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Borunciienne marpunnl EBKINIOBBIX paccrogHmii TpebyeTcss B IIMPOKOM CIIEKTPE 3aJad, CBA3AHHBIX C
VHTEIEKTYAJTbHBIM aHAJN30M JAHHBIX. B HacTosilee BpeMsi OOJIBINOe KOJUIECTBO MapaJIeIbHBIX aJTOPUTMOB
pelleHns ITON 3a/a9y peajm30BaHO i I'paduydeckux nporeccopoB. OHaKo JaHHbIE pa3pabOTKM HE MOIYT
OBITH IIPOCTO TIEPEHECEHbl HA MHOrOsjIepHble cucrTeMbl apxuTeKTypbl Intel Many Integrated Core. B crarne
MIPe//IaraeTCsl MapaJjjieIbHBIA aJTOPUTM BBIUHUC/IEHUS MATPUIBl EBKINIOBBIX PACCTOSHUN HA MHOTOSIEPHOM
nporieccope Intel Xeon Phi mokonenmsi Knights Landing nmst ciydasi, Korja BXOOHBIE JaHHBIE MOTYT
OBbITH PA3MEIEeHbl B OIEPATUBHON mnamsaATh. JIaHHBIA AJIFOPUTM WCIOIBL3YET OJIOYHO-OPUEHTUPOBAHHYIO CXEMY
OPraHU3AIMN BBIYUCIEHUH, KOTOpas MO3BOJIseT 3(PMEKTUBHO WCIOIb30BATH BO3MOMKHOCTHA BEKTOPU3AIINN
peruncsenuit Intel Xeon Phi. B anropurMe mprumMeHeHa HeTpUBHAJbHAS KOMIIOHOBKA JIAHHBIX B OMEPATUBHON
NaMSATH JJIsl YMEHbBIIEHUs] KOJUYIECTBA KAII-IIPOMAXOB IIPOIECCOPa BO BPEMsl BBIUMCJIEHUN. DKCIIEPUMEHTHI Ha
pPeaJIbHBbIX U CUHTETUYECKUX HAOOpAX JAHHBIX MOKA3AJIN, YTO IPEJJIOXKEHHBIH aJrOpUTM XOPOIIO MacCIITabupyercs
¥ OTIepeXKaeT aHAJIOTH B CJIyvae MPsIMOYTOJBHBIX MATPUIL C JAHHBIMU MaJION Pa3MEepPHOCTH.

Knrouesvie caosa: mampuya FEexaudosvir paccmoawuti, OpenMP, Intel Xeon Phi, Knights Landing,

KOMNOHOEKA OQGHHHLL 6 namamu, 8EKIMOPU3IAUUA 8bIYUCAEHUT.
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BBenenue

Beranciienne marpuiiel Epkimiossix paccrosiauit (MEP) Tpebyercst B mmpokoM criekTpe
HAYYHBIX U MPAKTHYECKUX 3aJad, CBI3aHHBIX C HHTEUIEKTYaJbHBIM aHAJIN30M JAHHBIX [5].

Dtementayu MEP sIBJIsIOTCS KBaIPAThI PACCTOSHHIT !

, KOTOPbIE MOT'YT OBITH HHTEPIIPETHPOBAHBI
KaK PaCCTOSHHUS MEXKJy TOYKAMH OJHOTO MHOYKECTBA WJIM PACCTOSHHUS MEXKJIy TOYKAMH JIBYX
MHOXKECTB B KEBKJINOBOM IIPOCTPAHCTBE. YKa3aHHBbIE CIy4Yand IOPOXKJIAIOT, COOTBETCTBEHHO,
KBaJIpATHbIE U MpAMOyroJibHble MaTpuilbl. KBagparasie MEP wucmonnsyrorcs B 3amadax
u3BJIeYeHusl ay/uo u Bujeo uHbopmaruu [5|, B o6paborke curnasnos [5| u ap. Ipsmoyrosbhbie
MEP wurpaior BaKHYIO POJIb B NPUJIOXKEHUSAX, CBA3AHHBIX C KJjacTepusarueil JTaHHbIX,
r7e HeoOXOJMMO BBIYHUC/IATL PACCTOSHUE MEXKJIy IEHTPAMU KJIACTEPOB M TOYEK JAHHBIX,
II0/[BEPraeMblX KJIACTePU3alUK, HAPIMeD, B CErMEHTHPOBAHUI MEJUIIMHCKIX n300parkenuii [12,

21|, uepapxudeckoii [2| neuerkoii [4] kinacrepusanun ganubx JJTHK-Mukpounnos u jip.

LCrporo rosopsi, MEP moskmb! comep»Kars EBKIMIOBEI PACCTOSHIS, HO He WX KBaaparsl. OIHAKO, 31€Ch U JaJee
OyIeT HCIIOIb30BaTLCs OIPEJeJIeHNEe C KB IPATOM PACCTOSHMUs, IOCKOJIbKY OOJIBIIMHCTBO aBTOpoB pabor o MEP

IIPUJEP’KUBAETCS JAHHOTO COIVIAIeHust [5).
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B nmamboit crarbe paccMaTpmBaeTCs 3a/lada  BBHIUACIAEHUS KaK KBaJpaTHOH, TakK u
npsimoyrosibHoit MEP, omnpenensiemasi ciemyromum obpasoM. PaccMoTrpum  7Ba  HeIyCTHIX
KOHEYHBIX MHOXKECTBA U3 N U M TO4YeK B d-MepHOM EBKJINIOBOM IpocTpaHcTBe. TOYKHU 11epBOro

MHOKECTBA PACCMATPHUBAIOTC KaK CTPOKM MATpuibl A € R™? To4YKE BTOPOro MHOMKECTBA —

KaK cTpokn Marpuiiel B € R™*?. O6o3naumm Kax A1,y oovy Qp.Tb1., ..., by THC 04, D). € R,
crpoku mMarpunl, A n B, coorsercreenno. Torna marpuna Epknmnossix paccrosamii D € R™*™
COCTOUT U3 CTPOK di ., .., dp., t1e di. € R™, d;; = |la;. — b;.|[% u | - || osnauaer Eskiunosy

HOPMY?.

[Tockosbky Bbrunciaenne MEP umeer kybudeckyio Bpementyto cioxkaoctb O(nmd), naHHast
3ajiavua 3a9acTyio MpecTaBisieT coboit namboJiee BpeMsIeMKU ITAIl perracMoil aHATUTHICCKOI
npobJIeMbl M IIOTOMY SIBJIETCA IPEIMETOM pPa3pabOTKU MapaslIe/IbHBIX aJIlOPUTMOB  JIJIst
PA3JINYHBIX AIAPATHBIX apXUTEKTYP.

B macrosiiiiee BpeMst 60JIbIIIOE KOJIMIECTBO MAPAJIICTBHBIX aJropuTMoB Beraucieaus MEP
paspaborano jist rpadbudeckux mporeccopos [1, 2, 10, 13]. Dru pazpaborku, 0JHAKO, HE MOTYT
ObITH HAIPSIMYIO IIepeHeceHbl Ha MHOTosiiepHble cucrembl Intel Xeon Phi (3, 18]. Intel Xeon
Phi mpencrasiisier coboii cemeiicTBO cmcTreM Ha OcHOBe apxuTeKTypbl Intel Many Integrated
Core (MIC), xoropas obecreunBaeT GOJIBIIOE KOJIUIECTBO BBIMHCIUTENBHBIX $JIEP C BBICOKOM
[POITYCKHOW CIIOCOOHOCTBIO JIOKAJIBHON HamMaTu u 512-OMTHBIMU BEKTOPHBIMH PErMCTPAMH.
Bynyun ocmoBamubiMu Ha apxurekType Intel x86, cucrembr Intel Xeon Phi mommep:kusaior
napaJsiiesin3M Ha yPOBHE HUTEH U Te 2Ke IPOrpaMMHbIE HHCTPYMEHTDI, YTO U OOBIYHBIN [TPOIECCOD
Intel Xeon, uro genaer ux KOHKYPEHTOCIIOCOOHON aJIbTePHATHBON rpadUIecKuM IIPOIECCOPaM.
Ha ceromusa kommnamus Intel mpegmaraet mBa mokoaerns: mpoayKToB apxutekTypbl MIC: Knights
Corner (KNC) [3] u Knights Landing (KNL) [18]. KNC npejacrasisier coboii comporeccop ¢
KOJIMIECTBOM sifiep 10 61, TOAIep:KUBAONNii KaK HATWBHBIE I[IPUJIOXKEHUsI, TaK U BBITPY3KY
(offloading) BbrMUCHeHUit U JaHHBIX ¢ ynpasjsoormiero mnporeccopa. KNL obecnieuuBaer jgo 72
AJIep U, B OTJIMYNE OT IPEJIIIECTBEHHUKA, SIBJISIETCS CAMOCTOSITEILHO 3aIPyKaeMbIM YCTPOUCTBOM,
KOTOPOE UCIIOJIHSAET MPUJIOXKEHUs TOJIBKO B HATUBHOM DEXKUME.

B jammHOll crarhe paccMarTpuBaeTcs 3ajada napaJsiebHoro Boeraucienus MEP  Ha
MuorosiiepaoM  niporieccope  Intel Xeon Phi mokosmenusi Knights Landing mis  coiygas,
KOIJIa JIAHHbIE, 3aJIefiCTBOBAHHBIE B BBIYUCJCHUSX, MOTYT OBITH pa3MEIIEHBl B ONEPATHBHOIM
namsTu. Onucanbl CIeIyIoIe OCHOBHBIE Pe3yabTaThl. [Ipesjioken mapaJuiesbHbll aJrOpuTM,
OCHOBAHHBII Ha HOBOH OJIOYHO-OPHEHTHUPOBAHHON CXeMe BBIYMUCJIEHHI, KOTOpasl IO3BOJISET
bonee 3(pEeKTUBHO HCIOIB30BaTEL BO3MOKHOCTH mporeccopa  Intel Xeon Phi KNL mo
BEKTOPU3AIMK BBIYUCJIEHUN, YEM IIPsIMOJIMHEIHbIE TEXHUKU HA OCHOBE BBIPABHUBAHUS JIAHHBIX
1 aBTOMaTHYIECKON BeKTopHu3aIuu. [IpoBeieHbl BEITUCIUTEIbHBIE SKCIIEPUMEHTHI HA PeabHBIX U
CHHTETUIECKHX HA0OPaX [aHHBIX, IIOKA3ABIIHE BBICOKYIO MACIITAOMPYEMOCTh pa3paboTaHHOrO
ajroput™Ma u ero 00jiee BBICOKYIO MPOU3BOAUTEIBLHOCTH, YEM y AHAJOIrOB, JIjIs CJIydas
MPSIMOYTOJIBHBIX MATPHUIL C JTAHHBIMEI MAaJIOW Pa3sMEepHOCTH.

OcraToK cTaThby OpraHM30BaH cjeiyiolmuM obpas3oM. B pasmeire 1 npusesen o630p pabor
[0 TeMaTUuKe HuccaeloBaHusd. Pa3ien 2 COmepKUT ONHMCAHUE MPEIOKEHHOIO IMapasieIbHOTO
ajropurMma Borunciaenus MEP. Pesynbrars! skciepuMeHTaIbHOTO UCCAEIOBAHNS pa3paboTaHHOro
aJI'OPUTMa, [IPUBEJIEHBI B pasjeiie 3. B 3ak/I09eHUN CyMMUPYIOTCS MOy YeHHBIE PE3yJIbTaThl U

npejJjiaraloTcd HallpaBJI€HU A 6y,H,y1_ILI/IX HCCHG,ZLOB&HI/IIZ.

23aMeTHM, UTO JAHHOE OIIPE/eIeHne IOKPhIBaeT cirydaii A = B.
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1. O630p paboT

B pa6ore [2] Hanr (Chang) m ap. Opeyio:KuIn NapasileIbHbBIl AJrOPUTM BBIYHCICHUS
MEP na GPU ¢ momorsio CUDA. DToT alropuT™ MpenoaraeT, ITO MaTPUIA KBaIpATHAS
(n = m) 1 9TO pa3Mep MATPUIIBI L ¥ PA3MEPHOCTH IPOCTPAHCTBA d KPATHBI 16. AJropurmMmudeckoe
TpeboBanne KparHocTu 16 ciemyer u3 apxurekrypel NVIDIA GPU. B coorBercrBum c¢
rexnosiorueii CUDA HuTHu rpynmnupyiorces B aByMepHbIe 610k1 16 X 16, KOTOpbIE, B CBOIO 0Yepe/ib,
dbopMUDPYIOT JBYMEDHYIO CETKY {15 X 1g. LTakuMm obpa3oMm, KazKJas HUTb HJICHTUPUIUDYeTC
4eTBepKoii (by, by, tz, ty), Tae mapa (by, by) 3amaer nosoxkenue 6110Ka, a napa (ty, t,) — mosoKeHne
B ceTke. B 3Toii KOOpAMHATHON CUCTeMe HUTb BBIYUCIACT di6.b,+t,,16-b,+t, d1emenT MEP. Ha
KaKJI0il mTepaliuy BCe HUTU 3arpyrKaloT JBE MHoAMaTpuIlbl pa3mepa 16 X 16 B pasjesseMyio
naMsTh. Kaxk/ias HUTh TOCJE CUHXPOHW3AIUU BBIYUCJISET YaCTUIHOEe HBKJIMIOBO pacCTOSTHUE.
Jlajtee HUTH JOJIKHBL OBITH CHOBA CHHXPOHU3UPOBAHBI, IIPEXKJIE UeM 3arpy3UTh CJIELYIONIUE JTBE
HOJIMATPHIILI JIJIst pacdyera. JkcrnepumenTsl aBTropos Ha cucreme NVIDIA Tesla C870 (¢ mukosoit
npoussojuresibHocTeio 0,5 GFLOPS) nokaszamu, uro ajsropurm obecrednBaeT yCKOPEHUE 10
44 pa3 10 CPaABHEHUIO C IIPOIECCOPOM.

Ju (Li) n ap. [13] npemnoxkumm Giounerit Meroxn soranciaenuss MEP s cepx6Gosbimmx
HA0OPOB JIAaHHBIX B pacupejesennoit cpejge ¢ GPU. Hauubiit MeTon IpeioaraeT peajin3aluio
agroputma Berauciaenns MEP wma GPU ngna Beramcienus mommarpun, MEP. 3atem aBTopbI
HCIIOJIb3YIOT MPOrpaMMHYIO cucTeMy Ha ocHoBe mnapaanrmbl MapReduce maa pazbuenus
ucxo/iHo# 3amaun Beruncienusd MEP Ha psi/i MasieHbKUX HE3aBUCUMBIX 110/133,/1a4 /1151 BBIYUCJICHUS
monmarpur;, MEP. Ilporpamvuast cucrema guHamudecku BoLaesisier pecypcebl GPU nmomzamagam
JUIST JTOCTUKEHUsT MAKCUMAJIBHOM MPOM3BOJIUTEBHOCTH. B sKClepuMeHTax Ha TpeX CHCTEMAaX
NVIDIA Tesla 1060 (0,9 GFLOPS kaxkjast) ajropuTy IokasblBaeT ycKopeHue 10 15 pas.

Kum (Kim) w gp. [10] npejoxknim 106aBisiTh (QUKTUBHbIE HYJIEBbIE JIAHHbIE IIPH
HCIOJIb30BAHNY aJIrOpuTMa u3 paboTsl [2]. MaTpuIiisl BXOAHBIX JTAHHBIX JOMOIHSIIOTCH HyJIEBBIMI
cTpoKaMu u crojibramu st 06paborku BeraucaunresbabiM sgpoM CUDA. B skcnepumenTax Ha
NVIDIA Tesla C2050 (0,5 GFLOPS) anropurm mokasaJ yckopenue 70 47 pas3 1o CpaBHEHUIO €
MIPOTIECCOPOM.

B pab6ore [1| Apedun (Arefin) u ap. yaydmmmim moaxojsl, npeioxKennsie B |2, 10, 13].
Bmecre ¢ MEP Bxoamble manable paszbupatorcs Ha OJjioku. lamHHass omepaliusi BBITOJHSIETCS BO
BHEIITHEN MaMsiTH, U3-3a 9ero JanHoe peinenune padoraer 10 30 pa3 MejjiIeHHEe, YeM B UCXOJHBIX
pabotax. Tem He MeHee, JAHHBIN MOAXOI IPUMEHNM IIPH 00pabOTKe TAaHHBIX, HE TOMEIAIOITIXCSI
B OIlepaTHUBHYIO maMsTh mporeccopa uiau GPU.

B paborax By (Wu) u ap. [20], JIu (Lee) u np. [12] u fpom (Jaros) u mp. [9] kocsenHo
3aTpoHyTa 3aa49a Berancienuss MEP Ha yckopurensix Intel MIC. ApTopsr 31X paboT yCKOPSLIN
Ha comnporneccopax Intel Xeon Phi KNC amropurm kiacrepusanuu k-means, B KOTOPOM
Berunciaenne MEP siBisiercst moazamadeii.

B pa6ore |20] aBTOpBI IIpe 110K IIIM TeTEPOreHHBI O/IX0JL K PaciapaslIe/IMBAHUIO aJIlOPUTMA
k-Means, sageiicTBylommii Kak Iporeccop, Tak u comnporeccop Intel Xeon Phi KNC. B
COOTBETCTBUM C JIAHHBIM IIOJIXOJIOM IIPOIECCOP BBIMOJHSET Ha3HAUEHWE TOYEK JAHHBIX [0
KJIaCTEpaM U 3aTe€M BBIIPY2KaeT JAaHHbIe U IEHTPOUIBI Ha comporeccop. Takum obpaszom, Xeon
Phi KNC na kaxmoit urepanun Berauciser MEP MexXay ncxogabIMu JaHHBIMA ¥ IIEHTPOM IAMHE.
Jlst yBeImueHus: MPOIYCKHON CIIOCOOHOCTU TAMSTH U K3IIa aJTOPUTM XPAHWUT IaHHBIE B BUJE

MacCuBa CTPYKTYp. B sKcmepmMeHTax aBTOpaMH IOJYYEeHO yCKOpeHme 10 24 pas3, OmHAKO
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MacIITabupPyeMOCTh AJITOPUTMa CYIIECTBEHHO CHHMXKAJIach IIPH HCIOJIb30BaHUU OoJsiee deMm 56
HUTEH.

Apropel paboTer 9] ncmosb30BaTM MOXOXKUIT TOAXOJ U BBIHOCHJIN BbluncjeHust Ha Intel
Xeon Phi KNC. Cuenyer ormeruTs, 9T0 B paborax-npe/uectseHaukax |9, 20| ucronbsyorcs
MHOTOsIJIepHBIe cuCTeMBl apxuTekTypbl Intel MIC mnpeabiayinero IMOKOJEHUsT U BBITPY3KY
JAHHBIX W BBIYUCJICHUI, OJHAKO B OIUCAHUHU SKCIEPUMEHTAJIBHOTO UCCIETOBAHUS AJTOPUTMOB
cragust Berauciennss MEP He oTmensiercst oT JApyrux BBIYUC/IEHWI, 3aTPyIHssl CpaBHEHHE
MIPOU3BOAUTE/ILHOCT U MacinTabupyemoctu Beraucjenuss MEP ¢ npyrumu perenusmu.

B pabore [12] aBropsl miusi Bbrumciaenuss MEP wa mnpomeccope Intel Xeon Phi KNL

UCIIOJIb3YIOT IapaJjlleIbHbIl aaropuT™M, mIpejcraBieHHbii B Ajar. 1. B mannom ajropurme

IIpI/IMeHHIOTCﬂ OTHOCHUTEJIbHO IIpOCTbIe TEXHUKN yCKOpeHI/IH BbI‘{I/IC.HeHI/IfI — BpraBHI/IBaHI/Ie
JAHHBIX M aBTOBEKTOPpHU3allsd, — IMO3TOMY JdaJiee JaHHad peaiun3alirusd 6y,HGT YIIOMUHATBCA KaK
STRAIGHTFORWARD.

Algorithm 1 STRAIGHTFORWARD(IN A, B; ouT D)

1: Fpragma omp parallel for

2: for ¢ from 1 to n do

3 sum < 0

4 for j from 1 to m do

5: __assume_ aligned(a;,., 64)
6 __assume_ aligned(b; ., 64)
7 for k£ from 1 to d do

8 sum <— sum + (a;  — bj’k)2
9 end for

10: d; j < sum

11: end for

12: end for

Crpoku 56 mpejcraBiisoT coboil MOACKa3Ky KoMIuiIsaTopy Intel, uro mamsaTh, oTBeeHHAS
ot Kaxkiyto w3 marpuii, A u B, BelpoBHeHA Ha yKazaHHOE KOJu4decTBO OaiiToB. HauasibHble
aJipeca MCXOHBIX JIAHHBIX BBIPDABHUBAIOTCA TaKUM 00pa30M, YTOOBI ObITH KPATHBIMU ITHPUHE
sexTopnoro perucrpa (VPU, Vector Processing Unit) cucremsr Intel Xeon Phi3. lanmbrii mprem
nosBosisier u3bexkarb dhdekra pasbuenusi mukiaa (loop peeling) B cTpoke 7, CyIIeCTBEHHO
CHUYKAIOIIETO ITPOU3BOJUTENbHOCTL BEKTOPU30BAHHOIO IMKJa. JleficrBure/bHO, B cilydae
OTCYTCTBHUS MTOJICKA3KN KOMITHJIATOD MPEJIIIOJIAraeT, YTO JAHHbIEe He BHIDOBHEHBI U PA3JIEJUT IUKJI
Ha tpu dactu. llepsas nebosbiasi 9acTb UTEPAIMI ITUKJIA OCYIIECTBISAET JOCTYI K UCXOIHBIM
JIAHHBIM OT HAYAJILHOTO JIpeca JI0 IEPBOTr0 BLIPOBHEHHOT'O aIpeca, BEKTOPU3YeTC st OTIeIbHO. Tak
2K€ KOMIIIJIITOPOM OTIE/IHHO Oy/1eT BEKTOPU30BaHa HEDOJIbIIAs YaCTh UTePAIi K14, KOTOPbIe
00pabaThIBAIOT MCXOJIHbIE JIAHHBIE OT IIOCJEHEIO BBIPOBHEHHOI'O aJjpeca JI0 3aBEPIIAIOIIEro
aJipeca JIAHHBIX.

Jlasiee, B Tejle IUKJIA B CTPOKE 7, HECMOTPsl Ha BbIpAaBHUBAHUE HAYAJbHOI'O aJIpeca
EPBOIl TOYKU JAHHBIX, HAYAJBHBIN aJIpec BTOPOH TOYKM JAHHBIX HE Oy/IeT BBIDOBHEH, €CJ/IH

Pa3MEepPHOCTDb d ue 6yﬂeT KpaTHa INMHUPpHUHE BEKTOPHOI'O pPErucrpa, 4YTO CHOBa IIpUBEAET K

3IIIupuHOil BEKTOPHOTO PETHCTPa HA3BIBAIOT MAKCHMAJBHOE KOJHYECTBO 3JIEMEHTOB JAHHBIX, KOTOPOE MOYKHO
nomectuth B peructp. st Intel Xeon Phi pasmep BexkTopHOro permcrpa cocrasisier 512 6ur, 9TO 103BOJISIET

pa3MeCTUTb B HEM 16 BEIIECTBEHHBIX YHUCeJI C O,H\I/IHapHOI‘/'I TOYHOCTBIO.
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pasbueHuio 1ukJa u HedDDOEKTUBHON BekTOpm3anuu. s permeHus 3Toit 1pobIeMbl aBTODBI
JIOMOJIHAIOT TOYKU BXOJHBIX JAHHBIX (DUKTUBHBIMU HYJIEBBIMU KOODJUHATAMU TAKUM 00pa3oM,
9TOOBI PA3MEPHOCTb TOYEK ObLIa KpaTHa IIMPUHE BEKTOPHOI'O PErucTpa, B CHJYy Yero IMHUKJI
paspeliaeTcs KOMIMJISATOPOM KaK JIB€ BEKTOPHbBIE OIlepalIUH.

Tewm He Menee, B BBICOKOIIPOU3BOIUTELHBIX BHIYUCIEHUAX, IOMUMO BHIDABHUBAHUS JTAHHBIX,
c110co0 KOMIIOHOBKH JIAHHBIX OKA3bIBAET CYIIECTBEHHOE BiusHUE HA 3(DDEKTUBHOCTD OlEPAIIHii
nocryna K namsatu [8]. B cienyromem paszesie Gyjer paccMOTPEHO IIPHMEHEHHEe KOMIIOHOBKH

JAHHBIX B IMAMATHU JJisi yCKopeHus Boraucienns MEP.

2. ¥Yckopenue Bbruucjiaenuii Ha nporieccope Intel Xeon Phi KNL

[Ipenaraemblit B ganHoit pabore moaxos K Berauciaennio MEP na mponeccope Intel Xeon Phi
KNL mmeer nBa cteIyoMmmuX OCHOBHBIX OTJIMIHS OT aJropuTMa STRAIGHTFORWARD. Bo-11epBbhIx,
[IpEe/IJIAraeTCsd HOBas CXeMa OPTraHU3allud BBIYUCIEHUH Uit 3()EEKTUBHOIO WCIOJIH30BAHUS
BosMOxKkHOCTell BekTopm3amuu Intel Xeon Phi. Bo-Bropbix, wucmnonbsyercst 6ojiee cCozKHast
KOMITOHOBKA JIAHHBIX B OIEPATHBHON IMaMATH. Y Ka3aHHbIE OCOOEHHOCTH PACCMaTPUBAIOTCS HUXKE

B pazzenax 2.1 u 2.2 coOOTBETCTBEHHO.
2.1. Cxema BbuIYHCJICHUI

OcHoBHast ujest MpeyIaraeMoro MOX0/Ia 3aK/II0YAeTCs B U3MEHEHUU CXEMbl BBIUUCICHUI
TakuM 00pa30M, YTOOBI [0 CPABHEHWIO C MPSIMOJIMHENHBIM IOIXOI0M OBLIO BEKTOPU30BAHO
OoJibIliee KOJUIECTBO omneparuii. B ajropurme STRAIGHTFORWARD B IUKJIE€ BBIYUCIISIETCS OJTHO
paccrosinue Mexky jByMs Toukamu. CreqoBarebHO, BHYTpeHHUi muki (eM. Aur. 1, crpoka 7)
OyIer CKOMIIMJIMPOBAH B JIBE€ BEKTOPHLIE ONEPAIUU: I109JIEMEHTHBIE PA3HOCTh U IIPOU3BEICHIE
BEKTOPOB.

[Ipegnaraemblit ajgropuT™, MOJYyYUBIIHI HasBanne BLOCKWISE, UTEPATUBHO BBIYUCIISIET
HECKOJIKO PACCTOAHHMI OT OJHOW TOYKM M3 IEepPBOr0 MHOXKeCTBa 10 block ToYeK M3 BTOPOro
MHOXKeCTBa, rie block — nmapamerp anropurma (cMm. AJr. 2).

B crpokax 1-7 ocytmecTBiisieTcss n3MeHeHne KOMIIOHOBKY JJAHHBIX BTOPOI'O MHOXKECTBA, TOYEK
B HaMsTH (JeTajbHOE OIUCAHWEe IPUBEIEHO B pasdzerne 2.2) u GopMUPOBAHUE UX KOIUH JIJIsi
JAJbHERINX Bbrancsennit. Buermmuit ukit (crpoka 9) mepebupaeT mepBoe MHOXKECTBO TOUEK U
pacmapaJutesimBaercsi. BHyTpeHHNT nuka B cTpoke 10 mepebupaer OGJOKH BTOPOIO MHOXKECTBA
touek. Ilukyr B crpoke 12 BBINOJHSIET BBIYUC/IEHUsI 1O KOoOpawHaATaM OJioka Todek. Lluki B
cTpoKe 15 BBIYHC/ISIET PACCTOSIHUSI U KOMIIUJIUPYeTCsl B JiBe BeKTopHbIe onepamuu. Crpoku 13
u 14 1moACKa3BIBAIOT KOMIIUJISITOPY O BHIPDABHUBAHWK B IIAMSITH TOYKHA U3 IEPBOTO MHOYKECTBA
u 6JIOKa TOYEK U3 BTOPOTO MHOYXKECTBa COOTBeTcTBeHHO. HakoHer, mukyi B crpoke 20 coxpaHsier
BBIYHMCJIEHHBIE PACCTOSIHUSI B MATPUILY PACCTOSTHUI, TPUYEM 3Ta OIEePAIlUsi KOMIUJIUPYETCS B OJIHY
BEKTOPHYIO onepanuio. JJaHHOMY IUKJIy IPeIIecTBYeT MojcKa3Ka Jjis KoMIisiTopa (cTpoka 19)
O BBIPABHUBAHUH PE3YILTUPYIONIEHl MATPHUIILI PACCTOSHUN B IAMSITH.

OmnncaHHBI aJIPOPUTM IIPEIIO/IATaeT, 9TO MOIIHOCTH BTOPOIO MHOXKECTBA TOYEK 77 KPaTHA
KoJtmaecTBy 0J10KOB block. Ecyim 910 He Tak, HEOOXOAMMO YBEJIUINUTD 1M 10 OJIUKAMIIEro IejI0ro
qnciia, Kpatraoro block, myrem momosiHeHUS MATPUIbl B GUKTUBHBIME HYJIEBBIMU CTPOKAMH.

Kpome Toro, mmsa rapantunm 3dpheKTUBHONW BEKTOPH3AIINM Oleparuii Haja Mmarpuieii B
mapaMeTp block momkeH OBITH KpaTeH 3HAYEHMWIO IMHPUHBI BEKTOPHOTO peructpa widthy prr.

Takke, mj1s1 mojTygenust OOJIbINTEH BBITOJBI OT BEKTOPU3AINNA BLIYUCICHUN B KAYECTBE MaTPUIIHI
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Algorithm 2 BLOCKWISE(IN A, B, layout, block; ouT D)

1: if layout is SoA then
2: PERMUTE(B, m, B)

3: else if layout is ASA then

4:  PERMUTE(B, block, B)

5: else

6: > Kommonoska AoS, mmepecTaHOBKa 3JIEMEHTOB HE Hy2KHA
7: end if

8: #tpragma omp parallel for

9: for ¢ from 1 to n do

10: for j from 1 to |5 ] do

11: sum < 0

12: for k£ from 1 to d do

13: __assume_ aligned(a;., 64)
14: __assume_ aligned(b; ., 64)
15: for ¢ from 1 to block do

16: sumy <= sumy + (a; j — l~)j+k,g)2
17: end for

18: end for

19: __assume_aligned(d; ., 64)

20: for k from 1 to block do

21: di,j~block+k <— sumyg

22: end for

23: end for

24: end for

B Heo0x0/1iMMO B35ATH MATPHILY, KOTOPas XPAaHUT HAUOOJIbINEE 110 MOIIHOCTU MHOXKECTBO TOYEK
u3 JIBYX 3aJ[aHHBIX.

OTMeTHM, 9TO TMPEJIOKEHHBIH AITOPUTM TMPEJIIONATAT IMIUPUTIECKAN BBIOOD mapaMeTpa
block B cOOTBETCTBUY C BBIIIEN3JI0KEHHBIMI TPeGOBaHUAMHE (J1eTaju BHIOOPaA JAHHOTO IlapaMeTpa

pPacCMOTPEHBI Jlajiee B pasjeiie 3).
2.2. KoMmnoHoBKa JaHHBIX
Ha puc. 1 opeacTaB/JICHbI OCHOBHBIE CHOCO6I)I KOMIIOHOBKHM MaCCUBOB B IIaMATU (B BUI€E

oObsiBIIeHNIT THIIOB JIAaHHBIX st3bika Cn) [8].

typedef struct {

f f
typedef struct { typedef struct { float x|block|:
float x; float x|[m];
float y[block];
float y; float y[m];
float z[block];
float z; float z[m]; } ASA:
} AoS; } SoA; ;
ASA B|| 21|
AoS B[m], SoA B; S Ngblock—”7
a) Maccus u3 CTpyKTyp b) CTpyKTypa U3 MaccHBOB ¢) Maccus crpyxryp 3

MaCCHUBOB

Puc. 1. OcHoBHBIE CIIOCOOBLI KOMIIOHOBKI MaCCUBOB B IIaMATH
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Komnonoka AoS (Array of Structures) mpemmosaraerT XpaHeHHE MHOXKECTBa TOYEK B
BUJIE MacCCHBa, 93JEMEHTAMHM KOTOPOTO SIBJISIIOTCS CTPYKTYPBI, W YACTO WUCIOJb3yeTCsI Kak
KOMITOHOBKA JIAHHBIX [0 yMOJIYaHUIO. B cirydae KOMIIOHOBKE JaHHBIX SOA (Structure of Arrays)
JITST XPAHEHUsT KayKJIOW KOOPJAWHATHI TOYEK WCIOIB3YIOTCS OTAEIbHBIE MACCHBBI. JTO MOXKET
MPUBONTDL K KOH(JIMKTAM COBMECTHOTO JIOCTYIIa HUTEH K TMaMSTH, €CJIU CIeHAPUH TOCTyIa K
JIAHHBIM TIpejiosaraeT o6paboTKy cMeKHbIX eMeHToB. Kommnonoska ASA (Array of Structures
of Arrays) pasbusaer maHHble Ha OJOKH B cooTBercTBHU € mnapamerpom block. ASA-block
0000IIaeT KOMIIOHOBKHI JIAHHBIX, paccMorpenHble Boime: ASA-1 cooreercrByer AoS, a ASA-m
coorBeTcTByeT SOA. Takas ycaoKHeHHAs8 KOMIIOHOBKA JAHHBIX CIOCOOCTBYET yMEHBIIEHUIO

K3II-ITPOMAaXOB IIPOIeCCOpa IIPU BbIYUCJIICHUN MaTPUIIbL paCCTOHHHﬁ.

Algorithm 3 PERMUTE(IN B, block; ouT B)

: F£pragma omp parallel for
: for j from 1 to [;7-] do
for i from 1 to d do

for k from 1 to block do

1

2

3

4

5: i)j.d_m‘,k < bj~block+k,z’
6 end for

7 end for

8

end for

Autropur™m 3 mapaJsiieIbHO MpeobpasyeT MaTPHUILy MCXOIHBIX JAHHBIX U3 OJHOW KOMIIOHOBKH

JAHHBIX B JIPYTYIO IyTeM IePeCcTAHOBKHU djeMeHTOB. [l 3amannoro pa3mepa block m maTpuiist

~ m
B € R™*4 ¢ KoMIoHOBKO#H JaHHBIX A0S, aaropurM cosjaer mMarpuiny B € R | Block | <Plock ¢

KOMIOHOBKO{ naHubX ASA-block (wmm SoA, eciu block = m).
3. SKCHepI/IMeHTaJII)HOG ncciaeagoBaHme

3.1. Onwucanume 3KCIEPUMEHTOB

Ileau. B skcnepumMenTax OBLIM MCCJIEIOBAHBI [IPOU3BOIUTEBHOCTE U MACIITAOUPYEMOCTD
IPEJJIOKEHHOIO  aJIFOPUTMa [0 CPABHEHHIO C AJrOPUTMOM STRAIGHTFORWARD [12| u
peanuzarueit Berauciaenus MEP ¢ momompio dyukiun uz 6udbunorexku Intel Math Kernel Library
(MKL)*, ontumusuposanuoii gst Intel Xeon Phi. Anroputm BLOCKWISE 6bL1 peajin3oBan s
KOMIOHOBOK jtaHHBIX A0S, SoA m ASA-512. Bcee anropurmbl 3amyckaymcsk Ha Intel MIC s
pasHbIX HAGOPOB JAaHHBIX. 3Mepsiyioch BpeMst paboThl aaropuT™Ma 6e3 yuera BPEMEHH 3arpy3Ku
JIAHHBIX W 3aIiUCH pe3yibTara. Ha OCHOBE MOMYYEHHBIX 3HAYEHWI BBIYUCIISIIOCH YCKOPEHWE U
napaJuebHas 3(QGEeKTUBHOCTH aJTOPUTMOB, ONPEJIE/IsTeMbIe CJIEIYIONNUM 00Pa30M.

Yckopenne n mapasienbHas 3hGOEKTHBHOCTD MapasIeIbHOTO aJrOPUTMAa, 3alyCKaeMoro Ha
k nursix, Beraucisiercs kak s(k) = % ue(k) = % COOTBETCTBEHHO, Iyie t1 U t, — BpeMsi pabOThI
AJITOPUTMA Ha OJTHOW M Kk HUTAX COOTBETCTBEHHO.

Brimo mpoBeieHo ncceioBanne TpON3BOIUTENHLHOCTH M MACIIITAOUPYEMOCTH TTPETIOKEHHOTO
aJropuT™Ma Jjisi KBaJIpaTHBIX u npsaMmoyroibabix MEP. B ciaydyae npsiMoyro/ibHBIX MaTpHIL
HCIIOJIb30BAJIICH Te YKe TeCTOBbIe JIaHHble, YTO U B pabore [12].

Yrobbl yOequThCsI, UTO MpeJJIoyKeHHasl BBIUYUC/IUTENFHAST CXeMa JAeT BBIMTPBIIT OT

BeKkTOopu3anuu Boranciaernii Ha MIC cucremax, ObLIO IIPOBEAEHO CPaBHEHHE IIPOU3BOINTEILHOCTH

“Intel Math Kernel Library 2018 Release Notes.
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aJIropuT™MOB BLOCKWISE, STRAIGHTFORWARD u Intel MKL na Intel Xeon u Intel Xeon Phi na
OJIHUAX M TeX Ke Habopax JAHHBIX.

Jlajee, OBLIO BBLITOJIHEHO CpPaBHEHHE ITPOM3BOAMTENILHOCTH ajropurMa Bourauciaenns MEP,
npeyiozkenHoro B paborte [10], Bbmommaromerocs ma cucreme NVIDIA Tesla C2050°, u
anroputMa BLOCKWISE, Beimosasionierocst Ha Intel Xeon Phi (mockosbky ykasaHHble CHCTEMBI
MMEIOT NPUMEPHO OJIMHAKOBYIO MMKOBYIO IIPOU3BOJUTEIHLHOCTD ).

Haxkonern, npuBeieHbl SKCIIepUMEHTAJbHBIE PE3yJIbTaThl, KOTOPbIe OOOCHOBBIBAIOT BBHIOOD
3nadenus napamerpa block.

Habopv, dannvir. B skcrnepuMeHTaxX MCIOJIb30BAJNCh HAOOPHI JAHHBIX, OIHCAHHLIE B
tabs. 1. Habopor ganmbix Census [14] u FCS Human (6] B3sATBI U3 peabHBIX IPUIOKEHHI.
Habopbr manabix MixSim u ADS sBISIIOTCSIT CHUHTETHYECKUMM M IIOJIyYEHbI C IIOMOIIBIO
IPOrpaMM-T€HEPATOPOB, ONUCaHHBIX B paborax [15] u [16] coorsBercrBenno. I'pynmna wabopos
nanabix ADS (Aligned Data Set) ucnonb3oBasach jijisi 9KCIEPUMEHTAIBHON OIEHKH aJIlOPUTMA
STRAIGHTFORWARD B pabore [12]|. I'pynna na6opos ganneix PRND (Pseudo Random Numbers)

HCIOJIB30BAJIACH B 9KCIepuMeHTax B pabore [10].

Tabauna 1
Habopb! JaHHBIX [JIsT 9KCIIEPUMEHTOB
Hab6op d n m Bun CemaHTuKa
MixSim 5 | 35-2%10 | 35.210 | Cunrermueckwuit | [lomyuen remepatopom u3 [15]
Census 67 | 35-210 | 35.210 Peanbubrit PezynbpraThl nepenucu HacemaeHus
CIIIA [14]
FCS Human | 423 | 18210 | 18.210 Peanbubrit ArperupoBantast HHGOPMAITHS
0 reHoMe 4esioBeka [6]
ADS-16 16 109 103 Cunrernuecknuii | Habopsr nanubix n3 [12]
ADS-32 32
ADS-64 64

ADS-256 256
PRND-50 50 | 15-10% | 15-10% | Cunrernueckuii | Habopni manmbix u3 [10]
PRND-100 100
PRND-150 150
PRND-200 200

B skcnepumentax ¢ wuabopamu ganabix MixSim, Census n FCS Human 6pasnucs
[IOJIMHOXKECTBA 3TUX HADOPOB, YTOOBI KOJIMYECTBO TOYEK ObLIO KPATHO 3HAYEHUIO IIapamMeTpa
block = 512 (cm. pasmern 2.1).

s omnenku asropurma STRAIGHTFORWARD Ha Habopax JIAHHBIX, B KOTOPBIX Pa3MEPHOCTH
TOYeK d He KpaTHa IMHUPWHE BEKTOPHOro perucrpa widthypy = 16, 3Hadenume d yBeIUTIeHO
J10 OJIMzKaMIIero Iejioro, KpaTHoOro 16, IIyTeMm JOIOJIHEHUsI MCXOJHBIX JAHHBIX (DUKTUBHBIMU
HyJIeBbIMEU KOop nHaTtamu. st omeHKn ajaropurma STRAIGHTFORWARD Ha Habopax JIaHHBIX,
HCIOJIb30BaHHBIX B paborax [12] m [10], 3HaveHust n u m ObUIM yBesJUYEHbI 110 OJIMKAMNIIErO
11€JIOr0, KPATHOrO 3HAUYeHUIO mapameTrpa block = 512, myTeM JIOIOJTHEHUST YKA3aHHBIX MHOYKECTB

CbI/IKTI/IBHbII\/H/I HYJIEBBIMU TOYKaMU.

SNVIDIA Tesla C2050/C2070 Data sheet.
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Annapamnoe obecneuerue. DKCIEPUMEHTHI IIPOBEJIEHBI HA Y3JI€ BBIYUCIUTEIHHOTO
kitacrepa Topruamo FOYpI'Y [11]. Xapakrepuctukun xocr u MIC cucrembl y3iia npuBeieHbl B
Tabur. 2.

Tabauna 2
XapaKkTepuCTUKN allapaTHOl iaTdopMbl

XapaKTepucTukKa Xoct | Conporeccop MIC
Mopneinn, Intel Xeon X5680 | Phi (KNC), SE10X
KomuecTBo dusnaeckux simep 2x6 61
[l'unepriorounocTh 2 4
KommaecTBo sorundeckux sjep 24 244

Yacrora, I'T'x 3,33 1,1

Pasmep VPU, 6ur 128 512

[Mukosas npoussogurenabnocTtb, TFLOPS | 0,371 1,076

3.2. Pe3yabTaThl 1 00CyKaeHUE

Macwmabupyemocms. Ha puc. 2 u puc. 3 nokaszanbl BpeMsi paboThI, MACIITaONPyeMOCTD
u mapajuiesibHag 3P(EKTUBHOCTb aJTOPUTMOB Ha KBaJPATHBIX U nOpaMoyrojbubix MEP
COOTBETCTBEHHO.

ITo pesymbraram Bhraucienuit KBajapatubix MEP Mbl Buaum, 9T0 Hamaydmnil pes3yabrar
nokazas aiaropurm Intel MKL, a asropurm BLOCKWISE(ASA-512) 3anuMaer BTOpOe MECTO U
nouru cpauuBaercs ¢ Intel MKL na nabope manabpix MixSim, korma 3Hadenue d BHIPOBHEHO Ha,
16. B To e Bpemst Intel MKL mokasbsiBaeT mouTn XyIaIiyio MacIITabupPyeMOCThb U ITapaJsljIeTbHY IO
3 HEKTUBHOCTE CpPEIM MCCJIEyeMbIX aJropuTMOB. Bce ajropurmbl, 3a uckiodenuem I[ntel
MKL u BLOCKWISE(SoA) mokasbiBaior 6/mM3K0e K JIMHEHHOMY ycKopeHue U 3(hdeKTUuBHOCTh
npumMepro 80%, Korja KOJUYeCcTBO HUTEH PaBHO KOJUYECTBY (DUBMYECKUX sIJIEp allllapaTHON
wiatdopmbl. [Ipu 3TOM, ecim KOJIUYECTBO HUTEH MPEBBINIAET KOJUYECTBO SIIEpP, TO TOJBKO
anroputM BLOCKWISE(ASA-512) coxpaHsieT paHee OIUCAHHOE TIOBEJIeHNe, TOKA3bIBasi YCKOPEHHe
0 200 u sdderrupHocTh Kak MuHHMYyM 80%. B TO Ke Bpemsi ycKopeHuMe M mapaJuiesibHast
3bdEKTUBHOCTD JIPYTUX AJTOPUTMOB [IEPECTAET YBEJUUUBATHCA WU JAKe PE3KO YMEHbBIIAETCS.

DKCIEPUMEHTHI ¢ BBIYUCICHHEM TPSMOYTOMHHBIX MATPHUIL HMCIOJB3YIOT HAOOPHI JAHHBIX
GostbIero 0o0beMa U IOKA3BIBAIOT CIeyIomue pe3yabrarsl. Ajroputm BLOCKWISE(ASA-512)
LPEBOCXOAUT II0 CKOPOCTH PabOThI BCE HPOYUE aIropuTMbl Ha Habopax gaHHbix ADS-16 u
ADS-32 u mokaseiBaeT cpaBHHMGBI pe3ysbrar ¢ ajgropurmom Intel MKL wa naGope ADS-64.
Ha nabope manubix ADS-256 asropurm Intel MKL mpeBocxomuT Bce mpoune ajaropuTMbl. 1o
KaCaeTcsi MacITabupyeMOCTH, MOYKHO BUJIETh IIPUMEPHO Ty YKe KApPTUHY, UTO U JIJIsT KBAJIPATHBIX
marpuil. AnroputrMm BLOCKWISE(ASA-512) nokasbiBaerT yckopeHue, OJIM3KOe K JIMHEHHOMY,
u napasienbnyio sddexkrusaocts 90%, ecim KOIMYeCTBO HUTEH COBIAJIAET C KOJUIECTBOM
dusnueckux siyiep. B mamamazsone or 60 mo 240 HuTERl HAI AJTOPUTM IMOKA3BIBAET JIyUIIIYIO
MacCIITabupPyeMOCTh, YCKOPsIACh 0 160 pa3 u mokasbiBas napaJuiesbiyio addexkrusaocts 70%.
MozkHO 3aK/II0UNTh, 94TO ajaropuTM BLOCKWISE(ASA-512) nokasbiBaeT Jiydiime pe3ysbraThl Ha
IPSIMOYTOJIBHBIX MATPHUIIAX MAJION pasmepHocTu (mpuMepHo Korja d < 32).

ITpeumyuecmsa gexmopudauuu. Tabi. 3 TOKAa3bIBAET TPOU3BOJIUTETBHOCTD AJITOPUTMA

BLOCKWISE(ASA-512) na cucremax Intel Xeon u Intel Xeon Phi B cpaBrenun ¢ aaropurmom
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b) Habop manubix Census (d BeipoBHeHO 110 80): Bpemsi paboThl, ycKopeHue u 3hhEeKTHBHOCTD
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¢) Habop manusix FCS Human (d BeipoBaeno mo 432): Bpemsi pabOTH,
yckopenue n 3pHEeKTUBHOCTD

Puc. 2. Bpems paboThl 1 MacIIrabupyeMoCTh aJITOPUTMA Ha KBAIPATHBIX MaTPHUIAX

STRAIGHTFORWARD. Kak MOXKHO yBujern, anropurM BLOCKWISE(ASA-512) or 3,5 s0 8 pa3
oeicTpee Ha Intel Xeon Phi, wem Ha xocre ¢ mBymsi mporeccopamu Intel Xeon. Ajropurm
STRAIGHTFORWARD, Takxke Kak 1 BLOCKWISE(ASA-512), Gbictpee paboraer Ha Intel Xeon
Phi, vem na Intel Xeon. B To ke Bpemst npejIoyKeHHbIN B TaHHON padoTe aJIrOPUTM ITOKA3BIBAET
Jiydiiiee BpeMsi Ha yKasaHHbIX 1rardopmax. Ormerum rtakxke, [uro ajropurm Intel MKL
npeBocxoauT BLOCKWISE(ASA-512) Ha gaHHBIX GOJIBINON pa3MepHOCTH (IIpuMepHO 1pu d > 32)
Ha 0benx rrardopMax.

Cpasnenue ¢ GPU. CpaBHeHre IPOU3BOUTEILHOCTU MIPEJJIOKEHHOTO B JTAHHOM pabore

ajaropuTMa ¢ aiaroputmMom u3 paborsl [10| mpuBeneno B Tabsn. 4. Kak BugHO, aaroputm
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a) Habop ganubix ADS-16: Bpemst paborbl, yckopenue u 3(pheKTHBHOCTD
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b) Habop manubix ADS-32: Bpemsi paborhl, yckopenue u 3hheKTUBHOCTD

10 a o 100
—o— Blockwise(ASA-512) 7
—&— Straightforward 150 - o
8] = Blockwise(AoS) S
—&— Blockwise(SoA) L4 Ve o B
] == Intel MKL A/ S =
© 4 A g
Z 6 A/o 200 | g///.gu G 60
o D i I
E / o/ s £
Q Z e
z 4 7/ 2 g1
2 e &
‘_% A/ Blockwise(ASA-512) ® —6— Blockwise(ASA-512)
24 /° Straightforward 20 4 ~B— Straightforward
e/ Blockwise(AoS) —o— Blockwise(AoS)
= Blockwise(SoA) —&— Blockwise(SoA,
&
o ‘/.7 g Intel MKL o -#- Intel MKL
T T T T T T T T T T T T T T T T T T T T
128 256 384 512 640 768 896 1024 1 30 60 120 180 240 1 30 60 120 180 240
Konuuectso Touek, x1024 Konuuectso Hutein KonuuecTso HuTeit

¢) Habop manubix ADS-64: Bpemsi paboTbl, yckopenue u 3hGeKTUBHOCTE
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d) Habop manubix ADS-256: Bpemsi paborhl, yckopenue u 3hheKTHBHOCTD

Puc. 3. Bpemst paboTbl 1 MacHITabUPYEMOCTh AJITOPUTMA, HA IPIMOYTOJLHBIX MaTPUIIAX
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Tabauna 3
Bpewmst paborsr Ha Habopax maHHbix ADS, ¢
Intel Xeon Phi (KNC) 2xIntel Xeon CPU CoorHoIliteHne
HaGop 1,076 TFLOPS 0,371 TFLOPS 2xCPU/Phi
Blockwise | Intel | Straight- | Blockwise | Intel | Straight- | Blockwise | Straight-
(ASA-512) | MKL | forward | (ASA-512) | MKL | forward | (ASA-512) | forward
ADS-16 0,28 0,76 1,05 1,04 3,02 1,00 3,7% 1,0x
ADS-32 0,51 0,78 1,15 1,76 3,14 1,79 3,5% 1,6
ADS-64 0,98 0,88 1,36 3,78 3,81 4,25 3,9% 3,1x
ADS-256 3,71 1,92 3,79 30,32 5,14 31,41 8,2% 8,3%

BLOCKWISE(ASA-512) no nByx pa3 Gbictpee Ha Intel Xeon Phi, yem asropurm juiss NVIDIA
Tesla C2050. ITpu srom anropurm Intel MKL paGoraer 6bicTpee, uem BLOCKWISE(ASA-512) Ha

9TUX HAOOpPaX JTAHHBIX.

Tabauna 4
Bpewmst paborsr Ha Habopax manabix PRND, ¢
Intel Xeon Phi 2xIntel Xeon NVIDIA Tesla
HaGop 1,076 TFLOPS 0,371 TFLOPS 1,03 TFLOPS

Blockwise | Intel | Blockwise | Intel | Kum (Kim) u mp.

(ASA-512) | MKL | (ASA-512) | MKL [10]
PRND-50 0,19 0,07 0,35 0,74 0,82
PRND-100 0,32 0,08 0,59 0,89 1,01
PRND-150 0,45 0,10 0,78 1,01 1,21
PRND-200 0,58 0,12 1,60 1,16 1,41

Bwibop napamempa block. llpuBeseHHBIe BBIIIE PE3YIbTATHI SKCIIEPUMEHTOB ObLIH
[OJIYYEHBbI TI0CJIE€ IMIIMPUYECKOTO BbibOpa mnapamerpa block. 3uauenume block = 512 Obui0
1o106pano caeaytonwM obpazom. Asroputm BLOCKWISE(ASA-block) 6but 3amymien na Intel
Xeon Phi Ha cepum HCKYCCTBEHHBIX HAGOPOB JAHHBIX U3 N = m = 2'° ciaydaliHBIX TOUeK
¢ pasMmepHOCTBIO d, paBuOW 3, 5, 67 u 129 ¢ pasmmunpiMu 3HadeHusMu block (cm. puc. 4).
ITocsie sroro 3uavenue block = 512 6bL10 BRIOPAHO B KA4eCTBE 3HAYEHUS, JAIONIET0 HANJIYYIIYIO
IPOU3BOAUTEIBHOCTD JJIsT OOJIBIIMHCTBA 3HAYEHNH pasMepHOCTH d.

Obcyorcdenue. B 3akmiodeHnn  TPENCTABICHUS — PE3YILTATOB  KCIEPUMEHTOB  C
IpeJIOZKEHHBIM  aJITOPUTMOM O6cy,[LI/IM €ro HaKJ/IaJIHble PacCXOJAbl Ha OIEPATUBHYIO ITaMATb
1 BbIYUCJIEHUA.

Haxknaaple pacxofibl Ha ONEPATHUBHYIO MAMSTh BO3HUKAIOT IO CJIEIYIONUM ITPUITHAM.
Bo-tiepsbix, s 9¢bdEKTUBHONO UCHOJIB30BaHUS BO3MOXKHOCTEH BEKTOPU3AIUU BBIYUC/ICHUI
nporeccopom Intel Xeon Phi anropurv BLOCKWISE Tpebyer, YTOOBI MOIIHOCTH BTOPOTO
MHOKECTBa TOYeK Oblia KpaTHa napamerpy block. Ecnu ato He Tak, TO 3HAYEHUE 1M HEOOXOUMO
YBEJIUYUTL JIO OJIMKARIIero 1ejaoro, KpatHoro block, ¢ TOMOINBIO JIOTOJHEHUST HCXOJHOTO
HabOpa JAHHBIX (PUKTUBHBIMU HYJIEBBIMH TOYKAME. TakuM 00Opa3oM, B Xy/AIIEM ciydae OyaeT
nobasiieno d - (block — 1) u30BITOYHBIX HYJIEBBIX 3JEMEHTOB. BO-BTOPBIX, /10 BBIYUCJCHUS

MAaTPUIIbl PACCTOSHUI CO3/MAETCsT KOMUS MaTPHUIThI, TIPEJICTABIISIONIEN BTOPOE MHOYKECTBO TOYEK,
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Puc. 4. [Ipoussogurensrocts anropurma BLOCKWISE(ASA-block) st pasimdHbIX 3HAYEHUI
mapamerpa block

KOTOpasl 3aIOJHSTCS C IOMOIIBIO OIepaIlii TIePECTAHOBKHU 3JIEMEHTOB MCXOJHON MATPHILHL.
[Mostomy Tpebyercst jonosiHUTENbHO d - max(n,m) 3JEeMEHTOB B HAMATH. 3JeCh (QyHKIHsI
max UCIOJIb3YeTCsT JJIsi yBeJindaeHus: 3(PMEKTUBHOCTH BEKTOPU3AIUHU [IPYU BBIUUCIEHUN MATPHUITHI
PACCTOSTHUH, IOCKOJIbKY MaTpuiia B mosnkHa npencras/isiTh HANOOIBINUN U3 AByX HAOOPOB TOUEK.
B wurore, B xysmem ciyudae norpedyercst d - (block — 1 + max(n, m)) u30bITOYHBIX JIEMEHTOB
JIAHHBIX.

AsnroputmM STRAIGHTFORWARD, B OTJIMYME OT MPEJJIOKEHHOTO PeITeHus, TpeOyeT, ITOObI
3HaYeHne Pa3MEPHOCTH IIPOCTPAHCTBA d OBLJIO0 KPATHO IMIHPUHE BEKTOPHOTO peructpa widthy py.
Eciin 310 ycsioBue He BBIIIOJIHEHO, TO TOYKH HMCXOJHBIX JAHHBIX JIOJKHBI ObITH JOIOJTHEHBI
GUKTUBHBIMU HYJIEBBIMU KOOpAMHATAMH. TakuM 00pa3oM, B XyAIIeM ciaydae Oyaer a00aBIeHO
(widthy py — 1) - (m + n) HyneBBIX 37€MeHTOB. Bo3BpaIiasich K pe3yJbTaTaM SKCIEePUMEHTOB,
CPABHUBAIONINX aJIropuT™Mbl BLOCKWISE(ASA-512) u STRAIGHTFORWARD, MbI BHJIUM, YTO [PU
BBIUMCJIEHUHN TTPSIMOYTOJIBHBIX MEP 1151 maHHBIX MaJIoit pa3sMepHOCTH MPEIJIOXKEHHBIN aJITOPUTM
nMeeT MEeHbINEe HaKJIaJIHble pacXO/Abl II0 HaMdATH, Y€M aJIOPUTM STRAIGHTFORWARD.

HaxkaiHble pacxo/ibl 0 BpEMEHHU IIPeICTABIISIOT cOOO0M ITepeCTAaHOBKY JIEMEHTOB MCXOIHOM
MaTpUIIBl JJIsI M3MEHEHUs] KOMIIOHOBKH JIAHHBIX. OJKCIEPUMEHTHI I[OKa3ajii, 9YTO BpeMs,
3aTpavdnBaeMoe Ha U3MEHEHUE KOMIIOHOBKH, ITPEHEOPEKUMO MAJIO, U 110 CPABHEHUIO CO BpEMEHEM
paboThl ajaropuT™a cocrasiser menee 1%.

B zapepienun oOCyXKJeHUsT CJIeIyeT HAIOMHHUTH, YTO IMPOU3BOIUTEIHLHOCTH AJITOPUTMA
BLOCKWISE(ASA-block) zasucur or mnapamerpa block, 3HaueHHE KOTOPOTO OIIPEIEIISACTCS

IMIIMPUYIECKUM ITyTEM.

3akJro4yeHmne

B nanHoit pabore mccsegoBaHa mpobseMa BEIUUCIEHUS] MATPUIIBI EBKIUIOBBIX PACCTOSTHUI
(MEP), uacto BO3HHKAaOIIas Kak I10J33Ja4a B OOJBIIOM KOJIMYECTBE HPAKTUYECKUX U
HAyYHBIX 3aJ1a49, CBSI3aHHBIX C WHTEJJIEKTYaJbHBIM aHAJIM30M JaHHBIX. K HacTosIeMmy
BpeMeHU pa3paboTaHo 00JIbIIOEe KOJIUIeCTBO ajaroputmoB BbraucieHue MEP ma rpaduyeckux
MIPOIIECCOpax, OTHAKO 9TH Pa3pabOTKM HEe MOT'YT ObITh HAIIPSIMYIO IIepeHEeCeHbl HA COBPEMEHHBIE
MHoOTOosiiepHble cucteMbl Intel Xeon Phi, semsromumecs nepcriekruBhoit anbrepaarusoit GPU. B
craTbe uccjieioBana npobsiema perancienust MEP wa mardopnme Intel Xeon Phi Knights Landing
(KNL) muist coryuast, Korjia JaHHbIE MOTYT ObITH DA3MEIIEHbl B OIEPATUBHOl ITaMSITH.

B pabore mpejioykeH HOBBIN MAapaJIEIbHBIN aaropuT™m i Beraucienuss MEP, nazsanubrit

BLOCKWISE u wuMeERIU JIBa KJIIOYEBbIX OTJIUYAS OT TPSAMOJUHEHHON peain3aliu,
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UCIOJIB3YIONENl BbIDABHUBAHHUE JIAHHBIX U ABTOBEKTOPHU3AIUIO. DBO-NEpBBIX, AJTOPUTM
UCIOJIB3YET OJI0UHO-OPUEHTUPOBAHHYIO CXEMY OPTaHU3AIMH BBIYUCJICHHH, KOTOPasi 00ecIieanBaeT
3ddeKTUBHOE HUCIOIb30BaHne BeKTOpHBIX omnepamuii Intel Xeon Phi. Bo-Bropnix, mpumenena
HETPUBUAJIbHAS KOMIIOHOBKA JAHHBIX B OIEPATHBHONW MaMSTH JIJIsi yMEHBIIEHUS KOJUYIECTBA
KJIII-IIPOMAXO0B IPOIECCOPa BO BPEMSI BHIMHCJIEHUN.

IIpoBesieno  sKCllEpUMEHTAJIbHOE  UCCJIEOBAHUE  PEJJIOKEHHOIO  aJlOPUTMa  HA
CUHTETUIECKAX W PEAJbHBIX HabOpaxX JaHHBIX JJIsl BBIYUCJIEHUs] KBAIPATHBIX U IIPSIMOYTOJIbHBIX
MaTpHUIl, U BBIIIOJIHEHO CpaBHeHHe ¢ aHajoramu. AjropurM BLOCKWISE mokasaj OJiM3Koe K
JquHelHOMY yckopenue u ddgdexkTusHocTh He HuzKe 80%, KOrjaa KOJIMYeCTBO HUTEH COBIAJAET C
KOJIMYECTBOM (PU3UYECKUX dA/ep Ha ucrnojb3yeMoil miardopme. Korga aaropurm BLOCKWISE
3ajeifictByer OoJiee OIHON HUTH Ha (QU3NIECKOE sSIJIPO, €ro YCKOpPeHWe U IapaJiiejbHas
3 HEKTUBHOCTh CTAHOBATCsT CyOJMHEHHBIMU, IMPEBOCXOJlsl, OJHAKO, IIPU ITOM yKa3aHHBIE
XapaKTEPUCTUKUA  AJITOPUTMOB-KOHKYPEHTOB.  [IpejjIoyKeHHBIIt  ajifOpUTM  ITPEBOCXOIUAT
npsiMosinHeitHbIil  mogxon u asropurm u3 Intel Math Kernel Library (MKL) B ciyuae
[PSIMOYTOJILHON MATPHIIBI M TOYKAMU Majioii pasmepnoctu (mpumepro d < 32). Ha roukax
66sibieit pasmepuocru (d > 32) aaropurm Intel MKL mpeBocxogur npyrue aaropuTmbl Kak
HA KBaJI[PATHBIX,TAK M Ha MPIMOYTIOJIbHBIX MaTPHUIAX, B TO BPeMs KaK ajropuT™ BLOCKWISE
[MOKA3bIBAET IIPUMEPHO TY K€ [IPOU3BOIUTEHHOCTD, YTO U HPAMOJUHENHBIN TOIXO/I.

WccnenoBanme BBIYUCIEHUST MAaTPHUIBI EBKINIOBBIX paccTosSHMiI Ha Mmporeccopax Intel
MIC mokeT OBITH TPOTOIZKEHO B CJEAYIONINX HAMPABICHUSIX: TPUIOKEHUE MTPETOKEHHOTO
AJIrOPUTMa K Pa3/JMYHBIM aJllOpUTMaM Kiacrepusanuu (Hanpumep, k-means [12], PAM [17] u
JIp.), paspaboTKa aHAJIUTHYIECKON MOJesn, KoTopast OyIeT Ipe/IcKa3blBaTh IPOU3BOUTEIbHOCTD
ajropurma BLOCKWISE u onpe/ie/isiTh 3HavUeHue napamerpa block, obecneunBaioiiee HAMITY Iy 0

IIPOU3BOAUTEC/IBHOCTDL aJropuTMa.

Paboma evinoanena npu gurarcosot noddeporcke Poccutickozo dornda PyrndamenmanvHvix
uccaedosanuts  (epanwm N 17-07-00463),  IIpasumesvcmea PP 6 coomeemcmeuu ¢
Iocmanosaenuem Ne 211 om 16.03.2013 (cozaawerue N 02.A08.21.0011) u Murucmepcmea
obpasosarus u wayku PO (20cydapemeennoe sadanue 2.7905.2017/8.9).
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Computation of a Euclidean distance matrix (EDM) is a typical task in a wide spectrum of problems connected
with data mining. Currently, many parallel algorithms for this task have been developed for graphical processors.
These developments, however, cannot be directly applied to the Intel Many Integrated Core systems. In this paper,
we suggest a parallel algorithm for EDM computation on Intel Xeon Phi Knights Landing processor in the case
when the input data fit into the main memory. The algorithm exploits block-oriented scheme of computations that
allows for the efficient utilization of Intel Xeon Phi vectorization abilities. In the algorithm, we also apply apply
a sophisticated data layout to store data points in main memory so as to reduce the number of processor cache
misses during EDM computations. Experimental evaluation of the algorithm on real-world and synthetic datasets
shows that it is highly scalable and outruns analogues in the case of rectangular matrices with low-dimensional

data points.
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