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Annomayua — PaccmaTpuBaeTrcsi ¢cnocod YMHOMKEHUSI IpPs-
MOYIOJIbHBIX MATPULl N-pa3spsiiHBIX 4uce]l ¢ (pukcHpoBaH-
HOW TOYKOI C MOMOLILIO JEKOMMO3WUMH Ha apudMeTuue-
CcKHe omepanuu N/2-pa3psiiHbIX Heablx 4ucen. O6padorka
ocymectBisiercss na DSP ¢ SIMD u VLIW apxurekTypoii.
MpuBomutcst 3¢gdexTHBHAS peanu3anus YMHOKEHHsl MaT-
pun 32-paspsHbIX YHce] ¢ MOMOIIbLI0 YMHOKEHHsI MaTPHIL
16-pa3psaHbIX 4YMceJ Yepe3 TEH30PHOe NPOU3BEeHHE BeEK-
TopoB. O0cy:kaaeTcsi psAl NOAXO0A0B, MO3BOJISIOMIMX A0CTHYD
BBICOKOI CcKopocTH 00pa0oTKHM 3a cYeT BEKTOPHBIX MHCT-
pykuuii M 3¢pdeKTUBHOrO UcnoJbL30BaHUA KoHBeliepa. Ilo-
JIy4eHHBIE Pe3YJIbTATBI COOTBETCTBYIOT TEOPETHYECKH H0C-
THKUMOH BBIYMCIUTENbHONH ciaoxHocTU. [lpenioxeHHbIN
AJIrOPUMTM MO3BOJIsAET peanu3oBaTh 3Q(PeKTUBHYI0 NapaJ-
JIeJIbHYI0 00padoTKY.

Knroueevie cnoéa — ymMHOKeHHE NPSIMOYIOJBHbIX MAaTpHII,
SIMD uHcTpyKuMH, Yuciia ¢ (PUKCHPOBAHHON TOYKOIi, TeH-
30pHOe MpOU3BeJdeHHe BEKTOPOB, mporpammuposBanue DSP,
napajijienabHas o6padoTka.

l. BBEJIEHUE

B HacTosiiee BpeMsl MPOUCXOTUT OYPHBIA POCT YCT-
poiictB Hocumoii (wearable) 1 MOOHIBHOU ANEKTPOHHKH.
YacTh MoJIOOHBIX YCTPOHCTB UMEIOT OJIHY MJIM HECKOJBKO
BUJICOKAaMep ¥ CIIOCOOHBI peIIaTh pa3iudyHbIe 3a7adu 00-
paboTku n300pakeHnit ¥ KOMIBIOTEPHOTO 3peHus. Of-
HUM M3 OCHOBHBIX TpeOOBaHMH K ammaparype HOCHMOM
AJIEKTPOHMUKH SIBIIAETCSl HHU3KOE SHEpromoTpebieHue, ra-
paHTHpYIOIIEe MPOIODKUTEIBHOE BPEMsl padOThI OT aKKy-
myasitopa. C Ipyroé CTOpPOHBI, anmapaTtypa J0JhKHa ObITh
JIOCTATOYHO YHUBEPCAIbHA, YTOOBI OBITH CIIOCOOHOW THOKO
HACTpauBaThCA Ha PA3IMUHBIC 3aJauH.

B paborte ucronp3yetcs IP 610k, KOTOpHIi BKIIIOYaeT B
cebss DSP, ontummsupoBaHHEI 1t 00paboTKH H300pa-
KeHuil W Bumeo. JToT mpormeccop mmeer VLIW/SIMD
ApXHUTEKTYpPY, CKAIAPHBIE MHCTPYKIMU ISl paboThl ¢ 32-
pa3psIHBIMK LEJIBIMH YUCIaMH U BEKTOPHBIE HHCTPYKIWH
JUIst paboTHI ¢ 16-pa3psitHBIMU LIEJIBIMH YNCIIAMH, YTO T10-
3BOJISIET 3(P(HEKTUBHO PEaIn30BaTh OIPOMHOE KOJIHUYECTBO
anroputMoB 00paboTku n300paxenuii. OTHAKO B KOMIIh-
IOTEPHOM 3PEHUM CYHIECTBYET KJAcC 3ajad, B KOTOPBIX
MHTCHCUBHO HCIIOJIB3YETCSI NEPEMHOKEHHE TPSIMOYTOJIb-
HBIX MaTpHul] JEHCTBUTENbHBIX YHCEN, IPUYEM pasMep
MaTpHI] MOXKET JOCTUTATh HECKOJILKO COTEH Ha HECKOJIBKO
coteH. Hanpumep, kK TakuMm 3aja4aM OTHOCHUTCS BU3yallb-
ueiii SLAM (Simultaneous Localization And Mapping) c
MOMOIIBIO PA3NUUYHBIX Moaubpukarmmid ¢uiastpa Kammana

[1].

B uneane nonoOHble 331aun TPeOYIOT BBIYHUCICHHUH C
JEeHCTBUTEIbHBIME dHciaMid. C HEKOTOPBIMH OTpaHHYCE-
HUSIMHU JIOITyCTHMO HCIIOJIB30BaTh MaTPHIBI 32-pas3psiIHBIX
grcen B apudMeTuke ¢ (UKCHPOBAHHON TOYKOH. YMHO-
JKEHHe MaTpHIl Ha ucrojibdyeMoM DSP ¢ momompio cka-
JSIPHBIX OTEpalyii BBIMONHAECTCS HEJOIMYCTUMO IOJITO U
BEJET K W3JIMIIHEMY pacxojay sHepruu. llenecoobpasHo
HCTIONB30BaTh BEKTOPHBIE ONEPAINH, HO MIPOLIECCOP UMEET
SIMD wunCTpYyKIIMH TOJBKO [UIsi 16-pa3psiiHbIX LENbIX Y-
cen. B maHHOH craTthe paccMaTpHBaeTcsl clocod yMHOXe-
HUS [IPSIMOYTOJIBHBIX MaTpUIl 32-pa3psiHbIX YKcen ¢ Quk-
CHUPOBAaHHOW TOYKOH ¢ MOMOIIbIO 16-pa3psiAHBIX BEKTOp-
HBIX MHCTPYKUHMI 1yis nenbix uucen. Crocob jerko 0000-
IIaeTcsl Ha CiIydail N-paspsAHBIX YHCEN M BEKTOPHBIX MH-
CTPYKIHHA 171 N/2-paspsaHbIx yrcel. BOJIbIIMHCTBO mpej-
JaraeMbIX MOAXOAOB JUIA ONTHMH3AIWH IPOU3BOAUTENb-
HOCTH IIPUMEHUMBI U JUIs ApyTrux mnporeccopos LIOC.

Emé oaHUM BayKHBIM TpeOOBaHUEM K aJrOPUTMY Iie-
PEMHOKEHHST MAaTPHII SBISCTCA BO3MOXXKHOCTh 00OpadaThI-
BaTh MaTpHULBl MO YacTsAM (0 OJOKaM), YTO ITO3BOJISIET
MHHHUMH3UPOBATh KOJIMUECTBO OIepaluii 3arpy3kKu JIaH-
HBIX B CBEPXOINEPATHBHYIO JIOKAJBbHYIO TamMATh IP Ooka u
JaeT BO3MOXKHOCTh pacHapajuleNuTh 0oOpaboTKy Ha He-
CKOJIBKO MJICHTUYHEIX IP GJIOKOB B cucTeMe Ha KpHCTaIIE.
IToaxonpl K mapajielbHOMY YMHOKEHUIO MaTpUL] TAKXKE
paccMmaTtpuBaroTCsl B IJaHHOW paboTe.

JlanHas paboTa opraHM30OBaHa CIIEAYIOUINM O0OpazoM.
Bo BTOpoif raBe omucaHbl CIOCOOBI JEKOMIO3HWIMU N-
Pa3psHOTO YMHOXEHHSI Ha N/2-paspsaHble apudmernye-
CKHe omeparyu Juis 1ensix yncein. B rmase |11 obcyxnaer-
Csl IPUMEHUMOCTD CYILECTBYIOIINX AITOPUTMOB YMHOXKE-
HUS MaTpull I JaHHOM 3ajauu. YeTBepras IjiaBa MocBs-
IIeHa OITMCAHMIO IIPEATaraeMoro crocoda YMHOKCHUS
MaTpull YyKucell ¢ GUKCHPOBAHHOM TOUKOI! C IIOMOIIBIO BEK-
TOpHBIX KoMaHJ. HekoTopble NpUEMBI A1l YCKOPEHHS
HOC onucans! B rmaBe V. B mectoif riaaBe paccMaTpuBa-
I0TCSI IOAXO/BI K TapauienbHoi 00paboTke. 3amepsl Bpe-
MEHH paboThl 0OCY)XIaeMBIX ANTOPUTMOB NPHUBOASTCS B
rnase VIL

Il.  JIEKOMIIO3UIA YMHOXEHUS JJ1 I[IEJIBIX YNCEJT

JIBa N-pa3psaHbIX 0e33HAKOBBIX medbIX uncia U ¢ 6u-
tamu (Up, Uy, ... Ug) 1 V ¢ Gutamu (Vy, Vo, ... Vi) MOKHO
3arnucaTh B BUIE:

U=2"%U,+U_, V=2"%V,+V,
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rae Uy — 9To cTapmasi Wi HanboJjiee 3HaYMMasi [0JI0BHHA
U, umeromias Outel (1, U, ;, ... Up+g), Uy — 3TO Miaamas
WIH HauMEHee 3HaunMas MMojioBuHa U, uUMeromias OWThI
(W, Unprpy ... Up); QHAOTUYHO Vy u V), — moJoBUHEI V.
Toraa npousseaenue UV MOXHO 3anucaTh B BHUJAE YETHI-
pexX TMpOUu3BEACHUN Nn/2-pa3psaHbIX OE33HAKOBBIX IEIBIX
YHCEJl, a TAK)KE HECKOJBbKHUX ONEpallfii CyMMHPOBaHUS U
apu(hMETUICCKOTO C/IBHTA:

uv =2"U,V, +2"2U,V, +U V) +U\V, . @
B [2] npuBeen BapuaHT TIeperpyAPOBKA (HOPMYIIBI

(1), mO3BOMIAIOIINI COKPATHTH KOJMYECTBO MPOU3BEICHUH
N/2-pa3psaHBIX GE33HAKOBBIX ETBIX YHUCEI JIO TPEX:

Uv =(2"+2"2)U,V, + ("2 +)UV, +
+2n/2(UH _UL)(\/L _VH)'

B [3] paccmatpuBarotcst Tpu crocoba pacrpocTpame-
HuUst 0€33HAKOBOI0 YMHOXKEHHS HA 3HAKOBBIC OIIEPAH/IBL:

@)

1) MOJYy4YUTh a0COJIIOTHBIC 3HAYCHHS KaXXa0Ir0 MHOXXHTEC-
JIs1, BBIIIOJIHUTH 06€e33HaK0BOE YMHOXXCHHEC, a 3aTEM HU3MEC-
HUTB 3HAK PE3yJibTaTa, €CJIN 3HAKU MHOKHTEICH pasinyda-
IOTCA.

2) s popmyser (1) mpu yMHOKEHHH CTApIINX MOJTOBUH
UCIIOJIB30BaTh OMEPALMI0 YMHOXKCHHSI 3HAKOBOTO Ha 3Ha-
KOBOE 4YHCeN, NPH YMHOXEHHU CTapLIMX IOJOBUH Ha
MIIaJIIHE HCIIOJIB30BaTh ONEPALMI0 YMHOXKCHHUS 3HAKOBO-
ro Ha 0E33HAKOBOE YHMCEJ, a NMPH YMHOXEHHH MJIAJIIIUX
HIOJIOBUH JPYT Ha JApYyra HCIOJb30BaTh ONEPALUI0 YMHO-
JKeHUsT 0€33HAKOBBIX 4YHCel. Takxke TpeOyeTcsl omnepanus
3HaKOBOTO PaCIIMPEHHs IPOMEIKYTOUHBIX PE3YJIbTATOB.

3) BeimonHUTh 0E33HAKOBOEC YMHOXKEHHE, & 3aT€M CKOp-
PEKTHPOBATh €0 Pe3yJbTaT CIACAYIONUM 00pa3oM. 3HAKO-
Boe U paccmarpmBaeTcs Kak 0e33HAKOBOE YHCIIO
U + 2"Up4, rae Uyq — enununa, ecau U oTpuuarensHo, 1
HOJB, ecr U TOI0KHATEN HO. AHaIOTHIHO V' paccMaTpu-
Baercs kak V + 2"V,,.,. Torna ux npousseeHue:

U+2"U, )V +2"V, ,)=UV +
+2"(VU,, +UV, ) +2°"U, V. ..

1 Toro 4to0Bl MOTY4UTHh TPeOyeMBIi pe3yabTaT 3HAKO-
Boro npousBenenust UV, Hano BbuecTs U3 pesyibrara 0es-
3HAKOBOTO YMHOKEHHsI BTOPOE U TPEThe cliaraeMble Mpa-
Boil wactu ¢opmynsl (3). [Ipumuem mpm ymHOXEHHH N-
Pa3psIHBIX LEJbIX YHCENl TPEThE ClaraeMoe HUTHOPUPYET-
Csl, TaK KaK pe3yJIbTaT YMHOKEHUSI TIOJTHOCTBIO TIOMEIaeT-
cs B 2N pa3psia, COOTBETCTBEHHO, HET HEOOXOIUMOCTH
BBIYMCIIATH Pas3psiibl crapire, yeM 2n-1. OnxHako mpu ym-
HO)KEHHH MAaTpHIl CYIIECTBYIOT CydaH, Korja HeoOXoau-
MO YYUTHIBATh TPEThE cinaraemoe u3 (3).

@)

I1l.  TIPUMEHMMOCTD CYIIECTBYIOILIMX AJITOPUTMOB
VMHOXEHUSI MATPULL JULST JAHHOM 3AJIAUN

B paccmarpuBaeMsIxX 3aa4ax KOMITBIOTEPHOTO 3pPEHHS
UCTIONB3YIOTCsT 00bIYHble (“IUIoTHBIE” — dense) mpsiMo-
YTOJIBHBIE MATPHIIBI Pa3MEPOM OT HECKOJBKHX JECATKOB
JI0 JBYX-TpeX COTEH CTPOK U cTosOuoB. [loatomy B naH-
HOM Cjydae HETPHUMEHHUMBI AITOPUTMBI UISL paboOThI C

KBaZ[paTHBIMH U C Pa3pexeHHbIMU (SParse) MaTpuiamu, a
Takke HEIPQPEKTUBHBI OBICTPBIE CHOCOOBI YMHOKCHUS
OoNbIIMX MATpHL, Takue Kak anroput™ llItpaccena u pas-
JIMYHBIC BAPUAHTHI €ro pa3BuTus [4].

BceMm xopomro 3HaKOM aJTOPHTM YMHOMKEHHS MaTpHIl
C TOMOIIBIO CKAJSIPHBIX INPOHM3BEICHUH BEKTOPOB-CTPOK
MIEPBOrO MHOXKHTENSI HAa BEKTOPA-CTOJIOLBI BTOPOrO MHO-
xutens. OJHAKO ATOT CIOCOO INUIOXO MOJIXOJUT JUIsl pea-
TM3aldd Ha cymecTBylomux DSP, Tak Kak »ieMeHTHI
CTOJIOLIOB HE PACIIOJIOKEHBI TI0 COCEAHUM aJpecaM Hamsi-
ti. B [5] mpezmmaraercst crienmanbHas apxXuTEKTypa Mpo-
Leccopa AJIsi BEKTOPHBIX OIepanuii co CTOI0IaMu MaTpHIL,
KOTOpasi B TEOPUH IOJDKHA 00ecnednTh d3PPEKTHBHOE Te-
PEMHOKEHHE MATPHIL C TIOMOIIIBIO BEKTOPHBIX HHCTPYKIIHIA
yepe3 cKaJIpHBIC Npou3BeAeHUs. Ha mpakTuke B HCIONb-
3yeMoM DSP Heo0XoauMo mepenuchBaTh 3JIEMEHTHI
CTOJIOIOB B MOCIENOBATEIbHbIC OJIOKH MaMATH WU TIpej-
BapUTENBHO BBIMOJHATh TPAHCIIOHUPOBAHUE MATPHIBI —
BTOPOTO MHOXKHTEJIS, & 3aT€M BBIYUCIATH CKAJIPHbIE IPO-
U3BCICHUS UL BEKTOPOB-cTpok. O0a BapuaHTa TpPeOYIOT
3HAYMUTEIBHBIX HAKJIAIHBIX PACXOLOB JaXe IMPH HUCIIONIB30-
BaHWUU JJI TPAHCIIOHMPOBAHUS auroputMma DxiayHma [7],
KOTOPBIA MOXeT OBITh 3 dekTuBHO peamm3oBad Ha DSP B
HalleM Cliydae.

WHorpga B npou3BeNeHUM MaTpulia — IPaBblii MHOXKU-
TeJb JOJDKHA OBITH TPAHCIOHWPOBAHA IO TPEOOBAHHAM
peaan3yeMoro aliropurMa KOMIbioTepHOro 3peHus. Toraa
NPEeNIOYTUTENIbHEE HE BBIIOIHATH TPAHCIIOHHPOBAHHUE
SIBHO, @ BBINOJIHUTh MAaTPUYHOE MEPEMHOKEHHE KaK CKa-
JAPHOE TIPOHM3BEICHUE BEKTOPOB CTPOK OOEHMX MAaTpHL.
OnHako B ATOM ciydae MOTpeOyeTcst 3allOiHATh HYJSIMH
HEUCIIOJIb3yeMble SYCHKH BEKTOPHOrO perucrtpa (zero-
padding). Hampumep, mpu mupuse matpuisl B 100 ae-
MEHTOB U pa3Mepe BEeKTOPHOrO perucrpa Ha 32 3JIeMeHTa,
BEKTOPHBII perucTp Oyaer 3 pasza 3aloJIHeH MOJHOCTHIO, a
B YETBEPTHIA pa3 B HEM OyAyT TOJNBKO 4 MOCIETHUX dIe-
MEHTa M3 CTPOKH MAaTpHIbI, CleAyromue 28 3JeMEeHTOB
peructpa TpeOyercst 3amoNHUTh HyJsIMH. Takke it 3¢-
(eKTHBHOI peann3alii TAaKOro THUIA TNEPEeMHOXEHHS B
npoLeccope JOKHA OBITh MHCTPYKIHS CYMMHPOBaHUS
JJIEMEHTOB BeKTOpHOro perucrpa (sum reduction). K co-
JKAIICHUIO, UCTIONB3YEMBIi IMPOLIECCOp He UMEET MONOOHOI
UHCTPYKIMHU JUIS BEKTOpa 32-pa3psiIHbIX LEIbIX YUCE.

Kak npaswuiio, npu ucnons3oBanuu SIMD uHCTpYKIHit
TPEIMOYTUTEIHHBIM  SIBISIETCS.  Peau3alisi MaTPHIHOTO
YMHOXXCHHS 4Yepe3 TEH30pHOE INPOHM3BEICHUE BEKTOPOB
(tensor wiu outer product). TeH30pHOE MPOKU3BEAECHHUE BEK-
TOpa-cTojb11a a Ha BEKTOp cTpoKy b oOpasyer Marpuiy:

& ab ab, - ab,

a a ab, - ab
.2 ® (bl b2 bn ) — Z:bl 2: 2 . 2. n

a‘m a‘m bl am b2 a‘m bn

Matpuity — JIEBbII MHOXKHUTEIb MOKHO PaccMaTpUBaTh
KaK BEKTOP-CTPOKY COCTOSIIYIO U3 BEKTOPOB CTOJIOIIOB, a
MaTpHITy — TPaBBIil MHOXKUTEIh KaK BEKTOP-CTOJOEI, co-
CTOSILLIMI U3 BEKTOPOB-CTPOK. Toraa MaTpuyHOE IpOU3BE-



JICHHAE €CTh CyMMa Pe3yNIbTaTOB TCH30PHBIX ITPOU3BEICHUN
i BEKTOPOB MHOXKHTEJICH:
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Jns wuirocTpay pacCMOTPUM YMHOXKEHHE MaTpHIL
3x3 u 3x2 ¢ MOMOIIBIO0 TEH30PHOTO TPOU3BEACHUS BEKTO-
pOB:

n

a; &, a|by by ayy
8, dy ay b21 bzz =l ay ®(b11 b12)+

&y 8, A \by by a3
a, a3
+| 8 ®(bzl bzz)+ a3 ®(b31 bsz):
a3 a3
auby  ayb, apb,  aphy, by Ay,

a'21bll aZIblZ + aZZbZl aZZbZZ + a‘23b31 a23b32 =
a31b11 a‘31b12 a33b31 a33b32

(ailbll + a12b21 + a13b31) (a11b12 + a12b22 + a13b32)
(a21b11 + a22b21 + a23b31) (a21b12 + a'22b22 + a23b32) '
(

a3lb11 + a32b21 + a33b31) (a31b12 + a32b22 + a33b32)

[MpenmymiecTBa YMHOKEHHUSI MaTpUI] C TOMOIIBIO TEH-
30pPHOTO TMPOU3BECHUS BEKTOPOB CIEAYIOIINE: 3arpy3Ka B
BEKTOPHBIE PETHCTPHI M BBITPY3Ka N3 HUX MPOUCXOIUT IS
MOCJIE/IOBATEIIbHBIX aJ[PECOB MaMsTH; HET HEOOXOAUMOCTH
3aIOHATh HYJSIMH HEUCTIONb3YEeMBbIe SYEHKH BEKTOPHOTO
peructpa; He TpeOyeTcs OIepalul CyMMHpPOBAHHUS 3Jie-
MEHTOB BEKTOPHOTO PErucTpa. BO3MOXHBIM OrpaHNYeHH-
eM SIBIISIETCS HEOOXOIMMOCTh HCIIOIB30BAHUS BEKTOPHOTO
pErucTpa-aKKyMyJsiTopa AJIsi CyMMHPOBAaHUSI M HaKoILIe-
HUSl pe3yJbTaTOB W3 PA3HBIX TEH30PHBIX INPOU3BEACHHUH
BEKTOPOB. 3aMETUM, UTO NPH yMHOXKEHHH Matpull ¢ n/2-
PaspAIHBIMHE YHCIAMHU 3JIEMEHTHl Pe3ylbTUPYIOUeH MaT-
PHIIBI OOBIYHO TPEOYIOT OOJIBIIIE YeM N pa3psiioB, TO3TOMY
MPEANOYTUTEIBHO HCIO0NIb30BaTh, TaK HA3bIBa€MBIN ‘IIIH-
POKHUII” BEKTOPHBIH PETUCTP-aKKyMYJATOP € pa3psiiHO-
CTbI0 OoJbLIE N.

a32 bZl a32 b22

Ha puc. | npuBeneHsl 3aBUCHMOCTH KOJIMYECTBA TaK-
ToB DSP, HEOOXOIMMEBIX 111 YMHOKEHHUS MaTPHI[ pa3Mepa
NXN 16-pa3psiaHbIX HEJbIX YHCEIl C MOMOIIBIO TEH30PHBIX
U CKaJISIpHBIX Npou3Be/eHnil BekTopoB. [Ipuyem npenmno-
jlaraercs, 4YTo IPH YMHOXXCHHH 4epe3 CKaSIpHBIC IPOU3-
BE/ICHHSI MaTpUIAa-TIPaBbIi MHOXKHUTEIb yXKe TPaHCIIOHHPO-
BaHa M BpeMs, HEOOXOAMMOE Ul TPAHCIIOHMPOBAHUS, HE
yuutbiBaercsa. Ilpm peanusanuu ucnons3oBaHel  16-
pa3psIHbIe BEKTOPHBIE MHCTPYKIWH. BrIiroma yMHOXEHHS

MaTpHI[ 4Yepe3 TEH30pHOE MPOW3BEICHHE BEKTOPOB OdYe-
BUJIHA.
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TeH30pHOe npounsseseHne BEKTOPOB

=== CKaNApHOEe npoussegeHne BeKToposB

Puc. 1. KotnvecTBo TakToB DSP npu yMHOKeHHH MaTpPHIX
pa3mepa NXN 16-pa3spsigHbIX HeJBIX YHCeNT Yepe3 TeH30pHOoe
H Yepe3 CKAJISIPHOE NPOH3BeeHNe BEeKTOPOB

IV. YMHOXEHHE MATPUL] 32-PA3PSIIHBIX YUCEJ C
[IOMOILIBIO BEKTOPHBIX MHCTPYKLIMHA JUIS1 16-PA3PSIAHBIX
YUCEJ

B nanHoi#l riaBe 0e3 moTepw OOIIHOCTH TPHBOIUTCS
CIOCO0 YMHOXKEHHs MPAMOYTOJBHBIX MAaTpHIl, COJepiKa-
mux 32-pa3psiiHble yKcia ¢ (UKCHPOBAHHOM TOYKOH, C
MOMOILBIO 16-pa3spaaHbIX BEKTOPHBIX HHCTPYKLIHI Mpo-
neccopa. OCHOBBI apU(PMETHKH YHCel ¢ (PUKCHPOBAHHON
TOYKOW mpuBeaeHH! B [6]. [Ipn ymMHOXKEHHH dncen ¢ Gpuk-
CUPOBAaHHON TOYKOHM CHauana IPOU3BOJUTCS YMHOKEHUE
OMEPaHA0B KaK 3HAKOBBIX LENBIX YHCEIN, a 3aTEM BBINON-
HsieTcsl apu(METHUECKUI C/IBUT BIIPAaBO HA YHCIIO paspsi-
JIOB IpoOHOI yacTu.

Jlns BeIOOpa crocoba 00paboTKK HauHEeM ¢ OoJjiee mpo-
CTOM 3a7adun: yMHOXXEHHS MaTpul] 32-pa3psaHbix Oc33Ha-
KOBBIX IebIX unce. CHadanma ObUT peain30BaH CIEAyIO-
WA croco0 YMHOXEHHS: NPH BBIMOJHEHUH TEH30PHOTO
NPOU3BE/ICHNS] BEKTOPOB YMCIIA U3 CTOJIOLIOB JIEBOTO MHO-
KHUTEISI ¥ BEKTOPAa-CTOKH IIPABOTO MHOMKHTEIS Pa3zeis-
IOTCSI Ha CTapiuiue M Miafmue 16-paspsaHble CloBa, Ui
HUX C TOMOUIBIO BEKTOPHBIX MHCTPYKIWH BBHIITOJIHACTCS
yMHOXeHue mo Gopmyne (1), B pe3ynbraTe 4ero moyryda-
10TCSL 32-paspsiiHbIE BEKTOpa, KOTOPBIE CYMMHPYIOTCS B
cooTBeTcTBHH C (4). g matpurr pasmepa 128x128 takoi
crocod yMHOXKeHHs Oka3ajicsi Toibko Ha 30% ObIcTpee,
YeM peasi3anus ¢ MoMouiblo 32-OMTHBIX CKAJSIPHBIX WH-
CTPYKIMH TIpoIleccopa, 4YTO SBISETCS HEYJOBIETBOPH-
TENBHBIM PE3yJIbTaTOM. AHAIM3 C TIOMOIIBIO Ipodaiiiepa
mokasan, uto VLIW xonBeliep mcmone3yercst KpaifHe He-
3¢ (PEKTUBHO, MOYTH HET WHCTPYKIMH, BBINOJHAEMBIX O-
HOBPEMEHHO.

3ateM ObLT pean30BaH CIASAYIONIHNA CTIOCO0: MaTPHUITBI
A u B 6putn mpeoOpazoBansl B Matpuisl Ay, AL u By, B.
16-pa3psaHBIX CTApIIMX W MIIAIIIAX CJIOB, BBIYMCICHHUS
npousBoATCs Kak B hopmyne (1), Ho AyBy, ApBL, A By n
A B, SBISIOTCS MPOM3BENCHUAMHU MaTpHIl 16-pa3psIHBIX
YHUCeJl, KAKJI0€ M3 KOTOPBIX €IUHOOOpa3HO pean3yercs
Yyepe3 TeH30pHOE POU3BEICHUE BEKTOPOB € MOMOIIBI0 16-
Pa3psAIHBIX BEKTOPHBIX MHCTpYKIWHA. Ha puc. 2 mpuseneH
rpadUK BpeMEHH JIs YMHOXXCHHS MATPHI[ JIBYMs pac-



CMOTPEHHBIMHU cHOCOOaMH. YMHOXKEHHE ¢ ITOMOIIBIO Ye-
TBIPEX MPOM3BEAECHUH MaTpul] 16-pa3psaHbIX YUCEN BbI-
HOJIHSACTCS CyLIecTBEeHHO OblcTpee. Kpome Toro, mockoss-
Ky npousBeqeHust matpun AjBy He 3aBucAT Ipyr oT Apyra,
BO3HHKAET BO3MOKHOCTH MTapaJuIeIbHOI 00padoTKH.
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== == OfHO NpousseaeHune MaTpuL, 32-pa3pagHbIx Yncen

YeTbipe npousseaeHWs maTpul, 16-paspagHbix ymcen

Puc. 2. KotnyecTBo TakToB DSP /1u1s1 yMHOMXKeHHsS] MATPUL

pa3mepa NXN 32-pa3psigHbIx 6e33HAKOBBIX EJIbIX YHCe,

HCIOJIb3YS IBA Coco0a IeKOMIO3UMU Ha 16-pa3psianble
YyucjIa

st 06paboTKM Yucel ¢ (PUKCHPOBAHHOW TOYKOH Tpe-
Oyercst peoOpa3oBaTh OE33HAKOBOE YMHOKECHHE B 3HAKO-
Boe. B pazmene Il ObUIO mepedmciieHO TPH BO3MOIKHBIX
criocoba pacmpocTpaHeHHs 0€33HaKOBOIO YMHOKCHUS Ha
3HAKOBBIE ONEpPaH/Bl Ul CKAJIPHBIX 3HadeHui. Kakoit u3
HHUX MOXET OBITh MCIIOJIb30BaH B CIIy4ae, KOIrJja MHOXKUTE-
i sBisiioTes Marpuiiamu? Crioco6 1) mpu matpudHOM
NPOU3BE/ICHUU HE MPUMEHHM, T.K. YHCIIa B PE3yJIbTHPYIO-
el MaTpuIe ecTh CyMMa IPOHM3BEICHHH HaTypaJbHBIX
YHCeNl M3 UCXOJAHBIX Marpull. HeBO3MOXHO yCTaHOBHTH
3HAaK DJTOr0 4YHCJA, 3HAas 3HAKU OJEMEHTOB MaTpHII-
MHOXHTeei. [lpn Hamum4muy B mpomeccope Bcex Tpedye-
MBIX BEKTOPHBIX HMHCTPYKIUH, CrOcob 2) TeopeTHYECKH
HO3BOJISIET JIOCTHYh CAMOW BBICOKOH HPOM3BOIUTEIBHO-
ctu. OgHako ucnone3yembiii DSP He obnamaer Bcem He-
00X0AUMBIM HabopoM MHCTpYKUMiA. Koppekius pe3ynbra-
Ta OE33HAKOBOTO YMHOXXEHHSI C TIOMOIIBIO crocoba 3)
BIIOJIHE MPUMEHUMAa B HaIlleM ciIydae.

79:64 63:48|47:32 31:16(15:0
(ArB)n (AuBp)u|(ArB)L
(AuBD|(ALBM (ALBL
(ABW|(A B (AB).
(ABOW (ABDW|(A B,
- Da, |Da_
- Db,, Db,
- S

+

+

Puc. 3. MunocTpanus 3TanoB yMHoOKeHus1 MaTpun A u B

Oransl yMHOXeHUst MaTpun A n B npomuttoctpuposa-
HBI Ha puc. 3. B pesynprare npomsBeaeHust Matpur] AiBy
16-pa3psaHbIX uncen (A8 paccMaTpUBAEMOTO JUana3oHa
pa3sMepoB MaTpHI[) MOJydaeTcss marpuna 48-paspsaHbix
yucel, 16-pa3psiaHble cI0Ba KOTOPOH O0O3HAYEHBI HMXK-
HUMH uHAekcamu. H — crapmee, M — cpemnee u L —
miaamree. [Iponssenenne A B cooTBeTcTBYeT Mitaammm

48 outam pesynbrara. [Ipoussenecnus A By u AyB, cnemy-
€T paccMaTpuBaTh Kak CABHUHYTHIC Ha 16 pa3psioB BIICBO.
Onu cooTBeTCTBYIOT 63:16 Omram pesynbrata. IIpomsse-
nenue AyBy crienyer paccMaTpuBaTh Kak CIBUHYTOE Ha 32
paspsna BieBo. OHO COOTBETCTBYIOT 79:32 OuTaM pe3yiib-
tara. Takum 00pa3oM, MOJHBIA Pe3yabTaT IPOU3BEICHUS
MaTpull 32-pa3psAAHBIX HelbIX yrucen nMmeeT 80 pa3psmos.
Jns monmydeHHss UTOrOBOW MaTpHIbl TpeOyeTcsl MpocyM-
MHPOBATh COOTBETCTBYIOIIUE IIEMEHTHI MaTPHILL — PE3yJlb-
TaTOB NPOW3BENeHUI 16-pa3psaHbIX MaTpHI] U BBIUECTh
KoppekTupytomue Matpums! Dy, Dy u S:

ecau A(i,j)<0, mo Da(i,j) = B(i,j), unaue Da(i,j) = 0;
ecau B(i,j)<0, mo Db(i,j) = A(i,j), unaue Db(i,j) = 0;
ecau A(i,j)<0 u B(i,j)<0, mo S(i,j) = 1,unaue S(i,j) = 0,

rae marpunsl D, u D), paccMaTpuBarOTCsl KaK CIABUHYTHIE
BIIEBO Ha 32 paspsaa, a marpuua S — Ha 64 paspsga. B
HAIIIeM cIIyJae pe3ybTaT IMPON3BEACHNU eCTh MaTpuna 32-
pa3psaHBIX yuced ¢ (UKCHPOBAHHON TOYKOM, M CTapIHe
16-6ut 80-pa3psIHOTO CIIOBa HUKOTIA HE HCHONB3YIOTCA.
Ha puc. 3 g npuMepa B IpsIMOYTOJIBHYIO paMKy 3aKIIo-
4YeHbl 16-OWTHBIE CIIOBA, MUCIIONB3YEMBIC JUIS BEIYUCIICHHS
pe3yabrata B ¢opmare 16.16 dncen ¢ (PUKCHPOBAHHOM
TOYKOM, T.e. Ha ILENyI0 3HAKOBYIO M Ha JPOOHYIO YacTd
oTBOAUTCA MO 16 pazpsaoB. MOXHO HE BBIYMCIATH Clla-
raemble 3a MpejejaMu paMKH, YTO MPUBEIET K YCKOPEHHUIO
paboTtsl mporpaMMel. [Ipu HCTIONBE30BaHUM YHCEN C (DHK-
CHPOBaHHOM TOYKOI BO3MO>XKHO BO3HHUKHOBEHHUE IMEPENoJi-
HEHHA, ¥ KOHTPOJIb HaJ KOPPEKTHOCTHIO BBHIYMCICHHUHN JIO-
JKUTCSI Ha TPOTPaMMHUCTA. 3aMETUM, YTO MPHU TOYHBIX IIe-
JIOYHCIICHHBIX BBIUUCICHUAX ¢ 80-pa3psoHbIM pe3ylbTa-
TOM HEJIb35 UTHOPUPOBATH S.

S\
&

AB

Puc. 4. Cxema ymHoxkenust MaTpun A u B 32-pa3psianbix
yucesa ¢ (PUKCUPOBAHHOI TOUKOIi

CxemMa yMHOXXCHHS MAaTpHIl TpUBeIeHa Ha puc. 4.
Broku Split BBIMONHSIOT NEKOMIO3MIMIO Matpul 32-



Pa3pSAHBIX YHCENT Ha MATPHIBl MIIAAIINX W CTapIiux 16-
paspsaanbix cioB. bioku Mul BeimonHsITOT MaTpuuHOE me-
peMHOKeHHE Uit Marpull 16-paspsaubix umcen. BAdd
npeaHa3HaueH JUIs 3anojHeHus marpul] D, u Dy B 3aBu-
CHUMOCTH OT 3HaKa 3Ha4eHuil B MaTpuiax A u B u cymmu-
poBanus D,, Dp. Pesympratel ymHoxenus ApB, u A By
cymmupytorcss B Ginoke Add. B Gmokax ShiftAdd wu
ShiftSub mporcxoauT COOTBETCTBEHHO CIOKEHHE U BBIYH-
TaHWE MAaTPHII, YACITa B KOTOPHIX CABHHYTHI B MO3MIIMU B
3aBHCHMOCTH OT HCIOJIB3yeMOro (opMara gmcen ¢ pukcu-
POBaHHOI TOUKOH.

Hcnonws3yemblii DSP He nMeeT BEKTOPHBIX HMHCTPYK-
U UI1 apuMeTHIecKoro caBura 32-pa3psaaHbIX YHCE.
Peanusanust ciBura yepes BEKTOPHBIE MHCTPYKIMHU JUIst 16-
pa3psIIHBIX YHCEN BENeT K 3HAYMTEIBHBIM HAKIAIHBIM
pacxomam. IlosToMy TpeNNOYTHTENLHO HCIOJIb30BATh
(opmatel dncen ¢ (QPUKCHPOBAHHOW TOUYKOW C TIO3WIHEH
TOYKM Ha Tpanwuie Oaiit, To ecth 0.32, wim 8.24, wimn
16.16, unu 24.8. D10 mMO3BOJIIET 3aMEHUTH CABUIH Ha H3-
BJICYEHHE COOTBETCTBYIOIIMX OaiiT wmiau 16-pa3psaHbix
CIIOB.

Ha puc. 5 mokazaHo, kKakoi MPOLEHT OT 0oOIIero Bpe-
MEHH 00pabOTKM 3aHMMAET KKIBIH 3Tall B 3aBHCUMOCTH
oT pasmepa Marpul. C yBeIMYEeHHEM pasMepa MaTpHIl
BpeMs Ha BBIIIOJTHEHHE YeThIpeX YMHOXKEHHM Matpurl 16-
pa3psiHbIX dncen npesbimaeT 90% ot oOmmero BpeMeHH.
[TosTOMy ONTUMH3AIMU CKOPOCTH pabOThl UMEHHO 3TOM
OTIepaIyH CIIEAYET yACIUTh HAanOObIIee BHUMAaHHE.

BeposiTHO, B cucTemax Ha kpucrajuie ¢ oguuM IP Gio-
KoM, copepxkamuM DSP, menecooOpa3HO BBIMOIHATE YM-
HOXCHHE 1Mo (Qopmyie (2), YTO MO3BOJUT HCIOJIB30BAThH
TPU YMHOXCHHUSI MaTpull 16-pa3psiHbIX dYHCENT BMECTO
gyeTelpex. TeMm He MeHee, (1) uMeeT sIBHOE MPEUMYILECTBO
NP MapauIenbHON 00paboTke B CHCTEME C HECKOJIBKHMH
nogo6usMH P 6itoxamu.
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CymmupoBaHue 1 npeobpasosaHne B MaTpuLly 32 -paspagHblx Yucen
BbluMTaHMe ANA KOPPEKLMK pesybTaTa
YeTbipe ymHOXeEHMA MaTpuL, 16 -paspagHbix ymucen

PaspeneHune matpuy, 32 -paspaaHbIX YMcen Ha maTpuubl 16 -pa3pagHbix

Puc. 5. IIpoueHT 0T 00111er0 BpeMeHH 00padoTKH ITANOB
YMHO:KeHHus 18 matpui pa3mepa NxN

V. TIPMEMBI YCKOPEHHS OBPABOTKI

Ecmu agpec 3arpy:xaeMoro B BEKTOPHBIH pETUCTp
(bparmenTa namsITH KpaTeH pa3Mepy BEKTOPHOTO PEerucTpa
(B OaiiTax), TO 3arpy3ka BBINOJHICTCA B HECKOJBKO pa3
opicTpee. Puic. 6 mumocTpupyeT BIMSIHHE HA BpeMs pabo-
ThI BBIPABHUBAHUS aIPECOB CTPOK MATpHIl 16-pa3psTHBIX
YHCEIl 0 KPATHBIM pa3Mepy BEKTOPHOI'O PErucTpa 3Hade-
HusM. Ecnu aapeca cTpok He BRIPOBHEHBI, TO BpeMst pado-
Tl BO3PACTaeT MHOTOKPATHO. B 3aBHCHMOCTH OT pa3Mepa
CTpOKH Tipu ©€ BBIPABHMBAHWU B KOHIIE CTPOKH MOTYT
mosBUTHCA mononHstomre (padding) Gaiitel. B peanuso-
BaHHOM aJITOPUTME YMHOXCHHUS HET HEOOXOIMMOCTH 3a-
OOTHUTHCS O 3HAYEHUSX JOTOJHAIOIINX OalTOB.
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Puc. 6. Bausinne BoIpaBHHBaHUSI CTPOK Ha BpeMsi 06padoT-
Kk 11 Matpun NXN 16-pa3psanbIx ynces

PassepreiBanue nukiaos (loop unrolling), kak mpasuiio,
TI03BOJISIET clienaTh paboTy KOHBeHepa mporeccopa Ooiee
s¢ppexruBHoi. COBpEMEHHbIE KOMITWIATOPHI CaMOCTOSI-
TENbHO BBITIOJNHAIOT Pa3BEpPTHIBAHHE IIMKIOB, M B 0OJb-
IIMHCTBE CIy4acB JIENaloT 3TO0 OueHb Xopomo. OgHako B
Cllydae TaKMX BIIOKCHHBIX IMKIOB, KaKHE HMEIOT MECTO
IOpU YMHOXXEHHM MAaTpHIl, MHOIJA MOXXHO HalTH Ooee
ONITHMAJIBHBINA CHIOCO0 pa3BepThIBaHMS IUKIJIOB. B wacTHO-
cTH, JuIs ucnosibdyemoro DSP ynanock HaiiTn Takoi cro-
co0 pa3BepTHIBAHMS JABYX BHYTPEHHHX IMKJIIOB, KOTOPBIHA
MO3BOJIMJI YCKOPUTh YMHOXEHHE MAaTpHIl 16-paspsaHbIx
yucen Ha 30%.

VI. TIAPAJUJIEJIBHOE YMHOXXEHUE MATPHI]

Kax 6put0 CKazaHO BBIIIE, CUCTEMa Ha KPHUCTAIE MO-
JKET MMETh HECKOJIBKO HIeHTHYHBIX IP OmoxoB ¢ DSP.
Torma 1enecoodpa3Ho pearn30BaTh MapalIeIbHOS YMHO-
JKEHHE MaTpHll. PaccMaTpHBaeMblil alrOpUTM MO3BOJISIET
OJTHOBPEMEHHO HCIIOJIb30BaTh JBa CIOCO0a pacrapaiie-
JINBAHMS.

ool OEdoo OmO00
aooon @ Omdoo Omooo
Oo0o00 * Omo0d = Oomood
oo Omood OEO00
Oooood Omooo OO0

Puc. 7. Pa30ueHue npaBoii MaTpuubl HA BePTUKAJTbHbIE
0JI0KH 17151 MapaieJibHOI 00padoTKn

IepBerii cmoco® MPOUCTEKAaeT U3 TEOPHH YMHOYKEHUS
MaTpHIL: IIpaBas MaTpUIA MOXET ObITh pa3OuTa Ha BEpTH-



KalbHBbIe OJIOKW (IMMpwHA OJIOKa KpaTHA pa3Mepy BEKTOp-
HOTO PErucTpa), YMHOXKXCHHE JIEBOH MAaTpHIbl Ha TaKoi
0siox OyneT maBaTh COOTBETCTBYIOIIHMHA OJIOK B PE3yJIbTH-
pyrolell MaTpule, Kak Moka3aHo Ha puc. 7. bonee Toro,
CTPOKH JIEBOH MaTpPHIBI MOTYT MOCIIEIOBATEIBHO 3arpy-
JKaThCS TOPU3OHTAILHBIMU OJIOKAMHU 110 HECKOJIBKO CTPOK.
Bropoii crtocob nerko yBuaeTs Ha puc. 4: OJ0KH, HAPHCO-
BaHHBIC Ha OJHOM YPOBHE, MOTYT BBINIOJHATHCS Iapa-
JEeTbHO. B 4acTHOCTH, OJHOBPEMEHHO MOTYT BBINOIHATH-
Csl IGKOMITO3UIIMN MaTpHll 32-pa3psiIHBIX YHCENl Ha Mart-
pHIbI 16-pa3psamgHBIX 1 YMHOKEHHS MaTpHIl 16-pa3psaHbIX
yucesl. 3a CYET HCHOJIB30BaHHS KOHTPOJUIEpa IIPSIMOTO
JOCTyIIa B TaMATh W IBOHHOIN Oydepu3amuy 3amepiKH,
CBSI3aHHBIE C KONMPOBAHUEM U3 INIOOATBHOHN B JIOKaJIbHYIO
namsTh |P 61oka, mpeHeObpekuMo MaJIbl.

VIl. PE3VIJIbTATBHI

B naHHOM paszene mpHBeAEHBI pe3yJbTaTbl BPEMEHU
paboTHI TIPEIOKEHHOTO aNTroOpuTMa (B TaKTaxX IIPOIECCO-
pa) npu peanuzauuu Ha ogHoM DSP. Puc. 8 nemonctpupy-
€T MPEeUMYIIECTBO peanu3anuy depe3 16-pa3psgHble Bek-
TOPHBIE MHCTPYKIUH MO CPABHEHUIO C peain3alueii ¢ mo-
MOILBIO 32-pa3psiAHbIX CKAJISIPHBIX MHCTPYKUUHM. Iy Mat-
punl pazmepa 160X160 nporpamma, McCronb3yromas BeK-
TOPHBIE HHCTPYKIMH, paboTaeT B 6 pa3 ObicTpee. st MaT-
pull OoJBLIEro pa3Mepa MOJOKUTENbHBIH dddekT eme
BBIIIIE.
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Puc. 8. Bpemst pa6oTbI mpon3BeaeHnst MaTpum 32-
Pa3pAIHBIX YHcell ¢ GUKCHPOBAHHOMN TOYKOI, pealTn30BaH-
HOT0 Yepe3 CKAJISIPHbIE U Yepe3 BeKTOPHbIe HHCTPYKIMH

[onsTHO, uTO GOJNEE-MEHEE XOPOIIO PeaNTn30BaHHBIN
AITOPUTM, HCTIOJIB3YIONINI BEKTOPHbIE HMHCTPYKIMH, pa-
6oTaer ObICTpee, YeM aHAIOTHYHBIA Yepe3 CKaJsipHbIe HH-
CTPYKIIMU Jaxe Oousblueil paspspHOcTH. BosHmkaioT Bo-
npoc. Henp3s nu ero caenates anroput™ emre ayurie? [ e
TEOPETHYECKUH Mpesesl IOCTIKUMOW CKOpPOCTH paboThl?
YMHOKeHue KBaapaTHbIX MaTtpui pazmepa NXN tpedyer
N® ymuoxkennit. B mieansHoM ciyuae 3a cuer VLIW ap-
XUTEKTYPHl ONEpanui ¢ MaMAThI0 M WHCTPYKIMH CIIOXKe-
HUsI MOTYT BBINONHATHCS OJHOBPEMEHHO C OINEpanusIMu
YMHOXeHHS. B BeKTOpHBIX peructpax nomeuiaercs 32 16-
pa3psIHBIX 3HAYEHUS. AJITOPUTM JA€IaeT 4eThIpe YMHOXeE-
HUSL MaTpul 16-paspsanasix uncen. Kaxkngas wMHCTpyKus

3aHMMaeT TakT mporieccopa. OTCIOa TEOPETHIECCKH IS
MaTpui] 0e33HAKOBBIX YHCEI MOKHO JOCTHYH CKOPOCTH
06paboTky (B TakTax mpoueccopa) 4N%/32.

Ha puc. 9 mokazaHbl TEOPETHYECKU JIOCTIXKMMAsI CKO-
pocTh 00paboTKH, a TaKke W3MEpEeHHBIE CKOPOCTH YMHO-
xenust kBagpatHbiX Matpull NXN 32-paspsiqHbix Oe33Ha-
KOBBIX YHCEJ U YHCeN ¢ PUKCHPOBAHHOM TOYKOH B (hopma-
Te 16.16. YMHOXeHHe Marpul] 32-pa3psaHbIX Oe33HAKO-
BBIX LIEJIBIX YHCEI HUMEET MIPON3BOIUTEIILHOCT BCETO Ha 8-
10% Xye OLIEHKH NMPOU3BOJUTEIBLHOCTH JUIsl AOCOIIOTHO
HACAIBHOTO CIydast, 4YTO MOXKHO CYHTATh OYECHBb XOPOIINM
pesynbratoM. Koppekuust pesynbraTta Juist 9Yuces ¢ GUKCH-
POBaHHON TOYKOM HEM30€XKHO BEIET K JOMOIHUTEIBHBIM
HakJaaHbIM pacxogam B 10-15%, Ho, TeM He MeHee, CKO-
pPOCcTh 00pPabOTKH OCTASTCS JOCTATOYHO BEICOKOM.
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Puc. 9. Bpemsi pa6oTsI npousBeaeHnst MaTpun 32-0HTHBIX
YuceJl 10 CPABHEHHIO ¢ HIeATbHbIM CIy4aeM
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ABSTRACT

The market of wearable and mobile devices is growing
fast. Many mobile devices have a video camera and are
capable of various computer vision tasks. We selected an
IP core that contains a low-power DSP intended for image
and video processing. The DSP has a VLIW/SIMD archi-
tecture, instructions for processing of 32-bit integer scalars
and vector instructions for 16-bit integers. The IP core al-
lows effective implementation of a large number of image
processing algorithms. However there are some problems
in computer vision which require intensive use of dense
rectangular matrix multiplication, where matrix dimen-
sions are several hundred by several hundred. An example
of such a task is visual SLAM (Simultaneous Localization
And Mapping) via various modifications of the Kalman
filter [1].

In the general case the filter does calculations with
floating point numbers. With some restrictions it is possi-
ble to use 32-bit fixed point numbers. Matrix multiplica-
tion via 32-bit scalars has unacceptably long runtime. It is
necessary to employ vector instructions of processor, but
DSP has SIMD instructions for only 16-bit integers. In the
paper we propose a method for matrix multiplication of 32-
bit fixed point numbers by means of vector instructions for
16-bit integers. The technique can be easily generalized to
n-bit numbers and n/2-bit vector instructions. In addition
we describe several approaches for performance optimiza-
tion and parallel processing, which can be applied for vari-
ous DSP engines.

It is well-known that algorithms for multiplication of n-
bit unsigned integers via n/2-bit arithmetic operations for
low (or the less significant) half of n-bit word and high (or
the most significant) half. The book [2] depicts one such
method by means of four multiplications for n/2 bit un-
signed integers as well as several arithmetic shifts and ad-
ditions. The monograph [3] describes a technique with
three multiplications for n/2 bit unsigned integers. In gen-
eral the method is less applicable for parallel processing,
because it uses a larger number of additions, subtractions
and shifts in comparison with that described in [3]. Also
[3] declares three ways for adjustment of multiplication for
signed integers: a) getting the absolute values of operands,
then performing unsigned multiplication for low and high
halves and then changing the sign of the result depending
on the signs of operands; b) using multiplication of un-

signed by unsigned integers for low halves of operands,
multiplication of signed by signed integers for high halves,
multiplications of signed by unsigned integers for high and
low halves (this also requires a sign extension instruction);
c) correction of multiplication outcome for unsigned inte-
gers by means of subtractions of operands depending on
their sign.

For the given matrix dimensions, fast techniques such
as various modifications of Strassen’s algorithm [4] are
ineffective. Matrix multiplication via dot product of rows
of leftmost operand and columns of rightmost matrix is the
most popular method. However the technique is ill-suited
for an implementation on DSP with SIMD instructions,
because elements of columns do not lie in the memory
sequentially. Reference [5] depicts a specific architecture
for effective access to elements of columns, but in practice
a transposition of rightmost matrix or a copying of ele-
ments of columns to separate array is required. Both ac-
tions lead to a significant overhead in spite of a fact that
transposition by Eklundh’s algorithm [7] operates quite
fast on our DSP. In addition usage of dot product requires
zero-padding of rows and instruction for effective summa-
tion of vector register elements.

It is preferable to implement of matrix multiplication
via a sum of outer (or vector tensor) products of columns
of the leftmost operand and rows of rightmost matrix. So-
called wide vector register should be used for accumulation
of outer product sums. The algorithm has a lot of ad-
vantages: access is performed to sequential memory cells;
there are no necessity in zero-padding and summation of
vector register elements. We demonstrate processing times
of matrix multiplication by means of dot products and out-
er products for matrices NxN of 16-bit unsigned integers.
Both methods were implemented by means of vector in-
structions. A realization via outer products outperforms the
alternative solution even without taking into account time
required for transposition of rightmost matrix.

As a start, let’s combine it all together: matrix product
and multiplication of 32-bit unsigned integers via 16-bit
arithmetic operations. There are two approaches for
implementation by SIMD instructions. The first one is
decomposition of 32-bit numbers onto vector registers of
16-bit low and high halves and calculation with those
registers in the scope of single matrix multiplication
procedure. We measured performance of this approach.
For matrices 128x128 it operates only 30% faster in
comparison with multiplication by means of scalar
instructions for 32-bit numbers. This is unsatisfactorily.
We analyzed our program using a profiler in order to



explore the causes of the delays. This showed that this
approach does not employ the VLIW pipeline effectively.
The second approach is decomposition of both matrices of
32-bit integers onto matrices of 16-bit numbers and
performing four matrix products between those matrices.
Outcomes of four matrix multiplications are combined to
final matrix of 32-bit integers. We demonstarte plots of
processing speed depending on matrix dimention for both
approaches. The second one is much faster.

Further, let’s modify the second approach for 32-bit
fixed point numbers. The main concepts of arithmetic with
fixed point numbers is described in [6]. Multiplication of
fixed point numbers can be considered as multiplication of
the signed integers and arithmetic shift to the right on
length (in bits) of a fractional part. Thus, it is necessary to
extend the algorithm of matrix multiplication of unsigned
integers to a method for matrices of signed integers.
Existing approaches for such extension for scalars were
enumerated above. Way a) is unfeasible for matrix
multiplication, because each element of the final matrix is
the sum of products of elements of matrix-operands. I\VP-
IP does not have all the necessary vector instructions for
way b). Way c) can be applied in our case.

Finally, we have the following algorithm for AB matrix
multilplication. For a given range of dimenions a matrix
multiplication of 16-bit numbers produces a matrix of 48-
bit numbers. We designate matrices with 16-bit halves of
32-bit numbers from the A and B matrix by indices: L-low,
H-high. The first step is decomposition of A on A_ and Ay,
B on B_ and By. Four matrix multiplications of A.B,,
AgBL, ABy and A By are performed via outer products
independently from each other. A B, corresponds to a low-
er 48 bit of outcome. Products A By and AyB, should be
considered as shifted on 16 bit to the left, accordingly they
correspond to the range from 63 to 16 bit. AyBy should be
considered as shifted on 32 bit to the left, accordingly it
corresponds to the range from 79 to 32 bit. Maximal length
of elements of resulting matrix is 80 bits. For obtaining of
resulting matrix it is necessary to make summation of
shifted outcomes of A B., AxB., A By, AyBy and to sub-
tract of shifted matrices D,, Dy and S:

if A(i,j)<0, then Da(i,j) = B(i,j), else Da(i,j) = 0;
if B(i,j)<0, then Db(i,j) = A(i,j), else Db(i,j) = 0;
if A(i,j)<0 and B(i,j)<0, then S(i,j) = 1.else S(i,j) = 0,

where matrices D, and D, should be considered as shifted
on 32 bits to the left, matrix S as shifted on 64 bits to the
left. Depending on fixed point format we extract corre-
sponding bits from 80-bit outcome. For example, for
16.16 fixed point numbers (that is length of integer part is
16 bits and length of fractional part is 16 bits) we get bits
from 47 to 16.

There are two optimization tricks, which are able to
decrease processing time significantly. The first is aligning

of addresses of matrix rows. Addresses should be divisible
by the length (in bytes) of the vector register. There is no
necessity to zero-pad matrix multiplication via outer
products. Padding bytes can have any values. The second
trick is manual loop unrolling. In general modern
compilers automatically make effective optimization
including loop unrolling. However we were able to write
faster code compared with the optimizing compiler.

Decompositions on matrices of 16-bit numbers and
products of the matrices can be done in parallel. It can be
applied in conjunction with “natural” approach for
parallelization of matrix multiplication by splitting of
rightmost matrix on vertical blocks, multiplication of
leftmost matrix on each block and concatenation of
outcomes. Width of block should be divisible on width of
vector register.

Processing time of proposed algorithm realized by
means of 16-bit vector instructions for matrix 160x160 of
16.16 fixed point numbers is more than 6 times faster in
comparison with implementation via 32-bit scalar
instructions. What is the theoretical limit of achievable
performance? The multiplication of square matrices of size
NxN requires N* products for scalars. In the ideal case due
to VLIW pipeline, memory operations and additions can be
performed simultaneously with the multiplications
instructions. A vector register of our DSP contains 32 16-
bit numbers. Algorithm does four matrix multiplications.
Assume, a instruction requires a cycle of a processor. Thus,
theoretical limit is 4N*/32. Matrix multiplication of 32-bit
unsigned integers has a performance of only 8-10% worse
in comparison with evaluation for an ideal case. This is
pretty good. For matrix of fixed point numbers the
generation and subtraction of D, and Dy lead to 10-15%
overhead. Nevertheless processing speed is high.

REFERENCES

[1] Ligorio G., Sabatini A.M. Extended Kalman Filter-Based
Methods for Pose Estimation Using Visual, Inertial and
Magnetic Sensors: Comparative Analysis and Performance
Evaluation, Sensors, 2013,no. 13, pp. 1919-1941.

[2] Knuth D.E. The art of computer programming: Vol. 2 /
Seminumerical algorithms, Third edition. 1998, Addison-
Wesley.

[3] Warren H.S. Jr. Hacker’s Delight. 2002, Addison-Wesley.

[4] Cormen T.H., Leiserson C.E., Rivest R.L., Stein C.
Introduction to Algorithms, Second Edition. MIT Press and
McGraw-Hill, 2001. Chapter 28: Section 28.2: Strassen's
algorithm for matrix multiplication, pp. 735-741.

[5] Morad A., Yavits L., Ginosar, R. Efficient Dense and
Sparse Matrix Multiplication on GP-SIMD. 2014. Proc. of
IEEE Power and Timing Modeling, Optimization and
Simulation conf., pp. 1-8.

[6] Yates, R., Fixed-point arithmetic: An introduction // Digital
Signal Labs, 2013, P. 15.

[71 Eklundh J.O. A fast computer method for matrix
transposing. IEEE transactions on computers, Vol. 21,
1972, pp. 801-803.



