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MudopmaTtuka mn
MH(POPMALMOHHbIE TeXHONIOrMm

VIK 616.12

NHOOPMAIMOHHASA TEXHOJOTUA OHEHKHN
AJAIITAIMOHHBIX PESEPBOB OPI'AHU3MA
B ITOJIEBBIX YCJIOBUSIX

JI.C. @aiinznanbepr, K.b. Opuxosckasn

Mestcoynapoonstii HayuHO-yueOHbLI YeHmMP UHPOPMAUUOHHBIX M EXHONO02UI U
cucmem HAH Ykpaunvt u MOH Ykpaunot

[Ipennoxen MeTox ONpeNeNeHus: Pe3epBHBIX BO3MOXKHOCTEH
CEepICYHO-COCYAUCTON CHCTEMBI, KOTOPBIH BKIIOUAET B Ce0 KaUeCTBEHHYIO H
KOIMYECTBEHHYIO OLEHKY pPEakIMH OpraHu3Ma Ha Harpysky. OmnpeneneHs!
JIOMMHAHTHBIE KJIACCHI MATTEPHOB, KOTOPBIE OPOXKAAOTCs Mokaszarensivmu DK
1 BapuaOeIbHOCTU CEPICYHOr0 PUTMa y TPEHHPOBAHHBIX U HETPEHUPOBAHHBIX
JUIl B COCTOSHHM IIOKOSA, IOA HArpy3KOH M B TEPUOJ PECTUTYLHH.
IIpencraBnen amroput™ kiaccuukanuy natrepHoB. IIpuBeneHbl mpumepsl
aJIeKBaTHOM M HEaJeKBaTHOM pPeaKlMu OpraHru3Ma Ha Harpysky.

Kniouegwie cnoga: nHbOpPMALMOHHAS TEXHOIOT U, CEPACUHO-
COCYAMCTas CHCTEMA, OLIEHKA PE3EPBHBIX BOZMOXKHOCTEH OpraHu3Ma.

3anpornoHOBaHO METOJ| BU3HAYCHHS PE3CPBHUX MOXIIMBOCTEH
CepIIeBO-CYJMHHOI CHCTEMH, SIKMH BKIIIOYAE SIKICHY 1 KUTBKICHY OLIIHKY peakiiii
OpraHi3aMy Ha HABaHTAXXCHHs. BH3HAYCHO MOMIHAHTHI KJIAaCH MATEPHIB, SKi
MOpoKy0Thesl mokasHukamMu EKI' i BapiaGenbHOCTI CEpIeBOr0 pUTMY Y
TPEHOBAHMX 1 HETPEHOBAHMX OCI0 Yy CTaHi CIIOKOO, IMiJ| HABAHTA)KECHHSM 1 B
nepiox pecruryuii. [IpencraBneno anroputM knacudikamnii natepHis. HaBeneni
MPUKIIA/IM a[IeKBaTHOI Ta HeaIeKBAaTHOI PeaKilil OpraHi3My Ha HaBaHTaXKCHHSL

Kniouosi  cnosa: indopmaniiiHa TEXHOIOTisS, CEpIEBO-
Cy/IMHHA CUCTEMa, OLlIHKA PEe3EePBHUX MOJKIMBOCTEH OpraHi3my.

BBEJEHUE

[Moctpoenne  s3pdexTBHBIX  HHPOpMaUMOHHbIX  TexHojoruit  (MT),
00ecIIeunBalONUX OIEHKY Pe3epPBHBIX BO3MOXKHOCTEH OpraHn3Ma W aJIeKBAaTHBIX
€ro peaknuii Ha QU3WYeCKHe W HMOIMOHANBHBIC IIEPErpy3KH, HMEeT Kak
Mo3HaBaTeJIbHOE, TaK M MpaKTHUYecKoe 3HaueHue. AkryanbHOcTh Takux HWT
BO3pacTaeT B Hamle HEMPOCTOE BpeMs, Korma HeoOXOmUMO 00ecIeunTh
JOCTOBEPHBIE PE3yJbTaThl HE TOJBKO B MEIMLMHCKUX YUPEKICHHUSIX, HO U B
MOJIEBBIX YCIOBUSX, IpPH 3aHATHAX CIIOPTOM, Ha padoueM MecTe, B MEeCTax
MOJrOTOBKH K BBITIOJTHEHHIO CHIELUATIbHBIX 3a/1a4 U T.I1.

[ToHsiTHO, YTO TpaAULMOHHbIE KIMHUYECKHE METOJbl, CBS3aHHbIE C
HCIOJIb30BAHUEM JOPOrOCTOSIIEH annapaTypsl, CIIOKHBIMU U IPOJOKUTEIbHBIMU
mpouexaypaMu  oOpaOOTKH JaHHBIX, MAJIONPUTOAHBI IS TPOBEICHHUS TAKHX
uccnenoBanuil. HyXHBI oniepaTHBHBIC, YIOOHBIE U HAJISKHBIE CPEICTBA ITOTYICHUS
pe3yIbTAaTOB TECTHPOBAHUS, KOTOphIe OYAYyT TIIOHATHBI HE TONBKO JIHILY,
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MPUHUMAIONIEMY pEIIeHHe, HO H caMoMy oOOCIeayeMoMy, HE HWMCIOIMEMY
MEIUITMHCKOT0 00pa3oBaHusl.

UzBectHO, YTO pUTM cepila — YHHBEpCANbHAs peaKOus OpraHu3Ma Ha
mo60e BO3IEHCTBIE CO CTOPOHBI BHEIIHEH U BHYTpeHHeH cpensl. OH COIEepKUT B
cebe mHMOpMANUIo 0 (PYHKIMOHATEHOM COCTOSHUH BCEX 3BEHBEB PETyIHUPOBAHUS
KHU3HEIEATSILHOCTH YeNIOBEKa KaK B HOPME, TaK M MpPU Pa3IAIHBIX MMATOIOTHIX
[1-3]. IlooToMy KOMIIBIOTEpPHBIE TEXHOJOTMH aHajh3a BapuaOeIbHOCTH
(M3MEHYMBOCTH)  CEpACYHOrO0 pHTMA TONYYMIH JOCTATOYHO  IIMPOKYIO
W3BECTHOCTH IUIS OLIEHKU COCTOSIHWSI BETeTaTUBHON HEPBHOW CHCTEMBI (CHMIIaToO-
BaryCHOro OaylaHCca) M OISHKH aJalTallMOHHBIX BO3MOXHOCTSH OpraHm3Ma Ipu
(hM3HYECKUX ¥ SMOIMOHANILHBIX HArpy3kax [3].

B 10 e Bpems, TONBKO Ha OCHOBE aHAIIM3a BapHaOeNFHOCTH PUTMa Ceplma
HENb3sl CyOUTh O (YHKIMOHAIEHOM COCTOSHHH CaMOr0 Cepila KaK OCHOBHOTO
cucreMoo0Opasyromiero oprana. [lo3ToMy Ui TMOBBIMIEHHS IOCTOBEPHOCTH
3aKIIIOUCHIS O (PYHKIIMOHAJIHHOM COCTOSHHH OpraHW3Ma aHaji3 BapHaOeIbHOCTH
CepACYHOT0 pUTMAa JOIDKEH OBITh JONONHEH aHallM30M  IIOKa3aTelneit
anekrpokapaunorpammsl (OKI).

Heas cTaThm — TPEUIOKUTH HOBYIO HHPOPMAIIHOHHYIO TEXHOJIOTHIO
OLICHKH aJeKBATHOCTH PEAKIHH OpraHM3Ma W BOCCTAHOBHTEIBHBIX IIPOIECCOB
CepACYHO-COCYUICTOM  CHCTEMBI ~ HYeIOBeKa IO KOMIUIEKCY ITOKa3aTelneit
onHokananpHOW OKI, peructpupyemMoil B CIIOKOMHOM COCTOSIHMM, Ha BBICOTE
HATPY3KH U B TIEPHOJ PECTUTYIIHH.

BA30BBIE NPEANIOCHIJIKHA

PesepBHBIE BOBMOXKHOCTH CEPAEUHO-COCYIUCTOM CHUCTEMBI U YCTOHYHMBOCTD
opranu3Ma K IEHCTBHIO (PH3MYECKUX W OMOIMOHANBHBIX IEPErpy30K SBISIFOTCS
BaXHEHIINMH (PAKTOpaMH, ONPEICILIIOIIUME 3I0poBbe demoBeka. CyiecTByeT
JIOCTATOYHO MHOI'O METOJOB OLIEHKH aJaNTallMOHHBIX BO3MOXKHOCTEH uenoBeKa:
¢byHKIIMOHATBHBIE TIPoOBI Pydbe, I'opuHeBckoro, JleryHoa, Koropa-/lenwma,
Maprune-Kymenesckoro [4], B KOTOPBIX OLIEHKa BOCCTAHOBUTEIIBHBIX IPOLIECCOB
CEPAEYHO-COCYIUCTON CHUCTEMBI MPU Harpy3Kke OCHOBaHA Ha M3MEPEHUHU HaCTOTHI
cepaeunblx cokpamieHuit (HCC) u aprepuanbHoro naBnenus (A). Taxue
METOIUKH JIOCTATOYHO MPOCTHI W YHAOOHBI Ui WCIONB30BAaHHUS B IOJEBBIX
YCIIOBHSIX.

OpHako, MO OIEHKE CHEIUAIMCTOB, NMPUHATHE PELIEHUNH MmOIbKO MO 3TUM
MOKAa3aTeNsIM HEIOCTATOYHO. B  UYacTHOCTH, MHOTOYHCIICHHBIC HaONIONCHNUS
CHOPTUBHBIX Bpauel CBUIAETENbCTBYIOT [5], uTo n3meHenue YCC mox Harpy3kon
HE BCer/a oTo0pakaeT aleKBaTHYIO HH(POPMAIUIO 0 QYHKIIMOHAIEHOM COCTOSIHAU
opranu3ma. HemapoM B  COBpeMEHHBIX PEKOMEHIALMSAX IO  KOHTPOIIO
TPEHHPOBOYHOTO TIPOIIecca MOSBIIIACH KpbLtaTas (pasa: «He 0ynp B tuieny UCC!»
[6].

Hdns  okcmpecc  KOHTpONs — (YHKIMOHANBHBIX — PE3EPBOB  MHOKapaa |
aJIeKBaTHOCTU PEaKLMK OpraHu3Ma Ha Harpy3Ky B [7] mpeiokeH MeTos1, KOTOpbIi
OCHOBaH Ha aHallM3e MoKa3aTess P7, XapaKTepH3YIOUIEro CHMMETPHIO ydacTkKa
penonsipu3anyu ogHokaHaneHOH OKI' Ha (a3oBOH IIOCKOCTH ¢ KOOpIMHATAMHU
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x(),x(¢), tme x(f) — CKOpPOCTh U3MEHEHUS CUTHAJA, HECYIIero HHPOPMAIIHIO 00

BHGKTpI/I‘-IECI(Of/i aKTUBHOCTH cepAlla B MOMEHT BpPEMCHU . Kak mnoxa3zamn
MacIITaOHBIE HUCCIICAOBAHUsA, OTOT II0KA3aTeClib ABJACTCA YYBCTBUTCIBbHBIM
6I/IOMapKepOM HavYaJIbHBIX IIPU3HAKOB UIIEMUHU MHOKapda. HOBTOMy aJICKBATHOCTb
PCaKIlM Ha HArpy3Ky MOXHO OHLCHHUTBH IO HW3MCHCHHIO ITOKa3aTeJIA BT II0CJIC

IO3UpOBaHHON  (msmueckod Harpy3kdw. Ilokaszatens 7  aBTOMaTHYECKH

OlpenersieTcsl  OTCUYSCTBEHHBIM  IOPTATUBHBIM  dJEKTpoKapauorpagpoM —
MIPOrPaMMHO-TEXHUYECKAM KOMILIEKCOM OA3ATPAD” [8], KOTOpBIH MOXHO
HCIIONIE30BATH B IOJICBHIX YCIOBHSIX.

B To xe BpeMms, M3MEHEHHE ONHOTO JIMIIb ITOKa3aTelss Pr TOXe HE JaeT

BCECTOPOHHIOI OIICHKY (PYHKIMOHAJIBHBIX PE3EPBOB OpraHu3Ma. boree momHyro
OIIEHKY MEXaHW3Ma aJalTallii CepAEYHO-COCYIMCTON CHCTEMBI Aaer meron [9],
OCHOBAaHHBIA Ha M3MEPEHUU HECKONBKUX HOpMHUpPOBaHHBIX 10 UCC aMmimuTyHO-
BpeMeHHBIX nokasareneit OKI', B ToM umcie mokas3atens By, B COCTOSHHAX MOKOS,

HAa MMAKE HarPy3KU U B MEPHOM PECTUTYIINH.

Crnenyer 3aMeTHTh, OJHAKO, YTO HOpMUpoBaHHe mokazarenedd no UCC ne
BCerja sBJIAETCS ONpaBAaHHBIM, IIOCKOJbKY HeEKoTopble mokazatenu OKI, B
JacTOTHOCTH TOKa3atenb P, He cs3ansl ¢ YCC. UsBectHo [10], uro yBennuenne

cumMeTpun 3ybrma 7 HeceT WHOPOpPMAIUIO 00 YCHJICHWUH DIIEKTPHYECKOM
HEIOMOI'€HHOCTH ~ PENoJiipU3allid  BCJEICTBHE alloNnTo3a KapIUOMHOLIUTOB.
[TosToMy, Kak TOKa3bIBAIOT pE3YyIbTaThl KIMHUYECKUX HCCIENOBAHUU, Y
TPEHHPOBAHHBIX JIMI[ TPH HArpy3Ke IOKa3aTelb [y MOXET NPaKTHYECKH He

U3MEHAThCS npu cyuiectBeHHOM yBennyenun YCC. C apyroil CTOpoHsbl, y JHII C
HEJIOCTaTOYHBIMH  pe3epBaMU  CEPIAEYHO-COCYAUCTOM  CHUCTEMBI  4HacTo

Ha6J'IIOI[aIOTC${ SHAYUTCIIbHOC YBCIHNYCHHC BT JaXXE IpHU HE3HAYUTCIIbHBIX

m3MmeHenusix UYCC monm JeicTBHEM HaArpy3oKk. AHaJIOTMYHAs OCOOCHHOCTB
oOHapykeHa W 11 Apyrux mokasarened IKI', B yacTHOCTH, aMIIUTY 1 3yO1oB P,
O,R,SuT.

Kpome Ttoro, cormacHo [9], meHa Harpy3kd ONpEENSIETCS OTHOIICHUSMU
OTJIEJIEHO B3SITHIX TOKa3aTened JJIsl COCTOSIHHHA «MaKCHMYM Harpy3Kd/COCTOSHHE
MOKOS» M «MaKCHMyM Harpy3KH/IIOCIIC 3aBEpIICHUS IEPHOAa PECTHTYIIHHY.
[Tomaraercs [9], YTO OTHM OTHONICHHS JOJDKHBI TPHHAIUICKATh BIIOJHE
KOHKpeTHOMY nuamnazony 3HaudeHwi 0,8—1,2. Omgnako, nmaxke mpu aJeKBAaTHOU
peaKIMK Ha HAarpy3Ky Takhe YCJIOBHS HE BCETJ/Ia BBIMTOJNHSIOTCS HM3-3a Pa3IMIHON
JMHAMHKA HM3MCHEHUWS IOKa3aTesel, YTO YCIOXKHSET HACTPOMKYy MeToaa Juis
o0ecreueHus IOCTOBEPHBIX PE3yJIbTaTOB.

MOoHO yKa3aTh M IEIbIA P APYTHUX OrPaHWUYCHHN, TPUCYIIMX YKa3aHHBIM
BBIIIE METONaM. AHAJIHM3 JOCTOMHCTB W HEIOCTATKOB ATHX M JPYTMX H3BECTHBIX
MTOJIXOI0B MO3BOJIAI C(HOPMYITHPOBATH CIACIYIOIINE TPEOOBAHMS K IMEePCIIEKTHBHOM
HUT oneHKH ananTallMOHHBIX pPE3EpBOB OPraHU3Ma, OPHUEHTHPOBAHHOW Ha
TECTHPOBAHHE B TIOJICBBIX YCIOBHSX:

. onepamueHocms — PE3yabTaT JOJDKEH OBITh TONYYCH He OoJiee YeM 3a
5 MuH;
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o y()060m60 — TECTUPOBAHUEC NOJDKHO IIPOBOAUTHCA 0€e3 cHATHS OICKIbI
1 JpYyTruXx nNOoArOTOBUTCIIbHBIX onepaunﬁ;

o qubopMamueHocmb — BO3MOXKHOCTb HHTCI‘paJ'II:HOfI OLICHKHA
HavdaJIbHbIX IIPU3HAKOB CHHWIXCHUA (1)YHK]_[I/IOH8.J'II>HI)IX PEICPBOB  CCPACUHO-
COCY,I[I/ICTOﬁ CHUCTEMbI U HAPYIICHUA PETYIIATOPHBIX MEXaHN3MOB OpraHu3Ma,

o 2ubkocms — JETKOCTh HepCCTpOfIKH CUCTEMbI IS TECTUPOBAHUA
Pa3HBIX I'PYIIII HACCJICHUA C YUCTOM HUX BO3pacCTa, 110JIa, CTCIICHHU TPECHUPOBAHHOCTU
1 YPOBH:A aJalITAIMOHHOI'O IMOTCHIIMAJIA,

o ()OCmy}’lHOCWIb — Ppe3yjabTaT TCCTHUPOBAHUA HOJIKCH OBITH IIOHSTEH
Jinny, HEC UMCIOIIEMY CIICIHAIIBHOTO MEAUIIMHCKOI'O 06paSOBaHI/I${ (B TOM YHCIIC,
caMOMy TCCTI/IpyeMOMy), 1 OCHOBBIBATHCA HE TOJIBKO Ha KOJIMYCCTBCHHBIX, HO 1 Ha
HarsIAHbIX KAY€CTBCHHBIX KPUTCPUAX.

OBLIASI WIESI U CTPYKTYPA HHO®OPMALIMOHHOI TEXHOJIOTUA

s obecrieyeHHsl MepeyrclIeHHBIX TpeboBanuid npemnaraemas WUT (puc. 1)
COJIEPXKUT COBOKYITHOCTh B3aMMOJACHCTBYIOILUX MOAYJIeH, B YaCTHOCTH, MOAYJIb
BBoma u oOpaborku JKI, peann3oBaHHBI Ha KOMILICKCE OA3ATPAD” [8].
Komrieke obecnieunBaeT yaoOCTBO perUCTPAalliy CUTHANA IIEPBOTO CTAHAAPTHOTO
OoTBeleHMUs (mpaBasi M JieBag pyKa) C IIOMOILBIO CIELUAIBHOTO CEHCOpa C
MajblieBBIMU  3JJIEKTPOJAMH, a  KOMIIBIOTEpPHas  IporpaMMa  I03BOJISET
ABTOMAaTHYECKH OIpEeNeNuTh TpHu rpymmbl nokasateneid K[ u BaprabGenpHOCTH
cepaeunoro purma (BCP)

XD i1, N, (D

1
1 .
KOTOpbI€ BBIYUCIIAIOTCA B COCTOSHHUU TOKOS (xl( )), cpa3y mocie JO3MpPOBAHHOMN
2
Harpy3ku (xl( )) U mocie 3-X MUHYTHOTO OTIbIXa IIOCIIE€ 3aBEpLUEHUS HAarpy3Ku

3 o
(xl( )), rae N — oOlee KOIMYECTBO IIOKA3aTENIEH.

B kauectBe mnokazatenedt OKI' ucmonb3yroTcsi aMIUTUTYAHO-BPEMEHHbIE
mapaMeTpbl, KOTOPHIE MOTYT OBITh M3MEPEHBI MO CHTHAJIY OJHOT'O OTBEACHHUS, B
TOM YHCJIE:

. YCC (yn./MuH.) — cpemHss 4acToTa CepACYHBIX COKPALICHHUIA;
. Ap, Ag, Ap, Ag, Ay (MB) — COOTBETCTBEHHO, aMILIUTY/bI 3yOI0B

P,O,R,S,T;

. Ap (MC) — IPOIOIDKUTENBHOCTE 3yoma Q;

. App, Apgr (MC) — COOTBETCTBEHHO, POLOKHTEILHOCTH HHTEPBAIIOB
PO u QT ;

. dgr (MB) — cmemmenne BHHM3 (mempeccHs) HIM BBepX (dyeBamus)

cermeHTa ST OTHOCUTENIBHO HSOBHEKTpH‘{ECKOﬁ JIMHHUU,

. By (en.) — moka3zarens cummerpun 3yona 7 Ha (a3oBoi MIOCKOCTH;
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Moayab BBoaa u 06padoTku IKI MoayJsib ynnpaBJieHUs1 HATPY3KOH
T — — -

i
i

MoayJib cTaTUCTHYECKOH 00padoTKu

F N

Moayab NpUHATHA peLIeHuit

KauyecTBeHHasi OlleHKA KosmuecTBeHHast
peaknMu Ha HATPY3KY OIIEHKA PeaKIy Ha
HArpy3Ky

Puc. 1. Ctpykrypa nH(OpMaHOHHON TEXHOIOTHH

. CKO_Br(en.) — cpenHekBaipaTHYECKOE OTKIOHEHHE CHMMETpHUit
3yO1oB 7 Ha MOCIICA0BATEIEHOCTH 3apETrUCTPHPOBAHHBIX ITUKIIOB DKI;

° Spr u Srg (em.) orHomenwe Iwromanei 3ybmoB P K R m
T x R, COOTBETCTBEHHO.

B xauwectBe Tmoxkazareneii BCP wucmonp3yroTcss  craTMCTHYECKHE U
CIIEKTPaIbHBIC TTOKA3aTEIN PUTMOTPAMMBI, B TOM YHUCIIE:

. SDNN (mc) — CpEIHEKBaIPATUYECKOE OTKJIOHEHHE
TPOIOIDKUTENBHOCTEN HOpMATbHBIX RR -MHTepBAIIOB;

U] RMSSD (Mmc) — KBagpaTHBIH KOpPEHb M3 CYMMBl pa3HOCTEH
MOCJIeI0BATEIBHOIO psijia KapAHOMHTEPBAJIOB;

o PNN50 (%) — mpolieHT map KapIHOMHTEPBAIIOB C Pa3HOCTHIO Ooiee
50 Mc oT o0ImIero yrcia KapaIuoOMHTEPBAIOB B MACCHBE;

. CcV (%) — xodpdumueHT BapHalMM  IIOTHOTO  MAacchBa
KapAMOUHTEPBAJIOB;

. Mo (MC) — MoAa pUTMOTPaMMBI;

. AMo (%) — aMIIIUTyaa MOl PUTMOTPAMMBI;

. MxDMn (Mc) — pa3HOCTb MEXAY MaKCHUMaJbHbIM M MHUHHUMAaJbHbIM
3HaYEHUSIMU HOPMAJIbHBIX RR -UHTEpBaJOB;

. UH (en.) — unpexc baeBckoro (MHIEKC HaNpSHKEHUS PETYIATOPHBIX
CUCTEM);

. HF (%) — cnexkTp MOILIHOCTH PUTMOTpPaMMbl B JHMANa30HE BBICOKUX

gacrot (6onee 15 I'm);
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. LF  (%)— crmekTp MOIIHOCTH PUTMOIpaMMBbl B JMana3oHe HU3KHX
gactot (0,415 I'm);

. LF /HF (en.) — cuMIiaTo-BarycHbIH OanaHc.

OOmee YWCIO HW3MeEpsIeMbIX TOKaszarened cocraBimser N =32. s
HaJeXHOro ompexaenenus mnokazareneid BCP  perucrpupyoorcs He MeHee
100 xapAHOIUKIIOB.

Mopnyne ympaBlneHHsS Harpy3kod oOecrieunBaeT BO3MOXKHOCTH —OLICHKH
mokazareneit OKIT wm BCP mocme 103uMpoBaHHBIX —(HU3HYECKOH — W/WIH
SMOIMOHANILHON  Harpy3kw. Jlis  ympaBieHWs — (QU3WUECKOM  HArpy3KOM
(20 rnyOoxmx mpucemanui 3a 30 ¢) HCIONB3yeTCS METPOHOM, KOTOPBIH 3amaer
TEMII BBIIIOJIHEHUSI HATPY3KH.

Jns (dbopMupoBaHUs IMOLMOHAIBHOM Harpy3ku HCHONb3YIOTCS
pa3paboTaHHBIE «CTPECC-TECTBD», CTUMYIHPYIOIIAE TIPOCTBIE M CIOXKHBIC
3pUTEIBHO-MOTOPHBIE PEAKLMHU TECTUPYEMOro Ha MpebsBIIsieMble KOMIBIOTEPOM
ctuMynbl. Takne CTUMYJBI TPENCTABISIFOT COOOH IepeMEeIIalonIuecst Mo 3KpaHy
rpaduueckne GUTypsl, HMEIOIIIE XapaKTep CHTHAJOB BO30Y)KIAIOMIETO TUIA, Ha
KOTOpbIE€ HCIIBITYEMbIH JIOJDKEH pearupoBaTh Ha)kKaTHEM COOTBETCTBYIOLIUX
KJIaBUIII, ¥ TOPMO3HOT'O THIIA, HA KOTOPbIE OH HE JOJKEH pearupoBaTh.

[Ipu mpaBUIBHBIX NEHCTBUSIX TEMI NPEAbABICHUS] CTUMYJIOB aBTOMATHYECKH
YCKOpSIETCS, a TIPU OMIMOOYHBIX 3aMEIIISIETCS, YTO CO3IAaeT CTPECCOBYIO CHTYAILIHIO
JUI UCTIBITYEMOT .

B UT peann3oBaHbl TECTHI PA3HOM CTENEHU CIOXKHOCTH, B TOM 4YHUCIE,
cleayroue.

Tecr 1. Ha okpane MoHuTOpa B CilydyailHBle MOMEHTHl BpPEMEHHU
MOSIBILIIOTCS.  Tpaduueckne (UTYpBl IIBYX I[BETOB, KOTOPBIE HCIIBITYEMBIN
knaumamu Left — Right momken HampaBUTh B KOP3UHY OIPENEICHHOTO IIBETA.

Tecr 2. JononHutenbHas 3IMOLMOHANbHAS Harpy3ka IO OTHOLIEHHIO
K TecTy 1 obecrmeunBaeTcs TeM, 94TO Ha DKpaHE IMOSBISETCS CHMBOI TOPMO3HOTO
THUIIA, HA KOTOPBI UCHBITYEMBIN HE IOJKEH PearupoBath.

Tecr 3. JononHutenbHas 3IMOLMOHANbHAS Harpy3ka IO OTHOLICHUIO
K TecTy 2 oOecrmeumBaeTcsi TeM TO, YTO B CIydaifHBIE MOMEHTHI BPEMEHH I[BETa
KOP3UH U CTUMYJIOB U3MEHSIOTCS.

Tectbl 3aBepuiaerca no ucredyeHUH | mMuH. [1oCKONBKY Bpemsi pecTUTYLUU
OrpaHUYMBACTCS 3-MsI MHUHYTaMH, TO OOIIee BpeMs TECTHPOBAHHS HE MPEBBIIIACT
5 MuH.

[punsaTre pemennii 00 aneKBaTHOW WM HEaJIEeKBATHOW PeaKIMH OpraHu3Ma
Ha (U3NMYECKYI0 WIH 5SMOLIMOHANBHYIO HArpy3KH pealn3yeTcss Ha OCHOBE
KauyeCTBEHHOM U KOJIMYECTBEHHON OLEHKHU.

KAYECTBEHHAS OLIEHKA PEAKIIUU OPTAHU3MA HA HATPY3KY

KagecTBeHHasT OIleHKAa pEaKkIHWW OpraHW3Ma Ha HArpy3Ky OCYIICCTBIISACTCS
crexyromuM obpazom. Kaxknast i -s1 Tpolika mokazateneid (1) hbopmupyer oqun u3
MATH KIACCOB MATTEPHOB, KOTOpHIE XapaKTEpU3YIOT AWHAMHUKY W3MEHEHHH
MOKAa3aTells P HATpy3Ke U B IIEPHOI PECTUTYIHH (pHC. 2).
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Kuaace 1
«Makcumym»
Kuacc 2
«MuHIMYM» \/ \/ N\ \/
Kuaace 3 ’
«BoapszaHue» y
/
Kuacce 4
«YOobIBaHHE» N
Kuaace 5
«I[MocTostHHAM
Puc 2. BapuaHTbl ()OpPMBI MATH KJIACCOB MATTEPHOB
Kiaccel  matTrepHOB — OmpenenstoTCs — MOCIEAOBATENBHOM  MPOBEPKOM
CIEAYIONIUX YCIOBUI:
kiaace 1 «Makcumym», eciu
(2)
(xlgz) - xlgl)) >h A (XZ(Z) - xl@)) > h;,
kjaace 2 «MUHUMYMY, €CITH
3)
1 2 3 2 (
(xl()—xl( ))>hl» A (xl( )—xl( ))>hl»,
kJjacc 3 «Bo3pacTtaHue», eciiu
2) ) (2 3 (4)
(xl( )_X§))>hz’ v(xl( )—xl( ))>hl» v (xl( )—xl())>hl»,
Kjaacc 4 «YObIBaHHE», CCIIH
D (2 2) (3 NNE (5)
(xl( ) —xl( ))>hl» v(xl( )—xl( ))>hl» v(xl( ) —xl( ))>hl»,
kJjace 5 «IlocrossHHas», ecnu ©)
cootHomeHus (1)—(4) He BBIMONHSIOTCS
(] hl. — MOpOroBasi BEJIMYHNHA, KOTOpask BEIYUCIIACTCS KaK aOCONFOTHAS BEJTMYNHA

3aJaHHOI'0 MPOLCHTAa hO OT 3HAYECHHUA I -I'0 IOKA3aTeJIs B COCTOSIHUH ITOKOS:

B

=i <

(7

WIA K€ Kak aOcolroTHas BeIWYHMHA 3aJaHHOI0 ITPOLCHTAa hO OT CpEeaHET O

3HAYEHHMS ITOKa3aTeIeH B TPEX COCTOAHUAX!

10
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RUNNC I

hF%'f: ®)

npuicMm h{) NOPpUHHUMACTCA OAWMHAKOBBIM [JIsI BCCX IMApaMETpoOB, HaANPUMEDP,
hO =4% .
Bennaunna hO OMnpeacidacT 30HY HCEYYBCTBUTCIBHOCTU K HN3MCHCHHUAM

ToKasaTensl NMpu Harpy3ke M B Tepuox pecTUTynuu. [lockonbky BenmwuuHa A;

BCETJa IOJIOKHUTENbHA, TO TIOCIENOBATENbHAS TpoBepka ycrmoBui (2)—(6)
MO3BOJISICT ONHO3HAYHO ONPENCSNTUTh Kiacc marTepHa (puc. 3), HE3aBUCHMO OT

1 2 3 .
TOT0, KAKWE 3HAKW IIPUHAMAIOT CAMHU TTOKA3aTeNn xl( ), xl( ) s xl( ), i=1,.,N.

Hauaino

1 2 3
Beon x",x?,x¥

¥

Mopor o xV?

®opmy.a (8) ®opmyaa (7)

Ycaosue (2) BoInoJIHEHO ?

Her Na

Ycaosue (3) BoInoJiHeHo ?

Ycaosue (4) BbINoJIHEHO ?

Her Ta

Ycaosue (5) BpInoJiHeHo ?

Konen

Puc. 3. biok cxema anroputma KiaccupuKaliy maTTepHOB
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C mOMOIIBI0 MOIYIIS CTATUCTHIECKON 00paOOTKH Ha dTaTle MPEABAPUTEIBEHBIX
WCCIIEOBAaHUHN Ul KaXKJIOTrO [ -ro MoKa3aTelsl CTPOUTCS paclpeseieHre KIIacCoB
MaTTEepHOB M OINpenAeNnseTcs OMUHAHTHBIA MaTTEpH, KOTOPBIM wyalle BCEro
BCTpEYAETCs B TPYIIE TPEHUPOBAHHBIX BOJIOHTEPOB.

[Ipu nocnenyromeM TECTUPOBAHUM  ONPEAEISIOTCS  MATTEPHBI  BCEX
MoKaszaTesiel, KOTOpble CpaBHHBAIOTCA C JOMUHAaHTHbIMH. Ha ocHOBe Takoro
cpaBHEHHS (OPMHUPYETCSl 3aKIIOUYEHHE O TOM, UYTO peaKkmus Ha Harpy3Ky
aJZieKBaTHas, €CJIM 6ce MATTEPHbI IIOKa3aTeleld COBMANAlOT C JOMUHAHTHBIMU, WIH
pemeHne 00 YCIOBHOW aJeKBATHOCTH Ha HArpy3Ky, €CIIM TATTEpH ONHOTO M3
MoKa3aTellel He COBIANaeT ¢ JOMUHAHTHBIM, WM K€ PEHICHUE O HedoeK8amHOu
peaknuy Ha Harpy3Ky, €CIIM IaTTePHBI IBYX U Ooiee moKa3aTelieil He COBIANAIOT C
JOMUHAHTHBIMH.

KOJMYECTBEHHASI OLIEHKA PEAKIIMSI OPTAHU3MA HA HATPY3KY

Ji1 KOMMYEeCTBEHHOM OLEHKM peaklud OpraHu3Ma Ha Harpy3Ky Takxke
WCHOJB3YIOTCA 3HaueHus Tpodku mnokaszareneid (1). Eciu npupamienue i-ro
MoKazaTeNss IMOJ Harpy3koil IMpeBBIIAET MOPOr HEYYBCTBUTENBHOCTH, TO
OIpeNeNsieTcsl CTeNeHb BOCCTAHOBIICHHS 3TOrO MOKa3aTels B MEePHOJ PECTUTYLIUU
(unoexc soccmanosnenus) o hopmyie

R

X =7, i=1..,N. 9
i ‘xi(z) _xi(l)

[Ipemiaraembiit  unpexc (9) ompenenser HHAWBUAyallbHbIE  PE3EPBBHI
OpraHM3Ma TEeCTUPYEMOr0 K BOCCTAHOBIIEHHIO [ -0 IIOKa3aTelns II0CIie
J03UPOBAHHOI HAarpy3KH: 4eM MEHbIIE 3HaYCHHE X,, TeM BBIIIC aJalTalOHHbIC
pe3epBbI OpraHu3Ma.

Jaiee onpeaensieTcs 0606ujerHblil UHOEKC 80CCMAHOGNCHUSL

; (10)

MIPEACTABIIOMNN cO00H HOPMUPOBAHHYIO TI0 YHCITY MOKa3aTeleil ITHHY BEKTOpa

xM) = (x|...,Xy) C KOMIOHEHTaMH X;, BBIYMCIEHHBIMH 110 hopmyie (9).
Pemienne 00 aieKBATHOCTH WM HEAJCKBATHOCTH PEAKI[MM OpraHu3Ma Ha
HArpy3Ky MPUHUMAETCS 110 IPABHIY:

Peakuus aJICKBATHAs, €CIM N < T]gl);

Peakiust ycioBHO ajfieKBaTHAasL, €CITH ng) <n< ngz); (11)

()

Peakuus HEaJCKBaTHasA, €CIIM 1 > T]O .
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rac T]gl) u T]gz) — IIOPOroBbIC BCJIIMYMHBI, OIPECACICHHBIC I10 PE3YyJIbTaTaM

CTaTUCTUYECKOH OOpabOTKHM JaHHBIX, MONYYSHHBIX B TPyNIaxX TPEHHPOBAHHBIX U
HETPEHUPOBAHHBIX BOJIOHTEPOB.

B03MOXXHBI 1 IpyTHe CXEMBI IPHHSATHUS pelIeHHH 00 aJeKBaTHOCTH PEaKIIUH
Ha Harpy3Ky, HalIpuMep, 0 3HAKY JTMHEHHON TUCKPIMUHAHTHON (pyHKINN

N
i=l
WU K€ 10 3HAYCHUIO JIOTUCTUYCCKOM perpeccun
1

gy -

C ITIOKa3aTCJICEM CTCIICHHU

bi)?i + b() ,

s

~
Il
—

B KOTOPBIX KOOQPHUIHUEHTH dg),dy,....,dy H by,by,...,by Tak e ompemensioTcs Ha

JTare MPeABapUTEILHON CTATHCTHYSCKOH 00paOOTKH.

W, HakoHen, [Uid KOJIMYECTBEHHOrO aHalM3a pasinylid JAUHAMUKU
nokazareneit DKI' u BCP B onpeneneHHol rpymme 00CIeIyeMBIX 10 aHAJIOTHH C
(9) nmpemnaraeTcs epynno6oil UHOEeKC 80CCHMAHOBICHUSL

~() _ =)
£ =)

W=l "1 i=1..,N, 14
o 0

KOTOpLIfI OnpeacidaceT CpCAHIO BCIMYMHY HWHACKCA BOCCTAHOBJICHUA 1 -TO

mokazatens B rpymnme. Benuuuubel (14) BBIYHCHSAIOTCS 1O YCPEOHEHHBIM B

9] v —(1 =(2 =3
COOTBETCTBYIOMIEH TPyIIIe 3HAYSHNSIM MokasaTenein x 0, X2, X,

1 1 > 1

3ameTnM, 9TO B cruty onpeneneHus Benunaud (9) u (14), B obmeM cinydae

W, %Y %,[k], i=1,..,N, (15)

K
k=1

rac Xi[k]— CTEIICHb BOCCTAHOBJICHHUS 3HAYEHUA [ -IO I10Ka3aTelsd y k -0

npeacraButens rpynnsl U3 K - yenoBek. JpyruMu cloBaMu, HENPaBOMEPHO
BBIYMCIISITh TPYIIOBbIE HMHIEKCHl BoccTaHoBieHHs (14), mpoBens ycpenHeHHe
WHJUBUAYAJIBHBIX HHAEKCOB (9) OTIENbHBIX TECTUPYEMBIX B IPYIIIIE.

ITPAKTUYECKHUE PE3YJbTATHI

[IpuBeneM HEKOTOpPBIE M3 PE3YNBTATOB MPEIBAPUTEIHHBIX HCCICIOBAHUM,
MOTyYEHHBIC TPU TECTHPOBAHUH MOJOIBIX BOJIOHTEPOB OOOETO IONIA B BO3pacTe
18-24 ronma, KOTOpble ObLTN pa3/elieHbl Ha JBE TPYIIIIbI:

e I'pymma 1 — 28 cHopTCMEHOB BBICIICH KBaNM()HUKAIMH, KOTOpHIE
3aHUMAIOTCS OOKCOM, Pa3HBIMH BUIaMH OOPHOBI U TPHATIOHOM;
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e I'pynna 2 — 40 genoBek, He 3aHUMAIOIINXCS CITIOPTOM.

UccnenoBanust mpoBoarunch mpH BeimorHernn 20 npucenanunii 3a 30 c.

B Tabnumax 1 w 2 mpuBeneHbI pe3yNbTaThl OICHKH PacIpeleIeHHil KIIacCoB
MaTTepHOB, (HOPMUPYEMBIX Pa3HBIMH ITOKA3aTEISIMHU, KOTOPhIe HAOIIONANIHCH B
YKa3aHHBIX rpymnaxX. Kimaccndukanus maTTepHoB IPOBOANIACH B COOTBETCTBUH C
yenosusamu  (2)—6) mpu mopore /Ay =4% . B Tabmumax BbIIETEHB SUEHKH,

COOTBCTCTBYHOIIIMEC JOMWHAHTHBIM IIAaTTECPHAM B I'pyIlax.

Tabmua 1.
Oyenka pacnpeodeneHuti Kiaccos nammepHos 8 epynne 1
oKasaTeL Kaaccsl narrepnos, %
1 2 3 4 5

YCC, yn/mun 60,71 0,00 21,43 10,72 7,14
A4, ,MB 10,71 60,71 10,71 17,87 0,00
A4y, MB 14,29 35,71 17,86 32,14 0,00
A, , MB 0,00 75,00 3,57 17,86 3,57
Ag,mMB 39,29 25,00 7,14 28,57 0,00
A4, ,MB 7,14 53,57 7,14 28,57 3,58
Ay, Me 43,48 21,74 21,74 13,04 0,00
App,Me 10,71 35,71 10,72 32,14 10,72
Agr,Me 0,00 60,71 17,86 3,57 17,86
ds s MB 21,43 46,43 3,57 28,57 0,00
Brsen 67,86 3,57 17,86 7,14 3,57
CKO_B;,en 39,29 0,00 39,29 21,42 0,00
Sprs el 13,04 56,52 13,04 13,04 4,36
Six s el 32,14 42,86 3,57 21,43 0,00
SDNN , Mmc 71,43 10,71 7,14 10,72 0,00
RMSSD , mc 67,86 10,71 7,14 14,29 0,00
PNN50, % 50,00 25,00 17,86 7,14 0,00
CcV ,% 82,14 3,57 0,00 14,29 0,00
Mo , Mc 7,14 53,57 7,14 28,57 3,58
AMo , % 7,14 64,29 17,86 10,71 0,00
MxDMn , me 75,00 10,72 7,14 7,14 0,00
HH, ex 14,29 60,71 17,86 7,14 0,00
HF , % 46,43 28,57 17,86 7,14 0,00
LF ,% 7,14 50,00 21,43 21,43 0,00
LF/HF ,en 14,29 53,57 7,14 25,00 0,00

W3 Tabmur 1 u 2 BUAHO, 9TO [UI OJHUX MTOKA3aTelel Jale Bcero Habmromancs
JIOMUHAHTHBIN Kiacce 1 («Makcumymy), a urst ipyrux — kiacce 2 («MuHuMYMY),
MpUYeM TOMHHAHTHBIE KIIacChl COBIIAAN B YKa3aHHBIX Ipymmax. B To xe Bpems
HAOJIIOIAIOCH Pa3IMYNe YaCTOT MOSBIICHIS TATTEPHOB OHOTO M TOTO K€ Ki1acca B

rpymnmax.
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I[J'If{ NOATBECPKACHHUA HOOCTOBECPHOCTH TaAKUX pasnnqnﬁ OnlIa IpoBECICHA
JOIIOJIHUTCIIbHAA 06pa60TKa JAaHHBIX Ha OCHOBC BBbIYUCIICHUSA OOBCPHUTCIBHBIX
HWHTCPBAJIOB, B KOTOPBIC C 3aJIaHHOH ,I[OBCpHTCJ'ILHOfI BCPOATHOCTHIO IONAJar0T
Ha6J'I}OI[aEMBIe 9aCTOTHI.

Tabuuua 2.
Oyenka pacnpeodeneHuti Kiaccos nammepHos @ pynne 2
oKasaTeL Kaaccsl nmarrepnos, %
1 2 3 4 5

YCC, yn/mun 85,71 0,00 14,29 0,00 0,00
A4, ,MB 7,69 61,54 2,56 25,64 2,57
4,,MB 14,29 59,52 2,38 21,43 2,38
A, , MB 0,00 66,67 9,52 21,43 2,38
Ag,mMB 4,76 35,71 9,52 45,24 4,77
A4, ,MB 9,52 59,52 0,00 26,19 4,77
Ay, Me 40,63 12,50 37,50 6,25 3,12
App,Me 20,51 38,46 20,51 15,38 5,14
Agr,Me 4,76 78,57 2,38 7,15 7,14
ds s MB 2,38 59,52 7,14 30,96 0,00
Brsen 78,57 0,00 16,67 4,76 0,00
CKO_B;,en 54,76 9,52 11,90 21,43 2,39
S prs €l 25,00 50,00 9,37 15,63 0,00
Six s el 21,43 40,48 16,67 21,43 0,00
SDNN , Mmc 54,76 19,05 7,14 19,05 0,00
RMSSD , mc 38,10 30,95 7,14 23,81 0,00
PNN50,% 33,33 30,95 4,76 30,96 0,00
CcV ,% 71,43 0,00 4,76 21,43 2,38
Mo , Mc 2,38 85,71 2,38 9,53 0,00
AMo , % 23,81 40,48 30,95 4,76 0,00
MxDMn , me 45,24 19,05 7,14 28,57 0,00
UH, en 38,10 30,95 26,19 4,76 0,00
HF , % 33,33 35,71 19,06 11,90 0,00
LF ,% 9,52 57,14 14,29 19,05 0,00
LF/HF ,en 19,05 50,00 11,90 19,05 0,00

* (V3
Cornacuo [11, c. 332], wactota p ciydaifHOro coObITHS X , BEIYHCICHHAS

Ha BI)I60pKe 00BLEMOM n, C ,I[OBCpHTCJ'ILHOﬁ BE€POATHOCTBIO p  ONPEACIIACT

TpaHHUlbl AOOBEPUTCIILHOIO HWHTCPBAJia I X =[ Dis pz] Il BEPOATHOCTH 3TOIO

cobertus P, mo gopmymam
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Sl pa=ph 1
P M w Taw
p= > : (16)
1+
n
£ - £
p%BHB pa p)%%
p2= n tzl’l n , (17)
1+
n

TZe {; ONPEIEISCTCs MO CCHUAIbHBIM Tabmumam [11, ¢. 321].

Ucnonp3ys 3TH COOTHOILEHUS, YCTAHOBJIEHO, YTO JIs psAla IoKazaTenei
JIOBEPUTEIbHBIE MHTEPBAJIBI BEPOATHOCTU MOSABJIEHUS OJHOTUIIHBIX MATTEPHOB HE
mepecekaroTcs B rpynmnax (tadi. 3). IToT (GakT CBHIECTENBCTBYET O JOCTOBEPHOM
pa3nuyuy JMHAMUKHA COOTBETCTBYIOLIMX IOKa3aTenel moj AeWCTBUEM Harpys3ku y
TPEHUPOBAHHBIX U HETPEHUPOBAHHBIX JIMLI.

Tabamnua 3.

Hocmogepuvle paziuuus eeposimuocmert HAOIIOOEHUsL RAMMEPHO8 8 2PYNNAX

T el el
YCC, ya/mun «Makcumym» < 0,743 > 0,747 p=09
Ag ,MB «MakeumMym» > 0,236 < 0,158 p=095
S, MB «MakeumMym» > 0,115 < 0,09 p=09
CKO_B; ,en «BospacTanue» > 0,257 < 0,225 p=09
RMSSD , mc «Makcumym» > 0,526 < 0,508 p=09
Mo , mc «MHHEMYM» < 0,705 > 0,722 p =095
MxDMn , mc «MakeumMyM» > 0,598 < 0,578 p=09
WH, en «MUHEMYM» > 0,457 < 0,435 p=09

PaccMoTprM nBa mpuMepa MPakTUYECKOTO HCIOIB30BAHMS IONYyYEHHBIX
pE3yJIbTaTOB NpU KAa4eCTBEHHOW OLEHKE PEaKIMW OpraHW3Ma Ha Harpy3Ky IIpH
TECTUPOBAHWM [BYX HCHBITYeMbIX. [[s ympomeHus HTpOAEMOHCTPUPYEM 3TH
pe3yabTaThl IPU TECTUPOBAHUU 110 N = 4 MOKa3aTEIAM.

[Ipu TecTrpoBaHUM MTEPBOTO UCIHITYEMOro (Tadi. 4) BCe MATTEPHBI COBITAHN C
JOMHHAHTHBIMH KiaccaMd. [lodTOMy MpUHATO pemieHne o0 aJeKBaTHOCTH
peaknuy OpraHu3Ma Ha HarpysKy.

[Ipu TecTpoBaHIH BTOPOTO UCHBITYeMOTO (TalI. 5) MpUHUMAETCS pPEIIeHHE O
HEaJIcKBATHOM PEaKIMM Ha HArpy3Ky, IMOCKOJIBbKY NAaTTEpHBI NIBYX IIOKa3aTelen
(nmokazatens Br u LF/HF ) He COOTBETCTBYIOT JIOMHHAHTHBIM IIaTTEPHAM,

YKa3aHHBIM B Tabnumax 1 u 2.
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Tabauna 4

Kauecmeennas oyenxa peaxyusi na naepysxy.: AJJEKBATHAA

Pe3yabTaTn TeCTyBaHHS

JloMUHAHTHBIH
Iloxa3zarenu ) naTTepH
X; xfz) xi(3) IlaTTepn
Kiacc 1 Kiacc 1
HCC,yn. 79 102 92 N
/MUH / \
Kiacc 1 Kiace 1
s
Z N
B, en. 0,73 0,94 0,7 A N
e N
Kiacc 1 Kiacc 1
SDNN , 39 85 55 /'\ A
e
Kiacc 2 Kiacc 2
LF/HF,
€. 1.8 0,75 115 \/ \/
Taoauuna 5.

Kauecmeennas oyenxa peaxyus na naepysxky: HEAJJEKBATHAA

Hoxasaresn Pe3yabTaThl TECTHPOBAHHS JloMHHAHTHBII
xl.( D xfz) xlf}) Martepn HaTTepH
Kiacc 1 Kiacc 1
7o
PN
7 ~
HCC, 65 97 73 /\\ v S
yA./MUH.
Kuace 3 Kuace 1
= =
L // \\
B, ,en 0,76 0,94 1,2 — . .
Kiacc 1 Kiacc 1
SDNN.en. | 54 97 43 /\ A
Kaace 4 Kaace 2
LEHE en. | 35 24 1,15 \ \\\ ///
N

© J1.C. ®daitm3msoepr, K.b. Opuxosckas, 2015

ISSN 0452-9910. Ku6epHeTuka u BbI4ucI. TexHuka. 2015. Boim. 181




J71s1 KONMMYECTBEHHO! OLIEHKH PeaKIWy OpraHu3Ma TeCTHPYEMBIX Ha Harpy3Ky
MPOBOAMIACE CTAaTUCTHUECKass 00paboTka MaHHBIX, KOTOpas IIOKa3ala, dYTo
cpemHue 3HAYCHHS psia TIOKazaTeleld docmosepHo pa3ndaloTcs B Tpymmax (Taoir.
6,7).

[pu 5TOM, KaK U CIEMOBANIO OXKHUIATH, ¥ CIIOPTCMEHOB IPHPAIICHHS CPSIHUX
3HAYEHUH TIOKa3zaTeleld Iox Harpy3Kod II0 OTHOIICHHWI0O K TIOKOK OBLIN
CYIIECTBEHHO HIDKE, YeM Y JIHII, He 3aHUMAIOIINXCs CIIOPTOM (Tad. 6) .

Hanpumep, npu Harpyske 20 npucenanuit 3a 30 ¢ cpeanue usmenenus YCC y
criopTcMeHoB ObUTH Oojiee 4eM B JIBa pas3a HIDKE YeM y JIUI, HEe 3aHUMAIOIIHXCS
cropToM (COOTBETCTBEHHO 9,5 ya/muH W 20,5 yn/mMuH). AHAJIOTHYHBIM 00pa3oM
u3MeHsIch U apyrue nokasarenu DKI' u BCP.

Y cHnopTcMeHOB HAONIONANCH TAaKKE CYIIECTBEHHO MEHBINNE OTKIOHEHUS
CpeIHUX 3HAYCHWH ITOKa3aTelleil OT MCXOOHBIX MOCie 3-X MUHYTHOTO OTHBIXa

(Tabn 7).

Ta6auua 6.

Paznuyus cpeonux 3nauvenuii noxazameneti ¢ epynnax, (x£Sx), n=68

Mokasareis IMoxoii Harpy3ka
[pynna 1 [pynna 2 'pynna 1 'pynna 2
YCC, yn/mun 67,9+9,9%** 76,8+9,7 77,4£9,8*** 97,314
A4, ,MB 0,25+0,1* 0,202+0,1 0,207+0,07** 0,157+0,07
Apg,Mc 0,146+0,02* 0,134+0,02 0,135+0,02 0,129+0,03
Apr,Mc 0,399+0,03*** 0,369+0,02 0,376£0,04*** 0,339+0,031
S , MB 0,003+0,02* 0,01+0,02 -0,004+0,02 -0,003+0,02
Br,en 0,729+0,1 0,727+0,1 0,806+0,1* 0,886+0,2
CKO_B;,en 0,063+0,63 0,077+0,05 0,091+0,05* 0,109+0,06
S pg » €A 0,248+0,2 0,193+0,1 0,197+0,2 0,164+0,1
Sz » €A 3,82+2,7* 2,46+1,2 3,76+£2,97* 2,35+1,5
SDNN , mc 97,1439,8%* 69+22,4 141£55%** 82,6+45,6
RMSSD , mc 81,4+53,2* 56,1£21,7 101,1£53** 64,2+53,9
PNN50, % 40,1+18,3* 30,8+15,3 42,5+17,9%* 25,98+19,5
CV ., % 10,8+4,4* 8,7+2,5 17,6+5,3%** 12,8+5,3
Mo , Mmc 909+£163*** 787,5+112 TTTE174%** 606+136,7
AMo , % 25,34+6,2%** 31,8+8,5 20,5+7,6%** 31,8t11,6
MxDMn , Mmc 445+179%* 320+101 573£187*** 369,9+217
WH, ex 41,4+30,1*** 77£49,8 34,5+46,6** 118+132,2
IIpumeuanne: nocTOBEpHOCTH pasnuuuii nmo kpurepuio CrplomeHTa: * — p < 0,05; =**

p<0,01;** p<0,001

18
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Ta6aunua 7.

Paznuyus cpeonux 3nauvenuii noxazameneti ¢ epynnax, (x£Sx), n=68

Mokasareis Iloxoit Boccranosiienne

pynna 1 'pynna 2 'pynna 1 ['pynna 2
YCC, yn/mun 67,9+9,9%** 76,8+9,7 69+9,9%** 82,5£11,7
A4, ,MB 0,25+0,1* 0,202+0,1 0,229+0,1* 0,181+0,1
Apy,Mc 0,146+0,02* 0,134+0,02 0,143+0,02* 0,132+0,03
Apr,Mc 0,399+0,03*** 0,369+0,02 0,408+£0,04*** 0,369+0,03
S, MB 0,003+0,02* 0,01+0,02 -0,003+0,02 0,01+0,02
Br,en 0,729+0,1 0,727+0,1 0,741+0,1 0,758+0,1
S pg » €A 0,248+0,2 0,193+0,1 0,246+0,1* 0,164+0,1
Sz » €A 3,82+2,7* 2,46+1,2 3,8+2,99* 2,32+1,41
SDNN , Mc 97,1+£39,8** 69+22.4 82,1+£29,5* 64,3+£36,8
RMSSD , mc 81,4+53,2* 56,1£21,7 69,8+39,3 53,5+41,7
PNN50, % 40,1+18,3* 30,8£15,3 39+20,4** 25,3+19,3

CcV ,% 10,8+4,4%* 8,7+2,5 9,5+3,6 8,5+4,1
Mo , Mc 909+£163*** 787,5+112 87T£146*** 724+115,2
AMo , % 25,346,2%** 31,8+8,5 27,6+7,2%** 37,6134
MxDMn , Mmc 445+179%* 320+101 381,8+149,3* 291,7+169
WH, ex 41,4+30,1*** 77£49,8 56,1454, 8*** 141+129,7

IIpumeuyanne: 10CTOBEPHOCTH pasznuuuii mo kputepmio CrhrofeHTa: * — p < 0,05; ** —

p<0,01; % p<0,00l

Ha ocHoBe maHHBIX TaOmui 6 U 7 u3 N =32 HCXOOHBIX ITOKa3aTeleil OBLIO
orobpano 6 mokazareneit (UCC, B, , CKO_Br,SDNN, RMSSD u PNN50), s

KOTOpPBIX HAONIOJANNCh Hawmboiee CYMIECTBEHHBIC M JOCTOBEPHBIC OTIMYHA B
Ipynmax Kak Ha MaKCUMyME€ Harpy3ku, Tak U B IEpPUOA PECTUTYLUUH. IDTH
MOKa3aTeNld  WCIONB30BaHBl UL BBEIYUCICHHS  OOOONICHHOIO0  WHAEKCA
BOCCTaHOBJIEHHUS 1 10 opmyie (10).

PesynpraTel cTatMcTHYecKod OOpaOOTKM MAHHBIX ITOKA3alll, YTO HHIEKC
BoccranoBneHus (10) mpuamman 3uHadenus 1 =0,2591+0,107 B rpynne 1 mu
n=0,306+0,084 B Trpynme 2 (puc. 4). rpymre

HETPCHUPOBAHHBIX JIUL CPCAHNEC 3HAYCHUSA IOAHHOI'O O606H.ICHHOFO HHICKCa 1

CJ'IE,E[OB aTCJIbHO, B

OKa3anuch BeIme moytd Ha 20 % IO CPaBHCHUIO C TPCHUPOBAHHBIMH JIMIIAMU,
Opu4eM OOCTOBECPHOCTb TAKHX OTIINYHNN NOATBEPIKACHA KPUTCPUCM CTI)IO,I[CHT&
(p<0,05).
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12,57
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_— = 10,07
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0,0 0,2 0,4 0,6 M 70,1 0,2 0,3 0,4 n
I'pynna 1 I'pynna 2

Puc. 4. Onenka yciioBHOTO pacnpeneneHus 0000 eHHOr0
MHJICKCa BOCCTAHOBIICHHS 1] B IPYIIIaxX

C nomoipio mpouesypsl mocTpoeHus sxcnepumentaibHoil ROC-kpusoit [12]
OIIpENeTICHbl «ONTHMAJbHBI» 3HAYEHHUS IMOPOroB B permarormmeM mpasuie (11),
o0ecIieunBaronye KONMYECTBEHHYIO OIEHKY pEeakMH OpraHu3Ma Ha HarpysKy,

KOTOPBIE COCTABHIIN ng) =024 n ngZ) =0,30.

BBIBOBI

[pennoxxeHHBIH METOI YIOBIETBOPSET CHOPMYINPOBAHHBIM TPEOOBAHUSIM K
MOJIEBEIM ~ CPENCTBAM TECTHPOBAHHS PE3CPBHBIX BO3MOXKHOCTEH CepaedHo-
COCYyOWCTOH CHCTEeMBI. JImg mpaKTHYecKOH peamu3almu MeToma CO37aHa
OpUTHHANbHAS WH()OPMALMOHHAS TEXHONOTHS, OO0ECIeunBaromas MpUHATHE
pemieHnii Ha OCHOBE KAYECTBCHHOW W KOJNHYECTBEHHOH OLEHKH PEaKIHH
opraHu3Ma Ha TO3UPOBAHHYIO HATPY3KYy.

[Ipu TecTUpoBaHMM HCIONB3YIOTCS IOKa3aTelad ofHokaHaimbHOH OKI,
KOTOpBIC aBTOMATHYECKU BBIYHMCILIFOTCS C TIOMOIIBI0 OTEUYECTBEHHOTO KOMIUIEKCA
OA3ATPAD”. AmmutynHo-BpeMenHble  nokazatenn OKIT u  mapamerpsl
Bapra0eIbHOCTH CepIedHoro puT™Ma (Bcero N =32 TOKa3aTels) ONPenersoTcs B
TpeX COCTOSHISIX: B IOKOE, Cpa3y IOCIe ITO3MPOBAHHOH Harpy3ku (Qusmdaeckoit
WJIH SMOLIMOHANBHON) U Tocye 3-X MUHYTHOT'O OT/ABIXA.

KagecTBeHHass OIGHKAa peakIMM Ha HArpy3Ky IIPOBOOUTCS Ha OCHOBE
pacro3HaBaHUS  KJIACCOB  HATTEPHOB, (OPMHUPYEMBIX  KaKIAOH  TPOHKOH
W3MEpPeHHBIX TIOKa3aTeleld, M COIMOCTABICHHUS OOHAPYKEHHBIX MATTEPHOB C
JOMHHAHTHBIMH MMATTEPHAMH KIaCCOB Ka)KAOTO M3 Moka3zareneil. KonnmuecTBeHHas
OLlICHKa pEaKIMH MPOBOTUTCS HA OCHOBE CPAaBHEHUS OOOOMIEHHOTO HWHAEKCA
BOCCTAHOBIICHHS C IIOPOTOBBIMU 3HAYCHUSIMH.

AHamu3 pe3yNnbTaToOB CTATUCTUYECKOW OOpaOOTKM IaHHBIX IOKa3aj, YTO
BEPOSITHOCTh  TOSIBIICHHS KIIACCOB IATTEPHOB W 3HAUCHHS O0OOIIEHHOTO
MOKa3aTeNss OCTOBEPHO pa3IW4yaroTcs B  TPYNIaX TPCHHPOBAHHBIX U
HETPEHUPOBAHHBIX JIHII.
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INFORMATION TECHNOLOGY OF THE ORGANISM
ADAPTATION RESERVES ASSESSMENT IN FIELD
CONDITIONS

L.S. Fainzilberg, K.B. Orikhovska

International Research and Training Center for Information Technologies and
Systems of National Academy of Sciences of Ukraine and Ministry of Education and
Science of Ukraine

Introduction. Building an effective IT that provides an assessment of the
reserve capacity of the organism to physical and emotional overload has both
cognitive and practical importance. The relevance of such IT is increasing in our
time since it is necessary to provide reliable results in field conditions. This
requires prompt, convenient and reliable tools for obtaining test results, which is to
be clear not only the decision maker, but also to the examinee that has no medical
education.

The purpose of the article is to propose a new information technology for
assessing the adequacy the body's reaction and recovery processes of the
cardiovascular system of a human on a set of single-channel ECG parameters.

Methods. The proposed IT includes a set of interacting modules, in particular
input module and ECG processing module, which realized on FAZAGRAF®
complex. This complex provides recording of the ECG first standard lead and
automatic detection of 32 ECG parameters and variability of the cardiac cycle in
three states: at rest, immediately after dosage load and after 3 minutes of rest. A
distinctive feature of the technology is that decisions on adequate or inadequate
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response of the organism to physical or emotional overload are realized by two
methods — qualitative assessment and quantitative assessment.

Results. It is shown that a qualitative assessment of the reaction to the
overload can be carried out on the basis of recognition of patterns’ classes
generated by each triplet of measured parameters, and comparing the detected
pattern with the dominant classes of each of the parameters. Quantitative
assessment can be carried out based on the comparison of the generalized
parameter with thresholds.

The algorithm for determining the dominant classes of parameters is proposed.
Statistical analysis showed that the probability of appearance of patterns’ classes
and generalized parameter values significantly different in the groups of trained
and untrained persons. Examples of decision-making of the adequate and
inadequate reaction of the organism on the overload are given.

Conclusions. The proposed IT satisfies the formulated requirements to field
tools for testing the reserve capacity of the cardiovascular system during physical
and emotional overloads.

Keywords: information technology, cardiovascular system, assessment of
reserve capacity of the organism.
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VK 004.9:355

CUTYATHUBHBIA CUHTE3 ABTOMATHU3UPOBAHHOU
CUCTEMBI CBOPA 1 OBPABOTKH HH®OPMAIINHN

IO.I'. Januk, A.A. ITucapuyk, C.B. Tumuyk
Kumomupckuit eoennvtit uncmumym umenu C. I1. Koponesa

[Ipennoxen CUTYaTUBHBIN MOJIXO/ K CUHTE3Y
aBTOMATH3MPOBAHHOW CHUCTEMBI cOopa u 00paborku nHpopmanuu. [lokazaHb
HEJIOCTAaTKH KIACCHYECKHX METONOB CHHTE3a CIOXKHBIX HH()OPMAIMOHHBIX
CHCTEM U Tpolecca 00paboTku WHPOPMAIK B TaKUX cHCTeMax. B kadecte
crocoba ycTpaHeHUs] OOHApPY)KEHHBIX HEIOCTATKOB MPEIJIOKEHO IPHMEHEHHE
CHHEPreTHYECKHMX METOJOB, B UYACTHOCTH HJAEOJIOTHMH CHUTYAI[HOHHOTO
YIpaBiIeHUs, (PPaKTATBHOIO OMUCAHUS CIOXKHBIX MH()OPMAIOHHBIX CHCTEM U
METOZIOB CaMOOpraHu3alMud Ha dTame obpabotku mH(opmammu. Ha ocHoBe
BBIOPaHHBIX MMOAXOAOB Cc(opMupoBaHBl (pakTanbHAs WHPOPMAIOHHAS
MOJIeNIb aBTOMATHU3UPOBAHHON CHUCTEMBI cOopa u 00pabOTKH WHPOpPMALUH, a
TaKKe TMPHUHLUIBI T[OCTPOSHUS METOAOB 00paboTku HHGOpPMAIMK OT
Pa3HOPOAHBIX HHPOPMAIMOHHBIX HCTOYHUKOB.

Kniouegwie cnosa: vahopMaIoHHAs! CUCTEMA, CUTYAI[MOHHOE
yhpaBiieHHe, GppaxTai.

3amporoHOBAaHO  CHUTYaTHBHMH  MiAXiH [0  CHHTE3y
aBTOMAaTH30BaHOI cucteMu 300py Ta oOpoGmenns indopmarii. IlokazaHo
HEONIKMA KIACHYHHUX METOMIB CHHTE3y CKIamHuX iH(opmariitHux cucrem Ta
nporecy 0o0pobnennst indopMailii B Takux cucTeMax. Y SKOCTi Crmoco0y
YCYHEHHS BUSIBJICHUX HE/IONIKIB 3aIIPOIIOHOBAHO 3aCTOCYBAHHS CUHEPIeTHYHHUX
METO/IiB, 30KpeMa iAeoNoril CUTYaIlliiftHOro KepyBaHHs, (PaKTaIbHOTO OMUCY
ckmaaHuxX iHQopMariiiHux cucreM 1 MeToAiB camoopradizamii Ha erami
o0pobnennss iHpopmanii. Ha ocHoBi BuOpanux miaxomiB chopMOBaHO
¢bpakranpHy iHpOpMalLiiiHy MOZENb aBTOMATHU30BAHOI CHUCTeMH 300py i
00pobienns iHpopMallii, a TAKOXX TPUHIMITE MOOYI0BH METOIIB 0OPOOICHHS
inpopMmarii Bi pi3HOPiIHUX iHPOPMAIIHHIX HKEpPEL.

Kniouosi cnosa: indopmariiiHa cucrema, CUTyalliiHe
yrpasiiHHs, Gpakra.

BBEJEHUE

CoBpeMeHHOE  yIIpaBICHHE CIOKHBIMH CHCTEMaMH  XapaKTePHU3YIOTCS
BCECTOPOHHEW uWH(]oOpMaTH3aleli 3TOro MpOIecca, BBICOKOH AMHAMHKON
W3MEHEHUS] OOCTaHOBKM W IUIOTHOCTH MOTOKa KOH(MIHMKTHBIX cuTyarmid (KC)
pasmuaHOro xapakrtepa. OCHOBHBIM H3 (DaKTOPOB A(PPEKTUBHOIO TOCTHIKCHUS
1enell yrpaBieHHs CTAHOBUTCSI BCEOXBATHIBAOIIAS HH(POPMAIMOHHAS TTOUIEPIKKA,
obecrieurBaeMasi OOBEAMHEHHEM B CIMHYI0 HHTETPHPOBAHHYIO CpEly BCeX
YYaCTHHKOB 3TOr0 MPOIIECCA: CEHCOPHOH COCTaBIISIOIIEH; CHCTEMbl 00pabOTKU
HH(OPMAIHHU C OIIEPATHBHBIM MTEPCOHATIOM, (POPMUPYIOLINE ABTOMATH3UPOBAHHYIO
cucremy coopa u o6paborku naHpopmarmu (CCON); morpedureneir nHPpOpMATHN
[1]. IlpuMepaMu TAKUX CHCTEM YIPABIICHUS ABJISIOTCSA CHCTEMBI HHPPACTPYKTYPBI
KOCMHYECKON, aBUALMOHHON, YHEPreTHYECKON OTpaciieil, BOCHHOr0 Ha3HAYEHHUS,
00IIEroCyIapCTBEHHOIO  YIPABICHUSI M T.J[d., TJ€ PEATU3yITCA MPOLECCHI
MOHHUTOPUHTA 3aJaHHBIX 00beKTOB [2]. Pe3ynmbTaThl MpHUMEHEHHsI COBPEMEHHBIX
CCOU noka3plBalOT HAIMYUE TMPOOIEeM B MPUHIOUINAX WX IOCTPOCHHUS U
MaTEMaTHYECKUX OCHOBaX ()YHKIIMOHHPOBAHUS [TPU PEIICHHUH 3314 CTPYKTYPHOTrO
CHHTe3a M 00pa0OTKM IAaHHBIX. DJTO JeNaeT aKTyaJbHOW 3amady pa3padOoTKH
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3¢ (dEeKTUBHBIX MaTeMaTHYeCKUX OCHOB (yHKnuoHupoBanus CCOU B ycloBHAX
3HAYUTEILHON W30BITOYHOCTH JAHHBIX, JWHAMHKH TeKylled OOCTaHOBKH H
mioTHoctH moroka KC.

AHAJINA3 CYHIECTBYIOIHAX MOJX010B

U3BecTHBIE TOOXONBI K CHHTE3Y CIOXKHBIX CHCTEM O0a3upyrOTCs OOJbIIei
9acThi0 Ha (POPMHUPOBAHWU CTATHUCCKOW CTPYKTYpHI, HEU3MEHHOW B IIpoIecce
¢yuakauonnpoBanus cucremsl [3]. [Ipu sToM 3amaum u HyHKIWH, KaK IIPABHIIO,
PaBHOMEPHO PACHpPEACISIOTCS MEKIY BCEMH COCTABHBIMH  CHCTEMBI C
HU30MPATENEHOCTBIO AIIEMEHTOB JIUIIb IO HEPAPXUH CTPYKTYPH B TOPH30HTAIBHO-
BEPTHKANBHBIX CB3AX. Ha yBenmdeHwe kommdecTBa W IUIOTHOCTH moToka KC
CHCTEMa pearupyeT YBEIHMYCHHEM DJIEMEHTOB II0 COOTBETCTBYIOIIUM YPOBHSIM.
UzBectHpie momxomel Kk oOpaborke wmHpopmammun B CCOU  GasmpyroTcs Ha
CTaTUCTUYECKUX METOAaX, UYTO He O00ecleunBaeT pPealbHOCTH BpPEMEHHOTO
MacmTaba WX  HWCIONB30BaHUS IS CMEMIAHHBIX IO TUIMY  JaHHBIX
SKCIIEPUMEHTATBHBIX BHIOOPOK 3HAYUTENHHBIX O0BEMOB H3MEPEHHH (IO THICSUH)
[4]. BO3MOXHBEIM TIIyTeM yCTpaHEHHsI YKa3aHHBIX HEIOCTAaTKOB SIBIIACTCS
MPUMEHEHHNE CHHEPreTHYECKUX METOJIOB, B YACTHOCTH HICOIOTUU CUTYallHOHHOTO
yrpaBieHus, (HPaKTANTGHOIO OMUCAHHSA CIOXKHBIX HH()OPMAIMOHHBIX CHCTEM U
METOIIOB CAaMOOPTaHW3alUH Ha dTare 00paboTku uHpopManui |5, 6].

Heas cratem — pa3paboOTKa MaTEMAaTHYECKUX OCHOB CHTYaTHBHOTO CHHTE3a
ctpyktypel CCOU m 3 PEKTHBHBIX METONOB 00pabOTKH JaHHBIX B YCIOBHSIX
3HAYHUTENFHON MX W30BITOYHOCTH, IWHAMHUKH TEKyIIeH OOCTAHOBKH M ILIOTHOCTH
noroka KC.

HN3JI0XKEHUE OCHOBHOI'O MATEPHUAJIA

Cospemennyto CCOUM cmemyer paccMaTpuBaTh Kak OOJNBIIYIO CHCTEMY,
COCTOSIIYIO U3:

- CEHCOpHOM uyacTtu (TexHHueckux cpeactB MoHuTopunra (TCM)
uHpOpMAIMOHHEIX ~ ucTouHNKOB (MH)M), pacmomoxkeHHBIX Ha OOBEKTax
Monuroputra (OM)),

- cucteMbl 00paboTkH HWH(OPMALIWU C ABTOMATH3WPOBAHHBIMH PabOUYNMU
Mectamu (APM) u crieruaabHBIM IIPOT pPaMMHO-IITOPUTMAYECKAM O0ecIIedeHUEeM,

- moTpebuTeneit nHpopMaIuy,

- TeJIeKOMMYHHKaNMOHHON cocTaBisttomeil. [locrpoerne CCOU Gasmpyercs
HAa CIEeAYIOMmMUX (paKkTopax:

— WACOJOTHU OTKPHITHIX PaCIpeAeNeHHBIX WH()OPMAIHOHHO-YIIPABISIONIIX
CHCTEM, CTPYKTYPHO-HHBapHAHTHBIX K YPOBHSIM YIPaBICHUS;

— TEXHONIOTHSIX 3allUIICHHBIX KOMIBIOTEPHBIX CceTell C MOOHIBHBIM
CTaHJAPTU3UPOBAHHBIM MOIYJIHHEIM 000PYIOBAHHEM;

— peanmu3anuu  @yukyutl cOOpa, HAKOIUICHUSA, OOpabOTKW WH(OPMAINH,
BEIPaOOTKY PEICHUN 1 YIIPABICHHUS STUMH IIPOIIECCAMH.
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Cunte3 CCOM coctouT B ONpEACICHUH €€ CBOMCTB, JJIEMEHTOB |
OTHOIICHUI.

Cesoticmea CCOM nmomkHBl 0O0OESCIIEUNTh peANH3aliio; paHee YKa3aHHBIX
UICOJOTHH, TEXHOJOTUU W (PYHKIMOHAJIHHBIX BO3MOJKHOCTEH; THHAMHUYECKHX
XapaKTEPUCTUK C CUTYaTUBHOU CTPYKTYpPHO-IIapaMETPHUUECKONW alalTUBHOCTHIO K
CIIOXKUBLIEHCS 00CTaHOBKE; BBICOKUX nokaszaTenei OIEepPaTUBHOCTH,
JOCTOBEPHOCTH ¥ ITOJTHOTHI KOHEYHOH WH(OPMAITHH.

Onpeoenenue cocmasa CCOHU, mapamMeTpoB €€ SJIEMEHTOB M OTHOIICHHMA
MEXIy HHAMH OTpakaeT CyTh 3aladd CTPYKTypHOro cuHre3a. OOecreucHme
COXpaHEHUs C(HOPMUPOBAHHBIX CBOHCTB CHCTEMBI B YCIOBHSX 3HAYUTEIHEHOU
H30BITOYHOCTH JAHHBIX, TMHAMUKH TEKYIIeH 00CTAaHOBKH M IIOTHOCTH 1moToka KC
CTaTUYECKOH CTPYKTypoil MamodpdexTuBHO. B TO ke BpeMs, IpHMEHEHHE
METOZIOB CHHEPreTHKH TMO3BOJSET CO3/1aBaTh MOJENH CIIOXKHBIX CHCTEM C
peanm3anpei MEXaHW3MOB CamMOO0Opa30BaHUS, pPa3BUTHA M aJalTalldd IIyTeM
HCIOJIb30BAHUS CUTYaTHBHBIX MOJIXO/I0B, (dpakranos, aJIrOPUTMOB
caMOOpraHm3auud 4 T. 4. [7], mO3TOMY, peamu3aluio Mpolecca CTPYKTypHOIo
CHUHTE3a Mpeagaraercsi MIPpoBECTH B COOTBETCTBUU C MPUHLUUIAMU CUTYAI[HOHHOTO
ynpasienus [5]. Cytb atoro npouecca ajis CCOU cocTOUT B ONMMCaHUU CHCTEMBI
COBOKYITHOCTBIO 0a30BBIX MMPUMHUTHBOB (MHUINATOPOB (PPaKTaIbHBIX MHOXKECTB) U
WX pacIIMpeHUN Ha 3aJaHHBI ypOBEHBb mepapxuu. B pesymprate dopmupyercs
nHpopMmarionHas Moxaenb (MM) cHcTeMBl € OTKPBITOH apXUTEKTypoOH W
3aBEpILIEHHOCThIO JUIA 3a/JIaHHOIO  YPOBHS HMEpapXud, C BO3MOXKHOCTBIO
JOTIOJTHEHHS TIPY TOSBICHUU HOBBIX 3a1ad WU TpeOoBaHWiA. J{JIs1 M3BECTHOTO Ha
3aJJaHHOM YpOBHE HepapXuM COCTaBa 3JEMEHTOB CHCTEMBbl pealn3yeTcs
CUTyaTUBHBIA cuHTE3 CTpyKTypbl CCOU Kak Hauimydiinii BapHaHT MOJCHCTEMBI
pearupoBanus Ha kKoHKpeTHyIo KC. B pesymbrate GpopMupyroTcs M TUKIHYECKA
(YHKIMOHUPYIOT TOACHUCTEMBI, KOTOphle B mpememax MM B mapamiensHO-
MOCIICOBATEIEHOM pexuMe oTpadareiBatoT MHOXKecTBO KC ¢ mexommosurmeit
HH(POPMAIOHHBIX TIOTOKOB. TeM caMBIM peann3yeTcs CUTYaIllHOHHOE YIIPaBIICHHE
crpykrypoii CCOU B ycnoBusIX M30BITOYHOCTH JAHHBIX, TUHAMHUKH H3MEHEHUS
TeKymield 00CTaHOBKH H IUTOTHOCTH ToToKa KC.

B cooTBeTCTBHHM C W3IIOXKEHHBIM, MEMOOUKA CUMYAMUBHO20 CUHMe3d
cmpykmypul agmomamusuposanroi CCOHM nomxKHa BKIIOYATh:

- popmupoBanne UM CCOU; BeisBnenne u uaeHTUGpukamnmto Tekymein KC;

- CUTyalMOHHBIN cTpyKTypHBIH cuHTe3 CCOU mns Bosnukueit KC;

- omeHuBaHHE YPPEKTUBHOCTH PE3yabTATOB CHHTE3a U, IPH HEOOXOIMMOCTH,
KOPPEKTUPOBaHUE MPEAbIAYIIHNX 3TAIOB;

- IOBTOPEHUE BCEX 3TAIOB METOAUKH 11 cienyromeit KC.

Ungopmayuonnas mooens CCOHM nomkHA YIOBIETBOPSTH CIETYIOLTHAM
TpeOOBaHMUSM: MHBApHUAHTHOCTH OTOOpaskeHHWs m3MeHeHHd crpyktypel CCOU x
VPOBHIO HEpapXWd; OTPaKEHHE TIPOIECCOB pa3BUTHA M MONU(PHUKAIUN B
3aBHCHUMOCTH OT HWH()OPMANMOHHOW W30BITOYHOCTH PE3yNIbTATOB MOHHTOPHHTA,
miotHocTH moroka KC M IMHAMMKM TeKyLed CHUTyalluu; HpPOTHO3UPYEMOCTb
CBOWCTB MOIENH B OIpefeNneHnn TpeboBaHmid K coctaBy anmemeHToB CCOU
COOTBETCTBYIOIIETO YPOBHS HEPAPXUH U MOTpeOuTeNnei nHdopManny.
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[TepBonprunHoi (hopmupoBanus UM M CUTYaIMOHHOT'O KOH()HUTYPHPOBAHHS
CCOU sBustercst i-a (i=1,..,1) KC — KS§;, xapakrepusyemas MHOXXECTBOM
(popmymnstipom), cocrosuMm n3 Tpodku: P, — mpusHak KC, mpencrasmsrommit
YHUKQJIBHYIO OyKBEHHO-ITM(POBYIO KOMOMHAIMIO; 1}, — MHOXECTBO YaCTHBIX
3amaq cucteMsl 1mo ycrpaHeHmio KC; [, — MHOXecTBO HH()OPMAaIMOHHBIX

MOTPEeOHOCTEH CHCTEMBI:

KS; ={Pksi,rk’§§,1,{§$f}, i=1,.,1 ,j=1,..,J, f=1,.,F. ()

Yacraeie 3agaun no ycrpanennio KC u uH(bopManmoHHbIe TOTPEOHOCTH IS
i -it KC npencraBistoTcss IOAMHOXKECTBAMHU:

Tks; {TkSll’TkSIZ’TkS i35 Tks ilr"’Tks iL; }’ Z=1""’ Li’ (2)

KS
lisy = {Iks it ks 125 Lks i30T ks ik L ks i } k=1,..,K

Omnucanne cucTeMbl 00paOOTKH WH()OPMAIMH Pean3yeTcst sl KaXKIOro ee
APM B Buze Ghopmysispa:

ES, = {15 155,12 ). 3)

OyaknmonanpHOe 0003HaUeHHE [, kESS (1 kESS #) XapaKTepH3yeT B3aHMOCBS3b

HH(POPMAIOHHBIX nmotpedHOCTEH j-To APM, obecIieunBaeMbIX

HHPOPMAIOHHBEIMA BO3MOXHOCTSIMU f -0 KOoHKpeTHOro TCM. Omnucanne TCM

xapakrepusyercs ¢GopMmymsipoMm u3 [, ,st — MHOXECTBa WH(POPMAIIMOHHBIX

BozMokHocTell TCM u TX — MHOXecTBa TEXHMUYECKHX Xapakrepuctuk (TX)
TCM, xoTopbie 00eCTIeunBaOT €0 BO3MOKHOCTH:

IDf={ ksf,TXf} 4)

@®opmupoBanne MM CCOU mpemmaraercss peanm3oBaTh Ha  0ase
(dpakTalbHBIX CTPYKTYp, 4YTO OOYCIOBIEHO HX CBOHCTBAMH: CaMOIIOJO0OuS,
IpoOHOH pa3MEepHOCTH, MAacIITa0HOW WHBAPHAHTHOCTH, HEPAPXHUYHOCTH — U
obecrieunBaeT BHITIONHEHHE C(OPMUPOBAHHBIX K Hell TpeOosanuit [7]. Onmcanue
CCOU peamusyercss WHPOPMAITMOHHEIM (QpakTaloM B TakoM cocraBe: MuDU,
cucrema oopadorku mHpopManun B coctae APM u TCM, a takke morpeduTenn
uHpopMmarn. HermocpeacTBeHHO pakTa OMUCHBAETCS TpadoM, a TMHAMIYECKHE
CBOHCTBa OTOOpaxkaroTcss TpadomTMHAMHYSCKAMH — CTpyKTypamu. OmnmcaHue
mporeccoB: (GopmupoBaHus (pakTambHOro rpada, ero pasBuTHs, MOAU(DUKAIINN;
WHPOPMAIIMOHHEIX ~ OTHOIICHHH  COCTABIIOMIMNX —  OCYIIECTBISIETCS  C
WCIONF30BAHMEM  OIepanuii:  KomupoBaHus  Tpada; BBenmeHus  pebpa,
CBSI3BIBAIONICTO BEPINUHBI; pa30OWBKA pedpa ¢ BBEACHUEM JOMOIHHUTEIEHON
BEpIINHEI U T. 1. [8].
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@paxranpHbd Tpad ABISETCS 00OOMICHHBIM OOBEKTOM, Pean3alis JTAaloB
WHIYKTUBHOTO WIH JelyKTUBHOTO MOCTPOEHUS KOTOPOTo Jaer
MOCJIeIOBATEIbHOCTh ~ MEPApXUUYECKUX  CTPYKTYp B  BHJAE  HHHUIMATOpA,
npeadpakTanbHOro u ¢pakransHoro rpados. UHaykTHBHOE OmpeneneHue rpados
BKITIOYaeT BEIOOp wuWHHIHMaTopa H =(W, Q) U TIOCTPOEHHE Ha €ro OCHOBE

B B

W| BEpPIIMH U |E Q| pedep. Tak,

npeadpaxraipHOTO Tpada G=(V,E) c |V
€cIM B KadyecTBe wuWHUOMAatopa FH =(W, Q) BEIOpaTh COBOKYMHOCTE TCM,

cooTBeTcTBYIOIMX MHDM, 3aMKHYTBIX Ha CTPYKTypHyIO emuHuiy — APM
CHUCTeMBbI 00paboTKM HH(MOpMAIUK, TO OyAeM HMETh WHHIUATOD B BHUJIC
CTPYKTYPEHI, IPECTaBICHHOM Ha pHC. 1.

Wi

q1 42,93 | 94\ 4945

i w12 w13 Wig Wis
Puc. 1. Mautmarop rpadoroii mogean CCOU

Ha 6a3e wuummaropa H =(W, Q) (dbopmupyercs npeadpakTaibHBIA Tpad,

HaTpuMep TPEXYPOBHEBOW CTPYKTYpH, IyTeM MpPUMCHEHHS K WHHUIHATOPY
orepartiuii Haj rpadamu (puc. 2).

/

>4

\

SN

VS

Puc. 2. Ipeadpaxransuerii rpap CCOU

@pakranpaoe ommcanue Bcex snemeHToB CCOM Ha 0Gaze mpendpaxrana
(puc.2)  Tpebyer  MOCTPOCHHWS  MHOTOCIOWHOIO  rpada B TaKoH
MOCJIeI0BATEILHOCTH: ONpeIeTIeHHEe YPOBHEH CHCTEMBI; ONHCAHUE €€ JIEMEHTOB
OMHOMEPHBEIMH ~ TIpenpakTalbHBIMH TpadaMu; BBIOCICHHE MEKIIEMEHTHBIX
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CBS3€H M WX ONHCaHWE METOAaMH MeXTpad)OBBHIX OTHOMICHHH. MHOrocnoiHas
¢pakrampHO-TpadhoBast  crpykrypa CCOU ¢ yueroM  chopMHPOBAHHOTO

npendpakrana (puc. 2) Oymer comepxkath 3 cios (moarpada): G' — noarpad
NupU, G? — moarpa¢ CCOMU, cocrosmert w3 mHOkectB TCM m APM

00paboTkH  MH(MOpPMAITHH, G — moarpad moTpebuTenel HMH(POPMAIUH.
B pesymerare momydeHa MHorocioiHas (pakraneHo-TpadoBast UM CCOU,

npencraBiiecHHas Ha puc. 3. s rpada G' BEpLIMHAMU v,lc sBistoTess U,
o0beMHEHHBIE pedpaMu r,i U 00pa3ylolline JAPEBOBUIHYIO HEPAPXUUIECKYIO

ctpykrypy OM. B rpade G? BepmmmHEl — TCM, o0ObBeOUHEHBI IO
MpHHAUIOKHOCTH K APM cucrembl o0paboTku wmH(DoOpMaiuu, a pedpa rpada

oTpakaloT HH(OPMAIMOHHBIC TIOTOKA MEXKAy HHMH. Bepmuubl Tpada G’
XapaKTepU3yIOT MOTpeOuTeNiell HWHPOPMAlMd W COSAMHSIOTCS pedpamMu —
HEPapXUYEeCKAMH CBS3IMH MEXIy HUMH. PeOpa, COCOUHSIONIME BEPIIAHBI
pas3MYHBIX TOATrpadoB, 0OTOOPaXKAIOT BHYTPEHHUE M BHEUIHHE WH()OpPMAI[HOHHBIC
cs3u CCOMN.

1 1
Vi o1 Vs

GZ
3 & 3
) V2 v% V4 vg\ 3
i v
L4 vg o
3 3
G? vy Vi ¢ vio

Puc. 3. MHorocoiHas ¢ppakransao-rpadosas UM CCOU

[Ipumenenne  ¢pakrampHO-TpadOBBIX  Omepanuii  mas  OoTOOpaskeHUs
MHOTOCTIOWHBIX B3aMMOCBS3€H W COOTBETCTBYIOIIMX MOJENEH, OMUCHIBAIOIIINX
MIPOUCXOMIAIINE B HUX TIPOIECCH, obecrednBaeT HOPMHUPOBAHIE MaTEMATHICCKOM
¢pakrampHoit TpadommHammueckoik MM CCOUM ¢ BBIOBUHYTBIMH K Heit
CBOMCTBaMHU. JTHUM oO0eCIeunBaeTcsl omucanue m30bITouHONH CTpyKTypel CCOU
IUIL 3aJaHHOTO YPOBHS HWEpapXWH, Ha KOTOPOH peamn3yercssi CHTYaTHBHBIN
IMHAMHYECKHN CHHTE3, a (PaKTHYECKH — IPOLECC CHUTYaTHBHOTO YIIPaBIICHUS
CTPYKTYpOH U IMapaMeTpaMH CHCTEMbI cOOpa W 00pabOTKH HH(POPMALIHH.

Oran  udenmugpurxayuu mexywerr KC peamusyercs B xome 00pabOTKu
uHpopMan ®W A drtama  cuHTe3a  cTpykTypel CCOM  momaraercs
peaTr30BaHHBIM.
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Cumyamusnuiii cmpykmyproii cunmes CCOH s 3anannoit KC peanuzyercs
C KOHKPETH3aIel KOINIeCTBEHHON 1 KAYECTBEHHON CTPYKTYPBI CHCTEMEI.

KommuecTBeHHBIN COCTaB CHCTEMBI OHpENENsSeTCS MHOTOKPUTEPHATBHOM
ONTUMH3AMUOHHON MOJETbI0, TIONYUYCHHOW WyTeM TIPUBEICHHUS BEKTOpa
MPOTUBOPEUMBHIX KPUTEPHEB ONTUMAIBHOCTH K eOUHOMY (YHKIHOHAIY IIO
HENMHEWHON cXeMe KOMIIPOMHUCCOB:

F(N 4z1) = (1= trso(N ggar )™+ (1= Do (N grag )~ + .

+ (1= IDgso (N 4y )~ — min

r7Ie 3aBHCHMBIMH 0T KommdectBa APM  Nyp)s, HOPMHPOBaHHBIMH K
MHUHUMH3HPOBAHHON ()OpME YaCTHBIMH KPUTEPUAMH ABIAIOTCA: 100 (N 4p1s) —
BpeMs, 3aTpaunBaemoe Ha ycrpaHeHue KC; Dj.o(N 4rps) — ZHOCTOBEPHOCTH

pemennit, Gopmupyembix mig yerpanenns KC; Dy o(N 4pps) — XapaKTepHCTHKA

HHPOPMAIIMOHHON H30BITOYHOCTH CHHTE3upyeMoil cuctembl. KommdaectBo APM
ompenensieT  Takke KOMUYEeCTBO  ocTalbHbIX anemMeHToB CCOU  yepes
MEXKYPOBHEBBIE CBA3U TpadorHaMHUIECKON (pakTanbHoi MM (cM. puc. 3).
KadecTBeHHBII COCTaB CHCTEMBI OINpPENENIeTCsS peann3anueld TpeOoBaHUi
HAWITydImero oroOpakeHus B ee crTpykrype BosHukmed KC. Ilpm stom
ONTUMANBHOW  OyHeT CTPYKTypa, KoTopas oOeCIeUnBaeT:  BBIIONHEHHE
MaKCHMaJbpHOro KonmuectBa (yHkumii APM wu3 3amanHbix dopmymsipom KC

Ts j > max ; HanGoubIlee KONMYECTBO HCIONb3yeMbIX it yerpanenust KC TCM

Ig ; »max ¢ Hamnysmmmu TX  7TXg ;- max, 4910  peanusyercs

OINTHUMU3ALMOHHON MOACIBIO:

‘1”] = GT/O(I_TS ]‘0)71 + GI]O(I_IS ]‘0)71 +GTX/0(1—TXS ]‘0)71 —min. (6)

B xauectBe BecoBbIX Kod(pdummentoB GT > Gl;, GIX; wuCIOmB3yIOT

napameTpsl, OTpaxkaromue 3HaunMocts APM 1o mokasatemsim: T ;, Ig ;, TXg ;.

Oyenusanue s¢pexmusHocmu  pe3yabmamos CUmMyamueHo20 CUHmMesd
cmpykmypsl  CCOM npou3BOAMTCA IyTeM pacdeTa Mepbl COOTBETCTBUS
TpeboBanmii  opmymsipa KC (1) pearbHBIM BO3MOXHOCTSM CHTYaTHBHO
CHHTE3MPOBaHHOW CHCTeMBI. Peammsamus 3Toro mporecca Oasupyercs Ha
npeactasneann  popmymsipa  KC  mpocTpaHCTBEHHBIM — MHOTOYTOJIBHHKOM
TpeboBanmii, a cuHTe3upyemoir CCOW — MHOTOYTOJBHHKOM BO3MOXKHOCTEH.
Mepa COOTBETCTBHS «TpeOOBaHHUI» W «BO3MOXKHOCTEH» C y4EeTOM OIIUOOK
HCXOJHBIX NAHHBIX W TpeOoBaHmi M30bITOuHOCTH cTpykTypel CCOU B mpenmenmax
KoHKpeTHBIX KC gaer OWHaApHYIO JIHHTBHCTHYECKYIO OLEHKY: «CHCTEMa
obecrieunBaet ycrpanenne KC», «cucrema He obecnieunBaer ycrpanenue KCy» [9].
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Oopabomka ungopmayuu vMeeT LENbIO pealn3aluio IByX KIacCoB 3a1ay:

obwecucmeMHol  HANPAGIEHHOCMY — BBIABICHUEC W HICHTH(QHUKAIUSL
Bosamkmeir  KC, ¢opMmupoBanme w peanmu3anus KOMaHA  BHYTPEHHETO
CHUTYallMOHHOTO YIpaBJCHUS, BBHIpa0OTKa pemeHnid Ha ycrpaneHne KC u
(dbopMupoBaHIE KOMAaH]T YIIPABICHHUS;

yenegol HanpagieHHOCmy — OTIpeAeeHue KOOPIMHAT 00heKTa MOHUTOPHHTA
(OM) (nazemHOro, HaJIBOAHOrO, BO3AYLIHOI'0, KOCMHMUYECKOI0) U MapaMeTPOB €ro
IBIDKeHUS, nacHTH(UKamus OM (kmaccupukanus) MO THILY, ONpENeTIeHHE ero
TEXHUIECKIX XapaKTEePUCTUK, IIPHHAUICKHOCTH K TPpyIIIe 00bEKTOB MOHUTOPHHTA
U T. I, YCTAHOBIICHUE XapaKkTepa TeKymux aeiictBuii OM, IpOraHo3 BO3MOXKHOTO
COCTOSTHYISI U TATbHEHIIIETO Pa3BUTHS CUTYAIUH.

JAns pemieHUs yKa3aHHBIX 3a7ad HCIIONB3YETCS: COBOKYITHOCTH (DaKmos,
Oanmnvix, cyxcoenuti 00 OM, TOTOK Heghopmanuzosannoli  unpopmayuu.
Merononorndecku chOpMyIHpOBaHHBIE 3alaud OOpPaOOTKH CBOAATCS K TPeM
JTamaM: COBMECTHasl TpaeKTopHas oOpaborka m3Mmepenuit; uneHrnpukamms KC u
OM; BBIpa0OTKAa aHAJUTHYECKOTO BBIBOJA O TEKYIIEH CHUTyallMd W MpPUHATHE
perieHus Ha (OPMUPOBAHNE KOMAH]T YIIPABIICHHS.

Cosmecmuas mpaekmopuas obpabomxa usmepenutl om paznomunuoix TCM
TpeOyeT o0beIMHEHNST HECHHXPOHU3UPOBAHHBIX SKCIEPHMEHTAIBHBIX BEIOOPOK U
peanm3yercs cuemyromuM  obpasom. [lomoxenme muHammueckoro OM B
MPOCTPAHCTBE OIHO3HAYHO XapaKTEPU3YETCsl BEKTOPOM IIECTH MapaMETPOB B
reonrieHTpuueckoii cucreme koopauHat (I'CK) b, KOTOPBIM OIpENenstoT 1o
BEKTOPY M3MEPEHHBIX MapaMeTpoB B MyHKTOBOH cucteme koopauHat (IICK) a .
3TH BEKTOPHI 00bEIMHEHBI B3aUMOCBSI3BI0

a=Fb,
rne F — o0oOmenHas MaTpuia Iepexoja OT MOJENH H3MEHEHHS (BEKTOpa)

koopauHat B I'CK x monenu (Bekropy) B IICK, a mns mozpeneil u3MeHeHUS
koopauHat OM B IICK A(¢) u B I'CK B(¢)

A(t) = F(B(1)).
Monenu A(t) u B(¢f) onuchIBarOT ABUXKEHHUE OJHOTO U Toro xe OM B pa3HbIX
cucTeMax KoopAWHAT © (opMHPYIOTCS TakuMm oOpasom. Mogmens  A(%)

(Teopermueckas) GopMHUpYETCs B BUAE PEHICHUS TU(PEPeHINANBFHOTO YPaBHEHHUS,
MOTYYEHHOTO C HCHONB30BaHHEM MeTona AuddepeHInanbHeIX mpeodpa3oBaHmit

(AIT) [10]:

d"B(t) (k +m)!
Pi——=+ .. = fp(t,B(t))y=——=B(k+m)+...= Fp(k,B(k)),
— St BO) == =T Bk )+ = Fp (kB )
rne B(k) mpu k=0,1,... — HavanpHBIC ycrmoBus nBrokenns OM (koopanHaTa u

ckopoctb) B I'CK. Ha ocHoBanuu (7) u merona JAIl nomyduuM MoIeNb NBUKEHUS
OM B I'CK u IICK:

© k L .
B(t)=P{B()}= Y [ij B(k), At)= 2 At (8)
k=o\H Jj=0
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rne A,, A, A4,,... — xoadhpuImenTs moamHOMa.
B Toxke BpeMs 110 BEIOOPKE U3MEPEHHI BBHIOPAHHOH KOOPAMHATEI ITOJIOKEHHS
OM a={aj,ay,...,a,} c MCTIONB30BAHHEM OHOrO M3 H3BECTHBIX CTATHCTHYECKHX

METOIOB (hOPMHPYIOTCS IKCIIEPUMEHTaIbHbIe aHaanTHIeckne monenu B [ICK [4]:

L
AN =S 4.4/
A=) 4 it 9)
j=0
rae Ay, A, Ay,... — K03(DUIHCHT! aTIPOKCHMHIPYIOIIETO TOTHHOMA.

B coorBercTBHM ¢ MeTromom OamaHca muddepeHIHAaTbHBIX CHEKTPOB,
npumensemoM B JII1, u3 mozeneii (8) u (9) hbopmupyrot cuctemy ypapHenui [10]:

PLA)y = Alk)= Ak) <= PlAG)} (10)

CdopmupoBaHHasl cucTeMa IO3BOJISIET HONXYYUTh BEKTOp Koopaumaat OM mo
OrpaHUYEHHOMY COCTaBY M3MEPEHHBIX IapaMeTPOB B OAHONO3ULIMOHHON cUCTEME
C y4eTOM BpPEMEHHOW W30BITOYHOCTH OKCIIEPUMEHTANbHBIX HaHHBIXK. Jims
MHOTOIIO3UIIMOHHON CHCTEMBI W3 d  W3MepuTeneld (OPMUPYIOT CHCTEMY
YpaBHEHUI

PU(0))e = 4(0k)= (k)= P, ()}, i=1.d. (11)

B cucreme (11) yurena kak mapaMmeTrpudeckas, TaK H BpeMeHHas
M30BITOYHOCTh TONYYECHHBIX HaHHBIX. KorepeHTHOCTH paboTHI M3MEpHTENeH BO
BpEMEHH H MPOCTPAHCTBE HE SBISIETCS O00SM3aTEIBHOM, ITOCKOJIBKY IPOIECC
o0bearHeHMsI THPOPMAINX OCYIIECTBIIETCS Ha YpoBHE Mozeneit nermxeHus OM.

Hoenmudghuxayuro KC u 06vexmog monumoputnea B yCIOBHUSIX 3HAYUTEITHHON
H30BITOYHOCTH MCXONHBIX JAHHBIX, TUHAMUKHU TEKyIIeH 00CTaHOBKH M ILIOTHOCTH
nmoroka KC crnexyer ocymiecTBIATh C BHEAPCHUEM IIPHHITUIIOB CAMOOPTaHU3AIAN
[11].

Dopmuposarue aHaAIUMUYecKo20 6bl00a O TEKYIEH CHUTYAIlMH W MPHHSATHE
pemenus o GopMHpPOBaHUM KOMaH] yIPaBICHUs TPeOyeT COBMECTHOTO aHAIM3a
pe3yIbTaTOB TpaeKTOpHOW 00paborkm, wuneHtudukanuu OM, o6paboTku

MIEPBUYHBIX (HaKTOB Fl{fy}, JaHHBIX Di{dil} U CyXICHUH Sl-{sl-k}, a TaKKe

HeOpMaNTN30BaHHBIX HH()OPMALIMOHHBIX ITOTOKOB. Pe3ynpTaToM 3TOrO0 Imporecca
JOIDKHEI OBITh aHAJMTHUYCCKHE BBIBOABI O COCTOSHHUH, XapaKTepe TEKYIMHX U
MPOrHO3UpPYeMBIX aeiicTBuit OM, ero BO3MOXKHOCTSX W T. A. MHpopmarms mis
AHATMTUIECKON 00PaOOTKH SIBISAETCS SKCIIEPIMEHTAIBHON U CYOBEeKTUBHON, HOCUT
CTaTHUCTUYECKUH W HEYETKUH XapakTep HEONpPeIeIeHHOCTH. AHAIMTHYECKOe
(dopMUpOBaHHE BBIBOAOB 110  Pa3sHOPOIAHOW  W3OBITOYHOW  HWH(OPMALIUH
Mpe/ularaeTcs peaju3oBaTh IyTeM IIOCTPOEHHUS U UCIIOIb30BaHUS HEPapXUUECKOTr0
JIepeBa JIOTHYECKOro BeIBOA [12].

BasoBast cTpykTypa mormueckoro aepeBa s WHQONOTHH (DAKTOB, NAHHBIX,
CY>KIEHUN MOXET UMETh, HallpuMep, MOZEIb BUAA

E{ﬁj}UDi{dil}USi{Sik}’
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a  Tpadmueckoe  TpPEACTaBICHHE C  YIETOM He(OpMaTN30BaHHBIX
WH(POPMAIOHHEIX IOTOKOB B BHIE, IPEICTABICHHOM Ha puc. 4.

Fi{fzj} Dildy} | Sitsut

A 4 A 4 A 4

Filfylo Dilda} o silou )| | Hedopuammuponaias

AHaJIIUTHYECKUI
BBIBOJT

Puc. 4. JlepeBo noruaeckoro BpIBO/A

WudopmamonHoi OCHOBOW sl Y3JIOB JIOTHYECKOTO JepeBa sBIsETCS Oaza
3HaHUH, (hopMupyeMas B Iporecce pa3pabOTKH MPOTrpaMMHO-aITOPHTMUIECKOM
cocrapisitoried CCOU M BBIYMCIUTENBHOIO aJTOPUTMA HMHTEIJIEKTYaJlbHOM
CUCTEMBI MOAJEPKKH MPUHATHS PELICHUA.

BBIBOBI

[IpuHIMITEI OCTPOCHUS W MaTEeMAaTHYEeCKHE OCHOBHI (h)YHKIHOHHUPOBAHUS
CCOU nmomxHBl obecmeunBaTh A(PPEKTHBHOE BBHIMOTHEHHE IENEBBIX 3a1ad B
YCIOBUSAX 3HAYUTEINBHOW WH(POPMAIIMOHHOW M30BITOYHOCTH, BBICOKOH ILIOTHOCTH
nmoroka KC u QuHAMUKA HW3MEHEHHs TEKymeld OOCTAaHOBKH. DTO pean3yeTcs:
BHEAIPDEHUEM  HWACONOTHU  OTKPBITHIX  PacHpeleleHHBIX  HMH(QOPMAIMOHHO-
VIIPaBIAIOMIAX CHCTEM, WHBAapUAHTHBIX II0 CBOCH CTPYKTYpe K YpPOBHIO
VIIpaBIICHHS, WCIONB30BAHAEM TEXHOJOTUH 3aIUINECHHBIX CEeTed W IPHHIIUIIOB
yHH(UKAINK; UKIAYHOCTBIO TIPOIleccOoB cOOpa, HAKOIUICHHS U 00paboTKu
HHGOpPMAITIH.

OyaxmmonnpoBanne CCOU crnemyer CTpONTh HAa CHTYaTHBHOM MPUHIIUIIE
VIIpaBIICHHS €€ CTPYKTYPOH U MapaMeTpaMu IIyTeM (GOPMHUPOBAHUS U MPUMEHEHHS
MHOTOCTIONHOH (hpakTanbHO-TpadoBoi HHHOPMAIMOHHON MOAEIH CUCTEMBI cOopa
u o0paborkn wuH(pOpManmu. Takas MoOIETh OTBEYACT CBOWCTBAM: OITHCAHUS
IuHAMUKE w3MeHeHns1 cTpykTypel CCOM ¢ WHBapHaHTHOCTBIO K YPOBHSAM
VIIpaBICHUS W TOTPEOUTENCH; HACICHOBAHMS, WHKANCYIIANA U ToinuMophu3Ma
CTPYKTYp C pa3BUTHEM H MOAW(UKAIWEH; MPOrHO3UPOBAHUS TPEOOBaHHU K
COCTaBY 2JIEMEHTOB COOTBETCTBYIOIIETO YPOBHSI.

Obpaborka wmHpopManmun B CCOMU BKIOUaer >Tamel OOMIECHCTEMHOM
HampaBlleHHOCTH (BblsiBieHHe W wuaeHTHGuKamms KC, ¢dopmupoBanme u
peanm3anus KOMaHJ BHYTPCHHETO YIPABICHHSA, BBIPA0OTKA pEMICHUH 110
ycrpanenuto KC) u ueneBoil HampasiieHHOCTH (ompenenenue xoopauHat OM u
mapamMeTpoB ux IBrokeHus, uaeHTHdukamus OM u KC, ycranoBieHne xapakrepa
TEKyIIeT0 W MPOTHO3MPOBAHOTO COCTOSHUSI). MX peanmsamus Oasupyercs Ha
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HCITIOJIB30BaHNHN METOAa COBMECTHOM O6pa6OTKI/I I/ISMCPCHI/Iﬁ, Mozenen
CaMOOprannM3aliiii M OCPECBLEB JIOTUYCCKOI'0 BbIBOJAA CO CTATUCTUYCCKUMHU H
HCYCTKHMMHU ITOAXOJaMU.
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UDC 004.9:355

SITUATION SYNTHESIS OF AUTOMATED SYSTEM OF
COLLECTION AND PROCESSING INFORMATION

Y.G. Danik, A.A. Pisarchuk, S.V.Timchuk
Zhytomyr Military Institute n. a. S.P. Koroljov

Introduction. Modern management processes are characterized by a
comprehensive computerization of the process, high dynamic changes in the
environment, and the density of the flow of conflict situations (CS) of various
kinds. The main factor in achieving the goals of effective management becomes
all-encompassing information support provided by the union in a single integrated
environment all stakeholders: sensory component; information processing system
with the operational staff — forming a system for collecting and processing
information (SCPI); consumer information. The results of the application of
modern SCPI prove the existence of problems in their design philosophy and
mathematical foundations of functioning in solving problems of structural
synthesis and processing.
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Purpose. Development of the mathematical foundations of situational
structure synthesis SCPI and efficient data processing methods in terms of their
considerable redundancy, the dynamics of change of the current situation and the
flux density of the CS.

Results. Methodology situational structure synthesis automated SCPI should
include: formation SCPI information model based on fractal structures; detection
and identification of the current CS; situational structural and parametric synthesis
SCPI arisen for the CS; estimation of effectiveness of fusion and if necessary
correction of previous stages; repeat all stages of the methodology for the next CS.

Formation of SCPI information model based on fractal structures due to their
properties: self-similarity, fractional dimension, scale invariance, hierarchy —
ensures that the generated model requirements. Implementation of information
processing in SCPI based on the method of joint processing of measurement
models of self-organization and trees with statistical inference and fuzzy
approaches.

Conclusion. Effective implementation of the aims SCPI implemented:
introduction ideologies open, distributed, information-management systems that
are invariant in structure to the level of control; using technologies protected
networks and principles of unification; cyclical processes of collection, storage and
processing of information.

Keywords: information system, contingency management, fractal.
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“HTEHHEKTyaﬂbHOe ynpasneHume
M CUMCTeMbl

VK 629.735.017.1.083(045)

AHAJIN3 _BO3MOKHOCTHA YIIPABJIEHUSA
TPAEKTOPUEN  JIBWXEHUSI  CAMOJIETA 11O
KOPPEJIAAIIMOHHOU @ YHKIINHN

FO.B. I'puenko, A.B. Ckpunens, B.JI. Tponbko
Hauuonansuotit asuayuonnsiii ynueepcumema MOH Ykpaunoi

PaccmarpuBaercs GyHKIHS KOPPEIAIMN MEXTy 3aJaHHBIM H
HECBOEBPEMEHHBIM BBOJIOM YEIOBEKOM-ONIEPAaTOPOM BO3AYIIHOTO CyJHA B
riavccaay nocaakd. B Takoll 3praTMUecKod CUCTEME 3TO CBSI3aHO C
MCHXO(U3NOIOTMIECKIMU  0COOEHHOCTsIMU miyioTa. [IpoBemeHo ommcanue
KOPPEISIIMOHHBIX (YHKIMHA HECKOIBKHX BO3MOXKHBIX BapHAaHTOB BXOJa B
riuccany. TeopeTHyecky MoKa3aHbl HanOosaee HeOIaronpusTHBIE OCIEICTBUSL
IIPU OMMOKAX B YIPABICHUH CAMOJICTOM.

Knioueevie cnosa: (yHKIMS KOPPEISIHH, UEIOBEUECKUIT
(akrop, ramccana, Mojier.

Posrmsimaerbess  yHKIiS — KOpensmii  MDK  3agaHuM i
HECBOEYACHUM BBEJCHHSAM JIFOAMHOIO-OMEPATOPOM IIOBITPSHOrO CyAHa B
rimicagy mocamku. Y o Takid - epraTHYHIM CHCTeMi I[e TOB'I3aHO 3
ncuxo(i3i010riYHUMH OCOOTMBOCTSIMH MTLIOTA. 3AIHCHEHO OMUC KOPEIISLiHHIX
GYHKIIH [eKiIbKOX MOMXIIMBHX BapiaHTIB BXOAy B riicagy. TeopeTHYHO
MOKa3aHO HaWOINbII HECHPHUATIUBI HACHIAKM TPH NOMUIKAX B KepyBaHHI
JITaKOM.

Kniouosi cnosa: byukuis xopesiii, Joachkuii (akrop,
riicaja, mojiT.

BBEJEHUE

B Hacrosdmiee Bpems 10111 aBUALIMOHHBIX MPOUCILECTBUH, MPUXOIAIIMXCS Ha
genoBeueckuii paktop (UD), cocraBmsaer 80-90 %. Hecmorps Ha To, UTO Takme
COOBITHSI HOCAT MAJIOBEPOSTHBIA XapakTep, W3-3a HUX B OMUH MOMEHT MOTYT OBITh
YHECEHbl COTHU JKM3HeW. PaHee mpoBeneHHBIE UCCIENOBAHUS 110 OLIEHKE
HU3MEHEHUS HWHTErpo-TuQepeHINPOBAHHOIO IBUTATEIBHOTO THHAMUYIECKOTO
crepeoruna (MJJC) nunora moka3anu, 4To HETaTUBHOE BO3AEUCTBUE HA IKUIAK
¢dakTopHeIx HakIagok (OPH) — omHOBpeMEHHO NEHCTBYIOMMX (PAKTOPOB, YACTO
HMUTHPYEMBIX OTKa3aMH Ha KOMIUJIEKCHOM TpEHaXKepe caMolieTa, 3HauYUTEeIbHO
BIuseT Ha kadecTBO TexHUkH nuiotupoBanus (KTII). Crpecc, Bri3BanHbIil OH,
TaKkKe TPUBOIWT K BO3HUKHOBEHHWIO OIMMOOYHBIX AeicTBuil. MopenupoBanue
nerictBus @H nyTéM BBeIEHUS KOMIUIEKCHBIX OTKA30B HAa TPEHAXEPE PaCKpPhIBAET
OTrPOMHBIE BOBMOXKHOCTH U1l aHTUCTPECCOBOM MOATOTOBKU IMHJIOTOB M OCTaJIbHBIX
YNIeHOB dKuMaka. Kak mokasanm mcciieoBaHus B YUeOHBIX CepTH()HUKAIMOHHBIX
LeHTpax, npuMepHo y 70 % nunoroB orcyTcTByeT npotuBoneiictue ®H u y atux
’Ke MNuIoToB mposiBiserca sBiuenue ycuwienus WIAC (AYUILC), yxe
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OTPHULATETIFHOE B TOM, YTO MPOUCXOJHUT YBEIHUCHUE aMIUIUTYABI YIPABIISIONIINX
IBIDKEHHH, KOTOPOE oreparop 0e3 CIenuanbHOH MOArOTOBKH M 000PYIOBaHUS HE
3aMedaer. CremyeT OTMETHTh, UTO JTall 3aX0Aa Ha IOCAJKY SBILIETCS Hamboiee
aBapuitaeiM [ 1-3].

Tpaexropuss aBmxeHus Bo3aywHoro cyaHa (BC) mosBossier ompeaenuTsb
CTETIeHh MOATOTOBKH OIEpaTopa, €ro ICHXO(H3HOIOTHYECKOe COCTOSHHE,
Ka4decTBO pabOTHI BceX 3IIEMEHTOB BO3AYINHOTO cynHa. bonee obmias moctaHOBKa
3aJadd: KakuM 00pa3oM IpH BXOIE B TIIHCCANy ONPEACIHTh TEXHHUECKOE H
MICUXOJIOTUYECKOE COCTOSIHIE CUCTEMBI onepaTop-ManHa-cpeaa (COMC).

Heasro nanHOH pabOTHl  SBIAETCS — ONpEHeNieHHE BO3MOXHOCTH U
(dopMUpOBaHHE MATEMATHICCKUX MOJEICH YIpaBICHHS BO3IYIIHBIM CYTHOM IIO
KOPPEIANOHHEIM (DYHKIUSAM Ha YYacTKe BXOHa B TIMCCANy IS yIyYIICHUS
KadecTBa MOCaIKH.

@D YHKIUSA KOPPEJIAIUA TPAEKTOPUU I'TUCCAJIbI

B ob6miem Buae Tpaekropus nojiéra BC
Z=f(x )
[Ipu mocaake 3Ta TpaeKTOpUs ONpeaessieTcs TPaeKTOpUEH rirccaapl:
Z=f(x),y = const.

Tpaexropus nonéra ompenensercs COMC u cBsi3aHa ¢ yriamu TaHraxa (v),
kpeHa (Y), HakiaoHa TpaekTopuu (0) ¥ kypca (y), a Takke CKOPOCTBIO (V)
BO3AYIIHOTO cyaHa. KoopauHaTsl TpaeKTOpUH MONETA SABJISIOTCS 3aBUCUMBIMU OT
BCEX MEPEUHCIICHHBIX TapaMETPOB U ONPENEIeTCs BRIPaXKEHUIMU

Z=F(0,7,0,y,v),Y=F(,7,0,y,v), X=F;(v,7,0,y,V),
KOOPJIMHATHI TAHccasl (y = const):
Z=Fy(v,7,0,v) wy=constt Z=Fs5(,vy,0,v) y=const

J7sl mepBBIX pacyeToB OMPEHENM TPACKTOPHIO TIIHMCCAIBI IPSMOA JHHUEH,
COCIMHSIOMIEH TOYKY IOJIOKEHHS paguomasika (x = L, Z = 0) U TOUKy MOMEHTa
Havana mocanaku (x = 0, Zy = h) (Puc. 1). Ha 3ToM pHcyHKe B yKa3aHHBIX TOYKaX
TPaeKTOPHUS HMEET PE3KWid H3IIOM. PeanmbHO TpaeKTopus MONETa H3MEHSETCs
IUTaBHO, YTO B JAILHEHUIIIEM HEOOXOIMO YUECTb.

1151 9TOTO CiTydast KOOpAWHATHI TIINCCABI OIPENEISTIOTCS 3aBUCHMOCTBIO

Z = Zyttga-x,

rae Zp — HadanbHas KOOpAMHATa IO BBICOTE, O — YTOI MEXIy IWHUEH
TPAaeKTOPUH W HampaBieHueM X, Zy =h, tgo. = —h/L, L — nnvHa riamccanpl. B aTux
0003HAYCHUAX TPACKTOPHS MITHCCABI OyIET HMETh BUI:

z(x)=h—%x . (1)

OTrMmeTuM, 4YTO Takasg TpAeKTOpUs IOCaJKU BO3MOXHA HpPU TOJHOM
OTCYTCTBUHU BHELIHUX BO3JAEHCTBUN cpelbl (TOUHEe, BHEIIHUE BO3ICHCTBUS Cpelibl
CYIIECTBYIOT, HO OHHU YYHTBHIBAIOTCS), HOPMAJBHOW PabOTHI BCEX MEXaHH3MOB
BO3NYIIHOTO  CyAHA, BBICOKOTO  MpoeccCHOHANM3Ma  omepatopa  0e3
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IICUXOJIOTUYECKUX OTKIIOHEHUU U Opu OTCYTCTBUHU APYIrHX (i)aKTOpHI)IX HaKJIaJ0K
[4-6].

Z A
Zgﬂ
h
—
0 L X

Puc. 1. Tpaektopus riuccast (L — AJTMHA TIHUCCAIBI,
h — HavaJibHas BBICOTA B MOMEHT IOCAIKH )

®YHKIUSI KOPPEJSIIUA UJEAJTLHOM TJIMCCA JIbI

Tpaekropuio Tmocanku, omuckiBaeMyro Gopmynoi (1), oOo3HaumM Kak
UJEANBbHYIO TIICCay.

Jiig  nanpHedIIero aHanu3a JABWKEHHMsSI CyAHAa MpH IOCaJKE BBIYUCIUM
(YHKIUIO KOPPETLIIAN TPAeKTOPHH, OIIChIBaeMoi ypaBHeHUEeM (1):

/

pl)=1 ] 22— . @

TIe j — BEJIMYMHA CIBUTA TPAEKTOPHH IO KOOPAWHATE X: BENUIHMHA 3aI1a3(bIBAHUS
mpu x> 0 WM Benm4uHA onepexenus mpu y < 0.

Oyukun Z(x), Z(x — ), Z(x + ) Ha mpoMexyTke uHTerpupoBanus ot 0 mo L
HUMEIOT CIIeTYIONIHE 3HAUCHHS:

h—ﬁx,OﬁxﬁL
L

Z(x)=4h<0 (3a)
0>L

%
h,—o<x<y

Z(x—y)= h—%(x—x),xgngﬂ( : (36)
0,L+y<x
h,—0o<x<y

Z(x+7)= h—%(xﬂ(),—xsst—x . (38)
0,L—y<L

@ 10.B. I'pumienko, A.B. Ckpunens, B.Jl. Tporsko, 2015
ISSN 0452-9910. Ku6epHeTuka u BbI4ucJ. TexHuka. 2015. Boim. 181 37



ity Sl Sl
’
’

1
=
=
2

=
I~
I~
+

=

X

Puc. 2. Tpaexropust rauccaipl 3ana3qpIBaHus — 1, 1 COOTBETCTBEHHO TIIMCCA b
omnepexeHus — 2.

Ucxons w3 ycrmoBwid, OmpenenseMbIX BbIpakeHIsiMHA (3a, 0, B), (hyHKIUIO
KOPPeIALNY 3ala3ibIBaHusl W OMEPeKeHUS pacCIHIIeM AETalbHO MO O00JIACTAM
HWHTETPUPOBAHUSA:

+%Lix[h—ﬁxj [h——(x—x)}d)ﬁ%jx[h——xj Odx=
=T[h—%x -{h—%(x—x)}dx= )
=§[1+%j(z—x)—§(u2”)(ﬂ—x2)+§(ﬁ_X3)=

DyHKUUSA KOPPEISILIUU ONEPEKEHHS paBHa:

A

p(- x)=%

+% T [h—%xj- =%L£X[h—%xj[h—£(x+x)}dx= ©)

O yHKIMSA aBTOKOPPEISALINU: p(O) = ? npuy =L

p(=L)=p(L)=0.
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Crnenyer NoquepKHYTh, YTO IIPU IPOU3BOJIBHOM ) B Juana3oHe —L 10 +L

p (=0 =p ()

daxTopHas HaK/IaJgKa MPUBEAET K U3MEHEHHUIO TPAaeKTOPUH IIMccaabl Z(X) Ha

BenmuuuHy AZoy=Zoy — Z(X) unm
ZcpH = Z(X) + AZCDH(X), (6)
rae Z(x) — TpaekTopus monera 0e3 (GakTOPHBIX HAKIAAOK, AZgpu(X) — BKJIAI B
HW3MEHECHUE TPACKTOPHH IIONIeTa 3a CUeT (PaKTOPHBIX HAKIAIOK. JTOT BKIAX
onpenensieTcs HE TOJNbKO TEXHUYECKUMH TIOTPELIHOCTSIMH W COCTOSIHHEM
(BIMSTHHEM) OTIpEIeNIONIei cpepl, a U YPOBHEM IPOo(eCCHOHATBHON MOATOTOBKH
U TICUXOJIOTHYECKUM COCTOsIHHMEeM omepaTopa (muiora). IlomyepkHem emie oauH
BaXHBI MOMEHT. YpaBHeHue (6) 3aBHCHT (sBisieTcs (pyHKIHEi) HE TOIBKO OT

KOOpAWHAT TPACKTOPUH I10JIETA, HO U OT BPEMCHHU, TAK KaK MCKIY KOOpI[PIHaTOfI X
1 CKOPOCTBHIO IBUKCHHA €CTh OJHO3HAYHAA 3aBUCUMOCTD X = X(V, t).

Zow (1) = Z(0)+ AZgy (1) ()

BoeruncnnM QyHKIHIO KOPPENAInn Zgy (X), OIpeAeIsieMyIo BbipaxeHueM (6):

onHast 1 £
ng (X)=ZJ.Z(DH(X)'Z(DH()C—X)5[)C=
" ®)

=p(0)+ pais ™ (1) + %T[Z(x) AZ iy (x =)+ AZ gy (x)- Z(x = )i,

rae p(y) — QyHkmusa kKoppensanuu «ducroro» mnonera (6e3 ®H), pou(y) —
(GYHKIUS KOppenanud (paKTOPHONW HAKIIAIKH.

o)=L 1200)- 265 i o

pon(x)= %IJ:AZ@H (= b

Tpetuit wieH npaBoil yactu ypaBHeHHs (8) sBiIseTcsS QYHKIMEH KOPPESIIHi
JIBYX HE3aBUCHMBIX GYHKIHN Z(x) U A Zgy (x).
O003HaYNM 3Ty CMETIAHHYI0 QYHKIUIO PCM-

L

po =+ [[2(0): AZ (x 1+ Ao () 2~ (i

UYaime Bcero KOppesUM MEXIy TpaeKTopued monera (B TOM YHUCIE

rmuccansl) Z nu OH AZ,, Her n pev paBHa miun Oimuska K Hymro. st mpumepa

BO3bMEM TaKYHO (I)H, KOTOpasd BJIMACT HAa KOOPAWHATY Z Kak TapMOHHNYECKHE
KoJe0aHus BO BpPEMCHU!

Aoy (t) =aq cos(Qt) (12a)
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niIn

AZ(DH(x)=aO cosQf,h >> ay (126)
)

Zon(x)=h.

TIie ap — aMIUUTYAa (PaKTOPHOH HAKIIAIKH.

Bo3mymiHoe CymHO IJIETHT Ha IOCTOSHHOH BBICOTE h C TapMOHHYECKUM
HM3MEHEHUEM BBICOTHI IO 3aKOHY onpeaersieMoi popmymnoit (126).

Torma cMemanHas QYHKIHA KOPPEISIIHH Peyv BRIIUCIsETCS M0 popmye (11)
U paBHa:

L]

2
L 2 2v 2v 2

L
PcMm = h%j[cosngdx =
‘ : (13)

TakK Kak i << L, 10 pcm~ 0.
Q o Q
Otmerum, uro npu — -y =180", pcm= 0, mpu — - =0, 360 ammuUTYIa pPem
v v

MakcuManpHas. CMemanHas (QYHKOUS KOPPESIIAHA 3aBHCHT OT L W )
MEPUOIUUECKH.

2L
) a Q Q
PlL)= 2 pars ()= [eos—x-cos = (r—r ) =
L 0 v L
=2_0J' cosgtx—1j+cosx dx=a—oj cosgtx—ﬂﬂosgx dx =
2Ll v 2 2Ll v 2 ?
ag v Q XL a(%
=——-——-siIn—| x—= ‘0 +—-cos—y L=
2L 20 v 2 2L

Taxum 00Opa3oM, rmonHast HYHKIUS KOPPEISIIAN paBHA:

2

2 a4 Q

por(x)=" +—cos[—-x : (14)

2 v

Bunno, 9TO pey MpHU TOPH30HTATBHOM MOJNETE C MEPHOANYECKH (PaKTOPHOM

HaKJ'Ia,E[KOfI HUMECT HepI/IO,E[I/I‘{eCKyIO 3aBUCHUMOCTH OT X. Fpa(i)I/IK 3TOI71 3aBUCHUMOCTHU
TIpe/IcTaBlieH Ha puc. 4.
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PoH paon(y)

Puc. 4. 3aBucuMocTh (PYHKIMH KOPPEISALHIA OT BETUYUHBI 33 CPIKKH ¥ IS CITyqast
«gHCcTOroy mosera pP(y) u ¢ GakTOpHOH neprogudeckoi Hakmaakon pOH(y).

N3 (13) BumHO, uto @H Ha onpeneneHHbIX dTanax MmojieTa MOKHO MpeHeOpeyb
B CBSI3H C TEM, UTO /1 >> q.
U3 paccMOTpeHHOro pruMepa MOXKHO CIeNaTh CIeAyIOIIUN BBIBO/.

IIpu monere ¢ ®H ¥ BOZHUKHOBEHUS MajOl MEPUOTUYECKON aMIUIUTYIbI
KONeOaHU TPaeKTOpUH ToNieTa (hYHKIHS IONHOW KOppeIsimuu OyIeT CyMMOoit
GbyHKIMA Koppensanui monera 6e3 ®H m QyHKIMH — KOPPENAIUH TPacKTOPHH
Tonbko ¢ PH.

Pt (1) =p(r)+ pais™ (1)

TIpU YCIIOBUH OOJNBIION JUIMHBI TPAaeKTOPHH IoJieTa Ha Tiwmccane L> h, L >> ao, h >
aop.

Ha wmanpix BBICOTaxX, KOTIa HE BBIIONHSETCS YCIOBHE />dj, BBICOTA
TPaeKTOPUHU TIOJNETa COM3MepuMa ¢ aMmIuMTynol konebanuit ®H. Heobxomumo
YYUTHIBATh (DYHKIIUIO KOPPEISIIAN CMEIIEHHOTO IPOIECcca, TPAEKTOPHIO ABIKCHUS
HJleaNbHOro nojyiera u nosisiienne OH.

@®YHKUMS KOPPEJSALUMU TJMCCAIBI C MNEPHOJUYECKON ®@®AKTOPHOM
HAKJIAIKOMN

W3 ypaBHenuit (13) cnenyer, 94To (YHKIHS KOPPEISAIUHM TIIHCCAAbl C TEpH-
OIMYECKOM (PaKTOPHOM HAKIIAKOW UMEET BU/I:

hZ hZ hZ 3 aZ Q
PO ()= p0)+ P ™ (1) = 5 — - + e+ Docog) 22y | (15)

L 2L 6L 2 v

L>h> a,.

[pu cHmwkeHNM (HAa HU3KUX BBICOTAX), KOTJa / COM3MEpPHMa C aMIUIATYIOH
(akTOpPHOH HAKJIAAKH, TONHYI0 (DYHKIHIO KOPPENSAIMH OMPENeIoT C YIeTOM

pem(X)-

Tpaduk pgor™™ (X) IpENCTABIIEH Ha PHC. 5.

3aBucumocts KpeHa Y(x) or ®H Oynmer amanormyHod mpw TOIeTe Ha
MOCTOSTHHOHM BBIcOTe. OmHAKO NHpH cHIKeHHH u3-3a OH ammmTyna xonebGaHmit
TPaeKTOPUU TOJNEeTa MOXKET Bo3pacTtaTh. CIemyeT OTMETHUThb, UTO TPaeKTOPHUs
MoJieTa 3aBUCUT OT YIJoB KpeHa (y), Tanraxa (®) u T1.n. Ilostomy uacto
OIIPENETISIOT ATH TOYKHU, KOTOPBIC H3MEPSTh SKCIIEPUMEHTAIEHO HAMHOT'O MTPOIIIE.
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o ()

Puc. 5. 3aBucuMOCTh QYHKINH KOPPEISIAN OT BETUYUHBI Y JUIS CITydast OJTHON

xoppemsumn pagi ™ (x)

AHAJIA3 THOIWYHBIX JUISI COBPEMEHHOM ABUAIIMHU TJIMCCAJI HOCAJIKHA

B wnambonee peanpHOl cuTyanmn BC, orodas oT Timccanasl IMOCAIKH,
MBITACTCS K He BepHyThCs (pHc. 6). B oTiwuue ot rimccan Ha puc. 2 B JaHHOM
Clydae BCE TPACKTOPUU CXOJSATCS B TOPIE B3JIETHO-TIOCAIOYHONW TIOJOCHL. B
OOJNIBIIIMHCTBE ~ CIIydacB  HampaBiCHWE  NPaBWIBHOM  IJIHCCaabl  3aJaroT
paJMOTEXHUYECKIE CHCTEMbI OJIVDKHEH HaBUTaluu. B ciydae HECBOEBPEMEHHOTO
BXO/la TMIJIOTHl TBITAIOTCS BEPHYTHCS HAa TMPABWIBHYIO TiHccamy. Mol
paccmaTpvBaeM OAWH M3 BO3MOXKHBIX BApHAHTOB.

HopmaieHas nocaika Z=h—£-x=hﬂ O<x<<L.
L—x
OnepexeHue Z=h - —x<<x<<L.
L+
L—x
3anepxka Z=h Y<<x<<L.
L—x
7 A
1 3
4 S
X 0 X L X

Puc. 6. TpaekTopusi HOpMAIIBHOM TIIMCCAABl — 2, 3aMa3IbIBaHUs — 3 1, COOTBETCTBEHHO,
TJIACCABI OnepexeHus — 1.
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1L

=—-[ dx:
LO +Xx
2 L L
= [(L-xPdx= ~2Lx+
LZ(L+X)£( ofde= *(L+y) ﬂ( A )j
2 2
=h—{L3_L3+lL3}=h—'L
(L+y) 37 ] 3(L+y)
O<x<<L.

[Moxyuns GpopMyny HOpMAITEHON TTOCATKH:
2
he-L

3(L+x)’

meperieM K pacCMOTPEHUI0 (OpMYJIIBI Ha 3aJICPXKKy BXOJ/Ia B TIIHCCATY.

plx)=

1L -
p(+ X.)= Z_[th : Z3az{ep>1<1<a (x)dx =
0

“h

L- 15 L—x L-xk
e x){

2 L
== h I(LZ —2Lx+x2)dx=
L (L_X)X

=h—2{L2(L—X)—L(L2 —x2)+%(L3 —x3)} -
=h—2[L2 —L(L+x)+%(L2 +LX+X2)} -

2
h Lx+1L2+1Lx+1x
L 3 3 3

2
_h L2+2Lx+1x
LZ 3 3 3

2
2l zx 1 x
3 3L 3
I —x3 = (L2 +Lx+x2XL—x) .
U3 dpopmynsl BUAHO, 9TO KOTA 3aepiKKa y, Hadala MMOCaJIKN YBEINIHBACTCA.,
(GYHKIUS KOPPENSLINH TagacT.
Hanpuwmep, ecnu 3anepkka y, pasasiercs 0.1 L, To BeposTHOCTh aBapuu Tak ke

npuMepHo najgaet Ha 10%, 4To HeXKeNlaTeNbHO.
Temeps cpaBHIM (POPMYIIBI BXOA B TIIUCCAIY C 3aICPKKON U OIePEKCHUEM.
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2 2 2
3azepxkKa P(+X)=h2 l_gl.;.l[Lj =h_[ _Lj )

2
OnepexxeHus p(— x) = LU .

OHPCHCHI/IM OTHOIICHHEC

N3 sToit hopmyIbl crienyer

pl=x) > p(+x) -
TaKI/IM 06pa30M, B pCSyJILTaTe HpOBeL[eHHOFO aHaJIn3a IIOKa3aHoO, 4YTO
SaHep)KKa BX0O1a B l“J'II/ICC&Z[y 60Hee OInaCHa Jisd KadeCTBa BBIIIOJIHCHHUA 3axX0oda
caMOJICTa Ha HOC&,I[Ky, (Y1 OHepemeHI/Ie.

BBIBOBI

B nanHO# paGoTe yCTaHOBJCHO, YTO BO3MOXKHO YIIPaBJICHHUE TPAaCKTOpHEH
JIBWOKCHHS caMojieTa [0 KOPPEIAIMOHHOW (YHKIMHA Ha [DIKACcaae o
MPEUIOKEHHBIM HamMH (OpMyJiaM, a WMEHHO MO (YHKIMH KOppelsuuu 0e3
JeicTBrS (DaKTOPHBIX HAKIAZIOK M Ha TIIACCaJe C MEPHOIMUECKON (HaKTOpHOH
HaKJIagKOH.

PaccMoTpeHbl pa3nuuHble BapHaHTHI BXOJa B TIHCCAAy BO3AYIIHOTO CY/HA.
BriBenieHbl 4YHMCIIEHHBIE 3HAYEHUSI CTETICHW BIMSIHUS CBOCBPEMEHHOCTH BXO/a B
rIccaxy Ha KauyeCTBO TOCAJKH IMPH OMEPEKEHUN M 3ama3bIBaHAHA W TIOKA3aHO,
9T0 (YHKIHS KOPPEISAIMM 3ama3lblBaHAS Ha OIEpEeKCHUE IMamaeT ObICTpee.
CrnenaH BBIBOJ, YTO 3aJIepKKa IMHJIOTOM BBOJAa B IIMCcaay Ooljiee OmMmacHa, 4em
OTIEpeXEeHUE.

[TonmyyeHHBIC pe3yabTaThl TPEOYIOT BHEIPEHUS B TEXHOJIOTHIO TPOU3BOJCTBA
TOJICTOB ISl TIOBBINICHWS KAadecTBa YIPABICHUS TPACKTOPUEH JBHXKEHUS
caMoIleTa.
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ANALYSIS OF THE CORRELATION FUNCTION OF
THE GLIDESLOPE LANDING PATHS TAKING INTO
ACCOUNT HUMAN FACTOR

Y.V. Hryshchenko, A. V. Skrypets, V.D. Tronko

National Aviation University of Ministry of Education and Science of Ukraine (Kiev)

Introduction. Nowadays, proportion of accidents caused by the human factor
(HF) is 80-90%. Despite the fact that these events are unlikely to happen, due to
them at one time hundreds of lives may be taken away. Previous research works at
assessment of change of integral-differential motor dynamic stereotype (IDDS) of
pilot showed that the negative impact on the crew of factor overlays (FO) is
simultaneously operating factors that often are imitated by failures in complex
aircraft simulator significantly affect the quality of piloting technique (QPT). Stress
caused by FO also leads to faulty actions. Simulation of FO action by
implementation of complex failures on the simulator opens great opportunities for
antistress training of pilots and the rest of the crew. Research has shown that in
training certification centers approximately 70% of the pilots have no resistance to
FO and the same pilots show the phenomenon of amplification of IDDS
(PAIDDS), which is negative that there is an increase in the amplitude of the
control motions that the operator does not notice without special training and
equipment. It should be noted that the approach phase is the most accidental [1-3].

Motion Path of aircraft allows to determine the level of operator's training, its
psycho-physiological condition and quality of all elements of the aircraft. More
common problem statement is how to define the technical and psychological state
of the operator-machine-environment (SOME) at approaching the landing.

The purpose of this work is to determine opportunities and formation of
mathematical models of the aircraft control by correlation functions while entering
the glide path to improve the quality of landing.

Conclusions. In this study there is established that is possible to control the
trajectory of the aircraft on glide path by the correlation function by our proposed
formulas, especially: description of the correlation function without influence of
factor overlaps and on the glide path with periodic factor overlap.

There are considered various options entering the glide path of an aircraft. We
derive the numerical values of influence of timeliness of entrance to the glidepath
on the quality of the landing at the outstrip and delay and it is shown that the
correlation function of delay on outstrip is decreasing faster. It is concluded that
the delay in entering the glide path by the pilot is more dangerous than outstrip.

The obtained results require the implementation in production technology of
flight to improve the quality of trajectory control of the aircraft movement.

Keywords: correlation function, the human factor, glissade, flying.
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VIK 681.5

ADAPTATION AND LEARNING IN SOME CLASSES OF
IDENTIFICATION AND CONTROL SYSTEMS

L.S. Zhiteckii, S.A. Nikolaienko, K.Yu. Solovchuk

International Research and Training Center for Information Technologies and
Systems of the National Academy of Science of Ukraine and Ministry of Education and
Sciences of Ukraine, Kiev, Ukraine

Paccmotrpenst 3ama4a 00ydeHNsT HEHPOCETEBBIX MOJENIEH s
HUACHTU(UKAIMNA HEONPEAEICHHBIX HEIWHEHHBIX CHUCTEM B CTOXACTHYECKOH
cpenie | 3a/a4a aJanTHBHOIO YIPABICHUS TMHEHHBIM MHOTOMEPHBIM 00bEKTOM
0e3 maMATH C MPOM3BOJBHBIM MATPUYHBIM KOX(P(UIIMEHTOM YCHICHHS MHPHU
HaJIMYUK HEPeryISpPHBIX OTPaHWYEHHBIX BO3MYIICHHH, YPOBHH KOTOPBIX
anpHOpPH HEW3BECTHBI. Y CTAHOBJICHBI JIOCTATOYHBIE YCIOBUSI CXOIUMOCTH
anroputMa OOY4YeHHSI HEMPOHHBIX CETe W aCHMITOTUYECKHE CBOWCTBA
aNropuTMa aJaNTHBHOTO YIPABICHUSI MHOTOMEPHBIM 00beKTOM. [lomyueHHbIe
PE3yIbTaTHI SIBIAIOTCS (YHAAMEHTATBHBIMH.

Kniouegvie cnoea: HeWpOHHAs! CETh, TPAJUEHTHBIN alNrOpUTM
00y4eHus,, CXOOUMOCTh, MHOTOMEpHBI OOBEKT 0e3 NaMATH, AITOPUTM
aJaNTHBHOTO YNIPABJICHUS, OTPAHHUIEHHOCTh CUTHAJIOB.

PosrnsinyTo 3amady HaBUaHHS HEMPOMEPEKHUX MOJENEH i
inenTudikamii HEBU3HAYCHHUX HEMIHIHHMX CHCTEM Y CTOXaCTUYHOMY
CepelOBHIIl Ta 3ajady aJalNTHBHOTO KEPyBaHHS JTiHIHHAM OaraTOBUMipHHM
00'exkToM Oe3 maM'siTi 3 AOBUIBHUM MATPUYHUM KOS(Ili€HTOM MiJCHUICHHS 3a
HAsIBHOCTI HEPETYISIPHUX OOMEXEHHUX 30ypeHb, PiBHI SKHX ampiopi HeBimgomi.
BcraHoBiieHO 1OCTAaTHI yMOBH 301KHOCTI aNrOpuTMy HAaBYAHHS HEHPOHHHX
MEpexX, a TaKoXK aCHMOTOTHYHI BJIACTHBOCTI aITOPUTMY aJalTHBHOTO
KepyBaHHs ~ OararoBumipHuM  ob'ektom.  Ogepkani  pe3ynpTatd €
(hyHIaMEHTaTbHUMU.

Kniouosi cnosa: neiipoHHa Mepexa, TPAIi€HTHHN alrOpUTM
HaBYaHHS, 30DKHICTh, OaraToBUMIpHiii 00'ekr 0e3 mam'iTi, aIropuT™M
aJalTUBHOTO KePYBaHHS, OOME)KESHICTh CUTHAIIIB.

INTRODUCTION

Since the appearance of the fundamental works [1, 2], substantial progress has
been achieved during past decades in the area of identification and learning
automatic systems. This research direction remains actual up to now because of its
importance from both theoretical and practical points of view. In last time, new
results for designing adaptive identification and control systems have been derived
by the Ukrainian researchers including one of the authors and summarized in the
books [3, 4].

Over the past years, interest has been increasing toward the use of multilayer
neural networks as adjustable models for the adaptive identification of nonlinearly
parameterized dynamic systems [5—8]. Several learning methods for updating the
weights of neural networks have been advanced in literature. Most of these
methods rely on the gradient concept [8]. Although this concept has been
successfully used in many empirical studies, there are very few fundamental results
dealing with the convergence of gradient algorithms for learning neural networks.
One of these results is based on utilizing the Lyapunov stability theory [6, 9].
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The asymptotic behaviour of online adaptive gradient algorithms for the
network learning has been studied by many authors. In particular, White [10]
investigated the convergence of the learning process for the so-called feedforward
network models with single hidden layer by using the stochastic approximation
theory. The convergence results have been derived in [11-17] among many others
provided that input signals have a probabilistic nature. In their stochastic approach,
the learning rate goes to zero as the learning process tends to infinity.
Unfortunately, this gives that the learning goes faster in the beginning and slows
down in the late stage.

The convergence analysis of learning algorithm with deterministic (non-
stochastic) nature has been given in [18-23]. In contrast to the stochastic approach,
several of these results allow employing a constant learning rate [20, 24]. However,
they assume that learning set must be finite whereas in online identification
schemes, this set is theoretically infinite. To the best of author’s knowledge, there
are no general results in literature concerning the global convergence properties of
training procedures with a fixed learning rate applicable to the case of infinite
learning set.

The distinguishing feature of multi-layer neural networks is that they describe
some nonlinearly parameterized models needed to be identified. This leads to
difficulties in deriving their convergence properties for a general case. To avoid
these difficulties in non-stochastic case, the assumption that similar nonlinear
functions need to be convex (concave) is introduced in [25]. However, such an
assumption is not appropriate for neural network’s description of nonlinearity.

A popular approach to analyze the asymptotic behavior of online gradient
algorithms in stochastic case is based on the Martingale convergence theory [26].
This approach has been exploited in [27] to derive some local convergence in
stochastic framework for standard online gradient algorithms with the constant
learning rate used for updating the parameters (weights) of neural networks
models.

It is well known that the design of an adaptive or of other advanced control
systems requires a model that gives an accurate description of the plant to be
controlled. Within the so-called generalized inverse model-based approach, a new
perfect controller has recently been devised in [28] to stabilize an arbitrary multi-
input multi-output memoryless plant whose are assumed to be known. To cope
with an uncertain multivariable plant having the nonsingular matrix gain, the
standard adaptive control algorithms can directly be exploited in adjusting its
inverse model [29, item 4.2.3°]. See also [4, subsect. 4.2]. However, they are quite
not admissible if this matrix gain becomes singular as it is noted in the textbook
[30, item 5.2.3].

Recently, a new adaptive control method to dealing with the possibly singular
matrix gain of the linear multivariable plant in the presence of non-stochastic upper
bounded disturbance has been advanced in [31].

This paper is an extension of recent results of [27, 31] related to the adaptation
and learning algorithms in certain classes of the identification and control systems
using the gradient concept. Specifically, the purpose of the paper is to establish the
global convergence conditions of the standard gradient online learning algorithm in
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the two-layer neural network model by utilizing the probabilistic asymptotic
analysis. Also, it is required to derive the convergent adaptive control algorithm
guaranteeing the boundedness of the signals in the closed-loop system which
contains the multivariable memoryless plant with an arbitrary matrix gain in the
presence of unmeasurable disturbances whose bounds are unknown.

STATEMENT OF THE PROBLEMS

Two different but close problems related to the adaptation and learning
algorithms above mentioned are stated and solved.

The problem of analyzing the asymptotic properties of the online gradient
learning algorithm in the neural network model. Let

y(n) =F(x(n)) (D
be the nonlinear equation describing a complex system to be identified. In this
equation, y(n)eIR and x(n)e IRV are the scalar output and the so-called state
vector, respectively, available for the measurement at each nth time instant
(n=12,..), and F': RY > IR represents some unknown nonlinear mapping.
(Note that x(n) may include the current inputs of this system and possibly its past
inputs and also outputs; see [1, subsect. 5.15].) Without loss of generality, one
supposes that the nonlinearity

y=F(x) ()

is the continuous and smooth function on a bounded but infinite set X < IRY
(diam X < 0).

To approximate (2) by a suitable nonlinearly parameterized function, the two-
layer neural network model containing M (M >1) neurons in its hidden layer is

employed. The inputs to the each jth neuron of this layer at the time instant »n are
the components of x(n). Its output signal at the nth time instant is specified as

N
yP ) = c{b}l) + Y wiy, (n)} j=l..,M, 3)
i=1

where x;(n) denotes the ith component of x(n), and wl(jl) and bgl) are the weight

coefficients and the bias of this jth neuron, respectively. o(-) denotes the so-called

activation function defined usually as the sigmoid functions

1
O T expi) @
or
o(s) = tanh (s). 5)
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There is only one neuron in the output (second) layer, whose inputs are the
outputs of the hidden layer’s neurons. The output signal of second layer, y(z) (n),

at the time instant # is determined by

M
YD) = XwPy P )+, (6)
j=1
where wl(z), ey w](é) are the weights of this neuron and »? is its bias.

Since o(:)s defined by (4) and (5) are nonlinear, it follows from (3), (6) that

y(z) (n) is the nonlinear function depending on x(n—1) and also on the

(M (N +2)+1) -dimensional parameter vector

1 1 1 1 1 1)
W=l B0 D

(7

WD) O,

To emphasize this fact, define the output signal of the neural network in the
form

¥ (n) = NN(x(n), w) (8)

x IRM(N+2)+1

using the notation NN: RV — IR. Taking into account that the

neural network plays the role of a model of (1), rewrite (8) as follows:

Ymod (1) = NN(x(n), w). )
Now, define the variable
e=F(x)—NN(x, w) (10)

representing the discrepancy between the nonlinearity (2) and its neural network’s
model for a fixed w. Due to (1), it yields the current model error

e(n) = y(n) = NN(x(n), w) (11)
which can be measured at the nth time instant. Further, introduce the usual
quadratic loss function

O(x, W) =[F (x) = NN(x, w)T*. (12)

To do an adaptation of the neural network model to the uncertain system (1),
the standard online gradient learning algorithm

w(n) =w(n=1) -n(m)V,,O(x(n), w(n - 1)) (13)
taken, for example, from [1, 8] is utilized. In this algorithm, V ,Q(x(n), w(n—1))
denotes the gradient of Q(x,w) with respect to w at w=w((n—-1) for given
x=x(n), and n(n) is the learning rate (step size) of (13). Thus, (3), (6), (8) and

(13) together with (9) and (12) describe the learning system necessary for the
adaptive identification of (1). Suppose {x(n)} is a sequence of vectors appearing

randomly in accordance with some probability density function p(x) such that
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J.Xp(x) dx=1.

Furthermore, p(x) has the following properties:

P{x(n)e X'}:= -[X’ p(x)dx>0

for any subset X' < X whose dimension is N, and

P{x(n)e X"} := -[X” p(x)dx=0

if dim X" <N, where P{} denotes the probability of corresponding random
event.
Additionally, it is assumed that p(x) represents a continuous function which

may become zero only at some isolated points on X.
Now, introduce the performance index

J(w) = E{Q(x, w)} (14)

which evaluates the quality of learning process with Q(x, w) given in (12). In this

expression,
E{O(x, w)}:=[  [F(x)=NN(x, W)’ p(x)dx

denotes the expectation of Q(x, w) with respect to the random xs.

The following problem is here stated. It is required to derive the conditions
under which {w(n)} caused by the learning algorithm (13) will converge in the

sense that
J(w(n)) —>inf J(w) as n— o (15)
w

almost sure (a.s.) for any initial w(0), where J(w(n)) is determined by (14) for
w=w(n).
The problem of designing the adaptive control system which contains the

linear memoryless plant with arbitrary matrix gain. Now, consider the linear
multivariable memoryless plant described by

Y, =Bu,+v,, (16)

where y, =[yf,l),..., yle )" is the N-dimensional output vector to be measured at

nth time instant, u, = [ufll),..., ule 7 is the N-dimensional vector of unmeasurable
disturbances and

By by
B=| ... ... .. (17)
le “ee bNN
is an arbitrary N x N matrix gain.

It is assumed that the elements of the matrix B in (17) are all unknown.
However, there are some interval estimates

by <by <bi, ik=1,...,N (18)
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with the known upper and lower bounds. This implies that B in (16) may be ill-
conditioned or even singular, in general. Hence its rank satisfies
rank B < N.

Suppose {vfli )} ely, where (¢, denotes the space of all bounded scalar
sequences {x,} having the norm ||x||Oo = sup |x,|<o. Thus,
0<n<o
v |<g; <o Vi=L...,N, (19)
where &; s are constant. We assume that they are unknown, and it is essential.

Let yO:[yO(l),...,yO(N " denote the desired output vector whose
components satisfy
| 0O 44+ )2 | 0,

The problem is to design an adaptive controller of the form

0
Up+l :Un(“na)’nay )> (20)

to be able to guarantee the boundedness of all signals in the closed-loop system
(16), (20), i.e.,

limsup (|| u,, |+ y, |l) <o (2D

n—»o0

provided that the assumptions (18) and (19) hold. In the expression (20),

U,: RY xIRY xIRY - RV represents a time-varying linear operator defined

later.
MAIN RESULTS

The convergence conditions for the learning algorithm in neural network
model. The global stochastic convergence analysis of the gradient learning
algorithm (13) (for an arbitrary w(0)) is based on employing the fundamental

convergence conditions established in the following Key Technical Lemma which
is the slightly reformulated Theorem 3 of [32].

Key Technical Lemma. Let V(w) be the so-called Lyapunov function to be
satisfy the following properties:

V(w)=0 if weW™ and V(w)>0 if we W™, (22)
and
[VV(W) =Vl < L[w' =w"| (23)
with the Lipschitz constant L > 0. Define the scalar variable

H(w) =V, V (w) V,, E{O(x, w)} 24)
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and denote
H,(w):=V,,V (w(m)) V,, E{O(x, w(n))}.

Suppose:
() H,(w)=0,V(wn—1)), 6 >0,
(if) E{IV, 00, wm) [P} < T, (w(n)),
1,20.
Introduce the additional variable
v =n(n)®, - Ln(n)t,/2). (25)
Then the algorithm (13) vyields lim, ¥, =0 as. provided that
E{w(0)} < and

0<v,<l, (26)
2V =0, (27)
n=0
1.e., the limit
lim V, =0
will be achieved with probability 1. ]

Related result followed from the Theorem 3’ of [32] is.
Corollary. Under the conditions of the Key Technical Lemma, if

0, =0=const and 1, =7t=const, and n(n)=n=const, then y, — 50 as.
n—» 0

provided that
0<n<2(0-¢)/Lt (0<e<0) (29)
is satisfied. ]

Consider, first, the case when F(x) can exactly be approximated by a neural

network representation for all x € X' implying
F(x)=NN(x, w"). (30)

In this case called in [8, p. 304] as the ideal case, we have J(w*)=0 (by
virtue of (12), (14)).

Now, we are able to present the first convergence result summarized in the
theorem below.

Theorem 1. Suppose the assumption (30) holds. Then the gradient algorithm
(13) with a constant learning rate, n(n)=m, will converge with probability 1 (in

the sense that /,, ———0 a.s.) and
n—>0
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lim, ,,e(n)=0 as. (31)

for any initial w(0) chosen randomly so that E{Q(x, w(0))} <o if the conditions
(29) with 8 and t specified by

o i I VuEOC WP

32
ewt EQ0G )} (32)
_ E{||V,,00,w) [}
T EO( ) 33)
are satisfied.
Proof. Set
V(w) = E{O(x,w)}. (34)

Then condition (22) and (23) can be shown to be valid. This indicates that
V' (w) of the form (34) may be taken as the Lyapunov function. By virtue of (24)
such a choice of V(w) gives H(w)=|V,E{O(x, w)}||2. Putting 6, =0 and
1, =1 with 0 and t determined by (32) and (33), respectively, one can conclude
that the conditions (i), (i1) of the Key Technical Lemma are satisfied. Applying its
Corollary it proves that lim,_, ., ¥, = 0 with probability 1.

Due to the definition (34) of V' (w) together with the assumption (30), result

(31) follows. ]
Now, consider general case, where F(x) cannot exactly be approximated by

NN(x, w) (as in (30)). Obviously, in this case, inf Q(x, w*) #0, and the choice of
w

a constant learning rate, n(n) =", is not appropriate [8].

The convergence results are established in the follow theorem.
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Theorem 2. Subject to the conditions

(a) Yn(n)=co, (b) S n(n) <o, (35)

n=0 n=0
the gradient algorithm (13) yields
lim E{Q(x,w(n))}=inf E{Q(x, w))} a.s.
n—»o0 w

provided that © > 0 with O determined by (32).
Proof. Setting

Vi = E{Q(x,w(n))} - irvlvf E{O(x,w)}
it can show that the requirements (22) and (23) will be satisfied: ¥(w*)=0, and
V(w)>0 for w=w". Since E{||V,,O(x, w) ||}2 >0 for w=w", it follows that
condition (ii) of the Key Technical Lemma assumes t,, — 0 as w(n) = w".
Suppose (ii) is not satisfied. Then, there is a finite T such that
E{|V,,0(x, w)|[}* <1,V (w(n)) with T, <T < o0, (36)

Since 1, is assumed to be finite, there exists a finite 7 such that requirement
(27) will be satisfied for all sufficiently large n > ny provided that (i) takes place
with 6, >0 >0 and E{w(ng)} <o and the condition (b) of (35) is satisfied (due to
the fact that (b) means n(n) - 0 as n— ).

Further, if the assumption t,, <T < oo holds then the series

> 1,0, with 6, >6>0

n=ng
diverges whereas the series
o0
- Y In(n)t,/2
n=ng

converges (because of the validity of (a)). This gives that (27) takes also place.
Since 6 >0, all the conditions of Key Technical Lemma are satisfied for

n>ng. By this Lemma, lim, ,,V, =0 a.s. Therefore, Ty ® with

probability 1. But this contradicts the assumption that 1, <T<ow (see (30)).

Hence, this assumption is false. This fact proves the validity of result given in
theorem. [ |
Remark 1. Setting

0, = || V., E{O(, w(m)} | > [E{O(x, w(n))}
1, = E{| V,,000 w(n) |1} E{QCx, w(n))}
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it can be concluded that, under the condition of the Theorem 2, the following
features are observed: 6, >0>0, 1, <t<o forall .

Remark 2. The conditions established in the theorem 1 and 2 are sufficient to
guarantee the global convergence of (13) (for any w(0)) with probability 1 both in

ideal and non-ideal cases. Under these conditions, the requirement (15) in which
J(w(n)) = E{Q(x,w(n))}

will obviously be satisfied (final result). Again, the essential feature of this result is
that these convergence properties can be achieved without adding penalty term to

O(x,w(n)), asin[17].
Of course, the calculation of 6 and T for choosing the suitable constant
learning rate, T,according to (32), (33) seems to be hard. Meanwhile,  may be

replaced by the time-varying m(n) satisfying the requirements (29) if necessary.
Note that they are usual in the stochastic learning theory [1].

Adaptive control of the plant (16) with an arbitrary B. Basic idea is the
transaction from the adaptive identification of the true plant having the singular
transfer matrix B to the adaptive identification of a fictitious plant with the
nonsingular transfer matrix of the form

B=B+3l, (37)
where / denotes the identity matrix and §, is a fixed quantity.
Although B as well as B remain unknown, the requirement
detB # 0 (38)

can always be satisfied by the suitable choice of 3, in (37). In fact, each ith
eigenvalue A;(B) of B lies in one of the N closed regions of the complex z-plane

consisting of all the GerSgorin discs [33, p. 146]

N

k#i

Since, at least, one of the eigenvalues A;(B) is equal to zero (due to the

singularity of B), by virtue of (8) there are the numbers

(0 3 " >

B =ty = Xlbul, B =i+ Xlbicl, (40)
k=1 k=1
k#i k#i
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such that if
[ by | +...+ by |#0 (41)

then either [_S(i ) <0 but B(i) >0 or [_S(i ) <0 but B(i) > 0. These numbers define the

intersection points of the ith GerSgorin disc with the real axis of the complex z-

plane as show in Figs 1 and 2, left. In both cases, E(i) [_3(0 <0 if (11) is satisfied

because [_S(i) and B(i) cannot have the same sign.

Im ﬁ Im
z-plane z-plane
/ /7“ Re Re
a b
: Svorin di : 182 1<3"
Fig. 1. The GerSgorin discs for N=2 in the case '=
Im # Im
z-plane z-plane

®
o

: i : 37 1</
Fig. 2. The GerSgorin discs for N=2 in the case =

Denote

(V)

p=minB",... g™}, Br=maxip,....p" ) (42)

and consider the following cases: (a) |B|<| [_3 l (b) [Bl>] [_3 | (The case when
IBl=| [_3 | can be combined with any two cases.) In order to go to the transfer matrix

B of the fictitious plant having the form (37) in the case (a), it is sufficient to shift
the GerSgorin disc (39) right taking

50>18) )
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as shown in Fig. 1, right. In the case (b), the discs (39) need to be shifted left
according to

8o <—IBl. (44)

See Fig. 1, right. In both cases, the nonsingularity of B is guaranteed.
Nevertheless, the conditions (43) and (44) cannot be satisfied, as yet. In fact, the
numbers [ and B given by the expressions (42) depend of EU) and E(i)s defined
by (40). But they are unknown because b;;s are all unknown.

To choose a number 3, satisfying (38), we propose the following actions.

Define

. N 7
B =p. — > max{|by || bi |},

Zmin =1 e (45)
ki

0z 3 -

Bmax ::bii+lgz=:1max{|l_)ik |>|bik|}> (46)
k+#i

minimizing and maximizing the right side of (40) for E(i) and E(i), respectively in
bir €[y bik -

Now, introduce such quantities:

e minRD (N)
Emin - mln{Emin"”’Emin}’

2 e () @7
Bl'I'IElX = maX{BmaX"“’BmaX}'
Then &, has to satisfy the conditions
89>—B_. for |B . |<IB gl
_ _ (48)
80 < Pax for |Emin |> B ax |-

It can be clarified that if (48) together with (45)—(47) will be satisfied then the
condition (38) will without fail be ensured.

After determining the number (3) we able to proceed to the consideration of

the fictitious plant. Since the input variables ulD ule )

0 ees
vfll),..., vle ) of both true plant and fictitious plant are the same, this feature allows

and the disturbances

to describe our fictitious plant by the equation
Y, = Buy, +v,, (49)

(1) ~(N) r

similar to (1). In this equation, v, =[y,",..., v, denotes the output vector of

the fictitious plant.
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It is interesting that the components of , can be measured while the

components of v, in (49) remain unmeasurable. In fact, substituting (37) into (49)

due to (16) we produce
;n =V + 80ty (50)

It is seen from (50) that ¥, can always be found indirectly having u, and y,

to be measured.
Now, our problem reduces to the problem of adaptive control applicable to the

fictitious plant (49) with the unknown transfer matrix B in the presence of arbitrary

bounded disturbances vﬁ}),...,vf}) whose bounds, ¢;s, are also unknown. As in

[4, item 4.2.3], the adaptive control law is designed in the from
U1 =ty + By €, (51)

where instead of the current estimate B, of B is exploited where as the error
vector

0
=Y —Vn
is replaced by

& ="~ (52)
with y, given by the expression (50).

The adaptive identification algorithm used to determine the estimates En may

be taken as

WS @,®, 8521

FO 50 _y
S

Vu,signe, D, i=1... N, (53)
which is similar to that in [4, item 4.2.3]. In this algorithm, the following notations
are introduced l;,gi)T:[l;ﬂ(n),...,l;iN(n)], Vu, =u, —u,_;.

B 0 if |e| <%,
f(e, &)= _ , (54)

| e|—€ otherwise

represents the dead-zone function depending on

&, =v3) —p vy, (55)

which is the ith component of Z: :[Z:(l),...,Z: v )]T , and on the past estimate
e

n—1

of the unknown £ found at the previous (n-1)th step. yg) is the coefficient
chosen as

O0<y' <y,<y"<2 (56)
to ensure det En =0.

The algorithm for estimating gg)s is specified by
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0 0 7@, e9)

s(i)zg ,
T v,

i=1...,N. (57)
Remark 3. The dead-zone function f'(e,€) depicted in Fig. 3 differs from the

dead-zone function utilized in the standard adaptation algorithms similar to (53) in
that it is nonnegative and also its size is time-varying variable determined by the
past estimate of the unknown bound on the disturbance.

4

f )

- 0 & e

Fig. 3. The dead-zone function of the form (54)

The asymptotic properties of the adaptive control algorithm designed above
are established in the following theorem.

Theorem 3. Let the assumptions (18), (19) and (41) be valid. Consider the
adaptive feedback control system containing the plant (16), the controller (51), (52)

together with the adaptation algorithm (53) to (57). Put sg) =0 forall i=1,...,N

and choose any initial estimate By =B,+5,/ from the conditions by <by(0) <bif.
Then:
(i)  the sequence {En} = El, §2> ..., caused by (53)—(56) converges,

ie., lim B, = B,;
n—>0

(i) the sequence {sg)} = sg), sfi),... caused by (57) is nondecreasing
and is convergent, i.e.,

lim {£Dy=¢), i=1,...,N;
n—»0
(iii) the requirement (21) is satisfied.
Proof. The validity of (i) and (ii) follows immediately from the results which
can be found in [4, subsect. 4.2]. It is based on exploiting the fact that

vOw=rPm+vOm),
with
PO =150 50 12 and Oy =126 -5 |,

where 5@ = [b

i1se+ s

Ez‘N ]T , 1s the Lyapunov function of the algorithm (53) to (57).
The proof of (iii) is based on the boundedness property for {)7,(11 )} established
in [4, subsect. 4.2]. Due to this property it can be written
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limsup || 3, [I< . (58)

n—0

Substituting (49) into (58) gives
lim sup (Eun +v,) <. (59)
n—»o0
Since {v,}el,x---xl,, and B is nonsingular from (59) it can be
| ——
N
concluded that {u,}e ¢ x---x{. By virtue of the boundedness of {v,} it yields
N
the boundedness of {y,}. Finally, this fact proves the validity of (iii). ]

CONCLUSIONS

The Lyapunov function approach is the suitable tool for analyzing the
asymptotic behavior both of the gradient learning algorithm in the neural network
identification systems and of the adaptive gradient algorithm in the certain closed-
loop control systems.

Using the approach above mentioned, the two groups of global sufficient
conditions which guarantee that the online gradient learning algorithm in neural
network model for the identification of uncertain nonlinear systems acting in the
stochastic environment will converge with probability 1. The first group of these
conditions define the requirements under which this algorithm will be convergent
a.s. with a constant learning rate. Such an asymptotic property holds in the ideal
case where the nonlinearity to be identified can exactly be described by a neural
network model. The second group of convergence conditions shows that this
property can also be achieved in non-ideal case. Note that adding a penalty term to
the current error function is indeed not necessary to guarantee this property.

It is established that in a worst case where the matrix gain of multivariable
plant to be controlled is unknown and may be singular, and the bounds on the
arbitrary unmeasurable disturbances remain unknown, the convergence of the
gradient adaptation algorithm and the boundedness of all signals in the adaptive
closed-loop system can be guaranteed.
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UDC 681.5
ADAPTATION AND LEARNING IN SOME CLASSES OF

IDENTIFICATION AND CONTROL SYSTEMS
L.S. Zhiteckii, S.A. Nikolaienko, K.Yu. Solovchuk

International Research and Training Center for Information Technologies and
Systems of the National Academy of Science of Ukraine and Ministry of Education and
Sciences of Ukraine, Kiev, Ukraine

Introduction. The paper deals with studying the asymptotical properties of
the standard discrete-time gradient online learning algorithm in the two-layer
neural network model of the uncertain nonlinear system to be identified. Also, the
design of the discrete-time adaptive closed-loop system containing the linear
multivariable memoryless plant with possibly singular but unknown matrix gain in
the presence of unmeasurable bounded disturbances having the unknown bounds
are addressed in this paper. It is assumed that the learning process in the neural
network model is implemented in the stochastic environment whereas the
adaptation of the plant model in the control system is based on the non-stochastic
description of the external environment.

The purpose of the paper is to establish the global convergence conditions of
the gradient online learning algorithm in the neural network model by utilizing the
probabilistic asymptotic analysis and to derive the convergent adaptive control
algorithm guaranteeing the boundedness of the signals in the closed-loop system
which contains the multivariable memoryless plant with an arbitrary matrix gain in
the presence of unmeasurable disturbances whose bounds are unknown.

Results. The Lyapunov function approach as the suitable tool for analyzing
the asymptotic behavior both of the gradient learning algorithm in the neural
network identification systems and of the adaptive gradient algorithm in the certain
closed-loop control systems is utilized. Within this approach, the two groups of
global sufficient conditions guaranteeing the convergence of the online gradient
learning algorithm in neural network model with probability 1 are obtained. The
first group of these conditions defines the requirements under which this algorithm
will be convergent almost sure with a constant learning rate. Such an asymptotic
property holds in the ideal case where the nonlinearity to be identified can exactly
be described by a neural network model. The second group of convergence
conditions shows that this property can also be achieved in non-ideal case. It turns
out that adding a penalty term to the current error function is indeed not necessary
to guarantee this property. It is established that in a worst case where the matrix
gain of multivariable plant is unknown and may be singular, and the bounds on the
arbitrary unmeasurable disturbances remain unknown, the convergence of the
gradient adaptation algorithm and the boundedness of all signals in the adaptive
closed-loop system can be ensured.

Conclusions. In order to guarantee the global convergence of the online
learning algorithm in the neural network identification system with probability 1,
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the certain conditions should be satisfied. Also the boundedness of all signals in the
closed-loop adaptive control system containing the multivariable memoryless plant
whose matrix gain is unknown and possibly singular can be achieved even if the
bounds on the unmeasurable disturbances are unknown.

Keywords: neural network, gradient learning algorithm, convergence,
multivariable memoryless plant, adaptive control algorithm, boundedness of the
signals.

1. Tsypkin Ya.Z. Adaptation and Learning in Automatic Systems. N.Y.: Academic
Press, 1971.

2. Tsypkin Ya.Z. Foundation of the Theory of Learning Systems. N.Y.: Academic
Press, 1973.

3. Kuntsevich V.M. Control under Uncertainty Conditions: Guaranteed Results in
Control and Identification Problems. Kiev: Nauk. dumka, 2006. (in Russian).

4. Zhiteckii L.S. and Skurikhin V.I. Adaptive Control Systems with Parametric and
Nonparametric Uncertainties. Kiev: Nauk. dumka, 2010. (in Russian).

5. Suykens J. and Moor B.D. Nonlinear system identification using multilayer neural
networks: some ideas for initial weights, number of hidden neurons and error
criteria. In Proc. 12nd IFAC World Congress, 1993, vol. 3, pp. 49-52.

6. Kosmatopoulos E.S., Polycarpou M.M., Christodoulou M.A. and loannou P.A.
High-order neural network structures for identification of dynamical systems. /EEE
Trans. on Neural Networks, 1995, vol. 6, pp. 422-431.

7. Levin A.U. and Narendra K.S. Recursive identification using feedforward neural
networks. Int. J. Control, 1995, vol. 61, pp. 533-547.

8. Tsypkin Ya.Z., Mason J.D., Avedyan E.D., Warwick K. and Levin LK. Neural
networks for identification of nonlinear systems under random piecewise
polynomial disturbances. IEEE Trans. on Neural Networks, 1999, vol. 10, pp. 303—
311.

9. Behera L., Kumar S., and Patnaik A. On adaptive learning rate that guarantees
convergence in feedforward networks. IEEE Trans. on Neural Networks, 2006, vol.
17, pp. 1116-1125.

10. White H. Some asymptotic results for learning in single hidden-layer neural
network models. J. Amer. Statist. Assoc., 1987, vol. 84, pp. 117-134.

11.Kuan C M. and Hornik K. Convergence of learning algorithms with constant
learning rates. IEEE Trans. on Neural Networks, 1991, vol. 2, pp. 484 — 489.

12.Luo Z. On the convergence of the LMS algorithm with adaptive learning rate for
linear feedforward networks. Neural Comput., 1991, vol. 3, pp. 226-245.

13. Finnoff W. Diffusion approximations for the constant learning rate backpropagation
algorithm and resistance to local minima. Neural Comput., 1994, vol. 6, pp. 285—
295.

14. Gaivoronski A.A. Convergence properties of backpropagation for neural nets via
theory of stochastic gradient methods. Optim. Methods Software, 1994, vol. 4, pp.
117-134.

15.Fine T.L. and Mukherjee S. Parameter convergence and learning curves for neural
networks. Neural Comput., 1999, vol. 11, pp. 749-7609.

16. Tadic V. and Stankovic S. Learning in neural networks by normalized stochastic
gradient algorithm: Local convergence. In Proc. 5th Seminar Neural Netw. Appl.
Electr. Eng., 2000, pp. 11-17.

© L.S. Zhiteckii, S.A. Nikolaienko, K.Yu. Solovchuk, 2015
64 ISSN 0452-9910. Ku6epHeTuka u BbI4ucI. TexHuka. 2015. Boim. 181



17.Zhang H., Wu W., Liu F. and Yao M. Boundedness and convergence of online
gradient method with penalty for feedforward neural networks. IEEE Trans. on
Neural Networks, 2009, vol. 20, pp. 1050—-1054.

18.Mangasarian O.L. and Solodov M.V. Serial and parallel backpropagation
convergence via nonmonotone perturbed minimization. Optim. Methods Software,
1994, pp. 103-106.

19.Wu W., Feng G. and Li X. Training multilayer perceptrons via minimization of
ridge functions. Advances in Comput. Mathematics, vol. 17, pp. 331-347, 2002.

20.Zhang N., Wu W. and Zheng G. Convergence of gradient method with momentum
for two-layer feedforward neural networks. IEEE Trans. on Neural Networks, 2006,
vol. 17, pp. 522-525.

21.Wu W, Feng G., Li X and Xu Y. Deterministic convergence of an online gradient
method for BP neural networks. IEEE Trans. on Neural Networks, 2005, vol. 16,
pp- 1-9.

22.Xu Z.B., Zhang R. and Jing W.F. When does online BP training converge? /[EEE
Trans. on Neural Networks, 2009, vol. 20, pp. 1529-1539.

23.Shao H., Wu W. and Liu L. Convergence and monotonicity of an online gradient
method with penalty for neural networks. WSEAS Trans. Math., 2007, vol. 6, pp.
469-476.

24.Ellacott S.W. The numerical analysis approach. In Mathematical Approaches to
Neural Networks (Taylor J.G. ed; B.V.: Elsevier Science Publisher), 1993, pp. 103—
137.

25.Skantze F.P., Kojic A., Loh A.P. and Annaswamy A.M. Adaptive estimation of
discrete time systems with nonlinear parameterization. Automatica, 2000, vol. 36,
pp- 1879-1887.

26.Loeve M. Probability Theory. N.Y.: Springer-Verlag, 1963.

27.Zhiteckii L.S., Azarskov V.N. and Nikolaienko S.A. Convergence of learning
algorithms in neural networks for adaptive identification of nonlinearly
parameterized systems. In Proc. 16th IFAC Symposium on System Identification,
2012, pp. 1593-1598.

28. Skurikhin V.I., Gritsenko V.I., Zhiteckii L.S. and Solovchuk K.Yu. Generalized
inverse operator method in the problem of optimal controlling linear interconnected
static plants. Dopovidi Natsionalnoi Akademii Nauk Ukrainy, 2014, no. 8, pp. 57—
66. (in Russian).

29.Fomin V.N., Fradkov A.L. and Yakubovich V.A. Adaptive Control of Dynamic
Systems. Moscow: Nauka, 1981. (in Russian).

30. Goodwin G.C. and Sin K.S. Adaptive Filtering, Prediction and Control. Engewood
Cliffs. NJ.: Prentice-Hall, 1984.

31. Azarskov V.N., Zhiteckii L.S. and Solovchuk K.Yu. Adaptive robust control of
multivariable static plants with possibly singular transfer matrix. Electronics and
Control Systems, 2013, no. 4, pp. 47-53.

32.Polyak B.T.Convergence and convergence rate of iterative stochastic algorithms, I:
General case. Autom. Remote Control, 1976, vol. 12, pp. 1858—1868.

33.Marcus M. and Minc H. A4 Survey of Matrix Theory and Matrix Inequalities.
Boston: Allyn & Bacon Inc. 1964.

[onyueno 06.07.2015

© L.S. Zhiteckii, S.A. Nikolaienko, K.Yu. Solovchuk, 2015
ISSN 0452-9910. Ku6epHeTuka u BbI4ucJI. TexHuka. 2015. Boim. 181 65



VIK 681.5

METO/J CTPYKTYPHO-IAPAMETPUUYECKOU
NIEHTUOUKAIUU MHOTI'OCBA3HBIX CUCTEM
IO YACTOTHBIM XAPAKTEPUCTUKAM

C.B. MeJIbHHYYK
Hucmumym xocmuueckux uccneoosanuit HAH Ykpaunovt u I'KA Yxkpauno

HUccnegosana BO3MOKHOCTh MIPUMEHEHUS MeToJa
CTPYKTYPHO-TIAPAMETPUIECKON HACHTU(PHUKALUN CHCTEM C OIHHM BXOAOM H
OHMM BBIXOIOM JJIsI TIOCTPOCHUS ANMPOKCUMHUPYIOIIUX MOJAEIEH CHUCTEM C
HECKOJIbKUMH BXOJAaMH H BBIXOAaMU. [IpeioxeH anroput™M, OCHOBAaHHBIA Ha
00bETMHEHUH MOZETIeH, COOTBETCTBYIOMINX AMHAMHKE MCCIEIyeMOro o0beKTa
[0 OTHENBbHBIM BXOJaM M OTJAENBHBIM BBIXOJaM, B OJHY MHOTOCBS3HYIO

MOJEIIb.

Knroueesvie cuosa: CHCTEMHas UACHTU() UKL,
MHOTOCBSI3HAsI CHCTE€Ma, YaCTOTHBIC XapaKTEPUCTHUKH, AaNMPOKCHMHUPYIOLIAs
MOJEIIb.

JlocmikeHO MOXKIIMBICTD 3aCTOCYBAHHSI METOAY CTPYKTYPHO-
napamMeTpUYHOl ieHTU(]IKAI[i CHCTEM 3 OJHUM BXOJOM Ta OJHUM BUXOIOM ISt
noOyZOBH aNpOKCUMYIOUMX MOJENeH cucreM 3 OaraTbMa BXOIaMM Ta
BUXOJaMH. 3amporOHOBAHO AITOPUTM, 3aCHOBaHMI Ha 00'€MHAHHI MOeNnei,
SIKi BIAMOBIAAIOTH MUHAMILI 00’€KTY MOCIIIKEHHS 32 OKPEMHMH BXOAAMH Ta
OKpEMHMH BUXOJaMH, B OIHY 0arato3B’s3Hy MOJENb.

Kniouosi cnosa: cucremna inentudikauis, 6arato3s’si3Ha
CHCTEMa, YaCTOTHI XapaKTePUCTUKH, alIPOKCUMYIO4a MOJIEIb.

BBEJEHUE

OnmHuM W3 aKTHBHO pa3BHUBACMBIX HANpPABJICHWH B TEOPUH HIACHTH(DHUKAIIIH
JIMHEWHBIX TUHAMUYECKUX CHCTEM SIBJIIOTCS YAaCTOTHBIE METO/bI, OCHOBAHHbIE Ha
HCIIONIb30BAHUN XapaKTEPHCTHK OOBEKTOB B YACTOTHOW oOmactu. OOmmM Uis
METOZOB JTOrO HAampaBJeHUs SBJSIOTCS HCXOAHbIE JaHHBIE — YacTOTHBIE
XapaKTePUCTUKH, IOMyYaeMbIe B PE3yIbTaTe (HIBTPANN JKCIEPHMEHTAIBHBIX
BBIXO/IHBIX CHUTHAJIOB.

Teopust © MeTOIBl TMOCTPOEHHUS JIMHEWHBIX CTAllMOHAPHBIX MOJENed JUIs
00BEKTOB YIIPABICHUS II0 YACTOTHBIM XapaKTEPUCTHKAM WMEIOT OOINBIIYIO
ucroputo [1]. B paHHHX uHCCIENOBaHUSAX II0 YAaCTOTHOW HACHTH(DUKAIMN
pa3pabaThIBaeMbIe METOMBI HE YUUTHIBAJIH BIVSHUS BHEITHUX BO3MYIIEHHH JTHOO
mpeamonarand wux OenomryMHBIMA. CyIeCTBEHHOE NPOIABIDKEHHE B TEOPHUHU
UICHTH(OUKAIMH B YCIOBUSIX HEOHPEACICHHOCTH OBLIO ITOCTHTHYTO B IMOCICIHUE
JECATHIICTASL U CBS3aHO C pa3paboOTKOi KOHEYHO-4acToTHOro moxxoma [1 - 3].
B [1] Obut mpemiokeH METOI, TO3BOJIOMINN HAXOAWTH MOJACTH JIMHEHHBIX
MHOTOCBA3HBIX CHCTEM B YCIOBHSX OTpaHMYEHHON HEOINpPEINeICeHHOCTH, KOorjaa Ha
BHELIHHE BO3MYIIEHHUS HAKJIaJbIBAlOTCS JIMIIb YCIOBUSA MX OTPaHUYEHHOCTH IO
HOpMe. MeTox mpexdronaran IMpOBEICHUE IapaMeTPHIECKON HICHTU(UKAIINN:
CTPYKTYypa MOJIENIH CUUTAJIach allpuOpPH U3BECTHOM.

HeobxoanMocTh anipruopHOTo 3HAHUS CTPYKTYPHI CYIIECTBEHHO OIpAaHHYHBACT
00JIaCTh BO3MOXKHBIX TIPAMEHEHHWH, a TOMBITKA MTOCTPOCHUS Mojeneld Oonbmioit
pa3MEpPHOCTH B YCIOBUSIX HEONPENENIEHHOCTH MPHUBOIAT K HEYCTOHYHMBOCTU
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MOJTy4YaeMbIX PELICHUI M3-32 XapaKTEePHOro s 3a7a4 UACHTU(QUKAIIMK CBOMCTBA
HEKOPPEKTHOCTH.

B pasBuTHE KOHEYHO-YACTOTHOrO moaxoaa [4, 5] ObUT HPEIOKEH METO[
CTPYKTYPHO-TIAPAMETPHYECKON  HMICHTU(DHUKAIMK,  IO3BOJSIOIIUA  CTPOUTH
peayLupOBaHHBIC MOJIENH, AMMTPOKCHMHUPYIOIINE TOBEACHUE UCXOIHONU CHCTEMBI C
OIHMM BXOIIOM M OJJHHM BBIXOIOM (aHTI.: single input single output — SISO) mo
BBIXOIHOMY CHTHAJIY, a TAK)KE UCCIIEI0BAaH BOMPOC BHIOOPA Pa3MEPHOCTH MOJIEIH C
TOYKHU 3peHHUs 0OECIIeueHUsT KOPPEKTHOCTH 3aaauu [5].

IMepexon Kk uaeHTH(GUKAIMHE ATMPOKCUMHUPYIONIMX Mojeneil Goiee HU3KOro
MOpAZKA, YeM [EeHCTBUTENbHAsT MCXOAHAS CHCTeMa, MPUBEN K HEOOXOIUMOCTH
paspelieHus psiia BO3HUKIIKUX podaeM. [l yecTpaHeHuUs] BO3MOXKHOT'O MO aHHs
COOCTBEHHBIX 4YHCENT MOJENH B 00JaCTh HEYCTOMYMBOCTH ObLIa MPEIIOKEHA
moaubukamus merona [6]. HepereHHoii ocraBanach mpobieMa UASHTHPUKAIIMU
MHOTOCBSI3HBIX CHCTEM, PACCMOTPEHHAS B JAHHOM padore.

IIOCTAHOBKA 3AJIAYHA

[TycTs mOBeleHHE HCCIETyeMOro OOBEKTa 3aJaeTcs JTUHEHWHOH YCTOHYHMBOM
CTalMOHAPHOW TMHAMUYECKON CHCTEMOM C HECKOJIBKAMH BXOAaMH ¥ HECKOJIBKUMU

BbIxofgamu (amri.: multiple input multiple output — MIMO) B mpocTpaHCTBE
COCTOSIHU I

x=Ax+ Bu,

t<0,1] (1)

y=Cx+n,
rne AeRVN Be RVM e RN HewssecTHble MATpHLBI CHCTEMSL,
N — Oosnbliast HEM3BECTHAS PA3MEPHOCTh CHCTEMBI, M — KOIHUYECTBO BXOJIOB,
R —  KOIMYECTBO  BBIXOJOB, X= x(t) —  BEKTOp  COCTOSIHUS,
u= u(t) = (ul(t) e Uy (t))T — BEKTOP BXOJIHOTO CUTHAIA,
y= y(t)= (yl (t) .. YR (t))T — BEKTOP BBIXOJHOTO CUTHAIA,
n= n(t)= (nl(t) e MR (t))T —— QUIMTHBHBIM I[IyM Ha BBIXOmE, T —

JUTUTEIBHOCTh MHTEpBaNa HaOmroneHns. MccnenoBaTento HOCTYIHBI JaHHBIE u(t)
u y(t). Unentudukanuss MPOM3BOAWTCS B  YCIOBHSAX  OrpaHHMYCHHOU

HEOIPEeNIEIEHHOCTH: ||n(t]| <eg.

HckombiM perrenneM Oyner MIMO mMonenb

%= Ax+ éu,
. (2)
y=0Cx,

¢ HaiiieHHbIMU MaTpuuamu A4, B,C , KoTopas, B HEKOTOPOM CMBICIIE, HAWITY4LINM
o0pazoM TpUONIDKAeT HCXOAHyIo cucteMy (1) mo BEIXOXY y(t) mpu  JIF0O0M
BxonHoM u(f) W i MOOBIX CITydaliHbIX peanu3anui n(t), YIOBJIETBOPSIOLINX

YCIIOBHUIO OIpaHUYCHHOCTH IO HOPME C 3aJaHHbIM € .
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MeTtoa uIeHTH(QUKAIIMA MHOTOCBS3HOW CHCTEMbI OylIeT OCHOBBIBATHCS Ha
monydyeHnn HaOopa SISO mozacucTeM JUIS KaXKIOH IMapbl BXOJa W BBIXOIA C
JATBHEHIIM 00bEMHEHUEM HX B OJHY CHCTEMY.

PaccMoTpyM OTIETBHYO TIOJCUCTEMY — [ -BIi BXOJ, j -BIA BBIXOZ:

fc = Al-‘x +biui’
’ t<0,1] (3)
Yyj=cx+m,,
rae b; — BekTop-cromoen, ¢ j — BEKTOP-CTpOKa, A,»j — KBaJpaTHasg MaTpula

pasmepHoCcTH Nj; .

Anroputm unentudukammu SISO cucremsr (3) ommcan B [4-6]. Momens
BoccTaHaBImBaeTcs B JKopmaHoBoii ¢hopme:

%= Ax + b
AR r€[0,1] (4)
Yj=¢ixtn;,
rne b, wu ¢ j — COOTBETCTBYIOIINE OILICHKH, A,»j — KBaJpaTHas MaTpuLa

A

pasmepHocTd Nj; S Ny .

ManI/I]_[a Alj HE MMECT KPATHBIX COOCTBEHHBIX YHCEN U SBIISIETCS OJIOYHO-

JIMarOHaIbLHOM. Ka)K,I[I:IfI OJIOK OTBeyaer KOMHHCKCHO-COHpﬂ)I(CHHOﬁ nape
COOCTBEHHBIX 3HAYEHMI

A

A

I[eﬁCTBHTCJII)HI)IM COOCTBEHHBIM YHCJIaM 6y,HYT COOTBETCTBOBATL OJIOKH

= +iB.
ii.p = %j,p TiByjp -

A

Bij » =0. Pa3mepHOCTH N; paBHa KOJIMYECTBY COOCTBEHHBIX 3HAYCHHH.

A

KonuuectBo 010K0B Pij COOTBETCTBEHHO OYZIET HE MEHEee Nij /2 v He bonee Nij .

~Bij.p %jp

BekTope! b; 1 ¢; Gnounble

B _|.cos sin

x—(... X, )T, Xp —(xp *p )

- ~ r o _[ncos  zsin p=LE; 6
b = ( Lp Y’ bip =\ip bi,P) Y ©
Hfo=\... (. 6. =158 S-in

¢ —( Cip )’ Ci,p=\jp Cf’p)

VHBapuaHTHBIMH XapaKTEPHCTHKAMH Kilacca 3KBUBAJICHTHBIX Mojenei (4)
Oyner HaOOp COOCTBEHHBIX 3HAYCHU I

Bal={h - Ay |-
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a Takke Habop KOd(PPUIHEHTOB {fij}= {fyc‘fs, fUSlfl}

MPOU3BECHHS OJIOKOB b, ,C: i

J}gos _ ACOS | bcos Asm bsm

y,p J>P €j.p Yip>

2sin cos psin sm [ COS (7)
Jij.p =Cjpbip =Cjp bip-

Ha BxXox mojcucTeMbl IIOJaETCs CUTHAI B BUC CYMMBbI TapMOHHK PA3JIMIHBIX

yactoT. KonmuuecTBo rapMOHUK paBHO S;; = N

i >
Sij

ui(t)= Zai’s -sm(mi’st + ,»’S) (8)
s=1

rae a;,®;, ;g — COOTBETCTBEHHO, M3BECTHBIC MCCIIEIOBATEII0 AMILIATYIBI,

qacToTel U (hasel. [lomydeHHBIH BBRIXOMHON CHUTHAN HpOITyCKaeTcs depe3 (IIIBTP
@dypbe Ha 3TUX ke yacrorax. [lomydaeM OLIEHKH YaCTOTHBIX XapaKTEPUCTHUK
MOJICUCTEMBI:

. 2 ¢ .
(Dij,k (r)= ij (t)sm(mi’kt)dt,

a; T
BE0 k=1.5. (9)

. 2
P4 (1)= ;j v (t)cos o 4 i,

k" 0
B clIydya€ OTCYTCTBHA B T]] (t) TapMOHHMK, COBINAaJAaOIIHUX II0 YaCTOTEC C

qacTtoTaMHn (i)I/IJ'ILTpaI_[I/II/I ®; >, OpU T-—>00 OLOEHKUA CXOOATCA K TOYHBIM

3HAYCHUAM:

Dy g =Dy p () Wyig =¥y (0) (10)

3HaYeHUs YACTOTHBIX IApaMETPOB CBs3aHBI C IEPEIaTOYHON (yHKIHEH
MOJCUCTEMBI:
(Dij,k =ReW,; (zm, k), ij.k —ImWij(imi’k),

T.e. Kak7as TapMOHHKa BXOTHOIO CHTHANa I0ciae (GHIBTpAIlMH JaeT OLEHKY
TOYEYHOI'0 3HAYCHHUS IIEPEAATOYHON ()YHKIIHM:

Nyj-1
Vij(P) vij,]('i,»—lp R R AV
Wy(p)= ) f : (11)
9;(p p ’-’+qij’1<,ij_1p Yt gt g0

Haxoxnenne ko3 UIIeHTOB MOJTUHOMOB HaxoauTces u3 pemenus CJIAY:

Vlj(m),]k) Qy(zmykx(l)yk+z‘l’ ) 0, k=1,S,»j. (12)
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Haxoxnenne Bcex KOpHEH nonuHOMa Q,»j(p) nmaer HaOOp COOCTBEHHBIX

3HAYEHUH TaHHOU IOACHCTEMBI {Kij }= {Kij’l, ey Kij I }

A

Haxoxnenue PasMEPHOCTHU Nlj MOACIN TOACHUCTEMBI IMMPOU3BOAUTCA II0

mporenype, ommcaHHOH B [5]. BappupoBanme mIMTENPHOCTH HAONIONCHUS T
MPUBOAUT K U3MEHEHUAM OLIEHOK YaCTOTHBIX XapaKTEPUCTUK, YTO B CBOIO OYepelb

A

BJIEUET M3MEHEHHE 3HaueHHH {KU} Takum 00pazoM, KaxkIOMy COOCTBEHHOMY
YHCITy COOTBETCTBYET HEKOTopas oOmacTh pazOpoca 3HadeHmil. Pa3zmepHOCTB
Mozenn N BbIOMPAaeTcst TaKOH, IPH KOTOPOH Bapuarysi COOCTBEHHBIX 3HAYCHHUH

Maa, T.€. pellieHUue YCTOUIHBO.
Hocne Bei6opa N;; u BbIGOpa {K ]} n3 obacreil pazdopoca s OAHO3HAYHON

nneHTruKanuu cucteMbl SISO octaeTcs HaHTH
~ \_ J{zcos Avsink 7cos  psin
{fy} {fy,l ’ft/,l e {f,»j,N”’f,j,NU}
DT0 MOKHO CI€eJIaTh U3 COOTHOIIEHHUS:
prk _
RPS =2, =2d; (o),

N (13)
y pk g
Z ijl = 2Tij,k = 2sz,k(°°):

ey =l -bams e g ) coslon e Lres - vt )+ gl ) sinfo )

cos D, sin cos , sin D,S .
,/2 [ ij.p ( Vil )“'ft/p (Yy 4)] cos ‘pzs [ i, p (Yz, )+ fii.p (Yij,3)]'sm( i,s)>

P = %, p %j.p
P g P F Tl P
Wjp ) T\0is + By, p %ip ) 05 =By p
P = (‘Di,s +Bij,p) N (‘Dt,s By, p)
ij,2
(aU,P)2+(mi,S+Bl]',P)2 (("lj p)2+(mzs Bl]p
P = %, p % p
T Polog, Pl P
Wi p ) T\@rs + By p %ip) 05 =By p

p.s (mi,s + Bij,p) a (mi,s - Bij,p)

; )

(“ij,p)z +(mi,s +Bij,p)2 (“ij,p)z +(mi,s _Bij,p)z

JleBas yacth (13) 3aBUCHT OT KOA((HUIMEHTOB {fy} JMHEHHO, T.e. Ui HX

HaxokaeHus pocratouHo pemuTs CJIIAY. Ilockombky kodhdUIMEHTH {fy}
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A

SBISIFOTCSL MHBapPHAHTAMH, PEan3auiio Ko3((QUIHEHTOB BEKTOPOB b;,¢; MOXHO

Haitti 13 (7), 3a1aBasi He OJHOBPEMEHHO HYJICBBIMH KO3 bHIHeHThI b; 1160 ¢ iz
[oce npoBenenus uneHTUdUKanuy moncucteM SISO mo BceM KOMOMHAUSM
BXOJIOB M BBIXOJIOB ITOIy4aeM Habop u3 M x R mMopesei, Ayt KaKI0i U3 KOTOPBIX

HU3BCCTHBI:

A

o pasMepHOCTh Nj; ,
. Ha0Op COOCTBEHHBIX 3HAYCHUI {Kij }= {kij 1o eees Kij I }, BMECTE C
’ Vif
U U U
3aJTaHHBIMU 00JIACTSIMH pa3dpoca (0003HAYNM HX Kij =9Aj1 e A X ),
’ v,

A

. Ha00p KOd(PPHUIHEHTOB {fij }= {/}Uc‘fs,f,]mfl }, ooy {fco? J}Sin }

ij,Ny; " i, Njj

OObemuHEHNE BCEX JTUX CHCTEM B OIHY IPOM3BOIUTCSA 110 ONH3KAM
cOOCTBEHHBIM 3HaueHUAM. [TOCKONBbKY HICHTH(HKAIMSA MPOMCXOJUT B PaMKax
rapaHTUPOBAHHOTO MOJXO0Ja K MPUPOJIEC HEOMPEAEICHHOCTH, MOXKHO CUUTATh, YTO

q U
BCE IOJIOXKCHUsI COOCTBEHHOrO YMcIa Ay ; BHYTpH ero oGmactu pasbpoca Aj i

PaBHOLICHHBI.

. AU
Takum oOpasom, B ciydae IepecedeHHs oOnacTeid Ajp Ui pasiHYHBIX

noacucteM SISO, MOXXHO CYMTATh, YTO COOCTBEHHOE YHCIIO ISl HUX OHO M TO XK€
Y TIPHHAJUICKHAT MEPECCUCHUI0 3TUX MHOXKECTB. C TTOMOIIBIO TAKOTO 00bEIMHEHHUS
MpH cocTaBieHnH o0meil cucteMbl MIMO BO3MOXHO CBSI3aTh Pa3iIUYHBIC Taphbl
BXOJ-BBIXOZl TI0 OOIIMM COOCTBEHHBIM 3HAUCHHSAM, CHHXas CYMMapHYIO
pa3MepHOCTb.

LEJBIO paboThl ABISETCA U3ydeHHE BOBMOXKHOCTH OOBEIMHEHHS TOACHCTEM
SISO, COOTBETCTBYIOIIMX Pa3IMYHBIM KOMOWHAIMSM BXOJIOB M BBIXOIIOB, B OIHY
cucteMy MIMO, npousBons oObEAMHEHHWE IO COBMATAIOIIAM COOCTBEHHBIM
3HAYECHUSM.

[IpoGnemMsl B mpemiaracMoM MeToje OObeIUHEHUS MOTYT BO3HHKHYTH JIMIIb
BCJICIICTBHE TOTO, YTO KO3PGHUIMEHTHI MaTpull B U C TakXe MOT'YyT CTAHOBHUTHCS
obOmmMu. PaccMOTpEM pasiudHBIE CIydad KOMOHMHAIMKA BXOIOB W BBIXOIOB
IMOJCHCTEM, CBI3LIBAEMBIX 110 OOIIMM COOCTBEHHBIM 3HAYEHMSM.

OBLEJUHEHHUE NOJCUCTEM, COOTBETCTBYIOIIUX OJHOMY BXOJAY WJIHA
OJIHOMY BBIXOJY

[Iycte wumeercs nBe cucrembl SISO, wuMeroniye OJHO OAMHAKOBOE
coOcTBeHHOE 3HadeHWe. l[lepBas COOTBETCTBYET IEPBOMY BXONYy U IIEPBOMY
BBIXOJ1Y:

Sim=1,r=1): {)‘11}={)‘1’)‘gen}’ {fll}={fll,1’fll,gen}'
BTOpas COOTBETCTBYET BTOPOMY BXOJY U IIEPBOMY BBIXOLY:
Sy(m=2,r=1): {)‘21}={)‘2’)‘gen}’ {f21}={f21,1:f21,gen}’
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7\'1 ¢7\'2’ fll,gen ¢f21,gen'

[IpencraBum amst HATASAHOCTH:

)\’l 0 X1 bl 1 X1
Silm=1r=1): &= 0 A by y=leis cigen ’
gen )\ Ygen 1,gen Xgen
)\,2 0 %) bz 2 X2
Sym=2,r=1): = 0 2 o 2 T (e2 crgen :
gen )\ Ygen 2,gen Xgen
cos sin cos sin
KoaddurmenTsr by gen = ,gen,bl,gen}, Clgen = {cl,gen,cl,gen} CBSI3aHBI  C

cos cos 7.COS sin  zsin

f _ {fcos fsin } f _ fl Lgen | _ Cl,genV1,gen + €l,gen?l,gen

Il,gen = Vll,gen>/1lgen)- Jll,gen —| _gip ~| cos psin sin__z.cos
fll,gen €1,gen®1,gen ~ C1,gen?l,gen

AHaJIOrHYHBIM 00pa30M CBS3aHBI M KO (HUITUSHTHI X BO BTOPOH CHCTEME.

B pesynprare 00bemMHEHNS TODKHA MOTYIUThes cucteMa MIMO:

)\,1 0 0 X1 bl 1 0 X1
. ’ u -
x=|0 )\,2 0 Xy |+ 0 bz’z [u ]’ y= (Cl,l CI,Z Cl,gen Xy
7 7 2
0 )‘gen Xgen bl, gen bZ, gen Xgen

OOmmMM cTaHOBATCH KOODOUIHMEHT C gep - Teneps OH CBA3AH H C by gop (11O

Sit,gen ) M € 52’gen (10 /51 gen )- 3aMETHM, YTO HAXOXKACHHE KOdPPULIEHTOB b

4yepe3 ¢ , ¥ HA00OPOT, COOTBETCTBYET PENICHHIO JIMHEHHONW CHCTEMbI Pa3MEPHOCTH
2Ha?2:

€0S7.COS sin z sin cos sin cos

cp bp. +Cl? b, _ cp. cp bp. _

€087 sin siny cos sin cos sin

cp bp —C¢p by —¢p & \bp (14)
cos sin cos cos

b by e || /e | );

sin cos sin sin p
by bp™ N ep Ip

[IPUYEM CHCTEMA B JICBOW 4aCTH OyJIET BHIPOXKIATHCS TOIBKO [IPH OJAHOBPEMEHHOM
PaBEHCTBE HYIIO0 000MX KOI(PPUIMEHTOB b U C .
Hcxons U3 3TOr0, B IAHHOM CJIydae JOCTATOYHO BBIOPATh KO3 HHUIIUCHTHI

~CO0S

~ _ }~CO0S ~sin Cl,gen;to

Cl,gen = Clgen>Clgen | T-H- | _; :
Cloen 0
»gen

Hanee, u3 cuctem 2 Ha 2 OyAyT HAHNCHBL by gon M D) gy -

AHAJIOTHYHBEIM 06p8.30M pemacTCa O6’BCHI/IHCHI/IC MIPOU3BOJIBHOIO 4YHCJIa
CHUCTEM, COOTBCTCTBYIOIIUX OJHOMY BXOAY W Pa3JIMYHBIM BbIXOAaM mbo OOIHOMY
BbIXOAY MW Pa3iIM4HbIM BXOJaM. O6’BCHI/IHCHI/IC TaKoro THIIa ITIOKa3aHO
CXEMATUYCCKH Ha pUC. 1.
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Ecnn 3amate HenyneBbiMH o0yl mapy kodouumeHtoB (b hgen PUIH

Cij kgen) JJIsA JII000M M3 CBA3LIBAEMBIX noACHUCTEM, COOTBETCTBYHOIINX 06]].[6My

COOCTBEHHOMY 3HAYEHHIO, TO BCE OCTAJBbHBIE COOTBETCTBYIOMKE KOd()(DUITHEHTHI
Matpull B u C MOXHO HaiTH 1O LIETOYKe, perias cucteMsl (14).

£
bij i —=Cij.

Puc. 1 Cxema cBsizeit Mexay Koo GUIHEHTAMH MaTPHL IpH 00benuHeHnu cuctem SISO,
COOTBETCTBYIOIINX PA3IMYHBIM BXOIAM M OJJHOMY BBIXOIY

OBBEJIUHEHUE IOJCUCTEM, COOTBETCTBYIOIINX PA3JIMYHBIM BXOJAM U
BbIXOJAM OJHOBPEMEHHO

Ilycte umeem dyerelpe cucTeMbl SISO, OBe M3 HUX HMEIT OAMHAKOBOE
COOCTBEHHOE 3HAYCHHE Agep

Si(m=1r=1): ;)= {gen} Vi) {fll,gen}
Salm=1r=2): Ppf=}s 2} ={fioa >
S3m=2,r=1): Po1}= ), (1) =1fa12)>

Salm=2,r=2): {hyp}= {gen} ) {fZden}

CBsI3pIBacMBIC TIOICHCTEMBI COOTBETCTBYIOT OJHOBPEMEHHO M Pa3IHIHBIM
BXOJaM, M Pa3lUYHBIM BBIXOJaM. B TakoM ciydyae mpu OObEJUHEHHH CHCTEM B
onmHy obmmx ko3¢ dunmentos Matpull B u C He BO3HUKAET:

Sl(m =Lr= 1): xgen = ()‘gen xxgen)+ (bl l,gen )”1 s N = (Cl l,gen Xxgen )’

Sp(m=1,r=2): sy =00y Yoy )+ (bro by » 32 = ler Jv),
S30m=2,r=1): 5 = A )02)+ (g2 ez, 31 =leai2)x2)
Sa(m=2,r=2): Jyeq = ()‘gen xxgen)+ (bZZ,gen oy v = (CZZ,gen xxgen ).
M0 0 ) xy bay 0 X

. u 0 ¢ o
x=|0 )\,2 0 Xy |+ 0 b21’2 ! y= ’ Bl Xy
A b b up 21 0 cngen
0 gen xgen 11,gen 22,gen xgen
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OBLEJUHEHUE NOJACUCTEM, O3BOJISIOUIEE NOJYYUTH HE3AMKHYTYIO
LENOYKY CBSI3El KOD®®ULIMEHTOB MATPUI|

Paccmorpum cHOBa o0beanHenue 4-x cucteM SISO B ogay cucremy MIMO c
2-Ms1 BXOaMH ¥ 2-MsI BEIXOAaMHd. TpH W3 HHX MMEIOT OIMHAKOBOE COOCTBEHHOE
3HAYCHUE Agep

Sl(m=1’r=1)’ ={)‘gen}’ {fll {fll,gen}
SZ(m =Lr= 2)’ = {)‘gen }’ {le {fIZ,gen }’
S3(m 2 r= 1)’ = {)‘gen}’ {fZl {fZI,gen }’

Salm=2,r=2), {x22}= M) at= 1)
3aIHIIEM CITE/IYIONIHE CHCTEMBI:

Sim=1,r=1): iy, = ()‘gen xxgen)+ (bllgen )41 s = (6‘1 1,gen Xxgen)’
Sylm=1r=2): iy, = ()‘gen xxgen )+ (blz gen )41 s o= (CIZ,gen xxgen )
S3(m=2,r=1): sy = ()‘gen Xxgen )+ (bZI,gen by 1= (CZI,gen Xxgen ),

Salm=2,r=2): i = (o) + (baot bz > v2 = (e20 Jo)

Ioncucremsr S| U S5 COOTBETCTBYIOT OHOMY M TOMY XK€ BXoay, S U S35 —

OOHOMY BBIXOOY. ITocne 06’BCHI/IHCHI/I${ AOJKHA IMMOJTYIUTBCA CUCTEMA
Moo0Y X 0 by [ulj , 0 Gagen | M

xX=

0 )‘gen Xgen bl*,gen bZl,gen Z5) 21 ElZ,gen Xgen
KoaddurmenTsr El*,gen M Cil gen CBA3AHBI MEITy COOOI 10 Koddduumenty
fl l,gen -
KoaddurmenTsr El*,gen M Cjpgen CBA3AHBI MEXIy CO00H 10 koddduimenty
le,gen .
KoaddurmenTsr 521’gen M Cij gen CBA3AHBI MEXIY CO0OH MO Koddduimenty
f 21,gen -

B »ToM ciyuae cBs3m 00pa3yrOT HE3aMKHYTYIO IICTIOUKY. AHAJOTHIHO
ClIy4yaro, KOorAga OOBEAWHSUINCH ITOJCHCTEMBI TOJNBKO IO OIHOMY BXOXY IJINOO

BBIXOJly, BBIOOp HEHyIeBOH mapel kodpouuueHToB (b)) en W Cj ken)

MOCIIeIOBATENbHBIM periieHreM cucteM (14) mo3BonsieT HalTH COOTBETCTBYOLINE
k0o umments! Matpul, B u C obbenuHeHHON crucTteMsl MIMO.
B o0riem Bujie, cxeMa CBs3eii A7t 3TOro Ciiydast HOKa3aHa Ha puc. 2.
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fi:,
Jiysen
by, —=

Cij

I e

i

bu/

Puc. 2 Cxema cBsizeit Mexay Koo duuuenTaMu MaTpal pu odosenuaernu SISO cucrem,
00pa3yromuX HE3aMKHYTYIO LIETTOYKY.

CJIYYAM C BAMKHYTOM HENMOYKOM CBSI3EN

PaccmorpuMm obbenuHenne 4-x noacucteM SISO B omay cucremy MIMO ¢
2-Ms BXOJaMH M 2-Ms BBIXOJAMH, KOIZIa BCE ITOJACHCTEMBI MMEIOT OIMHAKOBOE

COOCTBEHHOE 3HAUCHHUE Agep, -

Sl(m=1’r=1): {)‘11}={)‘gen}’ {fll}={fll,gen}’

Sy(m=2,r=2
Si(m=1,r=1): gen = (Agen Jotgen )+ (B11.gen b1 » 31 = (€11, gen Ngen ):
Sy(m=1,r=2): syep = ()‘gen xxgen )+ b12,gen b, vy = (Clz,gen Xxgen ),
Sy(m=2,r=1): iy, = ()‘gen Xxgen )+ (bZI,gen ooy = (CZI,gen )(xgen ),

S4 (m =2r= 2): xgen = ()‘gen xxgen )+ (bZZ,gen )"’2 > V2 = (CZZ,gen xxgen )
Ecmu ynacrcst oObeqMHUTH BCe MOACHUCTEMBI, TO pe3ynpTHpytomas MIMO

cucrema 6yHeT HUMEThb BU/
. ~ ~ 23 E*l,gen
X = ()‘gen Xxgen )+ (bl*,gen bZ*,gen s V=~ (xgen )
Uy Cx2,gen

[IpencraBuTh CBSI3M B BUJE Pa30MKHYTOM LIETIOUKH yke He yaaercs. Ha puc. 3

MIpUBCACHA CXEMa CBSI3CH.

f..
Ji, Aen
by, —=Cij

C

131, Agen bi;j‘,)ngen

fizj:,kgm b .
L2, A

Cijoius

Puc. 3 3amkHyTas 11emouka cBs3ei ko3 uimeHTon
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Hns HaxoxneHuss KodQuuueHToB Matpull B u C TPUXOTUTCS pelIaTh
HEIMHEHHYI0 CUCTeMYy ypaBHEHMH. B ciydyae ogHOro IMK/Ia 4YMCIO ypaBHEHUM
CBSI3 PAaBHO YHCITY MCKOMBIX Kod(p¢ummeHToB. Ecny B memouke nmeercs Ooree
OHOIO0 IMKJIa — HEJIMHEeWHas CUCTeMa IIOIydaeTcsl MepeornpeieieHHOMN.
CrnenoBaTenbHO, B O0MIEM CITydae OHA SIBISIETCS HECOBMECTHOHM, YTO IMPUBOIHUT K
HEBO3MOXHOCTH  oObemmHeHWss moacucteM SISO 0e3  W3MeHeHHs HX

HMHBAPUAHTHBIX XaPAKTCPUCTHK {jfl P }

AJTOPUTM OBBEJUHEHUS MOJCUCTEM SISO

HepBI)IM OTalloM aJlropuT™Ma O6’BCHI/IHCHI/I${ ABJIICTCA MpoHeaypa HAXOKIACHUA
ONM3KUX TI0 3HAYEHHWIO COOCTBEHHBIX YHCEN 110 BCEMY Ha60py IIOACHCTEM. I[J'Iﬂ

A

. U

STOrO  BOCIONb3yeMCsl O0NAaCTAMM  3HAYEHWH COOCTBCHHBIX —4HCeN  Aj f,
i,

MOTYYECHHBIME paHee Ha JTale MpPOBEICHUS CTPYKTYPHOH HICHTH(DUKAINN

mojcucTeM. B ciygae mepecedeHust STHX 00JacTed IS Pa3lUYHBIX MOICHUCTEM,

COOTBETCTBYIOINE UM COOCTBEHHBIC 3HAUCHHUS OyneM cuutath Onuskumiu. [Ipumep

MpUBENIEH HAa PUCYHKE 4.

T Ll T T T T T

10 -

108 -

04 |-

12}

as |-

B [

Puc. 4 briuzkue coOCTBEHHBIC 3HAUEHHS IO PA3HBIM MTOJICHCTEMAM

CnenmyrompM  3TamioM  OyZeT  MmoodepefHoe OObeJAWHEHHE  OMH3KHAX
COOCTBEHHBIX 3HAYCHUI C MOCTPOCHUEM IENOYeK OOBhEIUHEHHS U MPOBEPKON HX
3aMKHYTOCTH. B ciydae, eciin oObennHEHHE OMM3KAX COOCTBEHHBIX 3HAYCHHI
MPUBOANT K BO3HHMKHOBEHHWIO ITUKJIA B IEMOYKE 3aBUCHMOCTH, OOBbEIUHCHHE HE
MPOM3BOJMM M OCTaBIseM WX pPa3MYHbIMH. TakuM 00pa3oM, B pe3yibTare

BBIITOJIHCHHUA OTOI'O 3Talla IojaydacM KOHEGUHBLIA BHU]I MaTpUuIbl A O6’Be,[[HHCHHOI71
CHCTCMBI B BUJIC (5) Ha nocnemnem sTamne Jjis Kaxmaoro COOCTBEHHOI'0 3HAYEHHUS

MaTpulbl A TIPOM3BOJIMTCS IMOCTPOEHHME LENodek 3aBucuMocTeil. OmHy mapy
ko> uuuenToB u3 Hee BeIOMpaeM B Buae b =1, b*™ =0 (cooTBeTCTBEHHO

KaHOHHYECKOH yIpaBIEMON peanu3anyn) WIn =1, &M =0
(COOTBETCTBEHHO KAHOHHMYECKOH HAOIIONaeMOl peanM3alim), a 3aTeM, pelas
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MOCIIeIOBATENLHOCTh IMHEHHBIX CUCTeM ypaBHeHui (14), HaXomuM BCe OCTaIbHBIE
KO3 (PUITUECHTBI, 3aBUCUMBIC OT BBIOPAHHBIX.

ITPUMEP MOJEJUPOBAHUSA NPOLECCA UJAEHTU®UKAIIAU MHOTOCBSI3HOM
CUCTEMbI

MMeeM HCXOIHYIO CHCTEMY JECATOrO HOPAIKA ¢ COOCTBEHHBIMH 3HAYEHUAMH
{K} = {— 1+£10i, —=1.8+£9i, —2.6£8i, —3.4+7i, —42+ 61'}. KonngectBo BX010B

M =2, konnmaecTBO BIX0m0B R =3 . Matpuiiet B u C paBHBI:

T 1

1111110011

B= , C=
1111111100

111111111
11111117111
1111111111
Ha xaxnpiii Bxox monaBaics curHai u3 10 rapMOHUK pa3IMYHOM 4YacCTOTHI.

JIuTenbHOCTh DKCIIEPUMEHTA paBHA T = 105 . B kadectBe myma Ha BBIXOJIbI
CHCTEMBI HaKJIaIBIBATUCH CyMMBI ITyMOBBIX TAPMOHUK C aMIUTUTYIaMH PaBHBIMH

o Beixomy 1: @"=(1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0 0 0.08 0.04),
mo Beixomxy 2: a"=(2 1.8 1.6 1.4 12 1.0 0.8 06 0 0 0 0),
0 BBIXOAY 3: an=(4 36 32 28 24 20 1.6 1.2 0.2 0.1 0.32 0.16).

Jdns  Bcex KOMOWHAIMA BXOJAOB W  BBIXOAOB OBUIM  IOCTPOCHEI
anmpokcumupyromue Moaenu SISO, pasMepHOCTH KOTOPHIX yKa3aHbI B Ta0II. 1.

Tabmuna 1

Pasmepnocmu annpoxcumupyrowux mooeneti SISO ons ecex xombunayuil
6X00a U 8bIX00A

Homep Howmep Bxona |
BBIX0Ja M=1 M=2
R=1 4 4
R=2 4 3
R=3 4 3

Ilocne BBIMONMHEHUS opoucayp IOHCKa ONMM3KNX COOCTBEHHBIX 3Ha‘ieHHI71, a
TaKXKEC HUX O6’BCHI/IHCHI/I${, YHCJIO pa3IMYHbIX COOCTBEHHBIX 3HAYEHMI COKpPAaTUJI0Ch
a0 6-TH OJIOKOB: 5 KOMJICKCHO-COIIPSDDKCHHBIX IMap WU OAHOI'O JICHCTBUTEIILHOTO

cobctBernoro uncna. Koapdumumentsr Mmatpusl B u C Mozenu ObUTH HalIEeHBI
COIJIACHO ONMHMCAaHHOMY aJIrOPUTMY IOCII€JOBATENbHBIM pEILIEHUEM cucTeMbl (14):

Aedi ~7.029 0 ~3.651 7.999 \( -1.346 10.115
=dia 5 > >
& 0 ~7.029 /1 =7.999 —3.651/(-10.115 —1.346
—~5.751 8.434\(-2314 10.124)( —-1.382 10.451
—8434 -5.751\-10.124 -2.314)(-10451 —1.382
. (110000101110
o001 111000000 "
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0 0 1.74 350 221 070 588 452 0 0 2.71
C=[-056 —-056 1.74 3.50 221 0.70 0 0 542 226 0
-1.11 0 524 176 291 -151 O 0 768 =316 0

BBIBOBI

HccnenoBanne BO3MOXHOCTH O6’BC,E[I/IHCHI/I${ Pa3INYHbIX CHUCTEM C OJHUM
BXOAOM M OJHHUM BBIXOAOM B OIHY 6OJ'II>H.Iy10 MHOT'OCBA3HYKO CHCTEMY IYTEM
O6’BC,E[I/IHCHI/I${ ONM3KNX COOCTBEHHBIX 3HAYEHWH ITO3BOJIMIIO paclinpuTh 00J1aCcTh
OpUMEHCHHA  MCTOAA I/I,I[CHTI/I(i)I/IKa]_[I/II/I IO 4YaCTOTHBIM  XApPaKTCPUCTHUKAM,
pa3pa60TaHHOr0 11 OJHOCBA3HBIX CHUCTEM.

B PEIYIBTATE PACCMOTPEHUA BO3MOXHBIX CIIY4da€B CBA3HM CUCTEM I10 O6H.II/IM
COOCTBEHHBIM 3HAYEHUSIM B 3aBHCHMOCTH OT TOro, KakmM BXOJaM H BBIXOAaM
COOTBCTCTBYIOT OTU CUCTEMBI, IIOKAa3aHO, YTO O6’BC,E[I/IHCHI/IC BO3MO’KHO, €CJIM IIpU

(OpPMUPOBAHUN MATPHI] CHCTEMEI B u C He BOSHHKaET LHMKIMYECKHX
3aBHCHUMOCTEH MEXKAY UX K03 urmenramu.

Ha ocHOBe mpoBeIeHHBIX UCCICIOBAHUN TIPEUIOKEH aTOPHTM O0BETMHEHUS
MoOJleJIe OTHENbHBIX IIOACUCTEM, COOTBETCTBYIOIIMX ONHCAHHUIO JUHAMUKU
HCCIIEAYEMOH MHOIOCBSI3HOM CHCTEMBI IO OTHENbHBIM BXOJaM W BbIXOJaM, B
OOIIyI0 MHOTOCBSI3HYIO Mozenb. [IpeanoKeHHBIH alropuT™M COXpaHieT B
Pe3yIbTUPYIOLIEH MHOTOCBSI3HOM MOJEIN BCE HHBAapUAHTHBIE XapaKTEPUCTHKHU
HUCXOIHBIX MoOJEJIed C OOHUM BXOAOM M BBIXOJOM, TaK YTO TOYHOCTb
aNMNpPOKCUMALIHMHU 110 BBIXOIY COXpaHSIeTCs.
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UDC 681.5

METHOD OF STRUCTURAL PARAMETRIC
MULTIVARIABLE SYSTEM IDENTIFICATION USING
FREQUENCY CHARACTERISTICS

Melnychuk S.V.

Space Research Institute National Academy of Sciences of Ukraine and State Space
Agency of Ukraine

Introduction. One of the important directions in the identification of linear
systems are frequency domain methods. In recent decades a finite-frequency
approach, focused on the use under bounded uncertainty has been developed.
Within finite-frequency approach a method, that allows to construct models with
reduced dimensionality has been proposed. The method includes a step of
structural identification with regularization by model dimension. This method was
used to identify single-input single-output (SISO) systems, so it could not be
applied to systems with multiple input and multiple output (MIMO).

Purpose. In order to generalize the method it is proposed to identify SISO
models of subsystems, that describes individual inputs and outputs, and then
combine them. The main purpose of research is to develop an algorithm, that
combine separate SISO models into one general MIMO model.

Results. Separate SISO models determined by their invariant properties. As
simple combination of SISO models leads to a MIMO model of large dimension,
and some invariant properties in different models may be similar, it makes sense to
carry out unification by equating this invariants.

Possibility of association for different combinations of SISO models, that have
the same eigenvalues were investigated. It is shown that by combining models
additional dependencies between coefficients may be imposed. It is shown that if
the dependency graph contains no cycles, then the union is possible. On the basis
of this fact the synthesizing algorithm was proposed.

Conclusions. The proposed identification algorithm builds the general MIMO
model from separate SISO models so that the dimension of resulting model may be
significantly less, than sum of dimensions of original SISO models. The proposed
algorithm saves all invariant characteristics of the original models, so
approximation accuracy by the each input-output relation is stored.

Keywords: System identification, frequency domain, structural identification,
reduced dimensionality.
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MepumumHckaa m 6monormueckKas
KubepHeTuka

YIK 616.007:517.988

MYJIbTU®PAKTAJIbHBIN AHAJIN3 _
B NCCJIEJOBAHUU BUO2JJIEKTPHYECKOU
AKTUBHOCTH MO3Tl'A

0.10. Maiiopos', B.H. ®enuenko’

1
Xapovkoeckan meouyunckan akademusn nocieounioMHozo o0pa3oeanus
M3 Ykpaunwt (Xapvkos)

2 .
Du3uko-mexnuyecKuil uHcmumym Hu3kux memnepamyp um. b.1.Bepkuna
HAH Ykpaunwt (Xapvkog)

Pazpaborana wmeromuka onenuBanus OOl ¢ mosummit
MyIbTU(QPAKTATBHOIO aHANW3a Uil W3y4eHHs MacTaOHbIX cBokcTB ODI B
HOpPME, TIpH TATOJOTMH ¥ U3MEHEHHBIX COCTOSHHAX. lIpemnoxkeHo
HCIIONB30BaTh IIMPUHY MYIbTU(GPAKTAIBHOIO CIIEKTpa, KOTOpask MOXET
CIly)KUTh HMHAUKATOPOM M3MEHEHHBIX COCTOSHMH MO3ra WM MaTOJOTHH.
CocTrostHuEe TOW WM WHOH 00JIACTH KOPBI TOJOBHOTO MO3Ta MU MOJKOPKOBOM
CTPYKTYPBl IPEUIOKEHO OLEHWBAaTh II0 BEIMYMHE CMEIICHUS CIIEKTpa
CHHTYISIPHOCTEH TpH TEpexoje OT OJHOIO COCTOSHMS K Apyromy. AHamm3
3HaueHu oSkcnoHeHT ['€npaepa gaer AMArHOCTUYECKUM HHCTPYMEHT U
MO3BONAET  INPOBECTH  COACPXKATENbHYI0O  HHTEPIPETAIMI0  IIPOIECCOB,
MIPOTEKAOMIMX B FOJIOBHOM MO3T€.

Knrwuesvie cnosa: IDI, Meroq MakCUMyMOB MOZYJEH
BeWBIET-IPeoOpa3OBaHMUs, MYJIbTUDPAKTATBHBIN JI€TPEeHIMPOBAHHBIN
(IyKTyallMOHHBIN aHANK3, SKCcIIoHeHTa [ €npaepa.

Po3pobneno merommky ouintoBanHs EEI 3 mo3wmmiit
MyIbT(PAKTAILHOTO aHaNi3y Uil BUBYCHHs Macitabuux Bractusocreit EEI B
HOpMi, [IPU MATOJIOTIl Ta 3MIHEHUX CTaHAX. 3aMpPOINOHOBAHO BUKOPHCTOBYBATH
IIMPHHY MYJIBTH(QPAKTAIBHOTO CIIEKTPY, SIKA MOXKE CIYKUTH IHIMKaTOpOM
3MIHEHMX CTaHiB MO3Ky abo maromorii. Cran Tiei 4m iHmol obmacti Kopu
TOJIOBHOTO MO3KY a00 IiJJKOPKOBOI CTPYKTYpHU 3allpONOHOBAHO OLIIHIOBAaTH 3a
BEJIMYMHOIO 3CYBY CIIEKTPY CHHTYJISPHOCTEH IPU MEpeXoji BiJ| OJHOrO CTaHy
no iHmoro. AmHami3 3Ha4YeHb eKCMOHeHT ['énplaepa ma€ AiarHOCTUYHUI
IHCTPYMEHT 1 /03BOJISIE MPOBECTH 3MICTOBHY iHTEpPIpETAIlii0 MPOLECIB, 0
MPOTIKAIOTh B TOJIOBHOMY MO3KY.

Kniouosi cnosa: EET', meron MakCUMyMiB MOZIYJIiB BEeHBIIET-
MePeTBOPEHHS, MyIbTH()PAKTATBHUI AeTPeHAIPOBaHHHN (DIyKTYyaIliiHIIl aHATi3,
excrioneHTa I'énbaepa.

BBEJEHUE

Cymmapnas snektpodrniedarorpamma (331), cOCTOUT U3 HANOKEHHBIX APYT
HAa JIpyra MeIJICHHBIX Koebanuil. Ha cymmMapHyIo OMORIIEKTPHIECKYIO0 aKTHBHOCTh
OKa3BIBAIOT BIHWsAHHWE Hecrenuduyeckas u coenuduyeckas adhepeHTHbIe
CHCTEMEI, TIOIKOPKOBEIE CTPYKTYpHI. DO oTpakaeT He TONBKO (HYHKIHOHAIBHOE
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COCTOSTHHE KOpPBI TOJOBHOTO MO3ra, HO H CJOXHBIE KOPKOBO-TIOAKOPKOBBIE
B3aNMOIEHCTBHS.

WupiMu  crmoBaMu, B HEH MpeACTaBleHa aKTHBHOCTH MHOMKECTBA
HelipocucTeM, — Kaxkmas W3 KOTOPBIX — XapaKTepus3yercss  coOCTBEHHOMU
HeliponnHaMUKOH. J[ns TOHKOW OLEHKHM ¥ WHTEPIPETAIMH IIPOMCXOMSIINX
HEHpOAMHAMHYECKHX  IIPOIIECCOB  HEOOXOOWMEI  CIIEIUANBHBIC  MTOIXOIFI,
peanu3anus KOTOPBIX cTajla BO3MOXHOU € pa3BUTHEM KOMIIbIoTepHONH DT

[IpuMmenenne KIaCCHYSCKUX METONOB ISl 0OpabOTKU pe3yIbTATOB MEIHKO-
OMONOrMYecKUX M3MEpPEHUH OrpaHHYMBalia HECTAMOHAPHOCTH AHAIHU3UPYEMBIX
nporeccoB [1—6]. 3TO cTUMYIMPOBATIO TOMCK HOBBIX MOAXOJO0B U HCIOIb30BaHHE
MyJIbTU(PAKTAIEHOTO aHain3a, Oa3upyromerocss Ha «METOAe MaKCHMYMOB
Monynel  BeWBuer-mpeoOpazoBanus»  [7-9] W  IeTPEHIUPOBAHHOTO
¢dbaykTyannoHHoro anammsa [10—11].

B macrosmee BpeMs 3TH MeETOABI SABISIOTCA HamOonee APQEKTHBHBIMU
WHCTPYMEHTaMH JJIs ONHCAaHWS HEONHOPOAHBIX IIPOIECCOB, a HaIH4He
MyJIbTU(PAKTATEHOH CTPYKTYpPHl OOHApyKEHO B IHHAMHUKE MHOTHUX CHCTEM
pa3nuyHON IpUpPObl, B TOM uncie — B putMme cepaua no OKI [1].

K macrosmemy BpeMEHU YCTAaHOBJIEHO, YTO HOpMallbHas OMODJIEKTPHUYCCKAS
aKTHBHOCTh MO3Ta SBIIETCS XAOTHUYECKOH, Tarke OOHAPYKEHO CHIDKCHHE HITH
VBENIMUCHUE CTCIIEHH XAOTHYHOCTH TIIPH BO3HUKHOBCHHW MATONOTHH H
W3MEHEHHBIX COCTOSHUH Mo3ra. OIHAaKo, HCCIEIOBaHHE MYyIbTH()PAKTATEHON
IMHAMHUKA CYyMMapHOW OwmosnekTpudeckodt aktuBHocTH (DO) mpakTHyeckn He
MPOBOAMIOCE. MeXIy TeM, MOXKHO IpeAroaraTh, 9To nepedparbHble MEXaHU3MBI
B HOpPME XapaKTEpU3YIOTCS MYIbTH(PpPaKTaIbHOH NIMHAMHUKOH. VHBIME cIOBamH,
MYJIBTU(PAKTATEHOCTD SBISIETCS OCOOCHHOCTHIO HOPMAaJIbHO (PYHKIIMOHUPYIOIIIX
nepeOpadbHBIX MEXaHW3MOB. lI3MEHeHHe MapaMeTpoB MYIBTH(PAKTAIEHOCTH
(i ee OTCYTCTBHE) MOXET OKa3aThCsl S(M(EKTHBHBIM OHOMapKepoM s
JMATHOCTHKH COCTOSIHUS MO3Ta H €r0 PEaKIiy Ha BHEIIHIE BO3ICHCTBHSL.

Heas wuccaenoBanumsi — CO3JaHHE METOOWKH UIT  OOBEKTHBHOM
KOITMYECTBEHHON OICHKH IapaMeTpoB MYJIBTU(QPAKTAIEHOCTH CyMMAapHOM
onoanexrpudeckorr akruHocTH (DDI') mis wWcclenoBaHUS MYITBTH(PAKTAIBHOMN
npupogsl O3 y 370pOBBIX HUCHBITYEMBIX, IPU H3MEHEHHBIX COCTOSIHUSX W
TIATOJIOTHH.

TIOCTAHOBKA 3AJAYU. METOJ10JIOT UsT

Hamm npenpiaymue uccnenoBanuss 991 MeTogaMu HENMHEHHOrO aHaln3a
(3KCTIEpUMEHTHl Ha >KUBOTHBIX IO MOEIMPOBAHUIO SMOLMOHAJIBHOTO CTpecca,
00CIeIOBaHUs 3OPOBBIX CYOBEKTOB, OONBHBIX IMH30(PEHUEH W IEmpeccHeid, ¢
BPOXKICHHOH W TPHOOPETEHHOW ITaTOJOTHEH 3peHs, KOMATO3HBIX OONBHBIX —
anaJIM4ecKuid CHUHIPOM W HEKOTOphIE ApYrue) MoKaszald, yTo cymmapHas OO0
uMeeT MynbTH(pakTanpHeId Xapaktep. [IpoBenenHprd Hamu aHam3 OO0 B
OTACTHHBIX YACTOTHBIX auamazoHax (8, O, a, By, P2), B KOTOPBIX OTpa)KaeTcs
JeSITeNbHOCTD pa3HbIX HelpocucTeM (TIMOUKO-PETHKYIIIPHOM,
TaaMOKOPTUKAJIBHOW, PETUKYISIPHOH W T.I.), BBIABII OCOOCHHOCTH, KOTOpHIE
OBLTH CKPBITHL B cyMMapHOH DO, DTH mccinenoBanns MOKa3aid HEOOXOIUMOCTh
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pa3paboTKi METOAWKH Ui OOBEKTUBHON KOJMYSCTBEHHOH OICHKH ITapaMeTpOB

MYJIbTH(PAKTATEHOCTH CYMMapHOU Ono3ekTprdeckoit aktuBHOCTH (D31).
OnekTpodHIedanorpaMMbl  OIHCHIBAIOTCST HEMPEPHIBHBIMU, HO HETJIAJIKAMH

(cuarynsapHeIME) QyHKOUAME. [ KOTHMYSCTBEHHOW XapaKTEPUCTHKH CTEIICHH

CHHTYJSIPHOCTH TaKUX (PYHKIHWI CIyKaT JOKaJIbHBIE KCIIOHEHTH ['€npnepa (Otto
Holder) [12].
O6o3HaunM wuccnenyemyro QyHKmuio F =F(f) ©u TpeacTaBUM ee¢ B

OKPECTHOCTHU TOYKH t= to B BUIC CyMMbI perynﬂpHoﬁ KOMIIOHCHTBI — ITOJIMHOMA

n-oil crenenun P, (t—to), M CIaraeMoro, KOTOpO€ OIpeNeNsieT HEeperysspHoe

noBesieHne QyHKIHH

F(t)~ P,(t—10)+ C|t—t0|h(t0),
rue n<h(t0)<n+1 — JoKanbHasi dKcroHeHTa [émbaepa. B wactHOCTH, ecnu
h(t0)=1, To F(f) — rmapkas nuddepennupyemas B Touke [, (GyHKUUS, ecian

h(t0)<1 — 10 F(¢f) HempeprIBHA, HO He AuddepeHIIpyeMas QyHKITH.

Tak kak CHHTYISPHOCTH MACKHPOBAHBI ITOJHHOMHAIEHBIMU TpPEHIAMH,
OCHOBHAsI TPYIOHOCTH COCTOMUT B TOM, YTOOBI BBISBUTH MECTOITOJIOKCHHE BCEX
CHHTYJSIDHOCTEH M OLEHHTh 3HAYEHHE JIOKAILHOW HSKCHOHEHTHI ['€mpmepa mims
KaXmod u3 HUX. DQQPEKTHBHBIM IPHEMOM Ul yCTPAaHEHUs MOIHHOMHAIHHBIX
TPEH/IOB SIBIISIETCS TEXHOJIOTHS HEMPEPHIBHOTO BEWBIETHOI'O IpeoOpa3oBaHUs, a
HMEHHO, “MeToJ] MaKCHMyMOB MoOJyJeil BeiBier-nipeodpasoBanus” ("wavelet
transform modulus maxima" — WTMM ananus) [7-9].

Anroputm WTMM anHanmsa mpeanoiiaraeT HWCCIENOBAHUE HEPErYISIPHOTO
nosenenus Gyukuuu F(¢f) B nBa orama. Ha mepBoM — mpoBOAMTCA BeHBIIET-

npeobpa3oBanue HYHKIMHU, KOTOPOE omnpeessiercs Gopmysoii [9]
1% —t
W(s,t)=— J. F(t)y = dr,
s s

rme s — mapaMeTp Macmraba, ! — BpeMs, y — COJHTOHOMONOOHAs (hYHKIHS

(BeiiBneT), CKOHCTPYHPOBAaHHAS, KaK MIPAaBUIIO, HA OCHOBE IPOMU3BONHBIX (HYHKIIUH
l'aycca:

OOBIYHO OrpaHMYMBaIOTCA ciydaem m =1 (wave — BeiiBuer) wWin
m = 2 (mhat-BefiBner) [13]. B wactHOCTH, mhat-BeiiBer (BeliBieTr —
«MEKCHKaHCKasI AT ), obecrieunBaeT JIOKAIBHOE yCcTpaHeHHe
MOJMHOMHUANBHBIX BKJIaJOB HYJCBOTO M TEPBOIO IOPSAKOB, T.€. MOCTOSHHYIO
COCTABIIIONIYIO U TMHEHUHBIN TPEH.

Ecmmn ¢yaxmus F(f) nmeer 0coOEHHOCTh B TOYKE ! =1{,;, TO HaOmomaercsa

3aBUCHMOCTb
W(s,ty) ~ sh(t‘)) npu s — 0,
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ecn ke F(¢) B TOUKe ¢y 71 pa3 HempepsIBHO AU depeHnnpyema, To

W(s,ty)<s" npu s — 0.

CrnenosatenbHo, BCi uH(popMmamus 00 OCOOEHHOCTAX (yHKUMH  F(f)

OTpa)kaeTcs B aCHMIITOTHYECKOM MTOBEACHUH BEHBIET-KO3()PUIIEHTOB IPH MaJIBIX
MacmTabax, a8 UMEHHO, B TaK Ha3bIBAEMOM «CKEJICTOHE» WIIH JIMHIIX JIOKAJIBHBIX
HKCTPEMYMOB BEHUBIET-KOA(PUIHNEHTOB, MOUCK KOTOPHIX MPOBOAUTCS HAa KaXKIOM
MacmTabe. [locTpoeHneM cKkeneToHa 3aKaHUMBAaeTCS MepBBIA dtanm  Wavelet
Transform Modulus Maxima (WTMM) anroputMma.

Bropoit atam WTMM anroputma cOCTOUT B HOCTPOEHUHU TaK HA3bIBAEMBIX
YaCTHYHBIX CYMM IO (OpMyIIe:

q
Z(q,5)= Y, sup|W(§,t1(§)l ,
ZeL(s) 5<s
rae L(s) — MHOKECTBO BceX JMHHH [ IOKAJTbHBIX MAKCHMYMOB MOMyJieit

BeiiBeT-kodppurieHTOB Ha MacmTabe s, a Toduka tl(s) COOTBETCTBYET

MOJIOKEHHUI0 Makcumyma Ha tuaun [ . CornacHo [7-8],
Z(q,s) = 5719),

[pu g <0 gacTHuHBIE CyMMBI XapaKTEPU3YIOT OCOOCHHOCTH CKEHIMHTA IS
cna0bIX CHHTYISIpHOCTEH (Mamblx (uaykTyanwit), mpu ¢ >0 — U1 CHIIBHBIX
CHHTYJISIPHOCTEH (OONMBIINX (QIYKTyannii).

Bennuuny T(q ) JUIS Ka)X/I0T0 3HAYEHUS] ¢ ONPEAENAIOT IMyTeM BBIYUCICHUS

HAKJIOHA 3aBHCHMOCTH InZ (q,s)(lns) U Ha3bIBAIOT CKEMJIMHIOBOW HKCIIOHEHTOM.

1 MoHOMpaKTana T(q) JIMHEHHO 3aBHCHT OT ¢ :

d
H-= o const,
dgq
JUTS MyJIbTH(QpaAKTaIa MOJYYHM HETHHEHHYIO 3aBUCHMOCTH:
t(¢)=gh—D(h)

C FéJIL,I[CpOB CKHMH 3KCIIOHCHTAMM

h(q) = dar # const,
dq

rie D(h) Ha3bIBAIOT 0000IICHHBIMH (DpaKTaIbHBIMU pa3MepHOCTIMH [14—17].
OpHako BBHIOOp TOAXOISAIICTO TUAITa30HA W3MEHEHWS MaciiTaba BeHBIET-
mpeoOpa3oBaHUsl TPEACTABIIET COOOM CIOXKHYIO 3aJady, M B CIlydae, €clld
HCCIeIOBaHUE HeperylsipHoro moseneHus (yakumun F = F(f) mpoBomuTcs Ha
OTHOCHUTENFHO  KOPOTKOM  HWHTEpBaJle,  IONyYCHHBIE  OLEHKH  MOTYT
JIEMOHCTPHPOBATh JIOXKHBIE MYJIbTH(paKTadbHble cBoicTBa [18—19]. Bo3HuKkaeT
HEOOXOIMMOCTh TIPOBENEHUS IOMONHUTENBHBIX HWCCICNIOBAHUA W IIOCTPOCHUS
JOBEPUTENBHBIX HHTEPBAIIOB BBIOOPOYHBIX XAPAaKTEPHCTUK U ITONTBEPIKICHUS
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HaJH4IUs MYJbTH(PAKTAIbHBIX CBOMCTB. [l 3Toro, kak ormedeHo B [20, 21],
eJIecoo0pa3Ho HMCIOIb30BaTh METOA MYIbTH(PAKTATHHOTO ACTPEHANPOBAHHOTO
¢baykryanmonHoro amamusa (“multifractal detrended fluctuation analysis” —
MDFA) [10-11]. B »ToM cnydae w©3 UCXOJHOTO BPEMEHHOrO psla,
MIPEACTABIIAIONIETO 3HAUYCHHS UCCIEeayeMOi (QYHKIIUH, Yepe3 paBHBIC IIPOMEKYTKH
BpEMEHH BBIZENIeM (IIYKTYallHOHHBIH MPOQWUIb, OTCUNTAHHBIA OT CPETHETO.
3arem pazomBaeM (QIyKTYaI[MOHHEIA MPOQMIb Ha HEMEpeceKaromuecs CErMEHTHI
mmuHEl s. Tak Kak JiWHA psoa HEe Bcerhga KpaTHa BHIOpaHHOHW IIKane S, TO B
o0ImeM ciydae IOCIEeIHUH yJacTOK CONEPXKHT YHCIO TOYeK MeHbmee s . s
ydeTra 3TOr0 OCTaTKa CIeAyeT IOBTOPUTH MpPOLENYypy ICICHUS Ha CErMEHTEHI,
HAYMHASL C MPOTHBOMOIOKHOTO KOHMA psima. s KaKIoro cerMeHTa HaXOAUM
JOKANBHBI TIONWHOMHUANBHEIA TPEHJA, OOECICUMBAIONINA WHTEPIOJIHI0 C
OImMOKOM, He MpeBbIMIAroNIe 3aJaHHbII MTPeiel], U OIpeeNsieM AUCIIEPCHIO G, (s)

JUTSL KaXJIOTO cerMeHTa, rae n=12,...,N — HoMmep cermeHTa. Jlamee BBOIMM
1

1 N 2 9 |q
«aeopMUpPOBaHHYIO» TUCIIEPCHIO G g (s) = N Zo n(S)Z , KOTOpas MOIy4aeTcs
n=1

Ha KaXJIOM CEIrMCHTC BO3BCACHHWEM OUCIICPCUHU B Ty HWJIHW HHYIO CTCNCHb g C
1 N
— > c% (s)
2N o
noCJICAYIOIINM YCPEAHCHHUEM I10 BCEM CEIMCHTAM Go(S)=e n= . Ecmm

HCCHEHyeMLIﬁ pAa CBOOAUTCA K CaMOHOI[O6HOMy MHOXKECTBY, IMPOABJIIOIICMY

HaHLHOHCﬁCTBYIOHlHC Koppeiaoguu, TO O q (S ) IpEaACTaBIACTCA CTEIICHHOM
h
3aBUCHUMOCTBIO O q (S) xS (q) . I[J'If{ BpPEMCHHBIX PpPAOOB, KOTOPBIEC OTBCYAKOT

2
MOHO(i)paKTaJ'II)HOMy MHOXECTBY, O, (S) OAWMHAKOBa I BCCX CCIMCHTOB, AJIA

MYJ'II)TI/I(i)paKTaJ'II)HBIX PAOOB IIPU MMOJOKUTCIBHBIX ¢ OCHOBHOH BKJIag B © q (S)

2
Aal0T CErMCHTHI, IPOSABIIAIONINE OOJBIINE  OTKJIOHEHUS O, (S) , a Ipha

2
OTpHULOATCIIbHbIX g IAOMHHHPYIOT CEI'MCHTBI C MAJIbIMHU JUCIICPCUSMH O, (S) T.e.
nIpu OTPULATCIbHBIX 3HAYCHUAX ¢ II0OKA3aTECIIb h(q ) OIIMChIBA€T CCIMCHTHI,

MPOSIBJISIFOINKE MaJible (IIYKTyalluu, a MPH HOJIOKUATEIbHBIX — Oonbinne [20]. B
Ka4eCTBE CTATHCTHUCCKOTO KPUTEPHS VIS TPUHATHS WA OTOPACHIBAHUS TUIOTE3BI
0 HaIMYAH MOHOQPAKTAIBHBIX CBOHCTB MOXHO HCIIONB30BaTh Pa3HOCTh
Ah=h(q;)-h(gy), wxotopas, kak mokazamo B [21], WMeeT HOpMambHOE
pacmpeneneHue, ¢ IapaMeTpaMd, 3aBHCAIIAMH OT IUTHHBI peaju3alddl |

BBIOpPaHHBIX 3HAUYEHUH ¢ .

METO/IbI UCCJIEJOBAHUSI.

Perucrpanuro 321" oCcyIIeCTBIISIN MO OOIIETPUHITOW METOAMKE C MOMOIIBIO
KOMITEIOTEpHOTO nekTpodHiedanorpada «DX-5000» (XappkoB, YkpawHa) c
yactoroi auckpern3zanuu 400 ' u 16-pazpsaaasiv paspemenuem. D31 oTBoaumu
MOHOIIOJIIPHO OT 23 oTBeAeHUN 1o MexayHapomHoud cucteme «10-20» c
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«yCpemHEHHBIM» pedepeHTHBIM d3aekTponoM (mo D. Goldman, 1950) c
CHMMETPHYHBIX 00JIacTel MOMyImapri, KaKIoe COOBITHE 3aIHCHIBANIOCH B TCUCHHE
150 c. YV 300pOBBIX HCHBITYEMBIX W y OONBHBIX MIM30(QpeHHell MPOBOIUIACH
peructpamuss O30 B COCTOSHHH CIIOKOMHOTO OOIPCTBOBAaHUS M BO BpeMs
MEHTAJIbHOW Harpy3ku (oOpaTHbId cuer B yme — 1000, 999, 998 u 1. n.),
MpeAHA3HAYEHHOH UIS  BEIONHEHHS  IIOCIENOBATEIBHBIX — MBICIUTEIHHBIX
ornepaiuii. 3aluch NPOBOIMIACH C 3aKPBITHIMU TJIa3aMH.

R-23-1

OgdL 0g1
. »

Fp1 Fpz Fp2
rd FozFp

F" F3 fz F4 P8

T3 Cl ¢cz C4 T4
] ]

Puc.1. Pacnonoxxenne 31ekTpomoB mo cucteme “10-20.

OCHOBHBIMH  OLIEHMBa€MbIMH B  pacueTax I[apaMeTpaMu  SBJISUIMCH
MaKCHMaJIlbHOE U MHHHUMAaJIbHOE 3HaueHHUe SKCIoHeHT ['énpnepa (OI), 3HaueHue
9KCHOHEHTHl [€npaepa, COOTBETCTBYIOILIEE MAaKCUMyMY CIIEKTpa, M LIMpUHA
MYJIbTA(PAKTAIEHOTO CIIEKTPa, KOTOpast TeM OOIbINe, YeM CHIIbHEE BBIpaKeHBI
MyJIbTU(paKTaIEHBIE CBOMCTBA CUTHAIIA.

PE3VJBbTATBI UCCJIEJJOBAHUA

B pabore mpencTaBieHBl pe3yNbTaThl MEPBOTO HCCIECIOBAHUS aBTOPOB B
JAHHOM HAIIpaBIICHWU. BBUIM OLIEHEHBI JaHHBIC UL 5 3TOPOBHIX U 5 OONBHBIX
mu30ppeHNEH I WIDTIOCTPAINK paboTHI METOIA.

[poBenensr pacuersr mis curHanoB D3I temenHwslx (P3, P4) m 100HBIX
(F7, F8) oTBemeHmii 370pOBOrO HCIBITYEMOTO B COCTOSHHUH CIHOKOWHOTO
OOIpCTBOBAaHUS W MEHTANBHOW HArpy3ku (OOpaTHBIH CUET B yMe), Pe3yIbTaThI
MpeJCTaBlIeHBI B TabuIe 1, Ha puCyHKax 2 U 3.

AHanu3 CHeKTpa CHHIYJISPHOCTEN D(h) nmokaseiBaer, uro 231 curHan

3J0pPOBOro HCIBITYEMOIo HMMCECT SAPKO BbIPAKCHHBIC MYJ'II)TI/I(i)paKTaJ'II)HI)IC
cBoiictBa. OOl curHan «pacragacTcsa» Ha 0OJIBIIOE KOJIMYECTBO OOTHOPOAHBIX
(i)paKTaJ'IBHI)IX MMOAMHOXECTB, HE3aBUCUMO OT COCTOSAHUSA UCIIBITYEMOIO.
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Puc. 2. Crextpsl cunrynsipHocteit D(4) M ckeinuHToBBIe QYHKIHMH T(q) TEMEHHBIX
otBenenuii: P3 (Bepxuaue rpadukn) u P4 (HmkHUe rpaduku) y 3A0pOBOr0 HCIBITYEMOTO
B COCTOSIHMH CITOKOHHOT0 O00apcTBOBaHMS (1) M BO BpeMsI MEHTAJILHON
Harpy3Ka — OOpaTHBIH cueT B yme (2).

OTO  TOATBEPXKIAET  CHOPaBEAJIMBOCTh  THUIOTE3BI O  TOM,  YTO
MYJIbTH(PPAKTATBHOCTD SBJISIETCS CBOMCTBOM TOJIOBHOTO Mo3ra. Takod cHWTHal, B
OTJIMYHAE OT MOHO(MPAKTAILHOIO, IS IOJHOW €ro XapaKTepUCTHKH TpeOyer
ONpPENENUTh MHOXECTBO PA3IUYHBIX JIOKAJIBHBIX JKCIIOHEHT —  CHEKTP

cunrynspaocreit D ( h ) .

Tao6uauna 1.

Jloxanwhas sxcnonenma I'énvoepa D01 cuenanos, coomeemcmasyiowast
MAKCUMYMY MYTbMUPPAKMATLHO2O CHEKMPA, U WUPUHA MYTbMUDPAKMATLHO20
CHeKmpa y 300p08020 UCHBIINYEMO20 8 COCHOAHUL CHOKOUH020 O00PCMBO8aAHUU

U MEHMAanbHOU HA2PY3KU

Jloka/ibHAasi IKCIOHEHTA
o HInpuna
T'éanaepa, Hamenenne MyJAbTHHPAKTAILHOTO HN3meHeHue
OTBe- COOTBETCTBYIOLIAsI JIOKAJILHOM Y Cl‘lle)KT a [
JeHHe MaKCHMYMY CHEKTpa IKCIOHEHTHI p cnelzcrpa
Cocrosinue | MeHTaabHAas I'énbpepa Cocrosinue | MeHTalbHas
TMOKOs HArpys3kKa TMOKOs HArpys3kKa
P3 0.54 0.67 0.13 (24%) 0.80 0.76 -0.04 (5%)
P4 0.49 0.59 0.10 (20%) 0.75 0.72 -0.03 (4%)
F7 0.45 0.60 0.15 (33%) 0.73 0.68 -0.05 (7%)
F8 0.52 0.66 0.14 (27%) 0.68 0.65 -0.04 (11%)
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Puc. 3. Crektpsl cunrynsipHocteit D(h) u ckeinmnHTroBBIe QYHKIHMHU T(q) JIOOHBIX
OTBE/ICHUI:
F7 (Bepxuue rpadukn) u F8 (HmxHIe rpadMKe) y 30POBOTO UCTIBITYEMOTO B COCTOSTHHN
CIOKOHHOT0 60ompcTBOBaHu (1) 1 MEHTANBHOH HArpy3KH — OOPATHBIN c4eT B yme (2).

[Ipu u3MeHEHUN COCTOSHUS HCIBITYEMOro HaONIOMaeTCsl CMEIIEHHE CIEKTPa
CHUHTYIJIAPHOCTEN D(h) Tak, npu nepexone K MEHTAJIbHOM Harpyske CHIEKTp
CMemIaeTcsl BIPaBO M, KPOME TOrO, IOSBIBIIOTCS CEIMEHTHI C  OONBIINMHU
ammuTygamd. Ha 3To ykaseiBaeT cMelleHHe CKEHIMHTOBOH (yHKIUH T(q)

BBEPX IS TIOJIOKUTENBHBIX 3HAUCHUH ¢ M BHU3 — IS OTPULATEIBHBIX.

B cocTosSHMHM MEHTAIBHOW HArpy3KH TaKKe IPOUCXOAUT YMEHBIICHHE
UIAPUHBI CHEKTPa, YTO CBHIAETEIBCTBYET 00 YMEHBUICHHH MYJIbTU(PPAKTATEHOCTH
CHUTHaJa. OTO MOXET VyKa3plBaTh Ha (OPMHPOBaHHE JOMHHHPYIOIIHX
BO30Y)KICHUH, KOHIIEHTPAIMIO BHUMAHHSI Ha BHITTOIHEHUH MEHTAIBHON HATrPy3KH.

Ha pucynke 4 u B Tabunuiie 2 mMoKa3aHbl Pe3yJIbTaThl PACUETOB, MPOBEICHHBIX
Uit curHaIoB ¢ TeMeHHBIX (P3, P4) m nobueix (F7, F8) oTBenmeHuit y G0NbHOrO
mm30(hpeHreil B COCTOSHUU CIIOKOHHOTO OOAPCTBOBAHUS M MEHTAIBHON HATPY3KH
(oOpaTHBIH cUeT B yme).
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Ta6aunua 2.

Jloxanvhas sxcnonenma I €nboepa, coomeemcmeayiowas MaKCUmymy
MYTLMUDPAKMATLHOSO CREKMPA, U WUPUHA MYTbMUDPAKMATLHO20 CNEeKmpa Y
00nbHOCO WU30PeHUell 8 COCMOSHUU NOKOSL U MEHMANbHOU HASPY3KU

Jloka/ibHAasi IKCIOHEHTA
" HInpuna
T'éabaepa, HN3meHeHnue
. MYJbTHGPAKTAILHOIO H3menenue
COOTBETCTBYIOLIAS JIOKAIBHOM
OTBenenne cHeKTpa 1M PUHBI
MaKCHMYMY CHEKTpa IKCIMOHEHTBI cniextpa
Cocrosinne |Mentanpnasi| L'€abrepa | Cocrosinme |Mentanbnas
TMOKOS HArpys3kKa TMOKOs HArpys3kKa
P3 0.65 0.77 0.12 (18%) 0.57 0.58 0.01 (2%)
-0.10 o
P4 0.65 0.55 (15%) 0.68 0.67 -0.01 (1%)
F7 0.70 0.75 0.05 (7%) 0.57 0.63 0.06 (11%)
F8 0.65 0.60 -0.05 (8%) 0.65 0.63 -0.03 (4%)

[IpencraBieHHble  37€Ch  Pe3ysbTaThl  KAayeCTBEHHO  OTIMYAIOTCS  OT
AQHAJIOTUYHBIX PE3yJbTaTOB JAJIs 310POBOro UcHbITyeMoro. Kak mokasaHo Bbllle, y
3I0pPOBOT'0 UCIBITYEMOI'0 BO BCEX OTBEAECHUSAX B COCTOSHUU MEHTAJIBHON Harpy3ku
HAONIOMAeTCsl COBUT CHEKTpa CHHTYJSPHOCTEH BIOpaBO IO CPaBHEHHIO C
COCTOSIHMEM MOKOfA. IIpu 3TOM IPOMCXOIUT YBENHYEHHE 3HAUEHHS JIOKAJbHOU
9KCHOHEHTH ['€npaepa, COOTBETCTBYIOLIEH MaKCHUMyMYy CIEKTpa U YMEHbILEHHE
MIMPHHBI MYTbTUPPAKTATHEHOTO CIIEKTPA.

[IporuBomonoxuass KapTuHa HaOMIOmaeTcss y OONBHBIX MH30(ppCHUEH.
B orBenmeHusx JieBOro MONYIIapHs, OTBEYAIOLIEr0 3a IOCIEAOBATEbHOE
JIOTUYECKOE MBIIIJIEHUE U aHaJM3, POMCXOAUT CIBUT CIIEKTpa CHUHTYISPHOCTEN
BIIPaBO, a B OTBEIEHUSIX MIPABOro MOTyLIapusi — CIABUT BIIEBO.

Taxum 00pa3om, MOXKHO CENATh 3aKITI0USHHE, YTO Y OOTBHBIX MIM30(peHneit
HAOMIomaeTcss  BBIPAXXCHHBIH  NPOTHBOIIONOXKHEBIN — XapakTep  CHCTEMHOM
JESITENbHOCTH MIPABOro U JIEBOI'0 MOMYIIAPHIl TOJIOBHOTO MO3Ta.

Bonee Ttoro, ecnum y 300pOBOTO HCHOBITYEMOrO CABHUI BIPaBO CIEKTpa
CHUHTYJIIPHOCTEH COIPOBOXKAAETCS HEKOTOPHIM YMEHBIIEHHWEM LIMPUHBI CIIEKTpa,
TO y OOMBHOTO MU30(ppeHHel — MPOTHBOMOIOKHAS KapTHHA. JTO 03HAYAET, UYTO
MU TIEpeXoie K COCTOSHUIO MEHTAILHON HArpy3KH Y TaKOro OONBHOIO B JICBOM
MOyIIApUH HE HAONIONACTCS CHIDKEHHE MYIbTH()PAKTATBHOCTH, YTO, TIO-
BHIVMOMY, yKa3bIBaeT Ha HAPYIICHHE MPOIECCOB (OPMUPOBAHUS JOMHHAHTHOT'O
BO30OYXKIeHUS. Y OONpHOro MmHU30(pEeHUEeH ATO MOXET 3aTPYIOHHTH IPOIECC
MOCJIe10BATEIbHOI 0 JIOTHYECKOT O MBIIJIEHUS] BO BpeMsl MEHTaJIbHON Harpy3Ku.

Crnemyer OTMETHTB, YTO B IEIOM CTEHEHb MYIbTH()PAKTATEHOCTH
(t.e. cmoxuocTr) DDI' cHUTHANA 3TOPOBOr0 HCIBITYEMOTO 3HAYUTEIBHO OOIBIIIE,
9eM BEMUYMHA MYJIBTU(PPAKTAIFHOCTH OOJMBHOTO MH30(pEHHEH, a IJIOKaJbHas
JKcnoHeHTa ['€npaepa, COOTBETCTBYIOIIAss MAaKCUMyMy CIEKTpa — 3HAYUTEIbHO
MEHBIIIE.

[To cytu 3TO O3HayaeT, 4YTO MPOLECCHI, MPOTEKAIOLIUE B KOPE T'OJIOBHOTO
MO3ra 37J0POBOTO HCIBITYEMOT0, OTIHYAIOTCS OOJNBIICH CII0KHOCTBIO, UMEIOT
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Puc. 4. Crexrpsl cunrymsipaocteit D(/) Temennsix (P3, P4 —sepxHue rpadukn) u 100HBIX
(F7, F8 — HixHue rpaduKn) OTBEICHUH y OOIBHOIO MH30(QPEHNEH B COCTOSHUI
CIOKOHHOT0 60ompcTBOBaHu (1) 1 MEHTANBHOH HArpy3KH — OOPATHBIN c4YeT B yme (2).

OonpInii MHOOPMALIMOHHBIN pecypc KaK B COCTOSHUH ITOKOS, TaK U IPH Iepexoe
K COCTOSIHHIO MEHTAJIbHOM Harpy3KH.

OBCYXJIEHHUE

B Hacrosimee BpeMs WHTEHCHBHO pPa3BUBACTCS HENMHEWHO-TMHAMHYECKUAN
monxoa kK aHammsy ODI. HabGnromaercs ycToWdyuBas TEHICHIWS M BCE OOJBIIHIA
HWHTEPEC K U3yYEHUIO OMO3JICKTPHUCCKON aKTHBHOCTH FOJIOBHOTO MO3Ta C MO3MIIHHA
HenuHelHon muHamMukn. OpHAKo, HaJe)KHAas METOMOJOrHs uccliemoBanuii DOI
METOJIaMH HEIMHEWHOTO aHalli3a OTCYTCTBYET U MOJTyYEHHBIE Pa3HBIMH aBTOPAMU
PE3YNBTATHI 3a49aCTyI0 OKAa3bIBAIOTCS HEAOCTATOYHO TOYHBIMH U JOCTOBEPHBIMU, a
WX WHTEPIPETAINS BBI3BIBAET COMHEHUS. OJTO SBISIETCS MPUYUHOW TOTO, YTO B
HAcTOsIIEe BpeMs HEIWHEHHO-TUHAMHYECKHH Tmomxon K aHamuzy OO0
MIPEICTaBISET TPEUMYIIECTBEHHO UCCIIEIOBATEIbCKUN WHTEPEC, €T0 MPAKTHIECKOe
TIPUMEHEHNE OrPaHUIECHO.

[Tonmy4yeHHBIe pE3yNIbTATHl IMOKA3bIBAIOT, YTO B HOpPME OHMOdJIEKTpUYECKas
AKTUBHOCTh TOJOBHOT'O MO3Ta HWMEET HEpPaBHOBECHYIO JAWHAMHUKY B BHJIC
MYJbTH(PAKTATBHOTO TOBEICHHS. MHBIMH CIIOBaMH, 3TO YKa3bIBaeT Ha
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HEPABHOBECHYIO JAWHAMHUKY MHOTOYHCICHHBIX CTPYKTyp Mo3ra. llo nHamemy
MHEHHIO, IMEHHO HTHOPHPOBAHHE MYJIbTH(PPAKTAIBHOTO XapakTepa CyMMapHOH
AIEKTPUYECKON aKTUBHOCTH MO3Ta MPUBOJUT K OrpPAaHUYECHUSM B MHTEPIPETAIUN
pe3ynbTatoB uccienoBanuii D3I MeTomaMu HEMMHEHHOW TUHAMUKU. [[eno B ToMm,
YTO MOHO(PAKTANIBHBI MpOIECC HMMEET MacIITaOHbIE CBOKMCTBA, KOTOpBIC
XapaKTEPU3YIOTCS OJHHAM MAcCIITaOHBIM IOKa3aTelieM. MyabTH(paKTaIbHbIC
MPOIIECChI CTPYKTYPHO OOJiee CIOXKHBI, OHH JIOIMYCKAIOT PA3JIOKEHHUE Ha YIaCTKH C
Pa3IMYHBIMHA JIOKAJTBHBIMI CBOHCTBAMHM U JUIS WX ONMHCAHUS TPEOYETCSI MHOXKECTBO
MAaCIITaOHBIX TTOKa3aTene [22].

[Tokazana MEPCHEKTUBHOCTh BBIOPAHHOTO HAMpaBICHHUS HCCIICIOBAHUM.
B nmanpHedieM OyayT MpOBENEHBI HCCIIENOBAaHWS Ha OOJNBINOH Tpyrme
WCTIBITYEMBIX C Pa3IMYHONW TMATOJOTHEH, C PacyeToOM IOCTOBEPHOCTH CIABUTOB
CIIEKTPOB CHHTYJISPHOCTEH M CKEHIMHTOBBIX (YHKIMH. OTH HCCISIOBAHUS
TpeOYIOT 3HAYUTEIBHOTO BPEMEHH, ¥ TOJBKO IOCIIEC 3TOT'0 MOXKHO OyIeT TOBOPHUTH
0 IIMPOKOM TPAKTHYECKOM HCIHONb30BaHuHM MeTona. Cienyer moau4epKHYTh, YTO
JaHHAsl CTaThsl MpH3BaHA INPUBJICYhL BHUMAaHWE K BBHIOPAHHOMY HaIPaBJICHHIO
HCCIIEIOBAaHMI, a HE MOJIBOIUTEL €0 UTOTH.

BBIBOBI

Ha ocHOBaHMM TpOBENEHHBIX MCCIENOBAHMNA HaUUla MOATBEPXKICHUE
ramore3a o ToM, 4yto DD mpencraBiser co0od CYHEPIIO3UIMIO CHTHAIIOB,
OTpaXKaIOLIUX CIOKHbIE KOPKOBO-TIOJIKOPKOBBIE B3aUMOJECHCTBUS, B HEH CKpbITa
AKTUBHOCTh MHO)KECTBa HEHPOCHCTEM, BBIIOJIHSIIOMIMX pa3Hble B JaHHBI MOMEHT
BpeMeHH (QYHKIUHM, Kakgas U3 KOTOPBIX XapaKTepH3yeTcs ONpeaeieHHOM
HEHpOANHAMHUKOH. DTO CBOHCTBO OMNWCHIBACTCS MEPOH MYIBTU(PPAKTAIEHOCTH
curHana (MUPUHON MYIBTH(PAKTATEHOTO CIIEKTPA).

lupuHa MyTETHQPAKTAIBHOTO CIIEKTpAa MOXET CIYXKHTh WHIHKATOPOM
(bmomapkepoM) H3MEHEHHBIX COCTOSHIH MO3Ta WX TaTOJIOTHH.

XapaKTepH30BaTh COCTOSHIE TOM WM MHOW 00JIACTH KOPHI TOJIOBHOTO MO3Ta
WM TIOAKOPKOBOM CTPYKTYpPbl MOMKHO [0 BEIMYMHE CMELIEHHsS CIIEKTpa
CHUHTYJIIDHOCTEH NP NEPEX0Ae OT OAHOIO COCTOSHHUS HCIBITYEMOTO K JAPYroMy.
AHanu3 3Ha4eHUI COOTBETCTBYIOLINX SKCIOHEHT I €baiepa AaeT Ipu 3TOM TOHKUH
JUaTHOCTUYECKUH HMHCTPYMEHT H© TO3BOJSIET IIPOBECTH COHAEPKATEIbHYIO
HWHTEPIPETALNIO Pa3IMYHbIX POLECCOB, MPOTEKAIOLINX B TOIOBHOM MO3TE€.
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MULTIFRACTAL ANALYSIS IN THE STUDY OF BRAIN
BIOELECTRIC ACTIVITY

0.Yu. Mayorov', V.N. Fenchenko’
!Kharkiv Medical Academy of Postgraduate Education, Kharkiv, Ukraine

’B. Verkin Institute for Low Temperature Physics and Engineering of the National
Academy of Sciences of Ukraine, Kharkiv

Introduction. A summary electroencephalogram (EEG) is composed of
superimposed slow waves. The EEG reflects sophisticated cortical-subcortical
interactions and conceals activity of multiple neuronal systems; each of them is
characterized by determined neurodynamics.

The purpose of work is to create a method of objective quantitative
assessment of parameters of multifractal summary bioelectric activity (EEG); to
study EEG multifractality in healthy volunteers, subjects in altered states of
conscious and pathologic EEGs.

Results. For the qualitative estimation of the multifractality of the EEG signal,
the use of multifractal spectrum width, which can serve as an indicator of altered
and pathologic brain states, is proposed. The state of different brain areas can also
be assessed according to the offset value of a singularity spectrum of the
transposition between different states. Analysis of Holder exponents can provide an
exact diagnostic tool and allow substantial interpretation of different processes in
the brain.

Keywords: EEG, summary brain bioelectric activity, multifractality, wavelet
transform maximum modulus method, method of multifractal detrended fluctuation
analysis, Holder exponent.
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