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YHucsenHoe TuApoAMHAMIYECKOEe MO/JIeJIMPOBAaHUE
acTpodpu3nIeCcKnx TedeHuii Ha Tuopuaubix cynepdBM,
ocHaImeHHBIX yckopuTesgsamu Intel Xeon Phil
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Bunc, A.A. Mockxoeckuti, A.B. Illmenés, B.A. IIpomacos, A.A. Cepenxo,
B.E. Henawes, B.A. Buwuexos, A.C. Poduonos, 6.M. I'nuncxut, A.B.
Tymyxos

B pabore mpescraBieHbl uccaenoBanus Koaa AstroPhi fyist aucieHHOro Mo1e/IMpOBaHus acT-
podusmdecknx TedeHnit Ha TUOpUIHBIX cynepDdBM, ocnamenubix yckopureasimu Intel Xeon Phi.
Onucan co-au3aiiH BBIYUCJIUTEIHHONR MOJIEIN J1J1sl ONMCAHUs aCTPOdhu3ndeckux 00bekTos. Jeralib-
HO OIIMCAHBI 0COOEHHOCTH MapAJIIEIbHOM Pean3alini U UCCIeJ0BAHNS IIPON3BOAUTEIHHOCTH KOIA
AstroPhi. IIpescraBiieHbl pe3yJIbTATH MOJAEJNPOBAHNS B3AUMOJEHCTBUS MEKTAJTAKTHIECKOTO BET-
pa u auckoBoii rasmakruku. Jis koma AstroPhi 66110 gocturayro 134-kpaTHoe ycKkopeHue B paMKax
omuoro yckopurens Intel Xeon Phi, 75-mporenTras MacmTabupyeMoCTh IPU UCIIOIH30BaHUN 224
yckopureseit Intel Xeon Phi. Ha pacuermoit cetke 7168 X 1024 x 1024 651710 10CTUTHYTO 47 TIPOITEH-
TOB OT IMKOBOH CKAJIAPHOI mpou3BoguTessbHOCTH yecKkopuress Intel Xeon Phi npu ucnonb3osannu
53760 mureii.

Karuesoie crosa: BoicokonpouseodumenvHoie 8buUCAEHUA, BOUUCAUMENDHAA ACTPOPUIUKG,
yexopumenu Intel Xeon Phi.

BBenenne

MaremaTudeckoe MOJIE/JIMPOBaHNe UIPAET KJIOUYEBYI0 POJIb B COBPEMEHHOU acTpOogU3UKe.
OnHo #B/IIeTCH YHUBEPCAJBHBIM WHCTPYMEHTOM JIJIsl UCCJIEI0BAHUS HEJIMHENHDBIX SBOJIIOIUOHHBIX
mporieccoB BO Beemermoit. OganMm n3 BaXKHEWTTNX 33129, PEIaeMblX BBITUCINTEIHLHOW acTpO-
busukoii, siBIsSIIOTCS 3aja9n CTOJIKHOBeHMsT [1] m 9BosonMK rasakTuk [2], mporecch KoJuiarca
3Be3y [3], xumokuuernyeckne nporeccel B rajgaktukax [4]. IIpn koHcTpywpoBaHun maremarn-
9eCKO#l MOJEIN C/IeAYeT yUUTHIBATH JTOCTUXKEHWS COBPEMEHHOW aCTPOHOMHH. TaK aKTyabHBIM
ABJACTCA YI€T MArHUTHOI'O II0JId B laJIaKTHUKAX, TaK KaK €ro Ha/Indue 06Hapy>KeH0 B PpyYKaBaXx
rasakruku M51 [5] u Bimsier na npouecc 3Be31000pazoBanus. Takum o6pasoM, nzydeHue act-
poduU3MIECKUX TPOIECCOB YCAOKHAETCH HEOOXOAUMOCTHIO yueTa OO0JIbIIOr0 YUC/Ia, TOICETOUHBIX
dusunyeckux mpoueccos. Kpome Toro, cocraB acrpodusndeckux 00bEKTOB COCTOUT U3 HECKOJIb-
KUX UHTCPUIUEHTOB, IJIsT OMMCAHUS KOTOPBIX UCIOIB3YIOTCS PA3IUYHbIE MATEeMATHIECKUE MOjIe-
sin. JlanHOe 0OCTOSITE/IbCTBO YCAOXKHSIET Pa3zpaboTKy 3hMOEKTUBHBIX KOJOB I UCCETOBAHUS
acTpodu3nIecKux mMpobdjieM Ha CyHepPKOMITbIOTEPAX.

s MoyieiupoBaHus CA0YKHBIX aCTPO(MU3NIECKUX MIPOIECCOB B BHICOKOM Pa3peIeHny Heoo-
XO/IIIMO HCIIO/IB30BATh Hanbosee MOIIHbIe cynepkommbiorepsl. Isa u3 Top-3 (wersipe u3 Top-10)
cynepkoMmiboTepa B HogOpbekoit Bepcuu 2015 roga cnucka Top-500 ocuarens! rpadudeckuMu
yckopureasmu u yckopureasimu Intel Xeon Phi. Oxkumgaercsi, 970 mepBbiii CyTePKOMITBIOTED K-
3adJIONICHON TPOM3BOAUTEILHOCTH DYAET TIOCTPOEH HA OCHOBE THOPHUIHOTO TOAX01a. Paspaborka

KOJIOB JIjIs THOPUTHBIX CYIIEPKOMITHIOTEPOB HE Cyry00 TeXHWYIECKas 3324, a OTACIbHAT CJI0XK-

!Crarps pekoMenioBana K 11yG/IMKAIIT IPOrPAMMHBIM KOMUTeTOM Mezk 1y HapoaHoi Hayusoii koudepenmmu “Tla-

paJliesibHbIE BBIIUCIUTEIbHbIe TexHomorun — 2016”7



Has HAy9IHASA 33/1a49a, TPeOyIomas Co-au3aiiHa aJrTOPUTMOB HA BCEX CTAUAX PEIEHUs 3a1a91 —
oT pU3NIECKOit TOCTAHOBKY JI0 WHCTPYMEHTOB Pa3pabOTKH.

Hecmorpsa ma 60JibIoe 9ncjio pa3pabOTAHHBIX KOJOB [IJId PENIeHUS acTPOMUIUIECCKUX 3a-
nad [6] ocraercs 6oJIbIIOE YNCJIO HEPEIIEHHBIX 1PO0JIeM B 00JIaCTH MareMaTHYecKuxX Mojesieil,
YUCIEHHBIX METO/I0B U MPOIPAMMHbBIX PeaIn3allnil i N3y YeHns aCTPOPU3NIECKUX TedeHnii. AB-
TOPCKUM KOJJIEKTUBOM Yy2K€ Ha IIPOTAKEHNUN HECKOJIbKUX JIET PA3BUBACTCHA I‘I/I6pI/I,ZLH])II‘/JI SﬁﬂepOBO—
JIAUPAHKEBBIN IOJIXO JIJId pelenns acTpodu3ndeckux 3aa4. B nacrosieit crarbe byaer npu-
BEJIEHO KPAaTKOe OMUCAHWE U MOJPOOHOE MCCIeN0BaHNEe OPUTrHHAJBHOrO Kojga AstroPhi [7] mis
MOJIE/ITUPOBAHNS JUHAMUKHU aCTPOMDUINIECKIX 00HEKTOB.

B nepBoMm pasesie 6yayT onucaHbl OCHOBHBIE KOMIIOHEHTHI CO-IN3aliHa BEIYUCIUTETLHOM Cxe-
MBI, BTOPOIT pa3 eI TOCBIEH OMICAHNI0 HOBOI Bepenn Koga AstroPhi, koTopast 6b11a ocHOBaHA
ua pabore 2013 roma (8| u mpezacraBager coboil pacmupenue Koja Ha OOJIbIIee THCI0 MaTeMa-
TUYECKUX MOJIe/Ieil IpU UCIOo/ib30Bannu native pexkuma yckopuresis Intel Xeon Phi. B tperbem
pasjiesie MpUBEIEHBI PE3YJIbTAThl UCC/IE0BAHNS IPOU3BO/IUTEIHLHOCTH KO/, Y€TBEPTHINA pa3e
TOCBAIIECH BBIYUCJIUTE/JIBHBIM IKCIIEPUMEHTAM TIO N3YyYE€HUIO aCTpO@)I/ISI/ILIeCKI/IX Te4YeHU Ha pas-
JIMYHBIX Ma,CH_ITa6aX. B 3aKJIIOYEeHUU TIPUBEJCHBI OCHOBHBIE DE3YJ/IbTAThI pa,6OTbI " TePCIIEKTUBBI
Z[a.HI)HeI‘/’IH_IeI‘O pPa3BuTUA BBIYUCJAUTEIbHON MOJICJIN.

OCHOBHBIM OTJIMYE

1. KonHnenmmsa co-am3aiiHa BBEIYUCJINTEIBHON CXEMBI

T'raBubIil hoKyC HAMUX MUCCAETOBAHUN HAMPABICH HA MOJEIUPOBAHUE JTUHAMUKN TATAKTHK.
[TosTomy uwmciienHas MOeTb ACTPOPUINIECKUX TEIEHNN OPUEHTUPOBAHA B OCHOBHOM HA, OITHCA-
HIE KOMIIOHEHT IaJIakKTHK U II0J[CETOYHBIX 11poreccoB. B pabore [9] Gblin ucciiei0BaHbl BOIPOCH
co-M3aiiHa YuC/IEHHBIX Mojiesielt acTpodusnku n pusnkm mia3mMbl. PacccMOTpuM OCHOBHBIE 9Ta-
bl CO-/IM3aiiHa, YUCJAEHHBIX MOJIeJIel JIJid PeleHns: acCTPOPU3nIeCKux mpodiem.

1. Dran dopmyauposku puznyueckoit 3ajaun. [JTABHBIMU UHIDUUEHTAMY PAJTAKTUK SIBISETCSI
ra30Basi KOMIIOHEHTA, KOTOpas OMUCHIBAET MEYK3BE3/IHBIN ra3 1 pABHOMEDPHO PACIIPE/IeIEHHY 0
[bLIb, U OECCTOKHOBUTEIbHAST KOMIIOHEHTHI, KOTOPAsi UCIOIb3YETCsI IJIsT ONMUCAHUS 3BE3/I-
HO¥ KOMIIOHEHTHI U TeMHON MaTepuu. OCHOBHBIMU MOICETOYHBIMU (DU3UIECKUMHU TPOTIECCAME
SIBJIAFOTCS TIPOTIECCHI 3Be37000pazoBanust, 3(h@eKT OT B3phIBA CBEPXHOBBIX, (DYHKITUN OXJIa-
JKJIEHWsI U HATPEBAHUs, a TaKyKe Xumudeckue peaknuu |10].

2. Dran maremarudeckoin popmasuzanuu. g onucanus ra30Boil KOMIIOHEHTHI UCIIOJIB3YIOT-
Cs ypaBHEHWsS TPABUTAIMOHHON Ta30BOI IWHAMUKHU, KOTOPHIE PACITUPAIOTCS HA YPaBHEHUS
OJTHOCKOPOCTHOW MHOTOKMOIIHEHTHOW IDaBUTAIMOHHON Ta30BO# AUHAMUKY C 3P HEKTUBHBIM
nokaszaresieMm aanabaTsl B CIydae yuera XuMudeckux peaxmuii. s omucanmsa 6eccToIKHOBU-
TEJbHON KOMIIOHEHTHI UCIIOIB3YIOTCS YPABHEHUS [IJTsi TIEPBBIX MOMEHTOB OECCTOIKHOBUTE Th-
Horo ypasuenus Bosibiivana. Taxoit moaxo ObLT MCCIEI0BAH U yCIEITHO UCIIOIb30BAH /It
peuenust 3a,a4 sBosronuu |2, 10] u cronkuosenust raysakrux |6, 11]. Taxoit ciocob onucanust
0eCcCTOIKHOBUTEIbHON KOMIIOHEHTHI 1T03BOJISIET MO3BOJIsIeT COOPMYIMPOBATH TEPMOAUHAMU-
YeCcKU COTJIACOBAHHYIO MOJIENb 3Be3000pa3zoBannsd n 3dpdeKTa OT B3PhIBA CBEPXHOBBIX.

3. DTam TmOCTPOEHUs YUCJIEHHOTO MeToja pernerns. OCOOeHHOCTHI0 MATEMATHIECKOH (opma-
JIN3ATUH SIBJISIETCS OMUCAHNE Ta30BOii 1 OECCTOJKHOBUTETHHOM KOMIOHEHT TaJTaKTHK C TIOMO-
IO CUCTEMBI TUepbonYecKnx ypaBuenuii. Takum o6pa3oM, Mbl MOKeM C(HOPMYIUPOBATH
€JIMHBII YUCJEHHBII METO/T pellleHns runepbonueckux ypaBuenuii. B ciemyromnem pasiese

YHC/IeHHBII MeTox Oymer omucan 6osee mogpobHo. Vcmomp30BaHne equHor0 YUCIEHHOTO Me-



TOJIa TIO3BOJISIET 3AMMCATH €IWHBIN MapaJ/IebHbI aJIropuT™M. B OCHOBE TaKOro ajropurma
JIEXKUT JIOKAJIHBHOCTD BBIYUC/IEHUI, ITO JOCTATOIHO ((DEKTUBHO MPOEIUPYETCs Ha COBPE-
MEHHBIE aPXUTEKTYPhI CYIEPKOMITHIOTEPOB.

4. Dran BbIOOPaA CTPYKTYP JaHHBIX. VICIOIB3yeMble CTPYKTYPhI JAHHBIX B CJIydae PeIieHus ri-
11epOOIMYECKUX yPABHEHUI TIOJIHOCTHIO COIJIACYIOTCs C BBLIDOPOM PacUYeTHBIX CeTOK. B opuru-
HAJIBHOM I10/IXO0/I€ HUCIIOJIb3YIOTCS PEry/sipHbIe CETKU, Y9TO MO3BO/IgeT CPOPMYIUPOBATH IIPO-
CTOM 110/1X0/] K OPraHU3alMu LHapa/ule/ibHblX Bolaucsennii [12]. OcHoBHBIM U3 TPEeHI0B CO-
BPEMEHHOT'O YMCJIEHHOTO PEIeHus TUIepOOJUnIecKUX ypPaBHEHU SBJISIETCS TEXHOJIOTHS TI0-
JIBUYKHBIX CETOK. B cjydae MCIO/B30BaHUS PEry/IsIDHBIX CTPYKTYD JAHHBIX MOXKET OBITh
OTIMCAaHA TEXHOJIOTHS KOMMOPHBIX MOABUKHBIX CETOK, KOTOpas M0o3BoJigeT 3hOEKTUBHO MO-
JIeJIUPOBaTh OOJIBIIIOE YUCIO0 3aja4Y MEXaHUKHU CILIONHO#M cpenbl. Ilpu sToM coxpaHstoTcs
napaJijiesbHble aITOPUTMbBI, UCIOIb3yeMble /s BBEIUNCIEHUI Ha PeryJIdpHBIX ceTKax. B Ha-
CTOsITTIEe BpeMs, TaKas TEXHOJIOTHs MOBUKHBIX CETOK He peann3oBaHa B Kome AstroPhi, mo
B [IePCIEeKTHBE TaKas pean3alus IJIaHIPYyeTCs.

5. DTar yuera apXuTEKTypPhbl CYyMepKOMIBIOTEPa. B HAINX MCCIET0BAHUSX UCIOIB3YIOTCS T'H-
OpuaHble cyneproMbioTepsl ¢ yckopureasvu Intel Xeon Phi. Jlormweckas apxuTekTypsr
TaKOr0 CyMEPKOMIIbIOTEPA MPECTAB/SAETCI B BUJIE JUHENKN yCKOPHUTEseil, B3anMoI1eiCTBY-
I0IIMX HANpAMyIo (B CjIydae ucnojb3oBanusi native pexkuma) miam uepes CPU (B coyuae
ucnosnb3osanus offload pexxuma). B pamkax 0HOT0 yCKOpUTE/Is BHIMUC/IEHUS PA30MBAIOTCS
Ha 60Jiboe (HECKOIBKO coTeH) Hureil. Opranu3alys BbIYUC/AEHUH B OPUTHHAJIBHOM METO/E
TIO3BOJIIET UCKIIOYUNTDL B3aUMOJIENCTBUE MeXKIy HUTIMHU B PAMKaX OJHOTO YCKOPHUTEsd Ha
OCHOBHBIX dTarax MeToja, JubO CBOJAUTH TaKWe BBIYUCACHUS K MUHUMyMYy. Takoe B3ammo-
JefiCTBUe BO3HWKAET B CJIyUae BLIUUCJIEHUS ITara Mo BpeMeHn u3 yciaoBud Kypanta.

6. DTam uCnop30BaHUsA CPEJICTB pa3paboTku. Opranu3alus BEIYUCIEHN OPUTUHATBLHOTO UUC-
JIEHHOTO MEeTOJ[a M apXUTEKTYPhl UCIOJIb3YEMBIX CYIePKOMITBIOTEPOB MO3BOJISIIOT HAM OTPa-
HuunThea 6ubsmorekoit MPI jijisi opranmzaiuu MeKIIporecCHbIX B3aUMOIENCTBUN U TEXHO-
siorueit OpenMP g opranmsaium MHOTOTIOTOYHBIX BBIYUC/IEHUI.

B cnemyromem pasmene Oymer mogpobHee OMMcaHa peaan3amus KayKI0r0 STala.

2. Kox AstroPhi

g onmcanus ra30Boit KOMIIOHEHTHI Oy/1€M UCII0JIb30BaTh CUCTEMY ypPaBHEHM OJTHOCKOPOCT-

HOIl MHOIOKOMIIOHEHTHO# I'DaBUTAIIUOHHON ra30BOM AUHAMUKU, 3allUCAHHYIO B 3MJIEPOBLIX KOOD-

JUHATAX:
ap _,
hid ) -S_-D
6t+v (pu) =S )
i LG (psii) = —s5; + SL— DL
ot e T
opi 44 R .
v V- (putd) = =Vp — pV(®) + 0S — @D,
OpE S D
LV (pBd) = V- (p) — (pV(®), ) ~ A+ T +5 —e—,
ot PP
aap:+v-(peﬂ'):(71)peV'ﬁA+F+€i62;,

[
pE = iqu + pe,



p= (’Y - 1)p€7

st oncanmst 6€CCTO/IKHOBUTEILHOW KOMITOHEHTBI Oy/IEM MCITOJIb30BATH CUCTEMY yPABHEHWH [1J1s1
[IEPBBIX MOMEHTOB 0ECCTOJIKHOBUTEJILHOIO ypaBHeHusi BoJibliMana, 3alncaHHyio Tak»Ke B diije-

POBBIX KOOD/IMHATAX:

on
- (nd) =D —
5 + V- (n?) S,
onv o I
W—FV-(m)v):—VH—nV((I))—I-uD—vS,
D
ag‘ty £V (V) = =V - (110) ~ (19 (@), )+ — g‘;,

Mg D S

T LV (M) = 200V - 4 e — e

5 TV (eet) iteg —eg
pW = %pﬁg 4 e szy ks H“,

Ypasuenue [lyaccona /s 06enx KOMIOHEHT 3aIUCHIBAETCA B BH/IE:
AD =47G(p+ n),

rjie p — JaBJIeHUe ra3a, p; — IJIOTHOCTh ¢ KOMIIOHEHTbI CMECH I'a3a, S;j — CKOPOCTb IIPOX0XK ICHUS
XUMUYECKUX PeaKIuit, p = » . p; — IJIOTHOCTb CMECHU I'a3a, N — ILIOTHOCTH OeCCTOJKHOBUTE b
HOW KOMIIOHEHTBI, U — CKOPOCTHb I'a30BOW KOMIIOHEHTBI, U — CKOPOCTb OECCTOJKHOBUTETHLHOMN
KOMTIOHEHTHI, pF — MJIOTHOCTH TOJIHOW MEeXaHWYecKoit sHeprum raza, pW — MI0THOCTH TOJI-
HO# MeXaHWYeCKO# dHepruu 6ecCTOIKHOBUTEIBHON KOMIOHEHTHI, ¢ — rpaBUTAIIMOHHBIN TTOTEH-
nuaj, € — IJIOTHOCTh BHYTPEHHeH 3Hepruu raza, 7 — 3(p@eKTuBHbIN MOKa3aTe/ b a1nabaThl,
IIee = (Hm,Hyy,sz) — JIWArOHAJBLHBIN TEH30pP JANUCIEPCHN CKOPOCTEeHl 0eCCTOIKHOBUTEILHOMN
KOMIIOHEHTBI, & — CKOpPOCTb 0Opa30BaHUs CBEPXHOBBLIX 3B€3J, D — CKOpPOCTH 3Be31000pa3oBa-
uus, A — dyukiusa oxnaxaenus, I — QyHKIUI HarpeBaHus OT B3PbIBA CBEPXHOBBIX 3Be3/1. Mbl
He OymeM BBOAWTH MOAPOOHOCTH OMUCAHUS KAXKIOTO TePMa JJIsi OMUCAHUST TOACETOYHON (UMK,

TaK T0POOHOCTH UX NPUMEHEeHUs] MOryT ObITh HaiijeHbl B paborax [4, 10, 13].

2.1. OnmcaHme YKMCJIEHHOTI'O METOIAa

JLIs1 9UCIeHHOrO PeIeHnsl YPaBHEeHN IPABUTAIIMOHHON Ta30BOM AUHAMUKN OBLI HCIIOJIB30-
BaH OPUTHMHAIBHBIN UMCIEHHBIA METOM, OCHOBAHHBIM Ha KOMOMHAIINK MeTOda ['ogyHOBa, MeToma
paseaeHns OepaTopoB U KyCOUHO-IapaboInIecKoro MeToIa Ha JTOKAJILHOM IabIoHe 1Id 00ec-
medennst BLICOKOTO Topsika Tounoctu [14, 15]. Cucrema ypaBHeHuii permaercsa B JBa drama: dii-
JIEpOB, Ha KOTOPOM PEIIAIOTCS ypaBHEeHns 06e3 aIBEKTUBHBIX U/JIEHOB, U JIATPAHKEB, Ha KOTOPOM
ITPOUCXOTUT AJIBEKTUBHBIN IEPEHOC I'MIPOUHaAMIYecKnX BeJndnH. Ha siljiepoBoM sTare ruapo-
IUHAMHYIECKHE YPABHEHUs JJIsi 00enX KOMIIOHEHT 3alliChIBAIOTCA B HEKOHCEPBUTHUBHOI (hopme u
WCKJTIOYAIOTCST aIBEKTUBHBIE WIEHBI. B pe3y/ibTare Takasd cucrema Ha maTepdeiice IByX sSIeeK
WMEeT aHAJIUTUIECKOE PeIeHne, KOTOPOe UCIIOIb3YeTCs JJIsi 3aIlliCh MOTOKOB depe3 mHTepdeiic
aByx staeek [16]. st noBbIenns: mopsijika TOYHOCTH MCIIOJIB3YeTCsl KyCOUHO-apaboImaecK it
meros Ha siokaabHOM 1mabione (PPML), KOTOPBIl COCTOMT B OCTPOEHNH JIOKATBHBIX Hapabo.t
BHYTPH S9€EK JJIsi KaXKI0# ruaposmHamMuteckoit Bejmaunnabl. [taBaoe oramane PPML or kiac-

cuyeckoro PPM mMerojia cocTouT B MCHO/Ib30BAHUK JIOKAJILHOIO AabJIOHA JJI BHIYUCAECHUA. DTO



MTO3BOJIIET HA JTale NapasjieahbHol Peaain3anni, B OCHOBE KOTOPOil reoMeTpuvecKast JeKOMITO3N-
s PacIeTHO 06/1aCTH, UCIOIB30BATH TOJIBKO OJWH CJION MePeKPhITHA T0K001acTedl, 910 yIpo-
IAeT PEAJTM3ANNI0 TPAHUYHBIX YCJIOBUN W YMEHBIAET KOJUIECTBO MEPECHLIOK, CJIEI0BATEIHLHO
crrocobcTByer pocty 3hdeKTUBHOCTH Tapasuie/bHOM peann3arnuu. Ha jarpankeBoMm 3Tare uc-
[OJIb3YEeTCsl aHAJOTMYHbBIN Ynuciennbil noaxo . Ha namabiit MomenT perenve ypasuenus [lyac-
cona ocaoBaHo Ha Fast Fourier Transform meroze. 910 ¢Bsi3aHO ¢ TeM, YTO peIIeHUE yDPABHEHUS
HyaCCOHa 3aHUMa€eT HECKOJIbBKO IIPOIEHTOB OT BPEMEHHU CYeTa, HO B ,ZLEL.HI)HGI‘/JIH_IGM MBbI ILJIaHU-
pyeMm mepeiiTu K umTeparuoHHbIM MeTonaMm pererus TakuMm kak SOR u CGM. Iloce perenns
ypaeuenus llyaccona u rugpoguHaAMUYECKUX yPaBHEHU MPOUCXOIUT KOPPEKTUPOBKA PEIICHUST
overdefinition cuctembl ypaBHeHUit, /I 3TOT0 UCIOJIH3YETCSI OPUTHHAJIBHAS TPOIEIypa JIJIst CO-
XpaHeHus TOJHON SHEPrUu¥ CUCTEMBI W TapaHTHu HeybObiBanus sHTpormu |17, 18]. B pesysbra-
Te pa3pabOTaHHBII YUCAEHHBI METOJ pelleHus 00/1a/IaeT CJIeIyIONIMMI CBOMCTBAMU: BBICOKUIT
[OPAJIOK TOYHOCTU HA IJIAJKUX PElIeHudX W MaJjiag JIUCCUNAIUS B CJAydae Pa3pbIBHBIX peIllle-
HUli; OTCYTCTBHE HEOOXOIMMOCTU BBEJI€HUS UJ€HA MCKYCCTBEHHOU BA3KOCTU WJIUA OTPAHUYIUTE-
ﬂeﬁ; WHBAPUAHTHOCTD TTOJIy9a€MOT'O YUCJICHHOT'O PEMIeHNA OTHOCUTE/ILHO MOBOPOTa U OTCYTCTBUE
KapOyHKyI-3DDEKTOB; rapaHTUPOBAHHOE HEYObIBAHNE SHTPOINHN; BO3MOXKHOCTh PACIIAPEHUS HA
6oJ1ee CI0KHBIE TUIPOSMHAMUIECKIE MOJIEJIH; TTPOCTOTA IIPOTPAMMHON Pean3alIiun; MOTeHIUA b
HO HeckoneuHas macirabupyemocts. Ilocsieinnii nynkT Ham HanboJiee BayKeH U OCHOBAH HA TOM
CbaKTe7 YTO BCE BBIYUCJ/IEHUSI B d4yeliKax OPOUCXOJAT HE3ABUCUMO, DPEryJIdpDHO U Ha JIOKAJIbHOM
mabsione. Yucsienubiit MeTos ObLI IPOTECTUPOBAH HA CJAEAYIONINX 33/1a9aX:

1. omHOMepHBIE TecThl ['0yHOBA O pacmaje pa3phiBa,

2. OJHOMEPHBII TecT AKCEHOBA C HENPEPBIBHBIM MEPUOINIECKUM PEITIEHTEM,

3. 3amaga Ce0Ba 0 TOYEIHOM B3PHIBE,

4. nByMepHas HeyCTOMIMBOCTHL Pened-Teitnopa,

9. JIByMepHad HeycToiunBocTh KenbBuHa-l'erbMrombia,

6. 3aada KoJTaca dBpap/ia.
[ToxpobHoe omucanme YUCIEHHOTO METO/Ia U ero Bepudukanus npusenena B pabore [19]. Takxe

pazpaboTaHo pacipenue duciaeHHoro meroza Ha permenne MITT ypasuenwuii [20].

2.2. JlekoMmo3ulius pacueTHOil objiacTu

Co-pum3zaiin [9] dusuko-maremarnueckoil Mo/, YUCJIEHHOIO METOIA U CTPYKTYD JAHHBIX
MTO3BOJISIET UCIOJIB30BATH TEOMETPUYIECKYI0 TEKOMITO3UIUI0 PACUETHONW 0OJIACTH C OJHUM CJI0eM
nepekpeiTus nomobsiacreit. Takyio BOZMOXKHOCTBH MBI UMEEM 3a CUET TMOCTPOEHWS MapaboJi Ha
MPEBITYIIeM Iare, 9To TpedyeT TOJHKO JIOKAJTHHOTO B3aWMOEHCTBUs Mexy sdeiikamu. Ha
pucyHke 1 TIpUBEJIEHBI IPOIEHTHBIE COOTHOIIEHNS MKy dTalaMu

Inga pemenus ypasuenus llyaccona, B ocHoBe KoTOpOoro bwicTpoe npeobpazoBanune Pypbe
st cynepdBM ¢ pacnpesesennoit maMaThio ObL1a ncnoib3oBana 6ubmoreka FFTW [21]. B oc-
HOBe 310i 6ubanorekn jexkur nponeaypa ALLTOALL, koropast "Tparcnionupyer” TpexMepHbIii
MaCCHUB, TIepepacipeieisisi 3HAUNTe/IbHbIe 00beMbl TaMsITH MEXK Iy BCEMU Mpolieccamu. be3ycios-
HO, 9TO JIOpOrasi ceTeBas ollepalus, KoTopas TpedyeT oTka3a OT BCEro ajropuTMa B CIydae Hc-
TTOJIB30BAHNT CKOJIB JIMOO 3HAYUTETHFHOTO KOJMYIecTBa BuraucanTeneii. Ommako, sTa mporeaypa B
caydae MCIoJb30Banust cereBoit nadpacrpykryps! InfiniBand He 3armMmaer kpurudeckoe Bpemst
u, 110 BCeil BUMMOCTH, OITUMU3NPOBAHA HA HU3KOM CETE€BOM ypoBHE [22].

OCHOBHBIMU TAllAMU BBIYUC/IATEIBHOW CXEMBbI SIBJIAIOTCS SMIEPOB U JlarpaHKeB yrarbl. Mbr

COCPEeJOTOYNMCA MMEHHO Ha 39TUX ITallaX, KaK Ha HauboJiee 3aTPAaTHBIX. Takzke BHE HaIIEro
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Puc. 1. IIporerTHOe cOOTHOIEHNE MeXK Ty dTamamu B Kojge AstroPhi

paccMOTpeHus B ILIAHE YCKOPEHUsI OCTaHYTCs MPOIEAYPhl, B KOTOPBLIX ~fejienne’ UMITYIbCa, Ha
GYHKINIO MIOTHOCTUA W TEPe3alliCh MacCUBOB. B 3Tux mporeaypax (GakKTUIeCKu ITPOUCXOIUAT
KOIMUPOBAHUE [MAMSITH U3 OJHOHM 06JIacTU B JIPYIYIO, B JAJIBHEHIIEM Mbl TAKXKE PACCMOTPUM 3THU
oTiepaIu OTIEIBHO ¢ TOUKH 3penust 0bobmennoit ¢pyukinuun MEMCPY.

OT/iesibHO OCTAHOBUMCS HA TPOIEIyPe BBIUUCIEHUS IIara Mo BPEMEHU, UCXO/sd U3 YCIOBUS
KypanTa. B ciyuae ucnosb3oBanus rpadpudecKux yCKOPUTE/Ie JaHHAsd TPOIeIypa Oblaa pea-
mm3oBana To1bk0 Ha CPU (6] (Takzxke 6pu10 cresano u B kome GAMER [23]). Ilpuanna sroro —
orcyTcTBEE 3 PEKTUBHON peasn3aruy peayupyioreii onepanueit min B rexunogorun CUDA. B
1o BpeMma Kak B OpenMP rakas oneparug 3dpdextuBno peanunzopana. CTouMocTh 3TOi Impoiie-
JIypPBbI COCTABJISIET TOPSIAKA OJHOTO MPOIEHTA OT ODIIEro BPEMEHU BBIYUC/IEHUNH W MPAKTUIECKH
He BausieT Ha 3((EKTUBHOCTE MapaJuiebHoil peaauzanun. OIHAKO, MPU YBEJIUIECHUN KOJIAIE-
cTBa rpaduvueckux sijgep A0 HECKOJBKUX THICSY U CTOKPATHOIO YCKODEHHUsI B paMKaxX OJHOTO
rpauIecKoro mpoIeccopa CyMMapHO BCEX OCTAJIbHBIX MPOIEAYP, MOYXKET BOZHUKHYTH KYpbes-
Has CHTyallWsi, KOTJa MPOIeypa BBIYUCJIEHUs Iara M0 BPEMeHU OyIeT BBIIOJHSATHCA T0JIbIIe
BCeX OCTayibHBbIX. [Ipu TOM, 9T0 aBTOpaMu yKe OBbLIO JOCTUTHYTO D5-KpAaTHOE YCKOPEHUE B PaM-
kax oguoro GPU [6] u kosmuecrBo rpaduyeckux siiep B 0JHOM yCKODHUTEJIE yBEJIMIUBACTCS, TO
Takas CUTYAIWs MOXKEeT ObITh JOCTUTHYTA B Ojuxkaiiiue mapy jer. CTOUT OTMETUTh, ITO TaKas
mpobJieMa B MPUHIIAIIE HEBO3MOXKHA Ha yckoputensax Intel Xeon Phi.

Wcnonb30Banne paBHOMEPHON CETKU B JIEKAPTOBBIX KOOPJAWHATAX I PEIIEHUs YpPaBHEHU
TUJIPOIMHAMUKH TI03BOJISIET UCII0JIb30BATH MPOU3BOIHHYIO JEKAPTOBY TOMOJIOTHUIO /IS JTEKOMIIO-
3uIuu pacderHoit obsactu. Takas opranu3arys BEIYUC/IEHN UMeeT OTeHIINAIbHO OECKOHETHYTO
MmacimrabupyeMmocthb. B kome AstroPhi mcrmonb3yercss MHOTOypOBHEBasI OJHOMEPHAS JTEKOMITO3M-
nus pacderHoii obsiactu. Ilo onHoil KOOpHUHATE BHEIIHEE OJITHOMEPHOE pa3pe3aHue MPOUCXOJIUAT
cpeacrBamu texuoioruu MPI) BayTpu kaxkm0it mogob1actr pa3pe3anue TPONCXOIUT CPEACTBAMEI
OpenMP, ajantuposannoro gug MIC-apxurekryp (puc. 2).

Takoii MoIX0/1 UCHOIB30BAJICS TaK¥Ke W B 1epBoil Bepcun nporpammuoro koga AstroPhi [7]
¢ yuerom ucnoab3oBannst offload pexxuma. Takast JeKOMIIO3UIIAST CBsI3aHA C TOMOJIOTHEN W apXu-
tekTypoit Tubpuaoro cynepdBM RSC PetaStream, koropsblit ObLI UCTOIB30BAH JIJIst BBIYUC/IN-

TEJIbHBIX 9KCIIEPUMEHTOB.



| |/ MPI

#pragma omp parallel

f{or... //
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Puc. 2. Cxema reoMerpuyeckoii jgexkomunosuuuu B koje AstroPhi

2.3. IIIa6sonbr nporpamvupoBanus ajsd Intel Xeon Phi

g ncnons3osanus Intel Xeon Phi ucnosib3oBan perysispHbIil M1a0/JI0H BHIYUCAEHUH, KOTO-
pBIit cjie/lyeT U3 CXeMbl JeKOMIO3UIINN PACcYeTHO! 00JaCTH U COCTOUT B PACIpeIeeHrr padoT
0 HATAM (CM. puc. 3).

B nuctunre npusesena 3aroToska g ucnoib3osanus offload pexkuma ncmnosb30BaHus yCKO-

purens Intel Xeon Phi, anasornansiii moxoy ucmnosb3yemMoMmy B padore [7].

2.4. IITaboHBI ceTEeBBLIX B3amMOJElCTBUIA

Mezxxmnporneccuoe B3aumoeiicrsue cpeacrBavmu MPI ocymecrsiisiercst ¢ momorpio mabsiona,
nepejiady 1o JIByHAIPABIEHHOMY CIHCKY (CM. puc. 4) KpaltHUX 9/IEMEHTOB OJIHOMEPHOI'O MACCUBA
pasmepom N 3/1eMEHTOB.

YKazaHHbBIM MA0JI0H SBJISIETCS OYEHB MPOCTHIM, OJHAKO MMEHHO HA HEM TOCTPOEHBI Oojiee

CJIOZKHBI€ MEXKIIPOIIeCCHbIE BSaHMO,ILefICTBI/IH obOMeHa Cp€3aMHu TPEXMEPHBIX MaCCHBOB.

3. HccaemoBaHume mpou3BOINTEIBHOCTH

L1 9KCTIepuMeHTOB OBLIN UCTOIB30BAHBI BA THOPUIHBIX CYMIEPKOMIIBIOTEPA HA OCHOBE ap-
xurekTypbl RSC PetaStream: MBC-10IT MCII PAH (64 yckopurens Intel Xeon Phi 7120 D) u
[Momurexunk RSC PetaStream CIIGITY (256 yckopurens Intel Xeon Phi 5120 D). Tanee npuse-
JIEM UCCJIeIOBAHUS TIPOU3BOIUTETHHOCTH PA3IMIHBIX TIOJICUCTEM KO/A: UCC/Ie0BAHNE YCKOPEHN I,
MacmTabupyeMoCT, UMUATAIMOHHOTO MOJIETUPOBAHUS MACIITAOUPYEMOCTH, IPOIYCKHO CI10Cc00-
HOCTH MTaMSTU ¥ CKOPOCTh CETEBBIX KOMMYyHUKAIuil. B Hammx ncc/ieJoBaHnsAX BOIIPOCHI MACIITa-
bupyemMoCTH U yCKOpeHUsi ObLIN WCCJ/IEIOBAHBI HA 00€MX apXUTEKTYypaX, BOIPOCHI CBI3AHHBIE C
opraHu3aIeil BeIYUCIeHNI ObIIN TPOBeaeHbl Ha cynepkommbiorepe MBC-10IT MCII PAH.

B cuny paznoro obbema namsaru wva yckopurenasx Intel Xeon Phi 7120 D ucciienoBanue ycko-
penmst mPoBOAMIOCH Ha cerke 5123, ma yexopurensx Intel Xeon Phi 5120 D 6bura ncronn3osana
cerka 512 x 2562. DT0 MaKCHMAaJIbHBIE PA3MEPhI CETOK, KOTOPBIE MOT'YT IIOMECTHTHCS B OJIIH YCKO-
putenb. s nuaMepeHust yCKOPEHUsT 3aMePsiIoCh BPeMsl KayKJOr0 dTalla IUCIEHHONO METOJI, B

CEeKYH/laX, & 3aTeM BbIYUC/IA/IaCh UX CyMMa HIPU PA3JIUIHOM YUCJIE MCHOJJIB3YyEMbIX JIOTMYECKUX



// 0ffload/Native mode
#define NATIVE /* OFFLOAD */
// Number of MIC-threads
#define MIC_NUM_THREADS 240

#ifdef OFFLOAD
#pragma offload_attribute (push,target(mic))

#endif

double foo(double *a, double x, int index)
{

return alindex] * x ;

}

#ifdef OFFLOAD
#pragma offload_attribute (pop)
#endif

#ifdef OFFLOAD

#pragma offload target (mic) in (a:length(N)) \
out (c:length(N))

#endif

{

#pragma omp parallel for default(none) shared(a,x,c) \
num_threads (MIC_NUM_THREADS)

for(i=0;i<N;i++)

c[i] = foo(a,x,i);

Puc. 3. Pattern for Intel Xeon Phi procedure

syep (Threads). Yekopenne P (SpeedUp) Beraucasiocs no dbopmyite 1:

_ Total;y
- Totaly

(1)

rje Totaly — BpeMsi BBIUUCIEHUIT HA OJIHOM JIOru4IecKoM sijipe, Total g — Bpemsi BbIYUCIEHUTT TpU
ucnob3oBanun K jormdeckux sjiep. Pe3yabTaTsl nccaeoBaHuil YCKOPEHUs i CYyTIePKOMIIBIO-
tepa MBC-10IT MCII PAH (JSCC) u ITomurexnunxk RSC PetaStream CII6IIY (SPb) npuseemnst
Ha PUCYHKE 9.

Takum obpazom, O6bLT0 TOTyUIeHO 134-KpaTHOE yCKOpeHue (MacmTabupyeMOCTh B CHIBHOM
CMBIC/IE) B paMKax ogHoro yckopuress Intel Xeon Phi 7120 D u 84-kpaTHoe yCKOpeHHe B paMKax
oxuoro yckoputess Intel Xeon Phi 5120 D. Takue 3nauenus yCKOpeHUs M0 BCEl BUIUMOCTHU Ha-
[IpPSAMYIO CBA3AHBI C TPOU3BOIUTEIBHOCTHIO KAK/I0T0 yecKopuTesid. Tak mccie/loBanns yCKOPEHUs
(n mambmeiimeit macmrabupyemoctn) na cynepkommnbiorepe MBC-10TT MCIT PAH 6su10 cuena-
Ho B ampene 2015 roga, a ucciaegoBanust Ha cynepkomnbiorepe [losmrexank RSC PetaStream
CIIBITY 6bu10 cueano B Hosibpe 2015 roja.

ITpoBoguiock ucciemoBanne Macirabupyemoctu koga AstroPhi va yckopuressix Intel Xeon
Phi 7120 D na cerke 512p x 512 x 512, ma yckopuresnsx Intel Xeon Phi 5120 D 6b11a ucnois-

3oBaHa cerka 512p X 256 X 256 B 00eux Ciydasix UCIO/Ib30BAINCH Y€ThIPE JIOTUYECKUX SPa HA



#define COMM
#define
#define

#define

if (rank == 0)

{ buffer[0] = a[N-2];

MPI_Send(buffer,1,MPI_DOUBLE,rank+1,TR,COMM) ;
MPI_Recv(buffer,1,MPI_DOUBLE,rank+1,TL,COMM,STATUS) ;
a[N-1] = buffer[0]; }

if (rank == size-1)

{ MPI_Recv(buffer,1,MPI_DOUBLE,rank-1,TR,COMM,STATUS);

a[0] = buffer[0];
buffer[0] = a[1];

MPI_Send(buffer,1,MPI_DOUBLE,rank-1,TL,COMM); }

if (rank!=0 && rank!=size-1)

{ MPI_Recv(buffer,1,MPI_DOUBLE,rank-1,TR,COMM,STATUS);

al0] = buffer[0];
buffer[0] = a[N-2];

MPI_Send(buffer,1,MPI_DOUBLE,rank+1,TR,COMM);
MPI_Recv(buffer,1,MPI_DOUBLE,rank+1,TL,COMM,STATUS);

a[N-1] = buffer[0];
buffer[0] = a[1];

MPI_Send(buffer,1,MPI_DOUBLE,rank-1,TL,COMM); }

MPI_COMM_WORLD
STATUS MPI_STATUS_IGNORE
TR 1 // "to right" communications

TL 2 // "to left" communications

Puc. 4. Pattern for MPI communications
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Puc. 5. Uccnenosanne yckopennsa koma AstroPhi
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KaXK/JIBIll YCKOPUTEJIb, TJe P — UUCJI0 UCIOJIB3YEeMbBIX yecKopuTeseil. Takum ob6pa3oMm, Ha KaxK bl
YCKOPHUTETb IPUXOUTCS OJUHAKOBBIM pa3Mep Mo 1001aCTH TIPH JTF0O0M YUCTIe UCCIETyEMBIX YCKO-
putesneit. [1ist nuccaesoBanus MacIITabuPyeMOCTH 3aMEPSIIOCh BpeMs KaXK/I0T0 3Tl YUCIEHHOTO
METO/Ia, B CEKYH/aX, a 3aTeM BbhIUHCIgIach ux cymma (Total) mpu pazimmdasoMm wmcse ucmoib3y-

embix yckopureseit Intel Xeon Phi (MIC). Macmrabupyemocts T (Scalability) Beraucssiiocs mo




rae Total; — BpeMst BRIYHUC/IEHWI HA, OJHOM YCKOPHUTE/IE TTPU UCIOJIB30BAHUU OJHOTO YCKOPUTE-
as1, Total, — Bpemsi BbIYNC/IEHNIT HA OJHOM YCKOPUTEJIEH TIPH MCHOIb30BAHUU D yCKOPHUTEJIEiA.

PezynbraTs! ucciaeqoBanuii MacmrabupyeMoCTu TPUBEIEHBI HA PucyHke 6.
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Puc. 6. Uccaenosanne macirabupyemoctu Kojga AstroPhi

Takum o6paszom, Gblia moaydena 92-mporeHTHas DMOEKTUBHOCTD (MAaCIITabUPYeMOCTh B
cnaboum cmbicsie) Ha 64 yekopurenax Intel Xeon Phi 7120 D u 75-nporentaas 3¢hheKTHBHOCTD Ha,
224 yckopurengax Intel Xeon Phi 5120 D. 3amerum, uro 3¢ pekTuBHOCTH OBICTpEE MPOCaKUBALTCS
na cynepkomibiorepe CIIBITY, 4To BepoaTHO CBA3aHO CO CJIOXKHOCTHIO CETEBOI MH(PPACTPYKTYPBI
U JIOTIOJTHUTEIbHBIMYU CETEBBIMU PACXOJAMU HA OPTaHW3AIUI0 0OMEHOB.

OcobeHHOCTHI0 OPUTHHAJIBHOTO TI0/IX0/[a SBJISETCH BO3MOYKHOCTH IIPOCTOI MeOMeTpPUYECcKOit
JEKOMTIO3UIIUN PACIETHON 00JIaCTH W MOCJELYIONUM OOMEHOM TPAHWIHBIX BHATEHUN MEXK Ty
TOJIBKO COCEJHUMU BBIYUCJAUTEILHBIMUA y3/1aMu. VIMUTAIMOHHAST MOJe/h OPTaHW3aI[ii BhIUNC-
JIEHUH CTPOUTCS U3 CJIEIYIOIIUX MTPETOJIOKEHNUIA:

1. jist HaxXOXKIeHUsT OOIIEr0 BPEMEHU BBITIOJIHEHUsI BBIYUC/ICHUN Ha KaXKJIOM dTare OygeM mpej-
[oJIaraTh, 9TO HAM M3BECTHO CPEJIHEE BPeMsl BBIYUCJIEHW HA OJIHY A9eiKYy, TaKuM 00pa3oMm,
pejroarast OJHOPOTHOCT BBIYUCIEHHIT IO BCE pacIeTHOH 00/1acTH;

2. B KaYeCTBE BBIYUCJUTEIHLHOIO y3/1a BeiOupaercs yckopuresb Intel Xeon Phi nosrocrsio, Tem
CAMBIM HE MOJIEUPYETCS MACIITAONPYEMOCTh BBIUHMC/IEHUN BHYTPHU OJHOTO YCTPOICTBA;

3. BpeMs BBITIOJTHEHNS KOMMYHUKAIUN Oy/1eM CYUTATh JuHEHHOM (DyHKIMEH 0T YuciIa mepeia-
BAEMBbIX 3/IEMEHTOB C YU€TOM JIATEHTHOCTH;

4. KOJINYECTBO TIepe/IaBAEMbIX 3JIEMEHTOB, &, CJI€JI0BATEIbHO, U BPEMs MEPEeIavun, MOCIe KaxK-
JIOTO U3 DTAIOB YUCAEHHOTO METO/a OJMHAKOBO;

5. mucmosib3yercs cereBas nadpacTpykrypa CCKI UBMuMI' CO PAH;

6. MCIoIb3yeTcCst OHOMEpHAS TeKOMIIO3UIINS PACIETHONH 00J1aCTH;

7. paccMaTpUBAETCST TOJIBKO YKCTEHCUBHOCTH BHIYUCIUTEILHON CUCTEMBI TTPU COXPAHEHWH MTPO-
MU3BOAUTEILHOCTH OTIEIBHOIO YCTPOHCTRA.

[MocTpoennast Ha TakWX JOMYIIEHWSIX UMHUTAIMOHHAsT MO b Koma AstroPhi OGwita cmomenupo-
BaHa ¢ nomorpio kKomiiekca AGNES [24] va pasimanom uucsie MojenbHbIX yekopuTeseil. Bol-
YUCUTE/IBHBIE SKCIIEPUMEHbI MMOKA3aJd, YTO NporpaMMubiii KoMminieke AstroPhi moxer ObITh
¢ 70-upornenTHO 3hPEeKTUBHOCTHIO MaCIITAOUPYEM 0 OJIHOIO MUJIIMOHA BbIYUCJIUTEIbHBIX

ycrpoitcrs. Takoe ducsio yckopureseil coorBeTcrByeT 3K3ad/I0ICHOMY YPOBHIO BbIUUC/IEHU.



4. BreraucanrenabHbIE IKCIIEPpMMEHTDbI

4.1. MognenupoBanue o6pa3oBaHNs KPYITHOMACIITAOHBIX KOCMOJIOTHTYIECKIX
CTPYKTYP

C MoMmeHTa BpeMeHHU, COOTBETCTBYOIEeMy 2 = 99 GyneM paccMaTpuUBaTh PACIIUPSIIOILYIOCS
KybmaecKyro obaactsb ¢ aymmHoi Kyba L = 100/h Mpc = 3 x 10?3 /h m, n mepuogmaeckumm rpa-
HUYHBIMU YCJIOBUSIMU TI0 KaXKJ0My U3Mepennto. B KadecTBe xapakTepHOro 3HaAYEHUS ILJIOTHOCTH
B3aTO0 3Hauenue p = 1.88 x 107202 kg/m3. JTona Temmoii smeprum Qy = 0.73, Temmoii Ma-
repun Qp = 0.226, Bugmmoit Gapuonnoit marepun g = 0.044 (B HaYATBHBII MOMEHT BPeMEHN
npe mosIaraeTcst oTcyTeTRIe 38e3,1). Temmeparypa, razosoii kommorentsr T = 10 K. TTocTosinmas
Xa66sa H = 67.8 km/cek /mric. st 3a1anus HA9aIbHBIX JAHHBIX 33/1a0TCs Masible QuIyKTyaiun
pPaBHOMEPHO pacupejeeHHoil mioraoctu. st 3aganust crydaifHbiX BO3MYIIEHU (hopMUpyeTcst
HOPMAaJIbHOE PACIIPE/IE/IEHUE C AMILJINTY0N, COOTBETCTBYIONIEN IHEPIETUYECKOMY KOCMOJIOTIMYe-
CKOMY CIIEKTPY. 3aTeM BBINOJIHsIeTCsl 0OpaTHoe npeobpasoBanue Pypre. B pamkax aByxdazHoit
MHOTOKOMITOHEHTHOW THIPOJMHAMUIECKON MOJEIN C YIeTOM KOCMOJIOIMYECKOrO PACIIUPEHUs] U
MOJICETOYHBIX TIPOIECCOB OBLIO CMOJIETUPOBAHO (CM. pUC. 7) o6pa3oBaHMe KPYITHOMACIITAOHBIX
KOCMOJIOTHYECKUX CTPYKTYP — BOJIOC (buIaMeHTs! B 3apy0e:KHOii uTepaType), cTeH (GIuHInKN
S1.B. BenboBrYa B pOCCUICKOIT TUTEpaType), CKOIIeHuit (KracTepsl B 3apybeskHOil uTepaType)

raJlakTUK, IycTOT (BOIIBI B 3apybekHOii tureparype). B pe3ysbrare BBIYUCIUTETBHOTO SKCIIEPH-
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Puc. 7. Il1oTHOCTH TEMHOI MaTepUW B MOMEHTHI 2 = 0

MEHTa OBbLIO MOKA3aHO Ka4eCTBEHHOE COOTBETCTBUE CTPYKTYPBI CMOJIEJINPOBAHHOTO 1 Ha6J’IIO,Z[ae-
MBbIX CKOHﬂeHI/Iﬁ, KOJIMYIEeCTBEHHOE COOTBETCTBUE MAaCC CMOAC/INPOBAHHBIX T'aJIAKTUK 1 pa,CCTOSIHI/Iﬁ

MEXKAYy HUMU C Ha6J’[IOI[aeMbIMI/I 3HAYCHUAMMN.

4.2. MonenupoBanue oO6pa3oBaHUg CIIUPAJIbHBIX PYKABOB rajJaKTUK

Ob6bsacHen MexaHn3M 00pA30BaHUS CIUPAIBHBIX HEYCTONYINBOCTEN B TaJaKTHIECKOM JUCKE B
MO/JIEJTA U30TEPMUYIECKON TUAPOIUHAMIKY, TPUBOIANINN K 00PA30BAHUIO MHOTOPYKABHBIX TaJ/IaK-
TUK (JBYX-, YeTBHIPEX- U CeMUPYKaBHASA CTPYKTYPa) B XOJ€ PA3BUTHs IPABUTAIMOHHON HEYCTO-

quBocTd. OIpe/e/ieHbl TapaMeTphl it 00pa30BaHus KazK/I0r0 BHA rajlakTuk (cM. puc. 8).

4.3. MognenupoBanue o0pa30oBaHNS CIIMPAJIbHBIX PYKAaBOB raJJaKTUK

Uccnenoana 3aja4a obpazoBanus MOJEKY/AAPHbIX 00/1akoB B x0z€e passutus MII Typby-
JeHTHOCTH (CM. puc. 9). Jis KOTOPO#i TakKe Obljla NPOAHAJIN3UPOBAHA 3aBUCUMOCTD aJIb(DBEHOB-

CKOIf CKOPOCTH OT IJIOTHOCTH Taza (cM. puc. 10 cieBa) u KOCHHYCa yriia KOJUHEAPHOCTH MEKIy



Y (kpc)
Y (kpc)
Y (kpc)

Puc. 8. Cronbuesas mwiornocts (B Meope™2) aByxpykasnoii (ciiesa), dersipexpykaBroii (moce-

pelnHe) U CeMUPYKaBHOl (CripaBa) rajakTuk

.
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Puc. 9. 3agaga passutus MI'J] TypOymenTHOoCTH Mexk3Be3/HOI cpebl. Ha pucynke npuse/eHa

3 B MomenT Bpemennu t = 15 wmum. srer. Ilocse mporecca mMOHH3AIHUK

KOHIIeHTpaIud ra3a B CM
BOJIOPO/Ia IIPOUCXOAUT MPOIecc 0bpa3oBaHus 0OJaYHBIX CTPYKTYP. s BEIYHCINTEILHOIO 9KC-

TEPUMEHTA NCITOJIH30BAJIOCH CETKA, 5123 sdeek.

BEKTOPAMHU CKOPOCTH ¥ MAarHUTHOTO TOJIS OT MJIOTHOCTH Tra3a (cm. puc 10 cnpasa). 13 pucynkos

BUIHO, 9TO IS ab(BEHOBCKOro uncia Maxa mpocieskuBaercs Koppessnus M ~ n?,| mokazan-

3 momazanT B cBEPXATHPBEHOBCKYIO

Hag Oejioil yinaueir u GoJibiiasg dacTb objaka n > 10 cm™
obacts (cm. puc. 10 cieBa). IlpudunHa BOBHUKHOBEHHsI TaKOrO DEXKUMa CBI3aHO C CaMOOpra-
HU3aIMell B 3aMarHuYeHHON TypOy/IeHTHOM MeK3Be3/IHO Cpejie B TPAHCATHL(PEHOBCKOM PEKIME
M ~ 1 npun ~ 1. TIpn Takux miaoraocTsx (cum. puc 10 cnpasa) KOHTYPBI KOCHHYCA yTJIa KOJMHE-
APHOCTU MEXKJy BEKTOPAMU CKOPOCTH W MArHUTHOTO TOJIsT 00Pa3yI0T CeIIOBUIHYIO CTPYKTYDPY,
9TO TOBOPUT O TOM, YTO CXKaTHWe MMPOUCXOJUT BJOJIb CHUJIOBBIX JIMHUA MATrHUTHOTO IIOJIS. Ba.TeM
3a CYET BJIMAHHUA CaMOTDaBUTAIVN IITPDOUCXOIUT ;[aﬂbHeﬁmee yBean4deHne MacCChbl U IIJIOTHOCTU
O6ﬂaKOB. B CBOIO Oo4Yepeb B IMOJIYYEHHbIX IIJIOTHBIX O6HaKaX Typ6y.)'[eHTHOCTI) ABJIAE€TCA TOJIBKO

cBepxaabPBEHOBCKOM ¢ umncaom Maxa M > 100.
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Puc. 10. Bagaua pazsutus ML TypOyaeHTHOCTH MeK3Be31HO cpenbl. Ha pucyHnkax mpuseieHa
3aBUCAMOCTD ATBMBEHOBCKON CKOPOCTH OT MJIOTHOCTHU ra3a (C/ieBa) u KOCHHYCA yIJIa KOJTHHeap-

HOCTH MEXKJY BEKTOPpaMH CKOPOCTH M MAarHUTHOI'O IIOJIA OT IIJIOTHOCTH I'a3a (CHpaBa).

4.4. 3agaya BBICOKO-CKOPOCTHOIO CTOJIKHOBEHHS IMCKOBOM rajJakTHUKH C

Me2KraJ—JakKTunieCKnuM BE€TPpOM

B kadecrBe OmHOrO u3 BBIYUCANTEIBHBIX SKCIEPUMEHTOB BBIOpaHa 3a7ada BBICOKO-
CKOPOCTHOI'O CTOJIKHOBEHHSI JUCKOBOW TAJIAKTHKU C MEXKTaJaKTHUIeCKHM BETPOM B T'HIPOIMHA-
MUYeCcKOit Momenn. B pesysbrare TaKOTO B3aMMOIEHCTBUA 00pa3yeTcss MeXaHW3M HaDEraroIero
MMOTOKA ¥ MPOUCXOIUT OOTEeKaHwe ¢ 00Pa3oBaHWEM HEYCTOWYMBOCTHIO 33 TajgakTukoii. Obpaszo-
BaHME MOA00HBIX HEYCTOWIMBOCTEH M XBOCTOB BAXKHBI [IJIT W3YUEHUT MEXaHU3Ma, 00Pa30BaHUs
HeKyJISIPHBIX TAJaKTUK ¥ TIporecca 3se31000pazosanus [25, 26]. luckosasi rajakTuka 3a/1aercs
paBHOBecHOI KoH(Duryparueit cpepuaeckoro raso ¢ NFW-npodwuiem mioTHoCTr 1 paBHOBECHBIM
SKCIOHEIUAIBLHBIM HPOdUIEM ILI0THOCTH ¢ auddeperiuanbabiv Bpamnennem. O01as macca ra-
maxTurn coctaager M = 1013 M. Ckopocts maberaromero motoka coctapaser v = 600 km /sec.

[Tocramoska 3amgaun nm3obparkeHa Ha pucynke 11.

Puc. 11. ITocranoska 3asa4u Haberanus ra3a Ha rajJakTUKY

Pesynbrarsl MojieTupoBanus IPeICTaB/IeHbl HA PUCYHKE 12, KOTOPBIE COTJIACYIOTCS C PE3YJIb-
TaTaM¥ AHAJIOTUYHOTO MojenpoBanust [26] n nabmogenusivu [27]. Pacders! ObLIn mpoBeieHb! HA
IMOCJIEI0BATEILHOCTH CeTOK 0T 896 X 128 X 128 10 7168 x 1024 x 1024. Ha nocyaenneit cerke ObLIO
mocturayTo 47 mPOIEHTOB OT MUKOBOH CKaJIsIPHOIN mpom3BoauTepHOCTH yekopuTera Intel Xeon
Phi npu ucnosszosarun 53760 nureii.

Ha pucynke 12 Bugno obpasoBanue XBOCTa 33 (PPOHTOM TrajlaKTUKH, KOTOPBIA 00pa3yercs B

cjaeaCTBuu HaberaHus ra3a Ha TraJIaKTUKY.
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3akKJII04YeHune

B pabore 6bL1H mpejcTaBeHbl uccaeoBanug koga AstroPhi mia unciennoro momenmposa-
HUs acTpodU3ndecKux TedeHuil Ha rudpugubix cynepdBM, ochamenubix yckoputeasMmu Intel
Xeon Phi. [logpobHo ommcan co-au3ailH BBIYUCIATEILHON MOJEIN [JId OMUCAHUS acTpodusn-
qecknx 00bekToB. JleTasbHO OmmcaHbl 0OCODEHHOCTH MapaJlIe bHON peaan3alun W UCCAeI0Ba-
HUsT TpousBoguTenbHOCTH Kojga AstroPhi. JIns xkoma AstroPhi 6w10 gocrurayro 134-xparrHoe
yckopenne B pamkax omHoro yckopuresnsd Intel Xeon Phi, 75-npornentras macimirabupyemMocTs
npu ucnosp3oBannu 224 yckopuresieit Intel Xeon Phi. IIpeacrasiiensr pe3ysibraTbl MOgEHPOBA-
HUS B3aMMOJEHCTBUS MEXKIAJTAKTUIECKOr0 BeTpa M JMCKOBOI rajakTukn. Ha pacuerHoit cerke
7168 x 1024 x 1024 6pu10 gocTurayTO 47 HPOIEHTOB OT MUKOBOW CKaJSPHON ITPOU3BOIUTE b
noctu yckopuresd Intel Xeon Phi npu mcnonbzoBanuu 53760 mureit. B Oyaymem mwianupyercs
paspaboTka BEKTOPM3OBAHHOTO BapuaHTa Koma AstroPhi, 4To moO3BOIUT MOMYyYNTH CBEPXBBICO-

KYI0 TTPOU3BOJUTEIBHOCTD BILIOTH 10 1 Tepadomnca ua onun yckoputesb Intel Xeon Phi.

Paboma noddepoicana 2parmom Poccutickozo gonda dyndamernmanrvnox uccaedosaruti 15—
31—20150 mon-a-6ed, 15—01—00508 uw 16—07—00434, epanwmom Ilpesudenma PO MK —
6648.2015.9. Paboma evinoanena npu wacmuynoti noddepoicke npoexmuoti wacmu 2oczadanus N

3.961.2014 /K Munucmepcmsa Obpasosarus u Hayxu Poccutickot Pedepayuu (3. 4. Bopobves).
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Numerical Hydrodynamics Simulation of Astrophysical Flows at

Intel Xeon Phi supercomputers

I.M. Kulikov, I1.G. Chernykh, E.I. Vorobyov, A.V. Snytnikov, D.V. Weins,
A.A. Moskovsky, A.B. Shmelev, V.A. Protasov, A.A. Serenko,

V.E. Nenashev, V.A. Vshivkov, A.S. Rodionov, B.M. Glinsky,

A.V. Tutukov

In this paper we propose a research of AstroPhi code for numerical simulation of astrophysical
flows at Intel Xeon Phi supercomputers. The co-design of a computational astrophysics model are
described. The parallel implementation and scalability tests of the AstroPhi code are presented.
The results of simulation of interaction between intergalactic wind and a disk galaxy are provided.
For AstroPhi code a 134x speed-up with one Intel Xeon Phi accelerator and 75% weak scaling
efficiency on 224x Intel Xeon Phi accelerators was obtained. We got peak of performance on a
7168 x 1024 x 1024 mesh size by means 53760 RSC PetaStream threads.

Keywords: High performance computing, Numerical astrophysics, Intel Xeon Phi accelerators.
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