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(IMpencrarnaeHa HAYYHBIM CeMUHAPOM Kadeapbl aBTOMATHKH H TeleMeXaHHKH)

[Ipy onepaTMBHOM yIpaBJeHHH CJIOXKHBIMH NPOH3BOACTBEHHBIMH KOMII-
JIeKCaMH BO3HHKAKT 3aJayyl I[POrHO3a COCTOSIHHSL OTHeJbHBIX OOBEKTOB
Ha OyAyllHe MOMEHThl BPeMEHH, PerpecCHOHHON OLEeHKH TeKylUIHX H Oyay-
I(HX 3HAYeHHH NapaMeTpPOB OOBEKTOB MO HabOMIOAEHUSM 3a JPYrHMH Tapa-
MeTpaMd M OOBEKTaMH H HWHIMBHAYaJbHOTO IIPOrHO3HPOBAHHS IOCTENEH-
HeIX oTkKa3oB obGopynosanusi. Ilpu ynpasieHHMW npoueccaMH pPas3BHATHUS
IIPOTHO3HPOBAHHE SBJASETCA OJHHM H3 HEOOXOJHMBIX JeMEHTOB TPHHATHI
pewenus [1].

B Hacrosiliee BpeMsi CyuiecTByeT OO0JbIIOe KOJHUCCTBO paboT no CifH-
Te3y ONTHMaJbHbIX ONepaTopOB NPOTHO3HPOBAHHA U DErPeCcCHH AJd pas-
JHYHBIX CHTYallMil, a UMEHHO: AJ5l CTalllOHapHBIX U HeCTalHOHaPHBIX [0-
Je3Horo curHana x(t) w nomexu f(f); nmas mpoueccos x(¢) u f(f) ¢ pas-
JHYHBIMHA 3aKOHAMH pacnpeae/]eHis; AJAf AHCKPETHBIX H HenpepbiBHbLIX Ha-
6miofeHuit npoiueccoB x(f); NpH DPAas3THYHOM XapaKTepe HCKaXKEHHH, BHOCH-
MBIX TIpH H3Mepedusax W T. A. [2]. MeToxbl NPOrHO3HPOBAHUA H perpeccCHH
0 anpHOpHOi uHPOpPMALUY, UCOOAb3YeMOIl AJAA NPOrHO3a 1 [0 CTeNeHH
CBSI3H 3TOH HH(MOPMALHH C OLCHHBAEMbIMH BEKTOPaMU COCTOSIHHSI Z MOXKHO
pasfenuTh Ha [Be TPYNNbl: a) METOAb,, OCHOBAaHHbIE Ha OOBEKTHBHbIX
MOJeNdX Pa3BHUTHH [POTHO3HPYEMOro - fBJeHHA; 6) MeTOAbl MNOJdYyUYeHHHA
OLleHOK NYTeM OnpejesieHHBIX CHCTEM ONpOCa CNeLHAaJICTOB, TaK Ha3biBa-
eMble 3KCHepTHLie OLEHKH.

Haubonbimee pacrpocrpaHeHHe NOAYYHJIH MeTOAbl HPOTHO3HPOBAHHS,
OCHOBAHHBIE Ha BEPOSITHOCTHOIl MaTeMaTH4eCcKOH MOJe/H Pas3BHTHA [POrHO-
3upyeMoro sisieHusi. K HHM OTHOCATCS MeTOAbl, OCHOBaHHble Ha PacCMO3HAa-
BaHHK OOpPas0B, CTATHCTHUECKOM MOAEAHPOBAHIH, PElleHHH AHPPY3HOHHBIX
ypaBHeHHH, MeTOABl yupexpawuleil gprabTpaunu tuna ¢uabrpos H. Bune-
pa, P. KaaMmsna u meToobl [OJIY4YeHHS PErpecCHOHHBIX OLEHOK. BaxkhbiM
BONPOCOM [IpPH MOJVYEHHH PerpecCHOHHLIX H NPOTHO3HUPYIOIUHX OLEHOK $B-
JA9€TCSl aHANMU3 HX LOCTOBEPHOCTH H YCJOBHH, NPH KOTOPBIX JOCTOBEPHOCTH
OyaeT MAaKCHMAaJbHOH.

B Hacrosiuefi patore nonyuedbl TpeaeabHble IIHPOPMALUOHHBIE "OUEH -
KH JOCTOBEDHOCTH AHCKPeTHBbIX ONepaTopoB MNPeACKa3aHHd H perpeccuu
& camMoM ofuieM BuAe, T. e. 0e3 OrpaHHYEHHH HAa Xapakrep HCXOMHOIO NPO-
(fecca H Ha XxapaxkTep HCKaMeHHH, BHOCHMBIX H3MepHTeNeM.

Bblno/HeHHe TNPOrHO3UPYIOUIUX H PErpecCHOHHBIX OUEHOK Ha OCHOBe
BEPOATHOCTHOH AHHAMHUYECKOH MOAeaH NOACHAeTCH C/AedyloUleill CTPYKTYp-
£0H cxemoit (puc. 1).
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X OTPe3ox peajHsalHH TPOLECCOB Pa3BHTHS MPOTHO3UPYEMOr0 $IBJIe-
HHSL, HCHOMb3YeMblil IS NOJYYeHHsS ONEHOK, y— AaHHBIE KOHTPOJS IPO-
LeccoB x; [ — BO3MYIIAOLHEE NPOLECCh, 06YCAOBIUBAOLLAE OWMOKH H3Me-
PEHHS; 2 — OLEHMBAGMBIH BEKTOP COCTOSIHHS; &-— BEKTOD OWIHGKH OlEHKH
cocTosiHNA; W — oneparop BbIMOJIHEHHS OleHKH.
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OueHHBaeMbll BEKTOP COCTOSIHHSI 2 COOTBETCTBEHHO npeacTaBasieT
co0oi:

a) npu NPOrHO3UPYIOLLEH OLeHKe COCTOSHHA OGBEeKTa Ha Gynyuiuit
MOMEHT BpPeMEHH IO ero NpPeAbICTOPHH, 3aJaHHOH HaGMIONeHHSIMH BEKTOP-
HOTO mpouecca x(f) Ha MHTepBasje BpeMeHU (fx_m, x)

z=x(t,+7),
rie 7 — HHTepBasa BpeMeHH TNpeAcKa3aHMs;
6) IpH perpecCHOHHOM OLEeHKe BEKTOpHOrO mnpouecca N (f) no naHHbIM
HabJIOAEeHNHS i 3a 3HAYCHUAMH JPYroro BEKTOPHOTO mpoilecca x(t)
2=N (1) =¢(x);
B) NPH HHAMBHAYAJbHOM NPOTHO3UPOBAHHM HOCTENEHHEIX OTKa30B IO
JAaHHbIM HaOJdI0Nenna Yy 3a npoleccamu x(f), NPUBOASAMIMMH K OTKa3aM

2=1lorx,

rae lors — MOMEHT BPEMeHH IepBOrO BHIXOJA BEKTOPHOro nipouecca X(£)
3a npeliesibl TONYCTHMBIX 3HaueHuil. BekTop omnbku e(!) obpasyercst my-
TeM CpaBHeHHs OLEHKH BeKTopa Z, NOoJy4eHHOI BO3JelcTBHEM onepartopa
W peaabnoro ycrpoiicTBa Ha JaHHbIE KOHTPOJS y, C BEKTOPOM 2, Mpei-
CTABASIOUIUM HAEANbHYIO OLEHKY, T. €.

p=—z— 3. (1)
BGJIH‘-IIIHa vaeﬂHeI‘O yMEHI:»IlIEHHH 9HTpOHI/IH HpH BbIITOJIHEHHH OLEHKH,

T. €. cpeiaHee xoandectso uuHpopmaunn (CKH), noayuaemoil mpu 3moMm,
CNpeAeadeTcs CJAeLVIOUINM BbIpaKeHHEeM:

lo=H(z) — H (&), (2)
rie /i(2) — anpuopuas sutponus Bektopa 2; /() — sHTponus BeKTOpa
OIUHOKH &.

CyurecTsyioune MeTOABI CHHTe3a ONTHMaJbLHOrG ornepatopa W B 1o-
aasssiiolieM OOJbIIHHCTBE OCHOBaHbl HAa MHHHMH3allWH CPeIHEro KBajapa-
Ta (Jucnepcun) owHOKN 0.2 Wi QYHKUHM Pa3/JHYHLIX MOMEHTOB 3aKOHa
pacnpenenenns omnbkn [2]. CymecTByer, 01nako, pai paGoT, B KOTOPHIX
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B KayecTBe MHHHMH3HPYeMOro KpHTepHsi ONTHMaJbHOCTH (HUAbTPALHHU
paccMaTpHBaeTcsi SHTDONHsi BekTopa owmubku H(e) [5, 6].

Paccmotrpum anTponuio f (g) B KauecTBe KpHTepHsi ONTHMAJbHOCTII
M3 BuipaxeHus (2) ciaefyeT, YTO MHHUMH3anus BeJuudHbl f(g) parHO-
CHIbHA MakKcuMusauuu BedauuHuHsl [o. Hccnenyem npemenbHbie cBOMCTBa
BeauuuHbl [o. Ilpu 3TOM BOCHOJB3YyeMCST TpeNeJbHbIMH  COOTHOMICHHSAMH
IJIST KaHaJOB CBA3H H JAJSl OIIEHKH IlapaMeTpPOB 3aKOHOB pachpegese-
Hus [4, 5]. .

Teopema 1. CpenHee KOMMUeCTBO HHopMauuu [y, moayuaeMoi ipis
BBLINOJIHEHHH TIPOrHO3HPYIOIEH HJAH DPEerpecCHOHHOH OLEHKH COCTOSIHHSA

0b6beKTa, OrpaHHYEHO CBEpXy BEJHUHHOM cpelHero KojanuecTBa HHpopMa-
i /(y—z) o BekTOpe OUEHKH 2, cOomepxKallleficss B AaHHBIX KOHTPOJS Y

mpoliecca X, HCNOJb3yeMblX AJS OUEHKH, T. €. [o <[ (y—z).
HoxasareanbcTBo. Benuunna [/, onpenensiercs .BuipaxKeHuem (2).
[IpeoGpasyem 3TO BbIpaxKeHHe TakUM 00pa3oM, uToObl NMOJAY4YHTb B Ipa-

BOM uyacTd Beauuuny I (z—>2):
lo=H (2) — H(e) =H (2) — H(2ly) + H (2]y) -~ H (¢), (3)

rne H(z/y) — ycioBHasi SHTPONHUA BEKTOpPa 2 MPH HAaJHYMH JAHHBIX KOHT-

poas y.
Tak kak H(2) — H(zly) =1(y—=2),
TO ypaBHeHue (3) npeobpasyercs K BHAY
Iy=1I(y—2) +H(z/y) — H (¢). (4)
BennunHa Z B COOTBeTCTBHH C omepaTtopoM W 0IHO3HAuHO onpejena-
eTcst MO AanHbIM KOHTpoas y. C/eaoBaTenbHO, AAs TUIOTHOCTEH pacrpelie-
JeHHsE BePOATHOCTEHl BEKTOpa 2 1 Tpolecca y AOMKHO BBHIMOJHATLCSA

caepyloliee:
F(2l7) =fle+ 2ly] = (ely).

OTcoaa cienyer _ _ .
i (zly) = (e/y). | (5)

CrnepoBdTebHO, ‘
H(zly) — H(e) =H (ey) — H(e) =—1(y—¢), (6)
rae H(ely) — ycnoBnast autponus sektopa &; I(y—€) — CKU o BekTOpe
g, cofepiKallefics B HAHHBIX KOHTDOIS J.
3 Boipaxenuit (4) u (6) caenyer, uto
Io=1I(g—2) —1I(y-¢). (7)
B ‘cusny cBoficTBa HeOTPUUIATENbHOCTH KOJHYECTRA HHGPODMALHH
| I(y—>e)> 0,
a cJaedoBaTeNbHO, :
Io < 1(y~>2).
Beanunna CKHM [y coBnagaer co CBOMM BepXHHM IMpelesioM I(E—>z),
ecau I (y—¢) =0, 7. e. IpH CTATHCTHYECKOH HE3aBHCHMOCTH BeKTOpa OumHo-
KH & U Tnpolecca Y, 410 CBH/IETeJILCTBYET O MOJHOM H3BJIEUEHHH HHTepecy-

fomeil Hac WHPOpPMAUHH H3 HAHHBIX Y.
Taxk xak Bcerfa BBINOJHAETCH

I(y—z) <H(z2),
TO CYLIECTBYET OCTATOUHAH IHTPOIMHS B
- Ho=H(z) — I (y—2),
KOTOpast fIBJSIETCSI HHMAKHHUM NpeAeJOM YMEHBNIEHHs IHTPOIHH NPH BhINON-
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HeHuH oueHKu. BefiecTBHE 3TOrO BEKTOp OWIMOKH € MOXeT GBITh TpeacTan-
JIEH B BHAC CYMMbl ABYX COCTaBJSAMILUX: &y, OOYCJIOBAECHHOH CAYYAHHOCTHIO
BEKTOPA Z, U &,, 00YCJIOBJACHHOH OWIHOKAMU MeTona oileHKH. COBepUIEHCTBO-
BaHHe OnepaTtopa OULEHKH NPHBOAUT K YMEHDbIICHHIO COCTaBISIOUIEH &y
HMpeasnom otieHkH sBASieTCs onepaTop, AJst KOTOPOro g, =0,

Canencrsue. CpelHee KojuuecTBO HHPopManuu /o, mnosyyaemoil
BbIIOJITHEHHEM HPOrHO3HPYIOLIeHd HJIH PErPpecCHOHHOH OLEHOK, TNpH HAealb-
HBIX VCJAOBMSAX H3MepeHHS He IpeBblllaeT cpefHee KOJHYECTBO HHpopma-
i f(x—-2) BekTOpa OLEHKH 2, cojep:Kalllefics B npoleccax X, HCIOJb3Y-
eMbIX AJd OLEeHKH, T. e.
' lo< [ (x—2).

HokazateasctBo. [lpu usmepenusx Ha mnpouecc x({) Hajara--
I0TCS  TNOTPEelIHCCTH, OOYCJOBJEHHble BJUSAHUEM OKpPYXKalollied Cpefbl
M CBOHCTBaMHu H3MepHTebHbIX mnpubopos. IlosToMy wnIeanbHBIM H3MepH-
TeJbHBEIM YCTPOICTBOM $ABASETCH TaKoe, B KOTOPOM H3MepsdeMbli Ipouecc
fe3 HCKaXKeHHil nepefaeTcsl Ha BBIXOJA YCTPOHCTBa, T. €. y==X, H TOrAa
CTPYKTYypHasi cxema (puc. |) mpeofpa3syerca K ciaeiyloUleMy BHAY (pHC. 2).
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Puc. 2

B coorBetcTBiinn ¢ Teopemoii 1 B stom cayuae [o<[(x—z). Cnenosa-
T@IbHO, MAaKCHMaJIbHOe YMeHblIeHHe SHTPOMHH NPH HAeaJbHOM  H3Mepu-
TeJIbHOM VCTPOIicTBe It 11eaJbHOM ONepaTeope BBINOJIHEHHS OUCHKH He Mpe-
BoimiaeT BeHuHtbl CKH [/ (x—z2).

Teopema 2. Onrumuszauus onepatopa W o kpurepnio MakcHMyMa
CKH, mosnyuaemoii npu oteHke, 3KBMBaJEeHTHA MHHHMH3ALHK  BeJUUHHL!

B3auMHOI HHopMauuu [ (y—-e) MeXKAY AAHHBIMHI KOHTPOJA (Y, KCOOJIb3Y-
- eMBbIMH IJsS OUEHKH, H BEKTOPOM OIUHOKH €.
HoxaszateascTBo. 3 Boipaxeunus (7)

Ly=1(y—>2) —I{y—¢).

Bemiuuna /(y—z2) ompejensieTcsl B3auMOCBA3bIO Ipouecca y i BeKTopa 2
e o1 cBoicts oneparopa W ue 3asucur. CuenosaTe/bHO, MaKCHMH3AUHs
BedaHuHHbL [y COOTBETCTBYIOWHM BeiGOpoM omeparopa W 3kBHBaJeHTHA MU-

HUMH3aUHH BeaHuyunubl  (y—-¢€).

TeopeMa M CjeACTBHe ONpele/sioT MpeleibHble 3HAaYeHHS CPELHEro
KoJAUuecTBa HHGOPMAUHH, TOJyYaeMOi NPH BbIHOJHEHHH NMPOTHO3HPYIOLIHX
HJIH PerpeccHoHHbiXx oneHok. O4eBHIHO, UTO 3ITH NpelebHble 3Ha4YeHHHA
BenHunHbl [y OyAyT MOJyYeHbl MpH CHHTe3e omepatopa W onTuMasbHbIM
Mo KpHTepHIo MuHHMyMa sHTponuu fi(g). [lns HOpmMasbHOro pacnpeneJe-
HHSl BEPOSITHOCTEH BEKTOpa & 3HaueHHe [o, MOJydeHHOe TPH ONTHMH3AUHK
omnepatopa W o xpUTepHIO MHHHMYMa JHCIEPCHH Ka)XJI0H KOOpIHHATH! Be-
KTOPa €, COBIAJAET C MpefeabHbIM 3HaueHueM [(y—-z), T. €. TaKasa ONTHMHU-
34l SKBHBAJEHTHA ONTHMH3ALUUH N0 KPUTEPHIO MHHHMYMa 3HTponud. Be-
nuyuna A (2) onpegessiercs MO CAEAYIOUIEMY BbIPAKEHHIO

Hiz)=—| - [[(2)logf(2)dz, 8)
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rie [(z) — MHOroMepHasi MJOTHOCTb pachpefefeHus KOOpPAHHAT 2.

[ns HempepblBHBIX BO BpPeMeHH IPOLECCOB X M Y BeJHUHHbLl [ (y—2)
n I(r—z) onperensiorcs Kak Supremum MHOTOMEPHOH HHTerpajbHoi 3a-
BUCUMOCTH. ITosTOoMy m/1s ympolueHHsi pacuyeTHBIX GOpPMYJT MOKHO KBAHTO-
BaTb BO BPEMEHH NPOLECCH X H ¥ U PACCMATPUBATL MX KaK NOCJIEI0BATE/b-
HOCFH CJAyYalHbIX BejauuuH. Jlaxe npH BBINOJHEHHH YCJAOBHH TeOpeMbl
B. A. KoTesabHHKOBa TaKkoe pacCMOTPeHHe SBJAAETCS NPHOJIHKEHHEM BCJH-
CTBHC KOHEYHOCTH PaccMaTpHBaeMOro HHTepBana BpeMeHH  (fx—m™Ix).
Onnako Takoe npubaHKeHHe jponycTuMo. Kpowme. Toro, kKoutpods mpouecca
x(f) Ha npakTHKe yalle BCero OCYIUECTBJISETCS AHCKPeTHO. Ecaum paccmart-
puBaTh IIPOLECC 4 KaK JHCKPETHYIO NOCAeI0BaTeNbHOCTh CAVYAHHBIX BeEK-
TOPOB, TO BbIpaxeHue [(y—»z) HMeeT BH[

T L O B A C
I(y—2) :[o...—wf(y, 2)log 762 dy-dz, (9)

rie f(y, z) — MHOTOMEPHAsT COBMECTHAad NMIOTHOCTh BEPOATHOCTEH CJaydail-
HOW MOC/IeA0BATEALHOCTH y, PacCMaTpHBAaeMOil B MOMEHTHI BPeMEHH f4_pm,

tk—mt1s .-y bg, W BEKTOPA 2; f(Y) — MHOTOMepHas MIOTHOCTD pacnpenene-
HUA CAYUaHHON 110C/J€A0BATE/ABLHOCTH V. '

Brpaxenusa (8) u (9) MOXKHO CYECTBEHHO YNPOCTHTH, 3aMEHHB UX
NPUOJIHKEHHBIME BbIPAXEHUAMH, OCHOBAHHBIMH HA KOPPEJSLMOHHBIX MAaT-

PHIAX 110CT2A0BATEIBLHOCTH Y H BEKTOPA Z '
H(z)z—;mlogg(er)”detA, (10)

e A=|R; -zl i j=1,n; Rz — MOMEHT B3aHMHOK KOPPEALHI KOOP-
JAUHAT 2; U 2; BEKTOpa 2. o

- 1 det A-det B o
[(g—2) ~—log, S5t 4:4eto 1
(y —2) 5 1og TelC (11)

rae B 1 C— maTpuubl KOppPeJaslHOHHON CBSA3H KOOPIHHAT CIYYalHOH IO-
C/1e1OBaTeJLHOCTH Y 11 BeKTopa 2 [7]. Bripaxkenne (10) sBrfeTcs TOYHBIM
AT HOPMAJIBbHOTO 3aKOHa pacnpejejeHus BepOSTHOCTeN BeKTopa 2.
Boipaxenne (11) aBAseTCs TOUYHBIM /sl HOPMaJbHbIX pacnpefeacHUi
BEKTOpA 2 W CAYYaWHOH TNOC/Jed0BaTeJbHOCTH BeKTOpoB y. [asi mpodunx

pacnpefe/eHus BoipaxkeHue (11) npeacraBaseT coOOH HECKOJbKO 3aBLi-
HICHHYIO BEJHUYHHY. ‘
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