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80-IETUE AKAJIEMUKA HAH YKPAUHDbI
NBAHA BACUJIBEBUYA CEPTUEHKO

13 aBrycra 2016 roma wucnomaunock 80 NET W3BECTHOMY YKPAHWHCKOMY
YUEeHOMY B 00JIaCcTH MH(POPMATHKH, BBIYACIUTEIFHON MATEMATHKH, CHCTEMHOTO
aHal3a U MaTeMaTHIeCKOro MOJEINPOBAHUS, TOKTOPY (PU3HMKO-MATEMATHIECKIX
Hayk, akagemuky HAH VYxkpawnbl, mupekropy MHCTHTyTa KHOCPHETHKH WM.
B.M.I'mymikoBa, TeHepaabHOMYy nupekropy Kubeprermueckoro ientpa HAH
Yxpaunsl Bany BacunseBuuy CeprueHko.

PesynpraTel HayunbIx pabdor W.B. CepriueHko mupoOKo W3BECTHBEI B MUPOBOM
HaygHOM cooOIecTBe, u3Aanbl Oonee 700 HaydHbIX pabor, B ToM umcie 40
MoHorpadmit. Axamemuk Cepruenko W.B. momrorosmnm 22 goktopa u 60
KaHIUIATOB HAYK, €0 HayJHAas IIKOJA YCIEITHO IPOBOIUT pa3paboTKH B 00JIacTH
BBIYMCIIUTENBHON MaTEMaTUKU U MOJETUPOBAHUS CIOXKHBIX MPOLIECCOB, YCIIEHIHO
MIPUMEHSS TEOPETUUECKUE PE3yJIbTAaThl IPU PEIICHUHU PAaKTUUECKUX 3a1a4.

N.B.CeprueHKko — HEOJHOKpATHBIN JlaypeaT roCylapCTBEHHBIX NpEeMHUIl B
0o0JIacTH HAyKW W TEXHUKH YKpaWHBI, MONHBIN KaBalep opAeHa «3a 3aciyruy,
ormeueH mnpemusMu HAH Vkpaunel. B 1995-2009 romax Cepruenxko U.B —
akaJeMuK-cekpeTaph orneneHus wuHpopmatukn HAH VYxpawss, ¢ 2009 —
coBetHUK [Ipesunnyma HAH Yxkpaunst.

Pemakmmonnas komterus kypHana «KuOepHeTHKa ¥ BBIYMCIHTENbHAS
TEeXHUKa» cepaeyHo mo3apaBmsier lBama BacwineBnmua ¢ roOmieeM, xKelaer
KPEMKOro 3/J0POBbsl, BIOXHOBEHUS 1 JAJIbHEHIINX TBOPUECKUX YCIIEXOB.

Penxomterus xypHana
ACADEMICIAN IVAN SERGIENKO — 80 YEARS.

August 13, 2016 marked the 80th anniversary of the birth of Ivan Vasilyevich
Sergienko — famous Ukrainian scientist in the field of computer science,
computational mathematics, system analysis and mathematical modeling, Doctor of
Physical and Mathematical Sciences, Academician of NASU, Director of the Glushkov
Institute of Cybernetics, CEO of Cyber Centre NAS of Ukraine.

The Editorial Board congratulates Sergienko 1.V. on his birthday and wishes
him good health, inspiration and creative success.

The Editorial Board
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MudopmaTtuka mn
MH(POPMALMOHHbIE TEXHONIOrMm

BBEJEHUE

VK 004.021:004.94

MOJAEJIMPOBAHHUE MHOI'OKOMIIOHEHTHBIX
CUI'HAJIOB B XPOHOIIOTEHIIMUOMETPUH

N.B. CypoBues

Mescoynapoonsiii  Hayuno-y4eOHblil UeHmp UHGOPMAUUOHHBIX MEXHONOUN U
cucmem HAH Ykpaunvt u MOH Ykpaunut (2. Kues)

Brepsoie OIHCaH METOof MOZEIHNPOBAHUS
MHOTOKOMIIOHEHTHBIX CHTHAJIOB NIPH M3MEPEHUH KOHLCHTPAIMU XUMHYIECKHX
3JIEMEHTOB B XpOHOMoTeHImuoMeTpun. Obmas monens audpepeHInaaTb-HOro
00paTHOrO CHIHala MHBEPCHU PACCMATPUBACTCS B BHAE MOIMHOMA JHHEHHO
HE3aBUCHMBIX (YHKIUH, aNIpOKCUMHUPYIOIIUX OTJEIbHbIE KOMIIOHEHTHI,
pacHoNOXKEHHbIE C HE3HAYUTENBHBIM B3aUMHBIM HAJOKCHHEM HA KPHBOU
HIWKHEH orubaromeil. lVcnonp3oBaHWe MeETOAa MOICIUPOBAHUS IO3BOJSET
YBEIMYUTh TOYHOCTb, IIOBTOPSIEMOCTh W  HAASKHOCTh  ONPEIEICHUS
KOHLICHTPAIIUU 32 CUET YCTPAHEHUsI CyObEKTHBHBIX (PAKTOPOB MpU 00paboTKe
CHT'HAJIOB.

Kniouegvie cnoga: MOIETUPOBaHUE, AITOPUTM, CIHEKTD,
XPOHOIIOTEHIIUOMETPHSL.

Bnepiue onucano MeToz MOJEITIOBaHHS 0araTOKOMIIOHEHTHHX
CHTHATIB OpPH  BHU3HAYCHHI  KOHIEHTpAlil  XiMiYHMX  EJIEMEHTIB Y
XPOHOMOTEHIIOMeTpil.  3arampHa Mojenb AU(EpPeHHiHHOr0 3BOPOTHOTO
CHTHAy 1HBEpCii PO3IIISAAEThCS Y BUIILSIAI MOMIHOMA JTIHIHHO HE3aIeHKHUX
(GYHKIIH, 1110 anpOKCUMYIOTh OKPEMi KOMIIOHEHTH, PO3TAIIOBaHI 3 HE3HAYHUM
B3a€MHUM HAKJIA/JICHHSIM Ha KPHBill HIKHBOI 00BimHOI. Bukopucranus mMetomy
MOJIEITIOBAHHS JI03BOJISIE 301IBIIMTH TOYHICTh, MOBTOPIOBAHICTh Ta HAIHHICTH
BU3HAYCHHSI KOHIIEHTPALI1 338 paXyHOK YCYHEHHsS Cy0 €KTHBHHX (DaKTOpiB mpu
00po01Ii cUrHaiB.

Knwuosi cnoea: MORENIOBaHHS, AITOPUTM,  CIEKTD,
XPOHOMIOTEHIIIOMETisl.

W3MmepeHnne KOHIIEHTPAINN TOKCHYHBIX 3JIEMEHTOB SIBJISCTCS BaYKHBIM 3BEHOM
TIpU BBHITIONIHEHWH DKOJOTHYECKOT0 MOHUTOPUHTA U OLIEHKE COCTOSHHS OOBEKTOB
OKpyXarmei cpeapl. Hambonmee pacnpocTpaHEHHBIMH W YyBCTBHUTEIBHBIMHU
SIBIISTIOTCSL CHEKTPATBHBIE M DIIEKTPOXUMUIECKIE METOIBI UCCICOBAHUIA, KOTOPBIE
Jaf0T BO3MOYKHOCTH OHNPEACIATh KOHIICHTPAIMIO OOJBIIOrO YKCiIa XUMHUYECKHX
AIIEMEHTOB ¥ OPTaHUIECKIX COCIIMHEHUM.

OmanM w3 OypHO Pa3BHBAIOMIUXCS DIIEKTPOXHMUYECKHX METOIOB aHAH3a
sBIIsIeTCsl MHBepcnoHHas XxpoHonoTeHnuoMerpus (MXII), mo3Bonsronias BEISBIATH
MUKPOKOHIICHTpaIli  (CIeapl) TOKCHYHBIX DJJEMEHTOB B MIHTHEBOH BOJE,
MIPOAYKTaX MUTAHUS, TIOYBE U T.IL. [1].

© U.B. Cyposres, 2016
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B oTroM Merome WCXOOHBIM CHTHal SIBISETCA HMHTETPAIBHOM CYMMOM
MHOTOKOMIIOHEHTHOT'O M3MEPEHUS, TIe KK KOMIOHEHT MPEACTABISIET coO0M
MIPOLIECC WHBEPCHH OTHENBHOTO AnneMenTa. L{udpoBas 06paboTka TakKuX CHTHAJIOB
MpeAyCcMaTpUBaeT BBHIIONHEHHE MPeoOpa3oBaHms CTPYKTYPhl MCXOJHBIX JAHHBIX:
BBICOKOYACTOTHOH ~ (UIBTpallM OT aJIUTUBHBIX IIOMEX UIS IIONyYCeHUs
MOHOTOHHO BO3pACTalOMMX IIOTEHIWANOB W3MepeHust FE(f), ompeneneHus
obpatHoro curHana t(E), ero muddepeniupopanus B 1(E) = dt(E)/dE n
crinaxuBanus. [lomydeHHBIH M PepeHInpOBaHHbI 00paTHBHIN CHTHAT WHBEPCUU
paccMaTpUBalOT KaK JHHEHHYI0 CyMMY KOMITOHEHTOB HW3MEpEHHUsS, IPH 3TOM
IUIOMAAh KOMIIOHEHTA TIPENCTaBIseT CO0OM 3HAYeHWE BpPEMEHH WHBEPCHU,
KOTOpOE HCIIONB3YeTCS MPH ONPECTICHHH KOHLEHTPAIMH dIIEMEeHTa. TOYHOCTH
pacdera KOHIICHTpPAIH HAMPSIMYIO CBSI3aHA C TOYHOCTHIO OMPEIeNICHNsT 3HAUCHHUS
BpPEMEHH WHBEPCHH M 3aBHCHUT OT IPABIIBFHOCTH BHIOOpa IHAITA30HOB M3MCEHEHUS
Ka)KI0Tr0 KOMIIOHEHTa XUMUKOM-aHAIIUTUKOM [2].

Bompocam MopenupoBaHHs B YIEKTPOXUMUH YIEIEHO MHOTO BHIMAHIS, HMH
3anuManuch . 'eiipockuit [3], M.C. 3axapos [1], A.1. Kapnayxos [4] u apyrue.
B ocHoBHOM ycmnms uccienoBaTenell HANpaBlICHB Ha peIIeHHe 3amad
AQHAJIMTUIECKOT0 MOJCIHUPOBAHUS MEXaHW3Ma (PH3UKO-XHMHIECKHX IPOLECCOB B
Pa3HBIX METOJAX JICKTPOXUMIUECKOTO aHAIN3A.

Hanbonee momHO CyIIECTBYIOIIME IMTOAXONBI B OONACTH MOJCIUPOBAHHUS H
¢ poBoi 00PabOTKH AIEKTPOXMMHUECKUX CHTHAJIOB OTpaXkeHbl B padote D. Britz
[5], Tme TpUBENEHBI OMMCAHWSA W MPUMEPHl perneHus psga 3agad. CymecTByer
MHOKECTBO pPa3pabOTAHHBIX IAKETOB MPUKIATHBIX IPOrPAMM, BEITOIHSIOIIINX
MozenupoBaHue. Kak mpaBuiio, Takue MakeThl UMEIOT KOMMEPUECKHH XapakTep U
WX aJTOPUTMBI PEIKO OCBEIIAIOTCS B OTKPHITON mewyatd. CepuiiHO BEITYCKaeMbIe
MpUOOPBI TAKKE BKITIOYAIOT MAKETHI IPOrpaMM 00pabOTKH M3MEPEHHBIX CHTHAJIOB
Kak jgononHeHune. Tak, HampuMmep, dieKTpoxummdecknii anammzatop Model 600 C
Series Electrochemical Analyzer/Workstation, KOTOpsIif BBITycKaeTcs (GpupMoit
CH Instruments Inc. (CILIA) [6], mMmeeT mHUpoKHEe BO3MOXHOCTH O00pPaOOTKH
JNEKTPOXMUMUYECKUX  HAaHHBIX H3MEPEHHH C  HWCIONB30BAHWEM  METOMOB
aMIIEPOMETPUH, BOJBTAMIICPOMETPHH, XPOHOMOTCHIMOMETPHH (C IMIOCTETIEHHBIM
HapacTaHHEM TOKa HJIH C UMITYJIbCHBIMH TOKAMH).

HemocratkoM TEOpeTHUECKHX JIIEKTPOXMMHUYECKAX MOJAENed H MaKeTOB
MpPOrpaMM SIBJISICTCS BO3MOXKHOCTh OOpaOOTKH JaHHBIX XPOHOIIOTEHIIMOMETPUHU
TONBKO B KoopauHatax: (E, 1), (dE/dt, t) u (dE/dt, E). He HalineHsl MyOIUKaIMA 1O
MOJICTTMPOBAHUIO XPOHOIIOTEHITOrpaMM E ( ¢ ) B koopauHaTax (dt/dE, E), koTopbie
ucnonesyrorcss merogamu  WXII. ITlostoMy HeoOXoamMo co3maBaThb CBOU
COOCTBEHHBIE ~ METOIBl  aHaIM3a  MHOTOKOMITOHEHTHBIX  XPOHOIOTCHIINO-
METPHYECKHUX CUTHAIIOB.

IIOCTAHOBKA 3AJIAYHA

Cornmacao teopun Meroma MXII, muddepeHnmpoBaHHbI 00paTHBIN CHTHAT
WHBEpCUU (CUcHAl UHMEHCUBHOCMU) OTOOpa’kaeT CyMMY IIPOLIECCOB WHBEPCHU
XUMHYECKMX JJIEMEHTOB H €MKOCTHOW IIpollecc pas3psiia JJIEKTPOIOB B
anekTpoxumuueckor stueiike [1]. Ilpomecc paspsiga 37eKTpOIOB MpeACTaBiseT

© U.B. Cyposres, 2016
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c000# HUKHIOIO OTHOAOINYI0 CHTHANA, KOTOPYIO BEIYUTAIOT MEpell BHITOTHEHHEM
MonenupoBaHus [7]. VmeHTHYHO ONMHCAaHHOMY TMOAXOLY, AHAIHU3UPYIOT
BONIBTAMIIEPOTPAMMEI,  XpPOMAaTOrpaMMBI M CIIEKTPOTpaMMBl —  BHadaie
OIIpENeTsoT 0a30BYIO JIMHUIO M3MEPEHHS, a 3aTeM 00pabaThIBalOT OCTAaBIIUIACS
CUTHAN Ui criekTp [8, 9].

Takum obpazom, curnan uateHcuBHocTH T ( f) = dt / df , Tne f— moreHman,
MOXHO TIPEICTaBUTh KaK CyMMYy Iporecca paspsna d1ekrponoB 7o ( f) u cmekrpa
komroHeHToB P ( f') B Buge N mozeneil komnonenToB I (f') 10 3aBUCHMOCTH:

T(f)=PH+To(f),

N (1
P(f)=Y.T;(/).

j=

Kap1if KOMIIOHEHT CIIEKTpa COOTBETCTBYET MPOLIECCY HHBEPCHUH OTICIHLHOTO
JIIEMEHTa M XapaKTepPU3YeTCsl CBOEH TOYKOW MHKAa W IHalma30HOM H3MEHEHUS,
KOTOpBIC OAHO3HAYHO HACHTH(PHINPYIOT XUMHUECKUN JIEMEHT.

Jnsi BEITIONHEHUST CHEKTPANBHOTO aHali3a W HIACHTH(GHKANH DIIEMEHTOB
CO3IAHO MHOXECTBO MPAKTHUSCKUX IOJXOMIOB, METOJOB M PEaJbHBIX CHCTEM
obpabotku [8, 9].

OnHAakoO WCHONB30BATh WX B MOJHOM O0BEME U PEIICHHs ITOCTaBICHHOM
3aJaqd HEBO3MOXXHO II0 JBYM IPHHIUIHAIGHBIM TNpHYHHAM. Bo-TIepBBIX, B
meronax MXII oTnenbHpI KOMIIOHEHT SIBIISIETCS aCCUMMETPHYHBIM [ 7], BO-BTOPBIX
— HEOOXOANMO PaCcCUUTHIBATH CyMMY CIEKTPAJIbHBIX KOMIIOHEHTOB IT0 HCXOIXHBIM
3HAYEHUSIM CHTHalla WHTEHCHBHOCTH C YYETOM KPHBOJIMHEHHOW HIDKHEH
orubaromeii. C Apyro CTOPOHBI, MOKHO HCIONB30BaTh OOIMIME MOIXOOBI U
MPUHIHITEL 00pabOTKH, pa3paboTaHHBIE B CIEKTPAITHHOM aHAJIH3E.

OTMeTHM XOpOIlee peHIeHHe 3aadll XPOMATOrpaUIecKOro pasIeliCHHs
CIIOXKHBIX 00pa3loB, aBTOMAaTHYECKOTO HAXOXKICHWS IHUKOB W  aHAIM3a
HAKJTAJBIBAIONIIXCS MTUKOB ¢ moMotibio Moaynst «True Signal Deconvolution™ B
Macc-Cnekrpomerpe Pegasus® HT TOFMS kommanuun LECO  [10],
WCIONB3YIONMIET0 TPUHIMIEI JACKOHBONIONUK  (pa3lelicHus) MUKOB MpU  HX
3HAYUTENPHOM HaJIOKeHUH, onucaHHble B mareHTax CIIA [11, 12]. B aroii
cucreMe 0OpabOTKM BHAyaje XPOMAaTOrpaMMBI 00padaTHIBAIOTCS alTOPUTMOM
HaxoxneHuss nukoB (Peak Find algorithm) [13], 3areM wu3 Macc-criekTpa
BEIUMTAaeTCs  (DOHOBBI  CHTHAN,  OmIpenmelsieTcs  Oa3oBas  JIHHAA U
PEKOHCTPYHPOBAaHHBI MAacCC-CHEKTP COIMOCTABIAETCS C OHONHOTEYHBIMH MaccC-
CHEeKTpaMu Il Oollee KOPPEKTHOW WACHTH()HKAIMH aHAJH3UPYEMBIX HOHOB
BemecTBa [14].

B HacTosmee BpeMs UL BEHITIONHEHHS MOICITHPOBAHUS M aBTOMATHUCCKOM
00pabOTKH MAacCC-CIEKTPOB IMHPOKO HCIIONB3YETCsl MPOrpaMMHOE OOecIieueHIe,
pa3paboTaHHOE COTpPyAHUKAMH HarMoHanbHOTO WHCTHTYTAa CTAaHAAPTOB U
texuonoruit CIIA (NIST), B Bune nporpammer AMDIS (Automated Mass Spectral
Deconvolution and Identification System) [15].
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OOBIYHO TOAPOOHOCTH TPOrpamMM, IMPHUMEHSIEMBIX B PEANTbHBIX CHCTEMAax
CHEKTPaJbHOTO aHaNH3a, SBIAIOTCS TPYAHONOCTYHHBIMH. OTO MPUBOTUT K
HEOOXOIMMOCTH pa3pabaThIBaTh CBOM YHHKAIBHBIC alTOPHTMBI, Celu(puyecku
OTpaXKaroIIUe CTPYKTYPY UCHONB3YEMBIX CIIEKTPATbHBIX TAHHBIX.

[MockonpKy mpoOieMa CIEKTPajJbHOTO aHaNM3a IOBOJGHO MHOTOTPaHHA, TO
MOMBITAEMCSL PEIINTh €€ HEOONBIIYI0 YacTh INPAMEHUTENBHO K CIEKTPY
KOMITOHEHTOB ~ DJIEKTPOXHMHYECKOTO  CHTHala, coOmromas — OmpeAccHHBIC
orpaHWdYeHHsA. bymem paccMaTpuBaTh CHTHAlBl HHTCHCHBHOCTH, B KOTOPBIX
pacCTOsIHME MEXIy MHUKaMHU CIIeKTpa KOMIOHEHTOB 3HauntenbHoe (50 + 100 MB),
T.e. KOTJa CIIEKTPhl pa3HECEHB M B3aMMHOE HAIIOKCHUE CIIEKTPaIbHBIX
cocrapistomux Hebonmpmoe. Oxono 90% Bcex U3MEpeHUH KOHIICHTpAIUi
XAMUYECKIX DJIEMEHTOB METONAMH XPOHOMOTEHIIMOMETPHH CONEPkKAT HMEHHO
TaKue CHEKTPEI KOMITOHEHTOB.

Heas padoTsl — pa3paboTaTh METOI MOIEIUPOBAHNS MHOTOKOMITOHEHTHBIX
CHTHAJIOB WHTCHCHUBHOCTH MpPU HW3MEPEHWH KOHIEHTpauuu Meromamu WXII,
KOTOPBI TO3BONIUT YBEIMYUTH TOYHOCTb, ITOBTOPSEMOCTh W HAACKHOCTH
ONpPENETICHUs]  COACPIKAHUS  TOKCHYHBIX ~ JJEMEHTOB IIyTeM  yCTpaHCHUs
CyOBbEeKTHBHBIX (DAKTOPOB MPH 00pabOTKE CUTHAJIOB.

METOJ MOJEJUPOBAHUSA MHOTOKOMITIOHEHTHBIX CUT'HAJIOB

Merox MopmenUpOBaHHS TMPEACTABIsIET CO0OH MO3TANHYH 00paboTKy
MHOTOKOMIIOHEHTHOIO ~ CHTHalla ~ MHTEHCHBHOCTH, KOTOpas  COCTOHT W3
[PEBAPUTEILHOTO OMPEJCICHUs] [apaMeTpoB MOJENedl CHrHaja: HUKHEH
orubaromeit Tp (f), cHeKTpanbHBIX KOMIOHEHTOB 7;(f) M moimydeHus oOmiei
MOJIEIA MHOTOKOMIOHEHTHOro curHana ¢ (f) B Bume 0OOOLIEHHOTO MOJHMHOMA
JMHEHHO He3aBUCUMBIX GyHKUUH ¢; (f):

M
T(f)=2a;o(f;): 2)
j=1

rae a; — K03 QUIMEHTHI alNPOKCUMAIUH.

Bce aranmbel MomenumpoBaHHS BBITONHSIOTCS C HCHONB30BAHHEM OCHOBHOTO
MpUHIMIIA MeToa HamMeHbpmmX kBagpatoB (MHK), cormacro xotopomy cymma
KBaJ[paTOB OTKJIOHEHWI S, HCXOMHBIX 3HaueHwi #; = T ( f;) OT MOIENbHBIX JaHHBIX
ANIPOKCHMHPYIONICH 3aBUCUMOCTH ¢ ( f;) NOIDKHA ObITh MUHIUMAIBLHOH [16]:

S 2
S, =21t —o(f))I" — min . A3)
i1

OOmas  TOCIIe0BAaTEILHOCTh  BBIMOJIHEHUS  METOJa  MOJCTHPOBAHUS
CHEeMyIOmast:

Oman 1. OnpeneneHue HUKHEH OrHOAONICH CUTHANA.

Oman 1l. MogenupoBaHue OTAETHLHBIX KOMITIOHEHTOB CIIEKTpA.

Oman 1l1. MopenupoBaH#e HCXOTHOTO MHOTOKOMITOHEHTHOT'O CUTHAJIA.

Jis  paccMOTpeHHs OCOOCHHOCTEH aJrOPUTMOB  BBITIOJHEHHS METoJa
HCIIONIb3yeM B KaueCTBE NMpUMeEpa U3MEpPEeHHE KOHIICHTPAIIUA MEIN B CTAaHAapTHOM
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pacTBOope C MPUCYTCTBHEM HMOHOB CBHHIA W IuHKa no merony MXII. Ilocne
BEIMTONTHEHUsT M3MEpeHnHd (OHOBOTO pacTBOpa, MPOOBI W TOOABKH, IONyYCHHBIC
CUTHAJIbl MHTEHCUBHOCTH MIPEJCTABIIEHBI Ha pHC. 1.

L

NHTEHCHBHOCTB, MC/MB

1200 1000 -800 -600
MNoTteHuunan, B

Puc. 1. Curnanbsl HHTEHCUBHOCTH U3MEPEHUS MEIN

[Ipr BBIOpaHHBIX BPYYHYIO TpaHHIAX IUaria3oHa M3MEHEHHUS IMOTCHIHAJIOB
memu ([-385, —85], MB — BepTukanbHbIe MyHKTUPHBIE JTWHUHW), PACCUUTAHHOE
3HAaYCHHE KOHIIEHTpAIlMH Meau [2] B CTaHJApPTHOM pacTBOpPE C KOHIICHTpaIuei

3 _ 3 N N
0,1 mxr/cm®, cocraBuiao Cc, = 0,1189 MKr/cM~™ ¢ OTHOCHUTENBHOH OLIMOKOM
onpenenenus + 18,9%.

ITAN 1. ONPEAEJTEHUE HUKHEN OT'MBAIOIIEN CUTHAJIA

[IpencraBuM HWTEpallMOHHYIO MOIENb HIDKHEH ormOaromedl  curHama
WHTCHCHBHOCTH B BHIE IIOJMHOMa YETBEPTOH CTENMEHW B JIOTapH()MUIECKIX
KOOpIMHATaX, KO3(pQHUIUEHTH KOTOoporo ompenenstorcs Mmeronom MHK, mpu
ycioBuH € = max(At;) < &y — 3aJJaHHOE 3HaUYEHHE.

OOmmii anropuT™M TOCTpOeHHS HIDKHEH orumbatomeit 7y (f) ansd curHama
HHTEHCUBHOCTH ¢; = T (f;) BRIIIOYAET CICAYIOIMINE [Iary:

lar 1. Bemonasiem norapuMUpoBaHUE UCXOIHBIX OPIHHAT {:=In ().

llar 2. Haxomuwm cpemu Touek ( f;, f ) TOUKY i; C MUHUMAJIbHBIM 3HaYEHHEM
OpAMHATHI toj* = min (ti*) u no0aBIsieM e€e BO MHOXKECTBO TOYEK Ormdaromeit
() € (it ).

[ar 3. MmeM cienyonyl0o MUHUMAIBHYIO TOYKY ;' BO MHOXECTBE TOYEK
ie {il, N }

Ilar 4. CTponM IHHEHHYI0 3aBHCHMOCTS ¢ ( f) = a + b*f 110 ToukaMm (f;, fo, ) U
(2 tz*), 3aTeM IPOBEPSIEM YCIIOBHE:

A=t —t(f)>0, 4)

€CIM OHO CIPaBEIIMBO s BCEX OCTaBIIMXCA Touek i € {i;, N},

* *
10 (2, 12 ) € (f;, to; ).
[Iar 5. IToBTopsiem miar 3 m 4 anropuT™a IS OCTABIICHCS YacTH CHTHAJIA
. . (v} * .
i € {i», N} u onpenenseM 3Ha4eHus orudaromei (f;, to; ), j € {1, L}.
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Hlar 6. JIuneiiHO WHTepHOAUpPYeM TOUKH (f;, toj*) 1T Bcero curHana (f;, tOi*),
ie{l,N}.

[ar 7. ITo Toukam (f;, tOi*) HaxoauM KO3()PHUIIMEHTHI MOJIMHOMA YETBEPTOU
crenedau merogom MHK:

* 2 3
f(f=av+arf+arf +ayf +asyf )
I_Har 8. CpaBHI/IBaeM HOJ‘Iy‘{EHHyIO 3aBUCHUMOCTh C OpL[I/IHaTaMI/I TOUYCK

* *
orubaromedt (f, f,; ) u GopMHUpyeM HOBOE MHOXECTBO To4eK (fy, for ) TIO
3aBUCHMOCTH:

At; = t (fi)- tOi*, & = max(At,),

s |t AL >0 (6)
lok =1 «
t (f;),At; <0

ar 9. dns (f, tOk*) ToBTOpsieM mar 7 m 8 amropuTma moka (¢ > &) And
3aJJaHHOTO &.

Iar 10. ITocme OKOHYaHUS UTEPALIUil BHIIONHSIEM 00paTHOE Mpeodpa3oBaHue
OpAMHAT TOYEK CHTHAJIa OTHOAIOIIEH:

*

n=exp[t (fi)] (7

Taxum 06p8.30M, AHAJIMTHYCCKHU HWKHIOIO OFI/I68.IOH.IYIO CHI'HaJIa
HMHTCHCHUBHOCTHU MOXXHO IIPEACTABUTH B BUAC 9KCHOHECHIHNAILHOMN (1)YHK]_[I/II/IZ

2 3
To(f)=exp(ao+ar f+ay f>+ay f*+as [2). (8)
Croekrp xoMmoHeHTOB P ( f') ompenensieM IIyTeM BBIYUTAHUS U3 UCXOIHOTO

curHana T (f) MOIENbHBIX 3HAYECHHH HWKHEH orubaromed 7o (f), MCHONB3yS
ypasHenue (1).

ITAN II . MOAEJIUPOBAHME OTJAEJBHBIX KOMIIOHEHTOB CIIEKTPA

[Tonmyyennsi  crnekrp P (f) mpencraBiseT coOOW JTHHEHHYIO CyMMY
KOMITOHEHTOB M3MEPEHUS MHBEPCHH JIEMEHTOB. J{J1s1 ompeneneHns o0mei MoIein
MOJICTIMPOBAHUS Ka)XIBIii KOMIIOHEHT CIIEKTpa HEOOXOIUMO BEIpa3sUTh B BHUIE
AQHATIMTUIECKON (PYHKITHH.

HccnenoBanus mokas3aiy, 9TO OTACIBHBIA KOMIOHEHT MOXKET OBITH OIHCaH
aCCUMETPUYHOM CYMMOWH [JBYX HOpMaJbHBIX paclpeleleHud ¢ pa3HbIMU
JCIIepcrsMU [7] B BHIIe MOICITBHON GyHKIUH p,,, () :

_ | ERF(H .01, /0. /), < /o

pu(/) = ’ ©)
ERF(H;62>f0>f)> f> fO

roe H — BoicoTa pachpeieleHus; o), O — MUCIEPCHS JEBOFO W IPABOro

pacrpeneneHus; f) — MOTSHIHAI TOYKA MaKCHMyMa pacipeIelieHus (TOUKa ITHKa);

(f - 1)

ERF (H,G,f‘o,_f):H'EXp - 7 2
(o}

(10)
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KpureprieM TOYHOCTH amMpOKCHUMAIMM CIIY>KUT COOTBETCTBHE HCXOJHOU M
pacueTHOH OOINEH TUTOIAT KpPUBOW paclpelelieHUuss C Y4eTOM BO3MOXKHOM
KOPPEKTUPOBKH HWKHEH ormbaromell CHUTHana WHTCHCHBHOCTH B IIpoIecce
MOJIEJIMPOBAHUSL.

[Mapamerpbl MomenmbHON (QYHKIHHA p,, () ONpEnensioTcs COrJacHO olmeMy
aIrOpuUTMy, KOTODPBIM BKIIIOYAET OIpENeNIeHUE KOOpPAMHAT TOYKM MaKCUMyMa U
JICTIEPCUU JIEBOTO U MIPABOT0 paclpeieeHUsL.

ONPEAEJNEHUE KOOPIUHAT TOUKA MAKCUMYMA

[ar 1. W3 Bcero curHana crnektpa P (f) BbIIeNsseM Iuana3oH H3MEHECHUS
KOMITOHeHTa p (f) amuHOW N W HAaXOOWM IHCKPETHYIO TOYKY MAaKCHMyMa
(f pr) = (fi, pi), k= i, KOTOpast OTBEUYAET YCIOBHIO:

pi—pi1) " Pin—p) <0;VieN (11)

[ar 2. Beibupaem 1o Tpu opAMHATHI p ( f) cieBa U cripaBa OT TOYKH (fy, pr) ¥
OlIpe/IeNsieM UCKPETHBII CHTHA TIPOM3BOIHOMN p ( /) B BHJIC IIEPBOii PA3HHIIE:

p (M)=p(f)—p (fi).ie k3, k+3]. (12)
[Iar 3. Meromom MHK paccunThiBaeM IOIWHOM TPEThEH CTEMEHW s
TTOTEHITNAJIA TI0 3HAYEHUSIM TTPOU3BOTHOM

f=bo+by-p'+byp”+byp". (13)

[llar 4. OmnpenenseM 3HaYeHUE TOTEHIMANA fo JJIS TOYKA MaKCHMyMa M
BBICOTY H pacrpeneneHus o BEIPaKEHUIO:

H=po(fs)=p(fi1) +p (fir). (14)

ONPEAEJNEHUE JUCHEPCHUM JIEBOI'O U IIPABOI'O PACIPEJEJIEHUA

[llar 5. ®opMmupyeM MHOXECTBAa TOYEK {f;, ps} IUIA ONpPENCICHUS JIEBOM
muctiepenn oy (s € [1, k]) u nmpaBoit muctiepcun o, (s € [k, N]), nobaBisieM K HUM
TOYKy MakcumyMma ( fo, po) ¥ OIpeaenseM IOCIeNOBATENbHO 3HAYCHUS O] H O,
WCIIONB3YS mar 6.

[ar 6. Jlorapudmupyem pacnpenencuue p () (10) u mpencTaBuM ero B BHJIE
MOJIMHOMA:

In(p)=A+B-f +C-f7, (15)
rue
A=In(H)-2L; B=22, Cc=——,
262 > 262

OTKyZa, onpenensst Ko duueHTs! mouHoMa MeronoM MHK, momyunm
2 1 2 .
6, =—77:0;=40; ;j=12. 16
7o J (16)
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[ar 7. Ucmons3ys Bepaxkenue (9), paccyuThiBaeM 3HaUCHUS QYHKITUY p,, ( f)
IUTSL MOZIETTBHOT'O pacIipeeeHus.

KoMmrmoHeHT criekTpa omuchIBaeTcsl HAOOpOM M3 YeThIpex mapamerpos (H, o,
02, fo), TO3BOJSIOIINX pacCUMTaTh KakIoe MOZENBbHOE pacrpenencHue. s
JTaHHOU 00IIel MOJeNH MOJCTHPOBAHUS CUTHAIIA HHTCHCHBHOCTH IIPHHAMAEM, YTO
3HAYEHMsI JAUCIEPCUHM JIEBOTO M MPaBOr0 paclpelelieHus o), Op, a TakKxKe
MOTEHIIAAN TOYKA MaKCHMyMa fj KOMIIOHEHTa OCTAarOTCs TMOCTOSIHHBIMU. [Tnomans
MOJETBHOTO PacHpeaeTICHUs p,, (f) MOXKET MMOTHOCTHIO XapaKTePH30BaThCs OIHUM
mapaMeTpoM — BBICOTOW pactpenenenus H, 3HaueHne KOTOPOro MOKHO YTOYHATh
HA JTare MOIEIUPOBAHUS OOIICH MOICIH.

9tAan  III. MOJEJAUPOBAHHME MCXOJHOI'O MHOTIOKOMIIOHEHTHOI'O
CUTHAJIA

Bo3MmokHOCTR  OmpemeneHWsT HIDKHEH ~ ormbaromeidd W BBITOJTHEHUS
aNMpOKCUMALMU OTIAENBHBIX KOMIIOHEHTOB I103BOJISIET MEPEUTH K PaCCMOTPEHUIO
o0meii Momenn MHOTOKOMIIOHEHTHOW curHama. llepen ommcanmeM camMoro
aJropuT™Ma U3JI0KIM OCHOBHBIE MPUHLUIIBI MOJIEJIMPOBAHHUS
MHOT'OKOMIIOHEHTHOT'O CIIEKTpa.

B o6mem Buae curHa HHTEHCUBHOCTH #; = T (_f; ) IpeAcTaBiIseT co00il cyMMy
CIIeKTpa KOMITOHEHTOB P ( f), KOTOpBIA COCTOMT M3 M Mojened KOMIIOHEHTOB
p;(fi) UHBepcMM XHMHYECKHX 3JIEMEHTOB, ocTarogHoro curHama O (f;)
(BO3MOXKHO HYJIEBOT'0) W HYDKHEH orubarorueit Ty ( f; ):

M
T(f)=2p;(H+O0(f)+To(f)- (17)
j=1

Ocratounsnii curHan O (f;), ompenenseMbi IOCIEe MOICTHPOBAHHSI BCEX
KOMITOHEHTOB CIIEKTPa, MOKET MOSBUTHCS, KOTJIa CUATHIBAEMEBIA M3 YCTpOMCTBa
W3MepeHHs UCXONHBIM curHan E (¢) HauuHaeTcs WM oOphIBaeTCS Ha WHBEPCHU
XAMUYECKOTO JJIEMEHTa, U1 KOTOPOrO MOTEHIHAT TOYKA MaKcuMyMa fj
HAXOIUTCS BHE JHANa30Ha N3MEPEHMUS BCETO CHTHATIA.

Bee ¢ynkmum Beipakernss (17) pacCUMTBIBAIOTCS IS HCXOAHBIX Y3JIOB
aNIMPOKCUMAIH f;, I € N — JIiHA BEIOOPKH CHTHAJIA HHTEHCHBHOCTH.

[lo 3amamHOMy Ha0Opy JHHEHHO HE3aBHCHUMBIX (YHKIOUH CTPOUTCS
O00OOIICHHBI TOJNMHOM TaKUM, 4YTOOBI KBaIpaTHYHOE OTKIOHEHHWE S; IO
BBIpaXKeHHIO (3) OBUTO MUHUMAITLHBIM

M
R(f)=2a;p;(f)+ay Of)+ay . To(f)- (18)
j=1

Ko>(pUuuenTs TMHEHHOTO anIpOKCMMUPYIOMIETO IOMMHOMA a1, ..., d ppo
B ¥ WTepanuu onpenensorcs metonom MHK no 3HadeHusM opauHatr ¢yHKIHMIM,
IIPE/IBAPUTENLHO 3allMCAHHBIX B PACUYCTHYIO MATpHLy Zj, B KOTOPOH Kaxkuas
CTPOKa COOTBETCTBYET Y3I1y alpOKCUMALIVH f;.
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B mepsblii cronben, MaTpuubl Z; 3alUCHIBAIOTCS MCXOIHBIE 3HAUCHUS
t; = Tuex (fi ), B TIOCTIEAYIOIIHE CTONOIBI — 3HAYCHUS (GYHKINH BeIpaskeHus (17).

Mogens  cmekTpa  KoMnoHeHToB  P;(f)  cuumraercs — omuOOYHOH
(oTcyTcTBYyIOMIEH), €CIIM  COOTBETCTBYIOUIMHA  pacCUMTaHHBIA K03 uiment
nonuHOMa a'; < 0. B aToM cirydae npuHEMaercs, 4to a’; = 0.

3aTeM, 3HAUEHHS OPAUHAT CTONOLIOB PACUETHON MATPHULBI Z; KaXKIOH MOJETIH
p; (f) yMHOXaIOTCS Ha COOTBETCTBYOIINE KOA(D(HUIMEHTHl alPOKCHMALNN d j,
9TO PaBHO3HAYHO M3MEHCHHUIO BBICOTHI pactpenenenus H;=d'; - H;.

OmnpenensioTcss HOBBIE 3HA4YeHWS Z; UIA  OCTQTOYHOIO  CHTHAla:
O (fi)=d w1 - O (f;)n xpuBoit nwkueit orubaromeit Ty (f;) = a' v - To (fi).

Pacuer ammpokcumupyromero monuHoma (18) moBTOpsieTcs, Toka He
BEIMTOITHSETCSI YCIOBHE:

Vdi=1,je[l, M+2],k=r,d’;#0. (19)

OOBIYHO, WTEPalMOHHBIN MpOLEcC JOBOIBHO OBICTPO cxXxomuTcs (mo 5
WATEpAIIHiA).

[locme BeIMoONHEHWsT Kk WTepanuii COOTBETCTBYIOUINE KOI(P(UIIHMEHTHI
AT POKCUMATIHN a*j T QYHKIMIA BbIpaxkeHus (18) mpuMyT BUI:

sk k r
ajzl‘[laj, (20)
e

rze a';— K03 (UIMEHT alPOKCHMALNH d; B * HTCPALH.
. *
Mogens j xoMnoHeHTa p ;(f ) IpuHHMaeT BHI (B CIEKTPaJIbHOM aHAJU3e
CUMTAIOT, YTO JJIMHA paclpellelIeHns He MPEBBILIAET BEIMUUHBI 50):

ERF (aj"Hj,Glj:ij:f): f<f0j
p ()= ERF(aj-Hjca;. o,/ f>fo; - @1
0, f<(fo;=501;) f>(fo; +502;)

[IpuBemeM anropuT™M MOCTPOCHHS OOIIEH MOAETH MHOTOKOMIIOHEHTHOTO
CHTHAJla Ha TpUMepe CHurHama 1no0aBku (TIpoOBI ¢ J00aBKOH) W3MEpEeHUs
KOHIICHTPALIMU MEIH B MIPHCYTCTBHE NOHOB CBUHIIA M IIUHKA, MTPEACTABICHHOTO Ha
puc. 1, KOTOpBIH B 00IIEM BUIC BKIIOYAET CIACAYIOIINE [IaTH:

Ilar 1. [ns BeIOpaHHOTO CHTHANA WHTEHCHBHOCTH Ty, (f) ompenensem
KpHUBYIO HIDKHEH orumbaromeit 7y (/) mo anroputMy dtama 1, mpencTaBieHHYIO Ha
puc. 2.

[llar 2. U3 curHajia WHTCHCUBHOCTH Tyuc( f) BBIUMTAEM KpPUBYIO HWXKHEH
orubaromei Tp ( /), monydaeM CHEKTp KOMIIOHEHTOB P ( /) W ompeaernseM TOYKH
SKCTpeMyMoB curHanma. CIeKTp CHTHajda MO0aBKH aHalnW3a MEOH C TOYKaMHU
JKCTPEMYMOB NpeICTaBJIEH Ha puc. 3.
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Puc. 2. Huxusas orubaromas curgaia 1o00aBKY aHalIM3a MEIU
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w

HMHTEeHCUBHOCTbL, Mc/mB
-
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Notexuuan, MB

L

~ CIIEKTP KOMIIOHEHTOB, ° TOYKHA SKCTPEMYMOB
Puc. 3. Toukn 3KCTpEMyMOB CIEKTpa KOMIIOHEHTOB

[Mar 3. HaxoauM TOYKY 3KCTpeMyMa ¢ MaKCHMAaJIbHBIM 3HAUEHUEM OPAUHATHI,
orpesieNisieM AMAa30H M3MEHEHHs pacrpesesieHus (OT JICBOM 10 MpaBOM TOYKH
MHHHMYMa) U CO3J]a€M MOJIE/Ib KOMIIOHEHTA CIieKTpa p ( f) mo anroputMy stamna 2
B BHJE (9) ma V f, i € N— nnunHa Be1Oopku P ( f), mpencTaBiIeHHYIO Ha puc. 4.

T

(3, ]

HUHTeHCMBHOCTbL. Mc/MB

-800 -600 -400
MoteHuman, MB

-1 000

PR

—— HUCXOIHBINA CHI'HAJI, MOJCIBHBIA CUTHAI

Puc. 4. Moznens KoMIOHEHTa CIIEKTpa

[ar 4. V3 cnektpa P (f) BeIYATAEM 3HAYECHUS MOJEITH KOMITOHEHTa p; (f),
CTa’KuBaeM MONMYUSHHBIH curHAN P ( f) 1 CHOBa ompeienseM TOUYKH IKCTPEMYMOB
Ha crekTpe. [lomydeHHBIH CHEKTp C TOYKAMH SKCTPEMyMOB IMPEACTAaBIICH Ha
puc. 5.
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Puc. 5. Toukn 3KCTpeMyMOB 1OCIIE BBIYUTaHUSA IEPBOH MOJIEIH

lar 5. [loBTOpsieM BHIIOMHEHWE MIara 3 W 4 aNropuTMa, IMOCIECIOBATEIBHO
paccuuThIBas BCE MOJEIHN BEIOOPOUHBIX IUIOTHOCTEH p; (f).

ar 6. [Ipm kakgoM BHIIONHEHWW Iara 5 MpoBepseM HAIMYUE TOYEK
SKCTPEMYMOB B CIIEKTPE U OLIEHUBAEM IIOIy4eHHbIE MOZENH p; (f') Ha 3HAYUMOCTb.
Pacnpenenenue p;(f) cuuTaeTcss HECYLIECTBEHHBIM (OTCYTCTBYIOIIUM), €CIIH
YHUCIO TOYEK WM IUIOManb (BpeMs HWHBEPCHH) MEHBIIEC 3aJaHHBIX 3HAYCHHH.
AHanu3 crieKkTpa mpekpariaeM, koraa cekrp P ( f) mycrT.

[oce BeImonmHeHns1 aHamm3a crekTp P (f) COOepKUT OCTaTOYHBIN CHTHAI
O (f), KOTOpBIHt MOXKET OBITH HYJIEBHIM HIH CYMIECTBCHHBIM. BuI ocTaTO4HOTrO
CHTHAJIla CIEKTpa NpPH MONCIUPOBAHWM CHUTHANA JOOAaBKH OIpeAeIeHUs
KOHIICHTPAILINU MEIH IPEICTAaBIICH Ha pHC. 6.

72 Y .
0 :

WHTEeHcuBHOCTb, Mc/MB

-1000 -800 -600 400 -200
MNoteHyuan, mB

Puc. 6. OctaTouHbIif CHTHAT CIIEKTpa PY MOJSIUPOBAHUH CUTHATA
JI00aBKU U3MEPEHUS ME/IH

Iar 7. ®opMupyeM pacyeTHYI0 MaTpHIly 3HaYEHUH CIIEKTpa Z; UId METola
MHK:

Z;o=1t;=T(f;)— oOpOMHATHI CHTHAJa UHTEHCUBHOCTH;

Z;j=p;(f;)— opAuHATHI j MOIEJIN KOMIIOHEHTOB (f € [1, M] );

Zimr1= O (fi ) — OpIMHATEI OCTaTOYHOTO CHTHAJIA;

Zimr2=To (fi ) — OpOMHATEI KpUBOU HIDKHEH OruOaromiei.

[ar 8. Meromom MHK Haxomaum ko3 HIIHEeHTH! ampoKCHMAaIH a"j, 3aTeEM
YTOYHSIEM BBICOTY MOIEIBHBIX pacmpeneienuit H; = a’;- H, muepeompenemnsiem
3HA4YeHHs] MATpHUBl Z; = a';* Z; (j € [1, M+2]), 3HaueHHsT OCTATOYHOTO CHTHAIA
O (f; ) u xpuBoii HIKHEeH orudaroment Ty (f; ).
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[Iar 9. TToBTopsiem mar 7 u § anropuT™a, MOKa He BEIMOTHUTCS ycnoBue (19),
T.e. TIOKa BCe KOO(D(HUIMEHTH ammpoKCHMAIMH HE CTAaHYT PaBHBIMU CIUHHUIIE.
Ucxonmuelii w paccUMTaHHBIA MOZAENBHBIA CHTHAll HMHTCHCHBHOCTH HOOABKU
H3MepeHHS KOHIISHTPAlUI MEIU TPECTaBIeH Ha PuUC. 7.
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=]

o
L=

N
=]

WMHTEeHCUMBHOCTb, Mc/MmB
=
=]

=]

-1 000 -800 -600
MNoteHuuan, MB

PR

MOJCIbHBIA CUTHAI

—— HCXOIHBIN CHI'HAJI,

Puc. 7. icXoaHbIil 1 MOCBHBIN CUTHAJT HHTEHCUBHOCTH TOOABKH M3MEPECHUS MEIH

OmunbKy CcpemHEKBaJAPaTUIECKOro MpHOMMmkeHus S obmeir momenu R (f)
HCXOHOMY CHUTHAITy HHTEHCUBHOCTH Tyex( /') OMPEACISAIOT [0 3aBUCUMOCTH

N 2
;mmmrmm). (22)
N -1

S =

O]_ICHKy CTCIICHHU TCCHOTHI CBA3H (B HpO]_ICHTaX) MCXKAY MHCXOOHBIMH H
*
MOZCJIBbHBIMH 3HAYCHUAMHU A1 BCEro CHrHajaa B IICIIOM S OMpeacCiIdgr0oT 110
CpeHHCKBa,I[paTH‘{CCKOﬁ OIIMOKE CPEOHET O COITIACHO BBIPAXXCHHUIO!

N
(T,oe (S)=R(S))
+_S5-100 _ 100 -1/i=L . (23)

JN N(N -1)

JUIs  pacCMOTPEHHOTO MpHMepa TOCTPOCHHs OOIIeH MOJENH CHTHala
WHTEHCHBHOCTH  J00aBKM  HM3MEpPEHHsI  KOHIICHTpPAllMd  MEId  3HAuYCHHE
CpenHeKBaApaTHIECKON ommoOKu coctaBmio S = 0,221, a olleHKa CTENCHH TeCHOTBI
CBSI3M JUISI BCETO CUTHajla B IIEJOM paBHA S = 0,657%, uro menbme 1%,
JIOITyCTUMOT'0 JJTs1 MH)KEHEPHBIX PacueTOB.

INocne ompeneneHus napaMmerpoB Moxenei (M, o1, 0v, fo;) noeHTUGUIEPYEM
KOMIIOHEHT j H3MEPEHHS MU 10 MOTEHITHATY TOYKH MaKCUMyMa pacrpelIeIeHUs
fo W TpaHWIAM JWana30Ha HM3MEHEHUS IOTEHIIMAJIOB, PACCUMTHIBAEM 3HAYCHHUE
BPEMEHU UHBEPCUM HMOHOB MEIM #; [0 MaTpulle CIEKTpa Z; CyMMHpPYsS Bce
3HAYEHHsI OPJAMHAT 10 j CTOJIOMY:

S

=22y - (24)

BreinonHsieM MOIENMPOBAaHUE BCEX CUTHAJIOB WHTEHCHBHOCTH H3MEPEHUS
¢dona, poObl n mobaBku. [locie MomenmupoBaHHS CIEKTPHl KOMIIOHEHTOB BCEX
CUTHAJIOB IPUMYT BUJI, IIPECTaBIEHHBIN Ha puc. 8.
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Puc. 8. MonenpHBIE CUTHATIBI CIIEKTPAa KOMIIOHEHTOB CUTHAJIOB HHTEHCUBHOCTH
HU3MCPCHUA MEIU

NnentnduiupoBaHHble KOMIIOHEHTBI MOJENICH H3MEpeHHUS KOHIICHTPAIUU
MeJIU TIPEJICTaBIICHBI Ha puC. 9.

BrruncnsieM KOHLEHTPaLMIO 3JEMEHTAa MO HANJAEHHBIM 3HAYECHHUSIM BPEMEHU
nHBepcuu [2]. 3HaueHWE KOHIICHTPAIMM W3MEPEHHUS MeAW B CTaHAapTHOM
pacTBoOpe, pacCUMTaHHOE 10 MOJAENSAM crekTpa, coctaBuio Ce, = 0,1015 MKT/CM’,
C OTHOCHUTEIILHOW OIIHOKOH onpenenenus +1,5%.

N
Q
I

MHTeHcHBHOCTE, MC/MB
°

-300 -200 -100
MorTeHuman, mB

Puc. 9. Monenn KOMIIOHEHTOB U3MEPEHHSI KOHIIEHTPALIUU MEH

Jiig naHHOrO mpuMepa HM3MEPEeHUs KOHIEHTPAUMW MEIM MCIIOJIb30BaHUE
OMMCAaHHOIO METOIa MOJIEIUPOBAHUS CUTHAJIOB HMHTEHCHUBHOCTH IO3BOJIHIIO
YMEHBIIUTH OTHOCUTENBHYIO omuoKy ¢ 18,9% mo 1,5%.

OCHOBHOH  MONMOXUTENBHBIA  3(Q(EeKT TNpH  HCHONB30BAHWU  METOIA
MOJIJIMPOBAHUS 3aKJII0YaeTCsl B TOM, YTO MOJY4YEHHbIE 3HAYEHUS KOHLIEHTpPALU
JIIEMEHTa HE 3aBHCAT OT BHIOPaHHBIX TpaHUIl [IUANa30HA HW3MEHEHHS, YTO
MIO3BOJISICT TIPH BBIMTOJTHEHUH WCCICNOBAHUA YCTPaHUTh CYOBEKTUBHBIN (haKTOp,
CBSA3aHHBIH C ONIBITOM U HaBBIKAMU XMMHKa-aHAJTUTHKA.

Peanusanust onucaHHOrO MeTOAa MOJEIMPOBAHUS CIIEKTpa KOMIIOHEHTOB
BKIIIOYEHA B CHEHUATU3NPOBAHHBIN 0a30BeId maker mporpamMm «TC-ITOw,
o0ecIieunBalOMil pemieHne psaa 3amad nuppoBoil 00pabOTKH CHTHAJIOB MpU
CO3MAHWM TEXHUYECKUX CHCTEM H3MEpeHUs: (IIbTpaliy, CrIIa)KUBaHUS,
HWHTEPIOJSAINH, alllIPOKCHUMAaLIUU U MOJIEIUPOBAHUSL.
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BBIBOBI

BroepBbie  pazpaboTaH  METOA  MOJACIHPOBAHHMS  MHOTOKOMITOHEHTHBIX
nuhdepeHIIMPOBAHHBIX CHUTHAJIOB WHBEPCHHM MPU H3MEPEHHH KOHIIEHTPAIHH
XMUMHYECKHUX DIIEMEHTOB METOJaMH HHBEPCHOHHON XPOHOMOTCHIIHOMETPHH.
Mertoa MOJETUPOBAHUS COCTOUT M3 HPEIBAPUTEIBHOIO OMPEACIICHHS apaMeTPOB
OT/ENBHBIX ~MOJEJeHd CHrHajda: HWXKHEW orubamomieil W CHEeKTPalbHBIX
KOMIIOHEHTOB H3MEPEHHS JJIEMEHTOB C HEOONBIIHM B3aMMHBIM HAIOKEHHEM U
MOTyYeHHs 00Iel MOJIEId MHOITOKOMITOHEHTHOTO CHTHAIA B BUZE 000OIIEHHOrO
MOJMHOMA JIMHEHHO HE3aBUCHMBIX (YHKIMH, WCIONb3ysl MPUHIMI METOaa
HAVMEHBIIUX KBaJPaTOB, MHUHUMH3HPYIOUIMHA CyMMY KBaJIpaTOB OTKJIOHEHHN
MCXOMHBIX 3HAYEHHUI OT MOJENbHBIX JAHHBIX. VICHONB30BaHHE METOIA
MOJICITUPOBAHHS [TO3BOJSIET YBEIHYUTh TOYHOCTh, MIOBTOPSIEMOCTh U HAJCKHOCTh
OIPE/ICNICHNs] KOHIIEHTPAI[MM XHMHUYECKHX O3JIEMEHTOB 3a CYeT YCTPaHCHHUS
CyOBbEeKTHBHBIX (DAKTOPOB MpH 00pabOTKE CUTHAJIOB H3MEPEHUSI.
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MODELLING OF MULTI-COMPONENT SIGNALS
IN A CHRONOPOTENTIOMETRY

1.V. Surovtsev

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. In the inversion chronopotentiometry a differential reverse
signal of inversion is considered as linear sum of components measuring that are
located on the base curve of the lower envelope. The signal is similar to the
spectrum of components after its subtracting and can be analyzed by the
chromatographic methods or spectroscopic analysis.

The purpose of the article is to develop a method of modelling multi-
component signals, provided that the spectra is spaced apart and the overlap of the
spectral components is small.

Methods. Preliminary determination of the parameters of the approximation
of the individual spectral components and the base curve is performed. An iterative
model of the multi-component signal is sought in the form of generalized
polynomial of linearly independent functions by least squares method. At a
negative value approximation coefficient corresponding spectral component is
considered to be erroneous or not.

Results. In the given example the use of the modelling method has allowed to
reduce relative error in determining the concentration of copper from 18,9% to
1,5%, compared to the conventional analysis.

Conclusion. The proposed method of modelling and algorithms of its
implementation allow eliminating the subjective factor that is associated with the
experience and skills of chemist-analyst when selecting boundaries of turndown
component that allows increasing the accuracy, repeatability and reliability of
determining the concentration of chemical elements.

Keywords: modelling, algorithm, spectrum, chronopotentiometry.
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[;-OPTIMIZATION APPROACH TO DESIGN OF
DIGITAL AUTOPILOTS FOR LATERAL MOTION
CONTROL OF AN AIRCRAFT

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

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

B pamxax coBpeMEHHON TEOpUH YIpPaBJIEHUS INOCTaBJIE€HA U
pemieHa 3aJada Tak Ha3bIBaeMOHM [j-omTtuMmsarmu  nudpoBeix II- n
[M1-aBTonunoToB ans ympaBieHUs OOKOBBIM JBIDKEHHEM HEKOTOPOro JieTa-
TEJNBHOTO anmapara Ipy HaJIMYUKA HEKOHTPOIHPYEMBIX BHEIIHUX BO3MYIIEHHI
Tuna mopsBa BeTpa. IlpemtoxkeHsl 4HCIEHHBIE METOABI HAXOXKACHHS ONTH-
MaJIbHBIX 3HAYCHUH MapameTpoB aBTOMWIOTOB. IlonmydeHHBIE pe3ynbTaThl sB-
JISIFOTCSI IPUKJIaTHBIMU.

Kniouegwie cnoga: netatenbHBIN anmapar, AMHAMHIKA OOKOBO-
ro  JBWKCHHUS, LU(poOBas  CHCTeMa  YIOPABIEHHs,  YCTOWYUBOCTH,
[,-onTHMU3aIA, ANTOPUTM CITy4aiHOTO TIOHCKA.

B pamkax cydacHoi Teopil KepyBaHHS [OCTaBJICHO 1
PO3B’si3aHO 3aqa4y Tak 3BaHoi /j-ontumisarii upposux [1- Ta I1l-aBTominoris
IUTSL KEPYBaHHsI OIYHUM PYXOM JESKOTO JIITAIbHOrO amapary 3a HasiBHOCTI He-
KOHTPOJIbOBAHUX 30BHIIIHIX 30ypeHb THITy TOPUBY BiTpy. BeTaHoBieHi yMoOBH
CTIHKOCTi CHCTEMH KepyBaHHS 3 BOMA 3BOPOTHUMH 3B’ sI3KaMu. 3alpOOHOBaH1
YUCEeNbHI  METOAM  3HAXOMKEHHS ONTHMAIBHHX 3HAYCHb MapamMeTpiB
aBTONUIOTIB. OTpUMaHi Pe3yabTaTH € IPUKIATHIMH.

Kniouosi cnosa: nitanpHuil anapar, quHaMika Oi9HOTO PyXy,
uudpoBa cucrema KepyBaHHS, CTIHKICTh, /-ONTHMI3allisl, AITOPUTM BHIIAIKO-
BOTO TOIIYKY.

INTRODUCTION

The problem of efficiently controlling the motion of an aircraft in a non-
stationary environment capable to ensure its high performance index is important
enough from the practical point of view [1]. To solve this problem, the different
approaches based on the modern control theory, including adaptive and robust
control, neural networks, etc., have been reported by many researches [2—7]. Un-
fortunately, most of these works dealt with an ideal case when there are no distur-
bances. Nevertheless, they are always present in reality.

To implement approaches advanced in modern control theory, digital tech-
nique is appropriate. Point is that, by the end of the twentieth century, digital con-
trol has become a highly developed technology in control applications [8, 9]. Digi-
tal control systems have some features associated with sampling [9]. Namely, it
leads to arising the discrete-time system description. It turns out that accurate dis-
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crete-time models can be derived for sampled continuous-time systems under digi-
tal control [10].

One of the efficient methods devised in the modern control theory for reject-
ing any unmeasured disturbance is based on the /-optimization concept
[11-13] applicable to discrete-time control systems. This concept has been utilized
in [14] to design the digital lateral autopilot for aircraft capable to cope with a gust.

This paper extends the approach which we have first reported among other au-
thors in [14] to deal with a digital autopilot for the lateral motion control.

The purpose of the paper is to synthesize a digital autopilot which is able to
maintain a given roll orientation of an aircraft with a desired accuracy and to cope
with an arbitrary external disturbance (a gust). As in traditional continuous-time
(analogue) control systems, the digital control system is designed as the two-circuit
closed-loop control system having the inner feedback loop and the external feed-
back loop. Similar to [14], the digital autopilot is designed as the so-called
[;-optimal controller containing the discrete-time PI and P controller parts. But, in
contrast with [14], the aileron servo dynamics are taken into account to ensure the
stability of closed loop. Again, the distinguishing feature of these controllers is that
their parameters are optimized simultaneously.

STATEMENT OF THE PROBLEMS

Let y(¢) and £(¢) denote the roll rate angle and the aileron deflection of an

aircraft, respectively, at a time ¢. According to [15, chap. 3] the lateral dynamics
equation of an aircraft derived from the linearized lateral equation of the aircraft
motion can be described by the continuous-time transfer function

I'(s) K.
E(s) Ts+1°

W, (s):= (1)

where
I'(s)= j Owy(t)e”’dt and Z(s):= j Owg(t)e*fdt

represent the Laplace transforms of y(¢) and &(7), respectively. Kg and 7;: are
the aerodynamic derivatives (more certainly, 7;: is the damping derivative in the
roll channel and K ¢ is the roll moment).

By definition, the transfer function from y to 7y that is output is given by

K
Wo(s) =TO’ 2

. . . . . .
where K|, may be considered as an integrator gain whose dimensioniss™.

As in [15, chap. 4], it is assumed that continuous-time transfer function de-
scribing the aileron servo dynamics is
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K
VVS(S):TS-SFI’ 3)
S

where K and 7 are its gain and time constant, respectively.
Define by d(¢) an external signal (in particular, a gust) disturbing the angular
velocity y. This signal plays a role of some unmeasurable arbitrary disturbance.

Without loss of generality, it is assumed that it has to be upper bounded in
modulus. This implies that

|d(t)|<C; <oo. (4)

Suppose that K, K, K, T;,T; in (1) to (3) are known, whereas C; may be
unknown, in general.

Let }/O(t) denote the desired roll orientation at the time ¢. It is assumed that
}/O(t) is a continuous upper bounded function of ¢. This means that there exists a

constant C; such that
;0
[y (1)< C,; <oo. (5)
Define now the output error e(¢) as

e(t)=7" () -y (1) (6)

Further, introduce the performance index of the control system to be designed
in the following form:

J=limsup|y" () -y (0)]. @)

The problem to be stated is formulated as follows. Devise a digital controller
which is able to minimize J assuming that the variables y(¢) and y(¢) can be

measured and the constraints of the forms (4) and (5) take place. Hence, the aim of
the controller design may be written as the requirement

lim sup | e()|— inf, (8)
where (6) and (7) have been utilized. The controller satisfying (8) is called optimal.
DIGITAL LATERAL AUTOPILOT DESIGN

Control strategy. To implement the controller design concept proposed in
this paper, two feedback loops similar to that in [14, 15] are incorporated in the
autopilot system, as shown in Fig. 1. But, in contrast with [15], they are designed
as the discrete-time closed-loop control circuits using two separate controllers. To
this end, two samplers are incorporated in the feedback loops; see Fig. 1. These
samplers are needed in order to convert analogue signals y (¢) and y(¢) in digital
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form at each nth time instant =n7, (n=0,1,2,...) to producing the discrete-
time signals y(nI;) and y(n7}), respectively, with the sampling period 7;. On

the other hand, the signal u(nI;) formed by digital controller at the same time
instant converts to analogue form u(¢) using the so-called zero-order hold (ZOH)

[8]. This makes it possible to represent the control input, u(z) as follows:

u(t) =u(nTy) for nT, <t <(n+1)T,. 9)

Disturbance

Y (nTy)

Sampler T
(period Ty)

Samplers
T (period Ty) I

Fig. 1. Structure of digital control system containing the autopilot for the lateral motion
control

The aim of the inner control loop exploiting the discrete-time PI control is to
stabilize the roll rate y (n7,) ata given value, y°(nT,), which is the output of the

external control loop, as shown in Fig. 1. The feedback control law is
u(nTy) =k'e,(nT) +k"Y e, (iTy), (10)
i=0

where e;(nT) is the deflection of the true angular velocity, y(nT}), from a given

angular velocity, y°(nT), at the time instant ¢ = nT, given by
¢;(nT,) =7"(nT,) =y (nT,), (11)

in in .
and k' and k" represent its parameters.

The sampled-data transfer function of the PI controller derived from (10) is
determined as follows:

U(z) _ o k'z

Cm(z)Z: E};(Z)_ P -1

(12)
where U(z) = Z{u(nT;)} and E, :=Z{e,(nT})} are the Z-transforms [16, 17].
The external feedback loop which contains the usual P controller is used to

stabilize the roll angle, y(nT;), around the desired value, y°(nTy). Its control law
is defined by

© XKurenxnii JI.C., [mnsuenckuii A XO., Conoayk K.I0, 2016
24 ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbr4. Texu. 2016.



Y (nTy) = ki'e, (nT;) (13)
together with the error

e(nTy) =y°(nT,) -y (nTy), (14)

where ¥ 0(1’175) and y(nT}) are a desired and true roll orientation at the time in-
stant # = nl, respectively. Then the sampled-data transfer function corresponding
to (13) will be defined as

C*(2) =k (15)

In order to choose the optimal parameters of both digital controllers, the so-
called /,-optimization approach is utilized.
Stability analysis. Inspecting Fig. 1 and taking (9) into account, one gets the

discrete-time transfer function of inner feedback loop from 7° to y as

H(2) = C™ (2)Ws We(2)
1+C" ()W W, (2)

(16)

where W W, (z) =(1— ZI)Z{L1 {WS(S)W‘g (S)} } [16]. Then, using (1), (3),

t=nT

(11) and (12), the expression (16) gives

2
az +a,z+a,

H"(2)= , (17)
2 +bz° + b,z +b,
where
a, = (kli,n + kli“ )c,,
a, = —kli,“c1 + kli,“c2 + kli“cz,
a3 = —kli,ncz, (18)

in in
b=d —1+kyc +k'c,
by=d,—d —ki'c,+ki'c, + k"c,,

by = _kli)ncz —d,

are the coefficients depending on
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¢ =[-KK Ty + KK, Te ™™ + KK.T, ~-K K. T,e "1/ (T, - T),
—Ty (Ts+T )/ Ts Ty

¢, =[-KK.Tse
+[KK T "S85 g K Te ™ /(T - Ty) (19)

—To/T; ~Ty /T
e 5_6 0 s,

—Ty /T
+ K K. Tge " +

1

- Ty(Ts+Te)ITsT;
d,=e .

By applying the stability results with respect to the three-order control system
which can be found in [17, subsect. 1.12], to the denominator of H in (z) in (17)

we derive the conditions guaranteeing the stability of inner closed loop in the form

>0 j=0,1,2,3,
B, J } 0
B.B,—B,B,>0
with
B,=1+b+b, +b,,
B, =31-b,)+b, —-b,, 1)

ﬁz =3(1+b3)_b1 _bz’
B,=1-b +b, —b,.

To study the stability of the external closed loop, we again inspect Fig. 1 to
obtain the discrete-time transfer function of the corresponding open loop as

G(2)= kG (2), (22)
where
W .W.W.
GI(Z) — li é O(Z) ) (23)
1+C (Z)WS W5 (2)

Applying the frequency stability criterion taken from [18] we establish that the
necessary and sufficient condition under which the closed loop will be stable is
given by

0<k <—m, (24)
where
m=min{ReG(e”): ImG(e™)=0} (<O0). (25)
l,-optimization algorithm. It can be finally established that:

limsup | e, (nT) [<|| H™ (k) L[ v Il + O(l16v]l,,) <o,

n—»
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where

H*(z, k) !

TR T W, () C T @) W W () O

depends on the vector k. =[k;', k", k;*]" of the controller parameters and
v L, is the c0-norm of P (nT))} defined as
v (nTy)=Z{L" W (W, (s)D(s)},_,;, } in which D(s) = L{d(t)}. (Due to
space limitation, details are omitted.)

It turned out that the set Q" of pairs (k;,n, kf") under which the inner loop
will be stable is bounded. According to (24), the set Q™ of k,'s guaranteeing the

stability of the external loop for these kli,"s and in"S is also bounded. These facts

make it possible to utilize the well-known Weierstrass theorem [19, chap. 1, sect
3]. By virtue of this theorem, there exists some

ki =arg min | H (ko) @7)

minimizing /;-norm of the transfer function (26) in k.

The choice of k. according to (27) solves the /;-optimization problem formu-
lated as the requirement (8), and it is the main result of this paper.

Unfortunately, the /;-norm of H(z, k) given by (26) is non-differentiable
function with respect to the components k', k", k;* of k.. Therefore, the ran-

dom search technique is proposed to find the optimal parameter vector, k., de-

fined in (27).
The I-optimization algorithm employing the random search is as follows
[19, chap. 6, item 4]:

Step #1: Setting k =0 choose an arbitrary lgg € Q), where Q=0Q"xQ" is
the bounded set depicted in Fig. 3.
Step #2: Compute a trial point lgé” € Q, according to the rule

Fo 2
where 7" is a realization of a suitably distributed random vector.
Step #3: 1€ || H(KE) ||, < || H(kE) ||, then k5™ =KX, else K5 = kL.

Step #4: Increment k by one and go to Step #2.

Numerical example. Let the parameters of aircraft be K, =10.84,

K, =1s7", T, =0.4926s and the parameters of the aileron servo be K¢ =1,

1; =0.1s (as in [15]). Choose the sampling period equal to 7; =0.01s.
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By formulas (19), we first calculate ¢, =0.0106, ¢, =0.0102,
d, =-1.8847, d, =0.8867. Next by using these values and the inequalities (20)

together with (21), we specify the stability region Q" of the inner closed loop
depicted in Fig. 2. Further, exploiting the inequalities (24) together with (25), we
are capable to design the three-dimensional stability region Q=Q" xQ™ as
shown in Fig. 3. Note that 2 < €, where €, is an outer parallelepiped.

0.4

03 ~_

o / Stability Region -\
0.1
Vs \

0

Kin

0.1
-2 0 2 4 6 8 10 12

in
Ko

Fig. 2. Stability region of the inner circuit under the conditions of the numerical exam-
ple

in in
Ki Kp

Fig. 3. Stability region of the control system under the conditions of the numerical example

Fig. 4 is presented to demonstrate how the random search process goes step by
step utilizing the algorithm described in the previous subsection. Additionally,

Fig. 5 shows how the vector sequence {k¢} convergestoa k. ~[k™, k™, k1.
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Fig. 5. Trajectory of vector sequence {kc} (from initial kg (black point) to final

kél = ké (grey point)) within the region QO

SIMULATIONS

To evaluate the performance index of the control system that uses the
[;-optimization approach, several simulation experiments were conducted. In these
experiments, variable d(¢) similar to the wind gust was simulated as Dryden Wind

Turbulence Model.
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The duration of the observations was 500 s.
Results of six experiments are presented in Table 1.

Table 1

Performance indices of the control system for different controller parameters
Number of o ki e Maximum |e(nT})|
experiment P I P for n [0, 50000]

1 4 0.08 3.7 0.0203

2 4 0.1 3.7 0.0173

3 4 0.1 35 0.0180

4 4 0.1 38 0.0169

5 4 0.1 4.1 0.0160

6 3 0.05 6.8 0.0382

The first simulation experiment corresponded to the case where the controller
parameters were optimized using the method proposed in the work [14]. In this
case, we first optimized the two parameters of the inner controller. Next, based on
these parameters, we calculated the one optimal parameter of the external control-
ler.

In the fifth experiment, the optimal parameters of both controllers were calcu-
lated simultaneously (according to the proposed approach). It turns out that the

parameter kli," of the both /-optimal controllers are same whereas in" and k"
becomes somewhat different. This leads to the different performance indices.
Namely, in the first experiment, the estimate max | e(n7;)| were greater than in

fifth experiment. This fact shows that the simultaneous /;-optimization is more
efficient.

We observe that if k," and k" become approximately equal but k" increases

then max |e(n1})| decreases (see Table 1).

Note that if the controller parameters essentially differ from their optimal val-
ues (as in sixth experiment), then the performance index of the control system be-
comes unsatisfactory.

Results of the optimal and nonoptimal control observed in first, fifth and sixth
experiments, respectively, are presented in Figs 6 and 7. These figures confirm the
theoretical analysis with respect to /;-optimal control performance in the presence
of unmeasured external disturbance.
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Fig. 6. Behavior of autopilot under conditions of first experiment (gray color) and of fifth
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CONCLUSIONS

This paper dealt with the /;-optimization concept applied for synthesizing the
lateral autopilot for aircraft. It was established that the two-circuit /,-optimal PI and
P control laws can cope with the wind gust and ensure the desired roll orientation.
This makes it possible to achieve the control objective given in (8).

A distinguishing feature of the control algorithms is that they are sufficiently
simple. This is important from the practical point of view.

Of course, the results obtained in this work oriented on an ideal case because
they do not take parametric and nonparametric uncertainties, nonlinearities, etc.,
into account. Therefore, the future study will be conducted to analyze the robust-
ness properties of the controller similar to that we considered in this paper.
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[;-OPTIMIZATION APPROACH TO DESIGN OF
DIGITAL AUTOPILOTS FOR LATERAL MOTION
CONTROL OF AN AIRCRAFT
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Introduction. The optimal digital autopilot needed to control of the roll for an
aircraft in the presence of an arbitrary unmeasured disturbances is addressed in this
paper. This autopilot has to achieve a desired lateral motion control via minimizing
the upper bound on the absolute value of the difference between the given and true
roll angles. It is ensured by means of the two digital controllers. The inner control-
ler is designed as the discrete-time PI controller in order to stabilize a given roll
rate. This variable is formed by the external discrete-time P controller. To optimize
this control system, the controller parameters are derived utilizing the so-called
[;-optimization approach advanced in modern control theory. The motion parame-
ters are assumed to be known.

The purpose of the paper is to synthesize a digital autopilot which is able to
maintain a given roll orientation of an aircraft with a desired accuracy and to cope
with an arbitrary external disturbance (a gust) whose bounds may be unknown.

Results. The necessary and sufficient conditions guaranteeing the stability of
the two-circuit feedback discrete-time control system are established. First, the
[;-optimal PI and P controller parameters are calculated simultaneously (in contrast
with [14]). Second, the aileron servo dynamics are taken into account to establish
the stability condition for optimizing the controller parameters. Third, random
search algorithm is used to calculate the three optimal values of the autopilot pa-
rameters. To support the theoretical results obtained, in this work, several simula-
tion experiments were conducted. We have established that the simultaneous /-
optimization of both controllers was more efficient than the sequential
[;-optimization of inner and external controllers.

Conclusion. It was established that the two-circuit /,-optimal PI and P control
laws can cope with the wind gust and ensure the desired roll orientation. This
makes it possible to achieve the control objective which was stated.
A distinguishing feature of the control algorithms is that they are sufficiently sim-
ple. This is important from the practical point of view.

Keywords: aircraft, lateral dynamics, digital control system, discrete time, sta-
bility, /;-optimization, random search algorithm.
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B pabore paccmarpuBaeTcs MaTeMarmdeckas mpoOiiema
OIPEENEHNs] B3aHMHOIO IOJNIOKEHHUS M OPHEHTAIMU JBYX OPOHTaIbHBIX
amnnapaToB 10 JAHHBIM BUAEOChEeMKH. OOCYKIar0TCsl HEOCTATKH MPOCTEHIIINX
MPOLETyp OLICHUBAHUS, OCHOBAHHBIX HA MPSAMOM (TIONUKCEIFHOM) CPaBHEHUU
n300paXeHU, W TpeanaraeTcsi Oojiee CTPOrHid MeToH, O00ecleYHBaIOIINN
ObICTpOE U TOYHOE OLCHUBAHUME OTHOCHTENBHBIX IapaMeTpoB. Meron
COCTaBI€H M3 TPEX OCHOBHBIX dUacTel (MHUIMANM3aIys, OOHOBIEHHE U
HaOMIofeHNe), KaXkaash U3 KOTOPBIX IOMYCKaeT HE3aBUCUMYIO HPOrPaMMHYIO
peanuzanuio. [IpenoKeHHbI anropuT™M TECTUPOBAJICS Ha YIPOILEHHOM 3aaue
1 00HAPYKHJT BEICOKYIO TOUHOCTH IOTY4aeMOro pe3yabTaTa.

Knioueevie cnoea: opOuTambHas CTHIKOBKA, OICHHBAaHHE
TIOJIOXKEHHS M OPHEHTAINHU, OpOUTANIbHAS BUAECOChEMKA, TEXHUIECKOE 3PEHUE.

B poboti po3risiHyTo MareMaTHdHy MpoOiieMy BH3HAYCHHS
B3a€EMHOI'O TOJIOJKSHHS Ta Opi€HTAlii JBOX OpOITaIbHUX amapariB 3a JaHUMH
Bimeo 3ifomku. OOroOBOPIOIOTBCS HENONIKA HAWOPOCTIIIMX  MPOLELYp
OLIIHIOBAHHS, M0 IPYHTYIOTBCS Ha MPSIMOMY (TIOIMIKCENbHOMY) MHOPiBHSHHI
300paXkeHb, i MPOMOHYETHCS OIIBII CTPOrUi METO, 110 3a0e3neduye MBHIKE Ta
TOYHE OLIHIOBAHHS BIHOCHUX mapaMerpiB. MeToa CKIagaeTbCs 3 TPHOX
OCHOBHHUX YaCTHH (iHiI[iaTi3allisl, OHOBJICHHS Ta CIIOCTEPEIKEHHS), KOKHA 3 SIKUX
MOke OyTH peaji3oBaHa HE3aJIKHO BiJ| 1HIIMX. 3aMPOIMNOHOBAHHUI AITOPUTM
BUNPOOYBaBCS HAa CHOPOLICHIM 3amadi Ta TIOKa3aB BHCOKY TOYHICTb
OZIEPKYBAHOT'O PE3YIIbTATY.

Knwouosi  cnoea: opbitanbHa  CTHKOBKA,  OLHIOBAHHS
MOJIOXKEHHS Ta OpieHTallii, opOiTaabHa BiZeo 3HOMKa, TEXHIYHUH 3ip.

INTRODUCTION

The problem of mutual pose estimation of two spacecraft (a target with
respect to a chaser) relates to the area of space rendezvous. Its solution strongly
relies on technical facilities of each participant of the process. Natural docking
conditions assume that the shell of the target is equipped with special reflectors
which simplify its tracking by the chaser by means of built-in location tools. This
case allows the easiest possible solution which consists in selection of attitude and
position of the target for which computed configuration of reflectors coincides with
the actually observed.

In this article we considered situations which do not assume friendly docking
interfaces such as reflectors. Target objects corresponding for such situations
would be further referred to as non-cooperative space objects (NSO). They include
broken-down satellites and other parts of space debris. Thus, the docking problem
should be reformulated as the berthing problem which consists in capturing NSO
by the onboard manipulator of the chaser. Noted conditions require specific
methods for estimation of position and attitude of the target object with respect to
the chaser. These methods are generally based on computer vision techniques and
machine learning theory.
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PROBLEM STATEMENT

Each object is being associated with its reference frame (RF) whose directions
are fixed with respect to the shell. By relative attitude (relative position) we will
understand attitude (origin position) of the target RF within the chaser RF. For the
sake of brevity we will further skip the word relative when referring to these
notions. Attitude is specified in terms of traditional parameters such as Euler angles
or quaternion which characterize angular position of the axes of the target frame
with respect to the same axes of the chaser frame. Hence, the problem is reduced to
determination of mutual position and orientation of reference frames. Parameters to
be determined we will refer to as configuration variables and denote as a 6-DOF

vector x = (}",Q)T , where 7 is a radius-vector connecting target RF with chaser

RF, Q is a vector of Euler angles.

Traditionally, there are two major approaches for solving specified problem.

. Feature-based approaches assume preliminary selection of visual
features of observed object and loading them into the memory of the onboard
computer. Basically, visual features represent a set of texture spots belonging to the
object shell surface. Information to be obtained must be enough to recognize
correlation between geometric appearance of features and configuration variables
of the object. In this area, one of the most powerful methods is based on scale-
invariant feature transform (SIFT)[1], which is notable for its relatively high
performance, but is useless for objects with uniform texture.

. Model-based approaches require the visual 3D model of an object
under observation to be available during execution. It should be noted that for most
artificial orbital objects such model is really available (or, at least, reproducible)
along with other design information.

The purpose of the article is to construct a model-based algorithm for online
solving aforementioned problem.

First, it is essential to define the concept of model. To wide extent, this term
covers any data structure whose content uniquely describes space configuration of
the object. This interpretation assumes to consider as a model any mathematical
construction which is enough to restore position and attitude of the object. In
particular, model-based approach formally involves feature-based and reflector-
based approaches. We will deal with the visual models in their proper sense, i.e.
with wire-frame models which characterize geometry of the object.

DEVELOPMENT OF A MODEL-BASED ALGORITHM

The simplest solution of the stated problem assumes considering a camera
snapshot as 2-dimensional array of fixed size whose items encode the color of
pixels of the image. Given this array it is possible by means of exploring local
variation of color intensity to build a bitmap corresponding to a contour of
observed object. The bitmap representation is equivalent to specifying discrete
indicator function for those pixels of the image where the largest color difference is
localized. Next, it is being compared with virtual (synthetic) plane projections of
3D model corresponding to the plane of CCD-sensor. As the comparison criterion
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it is usually taken the quadratic functional defined on the set of all matrices of
given order, wherein the comparison test is implemented as the least squares
method for this functional. We stress the fact that this solution is ineligible at real
conditions since it is non-scalable depending on object position and assumes that
image of the object is strictly fixed within the bounds of the snapshot. Furthermore,
its implementation requires significant computational resources.

Thereupon, it is reasonable to divide the solution into several generic stages
listed below.

. Initialization is intended to discovering rough initial approximation of
configuration variables.

. Pose refinement provides adjustment of previously estimated values
as updated video information arrives. This stage is implemented as a recurrent
procedure where the first step uses initial approximation and each subsequent step
is based on the previous one.

. Pose tracking, i.e. further adjustment of the result provided that
equations of motion are available. If these equations are given the stage is being
merged with the previous, if equations are unknown the stage is being skipped.

The content of the further subsections is devoted to the detailed discussion of
each of the listed stages.

Initialization. As stated above, initial approximation is obligible for
subsequent stages due to their recurrent nature. It is required both for preliminary
tuning of estimation algorithm and for the case when the target is being lost to view
or computational fail occurs. Note that this stage is redundant if there are other
sources of initial approximation.

Initialization stage should be implemented as a self-suficient procedure which
in its turn does not require any initial approximations. Thus, it may be much more
computationally intensive than further stages. However, since initialization is
nonrecurring (i.e. one-time-only), this claim is mainly defensible.

Implementation of the stage may be based on the well-known techniques from
the theory of pattern recognition [2, 3].

Let’s consider a procedure of initial estimation which is based on the methods
of linear algebra [3]. To be exact, a video frame from CCD-sensor is being
matched with the certain collection of previously prepared images which make up
a training set and correspond to the known values of configuration variables. The
result of the matching is an image from the training set which is closest to the
actual image from CCD-matrix. Its configuration values approximately
characterize position and attitude of the target. In order to make it possible to
match and compare images, we build a certain linear space whose basis is
composed from the items of the trainig set. The structure of this space makes it
possible to approximate arbitrary image of given resolution as a linear combination
of basis images, wherein proximity is understood in the metric sense.

Implementation of any image processing method assumes specific convention
about the image storage format. Traditional representation of a raster graphical
object involves specification of a bitmap, i.e. a matrix of the fixed size nxm
whose entries characterize color of each pixel. For the aims of the present method,
this matrix should be transformed into nm -vector by means of arrangement of
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neighbouring columns into a single column. As the result of this operation we will
get a set of p vectors that correspond to the training set of p images.

Note that the color is usually defined as an object of a certain color space.
Such a space has a fixed set of primary colors (color channels), all other colors are
generated as combinations of primary colors with the use of color coordinates.
Each color coordinate characterizes the value of color intensity regarding
appropriate color channel. In practice, the RGB color space (with Red, Green and
Blue primary colors) is widespread. If the image is monochrome, one confines
himself with a single color channel. But in the case of color images, the set of
bitmaps corresponding to each channel should be specified separately. To keep
things simple, we will consider only monochrome images.

Further calculations utilize the linear span of the training set of p vectors. In

order to construct an orthonormal basis for this span, we make up rectangular
matrix 4 of size nmx p and apply singluar-value decomposition (SVD):

A=Uzv", (1)
where U, V — orthogonal matrices of order mm and p respectively,
Y — nmx p -matrix with singular values on the diagonal and nulls on other

places. Singular values generalize the concept of eigenvalues for the case of
rectangular matrices. By definition, they are arithmetic square roots of common

part of the set of eigenvalues for the matrices AT 4 and 44T . Representation (1)
gives an opportunity to select the orthonormal basis corresponding to the original
training set. Indeed, according to geometric meaning of SVD [4], matrix U is
comprised of principal axes of an ellipsoid which is obtained from a unit sphere
under transformation A with singular values corresponding to principal
components of the ellipsoid. If some of principal components are insignificant
compared to others they and their training images may be regarded as negligible as
considered ellipsoid degenerates to the ellipsoid of lower dimension. As far as
diagonal entries of Z are filled with the singular values in non-increasing order, all
images with small singular values are localized at the end of the training set with
indices p+1,..., p. Then the columns of the matrix U with numbers 1,..., p

constitute orthonormal basis for the linear span of the training set.
For the further construction we need to modify original decomposition (1) in

the following way. Let E = E,,,, be “rectangular unity”, i.e. identity matrix of

order min(nm, p) augmented with null rows or columns to the size nm x p . Since

EET =1 , we have:

T T T T T
A=ULVT =UEE"SV" = (UE) s p (E"2) 1y V1) -

We now redenote U =UE, L:=E'Y and consider U as an nmx p -matrix

everywhere in what follows.
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Given the orthogonal basis ul, ...,u? as the columns of the orthogonal matrix

U, one can easily take projection of an arbitrary vector ee R” on the span
<u1,...,up>:

2

Q
Q
T M
D
:N

with coefficients c; = (e, ui) taken as dot-products of the vector e with each of the

basis vectors. Vector ¢=(cy,...,c5) is approximation of e in the subspace

generated by the span <u1, couf > JIf wl, ..., w? are corresponding expansions of

the vectors of the training set in the same basis then the closest to e will be an

image whose vector w® has minimal euclidean distance | w* —c|.

Regarding to the procedure of image fitting it should be noted the following.
At first, in order for the method to give correct result, it is required the large
training set to cover as many different geometric configurations of the target as
possible. At second, the distance between the object and camera can be estimated
by introducing additional parameters specifying the scale. This implies the
procedure of fitting to be modified in the way that the sought-for coefficients
include these scale parameters. In the similar manner, it is possible to take into
account the layout of the target image inside the video frame as well as planar
affine transformations (such as rotations and distortions) within the frame. Finally,
in the case of noisy images, expansion (1) with the use of usual dot-product can
cause severe divergence. The thing is in the fact that approximating vector ¢,

whose elements were found as the dot-products on u', corresponds to the
minimum of quadratic error:

nm i
E(c)=e;—Dcu;| . 3)
j=1 i=1
Actually, this means that coefficients c¢; are being obtained by the least

squares method (LSM). However, it is commonly known that the LSM is sensible
to outliers in input data which include digital noises and occlusions. Hence, instead
of implicit minimization of (3) by LSM it is proposed to implement minimization
in robust norm:

nm P .
E(c):Zp[ej—Zciu;], 4)
= i=1

where, e.g.,

2 2
X x/o
o +x 1+ (x/0)

)
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(o is a scale parameter). The idea of representation (5) is similar to one for penalty
functions. It allows to cut off exceeding deviations at each configuration variable
(see Fig. 1). The image fitting problem is reformulated as nonlinear minimization
which can be solved explicitly with the use of numerical methods.

Fig. 1: Graphical view of robust norm (5)

Pose refinement. When dealing with video acquisition, it seems natural to use
the fact of closeness between neighboring frames. This will presumably allow to
simplify computations by means of fitting previous result with observable
configuration. Obvious drawback of this approach is in requirement of rather good
initial approximation. But invoking initialization stage allows to satisfy this
restriction.

Following [5], we represent this idea in the form of the stepwise algorithm:

1. Given the projection matrix P [6] of the camera, flat image
corresponding to the previous step is being reconstructed. Matrix P is defined as
the product

P=KE (6)
of calibrating matrix
Ju 5 uo
K=|0 ﬂ, Vo |»
0 0 1

where f, and f, are the focal lengths in horizontal and vertical directions, s

specify the value of the pixel skew, u, and v, correspond to the center of the

photo and euclidean projection matrix
E=(R,%),

where R, & are an orthogonal matrix and a vector which characterize angular

orientation and spatial position of the camera with respect to the target. According
to this, projection matrix is representable in the form:

P=(KR K2),

where KR and K& specify actually observable attitude and position of the camera

which are being utilized in rendering of the flat image from the visual 3D model.
Note that this step does not require reconstruction of entire graphic including
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texture and lighting. The only requirement consists in building the wireframe of the
properly oriented and localized object comprised by its vertices and edges.

2. Along with the visible contours generated on the previous step test
points are being arranged. Further these points are used for the aims of image
fitting. The number m of points depends on the size of the object as well as
expected accuracy and computational facilities. The typical choice for it belongs to
the range between 100 and 1000. Operations of the current and the previous steps,
provided that they are supported, are being carried out by means of internal
subroutines of the graphic library used. If it is impossible, this procedure is
implemented manually with the use of the binary partitioning of the space [7].

3. Marked in the previously described manner synthetic image is put
over the snapshot of the current video frame. Next, from each test point outer
normal is being lined to the closest contour. Along with the normal, the distance (in
pixels) to the contour is being calculated. Edge recognition is implemented by
means of contrast analysis within the neighborhood of the test point. Previously,
original image may be passed through the involutional Sobel transform [8] in order
to emphasis visible contrasts and smooth the noise. As the result, we will obtain an
m -dimensional vector d of signed distances between expected and observed
contours in each test point.

4. Given the vector of distances d , we construct the matrix M defining
the change of attitude and position of the object with respect to the previous frame.
This matrix is of the following structure:

o 1)
01><3 1

where symbols R and £ have similar meaning as for the matrix £ . One can
easily see that the set of all such matrices, denoted as SE(3), forms the Lie group
with respect to the matrix product operation. Generators of this group are the
elementary matrices G;,i=1,...,6 corresponding to unitary translations and
rotations by 90° about each axis [5]. Each matrix M € SE(3) may be expressed in

terms of generators G; as follows:

M= exp[ZaiGi], (7)

where a; is a real coefficient. If changes on the adjacent frames are small (which

is exactly the case of our interest) it should be enough to take only linear terms of
the matrix exponent series:

M=1+ ZaiGi' (8)
i

Hence, the major difficulty of the present step consists in discovering

coefficients «; . Given the vector d of discrepancy and structure constants fik of
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acting i -th generator over k -th test point, this problem can be solved in terms of
LSM:

a =argmin S(f), Q)

where
S(BY=X(d" - B.fi)*. (10)
k
It can be proved [5] that exact solution of (9) is given by the formula:
— -1
@ =2.Cj v, 11
J
where
v =2d : fié >
¢
Cy =217
¢

Substituting computed coefficients into (8) we obtain desired matrix M .

5. Matrix M allows to update euclidean projection matrix: E < EM .

6. Putting updated matrix £ into (6), we actualize matrix P . After that,
we wait for the next camera frame and jump to the beginning of the algorithm.

Note that approach described here does not require high computatiuonal
resources owing to the usage of the simple wireframe model. Note also that due to
the same reasons as in previous section, using pure LSM for «; estimation may
cause ill-posed results (especially in the case of noisy images). In order to rise
reliability of the LSM, it is proposed to use its weighed modification choosing:

1
c+|ds |

s(d®) = (12)

as the weighting factor (¢ is a numeric parameter).

Pose tracking. If the equations of relative motion of NSO are available,
further improvement of the result is possible. For this, the pose tracking problem
should be formulated. Equations of motion can be derived from the general
principles of dynamics but their usage requires the knowledge of mechanical
parameters of the target object. If this is not a problem, the system of equations can
be processed by means of certain estimation procedure such as Kalman or
Bayesian filtering [9, 10].

Here we will only describe the general scheme of this approach. First of all,
equation of motion should be established. We will make use of the Newtonian
equations of the motion in the gravitational field of the Earth [10] in order to
describe the chaser motion in RF of the target object. Although the attitude
dynamics is nonlinear, it is possible to linearize it and express the final system in
the canonical form:
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X = Ax+ Bu, (13)

where  x=(xy, Xy, X3, %, Xp, X3, 0], 60,,605,0,,6,,0;) is the state vector,
u=(FH,F, F;, N|, N,, N3) is the vector of control action (which includes forces

and torques along each axis respectively), A is the matrix of the system, B is
control matrix. We recall that the state of the system is specified in terms of the
phase space which in our case consists of translational and rotational parts. With
this in mind, matrices from (13) are written in the block form as follows:

03,3 13,3 03,3 033 03,3
1 2
1 AD AP 035 035 | . | By
A= " =, " |. (14)
033 O3z A2’ Ina 3x3

2
03,3 033 03g AP Ba

Here submatrices Algi),Bp contain internal parameters and control describing

movement of the mass center, whilst Aéi),Ba correspond to attitude dynamics.

They can be expressed in terms of dynamical parameters in the following way:

0 0 0 0 0
AV= 0o o* o} 4P= 0 0o 0 |
0 0 30 —wp 0 0
0 0 20 J31 2]32 J33—J22 (15)
AP= 0 0 0 | AP =wJ -Jy 0 Jo o}
20 0 0 J22—J11 —le —J13
1 -1
Bp =—1I33; B, =J ",

(9

where o =+ GM / rt3 is the angular rate of the chaser with respect to the target, G

is universal gravitational constant, A/ is the mass of the Earth, r, is the orbital
altitude of the target above the Earth; o, is the angular velocity of rotating RF

associated with the chaser; m, and J are respectively its total mass and inertia

matrix.

Two principal questions arise here. First is what are the values of the system
parameters and second is which quantities should be used as measurements for the
stated model. The first question we assume to be answered according to the
mission documentation. As for the second one, we will use actual values of
configuration variables obtained during previous stage. Furthermore, we will
assume that the additive white noise acts on our model. This allows
implementation of classical Kalman filtering for estimation of configuration
variables.
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One-step time discretization for (13) gives the final computational model:

X+l = ka + Guk + Wi s

(16)

Vi = ka +Vk,

where F=7+14, G=1B, C=diag(l33,03.3,13,3,033), Wy,V; are
independent normally distributed random values whose characteristics are
supposed to be given. Alternatively, it is possible to rewrite (16) according to the
exact solution of the continuous system (14) in terms of its fundamental
matrix [10].

MAIN RESULTS

In order to illustrate workability of proposed algorithms, we have constructed
a simplified 3D model of an abstract geometric object without surface and texture,
namely edge skeleton of a tetragonal prism. We suppose that position of the object
is fixed and known, whereas attitude is mutable and shall be determined during
estimation. Taking into account that, due to symmetry, for different attitudes of this
object we may have identical images, we will assume that the set of all possible
configurations is reduced in the way where there is one-to-one correspondence
between images and configurations. Assume also that rotations of the object during
its observation always remain within the set of these configurations. For
initialization we take 100 training pictures, pose refinement is implemented with
the use of 100 test points for image fitting.

For the aims of modeling, we have utilized results of the previous section.
Note that this is the case where the inertia matrix is diagonal. For a fixed initial
attitude we have obtained solution of problem (13) and formed associated input
images with the step of 0.5 time units.

Subject to specified assumptions, we try to reconstruct configuration variables
using the stages explained in previous sections. For this, proposed algorithm has
been programmed and executed on a typical desktop PC. After substitution of
initial data, the following results were obtained. Initialization stage for the objects
of given structure gives acceptable recognition with the error within the range of

10° in the neighborhood of true attitude by each angle. Fig. 2 contains illustration
of image fitting for initialization stage. This operation is being executed during
about 100 ms. On the other hand, pose refinement restores exact attitude provided
that the image flow arrives without interruption. Maximal time for each step was

about 10 ms with maximal error of about 10™*. Note that the pose tracking stage
for our case did not lead to significant improvements (see Fig. 3). However, if the
input flow has discontinuities, it provides validation at good level of accuracy

(about 1072 ).
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Fig. 3: Observed error of iterative

Fig. 2: Initial image fitting estimation

CONCLUSION

Our researching has covered crucial stages of the problem of determining
space configuration of the target spacecraft with respect to the chaser. Each stage is
characterized by its requirements and implementation details. Technically, the most
important is initial stage as it does not require a priori information about position
and attitude of the moving target and is able to work with static images. Thereafter,
initialization, although it gives rather rough estimation of configuration variables,
is the most numerically expensive. That’s why it is supplemented with two
additional stages whose execution is much cheaper and that allow drastically
improving the quality of the result. The latter is mainly related to the fact of usage
dynamically updated video information. According to this, pose refinement
operates with the video stream and is based on the mutual closeness of neighboring
scenes. The stage of pose tracking is optional. It requires the equations of relative
motion to be known and provides additional validity control in the case of signal
loss.

Computational results have confirmed preliminary assumptions about
accuracy and complexity of each stage. For the simple example considered in this
work we could obtain very high accuracy at moderate performance.

It should also be noted that the content of considered stages may differ
depending on mission requirements. Therefore, its program implementation should
be replaceable. This, in turn, makes it critical to think over communications
protocols and interfaces between the units of onboard computer and implement
final subroutines in accordance with these conventions. This will provide
independence of the hardware on the software. The present paper has not touched
this question.
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Introduction. Automatic orbital berthing systems require permanent
availability of relative position and attitude of a target spacecraft. In the most
general case the only source of information is video filming. Extracting mutual
disposition parameters from a video frame is based upon special techniques which
can be divided into two large groups: feature-based and model-based. Major
difference between them is defined by data structure used for the target description
(individual points for feature-based approach vs. rigorous visual model for model-
based one). This article is devoted to the research of mathematical problem that
appears in considering pose estimation for two orbital spacecraft in the presence of
wireframe model of the target when only video filming is available.

The purpose of the article is to construct a model-based method that provides
fast and accurate estimation of relative position and attitude of the target
spacecraft. We discuss possible drawbacks of direct procedures based on
straightforward (pixel-wise) image fitting and propose a subtle algorithm which
satisfies formulated conditions.

Results. The algorithm composed of three independent parts (initialization,
pose refinement and pose tracking) has been developed and tested on simple initial
datum. Initialization stage, responding for rough estimation in the absence of
preliminary information, has given relatively poor but quite enough accuracy for
the aims of initial approximation. Pose refinement stage which is implemented as
iterative procedure based on closeness of neighboring frames demonstrated almost
total matching with actual values. Pose tracking (state estimation based on
equations of motion) was redundant for our simple example as it could not improve
the result provided by pose refinement.

Conclusions. Constructed algorithm has been tested on simplified situation
and demonstrated very high precision. More realistic conditions including noises
and occlusions can bring to corrupted result that should be recovered. This requires
introducing additional steps into the algorithm which are reflected in the text. The
notable feature of the algorithm is its high modularity which allows each stage to
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be implemented and configured independently according to available resources and
mission requirements.

Keywords: orbital rendezvous, pose estimation, orbital video filming,

computer vision.
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YK 517.977

I'PYHIIOBBIE UT'POBBIE 3AJAYM J1JIA CUCTEM
C IIEPEMEHHbBIM 3AIIA3/IbIBAHUEM

E.A. JIobapuryk
Yeprosuykuit HayuonansHulit ynueepcumem um. F0. @eovkosuua

Paccmorpena wurpoBast 3ajada  CONMIDKCHHS TPAaeKTOPHU
KBa3WJIMHEHHOr0 KOH(IMKTHO-YIIPaBIIEeMOro Mpouecca C MWINHIPUIECKAM
TEPMHUHAIBHBIM MHOXKECTBOM IIPH HAJIMYUU HEPEMEHHOrO 3ama3]bIBaHus, UTO
MO3BOJAET TOBOPUTH O TapaHTHPOBAHHOM mouMMKe YyoOeraromero. Jlns
nudepeHINANTFHO-Pa3HOCTHBIX ~ UTP  COMIKEHHST € 3ama3[IbIBaHUEM
obobmaetcs nepsbiit npsmoit Mmerox JI.C. TlonTpsruHa. 310 1aeT BO3SMOKHOCTD
CpPaBHHUTb BpeMsl OKOHYAHMS WIPHl 1O IIEPBOMY IHPSIMOMY METOAY
JI.C. TlonTpsaruna ¢ meromom paspemaromux (yHkuuii. PaccMorpena 3amaua
IPYMIIOBOrO MPECIEIOBaHUS U TONyIEHBI JOCTATOYHBIE YCIOBUS CONMIDKECHUS B
KJacce KBA3UCTPATErWi, TapaHTHPYIOIIUE IIOUMKY YOErarolero rpymnoi
Mpecie0BaTeNeH.

Knioueevie cnoga: pmuHAMu4YecKas Wrpa, KOHQIMKTHO-
YOpaBIsSIEMbI  TpoLecc, TPYMIOBOE  IPECIEJOBAaHHE, MHOTO3HAYHOE
orobpaxkenue, ycnosue IloHTpsAruHa, wHTerpan AymaHa, IapaHTHPOBaHHOE
BpEMSL.

PosrisiHyro  irpoBy  3amady  30MIDKEHHS ~— TPAEKTOPii
KBa3iMiHIHOrO  KOH(IIIKTHO-KEPOBAHOIO  MpOLECy 3  LEIIHAPUYHOIO
TEPMIHATFHOIO MHOXHHOIO 32 HAsIBHOCTI 3MIHHOTO 3alli3HEHHS, 10 TaPaHTYyE
mifiMaHHs Brikada. [ auQepeHmianbHO-PI3HUIEBUX irop 30MIKeHHS 3
3ami3HEeHHsIM y3araibHIoeThes mepimii npsmuidi meron JI.C. Tlontpsrina. Ile
JIO3BOJISIE TIOPIBHATH dac 3aKiHYGHHS TPU 3a MEPLUIMM MPSMHM METOIOM
JI.C. TlouTpsirina 3 MerofoM po3B’s3yrounx GyHKHiA. Po3risHyro 3amady
IPYIOBOrO TEPeCiiAyBaHHs Ta OfEPKAHO JOCTATHI YMOBHU 30JIMIKSHHS B KJIAcCi
KBa3iCTpaTeriif, sKi JO3BOJSIFOTH TAPAHTYBAaTH IMiMMaHHS BTiKadya TPYIOO
MepecitiIyBadiB.

Kniouosi cnosa: nunamivuHa rpa, KOH(IIKTHO-KEPOBaHUI
mpolec, TPYIOBE MepeciinyBaHHs, Oararo3HadyHe BiZOOpa)KeHHS, yMOBa
Iourpsirina, inTerpan AymaHa, rapaHTOBaHHI dac.

BBEJEHUE

MHorounciIeHHbIE cozepKaTenbHbIe PE3yIBTaThI B TEOpUH
muddepeHIMaNbHBIX UTP BBI3BIBAIOT MHTEPEC HCCICIOBATENCH K ATOH 00NacTH.
[lepBeie  wWccrmenoBaHWs,  KacamolIUecs  OCHOBHOI'O — YpaBHEHHS  TEOPHUHU
T pepeHIMAIBHBIX  UTp, NpuHamIexkaTr P. Aifsekcy [1]. B ornenbHbIe
HaIpaBIICHAS UCCIEIOBAHUIA MOKHO OTHECTH IOIATHBIE mpouenypsl [loHTpsruaa
[2] u mpaBuno axcTpemansHoro nputienuBanus H.H.Kpacosckoro [3, 4].

[omxon, CBS3aHHBIA C NPaBHIOM  JKCTPEMAaJbHOTO  IIPHIICTHBAHUS
H.H.KpacoBckoro, Opul wmcmonp3oBaH s pemieHus —auddepeHmnaIbHo-
pa3HOCTHOH 3amaun mpecienoBanns B padorax F0.C. Ocumora, A.b. Kyp:kanckoro
[9]. OcHOBY peleHHs COCTaBIsIeT IIOCTPOECHUE CIIEUAIBHBIX MHOXECTB TO3ULIUHI,
VIIHPAIOIINXCS B 33JaHHOE [IEIIEBOE MHOXKECTBO.

Hapsimy ¢ sTiM mpaBmiioM, 0oliee IPOCTBIM [UTS PEIIeHUsT KOHKPETHBIX 3a1a4
sBisiercst mepBelit npsmort metox JI.C. Ilontpsirmaa [2]. [daHHBNT moaxon ObLI
WCIIONIB30BAH [UTS PEIICHUs JINHEHHBIX () (hepeHINaNbHBIX TP IIPECIICIOBAHUS C
3amasapiBanueM B pabore M.C. Hukombckoro [10].
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MoOmHBIM METOIOM TpH pEIICHHH 3aJa4 IPECIeAOBaHHSA, KOTOpPEIE
OIMUCHIBAIOTCA  (PYHKIIMOHATBHO-TH(PQepeHIIMaTbHPIMIA YPAaBHEHUSIMH, SBIISCTCS
ammapar paspemaromux QyHKmi [5-8]. DToT momxonm mns mudQepeHInansHO-
Pa3HOCTHBIX WUTP CONMKEHHS C MOCTOSHHBIM 3aIla3IbIBaHHEM OBLI HCIONB30BAH B
pabote bapanorckoii JI.B. [11].

B nanHoii pabote A muddepeHInanbHbIX UTp CONMKCHHS ¢ TIEPEMEHHBIM
3ama3ipiBaHieM 0000mieH nepBbid mpsmod meron JI.C. Ilontpsruna. Takke B
paboTe wmcciemyercs 3amada COMIDKCHHs, KOTOpas OIMCHIBACTCS CHCTEMOU
muddepeHmanbHO-pa3HOCTHRIX YpaBHEHUH C MEPEeMEHHBIM 3aIa3IbIBAaHAEM [UIS
ciydass OFHOTO yOerammero W TpyHmel mpecienoBareneil. s pemenns
MTOCTAaBIICHHOW 3a[aud MCIIONB3YETCsI METO] pa3pelIatomux (GpyHKIHH.

Leas padoThl — MOCTPOCHHUE U UCCIESIOBAHUE CXEM METOMA Pa3pelIaroInx
GyHKOMA ansg 3amad CONMMKEHHsI TIpH BBIMONHEHWH ycinoBus IloHTpsrmHa 1
OMHOTHITHOW IHWHAMHKE, KOTOpas OIHMCHIBaeTCs cucreModl muddepeHnmnaIbao-
Pa3HOCTHBIX YpaBHEHHH C IIEPEMEHHBIM 3alla3IbIlBaHneM. JlaHHast 3a1aua CTaBUTCS
IUISL CIydasi TPYIIBI IpecieoBaTeNiel W OIHOTO YOErammero, a ee pelicHHe
OTBEYaeT Ha BOIPOC BOSMOKHOCTH TapaHTHPOBAHHOM TOUMKH €TO.

CXEMA METOJA PA3PEIIAIOIMX @®YHKIOWI. IIEPBBIM MPSIMOM METO/I
IIOHTPATUHA

PaccmorpuM 3ajmady mpecieqoBaHMs, KOTOpas ONHUCBHIBAETCS CHUCTEMON
TUHEHHBIX  (QYHKINOHANEHO-TN(PEPEHINANBHEIX YPaBHEHUH C IEPEMEHHBIM
3aras/iplBaHuEeM:

z(t)= Az(t)+ Bz(t —1(2)) + o(u,v), t=s;

2(8)=0,& <s;2(s) = zp.

(1)

n
3mece zeR", A u B — nxn TOCTOSHHBIE MAaTPHUIBI, HEMpPEepPHIBHASL

dynkums  1(¢):[s,+0) > R,. bnox ynpaBmenus 3amaercs — (yHKIMEH

o(u,v):UxV — R", koropas cuMTacTCs HENPEPHIBHOM 110 COBOKYITHOCTH

MePEMEHHBIX Ha MPSIMOM MIPOU3BEACHUN HEIYCTBIX KOMIIaKTOB
n n

UeK(R"),VeK(R").

HunmmHapryeckoe TepMUHAIBHOE MHOXKECTBO UMEET BUI [S]:
%
M =My+M, 2)

o n v
roe M — nuHeliHOe MOANPOCTPAHCTBO U3 R, a M — HemycTOH KOMIAKT U3

opToroHaibHoro nononnenus L k M, B mpoctpanctee R”.

Hus 3amaun npecnepoBanus (1), (2) paccMaTpuBaercsl JIOKajdbHas 3aaada
COMMKEHNS ¢ (PUKCUPOBAHHBIM BPEMEHEM.

Vnopasnenus urpokoB u(t):R, ->U u v(t):R, >V — wu3mepumsle
¢yukiun Bpemenu. Llenn UTPOKOB MPOTHBOMONOXKHBI. Ecmu mepsbiit urpok (u)
crapaeTcsi BHIBECTH TpaekTopuio mporecca (1) Ha TepMHHATbHOE MHOXECTBO 3a
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KpaTdaiiliiee BpeMs, TO BTOPOH HTPOK (V) TBITaeTcs W30€XKaTh BCTPEUH WU

%
MaKCHMaJbHO OTTSAHYTh MOMEHT ITOITaJaHUs TPACKTOPUH Ha MHOXKECTBO M .
[lpumem cTOpOHY TMEpBOrO WrpoKa U COPUEHTHPYEMCsS Ha  BEIOOp
MPOTUBHUKOM M3MEPUMON (YHKINH U3 V' B KadecTBe ympasieHus. CauraeM, 4To
urpa mpoucxomutr Ha wHTepBane Bpemenu [0,7]. Torma ympaBieHue ImepBOro
UrpoKa BEIOMpaeM Ha OCHOBE HH(OPMAIUH O HAYaIbHOM HONOXKEHHH Zy U V,(-) B

BHJIE H3MEPUMON (DyHKIMH:
Ll(t) = u(ZOth ())a te [OaT]a Ll(t) € Ua (3)

rae v;(-) ={v(s):s€[0,f]} — mpembicTOpHs yIpaBIEHUS BTOPOTO HIPOKA IO
MoMeHTa ¢ . Takoe ynpaBieHUe peaan3yeT KBa3uCTPATETHIO.

Ilycth m — oprompoekTop, neiictytommii u3 R”" B L. Ilomoxus
o(U,v)={ (u,v):ueU}, paccMOTpUM MHOTO3HAYHBIE OTOOPAKCHUS:

W(ts,v)=nC(t,s)oU,v),
W(t,s)=(W(,s,v), t=0,

velV
OIpe/ieNicHHble HAa  MHOXecTBax AXV W A COOTBETCTBEHHO, [I[ie
A={(t,s):t=25s>0}, C(¢t,s) — marpuunas pyukius Ko u3 npencraBieHus

pemrenns [12].
Yeaosue 1. (Venosue I[lommpseuna) Omobpascenue W(t,s)# QD  Ha

MmHoxcecmee A .
Tak kak marpuunas ¢yakius C(f,s) uW3MepuMa 110 ¢ ¥ CyMMHpPyeMa I10 §
I KaXAOro ¢t € R, B CHIly IpeAnoloXeHHH o mapamerpax mpomecca (1), To

MOXHO CIeNaTh BEIBOA, YTO HpPH JIFOOOM (PHUKCHpOBaHHOM f>() MHOTO3HAYHOE
orobpaxxkenue W (t,s,v) sBisgercs w3MepuMbiM Mo s Ha uHTepBaie [0,7] u

3aMKHYTBIM 1m0 V,veV . Torma corimacHo [13] orobpaxkenue W(t,s) —
n3mepumoe 1o s € [0,7] 3aMKHYTO3HaAYHOE OTOOpakeHHE.

U3 ycnoBus [lortpsrunaa 1 TeopeMbl H3MEepUMOro Beoopa [13] BeITekaeT, 4To
mpu mobom ¢ >( cymectByeT XoTsS OBl OOWH W3MEPHMEIA MO S CEIEKTOp

v(t,s),v(t,s)eW(t,s),(t,s)eA.

O6o3HaunM uepe3 [ COBOKYIHOCTh TaKUX CEINEKTOPOB MHOTO3HAYHOIO
orobpaxenust W (t,s). 3adpukcupyem HekoTopsii snement Y(-,-) € [ u momoxum:

t
&(t’ ZO’Y("’)) = T[C(ta S)ZO + -[“{(I,S)dS. (4)
0

PaCCMOTpI/IM MHOI'O3HA4YHOC 0T06pa)1<eHI/Ie:
A(taSaV) = {a 20: [W(ta S,V) - Y(t’S)] M G[M - &(t’ZOa’Y("'))] * ®} (5)

U €ro pa3pemaronyio GyHKIHO
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a(t,s,v) =sup{a:acA(,s,v)}, (ts)eA, vel. (6)

Hecnoxuo mnokasate, uto T.k. O0eW(t,s,v)—vy(t,s) 1ms  Beex
velV,0<s<t, To mpu &(t,zy,y(:) € M dynakuus a(f,s,v) =+ IpH Bcex
se[0,t],veV . Ecm xe &(t,zp,y() &M, 10 dynkums (6) npusHMaeT

KOHCYHBIC 3HAYCHH .
Beenem MHOXKECTBO:

t
Tz, 7(:) =412 0z inf fa(t,s,v(s))ds >1}. )
ve 0

Ecm &(t,zy,v())eM, 10 a(t,s,v) =+ ma se[0,/],velV u B sTOM
Cllydae 3HaAYEHUE HHTErpaia B cooTHomeHnu (7) ecTeCTBEHHO MONOKHUTh PABHBIM

+00, TOrza COOTBCTCTBYIOIICC HCEPABCHCTBO BBIIIOJIHCHO aBTOMAaTHYCCKH. B

Cilydae, KOIjia HEPABEHCTBO B (UIYPHBIX CKOOKax B (7) He BBINONHAETCS IIPH
Beex ¢ >0, momaraem, uto 7(zq,v(,) = .

Teopema 1. Ilycmo Ons xongauxkmuo ynpaeisiemozo npoyecca (1),(2)
svinonneno ycnosue Honmpseuna, M =coM u ona nauanbno2o cocmosnus zy u
nekomopozo cenexkmopa Y(,)el', T eT(zy,y(,) =D . Tocoa mpaexkmopus
npoyecca (1) moocem 6vimv npusedena u3 HAUATLHO20 COCMOAHUA Zy HA

*
mepmunanbroe mroxcecmeo M 6 momenm T ¢ nomowwio ynpasnenus (3).

Cxema A0Ka3aTCJIbCTBA.

Ms1 paccmatpuBaeM 1Ba ciydas: &(7,zg,Y()eM u &(t,zy(), () eM .

Hnsa cmyqas &(¢,zg,y(')) € M pasbuBaeM mpolecc IpecleJOBaHHS Ha JBa

BpeMeHHBIX yuacTka: "aktuBHBIH" [0, %] wm "maccuHbI" [f,T], THE 1. —

MOMEHT TIEpPEKIIIOUEHISI C OJHOTO 3aKOHA BBHIOOpAa KOHTPYIIPABICHHUS HA IPYToOH,
3aBHCAIIMI OT MpPEABICTOPHH  yHpaBieHHs yoOeraromero. [ms  ciydas

&(T,zg,Y(»)) € M , yauTbIBast 3aKOH YIIpaBJIEHHUS IIpecieoBaTeNs U3 (HOPMYIIbI

Kormru, momyyaemM He0OXOIMMBIE PE3YITBTATHI.
Teopema 2. (meopema Ilommpsieuna) Ilycmov gvinonnsemcs —yciosue
Ionmpsicuna  Ons kKongauxkmuo-ynpasisemozo  npoyecca (1),(2) u  ons

HeKOMopo2o HauanbHo2o cocmosanus zy: P(zqy) <+, 2de

t
P(zp) = min{t 2 0:1zyC(t,5) € M — [W (t,5)ds}. (8)
0

Tozoa mpaexmopusi npoyecca (1) moscem 6vimv npueedena ¢ HA4AILHO2O

NONOJACEHUS, Z() HA MEPMUHATbHOE MHOXCECME0 6 momenm P(z).
Jloka3arenbCTBO.
O6o3naunm Fy = P(z). Torna:
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t
nzoC(t,s)eM — IW(t, s)ds.
0

OT0 03HaAyYaeT, YTO CYLIECTBYET Takas Touka m €M W 1O ONpeneNeHUIo
uHTerpana Aymana Takoi uamepumbiii cenekrop () € I, uro:

t
nzyC(t,s)=m— Iy(t, s)ds.
0

PaccMoTprM MHOTO3HAYHOE OTOOpAKEHHE:
U(s,v)={u el :nC(F,s)o(u,v) —y(F,s)=0},s €[0,[l,veV. )

Iycts v(s),v:[0,F)] =V , — npousBonpHas u3mepumas GpyHkuus. Torma
u3 coorHoureHus (9) BeiTekaer, uto otobpaxenue U(s)=U(s,v(s)) —
KOMIIAKTHO3HAYHOE H3MEPUMOE MHOTO3HAYHOE OTOOpakeHWe Ha HHTEpBaie
[0, Fy]. CornacHo TeopeMe M3MEPUMOr0 BBIOOpa B HEM CYLIECTBYET M3MEPUMBIH
cenexktop u(S), KOTOPbIi 1 BbIOEPEM B KaueCcTBE YIpPAaBIICHUS [IEPBOrO UTPOKa Ha
unrepsaine [0, F].

U3 popmynst (9), ¢ yuerom (8), momydum:

By
nz(Fy)=nzyC(R,s)+ InC(R),S) o(u(s),v(s))ds=me M. (10)
0

Teopema JoKa3aHa. [IpHUBEIEHHYIO TeOpeMy ¥  CIIOCOO TOCTPOECHHS
YIIpaBJIeHHs HAa3bIBAIOT EePBhIM MpsiMbiM MeTo0M JI.C. TToHTpsiruHa.
Jlerko mokasate, uTO s KOH(IMKTHO-ympasisemoro mporecca (1),(2) ¢

Ha4aJIbHbIM COCTOJAHHMEM Zj IIPH BBIIIOJHCHHUH YyCJIOBHA HOHTp)H‘I/IHa CYIIECTBYECT

takoit cenekrop Y(-,-) € ' mist koroporo:

T(zg,v()) < P(zg).

I'PYIIITIOBOE MPECJIEJJOBAHUE

PaccMoTrpuM 3amady rpymImoBOro mpeciefnoBaHusS ¢ kK TpPECcIenoBaTeNsIMH U
omHUM yOeraromuM. 3agada OMMCHIBACTCS CHCTEMOM JTHHEHHBIX (YHKIIMOHAIBHO-
muddepeHIMaNbHBIX YPaBHEHUH ¢ TICPEMEHHBIM 3aIla3/IbIBaHUEeM:

z;(t) = Aiz;(t) + Biz; (t = 1,(¢)) + 9; (u,v), t=s;

2(8)=0, E<s; z,(s) = zo5, i=1,...k. (1)

3 RY%, A4 u B — n x
JECh Zi S . i nu i }’ll- }’ll- IIOCTOSAHHBIC ManI/I]_II)I, HerepLIBHI)Ie

Gynkumn  T;(f):[s,+0) > R, . bioku ympaBieHHs 3amaloTci (YHKIHAMU

n:
@;(u;,v):U;xV — R, KOTOpbIE CUUTAIOTCS HENPEPHIBHBIMH IO COBOKYITHOCTH
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NEPEMCHHBIX Ha IpsAIMOM IpOU3BEACHUHA HEMMYCThIX KOMIIAKTOB
n n
U, e K(R"),V eK(R").

Humuaagpuyeckne TepMUHATBLHBIE MHOXKECTBA UMEIOT BUJ [S]:
* 0 * n; . 12
M, =M +M,, M; cR", i=1,.k (12)

O o nl o
rge M,; — nuHeiHOe moAnpocTpaHcTBO U3 R'7, a M; — HemycToil KOMIIAKT U3

0 n;
OpTOroHalbHOro fgomonHeHus L; k M; B mpocrpanctBe R . B mpocrpancTse

n *
R BbIACIIMM TCPMHUHAJIBHOC MHOXECTBO M , COCToAImEeEC H3 MHOXCCTB

* .
M;, i=1,.k

Jnst 3amaun mpecnenosanus (11),(12) paccmarprBaercst JoKaidbHas 3ajaya
COMMKEHNS ¢ (PUKCUPOBAHHBIM BPEMEHEM.

Vnopasnenus wurpokoB u;(¢):R, - U;,i=1,..k u v(t):R, >V —
u3MepuMble  (DYHKIMH ~ BpeMeHHW. Llend  WIPOKOB  TPOTHBOIOJIOKHBL.
IIpecnenoarenu (u;,1=1,..,k) craparorcst BelBecTH TpaekToputo mponecca (11)
Ha TEPMHHAIBHOE MHOYKECTBO 32 KpaTdaiiliiee BpeMs, a yoeraromiwmii (v ) meITaeTcs
M30eKaTh BCTPEYH MM MAaKCHMAIBHO OTTSHYTH MOMEHT ITOMAaHus TPAEKTOPUH

Ha MHOKecTBO M .

IMpumeM CTOpPOHY TpecienoBaTeNeil © COPUCHTHpPYeMCS Ha BBIOOP
MPOTUBHUKOM M3MEPUMON (YHKINK U3 V' B KadecTBe ympasieHus. CauraeM, 4To
urpa mnpoucxoauT Ha wuHTepBaie Bpemenm [0,7]. Torma ympapiieHue

npecneHOBaTeneﬁ BI)I6I/IpaeM Ha OCHOBC I/IH(i)OpMa]_[I/II/I O Ha4YaJIbHOM ITIOJOXCHHNH

Z? 1 v,(-) B BUIE H3MepUMOl QyHKIHH:
u(6)=u(z] v, (), 1e[0,T], u;(1) €U, (13)

rae v;(-) ={v(s):s€[0,f]} — mpenmbicTOpHs yIpaBIEHUS BTOPOTO HIPOKA IO
MoMeHTa ¢ . Takoe ynpaBieHUe peaan3yeT KBa3uCTPATETHIO.
Ilycte 7T; — OPTONPOEKTODP, INEHCTBYIOLIMH M3 R" B L;. Ilonoxus

o,U;,v)={ (u;,v):u; €U,}, paccMOTPEM MHOTO3HA4HbIE OTOOPaKEHUSL:
Wi(t,s,v) =m,C(t,5) ¢;(U;,v),
Wi(t,s)= (1 Wi(t,s,v), t20,

velV
olpeneNicHHbIe Ha MHOXKecTBax Ax)  ®w A COOTBETCTBEHHO, TJe
A={(t,s):t=25s20}, C;(t,s) — marpuunas ¢pynkuus Komm n3 npencraBieHus
pemrenns [12].
Yeaosue 2. (Venosue Ilommpsieuna) Omobpascenue Wi(t,s)#D  na

muoxncecmee A ons ecex i =1,..,k.

Tax xak matpuunas ¢pyakius C;(f,s) H3MepHMa II0 { U CyMMHpyeMa IO §
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I KaXKIOro f € R, B CHily IpeAnolokeHHil o mapamerpax mporecca (11), To
MOXHO CIeNaTh BBIBOA, YTO HpPH JIFOOOM (QHUKCHpOBaHHOM ¢ >() MHOTO3HaYHOE
orobpaxenue W;(t,s,v) sBidercs m3MepuMblM mo s Ha uHTepBane [0,¢] u
3aMKHyTBIM 10 V,velV . Torma corimacHo [13] orobpaxkenue W(t,s) —
n3mepumoe 1o s € [0,7] 3aMKHYTO3HAYHOE OTOOpakeHHE.

W3 ycnosus [IoHTpATHHA U TEOpEMBI H3MEPUMOTo BEIOOpa [13] BBITEKAET, UTO
npu Jrobom ¢ >0 cymiecTByeT XOTS Obl OIMH H3MEPHMBIH IO § CEIEKTOp
vi(t,s), v;(t,8)eW;(t,s), (t,s)eA, i=1,.k.

O6o3znaunM uepe3 [; COBOKYHHOCTh TakmxX CENEKTOPOB MHOTO3HAYHOT'O
orobpaxenus W;(t,s), i =1,...k . 3apukcupyem HexoTopslil anement v;(-,) € I;

H ITOJIOXKHM:

t
&(t,20 7)) = m,Ci(t,5)z) + [y, (t,)ds. (14)
0

PaCCMOTpI/IM MHOI'O3HA4YHBIC OTO6pa)KCHI/I$IZ

A (t,5,) = {02 0: [W;(t,5,) =y (6, )] Vol M; —&; (1,20 7, ()] % B3,
i=1,..k

(15)

M UX pa3pernaroriie QpyHKIHH:
a;(t,s,v)=sup{a:acA;,s,v)}, (t,s)eA, veV,i=1,.k. (16)
Hecnoxxo mokasate, uyro T.K. 0eW;(t,s,v)—vy;(¢,s) 11 Bcex
velV,0<s<t, i=1,..,k, 10 ipu &i(t,zlo,yi(-,-)) € M; bynxuus o;(t,s,v) =+0

npu Bcex s e€[0,¢],veV, i=1,..,k. Ecnmu xe &i(t,zlo,yi(-,-)) ¢ M;, 0 QyHKIMS
(16) mpUHHMaeT KOHEYHbIE 3HAYEHHS.

Beegem MHOXKECTBO:

t
T, (2°,y(,)) = {2 0 inf max [a(t,s,v(s))ds 21},
veVi=l,.,k (17)

Y(a) = COlumn(Yl ("')a~~’Yk ("'))a Yi (a) € 1—‘i‘

Ecou gms  Hexkoroporo Homepa i=1,..,k &i(t,Z?,yi(-,-))eMi, TO
a;(¢,s,v)=+0 mmt s€[0,t],velV, u B 3TOM cilydyae 3HaYeHHE HHTErpaga B
coornomennd  (17)  ecTeCTBEHHO  MONOXHTh  PaBHBIM  +00,  TOraa
COOTBETCTBYIOIIIEE HEPABEHCTBO BBHIMOJHEHO aBTOMATHYECKU. B ciydae, korma
HepaBeHCTBO B (urypHbix ckoOkax B (17) He Bbimonnsiercs npu Bcex >0,
nojyaraem, 4To 1} (Zo,y(-,-)) =.

Teopema 3. Ilycmov 0ns kongnuxmuo ynpaeisiemozo npoyecca (11),(12)

svinoaneno ycaosue Illommpseuna, M =coM u 011 HauanbHO20 COCMOANUS
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0= (ZIO,..,Z,?) u nexomopoeo cenrekmopa Y(-,)el', T eT, (Zo,y(-,-)) .

Toeoa mpaexmopus npoyecca (11) moocem Ovimv npusedena uz HAYATLHO2O

0 *
COCMOAHUA Z Ha coomeemcmeyrouiee mepMuHaIbHoe MHOMICeCcmeo Mi 6

momenm T ¢ nomowwio ynpasnenus (13).

HokasatenbctBo. Ilycte v(s):[0,7]—>V — mnpousBonbHAs H3MepHMAas

¢ynkuns. Paccmorpum ciyqait &; (¢, Z?,Yi () eM; nnaseex i =1,...k.

st 5TOr0 BBEIEM KOHTPOIBHYIO (PYHKITHIO:

t
h(t) =1- max Ia(T,S,v(S))ds, t>0.
izl,..,ko

Ona HempepbiBHa, He Bo3pactaer u A(0)=1. W3 onpenencuus Bpemeru T
CIIEMIyeT, YTO CYIIECTBYET Takoi MOMEHT fx = (v(+)), 0<t+ <T ,uto A(t«)=0.

Pa3o0bem mpotiece mpeciieI0BaHus Ha J[Ba BPEMEHHBIX Y4acTKa: "aKTHBHBIN"
[0,#+] m "maccuBHBIA" [fx,T], THE f+ — MOMEHT HEPEKIIOYECHHUS C OAHOTO 3aKOHA

BEIOOpa KOHTPYIPABJICHUS Ha APYTrOW, 3aBUCAIIUA OT IPENBICTOPUN YIIPABICHUS
yberatomero. Ha mepBoM w3 HHX paboTaeT COOCTBEHHO METOZ Pa3pelIaroIlnx

¢yuknuii. Korma B MOMEHT £+ HWHTErpain OT paspemaromedl (yHKIUH CTaHET

PaBHBIM €IUHUIIE, TO MPOIECC MPECIEAOBAHUS MMEPEKITIOYNM Ha TEPBBIN MPSIMON
meron JI.C. [TorTpsiruHa.
OnpeaenumM clenyroIIni 3aKOH BBIOOpa YITPaBIICHHS MpeciieI0BaTENs.
BBeneM MHOTO3HAYHBIE OTOOPaKECHUS:

Uy(s,v)=1{y; €U; :m,C(T,8)o,;(u;,v)—v;(T,s) €

18
ai(T’SaV)[Mi _éi(T’Z?’Yi("'))]} ( )

B cuiry Teopemsr 06 o6patHOM 00pase orodpaxenus Uy, (s,V)

L x B -u3MepuMBbl, a 3HA4YUT, COTJIAaCHO TeopeMe H3MepuMoro BeiOopa [13] B
Ka)XIIOM M3 3TUX MHOTO3HAYHBIX OTOOpa)KEHWIl CymiecTByeT XOTS Obl  OIUH

L x B -n3MepuMslii cenekTop uy;(s,v).

VYupasienus npecnenosateneit Ha uatepsaie [0, ) MOI0KUM PaBHBIM:
uy; (8) =uy; (s,v(s)), i=1,...k.

Ha maccuBHOM yuactke [fx,7T] "HakammuBatp" pa3pemmaromyro (yHKIIUIO
OoIbIlle HE MMEET CMBICIIA, TIO3TOMY 37eCh pa3periaronias GyHKIUS MoJIaraeTcs
paBHOU HYITIO:

a;,(T,s,v)=0, se[t,T], i=1,..k,

a yIpaBICHUE MpecieNoBaTeNei BBIONpPAeM TEIepbh B COOTBETCTBHH C IIPSMBIM
metozaoM JI.C. IlonTpsaruna.
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PaccMOTpHM OTOGPAKEHHS:
Uyi(s,v)=1u; eU; :m,C(T,5)¢,;(u;,v) —v;,(T,s) = 0},
se[t,T],veV, i=1,.k

KoTopble sBIsOTCA L X B -p3MepuMbIM B MX CENEeKTOpHI U, (s,v) — LxB-

HU3MEPHUMBI.
VupasieHue npecieoBaTeneil Ha HHTepBaie [f«, 1) MOI0KUM PaBHBIM:

Uy (8) =uy;(s,v(s)), i=1,..,k. (19)

IMycts &;(T, Z? ,Y;(~")) € M; nnsa Hexoroporo Homepa i . Torma ympasienue
i -ro mpecnenoBarens Ha untepsaie [0, T) Boibepem B Buge (19), a ynpasieHust

OCTaNBHBIX MpecieIoBaTeNe BEIOEPEM MTPOU3BOIEHBIMU.

Takum 00pa3oMm, OmpeneneHbl 3aKOHBI YIPaBICHUS MpPECIeNOBaTENeH s
TOOBIX BOBMOXHBIX CHTYAITHH.

IMokasxeM, 4TO pU 3TOM XOTs ObI uist omHOro i =1,..,k TpaekTopus mporecca

%
(11) B moment 7 momazer Ha COOTBETCTBYIOIIEE MHOKECTBO M, mpH ITOOBIX

VIIpaBICHUSX YOETAIOMIEro.
U3 dopmyast Komm [12] mst cucremsr (11) ciemyer mpencraBieHue:

T
n;z;(T)= niZ?Ci(T, s)+ IniCi(T,S) 0, (u;(5),v(s))ds. (20)
0
[Ipoananmsupyem cHauana ciydait &;(7,z,Y()) € M; mms Beex i=1,...k.

Jlnst 3Toro mpubaBUM W BhIYTEM M3 MpaBodl uactu paBeHcTBa (20) Bekrop

T

Iyi(T ,8)ds. Torma ¢ wuCHONB30BaHWEM 3aKOHAa BBIOOpa  YIIPABIICHHUS
0

npeciaemoBareneM (13), momydamnm:

2] %

nz;(T) = [niZ?Ci(TaS) + IYi(TaS)dS]+ _[[nici(TaS)(Pi(ui(S)aV(S)) —v;(T',s)]ds
0 0

tx tx

m;2,(T) € & (T, 2], v; (N = [0, (T, 5,0(5))ds) + [ (T, 5,v(s)M ;ds,
0 0

B KoTropoM yureHo paBeHctBO  0;(7,5,v(s)) =0, se[t«,T]. Ho Ttk
tx

M; € coK(R") w yuureiBas, 4TO J.Oti(T,S,V(S))dSZI 10l WHIeKca i, Ha
0

KOTOPOM [IOCTHUTAeTCsl MAaKCHMMyM HHTerpaiga B ompeneneHud QyHkuuu A(tx),

tx
nMeeM Iai (T,s,v(s))M;ds = M; . Asnaunt m;z;(T) e M;.
0

© E.A. JTrobapmyk, 2016
56 ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbr4. Texu. 2016.



[Tycts must mexoroporo i &; (7, Z? ,Y;(~)) € M;. Torna y4nTbIBast 3aKOHBI

yIpaBieHus mpecienoBareneit u3 mpezacraBienus (20) criemyeT BKIIOUEHHE

z(T)eM; .

TeopeMa JOKa3aHa.

Taxnum 06p8.30M, I 3aJa4d  T'PYyINIoOBOro IpeciIiCAOBAHHA ITOJTYYCHBI
JIOCTAaTOYHBIC YCIIOBHS TapaHTUPOBAHHOM IMOMMKH yOeraromero TpyIon
npecneHOBaTeneﬁ.
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UDC 517.977

GROUP PURSUIT IN DIFFERENTIAL-
DIFFERENCE GAMES WITH VARIABLE DELAY

I.A. Liubarshchuk
Yuriy Fedkovych Chernivtsi National University, Chernivtsi, Ukraine

Introduction. A variety of interesting examples stimulated the development
of the Mathematical Control Theory, in particular, the Dynamic Games Theory.
First fundamental results in Differential Games Theory were obtained by R. Isaacs.
Some others directions of research are Pontryagin’s procedures and Krasovskii’s
extremal aiming principle. The further development of Pontryagin’s ideas by his
disciples and followers resulted in the Method of Resolving Functions, one of the
most powerful methods of dynamic game theory.

The essence of the Method of Resolving Functions is in the construction of
some numeric resolving function on the known parameters of the process. The
resolving function outlines the course of the process. At the moment at which its
integral turns into unit the trajectory of the process hits the terminal set.

This method was used by Baranovskaya for local convergence problems with
fixed time, which are described by a system of differential-difference equations of
delay-type.

The purpose of the article is to investigate group problem, which is
described by a system of differential-difference equations with variable delay. The
necessary and sufficient conditions for solvability of such problems are established.

Results. We considered a pursuit problem in 2-person differential game, one
player is a pursuer and another one is an evader. The problem was given by the
system of the differential-difference equations of delay-type and for such a
conflict-controlled process we presented conditions on its parameters and initial
state, which were sufficient for capturing the evader. For differential-difference
games with time lag we generalized Pontryagin’s First Direct Method. That gave
us a possibility to compare results obtained by the Method of Resolving Functions
for such conflict-controlled processes to Pontryagin’s First Direct Method. The
necessary and sufficient conditions for group problem solvability were established.

Conclusions. A general scheme of the Method of Resolving Functions for the
local convergence problem with fixed time is presented . The conflict-controlled
process is described by a system of differential-difference equations of delay-type
with variable delay.

For differential-difference games with variable delay we generalized
Pontryagin’s First Direct Method.

We also considered the group pursuit problem in differential game. For such
conflict-controlled process we obtained and investigated general scheme of the
Method of Resolving Functions.

Keywords: Dynamic game, conflict-controlled process, group pursuit, set-
valued map, Pontryagin’s condition, Aumann’s integral, guaranteed time.
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MepumumHckaa m 6monormueckKas
KubepHeTuka

YK 617.751-057-07

OIIEHKA CTPYKTYPbl CBS3EH MEXIY
®YHKIIMOHAJIbHBIMH ITOKA3ATEJISAMHA
OIIEPATOPOB IIPHU 3PUTEJIBHOM TPYIE C
UCIOJb30BAHUEM ®AKTOPHBIX MOJEJIENA

A.C. EBTymemcol, JLM. Ko3ak?, M.JI. Kounna®

'KY03 «Xapvkosckas z0podckas Knunuueckas Gonvnuua Neld um. npogp.
JLJI. I'upwmanarn

‘Mexcoynapoonsiii  nayuno-yueGuviii uenmp unQOPMAUUOHHBIX MEXHONOZUI U
cucmem HAH Ykpaunvt u MOH Ykpaunot

3
Xapvkoeckana meouyuncKan aKkademusn nocaeounioMHozo 00pa3oeanus

IpencraBieHsl pe3y/bTaThl aHAIW3a IUHAMHKH CTPYKTYPBI
cBs3eil B (haKTOPHBIX MOZEISX, MIOCTPOSHHBIX € MCIOJIb30BAaHUEM MOKa3aTeneil
3PUTENBHOM  CHCTEMbl M CaMOOLCHKH  (YHKLHMOHAJIBHOTO  COCTOSHHS
podeCCHOHANIBHBIX OIEPaTopoB B Mpolecce 3purenbHOro tpyaa. Ilokasano,
YTO B 3PUTENIBHON CHCTEME C BBICOKMMH ()YHKIIMOHAIBHBIMU BO3MOYKHOCTSMHU
CYLIECTBYET JiBa PABHO3HAYHBIX MEXaHHM3Ma, OOCCICYMBAIOIIMX 3PHUTEIBHOE
BOCIIPUSATHE BJAJIb M Ha OJIM3KOM DPACCTOSIHHM, a B 3PHUTENIBHOH CHCTEME ¢
HU3KUMHU  (DyHKIMOHAIBHBIMH ~ BO3MOXKHOCTSIMH  IIPE00JIafaeT MEXaHU3M
BOCIIPUSATHSL BOJM3M, O 4YeM CBHUJICTEIbCTBYET KOH(Urypaumus cBsizeld B
(haKTOPHBIX MOJIEIISX.

Knrouesvie cnosa: haxropHbie MOJEIH, 3pUTEIIBHAS CUCTEMA,
(bYHKIMOHAIBHOE COCTOSHUE, OIIEPATOPCKHI TPYI.

Hanmano pesynbraT aHami3y QUHAMIKA CTPYKTYPH 3B'SI3KIiB y
(baKkTOpHUX MOJENsX, SKi MOOYIOBaHO 3 BUKOPHUCTAHHSAM IOKa3HHUKIB 30POBOI
CHCTeMH Ta CaMOOLIHKK (YHKI[IOHATIBHOrO CTaHy MpodeciiHUX OmepaTopiB B
mporeci 30poBoi mpari. [loka3aHo, 1m0 B 30pOBiii cHUCTEMi 3 BHCOKHMH
(YHKIIOHATBHUMH MOXITHBOCTSIMM ICHY€ [Ba DPIBHO3HAYHI MEXaHi3MH, SIKi
3a0e3nedyoTh 30pOBE CHOPUHUHSTTS yHAanWHy i Ha ONU3bKiA BimcraHi, a B
30pOBiil cucTeMi 3 HU3BKMMHU (DYHKIIOHAIBHUMH MOXJIMBOCTSIMHU IE€PEBaXKae
MeXaHi3M CIPUIHATTS 30JHM3bKa, MPO MIO CBiAYUTH KOH(DIryparis 3B'3KiB y
(haKTOPHUX MOZETISIX.

Kniwouosi cnoea: (Qakropui mopeni, 30poBa  cHUCTEMa,
(bYHKLIOHANIbHUH CTaH, ONepaTopchbKa Mmparis.

BBEJEHUE

3HAuUUTENbHOE  YCIIOKHEHHE  JEATENbHOCTH  CIEUUAIMCTOB  psAjaa
npoecCHOHAaNBHBIX ~KATETOPHA 32 CUET TIOBBINICHUS WHTEHCHBHOCTH U
JUTATETBHOCTH JEHCTBHUS YMCTBEHHBIX W 3PHUTENFHBIX HArpy30K MPUBOIUT K
HEOOXOIMMOCTH Pa3pabOTKH METOIOB, CPEACTB M MHPOPMAIIMOHHBIX TEXHOIOTHI
OLICHKH ¥ MPOTHO3UPOBaHMs (HyHKIHOHAIBHOTO cocTossHus (PC) opranusma [6, 7,
11, 13]. Hcmomp3oBaHHE COBPEMEHHBIX HH()OPMAIMOHHBIX TEXHOJIOTHHA JUIS
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HCCIIEIOBAaHUS W OICHKH COCTOSHHS OpraHW3Ma YeNOBEeKa IT03BOJISIET HE TOJBKO
MOJTYYUTh HOBYIO HH(OpPMANHIO O MPOLEcCcax, MPOTEKAIIMX B HOPME, IIPH
MATOJIOTHH W B TUHAMHKE KaKUX-JTNOO BHIOB NESITEIBHOCTH, HO M pa3paboTaTh
KpUTEpUH TMPO(ECcCHOHANBFHOrO O0TOOpa, a TakKe Mepsl MPO(UIAKTUKA
PacCTpONCTB 3IOPOBBSL.

Pa6ora omeparopoB IIK cBsizaHa ¢ HEOOXOJMMOCTBIO BOCIIPHSTHS OONBIIHX
00beMOB HH(GOpPMAIIMU C JKpaHa MOHHUTOpA, TPeOYyeT BBHICOKOH KOHIIEHTpAIHU
BHUMAHUS W OCOOOH OTBETCTBEHHOCTH IIPH BBIMTOJHEHUH IIPOU3BOJICTBEHHOTO
3aJaHusl, YTO MPUBOOUT K BBHICOKOMY HEPBHO-3MOLIMOHAIEHOMY HANPSDKEHHIO M,
COOTBETCTBEHHO, BIHsAeT Ha (QyHKImMoHaNbHOEe coctossHue (PC). Bricokue
TpeOOBaHUS K 3pUTEIBEHON CHCTEME, HEPBHOE HAIPSDKEHHE, 4 TAKKEe MOHOTOHHBIH
XapakTep TpyJa ¥ BEIHYKICHHAs pabodas 1mo3a BBHI3BIBAIOT OOIBIIOE KOIUIECTBO
Xamob paboTaloMMX Ha MOBEHIIMICHHOE O0IIee W 3puUTelabHOEe yromieHue [3-5, 8,
16]. Kpome Toro, y mrofeil, IOCTOSHHO TMOJNB3YIOMINXCS KOMITBIOTEPOM,
OTMEUaeTcs MeNbIi pal (YHKIHOHANBHBIX MEPECTPOEK 3PUTENFHON CHCTEMBI, UYTO
o0ecrieunBaeT MAaKCHMAaBHO BO3MOXKHYIO —aJaNTalUi0 K  CIEIUPHIECKOMY
3pUTENFHOMY TpPYAy, HO MOXET MPHBOANUTh M K Pa3BUTHIO aCTCHOMMYECKHX
COCTOSIHUM U 3puTenbHOU matonoruu [2, 9, 10, 12, 17-19]. Tsxensie 3puTebHBIC
acreHonmu y omeparopoB [IK moryr nHabmromatbcss Ha (oHE HOPMAIBHBIX
(YHKIMOHANBHBIX ITOKA3aTeNeil 3pUTENFHON CHCTEMBI, 9TO TPeOYeT BBIABICHUS
NPUYMH TIONOOHBIX COCTOSIHHH ®  pa3pabOTKH  NEWCTBEHHBIX Mep HX
PO UITAKTHKH.

B oT0it cBA3M 0COOYI0 aKTyalbHOCTh NPHOOpETaeT aHajid3 B3aHMMOCBS3CH
MEXIy TOKa3aTeIsIMH 3PUTEIBHON CHUCTEMBI W ToKazaTenmsmu camooneHkn OC,
MTOCKOJIBKY 3HAYUTEIHHOE KOJTHYECTBO JKAI00 OIEepaToOpOB CBSI3AHEI C COCTOSHHEM
UMEHHO 3pUTEILHON CHCTEMEI.

Heas padoTbl — OLEHKa BIWSHHUS 3PUTENBFHOTO Tpyda Ha OJIH3KOM
PacCTOSHUM HA CTPYKTYPY CBSI3el MEXKIY MOKa3aTeNIMH 3pUTEIHHON CHCTEMBI H
nokasarensmu camoorienku OC omepatopos [1K.

OBBEKT U METO/IbI UCCJAEJOBAHUS

B wuccremoBanmn mpuasn ydactue 41 omepatop IIK, cpemmmii Bo3pacT
HCTIBITyeMBIX cocTtaBmi (29,6 = 4,0) nmet ¢ pazmaxom ot 21-ro mo 38-mu net. Bee
orepaTopsl IMeNH poeCCHOHANBHEIH cTaxk pabotel Ha [IK He MeHee Tpex Jer.
UccnenoBanusa npoBOAUIIUCEH B YCIOBUSAX MPOU3BoACTBA. OnepaTopbl BHIIOIHSIA
MPOM3BOACTBEHHOE 3aJaHue omuH dYac (45 wmmHYT pabotel, 15 wmumHYT
peTIaMeHTUPOBAaHHBIHN TIEpPephIB). Y BCEX HCHBITYEMBIX ObLIa HOpMallbHAs OCTPOTa
3peHns (He MeHee eAWHUIBI) U OMHOKYIsIpHOE 3peHue. J{o u mocie paboTH y Bcex
HCTBITYEMBIX OINPEACIIINCH MOJIOKUTEIBHBIC pe3epBhl akkomomanuu (Pa) obomnx
r7a3, MOJOKEHHE OmmKaimmx Ttodek sicHoro 3peHus (br) obomx r1a3 u
kouBeprenuuu (brk). Camoouenka ®C mpoBoauiack ¢ UCHONb30BAHUEM TECTa
TPAHC  (TpeBOXHOCTB, PabOTOCIIOCOOHOCTb,  AKTHBHOCTH,  HACTPOCHHE,
camouyBcTBHE). Kpome Toro, ObLT MPOBEJICH aHAIN3 Kajlo0 UCTIBITYeMBIX (puc. 1)
C HUCIONIB30BaHHEM pPa3pabOTaHHOW aHKETHI, comepxamieid 24 Bompoca, 12 u3
KOTOPBIX KacalllCh HEMOCPEICTBEHHO Kano0. CTeneHb BRIPaKEHHOCTH KaXKIOH 13
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®anob ompenensiack B 6amnax mo ciemyromieil mkane: 0 0aioB — OTCYTCTBHE
KaJIoObl, 1 — MpH3HAKK >KAJIOOBI BBIPaXKEHBI ¢1a00; 2 — MpPH3HAKH JKAJIOOBI
BBIPAXKEHBI B CpeAHEH crereHu; 3 — jkanoba BeIpaxkeHa cuibHO. Ilocrme
3aMOJHEHUS] AHKETHI ObUT MPOBEACH MOACYET CYMMAPHBIX OAJUIOB MO CIEAYIOIIUM
MO3UIMSAM: BBIPAKEHHOCTh JKallob OOLIEro Xapakrepa, 3pHTENBHBIX IKajoo,
[JIa3HBIX KAI00, 8 TAKKEe ONMpEIeIsIach CTEIEHb BOCCTAHOBJICHHS [OCIIE HOYHOTO
OT/IBIXa U BBIXOJHBIX.

To0BHas 60J1b

OmymeHHe yCTa10CTH
MebIme4yHble 60TH B 05.1aCTH
CIHHBI H MEH

Hapymenune cHa
VeraaocTh He NPOXOIHT
nocie HOYHOTO OTABIXA

Odmero xapakrepa =

YcTa0cTh HE mpoX0auT
nocCjIe BBIXOAHBIX

Kanodn: ::>

JBoeHHE, PACIILIEYATOCTD
- 3pHTebHBbIE ) H300pakeHHA

C10:RHOCTE NepeoKyYCHPOBKH

CHIbHBIE G0JIH B [1a34X,
OmMYIIeHHE NeCKa Mo BEKAMH
I'1a3HbIe | Ty A

3}';[, OMYmMEHHE HHOPOTIHOIO
T€JIa B I1a3aX

Puc. 1. Ctpykrypa xanob oneparopos I1K.

O6pa60TKa PE3YIBbTATOB HCCICAOBAHHA IMPOBOANIIACH C HCIIOJIB30BAHHUEM
METOJ[OB OIKMCATEILHOU CTAaTUCTHUKHU, KIIACTCPHOI'O 1 (i)aKTOpHOI‘O aHaJIn3a.

AHAJIM3 U3MEHEHMS ®YHKIIMOHAJIBHBIX IMOKA3ATEJIE OIIEPATOPOB IIPU
3PUTEJIBHOM TPYJE

Uszmenenue s3pumenvhvix @yukyuii onepamopos. CpaBHEHHE pE3yIbTATOB
HCCIIeIOBAaHMUS 3PUTEIBHBIX (QYHKIMI OIEepaTopoB 0 M TOCIE 3pUTENBHOTO TpyIa
(Tabm. 1) He BBISBMIIA JOCTOBEPHBIX OTIMYHA. MOXKHO OTMETHTB, YTO CpPEIHHE
3HAYEHUS MMOKa3aTeNleil 3pUTEbHON CHCTEMBI HECKOIIBKO HIDKE HOPM JUTS JaHHOU
Bo3pacTtHou rpynms [1, 13].

Ta6auna 1

Cpeonue 3nayenus QyHKYUOHATLHBIX NOKA3AMeNell 3pUmenbHOU CUCeMbl ONepamopogs 0o
U noce 8bINOIHEHUsL NPOU3B0OCTNEBEHHO20 3A0AHUSL

YciaoBus IMoka3areib
perucrpauuu PAOD () PAOS (1) Bt OD (cm) Bt OS (cm) BTk (cM)
Jo 42423 49427 8,9+4.4 8,8+3,8 7,145
Tlocie 44423 42423 9,1+4,0 8,9+3,9 8,0+4,0

Uszmenenue xapaxmepucmux camooyeHku QyHKYUOHATbHO2O COCMOSIHUS
onepamopos. AHanW3 pe3yIbTATOB CaMOOICHKH (PYHKIIHOHAIBHOTO COCTOSIHUS
OIlepaToOpoB [0 U IOCIE 3PUTENBHOrO TpyAa ¢ ucnois3oBanuem tecta TPAHC
(Tabn.2) mokasai, 4To MOKa3aTelIH CaMOOIICHKH MMEIOT CYIIECTBEHHEIH pa3z0poc,
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MOATOMY JIJISI UX OMHCAHUS JI0 U TOCIE 3pUTEIBHOrO Tpyna OBLTH HCIOIb30BaHBI
Meauana (Me) 1 MeXKBapTHIIbHBIN pazMmax.

Ha ocHoBanmn maHHBIX Tabl. 2 MOXXHO OTMETHTBH, YTO MEXKBAPTHIILHBIH
pa3Max Imokasateliel mocie paboThl CYIIECTBEHHO HE M3MEHMIICS 110 CPaBHEHUIO C
HCXOIHBIM COCTOSHHMEM, a BOT Me Bcex mokaszareneil yMeHbIWiInch. CpaBHEHHE
3HAYEHUI UCCIIENOBAaHHBIX MOKa3aTeNlel ¢ MCIOIb30BAHUEM HENapaMeTpUYECKOro
KpuTepusi BunkokcoHa mo3Boynuio BbIABUTH AocToBepHble (P < 0,05) ornuuns
MEXIy Mmoka3aTermsiMua pabdorocriocodHoctr (P), Hactpoenus (H) u camodyBcTBUS
(C) mo u mocme 3puTenbHOro TpyAa. TakuM 00pa3oM, 3pUTENBHBIA TPy B TEUCHUE
45 MUHYT BBI3BaJI JOCTOBEPHOE CHUKEHME IMOYTH BCEX IOKa3aTeled CaMOOLEHKU
OIepaToOpOB.

Tabmuua 2
Cpeonue menoenyuu noxasamenel CamooyeHKy onepamopos 00 U NOCie 3pUmenbHO20
mpyoa
IokazaTean Jlo paGoTst Tocse pa6oTh
CAMOOILEHKH Me MeKKBapTHIbHBIH Me MeKKBapTHIbHBIH
pasmax pa3smax

T 41 44 22 45

P 41 48 26 37

A 33 33 29 38

H 55 49 30 46

C 50 36 23 53

OmeHka  BBIPaXEHHOCTH  JKajgo0  OMEpaTOpoB C  HCIOIB30BAHUEM
pa3paboraHHOIT aHKeTHI (puc. 1) moka3ana: kano0bl O0IIero xapakTepa COCTaBUIH
(5,2 + 2,2) 6amna, 3putenbable — (6,3 £ 2,8) 6aa, rinasasie — (1,6 + 1,0) 6anna,
BOCCTaHOBJICHHE ITOCIIC HOUHOrO cHa — (4,3 £ 1,7) Oanna. AHanu3 kajiob mokasai,
9TO HanOolee BEIPAYKEHHBIMHE SIBIISTIOTCS KaJI00BI OOIIET0 XapaKkTepa, CBsI3aHHEIE C
(YHKIMOHANBEHEIM COCTOSTHUEM OPTaHW3Ma, W 3pUTEIbHEIC JKAIOOBl. 3pUTEIBHBIE
XKamoObl ~ OOYCIIOBIICHBI ~ MpPEXIe  BCErO  COCTOSHHUEM  aKKOMOJAITHH,
obecrieunBaronieii BOCIpUATHE HHPOPMAIIH Ha OJIM3KOM PacCTOSHIH.

Ananuz ocobennocmeti GYHKYUOHATLHO20 COCMOSIHUS 3PUMENbHOU CUCHIeMbl
6 00HOPOOHbBIX epynnax ucnvimyemvix. OeHKa 3HAYCHIH TOKa3aTeNe 3pUTETBHOM
cucremsl (Taba. 1) He BBISBHIA JOCTOBEPHBIX OTIMYUI MEXTy HUMH IpPH Pa3HBIX
VYCIOBUSAX PETHCTpPAalliy, a 3HAYUTENBHBIH pa30Opoc IoKas3aTeneil TO3BOIIII
MPENONOKUTh HAJIMYME HEOAHOPOIHOCTH TPYIIIBI MCIBITYeMbIX. (s mpoBepku
3TOTO TPENIONOKEHHS Oblla TpOBeleHa KIAcTepH3alds NAHHBIX IO W TOCIe
3pUTENBFHOTO TpyIa Mo anroput™my k-cpemumx. B pesymbraTe Tpymma omepaTopos
OblIa pa3zmeneHa Ha JaBa Kiacrepa (Tabm.3), coctaB M 00bEM KOTOPBIX IO U IIOCTE
pabotsl oTmmuaercs. [lepBriil Kiactep M0 paboThI COCTaBWIH 26 OMEPaToOpOB CO
cpenHuM Bo3pactoM (28,4 + 3,7) roga ¢ pazmaxom Bo3pacta oT 21-ro roxa mo 34-x
JIeT, BTOpoH Kiactep — 15 omepaTopoB co cpenaum Bo3pactom (31,2 +4,6) rona ¢
pa3maxoMm ot 25-tu 10 38-mu jieT. B Bo3pacTHOM acrekTe JOCTOBEPHBIX OTIMYUI
MEXIy KIacTepaMd HE€ BBISBICHO, XOTS KO BTOpPOMY KJIacTepy OTHECEHBI
oIepaTopbl cTaplLIero Bo3pacra.

Ananu3 3HaYeHWH TOKa3aTenell B KiacrepaX 10 paboOTHl  ITO3BOIHI
YCTaHOBUTH HEKOTOPEIE 3aKOHOMEepHOCTH. K 0oJee MHOTOYMCICHHOMY IIEPBOMY
KJIACTepy OTHECEHBI OIEPATOPHI C BHICOKUMH (DYHKIIHOHATHHBIMA MOKA3aTEISIMHA,
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COOTBETCTBYIOIIIMMH BO3pacTHBIM HopMaM [1, 13]. Bo BTOpoM Kitactepe coOpaHbI
OIIEePaTOPhI C HU3KUMHU (PYHKIIMOHATHHBEIMA TTOKa3aTEeSIMU KaK JUTS Jajld, TaK U UL
ONMM3M, YTO MpOsBIsAETCS HU3KMMU Pa w ymaneHasiMu ot a3 br m Brk.
[Tonyuyennsle 3HaueHHUs MMOKa3aTeNel HE COOTBETCTBYIOT HOPMaM 3PHUTEIbHBIX
(GYHKIMIA JUTS JaHHOM BO3PACTHOM TPYIIIIBI.

KJ'IaCTepI/ISaLII/Iﬂ JaHHBbIX, MMOJTYYCHHBIX II0CJIC pa6OTI)I, II03BOJJIMIIA
YCTaHOBUTH, 4YTO HWCXOIHBIN 00BeEM KIIaCTCPOB HU3MCHHIICA. O0BeM Kiracteépa €
0ojiee BBICOKMMHM I10OKa3aTEIsIMHA COKpaTujiiCi, a C HHU3KMMU — YBCIUYUIICA.

B Bo3pacTHOM acmekTe KiacTepbl BBIPOBHSUIMCH, IOCKOJBKY CPEAHHUH BO3pacT
WCIIBITYEMBIX TEPBOTO M BTOPOTO KiacTepoB coctaBun (29,4 + 4.5) roma ¢
pasmaxom ot 21-ro roma mo 38-mm ner. B mepBoMm kiactepe MO-peXKHEMY
coOpaHbI OnepaTopsl ¢ 6oiee BRICOKUMH ITOKa3aTeIsIMA, BO BTOPOM — C HU3KUMH.
[TonyyenHoe paszzaeneHue MNOATBEPXKIAET CYLIECTBEHHOE BIIMSHUE 3PUTEIHHOIO
TpyZa Ha ONU3KOM pAacCTOSHUHM B TEUCHHE KOPOTKOro cpoka (45 mmu) Ha OC
3pUTEIBHON CHUCTEMBI.

Tabauna 3

Cpeonue 3navenus QyHKYUOHATLHBIX NOKA3AMeNell 3pUmenbHOU CUCeMbl ONepamopos 8
Kaacmepax 00 u nocie GblNOIHEHUsL NPOU3B0OCTNEEHHO20 3A0AHUSL

YciaoBus Knacrep IToka3arejib
peructp. PAOD (1) PAOS (1) bt OD (cm) Bt OS (cm) Btk (cM)
Tlo 1 (n=26) 5,1+21 5,7+25 7,4 +3,0 72+1,8 5,6+28
2 (n=15) 2,7+1,8 3,7+2,5 10,3 +3,7 10,3 +3,0 84+43
ocre 1(n=19) 6,0+14 6,0+1,7 6,7+2,0 6,8+23 5,7+2.1
2 (n=22) 29+1,2 28+1,3 11,2+4,1 10,8 £4,1 9,9+4.2

B kaxxgom u3 BBIACICHHBIX KIIaCTEPOB KaK 10, TaK W ITOCIIC pa6OTI)I, ObLIH
OIPpEACICHbl CPEAHHUEC 3HAYCHHA MOKa3aTeJIe CaMOOIEHKUA H OpOBCACH aHaJInu3
)KaJ'IO6, OpEAbABIISIEMBIX OIIEpaTOPaAMMU.

HUCCIAENOBAHUE CTPYKTYPBI CBSI3Efl MEXIY ®YHKIMOHAJLHBIMHA
MOKA3ATEJISIMA 3PUTEJBHON CHCTEMBI ONEPATOPOB MPU 3PUTEJLHOM
TPYJIE

Jnst BBISBIICHHUS BIWSHHS 3pUTENBHOrO Tpyna Ha DC 3pUTETBHON CHCTEMBI
ObLIIa MPOBEIeHAa OICHKA CTPYKTYPHI CBS3eH MEXKIY IMOKa3aTesIMA B TIOTYICHHBIX
kiacrepax. GakTopHBIE MOIENN OBLIH TOCTPOEHBI C HCIOIH30BaHUEM ITOKa3aTenel
3pUTENFHON CHCTEMBI ONEPaTOPOB, OTHECEHHBIX K Pa3HBIM KiacTepaM, A0 U IOCIe
3pUTENBHOTO TPYJA C YIeTOM Bo3pacra (puc. 2).

Jlo paboTel B 000MX KiacTepax OBUIM BBIJCICHBI 1O JBa (hakTopa, 4YTO
yKa3bIBaeT Ha TUIACTUYHOCTH UCCIETyeMOi CHCTeMEI. B mepBoM Kiractepe BIUSHHE
nepBoro (pakropa MPUBOIAWT K yMEHBIICHHUIO Pa mpu yBemnueHWH Bo3pacTa, UToO
SIBIIsIeTCS 3aKOHOMEepHBIM. dDakTop Ha3BaH HAMHU «aKKOMOJIAIIMOHHO-BO3PACTHBIMY,
MpUYeM JaHHBIA (akTop CBsA3aH CO 3PUTEIBHBIM BOCIPHATHEM yIAJCHHBIX
o0bekToB. Bkian daxropa B 00mIyto aucnepcuro coctaBisieT 35 %, mpudeM BRI
BTOPOro (haKTOpa COCTABIET Takxke 35 %, UTO yKas3pIBaeT Ha MX PABHO3HAYHOCTh
B UCCJIEyEMOH CHCTEME.
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Puc. 2. CtpykTypa cBsi3eil Mex 1y IOKa3aTelIssMHU 3pUTETIbHOI CUCTEMBI
B (haKTOPHBIX MOJENAX IO U MOCTE 3PHTENBHOTO TPY/IA.

Bropoit Qakrop mepBoro kimactepa Ha3BaH HaMH «aKKOMOJAIIMOHHO-
KOHBEPI'eHTHBIM», 3TOT (haKTOp oOecreunBaeT paboTy Ha OJIIM3KOM PacCTOSHHUH 32
CUeT OIHOHAIPABICHHOrO W3MEHEHHs Ioka3areneii br obomx rmma3 um bBrk.
Konduryparus cBs3eil B cucreMe yKas3bIBaeT Ha €€ YHHBEPCAIBHOCTD, MTOCKOIBKY
(akTOpBI, 0OECTICUNBAIOIIIE 3PUTEIHFHOE BOCIPHUATHE BOJHM3M W BN, BHOCSAT
ONMHAKOBHI BKJIAJ B OOIIYIO UCIEPCHIO. YUUTHIBas TO, YTO 3PUTCIBHBIC
(YHKIUHI OIepaTopoB, 0Opa30BaBIINX IEPBHIN KiIacTep, Ooliee BBICOKHE, MOXKHO
TrOBOPUTH 00 3(h(HEKTUBHOCTH TOITYICHHOR CTPYKTYPHI.

Bo BTopoM kiactepe 10 paboThl pakTopsl HIMEIOT KOHDUTYpAIIIIO, OTIHYHYIO
OT KOH(UTypanuu B TEpBOM Kiacrepe. Tak, MOKas3aTelb BO3pacTa B IEPBOM
¢dakTope BXomuT B Hero BMmecTe ¢ br m BTk, KOTOpBIE CBs3aHBI ¢ paboTOH Ha
Omm3koM paccrossaud. C yBeIHMUeHHEM BO3pacTa MOKA3aTeNl YBEINIHBAIOTCS, YTO
COOTBETCTBYET WX pEaTbHOMY H3MEHEHHIO. JTOT (akTop Ha3BaH HaMHU
«BO3PACTHO-aKKOMOIAIIIOHHO-KOHBEPTEHTHBIMY, €TI0 BKIIAJ B OOMIYIO JHCIIEPCHIO
Oompmoit U cocraBigeT 54%. MOXKHO TOBOPUTH O €T'0 BEAYIICH POIU B CHCTEME,
YTO CBUJETEILCTBYET O CIELUAIM3ALMU TOJyYeHHOM CHCTEMBbl Ha BOCHPHUSATHE
uHpOpMAIX Ha OJIM3KOM PAacCTOSHUU. BTOpOit (hakTop - «aKKOMOIATMOHHBINY) —
o0ecIieunBaeT BOCIIPHATHE yIAICHHBIX 00bEKTOB, OH HE CBSI3aH C BO3PACTOM H €r0
CyMMapHBIH BKJIaJ
(akTopoB B 00mIyI0 Aucnepcuto coctaBiseT 80 %, Ha CIIyIaifHy 0 COCTABIIIOMIYIO
npuxonuTcs Tobko 20 %, 4To MOATBEpXKIACT YIAYHBIA BBIOOp MOKa3zaTelel st
OMMCAaHUS COCTOSHUS CHUCTEMbl. MOXXHO OTMETHTb, YTO BO BTOPOM KiacTepe
coOpaHBl OIMEepaTopbl ¢ HHU3KUMH 3pUTEIbHBIMA (QyHKOuAMU. [lomydennas
KOH(HUTYpaIis 3pUTENHHON CHCTEMBI OIEpaTOpOB BTOPOrO KiIacTepa MeHee

BKJIaJ] B OOMIyI0 JHCIIEPCHI0 cOCTaBiser Bcero 26 %.

YHHUBEPCAJIbHA W NpE€AHa3Hau€Ha, B OCHOBHOM, IJIA BOCIIPUATHA I/IH(i)OpMaI_[I/II/I Ha
OJIM3KOM PACCTOSAHHU.
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[Mocme paboTel KOHGUTypamuss mepBoro (akropa B TEPBOM KiIacTepe
H3MEHIIach. DTOT (DaKTOp Ha3BaH HAMH «aKKOMOJAIIMOHHO-KOHBEPT €HTHBIMY, €T0
BIUSHUE NPUBOJUT K OJIHOHAIIPABIEHHOMY H3MeHEeHH0 BT u BTk, KoTopbie
CBs3aHBI C BoOcIpuATHeM BOMM3W. Brxmag ¢akrtopa B 0OmIy0 IUCIIEPCHIO
yBemmumwics 1o 42 %, Torma Kak BKIAI «aKKOMOJAITMOHHOTO» (hakropa
ymeHbIIcAs 10 24 %. 3puTenbHBIA Tpyd Ha ONWU3KOM PACCTOSHUU TIPHUBEN K
YBEIHMUSHHUIO PO (pakTopa, 0O0ECIEUNBAIOMIETO IMEHHO 3TOT BHI ISSITEIEHOCTH.
Bo BTrOpoM KiacTtepe mociie paOOTHI TaKKe W3MEHHIACH KOHQUTYpALHs CBSI3CH.
[lepBeIif akTOp — «aKKOMOAAIMOHHO-KOHBEPTECHTHEI» TEleph HE CBs3aH C
BO3PacCTOM, a BIHSET TONBKO Ha IIOKa3aTelw, OOECIeUMBAIOIINE 3PUTEIBHOE
BOCIIpUATHE Ha OJIM3KOM pacCTOSHUH. BTOpol (akTop — «aKKOMOZAIMOHHBIN
MO-TIPSKHEMY 00eCIIeunBaeT BOCIIPUSATHE BAATb.

Takum 00pa3oM, 3pUTETBHBIA TPyd HAa OJNM3KOM pPACCTOSHUHM IPHBOIUT K
W3MEHECHUI0 KOH(UTypammu CBsi3eld B cHCTeMe, O0eCleUMBaIOIIeH 3pHTEIBFHOE
BOCIIpUATHE, MPUYEM HM3MCEHEHWs 3aBUCAT OT e¢ (PYHKIUOHAIBHOTO COCTOSHHSL
[Ipu BBICOKHX (hYHKIMOHATBHBIX BO3MOKHOCTSIX CHCTEMBI B HCXOJHOM COCTOSIHAU
CYIIECTBYET [Ba pPAaBHO3HAYHBIX MEXaHH3Ma, OOCCICUMBAIOIINX 3PHTEIHEHOE
BOCIIPUATHE BIAlb W Ha ONHM3KOM paccTosHuU. [lpm 3puTenpHOM TpyIe Ha
OJM3KOM PACCTOSHUM B JTOH CHCTEME HAa TEPBBIA IUIAH BBIXOAUT MEXaHH3M,
oOecrieunBalOMuUil  Takoi BUA  NEIATENFHOCTH. B cucreMe ¢ HH3KHMH
(YHKINOHANFHEIMA BO3MOXKHOCTSIMH B HCXOIHOM COCTOSHHH Ha TIEPBOM IDIaHE
HAXOMUTCS MeEXaHW3M, OOCCIIEUMBAIONIMK 3pPHUTENEHOE BOCHPUATHE BONM3H, a
BTOPOH MeXaHW3M, 0OSCIIEUNBAIONINN BOCIIPUATHE BB, MPEACTABICH HAMHOTO
cmabee. Ilocme 3puTenpHOrO TpyZa TaKOE€ COOTHOIICHHE MEXKAY OTHMHU
MEXaHU3MaMHU COXpaHIeTCs.

[IpencraBisger uHTEpeC aHalU3 pe3yJlbTaTOB CAMOOLEHKH COCTOSIHUS
OlepaTopoB M3 Pa3HBIX KJIACTEPOB, MPOBEAEHHBIA C  HCIIOJIb30BAaHUEM
paspaboranHOil Hamu aHKeTHl. llomcuer cpemHuX OAIOB B COOTBETCTBHH CO
CTPYKTYpoO# >kamob (puc. 1) mokasai, 9To B IEPBOM KiacTepe >KanoObl 0OIIero
xapakrepa omneHeHsl B (5,9 + 2,1) Oamma, 3puteneHbie — (7,2 £ 2,6) Oamia,
mrasaeie — (1,9 & 1,3) 6ara, BOCCTaHOBIJICHHE MTOCIIE HOYHOTO cHa — B (4,5 £ 1,5)
Oamra. Bo BTopoM kiacrepe kanoObl obIiero xapakrtepa coctaBmid (3,8 £ 1,8)
Oamra, 3putenbHele — (4,9 + 2,5) OGamra, tmasaeie — (1,1 + 0,7) Oamna,
BOCCTaHOBJIEHHE Tocie HowHoro cHa — (3,9 £ 2,0) 6amma. Ilpu cpaBHeHWMH
MOJly4YEHHBIX B KJacTepax pe3yJbTaTOB CaMOOLEHKHM C HCIIOJIb30BaHUEM
HEeapaMeTPHIeCKOro Kpurepus MaHHa-YHUTHH OBLTO YCTAaHOBJIEHO, YTO BO
BTOPOM KJIACTEPE JTOCTOBEPHO ciabee, YeM B ITEPBOM, BEIPAXKECHEI JKaI00BI 00IIero
xapakrepa (p < 0,05, U = 90) u 3purensusre xamodsl (p < 0,05, U = 101). Ilo
OCTaIFHBIM ITO3HUIMSIM TOCTOBEPHBIX PAa3IUUNil HE BRISBICHO, XOTSI CpEeIHUE OalIhl
BO BTOPOM KJacTepe HECKONbKO HIbKe. llomyueHHBIe pe3ynbTaThl MOTYT
CBUICTEIBCTBOBATH O TOM, UTO JIUIIA, OTHECEHHBIE KO BTOPOMY KJacTepy, Oombie
MIPUCIIOCOOJIEHBI K paboTe Ha OJM3KOM PACCTOSHUH, YTO TAKKe MOATBEPKIACTCS U
KOH(UTypaIueil cBsi3eid B (PaKTOPHBIX MOJECISX (pHC. 2).

B cBsi3u ¢ 3TUM mpeACTaBIsAeT ONpEAeNCHHBIH MHTEpEeC aHaju3 CTPYKTYpPbI
CBA3EH MEXIYy MCCIEeIOBaHHBIMHM IOKa3aTeNsIMH CaMOOLIEHKH B BBIJIEIIEHHBIX
KJIacTepax C y4eToM Bo3pacTta (puc. 3).
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Puc. 3. CtpykTypa cBsi3eil Mexy OKa3aTelsiMi CaMOOLIEHKH OIIEpaTopoB
B (haKTOPHBIX MOJENAX IO U HOCTE 3PHTENBHOTO TPY/IA.

Jlo pabGoTel B TmepBOM Kiactepe OBUIO BBIIENCHO ABa (akTopa. [leporit
(akxTop, Ha3BaHHBIN HAMH (PaKTOPOM «YTOMIICHHS», IPUBOIUT K POCTY OOILIEro U
3pHUTENHFHOrO yTOMJICHHUs. Briran aToro hakropa B OOIIYIO TUCIIEPCHIO COCTABIISIET
30 %. BTopoii hakTop — (PaKTOp «BOCCTAHOBICHHS», BKJIAl KOTOPOTO B OOIIYIO
IUCTIEpCHIO cocTaBmI 27 %. DTOT (hakTop MOBHIIIAET Ka4eCTBO BOCCTaHOBIICHUS
II0CIA€ HOYHOIO OTAbIXda, IPUYEM OHO CYLIECTBEHHO 3aBUCHUT OT BO3pacra.
CyMMapHBIH BKIIAJ STHX ABYX (PaKTOPOB B OOLIYIO TUCIEpCHIO cocTaBui 57 %,
YTO YKa3bIBaCT HA 3HAYUTEIHHOE BIHMSHHUE CIIy9aifHONW cocTaBistonmeil. Bo BTopom
Kjactepe (aKTop «yTOMJICHUS» OOBEOUHSIET BCE BapuUaHTHl IIOKa3aTenei
YTOMIICHHS W TPHUBOAWT K HX pocTy. Biman ¢akropa B OOIIyI0 IUCIIEPCHIO
cocraBysieT 46 %. DaKkTop «BOCCTAHOBJIECHUA» B 3TOM KJIACTEpPE HUMEET TaKylO JKe
KoH(HTYpaIiio cBsi3ell, Kak U B TIEPBOM KIIACTEpe, HO HAIIPaBICHUE dTHX CBs3ei
oTnnyaeTcs. B 3ToM knactepe BOCCTAaHOBIICHHUE JyUIll€ IPY YBEIMYEHUH BO3PACTa.
CymmapHBIii BKJIa] (akTOpOB, BBIICICHHBIX BO BTOPOM KJIACTEpE, COCTABIISIET
73 %, 4TO CyILIECTBEHHO BBILIE, YEM B IIEPBOM KJIacTepe.

Paznmuumss Mexmy KimacrepaMH COCTOAT B 3HAYCHHAX (PYHKIIMOHATHHBIX
rokaszareneii. B mepBoM KiacTepe ITOKa3aTeld BBICOKHE H COOTBETCTBYIOT
BO3PACTY, & KAYECTBO BOCCTAHOBJIEHUS CHUXKAETCS C YBEIWYEHUEM BO3pPACTa, 4TO
MOXHO OOBSCHUTH HANpPsHKEHHEM aKKOMOAAIMOHHONW (YHKIUH M Pa3BUTHEM
COCTOSTHIISI, CXOJHOTO CO clta3MoM akkoMomaruu. Cra3M akkOMOJAITH OOBIIHO HE
MIPOXOAUT MPOBENCHNSI COOTBETCTBYIOIINX JICUEOHBIX  MEPOIIPHATHI
[13-15].

Bo BTOpOM KI1acTepe KauecTBO BOCCTAHOBIICHUS ITOCIIE OTBIXA MOBBIIIAETCS C

0e3

YBEIMUEHUEM BO3pacTa, YTO MOXKET OBITH CBSI3aHO C 0OJIEe YaCTHIM Pa3BUTHEM Y
OIepaToOpoOB CTapulero BO3pacTa COCTOSIHUS 3PUTENBHOTO YTOMIIEHHS. ITO
COCTOSTHHE SIBJISACTCS (PU3UOJIOTHICCKIM U OOBIYHO MPOXOAWT ITOCIE OTABIXA U HE
TpeOyeT CrenuanbHONH KOPPEKIIUH.
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Kak Oputo ykazaHo paHee, COCTaB KIIACTEPOB IIOcie pabOTHI HECKOIBKO
u3MmeHmwica. CpeHUN BO3pacT ONEpaTOpPOB B KiacTepax OIMHAKOBHIA. B mepBom
KJIacTepe IMO-TIPEeXKHEMY COOpaHBI OIMEpaToOphl ¢ OOllee BHICOKUMHE 3PHUTEITBHBIMU
¢GyHKIUAMH, 9eM BO BTOpoM. Temeps B mepBoM Kiactepe (HakTop «YTOMIICHHS
00bENHSET BCE TPH IIOKA3aTeNs YTOMICHHS W MPHBOOUT K MX POCTy, (HakTop
«BOCCTAaHOBIICHHS» COXPAaHIJI CBOIO KoHurypanmio. CyMMapHBIH BKIax
(hakTOPOB B OOIIYIO IUCIIEPCHIO TOBBICKIICS M COCTABISET 65 %.

Bo BrOopoMm kmactepe (akTOp «YTOMICHHS» CBs3aH C OOMUM M TJIA3HBIM
yromieHueM. @akTop «BOCCTAHOBJIEHUS» B 3TOM KIIACTEPE CBS3aH C BO3PACTOM U
3pUTEIbHBIM YTOMIIEHHUEM, NPUYEM KaueCTBO BOCCTAHOBJIEHUS IIOCIE HOYHOIO
OTJbIXa YIIY4IIAETCS IPU CHIXKEHUH 3pUTEILHOIO YTOMIICHUSI.

[onyuennas xoHpUTypanus HaKTOPHBIX MOJENEH MOATBEPKAACT PA3IUIHYIO
OpraHM3alyi0 3PUTEIBHOM CHCTEMBI y ONEPAaTOPOB C BBICOKUMH M HHU3KUMH
3pUTENBEHBIMA (PYHKIASIMHE.

Ha ocHoBaHMM MNpOBEAEHHBIX HCCIEAOBAaHUM MOXHO YTBEpXKIaTh, UYTO Yy
orepaTopoB Ooliee MOJOAOrO BO3pacTa ¢ Oollee BBICOKAUMH 3PHUTEIBHBIMU
¢yaknusmMu (TIEpBBIM  KiacTep) 3pUTEIBHBIN TPy Ha ONHM3KOM pPacCTOSHUH
BBI3bIBAET  COCTOSIHME, CXOIHOE€ CO  CIa3MOM  aKKOMOJALUWH, MpUYEM
BOCCTAaHOBJIEHHE IOCJIE HOYHOI'O OT/AbIXa B 3TOM KiacTepe Xyxe. Y OIepaTopoB
cTapmiero Bo3pacTa ¢ Oojee HU3KAMHU 3pUTEIBHBIMHA (QYHKIHSIMH KadecTBO
BOCCTAHOBIICHHS TIOCIIC HOYHOTO OTIHBIXa BBINIE, YTO OOYCIOBJIEHO Pa3BUTHEM Y
HUX B pE3yJlbTaTe 3PUTEIBHOTO TPyHa COCTOSHHS 3pUTEIBHOIO YTOMIICHUS,
KOTOPOE JIy4Ille TPOXOAUT I10CJIe HOYHOI'O OTAbIXA.

HMHAEKCHI ®YHKIHHUOHAJIBHOI'O COCTOSAHUA 3PUTEJBHOW CHCTEMBI
OIIEPATOPOB

Anamm3 auHAMHKA (QYHKOMOHANBHBIX TOKazaTened 3C B pesymbrare
3pUTENFHOrO Tpyda Ha ONHM3KOM pAacCTOSHUH IIOKa3ajl HaIWYHe pa3IMYHBIX
coueTaHNid WX M3MeHeHHH. [10CKONBKY 3pHTENFHOE BOCIIPHUATHE BAAND W BOIM3H
obecrieunBaeTcss pa3HBIMH ~ MEXaHU3MaMH, TO COOTHOIICHWE 3HAYCHUU
¢yHKIMOHANBHBIX TOKa3aTeneld 3C MokeT OBITh pa3nuyHeiM. Ha ocHoBaHHMH
MIPOBEICHHBIX HCCIIEIOBAaHUN HaMM BBIABJIEHBl OCHOBHBIE BapHaHTBhl W3MEHEHHUI
(GyHKIMOHANBHBIX MMoKa3zarenedl 3C, 4TO IMO3BONMIIO TPEIUIOKHUTH CIEAYIOIIYIO
knaccudukanuio (Tadi. 4).

YuuteiBas MHOroo0pasue BO3MOKHBIX COYETaHUU W3MEHEHHH
¢yHknuoHanpHEIX mokaszateneid 3C, oOecreunBalOmUX IPHEM BHU3YaIbHOU
WHpOPMAIINH, IUIS CPaBHEHHUS PE3yNbTATOB HWCCICHOBAHWA HaMmu ObDT BBEICH
uHAEKC (YHKIHOHAIBRHOTO cocTOsHUS 3purenbHON cucteMbl (IFSVS). Pacuer
IFSVS ocymmecTBIsmics cieIyromnimM 00pa3oM.

1. BpluMcnsnuch OTHOLIEHHMsSI KOHEYHOr'0 3HA4YeHMs IoKazaTens (Imocie
3pUTEIbHOM HAarpy3Kd) K €ro HCXOAHOMY 3HaueHuIo (10 Harpysku). Pacuer
TIPOBOAMJICS TSI KaXKIOT'0 U3 IISITH TTOKa3aTenel (pyHKIIMOHAIBHOro cocTosHus 3C
(Pa OD u OS, br OD u OS, btk). B pe3ynpraTe ObUH MONTYIEHB OTHOCHTEIBHBIE
3HaYeHUs JTHX IOKa3aTened. Ecny moixydeHHOe OTHOCHTENhHOE 3HAaUeHUE OBLIO
OoIbIlIe €IMHUIIBL, TO 3PUTENBHBIN TPy BBHI3BIBAN pocT Pa mim ymaneHue oT ria3
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br u b1k, eciin MeHbIe, To Pa yMeHbIIMIIHCH, @ BT 1 BTK mpuOIU3MINACh K TIa3aM.
[lepeuncinenHbie W3MEHEHHS] XapakTepHBI s pas3Heix coctosamii 3C. Ecmm
MOKa3aTeNb He U3MEHSUICS (€r0 OTHOCHTENHHOE 3HAYCHHUE PABHSIIOCH SAMHUIIE) —
3TO CBHJICTEIILCTBOBAJIO O CTAOMIBHOM (yHKIHOHHpoBaHuu 3C.

Tabauna 4

Knaccughuxayusi 603M0HCHBIX COOMHOUEHUN UBMEHEHUT 3HAYCHUT (DYHKYUOHATIbHBIX
noxazameneti 3pumenbHoU CUCeMbl Npu 3PUMenbHOM mpyoe

Cocrosinne 3C XapakTtep n3MeHeHus OKa3areliei
Pa bt bk
TpaH3uTOpHAs MUOTIUS Poct YMeHbIIeHne YMeHbIIeHne
3pHTeIbHOE YTOMIICHHE YMeHblieHue Poct Poct
Cria3m aKKOMOJIAI[HH Be3 uzMeHeHus Him YMeHbplieHne YMeHbplieHne
YMEHbLICHHE
YTomiieHue, CBSI3aHHOE C be3 uzmenenus nim Poct Poct
BOCIPUSTHEM BOJIM3H YMEHbLICHHE
CrabuspHoe bBe3 uzmenenus bBe3 uzmenenus bBe3 uzmenenus
(yHKIIMOHUpPOBaHHE

2. Bce momydeHHBIE ~ OTHOCHTENBHBIE  3HAYCHWS  (PYHKIIMOHAJIHHBIX
nokazateneit 3C  cymmupoBasiuch, a nonydeHHoe 3HaueHue IFSVS
HCIOJIB30BANIOCH JIsl IajbHEUIINX UCCIeIOBAHUNA.

Yem Beime 3HaueHue IFSVS Oputo momyweHo, TeM Oonee BBIpa)KEHHBIE
u3MeHeHus: B coctossHuM 3C BbI3bIBAT 3pUTENbHBIA Tpyd. OIHAKO NpPU OLIEHKE
IWHAMUKH 3HadeHWd mokaszatenedt 3C B pe3ynpTaTe 3pHTENBHOrO TpyHa OBLIH
BBISIBJIEHBI UX pa3HOHAIIpaBJIeHHblE U3MEeHEeHUs (Hampumep, pocT Pa couerancs c
yMmenblieHeM bt 1 BTk), 4To MOXeT nmpuBecTd K OJMHAKOBBIM 3HadeHusM [FSVS
npu pazHeix OC. UToOB ydecTh BOBMOXKHOCTD TaKOH CHTYAITMH W HCKIIOYATH €
BIIMSIHUE HA Pe3ybTaThl HCCIENOBAHNI OBUTM BBEICHBI €IIe Ba MHAEKCA: WHACKC
npuema 3puTenbHoi nHpopManun BOmm3u (IRVISD) n napexc akkomonmarmm (1A)
(tabm. 5). IRVISD Beruncisiics tax ke, kak u IFSVS | Ho Brimto9an Toneko cymmy
OTHOCHUTENBHBIX W3MEHEHUH Ooiee CIeMU(pUICCKUX IS 3pUTEIBHOTO TpyAa Ha
Omm3KoM paccTosHuH mokaszarteneit (br obonx rimas n brk). IA paccunteiBancs xak
CyMMa OTHOCHTEIBHBIX H3MeHeHnH Pa o0onx rina3. dakrinaecku

[FSVS = IRVISD+IA.

Pacuer Bcex Tpex MHIEKCOB MO3BOJSET Y4ECTb BCE BO3MOXKHbBIE M3MEHEHUS
nokazateneil 3C npu 3pUTeNbHOM TpYIe.

[ockonmpky OonpIIyf0 MpoOOIEMY COCTAaBISIOT B  HACTOANIEE BpPEMs
ACTEHONMYECKNE COCTOSAHUSA ONEPAaTOPOB, AJIS OLIEHKH CTENEHU UX BBIPAKEHHOCTU
OBl BBeIEH MHIEKC 3pUTeNbHBIX acTeHonmid (IVA). Uunmekc paccumThiBaics Kak
cymMMa 0ajioB, COOTBETCTBYIOIIAS 3PHUTENFHBIM M TJIA3HBIM JKallo0aM, a Takxke
kayobaM obmiero xapakrepa (puc. 1). Hcnonw3oBanwme IVA mosBonser
KOJINYECTBEHHO OLIEHUTh CTENEHH BBIPAXKEHHOCTH 3PUTEIbHBIX aCTEHONUH Yy
Ka)KIO0TO UCIIBITYEMOT0, OTHECEHHOI'O0 K COOTBETCTBYIOLEMY KJIACTEPY U BBISIBUTH
ux cBsi3b ¢ OC 3pUTEIIbHOM CUCTEMBI.

© A.C. Eerymenko, JI.M. Kozak, M.JI. Kounna, 2016
ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texn. 2016. 69



Tabauna 5

Cpednue 3HAYEHUsI OMHOCUMENbHBIX NoKazamenell 3pumeﬂbnoﬁ cucmembol
U UHOCKCOB 6 8blOCICHHBIX Kiacmepax

IMoka3zarenn Kutactepsl
1 2
Pa OD 1,2+0,6 1,0+0,7
Pa OS 0,99+0,8 0,8+0.4
br OD 0,99+0,4 1,0+0,4
br OS 1,1+0,5 1,1+0,4
btk 0,95+0,5 0,99+0,3
IFSVS 6,8+33 49+14
IRVISD 4,6+2.9 3,1+1,0 *
1A 2,2+1.2 1,8+1,0
IVA 15,0+4,6 9,9+4 8%
HpI/IMe‘{aHI/ICZ * pasianunAa MEXAy CpCAHUMH 3HAYCHUAMU oKazaTeyen

MIEPBOT0 U BTOPOTro KilacTepa I0OCTOBEPHBI 10 kpuTeputo Manna-Yutau (P < 0,05).

Amnanu3 3HaYeHUH WHIEKCOB (Tabn. 5) mokasan, uto mo mokaszatento [FSVS
JIOCTOBEPHBIC OTIHYUS MEXIy KIacTepaMd HE BBISBICHBI, YTO MOXET OBITh
CBSI3aHO C HAJIMYMEM Pa3HBIX BAPHAHTOB COUETAHUH M3MEHEHHH (hYHKIIMOHAIHHBIX
nokazateneil. 3HaueHus IRVISD, XxapakTepu3yrowero BOCHPUSTHE BU3yaJlbHOU
uHpOpMAIK BOIH3M, B KIACTEpPaX JOCTOBEPHO pazaHdaroTcs. MOXXHO OTMETHTD,
9T0 OONiee BBRIpaKEHHBIE M3MEHEHHUS ITOKa3aTeNnel, 00eCcIeunBaIOINX BOCIPHATHE
BOJIM3HM, IMEIIH MECTO B TepBoM Kiactepe. C Apyroil CTOpOHBI, B 3TOM Kilactepe
mony4yeHbl joctoBepHo (P < 0,05) Oombmme 3Hauenws IVA. IlomydeHHbie
pe3yNbTaThl  MO3BOILIIOT TOBOPUTH O OONBIIEH CTEMEHW BBIPAKEHHOCTH
3pUTENBPHBIX ACTEHONHW Yy OIEepaTopoB IEpBOro kKiacrtepa MW Oonmbrieit
BBIPaXXEHHOCTH OTHOCUTENIbHBIX H3MEHEHHH B CUCTEME IpHeMa BU3yaJlbHOU
HHpOpMAIIH BOIH3H, YTO MOATBEPKIAIOT PEe3yIbTAThI, IPUBEICHHBIE paHee. DTOT
(dakT MOXeT OBITh WCIIONB30BaH IS IMOCTPOCHHUS MOICTH HHIWBHAIYAJIEHOTO
MPOTHO3a CTENEHHM BBIPAXKEHHOCTH 3pPHUTEIbHBIX ACTEHONUH, BO3ZHUKAIOUINX B
pe3yJbTaTe 3pUTENbHOrO Tpy/Ia.

3nauennss [A B o0omx KiracTtepax HEOONBIIHE, YTO OOBICHICTCS
0COOEHHOCTBIO 3PHUTENFHOTO Tpyda OmepaTopoB. He BEBISBIEGHO JOCTOBEPHBIX
OTJIMYUN MO ITOMY MOKA3aTeNI0 MEXIY KJIACTEpaMH, YTO YKa3bIBaeT HA CXOJHBIE
W3MEHEHHs B almnapaTe aKKOMOJAIMH NPH 3PUTEILHOM BOCHPUSATHH YAAJICHHBIX
00BEKTOB.

Acrenonuueckue coctosiaus yxyamaroT OC onepaTopa, OKa3bIBalOT BIUSHUE
Ha KauecTBO BBINIOJHEHUs TPOU3BOJACTBEHHBIX 3aJaHUH, CYIIECTBYIOT IJIMTEIbHOE
BpeMs H TpeOYIOT CIelHatbHON KOPPEeKINH U JiedeHus [6]. B cBs3u ¢ atuM, mpu
MpOBEIeHNU MpodecCHOHaTbHOTO OTOOpa Ha OIEepaTOPCKHE CHENHATBHOCTH,
merecoodpa3Ho  ObUIO OBl OIEHHTh CKIOHHOCTh KaHIWIAaTa K Pa3BUTHIO
3pUTENbHBIX acTeHonuU. [Ipu BbISBIEHUH HaMU4us y KaHAMJATa CKIOHHOCTH K
MOJOOHBEIM  COCTOSIHHSIM ~ BO3MOXKHBI ~ JIBA  IIYTH  PEIICHUS  MPOOJIEMEI:
PEKOMEHIIOBATh KaHAWUIATY MPOPECCHIO, CBSI3AHHYI0 C MCHBIINM 3PHUTEIBHBIM
HanpsHKEHUEM, WIM WHAWBUAYAIbHYIO TPOrpaMMy KOPPEKLUH HMEIOIErocs
coctostamst 3C 1 MpOoQHUIAKTHKA 3pUTENBHBIX aCTCHOIHMHA. DTa mporpaMma MOXKET
BKJIIOYaTh COOTBETCTBYIOLIYIO ONTHUYECKYIO KOPPEKLUHIO, MEIMKaMEHTO3HbIE
CpEICTBA, COOTBETCTBYIOILME YIIPAXKHEHUS JUIA TJ1a3 U 3pUTENIbHON CUCTEMBIL.
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MU CCAETOBAHUE CTPYKTYPbI CBSI3Ei MEXY HHJIEKCAMU
®YHKIMOHAJILHOTO COCTOSIHUS 3PUTEJILHOI CUCTEMBI OIIEPATOPOB TP
3PUTEJILHOM TPYJIE

C wucnonp3oBaHWeM pa3paboTaHHBIX Hamu wuHAEkcoB @OC 3puTenpHOM
CHCTEMBI ISl KaXXIOro M3 KIACTepOB OBUTM IOCTPOCHBI (PAKTOPHBIC MOIEIH
(puc. 4). Kaxxnas u3 MOTyYEHHBIX CTPYKTYpP IUIACTHYHA, MOCKONBKY 0Opa3oBaHa
nByMs pakTopamu. MOKHO OTMETHTE, YTO CYMMAapHBIH BKIAT (pakTOpoB B OOIIYIO
IHcIepcuio B 000MX Kiactepax gocrarogHo Oompmont (80 % u 87 %), uto
VKa3pIBaeT HAa ONTHUMAJBHBIA BBIOOp IMOKa3aTeled s OMUCAHUS HCCIeTyeMOon
CHCTEMEI, TOCKOIBKY BKJIA]] CITyIaifHOH COCTABILIIONICH He3HAUUTEIICH.

1 kaacrep N 2 Kaacrep
09 JFSVS 09
L 1
DVHEIIOHANTEHEIT DYHKIIMOHATEHO -
[ 1 ACTEHOIMMHY ECKHIT
o IRVISD 0.9
499% _— 590
]
-0.8 IA 09
AxroMonaioHHO- =
ACTEHOITHY eCKITH ARKOMOZALIMOHHEI
0.8 -
31% L 28%
800p 87%

Puc. 4. CtpykTypa cBsizeil MeX 1y UHIEKCAMU () YHKIIMOHAIBHOTO COCTOSTHHS
3PUTENIBHON CUCTEMBI OIIEPATOPOB MIPHU 3PUTEIIBHOM TPYIE.

B mepsom kmacrepe (puc.4) TepBblid  (akTOp Ha3BaH ~ HaMH
«(hyHKIHOHATBHBIMY, TOCKONBKY OH BiuseT Ha IFSVS u IRVISD u BeI3bIBacT nx
OTHOHAIPABIICHHBIE M3MEHEHMs. Bkimam 3Toro ¢axropa B OOLIyI0 AUCIEPCHIO B
JaHHOM CTPYKType OCHOBHOM M cocTaBiseT 49 %, Torma Kak BKJIaZ BTOPOIO
¢dakropa cocraBmsger Toinbko 31 %. BTopoil daxTop — «aKKOMOTAIMOHHO-
ACTCHONWYECKNI» — BIIMAET Ha COCTOSHME AaKKOMOJALMHA BIAIb W HWHICKC
3putenbHbIX acteHonuil [IVA. Tlpuuem camxernne [A cBsizano ¢ poctom IVA, ..
YXYOUIIEHHE aKKOMOJALWW BIAIH, XapaKTEpHOE [UIS 3PUTEIBHOTO YTOMIICHMS,
MPUBOOUT K POCTY BBHIPAKEHHOCTH ACTCHONMWYECKUX JKalod Yy OIepaTopoB,
OTHECEHHBIX K IIEpBOMY KiacTepy. B 3ToMm Kiactepe Takke HaOIOmaeTCs
JIOCTOBEPHO OoJiee BRIPaKCHHOE M3MEHEHIE TTOKA3aTeNel aKKOMOIAITIH s OJI3H
B pe3yJabTaTe 3pUTENBLHOrO Tpyaa (Tadi. 5).

Bo BTOpOM KitacTepe mMmeeT MecTO OBITh Apyras curyamus. I[VA BXomuT B
MepBBIA  (pakTop — «(PYHKIHOHATHHO-aCTCHONMYECKHIIT» W CHIDKAETCS MpU
yeemmuernn [FSVS u IRVISD. B nanHoM crmydae ymaneHne oT ria3 Ommpkaifmmx
TOYEK SCHOTO 3pEHUs, XapaKTepHOE Uil Pa3BUTHS COCTOSHHUSA 3pUTEIBHOTO
YTOMJICHUS, NMPUBOANUT K CHI)KCHHMIO CTCIICHH BBIPAKEHHOCTH ACTEHOIMUYECKHUX
%ano6. JaHHeId (hakTOp B CTPYKTYpE TIIABHBIN, IOCKONBKY €ro BKJIAJ B OOIIYFO
IHCTIEPCHIO BIIBOE OOJbBIIE BTOpOro (akTopa. Panee yka3pIBajioCch, YTO B MEPBOM
KJIacTepE 3PUTEIBHBIE ACTCHONNHU BBIPAKEHBI CHIIBHEE, YEM BO BTOPOM, IIPAUYEM BO
BTOPOM KJIacTepe COOpaHBl OmepaTopsl ¢ Oojee HU3KUMH 3PUTEIBHBIMU
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GyHKIMSAMH, a B TIepBOM — 0ojiee MOJOIBIE OINEpaTOpPhl C BBICOKHUMH
3pUTEIbHBIMA (YHKIHSIMHU. [lonmydeHHas koH(pWrypamus cBs3ed B (akropax
pasHBIX KJIACTEPOB MOXKET YKa3blBaTh Ha pa3HbIe MEXAHH3MBI aJarTalul
orepaTopoB kK pabore Ha IIK, KOTOpbIe 3aBUCAT OT COCTOSIHHS HX 3PHTEIBHBIX
(O YHKITHIA.

Bo BTOpOoM Kiactepe BTOpoW (hakTop — «aKKOMOJAIIMOHHBIN» — BIHASET
TONBKO Ha TA.

Takum oOpasom, IVA B miepBOM KiacTtepe CBSA3aH C IIOKa3aTelieM,
XapaKTePU3YIOIIHM 3pUTETBHOE BOCIIPUSATHE yIaJeHHBIX 00BLEKTOB,
a BO BTOPOM — 3pHTEIBHOC BOCIpHATHE BOMW3W. PasHas cTpykTypa cBsized
WHICKCOB B KJIacTepax VyKa3plBaeT Ha pas3Hble MEXaHW3Mbl 3PUTEILHOTO
BOCIIPHUSATHS, OOECIIEUMBAIONIHE TPOPECCHOHATBHYIO JAEATSIbHOCTh. bombImas
BBIPa)KCHHOCTh 3PUTEIILHBIX ACTCHONHH y ONEPaTOpPOB, OTHECEHHBIX K MEPBOMY
KIIacTepy, yKa3plBaeT Ha HEOOXOIMMOCTH: YIIIYOJEHHBIX  HCCIICIOBaHHUMA
3pUTEIBHBIX PYHKIUH P MPHEME Ha ONIEPATOPCKUE CIIEIUATBHOCTH, TPOBEICHHUS
JIOTIOJHATEILHBIX TECTOB JUIS BEISBIIEHMS CKIOHHOCTH K aCTEHOIMYECKHM
COCTOSIHHSIM TIpH TIPO(eCCHOHATTLHOM OTOOpe M Pa3spaOOTKH WHIAWBHIYaTbHBIX
MpoOrpamMm MpopUIaKTHKH 3PUTEITLHBIX PACCTPOHCTR.

BBIBOBI

3pUTENbHBIA TPyo Ha ONW3KOM pPACCTOSHUHM MPUBOOUT K H3MEHEHHUIO
KOHUTYypari  CBsi3eid  MEXKAYy  IOKA3aTeNsIMH  3pPUTENBHOH  CHCTEMEL,
00€ecCIIeunBaONIIMI  3pUTENBHOE BOCIPHATHE, MPUYEM XapakTep H3MEHEHHH
3aBHCHUT OT 3HAUCHUH JTHX ITOKa3aTeNei.

[Ipu BBICOKHX (QYHKIMOHATHHBIX BO3MOXKHOCTSIX 3PHTEIBHONW CHCTEMEI B
HUCXOJHOM  COCTOSHHHM  CYIIECTBYeT  JBa  PaBHO3HAYHBIX  MeEXaHH3Ma,
00ecIIeunBaIOIAX 3pUTENFHOE BOCIPHATHE BIANb W HA OMU3KOM PAcCTOSHHH, YTO
CBUICTEIBCTBYET 00 YHHBEPCAIBHOCTH TAKOH CHCTEMEI. [IpHm 3pUTENBHOM TpyIe
Ha OJIM3KOM pPacCTOSHUM B 3TOH CHCTEME Ha MEpPBBIA IUIAH BBIXOIUT MEXaHH3M,
00ecIIeunBaOMi ATOT BHJ 3PUTECIBHOTO BOCIPHITHS, O Y€M CBHUICTEIHCTBYET
H3MEHEHUE KOH(DUTYpaIiK CBSI3eH MEXKAY MOKa3aTeNIMH B (DaKTOPHOH MOJEIH.

B cucreme ¢ HM3KEMH (HYHKIHOHAIGHBIMA BO3MOXKHOCTSMH B HCXOIHOM
COCTOSHMHM Ha TIEPBOM IUIaHE HAXOOWTCS MEXaHHW3M, oOOecleunBaommi
3pUTENFHOE BOCHpHUATHE BONHM3M, a BTOPOM MeXaHW3M, oOOecIeunBaOIMi
BOCIIpUATHE BIallb, MpeicTaBieH HamHoro ciabee. [locne 3purenmpHOrO Tpyma
TaKO€ COOTHOIICHUE MEKAY STHMU MEXaHU3MaMH COXPaHSIETCS.

AHamu3 pe3ynpbTaTOB CaMOOICHKH COCTOSHHS OIEpPaToOpoB C pa3HBIMH
(YHKINOHANBHEIMA BO3MOKHOCTSIMH 3PUTEIBHON CHUCTEMBI C HCIONB30BAHAEM
pa3paboTaHHOM  aHKeTHl TOKa3ajx, 9YTO y  OIEepaTopoB C  HHU3KUMH
(YHKINOHANFHEIMA BO3MOKHOCTSIMH JIOCTOBEpHO ciabee (o kpuTeputo MaHHa-
YUTHH) BBIpaXeHBI kano0s! obmero xapakrepa (p < 0,05, U = 90) u 3purencHbIe
xanoOsI (p < 0,05, U =101), geM y onepaTopoB ¢ BHICOKAUMH (HYHKIIOHATHHEIMU
BO3MOXKHOCTSIMH. [lONydeHHBIH pe3ynbTaT MOXKET YKa3bIBaThb Ha OONBIIYIO
MPUCIIOCOOTIEHHOCTD OIEPaTOPOB ¢ HU3KUMH (PYHKIIMOHATHHBEIMA BO3MOKHOCTSIMU
3PUTENFHON CHCTEMBI K 3pUTENFHOMY TPYAY Ha OJIM3KOM PacCTOSHIH.
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Ha ocHoBanmm anamm3a KoH(urypammu cBs3eii B (DaKTOPHBIX MOJENSAX,
MIOCTPOEHHBIX C HCIOJIb30BAHMEM IIOKa3aTesieil CaMOOLIEHKH OIEepaToOpoB U
MOKa3aTeNei 3pUTeTbHON CHCTEMBI, MOYKHO YTBEPXKIATh, UTO Y OIEpaTOpPOB Oolree
MOJIOZOTO BO3pacTa ¢ OoJee BBHICOKHMMH 3PUTEIBHBIMA (DYHKIHSIMH 3PHTEITbHBIN
TPy Ha ONM3KOM pACCTOSHUH BBI3BIBACT COCTOSHHUE, CXOOHOE CO CIIa3MOM
AKKOMOJAIlMM, TpPUYEeM BOCCTAHOBJIEHHE IIOCJI€ HOYHOIO OTAbIXa Yy HHUX
HEIOCTaTOYHOe. Y OmepaTopoB CTapiiero Bo3pacTa ¢ Oojee HHU3KHMHU
3pUTENFHBIMA (YHKIUSMH KaueCTBO BOCCTAHOBJICHHWS IOCIE HOYHOTO OTHBIXA
BEIIIE, YTO OOYCIOBIIEHO Pa3BUTHEM y HUX B pe3yJbTaTe 3PHUTEIBHOTO TpyIa
COCTOSIHUSI 3PUTENBHOIO YTOMIIEHHUS, KOTOPOE JY4YIIE MPOXOAUT IOCIE HOYHOIO
OTIbIXa.
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Introduction. PC operators’ work is connected to necessity of information
large amounts perception from PC display. Such activities require of high attention
concentration and particular responsibility for production goals. Arduous visual
work of PC operators on close distance results in high psychoemotional stress and
exerts an impact on functional state. Severe visual asthenopias in PC operators may
be observed on the background of normal values of visual system’s functional
indexes that require of such states causes determination for prophylaxis measures
development.

The purpose of the article is to evaluate the impact of the visual work at close
distance on the structure of relationships between visual system’s indexes and
functional state’s indexes.

Methods. 41 PC operators took part in the study. The average age of study
subjects was (29,6 + 4,0) y.o. The functional indexes of visual system were
measured in all PC operators before and after visual work. The indexes of
functional state were also measured by self-assessment using developed
questionnaire. The obtained results processing was performed using descriptive
statistics methods, cluster and factor analysis.

Results. On the background of performed research using clustering and factor
analysis it was found that younger PC operators with higher visual functions the
visual work on close distance results in state similar to spasm of accommodation.
The recovery after night rest was worse than in PC operators with low visual
functions. Older PC operators have higher quality of recovery after night rest. It
may be determined by development of visual fatigue as the result of visual work .
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The recovery after night rest in case of visual fatigue is better than in case of
accommodation spasm.

Conclusion. Visual work on close distance results in configuration change of
connection between indexes of visual system that support visual perception. The
peculiarities of these changes depend on visual system’s indexes. The results of PC
operators functional state’s self-assessment using the questionnaire developed by
us had shown that in PC operators with low functional possibilities the common
and visual complaints rate was certainly lower than in operators with high
functional possibilities.

Keywords: factor models, visual system, functional state, PC operator work.
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MOJEJUPOBAHUE AHTUMUKPOBHOM
AKTUBHOCTHU AHTUBUOTHUKA «IIE®A3O0JIUNH»
B KOMBUHAIIMU C HAHOYACTULHAMU
CEPEBPA

M.IO. AnTomoHoB, JI.A. PomaneHnko
TI'Y «ducmumym ooéwecmeennozo 300poewvs um. A.H. Mapseesa HAMH Ykpaunvi»

DKCIEPUMEHTAIBHO HCciieoBaHa 3G (EKTUBHOCTh AEHCTBUA
pactBopa HaHouacTHll cepebpa «CepeOpsHblii mmr - 1000», aHTHOMOTHKA
«lledasonuu» M KOMIIO3UTAa Ha HX OCHOBEe. Ha OCHOBaHMHM IOJNY4EHHBIX
JIAHHBIX ITIOCTPOCHAa MaTeMaTuyeckas MOJeNb 3aBHCHUMOCTH T'MOENM TecT-
MHKPOPTaHU3MOB OT BPEMEHM SKCIIO3HLMH M KOHIEHTPAIMH 3TUX BELIECTB,
YTO MO3BOJIMIIO PACCUUTATH KPUTHYECKOE 3HAYCHHUE KOHLICHTPALMK KOMIIO3UTA,
BBI3BIBAIOILICE TIOJTHOE OTMHpaAHHUE TECT-MHKPOOPTaHU3MOB. ITo
MaTeMaTHYECKMM MOJIEJSIM NPOBEJCHO CpaBHEHHE 3)(EKTUBHOCTH ACHCTBUL
HAHOYACTHI cepedpa, aHTHOMOTHKA M UX KOMITO3UIIIOHHOW CMECH.

Knrwuesvie cnoea: HanHowacTHII cepeOpa, aHTHOMOTHK
«lledazonun», CKOPOCTH OTMUPAHHUS TECT-MUKPOOPTaHU3MOB, MaTeMaTHyYecKast
MOJIEIb.

ExcriepiMeHTAIbHO JOCTIKEHO e(QEeKTHBHICTh il PO3YHHY
HAHOYACTHHOK cpibma «Cpibuuit umt - 1000», anTubiotnka «Iledazominy i
KOMIIO3UTY Ha IX oOcHOBi. Ha OCHOBI oziepkaHUX JaHMX I0OYJOBaHO
MaTeMaTHYHy MOJENb 3aJeKHOCTI 3arubeni TeCT-MiKpOOpraHi3MiB BiJ dacy
EKCHO3MII{ Ta KOHIEHTpALil LKX pPEYOBHMH, ILIO JO3BOJMIO pO3paxyBaTH
KPUTHYHE 3HAYCHHS KOHIEHTpAIlii KOMIIO3UTY, $5Ka BHUKIMKA€E IOBHE
BiJ]MHUpPAHHS TECT-MiKpPOOPraHi3MiB. 3a MaTEeMaTHYHUMH MOJCISIMU MTPOBEACHO
MOpIBHSHHS e()DEeKTUBHOCTI Mii HAHOYACTHHOK cpibiia, aHTUOIOTHKIB Ta IX
KOMMO3HUIIHHOT CyMiIri.

Knwouosi  cnosa: HaHOYacTHHKH — Cpibna, aHTHOIOTHK
«edazoniny, MBHUAKICTH BiIAMHPAHHS TECT-MiKPOOPraHi3MiB, MaTeMaTH4YHA
MOJIETb.

BBEJEHUE

B obmactm MemWIUHBI HIET AaKTWBHBIA TIOMCK HOBBIX IIPEHApaToB B
HaHOpPa3MEpPHOM IHala3oHe, O0JamalomuX OWOIMUAHBIMH CBOHCTBaMH. AKTHBHO
pa3BHBaeTCs KOHCTPYHPOBaHHE KOMOWHHPOBAHHBIX IIPETIApPaTOB, B COCTaBe
KOTOpBIX ucmonb3ytorcss HaHowacTunel (HY). K mambomee akTyanbHBIM
paspabotkaM ortHocATcs kKommosuimu HY ¢ awtuOmormkamm [1, 2, 3]. Mo
HACTOSAIICTO BPEMEHH AaHTHOMOTHKOTEPAIHsl OCTAE€TCS OCHOBHOHM CTpaTeTHel B
0opbOe ¢ MH(EKITMOHHON 3a00JIEBAEMOCTBIO, KOTOpas, HECMOTPS Ha pa3paboTKy
KOMIDIEKCOB MPOPHUIAKTHYSCKAX MEpPONPUATHH, TPONOIDKAET OCTaBaThCs Ha
BBEICOKOM ypoBHe. ONHAKO CIIEAyeT YIUTHIBATh (DOPMHPOBAHHE PE3UCTEHTHOCTH
MHUKPOOPTaHU3MOB K AaHTHOWOTHKaM. JIaOMIBHOCTH TEHETHYEeCKOro ammapara
Bo3OymuTenelr  OOyCIOBIMBAaeT  JOBOJNBHO  BBICOKYIO  CKOPOCTh  pocCTa
AHTUOMOTUKOPE3UCTEHTHOCTH CPENU MUKPOOPTaHI3MOB.
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[Mocnennue uccnenoBaHus Mmokasaid, 4To coueTanue mertaummueckux HY c
AHTUOMOTUKAMH HE TOJHKO CHIDKAET TOKCHYHOCTh OOOMX areHTOB IO OTHOIICHHIO
K KJIEeTKaM 4YeJOBEKa, YMEHBIIas IOTPeOHOCTh B OONBINUX J033aX, HO TaKKe
YBEIIMYUBAET OaKTEPHITUIHOCTS [4, 5, 6].

Cpemn wmmetormmmxcss HY MeTammoB mpH CO3MaHUM KOMITO3UTOB cepedpy
MPUHAIICKAT OTHO U3 BEIYIINX MECT. BECOMBIM JOCTOMHCTBOM cepedpa SBISIETCS
HU3Kasi BEPOSITHOCTh BOSHUKHOBEHUS PE3UCTEHTHOCTH MUKPOOPTaHU3MOB K 3TOMY
OakTepunmay [7].

UccnenoBanne antumukpoOHOro neiictBuss HY Ag B coueranum ¢
AHTUOMOTHKAMH TMONYYHIH pacrpocTpanenne ¢ Hadana 2000-x rogoB. Ha ceromms
W3BECTHHI pe3ynbTaThl d(ddekroB meiictBus HY B coderanmm ¢ TakuMu
AHTUOMOTHUKAMH KaK TCHUIMJUTIH, aMOKCUITIILIAH, SPUTPOMHULINH, KIIMHIAMUIIVH,
BaHKOMUIIMH, XJIOpPaM(pEHHUKCON, HMHUINHEH, NUMPO(IOKCAINH, TPUMETAIPHM.
[Ipu >TOM uamie Bcero HAOMIOAAeTCs SBICHUE CHHEPrU3Ma. 3HAUMTEIBHO pPEKe
BCTPEUAIOTCS HEUTPAIBHOE IEWCTBHE U aHTAroHU3M [ §].

[IpoBectu CpaBHUTENbHBII aHaJIu3 AHTUMHKPOOHBIX 3¢ peKToB
KOMIIO3ULIMOHHBIX CMECEH, IIOIYUYEHHBIX Pa3HbIMU aBTOPaMHU, JOCTATOYHO CIIOXKHO.
Ecnmn aHTHOMOTHKHM  SBIAIOTCS CTAaHAAPTH3HMPOBAHHBIMH IIpEmapaTaMd, TO
BEIIBUHYTH Takue ke TpeboBanns k HU HeBo3MOXHO. AHTUMHKpPOOHOE NeiicTBHe
HY 3aBucuT or UX pazMepoB, GOPMEI, HATMIHUS puMeceil, crmocoba MmoaydeHus u
MeTonma ompeneneHus. [109ToMy aHTUMHKpPOOHYIO aKTHBHOCTH KOMITO3HIIMOHHOU
cmecn HY cepebpa ¢ aHTHOMOTHKaMU HEOOXOAWMO H3y4aTh OTHEIBHO IS
Kaxxmoro Buna HY, momrydeHHBIX KOHKPETHBIM CIIOCOOOM.

PesynpraTel 11000r0 MEIUKO-OHONOTHYECKOTO HCCIEIOBAHUS IIPHOOPETAIOT
3HAYHUTENFHO OONBIIYI0 HAaydyHYI0 3HAYNMOCTb, €CIH OHH IIOIBEPraroTCs
MTOJTHOIIEHHOW ~ CTaTHCTUYECKOM HM MaTreMaTHdeckod oOpaborke. HawmbGonee
3¢ PEKTUBHBIA M 3HAYMMBIA MAaTEMAaTHUECKUI MIPUEM 3aKITI0YAETCS B IIOCTPOCHUU
MaTeMaTH4YecKOl Mozenu uccienayeMoro mporecca. Mogenb  MO3BOJSET
TMPUOTU3UTHCS K TEOPETUICCKOMY TTOHIMAHUIO SIBJICHUS, OIMMCATh MPOIECC B BUIE
MaTeMaTHYeCKuX (PYHKIWH, IMONYYUTh IIPOTHO3 pe3ylbTaTa MpH H3MEHEHHU
YpOBHS (paKTOPOB M BPEMEHU WX BO3ICHCTBHS, IPOBECTH aHAIM3 CBOHCTB MOJEIH
W TONYyYHTh HOBBEIE  pPE3ymbTaThl 0e3 MPOBEACHUS  JOMOIHUTEIBHBIX
AKCIIEPUMEHTOB [9].

Ilens pabomsr — BEIsBICHHE OCOOCHHOCTEH AaHTHMHUKPOOHOH aKTHBHOCTH
HY Ag B xomOmHanmu ¢ aHtuOumotukoM «lledaszomma» ¢ moOMONIBbIO
MaTeMaTHYECKOH MOAETH UX NeHCTBHS («KOHIICHTPAIS — BpeMst — P PEKTY).

OBBEKTHI U METO/IbI UCCJIEIOBAHUA

B pabote mccnenoBaHbl aHTUMHKPOOHBIE CBOMCTBA KOMIIO3HTA, COCTOSILETO
u3 antubnoruka «lledpazommma» B coemuuenmn ¢ HY Ag. KoHmeHTpupoBaHHBIH
komwtonmHeli pactBop HY Ag B rimmepune «CepeOpsHbrii mmt - 1000»
paspaboran B MHCTHTYyTEe CBepXTBepIblx MaTepuaiioB M. B.M. bakyms HAH
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YKpauHB W MOJTyYeH C TOMOIIBI0 MOIYNSA IUIa3MEHHOTO AWCIEPTHPOBAHUS
OHOCTaIUHHBIM (bu3IIecCKuM criocobom MIPUTOTOBIICHHSI BEICOKO
KOHIICHTPHPOBAHHBIX ~ KOJUIOMJHBIX PACTBOPOB  YIBTPAAUCIECPCHBIX  YACTHUII
anekTponpoBoasmux MarepuanoB [10]. KoHIEHTpHpOBaHHBIA  KOJIIOWIHBIHA
pactBop «CepeOpsiaprii mutT - 1000» mpeacTaBimseT coOOH  TEMHO-CEPYIO
MPO3padHyl0 XHUIKOCTh C KOHIEHTpanuedl HaHodacTul[ cepebpa 60 mr/a u
pasmepom dactuil cepebpa 10-80 HM. BeImyck pacTBOpa MNpPOH3BOAWICS B
cootBeTcTBUU ¢ TpeboBanmsmu TY 05417377-13-009.

UzyueHne aHTHUMHUKPOOHBIX CBOWCTB KOMIIO3UTa W WX KOMIIOHCHTOB
MPOBOAWIM C HCIIONB30BAHWEM IITAMMOB TeCT-MHKpoopranusmMoB (MO):
Escherichia coli ATCC 25922 (E. coli) u STaphylococcus aureus ATCC 6538
(S. aureus).

Cxema oxcnepumenma. [ns ompeneneHuss OaKTEepUIHUIHOH aKTUBHOCTH
KOJUTOMTHOTO pacTtBopa HaHocepeOpa «CepeOpstHpridi mut - 1000» ObII
WCIONB30BAH  CYCIICH3MOHHBIM  MeTox.  VcmbITaHMs MO ONpeAeneHUo
AQHTUMHUKPOOHOW  aKTUBHOCTH  pPacTBOPOB C  HAHOYACTHIAMH  cepebpa
CYCHEH3MOHHBIM METOJOM BBIMIONHSUIM TIPH CIEOYIOMINX YCIOBHSX. Pa3BencHme
HAHOYACTHI[ cepedpa TPOBOIWIN CTEPHIIBHON NUCTWILTHpOBaHHON Bomon. K
UCTBITYeMOMY 00pa3iy J00aBIsUIH pa30aBICHHYIO B IUCTHIDIHPOBAHHOW BOJIE
cycneHsuro Mukpoopranm3MoB (MO) B o0beMe, KOTOPEIH 00ecreunBali HHOKYIYM
10" KOE/cM’. TIpOomKHTEBHOCTS SKCIIO3HIIHH OIIBITA COCTABIISIIA OT 5-TH MUHYT
10 24-x dacoB. Ilo ucTedeHNH Cpoka 3KCIO3HUIUU IPOBOIMIN IOCEB 00Pa3loB
TIOBEPXHOCTHBIM MeTOZoM 10 0,5 CM° Ha COOTBETCTBYIOILIYIO IUIOTHYIO
MATATEIBHYIO Cpely B pa30aBIICHUAX 10°, 10" u nonmonuurensaom — 107 s
yImoOCTBa MOZCYETa IMOMYyICHHBIX PE3YIbTaTOB.

B xauectBe koHTponms mTaMMOB MO HCHONB30BA  BAMAAIMOHHYIO
cycnensuto. [locie nakybannu moceBoB (36°C B TedeHue 24-X 9acoB) IMPOBOIIIN
VUeT pPe3yNbTaTOB HCIBITAHWN ITyTeM IHojacdera konmmduectBa MO Ha darmikax,
koropoe He mpebimano 330 KOE, u pacuera cpenHux 3HaueHHI ABYX yallek
KaXJIOr0 W3 pasBEICHHEIX B mepecdere Ha 1,0 cM’. Pe3yibTaThl HCIBITAHHIL
KOJUIOMTHOTO pacTBOpa HaHocepeOpa CpaBHUBAIM C pe3ylbTaTaMH KOHTPOISL
KyJbTypsl MO, IpOBEAEHHOT0 aHAJIOTMYHO OMBITY.

OmnpeneneHre  MHUHAMAIBHOWM  WHTHOWPYIOIIEH  KOHIEHTpaMKd U
MHUHUMAJIbHOW  OakTepuiuaHoi koHmeHTpanuu (MBK) antmOnotnka (Kak
COCTABIIIONIETO KOMITOHEHTa KOMIIO3UTa) MPOBOIIIIA METOIOM CEpPHUITHBIX
pa3BeneHHH, KOTOPBHIA TPUMEHSIETCS [UIS OIpENCICHUs YyBCTBHTEIBHOCTH
MHUKPOOPTaHU3MOB K aHTHOHOTHKAM.

[lo pesynpraTam uccnenoBaHuid OOBeNUHIH aHTHOMOTHK «lledazomma» u
pactBop HaHOCcepeOpa «Cepebpsubrit mut - 1000» Ha ypoHe MBK 1 HInKe.
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MOJEJIUPOBAHUE AHTUMUKPOBHOI'O JEMCTBUS KOJJIOUJIHOI'O PACTBOPA
HAHOCEPEBPA «CEPEBPSHBIN IIUT - 1000»

Ha mepBoMm ndTame mpoBemeHHsI SKCIEPHMEHTOB OblIa BEITONHEHA OLECHKA
H30JIMPOBAHHOTO JEHCTBHSA KOJJIOMIHOTO pacTBopa HaHocepeOpa «CepeOpsHBIi
T - 1000» (Tabm. 1).

[MockonpKy (pakTOpaMu, BAMSIONIIMHU Ha mporecc otMupanus MO (y), Obuti
koHIeHTpamuss pactBopa (C) m Bpemsi ero paeiictBust (7), MoIenb ONMUCAHUS
mporiecca uMena CIeAyroIuil o0muit Bu;:

y=y({a}.CT), (D
riae: {a} — Habop mapaMeTpOB MOJIEIIH.
Tabmuua 1

Pesynomamor uccredosanus anmumukpoonou akmusnocmu pacmeopa H4 Ag
«Cepetpsanviii wum - 1000y (KOE/cm®)

Bpemst Pa3zBenenne HY Ag , Kontpos
«Cepeopsinbiii it - 1000» (MKr/cm”)
IKCNO3ULHHI KYJbTYPbI
(vun) 15,0 7.5 3,75 1,875 E. coli
5 55 58 46 52 65
60 15 27 30 33 61
120 13 24 18 19 62
180 0 6 10 12 63

Ucxons w3 Buma rpa¢ukoB auHaMHUKHA (prc. 1) ¥ OOMUX TEOPETHUECKUX
MIPEACTaBICHUN O IUHAMUKE TporieccoB rudenmu MO, B KaduecTBE MaTeMaTHIECKOM
mozenn y(T) Oblta BEIOpaHa SKCIOHSHINATBHAS (DYHKITHL:

Y =y0(C) exp[-a(C) T, ()
rae yo(C) — HavanpHOe 3HadeHHe GyHkmmu npu I = 0 yy) = y(T = 0); a(C) —
ckopocTh otMupanus MO.

Bennuuny y) mpuMeM paBHOU cpenHEMY 3HAUEHUIO B KOHTPOIIE:
0 (C) =y = const = 62,75 KOE/cm’.
Mopgens (2) mpruoOpeTaeT BHJ 3aBUCHMOCTH (PYHKIIHH TONBKO OT IapaMeTpa
CKOPOCTH 0
Y =yoexp[-a(C) T]. 3)

CpenHre 3HaueHHWS JTOTO TIapaMeTpa, a Takke wux omuoku (Sp),
k0o pumments! CThioneHTa (f,) M TOCTOBEPHOCTD (p,) IS KXKIOW KOHIIEHTPAIHN
(C) Obumm paccuWTaHBl 10 WCXOOHBIM JAHHBIM YHCICHHBIMA METOIaMHU
(JIeBenOepra-MapkBapara) ¢ momormbio nporpammuoro npoagykra STATISTICA
10.0 u mpuBeaeHBI B TA0JI. 2.
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Puc. 1. Ilpumep smnmprdeckoit KpuBOM quHAMHUKN oTMupanns MO

Tabauna 2

Pesynomamel pacuema napamempa ckopocmu (o) 0151 UCCAEOOBAHHBIX KOHYEHMPAYULL
pacmeopa «Cepebpanviii wum - 1000» (mamemamuyeckas mooens (3))

3 CraTucTHYecKHe XapaKTepUCTHKH
C(MKr/em”)
a S, L Pa
15 0,020 0,004 5,527 0,012
7,5 0,011 0,002 6,424 0,008
3,75 0,011 0,003 4,444 0,021
1,875 0,010 0,001 7,813 0,004

W3 Tabnuie! crnemyeT, 4To 3HAUCHHS HapaMeTpa o IS BCEX HCCIIEIOBAHHBIX
koHneHTpaunii C Opum moctoBepHBl (p < 0,05), WTOo CBHAETENBCTBYeT 00
aJICKBATHOCTH TIPEUIOKECHHONW MOJIEIH.

Hanmee Obpula WCcleIoBaHAa 3aBUCHMOCTh — IapaMeTpa CKOPOCTH — OT
KoHIeHTpannu pactBopa «Cepedpsubrii mmt - 1000» (a(C)). B coorBercTBUH C
rpadukoM o(C) ¥ ¢ yIeTOM MaJOro KOMHUYECTBAa TOYEK IJISI TIOCTPOSHHS MOIEIH
IUTSL OIIMCAHMSI ATOH 3aBUCHMOCTH OBLTa BBIOpaHa MPOCTAast IMHEHHAS (YHKIIHS:

a(C) = a+bC. (4)

JInst yrpoIeHus aibHeHINX OCTPOCHHM UCIOIb3yeM IPAHUYHbIC YCIIOBHUSI.
OdeBUAHO, YTO TPH OTCYTCTBUU BO3ICUCTBHS CKOPOCTH OoTMHpaHus MO OymeT
pasua Hymio (a(C = 0) = 0), T.e. B Momenu (4) TOJDKEH OTCYTCTBOBATH CBOOOIHBIN
uieH u 3aBrucuMocTb o C) mpuodperaer Hanboliee MPOCTON BHT:

a(C) =bC. (5)

3HaYeHUS TapaMeTPOB b M X CTATUCTHYCCKUE XaPAKTEPUCTHKH TPUBEIACHBI B
Tab. 3.
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Tabamna 3

3nauenus napamempos mooenu usmenenus ckopocmu npoyecca ommupanus MO npu
usmenenuu Konyenmpayuu pacmeopa «Cepeopsnwiii wum-1000»

CraTHcTHYeCKHe XapaKTepUCTHKHU
IMapamerp
cpenHee omuoKa t D
b 0,0025 0,0003 8,15 0,001

[Tonmy4yeHHbIe 3HAUCHHS TTAPAMETPOB Yy = 62,75 u b = 0,0025 MOXXHO cUHTATh
HAYAIGHBIMHU TIPHONVDKEHUSAMHI 00mIel (YHKINH «KOHIICHTpAIlusS — BpeMs —
s dex» ms neiictus pactBopa «CepeOpssabiid muT - 1000x»:

¥y =yo exp(-bTC). (6)

Ucnone3ys HadampHbIE NPHONIKCHUS, MOXHO IONYYHTh YHCICHHBIMHU
METOIaMH TOYHEIC 3HAUCHHSI TapaMeTpoB Moemn (Talm. 4).

Tabimua 4
Pesyremamot pacuemos napamempos yukyuu (6)
CraTHcTHYeCKHE XapAKTePUCTHKH
IMapamerp
cpenHee omuoKa t D
Yo 58,178 3,3026 17,62 <0,001
b 0,0026 0,0005 5,59 <0,001

CrnenoBaTenbHO, B OKOHYATEIbHOM BHJIE MOJENb 3aBHUCUMOCTH OTMHUPAHHUS
MO npu peiictBun pactBopa «CepeOpsapiii mut - 1000» 3ammmiercs B TakoM
BHJC:

y =y exp(-bTC) = 58,18exp(-0,0026TC). (7)

I'paduk >T0i HyHKIMH ITpeACTaBIIeH Ha pUC 2.

ConeprkaTenbHOE HCIIOJIB30BAaHUE MOIYYEHHONH MOIEIH COCTOSUIO B pacuere
TaKOr0 MPOTHO3HOT'O 3HAYEHUS KOHIeHTparmu C*, mpru KOTOPOM HPOHUCXOIIIIO OB
noiHoe otMupanne MO mpakTHYecku cpasy ke rmocie Hadana Bo3aercTust (7).

C* = (-In(y*/y0)) / (bT*). ®)

[MockonmpKy 1O YyCIOBHSAM TPOBEOCHHS OJKCIIEPUMEHTa TIiepBas TOYKA
peructpanuu konuyectBa MO MpoUCXOOUT Ha 5-H MUHYTE, a UyBCTBUTEIHHOCTD
Meronga wusMepenus MO — Ha ypoBHe 15 (KOE/CM3), MOXKHO CYHTAaTh
TpaHUYHBIMH 3HaUYeHMsIMA T* = 5 mMuH y* = 14 (KOE/CM3). [Ipn moncraHOBKE ATUX
3HAYCHUH B MOMYYCHHYIO (PYHKIIUIO PACCUMTAHO CpPeIHEe KPUTHUECKOE 3HAUCHHE
koHteHTparua MO.

OHaKO MpaKTHYECKH Oojiee 3HAYMMBIM SIBJIICTCS MHUHHMAIbHOC 3HAUCHHE
C*,,1in, KOTOPOE HAXOAMUTCS HA HUYKHEH T'paHUIle JOBEPUTEIILHOTO HHTEpBaIa
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n3MeHenus koHneHtparmu MO. TloncraBnsas B dopmyny (8) cooTBeTCTBYIOIIHE
3
TpaHWYHEIE 3HAYCHISI TAPaMETPOB Yy U b, momydaem C*,,;,, = 69,15 Mxr/cm” .

I > 40
I < 40
[1<20
Bl <0

Puc. 2. Ipadudeckoe mpecTaBieHne 3apucumMocti ormupanns MO (y — KOE/em’)
nipu u3mMeHeHun BpeMeHu (T — MHH) U KOHIIEHTPAILluK PacTBoOpa
«Cepebpsiablii mut -1000» (C — MKr/™M’)

Jis mpoBepKH aleKBaTHOCTH DTOH MOIENH M BepH(HKAIMK €e MapaMeTpOB
ObUI TPOBEJNCH IOMONHUTENBHBIA OJKcrepuMeHT. C  y4eToM MOrpemHOCTH
METOIUKH U U3 YHOOCTBa MOCTAHOBKH OIBITa ObUIa MCIIONB30BaHA KPUTHUYECKAs
koHreHTpanus C*,,;, = 70 (MKF/CM3).

B pesymbrate osKcmepuMeHTa OBUIO TOATBEPKICHO, UYTO IIPH  TaKOH
KOHIIGHTDAIMA aHTHOMOTHKA monHoe otmupanme MO (v < 14 KOE/em’)
MPOUCXOIUIIO YK€ Ha 5-i1 MUHYTE BO3ACICTBHUS.

Takum 00pa3oMm, HOKa3aHa aneKBaTHOCTH ITOCTPOCHHOW MaTeMaTHUSCKOM
MOJICTIM ¥ YCTaHOBIICHA KPUTHYECKasl KOHIIEHTpanus pacTBopa «CepeOpssHbIi IIUT
- 1000y, mpuBoAsmas kK TpedbyeMomMy 3 hexTy.

AHAJIN3 AHTUMHMKPOBHOI'O JAEMCTBUS KOMIIO3UTA W3 AHTHUBUOTHUKA
«IE®A30JUH» C PACTBOPOM HAHOCEPEBPA «CEPEBPSHBIN IIUT - 1000»

CrnenyromuM dSTamoM OBIIO HCCIIEIOBaHWE aHTHMHKPOOHOTO ICHCTBHS
KoMmro3unuoHHOH cMecu pactBopa HY Ag «CepeOpstaprii mmt - 1000»
(3,75 Mkr/ eM”) u antuGHoTHKA «Lledasommmy.

[o pe3ynbraTaM HcCIeNOBaHU aHTUMHKPOOHON aKTUBHOCTH COCTABILIIOIINX
KOMITO3HTA OIPEIeIsUId KOHIICHTPANH sl O0ObEINHEHNS UX B KOMIIO3UITHOHHYIO
cmeck. Kommosutr mnomydamu myreM OOBEIUHEHHUS PACTBOPOB KOJUIOHIHOTO
HaHOocepeOpa M aHTHOMOTHKA B KOHIEHTpammsx Ha ypoBHe MBK u Hmxe. B
KadeCcTBE pPACTBOPUTETS] KOMIIOHEHTOB KOMIIO3UTa HWCIONB30BANN OyhepHBIi
pactBop pH 7,0.
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Pe3ynpTaThl 3KCIIEPUMEHTAIBHOTO UCCIISIOBAHNUS PUBEICHBI B Ta0II. 5.

Kak u panee, cunTanock, 9To XapaKTepHUCTUKAMHU, BISIOIIUMH Ha IIPOIECC
ormupanust MO (y), ObiH KOHIIEHTpanus BosaeicTByromero ¢gaxropa (C) u BpeMs
ero neiictBus (7). To ecTh MoJIeIb B 00IIIEM BHUE 3alTAChIBANIACH TaK ke, Kak U (1).

I'paduxu guHamuku mpomecca rudenmn MO Tak ke, Kak M B IIEPBOH YacTH
HCCIIeTOBAaHUS, UMEIH BUJ CITaAFOIIIX SKCIIOHEHT.

Ucxonst w3 ycrmoBUi DKCIIEPUMEHTA, JIOTHYHO IOMYCTHTh, YTO B HYJIECBOH
MOMEHT BpEMEHH BCE 3HA4YCHUS )y OYyAyT paBHBEI CpeIHEMY B KOHTpONE, T.C.
CYHMTAEM, 9TO JIJIS BCeX Mojenei yy = 54,00 (Mkr/ CM3).

Tabauna 5

Pesynomamuor anmumuxpobnot axmuenocmu pacmeopa « Cepebpsanvui wyum - 1000» 6
Kombunayuu ¢ anmubuomuxom «Legazonuny (KOE/ cm3).

Bpe-
ML «Cepe0-
AKCIIO- KontenTpanust aHTHOMOTHKA, MKT/ oo’ PAHBII
—_— 1t - Kontpomns
(vin) 1000 KyJIbTYPBI
KOMITO3UT «edazomum» S.aureus,
3,12 | 1,5 | 0,7 | 0,3 1,5 0,3 3,75
5 6 8 o |31B | 6 | OB o | sren’

5 0 20 40 48 0 21 25 33 55 57
60 0 5 6 7 0 18 30 37 17 55
120 0 0 0 2 0 11 28 26 10 54
180 0 0 0 2 0 10 24 30 5 50

B TakoMm cnydae mocTpoeHHE MaTeMAaTHYECKUX MOJENel CHOBa OymeT
CBOIMTHCS TONBKO K pacdeTy IapaMeTpa CKOpOCTH ¢. 3HadeHHsI o
U UX CTAaTHUCTUYCCKHE XapaKTepUCTUKU (omuOku — S, KOIPDUIHECHTHI
CrpiomeHTa — #;, ¥ JOCTOBEPHOCTH — p,) OBUIM PacCUUTAHBI, KaK W paHee, IO
HUCXOOHBIM JaHHBIM 4YHCICHHBIME Metomamu (JleBemOepra-MapkBapara) ¢
noMorpio mporpammuoro nponykra STATISTICA 10.0 u npuBeneHs! B Tadm. 6.

Hanee Obmia wuccnenmoBaHa 3aBUCHMOCTE oC) TpH  JIEHCTBUU  TONBKO
anTnOnotnka «lledasomuHa» W TpH ero IEHCTBHH COBMECTHO C PacTBOPOM
«CepeOpsabIit mut - 1000».

Kak u panee, B coorBercTBuu ¢ rpadukom o(C) B KadecTBE Momenu ObLia
BBIOpaHa JuHelHas PyHKIusA 6e3 cBoOoHOro WwieHa (5).

Paccunransl 3HaUeHNS TapaMeTPOB b (M UX CTATUCTUICCKIE XapaKTEPUCTHUKN)
mpu  JAedcTBHU TONbKO aHTHOMOTHKAa «lledaszomma» w mpm ero xpedcTBun
coBMeCTHO ¢ pacTtBopoM «Cepedpstabrit mmt — 1000» (Tabdmn. 7).

[MockonmpKy 3HAYeHHS NapaMeTpPOB MOJIETH IOCTOBEPHBIC, BHIOpPAaHHYIO
MOJIETTh MOKHO CUHTATh aJeKBaTHOH.

3nauenuss b, a TakkKe NPHHATBIE 32 )y CPeNHHE B KOHTpONEe OBLIH
WCIONIb30BAHEI B KA4eCTBE HAYANBHBIX NPHONIKCHUH MpPU pacdeTe ITOIHOM
moxenu (6).
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Tabauua 6

3nauenus cmamucmuieckux Xapaxmepucmuxk napamempos CKOpocmu o, npu 0eticmeuu
pacmeopa «Cepebpsanviii wyum - 1000» 6 komnaexce ¢ anmuduomurxom «Lleghazonuny.

C CraTucTHYecKHe XapaKTePUCTUKH
daxkrop 3
(MKT/eM”) a S, ty Da

1,56 0,199 0,029 6,882 0,006
KOMITO3UT 0,78 0,048 0,008 6,031 0,009
0,39 0,031 0,004 8,443 0,003
1,56 0,189 0,128 1,472 0,238
«edazommn» 0,78 0,153 0,219 0,701 0,534
0,39 0,005 0,002 2,295 0,105

Tadoauma 7

3nauenus napamempog mooenu (5) npoyecca OMMupaHus MUKPOOP2AHUZMO8
npu Oeticmeuu KOMNO3uma u aHmuOUOmuKa

CraTHcTHYeCKHe XapaKTepUCTHKHU
daxkrop
cpenHee omuoKa t D
Komnosur 0,142 0,024 5,93 <0,01
AHTHONOTHK 0,121 0,008 15,885 | <0,001

Pe3ynpraTel yrouHEHU, BHITOMHEHHBIE MeToioM JleBeHOepra-MapkBapara ¢
moMonipio mporpammuoro mpoxykra STATISTICA 10.0, mpuBeneHs! B TabI. 8.

Tabimua 8.
Pesyromamot pacuemos napamempos yuxyuu (6)
Iapawverp CraTHcTHYeCKHE XapAKTePUCTHKH
cpenHee omuoKa t D
Yo 60,098 1,516 39,65 <0,001
b xommnozura 0,118 0,011 10,32 <0,001
b aHTHOHOTHKA 0,012 0,003 3,54 0,003
Takum oOpa3oM, MaTeMaTH4ecKas MOJIECIb «KOHIICHTPAlUs — BpEMS —

3 deKT» s NeHCTBUS KOMITO3UTA 3aIUIIETCS B BUIC:
y =y exp(-bTC) = 60,098exp(-0,118T C). 9

AH&J’IOFI/I‘{HO, MOZCIb IIPU H30JIMPOBAHHOM JIEUCTBUH aHTHOMOTHKA 6y;(eT
HUMCTb BHU:

y =y exp(-bTC) = 60,098exp(-0,012T C). (10)

W3 Tabmumpl ciegyer, 4TO CKOPOCTHOW mapamerp b I KOMIIO3UTa Ha
MOPAIOK OOIbIe, YeM Uil aHTHONOTHKA. OTHOIIEHHE 3TUX 3HA4YeHHH (k) MOXKHO
CUHTATH XapaKTePUCTUKON 3P PEKTUBHOCTH ACHCTBUS KOMIIO3UTA IO CPAaBHEHHIO C
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H30JMPOBAaHHBIM JEHCTBHEM aHTHOMOTHKA:
k = b xomno3ura / b antnomornka = 0,118 /0,012 =9,72.

Hcnonw3ys HCXOIHYIO Ta0JIHIy pe3yabTaToB 3TOT0 Jramna
SKCIEPUMEHTAIILHOIO HccaenoBanus (Tabna. 7), MOXHO TakKe BBITOJHUTH
MTOCTPOCHHE MOJCIH JUIsl HM30JIMPOBAHHOrO JNeicTBHS pacTtBopa «CepeOpsHbIi
T - 1000» 1 aHanm3 ee mapameTpoB. [10CKOIBKY pacTBOp NEHCTBOBAT B OJHOU
konnentpamuu (C = 3,75 MKF/CM3), MOJIEIIb> IMEJIa BHUI:

Y =yo exp(-bT) (an

Pe3ynpTaThl pacueToB npuBeICHH B Ta0MI. 9.

3HaudeHue napamerpa yy st Mmojenu (11) He OTIu4anock 10CTOBEPHO OT Jy B
moneisx (9), (10). A 3HadeHue mapamerpa b ObLIO CYIIECTBEHHO MEHBIIIE, YeM B
MPEABIIYINX MOIEISIX.

Tabamua 9.

3nauenus napamempog mooeau npoyecca ommupanus MO npu deiicmeuu pacmeopa
«Cepebpsanvii wum - 1000»

CraTHcTHYeCKHe XapaKTepUCTHKHU
IMapamerp
cpenHee omuoKa t D
Yo 59,768 2,323 25,73 <0,001
b 0,0048 0,0006 8,58 0,003

[lo ananorum ¢ MomXoJaMH, MPHHSATHIMA B TOKCHKOIOTHH, MOKHO OIICHHUTH
XapakTep COBMECTHOrO medctBus kommosuTa (pactBopa  «CepeOpsHBIT
ot - 1000» m anTHOMOoTHKa «lledazomuH») MO CpPaBHEHHIO C CYMMOH HX
H30JIMPOBAHHOTO JEHCTBUSA. A MMEHHO, €CIH PE3yIbTaT COBMECTHOTO NEHCTBUS
MEHBIIE CYMMBI 3P (QEKTOB HM30IHPOBAHHBIX BO3ACHCTBUH, TO MPUHATO TOBOPUTH
00 anraronm3Me. [lpuOMU3MTENHHOE pPaBEHCTBO CYMME CBHICTEIBCTBYET O
cymMmanuu. Pe3ymbraT COBMECTHOTO [IEHCTBHS, KOTOPBIH OONBIIE CYyMMBI
pa3nenbHBIX YPPEKTOB, CBUACTENBCTBYET O CHHEPru3Me (MOTCHIMPOBAHNH ).

Ecmu cumrath, 9TO mMapaMmeTp b xapaKTepH3yeT aHTHMHKPOOHYIO aKTHUBHOCTD
JNEHCTBYIOIINX BEHIECTB, TO B HAamIeM WCCICIOBAHAH MOXHO OIHO3HAYHO
YTBEP)KAATh, YTO KOMITO3UT IPOSBISIET IOTCHIUPYIOITHiA 2P deKT:

b xommio3uta >> (b anTHOMOTHKA + b pacTBOPA),
MOCKOJIBKY
0,118 >> (0,012 + 0,0048) = 0,0168.

Taxum O6p8.30M, OPpUMEHCHUEC METOAOB MATCMATHUYCCKOI0 MOACIUPOBAHUA
IIO3BOJJIHUIIO IpOBECTHU CPAaBHUTECIIbHOC COIMIOCTAaBJICHUC 3(1)(1)CKTI/IBHOCTI/I
aHTHMHKpO6HOfI ACATCIBHOCTHU aHTHOMOTHKA «He(i)aSOJ'II/IH» H €ro KOMIIo3uTa C
HaHO4YaCTHIAaMH cepe6pa, pacCcunTaTb MUHUMAJIBHO ,I[efICTBYIOHIYIO
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KOHIeHTpannto pactBopa «CepeOpsaprid muT - 1000», ompenenwuTs XapakTep
COBMECTHOT'0 ICHCTBHUS aHTUOMOTHKA W PACTBOpPA HAHOYACTHII.

BBIBOJIbI

[IpennoxxeHa MareMaTH4ecKass MOJETh CKOPOCTH OTMHUpPAHHS  TecCT-
MHUKPOOPTaHU3MOB TIPH U3MCHEHUH BPEMEHU JCHCTBHUS M KOHIICHTPAIIUH pacTBOpa
HaHocepeOpa «CepeOpsubiii mur - 1000», paccuWTaHbl €€ MapaMmeTpsl IO
AKCIIEPUMEHTATBHBIM JaHHBIM. C TIOMOIIBI0 MAaTEMAaTHIECKOH MOJIEITH OIpeaeieHa
MUHHMAJIBHO IEHCTBYIOIMIAs OaKTepUIUAHAS KOHICHTpAIMs D3TOrO PacTBOpA.
JlOTOTHUTENBHEINA YKCIIEPUMEHT, B KOTOPOM ObLIa HCCIIEIOBAaHA 3Ta KOHIICHTPAIINS
pacTBOpa, MPOAEMOHCTPHPOBAT OTCYTCTBHE €0 IEHCTBHS, YTO CBUACTEIHCTBYET
00 ameKBaTHOCTH MAaTEMAaTHUECKOH MOJCTH W CIIPaBEUIMBOCTH PACUETOB,
MOTYYEHHBIX C €€ MTOMOIIBIO.

[lo pesympTaTaM  OSKCHEPUMEHTANBHOTO  W3YYCHHS  aHTHUMHKPOOHOM
aKTHBHOCTH aHTHOWOTHKA «lledazomma» M €ro KOMIO3ZWUIIMOHHOM CMECH C
pactBopoM HaHOCepeOpa «Cepedpstabril mut - 1000» MOCTpOSHBI MaTEMaTHIECKHE
MOJIETTH OTMUPAHUS MUKPOOPTaHU3MOB TIPH N3MEHEHNH BPEMEHH M KOHIICHTPAIHN
nelicTByromuX BemiecTB. [lo mapamerpamM MaTeMaTHUECKHX MOJENEH paccuuTaH
K03 PureHT 3QPEKTHBHOCTH KOMITO3UTa IO CPABHEHUIO C AHTHMHKPOOHBIM
nericTBueM Toibko aHTHOMOTHKA «lledazommu» W Mmoka3aHO, YTO KOMITO3HUT Ha
opsA70K 3 (eKTUBHEE aHTHONOTHKA.

[Ipu cpaBHeHWH pa3genbHOro neicTBUS aHTHOMOTHMKA «lledazomma» u
pactBopa Hanocepebpa «CepeOpstabrid muT - 1000» ¢ COBMECTHBIM UX JEHCTBHEM
B COCTaBe KOMITO3MIMOHHOH CMECH IOKa3aHO, YTO aHTHMHKPOOHOE HaeiicTBHe
KOMITO3HUTa 3HAYUTENBHO OOJBINE, YeM CYyMMa MX H30JIHPOBAaHHBIX (P(EKTOB, U4TO
CBUJICTEIBCTBYET O IMOTEHIMPYIOMIEM XapaKTepe ero IeHCTBHSL.
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MODELING ANTIMICROBIAL ACTIVITY
ANTIBIOTIC "CEFAZOLIN" AND SILVER
NANOPARTICLES

M.Y. Antomonov, L.I. Romanenko

Marzeev’s Public Health Institute of the National Medical Academy
of Science of Ukraine of Ukraine (Kiev)

Introduction. The creation of combined drugs, which are used in the
composition of nanoparticles (NPs) is actively developing. The most relevant
developments include the NPs composition and antibiotics. Mathematical models
of the process under investigation lead to a theoretical understanding of this
phenomenon, allow us to describe the process in the form of mathematical
functions, make it possible to predict the outcome, to analyze the properties of the
model and to obtain new data, without undue experimentation.

The purpose of the article is to determine the characteristics of antimicrobial
activity of Ag NP in combination with an antibiotic "Cefazolin" with the help of
mathematical models of their actions (""concentration - time - effect™).

Results. Antimicrobial properties of the composite material were considered,
which is called the "Silver Shield-1000", and which consists of antibiotic
"Cefazolin" and NPs Ag. Isolated action "Silver Shield-1000" was considered at
the first stage of the experiment. For this purpose dilution nanosilver 15,0; 7,5;
3,75; 1,875 (g/cm3), and the holding time was 5, 60, 120, 180 minutes. Based on
experimental plots and the general theoretical ideas about the dynamics of the
process of the withering away of microbes, mathematical model, y(f) has been
selected as the exponential function y = yy (C) exp[-o(C) T]. The values of the
model parameters were calculated based on the original data using numerical
methods (Levenberg-Marquardt) and software STATISTICA 10,0. The final model
organisms, dying under the influence of the "Silver Shield-1000" had the following
form: y = yy exp(-btC)= 59,74exp(-0,0013 TC). Using this model, the expected
value of the concentration C* at which should occur almost complete
disappearance of microorganisms immediately after the start of the exposure (C* =
73,15 g/em’) was calculated. An additional experiment was performed, which
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confirmed this value that verifies the adequacy of the model as a whole.

In the second phase of researching it was experimentally investigated the
combined effect of "Silver Shield" — 1000 (3.75 g/em’) and the antibiotic
"Cefazolin" on the death of microorganisms. A mathematical model
"concentration — time — effect" for the composite: y = 60,098exp(-0,118 7C) and
an antibiotic: y = 60,098exp(-0,012 7TC). This made it possible to calculate the
efficiency of the composite action compared with isolated action of an antibiotic
(k = 9.72). Furthermore, it was shown that the composite exhibits have a much
greater effect than the sum of the isolated antibiotic action "Cefazolin" and "Silver
shield —1000". It is possible to determine the nature of such action as potentiation.

Conclusion. Mathematical modeling of the results of an experimental study of
the antimicrobial activity of the antibiotic "Cefazolin" in combination with
nanoparticles of silver allowed the calculation of the quantitative characteristics of
the effectiveness of the active ingredients and performed a meaningful forecast of
their action.

Keywords:  silver nanoparticles, antibiotic "Cefazolin", death of
microorganisms, mathematical model.
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ITABJIOB BAIUM BJIAAUMHUPOBUY
11.01.1933 - 06.06.2016

EESS

6 wrons 2016 roma ymien W3 JKW3HM WM3BECTHBIM YYEeHBIH B 00JacTH
KAOCPHETHKH ¥ aBTOMATHYECKOTO YIPABICHUS, JOKTOP TEXHUYECKHX HAYK,
npodeccop, 3aBenyrOmui oTaenoM MeKIyHApOJHOTO HaydHO-ydeOHOro IIeHTpa
nHpOopMaIoHHEIX TexHomoruid u cucreM HAH Ykpannast 1 MOH Ykpaunsl, anexn
penkomrernu xxypaana KBT ITasnoB Bagum Brnagnmuposud.

bonee gerseptn Beka B.B. I1aBioB BO3MIABISUT OTIEN 3PraTHYECKUX CHUCTEM
VIIpaBICHHUS, OCHOBAJ HOBYIO TEOpHIO B O0JNacTh KHOCPHETHKA U
aBTOMATUYECKOTO VYIpaBJIEHUs — TEOpHUs HEJIWHEHHOW HHBapUAHTHOCTH.
OyrnamMeHTambHBEIE  Pa3pa0OTKH  WHTEIUICKTYANBHBIX ~ CHCTEM  YIPaBICHUS
JMIUHAMHYCCKUMH OO0BEKTaMH, OIyOJauKoBaHHBIE B Oonee 400 HaydHBIX paboTax
[TaBnoBa B.B., sBisit0TCS BECOMBIM BKJIaJIOM B MUPOBYIO HayKy.

3a Belmatommecs Hay4dHble pe3ynbraTel B.B. IlaBmoBy Oblma mpucyxmeHa
locynapcTBeHHas mpeMusi YKpawHBI B O0NAacTH HAyKW M TEXHUKHU, IPEMUS M.
B.M. I'mymkoBa, MprcBOeHO MOYETHOE 3BaHUE 3aciykeHHOro n3odperatenss HAH
YKpauHbl, YU€HBII OTMEUEH MHOTMMH TOCYIapCTBEHHBIMH U MEXKIyHApPOAHBIMHU
Harpagamu, W30paH [EHCTBUTENBHBIM aKaJIEMHKOM AKaIeMUW HaBUTAIlUH U
yIpaBJeHUs JBHKEHUEM U MexxayHapoIHOH akaJJleMUH KOMITbIOTEPHBIX HayK.

Penxomnerns »ypHama W KOJIIETH CKOpOST 00 yTpaTe H BBIpaKaroT
co00IIe3HOBaHUE POIHBIM, OIU3KAM H IPY3bSM.

PAVLOYV VADIM VLADIMIROVICH
11.01.1933 —06.06.2016

June 6, 2016, died a well-known scientist in the field of cybernetics and
automatic control, doctor of technical sciences, professor, head of department at
the International Research and Training Centre for Information Technologies and
Systems NAS and MES of Ukraine, member of the editorial board of the Journal
Pavlov Vadim Vladimirovich.

V.V. Pavlov more than a quarter century led the Department of ergatic control
systems, was the founder of a new theory in cybernetics and automatic control —
invariance of the nonlinear theory.

The Editorial Board and colleagues mourn about the loss and express their
condolences to the family, relatives and friends.
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