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‘ BBegeHue

0O Kakon 6biBaeT napannennam? lNapannennam Ha ypoBHe KOMaHO N OaHHbIX.
Q Knaccndgukauma no GPrnviHHy:

OAOUMHOYHBLIN NOTOK AAHHbIX
(single data stream)

MHoOXeCcTBeHHbIU NOTOK AaHHbIX
(multiple data stream)

OAMHOYHbIN NOTOK
KOMaHA
(single instruction
stream)

SISD (single instruction,

single data)

[NocnepoBaTtensHOE BbIMNOSTHEHNE,
napannenuama Het

SIMD (single instruction,

multiple data)

OpgHa MHCTPYKUUA BbINOJNMHAETCA OJ1A
BEeKTOpa AaHHbIX

MHOXeCTBEeHHbIN
NOTOK KOMaHp,
(multiple
instruction
stream)

MISD (multiple instruction,

single data)

Peako BCTpevaroLwasca apxXmTekTypa;
MCNonb3yeTcs, Hanpumep, Ans
3awmTbl oT cboeB

MIMD (multiple instruction,
multiple data)

TpagnumMoHHbIE MHOTOMPOLECCOPHbLIE
cucTeMbl (MHOrosiiepHble
npoLeccopsl, knacrepa)

WBEPCyrp
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BBegeHue

a MHorme npoueccopHble apXUTeKTypbl nogaepxmsatoT napagurmy SIMD.

a PaccmoTpum, Kak 3TO MOXHO 3(pJEKTUBHO 3a4eNCTBOBATb B COBPEMEHHbIX
LeHTpanbHbIX NpoLeccopax.

QMnaH:
— OsHakomuTtbcsa ¢ SIMD-BblvUCIEHMAMN B cOBPEMEHHbLIX CPU.

— PaccmoTpeTtb cnyyaun, B KOTOPbIX COBPEMEHHbIE ONTUMU3UPYHOLLME KOMMUNATOPbI
nopoxaarT apdeKkTMBHbBIN BEKTOPHBLIN KOoA4. ChopmynupoBaTb obuime npasuna u
pekomeHgaumn,

— Ha npumepe n3 obnactn obpaboTtkm naobpaxxeHnm nponnnocTpupoBaTbh HEKOTOPLIE
npo6riemMbl, BO3HUKAIOLLME NPU BEKTOPU3aLIUM BbIYUCIIEHUI, N CNOCOObLI UX peLleHns,
€CI1 3TO BO3MOXXHO.

WBEPCu
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BEKTOPHbIE PACLUUPEHUA: OCHOBHbIE
NPUHUUINDbI

uuuuuuuuuuu




SIMD

Q SIMD (single instruction, multiple data) — npuHIMI B COBpEMEHHBIX KOMIIBIOTEPHBIX
cUCTeMaXx, Ioipa3yMeBaroIiil 00pabOTKy MHOYKECTBA JAHHBIX OJJHON MHCTPYKIIHEH
(napannenusm na yposne 0anmwvix).

O BeimosiHeHWE OTHOW OIlepani OJHOBPEMEHHO HAJl HECKOJILKUMHU 3JI€MEHTAMM.

[Ipumep: cee l | .o
CJIOKEHHUE BEKTOPOB -IY- _i'_ I
Heckonbko OAMHAKOBBIX OIEpaALUK HAJl *t %k - l v | *e
OTAEIbHBIMU OJHOTUITHBEIMH 3JIEMEHTaMH = =
MOKHO 3aMEHUTH OJIHOU OTIepaliuen Hall |
8EKMOPOM_OAHHbIX coe I J---

WBEPCyrp
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SIMD

O MHorue COBpEeMEHHBIC apXUTEKTYPhI IOIJICPKUBAIOT BEKTOPHBIC BhruncieHus (Intel,
AMD, ARM, ...).

0O BekTopHbIE BRIUMCIIECHUS] — OCHOBA JIJIsl pa3IMYHbIX yCKopuTtenei, B ToM uncie GPU.

O PaccMOTpUM MPUHITUIT BEKTOPHBIX BhIUKCIeHUN Ha npuMmepe SIMD-paciupennii ajist
IIEHTpaIbHBIX IIporieccoposn Intel.

HaGop MHCcTpykuuMin [nuHa perucTpa KommeHTapum
MMX 64 6uT MepBbii Habop SIMD-koMaHg ona apXUTEKTYpbl X86,
obpabaTbiBaeT TONMbKO Lernble Yncna
SSE, SSE2, ..., SSE4 128 ouTt [loGaBneHbl onepaunmn Hag YnucnamMmm ¢ nnaBatoLLLEN TOYKOM
AVX, AVX2 256 6uT HobGaBneHbl MHCTPYKUMK ¢ 3 onepaHgamn, FMA
AVX512 512 out [1o6aBneHo MHOXeCTBO pa3HOOBpa3sHbIX NONE3HbIX
MHCTPYKLMI

WBEPCu
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Tynbl MaWMHHBIX MUHCTPYKLUUU (X86-64)

» ALU-onepauuu

»  Apudmernueckue: add, sub, mul, ...
= [lo6urossle: and, or, xor, not, shl, shr, ...
* FMA(d =a+ b -c). FMAS (d coBnanaer ¢ a, b unu c), FMA4

> Onepauuu C namamusio

» «Knaccuueckuey ornepariu 3arpy3Ku/BeITPY3KH U3 MAMSITH B PETUCTP: MOV
» Cnenuansubie SIMD-uncTpykmuu: gather/scatter, broadcast, insert/extract, shuffles, ...
* MoryT UCIIOJIF30BaThCS MAaCKHU

> Control Flow unucmpyrxuuu

» [lepenmada moToka BHIOJHESHHUS HHCTPYKIIMU B ONIPEICICHHON STUeiKe maMsITH: Jmp
» QOmnepanun cpaBHeHHS. cmp, conditional jmp, ...
* Br3os noamporpamm: call, ret

WBEPCyp
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‘ Cnocobbl BeKkTopUusauum

A 3aneiictBoBaTh SIMD-UHCTPpYKIIMHM MOKHO HECKOJIBKMMU CIIOCOOAMU, HAIPUMED:

» IIporpammupoBarh Ha accemomepe.

» Hcnonb3oBars INtrinsics (cneruanbHbie (PyHKIMH, BEI30B KOTOPBIX MPH
KOMITHJISIITAN 3aMEHSICTCS Ha OJTHY WJIM HECKOJIBKO acCeMOJICPHBIX HHCTPYKITHH).

= He kpoccrnatrOpMeHHbIE U CI0KHBIE B pealu3allii PelIeHUs.

> HanesTbcs Ha ONTUMHU3UPVIOIUHN KOMITUISTOD.

= HekoTopsie COBpEMEHHBIE ONTUMU3UPYIOLIUE KOMITWISATOPHI XOPOIIO CIPABIIAKOTCS
C BEKTOpHU3AlMEN ITUKJIIOB.
= Yem Mpouic 1 NMOHATHEC PCAJIN30BaH LIUKII, TCM IIPOIIC KOMITHIIATOPY.
» Hcmons3oBaTh TOTOBBIC OMOMMOTEKH C BEKTOPU30BAHHBIMU (DYHKITUSMH.

= B Oubnauorekax ecTh HE BCE, UTO MOKET OBITh HYXHO.

a Jlaﬂee MpeACTaBJICHBI HCKOTOPLIC ITIPUHIUIIBI U ITPUCMBbI, ITOJIC3HBIC ITPU ABTOBCKTOPU3AIIHUH.

WBEPCyrp
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BekTopusauus LUKnos

0O Kak koMnuiisiTop npeoOpa3yeT UK Mepe1 TEM, Kak BEKTOPU30BaTh?

for (int i = @; i < N; i++)

d[i] = a[i] * b[i] + c[i]; HpOCTOﬁHHKJ’I

S

O [{ukn pazbuBaeTcs Ha 2-3 HUKJIA!

OCHOBHOU, 00padaTHIBAIOIIUN TTOUYTH [ for (int
BCE HTECPAIHU, U NPOoa02 W/ WIH IIpoJior _|_ | d[i] =
snunoe, oGpabdareiBarome ocratok. | (Peel 10op) i _

Q Teao OCHOBHOTO IMUKJIA 3aMEHSCTCS - fo;[gn:
oanoi SIMD uncTpyKIIH€i. I?;:;BHOH — | d[i+1]

Q ITposior/snujior MOryT OBIThH g%i:;}
CKAJIIPHBIMU WA BEKTOPHBIMH. E—— |3

Q IIposior MOXkeT 00ECIEUUTh (remainder _ _
BBIPAaBHUBAHHUE apPECOB B OCHOBHOM | loop) _I_ fo;[gnf
1070:9) 3 !

WBEPCyp
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c onepanueri FMA

Ilycts nuHa
BEKTOPHOI'O PETUCTpPA

4 31emMeHTa

i =0; i< N1; i++) // Ni4
al[i] * b[i] + c[i];

i =N1; i < N2; i+=4) {
a[i] * b[i] + c[i];

al[i+1] * b[i+1l] + c[i+1];
al[i+2] * b[i+2] + c[i+2];
a[i+3] * b[i+3] + c[i+3];

i =N2; i < N; i++) // N-N2<4

al[i] * b[i] + c[i];
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OnuHa BEeKTOPHOro perncrpa

A9} dHEeKTUBHOCT BEKTOPU3ALIMHU 3aBUCUT OT THUIIA IAHHBIX AJIEMEHTOB M JJTMHbI

BEKTOPHOI'O PETUCTPA. i
autT

SIMD-pervrp (LR

4 rnnementa float

2 snemenTa double

Y
16 OaiiTt = 128 Our

QB Xx86 (X64) cucremax MIMPOKO PACIPOCTPaHEHBI perucTpel XMmm (128 6ur),
__ymm (256 6urt), zmm (512 6ur).
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Onuuun C++ komnunartopa Intel

EEEEEEE

O YtoOsI 3aaeiicTBOBAaTh BeKTOpHBIC BhurcieHus 1 Intel C++ Compiler
Classic, nocrarouno ucmoas3oBarh -O2 (BKIIOYACT ONTHMU3AIUIO KOJA).

L YtoOsI 3aaciicTBOBaTh onpeaciacHubie SIMD-uHCTpYKIINH, MOXKHO
HCIOJIB30BaTh KIIF0UM KoMmmuisitopa: -XSSE2, -XAVX, -XCORE-AV X2,
-XCORE-AV X512, -xHost (pexomenoyemcsi, 3a1eiCTBYET ONITHMAaTbHBINA
Ha0Op MHCTPYKIUH JIJIA TEKYILEH apXUTEKTYPHI).

O s Windows: /QxAVX, /QxHost, ...
1 YtoOsI 3a/1eiiCTBOBATh PETUCTPHI JIIMHBI 512 OUT 111 apXUTEKTYP,

nogaepkuBaromux AV X512, Hy)KHO HCIIOJb30BaTh KIIOY
-gopt-zmme-usage=high
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‘ Oowume pekomeHgauumn

O Ywcno ureparuii BO BpeMsl BBITOJHEHHSI IIPOTPAMMBI JIOJDKHO OBITh 3apaHee U3BECTHO.

[IpocToii LMK ¢ PUKCUPOBAHHBIM YHCIIOM
uTepanui, MOXeT ObITh BEKTOPU30BaH.

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

N3BecTHO 4KCIIO UTepaluii, HHOTa MOXKET
OBITh BEKTOPH30BAH.

while (true) {
if (i >= N) break;
c[i] = a[i] + b[i];
i++;

}

WBEPCy
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N3BeCTHO YKCIIO UTEpaLUil, MOKET OBIThH
BEKTOPU30BaH.

while (i < N) {
c[i] = a[i] + b[i];
i++;

}

YHuciio urepanuii HEU3BECTHO. MOXKET
OBITh BEKTOPU30BaAH?

for (int i = 0; i < N; i++) {
if (c[i] > value) break;
c[i] = a[i] + b[i];

}
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‘ Oowume pekomeHgauumn

O Teo mukia K0KHO OBITH 10CTaTOYHO IpocToe. Yem npowe, mem ayume ©
O Jlns ycnenrHol BeKTOpHU3aIiy B IIUKIJIE HE JIOJKHO OBITH:

> Jpyeux uuknos

* B cilydae BIOKEHHBIX [IUKJIOB OOBIYHO BEKTOPU3YETCS CaMblii BHYTPEHHUM.
" B03MOXHOE UCKIIIOUEHUE — €CIIU KOMITWIATOPY YAAI0Ch ITOJIHOCTBIO
Pa3BEPHYTh BHYTPEHHUM LIUKIL.

> Bwizosos chyuxuuiu

» Bcrpoennsie (inling) pyHKIMM HE MPENATCTBYIOT BEKTOPHU3AITUH.

* Horga ciaumnikoM OOJBIIIOE TEIO0 UK BBIHOCUTCS KOMITMIISITOPOM B
OTJEIbHYIO (QYHKIIMIO, YTO MPEHSATCTBYET BEKTOPU3ALINH.

* MOKHO BBI3bIBaTh HEKOTOPBIE MaTEeMaTHYECKHUE (PYHKIIUN U3 OMOIMOTEKH
KOMIIUJISITOPA.

WBEPCu
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O6wue pekomeHgauuun. MatemaTnyeckme hbyHKUNM

 Ecnu B BEKTOPHBIX MUKJIAX HE JIOJDKHO OBITh BBI30BOB (DYHKIIHM, TO KaK OBITH C
MaTeMaTUYEeCKUMH (PYyHKIUSIMU?

(d MoXHO HCIIOJIB30BaTh MaTeMATHIECKYIO (PYHKITHIO, BEITUCIISIONIYIO 3HAUCHUE
IJI1 BEKTOPHOTO apryMEHTA.

O LibM — momxyns KoMmuisToOpa, peaqu3yomnid KITaCCHIeCKHE CKaSIPHBIC
MaTeMaTndeckre GpyHkiuu. B HekoTophix KoMmmmisTopax LibM
ONITUMHU3HUPOBAH O]l COBPEMEHHBIE apXUTEKTYPHI.

Q Intel SVML — monyns ICC, peanusyromuii BEKTOpPHBIE MaTEMaTHICCKHE
dynkyn. @yHkuuu u3 SVML BBIUHUCISIOT pe3yabTar J1j1s OJHOTO0 BEKTOPHOTO
peructpa (Xmm, ymm uiau Zmm) ¢ ucnosibzoBanuem SIMD.

O IIpu BeI30BEe MaTremMaTH4YECKON (DYHKIIMH KOMITHJISTOP MIOHMUMAET, KAKOW MOTYJIb
UCII0JIb30BaTh. Ko BRITISIUT OAMHAKOBO.

WBEPCyp
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‘ Obwume pekomeHgaumn. 3aBUCMMOCTU MO AAHHbIM

L Crout npu BeKTOpHU3amuu U30eraTh 3aBUCHMOCTEH 110 JAHHBIM MEXKTy HTCPAIHSIMHU.
> Read-after-write

CuuThIBaHHE Ha CICAYIOLICH UTEpaIlK IIOCJIC 3aUCH.
for (int i = @; i < N-1; i++) Hebe3onacHo i1t BeKTOpHU3alliu, OTBET OyeT
a[i+l] = a[i] + 1; HEKOPPEKTHBI.

> Write-after-read 3amuch Ha CIEAYIONIEH UTEPAIUH TOCIE YTEHNUS.
for (int i = @0; 1 < N-1; i++) B nienom 114 mapassieabHOro BBIMOJIHEHUS HeOe30IacHo,
a[i] = a[i+1] + 1; HO B CJIy4ae BEKTOPU3ALMH OTBET OYAET KOPPEKTHAIMA.

> \Write-after-write

3anuce Ha CJ'IGI[YIOHIGﬁ HUTCpalu IMOCJIC 3aITUCH.

for (int i = @; 1 < N; i++) B 00mieM cinydae HeGE30aCHO.
var = a[i];

Hekotopbie TUIIMYHBIE [IUKIIBI KOMITUJIATOP
for (int i = @; 1 < N; i++) pacmno3HaeT U 0€301MacHO BEKTOPU3YET.
sum = sum + a[i]*b[]j]; Ilpumep: BeKTOpHOE MPOU3BEACHUE (ITPHUCYTCTBYIOT
BCE IIPEJICTaBICHHBIC 3aBUCHMOCTH).

WBEPCyrp
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‘ Oowume pekomeHgauumn

 BerBnenus Koma npemsTCTBYIOT BEKTOPH3AIUH.
= (OpaHako B OOJBIIMHCTBE CIyYaeB KOMIUJIATOPY YAACTCS 3aMEHATh YCJIOBHBIMI
orneparop Ha onepanuu ¢ MaCKaMH.
= J[J11 HEKOTOPBIX TUIMYHBIX CIy4YaeB, HAIIPUMeEp, JJIsl TOMCKAa MAaKCUMyMa U
MUHHMYMa, €CTh OTAEIbHbBIE HHCTPYKIIUH.

U Crour uzberars mpeobpa3oBaHuil TUIIOB.
U Cruenyet ucnonb3oBarh 3PGEeKTUBHBIC MATTEPHBI JOCTYIIA K ITAMSTH.

* Hawrydimii BapuaHT — A0CTYI C €AUHUYHBIM IIArOM.
* BpIpaBHUBAaHUE MACCUBOB yiy4inaeT 3 (PEKTUBHOCTS.

U Ecnu xoMOuiasTop MOCYHMTACT, YTO BEKTOpHU3aIus Hed(PhEeKTUBHA, TO OH
1100 OyJeT UCIOIb30BaTh PErUCTPhl MEHbBIIICH JJIMHBI, 100 BOOOIIE HE
BEKTOPHU3YET IHKIL.

WBEPCyrp
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HekoTopble nonesHble nparmbl (Intel Compiler)

O #pragma vector <keyword>

» always — BeKTOpu30BaTh MUK, JAXKE €CIIM KOMITHISATOP IOJIaraeT, 4To
BekTOpu3alus Oyner HeahPpeKkTruBHa.
= aligned — ecTh BeIpaBHUBAHUE TIO JAHHBIM.

O #pragma ivdep — B 1IUKJIC HET 3aBUCHMOCTEH 110 JAHHEIM.

O #pragma unroll (¢ mapameTpamMu) — MOJHOCTHIO MJIM YaCTHYHO Pa3BEPHYThH
ITUKJI, HHOT/IA 3TO CIIOCOOCTBYET JIYUIIICH BEKTOPHU3ALIHH.

O #pragma omp simd (¢ mapameTpamMu) — NOAACPKUBACTCS CTaHIAPTOM
OpenMP 4.0 u Beiie. Coo0O1iaeT KOMOUISATOPY, YTO HY>KHO BEKTOPHU30BATh
IIUKJI ¥ 9TO 3aBUCUMOCTEH 1o manaeiM HeT (!). DxBuBanmeHTHa #pragma ivdep
u #pragma vector always Bmecre.

WBEPCu
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NMPUMEPbI: OBPABOTKA U3OBPAXEHUN

maEPCuT
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‘ CTpyKkTypa XpaHeHns n3oopaxeHus

 PaccMoTprM HEKOTOpPBIEC aCIIEKTHI BEKTOPH3AIlUN Ha IIPUMEPE 3a1a4 U3
00Js1acTu 00pPadOTKU N300pAKEHHUI.
H3zo0pasicenue — Habop nukcened. Kax bl muKcenb UMEET CBOM 1IBET.

[{BeT 3aaeTCsa OMHUM UJIM HECKOJIbKUMH 3HAYCHUSIMU UHINEHCUBHOCTU
(uenoe uucino ot 0 mo 255, 1 Gaiir).

B depHO-0e1b1X n300pakKeHUAX MBET MPEJACTABICH OJJHUM 3HAYCHUEM
MHTEHCUBHOCTHU. B IIBETHBIX — HECKOJIBKHUMHU.

Mooenv RGB (red, green, blue) — nBer npeacrariieH Tpems 3HAYCHUSIMH
(xaHaIamum).

CTpyKTypa XpaHEHUS U300DAKECHUS

IIOCJIEIOBATEIbHBIN HA0O
R|c|B|R|G|B|R|G|B 5 . P

WHTEHCUBHOCTEN JUIA KAXKIIOTO
IMUKCEIIS.

WBEPCurp
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‘ [[amma-KoppeKuus

O Qurbmpayus — criocod KOPPEKIUHU 1IBETa MUKCEIICH N300paKeHUS.

 Ilpocreiimme GUIBTPHI BEIYUCIAIOT HOBOE 3HAY€HNE HHTCHCHBHOCTH
MUAKCEJISE HA OCHOBE CTAPOI0 3HAYEHHUS 110 HEKOTOPOU (hopMyIie.

A Tamma-xoppekuys: I, = C - IZld

New intensity

Kopperyusa ApKOCTH H300Pa)KEHHA:
¥y < 1 — npeoOpa3oBaHne TEMHBIX TOHOB
B CBETJBIC; ¥ > 1 — HA0OOpOT

2501

200+

=
w
o

=
o
o

[
o

— y=04
— y=25

50 100 150 200
Old intensity

250
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‘ Flamma-kKoppekuusa. bazoBas Bepcus

using IntensityType = uint8 t; // 1 byte, [©, 255]

const IntensityType MIN_INTENSITY = O, MAX_INTENSITY = 255;
const float GAMMA = 0.45f;

const float FACTOR = std::pow(MAX_INTENSITY, 1.0f - GAMMA);

float correctPixelIntensity(float intensity) {
return FACTOR * std::pow(intensity, GAMMA); // ¢oyHKuUMA KoppeKkuuu

}

void nonlinearCorrection(int height, int width, // pa3mepb n3obpaxeHus
int nChannels, // u4ucno uBeToBbix kaHanoB (RGB -> 3 kaHana)
IntensityType* pixels, IntensityType* result // BxoAHOoe W BbixogHOe WU306paxeHuA
)R
for (int i = @; i < height; i++)
for (int j = 0; j < width; j++)
for (int color = 0; color < nChannels; color++) {
int index = nChannels * (i * width + j) + color;
result[index] = correctPixelIntensity(pixels[index]);

}

'u H. Hoeropop, 2022 BekTopusauus umknos. O6Lime NpMHUMMGI U UCMONb30BaHME KOMNUASTOpa
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TecToBasa MH(paCTpPYKTypa

[Mpoueccop Intel Core i7-11800H (Tiger Lake),
2,31Tu, Turbo4,6 'y

OnepaunoHHas Windows 10 version 21H2
cuctema

KomnunsarTop, Intel oneAPI| 2022.2:
MPOUINPOBLUMK Intel C++ Compiler Classic

Intel Advisor

mmmmmm
aaaaaaaaaaaa
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Flamma-kKoppekuusa. bazoBas Bepcus

WBEPCy
3y S auEacK Tep

» °ro

O Pasmep m3o0pakenns 3024 X 4032 mukceneit, RGB (3 kanana).
d Bpems usmepseTcs B ceKyHIax.

Bpewms, cek

Bba3oBas 0,245

1 BekTopuzoBai i KOMIFIISITOP ITAKIT?

(] Buwmser nu Ha BeKTOpH3aInio BeI30B (hyHKIHEA COrrectPixellntensity u
std::pow?

L Jlist orBeTa Ha 3TH BOIPOCHI COOESPEM OTUYET KOMITHIISTOPA 00 ONTHMU3AIINH.

O Koy xommmsiuu /Qopt-report=5, nudpa o3HagaeT CTEICHb
noApOOHOCTH, D — MaKCHUMaJIbHAAI.

H. Hoeropop, 2022 BekTopusauus umknos. O6Lime NpMHUMMGI U UCMONb30BaHME KOMNUASTOpa 25/52



Flamma-kKoppekuusa. bazoBas Bepcus

INLINE REPORT: (nonlinearCorrection(int, int, int, IntensityType *, IntensityType *))
C:\gamma_rgb v0_base novec\gamma rgb v0_base novec.cpp(26,1)

_base _base DyHKIMS BCTPOCHA
~> [INLINE: (31,5) correctPixellIntensity(float) His=—9r—fts=——163

-> INLINE (MANUAL): (18,12) pow(float, float) (isz = 1) (sz = 10) aBTOMaTquCKH
-> EXTERN: C:\Program Files |(x86)\Microsoft Visual Studio\2019\Community\VC\Toois
powf (float, float)

LOOP BEGIN at C:\gamma rgb v0 base novec\gamma rgb v0 base novec.cpp (27, 2)
remark #25101: Loop Interchange not done due to: Original Order seems proper

remark #25452: Original Order found to be proper, but by a close marfgin BHGH_IHI/Iﬁ BBI3OB
remark #15541: outer loop was not auto-vectorized: consider using SIMD dire

LOOP BEGIN at C:\gamma rgb v0 base novec\gamma rgb v0 base novec.cpp (28, 3) BeKTOpHOH MaTEMaTn4eCKOn
remark #15541: outer loop was not auto-vectorized: consider using SIMD dit (byHKHHH

LOOP BEGIN at C:\gamma rgb v0 base novec\gamma rgb v0 base novec.cpp(29,4)
Iremark $15344: loop was not vectorized: vector dependence prevents Vectorization}
remark #15346: vector dependence: assumed ANTI dependence between pixels[index] (223:5) and result[index] (31:5)
remark #15346: vector dependence: assumed FLOW dependence between result[index] (31:5) and pixels[index] (223:5)
LOOP END
LOOP END
LOOP END

“aEPCuT
:\Dﬁwzac“wfr
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‘ Flamma-kKoppekuusa. bazoBas Bepcus

CPU Time
+| |=| Function Call Sites and Loops & ¥ Performance Issues Type Why No Vectorization?
Total Time Self Timew

E1® [loop in nonlinearCorrection at gamma_rgb_v0 ende I epende prevents vectorization

i _libm_powf_I9 @ 1 Data type conversions present 048%:@ 0,489s @ Function

[ - %

Source Top Down Code Analytics Assembly ‘¢ Recommendations

All Advisor-detectable issues: C++ | Foriran MaT‘ (byHKHI/Iﬂ H3 L I b M

o Assumed dependency present

The compiler assumed there is an anti-dependency (Write after read - WAR) or a frue dependency (Read after write - RAW) in the loop. Improve performance by investigating
the assumption and handling accordingly.

E Confirm dependency is real

ita type convers

‘line conclusi

T T e e R e e e
I nun ine Lepenaencies analysis (O Igeniity real Gala depenagencies

Advisor
ITOKa3bIBAET,
10 KAKOW IPUYKHE

There is no confirmation that a real (proven) dependency is present in the loop

MoKHO cJienaTh
ananu3 3aeucumocmeit, Clu
HEIIOHSATHO, €CTh JIM OHU

HC BCKTOPHU30BaH

“aEPCuT
:LQAHEBCKOrST
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[amma-KoppeKumnsi. 3aBUCUMOCTMU MO AAaHHbIM

d

d

WBEPCyrp
1!‘:\#“:3@%57-

O

#pragma ivdep yka3piBaeT KOMIIISATOPY, YTO HY’KHO HTHOPHUPOBATh
IperoiaraeMble 3aBUCHMOCTH I10 JaHHBIM

B nanHom mpumepe, I 3TOU eI MOKHO MCIIOIb30BaTh KIIFOUEBOE CIIOBO
restrict. C momoIpio Hero MOKHO COOOIIUTH KOMITHJISTOPY, YTO Ha
HEKOTOPYIO 00JIaCTh MAMSITH CChIJIAETCS BCETO OJIMH yKa3aTeb.

CoBpeMEHHBIE KOMIUJIATOPBI MHOTIA B OJIOOHBIX CIIy4YasiX CO3Jal0T JIBE
BEPCHM IIMKJIA: CKAJISIPHYIO U BEKTOPHYIO0. B oTUeTe 00 onTuMu3anuu 310
yKa3bIBaeTcs. Pemenrne o ToM, KaKyro BIOpaTh, IPUHUMAETCSI BO BPEMSI
BBITIOJIHEHUS ITPOTPAMMEBI.

Hcnonbp3oBath #pragma ivdep u restrict cTouT TOJIBKO B TOM ClIydae, eClIu
3aBUCUMOCTEH MO JaHHBIM JIEUCTBUTEIHLHO HET.

H. Hoeropop, 2022 BekTopusauus umknos. O6Lime NpMHUMMGI U UCMONb30BaHME KOMNUASTOpa
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[amma-KoppeKumnsi. 3aBUCUMOCTMU MO AAaHHbIM

L VkaxkeM ¢ moMomnisro #pragma ivdep, 9To B IIUKIIC HET 3aBUCUMOCTEH 110
TAHHBIM.

for (int i = @; i < height; i++)
for (int j = 0; j < width; j++)
#pragma ivdep // nepepn BHYTpPEHHUM LMUKIIOM
for (int color = @; color < nChannels; color++) { /* kog */ }

}
Bepcus Bpewms, cek
Ba3oBas 0,245
3aBUCUMOCTU NO AAHHbIM 0,334

U Bpewms yeenmuumiiocs. [louemy?

maEPCuT
\l:‘D“uzac*cfr
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‘ [amma-KoppeKumnsi. 3aBUCUMOCTMU MO AAaHHbIM

LOOP BEGIN at C:\gamma rgb vl ivdep\gamma rgb vl ivdep.cpp(27,2)
remark #25101: Loop Interchange not done due to: Original Order seems proper
remark #25452: Original Order found to be proper, but by a close margin
remark #15542: loop was not vectorized: inner loop was already vectorized

LOOP BEGIN at C:\gamma rgb vl ivdep\gamma rgb vl ivdep.cpp(28,3)
remark #15542: loop was not vectorized: inner loop was already vectorized

LOOP BEGIN at C:\gamma rgb vl ivdep\gamma rgb vl ivdep.cpp (30, 4)
remark #15389: vectorization support: reference pixels[index] has unaligned acces:
remark #15389: vectorization support: reference result[index] has unaligned access
remark #15381: vectorization support: unaligned access used inside loop body

Iremark $15305: vectorization support: vector length 4
remark §15309: vectorization support: normalized vectorization overhead 0.124
| remark $15300: LOOP WAS VECTORIZED
remark #I15450: unmasked unaligned unit stride loads: 1 v
remark #15451: unmasked unaligned unit stride stores: 1 -l3}{)/772l?62}i;illll Z4Zl’<jl
remark #15475: --- begin vector cost summary --—- .\
remark #15476: scalar cost: 130
remark #15477: vector cost: 28.250
remark #15478: estimated potential speedup: 4.590
remark #15482: vectorized math library calls: 1
remark #15487: type converts: 2
remark #15488: --- end vector cost summary ---
LOOP END

6EKMOpU306aH

«OcraTok»
LOOP BEGIN at C:\gamma rgb vl ivdep\gamma rgb vl ivdep.cpp (30, 4) (5 (S
<Remainder loop for vectorization> ]
remark #25456: Number of Array Refs Scalar Replaced In Loop: 1 () I)El Ef]?I)IIBEl(:j?(:;I
LOOP END

LOOP—END OTHGHBHO

sepC LOOP END
W L
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Famma-koppekuus. Ucnonb3oBaHne MHCTPYKUMU AVX512

O Kox Bexropu3oBaH, HO JyIst MHCTPYKIMK SSE (mmHa perucrpa 128 our).
JlaHHBIM TpOIIECCOPOM MOAACPKUBatOTCS HHCTPYKIMU AV X512 (512 6ur).

d AVX512 — 3710 HEe pocTo 00JIee JIUHHBIA PETHCTP (YTO B JTAHHOM CIydac He
MIOMOXET), HO U 00JIee COBPEMEHHbIE MAIlIMHHBIE MHCTPYKIUU. Kommusisitop
MOXET CTeHEpPUPOBaTh APYrou, 0ojiee ONTUMAaIbLHBIN KO/I.

0 Ckommmmupyem nporpaMmmy ¢ kimrodoM /QXHOSt, aroOsl 3a1elicTBOBaTh CaMble
«COBPEMEHHBICY» UHCTPYKIIHH, MTOAAECPKABACMBIE TTPOLIECCOPOM.

Bepcus Bpewms, cek

Ba3oBas 0,245
3aBUCUMOCTU NO AaHHbIM 0,334
Knrou -xHost 0,164
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‘ Famma-koppekuus. Ucnonb3oBaHne MHCTPYKUMM AVX512

. Function Call Sites and CPU Time
+ 1= & ¢ Performance Issues Type
Loops Total Time| Self Timew | 7

EX® [loop in nonlinearCorrection| M | * 2 Ineffective peeled/remainder loop(s) present | 0,315s0 | 0,158s | Peeled/Remainder
4/ I _svml_powfd |9 @ 1 Data type conversions present 0,157s1 0,157 @ Vector Function

e
(@]
o
=
=
=
m

< > <

Br130B
BEKTOPHOM
Mart. PYHKIIMU U3

Source TopDown Code Analytics Assembly ¢ Recommendations & Why No Vectorization?
All Advisor-detectable issues: C++ | Fortran

Ineffective peeled/remainder loop(s) present
All or some source loop iterations are not executing in the loop body. Improve performance by moving source loop iterations from 6I/I6J]I/IOTGKI/I

peeled/remainder loops to the loop body
SVML

[:] Force vectorized remainder
The compiler did not vectorize the remainder loop, even though doing so could improve performance. To fix: Force vectorization using a
directive: #pragma vector vecremainder

Example &

#pragma vector vecremainder

a“aEPC"T
eBRIERCK

&
ro?‘
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‘ F[amma-koppekuusa. PasBopauuBaHue Uukna

1 Bo BHyTpeHHEM ITHKIIe Bcero 3 uTepanuu. PazBepHeM UK.
0 Tenepsr BHyTpeHHUI UK — ITUKII 110 TISPEMEHHO |.

const int N_CHANNELS = 3; // RGB

void nonlinearCorrection(int height, int width,
IntensityType* pixels, IntensityType* result)
{
for (int i = @; i < height; i++)
#pragma ivdep
for (int j = 0; j < width; j++) {
int index = N_CHANNELS * (i * width + j);
result[index] = correctPixelIntensity(pixels[index]);
result[index + 1] = correctPixelIntensity(pixels[index + 1]);
result[index + 2] = correctPixelIntensity(pixels[index + 2]);

}

WBEPCy
1:\Dﬁwzac“otsr
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[amma-Kkoppekuusa. PazBopaumBaHue LuKna

U Wnorga pazBopaunBanme nukia Ha 4, 8, 16, ... urepanuii cioco0cTByeT 3(HEKTUBHOCTH
BekTopu3anuu. Hampumep, 310 1aeT BO3MOKHOCTh KOMITHIISITOPY MEPECTABIATh
UTEpALUU MECTaMHU.

U Moskno ucnionp3oBats #pragma unroll wmm #pragma unroll(-). AprymenT B ckoOkax
YKa3bIBAET, HA CKOJIbKO UTEPAli HY>KHO Pa3BEPHYThH UK.

U Ecau Ob1 ynciao urepanuii ObUTO U3BECTHO Ha dTale KOMITHIISIINH, TO BEChbMa BEPOSITHO,
YTO pa3BOpPAYMBAHUE MPOU3OILIO Obl ABTOMATUYECKHU.

Bepcus Bpewms, cek

Yckopenue
basoBas 0,245 3,7 pas
3aBNCUMOCTU MO AAHHbIM 0,334 OTHOCHUTEJIbHO
Knitou -xHost 0,164 0a3oBoil
PasBopauyuBaHue uukKna 0,066 BepCHn

WBEPCy
1!‘:\Dﬁwzac“°};"‘r
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‘ F[amma-koppekuusa. PasBopauuBaHue Uukna

Dt T [ e 3 Performance | CPU Time - Wh, | Vectorized Loops Instruction Set Analysis B A
Loops Issues Total Ti... | Setf Time | = | N© | Vector |...| Efficiency | Gain...| VL .| Traits Data Types

e
o
o
-
L
Tt
m

BI® [loop in nonlinearCorrection | M ible i Mask Manipulations; Shuffles; Type

4 1 _svml_powf8_I9 @ 1Datatypec.. 0,032s1 00320 Vect... AVX2 8 Appr. Reciprocals(AVX); FMA; Permutes; Shifts; T... Float32; Int32; Ulnt32 v
' >« >
Source TopDown CodeAnalytics Assembly W Recommendations & Why No Vectorization? XOpOH_IaH 3@)(1)6KTI/IBHO CTB
All Advisor-detectable issues: C Fortran Possible inefficient memory
All Advisor-detectable issues: C++ | Fortran BeKTopI/I3aHI/II/I access patterns present

o Possible inefficient memory access patterns present
Inefficient memory access patterns may result in significant vector code execution slowdown or block automatic vectorization by the compiler. Improve performance by
investigating.

E Confirm inefficient memory access patterns

There is no confirmation inefficient memory access pattemns are present. To fix: Run a Memory Access Patterns analysis. KOMHI/IHHTOP
Data type conversions present
I0ZI03PEBAET,

There are multiple data types within loops. Utilize hardware vectorization support more effectively by avoiding data type conversion

E Use the smallest data type
JICKAT B IIaMJSITHU

The source loop contains data types of different widths. To fix: Use the smallest data type that gives the needed precision to use the entire vector register width.

HE TTOAPSIT

IIpeoOpa3oBaHus TUIIOB

W

E
poBAUERCKG
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lamma-koppekuus. NMocnepoBatenbHbIU AOCTYMN K NaMATH

O HcnpaBuM ko1 Tak, 9TOOBI KOMITMIIATOPY OBLIO TTOHATHO, YTO JIAHHBIC
JIEKAT B MAMSITH MOCIIEA0BATEIBHO.

void nonlinearCorrection(int height, int width,
IntensityType* pixels, IntensityType* result)

{
#pragma ivdep

for (int i = @; i < height * width * N_CHANNELS; i++) {
result[i] = correctPixelIntensity(pixels[i]);

}
}

L 3OT10 momorkeT ucrnpaBuTh OAHY U3 IPOOIEM, HaliIEHHBIX
pOOUITUPOBIINKOM.

WBEPCy
1!‘:\““:5“;"}
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‘ lamma-koppekuus. NMocnepoBatenbHbIU AOCTYMN K NaMATH

Bepcus Bpewms, cek

basoBas 0,245
3aBMCUMOCTM NO AaHHbIM 0,334
Kntoy -xHost 0,164
PasBopaynBaHue uukna 0,066
NocnepoBaTtenbHbLIM AOCTYN 0,046

O Kommumsarop creaepupoBail 6ojiee IpoCThie HHCTPYKITHH.

““““““
aaaaaaaaaaaa
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‘ ramma-koppekuus. NpeobpasoBaHnAa TUNOB

d MaccuB nukcenei umeeT Tam UINt8 t (1 GaiiT). MaremaTndeckas QyHKIUS
BEIuncisgeTcs ¢ Tunom float. Bo3nukaroT npeoOpa3oBaHus THIIOB.
 Bbyaem XpaHuTh MUKCENN M3HAYaaIb5HO B MaccuBe Tuma float.

using IntensityType = float;

Bepcus Bpems, cek 311eCh

BasoBas 0.245 KOMITUJISITOP caM
3aBUCMMOCTM MO AaHHbIM 0,334 2QJOOINLY 0G0l DLl
C IIpeoOpa3OBaHUSIMU
Kntoy -xHost 0,164 THIOB. DTO
PasBopaynBaHune uukna 0,066 IPOUCXOIUT
[MocnegoBaTenbHbIM AOCTY 0,046 HE BCeraa
Npeobpa3oBaHus TUNOB 0,044 |

WBEPCy
1:\Dﬁwzac“otsr
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‘ ramma-koppekuus. NpeobpasoBaHnAa TUNOB

LOOP BEGIN at C:\gamma rgb v5 typel\gamma rgb v5 type.cpp(28,2)

Bo3moxHO,
CTOUT HOIIPOOOBAThH
BBEIPABHUBAHHUE

JaHHBIX (agpec

remark #15389: vectorization support: reference pixels[i] has unaligned access
remark #15389: vectorization support: reference result[i] has unaligned access
remark #15381:| vectorization support: unaligned access used inside loop body
remark—4#3+5365+ vectorization support: vector length 8§ |
remark #15309: vectorization support: normalized vectorization overhead 0.212
remark #15300: LOOP WAS VECTORIZED
remark #26013:| Compiler has chosen to target XMM/YMM vector.
Try using /Qopt-zmm-usage=high to override
remark #15450: unmasked unaligned unit stride loads: 1
remark #15451: unmasked unaligned unit stride stores: 1
remark #15475: --- becig
remark #15476:
remarh #1542 Jlta AV X512 makcumaibHast
remark #1°5
remark #’ JJIMHA BEKTOPHOI'O pCrucCtpa
remark—# —
LOOP END 16 snemenrtos Float32, o

MCTIOJIB3YIOTCSI PETUCTPHI JJIAHBI 8

AJIEMEHTAa KpaTeH
16, 32 nim 64)

'u H. Hoeropop, 2022
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‘ [amma-kKoppekuus. BbipaBHMBaHue MaccuBoB

a

a

a
a

a

maEPCuT
1!‘:‘Dﬁwzac“w5r

0

Beigennm naMaTh Tak, YTOObI Ha4a0 MacCHBa HaXOAMJIOCH I10 aApecy, KpaTHoMy 64
(3TO CBSI3aHO C Pa3MEPOM K3III-JIUHUN ).

J1J1s og00HOT0 BEIACIICHHS IaMATH €CTh CICIUaIbHbIC (DYHKIIMH, HAIIpUMED,
memalign (Cu) nu std::aligned_alloc (C++17).

[lepen mMKIOM yKaXkeM, 4TO JaHHBIC BRIPOBHEHBI (#pragma vector aligned).

Bepcusa Bpewms, cek

MpeobpasoBaHus TUMNOB 0,044

BbipaBHuBaHue 0,044

[IpenynpexaeHue B oT4eTe 00 ONTUMHU3AIMYU TPONAJI0, HO BpEMs HE U3MEHUIIOCH.
B cOBpeMEHHBIX ONTUMU3HUPYIOIINX KOMITHISTOPAX ONEPaATOp NEW yKE yUUTHIBACT
BBIPABHUBAHUE.

Ha HekoTopbIX HHPPACTPYKTypax SBHOE BHIPABHUBAHKE TAHHBIX YCKOPSET KO/I.

H. Hoeropop, 2022 BekTopusauus umknos. O6Lime NpMHUMMGI U UCMONb30BaHME KOMNUASTOpa

40/52



‘ lamma-koppekumus. Ucnonb3oBaHue 512-6UTHLIX (zmm)
perncTposB

U Crommmmmpyem nporpammy ¢ kinrodoM /Qopt-zmm-usage=high, rem campim
3aJICKCTBYEeM perucTphl JuHou 512 out (16 snmementos float).

Bepcus Bpewms, cek

Bba3oBas 0,245

YckopeHue

3aBUCUMOCTM MO AAHHbIM 0,334 7,65 pa3 OTHOCUTEIHHO
Kntoy -xHost 0,164 0a3oBoil Bepcuun. Bpems
PasBopaunBaHue LUukna 0,066 pabOTEI ONpeenIeTcs
[NocnepoBaTenbHbLIN JOCTYM 0,046 praiisatinen Std.;pow

Y MIPONYCKHOU
[lpeobpas3oBaHnsA TUMNOB 0,044 G O
Zmm perucTpbl 0,032 | TAMSITH

wwwwww
rrrrrrrrrrrr
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lamma-koppekumus. Acnonb3oBaHue 512-6UTHBLIX (ZMM)
perncTposB

z . Function Call Sites and s 4 Performance | CPU Time Type Wh. | Vectorized Loops Instruction Set Analysis
g Loops Issues Total Time Self Time No .| vector ISAw | Efficiency | Gain...| VL (... | Traits Data Types
g _svml_powf16_z0 0,078s1 0,047 @ Vector Function AVX512 16 2-Source Permutes; A ... Float32: Ulnt32

+" [loop in nonlinearCorrection 0,157s0 0,080s @@  Vectorized (Body; Peeled) AVX512 ~100% | 19,75x 16 Mask Manipulations Float32: Int32; Ulnt32

JlnnnHa

BEKTOPHOTO
OueHka yCKOpeHus OT perucrpa

BEKTOpHU3aIuu 0ojbIiie 16X. 16
PeanbHOE MOKET OBITH MEHBIIE. W 371eMEHTOR
Hanpumep, MoxkeT CHUXKAThCSA Float32
4acTOoTa Mpoueccopa npu
ucmnojb3oBanuu SIMD
VHCTPYKIIAN

Advisor O} bhEeKTUBHOCTH
BEKTOPHU3AINH,

paccurTaHHasl
PO UIMPOBITAKOM.
OTtHo11IeHNE OIIEHKHU
YCKOpPEHHUS K JIJTUHE
BEKTOPHOTO
perucrpa

OOJIBIIIE
HE «BUIIAT

npooseM
B OCHOBHOM
[UAKJIE

WBEPCyrp
1!‘:\#“:3@%57-
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[amma-KoppeKkuusa. JlocTyn K naMmATU C LLarom

1 YacTo RGB m300pakeHns XpaHAT TakK, YTO KaXKJIbIH ITUKCENb 3aHUMaeT 4 Oaiira.
[Tocnenuuii 0alT HE XpaHUT MHGOPMAILIHIO (aapeC MUKCEIIsl KpaTeH CTENEHHU 2).

const int N_CHANNELS = 4; // RGB + reserved

void nonlinearCorrection(int height, int width,
IntensityType * pixels, IntensityType * result)
{
#pragma ivdep
for (int i = @; i < height * width * N_CHANNELS; i+=N_CHANNELS) {
result[i] = correctPixelIntensity(pixels[i]);
result[i + 1] = correctPixelIntensity(pixels[i + 1]);
result[i + 2] = correctPixelIntensity(pixels[i + 2]);
// result[i + 3] He obpabaTbiBaeTCH

WBEPCu
1:\Dﬁwzac“ofr
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‘ JocTyn K namMATK C LLarom

Bepcus

Be3 BekTopM3aumu 0,209 5,5 pas

C BekTOpm3aumemn 0,038
_ _ CPU Time Wh. | Vectorized Loops Instruction Set Analysis
+| [=| Function Call Sites and Loops & ¥ Performance Issues Type '
Total Time | Self Time No .| vector..w Efficiency | Gain...| VL ... | Traits Data Types
_svml_powf16_z0 0,139s 1 0,124s @ Vector Function AVX512 16 2-Source Permut... Float32: Ulnt32
[loop in nonlinearCorrection at ga ¢ 1 Possible inefficient memory access... 0,218 0 0,078s@  Vectorized (Body) AVX512 13,59x 16 Gathers; Scatters h Float32: UByte

HemnocnenoBarenbHBIN ChenuajibHbIe
JOCTYII K TaMSITH S dexTHBHOCTE MHCTPYKIMH
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‘ PacyeT cpeagHen MHTEHCUBHOCTU (peayKuus)

const int N_CHANNELS = 3; // RGB O Cuuraem cpenHee 1Mo KaXJI0My U3

std: :tuple<float, float, float> average( OBCTOBBIX KaHAJIOB. Ha ocHoBe AAHHON
int height, int width, float* pixels) UH(POpPMAIIUU MOXKHO BBITIOIHATH

{
float avgR = 0.0f, avgG = 0.0f, avgB = 0.0f; KOPPEKIHIO LBETA.

#pragma ivdep Bepcml BpeMSI, cekK

for (int i = @; i < height * width; i++) {
avgR += pixels[N_CHANNELS * i]; Bes BekTopusauum 0,011

avgG += pixels[N_CHANNELS * i + 1];
avgB += pixels[N_CHANNELS * i + 2];

}
O Iluka BeKTOpH30BaH.
avgR /= height * width;

2veG /- height * width: O Pesynbrar KOPpEeKTHBIH,
avgB /= height * width; HECMOTPSI Ha 3aBUCHMOCTH T10 JaHHBIM.
return std::make_tuple(avgR, avgG, avgB); J MMamsre — «Y3KOC I'OPJIBIIIKO»

} (bottleneck) npunoxeHus.

C BekTopusauuen 0,009
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UHTerpanbHoe nsoodbpaxeHune

O Eme ogud npuMep — BBIYUCICHUE HHTETPAIbHOI0 H300paXKEHUSI.
O Ilycts I(x,y) — ucxomuoe uzobdpaxenwe, L(x,y) - ero HHTErpaibHOE IPEACTABICHUE.

L(x,y) = I(x,y) + L(x,y—1) + L(x—1,y)-L(x—1,y—1)

O HuterpansHoe n300pakeHUE HCIIONB3YETCs, HAPUMED, B 3a/1a4aX pacro3HaBaHUs
JIU1 Ha U300paKeHUH.
L C ero moMoripo OBICTPO BEIUUCISACTCS CyMMa ITUKCENICH B IPSIMOYTOJIbHHUKE.

(0,0)
A B S(D) =
(x,y) S(ABCD) — S(AB) — S(AC) + S(A) =
L(x,y) —L(x",y) = L(x,y") + L(x',y")
C D

wwwwwww (x,y)
1!‘:\Dﬁwzac“orff !
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‘ UHTerpanbHoe nsoodbpaxeHune

void integral(int height, int width, float* pixels)
{
for (int i = @; i < height-1; i++) {
#pragma omp simd // BHyTpeHHuMIA (nocne pa3BopayYnMBaHUA CNeAYHIEro) LUK
for (int j = 0; j < width-1; j++)
#pragma unroll // pa3BopaymBaHue uUMKIQ U3 3-X UTepauui
for (int k = @; k < N_CHANNELS; k++) {
int index_i@ jo = (i * width + j) * N_CHANNELS + k;
int index_i@ j1 = (i * width + (j+1)) * N_CHANNELS + k;
int index_il j@ = ((i+1) * width + j) * N_CHANNELS + k;
int index_il1 j1 ((i+1) * width + (j+1)) * N_CHANNELS + k;
// 3anucb pe3ynbTaTa B TOT Xe MaccCuB
pixels[index_il jl1] = pixels[index_il jl1] - pixels[index_i@ jO] +
pixels[index_ il j@] + pixels[index_i@ ji];

}
}

WBEPCy
1!‘:\Dﬁwzac“°};"‘r
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‘ UHTerpanbHoe nsoodbpaxeHune

U B ogHomMepHOM ciaydae 3amada BEIPOXKAACTCS
B IIOJACYET HAKAIUIMBAEMBIX CYMM MacCHBA.
u #pragma omp simd
for (int 1 =0; 1 < N - 1; i++)
arr[i + 1] += arr[i];

{

Hcxonnoe ‘ ‘

U300pakeHHe

Koppektnoe
UHTETpanIbHOE
U300paxeHue,
MOJIyYEHHOE

C OTKJIFOYEHHOMN
BEKTOpH3aALAEU

—

O Bcerma imm Takoi MUKI Oy1eT BEKTOPU30BaH?

WNHuTterpansHOE
U300paxeHue,
MOJIyYEHHOE

CO BKJIFOUCHHOU
BEKTOpH3aLAEH

WBEPCyp
1!‘:\#“:3“%57-
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‘ 3aKknr4veHue

0 BeKTOpHBIE BBIYUCIIEHHUS MOTYT YCKOPUTD BBIIIOJHEHUE POTPAMMBbI B HECKOJIBKO Pa3.

Q YckopeHue 3aBUCUT OT IMHBI BEKTOPHOI'O PETUCTPA, TUIIA SJIEMEHTOB, UX
PACIIOJIOKEHUS B ITAMATH, TUIIA BBINOJIHIAEMbIX MHCTPYKLIUK. MIHOr1a 3a1€CTBOBATh
BEKTOPHBIE BEIYUCIICHUS HEBO3MOXKHO UJIK 0€CCMBICIIEHHO.

O B ciydae 3aBUCUMOCTEM MO JAaHHBIM MEXy UTEPAIUSIMU ITUKJIa BEKTOPU3AIHS MOKET
ObITh HEAD(DEKTUBHOM U JJaXke MPUBOJIUTh K HEKOPPEKTHOMY PE3YJIbTaTY.

O CoBpEMEHHBIE ONITUMHU3UPYIOIMINE KOMITISATOPBI XOPOIIIO CIIPABIISIFOTCS €
ABTOMAaTUYECKOW BEKTOPU3ALUEN IIUKIIOB.

O B HEKOTOPHIX KOMIMIIATOPAX MPEIOCTABIISIOTCS TOMOIHUTEIbHBIC BCIIOMOTaTEIbHBIC
CpEIICTBA.

WBEPCy
1:\Dﬁwzac“otsr
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Hwuxeropoackm rocyqapCTBeHHbIN YHUBEPCUTET
http://www.unn.ru
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http://www.itmm.unn.ru
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