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1. BeedeHue

I'enepannst paBHOMEPHO pacCIpElENCHHBIX CIydalHBIX 4YHCENd HeoOxoamma st
KOMITBIOTEPHOTO MOJEINpOBaHUs MeTogamMu MonTe-Kapno u  MonekyssipHOI
muHaMukd [1]. o reHepammu CiydaiHBIX YHCEN HCIONB3YIOTCS TEHEPATOpPhI
ncepnocayyaiiapix  uucen (I'TICY). I'TICH wucnonb3yer AeTepMUHHPOBAHHBIE
AJITOPUTMBL  [JIsI  BBIYMCJICHUSA  YUCCJI, HO MoJIyd€HHass TaKuM CHOCO6OM
HIOCJIE/IOBATENILHOCTh 00JIa1aeT CBOMCTBAMU CIIy4alHOW mociieoBaTesibHOCTH. [Ipu
stoM k ['TICY npenbsiBistorcst cienyromnye TpedboBanus [2].
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. [MocnemoBaTeTPHOCTH MCEBAOCTYYaHBIX YHACEN JOJDKHA OBITH pABHOMEPHO
pacrpeneieHHON, a MOAIOCIeOBATEIIbHOCTH OJUHAKOBOM JJIMHBI JOJDKHBI OBITh
paBHOBeposSTHBIMH. C TPaKkTHUECKOW TOYKH 3PEHHSA, IIOCIEAO0BAaTEIFHOCTh
TICEBIOCTYyYaHBIX YHCEN [OJDKHA TNPOWTH HAOOp CTAaTUCTHYECKHX TECTOB Ha
PaBHOMEPHOE paclpeielieHHe M OTCYTCTBUE KOPPEIIIUi, KPOME TOTO, JKEIaTeIbHO
HAJIMYME  TCOPETHYECKOr0 OOOCHOBAHHUS XOPOIIMX CTaTUCTHYCCKHX CBOMCTB
reHeparopa.

. [epuon renepaTopa A0KEH OBITH TOCTATOYHO OOJIBIIKM.

. [TocnenoBaTeIbHOCTh JOJDKHA OBITH BOCIPOU3BOJUMON, YTOOBI MOXKHO
OBLIO TIOBTOPHUTH IKCIIEPHMEHT.

. JlomkeH OBITh AITOPUTM MPOITyCcKa KycKoB. [laparienbHbie MOTOKA MOTYT
WCTIONB30BaTh Pa3IMYHbIC KYCKH OJHOHN M TOU jKe TOCIIeJOBATEIEHOCTH.

. JomxHa cymecTBoBaTh 3(dekTuBHAs peanm3anus TeHepaTopa € TOYKH
3peHHs CKOPOCTH BBIYMCICHUN M HCIIOJIH30BAHHUS OMEPATHBHOM ITaMSsTH.

Jnst pana 3amad, vucnonb3yromux Metoasl Monte-Kapio, reHepanust ciayyailHbIX
YHcel 3aHIMAaeT 3HAYNUTENBHYIO0 YacTh BEIYHUCIUTEIFHOTO BPEMEHH, W YBEINYCHUE
MIPON3BOTUTEILHOCTH TCHEPALINH SIBIIICTCS] BAYKHOH 3a/1a4eH.

B nacrosieit paboTe ISt MOBBIIICHUS TPONU3BOIUTEIFHOCTH TeHEpaTOpa CIIyIaiHBIX
gmcen OymyT ucmonb3oBaThes omepanuu SIMD (Single Instruction Multiple Data).
Takue omepamuu MO3BOJAIOT MPHUMEHSTh ONHY WHCTPYKIHIO OJHOBPEMEHHO K
HECKOJIBKUM 3JIEMEHTaM JAaHHBIX. MBI AE€TAIBHO PAaCCMOTPHM IPHUMEHEHHE HOBOTO
pactmpenus AVX512, kotopoe noaaepkuBaetcsi mporeccopamu Intel, HaunHas ¢
2017 rona.

2. TexHonoausi SIMD

C 1997 roga mo ceromHSAIHUI AeHb, KoMmaHusa Intel BeImycTHIA 9 pacuIpeHwi
Habopa uHcTpyKuuit apxurektyp Intel 64 and [A-32 aust moaep» K1 BEKTOPU3AIIHH.
910 MMX texnonorusi, pacumpenuss SSE, SSE2, SSE3, SSSE3 u SSE4, AVX,
AVX2, AVX512 [3].

Kaxnoe pacmmpenne comepxutr Habop SIMD-mHCTpyKImMHA a1 paboOTHI C
YHaKOBaHHBIMH HEJbIMHU YHWCIaMU W C YIIAKOBAHHBIMH 4YHCJIaMU C HﬂaBaIOHJ,eﬁ
Toukol. KakioMy pacIIMpeHHIo Tak)ke COOTBETCTBYET CBOM HaOOp perucTpoB (CM.
puc.1).

Texuomnorust Intel MMX(Multimedia Extensions) BnepBbeie Oblla peain3oBaHa B
npoueccopax cemeiictsa Intel Pentium MMX B 1997 rony u npenHasHadanach Juis
3¢ PeKTHBHON 00pabOTKN ayaro- ¥ BUIEONOTOKOB. MMX MHCTPYKIMHU ITO3BOJISIOT
paborath ¢ GalTaMu, CIIOBaMH WM IBOWHBIMH CIIOBaMH, PacriofioxeHHbIMH B MMX
peructpax. Bcero takux perucrpoB 8 (MMX0-MMX?7), onn 64-OutHble u
COOTBETCTBEHHO MOTYT COJIEp)KaTh OTHOBpPEMEHHO § Oaifr mimu 4 cioBa, wim 2
IBOWHBIX CJIOBa, WJIM | YyYETBEpEHHOE CIOBO. JTO pACIIHPEHUE MOXKET
WCTIONB30BaThCS I 00paOOTKH IENOYUCICHHBIX MAacCHBOB C rmomombio SIMD
MHCTPYKLMH.
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Puc. 1. Pecucmpvr XMM, YMM, ZMM
Fig. 1. Registers XMM, YMM, ZMM

Pacummpenne SSE  (Streaming SIMD Extensions) mnosiBWIOCh B cemeiicTBe
nporieccopos Intel Pentium III u AMD Athlon XP B 1999 roay. SSE sBnsercs
pacmupenuem MMX TtexHonoruu. Paciimpenue Brimodaer B ce0st 8 128-OMTHBIX
XMM peructpoB (XMMO-XMM7), HaOOp MHCTPpYKLMA AJsi pabOThI C YUCIaMH C
IJIABAIOLIEH TOUKOM OAMHAPHOW TOYHOCTH, pacnonoxkeHHbIx B XMM perucrpax u
Ha0Op MHCTPYKIMH JUI paboThI ¢ nenbiMu ynciaamMu B MMX perucrpax.
Pacumpenne SSE2 6bu10 npencrasieHo B npoueccopax Intel Pentium 4 u Intel Xeon
B 2001 roxy, a taxke B AMD Opteron u Athlon64 B 2003 romy. MucTpykunu
pacuMpeHui MO3BOJISIOT 00pabaThiBaTh 4YWCIAa C IUIABAIOIICH TOYKOW JBOMHON
TouHOCTH B XMM peructpax u Lelble Yucia, pacioyiokeHHsle B peructpax MMX u
XMM peructpax. Habop nenounciennsix uHCTpyKuuii B SSE2 comepxut HOBBIE [A-
32 SIMD omepanuu ans paboTel ¢ 128-OMTHBIMH perUCTpaMH W PACHIHPSET
cymiecTByromue 64-OuTHBIE HHCTPYKITUH O PaOoThI co 128 dutamu.

Pacmmmpenne SSE3 BriepBrle mosiBHIIOCH B mporeccopax Intel Pentium 4 Prescott B
2004 rony, a Takke B AMD Athlon64 B 2005 roxy. B SSE3 6pumn mo6aBnens 13
HOBBIX HMHCTPYKIWHA, KOTOpBIe yiydmaroT mpowsBoautenbHocTh SSE, SSE2 u
onepauuil ¢ aaBaroUIed TOUKOH.

Pacmmmpenne SSSE3 (Supplemental SSE) 6put0 nipencrasieHo B mporeccopax Intel
Xeon 5100 cepuii u cemeiictBe npoueccopoB Intel Core 2 B 2006 roay. beuin
nob6asiieHs! 32 SIMD-nHCTpYKIHU A7 pabOTHI C [ETOYNCIICHHBIMI JAaHHBIMH.
Pacrmmpenne SSE4 comepxut 54 HOBbIe MHCTPYKUUU: 47 W3 HHUX COACPIKUTCS B
SSE4.1 u 7 - 8 SSE4.2. OHO 0BUIO BIEPBBIC PEATM30BaHO B MPOIIECCOPAX CEMEHCTBA
Intel Penryn B 2008 rony u AMD Bulldozer B 2011 roay.

Pacmmperne AVX (Advanced Vector Extensions) sBIsieTcs 3HAYHTEIHHBIM
yiyurnennem pacmumpennit SSE. Ono noanepxuBaetcs npoueccopamu Intel 1 AMD,
HauuHast ¢ 2011 roma. HoBeie YMM peructpsl - 256-0utnabie. Kpome SIMD
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uHCTpYKImiA Hag MMX peructpamu, mouts Bce 128-6utapie SIMD ¢hyHKIMH HMEIOT
AVX-3KBUBAJIECHT, KOTOPbII HMEET TpeX-ONEpaHAHbI CHUHTakcuc. Takxe
J00aBJIEHBI COBEPIIEHHO HOBBIE MHCTPYKLHUH, KOTOPBIX HE OBLIO B MPEIBILYLINX
pacumpeHusix. Pacmmpenme wucCmons3yeT HOBBIH mnpedukcHbi kox VEX,
MO3BOJISIOIINI paboTaTh ¢ HOBBIMH Y MM peructpamu. BonbIIMHCTBO HHCTPYKITHIA
He TpeOyeT BhIpaBHUBAHUA MO 16- wiau 32-OMTHBIM TpaHuiiaM. 256-0utHeie AVX-
MHCTPYKIUHU HCHOJB3YIOT TPEX-ONEePaHAHbIH CUHTAKCUC, 3 HEKOTOPBIE — YEThIpEX-
onepaHAHbIN.

B pacmmpenne AVX2 no6aBieHbl HeI0YHCIIEHHbIE HHCTPYKINH, paHee TOCTYITHbIE
TOJIBKO /115t 128-OUTHBIX pEerucTpoB. 3/1eCh XKe MOSBUINCH HOBbIE (DYHKIIMOHAIbHBIE
omepanuu pacrnpocrpaneHust (broadcast) U mepectaHOBOK (permute), CIBHUIOBBIC
OIepaluy, KOTOPHIE CIBUTAlOT 3JIEMEHTHI BEKTOPA HA Pa3HOE KOJIMYECTBO OUTOB, IS
WU3BJICUEHUS HECMEXKHBIX JJIEMEHTOB M3 mnamatd. Pacmmpenue AVX2
moep kuBaetcs nporeccopamu Intel 1 AMD, Hauunas ¢ cemeticts Intel Haswell
(2013) u AMD Excavator (2015).

HoBelii HabGop wuHcTpykumii AVXS512 s mpoueccopoB apXHUTEKTYphl x86-64
kommanus Intel npencraBmia B wmrone 2013 1., OZHAKO IEpBOE CEMEHCTBO
TTOIICPKUBAOIINX 3Ty TexHoioruto mporeccopos Intel Xeon Phi x200 (xomoBoe
nms Knights Landing) Osw10 BeIymeHo B mrore 2016 .

AVX512 mogpaznenseTcs Ha HECKOIBKO OTICIBHBIX HAOOpPOB, IS KaXKIOTO W3
KOTOPBIX CYIIECTBYET CBOW MueHTH(HUKaInOoHHBINH OuT. OcHOBHOM Habop AVXS512
Foundation BxirroueH Bo Bce peanm3anud AVX512.

Crmcok oTaenbHBIX Ha00poB HHCTPYKINi AVX512:

. F (Foundation) - ocHOBHOW Ha0Op WHCTPYKLMHA, pPaCHINpPSIOMINI
OosibIIMHCTBO CymiecTByOmMX AVX HHCTpyKIMH Uis paboThl ¢ 512-OMTHBIMH
perucTpamu oOIIEeTo Ha3HAYCHHS;

. CDI  (Conflict Detection
BEKTOPHU3ALHIO [IUKJIOB;

. ERI (Exponential and Reciprocal Instructions) - ”HCTpYKIHH TSI paGOTHI C
TPAHCLEHACHTHBIMI (DYHKIMAMH (PKCIIOHEHTA, JIOTapu(M, TPUTOHOMETPHUYECKUE
GhyHKIIMN);

. PFI (Prefetch Instructions) - wuHCTpykuumu Juis npederyuHra -
Npe/IBapUTEIbHOW 3arpy3Kd JAQHHBIX W HMHCTPYKLMH, YTO IO3BOJISIET YCKOPSTH
JlaNibHEHIIee BBIOJIHEHHE IIPOrPaMMBbl;

Instructions) obOecmednBaeT  JIydHIyIO

. BW (Byte and Word Instructions) - nHCTpyKIMu 11t paboThI ¢ Oalitamu 1
CIIOBaMH;
. DQ (Doubleword and Quadword Instructions) - ”HCTpyKIHH U1 pabOTHI C

IBOWHBIMH ¥ YeTBEpPHbIMH ciioBaMH (32- W O64-OMTHBIMH IIETBIMH YHCIAMH U
YUCJIAMH C TUTABAOIICH TOUKOK);

. VL (Vector Length Extensions) obecrniednBaeT BO3MOXHOCTb PabOTHI CO
128- 1 256-0uTHBIMU perucTpaMu (MIIAIIIMMHA 9acTSIMH 5 12-OUTHBIX PETUCTPOB).
Ha6opst F, CDI, ERI, PFI Bepssie peann3zoBansl B mporeccopax Intel Xeon Phi x200
(Knights Landing) B 2016 rony, a BW, DQ, VL — B mpoueccopax cemeiicta Intel
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Xeon Scalable, Bemmymensasix B 2017 roxy. Mactpykiun AVXS512 npeara3HadeHb
Ut paboThl ¢ 32 HOBBIMU 512-OMTHBIMHU perucTpaMu oomiero HazHadeHus (ZMM),
pacumpsitoniMu cymiectyromue 128- (XMM) u 256-6utabie (YMM) peructpsl.
Peructper XMMO-XMM15 nmoctymusr s mHCTpyKIuii SSE, AVX-128 (AVX,
AVX2); peructppl YMMO-YMMI15 - mus AVX256 (AVX, AVX2);, peructpbl
ZMMO-ZMM31 - nna AVXS12F. Jlna noctyna x peructpaMm XMM16-XMM31 u
YMM16-YMM31 HeoOxoaum Habop uHcTpykuuii AVXS12VL.
MukpoapxuTeKkTypa mporeccopos, peanmsytomux AVX512, Taxke moapasymMeBaeT
Hannune 8 peructpoB-macok (k0-k7), mo3posstomux ruOko padboTaTh € YaCTSIMU
PETrUCTPOB 00IIIero Ha3HAYCHUS. Pa3psqHOCTh 3TUX pEerucTpoB paBHa 16 (64 B ciyuae
AVXS512BW) u no3BossieT MackupoBath 16 ajeMeHTOB 512-pa3psiiHbIX perucTpoB
npu pabore ¢ 32-pa3psAHBIMH YHCIaMH C IUIABAIOIIEH TOYKOW WIIM JBOMHBIMH
cioBamu. B cirydae paGoTHI ¢ YHCITaMU € TUTABAIONICH TOUYKOH TBOMHOM TOYHOCTH WITH
YETBEPHBIMH CIIOBAMH UCIIOJIB3YETCS TOJIBKO 8 OMT MaCOYHBIX PETHCTPOB.

Msl paccmorpuMm npumeHeHne AVXS512-pekropusanuu Ha IpUMeEpe TeHeparopa
ncepnocaydadHeix uncen LFSR113.

3. FleHepamop nceedocny4valiHbix Yucen LFSR113

LFSR113 (Linear Feedback Shift Register) sBisiercs KOMOHHHPOBaHHBIM
TEHepaTOpOM U3 HYeThIpeX CABUTOBBIX peructpoB [4]. MeTton reHepaiuw,
OCHOBAaHHBII Ha CIBUIOBBIX PETUCTPAX, UCIOIb3YyET CBOWCTBA JIMHEMHBIX ONepaLuii
10 MOAYJIO 2 Haj OMTaMH X,,. PaccMOTpuM 1ociie0BaTenbHOCTh HyJeH U eIMHULL:
Xp = (A1 Xp_q + =+ + apxy_y) mod 2 )

3TO JIMHEHHO-PEKYPPEHTHOE COOTHOIIEHHE B IoJEe Z, , COCTOSILIEM W3 JBYX
OJICMCHTOB, HYJA U C€AWHUIIBIL. OHO Ha3bIBacTCs CABUTOBBIM PETUCTPOM U HUMCCT
nepuos JuHBL p = 2¥ — 1 Torma m TosibKo Tornda, Korja momuHoM P(z) = zK —
a,z*' — .-+ — a;,, Ha3BIBAaEMBIl XapaKTEPUCTHYECKMM TIOTHHOMOM PEKyPPEHTHOI
MIOCTIEIOBATEIbHOCTH, SBJSIETCS MPUMUTHBHBIM monuHOMOM. [Jlms  omsHOTO
C/IBUTOBOTO PETHCTpa BBIXOJAHAs MOCIIEAOBATEILHOCTD ONpenessieTcs, Kak U, =
Yk Xps+k—127%, Te pasMep mara S W JUIMHA C10Ba L — IesIble TONOKMTENbHBIE
qHca.

I'eneparoprl, OCHOBaHHBIE Ha CIBHUTOBOM perHcTpe, ObicTpple. OHH 001amaroT
OONBIION [UIMHOW TIepHOAa TPH YCIOBHW IPABHIBHOTO BEIOOpA MPUMHUTHBHBIX
monuHOMOB. OJJHAKO B T€HEPATOpax 3TOrO Kiacca ObIIH 0OHAPYKEHBI KOPPEIALNH,
KOTOpPBIE MOT'YT IPUBECTH K CHCTEMAaTHYeCKUM OmuoOKkaM B pacuetax Monte-Kapio
[5,6,7]. Hns ymydmieHHs CTaTUCTHYECKMX CBOMCTB OBUIM  pa3paboOTaHbI
moaudukanuu I'CP. LFSR113 sBasiercss TakuM KOMOWHHPOBAHHBIM T€HEPATOPOM.
[Mycts wumeercst | peKkyppeHTHbIX mocienoBatenbHocTed (1) w  j —as
TIOCIIEIOBATENBHOCTh UMEET XapaKTEPMCTHYECKUH TonuHOM P;(z) crenemu Kk;.
ITycTh OH sBISETCA TPUMHTUBHBIM, TOTIA IEPHOJL MOCIIENOBATENLHOCTH PABEH Pj =

2% — 1. Ipeanonoxum, uto P;(z) He uMeIOT OOIMX NENUTENEH, U Pj ABJIAIOTCA
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B3aMMHO IPOCTHIMU. J{JIs KaXX10# ITOCIIeIOBATENFHOCTH HyJIeH U €MHHULL OTIPEACIIIM
BBIXO/IHYIO TOCJIeJ0BATEIBHOCTh MPH ITOMOILU (HOPMYJIbI Ujn = Zkﬂ xnsj+k_12_k.

Torna anst KOMOMHHMPOBAaHHOTO TeHEpaTopa BBIXOJHAS IOCIEIO0BATEIbHOCTD
onpenensercs, Kak U, = Uy, @ -+ @ u;, [4]. [lepuon remeparopa paseH p =
2k —1) x -+ x (20 = 1).

Jst LFSR113 nnwna cinoBa L = 32, KOJIWYECTBO CIABUTOBBIX PETUCTPOB | = 4,

X1n = X1n-31 D X1p-25,51 = 18,

Xom = Xan-20 @ Xpn-27,52 = 2,

X3n = X3pn-28 D X3n-1553 =7,

Xam = Xan-25 D Xan-22,54 = 13.
Takum o6pasom, nepuon reneparopa LFSR113 pasen p = (231 —1)(22° —
1)(228 —1)(2%° — 1) ~ 10%*. Jlna reHepaTopa 0Ka3aHO TOYHOE CBOWCTBO
paBHOpAcCIpelieicHHss ~ BEPOATHOCTEH B  pasMepHocTH mopsnka 30 [4].
CraTuCcTHYeCKHE TECTHl BBISBIIIOT OMONHHUTEIBHBIE KOPPEISIMHA B BBIXOIHBIX
nocnenoBarenbHocTssx  LFSR113, HO  HalfeHHBIE  KOPPENSAIMHA  CBSI3aHBI
UCKITIOYUTENIFHO C TEM, YTO BBIXOJHBIE OWTHI [NaHHBIX T'E€HEPATOPOB HMEIOT
JUHEHHYIO CTPYKTYPY IO HMOCTPOCHHUIO, UTO HE SIBIISIETCS CEPHhE3HBIM HEAOCTATKOM
JaHHbBIX reHepatopos [8]. Jlist renepaTopa LFSR113 6bu1 pa3padoran 3¢ G eKTHBHBII
METO]l POITyCKa KYCKOB IOCJIEI0BATEIbHOCTEH U MHHUIMAIM3AIMH MapalIeIbHbIX
MOTOKOB ciy4aiHbIXx uncen [9,10]. Inst renepatopa paHee ObUTH pa3paboTaHbI
a¢¢dexTuBHBIE peanm3anuu ¢ ucnonb3oBaHueM SSE- u  AVX2-ekropusanuit
[11,13,14,15], a Take peanusaumu s Tpaduyeckux mpoueccopos [9,16].
I'eneparop BkiIOUeH B OnOnmoTeku reHepannu ciydaitaeix grcen GNU Scientific
Library [12], RNGAVXLIB [13,14,15], PRAND [9], cIRNG [16], u gp.
Peamuzanus anroputma Ha si3pike Cu mpencrasieHa B Tabm. 1. Ilepen mepsbM
BBI30BOM TeHepaTopa HeoOXoauMo 3a1aTh (Uq, Uy, Uz, Uy) — HAYAILHOE COCTOSIHUE,
COCTOSIILIEE W3 TMEPBBIX YETHIPEX BBIXOIHBIX 3HAYEHHH. Uq, Uy, Uz, Uy MOTYT
MPUHUMATB JIF00bIC 3HAUeHUs, Oosbiue, yeM 1,7, 15,127 cooTBeTCTBEHHO.

4. AVX512-peanusauyus napasuienibHOU 2eHepauuu 4Yemsbipex
8bIX00HbIX MnocsiedoeamesibHocmeu rnceedocsiyyaliHbIX qucersn
onst anzopumma LFSR113

g peanMzanmy  anrOpUTMOB HCTIONB30BAJICS Habop wHCTpykmmid AVXS12F.
Ornucanue NCTOIb30BAHHBIX KOMaH]] MOYKHO HalWTH B [3].

B tabmmmnax 1 u 2 nmpencTaBieHbl peanu3aliy ajaroputMa ajs reneparopa LFSR113.
B tabnume 1 npuBeneH anroputM Ha si3bike ANSI C, B Tabmuie 2 — ajaropurm,
ucnone3ytoumid  AVXS512-sekropuzammro. Ilepas dwacte AVXS512-anroputma,
IMMPUBCACHHOI'O B Ta6nnue 2, BBIITOJIHACT TEC )K€ CaMbIC HeﬁCTBMﬂ, 4TO U aJITOPUTM Ha
ANSI C, npuBeneHHblii B Tabiuie 1, HO Kaxasi oneparys NPUMEHSIETCS cpa3y K
BEKTOpY M3 IecTHaAnatu uucesl. COCTOSHHE TeHeparopa 3alaeTcsl YeThIPbMs
yuciaMu, a B peructpbl ZMM moMecTsTCsl OJAHOBPEMEHHO 4 TaKMX COCTOSHUU.
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Takum obOpazom, AVXS512-BekTopH3anusi MO3BONSIET NapaUIeTbHO BBIYUCIATH
YeThIpe BBIXOJHBIEC IOCIIE0BATEIBHOCTH. BTopast BBIXOIHAS IOCIEN0BATEIBHOCTD
UHMUMAIM3UpYeTcss Mpu nomowy mponycka 2198 wuucen B neppoii BbIXOAHOI
HoCIEeN0BaTENLHOCTH, TpeTHii ToTok — 2109, yerseprsiii motok — 2110

UroOb! BEIYMCIUTE HOBOE COCTOSHHE T€HEPATOpa, CTapoe 3alMChIBACTCS B PETHCTP
ZMM1 mpu moMoIIM KOMaHIBl vmovaps. OTa KoMaHaa paboTaeT ¢ JaHHBIMH,
BEIPOBHEHHBIMHU TI0 64-OWTHBIM TpaHUIAM, U BBIONHAECTCS TOPa3no OBICTpee, 4eM
aHAJIOTMYHAs KOMaHAa vmovups, s paboTel KOTOpoH He Tpedyercs
BEIpaBHUBaHWe. B peructp ZMMS5 mnomemaroTcs mepBble 16 umcenm MaccuBa
Ifsr113 const512. Tpex-onepaHHblii CHHTAKCHC MTO3BOJISIET 3AMCHIBATh PE3yJIbTaT
B PErHCTp, OTIMYHBIA OT BXOAHBIX omepaHnoB. llosTomy ciemyromas KoMaHza
vpandd BbIYuCISIET

z1 & 4294967294U, z2 & 4294967288U, z3 & 4294967280U, z4 & 4294967168U

OJTHOBPEMEHHO JUUISI BCEX YETHIPEX MTOTOKOB M IIOMEIIAET PEe3YIbTaT B peructp ZMM2.
Hanee xomanp vpsllvd npou3BOIUT CIBUT BIEBO KaXKAOTO ClIOBa peructpa ZMM?2 na
3aJJaHHOE KOJINYECTBO ourT. Teneps peructp ZMM?2 COLEPKUT
(z1 & 4294967294U) «< 18, (22 & 4294967288U) K 2,

(z3 & 4294967280U) < 7, (z4 & 4294967168U) « 13 nmns Bcex dETHIPEX
noTokoB. Cienyronue KOMaH bl 3aBePIIAIOT BEIYUCIEHUE HOBBIX COCTOSIHUM.
WHcTpykiys vmovaps 3amichiBaeT MX B CTPYKTYpy state. Jlanee He0OXOIMMO

BBIUUCITUTE Z; D 2, D 25D 24, 25D 2o D 2z, D 25, 2o D 210 P 211 D 740,
Z13 D 214 D z15 D z46. B peructpe ZMM coneprxarcst TOIBKO YTO BHIYUCICHHBIE

COCTOSAHHUA Z1,29,23,24,25,26,27,28,Z9,210,)211,212,213, 214,215, Z16- I[aﬂee
komanna vpshufd $78 nepememmBaer uncna B ZMMI, u pe3yapTaT COXpaHsIET B
ZMM?2: Z3,Z4,Z1,Z3, 27,28, Z5, Zg, Z11) 212, 29, Z10» Z15 Z16» Z13» Z14- Iocne

npumenenus XOR k ZMM1 u ZMM?2, peructp ZMM3 copepxur z; P zs5,z, P
Z4, 23D 21,24 D 25,25 D 27,26 D 25,27 D 25,25 D 26,20 D 211,210 D
212,211 D 29,212 D 210,213 D 215,214 D 216,215 D 213,216 D 214 Iocne
BoinosHeHuss komauzapl vpshufd $255 perucrp ZMM?2 conepxutr z, @ z,,z, D
22,24 D 22,24 D 23,25 D 26,23 D 26,25 D 26,28 D 26,212 D 210,212 O
210,212 D 210,212 D 210,216 D 214,216 D 214,216 D 214,216 D Z14- Hocne
ouepenHoro npumenenus komanapl XOR, peructp ZMM3 copepxur z; @ z; P
Zy D 75,0,23 P 2, P 2, D 75,0,z P z, D zg D 7,0,2, D z; P 75 P
260,29 D 211 D 212D 210,0,211 D 29 D 212D 210,0,215D 215D 216D
214,0,215s B 213 P 716 D z14,0. amee npu mnomomu KomaHAsl vpermd
BBIXOZHBIE YMCIIa KON MOCIEJ0BAaTEIbHOCTh MOMEIIAOTCS B Miaamme 128 o6ut
peructpa ZMM3: 7z, @ 23D 2, D 25,2s D 2, D 23 D 75,29 P 211 D 71, D
210,215 D 213 D Z16 D Z14. IlocnenHsist MHCTPYKIMS VINOVaps 3alHMCHIBACT UX B
MAacCUB ans.
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Taon. 1. Peanuzayuu aneopumma LFSRI113 eenepayuu ncegdocayuaiinvix uucen va ANSI C
Table. 1. Implementation of algorithm LFSR113 for generation of pseudo-random numbers
with ANSI C

unsigned ul, u2, u3, u4;

unsigned int 1fsrl113_ansi_generate_(){
unsigned b;
b= ((ul << 6) ~ul) > 13;
ul = (( ul & 4294967294U) << 18) ~ b;
b= ((u2<< 2) ~ u2) > 27;
u2 = (( u2 & 4294967288U) << 2) ~ b;
b = (( u3 << 13) ~ u3) >> 21;
ud = (( u3 & 4294967280U) << 7) ~ b;
b= ((ud << 3) "~ ud) >> 12;
ud = (( u4 & 4294967168U) << 13)
return (ul A~ u2 ~ u3 ~ ud);

>
(o
[0yt

}

Taon. 2. AVX512-peanuzayusa napannenvHoll ceHepayuu yemvipex nociedosamenbHocmell
ncesoocayuaHblx yucen 014 areopumma LFSRI13
Table 2. AVXS512-pearuzayus napanienvrol eeHepayuu yemuipex nocie008amenbHoCmell
ncegoocnyyaiinvix yucen o areopumma LFSR113

typedef struct{
unsigned u[16] __attribute__ ((aligned(64)));

} 1fsrll3 state;
unsigned 1fsrll3 consts512[64] _ attribute  ((aligned(64)))
={4294967294U,4294967288U,4294967280U,4294967168U,
4294967294U,4294967288U,4294967280U,4294967168U,
4294967294U,4294967288U,4294967280U,4294967168U,
4294967294U,4294967288U,4294967280U,4294967168U, 6,2,13,3,
6,2,13,3, 6,2,13,3, 6,2,13,3, 13,27,21,12, 13,27,21,12,
13,27,21,12, 13,27,21,12, 18,2,7,13, 18,2,7,13, 18,2,7,13,
18,2,7,13};
unsigned ind[16] __attribute ((aligned(64))) =
{0,4,8,12,0,4,8,12,0,4,8,12,0,4,8,12};
void 1fsrll3_avx512 generate_four_ (1lfsrll3_state* state,
unsigned int * ans){

asm volatile(

"vmovaps (%0),%%zmm1i\n"\

"vmovaps (%1),%%zmm5\n"\

"vpandd %%zmml, %%zmm5, %%zmm2\n"\
"vpsllvd 192(%1),%%zmm2,%%zmm2\n"\

"vpsllvd 64(%1),%%zmml,%%zmm4\n"\
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"vpxord %%zmma,%%zmml, %%zmma\n"\
"vpsrlvd 128(%1),%%zmm4,%%zmma\n"\
"vpxord %%zmm4,%%zmm2,%%zmml\n"\
"vmovaps %%zmml, (%0)\n"\

"vpshufd $78,%%zmml,%%zmm2\n"\
"vpxord %%zmm2,%%zmml, %%zmm3\n"\
"vpshufd $255,%%zmm3,%%zmm2\n"\
"vpxord %%zmm2,%%zmm3,%%zmm3\n"\
"vmovaps (%3),%%zmm4\n"\

"vpermd %%zmm3, %%zmm4, %%zmm3\n"\
"vmovaps %%xmm3, (%2)\n"\

"r"(state->u),"r"(1fsrll3_consts512),"r"(ans), "r"(ind));
}

5. Ckopocmb 2eHepayuu

Brun u3MepeHsl CKOPOCTH TE€HEpalluy IICEBIOCITYIalHBIX YUCEN IS PasiIHIHBIX
peamm3anmii  teHeparopa LFSR113. B Ttabnume 3 mnpeacTaBieHbl CKOPOCTH
reneparmu st ANSI C Bepcum, W Uit BEpCHid, KOTOpPBIE HCIOJB3YIOT HAOOPbI
komanx SSE4.1, AVX2 u AVXS512F. U3mepenus Obuiu mpoBeneHs! Ha Intel Xeon
Platinum 8162 (2 GHz). beut ucnosiszoBan kommmsitop GCC Bepcun 4.8.5.

s nannoro rexeparopa ucxomnas ANSI C Bepcust Becbma 3G (eKTHBHA 3a CUET
HCIOJB30BAHUS TOJBKO OBICTPBIX OJHOTAKTOBBIX JIOTHYECKUX W CIOBHUTOBBIX
onepanuii. bonee Toro, mpu kommuisiuu ANSI C Bepcuu ¢ KIF04OM ONTHUMH3AIUH
—03, KOMINUIATOP aBTOMAaTHUYECKH ONTUMHU3UPYET AITOPUTM, MCIOJB3Ys MIPU ITOM
AVX UHCTPYKIUH, TO3TOMY CKOPOCTh F'€HEPALUU JJIsl TAKOW BEPCHH MPEBOCXOIUT
ckopocTh SSE-peanuzarnuu.

Tabn. 3. Ilpoussooumenvruocme peanuzayuti eenepamopa LFSR113
Table. 3. Performance of implementations for LFSR113 generator

ANSI | SSE4.1 | AVX2 | AVX512 | AVX512/ | AVX512 | AVXS512/
C Gbit/s Gbit/s | Gbit/s ANSIC | /SSE AVX2
Gbit/s
-00 | 4.17 4.64 15.72 31.92 7.65 6.88 2.03
-03 | 14.24 4.67 20.11 39.37 2.76 8.43 1.96

CraTpst oAroTOBIEHa B paMkax rocynapcrBeHHoro 3amanusi ®AHO Poccum Ne
0033-2014-0010.
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Abstract. The generation of uniformly distributed random numbers is necessary for computer
simulation by Monte Carlo methods and molecular dynamics [1]. Generators of pseudo-random
numbers (GPRS) are used to generate random numbers. GPRS uses deterministic algorithms
to calculate numbers, but the sequence obtained in this way has the properties of a random
sequence. For a number of problems using Monte Carlo methods, random number generation
takes up a significant amount of computational time, and increasing the generation capacity is
an important task. This paper describes applying SIMD instructions (Single Instruction
Multiple Data) to parallelize generation of pseudorandom numbers. We review SIMD
instruction set extensions such as MMX, SSE, AVX2, AVX512. The example of AVX512
implementation is given for the LFSR113 pseudorandom number generator. Performance is
compared for different algorithm implementations.
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