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1. OCHOBHBIE HIOHATUA TEOPUN MOAEJINPOBAHUA

1.1. Omnpenenenue, KpuTepur NPMMEHEHUsI M JOCTOMHCTBA METOAA
MOJEJIMPOBAHMS

MonenupoBaHue — 3TO METOJI KCCIIEIOBAHUSI CBOMCTB MOJACIUPYEMOT0 00b-
€KTa—OpUTMHAaJa IIyTEM IIOCTPOEHHUS U UCCIIEIOBAHUSI €10 MOJIEIIH.

Mopnenb — 3To BcrioMoraTeabHbli 00BEKT, UMEIOIINI UICHTUYHBIE CBOICTBA
C 00bEKTOM—OPUTHMHAJIOM U CIY>KalllUi JIJIsl TOTYYEHUsl Takol mHpOopMaIiu, Ko-
TOpasi TPYJIHO WJIM BOOOIIE HEBO3MOXKHO MOJYUYUTh MyTEM HATYpaJIbHOIO, T.€. He-
MOCPEJICTBEHHOT'O UCCIEA0BaHUsI 00 bEKTa—OpUTHAA.

MopenupoBaHue SBISETCS ONEPATUBHBIM, HEAOPOTUM, 3(PPEKTUBHBIM U
JIOCTATOYHO MOUIHBIM CPEICTBOM HCCIIEIOBAHUSA CAMBIX Pa3IMYHBIX OOBEKTOB U
cucreM. Ho OHO NOKHO NPUMEHSATBHCA NAEKO HE BO BCEX Ciydasx. M3BecTHO
MHOKECTBO 3a7ad, pelaeMbix Oonee 3PpQPeKTUBHO MHBIMU MeToAamu. Bmecrte c
TEeM, JJIA LEJIOro Kiacca 3aJad 3TOT METOJ SBIIAETCS HauOoJiee MPUEMIIEMBIM.
[IpaBiIbHOE €r0 NMPUMEHEHHE BO3MOXKHO JIMIIb B CIIy4ae YETKOrO INMOHWMAaHUS
CYIIHOCTH 3TOI'0 METOJA U YCIOBUHU €r0 UCIIOJIb30BAHMUS.

Kputepuu nienecoo6pa3HocTy NpUMEHEHUS MOJIEIUPOBAHUS:

— HENPUEMJIEMOCTb WIA OTCYTCTBUE aHATUTUYECKUX METOJOB PELICHUS 3a/1a4;

— IOJIHAsl YBEPEHHOCTh O HAJIMYUE JOCTaTOUYHOTO KOJIMUYECTBAa MH(OpPMAIKU O MO-
JeNUpyeMoM O0BEKTE (cHcTeME), KOTopas HeoOXoauMa Juist oOecrieueHus: J0c-
TOBEPHOCTHU PE3yJIbTaTOB MOJEINPOBAHNS,

— JIOCTaTO4YHO OO0JIbIION OOBEM BBIYUCIIEHUMN, BBIOJHEHHE KOTOPOrO BPYUHYIO
MIPAKTUYECKA HEBO3MOXKHO;

— HEMPUTOJHOCTh BCEX APYTUM METOJOB PELIEHUS 3a/a4;

— HaJIM4ue MaTepUaAIbHONW BO3MOXHOCTH JJII IOCTPOEHUS MOJIEIIH.

Meton MOnEeNIMpOBAHUS UMEET ONPEAECNEHHBIE MPEUMYIIECTBA MEPEl APY-
rMMU METOJaMU uccienoBanusi. OH MO3BOJISIET:

— IIOJIyYUTh OTBETHI HA MHOTHE BOIIPOCHI, BOZHUKAIOIIME Ha JTalax 3aMmbicia U
IpeBapUTEIbHOTO MPOEKTUPOBAHUS OyayIIel cucTembl, 0€3 MPUMEHEHUS J10-
POTOCTOSIIIET0 METOa MPOoO U OMINOOK;

— UMUTHUPOBATh U UCCIEA0BATh OCOOCHHOCTH ()YHKIIMOHUPOBAHMSI CUCTEMBI B JIIO-
OBbIX YCIIOBUSIX, B TOM YHMCJI€ U TMIIOTETUUECKUX, HE PEAIU3yeMbIX B HATYPHbIX
HKCIIEPUMEHTaX. JDTO BO3MOXKHO B CHJIy TOr0, YTO Ha MOJEIb HE paclpocTpa-
HSAIOTCS HUKAKUE PEAIbHbIE OrPaHUYECHUS;

— DKCTPAIIOJIUPOBATH C MOMOIIBIO MOJEIHN PE3YIbTAThI KCIUTYaTAMOHHBIX UCIIbI-
TaHUN CUCTEMBI JJIs1 IPOrHO3UPOBAHMUS €€ ITOBEACHHUS;

— COKpPATUTh IO HECKOJBKUX MHUHYT MPOAOJIKUTEIBHOCTh UCHBITAHUN CHCTEMBI,
3aHUMAIONIEN B PEATBbHBIX YCIOBUAX JHU U MECSIIBI;

— ONpPEeNeNsATh CTATUCTUYECKUE XapAKTEPUCTUKU (PYHKIIMOHHUPOBAHUSA CUCTEMBI, a
TAK)KE MCCIIENOBATh UX M3MEHEHUE IyTEM BApbUPOBAHUS €€ CIIyYalHBIX Mapa-
METpPOB;



— HCCIE0BaTh TAKHE CIOXKHBIE CUCTEMBI, KOTJla HEMPUMEHUMbl HUKAKHE JPYTHE
METO/BI.

1.2. OcHoBHbIE NPUHIHUIBI MOIEJIMPOBAHUSA

1. puHmn uHPOPMALMOHHON AOCTAaTOYHOCTH. IIpu moaHOM OTCyTCTBUM
uHpopmaluu o0 ucciaeayeMoil CUCTEME TIOCTPOCHHE €€ MOJIeIN HEBO3MOXKHO. [1pu
HaJIMYUU MOJTHOU MH(OpMaIuKU 0 cucTeMe €€ MOACIMPOBAHUE JIUIIIEHO CMBICIIA.

CymiecTByeT HEKOTOpPBIA KPUTHYECKHI YPOBEHb ANPUOPHBIX CBEICHHUM O
cucteme (ypoBeHb MH(GOPMAIIMOHHON JOCTaTOYHOCTH), MPU JOCTHKEHUH KOTOPO-
ro MOKET OBITh IOCTPOEHA €€ aJleKBaTHAas (JIOCTOBEPHAs) MOJIEb.

2. IlpuHiMn ocymecTBUMOCTH Mojenu. Monenb AomkHa oOecredunBaTh
JIOCTUKEHUE MOCTABJICHHON LIEN UCCIEN0BaHUS 32 KOHEYHOE BPEMSI C BEPOSITHO-
cthio P(t) He MeHee 3aJaHHOTO TIOPOroBoro 3HaueHus Po. Mojenab CUuTaloT ocy-
HIECTBUMOM, €CJIM OJJHOBPEMEHHO BBINIOJIHSAIOTCS J1BA HEPABEHCTBA:

P(t) > Py, t <ty,

rae ty — 3aJaHHOe IPaHMYHOE 3HAYEHUE BPEMEHM JOCTHKEHHSI L€ MOJIEIUpOBa-

HUSL.

3. [IpuHIMI MHOXKECTBEHHOCTH Mojenei. MoJienb 10KHa OTpaXkaTh B Mep-
BYIO OY€pe/ib T€ CBOWCTBA peajbHOM CHUCTEMBI, KOTOPbIE BIMSIOT Ha BbIOpaHHBIN
nokazarenb €€ 3ppexTuBHOCTU. [l03TOMY MpHU HCTONB30BAaHUM JTHOOONH KOHKpPET-
HOM MOJIENI MO3HAKOTCS JIMIIb HEKOTOPBIE CTOPOHBI UCCIEAYEMOTO IPOLECCA CUC-
TeMbl. [l Gojiee OJHOTO €ro UcciaeoBaHUs HEOOXOIUM psAJl MOJIEEH, MO3BO-
JSAIOIMMUX C PAa3HBIX CTOPOH M Pa3HOM CTENEHBIO NETAJbHOCTU OTpakaThb paccMar-
PUBAEMBIN IPOLIECC.

4. Ilpunuun arperupoBanus. CIOXHYIO CUCTEMY MOYKHO MPEICTaBUTH CO-
CTOSIILIEN U3 OTACNIbHBIX MOJICUCTEM (arperaTtoB), KaKIbI U3 KOTOPBIX UMEET CBOM
BH/JI MAaTEMaTHUYECKOro onvcanus. Harmpumep, oMH arperar olnuchblBaeTCs JOru4ye-
CKUMH COOTHOIICHUSIMH, IPYTroil — OOBIKHOBEHHBIMU TU(DPEepeHIINATEHBIMU YpaB-
HEHUSIMH, TPETUI — PA3HOCTHBIMU yYpaBHEHMsIMU U T.1. [IpuHUuMI arpernpoBaHus
MO3BOJIIET JOCTATOYHO TMOKO MepecTpanBaTh MOJIeb B 3aBUCUMOCTH OT 33]a4 HUC-
CJIEIOBAHUS.

5. IlpuHUKI KOMIpOMHCCA MEXAY CI0KHOCTbIO U TOYHOCTHIO Mojenu. He-
00XOJMMOCTh YKa3aHHOIO KOMIpomucca 0OyCIIOBJI€HA TEM OYEBHMJHBIM (DaKTOM,
YTO Y€M BbIIIE TPEOOBAHUS K TOYHOCTH M IOCTOBEPHOCTU PE3YIHTATOB MOJAEIUPO-
BaHMsI, TEM BbILIE IOJKEH ObITh YPOBEHB €€ CIOXKHOCTH.

6. [Ipuniun 6anaHca TOUHOCTEH, T.€. COPA3MEPHOCTHU:

a) MOTrPEUIHOCTH 3a/IaHMsI MTapaMEeTPOB MOJENH (M3—3a UCXOIHON HEONpeaeIEHHO-
CTH) C CUCTEMAaTUYECKOM MOTPEIIHOCTHI0 MOJEIUPOBAHUS (OTKIIOHEHUE MOJIEIH
OT UCXOJIHOT'O OTIMCAHUSI CUCTEMBI);

0) CUCTEMaTHYECKOM MOTPENTHOCTHIO MOJICTHUPOBAHUS U CIyYailiHOW MOTPEITHOCTH
IIPU UHTEPIIPETALMHU U YCPEAHEHUH PE3YJIbTaTOB MOIECIUPOBAHUS;

B) TOUHOCTH MOJIETUPOBAHUS OTAEIBHBIX JIEMEHTOB CHCTEMBI.

1.3. Knaccudukanus Moeseil cucteM ynpaBJieHHs 10 XapaKTepy M crocodam

HCIO0JIb30BAHMA



Knaccudukanus mozaeneit CY nmpuBeneHa Ha puc.
JlerepMUHMpOBaHHAS MOJENb OTPAXaeT JIE€TEPMUHUPOBAHHBIE MPOIECCHI,

Mopenu CY
A 4
A 4 A 4
JleTepMUHHUPOBAHHBIE CroxacTuueckue
A 4 A 4
A 4 I A 4
JIucKkpeTHbIE JIncKpeTHO—HENPEPHIBHbBIE HenpepriHbie
dusznyecKue MaremaTtnueckue [TomynatypHbIe
A 4
A 4 A 4
AHaIUTHYECKUE NmuTtanmonHbie

T.€. nporecchl CY, B KOTOPOW OTCYTCTBYIOT KaKue—JIMOO ciyyaliHble BO3/1E€UCTBUSA
U SIBJICHUSL.

CroxacTuueckass MOJENb OTOOpakaeT BepOATHOCTHbIE mpouecchl B CVY,
0OYCJIOBJIEHHBIE CIIy9allHBIMU BO3/ICCTBUSIMU.

JluckpeTHass MOJENb ONMCBHIBAECTCA YPAaBHEHUSMH, CBS3BIBAIOLIMMH JHUC-
KpPETHBIE BEJIMYMHBI.

JIncKkpeTHO—HENpPEpPhIBHASL MOJEb ONUCHIBAETCS YPABHEHUSMHU, CBS3bIBAIO-
IIUMU TUCKPETHBIE U HEMPEPHIBHBIC BETUYUHBI.

[TonyHaTypHas MoAeNib 3TO Takas MOJENb, B KOTOPOW Haubosee rpoMo3/i-
Kasi, JOPOTOCTOAIIAs U OMACHAs M0 aBAPUWHOCTH YacTh CUCTEMBI, Hanpumep, OY
3aMellaeTcs MOJIEbIo, a Jipyras TpeOyromiasi HaCTPOMKH 4acThb CUCTEMBI, HaNpH-
Mep, anmnaparypa ymnpasiieHus, 0epércss HaTypoi. YacTHBIM cllydaeM TOJIyHaTyp-
HOM MOJIENH SIBJISIFOTCS TPEHAXKEPHI, B KOTOPBIX B KAa4€CTBE “‘HATYphI” BBICTYIAET
YEJI0BEK.

dusznueckas MoJIeTIb UMEET Ty ke (PU3NUECKYIO TPUPOAY, TOTUUHSIETCA TEM
Ke (PU3UYECKUM 3aKOHAM U OMHCHIBACTCS TAKUMHU KE MATEMAaTUYECKUMHU 3aBUCH-
MOCTSIMH, YTO U MOJEIUPYEMbIIl 00beKT—opuruHai. duznueckas MoJeib OTanda-
eTcsl OT O0BEKTa—OpUrMHaIa TEOMETPUUYECKUMHU pa3MepaMy U JIUANa30HOM HU3Me-
HEHUsI CBOMX MIEPEMEHHBIX COCTOSHUS, BXOJIHBIX M BBIXOJHBIX BeJIUUYuH. [Ipumensi-
ercsi pusmyeckas MOJENb ISl UCCIEN0BaHUS OOBEKTOB C HE MOJHOCTHIO M3BECT-
HBIM MaTe€MaTUYECKUM OMUCAHUEM, KOTJIa HATYPHBII SKCIEPUMEHT HEMPHUEMIIEM.



MaremaTtndeckas MOACIbL — 3TO CHCTEMa MATEMAaTHYCCKUX COOTHOIICHHM
OMUCHIBAIOIMINX H3ydaeMble Tporecckl B CY. MaremaTtuueckass MOJEIb MOXKET
OBITh AHAJTUTUYECKON MM MMHTAIIMOHHOM.

AHaJIUTUYECKasi MOJICNIb MIPUMEHSETCS TOTJIa, KOTJa UCCIIeyeMbIE MPOIIeC-
cel B CY MOXXHO OIHCaTh aHAIMTUYECKHU B BUJIC JIOTHYECKUX COOTHOIICHUHN H(HJIH)
(GYHKIIMOHATBHBIX 3aBUCUMOCTEN (anreOpanueckux, quddepeHIuanbHbIX, pa3Ho-
CTHBIX YPaBHCHUH U T.I1.).

Nmutanmonnas monens (MM) npuMeHsieTcs Toraa, KOrjaa XapakTep MmpoTe-
KaIOIIUX B CUCTEME IPOIIECCOB HE IMO3BOJISIET OMKMCATh 3TU MPOIECCHl B aHAIUTH-
yecko (opMe WM KOTJla HeOOXOJIMMO HCCJEA0BaTh IMOBEICHHUE CHUCTEMBI IPHU
Pa3IMYHBIX COYETAHUSIX 3HAUCHHMM €€ mapamMeTpoB W BHEIIHEW cpeabl. Mmuranu-
OHHAsi MOJIEJIb BOCIIPOM3BOAUT aITOPUTM (PYHKIIMOHUPOBAHUS UCCIEAYEMOM CHUC-
TEMbl BO BPEMEHHU C YYETOM DJIEMEHTAPHBIX SIBJICHUM MPOTEKAOUIUX B HEW Mpo-
1IECCOB U OHA MPEelyCMaTPUBAET MPOBEACHUE CTATUUECKUX IKCIIEPUMEHTOB.

J{ns UMUTAMOHHON MOJIEU MPAKTUYECKU OTCYTCTBYIOT OIpaHWYEHUS Ha
obnacth €€ npumeHenus. OnHako UM umeeT psii HE10CTaTKOB:

— pazpabotka UM Tpebdyer, Kak mpaBuiio, OOJBIINX 3aTPaT BPEMEHU U CUJT,

— OHa MeHee “00BbEKTHUBHA™, YEM aHAJIMTHYECKAsT MOJICIb;

— pe3yJbTaThl UMUTAIMOHHOTO MOJCIMPOBAHUS BCET/1a HOCAT YaCTHBIA XapaKTep.
[TosToMy nJis moaydeHus: 000CHOBAaHHBIX BBIBOJIOB TPEOYETCsl MPOBEICHUE 1ICJION
CEpPHHU MOJICJIBHBIX YKCTIEPUMEHTOB.

2. MATEMATHYECKHWE MOJEJIM CUCTEM U OBBEKTOB
YIIPABJIEHUA

2.1. OcHoBHBIE (GOPMBI MAaTEMATHYECKHX MOe/Iei
B Hacrositiiee Bpemsi U3BECTHO JIBAa OCHOBHBIX CIIOCOOA MaTeMaTHYECKOIo
OMMCAaHMA TUHEUHBIX U HeIMHEUHBIX CAY':
— C TIOMOIIBIO YPAaBHEHUMN, pa3pelIéHHBIX OTHOCUTEIBHO (PU3UYECKUX BBIXOJIHBIX
MIEPEMEHHBIX;
— C NOMOIIBIO YPABHECHUN, Pa3PEUIEHHBIX OTHOCHUTEIBHO IEPBBIX MPOU3BOIHBIX
MIEPEMEHHBIX COCTOSTHHUSI.
[Ipu onucanuu CUCTEM B MEPEMEHHBIX BXOJbI-BBIXO/IBI CBSI3b MEKIY BEKTO-

POM BBIXOJHBIX IIEPEMEHHBIX ¥ M BEKTOPOM BBIXOJHBIX BEIMYMH Y yCTaHABJIHBA-
eTCs C TIOMOIIIBIO OTiepaTopa

v=Hu,
rie  y — BEKTOp cToJyIOer pasMepHocTH MX1; u — BeKTOp cTonber pa3MepHOCTH

IX1,a B cocraB onepatopa H MOT'YT BXOJIMTh CHMBOJIbI OIEPAIliil alreOpandecKux,
GyHKIIMOHATBHBIX TTpeoOpa3zoBanuii, TudepeHnpoBaHns, UHTETPUPOBAHNUS, T10-
Jy4eHUs KOHEUHBIX Pa3HOCTEH U T.II.



B wactHOCTH, 111 OOBIKHOBEHHBIX JIMHEUHBIX CTAI[MOHAPHBIX CUCTEM OIle-
patop H npencrasisieT co00i nepeIaTouyHyo MaTpuily, T.€.

y=W(p)u, (2.1)

rne ¥(0)=0, W(p) — nepenarounasi Mmatpuia pazmepHocT MXxI|, aneMeHTaMu KO-
TOpOi sBIsIOTCA Nepenatounsle pyHkuuu Wi(p) Mexay j —M BXOAOM U | —M BBI-
X070M; p — omnepatop auddepeniuponanus, p =d/dt.

MaTteMaTnyeckne MOJIETIU CUCTEM B MIEPEMEHHBIX “BXOJIBI—BBIXOAbI” UMEIOT
ornpenenéHHble JOCTOMHCTBA. JTO MPEXKJIE BCErO WX MPOCTOTA sICHAs CBsI3b C QHU-
3UYECKO peanbHOCThIO. MccnenoBaTens uMeeT A€o ¢ (PU3MYECKUMHU TMepeMeH-
HBIMH KaK B KOHEYHOM pE3yJIbTaTe MOJCIUPOBAHUSA, TaK U HA MPOMEKYTOTHBIX
JTamax. 3a4acTyl0 OH HMEET BO3MOXKHOCTh COYETaTh MOJICIIUPOBAHHUE C HATYPHBIM
IKCIIEPUMEHTOM.

K HemocTaTkoM MaTeMaTHYECKHMX MOJEIE B TNEPEMEHHBIX ‘BXOIbI—
BBIXOJIbI” OTHOCHUTCSI TO, YTO OHU HE MPUTOJHBI U3—3a BBIUUCIUTEIBHBIX TPYIHO-
CTEH MpHU UCCIEAOBAHUY CIIOKHBIX HEJIMHEWHBIX U HecTanoHapHbIX CVY.

Martematuyeckoe onucanre CAY B mepeMEHHBIX COCTOSIHUS MPEACTABISIET
coboli BeKkTopHOE ypaBHeHHUE B hopme Korm:

x= f(x,u,t) (2.2)

rac€ X — BEKTOP COCTOAHHUA, KOMIIOHCHTaAMHU KOTOPOI'O ABJIAIOTCA NEPEMEHHBIC CO-

CTOJAHHUA X1,X2,...,Xp, HpI/I‘{éM BCKTOp X CBdA3aH C BCKTOPOM BBIXOAHBIX BCIIMYWH

¥ QYHKIIMOHATBHON 3aBUCUMOCTBIO

y=o¢(x,u). (2.3)
JIns1 OOBIKHOBEHHBIX JMHEHHBIX CTALIMOHAPHBIX CUCTEM ypaBHEHHs (2.2) u
(2.3) ynpomatoTcs:

x=Ax+Bu, y=Cx+Du. (2.4)
3ametum, 4To ypaBHeHus (2.4) MoxxHO mpeoOpazoBaTh K Gopme (2.1) npu
BBITIOJTHEHUH CIIEAYIOUIUX ABYX YCIOBUN SKBUBAJICHTHOCTH.
[lepeiiném B (2.4) xk nzoOpaxenusm Jlamiaca npu HyJEBbIX HAYaJIbHBIX yC-
JIOBUSX:

s x(s) = Ax(s)+ Bu(s), 1(s) = C x(s) + Du(s)
¥ BBIPA3UB U3 MEPBOTO YpaBHEHUS H300paKeHNE BEKTOPA
x(s)=(sI — A" Bu(s),

noacTtaBuM €ro BO BTOpOC ypaBHCHHUC.



Tornma nomyunm

_ . _
W) ={C(s1, — A B+Dlu(s),

rae |, — ennHuYHAs NXN MaTpULa, ¥, CPaBHUBAs MOJyYEHHOE BbIpaxkeHue ¢ (2.1),

HalJ1EM, 4TO

W(s)=C(sI,—A) B+D. (2.5)

riae det (sl, —A) =0. (2.6)
VYcnosue (2.6) — 3T0 mepBoe U3 YCIOBHUM SKBUBAJIEHTHOCTH MpeoOpazoBa-
Hus. BTopoe ycioBue 3akirodaeTcssi B TOM, 4TO JJIsi cUCTeMbI (2.4) NOMKHBI BBI-
MOJIHATBCS YCIIOBUSI YIIPABIIEMOCTH U Ha0togaeMocty. B mpoTuBHOM cityyae rie-
penarounsle ¢pynkiun Wii(s), kak aneMeHTs! nepenarounoil matpunst W(S) Moryt
MMETh OJIMHAKOBBIC MHOKHUTEJIM B YUCIUTEIIE U 3HAMEHATeNe. DTU MHOKUTEIIU CO-
KpaIllaloTCs U SKBUBAIIEHTHOCTH (2.1) u (2.4) Hapymaercs.
2.2. YpaBHEeHHUsI COCTOSIHUSI HENPEePbIBHBIX CHCTEM B KAHOHUYECKHX opMax
Kopaana
PaccMoTpuMm NUMHEWHBIM CTallMOHAPHBIA OJHOCBSI3HBIM OOBEKT (C OJHUM
BXOJIOM U OJIHUM BBIXOJIOM), TiepeaaTouHasi (GyHKIHSI KOTOPOTO

Y
sy~ Y _ms)
U(s) d(s)
Cnyuait 1: VI mycts kopuH S; (i =1,n) XapakTepucTuueckoro nojuaoma d(s) — mpo-
cteie. Pazinoxum W(S) Ha cymMmMy IpOCTBIX Japo0ei, T.e.

M) e ()
V) = T BTG

1
u o0o3naunMm M(S;)/d’(s;) = Ci, X (s) = m”(s) :

(2.7)

Torna nepexonst OT U300paKEHUI K OPUTHHATIAM MOy YUM

y(s)=D ex, x=sx,+u i=1Ln (2.8)

i=1
WM B BEKTOPHO—MATPUIHOU (hopme
x=Ax+Bu, y=Cx, (2.9)
rae B — enuHnunblil BekTrop—cronben pazmepaoctu X1, C — marpuna-ctpoka, C =
[c1,C2,...,Cn], @ MaTpuLIa A SBIISIETCA THMArOHAIBLHOU

s, 0 .. 0
0 s, .. O

e (210
0 0 s,



E€ nmmaroHasbHBIMU JJIEMEHTAMH SIBISIFOTCS KOPHH XapaKTEPUCTHIECKOTO
ypaBHEHHUS cucTeMsbl (puc. 2.1).

Ecnu cpenu xopHEH Sj IMEIOTCS KOMIUIEKCHBIE, TO COOTBETCTBYIOITHE TTepe-
MEHHBIE COCTOSIHUSI TAKXKE TOJyJaroTcsl KoMIUieKCHbIMU. [loaToMy paccMoTpeH-
HYI0 GopMy MaTeMaTHYECKOW MOJETH HMCIONB3YIOT ISl CTydaeB TOJIBKO BEIIECT-
BEHHBIX KOPHEH XapaKTePUCTUUECKOTO YPaBHEHUS CUCTEMBI.

u X1

+
S1
@—P  crrrrrssssnnsesnnes E— y
Xn
+
| Sn
Puc. 2.1

CrpykrypHas cxema CAY, cooTBeTcTBYIOIIas ypaBHeHusM (2.12) npusese-
Ha Ha puc. 2.2.



CK+1 ‘

Puc. 2.2

Cayuaii 2: Ilycts Teneppb nonmHoM d(S) MMeeT KpaTHble KOpHH. B aToM ciyuae
pa3NoKeHHE MepeaTOUHON (PYHKIIMK HA CYMMY MPOCTBIX APOOE UMeeT BUI

=20 G > (2.11)

u(s) ‘o (S_Sl)k_iJrl i=k+1 (S_S,-) ’

rae kodpduuuenTsl paznoxenus C; (I =1,7) MoxHO onpenenurs, HanpuMep, Me-
TOJOM HEONpPeneIEHHBIX KOA(DPUIIMEHTOB.

Ecmu B (2.11) 0603HauuTH
4 1

(S _ Sl )k—i+l

u(s), npm i=1k;
Xi(S): <
1

g (S —-S i)
TO MEePEeX0/is OT U300paKEHUN K OPUTHHATIAM MTOJIYYUM

u(s), npu Ii=k+L1Ln



oS tX, npu Q= Lk-1;
Xi= §X,+u npu i=k;
sx.+u npu i=k+1n;

n
V= Zcz’xi
i=1

J
B BextopHo—MmatpuuHOi dopme ypaBHeHHs (2.12) umeror Bupa (2.9), HO

Matpulibl A 1 B 3anuceiBatoTcst no—apyromy:

(2.12)

s; 10 0 0]
0 1 0 0
. k-1

0 0 O s 0
A= ! B= 2.13
Sk+l O O , 1 ( )

0 s, 0 1

| 0 0 .. s, 1]

Martpuna A B (2.10) u (2.13) umeeT Tak Ha3bIBAEMYI0 KaHOHUUYECKYIO (op-
My JKopaaHa, Tak Kak 3JIEMEHTHI €€ TJIaBHOW JMArOHalu SIBJSIOTCS KOPHSIMU Xa-
PAKTEPUCTUYECKOTO MOJMHOMA MEePEIaTOYHON HYHKIIUH.

2.3. YpaBHEeHUs COCTOSIHUSI HENPEPBIBHBIX CHCTEM B HOPMAJILHOI (popme
(popme pa30BbIX NEPEMEHHBIX)

YpaBHEHUs HEIUMHEWHBIX, JUHEWHBIX CTALIMOHAPHBIX U HECTAlMOHAPHBIX
OJTHOCBSI3HBIX CHUCTEM, PAa3pEUIEHHBIE OTHOCUTEIBHO CTapIlliel MPOU3BOJHON BBbI-
XOJIHOM BEJIMYUHBI,

vV =f(t, k,y, yP,..., y), (2.14)
Cpa3y IPHUBOJATCS K TaK Ha3bIBAEMOU HOpPMAJIbHON (popMe dIeMeHTapHON MOJICTa-
HOBKOM

(n)

V=X X =Xyy Xy = X355 X =X, X, =X (2.15)

JewicTBuTensHO, moacTaBuB (2.15) B (2.14), momyuum

npu i=1,n-1;

); _ Xt
l f(t,u,x,.,x,) npu
y=X.

1=n;

3neck X; (I =1,n) — pasoBele KOOpAUHATEL.
B ciyyae MTMHEMHOM CTallMOHAPHOW OJHOCBA3HOM CHCTEMBI C IIEPENATOYHOU
byHKIHMEH
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s)  bys" +bs" +...+b
W(S):y( ): On ln—l - )
u(s) s"+as" +..+a,

€€ MOXHO MPEJICTABUTh B BHUJIE IOCIEIOBATEILHOTO COCIMHEHUS JBYX 3BEHBEB C
BBIXOJITHOM BEJIMYMHOM MEPBOTO 3BEHA X1, T.€.

m <n,

u 1 X1
—>

A 4

bopm + blpm_l +...t by |—»

p'+apT +.. +a

n

Puc. 2.3.
Cxeme puc. 2.3 COOTBETCTBYET CUCTEMA JIByX YPaBHECHUN

(p” +a1p”_1 +..4+a)x =u;

y=(b,p" +bp"" +..+b )x,. (2.16)

Ecnu tenieps BBecTH B (2.16) ananoruunsie (2.15) 0603HaueHUs:

— — _ — (™
X=Xy, Xy =X35, 000, X, =X, U X, =X/ | TO IOIYYAM MATEMATUYECKYIO

MOJIJIb CUCTEMBI B HOPMaJIbHOM (hopMme

. = { X4 npu i=1,n-1;
l —a,x,—a, X, —..—ax, +u npu I=n; (2.17)
yv=(, —bya)x +(O,  —bya, )x,+..+(b —bya)x, +byu.

W B BeKTOpHO—MATpUYHON (hopme

)_c=A)_c+Bu;
. (2.18)
vy =cx+du,
rac
[ O 1 O | K3
O O 1 ... O O
A = ; B = ;
| —a, —a,, ... ... —a| |1
c=1b,,, —b,a,., b, ,—b,a, ..... b —bsa l;d =D>b,.

CrpykTypHas cxema COOTBETCTBYIoLIasi ypaBHeHusm (2.17), (2.18) nmpuse-
JIeHa Ha puc. 2.4
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2.4. YpaBHeHUA C IepeMeHHbIMHU COCTOSTHUS B BH/I€ JJHHEHHBIX KOMOMHAIMIA
BXO/JHBIX M BBIXOJAHBIX BeJIUYUH
PaccMOTpuM CTPYKTYpHYIO CXEMY JIMHEMHOW CTAallMOHAPHOW OJHOCBSI3HOU
CUCTEMBI, ITIPUBEIEHHON HA pHUC. 2.5

u

b1 bO
Xo l Xl X1
[ y
an an. a1
A I I
Puc. 2.5.

JIBUTAsCh OT BBIXOJA K BXOY 9TOW CHCTEMBI MOKHO TOTYYHTh, YTO
y=bou+ [(bu—ay+[(bu—ay+...+ [ (bu—a,p)do)..dbdt.
Huddepenunpys moaydyeHHOE BbIpaxkeHUE “N” pa3, HAXOJIUM COOTBETCT-
BYIOIIIEE paccMaTpuBaeMon cucteMe auddepeHinaibHOe ypaBHEHHE:
(p"+a,p"' +..+a)y=(b,p" +bp"" +..+b)u.

3a MEepEeMEHHBIE COCTOSIHUS TOM CUCTEMbI MOXXHO MPHUHATH BBIXOJHBIC Be-
JIMYMHBI UHTErpaTopoB. Toraa



13

* —aft+x,+(b,—ab)u npu i=ln—1I;
T —la,x, — (b, —a,by)u npu i=n; (2.19)
v =x, +b,u.

Bekropno—matpuunas popma 3anucu ypaBHeHuit (2.19) anamoruuna (2.18),
HO MaTpuIbl A, B u ¢ OyayT yke ApyruMu:

—a, 1 O .. O | b, —a,b, |
4| T O 1 ... O} B b, —a,b, |
—a, O O .. O | b, —a,b,

¢ =[1,0,0,...,0]; d = b,.

2.5. YpaBHeHHUsI COCTOSIHUSI MHOTOCBSI3HBIX HENPEPbIBHBIX CHCTEM

Kak npaBuiio, Takue CUCTEMBI COCTOSIT U3 OJIOKOB € MEPEeJaTOUYHBIMU (PYHK-
M W;(S). Kaxkaplii U3 OJIOKOB UMEET TOJIBKO OWH BBIXOJ Zj M OJUH BXOI, KO-
TOPBIA (popMUpyETCS B BUJIE€ CYMMbI OJJHOTO BHEIIIHETO BO3JAEHUCTBUS Uj U JII0OOTO
YHCJIa BBIXOJHBIX IEPEMEHHBIX Zj APYTHX 0J0KOB. Cle10BaTEIbHO MHOTOCBS3HYIO
CHUCTEMY MOXXHO pacCMaTpuBaTh KakK JCUEHTPAIU30BAHHYIO MO BXOJaM CUCTEMY,
cocTosryto u3 noacucrem W;(s).

AJITOPUTM TIOJIyYEHUSI YPABHEHUN COCTOSIHUSA TAKUX CUCTEM AHAJIOTUYEH
paccMOTpeHHbIM B 1.1 2.2—2.4. Hanpumep, B COOTBETCTBHM C alrOPUTMOM 11.2.4
Ha OCHOBAHMH 3a/IaHHBIX BBIPAKEHUH IS BBIXOJHBIX BEJIMYMH CUCTEMBI Yj CHava-
Jla COCTaBIIAECTCS CTPYKTYypHAas CXe€Ma U3 MHTETPATOPOB M KECTKUX MPSIMBIX U 00-
paTHbIX cBs3ed. B wacTHOCTH, eciu

-

by p + by, u + by, w, npu j=1;

pta, P+ ag;
b :

Y=< — npu j=2;

(p+ay)p (2.20)
b b
2y +—L—u, npu j=3,
. Ptap, ptap;

TO cucteme (2.20) COOTBETCTBYET CTPYKTYpHas cXema, Ipe/icTaBlIeHHas Ha puc.2.6
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—>b12—> j

" Y2

Us X31
' Dy j d > V3

Puc. 2.6
BrIxoiHbIE BETMUMHBI HHTETPATOPOB 3TOH CXEMBI MPHUHUMAIOTCS 3a Tepe-
MEHHBIC cOCTOSTHHA. M manee mo cxeMe JBHrasch OT j-TO BBIXOJa K I-My BXOJY 3a-
MTUCHIBAIOTCS YPABHEHUS COCTOSTHHUSI

_ . N

X, =—a,x;, + (b, —a; by, ;
Xy = Xpn 5 >

to_ : 2.21
Xy = =A%, +bjuy ( )
X3 = —@3X3; +b3x,, + b5, )

¥ ypaBHEHUS BBIXO/A

Yy =X, + X5 +byuy
Y2 = X (2.22)

V3 = X3y
Bekropao—matpuunas opma 3anucu ypaBHeHuit (2.21), (2.22)

x=Ax+Bu, y=Cx+Du
otnuyaetcss TeM, yto Marpuubl B, C u D umeror pa3MepHOCTb COOTBETCTBEHHO
4x2,3x4 u 3x2, T1.€.
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| a, 0 0 0 | by, —a; by, 0 ]
0 0 1 0 0 0
A = 5 B =
0 0 a, 0 b,, 0
0 0 b, a; | i 0 b,
- _xn |
1 0 O by, O
- | X
C=(0 1 0 0f; D=|0 0} x=
X2
0O 0 0 1 0O O
B | X31

2.6. YpaBHeHUsI COCTOSIHUSI IUCKPETHBIX CHCTEM B KAHOHMYecKHuX (opmax
Kopaana
B o0miem cinydae pa3HOCTHOE YpaBHEHUE CTAI[MOHAPHOW OJHOCBSI3HOM JIU-
HENHOM, TUCKPETHON CUCTEMBI (KOPPEKTUPYIOIIETO YCTPOMCTBA) UMEET BUIL:

yk1+aylk —1]+...+ a,y[k —n] = byu[k]+ b, ulk —1]+ b, ulk —n], (2.23)

—ipT .
WIH, €CJIM BBECTH 0003HAUEHME OllepaTopa 3ama3/bIBaHus € Ha | IepuoioB
KBaHTOBAaHUS, TO ypaBHEHUE (2.23) npuUMET BUA

Zaie_i”ry[k] = Zbl.*e_i”ru[k]’ (2.24)
i=0 i=0
rae ag = 1.
VYpaBHeHuo (2.23) COOTBETCTBYET NepeaToOuHast PyHKIUs
W(z)= =>» bz az' 295

st e€ pasnoskeHusl Ha MPOCThIe ApoOu TpeOyeTcs, 4TOObl CTENEHb YHCIIH-
Teh ObUTa MO KpaitHeill Mepe Ha eIUHUILYy MEHBIIE cTerneHn 3HameHaTesns. [loaTo-
My CHauaja mpeodpasyem (2.25), BbIJIETUB B HEH 1IETYIO YacTh

* n—1 n *
W'(z)= b—”+ijzj/Zaizi = b”+W(z)_
n j=0 i=0 a,

Ecnu teneps pasnoxuts W(Z) Ha npocreiitire apoOu, TO sl H300pakeHUs
BBIX0/1a, MOJYYUM (B CiTydyae NeHCTBUTEIbLHBIX KOPHEH)

b o,
Y(z)="U(2)+ Y —U(z
(@)= 2UE+ 22U, (2.26)
Wnu, ecnu BBecT 0003HAaUECHUE

1
x;(z) = ;U(Z) , (2.27)

1
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b L
Y(z)= a—”U(Z) + Zlcix,-(Z) _ (2.28)

CootHomenusiM (2.27) u (2.28) cOOTBETCTBYET ypaBHEHUE COCTOSIHUS CHUC-
TE€MBbI (KOPPEKTUPYIOLIETO YCTPOICTBA)

X[k +1]= Ax[k]+ Bulk], (2.29)
Y ypaBHEHHUE €€ BBIXOAa
k] = cxlk]+dulk], (2.30)
TrAc
z, 0 0] 1]
0 0 1 "
A= =2 ; B= ; d= b, ;
al’l
0 0 .. z, 1
_xl [k]_
— k
c=[c,,CyserC, 5 x[k] = *lk] .
| x, [K]]

3ameTtuM, uTo sl u3nvecku peanuzyemor cucrembl d = 0, Tak Kak cTe-
MeHb YHCIUTENS €€ MepejaTOuHON (PYHKIIMU JODKHA ObITh MEHBIIIE CTENEHU 3Ha-
MeHaTeNsl. Y KOPPEKTUPYIOIIETO YCTPOWCTBA yKa3aHHBIE CTETIEHU MOTYT OBITh
PaBHBIMH.

CrpykTypHas cxema JUCKPETHON CHCTEMbI, COOTBETCTBYIOLIAS YPaBHEHUSAM
(2.29), (2.30), npuBenena Ha puc. 2.7:

AHJIOTUYHO MPeoOpa3oBaHUsIM M. 2.2 B Cllydae KpaTHBIX MOJKOCOB Nepesa-
TOYHOM (PHYKLIMHM CUCTEMBI (CTPOICTBA)

*

k n
* b C. C.
—_ n 1 1

Wi(z)="+Y —"o——+ >

4, = (Z—Zl) i=k+1 Z ~ Z;
MO>KHO TIOJIYYHTh BEKTOPHO-MaTPUYHYIO0 (POPMY ypaBHEHUH COCTOSHHUS U BBIXOJa
CUCTEMBI, T000HYI0 (2.29), (2.30).
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> d
k x1lk+1 k
ulk] {% el |l D
Al
—> ° ° ° —+
e+l
X [ +] e_pT Xn[k]: c
Zn
Puc. 2.7
[Tpuuem matpunbl A u B OyayT uMeTh clieayromuii BUa:
— ~ —
7] 10 0
0 z; 1 0
00 z.. 0 >~k 0
0 0O Z
L/
A= B=
Zk+1 0 0
O 0 Zk+2 eee
0 0 Zy

k-1

Takum 00pa3oM, MOKHO CHEJIaTh BBIBOJ O TOM, YTO YPAaBHEHHs COCTOSHUS,
CTPYKTYPHBIE CXEMBbI M CIIOCOOBI Mepexojia OT YpaBHEHUW BXOJ-BBIXOJ JIJISL JTHC-
KPETHBIX U HEMPEPBIBHBIX CUCTEM BECbMA CXOJIHBI.
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2.7. KanoHH4YecKasi 1eKOMIO3ULHMS JUCKPETHBIX CHCTEM H COOTBETCTBYIOIIHE
(popMBI MX YpaBHEHUH COCTOSTHUA
B crauuoHapHO JIMHEWHON CUCTEME B OOIEM CIIy4ae MOKHO BBIIEIUTH 4
YacTHbIE TToACUCTEMBI (puc 2.8):
A — noctrwxumas 1 HabmonaeMas; B — noctukumasi u HeHaOmoraemasi;

u A gy

A 4

» B le C
A
A 4
D
Puc. 2.8

C — HegocTmkuMas ¥ HaOmogaemast; D — HemocTkuMas 1 HeHaOIrojaeMast.
Takoe paznenenue CAY Ha MOACHUCTEMBI HA3bIBAIOT KAHOHUYECKOW JIEKOM-
MMO3HUINEN.

Onpeoenenue 1: CocrossHue ;(tl) JUHEUHOU CUCTEMBI QOCMUMNCUMO, €CIIU
CYIIIECTBYET TaKOE€ YIpPaBIICHUEC a(t), KOTOPOE TEPEBOJUT €€ U3 HAYaJIBHOTO CO-
CTOSIHUS )_((to) = 0B sKeaeMoe X (t;) 3a KOHeuHBIit UHTEepBaJl BpeMeHu t; —t,.

Onpeodenenue 2: CocTosiHUC >_((tl) JMHCWHON CHCTEMBI YHpAs/isemo, eCu
CYIIECTBYET TaKOE yIPABJICHHUE a(t), KOTOPOE IIEPEBOJIUT €€ U3 COCTOSTHHUS X (t;)B
COCTOSTHHE )_((tz) = Onpu ycroBHH, YTO HHTEPBANI BpeMeHH t, —t; KOHEeUeH.

Onpeoenenue 3: CocrosiHue )_((to) CUCTEMBbI Habntodaemo, €CIu OHO MOXKET

OBITH OmpeseNieHO Mo OyIyIUM 3HAYEHUSM BBIXOJHOW mepemenHoit Y (1), mpu
YCJIOBHUH, YTO MHTEpBaI 1 —1; KOHEUEH.

Onpeoenenue 4: Cocrosiaue X(ty) cucTeMbl 8occmanasnusaemo, ecinu OHO

MOJKET OBITh ONPEAEICHO IO MPOILIBIM 3HAYCHHUSIM BBIXOJHOW I€PEMEHHOM
y (t) mpu ycioBum, uro nHTEepBan t; —t KOHeUeH.

VYpaBHenus coctosinus ¢ marpuieil JKopaana A j TIO3BOJISIET HEMOCPECT-
BEHHO 10 BHIy Marpul B; n C; cyauts 0 JOCTIKMMOCTH M HaOIIOAAEMOCTH

cucteMbl. B yactHoctu, CAY sBiageTcs JOCTHKMMOM M HAOJIFOJIaeMOM, €CIIH BCE
AJIEeMEHTHI MaTpull B ju C j OTJIMYHBI OT HYJISL.
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Henocratkom kanonuveckoii ¢popMmbl XKopaana siBisieTcst TO, YTO AJIS mepe-
X0Jla K Hell HeoOXOJIMMO BBIYMCIICHHE KOPHEW XapaKTEepPUCTUYECKOTO ypaBHEHUS
CAY.

[ToaTOMy aJI1 YUCIEHHBIX PACYETOB W MOJEIUPOBAHUS CUCTEM HHOrAA
yl00HEe NPUMEHATh JPYrue KaHOHUYECKUE (POPMBI MATEMATUYECKUX MOJIEIEH.
OTO ypaBHEHHUS COCTOSIHHUSA CHCTEM B KaHOHHYECKUX (opMax JOCTHKHMOCTH,
yIPaBIsiEMOCTH, HA0JII0JaéMOCTH M BOCCTAHABIMBAEMOCTU. DTU (OPMBI Ha3bIBa-
IOTCSI KAHOHUYECKMMHU B CHIIy MX IPOCTOTHI U HEIOCPEACTBEHHOW CBS3M JJIEMEH-
TOB MaTPULIbl, MATEMAaTUYECKOW MOJEIIN CUCTEMBI ¢ KO (HULIUEHTaMU Pa3HOCTHO-
IO YpaBHEHUS NOCIIETHEN B IEPEMEHHBIX BXO/-BBIXO/I.

2.8. MatemaTnuyeckasi MoJieJib B KAHOHHYECKOH ¢opme JOCTHKMMOCTH

YpaBHEHUS COCTOSIHUA U BBIXOJ]a CUCTEMBI B 3TOM (pOpME MOTYT OBITH 3aIu-
CaHbl HA OCHOBAHUH €€ CTPYKTYPHOM CXEMBI, IPEICTABICHHON Ha puc.2.9.

B ywacTHOCTH,

> —P> o o o—}@-’Y

Cdl Cdz C
A A dn
u T T = A
—_ —> e*p X 4G e_p X > o o o —> e_p 1 Xdn
_ dl _ d2 -
a a; ay
I I !
Puc. 2.9

X, [k +1]=—ay x,, [k]+ulk]

X, [k +1]= —ay x, [k]+x, [k}

. . . . . . (2.31)
Xy [k +1] =—8p Xy [k]"' Xn-1 [k];
ylk]=Cq1xi[k]+Cyqyp X[k ]+ ...+ C gy xq K]

B BEKTOPHO-MaTpuuHOM opme ypaBHeHUs (2.31) 3anmuchIBaeTCs CIEIYIONTUM 00-
pazom:

xa [k +1]= Ay xa [k]+ Byulk] , ylk]=Cy4 xa[K], (2.32)
0 ... 0 —ay | 1 ]
1 ... 0 -ag
rae Ay = ; By = :

0 ... 1 —-a,4] 0
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npuueM matpuna Ay HasbiBaeTcsa MaTpuueid @podeHnyca.
OTMeTUM HEKOTOpPbIE 0OCOOEHHOCTH KAHOHHUYECKOU (POPMBI TOCTHKHUMOCTH:
1. [lepenarouHass QyHKIUS CHCTEMBbI, KOTOpasi ONHUCHIBAETCS YypaBHE-
Husmu (2.31), (2.32) umeet Bua
n-1
bg+byz+...+b, 42

ag+az+...+a, 2"+

KoaddurmuenTrr ee 3HaMeHaTesNss HEMMOCPEACTBEHHO SBJISIOTCS DJIEMEHTAMH
MaTpuLbl A .
2. Matpwuiia J0CTHKUMOCTH CHCTEMBI SBIIICTCS CIUHUIHOM
Qu =|Ba. AdBy, ... AT'By =1, (2.34)
3. JIrobas mocTwkuMas cucTeMa MOXKET ObITh MpeoOpa3oBaHa B KaHOHUYE-
CKYy10 (hOpMYy JTOCTHKHUMOCTH C TOMOIIBI0O MaTpHUIIbI Mpeodpa3zoBanus Q, mpuyem

D(2) = i (2.33)

X=QXd , AQ=QA,, B 4aCTHOCTH, €CJIH CHCTEMa OITMCHIBACTCS TPOUKOW Mat-
put (A, B, C), To
Q=Qs Qs =Qq =[B. 28, ..., A™B| (2.35)
- onements &; (i=0,1,...,n—1) MaTpumsl Ay MOTYT GbITh ONpEENEHBI IIPH BbI-
YUCJICHHUHN OIIPCACINUTCIIA ‘Z I m A‘ ;
- BCKTOp Bd IMPCAIIoJIaracTc:A HN3BCCTHLIM,
- a ManI/IHy BbBIXOJda MOXKHO HaﬁTH nu3 BBIpa)KeHI/ISI
C4=CQ=|cB, CrB,...,CA™B]

4. DneMeHTHl Bcex MaTpull ABJIAIOTCA ,Z[GI;'ICTBHTGHBHBIMH.

2.9. MaTtemaTudeckasi MoJieJib B KAHOHUYECKOH ¢opMe ynpaBJisieMOCTH

VYpaBHEHHSI COCTOSIHHSI M BBIXOJIa CUCTEMBI B 3TOW (popMe MOTYT OBITh 3aIu-
CaHbl HA OCHOBAaHUHU €€ CTPYKTYPHOM CXEMBI, IPEACTABIEHHON Ha puc.2.10:

B gacTHOCTH, ypaBHEHHUS COCTOSHUS BBIXOJIa M BXOJA:

xulk +1]= A, xu[k]+ B, u[k]

y[k]:Cu )_(U [k]+du[k] (2.36)
roe:  d, =b, ; Cy =[bo.by, ... by 4]
0 1 0 ] 0 |
AJ=6””0 ...... 1 B, =
|~ — % ~ang 1]
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[Tpryem snementsl Matpuy, A u C, aBistorcs Kod¢puiueHTamu nepena-
TOYHOU (yHKIMU cucTeMsl (2.33), B koTopoil b, #0.
OcHOBHBIE 0COOCHHOCTH KAHOHUYECKON (DOPMBI YIIPABISIEMOCTH

1. Martpuna 1OCTHKUMOCTA UMEET BUJL HYKHEW TPEYTOJIbHOW MATPHIIBI.
0O 0 ... 01
o o0 ... 1 *
Qua =
1 * ... * =
@ > o o o —P@—’@_’y
bn bn—l bl b()
4 A A
u—P@ e_pT > e—pT —> ¢ o o » e_pT . Xul
- Xun Xu(n-1)
\ 4 \ 4
ay a a
@4— o o o ¢ é:
Puc. 2.10
2. Martpuna npeobpaszoBanus Q, KoTopasi MO3BOJIAET MPEOOPa30BaTh CUCTEMY

c Tpoiikoii (A, B, C) B kaHoHmYeckyo QopMy ympaBisieMOCTH, MOKET OBITh pe-
KYPPEHTHO 1O CTONOLAM:

x=qu:[q1,q2,... ,qn]xu, AQ =QA,
Otkyna
[Ady, Adz, - Adn]=[-dhag, Gy — oy, o dna —dnana]  (237)
Ho Tak kxak Bekrop b, m3Becren, To B =QB, =0, 1 ganee MOXHO MpoI0I-
JKUTh BBIYUCIICHHS 110 OTJCIBbHBIM cTo0mam (2.37) cripaBa HaJeBo:

dn =B, qn—leqn +an_1 0y

;= Ady + 8 Q. 0=Aq; +a,qp
IIpUYEM TIOCJICTHEE PABEHCTBO CITY)KHT IS KOHTPOJISL.
DOneMeHThl @ (1=0,1, ..., n=1) marpumsl A,MOryT OBITH HaiileHBI
IIPU BBIYHCIICHUH ONPEICITHTEIIS ‘zlm — A‘. A MaTpHIly BBIX0JIa MOYKHO HaWTH W3

BBIPAYKCHUSA:

Cc, =CQ.

2.10. MaTemaTu4eckasi MOeJib B KAHOHUYECKOI (popMe HADJII01aeMOCTH
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OToit (QopmMe COOTBETCTBYET CTPYKTypHas cCXeMa, Npe/CTaBICHHAs Ha
puc.2.11,

u
v v
an bN (n_l) le
l — l XNl
®_’ (S pT X > + e_pT —> e o o——>®—> e_pT —T1>)
- N nv XN (n-1) 4 v
ap1 & ag
)6 o o o « é:
Puc. 2.11
U YpaBHEHHUS AN [k j 1] = ANXN [k] + By u[k]} (2.38)
Y[k]: CNXN[k]
0 1 ... O i _le |
e . B by, _ B
ne Ay =| o 0 ; By=| | Gy =[1,0,...,0].
—a, —a; .. —a,; b |

OcCHOBHBIE CBOMCTBA KAHOHUYECKOW (POPMBI HAOTIOJTAEMOCTH:

1. Omna nyanpHa K KAHOHMUYECKOU (pOpME TOCTURHUMOCTH, T.e. Ay = Ag ;
BN = Cd u CN = Bd .

2. Koaddumuents! a; (i =0,1, ..., n—l) 3HaMEHaTels nepeaaToOuHON (PyHKITUU
cucteMsl (2.33) HEMOCPEACTBEHHO COBMAJAIOT C DJIEMEHTAMH MaTpHLbI Ay .
N _
Cn Ay

3. Marpuna HaOI0IaeMOCTH SBIISICTCS €AMHUYHOM, T.e. Qny = =1.
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4, Ecmu cucrema onpenensercs tpoiikoi (A, B, C), To kaHoHM4Yeckas (popma
HaOII0JAaEMOCTH BBIUUCIIIETCA C HOMOLIBIO IpeoOpasoBaHus XN =Qp X, rue
T _
CA
MaTpuua npeodpazosanus Qy =
C An—l

OneMeHTsl MaTpull Ay MOTYT OBITh HalJIEHBI OISITH IIPU BBIYMCICHUN OII-
penenuTens ‘Z Iy — A‘ .
A BekTOop By BRIUHCISIETCS ¢ TOMOIIBIO MaTPULBl Qy
CB
CAB
BN - QN B -

[CA"'B
2.11. MaTtemaTuyeckasi Mo/ieJib B KAaHOHUYeCcKoi ¢opme
BOCCTAHABJIMBAEMOCTH

Otoit (hopMe COOTBETCTBYET ClENyIollas CTPYKTypHas cXema, IpeIcTaB-
JieHHas Ha puc.2.12,

u

¢ ¢ > e o o ¢ ¢
bO b1 bn—l bn

vn

@—b e—pT —> e—PT X—> o o o——Pp —> e_PT X—>é7—2/
do

A A

Puc. 2.12
Y YpaBHEHUS

xv [k +1]= A, x [k]+ B, ulK]
y[k]=C, x [k]+ b,u[k]
rie C,=[0,...,0,1];

(2.39)
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0 0 —aq ] _bo |
1 ... 0 —-a
0 ... 1 -a,; =y

npudeM aneMeHTsl Matpul, A, u B, sBistorcs ko3dduurenTaMu nepeaaTouHon
dyukun cucremsl (2.33), B kotopoii b, #0.
OcHOBHBIE CBOWCTBa KAHOHMYECKON ()OPMBI BOCCTaHABIMBACMOCTH:
1. Ona nyanbHa K KAHOHUYECKOH (hOopMe yIpaBIsieMOCTH, T.e. A, = AJ :
B,=C,, C,=B,.

2. Ecmm cucrema 3amana tpoiikoit (A, B, C), To ¢ moMmomipi0 mMoJACTaHOBKH
X=QXy, eoe Q=T_1, OHa MOXET OBITh MpeoOpa3oBaHa B KAHOHUYECKYIO
-
ty
T
T t2
dbopMy BOCCTAaHABIMBAEMOCTH. YUHUTBIBas, 4TO [ :[tl N R tn] = , a
tn

TaKke uto Matpuia C, m3sectHa, o C=C,, T =t .

Cnenyromue CTpOKM MaTpULBI IPeoOpa3oBaHUs | MOMKHO ONpPEIEIUTh U3
cootHomennii: AQ =QA,; TA=A,T, To ecTs:

] ]
t t
2 |A=A,| 2 | wmm uTO TO Ke camoe
th th ]
T T T T T T T T
[tl A, t2 A, ey tn AJ: -_aotn y tl _altn y o ey tn_l_an_ltn J

Ecnu teneps B mocienHEM YpaBHEHUH NPUPABHATH MOCIIEIOBATENIBHO CIIpa-
Ba HAJIEBO JIEMEHTBI MATPHIL, TO MTOIYYUM:

T T T T T T
thg =t A+an gty tho =thaA+an oty

T 4T T T T
t, =t, A+agt, 0=t; A+ayt,
IIPUYEM TOCIIEIHEE PABEHCTBO CIIY>KUT JJI1 KOHTPOJISL.
DnemMeHTbl MaTpulll A, MOXHO ONpPEAEIUTh MPU BBIUNCICHUH XapaKTepu-
CTUYECKOTO MOJIMHOMA ‘Z I — N A marpunyy B, MOXHO HaliTH U3 COOTHOLIEHUS

B, =TB.
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3. METOJbI YITPOILIIEHUA, 3AJAYA U HEJIN UCCJIEJIOBAHUA
MATEMATHYECKHWX MOJIEJIE CUCTEM YIIPABJIEHU S
3.1. MeToabl AeKOMIIO3UIIMU M PEeAYKIUU

Hcxoansie maTeMatuueckue moaenu (MM), kak mpaBuiio, sIBISIOTCS U30bI-
TOYHBIMUA B CMbICIe UX TpuOImxeHus. OHU coliepKaT MHOMXKECTBO <JTUITHUX)
AJIIEMEHTOB, YTO YCIOXHSET MPOIECC MOJCIUPOBAHUS U BEIET K POCTY 3arpar
BpeMEHHU Ha ero nposeaeHue. [loaToMmy Ha nepBoM 3Tare MOJECIUPOBAHUS ITPOBO-

JUTCSL Pa3yMHOE YIIPOIIEHUE UCXOJHOTO MAaTEMATHYECKOTO ONMMCAHUSI CUCTEMBI.
K ocHOBHBIM MeTO/IaM yNpOIIEeHUSI MOJIeNIeH , TO3BOJIAIONINM NPeoOpa3oBaTh
UCXOJHYIO MaTEMaTHUECKYIO0 MO/IeNIb M B yIpoIIeHHYI0 M;, (3KBUBAJIEHTHYIO HC-

XOJHOU MoJienn M ¢ TOUKHU 3pEeHHS LEIU UCCIEAOBAHUS ), OTHOCSTCS JIBE TPYIIIBI
METO/OB:
1. MeToap! JEKOMIIO3UILIIH
2. MeTonpl peayKIuu
B niepBo# rpyrine MeTO0B NPEeAyCMaTPUBAETCA BO3MOXKHOCTD Pa3/ICIICHUS
ucxonHo MM Ha psz yacTHBIX Mozesiell M; MEHbIIEH CII0KHOCTH, TO €CTh

M={M;,M,,...M,}, C(M;)<C(M). (3.1)

[Tpu 3TOM paznenenrie Moaenau M MOKET MPOU3BOAUTCS HA YaCTHBIE MOJIEIU
M 110 ee cTpyKType, 3TalaM BpEMEHHU padOThl, peKUMaM paOOTHI.

[Tpruem ais KaXKaoi i-if MOZEIN CTAaBUTCS CBOS 1E)Ib HCceaoBanus. Tem
caMbIM HcclIe/IoBaHKHe UCX0IHOH MM 3aMeHsieTcs ncciieioBanueM N 6oJjiee mpo-
CTBIX YaCTHBIX Mozesell M, ¥ 110 9TUM pe3ysIbTaTaM UCCIICJOBAHNs YaCTHBIX MO-

JIeJIeH CyZISIT O CBOMCTBAX CUCTEMBI B LIEJIOM.
Bo BTOpOI#i rpyIiiie METOIOB MpEIoaaraeTcs, 4To UCXoAHasi MaTeMaTu4YecKast
MoJielb M IOCIIEJ0BATENBHO PEAYLIMPYETCS K YIPOLUIEHHBIM MoJensiM M ; MEHb-

et cnoxaoctu C(M; ), To ecTs:

MM, >M, ..M, cM;)<cM) [i=1n) (32

[TprueM 11e1b MCCIIeIOBaHMS IS KX I0H I-ii MOJIEITH COBITAIAcT C IENbIO MC-
cen0BaHus 1 UCXoaHOoU MM.

3aMeTHM, 4TO IPU PEIYKIIMH MaTEMATUYECKOM MOAENU M OTIeNbHbIE die-
MEHTBI UCXOAHOTO MaTEMATUUYECKOTO ONKMCAHUSI, HE BIIMSIOIINE UM MaJIO BIUSIO-
e Ha BRIOpaHHBIHA [1D MOTyT MpOCTO UCKITIOYATHCS U3 MOJACTN. A APYTHE MOTYT
3aMEHSATHCS YIPOIIEHHBIMH 3KBUBAJIEHTaMU. [ B 4aCTHOCTH, HATPUMED, XapaKTe-
PUCTUKU BO3MYIIAIONINX BO3JICHCTBUN B 00IIIEM ClTydae 3aBUCSIT OT MHOTOUYHCIICH-
HBIX (DAKTOPOB, B TOM YUCJIE M OT PE3yJIbTaTa B3auMOJCHCTBUS C CAMOU HCCIIe-
JyeMou cucrtemoit. [loaTtoMy mmpy MoIeTMpOBaHUM ISl UMUATALUMA TAKUX BO3EH-
CTBUU JTOCTATOYHO YaCTO UCIOJIb3YETCS CIIyYalHbIA YKBUBAJICHT. 1Th MOXKET BbI-
OMpaThCs HAUXYAIINI IO OTHOIIEHUIO K CUCTEME BaprUaHT BO3ICHCTBUSI.

M3BecTeH Takke METO BO3MYILIEHHUM, KOTOPBI OCHOBAH HA TOM, YTO HEKO-
TOpbIE AUHAMUYECKHUE CBsA3M B MM MOTyT UTHOPHUPOBATHCA U IO3TOMY OHA MOXKET
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OBITH aNIIPOKCUMUPOBaHa YIPOIIEHHON MOJIENbI0. B 4acTHOCTH, MaTeMaTHYECKOE
ONHMCAHKNE CHHIYJIIPHO BO3MYIIECHHOW CHCTEMbBI MOKHO IIPEICTABUTH B BUJE

X; = Ay X+ A X +Bus 0
. ( (3.3)

WXy = Ay X3 + Ay Xy + By, |

rae:  L— MaJblid mapamMeTp.

[Tonaras p =0, nosy4yum:

[ ]
X1 = (All - Ap Ay A21)'X1 +ByUy — Ap Ay BoUy

Takum 006paszom, mpu =0 BTOPOE ypaBHEHUE CUCTEMBI (3.3) BBIpOKIACTCS
B ajreOpanveckoe, a MmopsiioK U CI0KHOCTE MM cHUKaroTcs.

Haubonee pacnpocTpaHeHHBIMH METOJJaMHU YIIPOIICHHS HEIMHEHHBIX MM
ABJISIFOTCS TAPMOHUYECKAA U CTaTUYECKAsl JIMHEeapu3anu. Bo MHOTHX Citydasx Jiu-
Heapu3oBaHHat MM 10CTaTOYHO XOpOIIO OTpaxaeT (U3UKy pabOThl UCCIAEAYEMOM
cucTeMbl. biiarogaps 3ToMy JTMHEapu3anys N03BOJISIET IPUMEHUTH IPU MOJEIIAPO-
BAHWHU MOIIHBIN aIapaT UCCICIOBAHUS JIMHENHBIX CHCTEM.

HNHoraa moxennpyemMas CHCTEMA UMEET B CBOEM COCTAaBE HEKOTOPBIE OTHO-
CUTEIIbHO U30JIUPOBAHHBIE MTOJCUCTEMBI, KOTOPHIE OMKUCHIBAIOTCS HETUHEUHBIMU
muddepeHnanbHBIMU YPAaBHEHUSIMHU:

y=F(y,At) (3.4)
rie: Y— BekTop (ha3oBbIX KOOPAHHAT; A — BEKTOP, COCTABIICHHBIH U3 1aPaMETpOB

IIOZICUCTEMBI, BKJIKOYasl BXOJHBIE CUTHAJIbI U HAYAJIBHBIC YCIIOBUS.

Ynpoctute MM nccnenyeMon CUCTEMBI B 3TOM CIIy4ae MOXKHO C IOMOIIIBIO
MaIllMHHO-aHAIUTHYECKOTO METOJA. DTOT METOJ IIPEAYCMATPUBAET alIPOKCUMa-
LU0 aHATTMTUYECKUMHU (PYHKIIUSIMU TIPEABAPUTENBLHO MOJy4YeHHbIX Ha DBM pelie-
HUM ypaBHeHUi (3.4):

y =(p(S ,t) (3.5)
r7ie: S — BEKTOp MapaMeTpoB allpOKCUMUPYIOIUX (PYHKINNA, HApUMEp, ITO Ma-
paMeTphl oL M ® B anmpokcumupyromeit yHkimn ¢ =™ sinwt .

Ecnu noacraButs (3.5) B ucxogusie ypaBHeHus (3.4), TO MOKHO MOTYyYHUTh
aHAIMTUYECKYIO 3aBUCUMOCTb;

s, A,t)=0, (36)
MEIKILY TApaMeTPaMHy IOICHCTEMBI A 1 ITapaMETPaMH MPOTEKAOIINX B HEH Ipo-
OECCOB S.
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VYpaBuenus (3.6) siBisroTca anredpandeckumu. OHU TPOILE, YEM UCXOAHBIC
mudepennmanbabie (3.4). IMEHHO 3THM M IOCTUTAETCS YIIPOIIEHNUE NCXOTHOM
MM.

3.2. 3aga4u n ueau uccaeaosanusa MM
O6mmas 1enp ucciaeaoBanuss MM — 3To, BO-TIEPBBIX, ONPECICHUE 3HAUSHU 1M0-
kazatens agdexkruBHocTH ([19) cucTeMbl A pa3NTUYHBIX BAPUAHTOB €€ CTPYK-
Typbl, MapaMEeTPOB U BO3MYIIAIOIIUX BO3JACHCTBUH, a BO-BTOPBIX, BEIOOP Bapu-
aHTa C KCTPEMAJIbHBIM WJIH IOMYCTUMbIM 3HaueHueM [13.
[12 B o6miem ciydae siBisieTcst GyHKIUEH TpeX (PaKkTopoB:
TOYHOCTH Tpolecca yrpasieHus (q);
3aTpar pecypcoB Ha yIpaBiieHue (C);
JUTATEIHLHOCTH TIpoIiecca yrpaiieHus (1),

TO €CTb:
Jy=J(g, ¢ t) (3.7)
B dyacTHOM (KOHKPETHOM) Cllydae CIUCOK apryMEHTOB B BbIpaxkeHUH (3.7)
MOKET BUJIOM3MEHThCs. Hanmpumep, ecnu 3¢ (heKTUBHOCTH Mpoliecca yrnpaBieHUs
HE 3aBUCUT OT €ro JUIMTEIbHOCTH, TO (PaKTOp BPEMEHH MOXXET ObITh omyiieH. 1
Ha000poT, (pakTOpbl HanbOJIee CYIIECTBEHHBIE, MOTYT OBITh JETAIU3UPOBAHBI, TO
€CTh IIPE0OPaA30BaHBI B BEKTOPHBIE.
ANTOpPUTM peanu3aiuu o0IeH e MOAETMPOBaHus, TO €CTh AITOPUTM pe-
HICHMS 3a7a4M ucciienoBanuss MM nipencrasiieH Ha puc. 3.1.
3anauu uccienoBanus MM cuctem ynpaBieHUs] MOKHO Pa3feuTh Ha clie-
JYIOIINE TPYIIIbI:
1. IlpsiMble 3a7aun aHaIU3A.
a) 3aJlaHbl CTPYKTYpa, MapaMeTpbl CHCTEMBbI M BO3MYULIAIOLIUE BO3ICHCT-
Bus. TpebyeTcst onpeneanTh peakIuio CUCTEMbI Ha 3aJJaHHbIE BO3ICUCTBUS
U XapaKTepucTUuKH 3ToM peakiuu (I19);
0) 3a1aHbl BO3MYIIIAIOIINE BO3JCHCTBUS U BAPUAHTHI CTPYKTYPhI CUCTE-
MbI. TpebyeTcst BHIOpaTh BAPUAHT C HAWTYUIITUM 3HAYEHUEM.
2. OOpaTHbI€ 33141 aHAJIU3A.
W3BecTHBI CTPYKTYypa, MapaMeTphl U peakiius cucteMbl. Heooxoaumo Haiitu
BO3MYIIAOIIEE BO3ACHCTBHE, BhI3BABIIEE JAHHYIO PEAKIIUIO.
3. 3amaym perpecCMOHHOTO aHaIn3a.
3agaHbl BO3MYIIAIOIINE BO3JICUCTBUS, CTPYKTYpa U BapbUPyEMbIE TapaMeTpPhI
CAY. Heob6xoauMo HalTH (PYHKIIMOHAJIbHYIO 3aBUCUMOCTD (ypaBHEHHE perpec-
cun) Mexnay 11D u BappbupyeMbIMU TapamMeTpaMHu.
4. 3amauu mapaMmeTpUUECKON ONTUMHU3AIUN MO/IEIH.
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M3BecTHBI BO3MYIIAIOIINE BO3ICHCTBUS U CTPYKTYypa CUCTeMbI. TpeOyeTcs Haii-
TH Takue napamerpsl Moaenu CAY, npu kotopeix 113D umeer 3xkcTpemanbHOe
3HAYECHUE.

IlocTanoBKka 3amaun
uccnexoBanmusas MM

[IpuBenenne MM k Buny,
yII0OHOMY JAJIsi MOJEJINPOBa-
HUS

<
<

3azaHue BApUAHTOB CTPYK-
Typbl, IApaMETPOB, BO3MY-
nieHuit u 110 jS[O]

MAAA Asssrnnn~

Brruncnenue 119 j, [i]

jo = Joli]

A

Bce
BapUAHTHI

WCCIIEI0BAHBI
)

Peanuzanus pemeHus

Puc. 3.1
4. MATEMATHUYECKHUE METO/Ibl MOJEJINPOBAHUS
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4.1. Oco0eHHOCTH MATEeMATHYeCKOI0 MO/Ie TMPOBAaHUs Ha HU(POBBIX, AHAJIO-
roBbIX U ruOpuaHbIX IBM
Martematuueckoe MOAEIMPOBAHUE OCYIIECTBISECTCS HAa LU(POBBIX, aHANO-
TOBBIX U THOPUAHBIX DBM.

ABM yno6HO npUMEHATH TOTAa, KOT/la MOJIEIUpyeMasi CHCTEMA OIHUCHIBACTCS
¢ depeHINaIbHBIMUA YPABHEHUSIMU C MAJIBIM KOJIMYECTBOM (DYHKIIMOHAIBHBIX U
JIOTUYECKUX 3aBHCUMOCTEH.

[IBM yn1006HO IpUMEHSATH AJIs UCCIEOBAHMSI CJIOKHBIX CUCTEM C OOJIBIINM
YHMCJIOM HEJIMHENHBIX U JIOTUYECKUX ONEPALIHil.

['n6punusie 9BM (ananoro-unpoBble BEIUUCIUTEIbHBIE KOMIUIEKCHI
(ALIBK)) ucnionb3yroTcest sl MOJEIMPOBAHUS TaKUX 33a4, KOTOPbIE MOTYT OBITh
pazzierieHbl Ha JBE 4acTH, OJHa U3 HUX Haubosee yao0Ha 1 pemenus Ha ABM, a
npyras —Ha LIBM. Tennenuus k ucnoss3oBanuto ALIBK o0ycnosiena eme u tem,
yto ABM u IIBM nmeroT cBou 1OCTOMHCTBA U HEJIOCTATKH.

OcHoBubie cBoiicTBa ABM u [IBM oTpaxkens! B Ta0u. 4.1.

Taonuuya 4.1

ABM [IBM

1.1. HenpepriBuas popma npei- 1.2. Iudposas popma npencraiie-
CTaBJICHHS IEPEMEHHBIX. HUSI IEPEMEHHBIX.

2.1. Onepanuu BBITIOJHSIOTCS Ta- 2.2. Onepanuu BBIOJIHSIOTCS MOCIIE-
paJuIeNIbHO. JIOBATEJILHO.

3.1. Bpems peuienus He 3aBUCHT OT | 3.2. Bpems pelieHus 3aBUCHT OT
00beMa BEIYHCIICHUN. CJI0’KHOCTH PEIIAEMOM 3a1a4M.

4.1. HenmocTtaTo4yHO BBICOKAS TOY- 4.2. BeicOKasi TOYHOCTb pelICHUA. 3a-
HOCTb PEIIEHUsA. 3aBUCHUT OT HE- | BUCUT OT IPUMEHSAEMOr0 YHCIEHHOTO
CTaOMJILHOCTHU CBOMCTB OCHOB- | METOJIa M BJIMSIET HAa BPEMsI CUETa.
HBIX 3JIEMEHTOB U HE BIUSET HA
BpEMsI PEILICHMUSI.

5.1. Y1006cTBO MOJIKITFOYCHUS pe- 5.2. CnocoOHOCTE 3aITOMAHAHUS 1OC-
aJIbHBIX YCTPOMCTB. TaTOYHOTO OOJIBIIIOTO KOJIMYECTBA

uH(hopmaImu.

B pesynbprare conocranenus cBorictB ABM u LIBM mokHO chenaTe Ba
JOTIOJTHUTENBHBIX BBIBOJA:

1. IIBM He Bcerga MOeT 00eCrieUnTh HYKHYIO0 CKOPOCTb BBIYMCIICHHUI TTPU
peuiennn nuddepeHuanbHbIX YpaBHEHUN C MAJIBIMH MOCTOSTHHBIMU
BPEMEHU.

2. ABM wmoxer He 06ecnieuuTh HyKHYI0 TOUHOCTb BBIYMCIICHUH, OOJIBIITNX
1o 00beMY U COZEPIKALUX HEJTMHEHHbIE, (PYyHKIIMOHAIBHBIE U JOTMYECKHE
npeoOpa3oBaHuUs.

4.2. Oumoku Borunciaenuii Ha ABM u IIBM
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CymectBeHHass 0COOEHHOCTh BbiunciaeHui Ha [IBM — 3To BiausiHre ommbOok
OKpyIJIeHHs. /[ mpencTaBiieHus 4ucel B MalllMHE OTBOJAMTCS KOHEYHOE YHCIIO
3HaKOB. [103TOMy OHU JOJIKHBI OBITH OKPYTJICHBI.

Bnusiaue ommbok OKpyTJIeHHs MOXKET OBITh YCTAHOBJICHO MPOCUYETOM OJHOU
Y TOM K€ POrpamMMBbI JIBa pa3a:

1) ¢ 0OBIYHOM TOYHOCTHIO;
2) C yIBOEHHOW TOYHOCTBHIO.

Pa3HoCTh MeXay pe3yJbTaTaMu BBIYMCICHUN JA€T OLUEHKY IOTPEIIHOCTH
okpyriienus. CoBnazieHue pe3yIbTaTOB YKa3bIBaeT HA OTCYTCTBUE OMIMOOK.

Hcnonb3zoBanue NpUOIMKEHHBIX MAaTeMAaTHUYE€CKUX BBIPAKEHUW I all-
MPOKCUMAIIUU MOJEIUPYEeMbIX (YHKUUNA MPUBOAUT oOIIMOKe yceueHus. OreHka
TaKuX OIMOOK OCHOBAaHA Ha aHAJM3€ Pa3loKeHUs dTUX QyHKIM B psajg Teitnopa.

X — X
Hanpumep, npu anmpokcuManuv X pa3HOCTHBIM ONEPATOPOM Lﬂ)

T
pasnoxeHue X B psia Telnopa OTHOCUTENBHO X, AACT

Y 2 o0 3 00
T T
X =X, +TXn+— Xn+— Xn+...
n+1 n n 9| n Y n

[ ]
Ecau s10 BBIPAKCHUC PA3PCIINUTL OTHOCUTCIIBHO Xn

(1] 2 o00

y 1 T
Xn ==(Xpug = Xp ) —| = Xn+— X+... |,
T 2 6

TO TOCTICAHUI YJIeH B TIPABOM YaCTH PABEHCTBA SIBJISECTCS OIMIMOKOM yCeUeHUSI.

[Ipu BBITIOTHEHUH TOCJIEIOBATEILHOCTH OTEPAIMH OIMMOKH OKPYTJICHUS U
yCEUYEHHU OT ONEepaluu K OMEepali MOTYT HaKarIuBaThCsl.

Hampumep, ecnu mnpu BeimonHnennn 100 omepanuii ucxojHas ommOKa
E,Bo3pacrana Ha 1% Ha Ka)x101 onepanuy, TO OIIMOKa HaKOIMJIEHUs OyneT

E=101)" E, >2,7E,

JI71st GONBIIMHCTBA BBIYMCIUTENBHBIX MPOLIEYP OIMOKA OKPYTJIEHHs] 00bIY-
HO yOBbIBaeT NMpU YMEHBIICHUU MPUPALICHUS HE3aBUCUMOM nepeMeHHoi. OgHako
IIPU 3TOM BO3pPACTaeT KOJUYECTBO BBIYMCICHUN M, COOTBETCTBEHHO, OLIMOKa Ha-
KOIUJICHUS.

OnemenTsl ABM, B CBOIO ouepeib, TEHEPUPYIOT LIYM, KOTOPBIA OrpaHUYU-
BAa€T MUHUMAJIBHO JOMYyCTUMOE 3HaY€HHUE MOJIe3HOTO curHanga. OObIYHO HIyM CO-
ctaBysieT MeHee | MB Ha 10 B none3noro curnana. TeM He MeHee, 111 yMEHbIIIe-
HUS BIUSHUS LIyMa XeNaTeJIbHO MOJIEPKUBATh YPOBEHD MOJE3HOIO CUTHAIA KaK
MO’KHO 00Jiee BBICOKUM. B TO ke BpeMsl 3TOT YPOBEHb JOJKEH OBITh HE BBILIE J0-
nyctumoro +100B wnmm +10B. Muave, nmonydeHHbIE pe3ynbTaThl BBIYMCICHUN

OyAyT HEBEPHBIMH.
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OmnOka Beruuciennii Ha ABM 3aBHCUT TakKe OT HECTAOMIILHOCTH CBOICTB
ee DJIEMEHTOB HM3-3a M3MCHCHHUS TEeMIlepaTypbl W npeida HyJs OneparioHHBIX
YCUIIATEIIEH.

Kpome Toro, B ABM HaknaasIBaroTCsl OTPaHUYECHUS HA JOIYCTUMYIO 4acTO-
Ty 00pa0aThIBaEMbIX CUTHAJIOB. JTH OTPaHUYCHUS 3aBUCAT OT MaKCHMAaJIbHOM Yac-
TOTBI, IPU KOTOPOH YCHJIMTENIb paboTaeT 0€3 HMCKaXEHUW aMIUIMTYIbI U (a3l
BXOJIHOro curHana. CrenoBaTelbHO, IMIUPUHA TOJIOCHI MPOMYCKAHUS YCHUIIATEIIS
TOKE BIMSIET Ha TOYHOCTH BBIYMCIICHUM.

4.3. O0mue NPUHIMIBI MOATOTOBKHA MATEeMATHYECKOM MOIeJ U
K HccJegoBannio Ha ABM

AHaI0TrOBOE MOJICIUPOBaHKE OCyIIecTBIsIeTCa HAa ABM, KoTOpasi BBINOJIHSA-
€T MaTeMaTUYECKHUE ONepalluy HaJl HENPEPHIBHBIMU BEIMYMHAMHU (HANPSKEHUE U
TOK). DTH BEJIUYMHBI SIBJISIIOTCS aHAJOTaMHU Te€X (PU3MYECKUX BEJIMYHUH, OTHOCH-
TEJIbHO KOTOPBIX COCTABIBUINCH YPABHEHUS UCCIETYEMBIX CUCTEM.

Maremarnueckue onepannu Ha ABM BBINOJHSIOTCS ¢ TOMOIIBIO ONEpaIiu-
OHHBIX 0JIOKOB. OHH CTPOSTCS Ha OCHOBE ONIEPAMOHHOTO yeuuTels (puc. 4.1).

Z;
U6x2 O ZQ
| I
- Z
- —k —O0
Uex] U
O O
Puc. 4.1

OVY— 3T0 yCcuIHTEeNb MOCTOSIHHOTO TOKA C JOCTATOYHO OOJIBITUM KOd(DhuIiu-
€HTOM YCWJICHUS (k =10* +10° ) [lepenatounas GyHKLIMS ONEPaAIMOHHOTO OJIOKA
paBHAa OTHOUICHHIO KOMIUIEKCHBIX CONPOTUBJICHUN LleMU OOpaTHOW CBS3U Z, M

BxogHoU nenu OY z;, TO ecTh

Wp)=goe -2 (i=12) (4.)

B gactHOCTH, U3 (4.1) cenyeT, 4TO Z, U Z, aKTUBHBIE CONPOTUBIICHHUSA, TO

exi i

OTIEPAIMOHHBIN OJIOK SBJISETCSI CyMMAaTOPOM CUTHAJIOB C OJHOBPEMEHHBIM YMHO-
YKEHHEM Ka)KJI0OTO U3 HUX Ha CBOH KOA(DPHUIIUEHT, TO €CTh:
U6blx =—0 Uexl — A U

F)ICOL1=RO/R1, OL2=RO/R2.

6x 2

VYcnoBHOe 0003HAaUEHHWE CYMMUPYIOIIETO YCHIHTENS TPEICTaBICHO Ha
puc.4.2.
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BBIX

Puc.4.2. YcnoBHoe 0003HaU€HUE CYMMUPYIOIIETO
YCHIIUTEIS

1
Ecmn z; =R;, a Zy=— (10 ecTh B 0OpaTHy!O CcBsi3b OV BKJIIOUYEHA EM-

cp

KOCTI)), TO OHCpaHHOHHLIﬁ OJI0K SIBJISIETCS HHTCTPOCYMMATOPOM, TO CCTh

t t
Uebe =—01 J.stl(t)dt_OLZ JUGXZ(t) dt
0 0

T7e o; =i =1 2.
R;C

AJITOpUTM NMOATOTOBKHA MaT€MaTUYECKOM MOJIENIH K UCCIeA0BaHu0 HAa ABM
COCTOMT U3 JBYX OCHOBHBIX ATaIlOB:

1. TlporpammupoBaHH€ MOJIEIM Ha OCHOBE MPHUBEACHUS UCXOJHOTO MaTeMa-
TUYECKOTO OMUCAHUS K BUY, YIOOHOMY JIJISl MOJICIUPOBAHMUSL.

2. IlpoBenenue MacmTabOMpoBaHUS MAaTEMAaTHUYECKUX MEPEMEHHBIX U pacyeT
napamMeTpoB KOMMYTAIIMOHHOM CXEMbI MOJIEIN: MacIITaOMPOBAHHBIX KO-
¢ GUIMEHTOB TIepeaaun ONeparmoOHHBIX OJOKOB, KapT HACTPOWKH HEJU-
HEWHBIX OJIOKOB, €CJIM MOJCJb HEJIMHEHHAs , a TakKe 3HAYCHHH MaIllMH-
HbIX Ha4aJIbHBIX YCJIOBUM U BHEIIHUX BO3/ICVUCTBUU.

YcnoBHbIe 0003HAYEHHUSI HEKOTOPHIX HEIMHEHWHBIX OMEPAIlMOHHBIX OJIOKOB
npuBeCeHBI B Ta01. 4.2.

Tabnuua 4.2
Ne VYpaBHeHuUe onepaluu VYcnoBHoe 0003HaueHue O10Ka
/it
1 y=F(x) ~— j[c. /
X y
2 Yy =X Xz
X |
X | y
3 y=X(t—-13) T

OtmeTuM, 4TO TpeOyrolue CrenuanbHON HACTporKK ONoku Tuna 1 peanu-
3YIOTCSI Ha ONEPALMOHHBIX YCUIIUTENSAX C TOMOILBIO TPYIIIbBI TUOAHBIX OTPAHUYH-
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teneil. [locnennue BcTynaroT B pabOTy IPU Pa3HbIX OMOPHBIX HANpsKEHUsAX. TeM
CaMbIM OCYIIECTBIISIETCS KYCOYHO-JIMHEMHASA alllPOKCUMALNS UCXOJHON HEJTUHEH-
HOU XxapakTtepuctuku y=F(X).
4.4. IlporpammupoBanne ABM i ypaBHeHHi, pa3peliMMbIX OTHOCHTEJIbHO
cTapiuei Npou3BOIHOM

Heobxoaumo coctaButh nporpamMmy (CTPYKTYPHYIO CXEMY) JJIsi BOCIIPOU3-

BeJicHUs penieHua Ha ABM crenyronmx ypaBHEHUH.
Cayuaii 1: HenuneitHoro nuddepeHImanibHOro ypaBHEeHUs

y(“)—F(y(”‘l), R AN t):O
yi Do) =yi?  (i=1n)
Pewenue: PazpemaeM 3a1aHHOE ypaBHEHUE OTHOCUTEIBHO CTAPIIECH MPOU3-

BOJIHOM W TIOCJIEJIOBATEILHO HHTETpHpYyeM ero N pas. [locie mepBoro HHTErpupo-
BaHU:

y(n—l) =Yn
/e Y, OIy4CeHO U3 Y, = F(y(n_l), oYY t).
[Tociie BTOpOro HHTErpupOBAHUS TOTYYUM:
y(n—2) = Yn1
rae Y, q MOIy4eHO U3 Y, 1 =Y,
[Iocne N-ro UHTErpUpOBAHUS:
Y=W%

rjae Y, IOJIy4eHo u3 Y, =Y.
B pesynbTaTte nmeem cuctemy nuddepeHImanibHbIX YPaBHEHUIN:

. |Via npu i=1n-1
yi = . 4.1
I F[y(n_l),..., Y, Y, t) npu 1=n (1
¢ HavanbHBIMU ycaoBusiMu  Y; (0) = yi(i_l) , (i :1,_n) :

CootBetcTBytomias cucteme (4.1) cTpykTypHasi cxeMa MOJeJd MoKa3aHa Ha
puc. 4.3. A paccMOTpEeHHBI METO/ MPOTPAMMHUPOBAHUS HA3BIBAIOT MEMOO0OM No-
HUICEHUSL NOPAOKA NPOU3BOOHOL.
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—¥,(0) Yn1(0) -Y,(0) lyl (0)
Ynzl. .. lS_I:I}lYZ y= y;
(n) \ 4 v v - v
Y F[y(“‘l),...y,y,t] «
Puc. 4.3.

Cnyuan 2: nuneninoro, muddepeHIaTbHOTO YpaBHEHHS, COIEPIKAIIETO
MIPOU3BOJIHBIC B MPABOM YaCTH

y™ raym Vi ym2 o va y=bex™ 4o x4 4b, x
Vi =y§? (=1

Pewenue: PaspenraeM 3alaHHOE YpaBHEHNE OTHOCUTEIILHO CTapIIEH TPOM3-
BOJIHOM BBIXOJIHOW BEJIMYHHBI M MTOCJICIOBATEIbHO HHTEIPUPYEM €ro N pas.
[Tocsie mepBOro HHTErPUPOBAHUS:
yO D —pox (D 1o x—a,y] "D+ L o, x—a, 4 y]+z,
.
rae Z, MoJydeHo u3 zn =b,Xx—a,y.
[Tocsie BTOpOro MHTETPUPOBAHUS TTOTYIHM:
y(n—z) =by x4 [b;x—ayy] 3y 4 b oX—2an y]+2, 4,
.
rae Z,_q HOJIy4eHO U3 Zn1 =D, (X—a,41Y+2Z,.
ITociie N-ro UHTErpUPOBAHUSA:
y=box+2z,
.
rae Z; MOJydeHo u3 Z1 =by X —ay + z,.
B pesynbrate nMeeM cucTeMy ypaBHCHHIA:
a) U1 IEPEMEHHBIX COCTOSIHUS

Zi =

* _|bjx—-ajy+z;,y mpu i=ln-1; (42)
b,x—a,y npu 1=n;
0) J171s1 BBIXOTHOM BEJTMYMHBI
y=bgXx+2
C HAYaJIbHBIMU YCITIOBUSIMH
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Zp (0) = y(()n—l) _bOX(n_l) (O)_blx(n_Z)(0)+aly(()n_2) .o +bn—lx(0)+an—ly0 ;
z,.(0)= y(()“_l_i) —bpx"(0)+ . .. —b, . x(0)+a, 1y, (i=1 n-2);

2,(0) = yo —byx(0).
CootBetcTBytomias cucteme (4.2) CTpyKTypHasi cXeMa MOJIeU MoKa3aHa Ha
puc. 4.4. Jta cxema aHajorM4yHa cxeme Ha puc. 2.5. (§ 2.4).

NG ()

—Z, (O) Zh1 (0) Z (O)

()
v Y v

—z +z -
: %—k .o EIDLnﬂ Y

X

Puc. 4.4

3ameTuM, 4uto g MojenupoBaHus Ha ABM nuneitneix CAY Moryrt uc-
M0JIb30BATHCS U BCE OCTAJIbHBIE MATPUYHbBIE MOJIENIN, PACCMOTPEHHBIE B IJaBe 2.
4.5. lIporpammupoBanue ABM 111 HeJIMHEHMHBIX YPABHEHUH,
Hepa3pelMMbIX OTHOCHTEIbHO CTapuIeld IPOU3BOAHOMN
[TycTh 3a1aHO ypaBHEHHE N-T0 MOPSAIKA B CaMOM OOILIEM BHJIE

F(x™ x,u,t)=0, x(0) = X, (4.3)

r7e X —BEKTOp, X = [X(n_l), C X(i), o X]T .
Jns nporpammupoBanus ABM B 3TOM ciyyae HCIONB3YIOT OJHWH U3 Cle-
JTYIOIIHAX CITIOCOOOB.
Cnocooé 1. On npuMeHnsieTcs Torjaa, korga ypaBHeHue (4.3) MOKHO CBECTH K
BUJTY
xM 1+ F(x™, x,u, t)=0 (4.4)
VYpaBaenue (4.4) yxxe gomycKkaeT MpUMEHEHUE METOa MOHMKESHUS MOpsIKa
IIPOU3BOJIHOM, PACCMOTPEHHOM B II. 4.4.
Cnoco6 2. OH 0OCHOBaH Ha METO/I€ HEABHBIX (YHKIIUNA, B COOTBETCTBUU C KO-
TOPBIM OT YpaBHEHHUs N-T0 nopsiaka (4.3) nepexoasr kK ypaBHeHuto (N+1)-ro mo-
psaaka.
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x () — +kF(x(“) X, U, t)sign{m}  x(0)=x,, xM(0)=0, (4.5)
ax(”)

/i€ 3HaK YacTHOW mpou3BogHON (GyHKImuU F( . . .) BBeaeH ans obecniedenus 1-ro
HEOOXOIMMOTO yCIIOBHS YCTOMYMUBOCTH, a TOCTOSIHHBIN KO3 dumueHT k>>1 mo-
KE€H OBITh TAaKWM, YTOOBI BHITIOIHSIIOCHh U 2-0€ HEOOXOAMMOE YCIOBHE YCTONIHBO-
CTH peleHus ypaBHeHus (4.5).

[Tockomnbky ypaBHeHUE (4.5) pa3peieHo OTHOCUTENBHO CTapIlield MPOU3BO/I-
HOM, TO K HEMY IPUMEHUM METO]I TOHM>KEHUS NOopsAaKa npou3BoaHoi. Ha puc. 4.5

= X(n+1) E W _DZ VG HB y(n-2) X Jt X

Puc. 4.5.
MOKa3aHa CTPYKTYpHAs CXeMa MOJICIH TSl Clydasi, Kor/ia TGF( ) <0
9 ax n

Cnoco6 3: OH npeHa3HayeH JJi NporpaMMUpoBaHus AUQdepeHIruanbHbIX
YpaBHEHUH B YaCTHBIX MPOU3BOJIHBIX U OCHOBAH Ha MapaMeTpu3anuu. B yactHo-
CTH, B TU(PPEepeHIIMAITBHOM YPABHEHUU

F(y(”), v, x):O, X=Xg ;’(Xo)zg’o

BCC 3aBHCHMbIC ICPCMCHHBIC y(”) , y:[y(”‘l), Cee YJT H HC3aBHCHUMaA I1C-

peMeHHas X paccMaTpuBarOTCs Kak (yHKIIUA HEKOTOPOU HOBOM MEPEeMEHHOU
(mapamerpa) t.

BBenenue nOMOMHUTEIBHON MEPEMEHHON XOTS U MOBBIIIAET HA €AUHUILLY
NOPSJIOK UCXOAHOTO AU hepeHInanbHOr0 YpaBHEHHSI, HO 3aTO YacTO MPUBOAMT K
HOBOMY YPaBHEHHUIO, PA3PEIIMMOMY OTHOCHUTENIBHO CTAPILIEH MPOU3BOIHOMN.

PaccmoTpum B kaduecTBE MPOCTEMIIETO MPUMEPA YPABHEHHE MEPBOTO MOPSIAKA
C pa3aEAIOIMNMUCS TIEPEMEHHBIMU

yg+x:0, x=0, y=1 (4.5)
OX

Jlns mpoBeieHrs MapaMeTpU3aliK IEPEMEHHBIX X U Y TIPUBEJIEM YpaBHEHHUE
(4.5) x BUnY:

»__x (4.6)
OX y

O4eBuHO, YTO ypaBHEHUE (4.6) SKBUBAJIEHTHO CUCTEME 2-X TMHEHUHBIX Tu(-

(bepeHIanbHbIX YPAaBHEHUM
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dy dx
L -_x, ==y, x(0) =0, 0)=1.
it il (0) y(0)
CooTBeTcTBYyIOIIAsA CTPYKTYpPHAs cXeMa MOJIeNIU MPUBEcHA Ha puc. 4.6.
4lY(0) I—X(O)
+y + X X
Puc. 4.6.

4.6. Oco0eHHOCTH MeT0/1a CTPYKTYPHOI'0 MOAEJTUPOBAHUA cucTeM HAa ABM
OCHOBHOE IIPEUMYIIECTBO METOAA CTPYKTYPHOTO MOJEIIMPOBAHUS COCTOUT
B OIIPEIEICHHOM TOIIOJOTUYECKOM CXOJICTBE CTPYKTYPHOH CXEMBI MOJACIH U
CTPYKTYPHOU CX€MbI MOJEIUpyemMoun cucreMsl. [1on yka3aHHBIM CXOACTBOM IIO-
HUMAIOT TaKO€ COOTBETCTBME, IIPU KOTOPOM BCE MCXOJHBIE MAaTeMAaTHYECKUE IIe-
PEMEHHBIE UMEIOT AHAJIOTH CPEAM MAIMHHBIX NEpeMEeHHbIX Moaenu. Kpome Toro,
BCE 3BEHbS] UCXOJHON CTPYKTYPHOM CXEMbI 00513aTEIbHO OTOOPAXKAIOTCSI B MOJIEIH
OTJICJIbHBIMHU OINEPAIMOHHBIMU OJIOKAMHM WJIM HKBHBAJIEHTHOW CXEMOW UX COEIH-
HECHUMU.

Bce 310 nmo3BossieT nporpaMMHpPOBATH MOJIEIb IIO3BEHHO, UCIIONb3YS IS TH-
noBbIX 3BeHbeB CAY crenuanbHO pa3padoTaHHbIE TAOJIUYHBIE CXEMbI MOJEIUPO-
BaHUA. CXeMbl MOJEIUPOBAHNS HEKOTOPHIX TUIIOBBIX 3BEHBEB MPECTABICHBI B
Tabun. 4.3.

CrpykTypHBbII TOAX0A NpH nporpammupoBann ABM no3BosisieT ocyiiecTs-
JSTh YIPOLIEHHE MOJIEIH 3a CUeT OOBEAUHEHUS IPOCTHIX 3BEHbEB UCXOIHON
CTPYKTYPHOM CXeMbI B 00JI€€ CIOKHYIO CXEMY COEIMHEHUSI HECKOJIbKUX 3BEHbBEB.
B yactHOCTH, 3TO Nake HEOOXOAUMO JIeNIaTh B TOM CIIydae, €CIM UCXOHasi CTPYK-
TypHasi CXeMa MOJEIMPYEMOUN CHCTEMBI COIEPKUT Hepeanuzyemble Ha ABM
muddepeHuupyomue 1 Gopcupyromnme 38eHbs. B 3ToM cityyae BBINOIHAETCS Ta-
KO€ PKBUBAJICHTHOE MPpeoOpa30BaHue UCXOIHON CTPYKTYpHOU cxeMbl CAY, 4To0BI
BCE €€ 3BEHbsI OMHUCHIBAINCH IPOOHO-PAllMOHATBHBIMU NEPEAATOUYHBIMU (QYHKIH -
MU

bop™ +b,p™t +. .. +b
W(p): Op 1p m

- ] , npuyem N =m.
agp +ap +...+a,
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Tabnuma 4.3
[lepenarounas CxeMa MOICTUPOBAHUS VYpaBuenus
GyHKITHS 3BEHA SKBHUBAJICHT-
HOCTH
- :
K _u, Qi = T
Tp+1 | — K
ol ey
U2 = %
kp @ Ib Oy = %2
Tp +1 uy -u, Olyy = 1
u.
! Oy Oy = %
k(T,-T,)
T,p+1 T
k , T >T
T,p+1’ 777 Taxe oy =1
Q21 = kV
T,
Qg = %2
T,-Ty)
T,p+1 @) o, = T2 /
k = L T, <T, Ib u . 11 T2
2P _uj 2'0122—1
T @ KT,
Qo = %
2
all - k
k(Tp +1) oy, =0
P Ta xe oy =1

Ao = kT
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K @ It’ ﬂyl%:% T
T2p2 1 2eTp+1 —w o 2 :%2
_uj_ 11 :%2

3amMeTuM, YTO YIPOILIECHUS MOJEIIN MOTYT OCYIIIECTBISATHCS U 3a CUET U3MeE-
HEHUSI TIOPSAKA TOCJIEIOBATEIbHO COCAMHEHHBIX JIMHEHHBIX 3BEHBEB (MIPaBUIIO
KOMMYTATUBHOCTH).
4.7. MaciutabupoBaHre MATEMATHYECKOT0 ONMCAHUA W pPacyeT MACIITAOHBIX

K03 PuueHTOB MOJeIH

[Tpu MonenupoBanuu cucteM Ha ABM ux MateMaTudeckue epeMEHHbIE C
MTOMOII[BI0 MACIITaA00B 3aMEHSIIOTCS MAIlIMHHBIMU TIlepeMeHHbIMH. [Ipuuem Bce 3a-
BHCHMBbIC MAIIMHHBIC IEPEMEHHBIE SBIISIOTCA JICKTPUUCCKUMH HAINPSHKEHUSIMU, a
He3aBUCHUMOM niepeMeHHOM B ABM sBjsieTCS MallIMHHOE BPEMS.

MaciitaObl mepeMeHHBIX BEIOUPAIOTCS] UCXOAS U3 TOMYCTUMOIO IO YCJIOBH-
AM TOYHOCTH JUANa30HA U3MEHEHUS aMIUIUTYJIbl U YaCTOTHl 3aBUCHMBIX MAaIllMH-
HBIX TIEpeMEHHBIX. B yacTtHOoCTH, 114 Kaxporo tuna ABM 3amatorcss MakcuManbHO
JornycTumble 3HaueHus HanpsbkeHud +100 Buam 10 B. A takke ykasbIBaeTcs

peKOMeHHyeMLIﬁ Aualiasod BpPCMCHHU Ha6JIIOI[€HI/ISI HCCIICAYCMBIX IIPOICCCOB:

Tmin * Tmax -
PaccuutsiBarotcst Mmactadsl o popmynam:

Ui max .
m =——-:;
T
mt -
tmax

rae: U, — MakCHMaJbHO JIOMYyCTHMOE 3HAueHHE |- MAalluHHON TEePEMEHHOM,

imax
HanpumMep, 10 B; VY pax— MAaKCHMaJIbHO BO3MOXKHOE 3HA4EHHE I-i IepeMeHHON
MOJICTTUPYEMON CUCTEMBI; M; — MacIuTad i-if mepeMeHHO, KOTOPBIH SBIISETCS pas-

MEpPHOU BETMYMHOM; T— MAIIMHHON BpeMsi, TPUYEM 3HAUCHHE €T0 BHIOUPAETCS U3
PEKOMEHIyEMOTI'0 THAMA30HA: Tpin < T= Tmax’ tmax— AVIMTEIBHOCTb IPOTEKAHUS

UCCIIEyEMOT0 NEPEXOAHOIO IMpoliecca; M;— MacTad BpeMEHHU, KOTOPBIM SBISAET-

cst 6e3pa3MepHON BEIIMUUHOM.
[Tpr macmTaOMpOBaHWHM MAaTEMATHYECKOTO OIMMCAHUS CJICIYET BBITOJHUTH
TaKkKe MacuTabupoBaHue HadanbHBIX yeinoBuil Y, (0), BHemHNX Bo3Mymiennit f; n

BpEMCHU 3al1a3JibIBaHUs CUT'HaJIa T3, TO €CTh!:
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u;(0)=m;y;(0)  (i=1n);

=mo; f (j=1m); (4.8)

u j

J
T3 = mtT3

rae: U;(0), Ugj, T,— COOTBETCTBEHHO i-€ Ha4aIbHOE YCIOBHE, J-€ BHELIHEE BO3-

MYIIIEHUE ¥ BpEeMs 3alla3/IbIBaHUs CUTHAIA B MAIIIMHHBIX IEPEMECHHBIX.
[Tocre macmTabupoBaHusI IEPEMEHHBIX CTPYKTYPHOM CXEMBI MOJEIH OCY-
IIECTBIISICTCS TIEPEX0 K KOMMYTAIIMOHHOM CXEME MOJICIHN U pacdeT MacCIITaOHBIX
K03 bUIIHEHTOB.
[Tpu >TOM BBIXOAHAS BEIMYMHA KAXJOTO I-0ro ONEpaIllMOHHOTO OJIoKa
CTPYKTYPHOM CXEMBbI MOJICNIM CBsI3aHA C €r0 BXOJHBIMU BEIIMYMHAMHU OIEparfeit
YCUJICHUS

Yi =—KiX; (4.9)
WJIY Ollepaler HHTErPUPOBaHUS
yi =—k; [ x;dt (4.10)

[Ipu mepexoje K MalIMHHBIM MEPEMEHHBIM BMECTO Ka)JIOW MMEPEMEHHON B
ypaBHeHUsX (4.9) u (4.10) He0OXOAMMO MOJICTABUTH BhIpaKeHUE 1Jisi Hee u3 (4.7),
TO €CTb :

u. u H u- ]
—'=—ki—1, =k [
m; m;m,

u.
] dt.

Wnu, 4to TO e camoe:
U = —Biui ) U = _Bi J.Ude (411)

rae PB; m P;— macmrabHble KO03(p(QUIMEHTHI Neperadyn ONEpalUOHHBIX OJIOKOB
KOMMYTAIllMOHHOM CXEMbI MOJIEIIH,

Bi =k RAE Bi =k :
m; m;m,
Ha ocHoBanuu cootHomenui (4.11) MOxkHO cesaTh iBa BHIBOJA!

1. MacmtaOubiii k03 PUIMEHT mepesayr ONepalMoOHHOro OJoKa TUMa YCH-
JUTENNb PAaBEH OTHOLUEHUIO MPOU3BENECHUSA CTPYKTYPHOTO KO3 (dUIIMEeHTa
nepefadyd W MacmTada BBIXOJHON BEIMYMHBI K MacIiTaly BXOJHOUM BeH-
YU HBI.

2. MacmtabHblii K03QPUIUEHT nepeadyn ONepaloHHOro 0JoKa THMa UHTe-
rpaTop paBeH OTHOLICHUIO MPOU3BEIEHUS CTPYKTYpHOro koddduimenra
nepesayd U Maciutadba BHIXOJHOW BEIMUYMHBI K MPOU3BEACHUIO MACIITa0O0B
BXOJIHOM BEJIMYUHBI U BPEMEHU.

4.8. Knaccuyeckue (0AHOIIATOBbIE) YHCJICHHbIE METOAbI MOJCJUPOBAHUS HA
HBM
Ecnu cunrtatk, 4TO MOAEIUPYETCS CHCTEMA C YPABHEHUEM
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y="1(y 1) (4.12)
TO 061mast (JopMyJIa STOM IPYIIIEI YHUCIEHHBIX METOI0B MMEET CIIEAYIONINI BUI:
n
Yize = Yi + 2.0 ki (h) (4.13)
i1

rie K (h)y=h-flt; +oih, y; +By ki()+Bis Ko ()+ . .. +Biiskia(h)]
U3 (4.13) npu pasinyHbIX 3HAYEHHAX OLj , B; MOKHO MOJYYUTh, KAK 9acT-

HBIE CITy4au, U3BECTHbIC (OPMYIIbI YHCICHHOrO MHTerpupoBanus Pynre m Kyrra
pa3HOro MOpsiIKa TOYHOCTH:
— TepBoro nopsaka (Meroa Jilepa)
Yjna =Yj+ki(h), ky(h)=h- f(ijtj) (4.14)

— BTOporo nopsiaka (metron dinepa—Komm):

Via=y, 4ol @M kol)=h-fly,+ kb, 1 +h) @15)

1 YCOBEPIIIEHCTBOBAHHBIN MeTO1 Ditepa:
h h 1 h
yj+1:yj +k2(5j, kz(zj:h f(yj +Ekl(h), tj +Ej (416)

yeTBepToro nopsiaka (meron Pynre—Kyrra 4-ro nopsiaka):

Yisn=Vi + %{kl(h)+ 2k2(2j + 2@(2) Ky (h)};

k‘{gj:“ f(y" +%k2@’ ' +2J; (4.17)
)= 1y, =B & +n)

OCHOBHOM HENOCTATOK PACCMOTPEHHBIX METOJOB 3aKIIOYAETCS B HEBO3-
MO>KHOCTU KOHTPOJISI TEKYIIEH OLINOKH.
Kpome Toro, oHM KpUTHYHBI K BeJTMYUHE miara h:

r
h< : (4.18)
% max
4.9. MHoromaroBbie YMCJIeHHbIE METOIbI MOEJIMPOBAHUSA
Takoe Ha3BaHWE METOJbI MOTYYUIH MMOTOMY, YTO JUIsl BBIUMCIECHUSI OYepe/I-
n_n )
HOTO 3HAYCHMS Y,y HEOOXOAUMO 3HATH "p" MPEABIAYINHX (CTApPTOBBIX) 3HAYCHHUN

Y jx (k=0, p). [ToaToMy aJis MOTYYCHHS HY)KHOTO KOJIMYCCTBA CTAPTOBBIX 3HA-

YeHUU Y j—k HEOOXOIMMO HCIIOJIB30BaTh KAKOM-IM0O0 OJIHOIIATOBBIM YMCJIEHHBIA

METOM.
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K rpynme MHOromaroBbIX METOJOB OTHOCSITCS TaK Ha3bIBAEMbIE METOJbI
«MPOTHO33a—KOppeKIMu». B HUX mnpenanonaraeTcs TpexcTylneH4aTash Hpoleaypa

cueta. CHavana yjp+1 paccumThIBaeTcs 1o Gopmyie nporuo3a. HaiinenHoe 3Have-

p
HHE Y|}y TMOJCTABIETCA B MCXOAHOE ypaBHeHue (4.12) . M3 Hero Haxomures Y ;.
OnHo nozacTaBisAeTcs B POPMyIy KOPPEKIIUUA U BEIYUCIISIETCS YTOUHEHHOE 3HAUYCHHE
k
Yij+-
K paccmarpuBaeMoMy THIy METOOB OTHOCHUTCSI, HallpuMep, MmeTton MuiHa.

Jna nuddepeHnmanbHbIX ypaBHEHH IEPBOTO MOPSAKA €ro GOpMyJIbl MPOTHO3a U
KOPPEKIIUU UMEIOT BU:

4 [ ) [ ] [ )
Yin= Yj—3+§h 2Yi=Yiat2¥j, |i

Yiju = yj-1+§ Yiata4YjtYja |

JIOCTOMHCTBO JaHHBIX METOJOB 3aKJIOYaETCS B TOM, YTO OHHU IO3BOJISIOT
pPacCUMTHIBATh HA Ka)KJOM LIare WHTETPUPOBAHUS BEIMUYMHY OIIMOKH OKPYTJIEHUS
0. OHa ompezensercs Kak pa3HOCTb MEXAY «CIPOTHO3UPOBAHHBIM» U CKOPPEKTHU-

POBaHHBIM 3HAYCHHSIMH, Y1, TO €CTh 6= yJPJrl — y'j‘ +1- JTa omKlOKa cpaBHUBAETCS
C 3Q/TaHHBIM JOMTYCTHUMBIM 3HaUeHUEM Og. M eciin <0y, TO OCYIIECTBIISIETCS Tepe-
X0l K CIEAYIOIIEeMY Iary HHTETpUpOBaHusa. B mpoTHBHOM ciydae y'j‘ .1 oacTas-

JsieTCsl B UCXO0/IHOE ypaBHeHue (4.12) u nporienypa BHIYUCICHUI TOBTOPSETCS.

B HeoOxoaummocTH HEOHOKPATHOM MPOIEAyphbl BHIUUCICHUN 3aKIII0YaeTCS
OCHOBHOM HEJOCTATOK METOJOB MTPOTHO3a U KOPPEKIIHH.

C uenpio yCTpaHEHHs 3TOTO HEJ0CTAaTKa pa3paboTaHbl METOABI «IIPOTHO3a—
MOAU(PUKAITMHA—KOPPEKIIAM.

OcHoBHas uiest ITUX METOJIOB B TOM, UTO (hOopMyJia KOPPEKIIUU PUMEHSIECT-

cs1 oguH pa3. Ho ucmons3yemoe B hopMyie KOPpeKIIUH yjp+l MOIUDHUITUPYETCS C

Y4€TOM OIIHMOKH O, MOJYYEHHON Ha MPEbIIYIIEM I1are MHTErpUpPOBaHUSL.
OouH 13 BO3MOXHBIX BApUAHTOB METOJIA «IPOTrHO3a—MOAU(pUKAITTI—
KOPPEKLMMW MPEICTABICH HUXKE.
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Ilpoznos:
p 4 [ ] [ ] .\
Yin="Yj-3 +§h 2Yi=Yjat2Yj
Moouguxayusn:
28
m _yP _22(yP_ k|-

y]+1 yj+l 29 (yj yJ ) ) > (4.19)

oM

yj+1: f (yrj:n+1, t] +h) .
Koppexuus:

m

y|j(+1: yj—1+§ Yiata4Yi+VYia

OKoHuamenvHoO pe3yiomam:
1
k k
Yin=Yja T E(yjp+l - yj+1) (4.20)

Takum 00pazoM, METOJ «IPOTHO3—MOIUPUKAIUA-KOPPEKIUI» JTaeT BO3-
MO>KHOCTb OIEHUTH OIIMOKHU OKPYTJICHHS U YJep>KaTh UX B 33JJaHHBIX IMpejesiax Ha
KaXXJIOM I1are uHTterpupoBanusa. Ho oH, Kak U BCce paHee pacCCMOTPEHHBIE YUCIICH-
HbIE€ METO/IbI, KPUTHUYEH K OIMOKaM HakorieHusl. ICTOYHUK UX 3aJI05K€H B CAMOM
MPUHIINIE MOIIarOBOr0 UHTETPUPOBAHMUS.

4.10. HesiBHbBIE YN CJICHHBIE METO/IbI MOACJIUPOBAHUSA

DTO rpymnna cnenuagibHbIX MAIIMHHBIX METOJ0B YUCIEHHOIO UHTETPUPOBa-
HUS , KOTOpbIE YUUTHIBAIOT 0coOeHHOCTH [IBM. OHa U3 OCHOBHBIX OCOOEHHOCTEM
ATUX METOJIOB 3aKJFOYAETCSl B TOM, UTO B HUX UCIIOIB3YIOTCS (DOPMYIIbl UUCIICHHO-
r0 MHTETPUPOBAHUS C OOPATHOM CBA3BIO». B CHITy 3TOr0 BBIYMCIUTENBHBIA TIPO-
1[ECC B HUX MPAKTUYECKHU BCETJA yCTONYHNB.

B npocreitimem cinydae ¢hopmyiy MHTETPUPOBAHUS B HESIBHOM BHJIE MOYKHO
nostyuuTh u3 hopmyisl HeroTona—JIei6numa

tj+l .
Yia=Yj+ | ydt  (4.21)
4
JIJist TOTO JOCTaTOYHO BOCIOJIB30BATHCS (POPMYIJION MPAaBBIX MPSMOYTOJIb-
HUKOB IIPU B3SITUU UHTETPasoB B (4.12), TO ecTh:
tj+1 . tj+1
[ ydt= [f(y, t)dt
b 4

B pesynbrate nomyuum Ghopmysy JUisl HESIBHOTO HHTETPUPOBAHUS 110 METO-
Iy Ditnepa:

Yoo =Yj+h- F(Yjo tya) (4.22)

AHaIOTUYHO CTPOSTCS HEsIBHBIE (DOPMYJIBI JJIsl APYTUX MeTo10B. Hampumep,
HesiBHas popMyiia o merony Dunepa—Komm Oyer uMeTs BUT:
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Yisa =Y +%h{f(yj'tj)+ f(yj+1’ tj+1)} (4.23)

HesBHBIE METOBI HE UMEIOT OIPAaHUYEHUN HA BEJIIMYMHY IlIara JUCKPETHO-
cti. OQHAKO TOYHOCTh BOCHPOW3BEACHUS WCTUHHOIO DPELICHHUS YpPaBHEHHS IPHU
OOJIBIIOM IIAre MOYKET OKa3aThCsl HETOMYCTUMO HU3KOM.

Kpome TOro, mpu MCrosib30BaHUM HESIBHBIX METOJIOB HEOOXOIUMO peIIaTh
Ha KaKJIOM Il1are HeJMHelHble ypaBHeHus tumna (4.22). IlosTtomy npuMeHeHUe He-
SIBHBIX METOJIOB OOBIYHO COYETAIOT CO CIELUATBLHBIMU METOJAMH PEIICHUS HEJH-
HEWHBIX YPABHCHUU.

4.11. MaTpu4yHbie METOAbI MOJAEJIUPOBAHMS CHCTEM B IIPOCTPAHCTBE
COCTOSIHUM

Bce panee pacCMOTpEHHBIE METOABI SIBISIOTCSA CKaJspHBIMH. MaTpuuHble
METO/IbI MO3BOJISAIOT 00ECIEYNTh HE3aBUCUMOCTD 11ara TUCKPETHOCTU CUYETa OT yC-
TOMYMBOCTH BBIYHUCIUTENBHOTO Mpouecca. OHU OCHOBaHbI HA BBEACHUHU B pa3HO-
CTHOE€ MaTpUYHOE YPaBHEHHE CHUCTEMbl MAaTpUYHOro MHOXuTens P (A4, H), koTo-
pBIi TO100€H 1Iary uHTerpupoBanus h B Merone Ditiepa, TO €CTh:

Y=Y+ oA H)FE, Y5, U;) @22)
Martpunst @ u A HaX0IATCS U3 COOTHOIICHUM:
. -
®(AH)= [e"de, a= FOLLUNE
0 o =t

rne A — marpuna Sxobu MoAeIUpyeMoil CUCTEMbI

Y =F(Y,t, U) (4.25)
B MOMEHT BpEMEHHU {;, COOTBETCTBYIOIUI CTAllMOHAPHBIM 3HAYCHUAM S_((t)

Jnst Beruucienuss Marpuiibl O(A4, H) MOXHO HUCHOJB30BaTh PEKYPPEHTHOE
COOTHOILIEHHE

O, =D, (20, +AD,), v=0,N-1;
-1
Ah
CDO - h (Im - 7]
y H 1
NpUYeM HA4YaJIbHBIA IIAr WHTETPUPOBaHHS h :_NSHT’ rIe HH— aobast u3
2

HOPM MaTpHulbl,

n
|-l :”Tﬂ?“aij" " = max -Zzl‘aii" e

J1s1 TMHEMHBIX CUCTEM C MAaTEMAaTUYECKUM ONHMCAHUEM

\?::A\?+U, \7(0)=\70, U = const
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Pa3HOCTHOC YpaBHCHHUEC UMECT BUJ
— H _
Y(t+H)=e Y(t)+ [edtU (4.26)
0

rae H — mar JMcKpeTH3aluu, KOTOpbId M3 ynoOcTBa HAOMIOJAEHUs Mpolecca

y(t ) Y HE 3aBUCUT OT CBOMCTB 3TOT0 Mpoliecca.
H

T drU

AH
[Tpu manpIx marax guckperusamuu “h” marpumy € u BEKTOp Ie
0

BBIYHCJIIAIOT HYTéM COOTBCTCTBYIOIINX pasnomeHHﬁ

At A
e =1 +At+ + +

3!
. PRI (4.27)
_[ edr=1t+—+ +
3!
0
npu t=h.
[Ipu noctaTouno GosbUX H UCHOJB3YIOTCS peKyppeHTHbIe popMybl [18]:
H —
onn e =gy : ona  [eMdwU =qy :
0 (4.28)
PN+ = Py g1 =(Im +9g)0g

Ah_ -
rie oo =e™", QO:h(|m—7)l'U, 9=0,N-1

JIOCTOMHCTBO MaTPUYHBIX METOAOB B TOM, YTO IO CPABHEHHUIO CO CKaJSAp-
HBIMHU OHM ITO3BOJIAIOT YMEHBIINTH BpeMs penieHus 3agaun B 20-30 pas.

Henocratok merona (4.24) — 3T0 HEOOXOAUMOCTb BBIYMCIICHUS MATPUIIBI
®(A,H) B Ka)K7T0M 4aCTHOM clly4yae, a Takke HEOOXOMMOCTh COCTABJICHHS CIICIU-
aJbHOM POrpaMMBbl IIEpecyYETa NIaroB UHTErPUPOBAHUSL.

4.12. Oco0eHHOCTH MeTOo/1a CTPYKTYPHOI0 MOAeJMPOBAHNS HENMPEPbIBHBIX
cuctem Ha [IBM

Takoe MoaenUpoOBaHUE OCYIIECTBISETCS MO TEPENATOYHBIM (QYHKIIHSIM
3BEHBEB CTPYKTYpHOU cxeMbl CAY ¢ momomipio Z—mpeodpazoanus. [Ipuuém oHo
MOXET MPUMEHSITHCS TOJIBKO B T€X Clydasix, korna [17]

>
W, = Wy + My,
r7€ (0,—49aCTOTa KBAHTOBAHMWS CUTHAJA B JUCKPETHOW MOJCIH; (1,02 — IPAHUY-

HBI€ YaCTOThI CHEKTPA BXOJHOIO CUTHAJA WU IOJOCHI MPOIYCKaHUS NPUBEAEHHOU
HENPEPHIBHON YACTH CUCTEMBI.
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PaccmoTpuM cHavama OCOOCHHOCTH AMCKPETHOIO aHalora HENpPEpbIBHOM
CHCTEMBI, KoTopas Monenupyercs Ha [IBM nytém uncneHHoro pemeHus e€ aud-

gj —
g(t) ; Xj+1=(0;,9j-1, ---» X Yi
Xj,Xj_l,...,T) 10D KD ——> J‘ > C —
e—sT < I
1
3C3
(bepeHmanbHbIX ypaBHeHHH (puc.4.7).
Puc. 4.7.

Ha puc. 4.7 npunsatel cinenyoomue obo3zHadeHus: @D — dopmupyronui
aneMeHT (HenpepbiBHas yacTh ALII); 3C3 — 3BeHO crcTeMaTnyeckoro 3amas/blBa-
HUS, HEOOXOIMMOCTh KOTOPOTO 00YCIIOBJIEHA AUCKPETHOCTHIO MPOLIECCa UHTErPH-
poBaHMsI curHaia B npsiMoil nenu moaenu; K@ — koMmneHcupyroumii puiastp, Ko-
TOPBIA MpPEIHA3HAYEH Ul KOMIIEHCALMU, BO—TIEPBBIX, CUCTEMATUYECKOIO 3aIlas-
JIBIBAHUS, BO—BTOPBIX, AMIUIUTYAHBIX U (Pa30BbIX UCKaKEHUM, 00YCIOBIICHHBIX pa-
ooron ALIIL.

3aMeTHUM, YTO B KaKJIOM YHCIEHHOM METOJIE MPeaycMOTpeH cBOM Tuil K,
YTO W OTIIMYAET UX JAPYT OT APYra.

Takum o6pazom, npu moaenrpoBanuu Ha [IBM nenpepbsiBHoit CAY m00bM
METOI0M HEOOXOJUMO YUYECTh CUCTEMATUUYECKOE 3ama3/IbIBAaHUE, a TAKKe HCKaXe-
HMs curHajua, BHocumbie AL

Oco0eHHOCTH MeTOo/la CTPYKTYPHOTO MOJIEIUPOBAHMS PACCMOTPHUM HA TMpPHU-
Mepe MOJICITMPOBAHUS JTMHEUHOM cucTeMbl (puc. 4.8).

€ u
g R | y
s s+a,
Puc. 4.8

CrpykTypHas cxema IUCKpeTHOro aHanora 3toi CAP mnpuBenena Ha puc.
4.9.



47

*

G (s) E*(S) l_e—sT U(s) l_e—sT Y(s) Y*(S)
G(S)—/—>®—>M}GT — —>ﬂ_/_,T L% o
T- 4 - U sta,
K® )| ) om
e—sT <
Puc. 4.9.

N3 puc. 4.9 BUAHO, 3TO NpU UCIIOIB30BAHUN METOAA CTPYKTYPHOTO MOJIEIIH-
poBaHMs ISl IEPEX0/1a K JUCKPETHOMY aHAJIOry HENpPEPBhIBHOM CHCTEMbI HEOOXO-
MO

1. Tloakmo4uuTh KO BXOAY Ka)KIOr0 MOJIEIMPYEMOIO 3BEHa CBOM IpeoOpa-
30Bareib IS MpeoOpa3oBaHUs HEMIPEPHIBHOTO CUTHAJIA B AUCKPETHBII;

2. BximounTh BO OOpaTHYIO CBSI3b CHCTEMbI 3B€HO CHCTEMAaTHYECKOIrO 3a-
N1a3/IbIBaHNs;

3. BBectu B npsAMyIO LiE€llb CUCTEMbI KOMIIEHCUPYIOLUUI (QUIBTP Ui KOM-
NEHCAllUd CUCTEMATUYECKOTO 3ala3/blBaHMs, a TAK)KE aMIUTUTYIHBIX U
($ha30BBIX UCKAXKEHUM curHasia, BHOCUMBIX ATIIL.

JlocTaTo4HO 4acTo, KOTja B Ka4yecTBE (POPMUPYIOIIETO 3JIEMEHTA TUCKPET-

HOM MOJeNu NpUMEHsIETCSl (PUKCATOp HYJIEBOTO MOpsAjKa, mojaraiT y=1. A “A”

HAXOJAT SMIIMPHUYECKH WM IO COOTBETCTBUIO KOPHEW XapaKTEPUCTHUECKUX YpaB-
o . S - eSiT

HEHUU MOJIeNIU U €€ OpuUruHana: 9j :
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5. METO/bI UCCJIE[JOBAHUA JIMHEHMHbBIX U HEJIMHEWHBIX MOJEJIEU
ABTOMATHYECKHUX CUCTEM
5.1. UccaenoBanme yCcTOMYMBOCTH JIHHEHHBIX CHCTEM HA OCHOBE IIPUMMEHEHUS
kpurepust Payca
ConocTtaBieHre MalIMHHBIX peanu3aluii U3BECTHBIX KPUTEPHUEB YCTOWYH-
BOCTH I10Ka3aJlo, YTO Hanbosee 3PPEKTUBHBIM C BBIYMCIUTEIBHON TOUKH 3PEHUS
SBJIIETCSI AITOPUTM Ha OCHOBeE Kputepus Payca.
CornacHo 3TOro KpUTepus JUIsl CyKJI€HUsI 00 YCTOWYMBOCTU CUCTEMBI C Xa-
PAKTEpUCTUYECKUM YPaBHEHUEM

a,s" +a;s +...+a, =0, (5.1)
HEO0OXOMMO HCCIIEA0BATh MOISIPHOCTh KOA(DPHUITMEHTOB MEPBOTO CTOJIONA Ta0IH-
ubl Payca.
PaccmoTpum onuH u3 HamOosee 3((PEKTUBHBIX AJITOPUTMOB pacuéra 3ie-

MeHTOB Tabnuibl Payca. st aToro ko3dGUIMEHTH XapaKTEPUCTUUECKOTO ypaB-
HeHus (5.1) npeacTaBuM dJeMEHTaMU MaccuBa A:

A)s" + A2)s™ +...+ A(N)s+ AN +1)=0,
DJieMeHThl MacCHBa A 3alUCBIBAIOTCS B MEPBBIX JIBYX CTPOKAX TaOJHUIIBI
Payca (ta61.5.1), mpuuém A(N+2)=0.

Taobnuua 5.1
BCHOM?Fa- Nect Ne cro0ma
spuuent RPOY 1 2 3 4
— 1 A(1) A(3) A(5)
— 2 A(2) A(4) A(6)
R=A(1)/A(2) | 3 A(3)=A3)- | A(B)=A(5)-RA(6) | A(7)=A(7)-RA(8)
RA(4)
R=A(2)/A(3) | 4 A(4)=A(4)- | A(6)=A(6)-RA(7) | A(8)=A(8)-RA(9)
RA(5)
REAG2VAG- i | A®M=AG- | AG+2)=A[+2)— | A(+a)=Adi+d)

1) RA(i+1) RA(i+3) RA(i+5)

REANN-  [N+1/A(N+1)=A(N+1)
1)/A(N)

DneMEeHTHI APYTUX CTPOK BBIYUCISIIOTCS IMOCTPOYHO ClI€Ba—HANpPaBO, HAUU-
Hasg ¢ 3—i1 crpoku. Ilocie okoHwanus pa®oThl aiaroput™a (puc. 5.1) B mepBom
CTOJIOIIE TaOIUIBI OYAYT pacmoaratbCcsi OOHOBIEHHBIC AIEMEHTa MaccuBa A.

3amMeTHM, 4TO JaHHBIA aJITOPUTM IeTIecO00pa3HO UCIOJIb30BaTh TOTAA, KO-
r1a MaTeMaTu4yeckasi MOJIeb CUCTEMbl UMEET KaHOHWYEeCcKyto dopmy. B apyrux
CIIy4asX MOYKHO TPUMEHSITh MaTPUUYHBIN aJIfTOPUTM, KOTOPBIH pacCMOTPHUM B Clie-

nyroleM maparpade.
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N,A(1),AQ2)....,A(N+2)

\ 4

< K=1,1,N-1

R:A(K‘)'/A(K+1)

A

\ 4

L=L+2

110 CTPOKaM

\ 4

FLANHL

AN=A()-RA(I+D)

. 1=1,1,N+1 >

Ja

\ 4

10 CTOJIOLIAM

A(1)<0

A 4
HET CAY ne
CAY yCTOMYHBA
/ yCTOMYHBA /
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5.2. UccneqoBaHue yCTOMYUBOCTH CHCTEM 110 HOPMeE M CJIexy
(pyHKIMOHAJIBLHO-TIPEO00Pa30BAHHON MAaTPHLBI
PaccmoTpuM MaTpu4HOe ypaBHeHHe CHCTEMbI

x=Ax+U (5.2)
v marpuy B=1,, —2(1,, — A)_l.
Ecnu 0003HaYNTE COOCTBEHHBIE YHCIIA MaTpHUIbI A qepes Si I = 1,_7’1 , TO IJIA

Matpuiibl |,—A 310 1-S;, a 11 Matpuiis! B:

2

I-s,-

p;=1-

Ocob6ennocTh MaTpuilsl “B” 3akitoyaercs B TOM, YTO BCE €€ COOCTBEHHBIC
quciaa o 10 MOJYJI0 MEHBIIE €IUHUIIBI, €CIIM COOCTBEHHBIC YHCIAa MATPHUIlBI A
JIe)KAT B JIEBOM MOJIYTNIOCKOCTH KOMILJIEKCHOT'O TIEPEMEHHOTO S.

CrnenoBaTesibHO MOKHO YTBEPXKIATh, UTO JII YCTOMYMBOCTU CUCTEMBI (5.2)
HEOOXOMMO M JOCTATOYHO, YTOOBI BBIIIOJIHHIOCH COOTHOIIICHUE

limB* =0, (5.3)
TN IB"|| <1 (m=0,24,....2%), (5.4)

n
re ||B||- mobas u3 HopM maTpuisl B: HB” = max Zbij;
j=1

C npyroii CTOpOHBI, €CJIM MOJIYJIb CYMMBbI JUArOHaJbHBIX 3JIEMEHTOB (ClieN)

Matpuisl B

1S,B| = n, (5.5)
TO HaWAETCSA XOTS Obl OJJHO COOCTBEHHOE YHUCIIO Sj MATPUIIbI A, PacroOKEHHOE B
MPaBOM MOITYIIIOCKOCTH KOMILJIEKCHOTO TTEPEMEHHOTO S.

Ha ocnoBanuu (5.4) u (5.5) MOKHO MOCTPOUTH AJITOPUTM UCCIIEOBAHUS Y C-
TOHYUBOCTU cUCTEMBI (5.2). OH CBOAUTCS K MUKJIMYECKON MPOBEPKE cpazy 2—X yc-
JIOBHIA:

IBM<1 wu  [S,B">n (m=024,...2". (5.6)

5.3 HacToTHBbIE METOABI HCCIACAOBAHUSA MO/IeJIel JIUHEHHBIX CHCTEM

B cooTBeTCTBUU C MPUHIIMIIOM MHO>KECTBEHHOCTH MOJEJEH MpPH HCCIIEN0-
BaHuU 110001 CAY B Ka)XJJ0M KOHKPETHOM CJIydae UCHOJIb3YIOT Ty €€ MOJIelb, KO-
Topasi HanOoJee npucrnocoOeHa A PEUIeHUs] TOCTABICHHON 3a/ladyu MOJIEIUPO-
BaHMUS.

B wacTtHOCTHM A MCClIEIOBaHMS YAaCTHBIX XapaKTEPUCTUK Pa3OMKHYTOM
cucTteMbl U €€ 00BbeKTa MOJIeNIb CUCTEMbl yIO0OHO MPEACTaBUTH B BUJE CHUCTEMBI
YpaBHEHUH yNpaBJIeHUs, COCTOSHUSI 00BEKTa U BbIXO/Ia, T.€.
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X=AX+BU+DZ;
. (5.7)
U=VU+KY+RG;, Y=CX

BBIXO/IA.

3amMeTuM MONyTHO, 4To dopma mojnenu (5.7) ynobHa u Jyisl UCCIeI0BAHUS
peaKuy 3aMKHYTONH CHCTEMbl Ha BO3MYIIAIOIINE BO3JCHCTBUS, MPUIOKEHHBIE KO
Bxoay OVY.

CtpouTh 4acTOTHBIE XapaKTEPUCTUKU pa3oMKHyToll CAY Ha ocHOBE ypas-
HeHul (5.7) MOXKXHO pa3HBIMH CIIOCOOAMH.

1. Cnoco6 ocHOBaH Ha YUCJIICHHOM pPEIIeHUU ypaBHeHUM (5.7).

Ecnu 3agate B (5.7) ;(t) =(0,0,...,sin®,1,0,...,0) » B=R=0, T0 MOHO BBEIYHC-
JIUTh BBIHYXIEHHBIE COCTaBISIOIINE BEKTOPOB I_/uﬁnpn BO3JICUCTBUM |—# CO-
CTaBJIAIOLIEH BEKTOpa Z :
Valen)},  w {UaA]),.

[Ipu 3TOM AJIUTENBHOCTH CUETA IOCTATOYHO MOJIOXKUTH paBHOM (3+5)T, raoe

27
T=2n/®, a mar cuéra /1 < 0,1;.

Omnpenenenne AUX, Hanpumep 10 KaHanaM Zj—Y; ¥ Zj—>U; OCYIIECTBIIAETCS
nocyne o6paboTKu i—ii cocrapisomeil BekTopa | B [kh] su |-t cocTaBnsiomeit
BEKTOpA {U 5 |[ih] }j

a) s 00beKTa Ajj(®) = Yimax(®) ;

(5.8)
0) st cucteMbl Ajj(®) = Uimax(®).
3nauenus ®UX naxonsrcs no ¢popmyiam
AT, o AT, .
0,(@)===1360 @, (@)=~=1360" 59)

rae AT u AT, — casur ¢a3 Mex1y CUrHaJlaMHi COOTBETCTBEHHO Vi, Zj U U, Z;.

2. Cnoco6 0CHOBAH Ha OTBICKAHWH MEPENATOYHBIX MaTpull U pacuére UX no
cooTBeTCTBYIOIUM (opmynam. Eciu nepeiitu B (5.7) k n3obpakenusim no Jlammna-
cy u nonoxuth B=R=0, To MOXHO HaliTH:

Y(s)=C(sl,, — A) "' DZ(s);
U(s)=(sl, = V)" KY(s).

CrnenoBaTeNnbHO TepeaTOYHbIE MATPHUIbI OOBEKTa M YMPABISIONIETO YCT-
POMCTBA UMEET BU/T

Wy2(s) = C(Inm-A)'D; }
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Wuy(S) = (slm-V) K.
OTkyJa nepeaaroyHas MaTpuila CUCTEMBbI
W(s) = Wyz(s)-Wyy(s). (5.10)
Ha ocnoBanuu (5.10) MOXHO MOJYYUTh YaCTHBIE TIepe/iaToHbIC GbyHKIUH,

CBA3BIBAIOIIMEC OTACIBHBIC COCTABJIAIOIINEC BEKTOPOB Z u U

+b
Wvlj (S) - = 1].
a,+b,j-
Torna
Alj (@) =
(5.11)

n (@) = arg(a, +b,j)—arg(a, +b,)),

IIpUYEM
: an : b,

arg(a,, + jb,)=arccos =arcsin — (m=12).

JaZ +b2 JaZ +b2

5.4. UccaenoBaHue JMHEHHBIX MO/eJIeid CHCTEMbI HA OCHOBE NMPUMEHEHN S
KOPHEBBIX, HHTETPAJbHBIX U MPSIMbIX OI[EHOK Ka4eCTBA

Kopnegvie oyenku xaduecTBa IpoLECCOB MOXKHO MOJYYHUTh IIyTEM IOCTPOE-
HUS M aHaJu3a KOPHEBBIX rojorpados. s 3Toro nmpu KakaoM BO3MOKHOM 3Ha-
YEHUU BapbUPYEMOTO MapaMeTpa CUCTEMbI PEIIAl0T €€ XapaKTEPUCTUUECKOE YpaB-
HEHHUE U HaXOAAT €ro KOPHU. A 3aTeM CTPOSIT TPACKTOPUU MUTPAIIMU KOPHEW Ha
KOMILJIEKCHOM TIOCKOCTH. ITocTpouB KopHEBOM rogorpad moyrydyaroT 3aBUCUMOCTh
PACIIOJIOKEHUSI KOPHEN XapaKTEPUCTUUYECKOTO YPAaBHEHUSI CUCTEMbl OT 3HAUEHUU
e€¢ BapbUpPyEMOro MapaMerpa. A MO paclojOKEHUIO KOPHEW, KaK WM3BECTHO W3
TAY, MOXKHO CYyIUTh O CTENIEHW YCTOMYMBOCTU CUCTEMBI, @ TAKKE O MOKA3aTeIAX
KauecTBa €€ MepeXOHbIX MPOIIECCOB.

IIpu nccnenoBaHuu MOJEIEH HA OCHOBE UHMEZPAIbHBIX U BPAMBIX OLICHOK
Ka4yecTBa MOXKHO TPHUMEHHTH CUCTEMHBI METOJ aHanu3a. B dacTHOCTH, eciu B

moxenu (5.7) 3anathb Z=0u G= 0, TO MOXKHO TOJIy9UTh MATPHILy BCEX TapIlH-

anbHBIX cocTaBisomux Yij(t) (i = 1,7) 171 KaXKI0TO g;(t).

ITo coctaBmstonmM Yij(t) MoxxHO mpoBecTn Oojee IiyOOKHi aHANIU3 HCClle-
JyeMOM CHCTEMBbI, HEXKETTU KJIAaCCHISCKUMHU MeToaaMu. Kaxaplii U3 KIIacCHIecKrX
METOJIOB OPHEHTHPOBAH Ha MCCIIEIOBAHUE YETO—TO OJHOTO: TO JIM YCTOWYMBOCTH,
TO JIM Ka4eCcTBa MEPEXOTHBIX MPOIECCOB, TO JIU TOYHOCTH B YCTAHOBHBIIIEMCS pe-
KUME.

Uccnenys napunanbhble coctaBistonye Yij(t) mpu pasaudHbIX BO3MYIICHH-

X, B ToM yucie u npu Z #0,G =0, MOXHO MOTyYnTh UCUEPITBIBAIOIIYIO HH(OP-
MAIIMIO O TIOBEJICHUH MOJIEITH.
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5.5. UccaenoBanue a0CONIOTHON YCTOMYMBOCTH COCTOSTHUSA PABHOBECUSA
HEJIMHEHHOM CHUCTEMBI
HcxoaHoe HEpaBEHCTBO KPUTEPHS a0CONIIOTHOM ycToiunBocTH [lonoBa

. ) 1
Re(l+ jgo)W (jo) + ke 0 (5.11)

JUTSL CHCTEMBI ¢ HEPEPBIBHON HeTMHEHHOCTRIO F(X) mpuaém

OSF(X)Sk<oo, F(0) =0,
X

HeyA00HO 111 TpuMeHeHus: Ha DBM.
ijp !

=0
W(p)=+—
Ecnu yuectb, uTO (P) =" , To yciosue (5.11) MoxHO 3amucaTh B

Zaipi
i=0

anredpanyeckoit popme

S(w):ZgZSa)zs >0 npuw=0 (5.12)
s=0
rac gZS = E2s + kLZs - quZS (S = Oa_n) , B CBOIO Oqepeﬂb
min(s,n—s) . . ~
E, =a’+2 Z (- a,,a, (s=0,n),
i=1
min(ﬁ,n) '
L2s - (_1)S+l aibzs—i (S = Osul )9
i=max(0,25—u) > (5.13)
min(2s—1,n)
s+i+1
G, = Z (-D ab,, (s =0,u,),
i=max(0,2s—u—1) _/
n+u n+u
IpUYEM, €CITU D" >0, mo u =u, = Ta B IIPOTUBHOM CJIy4yae
n+u—1 n+u+1
1/[1 =, u2 =
2 2

Onpeoenenue: J1s BollloNHEHUs] HepaBeHCTBaA (5.12) HEOOXOAMMO U 1OCTATOYHO,
4TOOBI B IEPBOM CTOJI01IEe Tabauiel Payca Obu1o N mepeMeH 3Haka Jyisl MOJIMHOMA!

d, 0" +d, 0" +. . +dwo+d,, (5.14)
rae dy >0, dys = (=1)" gy, dy =2sd,, (s= O,_n)

Anroput™m npoBepku ycioBus (5.12) crpoutcst Takum o0pa3oMm, YTO BHayda-

+
Je ucnoib3yerca = (o = 0, a 3aTeM — MOJOXKUTENbHbBIE ¢ ;.1 W OTpULATEIbHBIE

q ;1 3HAUEHHUS (| BBIUCIAIOTCS MOOYEPENHO 110 popMyIam
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. T -] _ :
g zl/tg[ J} Gn=-q, (G=13.,01-1)

rae |+1 — gucno npuHATHIX mepeOopoB 3HaueHUi (, npuuéM | 3amaércs 4ETHBIM
yuciaoMm. CxeMa ajiropuTMa npuBe/ieHa Ha puc. 5.2.

Beox u, n, k, |, &, b;

A 4

Brraucnenue Eog, Lo, Gos

A 4

g=0, j=1

A 4

Beruncnenue gos, dos, Uos 1

A

\4 HECT
< dg>0
oa ]
\4
Brruncnenue Brruncienune
O AJITOPUTM + -
p y q.j s q j+l
Payca
A
4 HET v na
< N=n > j=j+2 j<I1
a HET
I[ \4 \ 4
Kpurepnii Kpurepnii e
BBITTIOJTHSIETCS BBITIOJTHAETCS

Puc.5.2
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5.6. UcciienoBanmne HeJIMHEMHBIX MO/e/Ie CHCTEM METOAaAMM JIMHEHHOH
TeOpUH U MoAeIupoBaHusi Ha JBM

Henuuelinble MOJEnN ONPENEIEHHOIO Kilacca MOKHO MCCIEN0BAaTh METOa-
MU JTHHEMHOW TEOPHUH. DTO METOJIbl KyCOUYHO—JIMHEWHON anmnpoKCHUMAaIui, rapMo-
HUYECKOW M CTaTHYECKOU JIMHEApU3allMu HeIMHEHHOCTEH, (Pa30BbIX TPACKTOPUMA U
TOYEUYHBIX TPe0oOpa30BaHU, YACTOTHBIN METOJI U APYTHE.

OpnHako BCE 3T METOJBI, XOTS Y MOJIYYUIIM JOCTATOYHO LIMPOKOE PacIpo-
CTpaHEHHE, HO MMEIOT OTPAHMYECHHBbIE BO3MOXKHOCTA. OHM NPUMEHHUMBI JIMIIb K
CHUCTEMAaM, UMEIOLIUM OJIHY WJIM MaJIO€ YHCIIO HEJIMHEMHOCTEN U TO ONPEIEIEHHO-
ro tuna. JInbo korja HelMHEWHass CHCTEMa UMEET HEBBICOKUH, B YACTHOCTH, BTO-
PO ¥ TPETUH MOPSIIOK.

[Ipu pemreHMn MHO2UX TPAKTUYECKUX 3a]a4 UCCIECIOBAHUS HEITUHEWHBIX
CUCTEM HAa OCHOBE MOOEIUPOEAHUA YACTO OKA3BIBACTCS E€IMHCTBEHHO IpPUEMIIE-
MBIM METOJOM. B "yacTHOCTH, €ciu 3aaHa HEJIMHEHWHAs CUCTEMA JJOCTATOYHO BBI-

cokoro nopsiaka ¥ =F(Y,g), Y(0)#0, To pemenue sroro ypaBuenus Ha 9BM,
Harpumep mpu § = 0, MO3BOJISIET MOJMYYUTh BPEMEHHBIE NHArpaMMbl Cpa3y BCEX
MEPEMEHHBIX COCTOAHMS. OTHOBPEMEHHO MOYXHO MOCTPOUTH MPOEKIUU MPOCTPaH-
CTBEHHOU (Da30BOM TPAEKTOPUU CHCTEMBI cpa3y Ha Bce N-1 (pa3oBbie MIOCKOCTH.
[Tox (N-1) — ¢a30BBIMH TUIOCKOCTSAMH MOIPA3yMEBAIOTCS COOTBETCTBYIOIINE CceUe-
HUs (Ha30BOTO MPOCTPAHCTBA C KOOPJMHATAMHU B BUJIE CMEKHBIX TIEPEMEHHBIX CO-
CTOSIHHS, T.€. Y13Y2, Yo VY3,...,Yn13Yn.

W ecau npu 3a71aHUM MAaKCUMAJIBHO JOIMYCTUMBIX HauaJdbHBIX 3HAUCHUM (a-
30BBIX KOOPAMHAT M300paxkaroias ToO4ka OyJeT CTPEMUTCSl B Hayajao KOOPJMHAT,
To nwkeHre CAY OyneT aCUMITOTHYECKH YCTOMYUBBIM Tipu Jito0bix HY.

Ecnu takas sxe kapThHa OyAeT MoydeHa U MPU MAKCUMaJIbHO BO3MOKHOM
TUNOBOM Bo3MyteHHH ((t), TO aHATOTWYHBINA XapakTep IABMIKCHHUS CHCTEMBI CO-
XPAHUTCS TP JTHOOBIX APYTUX BO3MYIIECHUSX TOTO YK€ TUTIA.

Hakonen, ecnu m3o0pakaromiasi Touka
CHUCTEMBbl YKaXET Ha HAJIMYUE NPEACTIHHOTO
[MKJIa, TO HEOOXOIUMO MOBTOPUTH PACUET
NepeMEHHBIX cocTosiHus. [Ipu 3TOM TOUKY
HAYaJIbHOTO COCTOSIHUSI CUCTEMBbI HYXKHO 3a-
JaTh BHYTPH LKKIa. Jleno B TOM, 4TO B HEJHU-
Y1 meitupix CAY 3a4acTyr0 MMEETCS JBa IIpe-
JNEIbHBIX  [HKJA:  OJHWH, —MAaJlbIi,
HEYCTOWYUBBIN M BTOPOW, —OOJNBIION, —
ycTouuBbIH (puc. 5.3).
JIBUKEHHE CHCTEMBI B 3TOM Clly4yae yc-
TOWYHUBO B MAJIOM, HEYCTOWYHUBO B CPEIHEM U
Puc.5.3 yCTOMYHBO B OOJIBILIOM.

NTps

NN
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5.7. IlapameTpuyeckasi ONTUMHU3ALMS HEJUHECHHBIX MOJeJIeH CUCTEM
E€ ocymecTBIAOT myTéM HANPaBJICHHOTO U3MEHEHUS NMapaMeTPOB MOJIEIIH
X1, X2, ... , Xm C LEIBIO TOCTHXKEHUS SKCTPEMYMa 33JJaHHOTO KPUTEPUS ONTUMU3A-

umu (KO) F(x). IlpakTuuecku, ONTUMH3ALMs 3aKJII0YAETCSd B BBIIOIHEHHHU I10-

CJIEIOBATEIbHOCTH IIarOB U3MEHEHHsI BEKTOpA IApaMETPOB X B OIPEACICHHOM
HanpasyieHuu. 11 BbIOOpa HalpaBieHUs IBUKEHUS HAa KaXXO0M IlIare MO>KHO HC-
10J1b30BaTh HH(popmanuio o 3HaueHnu KO u ero 4acTHhIX NMPOU3BOJHBIX 110 ONTH-
MU3UPOBAHHBIM mapamerpam X; (i =1,m).

MeTonbl HyJI€BOTO MHoOpsAka (IpsMble METOJBI MJIM METOJbI IOMCKA) UC-
NOJIB3YIOT TOJIBKO 3HaueHHusI KO. D10 MeToapl NOKOOPAMHATHOIO CIYCKa, CIydaii-
HOTO CIYyCKa, CUMIUIEKC—MeTOo U Ap. OOImMl HeTOCTATOK 3TUX METOJA0B—HU3Kas
cKopocTh cxoauMocTu. Ho oHu 3¢ (eKTUBHBI TOra, KOraa MUHUMU3HpyeMasi 1e-
neBasg PyHKIUS HE SBISAETCA IJIaJAKON M MO3TOMY METOJbI C BBICOKOW CKOPOCTBIO
CXOJUMOCTH HETIPUMEHHUMBI.

MeTtoasl nepBoro nopsiika (rpaJiueHTHbIE) UCIONb3YIOT IOMUMO 3HAYEHUN
1eneBor (PyHKIMHU, 3HaUeHUs €€ mepBbIX NMpou3BOAHbIX. lIpocTeimuii U3 rpaau-
€HTHBIX METOJ0B — METOJ HauCKOpeHuuero cnycka. Hegocratok 3toro mMeroga —
TOKE HHU3Kasg CKOPOCTb CXOJUMOCTH, €CJIM MUHUMHU3UpYyeMas (QYyHKIUS SIBISETCS
“OBpaXkHOI1”.

MeTonbl BTOPOro mopsiika TpeOyroT TOMOJHUTEIBHO BBIYMCICHHSI BTOPBIX
IIPOU3BOJHBIX U UMEIOT OBICTPYIO CXOAUMOCTh. HO OHM MpUMEHHMBI TOT1a, KOraa
(GyHKUHMS 1eNd SBISIETCs] BBIMYKJIONW U JOCTaToOYHO riaakoil. [lostomy npu ontu-
Mu3annu Monenu Ha OBM pexomeHayeTcs nenosb30Bath [19] MeToapr HyseBoro
MOPSAAKA.

PaccmoTpum anroputM CiydaiiHOTO MOWMCKA C aJanTalued pacupeaciieHUs
npoOHBIX maros (puc. 5.4). [lpupamenue st MPoOHOTO IIara Ha i—M JTare 3TOro

aNropuTMa BHIOMpaeTCca paBHBIM S, = 4,&,, Tie Aj — (NXN)— Matpuia; $; — ciy-
YailHBI BEKTOP, PABHOMEPHO pacTpe/eEHHBINA Ha TOBEPXHOCTU N-MEpHOH chepbl
eAMHUYHOTO paauyca. Marpunia A; mpeobpasyer N—MepHyro chepy B N—MepHbIT
AIUTUTICOU]I, Ha TIOBEPXHOCTU KOTOPOTO pacIpeesieHbl TPOOHBIE CIydaifHbIe TOY-
KH.

B nporiecce moucka matpuiia Al U3MEHSICTCS TaKUM 00pa3oM, YTO DILIHMIICO-
U] PacCTSATHMBACTCS B yJIaUHOM M C)KMMaeTCsl B HEyJIauHOM HampaBieHusx. [1ycTs,

HAIIPUMEp, U3 TOUKHU TMOMCKa X; nenaercsa npoOusii mar §; = 4.&, . Ecam oH oka-

3bIBACTCS HCYAAYHBIM, TO ACJIACTCA HOBBIN Hp06Hblf/'I mar B IIPOTHBOIIOJIOKHOM
HaIlpaBJICHUH. B CJIydac yJadHOro mara, OCymcCTBIIACTCA CIIYCK B BBI6paHHOM
HarpaBJICHUH C YBCINMYCHHBIM IIArOM. B PE3YJIbTATC HAXOJUTCA HOBAs TOYKA I10-

ucKa X, =X, +),;S, . roe V; = 0 IIpU HEYJAYHbIX LIarax u ); #* 0 IIpYU YAAYHBIX
marax.
KoppekTrpoBka MaTpuiibl Al OCYIIECTBIISAETCS IO GopMyIIe
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- T
SiSi Ai
-7 - y

Si Si

Ai+1 - Ai + (ﬁz —1)

rae Bi=05npuy; =0; Bi=|yi|opuy;=0.
[Tpu TakoMm mpeoOpa3oBaHUU SJUIMIICOM] PaCTATMBACTC, eciu B > 1, wiu

CXKHUMAcCTCi, — CCIIN Bi < 1, — B HaAIIPpaBJICHHUH BEKTOpa §; (OCTaBaSICI) HCU3MCHHBIM

B OPTOTOHAJIBHBIX S; HaHpaBHCHH}IX).

‘ Ha4daJlo )

[
P
A

y
S=AE, y=X+s
,Y:]_ \ 4

na
F(y)<F(x) 7\ >

HET \4

na e

HCT

< B=lv|

ITouck
OKOHYEH

KOHCL

Puc. 5.4.
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5.8. Auiroput™m omnpeneneHus nNpeaeJabHOro KO3 uuueHTa yCuJaeHus
HEJIMHEMHOM CHCTEeMbI ¢ A0COJIIOTHO YCTOMYMBBIM
COCTOSIHMEM PaBHOBECHS

OH OCHOBaH Ha WCIOJIL30BAaHUU PAaHEE PacCCMOTPEHHOro B §5.6 anroputma
aHaJIn3a abCOIIOTHOM YCTOMYMBOCTU B COUYETAHUU C METOAOM JICIICHUsI UHTEpBajia
nononaMm. O6o3HaunM: yepe3 Ky — KO3 (PUIUEHT yCUIeHUs] HETMHEIHON CUCTEMBI,
npuuéM Ky = K-Kjj, Ii€ Kjy — Koadduuuent ycunenus JIY cucremsl, a k — k03pdpu-
LIMEHT HAKJIOHA OIrPAHMYMBAIOLICH CEKTOpP PacIOJIOkKEHUs XapakTepuctuku HO; ¢
— OTHOCHUTENbHAsI MOTPEIIHOCTh ONPEAENICHUs NMPEAEIbHOro KoapduuueHTa ycu-
JIEHUS; K1 U K» — COOTBETCTBEHHO HWKHSS U BEPXHSS TPaHMIIA JOMyCTUMBIX 3Hayde-
HUHN Ky, h — mar m3meHenunss k; M — BcrioMorareibHas rnepeMeHHas; | — umcio
NPUHATHIX U1 epedopa 3HaueHuii napametpa [lomosa “q”.

Cxema ajiropuTMma MpuBeeHa Ha pUC. 5.5, a paboTaeT OH CJIEAYIOIIHUM 00-
pasom.

CHauana npou3BOAMTCS NPOBEpKa BbINOJHEHUS KputTepus [lomoBa s
Ky=Ky. ECiii KpuTepuii BEIOJIHAETCS, TO Ky IPUHUMAETCS 3a MIPEAEIIBHOE 3HAUYCHUE
Ky. ET0o 3HaueHne BHIBOAUTCS Ha MEeYaTh U aJITOPUTM CBOIO padOTy 3aKaHUMBAET.

Ecnu s 3Hauenus k, kpurepuii [lornosa He BbImoaHsAeTCs, TO nHTepBai (0,
K) JICJIATCS TIONOJIaM | TIPOU3BOUTCS TpoBepKa Kpurepus [lomoBa s ky= Kof2.
B 3aBucumoctu ot pesynpTaTa NpoBepkH HOBbIN nHTEpBai (0, K»/2) CHOBa AenuTCA
nomnonaM. M tak 1o Tex nop, noka He OyneT HalJeHO ¢ 3aJaHHON TOYHOCTbHIO 3Ha-
YEeHHE MPeIeIbHOro Ko (hUIMEHTa YCUIICHHUS.

[TonyyeHHoe 3HaUYe€HHE MPEAEIBHOIO KO3(DPUIMEHTa BRIBOJAUTCA HA NeYaTh
Y aIrOPUTM CBOIO pabOTy 3aKaHuuBaeT. Eciin ske HU B OAHOM TOUKEe MHTEpBaia (Ki,
Ky) Kputepuii [TornnoBa He BBIMOIHAETCS, TO HA MeYaTh BHIBOAUTCS TeKCT: “Kpure-
U HE BBITIOJHAETCS .

OTnuuuTenbHas 0COOEHHOCTh PACCMOTPEHHOIO aJITOPUTMA 3aAKJIHOYAETCS B
TOM, YTO OH IpeaycMaTpUBaeT Nepedop 3HAYCHU JTUIIb OJHOW MepeMeHHOou (, a
HE JABYX ( M ® KaK B APYI'MX U3BECTHBIX aIrOPUTMaX.
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BBOJX Kj, K1, K2,

Kg=K2

A 4

u, n, I’ aj bi
A 4
h=k=Kk,/K
M=1
)
[IpoBepka HeT
KpUTEpUS » M=2
Ilonosa ‘
Aa v A —> K’K_H<K1
M:
— M > =
il HET
M=3
v HET hit:) -
< hk<e M=2 L‘;E/ 2
v A HET
Kp=K-KJp ‘ h=h/2
> * k=k+h
\ 4
ITeuats Ky v

<
<

Kpurepuii He BbI-
MTOJIHSAETCS

\ 4

‘ KOHEI )

Puc. 5.5.
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6. UIMUTALIMOHHOE MOJEJIUPOBAHUE
6.1. Onpenesienue, nejib, 10CTOUHCTBA U HEAOCTATKA HMHUTAIIMOHHOI'0
MO/IeJTUPOBAHUS

NmMuTanmoHHOE MOAECIUPOBAHUE — ATO MPOLIECC AITOPUTMUUYECKOTO OMHUCa-
HUS paOOThl CHCTEMBI, €r0 MPOTPAaMMHOM peaiu3allii, a Tak)Ke IUIAaHHUPOBAHUS,
MPOBEJICHUS] U O0OpabOTKH Pe3yJIbTaTOB 3KCIIepUMeHTa ¢ “U” MOAeNbI0 CUCTEMBI
Ha OBM.

[lenb MMHUTAITMOHHOTO MOJEIUPOBAHUS 3aKJIIOYACTCS B TOM, YTOOBI, BO—
MEPBBIX, OMHUCATh MOBEJAECHUE CUCTEMBI; BO—BTOPBIX, IOCTPOUTH U MPOBEPUTH T'H-
MOTE3bl, OOBSCHSIONINE MOBEJACHNE CUCTEMBI; B—TPEThUX, UCIIOIb30BaTh 3TH THUIIO-
TE3bI JUISl TIPEJICKAa3aHMs TTOBEACHUSI CUCTEMBI TIPU U3MEHEHHUM €€ CTPYKTYpBHI, Ia-
paMeTpOB WJIM BHEIIHUX BO3JEeHCTBUH [22].

NmMuTanmoHHOe MOJIETMPOBAHUE 11€JIECO00pa3HO MPUMEHSTh MPU HAIUYUU
OJIHOTO U3 CIEAYIOIMNX YCIOBUH [22]

1) He cylmecTByeT 3aKOHYECHHOW MaTeMaTHYECKON IMOCTAaHOBKH 3aJladdl HCCIICIO-
BaHUs, JIMOO elé He pa3pabOoTaHbl aHATUTHYECKUE METO/IbI €€ PEIICHNUS,

2) aHAIMTUYCCKUE METOJBI HMMEIOTCS, HO MAaTeMaTHYEeCKHE IPOICIyphl CTOJb
CIOXKHBI M TPYAOEMKH, YTO MMUTAIMOHHOE MOJECIUPOBAHUE SIBISETCS Ooliee
MIPOCTBIM CIIOCOOOM PEIICHUS 3a1a4H;

3) aHAIMTUYCCKUE PEILICHHS CYIIECTBYIOT, HO MX pealH3allis HEBO3MOXKHA M3—3a
HEJIOCTAaTOYHOM MaTeMaTHUYE€CKOW MOATOTOBKM HcclienoBaTessi. B aToM ciydae
HE0OXO0IMMO, TIpaB/ia, COTIOCTAaBUTh 3aTpaThl HAa MPOEKTUpOoBaHUEe M-Moaenu u
AKCIIEPUMEHT C HEW C 3aTpaTramu, MO NPUIVIAIICHUIO CHEIUAIMCTOB CO CTOPO-
HBI;

4) KpoMe OICHKH OIpPEACIEHHBIX MMapaMeTPOB, JKEIAaTeIbHO HAOIIOJICHUE 3a XO-
oM nipoueccoB U-monenu;

5) CIOXHOCTH WJIM HEBO3MOXKHOCTh IIOCTAHOBKU HATYPHBIX SKCIIEPUMEHTOB;

6) HeoOXOaUMOCTh KOHTPOJIS W aHaju3a OYCHb OBICTPO MM MEUICHHO IPOTE-
KaloIUX MPOIIECCOB.

Kpome Toro, -monennpoBanne mo3BOJISIET NOIYYUTh PELIEHUE HEKOTOPBIX
3a/1a4 UTEPAIMOHHBIM METOJIOM, T.€. TIOCPEACTBOM pa3pabOTKH MOCIIeI0BaTEeIbHO-
CTH MOJICJICH.

Bnauasne npoekTupyeTcsi U UCCIEAYETCSI MOJIETb IEPBOTO MOPSIKA CIOKHO-
ctu. Ha ocHOBe pe3ysbTaToOB MCCIASIOBAHUS ITOM MOJICIIA CTPOUTCS Oojiee CIOXK-
Has W TIOJHAs MOJIETh BTOPOTO TOPSAJIKA CIOXKHOCTU. B ciydae HEOOXOIUMOCTH
CO3/1a€TCAd MOJIeNIb 3—TO0 MOpSAKAa CIOKHOCTH. M 3TOT WTEepalMOHHBIN ITpoIecc
MPOJIOIKAETCS IO T€X TMOp, MOKa He OyJeT MojydyeHa MoJieb, HauboJiee aaeKBat-
Has JIJIsl pelIeHUs MOCTAaBJICHHOM 3a1auHu.

WTepallMOHHBIA METOJI MPUMEHSIOT, B YAaCTHOCTH, TOT/A, KOTJA JJIs TO-
CTPOCHMS CIIOKHOM U TMOJHOM MOJEIN Ha MEPBOHAYAIBHOM AdTarie HEeT J0CTaTOu-
HOU MH(pOpPMALIMU O CUCTEME.

CnenuanucraM ¢ BBICOKOM MaTEeMaTUYECKOM MOJATOTOBKOM MMHMTAIIMOHHOE
MOJICITUPOBaHUE TPEJCTABIISICTCS WHOT/AA TPYObIM CHUJIOBBIM HPUEMOM HWJIU IIO-
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CJIEIHUM CPEACTBOM pelieHus 3a1aund. O HaKo HECMOTPS HA HEJIOCTATOYHYIO Ma-
TEMAaTUYECKYI0 CTPOTOCTh MMHUTAIMOHHOE MOJICIUPOBAHUE SIBISETCS OJIHHUM U3
HanOoJiee MUPOKO PACIPOCTPAHEHHBIX WHCTPYMEHTOB B PyKax HCCIIEIOBATEIIS—
MPaKTHKA.

Heoocmamku umumayuoHH020 MOOEIUPOBAHUA:

1) pa3spabotka xopoieii i-mMoaenn gacto TpedyeT MHOTO CPEACTB M BpEMEHH, a
TAK>K€ BHICOKOOJAPEHHBIX CHEIUAIUCTOB;

2) —mopaenb B MPUHIKMIIC HE TOYHA, M UCCIIEI0BATE]Ib HE B COCTOSIHMHM U3MEPHUTh
CTEIMeHb ATOM HETOYHOCTH. YaCTHMYHO 3TO 3aTpyJAHEHUE MOXKET OBITH IIPEOJI0-
JIEHO MYyTEM aHaJIn3a YyBCTBUTEJIILHOCTHA MOJICJIM K U3MEHEHUIO €€ MapaMeTpPOB;

3) Pe3ynbTaThl HMMHTAIHOHHOTO MOJCIUPOBAHUS SIBJISIFOTCS YUCICHHBIMA U HOCST
YaCTHBIM XapakKTep.

6.2. IlocTpoeHne KOHUENTYAJbHOM MO/IEJIM CUCTEMbI U €€ (popMaIU3aALHUHU
OTO MEPBBIM ATall UMUTALIMOHHOTO MoAenupoBaHusa. OH, B CBOIO OYEpPENb,

JIEIUTCS Ha MOAITAIIbI.

1. TlocranoBka 3agaun mojaeaupoBanusi. OHa CBOJIUTCS K YETKOU (POpMYTUPOBKE
3a/1a4y, BKJIKOYash METOAOJOTHIO M TOPSAOK €€ pemieHus. B dactHocTH, OHa
JIOJKHA BKJIFOYATh B Ce0s CIEAyIOIIee:

— TMOATBEPKACHHUE CYIIECTBOBAHUS 3a/1a4l U HEOOXOAUMOCTH €€ peLIeHUs Y-
TEM MOJEIIUPOBAHUS;

— BBIOOp METOJUKHU PELIEHUS 3aJaui C YYETOM UMEIOLINXCS PECYPCOB;

— ompeneneHue Maciitada 3aJaud 1 BO3MOXKHOCTH €€ pa30ueHus Ha 1moja3ajia-
qu;

— TPUOPHUTETHI PELICHUS M0/13a/1a4;

— TpeajiaraeéMble UM BO3MOXKHBIE METObI PEILICHHUS;

— o0ocHOBaHuE TPeOOBAHUI K MPOTPAMMHO—TEXHUUYECKUM CPEJICTBAM.

2. Amnanmms 3amaun mojenupoBaHus. OH mperycMaTpUBaeT:

— BBIOOp U OIpeesieHne apaMeTpoB U nepeMeHHbIXx Mojenu CAY;

— BbIOOp Kputepus (mokazarensi) 3¢ PpeKTUBHOCTH nporecca (PyHKIIMOHUPOBA-
HUS CUCTEMBI,

— BBIOOp BUA aNMIPOKCUMAIIUU MTPOLECCOB JIsl MOJEIIH;

— IpeIBapUTEIbHBIM aHaJIW3 BTOPOrO 3Tala MOJEIUPOBAHHS, KOTOPBIA 3a-
KIIroyaercs B anropurmuzanuud mojenu CAY u e€ nmporpaMMHOM peanu3a-
AH,

— TpeIBapUTEIbHBIN aHadu3 TPETHEro 3Tana MOJEIUPOBAHMS, KOTOPBIA 3a-
KJIFOUAETCA B MOJTYUYEHUHU U aHAIM3E PE3yJbTaTOB MOJICIIUPOBAHUS CUCTEMBI.

3. Onpenenenue TpeOOBAHUM K UCXOIHON MH(pOpMAIIMK U opraHu3aius e€ coopa.
[Ipu onpeneneHun TpedOBaHUIN K MCXOAHOW MH(MOPMAIIMH HEOOXOIUMO OTBE-
TUTb Ha TPU BOIIPOCA:

1) xakyro nH(GOPMAIIHMIO CICIYET CYUTATh HEOOXOAMMOH?

2) TJie MOKHO MOJIYYHUTh 3Ty HH(DOpMAIHO?
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3) KakMMHU METOJIaMU MOXKHO IMPOU3BECTH IMPEABAPUTEIHHYI0 00padOTKy WH-
dbopmanmu o cucreme?

[Ton cObopom mH(pOpMaLMK O cUCTEME MOHUMAETCs €€ MOWCK W OIEHKa Ha
COOTBETCTBHE PEIIAEMOM 3a1a4de. B 4acTHOCTH, 3TO: MPOCMOTP ¥ AHAJIN3 UCTOYHHU-
KOB Hay4YHO—TEXHUUECKON nHpopMauu (pedepaTUBHBIX KyPHAJIOB, OIIEPaTUBHOMN
CUTHAJIbHON MH(POpMaALMU, TEXHUUYECKON JINTEPATYypbl, HAYYHO—TEXHUYECKUX OT-
4ETOB); MOATOTOBKA AlPUOPHBIX JAHHBIX; aHAJIU3 UMEIOLIUXCS SKCIEPUMEHTAb-
HBIX JIaHHBIX.

ITpu orcyTcTBUM HE0OX0AUMOW MHPOpPMALUU €€ UICTOYHUKAMHU MOTYT OBITh
TaK)K€ HATYPHBIN SKCIIEPUMEHT, (PU3MUECKOE MOEIMPOBAHUE U MOJAEIMPOBAHUE
Ha OBM.

CoOpannast napopMaIlis He BCeria UMEeT BU, YAOOHBIN I HEMOCPEICT-
BEHHOI'O NMPUMEHEHHsI. IMEeHHO 03TOMy OHa MOJBEpraeTcs MpeaBapUTeIbHON 00-
paboTKe M aHaJIU3y, B TOM YHCIIe U ¢ ToMoinbio DBM [6].

4. BuIaBUKEHHE TUIIOTE3 U MPHUHITHE TOMYIICHUH TUITOTE3bI HEOOXOAUMBI UCCIIe-
JIOBATEJIO ISl 3allOJIHEHMS TPOOEIOB B MOHMMAHUU 3a/1a4yu MOJEIupoBaHus. B
YaCTHOCTH, TIPU HEIOCTATKE MCXOJHOW MH(POPMAINH BBIIBUTAIOT TUIIOTE3Y OT-
HOCHUTEJIBHO BO3MOXHBIX PE3yJlbTaTOB MojeaupoBaHusi. CripaBeauBOCTb T'H-
10TE3 IPOBEPSIETCS IO pe3ysIbTaTaM SKCIIEPUMEHTA C UMUTALIMOHHON MOJENbIO
CUCTEMBI.

Jlomny1ieHus: MpUHUMAIOT TOT/AQ, KOTAa HEKOTOPhIE JaHHBIE O CUCTEME HEU3-
BECTHBI WIN UX HEJb3s NOJYyYUTh. A TaKK€ OHU MOTYT BBIJBUTAThCSI OTHOCUTEI b-
HO M3BECTHBIX JaHHBIX, KOTOPHIE UTPAIOT BTOPOCTENEHHYIO poiib. Jomymienus no-
3BOJISIFOT YIPOCTUTH MOJIENb cucTeMbl. OIHaKO MPaBOMEPHOCTb UX NMPUHATHS Cile-
JyeT MHOTOKPATHO TPOBEPSITh.

5. Ompenenenvie mapaMeTpoB U MEPEMEHHBIX MOJIENH.

[Ipexxne uem mepeiTu K onucaHuio mMatematuyeckod mozenu CAY, HeoO-

XOJMMO OTPEACTUTh e€ mapaMeTpsl Ny, K =1,7, , BXOIHBIC U BBIXOHBIC MTEPEMECH-

Hele X, I =1,n,,Y;, j=1,n,, a Takxke Bo3elcTBHUA BHEIIHEH cpeapl vy, [ =1,n, .

KoHeuHoil 11enblo 3TOro noA3Tana siBiaseTcsl MOArOTOBKA K MOCTPOECHUIO Ma-
TEMaTUYECKOW MOJIENIN CUCTEMBI S.

A 11 3TOro HeoOXOJIMMO OIKCAaHUE BCEX MapaMeTpPOB M IMEPEMEHHbBIX.
Onucanue KaxJI0ro napameTpa 1 epeMEeHHOM JOJDKHO COAEpKaTh CIEIyIOLIEe: a)
OIpe/eNieHNe U KPaTKyl XapaKTepUCTHKY; 0) CUMBOJ O0O3HAU€HUS U €IUHUILY
U3MEPEHHUS; B) MECTOPACIIOJIOKEHUE B MOJENH.

6. Ompenenenne CTPYKTYpbl U BEIOOp MeTo/Aa mocTpoeHust mojenn. OHU ocyle-
CTBJIAIOTCS] C YUETOM MPUHATHIX TUIOTE3 U JOMYILIEHUN Ha OCHOBE: a) (hopmy-
JUPOBKHU 3a/1a4d MOJEJIHMPOBAHUA; 0) CTPYKTYpbl MOACIUPYEMOU CUCTEMBI U
anroputMma €€ padoThl; B) BO3JECHCTBUI BHELIHEH CpPEJlbl; T') BHIOPAHHBIX METO-
JIOB M CPEJICTB PEIICHUS 3aJaUH.

7. BwiOop noxkazarens >3gdektuBHOCTH cucTeMbl. [lokazarens 3¢pheKTUBHOCTH —
ATO MHTErpajbHbIM MM YAaCTHBIM KpUTEPUH OLIEHKH KadyecTBa (PYHKIIMOHHPO-
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Banusi CAY. OH sBnseTcsa QyHKIHMEH MapaMeTpoB U MEPEMEHHBIX CUCTEMBI U
MO3BOJISIET OLIEHUTh €€ PEaKLUIO HA UX U3MEHEHUE.

8. Ompenenenue mpoUeAypbl anmpoKcUManuu. JJis anmpoKCHMaluu peaibHbBIX
MPOLIECCOB, MPOTEKAIINX B MOJACIUPYEMOM CUCTEME, MPUMEHSIOTCSA 3—1 BUAA
MoOJIeJIei: a) IeTepMUHUPOBaHHAsA;, 0) BEPOSATHOCTHASI WJIM CTOXAaCTHYECKAs; B)
MaTEMaTUYECKOIO 0KMIaHHUS.

B nerepmuHNpOBaHHON MOJENN OTCYTCTBYIOT CIIydallHbIE 3JIEMEHTHI (T1apa-
METPbI ¥ BHEILIHUE BO3/IEUCTBUSA).

Takne Mozaenn IpUMEHSIOTCS TOraa, koraa B Mmoaenupyemon CAY BeposiT-
HOCTHBIE (PAKTOPBI MO0 OTCYTCTBYIOT, IMOO UMHU MOXHO IpeHeOpeub. Pe3ynpra-
Tbl MOJCJIHMPOBAHUSA OJHO3HAYHO ONPEIECIAIOTCS II0 3aJaHHONH COBOKYITHOCTH
BXOJIHBIX BO3/ICICTBUH, NapaMETPOB U NEPEMEHHBIX CUCTEMBI.

B BeposSITHOCTHOI MOAENH pe3yabTaThl MOAEIUPOBAHUS 3aBUCAT OT CIydai-
HbIX (hakTOpoB. IIpH 3TOM pe3yabTaThl MOJETUPOBAHUS MOTYT OBITh ONpPEAEIICHbI
TOJIBKO B BEPOSITHOCTHOM cMbIce. [I[pruéM UxX momyqaroT myTéM CTaTUCTUYECKOTO
MozaenupoBaHusl MetogoM MonTte—Kapio.

B Mozenu mMaTeMaTH4eCKOTO OXUAAHUS MPUCYTCTBYIOT BEPOSITHOCTHBIE I1a-
pameTphl U (UJM) BXOAHBIE CUTHAJIBL. Takue MOJAENU MPUMEHSIOTCS TOr/a, KOrjaa
HEOOXOJMMO OIPENEIUTh CPEIHUE 3HAUYEHHUs BBIXOJHBIX NepeMeHHbIX. [Ipuuém
JUISL UX OIpenieeHus npumMeHeHne Mmerona Monre—Kapio HeuenecoobpasHo.

9. Onucanue KOHUENTyalbHOM Mozenu cucteMbl. Ha aToM mojsrane npoBoauTcs
NOJpOOHBIA aHaIU3 3aJaydl MOJEIUPOBAHUS, PACCMATPUBAIOTCS METOJIbI €€
pelieHns U Aa€Tcs IeTalbHOE OMMCAHUE KOHILIETITYaJIbHOM MOJIENH B aOCTPaKT-
HBIX TEPMUHAX U MMOHATHUSAX.

10./1ms1 mpoBepKH AOCTOBEPHOCTH KOHIENTYATbHOW MOJIENN HCIONB3YIOTCS OTe-
pauuu oOpaTHOro nepexoga. JTO MO3BOJIIET BEPHYTHCS OT MOJEIM K MPHUHS-
THIM aNMPOKCUMALIMSM U PACCMOTPETh CHOBA peajibHbIE MPOIIECCHI, MPOTEKAIO-
mme B moxaenupyemorn CAY. IlpoBepka ITOCTOBEPHOCTH MOJIECNIH JIOJKHA
BKJIIOYATh: @) MPOBEPKY 3aMbICiIa MOJAENH; 0) OLIEHKY JOCTOBEPHOCTH UCXOIHOM
uH(pOpMaIUK; B) pACCMOTPEHUE MOCTAHOBKM 3aJla4yd MOJEIMPOBAHUS; T) aHa-
JIN3 MPUHATHIX alllPOKCUMALMI; 1) HCCIEAOBAHUE TUIIOTE3 U JOITYLIEHU .

6.3. AnropurMu3anusi MoJeJIM U €€ MAIIMHHAA Peau3aius

DTO BTOpOW 3Tal MOJEIMPOBAHHUS, KOIJa aOCTpaKTHas KOHICNTyalbHas
MOJIEJIb BOTIONIAETCS B KOHKPETHYIO MAIIMHHYIO Moiesb. OOmIuii 3amMpIcen Mojie-
JM U300paXkaeTcs B BHJE JIOTUYECKOW CXEeMbl Mojenupyroriero airropurma. Co-
CTaBIsACTCA JAeTajJbHOE MaTeMaThuueckoe omucanue. I[lo jormuecko cxeme anro-
pUTMa COCTaBJISIETCS cXxeMa ImporpaMmMbl. OHa ompeneisieT coO00H MHTEPIPETAIUIO
JIOTUYECKON CXEeMbl MOJICIIUPYIOIIETO arOpUuTMa Ha 0a3e KOHKPETHOTO aJIrOPUT-
MUYECKOTO si3bIKa. JIJIsi HauepTaHUs ATUX CXEM MCIOJIb3YyeTCs HaOOp CHUMBOJIOB,
onpeaensieMbix coorBeTcTBYOIUM ['OCToMm.

DTan alropuTMHU3ali MOJEIM CUCTEMBI U €€ MAIMHHON peain3aluu Cco-
CTOUT U3 CIEAYIOIINX MOAITAIOB.
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NOCTPOEHUE JIOTUYECKOM CXeMbl Mojenu. Kak mpaBuio MoJenb CTPOST IO
OJIOYHOMY TIPUHITUITY. DTO 00ECTICUNBAET OMPEACIEHHYIO0 THOKOCTh B MPOIECCE
e€ OTJIaKH U dKCIUTyaTtanuu. [lpyu mocTpoeHnn MOAETU IPOBOAUTCS pa3OreHHe
nporecca (yHKIIMOHUPOBAHUS CUCTEMBbl Ha OTAEIbHBIC IOCTATOYHO AaBTOHOM-
HbIE MOAMNponecchl. TakuM 00pa3oM MOENb MOApPAa3AeIseTCs Ha MOIMOJICIH,
KaXJasi U3 KOTOPBbIX, B CBOIO OYepelb, MOXKET ObITh pa3Oura Ha eme Oosee
MEJIKUE DJIEMEHTHI.

[lonyyeHne MareMaTH4ECKUX COOTHOIIEHUN. OIHOBPEMEHHO C MOCTPOEHUEM
JIOTUYECKOM CXEMBI MOJIEIN COCTABIIETCS €€ MaTeMaTndeckoe onucanue. [Ipu-
4éM MaTeMaTUYECKUE COOTHOIIICHHUS 3aMMChIBAIOTCS B BUJIE SIBHBIX (pyHKIMil. B
TO BpeMs KakK Ha 3Tale COCTABJIEHUS KOHIENTYAJIbHOW MOJIETW OHU MOTJIU
OBITH MpEACTaBICHBI B HEABHOM Buie. [lo Mepe BpIBO/Ia MaTEMaTUUYECKUX CO-
OTHOUIEHUI OHU BHOCSTCS B JIOTUYECKYIO CXeMy Mojenu. Jlornueckas cxema
Mojsiend CAY noJKHA MTOJTHOCTBIO OTPAXKaTh 3aJI0KEHHYIO B HEW KOHIICTIIIHIO, a
TaK)K€ UMETh 0003HaUYECHHE, HYMEPAaLMIO U ONMCAaHUE BceX OJIOKOB ¢ UX HanMe-
HoBaHusAMHU. [Ipruém yacTte npoueccoB B Mojenu CAY moxer ObITh onucaHa
aHAJIMTHUYECKH, a Jpyras 4acTb MOXET HUMHUTHUPOBATHCS COOTBETCTBYIOLIMMU
aNrOpUTMaMH.

[TpoBepka TOCTOBEPHOCTH JIOTMUECKOM CXEMbl MOJENIN HEeoOXoauMa ISl MOJI-
TBEPXKACHUS TOrO, YTO JIOTMYECKAsl CXE€Ma MOJEIIM U HCIIOJIb3yEMbIE B HEU
YPaBHEHUS JTOCTATOYHO TOYHO OTPAXkAIOT PEaJIbHBIE MPOLIECCHl B MOJEIHpPYE-
Moit cucteme. [Ipu 3TOM JOMAKHBI OBITH MOTYYEHBI YTBEPAUTEIbHBIE OTBETHI Ha
CJIEYIOIIKE BOMPOCHL: 1) MO3BOJISIET JIM 3aMBICET MOJENU PELIUTh OCTaBIICH-
HYIO 3a7a4y? 2) JIOCTaTOYHO JIM TOYHO 3TOT 3aMbICET OTPaXXEH B JIOTUUECKOM
cxeme Mojienu? 3) I0CTaTOYHO JIM MOJIHA JIOTHYecKas cxema mozenu? 4) mnpa-
BUJIbHBI JIA UCIIOJIb3yEMbIE MATEMATHUYECKIE COOTHOLLICHUSA?

Bb160op BeIuMcIHTENBbHBIX CcpeacTB . Ha 3ToM nmopaTarne pemaercst BONpoc O Bbl-
oope OBM s peanuzanii MOJACIH CUCTEMBI. ITO MOXeT ObiTh U ABM, u
[IBM, u ALIBK. Ilpu BbiOOpe DBM yuuTHIBalOT claeAyromue TpeOOBaHUA: a)
HaJM4he HEOOXOIMMBIX MPOTPAMMHBIX UM TEXHUYECKUX CPEACTB; 0) AOCTyn-
HOCTh BbIOpaHHOW DBM; B) MUHUMAaJbHBIE TPYA03aTPATHI IPU MAITUHHOMN pea-
JU3alUHA U SKCIUTyaTallud MOJEIIN; I') BO3MOKHOCTh CBOEBPEMEHHOIO IMOIyYe-
HUS pe3yJIbTaTOB.

CocraBnenue miaHa padoThl 0 porpamMmupoBanuio. OH JOKEH BKIIOYATh B
ceOsi: a) BHIOOp ANTOPUTMUYECKOTO sI3bIKa MPOTpaMMHPOBaHUs;, 0) yka3zaHue
Tumna BbIOpaHHON DBM; B) orleHKY mpuUMepHOTO 00BEMA ONMEpPaTUBHON M IO-
CTOSIHHOW MaMSITH; ') OPUEHTUPOBOYHBIE 3aTPaThl MAIIMHHOTO BPEMEHU HA MO-
JeIUPOBaHKE; /1) MPEIoiaraeMble 3aTpaThl BpEMEHU Ha MPOrPaMMUPOBAHUE U
oTJIaAKy mporpamm Ha OBM.

[TocTpoenue cxeMmbl mporpaMMbl U IpoBepka €€ nocTtoBepHocTU. Cxema mpo-
IpaMMbl CTPOUTCSI HA OCHOBE JIOTHYECKOM CXeMbl MOJIENU MMyTEM Mpeodpa3oBa-
HUS HE CTOJIb €€ coJiepKaHus, CKOJIbKO €€ (hopmbl. Eciu jornueckast cxema oT-
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paxaeT MpoIEecChl, MPOUCXOSIINE B MOJIENIU, TO CXeMa MPOrpaMMbl MOKa3bIBa-
€T KaK 3THU Ipoliecchl NpoTekaroT B OBM.

[Ipy mocTpoeHUH CXeMbl NPOrpaMMbl MPEIYyCMATPUBAETCA TAK)KE BO3MOXK-
HOCTh TECTUPOBAHHMSI TIPOTPAMMBI U OCYIIECTBIISIETCS BEIOOP (DOPMBI IPEICTaB-
JIEHUS BXOJIHBIX U BBIXOJHBIX JIaHHBIX.

[IpoBepka JOCTOBEPHOCTH CXEMBI MPOIPAMMBI 3aKIIFOUYAETCSI B IPOBEPKE CO-
OTBETCTBUS KAXKIOW €€ onepaluur aHAJIOIMYHOM €U Ollepaluy B JIOTUYECKOU
CXEME MOJENH.

7. IlporpamMmMupoBaHue MOJEIN W MPOBEpPKa JOCTOBEPHOCTU Mporpammbl. [Ipo-
IrPAaMMHUPOBAHUE OCYIIECTBIISIETCS MO MOCTPOEHHOM U MPOBEPEHHON CXEME MPO-
rpaMMbl OOBIYHO MPOrPAMMHUCTOM, (0€3 ydacTus pa3paboTyuka MOJICIIN).

[IpoBepka MTOCTOBEPHOCTU MPOrpaMMbl U MPOBOJUTCS, BO—TIEPBBIX, 00OpaT-
HBIM TEPEBOJIOM MPOrpaMMbl B €€ HUCXOJHYIO0 cXeMy. BO—BTOpBIX, pellieHreEM
TECTOBBIX 3a7a4 JJIsl OTACJIbHBIX YacTe mporpaMMbl. B—TpeTbux, MOAEIUPO-
BaHMEM KOHTPOJBHOT'O BapHaHTa CUCTEMbI C UCMOJIb30BAHUEM BCEU Mporpam-
MBI B 1I€JIOM.

Ha sToM mojpTare moje3Ho Takke YTOUYHHUTh OIEHKY 3aTpaT MallMHHOTO
BPEMEHU Ha OJIUH IUKJI pacdy€ToB (“IpOroH” Mojenau). ITO MO3BOJIUT pa3pa-
OOTYMKY MOJIENI MPABUILHO CHOPMYITUPOBATH TPEOOBAHUS K TOYHOCTH U JIOC-
TOBEPHOCTHU PE3YJIbTATOB MOJIECITUPOBAHUS.

8. CocraBiieHHe TEXHMUECKON JTOKYMEHTAIUU, B KOTOPYIO BXOAUT: 1) Jtoruueckas
cXema MOJIeNH; 2) cxeMa IMpOorpaMMbl U MPUHSTHIE 0003HAYEHUS; 3) TMOJHBIN
TEKCT MPOrpamMMbl; 4) IepeueHb BXOJIHBIX U BBIXOJHBIX BEJIMYMH C MOSICHEHU -
MU; 5) UHCTPYKIUA MO paboTe C MporpamMmoii; 6) OlleHKa 3aTpaT MAIIUHHOTO
BPEMECHHU.

6.4. IlonyyeHue 1 UHTEpHpPeTALMS Pe3yIbTATOB MOJACTHUPOBAHUS
Ha tpertuii, 3akitounTenbHbI 3Tan MoAeaupoBanusi. OH COCTOUT M3 Clie-

JTYIOIIMX MOA3TAIOB.

1. TlnanupoBaHHE SKCIEPUMEHTA C MOJENBIO cucTeMbl. OHO MO3BOJISET MOTYYUTh
MaKCUMaJIbHBIA 00BEM MHGPOPMALIMU O CUCTEME MPU MUHUMAJBHBIX 3aTpaTax
MalIuHHBIX pecypcoB. [Ipuuém s monmyuenus Haubosiee d)PEKTUBHOTO U
HPKOHOMUYHOIO IJIaHa 3KCIEpUMEHTa I11eJIeCO00pa3HO MCIOJb30BaTh CTaTHYe-
CKHE METO/BI.

2. TlpoBenenue pabounx pacuéToB. OHM BKIIIOUAIOT B ce0s CIEAYIOMNIEE: a) MOAT0-
TOBKY Ha0OpOB MCXOJIHBIX JaHHBIX; 0) MpoBeneHne pacuétoB Ha DBM; B) mo-
Jy4Y€HUE BBIXOJHBIX JaHHBIX, T.€. PE3YJIbTATOB MOJEIHPOBAHUS.

MonenupoBaHue CUCTEMBI 11€1€CO00pa3HO MPOBOAUTH B JIBA dTalla: CHavasa
KOHTPOJIbHBIE pacu€Thl, a 3aTeM padbouue. [Ipuuém KOHTpOIbHBIE PACUETHI BbI-
MOJIHAIOTCS JIJIsl MPOBEPKU MAIIMHHOW MOJIEIN CUCTEMBI, a TaKXKe ISl onpeie-
JICHUSI YYBCTBUTEJILHOCTH BBIXOJIHBIX BEJIMYMH K U3MEHEHHUIO MCXOJHBIX JaH-
HBIX.
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3. AHanmu3 pe3yJabTaTOB MOACTUPOBaHUA. UTOOBI M3yUWTh W MPOAHATH3UPOBATH
pPE3yNbTaThl MOJCITUPOBAHUS HEOOXOIUMO COIIOCTABICHNE BXOMHBIX M BBIXO/I-
HBIX JaHHBIX MoAenu. [103TOMy BbIXO/JHAs MeYaTh JOJKHA COAEPKATh BECH Ie-
pEUYEHb UCXOJHBIX BXOJIHBIX U BBIXOJHBIX JJAHHBIX C YKa3aHHEM UX 0003HaYe-
HUM U pazMepHOCTH. s ynpolieHus: aHaiuza U o0pabOTKH pe3yJabTaTOB MO-
JEIUPOBAHUS 1E€JIECO00PA3HO HCIOIb30BaTh UMEIOIIUECS CTaHIapTHHIE MPO-
rpamMMbl, HalIlpUMeEp, CTaTUYECKOro aHanusa. llocnenHue, B 4aCTHOCTH, MO3BO-
JSIOT OMPEAEIUTh MATEMATUYECKOE 0KUIAHUE, TUCIIEPCUIO, IPOBECTH AUCIIEP-
CUOHHBIN U pErPECCUOHHBIN aHAN3 U T.1I.

AHanu3 pe3yJbTaTOB IMO3BOJIET OLEHUTh, HACKOJIBKO OHU CIOCOOCTBYIOT
PELICHUIO 33/1a4d MOJEIUPOBAHUS.

4. TloaBeneHue UTOTOB MOJICTUPOBAHUA U Bblaya pekoMmeHaanui. [Ipu noasene-
HUU UTOTOB JOJIKHBI OBITh OTMEUEHBI TJIaBHBIE OCOOCHHOCTHU TMOJYYEHHBIX pe-
3yJabTaTOB. Ha OCHOBE 3THX pE3yibTAaTOB JENAOTCS BBIBOJBI O COCTOSITEIBHO-
CTU MPHUHATHIX TUIIOTE3 U MPEIINOI0KEHNN. B pe3ynbTaTre nmoaBeIeHUs UTOTOB
MOJIETUPOBAHUS JOJKHBI ObITH CHOPMYIHUPOBAHBI PEKOMEHJAIUUA IO MPAKTH-
YECKOMY HCIIOJIb30BaHUIO PE3YJbTAaTOB MOJICIUPOBaHUs (HampuMep, Ha dTare
MPOCKTUPOBAHUS CUCTEMBI).

5. CocraBieHne TeXHUYECKOHN nokyMeHTauuu. OHa J0JKHA BKIIOYATh B ce0si: a)
IJIaH MPOBEACHUS MAIIMHHOTO JKCIIEpUMEHTa; 0) HaOOPhl MCXOTHBIX JTAHHBIX
JUTSL MOJICTTUPOBAHMS; B) BBIXOJHBIC JTAHHBIC MO BCEM LIMKJIAM BBIYUCIICHUH; T)
aHaJu3 U OUEHKY PE3YyJbTAaTOB MOJECIUPOBAHUS; /1) BBIBOJBI MO IMOJIYYEHHBIM
pe3yibTaTaM MOJICIUPOBAHUS; €) PEKOMEHIAUU MO MPAKTUYECKOMY HCTIOJb-
30BaHUIO MOJIYYEHHBIX PE3YJIbTATOB; k) yKa3aHUE MyTE€Hl COBEPIICHCTBOBAHUS
MOJIENIA CUCTEMBI U BO3MOKHBIE BAPUAHTHI €€ JaJTbHEHNIIEr0 UCIIOIb30BAHMUSL.

[TomHBIA KOMIUIEKT JTOKYMEHTAIMU MO MOJCIUPOBAHUIO CUCTEMBI JIOJIKEH
COAEPKaTh TEXHUYECKYIO TOKYMEHTAIMIO M0 KaXXJIOMY M3 PacCMOTPEHHBIX
ATaroB.

3aMeTUM TaK¥Ke, 4YTO PACCMOTPEHHAsl MOCJIEA0BATEIBHOCTh 3TANOB U MOAD-

TaroB MOJICTUPOBAHUS OTpakaeT HanboJsee oOIIUi MOAX0/l K TOCTPOCHHIO U pea-

JIM3alMHA MOJIEIN cucTeMbl Ha DBM.

Jlanee paccMoTpuM HanOoJsiee BaKHBbIE COCTABJISIONIUE TPOIecca MOJICIIH-

POBaHMUSL.

6.5. IlonsiTue 0 NIAHNPYEeMOM (PAKTOPHOM 3IKCIIEPHUMEHTE
¢ UMHUTALHOHHOH MO/ EJIbIO
NMuTainoHHOE MOJIETUPOBAHNUE — ITO MJIAHUPYEMBIN (aKTOPHBINA SKCTIEPHU-
MEHT C IMUTAllMOHHOM MOZENBI0. B mporecce sxcrnepuMenTa MOAEIb MOIBEPraeT-
Csl ONIPEACIICHHBIM BHEIIHUM U MAPAMETPUUYECKUM BO3MYILIAIOIINM BO3IEUCTBUSIM
X1y -y Xy, KOTOPBIE B MATEMATHUECKON CTATUCTUKE IPUHATO HA3bIBATh (PAKTO-
pamu.

daxTopbl OBIBAIOT YIPABISIEMBIMU U HEYTIPABIIEMBIMU. Ynpasisembvimu
gaxmopamu SIBISIOTCS T€, KOTOPHIE B TIPOIIECCE IKCTIEPUMEHTA MOKHO U3MEHSITh



67

OT OMBITA K OMBITY IO 3aJAHHOW MPOTrpaMMe, a B TEUEHHUE CAaMOT0 OIBITA OCTAKOTCS
NOCTOSTHHBIMU. B KauecTBe neynpasnsemvix ¢pakmopos B UMUTALIMOHHOM MOJIETTH
MPUMEHSIIOTCS, KaK MPaBUJI0, CTOXACTUYECKUE MapaMeTphbl U EpeMEHHbIE (CUTHA-
JIbI), C IOMOUIBIO KOTOPBIX UMUTHUPYIOTCS , B YaCTHOCTH, IIIYMbI U IOMEXU pealib-
HBIX CUCTEM YIPABJICHUS.

Peakiust (OTKJIMK) MOJIEIM HA BO3JIEUCTBUS (PAKTOPOB SBJISIECTCS CIydyaiiHON
MIEPEMEHHOU

¥i(x) = (xy) +e(xn), (6.1)
TaK Kak, COACPKUT JIBE COCTABIISIOIIUE:
f.(xy) — peryisipHas cocTaBisiolIas, 00yCIOBICHHAs JIeHiCTBUEM yIIpaBJsie-
MBIX (PaKTOPOB;
e, (X )— cayJaifHast COCTaBISIONIAs (OIMOKA I-T0 OIBITa), 00YCIIOBICHHAS

JeicTBUEM HeynpaBisieMblX (hakTopoB. [Ipenmnonaraercs, 4To oHa sSBIsSETCS HE3a-
BHCUMOM HOPMAJIbHO PACIIPEIEIICHHON CIIyYaliHOM BETMYMHOM C HYJIEBBIM MaTe-
MAaTHUYECKUM OXKUJAHUEM U IIOCTOSHHOU TUCIIEPCUEH.

OOwas 3aa4a MIAHUPOBAHUSI UMUTALMOHHOTO SKCIIEPUMEHTA 3aKJIF0YaeTCs
B TOM, YTOOBI BEIOpaTh TaKOM IUIaH, KOTOPBIN PY MUHUMAJIBHOM YHCJIE ONBITOB
(MpOroHOB MOJIENN) rapaHTUPOBaJ Obl TOCTOBEPHOCTh U 331aHHYI0 TOUYHOCTD CTa-
TUYECKOW OLICHKE (PYHKIIMU OTKJIMKA

y=Ff(X X, .o\ Xe)
OO611€ee YUCII0 IPOrOHOB MOJIENH B KCIIEPMMEHTE PABHO MIPOU3BEIECHHIO
N-n,

rae N — uucno coueranuii ypoBHe (3HaueHU) (DAKTOPOB MO CTPATETUUECKOMY
MJIaHy; N — KpaTHOCTh MOBTOPHBIX OMBITOB, TO €CTh YKCIIO MPOTOHOB MOJCIIH TSt
Ka)XJIOTO0 COUETaHUs YPOBHEU (haKTOPOB, BHIYUCIECHHOE MTPU TAKTUYECKOM IJIaHU-
POBaHUH.

CrnenoBatenbHO, 00II1as 3a/a4a MIaHUPOBAHUS HKCIIEPUMEHTA 00bETUHSET B
cebe 3a71a4y CTPAaTeTHYECKOTO TUIAaHUPOBAHUSI, KOTOPAsl 3aKJII0UYAETCS B OIpeiesie-
HUU YHCJIa PEATM3yeMbIX COUETaHUN YpOBHEH (DAKTOPOB, U 3a7a4y TAaKTUYECKOTO
IJIAHUPOBAHUS, TO €CTh BBIUMCIICHHS] KPATHOCTU MTOBTOPHBIX OMBITOB.

3aMeTuM, 4TO €CJiv Mpoliecchl B uccieayemoit CAY anmpokCUMUPYIOTCS Jie-
TEPMUHUPOBAHHOW MOJIEIIbIO, TO TTIOBTOPHBIE OMBITHI HE TpeOytoTcs. Eciu onu ar-
MPOKCUMUPYIOTCSI MOJIETBI0O MATEMATUUECKOTO 0XKUAaHUs, TO JOCTATOYHO He-
OOJIBIIIOTO YKCJIa TOBTOPHBIX ONBITOB. ECiin nmpuMeHsieTcst BEpOSITHOCTHASI MOJIEb,
TO JJIs1 OLICHKU JIUCTIEPCUM BBIXOIHOM BEJTMYUHBI TPEOYETCsl CPAaBHUTEIBHO 00JIb-
o€, a Jijist OIeHKH (hYHKIIUU pacIpeesICHUs] BEPOSTHOCTENH — OU€HBb OOJIbIIIOE
YHCJIO MOBTOPHBIX OIBITOB.

[InaHupoBaHrEe UMUTALIMOHHOTO SKCIIEPUMEHTA BO3MOXKHO JIUIIb TIPH YCJIO-
BUH, YTO yTpaBiIsieMbie (DAKTOPHI, BO-TIEPBBIX, SABJISIOTCS HE3aBUCUMBIMH, TO €CTh
JIOJDKHA CYIIIECTBOBATh BO3MOKHOCTh YCTAHOBIJICHUS (PaKkTOpa Ha JTFOOOM YPOBHE
BHE 3aBUCUMOCTH OT YPOBHEU APYTruX (PaKTopoB.
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Bo-BTOpBIX, OHU JOJHKHBI OBITh OAHO3HAYHBIMU, OO OYEHB TPYAHO YIIPAB-
JSTh PaKTOPOM, KOTOPHIH ABIIsAEeTCS QYHKIIUEH TpyruX (HaKTOpOB.

B-TpeTbux, ynpaBisieMbIMH SIBJISIOTCS BCE IEPBUYHBIE (PAKTOPHI, TO €CTh
(akTOpBIL, B KCCIAEAOBAHIUN KOTOPBIX IKCIIEPUMEHTATOP 3aMHTEPECOBAH HEMIOCPEI-
CTBEHHO. 3aMETUM, YTO BTOPUUYHBIMU CUUTAIOTCS T€ HEYTpaBisieMble (DaKTOPBI,
BJIMSTHUEM KOTOPBIX ITPEHEOPEUb HENb3l.

6.6. Bb100p 00/1acTH BapbupoBaHusi (GAKTOPOB U ANINIPOKCUMAILIMH
(GyHKUMM OTKIMKA
3HaueHusl, KOTOpPble MOKHO TPUHUMATh B AKCIIEPUMEHTE KaXK bl (hakTop

x; (1= 1,m) , HaskIBAKOTCS YposHamu. KaxaoMy BHKCHPOBaHHOMY HaGOPY ypOB-

Hel (pakTOpOB COOTBETCTBYET TOYKA B MHOTOMEPHOM MPOCTPAHCTBE, KOTOPOE Ha-
3BIBACTCS (DAKIMOPHBIM.

DKCnepuMEeHT 0OBIYHO MPOBOAMUTCS HE BO BCEX TOUKaX (PAKTOPHOTO Mpo-
CTPaHCTBA, a TOJILKO B T€X, KOTOPbIE MPUHAJJIEKAT TOMYCTUMON 00JIaCTH OTpeie-
aeHust. Hanmpumep, 3To BBIJICICHHBINA MPSMOYTOJILHUK /IS CIy4as IBYX (pakTopoB
X, " X,. AY

Ha puc. 6.1 nuzo0paxena Takxe reomer-
pudecKas HTepupeTanus GyHKIIUN OTKIAKA
— moBepxHOCTh oTkimKa ABCD, kaxxmas Tod-
Ka KOTOPOW COOTBETCTBYET OMNPEAECICHHOMY DA o
COUYETaHUIO 3HAYCHU I (PaKTOPOB. /

B kauectBe o0acTu BapbuUpoBaHUs Pak- ViAW W X
TOPOB JUISL IPOBEICHUS SKCIIEPUMEHTA MOXKET / e
BBIOMPATHCS WIIM BCS UX JOMYCTUMAasi 00J1acTh,
B CIIy4ae €CJIM pelIaeTcs 3aJa4a NOCTPOCHHUS
WHTEPIOISIIUOHHON MOJIENH, TO €CTh YpaBHe-
HUS, alllTPOKCUMUPYIONIETO QYHKIIUIO OTKITH-
Ka, WK TaKas JOKaJlbHas T01001aCTh U3 IOMYCTUMOM 001aCTH, KOTOpasi UMEET IO
anpUOPHBIM JIAaHHBIM HanOoJIbIlIee (HaUMEHbIIIEE) 3HAUCHUE TTapaMeTpa ONTUMHU-

v

Puc. 6.1

3amuu j(X) = j{y(x)}, B CIIy4ae €CJIM PEeIlIaeTcs 3ajlaya napaMeTpuiecKoil ONTHUMU-

3alUH.
Ecnu nentpy o6nactu BapbupoBaHus (PAKTOPOB COOTBETCTBYET HYJIEBOM

ypoBeHb (pakTopoB (Touka O Ha puc.6.1), To MAKCHMATbHBIM 3HAYCHHSM (aKTO-
POB U3 3TOI 00JIACTH COOTBETCTBYIOT BEPXHHE YPOBHH (PAKTOPOB, & MUHUMAJTb-
HBIM 3HAYCHUSIM — HIDKHHE YPOBHH (PaKTOPOB.

Pa3HOCTh MEXTy BEpXHUM U HYJICBBIM YPOBHSIMH WJIH HYJICBBIM U HHYKHUAM
YpOBHSIMU (haKTOpa HA3BIBAIOT UHMEPBAIOM 8APbUPOBAHUS (hakmopa.

[Tpu BeIOOpE MHTEPBATIOB BapbupOBaHUs (HAKTOPOB, TO €CTh pa3MEPOB 0OJIac-
TH BapbUpOBaHUs (aKTOPOB HEOOXOJUMO YUYUTHIBATH TOUHOCTh (PUKCAIIMH YPOB-
Hel (haKTOPOB, CTETIEHh KPUBU3HBI TOBEPXHOCTH OTKJIMKA M IUAMIa30H U3MEHEHUS
napameTpa ontumusanuu (yHKIMM OTKIMKA). B 9acTHOCTH, eciiv JuanasoH u3-
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MEHEHHUS IMapaMeTpa ONTUMHU3ALUY SBIISETCS Y3KUM, TO €CTh HECYIIECTBEHHO OT-
JMYAETCs OT OMUOKH onbITa (CM. cooTHOLIEHHE (6.1)), TO MHTEpBaIbl BApbUPOBA-
HUs (hakTopoB cienyeT BeiOupath cpemanmi (1030 % ot obGnactu onpeaeneHus)
wu Jaxe mupokumu (6osiee 30 % ot obnactu onpenenenus). Ecnu e nuana3on
U3MEHEHUs apaMeTpa ONTUMH3ALUH SIBISIETCA IIMPOKUM WIH CTENIEHb KPUBU3HBI
MOBEPXHOCTHU OTKJIMKA JJOCTaTOYHO BBICOKA, TO MHTEPBAJ BApbUPOBaHUs (DaKTOPOB
1erecooopasHo BeIOpaTh y3kuMu (10 10 % oT oGmacTu onpeaeieHus).

[Tpu BBIOOpE anmpokcuManuu (PyHKIHUN OTKIMKA UCXOSAT U3 TOTO, YTOObI
MHTEPHOJSILUUOHHAS MOJIEIb (ANPOKCUMUPYIOILEE YpaBHEHHUE), ObliIa JOCTATOYHO
IIPOCTOM U aIeKBATHOW. MOJ€emb SBIISIETCSA aleKBATHOM, €CIIM IIPEACKA3bIBAEMOE
€10 3HAaYCHHE OTKJIMKA OTIIMYAETCs OT (PaKTUIECKOro He OoJiee yeM Ha HEKOTOPYIO
3apaHee 3a/IaHHYIO BEJINYUHY.

UYro KkacaeTcst MpOCTOTHI MOJIEIN, TO HA OCHOBE PE3yJIbTaTOB MHOTOYHCIICH-
HBIX 9KCIIEPUMEHTOB MOXHO CYUTATh YCIOBHO, YTO CAMBIMHU ITPOCTBIMU MOJEIISIMH
SBIISAIOTCA alredpanyeckue NoJMHOMUaIbHbIe ypaBHeHus. [Ipuyem Takue ypaBHe-
HUSI MOTYT UMETh MPAaKTUYECKH JII00YI0 cTenenb. Hampumep, B ciryuae AByX (ak-
TOPOB MTOJIMHOMHAJIBHOE YPAaBHEHHUE:

~ HyJICBOM CTENEHU UMEET BUA: Y =b,;

IIEPBOii cTeneHn: y =b, +b,x; + b,X,;
BTOpOIA cTemernn: y=b, +b,X, + b,X, + b, XX, + b, X} +by,X>.
W3 npencTaBneHHbBIX ypaBHEHUH BUIHO, UTO YEM BBIILIE CTEIIEHb YPABHEHUS,
TeM OoJibIlie OHO COJEePKUT KoddduimentoB. Ho yem Oosmbie koddUImeHToB,
TeM OoJible TPeOYeTCsl YUCIIO OMBITOB SKCIIEPUMEHTA, IO pe3yjbTaTaM KOTOPBIX
Y BBIYUCIISIFOTCS KO3()(PUIIMEHTHI allpOKCUMHUPYIOIIETO YPaBHEHHUS.

YuuThIBas 3T0, a TAKXKE TO, YTO UMUTALMOHHBIM SKCIIEPUMEHT SBJISIETCS, KaK
IPAaBUJIO, MHOTOATAITHBIM, Ha IEPBOM ATarne (PyHKLHS OTKJIMKA allpPOKCUMHUPYETCS
IIOJINHOMUAJIbHBIM YPaBHEHHEM IIEPBOM CTENIEHMU.

B cnyuae pemienus 3agaun napaMeTprUuecKoil ONTUMHU3ALMKI TAKOE YpaBHeE-
HUE SIBJIIETCA aJIeKBaTHBIM, TaK KaK MMOBEPXHOCTh OTKJIMKA B 3TOM CIIy4ae MpeAro-
jaraercs riaaJKoi U BBITYKJION (BOrHYTOM). B TO e Bpemsi ypaBHEHUE NepBOU
CTENEHU COJEP>KUT MUHUMAJIBHO BO3MOKHOE YHCIO KO3PPUIMUEHTOB AJI TOTO,
YTOOBI ONPEAEIIUTH HAIIPaBJIECHUE TPaJUeHTa QYHKIUN OTKIIUKA.

[Ipu pemiennu 3a1a4M NOCTPOCHUSI MHTEPIOJISLIMOHHON MOJIeTH (yHKIUN
OTKJINKA HE0OXOIMMO TOCIJIEIOBATEIbHO, OT 3Tarna K 3Taly, yBeJIMYUBaTh CTETICHb
MOJINHOMHUAJILHOTO YPABHEHHUSI 10 TEX MOP, TOKAa MOJEIIb HE OKAXETCS aJeKBaT-
HOM. 3aMeTHM, YTO €CJIM B 3TOM CJIy4ae aJeKBATHON OKa3bIBAECTCS JIMHEWHAS WU
HEIOJIHAsI KBapaTUYHAs MOJENb, TO €€ MOCTPOCHHUE AHAIOTUYHO MOCTPOCHHIO
MOJIEJIV B 3a/1a4€ ONTHUMU3aLUH.

6.7. ILlnan noJiHOTO (PAKTOPHOI0 IKCIIEPUMEHTA
DKCHEPUMEHT, B KOTOPOM PEaJTU3YIOTCA BCE BO3MOXKHbIE COUETAHUS YPOBHEM
(bakTOpOB, HA3bIBAETCS MOJHBIM (AKTOPHBIM dKciepuMeHToM (I1DD).
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[IepBbIM 3TANOM IJIAHUPOBAHUS SKCIIEPUMEHTA OCHOBAH HA BapbUPOBAHUU
(baKTOpOB Ha IBYX YPOBHSX: BEpXHEM U HIKHEM. [loaTomy eciu Bcero hakTopoB

K, To uncio onbiToB B [1DD paBHo N = 2k, Hampumep, ecnu hakTopoB 2, TO umc-

710 onbIToB N =22 =4,

VYcnoBus sKCriepuMEHTa IPUHSTO 3alIUChIBATH B BUJIE TAOIMIIBI , KOTOpas Ha-
3BIBACTCS Mampuyel nianuposanus sxcnepumerma. CTpOKA MaTpULbl COOTBETCT-
BYIOT Pa3JIMYHBIM OIBITaM, a CTOJOLBI — 3HaYeHUsIM (pakTopoB. [Ipuyem s ym-
POIIEHHS 3aITUCH U 00pabOTKU HKCIIEPUMEHTAIBHBIX TAHHBIX JUIs1 (JAaKTOPOB BBO-
JATCS TAaKHE MacIITaObl, YTOObI BEPXHUI YPOBEHb COOTBETCTBOBAN: +1, a HUKHUI
YPOBEHB: -1. ITO MOXKHO ClIeJIaTh C MOMOIIBIO TPE0OpPa30BaAHUSA:

Xj—Xjo

rjie X , X j — COOTBETCTBEHHO KOOUPOGAHHOE U HAMYPALbHOE 3HAYEHHS |-TO (DaK-

Topa; |, Xjo— HHTEPBAI BapbUPOBAHHS U HATYPAIBHOC 3HAYEHUE OCHOBHOTO
YPOBHSL.
Matpuna minanupoBanus [1OD nis nByx dhakTopoB npuBeaeHa B 1ad. 6.1.
Tabauua 6.1
YpoBeHb DakTOopHI
X~1 sz
~ 2 5
OcHoBHOH X,
Nurepsan 1 2
Bepxuuii 3 7
Hwxauit 1 3
Ne ombiTa X, X,
1 -1 -1
2 +1 -1
3 -1 +1
4 +1 +1

[Ipu coctaBieHUH MATpULbl TUIAHUPOBAHUA ISl ABYX (DAKTOpOB BCE BO3-
MO>KHbIE KOMOMHAIIMK YpOBHEN (DaKTOPOB JIETKO HAXOATCS MPSIMBIM 11epedopOM.
[Tpu GosbIOM YKclie (aKTOPOB MOKHO MCIOJIB30BATh MPABUIIO YEPEIOBAHMS 3HA-
KOB: B IIEPBOM CTOJIOLIE 3HAKM MEHSIOTCS I00YEPETHO, BO BTOPOM — Uepe3 /iBa, B
TpeTheM — uepe3 4, B UeTBEPTOM — Yepe3 8 U T.JI.

OcHoBHbIE cBoiicTBa [T 2K
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1. CBOICTBO cummempuuHocmu: anredpandeckas cCyMMa 3JIEeMEHTOB BEKTOP-
N
cTonbua moboro pakropa pasna . Xji =0, rue j — Homep dakropa; i — Ho-
i=1
MEp OIbITA.
2. CBOICTBO HOpMUPOBKU: CyMMa KBaJIpaTOB 3JIEMEHTOB KaXKJI0TO BEKTOP-
N
CTOJIOIIa paBHA YUCITY OIBITOB: Y iji =N.
i=1
3. CBOWCTBO opmozoHanbHoCcmuy: CyMMa MOYJICHHBIX MPOU3BEICHHUM TIOOBIX
N
JIByX BEKTOP-CTONONOB paBHa Y X ji - Xj; =0.
i=1
4. CBoiicTBO pomamabenvHocmu. TOYHOCTb MPEACKa3aHUsl 3HAYEHUI nTapa-
MeTpa onTUMU3anuu ((PyHKIIUM OTKIIMKA) OJIMHAKOBA HA PaBHBIX PaCCTOSI-
HUSX OT IIEHTPa KCIIEPUMEHTA ¥ HE 3aBUCUT OT HAIPABIICHUS.
[To pesynbraTtam nposeaeHus: [IOD MoxHO HAWTU KOIPDUITMEHTHI KaK JHU-
HEHWHOTO anmpPOKCUMHUPYIONIETO (PYHKITUIO OTKINKA YPaBHEHUS
N Xiji Yi .
y=bg +bX; +...+byx , bj =% (1j=0,1,...,k) (6.2
i-1 N
TaK U HEJIMHEWHOTO alMnpOKCUMHUPYIOIIETO YPaBHEHUS C MAPHBIMU XX, , TPOHHBI-

MU X,X,X; U IpyruMHu 3¢pdexramu B3aumozenctsus Gaxropos. [Ipuuem mpu BbI-
yuciaeHuu Kod((PUIIMEHTOB B3aMMOACHCTBUS (DAKTOPOB C UX BEKTOP-CTOJIOLIAMHU

06paIIAlOTCs TaKXke, Kak ¢ BEKTOP-CTOIOHOM mpocToro daxropa. Jns IIdD 22
MaTpHIla TJIAHUPOBAHMS C YUETOM B3aUMOJIeHCTBUS (DaKTOPOB MpHUBEJEHA B Ta0-
e 6.2.

3aMeTuM, 4TO U1 yAO0OCTBa BBIYMCIEHUs KoddduiueHta b, B MaTpuy

BBOAUTCS (PUKTUBHBINA €AMHUYHBIA BEKTOP-CTONIOEL X .

Tabiuma 6.2

Ne oneiTa X, X, X, XX, y
1 +1 -1 -1 +1 N4

2 +1 +1 -1 -1 Y,

3 +1 -1 +1 -1 Y3

4 +1 +1 +1 +1 Va4

6.8. IL1anbl ApOOHBIX PAKTOPHBIX IKCIIEPUMEHTOB
KosmmuectBo omnbiToB B [IMD3D 3HAYMTENBHO MPEBBINIAECT YKCIIO OMpeese-
MbIX KO3((PULIHUEHTOB JTUHEHHOTO ypaBHEHUS OTKIUKA, TO ecTh [IDD obnamgaer
000N U30BITOYHOCTHIO OMBITOB. [lOMbITAEMCS MUHUMHU3UPOBATH YHUCIIO OIBITOB
B JKcriepuMeHTe. JlJig 3TOro 3anuiieM ypaBHEHHE MOJENH (DYHKIIMM OTKIIMKA IS

II®D 22 (cm. Tabm. 6.2) B BHjIE HETIOIHOTO KBaJPaTHOTO YPABHEHHS:
y=b, +b;x, +b,x, +b;,X,X,.
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[I®D 2% mo3BonseT BHIUMCIUTG YeThpe Kodhdumenta. Ho eciu Momens
JUHENHa, To B b, =0, TO ecTb OcTaerci OAHAa CTENEHb CBOOOJBI, KOTOPYIO U

MOYHO MCIIOJIb30BaTh JJII MUHUMH3ALHUHA YUCIA ONBITOB. B yacTHOCTH, BEKTOp-
cronber] X,X, MOYKHO HCHOJb30BaTh AJIi HOBOro (akrtopa X,. CiegoBaTesbHO,
YTOOBI COKPATUTh YMCJIO OMBITOB, HEOOXOAMMO HOBOMY (DaKTOpy MPHUCBOUTH BEK-
TOP-CTOJIOCI] MaTPUIIbI, KOTOPBIN MPUHAIICKUT B3aUMOACHCTBUIO (PaKTOPOB U KO-
TOPBIM MO>KHO TIpeHEOpeYb.

OnHako MOCTaBHB YETHIPE OMNbBITA JJI OLUEHKU BIMSHUA Ha OTKIUK TPYyX

(haKTOpOB, TO €cTh BOCHONB30BABIINCH TONOBUHOM [1DD 2°, omenku b,,b, nb,
OyayT y’Ke HE pa3eIICHHBIMU OIICHKAMHU «UCTUHHBIX» KOA(PPHUITMEHTOB TUHEHHOM
MOJICIIH:
n=PBo +Bix; +B,x, +P3x; (6.3)
OTH OIIEHKU OYTyT CMEIIaHHBIMU:
by =B +Pu; b, 5B, + B33 by =B +By,,

TaK Kak 3JIEMEHTHI CTOJOLA X,X; COBMAJAIOT C MJIEMEHTAMHU CTOJIOLA X, SJI€MEH-
Thl X,X; COBHAJAIOT C JIEMEHTaMH X, U 3JIEMEHTHI XX, C AJI€MEHTaMHU X;.

Takum o0Opazom, 3pPeKxThl B3aUMOJEHCTBUS CMEIIMBAIOTCS C OCHOBHBIMU
s dexramu. Ho Tak kak mOCTyJIUpyeTCs JIMHEHHAsS MOJENb, TO MperoaracTcs,
4yTO0 3(PPEKTHI B3aUMOIAEHCTBUA ONU3KH K HYJIIO U TO3TOMY
b, =B, b, =B,, by =p;.
Martpuily U3 yeTbIpex OIBITOB JUIsl TPeX(AaKTOPHOTO FKCIIEPUMEHTA 0003Ha-
garorT 2 M Ha3bIBAIOT TONypeIuHKoi ot II®D 2°. Marprua U3 BOCBMH OIBITOB
IS 9eThIpexhaKTOPHOro SKCIepuMeHTa Oyner nonypemmkoin 2% or TI®D 2°

¥ 4eTBEPTh-PEINTKON 2° 2 OT IOJHOTO MATH(AKTOPHOTO SKCIIEpUMEHTa 2° .

Onpeoenenue: CuMBomudyeckoe 0003HAUCHHUE EIUHUYHOTO PABEHCTBA C
paBOM 4YacThiO B BUIE MPOU3BEACHUS (HAKTOPOB, KOTOpOE 00pa3yeT B MaTpHUIE
BEKTOP-CTOJIOCI] U3 IIEMEHTOB OJJHOTO U TOTO )K€ 3HaKa, Ha3bIBACTCS onpeoesio-
WUM KOHMPACMOM..

Ecnu o6e yactu onpeaenstonero KOHTpacTa yMHOXKUTh Ha KaKoW-1ubo oc-
HOBHON (pakTop, TO MOJYYUTCS COOTHOLIEHHE, KOTOPOE MOKA3bIBAET C KaKUM U3
3¢ (}eKxToB B3aUMOJEHCTBUA CMEIIAH JaHHbIA (akTop. Takoe COOTHOIIEHHE Ha3bl-
BA€TCs FT€HEPUPYIOLIUM COOTHOUICHUEM.

IIpumep: Tyctb BEIOpaHa nonyperika 2> ot [IOD 2°.

Ta0muna 6.3
Ne onpiTa X, X, X5 X X,X5
1 — — + +
2 + — — +
3 — + — +
4 + + + +

Torna onpenensromuil KOHTPACT UMEET BUI: 1= X; X, X3.



73

['eHepupyromiee COOTHOLICHUE IS

X' Xy = % X3;

OT0 0O3Ha4aeT, 4To KOAI(DOUIIUMEHTHI JIMHEHHOTO ypaBHEHMS, alPOKCHUMHU-

pyromero pyHKIUIO OTKINKA, OyyT CMEIIaHHBIMH OIICHKAMU:
by =1 +PBos; by =2 +Pis; by =P3 +P12-

Bce yno6Hble perumky J1000ro MiiaHa 3KCIEepUMEHTa OTINYaloTCsS APYT OT
Tpyra paspewarouelti ChocCoOHOCmMbio, KOTOpas paBHAa HauOOJIbIIEMY YUCTY (ak-
TOPOB B OIPEAECISIONIEM KOHTPACTE.

Perunku ¢ Hanbosnpieit pa3penaromnieil crnocoOHOCThIO SBJISIOTCS Hanbosee
3¢ ()EKTUBHBIMU, TAK KaK UX JUHEHHBIE 3(D(PEKTHI CMEIIaHbl ¢ B3aUMOJIEHCTBUSIMU
00J1e€e BBICOKOTO MOPSAKA.

3aMeTuM Takke, 4TO MPH MOCTPOSHUH TNIAHOB C PETIIMKAMHU BBICOKOU PO 0-
HOCTHU (YETBEPTh-PEIIMKA U BBIIIE) CUCTEMA CMEIIMBAHUS JIMHEUHBIX 3PPEKTOB €
apdexkramMu B3aUMOJCHCTBUS (PAKTOPOB OMNPEIEISIETCS YMHOKEHUEM JIMHEWHOTO
s dexTa Ha 0000IAOIINN OTIPEIETSIONINNA KOHTPACT.

B cBoro ouepens 0600ma0muil ONpenessonil KOHTPACT HaXOAUTCS Iie-
PEMHOKEHHUEM 10 /IBa, TPU U T. 1. ICXOHBIX ONpeAesoluX KOHTPACTOB.

Ilpumep: 1lyctb nis yerBepTh-peruiuku oT [1DD 2° HCIHOJIB30BaHBI I'€HE-
PUPYIOIINE COOTHOIICHHUS:
Torma HCXOAHBIMU OIPEACISIOIIUMU KOHTPACTAMU SIBIISIFOTCS
1=XX3X4 u 1=X1X5X3X5,
a 0000IIAIOIINIA OTIPESIISIONINN KOHTPACT UMEET B
s Xp: Xo = X1 X3Xg Xy = X1 X3X5 = X4 X5 U T. [I.

6.9. TakT4yeckoe IVIAHMPOBAHME IKCIIEPUMEHTA

[TocKoJIbKy UMUTALIMOHHOE MOJICIMPOBAHUE MPENICTABISAET COO00M B 00IIeM
ClIy4yae CTaTUCTUUYECKUN SKCIEPUMEHT C BEPOATHOCTHOU C MOJEIbI0, TO TIPU €ro
MOBEJACHUU HEOOXOAMMO OOECHEUYUTh HE TOJIBKO JOCTOBEPHOCTb, HO U 33JaHHYIO
TOYHOCTh pe3yJbTaTa.

Ho TouHOCTH OlIeHKU (hYyHKIIMH OTKIIMKA XapaKTePU3YETCs €€ TUCTIEPCHUEH, B
YAaCTHOCTU JHCIEPCUEH BOCHPOU3BOAUMOCTU. [l03TOMY OCHOBY TaKTHYECKOIO
IJIAHUPOBAHUSI SKCIIEPUMEHTA COCTABIISIFOT METOAbI MIOHUKEHUS JUCTIEPCUU.

OnHUM U3 TaKUX METOJOB SIBJISIETCSI MHOTOKPATHOE MOBTOPEHHUE MPOTOHOB
MOJICNIN IS KaXXJ0TO COYeTaHus ypoBHEW (akTopoB. TakoW Moaxo/ Mmoaydus Ha-
3BaHue npocmoti caydatinou evioopku (IICB). I1o pe3ynbratam MOBTOPHBIX OIbI-
TOB BBIUUCIIACTCS UX Cpe/Hee apuPmMeTHnIecKoe
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- 1 " Yig
Yi :_(yi1+yi2 + '--+yin): 2 —
n q:]_ n
Y JMCHEPCHs IOBTOPHBIX (ITapajlIeIbHbIX) ONBITOB
N
D =y Via Vi) (6.4)

g=1 n-1
rJie N — YHCII0 MapaJuIeIIbHBIX OIBITOB I-OT0 OIBITA CTPATETHYSCKOTO TUIAHA;
(n-1) — gmcno cTemeHel cBOOOIBI, OJHA CTEIEHb CBOOOJBI HCITOIB3yeTCs
JUTSL BBIYMCIICHUS CPEIHETO §/i .

Jucnepcust BCero 3KCIEpUMEHTa, KOTOPYIO Ha3bIBAIOT Oucnepcueli 80Cnpo-
U3600UMOCMU IKCIIEPUMEHTA TOIy4YaeTcsl B pe3ysibTaTe YCPEAHEHUs AUCIEPCHil
BCEX OIBITOB, TO €CTh:

N n — \2
22 (yiq —Yi )
_i=lg=1
y N(n-1)
rae N — 4uciio coueTanuii ypoBHel (hakTOpOB B MATPUILIE CTPATErMUYECKOro IJIaHa
AKCIIEPUMEHTA.

Ecnu nucnepcust BOCIpOU3BOAUMOCTH (6.5) sIBIsIETCSI 00HOPOOHOU, (TO €CTh
OTHOIIIEHHE MAaKCUMaJbHOIO K MUHMMAaJbHOMY U3 3HaueHuul (6.4) meHblie Tad-
JUYHOTO 3HAYCHHS KpuTepus duiepa) ¥ BEIMYMHA €€ alpuoOpM H3BECTHA, TO
YHUCJIO MapalIeIbHBIX OIMBITOB AKCIIEPUMEHTA «N» MOXKHO HAWTH 110 popMmyiie:

ty Dy
n=——, (6.6)
Ay2
rae t,— KeaHmuib HOPMANLHO20 pacnpeoeneHus 6eposmHocmeil, KOTOpbIi Haxo-

D

(6.5)

JUTCS U3 CTICIIMAIBHBIX TaOJIuIL;
Ay — Oosepumenbhblii uHmepsanl i MaTEMAaTHYECKOTO OXKHJIaHUS

GyHKIUM OTKIIMKA, KOTOPOE C BEPOSITHOCTHIO (1 — a) JIEKUT B UHTEpBaJIE M+ Ay,
IpUYEM OL— YposeHb 3agucumocmu, 00biyHO o =0,05; N— ucmunnoe 3nauenue

byHKIUN OTKIMKA (CM.(6.3)).
Ecin snayenne pucnepcun D anpuopu HEU3BECTHO, TO 1e71ec000-

Pa3HO BBIMOJHUTH MPOOHYIO CEPHUI0 U3 / TapaJlIeIbHBIX OIBITOB JJIs JIFOOOTO CO-
YeTaHusl ypoBHEH (DAaKTOPOB M BHIUUCIUTH BEIOOPOUHYIO JUCTIEPCHIO

D; = ﬁé(yiq _;/i )2’

rae Y;—BBIOOPOYHOE CpeiHee MO Pe3ynbTaTaM / OIBITOB.
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*

3nadenne D; moncraBmsior B (6.6) BMecto D, u momy4aroT npeaBapurens-

HYIO OILICHKY YHCJIa MapauleJIbHBIX OMBITOB. 3aTEM BBIMOJIHSIOT OcTaBiIuecs N — /
IIPOTOHOB MOJIEJIA U YTOUHSIOT OLICHKY YKCJIA MapajuIeIbHbBIX OMBITOB.

6.10. MeTon HAaMMEHbIIUX KBAJAPATOB M PErPeCCUOHHBINA aHAJIN3
pPe3yJIbTAaTOB IKCIIEPUMEHTA
M3 MHOTOYMCIEHHBIX CTATUYECKUX METOJ0B O0OpabOTKH pe3ybTaTOB JKC-
nepuMeHTa HauOOoJbIIee PACHPOCTPAHCHUE TONYUUITT MemoO0 HAUMEHbUIUX K8aO-
pamos (MHK).
PaccMmoTpum nuHelHyo Mojiens (ypaBHEHUE perpeccun) (PyHKIUU OTKIIUKA
C OHUM (PaKTOPOM
y=by +b;X; (6.7)
DT0 ypaBHeHUE NpsiMoit uHuu. W eciiu OBl BCe IKCIEPUMEHTATBHBIE TOUKU
JIeKaJIA Ha HEH, TO JUIsl KaXA0W U3 HUX ObLIO OBl CIIpaBEIJIMBO PABEHCTBO

Yi —bg —byx;; =0 (i=LN)
Ha mpakTuke MeXIy dKCIEpUMEHTAIBHBIM M BEIYHCIICHHBIM 110 YPaBHEHUIO
perpeccry 3HaYCHUSIMH Y CYIIECTBYET HEBsI3Ka
Ci =Yi —bo —byXy; (6.8)
B cootBerctBun ¢ MHK koadduiinents ypaBueHnus (6.7) HaXoaaT U3 yclio-

BUSI MUHUMH3AIIMN CYMMBI HEBSI30K (6.8)
N, _
u=>_¢r »>min
i=1
WJIU, 4TO TO K€ caMoe

N ) _
u=3(yi —bo —byxy )" - min (6.9)
i=1
OdeBuHO, YTO cooTHOIIEHHE (6.9) OyIeT BHITIOIHSITHCS, €CIIN
ou ou
—=0 u — =0,
ob, ob,
TO €CTh
N N
— 23 (yi =bo —byxg; )=0 u =2 (yi by —byxg Jx; =0 (6.10)
i=1 i=1
[Ipeobpazyem (6.10):
N N
N 22X b 2. Yi
i= |70 _ i=1
N b N ’
Zixli Yxg| _ZiYixli
1= 1=

OTKyza
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N

N N, N N N
Y2 X — 2 YiXi Xy 2
bo _1=1 il i=1 i=1 _ 1=

N, (N 2 N '
N Xg =] 20X
i1 i-1

(6.11)
N NN N

N2 YiXy =2 X2y 2 ViXy
by =1 T 1 _id .

N, N 2 N
N XG —| 2 %
1 1
IJ€ B CUIY CBOMCTB CMMMETPUYHOCTH M HOPMHPOBKH MATPUIIGI IIJIAHUPOBAHMS

N N
>x;=0u > x;=N.
in o1

MOo>XHO Takke MoKa3aTh, YTO JAJis JIFo0Oro uncia (pakTopoB KO3IPHULIHEHTHI
YpaBHEHUS PErpeccuu OyayT BHIYUCIATHCS O aHAOTUYHBIM (6.11) dpopmymnam.

OpHako HUKakue pe3yJbTaThl BBIYMCICHHM HENb3s HMCIOJb30BaTh JO TEX
1op, MOKa OHU HE MPOBEPEHbI. B yacTHOCTH, MOCEe BHIYUCIACHUS KO3PPUIMEHTOB
b, TpeOyercs mpoBepka aJAeKBAaTHOCTU IOJIYyYEHHOH MoOJAENM (YHKIUHM OTKJIMKA

(YpaBHEHMsI perpeccun), a Takke MPOBEepKa 3HAYUMOCTU BBIYMCIEHHBIX KO3 u-
LIUEHTOB. JTO OCYLIECTBIISIETCS C TOMOIIBIO CTATUYECKUX METOJOB, B YACTHOCTH, C

MTOMOILBIO PETPECCHOHHOTO aHAIM3a, B OCHOBE KOoTOporo Jexxut MHK.
Ho perpeccrnonHbIil aHanu3 NPUMEHUM TOJIBKO MPU BBIIIOJIHEHUN CIEAYIO-

IIUX MOCTYJIATOB:

1. ®@yHKUUA OTKIMKA ‘Y’ €CTh clydailHasi BETMYMHA C HOPMAJIbHBIM 3aKOHOM
pacrnpeneneHus. BBITOTHUMOCTE 3TOrO MOCTyJNaTa IMPOBEPSETCS CTaH-
JApTHBIMU CTaTUCTUYECKUMHU TecTaMH. HamprmMep, ¢ MOMOIIBIO KpUTEPUS

cornacus Inpcora (X —kpurepus).

2. Jlucepcus ‘y’ He 3aBUCUT OT abcoioTHOW BenuuuHbl ‘Y’. IIpoBepsercs
3TO € MOMOILBIO KPUTEPHSI OJHOPOAHOCTH JUCTIEPCHIA.

3. 3HaueHus (PaKTOPOB €CTh HECIy4aiHbIE BEIUYMHBI. JTO O3HAYAET, YTO
TOYHOCTh (PUKCAlMU YpOBHEW (PAKTOpPOB MOJKHA OBITh BBIIIE OMIMOKH
BOCITPOU3BOAUMOCTH.

4. dakTopbl HEKOPPEIUPOBAHBI MEKTY COOOM, TO €CTh HE3aBUCUMBI PYT OT
apyra. OTOT TOCTyJaT BCErJa BBIMOJHSAETCS B CUIIY OPTOTOHAJIIBHOCTH
MaTpHIbI IJITAHUPOBAHMUS.

6.11. IIpoBepka ageKBAaTHOCTH YPABHEHHS perpeccuu
U 3HAYMMOCTH ero K03 (PuIuUeHTOB
[IpoBepka aeKBaTHOCTH YPAaBHEHMsI PETPECCUM — 3TO MPOBEPKA TOTO, A0C-
TATOYHO JIM JIOCTOBEPHO U TOYHO OHO alMPOKCUMUPYET (PYHKIIHIO OTKIIUKA.
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JIy1st TpoBEpKHU TUTIOTE3BI 00 aJCKBATHOCTH MOYKHO WCITOJIB30BaTh KPUTEPUI
@umepa. CoriacHo 3TOMY KpPUTEPHIO MOJIENb (ypaBHEHHE PETPECCHH) MOKHO
CUHMTATh AJCKBATHOW C COOTBETCTBYIOIICH JOBEPUTEIHLHOW BEPOSITHOCTHIO, €CIH
TabNMMYHOE 3HaYeHue F-kpuTepus 60JbIIe pacCYUTaHHOTO 0 (hopmyIe:

Da
F=—%, (6.12)
Dy

rae D, — gucniepcust BOCpon3BOAMMOCTH (CM. BhIpaxkeHHe (6.5)) co cBOMM

grciioM ctereHeit cBoooap N(n-1), mpudeM N — 9uCIio MapajuieIbHBIX OIBITOB;
D,,— aucnepcust aJeKBaTHOCTU C YUCIIOM cTeneHeit ceoboss! f, pas-

HBIM Pa3HOCTH MEXAY YHCIIOM OIBITOB B Marpule cTparerndeckoro miaHa N u
YUCJIOM KO3()PUIIMEHTOB YpaBHEHHUS PETPECCUH,

N
> Ay}
D,, = % (6.13)

Hanpumep, uncno creneHeil cBOOOIbI AUCTIEPCUH aI€KBATHOCTH JTUHEHHOTO
ypaBHeHus perpeccun mis IIPD 2° papgo f =N—-(3+1)=8—-4=4.

[TpoBepky 3HaUMMOCTH KOA(PPUIUEHTOB YpaBHEHUSI PErpPEeCCUM OCYLIECTB-
astoT 1o t-kpureputo CrbrogeHTa. COINIACHO 3TOMY KPUTEPHIO KO3(HIMEHT
b;3HaunM, eciu TabIMYHOC 3HAYCHHC {-KpUTEpHs MpPH 33aJaHHOM yPOBHE 3HAYH-

MOCTH O, M COOTBETCTBYIOIIIEM YHCIIE CTEIEHEH CBOOOBI MEHBIIIE BBIYUCICHHOTO
o gopmyiie
b,
t=—-,

T7ie Oy,— KBaJpaTHIHas ommuoka ko3 dunreHTa b i

6.12. IlpunsiTHe pelIeHNH MOCJIe MOCTPOeHUs Mo/1eJ U (YPABHEHUsI perpeccumn)

KoaddummenTs! ypaBHEHUS perpecCHy SBISIOTCS YaCTHBIMH TTPOU3BOIHbBI-
MU (YHKUIMH OTKJIMKA MO COOTBETCTBYIOIIMM MepeMeHHbIM. VX reomeTpruyeckuit
CMBICJI — 3TO TAHT€HCHI YTJI0B HAKJIIOHA K COOTBETCTBYIOIUM KOOPAUHATHBIM OCAM
KacaTeJbHON K (PYHKIIMU OTKJIMKA TUIEPIIIIOCKOCTH.

3amMeTuM, 4To 4yeM 0oJibllle KOIPHUIIMEHT, TEM CHIIBHEE COOTBETCTBYIOIIUMA
emy (pakTop BIMAET Ha U3MEHEHUE QYHKIUU OTKIIMKA.

[ToaTOoMy pernieHure mociie MOCTPOCHUS YPABHEHHSI PETPECCHUU 3aBUCUT OT
TOTO, aJ€KBATHO OHO WJIM HET, 3HAYMMBI JIU €ro Ko’ UIMEHTHI, Kakas 3ajada
peuaeTcsi: NOCTPOCHUSI MHTEPIOJISILIMOHHON (pOpMYJIbl MIIM TTapaMeTpUUECKOU OTI-
TUMHU3AIUU. A TaKKe OT TOTO, OJM3Ka WM yJajeHa 00JacTb ONTUMyMa, €U pe-
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H1aeTcs 3ajada napameTpuuecKol oNTUMHU3alKuH. PaccMOTprM OCHOBHBIE BapHaH-
ThI BO3MOXHBIX PEIICHHIA.

1. Pemaercs 3a1aya napaMeTpuyeCKOM ONTUMHU3ALNN.

Cumyayus 1.1: Moaenp afiekBaTHA M 3HAYUMBI Bce KO (PUIIMEHTHI perpeccui.

BapuaHnTsl petieHusi: a) ABMKEHHUE 10 TPAUEHTY; 0) OKOHYaHHE UCCIIEIOBaHUS,
eciu 00J1acTh ONTUMyMa OJIM3Ka; B) MEepPeXo/] K IIaHy 2-To
nopsJika, eciiu TpeOyeTcsl uccieloBaHue 00JIaCTh ONTUMYMa.

Cumyayusa 1.2: Mozenb aeKkBaTHA, HO HE 3HAYMMBI Bce KOAIPUIIMEHTHI perpec-
CHUMU.

BapuaHThbl pelieHusi: a) yBellMueHrne HHTEPBAIOB BapbUpOBaHUs PakTopos; 0) me-
pPEHOC LIEHTpa IJIaHa; B) YBEJIMUYEHHUE YK CIIa apalieIbHbIX
OTIBITOB; T') OKOHYAHUE UCCIIEIOBAHUSI, €CIIU 00JIACTh ONTUMY-
Ma OJIM3Ka WK EpeXo K IUIaHy 2-r0 NOpsSaKa.

Cumyayusa 1.3: MOfeNnb HEAIEKBATHA WJIM 4/IEKBATHA, HO HE 3HAYMMA JIMIIb YaCTh

KO3((PUITMEHTOB perpeccum.

BapuaHTbl pemieHus: a) oIWH U3 BapUaHTOB penieHus B curyauuu 1.2; 0)
JoCTpoiika iaHa Juis yu€ra 3(hQexKToB B3aMMOJEHCTBUS WM JOCTPOMKA €ro 10
PEIUIMKY MEHbIIEeNH ApOOHOCTH; B) IBMKEHHE MO TPAJAUEHTY MO 3HAYUMBIM (PaKToO-
pam.

2. Pemaercs 3a1a4a OCTPOEHUSI MHTEPIOJSALMOHHON MOAEIH.

Cumyayusa 2.1: monienb afieKBaTHa.
Pemenue o1HO: OKOHYaHHME UCCIIEIOBAHUSL.
Cumyayusa 2.2: MoJiesib HEAJICKBATHA.

BapuaHTh! pelieHus: a)u3sMeHEHUE UHTEPBAIOB BapbUpOBaHUs (PaKTopoB; 0)
JoCTpoiika miaHa Juist yuéra 3¢ (pexToB B3aMMOJEHCTBUS MM JOCTPOMKA €ro /10
pPEIUIMKK MEHbIEW NPOOHOCTH; B) MpeoOpa3oBaHUE 3aBUCMMON M HE3aBUCHMOM
TmepeMeHHbIX, Hampumep, J = Iy mwm J = arcsin\y; r) pa3GuBKa HccaeTyeMoi
obsactu (haKTOPHOTO MPOCTPAHCTBA HA IMOJA00JIACTH M HMCCIIEIOBaHUE KaXIO0W U3
HUX B OTJI€JIBHOCTH.

6.13. KpyToe BoCXOxk/AeHNEe P PelIeHUH 32124 MapaMeTPU4ecKou
ONTHMHU3ALUHN

KoadduimenTsl ypaBHEHUs perpeccud SBISIIOTCS OLIEHKaMU COCTaBJISIO-
IIMX TpagueHTa GyHKIMK OTKIMKa (Mmapamerpa ontumuzanun). [losTomy eciu us3-
MEHATh HE3aBUCUMBbIE NIepeMEHHbIE ((PaKTOPhI) MPONOPLUHUOHATBHO BEIUYMHAM KO-
3¢ PULIEHTOB PErpeccuu, TO MOKHO JIBUTAaThCA B HAIPABJICHUM I'paJiueHTa QyHK-
MU OTKJIMKA. Takoe ABMKEHHE MPUHSTO HA3bIBATh KPYTHIM BOCXO0KICHHUEM.

[Ipn kpyTOM BOCXOKJE€HHE HE 3HAYMMBbIE (DaKTOphl CTAOMIIM3UPYIOTCA Ha
J11000M ypOBHE, HalpUMEP, OCHOBHOM.

3HaunMble (HaKTOPHI HAIO0 YMEHbBIIATh (yBEIMYMBATh), €CIU COOTBETCT-
ByIOIIHE KO3()PUIMEHTHI PEerpeccuu OTPHULATENbHBI (MOJIOKUTEIbHBI) U UIIETCA
MakCUMyM (pyHKIMH OTKJIMKa. W 3HaunMble QakTOphl HAJO YBETUYUBATH (YMEHbB-
I1aTh), €CJIU UIIETCSI MUHUMYM (DYHKLIUU OTKIJIMKA.
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Pacuét kpyTOoro BOCX0/1€HUSI CBOAUTCS K TOMY, YTO BBIOMpPAETCS LIar JABU-
KEHHS TI0 OJTHOMY M3 3HAUYMMBIX (paKTOpPOB, a IIATH MO APYTrUM (pakTopam BBIYHC-
JISAIOTCS MPONOPLUHUOHAIBHO ITPOU3BENCHUAM UX MHTEPBAIOB BAPBUPOBAHUS HA CO-
OTBETCTBYIONIHMI KO3 (PHUIIMEHT perpeccuu.

[Ipumep pacuéra kpyToro BocxoxacHus aia [IO3 2° MPUBEIAEH B TaOIUIIbI

6.4.
Ta0muma 6.4.
YpoBeHb );1 x;
~ 15 7,0
Ocuosro#l X
HTepBan BapbupOBa- 0,5 1,0
Hus |;
BEPXHUI 2,0 8,0
HYDKHUU 1,0 6,0
OnBITEI X1 Xo y
1 — — 95,0
2 + — 90,0
3 — + 85,0
4 + + 82,0
Pacuém kpymozo 60cxoixrcoenus
b; -2.0 -4.5
bi*1; -1.0 -4.5
[Tar npu u3MeHeHun
~ -0,11 -0,5
X, Ha 0,5
Oxpyrnenue -0,1 -0,5
OnbITHI ~ ~ ~
Xy Xy Y
5 1.4 6,5 99
6 1,3 6,0 97
7 1,2 [5,5] 95,95
8 1,1 50 97,6
9 1,0 4,5

OnBITEI KPYTOTO BOCXOXKAEHUSA 5+9 4acTo Ha3bIBAKOT MBICICHHBIMU. KpyToe
BOCXOXKJIEHUE cuuTaeTCsl YPPEKTUBHBIM, €CIIU XOTS ObI OJIUH PE3yJIbTaT U3 pPeallu-
30BaHHBIX MBICJICHHBIX OMBITOB OY/AET JTydllle, YeM HAWITY4IIui U3 OMBITOB 1+4,

3aMeTHUM TakK ke, YTO €ClId MOJEIb aJeKBaTHA, TO KPYTOE€ BOCXOXKIEHUE Ha-
YUHAIOT C TOTO MBICJIIEHHOTO OIbITA, YCIOBUS KOTOPOTO BBIXOSAT 3a 00JIACTh JKC-
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NEepUMEHTa XOTs OblI 10 ofgHOMY U3 (pakTopoB. B Tabmuie 6.4. 3to onbit No7, 3Ha-
YEHUE BTOPOro (pakTopa JJisi KOTOPOro JIEKUT BHE 00IACTH SKCIIEPUMEHTA ONBITOB
1+4.

KpyToe BocxoieHre MOXKET BOCIIPOU3BOIUTCS MHOTOKPATHO MOKa He Oy/ie
JIOCTUTHYTa MOYTH CTalMoHapHas oOsacth. [loaToMy mocne peanuzanuu nepBon
CEpUM MBICIICHHBIX OIBITOB 5+9, ycloBUE OMbITA C HAWIYYIIUM PE3YyIbTATOM MO-
T'YT ObITh IPUHSTHI 32 OCHOBHOH ypOBEHB (PAKTOPOB B CIICAYIOIIEH CEPUU OMBITOB
KPYTOT'O BOCXOKJICHHUSI.

Tem He MeHee Ja)ke MHOTOKPATHOE KPyTO€ BOCXOXICHHE HE rapaHTHUPYET
nomnajaHue B TOUYKY 3KcTpemyMa ¢GyHKuuu oTkiuka. [losTomy ecnu TpeOyetcs
U3Y4YUTH 00JIACTh ONTUMYMA, TO JIMHEWHBIN IJIaH IKCIIEPUMEHTA JOCTPAauBAETCA 110
IUTaHa BTOPOIO TMOPsiIKa M pe3yibTaT 3KCIEPUMEHTa NPEICTaBIsIeTCs B BUIE TO-
JUHOMAa BTOpOH creneHu. T.e. 11 onucanus 00J1IaCTH ONTUMYMa HCIOJIb3YIOT Me-
TOJbI HEJIMHEHOTO TJIaHUPOBaHUS SKcriepuMenTa [21].
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7. CTATUCTUYECKOE MOJAEJIUPOBAHUE HA 39BM

7.1. MeToabl cTaTUCTHYECKOT0 MoaeanpoBanus. Meroa Moute—Kapiio
MeTtoapl CTaTUCTUYECKOTO MOJEIIUPOBAHUS MOTYT IIPUMEHSTHCS IS UCCIIe-

JIOBAaHUS KaK AaHAIUTUYECKHUX, TAK 1 IMUTALlMOHHBIX MoAeneil cucrem. i peanu-

3allMM 3TUX METOJIOB HEOOXOAMMBI: MOJIENb MCCIIETyeMON CUCTEMbI, MOJIEIb CIY-

YallHbIX BO3JICUCTBUI U MMporpamma pacuéta Ha OBM cTaTucTHUECKUX XapaKTepHu-

CTUK BBIXOJHBIX BEJIMYHH CUCTEMBI.

MeTtoapl CTaTUCTUYECKOTO MOJEIUPOBAHUS MCIOJIB3YIOT B ABYX OCHOBHBIX

BapuaHTax [7].

1. Ecnu monmenupyemasi cucteMa U e€ mokasareib 3pQeKTUBHOCTHU SIBISIOTCS CTa-
LIMOHAPHBIMHU, TO OCYLIECTBJISETCS OJHMH MPOroH MoAenu (oauH onsit) u 119
ONPENEIAECTCS MO PE3YIBTATaM OJHOTO ATOTO ONBITA IYTEM UX YCPEIHEHHUS I10
BPEMCEHH.

2. Eciu monenupyemasi cuctemMa uiau €€ mokazatenb 3()(OEKTUBHOCTH SIBISFOTCS
HECTALIMOHAPHBIMM, TO OCYLIECTBIIETCS L€Nasi CEPUS HE3ABUCHMBIX OIBITOB
(nporonoB mozaenn) u I19 onpenensieTcss Mo pe3ybTaTaM CEpUU ONBITOB IyTEM
UX YCPEIHEHUS 110 COBOKYITHOCTH.

OTOT BapHaHT CTATUCTUYECKOIO MOJCIIMPOBAHUS HAa3bIBAKOT METOJIOM CTaTH-
ctuaeckux ucnsitannii Monte—Kapiio. C nomompro metoga Monre—Kapiio
MO’KHO BBIYHMCIIATD CJIOXKHBIE MHTETPAJIbl, peliaTh Au(pepeHuaibHble ypaBHe-
HUS U OCYLIECTBIIATh CTATUCTUYECKOE MOJIEIUPOBAHNE KaK HECTALlMOHAPHBIX,
TaK U CTAlHOHAPHBIX CTOXACTUYECKUX, & TAK)KE IETEPMUHUPOBAHHBIX CHCTEM.
[IpaBna npu uccaeq0BaHUM IETEPMUHAPOBAHHOM CHCTEMBI OHA 3aMEHSAETCS JK-
BUBAJICHTHOM cTOXacThudecKou. [IpuuéM BBIXOHBIE XapaKTEPUCTUKHU TOCIEAHEN
COBIIAJIAIOT C BBIXOJHBIMU XapaKTEPUCTUKAMH IETEPMUHUPOBAHHON CUCTEMBI.
EcTecTBEHHO, UTO ITPU TAKOW CHCTEME B MECTO TOYHOTO PEIEHUS 3a4a4H MOJTy-
yaeTcst npubamxeHHoe. Ho morpemHocTs pelennsi yMEeHbIIAETCsl ¢ YBEIHMYEHU-
€M YHCJIa CTATUCTUYECKUX UCTIBITAHUN MOJEIN CUCTEMBI.
Jns mmmroctpannu cynmHoctd Meroga Monte—Kapio paccmMoTpum OIMH U3
npocteiimux npumepoB. IlycTb HEOOXOAMMO BBIYUCIUTH METOAOM CTAaTHCTUYE-
CKOI'0 MOJEJINPOBAHUS ONPEIEICHHBIN HHTErpall

1
y = [ xdx.
0

Jlns1 penienust 3Tor 1eTEpMUHUPOBAHHOW 3a]1a- X
YU MOKHO MOCTPOUTH CTOXAaCTUYECKYIO MO/JIEIIb, i+]
BBIXOJTHASI BETMYMHA KOTOPOU MPUOIH3UTEITHHO 1 Xixg =X
paBHa uckomoii y (puc.7.1). Ha puc.7.1 npuHsATHI
cieayronme 0003HaYCHUS:
I'CY — renepatop ciayyaiinbix yucen opmupyet N 1
1ap PaBHOMEPHO PACIPEICIICHHBIX CIIy4YaliHbIX YH-
cen B unteppaiie [0,1];

»

Xvy
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BJI — 6510k TOTHKH, BBIXOHAS BEIMYUHA KOTOPOTO

1, eciu Xjyq < Xi;
Vi = .
0, eciu X > Xi;

X; v, m P4 }

Icy » bJI » Cu » y

Xj+1 *
N
Puc. 7.1.

Cu — CUCTYHUK, BbIXOAHAA BCINYHNHA KOTOPOI'O

N
m=>vi,
i1

m
b1 — 6510k nenenusi, Ha BBIXOJI€ KOTOPOTO Y = N’

B gactrocTH, eciiu N=80 u m=41, To npubianxeHHOe 3HAaUCHUE HHTErpaa,

BBIYHCIICHHOE C TOMOIIbI0 MeToga MounTe — Kapio, paBo: y = 0,5125. Tounoe xe

3nauenue y=0,5. [Ipu N — co: lim[y—y(N)]=0, To ecTb norpemHocTs pemeHus
CTPEMUTCS K HYJIIO.

7.2. ba3oBble U MPOU3BOAHbIE CIyYaliHble BO3/1€iICTBHUS.
MoaenupoBaHue CJIy4ailHbIX COOBITHI

Crnyualinble BO3IEMCTBHUS B 3aBUCUMOCTH OT UX HPHUPOABI MOTYT OBITH OT-
paxkeHsl B croxactuueckol monenu CAY kak ciiydailHble COOBITHS, BETUYHHBI
(IMCKpeTHbIE WM HEMPEPBIBHBIC) UM KaK ciiydaliHble QyHKIMH (Tipoiiecchl). Tpa-
JUIUOHHBIA cIOCO0 MPOrpaMMHONM MMHTALIMK CIIy4YailHbIX BO3aeicTBUil Ha DBM
CBOJUTCS K TEHEPUPOBAHUIO 0A30BBIX BO3JCUCTBUMA. A 3aT€M K UX MOCIEAYIOUIEMY
(GyHKUIHOHATIBHOMY MTPeoOpa30BaHUIO.

Haunbonee ynoOHbIM nipu 1Tu(POBOM MOJICTUPOBAHUN 0A30BBIM BO3/ICHCTBU-
€M SIBJISIETCS ITOCIIEA0BATEIBbHOCTD CIIyYaHBIX YUCEIl, UMEIOIIUX PABHOMEPHOE
pactipenenenue Ha uareppaie [0,1]. [Ipuuem uncna, reHepupyembie MPOrPaMMHO
Ha OBM Ha3zbiBaroTCs nceBaocaydyaiHbIMU. OIHAKO UX CTaTUYECKHE CBOMCTBA
COBIIAJAIOT CO CBOMCTBAMM «MCTUHHOY» CIIy4alHbIX yncell. B crangapTHRIX Opo-
rpammax st OBM npuMeHSIoTCst pa3iidHbIe CIOCOOBI MPOTPaMMHOM TeHepaIuu
ciryyaiiHbIX yucen. PaccMoTpuM oiuH U3 Takux croco0os. I1ycTs Uy— HeueTHoe

YHCII0, HATIPUMED, C MATHIO 3HaYan My mudpamu Uy =011111. U k=8t £3, roe
t — uenoe uncno, Hapumep, t=1. Torna ouepeaHoe ciiydailHOE YHCIIO — TO TMO-
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CIIeIHUE TIATh 3HAYaMX nudp uncna U; =Kku;_; , Hanpumep, npu
i=1:u; =kuy =(8-3)-0,11111=0,55555.

Jlj11 MOIEeTMpPOBaHUs CIIy4alilHOTO COOBITUS A, BEPOSITHOCTH KOTOpOro P, oc-
TATOYHO C(HOPMHUPOBATH OJHO YUCIIO I, pPABHOMEPHO paclpeieIEHHOE Ha UHTEPBa-
ne [0,1].

[Tpu nonananuu I B uaTepsan [0,P] MoxkHO cuntarh, 4TO COOBITHE A HACTY-
NUJI0, B TPOTUBHOM CIIy4ae — HE HACTYIUJIO, TO €CTh
1, eciu r e€[0,P];

0, eciu r>P.

7.3. MoaenupoBaHue C1y4aiHbIX BeJUYHUH.
Metoa oOpaTHbIX (PYHKIUI
[Tpu MotenMpOBaHUK TUCKPETHOM CIIy4ailHOM BEJIMYUHBI &, KOTOpask MOXKET

MPUHUMATH «N» 3HAYEHHUH a,...,a, C BEPOATHOCTAMH P, ,....p,, P, =1, ucmons3y-

i=1
€TCs CIEAYIOIINAN METO/I.
Otpe3sok [0,1] pazouBaeTcs Ha «N» OTPE3KOB A ,...A , JUIMHA KaKAOTO U3 KO-

TOPBIX paBHAa COOTBETCTBYIOIIEH BeposiTHOCTH P, ,...,P . Jlanee popmupyeres (pa-

3bICpBIBaeTCA) uucio I ~ Rav [0,1] u ciydaiiHol BeTMunHe MPUCBanuBaeTCs 3HaUe-
Hue E=a ,ecmu reA. .

J171st MoJIeTMpOBaHUsI HEIPEPBIBHBIX CITYYalHBIX BETUYHUH C 33JJaHHBIM 3aKO-
HOM pacIpeiesIeHHsI U3BECTHO HECKOJIBKO METOJIOB: HEJIMHEHHOTO MpeoOpa3oBa-
Hus (wm o0patHbIX PyHkIuit), Heiimana, TabauaHbIi, cyneprio3uniuu u ap. Pac-
CMOTPUM HEKOTOPHIC U3 HUX.

Merton oOpatsbix dbyHKIMI. OH OCHOBaH Ha CIEAYIOLIEH TeopeMe: €CIIH CIIy-
yaiiHas BENMIMHA Y nMeeT T pepeHnranbHbIi 3akoH pacnpenesenus f (y), To

CJy4daiiHasi BeJIMYrHa

x= [f,(y)dy (7.1)

MMEET pPaBHOMEPHBIN 3aKOH pacnpenenenns B uatepsaie [0,1].
Ecnu nnd ciiyyaidiHOM BEJTMUMHBI Y 3a]1aH MHTETPaIbHbIA 3aKOH pacIpeielie-
aust F (y), o

x=F (y) (7.2)

Jnst mostydeHust airopuTMa peoOpa3oBaHus BETMYUHBI X ¢ PABHOMEPHBIM
3aKOHOM pacHpeAesieHus B CIy4ailHyl0 BEJIMUMHY Y C 3aJJTaHHBIM 3aKOHOM JIOCTa-
TOYHO PEIIUTh 00paTHyto 3anauy. To ecth ypaBHenue (7.1) wim (7.2) HeoOxoaumo
Pa3penIuTh OTHOCUTEILHO Y-

y=F'(x), (7.3)
rne F~'(x) — ¢pynkums, obparnas gynkmun F(X).
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Ilpumep: Haiinem 3aKoH peoOpa3oBaHus CITy4aliHOW BEIMUMHEI X C PaBHO-
MEPHBIM pacIpeeeHUEM B CIIy4ailHyIO BEJIMUMHY Y C TOKA3aTeIbHBIM 3aKOHOM
pacnpeneneHus

-
f,(y)=he™ (7.4)
Beipaxxenue (7.1) B 3TOM cilydyae IPpUHUMAET BUJT

y
Kj-e*ky dy =x.
0

Bperaucnss HHTEIpaJI ¥ paspenias ypaBHCHHUC OTHOCHUTEIIBHO «Y» MOXHO I10-
JIYy4UTb, YTO

y= —%ln(l - x).

7.4. Metox Heilimana u Ta0JITMYHBLIH MeTO/I
Meron Heiimana. [TycTh HEOOXOAMMO MOTYYNUTh 3HAUYEHUS Y, Y,,Y3,-.-

CIly4aifHO# BeNMW4YuHbI Y ¢ AuQdepeHInaIbHbIM 3aKOHOM PacIpeIeIeHUs
f,(y)<c.

Jlns MmomenupoBanus QyHKIIUH Y CHavajia MPOU3BOAUTCS yCEUEHUE pacipe-
penenust f (y)Takum 00pasoM, 4TOOBI 00IACTE BO3MOXKHBIX 3HAUCHHI BEIUIHHBI
y nexana B untepsaie [a,b]. [Tocne sroro rpapuk dpyukuun f, (y) MoXKHO Bricath

B IIPSIMOYTOJIBHUK A co cropoHamiu (b-a) u €. U eciin oTOMpats o oyepeau mapst
3HAYEHUU X, ;,Xy; 1=1,2,3,... cmy4aiiHOI BeTUUNHBI X (C paBHOMEPHBIM 3aKO0-

HOM pacripeiesieHus) U, U3MEHSI UX MacCIITa0bl
*
Xoig =a+(b—-a)x,,
*
Xoi =CXy
* *
OTKJIQJbIBATh X, U X,; COOTBETCTBEHHO IO OCH a0CIIUCC U OCH OPJIMHAT, TO
* %
TOYKU C KOOPAUHATAMHU (X 915X 21) OyIlyT pacmoJyiaratbCsi KaK HaJl, TaK U MOJ KpH-
Boit f,(y).
3
Jlanee BbIOMpArOTCS KOOPAUHATHI X ,;_ TOJIBKO T€X TOUEK, KOTOPBIE pacroia-
raroTcs ox KpuBoi f () .

* -
ITocnenoBaTenbHOCTH BEIOPAHHBIX KOOPAMHAT X,; ;, 1 =K, |, m ... aTo u ecTp
II0CJIEZ0BATENBHOCTL 3HAYEHUH Y, Y,, Y3, . . . CIy4alHON BEJIMYUHBI Y C 3a/1aH-
HBIM 1M depeHIraIbHBIM 3aKOHOM pacnipenesennst f, (y).
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Taonuunwiit memoo. Ocnosan Ha 3ameHe 3a0aHHO020 3aKOHA pacnpeodeleHus
CAYUARHOU 8eTUYUUNHBL CHEUUATbHBIM PaAcYemHbiM coomHuouienuem. Takue co-
OMHOWEHUA NOTYYeHbl RPAKMUYECKU 0711 8cex HauboJiee pacnpocmpaHeHHbIX
61008 pacnpeoesieHuil U npueedeHsvl 8 CHPABOUHOU TUmepamype.

Hampumep, 17151 moka3zaTeabHOTO 3aKOHA pacipeiesieHus

1
=——Inx 7.4
y==3 (7.4)

r7ie X — paBHOMEPHO pacmnpeiesieHHas cily4yaiiHas BeIMYMHA; A — mapaMeTp Moka-
3aTeNbHOTO PaCcTpeeICHUS

2
y=m+o’| Y x,-6|
o
rJie M,G’— MapaMeTphl HOPMATBHOTO PacIpeIeseHus.

3aMeTUM TaKXe, Y4TO U MOAEIUPOBAHUS CIIy4alHbIX BEJIUYHUH C HEKOTOPBI-
MU 3aKOHaMU paclpeAeIeHUs HHOTAa yJ00HO UCIIONb30BaTh IPe00Pa30oBaHue
HOPMAaJIbHO PACHPENEICHHON CIIy4alHOM BEJIMYMHBIL. B 4acTHOCTH, CIIydailiHyIO
BEJIMYMHY C [TOKA3aTeIbHBIM 3aKOHOM pacnpeaencHus (7.4) MOKHO IOIY4YHTh ITy-
TEM IIpeo0pa3oBaHus OTOOPAHHBIX Map 3HAYEHUH X,; ;, X,; 1=1,2,3,... caydaiiHOI

BEJTMYMHBI X (C HOPMATBHBIM 3aKOHOM pacrpesesieHus u napamerpamu (0, c°)):
2 2 :
Y, =X5 + X5, 1=123, ..

pUYeM MmapaMeTp A mokazaTeabHoro pacnpezaenenus (7.4) cBa3aH c mapa-
2

(6}
MCTPOM G HMCXOJHOI'O HOPMAJIBHOI'O paClpCACIICHNA COOTHOIICHUCM r=—-.

7.5. MoaeaupoBaHue BEKTOPHBIX CIYYAHHbIX BEJIMYHH U CJIyYalHbIX
MPOLECCOB HA KOHEYHOM HHTepPBaJie BpeMeHH
3aga4uu MOJIEIMPOBAHMS CIIyYalHBIX BEKTOPOB U CIyYalHBIX POLECCOB HA
untepBaiie (0,T) B npuHIuUIle HE OTAMYatOTCs. J{efCTBUTENBbHO, AUCKPETHBIE pea-
JU3aLUU CITy4alHBIX MPOLECCOB MOXKHO paccMaTpUBaTh Kak BEIOOPOUYHbIE 3HAUE-

HUs N-MepHBIX BEKTOPOB, npuyeM N = A

JlI1st MoieTMpoBaHus CIIy4alHbIX BEKTOPOB C 3aJaHHBIM MHOTOMEPHBIM pac-
MPEIECICHUEM MOXHO MPUMEHUTH BCE TOT k€ MeToa Heimana.

[Tycthb fy (?y)- N-mepHas pyHKIIMSI TUIOTHOCTH BEPOSTHOCTU CITy4aitHOTO BEK-
TOpa §c 00JIaCThIO OTMIPEICIICHUS [ai,bi] CJIy4aliHbIX KOOpJHUHAT Y. (1= I,_N) :
[To ananioruu ¢ OAHOMEPHBIM cilydaeM AJisi GOPMUPOBAHUS peaTu3allii BEKTOpa
§ Ha OBM BbIpabatbiBatotTcs rpynmnsl o N+1 ciydaiiHbIx uncen X,,Xy,, paBHO-
MEpHO pacIpeIeieHHbIX B HHTEPBAIaX COOTBETCTBEHHO (a,,b, ), (az,b2 ),

(aN ,by ), (O,C), npuyem C > fy(y_) .

eey
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N B xauecTBe pean3alnn CHY‘I&ﬁHOFO BCKTOpa y BI)I6I/IpaIOTC$I TC pcalin3da-
l

MM BEKTOpa | Xj (l = 1, N ), JJIs1 KOTOPBIX BBIIIOJIHACTCA YCIIOBHUC!

l 4 l

XN:1£fy X1, ..., XN |,

;(E ai +(bi —ai )(XIZ) npu izl, N,

P =
! -

C(XN+1) npu 1=N =1,

Taxum 00pa3oM, B KauecTBE peayln3aluil CIy4aiiHOTO BEKTOPa Y C 3alaHHbIM

3aKOHOM pacIpeiesieHus: BEPOSITHOCTH, UCIIOJIb3YIOTCSl KOOPJIMHATHI TOYEK, PaB-
HOMeEpHO pacnpezaenacHHbiX B (N+1)-mepHoM o0beme 1o N-MepHOI TOBEPXHO-

crero foly).

3ameTuM Takxke, uto B coBpeMeHHbIX [IIII1 11t cratucTuueckoro Moaenupo-
BaHUSI CUCTEM YIIpaBieHus, U B yacTHOCTH, B MATLAB uMeroTcst reHepaTopbl
CIIy4ailHBIX BEJTUYHH, B TOM YHCJI€ U BEKTOPHBIX, OoJiee ueM ¢ 20-10 pa3IMuHbIMU
3aKOHAMH PACIIpEICTICHHUS.

7.6. MoaeaupoBaHue THIIOBBIX CJIy4YallHbIX IIPOLECCOB

K TUTIOBBIM OTHOCSITCSI CTallMOHAPHBIE HOPMAaJbHBIE CIyYailHbIE MPOIIECCHI
E(t) ¢ 3amaHHBIMM XapaKTEPUCTUKAMU: MATEMaTUYECKUM OXKUAAHUEM Mg, AUCTIEp-
cuen 052, KOPPEISIIMOHHON (YHKIMEH K(T) WIM CIEKTPAJIbHOH INIOTHOCTHIO
Sg((ﬂ)).

s mosydeHus: TANOBBIX CIyYaHBIX IpolieccoB Ha 9BM uCHoONb3yIOT -
HEHOe MpeoOpa3oBaHKMe TOCIEI0BATEIBHOCTH M[I] HE3aBUCHMBIX HOPMAaJIbHBIX
CITy4alHbBIX 4KceN (JUCKPETHBIA OBl 1IyM) B CIyYailHYIO MOCJIE€I0BATEIHHOCTD
&[], koppenmupoBaHHYIO 10 3a7aHHOMY 3akoHYy. [Ipuuém mocnenoBaTenbHOCTh N[i]
UMEET  MaTeMaTH4YecKoe  oxuaanue M,=0, CHOEKTpaubHyl0  IUIOTHOCTH
s(w)=s(0)=const, u mcnepcuio G, = 1.

[TosToMy aisi MOZIEIMPOBaHUs Ciay4aiHoro mporecca &(t) uau ToyHee mo-
CIEZ0BAaTENBHOCTD E[i] ¢ 3amaHHBIMU 3HAYEHUAMU M M Gz UCTIOIb3YIOT JOIOJIHHU-
TeJIbHOE MPe0Opa3oOBaHUE

Elil=m, + o], (7.7)

B cBow ouepenp i MOMydYeHUs LHEHTPUPOBAHHOIO CIYYAMHOIO CUTHAJIA

&li], xoppenupoBaHHOTO 10 3aJaHHOMY 3aKOHY, pa3pabOTAHHOTO HECKOIBKO Me-
TONOB [24]:

— METOJl PEKYPPEHTHBIX aJITOPUTMOB;

— METO/I CKOJIB3SIIEr0 CYMMHPOBAHUS;
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— MeToJl GOPMUPYIOLIETO PUIBTPA.

Paccmotpum mocnenHuil U3 yKa3aHHBIX METOJOB, TaK KakK €ro MOXHO HC-
MOJIb30BaTh KaK MPHU [MUPPOBOM, TaK U IPHU aHATIOTOBOM MojennpoBaHuu CAY.

CnexTpaibHas IJIOTHOCTb CTAl[MOHAPHOIO CIy4aHOTro curHana S:(®) Ha
BBIXOJIE JINHEHHOTO (DUiIbTpa CBA3aHAa CO CHEKTPalbHON IIIOTHOCTHIO S,(0) BXO.-
HOTO CITYYaifHOTO CHTHAJIa U YaCTOTHOH mepenarodnoi pynkuueit O(jo) puibrpa
COOTHOILICHHEM

. N2
se(@)=s,(0)(jo) (7.8)
Ecnu Tenepb ocyImecTBUTh (haKTOPU3AINIO CIIEKTPATBbHOM MIOTHOCTH S:(®),
T.€. Pa3N0XUTh €€ Ha KOMIUIEKCHO—COMPSIKEHHBIE MHOKHUTENH,

Se (]a)) ) Se (_]a))
J5,(0) Js,(0)
TO mepeaaTouHas PyHKIUS JIUHEHHOro GpopMupyroliero GpuibTpa OyieT paBHa
s.(p)
oM

D(p) =
(p) m (7.9)

3ameTum, 4T0 GOPMUPYIOIIHKA (PUIBTP MOKET ObITh KaK HEMPEPHIBHBIM, TaK
U auckpeTHeIM. [lepenaTounyio (pyHKIUIO TUCKPETHOrO (PUIBTPAa MOXHO IOJY-
YUTh MYTEM Z—TIpeoOpa30oBaHus NEPENATOUHON (DYHKIMHU HEMPEPBHIBHOTO (PHIIbTpa

(7.9).

= D(jo)D(-jw),

O4eBUIHO, YTO TUCKPETHBIM (PUIBTP NPUMEHSETCA MPU MOJEIUPOBAHUU
nuckpeTHelx CAY. IIpu monennpoBannu HenpepblBHBIX cucteM Ha LIBM mpume-
HsieTcs HernpepbiBHBIN GuibTp (7.9). Lllar auckpeTHOCTH €ro BXOJIHOTO CHTHaja

10 BpeMeHH h 1omKeH ObITh [24]
5 < 2./3¢.

@,

rIe €« — 3aJaHHOE 3HAYCHHWE OTHOCHUTEIBHOW IOTPEUTHOCTH IPU HMHUTAIUH
CBOICTB 0€JI0T0 ITyMa,

15,0 =5,(@,)
IR R

a BEJIMYMHA Mg JIOJDKHA OBITH TaKOM, YTOOKI quamna3oH 4actoT [0, mg] mepexpoiBa
nosiocy nponyckanus ucciuegyemo CAY.

7.7. O0mas cxemMa aJIrOPUTMA CTATHYECKOT0 MOIeTUPOBAHMS
O cBoiicTBax ciy4vaitHoro nporecca 77(f) cyasar mo cBOicTBaM ClyyaiHOM

nocienosarensHoctu 77 (jA?)(j =0,k) unu, unaye rosops, mo ceoiictBam R-—
MEpHOT0 BEKTOpA

17 = [1(0),..., nl(k =D Az], 7(T;,)],
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rne 1T, =kAt, R=n(k+1).

Pabora uccienyemoit cucremsl Ha uHTepBaie (0,T) momemmupyerca “n”—
KpPaTHO C MCIOJIb30BAHUEM HE3aBUCHUMBIX pEaju3alMii BHEIIHUX CIyYalHBIX BO3-
JICVICTBUM.

IIpu 5TOM MONy4aroT “N” HE3aBHCHMBIX peammsammii v, (i =1,n) BekTopa
n.

B oOmeMm ciydae mnporpamMma MOJEIMPOBAHUS COJAEPKHUT 3—M LHUKIA
(puc.7.2).

BuyTtpennuit muki (6510ku 5—8) m03BOJSET MOJYUYUTh MOCIEA0BATEIIbHOCTh
v,(t)=y,(jA?) (j=0,L...,k) 3nauenmii kpurepus m(t) B MOMEHTH BpEMEHH
0,At,2At,... . KAt=Ty. Paboty monmenu Ha uHTepBaje Bpemenu (0,Ty) Has3pBaroT
IIPOTOHOM MOJEJIH.

B cnenytomem nukie opraHuszyercs “N” — KpaTHOE MOBTOPEHHUE MPOTrOHA,
MO3BOJISIONIEE MOCTE COOTBETCTBYIOIIEH CTATUCTUYECKON 00pabOTKM pe3yIbTaToOB
(6mox 11) cynuTh 00 yCpenHEHHBIX XapaKTEPHUCTUKAX MOJAEIUPYEMOIO BapuaHTa
cucremsl. (Ecu niporiece 1 (t) mpeamonaraercss HCMOMB30BaTh B KAYECTBE BXOIHO-
ro BO3JCUCTBUS B Jpyrol OJOYHOM WJIM YaCTUYHOM MOJENH, 3HAYCHUS

y;(JAt) i=1Ln; j=0,l,..,k) MOKHO 3aIIOMHUHATH HEMOCPEACTBEHHO O€3 BCIKOM

00paboTKH.
Ha pa3nuaHbIX TporoHax MCIHOJB3YIOT HE3aBUCUMBIC PeaTU3alliy BHEIITHAX

BO3JcHcTBHI. TIpy 3TOM OKa3bIBAIOTCH HE3aBUCHMBIMH M peanuzauuu Y, (f) wu
y,(2) i#] kpurepus s¢pdexrusHOCTH (1)

OKOHUYaHHME UCCIEAOBAaHUS OYEPEAHOTO BapUaHTa CUCTEMBbI MOXET OIpee-
JSITHCSA HE TOJIBKO 33/IaHHBIM YHCJIOM MTPOTOHOB (KakK MOKa3aHo Ha puc. 7.2 (610K
10)), HO ¥ 3aJaHHOW TOYHOCTHIO PE3YIHTATOB (MOCIIEIOBATENBHBIA aHAIN3). ITO
3aMeYaHue OTHOCUTCS K OKOHYAHUIO MporoHa (610K 8).

Bo BHeniHeM LMKJIE OpraHu3yercs MOMCK ONTUMAJIbHBIX MapaMeTpPOB CHUC-
TeMbl: 00K 11 ocymiecTBisieT MPOBEPKY, YAOBIECTBOPUTENbHBI JIM IMOKa3aTeln
CUCTEMBI, a OJIOK 1 MpPOM3BOAUT M3MEHEHHE MapaMeTpPOB TaK, YTOOBI YIYUIIHMTh
9TH MOKa3aTelu.

Cxema Ha puc. 7.2 MO3BOJSIET BECTU CTATHUYECKYIO 00pabOTKy B Hamboiee
obmieM ciydae, nipu HectaimoHapHoMm kpurepuu 1M(t). Hanpumep, npu ananmse
NEPEXOAHBIX IPOLIECCOB.

Ecnu cBoiicTBa MOJIEIUPYEMOM CUCTEMBI ONPEAEISACTCS 3HAYECHUEM KPUTE-
pust 1(t) B HEKOTOpBIN 3alaHHBIE MOMEHT BpeMeHH (Hanpumep, nipu t=Tp=KAt), To
00paboTKa CBOAMTCS K OILICHKE pacrhpeneiacHus “N”—mepHoro Bektopa 77(7};) mo

He3aBucuMbIM peanusanusaM V(1) i=1,n, monydyeHHsM B pe3yiabrate “N” mpo-

TOHOB MOJIENIH — (PUKCHPYIOTCS HE3aBHCUMBIE PEATU3ALNH CITyYalHBIX BEIUYHH.
Ecnu cucrema (YHKIMOHHUPYET MPH CTALMOHAPHBIX CIYYalHBIX BHEIIHHMX

BO3ICHUCTBUAX, TO 110 UCTEUCHUH HEKOTOPOro BpeMeHH {p=KyAt ¢ Hauana e€ paboThI
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B CUCTCMC yCTaHABJIMBACTCs CTaHHOHapHBIﬁ PEKUM. O HEM MOXXHO CYAUThb I10 O-

HOM, JIOCTaTOYHO JJIMHHOU peanm3anuu Y, (f) mpouecca — kpurepus 1(t), cramuo-
HapHOTO U 3proaudeckoro Ha unreppaie (1o, Tr). s cxemsl Ha puc. 7.2 370 03Ha-
YaeT, 4TO CPEIHUN MUK UcKimodaercs (N=1) u 100aBistOTCS OnepaTophl, MO3BO-

JISTIOIIME HAavaTh 00paboTKy 3HaueHuii ,(jA?) mpu j > Ko. OcobeHnocTr 06padboT-
KA B O3TOM CIllydae OIPENCIAIOTCS CTAaTHYeCKOW 3aBHCHMOCTBIO pealld3aiuii

yl(.]At) j:]uij—F];

7

s ¢
JICHTHO 3a/]al
BEPOSTHOCTD
1€ WA PaBH|

DyHKI
JalHOHU BeJy
IIpene

Ha3bIBACTCA 1

Haun0g
JIAETCS TUCT(
YaifHOU BEJIN

npudém K pe

rae F;max; ‘:mi
BBIOOPKH &

Jlts K
JJaHWUM 3HA4e|

e M—9ucii

TOI'Q
0 X:

s p
YHD)
I

lim

, UTO CIIy4aiHy

I.

pix

[ToaroToBKa K MOJEIMPOBAHUIO
ouepenHoro Bapuanta CAY

1

=0

8. Pacnipeesienue BCpO&lTHOCTeﬁ CJIyYallHbIX BeJIUYHH
Ty9aifHBIX BEJMYHMH ¢

e 2 )OATHOCTEM €€ 3HAYeHHUM SKBHBa-

HUIO TaK HAa3bIBAEMOU

(i)ﬁl{u 1 pactpenenenust F:(X) B Touke X ecTb
1o g UpPUMET 3HAYCHUE, KOTOPOE MEHb-

i=i+1

F(x)

ACIIPCOCIICHUA ]

J:

e
1

< xt (7.10)
4
IMOJIHBIM CTATHUYCCKHUM OIIMCAHHCM CIIY-

j=j+1

<& < x+AXT
A

5
ar. (x)

Ax—0

IJIOTH
F.(
JICC 1

Drpam
YHHD)

KOMC

I

[OCTH|

x)

[TUPO
IMa.

Ax

[0 pacmpen

—

jAt

t=

JIC

o0

A 4

= f:(x) (7.11)

¢ 6

rorCIy9aHOM BEJTMYUHBI, IPUYEM

i
KO 1
[ Ipy

MonaenupoBanue CAY

Ha unTepBaie (t - At, t).

[TomyyeHnue ouepenHo-
ro 3HaucHus Yi(t)

u=1
.

INIOTHOCTHU PACIIPCACICHUSA SB-
I'b BO3MOXXKHBIX 3HA4YCHUM ClIy-

(7.12)

& pg30M o

Hak;

;epeceKanmec;I HHTCPBAJIOB

A&
AG 3

>k

) K

HTyeTCsl BRIOMpAThH I/iB na THoleHus [24]

@dukcanus pe3yJbTaTos |,

Cror.

i 9
| — cpoTBerd |-TO MPOrOHA MOJICIIM  § MUHUMAJIBHBIA U3 DJIEMEHTOB
E2,.1., En CITY pop O BEHMUMHEI E.
OK/I0E0I=r0 uHTEpB ;5 1~ PIIs 1 1 OTHOCHTENbHAS YacTOTa I0Ma-
HU BEJIMYMHBI & B dTormrrormal Agj, T.e.
Q * 4% AT
O0paboTka pe3yabTaToB 11
P HOMaAat N Gyenernoro Bapuanta CAY|Bb&wpKU.
A 4
HET
Hcuepnanbl 11 Bee uc- 12
[a}
A 4 aa
Britaua pe3ynbpTaTos. 13
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['ucrorpamMmma CTpouTCs B NPSIMOYTOJIBHOM cucTeMe KoopauHar. Ilo ropu-
30HTAJIBHOW OCH OTKJIAABIBAIOTCSI MHTEPBAJIBI BO3MOXKHBIX 3HAYEHHUU CIIy4alHOU
BEJIMYMHBI &, a M0 BEPTHUKAIBHOM — COOTBETCTBYIOIIME 3TUM MHTEPBAIaM OTHOCH-
TEJbHBIE YaCTOTHI J.

Ha ocHOBe MOCTOSIHHOM THCTOTpaMMBblI MOKHO HICHTH(PHUIMPOBATH 3aKOH
pacrpeneneHus UCCIeayeMON ClIydaiiHOM BEJIMYMHBIL. B cnipaBOYHOM JuTEpaType
uMeroTcs rpaduku QyHKIUN MIOTHOCTH BEPOSTHOCTHU VISl BCEX THUIOBBIX 3aKOHOB
pacnpenesneHus CiIy4aiHbIX BEJINYUH.

JUis mpoBepKH NPOM3BENEHHONW HACHTU(UKALMM 3aKOHA pacIpeieieHUs
CIIy4ailHOM BEJIMYMHBI MCIOJB3YIOT CTaTUYECKUE KpuTepuu coryiacus Koiamoropo-
Ba, CmupHoBa, @uiepa, [Tupcona u np. Hanpumep, kputepuii cornacus [lupcona
OCHOBAH Ha ONPEJEIICHUN U CPABHEHUU C TAOJIMYHBIM 3HAYEHUS BEJTUYUHBI

k
x* = Z(mz - Npi)2 /(Npi), (7.13)
i=1
rJiec M—YUCII0 3HAYCHUN CITy4ailHON BEJIMYMHBI &, TOMABIIMX B I—i MHTEPBAT; Pi—
BEPOSTHOCTH IMOMAaHUs CIIyIaliHON BEIIMYMHBI B I— MHTEpBaJl, BEIYUCIICHHAS U3
TeopeTUIecKoro pacmpeneiacHuss; N—oO0bEM BBIOOPKH; K—dHCI0 WHTEpBAIOB, Ha

KOTOpO€ pa3zdouBaeTcs 00JacTh BOBMOXHBIX 3HAYEHHUI CITy4YallHON BEJTUYHHBI &,

2
TabnuuHOe 3HAUEHHE BENMYMHBI X() HAXOIUTCH B COOTBETCTBHU C YUCIOM
. . 2 2
creneneii cBo6oas! f = k—1 1 BEIOpaHHO# BEPOSATHOCTHIO TOTO, 4TO X = X[ |

2 2
WUecin X = Xy, 1o nponssenéHHas nIeHTHGUKALMS 3aKOHa PACTIpEiesie-
HUSI CIIy4YailHOM BEJIMYMHBI TTOATBEPKIAETCA.

7.9. OcHOBHBIC YHCJIOBBIE XAaPAKTEPUCTHUKH INIOTHOCTH BEPOSITHOCTH
U UX OLIEHKH [6]
3aKOH pacnpeesieHHs] ABISIETCA UCUEPIBIBAIOIIECH BEPOSATHOCTHON XapaKTe-
PUCTHUKOM CIydaifHOM BeauuuHbl. OHAKO M1 OOJIBIIOTO YHCIIa TIPAKTUYSCKUX 3a-
Jla4y JI0CTAaTOYHO 3HATh YHCJIOBBIE XaPAKTEPUCTUKH CIIyYalHbIX BEJIMYHH.
K vum otHOCcsTCs 1-i1, 2—, 3—i 1 4—i1 MoMeHThI pacnpenenenus. [lepBriit
MOMEHT WJIM MaTEeMAaTUYECKOE 0XKHMJIaHUE CITy4YalHON BEJIMYMHBI &

o0

me = j Xf (x)dx (7.14)
—00
ABJISACTCS €€ CPETHUM 3HAUYECHHUEM.
BTopoii ieHTpaabHbIii MOMEHT WJIN JUCIIEPCUS

A.=o0; = j(x_mé)sz(x)dx (7.15)
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XapakTepHU3yeT pa3Oopoc 3HAYEHUH CIIy4ailHOW BEJIMYMHBI OTHOCUTENBHO €€ Mare-
MaTUYECKOTO 0>KHMJIaHHUS.
TpeTuit 1 4eTBEPTHIN UEHTPATIBLHBIE MOMEHTHI

M, = j(x—mg)ifg(x)dx, i=3 4 (7.16)

XapaKTepU3yIT COOTBETCTBEHHO AaCHUMMETPHIO W JKcliecC rpaduka TUIOTHOCTH
pacnpenenenus. B wactHoctu, ecimu M3 > 0, To rpaduk aCUMMETPUYEH U €T0 MUK
cMeli€H BieBo. Ecniu Mj < 0, To MK CMEIIEH BIPABO.

Ecnu npu =1, My > 3, To rpadux 3aoctpéH, a ecnu My < 3, To rpaduk sB-
JISIETCSI TIOJIOTHM.

st mpubmmk€nHoro omnpeneneHuss momeHtoB (7.14) — (7.16) no orpanu-
YEeHHOMY 4uCiy peanusanuil (006EM BeiOOpku N) ciiyuallHON BETMYUHBI & MpUMe-
HSFOT MX OIICHKH.

B yacTHOCTH, MaTeMaTHYeCKOE OKHJIAHUE M: U AUCIEpCUI0 O ; OILICHHUBAIOT

C TOMOIIBIO CIEIYIOMIMX COOTHOIIEHUH [1]:

- 1 X
=N &5

2.6 ( (7.17)

1 J —\2 1| =
Szz— . — = .2——1_1 ,
N_lé(a, e = e -

— - J

3ameuanue 1: Ouenku (7.17) SBASIOTCS COCTOSATENbHBIMU M HECMEIICHHBIMHU.

OueHka & K TOMy ke sBisercs >(D(EKTHBHOM, a OLEHKAa S°— aCHMIITOTHYECKH
3¢ HeKTUBHOM.

HecMeIeHHOCTh OIeHKH S” I0CTHTaeTcs NCIIOIb30BAaHHEM B 3HAMEHATEINe
cooTBeTcTBYIOMIEH hopmybl (7.17) Benuunnbl £ = N —1 BMecTO 04eBHIHOTO HA
nepBbIii B3y 3HaueHus: N. Yucno creneneit cBo0oab! f paBHO pasHOCTH Mex Ty
YHUCJIOM SKCIIEPUMEHTAIbHbIX 3HaueHU N 1 KOJTMYeCTBOM JIONOJIHUTEIbHBIX Ma-

paMeTpoB, BXOASIINX B (POPMYITY SIS BRIYHCIICHUS S? (B TaHHOM CJTy4ae OJMH IT1a-
pameTp &).

A

3ameuanue 2: Ecnu olieHKY OIleHUBAaeMOTO MapaMmerpa @ o0o3HauuTh O ,
TO OHA SIBJIIETCS] COCTOSITEILHOM, HECMENEeHHON 1 (D PEKTUBHOM, €CITU yI0BJIE-
TBOPSIET COOTBETCTBYIOIIUM YCJIOBHUSM:
A
a) lim©®(N)=0;

N—w
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b) m. =0;
®
C) G)zmin(@l,@z,...,&j.

3ameuanue 3: JIns paBHOMEpHO pacnpenesieHHoi B uatepsane [0, 1] ciy-
4aiHOW BEJTMYHMHEI ILIOTHOCTH BEPOSTHOCTH f; (X)z 1 ¥ o3TOMY €€ YUCIIOBLIE Xa-

PaKTEPUCTHKH MOXHO HaiTH HermocpeAcTBeHHO u3 (7.14) — (7.16)

1
me = [ xdx =0,5;
0

1
oZ =[(x-05)*dx=0,333-0,5+0,25=0,083;
0
1 : _a
M, = [(x— 08 dx=° pu 13
0 0,0125 npu 1=4.

7.10. OueHKN MaTEeMATH4Y€CKOT0 0KUAAHNS, JUCTIEPCUHN U KOPPeISIIIHOHHOI
(pyHKIUM CTAMOHAPHBIX CJIYYaWHBIX IPOLECCOB
B kaudectBe MOJENM CTAlIMOHAPHOrO CIYYalHOrO MPOILECCa PACCMATPUBAETCA 3P-
rOJIMYECKUN rayCCOBCKUU MpOLECC g(t). Ero peanuzanus uMeeT KOHEUHYIO JIH-

T
TEJIBHOCTB 1, @ ero AUCKpeTHas BbIOOpKa &,,&,, ..., &y ¢ marom At = N cozep-

#uT N+1 muckpeTrHoe 3HaUEHHE.
OueHkr MaTEeMaTUYECKOTO OKMIAHMSI TaKOTro IMPOIecca BBIYMCIAIOTCS IO

dbopmyie:

T
- leﬁ(t)dt OJ151 HeNnPepvI8HOU peanu3ayuu
m= i N (7.20)
—— >, 0151 OUCKDEMHOU peanu3ayuu
N +1 i=0

A OLIEHKH KOPPENSLMOHHON (YHKLIIUHA UMEIOT BU:

T-1 ~ ~
TL f (&(t) —-mg ](é’;(t + r) - mgjdt 0151 Henpep. peanuzayuu
—1

Ke = LN i i (7.21)
———— 2 | & —Mg || &ipj —Me | 01 Ouckp. pearuzayuu
N+1-] ico

IIPUYEM B ClIydae TUCKPETHOM peanu3aiuu T = JAt.

B cBoto ouepens npu T = 0wu3 (7.21) MOXKHO ONpeIeIUTh OLIEHKY AUCTIEP-

CHU.
2

D: = or = K¢ (0) (7.22)
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3ameTum, uTo 1J1s1 607ee 3G hHeKTUBHOM opranu3anuu BbrancieHus Ke (1)

Ha OBM MO0KHO UCIIOJIb30BaTh an6ﬂH>KeHHyIO bopmyy:
2

K= — = za&lﬂ (723)

T .
NurtepBan At = N BBIOMPAETCA U3 YCIOBUS JOIYCTUMOM MOTPEMIHOCTH KY-

COYHO-JIMHCNHOM annpokcuMarmu K, (7).

A JUTMTENbHOCTH pealin3alliy npouecca | 10KHA ObITh 3HAYUTEIIBHO
OoJbllie HHTEpBaja Koppemsiuuu T, . T = (5 + 20) Ty -

B cBo0 ouepenb T, MOYKHO OIPEIEIUTH C IOMOIIBIO OLIEHKA HOPMUPOBAH-
HOM KOPPEISAIIMOHHON (QYHKIINH

K
p&(r): ° é(T)’
K:(0)
B 4aCTHOCTHU, U3 CHGI[YIOH_[CFO paBeHCTBa:
Ipe (7, ) =0.05.

7.11. OneHka CHEKTPAJbHOM MJIOTHOCTH CJIyYalHBIX NPOLECCOB
13 TAY n3BecTHO, 4TO CIEKTpasbHast INIOTHOCTH S, (©) CBs3aHa ¢ KOppe-

nsipoHHoM dyHKumer K, (1) npeodbpasosannem Dypbe
®)= j Kg(r)- e 1dr = 2.[Ké (t)coswt-dr.
Ee onieHka 1ist HempephIBHOM pealin3aiyy mpolecca ?;(t), te [O,T]

Sg 2](1 — ¥jK};( )coswtdr (7.24)

Onnako rpadux Sg (w) Tpedyet crnaxuBanus. [loatomy BmecTo (7.24)
MPUMEHSIOT OIEHKY

Su) 2fcoT {;( )coswtdr, (7.25)
Te O (r) — HeKoTopas yeTHasi GyHKUHUS (KOPPETSALUOHHOE OKHO), HAalpUMeED,
1-7
— npu T<M;
or(@=1m ¥

0 npu 1>M,;

M — rpann4Hasg TOYKa MHTEpBAJIa OTCeYeHMs olueHKU Ke (r)
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OreHka CHEKTPaIbHON IIOTHOCTH U TUCKPETHOM peanu3alyy mporecca
ornpenaensiercs: GopMyoi

Se(@)=2 At 3 cos(wAt j)(l - ﬁjf(g(j At). (7.26)

=0
COOTBETCTBECHHO CTJIaKCHHAS OLICHKA MMECT BU/

~ N ~
So(®)=2At> oy (j)cos(®jAt)Ke(jAt), (7.27)
=0
riae oy (j) — KoppensronHoe OKHO, HapUMeD,
1-j A
) — npu |=0,M;
oy(i)=1 M
0 npu | >M;
npuueM M<N — rpaHryHas TOYKa OTCEUEHUs KOPPEISLIMOHHON (PYHKIIUU.

7.12. OueHKa TOYHOCTH M 10CTOBEPHOCTH Pe3y/ibTAaTOB
MOJEeJTHPOBAHUSA

PaccMmoTpeHHbIe B ABYX MPEIbIAyHIMX Maparpadax OLEHKH XapaKTEpPHUCTUK
(mapaMeTpoB) Cily4ailHbIX BETMYMH U IMPOLECCOB HE JAI0T MH(POpPMALUU O CTENEHH
OJIM30CTH OLIEHKH K UCTUHHOU XxapakTtepucTtuke. [loaromy Gonee nHpopMaTuBHBIN
croco0 OIIEHMBAHMsI HEU3BECTHBIX MApaMETPOB 3aKIHOYAETCAd B MOCTPOCHUU HH-
TEpBaJla, B KOTOPOM C 3aJaHHOM CTENEHBIO JOCTOBEPHOCTU OKAXETCs OLICHUBAC-
MBIU ITapameTp.

Ecnn onenuBaemblii mapaMerp JIEKHUT MEXIY (PyHKUHUSAMU BBIOOPOYHOTO
nabmonenus I',(&,,..., in) u T,(8,...,&,), To OHH Ha3BIBAKOTCS JoGepUMED-

nolmu epanuyamu, a watepsan (I'),T, ) — dosepumenvivin.

BeposiTHOCTh TOTO, YTO OLIEHMBAEMbII MMapaMeTp HaXOAUTCS B MHTEpBaJIe
(T',,T,) npu nauubIX &, ..., & Ha3bIBAETCA 006ePUMENLHOL

P{l', <0<T,}=P.
IIpu sTOM mMpuHa noBepuTenbHOro mHrepsana L =1, —1', aBimgercsa me-
pOil TOUHOCTH OLIEHHMBaHMs MapaMmerpa ©, a AoBepuUTeNbHAas BEpOSITHOCTH P xa-

A
pPaKTEpU3YET CTEMEHb IOCTOBEPHOCTH OIIEHKH O .
JloBepuTenbHas BEPOSITHOCTh OOBIYHO 3a/1a€TCSl 3apaHee B COOTBETCTBUU C

A

TpeOOBaHUSMHU K JIOCTOBEPHOCTH ©® M HE 3aBHCHUT OT 3HauYeHUIl BbIOOpkH. Yarie
BCEr0 UCNOJb3YIOT 3HaueHue P=0,95.
[Ipu nocratouHo 6ombiioM oO0beMe BBIOOPKKM N =20 MOCTPOCHHE JTOBEPHU-

TEJIbHBIX MHTCPBAJIOB JUIL MAaTEMAaTHYCCKOrO OXHUIAHUSA M, JUCICPCHH cé "
CPeHEr0 KBAJPAaTHYECKOr0 OTKIOHCHUS G HOPMaJIbHOU CITy4alHON BEIMYUHbI 4

MOJKHO OCYHICCTBJIATH C IIOMOIIBIO CICAYIOIINX CI)OpMy.TIZ
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t

i— t, asa = v,ag
—<m <+ —7—,
o MmesSt
vS? vS?
S col<—5 (7.28)
Xz £ X2
v,o v,(1-a)

2 2

vS vS

2 : < Gé = 2 :
XV,Q XV7(170‘)

B dbopmynax (7.28) npuHsATH cieayromue 0003HAYCHNS
V— 9HCJIO CTEIEHEH cBOOO b, V=n —1;

0L — YpOBEHb 3HAUUMOCTH, 0. =1 —P;

P — noBeputenbHas BEPOSITHOCTD;

tv,oc’ X\Z,’a— TaOJIMYHBIE MMpcaciibl YKa3aHHBIX BCJIMYUH I PaCIIPCACICHUA

cooTBeTCcTBeHHO CrhrofieHTa u [Inpcona.

Ecnn s OLIEHKM IJIOTHOCTH BEPOSTHOCTU CIyyallHOW BENWYUHBI & HC-
HOJIB3YETCsl THCTOTPAMMa , TO JIUIsl K&XKIOro ee I1-oro uHTepBasia A MOXKHO TO-
CTPOUTH JOBEPUTEIbHBIN UHTEPBAJ INIOTHOCTH BEPOSITHOCTH f (2’;) 1o opmyie

L g V) ey L[ g vy (7.29)
AE N AE N

m; .
rIe v = WI’ npudeM M;— 4ucio nonajgaHuil B I-i uatepsain, a N — oo0beM BbIOOp-

KH.

7.13. OnpeneneHue He0OX0AUMOT0 00beMa BHIOOPKH
N3 dopmyn (7.28) BumHO, 4TO npu (PUKCUPOBAHHON JTOBEPUTEIHHON BEPO-
SATHOCTH JUIsl TOCTHKEHUS 3aJIaHHOW TOYHOCTU OIEHWBAHMS TTApaMETPOB Clydaii-
HBIX BEJIMYMH HEOOXOAUM OIpeIeICHHbIN 00beM BBIOOPKH N.
3amaBasi TOBEPUTENbHBIA MHTEPBAT Og JUJII OTHOCHUTEIBHOW MOTPEIIHOCTH
OIICHMBAEMOTO MapamMeTpa 0 ciydailHOW BEHMYUHBI, HEOOXOAMMBIN 00beM BBIOOP-
ku «N» MOXXHO OTIpeIeTUTh U3 COOTHOIICHUS

8o 21, €0 (7.30)

Ile €g — OTHOCHUTENbHAs IIOTPEINHOCTh OLEHMBAaEMOro Imapamerpa O,

8®—®,

t,— KBaHTWIb HOPMAJIBHOIO PACIPENCICHHs BEPOSTHOCTCH, 3HAYCHUsS KOTOPOro

MpeaCTaByIeHbl B Ta0. 7.1:
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Tabmuma 7.1
P 0,682 0,8 0,9 0,954 0,99
t(p 1 1,28 1,64 2 2,58

Hamnpumep, OTHOCUTENbHBIE MOTPEITHOCTH OLICHOK MAaTEMaTUYECKOTO OXKH-
JaHusl, TUCTIEPCUU U CPEHEKBAAPATUYHOTO OTKJIOHEHUS JJII HOPMAJIbHO pacrpe-
JIEJICHHOW CITy4yallHOM BEIMYMHBI & ONpeaestoTes no hopMmynam:

L. o= (7.31)

Torma 00beMBI COOTBETCTBYIOIIMX BBIOOPOK MOXKHO OINPEACTUTH MPH IO/I-
cranoBke (7.31) B (7.30), To ecTh

2
L
[—j npu oyenke me;
Om
£ )2
N > Z[S—QJ +1 npu oyenke De; (7.32)
D
2
t
%)
Yy npu oyenxe O

8. AHCTPYMEHTAJIBHBIE CPEJICTBA

8.1. BoiuuciauTesbHbIE CPeACTBA
B npakrtrke mammHHOr0 MonenupoBanus CAY UCNONb3yeTCs BBIYACIIH-
TenbHas TexHuka Tpex TunoB: 9BM, ABM u AIIMK — ananoro-uudpoBsie Moje-
nupyromue komiiekcel. ALIMK nMeeT onpeneneHHble MpeuMyniecTBa:
— couetaet ObicTpoaeiicTBue ABM u Tounocts 9BM;
— MO3BOJISIET UCITOJIB30BATh B MTPOLECCE MOAETUPOBAHUS PEAIbHBIE HATYPHBIC
yactu uccineayemon CAY;
— obecrnieynBaeT ruOKOCTh AaHAJIOTOBOTO MOJISIUPOBAHUS OJ1aroiaps UCTOJIb30-
BAHMIO JIOTUKH U maMsaTH DOBM;
— yBennuuBaeT OpicTpoaeiicTBue IBM 3a cuer ucmnoiab30BaHUs aHAIOTOBBIX
MOANPOrpaMM;
— OCYIIECTBIISIET 00paboTKy BxoaHOM nHbopmarmu o Mmoaenu CAY kak B uc-
KpPETHOM, TaK ¥ HEMPEPHIBHOU (opMme.
Crpykrypa Texunueckux cpencts ALIMK npeacrasnena Ha puc.8.1. Ha

puc.8.1 obo3naueHo: PA — peanshas annaparypa; bYC — 010k ynpapistomumx
CBsI3EH.
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B03MOKHBI Takke pa3InyHbIe BAPHUAHTHI IOCTPOEHUSI MHOTOMAIIMHHBIX
KOMILJIEKCOB, B KOTOPBIX UCHOJB3yeTCs 0 HeCKOIbKO ABM 1 OBM. Takue koM-
TUIEKCHI OOBIYHO MPUMEHSIOTCS B CIIydasx, KOTJa HE XBaTaeT MPOU3BOIUTEIHHOCTH
OJTHOTO BBIYHMCIIATETIS.

[TonroroBka, 3aIyck, OCTAHOB U CUHXpOHM3a1Msl padoThl aneMeHToB ALIMK
OCYILECTBIsAETCS, KaK npasuiio, DBM. [{ns peanuszaumu 3tux QyHKUUN OpUMEHS-
IOTCS CHIEMAJIbHBIE YIPABIISAIOIIME IMHBI U allllapaTypa CTIKOBKH, KOTOPbIE 00b-
equnenbl Ha puc.8.1 B BYC. IlynsT onepatopa B ALIMK npencrasiser co6oit Ha-
OOp TEXHUUYECKUX CPEACTB JIJIsl OPraHU3alnu AUATIOra «ONEepaTop — MAILIMHHBINA
DKCIIEPUMEHTY.

3anava noctpoenus rexuuueckoro odecneuenust ALIMK B Hacrosimiee Bpe-
Msl CBOJIUTCS K BEIOOPY CTaHIaPTHOM ammapaTyphl U pa3padoTke nH(OpMAIMOH-
HBIX U YIPABIIAIONIMX CBA3EH, pealn3yeMbIX POrPaMMHO.

[Iporpammuoe obecneuenne ALIMK BkitogaeT B cedsl ciieyromnme Kom-
IJIEKCHI IPOTPaMM:

— IUTAHUPOBAHHUS MAIIMHHBIX 3KCIIEPUMEHTOB;
— IIOCTPOEHUS MOJIENT CUCTEMBI;

— IPOBEJICHUS MAIIMHHBIX KCIIEPUMEHTOB;

— 00pabOTKH pe3ysIbTaTOB MOJECIUPOBAHHUS.

[Tpu sTOM HambosEee NEPCIEeKTUBHON (POPMOI peanr3anuy NporpaMMHOro
obecneuenuss ALIMK siBnsieTcst mocTpoeHue ero B BUie HabOpa MakeToB MpUKJIIaI-
HBIX IIPOTpaMM, CHaOKEHHBIX Pa3BUTHIMU CPEICTBAMU F'€HEPALIUU, MOAUPHUKALIUN
Y PACIIUPEHUS.

8.2. [lonsiTHe 0 MakeTax NPUKJIAJAHBIX MPOrPAMM MOJETHUPOBAHUS

Jlnst noBbieHust 3(HEKTUBHOCTH MPOLECCOB MOJIECITUPOBAHUS CO3AAIOTCS
crieruaibHbie MPOOJIEMHO-OPUEHTUPOBAHHBIE KOMILJIEKCHI, B TOM YUCJIE U aBTOMa-
TU3UPOBAHHBIE CUCTEMBI MOJETUPOBaHUsA. OHU HA3bIBAKOTCA MMAKETAMU MPUKJIIAI-
HbIX niporpamm MozenupoBanus (I1TIM) u sSBIsSIOTCS OAHOM U3 OCHOBHBIX (hOpM
CHEUATU3UPOBAHHOTO MPOTPAMMHOI0 00ECTIEUEHHUS.

[ITIM — 3T0 KOMIUIEKC B3aMMOCBA3aHHBIX IPOTPAMM MOIEIUPOBAHUS U
CPEICTB CUCTEMHOTI'0 O0ecrieueHus1, NpeJHa3HaueHHbIX JUIsl aBTOMAaTH3alUH pelie-
HUS 3a7a4 MojienupoBaHusi. OHM 00ecIIeYrBalOT MOJIb30BaTENS Pa3HOOOPa3HBIM
CEPBUCOM IIpHU MTOATOTOBKE 33/1a4 MOAEIUPOBAHUA U IPOBEICHUHU MAIIMHHBIX DKC-
nepuMeHToB. biaronapst aToMmy gocturaercs ObICTPOTa U YI0OCTBO PEIICHUS 3a-
J1la4y MOJEIIMPOBAHUS CUCTEM YIIPABIICHMUS.

B ctpyktype I[11IM M0KXHO BBIICIUTHh TPU OCHOBHBIX KOMIIOHEHTA: (hYHK-
LIMOHAJIbHOE HAIlOJHEHNUE, A3BIK 3aIaHUI U CUCTEMHOE HAMOJHEHHE.

DOyHKIMOHAJIBLHOE HANIOJIHEHUE OTPAKaeT creunuKy npeamMeTHou o0-
JacTH OOBEKTOB MOJICIIMPOBAHUS U MIPENICTABIIAET COOOM COBOKYITHOCTh MOJYJIEH.
DTO MpeXxae BCEro NporpaMMHbIE MOYJIH, MOJIYJIM JAHHBIX U MOJYJIH TIOKYMEH-
tanuu. CoctaB QpyHKIMOHATBbHOTO HanoJiHeHus [11IM, ero MOIITHOCTh ¥ TIOJIHOTA
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OXBaTa UM IMPEAMETHOI 00J1acTH OTpaXkaloT 00beM MPUKIIATHBIX 3HAHHM, 3aJ10-
>)keHHbIX B [1TIM.

A3bik 3aganmii IHIIIM siBiisieTcst cpecTBOM OOLIEHUS NOJIb30BATENA C a-
KeToM. FIMeHHO 4epe3 A3bIK 3a1aHUH NI0JIB30BATENIb BOCHIPUHUMAET U OLIEHUBAET
COCTaB «BBIYUCIIUTEIILHBIX YCIYT», IPEAOCTABIISIEMbIX TAKETOM, a TAKXKE YA00CTBO
uX ucnoap3oBanus. OOmas CTpykTypa u cTiiib s3bika [1I1M 3aBucsT npexie Bce-
ro OT CTpaTEruu MPOBEAEHUS MOJICIUPOBAHUS:

— aKTUMBHAsl CTpaTerus mpeaycMaTpuBaeT npu coznanuu moaenu CAY monudu-
KaIMI0 UMEIOIIUXCS MOy (PyHKIIMOHAIBHOTO HAMOJIHEHUS, a TAKXKE pa3padoT-
KY HOBBIX MOJYJIEH;

— MIaCCUBHAs CTPATErUs NMPEyCMaTPUBAET MPOBEACHUE MAILIMHHBIX YKCIIEPUMEH-
ToB ¢ Mozenbio CAY 6e3 monudpukannu GyHkimonansHoro Hamnonnenus [1TTM.

S3bIK 3a1aHUI MOXET OBITh Peain30BaH Kak B JOpMe CaMOCTOSITENIBHOTO S3BIKA,
TaK U B pOpMe BCTPOCHHOTO SI3bIKA, T.€. PACIIMPEHHUS CYIIECTBYIOIIETO SA3bIKa
nporpammupoBanus. Ho He3aBucuMo ot popMel peanuzanuu pa3padOTUUK s3bIKa
JOJKEH CTPEMUTBCS K TOMY, YTOOBI JIEKCKA U CUHTAKCHUC A3bIKa 3aJJaHUN ObLIN
KaK MOKHO OJIMKE K MOJIb30BaTEIBCKOMY BOCIPUATHIO PEIIAEMBIX 3a/1a4 MOJIEIIHU-
pOBaHUS.

Cucremuoe nanosHenue ITIM npencrasisier co00i COBOKYMHOCTh MIPOTPaMM,
KOTOpbIE 00ECIIEYNBAIOT BHINOJIHEHUE 3aJJaHUI 1 B3aUMO/ICHCTBUE MOJIH30BATENS C
nakeToM. OHO BKJIIOYAET B €05l CIEAYIOIIUE COCTABIISAIONIME:

— PE3UACHTHBIA MOHUTOP, KOTOPBIN BBIMOIHIET pOJib HHTEp(dEiica Kak MEXITy
OTZIE€JIbHBIMH KOMIIOHEHTAMH CUCTEMHOI'O HATIOJIHEHUS, TAK U MEXKIY HUMU U
MITATHBIM MIPOTPAMMHBIM 00ECIICYCHUEM;

— TPAHCISATOP BXOJHBIX 3aJJaHU, KOTOPBIM (hOpMUpPYyeT BHYTPEHHEE MIPEACTaB-
JICHUE 3aJJaHUI U peau3yeTcs 0OBIYHO B BUE MPEIPOLIECCOPa;

— MHTEPIIPETATOP BHYTPEHHETO MPEACTABIICHUS 3a/1aHHUS;

— apxuB (PYHKIIMOHATIBHOTO HAIMOJIHEHUS;

— 0aHK JTaHHBIX 00 0OBEKTE MOJICTUPOBAHUS U MAIITUHHOM SKCIIEPUMEHTE;

— MOHUTOP OpraHU3aluy MPoILecca MAIIMHHOTO MOJIEIMPOBAHMS, T.€. B3aUMO-
JIEUCTBHS MOAYJIEHN IO JaHHBIM U YIIPABIICHUIO;

— IJTAHUPOBAHUE MPOLIECCA MAITMHHOTO MOJEIUPOBAHUS, KOTOPBIA ONPEAEIISAET
IIOCIIEIOBATEIBLHOCTD BBITIOJIHEHUS MIPOLIEAYP ITpoLecca MOAEIUPOBAHUS,

— MOHUTOP OPraHU3aLMH JUAJIOTOBOTO PEKHUMA C MOJIb30BATEIEM.

8.3. Oomasn xapakrepucruka cucrembl MATLAB. ITIIIT Control System
Toolbox
CoBpeMeHHas KOMIbIOTEpHAs: MaTEMaTHKA MpeIaraet Heiblii Habop UH-
TEIrPUPOBAHHBIX IIPOIrpaMMHBIX CUCTEM IJIs1 aBTOMATU3alINH MaTEMAaTHYCCKUX pac-
yéroB. Oto Eureka, Mathematica, Maple, Mathcad, MATLAB, u np.
OpHol U3 caMbIX MOIIHBIX U 3()PPEKTUBHBIX CPEAM HUX SIBISETCS CHCTEMa
MATLAB: MATrix LABoratory — marpuuHas 1abopatopusi.
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S3BIK TIPOTPaMMHUPOBAHUSI dTOM CUCTEMBI SBIISICTCS OJHUM W3 JIYUIIUX H
BBICOKOA(()EKTUBHBIX S3BIKOB MPOTPAMMHUPOBAHHUS ISl HAYYHO-TEXHUYECKUX pac-
4eToB. A Takke IS CO3MaHusl YOOOHBIX W OYEHb HAIISIHBIX BHU3YaJIbHO-
OPHUEHTHUPOBAHHBIX CPEICTB aHAIN3a, WIACHTH(PUKAIUN, TOCTPOSCHUS U MOJCITHPO-
BaHUs CUCTEM YIPaBIICHUS.

CoBpemennbie Bepcuu cucteMbl MATLAB mnocrasisitoTcst BMecTe ¢ make-
ToM pactmpenus Simulink crieruanbHO ISt MOJCIUPOBAHUS JUHAMUYCCKHX CHC-
TeM. DTOT MAKeT SIBISICTCS CaMbIM SIPKUM TIPEICTaBUTEIIEM MPOTpamMM, CO3IaHHBIX
Ha ocHoBe cucteMbl MATLAB. On saBnsieTcss MOIIHEHIIIMM UHCTPYMEHTOM TO3HA-
HUSl peaiiii Mupa TyTéM WX MOJETUpOBaHUSA. M 3TH BO3MOKHOCTH CHCTEMBI
MATLAB+SIimulink MHOTOKpaTHO yCHJIMBAIOTCS JICCATKAMHU IAKETOB pacIIupe-
HUS TON CUCTEMBI.

Otot maketr BXoauT B coctaB MATLAB u npenHasHayeH s aHaiu3a U
CHHTE3a JINHEHHBIX CTAllMOHAPHBIX cucTeM ympasienus (linear time invariant ob-
jects), t.e. s uccinenoBanus Iti-00beKTOB. DTOT Ki1acc 00BEKTOB BKIIIOYAET B Ce-
Os1 TUHEHHBIC HETIPEPHIBHBIC M TUCKPETHBIC, OMHOMEPHBIC CHCTEMBI C OJJHAM BXO-
JIOM ¥ OJHHM BBIXOJJOM W MHOTOMEPHBIE CHCTEMBI C HECKOJbKMMH BXOAaMH U
(MJIM) HECKOJIBKUMHU BBIXOJIAMHU.

JIyist onuMcaHusl CUCTEMBI YIIPABICHUSI B 3TOM IAaKETe MOKHO HCIIOJIb30BaTh
3-u (hOpMBbI MATEMATUUECKUX MOJICIICH:

1. tf — hopma nepenaTouHoOr GYHKIIUN
HE) = bls”;+ bzsr:j+ ..+b s+b . m<n
4,5 +a,s "+..+a,5+a,
NpUYEM MPHU ONMUCAHUM JUCKPETHBIX CUCTEM KOMIUIEKCHAsl MmepeMeHHas “S” B
(7.33) 3amensieTcst Ha “Z”.
3anaéres tf — ¢opma B Bue 2-X MaTPHIl-CTPOK, COCTABICHHBIX M3 KO3 (HUIH-
€HTOB COOTBETCTBEHHO YHCIIUTENS M 3HAMEHATENSl IePeIaTOYHON (DYHKITUH.
2. zpk — dhopma mepenaTouHON PYHKIIUN

H(s) =k (-2,)622).-0-2y) = o, (7.34)
(8= Py )= P2 )--(5—Pn)
npUYEéM TP OTMMCAHUM JUCKPETHBIX cHCcTeM niepemeHHas “‘S” B (7.34) Toxe 3a-
MEHsIeTCs Ha “Z”.
Banaéres zpk — dpopma B Buae 0000mEHHOrO KoadduireHTa nepeaayuu K u
2-4 MaTpUL-CTPOK, KOTOPBIE COCTABIISIOTCS COOTBETCTBEHHO U3 HYJEH Zj U HO-
JFOCOB Pj mepeaarouHor ¢pyHkimu. A koaddunuent K onpenensercs mo dop-
MyJie

, (7.33)

n
bm+1( _1)n 1_{ pi
1=

k =
m

ang(—1)"I1 Zj
j=1
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3. SS — (hopma mMpOCTpaHCTBA COCTOSITHUI B BHJE CHUCTEMBI nu(depeHITnaTbHBIX
YpaBHEHUM
X=AXx+BuU, y=Cx+Du (7.35)
WJIU B BUJIE CUCTEMBI PA3HOCTHBIX YPABHEHUI MTPU OMUCAHUU TUCKPETHBIX CHUC-
TEM
X[k+1]= AX[k]+BU[k], Y[k]=C X[k]+DUJk].
3amaérces SS — gopma uetBEpkoit matpui A, B, C u D.
[II1IT Control System Toolbox nmo3somnserT:

— npeoOpa3oBbIBaTh 0HY popmy MM B apyryio;

— cTpouTth s eti-oobexkroB JIAUX u JIOUX, ADX, nmepexoaHyr0 U UMITYJIbC-
HYIO nepexoHble GyHKINN, KOPHEBOM rogorpad;

— BBIYMCJISITH 3aM1achl YCTOMYHUBOCTHU 1O MOJYJIIO U (paze, a Takke MaKCUMaJIbHOE
3HaueHue AUX U COOTBETCTBYIOIIYIO €EMY YaCTOTY;

— MOHMKATh MOPSJIOK U (POPMUPOBATH KAaHOHUYECKUE (HOPMBI MAaTEMaTHUECKUX
MOJICJICH;

— CO3JaBaTh MOJENIM CUCTEM YIIPABIICHUS CO CIyYalHBIMU ITapaMETPAMU U MOJIE-
JIMPOBATH MPOLECCHI ITPU POU3BOJIBHBIX BXOAHBIX CUTHAJIAX;

— HCCIIEIOBaTh YIPABIIEMOCTh U HAO0AaeMOCTh eti-0O0BEKTOB Ha OCHOBE BbI-
yucienust GyHKuuu ['pamma, KOTOpbIe MPOoIie MaTPUIl BHIYUCICHUS paHTa MaT-
pHI yIIPaBIIEMOCTH U HA0JIFOJAEMOCTH.

Hapsny c¢ 3agauamm ananu3a nanueid [T no3Bonsier pemars u 3amadn
CHUHTE3a KaK HENpPEpBhIBHBIX, TAK M AUCKPETHBIX PETYISATOPOB, HaOMIOAATENed U
¢unbpTpoB Kanmana, 17151 OLIEHKU EPEMEHHBIX COCTOSIHUS CUCTEM YIPABJICHHUS.

[Tpuuém peryiasiTopbl MOTYT CHUHTE3MPOBATHCS KaK HA OCHOBE METO/JA MO-
JATbHOTO YIpaBJIEHUS, TAK U HA OCHOBE METOJAa aHAIIMTUYECKOI'0 KOHCTPYHpPOBa-
HUS 10 MUHUMYMY MHTETPAJIbHOTO KBAJAPATUYHOTO KPUTEPHS KaUeCTBa.

8.4. IIITII Nonlinear Control Design Block set

[Taker nmpeaHa3HadeH sl HACTPOWKH NApaMETPOB PETrYIISITOPOB HEJIIMHEN-
HBIX CUCTEM, B TOM YUCJIE U MHOTOMEPHBIX CUCTEM C HECTALIMOHAPHBIMH ITapaMeT-
pamu, Ha 3aJlaHHbBIE ITOKa3aTeJId KadecTBa NEPEXOAHBIX IpoleccoB. B karamore
OMOTMOTEKM ATOTO MAKETa COJIEPKUTCS BCETO TPH OJIOKa:
— CRMS (Continuous RMS);
— DRMS (Discrete RMS);
— NCD Out port.
biok CRMS 1o cytu siBnsieTcss BBIYMCIUTENEM CPETHEKBAAPATUYECKOTO 3HAYEHUS
ot BxojHoro curHama U(t), ..

_ 1,2
y(t) = T!U (t)dt.

brnox DRMS BbInonHsET Ty e Omnepaluio, HO M0 OTHOLICHHUIO K JTUCKPET-
HOMY BXOJAHOMY CUTHAIIY.
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brox NCD Out port sBnsiercs ocHoBHBEIM. OH UMeeT pabodee OKHO CO CBO-

UM MEHIO W TTO3BOJISCT BBITIOIHATH CISAYIOIINE ONePaITiu:
— 3aJ1aBaTh TpeOyeMble OTPaHUYCHHS BO BPEMEHHOM 00JIacTH Ha OO0 CHUTHAI

ONTUMHU3UPYEMOU CUCTEMBI;

— YKa3bIBaTh BApbUPYEMbIE MTapaMeTphl, OIJIEKAIINE HACTPOUKE;
— YKa3bIBaTh HECTAllMOHAPHBIC TApaMETPhI U IMANA30H U3MEHEHUS UX 3HAYCHUN;
— MPOBOJUTHh HACTPOMKY BapbUPyEMbIX NapaMeTpOB Ha 3a/laHHbIC, B CUIIY Tpe-

=

10.

6yeMLIX OFpaHH‘ICHPlﬁ, IMIOKAa3aTCJIM Ka4dCCTBA ICPCXOAHBIX IIPOOCCCOB CUCTC-
MEI.

[Topsimok pa6oTsl ¢ makerom NCD

B cpene Simulink cozmaércs moaens ucciaemnyemoit CAY.
Bxoapt 6moxoB NCD Out port coenuHsIIOTCS ¢ BBIXOJaMU OJIOKOB MOJEIH, Ha
BBIXOJIHBIC CHUTHAJIBI KOTOPBIX HAKJIAJBIBAIOTCS OTPAHUYCHHUS. DTO MOTYT
OBITh, B YaCTHOCTH, KaK BXOJHBIC CUTHAJIBI CUCTEMBI, TaK U €€ CpeIHeKBaIpa-
TUYECKHUE OIINOKHU.
B pexxnme KoMaHTHOW CTPOKH 3a1af0TCS HaYaIbHBIC 3HAYEHUS BaphbUPYEMBIX
apamMeTpOB, MOICKAIINX HACTPOUKE.
JIBOMHBIM IIICTYKOM JIEBOM KJIABHIIK MBIIMIK Ha TUKTOrpamMme O10koB NCD
Out port onu pacKkpbIBarOTCA.
[Ipu momouM MBI UCXOJS U3 3aJIaHHBIX OTPAaHUYEHUN YCTaHABJIMBAIOTCS
TPaHUYHBIC JIMHUM JIJIS 3alpPETHBIX 00JIacTeil COOTBETCTBYIOUIUX BXOJHBIX
cur"asioB 6;10koB NCD.
C nomomnisto meHio OmokoB NCD 3ama€rcst mHTepBaid AMCKPETHU3ALUU HX
BXOJHBIX CUTHAJIOB mopsaka 1+2% ot mmurenbHOCTH mpoliecca MOJACIHPO-
BaHMSI.
VYka3zpiBatoTcsi UMeHa (MAECHTU(UKATOPBI) BapbUPYEMbIX MMapaMeTPOB CHUCTE-
MBI, MMOJIJICKAIINX HACTPOMKE.
3amaroTCcs HeCTallMOHAPHBIC MapaMeTPhl CUCTEMBI M YKa3BbIBAIOTCS MX HOMH-
HaJbHBIC 3HAYCHUS U TUAITa30H U3MEHEHUS.
[Ipouecc HacTpo¥ikM NapaMeTpPOB CHUCTEMbl HAYMHACTCS MOCIE HaXaTus
KHOTKH Start.
Halinennble 3HauYeHHUS HACTPOCUYHBIX MApPaMETPOB CHUCTEMbI MOXKHO Y3HATh,
ecnu HaOpaTh B kKoMaHHOM ctpoke MATLAB umena »Tux nmapameTpos.

Bbonee noapo6Ho cm. CrienuanbHbIA CIPAaBOYHHK:
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