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AHHOTanUA

BeluKcieHNs Ha BU/IEOKapTOYKaxX U Clel{MaTM3UPOBAHHBIX YCKOPUTEJISAX IUPOKO UCTIOJIBb3YOTCS A5
peleHHs 60J/bIIOT0 KOJMYeCTBa BaXKHbIX NPAKTHYEeCKUX 3a/a4. Pa3paboTYMKY Ha TaKUX A3bIKaX Kak
OpenCL, SYCL, CM u ISPC cyimecTBeHHO 1oJiaratoTcsi Ha Ka4eCTBO ONTUMU3AN U B rpadpruuecKUMX KOM-
nuasaTopax. Jia Intel GPU koMnuasTop MMeeT JiBe 4acTH: CKaJISIPHYIO, KOTOpasi paboTaeT B MOJe/n
SIMT u BeKkTOpHYy10, HallesleHHYI0 Ha SIMD sa3b1ky. UMeHHO BeKTOpHas 4acTh KOMIIUJIATOPA BHOCUT
HaubO/bIIMK BKJIaJ, KOTJja peyb 3aX0JUT 0 KPUTHYECKUX 3a/ladax, TaKUX Kak o6yyeHue HelpoceTeH,
pellleHHe CUCTeM YpaBHEHUH, peHJepUHT U300pakeHUH U Tak Jasee. K coxaneHH1o, 0 HelaBHETr0
BpeMeHM B apxUTeKType rpaduuyeckoro komnuasaropa Intel orcyTcTBOBajsa BO3MOXKHOCTbD XOPOLIO
pacKJaZibIBaTh CTPYKTYPhI O BEKTOPHBIM PErucTpaM, 4TO MPUBOAMJIO K OCOOEHHBIM Npo6ieMaM C
MIPOM3BOAUTENBHOCTBIO B IpOrpaMMax, HanucaHHbIX Ha ISPC, Takux kak Embree u OSPRay. UTo6w1 pe-
LUIMTB 3TY Npo6JIeMy, Ipe/araeTcs aJroOpuTM pasbueHus CTPYKTYP [ BEKTOPHOTO ONTUMHU3aTOpa
rpadpudeckoro komnuasaTopa Intel. [IpuBosUTCS NOAPOGHOE ONKCaHUE AATOPUTMA U 3aMepPbl IPOU3-
BOZUTEJILHOCTH, [T0Ka3bIBaloliMe Ha HEKOTOPBIX 3aayax npupoctT 10 80%.
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Abstract

Computations on video cards and specialized accelerators are widely used to solve many important
practical tasks. Developers working with OpenCL, SYCL, CM, and ISPC rely heavily on the quality of
optimizations in graphics compilers. For the Intel GPU, the compiler has two parts: a scalar part that
works in the SIMT model, and a vector part that targets SIMD languages. It is the vector part of the com-
piler that contributes the most when it comes to critical tasks such as training neural networks, solving
systems of equations, rendering images, and so on. Unfortunately, until recently, the Intel graphics com-
piler architecture lacked the ability to properly decompose into vector registers, which led to particular
performance problems in programs written in ISPC, such as Embree and OSPRay. To solve this problem,
we propose a structure partitioning algorithm for the vector optimizer of the Intel graphics compiler. A
detailed description of the algorithm and performance measurements are given, showing an increase
of up to 80% on some tasks.
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BBeaeHue

Bblunc/ieHHs] Ha BUJIE0KapTax U BUAEOYCKOPUTENSAX (6yaeM KoJi-
JIEKTUBHO HasbiBaTb UX GPU) saBasoTca 3¢PeKTUBHBIM cpej-
CTBOM pellleHHs IIHMPOKOTO KJjacca NPaKTHUYeCKHU Ba)KHbIX 3ajay
[1], [4], [16]. CymecTBeHHBIN MPUPOCT MPOU3BOAUTENTBHOCTH IO
CpaBHEHHUIO C MUKpoIpoleccopoM obuiero HasHayeHus (CPU) no-
cTuraetcs 3a c4€T Hannuusa y GPU 6oJ1b1oro yucja HesaBUCUMBbIX
Aa/iep, CH0COGHBIX BBINOJIHATD BbIYMC/IEHHUs apasiienbHo. Hanpu-
Mep, cBépTouHas HelpoceThb (CNN) TpeHupyetcs Ha GPU B mects
pa3 6rvicTpee, yeM Ha CPU. Take peHZEpUHT M300paKeHUH Ha
GPU 3aBepmaeTca 3Ha4UTEJbHO paHblle. ThICAYH BBIYUCIUTENb-
HbIX TOTOKOB GPU COBMeCTHO JJOCTUralOT NPOU3BOJUTENBHOCTH B
HEeCKOJIbKO JIeCITKOB U Jjaxke coTeH Tepaduionc. Ho utorosas npo-
HU3BOAUTEJBHOCTD NporpamMmbl i GPU (weiepa uan kepHesa)
YaCcTO TaKXKe 3aBUCUT OT YCUJIMH 110 ONTUMHU3anuu. YacTb 06513aH-
HOCTeH 3/1eCh JIOKUTCS Ha MPOrPaMMHUCTA, a YaCTh, 0COGEHHO CBS-
3aHHasl C HU3KOYPOBHEBBIMU BelllaMU — Ha KoMnusTop [8], [9].
O/iHOM U3 caMbIX JJOJITHX ONepaLyii TPU BbIYUCJIEHUSX SIBJISETCS pa-
60Ta c MaMATbI0. Mepapxus naMsTH B BUJIEyCKOPUTESAX OT/IMYHA OT
CPU [10], [11]. YTenne u3obpakennii npoxoaut yepes L1 u L2 kamw,
yepe3 L3-kau Bce onepanyu Ha YTeHHe/3aNMCh JAHHBIX U 3allUCh
M300paKeHUH, KOTOpoK He xBaTasio B L1 u L2, a Takke yTeHHe U30-
OpakeHUi. [lonosHuTebHO K L3 cyuiecTByeT JioKasbHasi NaMsAThb
pabouux rpynn (shared local memory, SLM). Bce onepanuu npousso-
nsres B kaxgoM EU (execution unit), u3 koTopbix coctouT subslice, ¢
JIaHHBIMU U3 peructpoBoro ¢aia (general register file, GRF). lasb-
ute ot EU pacniosioxkeH ket nocsieiHero ypoBHs (last level cache, LLC),
KOTOPBIH y2ke MoxKeT AenuTbcest Mexxay CPU u GPU. [lasiee, BO3MOXKHO,
BcrpoeHHast DRAM u 3ateM cucreMHass DRAM. [Ipu 3ToM, KaxKbIH U3
NepevYrcIeHHbIX YPOBHEH aMsATH HaKJIa/IbIBAeT CBOU OLIy TUMBbIE 3a-
JIEPXKKH, TeM OOJIbLINE, YeM JlaJIbliie TPOUCXOAUT JOCTYI K JAHHBIM.
B 3To#l paGoTe B OCHOBHOM OyZleT paccMaTpPUBATHCS KOHTEKCT,
nopoxAEéHHBIN U3 s13biKa ISPC [6], [7] HO MOAOGHBIN K€ KOHTEKCT
MOXHO nos1yyuThb U3 SYCL ¢ pacumpenusimu [12]-[15], [17] u npy-
I'UX BEKTOPHBIX S3bIKOB.

CTPYyKTYphl — 3TO HAa6Op U3 OJHOH WJK 6oJiee epeMeHHbIX, BO3-
MOXXHO Pa3/IMYHBbIX THIIOB, CTPYNIIMPOBAHHBIX 0[] OJHUM HMe-
HeM 11 yao6¢TBa 06pa6boTKU. OHU MOJIe3HbI NIPU OpraHU3alyu
CJIOKHBIX JJaHHbIX 0COOEHHO B 60JIbLIMX NPOrpaMMax, Tak KaK OHU
MO3BOJISIOT CIPYNIMUPOBATh JAaHHblEe TAKUM 06pa3oM, 4YTO C HUMHU
MOXHO 00paljaThCs Kak C MOJIsIMA OJHOro o6bekTa. [lockosb-
Ky CTPYKTYpbI IIMPOKO pacnpocTpaHeHbl B porpammax, Jrobbie
JIeCTBUSL M ONTUMU3ALMU HAJL HUMHU OYAYT BJIUATH Ha 60JbIIOE
KOJIMYEeCTBO MPUJIOXKEHUH, YTO HaAKJIa/AbIBAeT JOIMOJHUTE/bHbIE
Tpe6OBaHUsI 10 KOPPEKTHOCTU U CTAOUJILHOCTH Npeo6pa3oBaHUH.
B Bugeoyckoputessx Intel Xe Ha HU3KOM ypoBHe peajv30BaHa
koHuenuus SIMD - Single Instruction Multiple Data. lllupokas one-
panus Npou3BOAUTCS HAJL BCEMH 3HAYEHUSIMU B BEKTOpe 3a pas,
U KaXK/j0e 3Ha4eHUe B BEKTOPe BbIYUC/ISIETCS HE3aBUCUMO. B Bek-
TopHOM ontuMusatope Intel Graphics Compiler yxe cymectByer
CTa/iusl, BEKTOPU3YIOLAsl Pa3JIMYHble THUIbI JJAHHBIX [3].

B 3To#1 cTaTbe Mbl NPEeACTAaBUM aJTOPUTM pa3GUEHHUsT CTPYKTYP,
MO3BOJISIIOLIMI CBECTH CJIOXKHBIE CTPYKTYpbl K 60Jiee MPOCTHIM,
KOTOpble MOXXHO 6YZeT pas3/ioKUTb Ha PErucTpbl BUJEOYCKOPH-
TeJisl, aJITOPUTM 3aMeHbl UHCTPYKLUH, IPUBeEM pe3y/IbTaThl 3a-
MEpPOB Ha TeCTax U3 OTKPLITOro cTeka peHgepunra Intel (OSPray,
Embree), npea/10xuM fanbHellie BO3MOXKHbIE YIy4IlIeHU.
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ApxuTeKTypa

CemercTBO BU/leoKapT Intel coCTOUT U3 pa3IMUHbIX MUKpPOAPXH-
TEeKTYp, BKJIIOYAOLUX 3HeproapdekTHBHbIE Mogeu -LP 1 Bbico-
xonpousBoauTenbHbIX -HPG u -HPC , opueHTHPOBaHHBIX HA UTPbI
Y BblyucaeHus [18].

s LP ogHOBpeMeHHO BhinoJiHsieMble OTOKH (SMT) o6beauHe-
Hbl B Execution Unit (EU). Kaxxapiit EU cocTouT U3 ceMU MOTOKOB
SMT. [1aBHBIN BBIYUCIUTENBHBIN MOAY/Ib cocTouT U3 SIMD8 ALU,
noagepkuBatomuii SIMD8 FP/INT omepanuu - mesno4yrcieHHbIe
WJIM C TJIaBaroler Touko, u SIMD2 ALU, nogaep:xuBarmmui pac-
IIMpeHHble MaTeMaTH4eckue onepauuu. Kaxkabli MOTOK HUMeeT
128 peructpoB (general-purpose registers) Kaxplii pasMepoM
32 GaiiTa. Bca coBOKYNHOCTb perucTpoB JJisl OJJHOTO MOTOKa Ha-
3biBaeTcs general register file (GRF). BaxxHoli koHUenmuen saBJs-
ercs Shared Local Memory (SLM) - ato obuiast mamMsTh Ha pabo-
4yt rpynny notokos. 16 EUs o6benunensr B Dual Subslice (DSS)
C K3LIeM WHCTPYKUMH, naMsaTbio SLM u noptom 128B/cycle. /IBa
EU MoryT 6bITh 06'beiMHEHBI B Mapy AJs BblnosaHeHuss SIMD16
uHcTpykuui. Kaxxable 6 DSS 06begunens! B Slice BMecte ¢ 16MB
L3 kameMm.

B otnnuue ot LP, rae B kauecTBe BBIYHUCIUTENBHON SYEHKH HC-
nosibdyetcsa EU, B HPC n HPG ucnosb3yioTcs -core, noxoxue Ha
LP DSS. -core cozepXUT 8 BEKTOPHBIX U 8 MaTPUUHBIX JIBUXKKOB,
KOTOpble MPOU3BOAAT BbICOKONPOU3BOAUTENbHbIE BbIYMCIEHUS.
Core o6beuHeHbI B Slice, Slice B Stack. B utore nosiyyaercsi 06'b-
eJIMHEeHHe OOJIBILIOT0 YKCJIA BBIYUCIUTENbHbBIX TOTOKOB [19]-[21].
Bce BblYMC/IEHUS BBINOJIHSAIOTCA HaJ, JaHHBIMU, PacloJIOXKeHHbI-
MU B PerucTpax — cBepx6bIcTpas MaMsTh, pacloJaraioiiascs He-
OCPEe/ICTBEHHO PSJZIOM C BBIYMCJIMTENbHBIMU dJieMeHTaMHU. [Ipe-
HMMYLIECTBO B CKOPOCTH HaKJIaJ|bIBaeT CUJIbHOE OIpaHUYEHHEe Ha
pa3Mep perucTpoBoi naMsaTH. YToObl 3P PEKTHBHO PACIONOKUTh
JlaHHble Ha PerucTpax UCHOJIb3yeTCs aJfOPUTM pacKpallvBaHUs
RIG (Register interference graph) [2].

Hau6osbmuii Bpes Nporu3BOAUTEIBHOCTH HAHOCUT BBIXO/, 32 Ipe-
Jlesbl peructpoBoro ¢aiia. Torza nepej MCNoOIb30BaHUEM JlaH-
HbIX OHM 3arpyxatorcsa u3 namati (fill), a mocse ucnosbzoBaHus
- BeIrpyx/atotcst o6paTHo (spill). [Tockosbky pa6oTa ¢ naMsTbIO
Ha MOPsAA0K Me/lJleHHee PaboThl C perucTpaMy, B BaXKHbBIX YaCTAX
nporpaMMbl BO3HHKAIOT 3a/lepXKKHU, U 001as NpPOU3BOJUTEb-
HOCTb CHMXKAeTCs KaTacTpopHUUeCKH.

CKopoCTb 00palleHusl K JaHHbIM JIJIsi BU/IEOYCKOPUTEIeH TaK e
CUJIBHO OTJIMYAETCsl B 3aBUCHMOCTH OT UCNOJIb3yeMOod naMaTu. K
JIaHHBIM Ha perucrpax obpalleHue UAET HampsiMylo, B TO BpeMs
Kak o6paiienue K JaHHbIM B TPM (Thread Private Memory - unau-
BU/lyaJIbHOE MeCTO B MaMSATH /IJIs NOTOKA) UJET ONOCPel0BaHHO,
C NpeABapUTENbHON 3arpy3Koi/OTNpPaBKON 3TUX JAHHBIX CO00-
meHueM send. CxeMaTUYHOE U3006paXKeHHE perucTpoBoro damnsa
u TPM Ha (puc. 1). [l BuZeoyckopuTeaeld KpUTHIeCKH Heo6X0-
JIUM GBICTPBIN JOCTYI K JAHHBIM, HHAUe MOTOKHU OYAYT GOJIbIIYIO
4acTb BpeMeHU NPOBOJUTD B 0XKUAAHUU. [[09TOMY HYXHO JIaHHbIe
¢ Haub6oJiee YACTbIM OOpalleHUEeM pacKJaJblBaTb HA PErUCTPBHI.
PeructpoB B GPU 6osbiie yem B CPU, 1 oHM npeACTaBISIIOT COO0H
PErucTPOBYIO MAaTPUILY.
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PernctpoBbivi daiin

ro
rl
r2
r3

P u c. 1. PenpesenTanusa peructposoro ¢aiina u TPM

Fig. 1. Register File Representation and TPM

BekTOopHbIH KOMIUAATOP Intel MeeT BO3MOXXHOCTb BEKTOPHU30-
BaTh U PasJIOKUTb HA PETUCTPBI NOCJAeA0BATENbHbIE THUIIbI JJaH-
HBIX. B HUX BXOZAST BEKTOPA, MAaCCUBBI, CTPYKTYPBI, COCTOSIIHE U3
3J1eEMEHTOB OJHOT'0 IPUMHUTHUBHOTO THIIA U TaK Aasee. Tak, HaNpu-
Mep, KOMIIUJISATOP MOXKeT 06paboTaTh cTpykTypy type {float, <7 x
float>} u mpeo6pazoBaTh eé B BekTOp <8 x float>.

PerucTposbiit daiin

<16 x float> — | OEC | | | |re

struct S { r1

<8 x float>, r2

<8 x float>, r3
}; P

TPM -
| ] T ] ) ] e e e ) ]

P u c. 2. Bo3MOXHOE pacnosioKeHue CTPyKTyphbl B NaMATH

Fig. 2. Possible structure location in memory

OfHaKo, BEKTOpHU3alMsl He CHpaBJiseTcs C 6oJiee CI0XKHBIMHU
cTpyKTypamu. Ha puc. 2 BUAHO, 4TO CTPYKTypa S 6e3 moJis int Mo-
»KeT ObITb ONTUMH3UPOBAHA, BEKTOPU30BaHa U I0JIOXKEHA Ha pe-
rucTpsbl. Ho Kak TOJIBKO NOSIBJISIETCS JOTIOJIHUTEIBHOE [10JI€ HHOTO
THIIQ, B IAHHOM CJIy4ae 3TOo int, BCTaéT BONPOC KaK BEKTOPHU30BaTh
TaKkOW OOGBEAMHEHHBIH THI. JTO HPUBOAUT K HCIOJIb30BAHUIO
CTPYKTYp W3 maMsATH, nosiBiaeHuro spilloB u, Takum ob6pasom, k
CUJIBHOMY Na/IeHHUI0 NMPOU3BOAUTENBHOCTH. O6CyKjaeMoe HUXKe
pelleHNe Npo6JeMbl BEKTOPU3ALUU CTPYKTYpP, TAKXKe pellaeT
npo6JieMy pa3MelleHHUs] CTPYKTYP Ha PErMCTPhl U COKpAIaeT KO-
JINYeCTBO o6pallleHUH B TaMATh.

Pa3z6ueHue CTpyKTyp

[lepen onmucaHuMeM anropuTMma pa3bveHHs ONpejesMM NpaBUIIa,
10 KOTOPbIM MbI 6yZleM BbIAE/NATb YaCTHU arperaTHbIX THUIOB 1
BeKTOpHU3al1u.

B crangapTe C++ cyliecTByeT KOHLENIMSA cKaJasgpHoro tuna. Cka-
JIIPHBIMU Ha3bIBalOTCA apudMeTHYeCKHe THUIIbI, THUIbI Mepeduc-
JIeHUH, yKasaTe/qu U Cv-KBaJWULHUPOBAHHbIe BEPCUU Iepeyduc-
JIeHHbIX TUNOB. Ha3oBéM 6a30BbIM CKaJIAPHBINA THI, MOJJEPXKHU-
BaeMblH JJaHHOHM onTUMM3aLKMeN. B 3TO MHOXeCTBO BXOAAT TaKXe
BeKTOpPHbIe TUIBI, KOTOPBIX HET B C++, HO KoTopkble ecTb B LLVM
IR [5], [28]. B 3TO MHOeCTBO He BXOJST, HAIPUMep, YKa3aTeJIH.
OnpefesieHre CO3HATENbHO SABJSETCA HECKOJbKO HEYeTKUM, YTO-
Obl 3aJI0)KUTb BO3MOXXHOCTb OYAyLIero pacliupeHus. AJropuTM

CoBpemeHHble
MH(OPMaLMOHHbIe
TeXHONnornun

n UT-o6pa3oBaHue

HIKe He pa36uBaeT 6a30Bble TUIbI.

HasoBéM npuMHUTHBHBIM JIM60 GA30BBIM THII, JJUOO arperaTHbIN
THII, Y KOTOPOTO THIIbI BCEX 3JIEMEHTOB OJJUHAKOBbI U MPUMHUTUB-
Hbl. Takol THUI HET HEOOGXOAUMOCTHU JeJUTh, TaK KaK 00beKTbl
TaKUX TUIIOB MOTYT GBbITb JIETKO INepefiesiaHbl B BeKTopa ¢da3oi
aggregate lowering, koTopast nnpe/icTaBeHa B BEKTOPHOM ONTUMHU-
3aTtope IGC. [l anroputMa HeT pasHULbI MeXAY NPUMUTUBHBIM
THUIIOM U 6a30BbIM, U3 KOTOPOT'O 3TOT NPUMUTUBHBIA THUI COCTOUT,
03TOMY NIPUMUTHUBHBIN Bceraa 6yeT CBOAUThCA K 6a30BoMy. Ha-
npuMep, <3 x [5 x int]> 6yeT SKBUBaJIEHTEH TUILY int.

Lenplo anropurMa pa3bueHUs CTPYKTYp SIBJIAETCS NpUBeJeHue
BCEX CTPYKTYp B MoayJie (HanpuMep B Moayse LLVM IR) k cTpyk-
TypaM NPUMHUTHUBHOTO THUIIA C 06513aTe/IbHBIM COXpaHEHHEM MOBe-
JIeHUsI UCXO/THOW MporpaMMbl B paMKax as-if rule.

daza pa3bueHUs CTPYKTYpP B BEKTOPHOM KOMIUJISITOpe pa3paba-
ThIBaJIach crequaabHo A5 ISPC - komnusstopa ass SPMD (single
program, multiple data). [Ipu 3ToM aaropuT™ cam 1o ce6e MOKeT
ObITb HCIOJIb30BaH B 00Jiee MIMPOKUX KJaccaxX ONTHUMHU3AaTOPOB,
Jlaxke He 0OCHOBaHHbIX Ha LLVM [26], [27]. OnTuMu3anus paboTaeT
Haz LLVM MopyneM u fo/KHA NPUMEHSTCS 0 BEKTOPU3aL UK.
Pa36breHne HEBO3MOXKHO, eCJIU:

1. 3JIeMEHT CTPYKTYPHI SIBJSETCS yKasaTesJeM Ha APYTyIo
HETPUBHAJIbHYIO CTPYKTYPY, B TOM YHCJIe Ha CaMy CeOsl.
2. Ha CTPYKTYpY B3AIT yKa3aTeJb.

[lepBoe orpaHuveHUe MOSIBJASETCI H3-32 MCIOJb30BAHUSA Bep-
cuu LLVM, B KoTOpOH el1é He OblIM BBeJIEHbI Opaque yKasaTeJsu.
Co6CTBEHHOPYYHAs NOAJAepXKa TaKUX yKasaTesed NPUBOJUT K
CUJIBHOMY pa3pacTaHUIO [10J1y4aeMoro MOAYJisi U HEBO3MOXXKHOCTH
NpUMeEHEHHUsl Ipyrux onTuMusauui. I[lo aTo e npuyuHe Oblia
HEBO3MOXKHA MOJJepXKa Nepejjaud CTPYKTYpP B IOJIb30BaTeJb-
ckre GpyHKUMU. BTopoe orpaHuyeHre CBSI3aHO C TeM, YTO 3aMeHa
KOZia paboThI € yKa3aTeJsieM Ha aHaJIOTMYHbIH KO/ C T0/|eJIEHHBIMU
CTPYKTYpaMH MOXKET MPUBECTU K 3HAYUTEJbHOMY YBeJUYEHHUIO
KOJIM4eCTBa UHCTPYKIUH.

OnucaHue aJIropuTMa

Illar 1. C60p uHpopMaLMU O CTPYKTYpax B MOAYyJIe
Wuopmanusa o CTpyKType XpaHUTCA B BUJe X3LI-TaGJUIBL, IJe
KJII04 — 3TO IPUMUTHUBHBINA TUIl 3/1eMEHTA, a 3Ha4eHUs — 3JIeMeH-
TbI, COOTBETCTByWOLIMe 3TOMy TuUmy. CTPyKTypa B Ja/ibHellieM
OyJleT JeJUThCSl KaK pa3 10 3JIeMeHTaM 3TOH X3LI-TabJIUIbl, TaK
KaK KJ/Il04aM GyJieT COOTBeTCTBOBATb IPUMUTHBHBIN THUI, a 3HaYe-
HUSAM - 3JIeMeHThI OyyLied cTpyKTypbl. KosnyecTBo Kioyeld Mu-
HYC O/IMH — CTOJIBKO CTPYKTYP HEOOXOAUMO OyZleT CreHepUpPOBaTh.
COOTBETCTBEHHO, €C/IM Yy CTPYKTYpPbl CYLleCTBYeT TOJbKO OJWH
NPUMUTHUBHBIN TUII, TO JAHHYIO CTPYKTYPY JeJUTh HET HEOOXO0AH-
MOCTH, TaK KaK OHa caMa fIBJIsIeTCsl IPUMUTHBHOM.

Iar 2. [TocTpoeHne rpada BI0>KEHHOCTU CTPYKTYP

Tak Kak 3JleMeHTaMH CTPYKTYpbl MOTYT GBITb Jpyrue CTPYKTY-
Pbl, TO TaKHe CUTyallMH Heo6XoAuMo pa3perarts. ['pad crpoutcs
C/lelyl0lUM 00pa3oM: BepLIMHE COOTBETCTBYeT CTPYKTypa %A.
Pe6po OT BepIIMHBI B BEpIIMHY NPOBOAUTCSA B TOM CJIydae, eCJIU
CTPYKTYpa, COOTBETCTBYIOLAsl BEPLIMHE , BJOXEHA B CTPYKTYpY,
COOTBETCTBYOLIYI0 BepiinHe . HazoBéM rosioBoi rpada() Bepuu-
HBbl, KOTOpble COOTBETCTBYIOT CTPYKTYpPaM, He BJIOXKEHHBIM HHU B
KaKue ipyrue cTpyKTypel. ['0J10B rpada MoxKeT GbITh KaK OZHA, TaK
Y HECKOJIBKO.
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Ilar 3. 06pa6oTKa rpada BJI0KEHHOCTH CTPYKTYP

O6paboTka rpada HauMHaeTCs C TOJIOBbI, OJHAKO JieJleHHe — C
caMo¥ HWXXHeH BepIIMHbI. Bce HM)KHMe BepIIMHBI BCETAa xapak-
TEpU3YIOTCSA TeM, YTO CTPYKTYpPhl, CBS3aHHble C HUMH, COZepKaT
3JIEMEHTBI TOJIBKO TPUMHUTHUBHBIX TUIIOB,  3HAYUT JlaHHble CTPYK-
Typbl MOTYT 6bITh MofesieHbl. [Ipu 06paboTke BepinHbI rpada
BO3MOXHBI JiBa BapuaHTa. [lepBoe - ec/iv BeplIMHA OTBeYaeT 3a
MPUMHUTHUBHYIO CTPYKTYpPY, TO B JleJIeHUHM HeT HeoOXOAUMOCTH U
JlaHHas BepllMHaA yAanseTcsa u3 rpada. Bropoe - cTpykTypa, oT-
Beyalollas 3a BeplIMHY, Oblja nojeseHa. Toraa HY»KHO 3aMeHUTh
BO BCeX CTPYKTYypax, B KOTOphle Oblja BJIOXKeHA JaHHas, Bce 3Je-
MEHTBbI, OTBeYalollle 3a JaHHYI0 CTPYKTYpY, Ha HOBbIE 3JIEMEHTbI
C NoZlesIEHHBIMU CTPYKTYpaMHu. Bo BpeMs 3aMeHbI 3J1eMEHTOB I10-
ABJISIIOTCA NPOMEXKYTOUYHbIE MpPe/CTaBIeHUsI CTPYKTYpP, KOTOpble
3aTeM He06X0/AMMO yaauTh. [locie 06paboTKH BEPIIMHBI OHA y/a-
JIIETCS, O3TOMY BCe CTPYKTYPbl 6yyT 06paboTaHbl TOTAA, KOTAA
Bech rpad ypanuTcs.

Illar 4. O6pa6oTKa ¥ 3aMeHa UHCTPYKIMKA

0O6paboTKa UHCTPYKL MK Bcerjja HAYMHAETCs C MHCTPYKLUMHU BblJle-
JIeHUs TaMsITH Ha CTEKOBOM ¢peliMe oz cTpykKTypy (Al - alloca B
LLVM IR). [lasiee eJUHCTBEHHBIMH /IOMYCTUMBIMH M0JIb30BaTEJIS-
MU UHCTPYKUUH BblJie/IeHUs] TaMsTH ABJISIOTCS TOJBKO HHCTPYK-
MU obpauieHuss K asneMeHTy arperata (GEP - getelementptr).
OzpHako B Halled peaju3aluyd ObUIM JONYLIeHbl WHCTPYKLHH
npuBeienus (bitcast) u ptrtoint (PTI) Tosbko ¢ onpese€HHBIMU
mabJIOHAaMHU HCIO0JIb30BaHUs. B ciyvae bitcast eiJMHCTBEHHBIMU
M0JIb30BaTeJISIMU MOTYT OBITh TOJIbKO HHTPUHCHKH lifetime.start/
end. B ciyuae ptrtoint ¢ponTeng ISPC BMecTo focTymna K HyJ1eBO-
My 3JIEMEHTY CTPYKTYphbI yepe3 getelementptr ncrnosib3yeT ykasa-
TeJsIb Ha CTPYKTYpy. JaHHbIA NOAX0/ HEO6X0UMO OblJIO MOAJEep-
»KUBATh, I03TOMY B aHa/iu3e ptrtoint npoBepsieTcsi COOTBETCTBUE
ma6JIOHy BBIYMCIEHHUsl yKasaTess U3 CAeAYIOIHUX WHCTPYKLUM:
insertelement, shufflevector, add u read/write. B ciyyae eciu pe-
3yJIbTATOM O6pallleHHs K 3JIEMEHTY SIBJISI€TCS IPUMUTHBHBIN THII,
TO 3Ta UHCTPYKLUS 3aMeHs1eTCsl HAa 9KBUBAJIEHTHYIO C [PyTUM OIle-
paH/I0OM U HOBOH LIe[IOYKOH UH/IeKCOB. Ec/iu pe3yibTaToM sIBJIsIEeT-
csl yKe pa3buTas CTPYKTYpa, TO OYAYT CreHepUpPOBaAHbI CTOJBKO
HOBBIX 06pallleHHH, Ha CKOJIbKO CTPYKTYp Oblja pa3buTa UCXOA-
Hasl.

Ha (puc. 3) mokasaH aBToMaT 06pabOTKHU UHCTPYKLUH B MOZYJIE.

MoJIe/IEHHAS CTPYKTYpa

mem

P u c. 3. ABTOMaT 06paGOTKM MHCTPYKIMH

Fig. 3. Instruction Processing Machine
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Pe3synbTaThl

B pamkax 3Toi pa6GoThl 6bljIa peasn30BaHa CTaAMs KOMIHJISAILUH,
HaInpaBJ/IeHHasl Ha JieJIeHHe CTPYKTYP 10 TUIIAM, C LieJIbI0 UX [ocJie-
Jiylollleldl BeKTOpU3aluXu. Bplo MoKa3aHo, YTO 3TO IOMOraeT pac-
npeJiesIeHUI0 CTPYKTYP Ha BEKTOPHbBIE PETHUCTPBI U yMEHBIIAET KO-
JINYECTBO OGpallleHUH B 1aMAThb. Pa3paboTaH aJroOpuUTM C JleJIeHueM
CTPYKTYp HEOTPaHUYEHHOM! BJIOXKEHHOCTH. Peasinsanysi BHeJpeHa B
rpadudeckuid komnuasaTop Intel. [IpegsioxkeH croco6 3aMeHbl UH-
CTPYKLMH C COXpaHEHHEM KOPPEKTHOCTH paGoThl NPOrpaMMBbl.

Jl1s1 TECTUPOBAHUS aJITOPUTMA HUCIOJIb30BAIUCh IPUIOKEHNS U3
OTKpPBITOTO cTeka peHepuHra Intel (OSPray, Embree) [22]-[25].
Bblya o1leHeHa KOPPEKTHOCTh arOpUTMa (IIPOLIN BCe TECTHI) U
€ro MOJIOXKUTENbHOE BJIUSHUE Ha NPOU3BOAUTENBHOCTh CKOMIIH-
JIMPOBAaHHOM NPOrpaMMbl.

stable_v1 pathtracer gravity spheres_volume
stable_v1 raymarch gravity_spheres_volume
stable_v1 raymarchiterator gravity spheres_volume
stable_v2 pathtracer gravity_spheres_volume
stable_v2 raymarch gravity spheres_volume
stable_v2 raymarchiterator gravity_spheres_volume
stable_v2 ng boxes

stable_v3 scivis boxes

stable_v3 scivis boxes_lit

stable_v3 scivis gravity_spheres_volume

[
B2 O W o Nl ol bW N

stable_v3 scivis gravity_spheres_isosurface
stable_v3 scivis gravity_spheres_volume_with_isosurface

=
)

P u c. 4. HazBaHus TecToB

Fig. 4. Test Names

= 0.04%> 0.01%|> 0.15%> -0.40%[> 0.07%> 0.02%|> -0.74%
>  0.10%> 0.16%|> 0.41%|4h  1.67%2> 0.00%=> 0.00%|> 0.00%
= -0.06%2> 0.02%|> -0.82%|Ah  1.60%|=> -0.01%|> 0.02%|=> -0.05%
A 5.43%|A  7.10%|A  6.84%|A  16.13%|A\ 12.75%|4 3.30%|M  4.86%
A 1.69%|4 4.10%|W -3.29%|weT gaHHbix [ 4.24%|  2.58%|M 45.29%)
A 161%|A4 62.16%|4 1.03%=>  0.30%|A 79.83%|4N 13.87%|4 9.88%
AN 42.58%|AN 74.27%|AN 47.28%|MN  57.59%|A 83.68%|AN 39.05%|A 59.36%
A 76.38%|A 53.25%|M 81.41%|Av 83.43%|A\ 21.68%|A 38.65%|M 76.82%
A 76.34%[A 53.08%|A 80.83%|A 87.93%|M 21.24%|M 38.47%|Mh 76.70%|
A 59.45%|AN 39.27%|AN 53.45%|M  72.44%|A 30.73%|4  4.32%|4 11.00%
A 75.04%|M 18.70%|M 68.35%|HeT naHHbIx [  0.00%|MN 16.05%|4 9.86%
AN 70.71%|M 24.29%|MN 65.55%|HeT nanHbix |[AN 32.51%|MN 12.43%|AN 15.82%

P u c. 5. PesynbTaThl paGoThl

Fig. 5. Work Results
Ha puc. 4 v puc. 5 nokasaH NpUpoOCT CKOPOCTH pabOThl MPUJIONKe-
HUM npu pasiauvHoi mupuHe SIMD u Ha passinyHbIX maaTdop-
Max. B Tex Tecrax, rje CTPyKTyphbl He ObLJIM HCIOJIb30BaHbI, HET
MpPUPOCTa NPOU3BOAUTENBHOCTH. OJHAKO C POCTOM CJIOXKHOCTH
IporpamMM U C yBeJIMYeHHeM C/1ydyaeB oOpalleHusl K CTPYKTypaM
JIAHHBIX HabJ110/laeTcsl IPUPOCT NPOU3BOJUTENBHOCTH BIJIOTh [0
88%.
Paspa6oTaHHasi ONTUMHU3alUA OTKPbIBAET LiesIbli CNEeKTp AaJib-
HeHIIUX BO3MOXKHBIX YJIy4dllleHUH, BKJIto4Yas pa3breHre MacCUBOB
U BEKTOPOB CTPYKTYp, BB€JIeHHE I0JIb30BAaTEJbCKUX 3BPHUCTHUK,
NOJJIePXKKY yKasaTeJsiell U MHOToe pyroe.

Modern
Information
Technologies
and IT-Education



254 NAPAMENBHOE W PACMPEAENEHHOE MPOTPAMMUPOBAHME, TPUA-TEXHONOTUN, K. 1. Bnagummpos,
NMPOrPAMMUPOBAHUE HA TPAGUYECKIX MPOLLECCOPAX . B. AHppees
References

[1] Lueh G.-Y, et al. C-for-Metal: High Performance Simd Programming on Intel GPUs. 2021 IEEE/ACM International Symposium on
Code Generation and Optimization (CGO). IEEE Computer Society, Seoul, Korea (South); 2021. p. 289-300. (In Eng.) doi: https://doi.
org/10.1109/CG051591.2021.9370324

2] Chen W.-Y,, Lueh G.-Y, Ashar P, Chen K., Cheng B. Register allocation for Intel processor graphics. Proceedings of the 2018 International
Symposium on Code Generation and Optimization (CGO’2018). Association for Computing Machinery, New York, NY, USA; 2018. p.
352-364. (In Eng.) doi: https://doi.org/10.1145/3168806

[3] Chandrasekhar A, et al. IGC: The Open Source Intel Graphics Compiler. 2019 IEEE/ACM International Symposium on Code Generation
and Optimization (CGO). IEEE Computer Society; 2019. p. 254-265. (In Eng.) doi: https://doi.org/10.1109/CG0.2019.8661189

[4] Castafio G., et al. Evaluation of Intel’s DPC++ Compatibility Tool in heterogeneous computing. Journal of Parallel and Distributed
Computing. 2022; 165:120-129. (In Eng.) doi: https://doi.org/10.1016/j.jpdc.2022.03.017

[5] Lattner C., Adve V. The LLVM Compiler Framework and Infrastructure Tutorial. In: Eigenmann R, Li Z., Midkiff S.P. (eds.) Languages
and Compilers for High Performance Computing. LCPC 2004. Lecture Notes in Computer Science. Vol. 3602. Springer, Berlin,
Heidelberg; 2005. p. 15-16. (In Eng.) doi: https://doi.org/10.1007/11532378_2

[6] Pharr M., Mark W.R. ISPC: A SPMD compiler for high-performance CPU programming. 2012 Innovative Parallel Computing (InPar).
[EEE Computer Society; 2012. p. 1-13. (In Eng.) doi: https://doi.org/10.1109/InPar.2012.6339601

[7] Brodman J., Babokin D., Filippov I, Tu P. Writing scalable SIMD programs with ISPC. Proceedings of the 2014 Workshop on
Programming models for SIMD/Vector processing (WPMVP’14). Association for Computing Machinery, New York, NY, USA; 2014. p.
25-32. (In Eng.) doi: https://doi.org/10.1145/2568058.2568065

[8] Tian X,, Saito H., Su E., Lin ]., Guggilla S., Caballero D., Masten M., Savonichev A., Rice M., Demikhovsky E., Zaks A., Rapaport G., Gaba
A., Porpodas V., Garcia E. LLVM Compiler Implementation for Explicit Parallelization and SIMD Vectorization. Proceedings of the
Fourth Workshop on the LLVM Compiler Infrastructure in HPC (LLVM-HPC’17). Association for Computing Machinery, New York, NY,
USA; 2017. Article number: 4. p. 1-11. (In Eng.) doi: https://doi.org/10.1145/3148173.3148191

[9] Tian X, Saito H., SuE., Gaba A., Masten M., Garcia E., Zaks A. LLVM framework and IR extensions for parallelization, SIMD vectorization
and offloading. Proceedings of the Third Workshop on LLVM Compiler Infrastructure in HPC (LLVM-HPC’16). IEEE Computer Society;
2016. p. 21-31. (In Eng.) doi: https://dl.acm.org/doi/10.5555/3018869.3018872

[10] Ashbaugh B., Brodman ].C,, Kinsner M., Lueck G., Pennycook J., Schulz R. Toward a Better Defined SYCL Memory Consistency Model.
International Workshop on OpenCL (IWOCL21). Association for Computing Machinery, New York, NY, USA; 2021. Article number:
20. p. 1-3. (In Eng.) doi: https://doi.org/10.1145/3456669.3456696

[11]  Mrozek M., Ashbaugh B., Brodman ]. Taking Memory Management to the Next Level: Unified Shared Memory in Action. Proceedings
of the International Workshop on OpenCL (IWOCL'20). Association for Computing Machinery, New York, NY, USA; 2020. Article
number: 1. p. 1-3. (In Eng.) doi: https://doi.org/10.1145/3388333.3388644

[12] Ashbaugh B., Bader A, Brodman J., Hammond ]., Kinsner M., Pennycook ]., Schulz R., Sewall ]. Data Parallel C++: Enhancing
SYCL Through Extensions for Productivity and Performance. Proceedings of the International Workshop on OpenCL (IWOCL20).
Association for Computing Machinery, New York, NY, USA; 2020. Article number: 7. p. 1-2. (In Eng.) doi: https://doi.
org/10.1145/3388333.3388653

[13]  Reinders J.R. SYCL, DPC++, XPUs, oneAPI. International Workshop on OpenCL (IWOCL21). Association for Computing Machinery,
New York, NY, USA; 2021. Article number: 19. p. 1 (In Eng.) doi: https://doi.org/10.1145/3456669.3456719

[14]  Alpay A., Soproni B., Wiinsche H., Heuveline V. Exploring the possibility of a hipSYCL-based implementation of oneAPI. International
Workshop on OpenCL (IWOCL'22). Association for Computing Machinery, New York, NY, USA; 2022. Article number: 10. p. 1-12. (In
Eng.) doi: https://doi.org/10.1145/3529538.3530005

[15]  Hardy D.J., Choi ], Jiang W,, Tajkhorshid E. Experiences Porting NAMD to the Data Parallel C++ Programming Model. International
Workshop on OpenCL (IWOCL'22). Association for Computing Machinery, New York, NY, USA; 2022. Article number: 15. p. 1-5. (In
Eng.) doi: https://doi.org/10.1145/3529538.3529560

[16]  Fang ], Huang C., Tang T, et al. Parallel programming models for heterogeneous many-cores: a comprehensive survey. CCF
Transactions on High Performance Computing. 2020; 2(4):382-400. (In Eng.) doi: https://doi.org/10.1007 /s42514-020-00039-4

[17]  Alpay A, Heuveline V. How much SYCL does a compiler need? Experiences from the implementation of SYCL as a library for nvc++.
International Workshop on OpenCL (IWOCL22). Association for Computing Machinery, New York, NY, USA; 2022. Article number:
11.p. 1. (In Eng.) doi: https://doi.org/10.1145/3529538.3529556

[18]  Aktemur B., Metzger M, Saiapova N., Strasuns M. Debugging SYCL Programs on Heterogeneous Intel® Architectures. Proceedings
of the International Workshop on OpenCL (IWOCL'20). Association for Computing Machinery, New York, NY, USA; 2020. Article
number: 13. p. 1-10. (In Eng.) doi: https://doi.org/10.1145/3388333.3388646

[19]  Reyes R, Brown G., Burns R., Wong M. SYCL 2020: More than meets the eye. Proceedings of the International Workshop on OpenCL
(IWOCL’20). Association for Computing Machinery, New York, NY, USA; 2020. Article number: 4. p. 1. (In Eng.) doi: https://doi.
org/10.1145/3388333.3388649

CoBpemeHHble

MH(OPMaLMOHHbIe ..
TexHonornuu Tom 18, N2 2. 2022 ISSN 2411-1473 sitito.cs.msu.ru

u UT-o6pasosanve



K. 1. Vladimirov, PARALLEL AND DISTRIBUTED PROGRAMMING, GRID TECHNOLOGIES, 255
I. V. Andreev GPU PROGRAMMING

[20]  Nozal R, Bosque ].L. Exploiting Co-execution with OneAPI: Heterogeneity from a Modern Perspective. In: Sousa L., Roma N., Tomés
P. (eds.) Euro-Par 2021: Parallel Processing. Euro-Par 2021. Lecture Notes in Computer Science. Vol. 12820. Springer, Cham; 2021. p.
501-516. (In Eng.) doi: https://doi.org/10.1007/978-3-030-85665-6_31

[21]  Constantinescu D.A., Navarro A., Corbera F, et al. Efficiency and productivity for decision making on low-power heterogeneous
CPU+GPU SoCs. The Journal of Supercomputing. 2021; 77(1):44-65. (In Eng.) doi: https://doi.org/10.1007/s11227-020-03257-3

[22]  Pharr M. The ray-tracing engine that could: technical perspective. Communications of the ACM. 2013; 56(5):92. (In Eng.) doi:
https://doi.org/10.1145/2447976.2447996

[23]  Pharr M. Guest Editor’s Introduction: Special Issue on Production Rendering. ACM Transactions on Graphics. 2018; 37(3):1-4. (In
Eng.) doi: https://doi.org/10.1145/3212511

[24]  Moreau P, Pharr M,, Clarberg P. Dynamic many-light sampling for real-time ray tracing. Proceedings of the Conference on High-
Performance Graphics (HPG’19). Eurographics Association, Goslar, DEU; 2019. p. 21-26. (In Eng.) doi: https://doi.org/10.2312/
hpg.20191191

[25]  Favre].M, Blass A. A comparative evaluation of three volume rendering libraries for the visualization of sheared thermal convection.
Parallel Computing. 2019; 88:102543. (In Eng.) doi: https://doi.org/10.1016/j.parco.2019.07.003

[26]  Zhou K, et. al. Measurement and analysis of GPU-accelerated applications with HPCToolkit. Parallel Computing. 2021; 108:102837.
(In Eng.) doi: https://doi.org/10.1016/j.parco.2021.102837

[27]  Rodriguez A, et. al. Lightweight asynchronous scheduling in heterogeneous reconfigurable systems. Journal of Systems Architecture.
2022; 124:102398. (In Eng.) doi: https://doi.org/10.1016/j.sysarc.2022.102398

[28]  Purkayastha A.A, Rogers S., Shiddibhavi S.A., Tabkhi H. LLVM-based automation of memory decoupling for OpenCL applications on
FPGAs. Microprocessors and Microsystems. 2020; 72:102909. (In Eng.) doi: https://doi.org/10.1016/j.micpro.2019.102909

Ilocmynuaa 10.04.2022; odobpeHna nocse peyeH3upogarus 27.05.2022; npunsima k ny6auxkayuu 15.06.2022.
Submitted 10.04.2022; approved after reviewing 27.05.2022; accepted for publication 15.06.2022.

BiagumupoB KoncranTuH UropeBud, cTaplinii npenojaBaTtesb Kadeapbl MUKPOIPOLIECCOPHBIX TEXHOJOTHUH B UHTE/JIEKTYaJbHbIX
cucremax, paky/nbTeT pafuoTeXHUKU U KubepHeTHkH, PTAOY BO «MocKOBCKUM GU3UKO-TEXHUUECKHUNA UHCTUTYT (HallMOHAJIbHBIN HC-
ciaefoBaTebcKui yHuBepcuTeT)» (141701, Poccuiickas ®egepanus, MockoBckasi 06/1aCTh, I. JlonronpyaHbld, UHCTUTYTCKUN TepeyIiok,
2. 9), ORCID: https://orcid.org/0000-0003-0925-1300, konstantin.vladimirov@gmail.com

AHppeeB Unbs BuTasibeBUY, MarucTpaHT Kadeapbl MUKPOIPOLLECCOPHBIX TEXHOJIOTUN B MHTE/JIEKTYaJbHbIX CHCTeMaX, GaKyJbTeT
paznoTexHuku U kubepHeTuku, PrAOY BO «MockoBCKHI PU3NKO-TEXHUYECKUH MHCTUTYT (HAllMOHAJBHBIN UCCIe0BaTEebCKUN YHU-
BepcuTeT)» (141701, Poccuiickas ®enepannsi, MockoBckasi 06J1acTh, I. JlonronpyaHbiid, UHCTUTY TCKUE epeysok, 4. 9), ORCID: https://
orcid.org/0000-0001-6450-7917, andreev.iv@phystech.edu

Bce asmopbl npouumasu u 0006puau 0KOHYamMeAbHbll 8apUAHM PyKONUcuU.

About the authors:

Konstantin I. Vladimirov, Senior Lecturer of the Chair of Microprocessor Technologies in Intelligent Systems, Department of Radio
Engineering and Cybernetics, Moscow Institute of Physics and Technology (National Research University) (9 Institutskiy per., Dolgoprudny
141701, Moscow Region, Russian Federation), ORCID: https://orcid.org/0000-0003-0925-1300, konstantin.vladimirov@gmail.com
Ilya V. Andreev, Master degree student of the Chair of Microprocessor Technologies in Intelligent Systems, Department of Radio Engineering
and Cybernetics, Moscow Institute of Physics and Technology (National Research University) (9 Institutskiy per., Dolgoprudny 141701,
Moscow Region, Russian Federation), ORCID: https://orcid.org/0000-0001-6450-7917, andreev.iv@phystech.edu

All authors have read and approved the final manuscript.

Modern

- Information
Vol. 18, No. 2. 2022 ISSN 2411-1473 sitito.cs.msu.ru Technologies

e — and IT-Education



