owner , queue —>win) ;

}

memcepy (item , queue —>qdata+prev_front ,queue—>disp);

/! queue put function

if (queue—>rear == —1) queue—>front = queue—>rear = 0;
else queue—>rear = (queue—>rear + queue—>disp) % info_offset; queue—>count++;
set_queue_info (queue—>qdatatinfo_ offset ,queue—>front ,queue—>rear ,queue—>count);

s memcpy (queue —>qdata+queue —>rear ,item ,queue—>disp);

if(caller != queue—>owner) {
MPI Win_lock (MPI LOCK EXCLUSIVE, queue —>owner ,0 , queue —>win) ;
MPI Put(queue—>qdata+info offset ,3*sizeof(uint32 t),MPI UNSIGNED CHAR,
queue —>owner , info offset ,3* sizeof(uint32 t),MPI UNSIGNED CHAR, queue —>win) ;
MPI_Put(queue —>qdata+queue —>rear ,queue —>disp ,MPI UNSIGNED CHAR, queue —>
owner , queue —>rear , queue —>disp , MPI UNSIGNED CHAR, queue —>win) ;
MPI_Win_unlock (queue —>owner , queue —>win) ;
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Signal Protocol - Shared Memory Implementation

The Signal Protocol uses POSIX conditional variables to transfer signals between components.

1 void aeolus notify (aeolus_signal *curSignal, bool *rd, int aeolus src) {

pthread mutex lock(&curSignal —>lock);

S

4 curSignal —>ready = *rd;

5 if (curSignal —>ready == true) {

6 if (pthread cond signal(&curSignal —>cond) != 0) {
7 fprintf(stderr ,”Failed to send signal\n”);

8 exit(0);
9 }
10 }
11 else {
12 perror (”Signal called with value 07);
13 exit(1l);
14 }
15 pthread mutex unlock(&curSignal —>lock);
16 }
I void aeolus wait(aeolus_signal *curSignal, bool *rd, int aeolus cmpid) {
2 pthread mutex lock(&curSignal —>lock);

3 while (curSignal —>ready == 0) {

4 if (pthread cond wait(&curSignal —>cond,&curSignal —>lock)

5 fprintf(stderr, ”failed to wait the condition variable\n”);
6 exit(0);

7 }

8 else {

9 curSignal —>ready = 1;

10 *rd = true;

11 }

12 }

13 pthread mutex unlock(&curSignal —>lock);

Signal Protocol - Distributed Memory Implementation

When executing on different nodes the MPI_Send(), MPI_Recv(), MPI_Bcast() functions are used for

signaling and MPI_Barrier() for the acolus_barrier() function.

1 void aeolus notify(int *rd, int dst, MPI Comm comm) {
MPI Send(rd, 1, MPI INT, dst, 0, comm);

3 3

i int aeolus wait(int *rd, int src, MPI Comm comm) {

2 MPI Status status;

3 MPI Recv(rd, 1, MPI INT, src, MPI ANY TAG, comm, &status);
4 return status.MPI ERROR;

5 3

1 void aeolus_notifyall(int *rd, int src, MPI Comm comm) {
2 MPI Bcast(rd,1,MPI INT, src ,comm) ;

3
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void aeolus_barrier (MPI Comm comm) {
MPI Barrier (comm) ;

}

Mutex Protocol - Shared Memory Implementation

The Mutex Protocol uses the corresponding functionality provided by the POSIX standards.

bool aecolus mutex lock(aecolus mutex *mutex) {
if (! pthread_mutex_lock(&mutex—>lock))
return true;
else
return false;

bool aecolus mutex unlock(aeolus mutex *mutex) {
if (! pthread mutex unlock(&mutex—>lock))
return true;
else
return false;

bool aeolus mutex trylock(aeolus mutex *mutex) {
if (! pthread mutex unlock(&mutex—>lock))
return true;
else
return false;

Mutex Protocol - Distributed Memory Implementation

As with the Queue Protocol, the Mutex Protocol keeps a priority list on a specific node, denoted by
the Deployment Plan. So, every process uses RMA operations to access the owner of the mutex. If the
lock is acquired by another process, then the calling process blocks using the blocking MPI Recv()
until the lock is available finishes. On the other end, the process holding the lock uses MPI_Send() to

give the lock to one of the processes waiting for it.

// lock function

3 // Try to acquire lock in one access epoch

MPI Win lock (MPI LOCK EXCLUSIVE, mutex—>home, 0, mutex—>win);
MPI Put(&lock, 1, MPI CHAR, mutex—home, mutex—>ID /* &win[mutex—>ID] */,
MPI CHAR, mutex—>win) ;

MPI Get(waitlist , mutex—>numprocs, MPI CHAR, mutex—>home, 0, mutex—>numprocs,

MPI CHAR, mutex—>win);
MPI_Win_unlock (mutex —>home, mutex—>win);

assert(waitlist [mutex—ID] == 1);

// Count the 1°s
for (i = 0; i < mutex—>numprocs; i++) {
if (waitlist[i] == 1 && i1 != mutex—ID) {
// We have to wait for the lock
// Dummy receive , no payload

MPI_Recv(&lock , 0, MPI CHAR, MPI ANY SOURCE, mutex—>tag , mutex—>comm,

MPI_STATUS IGNORE) ;
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break ;

// unlock function

MPI_Win_lock (MPI_ LOCK_EXCLUSIVE, mutex—>home, 0, mutex—>win);

MPI Put(&lock, 1, MPI CHAR, mutex—>home, mutex—>ID /* &win[mutex—>ID]| */, 1,
MPI_ CHAR, mutex—>win) ;

MPI Get(waitlist , mutex—>numprocs, MPI CHAR, mutex—>home, 0, mutex—>numprocs,
MPI CHAR, mutex—>win) ;

MPI_Win_unlock (mutex —>home, mutex—>win) ;

assert(waitlist [mutex—>ID] == 0);

// 1f there are other processes waiting for the lock, transfer ownership

next = (mutex—>ID + 1 + mutex—>numprocs) % mutex—>numprocs;

for (i = 0; i < mutex—>numprocs; i++, next = (next + 1) % mutex—>numprocs) {
if (waitlist[next] == 1) {

// Dummy send, no payload
MPI Send(&lock, 0, MPI CHAR, next, mutex—>tag , mutex—>comm);
break ;

4.2.3 Initialization

The user can obtain a pointer to the communication object structure through an initialization method,
so that they can call the rest of the API methods using this pointer. The initialization functions are
shown below:

aeolus shared *aeolus shared_init(char *comm_object port)
aeolus _queue *aeolus queue_init(char *comm_object port)
aeolus signal *aeolus_signal init(char *comm_object _port)
aeolus _mutex *aeolus mutex_init(char *comm_object _port)

where comm_object_port is the name of the port of the object as defined in the Component Net-
work. The port name is strictly related to the source file and not to the component entity, so compo-
nents that are linked to the same source file should use the same port name in the component network
for the corresponding objects.

An important note here is that the user needs to declare the communication object variables in order
to use the corresponding protocol functions. Any communication object initializations should occur
always locally inside the component’s function. On the other hand, the object’s pointer can be passed
in any function the user requires to call the protocol functions (acolus queue get, acolus_synchronize
etc.).

4.2.4 File Operations

The AEOLUS Programming Model has been extended with file operations that are going to enable
file operations across a non-uniform architecture with a different memory where files may be located
anywhere. The added functions are mirrors of the POSIX file operations in order to maximise com-
patibility. The stream objects returned by the functions are compatible with the other I/O functions
from the C standard library, fprintf, fscanf, snprintf, sprintf, sscanf.

FILE * aeolus_fopen ( const char * filename, const char * mode )
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int aeolus_fclose ( FILE * stream )

int aeolus_fflush ( FILE * stream )

size_t aeolus_fwrite (const void * ptr, size_t size, size_t count, FILE * stream )
size_t aeolus_fread (void * ptr, size_t size, size_t count, FILE * stream )

int aeolus_fgetpos ( FILE * stream, fpos_t * pos )

int aeolus_fseek ( FILE * stream, long int offset, int origin )

int aeolus_fileno(FILE *stream)
Returns the integer file descriptor associated with the stream pointed to by stream.

FILE *aeolus_fdopen(int fd, const char *mode)

Associates a stream with the existing file descriptor, fd. The mode of the stream (one of the
values: “r”, “r+”, “w”, “w+”, “a”, “a+”) must be compatible with the mode of the file descriptor.
The file position indicator of the new stream is set to that belonging to fd, and the error and end-
of-file indicators are cleared. Modes “w” or “w+” do not cause truncation of the file. The file
descriptor is not dup’ed, and will be closed when the script created by aeolus_fdopen() is closed.

The result of applying acolus fdopen() to a shared memory object is undefined.

int aeolus _get fd flags(int fd, int value)
Retrieves the current position in the stream.

long int aeolus_ftell(FILE *stream)

Returns the current value of the position indicator of the stream. For binary streams, this is the
number of bytes from the beginning of the file. For text streams, the numerical value can be
used to restore the position to the same position later using aeolus_fseek().

4.2.5 Monitoring library

A monitoring interface has also been provided for the user to monitor specific parts of their applica-
tion. The aeolus_monitor type is defined to give access to the monitoring functionalities provided by
AEOLUS.
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aeolus_monitor *aeolus_monitor_init()
Returns a pointer to the monitor that is used to stores metrics on local files.

void aeolus mf start(aeolus _monitor *monitor)

Registers the start of the component. If not used, the start of the execution will be automatically
registered which may not identify exactly the start of the computationally intensive part of the
component.

void aeolus mf user _metric(aeolus _monitor *monitor, char *metric_name, int value)
Registers a user defined metric that the user may find useful.

void aeolus mf end(aeolus monitor *monitor)

Registers the end of the component. If not used, the end of the execution will be automatically
registered which may not identify exactly the end of the computationally intensive part of the
component.

Note: Same as with the communication object initializations, monitoring initializations should
occur always locally inside the component’s function, while the monitor’s pointer can be passed
in any function the user requires to call the monitoring functions.



4.2.6 Parallelization annotations

The programming model has been extended to include assisting annotations for the static analysis of
the code to enhance the parallelization results of parallelization tools (as introduced in section B.4.3).
These provide additional information that is too complex to be extracted automatically and therefore
can be used by developers to improve deployment of their code, without enforcing guidelines on all
component developers.

#pragma aeolus function/loop static-vectors
Guarantees that the following function/loop includes only static vectors, meaning that there is
no dynamic memory allocation during its execution.

#pragma aeolus loop no-aliasing
Guarantees that the function/loop does not include pointer aliasing, meaning access to the same
memory address from different pointers.

#oragma aeolus function no-side-effects
Guarantees that the following function does not include any side-effects, meaning that there is
no writing on memory addresses or streams, thus the flow of the program is not affected any
more than the function’s returning value.

The platform will verify these pragmas (when possible) in order to assist the developer, and error
if they are violated, but in general they are understood as guarantees from the programmer to the
platform.
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Chapter 5

A Parallel Development, Optimization and Deployment
Framework (AEOLUS)

5.1 Idea

The advantages of heterogeneous computing as already mentioned are based on the combination of
different technologies for the exploitation of the various parallel code regions that behave optimally
on different processor types. Thus, this variation of tools that are required is the main difficulty for the
programmer who is responsible to have sufficient knowledge of these tools or to obtain this knowledge
in order to achieve their goal.

The solution that is proposed here discusses the architecture and functionality of a framework
for Application Development and Optimization in Parallel Architectures (AEOLUS), which provides
multidimensional parallelization capabilities that will minimize the knowledge gap between the pro-
grammer and the different systems that can be used. Aiming at the development of applications in
a heterogeneous environment, the tools will exploit state-of-the-art technologies, while also assisting
deployment on multiple hardware components. The main component of the toolchain will provide
the core of the deployment system and a set of additional modules will complete the architecture of
the framework with more functionalities aiming at further optimizations for the application or the
utilization of the system.

5.2 Architecture

The base of the system is a deployment component, called Deployment Manager that is responsible
to deploy the application on the hardware infrastructure and implement the communication between
the different hardware components. The application integration is completed with the use of specific
methodologies supported by external libraries that are selected according to the requirements of the
deployment by another component, Technique Selection. An additional module has been developed
in order to support multidimensional code optimization and parallelization, referred to as Automatic
Parallelization Tool.

An overview of the system architecture is displayed in Figure 5.1, while a brief description of the
toolflow is explained.

As illustrated in Figure , AEOLUS, as implemented in the context of this thesis, consists of
four main components:

1. The Programming Model
A set of rules and guidelines that define the process of the development and implementation of
the software components in a way that guarantees the successful deployment and parallelization
of the application.

2. An Automatic Parallelization Tool
A tool for parsing the code and producing parallelized versions of the components.
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Figure 5.1: AEOLUS architecture

3. The Technique Selection module

A module to select the suitable implementations of both the components and the communication

code according to the given deployment plan.

4. The Deployment Manager

A component to implement the deployment of the application components on the hardware
infrastructure according to the deployment plan and the results from the Technique Selection

module.

Additionally, a Programming Interface (a set of APIs) has been developed for the implementa-
tion of the communication/synchronization between the application components.

The tool flow begins with the static parallelization of the individual application components re-
sulting to the generation of parallel versions of the components and their storage in a pool that can be
accessed by other modules. According to the mapping of the application components on the different
hardware components (deployment plan), Technique Selection picks the suitable versions that will op-
timize the performance of the application on the hardware infrastructure. Additionally, a deployment
strategy is selected, also according to the deployment plan, which directly corresponds to the choice
of the communication APIs that are going to be used for the implementation of the components’ inter-
action. Finally, the components, along with the external libraries required for their communication are
passed to the Deployment Manager as a set of source code files for the actual implementation of the
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deployment techniques that were selected in the previous stage. The result of the toolflow consists of
a set of executables and configuration files on the corresponding targets that are finally executed and
monitored. The overall procedure is guided by the structure that has been defined in the Programming
Model.

5.3 Programming Model

The Programming Model that we defined in section [ constitutes the core of the framework. Users
develop their application by following specific guidelines defined in the Programming Model, creating
an application that, according to its needs, can be deployed in a series of different hardware platforms.
The Programming Model:

e supports the static parallelization of the different components enhancing the tool’s capabilities
with user annotations

e provides a variety of different choices for the deployment strategy (techniques/technologies)
even for a single deployment plan

e creates the circumstances under which the components can be integrated and deployed as a
single application

e provides a series of communication protocols that allow inter-component communication and
synchronization

e Provides a variety of different features that can enhance the user’s experience like monitoring
the execution of the software components as well as accessing files on different machines

We have defined the Programming Model that is used by AEOLUS in section . In this paragraph,
we describe how the framework exploits this model to support parallelization and load distribution
of the application on the available hardware. More details about its different aspects are given in the
corresponding sections of the tools that exploit them.

5.3.1 Components

Each component corresponds to a specific source file as defined in the component network, which
should have an entry point for the component’s execution. Components can be reused multiple times
as long as this is explicitly defined in the Component Network. They are initiated as separate and
independent functions. These functions exist in the component’s dedicated source file with the cor-
responding name. The developer is able to choose to pass command line arguments to the function.
Finally, the return type of the functions should be void*. So, the function’s signature for a component
with a source file comp_example.cpp should be like this:

void *comp_example(int32 t argc, char **argv)
or
void *comp _example()
Developers are free to include any external libraries they wish to use, as no compatibility issues
were identified during development. On the other hand, in order for the components to use the AE-
OLUS libraries, the ‘aeolus.h’ header file should be included, so that the necessary structures and

functions are visible from the component main function.
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5.3.2 Communication Objects

AEOLUS defines a series of deployment libraries that are thoroughly described in the Deployment
Manager section (section B.6) and are responsible for the introduction of the different communication
configurations that are needed for the application’s successful execution.

One of these configurations includes the definition of the Shared Protocol’s communication ob-
jects. The developer is able to transfer objects of user defined structures of static size. In order to
enable such transactions, the user should include the libraries that define such structures in a dedi-
cated header file for this purpose. This file is named ‘aeolus user defined structs.h’ and it should be
placed in the src directory (see next section).

5.3.3 Placing developer’s application in the AEOLUS Repository

The AEOLUS Repository is used by the all the different tools of the framework. For this purpose the
tools assume a specific structure in the Repository that the developer should respect when uploading
any source, input or description files. The structure followed by the Repository contains a set of level-
one folders which are considered the project directories. In the second level there is a set of directories
defining the source (owner).

EXAMPLE OF
REPOSITORY EXAMPLE OF METADATA F'TL“ES‘ “
FILE-FOLDER STRUCTURE ]\{{et:ulatn uploaded for file "main.c

"project” : "face-recognititon",
"source” : "development”,
"type":"Usercase”,

Source: “development™ "content":"src_file",

' "any_user_label"; "some value",

| Project : “face-recognititon™

fieias | | Path: “mypath”

<5 )
"%\5;/" Filename: “main.c”

Metadata uploaded for file "main.h"
{
"project” : "face-recognititon”,
"source” :"development",
"type":"Usercase",

"content":"src_file",
"any_user_label": "some valug",

= \/* Filename: “main.h"”

- Source: “P1T™
|

. 1 Path: “new_path/”

- e . H <77
S Filename: “main.c

: 25 Filename: “main.h™

Fesssscsccssssscssscsssccsssscsmcsssscssaesnsr s

| Project : “weather prediction”

' 5
ol Source: “deployment™

! iPnIIl: "mypath/"

Ly
- . *
‘E\\»,/ Filename: “main.c™

pe=

Filename: “*main.h"

Figure 5.2: Repository structure

The developer must place all the necessary files on the Repository at project name/development
before the initiation of the tools. In specific, the following structure should be followed:
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project_name/

development/

src/
aeolus _user_defined structs.h
description/
Component-Network.xml
Platform-Description.xml
inputs/
outputs/

5.4 Automatic Parallelization Tool

5.4.1 Overview

The first stage of the framework’s architecture is about the automatic parallelization of the application
components. For this purpose, an automatic tool has been developed that analyses component source
code and transforms it according to user-provided parallelization directives. The tool’s functionality
concentrates on the analysis of the code for the identification of parallelizable regions in it and the
production of modified versions that enable further exploitation of the system resources. The analysis
aims to isolate data dependencies, discovered during the analysis, that don’t affect the potential con-
currency. Code annotations can be provided by the programmer to extend the tool’s understanding
of the data flow and resolve many of those dependencies. A detailed description of the tool-flow is
developed in the following paragraphs.

5.4.2 Design

The purpose of this tool in the AEOLUS architecture is the automatic generation of modified ver-
sions of the original components for their execution on different systems to exploit the code’s special
properties. The versions that are currently supported are:

OpenMP version: Includes OpenMP annotations that indicate the usage of multiple threads
for the component’s execution in CPU platforms.

CUDA version: A version including the CUDA API that communicates with the kernel of the
GPU (the code that runs on the device) to enable GPU acceleration. This version is generated
only when specified in the component network in terms of feasibility (optimality decisions are
included in the Deployment Plan).

The generation of the updated components will give the ability to the framework to exploit the
available hardware platform and accelerate the application’s functionality. The flow of the tool is
described in the steps below.

Component Network Analysis

The main activity of the tool is the automatic parallelization of the components and the libraries that
are defined by the user. For the implementation of that interaction with the user, the tool gets input
from the component network XML file, containing all the necessary information about the components
(e.g. name, source file, external libraries used etc.) and stores that information using a set of classes
designed to model the different components and the data transfers between them.
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Automatic parallelization

After extracting the necessary information from the XML file, the tool can proceed with the paral-
lelization of the code. Then, the actual analysis of the code is invoked for all the components and
the external libraries (only the ones that are defined in the Component Network) that are used, as
described in the following steps, also shown in the schema below:

Auto-Parallelisation Tool
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i B

Find loops with Loop Code pre-
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Figure 5.3: Auto-parallelization Tool

Pre-processing with the Programming Model

Characteristics of the programming model assist the code analysis stage. In specific, the com-
ponent isolation of the model means that there are data dependencies discovered during the analysis
that don’t affect the potential concurrency. For this reason, specific annotations, included in the pro-
gramming model, are used to extend the tool’s “understanding” of the data flow and resolve many of
those dependencies. For instance, the annotation #pragma acolus static-vectors is used to characterize
a vector of static size, resolving in that way lots of the dependences that occur due to the variable
size of the vector. In order to exploit these indications, a big part of the tool’s functionality concerns
the pre-processing of the code, aiming to resolve a lot of its existing dependences. The tool uses this
interaction with the user to resolve some of the difficulties that the latest techniques in automatic par-
allelization have yet to resolve.

OpenMP Parallelization

The code analysis that is run by the tool identifies parallelizable regions in the code and produces
a parallelized version, containing OpenMP annotations that allow the use of multiple threads during
the execution of the component on a multicore CPU system. The generated parallelized versions are
stored alongside the original component.
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After pre-processing the component, the tool applies some of the latest compilation techniques
[12] to model the source code. An extended direction matrix (EDM) dependence representation is
used to cover non-common loop nests that surround only one of the two statements in order to handle
non-perfectly nested loops. For array accesses within loops, a Gaussian elimination algorithm is used
to solve a set of linear integer equations of loop induction variables. Introducing such models assists
the localization of otherwise untraceable major parallelization capabilities.

The stages included in the analysis [[13]] are the following:

Apply optional custom transformations based on input code semantics, such as converting tree
traversals to loop iterations on memory pools.

Normalize loops, including those using iterators.

Find candidate array computation loops with canonical forms (for omp for) or loops and func-
tions operating on individual elements (for omp task).

For each candidate:

Skip the target if there are function calls without known semantics or side effects.

Call dependence analysis and liveness analysis.

Classify OpenMP variables (autoscoping), recognize references to the current element,
and find order-independent write accesses.

Eliminate dependencies associated with autoscoped variables, those involving only the
current elements, and output dependencies caused by order-independent write accesses.

Insert the corresponding OpenMP constructs if no dependencies remain.

e Store the new parallelized OpenMP version locally

Finally, the component is processed for any changes that were annotated during its pre-processing
in order to maintain its original functionality.

5.4.3 Implementation Details
Exploitation of the application model

A big part of the analysis concerns the pre-processing of the code according to user annotations as
they are defined by the application model. In specific, the following pragmas are exploited by the tool
for the facilitation of the analysis:

#pragma aeolus function no-side-effects

This pragma declares that a function can be considered as side-effect-free, meaning that it
doesn’t write in memory addresses outside its range. That enables the tool to ignore any depen-
dencies originating from any calls to this function.

#opragma aeolus loop no-pointer-aliasing

This pragma can be used to declare that any pointer/array accesses in the following loop will not
overlap with each other. This information is used to eliminate dependencies that occur because
of indirect array accesses using values that are defined at run-time.

#oragma aeolus loop static-vectors

This pragma can be used to declare that any vector-class objects that exist in the loop retain their
size during all iterations avoiding in this way dependences caused by accesses to unallocated
memory addresses. Using this information, the tool considers any vectors appearing in the
analysed loop as static C arrays. This indication was found to be the most useful since the
vector class is used a lot in real-world C++ applications.
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The ROSE Compiler

The tool uses the ROSE Compiler during its code analysis on each component or external library that is
defined by the user. ROSE is an open source compiler infrastructure to build source-to-source program
transformation and analysis tools for large-scale applications. In specific, the tool employs the autoPar
tool which is an implementation of automatic parallelization using OpenMP and can automatically
insert OpenMP 3.0 directives into input serial C/C++ code.

The integration with the ROSE Compiler has fitted well on the final structure of the tool resulting
in the adoption of the latest technologies available, while also satisfying the constraints regarding
the use case requirements. With support from the programming model, the tool is able to extend the
functionality of the autoPar tool, eliminating lots of dependences that make real-world applications
difficult to parallelize, while still using advanced mathematical models to conduct the code analysis.

5.4.4 Extended functionality

The design of the tool displays explicitly its potential for extending its support among the different
automatic parallelization techniques or tools that exist or may exist in the future. The components’
version generation is a strictly dynamic procedure that encourages the addition of new tools in the tool
chain for the continuous evolution of the application’s final design and deployment on the available
hardware infrastructure.

In this thesis, the support of OpenMP parallelization has been included in the design of the proto-
type showing only one of the cases that can be addressed by such a tool. Additional research can surely
enhance the results of the tool’s functionality, introducing a series of different techniques addressing
a bigger range of applications as well as hardware targets that can contribute to the components’ op-
timized execution.

Elaborating this, the toolchain that we describe in this section has been specifically designed to
be modular enough, allowing additional tools to be used as further advancements are made. Thus,
for including more parallelized versions of the components external tools can simply store the new
versions at the corresponding directory and modify accordingly the component network as described
above.

5.4.5 Heterogeneous Deployment APIs

Besides from the communication between different components, communication with different types
of devices is also needed to enhance the support of heterogeneous system deployment. This is an
approach that was not investigated in depth during the development of this thesis, and thus, can support
only very simplistic cases. It is included here, only as a proof of concept, to support the diversity of
techniques that can be used in the context of the framework’s usage.

A user interface for GPU support

An effort to support this kind of systems is concentrated on a particular API that is meant to assist
the user with data movements to and from the device as well as with the deployment of the kernel
code that enables computing acceleration. This API includes a set of pragma annotations specifically
designed to allow the inclusion of input/output variables as well as the kernel functions that need to
be called. As a result, the corresponding CUDA functions are generated, completing the component
source code for deployment on a GPU.

The format of the pragmas that will be used is defined as follows:

Defining a kernel input:
#oragma aeolus kernel <function> kernelin <name> type=<type> size=<size>

Defining a kernel output:
#oragma aeolus kernel <function> kernelout <name> type=<type> size=<size>
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Deployment on GPU devices

With the use of this API the tool is able to transform the component source code producing a version of
the corresponding component deployable on a GPU. Below, an example of the code transformations
is displayed for understanding the results of such an analysis. Original form of the component code:

int *vec add(int *a, int *b) {
int ¢[100007;

#pragma aeolus kernel vec_add CUDA kernelin a type=int size=10000
#pragma acolus kernel vec add CUDA kernelin b type=int size=10000

for(int i=0; i<10000; i++)
cli] = a[i] + b[i];

#pragma aeolus kernel vec_add CUDA kernelout ¢ type=int size=10000

return c;

Here, the use of the GPU API is visible, defining the arrays a and b as inputs and the array c as
output for the kernel function vec_add CUDA(). The results of the analysis and the generation of the
GPU version of the component is displayed below:

int *vec add(int *a, int *b) {
int ¢[10000];

// Declare pointers for the GPU to use
int *dev_a, *dev_b, *dev c;

// Allocate memory on the GPU

cudaMalloc ((void **)&dev_a, 10000*sizeof(int));
cudaMalloc ((void **)&dev_b, 10000*sizeof(int));
cudaMalloc ((void **)&dev_c, 10000*sizeof(int));

//Copy the arrays a and b to the GPU
cudaMemcpy( dev_a, a, 10000*sizeof(int), cudaMemcpyHostToDevice);
cudaMemcpy( dev_b, b, 10000*sizeof(int), cudaMemcpyHostToDevice);

//Launch the kernel with 100/128 thread blocks of 128 threads
dim3 block (128);

dim3 grid ((10000+ 127)/128);

vec_add CUDA<<<grid, block>>>(dev_a, dev_ b, dev_c, 10000);

//Copy the array c¢ back from the GPU to the CPU
cudaMemcpy( ¢, dev_c, 10000*sizeof(int), cudaMemcpyDeviceToHost);

// Free the memory allocated on the GPU
cudaFree( dev_a );

cudaFree( dev_b );

cudaFree( dev c );

return c;
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5.5 Technique Selection

5.5.1 Overview

The purpose of generating a bunch of different parallelized versions of the components as well as
different versions of the communication APIs resides on the optimization of the application’s perfor-
mance depending on the nature of the components and the available hardware targets. In order to
achieve this goal, there is a direct need for a decision mechanism that’s going to select the suitable
implementations that, combined with the given deployment plan, will result to increased performance
and minimized power and memory footprint.

5.5.2 Component version selection

At the first stage of its functionality, the tool selects the best-fitting parallelization technology for
each component (i.e. OpenMP for multi-core CPU systems, CUDA or OpenCL for GPUs, IP cores
for FPGAs etc.) according to the deployment plan and creates the actual set of components that will
be used at deployment.

In this thesis, the technologies that are supported by the AEOLUS automatic parallelization tool
include only the OpenMP version of the components. However, as described in section 5.4.3, an API
is provided for data exchanging and deployment on GPU targets, which allows the exploitation of
CUDA-developed kernels provided by the user. Thus, in the case that a component is planned to run
on a CPU system the OpenMP version is selected, enabling the possibility of executing the component
in parallel using multiple threads. On the other hand, if the deployment plan assigns the component to
a GPU to accelerate its execution the CUDA version (provided by the user) is chosen, assuming the
API has been successfully used in the component code.

public void TechSel ¢{
boolean gpu_flag=false , fpga flag=false;
for(int 1=0; i<Components.size (); i++) {

if (Components. get(i).getLoops().size() == 0) {
Components. get(i).setFinalVersion“(”OpenMP) ;
continue ;

}

else {

for(int j=0; j<Components.get(i).getLoops().size(); j++) {
if (Components. get(i).getLoops().get(j).RunsOnGpu()) {
gpu_flag = true;
}
else if( Components. get(i).getLoops().get(j).RunsOnFpga) {
fpga flag = true;
}
}
}
if(gpu flag && !fpga flag) {
Components. get(i).setFinalVersion“(”CUDA) ;

}
else if(!gpu flag && fpga flag) {
Components. get(i).setFinalVersion“(”VHDL) ;

The process of the selection described above concerns the translation of the deployment plan
from a lower-level hardware representation of the components to a higher-level software one. The
final versions of the components are stored separately from the other available versions and are ready
to be refined and deployed by the Deployment Manager (section B.4).
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5.5.3 Deployment Selection

The application model defines that a set of components will run independently and in parallel, while
interacting with each other, to constitute the application’s overall functionality. This a pretty generic
definition which allows some flexibility to the technology that can be used for the deployment of the
application, as well as for the communication between the components. So, a decision mechanism is
necessary to decide the technology patterns that its implementation should follow.

However, this decision has not such a wide range of choices due to its high dependability to
the deployment plan which defines their location over the hardware platform. Components that are
assigned to the same processing node use the same address space, hence libraries like pthreads and
OpenMP can be used parallel execution in separate threads. On the other side, components that are
assigned to run on different nodes need to use other types of libraries to function in an environment
where nodes work in a different address space. Usage of an MPI implementation like MPICH and
OpenMPI is a common solution in such cases especially for low-level languages like C.

In the context of this thesis, we will discuss an implementation of the introduced system using
only pthreads and OpenMPI (see section B.4), but as with the rest of the AEOLUS modules, only core
functionalities have been developed, so that future extensions can be added expanding the support of
the system for more libraries that may optimize the results of the deployment. The strategy we will be
following concerning the technology selection of the deployment is strictly related to the deployment
plan’s instructions about the communication objects. Every communication object is accessed by a
set of components which can execute on the same or another memory space, thus the distribution of
these entities across the computing continuum, defines their implementation nature. In specific, two
different cases are studied concerning the implementation of a communication object:

o All the components related to the object are executed on a shared-memory system
Then data can be safely exchanged as a shared structure in memory. Components are executed
as separate threads using the pthreads library along with the POSIX standards for accessing the
data.

o Components related to the object are executed on different memory systems
A message passing protocol is necessary for the transfer of the data. Components are executed
as separate MPI processes using the OpenMPI library, while the APIs provided by MPI are also
used for accessing the data.

According to the above decisions, the corresponding implementations of the APIs are selected and
stored along with the final version of the components.

5.5.4 Extended functionality

The design of this module displays explicitly its potential for extending its support among the different
techniques or libraries that exist or may exist in the future. Its extension goes hand-to-hand with the
automatic parallelization tool which also leaves room for future additions, resulting in more modified
versions of the original components to choose from. As with the inclusion of the CUDA versions
supported by the GPU API, more versions can also be provided by the user assuming that there is the
corresponding support for their deployment on the available hardware infrastructure.

5.6 Deployment Manager

5.6.1 Overview

Let’s assume an application that follows the model that was described in section i and a complex het-
erogeneous hardware platform that includes different devices and architectures where the application
is to be executed on. In heterogeneous computing, the programmer is responsible to implement the
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Figure 5.4: Deployment Manager functionality flow

application deployment on the different hardware components, while also ensuring for the commu-
nication needs that may occur between the software components or the components and the external
devices. Taking into account all the different libraries and tools that need to be used and the different
configurations that need to take place in order to deploy an application on a heterogeneous environ-
ment, it can be a very complex and time-consuming procedure.

The aim of AEOLUS is to minimize the effort and knowledge that are required from the pro-
grammer to develop an application running on heterogeneous systems. The idea in discussion here is
about a separate module of the framework’s architecture that will pose as the programmer making all
the necessary configurations in order to deploy the components in parallel with respect to the com-
munication between them. For implementing such an agent, the code where the necessary structures
and functions are defined needs to be generated at compile-time, so that the whole application can be
coordinated at run-time. But to reduce the effort contributed by a human agent means the creation of
an artificial one that is responsible for all the technical parts of the development that the user cannot
or does not have to be.

In this section, the functionality of a tool referred to as the Deployment Manager will be discussed.
The different adjustments and code refinements are executed as a final stage of the application’s de-
velopment following the analysis and results of the previously discussed tools and application model
as defined by the user. Additionally, a set of scripts corresponding to the aforementioned procedure is
generated, implementing the actual compilation and deployment of the components on the available
hardware.

5.6.2 Design Specifications and Interfaces

As already mentioned, the Deployment Manager is responsible for a series of actions regarding the
integration of the components and their automatic compilation/execution in order to facilitate the de-
ployment procedure. In this section, these steps are going to be described in detail, while in the next
section some lower-level implementation details are going to be included as well. In Figure 5.4, the
functionality of the tool is illustrated.

As shown in Figure .4, the tool flow of the Deployment Manager can be split into three stages.
First, there is the modelling of the application where a set of Java classes are used to describe the
components, the way they communicate with each other, their mapping on the hardware platform and
information about the data or signals they need to exchange. Second, the generation of the necessary
files, which enable the integration of the components with each other, will take place implementing
in this way the communication between the different parts of the application. Finally, a set of scripts
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will be generated for building and placing the binaries on the corresponding machines.

Application Modelling

In order to orchestrate the deployment as instructed by the Deployment Plan and the Technique Se-
lection module, the Deployment Manager needs to collect all the necessary information to model the
application per component accompanied by the corresponding communication objects. This informa-
tion is suitably encapsulated in the Component Network and Deployment Plan XML files as well as
inside the source code in the form of pragma annotations.

1. Analyzing XML modelling files
First, the necessary information is extracted from the Component Network in order for an application
model to be constructed using a set of Java classes. Information like the components’ names, source
files and paths on the Repository is obtained, along with the components’ positioning inside the com-
ponent network, meaning their interactions with other components and the corresponding communi-
cation objects. Additionally, basic information about the communication objects is also obtained in
order to include them in the network. Attributes that characterize these communication objects like
their names, size, source and target are extracted from the Component Network in order to generate
the corresponding entities in the model.

The Platform Description is also analysed for collecting the data concerning the hardware com-
ponents that are available. The design of the system architecture is included in the application model
as well as information concerning each individual machine or device. So, attributes like frequency,
bandwidth, cache memory, core number, IP address are gathered for the coordination of the deploy-
ment on the hardware infrastructure. The correlation between the software components and their
communication objects, and the hardware components of the platform is achieved with the analysis of
the Deployment Plan. Each component and communication object is mapped on a specific hardware
resource, thus this connection is also included in the application model completing its structure.

2. Communication object identification
AEOLUS is responsible to create a common environment for the components to be executed in, at
a higher logical level than the one that the components work in. All shared data are located in the
namespace that is shared between all components that constitute the application. If two shared data
items are named the same, they are treated as the same item by the framework. The shared data
namespace is defined as the set of shared data items across all of the components of the system.
This should not be confused with namespaces in the C language which are confined to an individual
component.

// Declaring a communication object called the data, linked to the // local
variable data

> #pragma aeolus shared in the data offset=896

3 uint8 t data[128];

In the example above, the data is in the shared data namespace global to the entire system, data
is local to the C component under the normal scoping rules of C.

In order to identify the communication data and link the local variables that refer to the same com-
munication objects, a pre-compiling pass of the code will initiate the analysis. In specific, a couple of
pragma annotations provided by the programming model will be exploited, so that the communication
objects can be declared in a higher-level environment. When a communication object is declared, the
corresponding information is declared as well, like its size, the name of the local variable that the data
is stored in, the protocol that is used for its transfer etc. According to the protocol that’s defined for
a communication object, the way that this object is accessed changes, while the consistency require-
ments of the data is defined as well. Some ensure sequential consistency or stronger, whilst others
define no consistency and the programmer must manually force synchronization.

The application model is completed with the information extracted from the source code, thus the
Deployment Manager can proceed with the implementation of the actual deployment. The architecture
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Figure 5.5: Application Model schema

of the model that has been created follows the structure of the diagram in Figure 5.3.

Constructing a multi-process application

There are multiple libraries that can be used for the parallel execution of the components. Guided
by the library selection of the Technique Selection module, the Deployment Manager takes up to im-
plement the coordinated execution of the components, along with the communication that is needed
between them. The Programming Model, guarantees the independence of the components and has
been specifically designed like that, so that the communication methods that are used can be chosen
among a variety of options including different libraries, technologies and protocols. So, the com-
ponents should be able to run as independent processes that can communicate over the network, via
socket mechanisms or even using local or cloud storage for talking to each other through the Program-
ming Interface. The different implementations can differ according to the different requirements that
are encountered during development.

AEOLUS is designed to use the variety of tools that have been developed in order to optimize per-
formance according to multidimensional requirements such as execution time and power consumption.
In order to follow this incentive, the Deployment Manager implements the deployment of the com-
ponents with respect to these requirements. For this purpose, the Programming Interface has adopted
the MPI protocol for execution on distributed-memory systems and a set of thread-spawning and syn-
chronization techniques for further parallelization on each node and coordination between them.

The architecture of the application is designed to follow the SPMD model to execute the different
tasks that are requested by the user, in parallel. A naive (and easy to follow) implementation of the
components’ deployment fully adopts this model and implements the top-right case from Figure 5.6,
in which the program spawns multiple threads to initiate and execute the components. This model can
only be implemented in the case of a shared-memory system, this is when the user has decided that
all the components should be executed on the same node/SMP.

In a similarly simple case when the user has instructed the application to be executed on a more
complex environment than a single machine (e.g. to use different nodes of a cluster system), a
message-passing protocol is needed for exchanging data in a distributed memory space, so the MPI
protocol is adopted. This is the bottom-left case in Figure B.€. In this case, the different components
are executed each one as a separate MPI process, according to the deployment plan, all running in par-
allel. The Programming Interface implementation uses the corresponding MPI functions to transfer
data and synchronization signals between the components. The Deployment Manager is responsible
to generate the necessary files to bind the components into an MPI application and declare the struc-
tures that are needed for implementing the communication. These files are described in detail in the
‘Implementation’ section.

A more complex implementation will try to reduce the overhead caused by the creation of different
MPI processes, while still exploiting the multi-core capabilities of the available machines. For this
purpose, the execution of components running on the same memory space is implemented as different
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threads of the same process. The result is similar to the bottom-right case in Figure 5.6. A set of
MPI processes is initiated (one for each different machine) each one of which spawns a number of
threads for every component that is mapped on its memory space. This is the most generic case of
the above, where the parallelization of the different components is achieved in a local-memory level
from a thread-based perspective, but also in a distributed-memory level from a multi-process one.

All approaches have their own benefits and drawbacks concerning including additional time over-
head, power consumption or memory footprint. The best approach is to be decided based on the
different designs and requirements of the application that is developed. That is why AEOLUS en-
courages different deployment iterations for testing different mappings and techniques, optimizing
the system’s performance by using multi-objective criteria.

Integration with the Programming Interface

The implementation of the Programming Interface is highly dependent on the implementation model
that is selected for the application like explained in the previous paragraph. That is why during the
integration of the application components, the necessary structures are generated as well, following
the patterns suggested by Technique Selection in order to implement the communication between the
components in the hardware environment that is indicated by the Deployment Plan. Details about the
aforementioned structures that are used can be found at the “Implementation” section.

Binaries generation and deployment

The deployment of the components on the given hardware infrastructure is the core function of the
Deployment Manager. While this is true, the actual deployment is an action that is assigned to the user
via a set of scripts that are generated by the tool. Guided by the Deployment Plan, the DM creates the
compilation scripts in order to build the application binary files on the corresponding machines/de-
vices when the user selects to execute them. The compilation procedure continues with respect to
the minimization of unnecessary binaries generation and file transfers from or to the Repository. The
following steps show the actions that are completed by the scripts’ execution.

1. Compilation Script
1. Check for the necessary binaries on the target machines.
2. If not found on machines

(a) Check on Repository.
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(b) If found on Repository
i. Get binary from Repository
(c) Else
i. Get project source folder from Repository

ii. Compile source files and generate corresponding binary
iii. Put on Repository

3. Get necessary input files (check if they already exist on the machines)

Notice that due to some files’ huge size, unnecessary transfers are avoided by checking locally for
the files when needed. This is for both binaries and input files.

Additionally, a Checksum functionality has been included in the procedure. In case the requested
file is found locally but with a different checksum value than the one on the Repository, the file is
considered corrupted and is discarded. This is for both binaries and input files.

2. Deployment Script

A deployment script is also generated for the initiation of the components’ execution on the het-
erogeneous hardware architecture. This script should contain the deployment directives about where
to execute each component. Due to the locality of the application that is promoted by the program-
ming model, the Deployment Manager should make all possible efforts to guarantee for the software
components’ bond to the hardware components in the hardware platform. For this purpose, the Open-
MPI library provides specific functionalities during execution, which are fully exploited by AEOLUS
to bind specific processes to specific processor cores, sockets etc.

The aforementioned scripts are available to the user for execution on the remote machine where
the Deployment Manager is executed.

Interaction with other tools

As with all the AEOLUS tools, the Deployment Manager is part of the overall architecture and needs
to communicate with the other tools to complete its functionality. Its positioning in the platform is
shown in Figure .7.

As described in Figure [5.7, the tool itself only needs to interact with the Repository, obtaining the
files needed for the deployment. These include:

e The Platform Description, where the hardware infrastructure is defined
e The Component Network, where the structure of the application is described
e The Deployment Plan, where the mapping designed by the Multi-Objective Mapper is described

e The source files residing on the Repository

The actual interactions that the tool makes with the other modules occur through the scripts that
are generated and includes several interactions with the Repository for getting/putting binaries and
input/output files.

5.6.3 Implementation Details

Communication Object Identification

The communication objects that are used by the application have to be declared like any other variable.
For a communication object declaration, a pragma annotation is used defining the protocol of the
object, its name etc.

The pragma annotations are described here in detail:
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#pragma <queue | shared | signal | mutex> <in | out | inout> name maxsize=maxsize off-
set=offset

By declaring an object using this pragma, the local variable following the annotation is linked
with the object. The size and type of the object is defined by the corresponding attributes of the
local variable.

Info included in the local variable declaration:

e [ocal variable name

e Object size

e Object type

In the pragma annotation, the following attributes are also defined:

o Communication object name
e Protocol (queue or shared)
e Direction of the object (used as input, output or both)

¢ Maximum amount of objects that can be inserted in the queue (only for queue protocol objects)
- optional

e Offset for accessing specific data of an array stored in the shared memory. Helpful for avoiding
moving big chunks of data between components for no real reason. (only for shared protocol
objects) - optional
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In the following example, some of the protocol functions that were defined in the Programming
Interface are used between the components CA and CB to assist the understanding of the aforemen-
tioned pragma annotations. In every component’s environment a communication object declaration
(a pragma) takes place, in which it is visible that the name is the same for the objects that refer to the
same item, while the name of the local variables are irrelevant to each other. Let’s examine the object
declared as a shared-memory item using the identifier ‘the data’. This means that the name ‘the data’
refers to the same array of 1024 items and of type uint8 _t, declared to exist in the memory, shared
between the two components. The local variables using the name ‘data’ are two different variables
existing in different ranges of the application, but defined to hold the same chunk of data using the
shared protocol.

// Component A

#pragma aeolus signal out ready
bool startb;

#pragma aeolus shared out the data
uint8 t data[1024];

#pragma aeolus queue in sum
uint32 t input sum;

void CB() {
construct input data(data);
aeolus_synchronize (data,1); // 1 is for updating the shared memory
aeolus signal(&startb);
aeolus queue get(&input sum);

}

// Component B

#pragma aeolus signal in ready
bool startme ;

// Getting the last 128 items from the “the data comm. object
#pragma aeolus shared in the data offset=896

s uint8 t data[128];

#pragma aeolus queue out sum
uint32 _t output_sum;

void CB() {
while (true) {
aeolus wait(&startme);
acolus synchronize (data ,0); // 0 is for updating the local memory
for(int i=0; 1<128; it+)
output sum += data[i];
acolus _queue put(&output sum);

In the example above, the application uses the shared protocol to transfer data from component
CA to component CB. The call to the acolus_synchronize() function with the direction attribute set
to the value ‘1’ updates the shared memory between the two components with the values of the data
variable in component CA, while on the other side component CB calls aeolus_synchronize() with
the direction attribute set to ‘0’ to update the local memory with the values in the shared memory. In
order to guarantee for the concurrency of the data, the programmer has used the signal protocol to
coordinate the transactions between the components. The queue protocol is also used for moving the
result of the calculations made in CB back to CA. No synchronization actions are needed here since
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the queue protocol can guarantee for the consistency of the data.

The responsibility of the Deployment Manager during this stage resides on parsing the code for
locating the aforementioned pragmas in order to complete the application model in a source-code
level, as it was designed by the programmer including the components, the communication objects
and the code related to them, meaning the pragma declarations and the corresponding API calls.

During this procedure, information is extracted from the pragmas and certain modifications are
made to the API calls. So, a pre-compiling phase is executed on each component’s source code during
which the following actions are made:

1. If a communication object declaration is identified, the corresponding information is extracted
from it and the pragma is deleted. The Deployment Manager stores this information to modify
accordingly any API calls that may occur after the pragma. Thus, it is important that the pragma
declaration proceeds any use of the local variables connected to the object, same as with a normal
variable declaration.

2. If an API call is identified, specific arguments are added to it, providing the necessary informa-
tion that are going to complete its functionality.

Integration with the Programming Interface

The Programming Interface uses a set of structures to manipulate and transfer the communication
objects. These structures represent the communication objects in a lower level to facilitate the im-
plementation of the data transfers between the components. They store the necessary information in
specific fields and are accessed by the APIs in order to complete their functionalities.

Objects shared in a distributed memory space use the following structures:

// QUEUE PROTOCOL

typedef struct aeolus queue {
uint8 t *qdata;
uint32 t front, rear, count;
uint32 t disp, maxsize, owner;
MPI Win win;

} aeolus queue;

// SIGNAL PROTOCOL
typedef struct {

int sig;

MPI Comm comm;
} aeolus signal;

// MUTEX PROTOCOL
typedef struct aeolus mutex {
int numprocs, ID, home, tag;
MPI Comm comm;
MPI Win win;
unsigned char *waitlist;
} aeolus mutex;

While objects that live in a shared memory space use the next structures:

// SHARED PROTOCOL

typedef struct {
pthread mutex t lock;
int size;
void *data;

} aeolus shared object;

/1 SIGNAL PROTOCOL
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typedef struct {
pthread mutex t lock;
pthread cond t cond;
int ready;
int source;
int target;

} aeolus signal;

// MUTEX PROTOCOL
typedef struct {

pthread mutex t lock;
} aeolus _mutex;

22 // QUEUE PROTOCOL
23 typedef struct phnode {

void* item;
struct phnode *next;

s + acolusQnode;

typedef struct {
aeolusQnode *front;
aeolusQnode *rear;
pthread mutex t lock;
volatile int count;

33 + aeolus queue;

o =

In order to provide transparency to the user as well as configurability to the implementation of
the application, a simple interface (see section §.1.3) is used by the programmer to invoke the cor-
responding protocol functions. According to the Deployment Plan, the API calls that are identified
are modified to fit the corresponding implementations pointed out by Technique Selection. These
implementations can be found in Appendix B.

Constructing a multi-process application

The implementation of the produced application will follow the Single-Program-Multiple-Data (SPMD)
approach using the OpenMPI library. That means that a single program is built and run on the hard-
ware infrastructure, following a different control-flow path for every different process-component.
The MPI protocol was selected for its efficiency in both UMA and NUMA architectures due to the
memory locality strategies that it follows, as well as for its application on heterogeneous environments.

In particular, an initialization function stands as the starting point of the application, where all
the necessary structures are allocated, including the communication objects, accompanied by a final-
ization function that deallocates any used space and ends execution. A common header file is used
for creating the AEOLUS environment, holding the higher-level information that’s is needed for the
implementation. For the generation of these source files, the application model that has been cre-
ated in the previous stage is used for providing the corresponding information (e.g. local variables,
communication object info etc).

An example of the initialization function is shown in the following segment:

#include ”aeolus.h”

3 void invoke component(int id) {

- N N

if (id == 0) {
CAQ);

H

else if(id == 1) {
CBO);

}

return ;
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void initialize (int *argc, char*** argv) {
MPI _Init(argc, argv);
MPI_Comm_size (MPL COMM WORLD, &world_size);
MPI Comm_rank (MPL COMM WORLD, &world rank);
buf = (int *)malloc(10*sizeof(int));
MPI_Win_create (buf, 10*sizeof(int), sizeof(int), MPI INFO NULL,
MPIL COMM_WORLD, &win) ;
signal = aeolus_signal init(MPL COMM WORLD) ;
aeolus_mutex_init(&mutex0,0) ;

}

3 void finalize () {

acolus mutex destroy (mutex0);
MPI Win free(&win);
MPI Finalize () ;

int main(int argc, char** argv) {
initialize (&argc,&argv);
invoke component(world rank);
finalize () ;
return 0;

As illustrated above, a set of functions, generated by the Deployment Manager, sets up the AEO-
LUS environment by allocating space for the necessary structures and initializing the corresponding
values/objects, coordinates the execution and finally clears the environment space afterwards.

The variables that are used for the implementation of the communication objects in the above
segment are declared in the ‘acolus.h’, which is displayed below:

#include <mpi.h>
#include <stdio.h>

3 #include <stdlib .h>

Y

#include ”signalAPI.h”
#include <string.h>
#include “mutexAPI.h”
#include ”sharedAPI.h”
#include ”queueAPI.h”

MPI Win win;
aeolus mutex *mutex0;
aeolus_signal *signal;

3 int *buf;

int world rank, world size;

void CA();
void CB();

Notice that the type of information that is stored in the declared structures differs from implemen-
tation to implementation. For a shared memory space implementation, the POSIX library is used for
the APIs implementation. In this case, the file ‘aeolus.c’ looks like this:

void aeolus init() {
int i, sig=0, que=0, shr=0;
phsignal = (acolus_signal **) malloc(NUM SIGNALS*sizeof(acolus _signal *))

phqueue = (aeolus _queue **) malloc (NUM QUEUES*sizeof (aeolus queue *));

phshared = (aecolus shared object **) malloc (NUM SHARED*sizeof (
aeolus_shared object *));
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signal_index = (int *) malloc (AEOLUS NUMOFCOMMS*sizeof (int));
queue_index = (int *)malloc (AEOLUS NUMOFCOMMS*sizeof (int));
shared index = (int *) malloc (AEOLUS NUMOFCOMMS*sizeof (int));

for (i=0; i<AEOLUS NUMOFCOMMS; i++) {
if (commobj type[i] == SIGNAL) {

phsignal[sig] = initialize aeolus_signal (aeolus source id
[1], aeolus target id[i]);
signal index[i] = sig++;
§
else if(commobj type[i] == QUEUE) {
phqueue[que] = initialize aecolus_queue();
queue_index[i1] = que++;
}
else if(commobj type[i] == SHARED) {
phshared[shr] = initialize aeolus shared object(

commobj datasize[shr], commobj size[shr]);
shared index[i] = shr++;

}

More complex situations can arise as described earlier, where the implementation can include a
combination of the two approaches, deploying the components on both MPI processes and separate
threads, optimizing deployment depending on the design of the application as well as the requirements
that where defined for its execution.

Binaries generation and deployment

The scripts that are generated prepare the local directories of the hardware for deployment. The bi-
naries or the source files are downloaded (depending on the previously used binaries to avoid recom-
piling the same code), compiled and placed on the corresponding locations of the target machines.
If new versions of the binaries are generated, they are uploaded on the Repository for future reuse.
The Makefile, residing in the ‘src’ directory on the Repository, is also modified to include the corre-
sponding compiler wrappers (nvce, mpicc), necessary libraries (OpenMP, pthreads) and the modified
component source files. Below an example of the compilation script is displayed:

PROJECT NAME="test project”;

: LOCAL DIR="~/AEOLUS/ Repository /$ {PROJECT NAME } /DM” ;

4
S
6
8
9

10

11

12

13

14

15

BIN_PATH ON_REPO="bin”;
BIN NAME="myapp—bin20181010~;
FILE_PATH="$ {LOCAL DIR }/$ {BIN PATH ON REPO}/$ {BIN NAME}”;

cd ~/AEOLUS;

# CHECK FOR CORRESPONDING BINARY
if [ —f SFILE PATH ]

then
echo ”File exists”
else
# TRY GETTING BINARY FROM REPO
response_code=°Get_file.sh ${PROJECT NAME} ${BIN PATH ON REPO}/$ {BIN NAME
H

if [ ! ”${response code}” —eq 200 ]
then
# GET SOURCE FILES FROM REPO
~/AEOLUS/ Repository/scripts/Get_dir.sh ${PROJECT NAME} src;
rm Ssrc.zip;
# GENERATE BINARIES
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cd ${LOCAL DIR}/src;
make
mv ${BIN NAME} ${LOCAL DIR}/$ {BIN PATH ON_REPO}
cd ~/AEOLUS
# PUT BINARY ON REPO
Put_file.sh ${FILE PATH} ${BIN PATH ON REPO};
fi;
fi;

INPUT PATH_ON_REPO="inputs”;

3 INPUT NAME="input data.txt”;

44

INPUT_FILE="$ {LOCAL DIR }/$ {INPUT PATH ON_REPO}/$ {INPUT NAME}";

# PLACE INPUT FILES AT THE CORRESPONDING LOCATIONS
# CHECK FOR CORRESPONDING FILE
if [ —f SINPUT FILE ]
then
echo ”File exists”
else
# GET FILE FROM REPO
response_code=°Get_ file.sh ${PROJECT NAME} ${INPUT PATH ON REPO}/$ {
INPUT FILE} °;
fi;

The deployment script is responsible for the actual execution of the components on the corre-
sponding locations. This script is designed according to the mapping that is described in the Deploy-
ment Plan and the Platform Description that provides the network location of each machine or device.
The machines are accessed via SSH by the development machine, where the Deployment Manager
is executed. Thus, the necessary configurations are assumed for the successful deployment of the
application.

EXECUTE PROGRAM
mpirun <affinity options>
—host <IP> —np <number of processes> <executable name> :

O S

—host <IP> —np <number of processes> <executable name>

# example: 2 components executed on different machines
mpirun —nolocal —host 192.282.77.22 —np 1 executable
—host 192.151.23.34 —np 1 executable

OpenMPI provides a list of options that enable affinity configurations at execution. By binding
specific resources to specific processes, the deployment suggested in the Deployment Plan is imple-
mented, while additional locality optimizations allow further improvements in the exploitation of the
memory resources.

Some examples of these options are noted here:

To map processes:

—map-by <foo>

Map to the specified object, defaults to socket. Supported options include slot, hwthread,
core, Llcache, L2cache, L3cache, socket, numa, board, node, sequential, distance, and
ppr. Any object can include modifiers by adding @ : and any combination of PE=n (bind
n processing elements to each proc), SPAN (load balance the processes across the allo-
cation), OVERSUBSCRIBE (allow more processes on a node than processing elements),
and NOOVERSUBSCRIBE. This includes PPR, where the pattern would be terminated by
another colon to separate it from the modifiers.
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-nolocal, —nolocal

Do not run any copies of the launched application on the same node as orterun is run-
ning. This option will override listing the localhost with —host or any other host-specifying
mechanism.

-nooversubscribe, —nooversubscribe

Do not oversubscribe any nodes; error (without starting any processes) if the requested
number of processes would cause oversubscription. This option implicitly sets “max_slots”
equal to the “’slots” value for each node.

-bynode, —bynode

Launch processes one per node, cycling by node in a round-robin fashion. This spreads
processes evenly among nodes and assigns MPI COMM_WORLD ranks in a round-
robin, by node” manner.

To order processes’ ranks in MPI COMM_WORLD:

—-rank-by <foo>

Rank in round-robin fashion according to the specified object, defaults to slot. Supported
options include slot, hwthread, core, L1cache, L2cache, L3cache, socket, numa, board,
and node.

For process binding:

—bind-to <foo>
Bind processes to the specified object, defaults to core. Supported options include slot,
hwthread, core, 11cache, 12cache, 13cache, socket, numa, board, and none.

5.7 Evaluation

The evaluation of the toolchain will be based on a real-world use case that consolidates characteristics
from different scientific fields to validate the results. In this section, we describe this application and
how its components are suitable for testing the different tools. Additionally, we provide an overview
of the tests that we executed in order to evaluate framework and the resulting parallel application in
terms of a series of functional and non-functional requirements.

5.7.1 Use case description

The application that was used for the evaluation of the end-result of the toolchain is described here.
Three different simulators are considered covering a wide range of characteristics that can be found
in real and computationally intensive applications. These simulators contain calculations from the
fields of Statistics, Image Analysis and Control-Flow Dynamics (CFD). In specific, the components
and their in-between communication are shown in detail in Figure 5.8, where the application model
(Component Network) of the use case is defined.

Specifically, the Statistics Simulator has been designed to include many smaller components that
extensively exchange information using the Shared, Queue and Signal Protocols as defined and im-
plemented in the context of the Programming Model. The Image Analysis simulator consists of two
computationally intensive components that also use a subset of the Programming Interface to exchange
data. The CFD Simulator includes a single component which implements a computationally intensive
CFD calculation providing two different versions, a CPU-only and a CPU-GPU one.

The Component Network has been designed in this way to provide a variety of characteristics
that are considered important for examining the different features of the tools. For example, with the
Statistics Simulator we evaluate the complexity that can be supported by the Programming Model as
well as the functionality of the Programming Interface protocol functions that are extensively used in
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Figure 5.8: Evaluation use case application model

this part. The other two simulators focus on the computation load that is created when executing their
components and are used to obtain metrics from the OpenMP parallelized versions generated by the
Auto-Parallelization Tool. For the case of the CFD Simulator, the CPU-GPU version has also been
included in the process to test the integration of the platform with parallelized versions other than
OpenMP.

Deployment using AEOLUS

The optimisation of the application, in terms of execution time (or other objectives that we didn’t study
here — e.g. power efficiency), is the obvious goal of a programmer using a parallel framework. In the
context of this thesis however, we focus on the architecture of the system and the resulting application
after utilizing the defined features of the framework. The main indicators that we considered for the
evaluation of the toolchain include the correct functionality of the resulting application and its ability
to adapt on a series of different architectures. Additionally, we measured the individual performance
of the three simulators in order to evaluate how these were optimized and to calculate any possible
overhead that may be introduced by the framework.

Functional Testing

For the functional testing of the application, we considered a series of different deployments (mappings
of components on different processes) to try the different deployment and communication implemen-
tations. In specific, we used the following set of mappings to deploy the Statistics Simulator:

Deployment 1:
Process 0: All components
Deployment 2:

Process 0: Kickstarter, Mean, Normalize with mean, Covariance

Process 1: StdDeviation, Normalize with stddev, Correlation
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Deployment 3:

Process 0: Kickstarter, Mean
Process 1: StdDeviation, Normalize with _mean, Normalize with_stddev
Process 2: Covariance

Process 3: Correlation

Depending on the available shared environment, the corresponding communication implementa-
tions were used for data and signal exchange, while the components have been initiated as threads or
processes accordingly. Performance Evaluation

AEOLUS was tested for its performance gains on two of the simulators. The programs were tested
and validated with the contribution of the tool using a 12-thread Intel i7 CPU. For the tests, a series of
small, medium and large input data sets where used exploiting different amounts of available threads
resulting in small and large computation loads. The serial version of the application was considered
as the baseline, while improvement has been calculated in comparison with the multithreaded parallel
code as:

serial — parallel 100%

Per formancelmprovement =

(5.1)

In general, the resulting parallel code seemed to add some overhead to the application, so when
the computation load was relatively small, the overhead was apparent, while for bigger computation
loads, acceleration of the application was significantly overcoming the overhead, reaching positive
results up to 84%. Specific results showing improvement are displayed in Table [5.1.

serial

Surveillance benchmark

Input size \ # of threads || 3 threads | 6 threads | 12 threads
Small -10% -19% -22%
Medium 57% 70% 13%
Large 62% 80% 84%

CFD benchmark

Input size \ # of threads || 3 threads | 6 threads | 12 threads
Small -18% -11% 26%
Medium -8% 4% 29%
Large 59% 8% 30%

Table 5.1: Surveillance and CFD benchmarks evaluation results
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Chapter 6

Epilogue

In this chapter, we will try to summarize the work that has been done in the context of this thesis, along
with the conclusions that have been made during the design of the architecture and the development
of the different parts of the toolchain that was described in the previous chapters. We will also include
some of the ideas that were generated by the needs of a parallel application framework such as the one
described in this thesis, as well as some extensions to the toolchain that could be proven very useful
to the procedure of the application’s development and deployment.

6.1 Conclusion

The main pillars of this thesis can be briefly described in three different parts. For the first part, we
studied some of the state of the art tools and techniques that are used for code automatic parallelisation.
For the second part, we designed a parallel programming model that enables the development and
deployment of a parallel application. At the third and last part of the thesis, we developed the resulting
toolchain from the previous two parts that constitute a framework for the deployment of a parallel
application from its development to its automatic parallelization to its integration and execution.

6.1.1 Automatic Parallelization

During our study for the automatic parallelization tools, we considered two different tools, the ROSE
Compiler and PLuTo, an automatic parallelizer. We analysed the differences between the two tools
and run a testing process between them to compare their efficiency. For that purpose, we used Poly-
bench, a rich benchmark suite including a series of example code segments suitable for parallelization.
The analysis of the tools showed a clear advantage for the PLuTo parallelizer, which uses efficient
code transformations to not only parallelise more code segments, but also optimize memory access to
minimize read-write operations. However, a notable observation is that, although PLuTo performed
better that ROSE in general, the latter proved to support a wider target (since it is a tool compatible
with C++), while also performing better that the former in certain occasions, so the overall gain that
is actually obtained by using PLuTo over ROSE is not that big.

In order to extend our testing, we used a series of more complicated examples extracted from real
world applications to extend the benchmark suite. To this regard, we considered useful to propose
an extended programming model that would enable the user to identify regions in the code that may
be parallelisable, but due to specific characteristics certain dependences cannot be resolved by the
parallelizer. The model proved to resolve certain dependencies that were impossible to find using
automatic parallelisation tools.

6.1.2 Parallel Programming Modelling

For designing a parallel programming model, we first needed to consider the general approach that
is followed when designing a parallel application. In this way, we actually describe what is being
taken care of by the backend that would support a programming model. This section is devoted on the
design and implementation details of such a model. The Programming Model we describe is based on
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the design of the application following a modular structure of software components that communicate
with each other using a defined set of APIs abstracting their low-level implementation from the user.
This approach allows the deployment of the components on different machines/hardware elements
optimising performance according to their different characteristics.

6.1.3 The AEOLUS framework

The AEOLUS framework is the actual product of this thesis. It combines the outcome from the other
two parts in order to form a toolchain that developers can exploit to design and optimize their appli-
cation following the guidelines set by the Programming Model. It includes the overall architecture of
the framework and the interactions between the tools, as well as their design and implementation.

The framework is constructed based on the Programming Model. The developer starts the im-
plementation by designing the Component Network (which describes the application), based on the
component based approach that is described, and the Platform Description (which describes the under-
lying hardware that is available). Combining those, they can choose a certain deployment and depict
this into a Deployment Plan. The code can be instrumented according to the application’s require-
ments. From there, an automatic parallelization tool can take up to produce parallelized versions of
the components (using OpenMP, CUDA or other libraries) to be executed on multithreaded CPUs or
other hardware. A technique selection module will then select the corresponding API implementations
and component versions according to the Deployment Plan, which is then deployed by the Deploy-
ment Manager integrating, compiling and executing the application on the corresponding machine
targets.

The aim of this study is to provide the design of an end-to-end solution for parallel application
development for an infrastructure that can be built on, while different technologies and models are de-
veloped. Some of the tools can be replaced, others can be improved, while the overall architecture can
be extended, introducing new tools into the framework that can provide a wider package of supported
use cases.

6.2 Future Work

During the development and evaluation of the resulting toolchain, there was a lot of ideas that came
up, ideas that would facilitate the developer’s experience, as well as expanse the capabilities that are
offered by the tools, while also improving the parallel application’s performance. In this last section,
we lay down some of these ideas that provide motivation to further extend our work on the framework
which has potential for some very promising and interesting improvements.

6.2.1 Automatic Parallelization

The efforts for this thesis have been concentrated on automatic parallelisation on a multithreading
scale using the OpenMP programming model. Although the available tools mostly show promising
results using this model, there is a lot of ongoing work with other multicore technologies or even
technologies for external hardware exploitation similar to CUDA and OpenCL. As time goes by, a lot
of new emerging technologies come up, for both the programming part and the hardware one. New
devices and new interfaces are going to be used to continuously accelerate applications and offload
calculations that can be suited to specific hardware.

In order to encapsulate and exploit all those different solutions, the Programming Model (described
in section f) has been specifically designed to support different technologies and devices, allowing a
variety of implementations and deployments to take place, so that the developer can try different solu-
tions optimising the application’s performance. As new automatic parallelisation tools are introduced,
different versions of the software components can be created and considered for deployment.

To this end, the Automatic Parallelization tool can be extended to support more parallelization
technologies for shared and distributed memory, or for external devices/hardware. Similarly, the
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Technique Selection module can be extended to select different versions of the components for the
same or different devices/machines, as well as different communication libraries for data transfers and
consistency signals, according to the selected deployment.

6.2.2 Resource Distribution Optimization

As already mentioned, AEOLUS allows the deployment of the defined software application compo-
nents on different hardware elements, so that the developer can try different implementations of their
application aiming at performance optimisation. However, these different trial executions rely a lot
on intuition and on how much the developer is familiarised with the underlying hardware. In order
to actually notice some improvement, developers either need to be lucky enough to get a deployment
that shows performance gains, or they really need to know what they are doing (assuming of course a
large multi-component application with a large number of possible deployments).

A resource distribution tool can do exactly that, it can be developed to use experts’ intuition,
which is not something the average user owns, to skillfully assign the different components to spe-
cific hardware elements. According to the characteristics of the components and to the different crite-
ria/requirements of the user (speed-up, power etc), the tool can automatically suggest or even try out
different deployments that can be accurate enough and optimize over time the final implementation
of the application.

6.2.3 File Repository

Although the current architecture of the framework allows the - abstract to the user - interaction be-
tween different machines regarding data and signal exchange, the user needs to be fully aware of
where to put any necessary files that are used by the application components. In the context of this
thesis, we have partially implemented a centralized solution for managing file operations using a local
version of a file server, implementing also the corresponding APIs (see section f.2).

There is a variety of solutions that can be considered, but in every case, support by the program-
ming model is basic requirement. In specific, a set of APIs like the ones we describe in section #.2 must
be defined, as well as a description model including the files’ basic information like their location,
their size etc.

Two indicative approaches regarding the implementation are described here:

e A centralized repository server: A remote server used for file storage. This solution provides a
set of APIs that allow the application to remotely access the server and read/download/upload
any files that are needed.

o A distributed repository: A set of APIs developed to provide access to the components for files
residing on different machines. The storage space in this case is distributed across all differ-
ent devices/machines that are defined in the Platform Description. The Programming Model
is responsible to abstract the user from any low-level transfers/accesses between the different
machines, providing the view of a single uniform repository that he can access using the same
interface as with the centralized case.

6.2.4 Performance Evaluation

For the design of the Programming Model, we considered the need of the user to monitor their ap-
plication, regarding different aspects of performance (execution time, power etc). For this reason,
the corresponding APIs have been designed giving the ability to the user to gather information about
execution and store it wherever they prefer (file, print at the output etc.). The corresponding im-
plementations of these functions can extend to different kinds of devices and hardware to measure
different parameters to facilitate the evaluation of the application’s performance at each deployment.
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The information gathered from the different executions can provide very useful input for tools
like the resource distribution tool we mentioned before, and to the user as well. So, the organized
storage and aggregation of this data is a big deal. The aforementioned monitoring APIs can extend to
provide this data automatically to a Monitoring Platform, which in turn can provide storing, analysis
and visualization capabilities facilitating the overall evaluation of the application.

6.2.5 Management Interface

The management and execution of the tools as well as the development of the application following
the specifications of the Programming Model can be complex tasks. A management interface to mon-
itor and manage the different functionalities of the tools and to facilitate the development procedure
through a Graphics User Interface can simplify the complexity that is received by the user. A series
of additional functionalities can be introduced like this offering new exploitation capabilities of the
toolchain. Some examples are enumerated below:

e Execution of the tools using a graphic interface to facilitate their usage

e Development of the application providing an interface that can remove the complexity of the
Programming Model guidelines, allowing the users to easily fimiliarise themselves with the
model as they go on

e Monitoring the deployment of the application at real-time, including the different stages of its
analysis (parallelization, resource allocation, compilation etc.)

e Monitoring of the application’s execution at real-time, displaying useful analytics regarding the
different deployments while measuring also different parameters
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Appendix A

Evaluation - ’polybench’ suite test results
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Appendix B

Implementation of the Programming Interface
Communication Protocols

B.1 POSIX Implementation
B.1.1 Shared Protocol

#include ”sharedAPI.h”

3 aeolus _shared object* initialize aeolus shared object(int data size,

aeolus shared object *obj=(aecolus shared object*)malloc(sizeof (
aeolus shared object));
int total size = data_size*size;
int 1i;
void *shared data = malloc(total size);
obj—>data = shared_data;
obj—>size = total size;
if (pthread mutex init(&obj—>lock ,NULL) != 0)
{
perror ("mutex init failed\n”);
exit(l);
}

return obj;

}

void* aeolus synchronize (aeolus shared object *obj, void *local data,

if(dir == 0) {
pthread mutex_lock(&obj—>lock);
memcpy (local data ,obj—>data ,obj—>size);
pthread mutex unlock(&obj—>lock);

h

else if(dir == 1) {
pthread mutex lock(&obj—>lock);
memcpy (obj —>data ,local data ,obj—>size);
pthread mutex unlock(&obj—>lock);

B.1.2 Queue Protocol

#include ”queueAPI.h”

3 aeolusQnode *generate aeolus Qnode(void* it, int data size) {
acolusQnode *tmp = (acolusQnode *)malloc(sizeof(aeolusQnode));
tmp—>item = malloc(data_size);

memcpy (tmp—>item , it , data_size);

tmp—>next = NULL;
return tmp;

int

int

size) {

dir) {
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/*

*

*/

Queue Initialization

aeolus _queue *initialize aeolus queue () {

*
*
*

*/

aeolus _queue *queue;

queue = (aeolus queue *)malloc(sizeof(aecolus queue));
queue —>front = queue—>rear = NULL;

queue —>count = 0;

if (pthread mutex init(&queue—>lock ,NULL) != 0)

{

perror ("mutex init failed\n”);
exit(1);

}

return queue;

Get first item from queue, block if empty

@args: queue — an initialized queue
it — a pointer to the object we want to get
data size —= size in bytes of the object

34 void aeolus queue get(aecolus queue *queue, void* it, int data size) {

35

60

65
66
67
68
69
70
71

72

*/

while (queue—>count == 0);
pthread mutex lock(&queue—>lock);
acolusQnode *tmp = queue—>front;
queue —>front = queue—>front —>next;
if (queue—>front == NULL)

queue —>rear = NULL;
queue —>count ——;
memcpy (it ,tmp—>item , data_size);
free (tmp) ;
pthread mutex unlock(&queue—>lock);

Put item at the end of the queue, block if full

wargs: queue —= an initialized queue

g q q
it — a pointer to the object we want to insert
data_size —= size in bytes of the object

bool aeolus queue put(aeolus queue *queue, void* it, int data size) {

}

/*

*

*/

acolusQnode *new _node = generate aeolus Qnode (
pthread mutex lock(&queue—>lock);
if (queue—>rear == NULL) {

queue —>front = queue—>rear = new_node;
else {

queue —>rear —>next = new_node;

queue —>rear = new_node;

queue —>count++;
pthread mutex unlock(&queue—>lock);
return true,;

Peek for the first item in the queue

void aeolus queue peek(aeolus queue *queue, void *it,
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int data size) {
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acolusQnode *tmp = queue—>front;
memepy (it ,tmp—>item ,data size);
pthread mutex unlock(&queue—>lock);
H
/*
* Get the nuber of items currently in the queue
2

int aeolus queue count(acolus queue *queue) {
return queue—>count;

B.1.3 Signal Protocol

#include ”signalAPI.h”

/*
* Signal Initialization
S
aeolus signal *initialize aeolus signal(int src, int trgt)
{
acolus signal *signal = (aeolus_signal *)malloc(sizeof(aecolus signal));
if (pthread_mutex_init(&signal —>lock ,NULL) != 0)
{
perror (”"mutex init failed\n”);
exit(l);
}
if (pthread cond init(&signal —>cond ,NULL) !=0)
{
perror(”cond init failed\n”);
exit(1l);
}
signal —>source = src;
signal —>target = trgt;
signal —>ready = 0;
return signal;
H
/*
* Send a signal to the one waiting for it
* (@args signal —= an initialized signal
& rd —= a bool pointer which points to a variable initialized as true
e aeolus src —= the component sending the signal, leave as 0 if uncertain
&

void aeolus notify(aeolus signal *curSignal, bool *rd, int aeolus src) {
pthread mutex lock(&curSignal —>lock);

curSignal —>ready = *rd;
if (curSignal —>ready == true) {
if (pthread cond signal(&curSignal —>cond) != 0) {
fprintf(stderr ,”Failed to send signal\n”);
exit (0);
H
}
else {
perror (”Signal called with value 07);
exit(l);
}
pthread_mutex_unlock(&curSignal —>lock);
}
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66

W

* Wait for a signal

* (@args: signal — an initialized signal
* rd —= a bool pointer
w acolus cmpid —= the component waiting

uncertain
i
void aeolus_wait(aeolus_signal *curSignal, bool
pthread mutex lock(&curSignal —>lock);

for the signal, leave as 0 if

*rd, int aeolus _cmpid) {

while (curSignal —>ready == 0) {

if (pthread_cond_wait(&curSignal —>cond,&curSignal —>lock) != 0) {

fprintf(stderr, ”failed to wait the condition variable\n”
)3

exit (0);

H

else {
curSignal —>ready = 1;
*rd = true;

}

}

pthread mutex unlock(&curSignal —lock);

B.1.4 Mutex Protocol
#include “mutexAPI.h”

aeolus mutex *initialize aeolus mutex () {

aeolus mutex *mutex = (aeolus mutex *)malloc(sizeof(aeolus mutex));

if (pthread mutex init(&mutex—>lock ,NULL)
{
perror ("mutex init failed\n”);
exit(1l);
}

return mutex;

}

3 bool aeolus mutex lock(aecolus mutex *mutex) {

if (! pthread mutex lock(&mutex—>lock))
return true;

else
return false;

}

bool aeolus mutex unlock(aeolus _mutex *mutex) {
if (! pthread mutex unlock(&mutex—>lock))
return true,
else
return false;

}

bool aeolus mutex trylock(aeolus mutex *mutex) {
if (! pthread mutex unlock(&mutex—>lock))
return true;
else
return false;

B.2 OpenMPI Implementation

B.2.1 Shared Protocol
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1 #include

5

”sharedAPI.h”

3 void aeolus _synchronize (void *local, void *shared, int dir, int caller,

, 1nt

N

16
17

18

20

5
1

disp, int size, MPI Datatype type, MPI Win win) {
if(dir == 0) {
if(caller != owner) {
MPI_Win_lock (MPI LOCK SHARED, owner ,0 ,win) ;
MPI Get(shared ,size ,type ,owner,0,size ,type ,win);
MPI_Win_ unlock (owner,win) ;

}
memcpy (local , shared , size *disp);
}
else if(dir == 1) {
memcpy ( shared , local , size*disp);
if(caller != owner) {
MPI_Win lock (MPI LOCK SHARED, owner ,0 ,win) ;
MPI Put(shared,size ,type,owner,0,size ,type,win);
MPI _Win unlock (owner,win) ;
}
}
else {
perror (”Error, not a valid direction”);
}

B.2.2 Queue Protocol

1 #include

3 uint8 t

2}

r

uint32 t

20

23}

”queueAPI.h”

*uint32 t to uint8 t(uint32 t x) {

size t size = sizeof(uint32 t) / sizeof(uint8 t);
uint8 t *res;

res = (uint8 t *)malloc(size*sizeof(uint8 t));
int i;

for(i=0; i<size; i++) {
res[i] = (x >> (8*(size—1—i))) & OxFF;
}

return res;

uint8 t to uint32 t(uint8 t *x) {
size t size = sizeof(uint32 t);
uint32 t res=0;

int i;

for(i=0; i<size; i++) {
res <<= §;
res |= x[i];

}

return res;

int owner

25 void get_queue_info (uint8 t *base, uint32 t *front, uint32 t *rear, uint32 t *
count) {

32 void set

*front = uint8 t to uint32 t(base);

*rear = uint8 t to_uint32 t(basetsizeof(uint32 t));
*count = uint8 t to uint32 t(base+2*sizeof(uint32 t));
return ;

_queue_info(uint8 t *init_addr, uint32 t front, uint32 t rear,

count) {

// front in the first position

uint32 t
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69

}

uint8 t *front_p = uint32 t to_uint8 t(front);

memcepy (init_addr , front p,sizeof(uint32 t));

free (front p);

// rear in the second position

uint8 t *rear p = uint32 t to uint8 t(rear);

memepy (init _addr+sizeof(uint32 t),rear_p,sizeof(uint32 t));
free (rear _p);

// count in the third position

uint8 t *count p = uint32 t to uint8 t(count);

memepy (init _addr+2*sizeof(uint32 t),count p,sizeof(uint32 t));
free (count p);

return ;

acolus queue* aecolus queue init(uint32 t maxsize, uint32 t disp, uint32 t owner,
MPI Comm comm) {

aeolus queue *queue = (aeolus queue *)malloc(sizeof(aeolus queue));
int32 t total size = maxsize*disp + 3 * (sizeof(uint32 t) / sizeof(

uint8 t)) ;

queue —>qdata = (uint8 t *)malloc(total size);

MPI _Win_create (queue —>qdata ,total size ,sizeof(uint8 t) ,MPI INFO NULL,comm,&queue
—>win) ;

void

void
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data

queue —>disp = disp;

queue —>maxsize = maxsize;
queue —>owner = Owner;
queue —>front = —1;

queue —>rear = —1;

queue —>count = 0;

// Initialize relevant variables in the last 4 positions of the queue
set queue_ info (queue—>qdata+tmaxsize*disp,—1,—1,0);

return queue;

acolus queue free(aeolus queue *queue) {

MPI Win_free(&queue —>win) ;
free (queue —>qdata);
free (queue) ;

aeolus queue get(aeolus queue *queue, uint8 t *item, uint32 t caller) {

bool done = false;
int info offset = queue—>maxsize*queue—>disp;
//printf(” Caller = %d and Owner = %d\n”,caller ,queue —>owner)
while (! done) {
if (caller != queue—>owner) {
// printf(”Receiver: getting info with MPI cause caller <>

owner!\n”) ;

MPI_Win lock (MPI LOCK SHARED, queue —owner ,0 , queue —>win) ;
MPI Get(queue—>qdata+info offset ,3*sizeof(int32 t),

MPI_UNSIGNED CHAR, queue —>owner , info_offset ,3*sizeof(int32 t),
MPI UNSIGNED CHAR, queue —>win) ;

rear

MPI Win unlock (queue —>owner , queue —>win) ;

}

get _queue_info (queue—>qdata+tinfo offset ,&queue—>front ,&queue —>

,&queue —>count) ;

if (queue—>count > 0) done = true;

}

int32 t prev_front;
prev_front = queue—>front;
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if (queue—>front == queue—>rear)
queue —>front = queue—>rear = —1;
else
queue —>front = (queue—>front + queue—>disp) % info_offset;
queue —>count ——;
set _queue_info (queue—>qdatatinfo offset ,queue—>front ,queue—>rear ,queue —>
count);

if(caller != queue—>owner) {
MPI Win lock (MPI LOCK EXCLUSIVE, queue —owner ,0 , queue —>win) ;
MPI_Get(queue—>qdata+prev_front ,queue—>disp ,MPI UNSIGNED CHAR,
queue —>owner , prev_front ,queue —>disp ,MPI UNSIGNED CHAR, queue —>win) ;
MPI Put(queue—>qdata+info offset ,3*sizeof(uint32 t),
MPI UNSIGNED CHAR, queue —>owner , info offset ,3* sizeof(uint32 t),
MPI UNSIGNED_CHAR, queue —>win) ;
MPI Win unlock (queue —owner, queue —>win) ;

}
memcepy (item , queue —>qdata+prev_front ,queue—>disp);
return ;
b
bool aeolus queue put(acolus queue *queue, uint8 t *item, uint32 t caller) {
bool done = false;
int info offset = queue—>maxsize*queue—>disp;

while (! done) {
if(caller != queue—>owner) {
MPI_Win lock (MPI LOCK SHARED, queue —owner ,0 , queue —>win) ;
MPI_Get(queue—>qdata+info offset ,3*sizeof(int32 t),
MPI UNSIGNED CHAR, queue —>owner , info offset ,3* sizeof(int32 t),
MPI UNSIGNED CHAR, queue —>win) ;
MPI Win _unlock (queue —>owner , queue —>win) ;
¥
get queue_info (queue—>qdatat+info_offset ,&queue—>front ,&queue —>
rear ,&queue —>count) ;

if (queue—>count < queue—>maxsize) done = true;
}
if (queue—>rear == —1) queue—>front = queue—>rear = 0;
else queue—>rear = (queue—>rear + queue—>disp) % info offset; //
increasing counter: x = ( x + step ) % max

queue —>count++;

set _queue_info (queue—>qdatatinfo offset ,queue—>front ,queue—>rear ,queue —>
count);

memcpy (queue —>qdata+queue —>rear ,item , queue —>disp);

if(caller != queue—>owner) {
MPI Win_lock (MPI LOCK EXCLUSIVE, queue —owner ,0 , queue —>win) ;
MPI_Put(queue—>qdata+info offset ,3*sizeof(uint32 t),
MPI_UNSIGNED CHAR, queue —>owner , info offset ,3* sizeof(uint32 t),
MPI UNSIGNED CHAR, queue —>win) ;
MPI_Put(queue—>qdata+queue —>rear ,queue —>disp ,MPI UNSIGNED CHAR,
queue —>owner , queue —>rear , queue —>disp ,MPI UNSIGNED CHAR, queue —>win) ;
MPI_Win_unlock (queue —>owner , queue —>win) ;

}

return true;

5}

void aeolus queue peck(aeolus queue *queue, uint8 t *item, uint32 t caller) {
int info_offset = queue—>maxsize*queue—>disp;
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if(caller != queue—>owner) {
MPI_Win_lock (MPI LOCK SHARED, queue —>owner ,0 ,queue —>win) ;
MPI_Get(queue—>qdata+info_ offset ,3*sizeof(int32_t),
MPI_UNSIGNED CHAR, queue —>owner , info offset ,3* sizeof(int32 t),
MPI UNSIGNED CHAR, queue —>win) ;
MPI_Win_unlock (queue —>owner , queue —>win) ;
}
get _queue_info (queue—>qdatatinfo_ offset ,&queue—>front ,&queue—>rear ,&queue
—>count) ;
if (queue—>count == 0) {
item = NULL;
return;
}
if(caller != queue—>owner) {
MPI Win_lock (MPI LOCK SHARED, queue —>owner ,0 , queue —>win) ;
MPI Get(queue—>qdata+queue —>front , queue —>disp ,MPI UNSIGNED CHAR,
queue —>owner , queue —>front , queue —>disp ,MPI UNSIGNED CHAR, queue —>win) ;
MPI Win unlock(queue —>owner , queue —>win) ;
}
memcpy (item , queue —>qdata+queue —>front , queue —>disp) ;
return ;

}

uint32 t aeolus queue count(aeolus queue *queue, uint32 t caller) {
int info offset = queue—>maxsize*queue—>disp;
int total disp = info offset + 2*sizeof(int32 t);
MPI Win_lock (MPI LOCK SHARED, queue —>owner ,0 , queue —>win) ;
MPI Get(queue—>qdata+total disp ,sizeof(int32 t) ,MPI UNSIGNED CHAR, queue —>
owner, total disp ,sizeof(int32 t) ,MPI UNSIGNED CHAR, queue —>win) ;
MPI Win_unlock (queue —>owner , queue —>win) ;
return uint8 t to uint32 t(queue—>qdatattotal disp);

B.2.3 Signal Protocol

#include ”signalAPI.h”

; aeolus signal *aeolus signal init(MPI Comm comm) {

26

aeolus_signal *signal = (aeolus signal *)malloc(sizeof(aeolus_signal));
signal —>comm = comm;
return signal;

3}

}
void aeolus notify(aeolus signal *signal, int dst) {
signal —>sig = 1;
MPI Send(&signal —>sig ,1 ,MPI INT, dst,0,signal —>comm) ;
return ;
int aeolus wait(aeolus signal *signal, int src) {
MPI Status status;
MPI Recv(&signal —>sig ,1,MPI INT, src ,MPI ANY TAG, signal —>comm,& status ) ;
return status .MPI ERROR;
}
void aeolus notifyall(acolus signal *signal, int src) {
MPI Bcast(&signal —>sig ,1 ,MPI INT, src , signal —>comm) ;
¥

void aeolus_barrier (MPI Comm comm) {
MPI Barrier (comm) ;
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B.2.4

return ;

Mutex Protocol

#include “mutexAPI.h”

#define MPI MUTEX MSG TAG BASE 1023

struct

he

aeolus mutex {

int numprocs, ID, home, tag;
MPI Comm comm;

MPI Win win;

unsigned char *waitlist;

int aeolus mutex init(aeolus mutex **mutex, int home)

{

static int tag = MPI MUTEX MSG TAG BASE;
int numprocs, ID;
aeolus mutex *mtx;

MPI Comm_size (MPL COMM WORLD, &numprocs);
MPI _Comm_rank (MPL COMM WORLD, &ID) ;

mtx = (aeolus _mutex *)malloc(sizeof(aeolus mutex));

if (!mtx) {
fprintf(stderr , ”Warning: malloc failed on worker %2d\n”, ID);
return 1;

H

mtx—>numprocs = numprocs;

mtx—>ID = ID;

mtx—>home = home;

mtx—>tag = tag-++;
mtx—>comm = MPI COMM WORLD;

if (ID == mtx—>home) {
// Allocate and expose waitlist

MPI_Alloc_mem (mtx—>numprocs , MPI INFO NULL, &mtx—>waitlist);

if (Imtx—>waitlist) {

fprintf(stderr, ”Warning: MPI Alloc mem failed on worker

%2d\n”, ID);

return 1;

}

memset (mtx—>waitlist , 0, mtx—>numprocs);

MPI Win create (mtx—>waitlist , mtx—>numprocs, 1, MPI INFO NULL,

mtx—>comm, &mtx—>win) ;

} else {
// Don’t expose anything
mtx—>waitlist = NULL;

MPI Win_create (mtx—>waitlist , 0, 1, MPI INFO NULL, mtx—>comm, &

mtx—>win) ;

}

*mutex = mtx;
MPI Barrier (MPL COMM WORLD) ;

return 0;
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int

{

}

int

{

}

int

{
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acolus mutex destroy(aeolus mutex *mutex)

assert (mutex != NULL);

int ID;

MPI Barrier (MPL COMM WORLD) ;

MPI_Comm_rank (MPL COMM WORLD, &ID) ;

if (ID == mutex—>home) {
// Free waitlist
MPI_Win_free(&mutex—>win) ;
MPI Free mem(mutex—>waitlist);

} oelse {

MPI Win free(&mutex —>win) ;
assert (mutex—>waitlist == NULL);

}

return 0,

aeolus mutex lock(aeolus mutex *mutex)

assert (mutex != NULL);

unsigned char waitlist [ mutex—>numprocs ];
unsigned char lock = 1;

int i;

// Try to acquire

lock in one access epoch

MPI Win lock (MPI LOCK EXCLUSIVE, mutex—>home, 0, mutex—>win);
MPI_Put(&lock, 1, MPI CHAR, mutex—>home, mutex—>ID /* &win|[mutex—>ID]| */,
1, MPI CHAR, mutex—>win);
MPI Get(waitlist , mutex—>numprocs, MPI CHAR, mutex—>home, 0, mutex—>
numprocs , MPI CHAR, mutex—>win);
MPI_ Win_unlock (mutex—>home, mutex—>win) ;

assert(waitlist [mutex—>ID] == 1);

// Count the 1°’s

for (i = 0; i < mutex—>numprocs; i++) {
if (waitlist[i] == 1 && i != mutex—>ID) {
// We have to wait for the lock
// Dummy receive , no payload
MPI Recv(&lock, 0, MPI CHAR, MPI ANY SOURCE, mutex—>tag,
mutex —>comm, MPI_STATUS_IGNORE) ;
break ;

¥
}

return O0;

aeolus mutex trylock(aeolus mutex *mutex)

assert (mutex != NULL);

unsigned char waitlist[mutex—>numprocs ];
unsigned char lock = 1;

int i;

// Try to acquire

lock in one access epoch
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MPI_Win_lock (MPI LOCK EXCLUSIVE, mutex—>home, 0, mutex—>win);
MPI Put(&lock, 1, MPI CHAR, mutex—>home, mutex—>ID /* &win[mutex—>ID]| */,

1, MPI CHAR, mutex—>win);

MPI_Get(waitlist , mutex—>numprocs, MPI CHAR, mutex—>home, 0, mutex—>

numprocs , MPI CHAR, mutex—>win);

MPI_Win_unlock (mutex —>home, mutex—>win) ;
assert(waitlist [ mutex—ID] == 1);

// Count the 1’s

for (i = 0; i < mutex—>numprocs; i++) {
if (waitlist[i] == 1 && i != mutex—ID) {
// Lock is already held, return immediately
return 1;
}
}
return 0;
b
int aeolus mutex unlock(aeolus mutex *mutex)
{
assert (mutex != NULL);
unsigned char waitlist [ mutex—>numprocs |;
unsigned char lock = 0;
int i, next;
MPI Win lock (MPI LOCK EXCLUSIVE, mutex—>home, 0, mutex—>win);
MPI_Put(&lock, 1, MPI CHAR, mutex—>home, mutex—>ID /* &win|[mutex—>ID]| */,
1, MPI CHAR, mutex—>win);
MPI Get(waitlist , mutex—>numprocs, MPI CHAR, mutex—>home, 0, mutex—>
numprocs , MPI CHAR, mutex—>win);
MPI Win_unlock (mutex—>home, mutex—>win) ;
assert(waitlist [mutex—ID] == 0);
// 1f there are other processes waiting for the lock, transfer ownership
next = (mutex—>ID + 1 + mutex—>numprocs) % mutex—>numprocs;
for (i = 0; i < mutex—>numprocs; i++, next = (next + 1) % mutex—>numprocs
) A
if (waitlist[next] == 1) {
// Dummy send, no payload
MPI_Send(&lock , 0, MPI CHAR, next, mutex—>tag , mutex—>
comm) ;
break ;
}
}
return 0;
b
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