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Anayopeletar 1 avtiypagt, amodixeuor xar Stavour tne noapodoog epyaciag, €’ ohoxAfpou
1 TURUAToC auTAg, Yia epmoptxd oxond. Emtpéneton 1 avatinwon, arodixevon xat Stovour
Yiot OXOTO PN x€p300XO0TMIXOG, eXTAUdELTIXAC X epeuvTIXig plomng, und TV mpoundldeon va
vagépeTal 1 TNy Tpoghevong xan vo dlatneeiton to nopdy uivude. Epwthuata mou agopoly
™) Yprion TNe epyaoiag Yo xepBooxomxd oX0m6 TEENEL var ameLYHVOVTAL TEOS TOV GUYYPAPEQL.

Ot andelg xan T CUUTEPACUATA TOV TEPLEYOVTAL OE AUTO TO €YYPAUPO EXPEALOLY TOV CLY-
Yoapéa xau Sev mpémet var epunvevdel 6Tt avtinpoowrebouy Tig enionuec Véoeig tou Edvixod
Meto6fiou Iohuteyveiou.



ITepiindm

‘Evo and 1o 1o 60B0pd TpoBARUoTa TwV CNUERIV®Y UTOAOYIOTIXWY CUCTHUATKY Eival TO Y-
ouo enidoong petadd povddag emelepyasiog xou cuotAuatog uviuns. To mpdPinua auvtd
AVTIETOMLETA UE TNV LEPEPYNOT TOU CUOTAUATOS WvAUNG o€ TOMTAE enineda (xortayywpen-
Tég, xpLEN Uviun, exxovixr, uviun), 6mou to dedouéva evog entnédou amoteloly UTOGUGONO
TV 3ed0UEVOY TOU aPEowS YoUUNAOTEPOU EmTESOU. Av xou 1 eloaywYn Tne tepapyiog ADvel
oNnuovTIXd To TEOBANUa, 1 enidoon unopel va augniel axdun mepiocdTERO dTay Tor (Blar T
npoypduuata oyedidlovton ue otdyo tny péylotn duvary aflomoinom tng tepapyiag ULvAUnC.

Yxomdg g mapovoog Simhwuatixic epyaoiag eivon 1 aflonoinon twv ToAVETINESWY Le-
EOEYLOY UVAUNS TV GUYYPOVWY UTOAOYICTIXWY CUCTNUATLY UE0w NG eviaiog EQapUoYng
UETAOYNUATIOUDY XOOIXA XAl PETACYNUATIOUWY dtatdiewy dedopévwy, ol omofol ad&dvouy
TNV TOTUXOTATA TWV AVIPop®OY ot Uelwvouy emouévmg T aotoylec ota didpopa enineda.
Hopovotdlovye ueToh dhhwy Tov yetaoynpotioud thaxdotpworng (tiling) o onolog anotekel
ToV o SdESOUEVO UETATYNUATIONS X@ixaL Yo TNV avadLdtady Twy enavahiPewmy o€ Quhio-
ouévoug Bpodyoug pe atoyo Ty adEnom NS TomXOTNTIC, xS xou TI SIUTAEELS EVOTAHTWY Ol
omoleg avadiaTdooouy 1o Yweo dedopévwy, €tot KoTe Ta dedouéva var amovnxedovTal Ye TN
oelpd mou ot npoonehdvovtal and toug tiled x@dixeg. T v dextoddTNoN TV EVOTHTWY
otneil6pacte aTov anodotixd unyaviopsd detxtodotnong MBalt.

H pehétn g anoteAeopatixdTnTog TV UETACYNUATIOUOY, XoOS Xl TOU UnyYoviogol
dextoddtnon evothtwy, Yivetal uéow tng vhomoinong Slapdpwy EXSOYOY TOU UETPOTPOY P~
potog ‘Iopayovtomoinoy Cholesky’. Ta nparypatind anoteAéoporta Tou hayBdvouue and Ty
EXTEAEDT) TWV EXFOY WY TOL UETPOTPOYPAUUATOS OE VO SLUPOPETIXG UTOAOYIOTIXG CUCTHULOTOL
delyouv 6Tt 1) enidoor avidvetar oNUAVTIXG UE TNV EVIXLO EQUPUOYT TNG TAUXOOTEWONS o
dratdéewy evotitwy ue deixtodotnon MBaLt. Eninpdoieta, ta avohutind anoteAéopota nou
hoBavovton and tny e€opciwon yéow tou cpyaheiov SimpleScalar, emfBefoucdvouy 611 1 Bek-
tiworn g enldoong ogelhetal GTNY EAATTWON TWY ACTOYIOY XPLPNE UVIUNS XL TOV TEPLOPIOUO
™ xatdypnone TLB.

Téhog, vhonolobue TOAVVNUATIXES EXDOYES TOU UETRPOTPOYPAUUATOS UE OTOYO TNV UEAETY
¢ enidoong NG eviadog EQUPUOYNS TWV TRPOAVAPEQOUEVWY UETACY NUATIOUWOY OF LEpapyieg
wvhung mohuvnuatixwy apyttextovixdy t1onou SMT. To anotedéopata Tou TPOXVTTOLY, ANO-
xhOTTOUY TNV aduvopior ETIS0ONE AVTOY TWY APYITEXTOVIXWY XUTY TNV EXTENECT TOUPSAANAWY
exB0Y OV BEATICTONOMUEVWY TPOYPUUUATODY TOL Tapouatdlouy LYNAY tapadiniia ot eninedo
EVIOAAC.

Aégeic Khewdrd:  Iepopyio MvAune, Kovef Mviun, Actoyia, Tomxdtnta Avagopdy, Me-
Taoynuatiowds Bpdywv xar Aedopévov, Metaoynuatiopds Mhaxdotpwone (tiling), Aratd-
¢ew Evotitoy, Aeixtodotnorn Evotitwy MBaLt, IToAvvnpatixr Apyttextoviey SMT, ‘Ta-
payovtonoinon Cholesky’



Abstract

One of the most important problems of modern computer systems is the increasing dis-
crepancy between processor cycle times and main memory access times. One solution to
this problem is the use of a multiple level hierarchical memory system (registers, cache
memory, virtual memory), where the data of one level is a subset of the data of a lower
level. The performance can be further increased, when programs are written in such a
way to exploit the existence of a memory hierarchy.

The goal of this diploma thesis is the exploit of the memory hierarchy found in con-
temporary computer systems, through the unified application of code and data layout
transformations. These transformations increase the locality of data references and hence
decrease misses in different levels of the memory hierarchy. We present the tiling transfor-
mation, which is a widely used loop iteration reordering technique for improving locality
of references, and also block data layouts which reorder the data space in the order that
is swept by the tiled instruction stream. For the indexing of the blocks we use the MBalLt
mechanism, which is an efficient and fast indexing method.

To study the effectiveness of such transformations and also the efficieny of MBalLt, we
implement different versions of Cholesky factorization benchmark. Actual experimental
results on two different computer systems, using these versions, illustrate that performance
is greatly improved when combining tiled code with block data layouts and MBalt index-
ing mechanism. Furthermore, analytical simulation results taken using the Simplescalar
tool, verify that our enhanced performance is due to the considerable reduction of cache
misses in all levels of memory hierarchy.

Finally, we implement some multithreaded versions of the benchmark to study the
effectiveness of the above transformations in the memory hierarchy of simultaneous mul-
tithreading (SMT) architecture. The results show the weakness of this architecture to
perform well when executing parallel versions of optimized programs with high level of
instruction level parallelism.

Keyrords: Memory Hierarchy, Cache Memory, Miss, Locality of References, Loop And
Data Layout Transformations, Tiling, Block Data Layouts, MBalit Blocks Indexing, Si-
multaneous Multithreading (SMT'), Cholesky Factorization



Euyopiotieg

H nopotoa dimhwypatiny epyacio npaypatonotiinxe oto Epyaotiplo Trohoylotixwy Luotn-
pdtwv e Xyorhc Hhextpohdywv Mnyavixdv xou Mnyovixwy Trohoyiotdv tou Edvixod
Metoofiov Iohuteyveiov, und v exiBredmn tov Enixovpou Kadnynth Nextdpion Kolpn.

Oa Hela xat’ apyRv va euyaploThow Tov xadnynt] wou Nextdpo Kollpn, t600 Yo
TNV EMONTEIN TOLU XATY TNV EXTOVNOY TN epyaciog wou, 600 xou Yot T cUYBOAY Tou oTnV
StoudpPwon wov wg unyovixol uéoa and Tig didaoxahicg Tou xat TN YEVIXOTERY GTAOY TOU.

Ti¢ evyaplotiec pou Yo Rieha vo exppdow eniong oe Oha Tor UEAT TOU EpyaoTreiou xou
Wiadtepa oty Trodhgia Addxtopa Evaryyehiar Adavacdxn yior tn ouveyr| xoadodrynomn xou
evildppuUVGT| TOU YOV TPOGEPERE TPOS OMOXAPWOT TNS SITAWUATIXS Uou epyaoiag.

Téhog, Yo Hleha va euyoplotiow Ghoug 6ooug BploxovTal 6TO OIXOYEVELOXO ol PIAXO
pou TepIBdAlov xou xuplwg Toug Yoveic wou, 1 xdle eidoug uTooTHPEY TwV onolwy cuveTéheae
1600 OTNY TEPATWOT TNS SIMAWUATIXNAC YOV QYIS 600 XU GTNY ETUTUY Y OAOXAAPWOT TWV
TPOTTUYLUXWY OV OTOLSHV.
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Eioaywyn

0.1 Tesvix&

H tpopoxtix teyvoloyixr avdmtuln mouv onuetdinxe Tig teeutaieg dVo ue Tpelg dexaetieg
otov topéa twv VLSI elye w¢ anotéheopa tmy adinon g muxvdTnTag oAOXANP®ONS O
wa Yneida, mou 6nwg owotd mpdPBiede o J. Moore ota yéoa g dexoetiog Tou 1960, 7
mtuxvotnta oauth) dimhaotdletan xde 18-24 urvec. H Suvatdtnra avty yia yprotwonoinomn
neplocdTepwy TpavlioTop elye ¢ AmOTEREOUA TNV EMVONOY X0 UAOTOMNGY CWANVOTOV Xou
UTEPBAIUMTWY APYITEXTOVIX®OY Ol omoleg adinoay v enelepyaotixy| oyl NG KeVTPIKNS
povddag enetepyaciac (KME) (CPU).

Avotuyws ouwg 1 avantuén vt e KME 8ev ouvodeudtav xar and v avtiotol-
XN avénon enidoone e wovadag uvAung, odnydvtoag Onewg oaiveton xou 6To oyfue 1 oty
dnuovpyia ydopatog uetah enidoong Tou enelepyao T Xan TNS UVARNG EVOS GUYYEOVOU UTO-
AoyioTtixol cuothgatoc. Eve 7 enidoorn tou enelepyaoty| mapouotdlel €va pudud adénong
60% avd €toc, o pudude abEnone e enidoong g povddoc uviung elvon iaitepo younhoc,
wovo 7%. Ptdoope hotndv oe évo onueio 6mou 1) enidoor Tne wovddac uvAung eivar 100 péypt
xa 1000 gopéc uixpdtepn and v enidoor tou enclepyaoTy.

H wixp?| Sidpxetor Touv xdxhou unyavic oe cuvdptnom pe tn un Spaotixn uelwon tne xodu-
oTéPNONS UETAPORAS dESOUEVWY amd TNV Hovada UvAung €yl oay anotéheopa va ypetdlovto
oho€vaL xat TERLETOTEROL XOXAOL Unyavic Yo Ty petagopd autr. H enidoon tng wovddag uv-
UNg evog ahYPOVOU LTOAOYIOTIXOU GUOTAULATOS Efvar AoLdY Evag oNUAVTIXOS THEAYOVTAS YIdl

100000 T T T

CPU —+— ]

10000

1000

100

Performance

Time

Yyfua 1: To Xdoua uetald Enidoone tng KME xaw tng Movddag MvAung ta tedeutala
25 ypovia

13
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BeATwwon g AuEnon
Augnon KaBUOTEPNONG  KaTaokeuaoTikou
16-256 Kataxwpnteg XWPNTIKOTNTAS arokpiong (latency) KooToug
KaBuotepnon: ~1ns A A

MoAuernedn (Static RAM)
KaBuotepnon: ~10ns

L1: On-chip 16-64KB
L2: On or off-chip 128KB-2MB, KPY®H MNHMH

L3: Off-chip 512KB-8MB

Dynamic RAM
KaBuotepnon: ~100ns KYPIA MNHMH

16MB-16GB \
\ 4
MAINHTIKOZ AIZKOXZ

/OI'ITIKOI AIZKOI KAl MATNHTIKEZ TAINIEX\

Eyfua 2: Tepapyto Myvrung

TOV TEPLOPIOWS NG cLVORXTE entidoomg Tou.

Mo otxovourxn, ahhd tautodypova xat anodotixy Aoon oto medBinua autd eivar 1 yeron
e Iepapyias Mviuns (memory hierarchy) . H 13éo niow and v epapyio uvhune 6mwe
palvetan xou oto oyfua 2 civar 1 tomo¥étnon wog ToAd yeRyopns wixehs HVAUNG, 1 omola
ovopdZeton kpuprj pvijun (cache memory) xau eivon teyvohoyiog SRAM, xovtd otov eneep-
Yoot 1 onola Tpopodoteitan and TV ueYohOTERY AAAd xou To pYT KevTpiky prrun (main
memory) teyvoloyioc DRAM. H tepopyio pvAunc moapéyet ue autd tov tpémo éva obotn-
Hot uviung we x60to oyedov téoo younkd 6co to pinvotepo eninedo pvAung xou TorydTNTAL
t60™ 601 TOu YeNYOopoTépou emmédou. Mfucpa, Wiaitepo Stadedopéves elvon ol molvenine-
dec 1epapylec uviung ot omoleg dev meplopiCovton pévo 6Tto éva eninedo xpLPNG UVAUNG, AL
yenowonotoby péypl xou tplo tétola enineda.

[o v enitevén BéBana uhmivc entdoong ue ™ yeron g tepapyiog pvAung amatteiton 1)
eharyloTonOoMoN TNG YETAPORAS SESOUEVWY Al TNY XEVTPIXT| WVARY TEOS TNV xpueY uviun. H
SuvaTéTnTA Wag TETOLG EAAYLOTOTOMONG EVTUY WS Sixouohoyelton and TNV apyn TS Tomiks-
tntag s avagopds (principle of locality of reference) , n onoio dnhdver 61 1o neptocdTEPY
TEOYPAUUATA SEV TEOOTEAAVOUY OUOIOUOPPI TOV XWX Xat To deSoUévar Toug, ahAd €youy
TNV TAON XATOLL UERT) VOL TOL ETUVATPOCTEAGYOLY Xall UAALOTOL YPOVIXA XOVTAL.

AvZdvovtag Aotmév TNV TOTXOTNTA TWY AVAPOEMY GE VO TEOYPOUUN ETITUY YAVETAL 1)
600 10 duvatdY XANUTERT EXPETAdAAEVOT TS tepapyiac uvAunc. Mia tétota adinon unopet
vo. emiteuy Vel pe T ypRon petaoynuatiopoy xO3ixal xou Sedopévev ot onofol oxond éxouv
™V avadidtady Twy avaopmy xat T oelpd anotixeucns twv dedouévwy ot uvriun. Tétolol
petaoynuatiopol epopudéloviar ouvidwe and tov petayAwttiotr (compiler) xou eivon cpxetd
anoteAeoPaTIXOl 0TNY TEPITTOON EQapuoy®y Tou diadétouy popgdtuna avagpopdy (reference
patterns) mou axohoudoly war xavovixy doun, 6Twe T TPOYpdupatar aptdunTIXAS avahuoTS.

'H ropotoa epyactio eotidletor oty xotnyoplo Tk UETACYNUATIOUOY XMBIXAL TOL ePapUélovTaL
o€ emovoANTTLX0UE Bpdyous xou ot omolot ovoudlovtol petaoynuatiopol fpdywr.
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0.2 Yxoroc

Yxondg g nopovoag Simhwuatixis epyasiog eivar 1 eviaio EQUPUOYY UETATY NUATIOUWY XWSL-
xat %ot SESOUEVKY ol 1) UEAETY TNE AMOTEAEGUATIXOTNTOG TOUS YLoL UEIWOT TwV XoUoTEPNOEWY
AOY® aoTOYLWY OE TOMVETITESES Lepapyleg UVAUNG GOYYPOVWY UTOAOYIOTIX®OY CUCTNUATWY,
ouunepthaUBovouévwy Xat TOAVNUATIXOVY apytTexToVIX®Y. Metagd dAAwy yenotponoteitar o
petaoynuatiopog tiling xor ot Statdlelc evotitwy ue anodotixy deixt686tnon MBaLt yia tnv
vhoroinom oeplox®dy xot Tapdhhniwy exSoydv Tou uetponpoypdpuatoc ‘Ilapayovtonoinon
Cholesky’, ot omoleg ypnotponoolvion yior TNy HEAETH TNE ENB0OONC TWV UETACY NUATIOUODY.

0.3 Opyvdvwon-AvTixelygevo tng spyaciog

270 TPWTO XEPIANUO TAUPOLGIALETAL 1) APYITEXTOVIXT| TOU GUCTAHRATOS UVAUNS. XENoILOTOLO0UE
TOV 6pO aPYITEXTOVIXY, d16TL EXTOHC and TNV Tapousiaoy Tng Soung xat TNG 0pYAVLONS TNS
tepapyfog uviung, tapouctdlovpe xou oplouéves Bactxéc Beltiotonolnoel mou e@opuolovTal
1600 and TNV TAEUPd TOL LALXOV, 600 xou amd TNV TAELES TOU AOYIOULXOV.

Y1 ouvéyeta, oto delTEpO XEPIAO AvaTTOGGETAL TO AnoPaiTnTO VeWENTIXd Xot wordnua-
%6 uTOPBadpo Tou aPopd Toug YeTaoyNuaTionols Bedywy. Ot pwhiacuévor Bpdyot anoteholy
o o ypovoBdpa TufuaTa oe €va TpdYpopua xat 1 Bektiotonoinoy toug ennpedlel xodopl-
oTIXd TO GLVOANXOG Ypovo extéleons. Ed®, mapovotdletar xou o petaoynuatiopos tiling o
omolog amotekel éva amd TOUG MO ONUAVTIXOUS UETAOYNUATIONOUS Bedywy Yo adinon tne
TOTUXOTNTAS TV dESOUEVODV.

Y10 tpito xe@dlono mapouotdleton To yevixd medlo ylpw ombd TOUS PETAOYNUATIONOUS
dedouévey ol onolol Tpocavatohilovtal oty TponoToiNoT WV SIATAEEWY YE TIC OTOIEC AnO-
Unxebdovton tar dedopéva oty uviun. To xeqdhato avtd eotidleton otic SlaTdEels EVOTATWY
xou mopovotdleton wo amodotixd pédodog [2] yio T detxtoddTnom Twv ototyEiwy ot TéToleS
dratderc.

Y10 tét0pTo xe@dAono vhomololvTar didpopes exdoyéc tou uetporpoypdupatos ‘Tlapo-
yovtonoinoy Cholesky’ ypnoiwonotdvtog uetoll dhhwy o uetacynuatious tiling, yeouuxés
dratdelg xan Slotdels evotitwy. Iapovotdlovton nporypatixés petproelc nou Agdnxay oand
TNV EXTEAEOY) TOU UETPOTROYPAUUATOS OE 3V0 S1aPopeTINd UTOAOYIOTIXS CUCTAUATI, XUVMDS
X0l ATOTENEGUATO TPOCOUOLOOEWY, Tar omofar dhat pall utootneilouy TV arodotxdTnTa TNS
pedodou detxtodo6TNone mou mapoustdleTal 0TO TRITO XEQPIANO.

AxohoOdwg, oTo TéunTto xePdloto Yiveton wa oUVTON avapopd Ypw amd TIC TOAUYNUO-
TIXEC CPYITEXTOVIXES UE EUQAOY) OTNY APYLTEXTOVIXY] TAVTOYeoVNS Tohuvnudtwong SMT, yio
Vv onolo Tapovatdletar Yo EUTopix vhomoinoy g, N teyvoroyio Hyper-Threading tng
Intel.

Téhog, 010 €xTo xe@dhato LAoTotelTar Yo TUPIAANAY TOAUVAUATWUEYY EXDOYY| TOL Ue-
tponpoypdpuatos Tlapayovtonoinon Cholesky’ ue yprion tiling xou Statd€ewy evotitwy, yia
™y pehétn g enidoong twv Satdewy xou oe apyttextovixéc tomou SMT. Ta anoteké-
ouoto To onolol ToouctdlovTol, TEOXVTITOLY ATd TNV EXTEAECT] TOU UETPOTROYPIUUATOS OF
urohoylotixd obotnua ue teyvoloyio Hyper-Threading.
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Kegdiowo 1

ApYLlTEXTOVIXN ZUCTNUATOG
Mvnung

1.1 Baowég 'Evvoieg Kpugpne Mvyvrung

H xpuoh uviun! arotelel 10 éva and dlo Paoixd eninedo tne epapyioc uvAune. To dhho
elvon 1 etxovixr) uviun 1 onola Yo oulntndel oty evotnra 1.3

H xpuey| uviun 6nwg avagpépdnxe otny Ewoaywy? elvon 1o eninedo tng tepapyiog uviung
Tou Bploxetat mo xovtd oTov eneepyaoTh xat oLYRYWS GTA GUYYPOVA UTONOYIOTIXE GUOTH-
potor amoteheliton amd dvo N xon tplar eninedo xpuERc puviung to onofo ovopdlovton L1, L2
xar L3. To mpdto eninedo elvon mdvta evowpatnyévo oty povada encéepyasiog, To onolo
ovpPaiver ocuvidwe xou ye to dedtepo eninedo otic ovyypovec KME.

‘Onwg €yel 70N avagepiel 1 tepapylor uvAung xou eidxdtepa 1 xpuPY uviun otneilel Ty
Oropén e oV apy1) tns tomkétntag tns avagopds (principle of locality of reference) n
omnolo yopaxtneilel Tov TeéTo Tou Aertovpyoly Ta mpoypduuata. H apyn tng tomxdtnTag
dnhwver 6Tl o évar mpdypaupa ot avapopés oTic Sievdivoelg uvAung dev elvar teleig Tu-
yoleg, ahhd avtideto Tefvouy va elval TOTIXOC TEPLOPICUEVES YL OPIGUEVO YEOVIXO SIdoTNUL.
Aroxplivovton 3¢, d0o eidn tomxdtnroc:

o Xpovikn) Tomkdrnra (temporal locality) : Eva dedouévo mou €yer ypnotpornomiet
Telvel v emavayenotponomiel ohvtoua.

o Xwpikn Tomikénra (spatial locality) : AeSopéva mou ot drevdivoete pvAung toug eivar
xovtd oe éva dedopévo mou €xet ypnotponomiel, Teivouy va yenotwornomdodv chvtopa.
[Mo nopdderypo to yertovixd dedouéva evog mivaa.

‘Otav 0 enelepyao T xAVEL ploL avapopdt 6Ty WvhAuT, eZetdleton apytxd dv 1 {ntoduevn
AéEn (word) meptéyeton otV xpun uviun. Edv mpdypatt A& Peloxeton otnv xpuer uviu,
emruyia kpuens prvijung (cache hit), téte yivetar apéowe npoonéhaon o auth. Edv, duwe
dev Bpedel n MEn oty xpueh uviun, aotoyia kpueijs priuns (cache miss), téte daPBdleton
and TNV (0PI UVAUN XL THUTOYPOVWS UETAPEPETOL An6 TNV x0PLOL UV OTNY XEUGT UWVAUN
wa evdTnza (block) MZewv dnwe gaivetar oto oyfue 1.1, mou tepthoyuBdver xar T AEN yia

'To moapdv xepdharo otnpileton ota [7][8]
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KME

Kpupn
Mvnun

4 MeTapopa Aedopevwv
Kupta Mvnun y og Evotnreg

Yyfua 1.1: Metogopd Bedopévwy o EVOTNTES UETAL) TwV EMTEdWY TNS tepapyiog
uviung

Vv onola Eexivnoe 1 nopoboa npootéhaoy. H AéEZn yio tny onola Eexivnoe n npoonéhaon
UETOUPERETAL OTNHY XPUGT, UVIUY YLOL TNV IXAVOTOIMGT TUYOV UEANOVTIXDY ovapop®y oTny (St
AEEM, hawPdvovtog pe awtd Tov TEOmo LTOYY TNV IBIOTNTA TN YPOVIXAC TOTUXOTNTAS TN
avaopds. Or emmhéov AEEEIC TNC EVOTNTOG YETAPEQOVTOL OTY YRHYORY UVAUTN Yiot VoL 1o~
vorotndoly Tuyov HEANOVTIXEC avapopéc uvhung, AauBdvovtag étot unddy Ty 16TNTAL TN
YWEIXAS TOTXOTNTIC TNG AVAPORAC.

O ypdvog Yoo v enthuon wog aotoyiog xpuehc wvAung eCoptdton TG0 and Ty xov-
otépnon andxpone (latency) e xdplog wvAung, 660 xou and to ebpog Lwvng (bandwidth)
autrc. H xadvotépnon andxpione xadopilet tov ypodvo yia tny andxtnorn tne npodtng hé-
&ne wog evotnrag Méewv. To 3¢ elpog Lwvng xadopllet Tov ypdvo yiot THY UETAPORE TV
UTONOITIWY AEEEWV TNEG EVOTNTOG.

1.1.1 Opydvwon Keuvprec MvAunc

‘Onwe gaiveton xan oto oy 1.2 ot meplopiopol yioe to mov Vo tonodetniel o evéotnta
dnuovpyoly Tpelg Bactxés xaTnYopleg 0pYAVWONS XPUPWY UVAUDV:

e Euvleias avnoroiynong (direct mapped) : Kde evotnro unopel va tortodetniel uévo
o€ yia ouyxexpluévn Véon uéoa otny xpupr uviun. H avtiotolynon eivon ouvhdwe:
(Véom oty xpuenh uviun) = (devduvon evotnrac) MOD (rhdog evotritwy otny xpuen
)

o INijpws ovoyetwonkn (fully associative) : Kde evétnta urnopel vo tonodetniei oe
onotadnrote V€on U€oo TNV XEUPT| LVAUN.

o Yuoyénons ouvdlou (set associative) : Kde evotnta uropel vo tonodetniel uévo oe
éva cOvoho Véoewvy g xpuprc wvhAune. ‘Eva obvolo eivar pior opddo evothtwy. Mia
evotnTa apytxd avtiotolyileton oe éva ahvoho xar axohovwe uropel vo totodetniel
onoudnrote péoa oto obvoro. H avtiotoiynon eivar cuvidec:

(atp. ouvohov) = (dtebduvor evotntac) MOD (mhddoc ouvorwy oty xpuen uvhun)
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MANPWG CUCXETIOTLKN EubBelag avtioTtolxnong JUOXETLONG OUVOAOU

(Fully associative) (Direct mapped) (Set associative)

H evotnta 12 pmopet va H evotnta 12 pmopel va Bpebet H evotnta 12 pmopet va Bpebet
Bpebel omoudnriote povo atny evotnta 4 (12 mod 8) oroudnmnoTe Yeca aTo cuvoho 0

Ap.Evotntag 0 1 2 3 4 56 7 Ap.Evotntag 0 1 2 3 4 5 6 7 Ap.Evotntag 0 1 2 3 4 5 6 7

Kpuepn
Mvnpn

YUVOAOZUVOAOZUVOAOZUVONO
0 1 2 3

Ap. Evotnrag 0 1 2 3 45 6 789 101112 13 14 15 16 17 1819 20 21 22 23 24 25 26 27 28 29 30 31

Kupla
Mvnpn

Yyfua 1.2: TTopddetypor 0pydvmong xpupnc UVAUNS

Edv vndpyouv n evétnieg oe éva aOvolo, TOTE 1 xpu@T UVAUY ovoudleTal CUOYETIONS
ouvélou n Jpbduwy (n-way set associative).

Tnv xpueh pvAun evdeiag avtiotolynong urnopel var TV det xavelc wg Wt xpueR Uviun
OLGYETIONG GLYOROL EVOS SPOUOL, EVE WO XPUPT UVAUY TAHEWS CUCYETIOTIXY M EVOTATWY
OC WAL XPLUPY) LV CLOYETIONG GUVOAOU M SPOUWY.

Ta nopandve epappdlovion oto mapddelypa tTou oyrfuatog 1.2 émov nopoustdlovion ot
TpElg SuVATES opYaVMOELS xELPRS uvhung. Kde xpuen uviun €xer ywpntixdtnta 8 evotitwy,
eVe 1 x0ptal pviun 32 evothtey. Xty tepintworn g Thipws cuoYETIoTUXAC xp0PRS UvAuNS,
n evotnta 12 6nwe gaiveton xar oto oyfuo unopel va tonovetniel oc onowadrinote Véor,.
Avtideta otic dhheg 800 opYavVOTEIC UTEPYEL TEPIOPIOUOS 0T VEaT. JUYXEXQWEVA YIa TNV
xpLER wviun evdeiog avtiotolynone N evotnta 12 unopel va tonodetniel pbvo ot Véon 4 (12
mod 8), eved oty nepinTtwon e xpuPHc wvAUNS cuoyétione ouvdrou 800 Jpduwy undpyEl
wat Myo peyahOtepn ehevdepia xt €tot 1) evotnta 12 umopel va tonodetniel onoudnrote uéoa
oto oOvoro 0 (12 mod 4).

1.1.2 Evtgeon Evotnrog péoa oty Kevpr Mvyviun

Y10 oyfua 1.3 gaiveton mwg yiveton o Staywpetowde uog Siebduvong uviung ota tplo medlo:
euxéta, deixtng xou aprduds Aé&nc. O xpugéc pvhues Yo vor unopotv var evtoniCouy tnv
{nroduevn evotnta anoUnxebouy wa etikéta (tag) yio xdde evétnra mou neptéyouy pali pe
évo umit eykupdTnras (valid bit) to omofo Seiyver av ta dedopéva mov undpyouv Y’ aLTH ™
Véon uvAUNG evar £yxupa.

O evtomoude e {ntoduevng evotnrag Yiveton we e€ng:
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AteuBuvon evotntag
AplBuog Ae&ng
Etiketa (tag) Aelktng (index) (block offset)

Yo 1.3: Ta tplo medio wrag dtebuvong uvhung

L. Apyxd, 1o nedio deiktng (index) g Stehuvone uvAung yenoonoleiton Yo Tov evio-
TOPO TOL GUVOAOU GTO omolo avixel 1) {NTOVUEVT EVOTNTA.

2. Axololdwg, yio xde €yxuprn evotnta mou Bploxetar péoo 6To ghvolo eAéyyeTon av
n enxéto ovunintel ue to avtiotoryo TuARa NG devduvong pvrung mou diveton mpog
enilvon and vy KME. Edv Beedel wa tétoto evotnta, 161 autod onpadver 6t 0 AEET
pe ) dodeioo dieduvon uviung undpyet uéoo oty xpuet wvhAun. O €heyyog autog
xaTd xovova TeEmeL var yiveton mapdAhniar yior Adyoug Tory dTnTag.

3. Téloc, ypnowonoteitonw o apiuds Aééng (block offset) yia va emheyVel 1 emduunti
AEEN péoa amd TNV evOTNTAL

1.1.3 Avtuxatdotaon Evétntag otny nepintwon actoyiog Kepu-

phRc Mvrunc

Yy nepintwon actoyiag xpueng UvAUNS, 0 EAEYXTAC TNS XPUENS UVAUNG TEETEL VoL amo-
pooioel nola evotnta Yo avtixataotadel. Evo mheovéxtnuo tne xpughs uvAung we evdeia
avtiotolynon eivou 1 anhotnta g AfdNe wog tétotag andgaons. Amd T oty Tou uévo
war evoTnTa M€Y YETOL, AUTO onpaiver GTL wovo auTy 1) evOTHTA Unopel var avTixataotodel. Av-
tiveta, ye Toug dAloug 800 TOTOLE OPYAVWOTE UTEPYOUY TEPIOCOTERES ANO UId EVOTNTES TPOS
QVTIXATAOTAON XoU AUTO TEPLTAEXEL Tn AMYn andpoaone. X' auTtéc TIC TEPITTWOELS LTAEYOLY
TeEIC dnpogiheic otpatnyixés yia Ty emhoyT) TG evOTNTOG oL Yo avTixortaoTorde:

e Tuyaia emidoyn (random) : Ov unodhglec evotnTes emAEYOVTOL TUY ALY Y ENOILOTOLOY-
Tog xdmotal Yevvhtpta Peudotuyaiwy apriuoy.

e H mo npdopata xpnoyorowoduevn (LRU-least recently used) : Enikeyeton n evotnta
otnv onola dev €yve avapopd Yo To UEYaADTERO Ypovixd Sidotnua. H otpatnyixi
auth) otnpeileton uUEca oTNY oEYT TNS TOTUXOTNTAS TNS AVAPORAS: APOV Ol EVOTNTES
Tou yenowonothinxoy tpdopata €Youy UEYIAN TidavdTnTa Vo eTavaypnotponotnioly,
T6TE €vag XahdS UTOYAPLOS YIaL AVTIXATAOTUOT) EIVOL 1) EVOTNTA TOU €YEL TOV TEPIOGOTERO
Yeovo va yenotdonotniet.

e Me Bdon to xpdvo rapaporris (FIFO) : Enhéyeton n evotntol he 1oV nEpIocdTERO YpbVo
TOEAPOVIS OTNY XPUGT UVAUT.

Ané g mapandve oTpatnyéS M) To amAY TNV LAOTONoY TS Elvo 1 oTRATNYIXH TNE Ty oG
emthoyc 1 omolo xou yenotponoteiton ovyvd. H otpatnyxr tneg mo npdogata yenolonotov-
wevng yeetdleton TV QOAaEY apxeThc TANeopopiag i’ autd xot To x60Tog UAoTolnoNg TS elvan
apxeTd LYNAS YioL xpUPES UVAPES Ue ueYdho TAfdog evothtwy. 'Etot otny npdln vhoroweitat
oLYHlWS xdmold TEOGEYYIOT TNG CTEATNYIXNS AUTAS.
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1.1.4 Mnyavicpol Eyypogprc Evotntag

Trdpyouvv 300 Bactxol unyavioyol yior TNV EYYEUPT WS EVOTNTAC GTNY XPUGT UVHUY OTNHY
nepintwon emtuyiag eyypapns (write hit):

o Emaveyypagrj (write-back) : H nhnpogopio eyypdpeton uévo otny evotnta TS Xpuphc
UVAUNG, €V 1 x0plol UVAUT EVNUEROVETAL LOVO XATE TNV ATOUSXEUVCT TNS EVOTNTAC
ano TNV XELPY| LVAUT.

o Ar-eyypagrj (write-through) : H ninpogopia eyypdgpeton 1660 6Ny evotnta Tng xpu-
PHC WVAUNS, 600 xal TNG xVPLAS UYAUNG.

[Mo vo ehattwde! tepattépm 1 oLUYVOTHTA EYYRAPOY GTNY XVEIOL UVAUY OTNY TEQITTWON TN
ETAVEYYPAYTHS, Yenotponoteiton o umr tpororoinong (dirty bit). Autéd to umt xatdotaong
INAOVEL xatd OG0 wo evoTnTa elval tpontomotnuévn 1 un. Edv eivor un tporonomuévn t6te dev
YEEIACETAL 1) ENAVEYYPUPT] TNS EVOTNTAS GTNY TEQINTWOT) ATOUAXELYOT) TNS, Aol Ta dedouéva
ToU TEPLEYEL 1) xVptar WVAUN XoU 1) XEUPT| UVAUN YLOL TN GUYXEXPIUEVY] EVOTATA ElvOl TOUTOGUAL.

Téoo 1 uédodoc tne enaveyypaprs, 660 xat 1 wEYodog tne Si-eyypapnc €Youy T TAEOVE-
xthuota Toug. To mAeovexTiuaTo TN ETAVEYYPAPTC Elvat OTL OL EYYPAPES TRy UATOTOLODVTOL
HE TNV ToyOTNTA TS xeLeRc wvhung. Enlong moAlég eyypagpéc otny (Bio evoTnTar avdryovTat
wovo oe wa evuépwon NG xVELIg UVAUNG, YENOLHOTOIOVTIG UE oUTH TOV TPOTO GUVORLXA
AMyotepo e0pog Lovng x0plog pvhung.

H uédodog tng d-eyypaprc elvou euxohdtepn otnv vhonoinon tne. Erniong pe v 8-
EYYPAUPT EYYUATE OTL TO APECKS XATWTEPO ETUNMESO NG lEpapyiog €yEl TAVTA TO MO TREOGPATO
avtiypago, xdtt o omolo amhomolel TNy cuvdgela dedouévwy. BéBata pye v S-eyypopt
undpyet aLENuévn petaxivnom Sedouévmy mpog TNV x0pta UVNUY, CUVETAYOVTIS YENOILoToNo
weyaAbtepou ebpou Lwvng.

Yy nepintwon aotoyiag eyypagnc (write miss) vndpyouv 3o duvatéc emhoyéc:

e Eyypagn pe napaxdpnon (write allocate) : Hapaywpeiton yhpoc and Ty xpueh uvium,
1 EVOTNTA ETOUEVS PORTWVETAL amd TNV x0ptar UVAUTN OTNV XpUQT Xou OTYN CUVEYELL
axolovdolvtal ol EVERYELES Yl EMTLY (Ol EYYPAUPHS TOU AVAPELOVTOL TAUPAUTAVE.

e Eyypagn xwpis tapaydpnon (No-write allocate) : Aev napaywpeiton xdmotog yhpog
and TNV xELEY LVAUT Xat ETOUEVLS Ol PETATPOTES Sedopévwy YivovTal aneudelog otny
x0pLor uvhum.

Yuvidog 1 enaveyypapr cuVOLALETOL UE EYYPUPY| UE TUQOYWENOT XU 1 SI-EYYPAUPY| UE
EYYPOYT| Ywpls TRy GENOM,.
Ou Teewg Katnyopieg actoyiedrv Kpuvepne Myvrung
Ot aotoylec xpuerc uviung uropovy va StoywpetoYoly oe TpElC xatnyoples:

o Aotoyies Tnoypewtikés (Compulsory misses): Efvor ot aotoyies xpugric uviune nouv
TpoxohoUVTAL and TNV TEWTN TpodcBucy ot Wwa evoTnTa Tou dev TonovetHUnxE TOTE

oTNY XPUPT LVTuN.
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o Aotoyiec Xwpnurdrnrag (Capacity misses): Efvou or actoyiec xpugphc uvAune nov
TEOXAAOUYTAL OTAV 1) XPUPT| LVAUY SEV UTOPEL VoL TEPLEYEL OAEC TIS EVOTNTES OV YPELS-
Covtou xatd TV eEXTEAEDT) EVOS TROYPAUUATOS.

o Aoroyies XUykpovons (Conflict misses): Efvou ot actoyiec xpuphc uvAune nov ey-
paviCovtar oTIC xPLPES PVAUES cuoyETione ouvohou 1 evdeiog avtiotolynong dtav
nolamhég evotnteg avtaywvilovton Yo to (8o cbvoro. Evollaxtixd, ot actoyleg
oOY%POVOTE Elval Ol AGTOYIES WA XPLPNC UVAUNS CLUCYETIONS cLYOAOL 1 euldefog avTi-
otolynong xeuPhc Uvhung tou eEahelpovtar Ue 1 Ypnom WG TANPOUS GUGYETIOTIXAS
xpLeNS uviAung. Ot aotoylec obyxpouone nepautéow ywpilovtar oe 300 xatnyoples:
oTIg 6UYXPOVGELS UETAED SLopopeTindy petaBintodv. (cross-interference) xou otic ouy-
xpoloelc PeTal) ototyelwy Tou (dlou nivaxa (self-interference).

1.2 BeAtiotornoinorn Enldoong Kpuprc MvAung

Mo v Behtiotonoinon g enidoong TnNg xpUPNE UVAUNG Ol EPELYNTES EMUXEVTPOUNXAY OTNV
LElOT TV TPIWY CUVIOTWOKY TOL ETNEEALOLY TOV PEGO YpOVO TEOoBaong TwY SedoUévmwy 6T
wvhun: Ty yeovixn emBdpuvorn and wa aotoyio xpdeng uvAung Adyw yetopopds Sedouévmy
and to yaunhotepo eninedo g tepapyiog pvAENG, To pLIUS ACTOYIOY XPUPNC UVAUNS XL TO
Yeovo mpoonéhaomng xpupnc uvhuns. To npdPBinua npoceyyiletoun 1660 and v TAELpd TOU
UAx00, 660 ot and TNV TAELUPE TOU AOYIOUX0D UECK TOV YETAYAWTTICTMY.

1.2.1 3rpatnywéc YAxod

Mo uédodog yio Ty pelwon tne ypovixhic emfBdpuvong and uto aotoyio uvhung elvon uéow tng
ATOUOVOONS TwV avopop®y Tpoc tn wviAun. H yedon aropovwtsy eyypagpnic (write buffer)
€QaEUOLETAL VIOt TNV ATOUOVWOT| TWV AVUPOPKOY EYYEUPNS. XPNOWOTOLOVTISC ATOUOVWTES
EYYPUPNC, 0 ENeZepyYAoThS deV YpeldleTal VoL TEQIUEVEL TNV CUUTARPWOT NG EYYPAUPHS. Av-
tieta, anhdc extelel TNV €Y YPAPT GTEAVOVIOS TNV GTOV ATOUOVWTH, TO onolo yivetow uéoo
0" éva xOxho unyavic. To mheovéxtnuo mou mpoxUmTel and TN Ypromn eVOC ATOUOVKLTY EY-
Yeapnc Sev elvon wovo 61t 0 eneepyao TS OV UTAOXUPETAL XUTA TNV EXTENECT) TNS EYYPAPNC,
ohAGL X TO OTL UEWDVETAL 1 GLUUPOENCT GTOV JIABPOUO TOL GUOTAUATOE XVOTEPWYTIS TNV
eyypapt u€yet va Peedel Evag xevog xdxhog Sradpduou.

Ytoug olyypovoug umoloyloTée TUTOU AYwYol mou unooTNEIlouy EXTENEST) EVIOA®Y
ektds oepdg (out-of-order) # oe moAvvnuatikés (multithreading) apyrtextovixés émou yive-
tou petaywyn (switching) petall vnudrowr , o enelepyaothc dev ypetdleton vor uthoxdpeton
avaévovtag TNy enthuon wog aotoylog xpuPHc WVAUNG, oAAd uropel va cuveyloel ue tnv
eXTENEDT) AANWY VEEAPTHTOY EVTIOAWY PEYPL TNY OhoXATpwaon Tng enfhuong. Xe tétoto unyo-
viuartor efvon amapad Tt 1 yeNon Kpuens priuns xwpis - prAokdpiopa (non-blocking cache)
. Mia étolo xpu@n uviun unopel vor eEUTNEETAOEL ot VEX avapopd WVAUNG, EVK TAUTOY POV
eneepydleton Ty mponyoluevn aotoyia, xpvBoviag €Tt To Ypbvo mou yeetdletal 1) enfluon
¢ aotoylag. Ot obyypoves xpupés UVAUES AUTOY TOU TUTOU EMTPENOLY BE, TNV EXAPEUOTNTA
APXETWY ACTOYIWY.

Moty peiwon tou puipod aotoyldy edoupetind wPEéhes etvon BEBata o xpuPES UVAUES Ye
peydho péyedog 1 ye Ynho Badud ocvoyétions. Evoag npoxtinds xavovag Aéet 6Tt oL xpupES
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wviues evdeiag avtiotoiynone ueyédoug N €youv tov B0 puiud aotoyldY e TIC XPUPES
uviues ouoyétions ouvohou dlo Spduwy peyédouc N/2.

Abo Teyvixég UE TIC oToleg EMTUYYAVETOL TOGO 1) UElWOT) TNG YpoVIXhc EMPBdpuvong AoYw
aotoylog, 600 xan 1 pelworn Tou puduol actoylwy eivon to hardware prefetching xou 1 ypron
xpLPNC pvAune Yupdtwy. H teyviny tou hardware prefetching, otnpileton xt aut o1 XpUPH
UVAUn ywelc - umhoxdplopa. Xtnv TEYVIXH LT Yivovton avagopéc oe SeSouéva mpty auTa
YeelaoTo0V and Tov enelepyaoTy|, €10l WOTE UEYpPL O EMEEEPYAUOTAS TA YPEIAOTEL, Vo €Youv
7N emivdel ot onoicodnnote actoyieg xpuPnc UvAung Tou Tpoéxuday amd T AVUPORES
autés. BéPBana yia v ok andédoon avtic g teyVIXAC, TeENEl va YivEl vwplc 1 owoth
TedPBAedn Twv dedouévwy nou Yo ypetaotel o eneepyaoThc To onolo eivar apxeTd ToAOTAOXO
vou yivel ge ueydhn axpiBetor and 1o vAixd. I't" autd xar to prefetching twv eviohwy unopel va
xadodnyeiton and tov petayhwttoty (compiler prefetching) , o omofog €yer ) Suvatdtnra
NS AVEALUOTE TOL TPOYPAUUATOS ot axohoV¥we var tpoc¥éacl oe xaTdAANha onueior EVTOAES
vt To prefetching dedouévwy ta omoia Yo ypetaotody mbavéc pehhoviixéc avapopés.

Yy otpatnyixf yefone kpvens prnuns dupdrov (victim cache) ypnowonoweiton wio
emmAéov xpT) TAEWS CUCYETIOTXT XPUPT| Uviun 1 onola Beloxetor Yetald TN xXPUPNHS UVi-
UNS ot Tou EMOUEVOU XATOTEPOL eMMEdOL TNg tepapylog uviung. Auth n emmhéov xpuph
wvhun mepléyel wovo Tig evotnteg Yoyt ol omoleg amopaxplVInXay and TNV XpuEY WVAUN
Aoyw aotoyfag. H xpugn pvApn Yuudtwy eléyyetoar otny nepintworn aotoylaug edv meptéyet
o amontovpeva dedopéva, motv awtd avalntniody 6To enduevo eninedo, xt av 6vtog Bpedodv
péoo o€ auTH], ToTE Tor dedopéva Twv B00 XPUEGOY UYNUWY avTaIAAdCOoVTAL.

H pelwon tou ypdvou mpooméhaong xpughc UWVAUNG EMITUYYAVETAL UE TN YPNOT UXE®OY
XL ATADY XQUOWY UVNUGY. LTI XPLQPES UVAUES EodeVETOL OPXETOC YPOVOC YIo TNV EVPEOT
¢ unodnplag evotnTag WEow Tou SelxTy, xt axoholUwg Yoo TN GUYXEION TWV ETIXETMYV.
Enopéveg oe wa xpupn) uviun ue uixpd péyedog, o ypdvog edpeans tne urmodhgrag evOTnToS
elvon xou mo wixpog. Emiong n anhh oyedlaon e xpugphc uvhung mheovextel, oo yior Ty
€pEVOY TNG EVOTNTAS OTIC XPUPES UVAUES CLOYETIONG GUVOAOU YPELELEToL TILO TOAUTAOXO LAIXO,
TOU GUVETYETAL TEPIGOOTEPO Ypovo. Emmpdodeta, ot xpupéc uviueg eudelag avtiotolynong
mheovextolv xat Aoyw tou Ott elvar duvath ) emxdindmn g odyxplong NG ETIXETUC UE TNV
TUUTOYPOVY AMOCTOAY TV dedouévev mpog Tov enelepyaoth. Edv 1 obyxpion mpoxiiet
hovdoouévr, tote o enelepyaothc anhwe anoppintel tor dedouéva autd. Télog n wxpr xt
oamhf xpuet| uviun tonoVethton otny (Bt Ynpida ue vy KME, wixpaivovtag ye awtd tov
TPOTO TO YPOVO PETAPORLS dedouévewy YeTadh emegepyaoTh Xt XpUQPNG LVAUNS.

O ypbvoc UETAPPAUOTS TWV EIXOVIX®Y SIEVIOVOEWY 0TI QUOIXES TPOXEIUEVOL Vo xANdoly
T Sedopéva amd T pviAn propet vor amogeuy Ve, av 1) xpuy uvrun mou yenotponoteiton eivo
exovixr. Amd tn otrywh) mou ot emtuyieg uvAung eivon mo ouyvég and Tig aotoyles, elvar
TEOTIHOTERO 1 SIELVUVCIOSOTNOY TNG XELPNE UVAUNG Vo elvar eixovixy|, onote Yo amoute(ton
avtiotolynon e Ti¢ guotxég devdivoelg wovo oty mepintwon nou mpénel va yivel enfluon
¢ aotoylog ue avdtpedn oty xlpta uviun. Kdde @opd duweg mou Zexwvder 1 extéheon
€VOG TPOYQEAUUATOS ATAUTETAL 1 POPTWON TNG XPLPHS UVAUNG, To ontolo BéBota emBapiver Tov
OLYOAIXO YPOVO EXTEAEOTC.

1.2.2 Mrtpatnywxéc MetayAwttio

H anoSouxdtnta Ohwv twv 1ponyolUevemy unyavioumy eEapTtdtol and Thy IXOVOTNTA TwV
HETAYAOTTIOTOY Vo petaoynuatilouy tny Sou| twy mpoypouudtwy (xddxo xou dedopévar)
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TPOG EXTENEDT), £TOL WOTE VoL A&lOTOLOUVTOL TAHPWS Ol SUVATOTNTES XOU Tl TAEOVEXTAUATA TOU
o€y ouy oL unyovtopol autof, emtuyydvovtag ue autd LYnAY enidoon. O petayhwTTioTg
xoheiton var Bpet ) péytotn mapaAdniia oto eninedo evtodns (ILP - instruction level paral-
lelism) Yo vor tpogodotel toug thpous e unyavic, xt Eione Vo JETAOY NUATIOEL XoTdAAn AL
TO TPOYPAUUA £TOL WOTE VoL EMTOYEL TO UEYLOTO duVATO Bordud TomIXOTNTAC AELOTOWWVTAS TNHY
lepopy o pviune.

Kotd v Bektiotonoinon evdg mpoypduuatos, To YeyahlTepo x€pdog mpoxOntel and )
Behtiotonolnon TV TUNUATWY TOU TPOYPAUUATOC Tou Ypetdlovtan To UEYAROTERO YPOVO Yo
va dtexnepouwPoiy. Or emavaknrtixol Bpodyotl, ol onolol neptéyouy ueTaBAnTéc TOALSIACTATWY
TVEXwWY, elvor TéTota TURUATA Tou TpocpEpovTat Yo BeATioTonoinoy xat ot onolot yi' autd TO
AOYO TUYYBVOLY UEYEANG TPOCOYNS ATO TNV EPELYNTIXY XOVOTNTAL.

Or yetaoynuatiowol mov uropel var epapudoet o UeTayAwToTAS Yo Ty Behtictonolnon
£VOC TpOoYpdupatog yweilovtar ot d0o xatnyoples:

o Meraoynuatiopol Bpdywr (loop transformations) : Efvon wa popgrn yetaoynuotiopoy
xOBxat ot oTolor 6xoTd EYouv TNV EAETTWOT) TOU TARYOUC EVTIOADY Tpog eXTENEST) i/ xout
™V ANy TNG OELRAS EXTENEONS QUTOV.

e Metaoxnuatiopol Aedopévor (data transformations) : Lxond éyouv v avadopyd-
vwor g Sdtagng v dedouévwy ue v omola autd arnodnxebovtor oty uviun. Elvo
AMOTEAECUATIXOL YIOL TNV EAATTWOTN TV ACTOYIOV XPUPNS UVAUNS AOY® oUYXPOoLoTS,
cross-interference xou self-interference. Yuvidwe cuvdudlovtar ue Toug yetaoynuoT-
ouolg Bedyoug yia va 3doouy Ty BérTiotn duvarty enidoon.

Ot petaoynuatiopol Bpdywy, ot onolot urnopolv xat vor cuvduaotolv[14] petall Toug yia
neplocdTepn BelTioTonoinon, urtopoly va ywetotolv oe do xatnyopleq:

e Ye awtolc mou oxond €youv Ny Behtinon tne mapalkniiog oto eninedo eviohrg: Ee-
dimAwpa eowtepikdtepov Bpdyou (inner unrolling), software pipelining.

e Ye autolg mou oxomd €youv TNy Beltiwon Tng TomxoTNTUC TV dedopévwy: petdle-
on Bpéywr (loop permutation), didonaon Bpdyov (loop fission), ovyydrevon Bpdywr
(loop fussion), scalar replacement (oAhd 010 ENINESO TV XATAYWENTOV), TAAKIOTPW-
on (tiling) .
O mo Snuogihic yetaoynuatiowds eivon o petaoynuatiowds tiling, o onolog €yet xdmnoteg
evdlapépoug 1316TNTES:

o Beltidver v napariniia 6to eninedo eviohrg, 6tav egapuociel oto eninedo xatoyw-
ONTOV.

o Expetadhedetar Ty enavayenotponoinoy dedouévwy ot Sdpopes StaoTdoelg Tou ywpou
etavaAipewr (iteration space).

o Beltidver tautdypova Ty TomxdTnTA TRV dedouévwy ot didpopa enineda TG tepapyiag

wviune.

Or mopandve petacynuatiopol Bpdywy tapouctdlovtal pe UEYUADTERY AENTOUEREL OTO
xe@dhato 2, 6mou eniong nopovoidleton 1 pardnuotix Yewplio Yipw and toug pwliaopévoug
Bpdyous (nested loops) xou Toug petaoynuatiopols Pedywv. H npocoyt poc duwe eotdleto
oTNV EVIOLOL EQUPUOY T Xat LEAETT) TWV UETACY NUATIOUODY SESOUEVWY UE TOUSG UETACY NUATIOROUS
Bpoywv xat Eexvder and to xe@dhato 3.
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Eyfuor 1.4: TTopdderypo wrog Tumxric opydvewong Ewovixic Myrung

1.3 Opydvwon Ewxovixng Mvriung

‘Onwe n xpuey| uvhAun Aettovpyel wg évag evldUEcos Ypryopog amoUnxeuTixdg Yo LETAE)
eme€epYaoTh xou xUplog UvAung, €Tot xar 1 xOptat Uviun UTopEl vor AEIToupYRoEL g Evag
eVAIGUETOC Y POC UETAED XPUONC UVAUNS ot pary vhTixol Sloxou. Auth 1 teyvixn ovopdletat
ewcovikn) pvrjun (virtual memory) xau €yet 800 oNUoVTIXE TAEOVEXTAUATO: ETUITPEREL THY XOLVT|
YeNon NG PVAUNS amd SI8POopa TEOYPAUUATA UE ATOSOTIXG XU AGPUNY| TPOTO, XU ATAAASCEL
TOV TROYPAUUPATIOTH amd To BAp0og NG WXEHS Xou TEPLOPLOUEVNS XVPLIG UVAUTNG.

Me v ewovixdy uvAun xdde tpdypopua Exel 10 8ixd Tou eikovikd nedio dicvdivoewy (vir-
tual address space), dnhadt| éva Zeywpiotd Y Wpo exovixody Véoewy uviune tpoofldotuo wévo
and autéd 1o mpdypoupa. Ot 8¢ ¥éoeig autéc avtiotoyiloviar and Tov Unyavioud EXOVIXNG
UVHUNG o€ TparyUaTixéC puotxéc Véoelg uviuns. ‘Eyovtag Aody awtdvopa nedia dievdivoewy,
EMUTUYYAVETOL 1) ATOUOVKGT TOU XAVE TROYPAUUATOS, apol xdde npdypouua Yvepeiler xi éyet
npdoPaot wovo 6to dixd tou yweo dievdivecwy. Eniong o eixovindg yopog Stevdivoewy dev
neplopiletar amd to wixpd péyedog tng QUOXhS x0pLag UVAUNG, TaEEYOVTAS UE AUTS TOV TROTO
oe xde mpdypopua Eva TohD UEYIAO YWpo Sieuvdivoewy.

O ybpoc v exovixdy Sievitivoewy uviung ywpeileton oe éva apriud amd oo xar ou-
veyoueva pépr, to onola avapépovion we oeAides (pages) . Lto ovothpato mou dtadétouy
ecovixy pviun n KME napdyer Steudivoeig emovixic uviung ot omoleg petapedlovion pe
Bdom éva nivaxo oehidwy otny avtiotolyn guowxt diebduvor 1 onola yprnowonoleitar yior TV
npdoPoot oty xOptor LvRun.

‘Onwe gaiveton xan oto oyfua 1.4, n eixovixy| Siebduvon ywpeiletou oe 800 tufuaTa: OV
apriués eicoviknig oeAidag (virtual page number) xou tov apiilud AéEng (page offset). O apd-
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wog etxovixng oehidog petagpdletar ye Bdor twv tivaxa oehidwy otov apriud tne avtiotoyng
puoxfic oehidac xou anotelel 10 dvw puépoc tne puotxiic dtetuvorne. O de apiduds Aééng (pa-
ge offset) amotehel to xdtw Yépoc g puotxrc dieduvorng xar evtoniler Ty Intoduevn A&y
wéoa oTn QuoIXT GEAIdA.

Eneidn o nivaxag oeMdwyv Bploxetar anotnxevuévog otny xlplor Uviun, autd GUVETAYETOL
ot xade @opd mou Yo mpénel vo uetappaotel wia etxovixy Stebuvon uviune Vo mpénel vo
yiver mpbofaon e xbplag uviung dbo gopés: uia opd Yior TV ebpeon TG avTioTolyNoNg
xon o yroo Ty edpeon g AéEne. Do tny amoguyy| g mpdtng mpdoPBaong xar TN peie-
o1} ETOPEVWS TOL YPOVOU UETAPEACTS YPNOILOTOIElTal Wiot xpupT, wvhun 1 omofa ovoudletat
mpoowpwis kataywpntis petdgpaons (TLB - translation look-aside buffer), xor nepiéyet
0pIOUEVES XUTAYWPNOELS Tou Tivaxa oeAdwy. Kot ndht Bdon tng apyic e tomxdtnTag e
avopopdc, amoUnXeloVTAL Ol TO TPOCHATEG AVTIOTOLYHOEIS OEAISWY.

'Etol, étav o encgepyaotric {ntioet o diedduvon eixovixhc pviung eAEYyETUL TEMTA O
TLB xt av Bpedel pio €yxvpn xatoywenon (emcuyia TLB) tng onofog 1 etixéto ouuninter pe
Tov apriud Tng etxovixic oelidag, tote ypnowonoleiton o aptdudg puotxhc oehidoug mou divel o
TLB. Avtideto, av Sev Ppedel xdmota xatoywenon (aotoyia TLB) tdte 1 uetdppaon yivetou
w€ow Tou mivoxo GEASWY.

‘Otav 0 puiudg aotoytdvy evog emmédou g tepapyiog uvAung eivar apxetd udnide ToTe
Mpe OtL undipyel vrepyeidnon (thrash) tou emnédou avtod. Ltny nepintwon e exxovixhc
wvhung To mpoBinua tng urepyethnong eivon 0€0tepo an’ 61t 6’ dhha enineda, xupiwe Adyw Tou
uhniol x6cToUE TO omolo yopaxTNellel TN peTaopd wag oekidag and 1o dioxo otV xpia
uwvAun. Enione, n vrepyeidnon TLB (TLB thrashing) eivar xt auth apxetd Samovnerd, Aoyw
TOL OTL xaTovah@veTal apxeTd e0pog LOVNG Xat EOAYWYTOL PEYSAES YPOVIXES XUVVOTERHOELS
YIO TV UETAPEACT] TwV EXOVIX®DY SIELIVVOEWY OE QPUOIXES.



Kegdrowo 2

Meraocynuatiocpol Bpoywy

2.1 Baowéc 'Evvoliec

2.1.1 ®PwAlacuévolr Bpdyor

‘Eva ovotnua tédeia powhiaopévor Ppdywr (perfectly nested loops) €yer tnv oxdhouin
popepi:
for (il=lbl; il<=ubl; il++)
for (il=lbl; il<=ubl; il++)

for (in=lbn; in<=ubn; in+4++) {
/+* loop body x/
t
, Onhadn) Oheg ot eviokég mou exteholvtar Bploxovtal oTov ecwtepxdTepo Ppdyo. Tao bpla
0V Pedywy éxouv TNy axdrovdn pop®h:
b, = maz(l,0,lp1,02,...) ub, = max(uro, Up,1, Ur2, - . .)

xou tot Iy, 5 o wy. 5 elvon Ypouxéc cuvapTAGES TN oxdhoudng Loperc:

J

r—1 r—1
k . k .
lTJ = Z Qi+ U + Yr,j Upj = Z br,j s+ FTJ
k=1 k=1

6mov af ;,0F ;€ Z (1 <k <r—1),Y,; xu F,j eivon otodepéc xon iy (1 <k <7 —1) ebvan
ol petaPAntéc eléyyou Twv Bpdywy.

[ToAAéc gopéc ot Bpodyol oe éva mpdypapua EVEEYETAUL Vo UnV elvor TEAEWS POAIAOUEVOL,
omwe ovyPaivel yio tapdderyua oty arootvileon LU xou tny napayovtonoinon Cholesky. Té-
010l OUWS Bpdyot unopolv va avay Yoy ot TeAelng puAIAoUEVOUS PBpdy0VS Y PNOILOTOIWOVTAS
Tov petaoynuatiowd Bothons kaodikal8] (code sinking). O uetooynpotiouds avtde petato-
nilel Oheg TIc evioAég mou [Pploxovion petald Twv Bedywy mpoc Tov ecwTepxdTEPO Ppdyo
npocBétovTag €vav ¥ meplocdTepous EAEYyous cuvinxav. [lpénel duwe va mpooeydel 6T 1
EQUPUOYY) EVOS TETOIOU UETACYMUATIOLOD elvon €yxupn av xot povo av ol Bpdyot Sev exteholv
xevég emavorieic. O petaoynuationds autdg nopovotdleton oto oyfua 2.1.

27
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for (il=lbl; il<=ubl; il+4++) {
for (il=lbl; il<=ubl; il+4++) {
for (il=lbl; il<=ubl; il+4++4) {

/* statements 1 =/ for (in=lbn; in<=ubn; in++) {
for (il=lbl; il<=ubl; il4+) { if (in=lbn && ... && i2==1b2)

/* statements 2 x/ /* statements 1 x*/

if (in=lbn && ... )

for (in=lbn; in<=ubn; in++) { /* statements 2 x/

/* statements n x*/ /+ statements n */

} if (in=lbn && ... )

/* statements 2’ x/ /* statements 2’ x/
} if (in=lbn && ... && i2=1b2)
/* statements 1’ x*/ /* statements 1’ x*/

} }
}
}
apy A wopq TeAnd Loppi

Yyfua 2.1: Metoatpont| evoc un téAE0L QwAlacuévou Pedyou oe TEAELD YWALICUEVO
Bpoyo

H rpooifxn twv cuvinxody ehéyyou audvet BéBota Tov ypdvo extéleoncg, enedr oe xde
enavdhndn Yo npénet ot cuvifixeg avtéc va arotiolvtan. ot Ty amoguyh Aotndy authg g
emBdpuvorng, Yo mpénet var YiveTtow amhononon xou anaAotpy TV TEQITTOV cLVINXGY.

2.1.2 Xwpog Enavorrdewv

Opopog 2.1 Kde enavdAmpn tov ovotiuatos avtol twrv gpwhiaopévwr Bpoywy avtirpo-
ownevetal and to n-tidotaro Gidvvopa I = (i1,42,...,i,) € Z", nov ovopdletar Sidvuopa
enovdndne (iteration vector).

Kdée ouviotdoa tou Staviopatog enavdhnng avtiotoryel oc éva and Toug PWAOCoUEVOUG
Bpodyoug, UE TNV APIOTEPOTERY) CUVICTWON V. AVTIoTolyEl 0Tov eEwTepixdTERO Bpdy 0 Mo TNV
3e€16TEPN CLVIOTOOU OTOV ECWTEPIXOTEPO BpoYO.

Opopog 2.2 To ovolo twr etavadipewr mov opiletar ané ta dpia twv pwliaouévor Ppo-
XV:
In:{(’il,ig,...,’in) |’ij EZ/\lj Sij Su]',l S]Sn} cz"

anotelel éva kupté moAvedpo tov Z™ kar ovopdletar xdpog enavalfPewy (iteration space).
O y®pog emavakfpewy SOvaton va avarapactnie! oe wopen nivaxa. AouBdvovtag utddy

™V onuactoloyio evog Bedyou for xdlde wo and TIC YRoUUXES OUVAPTACELS [ X Uy j
TOELOTAVEL WAL AVIOOTNTAL TNG LOPPNC:

r—1 r—1

k
Za” i+ Y. <ip < me i+ Fr
k=1 k=1

[Molpvovtog pall oheg Tic aviodtnTeg, oynuatileton 1 axdhoulr AVIGOTNT TIVAXWY:

A-T<p
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, .

r?]

AmOTEAEITOL OO TOUC GUVYTEAEGTEC afj xou -1 (1 b'ﬁj xou 1). Ot n cuviotdoee Tou dtaviopatog
9, 7.

Kde ypoppr| tou nivaxa A opiler éva xatdtepo dpto I . (1 éva avatepo bpto ul, ;) xau
’,"7]

I eivar ot petaAnTéc eAEYYOU %y, EVE OL GUVIOTOOES TOU dtaviouatog [ elvatl ol GUVTEAEOTES

—Y.; (4 Frj).

IMopdderypo Eotw 1o axbéroudo clothus guloouévey Pedyov:
for (i1=0; il <=4; il4++)
for (i1=0; il<=6; il++) {
Alil ][i2]+=A[il —1][i2]+D[il1][i2+1];
D[il][i2]+=D[il —1][i2+1]+A[il][i2];
1

Ta bplo uropoty va avanopacstadody pe Tov oaxdAoulo TVIXO AVICWOEWY:

1 0 4

0<i <4 0 1 i 6
. <

0<in<6 | -1 o <i2>— 0

0 -1 0

Opwowoeg 2.3 FEotw ta ovvola Ay, Ag, ..., Ay, 10 kapteoavd ywipevo A" = Ay x Ay X
. X Ay, ka1 ta Saviopata @ = (a1, az,...,an),b = (b1,b2,...,b,). H Ae€ixoypopixn
SidtaEn! (lezicographic order) opile 6t @ < b av ka1 pévo av:

1. a1 <1 by, T?

2. a1 =br,a2 =bg,...,ak = b, ap1 <g+1 b1 1 <k<n-1

Ot enavolfelg evog oUBTAUATOS PWMACUEVLY Bpdywy EXTEAODVTOL ETOUEVKS O AEEL-
xoypapuxh oepd. Anhadn, edv 1 enavdindn Iz eivon Aedixoypoapixd yeyohltepn and v Iy
(Iz > Ir) tote n enavédndn Iz exteheiton petd v 1.

2.1.3 E&optrocic AcdopEvwy

O e&aprijoes bedopévor (data dependencies) ypnotponoovviar and oV PETAYAOTTIOTH Yo
TNV AVATORAGTAOT) TWV VoY Xaiwy TERLoptomy oty Sidtady UETaE) TwV EVIOA®Y 1) TNG ENo-
VO PNOLHOTOMONS TV TILOY EVOS Tpoypdpuatos. Metadlh 800 avagophy undpyet e€dptnom
€AY UTAPYEL €VOL LOVOTIATL POTG oI TNV TEWTY Avapopd Tpog 11 Setepn ot ot 300 avapopéc
npoonekdvouy Ty (Stor V€on uviung. Ataxpivovtar téooepa eidn eapthoewmy:

o Avdyvwon Metd ané Eyypagr (Read After Write-RAW) % odhidde mpaypatixry e&dp-
tnon (true dependence): €dv 1 mpdTH avapopd eYypdper oty Véon uvAune xou n
dettepn SroPaler and auvTh.

o Eyypagn Metd ané Avdyvwon (Write After Read-WAR) % adhhiwde avni-e€dpTnon
(anti-dependence): €dv n npdTn avagopd dtaBdlet and v Véorn uvAune xou 1 dedtepn
EYYPAQEL 67 AUTHY.

"Me Bdon tov opioud awtd N heluoypapxh Sidtaln opllet por pepeh Budtoln.
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o Eyypagn Metd ané Eyypagry (Write After Write-WAW) % ahhde e&dptnon e£dédov
(output dependence): €dv 1 tpd T avaopd eYYpEdpeL oty Véor uvhune xot 1 dedtepn
eniong eyypdper 6’ auThyv.

o Avdyvwon Metd ané Avdyvwon (Read After Read-RAR) 1 adhide ekdptnon ewddov
(input dependence): edv 1 npddtn avapopd StaBdler and Ty Véomn uviune xou 1 dedtepn
eniong diafBdlet and awtH.

‘Oray évag xwdixag petaoynuatiCetar ye oxond v Bedtiotonoinomn eivon avoryxaio 1 Sio-
menon e oyeTixig didtadng UETAE) TV EYYPAPOY XoL TV AVUYVOOEW®Y oTNY (dta Véo
UVAUNG, JAM®S O UETAOYNUATIOUEVOS x@dIxag Yo mapdyel Aaviaouéva anoteAéopate. Luy-
xexpipéva Yo tpénet var Statnpotivion ot e€aptioelg TOmou RAW, WAR, WAW. O tétaptocg
tonog e€dptnong, N RAR, dev yperdleton va Stotnpeiton.

Optopdc 2.4 (2 idwuopa eEdptnone dependence vector d = (dy, ds, ... ,dy) mag era-
vdAnypng €vos mpoypdupatos pe pwliaopévovs Ppdyovs opiletar n dapopd tov davvoua-
tog I = (i1, ig, ... ,in) TOU ekgpdler Ty ovykekpuérn exavdAnpn uectov to Sdvvona I' =
(11,92, ... ,1n), T0 onOl0 €xppdlel pua eravdAnyn, Tng orolag ta aroteAéopaza xpnoipLorolovy-
ta1 dueoa katd toug vrodoyouods Tov tpaypatorowlvtar and tny 1.

O Bpdyog o onolog oyetiletal Ye TNV APIOTEROTERT) U1 UNSEVIXT ATOGTAGT] TOU SIaYUOUATOS
eZdptnome ovoudletan Bpdyos petapopds e€dptnong (carried loop), evd oty nepintwon nov
OAES 0L CUVIOTWOES TOL Slavbopatog efvon undevixég tote 1) e€dptno elvon aveEdpTnTn Ppoywv
(loop independent).

Luyvd yioe Ty avamoedotao Tou Staviopatog eivat apxetd UOVo 10 TEdONUO TV ATo-
otdoewv. Me Bdon tov ouuPBolioud nou npoteiver o [18], ypnowonoleiton 10 ohpBoro + yia
ebpoc andotaong [1,00], 10 obuBolo — yia ebpog [—o0, —1], xou to obuBolo £ yia dyvewoT
anboTACT) [—00, 00].

[o v avamopdotaoT Twy SLvuoUdTeY EEARTNONS YN OLHOTOLEIOLYTAL GUY VS SV0 TEoToL:
o mivakag e€aptioewr (dependence table) f/xar o ypdeos ekdptnong ydpov enavaAnipewr
(iteration space dependence graph). O rnivaxoc eZapthoewy TwV eTavahiPewy eVOS oUOTH-
potog poAtacuévey Bedywy civar évag nivaxag Tou onolou ot oTAE anotehody 10 ohvolo
TV dtavuoudtwy e€dptnong twv enavarfbewy. O ¢ ypdpog e€dptnong yweou enavorihewy
TOPIGTAVEL TOUC TEPLOPIOUOUE TOU BEV EMTRETOLY THY avaSIATAEN TwV eETAVOAPEwY EVOS GU-
oTALATOS QwAlaoPEVLY Bedywy. Edv wa evtohy xdnotag enavdhndng Io eCoptdrtor and wo
omotadnrote VoA xdmotag dANG enovdhndng 11, dnhadh urndpyet e€dptnorn timov RAW,
WAR, 4 WAW, téte 1 e€dptnon avanoplotdton ue éva BéLog and tny enavdindn Iy tpog v
emavaingm Io.

‘Onwe avagépdnxe Tponyouuéveg ot etavahiPelc VO UGTAUNTOS PWAACUEVWY Ppdywy
extelolvTon oe Aelixoypapixt| Sidtaln. XpnollonotyvTtag Ty €vvola Tou Slavbouatog egdp-
oS, 1 s;tocvdc)\nqm I eZaptdton and ™V emavaindn I, %o EMOUEVS TPETEL VOL EXTEAEDTEL
HETd amd ocuw]v EQY Y10l xdmOl0 SLocvucpcx siocprncmg gwoyber I = I, + & Bdor, snopevwg
0L 0ptoWol 2.3, Aol I~ I, 10 € Vo mpénet va elvon AeZixoypapixd peyohlTepo and 1o 0,
| mo anhd, Aeéikoypagird etikd® (lexicographically positive).

2Anhadh éva Sidvuopa etvar heEuxoypapind VETind av 1) TedTn un undevind cuvioTdoa ToL Efvor
YeTuan.
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i1 .

i2

Yyfua 2.2: O ypdgog e€dptnong yweou enavarfibewy Tou TapadelyyaTtog

IIio anmhd, Tta Sraviopata e€dptnong mou apopolv éva Tedypauua tou Bploxetar otny
apy x| Tou Loppn elvon Ae€ixoypagixd Yetxd, xau opilovv wor yepixtr] Stdtoln uetall Twv
x6UBwy ToL YWeoL enavalewy. Téhog, onotadhnote tomodoyiki) didra&n (topological or-
dering)tou ypdpou e€dptnong eivon éyxupn, apxel va Siatnpolvtar dheg ot e€apthoels, dnhady
VoL Topo€vouy Ae€ixoypapixd YeTixég.

IMopdderypa (ouvéyeia) Tiotov olotnua golacuévey Pedywy Tou tapadelypotos, o
dravioparta e€dptnong ivar o axdhovda

o Aliq][ig] — Alfiy — 1][i2]: EZdptnon tonov RAW pe Sidvuopa e€dptnone to (i1, i) —
(i1 = 1,32) = (1, ):( 0)

Dli1][i2] — Dl[i1 —1][i2+1]: EE€dptnomn tonouv RAW ye didvuopa e€dptnone 1o (iy,i2)—
(il — 102+ 1) = (17 _1) = (+7 _)

Alir]lig) — Ali1][i2]: EZdptnon tonou RAW pe Sidvuoua e€dptnone o (i1,i2) —
(i1,42) = (0,0)

Dli1][iz + 1] — Dli1][i2]: EEdptnon tonov WAR pe Sidvuopa eZdptone to (41,42 +
1) - (ilvw) = (07 1) = (07+)

Aliq]lig) — Alir — 1][i2]: EZdptnon tinou RAR pe didvuopa eZdptnone to (i1,i2) —
(i1 = Lig) = (1,0) = (+,0)

Hapatnpotue 6t dheg ot e€apthoelg eivon Aelixoypapxd Yetixéc. O 8¢ téooepelc mpwTeg
eCaptrioelc anoteholy e€aptroelc mou mpénel var Statnendoly, eved 1 Slathenoy tTng TEURTNG
eZdptnong tonou RAR Sev eivan unoypewtixh). Ta Staviouorta e€dptnong maplotdvovton and
OV Ypdpo e&dptnong ywpeou enavolfbewy oto oyfua 2.2. Téhog, o mivaxag e€aptioewy

elval o:
1 1 0 0 1
D= ( 0 -1 01 0 )



32 KEDPAANAIO 2. METAXXHMATIYMOI BPOX(N

2.2 Tomxotnta xaw Enavayenoiponoinon

2.2.1 Audxpion Tomxdtntag xauw Enavayernoiponoinong

Eivou tohu onpavuxd va Staxpivoupe tn Stapopd petall tomikdrntag (locality) xou emavaypn-
aporoimong (reuse) [18]. Aéue 61 éva ototyeio enavaypnoponoeitar dtav to (do ototyeio
yenowonolelton oe toAamAéS enavorfelc evoc cuoThUaToC Qwhlacuévey Pedoywy. H ena-
vaypnowonoinon Aowndy eivar Euputn o wo btoloytoTixy Stadixaotio xou dev e€apTdTon and
TOV OLYXEXPIPEVO TPOTO Tou ot Bpdyot eivar Ypauuévol. Enouéveg, n Orapdn enavoyenotuo-
nolnong twv dedopévewy dev onuaiver xon TNV EAAYIOTOTOION TV AVUPOROY OTN UVAUT, 6TV
HETOED) TwV ENAVALYPTOWLOTOINOE®Y T SESOUEVA SLdY VOVTOL OO TNY XPUPT UVAUY AOYw aVTL-
AATACTACEWY TTOL TEOXAAODV VE SeSoUéva o €1G€pyovTal O aUTH. LTNY TEPINTOON OUKG,
TOU TO ENMOVOLY PNOILOTONGILO OTOLYEID TUPUUEVEL GTNY XELGT] LVAUY xou €YOLPE ETtTUYia XEU-
PHC WVAUNG 0TNY VEX avopopd Tou YivETal Tdve oTo otolyelio auwtd, Tote e OTL 1) Avapopd
€)EL TOMUXOTNTAL.
[Mo va yivel nepioadtepn xatavonth 1 Stapopd, €6tw t0 axdrovdo Turua Tou xO3xa EVOS
TEOYPAUUITOS:
for (i=0; i<N; i++) {
for (j=0; jN<; j++)
} AliJ+=Alj]*Ali];

H avagopd A[j] npooneldver dtapopetind dedouéva xatal Tic ENAVIAAPELS TOU ECOTEPIXOY
Beodyou, alld enavayenotponotel ta (Star Sedopéva xatd Tig enavahielg Tou eEwtepxol Bpod-
you. AxpiBéotepa, to dedopévo A[j] ypnowonoteitoan otic enavarierc {(i,7)|0 <i < N}
ETOUEVLS UTdpYEL emavaypnotponoinoy. Metald duwe 800 emavay pnottonoioewy LTEEYOLY
N — 1 avagopég oe dhha dedouéva. Apa, otnv nepintwon mouv 1o N eivar apxetd ueydho,
€tol Wote To dedopéva var Sty vovTar and TV XpuKT UViUn ety enavayenotporotnioly, Sev
UTIAPYEL TOTUXOTNTAL.

2.2.2 Evpeorn Enavayenoiponoinong

H ebpeon oc noteg neptoyéc Tou ywpou enavalfhewy uTdpyet enavaypnotuononon elvon op-
(€A BondnTixd Yot THY €QUPUOYY TwV XATIAANAWY UETACYNUATIOUDY Pedywy, ET0L WOTE 1|
emavaypnotuonoinon vo uetatpanel oe 660 to Suvatdv meploodTepn TomxdTnTa. H emova-
yenotponoinon ywelletor o€ TECOEPIC XATNYOPIEC: AUTO-YPOVIXT], AVTO-YWELXY), OUASO-YPOVIXN
xol OO O-Y WELXY ETOVOLY PN OWOTOINOT).

ITpwv mpoywprioouue oTig Téooeplc xaTNYopies enavayenotpononong axohovlel Evae yerm-
OLULOS 0pIoUOL.

Oplopog 2.5 Ye éva ovotnua pohiaopévor Bpoywr fdous n, ma avagopd otov m-didotato
mivaka A umopel va avarnapaotalel e tn davvouatikny ovvdptnon Faliv, i, ... yin) = U -
I+ i, érov o tivaxag U Saotdocwy m X n ovopdletar nivaxas avagopds ka1 to m-idotato
owdvvopa U ovopdletar oidvvopa anéxkdiong. H dwavvopatixn ovvdptnon fa Oa ovoudletai
didvvona avagpopdg.

Axohowg, tapouatdlovion TEQIANTTIXG Ol TEGOEPLS AUTES XATNYOPIES XU TS UTOpEl Vo
yiver i ebpeor e xde enavaypnotponoinong, 6nwe avopépetal oto [18].
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Avto-ypovixv) Enavayenowwonoinon H avro-yporiki (self-temporal reuse) eupavi-
Ceton OToy Lol avapopd EVOS GUCTAUATOS PWALACUEVWY Ppdy®Y TpooTEXAVEL TO (Blo dedouévo
o€ SapopeTinés emavahier. Xpnctponom’)vrag TOV 0pIoPo 2.5, aUTo- Xpowmﬁ ETOVALYETIOULO-
nomon et TV srcocvcx)\nq)swv I xou I umdipyEt HTay lGXUEl U-T, + i =T + i, dnhadn
bty U - (I — I) = 0. Aéye bt undpye srcocvocxpnolporcomon oty xatebuvon 7 (didrvopa
emavaypnoiponomong-teETAaTVpeuoe ectop) dtay U - 7 = 0. H Aoom g e€lowong anotehel
TO SLVUoUATIXG Y WPO AUTO-YEoVIXTC Enavayenotponoions: Rsr = kerU C R".

Avto-ywewn Enavayenowonoinon H avto-ywpiksj (self-spatial reuse) eugovile-
To OOV Wi Avapopd EVOSC GUGTAUITOS POALACUEVLY BpoywV TpooTeldver Thy (Bia evoTnTa
XL pw’]w}g oc SpopeTIXES srcocvod\v']q)stg An)\chY'], 1 avTo- Xcoptxv'] enavoyenoLponoinon
amotehel yevixeuon g avto-ypovixdc. ‘Eotw, 6t ta dedopéva tou rivaxa U amodnxedovra
chxpock)\n)\oc we Ty k- 810(010(07] Tére, yia va urdpyet oty avogpopd U[LY - I+ BU] oUTO-
Ywetxl) enavaypenoonoinoy, Yo TEETEL Ol GUVTETAYUEVEG OAWV TV SIACTACEWY TANY NS
k-Sidotoone va tawtilovror.  Avixadiotadvioc v k-ypouuh tou mivaxa LY ue undevind,
radpvoupe tov wivocer LY. Téte, 0 Stavuopartinde ydpoc suto-yepixhc Enovoypnotuonolong
glvouw 0: Rgg = k:erLg Cc R"™.

Opado-yeovixy Eravayenowwonoinon H opado-yporikr (group-temporal reuse) ey-
poviletan 6TaV Ol AVAPOPES EVOS CUTTAUATOS cpo))\tcxopévow Bpodywv npoonehdvouy To (Blo de-
dopévo ot BLoccpopsnxsg snava)\nq;stg ‘Eotww, 6t ot owocq)opsg Stapépouv 1o ToAD 6ToV oTadEpd
6po U, dnhodn U - T+ xou LV - T+ . Tére, uTdEYEL opcho Xpovmn enavoyenolponoinon
LETOED TV 800 aLTOY avaYopdY av xat wévo av 37 s LY -7 = i) — iy, 6rou |y — | < (jrjKkog
evétnrag kpuens pvnuns/uéyedos otoreiov). Abvovtag v eZioworn auth mpoxinTel T0 Sid-
yuoua 7y, av undpyel oo, O SVUoUATINOS YWPOS AUTO-YPOVIXAS ETAVILY PToILoTOloNS
npoxintel we: Rar = kerU + [7,)].

Opado-ywewxn Enavayenoiwronoinoy H opado-ywpikij (group-spatial reuse) eppo-
vileton 6Tay o1 avapopés EVOC GUOTAUATOS PWALUCUEVKDY Bpoy®Y TROGTENAVOLY TNV (Slal eVo-
T XPLPHS UVAUNG oF SlapopeTixéc enavohifels. Anhadt|, 1 opado-ywelx ETOVUYENoIULO-
nolnom anotekel yevixeuon tng opado-ypovixric. ‘Eotw, étt ot avagopéc Stapépouy to moh)
otov otadepd bpo @, dShadh U - I + @y o U - T + . Avuxadiotdvrac ™y k-ypouyr tou
nivoxa U xou tov Stovuoudtwy ug, us Ye undevixd, maipvoupe 1o Ug, ug xat ugo. Tote,
uTdEyEL opado-YwpELxY| Enavayenotponoinon HETHE) TV 300 AUTOY AVIPOP®Y oV Xl UOVO
av 37 1 Ug - 7 = gy — Us,2, 6mov |4 — U| <(unkos evétnras kpvens puviuns/péye-
Jog ororeiou). O Sravuopatixds YMpoc AuTo-YpovIXAS ETAVOYENOILOTOIONS TEOXITTEL WC:
Rgs = kerUg + [).

2.3 Unimodular Metacynuaticpol Bpoywyv

Opowodg 2.6 Erag petaoynrationos Peoyxwv T avuotoila kdle emavdAnyn I =
(1,12,...,1y) TOU n-Gidotatov yopov emavadijpewv otny eravddnpn J = (j1,J2,-- -, jn)
TOU €TioNS N-01d0TATOV PETATYNHATITUEVOU X DPOU ETAVAANPEWY:

—{J=T-I|TeZ™}
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To bptat Tou N-B14GTATOV YETATYNUATIOUEVOL Y OPOL eTavalPewy Bploxovton Ue TNy eqop-
poyt tou mivaxa petacynuotiopot 1" ent g avioOTNTAC TVEXWY TOU TUPIOTAVEL To OPLOL TOU
apytxol n-SidoTatou yweou enavolfhewy. Anhady to dpial TOU UETACYNUATIOUEVOL Y DEOU
enavahfdeny Beloxovia we eZhc:

-

A-T<
J=T-
det(T) = +1 #0

’\le

Opiopée 2.7 ‘Evag unimodular petacynpationds Bedywv? mapotdvetar pe éva niva-

ka T, ya tov ornoio det(T) = £1. O ouvvdvaouds unimodular petaoynuatioudy diver éva
eniong unimodular petaoyNUaTions Kar o Tvakas Tov véou PLeTATYNUATIO OV TPOKUTTEL ano
TO VIVOUEVO TV €MUEPOUS UETATY NHATITUDY .

Or yetaoynuatiopol Bpdywv eivar yprotpot dtay Statneoly Tig e€aptroelg Sedouévmy Uetd
™V €QapuoY” Toug ot €va cloTnua PuAtaouévey Bedywy. To axdlovdo VYedpnuo agopet
Toug unimodular yetaoynuatiopoic Pedywy xat eivar TOA) oNUAVTIXG.

Ocwpnpa 2.1 Eoww D o otvolo twr davvoudtwr e€dptnong evés ovotnuatos pwiia-
opévor Ppdywr. Evas unimodular petaoxnuaniopds fpéywrv T etvar éyxupos (legal) av kar
puévo av ¥d € D : Td = 0.

Axohovlel 1 neptypoapn Ty Pacixdy unimodular yetaoynuatiopdy Bedywy: 1 avToh-
Aoy, 1 ueTAdEDT), 1) VUG TROYY XU 1) TEPLOTROPY.

1. H avraAdayrj (interchange) 300 Bpdywv petatpénet to didvuopa enavdhndne (4, j) oto
dtdvuopa (j,4). O nivaxac tou petaoynuatiopol eivar o:

(1)

A6 1o cuvduaoud Stadoyix®y avTaAAay@V TEOXVTTEL 1) TO YEVIXY LOPPY| TOU UETO-
oynuatiopol, n perddeon (permutation), n onoio petadéter ) didtaln twv Pedywy
emavaindme. To mopdderypo, o mivoxag yetaoynuatiogol yia Ty Uetddeon tou Sio-
vbouatog enavaindng I = (i,j,k) oto didvuopa J = (k, j,i) Stvetan omd tov:

1 00 010 1 00 0 01
T=T1T=|0 0 1 1 00 001 |=10120
010 0 01 010 1 00

Téco 1 petddeon 600 xou 1 avToAhoy| YPNOILOTOOVVTOL YIA VO TPOTOTOGOUY TNV
didtagn v Bpodywy €10l OOTE Vo TPOCTEALVOLY To dedouéva he Tn Sidtaln mtou outd
elvon amodnxevpéva, BEATIOVOVTAS UE AUTO TOV TEOTO TNV YwELXY TomxoTHTo. Ao
oty mou tpononotoly T Sdtaln TV PpoywY Xl ETOUEVWS T1) OEIRd EXTEAEOTS TWV
emavaleny, autod onuaiver 6Tt 1 epapuoy” Toug dev elvon tdvtote £yxupr. ISiaitepa
yerowo eivar 1o enduevo Yemdpnuo.

*H \0on TV CUCTNUETWY OVIGWOEWY TOU TEOXVUTTOLY TopGTL efvol TOND onuavTixnd, elvon extoe
TOU aVTLXELEVOUL TN Tapolioug epyaciog xat v autd dev Ya acyohniolue mepontépw.
*Ou unimodular petooynuoTiopol amoTENODY piol e8| XAUTNYOpLol YPOUUIXMY UETOCY NUATIOUMY.
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Ocopnua[l8] 2.2 Ye éva ovotnua pwhiaopévar PBpdywr, ot Ppoxor l; péxpt l; elvar
Mjpwe petadéowpor (fully permutable) av ka1 pévo av dAa ta Savidopata eEdpTn-
ong etvar oAa Aekikoypapikd Oetikd. EmmAéor ywa kdle didvvopa wyve ot eite to
(di,...,di—1) elvar Aebixoypagiid Detikd, efte o1 oLIOTAOES d;, .. ., dj €lvar un apvn-
TIKES.

2. H avaotpogrj (reversal) evoc Bpdyou mpayuatonoteitor pe ntohhaniaotoopd ye —1 tou
avtiototyou deixtn. o mopdderypa oe éva abhotnua gwhiacuévey Peodywy ue Bddog
2, ot mivaxeg yetaoynuatiogol yior xde wor uetaBAnTy evor ot

-1 0 1 0
Trev,i—< 0 1) T’/‘ev]-—<0 _1>

3. H mepotpogn skewing evog Bpdyou mopiotdveton and Tov Tvoxd PETACYNUATIONOD
Tskew, 0 onolog mpoc¥étel xdmolo axépono mohhamhdotlo evog deixtn Bpdyou oe Evay

dhho deixtn:
1 0
Tskew - ( f 1 )

H neplotpogn eivar ndvtote €yxupn. Iapdho mou ennpedlet ta Sraviouata e€dptnong,
1 meptoTpo@n dev adhdler xadohou TV oelpd extéheong Twv enavolrfewy. ‘Etot,
av xat YEVIXS Sev Belti@vel tny enidoor, pmopel vo emitpéel TNV eQapUoYY dAAwY
UETAOYNUATIOUOY TV OTOIWY 1) EQUPUOYT Teonyouuévews dev Htav €yxupn, A.y. 1
UETATROTY EVOS UN-TAHRWS UETAIESIUOL CUOTARATOC POWALACUEVLY Pedywy ot TAfpwe
petordéaotpo.

IMopddetrypo (cuvéyela) Yuveylloviag to mopdderypa pac éotw 6Tt emupodue vo
epoprbooupe avtodhoyy (1 uetdleon) otov xwdixa pac. H epapuoy duwc aneuldeioc tne
avtahhayfg Sev elvan €yxupn Bdon tou Yewpruatog 2.1. Ipdyuatt egopudloviag Tov peTo-
oyNUATIond TG avialhoyfig oe éva and To Stavbopata eEdptnong, To emaknicdouye:

(o) (5 )=(1)

[Mo vor unopéoouye Aoimdv var EQUOUOCOUUE TNV AVTUAAXYT|, EQUEUOLOVYE TPMTA TNV TEPL-
lopdelolo /B
r il,new o r 10 il
Inew = ( i2,new ) = Tskew! = ( 1 1 ) ( io ) =
-1
i1 _ 10 il,new _ il,new
< i2 ) ( 11 ) ( i2,new ) ( i2,new _il,new )

’ ’ 7,
xa olpvoupe tov axdrovdo x@dxa:

for (il1=0; il <=4; il++)
for (i2=il; i2<=6+il; i24+) {
Alil][i2—i1]+=A[il —1][i2—i1]+D[il ][i2—il +1];
D[il][i2—i1]+=D[il —1][i2—i1+1]+A[il ][i2—i1];

}
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il o o o o ®
o o o o
o o o o
o o o o

o o o o

Yyfua 2.3: O ypdgog e€dptnong Yweou enavalPewy UETA TNV EQUSUOYT TOU UETA-
OYMNUATIONOV TNG TEQLGTROPNS

0L onolou ta Slavbopata e€dPTNONC ToPIoTAVOVTAUL 0TO oYU 2.3. Axolovdwe, epapudlouue
TOV UETACYNUATIONS NG avTadldayhig o omofog elvon €yxupog e v véa didtaly mou €dwae 1)

TEPLOTROYN:
T _ il,new _m T 01 i1
Inew_<i2,new >—T’mtI—< 1 0) (ig >:>
. -1 . .
11, new _ 01 11,new _ 12, new
iQ,new 10 i2,new il,new

’ ’ 7,
xa ofpvoupe tov axdrovdo x@dxa:

for (iln=0; iln<=6; iln++)
for (i2n=iln; i2n<=4+iln; i2n++) {
Ali2n|[iln—i2n]+=A[i2n —1][iln—i2n]|+D[i2n | [iln—i2n
+1];
D[i2n|[iln—i2n]+=D[i2n —1][iln—i2n+1]+A[i2n | [iln—
i2n |;

2.4 Mn I'papuixol Metacynuaticpol Bepoywy

Optopévol onuavtxol yetaoynuatiopol Bpdywy ol omolol elvon un yeoputxol eivon 1 ouyyw-
veuon, 1 Sidonao, To scalar replacement, to Eedinhwyo Bpdyov, o strip mining xou 1 TAo-
XOOTPWON:

1. H ovyydrevon Bpdywr (loop fussion) oxond éyer tny Bedtimon e ypovixhc tomi-
%6t ouvdLdlovtag Bpdyoug ol omolol o BlaPopeTIXd GNUEid TOU TPOYPAUUATOS
npooneAdvouy Ti¢ (e Véoelg puviung. Axoloulel éva mopdderypo uiog TéTolag ouy-
YWOVEUOTC:

for (1i=2; i<=N; i++) {
for (j=1; j<=N; j++)
X[iJ[i]==X[i =1][j [=Ali ][ ]/B[i —1][j]
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for (j=1; j<=N; j++)
Bli][j]-=A[1][j]=A[i][j]/B[i-1][j]

o} loop fussion o}

for (i=2; i<=N; i++) {
for (j=1; j<=N; j++) {
X[ [J]==X[1 =1][j]*A[]

i
Bli][jl-=A[1][j]*A[i]]

I1i1/Bli—1][]]
il/Bli=1][j]

}

H xown yefon twv mvdxwy A xouu B paptupd unép tng ouyywveuong, €10l OOoTE To
dedopéva v mvdxwy A xat B v uny yeelootel vo anodnxeudoly oty xpu@t| pviun
dbo popéq.

[\)

. H &idoraon Bpdywr (loop fission) prnopel vor BeAtidoer tny 10mxOTRTA TROY OIS
LY TOU TEPIEYOLY UEYAAO TARY0G EVIOAGY Xat UETABANTOY, SloTwvTag éva oUoTHUa
PONACUEVODY Bpdywy ot eMPEEOUS WXPOTEQN CUOTAUATA, Tou To xodéva ypetdleTtol
wxeoTepo xat ey wplotd 6yxo dedouévwy. Kdde abotnua enouévwe propet va Souké-
eL pe Tov UxpoTERo OYX0 SESOUEVWY TOL OTOlL YWEOVY GTNY XEUGT) UVAUY, YWPlg T
vou amopaxpuvdoly TplY TEAELOOEL 0 UXPOTEPOS GE £0YO0 UTONOYIOUOS.

w

. To &edimwpa Bpdyov (inner unrolling) avtixohotd 10 6OUA TOU ECWTEPIXGTEPOL Bpb-
YOU O€E EVa GUOTNUA PWALCUEVWY BpoywV Ue 300 1) TeplocdTEPR AVTIY AP TOU CWUI-
TOG X0l TPOTOTOWWVTAS XATIAANA ToV EAEY Y0 Opiwy Tou Bpdyou. Me tov TpdTO AT
auZavetal 1 topohhniia oe eninedo eviohnc, ool LUTHEYOLY TEPICGOTEPES EVIOAES TPOC
exTtéheon avd enavahnn xon eniong wxpalver 1 ypovixn enBdpuvon mov ogelleTal oTOV
Eheyyo oplwv, agol yivovton Aydtepol eAEYYOL.

4. H avdOeon petafAntdv oe kataywpntés scalar replacement BekTidver TRV TomxXOTNTAL
TV dedouévey, ahAd 0T0 ETUTESO TV XATAYWENTOY. e €va aOOTNUA PWALACUEVLDY
Beodywv ol yetafBintés exelve mou ypnotponotolvIal GUYVOTERX, amoUnxeloVTaL OE Xa-
T WENTECS.

o

O strip mining yenotponoteiton yior tnv dtapéplon tou ydpeov enavakihewy oe hovpldec.
[Mo va o methyel autd, anoouvitétet éva Podyo oe 8o pwliacuévoug Bpdyoug wg egng:

for (i=lb; i<=up; i++) {
/+* loop body x/
}

ok strip mining U



38 KEDPAANAIO 2. METAXXHMATIYMOI BPOX(N

for (ii=floor ((lb—oft_ii)/step)x*step+oft_ii; i<=up;
i+=step)

for (i=MAX(ii,lb); i<=MIN(ii+step—1,up); i++) {
/* loop body =x/

}

To step eivor 10 uéyedoc g houpidag, xou 10 oftii (0 < ofty; < step) xadopiler Tnv
apyh ™S Tewtne hovpidac. O elwtepindc Bpodyog i1 puetaxtveiton Petalld twv hovpidwy,
eV® 0 e0wTePIXOS Bpdyog 1 Statpéyer Tig enavahielg Tou avtioToyodV 6TV TEéyouoa
Aovpida.

6. H makdotpwon (tiling) eivon évoc mohd SNUopIAAc xat onNuayTixOS PETUOYNUATIONOS
xa yt' avtd nopovctdleTtar ZeYwELoTY TNV EVOTNTA 2.5.

2.5 Mertaocynuatiownode Tiling

2.5.1 Tevixad

O petaoynuatiowds tiling anotekel éva and toug mo SNUogIieic ueTaoyNUATIoNols, 0 onolog
EXTOC Amb TIG EQUPUOYES TOL OTO YWPO NG Topdhhnhng enclepyasiog, yenotuonoteiton xou
yia Ty wOEnon TS TOTUXOTNTAS 0TV LEPPY ol UVAUNG TWV WXPOETEEEPYATTOY, ELSIXE dTAY Ol
avapopég apopolV Tivaxeg UEYIAWY StaoTdoewy ot ontolot Sev ywpolY OAOXANEOL GToL YoUNhdL
enineda g tepapylog.

Ye éva oboTnua pOAAoUEVEY Beoywy oTou epapudoinxe tiling, avtic va tpooreAdvovton
olOXANEES Ypouués 1 oThAES evOg Tivaxa, ot Bpdyot epydlovTon Tdve O LUTOTIVAXES, TOU O
xdevog ywpeel oAdxAnpog oo eninedo tng tepapylog uviung mou evdlagépet. ‘Etot, avldvetat
10 TAYOg TWV TEOOTENACEWY oL YivovTon 6T dedouévar mptv auTd amopaxpuvioly and To
eninedo autd.

H onpaocio tou petaoynuoatiopot tiling emdetxvietar pe 1o axdrovido nopdderyyo.

IMogdderypo O axdroudoc xddixag anotehel Ty apyixh pop@t| Tou tohhamhactaciol duo
TUVEAWY:

for (i=0; iN<; i++4)
for (j=0; j<N; j++)
for (k=0; k<N; k++)
ClLillil+=A[1][k]«B[k][]];
Metd v e@opuoy?| Tou petaoynuatiopol tiling tpoxintel o axdhovdog xwILxaC:
for (jj=0; jj<N; jj+=step)
for (kk=0; kk<N; kk+=step)
for (i=0; iN<; i++)
for (j=jj; J<MIN(N, jj+step); j++)
for (k=kk; k<MIN(N,kk+step); k++)
CliJlil+=A[1][k]*B[k][]];
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Yyfua 2.4: Tlpoonéhaon 0EDOUEVODY xATA TNV EXTEAEST) TOLU TOAATAAGLAGUOD Ttivoxa
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Meketdvtag Tov Tp6T0 ToU 0 apyxds xOXaS TpooTeNdver Ta dedouéva, deg oo 2.4(a),
nopoatneolue 6t 1o ototyelo C[i][j] enavaypnotponoteitar and dhec tic enavarieic tou Bpod-
you k. H 8¢ ypopun tou A mou npoomerdvetar and Tov E0LTERPIXOTERO Bpdyo k, emavoyen-
otponotelton and TNV eNOPEVY EnavdAndm Tou j xou nopouota 1) Bt oA Tou B enavoyen-
owonoteitar and Tov e€wTepixdTEPD Ppdyo . MTNV YEOTERN TERITTWAOTN TOL N XELQT UVAUN
dev umopel va ywpéoel oUTE Wwar Ypouur Tou nivoxa A, téte 1 ypouur Tou A dev emavoyen-
oworoteitar % enopéveag 2N3 + N? MéZeic Sedouévev tpéner va Sofactodv and tny xlpla
wiun oe N3 eravodfdec. H petooynuatiopévn duwe Lopeh TpoomeAdvel tixpd TETpdymva
TuAuarta Tou ntivaxor D xdle @opd, dec oyfua 2.4(3), diaotdoewy step x step. Edv hondy
ol 1o TAoES TOL TUARATOS EMAEYOUV €T0L OOTE Vo YWpel TNV XpUPY LVAPT, TOTE ot AéEelg
oy TpooneNdvovToL Petdvovion otic (2N3 /step) + N2, Snhad éyoupe Beltiwon size popéc.

2.5.2 Egapuolovtag tov Metaoynuationd Tiling
Eyxvpétnta Metaoynuatiopot

O petaoynuatiopds tiling otn ouvnlioyévn nep(ntwor eQapuoYnc Tou oe éva povo eninedo,
avZdver to Bddog n evég ouoTHUATOS Pwhaouévwy Bpdywy ot Bddog mou xupaiveton and
n + 1 yéypt 2n, avdhoya ue to moéool Ppdyol mhaxootphvovtal. H mhoaxdotpwon evoc 1
TEPLocOTEPWY Ppoywy ahhdlel TN oelpd Sidoyuong Tou YOPou ETavIAPewY, €10l OOTE Vo
aroteheitan and uixpdTepa TohleSpa Tor oMol ExTENOVVTAL OTY OELPdL.

IMopdderypor  Toto axdhovdo chotnua pwhacuéveny Bpdywy Bédous 2, n oelpd didoyuong
Tpononote{ton dnwe Qaivetar 6To oYU 2.5.

Apynar) poper
for (i=0; iN<; i++)
for (j=0; j<N; j++)
/* loop body =%/
Tiled popen
for (ii=0; iiN<; ii++)
for (jj=0; jj<N; jj++)
for (i=ii; i<MINN(, jj+size); i++)
for (j=jj; j<MIN(N, ii+size); j++)
/* loop body =x/
Agol o yetaoynuatiopds tiling tpononolel T oelpd didoyvon Tou ywEoU ETAVIARPEWY,
autd onuaiver 6T 1 QapuoY) Tou dev elvar TdvTote €yxupn.

Ochdpnua[l8] 2.3 Ye éva ovotnua pwliaouévov Bpdywy, ot Ppdyor l; péxpr lj propoly va
petaoynuatiotoly e tiling, av eivar tAfpws petadéopor (Jedpnua 2.2).

Trevivpilovye ott 1 UETATPOTY EVOS UN-TANPOC UETAVECILOU CUOTALATOS PWALACUEVWY Bpo-
Ywv og Thjpws petadéotpo, uropel vo YIVEL UE YPNOoT TNS TEPLOTROPNS.
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(o) apyxh wopph () tiled popeph

Yyfuar 2.5 Adhoryy| Tng oelpdc exTEAEONC TWVY ETAVIARPEWY EVOS GUGTAUAUTOS PWALO-
ouEveY Bedywy Bddoug n uetd TNy epapuoyt) Tou tiling

Emuhoy" Hoapapétpwy

[ v peyiotonoinom tng TomxdTTog TV dedouévwy, Tou auTtdg SAAWoTE eivat Xt 0 6X0Tdg
TOU UETAOYNUATIONOD, TEEnel vor emthudoly tal 800 EpWTARATA TOU APOPOLY TIC TUPAUETPOUS
Tou petacynuatiopot. H Ao toug xadodnyeitar and tny avdhuon xat 0peEST) TS EROVOLY PN
owonoinone (evéotnta 2.2) n onola npénet v tponynVel. To npddto epdtnua apopd motot eivor
ol Bpoyol mou meéNEL Vo ThaxooTewloly xou Tota elvon 1) oYeTixn SidTaln Twv Bedywy auTtdy,
€10l WoTe VoL LTdpEEel 660 TO BUYVUTOV TEQIOGOTERT) EXUETAAAEVOT) TNG ENAVOLYPYOLUOTOMANS
xat enopévwe Beltioon g TomxdTTag TV Sedopévey.

To 3ebtepo epdtnua xat To To evaio¥nTo Yoo TNV améd00Y TOU YeTACYNUATIOROU Elvor
t0 peyédoug Tou tile. Emiéyovtoc to Béhtioto péyedog, xdle tuAua TG LTOAOYIOTIXNS
dradixactog Yo ohoxhnpvetar, ywels aotoylec xpLPNHC UVAUNG, EXTOS ATd TIC UTOYPEMTIXES.
Baowxo pého yio tnv emthoyt| tou peyédoug tou tile nailel n opydvwon tng xpupnc uviune.
[Mo nopdderypo, Wi xpuen wvhAun evdeiog avtiotolynong, Topdho Tou unopel vo elvor apxetd
HEYShn Yoo var yweel to Sedopéva mou ypnotwonotolvtar, dev elvan txav vo amoheler Tig
aotoy e AOYw GLUYXPOUCEWY YETAED TWV GTOLYEIWY TOU (Blou mivoxa 1 S1aPopeETIXDY TIVEXWY
6nee avagépetan 6to [10]. Xe wa tétoia nepintwon to péyedog tou tile {owe va npénet va
emAeYEl apxeTd wxpd Yo vor anogeydolv tétolec ouyxpoloelc. Lto [10] enfone avagpépeton
ot M hoywer) va emAéyetar éva otadepd péyedog yia To tile elvon Aavidaouévn xon xotacTpo-
o). To péyedoc npémet va elvon ouvapthoel T1Goo Tou Peyédous TS xPLPHS UVAUNS, 600
xat Tou peYEdoug Tou TEOPBARUATOS, AAMMS OE XPUYES UVAPES XS CUOYETIONS, EXTOS Ao
TIC AOTOYI(EC AOY® YWENTIXOTNTAUS THUPATNEOLYTAL X AoTOY(EC AOY® CUXYPOVCEWY PETAED
otoyelwv Tou Srou mivoa.

Erniong, vyt tnv Bektiwon g tomxétntag ota Sidpopa enineda tng tepapyiog uviung, o
npénel va eopuoletar molhanio tiling. Auvtd onuaiver, avadpouixt| epopuoyr tou tiling oe
xdde eninedo, Soupdvtag ue autd Tov TeéTO éva tile ot wixpdtepa tiles. H Beltiotomoinoy
BéBoua tou moAhamho! tiling dev elvou 1600 anhr, AOyw twv oAAMAemidpdoewy YeTall TwV
dtapdpwy emnédwy. Mia mpoxtir uébodog yia v epopuoyr) mohhamhot tiling, eivor n
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Sradoy | oetptone| epappoy Tou tiling, €10t dote ot xateudivoeic oy tiles® Tou TpoxiHTTOUY
oe dimhava eninedo tng tepapyiag, va etvar Stapopetinés. ITAeovéxtnua authc g uedddou eivar
6Tt Yioe TV cuvolixy| Bedtiotonoimon tou tiling, apxel 1 BeAtiotonoinon touv xdie emmédou
EeYwPLOTAL.

IMopoywyr Koduxa

Agol emivdoly 1o 8o avtd {nthApata xat emtheyoly ot dVo Baoixol mapductpot, Sidtaln
Bedywv xou yéyedog tile, autd mOL AmOUEVEL EIVOL 1) EQUPUOYT] TOU UETACYNUATIOLOD YLoL THY
TOEAY WY TOL XAdIxa. LuvHlwe o petaoynuatiopos tou tiling diapepilel to ywpo enavahh-
Jewv ot tiles ypnowonotwvtag 300 YVwoTole Yetaoynuationols, strip-mining xou yetdieon,
ToU ot oL duo TEpLypdpovIaL oTNY evoTnTa 2.4.

[ty Sopépton tou yodpou enavaliewy oe tiles, ot 3o petaoynuatiopol (strip mi-
ning, yetdieon) epoapudlovion dtadoyixd, téoec Popés 660 10 Ao TwY JACTACEWY OV
mpoxeLton var Stoeptotoly. Apyixd egopudletar yetdieon, €tol Wote o Bpdyog Tou TEOXEL-
Ton var StapeptoTel var yivel o e€wtepindtepog. Axoholdwg yia xde Bpdyo mou mpdxeiton va
drapeplotel, ypnotwonoteitar o strip mining yto Ty Stopéplon Tou XAt 0T CUVEYELXL ] UETA-
deomn v TNV ovodidToln TV EOWTERIXWY Ppoywy TTou SiaTeéYouy To Yweo eravaAfPeny,
€101 WOTE 0 ENOUEVOS POy 0¢ Tou TPOXELTHL VoL SloeptoTel var YIVEL 0 eEWTEPIXOTEROS AUTWV.
Agob Srapeptotodv dhot ot emrduuntol Bedyor, epopudleton yior axdun wa TEAeuTalor Popd 1)
petddeon yia vo emtevy Vel n emduunty Sidtoly wV E0TEPIXWY BpodywY, 1 otola BeATiwVeL
™V ToTUXOTNTA TV dedopévwy uéoa oo tile.

AxohloOdwg, otny nepintwon tohueninedou tiling mou cuprepthoPBdver xat o eninedo TV
XATAY WPENTOY, EedImAwVOVTOL TARpwS ol ecwTeptxol Bpdyol mou Sutpéyouy enavalfels Tou
Beloxovtar evtog wv wxpy tiles twv xataywentdyv. Téhog, unopel va ypnotwonomiel scalar
replacement yto tny avddeon oplopévwy SESOUEVLY OE XATAYWENTES, ATOPEVYOVTAS UE UTO
Tov 1pbémo nepittd load xan stores.

IMopdderypo  Iopousidlovon tor 6TadIoL TNS EQUPUOYTC TOU PETaoYNHaTiopo tiling otov
%W Tov extelel Tov ToAamAactaoUd Suo TVAX®Y, Yia To eninedo xpupnc uvhunc. H T
Tou yenotwonoteiton Yo T0 oft;; xar oftyy xotd TRV e@appoyy Tou strip mining eivar to 0.

Apywh) popei
for (i=0; iN<; i++)
for (j=0; j<N; j++)
for (k=0; k<N; k++)
ClT[G+=ATT ] [k]«B[k][j];

=
N
I
— o O
S O =
o = O
<=

SH xatetiuvor evéc tile xadopileton amd tov Bpdyo mou Sev mhoxoostpdinxe Yt autd To eninedo.
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for (j=0; j<N; j++)
for (k=0; k<N; k++)
for (1i=0; iN<; i++)
/* loop body =x/

[} strip mining otov Bpdyo j (2

for (jj=0; j<N; j+=step)
for (j=MAX(0,jj); J<MIN(N,jj+step); j++)
for (k=0; k<N; k++)
for (i=0; iN<; i++4)
/* loop body =x/

<=
N~

I
O = O
S O =
= o O
<=

for (jj=0; j<N; j+=step)
for (k=0; k<N; k++)
for (j=jj; J<MIN(N,jj+step); j++)
for (i=0; iN<; i++)
/+* loop body x/

J strip mining otov Bpdyo k (3

for (jj=0; j<N; jt=step)
for (kk=0; kk<N; kk+=step)
for (k=kk; k<MIN(N,kk+step); k++)
for (j=jj; J<MIN(N,jj+step); j++)
for (i=0; iN<; i++4)
/* loop body =/

Tiled popen

<=
N~

I
— o O
O = O
S O =
<=

for (jj=0; jj<N; jj+=step)
for (kk=0; kk<N; kk+=step)
for (i=0; iN<; i++)
for (j=jj; J<MIN(N, jj+step); j++)
for (k=kk; k<MIN(N,kk+step); k++)
Clillil+=Ali ] [k]«Bk][]];
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Kegpdiowo 3

Mertaocynuaticpol AeSouevwy

3.1 Tevixd

Or yetaoynuatiopol Bpdywv Sev elvor ot LovoL UETAGYNUATIOUO! TOU UTOPOOY VoL YENOLLOTOL -
Yolv yloo TV BedTioTonoinon g TOmXOTNTC TV JESOUEUWY OE €V TPOYRAUUN Xal XUTA
eméXTAON TOL YpdVoL exTéReong Tou. Miot GAAN xaTryopia UETAGYNUATIONGY €lvor Ot YETo-
oynuotioygol dedopévwy, ot onofol acyorolvton Ye TNV SdToly), anoUxELOT) XU TEOCTEAACT
TV Sedouévmv, Tapd pe TNV Tpomonolno xot avadidtaln Tou eAEY)YOU POHC EVOS TEOY -
HoLTog.

ENUayTIXG TAEOVEXTNUO TWV UETACYNUATION®DY dedouévey elvar 6Tl Umopoly Vo oy vor}-
oouv Tig e€apThoEIC dedouévwy xat var EQuplocoly 0TI TEPITTWOELS TOL ol eupTHOEIC dEV
EMTPETOLY TNV EQPUPUOYT| UETACYNUATIONOY Bedywy. Eniong, eivan duvath n epopuoyr toug
xat 0€ PN TEAEIL POALAGUEVOUS BpOY0UE, TWY OTOIWY 1) TOALTAOXOTNTA SEV ETITPENEL TNHY EQaP-
HOYT| TEYVIX®VY Ao TO MESIO TWV UETACYNUATIOUWY Bpoywy. And tnv dAAn ueptd, €va Bactxd
UELOVEXTNUO TV UETACY NUATIOU®Y deSouévey eivarl 1 aduvouior ToUg VoL EXUETAAAEUTOOY TNV
YEOVIXT| TOTIXOTNTA TV SeSopévey 6o auTH UTdpyEL, To onolo Sev cuuPaiver Ue Toug peTo-
oynuatiopole Bedywy. Enione, dnwe avagépeton oto [6] ot petaoynuatiopol dedouévwy dev
Uropoly va epoprocBoly o TpoYpduUaT ToU Yenotdotooly aptiuntixy detxtoy (pointer
arithmetic) ¥ étov dnuovpyolv Peuddvupo (aliases) petald SAPOPETIHMOY THTWY.

To ovpnépaopa mou mpoxintel eivor 6Tt xavéva and ta 300 eidn petaoynuatiouol Sev
unepTepel Tou dhhou apxetd. I' autd 10 AdYyo cuVRlwe ol dbo petaoynpatiopol egapudlovTal
evomomuéva YLor Vo TeTOYouy T0 xohOTepo Suvartd anotéheopa. To axdhouvdo napdderyuo|6]
eviopplvel To emtyeipnuo auTo.

Hocpo'cﬁswp,oc O axdhovdoc x@dixag uAOTOLEl TOV TOMATAACIACUS TELOV TUVIAXOV:

for (1=0; i<N; i++)
for (j=0; j<N; j++)
for (k=0; k<N; k++)
Cli][j+=Ali][k]*B[k][]];
for (1=0; i<N; i++)
for (j=0; j<N; j++)
for (k=0; k<N; k++)

45
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FLJ[G+=E[1 ] [k]«C[k][j];

Trdpyouv Tpelc evalloxtixol TpoToL Yo Vo tpooeyyioouue to tpdBinua tne Beitiotonoinong
™G TOTUXOTNTAC:

o Me petaoynuatiopot’s dedopévwv. O nivaxeg A, B, F npénet va anodnxeutody xotd
Yoaupés, 3161t 0 delxtng Twv oTNAGY ehéyyeTar and Bpdyo ecwTeptdTERO and To Ppdyo
mou eA€yyel 1o delxtn TV Ypouuody. To avtideto ouyPaiver yioa tov B %t dpo npénet
vor amodnxeutel xatd othheg. o tov nivaxa C xoid and i 8o Suvatée Satdielg
dev mpoTipdte EvavTt NG GAANG SOt 1 Wwial elvon xoTEAANAY Yol TO TPOTO GUCTNUA
POAACUEVDY Bpdy ey, evi 1 dhAn Yo To 3e0Tepo, %t ENoUéVLe LTdEYEL GlYXEOVST).

o Me petaoynuatiopnots Ppdywr. Trodétovue anothxeuon Twy TVAXOY XoTd YRoUUES.
O Bpodyoc j Va mpénet va yivel o ecwtepxdtepog Ppdyog, xt €tot var tpoxOeL 1 axd-
houvdn didtaln Bedywy (i, k, 7). Etot, eppaviletor ywpixr tonxdta Yo Toug tivaxes
B,C, F xou ypovixt) yta toug A, E.

o Me petaoynuatiopols fpdywv kar dedopévowr. Emtuyydvetar n BEATIOT TOTXOTHTA
petaoynuatilovtag toug Bpdyoug, €tot wote 1 didtaln touc va eivou 1 (4,14, k), xou
anoUnxevovtag toug mivaxes A, E xotd ypouués xat toug B, C, F xatd othheg.

3.2 Boaowéc 'Evvolec

Optopde 3.1 ! Kdde eravdlmpn evds ovotiuaros m poliaouévor Bpdywr avtmposwrele-
tar ané to m-0idotato idvvopa J = (ji,j2, ..., jm) € Z™, mov ovopdletar Stdvuopa ETA-
vaindne (iteration vector).

Opowog 3.2 To otvodo twr emavadipewr mov opiletar ané ta dpia twv pwliaouévwr Ppo-

Yo
J" ={(1, 92, dm) | Ik € LN <i <ug, 1 <k <m} CZ™

arotelel éva kKupté modVedpo tov Z™ kar ovopdletar yweog enavalfPewy (iteration space).
Haipvovrag pali 6Aes tig aviodtnreg, oxnuatiletar n akédovin aviodtnta mvdkwy:

A'jga

Opopnog 3.3 Kdie otoeio evés n-0idotatov mivaka avtimpoowneletal and to n-0idotato
oudvvopa I = (iy, iz, ... ,iy) € Z"™, ov ovopdletar Sidvuope dewxtdy (index vector).

Opowog 3.4 To otvolo twr delkTdy:

arotedel éva opfoydrio moAUedpo? tou Z™ kar ovoudletar Yhpog Sewxtdv (inder space).
Haiprovtag pali Aes Tig anodrnres, aynuatiletar n axélovdn avicdtnra mvdrkwy’:

B-J<p

'Enavodapufdvovton opiouévol opiopol amd to xe@dhoto 2 yLo oxonolec TANPSTNToC.

2Qewpolye otadepd dptar Aj, < juj, oAALGC T0 TONVESPO Vo elvan xLpPTH.

30 nivoxac B tne aviodnoc oynuatileta Ue Tov avdhoyo TpéTo tou oynuotiletor o tivaxag A
TNC THEATEVG AVLOOTNTOC.
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Opopog 3.5 Ye éva ovotnua pwhiaopévor Bpoywr fdous m, ma avapopd otov n-didotato
mivaka A umopel va avarnapaotalel pe tn OGwavvouatiky ovvdptnon fA(jl,jg,...,jn) =
U - J+ 1, érov o nivaxag U Suotdoewr n x m ovopdletar tivaxas avagopds kai to n-
odotato Gidvvoua U ovopdletar didvvoua arndkiions. H davvopatnikn ovvdptnon fa Oa
ovopdletar idvvopa avagopds.

Opiopodc 3.6 Avtiotoiynor dedopévewy (data mapping) eivar ) ovvdptnon n oroia arer-
kovilel to didvvopua avagopds oTny atéoTac) ané To TPWTO OTOIYEID TOU Tivaka.

H ouvdptnon avtiotolynong dedopévwy eivar onuovtixy, di6tt elvon oty mou Tpofdiiel
€vor TOALSLAGTATO TivaXo GTNY HOVOSIAOTUTY UVAUY.

Mo éva Siodidotato mivaxa o Stévuouata avTioTolynong mou exgedlouy TNy anolhxevon
TV oTolyElwY Tou Tivaxa xotd Ypouués xat xatd oThAeg, dedouévou 6Tt To prxog xdle
yYeouunc ¥ othkng elvor n, elvon avtioTtoryo To

(1) =(})

To eowtepnd YIVOUEVO TV Slavuoudtmy avapopds avtiotolynong divel tn yetatonion
e avtiotolynone. o nopdderypa pro avapopd Afi][j] éxer Sidvuopa avagopds to (i, j) xou
ENOUEVWS 1) UETATOTION TNS AVTIOTO{YNoNG o€ Tivoxa ano¥nxevuévo xoto Yeouués eival:

w—(i,j)-<?>—m+y’

3.3 Mertaoynuaticpnol dedopEvmy

3.3.1 Oplopog

Boolbpevor oo [15] Yo napovsidoouvye o€ yevixés ypauués to Baoixd Yewpntixd nhaicto twv
UETACYNUATIOUDY SESOUEVWY TV OTOIWY 0 TVAXUS UETATY NUATIONOD Elval avTIoTREPILOG.

Opiopoc 3.7 Evag petocynuotionos dedopévwy (data transformation) (A, a) ya éva
n-0idotato mivaka A, arotedeitar and éva n X n avuotpéuo tivaka A kar éva n-6idotato
oidvvopa a.

Yy nepintwon mou to Sidvuoua a eivan foo pe 0, to (A, a) yedpetar anhd A. Eqopus-
Covtag Tov petaoynuatiowd A oto Sidvuoua avapopds fa evoe mivaxa A, naipvouye 1o véo
dtdvuouo avopopdc:

fi=U - J+@ =A-U-J+(Ai+a)

3.3.2 Egapuoyr Metaocynuatiopon

O petaoynuatiopds dedopévwy (A, a) mou agopd éva nivaxa dedouévev A, epopudletoar o€
xdde mpooméhaon mou yivetar 6ToV Tivaxa, EVNUEP®VOVTAS €TOL TOUG JEIXTEC TWV TEOOTE-
ANdoewy aut@y, xou eniong aAAdlet v didtadn ue v omola anodnxedeton oTNY UvRun O
nivaxoag A. TV autd xan o1 petaoynuatiopol dedopévwy eivar otxouvuevixol, oe avtideon ye
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TOLG PETAOYNUATIoNoUS Bpdywy mou eivar tomxol. Emiong, o A eivan évag aplotepd egap-
nolouevog yetaoynuatiopds, o avtideon e toug yetaoynuatiogols Bedywy ol onolot eivar
de&id eqpopuolouevol.

[Mo v odhayn) tne Sidtagng pe v omola amodnxedetar o mivaxoag A otn uviur, Yeto-
oynuotiCoupe 0 Mo JEUTOVY YpENoWoTodVTaG Tov petaoynuationd (A, a).
O véor deixtec J' oyetiCovtar ye toug mokovg J wg:

J=A-J+a
Enopévoc:
J=A"J-Aa
Ko avtixadotdvrog my tehevtaia otny
B-J<p
npoxOnTEL: . .
B-(AJ Ay <f=B- AT T <+ AT

Yuvoilovtag, pe v epoppoyn tou petaoynuatiopol (A, a) ta dpia Tou vEou yhpou

Sty Peloxovtar and v Ao g aviooTnTaS:

B’-f’gﬁ’

6rov: BB =B - A 'xa p' =3+ B-Ata

H nopamdve avicwon oty yevixny nepintwon dev Yo dwoet otadepd pto. Edv undpyet
avaryxr yioo otodepd dptar TOTE unopel va ypnotpornomiel o wxpdtepo opdoydvio Tohledpo
TOU TEPIXAEIEL TO YDPO JEUTWY.

IMopdderypo Eotw 10 axérouvdo tuiuo tou x@dixa evoe Tpoypduuoto:
int A[8][4], B[4][8];
for (i=0; i<3; i++)
for (j=1; j<4; j++)
Al T=AL =[BT+ ]

Egoapuélovtag toug axdlovidoug petaoynuatiopols dedouévmy:
01 0
-1 1 0

ToipvouyeE:
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Enopévec, n emxdva e avagopde Aljli] etvor n Afi][j]. H exdvo tne Afj —1][i+1] Beloxeton

m- (P e)(01)- (5 0)
o= () (8)+(0)-(3)

Enopévnc, n edva tne avagopdc Bljl[i + j] eivar  Bli + 4][7].
Anopéver va Bpodue ta dptar Tou yweou Seixtov. O apyixds ybpeog deixtdv Yoo Toug 800
nivaxec ametxovileton and TIC AVICOOELS:

-1 1

1 0 7

0 1 1 3
<

-1 0 ( 19 ) - 0

0 -1 0

1 0 3

0 1 51 7
<

-1 0 ( 19 ) - 0

0 -1 0

Ot avtioTpool TV TVAX®Y UETACYNUATIOUDY EIVaL:

- (11) (1)

Kou dpor o1 aviodtnteES mOU TEPYPAPOUY TOUS VEOUS YWEOUS SEIXTWY TOL TEOXVUTTOLY ond
TOUG UETACYNUATIOUOUE Elvon ot axdhovleg:

01
10

0 1 7
1 0 i 3
<
0 -1 ( iy ) - 0
-1 0 0
0 1 3
11 it 11
<
0 -1 < iy ) - 0
-1 -1 —4
[o tov nivaxar A tar 6prar ebvan mpogavy. o tov nivaxa B duwe Yo mpéner va Avdodv ot
AVICOTNTES:
4—ih < df <11 -4
0< 4, <3

Auto Spwe mou pog evdlagépet eivar vo Bpolue 1o pixpdtepo opdoymvio TolleSpo oy TEpl-
xhelel T0 Ywpo dex TV, T0 onolo elva:

1< # <

-/

0< 5
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. .
J Jw
7+ 7t
61 61
5+ 5+
4+ 4+
3T AlAA 3T
2T 2T
14 11+
ot ot
01234567 | 01234567 j

(o) oipyuact) popeph mivar () opyeh popept mivar

o A xo B

J 1 J

7 7+
61 6F
5+ St
4t 4t
3+ 3t
2+ 2t
14 1+
0t 0+

01234567 | 01234567 j

(") telx| woppn| mivar- (8") tehuh, popen mivar-
xo A xo B

Yyfua 3.1: Mot{Bo mpoonéhacng twv dedouévewy Twy Tvdxwy A xou B mpwv xar UeTd
TNV EQUOUOYY) TOU UETACY NUATIOUOU DEDOUEVWY

int A[4][8], B[12][4];

for (1=0; i<3; i++)
for (j=1; j<4; j++)
Al H=ALT+1][) —1U+Bli +4][] ]
Y10 oyfpa 3.1 tapovotdlovton o potifa tpoonélaong SeSoUEvmy TPV Xl UETH TNHY EQOPUOYT
TOU UETAOYNUATIOUOD SESOPEVLY.

3.3.3 Opiopévec Boaowxéc Mopgég

O TPOUCIATOUYE OPIOUEVOUS BACIXOVE UETATY NUATIOUOVS SESOUEVLY TwV 0TolwY 0 Tivaxag
peTaoyNUaTiopol efvon avtiotpédiuog.
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Unimodular Metaoynpaticpot 4 Tétowor eivan 1 uetdieon, n avaotpoph xo 1 tept-
oTpoYY| Tou Tivaa deSouEvey.

, 0 1 0
uetdieon 10 ) 0
AVATTEOPN ( 10 ) < 0 )

0o -1/’ 0
, 1 0 0
TEPIOTPOPN L1 ] 0

LNUEIOVETOL OTL, AV XAl O UETACY NUATIOUEVOS YwEOS BEIXTWY EYEl To (Bto TAfYog onueiwy e
TOV apYIX0 YOEO, To Tohedpo civar xUpTd eV YEVEL, OTWS Yio TUEASELYUA UE TOV YETAOY N
potiowd TN meptoTpoprc. Xe Wi Tétolo MERINTWoT), edv o mivaxog meénel vo anotnxeutel
we ™ yeron evoc oploydviou mivaxa, Yo undpyouy onueior Tov Yo uévouv xevd. Emiong, n
ouvnopévn petorywyh LETAE) TNS XATA YROUUES 1 TN XUTA OTAAES AmoUXEVOTS TOU Ttivoxal
yiveton ye Tov YETaoYNUATIONS TS Yetdieong.

Awevpuvor(Scaling) Xernowornoteiton yio Ty diebpuvon evée wixpod wivonar. Do mopd-
derypar, &V YEAOLUE VAL XAILOXWOOLUE TO TPAOTO SEiXTN XATA 2, O TIVUXOC PETATY NUATICUOV

elvar o axdhovdoc:
1 0 0
0 2)’\ 0

Yvunieon(Compression) Xpnotworoteitar yioo v ouprnieon evig mivaxa, 6toy T0 pé-
yevog Tou ywpou eivar xpioto. o topdderypa, edv Yélovyue Vo ouUTIEGOLYUE TO TPWTO SeixTn
XATAL 2, O TVUXOG PETACYNUATIONOU Elvon 0 axdrovioc:

(200

OAioOwon(Shift) Xenowonoteiton yio tny ohicdnon evde mivaxa xotd wor otadepd. Kdt
1010 elvon yphoo oty nepintwon mou emdugolye o mivaxog vo evduypauutotel (data
alignment) xot vo anoVnxeutel oe Swupopetixs] V€on péoo otny xpuPH UVAUN, KE oxOTo
TNV EAATTWON TWV GLYXPOVCEWY e dAAOUC Tivaxeg Tou UTdEYOLY oTNY xELEY uviun. Ta
nopdderypa, €dv Yéhovue vo ohioOicovpe tov mivoxa xatd -1, 0 TVaXUg PETAOYNUATIOUOY

elvar o axdhovdoc:
1 0 1
0 1)\ 0

4Ye avohoyio e Touc peTaoyNUaTIopolC Bedywy.
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3.3.4 Eyxvpotnta

Apyxd, yior var gfvor €yxupog €vag UETAGYNUATIONOS SeSoPévey, Yo TRETEL VoL EVIUEPWVOVTOL
ONES Ol vVaPOPES Xa VoL UnY TpoxOTToLY oLYXpoloelg UeTadh d00 avagopdy. o nopddery-
wor €dv o otoryeior A[1][2] xou A[3][4] mpoonehdvovian xou tar 3o, tétE dev Vo mpémer va
HETOOYNUATIOTOOY xou vou amodnxeutody oto Bo onueio, éotw A'[1][2]. Oo mpérel eniong
va BeBonwdolpe 6t Sev ydvovtor ypowo Sedopéva® pe T ypRon tou véou oyhuatoc. Emi-
npdodeta, Vo mpéner va Pefarwdolye 6TL Oheg ot e€apthoelg dedouévwy dratnpodvtar. To
ETOUEVO omuavTixd Yewpnua anodxvieton oto [15].

Ocwpnpa 3.1 H epappoyn petaoynuatiopsy 6€60puévwy mov o tivakas tovs €ival avTiotpé-
Pnpog, det(A) # 0, elvar ndvtote éykupn.

3.4 Evornoinon Metaocynuoatiocpnny Bpdywy xou Ae-
OOUEVWV

3.4.1 Tevwixd

PopuaMoTixd, 1 EVOTOIMUEVT EQUPUOYT| EVOS UETAOYNUATIONOU PBpdywy, €otw L, xal evog
petaoynuatiopol dedouévev, €otw A, uetaoynuatiCer éva nivoxa avagopwy U otov véo
nivoxar avoupopdyy U

U'=AUL™!

H epevvnuix) xowotntar avoryviploe Ty aveyxn YLoL EVOTIONOY TV UETACY NUATIOUWY
Beoywv xat SeSOUEVLDVY UE OXOTO TNV EXUETIAAEVOY) TNG TOTUXOTATAS oL dev elvar SuVATS var
EXPETOAAEVTEL 1 EEYWPIOTH EQapUoYn TwV 800 TOTWY UETACYNUATIOUOY. LX0TOS ElvVoL UE TO
HETAOYNUATIONS SedoUévmy Vo EITUY YAVETAL 1) AmOUAXEVOT) TwV SESOUEVWY UE TN OELpd OV
QTS TPOOTEALVOVTOL A6 TOV BEATIOTOTOMUEVO UE TOUG UETATYNUATIOUOUS Bpdywy x®dixal.

3.4.2 Tpappxéc Alatdéelg

Y ypouuxéc Sotdlels tar dedopéva evog mivaxa anodnxebovton 0Ty UVAUTN WS Wol GoAL-
ouévr didtpeln 1wy dotdoewy. H eowtepindtepn didotaon anotehel tn Sidotaoy xotd Ty
omnolo ano¥nxedeTol 0 TVAXUS GTNY PVIUY Xl ATOTEAE! TN YENYOPOTEQX UETUPUAAOUEYY did-
otaor tou mivaxa. o éva n-didotato nivaxa undpyouy n! mbavéc ypouuixés Stdéer. Ia
nopdderypa, évag Slodidotatog mivaxag €yel 300 mavés tétoleg StaTdlelS: Tl Ypouués 1
xatd othkec. LNy xatd ypoppés (Bhéne oyfua 3.2(a)) anotnxedeton apytxd 1 TeMTY Yeouun
Tou Tivaxa, axolovdel 1 SeOTERT Yoouun X.0.% Xt 1) YeNYopoTEQA UETABUANOUEYY didoTao
elvar 1) Sdotaon 41 1) GAAIOC SIAOTACT YROUUWY. LTNY XoTd 0THAES amoUnxeveTol apyIXd 1
TEWTN oTAAN Tou Tivaxa, axohovdel 1) SelTepn GTAAN X.0.% Xa 1) YPNY0pOTERA UETUBUANOUEVT,
didotaom elvon 1 SidotooT g 1 AAAOS SIAOTACT GTRAGY.

Y10 [6] ntopovotdleton o eviaiar tpocéyyton 1 onoio neptopileton o€ ypapuixés Statdiers
uvdxwv. Ewodyetor 1 évvola tou diavdoparog daokekiopod(stride vector) we evolhoxtixd

®Me Ttov 6po ypfotua Sedouéva, avapepbuaote oo SeSouva Tou YIVETOL TOUASYLOTO Lo VapOpd.
x dpa yenotwonowovvton. o mopdderyua, oe éva apand mivoxo avopopéc yivovtal Hovo ot
undevixd otouyela.
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Tou Savbopatog enavaypnotponoinons (BA€re edntar 2.2) xou avamTOoOETAL WAl OTRUTNYIXN
Behtiotonoinorne pe oxond tny elpeon Tou emtduuntol davvouatos avtiotolynons(mapping
vector), mou avunpoowrelel datdielc dedouévwy, xar Tov nivoxa YeTaoynuatiopol. Lto té-
Aog mpoxintel n e€lowon: LY = Ui, 6mov 10 pévo yvwotd elvon o mivaxag avagopody U. O
ahydprduog tpoonodel vo Bpel TOV UETACYNUATIONS TOU Y®EOoL emavaliewy L, to didvuoua
avtiotolynong 1, 1o onolo éyet n! mdavéc poppéc yia éva n-didotato mivaxa, xat To didvuoua
dtaoxéhiong U. Enedn to npdPinua eivon apxetd Shoxoho, yenotponoteitar 1 axdhovdn eupt-
otxr} wévodoc. Ilpdto, vnodéter 6Tt o nivaxac L neptéyel povo 0 xan 1. Aedtepo, 1 T} tou
dravbopatog U Yewpelte Yvwoth. O akyoprduog xotooxeudlel otadioxd Yeouun-yeauuur tov
nivoxa T' ypnotponot®vtag éva Teploplouévo aptud and uetacynuatiouods. Metovextiyora
e uevodou autrg efvon 1 uixpn axpifeta, Aoyw Tou TEPLOPIOUEVOL EVPOUC UETACYNUATIOUDY
Tou YpnotponolodvTal xot eiong To YEYOVOS 6Tt elvon avaryxada 1) Yv&or Tou T.

1o [9] nopovordleton wor dhhn uédodoc Yl ToV ouVBLAOUS PETACYNUATIOUMY SESOUE-
vov xou Ppdywy, 1 onola 6viwe otneiléuevn otny mapandve pédodo neptoplleton Xt auTh og
yoouuxée Stotdlelg mvdxwy. O ahydpripoc Staxpivel Toug nivoxeg Sedopévwy avdhoya Ye T
Wéom nou epgaviCovion péoa oe wa Exppaon: nivaxag LHS, 6tav eygaviletour oto apiotepd
wéhoc xou nivaxec RHS, otayv eppaviCovtar oto 316 péhog. Enedn cuvidwg évag nivanag
LHS, eugaviCeton xar wg RHS, o adydprduog mpoonadel apyind va Beet tn Béhtiotn Sidta-
&n touv LHS nivaxa. O mivaxog petaoynuotiogod L Yo npénet vo elvar t€t0l0¢ €101 OOTE O
SEUTNG Jm TOL Staviopatog enavaindng J =71, jm TOU UETAOY NUATIOUEVOL GUGTHULITOS
pwhlaopévey Bedywy va Seixtodotel povdyog wévo wa didotaoy r tou nivaxo LHS. Téte o
nivaxog LH S anodnxedeton pe yonyopdtepa petoBadloyev didotaon tnyv didotaon 7. Axo-
AoOdwg, Behtiotonoteiton 1) Sidtady tou mivaxa RHS. To v Bektiotonoinoy tou mivoxa
RHS o alybdpripog ehéyyet av egpaviletar ovdyog o deixtng jm, wévo ot xdmota didotaom
s ot av mpdypatt ovpPaiver autd, TéHTE 0 Tivaxag amoUnxedeToL YE YN Y0pOTERA UETAUBUANS-
pevn Sidotaot, Ty Sidotaor 5. Av autd dev elvan duvatd, TOTe EAEYYETAUL O BEXTNS Jrm—1 OV
eupavileton uévo Ue tov jy, o€ xdnota didotaon s, x.0.x. xou T6TE anoVnxedeTon o mivoxag
RHS ye ypnyopbtepa petafBalhbuevn didotaor tny didotaon s'. H 6hn Sadixaoio enavar
hoPBdveton yior Oheg Tig evahhaxtixég dratdelg anovixeuong tou mivaxo LH.S xou 1o téhog
emtAéyeton 1 Abom 1) ool EXYETHAAEVETOL Y WEIXT) TOTUXOTNTO GTOV ECWTEPIXOTERO PpoYO YIo
TIC MEPIOTOTERES avaPopég Tivaxwy. Me tov ahydpripo autd xataoxeudleton THUTOY POV O
UETAOY NUATIONOG Bpoywy xot 1) Sidtaln anodhXeuons TOV TIVAXWY.

3.4.3 Awtain Evotrtwy

Or mponyolueveg pedodor mpootadolv va Bpouv Ty BéATIoTn Yeauwxy Stdtaln yior Ty ano-
Ufxevon twv mvdxwy. Tétoieg duwe ypopuxés Statdielc euvooly uévo i SidotaoT Tou
nivoxa, dnuovpyovtag avemiounta wotiBoa npoonélaorng dedopévewyv. Or actoyieg xpuerg
UVHUNS AOY® GUYXPOVCE®Y TOL TEOXAAOVVTNL Ao TIC YRUUMXES SlaTAEELS EYOUY ooy anoTé-
Aeopor TV Spaotixt| uelwon g enidoong Tou cuoTAwatog uvhung. Mo Abon oto TedBAnua
elvou 1 yprion twv datdéewr evotitwy (block data layouts-BDL) . H yphorn tétowwy dtatd-
Eewv onplletar oty udmAY enidoon Tou yetaoynuatiopot tiling, n omofa Yo uropolioe va
augniel axoun neptocdtepo av tar dedopéva anolnxebovtay Ye T didtady Tov aUTd TPOOTE-
Avovtar, dnhady| oe evétnree (blocks).

Lopgwva pe to [5] évac diodidotatoc ntivaxoe Sotdoewy m X n pnopel vo Yewpnel

n

we évac mivaxoc daotdoswy [%1 X [5} AmOTENOUPEVOC amd EVOTNTEC BloTACEWY TR X
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. N h )
[ DR DR
56 57 58 59 60 61 62 63 A 50 51 54 55 58 59 62 63 A 4 43746 47 (58 59 62 63) A
r r
48 49 50 51 52 53 54 S5 48 49 52 53 56 57 60 61 40 41 44 45 56 57 60 61
40 41 42 43 44 45 46 47 3435 38 39 42 43 46 47 34 35 38 39 50 51 54 55
3233 34 35 36 37 38 39 32 33 36 37 40 41 44 45 | 2 33 36 37 48 49 52 53 |
m
24 25 26 27 28 29 30 31 18 19 22 23 26 27 30 31 10 11 14 15 26 27 30 31
16 17 18 19 20 21 22 23 16 17 20 21 24 25 28 29 8 9 12 13 24 25 28 29
8 9 10 11 12 13 14 15 2 3 6 7 10 11 14 15 2 3 6 7 18 19 22 23
0 1 2 3 4 5 6 7V 0 1 4 5 8 9 12 B3y 0 1 4 5 16 17 20 21 v
J J J
(o) didtodn xoTd YpOopES (B) Sdteln  evothtwv (v") Sudtan Morton
(BDL)

Yo 3.2: Teetg dtapopeTinés dlatdlels anolxeuons dedouévmwy

tc. Kat' enéxtaomn, o Sodidotatog ywpoc (4,5) tou apyxol mivaxo avuiototyiletar oe éva
tetpadidoTtato yweo (t,t;, fi, f;). T my Sidtadn 1wy dedouévov yéoa oto ybeo (fi, f;)
e xde evotnrag mpotelvetal 1 Yprion yYeopuxis Sidtalng, dnhady| Sidtaln xatd oTHAES 1)
xoTd Yeouég, avahoyo UE TN OELPd Tou To dedouéva TeooTeEAdvoVTaL and TOV XWX TOU
npoypdupartoc (BAéne ofua 3.2(")). Iopdha awtd, ot emnhéoy EVIOAES TOU EXTENOUVTAL YiXL
TNV UETATEOTH TV SIOSIACTATOY AVIPOp®OY TPOCTEAAOYS O TETpAdIdoTATES, EMPaplvouy To
OLYOAIXO YPOVO EXTEAEOTC.

Mo Shhn mapdpota Sidtaln eivar 1 avadpouxr, didtaln Morton (BAére ofpa 3.2(Y')).
Yy Sidtaln avth o apyixds mivaxog ywplletar ota TE0oEPA TETUPTNUOPLAL, X xdde uTo-
nivoxog mou TPoxUTTEL TPOPBAAAETAL GUVEYOUEVA OTNY UVARY. TN ouVEYELd, xdde TéTolog
uronivaxog vrodtaupeiton avadpouxd xou Teofdhheton pe Tov (8o TpdTo, uéypl oL uToTivaxeg
pTdooLy 10 emduuntd uéyevog TNS EVOTNHTAC.

Yy enoduevn evotnta napovoidletar 1 uédodoc MBaLt 1 onofo eivar 1Staitepa anote-
Aeopatixg yior TNV Yeriyopen dextoddTnon Twy EVOTHTWY TOU TPOXUTTOLY ANd TNV EQPUPUOYT
dratdewv tOTov BDL.

3.5 H Meévdosdog Aievduvoioddtnong MBalLt

H AdYavacdxn oto [2][16] mpoteiver wa anodotixt| pédodo utoloylogol dieviivoewy yia Sio-
téelc evottwy, v onoia ovopdler MBaLt(Masked Blocked array Layouts). TYiwoOetel
dtatdEelg evoThTLY xot e Tod6TNoY SlecTahUévmwy axepainv, Tapduola ue TV dexTod6TNnoM
mou yenotponotelton otny Sidtaln Morton. Enoyévwe, ouvdudlel tomxdtnta dedouévmv, ho-
Yo v Stutdewy BDL, pall ye anodotixy npoonélact twv oTtotyeinv, agol ol Tpdelg Tou
yivovtar yior Ty deixtoddtnon avdyovton ot anhég npdéels Suadixdy apriuwy. H evowudtwon
e uedbdou og xddixeg mou epappblouy tiling® éyer cav anotéheopa Ty anodhxeuon twy

°H evowpdtwon tnc MBalt oe xd8uxec tiling elvor 1o €0xoAn, 61y 10 GOOTNUA PWALACUEVWY
Bpodywv elvar TAAXWOTPWUEVD GE GAEC TiC dlaoTdoelg, dnhady €xet Bddoc Bddoc 2N, émov N To Bddoc
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dedouévwy e TN o€tpd Tou AU T TPOoTEAdVOVTAL, Ywpic ot emmhéoy Tpdielc Tou yivovion yia
™ dextoddtnon va enBopivouy ot ueydho Padud 10 cUVORIXS YEOVO EXTENEOTC.

3.5.1 Ateotorpévol Axépanor (Dilated Integers) xou Aeixto-
36tnon Morton

Ot axdhovdol optopol toybouy wévo Yo Slodidotatoug mivaxes.

Opopdc 3.8 O aképaiog b = S0 4% etvar n otadepd 0255555555 ka1 kaAeftar evenBits.
Ilapdpoa, o axépaiog b =20 et n otalepd Oxaaaaaaaa kar kakeitar oddBits.

Optopés 3.9 H dpnia-dicotakpérn (even-dilated) avarapdotaon tov j = Y= jx2* efvar
S0 k¥ kar ovpPoriletar e J.H teprrt-dicotadpévn (odd-dilated) avarapdotaon tov
. w—1 - k / - , S
=0 2" evar 2 ¢ xar ovpPodilerar pe 1 .

@(t-:_' nuo 3.2 H beiktoddtnon Morton ya to < i,j > ororyeio evds nivarxa efvar TVT,
i+ g.

'‘Eotw Aowndv o Seixtng ypouuhc ¢ pe to Suadixd nplo tou diectohyéva, €Tol OOTE va
xatahopPBavouy tig Yéoeic twv Ynoiwy 1 touv oddBits, xou o Seixtng othAng 5 ue to Suadind
dnela Tou Sieotahuéva, €tol Gote va xatohauBdvouy T Yéoelg twv Ynelwy 1 tou evenBits.
Edv o nivaxac A eivon anodnxevpévoe oe didtaln Morton, téte 10 ototyeio (i, j) npooneld-
vetar wg Ali + j] aoyétwng tou yeyédoug tou mivaxa.

Evac Bebdyoc me popptic:
for (1=0; i<N; i++)

TPOTOTOIEITL OTOV:

for (im=0; im<Nm; im=(im—evenBits)&evenBits)

, . -
6mou im = i xau Nm = N.

Edv yenotponolodue avonapdotaon SlEoTaAgévwY axépatwy Yior TNy deixtodotnon evig
mivoxa, ToTE €dv Evag delxtng:

o Xpnowomnotelton povo wg delxtng oTRANG, N avanapdoTacy Tou eivar dpTia.

o Xprnotpomoteitar Lovo wg Seixtng ypopuns, 1 oavanopdotaoy) Tou eivol Tepltty.

o Xpnowomnotelton wg delxtng oTAANG xau YpouuhS, N avamopdoTaoy) Tou vt dpTior xou
6tay VENOLYE TNV TEPLTTY| AVUTAUPAGTAGY) TOU ATAWS SITAAGLELOVYE.

Tou cUCTAHUATOS Ywelc tiling.
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tile. Imasked masked

iA 001011 = 11
1100| 44--45--46-47 6061 62 63 A
1000 | 40--41--42--43  56-<:57 5859
10, 11
0100| 36-37-3839 '52-:53 5455
0000| 32--33.-34-35 48-49-56--51
1100| 12--13 1415 2%--29--30—31
1000 8--9---107{11 24--25 26727

00, 01
0100| 4-::5--6°7 '20--21--22-23

0000| 0123 16-17-18-19 vv

i 4

00 01 10 11

<—SleP—>N J

\ 4

Yo 3.3: Metaoynuatiouog 27

Hocpdcﬁswpoc O molamhaotaopdg mvdxmy ue tivaxeg anodnxevpévoug oe Sdtagn Morton
elvat 0 axdhouvvoc:

#define evenlncrement (i) (i=((i—evenBits)&evenBits))
#define oddIncrement (i) (i=((i—oddBits)&oddBits))
for (i=0; i<colsOdd; oddIncrement(i))
for (j=0; j<rowsEven; evenIncrement(j))
for (k=0; k<rowsAEven; evenIncrement (k))
Cli+j]+=A[i+k]*B[2xk+] |;

‘Onov, rowsEven, colsOdd xou rowsAEven eivou 1o dptar o€ avamopdotocy) SleoTahUévmy
axépanwy. Iopatnpeiote 61t oﬁxpnmponowitw o¢ SelxTng oTAANG Xt ¢ delxTng ypouuhs.
Enopévwcg, psrarpéns&xt otov k xou 6tav yenotponomniel wg deixtng ypouuns Stmhaotdleton
yia vo gog dwoetl to k.

3.5.2 M ITpwtn Ilpocéyyion

Ta BDL enexteivovtar, €tol wote tar dedoyéva var anodnxedovion Ue Trn Oe€lpd TOuU ouTd
npoonekdvovTar 6tay exTeAelTon To TEdYEouua. Auth 1 Sidtaln anodixevong napouctdleTo
oto oyfpa 3.3 yio éva mivaxa peyédoug 8 X 8, o omolog unodioupeiton oe tiles peyédoug
4 x 4. H Soxexoupévn yoopun Seiyver tn ocipd pe v omolo 1o TpdYpaUol TPOOTEAVEL TaL
dedopéva, eve 1 apldunomn dnhover T oelpd ye Ty onolo ta dedopéva elvor amoUnxeuuéva.
Ot nivaxeg urodioupotvtan o tiles {(Stou peyédoug ye autd mou ypnotponolel 1o TEdYpaUUa TO
omnolo TpoomeAdvEL ToL oTolyEld TOL TivaXd.

O petaoynuatiopds tou nopadelypatog ovopdleton ZZ, SidTL 10 EowTePXO TwV tiles oo~
POVETAL XoTd Ypuppég, opota e Z xat 1 petaxivnon and tile oe tile eivan enlong dpota pe Z.
Fevixd, 1o np®To Ypduua Tou PeTaoyNuatiopol SnAGVEL T petaxivion and tile oe tile, eved
10 deltEpO Ypduuo SNAGVEL T oelpd Ye TNV onolol Tar SESoUEVE CUPMOVOVTAL OTO ECMWTERPIXO
Tou tile.
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H cdpwon twv otoryeiwy evog mivaxa o Sidtaln ZZ unopel va yivel ye tov axodiovido
*OOLxAL:

/x ZZ—order x/
for (ii=0; ii<N; ii+=step)
for (jj=0; jj<N; jj+=step)
for (i=ii; i<MIN(ii+step ,N); i++)
for (j=jj; J<MIN(jj+step ,N); j++)
AlL][I )=
Hapdpota mpoxhntouy xou or dAAeS Teelg wop@éc Tou petaoynuatiopod: NZ, NN xo ZN,
ot onoleg napovotdlovtal oto oyfiua 3.4. Ot avtioTtoryol xddixec odpwong elvon ot TopoxdTw:

/* NZ—order x/
for (jj=0; jj<N; jj+=step)
for (ii=0; ii<N; ii+=step)
for (i=ii; i<MIN(ii+step ,N); i++)
for (j=jj; j<MIN(jj+step ,N): j++)
Alii]=. .

/* NZ—order x/
for (ii=0; ii<N; ii+=step)
for (jj=0; jj<N; jj+=step)
for (i=ii; i<MIN(ii+step ,N); i++)
for (j=jj; j<MIN(jj+step ,N); j++)
ALITE] =

/* ZN—order x/
for (jj=0; jj<N; jj+=step)
for (ii=0; ii<N; ii+=step)
for (i=ii; i<MIN(iitstep ,N); i++)
for (j=jj; J<MIN(jj+step ,N); j++)
AljTi]=-

Enedn ot petaylwttiotég unootneilouy povo yoapmuxés Statdlels xar oyt Slutdelc evot-
TV, 1) 0dpwor Tou Tivaxa 6tay eivor anolnxevuévog oe uio and TIC TUPATAVE LoPPES UTOpRE!
VoL YIVEL YpNOILOTOIOVTAS LovodldoTato Ttivaxa Tou onolou 1 Setxtod6tnom yivetou uéow die-
otohpévewy axépouwy. H deixtoddtnon Morton Sev urnopel va eqappooiel, Sttt tpounodétet
Vv Omopén avadpouwxol oyfuatog Thaxdotpwone, o aviideon pe Ty mopolod mEQITTK-
on mou 1N ThaxdoTpwon epopuoleTton wovo oe €va eninedo. Avtic homdév twv oddBits xou
evenBits, ypnowonooivton duadiée udoxec.

3.5.3 Ocwpioc Maoxwyv

Axolouvlei n mapousioon T wopehc twy pooxmy yio éva nivoxa Afd][j] peyédoug N; x N;
xou péyevog tile step; x step.
O apriude twv ouveydpevwy 0 xar 1 mouv anotehody 1o xdde TuRpa Tne pdoxog opileton

and Tic oLVAPTHOELS My = log(stepy) xou ty = logsi\efﬁ, onou step eivar dOvaun tov 2. Edv
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A | 28-29-30-31 60-61-62-63 A || 19 23 27 31 51
24-:25--26727 56575859 18 22, 26, 30 50, 54
o1 11 P Tord g
20-:21- 227723 5253 -54°=-55 17 721 \25 \29. 49 5
1617 187449 4849~ 5051 1620 24 28} 48
12131415 |44-45 4647 K '
89~ 10711 40--41 42743
00 10..
45677 36-<37--38739

32--33--34:35 v

0---1--2°-3
«—slep 5 r

N

(o) Metaoynuatiopdés NZ (B") Metaoynuotiouéc NN (Y) Metaoynuotioudés ZN

Yo 3.4: Ov dAAeC TEES UOPQYES TOU UETACY NUATIOUOD

0 N ev elvou SOvopurn tou 2, t61e deouedouye Tov auécog Yeyohitepo mivaxa ue N = 2™ xou
vewllouye ta xevd otoryeio ue tuyaieg Tiwés. Autd ta emnpdodeta otoryeio dev emPBoapivouy
TO GUYOMXO YpOVOo exTéNEDTS, B16TL dev mpooehdvovTal TOTE.

‘Onwe xar oty mepintwon e dextod6tnong v 4-3evipwy, €tot xt €86 xdle otoryeio
A[i][4] wov Sodidotaton mivaxa Bpioxetor oty V€N [in + jm]| = [im|im] TOU povodidotatou
nivoxat. Tot gy, Jr TopdyovToL amd TaL s, j 6Toy eappociel 0T TEAEUTALL 1) XATHAANAT UdoXOL.

3.5.4 TYlonoinon-2yediaopnoc Kwdixa

Yto oyfipa 3.5 nopouotdletor twe yivetar 1 anodfxevon twyv ototyeiny Afi][j] tou diodid-
oTatou Tivaxa ot éva povodidotato nivaxa, yenotwonowwvtag T Sidtaln ZZ. I'evixd, yio tny
vhonoinon wwv BDL, o1 8eixteg mou eAéyyouv tn ¥éom twv otoyeiny o1o diodidotato nivaxa
dev Yo mpénel var tadpvouy dtadoyixé Tiwéc. Lto mopdderypo g, ot 0p¥ég TIES TwY SEXTOY
i xou J TOU EAEYYOULY TIC YPOUES Xal TIS OTAHAES avTioTolya TopouatdlovTal OTOV TUPUXATE
nivoneat:

| Toopyuh/Stidn: |01 ]2 3[4 [5]6] 7]
104812323640 44
jilo|l12|3|16|17 1819

Avutéc ot Tigéc avtiotoryoly ota ototyela NS TE®TNS Ypouunc xou othine (BAéne oy
woe 3.3). Tho mopdderypa, dtay yiveton pior avapopd 6To OTOLYED TS 2NC YPOUUAS Xou
3nc otihne, dnhadh A[2][3], or avtiotoryor deixtec yia Tov povodidotato mivoxa Yo ei-
vaw t = 8,7 = 3. To emduuntd otoyeio npoonehdvetan tpoctétwviog toug do deixtec:
Ali+ j] = A8+ 3] = A[11].

Ot xatdhnheg udoxeg yio tov 8 X 8 mivaxa tou mapadelypatog pog, Ye step = 4, eivon
101100 i o Selxtn ypaupnc ¢ xou 010011 yia o Seixtn otiing j. Edv ot Twéc 0 — 7 twv
YOIV SEXTOV PLATRUPIOTOVY YeNoLoToLdVTaS autés Tic wdoxes (Bhéne oyfua 3.6), tdte
TpoxOTTOUY ot emuunTéS SlecTaAUEVES TIUEC.
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Aeixtne F'oopune | 11...1 00...0 | 11...1 00...0

Agixtng ¥thdne | 00...0 11...1 | 00...0 11...1
— 1 — <—tj—> —m; — < m; —
Metaocynuatiopog NZ

Aeixtng lpopuric | 00...0  11...1 | 11...1 00...0

Aeixtne Lthing 11...1 00...0 | 00...0 11...1
— 1 — <—tj—> —m; — < m; —
Mertaoynuatiouog NN

Aceixtng lpopuric | 00...0 11...1 | 00...0 11...1

Aelxtng Ythdng | 11...1 00...0 | 11...1 00...0
—t; — <—tj—> —my; — —mj —
Metaoynuatiopog ZN

Acixtne F'oopunc | 11...1 00...0 | 00...0 11...1

Aelxtng Ythdng | 00...0 11...1 | 11...1 00...0
—t; — <—tj—> —my; — —mj —

ivoxag 3.1: Mdoxec Metaoynuatioumy

dodlaoTarog

Iz
A\ 4

mvakag A Y SIE

\4

A BN akk A

paoka otnAng: 010011
paoka ypapung: 101100

oot 1 010011y agked + 000001 = jmasked + 1
__ j+1 101100 5, imasked + 000100 = imasked + step

povodiaotajoq 4
Tivakag e

arnootaon: 1 step = 100

59

Yyfua 3.5: Metatponr} evog dodidotatou mivaxa o €va LoVoOLAGTATO UE TN YLHOoN
TOU UETAGY NUATIONOL ZZ
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i OELKTNG YPAUUNG j: @ElKTNG OTNANG
101100 %000 010011
0 =000 ———> 0000 - =0 0=000e ———>
1=001e, ———> 0101 =4 1=001le, ——>
2 =010 —— 1010 - =8 2 =010e; ———>
3=011le. ——> 1111 .. =12 3=011le, ——>
4 =100 ———> 0000 < =32 4 =100 ——>
5=101e: ——> 0101 =36 5=101, ——
6 =110 ———> 1010 .- =40 6 =110, ——>
7=111e. —> 101111 .. =44 7=111e. ——>
tile<J L evtog tile tile<J R evtog tile

Yyfuo 3.6: MeTatpony| ToV YROUUIX®OY TWOY TV DEXTWY YRoUUNS Xt OTAANG 0TS
avTioTOLYEC DIECTUAYEVES TUWES UE TN YPNOT HaoxwY ZZ

IMopdderypo (IIoAharhaciacwds ITwdxwy)  Sto xe@dhouo 2 epapudooe TOV PETO-
oynuatiopd tiling otov xwdixa Tou ToAamhactacpo) TIVAXGLY Yo THY BeATiwor TS Tomxd-
mtog. Edw Yo npoywproouue nepaitépw tny BEATIOTONOMOT YENOLLOTOIOVTOC TIC SITAEELS
evotijtwy (BDL) xou t uédodo MBaLt yio v yphyopn deixtoddtnor tov evothtoy.

Enedr) yevixd n epopuoyn tne uedodov MBalt eivon mio anhr} oe xdSixec mov o yeto-
oynuatiopos tiling epapudoinxe oe dhec tic Staotdoelg, Vo YENOLUOTOINOOVUE TOV XOSIXAL
rolamhaotacpol mivaxey e tiling xou otig tpewg dtaotdoelg. Eniong 6nwg npoxintel ye tny
EQAPUOYY) TOU LOVTEAOU EXTIUNONG XOGTOLS POAIAOUEVKY BpdywV Tou ToPOoVCLElEToL GTO Ta-
pdotnuo A1, n Béhtiotn Sidtaln twv Bedywv eivou 1 (4, k, j). O petaoynuotiopévos xddixog
elvor o axdrovdoc:

for (ii=0; ii <8; ii+=4)
for (kk=0; kk<8; kk+=4)
for (jj=0; jj <8; jj+=4)
for (i=ii; i<MIN(8,ii+4); i++)
for (k=kk; k<MIN(8,kk+4); k++)
for (j=jj; J<MIN(8,jj+step); j++)
Clillil+=A[1][k]*B[k][]];

Kou ot tpeg nivaxeg A, B, C copivovtar ye Bdomn tn didtalyn tou petaoynuatiopol ZZ. Ot
TpElC EowTEPIXOTEPOL Bpodyot (i, k, j) eAéyyouv T odpwon evtdg tou tile. ‘Onwe paiveton xou
oto oo 3.6, Tor 4 Ay6TEQO oNUAVTIXG Pngic TLY LooXOVY Eivol dpXETE YLl TNV 0RMOT) GAWY
TV enavolfewy evtdg tou tile. Ot tpeic e€wtepixdtepol Bpdyot ehéyyouy Tn uetaxivnon and
tile oe tile. Ta 800 neploodtepo oNUaVTIXd Yneic TwV paoxdY elvor xavd Yo Ty yetoxivnon
petalh twv tiles.

Ytov axdrovio mivoxa nopoustdlovtal ol POAOL TwV SEIXTWY ot Ol XATIAANAES UAOXES:

‘ Acixtng ‘ Eléyyer ‘ ivaxo ‘ Kotddnhn Mdoxa ‘
i, voopuée | A, C wdoxo ypouuhc (101100)
4. 77 OThAES B,C wdoxo otikne (010011)

k. kk | ypouuéc B wdoxo yeapuhc (v kB, kkB)
k, kk OThAES A wdoxo othkne (v kA, kkA)

O deixtne ¢ naipver tpée oto {z200]x € 0,1} xau 1o i madpver twéc oto {200000|z €
0,1}, xt dpa 10 ilit = 202200 diver tic emduuntéc TUES YIoL TIC YPOUUES TWV TUVEXGY
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A,C. Hapbpora, o deixtne j madpver tpés oto {00zz|x € 0,1} xou 1o jj noipver Tipéc
oto {020000|z € 0,1}, xt dpo to j|jj = 0200zz diver tic emduuntéc Tpée Yo Tic oThAES
v mvdxwy B, C. O dcixtng k dev eléyyet Tov (B0 Timo Sidotaong xat otoug dbo mivaxeg
mou ypenotponoteiton. ‘Etol, yio tov mivaxa A 1 xatdAAnAn wdoxo elvon 1 pdoxo oThng,
kA € {00zz|xr € 0,1} xou kkA € {020000|z € 0,1}. o tov nivaxo B 1 xatdhknhn udoxa
elvou 1 pdoxa ypopphc, kB € {zxz00]x € 0,1} xou kkB € {x00000|x € 0,1}. M yprown

nopoathpnon eivar 61t kB = kA << log(step) xat kkB = kkA << log(si\efp).
‘Eyoupe Aottov:
tbound = columnmyask = 1011009 = 44
N
itncrement = 100000c9s =32 =4 x4 << ——
step
tincrement = 100<2s> = 4 = step
ireturn = min{columnyyask,ii|1100<2> }

for (ii=0; ii<ibound; ii4=iiincrement) {
itilebound =(ii |imask)+1;
ireturn=MIN(ibound , itilebound ) ;
for (kk=0; kk<kjbound; kk+=kkjjincrement) {
ktilebound=(kk | kjmask)+1;
kreturn=MIN(kjbound , ktilebound ) ;
kkB=kk<<logNxy ;
for (jj=0; jj<kjbound; jj+=kkjjincrement) {
jtilebound=(jj | kjmask)+1;
jreturn=MIN(kjbound, jtilebound ) ;
for (i=ii; i<ireturn; i+=iincrement )
for (k=kk; k<kreturn; kt+=kjincrement) {
kB=(k & (step_-1))<<logstep;
ktB=kkB | kB;
xA=i | k;
for (j=jj; j<jreturn; j+=kjincrement)
Cli | j1+=A[xA]«B[ktB] ]

3.5.5 O aAyopripocg

Eniong, n Adavaodxn oto [2] npoteiver éva euplotind ahydptdpo’ yiol THY EHPECT TOU UETUOY T
patiopol mou metuyaivel TNy péytotn duvaty Bektiotonoinon. O alydpriuog elvon oLxovPEVL-
%0¢, dnhadn yioo Ty ebpeon g xokutepng Sdtadng Tou xdle mivaxa, hapPdver unody dheg
TIC eRQavioels TwY TVdxeY péoa oto tpdypapud. Axohouvdoldv ta oTddia Tou ahyopiluou ue
ToEAAANAY ovopopdt 6TO TAUPASELYULOL TOU TOMATAACIACUOV:

7O ovybprduoc enexteiver Tov ahydprduo mou mapouctdletor oto [9] xor oTov onolo Yiveton o
ocbvToun avaopd oty evotnta 3.4.2.
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1. Anwodpynoe éva nivaxa R yeyédoug r x [, 6mov r = mAfdog SiaQopeTindy avapopny

nivaear xon | = Bédoc ovothpatos pwhaouévey Bedywy (mpty Ty egopuoyt tiling).
Edv undpyouv 3o tautéonues avagopés o éva nivaxa, Sev undpyet AoYog VoL ONUEL-
Yolv xou ot 8Vo. Amhd, onuelwoe TNy avapopd autt, €10l WOTE Vo €YEl UEYAADTERN
npoTEpUOTNTA XaTd TNV Bedtiotonoinon. Io to mapdderypo Tou mollamhaotacpon
Tvdxwy o rivaxoc R etvor o oxxdlovdoc:

O = = .

_ -0 X

— O = .
N

Hpénet va onpewwidel 6t o LHS nivaxoc plac éxgpaone (oto napdderypa pag o C) eivan
O OMUAVTIXOS, d16TL cuvAwe o xdle enavdhndm to atotyeio StaBaleton xoun ypdpeTal.
Kée otihn tou nivaxa C aviinpoownelet €va deixtn enavdindne. Etot, xdie otoryeio

Tou R eivor (oo ye 1 6tav o avtiotoryog deixtng ehéyyel wa and Ti¢ SiaoTIoES TOU
nivoa, aAAwg eivar foo pe 0.

. Behtiotonoinoe mpdta ) Stdtaln tou mivaxa PE TIC TEQICOOTERES AVAPOPES UECA OTO

oboTnua POACUEVLY Bpdywy (oTo Tapdderyua pac o C). O epopuolbyevoc Yetacyn-
patiopog Bpoywy Vo mpénet vo efvar T€tolog MoTE €vag and Toug delxteg enavaAndng
TOU CUOTARATOS PWALACUEVGLY Ppdywy Tou eAéYyouv xdmota StdoTaon Tou mivoxa ou-
00, va petoxtynlel oty ecwtepxotepn Véom. ‘Apa, 1 ypouur C' tou R Yo mpénel va
épler ot woppt| (21,... z4—1,1), 6mou zp € {0,1}. o va emtevydel avtd, unopet
vau yivel evahhay | v otnhov. O emtheyoduevog Seixtng enavahndng eivar tpotipdtepo
var elvat 0 uévog deixtng mou deixtodotel TV SidoTooy auTH xat vo uny egpavileton og
& didotaon tou mivaxa C.

[t Ty expeTdAAEVOT) TNG Y WEIXNAS ETAVOYENOILOTONONS TNS AVIPORdS AVThS, O Tivo-
xag C' Yo mpéner vo amodnxeutel oty uviun ue Ty emheypévn didotaon, éotw fedo
VoL amotehel TV Yenyopdtepa UeTABoANOUEVT SidotaoT. Enuetdvetar ot Yo mpénel va
eheyyolv bhec ot mavée Sraotdoelc.

. Axohotwg, Yo mpénet va Stopdwdody or UTONOITES AVAPORES XATA GELRE TEOTEPAUOTY-

tac. O otdyo¢ elvar va épdouy 600 10 Suvatd neptocdtepes Yoaupés Tou R oty popen
(1,... 21-1,1), 6mov zy, € {0,1}. Edv évac deixtne nivaxa, éotw 6Tt givon awtde nou
ehéyyet tn Sidotaon v Tou nivaxa A, efvor tawtéonuog pe tov fede tou nivaxa C, t6te
anolfixevoe tov A €tol Kote 1 ypnyopdtepa Yetofohhoueyn didotaon va eivor 1 y.
Edv dev undpyet tétola Sidotaor yio tov A, t61e Yo mpémet vo eheyydel edv n avapo-
pd uropel va petaoynuotiotel oty wopeh Al ... %, f(Jin—1,%,..., %], 670U f(jin—1)
elvon ouvdptnon tou deixtn Tou dedtepou ecwTEPXGTEROL Ppdyou xot JAAWY SEXTOY
EXTOC TOU Jin, XL TO * OMAWVEL 6p0 AVECHPTNTO TV Jin—1 XA Jin- Apd, N YPouUY
A ou nivaxa R Va npénet vo elvor g wopenic (21, ... x1-2,1,0), énov z; € {0,1},
X0l VO EXUETUANEVETAL 1) Y WPIXT] EXAVOYPENOUOTOMON XATE UAXOS TOU Jip—1. Edv Sev
UTdEYEL TETOLOG UETACYNUATIOUOS, TOTE EAEYYETO O Jin—2, x.0.x. Edv eheyydoldy dhot
ot deixteg emavdhndng, téte ol Ppodyol Vétovton oe wo tuyador ddtaly), AawBdvovtog
unody T e€opThHoES dedouéviy.
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4. Metd v ebpeon evog mAfipoug petaoynpatiopold Pedywy xar wioag Stdtadng uviung

ehéyyovion ol umdlotmeg evolhaxtixéc Aboelg. Yto téhog emtAéyeton 1 Adom 1 omola
eupavilel YwEIx TOTIXOTHTA OTOV ECMOTEPIXOTERO BpOY 0 GTIC TEQIOCOTEPES AVAUPORES.

. Agol 10 alotnua pwhacuévey Beoywy avadiataxtel TAews, Yivetow 0T ouvéyela

€QapUoYY) Tou petacynuatiopoy tiling. ¥e autd to otddo xadopiletan ) TAfeng didtaln
AMOUAAEVONG TV TUVAXOV.

Yy nepintwon g tiled popprc, Yo xdie wa and Tig avagopés tivaxa, 1 SidoTtaom
n omola oplotnxe wg 1 yYenyopdtepa uetafohhopevn Yo mpénel vor mopopeiver 7 (St
660V dpopa TN Sdtaly anodfxcuong 010 ecwTepxd Twy tiles. Autd onuaiver 6Tt oty
TepinTwon twv diodidoTtatey Tvdxwy, éav 1 avapopd £xet ) woper Cl*, j,], éTot Kote
n emruunty Stdtan anodixevong oto ecwteptxd Tou tile vor elvon Stdtaln Ypoupdy, Yo
TpETEL va yenotponotioovye T dtdtaln xZ, Snhadh T ZZ 1) 1y N Z.Edv 1 avapopd. €yet
™ pop®th Cljn, *|, €10t dote 1 emduunth didtaln anodixevonc oto ecwtepxd Tou tile
voebvan Stdtan ooy, Yo npénet va yenowonotoouue ) didtaln N, Snhadh tn NN
™ ZN. H yetoxivnon and tile oe tile, xt dpo 10 mpdTo YU TOL UETACY NUATIONOD,
xadopiletar and 1o €ldog Tou tiling mou Yo egapuootel. I'a To mapdderypo pog, edv
dev egapuooiel tiling otn didotaon * t61E 0 peTaoyNuaTionos VYo eivar o NZ 1 o
ZN avtiotoyo. ANhdg, edv 1 tiled popgy| tou cuoTRUATOS PWAMACUEVLY BpdywY
Bddouc n: (J1, 52, - -, Jn €V (571, 5725 -5 JIns 1502, - - - Jn) (670U jjk lvon 0 Seixtng
emavdhndne mov ehéyyer Ty uetoxivnon and éva tile oe éva dAho tne Sdotaong Ji),
16TE Ypnowwonoteitar 1 didtaln ZZ | NN avtiotoryo.
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Kegdrowo 4

To Metponpoypouua
‘Ilapayovrtoroinon Cholesky’ xou n
Enidoon Awatdéewy Evotntwy pe
Aextodotnon MBalt

4.1 Tevixd

Aedopévou evée mivaxa A yio tov onofo wyber Vo € R(zT Az > 0), n napayovronoinon
Cholesky Beioxer éva nivoxa C : A = CTC. Téroiec mapayovionotfoelc eivar ypfotues Yio
™V ETAVOT YROUUUIXGY cLoTRATWY eEl0woewy. O xddixag mou extelel TV TopayovTonoino
elvor o axdrovdoc:

for (k=0; k<N;k++) {
Alk][k]=sqrt (A[k][k]);
for (i=k+1;i<N;i++)
Al1][k]=A1][k]/A[K][k];

for (j=k+1;j<N;j++)
for (i=j;i<N;i++)
ALT][J]=ATT][J]-ATT][K]«A[] ] [k];

H rapayovroroinon Cholesky yenotponoteitar eLp€ws we UETPOTEOYPOUUUI Yo TNV UETEN-
on ¢ eniS00NE UTOAOYIOTIX®WY CUCTNUATWY. XTO TAUEWY XEQIANO Vot UNOTOLACOLUE TNV
nopayovtonoinorn Cholesky egapudlovtag Sidpopoug petaoynuatiopols Bedywy xou dedopé-
VOV, GUUTERIAAUPBAUVOUEVOL Xal TV SlaTtdEewy evoTitwy e Stevduvotédotnon MBalLt, yio va
UEAETHOOUUE X0 VO GUYXPIVOUUE TNV ATOTEAECUATIXOTNTA TNS TEAELUTOLOG.

65
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4.2 Yyedlaor Tiled Moporic pe IN'papuixég Alatd-
Eelg

E&aptioeig dedopévey  Apyixd, Vo npénet va Bpolue tic e€apthioeic dedoyévmy. Eotw
dbo enavahfpeic Z = (ki, j1,i1) xou Z' = (k1, j1,41) Tou ywpou enavahipenv (k, 7,1) tétoleg
wote I' = I. O yopoc enavalihewy xadopileton and Tic aviohoeic:

0< kip <N-1
kig+1< j12 <N-1
Ji2 < 1 <SN-—-1

ol onoleg 6e YopPY| Tivaxa YpdpovTal wg:

1 0 0 N-1
0 1 0 3 N-1
0 0 1 .| V-1
1 0 0 o= 0
1 -1 0 ! 1
0o 1 -1 0

To Stavioparta e€apthoeny Bploxovior wg axololing.

e EZdpmon tomov RAW Alij][j1] — Aliz][k2] Agod avagépovtar oto Bio ororyeio,
woyVet: iy =d2,J1 = kg = jo > ki+lxawjo > 1+l =k=ko—k1 > 1,5 =jo—j1 > 1
xar i = i — 1. Emopgéveg 1o Sidvuoua eZdptnong elvau:

dy = (+,+,0) =0

e EZdpmon tomov RAW Ali1][j1] — Alj2][k2] Agod avagépoviar oto (8o ororyeio,
woyler: i1 = Jo,J1 = ks = ko > k1 + 1,0 > jixwias >i1 =>k=ky—k1 >1,7=
Jo —J1 > 0,4 =13 — i1 > 0. Enopévwe to Stdvuoua e€dptnong elvou:

d2:(+,+,+) =0

e EZdptnon tonov RAW, WAW Aliy]k;] — Alkz]ka] Agod avagépovton oo (8o otot-
XEfO, lGXOEl: hh=kyoki=ko=>jo—1>1xnta>jp>i1+1=>k=k —k >
0,7 =Jjo—J1 > 1,i =12 — 11 > 1. Enopévwe o Stdvuopa e€dptnong eivou:

d2:(0,+,+) =0

Ta Staviopata e€dptnomng elvon dha he€ixoypagpixd Vetixd, dpa OAeg ol Slatdielc v Bpdywy
elvall EMTPENTES X1 EMOPEVWS 1) EQAPUOYT) TOU YeTaoyNuatiopol tiling.
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Yyfua 4.1: O e€optrioeig dedouévmy otny napayovionoinon Cholesky

Béhtiotn Sudtady) T va Bpodue tny Béhtioty Sidtaln egapuélouye tov ohydprduo A1,
oeX.112 pe tov onolo Bploxouye 1o x601N TV Peoywy yia Tic 300 Suvatés Ypouuxéc Slatdielg

aro¥ixevong Tou mivaxa.

[Tivoxac Anovnxevpévoe Katd Fpappés

| Ouddec || Ppdyock |  Pedyocs | Ppoyoci
Alk][k] nxmn - 1xn
Ali][k] 2 oxn? 1 xn? n x n?
Ali[4] 1 x n? 2 xn? n x n?
Alj][k] 2 x n? n x n? 1 xn?
Suvohxd || Znd+2n? | (= +Dn+n? [ 203 +n? 4+ n
I[Tivoxog AmoUnxevpévog Katd Nthkeg
[ Opddec || Bpdyock | Ppoxocj [  Bedyoc i
Alk][k] nxn - 1xn
Ali][k] n x n? 1 x n? 2 x n?
Alil[4] 1 x n? n x n? I x n?
Alj][k] n x n? 2 x n? 1xn
Suvohxd || 2% + 207 | (z+ D)n® +n? | Znd+n’+n

Ané 1o mopoandve extiwdpeva x60tn xou Bdon tou Muuatog A1, oeh.114 cuunepaivouue ot
1 Béhtiot didtoln twv Ppdywy eivau:

e (1,7, k) vy amo0fixeuomn xatd ypouuuéc
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o (k,j,i) yio amoOfixeuon xatd othikes

Enopéveg, o xO81x0g Tou YETROTPOYAUUATOS Yior amoUixeuon xotd othies dev ypetdleton
AAMOLAL UETATPOTH, EVE Yot amo¥rixevon xatd ypaupés Yo tpénet va egapuociel yetdeon o
didtadn Bpdywy. O mivaxos pyetaoynuotiopol yio t petdeon (4,7, k) elvar o axdrovdoc:

001 001
Tje=| 0 10|, T;=]010
100 100

Empiopevol otny e€iowon 2.1, oek. 34 o yeTaoynuaTIouévos ypog enavalfbewy Peloxeto
and 10 axdhoulo GUOTAUN AVIGHDOEWY:

1 0 0 N—1

0 1 0 ‘ N-—1

0 0 1 001 ‘ N—-1
010 il <

1 0 0 Lo o i 0

1 -1 0 -1

0 1 -1 0

Advovtac 1o ohotnua autd TEoxHTOLY Ta VEX bpla TV Bpdywy Yo tn didtaln (4,7, k):

1< i <N-1
1< 5 <1
0< k <j-—-1

Eneid?] o obotnua pohtacuéveny Bpdywy Sev eivat TEAELN POAACUEVO, UETATPENETOL OE TEAELDL
pwhiacuévo yenotponoidvas to petacynuatiowd Podone xddixa (BAérne 2.1.1, oek.27) yia
VoL UTOpEl Vor EQaplooTel 0 peTaoynuationds e uetdeonc. To véo odpa tou cuoThuaTog
POAACUEVERY Bpody eV elvor:

if (ktl==i && j=k+1) A[k][k]=sqrt (A[k][k]);
if (j==k+1) A[i][k]=A[1][k]/A[k][k];
ALTT[J]=AL T3] -ATT ] [k +ALG T Tk ]

Eneidn ot ouviixeg ehéyyou eiodyouy xaduotépnon, npooradolue va Tig anaheihoupe 1
va T amhonotfiooupe. Ilpdypart, ot 8o npwteg mpdéelg unopoly va Byouy mpog eEwTepIXO-
Tepeg Véoelg Onmg aiveton Xat 0Tov Tehxd xwdixa oTo Tapdptnua B'.1, to onolo onuaiver 6Tt
ot ehéyyol Yo yivovtar MYOTEREC QOPES X1 ETOUEVMS 1) YPOoVIXT XAWUOTEPNOT TOU ELGAYOUV
petwdvetar. Yto B.1.cholesky_IJK (ypouuéc 51-65) xou B".1.cholesky_column_major (ypauuéc
70-84) Beloxovton ot tehixol x@dixes yro tig ddtade (4, j, k) xou (k, j, i) avtictoryo.

Egappoyy tiling  Axololdiws, tpoywpedye e Ty epapuoyt tou yetaoynuatiopol tiling
yia va dipoupe tny tiled woppt| Tou petponpoypdupatos. Av xor n e@apuoyy| tou tiling uropet
va yiver xou otig 800 Statdels, ot ehéyyol cuvinxwy mou utdpyouv oty Tehuxy tiled woppy
X0l oL OTo[OL EIGAYOVTAL XATH TOV UETACYNUATIONO TV UN TEAEIWY POAIACUEVRY Bpdywy ot
éheto pwhiaopévous, amhorolodvial TeploodTepo oty nepintwon e ddtalne (k,7,4) pe
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anodfixeuor xatd oThkes, mapd oty epintwon e (4, 5, k) pe anodfixevon xotd ypoppés.
TV awtd xon 1 mpdTn Sidtodn npotiudron évavtt e deltepne.t

Axohouvdel 1 tapovsiooy e eapuoyfc Tou yetacynuatiogot tiling ot Sidtaln (k, 7, 7).
Thomotobue dVo exdodoelg tne tiled poperic: tiling uévo otig draotdoeic k, j xou tiling oe dheg
T1¢ Stuotdoeic. H Sedtepn éxdoon andtehel to petofotind otddio npog Ti StatdEelg EVoTAT®Y.

e Tiling ouig Saordoeg k,j: (kk,jj k,j,i)?. Apyind 10 oOoTnuo gwhiaouévey Bedyoy
yiveton téheto pe Pothon xddixa. Axololiwg epapudloton dradoyixd strip mining xou
petddeon otoug Bpdyouc k, j.

o} BiOtion Koddua U

for (k=0; kN<;k++)
for (j=k+1;j<N;j++)
for (i=j;i<N;i++)

J strip mining otov Bpdyo k (3

for (kk=0; kk<N;kk+=Bkk)
for (k=kk; k<MIN(kk+Bkk,N);kt+)
for (j=k+1;j<N;j++)
for (i=j;i<N;i++)

<=
N~
I
O = O
S O =
= o O
<=

for (kk=0; kk<N;kk+=Bkk)
for (j=kk+1;j<N;j++)
for (k=kk; k<MIN(kk+Bkk,j);k++)
for (i=j;i<N;i++)

LAv xor 070 mhadowo tne mapoloac epyactac éyve xou 1 wehétn tne (4,7, k), eneldh n enidoon
e elvon onuoavtixd yetpdtepn and auvth e (k, 4, 1), dev Yo aoyohndolue avoluTind Ue THY Topou-
oloon e mpwte. Tivetar pévo napousioon nelpopatindy anotekeoudtwy g didtodne (k, 5,4) ue
cuvBuaoud MBaLt ta onolo Sixatohoyolv Ty andQaon Yo auTH.

’H emhoyy ywo tiling otic 800 awtée draotdoelc, otny mepintwon tou To tiling epopudleton otic
dVo and Tic Tpew daotdoels, Yewentind unootnpileton and To YEYOVOS 6Tl YivovTow TEPLOGOTEPES
avapopég Tou €youv To delxtn k ot ypouur, mopd TO 4, Xt dpo UTHPYEL UEYUAVTERY EXUETAAAEVOT)
e enavaypnoonoinone. Enlong, encdniebtnxe ye nelpopatinée uetpoelc nou dev nopouvotdlovtal
AOYW ypov, 6Tt anoteel TN BEATIOTN ETAOYY.



70 KEPAAAIO 4. IHAPAI'ONTOIIOIHXH CHOLESKY - EHNIAOXH MBALT

[} strip mining otov Bpdyo j U

for (kk=0: kk<N;kkt=Bkk)
jjlow = (int) floor ((double)kk/Bjj)*Bjj;
for (jj = jjlow;jj<N;jj+=Bjj)
for (JMAX(jj ,kk+1);j<MIN(jj+Bjj ,N);j++)
for (k=kk; k<MIN(kk+BKkk,j):k++)
for (i=j;i<N;i++)

<=
N~
Il
O = O
o O~
= o O
<=

for (kk=0: kk<N;kkt=Bkk)
jjlow = (int) floor ((double)kk/Bjj)*Bjj;
for (jj = jjlow;jj<N;jj+=Bjj)
for (k=kk: k<MIN(kktBkk, N):k++)
for (j=MAX(jj . k+1);j<MIN(jj+Bjj ,N);j++)
for (i=j;i<N;i++)

e Tiling ouig dwaotdoes k, j,i: (kk,jj,ii, k,j,1). Ltov teheutaio x@dixa yivetor axdun
et popd eqappoyy strip mining, cuyxexpiéva otov Bpdyo @ xar axoholwg uetddeon
0T0UC ECWTEPXOTEPOLC Podyouc Yia va épdouy ot didtaln (k, 7,1).

Axohowe, epapudlovtag T XATIAANAES ATAOTOIRGELS GTOUS EAEYYOUS CUVUTXWY, TOU
npootédnxay and tn Bition xwdixa, nafpvouye Tic TeAxéS Lop@Eéc ot onoleg tapatieveTton 6TO
nopdptnua B .1.cholesky _tiled_KJ (ypoppéc 90-123) xou B’.1.cholesky _tiled_full (ypopuéc
185-222).

Or tekevtalor 300 xOSixeg unopolv va fehtiotonomiody nepoutépw @oupuolovTag ‘Ye To
yépr’ Zedimhwua Ppdywy xou scalar replacement. Yuyxexplpéva, o eowtepx61EPOS PBpody0g
i Zedimh@veton avd tetpddeg xou 1 avapopd A[k][j] amodnxedeton o xataywenth. Ot véol
xOdixec mapatiVevetar oto nopdptnue B .1.cholesky _tiled_KJ_hopt (ypopuée 130-179) xou
B’.1.cholesky _tiled_full_hopt (ypoppéc 229-281).

4.3 Xyedloon Tiled Mogoric pe Awatdles Evotn-
Twv xa Atodotixy Aswxtodootnorn MBaLt

Yy tehd tiled popoh (kk, jj,ii, k, j, i), epoppdlovion Aatdierc Evotitwy ue Anodotixd
Aeixtodotnon MBaLt yio v anodfxeuon tov dedoyévev. O Adyog yior tny emtAoyhS auTig
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e popphc, avtic e wopehc (kk,jj, k, j, i), elvon mpdto 1o yeyovos OTL N eapuoy Tng
Ateduvorodotnone MBalt eivar anhobotepr oe ouothuata Qwhiacpévmy Pedywy e tiling oe
Oheg i Staotdelg xan dedtepo 6Tt ot emddoelg Twv dvo tiled poppwy eivar Tapanifotes.

Aol 7 tiled popon (kk, jj,ii,k, j,i) yenowonotel v xotd oThkec ypouuixr, didtoln
yiot TV amoUixeLoY TV SESOUEVLY, AUTO GUVETAYETAL OTL UETA TNV £QoproYT TS Sidtadng
evottwy ta dedouéva u€oa oTic evotnteg Yo elvan xt autd amodnxevuéva xotd othies. Aoy-
Bdvovtag axoun vrog 6T o tiling egopudotnxe oc Oheg Tig SO TAGELS, XATAAHYOVUE GTO
ovunépaoya 0Tl 0 UETAOYNUATIONOC Tou Yo mpénel va ypnotponotnVel eivon o NN.

Ytov axdlovio mivaxa nopouctdlovtal of pOROL TWV SELXTOY X0l Ol XATAAANAES UAOXES:

| Acixtng | EXéyyet | Avagopd | Kotddnhn Méoxa |
iii | yeoppée | Afd[j], A[i][k] | pdoxo ypopunc
5,35 | veoppée | Alf][k] pdoxat ypoupic

[
3,33 | othhec | Ali][j] wdoxo oTiAng
k,kk | ypopués | Al
k, kk othhec | Af

K][K] wdoxo ypaupiic
il[k], AjI[k] | udoxa otiing

O delxteg @ xou i@ eMéyy oLy U6vo ypouués Tou mivaxa A xu dpo 1 pdoxa touv Yo yenotuo-
rotnVel efvan 1 pdoxa ypouuhc. Ot deixteg duws j, k, jj xou kk ehéyyouv 1600 ypouuéc 660 ot
othkeg Tou mivaxar A. I'V autd xan otoug Seixteg autolc epapudletar apytxd n wdoxa GTHANS.
‘Otav oe xdnoto onueio touv mpoypdupatog elvor avaryxaio 1 yeron g €xdoong Ty SexToy
we wdoxa ypauuhc, Tote anhog ohodaivouyue toug deixteg. [No nopdderypa av ta k, kk yen-
olponotolvTal ws deixtec othhng, tote o kkC = kk >> log(%), kC =k >> log(step) xou
kfC = kkC|kC pnopobv va ypnotponotmndolyv yior Setxtodotnon Ypopuoy, avixahotevTog
ot avapopés to kk ye 1o kkC xar 1o k ye 1o kfC.

[ot Ty Topay oY Tov paoxoy yenotwortooue Tic fonintixéc cuVaPTAOES TOU Topop-
Thuatog B'.3.1. Buyxexpiéva ypnotponoodue tic B'.3.1.create_mask (ypoppéc 93-117) xou
B’.3.1.create _innermask (ypoppéc 28-44) yio v napayoyr tov waoxeyv. Enione n crea-
te_mask ypnotpornoteiton yror T dnovpyio twv dve oplwv. Ot ouvapthoelg B'.3.1.create_increment
(Yoouués 49-65) xau B'.3.1.create _tile_increment (ypoppéc 70-88) ypnotponoobvron yiar T
dnuovpyta Twv Brudtey yia yetoaxivnon and otolyeio ot otoyeio ecwteptxd tou tile xou
petoxivnon and tile oe tile avtiotouya.

‘Evo onueio mou Yo npénet var uneviupioovye agopd to péyedoc N, mou yenotponoteito
yioe T Snuovpyio Twy paoxov. ‘Onwe avagépetar otny evotnta 3.5.3 1o IV Yo mpénel va elvan
dOvoun tou 2. Eneidr] 1o npdypoppo pog Yéhovue va yetpiletar xou tivoxeg nou ot Slaotdoelg
Toug dev elvon amapaiTnTo SUVAUELS TOL 2, aUTO Tou XAvouyue eivar var Bploxouue Tov auéows
peyohltepo mivaxa mou 1 diaotdor Tou Ny, eivor Svoun tou 2. Axohotdwg, dnuovpyolue
TIC WAOXES YPMOWLOTOIOVTAS TO VEO Ny, eV T Oplal Pploxovion Ye eQapUoYY NG UAoXS
Téve 0To apyxd N. Ynuetwvetar 6TL, ol cuvapTHoElg create_mask xou create _tile_increment
AoBavouy urddy Toug TV TEpinTwoN AU,

Téhog, 6nwe xou 6NV Tepintwon tou tiling e ypauwxéc Satdelg, €tot x €8 0 xWdtxag
uropel va Behtiotonomiel nepautépw epapudloviag ‘pe to yépt’ Eedimhwpa Bpdywy xau scalar
replacement. Muyxexpiuéva, o €owTePIXOTEROS Ppdyog ¢ ZeSIMAWVETHL avd TETPABES Xou 1)
avagopd A[j fCk] anodnxedetar oe xotoywent.

O x®dixac mou mpoxdNTEL YE TNV EQapUoYT Stdtang evothtwy xou detxtodotnone MBalt,
xad e xou 1 Behtiotomomnpévn ‘Ye to Yépt’ éxdoor tou, napatidovton oo nopdptnua B .1.cholesky
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| Xopaxtnpiotind | UltraSparc I1 400 | Pentium III 500 (Katmai) |
Luyvotnta Aettovpylog 400MHz 500MHz
Kpugn MvAun I-L1, D-L1 Evdeiac Avtiotolynong Yuoyétiong Xuvdiou
4-Apbuwyv

Méyedog I-L1, D-L1 16KB 16KB

Tonodeoio L1 ot Yneida ot Ymeida

Méyedog [popurc L1 32B 32B

Kadvotépnon aotoyiag L1 8 xUxhot 20 x0Oxhot

Kpvgr Myvrun L2 Yuoyétiong Xuvohou Yuoyétiong Xuvohou
4-Apbuwv 4-Apbuwv

Meévyedog L2 4MB 512KB

Tonoveoio L2 eCwTepixt eZwtepinn (ot cvoxevasia)

Mévyedog [popurc L2 648 32B

Kodvotépnon aotoyiag L2 84 xOxhot 51 xOxhot

Apiude Eyypagpav D-TLB 32 64

Luoyéton IThiene Xuoyétiong Evdeiac Avtiotoiynong

Meévyedog Yehidog 8KB 4KB

Kovotépnon actoylac D-TLB 51 x0xhot 5 x0xhot

Hivocag 4.1: Teyvind yopaxtneioTind epapyiog pvAung enelepyacT@y

_tiled_full _bdl_.NN (ypopuéc 286-378) xou B’.1.cholesky _tiled_full _bdl_.NN_hopt (ypouuéc
384-495).

4.4 Tleipapatixd AroTteAécuoTa

4.4.1 IIepBdAhov Extéleong

[ v entdein e anoteheopatixdtnTag g wevddou nopoustdlovtar mpayUatixol ypovol
eXTEAEONS TV BlopopwY EXBOCEWY TOU UETPOTPOYRAUUATOS, XAVMS X0 ATOTEAEGUAT TOU
TEOXOTTOLY and TNV Tpocouoiwon e extéheons toug oto epyoheio SimpleScalar [4]. Ot
mparypatixol yedvol AMiginoay and TNy EXTEAEGY) TOU UETPOTPOYPAUUATOS OE dVO0 SlapopeTIXd
vrohoytotxd ovothuata: Sun HPC 450 Ultra to omolo amotekeiton and 4 enelepyaotég
UltraSparc II 400, xou Linux Cluster to omofo anotekeitar and 16 enclepyaotéc Pentium
I 500 (Katmai).®. Ou exteréoeic éywav oe éva x6uPo/enelepyooth. Ytov mivoxa 4.1
ToEoLGIALOVTOL TAL TEYVIXE YUEAXTNPIOTIXA TNS IEPARYIEC UVAUNS oL EVIIAPEPOLY.

[ty petaydodttion yenowonodnxe o cc (Sun Compiler) yio tov UltraSparc I xou
o gcc (GNU Compiler) yia tov Pentium III. Enetdd Oéhovpe vo yehetiooupe v xodo-
oY) enidoon TV dapdpwy pedodwy, apyixd petayhwttiovye Toug xOIIXES ywplc emmTAéoy
Behtotonoinon (cc -x00, gee -O0) xou axohovdwe ypnotpomoldvTae Ty uéytotn duvarty
Bektiotonoinon mou napéyet o petayhwttothc (cc -fast -xtarget=native, gec -02).

3 Atoteholv pépoc tou gpyaotnpiov CSLAB/ECE/NTUA Iepioobtepec AETTOUEPELES YLoL TOL GU-
othuata oto: http://pdsg.cslab.ece.ntua.gr/cluster.html#topology
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Kodu Ovopaoia

Metaoympotiopés Bpdywy | Metaoymuotiopés Aedopévoy

Koid Koid raw

Béhtiotn Sidtoln Bpdywy Cpopuxt| Sidtaln xotd ypouués linear_row

Béhuotn Sidtoln Pedywy oo Stdtadn xatd othleg linear_col

Tiling otic dactdoec k, j ooy Stdtadn xatd othleg tiled_KJ_col,
tiled_KJ_col_hopt

Tiling 0" okeg 1i¢ draotdoelg | Ioopuxr) Sidtadn xotd oThheg tiled_full_col,

tiled_full_col_hopt
Tiling 0" okeg tig draotdoeg | Adtadn Evotitwv NN - MBaLT | tiled_full_bdl_NN,
tiled_full_bdl_NN_hopt
Tiling 0" okeg ti¢ draotdoeg | Awdtadn Evothtov ZZ - MBaLT | tiled_full_bdl_ZZ

[Tivoxag 4.2: Beltiotonoioelc i Tic omoleg TapouctdlovTon TELUUTING UTOTEAE-
ouaTo

Ytov mivaxa 4.2 Sivovtar ot Sidpopeg Beltiototomuéves exdoyéc yia Tig onoleg AMpunoay
xau mapovotalovton nelpapatixd anoteréopata.  Optopévee Beltiotonotioelc cuvodebovTal
and wa emniéov €xdoan otny onolo epapudoinxe nepoutépw Beltiotonoinon ‘e to yépl’ xou
nepthofBdver Eedinhmua Bpoywy xou scalar replacement 6nwe avagépeton otic evotnteg 4.2
xou 4.3

4.4.2 Xpovixég Metproeig

Ot nepopatixée petprioelc AMgunooay Yo didpopa Yey€dn mpoBAAUATOS, CUYXEXPWEVA YId
twéc (N) oto didotnua 16 we 2048, pe to péyedog tou tile va xupaiveton and 16 yéypt N,
AMOOXOTOVTG TO60 01N PEAETH TS enidoong otny nepintwon mou to uéyedog npoPBAfuaTtog
YWEBEL GTNY XPLPY| WVAHUT), OGO %ol 0TV TEPITTWOT ToL Jev YwpdeL.

Yta oyfuota 4.2-4.5, oeh.77-80 mapoucidlovton oL ypovol exTEAESNS TV SLAPOPWY EX-
S0y OV TOU UETPOTROYPAUUATOS, Yiol SlapopeTixd unoloyloTixd abotnua xou eninedo Belti-
otonoinong petaylotuoth. Ov ypdvol extéheong yia tig exdoyéc mou eqopudlouyv tiling
avTiototyoby oto xahitepo tile. O ypdvog extéheons twv tiled poppmv ue ypauwxéc Stotd-
Eewc elvon wxpdTepog xatd €va tocootd 17 — 25% and o ypdvo exelvwy nou dev epopudlouy
tiling. Me 1 ypron Swtdéewy evotritwv NNV xou deixtodotnong MBalt o ypdvog extéheong
néptel emtmhéov xatd éva t10c0oot6é 10% xat 10 m0c00Td AuTd eivor oxdun ueYUAITERO oTNHY
nepintwon mov ot xwdixeg uetoyhwttilovton pe ce -fast xtarget=native (oyfpo 4.5). Eai-
peon anotelel N mepintwon tou gee -02. Eriong, 6nwg avopevotav 1 enidoorn tng Sidtalng
evottwy Z7Z eivar yelpdtepn %t and TNy eNiB00m TV YRUUUX®OY SIATdEemY, xUpiwe AOYw TwV
POAACUEVDY OTOV ECOTEPIXOTERO BpoY0 EAEY YOV GUVIAXGY.

‘Onwe gaivetar xou otar oyfuata, edxd oto oy 4.5, 1 enidoon twv tiled exdoydv pe
yvoouuxée dotdietlg eivon aotodfc Ye TN peToBoA) Tou ueyédoug tne didoTaomg Tou mivoxa
x auTd ogeileton xUplwg AoYw® TV oLYXpoLoEwY atny xpuen uviun. Tétoeg aotdieeg
uropolV va Sloplwioly Ue eQopuoyYT avTlypaprc SESOUEVODY OE TPOCMEIVOUS XATUYWENTES
(buffers) oe ouveyduevee Véoeic uviune, 6nwe npoteivetar oto [10]. Tétora bpwe pouvdueva
dev mapatnpolvTal YE TIS SIATAEELS EVOTHTWY, Ol 0ToleC EEORAALYOUY TIC Ao TAYEIES TUPOUGIH-
Covtag ye autd Tov TpoTo Wi apxeTd opohy| enidoon. To yeyovog awtd elvon apxetd Vetixd,
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ol xahoTd TNV EPopUOYH TwV SITAEEDY EVOTATWY QUEDT, Ywpelc TNV Yenon Tepautépn
Bonintixwy Bertiotonotmoewy.

‘Eva dhho onuelo, civar 1 egoppoyy Behtiotonoinone and tov UETAYAOTTIOT 1 onola
poiveton 0Tl SEV EUVOE! UPXETE TOUSC XMBIXEC TOL YENOWOTOOVLY SIATAEES EVOTATWY, AOY®
g meptmhoxdTTaS Toug. Evd pe v eqoppoyy| Behtiotonoinong and tov gee 1 enidoon
tou tiled xwdixo ue ypopuixés Satdiec Pednidveton xotd 45%, 0 x@IxoC PE YpowxES
dratderc Pehtidvetan Mydtepo, Yopw oto 30%. H Bektiotonoinon ‘ue to yépt’ elvon emopévee
avoryxaio 6TV TepinTwon Tov o xMdxag elvon iaitepa tepimhoxog xat 1 fektioTonoinoy Tou
HeTHYyAwTTIoTH dev elvar 1600 txavonomtixr). ‘Onwe Qaivetar xot 6Ta OYHUATA, 1) EQUPUOYT
Behtiotonoinong ‘pe 1o yépl’, ouyxexpluéva Eedimhwpa Ppdywy xou avdldeon petaintoy oc
XAt WENTES, EMBPY VeTXd TOG0 GTOV XWX UE YPoUUUIXES SIATAEELS, GO0 Xl GTOV XWX
we StatdZelg EVoTHTLY.

[Mopdho, mov o xdBixag mov ypnotwonolel SIATdEEC EVOTHTWY OE OYEoT UE TOV XWAXA
Tou e@apudlel ypopuuxés Sltdiels eivar mohumhoxdTEROS Xt UEYAAOTEROS, EV TOUTIC amodidet
xaAOTEPX, xLPlWS YdpEy Tou anodotixol unyaviouol detxtodotnone MBaLt Bdor tou onofou
ol utohoylouol TV SexTwY yivovtor apxetd yphyopa yenotuonotwvtag duadixols TeEAeoTéC.

Yta oyfuota 4.6-4.7, oeh.81-82 noapouvactdlovion ot ypovol extéheons twv tiled poppdv
TOU UETPOTPOYPAUUATOS, UE YRUUMIXES SIUTAEEIC xou UE SIATALELS EVOTHTWY, CUVAPTACEL TN
didotaong tou tile, yio Stdpopa ueyédn npoPfifuatoc. Iapatnedviag T oyfuata, StamoTo-
voupe 6Tt oty epintwor tou tiling pe ypouuxéc Statdéels Sev undpyet Eva otadepd uéyedog
tile mou va Siver v xahbtepn enidoon yio dha T peyédn mpolAnudtwy, x4t To onolo eivar
obupwvo pe Tic topatneroec tou [10]. Avtideta, otny nepintwon v Statdemy EVOTHTOY
0 péyedog tou tile mou diver BéATiotn enidoon mapauéver oyedov aveldptnto Tou peyédoug
ToU TPoPApaToS. LTy Tepintwon wog o wéyedog autd elivon (oo pe 32 X 32 xon yio o o
unohoytotxd ouothuata. Hpdypatt, o péyedog 32 x 32 eivan 1o yeyaldtepo uéyedog tile mou
Yweder 6TV xpupt uviun L1, agol 32 x 32 x sizeof(double) = 32 x 32 x 8bytes = 8K B =
%C’Ll < CL1, evo 64 X 64 x sizeof (double) = 64 x 64 x 8bytes = 32K B = 2Cr1 > Cr;. T
v nepintwont tou UltraSparc IT n avdhuon autr eivar xat o€ cugpovio ue TNV Tapatieno
tou [10] 61 o€ xpupéc pviues evdeioc avtiotoiynone to péyedoc tile dev npéner va Eenepvd
10 v/Cp1. Trevdupileton 1t ypnorponoope tetpaywvixd tiles, yrotl xatd autdv Tov 1péT0,
Y&en otnv ouolopoppio tne detxtodotnone MBalt xepdiCoupe oe unohoyiotixd ypdvo. To
YeYovog 6Tt umdpyet éva otadepd péyedog tile txavd yio dho tar yey€ln mpoAfuartog eivar
AEXETY oNPAVTIXG, ool ouBAbvel To mEdBAnua emthoyrc tou opdol peyédoug tile, and to
omolo unogépouy ot xwdixeg tiling ue ypopuixée Statdels.

4.4.3 Amnoteréoparta Ilpocopoiwong

[ot vo mdipouye ToGOTIXG AMOTEAEOUATA OYETIXG UE TN CUUTEPLPOPE TG tepapy o wviung,
TPOCOUOLOOUUE TNV EXTEAECT, TV dV0 exdoy®v Tou petpompoypduuatos, tiled_full_col xou
tiled_full_bdl_NN, pe t Borjdeia tov epyaheiou SimpleScalar [4], yio ta yopaxtnpiotixd tne
tepapyfog uviune touv UltraSparc II. Yuyxexpipéva, petpridnxay ot aotoyleg xpugphc LvApng
dedopévwy L1 (dll.misses), ot actoyies eviadac xpuprc uvAune L2 (ul2.misses) xou ot actoyi-
ec tou TLB dedopévwy (dtlb.misses), yia peyédn npofrfpatoc N oto didotnua 32 wg 1024,
we ™ ddotaon tou tile va nalpver tic Tipée 16, 32, 64 (dev ypnowonomooue peyahitepes
draotdoeic tile, Sott and TIc ypovixéc uetproelc nopatnEoluEe OTL 1) BEATIOTY CUUTEPLPOPS TTa-
patnpeitan yia wxpéc Srootdoelc tile). H petaryhdttion éyve ywplc tn yeRon Behtiotonoinong
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and TNV TAEUPA TOU UETAUYAWTTIOTH.

Y10 oyfua 4.8, 0el.83 napouctdleton T0 GUVOAIXS XOGTOG GE XOXAOUE PNYAVAS TWY AOTO-
YoV g tepapyiog uvAung yia tig 80o Baoixéc exdoyéc Tou uetpompoypdpuatog, tiling pe
yvoouuxée dratdéelg, xou tiling pe Siatdlelc evotritwy xou deixtodotnon MBaLt, yio tpeig
draotdoeic tile (16,32,64). Iopatnpolye 6t ot aotoyles xpuphc wviune dedouévewy L1 xu-
plapyoVy o€ oyéon e Toug dAloug tomoug aotoyiwy. Or aotoyiec L1 yio v nepintwon
tiling e diatdEeic evoritwy MBaLt ehaytotonootvion yia péyedog tile ioo pe 32 x 32, 1o
onolo eivar otadepd Yo Ohar Tor ey €Vn mpoPhiuatog, xpatder to Sedouéva EVTOS TNG XPUPNS
wviAune L1 xon mpoxinter avohutixd 6nwg eldaue oty tponyoluevn vrtoevotnta. Eniong, ot
dratdelg evothtwy anovnxevovtag ta dedouéva evog tile o ouveydueveg Véoelg, petdvouy
I aoToylEC XpUPNS UVAUNS AOYw GLUYXEOVGEWY Ol OToleg Elval oNUAVTIXOS TaEdyoVTaC, ELdL-
x4 o€ xpupés uviueg evdeiag avtiotolynone. ‘Ooov agopd ti¢ actoyieg L2, auvtéc elvar xotd
TolD hyotepeg and Tig L1, edixd Aoyw tou peydhov peyédoug tne L2, 4MB.

Yuveyllovtag, oty nepintwon tiling pe Statdec evotritwy MBalt dev mapatnpeeiton
unepyelhnon TLB, oc avtideon pe to tiling pe ypopuxés Statdielg mtou yia ueydhoug mivaxeg
n xatdyenon TLB anotekel éva uixpd, aAld onuayvtind n0600td T0L GLYOAIXOL x60ToLS. To
wéyevog tile 32 x 32 to onolo 1woduvauet ye TV ehayiotonoinomn Twv actoyiwy L1, iooduvayel
xou ue 1o péyedog oehidug 8K B xou enopéveg Bploxetor oe ouggpovio ue tny ehaylotonoinom
v actoytwy TLB. O Aoéyog eivon 611 otny nepintwon tov Slotdewy evotitoy ta dedo-
uéva amodnxedoviar oe cuveydpevee Véoeig, étot xde tile yperdleton wo pdvo oehidat, x
enopévews povo wa eyypapr TLB, o’ avtiVeon pe tic ypapuxés Siotdelc 6mou evieyouévmng
7o tile extelveton oe Spopetinéc oelideg i dpa ot avapopés oc SapopeTixéc oeNdeg elvou
TEPLOCOTEQPES.

Y10 oyfua 4.9, oeh.84 napousidlovton cuyxpITiXd ol acTtoylec ot didpopa enineda TG
tepapyfog uvAung yroe Tic 8o exdoyéc tou petponpoypdupatos. Ou aotoyies avtioTtoryoly
oto péyedog tile mou diver Ty xahitepn cuvolixy enioon oe xdie nepintworn. Me 0 yeron
dratdéewy evotitwy ot aotoyieg L1, xadwe xou ot actoyieg TLB yewdvovton onuavtixd, uéyet
xan wor Tégn peyédoug Yo peydhoug mivaxes. ‘Ocov agopd tic aotoyieg L2 nopatnpodvro
LEOUELOOEIC LETAEY TV dV0 uedddwy, yia Ti¢ onoleg dev propolue vo tolue 6Tt ennpedlouy
™V enidoo ue xdmnoto otadepd TopdyovTa.

4.5 2ULUTEPACUATA

H ypron tiling efvor piar oipxetd Stadouévn pédodog yior tnv ab&non e TomxotnTag TV dedo-
wEvwy xou xat” enéxtaon yio ™y adEnon g enidoong g epapyiog uvAung twy olYYeovwy
umohoyloTixwy cuvotnudtwy. H enidoon duwg tng tepapyiag uviung otoug xddixeg ye tiling
umopel vor auEnlel oaxdun meplocdTEPO UE TNV TAVTOYPOVY EQUPUOYY SITEEEWY EVOTAHTWY, Ol
onolec anodnxedouy ta dedouéva pe Tt oetpd Tov awTd {NTodVTAL ATd TOV PETACYNUATIOUEVO
ue tiling x@dixa. To mpoBinua ye Tic dratdlelg evothtey elivar 1 arodotixy SetxtoddTnon Ty
dedopévmy, To onolo Guwe Aoveton e tny anodotixt| deixtoddtnon MBaLt [2].

Y10 mopy xepdhato yehethoape TNy enidoon tne uedodou, epapudlovids TNV 6To UETPO-
npdypappa ‘Hapayovtonoinon Cholesky’ xou to amotehéopata frav apxetd evioppuvtixd. H
emnAéov Bertinon otny enidooT TOL UETPOTPOYPAUUATOS And TN YPNoN SIATAEEWY EVOTHTWY

“Tiveton n amhomolinon 6Tt to deBouévar Exouy euduypappiotel (aligned) xotd pfxoc twv ceABoVv.
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e dewxtoddtnon MBaLt xupaivetar yopw and to 10%, avdhoyo ge Tov TOTO TOU UTONOYLOTL-
%00 GLUOTAPATOS, TO ontolo anoteel Eva onpavTind 1060016 Bedtiwone. Entmiéov ot Slatdelg
eVOTHTWY Tapouatdlouy wa opohy eE€MEN atny eniBoor) Toug xatd Ty abEnon tou peyédoug
T0L TPOPAUATOS, XdTL To onolo dev cuuPaivel pe Tic Ypouuxéc dtatdielc. Enilong, to BéhtioTo
wéyevog tile otnv nepintwon diatdlewy evotRtwy nopapével otaepd o oyéon Ue to péyedog
TOU TPOPAARATOS, AAAG EE0pTATAL OO TNV APYITEXTOVIXY TOU GUoTALNTOS (xpurh uvhun L1),
T0 omofo BéRaua elvon YeTixd, aol pag YAIT@veL and to Bdpog TN ebpeons Tou BEATIGTOU
ueyédouc tile.

Enlong ye tic dwtdelg evotiiwy mapatneeiton Bedtiowon otny unepyeiinon tov TLB.
‘Eva tile mhéov dev exteiveton o apxetés oehideg, xi emouévws xatd v enelepyaoio Tou
yivovtar Aydtepeg avagopés oe Stagopetinég oehidec. Ot AMydTtepe SlapopeTIXES AVAUPOPES
OUVETAYOVTOL WXPOTEPO EVERYO 0UVORO GeNBwY 1 dpa Aiydtepeg aotoyiec TLB.
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(B") Mévo o tiled exdoyéc (yYpopuxés Slatdiels xot JatdEelc EVOTHTOV)

Yyfua 4.2: Xpovog Extéleone otov Pentium III, -O0
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Kegpdhowo 5

IToAvynuoTIXES APYLTEXTOVIXES

5.1 T'svixd

To ohyypova vTohoYloTIXd cuaTALATA Yiar var TETOyouy LMY enidoon otnpilovtar oe 800
noppéc napahhnhioc: Ty topoddniio oe eninedo eviohic (instruction-level parallelism (ILP))
xou TNy napalinhio oe eninedo viyatog (thread-level parallelism (TLP)). Ot vrepBatiuwtol
enebepyaotés (superscalar processors) expetahhevoviar Ty ILP extehdvtog toAhaniéc ev-
Tohég amd éva mpdypopa o€ Evar xOxAo unyavic. Amo Ty GAAN Ueptd of ToAVETEEERYAUOTES
expetolhevovtar Ty TLP exteddvtog napdAinia Sidpopetind vApata ot Stapopetixo)g ene-
Eepyaotés. Avotuywg, xou ot dUo ueltddol mapariniomoinong Stapolpdlovy oTATIXG TOUg
umohoYLoTIX00¢ TOPOLE xat deV Tpocapuélovtal duvouixd otig avouetwoels g ILP xou g
TLP evée npoypdupatoc. Xwplc tny Onopin apxetic TLP oplouévor enelepyaotéc Yo uévouy
avevepyol, xou ywplg Ty Oropén apxetrg ILP n Suvatdtnta twv unepBaduwtody enelepyaotdy
Yiot EXTENETT) TOMATADY EVIOADY OTOUTOMETAL.

Ta tedevtaior ypdvia €youv yiver apxetéc npoondieteg yia expetdhhevon tne TLP oand
UTOAOYIOTIXE. CUOTAHUATA EVOG ENEEERYAOTH), UE TO ONUAVTIX TNV TauTdypovn ToOAVYNudTmon
(simultaneous multithreading (SMT)) n onola enttpéner v Onapdn TOAATADGY YNUATODV
Tt omolor avtarywviovton Yo Toug TOPoUE TOU ENEEEPYAOTY, EXUETUAAAEUOUEVOL PE AUTO TOV
Tp6T0 600 TNV ILP, 600 xou v TLP. To mapdv xepdlouo napovctdler to faocixd otoryeia
e apyrtextovixic SMT, xadwg xou tnv teyvoroyio Hyper-Threading n onola anotehel wo
eunoptxr} LAomoinon and v Intel.

5.2 TloAvvnudtwon

H rolvvnudrwon (multithreading) efvon wor teyvixs n onola npotdinxe yioo Ty exuetdh-
Aevon e TLP oand éva encgepyaoth xan n onola otnpileton otny Stopolpaon twv povidwy
extéleons Tou enelepyaoty| avdyeoa o moAdamdd vijuata (multiple threads). I'io vo efvon
duvatde o dropotpaouds autde, Vo tpénet o enelepyaothc va Stdétel emmAéoy povades (xo-
ToyweNTéS, UETPNTNAC TPOY ppaToS, tivaxas oeABwY) Yo Ty Siatenor Tne xotdoTaong Tou
xae vigotog. Axdun, 1o ukixd Yo npénet vo unootneilel TRV YpRyopr UETOy®YT EAEYYOU
aVIUETA OTOL VAT

Trdpyouvv Baocixd 8o mpooeyYioelc Tng TOALYNUATWONG. LNV Aemtokopupévn moAvvi-
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patwon (fine-grained multithreading), n uetaywyn eléyyov avdueco ota vigato yivetar
EVAAAEE o€ xdUe EVIOANY|, TPOXUAWVTOC Wit SLPUARWUEVT EXTENEDT] TwV VNudTwY. ITAcové-
XTNUA AV TAS TNE TROoEYYIoNG elvar 1) txavoThnTa TS var xplBet Ty xaduotépnon (latency) mou
Tpoxaholy 1o xohApata (stalls), apol evtohéc and dAhar vAuata Unopoly var EXTEAECTOVY
6tay elvon xohlnpévo éva vijpa. To xuptdtepo petovéxtnud tng eivon 1 emBpdduvon tou xdle
VARATOG, AOYw NG ouveyolg uetaywyhc eAéyyou. Eva vApa eve eivar €tolgo vo exteléoel
W oetpd and eviokég ywpelc xolApata, Yo emPBpaduvie! avandpeuxta and eviokés Sy
VNUATOV.

H Sebtepn mpooéyyion, n yortpokoupérn todvvnudrwon (coarse-grain multithreading)
npoonodel vor AOGEL TO UEIOVEXTHUOL TNG TPOGEYYLIONS TNS AETTOXOUUEVNS TohuvnudTwong. H
peTory oY) eEAEYyou Bev yiveton oe xdde eVTOhn, aANd WOVO 0TI TEQITTAOOELS ToL eupavilovtan
xaduoTtepfioelc UEYAANG Stdipxetag, 6nwg elvar ot actoyieg xpueng uviuns. ‘Etot, n uetaywyy
dev mpoxahél ueydhn emPBpdduvon otny extéheon tou xdle vAuatoc. Aev madel OueS Vo
eupaviCer xt auth 1 uédodog pelovexthuota, UE To Pocixd UEOVEXTNUA OTL UTOQEREL amd
xohhAuortor wxpric Stdpxetag. O eneepyaotic 0TNY YOVIPOXOUUEVT) TONLVIUATWOT PEPVEL XL
extehel eviohég and éva vipa. ‘Otay eugaviotel éva xOMnua, Yo mpénel o encgepYaoThS va
adetdoel Tov aywyd Tou, TPy PEREL EVTOAES and éva dhho viua. Méypl Ty cuunifiowon g
eXTENEONS TV VEWY EVTOA®Y, Vo €yEl TEPAOEL Eval Uixpd Ypovixd SldoTnua 1o onolo enPopivel
NV oLYOAIXT| ETIB0OOT TOU ENEEEPYAOTY Xl TO OO0 UTOPEL VO XATACTEL XATAGTEOPIXO G TNV
Tep(nTwoN Tou Tor XoAAAaTA WxehS Stdpxetag eupaviovio Guyvd.

Y10 oyfpa 5.1 Bhénovue mwg yenotponowodvTar ot issue slots evog unepBaduwrtol ene-
EeEPYUOTY OTIC TEPITTWOOEIC TWY 3V0 TPOCEYYICEMY TOAVVNUATIONOD TOU UOALS AVUPEQUTIXOYE.
‘Onwe gaiveton xar 6T0 oyfua 1 yenotwononon twy issue slots oty nepintwon tou unep-
Baduwtol enegepyaoth, neptopiletan and tnv ILP. Eninpéoleta, uio aotoyior xpupnc uviung
elvo X0V Vo XATAOTHOEL TOV ENEEERYAUOTY AVEVERYO YIoL ONUAVTIXG YpOVO. TNV TEp(nTwon
NS YOVTPOXOUUEVNS TOMNLVIUATWONGS, Tol dLdpopal xOAAUaTa oL egpaviovtar xpvBovtarl e
™V extéleot) eviohodv and dhho viuo. Kou ndht n ILP nepopilet tov apripd eviodwy mou
extelolvTon avd xOxho unyoavhc. Atoxpivetar, enlong xou 1 xoduotépnon mou eupoaviletar
otV exxiVNoY TV VEWV EVTOAGY Tou elofyydnxay otov aywyd. Ltnyv nepintwor tou Ae-
TTOXOUPEVOU TOMLYNUATIOUOD, 1 EVOANSE eXTENEOT) TV VNUdTwy egagavilel Ti TuydV ddeteg
issue slots xatd uixog Tou xataxdpLPoL dEova, xi €Tol ot xdie xOxho unyavig extehobvTo
evtohég. ANNG xan mdht 1 ILP mepropilet to mAflog 1wy eviohwy mou extehobvion avar XOxAho

wnyevic.

5.3 Toavtoypovn [Tohvvnudtworn (SMT)

H ravtdyporn molvvnudrwon (simultaneous multithreading (SMT)) emtpénet tnv extéheon
TOMATAGY YNUdTeY ot éva ovo enelepyaoty|, Ywplc T Ypnon uetaywync. To xivatpo tiow
and TNV TAUTOYPOVY TOALVNUATLOY eival To YEYOVOS, OTL Ve ol alyypovol ENEEEpYaoTES
€YOLY TNV XAVOTNTA VoL PERVOUY xal Vo EXTEAODY o€ xdie xOxho uéypl xar 8 eVTOréS, oTny
TEOYUATIXOTNTA UTOAEITOLRYOLY, apo) 0TI MEPIOGOTERES MEPITTWOEL, €Vl ATAG VAUX TOU
exteheiton dev mapouotdlet ILP népa v 2-3 evtohdyv. Me 11 yprion duws tng towtdypovng
TOAUVNUATWONS, 0 ENEEERYAUCTAHS XoTd T1 didpxetar evog xOxhou unyoavhg Ydyver xan Pploxet
EVIOAEC TowTOYpOVa amd TOMAG vAuoTa, TS omoleg duvouxd dpouoloyel mpog Ti¢ Lovddeg
eXTENEOTNC, EMTUYYAVOVTOC PE AUTO TOV TPOTO TNV PEYLOTH Suvaty Yenolponoinon twy issue



5.3. TAYTOXPONH IIOAYNHMATSQXH (SMT) 87

YnepBabuwtog Tpaxug MT Aemtog MT SMT

Xpovog

HE ] EER ] OO0 HEEC] B thed
EEEE EEEE BE /[ [] BEER ] N tread:
OO0 HEEC) EEE OO00O8B B theds
OO0 A EECC] EEC] [ theads

Yyfua 5.1: Xenowonolnon twv issue slots evog unepBaduwtol enelepyaoth

slots oe xde xOxho, 6w Qaiveton xat 6To oyfua 5.1.

Me v Onopén hotméy TOMAATAGY VUATLY To omofa avtaywviovTal Yol Toug TOPouG
tou eneepyaoth], B SMT cuvdudlel Tic SuvatdtnTeg TV LTEPPUIULTOV ENEEEPYATTAV Yia
eXTENEOT) TOMNATAGY EVTOA®DY (TopolhnAior ILP) xou tic SuvatdTnTes TV TONVNUATIXGDY Yid
amdxpLPN TV Ypovixdy xoduotepioewy (tapakkniio TLP).

H apyrtextovind) SMT énwc npoteiveton oto [11] unopel va extehéoet eviohéc uéypt xt and
8 viuata xou amotehel pior enéxtaoy tou unepPutuntol eneéepyaoTy| o omolog dtadéter HdT
TohhoUC and Toug avayxaloug unyaviogolg yia tny expetdhievon e TLP pyéow noluvnud-
wong. oty utostipen g Tawtdypovng Toluvnudtwong o utepPaduwtdg enelepyaoTrg
yeedleton Pootxd povo dvo ahhayéc: oto unyovioud ebpeonc eviohwy (instruction fetch
mechanism) xot 670 GOVORO XATAYWENTOV.

‘Eva cuynbiopévo oOotnua npdPiedne draxhadwoewy odnyel tnv edpeot VIOA®Y, u6VO
mou Yo var unopel o enelepyaotic va Bploxel evtokég and 8 vApata, Stxdéter 8 uetpnréc
npoypduuatog xat 8 deixtec otoifag, éva yio xdde vAuo. e xdde xOxho, o pnyoviopos
ebpeone eviohdv emhéyer dvo viApoata (amd tor vigoarta yioo tor ontolar Sev exxpeyuel aotoyia
xpLPRC UvAUNe eviohdv) xar @épver uéypt xou 4 eviokéc and xde viua. O pnyaviopde
autog eivar hotndy 10080vapog pe awtd evog unepPaduwtol enelepyao T TAATOUS 8 EVIOADY,
xan ypedleton povo 2 Bopeg oty xpuey uvhun evioh®yv. [ty mo anodotixy| hertovpyia
TOU pMyoviopol edpecNe EVIOAGDY, avatidevton tpotepandtntes otar vipata. H teyvied mou
epapuoletar, avard€ter TV LPNAOTEPN TPOTEPAULOTNTA GTAL VAUATA Tat OTtolaL €Y 0LV TO UXPATERO
mAf0og EVIOADY oTa 0TS AMOXWIIXOTOMOY EVIOA®Y, UETOVOUACIH XATOUYWENTWY, 0LEd
EVIOAOY Tpog exTéheon. Me autd Tov Tpdmo amogedyeton 1 Agoxtovio evéc viuatog 1 m
anOXAEITTIXY YPNoT TOU ENEEQYUOTH And EVOL VAU, ETITUYYAVOVTOS OUOLOUOPHT XATAVOUT
OV EVIOADY OVIUECT OTO VAUATAL.

Metd v ebpeon xou anoxwdixonoinon eviohwy axohovlel 1 petovouacia kataywpn-
tav(register renaming). Kdie viua Siadéter 32 apyttextovixoic xotaywpntés ot onofot ovti-
ototyiCovtar yéow g Slodixaciog UETOVOUAGIOS XATAYWENTWY GTOUES PUOLXOVUE XATUYWENTES,
ot ornofot oe mhfdog eivar oot ot cuvolixol apyttextovixol xataywentés (8 x 32 = 256 cuv
XATOLOLE EMTAEOV XUTUYWENTES YO TNV PeTovopacia xataywentoy. Eneld, to peyakdtepo
00OVONO XATOULY WENTWY YPEIELETH TEQIOGOTERO YPOVO TPOCTENAGNC, TOL OTASLOL VALY VOOTG Xou
EYYPAPNC XATAYWENTOV ENLUNXGVOTAL 6TOLS 800 XOXAOLS UMY aVAS Yiot TNV amoQuYT adEnong
e Stdpxelg Tou xOXAOU UNYAVAC.
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" SMT m—
Superscalar wewe

Instructions per cycle

SPECInt95 Apache OLTP DSs 'SPECint2000

Eyfua 5.2: Aragopd enldoong avdueoa oe Eva SMT xan éva unepBaduwtod enelepya-
oTh

Emnpbodeta tou véou unyoviogol ebpeons eviohdy, tou peyohitepou ahvVoOlou xato-
YWENTOV %o TOU UoxpOTEPOL Ay wY0oU, YEEIGLETOL X0l O TOAATAACIAOUOS TELOY TOPWY TOU
enelepyaoTth: Tou unyaviopol anodéoucuons eviohwy (instruction retire) avd viuor, tou un-
yoviopol dtaxonev, xat éva emnpécdeto medio oTIC eYYPAPES TOU xaTaywENTH TEOBAEYNS
Stoxhaddoewy (branch prediction buffer) to onofo Snhdver Ty tawtdémta Tou Viuatog. Aev
yeetalovtal ENTAEOV XUXAWUOTA Yot THY TOALVIUATIXY Yeovodpouohdynon. Autd ouufai-
vel, 16Tt 1 Sdixaoio petovopasiog xatoywentoy eEakeiper Tic onoleadinote e€apThoelg
AATAYWENTOY PETAED YNUATOY, €10l WOTE Ol GUVICUEVEC OUPEC EVIOADY VA UTOpoVY Vo
xenotponomdoiv yior TNy Suvaixy| ¥povodpouohdynon eviolody and StapopeTind vipata. Ot
EVIOAESC TV VNUATWY TEPIUEVOLY UECO OTIC OLPECS, XL WO EVTOAT) Unopel var exTeEAETE! HOAIG
T oploparta e eivar Stodéotya.

Yy oyedloon nou mpoteivetal, ol TEPLOGOTEPOL TOPOL TOU ENEEePYAoTH wotpdlovTal du-
VOIXE AVIUESO OTAL VARATAL, EVEG ENdyloTol wotpdlovtar otatixd. Enopévewe otny nepintwon
Tou exTeEAElTON €var UOVO VAU, ol mopol elvan oyedov dhot Siadéatpor. H apyttextovind pog
EMUTEENEL AOITOV VoL TETUYAUVOLUE TNV ETBOOY TNG TAVTOYEOVNG TOALVNUATOONG, Ywelc va
emneedleton 1 enidoon xou 1 oyedioon Tou olYypovou vrepBaluwtol eneepyaoTy.

5.4 Teyvolovio Hyper-Threading (HT)

H teyvohoyio Hyper-Threading[13] anotekel tnv eunopixn uhonoinon tne apyttextovixy SMT
and v Intel.

Egoapuélovtag 1 Intel wa mapakhoryr) tng SMT pe 800 vAuarta, évag anhdg Guotxodg ene-
Eepyaothic e teyvohoyio Hyper-Threading eugavileton oto Aettoupyixd chotnue g 8o
hoywxol eneepyaotéc. Kdlde Aoyindg enelepyaothic €xel Tn Sixt| TOU apyLTEXTOVIXY XATAOTO-
on. H apyttextovins] xotdotaon anoteheltol and TOUS XATAYWENTES YEVIXO) GXOTOL, TOUS
XATAYWENTES EAEYYOL, TOLS TpOoYpappatioous xatoywentés dtaxonwy (APIC), xor optopé-
VOUG Xty weNTéES xatdotaons. And Aoylowxhc Thevpds, and T oty mou undpyouv 8o
EeYWPIOTES APYITEXTOVIXEG XATACTAOELS, €var AEITOVPYIXG oot To ontolo elvar xavd yia
nohveneZepyaoTxd tepBaAlovTa avTipeTonilel Tov enelepyaoth) wg dVo avedpTnTOouS ENE-
EepyaoTéc.
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MpooBaon L2 Oupa Amnokwdtkorownon Oupa Cache Fill Oupa pOps
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MeTtovopacta ‘ g
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w J Kataywpnteg Kataywpnteg

Mapaxwpnmg
(Allocator)

Re-Order
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L1 D-Cache

(B") Movordtt Out-of-order

Yyfua 5.3:  Alopolpacuds Twv mépwy o éva emneepyacty teyvoloyiog Hyper-
Threading

H Baower| Stapopd avapesa otnv Hyper-Threading vhomoinon xou tny npotewvduevn apyt-
textovixt) SMT evrtonileton oTov 1pémO TOL O THEOL ToL enegepyao Ty LolpdlovTan avIUET
ot 800 viparta. Eve i apyttextovixr) SMT npoteiver oav o anodotixd tov Suvauixd Stayot-
PaoUd TV TOpWY avTic Tou oTaTiXoL Staywplopol, otny Aomoinoy tne Intel oplopéves Sopég
draywpilovton otatixd. Baowxd d0o eivon ot Adyol yt' autry v emthoyt|. Ilpdto, 0 otatindg
Sty WELOUOS ATOUOVMVEL XUNDTERX Evar VAU amtd €val FANO ToU SEV GUUTEPLPERETAL ATOSOTIXA.
AelTeEpo, av %o 1) TEYVIXT| TOU oTaTix0) Slorywplogol dev enexTelvetol T600 XA Yiot TOMAS
vidata, 6nwe to 8 vigata g SMT, oty nepintwon twv 300 vnudtev tpoceyyilet o)
xaA& TNV enidoomn tou Suvapxol dtauolpacpol. Ouotdlovtag Aoty €va lxed T0G0GTO TN
enidoong, emTUYYAVETOL UaL IO A uAoTolnoT.

Y10 oyfpa 5.3 gaiveton mwe yiveton o Slauolpaonos TV TOpwY 01O Hovondtl dedoyué-
vwv (datapath) evég enelepyaotr| teyvohoyiog Hyper-Threading. II6pot nov Siaporpdlovton
Suvouxd OTwe ol Yov3EBeS EXTEAECTS, Ol XPUPES UVAUES X0 O XUTUYWENTES SlaxAadwoewy
yenotonotobyvton and xowob and ta dvo viuata. ‘Ocov agopd toug tdépoug mou Sy wpeilov-
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ToL OTATIXG. OTWS 1) OUPGL PIXPOEVTOAGDY, Ol XUTAYWENTES PopTwONG Xat anodixevong, o ROB
(reorder buffer), avtol dev eivon TAfpwe Sadéorpor otouc hoyxoic eneepyaotéc. Kdlde ho-
Y1x0¢ eneepYa0TAC UNOPEL VoL YpNotLoTOoEL TIg Woég eYYpapés and xdie tétota Sour. T'a
Topddetypa oy ot cuvohixég eyypapéc tou ROB eivar 126, t6te xdde hoyixdg enclepyaotic
umopel va ypnotponotioet to uéYloto 63 eyypapés.

Yy nepintwon mou wévo éva viua exteleital 6Tov eneEepyYAoTH, 1 TOUALYIOTO TO dEVTE-
e0 viua elvor o€ xatdoTaoy UTveorng, Yo Yélaue hot oL oTaTind Sty wptouévol Topot va elvou
dtadéotpor oto éva viua. H teyvoloyio Hyper-Threading Siver oty tn duvatdtnta péow
TWY XATACTACEWY AEITOLRY(0G TOU ENEEEPYAOTYH. LUyXEXPIUEVAL LTdPYOUY d0O TETOIEC XAUTA-
otdoeic: xatdotaon anhic depyaoiag (single-task mode (ST)) xar xatdotooyn nolhamhédv
diepyaoidy (multi-task mode (MT)). Ltnv xatdotaon MT xou ot 300 hoyixoi enelepyo-
otég elvar evepyol xou o Stapolpaods Twv Tépwy YiveTon dTwe TEPYPAPTNXE VwplteEpa. XNy
xatdotoon ST uévo o éva hoyixdg enelepyaothc elvon evepyde, xou ot mdpol mov Rty dia-
potpacuévol otny xatdotacn MT cuvevdvovion €tol wote o évag hoyixdg enc€epyaoThs va
€yet otn dddeon tou Ghoug Toug mopoug tou enelepyacth. H uetdPoon and v wo xo-
Tdotoor Aettovpylag oty dhky, yiveton uéow g evtolrc muprivae HALT. H 8¢ emavagopd
TOU AOYIXOU ETEEEPYAOTY, TOU EXTENEGE TNV EVTOAY), Yivetol p€ow Sloxonhc mouv mpoxahel o
dhhog hoyixdg emelepyastic xou 1) omtolar apuIVICEL Tov TE®To xou VETEL ETOUEVWS OAOXATPO
tov enelepyaoth oty xatdotoon MT. H eviorny HALT, npoodiopileton xuplwg yia ypron
and ToV YEOVOdPOUOROYNTY) TOU AELTOURYIXOU cUOTAUATOC Yia TNV Behtinon tne enidoong twv
XPOVOSPOUONOYOVUEVWY BIERYIUCIOY.

‘Eva dAho onueio d&lo oyohiaouot eivon 1 xovn yenon g xpuehc uvhung and toug 0o
hoyixolg eneepyaotés. H xowd ypron pmopel va odnynoel oe avemddunteg ouyxpoloelg
wetdvovtag tnyv enidoon tou enelepyaoth. Iapdho awtd, uropody va avartuydoldy uedddol
TOU eXPETAAAEDOVTAL TNV XOWN YeNon NG XPUPNHS UVAUNG, OTWS elvon yiar Tapdderyyo To
HOVTENO TOPOY WY OU-XATAVOAWTYH 0T0 0Tolo 0 €vag Aoyixdg enelepYdoThC AVaAoUBAvEL Vo
pépver o dedopéva mou Vo ypetaoTel o dAhog hoyixdg enelepyaoTrig Tply AUTOG ToL Y PEIAOTE,
€10l Kote va xpoBovtot ot xaduoteprioels uvhune. Eniong eviappiver tnv avdmtuin yeryopwy
UNYOVIOU®Y GUYYEOVIOUOU Yia TNV TEPITTOON TURSAANALY EQYAUOLOV.

Fevixd, onwe Yo Sobue ye neplocdtepo Bddog 010 endUevVo xEQPdlato, auTtd ou Stomi-
otwvetow oyetxd ue tny enidoon tng teyvohoyiog Hyper-Threading eivar ot oupnepipépe-
ot xohOTEpaL € TMEPIBAANOVTO TOAAATAGDY UVOUOIOYEVMV EPUPUOYWY, Tapd ot TepBdAlovTa
OUOIOYEVADY EPUPUOYDY TUPSAANAWY LTOAOYIOU®Y, AGY® TOL OTL Ol TOAMATAES EQAPUOYES
Telvouy va yenotuonotouy dtagopeTixols Topoug Tou enelepyaoTy|, oc avtideon ue Tig mo-
PAAANAES EQUPUOYES TV OTOIWY To VARATA YpNoldonoody Toug (Bloug ndpouc.



Kegdhowo 6

Enidoon Awatdéewy Evothtwy pe
Aewxtodotnorn MBalt oe Iepapyia
Mvrunc IToAvvnuatinng
ApYLTEXTOVIXNG

6.1 T'svixd

Avtideta ye toug unepPfaduwtols enclepyaotéc, N apyrtextovixt) SMT exyetahhedeton Ty
nopaAAniio o€ eninedo evioAfc ueTadd vudTtwy, xotd Ty andxpudn xadvotepioewy. Eno-
wéveg, eivar mdavd ot PektioTonotfoelg ot omoleg elvon XATIAANAES Yior TETOLOL Py oVALTY,
vou uny efvon xatdhinieg yioo tpy SMT. Etnpilduevol otor Yetixd amotehéoyotor TOU oS
€dwoe 1 epapuoyn tou tiling ye Satdlec evotitwy xou deixtoddtnon MBaLt, oto mapdyv
XEPANAO TPOYWPEAUE 0T PEAETN NS emidoone tng BelTiotonolnong auThg OE Wio EUTOPIXT
vhoroinon e SMT, v teyvohoyia Hyper-Threading tng Intel. Ot Sidpopec exdoyéc tou
uetponpoypdupatog ‘Iapayovtonoinon Cholesky’ nou vhomotooue oto xe@diono 4 mopaA-
Anhonotolvtan pe ypron ynudtov Pthreads (POSIX Threads) xou extehodvton o€ éva umolo-
YioTx6 obotnpa anoteAoluevo and encéepyaotéc Intel Xeon ot onofot Stdétouy teyvohoyia
Hyper-Threading, yia tn AMdn mpaylotixmdy AnOTEAECUATOY XL TNV EEAYWYT| CUUTEQACUA-
TOV.

6.2 IToAvvnuatixr, IlagarlAnhornoinom

[Mo v idonaon tou ywpeou epyaoiog eVOS TEOYRIUUATOS Xxou TNG avddeons TV TUNUd-
TV TOV TEOXVTTOUY O SIAPORETIXG VAULXTA Tot OTolo TEEYOLY TaEdAANAL, YenotuoTolovvIoL
300 Baoxéc uedddor: hentoxoppévn drapéplon epyaocioc (fine-grain work partitioning), émou
wixed TuAuaTa TV Sedopévey avatilevton xuxhixd ot StpopETIXS VAT Xl Y OVTPOXOUYE-
vn dapéplon epyaoioc (coarse-grain work partitioning), émou peydho xoppdtiar Sedopévwy
avatidevtar oe xdie viua.

Yy nepintwon tou tiling (xou xat” enéxtoor otic SATAZE EVOTATOY UE GUYBLAOUO
tiling), ot d0o Saporpdoeic epoppdlovion we edhc:

91
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Yo 6.1: O 600 Baocwég ueddool dlaugplong yweou epyaciag otny tepintwor tiling

o Xovtpoxoupévn Awapépion Epyaoiag. Yuveyoueva tiles avatidevtor xuxhixd oe dia-
popeTxd viuata, onwe gaiveton oto oyfue 6.1(a): H ypron e dopépone authc
evdelxvuton oTnV TERinTWoT TohVETEEERYATTAOY, Bi16TL avadétovTag ot xdde enelepya-
oth/vnua éva tile auZdveTon 1) ENAVOLYENOILOTOMOT XoU UEDVETOL 1) ATOPOITNTN ETIXOL-
vevia xou oLy yYpoviouds UETOED Twy enelepyaotdv/viudtoy. X éva enelepyaoth Opme
SMT, wa tétota Sapépton 6nwe dramotmvetar oto [12] propel va eivon emPBrofric. Av-
16 ovuPaivel StdTt o viata epydlovion oe ey wplotd ohvoha dedouévwy, auidvovtog
UE LUTO TOV TPOTO TO YWEO EQYACIOG TOU TPOYPAUUATOS Xt OdNYWVTAS O UTEPYEIANOT
tou TLB (TLB thrashing).

o Aentokoupévn Lwauépion Epyaoiag: Xuveydueva ototyela evog tile avatidevtar xu-
x\xd o€ dapopetixd vigata, 6mwe gaiveton oto oyfua 6.1(8"). Onwc onueidveto
oo [12], 7 ypron e Sroapéptone awthc eVBEiXVUTUL GTNV TERITTWOT) TV ENEZEPYAOTHOV
apyrtextovixfic SMT, 6mou tar vApotar potpdlovTot TNV X0 Xpuph UVAUTN XL ETOUE-
vog dev vnogépouy and xaduotepoelc Aoyw cuvdgelas xpuenc uviunc. Exiong eivon
duvath 1 LAOTOMON CEXETE YRTYOP®Y UNYAVICUOY GUYYEOVIOUOU, 1 onola otnpileTo
otnyv VToEEn NG xoWAC xeLeNc wvhune. Emmiéov o ywpog epyaoiag eivon wxpdtepog,
Xl EMOPEVLS UEt@VETaL 1) unepyelinon tou TLB.

6.3 IloAvvnuatixr, [loparAnioroinon Iapayovro-
rnoinorncg Cholesky

[oe ™) yerétn g enidoong tv Stdéeny evothtey ue deixtoddtnon MBalt, oc epapyia
wvhung tohuvnuatiedic apyrtextovixis tomouv SMT xon ouyxexpiuéva tou eneepyaoty| Intel
Xeon DP ye teyvoloyia Hyper-Threading, to petponpdypappa Cholesky nopokknhonoteitan
o€ 2 VAUoTa YeNoILoTolOVTaS TI 800 Bacixés uedddoug Stauéplong: AETTOXOUUEVY) XOU Y OV-
Tpoxoupévy. Enilong egopudletar xou o ouvduaopds v d0o yedodwy yior Ty Stouéplor Tou
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Yyfua 6.2: Ot tpooTeldoels OTwS YivVovToL amd To VAUATA 0TV TERITTWOT, AETTOXOU-
LEvng dtauépiomng epyaciag

X@eov epyaciog oTny TeplnTwon 4 VvUdToY.

6.3.1 Aentoxoppévn Awopépion Epyaoiog

H repintwon Aentoxoupévne Sropéplong epyaoiag eivon oyetixd amhy. Ko to 00 vApata
epydlovtan 6o {Bo tile (1] evétnta) to onolo to popdlovton xuxhixd dnws Paiveton 6To oY1
wo 6.2, Ye xde tile 1o mpwto viua extelel av ypetdleTal TOV UTOAOYIOWS NG TETPOYWVIXNS
piCoc twy ototyeiny eni e daywviou (1), extelel Tic dronpéoeic (2) xt axoholdwe ouveyilet
we toug mohhamAiaotapols oto wod tile. To Sebtepo vipa extelel Toug noAlamhaciaouois
oto unéhoino wod tile mapdhinha ye to mpdTo VAua. To wxpd péyedog mpoPiiuartoc N
Srouépton ot mapouctdlel avicopponies, ol onoleg duwe ot Tpofhfuata yeydhou peyédoug
elvar apehntéeq.

O axdrovdoc xwdixag anotelel TUARA TS TUPEAANANS VAOTOINOTNE TOU UETPOTPOYPAUULO-
T0¢ Yenoonoldviag Aentoxouuévy Stopépton epyacioc. O xddixag autdE TEOOTERAVEL TaL
ototyeta evog tile xou elvon ntopapeteinds Tou aprdpod viuatog thread xor tov TARYoUS VNud-
v threads. O mhipng x@dixag o onolog mepthayuBdver Slatdielg evoThTwyY Ue dexTodoTNnoM
MBaLt uropei va Bpedel oto napdptnuoa B .2.thread _tiled_full_.bdl _NN_fine_grain (ypouuéc
80-217).

for (k=kk; k<MIN(kk+Bkk,N);k++) {
if (thread_ID==0) {
if (jj<=k && k<jj+Bjj && ii<=k && k<ii+Bii)
Alk][k]=sqrt (fabs (A[k][k])); (1)
if (jj==(int) floor ((double)kk/Bjj)*Bjj)
for (j = MAX(ii,k+1); j<MIN(ii+Bjj,N); j++)
Alk][j]/=Alk][k]; (2)

/+* Barrier Synchronization =x/
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for (j=MAX(jj ,k+1)+thread_ID;j<MIN(jj+Bjj ,N);j+=
threads)
for (i=MAX(ii,j);i<MIN(ii+Bii,N);i++)
Alj]li]—=Alk][i]=A[k][]];

6.3.2 Xovtpoxoppuevn Awopépion Epyaciog

Yy nepintwon yovipoxouuévng Sapéptong epyaoiog, ta tiles avatievton xuxhixd oto 2
vipato.  Kdde vuo Aowndv epydleton oto dixd tou tile mopdAinia pe to dhho vAuo. H
Omopdn oung e€opthoewy Uetall twv tiles dnwe galvetar oto oyfua 6.3, xahotd avoryxaio
TO GLYYEOVIOUS UETAED TV YNUATeY Yio Ty un rapoPioon twv egaptioewy. O elaptroelg
UTIOYPEWVOLY TO Tp®TO, To Tplar TEAeUTala Xa 0ploUEVES Qopéc To TéTapTo tile amd To Téhog, va
unohoylotolv axohouvdioxd xi €tol avatidevion tdvtote oto tpwto thread. To undhoina tiles
opadonotovvton oTaTiXd o€ ouddeS Twv dUo tiles xou avartidevton ota viuorta we to yotifo mou
palvetar 6t0 oy 6.3. Me avtd Tov tpoéTo e€acaiileton 1 Stathenon Twv eZupTHOEWY o
emmpooieta emtTuYydveTan LAY enidoon, agol ota evdidueoa tiles o VApaTa TPOYWEOLY
nopdhhnha oyedov oe TAEN TayOTNTA
Ot Adyor mou dev emtuyydvetar TAfeng taydTnta elvon Paoxd dvo:

o H Onopln axohouvdiaxrc extéleong, 1 onola 6uws elvor ageAnTéa 0Ty TEPITTWOY TOL
undpyouy apxetd tiles. Ytnv nepintwon pag to TARYog twy tiles diveton and v oyéon:

M k
, M(M +1)(M +2) N
o k=11=1 6 LTJ

6mou N 1o péyedoc tou mivaxa xou T' to péyedog tou tile. Trnodétwvioag mAreng
10opponia 6To Qoptio Twv tiles 1 emtdyuvon speedup divetar and v oyéon:

_ tiles
speedup = 7&162875 5
Yy mepintwon mov 1o N eivar apxetd peyohldtepo tou T, mou autd elvar xou To
obynlec n emtdyuvon speedup — 2. To ntopdderypo yior woe cuvniopévn nepintwon
N =1024 xou T = 32 speedup = 1.998.

e H avicoppornio nou undpyet oto optio twy tiles. Ta tiles mouv Beioxovtor ota clhvopa
TOL YWeoL enavakihewy, ypetdlovTal TEPIOGOTERD YEOVO Yiar Vo ohoxAnewiolv, Topd
o eowtepixd tiles. 'Etot, éva viua agol ohoxhnpwoel to Sixd tou tile evdéyeton va
TOEUUEIVEL AVEVERYO TEPUEVOVTOS TNV OAOXAP®OY TOU GANOU VARATOC, YIo VoL GUVE-
yioovv axohovdwe pall ota endpeva tiles. Oo unopoloope va avtiotaduicovue tov
TOEAYOVTAL TG AVIGO0POTIAG, EQY ETULTRENAUE GE OPIOUEVES TEPITTOOELS OTOL VIUATOL VOl
eAEYYOLY Suvouixd TIC EEUPTAOELS ol VoL TPoYweolY To ekev¥epa. Tt Toug oxomoie
OUWS NG TPOLOoAC ERYAOING 1 EMTEYUVOT TOU EMUTUYYAVETAUL UE TO TUPATAVEL OTUTL-
%6 potifo avdieone v tiles oto vAuota elvar ixavomomtixy, xon wo o ToAlThoxy
vhornoinon dev ypetdletou.
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Yyfua 6.3: O e€aptrioeic petalld twy tiles 610 ywpo enavarfbewy e mapayovTo-
moinong Cholesky

O x®dixag TN TapdAANANS VAOTONOTG TOU UETRPOTPOY PAPUATOS TTOU YPNOILOTIOLE! YOVTPO-
xoupévn drapépton epyaoiog, xodog xat Statdielc evotitwy e detxtodotnon MBalt uropet
va Ppedel oo nopdptnuo B'.2.thread _tiled_full_bdl _NN_coarse_grain (ypoppéc 226-669).

6.3.3 2uvduoacpog Xovipoxoupevng xou AenToxouuévng Ao~
wEplong

Ly mepintwor ouvSuaouol AETTOXOUUEVNS Xol YOVTPOXOUUEVNS Stauéplong epyaoiag, op-
yixd to tiles avortidevton xuxhixd otoug 300 Quox0UC ENEePYAOTES YENOLUOTOUOVTOC TN
yovipoxoupévn Stoapépton. AxoloOlng, yenotponotdvtog Aenttoxouuévy Stpéptor epyaoiog
xadéva and ta dvo tile mou avatédnxay otoug 800 guatxoic enelepyaotés, diapepiletar avd-
peoo o€ 2 viuata, To omofo Teéyouv 6Toug Suo Aoyixolg eneiepyaotés mou dtadétel o xde
puOLAOS ENEZEPYAOTHS.

O x®dixag e mopdhAning vAoToiNoNS TOU UETPOTPOYPAUUATOS TOU YENOLLOTOLE! GUY-
duaoud Aemtoxoupévne xou yovtpoxouuévng Stouéplong epyaoiog, xodog xat Statdielg evo-
™ty e detxtodotnon MBaLt unopel va Beedel oto nopdptnua B'.2.thread _tiled_full_bdl
_NN_coarse_fine_grain (ypopuéc 638-1041).
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6.4 Ofpata YAornolnong

6.4.1 Nrpata POSIX

‘Eva vijua (thread) eivou o aveZdptntn por) ehéyyou péoa oe wa depyaoio. ‘Olo o viporta
wag Stepyaoiog porpdlovton:

® TOV EIXOVIXO YWpo devtivoewy tng depyaoiog
o avowxtd apyeia (file descriptors)
e yelpotéc dloaxonwy (signal handlers)
, EVO xqe vy Eyet:
e 10 dix6 TOU MEPIEYOUEVO (XaToywENTES, UETENTAS TPOYPAUUATOC)
e 11 dux} Tou oToifa yia TomXES UETUBANTES

H Bighodxn NPTL (Native POSIX Threads Library) nopéyet tn Suvatdtnta tohuvnuo-
TIx00 TEOYEUUUATIONOY Yo To AettoupYixd olotnua LInux. Amotekel tny mo ohoxAnpwuévn
xau ouvyPoth) pe to npdtuno POSIX Ao, napéyovtag xahltepeg entddoelg and TohdOTEPES
BiBhotxeg mohuvnuatixol Tpoypopuatiopol, 6nwg 1 LinuxThreads.

6.4.2 CPU Affinity

H uxavémnta tou ypovodpopohoyntr evog Aettovpytxod cuoTAUATOS VoL O€ver i Slepyaoio o€
éva ouyxexptuévo eneepyaoth ovoudletar CPU affinity. Ye wo tétola nepintwon o ypHotng
€yet 0 SuvatoTnTa Vo teplopllel To oUVOAO TV ENEEEPYACTWY GTOUS OTOIOUS O YPOVOSPO-
wohoyntrc Spouoloyel ) Siepyacio npog extéheon. To chvoro autd umopel va eivon uévo
évag enegepyaothg, onote 1) Sepyacio Yo exteheitan poVo 0T0 GUYXEXPIUEVO ENECEQYAOTN 1|
umopel va elvar éval uToolvoho Twv enelepyaoTyY, onote 1) Siepyaoio Yo extedeiton o€ €vay
and autolg toug eneepyaoté. Eivon eniong emduuntd yia Adyoug enidoong, ot yevixy ne-
elntwon mou o ypovodpopoloyntrc anogaciler eheditepa T dpogoldynom, va eivor oe Véon
va dpouoloyel wa Siepyacio ndvtote otov B0 eneepyaoty.

Yy neplntwon tou Aettovpyixol cuothiuatog Linux, napéyetar oto yprotn n SuvatdtnTa
auth wéow e xhfong cuothuatog sched_setaffinity. H xhfon auth déyeton wg oplopata
v towtotnTa id g Sepyaoiog xon wor pdoxo affinity mask n omofa opilet to olvoho
TV eneepYaot®y otoug onoloug N Siepyaoio urnopel vo exteheotel. H udoxo avty elvo
évac axépatog apriuog, 6mou to dnplo k£ oty Suadixh Tou avVanUEdcTACY) AVTIOTOLYEl OTOV
ene€epyaoth k tou ovothuatog. ‘Otav to dmoio eivon 1 t6te 1 Siepyaoio emtpéneton va
exteleotel otov enelepyaoth xou to avtiveto otav eivon 0. Ta mopdderypar 1 udoxo 1101
emtpénet Ty extéheon wog Siepyaoiog o€ Ghoug Toug enclepyaoTtéc Thny Tou enelepyaoTh 1.

Yy nepintwon pog, 1o CPU affinity eivar mohd onpavtind, 8161t yéow auvtod opilouue
o€ moloug enegepYaoTEC Vo EXTEAEGTOUY To VAUATA TNS ToedAANAng LAoToinomg Tou UETpO-
npoypduuatos. ‘Onwe o xdie diepyaoia, €Tol xat o xdVe VARX AVTIOTOLYE! WOl TUUTOTN T
VAUOLTOS TNV omolol Umopolye Vo Tepdooupe otny sched_setaffinity yio vo opicouye o€ moloug
eneepyaoTEC EMTPENETAL VoL EXTEAECTEL TO vAua. 310 nopdptnua B'.3.2 napatidevtar ot Bor-
UNTIXEC CLYOPTAHOELC TTOL YenotponolodvTal Yo TNV 8\Awon tou cpu affinity xdie viuartoc.
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6.4.3 Mnyaviocpol Xuyypoviopod

Ot nohuvvnuotinés exSoy€c TOU UETRPOTPOYPAUUATOS YPNOILOTOOLY UNYoVIGUo)E GUYYPOVI-
ool Yo vo eEaopahicouy THY ATOUIXOTNTA TV TPOTOTOCEWY GTA X0WVE dedouéva, xong
xaL YLoL VoL TETOY 0LV Tov UETag) Toug cUVTOVIOUS 0TS epyaoieg Tou €youv va exteléoouy. Ot
unyoviopol avtof Vo mpénet va efvon 660 1o Suvatdy o elapol and drodr UTOANOYIoTIXWY
TopwY, €101 WOTE 1) TOAD oLy V| Yenon Toug va unv entPopivel o yeydho Badud to chotnua.

‘Evag Stadouévog unyaviouods ouyypoviopod 6To wpeo g TapdAning enciepyaoiog elvo
T spin locks. ¥’ éva této10 xAeldwyuo o enelepyaotrc npoonadel GUVEYMS VoL ATOXTHOEL TO
xheldwpa, otprpoyupiloviag Yopw and éva Bpdyo péyet va to xatagépet. H ypron tétoiwy
ANEBOUATOY EVIEXVUTAL OE TMEQIMTMOOEIC TOU O TEOYPUUUATIOTAS Teptuéver OTt Yo deoued-
oel 10 xAeldwpa yia Evo uxpd ypovixd didotnuo xt 6tay entdupel 1 Stadixaotio xhedwuatog
var éyel uxpy) xoduotépnon otay €va tétolo xheldwpa eivar Sadéopo. Ed® yenowonooi-
KE TNV vhomoinom twv unyaviopoky ond toug [1]. O unyaviopol autol eivon vhoromuévor oe
ouuBohx YAOooo x86 xat Aettoupyoly €€’ 0hoXApOU GTO YMEO YPNOTN USer space yEYNolo-
TOLOVTAS XOWVES PETABANTES ouyypoviopol. ‘Otay ot spin locks exteleotoly oe enelepyaotéc
nou vooteiCouv teyvohoyia HT, npoxarolv emBopivoeic otny enidoor, xuplwg Aoyw tev
S0y DY EXXEVOTEWY TOL Y WYOL TOL TEOXAAOVYTHUL XATd TNV €080 and Twv Bpdywy. Eni-
TEOOVETA, XATAVAAGDYOUY ONUAVTIX00E TOROVS, apol 6TpLpoyupilouy Yenyopdtepa oe oyéon
UE TO YpOVO mou YpeldleTtal 0 Siddpopog NG UVAUNG YIOL YO EVAUERWOEL TNV UETOBANTY ouy-
yeoviouol. Autol ot tépol ovclaoTid oTaTahldYToL xon Yo uropoloay vo yenotuorotnioiy
and tov dhho hoyixd enelepyooth. I autd xaw oty vhomnoinon toug ot [1] evowpdtwoay
v eviohy PAUSE, énwe npoteiveton xou and tny Intel. H evtohy oty elodyer wa pixpem
xaduotépnon oTto Ppdyo xou Ty OVEL TNV EXTENEGT) TOU PECA OTOV AYWYO, ATOTRENOVTAS TOV
Bpoyo VoL UTEEXATAVAUAMVEL TOADTILOUS TOPOUL.

Me v etoaywy?| e eviodic PAUSE ovctaotixd o hoyixog enelepYdo T anodecuevel
ToUg TOpoLE Tou SiootpdlovTar Suvouxd. Aev anoSeoUelel OUWE TOUS OTATIXG Starywpl-
ouévoug mopouc. ' awtd xar oty vhonoinon elodyeton xou 1 eviohy HALT v onofa 6mwg
avapépeton oY evotnTa 5.4 6tav extekeotel and éva hoyixd eneepyaoty|, anodeouelel
6AOUC TOUC TOPOUS TOL HTAY XATEIANUPEVOL amd awTdy, StodéTtovTtag Toug 6Tov dhho Aoyixd
enelepyaoth. Emedr) dpwe n eviokr) auth anotekel eviolr) muphva, o muphvag Tou AErToup-
yixo0 ovothuatog Linur enextddnxe xotdhhnha, yioo v efvon Suvath 1 xAhon tng eVIOARS
and 10 Yweo yenotn. Me v eviohy HALT ot spin locks umopolv vo €youy neplocOTeRT
didpxetar, ywpls va onataAidvTon ot mépot Tou enegepyaoty. BéPoua, n uetoywyn and xon mpog
TNV XATAOTAOT), UTIVWOTS ELOAYEL Ypovixt| entBdpuvor, 1 onolo ouws avtiotaduileton and Toug
nopoug mou xepdilouye ue ™ yeron tng HALT.

Téhog, ypnowonolwvtag Toug spin locks vhomoleitar Wiar pop@n barriers, n omolo otnpi-
Cetou oto [7]. Ou barriers eivon tdiaftepor Ypfiool YioL TOV GUYTOVIOUS TV VARETWY Xt TOV
€NEY YO pOTC TOU TEOYRIUUATOS Xt EVOL O UNYAVICUOS GUYYPOVIOUOU TOU YeNolLoToLe(Ton
OTOUG TOALVNPRATIXOVS XOBIXES TNS TopoVoAS EpYasiag.
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6.5 Ileipapatind AnoteAécpata

6.5.1 IlepiBdArov Extéleong

Or netpopartixée petphoeic éyvay 610 utohoyiotixd olotnua Xenon® 1o onofo amotehetta and

eneepyaotéc Intel Xeon DP ot onolot Stadétouv teyvoroyioa Hyper-Threading. H oixoyé-
vewa Tov Intel Xeon Baoileton otny wixpoopyttextovixy Netburst xou eivon 1 mpdtn eunoptxt
owoyévela enelepyaot®y mou vlomowel v apyttextovixry SMT. Ytov nivaxa 6.1 nopou-
otdlovton oplouéva Bactxd TEYVIXE YAUPAUXTNEIOTIXG TOU ENEEEQPYAOTY, EVEG GTOV Tivoxa 6.2
nopovotdlovton oL aptiuNTIXES TAUTOTNTEG TWV AOYIXOV EMEEEQYAOTMOV TOU UTONOYIOTIXO00
CLOTAULATOL.

Doty petayAodttion yenotporoidnxe o gee (GNU Compiler). Enedh 0éhovye vo peke-
moouvyue TNy xadopn enidoon Twv Stapdpwy exdoydy, apyxd UeTay A TTI{OVUE TOUS XWIIXES
yweic emmhéov Behtiotonoinon (gee -O0) xou axohoVInS YENOLOTOIWYTIS TNy UEYIoTH du-
vath Bedtiotonoinon tou napéyet o yetaylwttiotic (gee -02). Eniong, onueidveton bt yia
™ oOvdeon (linking) ypnotponorfdnxe otatixf| obvdeon (static linking) n onoio oe oyéon
we tn Suvouxt| ovvdeor (dynamic linking) Siver yenyopdtepo, ahhd peyohitepo xddixo. H
duvoux oOvdeo Edwoe YENYOPOTERO XWX UOVO otV TepinTwon TN oelploxic exdoy g
we StatdZelg EVOTHTWY.

Lot Mdm avahu Ty amoTEAEGUATLY TOU apopovY TIC ACTOYIES XPUYTIC UVAUNG XPNot-
pomotovvtar ot Model Specific Registers (MSRs) tou eneepyaoti, uéow twv onolwy yevixd
UTOpOVUE VoL TEPOVUE TANPOYORIEC TOU aopoly Yeyovota enidoong. T'o tnv avdyvwon tev
xataryweNTtoV Yenotporoteltar 1 Bihodfxn xouw o module mou avéntuiay ot [1]. O Aéyoc nou
xenotpwonoteitan o module elvon 1611 1 eviodr) rdsmr 1 onofo StaPdler To nepieydUEVO VG
MSR unopel vo exteleotel wévo amd 10 yweo mupRva.

Ytov nivaxa 6.3 divovton ot didpopes exBoyéc mohuvnuatixic tapalknhonoinong yia TG
oroleg Mpinoay xot TapouotdlovTal TELPUPATIXG ATOTEAEGUATAL.

6.5.2 AmnoteAécpota

Yta oyfpata 6.4-6.6, och.103-105 mapousidlovion ot ypbvol EXTEAECNS TWV GELPLIXMY Xl
TOAUVTUATIXWY EXSOY DY TOU peTponpoYpdupatos. Ki €30, ot ypdvol extéheone yia Ti¢ exdo-
xé< mou eqapuolouy tiling avtiotoryolv oto xaltepo tile. Eniong, oto oyfua 6.8, och. 107
napouotdlovton avaAuTixd T0 TARY0S Twv aoToyt®y xpuphc uvAung L1 xou L2, nou avtiotol-
xoLv o710 xahbtepo tile. Téhog, oto oyfua 6.7, oeh.106 napouctdlovtar ot ypbvol EXTENEDTG
NG OEIPLOXAS XAl TV TOALYNUATIXOVY UE SIATIEELS EVOTHTWY EXSOY MDY TOU UETPOTROYPAUUATOS
xat 610 oyfpa 6.10, oeh.109 napovatdlovton ot actoyleg xpuphc uviuns L1, ouvapthoer tng
didotaong tou tile, yia Sidpopa peyédn mpofiiuatoc.

Y10 oyfua 6.4 nopatnpolue 6Tt 1 QapUoYY| SIATAEEMY EVOTHTOY ETLPEREL UOVO WOl WXPT
Bektiwon oo ypbdvo extéleons, mepinov 3 — 4%. Autd ogeiletar xuplwe 6TOV TOAD Xahd
unyovioué hardware prefetching nou eivon egodiacyévoc o enclepyaotiic Xeon, o onolog
pépvel oty xpupt| pvhun L2 dedopéva mpv avtd {nmndolv. O unyaviouds autde gaivetar
ot Bondd apxetd v exdoyr| ywelc tiling, apol emtuyydver wo enidoorn oAb xovtd oty
Behtiotomomnuévn exdoyn pe tiling xou StatdEeic evorRtwy. Eniong, oty nepintwon tov tiling

' Anotehel pépoc tou epyaoctnpiov CSLAB/ECE/NTUA
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Xopaxtnelotxd | Intel Xeon
Luyvotnta Aettovpylog 2.8GHz
Bébdoc Aywyol 20 otddi
Avvatémta Extéheong 6 evtoléc
Avvatotnra opddoone (commit) 3 evtoléc
Kortoywentéc Metovopaoiog 128
Evtoiéc oe Exxpepdtnta 126

Kpugn MvAun I-L1

Awdéter Trace Cache
Yuoyétiong Yuvohou 8-Apduwy

Méyetoc Trace Cache 12Kupos

Kpvgh Mvrun D-L1 Yuoyétiong Yuvohou 8-Apduwy
Mévyetoc D-L1 16KB

Mévyedoc I'popuric D-L1 64B
Kotvotépnon aotoylag L1 2 x0xhot

Kpugn MvAurn L2 Yuoyétiong Xuvorou 8-Apduwy
Mévyedoc L2 1IMB

Mévyedog INpopuric L2 648
Kadvotépnon aotoyiag L2 7 xOxhot

TLB

128 eyypaphy
Yuoyétiong Xuvorou 4-Apduwy

ivaxag 6.1: Teyvixd yapaxtneiotixd encéepyaoty Intel Xeon

99

Aoywoe Enelepyaotic 0 | Aoyixdg Enelepyaotic 1

Puowog Enelepyaotric 0
Puowog Enelepyaotrc 1

0 2
1 3

ivaxag 6.2: Tavtoétnteg enelepyaotdy o1n cucTolyeia Xenon
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| Awopépron | ID.. Nnudrov | Korovopd Npudtev | Kedud Ovopaoio

Koid 1 1/puoxd enel. column_major,
tiled_full_hopt,
tiled_full_bdl_NN_hopt

Xovtpoxopuévn 2 1/puoxd enel. tiled_full_smp_coarse,
tiled_full_bdl_NN_smp_coarse,

Xovtpoxopuévn 2 1/hoyx6 enel. tiled_full_smt_coarse,
tiled_full_bdl_NN_smt_coarse,

Aemtoxouyévn 2 1/hoyix6 enel. column_major_smt_fine,

tiled_full_smt _fine,
tiled_full bdl NN _smt_fine

Xovtpoxopuévn xou 4 2/guoixd enel. tiled_full_smt_fine_smp_coarse,
Aentoxopyévn 1/hoyixd enel. tiled_full_bdl_NN_smt_fine
_smp._coarse

[Tivoxag 6.3: Ou Bidpopeg exdoyéc moluvnuatixic Tapahhnhomoinong yia T omoleg
ToeoUCLAoVTAL TEWUUATIXG ATOTEAECUATY,

ot paxpltepol pwhiacuévol Bpdyol odnyoldy oe neploodtepes haviaouéves Staxhadooets [3],
ot omolec oty epinTwon Tou Xeon efvor cpxetd xplolec, 0ol N movh TV 20 xOxhev? elvo
peyohltepn xt and Ty actoyia xpuPNHC UVAUNS.

Yuyxpivovtag v enidoor TV TOALVARATIXGY EXSOYOV TOU UETPOTPOY PAUUATOS, T
meolue 6Tt avtiveta and 6Tt Yo neplueve xavel, 1 yenom TEPIOCOTERLY YNUATWY dEV ETLPEQPEL
™V avdroyn Bertinon. Xto oyfua 6.5 nopatneeitar 6Tt 1) enIB00N TWV TOALVUATIXGOVY EXSO-
Y&V o€ 800 hoyixoic enelepyaoTtéc Tou Blou guotxol enelepyaoty| (Tautdypovn ToAuYNUdTL-
on - SMT), ot onolec ypnotponotody eite yovipoxoppévr dtoapépton epyaociag, eite Aentoxoy-
wévn drapéptom epyaoiog elvon eEhapeds xahbtepn and tny enidoor tng oetploxnic exdoyng xotd
évo. toocootd 4%, 1 onola dev ixavonotel g npoodoxiec pac. Eniong, n ypnotponoinon Ae-
nToxouuévng drapéptong eivar ehapp®e xohlTepn and TNV yovipoxopupévn diauéptor, To onolo
elvon o€ ouppwyvia pe v daniotwon tou [12]. Avtideta, dtav 1 exdoynh we YOVTpOXOUUEVT
dropépton extereotel oe duo hoyolg emelepYaoTES SIAUPOPETIXWY QUOIXWY ETEEEQPYATTAV
(rohveneZepyaotéc - SMP), 1 enidoon auZdvetor onuavtixd xotd €vo TopdyovTa ToU QTAVEL
10 1.85. Emexteivwvtag nopanépa oe 4 viuata, to onola avatidevtor otoug 4 hoyixolg ene-
EepyaoTéc 2 QUOX®Y ENEEEPYAOTOY, 1) enidoon SuoTtuyws dev Bedtidvetan. Auto ouyfBaivel
xuplwg AoYw TN abyxpovong oto uéyedog tile mou euvoel v yovipoxopuévn xar Ty Aento-
xoppévn Bektiwon. Me v eloaywyr Bedtiotonoinong and tny TAEUPE TOL UETAYAWTTIOTY
(-02) emtuyydvetar 6nwe Qaivetar xou oto oyfua 6.6 wo wixer adZnon otnv enidoon dAwv
WY EXSOY OV, PE TNV Stapopd enidoong LeTal oelploxic ExSOYME XU TOAVYNUATIXWY EXSOY WV
VO UELDVETAL.

H avddeon twv 2 viyatwy otoug Aoyixolg enclepyaotéc evog Quotxol enelepyaoTy,
npoxahel 6nwe gaiveton oto oyfua 6.8(y") abinon twv actoyidv xpuehc uvhune L1, Ta
2 vrpata porpdlovton xou avtorywviCovtar yia Ty xpuen uviun L1 tou guoixol enelepya-

2Ye oy ypoves apyttextovixéc, N Towvi havdaouévng TedBhedng Sroxhddwong efvor (om ue o Bédoc
TOU Ay wYoUL.
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o), TPoXAAGVTAS AOENON TWY ACTOYLOY AoYw cuyxpoloewy. [lapdha autd, n adénon twv
aoctoylwy L1 Sev elvon apxetd pueydhn yio va Sixatohoyhoel tny yauniy Beitinon enidoong.
‘Onwe emPeBoudvetar and 1o oy 6.10 ot actoyieg L1 perdvovton yio péyedog tile 32 x 32,
10 onofo anotekel to peyohltepo uéyedog tile 1o onolo ywpel oty xpuER uviun ywelc va
npoxaholvVTaL cUYXEOUOoES UETAED oTolyelwy Tou (Blou tile oty mepintwon g oeplong
X0l TNS AETTOXOUUEVTS EXDOYNS, XU cLYXpoVaElC UeTadh Twv d0o tiles otny nepintwon g
yovipoxoupévne exdoyhc.® ‘Ocov apopd Tic actoylec xpuphc uviune L2, énwe goivetoun 010
oyfuo 6.8(8) oty nepintwon e nohuvnuatixic exdoyfc UE yovTpoxouuévr Sopépton ot
aotoyleg mopousidlouy wia eEhapeld adénon oe oyéon ue TNy oetplaxy exdoyn, Ve oY TE-
plntworn mohuvnuatixhc exdoyfc ue Aemtoxoppévr Sopéplon ot aotoylec napoustalovy Wi
ehagptd ntdon. Me v eloaywyy Pedtiotonoinone and Ty TAEUPE TOU UETUYAWTTIOTH (-
02), 6nwe gaiveton 6to oyfua 6.9 dev undpyet ovslaotixy BedtioTonoinon 1660 6to Thfdoc
v actoytoy L1, 660 xou oto nAfdog actoyioyv L2.

Or aotoyieg xpupnc uviung miavoy xpvBovtar and Ty LTAEEN TWV 2 YNUATWY, XL ETOUE-
Vg 1 uxph adgnomn toug dev Tig xohiotd uTEVYUVES Yia THY UEIOWEVH AndS00T TV TOAUVUO-
TIXWV exdoy®V Tou Yetpompoypdupatos. Kuplng, n uetwuévn anddoon anodidetar oo xd60t0¢
OLYYPOVIOUOU GE GLUVSLAGUG UE TNV SIPEPLOT TWV LTOAOYIOTIXMY TOPWY TOL ENEEEPYAOTY
X0l TN 6VYXEOLOT] TWV 2 VUATWY UECO GTOUSC UTOAOYLOTIX0US TOHPOUS.

Paivetar hotmdoy OTL 1) LVIOVETNOT TEYVIXWOY AnO TO YWEO NS TUpdAAning enelepyaoiog o€
OUCTAUTA TONUTEEEQYAUOTMY Yial T1) Staépion Tou PopTiou ot ToU UTOAOYLOUOU OF XWIIXES
TOU TEPLEYOLY UEYENO bYXO0 LTOAOYIOW®Y Tou [Blou TOrou (compute intensive applications)
oty nepintwon apyttextovixwy SMT, 8ev anotekel xou v xotaAAniotepn Aoorn. H nopai-
Anhonoinon/nohuvnudtwon éneg éyve ywptoe v gpyaocio oe Vo buoto vApgoTa To onola
€youv i (Biec avdyxeg oe mocdTNTA xou TOTO UTOAOYIOTIXWY Topwy. H tautdypovn moku-
VNUdTwor otneileton 610 4Tt XAToLoL UTOAOYIOTIXO! TOPOL TOU UEVOUY AVEXUETAAAELTOL AOY W
énheyne ILP pnopodv va ixavormoinioly ye tnv ebpeotn eVIOh®Y and dhho viuorta. 3Tnv
TEPIMTWON A OUWS Ol AVEXUETIAAEUTOL TOROL IOV PEVOLY amtd To €var VAP dev elvon auTol
mou yeetdleton To dhho viua, ool xou ta 300 {ntoly Toug Btoug Tinoug ToPWV.

6.6 XvpnepdouoTa

Yupnepaivouye 6Tt undpyet wa aduvapia e teyvoloyiag Hyper-Threading xou yevixdtepa
e apyrtextovixic SMT va nethyet uhnhy enidoon oe TohuvnuaTixd ToEdhAnAo TEOY PAUUATA
we peydha umohoytotixd qoptio. Ta vApoto evOC TopdhAnhou TROYEAUUATOS £Y0VTSC OUOLL
Yoo TNELoTIXd, Telvouy va avtaywvilovtor Toug (Bloug LTOAOYIGTIXOUSC TOPOUS TNS UPYITE-
xtovixric SMT, xahotodvtoag W autd Tov Tpd6T0 xdmoto moépo onucio cuugdenons. Autd To
pouvouevo eivar axourn o&utepo otny nepintwon g teyvoroyiog Hyper-Threading n onofo
epapuoler otatixy Stoupépton oplopévey tépwv. H apyttextovin SMT otny npdén napouotd-
Cet xahd amoteléopata o€ etepoyevh goptia [17], dnou 1 avouoloyévela twy eVIONDY deivel
™ Suvatétnta oty SMT vo yetatpéder v nopaldnhio emnédou viuatog o€ mapaAiniia
ETUTESOV EVIOADV.

3Mopbhor LTS (ETOLES GUYXPOVTELC GTNY TEPLTTWOT TNS TOAVNUATIXAC EXSOYAC UE Y OVTIPOXOUUEVT
SouépLon LTdEY LY, SLOTL OTWS EYIVE 1) CTATIXT SIUUERLOT) TOL POETIOL UTopE! VoL UTEPEOLY TEPITTWOOELS
mou ta do tiles amodnxedovton otic diec Yéoeig uéoo oY (LY UVAUT.
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To Behuiotonompéva npoypdupata topouctdlouy mAiY tapariniia o eninedo eviolfc
(ILP) 7 onofo avonotel ot peydho Podud tic avdyxes evoc vnepBaduwtold eneepyoot,
EMTUYYAVOVTAS XAT AUTOV ToV TeoTo LYNAY enidoon. H napakinhonoinon tétoiwy npoypoyu-
wdtwv oe mOMAUTAG vAuota xou 1 extéheon Toug oe meEpIBdiiov apyttextovixic SMT Sev
empépel onuavtixy Bedtinon, apod to viyata mou tpoxintouy napouctdlouy uhniy ILP 7
OO0l XATAVAAWVEL TOUG {B10US LTOAOYIOTIXOVE TOPOLS, APRVOVTIS EASYIOTA TEPIIWELY 0TV
SMT va expetohhevtel v Omoapdn molhamiwv vudtey. ‘Etol, n nopadlnhio mouv nopou-
otdlet évac SMT enelepyaothic 6 auth v nepintwon dev elvon ueyokltepn and awThHY TOU
napovotdlet évag unepPaduwtog enelepyaothc. Enlong, n avinuévn tomxdtnta twv dedoué-
vwv 1 onofo yopoxtneiler to Bedtiotonomuéva npoypdupata (Lixpde aptiude aotoyuwy L1)
dev wyekel oe yeydho Badud tic mohvvnpatieég exdoyée, agol n SMT unopel va xpier éva
peydho apriud and actoyieg L.

Enopéveq, 1 dueon e@apuoyy| Twy TEYVIXGOY TTou yenotuorotolvtar Yo adEnon e ILP xou
NG TOTXOTNTAG TV dedouévwy oToug Tumxols uTepPatuntols, enelepyaoTtés, 6Twg eivor To
tiling pe SiotdEelg evotiiwy xou deixtodotnon MBaLt, Sev emigépel Yeopatind anoteréopata
oe eneepyaotég apyttextovixfc TOmou SMT, ot onolot ogelodvton and TEOYEAUUAT UE Yo
unho6 ILP xar amholg xddixeg extéheons. H epapuoyr| uedddwy nopdhAning noAuvnudtwong,
ot onoleg Yo otnpllovion o€ VARKTOL UE U1 OUOLAL YUPUXTNPLOTIXG XU VALY XES OE SLopOpETIX00g
TOTOUS UTOAOYLOTIX®Y TopwY, Vo Sivel neptocdtepes euxaupieg otoug enclepyaotéc SMT yia
petatponyy e TLP oe ILP.



Time (s)

Time (s)

6.6. YTMIIEPAYMATA
180 T T T T T T T T T T T T T T
column_major —+— ;
) tiled_full_hopt -—--x---
160 |- tiled full b 'NN"hopt - _ i
T
120 oo
100 e
80 [t
B0 |
O e s
20 ot
Y P A A —) == S
0 128 256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048
Problem Size
(o) gee -00
160 T T T T 1 T T T
column_major —+—
tiled_full_hopt ---x---
tiled_full_bdl_NN_hopt ------
140 o [ [
D e e S e
100 |
B0 [
60
O T T e e
20
0 beex—k * 2 * * * * = S
0 128 256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048

Problem Size

(8" gee -02

Yyfuo 6.4: Xpdvoe Extéheone otov Xeon (Zewplaxéc Exdoyéc)

103



104 KEPAAAIO 6. EINIAOXH MBALT XE IEP. MNHMHY I[IOATN. APX.

180 T T — T T T T T T T

tiled_full_tiled_hopt

tiled_full_tiled_smt_coarse s

160 tiled_full_tiled_smt_fine m—
B tiled_full_tiled_smp_coarse wwwssm TR T

tiled_full_tiled_smt_fine_smp_coarse

L e e s e e || B ;
120 | — H— — T T S S— . -

e e e e || || .

> : : : : : : : : :

g : : : : : : : : :

B8O S —— S e s S | | R e
L e e e | I T
g0 oI =
of - TR
0

640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176
Problem Size
(o) Tiling o Ohec Tic SLAGTACELS UE YOUUUIXES BLaTdEeLS
160 T T —T T T T T T T T
tiled_full_bdI_NN_hopt
tiled_full_bdl_NN_smt_coarse wswssm
tiled_full_bdIl_NN_smt_fine : : :
140 tiled_full_bdl_NN_smp_coarse wemmmm .. oo i | B B
tiled_full_bdl_NN_smt_fine_smp_coarse i i i
120 e e S R A S A || 7
100 [ — — s — — o e | || - .

o SIS S OSSO USSR SURUOSSTRE OSSR DO S S || T ]

£ 80 : : i : : s : i s

|_

B0 - =
e = o1 || -
2o OB O A .
0

640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176
Problem Size

(8" Tiling oe bhec tic daotdoewg ye datdierc evotitwy MBaLt

Syhua 6.5: Xpbdvoe Extéheonc otov Xeon, -O0 (ITohuvnuatixéc Exdoyéc)



6.6. YTMIIEPAYMATA

2176

160 T T 1 T T T T T T
tiled_full_tiled_hopt :
tiled_full_tiled_smt_coarse s
tiled_full_tiled_smt_fine m— ; ;
140 - tiled_full_tiled_smp_coarse ww— - e o R | S 1
tiled_full_tiled_smt_fine_smp_coarse : : :
120 [ S s s e S S S || ]
100 [ — — s — — o S T _— | .
o SIS S OSSO USSR SURUOSSTRE OSSR DO S S || F— 4
£ 80 : : i : : s : i s
|_
e e s T EO s ey || o || [ -
T . i - -
20 | §
0 a a b mea
640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048
Problem Size
(o) Tiling o Ohec Tic SLAGTAOELS UE YOUUUIXES BLaTdEelS
160 T T —T T T T T T T
tiled_full_bdI_NN_hopt s
tiled_full_bdl_NN_smt_coarse wsssss
tiled_full_bdl_NN_smt_fine
140 tiled_full_bdl_NN_Smp_coarse Mmoo -
tiled_full_bdI_NN_smt_fine_smp_coarse
120 e e S R A S A || B 7
100 [ — — s — — o e | - .
o SRS BRI SR OSSO USSR SURUOSSTRE OSSR DO S S || T 4
£ 80 : : i : : s : i s
|_
e e s s P e o || I || B -
T T e = -
20 §
o a H .
640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048

Problem Size

(8" Tiling oe dhec tic daotdoewg ye datdierc evotitwy MBaLt

Syfue 6.6: Xpbvoe Extéleone otov Xeon, -O2 (Tlohuvnuatixéc Exdoyéc)

2176

105



EIIIAOYH MBALT YE IEP. MNHMHX IIOATN. APX.

KEPAANAIO 6.

106

Time (s)

Time (s)

1000

100

10

0.1

0.01

0.001

1000

Tile Size

100

10

0.1

0.01

0.001

10

100
Tile Size

1000

(8" tiled-full_bdl_NN_smp_coarse

(o) tiled-full_bdl_NN_hopt

Time (s)

Time (s)

1000

100

[ XX

10

0.1

0.01

0.001

1000

Tile Size

100

10

0.1

0.01

0.001

10

100
Tile Size

1000

(d") tiled_full_bdl_NN_smt_fine

(v tiled_full_bdl_NN_smt_coarse

Meyédouc Tile otov Xeon, -O0

To€EL

7

ovog Extéleong cuvapt

Xp

Eyfuo 6.7



YTMIIEPAYMATA 107

0.6.

L2 Misses

L1 Misses

1le+09

le+08

le+07

1le+06

100000

10000

1000

1le+09

1le+08

le+07

1le+06

tiled_full_smt_coarse
d_full_smt_fine
iled_full_smp_coarse

|_smt_fine_smp_coarse

256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176

Problem Size

256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176

Problem Size

T uviun L2

7

(") Keup

L1

7

T uviun

(o) Kpug

L2 Misses

L1 Misses

1le+08

1le+07

1le+06

100000

10000

1000

100

1e+09

1le+08

1le+07

1le+06

100000

256 384 512

"tiled_full_bdl_NN
tiled_full_bdl_NN_smt_coarse
tiled_full_bdl_NN_smt_fine

tiled_full_bdl_ NN_smp_coarse

ed_full_bdl_NN_smt_fine_smp_coarse

640 768 896 1024 1152 1280 1408 1536 1664

Problem Size

1792 1920 2048 2176

tiled_full_bdl_NN_smt_coarse
tiled_full_bdI_NN_smt_fine

tiled_full_bdI_NN_smp_coarse

tiled_full_bdl_NN_smt_fine_smp_coarse

256 384 512

640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176

Problem Size

1 uviun L2

7

(&) Kpug

L1

7

1 pviun

(Y') Kpue

Xeon, gce -0O0

7

7

lec xpugrc piune

Actoy

Eyfuo 6.8



EIIIAOYH MBALT YE IEP. MNHMHX IIOATN. APX.

KEPAANAIO 6.

108

L2 Misses

L1 Misses

1e+09 T

1le+08 |-

ti
tiled_full_smt_fin

T T
tiled_full
tiled_full_smt_coarse

d_full_smt_fine
|_smp_coarse

_smp

_coarse -

le+07

1le+06

100000

10000

1000
256

1e+09 —

384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920

Problem Size

2048 2176

1le+08

tiled_full_smt_coarse

t |_smt_fine
smp_coarse
tiled_full_smt_fine_smp_coarse

d
tiled_full

T
il

ed_full

le+07

le+06

256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176

Problem Size

T uviun L2

7

(") Keup

7 uviun L1

7

(o) Kpug

L2 Misses

L1 Misses

1le+08

1le+07

1e+06

100000

10000

1000

100

1e+09

1le+08

1le+07

1le+06

100000

tiled_full_bdl_NN_smt_coarse

tiled_full_bdl_ NN_smp_coarse

tiled_full_bdI_Ni

256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176

tiled_full_bdi_NN
d_full_bdl_NN_smt_fine

_smt_fine_smp_coarse

Problem Size

tiled_full_bdl_NN_smt_coarse

d_full_bdl_NN_smp_coarse

tiled_full_bdl_NN

d_full_bdl_NN_smt_fine

tiled_full_bdl_NN_smt_fine_smp_coarse

256 384 512 640 768 896 1024 1152 1280 1408 1536 1664 1792 1920 2048 2176

Problem Size

1 uviun L2

7

(&) Kpug

1 pviun L1

7

(Y') Kpue

Xeon, gce -0O2

7

7

lec xpugrnc piune

Actoy

Ly 6.9



YTMIIEPAYMATA 109

0.6.

L1 Misses

L1 Misses

1le+09

le+08

le+07

1le+06

100000

10000

1000

100

100
Tile Size

1le+09

1le+08

le+07

le+06

100000

10000

1000

100
10

100
Tile Size

(8" tiled_full_bdl_NN_smp_coarse

(o) tiled-full_bdl_NN_hopt

L1 Misses

L1 Misses

1le+09

1e+08

1le+07

1le+06

100000

10000

1000

100
Tile Size

1e+09

1e+08

le+07

1le+06

100000

10000

1000

100
10

100
Tile Size

(d") tiled_full_bdl_NN_smt_fine

(v tiled_full_bdl_NN_smt_coarse

Youg Tile otov Xeon, -O0

2

7

L1 cuvaptrioet yeye

7

7

LEC XPUOENS PVNNS

Actoyl

Eyfuo 6.10



110 KEPAAAIO 6. EINIAOXH MBALT XE IEP. MNHMHY I[IOATN. APX.



ITogdptnua A’
2VUTANPEWUATIXE OcpoTa

A’.1 'Eva AnAo Movtélo Extiunonc Kdéoctoug Exte-
Aeong PwAlacuevey Bpoywy

A’ 1.1 Tevixd

Yto [14] ypnowonoteiton éva anodotixd, ahhd xt amhd, LoVTENO Yo THY EXTIUNON TOU X6 TOUG
exTéAEONS TV BPOYWY %ol UE TNV EQUPUOYY SlopOP®Y YETACYNUATION®Y, Peloxetal 1 Sour
TV Pedywy Tou ypedletor To AYOTERO YPOVO EXTEAEOTC.

To yétpo extipnong g Tomxo6TNTAS €lvon 10 TARYOC TWV EVOTATOVY TNG XPUPHS UVAUNG
TOU TEOOTEAAVEL €Vl GUOTNUA QwAoUévwy Bedywy. Elaylotonoidvrag tov aprdud twv
(POPWY OV WAl EVOTNTOL TRENEL VoL UETAPEPVE! amd TNV %xVpIaL UVARY TEOS TNV XEUPY| LVAUT,
ehayloTonO0VTAL Ol TPOCTEAAGELS GTNY XVptar UVAUT Xt dpar aEAVETIL 1) TOTUXOTNTAL.

To povtého xdvetl tig axdrovides vodéoers:

o Emxevtpdvetar otny enavaypenotdonoinoy mov eugaviletor getadd wxpol aprdyol ena-
vohfhewy Tou ecwtepixdtepou Bpdyou.

o Acev undpyouv anotuyieg xpLPHS UVAUNS AOY® YWENTIXOTNTIUS OF PloL ETAVAANYY TOu
eowteptxdteEPOU Ppdyou [10].

o Xwplc BAIPN g yevixotntag Vewpeiton 61t o mivaxeg amodnxebovion xatd yeouués,
6nwe oupPaiver pe ) yhdooa C/C++1.

A’.1.2 Ouddeg Avagopwy

Apyxd evtonilovton moteg avapopéc avixouy otny (o opdda avagopdv (reference group).
Abo avagopés avixouy otny Bta opdda, av Tapoustdlovy opado-ypovixh ¥ opado-yweixh
EmOVOLyENOIUOToNo).

ITo povtédro bnwe npoteivetar amd to [14] axohoudet tn olpBaon tne Fortran n onola amodnxelet
Toug ivaxeg xatd othiec. Edo nopouvoidleton eAappde Tpomonotnuévo yia va axohovel To povtélo
e C/C++.
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Oplopde A'.1 Avo avagopés Refi kar Refo avijxour otny idwa opdda avapopdy ws mpog
Tov Bpdyo | edv:

L EIReflgRefg, Kai

(a) & etvar ekdpTnon aveEdpTnTn Bodyov, 1
(B) & etvar ma uxpn otadepd d (|d| < 2) ka1 leg o1 dAdeg cLOTHOES TOU & €fvan
Unoév.

2. 1j, Refi ka1 Re fy avagpépovrar atov (610 nivaka ka1 Sragpépovy to moAv d' otnr tedevtala
owiotéoa, rov to d' efvar pukpdtepo 1 oo e Ty evdTnTa KpUPNS LYHUNS, LETPAVTAS
otoiyela tivaka. Ki 0des o1 dAAes ouriotdoes tavtilovtai.

H npdtn ouvinun avagépeton otny opado-ypovixt| etavaypnotponoinoy, ot 1 dcbtepn
oTnVv ouado-ywelxn enavayenotponoinor. Mo avapopd avixet poévo ot wia opddo avapopny,
ol o ToEATAVL 0ptowds TomoveTel Uiot AvVaPOpd OE Wiat OUAdAL, oV IXavoTotel TNV Te®TN N
™V delteEpn cUVITXN UE xdmoLa SAAY AVAPOES UL OPddaC.

IMogdderypo Eotw o axbéhouvdos xddixag:

for (k=2; k<=N—1; k++)
for (j=2; j<=N-—-1; j++)
for (i=2; i<=N-1; i++)
ATT][J [ k]=A[1][j+1][k+1]+B[i][j][k]
B[+ [k+B[1][j][k+1];

Egapuélovtag tov oploud Peioxouvye Tig axdhovdes oudde avapophy:

[ Bpdyoc j [ Bedyoc i & k |
{AL][5][k]} {AL][5][k]}
{A[][j +1][k + 1]} (ALl + 1]k + 1]}

{BllIIK], Bl + 1[k], Bllljlk + 1} | {BLEIG]IK], BEIGE + 1]}
{Bli][j + 1][k]}

1

Do mopdderypa, ot avagopéc Bli|[j][k] xoa Bli][j + 1][k] Siapépouv xatd 1 oty dedtepn
ouvioTho, xt dpa Bdon e ouviixne 1(a) avixouy oty Bto opdda we tpog to Ppdyo j.
Enionge, n avagopd B[i[j][k+1] dragéper and tny Bli][j][k] xatd 1 otny tekeutaio ouviotdoo
xa Emopévee Baoet g ouvixng 2 avixel oty [Blo ouddo avapopwy. Ot undhoineg ouddeg
AVAPOPKY TUPAYOVINL UE TAPOUOLO TPOTO.

A’.1.3 Kootoc Bpoyovu

Alyopudpog A1 Alydpiluog yia Ttnr elpeon kéotous ektédeons evos Ppoyov, o€ ovoTnua
poliaopévor Ppoywy
Eioodog:

L = 1i,... 1, gohiaopévor Bpdyor e opra lby, ub; ka1 fripa step;

R = Refi,...,Refn avapopés mov avunpoowrnetouvy kdde opdoda
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avapopwy
tripp = (ubl — bl + step;)/step;
cls = 1o péyedog tng evétnag prnuns oe otoryeia
coef(f,i1) = o ouwtedeotiis tns petaPAntig eAéyyov iy otn ovnotdoa f
stride(f;,1,1) = |step; x coef(fj,i1)|
‘Eodog:
LoopCost(l) = 7o mAidos twv evotritwr kpugrs pviuns mov mpooteddvovtal
, 0tav o | arotelel tov eowtepikidtepo Ppdyo
LoopCost(l) = Z(RefCost(Refk(fl(il, coyin)y e [l i), 1) H tripy,
k=1 hat
1 if ((coef(fi,i1) =0)A...A
o (coef (fj,i1) = 0))
—PL G f((stride(fj,i1,1) < cls) A (coef(fa,i) =0
Refcost(Refi,l) = (7strideéf1,il,l) !
JAWAN
(coef(fj i) = 0))
trip aridg

O ohyodpripoc A1 eqoapudleton agold Beedoly ol didpopes ouddeg avagopny. o tnv
€0pEST TOU AOOTOUS O EVOTNTEC XPUYPNS UVARNG ULOC OUASIS avapop®y, ETIAEYOUNE Tyl
wo avopopd Ye 1o peyoakitepo Badog and xdie opdda avagopnv. Kdie Bpdyoc I pe trip
emavalers, Yewpeiton wg LToPHPIOg YL 1S 0 ECLTEPIXOTEROS Ppdy0g GTO GUOTAUN PLALO-
ouévey Peoywv. To cls eivar 1o yéyedog g evotntog xpuenc uviung xou to stride eivar to
Briua Tou Bedyou | ToMATAACIAOUEVO UE TO GUVTEAESTY NG UETABANTAC EAEY)OU.

H RefCost vnoloyilet tnv tomxdtnta Yoo tov Peodyo [, dnhadh to nAfdog evothtwy
xpLPRc wvhAune mov o I yenowomnotel: 1 yio avagopés aveEdptntes Ppdyov, trip/(cls/stride)
Y10 GUVEYOUEVES AVUPORES ot trip Yial Un ouveyoueves avapopés. Axololdwe 1 LoopCost
unohoy(lel T0 uVOAIXS TARYOC EVOTHTLY TOU TEOCGTEASVOVTIL UTd OAES TIC AVAUPOPES OTAY O
Beodyoc | anotehel Tov ecwTepXdTERO BpodyO0.

Hocpo'cﬁswp,oc ‘Eotw o axdhovdoc xoddixac o onolog extelel tov moAlamiaociaocud Suo
VX WYV:

for (1=0; i<N; i++)
for (j=0; j<N; j++)
for (k=0; kN<; k++)
Clillil+=Al1 ] [k]«B[k][j];

Egapuolovtag tov ahyodprduo A'.1 Bploxouvue 1o axdhovdo xdotr:

| Opddec || Bedyoc i | Pedyoc i | k |
Cli][4] nxn? | Ixn? 1 x n?
Alil[k] | nxn? | 1xn? a5 xn?
BIE][4] 1 x n? 2 x n? n x n?
Suvohd || 2n +n? | Znd 4 n? 1%’;18”3 +n°
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[Mo napdderypa,  RefCost Bploxet wg mpog tov Pedyo j tny auto-yweixt enavoyenolgonoino
v avagopwy Cli][j] xou Blk][j] o avadéter oe xdde avapopd xbéotoc (oo ye fracncls
evotniee xpugrc uviune. H A[i][k] elvou avedptntn and tov Bpdyo j xar enopéves et
x60to¢ 1. H LoopCost hoimév yia tov Bpdyo i 6tay autdc eival 0 eowTepIXOTEROS, EYEL
suvohnd x6010¢ 2-n3 + n? yia n? enavodfers Twv Pedywy i xou k.

A’.1.4 Evpeon tnc Bértiotne Aourc

Yto [10] rapovotdleton avahutixd évac euptotxds alybprdpoc, o onoloc otnplduevos otny
TOEUTAVL EXTIUNOT XOOTOUS EQUPUOLEL TOUC XATAAANAOLE UETAOYUATIONOUS Bpody®wY Tou
odnyoly otny Béltiotn Sour| Bpdywv. EdG, Yo tapoucidoovpe nepthnntixd tn Aettovpyio Tou
ahyopidyou awtob.

Metddeor Beoywy

ARppa A’ 1 Edy o Bpoyos | expetaddetetar nepioadtepn enavaypnoiporoinon ard tov fpdyo
I' drav ka1 o1 dvo AauPdrovtar vidh wg eowtepikdrepor Ppdyor, Tdte €fvar ToAd mavdy o
I va expetaldeletar tepoodtepn eravaypnoporoinon and tov I' ka1 o€ omowdinore dAAn

eEwrepixdtepn Véon.

Optopoe A'.2 H didraén Bpdyowr (ii,iz,...,i,) ya tny omola wyvder LoopCost(ix_1) >
LoopCost(ix) ovopdletar Sidtagn pdivovooag wvhung (memory order) .

Tiac v edpeon e Bétiotne Sidtalng Bpdywy, o ahydptdpoc nou tpoteivetar oto [14], yio éva
obvoho Bedywv {l1,la, ..., 1y} e didtaln gpdivovoos pviune L = (I, lsy, - - -, L5, ), TOTOVETEL
w¢ eZTepixbTEpo Ppdyo tov axplBdtepo Bpdyo ls, mou PBeloxet bt elvon éyxupo (Snhadr ot
eZopthoeic mapauévouy Ae€ixoypapxd Vetixéc) va totodetniel exel. Axohoviwe Bploxet Tov
emOUEvVO axptBotepo Bpdyo mou emtpénetan va Totodetniel oe Bddog 2, x.0.x.

Ocewpnua A'.1 Edy vrdpyer éykuvpn petdeon émov o Bpdyos is, aroteAel Tov e0wTepikoTepo
Bpoyo, téte o akydpiduog Oa Pper aven tnr perdieon.

Avactpopy Bpoyouv H avastpopr Bedyou epapudletar and v yetdieot Bpdywy, 6toy
xdmolog Ppdyoc Aoyw eyxupdtntog dev unopel va tonovetniel oe plo emduunty Véon,.

Yuyywvevorn Bepoywy

Opowodg A'.3 Avo Bpdyor eivar cupPartol edv o1 Ppoyor éxtedotv tov 1d10 apijud eravain-
Pewr. Avo ovotiuata pwliaopévwr Bpoywr eivar oupPatd oe fddos d av o1 fpdyor o€ Pddog
1 w¢ d eivar oupParol, kar elvar teAeing pwliaouévor puéypr fados d.

Ao cuoTAUATA POAACUEVRY Bpody ey Utopoly vo cuyywveuloldy av eivon ouuBatd. oty
extiunom tou xatd 1660 1 oY YWvELoT eivar emxepdrig apytxd uvnoloyilovion ta Re fCost xou
LoopCost xde cuotiuatog Eeywplotd, xou axoroling utohoyilovTal Yio TIc GUYYOVEVUEVES
exdboelc v ovotnudtey. Edv 1o LoopCost tne gwhiacuévne éxdoong elvan wxpdtepo and
10 LoopCost Twv apyx®v ex860ewV, TOTE 1 EQUPUOYT TNS CUYYOVELONS AUEAVEL TNV TOTUXO-
T xt Gpo efvar emuunth. Ipéner Béoua ) ouyyveLoT var EAEYYETAL YLOL TNV VOUILOTN T
™me.
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YOvieorn Metaoynuoatiowny Tehxde oxonde eivon vo emtevydel didradn gdivouoag
wVHUNS Yoo 600 1o duvatd neplocdtepeg eviokéc. 'Etol, o euplotindg akydpriuog apyixd
Behtiotonotet xdde olotnua gwhiaouéveny Bedywy Eeywptotd xt axohobing e@opuolet ouy-
ywvevon av outd eivor emxepdés. T v Beltiotonoinon xde emyépoug cuoTAUATOS, O
ahybprduog epoppolet yetdeon yia var tetiyet dtdtaln @divousag uviung. Av dev emtuyyd-
vetau 1) Béltiotn Sidtaln Aoyw nopafiaong Tng VOUILOTnToC, TOTE EQUpUOLETAL CUYYOVELST 1|
omola yrnopel vo vourponoioet v Béhtiotn didtaln. Av n ouyywveuon Sev emTuyydver Ty
voupornoinon, 16t unopel vo egopuooTel 1 Sidonaon Bpdywy.
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ITopdptnuo B’

IInyoloc Kwdixacg

B’.1 IInyaioc Kwdixag Metponpoypeaupatoc Cho-
lesky

1 /* CHOLESKY BENCHVIARK SUIT

2 * Final Version

3 x Copyright (R) by Haris M. Volos in 2005

4 *

5 * Different methods used to implement and optimize the benchmark
6 % See main for the different optimization levels

7 %

8 +x THIS IS USED TO OBTAIN MEASUREMENTS

9 */

10

11  #include <stdio .h>

12  #include <math.h>

13 #include <sys/time.h>
14 #include ” bdl.c”

16 #define MAX(a, b) ( Ta:
17 #define MIN(a, b) ((a<b)?a:b)

19 #define eps 0.001

23 * The implementations—optimizations of the Cholesky benchmark follow

26 *x/

20 /% Function: cholesky_raw

30 * The unoptimized version of the benchmark
31 */

32 void cholesky_raw (double %A, int N)

33 {

34 int i, j, k;

36 for (k=0; k<N;k++4)

{
38 Alk][k]=sqrt (fabs(A[k][k]));
39 for (i=k+1;i<N;i++)
10 AL [KI=ALE ] [k]/AK] [K];

42 for (j=k+1;j<N;j++)
43 for (i=j;i<N;i++)
11 INESISINER RS
45 }

46}

I-A[i][k]*A[j][Kk];

48 /x Function:  cholesky IJK
49 x Loops are in the order (i, j, k)
50 */
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void cholesky_IJK (double **xA, int N)
int i, j, k;
for (i=1;i<N;i++)

Ali—1][i—1] = sqrt(fabs(A[i—1][i—1]));
for (j=1;j<=i;j++)
AlT][j=1=A[1][j-1]/A[] —1][] —1];

for (k=0; k<j;k++)
Ali][J]=Al1][i]-A[1][k]=A[j][k];

i[N*l][Nfl]:sqrt(fabs(A[Nfl][Nfl])) ;

}
/* Function: cholesky_linear_layout_column_major
* Column major linear layout is used for the storage of the array
*/
void cholesky_column_major (double **xA, int N)
{
int i, j, k;
for (k=0; k<N;k++)
Alk][k]=sqrt (fabs (A[k][k]));
for (j=k+1;j<N;j++)
Alk][j]/=Alk][k];
for (j=k+1;j<N;j++)
for (i=j;i<N;i++)
Alj]Til==A[k][i]*A[k][]];
}
}

/* Function:  cholesky_tiled_KJ
* Cholesky is tiled along loops K, J
* Column major linear layout is used for the storage of the array

*/
void cholesky_tiled_KJ (double *x*xA, int N, int tile_size)
{
int i, j, k;
int ii, jj, kk;
int Bii=tile-size , Bjj=tile_size , Bkk=tile_size;
int jjlow , kkup, jlow, jup;
for (kk=0; kk<N;kk+=Bkk)
jjlow = (int) floor ((double)kk/Bjj)*Bjj;
for (jj = jjlow;jj<N;jj+=Bjj)
kkup = MIN (kk+Bkk,N) ;
for (k=kk; k<kkup;k++)
if (jj<=k && k<jj+Bjj)
Alk][k]=sqrt (fabs(A[k][k]));
if (ji==jjlow)
for (j=k+1;j<N;j++)
Alk][j]/=Alk][k];
}
jlow = MAX(jj ,k+1);
jup = MIN(jj+Bjj ,N);
for (j=jlow;j<jup;j++)
for (i=j;i<N;i++)
AljITi]==A[k][i]=A[k][j];
}
}
}
}

/* Function: cholesky_tiled_KJ_hopt

* Cholesky is tiled along loops K, J

* Column major linear layout is used for the storage of the array
+* Hand optimization includes loop unrolling and scalar replacement
«/

void cholesky_tiled_KJ_hopt (double xxA, int N, int tile_size)

{
int i, j, k;
int ii, jj, kk;
int Bii=tile_size , Bjj=tile_size , Bkk=tile_size;
int jjlow , kkup, jlow, jup;
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int iup-unrolled;
register double Akj;

for (kk=0; kk<N;kk+=Bkk)

{
jjlow = (int) floor ((double)kk/Bjj)*Bjj;
for (jj = jjlow;jj<N;jj+=Bjj)
kkup = MIN (kk+Bkk,N) ;
for (k=kk; k<kkup;k++)
{
if (jj<=k && k<jj+Bjj)
Alk][Kl=sart (fabs (A[k][k]));
}f (ji==jjlow)
for (j=k+1;j<N;j++)
Alk][j]/=Alk][k];
}
jlow = MAX(jj ,k+1);
jup = MIN(jj+Bjj ,N);
for (j=jlow;j<jup;j++)
Akj = A[k][Jj];
iup_unrolled = j + (N—j) /4x%4;
for (i=j;i<iup-unrolled;i+=4)
{
Alj][i]-=Alk][i]*Akj;
AlJ][i4+1==Ak][i+1]xAkj;
AlJ][142]—=A[k][i+2]xAkj;
) Alj][i43]—=A[k][i+3]*xAkj;
for (;i<N;i++)
Alj][i]==Alk][i]*Akj;
}
}
}
}

}

/* Function: cholesky _tiled _full
* Cholesky is tiled along all loops
* Column major linear layout is used for the storage of the array
*/
void cholesky_tiled_full (double xxA, int N, int tile_size)
{

int i, j, k;

int ii, jj, kk;

int Bii=tile_size , Bjj=tile_size , Bkk=tile_size;

int kkup, jlow, jup, ilow, iup;

int j2low , j2up;

for (kk=0; kk<N;kk+=Bkk)
{
kkup = MIN (kk+Bkk,N) ;
for (jj=(int) floor ((double)kk/Bjj)*Bjj;jj<N;jj+=Bjj)
for (ii=(int) floor ((double)jj/Bii)*Bii;ii<N;iit=Bii)
for (k=kk; k<kkup;k++)
if k && k<jj+Bjj && ii<=k && k<ii+Bii)

e
Ilk]=sart (fabs (A[k][k]));

(i3
Alk
if (jj==(int) floor ((double)kk/Bjj)*Bjj)

j2low = MAX(ii, k + 1);

j2up = MIN(ii + Bjj, N);

for (j=j2low;j<j2up;j++)
Alk][j]/=Alk][k];

jlow = MAX(jj, k + 1);
jup = MIN(jj + Bjj, N);
iup = MIN(ii + Bii, N);
for (j=jlow;j<jup;j++)
{ ilow = MAX(ii, j);
for (i=ilow;i<iup;i++)
Alj1[i]==A[k][i]=A[K][]j];
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/* Function:

void cholesky_tiled_full_hopt (double *x*A,
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cholesky_tiled_full_hopt
* Cholesky is tiled along all loops

* Column major linear layout is used for the storage of the array
+* Hand optimization includes loop unrolling and scalar replacement

*

int N, int

int i, j, k;

int ii, jj, kk;

int Bii=tile_size , Bjj=tile_size , Bkk=tile_size;
int kkup, jlow, jup, ilow, iup;

int j2low , j2up;

int iup-unrolled;

register double Akj;

for (kk=0; kk<N;kk+=Bkk)
kkup = MIN (kk+Bkk,N) ;
for
for (ii=(int)
for (k=kk;

{

k<kkup ; k++)

<=k && k<jj+Bjj

if (jj
[k][k]=sart (fabs(A[k][k]));

A
if (jj==(int) floor ((double)kk/Bjj)*Bjj)
{
j2low = MAX(ii, k + 1);
j2up = MIN(ii + Bjj, N);
for (j=j2low;j<j2up;j++)

Alk][j]/=Alk][k];

jlow
jup
iup

= MAX(jj ,
MIN ( jj
MIN ( i

k + 1);
+ Bjj, N);
+ Bii, N);

for (j=jlow;j<jup;j++)
= A[k][i];

ilow = MAX(ii ,
iup-unrolled =

Akj

i)s
ilow 4 (iup—ilow) /4x4;

for (i=ilow;i<iup-unrolled;i+=4)
{
Alj][i]-=Alk][i]*Akj;
A[J'][1+1]f7A[k][i+1]*Akj;
Alj][i42]-=A[k][i+2]*Akj;
, AL -=AT L 43l Al
for (;i<iup;i++)
Alj][i]==Alk][1]*Akj;

(jj=(int) floor ((double)kk/Bjj)*Bjj;jj<N;jj+=Bjj)
floor ((double) jj /Bii)*Bii;ii<N;ii+=Bii)

&& ii <=k && k<ii+Bii)

tile_size)

int step)

}
/* Function: cholesky_tiled_full_bdl_NN
* Cholesky is tiled along all loops, and Block Data Layout NN is used
*/
void cholesky_tiled_full_bdl_NN (double xA, int N, int Nmask,
{
int i, j, k;
int iR, jC, kC;
int ii, jj, kk, jjC, kkC;
int jfC, kfC;
int kk_plus_jjkkincrement;
int transformation_type = NN, transformation_type2 = Nn;
int logNstep, logstep;
int imask, jkmask;
int ibound, jkbound, itilebound , jtilebound , ktilebound;
int iiincrement, jjkkincrement;
int iincrement, jkincrement;
int iup, ilow, jup, jlow, kup, klow, ilowDiv;
int jjlow , iilow;
int step-1, kplusl, kpluslC, kpluslfC;

logNstep = lg (Nmask/step);
logstep = lg(step);
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ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;
jkbound = create_mask (N, Nmask, step, transformation_type, ROW) + 1;

imask = create_innermask(step , transformation_-type2, 0) + 1;

jkmask = create_innermask(step, transformation_type2, 1) 4+ 1;

ilincrement = create_tileincrement (Nmask, step, transformation_type2, COL);
jjkkincrement = create_tileincrement (Nmask, step, transformation_type2 , ROW);

iincrement = create_increment (step, transformation_type2, COL);
jkincrement = create_increment (step , transformation_type2 , ROW);
step_-1 = step — 1;
for (kk = 0; kk < jkbound; kk += jjkkincrement)
{
ktilebound = (kk | jkmask);
kup = (jkbound < ktilebound ? jkbound ktilebound) ;
kk_plus_jjkkincrement = kk+jjkkincrement;
kkC = kk >> logNstep;
jjlow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;
for (jj = jjlow; jj < jkbound; jj += jjkkincrement
jtilebound = (jj | jkmask);
jup = (jkbound < jtilebound ? jkbound jtilebound);
jiC = jj >> logNstep;
iilow = ( (int) floor ((double)jj/jjkkincrement)*jjkkincrement ) >> logNstep
for (ii=iilow ;ii<ibound;ii4+=iiincrement)
itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound itilebound) ;
for (k=kk; k<kup;k+=jkincrement)
{
kC = ((k >> logstep) & step_1);
kfC = kkC | kC;
kplusl = ((kt+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement) ;
kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;
ilowDiv = (ii > kpluslfC ? ii kpluslfC);
if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
A[kfC |k]=sqrt (fabs (A[kfC|k]));
if (jj==jjlow)
for (i=ilowDiv;i<iup;i+=iincrement)
Ali|k]/=A[KfC|k];
jlow = (jj > kplusl 7 jj kplusl);
for (j=jlow;j<jup;jt+=jkincrement)
jC = ((j >> logstep) & step-1);
jfC = jjc | jC;
ilow = (ii > jfC 7 ii jfC);
for (i=ilow;i<iup;it=iincrement)
Alij]==A[1]k]*A[JfC|k];
}
}
}
¥
¥

}

/* Function: cholesky_tiled_full_bdl_NN_hopt

* Cholesky is tiled along all loops, Block Data Layout NN is used
*+ Hand optimization includes loop unrolling and scalar replacement

*

void cholesky_tiled_full_bdl_NN_hopt (double xA,

{
int i, j, k;
int iR, jC, kC;
int ii, jj, kk, jjC, kkC;
int jfC, kfC;
int kk_plus_jjkkincrement;

int N, int Nmask, int step)

int transformation_-type = NN, transformation_type2 = Nn;
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int logNstep, logstep;

int imask, jkmask;

register double AjfC_k;

register int ibound, jkbound, itilebound , jtilebound 6 ktilebound;
register int iiincrement, jjkkincrement;

register int iincrement, jkincrement;

int iup, ilow, jup, jlow, kup, klow, ilowDiv;

int jjlow , iilow;

register int step_-1, kplusl, kpluslC, kpluslfC;

int iup-unrolled , iincrement_unroll;

logNstep = lg (Nmask/step);
logstep = lg(step);

ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;
jkbound = create_mask (N, Nmask, step, transformation_type, ROW) + 1;

imask = create_innermask(step , transformation_-type2, 0) + 1;
jkmask = create_innermask(step, transformation_type2, 1) 4+ 1;

ilincrement = create_tileincrement (Nmask, step, transformation_type2, COL);

jjkkincrement = create_tileincrement (Nmask, step, transformation_type2 , ROW);

iincrement = create_increment (step, transformation_type2 , COL);
jkincrement = create_increment (step , transformation_type2 , ROW);

/%

% ilincrement_unroll in our case is 4 that is why we replace it with the constant

* iincrement_unroll = iincrement * 4;
*/
step-1 = step — 1;

for (kk = 0; kk < jkbound; kk += jjkkincrement)

{
ktilebound = (kk | jkmask);
kup = (jkbound < ktilebound ? jkbound : ktilebound);
kk_plus_jjkkincrement = kk+jjkkincrement;

kkC = kk >> logNstep;
jilow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;
for (jj = jjlow; jj < jkbound; jj += jjkkincrement )
jtilebound = (jj | jkmask);
jup = (jkbound < jtilebound ? jkbound : jtilebound);
jjC = jj >> logNstep;
iilow = ( (int) floor ((double)jj/jjkkincrement)=*jjkkincrement ) >> logNstep
3
for (ii=iilow;ii<ibound;iit+=iiincrement)
itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound : itilebound);
for (k=kk; k<kup;kt+=jkincrement)

kC = ((k >> logstep) & step_1);
kfC = kkC | kC;

kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement) ;

kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;

ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
[

(
A[kfC |k]=sqrt (fabs (A[kfC|k]));
if (jj==jjlow)
for (i=ilowDiv;i<iup;i4=iincrement)
AL [K]/=A[KEC K] ;
jlow = (jj > kplusl 7 jj : kplusl);
for (j=jlow;j<jup;jt+=jkincrement)

jC = ((j >> logstep) & step-1);
jfC = jjC | jC;
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void

{
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ilow = (ii > jfC 7 ii jfC);
AjfC_k = A[jfC |k];
iup_unrolled = ilow 4+ (iup—ilow) /4x%4;

for (i=ilow;i<iup-unrolled;i+=4)

}

for (;i<iup;i++)
Ali|jl—=A[i]|k]*AjfC_k;

* Function: cholesky_full_tiled_bdl_ZZ

Ali|j]l—=A[i|k]*AjfC_k;

Af(i + 1) [j]1-=A[(i + 1)|k]*AjfC_k;
Al(i + 2)|il-=A[(i + 2)|k]*AjfC_k;
Al(i + 3)|il-=A[(i + 3)|k]=AjfC_k

* Cholesky is tiled along all loops, Block Data Layout ZZ is used

*/
cholesky_tiled_full_bdl_ZZ (double *A, int N, int

struct timeval start ,finish;
int i, j, k;
int iR, jC, kC;
int ii, jj, kk,
int jfC, kfC;
register int templ;
int temp2, temp3;

jjc, kkC;

int transformation_type = ZZ, transformation_type2

int logNstep, logstep;

int imask, jkmask;

int ibound, jkbound, itilebound ,
int iiincrement, jjkkincrement;
int iincrement, jkincrement;

jtilebound ,

int iup, ilow, jup, jlow, kup, kkup;

int jjup;

int step-1, kplusl;

logNstep = lg (Nmask/step);

logstep = lg(step);

ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;
jkbound = create_mask (N, Nmask, step, transformation_type , ROW) + 1;

imask = create_innermask(step , transformation_-type2, 0) + 1;

jkmask = create_innermask(step, transformation_type2, 1) 4+ 1;

ilincrement = create_tileincrement (Nmask, step, transformation_type2, COL);
jjkkincrement = create_tileincrement (Nmask, step, transformation_type2 , ROW);
iincrement = create_increment (step, transformation_type2, COL);

jkincrement = create_increment (step, transformation_type2 , ROW);

step_-1 = step — 1;

gettimeofday (&start ,(struct timezonex) NULL) ;

for (ii = 0; ii

{

< ibound; ii += iiincrement)
itilebound = (ii | imask);

iup = (ibound < itilebound ? ibound
ilow = (iincrement > ii ? iincrement

itilebound
ii);

jjup = (ii >> logNstep);

for (jj = 0; jj <= jjup; jj += jjkkincrement )
jtilebound = (jj | jkmask);
jlow = (jkincrement > jj ? jkincrement i)

jiC = jj << logNstep;
for (kk = 0; kk <= jj; kk += jjkkincrement)
ktilebound = (kk | jkmask);

kkC = kk << logNstep;

Nmask, int step)

= Zz;

ktilebound ;

)
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563 templ = kk+jjkkincrement;

564 for (i = ilow; i < iup; i += iincrement)

565

566 iR = (((i & (imask—1)) >> logstep) | (ii >> logNstep));
567 jup = (iR + 1 < jtilebound ? iR 4+ 1 : jtilebound);
568

569 for (j = jlow; j < jup; j += jkincrement)
570

571 jC = ((j & step-1) << logstep);

572 jfC = jjC | jC;

573

574 kup = (j < ktilebound 7?7 j : ktilebound);
575

576 for (k = kk; k < kup; k++4)

577 {

578

579 kplusl = ((k+l==ktilebound)? templ:k+1);
580

581 if (j==kplusl)

582

583 kC = ((k & step-1) << logstep);
584 kfC = kkC | kC;

585 if (kplusl ==iR)

586 A[kfC |k]=sqrt (fabs (A[kfC|k]));
587

588 Ali|k]=A[i|k]/A[KIC|k];

589 }

590

591 ALiJ]1=ALi | 5]=AL1 [K]<A[JC K]

592

593 }

594 }

595 }

596 }

597 }

598 }

599 A[NxN—1]=sqrt (fabs (A[NxN—1]));

600

601

602 main (int argc, char xxargv)

603

604 int i, j, k;

605 int optimization_level=0, tile_size;

606 int N, Nincr, Nsize;

607 struct timeval start ,finish;

608

609 double *xB_2D;

610 double *Bj;

611 double temp;

612

613 for (i=0;i<argc;i++)

614 if (strcmp(argv[i],”—0")==0)

615 optimization_level=atoi(argv[++i]);

616

617 printf (”Running_.Cholesky_with_optimization_.level.%d...\n” , optimization_level);
618 printf ("N\tNsize\tTile_Size\tDuration\n”);

619

620 srand (time(NULL) ) ;

621

622 Nincr=16;

623

624 for (N=16; N<=2048; N+=Nincr) {

625 if (N<128) Nincr=N;

626 else Nincr=128;

627 for (tile_size=16; tile_size <=N; tile_sizex=2) {
628 Nsize=2;

629 while (Nsize<N) Nsizex=2;

630

631

632 if (optimization_level >=7) {

633 if (B=(double x) malloc(NsizexNsizexsizeof(double)))
634 for (i=0;i<NsizexNsize;i++)

635 Bli]=rand() % 100 +1;

636 else {

637 printf (”Memory_allocation_failed!\n”);
638 exit (1);

639

640 }

641 else {

642 if (B.2D=(double *%) malloc(Nxsizeof(double %) + NxNxsizeof(double))) {
643 B_2D [0]=(double x) (&B_2D[N]) ;

644

645 for (i=1;i<N;i++)

646 B_2D[i]=&B_2D [0] [Nxi ] ;

647

648 for (i=0;i<N;i++)

649 for (j=0;j<N;j++)

650 B2D[i][j] = rand() % 100 + 1;
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651 !

652 else {

653 printf (”Memory._allocation._failed!\n”);

654 exit (1);

655 }

656 }

657

658 gettimeofday (&start ,(struct timezonex) NULL);

659

660 switch (optimization_level) {

661 case 0:

662 cholesky_raw (B_2D, N);

663 break;

664 case 1:

665 cholesky_IJK (B2D, N);

666 break;

667 case 2:

668 cholesky_column_major (B.2D, N);

669 break;

670 case 3:

671 cholesky_tiled_-KJ (B.2D, N, tile_size);

672 break;

673 case 4:

674 cholesky_tiled_.KJ_hopt (B_2D, N, tile_size);

675 break;

676 case 5:

677 cholesky_tiled_full (B.2D, N, tile_size);

678 break;

679 case 6:

680 cholesky_tiled_full_hopt (B_2D, N, tile_size);

681 break;

682 case T7:

683 cholesky_tiled_full_bdl_NN (B, N, Nsize, tile_size);

684 break;

685 case 8:

686 cholesky_tiled_full_bdl_NN_hopt (B, N, Nsize, tile_size);

687 break;

688 case 9:

689 cholesky_tiled_full_bdl_-ZZ (B, N, Nsize, tile_size);

690 break;

691 default:

692 cholesky_raw (B_2D, N);

693 }

694 gettimeofday (& finish ,(struct timezonex) NULL);

695

696 /* Show report */

697 printf (?%d\t%d\t%d\t” ,N , Nsize, tile_size);

698 printf(”%8.31f\n” , finish.tv_sec—start.tv_sec

699 + (double) ((finish .tv_usec—start.tv_usec >=0)?(finish.tv_usec—start.
tv_usec)

700 (10000004 finish .tv_usec—start.tv_usec))/1000000) ;

701

702 if (optimization_level >=7)

703 free (B);

704 else

705 free (B_2D) ;

706 s

707 e

708}

B’.2 IInyaioc Kwdixag Metponpoyedupatog Cho-
lesky - IloAuvnupatixég Exdoyec

Adyou yopou mapouctdlovTal HOVo Ol TONUVNUATOUEVES EXDOYES UE UeTaoynuatiowd tiling
xau Statdelc dedouévev ye dextodotnon MBalt.

1 /% CHOLESKY BENCHVARK SUIT FOR HYPERTHREADING ENABLED PROCESSORS (Intel Xeon,
Pentium 4)

2 * Final Version

3 x Copyright (R) by Haris M. Volos in 2005

4 %

5 % Different methods used to parallelize (fine—grain, coarse—grain)

6 x and optimize (tiling, block data layouts, unrolling) the benchmark
7 * See main for the different optimization levels

8 ok

9 x THIS IS USED TO OBTAIN MEASUREMENIS

10 */

11

12 #include <pthread.h>
13 #include <sched .h>
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14 #include <stdio.h>

15 #include <math.h>

16 #include <sys/time.h>
17 #include ”bdl.c”

18 #include ” aff.h”

19 #include ”spin.h”

20 #include ”prfcnt.h”

22 #define MAX(a, b) ((a>b)?a:b)
23 #define MIN(a, b) ((a<b)?a:b)
24

25 #define eps 0.001

26

27 typedef struct mm_thread_args {
28 double *xAj;

29 double *xA_1D;

30 int N, Nmask;

31 int tile_size;

32 int tid;

33 int tgid;

34 int n_threads;

35 int ng_threads;

36 int n_groups;

37 int pk;

38 cpu-t sib;

39 spin_barrier_t xspin_barrier_fine;
40 spin_barrier_t xspin_barrier_coarse;
41 } mm_thread_args_t;

42

43 static spin_barrier_t spin_-barrier-A2;
44 static spin_barrier_t spin_barrier-B2;
45 static spin_barrier_t spin_barrier_-A4;
46

47 struct cpuinfo cpus;

48 int prf_flag;

49 cpu-t prf_cpu;

50

51 void myprfcnt_start (cpu_-t cpu-id, int sib_id)

52

53 if (prf_flag == 1 && cpu-id == prf_cpu)

54

55 if (sib.id == 0)

56 prfcnt_init (prf_.cpu, PRFCNT_FL_TO) ;

57 else if (sib_id ==

58 prfcnt_init (prf_.cpu, PRFCNT_FL_T1);

59 prfcnt_start () ;

60 }

61 }

62

63 void myprfcnt_stop (int cpu_id)

64

65 if (prf_flag == 1 && cpu-id == prf_cpu)

66 {

67 prfcnt_pause () ;

68 prfcnt_report ();

69 prfcnt_shut () ;

70 }

71}

72

73 /* Function: thread_tiled_full_bdl_NN_fine_grain

74 * Block Data Layout NN is used

75 * Tiling is applied along all loops

76 *+ Hand optimization includes loop unrolling and scalar replacement

77 * All threads work on the same tile simultaneously and the data of the tile are
distributed

78 * between them in a fine grain fashion

79 */

80 void thread-_-tiled_full_bdl_NN_fine_grain(mm_thread_args_t *args)

81 {

82 mm_thread_args_t * thread_args = (mm_thread_args_t ) args;

83

84 int i, j, k;

85 int iR, jC, kC;

86 int ii, jj, kk, jjC, kkC;

87 int jfC, kfC;

88 int kk_plus_jjkkincrement;

89

90 int transformation_-type = NN, transformation_type2 = Nn;

91

92 int logNstep, logstep;

93

94 int imask, jkmask;

95 int ibound, jkbound, itilebound , jtilebound , ktilebound;

96 int iiincrement , jjkkincrement;

97 int iincrement, jkincrement;

98 int jkincrement_2;
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99 int iup, ilow, jup, jlow, kup, klow, ilowDiv, iup-div;

100 int jjlow , iilow;

101 int step, step-1, kplusl, kpluslC, kpluslfC;

102

103 int j_tonus;

104

105 int N, Nmask;

106 double xAj;

107 register double AjfC_k;

108 int lsense;

109

110 spin_barrier_init_lsense(&lsense);

111

112 // Bind the thread to the given physical package and logical processor unit

113 if(thread-args —>sib == —1)

114 run_on_cpus( ( 1 << cpus.pk[thread_args—>pk].sib[0] ) | ( 1 << cpus.pk|
thread-args—>pk].sib [1]) );

115 } else

116 run_on_cpu ( cpus.pk[thread_args—>pk].sib[thread_args—>sib] );

117

118 // Some assignments (aliases) and initializations

119 A = thread_-args —>A_1D;

120 N = thread_args —>N;

121 Nmask = thread-args—>Nmask;

122 step = thread_args—>tile_size;

123

124 logNstep = lg (Nmask/step);

125 logstep = lg(step);

126

127 ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;

128 jkbound = create_mask (N, Nmask, step, transformation_type , ROW) + 1;

129

130 imask = create_innermask(step , transformation_-type2, 0) + 1;

131 jkmask = create_innermask(step, transformation_type2, 1) 4+ 1;

132

133 ilincrement = create_tileincrement (Nmask, step, transformation_type2, COL);

134 jjkkincrement = create_tileincrement (Nmask, step, transformation_type2 , ROW);

135

136

137 iincrement = create_increment (step, transformation_type2, COL);

138 jkincrement = create_increment (step, transformation_type2 , ROW);

139

140 jkincrement_-2 = jkincrement x 2;

141 step-1 = step — 1;

142

143 /* start the performance counter x*/

144 myprfcnt_start (cpus.pk[thread_args—>pk].sib[thread_args—>sib], thread_args—>sib);

145

146 for (kk = 0; kk < jkbound; kk += jjkkincrement)

147 {

148 ktilebound = (kk | jkmask);

149 kup = (jkbound < ktilebound ? jkbound : ktilebound);

150 kk_plus_jjkkincrement = kk+jjkkincrement;

151

152 kkC = kk >> logNstep;

153

154 jjlow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;

155 for (jj = jjlow; jj < jkbound; jj += jjkkincrement )

156

157 jtilebound = (jj | jkmask);

158 jup = (jkbound < jtilebound ? jkbound : jtilebound);

159

160 jjC = jj >> logNstep;

161

162 iilow = ( (int) floor ((double)jj/jjkkincrement)*jjkkincrement ) >> logNstep

163 for (ii=iilow ;ii<ibound;ii4+=iiincrement)

164

165 itilebound = (ii | imask);

166 iup = (ibound < itilebound ? ibound : itilebound);

167

168 for (k=kk; k<kup;k+=jkincrement)

169 {

170 kC = ((k >> logstep) & step_1);

171 kfC = kkC | kC;

172

173 kplusl = ((kt+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+

jkincrement ) ;
174 kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;

175 ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

176

177 if (thread_args—>tid == 0)

178

179 if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)

180 if (thread_args—>tid == 0

181 A[KkfC|k]=sqrt (fabs (A[kfC |k]));
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182
183 if (jj==jjlow)
184 for (i=ilowDiv;i<iup;i++)
185 Ali|k]/=A[KIC |k];
186 }
187 spin_barrier_lsense (thread_args—>spin_barrier_fine , & lsense);
188
189 jlow = (jj > kplusl ? jj : kplusl);
190
191 for (j=jlow 4 (thread_-args—>tid)=*jkincrement;j<jup;j+=jkincrement_2)
192
193 jC = ((j >> logstep) & step_1);
194 jtc = jjCc | jC;
195 ilow = (ii > jfC 7 ii : jfC);
196 AJfC_k = A[JfC|k];
197
198 iup_div = ilow 4+ (iup—ilow) /4x4;
199 for (i=ilow;i<iup-_div;i+=4)
200
201
202
203
204
205 }
206
207 for (;i<iup;i+4+)
208 Ali|j]—=A[i|k]*AjfC_k;
209
210 }
211 }
212 }
213 }
214
215 /* stop the performance counter */
216 myprfcnt_stop (cpus.pk[thread_args—>pk].sib[thread_args—>sib]);
217}
218
219
220 /+ Function: thread_tiled_full_.bdl_NN_coarse_grain
221 * Block Data Layout NN is used
222 * Tiling is applied along all loops
*
*

[i]5]—=Ali|k]*AjEC_k;
[(i + 1)j]—-=A[(i + 1)|k]*AjfC_k;
[(i + 2)|il—-=A[(i + 2)|k]*AjfC_k;
[(i + 3)1j1-=A[(i + 38)|k]*AjEC k;

223 Hand optimization includes loop unrolling and scalar replacement
224 Coarse Grain work partitioning, i.e Threads work on two separate adjacent tiles

225 *

226 vo{d thread_tiled_full_bdl_NN_coarse_grain (void % args)
227 {

228 mm_thread_args_t * thread_args = (mm_thread_args_t =) args;
229

230 int i, j, k;

231 int iR, jC, kC;

232 int ii, jj, kk, jjC, kkC;

233 int jfC, kfC;

234 int kk_plus_jjkkincrement;

235

236 int N, Nmask;

237 int t_initial_ii;

238 int tile_size , step;

239 int last_iteration_ii, last_-iteration_-jj , last_iteration_kk;
240 double x*Aj;

241

242 int transformation_type = NN, transformation_type2 = Nn;
243

244 int logNstep, logstep;

245

246 int imask, jkmask;

247 int ibound, jkbound, itilebound , jtilebound , ktilebound;
248 int iiincrement , jjkkincrement;

249 int iincrement , jkincrement;

250 int iup, ilow, jup, jlow, kup, klow, ilowDiv, iup_div;
251 int jjlow , iilow;

252 int step-1, kplusl, kpluslC, kpluslfC;

253

254 register double AjfC_k;

255

256 int lsense;

257

258 spin_barrier_init_lsense(&lsense);

259

260 N = thread_args —>N;

261 Nmask = thread_args—>Nmask;

262 A = thread_-args—>A_1D;

263 step = tile_size = thread_args—>tile_size;

264

265 logNstep = lg (Nmask/step);

266 logstep = lg(step);

267
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ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;
jkbound = create_mask (N, Nmask, step, transformation_type, ROW) + 1;

imask = create_innermask(step , transformation_-type2, 0) + 1;
jkmask = create_innermask(step, transformation_type2, 1) 4+ 1;

ilincrement = create_tileincrement (Nmask, step, transformation_type2, COL);
jjkkincrement = create_tileincrement (Nmask, step, transformation_type2 , ROW);

iincrement = create_increment (step, transformation_type2, COL);
jkincrement = create_increment (step , transformation_type2 , ROW);

step_-1 = step — 1;

// Bind the thread to the given physical package and logical processor unit
if(thread-args —>sib == —1)
run_on_cpus( ( 1 << cpus.pk[thread_args—>pk].sib[0] ) | ( 1 << cpus.pk]|
thread_args—>pk].sib[1] ) );
} else
run_on_cpu( cpus.pk[thread_args—>pk].sib[thread_args—>sib] );

t_initial_ii = tile_size * (thread_args—>tid + 1);

last_iteration_kk = ceil ((double)jkbound/jjkkincrement)*jjkkincrement —
jikkincrement *3;

last_iteration_jj = ceil ((double)jkbound/jjkkincrement)s*jjkkincrement —
jikkincrement;

last_iteration_ii = ceil ((double)ibound/iiincrement)xiiincrement—iiincrement ;

myprfcnt_start (cpus.pk[thread_args—>pk].sib|[thread_args—>sib], thread_args—>sib);

// Iterations 0:0:0 to and not including ~ N-2#Bkk:N:N are partitioned among
threads and executed in

// parallel in groups

for (kk=0; kk<jkbound —2xjjkkincrement;kk+=jjkkincrement)

{
ktilebound = (kk | jkmask);
kup = (jkbound < ktilebound ? jkbound : ktilebound);
kk_plus_jjkkincrement = kk+jjkkincrement;

kkC = kk >> logNstep;

if ( (thread_args—>tid == 0 && kk == 0) ||
(thread_args—>tid == 0 && last_iteration_kk >=0 && (jj—jjkkincrement
!= last_iteration_jj || ii —2xiiincrement != last_iteration_ii))
)
{
ji = kk;
jjlow = (int) floor ((double)kk/jjkkincrement)*jjkkincrement;

ii = jj >> logNstep;

t_initial_ii = iiincrement * (thread_args—>tid + 1);
jtilebound = (jj | jkmask);

jup = (jkbound < jtilebound ? jkbound : jtilebound);
jjC = jj >> logNstep;

itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound : itilebound);

for (k=kk; k<kup;kt+=jkincrement)
{

kC = ((k >> logstep) & step_1);
kfC = kkC | kC;

kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement);

kpluslfC = ((kfC+iincrement==itilebound)? kkC+Hiiincrement :kfC+iincrement

)
ilowDiv = (ii > kpluslfC ? ii : kpluslfC);
if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
A[KfC |k]=sqrt (fabs (A[kfC|k]));
if (jj==jjlow)

for (i=ilowDiv;i<iup;i+=iincrement)
Ali [K]/=A[KIC[k];

129
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347 !

348

349 jlow = (jj > kplusl ? jj : kplusl);

350 for (j=jlow;j<jup;jt+=jkincrement)

351

352 iC = ((j >> logstep) & step-1);

353 jfC = jjC | jC;

354 ilow = (ii > jfC ? ii : jfC);

355

356 // for (i=ilow;i<iup;it+=iincrement)

357 /] AL |J-=ALi [K] *A[fC K] ;

358

359 AjfC_k = A[jfC |k];

360

361 iup_-div = ilow 4+ (iup—ilow) /4%4;

362 for (i=ilow;i<iup-div;i+4+=4)

363 {

364 Ali|j]l—=A[i|k]*AjfC_k;

365 Al(i 4+ 1)]jl==A[(i + 1) |k]*AjfC_k;

366 AlCi 4+ 2)]il-=A[(i + 2)|k]*AjJfC_k;

367 Al(i + 3)|i]1-=A[(i + 3)|k]*AjfC_k;

368 }

369

370 for (;i<iup;i++)

371 Ali]jl—=A[i|k]*AjfC_k;

372

373

374 !

375 !

376 //

377

378

379 spin_barrier_lsense (thread_args—>spin_barrier_coarse, &lsense);

380 1

381

382 if ( (thread_args—>tid == 1 && kk == 0) ||

383 (thread_args—>tid == 1 && last_iteration_kk >=0 && (jj—jjkkincrement
== last_iteration_jj && ii —2xiiincrement == last_iteration_ii)
)

384 )

385 {

386 t_initial_ii = iiincrement =% (thread_args—>tid + 1);

387

388 //spin_barrier_lsense(thread_args—>spin_barrier_coarse, &lsense);

389 //if (thread_args—>tgid == 0) printf(” Next group\n”);

390 spin_barrier_lsense (thread_args—>spin_barrier_coarse, &lsense);

391 }

392

393

394 jjlow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;

395 for (jj = jjlow; jj < jkbound; jj += jjkkincrement )

396

397 jtilebound = (jj | jkmask);

398 jup = (jkbound < jtilebound ? jkbound : jtilebound);

399

400 jjC = jj >> logNstep;

401

402 iilow = ( (int) floor ((double)jj/jjkkincrement)x*jjkkincrement ) >> logNstep

403 for (ii=t_initial_ii + iilow;ii<ibound;ii+=2xiiincrement)

404

405 itilebound = (ii | imask);

406 iup = (ibound < itilebound ? ibound : itilebound);

407

408

409

410 for (k=kk; k<kup;kt+=jkincrement)

411

412 kC = ((k >> logstep) & step_1);

413 kfC = kkC | kC;

414

415 kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement) ;

416 kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;

417 ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

418

419

420 if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)

421 A[kfC |k]=sqrt (fabs (A[kfC|k]));

422

423 if (jj==jjlow)

424

425 for (i=ilowDiv;i<iup;i4=iincrement)

426 Ali|k]/=A[KEC |k];

427 }
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jlow = (jj > kplusl 7 jj : kplusl);
for (j=jlow;j<jup;j+=jkincrement)

jC = ((j >> logstep) & step-1);
JfC = jjC | jC;
ilow = (ii > jfC 7 ii : jfC);

for (i=ilow;i<iup;it+=iincrement)
Ali[j]-=A[1 [k]*A[JfC[k];
AJfC_k = A[JfC|k];
iup_div = ilow 4+ (iup—ilow) /4x4;
for (i=ilow;i<iup-div;i+4+=4)
Ali|j]l—=A[i|k]*AjfC_k;
A[(i + 1) [j]-=A[(i + 1) |k]*AjfC_k;
A[(i + 2)|j]-=A[(i + 2)|k]*AjfC_k;
A[(i + 3)|j]-=A[(i + 3)|k]*AjfC_k;
}
for (;i<iup;i++)
Ali|j]—=A[i|k]*AjfC_k;
}
//
//spin_barrier_lsense(thread_args—>spin_barrier_coarse, &lsense);
//if (thread_args—>tgid == 0) printf(”Next group\n”);
spin_barrier_lsense (thread_args—>spin_barrier_coarse , &lsense);
}
t_initial_ii = ((ii == last_iteration_ii 4 iiincrement)? 0: iiincrement);
}
}

// The execution of the last 4 iterations follows

// In the case that the last iteration of the previous loops was executed by
thread 0, then the first iteration of the last 4

// iterations should be executed by thread 1 so as to exploit the parallelism
available in this case

if (thread_args—>tid == 1 && last_iteration_kk >=0 &&
(kk—jjkkincrement != last_iteration_kk || jj—jjkkincrement !=
last_iteration_jj || ii —2*iiincrement != last_iteration_ii) )
{

ktilebound = (kk | jkmask);
kup = (jkbound < ktilebound ? jkbound : ktilebound);
kk_plus_jjkkincrement = kk+jjkkincrement;

kkC = kk >> logNstep;
jj = (int) floor ((double)kk/jjkkincrement)*jjkkincrement;
jjlow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;

jtilebound = (jj | jkmask);
jup = (jkbound < jtilebound ? jkbound : jtilebound);

jjC = jj >> logNstep;

ii = ((int) floor ((double)jj/jjkkincrement)*jjkkincrement ) >> logNstep;
itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound : itilebound);

for (k=kk; k<kup;kt+=jkincrement)
{

kC = ((k >> logstep) & step_1);
kfC = kkC | kC;

kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement:k+
jkincrement) ;

kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;

ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
[

(
ATkEC |k]=sqrt (fabs (A[KfC|k]));
if (jj==jjlow)

for (i=ilowDiv;i<iup;i4=iincrement)
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Al [K]/=A[KEC k]
)

jlow = (jj > kplusl ? jj : kplusl);
for (j=jlow;j<jup;j+=jkincrement)

jC = ((j >> logstep) & step-1);
jfC = jjC | jC;
ilow = (ii > jfC ? ii : jfC);

for (i=ilow;i<iup;i4+=iincrement)
Ali[jl-=Al1 [k]*A[JfC[k];

AjfC_k = A[jfC |k];

iup_div = ilow 4+ (iup—ilow) /4%4;
for (i=ilow;i<iup-div;i+4+=4)

[i]jl—=Ali|k]*AjfC_k;

[(i 4 1)[j]-=A[(i + 1)|k]*AjfC_k;
[(i + 2)]i]l-=A[(i + 2)|k]*AjfC_k;
) [(1 4+ 3)1j]—==A[(1 + 3)[|k]*AjfC_k;

for (;i<iup;i++)
Ali|jl—=A[i]|k]*AjfC_k;

}
/!

//spin_barrier_lsense(thread_args—>spin_barrier_coarse, &lsense);
//if (thread_args—>tgid == 0) printf(”Next group\n”);

spin_barrier_lsense (thread_args—>spin_barrier_coarse, &lsense);

¥
// The upper iterations ~ N—2sBkk:X:X and ~ N-Bkk:X:X are executed by thread 0.

In the worst case there will be 4 such

// iterations

else if (thread_args—>tid == 0)
t_initial_ii = ((kk—jjkkincrement == last_iteration_-kk && jj—jjkkincrement ==
last_iteration_jj && ii —2%iiincrement == last_iteration_ii)? iiincrement
0);

for (; kk<jkbound;kk+=jjkkincrement)

{

ktilebound = (kk | jkmask);

kup = (jkbound < ktilebound ? jkbound : ktilebound);
kk_plus_jjkkincrement = kk+jjkkincrement;

kkC = kk >> logNstep;

jjlow = (int) floor ((double)kk/jjkkincrement)x*jjkkincrement;
for (jj = jjlow; jj < jkbound; jj += jjkkincrement )

jtilebound = (jj | jkmask);
jup = (jkbound < jtilebound ? jkbound : jtilebound);

jjC = jj >> logNstep;

iilow = ( (int) floor ((double)jj/jjkkincrement)=*jjkkincrement ) >>
logNstep;
for (ii=t_initial_ii 4+ iilow;ii<ibound;ii4=iiincrement)
itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound : itilebound);

for (k=kk; k<kup;k+=jkincrement)
{

kC = ((k >> logstep) & step_1);
kfC = kkC | kC;

kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement) ;

kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;

ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
ATKEC |k]=sqrt (fabs (A[KEC [k]));
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;f (ji==jjlow)

for (i=ilowDiv;i<iup;i+=iincrement)

Ali|k]/=A[KIC |k];

jlow = (jj > kplusl ? jj

kplusl);

for (j=jlow;j<jup;jt+=jkincrement)

jC = ((j >> logstep) & step-1);

ifC = jjC | jC;

ilow = (ii > jfC 7 ii : jfC);
/ for (i=ilow;i<iup;i4+=iincrement)
/ Al [Jl-=A[1 [k]*A[TC k] ;
AjfC_k = A[fC |k];
iup_div = ilow 4+ (iup—ilow) /4%4;
for (i=ilow;i<iup-div;i+=4)
Ali|j]—=A[i|k]*AjfC_k;
A[(i 4+ 1)[j]==A[(i + 1) |k]*AjfC_k;
A[(i 4+ 2)[j]-=A[(i + 2)|k]*AjfC_k;
A[(i + 3)[j]==A[(i + 3)|k]*AjfC_k;
}
for (;i<iup;i++)
Ali|j]-=Ali|k]*AjfC_k;
}
}
//
}
t_initial_ii = O0;
}
}
myprfcnt_stop (cpus.pk[thread_args—>pk].sib[thread_args—>sib]);
* Function: thread_tiled_full_bdl_NN_coarse_fine_grain
* Block Data Layout NN is used
* Tiling is applied along all loops
*+ Hand optimization includes loop unrolling and scalar replacement
x Coarse Grain work partitioning, i.e Two groups of two threads work on two

separate adjacent tiles

* The two threads of each group work on the same tile and divide their work in a

fine grain fashion way
*/

void thread_tiled_full_bdl_NN_coarse_fine_grain(void * args)

{

mm_thread_args_t * thread_args = (mm_thread_args_t %) args;

int i, j, k;

int iR, jC, kC;

int ii, jj, kk, jjC, kkC;
int jfC, kfC;

int kk_plus_jjkkincrement;

int N, Nmask;
int t_initial_ii;

int tile_size , step;

int last_iteration_ii , last_iteration_jj , last_iteration_kk;
double xAj;

int transformation_type = NN, transformation_type2 = Nn;

int logNstep, logstep;

int imask, jkmask;

int ibound, jkbound,

itilebound ,

jtilebound ,

ktilebound ;

int iiincrement ,
int iincrement ,

jjkkincrement;
jkincrement ;

int jkincrement_-2;
int iup, ilow, jup, jlow, kup
int jjlow , iilow;
int step-1, kplusl, kpluslC,

register double AjfC_k;

int lsense , lsense_fine;

, klow, ilowDiv, iup-div;

kpluslfC;
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671 spin_barrier_init_lsense(&lsense);

672 spin_barrier_init_lsense(&lsense_fine);

673

674 N = thread_-args—>N;

675 Nmask = thread_args—>Nmask;

676 A = thread_-args —>A_1D;

677 step = tile_size = thread_args—>tile_size;

678

679 logNstep = lg (Nmask/step);

680 logstep = lg(step);

681

682 ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;

683 jkbound = create_mask (N, Nmask, step, transformation_type, ROW) + 1;

684

685 imask = create_innermask(step, transformation_type2, 0) + 1;

686 jkmask = create_innermask(step, transformation_type2, 1) + 1;

687

688 iiincrement = create_tileincrement (Nmask, step, transformation_type2, COL);

689 jjkkincrement = create_tileincrement (Nmask, step, transformation_type2, ROW);

690

691

692 iincrement = create_increment (step, transformation_type2, COL);

693 jkincrement = create_increment (step , transformation_type2 , ROW);

694

695 jkincrement_2 = jkincrement =x 2;

696 step-1 = step — 1;

697

698 // Bind the thread to the given physical package and logical processor unit

699 if (thread_args —>sib == —1) {

700 run_on_cpus( (1 << cpus.pk[thread_args—>pk].sib[0] ) | ( 1 << cpus.pk|

thread-args —>pk].sib [1] ) );

701 } else

702 run_on_cpu ( cpus.pk[thread_args—>pk].sib[thread_args—>sib] );

703

704

705 t_initial_ii = tile_size =* (thread_args—>tgid + 1);

706

707 last_iteration_kk = ceil ((double)jkbound/jjkkincrement)=*jjkkincrement —
jikkincrement x3;

708 last_iteration_jj = ceil ((double)jkbound/jjkkincrement)*jjkkincrement —
jikkincrement;

709 last_iteration_ii = ceil ((double)ibound/iiincrement)xiiincrement—iiincrement ;

710

711 myprfcnt_start (cpus.pk[thread_args—>pk].sib[thread_args—>sib], thread_args—>sib);

712

713 // Tterations 0:0:0 to and not including ~ N-2«Bkk:N:N are partitioned among
threads and executed in

714 // parallel in groups

715 for (kk=0; kk<jkbound —2xjjkkincrement;kk+=jjkkincrement)

716 {

717 ktilebound = (kk | jkmask);

718 kup = (jkbound < ktilebound ? jkbound : ktilebound);

719 kk_plus_jjkkincrement = kk+jjkkincrement;

720

721 kkC = kk >> logNstep;

722

723 if ( (thread_args—>tgid == 0 && kk == 0) ||

724 (thread_args—>tgid == 0 && last_iteration_kk >=0 && (jj—jjkkincrement

!= last_iteration_jj || ii —2xiiincrement != last_iteration_ii))

725 {

726 jji = kk;

727

728 jjlow = (int) floor ((double)kk/jjkkincrement)x*jjkkincrement;

729

730 ii = jj >> logNstep;

731

732 t_initial_ii = iiincrement * (thread_args—>tgid + 1);

733

734

735 jtilebound = (jj | jkmask);

736 jup = (jkbound < jtilebound ? jkbound : jtilebound);

737

738 jjC = jj >> logNstep;

739

740 itilebound = (ii | imask);

741 iup = (ibound < itilebound ? ibound : itilebound);

742

743

744 //

745

746 for (k=kk; k<kup;k+=jkincrement)

747 {

748 kC = ((k >> logstep) & step_1);

749 kfC = kkC | kC;

750
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751 kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement);
752 kpluslfC = ((kfC+iincrement==itilebound)? kkC+Hiiincrement :kfC+iincrement
)

753 ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

754

755 if (thread-args—>tid == 0)

756 {

757 if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)

758 if (thread_args—>tid == 0)

759 A[KkfC |k]=sqrt (fabs (A[kfC|k]));

760

761 if (jj==jjlow)

762 for (i=ilowDiv;i<iup;i++)

763 Ali|k]/=A[kIC|k];

764 }

765

766 spin_barrier_lsense (thread_args—>spin_barrier_fine , &lsense_fine);

767

768 jlow = (jj > kplusl ? jj : kplusl);

769

770 for (j=jlow 4+ (thread-args—>tid)=*jkincrement;j<jup;j+=jkincrement_2)

771

772 iC = ((j >> logstep) & step-1);

773 jfC = jjC | jC;

774 ilow = (ii > jfC 7 ii : jfC);

775 AJfC_k = A[JEC|k];

776

7 iup_div = ilow 4+ (iup—ilow) /4x4;

778 for (i=ilow;i<iup-div;i+=4)

779

780 Ali]|jl—=A[i|k]*AjfC_k;

781 Al(i 4+ 1)]j]—=A[(i 4+ 1) |k]*xAjfC_k;

782 Al(i 4+ 2)|j]—=A[(i 4+ 2)|k]*xAjfC_k;

783 Al(i 4+ 3)|j]l—=A[(i 4+ 3)|k]*xAjfC_k;

784 }

785

786 for (;i<iup;i++)

787 Ali|j]-=A[i|k]*AjfC_k;

788 }

789

790 }

791

792 //

793

794

795 spin_barrier_lsense (thread_args—>spin_barrier_coarse, &lsense);

796 }

797

798 if ( (thread_args—>tgid == 1 && kk == 0) ||

799 (thread_args—>tgid == 1 && last_iteration_kk >=0 && (jj—jjkkincrement
== last_iteration_jj && ii —2xiiincrement == last_iteration_ii)
)

800 )

801 {

802 t_initial_ii = iiincrement * (thread_args—>tgid + 1);

803

804 spin_barrier_lsense (thread_args—>spin_barrier_coarse, &lsense);

805

806

807

808 jjlow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;

809 for (jj = jjlow; jj < jkbound; jj += jjkkincrement

810

811 jtilebound = (jj | jkmask);

812 jup = (jkbound < jtilebound ? jkbound : jtilebound);

813

814 jjC = jj >> logNstep;

815

816 iilow = ( (int) floor ((double)jj/jjkkincrement)*jjkkincrement ) >> logNstep

817 for (ii=t_initial_ii + iilow;ii<ibound;ii+=2xiiincrement)

818 {

819 itilebound = (ii | imask);

820 iup = (ibound < itilebound ? ibound : itilebound);

821

822

823 //

824

825 for (k=kk; k<kup;kt+=jkincrement)

826

827 kC = ((k >> logstep) & step_1);

828 kfC = kkC | kC;

829

830 kplusl = ((kt+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement ) ;

831 kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+

iincrement) ;
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ilowDiv = (ii > kpluslfC ? ii : kpluslfC);
if (thread_args—>tid == 0)

if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
if (thread_args—>tid == 0)
A[KEC |k]=sqrt (fabs (A[KfC|k]));

if (jj=—jjlow)
for (i=ilowDiv;i<iup;i++)
Ali|k]/=A[KfC|k];

}
spin_barrier_lsense (thread_args—>spin_barrier_fine , &lsense_fine);
jlow = (jj > kplusl 7 jj : kplusl);
for (j=jlow + (thread_args—>tid)*jkincrement;j<jup;j+=jkincrement_2)

jC = ((j >> logstep) & step_-1);

jfC = jjc | jC;

ilow = (ii > jfC ? ii : jfC);

AjfC_k = A[JfC|k];

iup_div = ilow 4+ (iup—ilow) /4%4;
for (i=ilow;i<iup-div;i+4+=4)

{
Ali|j]—=A[i|k]*AjfC_k;
Al(i + 1)]j]—=A[(i + 1) |k]*AjfC_k;
AL+ 2)[§]-=A[(i + 2)|K]*AJIC k;
AL + 3)[5]-=A[(i + 3) |K]*AJIC k;
¥
for (;i<iup;i++)
Ali]|j]—=A[i|k]*AjfC_k;
}
spin_barrier_lsense (thread_args—>spin_barrier_coarse, &lsense);
}
t_initial_ii = ((ii == last_iteration_ii 4 iiincrement)? 0: iiincrement);

}

// The execution of the last 4 iterations follows

//

// In the case that the last iteration of the previous loops was executed by
thread 0, then the first iteration of the last 4

// iterations should be executed by thread 1 so as to exploit the parallelism
available in this case

if (thread_args—>tgid == 1 && last_iteration_kk >=0&&
(kk—jjkkincrement != last_iteration_kk || jj—jjkkincrement !=
last_iteration_jj || ii —2xiiincrement != last_iteration_ii) )
{

ktilebound = (kk | jkmask);
kup = (jkbound < ktilebound ? jkbound : ktilebound);
kk_plus_jjkkincrement = kk+jjkkincrement;

kkC = kk >> logNstep;
jj = (int) floor ((double)kk/jjkkincrement)*jjkkincrement;
jjlow = (int) floor ((double)kk/jjkkincrement)*jjkkincrement;

jtilebound = (jj | jkmask);
jup = (jkbound < jtilebound ? jkbound : jtilebound);

jjC = jj >> logNstep;

ii = ((int) floor ((double)jj/jjkkincrement)*jjkkincrement ) >> logNstep;
itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound : itilebound);

for (k=kk; k<kup;k+=jkincrement)

kC = ((k >> logstep) & step_1);
kfC = kkC | kC;

kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement:k+
jkincrement) ;
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kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement : kfC+
iincrement) ;
ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

if (thread-args—>tid == 0)

if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
if (thread_args—>tid ==
A[KkfC|k]=sqrt (fabs (A[kfC|k]));
if (jj=—jjlow)
for (i=ilowDiv;i<iup;i++)
AliK]/=A[KEC[k];
}
spin_barrier_lsense (thread_args—>spin_barrier_fine , &lsense_fine);
jlow = (jj > kplusl 7 jj : kplusl);
for (j=jlow + (thread_args—>tid)*jkincrement;j<jup;j+=jkincrement_2)
jC = ((j >> logstep) & step-1);
jfC = jjc | jC;
ilow = (ii > jfC ? ii : jfC);
AjfC_k = A[JEC|k];

iup_div = ilow 4+ (iup—ilow) /4%4;
for (i=ilow;i<iup-div;i+4+=4)

{
Ali|jl—=Ali|k]*AjfC_k;
Al(i 4+ 1) ]j]—=A[(i + 1) |k]*AjfC_k;
Al(i + 2)|j]l—=A[(i + 2)|k]*AjfC_k;
) Al(i + 3)|j]l—=A[(i + 3)|k]*AjfC_k;

for (;i<iup;i++)
Ali|jl—=A[i]|k]*AjfC_k;

}
//

spin_barrier_lsense (thread_args—>spin_barrier_coarse, &lsense);

¥
// The upper iterations ~ N-2«Bkk:X:X and ~ N-Bkk:X:X are executed by thread 0.

In the worst case there will be 4 such

// iterations

else if (thread_args—>tgid == 0)
{
t_initial_ii = ((kk—jjkkincrement == last_iteration_kk && jj—jjkkincrement ==
last_iteration_jj && ii —2xiiincrement == last_iteration_ii)? iiincrement
0);

for (; kk<jkbound;kkt+=jjkkincrement)

{
ktilebound = (kk | jkmask);
kup = (jkbound < ktilebound ? jkbound : ktilebound);
kk_plus_jjkkincrement = kk+jjkkincrement;

kkC = kk >> logNstep;

jjlow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;
for (jj = jjlow; jj < jkbound; jj += jjkkincrement

jtilebound = (jj | jkmask);
jup = (jkbound < jtilebound ? jkbound : jtilebound);

jiC = jj >> logNstep;

iilow = ( (int) floor ((double)jj/jjkkincrement)=*jjkkincrement ) >>
logNstep;
for (ii=t_initial_ii 4 iilow;ii<ibound;ii+=iiincrement)
itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound : itilebound);

for (k=kk; k<kup;k+=jkincrement)

kC = ((k >> logstep) & step_1);
kfC = kkC | kC;

kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement ) ;
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993 kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement : kfC+
iincrement) ;

994 ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

995

996 if (thread_args—>tid == 0)

997

998 if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)

999 if (thread_args—>tid ==

1000 A[KfC |k]=sqrt (fabs (A[kfC|k]));

1001

1002 if (jj==jjlow)

1003 for (i=ilowDiv;i<iup;i++)

1004 Ali|k]/=A[kIC|k];

1005 }

1006

1007 spin_barrier_lsense (thread_args—>spin_barrier_fine , & lsense_fine);

1008

1009 jlow = (jj > kplusl ? jj : kplusl);

1010

1011 for (j=jlow + (thread_args—>tid)x*jkincrement;j<jup;j+=
jkincrement_2)

1012 {

1013 iC = ((j >> logstep) & step-1);

1014 jfC = jjC | jC;

1015 ilow = (ii > jfC ? ii : jfC);

1016 AJfC_k = A[jfC |k];

1017

1018 iup_div = ilow 4+ (iup—ilow) /4%4;

1019 for (i=ilow;i<iup-div;i+=4)

1020 {

1021

1022

1023

1024

1025 }

1026

1027 for (;i<iup;i++)

1028 Ali]j]—=A[i|k]*AjfC_k;

1029

1030

1031 }

1032

1033 //

1034

1035 }

1036 t_initial_ii = O0;

1037 }

1038 3

1039 1

1040 myprfcnt_stop (cpus.pk[thread_args—>pk].sib[thread_args—>sib]);
1041

1042}

1043

1044 /+ Function: thread_tiled_full_bdl_NN
1045 * Block Data Layout NN is used
1046 * Tiling is applied along all loops

[i|3)==A[i [k]*AjfC_k;
[(i+ 1)[i]-=A[(i + 1) |k -
[(i + 2)[3]-=A[(i + 2)|k]*AjtC k;
[(i + 3 j i+ 3)|k

1047 x/

1048 void thread_tiled_-full_bdl_NN (void *args)

1049 {

1050 mm_thread_args_t * thread_args = (mm_thread_args_t =) args;
1051

1052 int i, j, k;

1053 int iR, jC, kC;

1054 int ii, jj, kk, jjC, kkC;

1055 int jfC, kfC;

1056 int kk_plus_jjkkincrement;

1057

1058 int transformation_-type = NN, transformation_type2 = Nn;
1059

1060 int logNstep, logstep;

1061

1062 int imask, jkmask;

1063 int ibound, jkbound, itilebound , jtilebound , ktilebound;
1064 int iiincrement, jjkkincrement;

1065 int iincrement , jkincrement;

1066 int iup, ilow, jup, jlow, kup, klow, ilowDiv;

1067 int jjlow, iilow;

1068 int step, step-1, kplusl, kpluslC, kpluslfC;

1069

1070 int N, Nmask;

1071 double *A;

1072 register double AjfC_k;

1073

1074 // Bind the thread to the given physical package and logical processor unit
1075 if (thread_args—>sib == —1)

1076 run_on_cpus( (1 << cpus.pk[thread_args—>pk].sib[0]) | (1 << cpus.pk]|

thread-args—>pk].sib [1]) );
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1077
1078
1079

1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094
1095
1096
1097
1098
1099
1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122

1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133

1134

1135
1136
1137
1138
1139
1140
1141
1142
1143
1144
1145
1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
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} else
run_on_cpu( cpus.pk[thread_args—>pk].sib[thread_args—>sib] );

// Some assignments (aliases) and initializations
N = thread_args —>N;

Nmask = thread-args—>Nmask;

A = thread-args—>A_1D;

step = thread_args—>tile_size;

logNstep = lg (Nmask/step);
logstep = lg(step);

ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;
jkbound = create_mask (N, Nmask, step, transformation_type , ROW) + 1;

imask = create_innermask(step , transformation_-type2, 0) + 1;
jkmask = create_innermask(step, transformation_type2, 1) 4+ 1;

iiincrement = create_tileincrement (Nmask, step, transformation_type2, COL);
jjkkincrement = create_tileincrement (Nmask, step, transformation_type2 , ROW);

iincrement = create_increment (step, transformation_type2, COL);
jkincrement = create_increment (step, transformation_type2 , ROW);

step-1 = step — 1;
myprfcnt_start (cpus.pk[thread_args—>pk].sib[thread_args—>sib], thread_args—>sib);
for (kk = 0; kk < jkbound; kk += jjkkincrement)

ktilebound = (kk | jkmask);
kup = (jkbound < ktilebound ? jkbound : ktilebound);
kk_plus_jjkkincrement = kk+jjkkincrement;

kkC = kk >> logNstep;

jilow = (int) floor ((double)kk/jjkkincrement)x*jjkkincrement;
for (jj = jjlow; jj < jkbound; jj += jjkkincrement )

jtilebound = (jj | jkmask);
jup = (jkbound < jtilebound ? jkbound : jtilebound);

jjC = jj >> logNstep;

iilow = ( (int) floor ((double)jj/jjkkincrement)=*jjkkincrement ) >> logNstep
3

for (ii=iilow;ii<ibound;iit+=iiincrement)

itilebound = (ii | imask);
iup = (ibound < itilebound ? ibound : itilebound);

for (k=kk; k<kup;kt+=jkincrement)
{

kC = ((k >> logstep) & step_1);
kfC = kkC | kC;

kplusl = ((k+jkincrement==ktilebound)? kk_plus_jjkkincrement:k+
jkincrement) ;

kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;

ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)
[

(
ATkEC |k]=sqrt (fabs (A[KfC|k]));
if (jj==jjlow)

for (i=ilowDiv;i<iup;i4=iincrement)

Al [K]/=A[KEC k]

jlow = (jj > kplusl 7 jj : kplusl);
for (j=jlow;j<jup;j+=jkincrement)

jC = ((j >> logstep) & step_-1);

jfC = jjc | jC;

ilow = (ii > jfC 7 ii : jfC);

AjfC_k = A[fC |k];

for (i=ilow;i<iup;i+4+)
Ali|j]—=Ali|k]*AjfC_k;
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1162 myprfcnt_stop (cpus.pk|[thread_args—>pk].sib[thread_args—>sib]);
1163
1164

1165 /+ Function: thread_tiled_full_.bdl_NN
1166 * Block Data Layout NN is used
1167 * Tiling is applied along all loops

1168 *+ Hand optimization includes loop unrolling and scalar replacement

1169 */

1170 void thread_tiled_-full_bdl_NN_hopt (void *args)

171 {

1172 mm_thread_args_t * thread_args = (mm_thread_args_t =) args;

1173

1174 int i, j, k;

1175 int iR, jC, kC;

1176 int ii, jj, kk, jjC, kkC;

1177 int jfC, kfC;

1178 int kk_plus_jjkkincrement;

1179

1180 int transformation_-type = NN, transformation_type2 = Nn;

1181

1182 int logNstep, logstep;

1183

1184 int imask, jkmask;

1185 int ibound, jkbound, itilebound , jtilebound , ktilebound;

1186 int iiincrement , jjkkincrement;

1187 int iincrement , jkincrement;

1188 int iup, ilow, jup, jlow, kup, klow, ilowDiv, ilow_div, iup_-div;

1189 int jjlow , iilow;

1190 double AjfC_k;

1191 int step, step-1, kplusl, kpluslC, kpluslfC;

1192 int N, Nmask;

1193 double prefetchl , prefetch2;

1194 double x*Aj;

1195

1196 // Bind the thread to the given physical package and logical processor unit

1197 if (thread_args —>sib == —1) {

1198 run_on_cpus( ( 1 << cpus.pk[thread_args—>pk].sib[0] ) | ( 1 << cpus.pk]|
thread_args —>pk].sib [1]) );

1199 } else

1200 run_on_cpu( cpus.pk[thread_args—>pk].sib[thread_args—>sib] );

1201

1202 // Some assignments (aliases) and initializations

1203 N = thread_args —>N;

1204 Nmask = thread-args—>Nmask;

1205 A = thread_args—>A_1D;

1206 step = thread_args—>tile_size;

1207

1208 logNstep = lg (Nmask/step);

1209 logstep = lg(step);

1210

1211 ibound = create_mask (N, Nmask, step, transformation_type, COL) + 1;

1212 jkbound = create_mask (N, Nmask, step, transformation_type, ROW) + 1;

1213

1214 imask = create_innermask(step , transformation_-type2, 0) + 1;

1215 jkmask = create_innermask(step, transformation_type2, 1) 4+ 1;

1216

1217 iiincrement = create_tileincrement (Nmask, step, transformation_type2, COL);

1218 jjkkincrement = create_tileincrement (Nmask, step, transformation_type2, ROW);

1219

1220 iincrement = create_increment (step, transformation_type2, COL);

1221 jkincrement = create_increment (step, transformation_type2 , ROW);

1222

1223 step_-1 = step — 1;

1224

1225 myprfcnt_start (cpus.pk[thread_args—>pk].sib[thread_args—>sib], thread_args—>sib);

1226

1227 for (kk = 0; kk < jkbound; kk += jjkkincrement)

1228

1229 ktilebound = (kk | jkmask);

1230 kup = (jkbound < ktilebound ? jkbound : ktilebound);

1231 kk_plus_jjkkincrement = kk+jjkkincrement;

1232

1233 kkC = kk >> logNstep;

1234

1235 jilow = (int) floor ((double)kk/jjkkincrement)=*jjkkincrement;

1236 for (jj = jjlow; jj < jkbound; jj += jjkkincrement )

1237

1238 jtilebound = (jj | jkmask);

1239 jup = (jkbound < jtilebound ? jkbound : jtilebound);

1240

1241 jjC = jj >> logNstep;

1242

1243 iilow = ( (int) floor ((double)jj/jjkkincrement)=*jjkkincrement ) >> logNstep

5
1244 for (ii=iilow;ii<ibound;ii+=iiincrement)

1245 {
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1246 itilebound = (ii | imask);

1247 iup = (ibound < itilebound ? ibound : itilebound);

1248 for (k=kk; k<kup;kt+=jkincrement)

1249 {

1250 kC = ((k >> logstep) & step_1);

1251 kfC = kkC | kC;

1252

1253 kplusl = ((kt+jkincrement==ktilebound)? kk_plus_jjkkincrement :k+
jkincrement ) ;

1254 kpluslfC = ((kfC+iincrement==itilebound)? kkC+iiincrement :kfC+
iincrement) ;

1255 ilowDiv = (ii > kpluslfC ? ii : kpluslfC);

1256

1257

1258 if (jj<=k && k<jtilebound && ii<=kfC && kfC<itilebound)

1259 A[kfC |k]=sqrt (fabs (A[kfC|k]));

1260

1261 if (jj==jjlow)

1262 {

1263 for (i=ilowDiv;i<iup;i4=iincrement)

1264 Ali|k]/=A[KEC |k ];

1265

1266

1267 jlow = (jj > kplusl ? jj : kplusl);

1268 for (j=jlow;j<jup;jt+=jkincrement)

1269

1270 iC = ((j >> logstep) & step-1);

1271 jfC = jjC | jC;

1272 ilow = (ii > jfC ? ii : jfC);

1273

1274 AjfC_k = A[jfC|k];

1275

1276 iup_div = ilow 4+ (iup—ilow) /4x4;

1277 for (i=ilow;i<iup-div;i+=4)

1278

1279 Ali]j]l—=A[i|k]*AjfC_k;

1280 A[(i 4+ 1)]j]—=A[(i 4+ 1)]|k]*AjfC_k;

1281 A[(i 4+ 2)]j]—=A[(i 4+ 2)|k]*AjfC_k;

1282 Al(i 4+ 3)|j]l-=A[(i + 3)|k]*AjfC_k;

1283 }

1284

1285 for (;i<iup;i+4+)

1286 A[i]j]—=A[i|k]*AjfC_k;

1287

1288 }

1289 }

1290 }

1291 }

1292 myprfcnt_stop (cpus.pk|[thread_args—>pk].sib[thread_args—>sib]);

1293

1294

1205 /+ Function: cholesky_tiled_full_.bdl_NN_smt_fine

1296 * SMT' Architecture

1297 * cholesky_tiled_full_bdl_NN_smt_fine creates 2 threads using
thread_tiled_full_bdl_NN_smt_fine

1298 +* and assigns these 2 threads to two logical processors of the same physical

package

1299 */

1300 void cholesky_tiled_full_.bdl_NN_smt_fine (double *A, int N, int Nmask, int tile_size)

1301 {

1302 pthread_t tids [2];

1303 mm_thread_args_t t0, t1;

1304

1305 t0.pk = 0;

1306 t1.pk = O;

1307 t0.sib = 0;

1308 tl.sib = 1;

1309

1310 t0.tid = 0;

1311 t1.tid = 1;

1312

1313 t0.N = t1.N = N;

1314 t0.Nmask = t1.Nmask = Nmask;

1315 t0.tile_size = tl.tile_size = tile_size;

1316 t0.A_1D = t1.A_1D = A;

1317 t0.n_threads = tl.n_threads = 2;

1318

1319 t0.spin_barrier_fine = tl.spin_barrier_fine = &spin_barrier_A2;

1320 spin_barrier_init (t0O.spin_barrier_fine , 2);

1321

1322 pthread_create(&tids [0] , NULL, thread_tiled_full_bdl_NN_fine_grain , (void x) &t0)
5

1323 pthread_create(&tids [1], NULL, thread_tiled_full_bdl_NN_fine_grain , (void x) &tl)
5

1324

1325 pthread_join (tids [0] , NULL) ;
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pthread_join (tids [1] , NULL)

/* Function: cholesky_tiled_full_.bdl_NN_smt_coarse

* SMT Architecture

* cholesky_tiled_full_bdl_NN_smt_coarse creates 2 threads using
thread_tiled_full_.bdl_NN_smt_coarse

+* and assigns these 2 threads to two logical processors of the same physical

package

*/

void cholesky_tiled_-full_.bdl_NN_smt_coarse (double *A, int N, int Nmask,
tile_size)

{
pthread_t tids [2];
mm-_thread_-args_t t0, tl;
t0.pk = 0;
t1l.pk = 0;
t0.sib = 0;
tl.sib = 1;
t0.tid = 0;
t1.tid = 1;
t0.N = t1.N = N;
t0.Nmask = t1.Nmask = Nmask;
t0.tile_size = tl.tile_size = tile_size;
t0.A_1D = t1.A_1D = A;
t0.n_threads = tl.n_threads = 2;
t0.spin_barrier_coarse = tl.spin_barrier_coarse = &spin_barrier_A2;
spin_barrier_init (t0O.spin_barrier_coarse , 2);
pthread_create(&tids [0] , NULL, thread_tiled_full_bdl_NN_coarse_grain
t0);
pthread_create(&tids [1], NULL, thread_tiled_full_bdl_NN_coarse_grain
t1);
pthread_join (tids [0] , NULL)
pthread_join (tids [1], NULL)
}

/* Function: cholesky_tiled_full_.bdl_.NN_smp_coarse

* SMP Architecture

* cholesky_tiled_full_bdl_NN_smp_coarse creates 2 threads using
thread_tiled_full_bdl_NN_smp_coarse

int

(void *) &

(void x) &

+ and assigns these 2 threads to two logical processors of a different physical

package

*/
void cholesky_tiled_-full_bdl_NN_smp_coarse (double *A, int N, int Nmask,
tile_size)

{
pthread_t tids [2];
mm-_thread_-args_t t0, tl;
t0.pk = 0;
t1l.pk = 1;
t0.sib = 0;
tl.sib = 0;
t0.tid = 0;
t1.tid = 1;
t0.N = t1.N = N;
t0.Nmask = t1.Nmask = Nmask;
t0.tile_size = tl.tile_size = tile_size;
t0.A_1D = t1.A_1D = A;
t0.n_threads = tl.n_threads = 2;
t0.spin_barrier_coarse = tl.spin_barrier_coarse = &spin_barrier_A2;
spin_barrier_init (t0O.spin_barrier_coarse , 2);
pthread_create(&tids [0] , NULL, thread_tiled_full_bdl_NN_coarse_grain
t0);
pthread_create(&tids [1], NULL, thread_tiled_full_bdl_NN_coarse_grain
t1);
pthread_join (tids [0] , NULL)
pthread_join (tids [1] , NULL)
}

/* Function: cholesky_tiled_full_bdl_NN_smt_fine_smp_coarse
* SMT' Architecture

int

(void *) &

(void x) &

* cholesky_tiled_full_bdl_NN_smt_fine_smp_coarse creates 2 groups of 2 threads

using
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1398 * thread_tiled_full_bdl_NN_smt_fine_smp_coarse

1399 +x Each group is assigned to a different physical package and each thread of the
group

1400 * to a different logical processor of the same physical package

1401 */

1402 void cholesky_tiled_full_bdl_NN_smt_fine_smp_coarse (double *A, int N, int Nmask, int
tile_size)

1403 {

1404 pthread_t tids [4];

1405 mm-_thread_args_t t0, t1, t2, t3;

1406

1407 t0.pk = 0; t0.sib = 0;

1408 tl.pk = 0; t1.sib = 1;

1409 t2.pk = 1; t2.sib = 0;

1410 t3.pk = 1; t3.sib = 1;

1411

1412 t0.tgid = O0; t0.tid = 0;

1413 t1.tgid = 0; t1.tid = 1;

1414 t2.tgid = 1; t2.tid = 0;

1415 t3.tgid = 1; t3.tid = 1;

1416

1417 t0O.N = t1.N = t2.N = t3.N = N;

1418 t0.Nmask = t1.Nmask = t2.Nmask = t3.Nmask = Nmask;

1419 t0.tile_size = tl.tile_size = t2.tile_size = t3.tile_size = tile_size;

1420 t0.A_ 1D = t1.A_1D = t2.A_1D = t3.A_1D = A;

1421 t0.n_threads = tl.n_threads = t2.n_threads = t3.n_threads = 4;

1422

1423 t0.spin_barrier_coarse = tl.spin_barrier_coarse = \

1424 t2.spin_-barrier_coarse = t3.spin_-barrier_coarse = &spin_barrier_-A4;

1425 t0.spin_barrier_fine = tl.spin_barrier_-fine = &spin_barrier_-A2;

1426 t2.spin_barrier_fine = t3.spin_barrier_fine = &spin_barrier_B2;

1427

1428 spin_barrier_init(&spin_barrier_A4 , 4);

1429 spin_barrier_init(&spin_barrier_A2 , 2);

1430 spin_barrier_init(&spin_barrier_B2 , 2);

1431

1432 pthread_create(&tids [0] , NULL, thread_tiled_full_bdl_NN_coarse_fine_grain , (void
*) &t0);

1433 pthread_create(&tids [1], NULL, thread_tiled_full_bdl_NN_coarse_fine_grain , (void
*) &tl);

1434 pthread_create(&tids [2], NULL, thread_tiled_full_bdl_NN_coarse_fine_grain , (void
*) &t2);

1435 pthread_create(&tids [3], NULL, thread_tiled_full_bdl_NN_coarse_fine_grain , (void
*) &t3);

1436

1437 pthread_join (tids [0] , NULL) ;

1438 pthread_join (tids [1], NULL);

1439 pthread_join (tids [2], NULL);

1440 pthread-join(tids [3], NULL) ;

1441}

1442

1443 /+ Function: cholesky_tiled_full_.bdl_.NN
1444 * cholesky_tiled_full_bdl_NN creates 1 thread using thread_tiled_full_bdl_NN to
implement the benchmark

1445 *

1446 vo{d cholesky_tiled_full_bdl_NN (double *A, int N, int Nmask, int tile_size)
1447 {

1448 pthread_t tids [1];

1449 mm-_thread_args_t t0;

1450

1451 t0.pk = 0; t0.sib = 0;

1452

1453 t0.N = N;

1454 t0 . Nmask = Nmask;

1455 t0.A_ID = A;

1456 t0.tile_size = tile_size;

1457

1458 pthread_create(&tids [0] , NULL, thread_tiled_full_bdl_NN , (void x) &t0);
1459

1460 pthread-join(tids [0] , NULL) ;

1461  }

1462

1463 /+ Function: cholesky_tiled_full_.bdl_NN_hopt
1464 * cholesky_tiled_full_bdl_NN_hopt creates 1 thread using
thread_tiled_full_bdl_NN_hopt to implement the benchmark

1465 *

1466 vo{d cholesky_tiled_full_bdl_NN_hopt (double *xA, int N, int Nmask, int tile_size)
1467 |

1468 pthread_t tids [1];

1469 mm_thread_-args_t t0;

1470

1471 t0.pk = 0; t0.sib = 0;

1472

1473 t0.N = N;

1474 t0 . Nmask = Nmask;



144 ITAPAPTHMA B'. HIHI'AIOY KQAIKAY

1475 t0.A_1D = A;

1476 t0.tile_size = tile_size;

1477

1478 pthread_create(&tids [0] , NULL, thread_tiled_full_bdl_NN_hopt , (void x*) &t0);
1479

1480 pthread_-join(tids [0] , NULL) ;

1481}

1482

1483 main (int argc, char xxargv)

1484

1485 int i, j, k;

1486 int optimization_-level=0, tile_size;

1487 int N, Nincr, Nsize;

1488 int platform_id = 0, prf_flag = 1;

1489 struct timeval start ,finish;

1490

1491 double *xB_2D;

1492 double *Bj;

1493

1494 for (i=0;i<argc;i++)

1495 if (strcmp(argv[i],”—N")==0)

1496 N=atoi (argv[++i]);

1497 else if (strcmp(argv[i],”—0")==0)

1498 optimization_level=atoi(argv[++i]) ;

1499 else if (strcmp (argv([i],”—platform”)==0)

1500 platform_id=atoi (argv[++i]) ;

1501 else if (strcmp(argv[i],”—prfcnt”)==0)

1502

1503 prf_flag = 1;

1504 prf_cpu=atoi(argv[++i]);

1505

1506

1507 /* processor IDs x/

1508 if (platform_id == 0)

1509

1510 /* processor IDs for the CSLab Xeon Cluster */
1511 printf (” Platform :_.CSLab_Xeon_Cluster\n”);

1512 cpus.pk [0].sib [0] = 0;

1513 cpus.pk[0].sib[1] = 2;

1514 cpus.pk[1].sib[0] = 1;

1515 cpus.pk[1l].sib[1] = 3;

1516 }

1517 else if (platform._id == 1)

1518 {

1519 /* processor IDs for the Intel Xeon Cluster */
1520 printf (”Platform:_Intel_.Xeon.Cluster\n”);

1521 cpus.pk[0].sib [0] = 0;

1522 cpus.pk [0].sib[1] = 4;

1523 cpus.pk[1].sib[0] = 1;

1524 cpus.pk[1l].sib[1] = 5;

1525 }

1526 else if (platform._id == 2)

1527 {

1528 /* processor IDs for the Intel Xeon Cluster */
1529 printf (”Platform:_Intel_.Xeon_.Cluster\n”);

1530 cpus.pk[0].sib [0] = 0;

1531 cpus.pk[0].sib[1] = 1;

1532 cpus.pk[1].sib[0] = 2;

1533 cpus.pk[1].sib[1] = 3;

1534 }

1535

1536 printf(”Running_Cholesky_with_optimization_level_%d...\n”, optimization_level);
1537 printf (”N\tNsize\tTile_Size\tDuration\n”);

1538

1539 srand (time (NULL) ) ;

1540

1541 Nincr=16;

1542

1543 for (N=16; N<=2048; Ny=Nincr) {

1544 if (N<128) Nincr=N;

1545 else Nincr=128;

1546 for (tile_size=16; tile_size <=MIN(256 ,N); tile_sizex=2) {
1547 Nsize=2;

1548 while (Nsize<N) Nsizex=2;

1549

1550 if (optimization_level >= 10) {

1551 if (B=(double x) malloc(NsizexNsizexsizeof(double)))
1552 for (i=0;i<NsizexNsize;i++)

1553 Bli]=rand() % 100 +1;

1554 else {

1555 printf (”Memory_allocation_failed!\n”);
1556 exit (1);

1557 }

1558

1559 else {

1560 if (B.2D=(double **) malloc(Nxsizeof(double *) + NxNxsizeof(double))) {

1561 B_2D [0]=(double *) (&B_2D[N]) ;
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for (i=1;i<N;i++)
B_2D [i]=&B_2D [0] [Nxi ];

for (i=0;i<N;i++)
for (j=0;j<N;j++)

B2D[i][j] = rand() % 100 + 1;
else {
printf (”Memory_allocation_failed!\n”);
exit (1);

}
gettimeofday (&start ,(struct timezonex) NULL) ;
switch (optimization_level)

case 0:
cholesky_column_major (B.2D, N);
break;
case 1:
cholesky_column_major_smt_fine (B_2D, N);
break;
case 2:
cholesky_tiled_full (B:2D, N, tile_size);
break;
case 3:
cholesky_tiled_full_hopt (B-2D, N, tile_size);
break;
case 4:
cholesky_tiled_full_smp_coarse (B_2D, N, tile_size);
break;
case 5:
cholesky_tiled_full_smt_coarse (B_2D, N, tile_size);
break;
case 6:
cholesky_tiled_full_smt_fine (B.2D, N, tile_size);
break;
case T:

cholesky_tiled_-full_smt_fine_smp_coarse (B_.2D, N, tile_size);

break;

case 12:
cholesky_tiled_-full_bdl_NN (B, N, Nsize, tile_size);
break;

case 13:

cholesky_tiled_full_bdl_NN_hopt (B, N, Nsize, tile_size);

break;
case 14:

cholesky_tiled_full_bdl_NN_smp_coarse (B, N, Nsize, tile_size);

break;
case 15:

cholesky_tiled_full_bdl_NN_smt_coarse (B, N, Nsize, tile_size);

break;
case 16:

cholesky_tiled_full_bdl_NN_smt_fine (B, N, Nsize, tile_size);

break;
case 17:

cholesky_tiled_full_bdl_NN_smt_fine_smp_coarse (B, N, Nsize, tile_size

)
break;
default:
cholesky_column_major (B_.2D, N);

}

gettimeofday (&finish ,(struct timezonex) NULL)

/* Show report */
printf (?%d\t%d\t%d\t” ,N , Nsize, tile_size);
printf(”%8.31f\n” , finish.tv_sec—start.tv_sec

+ (double) ((finish.tv_usec—start.tv_usec >=0)?(finish.tv_usec—start.

tv_usec):
(10000004 finish . tv_usec—start.tv_usec))/1000000) ;

if (optimization_level >= 10)
free (B);

else
free (B_2D) ;
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B’.3 BonUntuxég Yuvoptroslg
B’.3.1 Med6douv MBalLt

Or axdhovieg ouvapthoeig Pasilovtar otig ouvapthoels g Evayyehiog Adavaodum.

/* MASK ADDRESSING for BLOCK DATA LAYOUT
+* Based on Evaggelia Athanasaki’s methods
*

* Different methods used to implement masked addressing for block data layouts
*
*/

#include <math.h>

O~ Gk WK~

10 typedef enum {Zz=0, Nn, ZZ, NN, ZN, NZ} transform_type_def;
11 typedef enum {COL=0, ROW} colrow_type_def;

12

13 int lg(double x)

14

15 int 1 = 0;

16

17 while (x>1)

18

19 x/=2;

20 14+

21 }

22 return 1;

23}

24

25 /% Function: create_innermask
26 * Creates the mask for an inner loop, which can be used as the bound of the tile
27 %/

28 int create_innermask(int step, transform_type_def type, colrow_type_def col_-row)

30 int logstep;

31

32 logstep = lg(step);

33

34 switch (type) {

35 case Zz:

36 if (col_row==ROW) return (step —1);

37 else return ((step—1)<<logstep);

38 case Nn:

39 if (col-row==ROW) return ((step —1)<<logstep);
40 else return (step —1);

41 default:

42 return 0;

43 s

4}

45

46 /+ Function: create_increment

a7 x Creates the increment used to step between elements of the same tile
8 %/

49 int create_increment (int step, transform_type_def type, colrow_type_def col_row)
50

51 int logstep;

52

53 logstep = lg(step);

54

55 switch (type) {

56 case Zz:

57 if (col-row==ROW) return 1;

58 else return (1<<logstep);

59 case Nn:

60 if (col_-row==ROW) return (1<<logstep);

61 else return 1;

62 default:

63 return O0;

64 }

65 }

66

67 /* Function: create_tileincrement

68 * Creates the increment used to step between tiles
69 */

70 int create_tileincrement (int N, int step, transform_type_def type, colrow_type_def
col_row)

71

72 int logstep , logNstep;
73

74 logstep = lg(step);

75 logNstep = lg (N/step);
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7 switch (type) {

78 case Zz:

79 if (col-row==ROW) return (1<<(2xlogstep));

80 else return (1<<(2xlogstep+logNstep));

81 break ;

82 case Nn:

83 if (col_-row==ROW) return (1<<(2xlogstep+logNstep));

84 else return (1<<(2xlogstep));

85 default:

86 return O0;

87 }

88 }

89

90 /+ Function: create_mask

91 * Creates the mask for an outer loop, which can be used as the bound of the loop
space

92 */

93 int create_mask(int N, int Nmask, int step, transform_type_def type, colrow_type_def
col_row)

94 {

95 int logstep, logNstep, Nstep;

96

97 Nstep = Nmask / step;

98 logstep = lg(step);

99 logNstep = lg (Nstep);

100 N=N—1;

101 switch (type) {

102 case ZZ7Z:

103 if (col_-row==COL) return (((N&(step —1))<<logstep) |((N&((Nstep—-1)<<logstep))
<<(logstep+logNstep)));

104 else return ((N&(step —1)) |((N&((Nstep—1)<<logstep))<<logstep));

105 case NN:

106 if (col_-row==COL) return ((N&(step —1))|((N&((Nstep—1)<<logstep))<<logstep))
H

107 else return (((N&(step —1))<<logstep)|((N&((Nstep—1)<<logstep))<<(logstep

+logNstep)));

108 case ZN:

109 if (col_row==COL) return (((N&(step —1))<<logstep) |((N&((Nstep—-1)<<logstep))
<<logstep));

110 else return ((N&(step —1)) |((N&((Nstep—1)<<logstep))<<(logstep+logNstep))

;

111 case NZ:

112 if (col-row==COL) return ((N&(step —1))|((N&((Nstep—1)<<logstep))<<(logstep+
logNstep)));

113 else return (((N&(step —1))<<logstep) |((N&((Nstep—1)<<logstep))<<logstep)

)

114 default:

115 return 0;

116 s

117}

118

119 /% Function: apply-mask

120 * Dilates a number using a mask

121 % this function is deprecated and is no more used

122 */

123 int apply_-mask (unsigned long int number, unsigned long int mask)

124

125 unsigned long int temp._mask, apply-bit, result;

126 int mask_length, i;

127

128 result = 0;

129 temp-mask=mask;

130 mask_length=1;

131 while ((temp_mask >>=1) > 0)

132 mask_length++4;

133

134 mask <<= mask_length ;

135 apply-bit = 1 << mask_length

136

137 for (i = 1; i <= mask_length; i++) {

138 if ((apply-bit & mask) == apply_bit) {

139 if ((number & 1) == 1)

140 result = result | apply-bit;

141 number >>= 1;

142 s

143 result >>=1;

144 mask >>= 1;

145 s

146

147 return result;

148 }

149

150 /% Function:  displayBits

151 * Prints the binary representation of a number

152 */
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153 void displayBits (unsigned long int value, int length)

154

155 unsigned c¢, displayMask = 1 << length —1;
156

157 printf ("%7u_=.", value);

158

159 for (¢ = 1; ¢ <= length; c++) {

160 putchar (value & displayMask ? 1’ : ’07);
161 value <<= 1;

162 }

163

164 putchar (’\n’);

165 }

B'.3.2 CPU Affinity

#ifndef __AFF_H_
#define __AFF_H_

1
2
3
4 /* processor id type

5 x each logical processor has its own id, which is defined by the OS
6 */

7 typedef int cpu-t;

8

9 /* number of physical packages—processors in the cluster x*/
10 #define NPACKAGES 2

11

12 /* siblings: the logical processors found in one physical package */
13 #define NSIBLINGS 2

14

15 /* physical package type */

16 struct pkginfo {

17 cpu-t sib [NSIBLINGS];

18 }s

19

20 /* Cluster processor info %/

21 struct cpuinfo

22 struct pkginfo pk[NPACKAGES];

23 }s

24

25 extern void run_on_cpu(cpu-t);

26 extern void run_on_cpus(int);

27 #endif

1 #include <sys/types.h>

2 #include <linux/unistd .h>

3 #include ” aff.h”

4 _syscallO (pid-t , gettid);

5 _syscall3 (int ,sched_setaffinity ,pid_t ,pid,unsigned int,h len ,unsigned long *,maskptr)
6

7

8

9

void run_on_cpu(cpu-t cpu)

{
unsigned long mask;
10 unsigned int len = sizeof(mask);
11 mask = 1<<cpu;
12 if (sched_setaffinity (gettid (), len, &mask))
13 printf (?ERROR: - Process_-%d_not_bound_succesfully _on_processor_%d\n” , gettid () ,
cpu) ;

14 }
15
16 void run_on_cpus(cpu-t msk)
17 {
18 unsigned long mask=msk;
19 unsigned int len = sizeof(mask);
20 sched_setaffinity (gettid () , len, &mask);
21}

B’.3.3 Spin-Locks

O axdlovdoc xddixag elvar tpocpopd tou Nixdhoov Avactémoviov.

#ifndef __SPIN_H_
#define __SPIN_H_

#include <asm/unistd .h>

/**************************** spin—locks 3k >k 3k ok ok >k ok ok >k ok >k ok ok ok sk ok ok ok ok kok ok sk ok sk ok ok kok ok sk sk sk ok kokokokok sk */

0O ULk W -

#define LOCK_PREFIX ”lock;”
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typedef volatile long spin_t;
#define spin_-init spin_-unlock

#if defined NOP

# define SPIN_INSTR "rep;-_nop”
#elif defined PAUSE

# define SPIN_INSTR ”pause”
#Hendif

/********************************* barriers ************************************/

struct spin_barrier_s {
spin_t lock;
spin_t release_flag;
int current_count;
int total;

s

typedef struct spin_barrier_-s spin_barrier_t;

extern void spin_lock (spin_t *spin_var);
extern void spin_unlock(spin_t *spin_var);
extern void spin_on_condition (spin_t *spin_var , const

extern void spin_barrier_init(spin_barrier_t xsb, int total);

extern void spin_barrier_init_lsense (int xlsense);

extern void spin_barrier_lsense(spin_barrier_t *sb, int xlsense);

#Hendif

#include ”spin.h”

inline void spin_lock(spin_t xspin_var)
{

_—asm__ __volatile__ (”\n”

”1:\tmovl_8$1,.%%eax\n\t”
? xchgl_%0,%%eax\n\t”
?cmpl_$0,%%eax\n\t”
7jne_2f\n\t”
”jmp_3f\n”
72:\t” SPIN_LINSTR ”\n\t”
7 cmpl_$0,%0\n\t”
”jne_2b\n\t”
”jmp_1b\n”
”?3:\ t\n”
: ”=m” (*spin_var)
”m” (*spin_var)
”%eax” ,” memory”
)
}

inline void spin_unlock(spin_t *spin_var)

_—asm__ __volatile__(”?movl_$0,_%0" \
?=m” (*spin_var));

/********************************* barriers ************************************/
int condition_val)

inline void spin_on_condition(spin_t xspin_var , const
{
_—asm__ __volatile__ (”\n”
7emplo%1,-%0\n”
7je_2f\n”

71:\tpause\n\t”
?empl_-%1,-%0\n\t"”

”jne_1b\n”
”2:\ t\n”
:”m” (xspin_var ), ”ir” (condition_val)
)
}
inline void spin_barrier_init(spin_barrier_t *sb, int
{
spin_init (&(sb—>lock));
sb—>release_flag = 0;
sb—>current_count = 0;
sb—>total = total;
}

inline void spin_barrier_init_lsense (int xlsense)

int condition_val);

total)
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57 *lsense = 0;

58}

59

60

61 [/

62  * BARRIFR (with local sense)

63 *

64  x/

65 inline void spin_barrier_lsense(spin_barrier_-t *sb, int xlsense)
66 {

67 xlsense = "(xlsense);

68

69 spin_lock (&(sb—>lock));

70 (sb—>current_count )+4+;

71 if (sb—>current_count == sb—>total) {

72 sb—>current_-count = 0;

73 sb—>release_flag = *xlsense;

74 }

75 spin_unlock (&(sb—>lock));

76 spin_on_condition (&(sb—>release_flag), xlsense);

7}
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