B.C.Ctenamko

Teoperuueckne acnekTsl MI'Y A Kak MeT0Ja HHAYKTHBHOIO MOJAEJIHPOBAHUS

Uccnenyercss 3amada mocTpoeHus (CTPYKTYPHOH HICHTH(UKAINK) ONTUMAILHOW MOJEIN B KIACCE€ CTPYKTYD,
JIMHEHHBIX 10 MapaMeTpaM, Ha OCHOBE 3aJaHHON KOPOTKOW BBIOOPKOW NaHHBIX. BBIOOp CTPYKTYpHI MOAETHU C
MHHHMAJIGHON NHCIIEPCUEH OMIMOKH MPOTHO3MPOBAHMUS, WM TIOMEXOYCTONYMBOW MOJEINH, NMPUHAT B KAaUECTBE
[JIABHOM Nenu perieHus 3amadu. Vccienyrorcs 0COOCHHOCTH U 3aKOHOMEPHOCTH TOCTPOSHUS ONTHUMATBHOMN
MOJICTTH B 3aBUCUMOCTH OT YPOBHS IIIyMa M JUTUHBI BBIOOPKH, H3y4aeTcs 3QpPEeKTHBHOCTH B 3TOH 3a/1aye BHEIIHUX
kputepreB MI'YA.

NHAyKTUBHBINA MOAX0 K MOJAEJIUPOBAHUIO

Crarpst O.I'.MBaxnenko [1] o MI'YA, onmybnukoBanHas 1968 r., mojiokmiia Hadajao HAyYHOMY
HAIIPaBJICHUIO, KOTOPOE€ IIOJYYWIO Ha3BaHME “MHAYKTMBHAs CaMOOPIraHM3alMsi MOJEIEH 110
AKCIIEPUMEHTAJIBHBIM JAHHBIM'", WJIU IPOCTO "MHIIYKTUBHOE MOJICTIUPOBAHUE" .

B 53TOM mnpuHUMIIMAIBHO HOBOM NOAXOAE K MOJEIMPOBaHMIO ¢ mnomoupio OBM BmecTo
TPAIUIIMOHHOTO OedVYKMuUsH020 MYTH “OT OOIIUX 3aKOHOMEPHOCTEeH (YHKIIMOHHUPOBAHUS OOBEKTAa — K
KOHKPETHOI MaTeMaTu4ecKod MOJAeNn’ MPUMEHSETCS UHOYKMUGHbIU CIOC00 “OT KOHKPETHBIX JaHHBIX
HaOmoAeHui — K o0Iell Moaenu”: ucciaenoBaTelb MPEIOCTaBIAEeT BHIOOPKY, BBIIBUTAeT TMIIOTE3Y O
BO3MOXHOM KJIacC€ MOJEJIEH M 3aJaeT KpUTepuil BbIOOpa Hamiaydllled MoJeiau B 3TOM kiacce. [lanee
paboTaeT KOMIIbIOTEP, MPH STOM MOSBISETCS BO3MOXHOCTh MUHUMHM3UPOBATH BIUSHHUE CYObEKTHUBHBIX
(haKkTOpOB U MOJIYYUTh MOJIENb KaK O0BEKTUBHBIN PE3yIIbTaT.

MI'V A kak BOIUIOLIEHHE UHIYKTUBHOTO IOJX0/a — 3TO OPUTMHAIBHBIA METOJ IOCTPOCHUSI MOEIEH
[0 SKCIEPUMEHTAJIbHBIM JaHHBIM B YCJIOBHUAX HEOINpEAEeNeHHOCTH. [lomydeHHbIe 1O 3TOMY METOIY
MOJIENIM ONTHUMAJIbHON CJIOXKHOCTH OTOOpaXarOT HEU3BECTHbIE 3aKOHOMEPHOCTH (YHKIHOHUPOBAHUS
uccienyemMoro oobekTa (mpoiecca), HHPOpMaIvs 0 KOTOPBIX HESIBHO COJCPKUTCS B BEIOOPKE JaHHBIX. B
MI'VA s mocTpoeHus MOJeNel MPUMEHSAIOTCA MPUHLMIIBI aBTOMAaTHYECKON T'e€HepallM BapHUaHTOB,
HEOKOHYATEJIbHBIX PEIIEHUH U NTOCJIEI0BATEIbHON CEIEKIIUH JTYULIUX MOJIEIIEH 110 BHEIIHUM KPUTEPUSIM.
Takue KpuTepuu OCHOBaHBI Ha JICTICHUW BBIOOPKHM HA YACTH, MPH ITOM OICHUBAHUE IMMAapaMETPOB H
MpOBEepKa KauecTBa MoOJeJNiel BBIMONHIIOTCS Ha pa3HbIX MOABBIOOpKaX. DTo paspemraer o0ONTHCH 0Oe3
OTSITOIIAIOIIMX ANIPUOPHBIX MPEANOI0KEHHH, TOCKOJIbKY JIeJieHne BRIOOPKHU pa3peliacT aBTOMaTHYECKU
(HEesBHO) y4yecTb pa3Hble BUABI allPHOPHOI HeompeaeraeHHoCTH. D (HEeKTUBHOCTh METO/1a MTOATBEPKIACHA
pelIeHneM MHOTOYHMCIIEHHBIX PEalbHbIX 3aJa4 B HKOJOTMHU, TUAPOMETEOPOJIOTUH, IKOHOMUKE, TEXHUKE
[2,3].

B [4] Obula ycraHOBICHA KadeCTBEHHAs aHAJIOTHS MEXAY 3aladaMHd MOJCIHPOBAHUS 10
3alllyMJICHHBIM JAQHHBIM M IPOXOXKJECHUS CHUTHala 4epe3 KaHaia ¢ myMoM. Okaszajloch, 4TO 3aaady
MOJICTUPOBAHMS IO JIaHHBIM HAOIIOACHUM, WM CTPYKTYPHOM HJIEHTU(UKAIIUN CIOXKHBIX OOBEKTOB, B

CJIydac CTOXaCTHUYCCKHUX HpCI[HOJIO)KeHI/II;'I MOKHO pacCMaTrpuBaTb KaK 3aJady BBIACJICHUA CHUIHAJIAa Ha

* JlonosxeHo Ha I MexmayHapoaHoii koH(EpeHIIHN 10 HHAYKTHBHOMY MOJENHPOBaHuo, JIbBoB, 20-25 mas 2002 r.



¢one momex. Ha ocHoBe 3TOro BbIBOAA M HUACH TEOPUHM IOMEXOYCTOMYMBOrO MpHEMa CHUTHAJIOB
KortenbHaukoBa B [5] mpeayioxkeH HOBBIN MOAXOJ] K TEOPETUUECKOMY aHAIU3Y 3aJ]1ad MOACIMPOBAHUS. DTO
pa3pelInIo HayaTh MOCTPOECHUE TEOPUU MOMEXOYCTOMYMBOIO MOJEIMPOBAHUS, OCHOBHBIE MPUHLIUIIBI
KOTOpOW M3JIOKEHBI B [6]. ['7TaBHBIN pe3yiabTaT TEOPHUHU: CIOKHOCTh ONTUMAJIbHOW MPOTHO3UPYIOLIEH
MOJIENIM 3aBUCUT OT YpPOBHS IIyMa B JAaHHBIX — Y€M OH BBIIIE, TeM Oo0Jee MPOCTON JOJDKHA OBITh
onTuMaibpHas Mozelb. C TOro BpEMEHH Hayanoch pa3Butue Teopur MI'YA Kak MHIYKTMBHOTIO METOAA

HU3BJICUYCHUA I/IH(bOpMaHI/II/I ¥ 3HAaHUHU U3 SKCIICPUMCEHTAJIBHBIX JJAHHBIX.

ITocTanoBka 3agaun

PaccmarpuBaetcs kitace 3ama4, KOTOPBIE CBOASTCS K BBIOOPY HAWTYYIIICH B ONMPEACIIEHHOM CMBICIIS
MOJIeNT 00BEKTA U3 MHOXKECTBA T€HEPUPOBAHHBIX MOJICIICH, TUHEHHBIX 110 TTApaMeTPaM.

[Tycts 3amana BeiOOpka W=(X | y) maHHbIX B Buae nxm marpuiibl X u nx1 Bektopa y , 4TO
coziepkat MHGOPMAIIHIO 7 HAOTIOICHUH 32 7 He3aBUCUMBIMH BXOJIaMU M OJJTHUM BBIXOJIOM CTaTUYECKOTO
o0bekTa. Marpuna X cuuTaeTrcs JAETEPMUHUPOBAHHOW MOJMHOTO paHra rank X = m , a BEKTOp )

COJICPKHUT IIyM:

[0} [0}
y=y+&, y=Ey=X0,, EE=0, E&&ET =61, , (1)

o
rie y — TOYHBINA (HE3allyMJIEHHBIN) BBIXOA 00BEKTA, @()— TOUHBIN (HEU3BECTHBII) BEKTOpP apaMeTPOB

O6’B€KTa, f — BCKTOp IIymMa C HE3aBHUCHUMBIMH, OJHWMHAKOBO pPACHPCACICHHBIMH KOMIIOHCHTaMU, E -
CUMBOJI MATCMATUYCCKOIO OXHWAAHUA II0 BCEM BO3MOXHBIM pCajin3alludM BCKTOpa MIyMa, In -

2
CAWHHUYHAA nXxXn Marpula, o — HCU3BCCTHAA KOHCHHAA JUCIICPCHUA HIyMa.

o
Cuuraem, 4TO HEM3BECTHAS! HICTUHHAS MOJICIIb (3aBUCMMOCTb MEXAY ) U X ) MIPUHAIIIEKUT K KIIacCy

MojIeTiel, TIMHEHHBIX MO MmapamMeTpaM. 3agaya COCTOWT B BHIOOpE HAWIYYINEH 1O 3aJJaHHOMY KPUTEPHIO
MOJIENTU U3 HEKOTOPOro MX MHOXKECTBa, CPOPMUPOBAHHOTO OMpPEIEICHHBIM I€HEpPaTOpOM Mojeliel B

YKa3aHHOM KJIaccCeE.

~

B npocrelimem ciiydae MHOXECTBO J,, MOJEIEH, CPaBHUBAEMBIX B IIPOLECCE MOJAEIMPOBAHMS,

COACPKUT m “‘BJIOKEHHBIX  CTPYKTYp, IOJIYy4aeMbIX IOCIEAOBATEIIbHBIM YCIOKHEHHEM Ha OJIMH
JIMHEWHBIN YWICH:
0 ~
S, yv-X0,,s=1,m, (2)
I § — YUCIIO OI[EHUBAEMBIX ITapaMeTPOB, X; — MOAMATPHUIA U3 § TPOU3BOJIBHBIX (HAIIPUMED, MEPBBIX)

CTONOIOB MaTpuibl X , és — cootBercTBytomas MHK-onenka no BwiGopke W . Bripaxkenue (2)

XapaKTEpU3yeT HpOI/ISBOJ'II)Hblf/'I IIYyTb IIOCJICAOBATCIBHOIO YCIOXHCHHA MOJCIMW B CilIy4dac IIOJIHOI'O

~

nepe60pa IFCHCPHUPOBAHHBIX BAPUAHTOB, TOMY PACCMOTPCHHUC JIMIIb MHOXCECTBA .Y, HC BIIHMIACT Ha

0O0IHOCTE aHAJIN3Aa 3aJaUH.



[enbro 3a/1a4M MOJIEMPOBAHUA OYJIEM CUMTATh BHIOOP TEOPETUUECKU HAUOOJIEE nOoMeX0yCmouiugo

mooenu [5,6], TO €CTh MOJIETIN C MUHUMAJIbHOU AUCTIEpCUEN OIIMOKH, ONPEENIIEMOMN BbIPa)KEHUEM:

2 2
0 0

J(s)=E|y-ys| =E|y-X 0 . )
o
OTOT “UneanbHbIil” KpUTEPUM XapaKTEepU3yeT KaueCTBO BOCCTAHOBJIEHUSI UICTUHHOIO CUTHAJA ) T10

3alIyMJICHHHOMY )  C IIOMOWIBIO OIEHKH J ¢ U PAaBHSAETCI CYMMAapHOHW oucnepcuu owubKu

80CCMAHOGNIeHUsl CATHAIA B 1 TOUYKAX.

PazobbeM, kak 310 00BIYHO Aenaercs B anroputMax MI'Y A, BeIOOpKY W Ha 1B HE mepeceKarommecs
MoABBIOOPKH A M B Takue, 4TO : W=(ATBT)T, A=(X4,v4), B=(Xp,yp), n=ny+ng. Ilo
a”ajoruu ¢ (3), Ka4ecTBO IPOTHO3UPOBaHMs B TOUYKaX X g MOABBIOOPKU B 10 MOAEIH CIOXHOCTH s,
KO3(PHUIHEHTH KOTOPOii 0 4s oueHensl 323 MHK Ha nmonBeiOOpke 4, €CTECTBEHHO XapaKTepU30BaTb

BEJIMYMHOM OKUJAaeMbIX HOTEph B 001AaCTH MpOrHosa X p , WM BEIMYUHOH CyMMapHOH Oucnepcuu

OUuUOKU NPOCHO3UPOBAHUA:

2 2
0

A 0 .
Jp(s)=Jp(s, X 4, Xp)=E|yp—Ips| =E|yp—Xpsl4| > 4)

OueBunHO, uTOo B ciaydyae Xg =X (4) npeBpamaetrcsa B (3). Ykaxkewm, uto kputepun (3) u (4)
coJlepKaT TOUHbIE (HE U3MEPEHHBIE) BEKTOPHI BbIX0Oa 00BEKTa, TO €CTh OHU OTOOPaXKAIOT “UeaIbHy0”
1enb MojaenupoBaHus. Ha mpakTuke Hago MPUMEHSATh HEKOTOPHIE UX OLEHKH, O YeM OyaeT UATH pedb
Janbiie. 37ech K€ HCCIeAYIOTCs CBOMCTBa KpuTepueB (3), (4) Kak (YyHKIHMA CIIOKHOCTH MOJACICH H
MoKasaresieil HeMoJIHOTH HHGOpMaLIUU.

CTpyKTypBl MOJI€IEN, KOTOPHIE HMEIOT CI0XKHOCTD (UHCIIO OLIECHUBAEMBIX [1aPaMETPOB)

s® =arg min J(s) , s3 =arg min Jp(s) , (5)
s=1,m s=1,m

OyleM Ha3bIBaTh COOTBETCTBEHHO J-ommumanvroti (ONTUMAIBHOW 6occmanasiusaowel) M Jp-
4 ~ ~ ~
onmumanvrot (ONTUMAaNbHOW npozno3upyroweli) CTpyKTypaMHi MHOKECTBA J,, .

CaoiicTBa IMCNIEPCHH OIIUOKH MO eI

Paccmotpum cBoiicta J(s) u J g (s) Kak GyHKIUI auckperHoro aprymenta s . U3 (3) cienyert, uto
b ¢ I 2
J(s)=J () +JV(s)=|y- X, 0| +0°s , (6)

rae Os =FE [HS], uHaekcom "b" (ot “bias”’) o603HaUEHA BEIMUYMHA CPEIHUX MOTEPh S (5) OT cMmelIeHus

CTPYKTYpBI MOJIENH, a uHAeKcoM "v'" (0T “variation”) — BeJIMYMHA BapHallui (PYHKIIMOHAJA, UIH CPEAHHE
JIOTIONHUTENbHEIE TOTepu J (s) BCIEJACTBME HanMuus ImymMa. KoMmoHeHTY S (s) Oymem Ha3bIBaThH

"empykmypnas coctaBnsiomas”, a J' (s) — "wymosas coctapnsomasn” GpyHKImoHana J(s).



B cBoro ouepensn, popmymna (5) nmpuodbperaet Bun [4]:
2
b v,y |° — 2 Ty [T
Jp(s)=Jp(s)+Jp(s)=|yp— XpOys| +o7tr|\Xs Xy| Xp.Xps | (7)

rae 6 As :E[é 4s], a depes Jg (s) m Jg (s) 0003HAUEHBI COOTBETCTBEHHO CTPYKTYPHAsl M IIIyMOBas

cocraBisitomine. Ho Xapakrep MX 3aBUCUMOCTH OT § HE OUEBHJIEH, IOATOMY CIEAYyeT NEPEeUTH K
PEKYPPEHTHBIM I10 S COOTHOILICHUSIM.

[Tpunss, yro X, =(X, |x), H_S 4= (§ST §S +1 )T , HECJIOXKHO IMOJIYYUTh PEKYPPEHTHBIE BBIPAKEHHUS [3]:

TP (s+1)=Jb ()= 82, By =T ()= a2,/ Byy
JV(s+D)=J"(s)+ o2,
WK BOOOIIE
J(s+1)=J(s) = 82 By +07 ®)

1€ BBCACHBI TAKHUEC 0003HAYCHHUS:

o
§s+1 =gy /ﬂs+l > Oyl :xTDs Y, Psn :xTsz ) (€))

npudeM Dy =1, — X (XSTXS)_lXST — HJEMIIOTEHTHAs MaTpULA: DS2 =Dg, n Bg >0 nna Beex
s = 0,1,....m-1. Buaum, 4ro S (s) kak ¢yHKIUS LIETOYUCICHHOTO apryMeHTa § CTPOr0 MOHOTOHHO
yOBIBAET K HYIIO, a J' (s) JIMHEHHO BO3PACTAET C YBEIMUCHUEM S, TO3TOMY J(s5) BCerjia MMeeT MHHUMYM B
HekoTopoil Touke 5% e [l,m]. B cnywae ysenuuenus ypoBHs (nucriepcuu) myma o % sHauenme  s°
YyMeHbuiaemcsi, TO €CTh ONTHUMalbHAas CTPyKTypa ympoiaercs [5,6]. DTa 3aKOHOMEpPHOCTb
MTOMEXOYCTOHYMBOTO MOJICIIMPOBAHUS OTpakeHa Ha puc. 1.

CootBercrByromue (opmynsl ans J g (s) u J ng (s) momyyeH B [7] c yderoM TOro, 4TO
X g1 =X 45 1x4) s Xp o1 =(Xpg | xp). Hun Jg (s +1) nmMeeM COOTHOLIECHUS:

TR(s+1)=J3(5)=20 g apbp + 37 \bpbg | (10)

rae BBeAeHbI 0003HAUEHUS:
A 9 o A T 1T
ap=ap(s)=ypg—XpbOys, bp=bp(s)=xp—-Xp (X, X ) X x4 (11)

PexyppentHble BblpakeHus A J E (s):
v s 2,T
T (s+D)=J%(s)+ 2 bhbg /B s (12)
Toraa BooO1e 7151 AUCTIEPCUH OMIHOKH MTPOTHO3UPOBAHUS HMEEM:

_ _ blbg
Tp(s+1)=Jp(s) =28 spagbp + 8, biby + o —E—=

(13)

A,s+1

VYkaxewm, uto B ciiydae Xg =X ¢ (13) momyqaem (8).

Urak, B coorBerctBuu ¢ (10), (12) cocraBustomue J g (s) 1 Jp(s) KaKk QYHKLUHUH S HMEIOT TaKHe

CBOWCTBA: CTPYKTYpHas COCTABJSIONIas B OOIIEM cily4yae HEMOHOTOHHO YOBIBAE€T OT 3HAYCHHUS



5

o o
Jg 0)= y% yp K HyIO, a IIymMOBas CTPOr0 MOHOTOHHO Bo3pacTaeT. To ecTh QyHKIMA

b .
Jp(s)=J2(s)+Jx(s), kak u J(s), MMeeT MHHHM rJ100aNbHbIN) BHYTPU MHTEpBaja MU3MEHEHUs
B B B\S)s )
JUCKPETHOTO apryMeHTa s €[1,m], 1 3TOT MUHUMYM OTBEYAaeT TEM MEHbIIEH ONTUMAIBHOU CIOKHOCTH

2
s% MoJieny, yeM Oousblras gucnepcus myma o . Takum oOpasom, moBeneHue QyHxmuu J g (s)

KaueCTBEHHO XapaKTepU3yeT TOT ke puc.l.

MeToa KpUTHYECKHUX JUCTEPCHii

I'padukn  ©Ha puc.l HalOT HArISAHYI0 ~ KAa4eCTBEHHYIO  XapaKTEPUCTUKY  MPUHIIUIA
IIOMEX0YCTOMYMBOIO0 MOJICIUPOBAHUS, HO HE Pa3pelIaloT MOJIYYUTh KOJIMYECTBEHHBIE OLEHKH YCIOBUH
ONTUMAJIbHOCTH TON WM MHOU CTPYKTYyphl Mozenu. [loaToMy 1enecooOpazHo mepedTH K 3HAYUTEIbHO
0onee HHHOPMATUBHOMY U300paXKEHUIO 3aBUCUMOCTH TUCIIEPCHH OITUOKU MOJEIH OT JUCTIEPCHUH IITyMa
o? s Pa3HBIX CTPYKTYp MoJenel (pa3HbIxX §). Takas 3aBUCUMOCTb, Kak BUIHO U3 (6), (7), nuHelHa, 4To

YIPOIIAET NOCTPOSHHUE COOTBETCTBYIOIINX IPapUKOB.

Hamnpumep, npu moctpoeHuu 3aBucuMoctend st J (0'2 | s)Ha ocm opauwHaT rpaduka (cM. puc.2)

CJICAYET CHadYajla OTJIIOXKUTb OPANHATEI CTPYKTypHOﬁ COCTaBHHIOH_[eﬁ , 4 IIOTOM ITPOBECTH

MIpAMBIC IMHHUHU, OTBCYAOIIUC PA3HBIM S. Haxnon >3tux MPAMBIX IMTOCTCIICHHO YBCIUMYMUBACTCS OT HYJICBOI'O

apu s = 0 A0 MAKCUMaJIbHOI'O IIpU S=m. OLIGBI/II[HO, 4TO0 BCC IPAMBIC, OTBCHAIOIIUE CIIOXKHOCTAM

, OyIyT MpOXOIUTh 4Yepe3 Hadano KoopauHaTr. Ha pwuc.2 mpsimasi, COOTBETCTBYIOIIAsS

HCTHUHHOU CTPYKTYpE , I300paKeHa YTONICHHOHN JINHUEH, a MyHKTUPHOU — mpsiMast Al §

= 4. VkaxeM, yto ciy4al s = 0 COOTBETCTBYET OTCYTCTBMIO MOJEIH, WJIH MOJEIHM C HYJIEBBIMHU
KO3 PUIIMEHTaMH, TO €CTh MCIIOJIBb30BaHUIO 3a/JaHHOTO BEKTOpa M3MEpeHUil y B KadyecTBe ‘“‘MoAenu’,

03TOMY Ha puc.l Bce rpaduKu BBIXOAAT U3 OJHOM TOUKU:




I'padbuku Ha puc.2 nawT TPUHLMIIMAIBGHO HOBYIO HH(OpMAIMIO: MOJOXKEHUE 000 mpsMoil u
TOYKH MX IEPECCUCHHUs OJHO3HAYHO ONPEIEISAIOTCS CBOMCTBAMH MOCIMPOBAHHOTO 0OBEKTa, TOUHEE,
JaHHBIMU BBIOOPKH, M HE 3aBUCST OT XapaKTepUCTHK 1yma. [Ipu aToM orubaromniasi CHU3y 3TUX rpaduKoB
(0603HaUECHHAS] MYHKTUPHBIMU JIMHUAMHU CO CTPEJIKAMH) SIBIISIETCS SKCTpeMalbio Kputepus J(s), TO ecTb
KaXJass TOYKa Ha HEW paBHSAETCS MUHHUMAJIbHOMY 3HAUYCHHUIO KPUTEPHUs MPU COOTBETCTBYIOLIEH

JTUCIIEPCUH IIyMa. DTO O3HAYAET, YTO TaKas OruOaromas sBasSeTCs JUHUEH “NepeKIIOYeHUST CII0KHOCTH

ONTUMAJIbHBIX CTPYKTYp: B CIIy4ae YBEIMYEHMs TUCIEPCUM IIymMa (HauyuHas C ) cHauaia

ONTUMAaJIbHOI OyIeT WCTUHHAs CTPYKTypa (311ech ), Tocne AOCTUXKEHHsI MEepBON TOUKH

MEPEeKII0YCHHS — CTPYKTYpa Ha €AMHUILY MEHbBIIIEH CI0XKHOCTH (s = 2), U T.4., 10 s = 0.



0 1 2 3 4 s

Puc.1. lucniepcus ommOKy MOJIeNN KaK (PYHKIMS CIIOKHOCTH CTPYKTYPHI § TIPH Pa3TUIHBIX
JHCIepCHsX IIyMa (KpY:KE€UKaMH YKa3aHbl TIOJI0KEHHS MUHAMYMOB KpUTEpHst J(s), ICTUHHAS
CTPYKTYpa COOTBETCTBYET CIIOKHOCTH S,= 3, 00IIIee YUCIIO PErpeccopoB m = 5)

6 -

J(c’ls)

0. &

2,5

0 0,5 1 1,5
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2 o
Puc.2. Tucnepcnst ommOKy MOAEN Kak (DYHKIMS JUCIIEPCUH IIyMa ¢ AJIsI CTPYKTYP Pa3HON CIOKHOCTH
(Kpy>KOUKaMH yKa3aHbl KpUTHUECKHUE TOYKH H3MEHEHHSI CTPYKTYPbl MOAENIH, KOTOPBIM COOTBETCTBYIOT

2
KPUTUYECKHUE TUCTIEPCHH 0 p(S,5+1); cTpenkamu obo3HaueHa sxcmpematy Kpurepus J(s))



HOCKOHBKy TOYKH  IMEPCKIIOYCHUA  SABJAIOTCA  HCOOABHMIXHBIMHU  KpumudecKumu  TOYKAMU,

XapaKTCPpHBIMU JIJIA 3aJlaHHOMI BH60pKI/I, CCTCCTBCHHO BBCCTHU TAK HA3bIBACMBIC KpumuiuecKkue 0ucnepcuu

[3] JUIs 0003HAaYeHHsT KOOPAMHAT 3TUX ToueK. Kak BHIIHO M3 pHUC.2, OHU OINpPENeISIIOTCS

KaK pelIeHUEe OTHOCUTEIIBHO o’ YpaBHEHHUI
a,fp (s,5+1) : J(?|s)=J(@?|s+1), s=1,2,...m1, (14)

KOTOpBIE OTBEYAIOT HEOOXOIMMOMY YCIIOBHUIO IKCTpeMyMa (PYHKIIMH TUCKPETHOTO aprymenTa. [lpu sTom
MOHATHO, YTO JUIsl 3aJaHHOM JWCIEepPCHM IIymMa ONTUMAaNbHOM Oyner CTpykTypa s , IJII KOTOpOH
BBIIIOJIHAETCSA HEPABEHCTBO

alfp(s—l,s)mz 20§p(s,s+1), (15)

¥ HA0GOPOT — CTPYKTYpa CIOKHOCTH s OyIeT ONTHMAIBHOM IS o ° , KOTOpas OyIeT yIOBIETBOPATH

3TOMY HEpaBEHCTBY.

. 2
Jucnepcust OomUOKH MPOrHO3UPOBaHUA J g (s)TakkKe JUHEHHO 3aBUCUT OT O ~, MOITOMY pHUC.2

aKTyaJeH M B 3TOM Cllydae, TO €CTb MOXHO O3HAYUTh KPUTHYECKHUE IUCIIEPCUH Uékp (s,s+1) u3

yclioBus, nofao0Hoi K (14). DTH KpUTHYECKHE TUCHEPCUH MOIYyYaeM U3 PEKYPPEHTHBIX COOTHOLICHUMN

(8), (13) (B 0603HaueHusx (9), (11)):

a,fp (s,5+1) =82 Byt (16)
T
2 a agbp =2
O b (555 ¥ D =28y g1 Bast = — =9 sPase 17)
BYB

COBOKYIMHOCTh MIPOLIEAYP IO BBIYUCICHUIO KPUTHYECKUX ITUCIIEPCUM, aHaIU3y HMX CBONCTB H
WHTEPIIPETallid TIOJIYYCHHBIX PE3yJbTaTOB B 3ajJade ONTHUMHU3AIMU CTPYKTYpP MOJeNield Ha3bIBaeTCs
Memooom Kpumudeckux oucnepcuil, KOTOPbIA JIEKUT B OCHOBE TEOPUU I[OMEXOYCTOMYHUBOIO
MojenpoBanus, Bkiouas MI'VA.

[IpuBenem 00IIYI0 XapaKTEPUCTUKY CBSI3M OCHOBHBIX CBOMCTB BEJIWYMH KPUTHUYCCKHUX JAUCIEPCHH C
[OBEICHUEM ONITHUMAIbHBIX 3HaUCHHH s°, sg , TO €CTh C DKCTPEMaJIbHBIMH CBOHCTBAMH KPUTEPHUEB J(5),

Jp(s): a) CTpYKTypHasi COCTaBIISIFOIIAsI KPUTEPHS CTPOTO MOHOMOHHO YOBIBAET, eciu sl Bcex s=1,m —1

KPUTHUUYCCKHUEC JUCIICPCUU CTPOI'O nOJI0IHCUMENIbHYL, 6) KpI/ITepI/Iﬁ HMECT eOUHCMBEHHbLU MUHUMYM TOJIBKO

TOT'J1a, KOTJIa BCE 3HAYCHUS] KPUTUYECCKUX JUCTICPCHIA CTPOTO MOHOMOHHO YMEHbULAIOMCSL:
2 2 2 .
O'kp(O,l)>O'kp(l,2)>...>0'kp(m—1,m) ; (18)

B) IpU OITOM 2n100anbHblli MUHUMYM KpuTepus ompexaensercs ycinoueMm (15); r) ecam (18) He

BBITIOJTHSIETCA, TO (15) sABIsIETCS YCIOBUEM J10KAIbHO20 MUHUMYMA, U JUIsl ONPEACICHUS ONTUMAIbHOU



CJIO’KHOCTH HGO6XOI[I/IMO HaWTH MUHUMAaJIbHOE 3HAaUCHHE JUCIIEPCUU OIINOKH MOJCIN CPEAU BCEX TOYCK

JIOKAQJIbHOT'O MUHUMYMa.

MeTtoauka aHau3a peajlbHbIX KPUTEpPHEB BbIOOpa Mojesei

OddextuBHocTs 3amanHoro kpurepus CR(s) Oynem aHaTU3HPOBATh C TOYKH 3PEHUS TOTO, KAk

ONITUMAJIbHAS CJIOKHOCTh CTPYKTYPBI MOJIENIN, 0003HAYCHHAS KaK
* .
scr =arg min E[CR(s)] , (19)

s=Il,m

OLICHUBAET HEU3BECTHOE 3HAUCHHE s% , KOTOpPOE€ OTBEYAET MUHUMYMY TEOPETUUECKOT0 KPUTEPHUSL.

Onpeodenenue. Kputepuit  CR(s) Ha3bIBACTCS ONnmMuMalbHbIM JJIS OLEHUBAHUS MOJIENEH C

*
MHHUMAJIBHON JUCIepcuell OIUOKU, eClld SR :sg (HECMeEIIeHHOE OIICHUBAHUE sg ), aoekeamuvim B
* *
ciydae scg <S5y (IOMEXOYCTOHUMBOE OLCHHBAHUE S5 ) M HEAOCKBAMHbIM, ECTIH SCR > Sp .

YyuteiBas 310, 3()PEKTUBHOCTh 33JaHHOTO KpPUTEpHUs IeIecoo0pa3sHO aHAJIM3UPOBATH B TaKOU
MOCIIEIOBATENIFHOCTU: HAWTH €ro MaTeMaTHYEeCKOe OXKHJIaHUE, MPOBEPUTH KOMIIPOMHCCHBIM XapakTep
CTPYKTYpHOH U IIyMOBOH COCTaBISIONIMX MOJYYEHHOTO BBIPAKEHUS;, ONPENCIUTh YCIOBUS
ONTUMAIBHOCTH WJIM aJCeKBAaTHOCTH Kputepus. llocmenuss 3amaua pemraercs (OpMaan3oBaHO C
MTOMOIIIBIO METOJa KPUTHUECKUX AUCIIEPCUH.

Benuuuna kpuTHdeckoi qucnepcuu JéR (s,s +1) xak TeopeTnyeckas Mepa pa3IMUYUMOCTH MOIEIeH

cnokHocTH s u s+l mo xpurepuio CR(s) paBHSETCS TAKOMY 3HAUYCHHIO o>, KOTOPOE SBIISETCS

pElIEHNEM YPaBHEHUS
E[CR(s,o°)]=E[CR(s +1,6%)] . (20)

D10 paspemaer aHanu3upoBath 3P(GEeKTUBHOCTH 3agaHHOrO CR(s), OCHOBBIBAsICh HAa TaKOM
pesyabrare [8].
Ymeepocoenue. Kpurepuii CR(s) sIBIs€TCS ONTUMAJIBHBIM JM aJCKBAaTHBIM, €CIU BBITIOJIHSIIOTCS

2 ) 2 2 )
YCIHOBHSL O p (5,58 +1) = By (s,s+1) mwm orp(s,s+1)< By (s,5+1) COOTBETCTBEHHO; MHAau€ OH

ABJIACTCA HCAACKBATHBIM.
910 YTBCPIKACHUC ACT HCO6XOI[I/IMBIC H JOCTATOYHBIC YCIIOBHA ONITUMAJIBHOCTHU HUJIN aJICKBATHOCTHU

KpUTEpHEB.

Anaim3 3¢ppexTuBHOCTH KpuTepueB MI'YA

PaCCMOTpI/IM IIPUMCHCHHC H3JI0KEHHOM METOOUKHN OJId aHaJln3a 3(1)(1)BKTI/IBHOCTI/I OAHOIo wus3

OoCHOBHBIX KputepueB MI'V A, a uMeHHO yalie BCero npuMeHsIeMOoro KpUTepust peryasipHocT AR(s):

— 5 |12
AR(s)=|yp - 75| = ”J/B — X B0 45 21)
ITo ananoruu c (16), HECTI0)KHO BBIYMCIUTD MATEMATHUECKOE 05KUJIaHUE 3TOT0 KPUTEPUS:
AR(s)=E[AR(s)]=J g (s) + o°ng , (22)

npuyeM 37ech Jp(s) paBHSETCS TUCIEPCUU OMMOKU mporHo3upoBanus (7).
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U3 storo cpasy cienyer, uro kputepuit AR(s) obiagaeT CBOMCTBOM MOMEXOYCTOMUHUBOCTH (CIIBUTA
MHUHUMyMa IPU YBEIUYEHUU IJUCIEPCUU LIyma o’ ) KaKk HeoOXOAUMBIM CBOMCTBOM 3((PEeKTUBHOTO
kputepus. Termepp ciieqyeT MpPOBEpUTH ONTUMAIBHOCTH WM aJ€KBAaTHOCTh HCCIEAYEMOTO KpHUTEpHs
PErYISIPHOCTH.

Kputnueckas nucnepcust 1uist kpurepust AR(s) coBnaaaer ¢ BolpaxkeHueM (17):

T
2 _ 2 - agbp
O'AR(s,s+1)=0'ka(s,s+1):2a)A’S+1ﬂA’S+1 T_C"A,Hlﬂfl,ﬁl , (23)
BYB

TO €CTb KPUTEPHUU PETYISIPHOCTH SBISAETCS ONMUMATbHBIM U1 IOCTPOEHUS IPOTHOZUPYIOILEH MOJIEIH.
AHaJOrM4yHO METOJ KPUTHUECKHX JUCHEPCUM MOXHO MPUMEHHUTH JUIsl AHAIUTUUYECKOH IPOBEPKU
IPUroIHOCTU Jroboro npyroro kpurepus MI'YA B kadyecTBe BBIYMCIMMOW OLEHKU TEOPETHUYECKOTO
KpUTepus JUIsl 3aJaud CTPYKTYPHOM HAEHTU(UKAUU HPOTHO3UPYIOIIMX Mojenel. Mrak, BHeuIHHe
kputepu MI'VA BJISIIOTCS a€KBaTHBIMM 3aJjaud IIOCTPOEHUS MOJENIEH ¢ MUHUMAJIbHON AMCIIepcueit

OIINOKH IIPpOrHo3a.

IIpuxnagnsbie 3axaun Teopun MI'YA

MeTo KpUTHYECKHX ITUCHEPCUN MOXET MOMOYb B PEIICHUWU psAa aKTyaldbHBIX 3a/lad TEOopUHU
MI'VA: pa3bueHue BBIOOPKH, CPaBHUTCILHBIN aHAIN3 KPUTEPUEB, ACUMIITOTHYCCKHA aHAIW3 U T.II..
PaccMoTpuM KOPOTKO HEKOTOPBIE U3 TMOIYYEHHBIX PE3YyIbTATOB B ATHX 33/1a4ax.

3aoaua pazousku evibopxu. Hazosem onmumanvuwvim [7] Takoe pazdbuenue BEIOOpKU W, mpu KOTOPOM
B pe3yJibTare MACHTH(PHUKAIMHK MO YCIOBUIO MUHHUMYMa TUCIEPCHUH OIIMOKU MOAETH, KOA(P(PHUIMESHTHI
KOTOPOH BBIYHCISAIOTCS Ha A, Ha 000N M3 MOABBIOOPOK 4 W B Oyaer moiydyeHa OJHA U Ta Ke

CTPYKTYpa: s‘jl = sg . 3nech s;’l 0TBEYaeT MHHUMYMY OIIMOKHA BOCCTAHOBJICHHE CUTHAJIA Ha A:
0 2
n o ,
Jg($)=E|y ;= X 45045 » s, =argminJ  (s), (24)

s=1,m
a sg — Ta K€ ONTUMAalbHas CTPYKTYpa, uTo U B (5). Kak mokaszano B [7], cTporoe peuieHue Takoi 3agauu

nopeaycMaTpuBacT IJIaHUPOBAaHUEC SKCIICPUMEHTA JIs JOCTHXKXCHU IIPpONOPpHUOHAIIBHOCTHU

MH(GOPMAIIMOHHBIX MaTPUIL:

2T T 2
'OBXAXA :XBXB’ PB #0, (25)

Torga B yclnoBUSIX IMACCUBHOIO HKCIIEPUMEHTA 3a/aya HaXOXKACHUS Hauydllero pa3OueHus
MaTpuilbl X Ha JIB€ OAMATPULIbI CBOAUTCA K MUHUMHU3AIMU HEKOTOPOM MEPBI PaccoriacoBaHUs JEBOU U
npaBoy yacTeit B (2).

3a0aua cpasnumenvHoco ananuza Kpumepueg. MOXHO TIOKa3aTb, 4TO IpU yciaoBuH (25)
BBIIOIHSCTCS PABCHCTBO @ 4 1] = @ g 1] = Ws,], KOTOPOE aCT OCHOBAHUE /ISl CPABHCHUS KPUTCPUCB
MI'YA B xauecTBe OLICHKH TeopeTudeckoro kpurepus (3). Hanmpumep, st kpurepus peryasspHocTu (21)

nmMeemM
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2 1
O'AR(S,S+1)=1—2
+ PB

YTO CBUJACTEIbCTBYET NIPO €ro aJeKBaTHOCTh 3a JIHOOBIX p% #(0. CuMMETpUYHBIH KpUTEpHii

Glzp (s,s+1), (26)

PEryIsIpHOCTH [6] TakKe OKa3bIBaeTCs aIeKBATHBIM 3a/1a4€ BOCCTAHOBJICHHSI CUTHAJIa HA W, IOCKOJIBKY

o2y (5,5 +1) = a,fp (s,5+1) . 27)

1
PBT S
PB
Yro kacaetcst kputepueB HecMmeleHHOCTH CB(s) u BapuatuBHoctu CV(s), KOTOpbIE MPUHAANEKAT K
rpymnIe KPUTEPUEB COTIACOBAHHOCTU [6], TO B ycloBHsX pa3duenHus (25) oHM HEepaOOTOCIOCOOHBHI,
IIOCKOJIBKY BCIIEICTBHE Wyoi] =0p 4] =@Os,] CTIPYKTYPHBIE COCTaBJIAIOIIME DTUX KPUTEPUEB
TOX/IECTBEHHO paBHbl 0, U COOTBeTCTBeHHOGéB (~)=a(zjV ()=0, To ecTp mpuU ITOM OHU BHIOHPAIOT

npocreimme Moaenu. [1oaToMy A UX MCHOJIB30BaHUS CIEAYeT PEKOMEHI0BaTh BbIOOP pazOueHus 1o
YCIIOBUIO MaKCHUMAaJbHOTO PACCOTIAcOBAHMS BBIpKEHUS (25), mpH 3TOM KPUTEPUU STOM TPYIIIIHI
CTAaHOBATCS a/ieKBaTHBIMU. COBCEM pa3HOE MOBECHUE KPUTEPUEB PETYISIPHOCTH U HECMEIICHHOCTH MpPU
ycloBUU (25) CBUIETENBCTBYET O I€1€cCO00pa3HOCTH JBYXKPUTEPHAIBHOIO Mmoaxoaa [6] k 3amade
WHIYKTUBHOTO MOJICTMPOBAHMSL

[Ipumepsl nprMeHEHHE METOJa KPUTUUECKUX JTUCTICPCU JIJISl aHAIUTUYECKOTO CPAaBHEHUS KPUTEPUSI
PETYJISIPHOCTH € APYTHMHU U3BECTHBIMU KpuTepusamu (Masnoysa C, u Akaike FPE) MOXKHO HaiTH B [8].

Acumnmomuuecxuii aumanuz. Ecim BBecTH YCPECAHCHHBIC 110 YHCITY H&6J’IIOI[CHPII>1 3HA4YCHU

_ 1 _
KpuTepues, Hanpumep, J(s)=—J(n,s), 1 COOTBETCTBYIONIYIO ONTUMAIBHYIO CIIOKHOCT 5, TO MOKHO
n

OIPCACIINTD IMOHATHA ACUMNIMOMUYECKOU HecmeleHHocmu OINTHUMAaJIbHOM CTPYKTYPBI UCPEC3 CXOAUMOCTH

ONTHUMAJIbHEIX 3HAUYECHUHN KpUTCPHI:
59 55, : lim J(5%)= lim J(s,) . (28)

n—»0 n—»0
[Ipy >TOM MOXHO JOKa3aTh, YTO HEOOXOAMMBIM M JIOCTATOYHBIM YCJIOBUEM ACHUMIITOTHYECKOM
HECMEILIEHHOCTH CTPYKTYphl, ONTHUMAJIbHON MO 3aJaHHOMY KPUTEPHUIO, SBISETCS PACXOIUMOCTh
KPUTUYECKOMN JUCTIEPCUU 3TOTO KPUTEPUS:

o*,f (n,s,5+1)—— . (29)
P n

[Ipu BBINOJIHEHUH TPATUIIMOHHOTO /I ACUMIITOTUYECKOTO aHAIN3a YCIIOBUS CHIIBHOM PETYJIsPHOCTH
perpeccoposn

lim l)(,5)(,1 =H, (30)
n—owon

rae M - HEeBBIpOXKIEHHAs KOHEYHAs 7 X mMaTpula, KPUTUYECKUE NUCIEPCHH KakK U1 HICAIBHOIO
kputepust (3), Tak M Aisd BHEIWIHUX KpuTepueB MIVA, sBisoTCS pacxoJiUIMMUCH, TO €CTh 3TOM

KpUTEPHUU ACUMIITOTUYECKH OIITUMAJIbHEL
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Mooenuposanue 6 nemounom knacce cmpykmyp. Ha mnpakTuke Nnpu MOJEIUPOBAHUU CIOXKHBIX
MPOIIECCOB U CHCTEM HE BCErJa yAaeTcs BBIOpPATh KJIACcC CTPYKTYp MOJEJEH, KOTOPBIM COICpPKHUT
UCTUHHYIO CTPYKTypy. IIpu Takux ycnoBusX 3ajada MOJEIMPOBaHUS pelaeTcs Kak 3ajada BbIOOpa
HaWwIy4lIero NpuOIMKeHUs! K HEU3BECTHOW UCTUHHOM Mozenu. UTo u3aMeHsieTcs IpU 3TOM B IIOCTaHOBKE
3a/layM U B MTOJIYYEHHBIX pe3yJbTaTax?

W3noxeHHass BbII€ TEOpPHs MHMHMMHU3ALMU JUCHEpPCUU OWIMOKM BOCCTaHOBiIeHUA (3) w
IpOrHo3upoBanus (7) CUTHAJOB B IIEJIOM OCTaeTcs AeUCTBYROIIEH, Kak U (OpMyJbl JUIsl BHEIIHUX
KputepueB Tumna (21) u BBIBOABI TEOpUM OO YIPOLICHUH ONTUMAIBHOW CTPYKTYPBHI MPU BO3PACTAHHH
ypoBHs 1myma. OCHOBHbIE KOPPEKTHUBBI IIPU TaKUX YCIOBUSAX CBOJATCS K TOMY, UTO CTPYKTYpPHBIE

COCTaBJIAIOIHUE KPUTEPHUEB KaK (bYHKHI/II/I CJIOKHOCTH § Ha 3aJaHHOM KJIaCCC CTPYKTYp HUTAC HEC PaBHEBL

HYJI0. DTO 03HAYaeT, yTo Ha puc.l kpusas J b (s) He xacaeTcst ocu aOCIHCC, U COOTBETCTBEHHO Ha pHC.2

HU OJIHA U3 MPSMBIX HE MPOXOJIUT yYepe3 Hayajio KoopauHat. IIpu 3ToM Bce KOMMEHTapuu K 3THUM
rpadukaM KayecTBEHHO OCTAlOTCS TaKUMM €, HO 3a cYeT (DaKTHUYEeCKOro BO3pacTaHMsl 3HAYEHUU
OpIUHAT CTPYKTYPHOM COCTaBHOMU MOJIO)KEHHE MUHUMYMOB BCE€X KPUBBIX Ha puc.1, a Takike KpUTHUECKUE
TOYKH Ha PUC.2, CMEIIAIOTCS BIEBO. TakuM oOpa3oMm, Mepexoj K 3ajade MOACTUPOBAHUS B HETOUHOM
KJIacce CTPYKTYp MoOjeNiel BHOCHT HEONPENEICHHOCTh, SKBHUBAJICHTHYIO BHECEHHUIO OMPEEICHHOIO
JOTIOJTHUTENILHOTO YPOBHS IIIyMa B YCJIOBHS 3a/1a4H.

VYkaxeMm, 4YTO MpPU HETOYHOM KJIACCe€ CTPYKTYp KOPPEKTUPYETCS U YCIOBHE ONTUMAIbLHOTO
pa3z0uenus BeIOOpKU: B hopmyiy (25) BMECTO MaTpHIIbL X ClielyeT MOACTABIATh PACHIUPEHHYIO MAaTPUILY
W=(X | y), Torma Bce CJEICTBUS ATOrO YCIOBUS KBAaJPATUYHONW 3aBUCHMOCTH IBYX IOJIBBIOOPOK

OCTAarOTCA B CHIIC.

BriBoabI

B pamkax Teopuu MOMEXOYCTOMYMBOTO MOJEIHUPOBAaHUs, HauyuWHas ¢ pabor [4-6], pa3BHBAIOTCS
ocHOBBI Teopur MI'VA kak MHIYKTUBHOTO METO/A IIOCTPOEHUS MOJEJIEH ¢ MUHUMAIbHOW AUCIIEpCUEl
OIIMOKN BOCCTAHOBJIEHUS M MPOTHO3UPOBAHMS TOYHOTO (HE3aIIyMJIEHHOTO) CHUTHaja. AHATUTHYECKUM
amnrapaToM 3TOM TEOPHM SBIIIETCS METOJ KPUTHYECKUX AUCHEPCUHM, KOTOPBIA MO3BOJISET AETAIbHO
HCCIIEI0BAaTh 3aKOHOMEPHOCTH H3MEHEHMS CIIOKHOCTH ONTHUMAIbHBIX CTPYKTYp B 3aBUCUMOCTH OT
YPOBHS IlIyMa M IPYTUX IOKa3aTeslel HEMOJHOTHl anpHOPHOM MH(OpPMALUHU, a TakkKe TEOPEeTUUECKU
MOJIy4aTh CPaBHUTENIbHBIC OIeHKHU Y pekTuBHOCTH KpuTeprueB MI'Y A u apyrux metonoB. B wacTHOCTH,
YCTAHOBJIEHBI YCJIOBHSI ONITUMAJIBHOCTH U aI€KBaTHOCTH JIJIs1 BHEILIHUX KPUTEPUEB THUIIA "TIEPEKPECTHOIO
MOJATBEPKACHUA", KOTOpble HCTONb3yloTcs B MI'YA M OocHOBaHBI Ha pa3OMEHHM BBIOOPKH. 3a CHUET
pa3OueHus 5TU KPUTEPUH UMEIOT CBOICTBO HESBHOIO (aBTOMAaTHYECKOTO) COTJIACOBAHUS CIIOXKHOCTHU

OINTHUMAaJIbHOM MOZCIN C YPOBHCM HCOIPCACICHHOCTU B JaHHBIX HaGHIOﬂeHHﬁ, 4TO IIO3BOJIACT IIPU
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MOJICTUPOBAHUU OOOWTHCH 0€3 OTATOIIAIONIUX AaNMpPUOPHBIX MPEANOI0KEHUH, HEOOXOIUMBIX IS

MNPpUMCHCHUA APYTUX MCTOAO0B IMOCTPOCHUA MO,[[GJIGfI I10 SKCIICPUMCHTAJIbHBIM JJaHHBIM.
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