TEXHUKA ONTUMU3ALUN NOA LINUX

YACTb 3

bornbLuoe TecToBoE cpaBHeHne Linux-KoMnuasiTopoB npogosxaercs! Tema cerogHALLIHero
NCCEA0BAHNS — UNKITbI U UX ONTUMU3ALMS. B OCHOBHOM Mbl 6y[1eM rOBOPUTH O TPEX Hanbosee
nonynsapHbix komnunaropax — GCC 3.3.4, Intel C++ 8.0 n Microsoft Visual C++ 6.0, Kk KOTOPbIM
Tenepb npucoeanunics n GCC 4.0.0 co cBouM HOBbIM ONTUMU3ATOPOM LINKITOB.

Mo ctatnctmke fo 90% BPEMEHW UCMONHEHWS NPUXOAUTCA Ha
rny6oKO BMOXEHHbIE LMKMbI, OT Ka4eCcTBa ONTUMMU3aLMKN KOTO-
pbIX 3aBMCUT BLICTPOLENCTBME BCel nporpaMmsl B Lieniom. Co-
BPEMEHHbIE KOMMUNATOPbI NOAAEPXKMBAIOT MHOXECTBO MpO-
rPECCUBHBIX TEXHOMOMMIA ONTUMM3ALMKU U CNOCO6HbLI ByKBasb-
HO TBOpWTL Yyaecal

Ctpaterva onTMMmU3aLun LMKNIOB TECHO CBfi3aHA C apXxu-
TEKTYpOW npoLeccopa, K3LL-KOHTPOIepa U KoHTponnepa one-
paTuBHOM NaMsATU. ITO CAMLLKOM 06bEMHAs, MOXHO LaXe cKa-
3aTb, MOHYMEHTaNbHas TeMa, U B paMKax HacTosiLLer CTaTbu
OHa He o6Cyxpaaetca. YutaiTe JOKYMeHTaumio, pacnpocTpa-
Haemyto dmpmamu Intel 1 AMD (npuyem He TONbKO NO NpoLec-
copam, HO ¥ MO YUMCETY) UK MO KHUTY «TexHuKa onTuMmn3a-
Lmu nporpaMmm — ahdhekTnBHas paboTta C onepaTuBHON nams-
Th0», B HEW 3TU BOMPOCHI OCBELLEHbI 4OCTATOYHO NOAPOGHO.

BbipaBHMBaHUE LMKNOB

BbipaBHuBaHue uuknos (loop alignment) umeeT MHOro 06LLEero
C BblpaBHMBaHMEM BETBMEHUI, O KOTOPOM Mbl YK€ FOBOPUIIN B
npegplayLiei ctatbe. KpaTko onviem cutyaumto ans Tex, KTo
He ynTan ee. Komnunatopbl msvc v icl BoobLLe He BblpaBHMBA-
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I0T UMKMbI, pacnonaras ux B NamaTh Kak yrogHo. B xyawem
Cryyae 370 NPUBOAMT K TPEX-YETbIPEXKPATHOMY NafeHMo Npo-
n3BoaMTeNbLHOCTU. B cpepHeM xe Tepsietcs nopsagka 30%.

Komnunatop gcc No3BONseT BbipaBHUBATbL LMKIIbI HA BESK-
YKHY, KPaTHYIO CTeneHu ABOMKMW. 3a 3T0 oTBeYaeT Kioy -falign-
loops=n (N0 ymMON4aHuio n paBeH ABYM, YTO, KaK yXe oTMeya-
nocb, Janeko He camas nydllas cTpaterus BblpaBHUBaHUS, U
nyylle BbIpaBHMBATH LMKMbI MO rpaHuLe YeTbipex 6anT).

Kntou -fno-align-loops (aHanornyHbIn kntouy -falign-loops=1)
OTKNIOYaeT BbipaBHMBaHWe. Ha ypoBHax onTumusaumm -0O2 1
-O3 BbIpaBHMBaHWE LWMKIOB MO YMOMYaHWIO BKMOYEHO, U OT-
Kfo4aTb ero 66110 6bl Hepa3yMHO.

Wtoro:

MSVC — He BblpaBHWBAET.

icl — He BblpaBHMBaET.

gCC — BbIPaBHMBAET NO rPaHNLIEe CTENeHW ABONKM.

Pa3BopoT uMKnos

MwkponpoLeccopbl ¢ KOHBEAEPHON apXUTEKTYPOM (a K Tako-
BbIM OTHOCATCS BCE COBPEMEHHbIE X86-MPOLECCOPLI), NIOX0
npucnocobseHbl Ans paboTsl ¢ uuknamu. Ons QOCTMXeHUs Hau-
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BbICLLE NPOM3BOANTENBHOCTU NPOLIECCOPY HEOOX0AMM focTa-
TOYHO MPOTSHKEHHbIA YHACTOK «TPacChl BbIMOMHEHWS», CBO6OA-
HbIi OT BETBNEHUIA.

KomnakTHble LUMKMbl BUaa:

for (a=0;a<n;a++) *dst++= *src++;

UCMOMHAIOTCA O4EHb MELNEHHO W Ans yBeNMYeHns 6bICTPOae-
CTBUWSA NpuxoauTCs npuberatb K ux passopoTty (unrolling).

MNon «pa3BopoTOM» B OOLLEM Cryyae MOHMMAETCSA MHOro-
KpaTHoe Jy6nMpoBaHWe LuKIa, KOTopoe peanuayeTcs npuonu-
3UTENbHO Tak:

JucTuar 1. lukn mo passopoTa

for(i=1l; i<n;i+)
k += (n % 1i);

JucTuHr 2. lukn nocne passoporTa (Goneumit pasMep — Gonbuas
CKOPOCTE)

// pasBopor umkia Ha 4 uTepauum
// BhnonuseM mepsie n - (n % 4) urepaumit
for(i=1l; i<n;i+=4)
{
k4= (n % i) + \
(n % i+l1) + \
(n % i+2) + \
(n & i+3);
}

// BHmONHSEM oCTaBUMeCs MTepalyym
for(i-=4; i<n;i++) k += (n % 1i);

JucTuar 3. lukn nmocne pasBopoTa (MeHBUMI pasMep, MeHbWAs
CKOPOCTb — MallMHHOE MNpejACTaBleHMe i++ HaMHOTO Gonee
KOMNaKTHO, 4eM itconst, ofHaKo eciu BHpaxeHuUs

.(n % itconst 1) + (n % itconst 2) .. MOTYT BHNONHATBLCS
ONHOBPEMEeHHO, TO ..(n % i++) + (n % i++).. BHuUMCHsHTCS
[OCNEeNOBATEeNEHO, IOCKONBKY COAEPXaT B3aBMCHMMOCTL MO HaHHHIM)

for (i=1;

{

i<(n-3) ;)

k 4= (n % it++) + \
(n % i++) + \
(n % i++) + \
(n % it4);
}

for(;ikn;i++) k += (n % 1i);

Komnunatop msvc Boo6LLe He pa3BopaymBaeT LUMKbl, U 3Ty
pa6oTy MPUXOAUTCA BbINOMHATL BPYYHYIO.

KomnunsaTop icl passopaunBaeTt TofbKO LMKnbI for no cue-
Hapuio 60nbLUMIA pa3mep — 6osbluas CKopocTb. [puyemM Umk-
nbl C 3apaHee U3BECTHbIM KONMYECTBOM UTepaLuii:

for (a=0;a<const;a++)

roe const <= 32 TpaHCOPMUPYIOTCS B SIMHEVHbIA KO, U LKN
Kak TakoBOW Npu 3TOM ucye3aeT (cM. pasgen «LlenyleHve
uMknos»). Kak cneacTeme — pasmep NporpaMmbl CyLLECTBEH-
HO BO3pacTaeT, a BMeCTe C HUM BO3pacTaeT U PUCK «Bblfie-
TeTb» 3a Npefesibl K3La NepBoro YpoBHS, NMocne Yero npoms-
BOAWTENLHOCTL YNafdeT Tak, YTO He NOAHMMELLb U AOMKPATOM.
Ecnu const >32, uukn pa3sopayvBaeTCs Ha KONNYeCTBO UTe-
pauui, KpaTHoe const, HO He 6oniee 16, Npy 3TOM KOMIUAATOP
YYMTbIBAET YUCIO MHCTPYKLUMIA B Tene uukna — 6onee Komnak-
THble LUMKNbl pa3BopaymBatoTCs Ha 60sbLLEe YUCNO UTepaLnii.

LIvknbl, KONMYeCTBO UTepaLmii KOTOPbIX KOMMUAATOPY He-
N3BECTHO:
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for (a=0;a<n;a++)

BCerfa pa3sopadmBaroTca Ha 5 urepauuii, a octaslumecs (n % 5)
UTEpaLWii BLIMONHSIOTCA B OTAENBHOM HEPA3BEPHYTOM LIMKNE.
Lvknbl ¢ BETBNEHWAMW pa3BoOpaqMBatoTCA TOMbKO NpW TpaHC-
chopMaLmm B NINHENHLIV KOZ (MY 3TOM BETBIIEHUS], ECTECTBEH-
HO, MCYe3aroT):

for (a=0; a<3;a++) if (a%2) x[a]++; else x[a]--;

npeobpasyeTcs B:

x[0]--; x[1]++; x[2]--;

KomMnunatop gcc no yMonyaHuio He pa3BopadmBaeT LUWKbl
Laxe Ha ypoBHe onTuMu3auun O3, v genaet 310 TOMbKO C KIlo-
yom -funroll-all-loops, nogaepXxusatoLLmMm BCe BUAbI LMKIOB, a
He TONbKO LMKN for. LIMKMbl ¢ U3BECTHLIM KONMYECTBOM UTEpa-
unn, rge const <= 32 pasBopaymBatoTCa NOMHOCTLIO, NpU
const > 32 — npubnManUTeNbHO Ha 4 UTepauum (TO4HOE 3Hade-
HWE 3aBUCUT OT KONMYECTBA MHCTPYKLUMIA B Tene umkna). Ecnu
BHYTPMW LMKNa NPUCYTCTBYIOT OOHO MW HECKOMbKO BETBIIEHUN,
npy pasBoOpPOTE OHU HEU3BEXHO OyOnUpYyoTCH, B pesynbraTte
Yero NPON3BOAMTENBHOCTb OKa3bIBAETCA AaXe HWXe, YeM Obina
po ontummsaumu! Lnknbl ¢ HEU3BECTHLIM KONUYECTBOM UTe-
pauui He passopa4mBatoTcs BOOOLLE. [nsi TOHKOW HACTPOMKM
CYLLECTBYIOT Kito4M max-unrolled-insns (MakcumanbHoe Konu-
YECTBO MHCTPYKLMIA, NPpY KOTOPOM LIMKN eLle MOXET 6bITb pas-
BEPHYT, U ecnu OH 6yAeT pa3BepHyT, 3TO 3Ha4YeHne onpeaens-
€T BENM4MHy pa3sopoTta), max-average-unrolled-insns (makcu-
MasnbHOe cpefHee KONMYecTBO MHCTPYKLMIA, KOTOPOEe LMK MO-
XET MMETb Nnocne passopota) u max-unroll-times (Makcumans-
Has cTeneHb pa3BopoTa). Pa3BopoT no Bcex cryyasx BbINos-
HAETCA MO CLEHapUo 60bLLIMIA pa3mep — 60/bLUas CKOPOCTb.

Uroro:

msvc:

HE pa3BopayMBaET HUKAKME LIMKIIbI.

icl:

LMKMbI C NepeMeHHbIM KONMYECTBOM UTepaLmii pa3so-
paymBaeT Ha 5 utepauui;

LMKIbl € cost <= 32 pasBopavnBaeT MoSHOCTLIO;
LMKIbI € const > 32 pa3BopaymBaeT Ha BeNIMHWHY, Kpart-
Hyto const, HO He 6onbLue 10h;

YYUTbIBAET KONIMHYECTBO MHCTPYKLUMIA B LMKNE;

LMKl pa3BOpaYMnBalOTCs No CLeHapuio: 60nbLUMiA pas-
Mep — 60sbLUas CKOpOCTb.

gcc:

Ha ypoHe O3 Mo yMOnyaHWio He pa3BopaynBaEtT;
LUMKMbl C MEPEMEHHBIM KONUYECTBOM UTEpaLMii HUKOT-
[a He pa3Bopa4nBaloTCs;

LMKNbl C MOCTOSHHBIM KONWYECTBOM MTEpauuin pa3sa-
puaymBatoTCs NPUONM3NTENBHO Ha 4 uTepaumu (Ho TyT
BCE 3aBUCUT OT HKCNa MHCTPYKLMIA).

lllenywenne yuknos

Moes wenylweHnns LUMKOB (MO-aHrMUACKK «peeling») 3aknto-
4yaeTcs B «COMpPaHUM» C LKA OOHOW UMW HECKOMNbKUX UTepa-
LMK ¢ nocnegyoLle TpaHcdopMaLmeit B IMHeNHbIA kog. dak-
TUYECKM LLIENYLLIEHWE LIMKIIOB SIBMSETCA YACTHBLIM Clly4yaeM pas-
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BOpOTa, OJHakKo, 06nacTb ero NPUMEHEHUA 3TUM He orpaHun4un-
BaeTcsl.
PaccmoTpuM cnegyowmii Kog:

JmctuHr 4. KaHAMpaT Ha ONTUMMBALMI

for(i=0; i<n; i++)
a[i] = b[i] + 1;

for(j=0; j<n+l; j++)
c[j] =d[j] - 1;

Yr06b1 06bEAMHNTL 06a LMKNa B 0guH (cM. pasgen «O6be-
OVHEHWe LUMKNOB»), HEO6XOAMMO «COApaTh» C LUMKMA j 0OHY
«JIMLLHIO» UTepaumio;

JucTuer 5. OnTUMMBMPOBAHHEII BapUaHT

for(i = 0; i < n; it++)

{

a[i] = b[i] + 1;

c[i] = d[i] - 1;
}

c[i] = d[i] - 1;

KomnunaTop msvce WenyLwnTb UMKNbl He YMeeT, icl n gcc —
YMEIoT, HO 0CO60M pafoCTV OT 3TOr0 HUKTO HE WUCMbITLIBAET,
MOCKOMbKY OHU HUKOrda He KOMOUHUPYIOT LUEMyLLIEHWe C apy-
MW MpMemMamu ONTUMU3aUmK, YTO NPaKTUHECKM MOSIHOCTHIO
ero o6ecueHmBaet. A BoT komnunsTopbl 0T SUN unm Hewlett-
Packard — kom6uHupytoT!

KomnunaTop gcc cofepXut cneuuanbHbid Knoy -fpeel-
loops, NONHOCTLIO pa3Bopa4nBaloLLMA LMKITbI C HEBOSBLUMM KO-
Nn4ecTBOM UTepauuii. Noporosoe 3Ha4eH1e HazHa4aeTcs KIto-
yamu: max-peel-times (Ckonbko uTepauuini MOXHO caupatb C
ofHoro uukna), max-completely-peel-times (MakcumMarnbHoe Ko-
NNYECTBO UTepauui UMKna, KOTOpbI/ eLle MOXET OblTb pas-
BEpHyT), max-completely-peeled-insns (MakcumansHoe Konu-
YECTBO MHCTPYKLMIA, NPX KOTOPbIX LIMKI eLLe MOXET 6biTb pas-
BEPHYT) U max-peeled-insns (MakcumanbHOE KONMUYECTBO WH-
CTPYKLMIA pa3BepHYTOro LMKNa).

Wroro:

MSVC — He LUenyLumnT.

gcC — LUenyLumT.

icl — wenyLmT.

danblyesanne LMKNoOB

®anbuesaHue UuknoB (fold loops) BHeLHE 0YeHb NOXOXe Ha

pa3BopOT, HO NpecneayeT COBCEM Apyrue Lienu, a UMEHHO: yBe-

NnYeHMe Konn4ecTBa NOTOKOB AaHHbIX HA OAHY UTepaumio. Hem

BblLLe NIOTHOCTHL (strength) NOTOKOB, TEM BbilLe Napannennam

06paboTKM JaHHbIX, &, 3HAYUT U CKOPOCTb BbIMOSHEHWS LMKIIA.
PaccmoTpuMm cnegytoLmin npumep:

JcTuHr 6. HeonTMMMBMPOBAHHEN BapMaHT - OAMH MOTOK HAHHHX
Ha MTepauuo

for (i=0; i<XXL; i++)
sum += a[i];

YT106bI COKpaTUTL BPEMS BLIMOSHEHMSA LKA, HEO6XOAMMO
YBENWUYNTL KONIMYECTBO NMOTOKOB, NEpenmncaB Halll Kof Tak:

JucTyer 7. ONTMMMSMPOBAHHEN BapMaHT — YeTHpPE IOTOKa
DaHHHX Ha MTepauuio

for (i=0; i<XXL; i += 4)

sum += a[i];

sum += a[i+l];
sum += a[i+2];
sum += a[i+3];

}

for (i -= 4; i<XXL; i++)
sum += a[i];

Bce Tpu paccmartpmBaemMbix KOMNUAATOPa NOALEPXMBAIOT
[aHHylo cTpaTervio onTMMm3aumm.

Wtoro:

msvc — dhanbLyer.

gcc — hanbLyer.

icl — chanbLyer.

BekTopusauus

HaumHas ¢ Pentium MMX, B x86-npoLeccopax nosieunace nog-
LepXKa BEKTOPHBIX KOMaHT, (OHU Xe «MymnbTUMERNAHbIE KOMaH-
Obl»). K coxanenuto, B ANSI C BEKTOpHbIE onepauum OTCyT-
CTBYIOT, @ HECTaHOAPTHbIE A3bIKOBbIE pacLUMpeHUs co3daoT
npo6sieMy NepeHoCMOCTU, NOSTOMY BCS 3a60Ta MO BEKTOPU-
3aUMKM LIMKIIOB NIOXWUTCA HA KoMmunaTop. OH JOMKEH npoaHa-
NU3NPOBaTb UCXOAHbLIA KOO U ONPEReNUTb, Kakue onepaumu
MOTYT BbINOMHATLCA MapannenbHo, a Kakue HeT.

[onycTuM, MCXOOHBIN UMK BbIFSAeN Tak:

JiucTuHr 8. Iukn Ro BeKToOpMBaLMM

for (i=0; i<XXL; i++)
a[i] += b[i];

Mcnonb3ys obLLenpuHATYI0 BEKTOPHYIO HOTaLMIO, €r0 MOX-
HO nepenwucaTb creayoLwmMM 06pasoMm:

JucTuar 9. TOT Xe UMK, BSanMCaHHHM B BEKTOPHOM HOTauuu

a[0:N] = a[0:N] + b[0:N];

CrapLume npefcraButenuy npoueccopos Pentium moryt 06-
pa6aTbiBaTh 40 8 MOpLMIA faHHbIX napannensHo, u ecnu N npe-
BbILLAET 3TO YMCMO, MPUXOAMTCA MOCTYNaTh Tak:

JucTuur 10. Lukn nocne BexTOpMBauuu

// obpabaTsBaeM nepeie (N-N3VF) siueex BEeKTOPHHM Croco6oM
// VF -xonmmuecTBO HOpLMII RaHHEHX, KOTOpHe mpoueccop 6yaer
// obpaBarmBaTe 3a OmMH pas
for (i=0; i<XXL; i+=VF)

a[i:i+VF] = a[i:i+VF] + b[i:i+VF];

// obpabaTiBaeM OCTaBUMICS «XBOCT» OGHYHEM Croco6oM
for (i -= VF ; i < XXL; i++)
a[i] = a[i] + b[i];

OpnHako aTa MeToavka cpabaThiBaeT faneko He Bcerpa. Bot
npMMep LKA, KOTOPbIA HeMb3si BEKTOPKU30BAT:

JucTuur 11. IUuka, KOTOPHNM HENb3s BEKTOPMBOBATH

for (i=1; i<XXL; it+)
a[i] = a[i-1] + b[i];

MockonbKy nocnenytoLas s4veka (a[i]) BelumncnseTcs Ha oc-
HoBe npedblgyLuen (afi-1]), aHHble He MOryT o6pabaTbiBaTLCA
napannensHo.

Komnunatop msvc He nogaepXuBaeT BeKTopu3auuio, a icl
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NoAJEPXXMBAET, HO 3aeNCTBYET ee TONLKO B TOM Cnyyae, ecnu
yKasaH Knto4 -ax. Komnunatop gec nogaepXveaeT BeKTopuaa-
LMI0 TOMBKO Ha4mHasa ¢ Bepcum 3.4.3, oa 1 TO ecnv npucyT-
cTBYyeT ¢honar -ftree-vectorize.

Wroro:

MSVC — He BEKTOPU3YeT.

icl — BekTOpM3yeT.

gcc — BeKTOpM3yeT Ha4mHasa ¢ sepcun 3.4.3.

AsTonapannenusm

MHoronpoLeccopHble MaLLUMHbl HA paboyeM CTONE — 3TO He YTO-
nus, a 06bEKTUBHASA JAHHOCTb, U C K&XAbIM FOJOM WX KOnu4e-
CTBO 6yZeT TONMbKO pacTu. B onepaumnoHHbIX cuctemax cemen-
cTBa Linux MHOrO3Ha4YyHOCTb 3aKaHYMBAETCS Ha YPOBHE MOTO-
KOB (B CTapbIx figpax — NpoLeccoB). Bcakuii NOTOK B Kax bl
MOMEHT BPEMEHWN MOXET BbIMOSHATLCSA TOMIbKO HA OAHOM Npo-
ueccope. lNporpaMmel, COCTOALLME LIEIMKOM U3 OZHOrO NOTO-
Ka, Ha MHOronpoLeCCOPHON MaLlUHE WCTOMHAIOTCS C TOM Xe
CKOPOCTbIO, YTO U HA OZHONPOLLECCOPHOW.

HekoTopble KOMNMAATOPLI aBTOMaTUYeCkn pas3déusaoT
60MblUMe (C MX TOYKU 3PEHUs) LMKIbl HA HECKOSIbKO LMKIIOB
MEHbLLEro pa3mepa, NomMeLLas Kaxgbl U3 HAX B CBOM MOTOK.
Takas TexHMKa onTMMM3aLmMn Ha3blBAeTCA aBTonapannenuns-
MoMm (auto-parallelization). MNpogeMoHCTpUpyem ee Ha cnegyto-
LeM npumepe:

JucTurr 12. HeonTMMMBMPOBAHHEHII BapUaHT

for (i=0; i<XXL; it+)
a[i] = a[i] + b[i] * c[i];

MocKonbKy 3aBUCUMOCTb MO AaHHBIM OTCYTCTBYET, LMK
MOXHO pa3buTb Ha ABa. [NepBbii OyaeT o6pabdaTtbiBaTh A4EVKu
ot 0 po XXL/2, a BTOpoi — oT XXL/2 po XXL. Torga Ha AByx-
MPOLLECCOPHOM MaLLMHE CKOPOCTb BbINMOMHEHNA LKA NpaKTu-
YECKM yaBouTCA. A ecnu eLle y4ecTb, HTO MHOMOMPOLEeccop-
Hbl€ MaLUMHbI, Kak npasuno, nmetoT MMX-komaHngbl, Aa Mcnonb-
30BaTb BEKTOPU3ALMIO...

JucTuer 13. ONTUMMBMPOBAHHEN BapMaHT

/* morox A */
for (i=0; i<XXL/2; i++)
a[i] = a[i] + b[i] * c[i];

/* morox B */
for (i=XXL/2; i<XXL; i++)
a[i] = a[i] + b[i] * c[i];

KomnunsaTop icl — eAnHCTBEHHbIN U3 BCEX TPEX, CMOCOGHBIN
Ha «napannenuaaumio» UMKIoB. YTobbl ee 3aaencTeoBath, UC-
nonb3ymnTe KoY —parallel, ToNbKO MOMHMTE, 4TO NPU BbINOSIHE-
HUM KO Ha OJQHOMPOLIECCOPHBIX MaLLMHAX, ONTUMU3aUUs faeT
06paTHbIN 3hGeKT (HaknagHble pacxodbl Ha OpraHM3auuto
MOTOKOB [JatoT 0 cebe 3HaTb).

Wroro:

MSVC — aBTonapanienam He NoaaepXunBaeTcs.

icl — aBTONapannenusm nogaepXvBaeTcs.

gcc — aBTonapannenuam He NoaaepXnBaeTcs.

Mporpammuas KoHBeilepu3auus
PasBopoT uukna TpaguumMoHHbIMM MeTodamu (cM. pasgen «Pas-
MaTbiBaH1e LIMKIOB») MOPOXAAeT 3aBUCMMOCTb MO AaHHbIM.

Nod, anpenb 2005

BepHemcs kK nMcTuHry 3. XoTa 3arpy3ka obpadatbiBaeMbix s4e-
€K NPOoUCX0auUT NapanienbHo (MPaKTUYECKW napannesibHo, OHU
6yOyT NON3TW NO KOHBEWEPY, HAX0AACh Ha Pa3fIMYHbIX CTaAMAX
FOTOBHOCTM), CriedytoLLas ornepaums CloXeHUs He MOXET ObITb
HavaTa Jo Tex nop, noka He 6ydeT 3aBepLueHa npedblayLuas.

[n§a ycuneHus napannenvama Heo6xogumo CyMMMPOBaTb
BCE fYENKN B CBOMX NMEPEMEHHbIX, KaK MOKa3aHo HUXe:

JucTurr 14. ONTUMMSMPOBAHHEM BapMaHT

// oBpabarmBaeM nepmhie XXL - (XXL % 4) wurepaupmr
for (i=0; i<XXL;i+=4)
{

sum_1 += a[i+0];
sum 2 += a[it+2];
sum 3 += a[i+3];
sum 4 += a[i+d];

}

// oBpabaTiHBaeM OCTaBUMICS «XBOCT»
for (i-=XXL; i<XXL;it++)
sum += a[i];

// cxnapsBaeM BCe BOEAUHO
sum += sum 1 + sum 2 + sum 3 + sum 4;

Takas TexHMka onTMMM3auuy HasblBaeTCs NPOrpamMmMHoiA
KoHBeMepu3aumeii (software pipelining), n n3 Tpex paccmaTpu-
BaeMbIX KOMMUASTOPOB €0 He 06M1afaeT HK oauH. Tonbko gcc
pO6KO MblTaeTcs ocnabutb 3aBUCUMOCTb NO SUM, UCMONb3YS
[Ba perucTtpa npu pasBopoTe Ha 4eTbipe utepauun. Ocranb-
Hble XXe KOMMUAATOPbI rPY3AT BCE AYENKM B OOUH U TOT Xe pe-
TUCTP, O4EBMAHO, PYKOBOACTBYACH MPUHLMMNOM 3KOHOMUM. Pe-
MCTPOB O6LLEr0 HAa3HAYeHWs BCEro CeMb, U UX NMOCTOSIHHO He
xBaTtaeT. K coxaneHuto, KOMNUASTOp He OTIIMYaeT cUTyaumio
LEeNCTBUTENBHO AehuumTa PerucTpoB OT MX U36bITKA, BbIHYX-
[as Hac npuberatb K py4HON ONTUMMU3aLUN.

Uroro:

MSVC — NporpaMMHas KoHBenepusaums He NoaaepXnBaeT-

cs.

icl — nporpamMmMHas KOHBeviepu3auus He nogaepXvBaeTcs.

gcc — nporpamMMHas KOHBelepusaums 4acTMYHO nogaep-

XMBaeTcs.

"peanl‘lMGHeHMe WHAYKTUBHbIX LUUKJIOB
Livkn Ha3bIBAETCH UHOYKTUBHBLIM, €CI €ro TENO LENIMKOM CO-
CTOMUT U3 BbIPaXeEHUS], NMOCNEOYtOLLiEe 3HAYEHNE KOTOPOro Bbl-
YMCNSIETCA HA OCHOBE NMpeablayLLero. JIerko aokasarhb, YTo 3Ha-
YeHWe UHOYKTUBHOTO LiMKNa 3aBUCHT TOMbKO OT KONWYeCcTBa uTe-
pauui U Ha4anbHOro 3Ha4eHWs apryMeHTOB BbipaXkeHusi, 6na-
rofapst YeMy OHO MOXET 6bITb BbIYMCIIEHO ELLE Ha CTaAWK KOM-
NUASLMK.
PaccmoTpuMm cnegytomin npumep:

JucTuHr 15. VHOYKTUBHEM LMKI [O ONTUMMBALUK

for (i=0; i<XXL; i++)
sum++;

OyeBMOHO, YTO KOHEYHOE 3HA4YeHne sum paBHO:

JiucTuHr 16. VHOYKTUBHEM LMKJI IIOCHE ONTMMMUBALMUMK

sum += XXL;

KOMI'IVIJ'IHTOp msvC Bcerga nbiTaetTcqa npeaBbl4UCINTL 3Ha-
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YeHne MHAYKTUBHOIO LMKna, OfHaKo faneko He Bcerpja ato emy
yaaeTcsi, 0COOEHHO ECNW MHOYKTUBHOE BbIpaXeHVe npencTas-
NAET COBOW CNOXHYIO MaTeMaTyecKyto hopmyny.

,D,Ba OCTaNbHbIX KOMNUNATOpa OCTaBNAKT WHOYKTUBHbLIE
LWKNbl TAKUMU, KaKihe OHMN eCTb, AaXe He MbiTasaCb UX ONTUMU-
3upoBarb!

Wroro:

MmsVC — NpenBbIHNCNAET HEKOTOPbIE NHAYKTUBHbIE LIMKIbI.

icl — He NpeaBbIMUCASET MHOYKTUBHbIE LMKIbI.

gcc — He npeABblHMCNAET UHOYKTUBHbIE LMKIIbI.

Pa36uBka ANMHHDLIX LENOYeK 3aBUCUMOCTEIA
Ecnu vHOYKTUBHBIA UMK NPEABLIYUCIUTL HE YAANOCh, HEOb-
X0OMMO MO KpavHen Mepe 0CnabuTb 3aBUCMMOCTb MeXay ute-
pauusaMm, 4ToObl OHM MOMTIN UCTONHATLCS NapannenbHo. Pac-
CMOTPUM ChneaytoLmin Kog:

JncTuur 17. MHOYKTMBHEM LMKI HO ONTUMMBALUK
for (i=0;i<XXL;i++)
{

X += 2;
a[i] = x;

BbipaxeHue (a[i]=x) He MOXeT 6bITb BbINOSIHEHO A0 TEX MNOP,
rnoka He 6ydeT BbIYUCIIEHO (X+=2), & OHO B CBOIO 04epefb Aon-
XHO JOXMAATbCA 3aBepLUeHns npedblayLlen ntepaumun. UHayk-
umst ogHako! OT Hee MOXHO M36aBUTCS, BbIYMCNAS 3HAYEHWE
N-0O/ uTepaummn Ha «feTy»:

JncTuHr 18. MHOYKTMBHEM LMKJ IIOCJEe ONTMMMUBALUMN
for (i=0;i<XXL;i++)
{

a[i] = i*2 + x;

Pacnnaton 3a 0TKa3 OT MHOYKUWW CTAHOBWTCA NOSIBNEHUE
«JIMLLUHEN» UHCTPYKLUMM YMHOXEHWS, OOHAKO HaknagHble pac-
Xofbl Ha ee BbINOSIHEHWE C IMXBOM OKYMalTCA KOHBEWepusa-
Lmeit (a npu xenaHuv u BekTopusaumeit!) uukna. Takas TexHu-
Ka ONTMMU3auMy HasblBaeTCa «pa3buBKa ASIMHHBIX Lenoyek
3aBucumocTeir» (breaks long dependency chains) un peanuso-
BaHa TOMbKO B gCC, HauMHas ¢ Bepcumn 4.0 (3a 310 oTBEYaeT
knroy -fsplit-ivs-in-unroller), a Bce ocTanbHble paccmartpusae-
Mble KOMMUASATOPbI HA 3TO, YBbl, HE CNOCOGHbI.

Utoro:

MSVC — He Pa3buBaET ONMHHbIE LIENOYKN 3aBUCUMOCTEN.

icl — He pa36vBaeT AJIMHHbIE LIENOYKM 3aBUCMMOCTEN.

gcc — pa3buBaeT [JIMHHbIE LIeNOYKM 3aBUCUMOCTEN.

VchaHeHMe XBOCTOBOW peKypcuun
XBocToBoW pekypcuent (tail recursion) Ha3biBaeTCA Takow Twn
pekypcum, Npu KOTOPOM BbI30B PEKYPCUBHOWM OYHKLMK cnedy-
€T HEernoCcpeLCcTBEHHO 3a onepaTopoM return.

Knaccuyeckum npumepoM MOXET CIYXWUTb anroput™ Bbl-
yucnenns thakropuana:

JucTvHr 19. XBOCTOBast PeKypCMst [O ONTMMMBAuMu
int fact(int n, int result)

if(n == 0)

{
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return result;

return fact(n - 1, result * n);

BbI30B (PYHKLMKM — AOCTATOYHO «OOPOrocTosLas» onepa-
Lms, 1 OT Hero Nydlle nsbaeutbes. 310 nerko! Xsoctosas pe-
Kypcus nerko TpaHcopmmpyetcs B Lykn. CMoTpuTe:

JincTuur 20. XBOCTOBas PpeKypcus NOCHe ONTMMMBALMM

for(i=0; i<n; i++)
result *= n;

KomnunaTopbl msvc 1 gcc Bcerga pa3sopadmBaloT XBOCTO-
BYIO PEKYPCUIO B LWKS1, @ BOT icl 3TOro genatb He ymeerT.

Wtoro:

MSVC — YCTPaHAET XBOCTOBYIO PEKYPCUIO.

icl — He ycTpaHseT XBOCTOBYIO PEKYPCUIO.

gCC — YCTPaHAET XBOCTOBYIO PEKYPCUIO.

O6beanHeHne UMKNOB

Heckonbko LUNKNOB C OANHaKOBbIM 3arosloBKOM MOryT ObITb
OﬁbeﬂVIHeHbl B OOVH, YTO COKpalLlaeT HaknagHble pacxoabl Ha
€ro opraHusaumio. 3ta MeToaMKa UMEeT MHOXECTBO Ha3Ba-
Hui — loops fusion, merge loops, jam loops, co3garoLmx 60sb-
Lyto nyTaHuly 1 BBOAALLMX NPOrpaMmMmCcTOB B 3a6ny>KneHV|e.
B 0eNCcTBUTENBHOCTM Xe 3TO He TPU pasfMyHble cTpaTerum on-
TUMM3aumK, a BCEro ogHa, Ho Kakas! podeMoHCTpupyem ee
Ha CrnepyloLLeM npumepe:

JucTuar 21. Uukasl Jo OOGEeAVMHEHMST (HEONTUMMBMPOBAHHEIA
BapuaHT)

for (i=0; i<XXL; i++)
a[i] = b[i] + 1;

for (j=0; J<XXL; j++)
d[jl = y[j] -1;

MockonbKy 3arofioBKM 060UX LIMKNOB abCOMOTHO MAEHTUY-
Hbl, HAM JOCTaTO4HO JIULLb «KONNEKTUBU3NPOBATbL» UX COAep-
XUMOE:

JiucTuHr 22. Uuknsl nocne o6BeAMHEHMS (ONTMMMSMPOBARHEIL

BapuaHT)
for(i = 0; i < XXL; i++)
{
a[i] = b[i] + 1;
dfjl = v[il -1;

}

A BOT 60r1ee CMOXHbIV npumep:

Juctuur 23. KaugupaT Ha ONTUMMBALMK NYyTeM O6BemMHEHUs

for(i=0; i<XXL; i++)
a[i] = b[i] + 1;

for(j=0; J<XXL-1; j++)
d[jl = yI[jl -1;

HenocpeacTBeHHO 06beAMHUTL LMKIIbl HEBO3MOXHO, MO-
CKOMbKY LWKIT | HA OOHY uTepauumio Kopoye. YTobbl ypaBHATb
o6a 3aronoska B npasax, NPenBapuTelbHO HEOOXOAUMO «CO-
apatb» (cM. «loop peeling» MpMEHHOrO PyKOBOACTBA) C LMK-
na i ofgHy utepaumio:
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JucTusr 24. ONTUMMBMPOBAHHENT BapuaHT

for(i = 0; i < XXL; i++)
{
a[i] = b[i] + 1;
d[i] = y[i] -1;

} al[i] = b[i] + 1;

[JokymeHTauma Ha koMnunaTop icl yTeepxaaeT: o6beauHe-
HUe LMKNOB Kak 6yaTo 6bl noaaepxusaerca (CM. rnasy «loop
transformation» dpypMeHHOro pykoBoacTBa), OAHAKO AN3acceMm-
6nMpoBaHMe NoKa3sbIBaeT, YTO 3TO He Tak. OcTanbHble KOMMK-
NATOPbl 06beANHEHWE LIMKIIOB TAKXe He BbIMOJHSIOT.

Wroro:

MSVC — He 06beAMHAET LMKIbI.

icl — He 06bEONHSIET LUMKIbI.

gCC — He 0OBEAMHSET LMKIbI.

Pa3martbiBaHne LUKNOB
PaamatbiBaHve umknos (loop spreading) npeactaBnseT cobom
Pa3HOBMOHOCTL LUenyLeHnd, Nnpu KOTOPOM «CofpaHHble» Ute-
paunn ynakosblBaroTCA B CaMOCTOSITENbHbIN LKnKn, 41O ObiBaeT
none3HbIM, Hanpumep, Npy 06beaUHEHNN ABYX LIMKIOB C «pas-
HOMOJIbIMU» 3aronoBKaMu.

PaccmoTpuM cnegytowmin Kop:

JucTuHr 25. [lBa uUMKIA C PaSAMYHEIM KOJMYECTBOM MTepaumi
(HeoNnTMMMBMPOBAHHEI BapUaHT)

for (i=0; i<n; i++;)
a[i] = a[i] + c;
for(j=0; j<m; j++;)
s[3] = s[j] + s[j+l];
Ecnu n He paBHO M, NonHoe 06bedMHEHNE LIMKNOB i U | yXxe
HEBO3MOXHO, HO Min(n,m) uTepaLmnii Mbl BCE Xe MOXeM 06be-
OVHUTD!

JncTuHr 26. YacTuyHOe OOTBEIAMHEHME LMKIOE IyTeM
«pasMaTHBAaHUS» (ONTMMMBMPOBAHHENT BapuaHT)

for (i=0; i<min(n,m); i++;)
{
a[i]
s[i]

}

for(i = min(n,m); i<max(n,m); i++;)
s[i] = s[i] + s[i+l];

Hu msvc, Hu icl, HM gcc CMOCOBHOCTLIO K «pasMaThbiBaHUIO»
LMKNOB He 0651afatoT, OOQHAaKO 3TO YMEIOT Aenatb, HanpuMep,
komnunsaTopsl oT Hewlett-Packard.

Wroro:

MSVC — He pa3aMaTbiBaET LMKIIbI.

icl — He paamaTbiBaeT LMKbI.

gCcC — He pa3matbiBaeT LUMKIIbI.

Pacwennenve U1Knos

Pacwennenne umknos (loop distribution, loop fission, loop
splitting...) NpSMO NPOTMBOMONOXHO UX 06beanHeHUI0. K Tako-
My TPIOKY NpM6eratoT B Tex Cryyasix, Korga onTumMmM3npyembli
LMK COAEPXMUT CIMMLLKOM MHOrO JaHHbIX. ACCOLMATUBHOCTb
K3LL-NamMaTy NepBoro ypoBHs y 60MbLUMHCTBA X86-npoLecco-
POB paBHa YeTbIPEM, PEXE — BOCbMU, @ 3TO 3HAYUT, YTO KaX-
Jas obpabaTbiBaeMasn fvenka AaHHbIX MOXET NpeTeHgoBaTb
NALLb Ha OfHY M3 YeTbipex (BOCbMU) BO3MOXHbBIX K3LL-NIMHEEK

Nod, anpenb 2005

M €CNM OHU K 3TOMY BPEMEHU YXe 3aHATbI SHenkamu ocTarb-

HbIX MOTOKOB, MPOUCXOOMT UX HEU3BEXHOE BLITECHEHWE U3

K3Llia, MHOTOKPATHO CHIMXXaloLLEee NpOV3BOAUTENBHOCTb.
PaccmoTpuMm cnegytomin npumep:

JiucTurr 27. HeonTUMMBMPOBAHHEN BapMaHT
for(j = 0; j < n; j++)
{

c[jl = 0;
for(i = 0; i<m; i++)
a[jl[i] = a[jI[i] + b[3I[i] * c[3];
}
YT106bI COKpaTUTL KONMYECTBO NMOTOKOB AaHHbIX, cnegyeT
BbIHECTM BblpaxeHue (c[j] = 0) B oTOeNbHbIN LUMKN, nepenucas
Kog Tak:

JiucTurr 28. ONTUMMSMPOBAHHEM BapMaHT

for(j = 0; j < n; j++)
c[jl = 0;

for(i=0; i<m; i++)
for(j = 0; j < n; j+4)
a[jI[i] = a[jl[i] + DI[jl[i] * c[3];

KomnundTop icl UMEHHO Tak 1 NOCTynaeT, cHUMas 310 6pe-
MS C MfieY nporpammucra.

OcTanbHble paccMaTpyBaeMble KOMMUAATOPbI 3TO CNOCO6-
HOCTbIO, YBbI, HE 06/1afal0T.

Wtoro:

MSVC — He pacLennseT LUyKIbl.

icl — pacLiennser UuKnbl.

gCC — He pacLLennseT LUMKbI.

Hopmanusauusa umknos

HopmanuaoBaHHbIM Ha3bIBAETCA LMK, HAUYMHAOLLMIACS C HyNS,
1 B K&XJOMN UTepauum yBenmymBaioLLmniA CBOe 3Ha4eHue Ha eau-
HULY, @ NpMBedEHWe NPOM3BOSBHOMO LMKNa K yKasaHHoW ¢hop-
Me Ha3blBaeTcsa ero Hopmanuaaumer (loop normalization). Mpu-
HATO CYUTaTb, YTO HA GOMbLUMHCTBE apXUTEKTYp HOPManu3o-
BaHHbIN LMK KOMIUAXPYETCS B 6051€e KOMNAaKTHBIN U 6bICTPO-
LEACTBYIOLLMIA KO, OOHAKO B OTHOLLIEHUM X86-NPOLIECCOPOB 3TO
COBCEM He TaK, 1 6051ee KOMNaKTHbIM OKa3blBAETCH LMK, CTpe-
MALLMIACSA K HYMO (CM. pasgen «CTpeMreHne LMKIIOB K HyMH»).
Tem He MeHee Hopmanuaauus OblBaeT MONE3HOMN, HanNpuMep,
npu 06beduMHEHUN ABYX LMKIIOB C Pas3nuyHbIMK 3arofioBKaMu.
Ecnu 3Tv uMknbl NpeaBapuTeNilbHO HOPManU3oBaTh, TOr4a OHU
6yoyT OTAMYaTbCA OpYr OT Apyra BCEro nuLib YMCIOM utepa-
LMK, a KaK 06bedNHATH LIMKIIbl C HeCOBNaLaLLIMM KONUYECTBOM
uTepauui, Mbl yxe 3Haem (CM. pasgen «PasmatbiBaHue Lyk-
noB»).

Bo3bMeM MpOMn3BOMbHbLIN LWIKIT:

JiucTurr 29. HeHOpPManMBOBAaHHHN LMK

for (i = lower; i < upper; i+=(-incre))

{
}

// meno umxna

B o6Liem cnyyae cTpaTerms HopManusauum BeIrIsauT Tak:

Jucturr 30. HopManuBOBaHHHNA LMK

for (NCL = 0; i < (upper - lower + incre)/incre - 1; 1)
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i = incre*NLC + lower;
// meno umxna

}
i = incre * _max((upper - lower + incre)/incre, 0) + lower;

Jlerko nokasaTtb, 4TO HOpManu3auus AaeT BbIUrpbILL TOSb-
KO Ha LUMKIax C 3apaHee U3BECTHbIM KONIMYECTBOM UTepaLuid,
MO3BONSHOLLMX BbIYUCAUTL 3HAYEHNE BblpaxeHus (upper lower +
incre)/incre eLle Ha cTagum KOMIUAALWMN.

Bce Tpu paccmaTpuBaeMbix KOMNMASTOpPa NOAAEPXMBAIOT
HopManu3sauumio UMKnos (cM. pasgen «loop normalization» B go-
KyMeHTauum Ha icl n onucaHue kmoya -fivcanon komnunsatopa
gcc), Ho He Bceraa eto nonb3yloTes.

PaccmoTpuM cnegytowmin npumep:

JiucTurr 31. HeHOpManMBOBAHHBA LMK

int i, x[10];
for(i=1; i<10; i++)
x[i]=i-1;
Ou4eBUAHO, HTO Er0 MOXHO HOPMaNU30BaTh, U36aBNAACH OT
ornepauuy BblYMTaHUs B BblpaxeHuu (i-1):

JucTurr 32. HopManMBOBaHHHIA UMK

int i, x[10]; int *p; p = &x[1];

for (i=0; i<9; it++)

pli]=i;

MopasuTenbHo, HO HWU OAMH U3 TPEX paccMmaTpuBaeMblx
KOMMUAATOPOB 3TOr0 He fenaet, No3TOMYy BCE OHU MonyYatoT
Hesaver.

Wroro:

MSVC — HOPMarnu3yeT HEKOTOpbIE LIMKIIbI.

icl — HopManuayeT HEKOTOPbIE LMKIIbI.

gCcC — HOpPManmM3yeT HEKOTOPbIE LIMKIIbI.

Macwrabuposanne yuKknos
MacwtabupoBaHuem (scaling) B 06LLEM Cry4ae HasblBaeTcs
YMHOXEHWE MHLEKCA MacCuBa Ha HEKOTOPOE, Kak MpaBuIio,
LIeNOYMCIIEHHOE 3HAYEHWE, Hanpumep, X = a[4*i]. igea maclu-
TabupOBaHMWA LMKIIOB 3aKMOHAETCs B BbIHOCE MHOXWUTENS B UH-
LYKTUBHBIA MHKPEMEHT CHETHMKA LMKIA.

JonycTvM, UCXORHBIN LWKIT BbIFMSAEn Tak:

JucTvHr 33. MCXORHENA UMKN (HEONTMMMBMPOBAHHHNM BapMaHT)

for(i=0; i < XXL; i+4)
a[4*i]= b[i];

MNocne maclTabupoBaHus OH NpuMoGpeTaeT credyoLun
BMa;

JucTuar 34. Lukn nocne MacWTaGMPOBaHMS (ONTMMMBMPOBaHHENL
BapMaHT)

for(i=0; i < 2*XXL; i+=2)
a[i]= *bt+;

B BpemeHa XT/AT Takas onTMMU3aLMS eLLe MMeNa CMbICH,
HO HaumHaa ¢ 80386, B npoueccopax nosiBunack annaparHas
noagepxka MacltabupoBaHva Ha 2X, 4X, 8X 1 C HEKOTOPbIMM
orpaHnyeHmaMm Ha 3x, 5x 1 9x, N03TOMy MacLUTabupoBaThb Ta-
KWe LMKMbl YXXe He HYXHO.

MacwTabupoBaHue NOQLEPXKMBAIOT BCE TPY paccmaTpuBa-
eMbIX KOMMUAATOPA, HO MOMb3YHTCA UM [AOBOMLHO HEYMESO,
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0CTaBNAs UMKIT HeMacLLTabupoBaHHbIM fiaxe Toraa, korga 3To
€My SIBHO He nomeLuasno 6bl.

Wtoro:

MSVC — MacLUTabupyeT HEKOTOPLIE LUKIbI.

icl — macLuTabupyeT HEKOTOpPbIE LIMKIIbI.

gcc — MacLUTabmpyeT HEKOTOPLIE LUKIIbI.

3ameHa LWKNOB C npeaycnosvuem

Ha UKKJibl C NOCTYCNOBUEM

LUuknbl ¢ npegycnosuem (for, while) cogepxar no MeHbLUew
Mepe Ha OfHO BETBNEHWE OOJbLLE, YEM aHANOrMYHbIe UM LMK-
nbl ¢ nocTycnosuneM. Kak HeTpyaHo coobpasuTb — B KOHLE LIK-
na c npefycrnoBMeM HaxoguTtcs 6e3yCnoBHbIA Nepexoq, BO3-
BpaLLaoLLMIA yrpaBieHWe B Ha4ano, a B LUMKMe ¢ NoCTYCoBu-
eM nepefaya ynpaBfieHWs N0 «COBMECTUTENLCTBY» eLle Bbl-
MOJSIHAET U MPOBEPKY YCNOBUS.

Bce Tpu paccmaTpvBaeMbix KOMAUASTOPA BCerfa 3ameHs-
10T LUMKIIbl C NpedycnoBueM Ha LMKIbl C NOCTYCNOBMEM, Koraa
3TO BbIFOAHO.

Wtoro:

MSVC — 3aMEHSET UMKIIbI C NPedyCcnoBueM Ha UMKIIbI C No-

CTYCNOBUEM.

icl — 3ameHsieT UMKIIbl C NPeayCnoBUEM Ha LIMKIbI C NOCTYC-

NOBMEM.

gCC — 3aMeHsIeT LUMKMbl C NpefycnoBueM Ha LMKMbl C No-

CTYCNOBUEM.

CTDEMIIBHI/IG LHUKINOB K HYNHO

Ha 60bLUMHCTBE NPOLIECCOPHBIX apXUTEKTYP MHCTPYKUMA OEK-
pemMeHTa (YMEHbLUEHWS perncTpa Ha efuHuLy) aBTomaTtuyec-
Kv B3BOZMT cneumanbHbIn conar npy JOCTMXKEHUWN HyNsi, NO3To-
MYy, LKA, CTPeMALLMIACS K Hymo (incrementing by zero, xoTs
npaBubHee 6b1N0 Ha3BaTb ero decrementing by zero), HaMHo-
ro BbIFOAEH Kak C TOYKM 3peHUst KOMMAKTHOCTU, TaK U C TOUKU
3peHust 6eicTpogecTeus. Onepauusi MHKpeMeHTa nNpu JOCTH-
XEHUM HY)XXHOr0 HaM 3HadeHusi (n) HUKaKUX gonaros, KOHEYHO,
He BO3BOAWT, NO3TOMY NPUXOAMTCA TPATUTL NPOLIECCOPHOE Bpe-
Msl Ha onepaLmio CpaBHEHWS.

Paccmotpum cnegytowmin Kog:

JiucTuar 35. HeonTMMMBMPOBAHHHI BapuaHT

for(i=0; i<n; i++) printf("hello!\n");

MockonbKy HUKaKMX O6paLLEeHU K CHETHMKY LMKNa 3L4ecb
HET, ero MOXHO pa3BepHyTb B 06pAaTHOM HanpaBneHun. 310
nerko. A BOT NpUMep NOCIOXHee:

JiucTuar 36. HeonTMMMBMPOBAHHHII BapuaHT

for(i=0;i<n; i++) sumt=a[i];

B aTom crnyyae 3a TpaHchopmaLmio LKIa NpuxoguTes pac-

nnayneaTbCs YCNOXHEHNeM ero Tefia, 0gHako HeCMOTPA Ha 3TO
CKOPOCTb BbINOJIHEHNA BCE PaBHO BO3pacTaerT.

JucTuar 37. ONTUMMBMPOBAHHEN BapMaHT

i=n; do

{
sum+=*a;
at+;

} while(--i);
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Komnunatop msvc Bcerga CTPEMUTCS reHepupoBaThb LMK-
nbl, CTPEMSILLIMECS K HYIIO, icl aTOro He fenaet BOO6LLE, a gcc
npuéeraeT K TpaHcopmaLmm LIKIIOB TOMbKO B HEKOTOPbIX Hau-
60nee o4eBUAHbIX Cryyasx. B yacTHOCTH, OH n3beraet Tporatb
LMKNbI, COAepXalline CCbIfIKU Ha NamsThb.

Wroro:

MSVC — BCEraa yCTPEMASET LUMKIbl K HYNIO.

icl — HMKOrAa He YCTPEMIIAET UMKIIbI K HYSO.

gCC — YCTPEMNSET HEKOTOPbIE LMKIIbI K HYITHO.

Otka3 ot branch-count-reg

MHorne mMukponpoLeccopbl UMEIOT cneunanbHyl0 KOMaHay:
«YMEHbLLIN-PErncTp-Ha-eanHuULY-uU-BeTBUChb-eCn-Hynb» (branch-
count-reg). Ha x86-npoueccopax 3Tum 3aHumaetcs LOOP, ya-
CTO BCTpeYaloLLascs B acceMbnepHbIX BCTaBKax HauMHaIOLLMX
nporpaMMm1CTOB, HO NPaKTUYECKN HUKOTAA B Kofie, CreHepupo-
BaHHOM KOMMUNATOPOM. /1 BOBCE He NOTOMY, HTO KOMMUAATOP
«TYMOW», @ MOTOMY, YTO 3Ta UHCTPYKLMSA MefJSIeHHas, XOTa U
KOMMaKTHas.

Komnunsatopel msve U icl HUKorga ee He UCMOMb3YHOT, a gec
npegocTaenseT cneumanbHbIn Koy -foranch-count-reg, npea-
nucbiBatoLLmi Beibupats LOOP BmecTo DEC reg/JNZ begin_loop,
(cm. paspgen «CTpemneHue LMKIOB K Hyno»), npaeaa, Ao ma-
LUMHHOTO OHa BCE PaBHO He AOXWBAET U YHUYTOXAETCA ONTu-
MW3aTOpPOM.

Wroro:

msvC — He ucnonbayet branch-count-reg.

icl — He ucnonbayeT branch-count-reg.

gcc — He vcnonbayeT branch-count-reg.

Bbinoc NHBAPUAHTHbIX BETBNIEHUN
BeTBJ'IeHVIFI, MHBApPUaHTHble NO OTHOLUEHWUIO K LUKKNY, MOryT
ObITb BbIHECEHBI 3@ €ro npefgensl NyTemM pacLuenneHna ogHoro
LMKna Ha fBa wunm 6onee. Paamepbl koga npu 3TOM Bo3pacTa-
10T, HO U NPOU3BOAMTENBHOCTL yBENM4nBaeTCsa (KOHe‘-IHO, npun
YCIOBWW, YTO LMKI BNE3AET B KILL).

lNokaxeM 3TO Ha cnegytoLlem npumMepe:

JucTuar 38. LuKN C MHBapMaHTHEM BeTBJIEHMEM
(HeoNnTMMMBMPOBAHHHI BapuaHT)

for (i = 0; i < n; it++)
{
for (j = 0; j < n; j++)

if (flag < 0x669) a[i][j]=i+j; else a[i][§]=0;

Mockonbky BetneHue if (n < 0x669) uHBapuaHTHO Mo oT-
HOLLIEHMIO K LMKAY j, Mbl OT HEro n3baensemcs:

JiucTyer 39. ONTUMMBMPOBAHHEIN BapMaHT

if (flag < 0x669)
for (1 = 0; i < n; i++)
for (j = 0; j < n; j++)
alil [3]=i43;
else
for (1 = 0; i < n; i++)
for (j = 0; j < n; j++)
a[i] [31=0;

HaCyHepKOMHbMTepHHXKOMHMHHTOanTaKaﬂTeXHMKaOH-
TMMU3aUUn UCNONIb3yeTCA YyXe OaBHO U Ha3HBaeTCﬂ|OOp
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promotion, loop interchange mnu loop unswitching, Ho Ha PC
OHa BMepBble NOSBMNACH TOMLKO B MOCNEAHER BEPCUN KOMMU-
nsATopa gecc. ATum 3aBemyeT ko -funswitch-loops (3ageiicTso-
BaTb BbIHOC MHBAPMaHTHLIX BETBMEHMIA), max-unswitch-insns
(MakcManbHOe KONUYECTBO MHCTPYKLWN, KOTOPOE MOXeT
UMETb «pacLLennsemMblii» UMkn) u max-unswitch-level (Mmakcu-
MasnbHOEe KONMYECTBO MHBAPUAHTHbIX BETBMEHWIA, KOTOPbIE MO-
XET UMETb «pacLLensemMbli LMKI»).

MprBepXeHLbl OCTarnbHbIX KOMMAUASTOPOB MOKa BbIHYXAe-
Hbl BBIHOCUTb MHBAPWUaHTbl CaMOCTOATENBHO.

Wroro:

MSVC — HE BbIHOCUT UHBApUaHTHbIE BETBIIEHMSA.

icl — He BbIHOCUT MHBapWAHTHbIE BETBIEHMS.

gCC — BbIHOCUT MHBapMaHTHblE BETBNEHWS, HA4MHas C Bep-

cumn 3.4.3.

Potauusa BeTBneHuii
BeckoHeuHble LMKNbl C BbIXOAOM NO break MoryT 6bITb Npeo6-
pa30BaHbl B KOHEYHbIE LWKIIbI C MOCTYCNOBUEM. [py 3TOM TENO
LMKNa Kak 6bl NPOKpy4YnBaeTcs, YTobbl onepartop break nepe-
MecTuncs Ha Mecto while(1), a cam while(1) comkHynca ¢ one-
patopom do 1 «Konnancuposan».

MpogeMoHCTpUpyeM 3TO Ha cregdytoLlemM npumepe:

Jucturr 40. HeonTMMBMPOBAHHEN BapMaHT

do
{
printf ("1 oneparop mmkna\n");
if (--a<0) break;
printf ("2 omeparop mmxna\n");
} while(1);

Mocne poTauun BETBREHW HALL KO ByAeT BbIrnageTb TakK:

JucTurr 41. OnNTUMMBMPOBAHHEM BapMaHT

// ByBampyeM omepaTOpH LMKJIA, PacHoONOXeHHHe RO break
printf("1-i1 omeparop umkzna\n");
a--;

// a momxer nu BoOOWE BHMOJHATBECS OCTATOK LMKIA?
if (a>=0)
{

att;

do

{

// mocne TpaHchopMammym BTOpPOK omnepaTop
// cran nepsmm
printf("2-i1 omeparop\n");

// .a nepemit omepaTop — BTOPHM
printf("1-iz omeparop umkma\n");
} while(--a<0); // cwma momamo ycmoeme us if - break

}

M3 BCcex Tpex paccMaTpuvBaeMblX KOMMUASTOPOB yOanaTb
NWLIHWE BETBREHWS YMeeT NULLb OAQWMH MSVC.

Uroro:

MSVC — BbINOMHAET pOTaLUMIO BETBAEHUMN.

icl — He BbIMOSHAET poTaLUMIO BETBNEHUIA.

gCC — He BbIMOSHAET POTaLMiO BETBEHUN.

Vnopﬂnoqeuue oﬁpamenvm K naMaTun

Mpw o6paLleHnn K OGHON-eQMHCTBEHHON SHENKE NaMSATH B KLU
MePBOro YPOBHA 3arpyXxaeTcs Lenas CTpoka, A/inHa KOTOPon B
3aBMCUMOCTY OT TWMa npoLieccopa Bapbupyetcs ot 32 go 128
unn paxe 256 6anT, NosToMy 60MbLIME MACCKBbI BbIrofHee
BCero obpabatbiBath MO CTPOKaM, a He no cronbuam. K coxa-



JNIeHWIo, MHOrne NporpaMmMmnCTbI 06 3TOM 3a6bIBatOT M oTAyBaTb-

CA npMxoguTca KOMNUnNATopy:

JucTuar 42. O6paboTka MacCMBOB HO CTonbuam

(HeonTMMMBMPOBAHHHI BapyaHT

for (j=0;j<m; j++)
for (i=0;i<n;i++)

)

a[il[j]l = b[i][3] + c[i][3l;

3pecb Tpu mMaccva obpabaTbiBalOTCA MO CTON6LAM, YTO

JiucTunr 45. OnTMMMBMPOBAHHEN BapMaHT C PasBOPOTOM Ha 4

nrepauuy (o6paTMTe BHMMaHME, KaKOM UMKI Gl pasBepHyT!)

for(i=0; i<n; i+=4)

{
for (j=0; j<n; j++)
{

for (k=0; k<n; k++)

{
a[j] [i]

a[jl[i] + b[k][i] * c[j]1[k];

a[j] [i+1] = a[j] [i+1] +b[k] [it1] * c[j] [k];
a[j][i+2] = a[j] [i+2] + b[k] [i+2] * c[]] [k];

KpariHe HENPOM3BOAMUTENIBHO M ONS JOCTMXEHWS HAWBBICLLEN }
3(pPeKTUBHOCTY LWKITbI | U j cnegyeT NOMeHsATb MecTaMu. Yc- }
TOSIBLLIErOCs HAa3BaHWA y AaHHOW METOOMKM ONTUMM3aLMKN HET,

W B K&XOOM WUCTOYHMKE OHa Ha3blBaeTcs Mo-pasHomy: loop
permutation/interchange/reversing, rearranging array dimensions
1 T. A. Kak 6bl TaM HX 6b110, Pe3yNbTUPYIOLLMIA KOL BbIFSAUT

TakK:

JucTuar 43. O6paboTka MacCMBOB HO CTonbuam

(onTUMMBMPOBAHHEN BapMaHT)

for (i=0;i<n;i++)
for (j=0; j<m; j++)

a[il[j] = b[i][3] + c[i][3l;

Bce Tpu paccmaTpuBaeMbix KOMMMASTOPA NOLOEPXMBALOT

a[j] [i43] = a[j][1+3] + b[k] [i+3] * c[j] [k];

OnTumMmnzaTop CKOMOUHMPOBAN Cpasy TPU METOAVKK: pas-
BOPOT, 06BLEAMHEHWE U NEepeynopsaoyeHne LMKNIoB, 6naroga-
psi YeMy CKOPOCTb BbIMOSIHEHWS 3HAYUTENbHO Bo3pocna. K co-

XarneHuio, elle aonroe spems PC-nporpammucTam npugetcst
ONTMMWU3MPOBATL CBOW MPOrPaMMbl CAMOCTOSITENLHO, XOTS
CTPEMUTENBHOE COBEPLLIEHCTBOBAHME JCC AaeT POBKYIO Hafex-

Ly Ha U3MEHEHWe CUTyauum.
Wtoro:

MSVC — YaCTUYHO YNOPSAoUYMBAET 06paLLeHns K namsTy.
icl — YacTMYHO ynopsgoUMBaEeT obpaLleHns K namsTu.

AaHHYI0 cTpaTernto onTMuMm3aunn, OOQHaKo UX UHTeNNeKkTyarnb-

HblE€ CMOCOOHOCTM OYEHb OrpaHu4YeHbl N Co cnenyowmm npu-

MEpOM He CMpaBUCs HU OOVH.

JncTunr 44. CROXHEM Cayudait

for (i=0; i<n; i++)
for (j=0; j<n; j++)

06paBoTkM HaHHEX MO CTonbuam

for (k=0; k<n; k++)

a[j][i]

A BoT KomnunsaTopbl oT Hewlett-Packard ontumumanpyiot

a[jl[i] + b[k][i] * c[]][k];

9TOT UMKN TaK (XBOCT LUnKna ansa npocTtoTbl He I'IOKa3aH)Z

Tabmuual. CeoGopmHas Tabamua

KavecTBa ONTMMMBALUN

3aknoueHue

Mporpecc He CTOUT Ha MecTe,

gCC — YaCTUYHO YNOPSAOUMBAET 06PALLEHNS K NaAMSITL.

N CO BpeMeHu NoaBneHnsa msve

KOMMUNATOPbI caenany 6onbluon war enepef. Oco6eHHo no-
pagoean gcc 4.0.0 ¢ ero HoBbIM ONMTUMU3ATOPOM LIMKIIOB, KO-

TOprI7I HaMHOro npeBocxoaunT

icl 1 msvc BmecTe B3siTble. TemM

He MeHee [0 COBEpLLEHCTBA eMy eLLie faneko. HekoTopble Tex-
HUKK, NPUCYTCTBYIOLLME €L B MSVC, B HEM HE peanu3oBaHbl
(Hanpumep, poTauus BETBNEHWUI), HE FOBOPS yXe NPo «Cepb-

e3Hble» komnunsaTopbl oT Hewlett-Packard. Tak 4To Ha komnu-

NIATOP Hagewncs, a caM He nnoLan!

Kommumsitop
HeiictBue

Microsoft Visual C++ 6

Intel C++ 8.0

GCC3.34

BBIpaBHI/IBaHI/Ie IIUKIIOB

He BbIpaBHUBACT

He BbIPAaBHUBACT

BeipaBHHBaET MO rpaHuIle
CTENeHU JBOMKH

PazBopot nukios

He pa3zBopaunBaet

Pa3BopaunBaeT LMKIIbI O€3 BETBICHHUN C
MEePEMEHHBIM U TOCTOSIHHBIM
KOJIMYECTBOM MTepaLuii

PaSBopaanaeT OUKJIBI C TIOCTOAHHBIM
KOJIMYECTBOM nTepaum‘d

Hlemymenue UKIOB He mwemymmur MHemymut [HenymuT
Bekropusyer, HaunHasi ¢ BEpCUU
Bekropuzanys nukion He BekTopusyer Bekropuzyer 343
ABTONApaNIeIH3M He nmonaepsxuBaeT [Topnep:xuBaet He moanepxuBaeT

IIporpammMHasi KOHBelepu3anus

He IIOAAEPIKUBAET

He MOAICPIKUBAET

YacTraHo TIOAAEPKUBACT

[Tpeasbruncnenne
MH/yKTUBHBIX LIMKJIOB

Hpe,ZleI‘Il/ICJ]HCT IIPOCTHIC LUKIIbI

He npeapbrunciser

He npexnpbruncnser

Pa36uBKa JUIMHHBIX LENOYEK
3aBUCUMOCTEN

He pas6uBaer

He pazouBaer

PazouBaer, naunnas ¢ sepcuu 4.0.0

YcTpaHeHue XBOCTOBOM peKypcHn

Ycrpansier

He yctpansier

Ycrpansier

O0ObeMHEHHE [IUKJIOB

He o6beaunser

He o6Gbeaunser

He o0beunsieT

PasmMaTtbiBaHue 1IMKIIOB

He nognepxuBaer

He noanepxuBaer

He nopaepxupaer

Pacnierienne nuKIiIoB

He pacmennser

Pacmieniser

He pacmennser

Hopmainuzanus [UKIoB

Hopmaiisyer HeKoTopble LIMKJIbI

Hopmainuzyer HeKOTOpbI€ LIMKJIbI

Hopmaiizyer HeKOTOpbIE LIMKJIbI

MaCH]TaGPIpOBaHPIe IIUKJIOB

MacmrabupyeT HEKOTOPbIE IIUKIIBI

MacmrabupyeT HeKOTOPbIE IIMKJIBI

MacmrabupyeT HeKOTOpbIE IIUKJIBI

3aMeHa [HUKJIOB C IIpeayCIOBUEM
Ha [MKJIbI C NTOCTYCJIOBUEM

3ameHsierT

3ameHsieT

3ameHsieT

CTpeMJ]eHI/Ie IUKJIOB K HYJIIO

BCGF,I[B. YCTPEMIISAET HUKIIBL K HYJIIO

HPIKOI“Z[S. HE YCTPEMIISET LUKIIBI K HYJIIO

CTpeMHT ycTpeMIIsIeT HUKIIBL K HyJIIO

Branch-count-reg

He ucnonsyer

He ncnonpayer

He ucnoabsyer

Beinoc HMHBAPUAHTHBIX BETBJICHUI

He BbiHOCHT

He BbiHOCHT

Beinocut, HaunHas ¢ Bepcuu 3.4.3

Poraiusi BeTBICHMIA

Breinonnser

He BbinonnsieT

He BoinosiHsieT

VYnopsgounBanue odparieHne
K IaMsATH

YacTH4HO ynopsJouMBaeT
o0OpaleHust K aMsITu

YacTHYHO yNOpsI0YMBAeT O0PAIICHUS K
maMsITh

YacTH4HO ynopsa04uBaeT
oOpalleHus K maMsaTu

dAaAMUHUCTPATOP





