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IMPUMEHEHUE ITOJINMHOMUAJIBHBIX IIPEOBPA3OBAHUN IJISI
BBICTPOT'O BBIYNCJIEHU A JIBYMEPHBIX CBEPTOK

. A. Kamuaosckuii', B. . Crmnsra?

Paccmorpen ObICTPBI aaropuT™M BBIYUCICHUS IBYMEPHBIX CBEPTOK, OCHOBAHHBIN HA TOJMHOMUAJIb-
HbIXx npeobpazosanusax Hyccbaymepa. Ilpemmoxxena ero sdpdexkTrBHasT TPOrpAMMHAs PEATIIAIUS C
ucnoab3oBanuem Habopa SIMD-uncrpyknuit Intel AVX. Tlokazano, 910 /st OrpaHUYEHHOTO JUaTia-
30Ha pa3Mepos sjep gocruraercsa 50% yBesnmyeHne Mpon3BOANTEILHOCTI BLIMACICHUI 110 CPABHEHHIO
C IPSIMBIM aJITOPUTMOM M METOJIOM OBICTPOil CBEPTKHU Ha OCHOBe ObICTPOro mpeodbpazoBanus Oypbe,
peanuzoBaHHbIX B 6ubaunoreke Intel IPP.

KimioueBbie ciioBa: gByMepHasi CBEPTKA, MOJMHOMHUAJIBHBIE TPE0OPA30BAHNS, OBICTPHIE AJTOPATMEI.

1. BBegenue. BoranciimresibHas CJIOXKHOCTD SIBJISIETCS] BayKHOM XapaKTEPUCTUKON aJIrOPUTMOB, OT KOTO-
Ppoii 3aBUCUT BpeMsi, HeOOX0UMOe J1jist 00pabOTKN HEKOTOPOT'O 06'beMa JIAHHBIX Ha, MMEFOIIEMCs BBIYUCTUTETBHOM
obopynosanuu. TpeboBanme 06pabOTKN JAHHBIX B PEAJHHOM MACIITabe BPEMEHU HAKJIAIbIBACT OTPDAHNICHHS HA,
OBICTPOIEHCTBIE IPUMEHSIEMBIX AJTOPUTMOB. B psijie ciydaeB M3MeHEHNe CTPYKTYPhI AJITOPUTMA MOYKET TIPUBe-
CTH K CYIIECTBEHHOMY COKPAIIEHUIO KOJIMIECTBA apU(PMETHIECKUX OlePaInii, HEOOXOIUMBIX JIJIsl €r0 BBIYUCTIE-
HUsI C IPUEMJIEMOI TOYHOCTBIO. Takast MOMUIIIPOBaHHASI BEPCHS aJIlOPUTMa HasbiBaeTcs ObicTpoii. Hanbosiee
PaCIpPOCTPAHEHHBIM IPUMEPOM OBICTPOrO AAropuTMa siBjsiercsi GbicTpoe npeobpazosanne Pypre (BIID), nme-
OITee ACUMITTOTHIECKYTO CJIOXKHOCTh O(N log (N )), B TO BPEMsI KaK CJIOXKHOCTB TIPSIMOTO AJITOPUTMA O(N 2) [1].

Ilepssrit anmropurm BII® mo ocHoBanmio 2 ¢ mpopeKuBaHUEM IO BpeMeHH, npeoxkeHubrit Kymn—Trokn

B 1965 r., mis OgHOMEPHOTO CcHrHajIa TPEOOBAJ §N logy, N komIIeKcHBIX yMHOXKeHH 1 Nlogs N KOMILIeKC-

HBIX cjoxkeHui. Tak Kak Ipou3BeieHre KOMIUIEKCHBIX YHCeJI BBIIOJIHAETC 3a 6 omepanuil (3 ymHox)eHus u 3
cytozkenust) [2], To obilee YUCI0 BEIECTBEHHBIX apruMeTHIeCKUX OLEPAIi B 9TOM aJrOPUTME COCTABJISET

FLOP = 5Nlog, N. (1)

IIpocrefimumM criocob6oM BBIMUCIIEHUS JIBYMEPHOTO JUCKPETHOro npeobpaszosanust @ypbe (AIID) sipasiercst
CTPOYHO-CTOJIOIEBON METOJ, B KOTOPOM cHadvaJia Beraucsitorcss M N-roueunbix IIID-crpok, a zatem N M-
toyeunbix JII1®-cronbmnos. Caenosarenbo, npu ucrnosab3oBannun BIIO Kymu—Twioku jiyist 5TOr0 moHao0uTcst
5M Nlog, (M N) onepanwmii. Bosiee cioxuble MeTObI, uMerone 66IbIIyI0 3bMEKTUBHOCTD IIPU BBIYUCIECHUN
nsymepuoro JI1®, moxkuo Hajitu B [2].

OpHoit n3 6a30BBIX omepanuii B 00paboTKe M300paskeHnii U CUTHAJIOB SIBJISIETCS TTPOCTPAHCTBEHHAST (DUITH-
Tpalusi, UCIIOJIb3yeMasl JIJisl CIVIayKUBaHUs, yaJeHusl [IIyMOB, BbIJeJIeHNUs] IPU3HAKOB 1 Jp. IIpocTpancTBeHHas
dusbTpalms OCyIecTBIsIeTCs IIyTeM cBepTKE n3o0paxkenusi X pasmepa M X N ¢ HEKOTOPOU IIPSIMOYTOJIBHOMN
marpuneit H (sapom ceeprku) pazmepa U X V| cocrosieit u3 koaddunuentos dbuibrpa:

U-1v-1
Y=X5H:Ymn=»_ Y Tmuwnvhw, m=01.. . M-1 n=01,... N1 (2)
u=0 v=0
Kak MOXKHO 3aMeTHTb, CJIOKHOCTH BbIUHCJIEHUsI cBepTKU 10 dopmyie (2) cocrasaser O(MNUV), te.

3Ta onepanys He SBJIAeTCs BLIYUCIATEIbHO 3(P(MEeKTUBHOI, 0COOEHHO JI n300paskeHuii 1 (PUILTPOB GOJILIIOTO
pasmepa. OJHAKO € TIOMOIIBIO TEOpeMBI 0 cBepTKe [1]

F(X «H) = F(X)F(H) (3)

u asropurma BII® duibrpanus n300parkennii MOXKeT ObITh OCYIIECTBJICHA C CYNIECTBEHHO MEHBIIEH ACUMIITO-
TUYIECKOMN CJI0?KHOCTBHIO O(M Nlog, (MN )) pu yeaosun, uto D g spupa H BbIOsHEHO 3apaHee.
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Takum obpazom, M N (1010g2 (MN)+ 1) BeIlleCTBEHHbBIX Ollepaluii Tpedyercst Jjisl BBIYUCIEHUSI JIBYMEPHOA
cBepTku ¢ ucnojib3oBanneMm BII® Kymu—Topioku. [[ns npsiMoro BbramcieHus cBepTku neodbxomumo 2M NUV
oneparnuii, mosromy ObicTpbiii aaropurm abdexrusen npu UV > 5log, (M N). Hanpuwmep, mius dunbrpanun
n300paxkenusi ¢ paspererneM 640 x 480 mukcesei ¢ TOMOIBIO KBaIPATHOTO BUIBTPA cirefyer npuMenats BIID,
ecym pa3mep siapa npesbiraeT 9 X 9 orcyeros. OHAKO K HACTOSINEMY BpeMeHH pa3paboTaHO MHOYXKECTBO Hojiee
s dexruBabIX anropurmoB BIID, crpemsamuxcss yMEHbIIUTD OCTOAHHBIA MHOXKUTeIb B (1). Tak, misa BIID co
CMeNIaHHBIM OCHOBAHMEM 3TOT MHOXKHUTEJDb paBeH 4 [3], a st mogudunuposannoit sepcun BIID, npeyioxkeHHON
B 2007 1. TxkoHcoHOM 1 ®@purrom, cocrasisier 34,/9 [3], mpu 9TOM TOUHAST HUXKHsISI TPAHUIA TPEOYEMOro IHCIa
onepanuit Hem3pecTHa. OIHAKO B 9TUX AJITOPUTMAX UCIIOJIB3YIOTCSI CJIOXKHBIE CXeMbl OPTAHU3AIINN BBIYUC/IEHUI,
[IO9TOMY peaJibHasi rpaHuIa 3pOEKTUBHOCTH TOTO WJIM UHOTO METO/Ia 3aBUCUT OT €r0 IPOTPAMMHON peasn3alinn,
0CODEHHOCTElH anmapaTHOi MIaTGOPMBI 1 00 beMa 00padbaTHIBAEMBIX JAHHBIX.

2. ITpocrpancTBeHHas huIbTpanmus U300pa>KeHMil ¢ UCIOJIb30BAHUEM IUKJINYIECKUX CBEPTOK.
Opaum u3 HepocTaTkoB BII® siBjisiercst UCIOJIb30BaHUE KOMILJIEKCHON apudMETUKU U OTHOCUTEIHLHO OOJIbIION
pacxos maMsIT. B TO 2Ke BpeMs CYIIEeCTBYIOT U JIPYTHE TOJIX0/Ibl K YMEHBITEHUIO YUCTIA OIIEPAIA TTPU BBIYUCTIE-
HUU AByMEPHBIX cBepToK. OJuH U3 HUX, IpeIoKeHHblil HycchaymMepoM, OCHOBaH Ha MCIIOJIb30BAHUN ITUKJIIIe-
CKOI CBEPTKU U MMOJMHOMHAATIHLHOM ITPE0OPA30BAHIY BXOJHBIX JAHHBIX. Jlasiee OyayT mpuBe1eHbl OCHOBHBIE UIEU
9TOr0 MeTo/ia, IOAPOOHOE ONUCAHUE KOTOPOIO MOXKHO Hafitu B [2].

Beeziem nonsiTre NuKIMYecKoii (M Kpyrosoii) ceeprku. B ciydae NUKIMIECKONH CBEPTKH IIPEJIIIOIAraeTCs,
9TO JIuCKpeTHble curHaibl X m H — mepuogumtdeckne ¢ oauHakoBbIM mepuoyioM. Ecimm X u H mupejicraBieHb
aByMmepHbiMu MaccuBaMu N X N, TO NMUKJIUIECKYIO CBEPTKY MOXKHO 3aIMCATh B BUIE

N—-1N-1
Ymn = Z Z Tm—u,n—v huv; m,n = 0; ]-7 . '7N -1 (4)

u=0 v=0

MO2KHO 3aMETUTD, YTO €CJIU JOIOJIHATD HYJISIMHE $IPO JINHEHHON CBEPTKH JI0 Pa3Mepa N300parkeHus U BbIYUCIUTD
[UKJINIECKYIO CBEPTKY, TO OTCUETHI [IUKJINIECKONH CBEPTKU COBIIAJLYT C OTCUeTaMU JUHEHHOH ceeprku B (M —U +
1) x (N =V + 1) Toukax. IIpu 9T0M 3a cueT HCIOIB30BAHHS OBICTPBHIX AJTOPATMOB BBIUNCICHUS IIUKJIMIECKAX
CBEPTOK MOXKHO JOOUTHCA CYIIECTBEHHOI'O COKPAIIEHHS KOJMIECTBa apU(MMETHIECKUX OllepaIiil.

Pacemorpum omromepryto muckpernyio cBeprky curnaios X u H ggumast M u N COOTBETCTBEHHO:

N-1
ym:me_nhn, m=0,1,.... M+ N — 2, (5)
n=0

rie ,, u h,, — BeIleCTBEeHHbIE YKCJIA.
-1

M
Ecsin npejicraButh guckpernbie curdasibl X u H B Bujie noJuHOMOB 110 iepeMentoit Z: X (Z) = g T 2™
m

=0
N-1

n H(Z) = E hn Z™, TO orcueThl cBepTKH (5) MOYKHO BBIUUCINTEH KaK [IPOU3BEIEHUE ITUX HOJINHOMOB

n=0

M+N-—-2
Y(Z)=X(Z)H(Z)= Y ymZ™
m=0

BeesieM moHsATHE OCTATOYHBIX HOJHHOMOB. [lommuoMm P(Z) sBisiercs jenumreseM nosuHoma X (Z), ecan
MOXKHO HaiiTu Takoil nosmaoMm D(Z), miasi KoToporo BeinosHsieTcs: cootHoinenne X (Z) = P(Z)D(Z). Tonn-
HOM X (Z) Ha3bIBAETCSI HENPUBOJMMBIM, €CJIU TOJBKO €r0 €JMHCTBEeHHBIMU JIEJINTENSIMA ABJISIOTCS HOJINHOMBI
P(Z), crenenn xoropsix pasusl 0. Eciin P(Z) ne sBustercsa gennrenem X (Z), to nupu nenennu X (Z) na P(Z)
obpasyercs ocratok R(Z):

X(Z) = P(2)D(Z) + R(2).

D70 1pe/ICTABIIEHNE €IMHCTBEHHO. Bee TIOJIMHOMBI, KOTOPBIE IpH JlesieHnn Ha P(Z) narT oJ@H u TOT YKe 0CTaTOK
R(Z), naswiBatorcst cpaBHuUMbIME 110 Moayio P(Z): R(Z) = X(Z)mod P(Z).
HermocpeICTBEHHO U3 OIPEJIEJIEHNs] CPABHIMBIX 110 MOJIYJIIO TIOJMHOMOB ciiejyer, uro ecian X (Z) u Ry (2)
HOIIAPHO CPABHUMBI 110 MOJYJIH0 P(Z), TO M UX CyMMBI Z Xi(Z), Z Ry (Z) n upoussenenus [[ Xi(2), [[ Rk(Z)
. k k

k
TOXKE CPaBHUMBI 110 MO0 P(Z).
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C ocTaTOYHBIMU [IOJIMHOMAMHY CBsI3aHA KuTafickas Teopema 06 ocrarkax [4]. IIpeanonoxum, uro P(Z) ectsb
d
nponssesienne d moymHOMOB 6e3 obmnx muoxureneit: P(Z) = [[ Pi(Z).
i=1

CoryacHo KuTaiicKoii Teopeme 06 ocTaTkax, J106oil MHorowten X (Z) crenenn e Gosbiueit deg (P(Z)) mo-
KeT GBITH OJIHO3HAMHO NIPEJCTaBIIeH B Buje nociuenoparensioct R = (Ry(Z), Ra(Z), ..., Ra(Z)), rae Ri(Z) =
X(Z)mod P;(Z).

ITpu sToM MHOTOWIeH X (Z) MOXKET ObITh BOCCTAHOBJIEH 110 OCTATKaM R;:

- Omod F;(Z), 1i#7, d
X(Z)=>_ Si(Z)Ri(Z)mod P(Z), rtme SjE{lmodP-((Z)) ij ‘ 11

i=1

rae T;(Z) oupenensrorcs uz dbopmynsr T5(Z) Hga:ﬁl Pi(Z) =1mod P(Z).
i#]

Kwuraiickas TeopeMa 00 0CTATKaX UI'PAET IEHTPAIBHYIO POJIb P BBIYNUCICHHN CBEPTOK, TAK KAK OHA I103-
BOJISIET 3aMEHSATH Bbrumcienue npoussenerns X (Z)H(Z) nsyx GoJbIINX HOJIHHOMOB 1o Moxymo P(Z) na d
uponssenennit X;(Z)H;(Z) no monymo P;(Z) 3Haqure bHO MEHBIIUX IIOJHHOMOB.

OmmineM croco6 BLIMUCIICHAS ABYMEPHOIT IuKImaeckoil ceepTku. CBeprka (4) mpejcraBuMa B BHJIE OJIHO-
MepHOil CBEPTKH MOJIMHOMOB 110 Mostyiio ZN — 1:

N-—1
Y, (2) = Z Xn-v(Z)Hy(Z) mod (2N - 1),
v=0
N-1 No1 (6)
Xn(Z2) =Y 2mnZ™, n=0,1,...,N—1; Hy(Z)=Y hwZ" v=01,. N-1,
m=0 u=0

[JIe OTCYETHI Yy TOJIyHdaIOTCH U3 N 110MHOMOB Yy, (Z) 1myTem BoiGopa koadbduimenros upu Z:
N-1
Yo(Z) = ymnZ™, n=0,1,...,N—1.
m=0

Hpenonoxkum, uto N = g, Ijie ¢ — HeueTHoe IpocToe ucio. B atom ciiyuae (Z7 — 1) spisiercs nponsse-
JIeHHeM JIBYX MUKJIOTOMIIecKnX nommuaoMos: Z9 — 1= (Z —1)P(Z), P(Z) =291 + Z972 + ... + 1.

HuksioroMu9ecKue OJIMHOMbBI HEIIPUBOIMMbI HAJL 1I0JIeM paluoHabHbIX duces. [Tockoubky Y, (Z) oupene-
JIEH 110 MOJLYJIIO (Z 7 — 1), OH MOKeT ObITH BBIYHCJIEH IOCPEICTBOM tpusenenus X, —,(Z) u H,(Z) no momymo
(Z — 1) u P(Z), muoxuresneit (Z9 — 1), BbIMUCICHAs TOTHHOMHAIBHBIX CBEPTOK Y1, (Z) = Y, (Z) mod P(Z)
u Y2, (Z) = Yo(Z)mod (Z — 1) Haj npuBeleHHBIMU NOJIMHOMAMHU U TIOCJIEYIOIIEr0 BOCCTaHOBIeHUs Yy, (Z) B
COOTBETCTBUM C KUTAHCKOil TeopeMoil 06 ocTaTKax:

Yo(2) = S1(Z)Yin(Z) + So(Z)Yon(Z) mod (27 — 1),
1

{Sl(z)l, S2(Z) = 0mod P(Z), 51(Z)=§[q—P(z)L
pit S1(Z)=0, S2(Z)=1mod(Z —1), 52(2):1]3(2).
q

Taxum o6pasoM, Jyist moyderns Y, (Z) tpebyercs BBIIOJHATH JiBe MOJINHOMHUAJbHBIE CBEPTKU Y1,(Z) u
Y2,(Z). Tak xak ceprka Ya,(Z) onpeznesnena no moaymo (Z — 1), To ee BBIYUCIEHHE CBOJUTCS K CBEPTOIHOMY
MIPOU3BEJICHUIO CKAJIAPOB Xo, U Ho,, MOTYyUEHHBIX OJCTAHOBKON 1 BMecTo Z B X, u H,:

qg—1 qg—1 q—1
Y2n(Z):ZX2,n77jH2v; 77,:0,1,...,(]71; X2n: men; HQvZZhuiw (7)
v=0 m=0 u=0

HauboJiee TpymoeMkumM sBiisiercs oupegesnenue Y1, (Z). Hus ero yupomenus Hyccbaymepom 6bLI0 1pesi-
JIOXKeHO npeobpaszoBanne X (Z), uMmeroniee Takyio ke cTpyKrypy, kak u 1D, HO B KOTOPOM KOMILIEKCHbIE
9KCIIOHEHTHI 3aMEHEHbI HA CTEIIeHH [IePEMEHHON Z, a BCe OlePAlluy BBINOJHSIIOTCA 110 MO0 P(Z):

Xe(Z2)=Y X1,(2)Z"mod P(Z), k=0,1,....q—1; X1,(Z) = X,.(Z)mod P(Z). (8)
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O6paTtHoe 1peobpa30BaHue OIPEIEIISIETCS] B BUJIE

—1
Xu(2)Z7™"mod P(Z), Z ™k =z"Unk pn—01,... ,¢-1. (9)
0

Q

X1.(2) =

| =
Eol
Il

HokazaHo, 4ro nosuHOMUAJbHBIE TpeoOpasosanus (I1IT) obsagaoT cBOMCTBAME IMKIMYECKON CBEPTKH,
a BeIpaxkenue (9) siByisiercst oOpaTHBIM 10 OTHOIMeEHUo K (8), T.e. mus IIII copaBemyM aHAJIOr TEOPEMBI O
ceeprke (3). Ucnonb3ys 910 CBOHCTBO, Y1, MOXKHO BBIYUCAMTHL ¢ HOMOINLI Tpex IIII u ¢ mosmHOMUAIBHBIX
ymuOKennit X, ., (Z)H,(Z), onpenenennex mo moxymio P(Z). Bosee obiee ompe/eenne MOJTHHOMIATLHBIX
peobpa3oBaHuil, OIIMCAHHOE B [2], I03BOJIIeT AaHAJIOIMYHBIM CIIOCOBOM KOHCTPYUPOBATH AJrOPUTMbI BBIYUCIICHU
JUTsL ¢°~TOYEUHBIX [UKJINIECKUX CBEPTOK (¢ — npoctoe, ¢ € N).
Cxema BBIYUCJIEHUS] [IUKJINIECKON CBe-
prku uepes 1111 nokazana na puc. 1. IIpes-
[10JIATAETCsI, YTO BCE BBIYUCJICHUS JJIsT siJT-

YnopsiioueHue MoIuHOMOB

pa H BbInOJIHEHBI 3apaHee, TaK KaK OOBITHO |

OHO W3BECTHO M pUKCHpoBaHo. Kpome To- ¢ ¢

ro, OTMETHUM, YTO HOJMHOMHUAJILHBIE TIPEOs-

Pa30BaHMsl BBIMOJHSIOTCS TOJBKO C HMOMO- [Tpusesnenue no mozyio P(Z) [puBenenue mo Moy Z-1
HIBIO OIIEPAIMIl CJI0KEHUSI U IIPOCTOTO CJIBU-

ra Ko UINEHTOB B IOJUHOME CTEIIeHU

¢, & eIMHCTBEHHBIC YMHOMKCHHs, HEOOXOIU-

Mble ISl BBIMHC/JIEHHs JByMEpHOH cpepr- | lI0MMHOMHAIbHOE peodpasoBanie

ki (6), COOTBETCTBYIOT OJHOW ¢-TOYETHOMN o moaysio M(Z) v

ceeptke (7) U ¢ IPOU3BE/ICHNUAM TIOJMHOMOB g-TOuEuHAs CBEPTKA
S1(Z)X—v(Z)Hy(Z) mo wmopymo P(Z). v

B [2] moka3ano, 9TO ecyy oneparii CBEpTKH ¢ TIOTMHOMHATBHBIX YMHOKCHHI

U TIPOU3BEJCHHSA MTOJUHOMOB BBITOJHAIOTCS 1o Motymo P(Z)

¢ MUHMMAJIBHBIM YHUCJIOM YMHOMKEHHH, TO

BBIYUCJICHUAE ¢ X (-TOUCIHON HMUKJIUIECKOH v v

CBepTKH (¢ — HPOCTOE) OyIET BEIIOIHEHO OG6paTHOE MOTMHOMHUAIEHOE Boccranosnenue no KuTaickoi
3a TE€OPETUIeCKN MUHUMAJBLHO BO3MOXKHOE | mpeoOpa3oBaHHE IO MOAYIo P(Z) > Teopeme 00 ocTaTkax

KOJIMIEeCTBO YMHOXKeHuil. Berauciienne nuk-
JITYECKUX CBEPTOK paszmepa N = H qr (T.e. Puc. 1. Cxema BbIYMCIIEHUST IIMKJINIECKOH cBepTKH ¢ noMornbio 11T [2]
k

N € N) ¢ noMOoIIpI0 NOJIMHOMUAJIBHBIX TIPe00pPa30BaHUN MOYKET ObITh BBIIIOJHEHO C MCIOJIb30BAHUEM I'HE3/I0BBIX
AJITOPUTMOB [2], KOTOpBIE TI03BOJISIFOT PEo0pPa3oBaTh IBYMEPHYIO (¢1¢2 X ¢1¢2)-TOUEUHYIO CBEPKY B YeThIPEX-
MEPHYIO ([q1 X q1] X [g2 X qg])—ToqeqHon CBEPTKY IyTeM U3MEHEHUs WHeKcanuu. B Tabiiuiie npuBeIeHo KoImde-
CTBO omneparnnii, TpedyeMbIX JJIs BBIYACIEHUS IBYMEPHBIX IMUKInYecKnx csepTok depe3 111 nmpu ncnosnp3oBanun
OBICTPBIX AJIFOPUTMOB [IPOU3BEJEHUI IOJMHOMOB, ONUCAHHBIX B [2]. BbICTpBIE a/rOpUTMbI BHIYUCJICHUS [1OJIH-
HOMuaJbHBIX npeobpazosanuii (BIIIT), Tak ke kak u BII®, M03BOJSIIOT MHOIOKPATHO YCKOPUTH BBIYHMCJIEHUE
MUKJTAIECKUX CBEPTOK.

Jljisi TpoCTpaHCTBEHHOM (DUIbTpalny n300parkKeHnil Yepe3 MUKJIMYECKYI CBEPTKY IPUMEHSIIOTCS MEeTOIIbI
CEKIMOHUPOBaHUsI. B Hacrosimieil pabore MCIOIb3yeTcss METOJ IIEPEKPBITHS C OTOPAChIBAHUEM, [IPU KOTOPOM
n300pakeHne MOKPHIBAETCs IUKJInIecKuMu cBeprkamu pasmepa N ¢ marom N — U + 1 mo kaxmoit ocu, rie
U — pasmep spa JHUHEHHOH cBepTKH, pu 3ToM ocTasimecs (U — 1)? koabbHImenTos MIKIIIeCKoi cBepTKT
orbpackiBaioTcs. Ha puc. 2 mpuBejieHa 3aBUCUMOCTh KOJIMYECTBa, apU(pPMETUIECKUX Olepaluii, TpebyeMbIX JIJIst
cBepTKH n300pazkenus ¢ paspemenueM Full HD (1920 x 1080 nukc.) ¢ sijipaMu pa3jimaHOro pasMepa pu UCIIOJIb-
3oBaHuM npsimoro ajropurMa (2), BII® (3) ¢ koaddunuenrom C' = 34/9 n NUKANIECKUX CBEPTOK C pasMepaMu
N ={12,36,72,120}. Ucxous u3 TeOpeTUIeCcKOil ONEHKH, IPUMEHEHUE ObICTPBIX MUKIMYECKUX CBEPTOK JIJIsl IIPO-
CTPAHCTBEHHON (puIbTpaIu n300pazkeHuii ONpaBIaHo JJis NIKPOKOrO [uala30Ha pasmMepos saaep (or 5 X 5 1o
37 % 37). DTOT METOJ, BLIUUCJICHUST JIMHEHHBIX CBEPTOK SIBJISIETCS TOYHBIM, OIMCAHIE HEKOTOPBIX IPUOJINKEHHBIX
MeTO/IOB MOXKHO Hafitu B [5].

3. BerunciaurenbHblii 3KcniepumeHT. HecmoTpst Ha Teoperndeckoe mpeBocxojictBo BIIIT wayx BII® st
JIOCTATOYHO OOJIBIIIOrO JIMAITa30HA PA3MEPOB sIJIEP, ITOT METOJI YCKOPEHUS BBIUUCICHUN JTBYMEPHBIX JIMTHEHHBIX
CBEPTOK HE IMOJIYIUJI MUPOKOTO PACIIpocTpaHeHusi. ABTOpaM He yJIAJIO0Ch HANTH €ro peasiu3aliiio B ClIeInaIn3u-
POBAHHBIX OUOJIMOTEKAX JIJTsT BBICOKOTIPOU3BOUTEILHBIX Bhrancsenuit, Hanpumep Intel IPP u AMD APP. Tem ne
MeHee, TEOPETUIECKast OIEHKA ITOKA3bIBACT YBEJINYCHIE IPOU3BOAUTEILHOCTH IPOCTPAHCTBEHHON DUIIbTpAInn
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J10 2,8 pasa, 94To UMeeT 3HaUEHHue Jjis 00pabOTKY CUTHAJIOB B peaJibHOM BpeMmenu. 11oaTomy ObLita ocyIiecTBIeHa
peanuzanust merona BIIIT ¢ menbio oneHku ero 3pGEKTUBHOCTU Ha, IIPAKTHKE.

JLyist sKcriepuMenTa ObLiIa, BbIOpaHa IMKINYeCcKas cBepTKa ¢ pa3mepoM N = 36, IOCKOJIbKY OHA JIAeT JIydIliee
YCKOPEHUe BBIYHUCIIeHNH J1J1sT HeBOIbIINX s1/1ep JIMHEHHOH cBepTku (0T 5 X 5 110 11 X 11), KoTOpBIE HanboJIEeE YACTO
HCTIOJIB3YIOTCS B 3aj[a9ax 00paboTKu n3o00bparkeHuii. AaroputM Beraucjenus: ¢cBeptku s N = 36 KOHCTPyUpy-
erca Kax xKombunarms BIIIT ais cseprok pasmepa N = 22 u N = 32 ¢ IIOMOIIBIO THE3IO0BOTO AJITOPUTMA.

Yucmao onepaunﬁ JJIs1 MUKJINYIECKUX CBEPTOK, BBIYUC/ISIEMbBIX C IIOMOHIIBIO 6BICTpBIX IIII u T'HE3/I0BbIX aJI'OPUTMOB [2]

Bricrpole nommHOMuaIbHBIE TTPEOOPA3OBAHUSA
Pasmepsr ceeprkn N X N | IIpsmoit meTos, Yckopenne
Yucsio ymHoxkenuit | Ywucso ciioxkeHnit Bcero
12 x 12 41 472 286 2 638 2924 15,7
20 x 20 320 000 946 14 030 14 976 22,8
30 x 30 1 620 000 2 236 35 404 37 640 45,8
36 x 36 3 359 232 4 246 40 286 44 532 83,4
40 x 40 5 120 000 4 558 80 802 85 360 63,4
60 x 60 25 920 000 12 298 192 490 204 788 134,7
72 X 72 53 747 712 20 458 232 514 252 972 231,2
80 x 80 81 920 000 27 262 345 826 373 088 236,9
120 x 120 414 720 000 59 254 1 046 278 1105 532 396,4
MC
FLOP 80 -
1E+9 npsiMoi 70
9E+8 - BMNMN N =36 npsiMon
8E+8 { BMM N =12 \ 60 - BMM N = 36
7E+8 - \ 50 - \
6E+8 -
sg+g | BMO BANN=72 40 -
4E+8 - \ B,/ 30 -
3E+8 - (== —p—t——0
20 - K
2678 9 ¥ BN N = 36
BMNN N =120 10 =
1E+8 4 /” 6e3 KoBepTaLum
OE+0 i e ey 0 +——T oy
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25
pasmep siipa CBEPTKU pa3mep siapa CBEPTKU
Puc. 2. KonngectBo apudmerniecKkux orneparuii, Puc. 3. Bpemsa dunsrpanun nsobparkenns
TpebyeMBbIX J1isl (PUIBTPAIMYI U300DarKEeHUsI ¢ pazperenuneM Full HD

¢ paspemennem Full HD

MukpoapxuTeKTypa COBPEMEHHBIX IIPOIECCOPOB SABJISETCS CYIEPCKAJSPHON, COMEPKUT BJIOKN TepeyTopsi-
JIOYEHUs] MHCTPYKIUN U NEPEerMEHOBAHUS PETUCTPOB, a UCIOJHUTEIbHBIE YCTPOHRCTBA CIIOCOOHBI BBHITOJIHATD
GOJIBIIIOE KOJUIECTBO PA3HOOOPA3HBIX CKAJSAPHBIX U BEKTOPHBIX Ollepaliii Ha i JaHHBIMA. B CBSA3U ¢ 3TUM IIpo-
U3BOJIUTENHBHOCTh AJTOPUTMA 3aBUCUT HE TOJIBKO OT BBIYUCIUTEIHLHONU CJIOKHOCTH, HO U OT €ro CTPYKTYPbI
(Hayuyune BETBJIEHU, IOPSIOK OOpAIleHHs K MAMATH K JIP.), TUIA JAHHBIX U HMCIIOJb3YEMbIX IIPOIECCOPHBIX
UHCTPYKIUH, 3hHEKTUBHOCTA BEKTOPU3AIMKA U PACHAPAJUICTUBAHUS, & TAKXKE OT CIOCODHOCTH ITPOrPaMMHOMN
peajim3an MaKCUMAJIBHO 3aJ1efiCTBOBATH BOZMOXKHOCTHU annapaTHoil miardopmbr. s nponeccopos Intel pas-
paborana crenmaansupobanHtas 6ubsimoreka Integrated Performance Primitives (IPP), cogeprkaras MHOXKeCTBO
byHKIMIA 11t 00pabOTKK JAHHBIX, BHICOKO ONTUMU3UPOBAHHBIX I10J, COOTBETCTBYIOILYIO AIIAPATHYIO aPXUTEK-
Typy. B TOM Umciie ona comepKuT peasm3anyuy npsSMoro aJropuTMa IByMEPHON cBepTKA U naBymeproro BIIO.

OueBnIHO, IYTO HAUBHAS PEAJTABAIINST OBICTPOTO AJITOPUTMA HE MOXKET IIPEB30WTH [0 CKOPOCTH PADOTHI OIITH-
MU3UPOBAHHYIO BEKTOPHYIO PEau3alliio IIPIMOr0 Pacyera Jake P UCIIOAb30BAHUH CYIIECTBEHHO MEHBIIETrO
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KoJIMuecTBa onepanuii. B csasu ¢ srum peanusanus BIITT Geuia ocymiecTieHa Ha si3bike accembuiepa (inline
assembler gy Intel C++ Compiler) ¢ ucnonbzosanuem zabopa SIMD-uacrpykimit AVX jyia x86-nporeccopos
Intel. AVX-koMaH b1 O1epupyor ¢ 256-OUTHBIMU PErUCTPAMEU U CIIOCOOHBI BBIIOJIHATE OJHY OIEPAIAI0 OJHO-
BpeMeHHO HaJl 8-10 djemenTamu Tuna float. OTMeTnM, 9TO MPU UCTIOTHL30BAHUM OMIHI ABTOMATHIECKON BEKTO-
puzaruu kommmwisitopa Intel C++ Compiler 15.0 mpon3BoguTeIbHOCTD TEHEPUPYEMOT0 KOJIa ObLIa 3HAYUTEIHHO
HUZKE 110 CPABHEHUIO C PyYHOU BEKTOPU3AIUEi.

CTpyKTypa BBIYUACIEHUS] MTOJUHOMUAAJIHHBIX MPeoOpPA30BAHUIN HE IMOJIAeTCS HEOCPEJCTBEHHON BEKTOpPU-
3alliy U3-33 UCIOJIb30BAHUsI HEOUYEBUIHBIX AJIFOPUTMOB IIEDEMHOXKEHUsI U CBEPTKH IOJMHOMOB, CTPEMSIIAXCS
MHUHUMU3UPOBATH KOJIMIeCTBO omnepanuii. [losromy BekTOpm3aimus ObLIa OCYIECTBJIEHA Yepe3 OJHOBPEMEHHOE
BBIYHCJIEHNE 8-MU [TOCJIEI0BATEIHHO PACIIOIOKEHHBIX OJIOKOB MUKIMIECKAX CBEPTOK, KOTOPDHIE HEIIPEPHIBHO I0-
KPBIBAIOT y9IacTOK n30bpazkerus. OIHAKO TAKOH C110cob BEKTOPU3AIUN TPEOYET PeIBAPUTEHHON KOHBEPTAIINN
BXOJIHBIX JIAHHBIX B HOBBIN (pOPMAT, B KOTOPOM ITAKCEJIH yIACTKA M300parKeHnsi, MMEIOIIe OIMHAKOBBIE MHICKCHI
BHYTpPHU OJIOKOB, OKa3bIBAIOTCS PACIIOJIOXKEHHBIMU B IaMsiT psioM. COOTBETCTBEHHO, IIOC/I€ OKOHYAHUS pacde-
Ta BEKTOPHOI'O aJINOPUTMa [IUKJIMIECKON CBEPTKU TPeOyeTCsl BBIIOJHUTH OOPATHYI0 KOHBEPTAIUIO II0JTy YeHHBIX
OTCYETOB.

TectupoBanue peajmsaiuu OLICTPOTO BEKTOPHOIO AJITOPUTMAa BHIYUCIEHUS [IMKJIMIECKOW CBEPTKYU IIPOBOJIH-
Jsock Ha nporeccope Intel Core i7-3610QM, 3,1 I'T'n (Mmukpoapxurekrypa Ivy Bridge) B ogaonorounom pexume.
Cxkopoctb duibrparun u3obpazkenus ¢ pazpemterrem Full HD ¢ nomompsio BIIIT cpaBauBaiacsk ¢ onruMu3upo-
BAHHBIMU peaJIM3aIlusiMU [IPSIMOT0O MeTo1a Bbraucjienusi ceeprku u BII® u3 6ubsmoreku Intel IPP 8.2, koTopsie
TOKe BBIIIOJIHEHBI € UCIIOJIb30BaHneM Habopa nHcTpykimit AVX. Bee BbIYuc/ieHust OCyIECTBIISIIMCH C OJUHAPHOMN
TOYHOCTBIO. 3aMephl BpeMEeHH PabOThI aJIrOPUTMOB yepeaHeHs! o 103 3amyckaM i He BKIIIOUAIOT B cebsl 3aTPaThI
ua sorancsenue BII® u BIIIT s snep ceepku (puc. 3).

Pesynbrars: TecTupoBaHus MOKA3BIBAIOT, 9TO ONTAMAIAPOBAHHBIN AJITOPUTM (DUIHTPAIINH N300PaKeHuil Ha
ocHOBe muKamdeckux ceeprok u BIIII obecneumBaer mopbimenne mponssomuTeabnoctu 10 H0% g pasmepos
syep cBeprku u3 uaTepBada [9 X 9,16 x 16]. IIpu srom eciiu nanuble yKe npeicraBienbl B Tpebyemom dopmare,
1O PUIBTPAIMsS MOXKeT ObITh YCKOpPeHa 10 2,5 pa3 jyisi pa3mepoB sijiep oT 6 X 6 10 20 x 20. Bpemsi Berauciie-
HUsI OJIHON BEKTOPHOM IUKJIMYECKO CBepPTKU cocrasiisier B cpegreM 0,022 mMc, 94TO JaeT Mpon3BOJAUTEILHOCTD
B 16,2 GFLOPS (cMm. Tabiiuily) 1Ipu T€OpeTHYecKOl IPOU3BOAUTEILHOCTH JJisi OJHOTO sjpa uporeccopa B 24,8
GFLOPS. Ormernm, 9To miporieypa mpeIBapuTeIbHON KOHBEPTAIINT JAHHBIX MOXKET OBITH UCKJIIOUYEHA 33 CUeT
ucnoJb3oBanus gather /scatter oneparmii, goctynabix B Habope nHCTpyKiuid AVX2, KOTOPBIE II03BOJISIIOT YIIAKO-
BBIBATH B BEKTOPHBI PETUCTD SJIEMEHTHI, COJIEPXKAIIIECs] B PA3HBIX YYaCTKAX MaMATU. | paHUIBI TPUMEHUMOCTHI
meroga BIIIL s N = 36, oupejiesieHHble B PE3yJIbTATe BBIYUCIUTENBHOIO SKCIepuMenTa (63 NCHoIb30BaHUS
POIIE/LyPbl KOHBEPTAIMH), TOYHO COBIAJU C TEOPETHIecKOi omeHkol. Takum o6pasom, agropursm dbusibrpa-
nnn m306parkennit Ha ocHoBe Meroza BIIII moker maiitm mpumeHenme B 3a/1a4ax, TPEOYIOMNX MAKCHMAJIHHO
OBICTPOIT OOPAOOTKY JTAHHBIX.

4. 3akaiodeHne. B nacrosiieil ctarbe BIepBble TOKA3aHO, YTO JJIsi OIPAHNYIEHHOTO JUAIIa30Ha PA3MEPOB
sLJIEP CBEPTKU METOJI ITOJIMHOMUAJIBHBIX 1Tpeo0pa3oBaHuii ObICTpee, YeM CaMble ITPOU3BOIUTEIbHBIE PeaJH3aIlun
npsimoro merosa duibrpanyuyu 1 BII® sva CPU. DTor quamna3on MoxKeT ObITh PACIIUPEH 38 CYET UCIIOJIHb30BAHUST
[UKJINYECKUX CBEPTOK 00JIbIero pasmepa, Hanpumep npu N = 72. OgHako cymiecrBeHHbIM HetocTtaTrkoM BITTT
SIBJISIETCS BBICOKAS TPY/IOEMKOCTh peam3arui. Kpome Toro, ocraercss OTKPBITHIM BOIIPOC O MPUMEHUMOCTH I10-
JOOHBIX AJITOPUTMOB JJisi (pribTpanun n300parKeHuil ¢ UCIOIb30BaAHNeM rpadudecKux MIMPOIECCOPOB, KOTOPHIE
B HACTOSIIEE BPEMSI SBJISIIOTCS OCHOBHBIM BBIYUCIUTEIHHBIM YCTPOUCTBOM I 33129 00pabOTKYN m300parKeHuii.
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Abstract: A fast algorithm for computing 2D convolutions based on the Nussbaumer polynomial transforms
is considered. Its efficient implementation is proposed with the use of Intel AVX SIMD instructions. It is shown
that, for a limited range of convolution kernels, the performance increases by 50% in comparison with the direct
algorithm and with the method of fast convolution based on the fast Fourier transform implemented in the Intel
IPP library.
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