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BeATIGTOTIONGELS YO TV eRUETAAAEVLGN TNG
TOQAAAMNALOS KO €viGYVGN TNG TOTTKOTNTOG

m O feAticToTroncels yo fabuwtolg emtegepyactéc (scalar
processors) €xouv yevikd wg GToxo Th uelwon Tmv
ERTEAOVUEVOV EVTOADV (KO KOTA ETLEKTOCN TOU YEGVOU
exkTéAeonc n/kaw tn Pedtioon AAMAWV UETEIK®V)

B Ot BEATIGTOTTONGELS YOl TTARAAANAES OPXLTEKTOVIKEG €X0UV
WG GTOY0 TN PEATIOON YOQOKTNELGTIKWY OTTWS N adEnon tng
Srabéoung mapaliniiog (IToAAEg Aettovpyieg Pelorovton
Tavtoyeova Ge eg€MEN), n ToTtofétnon Twv Sedouévmv GgTn
UVAUN KOL N 0QYAVmGoN Tng leaylos wnung

m E{dn emegepyactav

m Emegepyactéc VLIW

YmepPabuwTol emesepyactés (superscalar processors)

Atovvouatikol eTTEEEQYATTES (Vector processors)

IToAvTtpnvor eTtegepyactés (multicore processors)

m [ToAvemegepyaatéc (multiprocessors)

B Xtéxoc: AVEncn tng TAQOAANALOS KAl TNG TOTKOTNTAS
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[TogaAAnAia ko TOTKOTNTA Ge Wi TTAEdAANAN
OLQYLTEKTOVIKN

IMoAveTtegepyaatric Stayolpacuévou mediov dievBuveewv (shared
memory multiprocessor): ula eviafa kevTolkin uviun dedopévwv
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Interconnect
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H Swadikacio tng BeAtigToTroineng

m H BeAticTomoinen vyniov emmédou €xel ueyaAitepa o@éin
vyl Thy eTtitevEn TaQaAAnAlog
m EvSudueon avastapdotaon vynlov emigtédou (Trow tn
UETATEOTTA TNG G¢ GUUPOALKI assembly yio Tnv e@aguoyn
TEQAGULAT®V YAUNAOD ETITEGOV GTMWES ETAOYR KOSIKA,
KOTOUEQLOUOS KOTOXWENTWDV K.A.TT.)
m Y10 emimedo Tov mnyoiov kwdika TBAVOV ue Tn
uecoAGpnon tng uetatporng ce AST
m H BeAtiotomoinon amd tnv dstoyn Tou LETOYA®TTIOTA
Argpeivnoen yio to KOTAAANAO TUALOTO TOU TTROYQAUUOTOS
€16680v OV elvar Mo va BeATigToTroinfovv
HF IIictomoinon tov 0Tl n e@aguoyn tng BeAtigTomoincng dev
aAlowdver Tn @uon (GNUOGLoAoyio) Tou TTEOYEAULOTOS
MeTacynuaticuog Tou TTEOYEAULATOS te €080 evlidueong
aVOTTORAGTOGNS TOU [Blov emLITESOU
il Ectidtovue otn PeAticToToinen StadikacTikOV YAWGGHOV
Jreoyeauutaticuoy 6mmg etvon n ANSI/ISO C
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Avdlvon ggaptnoenv dedouévmv (data dependence
analysis)

m H avdluon ggoptnoewv Jo TeETiel vo avayvmeitel Toug
eTMPAAASUEVOVG TTEQLOELGUOVGS KAl Vo KaBopitel To av €vag
GUYKEKQLWEVOS UETAGYNUATIGUOS UIToQel va e@apuoatel
xweilc Tnv aAlolwon Tng GUUITEELPOEAS TOU TTEOYEAUUATOS

m Efopticelg avdyeca e Sedouéva

B Babuwtéc egaptnaels (timor RAW, WAW, WAR)
m Efoptncelg uetagpepducves agd Peodxo (loop-carried
dependencies)

m Efdptnon dedouévwv: n evtol i ypeldietal TouAdylotov uia
TN TV VITOAOYIZETAL ATTS TNV j
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Etaptnoeils petapepoucves agtd Bpoxo (loop-carried
dependencies)

m To cwya evig Beodyov utopel va ektedeatel TTOAAES POQEES

B O eE0pTriGelS TTov elval ueTapeoueveg ad Pedyo
veloTavtal avdueca oe SlopoEeTikéS (GLVBWS Sladoykég)
ETAVOAMNPELS TOV PEOYOV

m ITopddeyuo

for (i = 2; i <= n; i++) {
S1: a[i] ali] + c;
S2: b[i] af[i-1] * b[il;
}

m Xtnv (Sa emwavdinyn tov Pedyov, dev vtdeyel egdotnon
ovdueco otig S1 ko S2

B Xe 8vo Sradoykés emtavaipelg, Tty otav i = k n Sdwon
S2 Bwapdger tnv Tiwn tov alk-1] n omoio yedpetar amsd tn
dnAwon S1 katd tnv ewavdinyn k - 1

m o Ty avdAduon €£0QTAGE®Y XEELATETAL N KATAYQOPNR OGAwV
TV eKPRAGEDY BEIKTOSATNONG TWV TTVAK®WV
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I'evikevuévn doun Pedywv

B Aoun TTARQMS @OMAGUEVEOV BEOX®WY GE YEVIKA LOEEN

do 11 = I,
do 12 = Iz, up

do 14 = la, ua
1 alfi(en, .. oyta)yoo oy Sty ooy 2a)] = 0
2 .= algi(n, . 0a), o gm (i, 1a)]
end do
end do
end do

m [Iedio emavdinyng (iteration space):
7o Sudvuoua twv d otolxeiwv I = (iy,...,Ig) ue kdbe oTotyeio
TOU SLAVUGUOTOC VO OVOITOQLETA Th UeTafAnTh Seiktn Tov
avtigToyov BEoxou
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[Tedtlo emmavdAnyng (iteration space)

m ‘Eoto ol SitAd polacuévol Bedyot:

for (i = 0; i < 6; i++) {
for (j = 0; j < 9; j++) {

3
}

B Aoun Bedywv ue n eoMacuévous Bedxovs avartapicTatol
agté IIOAYTOIIO (polytope) n Stoctdoewv

m Ico8vvaua xoncwodtoteital n €k@Eacn TToAVeSQ0’
(polyhedron)

m Ol eTOVOAYPELS ERPEATOVTOL WS GUVTETOYUEVES GTO TieS{o
emavdinypng

B Akolovblakn Gelpd extéleong:
[070]7 [071:|7 ey [077:|7 [078]7 [170]7 |:]‘71:|7 AR [178}7 tey [570:|7 trey [578]
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Metacynuaticuol Beoxov (loop transformations) (1)

m Loop reordering transformations
m Loop unswitching

Loop skewing

Loop reversal

Strip mining

Cycle shrinking

Loop tiling

Loop distribution

m Loop fusion

m Loop restructuring transformations

m Loop unrolling
m Loop coalescing
m Loop collapsing
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Metacynuaticuol Beoxov (2)

m Loop restructuring transformations (cont.)

m Software pipelining

m Loop peeling

m Loop normalization (canonicalization)
m Loop spreading

m Loop replacement transformations

m Reduction recognition
m Loop idiom recognition
m Array statement scalarization
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Loop unswitching

m Egpapudtetor dtav €vag Peoyog Trepieyel €Aeyyo o oTtolog
egeTdel ouvinkn auyetdfAntn og mEOS To PEd)O
B Téte 0 PEdYOS uetapépeTal (SnULoVEY®VTOS Ta aviicTolxa
avtiypama) evids Twv dUo KAASwV Tng guvinkng (T.y. ula
dnAwon eAéyyov if-else gtnv C). AnAadn vitdeyet
ovTieTtdbeon Letagy Tov PEOYoL Kol Thg SAA®GNGS eAEyyou
B Meawwvetar to uéyeboc touv cipatogs Beoyov (loop body)

for (1 = 2; i <= n; i++) {
a[i] = af[i] + c;
if (x < 7)
b[i] = a[i] * c[i];
else
b[i] = a[i-1] * b[i-1];
}
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rif (n > 1)
if (x < 7)
for (i = 2; i <= n; i++)
al[i] = a[i] + c;
b[i] = a[i] * c[i];
}
else
for (i = 2; i <= n; i++)
al[i] = a[i] + c;
b[i] = a[i-1] * b[i-1];
}




Loop reordering (avadidtagn Bedyov) (1)

B Metaoynuotiowds Ttou uetoBAAAEL Tn GYeTIkN GelRd
EKTEAEGNC TV eTAVOAIYe®VY G €va Pedyo n ula Soun
Bodywv

m XonowoTroteltal yio Thy avdadelgn tng sToQaAAnAlag kol tn
BeAtimon Tng TOMKGTNTOS TOV TTROCTIEAGCEMY GTN WvAun

m [ yevikevuéveg (un téleleg) Soues PEoxwv, e@aQUOTETOL GE
guvduacud ue tnv katavoun Pedxwv (loop distribution), n
0TTolalL KOl TOV eveQyoTToLel

B O UeTayAOTTIOTAC EETALEL TIC UETAPEQOUEVES OTTO PEOYO
€£0QTNGELS WGTE VO KAB0QIGEL OV O GUYKEKQULEVOS
Bedxoc/Bedyol efvar TTOQAAANAOITOINGLLOGC/OL
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Loop reordering (avadidtagn Bedyov) (2)

O gEwteikdc Beoxog elvan
TTOQRAAANAOTTONGUYLOG

for (i = 1; i <= n; i++) {
for (j = 2; j <= n; j++) {
alil[j] =
afil[j-11 + c;
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O ecwteErds Pedyxoc elvan
TLAEAAANAOTIONGLULOG

for (i = 1; i <= n; i++) {
for (j = 1; j <= n; j++) {
alil[j] =
afi-11[3]1 + a[i-11[j+11};
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Loop interchange (avtaAlayn Bedyxwv) (1)

B Metakwel évav amd Toug €EmTeQLROTEQOVS PEOXOVUS GTnv
eagntepn Jéon (inner loop)

B MetafdAlel Tn GYeTIKA GERE EKTEAEGNGS TV ETTOVOAPEWY
oe éva feoyo N ula Soun Pedywv
m Xopnaowogroleltol yio Ty avddelgn tng ToQoAAnAiag Ko tn
BeAtimon Tng TOMKGTNTOC TOV TTROCGTIEAAGEMY GTN UvAun
m [a yevikevuéves (un tédeteg) doués Beodxmwv, epapuiéteTol Ge
ouvduacud e katavoun Bedxwv (loop distribution) n omoia
KO TOV evepyoTTolet
m Xopnoeg
m Evepyottoinon kat BeAtioon Sioavucuatorroinong
m Melwon tov Prgatog deiktn (stride), Wavikd oto 1

m Avgnon tou apBuol Twv ek@EEAGE®Y TTov elval apeTdpAnTES
GTOV £6WTEQO BEAYO

NwoAaos Kappadiag nkavv@uop.gr Metaylwttiotég 1T



Loop interchange (avtaAlayn Beoxwv) (2)

m MetafoM Tov TedTIoV Gdpwaong dievBiveewv Adym Tng
avtallayng dvo Bedywv

i

B Awadoyikd ototyeio Tou B Awdoyikd oTotyeia Tou
total ue Prigwa n total ue Pripa 1

for (i = 1; i <= n; i++) {
for (j = 1; j <= n; j++) {
total[i] = total[i] + a[il[jl;
}
}

for (j = 1; j <= n; j++) {
for (i = 1; i <= n; i++) {
total[i] = total[i] + a[il[jl;
}
}
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Loop skewing (oAicOnen Bedyov) (1)

m Xpnowodroteltor KUElwg ylo Tnv evepyoTroincn tou
UETAGYNUATIGULOV avTAAAAYRS BEOXwV

B YAowoteltan ye tnv 1weocheon tou delktn Tou ££RTEQOV
Bedxov, TOALATTAAGLAGUEVOU Ue TO GUVTEAEGTI oAMaGOnong f
(skewing factor) ko gta V0 dQLa TWV ETAVAANPEDV TOU
delktn Tov €6 TEQOV PEOYOV

B Xtn ouvéyelo LeTaAAAOVTOL OVTIGTOLYO Ol EKPEAGELS
dtevBuvaloddtnong oe GAovg Toug TTivakeg TTOU dStaPdcovTal
N YeA@OVTOL GTO GAOWO TOU £6MTEQOV BEOYOV

B O UeTaoynuatiouos outog dev ueTadAAeL Th GUUTTEQLPOQRA
TOU TIEOYEAUWOTOS KOl uItoQel va xenowomowmnbel oe kGbe
TepiTToon
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Loop skewing (oAigOnen Bedyov) (2)

m ITopddewyua epoapuoyns tou loop skewing

for (i = 2; 1 <= n-1; i++) { for (i = 2; i <= n-1; i++) {
for (j = 2; j <=m-1; j++) { for (j = i+2; j <= i+m-1; j++) {
alfil[j] = (a[i-11[j] + a[il[j-1] + afil[j-i] = (ali-11[j-i]1 + a[il[j-1-i] +
afi+11[j] + alill[j+11)/4; afi+11[j-1]1 + a[il[j+]-i1)/4;

} }
} }
B Apykd medlo emavaiiypewy B OMcOnuévo medio
S ETAVAANPEDV
g 3
2 Q—-o——o J

s
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Loop reversal (avactpoen Beoxov)

m [IpokaAel tnv adloyni tng katevBuvTikoTRTAGC UE TNV oTtolal
évag Pedxos draoyitel to medio emavdAnyng Tou

B Mewdver tnv eBduven Yo, Thy eKTEAECN TV AELTOUQYLOV
avgnong delktn kow eA&yyov Tou Pedyov

m ILx. evtoAri BNEZ (branch if not equal to zero) ctov
emegegyastn DLX

m Evepyomolel tnv e@opuoyn UeTaGYNUATIGU®OV OTTi¢ 0 loop
interchange: ITapddetyua

for (i = 1; i <= n; i++) { for (i = 1; i <= n; i++) {
for (j = 1; j <= n; j++) { for (j =mn; j >=1; j--) {
afill[j] = a[i-1]1[j+1]1 + 1}; afil[j] = a[i-1]1[j+1]1 + 1
} }
} }
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Strip mining

m OuadoTtolel dedouéva tov (Stov TUTTOV WGTE av avtd elval
eAevBepa aTrd €L0QTAGELS VO LITOROVV VO XenGlLoTtomngoiv
aTtd SLOVUGUATIKA EVTOAN TOU €TTELEQYOGTI

® Baown smapduetog elvar to strip length wwou avtigToryel
GTO £0QOC TOU SLAVOGUATOS

for (i = 1; i <= n; i++) { IN = (n/64)*64;
alil = afil + c; for (T = 1; TI < TN; TI += 64) {
1 a[range(TI:TI+63)] =

a[range(TI:TI+63)] + cC;
}
for (i = TN+1; i <= n; i++) {
a[i] = a[i] + c;

}

B Atovucpatikds kodikag (Vector DLX)

; R9 = address of a[TI]
LV Vi, R9 ; V1 <- a[TI:TI+63]

ADDSV V1, F8, V1 ; VI <- V1 + ¢ (F8 = ¢
SV Vi, R9 ; a[TI:TI+63] <- V1
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Loop tiling (ITAakdécTpmon Beoxwv)

m Agtotedel Tnv woluvdidatatn yevikeuon Tou
ueTaoYULOTIGUOU strip mining

m Ovoudcetor ko loop blocking

m Xpnowodttotelton yio th PeAtinon Tng £IravoyEnclLoItoineng
dedouévwv amd tnv kpuen uviun (cache reuse)

m Asgttougyel pe tn Swalpeon Tou Tediov emavdinyng oe
eTuégovug tunuata (tiles: wAakiS), kKO Ue TNV e@AQULOYR
TOU OVTIGTOL(OV UETAGYNUATIGLOV TG SOUNG BEoywv TTov
avarapicTatar amd to medio
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Loop tiling: ITapdderywo

m AQykdc Beodxog

for (i = 1; i <= n; i++) {
for (j = 1; j <= n; j++) {
alil[j]l = b[j1[i];
}
}

m [TAakocTemuévog Bedyos

for (TI = 1; TI <= n; TI += 64) {
for (TJ = 1; T) <= n; T] += 64) {
for (i = TI; i <= min(TI+63,n); i++) {
for (j = TJ; j <= min(TJ+63,n); j++) {
afillj] = b[jI[i]l;
}
}
}
}
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Loop distribution (katavoun Bedywv)

B Xpnaowogrole{tol yla Ty KaTavoun evog BEoxov Ge TToAAOUS
m Evaldaxtikd ovoudcetor loop fission 1 loop splitting

m Kdbe véoc Ppdyos €xel To (Sto medio emwavdAnyng pe tov
0QYIKO AAAG TTEQLEXEL £VOL VITOGUVOAD TwV SNANGE®Y TOU
GWOUOTOS TOU aQ)koU Pedxou

m Xopnoeg

B Anwovgyio TéAela ewAlacuévav Beoymv

B Anwovyio Bedxwv ue AyoTeQes €EAQTNGELS

B Beldtiwon tng ToTmKOTNTAS TNG KQUPNG UWVAUNG EVTOAMV

m EAdTToon Tov oItolTAcE®Y uvAaung Kot tng Tieong Gto
apyelo kaTaywENTMOV
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Loop distribution: ITapdderywo

= Agxkds Bedxog

for (i = 1; i <= n; i++) {
ali] = a[i] + c;
x[i+1] = x[i]1*7 + x[i+1] + a[i]l;

m Katavoun tov aykol Bedyov

for (i = 1; 1 <= n; i++) {
afi] = a[i] + c;
}
for (i = 1; i <= n; i++) {
x[i+1] = x[i]1*7 + x[i+1] + a[i];
}
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Loop fusion (uet&én Bpdywv)

m Ilpdkettor yio Tov avtiGTEOMO UETAGYNUATIGUO ATTO AUTOV
TNG KaTAvoung feoyov
m Xpnowottotelton yia th Pedtioon emdocGewv ue tnv
exueTdAevon
m ng uelwong tng emiPdouvang Bedyou
B TnG AVENGNG NG TAQRAAANALOS GTO GOU TOu BEOXOU
m ng PeAtinong Tng TOTKAOTNTAS

B AQYKAC ROSIKAG B Melgn (Guvévwon) twv
AQYLKMOV Pedxwv

for (i = 1; i <= n; i++) {
) a[i] = ali] + c; for (i = 1; i <= n; i++) {
for (1 = 1; i <= n; i++) { :E;il] : afil + ¢;
x[i+1] = A . Lo
x[i1%7 + x[i+1] + a[il; } x[11%7 + x[i+d] + aldls
}
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Loop unrolling (EetoAtyua Beoxwv)

B Avadountikdg (restructuring) UWeETAGYNMUATIGULOS O 0TTol0G
ueTafdAAel Tn Soun tov BEOYOV, xwEIC va eTTnEedel Tn
OXETIKN GERA TOV AELTOVEYLOV GTO GO ToL BEdxov

B Avtiypdel To coua evog Bedyou ylo apbud @oedv (Go ue
Tov Jropdyovta getudiyuatog (unroll factor: u). O véog
Beodxog €xer Priwa u avti yia 1

m Xpnoelg

B uelwon tng emBdouvong Bedyou
B avénon tng wopaAAnAiag 6To coua Tov Bedxou
m BeAtioon Tng TomKAITNTOG

B Agykdc Beodxog m Unroll factor: 2
for (i = 2; i <=n-1; i+ { for (i = 2; i <= n-2; i+=2) {
afi]l = a[i] + a[i-1] * a[i+1]; afi] = a[i] + a[i-1] * a[i+1];
3 al[i+1] = a[i+1] + a[i] * a[i+2];
¥

if (mod(n-2,2) == 1) {
a[n-1] = a[n-1] + a[n-2] * a[n];
}
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Loop unrolling: E@aguoyn ce douég emmavdinyng for
kat while

m Tevikd vitdeyel wia deueMaddng doun eravdinyng, n
repeat...until (oétwn tng do...while)
m Aoun for m Unrolled for loop

S(i); S(i);
3} S(i+1);
S(i+2);
S(i+3);
}
for ( ; i < N; i++) {
S@);
}

for (i = 0; i < N; i++) { ] for (i = 0 ; i+4 < N; i += 4) {

m Aoun repeat-until m Unrolled repeat-until loop

repeat repeat
S; S;
until (condition); if (condition) break;
S;
if (condition) break;
S;
if (condition) break;
S;
until (condition);
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Loop coalescing (cuvdaction Bedymv)

m Yuvdudger ulo Sount PEOXOV OGTE Tn UETATROTIN TG GE Evav
aTtAd Beoxo ue TS aQykég uetapintég Seiktn vo
vIroAoyitovtan agtd wio emrayduevn petafintnin

B Miropel va BEATIOGEL TO XQOVOTIQOYQOAUUATIGUO T®WV EVTOAWY
Tou BEOYov oe uio TTARAAMAN OEXLTEKTOVIKNA
(TToAVETIEEEQYOGTI)

B QG UETAGYNUOTIOWOS elval TTAVTOTE ETITEETTTOS KAOMOS Sev
ueTafdAdel Th Sladoyn TV ETTOVAAIPEDY GTO BEOYO

B Apykn Sourt Bedywv B XvvocTicuévn doun Beoywmv
for (i = 1; i <= n; i++) { for (T = 1; T <= n*m; T++) {
for (j = 1; j <=m; j++) { i= (((T-1) / m) + 1;
afil[j] = al[ill[j] + c; j = MOD(T-1, m) + 1;
} afil[j] = a[il[j] + c;
} }
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Loop peeling (EepAovdicua Bedyov)

m Katd to yetaoynuatioud autd, asrouokeuvetor pwio oudda
eavaAMpemy amd tnv aeyi 1 To T€AoS Tov Bedyov Kal
exteAelTOL EEXWELOTA

= XonaowodrotelTal yio Thv astoudkQuvon e£0QTRGEMV Ue
TEMTES N TeEAeVTAlES ETTAVAANYELS TOV PedxoU

m Emiong kot yio tnv taUtion tng GuvONkng eA€yyou ue auvti
TUXOV YELTOVIKAOV BROY®V, TIQOKEWEVOU TN GUVEVOGN OA®V
oe o eviato Soun Pedyov

B Mmopel va yonowottonbel e kdbe TepimTwon

for (i = 2; i <= n; i++) { if (n >= 2) {
b[i] = b[i] + b[2]; b[2] = b[2] + b[2];
} }
parfor (i = 3; i <= n; i++) { parfor (i = 3; i <= n; i++) {
al[i] = a[i] + c; b[i] = b[i] + b[2];
} a[i] = a[i] + c;

}
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Loop spreading (Sievpuven Bpdyxov)

B O petocynuatiouos autds uetakivel oplouéveg Aettovpyieg
aTto TO GOUN eVOS BEOYXOV GTO GOUA EVOS TtaRAKEUEVOU
WOGTE GTNV TEMKI TOUS LOEPN, TA GOUATA TV V0 BEoywV
VO LITOQOVV VO EKTEAEGTOUV TTAQAAANAQ

= XonoworotelTal yio Thv astokdluywn eukoEldv yia loop
peeling kou fusion

m Tevikd SievkoAvvel tnv avddergn wopalAnAiog emigtédou
EVTOADV
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Loop spreading: ITapddetywo

B Apykn Sount Bedywv

for (i =
ali+1]

}

for (i =
b[i+1]

}

1; 1 <= n/2; i++) {
= a[i+1] + a[il;

1; 1 <= n-3; i++) {
= b[i+1] + b[i] + a[i+3];

TeMkn doun Pedyxwv

for (i = 1; i <= n/2; i++) {
a[i+1] = a[i+1] + a[i];
if (4 > 3) {
b[i-2] = b[i-2] + b[i-3] + a[i];
}
}
for (i = (n/2)-3; 1 <= n-3; i++) {
b[i+1] = b[i+1] + b[i] + a[i+3];
}
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MeTacynuatiopuol JTROGTTEAAGNGS UvRUNG (memory access
transformations)

Array padding
Scalar expansion
Array contraction
Scalar replacement

Code colocation

Displacement minimization
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Scalar expansion (Babumtd avdmTuyna)

B BabBuwtég yetafAntéc oe €va copa Bedyou dnuovgyovv uia
OVTL-€E0QTNON UE TNV eTTOUEVN £TTAVAANYN
B Katouepuopds Wag TTeoomewving uetapintig yio kdbe
ewavdAnyn exmolotd
B Me TOv TROTTO0 AUTO £veEQYOTTOLOUVTOL Ol SUVATOTNTES
JraQaAAnAoToinoeng
B Amagoaitntn sreoUTdlecn elvar n dtabeciudTnto TOAY
ueydAov aQBuoy KATOXWENTOV
B Aykdc Bedyoc B Metd 1o uetooynuatioud
Yo SLOVUGUOTIKIL EKTEAEGN

for (i = 1; i <= n; i++) {
< fb[:_l]; ) real T[n];
afi] = a[i] + c; parfor (i = 1; i <= n; i++) {
} T[i] = b[il;
al[i]l = a[i] + T[i];

}
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Array contraction (GuGTOAN JTivaka)

B 2Zvpeikvewon Tou agliuol Tov GToxelmv kol evdexduevo Kol
Tou aWuol Twv Stactdoemy Ge Tivakeg
m Agxkds Bedxos

real T[n]l[n];

for (i = 1; i <= n; i++) {
parfor (j = 1; j <= n; j++) {
T[i1[j] = a[il[j]1 * 3;
b[i][j] = T[il[j] + b[il[3j]1/T[i1[i];
}
}

B Metd 1o UETAGYNUATIOUG GUGTOMG TTIVOKA

real T[n];
for (i = 1; i <= n; i++) {
parfor (j = 1; j <= n; j++) {
T[j1 = a[il[j]1 * 3;
b[i][j] = T[j] + b[i]1[j1/TI[j1;
}
}
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Scalar replacement (BaBUmTA OVTIKATATAGTOGCN)

B Avt{GTOl(0C UETAGYNUATIGULOS UE TN GUGTOA TTIVOKA YLOL TV
TeQITTOoN TOU £vag GUYVA avaPeEOUeEVOS Ttivakag elvar
OUETAPANTOC OC TTEOS TS ETTOVOAMPELS EVOS £GMTEQOV
Bedyov

B AvTtikabioTd TS ava@oEég e GTolyelo Tov Tivaka aItd
Babuwtn petafAntri

B Aowds Pedyos m Metd amd fabuwtit
OVTIKATAGTAGN
for (i = 1; i <= n; i++) {
for (j = 13 j <= m; j++) { for (i = 1; i <= n; i++) {
total[i] = . T = total[i];
total[i] + a[il[j]; for (j = 1; j <= n; j++) {
} T=T+ al[ill[j];
! }

total[i] = T;
}
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XQOVOTTROYQOUUOTIGUOS GE KURMKES TTEQLOYES

B TexVikn ¥Q0VOTIROYQOUUATIGULOY EEELOIKEVUEVN GE KUKMKEG
TTeQLOXES (BdxoL)

m To TTeQLoaGTEQN TIROYRAULOTO EQPOQUOYDV GTNV TIEAEN
dagravolv To ueyaAlteQo UEQOS TOU XEOVOU eKTEAEGNGS TOUG
oe gouata Pedxwv

m H Beltiotomoinon tov emdécemv ue ekpuetdAlevon tng
TORAAANALOG TOV €TTEEEQYOGTA YO TUAUATA KWSIKA BEOYOV
agroutel eEELOIKEVUEVES TEXVIKEG

B Avgncon tou ueyéBoug tou Bedyov ue geTvAyna

B Ymépbeon (overlapping) tng ektéAeong SLOQOQETIKMOV
(Bradoykadv) eTravalipenv TTORAANAL

B Extéleon tunudtov atd SlapoQeTIKES ETTAVOAYELS
JTaEdAANAQ

B 'Otov auTég oL TEYXVIKES e@apudtovTal, odnyodv Ge
GNUOVTIKES PEATLOGELS

® Aev uttopel va xewprotel kGBe eidog Bpdyou
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Software pipelining (Aoyiouwkn Siox€tevon)

H teyvikit ypovorrpoypauuaticuoy ye software pipelining
TepLyedpel wia otkoyévelo, aTtd aAyoibuoug TTou
£PAEUOTOVTOL GE KUKMKEG TTEQLOXES KWOLKO

Yrodiougovv éva Beodxo e eTuéQous oTAdLa

Ta gtddia extedovvTor TTEQLAAUBAVOVTAS SLOPORETIKES
ravaAYeLS e TTaRdAANAN emesepyaciol

Ytnv ovala xwEltel TIc evioAés Tou Bedyov e aTAdLa
Sroy€tevong, OTTwS n avtigTorn TEYVIKN GTO VMKO

Kvpta uébodog: Modulo Scheduling (xpovoItpoyaulatiGuos
OKEQEALOV VITOAOLITOV)

BeAtigToTolel yio Quoud mapaynyig vémv astoteAecudTtwy
(throughput)

ITAeovékTnua efvar 6Tl n kaBuctépnon (latency)
€EUTINEETNONG TNG OGS ETTAVAANYNG EexwELaTd Sev €xel
onpocio
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Software pipelining: ITapddetyuo (1)

\
|
\
Y

=

a) original loop b) divide into stages <) pipelined loop

\-—Im-nrrlcl(“:m:b—"/
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Software pipelining: ITopddetyuo (2)

Loop Kernel

{
|

Epilog
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XUykewon loop unrolling ue software pipelining (1)

Overlapped
Operations

Time

(a) Loop Unrolling

Overlapped
Operations

Time

(b) Software Pipelining

H Swagpoed petagd touv loop unrolling kat tov software pipelining
efvor 6L To unrolling yewdver thv emBdouvon tou BEoYov,
EAOTTOVOVTOS TOV ATTOAUTO aQBUS TV ETTAVAAPEWY, EVHD TO
sw pipelining pewdvel 1o kK6aTOC évapeng (initiation cost) kdOe
véag emavdinypng
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Xvykewon loop unrolling ue software pipelining (2)

o TV
I I 1 1 l ] Il I I I ] ] I ] > %m‘v
I 1 | I I I I I I I 1 T 1 1 bl
time
loop:
unroll once 4 1
reschedule RE ) S™%6
locally
infinite unrolling not realistic...
Software \
pipelining 1 R2 N3 R4 \
prologue epilogue
"pattern”, "kernel" for 1 iteration of the modified loop
C. Kessler, IDA, Link5pings universitet. TDDC86 Compiler Optimizations and Code Generation
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