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Annomayus — budoaunoreka SADEL Ha si3pike Cu ajst
«CBepXTOYHBIX» pemiarteieid cucrem OAY-IAY u JIAY saB-
JisieTcsl MPAKTHYECKHM Pe3yJIbTaTOM MHOTOJIeTHHX Hay4HO-
HCC/Ie[0BaTeIbCKUX PadoT aBTOPOB M sIBJIsIeTCS MaTeMaTH-
YeCKHM SIIPOM ILIATGOPMBI KOMIBIOTEPHOT0 MOAEJHPOBa-
HHUSl JUHAMHYECKHMX IPOLECCOB /s Pa3HOPOAHBbIX (multi-
physics, multi-discipline) TeXHH4YeCKHX CHCTEM H 00BEKTOB
(mporpammublii kommieke IIA10 (SADEL-PA10)), npeBoc-
xoasmeil mMogodHbIe 3apyde:KHbIe MPOrpaMMHbIE MPOIYKThI
MATLAB-SIMULINK, Maple-MapleSim, C-Library NAG B
YyacTu pemeHus skecTkux cucrem OJ1Y u nioxoodyc/ioBiaen-
HbIx cucrem JIAY. Ba3zosoe BHenpenue I1A10 (SADEL-
PA10) — 3T0 MaTeMaTH4YeCKOe U KOMILIOTEPHOE MOIETUPO-
BaHHe THHAMHYECKHX CHCTEM M 00BEeKTOB NMPH MPOEKTHPO-
BaHUW M3JeJIHil MHKPOIJeKTPOHNKH, HAHOXJIEKTPOHUKH H
MexaTponuku. IIpuBeneHbI pe3yJabTaThl CPAaBHHTEIHLHOTO
TecTUPOBaHUS OMOJIUOTEKH.

Kniouegvie cnosa — maTemaTHueckoe Moie THPOBAaHHE, KOM-
NBITEPHOE MOIETMPOBAHHIE, CHCTEMbI HHIKEHEPHOT0 aHAIIU-
3a, JAMHAMHYECKHE CHCTeMbl, OObIKHOBeHHbIe u(de-
peHLHAIbHbIe YypaBHeHusl, au(pdepeHINaTBHO-aNTEOpan-
YecKHe ypaBHeHHUsl, JJHHEiHbIe ajiredpanyeckue ypaBHeHus,
MeTO/Jbl HHTEIPUPOBAHMUS.

l. BBEJIEHME

B cratse ncnonp3yeTcs creayromas TepMIHOIOTHS:

Mamemamuuecxas mooeab — cucTeMa 0OBIKHOBEHHBIX
muddepenmmanbHpiX ypaBaennit (OY) wmm muddepen-
uanpHo-anareOpandyeckux ypasHenui ([JAY), otoOpa-
JKaromas (PyHKIMOHUPOBAaHHWE MOJCIHPYEMOI IHHAMI4e-
CKOH CHCTEMBI C TpeOyeMoil JOCTOBEPHOCTHIO M TOYHO-
CTBIO.

Mamemamuuecrxoe moodenuposanue (modelling) —
HPOLIECC MONYICHHUS MaTEMAaTHISCKUX MOJENIeH Ha OCHOBE
(byHIaMEHTANBHBIX 3aKOHOB (DM3UKH, XMMHH U T.II.

KomnvlomepHaa modens — alropuTMHYECKas M IIPO-
rpaMMHas pean3alys MaTeMaTHICCKOH MOJICITH.

Komnviomepnoe mooemuposanue (Simulation) — mpo-
[leCC TIOJYYEHHs Pe3yIbTaTOB MAaTeMaTHYECKOr0 W KOM-
NBIOTEPHOTO MOJECIMPOBAHHSL.

Kecmrxue cucmemst OHY - cucrembr OJ1Y co cremne-
HBIO sKecTKOCTH Gotee 108,

IInoxoobycnogrennvie cucmemvl JUHEHbIX ancebpau-
YecKux ypasHeHut (JIAS(? - cucteMmsl JIAY ¢ yuciom o0y-
crnosneHHocTH 6oiee 10°.

Jlocmoseprocms  KOMNbLIOMEPHO20 MOOETUPOBAHUS —
COOTBETCTBHE PE3YNIFTATOB KOMIBIOTEPHOTO MOJIEIHNPOBA-
HUS 3aBEIOMO MCTUHHBIM (OOBIYHO 3KCIICPUMCHTAILHBIM)
pe3yiabpTaTaMm.

Tounocmo KOMNbIOmMepHo2o Modeﬂupoeaﬂuﬂ — CTCIICHb
OTKJIOHCHUA PE3YJIBTATOB JOCTOBEPHOI'0 MOJCIIMPOBAHUA
OT UCTUHHBIX, 3aB€IOMO TOYHBIX PE3YJIbTATOB.

Mamemamuueckas mounocms (aCCUracy) — OTHOCH-
TeNbHAsK TIOTPENTHOCTH HOPMBI BEKTOPOB PENIEHHS CHCTEM
ONY-TIAY u JIAY.

Komnvromepras mounocms (Precision) — KoJIm4yecTBo
BEPHBIX 3HAYAIINX [P B KOMITBIOTEPHBIX BBIYUCICHUSX.

«Ceepxmounoey pewenue cucmem OHY-HAY u JIAY -
MIPUMEHCHUE METOHOB IOJIYYCHUSA «CBEPXTOUYHBIX» (extra
precision) pemieHUi, peaTn30BaHHBIX B MAaKeTaX MPUKIA]-
HBIX MaTeMaTHYECKHUX MPOTpaMM, a Takke B OMOIHOTeKax
MaTeMaTHYECKUX MPOTPaMM W ONHCAHHBIX B JOKYMEHTa-
UM Ha COOTBETCTBYIOIME IMAaKeThl U OMOMMOTeKH: Maple
(http://maplesoft.com - wmeron Software Floating Point
(SFP meton)), MATLAB (http://mathworks.com - meton
Variable Precision Arithmetic (VPA meTon)), Mathematica
(http://wolfram.com - meton Arbitrary Precision Arithme-
tic (APA meron)), metoansl 6ubauorexu Intel ms "cepx-
tounbIx" mecsatuunbix Beruucienuii (IEEE 754-2008 Dec-
imal Floating-Point for Intel® Architecture Processors

[1D-

bubnmoreka SADEL (Sets of Algebraic and Differ-
ential Equations solvers Library) paspabotaHa kak OuO-
JIMOTEKAa «CBEPXTOUHBIX)» pellaTelieid IJisl )KECTKUX CHCTEM
JAY u mnoxoo0ycnoBineHHbIX cucteM JIAY [2].

I'1aBHBIM HEZOCTAaTKOM peaau3alid BBIYUCIUTEIBHBIX
METOJOB, HCIOIb3YEMBIX I aHaJlIU3a JAUHAMUYECKHX
IIPOLIECCOB IIPU NMPOEKTUPOBAHUY U YIPABIECHUM B U3BECT-
HBIX INPOIPaMMHBIX KOMIUIEKCaX MOJIEIUPOBAaHUA JUHA-
MHYECKUX CHCTEM, SBIAETCS BO3MOXKHASI BhIJa4da OIMINO0Y-
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HBIX PE3yJIbTATOB KOMITBIOTEPHBIX BBIYHMCICHHUHN ISl JKECT-
kux cucrem OJ1Y u mnoxooOycnoBieHHBIX cucteM JIAY
0e3 mpeaynpexaeHUs MOJIb30BaTeNIield 00 UX HEIOCTOBEP-
HocTH. PaszpabGoTtka mporpammHOii cuctemsl ITA10
(SADEL-PA10) nampaBjieHa Ha YCTpaHEHHE yKa3aHHOTO
HenocTaTka [2, 3].

Il.  OBOCHOBAHUE IIPMHIIUIIOB PA3PAEOTKU
BUBJINMOTEKK SADEL

UucnenHoe pemieHne qudGepeHInaTbHbIX ypaBHEHUH
BO MHOTUX YHCJIEHHBIX METOJAX UX PEILIEHUS CBOIUTCS K
MHOTOKPAaTHOMY YHCJIEHHOMY pEIICHHIO COOTBETCTBYIO-
IMX CHCTEM anreOpanvecKux ypaBHeHHH [4]. Bricokuit
MOPSIIOK  TaKUX CHCTEM M HEOOXOIUMOCTh WX MHOTO-
KpaTHOTO pElLIeHUsl B MPOLEcce MaTeMaTH4ecKoro Moje-
JIMPOBAHUS TPEIBSIBIAIOT KECTKHE TPeOOBaHMUS K dPdek-
THUBHOCTH TNPUMEHSIEMBIX YUCICHHBIX METO/OB DPEIICHMS
cucteM OY-IAY u JIAY. DddexTHBHOCTD YHCIEHHBIX
METOJIOB PEIICHHs TAKNX YPaBHEHUH BKIOYaeT B ceOs aABa
acreKTa:

1) ToyHOCTP MONMyYaeMbIX PEIICHUH NaHHBIX ypaBHe-

HUI;

2) 3aTpaThl MallMHHOTO BPEMEHH W ONEpaTHBHOU Ma-
MSATH Ha [TOJIy9eHHE PEIICHUH.

BeICTpBIl pOCT NPOU3BOAUTENBHOCTH BBIUUCIUTENb-
HOW TeXHHUKH (OCOOCHHO MPOM3BOIUTEIHHOCTH IIPOIECCO-
poB kommanuii Intel u NVIDIA u coBpeMeHHBIX cyrep-
KOMIIBIOTEPOB) B MOCIIEHEE BpeMs BBIABUIAeT HA MEPBBINA
IUIaH MpoOIeMy HOIy4YeHHUs! TOCTOBEPHOCTH M TOYHOCTH
nony4yaembix perienuii. [Ipuuem momkHa ObITh OOecreue-
Ha TapaHTHA NONy4YEeHUs TpeOyeMoW IOCTOBEPHOCTH W
TOYHOCTH BBIAABAEMBIX HHXECHEPaM-TIPOSKTHPOBITHKAM
pe3ynbTaTOB KOMIBIOTEPHBIX PAcYeTOB M MaTeMaTHde-
CKOTO MOJICIIMPOBaHMsI, T.K. OIIMOKM B TPHHATHU IIPO-
eKTHBIX PEUICHUH ISl MPOMBIIUICHHBIX W3AENUH U 00b-
€KTOB, OCHOBaHHBIX Ha 3THUX pe3yJibTaTax, CTOST OYEHb
noporo. IIpu 3ToM Hal0 y4ecTs clenyroniee:

1. BOJBIIMHCTBO HHXEHEPOB-IPOEKTUPOBIIMKOB HE
ABJSIIOTCA CICUAIUCTAMU B YMUCJICHHBIX METOaX U MPO-
rpaMMax Uil pEIICHHWS pPa3IHIHBIX MAaTeMaTHIECKUX
ypaBHEHHH, MO3TOMY TpeOyemasi JOCTOBEPHOCTb M TOY-
HOCTBH JIOJDKHA OBITH OOecIieueHa I MapaMeTpoB pella-
TeNel ITUX YpaBHEHHH, PEKOMEH/IyeMbIX JUIS 3THX pella-
TeJel [0 yMOJIYaHUIO.

2. Ilpu 6Ga30BOM, Ha4aIbHOM MaTEeMaTHYECKOM MOJIE-
JTMPOBAHUH PEATbHBIX TEXHUIECKUX CUCTEM U 00BEKTOB HE
TpeOyeTrcst BBICOKAas MaTeMaTH4YecKass TOYHOCTb BbIJa-
BAE€MBIX II0JIb30BATEN0 PE3yIbTaTOB, T.K. ApaMETPhl Ma-
TEMaTHYECKUX MOJENEH 3THX M3JeiInii 1 00BbEKTOB MOITy-
YeHBI, KaK MPaBUJIO, IKCIIEPUMEHTAIBLHO C HEBBICOKOH Ma-
TEeMaTHYeCKOW TOYHOCTHIO. [103TOMY 3amaHHast MaTeMaTH-
YyecKasi TOYHOCTh KOHEUHBIX PE3YNIbTaTOB MOJACIUPOBAHUS
110 YyMOJIYaHUIO MOKET OBITh HEBBICOKOW, HO OHa JIOJDKHA
ObITh TapaHTHpOBaHO obecrmedeHa. BoONBIIMHCTBO anro-
PUTMOB MOJIETMPOBAHUSI CBOJHUTCS K MHOTOKPATHOMY pe-
mennto cucteM JIAY, koTopoe HEOOXOIUMO TMONy4YaTh
yKe C KOMIBIOTEPHOH TOYHOCTBIO. AHAJMTHYECKH OTY
npobyieMy He pa3pelinTb, HanpuUMep, TEOPETHUECKU yM-

HOXXEHHE KBaJpaTHON MaTPHIIBI C MTOCTOSTHHBIMHU KO3 H-
LHEHTaMH Ha OOpaTHYI0 PaBHO EAMHHUYHOW MaTpHIle, HO
JUISl TUIOXO OOYCJIOBJIEHHBIX MATpUIl NPH BBIYMCICHUH Ha
KOMIIBIOTEPE €IMHUYHYIO MAaTPHUILYy MBI HE TIOTyYUM.

B mammx paborax [2, 3, 5] ObUIO TOKa3aHO, YTO VIS
rapaHTHH MOJYYEHUs] KaYeCTBEHHO KOPPEKTHOTO M J0CTO-
BepHoro pewenust cucteM OZlY 4McIeHHbI METOJI perie-
Hust cuctem OJY nmomxeH ObiTh AL-ycTOHUYMBEIM, T.€.
abcomoTHO (A) ycroituuBeM cTporo B seBoit (Left) momy-
IJIOCKOCTH KOMIUIEKCHOM IUIOCKOCTA YCTOWYMBOCTU METO-
0B uucieHHoro pemenust cucrem OJY. IlporpammHuas
peanuzanus AL-yCTOWYHMBBIX METOJOB B KOHEUHOM HTOTE
CBOJUTCS K MHOTOKPATHOMY PEIICHHUIO COOTBETCTBYIOIIHX
cucreM JIAY Ha KaxIOM IIare YHCICHHOTO WHTET-
pHpOBaHUS, UTO, KaK IPABHIO, NMPUBOAUT K HECKOJIBKHM
ThICSYaM W OoJiee OOpalleHHid K MPOrpaMMe-periaTeito
cucteM JIAY Ha BceM 3aJaHHOM OTpE€3Ke YHCIECHHOI'O MH-
TerpupoBanusi. AL-ycroifuuBsle MeToas! 2-ro U 4-ro mo-
PSIKOB TOYHOCTH OBUTH pEaln30BaHBl B IPOTpaMMe
DMAN [6]. Pemienue OONBIIOrO KOJUYECTBA TECTOBBIX U
MPaKTHYIECKUX 3a/1a4 MaTeMAaTHIECKOTO ¥ KOMITBIOTEPHOTO
MOJIEJIUPOBAHUS TUHAMUYECKUX CHCTEM C IOMOILBIO 3TOU
MPOrpaMMBbl TOKa3ajo, YTO ISl MOJTYyYCHUS! KadeCTBEHHO
KOPPEKTHOTO pemieHus pazHoobpasueix cuctem OJ1Y He-
00XOIMMO Ha BCEX Iarax YMCICHHOTO HMHTErPHPOBAHUS
00ecreunTh pemeHne COOTBETCTBYIOMINX THICSY PazHO00-
pasHbIx cucteM JIAY ¢ rapaHTHPOBaHHON TOYHOCTBIO B 15
BEPHBIX 3HAYAIMX (P IJIs BCEX NEMEHTOB BEKTOPA pe-
meHuil cucteM JIAY, T.e. ¢ yIBOGHHONH TOYHOCTBIO BbI-
MIOJTHEHUSI TPOCTHIX apH(YPMETHYECKUX OMepanuii U 3Je-
MEHTapHbIX MaTeMaTudeckux (yHkimi s tuna double
MIPEJCTABICHHUS BEIIECTBEHHBIX YHCEN aITOPUTMHUYECKOTO
s3pika CH (MMEHHO C 3TOH TOYHOCTBHIO BBIYMCISIOTCS BCE
9JIEMEHTHI MaTpul] KO3()(HUIHUEHTOB ITHX THICSY Pa3HO00-
pasHbIx cucteM JIAY).

TecTtupoBaHne Mokas3ajio, YTO B M3BECTHBIX IIPOTPaM-
Max-pemarensax cucreM JIAY srta 3amaua He pemiena. Mre-
paIMOHHBIEC YHCIICHHBIE METOIbI pemeHus cucteM JIAY He
pemaoT 3Ty NpodieMy, T.K. He MOTYT IrapaHTHPOBATh yKa-
3aHHYIO BBIIIIE TOYHOCTDH MOJy4aeMBIX PELICHUI I Bcex
3JIeMEHTOB BekTopa peweHuit cucrem JIAY [7]. Ham yaa-
JIOCh PEIINTH 3Ty MPOOIEMY C TOMOIIBIO0 TOYHBIX, IPSAMBIX
YHUCJIEHHBIX METOJAOB pelieHus cucteM JIAY u Brimeyka-
3aHHBIX METOJIOB TIOIyYEHHS «CBEPXTOUHBIX» (extra
precision) pemieHHH, peaJr30BaHHBIX B MaTEeMaTHYECKHX
nakerax u 6ubnmuoTekax mporpamm [2].

I1l.  TIPOTPAMMA PELIEHUSI CUCTEM JJIAY

B wu3BecTHBIX IporpaMmax-pematensx cucrem OJ[Y-
JIAY ucnonb3yroTcs TpH KJIACCUUECKHUE TTOCTAHOBKH 3a71a4
peutenus cucreM OAY-IAY.

1) Hopmanshas dopma Komu B xoopauHaTtHOM 0Oasuce
MIEPEMECHHBIX COCTOSIHUSA (sBHAsI popma):

dX /dt = F(X,t)

rae X - BeKTop audepeHITnaNbHbIX EPEMEHHBIX KOOp-
JIUHATHOTO 0a3uca MePEMEHHBIX COCTOSIHUS Pa3MEPHOCTEIO



m. F - BexTop-¢yHKIMS TpaBeIX dacTtel cuctemsl OLY
pa3MepHOCTBhIO M. t - He3aBUcHMas MepeMeHHas (0OBIYHO
— Bpe

3amanbl HavanbHbie yciaoBus Xo=X(0) u oTpe3ok uH-
terpupoBanus t=[0,TK], TK — 3agaHHbIil BpeMEHHOM OT-
PE30K HHTETPUPOBAHHUSL.

2) udpdepennuanbHo-anredpandeckas (Gpopma pasHbIX
WHJICKCOB B IOJIHOM KOOPAWHATHOM Oasuce (TOTysBHAs

hopma):
dX /dt = F(X,Y,1)
G(X,Y)=0

rae Y - BEKTOp anreOpandecKuX IMEPEeMEHHBIX MOJIHOTO
KoopAMHATHOTO Oa3uca pasmepHocThio K. G - Bekrtop-
GbyHKIHS  pasMepHOCTHIO K. 3amaHbl CoracoBaHHBIC Ha-
yasnpHble yenoBust: Xo=X(0) Yo=Y(0) u orpe3ok unTerpu-
posanus t=[0,TK].

3) Huddepenunanpro-anredpandeckas ¢opma B IOJ-
HOM KOOpJMHATHOM Oa3uce (HesiBHAS Gopma):

G(X,dX /dt,t) =0, )

rae G - BekTop-QyHKIMSA pasMepHOCTBI0O M + K. 3amaHb
COTJIACOBAaHHBIC HAYANbHBIC YCIOBHUS M OTPE30K WHTETPU-
poBaHusl.

3anmada (1) ObUIA TOCTABIICHA B TIOJIHOM KOOPIUHATHOM
6asuce JI. Ilet3onbn B 1982 1. m Obuta pa3zpaboraHa 3Ha-
menutas nporpamma DASS (Differential Algebraic Sys-
tems Solver) na ocHoBe meroma BDF (Backward Differen-
tial Formula) [14].

3amaya pemenus cucrteM JJAY B pacImpeHHOM KOOP-
JTUHATHOM Oa3uce ObLIa MOCTaBJICHA B CTaThe [8]:

G(PX,X,Y,t)=0, &)

roe PX=dX/dt - Bektop mpousBoaHbIX muDhepeHIHaTb-
HBIX IIEPEMEHHBIX 10 BPEMEHH IUIS PacIIMPEHHOI'0 KOOp-
JMUHATHOTO 0a3uca pa3MepHOCTBIO M. G - BekTop-QyHKIUSA
pasmepHOCTBIO M + K. 3amaHpl HAa4YalbHBIC YCIOBHSI
Xo=X(0) 1 0Tpe30K HHTETPUPOBAHHSL.

Perrarens cuctem JIAY B 6ubnmuoreke SADEL pemaer
cucrteMbl JIAY B paclIMpeHHOM KOOpAWHATHOM Oa3wmce
MMEHHO B 3TOH mocTaHoBKe. bbun pa3zpaboransl GopmyItbl
S-CTapgniHBIX HESIBHBIX METOJIOB MHTETPHUPOBAHUSI CHCTEM
JAY Buna (2) B pacmmpeHHOM KoopauHaTHOM Oaszuce [9].

H (PXH’ Xi'Xn—l’Xn—l’hn)z
=hnZdiijj —Zaijxj b, X, -h,c,PX, , =0
j=1 j=1
X, =X,,PX, =PX_i=1.,st =t

M1 - A-ycToH4MBBIN HESBHBIH MeTO Diiyiepa MmepBoro
MOPSIKa TOYHOCTH;

M2 — AL-ycTOHYMBBI HESBHBIH METOJ BTOPOTO IIO-
psAIKa TOYHOCTH;

M3 - AL-ycTOHYMBBIA HESBHBI METOJ]] YETBEPTOTO
MOPSIKA TOYHOCTH.

Ha puc.1 u puc.2. moka3zaHbl CXeMbI paOOThI aJIrOpUT-
MOB JUISl PEaJIU3allMi 3THX METOIOB, OCHOBAHHBIX Ha CO-
BMECTHOM PEIICHHH CUCTEM HEJIMHEHHBIX anredpandecKux
ypaaennii G(X,Y,PX)=0 u cucrem nuHelHbIX anreOpau-
gecknx ypaBHeHnmd H(X,PX)=0, cdopmupoBanHbIX Ha
COOTBETCTBYIOIIHX CTaHAX METOJJOB HHTEIPHUPOBAHUSL.

‘\—H—J E ‘\—u = ‘\—I E
l;f—l‘ _— [h{ =0 4"1n=11‘

) G, =0 ) i
PY, PX, =PX,

th ti=ty

S

Puc. 1. Cxema airopuTMa HesIBHBIX OHOCTAJHITHBIX OTHO-
LIArOBBIX MeTOA0B Jiijiepa u Tpaneumii (M1 u M2 - ynciio

craamii S=1)
H,=0
‘Yn—l > G =0
Y .. — H,=0
P—Y,,,l 7 G,=0 -‘(” _ X: ’
tn-1 =(t-th )2 et Y, =Y,

ﬁ A ﬁ t px,=rv,

Puc. 2. Cxema ajiropuT™Ma HesiBHBIX JIBYXCTAHITHBIX OJ1-
HOIIArOBbIX MeTo10B (M3 - unciio craunii S=2)

IV. TIPOrPAMMBSI PELLIEHMS CUCTEM JIAY

Knaccuueckne MOCTaHOBKM 3aJad PEIICHUS CUCTEM
JIAY momy4aroT pemeHus i JTIOOBIX HEBBIPOXKICHHBIX
cucteM JIAY u He rapaHTUPYIOT KOMIIBIOTEPHOH TOUHOCTU
MOJIy4aeMBIX PEIIEHUH, OCOOCHHO I IUIOXO OOYCIIOB-
neHHBIX cucTeM JIAY ¢ dmciiom 00yCIIOBIEHHOCTH MHO-
ruMm Oombire 1. TTocTaHoBKa 3a7auu «CBEPXTOYHOTO» pe-
menus cucteM JIAY B oubnmmorexe SADEL ornnvaercs ot
KJIACCUYECKHUX TpeOOBaHWEM TapaHTHPOBAHHOTO IOJTyde-
HUS PEIICHUS ¢ TOYHOCTBIO B 15 BEepHBIX 3HAYAIINX HUPD
(ymBoennast Tounocts double precision Ha si3pike Cu) st

S —umncno cramuid, h, — N —u wae unmespuposarus, BCex S1EMEHTOB BEKTOPa peleHuii cuctem JIAY.

d;,a;,b;,c, —

ijr=ip
Ha ocnoBe 3tux Qopmysn Obutk pa3paboTaHBl U Pean3o-
BaHbI TPH METOJIa MHTETPUPOBaHUs [6]:

napaMeTpsl MeTo[a.

Bboutn pa3paboTaHel 3 HPOTpaMMBI PEIICHHUS CHCTEM
JIAY, Bkirouas mroxo oOyCIOBJICHHBIC, B TAHHOM MOCTa-
HOBKE:



1) Pemarens cuctem JIAY mertomom ["aycca ¢ mon-
HeiMu Matpuniamu: LAE Solver 01.

2) Pematens cucrem JIAY ¢ 3-X auaroHaabHBIMH
matputamu kodddunmentos: LAE Solver 3diag.

3) Pemarens cucrem JIAY meromom LU pasnoxe-
Hus ¢ noiaabiMu Matpunamu: LAE Solver 02.

C moMoOmIpI0 NAHHBIX TPOTPAMM YyIaJoCh PEIINTh C
BBINIICYKA3aHHON TOYHOCTBIO PsS TECTOBBIX ILIOXO 00Y-
CIIOBJICHHBIX 3a]1a4, KOTOPBIE HE PEIIAIOTCS C JaHHOH TOY-
HOCTBIO JIPYTMMH HM3BECTHBIMH pelaTesisiMu cucteM JIAY
W3 COOTBETCTBYIOIIMX OMOMMOTEK CTaHAAPTHBIX MaTeMa-
THYecKuX mporpamm [2]. B kauecTBe mpumepa paccMoT-

) 10-ro mopsiAKa B KauecTBe MaTPHLbI KOIBPHUIICH-
toB cuctembl JIAY [10]. Bce ameMeHThl MaTpHITBI KO3()-
(PMIMEHTOB M BEKTOpA MPaBBIX YacTei, KaK CyMMBI COOT-
BETCTBYIOIIUX CTPOK MAaTpHUubl K03 UIMEHTOB, ObUIN
BBIYHCIICHBI C YIBOCHHON TOYHOCTHIO. AOCOIIOTHO TOYHOE
pelleHue Takoy 3aja4u — eAMHUYHbIN BekTop. IIpu pemie-
HUM C YABOCHHOHM TOYHOCTBIO Ha si3bIke CHM TECTOBOH 3a-

) 10-ro mo-
psAOka ¢ moMompio pematens cucteM JIAY OuOmHOTEKH
MAGMA (LAPACK-Linpack) 61 moTydeH cirexyronmit
pe3yIbTar:

1.000000000464697 0.999999960244827
1.000000840984605 0.999992393461859
1.000036137385782 0.999900979283788
1.000162025520190 0.999843779478675
1.000081852296234 0.999982030574678

KypcuBoM BbIIEICHBI HEBEpHBIC 3HAYaIe MUQPH B
pemreHrr. COOTBETCTBYIOIINE NPOTPAMMBI C TTOTHBIMH
MaTpunamu u3 oubnuorekn SADEL monyuwnu eguHAY-
HBIM BEKTOp AJIs1 TOM TECTOBOH 3aJauM ¢ TOYHOCTHIO B 15
BEPHBIX 3HAYANUX ITHDP.

V.  PE3VJIbTATbI CPABHUTEJIBHOTO TECTUPOBAHUS
PELIATEJIEA OY-JIAY

CpaBHenne pemiarenst cucteM JAY B OuOmmoTeke
SADEL ¢ aHaJOTWYHBIMH 3apyOeXHBIMHU peIIaTeIsIMu
cucrem OZIY-JIAY npoBeneHO A MapaMeTpOB UHTErPH-
poBanus pemareneit cucreM OJIY-JIAY, pekoOMeHIyeMbIX
JUI 3TUX peliaTeneil no ymomuanuro. Bee pemarenu cuc-
teM OIY-IAY cpaBHUBUIMCH TPH 3aJaHHOH OTHOCH-
TeNBHOM TouHOCTH MHTerpupoBanust TOL=0.001 (B mpo-
rpammHOM KoMIiutekce MATLAB 310 TO4HOCTH, 3a/1aBae-
Masl 10 yMoidaHuo0). B tabmume 1 mpuBeaeHs! pe3ynbTa-
Tl CPaBHEHUS TOJIBKO HauboJyiee TPYIHBIX ISl COBPEMEH-
HbIx pemateneit OAY-HAY xectkux cuctem OJY ¢ MHO-
TONEPHOTHBIM PEIICHUEM.

Tabmuma 1
Cpasnenue pewwameneti O/Y-JAY ons ocecmrux cucmem
ony
SADEL Maple NAG
Permareny C-Library MQCT)(I)}A B 2007 C-Library
OJ1Y/Tectsr 2010 Memoo | Memoo 2012
Memoo Ode15s Rosenb Memoo
M2,M3 rock BDF
TECT 1.
YpaBuenus
Ban aep + + - +
IMonst
MU=10°
TECT 2.
VYpaBHeHust
Ban nep + - - -
[Tons
MU=10°
TECT 3.
Bricoko-
JIOOpPOTHBII
¢uIIBTp + - + -
kt=1, ki=1,
ku=0.01
TECT 4.
Bricoxko-
JIOOPOTHBIIH + ) ) )
bubTp
kt=10"%,
ku=1, ki=1
TECT 5.
JlokxanbHo-
HEyCTONYH- +
Basi CHCTeMa - - -
ony
MU=10°
TECT 6.
Mopaenupo-
BaHHE CBe- + + - +
YeHHUs Jiase-
pa

B Tabnune 1 cpaBHUBAINCH TOJIBKO METOJBI MHTETPH-
pOBaHMSI COOTBETCTBYIOIIMX pemiareneid cuctem OJY,
PEKOMEH/yeMbIe B COOTBETCTBYIOIIMX MaTeMaTHYECKHX
MPOTPaMMHBIX KOMIUIEKCAX AT PEIICHUS )KECTKUX CHCTEM
OAY-JAY. 3Hak MUHYC 03Ha4aeT HEBO3MOXHOCTb TIOJIY-
YeHHsl peuieHus win (B OONBIIMHCTBE CIydaeB) KadecT-
BEHHO HEBEPHBIN pe3yNbTaT 0e3 BCSKOTO MPEAYIPEXICHNST
0 BO3MOXKHBIX omIMOKax. Huwke mpuBeseHO KpaTKoe OIH-
CaHWe JaHHBIX TPYIHBIX TECTOB.

TECT 1, TECT 2. Ilpumep pacuera >K€CTKOIH CHCTEMBI
OV 2-ro nopsaxa (MU — mapameTp >ke€CTKOCTH) — TeCT
Ban nep Ioms [1].




dx, /dt=x

dx, /dt =-x, + MU - (L - x%) - X,
X (0)=-1x,(0) =1,
te(0,4.2-MU)

CpaBHeHHE TIporpaMM OBIJIO TPOBEACHO IJIS YacTo

BCTpe‘-IaIOIIII/IXCﬂ Ha HpaKTI/IKe 3Ha‘leHI/Iﬁ KECTKOCTH
MU=10° u MU=10°.

TECT 3, TECT 4. Ilpumep MozmenupoBaHHs 3J€K-
TPOHHOU cXeMbI (puc. 3) ¢ MHOTOTIEPUOTHBIM PEIICHHEM
(cucrema O/1Y 5-ro mopsinka) — Tect Manuuesa [11].
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Puc. 3. TecTroBast 3JileKTpPOHHas cXeMa — BbICOKOJ00POTHBIi{
GuabTp

Cuctema OJ1Y 151 9THX TECTOB UMEET BH/I:

kr =ku /ki, ke =kt - ki /ku, kI =kt - ku / ki

dx, /dt =x, /0.001- kc

dx, /dt =x,/0.001- kc

dx, /dt=(x, —xs)/kc

dx, /dt=(ku—x, —x, —kr-x,)-/1001-kl

dxs /dt =(—x, + X; —Kr-x5) /999 -kl

X (0)=0,x,(0)=0,x,(0)=0,x,(0)=0,x,(0)=0
t €(0,12560 - kt)

CpaBHeHHUE TporpaMM ObLIO MPHUBEICHO IS YacTO BCTPE-
YAIONIMXCS Ha MPAKTHUKE MMapaMeTpoB MacCIITaOHBIX Koacb
(1)I/IIII/IeHTOB 10 BpEeMEHH, TOKY U Hanpspkeruto: kt=1, ki=
ku=10% ~a Takke JuIA  3HAYCHHIL napaMeTpOB
kt=10" 104 ki=1, ku=1, xoTopblie IafOT TPYIHBIA TECT IS
COBpeMeHHLIX pemareneii cucrem O/1Y.

TECT 5. Henuneiinas sxectkas cucrema OJ1Y, umero-

1ast JOKaIbHO-HEYCTOUNBOE pemerne — TecT CKBOpIioBa
[12].

dx, /dt=x
dx, /dt=MU - (1—x7) - (X, +X,)
X (0)=2,x,(0)=0,t<(0,3)

CpaBHeHHE TporpaMM OBUIO TPOBEACHO JUISI 4acTo

BCTpe‘laIOIIICFOCH Ha TMPAKTUKEC 3HAYCHHUA IKCCTKOCTHU
MU=10°.

TECT 6. Henuneiinas sxectkast cuctema OJ[Y mis ma-
TEMaTUYEeCKOTO MOJCIUPOBAHMS TPOIECCOB PEATLHOTO
na3epa — tecT EBctudecna [13].

dx, /dt=—x,-(a- X, + )+ 7

dx, /dt=x,-(p-x, —o)+7-(1+Xx,)
x,(0)=-1,x,(0)=0,t  (0,10°),
a=15-10",4=25-10"°y=2.1-10"°,
p=0.6,0=0.18,7=0.016

CpaBaenue pemiateneit OJ[Y Obuto mpoBeneHO s
IapaMeTpPOB pealbHOTO paboTaloIIero Jasepa.

Ha pucynkax 4 — 7 npeacraBieHbl HEKOTOPbIE PE3Ylb-
Tathl cpaBHeHus pemateneii OY-IIAY. Ilpenynpexmae-
HUM 0 BO3MOKHOM HEJOCTOBEPHOM pELICHUH B pellaTese
oubmotexu C-Library NAG we 6su10.
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Puc. 4. Pemenne TECT 4, nosryyeHHoe ¢ moMombio 016.1mo-
texu C-Library NAG npu TOL =0.001
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Puc. 5. IlpaBuibHoe pemtenne TECT 4
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Puc. 6. Pemienne TECT 5, nostydeHHOe ¢ MOMOIIBI0 O16IHO-
texn C-Library NAG npu TOL =0.001
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Puc. 7. llpaBnnsnoe pemenne TECT 5

VI. 3AKIIOYEHUE

Pa3zpaboTka mporpamm-pemarteneir cucrem OIY-JIAY
u JIAY Ha sa3pike Cu mia 6ubnuorexun SADEL no3sossieT
CIeNaTh CIEAYIOIINE BEIBOIBI.

[pu peanu3aiyy BEIYUCIUTEIBHBIX METOJOB PEIICHUS
s)kecTkux cucteM OJIY W MII0X0O0OYCIIOBICHHBIX CHCTEM
JIAY He cnenyeTt UCMONB30BaTh BHIYUCICHUS C OAMHAPHON
TOYHOCTBIO (single precision).

[Ipn pemieHMM cUCTEM HENMHEHHBIX anreOpandecKux
ypaBaeHu#t (HAY) Ha kakIIoM 11are 4rCcICHHOTO HESBHO-
TO MHTETPUPOBAHHUS CIEAYeT UCIOIb30BaTh TOIBKO UTEpa-
IIMOHHBIE METO/bI, KOTOPBIE B TOUKE PEIICHUs CBOIATCA K
pemenuto cucteM JIAY ¢ marpuneii SlkoOn B KadecTse
Matpuipl koddduirentoB cuctemsl JIAY (B SADEL pea-
nIM30BaH MeTo HeloToHa).

Cuctems! JIAY Ha KaX[OM IIare 4MCJIEHHOTO MHTET-
pupoBaHus B Touke pemeHus cucteM HAY cnepyer pe-
IaTh C KOMIIBIOTEPHOH YIBOEHHOM TouHOCThIO (double
precision) ¢ HCIHONB30BAHHMEM METOJOB «CBEPXTOUYHBIX)»
BBIYHCJICHU.

[pu mporpaMMHO# peanm3anyu GOpMyI HEIBHOTO HH-
terpupoBanust cucteM OJIY-JIAY He m0mWKHO OBITH
apuMETHIECCKAX Omeparuii JeJICHusT Ha Iar WHTETPUpPO-
BaHUsI, YTOObI HE OBLJIO OTPAHUYUCHHI HA 3HAYCHUC BEIHU-
YUHBI 3TOTO IIara «cHu3y» [11].

Ecmu mporpamma-pemarens cuctem OJ[Y-IIAY He
PELINT JTOCTOBEPHO W TOYHO XOTs OBl OJJHY M3 NPHBEICH-
HBIX B CTaThe TECTOBBIX 3aJay, TO STOT pellaTeNb HE Cie-
JyeT WCIOJB30BaTh IS MOJCITUPOBAHUS JHHAMHUYECKUX
CUCTEM, MAaTEMATHUYCCKasA MOJICTIb KOTOPBIX MPEACTABIIACT
coboti sxecTkyro cuctemy OIY-JIAY.

HoBble HaydHBIE pe3yibTaThl HPEANONATACTCS MOITY-
YUTh B HANPABJICHUAX PA3BUTHA HOBLIX MCTOJOB U aJro-
putmoB pemenusi cucteM JAY u JIAY cBepxOombimoii
Pa3MEpHOCTH C BBINOJHEHUEM PacyeTOB Ha yHUBEpCaJlb-
HOM M Ha NEPCOHAIBHOM CYIEPKOMIIbIOTEpax. B mepByio
oyepenb ClefyeT pa3padoTaTh METOJbl «CBEPXTOYHOTO»
pemeHns cBepx0oipmux cucteM JIAY.
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