MaBa 8. MoaenbHbIe YPaBHEHUA:. OLeHKa napamMmeTpoB

JIBW>KeHHUs M TpoLecchl, HaOJ0aeMble B MNPHUPOJAE, HCKIIOUYUTEIBHO
Pa3HOOOpa3Hbl U CIIOXKHBI, IOATOMY BO3MOKHOCTH UX MOJEIMPOBAHUS SBHBIMU
(GYHKIIUSIMH ~ BpEMEHHM BECbMa OTpaHMYEHBL. 3HAYUTEIHHO  OONBIIUMU
NOTEHIMATBHBIMU BO3MOXKHOCTSAMH 00Ja/al0oT YpaBHEHUS — Pa3HOCTHBIC H
mipdepenumansasie  (mo. 3.3, 3.5, 3.6). J[laxke mpocTtoe OIHOMEpPHOE
oToOpa’keHHE C KBaJPaTHUYHBIM MaKCHMYMOM CIIOCOOHO JE€MOHCTPHPOBATH
xaoTudeckoe mnoseaeHue (m. 3.6.2). Takue MoJenbHbIC YPaBHEHUS, 8 omauyie
Om SBHLIX BPEMEHHbLIX 3aeucumocmeti, TPOOIEMbl BOCCTAHOBIIEHUS KOTOPBIX
o0Cy’KAanuch B MpPEbIAYLIEH IJIaBe, OIMUCHIBAIOT 3A6UCUMOCIbL  0YOyUe2o
cocmosAnus. 06veKkma om meKywe2o Wi CKOpOCmuU U3MEHeHUs COCIMOSHUS Om
camozo cocmosanus. Ho TeXHOJIOTHS MTOCTPOSHUS 3TUX 00JIee CIOKHBIX MOJIEeH
(oLleHKa TapaMeTpoB, MOAOOp AaNMPOKCUMUPYIOMIUX (DYHKIHI) B OCHOBHOM
takasgs oke. [Ipocroil mpumep: MOCTpPOEHHE OAHOMEPHOIO MOJAEIHHOTO
oroOpaxenus 17,,, = f(1,,€) OTAMYaeTCd OT IOIY4YEHHs SIBHOM BPEMEHHOMU

3aBUCHUMOCTH 7] = f(,€) TONBKO TE€M, YTO HYXKHO TPOBECTH KPHUBYIO dYepe3
SKCIEpUMEHTaJIbHbIE TOYKM Ha Iuiockoctu (7,,7,,;) (puc.8.1,a-B), a He Ha
miockoctu (¢,77) (puc.7.1). B Heckoybko 0OoJiee CIOKHOHM 3a7ade MOCTPOCHHUS
monenbubix OJY dx/dt =f(x,¢) cHavana 4uciaeHHBIM AU(dEPEHIIUPOBAHUEM
TMOJIy4aloT BPEMEHHOM DSl MPOM3BOIHBIX dx, /dt (k = 1, ..., D, tne D —

pa3MepHOCTb MOJEIH), a 3aTeM OOBIYHBIM O00pa3oM aNnpOKCUMUPYIOT
3aBUCHUMOCTh KaX[O# TMpPOW3BOAHON dx, /df oT X. IIOCKONBbKY MOJENbHBIC

YPaBHEHUS MOTYT ObITh MHOTOMEPHBI, B 33]1a4€ MOSIBISIETCS CBOS CHELU(UKA.

Jlonroe Bpems Ui 3MIUPUYECKOTO MOJECIUPOBAHUS CIIOKHBIX MPOLIECCOB
WCIIONB30BAIUCh  JIUHEUHble PASHOCMHblEe  VPAGHEHUs, B  KOTOPbIE UL
oOecrnieueHuss HeperyJsipHocTu BBojwics myMm (m. 4.4). Wnes BmepBble Oblia
npeioxkena B 1927 roay [338] u oka3anach O4e€Hb IUIOJOTBOPHOM, HA 50 neT
BIIEpE]l OIPEIETNB OCHOBHOM MHCTPYMEHT /ISl OMMCAHUS CJIOXKHOTO MOBEACHUS
— MOJIETTN aBTOPETPECCHH — CKOJB3SIIETO CPETHEr0, CM. JIA0OPATOPHYIO paboTy
B [39].

Tor ¢axT, 4yTO NpPOCTBIE HU3KOPAa3MEPHBIE MOJEIN B BUAE HEIMHEHHBIX
oToOpaxeHU Win JudQepeHInaIbHbIX YPaBHEHU MOTYT JE€MOHCTPUPOBATH
CJIOKHBIE KOJeOaHusl Jake B OTCYTCTBUE IIyMa, OblI OCO3HAH TOJBKO B 1960-
70-x rogax. DTO Jaio0 HOBBIA MMIYJbC Pa3BUTHI0 METOJOB 3MIIMPHUYECKOIO
MOJIETUPOBAHUs, a TMOSBJICHHE MOIIHOM M JOCTYIHOM BBIYMCIUTEIBHON
TEXHUKH 00€CTIeUnIIO MPAKTUUECKYIO pealln3aluio HIeH.

B naHHOW Tr7aBe MBI PacCMOTPHM CHUTYallUiO, Korja HaOJ01aeMblit
BpEMEHHOU psan 7, = h(x(¢,)),i =1,...,N, 3agaercs uTepauusiMu OTOOPAKEHUs

X, =f(x,,¢) wmmm pemeHueM OOBIKHOBEHHOTO  Au(QepeHInaIbHOro
ypaBHeHust dx/dt =f(X,c), CTpyKTypa KOTOPBIX HOIHOCMbIO uzéecmua. 3ajada
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COCTOHUT B OYeHKe napamempos ¢ N0 HaOII0JaeMbIM JaHHBIM. DTy CHUTYalUIO
MBI JIOTOBOPWJINCH HA3bIBaTh «IMPO3payHblid sSmmk» (1. 5.2). [ns OGombrieit
peaTMCTUYHOCTH OyaeM A00aBisATh B CHUCTEMY JAWHAMUYECKUW  W/WIU
WU3MEPUTEIIBHBIN LIy M.

Takast moCTaHOBKA BCTPEYACTCSI B PA3NIMYHBIX MPHIIOKCHUSX U MPUBIICKACT
Cepbe3HOE BHMMAaHWE. BBIAENAIOTCS IBE OCHOBHBIE MPOOIEMBI, HHTEPECYIOIINE
UCCIieIoBaTeNe, KOTOPbIE MBI PACCMOTPUM MOOYEPETHO HIKE:

1) nonyuenue oyenox napamempos ¢ HeoOXOOUMOU MOYHOCMbIO, YTO
Ba)KHO, €CJIH 110 yYCJIOBUSAM JKCIIEPUMEHTA ITapaMeTPhl HE MOTYT ObITh H3MEPEHBI
HernocpeaCcTBeHHO. [Ipu 3ToM mporeaypa MOJEIUPOBAaHUS BBICTYNAET B POJIH
«u3MepuTenpHOro pubopay [246, 272, 50, 248, 239, 287, 158, 316, 41] (n.8.1);

2) oyenxa napamempos 6 cumyayuu Oeuyuma OAHHHIX, KOTJA TIO
uMeroImeMycst psaay (BO3MOXKHO, BEKTOPHOW) HaOMIOJMaeMol 77 HE yaaeTcs
copMupoBaTh PAIbl BCEX TUHAMUUYECKHX MEPEMEHHbIX MoAenu X,k =1,...,D,

T.€. HEKOTOpPbIC TIEPEMEHHBIC SBIAIOTCA «CKpBITBIMU» [187, 197, 283, 334, 41]
(1. 8.2).

8.1. OueHku mapamMeTpoB U UX TOYHOCTH

[IpommtrocTpupyeM BapUaHThl MOCTAHOBKH 337a4l U METOAMK €€ PELICHHUs
Ha TpUMepe OLEHKH MapaMeTpa STaJOHHOTO HEIMHEHHOro OTOOpa’keHHs 10
BPEMEHHOMY Py, MPEACTaBISAIOMIEMY CO0OM ero 3amrymieHHoe peuieHue. B
KayecTBe OOBEKTa HCIHOJb3yE€M KBAJpPAaTUYHOE OTOOpPaKEHHE B XAOTUYECKOM
peXuMe, CUMTasi HEM3BECTHBIM €0 €IMHCTBEHHBIN apaMeTp ¢ = ¢, :

2
xn+1:f(xn900)+§n:1_coxn+§n’ nn:xn+§n9 (81)
rne &,,4, — CilydaiiHble MPOLECCHI, MEPBbIA U3 KOTOPBIX €CTh AMHAMUYECKUIl

mIyM (BIUSIET HA IMHAMUKY ), & BTOPOH — U3MEPUTEIbHBIN LIyM (BJIUSET TOJIBKO
Ha HaOJII0/1aeMble 3HAUYCHHUS ).
B otcyTcTBHE 000MX IIyMOB UMEEM 77, = X, , U IKCIIEPUMEHTAJIbHbBIE TOUKH

Ha IUIOCKOCTH X,,X,,; JIEXKAT TOYHO Ha MUCKOMOI mapaboine (puc.8.1,a). 3agaua
OIpeNIeNIEHNsI ¢ CBOJIUTCS K anreOpandyeckoMy ypaBHEHHIO, PELIEHHE KOTOPOIro
umeet Bug ¢ =(1-x,, )/ x. . TIpx 5TOM JIOCTATOYHO HCTIOIB30BATh JMOObIE 1Ba
U3MepeHus X,,x,,, npu x, # 0. B pesynprare Mozens coBnagaeT ¢ 00bEKTOM ¢

TOYHOCTBIO /10 MOTPEIIHOCTEN BHIYUCIICHHM.

[Ipy Hamuunu miymMa B JUHAMHUKE WIA HM3MEPEHHUSX BMECTO TOYHBIX
3HAQUEHUM HIIyTCS oyenku TmapaMeTpoB. Haunbonee H3BECTHBIE METOJIbI
OlleHMBaHUs onucansl B 1. 7.1.1. PaccMoTpuM, B ueM OTiau4yue ux NpUMEHEHUS
MpY JAHHOW MMOCTAHOBKE 3aJa4H.
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8.1.1. JlnHaMH4YECKHN IyM

Haunem c cutyanuu, korga B cucteme (8.1) ecTh TONBKO OuHamMuueckuti
myM. OrpaHnuumcs HaumOoJiee YacTO pPacCMaTPUBaeMbIM ciiydaem: &, —

MOCJIEAOBATEIbHOCTh  CIyYaWHBIX  BEJIWYUH, KOTOPBIE  CTaTUCTUYECKHU
HE3aBHCHMBI W OIMHAKOBO PACHPENENCHBI C IUIOTHOCTBIO p(&). Jms omeHku

MapaMeTpoB € YaCTO MCIOJIB3YIOT METOJ MAaKCUMAJILHOTO MPaBIONO00MSs (TIII.
2.2.1.7,7.1.1.3, 7.1.2, 7.1.5), xoTopbliii Hauboaee 3PHEeKTUBEH MPU JOCTATOUHO
obmux ycnoBusix [81, 287]. dyukus npasaonoaodust (cm. (2.26) u (7.10))
MPUHUMACT BUJI:

N-1
InL(c) = In p(1y, 175 e iy|€) = 210 p (17,1 = £ (7,,€)). (8.2)
n=1
1.2 inn_” . a) 1.2 i'rln+1 OI&f\T 6) 1.2 inn+1 ci'ﬂ%\ B)
- p ~ _ B _ ’ \\
] i Y ] j % 7 N 030,
04 1 ¢ 8 041 041 0%
1 7 % 1 f % 1o kS
1 5? 5 1y 1, I 4o
04 | | s 04 - J 04 %
il L i p 1/ 5
1 nn 1 ¢ n 1 B
'12 L L L E N B BN -12 LA B B B e B w1\1 -12 — T T T T T ‘T‘]n
12 04 04 12 12 04 04 12 12 04 04 12
15 -
1 _
n 05 -
X 0 -
0.5 -
-1 ‘ ‘ ‘ ‘
0 4 8 12 16 20

Puc.8.1. Onenka napameTpoB Ha MpUMEpe KBaJpaTUIHOTro oToOpaxkeHus (8.1) mpu ¢y = 1.85,
KPYXKKH — HaOJIt0JJaeéMble 3HAYEHHUs: a) HEeT LIyMa, IIyHKTUP — UCXO0Hasl nmapaboa; 0) TOIbKO
JUHAMUYECKUI IIyM, MyHKTHp — MOJelbHas mapabona, MoJydeHHas MUHMMU3aluen
CPEIHEero KBaJpara BEPTUKAJIbHBIX PACCTOSIHUN (HEKOTOPBIE MOKAa3aHbl KUPHBIMHU JTHHUSMH);
B) TOJIBKO HW3MEPHUTENBHBIA IIyM, IIyHKTHp — MOJENbHAas Mapaboia, IoIydeHHas
MUHHMHU3AIUEH CPETHEro KBaapara OPTOTOHAIBHBIX PACCTOSHHIA; T') TOJIBKO H3MEPHUTEIbHBIN
IIyM, POMOMKH — pealn3anus MOJIeNu, Hanoboee Onm3Kas K HaOIMI01aeMOMY PSIY B CMBICTE
(8.4)

Jlst mpuMeHeHHsT MeTola HEOOX0IMMO 3HATh 3aKOH pacmupeneneHus p(&),

YTO penKo umeeT Mecto. Yaimie BCero MPEeanoyiiaraloT  HOPMAaJIbHO
pacmpeieNieHHbI 1IyM; MpU 3TOM OYEBHAHO, 4YTO Makcumu3auus (8.2)
SKBUBAJICHTHA TaK HA3bIBAEMOMY O0ObIYHOMY Memody HAUMEHbUUX K8aopamos,
T.€. MUHUMU3aIUU

S(c) = g(nnﬂ — f(7,,¢) - min. (8.3)
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D10 o3HauaeT, uTO TpadUK MOAETHHON (YHKIMM Ha IWIOCKOCTH (77,.77,.)

JOJKEH MPOUTH TakK, 4TOOBbl CyMMa KBAJAPATOB 8EPMUKAIbHBIX PACCMOSHUL OT
AKCIIEPUMEHTAJIbHBIX TOYEK JI0 HETO Oblila MUHUMAaNbHA (puc.8.1 0).!

Kaxk npaBuio, ommbka olieHKd ¢ YMEHbIIIAeTCs ¢ pOCTOM JITUHEI psijna N. B
paccMarpuBaeMoi ceiiyac mocraHoBke 3agauun MMII u oOerunbiiit MHK naror
ACUMIITOTUYECKH HECMEIIECHHBIE W COCTOSITCIIbHBIC OICHKA. MOYKHO TOKa3aTh,

YTO JMCIEPCHs OLECHOK YOBIBACT MPONOPIMOHANEHO N ™', aHATOTHYHO 3aa4aM
n. 7.1.2.1. TlpuynHy TaKoro 3aKOHA CHaJaHUs MOXKHO ONHCATh Ha TOM XK€
a3bIKe: ciaraemble B (8.3) crauuMoHapHbI 1O i, T.e. YacTHbIE MH(OPMALMOHHBIE
konnuectBa Gumepa (. 7.1.2.2) orpaHUYEHBI.

3ameTuM, 4to ecnu (QyHKUUA f TuHEHHa 1o X, TO Monaenb (8.1) — 3To
JWHEWHas MoOJeNnb aBToperpeccun l-ro mopsinka. bonee ob6mue Moxpenu
aBTOPETPECCUN — CKOJIB3SIILEr0 CPEAHEro BKIIOYAIOT 3aBUCUMOCTb X,., OT

npeapAymux 3HaueHnii x u &, cm. (4.13) B . 4.4, [47] u naGopaTopHyto paboTy
[39].

8.1.2. U3mepuTenpHbIi IIyM
Ecnau npucyTCTByeT TOJIBKO M3MEPUTENbHBIN myM (77, =X, +¢&, ), TO, KaKk

Mbl YBHJIUM HUWXKE, 3ajladya OIEHWBAHHS YCJIOXHSAETCSI. ODTO OOCTOSTEIHCTBO

CBA3aHO C TEM, 4YTO AJIA HCKOMOM 3aBHCHMOCTH X, OT X, «3alllyMIICHBD> U

Ha0JII0/JTaeMBble 3HAUEHUS «HE3aBUCUMON» MepeMeHHon x,, (cM. 11.2.3.1.3).

8.1.2.1. CmemeHHOCTL OLEHOK, MOJYy4YeHHbIX 00bIYHbIM MHK. Ona
MMeEEeT MECTO MPHU CKOJIb YTOJHO JJIMHHOM psiJie, Tak Kak MeTon (8.3) paccunTtan
TOJIBKO Ha TnHaMuueckuil myM. [Tokaxkem 3To Ha npumepe (8.1). Umeem

N-1 , Nl Y
S(C) = Z(UHI _f(niac)) = Z(xiﬂ +§i+1 —1+C()Cl- +§i) ) =
i=1 i=]
N-1 5
= 3 (ex? — ol +& 200 482
i=1

Haiizem MuaumyM S 110 ¢ U3 ycioBus 0S/0c =0, KOTOpOE MPUBOIUTCS K BULY:

! MHK u4acTo aer mpHemieMylo TOUHOCTh OLEHOK, Qe €CIU IIyM He HOPMAlbHbIA, T.e. METO.
nMeeT camocrosTenbHoe 3HaueHwe (mm. 7.1.1.4, 7.1.3). XoTs nomycTMMO NPUMEHSTH M ApyTue
METO/IbI, HapuMep, MeToa HauMmeHbmux mMoayieii, MHK ropasno yzo6nee B peanmmzanmu (. 7.1.5).
CymiecTBeHHasi TeXHHUYECKass IpoOiieMa MOSBISIETCS, eciau «penbed» mneneBod ¢ynkmuu (8.3)
COJICP’)KUT MHOTO JIOKQJIbHBIX MHUHHMYMOB, YTO 4acTO UMEET MECTO, Korna f HenuHelHa 1o c¢. Toraa
3ajaya ONTUMH3ALUH PELIaeTCsl UTEPALMOHHBIM ITyTeM, HauuHasg C HEKOTOPOH CTapTOBOM «IOTaJKM»
OTHOCHUTEJIBHO HUCKOMBIX mapameTpoB [73]. Byzaer nu HaiineH rinoOanbHBI 3KCTPEMYM, 3aBHCUT OT
«y#aum» TpU MOAOOpE CTAapTOBOWM JOTajJKH, €€ ONM30CTH K UCTUHHOMY 3HA4YCHHUIO Mapamerpa. B
npumepe (8.1) f nuueiiHa 1Mo ¢, modToMy IeneBas (yHKUMA S KBagpaTHMYHAa MO ¢ U HUMEET
€IMHCTBEHHBI TJOOANBHBI MHHHMYM, KOTOPBIH JIETKO HAXOIUTCA peIIeHHEM JIMHEHHOTO
are0panyecKoro ypaBHeHHU .
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N-1
2 2 2\ (.2 2
Z(Cxi —CoX; * &1 +2ex,6,, + ¢4 ) (xi +2x,8 + & ):0-

i=1
Pemas 3To YPaBHCHUC, ITIOJIYYHUM OLICHKY

N, N N ) A N-1 NI
Co in +22xi &+ in & |- in Sint _2zxi§i§i+l - Zfz Sl
i-1 i-1 i-1 i-1 i-1 i-1

I T L R = N
Dx; +6D X ET+ DY X +4AY X E +4) X
i il il il il

VYerpemum tenepp N K O6CKOHEYHOCTH, YYTEM HE3aBUCHUMOCTB ¢&; OT &, U OT
N,

X;, 3AMCHUM CyMMBI TIa » x; (yCpEIHEHHE IO BPEMEHH) Ha MHTErPaJbl THIIA
i=1

é=

I ,Lz(x,co)x4dxs<x4> (ycpennenne mo aHcam6mo). 3pecs  u(x,c,) —

WHBapuaHTHas Mepa (TUIOTHOCTh paclpelesieHusT TOYeK Ha aTTpaKTope) it
oroOpaxkenus (8.1). Ilpu ¢, =2 oHa MOKeT ObITb HaWJCHA AHAIUTUYECKH:

1(x,2) = 1/7[(1 —x? ),—1 <x<1. Orcroga nony4yaem <x2> =1/2, <x4> =3/8,
<x”> =0 [ HedyeTHBIX 1. B nTore npu ¢, =2 Noay4YuM aCUMIOTOTHYECKOE (U1
N — o0 ) 3HaYEHHUE OLICHKHU ¢ = ¢, (40'§2 + 3)/(8<§4> + 240? +3).

OTO OllEHKA CMEICHHAs: OHa 3aHMKCHA,
T.K. 3HaMecHaTenb Oojblne uyuciuTens. Ha

2

16
puc.8.2  mokazaHa  3aBUCUMOCTb  A3TOTO |
ACUMIITOTHYECKOI'0 3HAUYEHHUSA OT OTHOLICHUS Ac 1.2
[Ty M/CUTHAJ JIJI1 HOPMAJIBHO PacIpeIesICHHOTO 08

myma. OHO NPaKTUYECKH HE OTIIMYAECTCS OT
HUCTUHHOIO 3HAYEHMsI TOJBKO IPH MAabIX
mrymax (cmenieHue Menbliie 1%, eciau ypoBeHb
mryma Menbiie 0.05). CmenieHne OLEHKH TeM
Oompmie, dYeM Oonblie ypoBeHb Iryma. Puc.8.2. Ouenku mapamerpa ¢ B
AHanornyHele CBOMcTBAa HaGmomarorcs u mpu  (8:1), MOTyUYEHHbIE ¢ NOMOMIBIO
Opyrux pacnpenenenusx myma [272, 50]. Ho obranoro. MHK, mpu N =,
nockonpky  oObmuHbli MHK  mpoctr B
peanu3any ¥ MOXKET JIETKO HCIIOJIB30BAaThHCS B ITo ocn abcuucc  OTIOKCHO

04 T T
0 02040608 1

_ 2
Cp =2 W pucrepcuu mwyma o;.

caydyac OOJNBIIOTO  4YHCIA  OLEHMBAEMBIX O HOMICHHE L1y M/CHTHaL,
ApaMETPOB, B OTIAMYAE OT APYTHX METOLOB, o ProMoe ek at

p POB, APY #0B, OTHOIIIEHHUE 704
€ro  ¥acTo  TPUMEHSIOT — HAa  TPAKTUKE,  cpejmexBapaTuaHbix

npeanosarasi Majablii U3MEPUTENbHBIHN Iy M.
8.1.2.2. Kak NmOBBICHTH TOYHOCTh OLCHOK B CJy4Yae 3HAYMTEJIHHOIO
U3MepUTEJbHOro myma? OTyacTu 3TO yJaercs IpH HCIOJIb30BAHUM TaK

233



UYacrts II. Mooderuposarnue no epemennvim psoam

HA3bIBAEMOTO METOJIa MNOJHbIX HAUMeHbwux Keadpamog [246], xorma
MUHAMH3UPYETCSI CyMMa KBaJpaToB OPTOTOHAIBHBIX PACCTOSIHUN OT TOYEK
,.n,,,) no rpapuka f(x,,c), puc.8.1,B. Ilpu sTOoM yuuTHIBaeTCSI TO

00CTOSITETLCTBO, 4YTO OTKJIOHEGHHWE HAONIOAAEMBIX TOYEK C KOOpJIWHATAMH
(1,,M,,;) OT rpaduka uckoMoil ¢pyHkuuu f(x,,c,) BbI3BAHO NCHCTBUEM IlIymMa

Ha o0e koopauHaThl. [l09TOMY OTKIIOHEHHWE MOXET MPOUCXOIUTHL B JHOOOM
HalpaBJI€HUU, a HE TOJBKO IO BepTUKaIu. Mcrnonp3oBaHUE WMEHHO
OPTOTOHAJILHBIX PACCTOSTHUN 000CHOBAHO B [246] Kak MPUOMKEHHBIH BapuaHT
MMII.

OnHako CMENMIEHHOCTh OICHOK IPH HKCIOJB30BAHMHM METOAA IOJTHBIX
HaVMEHBIIIUX KBAJpPATOB MOJHOCTBIO HE YyCTpaHsAeTcs (OCOOEHHO MpU OYEHBb
OOJIBIINX IIyMax), T.K. 3TO TOJIbKO mpuommkenue k MMII. Kazanock Obl, BBIXOT
COCTOMT B TOM, YTOOBI «UYECTHO» 3amucarh (DYHKIHUIO MPaBAOMOMOOHS IS
HOBOM CHUTyallMM C y4eTOM croco0a BXOXJeHus IyMoB. [Ipu HOpMaibHOM
mIyMe 3ajada CBOJUTCA K MHHUMH3AIMA CYMMBI KBaJIpaTOB OTKJIOHEHHI
peanusayuu MOJIETHN OT Habatodaemozo psada (puc.8.1,r):

N-1 ) 5 )
Sex)= X0 — £ (xy20)) = min, (8.4)
n=0

0
rne [ — n-s wTepaums OTOGpaKCHMS X, =f(x,0), f D(x,c)=x, u B
YHCIIO OIICHUBAEMBIX BEJIMUYMH BKIIOUEHO HAYaJIbHOE COCTOSHUE MOJIENH X, .

100 5§ 100 5§ Tpaexropus
10 10 Xa0TUYECKOU CHUCTEMBI
1 1 O4YEHb YYBCTBUTEIIbHA K
01 0 HayaJbHbBIM  YCIOBUSIM U
rapaMeTpam. IToaTOomy

0.01 0.01
¢ ¢ nucriepcusi oueHok (8.4)
1.51.6 1.7a)1.8 19 2 1516 1.7 6’I)8 19 2 OUCHbB GLICTpO ¢ pocToM N,
HWHOTIa JTaKe
Puc.8.3. lleneBbie QyHKIMH JUISI KBaAPaTUYHOTO SKCIIOHEHIHAJILHO [287,
orobpaxxenus (8.1) npu N = 20, ¢, =1.85, x;, =0.3: 239] DTo  KEIATENLHOE
CJIeBa — IIcJICBasd (I)YHKL[I/IH JJIA I/ITepa]_II/Iﬁ B IIpsAMOM CBOﬁCTBO HO OHO WUMEET

b

Bpemenn (8.4), cmpaBa — meneBas (QyHKOHUS s

o MCCTO Ha IMPAKTHKE TOJIBKO
ureparuii B oopaTHoM Bpemenn (8.5)

IIPU yCJIOBUM, 4YTO BCEraa
yaaeTcsi HaxoauTh TJoOanbHbId MuUHUMYM (8.4). Jlaxxe mpu ymepeHHom N
rpaguk ¢GyHKIUM S B Clydae XaOTHYECKOM CHCTEMbl CTAaHOBUTCS CHJIBHO
«u3pe3aHHbpIM» (puc.8.3,a), TaK YTO HAUTHU TIIO0ATBHBI MUHUMYM YHCIEHHBIMU
MeToaaMHu [ 73] mpakTUYeCKH HEBO3MOKHO. J[J1s 3TOT0 MoTpedoBanoch Obl OYCHD
«yJa4HOE» 3aJlaHue CTAPTOBBIX JOTAJOK s ¢ U X;. OO0 aCUMNTOTUYECKUX

CBOMCTBAX OIICHOK TOKC T'OBOPUTH TPYAHO, T.K. B IPCACIIC N > © nejacBas
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byHKIMs craHOBUTCS Hernmankol. [loaToMmy paspabarbiBatoTcs MoOIU(pUKALMN
MMII B npunok’eHnM K 3aa4e OLECHKH MapaMeTPOB MOJIEIU M0 XaO0THYECKOMY
pany [287, 316].

Tak, mpenjarajioch JEIUTh HCXOTHBIM PSAJ HA CErMEHTHI HEOOJBIION
JUTUHBI L, IO KaXXJAOMY M3 KOTOPBIX MOXXHO HAUTH MUHUMYM (8.4), U yCPeAHATH
MOJTyYeHHBIC ONECHKH (KYCOYHBIH METOJ). DTO IeJIeCOO0pa3HbIi MOAX0d, HO
UTOrOBasi OIIEHKAa MOJKET OCTaBaTbCi ACHMNOTOTHYECKA CMEIICHHOW, a ee

IHCIepCHst yOBIBAeT OISTh TONMBKO Kak N ' . HeKoTopble BApHAHTHI YTy IICHHS
CBOWCTB OIICHOK OIMHUCAaHBI HIKE (1. 8.2).

371ech Mbl OTMETUM TOJIBKO CHEIUATBHBIA TOAXO0/, MPEII0KEHHBIN B [158]
JUTSL CTydasi OJTHOMEPHBIX oToOpakeHnid. OH OCHOBaH Ha HMCIIOJIb30BAHHH TOTO
CBOMCTBA, 4YTO €IWHCTBEHHBIH JISIMIYHOBCKUW IMOKa3aTelb OJHOMEPHOTO
Xa0THYECKOT0 0TOOpaKe€HUsI B 0OpaTHOM BPEMEHU CTAHOBUTCSI OTPULIATEILHBIM
U TpaekTopus OTOOpaKeHUss HE CTOJb UYBCTBUTEIIbHA K IMapaMerpam |
«HAYAIILHOMY» yCI0BHUI0. [[09TOMY MUHUMU3HUPYETCS BETUIMHA

N-1 )
S(ex)= Yy = £ (xy )] —min, (8.5)
n=0

rae £ — n-as ureparms oTobpaxenns x,,, = f (x,,c) B OOpaTHOM BPEMEHHU.

n+l
JUis CKONb YrOoJHO JUIMHHOTO psga rpaduk 1eiaeBod (YHKIUH BBITJISAIUT
JOCTaTOYHO IJIaBHBIM (pHC.8.3,0), 1 HAUTH IOOATBHBIII MUHUMYM HE CII0KHO.
IIpy MasbIX ¥ YMEPEHHBIX YPOBHSX IIyMa (O / o, 10 0.05-0.15) norpenHocTH

MeTojia (8.5) Oka3bIBalOTCSA MEHbIIE, YeM Il KycouHoro. IlpuueM ajis majbix
myMoB (8.5) JaeT acMMITOTUYECKHM HECMEILEHHbIE OIEHKH M AUCIEPCHUs

yObIBACT B THIIMYHOM ciiydyae kKak N . DTa BBICOKAs CKOPOCTb 00YCIIOBICHA
BO3BpaTaMH TPACKTOPUHU B OKPECTHOCTH dKCTpemyma GhyHkuu f [316].

8.2. CkpbIThIC IEpPEMEHHBbIEC

Korga ypoBeHb U3MEpUTENBHOTO IIyMa 3HAYUTENIEH, IEPEMEHHYIO
COCTOSIHMSI X YaCTO CUHUTAIOT «CKPBITOI», T.K. €€ 3HAYEHHUs, CTPOTO rOBOPsI, HE
u3BecTHbl. «Emie Oosiee CKPBITBIMUY SIBISIIOTCS MEPEMEHHBIE, 3alllyMJICHHBIC
3HAUYCHUSI KOTOPBIX HEIIb3sl HU HEMOCPEACTBEHHO W3MEPUTh, HU BBIUUCIUTH W3
psAA0B HaOMIOJaeMbIX BEJIMYMH, YTO YAaCTO MMEET MECTO Ha MpakThke. B aTom
clly4ae IMOJIydeHHE OIICHOK MapaMeTpoB ropasao Oosee mpoOieMaTuyHo, YEM B
3amavax 1. 8.1. Ho eciu yaeTcst ycrnenHo mpoBeCTH 3Ty MPOLEaypy, TO, KaK ee
NOOOYHBIA TPOAYKT, TOSBISETCS TOTOJTHHUTEIbHAS BO3MOXHOCTh — MOJNYYHTh
BPEMEHHBIE PSAIbI CKPBITBIX MEpPeMEHHBIX. Torpa mporemypa MOJISTUPOBAHUS
OISITh BBICTYNAeT KaK W3MEPHUTEIbHBIM TpHOOp, HO yX€ W B OTHOIICHHUH
JTUHAMUAYECKUX TIEPEMEHHBIX, a HE TOJBKO MapaMeTpoB.
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8.2.1. MeTonsl

Mbl  OpOWLTIOCTPUPYEM WX HA TpUMEpPEe OICHKHA IMapaMeTpoB
OOBIKHOBEHHBIX Ju((PepeHIInanbHbIX ypaBHEHUN 0€3 JTMHAMHYECKOro IIyMma.
OOBEKT — KJTaccuueckasi XaoTudeckas cucrema (cucrema Jlopenma):

X = ¢ (xy —xp),
Xy ==X, +x1(¢5 —X3), (3.6)

¢ mapamerpamu ¢, =10,c, =8/3,c; =46. Habmogaercs TOJBKO 3allyMIICHHAs
peanusanus BEIU4YUHbL X, : 77, = X,(¢,)+{,, IEPEMEHHBIE X, U X; — CKPBITHIE.
Mogeins umeer Bua (8.6), BCce TpH apaMeTpa ¢; CUUTAKOTCS HEU3BECTHBIMMU.

8.2.1.1. MeToa MOATOHKM HAYAJBLHOIO yCcJ0BHs. Bce METOIUKHU OIEHKH
OCHOBaHBbl TaK WIM HHaue Ha uaee tumna (8.4), T.e. MOAOUPAIOTCS TaKOE
HayaJbHOE COCTOSHUE MOJEIU U MapaMeTphl, 4yTOObI ee peanu3aius Oblia
Onu3ka K HaOIIOJaeMOMy psjly B CMBICIIE HAaWMEHBIIUX KBaJIPaTOB.
Henocpencreennoe pemenue 3aaaun Tuna (8.4) Ha3pIBaAIOT METOJOM MOATOHKH
HavyaiapHOro ycioBus [238, 334]. CormacHo ckazanHomy B 1.8.1.1.2, oH
HEMPUMEHUM IS JUTMHHBIX XaoTW4YeCKux psiioB. [Ipoctoe paenenue psiga Ha
CErMEHTHl C TMOCIEAYIOIIUM YCPEIHEHUEM OIICHOK JaeT HHU3KYI TOYHOCTh
UTOTOBOM OIICHKH, a HUTepalid B OOpaTHOM BpPEMEHU [JIi MHOTOMEpHOI
JTUCCUTIATUBHOM CUCTEMBI HE MPUTOJIHBI.

8.2.1.2. MeToa MHOKeCTBEeHHOI cTpeibObl. OTUyacTH 000UTH TPYIHOCTH
M UCIIOJB30BaTh 00Jiee JIMHHBIE PsiIbl MO3BOJISIET anroput™M boka [196, 187],
KOTOPBIN HAa3bIBAIOT €II€ METOJOM MHOXXECTBEHHOU CTPENbOBI, T.K. IPH ITOM OT
pemienns 3amadn  Komm aims modMydeHWs] TPaeKTOPHH MOJEIH Ha BCEM
UHTEpBajJe HAOJIOJIEHUS MEpPEeXOAsT K pelIeHHI0 Habopa KpaeBbIX 3agad. A
UMEHHO, pa30MBarOT UCXOIHBIA psA {77,,7],,...,7]y} Ha L HeNepeKphIBarOIUXCcs
CErMEHTOB [UTHHBI M M PacCMaTpHBAIOT HAYANbHBIE COCTOSHMS Mogenn X' Ha
K&K/IOM HX HHX (T.€. B MOMEHTBI BDEMEHH /(;_y))s,1» I = L,...,L ) KaKk OlleHHBacMbIe

BEJIMYMHBI, HO He c680000Hble. Pemiaercs 3aiaya yCIOBHOW MUHUMU3AIINM,
KOTOpas B cllydae CKaJsIpHOW HaOmomaemon 77 =h(X)+ ¢ (B HameMm mnpuMepe

717 =X, + ¢ ) 3aIUCBIBAETCA B BUAE

L M-1
D o2 L ' -
S(e,x? x? . xH=% [U(t(i_1)M+n) - h(x(t(l._l)MM,x(’),c)) — min, 37)
i=1 n=0 .

x(t,,x",e)=x""P i=1..,L-1.

3nech  Bolpaxenue X(£,X”,¢) 3amaeT TPaeKTOPHIO MOJCIH  (pELICHHE
MOJICTIbHBIX YPaBHEHHI), T.€. COCTOSHHUE MOJEIH X B MOMEHT BPEMCHH ! TIPH
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HAYaNbHOM YyCloBMM X' ¥ mapamerpax c¢. Ilepsas cTpoka oO3Hauaer
MHUHHUMM3ALMI0 OTKJIIOHEHUS pealn3aliy MOJENIU OT psha s BCEro MHTEpBaja
HaOIOICHNS, BTOpasi — «CIIMBaHHE» CETMEHTOB, YTOOBI B HUTOTE MOJIYYHTb
HEMPEPBHIBHYIO TPACKTOPUIO MOJIEIM HAa BCEM HWHTEpBaJie HaOIIOICHHS.

«CmmBanue» HaknaabiBaeT L —1 ycinoBue THma paBeHCTBA HAa L HMCKOMBIX

BeKTOpoB X', T.e. TONBKO OMH W3 HHAX MOXHO CUHMTAaTh «CBOOOIHBIM
mapaMeTpoM 3aaum.
Kak o0bruHO, 3a/1aya pemiaeTcsl YUCICHHBIMU UTEPAIMOHHBIMU METOIaMH,

1 2 L
HadyuHad CO CTAapTOBBIX OOraJOK A9 HWCKOMBIX BCIWYHWH C,X(),X( ),...,X( ).

CrapTOBBIM J0OTaJKaM COOTBETCTBYET, KaK MPABHIO, Pa3pbhIBHAS TPACKTOPHS
MOJIeNIA, COCTOsasi U3 L COBCEM HE CTBHIKYIOLIUXCS JIPYT C JIPYTOM KYCKOB
(puc.8.4,0, Bepxusisi mnaHenb). [logoOHast  cuTyauus HMMEET MECTO U JUIs
NPOMEKYTOUHBIX 3HAYEHHUHA HMCKOMBIX BEJIIMYMH B Mpolecce padoThl
WUTEpPAIlMOHHOTO  METOJla  MUHHUMH3AIlMHM, HO  «HECTHIKOBKM»  JIOJKHBI
CTAHOBUTBLCS BCE MEHBIIE M MEHBIIE, €CIIM METOJl CXOJIUTCS TMPU 3aJTaHHBIX
CTapTOBBIX JIOTaJIKaX. ITO «BPEMEHHOE» JIOMYIICHUE Pa3phIBHOCTH TPACKTOPUH
MOJIeTu oTinyaeT anroput™ boka (puc.8.4,0) oT MeTo/a MOATOHKY HAYaJIbHOTO
ycnous (puc.8.4,a) u obecredynBaeT OOJBITYI0 THOKOCTH TIEPBOTO.

20 :?}, T — 30 JQ\ J :7]! ,,/\ rapToRa% AOTATA }L
R AGE

P OMERYTCIHEH ST an
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30 30

* e
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Puc.8.4. Onenka nmapaMeTrpoB IO XaOTUYECKOW pealM3allMd KOOPAUHATBI X = X| CHUCTEMBI
Jlopenmna (8.6), N = 100 Touek, BbiOOpounbiii naTepBan (.04, HOpMaNbHBIN U3MEPUTENBHBIHI
IIyM CO CTaHAApTHBIM OTKJIOHeHHeM (.2 OT cTaHIapTHOro OTKJIOHEeHWs curHaia [238]:
a) METOJlT TOJITOHKH HAvalbHOrO YCIIOBUA. Peanmuzanuu Habmrogaemoit (poMOWKH) W
COOTBETCTBYIOLIEH MOJACIBHON nepeMeHHo#. IIponecc MOArOHKM CXOOUTCS K JIOKAJIbHOMY
MUHUMYMY, Tlle¢ TpPaeKTOpHs MOJAETH M OLEHKH MapaMeTpOB CWIBHO OTIUYAIOTCA OT
WCTUHHBIX; O) METOA MHOXECTBEHHOH crpenbObl. [lpomecc mnoAroHkM cxomamrTes K
r100anbHOMY MHUHUMYMY, T[J€ TPAeKTOPUS MOJEIM W OIEHKH MapameTpoB OJHM3KH K
HMCTUHHBIM
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Ha puc.8.4 mnpexacraBieH mnpuMep NPUMEHEHUS METOJOB JJisi OLECHKHU
napaMeTpoB cucTteMbl (8.6). MeTrog MHOKECTBEHHOW CTPENbOBI «HAXOIUT
rI00anbHBIA MUHUMYM, TOT/Ia KaK METOJ TMOATOHKA HAayaldbHOTO YCIOBHS
OCTaHABJIMBAETCS B JIOKATHHOM. JTO BECbMa TUITUYHAS CUTYaIIHs].

OnHako U METOJ MHOKECTBEHHOM CTPENIbObI HE TapaHTHUPYET HAXOKIACHHUE
MMEHHO TJI00aThHOTO MUHUMYMa, a TOJIBKO CMSTYaeT TPEOOBAaHUS K YIAYHOCTH
CTapTOBBIX JIOTAJIOK JJi1 UCKOMBbIX BenuuuH [41]. [ns eme Oonee JUIMHHOTO
psiga U OH craHeT Hed(p(EeKTUBHBIM, T.K. TpeOoBaHHE OJIM3OCTH XAOTHUYECKOMN
TPACKTOPUHU MOJENH K HAOII0AaeMOMY DSy Ha JJIMHHOM MHTEpBajie MPUBEIET
BHOBbB K CJIMILIKOM KE€CTKHUM TPEOOBAHUSAM Ha yIa4YHOCTh CTAPTOBBIX JOTaI0K.

8.2.1.3. Moaundukanuss MeToJa MHOKECTBEHHOI cTpebObl. Kak
nokaszaHo B [41], CHU3UTh OCTPOTY MPOOJIEMBbI MOXHO, TOMYCTUB Pa3phbIBHOCTD
UTOTOBOW TPAEKTOPUU MOJEIU B HEKOTOpPbIE MOMEHTHI BPEMEHHM HAa MHTEpBAJe
HaOJIIO/IeHUs], T.€. OTKA3aBIIMCh OT HEKOTOPBIX PABEHCTB BO BTOPOM CTpOKE
(8.7). Ilpu aTOM Nerye OThICKaTh INI00ATBHBI MUHUMYM IEI€BON (PYHKINH S B
(8.7).

Takass MomuduKaiys MO3BOJIAET MCIOJIB30BATh CKOJb YTOJIHO JJIMHHBIC
Xa0THYECKHE PsAbl, a paciiaTa COCTOUT B TOM, YTO HHOIZAa MOJENb C
HEaJICKBAaTHOM CTPYKTYpOH MOXKET OBbITh MpH3HAHA «XOpOIIed» 3a cuer
CIIOCOOHOCTH BOCIIPOM3BECTH KOPOTKMW ydacTok psma. Ilostomy Tpebyercs
OCTOPOXHBIM BBIOOP YKCIA U pa3Mepa CErMEHTOB HENPEPBIBHOCTH TPACKTOPHUH
Mozenu. OTMETUM TaKKe JOMOJHUTENbHYIO TPYAHOCTh CUTYALIUU CO CKPBITBIMU
MIEPEMEHHBIMU: KPOME YJAUHBIX CTapTOBBIX AOTAJOK ISl MapaMETPOB € OYEHb
BRXHO HAWTH W yJayHbIE CTAPTOBBIC JOTAJKHU JUIS CKPBITBIX MEPEMEHHBIX —
KOMIIOHEHT X! — B OTIMYME OT YPE3MEPHO ONTHMHCTHYHBIX DAHHHX
yTBepxkaeHuil [187]. YacTo mpuxoauTcs AEMCTBOBATh HAyraj, HO IOJE3HYIO
UHPOPMALIMI0O MOXXHO TOJIYYUTh M3 NPEIBAPUTEIBHONO M3YUYEHUS CBOWCTB
MOJIETIbHBIX YPAaBHEHUH MpU NPOOHBIX 3HAUYECHHUSAX napaMeTpoB [41].

8.2.1.4. 3akiarounrtenbHble KOMMEeHTApHU. CyIIECTBYIOT U Pa3BUBAIOTCS
CHOCOOBI OLIEHKHU MapaMeTPOB U CKPBITHIX MEPEMEHHBIX, IPUTOJIHbIE B ClIydae
OJIHOBPEMEHHOI'O0 HAJIMYUS JUHAMUYECKOIO M HM3MEpPUTENBHOro 1IymoB. OHHU
OCHOBaHBI Ha OaliecoBckoM monaxoxae [274, 217, 198] u wucnoab30BaHUU
moauduimpopanHoro risrpa Kanmana [307, 334]. Ha sty mmupokyro o6mactb
MCCIIETOBAaHU MBI OOpaliaeM BHUMaHUE YHTATENs, HO PACCMOTPETh HE UMEEM
BO3MOKHOCTH.

Bepudukanus mopeneld B pacCMOTPEHHBIX B JaHHOW TJIaBe 3ajadax o
IIPO3PAYHOM SIIIUKE ITPOBOJIUTCA C NMOMOILNBIO JIBYX OCHOBHBIX MOJIXOIOB. Bo-
NEePBBIX, O3TO AHAJIW3 OCTATKOB (HEBSA30K) MOJENM, T.€. MpPOBEpPKa HUX
COOTBETCTBHUS TMpeArnojaraeMbiM cBoiicTBaM mymMmoB (cMm. 1. 7.3) [45]. Bo-
BTOPBIX, 3TO pacUeT JUHAMUYECKHX, T€OMETPUYECKHMX U TOMOJOTMYECKHUX
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XapaKTePUCTHK aTTPaKTOpa MOJEIM W WX CPaBHEHHE C COOTBETCTBYIOIIUMH
cBoiictBaMu o0bekTa [233], cm. m. 10.4.

8.2.2. YTo maroT ycnexu M Kakas MoJib3a OT HEyJAad MOAECITUPOBAHHUS?

VYcnemnas peanuzanys ONMHMCAHHBIX METOJOB OO€MIAaeT IMOJTy4YeHHEe He
TOJIBKO OLIEHOK MapaMeTpOB, HO U BPEMEHHBIX PAJIOB CKPBITHIX NMEPEMEHHBIX, a
TaKXKE€ CYJUT P COOMA3HUTENBHBIX MPHIOKEHUN: TPOBEpPKa a/leKBaTHOCTH
3aJI0)KEHHBIX B MOJIENb MPEACTABICHUM, «M3MEPEHUE» BEIMYUH, HEJOCTYIHBIX
npubopy HKCIEPUMEHTATOPa, BOCCTAHOBIICHHE YTEPSHHBIX WM HCKAKEHHBIX
Y4aCTKOB BPEMEHHOW 3aBUCUMOCTH U3MepsieMOl BeMunHbl. OHAKO U HEy1auu
Jal0T NoJe3Hyto nHpopMmanuio. [IpokoMMeHTHpyeM 3TO moapoOHee.

Ha mnpaktuke mnpu wuccleqoBaHUU pealbHBIX OOBEKTOB HHUKOTJA HE
BCTpEYAEeTCs B YMCTOM BHJE 3aJada O Mpo3payHoM smuke. Mccnenosarens
TOJIBKO CYOBEKTHBHO MOXKET BEPUTh B TO, YTO NPOOHAs CTPYKTypa MOJEITH
azekBaTHa 00bekTy. [lodToMy nake mpH HEaTbHOM BBINOJTHEHUH JICUCTBHIMA
HWKHETO sipyca cXeMmbl puc.5.1 pe3ynbraT MOAEIUPOBAHUS MOMKET OKa3aThCs
OTpULIATENIbHBIM, T.€. HE yAACTCS MOJYYUTh AJEKBATHYIO MOJENb C 3aJaHHOM
cTpykTypoi. Toraa uccienoBarento NpuaeTcs MPU3HATh HECIIPABEMIUBOCTh €r0
NPEACTABICHUM O MEXaHHW3Max IPOTEKaHUs MpolLecca U BEPHYTHCSA K HTaIy
BbIOOpa CTPYKTYypbl Mojenu. Eciu ecTh HECKOJIBbKO —allbTE€pPHATHUBHBIX
MAaTeMaTUYECKUX KOHCTPYKIMI, TO pe3yiabTaTbl MOJEIUPOBAHUS MO psaaM
MOT'YT BBISIBUTh W3 HUX HauOoyiee aJeKBaTHYyr0. Takum o0pa3om, Mpoieaypa
MOJICJIUPOBAHUS aCT BO3MOXKHOCTh OMPOBEPTHYTHh WM MOATBEPIUTH (MOXKET
OBITh, YTOUHUTH) COJIEpKATENbHbIE MPEACTABICHHS 00 UCCIeAyEeMOM OOBEKTE.

[IpakTuyeckue nmpuMepsl ycrnexoB yxe umerTca. B [240] moarBepkaeHa
CIPaBEUTMBOCTh MOJICIBHBIX TPEACTAaBIEHUII O paboTe Tra3oBOTO Ja3epa H
MOJIyYEHbI HE U3MEPSIEMBIE HETIOCPEICTBEHHO MapaMeTpbl CKOPOCTEN mepexoia
MEX/y SHEPreTUYECKUMHU YPOBHAMH B 3aBUCUMOCTH OT TOKa Hakadku. B [321]
NPEACTABICH I[IOKA3aTEJIbHbIM IMPUMEpP YCIEIIHOTO MOJCIHMPOBAHUS U
COJIEPKATEIIPHOTO BBIBOJIAa O MEXaHHW3ME OHOXMMHUYECKOTO CHUTHAIBHOTO
nmpouecca B KIETKaX, ¢ KOTOPhIM Mbl B KPAaTKOM MEpecKa3e MO3HAKOMUM
YUTATENEN.

8.2.2.1. Ilpumep u3 KJIETOYHOW OMOJIOTHM. J[JI1 MHOTUX TPHUIOKEHUI
HEOOXOJMMO BBISICHUTH, U3MEHEHUE KaKMX CBOMCTB KJIETOK BEJET K Hambolee
3¢ PeKTUBHOMY TOAABICHUIO HEXKENATENLHOIO IIpoliecca B HHUX, U Kak
LIE/ICHAPABICHHO BO3/CiCTBOBATh MMEHHO Ha 9TH CBoiicTBa.” JIIs oTBeTa Ha

% Tax, POCT PaKoOBBIX KJIETOK OOYCIIOBIIEH TEM, YTO OHH IPOU3BOJAT BELIECTBA «HEAIEKBATHO» OKpY’Karomieit
oOcrtanoBke. Bapuant 60pb0BI ¢ 3a00JI€BaHNEM, KOTOPBII TTOKa TOIBKO B MPEIIOI0KESHUSIX, MOT OBl OIMUPATHCS
Ha JSMITUPUYECKOE MOJICIUPOBaHUE, MOJ00HOE ommcaHHOMY B 1II. 8.2.2.1. 3mech CBOWCTBA OMOXUMHYECKOTO
npouecca B kineTkax tuma BaF3 [321] um BO3MOXKHOCTb YIpaBIE€HUs HMMHU BBIACHEHBI C OIOpPOH Ha
9KCHEPUMEHTAIBHBIA BPEMEHHOW psAA M INPHUBICUCHHE OMOXUMHYECKUX COOOpakeHHH it (HOPMHPOBAHHS
CTPYKTYPBI MOJICIIH.
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MOCTABJICHHBIC BOIPOCHI MOXKET OBITh JOCTATOYHO TIONYyYCHHS aJIeKBATHOM
MaTEeMaTUYeCKOW MOJen. PaccMOTpUM TpHMEp YCIENIHOTO MOJIETUPOBAHHUS
CJIOKHOT'O OMOJIOTHYECKOTO MPOIIecca 0 BPEMEHHBIM PSiIaM.

MopaenupyeMblid MpoOLECC — OJHA
W3 Pa3HOBHUJIHOCTEN BHYTPUKIETOYHBIX
CUTHAJIBHBIX TMyTeil, KOTOpbIE MAArOT
KJIETKE BO3MOXXHOCTH  IPOU3BOIAUTH
HYKHBbIE €l BelecTBa B OTBET Ha
U3MEHEHUE OKpYyXarolel 0O0CTaHOBKHU.
B uwactHOCTH, OHM oO0ecne4yHBaIOT
pasMHOXKeHue, auddepeHuanu Hu
BBIKMBAHUE KJIETOK. 37€Ch PACCMOTPEH

TaK Ha3bIBAEMBbIM CHUTHAIBHBIM IIyTh * v/
JAK-STAT [321], KOTOPBI GO

npeoOpasyeT BHEIIHUA XUMHUYCCKUN Xy
CUTHAJI B aKTHBAIUMIO TPAHCKPUIIIUU C c%
COOTBETCTBYIOILLEr0 I'€Ha BHYTPH slpa farget gene
KIIETKH, CM. cXeMy Ha puc.8.5. OnHa u3  Puc.8.5. Cxema  GHOXMMHYECKOTO
CaMbIX  MOPOCTBIX  MATEMATHYECKUX  CHTHAIBHOIO Iporecca B KieTke [321]
MOJIeJIe ITOr0 OMOXMMHUYECKOTO MpoIlecca MOXKET OBbITh 3amKcaHa, UCXOJs U3
3aKOHA JIEWCTBYIOMMX Macc (OOBIYHBIM IMOAXOJ B XUMHUYECKOW KWHETHKE), U
UMeeT BU/I;

dx, /dt = —kx,E(t),
dx, /dt = —k,x; + k,x,E(t),

(8.8)
dx, /dt = k;x;.
3necy k; — mapamerpbl ckopocred peakuuii, E(t) (Epo Ha puc.8.5) —

KOHIICHTpAIMsl BEIIECTBAa SPUTPOINONETHHA B OKpPYIXKAIOUIEH cpejie, B OTBET Ha
W3MEHEHHE KOTOPOU aKTUBHPYIOTCSI COOTBETCTBYIOIIUE PEIENITOPH B MEMOpaHe
KJIETKU. PerenTopsl CBSA3BIBAIOTCS ¢ TUPO3UHKHMHa3aMu Tuna JAK-2, koTopbie
MMEIOTCS B UUTOIUIa3Me KieTku. IlocnegHue BCTynaloT B pEaKIUIO C
Mmosiekysnamu BemectBa STATS, koHueHTpanus KoTopelx oOo3HaueHa x,. B

pesyiprare  peakiuu  nociuegHue  Gochopumupyrorcsa.  [lomydarorcs
MOHOMEpHbIE  (hochopunrpoBaHHble  MojdeKkysibl STATS, KoHUeHTpauus
KOTOPbIX O0O3HAa4YeHa X,. DTa peakuus BeleT K YObIBaHMIO KOHLEHTpALMU X,
(nepBoe ypaBHeHue (8.8)) U YBEIUYEHUIO KOHLUEHTPALUU X, (TIOJIOKUTEIBHOE
cnaraeMoe Bo BTOpoM ypaBHeHHH (8.8)). MOHOMEpHBIE MOJICKYJIbI, BCTPEUASCh
ApyT ¢ JIpyroM, numepusyrorcs. KoHIeHTpanys AMMEpU30BaHHBIX MOJIEKYT —
X, . OTa peakuus BeJET K yObIBAaHHIO X, (OTPHULIATEILHOE CJIaraéMoe BO BTOPOM
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ypaBHeHHH (8.8)) M yBEIMYEHUIO X; (IIOJOKUTEIBHOE CIaraéMoe B TPETbEM

ypaBHeHuu (8.8)). JluMepu3oBaHHbIE MOJIEKYJIbl MPOHUKAIOT B SAPO, HX
KOHLIEHTpaluuss B sApe — X,. OTOT MpPOLECC BeAeT K YOBIBAHUIO X,

(oTpuLIaTENBPHOE CllaraéMo€ B TpeTbeM ypaBHEHUHU (8.8)) M YBEIMUEHHUIO X,

(uetBepTOe ypaBHeHue (8.8)). B anpe numepu3zoBaHHbIE MOJIEKYJIbI aKTUBUPYIOT
TpaHCKpuUMIMi0 TreHa, oOo3znauaemoro CIS (target gene Ha puc.8.5). B
pe3yibTare MPOU3BOAUTCS HEKOTOpbIM Oenok. Ilocnme »Toro numepusoBaHHbIE
MOJIEKYJIbl pacHajalTcsi Ha MOHOMEpHbBIE, KOTOPBIE CO2IACHO 2unomese,
nedcaugeli 8 ocnoge mooenu (8.8), deecpadupyrom 6 siope.

Ho ecrtv u gpyras Bepcusa: MoHoMepHble MoJekysabl STATS
6038PAWAIOMCSL C HEKOMOPOU 3A0ePIHCKOU U3 A0pa 8 yumonnazmy kiemku. Ilpu
TaKOM TMPEANOJ0KEHUN MaTeMaTU4YeCKass MOJENIb HECKOJIBKO MEHSETCS U
NPUHUMAET BUJI:

dx,(t)/dt = —k,x; () E(t) + 2k, x;(t — 7),
dx, (t)/dt = —k,x3 (t) + k,x, () E(?),

dxy (1)/dt = kx5 (1) + kyx2(1)/2,

dx, (1) /dt = —k,x;(t = 7) + k3 x5 (1),

(8.9)

I7ie MOSABIISIIOTCA ClaraéMble C 3ama3/blIBAHUEM B IMEPBOM M YETBEPTOM
YPaBHEHHUAX, 7 — BpeMs 3anasisplBaHus. Kakas MMEHHO M3 JBYX Mojeneu (T.e.
Kakas M3 JBYX TIHUNOTe3) Oojiee ajeKBaTHA — HEU3BECTHO. Bo3MmoxkHOCTH
HaOJI0ICHUST KpallHe OrpaHWYeHbl, TEXHUKA BECbMa JOPOrocTosilia U Mpolecce
u3MepeHuil oueHb cioxkeH [321]. B skcnepuMeHTe MOXKHO OBLIO MU3MEPATH C
TOYHOCTBIO JIO IOCTOSIHHOI'O MHOKMTEJI TOJbKO cymMmapHyto Maccy STATS B
qUTOIIa3Me 77; M CcymmapHyro wMmaccy ¢ocdopuiupoBanHoro STATS B

LUTOIUIa3ME 77, !
=k(x, +2x3),
Uil 5 Xy 3 (8.10)
ny =ke(x; + x5 +2x3),
rae ks,ky — HensBecTHbIE KO3(DPULUMEHTH MpOoNOpLHOHaTIbHOCTH. Kpome 3Tux

IBYX HaOMIOJaeMbIX HM3Mepsach W BEWYMHA KOHIEHTpauuu E(f), U TOXe C
TOYHOCTBIO J10 KO3 (dulireHTa nponopuroHaibHocTH (puc.8.6,a). [lomuepkHem,
YTO BCE IMEPEMEHHBIE MOJENEH — CKpBIThIE, €CTh JIMIIb JBE HAOII0aeMBbIX,
KOTOpBIE CBSI3aHbI C YETHIPhMS MEPEMEHHBIMU U3BECTHBIM 00pa3zom (8.10)
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UYacrts II. Mooderuposarnue no epemennvim psoam
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B pabGore [321] mno ONUCAaHHBIM AKCIEPUMEHTAIBHBIM  JAHHBIM
OIICHUBAINCH TMapameTpsl obeux wMoxenei (8.8) u (8.9). beuta mokaszana
HEaJICKBAaTHOCTh TIEPBOM M XOPOIIIEe COOTBETCTBHUE C IKCIIEPUMEHTOM — BTOPOM.
A uMeHHO, OBbUIM HW3MEpPEHbI BpPEMEHHBIC PAAbI B TPEX HE3ABUCHUMBIX
skcriepuMenTax. OJIMH U3 SKCIIEPUMEHTOB TIpeicTaBiieH Ha puc.8.6. [lapameTphl
MOJIeTICH OILIEHWBAJINCh TO JaHHBIM BCEX TPEX OJKCIEPUMEHTOB BMECTE C
MOMOIIIbI0 METO/Ia MOJArOHKM HavalibHOro ycioBus (m. 8.2.1.1). On Haubonee
YMECTEH, T.K. PSAIbI KOPOTKHE — BCEro Mo 16 Touek B KaXJA0M (3TO OTKIMKU Ha
«UMITYJIbCHOE» U3MEHEHUE KOHUEHTPALMU SPUTPONIONHETHHA, pUc.8.6,a), TaK YTO
poOJIeM C TTIOMCKOM TJ100aIbHOT0 MUHHUMYMa I1eJIeBOM (DYHKIIMM HE BO3HUKACT.
Mopenb (8.8) okazanmach He COCOOHOUM BOCTpoOM3BeCTH curHan (puc.8.6,0), a
Mozenb (8.9) BmonHe ajekBaTHA B ATOM OTHOIIEHWH (puc.8.6,B), OlIEHKA
BPEMEHU 3ara3/bIBaHUsl COCTaBWIA 7 &~ 6 MUHYT, 4TO COTJIACYETCs 1O MOPSIAKY
BEJIMYUHEI C pe3yJIbTaTaMH JIPYTUX aBTOPOB, MOTYUYEHHBIMUA IPYTUMH METOJaMHU
JUISI TIOXOKUX OOBEKTOB.

Takum o0Opa3om, TOJBKO C IMOMOINBIO MOACIUPOBAHUS O PSAAaM aBTOPHI
CMOTJIN CZI€JaTh HETPUBUAIIBHBIN BBIBOJ O TOM, 4TO BO3BpaT Mosekya STATS B
IIUTOIIa3My UTPAET CYIIECTBEHHYIO POJIb B U3y4aeMOM Iporiecce. BrIICHEHBI 1
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HEKOTOpBIC JeTaIH IMpoIlecca, KOTOphIe HEeNb3sl Ha0JI0aTh HENMOCPEICTBEHHO,
HanpuMmep, npedsiBanue Monekyn STATS B siipe B cpeiHEM OKOJIO 6 MUHYT.
Uccnenyss moxens (8.9), MOXHO TmpejicKa3aTh, 4TO MPOUZOHUIET TIPH
M3MEHCHUU TeX WM MHBIX MapaMeTpoB. Hampumep, aBTOpHI UCCIEIO0BAIU, KaK
W3MEHHTCS CyMMapHOE KOJMYECTBO MPOU3BEACHHOTO KJIETKOW BemecTBa (OHO
MPONOPIMOHANBHO 00memMy koymdectBy STATS, mpuHsBmIeMy ydYacTHEe B
npoliecce) Mpyu U3MEHEHUH pa3HbIX MapameTpoB mojenu. Okas3anoch, YTO OHO
OuYeHb CJIab0 3aBUCUT OT mapameTrpoB k,,k, u cuibHO — oT kj,k,,7. T.e.

IPOLIECCHl B SIAPE KJIETKM WUIParoT MEPBOCTENEHHYI0 pojb. COracHO MoJenu
(8.9) ymenpiienue k, n0 Hyias (IOJaBIEHUE SKCIIOpTa U3 KIETKU) BEIET K

YMEHBIIEHUIO MPOU3BEIEHHOro0 BemiectBa Ha 55 %. B skcnepumente c¢
MOMOIIIbIO 100aBIEHUS JIENTOMUILIMHA B CHMXKaIM 3KCMOPT M3 KIETKH (aHaior
napameTpa k,) Tonbko Ha 60 %. CoriacHO MOJENU 3TO JOJKHO HMPUBECTH K

yYMEHbIIEHUIO KoinnuecTBa aktuBupoBaHHoro STATS Ha 40 %. B skcniepumenTe
HaOmonanock ymenpmenue Ha 37 %. Takum o0pa3oM, MOAETBHBIN MPOTHO3
OTJIMYHO TMOATBEPXKJIEH, YTO ele OoJjiee MOBBIIACT JAOBEPUE K MOJECIH H
NO3BOJIIET MCHOJb30BaTh €€ JuIsd 0oJiee NeTalbHOIO HU3y4EeHHs Ipouecca U
yIpPaBJIEHUS UM B Clly4ae HEOOXOIUMOCTH. B CBSI3U C 3TUM JOCTHKEHHEM YXKe
Oojee MPEIMETHO MOXHO TOBOPUTH O BO3MOXKHOCTSIX HCIIOJIb30BAHUS
SMIOUPUYECKUX MOJENIEH I MEAUIIMHCKUX LeJIel, yIOMSHYTHIX Ha ¢. 239.
OpHako crnefyer 3aMeTUTh, YTO, HECMOTPSl HA yKa3aHHbIE YCIEXH, 3ajJaya
MOJICTTUPOBAHUS YaCTO MOXKET OKa3aThCsl TEXHUYECKH HEpa3perImMon Taxke B
PacCMOTPEHHONW OTHOCHTEIHHO MPOCTOW MOCTAHOBKE «IPO3PAYHOTO SIIIUKA»
mpu  afeKBaTHOW  CTpykKType Mozaenu. [loka mpuMepsl  yCIEmrHOTO
MOJICIMPOBAHUSI MMENIM MECTO Ul CIy4yaeB, KOTJa pa3HHULA MEXAYy YHCIOM
HaOJI0JaeMbIX U Pa3MEPHOCTBIO MOJIEIN He Oojee 2-3 U YHUCIIO OLICHHBAEMBbIX
napaMmeTpoB He Oosee 3-5 (3T0 rpyOble OpUEHTHUPOBOUYHBIE OLIEHKH, B KaXKJIOM
KOHKPETHOM Clly4ae pe3yJbTaT 3aBUCUT OT BHJA HEITMHEHMHOCTH B MOJEIbHBIX
ypaBHEHHUX). YeM O0JIbllle CKPBITHIX NEPEMEHHBIX U HEU3BECTHBIX MAapaMeTPOB
MOJIEJIH, TEM MEHBIIIE IIAHCOB HA YCIIEX M Xy’>KE CBOMCTBA MOTyYaeMbIX OLIEHOK.
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