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B. T. ®apaghoHos (a-p hu3.-MaT. HayK, Npod) — HaYYHbIN PyKOBOAUTESb

MOJOENWPOBAHMUE ANHAMUKU TANAKTUK
C NCNOJNIb3OBAHUEM NAPAJENbHBIX PACYETOB HA TPAOUYECKUX MPOLIECCOPAX

MeToaoB npsMOro nabopaTopHOro MOAENMPOBaHUS KOMMEKTUBHBLIX MPOLECCOB B HEMPEPLIBHOM WMH
AVCKPETHO rpaBUTUPYIOLLEN Cpeae noka He cyllecTsyeT. Bpsig nu oHu 6yayT paspaboTaHsl 1 B 0603prmMom
Oyaywem. Ho nosiBneHne 4OCTaToMHO MOLLHBIX OBM OTKPbLINO YHUKANbHYK BO3MOXHOCTb YUCHEHHOIO Moge-
NIMPOBaHMSA TakMX SBMEHWA M TEM CaMbIM CO34ano CBOEObPasHyt aKCmepuMeHTanbHylo 6asy ans usnki
KONMNEKTUBHbIX NPOLECCOB B rPaBUTMPYIOWMX cucTemax. KOMMbIOTEPHDIA 3KCNEPUMEHT B MOCMEAHWEe rofbl
CTaHOBUTCS OHUM M3 OCHOBHbIX MHCTPYMEHTOB B pPyKax TEOPETMKOB NPU U3YYEHUN OUHAMUKN 3BE3LHbLIX CU-
cTeM. YucneHHoe MoAenMpoBaHMe BO MHOTUX Clyqasx OKa3blBaeTCs €AWMHCTBEHHbIM CnocoboMm uccneaoBa-
HWS1 (OU3MYECKMX SIBIIEHWUIA, MOCKOMbKY MPUMEHEHWE aHanMTUYECKUX METOAOB CYLLECTBEHHO OrpaHN4YMBaETCA
CUMbHOW HESIMHENHOCTbIO, MHOFOMEPHOCTbLIO U HecTauuoHapHoCTbio cucteM. [1] OaHako moaenupoBaHue
3BE3[HbIX CUCTEM OCMOXHSETCS TEM, YTO B peanbHbIX ranakTukax Konm4yecTBo 3ee3a MOXeT gocturatb 1012,
YpoBeHb pa3BUTUS COBPEMEHHBIX KOMMBIOTEPOB HE MO3BONSET peLaTh CTOMb MacluTabHble 3agayuum, No3aTomy
MPW YUCIIEHHOM 3KCMEPUMEHTE KOMNMYECTBO YACTUL, CHUXKAETCA HA HECKOMbKO MOPSIAKOB, @ rpaBUTaLOHHAs
cuna crnaxueaeTcs [2], utobbl cucTema octaBanacb 6€CCTONKHOBUTENBHOM, KaK pearbHbli ranakTu4eckuin
AucK. TOHATHO, YTO AaHHbIE NPUBNIMKEHNS MOTYT HEraTUBHO CKa3aTbCs HAa TOYHOCTY NPOBOAMMbBIX PACYETOB M
KpaiiHe xenaTenbHO MakcmarnbHO NpubnuanTb Yncno 3sesq k 1012,

MogenvpoBaHue OUHaMUKV ranakTuk MOXHO CBECTU K peLleHuto 3agaun N Ten. bygem cuntatb, YTO B

nycToTe HaxoAuTcs N MaTepuanbHbIX TOYEK, MacChl KOTOPbIX M3BECTHbI. OB03HauMM Yepe3 M, maccy 1 - ol

Toukn, rae 1 < 1 < N, Takke cuutaem, 4to B HauanbHbIit MoMeHT BpeMeHi T = 0, M3BeCTHbI NONoXeHNs
W CKOPOCTYN Kaxaon Touku. TpebyeTcs HanTW NONOXEHMS TOYeK ANns BCeX NOCneayowmx MOMEHTOB BPEMEHMN.
IBonouUMI0 cucteMbl N rpaBUTHpYOLLMX TeN (MaTepuanbHbIX TOYEK) MOXHO OnucaThb Credytowen CUCTEMON
YpaBHEHWI:

dr
_:Vi’
dt

> Gm

—= —
at i rj -t

roe G — rpaBuTaLMOHHAs MOCTOSIHHAsA. HECMOTPS Ha KaxyLLytocs NpocToTy OpMYyn, aHanUTUYECKOro peLue-
HUS JaHHoM 3apaun B obuwem Buge ana N >3 He cyuiectsyet. MoCTpoeHWE peLLEHNIA KNaccuiecKol
HebecHomexaHunyeckon 3agaum N Ten v uccreaoBaHne CBOWCTB 3TUX PELLeHU SBMSIETCS BaXHEMLLeh npo-
Briemomn matemaTiki 1 MEXaHWKM CO BpeMeH HbloToHa. Bce nonbiTky pelmnTb 3Ty 3aaady no aHanoruu ¢ 3a-
[avei AByX TeN 3aKaH4MBaNUCh Heyaayen.

[Ina pelueHVs OaHHOW 3aA4a4u W NPUMEHSIOT YUCTIEHHbIE METOAbI MHTErPUPOBAHUS, HanpUMep MeTop
dnnepa ¢ nepelarvsarvem (leapfrog) [3]. Uccnegyemyto cuctemy anddepeHumanbHbiX YPpaBHEHUI 3aMEHS-
0T CUCTEMOI Pa3HOCTHBIX YPABHEHWIA, PELLEHNE KOTOPOI XOPOLLO NOAAAETCA napannenusauuu, Tak kak cu-
Nbl, JEACTBYIOLME HA Pa3Hble YaCTULibl, MOXHO BbIYUCNATL HE3ABUCHMO.

[1Be 0COGEHHOCTY MOLENMPOBAHNS ranakTuk: GOMnbLION 06BbEeM BbIMUCIEHWA W BbICOKAs CTENeHb na-
pannenusauun anroputMa, — AenatT LenecoobpasHbiM NpUMEHEHNE rpadyecknx NPOLECCOPOB B AaHHOM
3agaye. JTO CBA3AHO C TeM, YTO BUAEOaLaNTePhl 3aTOYEHbI HA NapannenbHoe BbINMONHEHWE Habopa KoMaHL
Haj MHOXeCTBOM [aHHbIX (M3Ha4anbHO Ans (POPMUMPOBaHNS N306paxeHNs 1 BbIBOAA MUKCENEN Ha AKPaH).

B nocnegHne Heckonbko neT rpadmyeckne NpoLeccopbl akTUBHO MCMOMb3YKTCA ANS pacyeToB B Npu-
NOXEHMAX Anst 06LLMX BbIYUCIIEHNN, HE CBA3AHHBIX C rPadOVKoN, 1 3a4aCTyH0 CNPaBnseTcs ¢ ATUMKN 0693aHHO-
CTAMU NyyLle, Yem LeHTpanbHbIn npoueccop [4]. Takoe ncnonb30BaHWA BUAEOAANTepa NONyYnrio Ha3saHue
GPGPU (General-purpose computing on graphics processing units). [lJaHHas oTpacnb aKTMBHO pa3BMBaETCA U
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noagepxusaeTcs OCHOBHbIMM npoussoguTensmm sugeokapt (Nvidia, AMD). Komnanus Nvidia paspabotana
cneyuansHyto TexHonoruio CUDA, obnervatowyto Hanucanue nporpamm ans GPGPU, u cnpoektuposana ce-
MEWCTBO BbIYUCIIUTENBHBIX CUCTEM Tesla Ha OCHOBE apXUTEKTYpbl rpadpnyecknx nNpoLEeccopoB, B Yblo 3agady
BXOANT MCKITIOYUTENBHO HayYHbIE U TEXHUYECKNE BblYMCTEHMs obLiero HasHaveHns. bonee nogpobHo o npo-
rpammupoBaHu Ha CUDA MOXHO y3HaTb B [5].

C MCcnonb30BaHWMEM [aHHOM TeXHOMorMn Bbino HanuMcaHo NporpammHoe obecrevenne 4ns Mogenupo-
BaHUS AMHAMWYECKO 3BOMIOLMN CUCTEMbI MaTepuanbHbIX ToYeK. [ns onucaHust ranaktuku Gbino peLleHo
B3ATb MOZENb, KOTOpY npeanioxun Hernquist [6]. Ee cyTb cOCTOWT B NMONyYEHUM CaMOCOrNacoBaHHOM CU-
CTEMbI, COCTOSILLEN U3 TPEX KOMNOHEHTOB: Banmxa, aucka v rano. [lanee 6bin NpoBeLeH YUCTEHHBIR JKCne-
PUMEHT AN CpaBHEHWS NPOM3BOAMTENBHOCTY NpoLeccopa W BuaeoadanTepa B AaHHOM 3afaye. Xapakrepu-
CTUKK LeHTpanbHoro npoueccopa: AMD Athlon Il X2 240, 2.811Tw; XapakTtepuctuku rpadpmyeckoro npoLec-
copa: Nvidia GeForce GTS 450,1024M6, 783 MI'y, 192 agpa. PesynbtaThl 3aMepoB NpeacCTaBreHbl Ha pu-
CYyHKe. Vicnonb3oBaHue HeZopororo rpacpuyeckoro npoueccopa Mo3BOMSET YBENUYUTL NPeAenbHOe YMCIo
vacTuy B cucteme o 108, yto Ha ABa nopsaka NPEBOCXOAMT aHafoMMYHOEe YWCIO MPW MPOCYETE Ha LieH-
TpanbHOM NpoLeccope.
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Puc. Ha nesom rpaduke npusegeHa 3aBUCMMOCTb 3aTpadeHHoro Ha 30 uTepaumini BpeMeHm OT Y1cna yactu
Ans rpaduyeckoro npoLieccopa. Ha npaBom To e camoe 4115 LeHTpasbHoro npoLeccopa

B 3akntoueHne xotenocb Obl 0TMeTUTb, YTo TexHonorns CUDA nossonseT maclutabuposatb npo-
rpaMMHoe obecneyeHne 1 TeM CaMbIM UCMONL30BaTb NPOU3BONBHOE YNCIO rpadpUyECcKnX NPoLEeccopoB Ans
YBENWUYEHUS MPOM3BOAUTENBHOCTK. Takum 0Bpa3om, Ans cHeTa MOXHO UCNOSb30BaTh rMOPUAHbIE KnacTepbl ¢
BonbLWUM KONMYECTBOM YCTPOMCTB Tesla. Takke CTOUT OTMETUTb, YTO rpacnyeckie npoLeccopsl No3BONSOT
yckopuTb paboTy 1 Gonee CROXHbLIX anroputMOB NPOCHETa rPaBUTALMOHHOIO B3aMMOAENCTBUS, HEXENN Npu-
BeLEHHOro 34ecb MeTofa NPsAIMOro CyMMUPOBaHKS Cun TskecTu. Hanpumep, anroputma treecode [7].
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