HAAEXKHOCTDb U KAYECTBO
CAOXHBIX CUCTEM

Ne 2 (34) 2021

COAEP>KAHUE

OYHAAMEHTAADBHBIE OCHOBBI IITPOBAEM
HAAEXKHOCTH U KAYECTBA

Aépamos O. B.

O BBIBOPE CTPATETMIN OIITTUMAABHOTI O ITAPAMETPMYECKOI'O CMHTE3A B CAIIP ............

Kamranos B. A., 3aitnesa O. B.
K IIPOBAEME CUHTE3A YIIPABASIEMBIX MOAEAEN HAAEXKHOCTU
N BE3OITACHOCTU ITPU OTPAHUYEHMAX HA CTPATETVIN YIIPABAEHIM A

Putilov V.A., Masloboev A.V.
STATE-OF-THE-ART OF THE MANAGEMENT INFORMATION INFRASTRUCTURE

OF ARCTIC REGION DEVELOPMENT: CHALLENGES, TRENDS AND LIMITATIONS.......ccccocevuuremnee.

3eaennos b. I1.
YKPYITHEHUME COCTOSHUWU ITPU MOAEANPOBAHUN HAAEXKHOCTU
TEXHUYECKHX CUCTEM MAPKOBCKVMU ITPOLIECCAMUA

TEXHOAOTNYECKHE OCHOBBI IIOBBIIINEHUW A
HAAEXXHOCTU U KAYECTBA U3AEAUI

Aysruna O. H., Mockaaes C. A., Heponexnn H. B., HoBoceaos A. C., ITanko A. A., ITocneaos A. B.

O BO3MO>KHOCTSX BLIBOPA METOAA OLIEHKU APEVI®OBBIX XAPAKTEPHCTUK
BOAHOBBIX TBEPAOTEABHBIX THPOCKOIIOB I'E 006 HA OCHOBE
OKCITIEPMMEHTAABHOTI' O ITOATBEP>KAEHIA

ITanxuu A. M.
OCHOBHBIE BOITPOCBI METOAOAOT'MN AMATHOCTHUPOBAHMA
CAOXHBIX TEXHUYECKIMX OBBEKTOB

Hasnn A. C.
TEXHUYECKUE CPEACTBA 3AIIIUTH MTHOOPMAIIMMOHHO-U3MEPUTEABHOM
CHUCTEMBI ITOBEPKIM KMAOBOABTMETPOB

Mel'nichuk A.IL., Goryachev N.V., Yurkov N.K.
COMPUTER-AIDED DESIGN OF THE VIVALDI ANTENNA FOR ULTRA-WIDEBAND
ELECTROMAGNETIC PULSE RADIATION ettt aenans

Aenncosa O. M., boponun K. M., Aapun T. B.
NCCAEAOBAHME 3ABUCHMMOCTU ITPOLUEHTHOI'O COAEP>KAHMA
PASAMYHDBIX TUITIOB YTAEPOAA K ITOAVIOTHUAEHY

B COCTABE IIOAMMMEPHO-YIAEPOAHOTI'O KOMIIO3HMTA

13

36

S3

62

70

78

92



BE3OITACHOCTH B YPE3BBIYAMTHBIX CUTYAITUAX

Camapos B. B.
IMPAKTHYECKHME BOITPOCHI IIPOBEAEHIA CEPTUONKAILTMOHHDBIX
VICIIBITAHUU TTPOTPAMMHBIX UBAEAUN................. 99

Camapos B. B., IOpxos H. K.
[TPOTPAMMHAS PEAAM3AITNSA KOHTPOAS PAVIAOBOM U3BBITOYHOCTU
U TIOATBEPXXAEHU S TOAHOTBI UCXOAHBIX TEKCTOB HA YPOBHE OAMAOB........occossrrreererennnns 104



RELIABILITY AND QUALITY N 2 (34) 2021
OF COMPLEX SYSTEMS

CONTENT

FUNDAMENTALS OF RELIABILITY AND QUALITY ISSUES

Abramov O.V.
ON THE CHOICE OF AN OPTIMAL PARAMETRIC SYNTHESIS STRATEGY IN CAD ... S

Kashtanov V.A., Zaytseva O.B.
ON THE PROBLEM OF SYNTHESIS OF CONTROLLED RELIABILITY MODELS
AND SECURITY UNDER RESTRICTIONS ON MANAGEMENT STRATEGIES. .......cooimiirncrrerncnseensennens 13

Putilov V.A., Masloboev A.V.
STATE-OF-THE-ART OF THE MANAGEMENT INFORMATION INFRASTRUCTURE
OF ARCTIC REGION DEVELOPMENT: CHALLENGES, TRENDS AND LIMITATIONS......ccoovvrreerrrrcrrrnnns 24

Zelentsov B.P.
AGGREGATION OF STATES OF MARKOV PROCESSES BY MODELING
RELIABILITY OF TECHNICAL SYSTEMS ...ooiereeceeereereseresessssesesesessssenens .36

TECHNOLOGICAL BASIS FORIMPROVING
RELIABILITY AND PRODUCT QUALITY

Luzgina O.N., Moskalev S.A., Nedopekin N.V., Novoselov A.S., Papko A.A., Pospelov A.V.

ON THE POSSIBILITIES OF CHOOSING A METHOD FOR ESTIMATING

THE DRIFT CHARACTERISTICS OF GE 006 WAVE SOLID-STATE GYROSCOPES

BASED ON EXPERIMENTAL CONFIRMATION ............ et aes 53

Pankin A.M.
THE MAIN ISSUES OF THE DIAGNOSTIC METHODOLOGY COMPLEX TECHNICAL OBJECTS........... 62

Ilin A.S.
TECHNICAL MEANS OF PROTECTION INFORMATION-MEASURING SYSTEM
CALIBRATION OF KILOVOLTMETERS ......eeeeercisseresssesssesesssesssssssssssssssssssssesssssssssssessssessssssessssesssssssssssessssesens 70

Melnichuk A. I., Goryachev N. V., Yurkov N. K.
COMPUTER-AIDED DESIGN OF THE VIVALDI ANTENNA FOR ULTRA-WIDEBAND
ELECTROMAGNETIC PULSE RADIATION s 78

Denisova O.M., Boronin K.M., Larin T.V.

STUDY OF THE DEPENDENCE OF THE PERCENTAGE

OF DIFFERENT TYPES OF CARBON TO POLYETHYLENE

IN THE COMPOSITION OF APOLYMER-CARBON COMPOSITE.......ocnrerrririneneeeensisesessenens 92




SAFETY IN EMERGENCY SITUATIONS

Samarov V.V,
PRACTICAL ISSUES OF CONDUCTING CERTIFICATION TESTS OF SOFTWARE PRODUCTS............. 99

Samarov V.V.,, Yurkov N.K.
SOFTWARE IMPLEMENTATION OF FILE REDUNDANCY CONTROL AND CONFIRMATION
OF THE COMPLETENESS OF THE SOURCE TEXTS AT THE FILE LEVEL.......ccocovvenenererrrerreerenens 104




OYHAAMEHTAADBHBIE OCHOBBI ITPOBAEM
HAAEXKXHOCTHU U KAYECTBA

FUNDAMENTALS OF RELIABILITY
AND QUALITY ISSUES

YAK 681.5.015.63:62-192
doi:10.21685/2307-4205-2021-2-1

O BBIBOPE CTPATETYIN OIITUMAABHOTO
INAPAMETPUYECKOI'O CMHTE3A B CAIIP

O.B. A6pamos

MHCTUTYT aBTOMAaTHKU U MPOLIECCOB yIIpaBiieHus JalbHeBOCTOYHOTO OTAEICHHUS
Poccuiickoii akanemuu Hayk, BiiaguBoctok, Poccust
abramov(@jiacp.dvo.ru

AHHOTAUMA. AxmyansHocms u yeau. PaccMOTpeHBI HEKOTOPBIE METOIOJIOTHYECKUE TTPOOIEMbI IPHHATHS TIPO-
eKTHBIX PEUICHHWH, BOZHUKAIOIINE B MPOLECCE ONTUMAIBFHOIO apaMEeTPHYECKOT0 CHHTE3a aHAIOTOBBIX TEXHUYECKHUX
YCTPOUCTB M CHCTEM C YUETOM CTOXaCTUYECKUX 3aKOHOMEPHOCTEH M3MEHEHUS UX IMapaMeTpoB M TPeOOBaHUH HaIEK-
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BBepenne

BricTpoe pazBuTHe anroputMuueckux u nporpaMmmubeix cpencts CAIIP compoBoxmaeTcsi yCKOpeH-
HBIM PacIpOCTPaHECHUEM HOBBIX JJIEKTPOHHBIX (POPM MPOCKTHPOBAHUS, OCHOBAHHBIX HAa KOMITBIOTCPHOM
MOJICTMPOBAaHNN M aHanmm3e. Takoe BUPTyallbHOE MPOEKTUPOBAHHE 3aBOEBHIBACT BCE OOIBIINE MO3UITHA
y TPaIUIIMOHHOTO MPOCKTUPOBAHUS, CHIDKAsI 3aTPATHOCTh U IOBBIIIAS MPOU3BOIUTEIHHOCTh U KAYECTBO
npoekTupoBanusa [1]. KommbpioTepHble MOAETH M 3JCKTPOHHBIE MPOTOTHUIIBI HM3ACTUN TPOYHO BOILIH
B npaktuky CAIIP. BMecTe ¢ TeM aBTOMAaTH3UPOBAHHOE MTPOCKTHUPOBAHNE TOCTHUTIIO HAMOOIBIINX yCIIEXOB
B OCHOBHOM B PYTHHHBIX 3aj[auaX pa3pa0O0TK{ YEPTEKHOU TOKYMEHTAIMH U B TaK Ha3bIBAEMBIX WHKECHEP-
HBIX pacyerax, rie TpeOyeTcs BBICOKAas MPOM3BOJIUTEIBHOCTh CTAHAAPTHBIX BBHIYMCICHHNA. 3HAYUTEIHHO
cabee TOCTHKEHUS TaM, T/Ie MPUHATHE POCKTHBIX PEIICHUH CBA3aHO C HEOOXOIUMOCTHI0O MHOTOBapHUAHT-
HOTO aHallM3a M ONTUMH3AINH. B 9aCTHOCTH, 3TO OTHOCHUTCA K MPOOJIEMe ONTHMAIFHOTO TPOSKTHPOBAHHS
TEXHUYECKUX CHUCTEM C YUYETOM NapaMeTpUYeCKHX BO3MYIIEHHH W TpeboBaHWi HanexHOCTH. OMHON W3
BaXKHBIX 3a/1a4 CXEMOTEXHHUYECKOrO MPOCKTUPOBAHUS SIBISICTCS 3aJadya ONTHUMAJIBHOTO MapaMeTpUYecKOro
CUHTE3a.

B o0mem Buzae 3amada ONTHMAaIbHOTO ITAPAMETPUYECKOTO CHHTE3a TEXHHUYECKHX YCTPOWCTB U CH-
CTEM C yYETOM CTOXACTHUYECKUX 3aKOHOMEPHOCTEH M3MEHEHHUS UX MapaMeTpoB U TpeOOBaHMIA HAIE)KHOCTH
(TapaMeTpUYecKOro CHHTE3a B IIUPOKOM CMBICIIC) COCTOMT B MOMCKE TAaKUX HAYAIBHBIX (HOMHHAIBHBIX)
3HAUYCHUU MapaMeTPOB DJIEMEHTOB CHUCTEMBI (BHYTPEHHUX IMapaMeTpoB), MPH KOTOPHIX 00ECIEeIMBACTCS
MaKCHMaJbHas BEPOSATHOCTH BBHIMOJHEHUS YCIOBHU PabOTOCIIOCOOHOCTH B T€UEHHE 3alaHHOTO BPEMEHH
sKkcrutyaTanud. [lpy 3TOM npeanonaraeTcs, 4To CTPYKTypa (TOMONIOTHS) TPOSKTHPYEMOH CHCTEMBI U ee Ma-
TeMaTudeckas MOJIeNIb M3BECTHHI [2, 3].

@DyHKIINH, ONMUCHIBAIONINE TPOSKTHPYEMYIO CUCTEMY, OOBIYHO UMEIOT CIIOKHBIA HETMHEHHBINH Xapak-
Tep, YTO HE TIO3BOJISAET MOIYYUTh ONTUMAIILHOE PEIIeHNEe B aHATUTHIECKOH (hopMe ¢ MMOMOIIbIO KIIacChYe-
CKHX METOJIOB MU(PEPEHIIUAILHOTO U BAPUAIIMOHHOTO UCUUCIIeHUs. [ peleHns 3aauu ONTHMAaIbHOTO
napametpudeckoro cuatesa (OIIC) mpuxoauTcst HCTIOIB30BATh ANTOPUTMUYECKHUE TOMCKOBBIC METOJIB.

Cnoxxaocts permenus 3amadn OIIC cBs3aHa ¢ BEICOKOW TPYIOEMKOCTBIO aITOPUTMOB €€ PEIICHHS, a
TaKk)Ke BO MHOTHX CIIy4asx ¢ Ae(pHUINTOM TOCTOBEPHOI MHPOpPMANIUN O 3aKOHOMEPHOCTSIX CITyYalHBIX MPO-
I[ECCOB BapHaIlMK MapaMeTpoB 00BbEKTa CHHTE3a. B 3THX YCIOBHSAX XOTENIOCH OBbI 1O BO3MOXKHOCTH YIPO-
CTHUTb TPOIIeCC MOMCKAa KOHEYHOTO pe3yiIbTaTa MyTeM OTKa3a OT Majo 3HAUYMMBIX JeHCTBUN, NMEIOIINX CO-
MHUTEIHHYIO TTPAKTHICCKYIO TOJIC3HOCTh. DPPEKTUBHOCTL cTparternn pemenns 3agaun OIIC Bo MHOTOM
OyIeT 3aBHCETh OT MOJHOTHI y4yeTa Clenu(UKu perraeMoll ONTHMU3aNUOHHOHN 3amaun. OcTaHOBUMCS Ha
HEKOTOPBIX OCOOCHHOCTSIX, BO3HHKarOIUX B nporecce OIIC onTuMHu3aiMoOHHBIX 3a/1a4.

OIITI/IMHSanl/Ul IO CTOXaCTHI€CKHUM KPUTCPHAM

OOm1ast MoCTaHOBKA 3a/]aud ONTUMAJIBHOTO MTApaMeTPUIeCKOTO CHHTE3a HMEET CIeIyFONuil B [2—4 .
HaiitTu HOMUHANBbHBIEC 3HAYEHUSI BHYTPEHHUX MapaMeTPOB UCCIETYEMOU CUCTEMBI Xuon = (X1noms «--» Xnmom)s
o0ecrneunBarole MaKCUMyM BEPOSITHOCTH ee 0e30TKa3Hoi paboTsl (BbP) B Teuenne 3aqaHHOTO BpeMeHU:

o _
XHOM—argmaxP{X(me,t)e D,,Vte[0,T]}, (1)
e X(Xuow, £) — CITyHalHBIH NPOLIECC M3MEHEHHs mapaMeTpoB; Dy — o6nacTh pabotocnocodHocTn; T — 3a-
JIAHHOE BPEMS IKCILTYaTaluH CHCTEMBL.

O61acTh JOMYCTUMBIX BapUALMi BHYTPEHHUX ApaMeTpoB Dy, Kak MPaBUIIO, HEU3BECTHA, A YCIIOBUS

paboToCTIOCOOHOCTH OOBITHO 33/IAl0TCS CHCTEMOMN HEPaBEHCTB:

a,<y(x);<b,..., j=1m, (2)

m pa—
rae y ={y,}’, — BEKTOp BBIXOAHBIX [IAPAMETPOB CHCTEMBI, puueM y; = F (x,...,x,), a F;(®) — ussecr-

HBIN orepartop, 3aBUCSIINI OT TONOJIOTHHU I/ICCJ'IC,Z[yCMOI‘/'I CHUCTCMBI.
B kadecTBe KOJIMYECTBEHHOTO MOKA3aTeIIsl HAAS)KHOCTH IIPUHUMACTCA BEPOATHOCTD

P(Y(1)e D, V€[0,T]), (3)
rae Y(#) — ciry4aiiHbIi NpoLEecC U3MEHEHHUS BBIXOJHBIX IIaPaMETPOB CUCTEMBI, a Dy — 0071aCTh Oy CTUMBIX

W3MEHEHWI BBIXOJHBIX MapaMeTpOB, KOTOpas HYalle BCEro 3aJaeTCs CHCTEMOW HepaBeHCTB (2), a 3HAYWT,
uMeeT (popMy m-MEepHOTO TUTIEpIIapaUIeNenHIe 1a.
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Taxum oOpaszom, 1ieneBast QyHKIHSI P(Xyon, 1) = P{X(Xuou, )€ Dy, V1€ [0,T]} Kak BEepOATHOCTD SBIIS-
ercst pyHKIMEeH HempephIBHON U orpaHudeHHON P(Xyoy, 1)€[0,1]. To ke caMoe MOXKHO CKa3aTh U O KpUTe-
puu Buza (3).

3amauy OIIC B Buze (1) MOXKHO paccMaTpuBaTh Kak 3ajjady MaTeMaTHUECKOTO MpPOTrPaMMHUpPOBaHUSA
¢ orpanndeHusMH [5]. Ee 0cOOEHHOCTAMU SIBIISIIOTCSI MHOTOMEPHOCTB, CTOXaCTUYHOCTh, HETMHEHHOCTh U
B 00IIIEM CIIy4ae HEBBITYKIOCTb.

YacTo 3amaua mapamMeTpUUecKOro CHHTE3a COCTOMT HE B MOMCKE HOMMHAJIOB IIAPaMeTPOB, IIPU KOTO-
PBIX IOCTHTaeTCsi MAaKCUMYM BEpOSITHOCTH O€30TKa3HOM paboThL, a B obecrieueHny BBP He Hibke TpeOyemoit:

P(Xyom> T) 2 Py

B sTom cirydae, mpex/ie Bcero, BO3HUKAET BOIPOC O TOCTHKUMOCTH HeoOxoaumoro yposHs BBP npu
BBIOpaHHOH CTPYKType OOBEeKTa MpOeKTHpoBaHUS. PacueTr mpenenbHBIX BO3MOXKHOCTEH IerecooOpasHo
MPOU3BOJHUTD, €CIH TPU 3TOM TPYAOEMKOCTh BBIYMCIHMTEIBHOTO Mpolecca OyAeT CyIIECTBEHHO MEHBIIIE
TPYIOEMKOCTH pereHus 3amaqn (1).

Heob6xoammo 3aMeTuTh, 9T0 TpeOyeMbIit ypoBeHb BBP 00BIMHO TOCTaTOYHO BBICOK (IO KpalHEH Me-
pe, cymectBeHHO 60mbie 0,5), a Takxe TOT (pakT, 4To

P(Xuon, T) < Py, “)

rae Py = P(Xyom, 0) — BEPOATHOCTH BBHITIOTHEHHUS yCIOBUH PabOTOCIIOCOOHOCTH B MOMEHT BpeMeHH ¢ = (),
KOTOPYIO Ha3bIBAIOT OOBIYHO CEPUHHOMPUTOIHOCTBIO HITH BBIXOJIOM TOJIHBIX.

CootHomenne (4) creayer U3 Toro (akra, 4yTo ClydaifHOe COOBITHE, COCTOSIEE B BBIIOJTHEHHH
yCIOBUH pabOTOCIOCOOHOCTH B TeueHHE HHTepBana BpemeHu [0,77], sBisgeTcs: Npou3BeICHUEM JBYX COObI-
THH, MEPBOE U3 KOTOPHIX — HAXOXKJICHUE CHCTEMBI B pabOTOCIIOCOOHOM COCTOSIHUM B HAdalbHBI MOMEHT
Bpemenu ¢ = 0, a BTOpoe — BBINTOJIHEHHE YCIOBUN pabOTOCIOCOOHOCTH HEMPEPHIBHO B TEUCHHE BPEMEHH
skcmuryataruu 1. C ydeToM 3TOTO B Ka4ecTBE MEPBOTO dTama Ipollecca moucka skcrpemyma BBP neneco-
00pa3HO MPOBECTH MOKUCK MaKCHMYMa BEPOSTHOCTH BBINOJIHEHUS yCIOBUH paboTOCIIOCOOHOCTH B MOMEHT
BpeMeHH ¢ = (), 4TO CyIIeCTBEHHO mpolie pemenus 3agaun (1). JeldcTBUTENbHO, Ui pacyeTa CepUHONPH-
TOJTHOCTH TIPUXOJIUTCS OTIEPUPOBAThH CIyYaHBIMY BEIMYMHAMH, a HE CIyYailHBIMH TIPOIleCCaMu, U, KpOMe
TOTO, TIPH 3TOM WHOT/A YAAETCS 3aMEHUTh UCXOIHYIO 33[1a4y CO CTOXaCTHUYECKIM KPUTEPHEM ONITHMABHO-
CTH SKBHMBAJCHTHOH 3aiayeil ¢ IETEPMHUHUPOBAHHBIM KpuTepreM. Tak, Hampumep, IJIsl BHITYKJIbIX 00a-
cTell pabOTOCHOCOOHOCTH M CHMMETPHYHOH OTHOCHTENBHO MAaTeMaTHYECKOTO OXHMIaHWsA (YHKLUUH pac-
MpeaeNeHns] TIIOTHOCTH BEPOATHOCTH MapaMeTpOB 3afada CBOJUTCS K MOWCKY IIEHTpPa TSHKECTH OOJIACTH
pabotocmocoorOoCTH Dy [6].

IlepexomuTh KO BTOPOMY 3TaIly CJieXyeT JUIIb B TOM CIy4ae, €CIH JOCTIKUMBIA YPOBEHb CEPUIHO-
pUroHocTH OyneT Gombie TpeOyemoro 3HaueHust BBP. B mpoTtuBHOM citydae HEOOXOIUMO BEPHYTHCS
K 3Taly CTPYKTYPHOTO cHHTe3a. Hampumep, BEIOpaTh CTPYKTYPY MPOEKTHPYEMOTrO OOBEKTa C DIEMEHTaMH
HacTpOUKH [7].

OnTHMaAbHPIN MApaMeTPUIeCKHI CHHTE3 B YCAOBHSIX HEONPEACACHHOCTH

YacTto HeoOxoauMas anpropHas HHGopMalys 0 BEpOATHOCTHBIX CBOWCTBAaX OTKJIOHEHWH mapaMer-
POB OT pPacUeTHBIX 3HAUEHUH OTCYTCTBYET WJIU SIBJISIETCS HELOCTATOYHO MOJTHOH. DTO 00BSICHAETCS TEM, UYTO
ee TOJIyuYeHHE CBA3aHO C HEOOXOAMMOCTHIO HPOBENCHMS UIMTENBHBIX M JIOPOIOCTOSINMX HCIBITAHUN
OOJIBIIIOTO YHCIia OMHOTUITHBIX AJIEMEHTOB, a TaKKe OBICTPBIM CTapeHHeM 3Toi WHpopManun. Bo3Hukaer
HeoOxoauMocTh pemeHus 3aaaun OIIC B yCIIOBHAX HETOJHOTHI M HEOCTATOYHOW JIOCTOBEPHOCTU HCXOJI-
HOW MH(OpPMAIHH, T.€. B YCIIOBHAX HEONpPEISIEHHOCTH. PaccMoTprM Hanboee 4acTo BCTpeyaroImuecs mpu
3TOM CUTYaLHH:

— MH3BecTeH TOIRKO HAYANBHBIN pa3dpoc mapaMeTpoB (3aK0H pacipeneieHus BekTopa Xg), KOTOPBIHA
oTIpesieNsieTCcsl TEXHOJIOTHYECKUMH (ITPOM3BOACTBEHHBIMM) (pakTopamu. B sToM cimyuae 3amada (1) mmeer
BUJI

XHOMZargmaxP{X()(xHOM)er,t=0}. ®)

OHa siBNIsIeTCS YaCTHBIM ciiydaeM ooOmiei 3aaaun OIIC ¥ HOCUT Ha3BaHUE 33]]a4d ONTUMU3AIUHU BbI-
X0]1a TOJTHBIX (CEpUHHOTPUTOTHOCTH).
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— VI3BeCTHBI TONBKO YKCIIOBBIE XaPAKTCPUCTHKH (MOMEHTHI paclpeeiCHIsI) CIIyYaiiHbIX BEIUYHUH,
BXOOAIMX B MOJCJIN MPOLUECCOB USMCHCHHA MapaMETPOB. O6BI‘-IHO 9TO MaTEeMaTHYCCKUEC OXKHNIAaHUA U JUC-
MIEPCUH CaMHX MTapaMeTpoB, KOAPGHHUIINESHTOB CTAPEHUS, TEMIIEPATYPHBIX KOAPDHUIIHNESHTOB | JIp.

— OTKIIOHECHHUS MapaMeTPOB M KO3(PPUIIMEHTOB BRIOPAHHON MOJIENIN OTKJIIOHCHHSI TTApaMETPOB 3aja-
HBI UHTEPBAJIBHO (B BHJIE MIPEAEIOB BOZMOXKHBIX BapHallUii).

— HMudopmanus o 3aKOHOMEPHOCTIX W3MEHEHUI MapaMeTpOB JIEMEHTOB CUCTEMEI, a CIIeI0BATEIh-
HO, ¥ I3MEHEHHAX BBIXOHBIX ITAPAMETPOB MOJIHOCTHIO OTCYTCTBYET.

Crpareruro Mmoucka ONTUMAIIbHBIX 3HAYCHUH HOMWHAJIOB MapaMETPOB B YCIOBUSX HEOMPEACICHHO-
CTH 1Ieecoo0pa3Ho CTPOUTH B BHJe Habopa (Beepa) METOJOB U aITOPUTMOB PEIICHUsT OTIEIBHBIX 3a1ad
OIIC, agexBaTHBIX MMEIOIICHCS anpHOPHOW MHQPOPMAIIUK O MapaMEeTPUUSCKUX BO3MYIIEHUAX. [lpu sTom
JUTSL K&XKIOW OTAEIHHON CHTyally ONTHMAJIFHBIM MOXHO CUMTATh PE3yJbTaT, 00ECIICYHBAIOIINN TapaHTH-
POBaHHBIA YPOBEHb PabOTOCHIOCOOHOCTH, MAKCUMAIILHBIN MPH UMEIOIEMCsl 00beMe HCXOTHOW HMH(pOpMa-
oHu. ﬂpyrI/IMI/I CJIOBaMH, ONITUMAJIBHOCTL B YCJIOBUAX HCOIPCACICHHOCTU 6YI[GM IIOHUMaTh B MUHHUMAKC-
HOM CMBICTIE, T.€. C TOYKH 3PEHUS TOIYUeHHS HAWIYYIero pe3yibrara npu Hanbosee HeOIarompusTHBIX
(W3 MHOXKECTBA JOMYCTUMBIX ) ITAPAMETPHUECKUX BO3ZMYIICHHUSX.

Cnenyer oOpaTuTh BHUMaHHE Ha eIle 0JHY 0coOeHHOCTh perreHus 3aaaun OIIC. YtoObl momydnTh
KaKylo-TO WHPOPMAIMI0 O BO3MOXHBIX BapHalUsiX MapaMeTPOB MPOCKTUPYEMOH CHCTEMBI, HEOOXOIUMO
3HATh THIIOHOMWHAJIBI AJIEMEHTOB 3TOW CHCTEMBI (IJIs1 SIEKTPOPAAMOIIEMEHTOB 3TO THII dJIEMEHTa, HOMH-
HaJbHBIE 3HAYEHUS €T0 IMapaMeTpoB, KJIACC TOYHOCTH, HOMUHABbHAS MOIIIHOCTh WM HanpspkeHue). Beioop
TUTIOHOMHUHAJIOB MOXET OBITh OCYIIECTBJICH Ha OCHOBE MHTYMIIMU U ONbITa Pa3pa0d0TUHKa, 110 MPOTOTUIIAM
WIN B pe3ysibTaTe KaKux-To pacueToB. [Ipu 3ToM HE00X0AWMO, YTOOBI MPH BHIOPAHHBIX HOMUHANIAX Iapa-
METPOB BBITIOIHSITUCH YCIOBHS paOOTOCIIOCOOHOCTH (HOMHHANIbHAS TOYKa MpHHAIUIekKana obimactu pabdo-
TOCIOCOOHOCTH Dy).

Kak orMeuasioch Bbillie, YCIOBHS paOOTOCIIOCOOHOCTH 3aJar0TCsl OOBIYHO TPEOOBAHUSAMH TEXHUYEC-
CKOT'O 33JIaHus B BUC OTpaHUYCHHM (2) Ha BRIXOIHBIC IMapamMeTphl. JIto6as KoMOWHAIMSI ITapaMeTPOB dIIe-
MEHTOB (BHYTPEHHHUX MapaMeTPOB) OJHO3HAYHO OMPEEISIeT HEKOTOPYO COBOKYITHOCTh 3HAYEHUH BBIXOJI-
HBIX IapaMEeTPOB W TakuM 0Opa3oM TOYKY B IPOCTPAHCTBE BBIXOJHBIX mapameTpoB. COBOKYIHOCTH
napamMeTpoB 3JEMEHTOB MPEJCTABICT JOIMYCTUMOE pEllleHHe, €CIM COOTBETCTBYIOIIAS TOYKA MPOCTPaH-
CTBa BBIXOJIHBIX MapaMETPOB JISKUT B MHOTOMEPHOM MOJHUAJIPE, 33/1aBA€MOM OTPaHHYEHUSIMH Ha BBIXOJ-
HBIE TTApaMETPHI.

[Ipu nowrcke HOMYCTUMOIO PElICHUs HEOOXOMMO YUYUTHIBATh apaMeTphl pabounx ycnoBuid. XKema-
TCJIbHO YCTAHOBUTH HOMHWHAJILHBIC 3HAYCHUA ITApaMETPOB JJIEMCHTOB Tak, YTOOBI J0IIyCTUMOEC PCUHICHHUE
MTOJTY9IaJIOCh TIPH JIF000# KOMOMHAITIY TapaMeTPOB pabounx yCIoBUH (Hampumep, Temmeparypsl). [losTomy
MOJKHO CUUTATh, YTO KOKABIN MapaMeTp pabodrx yCIOBUH MPUHUMAET MO0 CBOE HOMUHAIILHOE 3HAUEHHE,
MO0 OJTHO M3 KpalHUX 3HaYeHmid. CHCTEMa JKe UCCIIEAYETCS B CBOUX pa0OYMX COCTOSHHSIX, 00pa30BaHHBIX
BCEMHU BO3MOXHBIMU KOMGI/IHaHI/IﬂMI/I OTHUX IIap.

OnpeneneHHONW XapaKTEPUCTUKON BO3MOXXHOCTH CHCTEMBI BBIMIONHATH 3aJjaHHbIE (YHKIIMH B YCJIO-
BUSIX MapaMeTPUUYECKUX BO3MYIIEHUH sBIsieTCSl 001IacTh paboTocmocoOHOCTH Dy, TOCTPOCHHAS B KOOPIIH-
HaTax MapaMeTPOB CXEMHBIX IeMEHTOB cucTeMbl [§]. COBOKYIHOCTh 3HAUEHUH BHYTPEHHUX IapaMeTpOB
MOXXET OBITh TpEICTaBICHA M300pa)aromeil TOUYKOH B n-MEPHOM IPOCTPAHCTBE ITHX THapameTpoB. Jlims
obecniedeHust pabOTOCTIOCOOHOCTH CUCTEMEBI 3Ta TOYKa JIOJDKHA HAXOAUTHCSA BHYTpH obmactu Dy. [Ipu aTom
paccTosHUE OT M300paKaoIIEH TOYKH JI0 TpaHul] Dy MOXXHO pacCMaTpUBaTh KaK HEKOTOPBINA 3arac pado-
TOCIIOCOOHOCTH CHCTEMBI.

3amac paboTOoCTIOCOOHOCTH MOXHO pacCMaTpUBaTh Ha yPOBHE BHYTPEHHUX IapaMeTpoB (mapameT-
POB 2JIEMEHTOB) WJIH BBIXOIHBIX TAPAMETPOB CUCTEMBI.

3amac paboTOCIOCOOHOCTH TIEPBOTO THIA — HA YPOBHE BHYTPEHHUX MMapaMeTPOB — MO3BOJISIET OIe-
HUTH CTENCHb YAAJCHHOCTH BEKTOpa BHYTPEHHHX IMapaMeTpPOB OT TpaHul] 00JacTH paboTOCOCOOHOCTH,
a cJeIoBaTeNbHO, MpeIeTbl BO3MOKHBIX BapHalli MapaMeTpOB JIEMEHTOB, IPU KOTOPHIX HE HAPYIIAIOTCS
yCIIOBUS pabOTOCTIOCOOHOCTH. 3ajada ONTUMAIBHOTO TApaMETPUIECKOTO CHHTE3a B 3TOM CITydae CBOJIUTCS
K HaXOXJICHUIO TaKOW TOYKHU BHYTPHU 00JIACTH paboTocrocoOHOCTH Dy (BBIOOpa TaKOTO BEKTOpa HOMUHA-
JIOB TapaMeTPOB), KOTOpask HAXOIUTCS HA MAKCUMAJIbHOM B CMBICJIC BEIOPAHHOTO KPUTEPUSI PACCTOSIHUU OT
ee rpanutl [9].

Ecnu obnacte paboTocnocodHOCTH Dy HEM3BECTHA, TO BBIIIOJHEHHE YCIOBUI PabOTOCIOCOOHOCTH
MpH BHIOPAaHHBIX BHYTPEHHHUX MapaMeTpax MPOBEPAETCS B PE3yJIbTaTe BBIYMCIECHUS COOTBETCTBYIOIIHX BhI-
XOJIHBIX TAPaMETPOB M CPABHEHHS MX C TPeOOBAHMWAMHU TEXHHYECKOTO 3alaHUs (007acThIO JOMYCTUMBIX
3HAYCHUH BBIXOJHBIX IIAPaMeTpoB Dy).
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Mo>KHO TOBOPHTB O 3amace paboTOCIIOCOOHOCTH BTOPOTrO THIA, NPECTABIAIOIIEM co00i Mepy yna-
JIGHHOCTH BEKTOPA BBIXOJHBIX MapaMeTpoB y = (y,(Xx),,(X),...,», (X)) OT 3aJaHHBIX TPEOOBAHUSIMHU TEXHH-

4eCKOro 3aJlaHus IpaHuI] ooactu Dy.

IMockonbKy 3a7a4a MapaMeTPUUECKOTO CHHTE3a COCTOMT B BHIOOpE HOMUHATBHBIX 3HAYCHUI BHYT-
pEHHUX MapamMeTpoB, OyaeM Ha3bpIBaTh BEIOOP 3HAUYECHUN MapaMETPOB IO KPUTEPHIO 3amaca padoTocmocoo-
HOCTH TIEPBOTO THIIA MPSMOI 3aJaueii, a BEIOOp MO KPUTEPHIO 3amaca paboTOCIIOCOOHOCTH BTOPOTO THITA —
0o0paTHOIA.

JIto6ast koMOMHAIMS BHYTPEHHHX MapaMeTpoB X = (X,,X,,...,X,) OJHO3HAUYHO OIpENeIseT HEKOTO-

PYIO COBOKYHHOCTbH BBIXOAHBIX BeJIMuMH Yy = (),(X),),(X),...,», (X)) H, TaKUM 00pa3oM, HEKOTOPYIO TOUKY

Y€ R" B m-MepHOM NPOCTPAHCTBE BBIXOJHBIX IapaMeTpoB. [Ipu 3ToM o0OpaTHOe 0TOOpaXKeHHue He Beeraa

SIBJIICTCS. OJIHO3HAYHBIM: OJIHOMY M TOMY ¢ HA0OPY 3HAUCHWI BBIXOJHBIX MMapamMeTPOB MOTYT COOTBET-
CTBOBATh HECKOJBFKO PA3IMYHBIX BEKTOPOB BHYTPEHHUX MApaMETPOB.

Texnoarorunsa IapaAACABHBIX BBIYHCACHHM B 3ajpavax MapaMEeTPHICCKOro CHHTE3a

CroxacTHUeCKHi XapakTep KPUTEpUs ONTHUMAILHOCTH, MHOTOMEPHOCTH NPOCTPAHCTBA IIOMCKA,
HEOOXOJJMMOCTh PEUICHHS 3aJay TJI00aIBHON ONTUMH3AINK 3aCTaBIISIOT UCKATh IyTH cO3aHus 3ddek-
TUBHBIX YHCJICHHBIX MeTO/I0B pernenus 3amad OIIC. B mensx cokpaimieHus BEIYUCIUTENBHBIX 3aTpaT MpH
pemenun 3agad OIIC menecoobpa3Ho WCMOTB30BaTh ANTOPUTMBI MIPEIBAPUTEIHHOTO aHAIN3a JaHHBIX, MMO-
HWDKCHUS Pa3MEPHOCTH MPOCTPAHCTBA MOKMCKA, JIAHIIA(QTHOTO aHAIN3a LIEICBON (DYHKIIMU U JIp.

OpmanM 13 HanboJee PaTuKATBHBIX IyTeH pelIeHus 3a7ad BEICOKOW BBIYMCIHTEIEHON CJIOKHOCTH SIB-
JIeTCs pacnapaUIeNIMBaHUE TIPOIlecca MOWCKA PEIIeHUs] ¢ WCIONIb30BAaHHEM BBIYMCIHTENBHBIX KIIaCTEPOB,
CHCTEM Ha OCHOBE rpayuIeCKrX MPOIIECCOPHBIX YCTPOUCTB, JIOKAIBHBIX BEIUUCIUTEIBHBIX CETEH U T.1.

MoskHO peayiokUTh HecKoIbko BapraHToB ctpaTeruu OIIC ¢ ncnonb3oBaHUEM TEXHOJIOTUU Mapa-
JIENBHBIX ¥ PacTPEICTICHHBIX BEIYACICHAN.

B ocHoOBe mepBoi U3 CTpaTeruii JEKUT UIES CO3JaHUs NapaJUIeNIbHBIX METOAOB pacuera LeJIeBOU
(hyHKIIUM ¥ METOJIOB ONITUMU3AIUY.

[TapannensHbIii anroput™ pacuera (oneHkn) BBP sBisercs Mmomudukaiueit MeToga cTaTUCTHYECKUX
ucteiTaguii (MonTe-Kapio). C moMoImpio CeruaibHON TMTOAPOTrpaMMBI-TeHEPAaTOpa MOACITUPYIOTCS pea-
TU3alid CIy9aliHOTO TMpoIlecca U3MEHEHHUS MapaMeTPOB UCCIEIYEMON TEXHUUYECKON cHUCTeMBbl. JIms Kaxk-
JIOW U3 peann3anuid MPOU3BOIAUTCS MPOBEPKA BBHITIOTHEHHS YCIOBUH pabOTOCTIOCOOHOCTH B TEUCHHE 3a1aH-
HOTO BpeMeHH 1. UHWCIO MOACIHPYEMBIX peall3alfii ONpeAeNsseTcss HEOOXOIUMON TOYHOCTBIO OICHKH
BEPOSATHOCTH 0e30TKa3HO# padoTsl [10].

Co3znaHue u peanu3anus mapamuieaIbHOro aHajlora METOAa CTATUCTUYCCKUX UCTIBITAHUN HE BBI3BIBAIOT
MIPUHIUITHANBHBIX 3aTpyJHEHUH. Vcmonp30BaHne MapajuieNbHBIX BBEIYHUCICHUH B 3TOM METOJE SBISETCS
BITOJIHE JIOTUYHBIM, TIOCKOJIBKY HIes TapajieNin3Ma — OBTOPEHHUSI HEKOTOPOTO THIIOBOTO IpoIiecca ¢ pas-
JUYHBIMHA Ha0OpaMu JIaHHBIX — 3aJI0)KEHA B CaMOH CTPYKType MeToAa. HTYUTUBHO MOHSATHO, YTO UCIOJb-
30BaHUE k HE3aBHCHMBIX IMPOIECCOPOB U PACIpEIeIeHne MEXy HUMU HE3aBUCHMBIX HCIBITAHUN YMEHbB-
AT TPYIOEMKOCTh CTaTHCTUYECKOTO MOJAETHPOBAHMS TOYTH B k pa3, TOCKOIBKY 3aTpaThl Ha
3aKITIOYUTENIFHOE CYMMHPOBAHNE U OCPETHEHNE PE3YIbTaTOB MPAKTUUECKH HecylecTBeHHHI [10].

JlanbHeiiniee ymenbpieHne Bpemenn perienus 3agaun OIIC MoxeT ObITh JOCTUTHYTO 3a CUET pacma-
paenuBaHus alrOPUTMa MOUCKA SKCTPEMyMa.

[IpocTeimuM U3 NpSMbIX METOJIOB IMOUCKA, 00JIAAIOIIUX CBOWCTBOM MOTCHIIMAIBHOIO Hapauieie-
TU3Ma, SIBIISIETCS METOJI CKAHUPOBAHUSL.

CyIHOCTh METO/1a 3aKII0YAETCs B TOM, YTO 00JIaCTh TIOMCKa pa30rBaeTcs Ha dJIeMEHTapHEIE sTUeHKH,
B Ka)XXJIOM M3 KOTOPBIX IO OIPENEICHHOMY alTOpUTMY BBIOMpAETCs TOYKa: B IEHTpE SUYSHKH, Ha pedpax
WU BepUIMHAx. B kaxol syelike OCYUIECTBISAETCS MOCIEI0BATENbHBIA MPOCMOTP 3HAUEHUN LEIEBON
(hyHKIIMH 1 HaXOXJICHHE CPENX HUX DKCTPEMAILHOTO 3HAYEHHUs. TOYHOCTh METO/a, €CTECTBEHHO, OMpee-
JsieTCA TeM, HaCKOJIBKO TUTOTHO PacIojiaraloTcsi BRBIOpaHHBIE TOYKH B 00JIaCTH TIOMCKA.

OCHOBHBIM JTOCTOMHCTBOM METOJIa CKAHHPOBAHUS SBJIACTCS TO, YTO MPH €r0 UCIOIH30BAHUU C JO-
CTaTOYHO TYCTHIM PACHOJOXKCHHEM TOUYEK BCET/ia TapaHTHPYETCS OTHICKAHHE TII00AThHOTO IKCTpEMyMa.
OpHako As 3TOTO B JAHHOM MeEToJle TpeOyeTcs 3HAYUTEIhbHBIH 00bEeM BBIYMCICHUH, CHU3UTH KOTOPBIHA
MOJKHO ITyTeM pacrapajuieIruBanus aaroputma [11].

B 3agauax OIIC BBIOOpOYHOE MHOKECTBO HOMUHAJIOB B OOJILIIMHCTBE CIy4YacB SIBISCTCS CaMO IO
cebe MUCKPETHBIM. JTO CBS3aHO C TEM, YTO HOMHHAJIBI IMapamMeTpPOB OONBITUHCTBA THITOBBIX DJIEKTPO-

9
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paanodeMeHToB (Pe3UCTOPOB, KOHIEHCATOPOB, KAaTyIIeK WHAYKTUBHOCTH, ONEPAllMOHHBIX yCHIUTENEH U
JIp.) periiaMEHTHPOBAHBI TEXHUYECKUMHU YCIOBHSIMH WM CTaHAapTamu. J[Jii akTUBHBIX 3JIEMEHTOB pa3pa-
OOTYHMK Ha OCHOBE OTIBITA W MHTYHUIIMH OOBIYHO MOXET 33]1aTh BO3MOXKHBIE BaPHAHTHI UCIIOIB3yEMBIX dIle-
MEHTOB, a CIIeIOBATENbHO, 1 HOMUHAIIFHBIE 3HAYEHHS MX MapaMeTpoB. B Tex ke JOBOIBHO PEeIKUX CIydasx,
KOT/Ia UMEETCsI BO3MOXKHOCTh BBIOMPAaTh HOMHHAIIBHBIC 3HAYEHHS [TapaMETPOB U3 HEMPEPBIBHOTO JTAIa3oHa,
MOJKHO HCIOJIh30BaTh MPOLEAYPY AUCKPETHU3alH. TakuM 00pa3oM, B OONBIIMHCTBE CIy4aeB MOXKHO CUH-
TaTh, 9TO BEIOOPOYHOE MHOKECTBO HOMUHAJIOB TipH perreHnn 3aaa4 OIIC sBiseTcst AUCKPETHBIM.

B npocreiiem ciyyae IOUCK pelIeHUs: CBOAUTCS K MOJTHOMY Iepebopy IEMEHTOB MHOXKECTBA BO3-

MOJKHBIX 3HAUYEHHI HOMUHAIIOB BHYTPEHHUX TTapaMeTpoB D B KakKI0M TOUKe X, KOTOPOTO HEOOXOAUMO

HaWTH 3HAYCHUE LIEICBON (DYHKIIHH.
YunThIBas MUKIAYHOCTE MPOIEAYPHI BEIYUCIICHUS 1EIeBOI (DYHKIMH, HECI0KHO TPUMEHUTH TTapa-
JIEU3M TIO JTAHHBIM.

HyCTB mpoucce peucHrs MOXHO OCYHICCTBUTH C UCIIOJIB30BAHUCM k IpouccCopoB. MHoKecTBO D:H
k

p336I/IBaCTCﬂ Ha HCIICPECCCKAIOIHNECA IMOJAMHOKCCTBA D:H = U{D:Hi} , IpAU 3TOM KaXXJOMY ]-My mpouecco-
i=1

Py Ha3HA4aeTCsi CBOC IOAMHOXKECTBO D", MCXOIHBIX AaHHBIX. Takum o0pasoM, Kax/pli j-i mpoueccop
OCYLUECTBIISICT PacieT LeIeBOH PYHKIMA [Uisl BCEX DJIEMEHTOB MHOXKECTBA D", M HAXOJUT ONTHMAIbHBIA

BEKTOp HOMUHAJIOB TTApaMETPOB UIA CBOEH Mojo0macTu. Pe3ynpraTsl nmepeaaroTcst TIIaBHOMY TPOIIECCOpY,
KOTOPBIi IPOU3BOJUT BHIGOP ONTUMAIBHOIO BEKTOPa HOMHHAIIOB M0 Beel obnactu D). Takoe pazOueHune

BCET0 MHOJKECTBA TMOWCKA Ha HEMEePECEeKAaoIecs MOJMHOKECTBA COCTABISIET CYTh OJOKa AWCIeTYepH3a-
LMY TapaJjIeIbHOTO PaclpeIeICHHOrO Mpoliecca.

JI1 CHMMETPHUYHOTO BBIYHCIUTEIHHOTO KIacTepa, COCTOSIIETO U3 kK PaBHBIX MO MOIHOCTH BBIYHIC-
JIUTEIBHBIX Y3JI0B, O0Ilee YMCIIO TOYCK Pa30MBAeTCs Ha PaBHbIC KOJUYECTBA JJIS Ka)JIOTO M3 MOIYMHEH-
HBIX TPOIIECCOB. B cilydae HECHMMETPUYHOTO KJIacTepa HEOOXOIUMO MPOBECTH IMPEBAPUTEIBHYIO TPO-
HeAyPY OILEHKH TPYIOEMKOCTH THIIOBOH MPOIEyphl METO/Ia ONTHMHU3AIINHY, B KAUeCTBE KOTOPOH BEICTyMA-
€T OJHOKpATHOE MOJEIMPOBaHNE paOOTHI CUCTEMBI, TPOBEPKA YCIOBUN PabOTOCTIOCOOHOCTH M BHIYHCIICHHE
3HAUCHUN KPUTEpUsS ONTHUMAIBLHOCTH. [Ipu 3TOM BRIUMCIHMTENbHAS HATpy3Ka JACIUTCA MEXIY KOMIIOHCHTa-
MU KOMILJIEKCA MPOMOPILUOHATIBHO UX TPOU3BOIUTEIHHOCTH.

[lo oxoHuannm pabOTHI MPOTPAMMBI JUCIIETYCPU3ANUN BBHIUHNCIHTEIHHOTO MPOIecca KaXaI0My BBI-
YHMCITUTEIBHOMY KOMIIOHCHTY KOMIUIEKCA PACCBUIAIOTCS IPaHMLBI €ro MOJAMHOXeCTBA D", HMCXOIHBIX

JaHHbIX. [I0 OKOHUaHMU cYeTa IJIaBHBIM MPOLECCOP IMOJIYYAET Pe3yiabTaThl OT MOJYMHEHHBIX U IPOBOAUT
(GopMHpOBaHHE OKOHYATEIBHBIX PE3YJIBTATOB IMCKPETHOM OMTUMH3ALMU Ha BceM MHOXecTBe D).

Hpyrast BoamoskHast crparerus OIIC ocHOBaHa Ha MOCTPOECHUH M MCIIOIB30BAHUHU 00JIACTH JOITYCTH-
MBIX 3HAYEeHUH BHYTPEHHUX MMapaMeTpoB (00acTu paboTocrmocoOHOCTH) Dy.

IIpuBiiekaTenbHOCTh 3TOM CTpaTEruu B ONPEACIICHHOM Mepe CBsi3aHa C BO3ZMOXKHOCTBIO JEKOMIIO3H-
1y obmedt 3anaun OIIC Ha ABe moa3anaym.

[lepBast U3 HUX COCTOWT B TIOCTPOSHHH, aHAIN3E U anmpokcumau obmactu Dy. DTo 3a7ada BBICO-
KO BBIYHCIUTEIHHON TPYJOEMKOCTH, TIOCKOJIBKY €€ PelIeHHe CBSI3aHO C HEOOXOAMMOCThI0 MHOTOKPATHO-
T'O BBIYUCJIEHUS 3HAUEHUH BBIXOTHBIX TapaMETPOB CUCTEMBI.

Bropas nmoazagava BKIIIO4aeT BBIYUCICHHE 1E1€BOM (DYHKIMN M HaXOXACHHE ONTHUMAJbHBIX 3Haye-
HUI HOMHUHAJIOB TapaMeTpoB. [lomydeHne pemnieHnii B 3TOM Cilydae He CBA3aHO ¢ HEOOXOAUMOCTBIO 00Opa-
HICHHS K MOJIENH HCCIeyeMON CUCTEMBI, YTO 3HAUUTEIbHO YMEHbIIAET TPYI0EMKOCTh MapaMeTPUUYECKOTO
CUHTE3a.

Takum obpazom, ctpateruss OIIC B 3ToM cirydae OyaeT cOCTOSATh U3 ABYX ATANOB, MEPBBIA U3 KOTO-
PBIX CBSI3aH C MOCTPOCHHEM 00JacTH AOIMyCTUMBIX Bapualnii mapameTpoB Dy. Jlis ee pemenus pa3padoran
OpMEHTHPOBAHHBIN Ha MCIOJIb30BAHNE TEXHOJIOTUH NMapajUIeNIbHBIX (pachpeieieHHbIX) BBIYHCICHUH Mpo-
rpaMMHoO-anroputMuyeckuit kommieke CHHUOP [12].

Ha BTOpOM 5Tame ocyIecTBIsIETCS TIONCK ONTUMANILHBIX pemieHuid. [Ipu m3BecTHOl 00macTu pado-
TOCITOCOOHOCTH TPYAOEMKOCTb BBIYMCIICHUSI 3HAUCHHWH [eNeBOW (YHKIUH W TOMCKAa JKCTpeMyMa Cylile-
CTBEHHO yMeHbIIaercsi. Temepb NpU MPOBEACHUH CTATUCTUYECKUX HCIBITAHHNA HET HEOOXOAWMOCTH BHI-
YUCIIATH, 3HAYCHHsS] BBIXOMHBIX MApaMETPOB IMPOEKTUPyeMoro o0bekTa (oOpamarbCsi K MOIYIIO
JIETEpPMUHUPOBAHHOTO aHAN3a).
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Kpome Toro, cyiecTBeHHOE COKpaIeHHEe BEIYUCIUTEIBHBIX 3aTPAT MOXKET OBITh JIOCTUTHYTO ITyTEM
UCTONIb30BaHus o0yiacT Dy Jiisl apaJijIeNbHBIX aHAJIOTOB METOJIOB TIOMCKOBOW ONTUMH3aIUK. TakuM 00-
pasom, npu ucnoyibzoBanuu crpareruu OIIC, ocHOBaHHON Ha MOCTPOCHHUU 00JIACTEH PabOTOCIIOCOOHOCTH,
pElIeHUE TIOCTABJICHHOM 3a/1a4K OCYIICCTBISICTCS B JIBa dTAla, IEPBBIH 3 KOTOPBIX MOXKHO CYUTATh MOJIIO-
TOBHTENILHBIM (ITOCTpOCHUE 00macTu Dy), a BTOPOH — OCHOBHBIM.

3aMeTHM, YTO METOJI CKAHUPOBAHUS TPeOYEeT He BCET/Ia ONPaBJIaHHO BBICOKUX BBIYHUCIIATEIHHBIX 3a-
tpat. K 4nciay MeTonoB, 00J1aIalouX CBOMCTBOM TMOTSHIMAILHOTO Mapajieliei3Ma U 3a4acTyto Oojee
3G PEKTHBHBIX, MOXXHO OTHECTH METOABI CIIyYailHOTO MOWCKA U IBPUCTHYECKHE METOABI POCBOTO WHTEI-
nekta [13].

3akarouenue

B nanHOW cTathe paccMOTPEHBI HEKOTOPHIE METOAOJIOIHYECKUE MPOOIEMBl MPUHSATHS MPOCKTHBIX
pelIeHn i, BOZHUKAIOIIME B MPOLECCE ONTHUMAIBLHOIO MapaMeTPUYeCKOr0o CHHTE3a aHAJIOTOBBIX TEXHHYE-
CKHX YCTPOHCTB M CHCTEM C YY€TOM CTOXAaCTHYECKHX 3aKOHOMEPHOCTEH M3MEHEHHS MX MapaMeTpoOB U Tpe-
OoBaHUil HaIE)KHOCTH.

IlokazaHo, 4TO HaYMHATH pEIIEHHE 33/Ja4yl MMapaMeTPUYecKOro CHHTe3a cpa3y B obmem Buzae (1)
He LenecooOpas3Ho, JaxKke eclii UMeeTcsl Besl HeoOxoaumas aist aToro unpopmauus. [Ipexne Bcero, HeoO-
XOJUMO yOeIUThCs, 9YTO MHOXKECTBO 3HAUEHU BHYTPEHHUX MapaMeTpoB Dy, IPU KOTOPHIX BBITOIHIIOTCS
yCIIOBHS pabOTOCIIOCOOHOCTH (2), 33/1aHHBIE TEXHUIECKUM 3aJJaHUeM, HE ITyCTO.

MoskeT oKa3aThCs, 4TO 00J1acTh paboTOCIIOCOOHOCTH Dy OYCHB Majia BCJICACTBHE HEYIAYHO BHIOpaH-
HOMW CTPYKTYpBI CHCTEMBI. B 3T0i1 cBsI31 ObLIO OBI MMOJIE3HO OLIGHUTH pazMepsl obnactu Dy, a TOYHEe orpe-
JICJIUTH TPEAeIbl BO3MOXHBIX BapHallUui MapaMeTpOB, IPU KOTOPBIX COXPaHSETCS paboTOCIOCOOHOCTh CH-
CTEMBI.

Bo3snukaer 3amaua oneHKHM 3amaca paboTOCIOCOOHOCTH TIO KaXKAOMY M3 BHYTPEHHHX ITapaMETpPOB U
BBIOOpA TaKWX 3HAYEHWH HOMHHAJIOB MapaMeTpoB, NMPH KOTOPBIX 00ECIeYnBAaETCs MAKCHUMAJIbHBINA 3amac
paboTOCIIOCOOHOCTH 0 «HAMXYALIEMY» U3 BHYTPEHHUX IapaMeTpOB.

Ha cnenyromem stane mneiaecooOpa3HO OLEHUTH MPEACIbHbIE BO3MOXKHOCTH BBIOPAHHOW CTPYKTYPBI
CUCTEMBI C TOYKH 3PSHHS BBIITOJHEHHUS YCIOBUI PabOTOCIIOCOOHOCTH MPH yUueTe 3aKOHOMEPHOCTEH cToXa-
CTHYECKUX BapHalWii mMapaMeTpoB. EciM BEpOSTHOCTh BBINIOJHEHHUS YCIOBHM paboTOCIOCOOHOCTH
B Ha4YaJbHBIH MOMEHT BPEMEHH OKa3bIBAE€TCS AOCTATOYHO BBICOKOW (IIpHEMIIEMOI), MOXKHO MPHUCTYNATh
K peIlIeHUI0 HanboJiee TPYIOSMKOW 3a/jaui ONITUMAJIBHOTO TlapaMeTpruieckoro cuHresa puaa (1). Takas mo-
CJICJIOBATEIBHOCTh PEIICHUS pa3iu4HbIX Moudukanuil 3aaad OIIC mo mpuHIMITY «OT MPOCTOrO K CIIOXK-
HOMY)» SIBJIICTCS, Ha HaIlll B3IJISA]l, HAUOOJIee MPOJYKTHBHOMN U OTIPaBIaHHOMN.

Pesynbrarel momydeHs! ¢ ucnoias3oBanreM obopynoanus LIKII «/lansHEBOCTOUHBIN BBEIYUCIATEh-
He1i pecype» UAITY JIBO PAH (https://cc.dvo.ru).
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K IIPOBAEME CUHTE3A YITPABASEMBIX MOAEAEN HAAEXKHOCTHU
N BE3OITIACHOCTHU ITPU OTPAHNYEHUAX HA CTPATEI'U YIIPABAEHUSA

B. A. Kamrranos', O. b. aiinesa’

: HauunonanbHelil HccaenoBaTenbckuil yHuBepeuTeT «Briciias mkona skoHoMuKny, MockBa, Poccus
2 MockoBcKuii ABUAIIMOHHBIN WHCTHUTYT (HAIMOHANBHBIA UCCIIEIOBATEIbCKI YHUBEPCUTET), MockBa, Poccuns
! vakashtanov@hse.ru, > o_zaiceva@mail.ru

AHHOTanus. AkmyansHocme u yeau. VIcCnemyroTcst ynpasisieMble MOJCIN HAaSKHOCTH M 0€30MacHOCTH MpU
OTPaHWYCHUH HAa CTPATErH YIpaBleHUs. Mamepuanvl u Memoovl. MaTeMaTH4ecKas 3alaua CBOJUTCS K TIOUCKY JKC-
TpeMyMa JpoOHO-IMHEHHOTO (PyHKIIMOHAIIA, XapaKTePHU3YIOLIEro Ka4ecTBO (DYHKIIMOHUPOBAHUS CUCTEMbI U Ka4eCTBO
YIPaBJICHUS, 10 MHOKECTBY (PYHKLMIT pacrpeneneHusi, ONpeieNsonX NepuoJMYHOCTh IPOBECHUS TIIAHOBBIX BOC-
CTaHOBUTEJBHBIX PaboT. Pezyivmamul u 661600bl. OCOOEHHOCTH MOCTAHOBKH 33Jjayll 3aKJIOYArOTCsl B TOM, YTO BBO-
JITCSL OTpPAaHWYEHHS Ha paclIpe/ieNIeHns], BhIpakaeMble OrpaHMYCHUSIMH Ha JINHEHHbIe (yHKINOHAIIBI, HO YHCIIO TaKUX
orpaHn4eHui HecueTHo. [Ipy penieHun 3a1a4M OCHOBHOE BHHUMaHHE Y/IEJICHO aHAJIM3y CTPYKTYPHI (GYHKIMH pacipe-
JIeNIEeHMs], HA KOTOPOH JTOCTUTAETCSI HCKOMBIN 9KCTPEMYM.

KirouyeBble c/I0Ba: yNpaBIIeMBId MOTYMapKOBCKHH IIPOLIECC, CTpaTeTHs YIPaBICHHS, APOOHO-IMHEHHBINA
(YHKIIOHAN, 33/1a4a ONTHMH3ALIH
Jas murupoBanusi: Kamranos B. A., 3aiinieBa O. b. K npobieme cuHTe3a ynpaBiseMbIX MOJENCH HAICKHOCTH U 0e3-

OINACHOCTH IIPY OTPaHMYCHUSX Ha CTpareruu ynpasieHus // HamexHocTh M kadecTBO cIOXHBIX cucteM. 2021. Ne 2. C. 13-23.
doi:10.21685/2307-4205-2021-2-2

ON THE PROBLEM OF SYNTHESIS OF CONTROLLED RELIABILITY MODELS
AND SECURITY UNDER RESTRICTIONS ON MANAGEMENT STRATEGIES

V.A. Kashtanov', O.B. Zaytseva*

"National Research University "Higher School of Economics", Moscow, Russia
2 Moscow Aviation Institute (National Research University), Moscow, Russia
! vakashtanov@hse.ru, * o_zaiceva@mail.ru

Abstract. Background. The paper investigates controlled models of reliability and safety under constraints on
control strategies. Materials and methods. The mathematical problem is reduced to the search for the extremum of the
linear-fractional functional characterizing the quality of the system's functioning and the quality of control over the set
of distribution functions that determine the frequency of planned restoration work. Results and conclusions. The pecu-
liarities of the problem statement are that there are restrictions on distributions expressed by restrictions on linear func-
tionals, but the number of such restrictions is uncountable. When solving the problem, the main attention is paid to the
analysis of the structure of the distribution function at which the desired extremum is reached.

Keywords: controlled semi-Markov process, control strategy, linear-fractional functional, optimization problem

For citation: Kashtanov V.A., Zaytseva O.B. On the problem of synthesis of controlled reliability models and security un-
der restrictions on management strategies. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems.
2021;2:13-23. (In Russ.). doi:10.21685/2307-4205-2021-2-2

BBeaeHne

[Ipu uccnemoBaHUM yNpaBIIeMbIX MOJENEH HalleKHOCTH M OE30MAaCHOCTH CTPOUTCS YIPaBIIsSEMBbIN
CIIy4alHbI TPOIIECC, OMMCHIBAIOIIMMI 3BOJIOIMIO HCCIEAYEMOU CUCTEMBI, 3aTEM Ha TPACKTOPHUSAX 3TOT0
mpolecca OnpeaessaeTCss HeKOTOPBIA (YHKIIMOHA, KOTOPBIN ONMpeaeiseT KauecTBO (YHKIIMOHUPOBAHHS U

© Kamranos B. A., 3aiesa O. B., 2021. Kontent pocrynen no annensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution
4.0 License.
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YIPaBJICHHS, U, HAKOHEII, pelIacTCs 3ajada ONTUMH3AIMK 3TOr0 (PyHKIIMOHAJIA, T.C. ONPEACICHUE YKCTpe-
MyMa (YHKIIMOHAJIA U XapaKTEPUCTUK, ONMPEICIIIONUX CTPATETUIO YIPABICHUS, HA KOTOPBIX 3TOT IKCTPE-
MyM JIOCTUTAETCSI.

Jlns Moneneit Hane)KHOCTH B 0€30IaCHOCTH, KOTIa pedb AT 00 ONTHMAIEHOM BBIOOpPE TIEPHOIN-
HOCTH TIPOBEACHUS TUTAHOBBIX MPEAYNPEIUTENHHBIX paboT, MPOCTPAHCTBO YIIPABICHHUA COBMANAET C MHO-

JKCCTBOM ITOJIOXHUTCIIBbHBIX YHCCII R+ = (0,00), a BCPOATHOCTHAA MCEpa 3a4aCTCA (1)YHKLII/I$IMI/I pacipeaenc-

uus G(u)=P{y <u}, rae ) ecTh NPUHUMAEMOE pEIIEHHE.

Ecnu npouiecc QyHKIIMOHUPOBAaHUS UCCIIEYEMON CUCTEMBI OMKCHIBACTCS YIIPABISIEMbIM MOJTyMap-
KOBCKHM IIPOIIECCOM C KOHEUHBIM MHOXKECTBOM COCTOSIHUH [1, 2], TO MaTeMaTHYeCKOe OXKHIaHUE HAKOII-
neHHoTo 3¢ dekra (QyHKIHOHANIA) MPU JIATSILHOM HAOIOICHUHN 3a MporeccoM (DYHKIMOHUPOBAHMS HIC-
CIIeyeMOi CHCTEMBI SIBIsIeTCS APOOHO-TMHEHHBIM (PYyHKIIMOHATIOM

A(t,,,..4,)dG, (1)dG, (t,)..dG  (t,)

1(G,,G,,..Gy) = , (1)

B(t,.t,,..4,)dG,(1,)dG,(t,)..dG, (t,)

o'—.}; o'—-.§
o'q'é' o'—.'§
o'—.'§ o'—.'§'

€ClIM BJIO)KEHHas nenb MapkoBa uMeer N COCTOSIHUH M B COCTOSHUM | pelIeHHe (Iepuo] IpOBEICHUS
IUIAHOBBIX NPEAYNPEANTENBHBIX padoT) onpenensercs Gpynkuei pacnpenenenus G, ().

JlaHHas 3aBUCUMOCTD II03BOJIMIA TIOCTAaBUTh MAaTEMAaTHUYECKYIO 3a/1ady IIOMCKA 3KCTpeMyMa (MaKCH-
MyMa WM MHUHHMYMa) 3TOTO APOOHO-JIMHEHHOro (YHKIHOHANA [0 MHOXKECTBY AOIYCTUMBIX CTpaTerui
ynpasiieHus (pacnpeaeieHuil) u onpeesieHne CTpaTeruu (ONTUMalIbHBINA Ha0Op pacrpeaesieHuit), Ha KOTOo-
PO ATOT 3KCTPEMYM JAOCTHUTAETCS.

ITpu Taxkoil mocTaHOBKE BO3HHMKAET BOIPOC, KAK ONPENEINTh IPOCTPAHCTBO AOIYCTHUMBIX CTPATETHH
ynpasienus. Koinb ckopo cTparernsl B MOJENSX HaJeKHOCTH M 0€30IaCHOCTU OTOXIECTBIISIIOTCS (ompene-
JSIOTCS) C Paclpeie/ICHHSMH TOJIOKUTENIBHBIX CIy4aiiHbIX BenuuuH G, (), To oraHn4eHust hopMyIHPYyIOTCS
U1 3TUX pacnpenenacHnil. CTaHAapTHO OTPAaHUUYCHUS CBOISTCS K ABYM YCIIOBHUSIM:

1) mouck sxcTpemMyma ¢yHKIHoHana (1) ocylecTBIseTcs MO MHOXKECTBY JAOIYCTUMBIX CTpaTerui
yIpaBIeHHs, KOTOPbIE KaK BEPOATHOCTHBIE PACIIPEIETICHHUS YIOBIETBOPSIOT HEPABEHCTBAM

0<G(<l,ie E=(1,2,..,N),t20, (2)

rne £ = (l, 2,...N ) — MHOXKECTBO COCTOSIHHI BIIO’KEHHOU e MapkoBa. HepaBeHctBa (2) ompenenstor
OTpaHUYCHHS HA MHOXECTBO JIOIYCTUMBIX CTpaTeTHi yrpaBiieHus () = {G = (Gl,Gz,...,GN )} ;

2) MHOXECTBY IOIYCTHMBIX CTpaTeruil ympaBieHHsA €2 NPUHAIJICKAT TOJIBKO T€ paclpereleHUs

G=(G,,G,,...,Gy), aysl KOTOPBIX CYLIECTBYIOT HHTErPalIbL, BXOAsIME B Bbipaxkerue (1).

B Hacrosieit paboTte MBI 0000IIIMM TIPOCTPAHCTBO BO3MOKHBIX CTPATETHH U YCHUJIMM OTpaHmdeHU (2).

B peanbHOl cuTyaluu He BCEra MOXKHO 4acTO MPOBOAMTH IIAHOBBIC BOCCTAHOBHUTEIBHBIC PAa0OTHI.
[To3TOMy Ha MPOCTPAHCTBO JOMYCTHUMBIX CTPATETUH BBEAECM JOMOIHUTEILHBIC OTPAHUYCHHUS.

Beenem B paccmorpenue HaOop (hyHKIHI pacrpeaeacHus

0<G,(t)<G,(H) <1, i€ E, 120, G,(t)=G,,(t)=0, t<0

" 3a1aJuM Ha60p IIOJIOKUTCIIBHBIX KOHCTAHT (Hl s Moy eeny HN) .

I[anee OnpeacIMM MHOXECTBO OOITYCTUMBIX pacnpeneneHHﬁ JUIA KaXXA0ro COCTOAHUA U MHOKECTBO
JA0IyCTUMBIX CTpaTeFI/Iﬁ

1

Q = Gi(t):OSGll.(t)SGi(t)SGZi(t)Sl,TxdG[(x)Zu[ icE; 3)

Q=[] (4)

i€k
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[anee 3ameTuMm, 4TO I KaXKIOTO COCTOSHUS OrpaHH4YeHHs (3) MOMUMO KJIACCHYECKOTO OTpaHHYEHHS
Ha [EPBBIH MOMEHT, BBIPAKEHHOI'O HEPABEHCTBOM J.xdG,. (x) >, Ha NMHEHHBIA (YHKIMOHAI, COAEPKATCA
0

HEPABCHCTBA, OTHOCAIINECCA HCIOCPECACTBCHHO K PACIPCACIICHUAM. O,Z[HaKO CJIEAYCT 3aMCTUTh, YTO IOCICA-
HUEC TAKIKC MOKHO IPEACTAaBUTH B BUAC OFpaHI/I‘-ICHI/Iﬁ TUIIa HCPABCHCTB Ha JIMHCHHBIC (I)yHKLII/IOHaJ'IBI

i L,x<t,
G, < Iu(x,t)dGi(x)SGZi(t),ie E=(1,2,...N),u(x,t)= Ox>1 te[0,+e0).
0 ’x_ ;

CrnenoBarensHo, chopMyTHpOBaHHAS 3aaYa €CTh 3aJada JAPOOHO-THMHEHHOTr0 MpOrpaMMUPOBAHHS
MPU HECYCTHOM YHCIIC THHEHHBIX OTPAHUUCHHH.

Teneps B IpUHATHIX 0003HAYCHHSIX MOXKHO C(HOPMYJIMPOBATH MATEMAaTUUECKYIO 33]1a4y: onpedeiums
Maxkcumym OpobHo-tunelno2o @yukyuonana (1) no muoosicecmey odonycmumvlx pacnpedenenuti (4) u

cmpamezuio G = (GI(O),GZ(O),...,G](\?) ) HA KOMOPOU 3MOm MAKCUMyM 00CIU2aemcsi:

max/(G,,G,,..Gy) =1(G".G"....GY). 5)

OcHoOBHbBIE MAaTEMAaTHIECKHE Ppe3yAbTaThI

1. Anaiau3 orpanmdenmii. [Ipexne Bcero nposeeM aHaJIu3 OrpaHUYEHUI HA MHOXECTBO JIOMYCTH-
MBIX pacrpeeNeHli (CTpaTernii ynpasieHus), ONpeAeIsieMbIX cooTHOIIeHUsIMH (2) 1 (3) Ui TOro, YTOOBI
ONPEeTIUTh UCXOJHBIC JaHHbIE, IPH KOTOPBIX MHOXKECTBO Q He mycto, Q# .

JUTsl TIONIOKMTENBHON CIyYallHOW BeNWuHMHBI & ¢ pacnpernencHiueM G(X) CIpaBeIMBO PaBEHCTBO

ISl MaTEMAaTHYECKOTO OKMIanus ME
+oo

j xdG(x) = T(_}(x)dx, G(x)=1-G(x),

0

€CJIH CYIIECTBYET KaKOW-IMOO U3 MHTErPAJIOB, BXOISAIINX B 3TO PABEHCTBO.
CreoBaTesIbHO, MCXOJHBIE JaHHbIe (KOHCTaHTHl W, u ¢yHkuuu G, (¢),G,,(t),i€ E) 1OmKHBI OBITH
TaKUMH, YTOOBI JIIsl HUX BBIMTOJHUTUCH HEPABESHCTBA

My = j 62i(x)d'x S s J. éu(x)dx =My éki(x) =1-G,(x),i€ E,k=1.2.
0 0

Ecnu U1 HEKOTOPOro COCTOSIHUA i€ £ BBINOIHSIETCS HEPABEHCTBO L, >L,;, TO MHOXKECTBO JIOIIy-
CTHMBIX cTpareruii { mycro, Q= . Eciu 11 HEKOTOPOTo COCTOSIHUSA [ € E BBHITIONHASTCS HEPABEHCTBO
U; <W,;, TO IOIOJIHHUTENBHOE YCIOBUE HA NIEPBBI MOMEHT ABJIIETCS HECYILECTBEHHBIM.

2. Ynpomenue 3agaun. B HacTosmem paznene chopmyiupyem JeMMy, TO3BOJISIONIYIO CBECTH pe-
HIeHWE 3aJa4il JAPOOHO-TMHEHHOTO NpPOrpaMMHpOBaHUS K 3a/adye JMHEHHOro mporpaMmmupoBanus. OHa
(dopMyHpYeT TOCTATOYHBIC YCIIOBHS COBIAJICHHUS MHOXECTB paclpelelieHHd, Ha KOTOPhIX JOCTHIAITCS
AKCTPEMYMBI IPOOHO-THHEHHOTO (PYHKITHOHAJIA M CTICIIHAIEHO TI0T00paHHOTO JIMHEWHOTO (hYHKIIMOHAA.

JIEMMA [3]. Ecam cymiecTByeT MakCUMyM IpoOHO-THHEHHOTO (QyHKIMOoHANma (1) 0 MHOXKECTBY

pacrpeneneHui Gz(Gl,Gz,...,GN)e Q (o6o3naunm ero uepe3 C), TOrJa BBIMOJHSAETCS PaBEHCTBO IS

MHOXECTB paclpeieieHuii, Ha KOTOPBIX MOOCTHTAIOTCS OKCTPEMYyMBI JABYX ()YHKIHMOHAIOB JIpPOOHO-
JIUHEWHOTO U CIIEIHAIBHO MTOI00PaHHOTO JINHEHHOT0, 8 UMEHHO:

Q,={G:1(G)=c}={G:maxs(G)=0}, (6)

I/ie TMHEHHBIN CIealbHO TOJOOPaHHBINH (PYHKIIMOHAN U €T0 TOJIBIHTErpANbHAS (DYHKIHS ONPEIEISIFOTCS
paBeHCTBaMH

4oo 400 oo

J(G)= j jj C(t,,t,,..1,)dG (1,)dG, (1,)..dG (1)) ,
C(ty,ty,ty) = At 1, 1) — CB(t, 1, .1, (7)
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Takum 00pa3oM, MpU HCCISAOBAHHUH CTPYKTYpPhI 3KCTPEMAaJIbHOTO paclpeneicHus APOOHO-THHEH-
HOro (hyHKITMOHAIA HEOOXOIMMO aHAIM3UPOBATh CBOMCTBA (DyHKIWH (7), B ONpENEIeHne KOTOPOH BXOIUT
HensBecTHBIN napameTp C.

3ameuanue. Bpabore [4] npuBeaeHo q0Ka3aTeIbCTBO JIEMMBI (PaBEHCTBO (6)) MpH JTOTIOTHH-
TETHHOM OTPaHUYECHUH — TIOJIOKUTEIFHOCTH MOABIHTETpalibHOM (DyHKITMHN 3HaMeHaTens (1),

B(t.t,,..ty)> 0,¢,>0,i€ E.

3. AHAIUM3 CTPYKTYPbl JIKCTPEMAJIBHON (GYyHKIUM s JUHeiiHOro QyHKIUHOHAKA. AHAIN3
HaYHEM C MCCIIeJIOBAaHMS JTMHEHHOTO (QYHKIIMOHANA, ONPEesieMOTO PABEHCTBOM (UHCiI0 cocTostHul N = 1)

L(G)= j C(t)dG(t), (8)

rne C(¢) — orpaHmueHHast Ha JIFOOOM KOHEUYHOM OTpe3Ke (DYHKIUS, UMEFOIas KOHEYHOE YHCIIO TOYEK pa3-
pBIBa MIEPBOTO poJia U ONpeieiicHHass Ha MOdIynpsMor, 7€ [0,+e); G(f) (yHKIuA pacnpeneneHus neu-

CTBHUTENBHOM ClTydaifHo Bennunuel. CuntaeM aajee GYHKIUH pacpeaelieHns HETPePHIBHEIMH CIIeBa.
O003HaYnM:

Q" muO)ecTBO (yHKIMIA pacnpenenenus G(t), A KOTOPHIX GYHKIHOHAT (8) CYLIECTBYET;

Q% MHOX)ecTBO DyHKIHH pacnpenenernns G(¢), s KOTOPBIX BEITIOTHSAIOTCS HEPABEHCTBA TIpH ¢ > ()
0<G,(N<G(N <G, (n)<L, ©)

rne G,(1),i=1,2, G,,(t)<G,(t) — nBe 3amaHHBIe QYHKIUM PACTIPEICICHUS, HPHHAIIEKAIINE MHOXKE-
ctey Q;

Q' muoKecTBO dyHKUMit pacnipesenenus G(¢), A KOTOPHIX BBITIOTHAETCS HEPABEHCTBO
+oo
[ G zp;; (10)
0

— Q=0"N"QY "Q® — mHOX)ecTBO PyHKIWMI pactipenenernns G(t), WIS KOTOPHIX GYHKIHOHAT (8)

CyIIECTBYET M JIJIsT KOTOPHIX BBEITIONHAIOTCS HepaBeHcTBa (9) u (10).
[peamonoxum, uto s GyHKIHoHaNa (8) Ha MHOXKECTBe () CYyIIECTBYET dKCTPEMYM, HarpuMep,
CYLIECTBYET MaKCUMYM

max L(G)=C<oo.
GeQ

O603naunm Q' MHOKECTBOM pacmpeieeHHuii, T KOTOPBIX JOCTUraeTcs MAKCUMYM (yHKIIHOHANA
(8), mpuyem cripaBeJIMBO COOTHOILIEHUE

QY2

B CHITY YCJIOBHS CYIIIECTBOBAaHUSI MAKCMYyMa.
Cuauana pemaem 3ajady 6e3 orpanndenus Ge Q.
Teneps chopmymupyeM Teopemy.
TEOPEMA 1 [5]. Ecin cymecTByeT MakcumMyM ¢yHKITHOHANMA (8) 10 MHOXKECTBY pacIpeaeiieHui
Q =Q"NQY, max L(G)=C <, nogpiaTerpansHas ¢ynkuuss C(f) uMeeT POBHO OJUH MaKCUMYM

B Touke 0<¢ <+eoc u B oOmactu(0<?<¢ mnombiHTerpaNbHas (QyHKIUS HeyObIBaoIias, a B 001acTu
t, <t <+eo moAbIHTErpanbHas QyHKIHUS HEBO3PACTAIOIIAs, TO ATOT MaKCUMyM (DyHKIHMOHANA JOCTUTAETCS
Ha pacIpenencHun

. [G.@), 0<e<y,
G'(0)= (11)
G, (1), t, <1t < +oo,

T.C.
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max L(G)=L(G')=C=

4 too (12)
= [ €0, )+ (1) fim G (1)=G,y (1) |+ | (16,0
" ClIpaBCAJINBO PaBCHCTBO
%{j C(x)dG, (x)+ C(z)[ lim G,,(x) - G, (z)} + T C(x)dG, (x)} ~C. (13)

HamomMuuM, 94TO HOKa3aTENHCTBO BBHIMICTIPUBEICHHOTO YTBEPKIACHUS H3JI0KEHO B padbore [5]. Kpome
3TOro, OTMEYaeM, IoKa MpodIeMa uccieyeTcs 0e3 yueTa OrpaHuueHNH Ha MePBBI MOMEHT.

Hanee chopMymupyem MoIe3HOE CIEACTBIE T0Ka3aHHOH TEOPEMBI.

CJIEJACTBUME. Ecnu nogsiaTerpanbhas pyHkius C(¢) B obmactu onpenenerns (0 < ¢ < 4oo He yOBI-

Baer (£, =+o0), To MakcumyM (yHKuMoHana (8) mocruraercst Ha HwkHeil rpanuue L(G;)=C. Eciu
noapiHTerpanbHas Gyakmus C(¢) B obmactu ompeneneHus 0 <t <+eo HE BO3pacTacT (zf1 :0), TO MaKCH-
MyM (yHkumoHana (8) mocturaercst Ha BepxHeit rpanune, T.e. C=L(G,,).

Jlanee mpuHEMaeM Bo BHHUMaHue yciaosue Ge QY

. CHavana BbIYMCIsIEM NEPBBIII MOMEHT IS KC-
o o 1 2
TpemanbHoi Gyskimu (11) mpu onTuMmsamuu o mMuoxkectBy pacnpenernenuii Q =QY NQ? | C yuerom

3aMe4aHUi, U3JI0KEHHBIX B pa3ziene « AHalIu3 OrpaHUYEHU», U KOHKPETHOTO BUAA SKCTPEMabHON (DyHK-
uu (11) umeem

)

+oo +oo
= f 1dG’ (f) == j(l— G, (x))dx+ j (1= G,y (x) ) dx,
0 0 4+0
IJIe TOUKa #; OmIpeJeNseTcs Kak Touka MakcuMyMa (yHnkuun (13).
Tor,ua, €CJIN BBITMOJIHACTCA HEPABCHCTBO M > Ml , TO 3aJa4a pelIcHa, ONTHMAaJIbHasa (I)yHK]_[I/I}l npu

chOpMYJIMPOBAHHBIX BBIIIE YCIOBHSIX ompezaessiercsi paBeHCTBOM (11), ecny BBINMOJHSIETCS HEPABEHCTBO
W <W,, TO 1Jis pereHus TPeOYIOTCs JONOIHUTENIbHBIC HCCIIEAOBAHMS.

4. AHaaM3 CTPYKTYPbI 3KCTPeMAJIbHON (PYHKIUH A APOOHO-THHEHOT0 (PYHKIHOHAIA
[Ipu uccnenoBanum SKCTpeMyMa (MaKCUMyMa) IPOOHO-THHEHHOr0 (hyHKIHOHANA

TA(t)dG(t)
1(G)=t—— (14)
[ B(t)dG()

U CTPYKTYPBI pactpesiesieHns, Ha KOTOPOM 3TOT MAaKCUMYM JOCTHUTAETCsl, BOCTIONIb3YEMCSl TEOPEMOMH, ToKa-
3aTeIbCTBO KOTOPOI 0azupyercs Ha chOpMyIMPOBAHHBIX BHIIIE JJEMME U TEOPEME.
Kpowme storo, ncrons3yem 0003HaueHUS:

Q" — MuOKeCTBO (yHKUM pacnipenenenus G(¢), Ans KOTopbiX GyHKIMoHan (14) cymecTByerT;
Q% — muO)ecTBO DyHKIMit pacnipesenenus G(¢), A1 KOTOPHIX BBITIOMHAIOTCS HEpaBeHCTBA (9);
QY — mMuoX)ecTBO hyHKIMI pactipenenenus G(¢), s KOTOPHIX BHIMONHAETCA HepaBeHCcTBO (10);

Q=" "Q» "Q® — mHOX)ECTBO QyHKIMIT pacnpenenenus G(t), I KOTOPHIX QYHKIMOHAN

(14) cymecTByeT U1t KOTOPBIX BBIOTHAIOTCS HepaBeHCTBa (9) u (10).
TEOPEMA 2 [5]. Ecnu cymectByer MakcumyM ¢yHKIHoHana (14) mo MHOXKECTBY pacrpeneneHuit

Q =Q""QY | a nogemTerpanbubie Gyukiuu A(f) u B(f), OrpaHMUEHHbIE HA TOGOM KOHEUHOM OTpE3-

Ke, ¥ UMEIOIIMEe KOHEUYHOE YKCIIO TOYCK pa3phiBa MEPBOI0O POJIA, a TAKKE ONPEACICHHBIC Ha MOIYIPSIMOH,
t€[0,400); a Taxke 3TH PpyHKIMHU TakoBbl, uto QyHKIUA C(¢) = A(t)— CB(f) nMeeT pOBHO OJWH MaKCH-

MyM B Touke 0<f <+oo u B obmactu0<?¢<t, ¢ynkumsa C(f) HeyOwIBaromas, a B 00JacTu f, <t <+oo
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¢ynkmms C(f) HeBO3pacTaromias, TO ATOT MAaKCUMYM (DYHKIOHAIa 10 MHOXECTBY 2, JIOCTHTraeTcs Ha
pactpenenenuu (11), T.e.

Igséslz)](](G)=L(G )=C=

+oo

JLA(x)dGH(x) + A(Zl)[xgﬂo G, (%) - Gll(tl)i| + I A(x)dG,, (x) (15)

4+0

+oo

]LB(x)dG“(x) + B(Zl)[x@qo G, (x)— Gll(tl)i| + I B(x)dG,,(x)

4+0

" CIIpaBCIJIMBO PAaBECHCTBO

jA(x)dGll (x)+ A(t)|: l_i>’t1+10 G, (x)— Gll(tl):| + TA(x)dGzl(x)
max 2 10 =C. (16)

10 jB(x)dGH (x)+ B(l)|: liiﬁo G, (x)— Gll(tl):| + TB(x)dGZI(x)

140

pr,Z[HOCTI/I HCIOJIb30BaHUA TCOPCMBI 2 IIpHU UCCICAOBAHUUN KOHKPCTHBIX MOHCHeﬁ BbI3BAHBI TEM, 4YTO
HCCJICA0BATCIII0O HE U3BECTHO 3HAYCHNEC MAKCUMYyMa C. HOBTOMY MPUBJICKAIOTCA JOMMOJHUTEIbHBIC YCIIOBUA.
I[anee, KaKk W IpUu HCCICAOBAHNU JIMHEHHOTO q)yHKI_II/IOHaIIa, npuHUMAacM BO BHUMAHUC YCJIIOBUC

Ge Q. Cuauana BBIYMCIISIEM TIEPBBIA MOMEHT JUI dKCTpeMaibHOH dynkuuu (11) Ipu ONTUMHUAIMH TIO
MHOYXECTB i Q=0Q""nQY. C i A

y pacnpezneneHuii £, = N . C yuerom 3ameyaHuii, M3JIOKEHHBIX B paszneine «AHaIu3
OrpaHUYEHHI», U KOHKPETHOTO BHJIA SKCTpeManbHol GyHkimu (11) nmMeem

4

oo +oo
= j tdG’ (f) = j(l — G,y (x))dx + f (1= Gy (x))dx,
0 0 4,+0
rIe TOUKa ¢, ONpeAessieTcsl Kak Touka MakcuMyma ¢yHkuuu (16 ).
Tornma, eciau BBIIOJIHAETCS HEPAaBEHCTBO =L, TO 3ahada pelleHa, ONTUMajbHas (QYyHKIUS HpU

c(hopMyIIMPOBAaHHBIX BBHIIIE YCIOBUSAX ompezenseTcss paBeHCTBOM (11), ecin BBIMONHAETCS HEPABEHCTBO
W<L,, TO [Is penieHus TpeOYIOTCs JOMOTHUTEIbHBIE HCCIEIOBAHMS.

IIpumeppl. AHAAM3 yIIpaBAsIEMbIX IPHKAAAHBIX MOAEACH

Wznaraembie HIKE yrpaBisieMble MOJIENN HAJEKHOCTH U O€30TMACHOCTH B «KIIACCHYECKOI» MOCTa-
HOBKE, KOT'JIa OpaHU4YCHUs (OPMYJUPYIOTCS B BUJC HEPABEHCTB (2), XOPOIIIO M3BECTHHI. [103TOMY MBI HE
OyzeM MPUBOIUTH 3/IECh MOAPOOHBIE BHIBOIBI OCHOBHBIX COOTHOIICHHH, a OTOIIEM YUTATENs K MEPBOUC-
TOYHUKAaM.

Janee Oyaem ncnonb30BaTh 0003HAYCHHUS:

— BpeMst Ge30TKa3HOI paboTHI cHCTEMEI & pacnipeseneHo o 3akony F(1)=P{E<t}, F(t)=1-F(1);

— IJJAHOBOE MpEeyNpeaAnTeIbHOe OOHOBIICHNE CUCTEMBI, Ha3HayaeMoe uepe3 Bpems 1 =0, pacnpe-
zneneHo 1o 3akony G(1)=P{n<t}, G(0)=0;

— JUINTEIBHOCTH IUIAHOBOTO MNPENyNpeIuTeIbHOro (IpoQUIaKTUIECKOro) OOHOBIEHUS 7Y, UMEET
pactpenenenue F|(t) = P{y, <t}, }_71 ) =1-F(1);

— JUINTENHOCTH IUIAHOBOI'O aBAPUITHOTO OOHOBJICHUSI CHUCTEMBI 7, PACIpEIeIeHO II0 3aKOHY
F(0)=P{y, <1}, E0)=1-E();

— JUINTENBHOCTh BHEIUIAHOBOTO aBapHMHHOTO OOHOBJIEHMS 7Y, PACIpPEleNieH0 II0 3aKOHY
F(0)=Ply, <6}, E0)=1-F©):

— pacxoAbl 3a CAWHUIY BPEMCHU MPOBCACHUSA IUIAHOBOI'O IMPEAYINPEAUTCIEHOTO OOHOBJICHUS CH-
CTEMBI C, ;
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— pacxofpl 3a MHUIY BPEMEHU IIPOBECHNUS INIAHOBOI'O aBAPUHHOT0 OOHOBJICHUS CUCTEMEI C, ;
— pacxofbl 3a €IUHUIYy BpEMEHH IIPOBE/ICHHs] BHEIUIAHOBOI'O aBapUIHOr0 OOHOBJIEHUS CUCTEMBI C;
— pacxofpl 3a €JUHUIY BPEMEHHU, IPOBEJECHHOIO B COCTOSIHUU CKPBITOTO OTKa3a C, ;

— A0X0n4d, HOJ'Iy‘IaeMBIﬁ 3a €AMHHUIY BPEMCHU UCIIPABHOI'O q)yHKI_II/IOHI/IPOBaHPISI CUCTEMBI C,, C, > 0.

I[JIH BBCICHHBIX BBILIC MTApaMETPOB CIIPABCAJIMBLI COOTHOUICHHUA

My, <My, <Mvy,,c;<c,<c¢ <0,c,<0.

1. YnpasisieMble MOJ€JIN HAEKHOCTH

Moodenv mexnuueckoeo 0OCIYIHCUBANUS CUCEMBL KAK OUHO20 Yel020, ) KOMOPOU NOAGUBLUULICS OM-
Ka3 Npos18isemcs MCHOBEHHO.

B HaganeHBIA MOMEHT ) = () HAUMHAETCS JKCIUIyaTaIisl CHCTEMBI M Ha3HAYAETCS IJIAHOBOE IPEIy-
MpeIuTeNIbHOe OOHOBIIEHHE CHCTEMBI depe3 Bpems 1= (0. Ha3HaueHwe miIaHOBBIX NpEeXyNpeaUTEITbHBIX

OOHOBIICHUI CUCTEMBI Yepe3 ClIydyailHOoe BpeMs O03HAauaeT BBEJCHHE PAHAOMHU3AIMU B MPOLECC MPUHSATHUS
pElIeHuH, T.€. B TOT MOMEHT, KOTJ]a HYy>KHO IIPUHUMATh PEIICHUE, CTPOUTCS peau3aius T CIIy4aliHOi Be-
JAIUHBL N (n = ‘c), pacmpeneneHHON 1Mo 3akoHy G(f), W IUIaHOBOE MPEAyNPEANTEILHOS OOHOBIICHHUE CH-

CTEMBI IIPOBOAUTCS Yepe3 BpeMs T. Eciii k Ha3HaYeHHOMY MOMEHTY T CHUCTEMa He OTKasaja, TO B MOMEHT
T HAYMHACTCS IJIAHOBOE MPEAYIPEIUTEILHOC OOHOBJICHUE CHUCTEMBI, KOTOPOE 10 MPEIOI0KEHHIO TOJI-
HOCTBIO OOHOBJIsIET cucTeMy. EClii 0 Ha3HAYeHHOro MOMEHTa T CHCTEeMa OTKas3alia, TO OTKa3 OOHAPYKHJI-
Csl MTHOBEHHO W B MOMEHT OTKa3a & HaYMHAETCs BHEIUIAHOBOE aBapuUiiHOE OOHOBIIEHHE CHCTEMBI. ITocie
MIPOBE/ICHHSI BO3MOXKHBIX BOCCTAHOBUTEILHBIX PabOT, KOT/a TI0 MPEATOJIOKEHUIO CHCTEMA MOJHOCTHIO 00-
HOBJIISICTCS, OCYIIECTBIISICTCS MEPEIJIAHNPOBAHAE MOMEHTA TIPOBEICHHS CICAYIOUICH MPeaynpeauTeIbHON
BOCCTaHOBHUTEIILHOM PabOTHI M BECh IPOIIECC 00CTYKMBAHUS TOBTOPSIETCS 3aHOBO.

MatemMaTryecKoe OKUAaHUE YIACIBHOrO M0X0/1a 3a CAUHMIIY KaJICHIAPHOTO BPEMEHH OINpeaeseTcs
PaBEHCTBOM, IIPUBEICHHBIM B padoTe [6]:

T cojﬁ(x)dx +e,MY,F(t)+c,MYy,F(t) |dG(t)
1(G) =" . (17)
j j F(x)dx+ F()My, + F()My, |dG(t)

0

Ecnm 3amanbl nBe GyHKIMN pacpeieneHus
G(1), G, (1), G()<G, (), G(0)=0, i=12 (18)
u TpedyeTcs HaiTh MakcuMyM GyHKIMOHaIA (16) 0 MHOKECTBY pacipeeIeHHMA
Q={0<G,(1)<G(1)<G, (1)<},

TO TIO YCJIOBUSIM T€OPEMBI M JIEMMBI HEOOXOIUMO HCCIIEA0BATh (PYHKITHIO
t t
C(t)= ¢, [ Fx)dx+e MY, F(6)+ e MY, F (1)~ C| [ F(x)dx+ F(6)My, + F()M, |,
0 0

rae max[(G) =C.
GeQ

ﬂanLHeﬁmne HUCCJICA0BAaHUA TPOBCACM IpPU CCTCCTBCHHOM IMPCAINOJIOXKCHNU, YTO HCCICAyCMas

1 dF(?)
cHCTeMa CTaperolias U ee MHTEHCUBHOCTh OTKa30B A(f) :ﬁT — HeyObIBaromast QyHKIMA. AHAIH-
t t
3UPYEM CBOMCTBA MPOU3BOIHOM
dc(t) =
— = =FO{(e,=C)+[(e;My; —eMy) - C(My, —My,) M0}
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Ecnu  BbIMoONHSIETCST HEPABEHCTBO (03M Y, —c MYy, ) -C (M Y, — My, ) >0 wWIM  BEHIIOJIHIIOTCS
HEpaBeHCTBA
(e;Myy —e,My,) = C (M, _MY1) <0,
(c,=C)+ [(C3M73 —oMy,)-C(My, - My, ):|7\'(+°°) <0,

dC(?)
dt

TO NMPOU3BOAHAS MTOJIOKHUTEIIBHAS >0 u pynkuus C(¢) AOCTHraeT €AMHCTBEHHOTO MaKCHMYyMa IpHU

[ =o0

‘ECJ'II/I BBITIOJIHSIOTCS HEPABEHCTBA
(C3MY3 _CIMYI)_C(MY3 _le) <0,
(¢ =C)+[ (MY, —MY,) - C(My, - MY,) ]M0) <0,

., 40
dt

HaKOHCLI, C€CJIU BBIMIOJHAOTCSA HEPABCHCTBA

<0 u ¢pynkuust C(¢) mocTuraetr eAMHCTBEHHOTO MakcuMyMa ripu ¢ =0.

(C3MY3 _CIMYI)_C(M’Y3 _MY1)<0’
(cy=C)+[ (c;My, —e,Mv,) = C(My, - MY,) |A0) >0,
(¢ _C)+[(C3MY3 —oMy,)-C(My, _M'Y1)]7‘(+°°) <0,

TO TIPOU3BO/IHAS MEHSET 3HAK C IUTFOCa HAa MUHYC U B HEKOTOPOH KOHEYHOW TOYKE paBHA HYJNIO, T.€. PyHK-
uusa C(¢) uMeeT eAMHCTBEHHBIM MaKCUMYM.

Tem caMbIM [OKa3aHO, YTO MpPH JIOOBIX 3HAYCHUSX HMCXOAHBIX MapaMeTpPoOB U JIOOOM 3HauCHHU
makcumyma C st @pyskimun C(f) BBIMOJHSIOTCS YCIOBUS JOKa3aHHOH BhIlIe TeopeMbl. [loaTomy Makcu-

MyM (GYHKLIHOHANA U CTApPErOIUX CUCTeM AocTuraercs Ha GyHkuusx (1), a mapamerp ¢, ompeznemnsercs
KaK TOYKa MaKCUMyMa (QyHKIIUU

JEA(t)aIG1 (t)+ A(r)(G2 (1) -G, (r)) + TA(t)alG2 )
max /(G) = max - -
| — [B0dG,()+B)(G,(1)-G,(1)+ [ B()dG, (1)

) (19)

At) = cojf(x)dx +o, MY, F(t)+c;MY,F(t),
" (20)
B(t)= jﬁ(x)dx +F()My, + F(tH)My,.

Mooenvy mexnuuecko2o 06CayHcU8aAHUA CUCHEMbL KAK €OUHO20 Yel020, Y KOMOPOU NOASUSUUIICS OM-
Ka3 CaMOCMOSAMENbHO He NPOSIEIIAEeNCS.

B HavanbHbIi MOMEHT #; = (0 HaYMHAETCS HKCIUTyaTalusi CACTEMbl U Ha3HA4YaeTcs IUIAHOBOE TpeIy-
NpeIuTeNbHOe OOHOBJICHUE CHCTeMBI 4epe3 Bpems M =0, pacmpeneneHHoe mo 3akony G(t)=P{n<t},

G(O) =0. Ecnu Kk Ha3HAUEHHOMY MOMEHTY T (n :’c) cHCTeMa He OTKa3alla, TO B MOMEHT T HauyWHaeTcs

TUTAHOBOE MPeIyNpeIUuTeIbHOC OOHOBIICHHE CUCTEMBI, KOTOPOE TI0 MPEIOJIOKEHHIO TOJTHOCTHIO OOHOBIIS-
eT cucteMy. Ecnu 10 Ha3HaYeHHOTO MOMEHTa T CHCTeMa OTKa3ajia, TO OTKa3 He OOHapyKHUBaeTcs
JI0 HA3HAYEHHOT0 MOMEHTA T , CHCTEMa JI0 MOMEHTa T HaXOJUTCS B COCTOSIHUHM CKPBITOTO OTKAa3a M TOJIBKO
B MOMCHT T HA4YHMHAETCS IUIAHOBOE aBapuiiHOe OOHOBIICHUE cucTeMbl. llocie mpoBeneHUS BO3MOXKHBIX
BOCCTaHOBHUTEJBHBIX Pa0OT, KOTJIa TI0 MPEANOIIOKEHHUIO CUCTEMA TIOIHOCTHIO OOHOBIISIETCSI, OCYIIECTBIISACT-
sl IeperiaHupOBaHUEe MOMEHTA TIPOBENICHHS CIENYIONIEH TIpeIynpeTuTeTbHON BOCCTAHOBUTEIBHONW pado-
ThI U BECh TIPOIIECC 00CITYKUBAHHS TIOBTOPSIETCS 32HOBO.

MatemaTtudeckoe OXHUJIaHue YACIBLHOTO JOX0/a 3a SAMHHUILY KAJIEHIAPHOTO BPEMEHHU OIpPEIesieTCs
paBEHCTBOM, IIPUBEICHHOM B paboTax [7] u [8]:
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T cojf(x)dx + cJF(x)dx +eMY,F(t)+c,MY,F(t) |dG(t)
1(G)=2=- — . 21
[[t+F@OMy,+ F(My, |dG(2)

3amaaum nBe hyHKIMEM pacnpeneneHus (18) u nalizem MmakcuMyM ¢GyHKIHoHana (21) Mo MHOXECTBY
pacnpenenenuii €2, .
ITo ycnoBusiM T€OpEMBI U JIEMMBI HEOOXOIUMO UCCIIEA0BATh (PYHKIIUIO

C@t)= cojF(x)dx + c4jF(x)dx + e MY, F(t)+¢,MY,F (1)~ C[ t+ F()MY, + F ()M, |.

1 dF(t)
ITycThb crcTeMa cTaperonasi i € MHTEHCUBHOCTh OTKa30B A(f) = ————— — HeyObIBaromas QpyHk-
F@t) dt
UL ¥ UCXOHBIC JaHHbIE JIOJDKHBI OBITh TAKMMH, YTO TIPH ONITUMAIEHOM O0CITYKUBaHUH (DyHKIMOHHPOBA-
HHE CHCTEMBI JIOJDKHO MMPUHOCHTH MOJI0KUTENbHBIN d3pdekt C =0.

AHanuzupyem CBOWCTBa ITPOU3BOTHON

dc =
KO e,-€)4 Foffe ) +[(e Oy, +(6 - )y Jao): @)

[Tpu npuHATBIX orpannueHusx GyHKUus (22) HeBo3pacTamolas, OHa JM00 COXpaHseT 3HaK, JIMOO ONUH

. dC(t)
pa3 MCHJSICT 3HAK C IINIKOCAa Ha MI/IHyC. Tak kak hm d
t—o0 [

<0, To MOXHO CZAENaTh BBIBOJ, 4TO QyHKUIUs (22)

MO0 COXpaHsAET OTPUIIATEIILHBIN 3HAK, TUOO OJMH pa3 MEHIET 3HAK ¢ IUIF0Ca Ha MUHYC. TakuMm oOpa3zom
nokazaHo, 4to ¢yHkius C(f) WMEeT MakCUMMyM B HEKOTOPO KOHEYHOU Touke, T.e. jis (pyHKimn C(¢)

BBITIOJTHSFOTCS YCIIOBUS JTOKa3aHHOM BBINIC TeopeMbl. [IoaToMy MakcumyM ¢yHKITHOHaNA (21) mocTuraercs
Ha ¢ynkiuu (11), a mapamerp ¢, ompenensercs Kak TOYKa MAKCUMyMa (QyHKIIUU

JEA(t)dGl (1) + A1) (G, (1) - G, (1)) + TA(t)dGz (t)

b

jAB(t)dGl )+ B(1)(G,(t) - G (1)) + +fB(t)arG2 )
npu
A(t) = cojﬁ(x)dx + c4jF(x)dx +e,MY,F(t)+c,MY,F(t),

B(t)=t+F({)My, + F(t)M7,.

2. Yupasiisiemble MOje1H 0€30aCHOCTH

C wuccnenoBaHHBIMU BHINIE YIPABISEMBIMH MOJEISIMH HAJI€)KHOCTH TECHO CBSI3aHBI MOJENN Oe3-
OMACHOCTU. TeXHUUECKHE CHUCTEMBI OCYIIECTBISIOT 3alIUTy WH(pOpMAIHY, MApUPYIOT YTrPpO3bl HOPMaIIbHO-
My Tmpoueccy (QyHKIMOHHPOBaHUs, KOTOphIE MOTYT CO3JaTh 3IOYMBIIUICHHUKU. [103TOMYy KauecTBeHHOE
00CITy’)KMBaHHE CHCTEM 3aIllUTHI SBISICTCS TIEPBOCTENICHHON 3amadueii B oOecriedeHuN 0e301MacHOCTH (pyHK-
IUOHUPOBAHMUS JIF000# cuctemsl [9, 10].

B ommcanHsIi BEIIIe TpoIiecc MPOBEACHNS BOCCTAHOBHUTENBHBIX Pa0OT BBEJEM IPOIIECC TOMBITOK Hapy-
LIUTH ITATHBIN Tporiece PYHKIMOHUPOBAHMUS UCCIIEyeMOl CUCTeMBL. byneM cuutaTh, 4TO 9TH MOMEHTHI TIO-
MBITOK 00pa3yroT MMyaCCOHOBCKHMIA TIOTOK ¢ mapameTrpoM A . M3 ommcanus mporecca (pyHKIHOHUPOBAHUS CH-
CTEMbI U IIPOBCACHUSA BOCCTAHOBUTCIILHBIX p360T CJIEAYECT, YTO IEPUObl HMCIPABHOT'O (bYHKI_[I/IOHI/IpOBaHI/IH
YepeayIoTcs ¢ IIeprojaMH, KOTIa B CHCTEME ITPOBOSTCS BOCCTAHOBUTEBHBIE paOOTHI MM CHCTEMa HAaXOUTCS
B COCTOSIHMM CKPBITOTO OTKa3a (MOJIENb ¢ OTCYTCTBHEM CaMOCTOSATENHLHON MHANKAIIMY 0TKAa3a).

[MombiTKy Ha30BeM ycmeurHoi (katactpodoii), ecii OHa TONalaeT Ha TEePHOJ MPOBEISHHUS BOCCTa-
HOBHUTEIBHBIX pa0OT WM HA MEPHOA CKPHITOTO OTKaza. O4eBHIHO, HEOOXOANMO MAaKCHMHU3HPOBATH MaTe-
MaTHYECKOE 0’KUJAaHUE BPEMEHH 10 MOMEHTa KaTacTpOQbI.
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O603HauNM MaTeMaTHUECKOE OXKHJIAHHE BPEMEHH JI0 MOMEHTa KaTacTpOoQbl MPH YCIOBHHU, YTO B
HaYaJlbHbIH MOMEHT #) = (0 HaYWHAETCs SKCIUTyaTanus HoBoi cucteMsl M (G), u mocTaBUM 3a1auy Haiimu

* *
maxcumym maxM (G)=C=M (G ) u pacnpedenenue G , Ha KOMOPOM OH OOCMUSAETNCAL.
GeQ

Jis Momenu ¢ MTrHOBEHHOW WHAMKAIMEW OTKa3za B pabore [8] mpuBeneHa 3aBUCUMOCTH 3TOTO
MaTeMaTUYECKOTO OKUJAHUS OT UCXOJIHBIX XapaKTePUCTUK

T[TF( y)dy + F(u)T e ™F,(t)dt + F(u)Te‘“F; (H)dt1dG(u)

M (G)=""— — - (23)
[I=FQofe™dF, @)= F ()] e *dF,(0[G w)
0 0 0
Ilo YCHIOBUAM TCOPEMBI U JIECMMbI HCOGXO)_II/IMO HUCCICO0BAaTh (I)yHK]_[I/I}O
C(t) = { j F(x)dx + F(r)je*xE(x)aszr F(t) j e ™F, (x)dx} -
0 0 0 (24)

—C{l - F(t)Te-“dE (x)— F(t)Te-’“dg (x)}.

Jlanee OTMETUM €CTECTBEHHbIE (PU3MUECKUE MPENOIOKEHH: CHCTEeMa CTaperomas, T.€. ONacHOCTh
0TKa30B A(f) — HeyObIBaromias (yHKIMS, ¥ BHEIUIAHOBBIM PEMOHT JUIMTCS JIOJIbIIE IUIAHOBOTO, T.C.

F(x) 2 F,(x), x 2 0. Hakomren, cnpaBeanBo oueBuIHOE HepaBeHCTBO | —AC < 0. B 3THX ycoBHsX Ipous-
BOJHAS

d(;ft) - F(z){n (1 —xC)k(t)Te-m (F(x)— @(x))dx} 25)

00 COXpaHseT 3HaK, MO0 OIMH pa3 MEHsSeT 3HaK C IUTFoca Ha MHUHYC. TakuM o0pa3oM JoKa3aHo, 4TO IS
¢yakuun C(¢) BBIONHAIOTCS YCIOBUS TPUBEICHHON BbIlIe TeopeMbl. [loaToMy MakcuMyMm (hyHKIMOHANA J0-

cruraercsi Ha GpyHkiumu (11), as KoTopoii mapameTp #, onpenensercs Kak Touka MakcuMyMma GyHKmH (21) mpu

A(t)= jﬁ(x)dx + Te’hf] (x)dx + F(t)]: e (F(x)—F,(x))dx,

B(t)=1+ xf e M F (x)dx + F(t)xT e (F(x)—F,(x))dx.

Bo Bcex mpuMepax, eciii eCTh OTpaHUYCHUS] Ha MaTEMAaTHYECKOe OXKUIaHNE TIEPHOANIHOCTH MTPOBE-
JIEHUST BOCCTAHOBUTEIBHBIX pad0T, HEOOXOAMMO BBIYHCIIHNTH NIEPBBIM MOMEHT I pactpenencHus (11) u
CPaBHUTH C 3aJJAHHBIM 3HAYCHUCM.
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STATE-OF-THE-ART OF THE MANAGEMENT INFORMATION INFRASTRUCTURE
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Abstract. Background. The study is aimed to development and analysis of the computer-driven technologies
for resilience and safety risk-management of the critical infrastructures of regional socio-economic systems in the Arc-
tic region of Russia. It is important to improving the quality of information support of the management activity in this
dynamic problem domain. Materials and methods. In terms of systems and functional-target approaches the state-of-
the-art, role and advanced directions of the information technologies and system development in respect to hot-button
issues of regional management and needs of Arctic region have been analyzed. The place of information technologies
in research and education, personnel support of regional economy, industrial ecology and socio-economic security
management of the region are in detail considered. Results and conclusions. It is shown, that an efficient regional
management in the Arctic region of Russia is impossible without use of the developed network-centric information in-
frastructure corresponding to goals and limitations of the Arctic region sustainable and safe development, as well as
without systems integration and cooperation at the international level making the special demands to information
technologies in the field of security support and management of the socio-economic systems. The ways to enhance-
ment the network-centric information infrastructure for the purpose of management of the Arctic region development
are proposed.
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safety, Arctic region
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COBPEMEHHOE COCTOSSHUE HH®OPMAITMOHHON UHO®PACTPYKTYPHI
YIIPABAEHUA PABBUTHUEM APKTUYECKOI'O PETHMOHA:
BbI30OBbI, TPEHADBI, OTPAHNYEHUA
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AHHOTanus. AxkmyanrbHocms u yeau. ViccneoBaHue HANPaBICHO HAa Pa3BUTUE U aHAIN3 KOMIIBIOTEPHBIX TEX-
HOJIOTHH YIIPaBJICHUS JKU3HECIIOCOOHOCTBIO U 0E30MaCHOCTBI0 KPUTHYECKHX HH(QPACTPYKTYP PETHOHAIBHBIX COLU-
AJIIbHO-KOHOMHUYECKUX CHCTEM ApPKTHYeCKOW 30HBI Poccuu Juis MOBBIIEHUS KauecTBa HHOOPMALMOHHOTO odecreye-
HUSI yIIPABJICHYECKON IESATENbHOCTH B 3TOW TUHAMUYHOM oOnactu. Mamepuansl u memoosi. C MO3ULUI CUCTEMHOTO U
(hYyHKIMOHAJIBHO-LIENIEBOTO TI0/IX0/I0B aHAIM3UPYIOTCSI COBPEMEHHAsI CUTYallusl, POJIb U NEPCIIEKTUBHBIEC HAIPaBICHUS
pa3BUTUSL WHPOPMAIMOHHBIX TEXHOJOTMH M CHCTEM NPHMEHUTEIBHO K aKTyaJbHBIM IPOOJieMaM PETrHOHAIBHOTO
yIpaBieHUs ¥ MOTpeOHOCTAM ApKTudeckoro pernona. [Togpo6Ho paccmarpuBaeTcss MecTo HH(GOPMALMOHHBIX TEXHO-
JIOTHH B HAy4HO-00pa3oBaTeNbHOM cepe, KaJpoBOM 00eCIICUeHHH PErHOHAIBHON SKOHOMUKH, TPOMBIIUICHHONW KO-
JIOTHH W YNIPABIECHUH COLMAIBEHO-3KOHOMHYECKOH 0€30MacHOCTBIO PEernoHa. Pezynvmamol u 6b1600b1. I1okazaHo, 9TO
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4.0 License.
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3¢ PEeKTUBHOE pErHOHAIIbHOE YNpaBJIeHUE B APKTHYECKON 30He Poccuu HEBO3MOXKHO 0€3 MCIIONIb30BaHHS Pa3BUTON
cereBol MH()OPMAMOHHOW MH(PACTPYKTYpBI, COOTBETCTBYIOIIEH LENSIM U OlpaHWYEHHSIM YCTOHYMBOTO M Oe3omac-
HOTO pa3BUTHsI APKTHUECKOTO PErHoHa, a Takke 0e3 CUCTEMHOI MHTErpaliy M KOOIEpalud Ha MEXITyHapOIHOM
YPOBHE, NPEIBSBISIONINX CHEeNUabHbIe TPeOOBaHUS K MH()OPMALMOHHBIM TEXHOJIOTHSM B 00yacTu oOecreueHus
0€3011acCHOCTH U YNPABJICHUS COIMAIbHO-OKOHOMUYECKUMH crcTeMaMH. [IpeokeHsbl MyTH COBEpIIEHCTBOBAHUS Ce-
TEBOH MH(POPMAILIMOHHON HH(PPACTPYKTYPHI YIIPABICHHUS Pa3BUTHEM APKTHYECKOTO PETHOHA.

Ki1roueBble cj10Ba: HHPOPMAIMOHHBIE TEXHOIOTHH, YIIPABICHHUE, PETHOHATIBHOE PA3BUTHE, KAUYECTBO, CHCTEMA
TOJ/IepXKKa MPUHATHS PELICHUH, 0€3011aCHOCTh, apKTHUECKHUI PETHOH

®duHaHcupoBaHUe: paboTa BHINIONHEHA B paMKax rocymapcTBeHHoro 3amamms WMMM KHI[ PAH (HUP
Ne 0226-2019-0035) u wactuuno noanepxkana PODU (mpoekt 19-07-01193-a).

Js mutupoBanus: ITytunos B. A., Macno6oes A. B. CoBpemeHHOe cocTosiHHe WH(OPMAIMOHHOH HMHPPACTPYKTYpPhI
YIpaBJIEHHsI Pa3BUTUEM APKTHYECKOTO PErMOHa: BBI3OBBI, TPEHIbI, orpaHndeHus // Hane:mHOCTh W KauecTBO CIIOXKHBIX CHCTEM.
2021. Ne 2. C. 24-35. d0i:10.21685/2307-4205-2021-2-3

Introduction

The Arctic region of Russia (ARR) comprises the areas of the Murmansk, Arkhangelsk and Krasno-
yarsk regions, Republics of Karelia, Komi and Sakha (Yakutia), Nenets, Chukchi, Yamal-Nenets autono-
mous areas. The main peculiarities of the ARR are the following:

— they are mainly raw material resource areas and their importance is permanently growing due to
exploitation of newly discovered oil and gas deposits;

— the climate of the areas is severe and in some places extremely hard, vast territories are scarcely
populated whereas the systems of communications habitual for more southern areas are lacking;

— the nature is extremely vulnerable and slowly restorable and in some places the aftereffects of the
technogenic activity are often irreversible.

This unfavorable combination of the factors has become mostly evident recently. There is observed a
damaging basic break going in every sphere that has been caused by objective reasons common for Russia.
On the other hand, there is a strong understanding that it is impossible to continue living as before. Thus,
the subjective basis for reformation has been provided.

The model of "sustainable development" [1] comes into use more actively. The concept of "sustaina-
ble development", first of all, is supposed to grant exploitation of the regional resources so that the interests
of both the present and the future generations are taken into account. So the principal basis to regulate vari-
ous activities in the ARR is restricted by the following factors:

1) Restricting activities in exploiting and processing of the nature resources that cannot be satisfied
from other resources, to the amounts necessary to meet only vital needs.

2) Restraining the requirements to keep ecological discipline up to forbidding industrial activity
causing overloadings on ecosystems (recultivation of damaged nature landscapes during and after complet-
ing industrial activity).

3) Controlling demographic situation in the region to maintain the number of non-indigenous able-
bodied population at the necessary minimum level (special social and demographic policy to the indigenous
people).

4) Maintaining the necessary ratio between damaged and untouched territories to secure ecological
balance in the region; preserving the nature genofond and securing the conditions for traditional activity of
the indigenous people.

Regional, interregional and international cooperation and integration for sustainable development of
the ARR demand a mighty information support. The information infrastructure constitutes a very important
element of the ARR regional infrastructure that backs up the development of the region in spite of the men-
tioned restrictions. Here information technologies are the elements of this infrastructure. To specify the role
and place of the information technologies for the development of ARR it is necessary to analyze the global
aims of establishing the Regional Information Infrastructure (RII) [2]. The global aim of the RII is to insure
the level of information support that can meet the demands of the present time. This level is determined by
completeness, exactness and promptness in delivering the information. Thus, when establishing and devel-
oping the RII it is necessary to decide if the current level of information support fits the challenges of ARR
development. This is only the first problem. The second problem arises in case if such a level is not enough
and it is necessary to define the level of information support necessary for today, for tomorrow and further
on. This means what kinds of information are needed with what exactness and promptness. If it turns out
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that the level of information support is not enough and it is impossible to raise it by simple quick measures
(e.g., by organizational means) and it is necessary to establish or develop the existing information technolo-
gies then this will constitute the third problem.

The answer to the first problem is evident. The level of information support is surely insufficient.
This refers to coordinated solving of the majority of problems which appear at the regional, interregional
and international levels.

It is not so easy to get an answer to the second problem, since here it is dealt with the system task of
information analysis of the problem. This problem is to be solved in every case by its own intensity. Some-
times it is enough to analyze the problem qualitatively that is to define what kind of information is needed
as well as its exactness and promptness. But very often it is necessary to apply special computer-aided
methods and models in order to settle the second problems.

To obtain the answer to the third problem the world practice recommends to use local and distributed
computer networks, data bases, including those with distant access, as well as developed means of infor-
mation processing and presentation such as maps, graphs and tables. There is a great variety of such means.
It is not so easy just to choose what exactly is needed to adjust the means for specific task and develop the
missing elements. Here it must be kept in mind not only the needs of today, but it is important to minimize
the costs for rearranging the given information technologies for the coming challenges of tomorrow.

Problem statement

The answers to all the three questions discussed above make it possible to create the information
technologies that secure achieving a corresponding level of information support. In this case the main prob-
lems of RII can be settled. They are the following:

1. The information support of socio-economic processes within the ARR taking into account both
the aims and restrictions of the regional sustainable development as a whole, and the interregional and in-
ternational relations. There might be arranged information acquisition, retrieval, processing, transfer and
representation of each data type in the form acceptable for the most user categories. In other words, this is a
problem of creating a regional information fund of the ARR with methods and means of its arranging, de-
veloping and using.

2. The information support of decision-making at various levels of regional management. It is neces-
sary to provide the necessary information acquisition and analysis to be able to assess decision versions, to
choose a certain decision version or several versions. The chosen version and its alternatives are to be con-
veyed to the decision maker.

3. The formation and development of population information needs of the region. Here it is meant
that the necessary conditions are created for a person to be interested in raising the level of the personal in-
formation support. This is a very important problem since the information technologies won't be retrieved if
this problem is not solved. For particular technologies these challenges become specifically target oriented.

Considering international cooperation in ARR the information technologies become very prominent,
because the region has become involved in close cooperation with the countries of Northern Europe with
their historic, linguistic, cultural, and other peculiarities. The level of applying the information technologies
differs greatly. In the Scandinavian countries this level is traditionally very high. The ARR has always been
retarded in this field, especially as compared with the Scandinavian neighbors. Thus, when developing the
regional information infrastructure of the ARR the first and foremost task is to "pull" the region into the
process of assimilating the information resources for prospective regional development. Then it will be rea-
sonable to elaborate a new strategy mostly acceptable for the ARR conditions that can provide using the in-
formation technologies in the areas preferable for the region.

Challenges and preferable areas of IT application in the ARR

The recent years in developing the information technologies in the Russian North have demonstrated a
line of priority areas in using these technologies to promote development of the region. For example, the joint
Norwegian-Russian projects “Barents ICT Cluster”, “Barentswatch”, “Barentsmap” and “Barentsnet” [3]
concentrate on the problems of "pulling" the ARR into applying the global information resources and creat-
ing the common information environment. The projects draft a direct input for Russian users into the global
network Internet as well as access to the data bases of the Russian participants through this network. These
projects seem very prospective first of all because they lay down the basis for further creation and devel-
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opment of information technologies of the Russian North. The Russian side gets the access to information
resources of the western neighbors and a possibility to use modern reliable prompt methods of access.
This will surely become an important stimulus to provide an access through the Internet to the existing and
newly developed information resources in the ARR. Thus, a common united information environment will
be created throughout Northern Europe.

Information technologies in the formatted and newly forming preferable directions of interregional and
international integration and cooperation constitute another class of prospective information technologies.

The first class deals with the information technologies in nature resources exploration (forests, fish,
mineral resources, oil, gas, etc.). Here one of the main problems is creation of data bases. To solve the prob-
lems of integration and cooperation it is necessary to make these data bases accessible by standard means of
distance access. Probably it will become necessary to obtain sanctioned access. But these problems can be
easily solved in case of mutual interests.

The second vast class of information technologies considers ecological problems. Here it is meant a
creation of data bases on polluting sources, models to forecast ecological conditions of the regions, moni-
toring and prediction of seismic and radiation hazards. Such information technologies have been included
into many international projects and are under intensive development now.

The information technologies to solve ARR socio-economic problems are the one of very important
class. Here it is meant data bases on population, enterprises, and some other statistical data for the region.
The information technologies for sociological analysis and forecast of labour resources in the regions of
mutual interest are under development now (e.g., the Finnish-Russian project for the region "Kandalaksha-
Alakkurti-Salla"). These technologies are aimed at short term and middle term forecasting and sociological
monitoring of able-bodied population of the region.

The areas of information technologies application mainly coincide with the common areas of com-
puter-driven technologies usage adopted in the western countries the only difference being the time lag of
information technologies developing attributed to Russia. Note, that in the ARR and Russia as whole in-
formation technologies are also widely used in private life, distance education, telemedicine and some other
applications typical for the West.

Then, there will be distinguished the following areas of information technologies application prefera-
ble for the ARR (the succession is presented according to the time period of using computer equipment):
Scientific organizations of the Russian Academy of Sciences;

Industrial research institutions;

Education (colleges, comprehensive secondary schools, universities);
Enterprises of various forms of property;

Banks;

. Administrations of cities and regions.

Computer facilities have been used by academic science and industrial research institutions for a long
time already. As long as 50 years ago primitive huge computers were used for scientific calculations. Com-
puter using has never stopped. Computer facilities have always been used by science for calculations and
then for computer-aided experimental research including collecting and real-time processing of experi-
mental data.

Computer-aided systems that were designed in scientific research institutions have significantly in-
fluenced the development of information technologies in industries. Only not long ago various industries
were the main application areas of information technologies in science. But the situation has greatly
changed recently. The economic industrial crises put an end to this process and many interesting and useful
information technologies for industries have been left behind unclaimed. Nowadays industrial research in-
stitutions appear to be in very hard conditions. Some of them are disintegrated, others changed fields of re-
search using their potential. Thus, the former geological survey organizations are now working at land ca-
dastre that is financed by the Federation. The Institute of Micro-Electronics can be given as another
example. Here the number of the employees has been greatly reduced, but the profile has been retained. It is
also financed by federal programs.

Frankly speaking, industrial research has never played a prominent role in the region. Now there are
only very few organizations that are of real importance.

Using computer facilities for education started in the region about 25-30 years ago (in Moscow this
happened much earlier). This began with classes equipped with symbol displays and then transformed into
PC-equipped classes. They were used for teaching computer science, namely computer architecture, com-
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puter languages, graphic means, data bases, etc. Nowadays computers are used to teach other subjects. New
computer-aided programs are being created and applied. This trend is especially typical for universities.
Here information technologies applied for teaching purposes are under constant supervision. There is a spe-
cial institute named "The Centre of Innovative Information Technologies" in Petrozavodsk University that
is aimed to introduce information technologies into the educational processes.

State industrial enterprises started to use computer facilities under the state program "Computer-
Aided Control of Production", i.e. at late 60-es early 70-es. At that time more or less large enterprises estab-
lished Computer Centers with powerful EC computers (similar to IBM 360/370) and efforts were made to
shortly develop computer systems to manage the enterprises, to provide their efficiency, flexibility and so
on. Due to various reasons this global state program failed, but the enterprises were equipped by computers
and thus at first they were mainly engaged in wage accounting and controlling material supply at the
storeshops. Later on the scope of using information technologies greatly changed from enterprise to enter-
prise and varied from complete absence of information technologies to well computer-equipped enterprises.
This is true for both economic management of an enterprise and controlling the technological processes. It's
worth noting that there are not so many (only few) enterprises with well developed information technolo-
gies in the Russian North and the progress has been achieved here in cooperation with research scientific
institutions.

Bank structures are the new sphere of informatization of Russia within the implementation of the
state program “Digital economics”. It goes without saying that the Central Federal Bank has been always
equipped with high quality computers, but the situation in the regions has been quite different. The number
of banks has risen significantly lately and their needs for informatization have been formed. Note that banks
are the richest organizations in Russia now. They haven't got any problems with financing information
technologies. They introduce special closed bank systems developed by their employees and don't allow
any outsiders in.

City and region administrations are also new establishments though they use many of the former ex-
ecutive authority officials. In reality the needs for informatization are quite evident, i.e. systems to decision-
making support are badly needed. But in practice applying of information technologies greatly varies from
city to city. For example, the level of applying information technologies in Apatity City Administration is
rather high: there exist special data bases on labour resources, unemployed, housings, enterprises, etc.; there
is a connection to the Internet and to the government information network which is a system for computer-
aided clerical work and public service rendering, and some others. There are computer facilities in the ad-
ministrations of each city, but in some administrations the computers are used only for document pro-
cessing.

Recently there appeared in the region a lot of private firms and joint stock companies that claim to
work in the sphere of information technologies. But in reality such firms are mainly dealers and suppliers of
hardware and software and have nothing to do with developing and introducing specifically oriented com-
puter technologies since challenges need much time and not only interest.

Information technologies in science and education are mostly developed in the ARR. Until now sci-
ence and education have accumulated the best specialists and experts that, in combination with the experi-
ence accomplished during the previous years, provides a solid basis for information technologies develop-
ing which can meet not only their own needs. Information technologies are spreading from here to other
areas, i.e. industries, administrations, private and joint stock companies, and sometimes to banks. Until late-
ly there existed traditional centers of information technologies developing, namely the Kola Science Centre
(Apatity and Murmansk cities), Petrozavodsk State University, Karelian Science Centre (Petrozavodsk
city). Recently information technologies have been successfully developed in Arkhangelsk too (Northern
Arctic Federal University). The main directions of information technologies developing in scientific and
educational centers will be considered further.

IT for management of industrial-ecological processes in the ARR

Here the following industries will be mainly mentioned: forestry, woodworking, pulp industry, ore
mining, chemical processes, fishering, regional energy sector. The information technologies generally apply
specific computer-aided models for technological processes, e.g. simulation or balance models. Various
tasks can be solved on the basis of these models, e.g. management of electric energy transfer, optimization
of fishering, cost efficiency in forestry, etc.
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Developing of information technologies to management support of regional energy sector is well
studied in [4, 5]. The information technologies provide data collection, storage, processing, and representa-
tion of the energy producing objects. A conceptual framework of the decision-making support system of re-
gional power supply is shown in Fig. 1.
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Fig. 1. Decision-making support system of regional power supply

This system use the energy databases with the structure which corresponds to the structure accepted
for representation of the regional system of energy production. The data on four types of indices for energy
producing enterprises are inputted and analyzed (atomic, hydro, heat-electric plants, various types of boiler
shops). These indices include characteristics on energy production, the equipment involved, raw materials,
pollutants, and some other economic indices. The user is supplied with the following menu options: calcu-
lation on the whole region, an administrative unit or, a chain of hydroelectric stations, and so on. For the
first two variants there can be calculated the summed up characteristics of all the energy producers, as well
as different types of producers, etc. The user chooses the necessary set of indices. The sets can greatly vary.
The results are presented in tables or graphs. The results can support short term and long term solutions to
manage the regional energy sector.

At present the trend of applying information technologies to solve the environmental and industrial
safety problems of the ARR is presented by a wide range of investigations [2, 4, 6] that are intensively un-
der development, but not always completed. Information technologies are essentially used to evaluate seis-
mic security of the ARR by NORSAR and Kola Science Centre RAS. There are developed special infor-
mation technologies to control security at nuclear power underground stations [7], and, in the first place,
especially radioactive wastes storages [8]. There have been developed the models of transferring radioac-
tive wastes from the Kola Nuclear Power Station. These models utilize a special body of mathematics tested
on other polluting sources.

Here the experience of developing the information technologies for insuring the security at ore mines
is widely used. This is of vital importance since the problem of technogenic seismicity, the so called rock
bursts, comes forth. The information technology of monitoring and prediction of rock bursts in the Khibiny
mountains (where apatite is excavated) [S] applies the computer-aided monitoring system of induced seis-
mology, acoustic and electro-magnetic emission, deformation of the rock mass. Various methods of evalua-
tion of stress conditions are being tested as well as the methods of prediction and prevention of rock bursts
are being developed. The developed computer-aided prediction technology uses monitoring and numerical
modeling methods combined with the methods of artificial intelligence [9]. The latter formalizes and repre-
sents special knowledge in the computer system for the field under investigation. Architecture and compo-
nents of the forecasting system of rock bursts at the underground mine are shown in Fig. 2.
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Fig. 2. Forecasting system of rock bursts at the underground mine

Computer-aided system for retrospective analysis and ecological mapping of the ARR under techno-
genic impact [4, 5] is another example of applying information technologies. This system is designed for
operative diagnosis and monitoring of forest ecosystems, especially under technogenic impact. The infor-
mation technologies are used to analyze ecological aftereffects of industrial activity. This analysis provides
operative economic large-scale monitoring over forest ecosystems of the region. The dynamics of anthro-
pogenic impact is reflected topographically for a long term period (60 years, approximately). This makes a
basis for developing predicting estimations. The system includes some means to adjust it to particular natu-
ral-climatic conditions and, therefore, can be used in different areals: from taiga to broad-leaved forests.
Some possible application fields for the system are the following:

— the retrospective dynamic analysis of the technogenic impact to forest ecosystems up to the re-
gional scale;

— the structure clusterization of a forest plantation using some methods of multi-spatial statistic
analysis;

— the science-proved support for decision-making in planning of ecological investigations of forest
ecosystems;

— the monitoring and prognosis of the state of forest areas in the sense of the integrative index of
quality: the decrease of the increment in volume.

All quantitative estimates in the model are based on using of some integral index. This index deter-
mines the scale for measuring both external influences and model parameters. The annual diameter increase
of conifers has been taken as the index for Kola Peninsula.

The extrapolation tasks break down into subtasks of ecosystem change prognosis because of sur-
rounding influences and internal movements. The latter can be solved properly by using some standard sta-
tistic methods, when the prognosis log is comparatively short (thirty-fifty years). Extrapolation of the influ-
ence of the external factors is needed in solving the following subtasks: prognosis of the external factors
themselves, estimation of effect coefficients of probable combination of these factors on the ecosystem state
and the prognosis of the ecosystem state. This information technology has been used to evaluate the condi-
tions in Kola forests.

IT to solve socio-economic problems of the ARR

The computer-driven technologies to solve socio-economic problems of the ARR constitute an in-
formation basis for decision-making on regional socio-economic system management. The technologies
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based on geographic information system (GIS) technologies are incorporated here. GIS-technologies ap-
peared in the areas of the ARR about 30 years ago. The fields of GIS application are the same as in the
West. Another field of information technologies is computer-aided systems aimed at predicting socio-
economic development of the region. It is impossible to construct fully formalized models in the given sub-
ject domain. Information technologies work with non-formalized knowledge [5, 10]. Specialists and experts
in specific problems of the given subject domain possess such knowledge. There exist different approaches
to construct the knowledge processing. All this processing is combined by availability of the knowledge ba-
ses. There the expert knowledge is distinguished. The knowledge is inputted into the knowledge base and is
processed according to certain rules.

The models of regional development are built in the form of scenarios. Scenarios are described by
specific mathematical (algebraic) equations for computer-aided analysis that represents the inner image of
the scenarios. The outer (for the user) image is given in graphics.

Thus, using the content of the knowledge bases on interrelations within the socio-economic system one
can create scenarios of the system behavior under different inner and outer impacts. Moreover, the parameters
of the scenarios can be evaluated and thus probable outcomes of the decision-making can be analyzed. Accu-
racy and reliability of such an analysis is greatly determined by reliability of different kinds of the knowledge
inputted into the knowledge base. The developed IT-based methodology to solve socio-economic problems in
the field of regional security control of the ARR is schematically represented in Fig. 3.
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Fig. 3. The methodology for management information support of the ARR socio-economic security

The problems of personnel security and cooperation and integration in higher education are the key
problems for the ARR [11]. It is only natural that purposeful higher education can lead both the present and
coming generations of the ARR citizens to efficient cooperation. Thus, for the ARR it seems prospective to
develop a management system of personnel security [12] to support the ARR regional economy and at the
same time a relative network system of distance higher education [13] in the ARR elaborated for implemen-
tation of international educational programs.

The information technologies in education are a very important object for computer-aided system ap-
plication [14], where it can be the only possible effective means of integration and cooperation. In fact,
global information networks are providing a favorable environment to transfer educational information,
whereas a student working station ensures visual representation of this information and thus individual edu-
cation can be arranged. Generally, the problem of establishing a network-centric management system for
information and analytical support of personnel security and higher education in the ARR [15] applying
state-of-the-art information technologies is of vital importance. A conceptual scheme of information tech-
nology for management support of personnel security of the ARR is shown in Fig. 4.
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Fig. 4. Information technology for management support of personnel security of the region [16]

Here the process is well under way already. A good historical example started in practice in the 90s is
the international Swedish-Russian project to establish an information system for management support of
higher education in the Barents region. This project endeavors to solve the problems of integration of in-
formation technologies in higher education. The participants of the project were: the University of Umea,
Petrozavodsk University, Kola Branch of Petrozavodsk University and other educational organizations. The
project was aimed at establishing a distributed management system of higher education support that com-
prised three centers, namely Umea, Petrozavodsk and Apatity which were connected through Internet. As
has been agreed, first of all it was planned to organize distance education for Russian students and person-
nel (manpower) training for industrial companies of the ARR in such educational programs as information
security, tourism and service, international economics, modern logistics, etc. This choice is accounted by
the fact that the small number of specialists available at the Russian North at present cannot provide educa-
tion in these fields to a great number of students and re-educating specialists. The university courses in the
mentioned disciplines do not meet the present need for knowledge. Thus, here any help extended by the
western countries in arranging such courses may be of extreme importance. Then the problem of tutoring
will arise. This problem can be successfully settled by using the methods and means of modern information
technologies. Another example which can be mentioned is the state-of-the-art cooperative network of uni-
versities, colleges, research institutes and other business and governmental organizations from Russia and
other Northern countries interested and concerned with education and research in the ARR. This project is
called UArctic (The University of the Arctic). Through forging partnership and cooperation in research and
education members of the UArctic enhance human capacity in the ARR, promote resilience and security of
ARR critical infrastructures and ARR sustainable socio-economic development.

And, in fine, information technologies in solving of medical and biological problems of the human
adaptation in the ARR, i.e. telemedicine. The prospects to use information technologies for health care in
the specific North regions are quite evident and do not need any advocation.

Conclusion

The given list of preferable areas is not full but, to our mind, it incorporates many areas of mutual in-
terests for the regions in Northern Europe and Russia, including the ARR. This list reflects the targets and
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restrictions of sustainable development of the ARR so that the information technologies are playing an im-
portant role in the ARR. The importance of information technologies will be rising without doubt in future.

There are two sets of problems that hamper the development of information technologies in the needs
of the ARR. There are the problems of internal and external integration [17].

The first set is characterized by absence of regional IT-programs developed for the Russian part of
the Arctic that could somehow coordinate the efforts of various organizations. The main reason here is the
absence of financing support of such programs both on the regional and federal levels. Moreover, there are
no hopeful prospects since the northern regions of Russia have got losing budgets. Thus, the priorities of in-
formatization [18] are far from the most urgent as compared with the problems of paying out civil workers
wages, unemployment benefits, etc. That is why in practice other sources for financing information tech-
nologies development are used. Here the program "Informatization of Karelia" is rather an exception. The
program has been formulated and even a large conference has been held. But the financing of the program
is supposed to be at the expense of the participants. The Karelian Government promised only to allocate an
insignificant sum of money to support this program.

As it was assigned in study [18], there are some other reasons that hold back the general development
of information technologies in the ARR. There are crises in science and research, reconstruction of indus-
tries and some others. Analysis of these reasons and their consequences are far beyond the scope of this pa-
per. Information technologies are designed and developed as applied to the needs of certain enterprises or
regions and until now without any reference to the needs of international cooperation. That follows the
problem of external integration. Within the ARR such investigations addressed to solve this problem must
be integrated with the investigations in other countries. The necessary adjustments in accordance with the
international needs of the ARR development must be made.

The contributions and outcomes of our study are used under realization of the Strategy of ARR de-
velopment and national security support until 2035 in the area of Murmansk region as the proposals and
guidelines to enhancement of the management information infrastructure of regional sustainable develop-
ment and safety.
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YKPYITHEHUE COCTOSHUI TP MOAEAMPOBAHUU HAAEXKHOCTHU
TEXHUYECKHUX CUCTEM MAPKOBCKVMMMU ITPOLTECCAMUA

B.II. 3eaennos

Cubupckuii rocy1apcTBEHHBI YHUBEPCUTET TeIeKOMMYHUKawi 1 nHpopmaTiku, HoBocubupck, Poccus
zelentsovb@mail.ru

AHHOTANUSL. AKMyanbHOCMb U Yeau. AKTYaIbHOCTh NPOOJIEMBl YMEHBILCHUSI Pa3MEPHOCTH MOJIENEi Ha/lex-
HOCTH CHCTEM OOYCIIOBJIEHA TEM, YTO YBEJIMUYEHHE YHCIIA COCTOSHHUH BBI3BIBACT €CTECTBEHHBIE TPYJHOCTH Ha BCEX
JTanax peajnu3aluy MOJAENIH, B YaCTHOCTH, HEOOXO0ANMOCTb ONEPUPOBAHUS C XapaKTEPUCTUKAMH OOJIBIION pa3MepHO-
ctu. Llenbro craTtby sBIsieTCs KPaTKUii 0030p MOJX00B K ITpo0iIeMe YKPYITHEHHsI COCTOSHUN Moesell Ha OCHOBE OJ1-
HOPOAHBIX MApKOBCKUX IPOLIECCOB B JUCKPETHOM HJIM HENPEPHIBHOM BPEMEHH, a TaKXKe ONMCAHHME ABYX METOZOB
YKPYITHEHHUs, KOTOPhIe MOTYT HAWTH NPUMEHEHNE B MHXKCHEPHOH NpakTuke. Mamepuansl u Mmemoosi. DTH IBa METO/Ia
YKPYIHEHHUSI COCTOSIHUM OCHOBAHBbI HA NPUBEIECHUM XAPAKTEPUCTUK K BXOJHBIM COCTOSIHUAM IMOJAMHOXECTB, @ TaKkKe
OIPEIEIICHUN YaCTOT NEPEXOI0B MEXKIY COCTOSHUSAMU U MTOJAMHOXKECTBAMU COCTOSIHUM. Pe3yrbmamul. 1lonyuena 3a-
BUCHUMOCTb MEXy XapaKTEPUCTUKAMU UCXOJHOW CUCTEMBI U YKPYIIHEHHOM CUCTEMBI C MEHBILIUM YHMCIIOM COCTOSIHUM.
OCo00GeHHOCTh PUBEICHHBIX METOJOB 3aKIIOYAETCS B TOM, YTO XapaKTEPUCTHKH CHUCTEMBI, B TOM YHCIE MTOKa3aTeIH
HAJIS)KHOCTH, HE UCKaXKAIOTCA MPH NepexoJie K yKPYIMHEHHOH MOeIH. Bbigoobi. MeTo bl MOTYT OBITh UCTIOIb30BaHbBI
B MH)KEHEPHOW MpaKTHKE MPHU MOJEIMPOBAHUM HAJEKHOCTH CIOXKHBIX CHCTEM B CTAllMOHAPHOM PEXHME HAa OCHOBE
MapKOBCKHX IIPOIIECCOB B JUCKPETHOM M HEIPEPHIBHOM BPEMEHH.

KiaioueBble ciioBa: YKpYIIHCHUE COCTOﬂHHﬁ, MOACINPOBAHUEC HAACIKHOCTH, MATPUIHBIC MOJCIN MAapKOBCKUX
MpouecCcoB B JUCKPETHOM U HEIIPEPBLIBHOM BPEMCHU

s uutupoBanus: 3enenuoB b. I1. YkpymHeHHe cOCTOSHUWIA NpPH MOIEIUPOBAHUH HAIEKHOCTH TEXHHYECKHX CHCTEM
MapKOBCKHMHU Tporieccamu // Hane:kHOCTh U kadecTBO cloxkHBIX cucTeM. 2021. Ne 2. C. 36-52. doi:10.21685/2307-4205-2021-2-4

AGGREGATION OF STATES OF MARKOV PROCESSES
BY MODELING RELIABILITY OF TECHNICAL SYSTEMS

B.P. Zelentsov

Siberian State University of Telecommunications and Information Sciences, Novosibirsk, Russia
zelentsovb@mail.ru

Abstract. Background. The relevance of the problem of reducing the dimension of systems reliability models
is due to the fact that an increase in the number of states causes natural difficulties at all stages of the model imple-
mentation, in particular, the need to operate with characteristics of a large dimension. The purpose of the article is a
brief overview of approaches to the problem of consolidation of model states based on homogeneous Markov process-
es in discrete or continuous time, as well as a description of two methods of consolidation that can find application in
engineering practice. Materials and methods. These two methods of consolidation of states are based on the reduction
of characteristics to the input states of subsets and on the basis of the frequencies of transitions between states and
subsets of states. Results. The relationship between the characteristics of the initial system and the enlarged system
with a smaller number of states is obtained. The peculiarity of the given methods is that the characteristics of the sys-
tem, including the reliability measures, are not distorted during the transition to the enlarged model. Conclusions. The
methods can be used in engineering practice when modeling the reliability of complex systems in a stationary mode
based on Markov processes in discrete and continuous time.

Keywords: aggregation of states, modeling reliability, matrix models of Markov processes in discrete and con-
tinuous time

For citation: Zelentsov B.P. Aggregation of states of Markov processes by modeling reliability of technical systems. Nadezh-
nost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2021;2:36-52. (In Russ.). doi:10.21685/2307-4205-
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BBepenne

OpHolt u3 mpobsieM B 001aCTH MOJICIMPOBAHUS HAJACKHOCTH TEXHUYECKHX CHUCTEM SIBIISICTCS OO0JIb-
[II0€ YUCJIO COCTOSIHUM U COOBITHI, KOTOPHIMUA OMHUCHIBAIOTCS MOJIETH CUCTEM. TaKue CHCTEMBI Ha3bIBAIOT
OOJIBITIIMH HJTU CIIOKHBIMH. DTH CHCTEMBI 3a4acTyI0 COCTOST U3 OOJBIIIOTO YMCIIA DJIEMEHTOB Pa3IMYHOTO
Ha3HAYCHUS, B HUX IPOTEKAIOT pa3Hbic (U3MUSCKHE IPOIECCHI, OHU MPOXOAAT pa3Hbie (a3bl dKCINTyaTa-
LMW, CPEed KOTOPHIX MOKHO OTMETHUTH HCITOJIF30BAaHHE MO HAa3HAYCHHWIO, TEXHHUYECKOE OOCITYyXKHBaHHUE U
BoccTaHoBiIeHHE. [Ipu 3KCIUTyaTanuu TEXHUYECKUX CHUCTEM HUMEIOT MECTO OTKa3bl U HEMCIPABHOCTH, HE-
MIPEPBIBHBIN U MIEPUOANYCCKUI KOHTPOJIb TEXHUYECKOT'O COCTOSHUS, Pa3HOOOPa3HbIE BO3JCHCTBUS BHEII-
Hel cpenbl. Ocobo ciaeayeT OTMETUTh MPEBATHPYIONIHI XapaKTep BEPOSTHOCTHBIX 3aKOHOMEPHOCTEH mpu
(hopMHEpPOBaHUN MOJIENIECH CIIOKHBIX CUCTEM. [103TOMY CIIOXKHBIE CHCTEMBI OOBITHO OTHOCST K KJIacCy BEpO-
SITHOCTHBIX CHCTEM.

YBenn4eHue ymcia COCTOSHUI BBI3BIBAET €CTECTBEHHBIE TPYAHOCTH Ha BCEX dTalax pealn3aldé Mo-
JIeNU: TP OPMUPOBAHUK MHOXKECTBA COCTOSHHI CHCTEMBI U UCXOJHBIX XapaKTEPUCTUK CUCTEMBI, HEOOXO-
JIMMOCTH OTIEPHPOBAHUS C XapaKTCPUCTHKAMHU OOJBIION pa3MEPHOCTH. B aHaNMTHYECKUX MOJECNISIX CHCTEM
OOJIBIIION Pa3MEPHOCTH BO3PACTAET TPYAOSMKOCTh MOIy4eHus GopMyJ, a caMu (HOpMyYJIbl HACTOIBKO CIIOXK-
HBI, 9YTO WX NMPUMECHEHNE B WH)KCHEPHBIX pacueTax MPaKTHUECKHd HE OMpaBIaHO. 3a4acTyio OOJIBIIIOE YHCIIO0
COCTOSIHHH SIBJISICTCS CYIIECTBEHHBIM IPETITCTBHEM TIPH MOJCTHUPOBAHUH (YHKITHOHUPOBAHUS CHCTEM. DTH
00CTOSTENHCTBA ONPEACISIFOT aKTYAIBHOCTh MPOOJIEMBI YMEHBIIICHUST pa3MEPHOCTH MOJIEINEi CUCTEM.

OnHMM W3 OCHOBHBIX ITyTeH NPEOJIONICHUS] TPYMHOCTEH, CBSA3aHHBIX C OOJBIIOW Pa3MEPHOCTHIO
CJIOXHBIX CHUCTEM, SIBJISIETCS YKPYITHEHUE COCTOSIHUM, IPU KOTOPOM CHCTEMA C JAHHBIM YHCIOM COCTOSHUMN
3aMEHSIETCSl CUCTEMON ¢ MEHBIIIUM YHUCIIOM COCTOsIHMA. [Ipo0iema yKpymHEeHUs — 3T0 npodiieMa mpeodpa-
30BaHMS TIEPBOHAYAIBHON CUCTEMBI B CHCTEMY C MEHBIITUM YHCIIOM COCTOSHUH, H3y9YeHHE KOTOPOH C TOUKH
3pCHUS TTOTYICHHS BBIXOJHBIX XapaKTEPUCTHK HE MPUBOIUT K CYIIECTBEHHOM MoTepe WH(POpPMAITUU U HC-
KOKEHHUIO Pe3yNIbTaTOB MOJEIMPOBaHUA. B CBA3M C 3THM Ba)XHOE 3HaUEHHE UMEET Pa3BUTHE M3BECTHBIX
METO/JIOB YKPYITHEHHUSI COCTOSTHUM, pa3pab0oTKa HOBBIX MOAXO0JIOB K YKPYITHECHUIO COCTOSIHUM, a TAaKXKe JI0Be-
JICHHE MAaTeMaTUYSCKU 00OOCHOBAHHBIX METOIOB JI0 HHXKEHEPHOM MPaKTUKH.

[Ipu dhopmupoBaHuu 0OIIEr0 MOAX0A K YKPYITHEHUIO COCTOSHUH CIIeyeT UMETh B BHJY, YTO TPE/-
JIO’KEHUS TI0 YKPYITHEHHUIO COCTOSHHI TOJDKHBI OBITH JOKa3aTeIbHBIMH, TaK KaK MPOU3BOJIBHOC O0BEIMHE-
HHE HECKOJIBKUX COCTOSHUH B OJTHO YKPYIMHEHHOE COCTOSHHUE MTPUBOAUT K IMOTEpe MHGOpMauu 00 HCXOI-
HOH cHCTEME.

Tax, MOAETTH HAJICKHOCTH SIUHHYHOTO AIEKTPOHHOTO OJI0KA, IPOXOIAIIETO TPH (Pas3bl IKCILTyaTaluu
(ucmonp30BaHue MO HA3HAYCHUIO, MIEPUOIUIECKHUEC POBEPKH M BOCCTAHOBIIEHUE) onuckiBaeTcs 10 cocrosi-
HUSMH # 22 COOBITHSIMH, KOTOPBIC YUUTHIBAIOT PA3HBIE BUIBI OTKA30B, HATNYHE HETIPEPHIBHOTO U TIEPUOIN-
YECKOTO KOHTPOJIS TEXHHIECKOTO COCTOSTHHSI, OITMOKH KOHTPOJISI, HECKOJIBKO COCTOSIHUH ¢ HEOOHapY KEH-
HBIM 0TKa30M. COBOKYNHOCTh TaKHWX OJIOKOB MOJKET OIMCHIBATHCS MHOMXECTBOM M3 COTCH W THICSY
COCTOSTHHH.

B nanHol cTaThe MPUBEACH KPaTKUi 0030p MOIXO0B K MPoOIeMe YKPYITHEHHS COCTOSHUIN 1 onuca-
HBI JIBa METOJa YKPYITHEHHUS COCTOSTHUHM, KOTOPBIE MOTYT HANTH MPUMEHEHUE B HHKCHEPHOHN MPaKTUKE.

Kparkmnii 0630p IOAX0AOB K IpoGAeMe YKPYIHEHHUS COCTOSTHHI

IIpobnema yKpyITHEHHSI COCTOSHUN HE sIBisieTcsl HOBOH. K uncimy paHHMX paboT MOXHO OTHECTH,
HampuMmep, padoTsl [1, 2]. B pabote [3] paccMOTpeHBI YCIOBHUS CYIIECTBOBAHHS TaK HAa3bIBAEMOTO «HYJIe-
BOTO MPUOIIKEHU M0 cXeMe YKpymHeHus [4]. OmHaKo OIleHKa IMOTPEIIHOCTH 31eCh He TTPOU3BOAUTCS U
KpUTepHuil «cnalbIX cBsi3ei» He oOocHoBaH. B pabote [5] mpeanokeH MeTOA IEKOMITO3ULINH, B COOTBET-
CTBHU C KOTOPBIM CHUCTEMa pa30MBAETCs HAa YaCTH TaKHM OOpa3oM, YTO OHA MOXKET OBITh NMpeJCTaBIcHA
B BHJIE MTOCJIEZIOBATENHHO COETUHEHHBIX YacTeil. MeTol IeKOMIO3ULINY TPUMEHNUM TIPH Pa3O0UEHUH CUCTe-
MBI Ha HE3aBHCHUMBIE YacTH (MOJCUCTEMBI). VccnenoBans! ycnoBrs I1eKOMIO3UIHMA. Ecim ke moacucTeMsl
3aBUCUMBI, TO METOJl MOKET MPUBECTU K CYLIECTBEHHOM MOrPEIIHOCTH MPU BHIUMCIECHUU BBIXOIHBIX XapaK-
TEPUCTUK CUCTEMBIL. JICKOMIIO3UIUIO MOKHO PACCMATPUBATH KaK METOJI JUAKONTHKU.

MaremaTtndecku 000CHOBaHHBIE JOCTATOYHBIE YCIOBHS YKPYITHEHUSI MApKOBCKOM eNH 3aKII0Yal0T-
Cs B TOM, YTO MHOKECTBO COCTOSIHUIM CHUCTEMbI pa3OMBaeTCs Ha IMOAMHOXKECTBA, a MaTpUIla MepeXxOoaHbIX
BEPOSITHOCTEH MPEICTABISICTCS B BHJIE COOTBETCTBYIOIICH OnouHOM (KiaeTouHoM) MaTpunbl. Eciom cymma
JJIEMEHTOB KaX/I0i CTPOKH OJOKa SBISIETCS MOCTOSIHHOM, T.€. HE 3aBHCHT OT HOMEpa CTPOKH 3TOro OIIOKa,
TO TaKO€ MHOXECTBO COCTOSIHUH SIBIISIETCS YKPYITHAEMBIM: KaXKI0€ MOIMHOXKECTBO MOXET OBITh 3aMEHEHO
omHUM cocTossHueM. CymMMa 3JIEMEHTOB CTPOKH OJOKa SBISETCS TEePeXOJHOHW BEPOSTHOCTHIO HOBOW,
YKpyIHEHHOH 1emn [1, 4]. AHaIOrHYHbIE TOCTATOYHBIC YCIOBUS CPOPMYITUPOBAHBI U1 MApKOBCKOT'O MPO-
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1ecca B HENPEPHIBHOM BPEMEHH, € B Ka4eCTBE XapPaKTEPUCTUKU MEPEXOAO0B MEXKIY COCTOSHHUSIMU HC-
MOJIB3YIOTCSI MHTEHCUBHOCTH TIepexooB [5, 6]. ChopMynupoBaHHbIE T0CTaTOUYHBIE YCIOBUS YKPYITHIEMO-
CTH MapKOBCKOW IIEMM M MapKOBCKOTO Tporecca 00eceunBalT «CKIENBAHUE» COCTOSIHUNA Ka)XIO0TO TO-
MHOXKECTBA W IMIO3BOJISIIOT COXPAaHWTh TOYHBIE 3HAYEHUS TIPEACITBHBIX BEPOSTHOCTEH COCTOSHHMA
YKPYITHEHHOH CHUCTEMBI, TIPY STOM Tpe/ebHasi BEpOSTHOCTh HOBOTO, YKPYITHEHHOTO COCTOSIHHS ITOTy4aeT-
Csl CYMMHPOBaHHEM IPEJeIbHBIX BEPOSTHOCTEH COCTOSHHUI COOTBETCTBYIOLIMX YKPYIHSIEMBIX COCTOSHHI
ucxonHoro npouecca. OZHAKO MpPaKTHYECKOE NpUMEHEHHE Cc(HOpMYIHPOBAHHBIX NOCTATOYHBIX YCIIOBHH
YKPYIHUMOCTH 3aTPYIHSETCS TEM, YTO 3Ta HJed He JOBEICHA 10 METOJa, MIPUTOAHOTO JUIS MPUMEHEHUS
B MHXXEHEPHOU MpaKTHKe. B 4aCTHOCTH, HE MCCIIEZIOBAH BOMPOC O COBOKYITHOCTH COXPaHIEMBIX BBIXOIHBIX
XapaKTePUCTHUK CHCTEMBI.

Pazpaboranp! nmpuHIUIEL (pa30BOTO YKPYITHEHHS, CYITHOCTh KOTOPOTO 3aKIII0YAETCS B TOM, 4TO (ha3o-
BOE MPOCTPAHCTBO UCXOAHON CHCTEMBI pacIerUIieTcs Ha KOHEYHOE YMCIIO Hemepecekaromuxcs knaccos. Co-
CTOSIHUSI KaXKJIOTO KJacca «CKJIEHBAIOTCS» B OAHO COCTOSHHUE, 8 BEPOSTHOCTH MCXOIHBIX COCTOSHUN CyMMH-
pytoTcsa. B HOBOM, yKpymHEHHOM ()a30BOM IPOCTPAHCTBE CTPOUTCS yKpymHEHHas cuctema [2]. JlaHHBIA
MOJIXOJT OCHOBAaH Ha aCHMITTOTHYECKMX METOJ/IaX. DTO JAeT BO3MOXXHOCTH HOJIYYHTh NMPHUOIMKEHHBIE 3HAUe-
HUS BBIXOJHBIX XapaKTEPUCTHUK MCXOMHOW cucTeMbl. PazpaboTan MeTos MpHUBEACHUS K BXOJHBIM COCTOSHU-
SIM, B COOTBETCTBHHU C KOTOPHIM CHCTEMa C JaHHBIM YUCIIOM COCTOSHHI MPUBOIMUTCS K CUCTEME C MEHBIIIUM
YHCIIOM COCTOAHMIA [7]. MlcxomHOe MHOXKECTBO COCTOSIHUE pa3OMBaeTcsl Ha HelepeceKarolrecs: moIMHOKe-
CTBa, B KOTOPBIX BBIACIAIOTCSI BXOAHBIC U BBIXOHBIE COCTOSHUS. YKPYITHEHHOE MHOXKECTBO COCTOSTHUH SIBIISI-
eTcst 00beIMHEHNEM BXOJHBIX COCTOSIHUI YKPYITHSEMBIX ITOJIMHOKECTB. MHpOpMAaIHs 00 HCXOTHOM MHOXKe-
CTBE COCTOSHHH OIpEIENICHHBIM 00pa3oM «YyIaKOBBIBAETCA» B CHCTEMY C MEHBIIUM YHCIOM COCTOSHHM
¢ coxpaHeHueM (0e3 MoTepr TOYHOCTH) HEKOTOPBIX BBIXOIHBIX XapaKTEPUCTHUK HCXOTHOU cucTeMbl. OCOOCH-
HOCTB 3TOTO TIOAXOJIa 3aKJIF0YAETCS B TOM, YTO 00ECIIeunBaeTCs N30MOP(PU3M HCXOMHOW U YKPYITHEHHON CH-
CTEMBI, B TOM YHMCIIE YKPYITHEHHAsl CHCTEMa COXPaHsIEeT CBOMCTBO MapKOBOCTH.

Tak, B paMKax CJIOXHBIX CHCTEM HCCIICAOBAaHO IOBEACHUE OaKTEpPHi, COBEPLIAIONINX CIy4aiHbIe
JIBIKEHUS, TIPUBEICHBI PTOIUYECKIE TEOPEMBI U yCIIoBUs dproaundnocTd [§8]. B pabore [9] paccMoTpena
ACUMIITOTHYECKAsI CXOJMMOCTh CTATUCTHIECKUX OTHOCHTENBHBIX YacTOT COOBITHH, MPUBEICHBI aHAJUTHYE-
CKH€ BBIPaXCHHS, OTIFCHIBAIOIINE MTPOIECCH MOJUMEPHU3ALNN U UX TMOATBEP)KIEHUE ITyTEM CTaTUCTHIECKO-
T'O MO/JISITUPOBAHUSI.

B pa6ore [10] BoiBeneHs! hopMyIbI Al CPEAHET0 BPEeMEHH BO3BPAILLCHHUS B IIOAMHOMXKECTBO COCTOSI-
HUI MapKOBCKOI'O Mpoliecca B TUCKPETHOM W HEMPEPHIBHOM BpeMmeHH. [IpuBeneHs! yCIoBHs CylIecTBOBa-
HUS TIpelIeNbHBIX BeposiTHocTel. [lepexox OoT mpoliecca B HENMPEPHIBHOM BpPEMEHH K BIIOKEHHOU Ienu
MapkoBa 1Mo3BOJIHI YIIPOCTUTH aHATUTHYECKYIO MOJIETh M JIOBECTH €€ J0 Pa3BEepPHYTHIX (HOPMYII IS BEpPO-
SITHOCTEH COCTOSHHUHN M T0Ka3aTh CXOJAMMOCTh BEPOSITHOCTEH COCTOSTHUN K ITpeaenbHbIM [11].

B paborax [12, 13] paccmoTrpena cnienuduyeckas pasioxumasi CTpYKTypa, Ha3BaHHAs «IIOYTH TIOJI-
HOCTBIO pa3oXKUMasl IIeTb». B cTaThe MpeicTaBiICHbI AITOPUTMBI, KOTOPBIE TPUOIUKEHHO BBIYUCIISIOT Xa-
PaKTEpUCTUKH Llenu MapKoBa B JIUCKPETHOM BPEMEHH. AJITOPUTMbI OCHOBAHBI HA TOM, YTO COCTOSHUS Iie-
i MapkoBa CrpynnupoBaHbl TaK, YTO BEPOATHOCTH U3MEHEHHsI COCTOSHHS BHYTPH IPYIIIBI KIMEIOT Ooee
BBICOKHH MTOPSAIOK TI0 CPABHEHHIO C BEPOSTHOCTSIMH NEPEX00B MEXAY IPyHIIaMiA. DTH aITOPUTMBI ITO3BO-
JISIOT BBIYHCIATH TpeAebHBIe BEPOSITHOCTH COCTOSHUHN, BpeMsl TIepexojia MeXIy COCTOSHUSIMH, YHCIIO TI0-
MaJaHuil B COCTOSIHWE 10 ToriomieHus. [Ipeanoxken QpeBOBUAHBIN METO]] BEIUUCICHUS STUX XapaKTepH-
CTHK JAJsl Tpolecca ¢ OOJBIIUM YUCIOM COCTOSIHUH. MeToJ TO3BONISIET NPUOIMKEHHO BBIYHCISTH
MIpeJIeNbHOE pacrpesiesieHHe BEpOATHOCTEN COCTOSIHUM.

C TOYKH 3peHHsI OXBaTa YKPYNHEHHEM MHOXKECTBA COCTOSHHUM YKPYITHEHHE MOXET OBITh MPOCTHIM,
KOTJIa MHOKECTBO COCTOSIHUI pa30WBaeTcs Ha JIBa MMOJMHOXKECTBA, U OJIOYHBIM, KOT/Ia MHOKECTBO COCTOSI-
HUW pa30uBaeTCs Ha HECKOJIBKO MTOAMHOXKECTB (0710K0B). B pabore [14] mpuBemeH 9acTOTHBIM METO MO-
JISIUPOBaHUS CIYYaiHOTO TIpoliecca MpH pa3OMeHHH SPTOJAUYECKOT0 MHOXKECTBA COCTOSIHHI Ha J[Ba TOJI-
MHOJKECTBA, IPH 3TOM BBIYUCISIFOTCS YaCTOTHI MEPEXOJOB MEXIYy 3TUMHU MOIAMHOXKECTBAMU M JIPYTHE
XapaKTEPUCTUKU ATHX IMOJMHOXKECTB. DaKTHUECKU UCXOJHBIA MPOIECC MOXKET OBITh NMPUBEICH K IBYM
YKPYIHEHHBIM COCTOSHUSIM. KITFOUEBBIM MOHSTHEM 3]IECh SIBIISETCS YacTOTa MEPEXOA0B MEXIY IBYMS CO-
CTOSHUSMH UCXOIHOTO TIpoIlecca B CTAI[MOHAPHOM pexkume. CpemHss yacToTa Iepexo0B MEeXKAY ITOJAMHO-
YKECTBAaMHU COCTOSIHUM TakKe ABJISIETCS YCTOMYMBOM XapaKTEPUCTHUKOM AProJudecKoro MapKoBCKOIO IMpo-
1ecca B CTallMOHAPHOM pexuMe. Takoi BUJ MPOCTOTO YKPYITHEHHUS MOXKHO ObLTO OBl Ha3BaTh «9aCTOTHBIM
YKpPYIHEHHEM» COCTOSIHUH MapKOBCKOT'O MpoLecca B IUCKPETHOM M HEIIPEPHIBHOM BpeMEHH. DTOT MOIXO0.
MOYeT OBITh UCTIOJIb30BaH AJISl MOJIEIUPOBAHUS CHCTEM UINTEILHOTO HCIIOIb30BaHHA.

[Ipu GonpIIOoM YHMCIIe COCTOSHUN pa3OueHre NCXOAHOTO MHOXKECTBA Ha J[BA TIOJMHOXKECTBA HE BCe-
raa sBisieTcs 3(h(HEeKTUBHBIM, OHO HE YYHUTBHIBAET OCOOCHHOCTH M Pa3JIM4usi MEXKIY COCTOSHUSIMH OIHOTO
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[MOIMHOKECTBa. MaTpHUyHbIe XapaKTePUCTHKH ITOAMHOKECTB MPHU 3TOM MOTYT OKa3aThCs Takke OOJBIINX
pasmepoB. [losToMy pa3dueHre MHOXECTBA COCTOSHHI Ha HECKOJIBKO MOJAMHOXECTB (OJI0YHOE YKpYITHE-
HHUE) MOXKET HAUTH MPUMEHEHHUE [TPU MOJCITUPOBAHUH CIOKHBIX CUCTEM.

B crarpe [15] mpencTaBieHbl alrOpPUTMEI MMPOBEPKH BO3MOXKHOCTH YKPYITHEHHUS Ilenmd MapkoBa U
MOJTyYeHHs 3akoHa (opMupoBaHUs yKpymHeHHOW menu. [IpenmoxeHa oOlleHKa KOJUYECTBAa BO3MOXKHBIX
IIPOCTPAHCTB, MOJIYYaeMBIX B IPOLIECCEe YKPYHMHEHUS] COCTOSIHUI HCXOMHOW LIeTH.

B pabote [16] u3moskeH METO] YKPYITHEHUS COCTOSHHHA CHCTEMBI, DBOJIOIMOHHPOBAHUE KOTOPOU
OIHCHIBAETCA MAapKOBCKUM TIPOIIECCOM KaK B JAUCKPETHOM, Tak M B HENPEPHIBHOM BpeMeHH. B cooTBeT-
CTBHH C 3TUM METOJIOM CHCTEMa C JaHHBIM MHOXECTBOM COCTOSIHUH MPUBOAUTCA K MHOXKECTBY C MEHBIIINM
YHCJIOM COCTOSIHUM ITyTeM BBEICHUS IPAaHUYHBIX COCTOSIHUH MOAMHOXECTB. [lepexoapl Mexay COCTOSHUS-
MU Ha UCXOJHOM MHOXECTBE 3aMEHEHBI Ha MEePEeX0/Ibl MEXIY TPAaHUYHBIMU COCTOSHUSAMHU. MoOJiensb 1mMo3Bo-
JsIeT ONEepUpPOBaTh C MAaTPULIAMH MEHBIINX pa3MepoB. MHbopmanus 00 HCXOTHOM MHOKECTBE COCTOSHHI
oIpelesieHHbBIM 00pa30M YIaKoBaHa B CHCTEMY C MEHBIIMM YHCIIOM COCTOSHHH C COXpPaHEHHEM CpeaHel
IIPOIOJKUTEIIEHOCTH HaXOKACHUS B [IOIMHOKECTBE COCTOSHUH.

PaccmoTpena nes 00 yKpyImHEHUH COCTOSIHUH 1O ()yHKIMOHAIBHOMY TPU3HAKY, T.€. IO QYHKIHUSM,
BBIMTOJTHAEMBIM CUCTEMOH B KaXKJA0M COCTOSTHHHM [17].

CymecTBeHHbIM (aKTOPOM IPH YKPYIIHEHUH COCTOSHHH SBIISIETCS BO3MOXHOCTH COXPAHEHHUS TOY-
HBIX 3HAUEHUI XapaKTepHUCTUK Mpoliecca. B cBA3M ¢ 3TUM MpeanoKeHO OTHOCHUTh YKPYITHEHHE COCTOSHHIMA
K OZHOMY U3 JIBYX THUIIOB: TOYHOMY (SKBHUBAJCHTHOMY) WM MPUOIIKEHHOMY (KBa3MIKBHUBAJIICHTHOMY) [18].
B 370i1 paboTe MccaenoBaHbl YCIOBHS, IPH KOTOPHIX MPUOIMKEHHBIE 3HAUCHUSI BEPOSITHOCTEH yKpyIHEH-
HBIX COCTOSIHMH CTPEMSITCS K TOYHBIM 3HaueHusIM. K coxxaseHuto, oleHKa MOrpenHoCcTy Ipy KBa3UIKBUBA-
JICHTHOM YKPYTIHEHUH HE IPOU3BECHA.

Taxue, Ka3anock Obl, €CTECTBEHHBIE CIOCOOBI YMEHBLICHUSI YUCIA COCTOSHUH, KaK HMPOU3BOJIBHOE
00bEIMHEHNE HECKOJIBKUX COCTOSIHMH B OJHO YKPYIHEHHOE, IPOU3BOJIBHOE OOBEIMHEHHE HECKOJIBKHX
JJIEMEHTOB CUCTEMBI B OJIMH YKPYITHEHHBIN 3JIEMEHT, COKpAIlleHHE YMCIIa COCTOSHHUMN 3a cYeT OTOpACHIBAHUS
MaJIOBEPOSATHBIX COCTOSHHH, MPOM3BOJBHOE Pa30OMEHHE MHOKECTBA COCTOSHHUM Ha ITOAMHOMXECTBA MOTYT
MIPUBECTH K 3HAYUTEIBHOM MOTPELIHOCTH BBIXOAHBIX XaPAKTEPUCTUK CHCTEMBI. DTH MOAXOBI 3a4acTyio He
HMEIOT MaTeMaTH4eckoro ooocHoBanus [19].

B pabote [20] paccmotpen npouecc MapkoBa B IUCKPETHOM U B HENPEPHIBHOM BPEMEHH, MHOXKECTBO
COCTOSIHMHM KOTOPOTO Pa30MTO HA YKPYIHEHHbIE COCTOSHHUS, K KQKIOMY U3 KOTOPBIX NPUIKCAHA IpeebHas
BEPOSITHOCTH. J[0CcTaTOYHOE yCI0BHE YKPYITHUMOCTH IIPEACTABICHO KaK Pa3HOBUAHOCTH CIa00H YKPYITHUMO-
CTH, TIPY KOTOPOX BEPOSITHOCTH MCXOJHOTO MPOLIECCa COBMAAAIOT C BEPOATHOCTIMH YKPYIHEHHOTO TIpoliecca
IIPY OTIpeeIeHHBIX HAYaJIbHBIX yCIOBHSX. MccienoBaHa 3aBUCUMOCTE CBOMCTB YKPYIHEHHOTO IpoLiecca OT
HavyaJbHBIX ycI0BHH mporecca. [lokazaHo, 4To pacmmpenue nporecca MapkoBa TakKe 3aBUCUT OT Hadallb-
HBIX YCJIOBHH mporiecca. PazpaboranHas MoJieNb MPUMEHUMA JUTST OMOXUMHYECKUX PEaKIIUi.

Henbto HacTosimei paboThI SIBASETCS KPaTKOe M3JIOKEHHE JBYX MOAXOAOB K YKPYIHEHHIO COCTOS-
HUI: METOJ MPHUBEICHNUS K BXOJHBIM COCTOSIHUSM IOIMHOMKECTB U YKpYIHEHHE Ipolecca Ha OCHOBE Ya-
cToT. MIHdopmanus 06 HCXOJHOM MHOXECTBE COCTOSHHUM OIIpeNeNICHHBIM 00pa30oM YIaKOBBIBAETCS B IPO-
LIECC C MEHBIIIUM YHCJIIOM COCTOSIHMH C COXpaHEHHEM OIPENEICHHbIX BEIXOAHBIX XapaKTEPUCTHUK IIpoLecca.
Takoe yKpyIHEHUE COCTOSIHUM, IO TEPMUHOIO0TUU [ 18], MOKHO HAa3BaTh SKBUBAJICHTHBIM.

IIocranoBKa 3aAa9H yKPYIHEHHS

W3 npuBeneHHOr0 0630pa MOKHO BBIIENIUTE Pa3HbIe MOAXOBI K MPOOIeMe YKPYITHEHUS! COCTOSHHA.
OTH MTOAXOABI PA3IMUYAIOTCS 110 CICTYIONTIM IpU3HAKAM:

— [0 MEXaHU3MY YMEHBIICHUS YHUCJIa COCTOSIHUM: «CKJICUBAHUEY» COCTOSHUMN, TPU KOTOPOM HECKOJb-
KO COCTOSIHWH 3aMEHSAIOTCA Ha OJTHO, OTOpachIBaHHWE MaJIOBEPOATHBIX COCTOSHUI, IPUBEICHIE TTOMHOMXKe-
CTBa COCTOSIHMM K BXOJIHBIM COCTOSTHHSIM DTOTO MOJMHOKECTBA, U WHBIE TIOJIXOIBI, IPU KOTOPBIX /1 COCTOS-
HUU 3aMEHSIIOTCS HA 7 COCTOSIHUM, m < n;

— TI0 COBOKYIHOCTH COXPAaHSEMBIX BBIXOJHBIX XapaKTEPUCTHK CHUCTEMBI: COXPAHAIOTCS BCE BBIXOI-
HBIE XapaKTEPUCTUKN CUCTEMBI WJIM COXPAHSETCS ONpe/ie]IeHHas COBOKYITHOCTh 3THX XapaKTEePHUCTHUK;

— 0 TOYHOCTH COXPAaHSIEMBIX XapaKTEPUCTUK: BBHIXOAHBIC XapPAKTEPUCTUKU YKPYIMHEHHON CHUCTEMBI
COXPAaHSIOT TOYHBIC 3HAYCHHS WJIM 3TH XaPaKTEPUCTHUKU COXPAHSIIOTCS MPUOIMKEHHO; B TTOCIIETHEM CITydae
YKpYIIHEHHE MOXKET OBITh C OIIEHKOH TOTPEIIHOCTH WiIH Oe3 Hee;

— 10 BO3MOXHOCTHU MMPUMEHEHHUS METOAa YKPYITHEHHUS MIPH MOJICTUPOBAHUH TEXHUICCKUX, OPTaHM3a-
LUOHHBIX U IPYTUX CUCTEM.
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[To3umus aBTOpa 3aKiIIOYaeTCss B TOM, YTO YMEHBIIEHHE YHCIa COCTOSIHUHA HE JOJKHO MPUBOAWUTH
K MOTepe TOYHOCTH BBIXOJHBIX XapaKTePUCTHK CHUCTeMbI. Eciu ke BhIUMCHAIOTCA NMPHUOIIKEHHBIE 3HaYe-
HUS ITHX XapaKTePUCTHK, TO ATO 005A3aTEIBHO JOJDKHO COMPOBOXKAATHCS OIIEHKOW morpemrHocTy. [loaTomy
NPEASIOKEHUN TI0 YKPYTHEHHUIO COCTOSHUH, Jake OTIMYAIOLINecs OYEBHIHOCTBIO M MPOCTOTOH, TpeOyIoT
OIIEHKH ITOTPEIIHOCTH. Bee 3To ycnoxkHAeT MaTeMaTHUeCKyI0 MOJEIb.

C TouKM 3peHHs O0XBaTa YKPYITHEHHEM MHOXKECTBA COCTOSTHUN BO3MOJXKHBI CIEIYIOIINE BUIBI YKPYII-
HEHUS:

1) mpocToe yKpyIHEHHE, KOT1a MHOKECTBO COCTOSIHUI CHCTEMBI pa30MBaeTCsl Ha IBa OJMHOKECTBA
(B IaHHOM CTaThe paccMaTpPUBAETCS TaKOW BUJA YKPYITHEHHS);

2) 6109YHOE yKpYITHEHHE, KOT/Ia MHOKECTBO COCTOSHHN CHCTEMBI pa30MBaeTcs Ha HECKOJBKO IOJ-
MHO>eCTB (0JI0KOB);

3) MHOTOYpOBHEBOE YKpYyNHEHHE, KOTAa YKPYIMHEHHOE MHOXECTBO COCTOSIHUH YKpYTMHSETCS elie
OJIMH WJIM HECKOJIBKO Pa3, MPU 3TOM YHCJIO COCTOSIHUM YKPYITHEHHOT'O MHOKECTBA Ha KakKJIOM YPOBHE UMe-
€T TeHJCHIINIO K YMEHBIIICHHIO.

3ameuanue. Ecnu yKpyIHSETCSI MHOXKECTBO COCTOSTHUN HEKOTOPOH TEXHUYECKOW CHCTEMBI, TO pas-
OumeHue Ha TOAMHOKECTBA LIENeco00pPa3HO MPOU3BOIUTH IO JOTHYECKH 0O0CHOBAaHHOMY (D)YHKIMOHAIBHO-
My TpPHU3HAKY, KOTOPBIH MMEET MHKXEHEPHO-TEXHWYECKHH CMBICH. TakuM MpU3HAKOM MOXKET OBITh BUJ
(YyHKIHOHUPOBaHUS, TpodrIakTHdeckoe oOCTyKHBaHHE, IEPEIporpaMMHpOBaHNe, 3aMeHa 000pyIoBa-
HUSI, TIPOBEPKA TEXHUYECKOTO COCTOSHUS, YPOBEHb 3((EKTUBHOCTH M KadecTBa (PYHKIIMOHHUPOBAHHS CH-
CTeMBI U JIp. B Teopuu Hane:KHOCTH, HAPUMEp, TAKHM MPH3HAKOM 3a4acTyIO SBJSIETCS O€30TKA3HOCTh CH-
CTEeMBI: MHOKECTBO COCTOSHHUN CHCTeMBl pa30uBaeTcs Ha MOJMHOXKECTBO pabOTOCIOCOOHBIX H
MOJIMHOYKECTBO HEPAOOTOCTIOCOOHBIX COCTOSTHHIA.

JIBa cOCTOSIHHSI MCXOTHOTO MHOKECTBA HEPa3JIMUMMBI 10 PYHKIHMOHATBHOMY MPHU3HAKY, ecu (PyHK-
IIMOHMPOBAHNE CUCTEMBI B OJTHOM U3 HUX HE OTJIMYAeTCs OT (PYHKIMOHUPOBAHHUS B IPYTOM C TOUKH 3PEHUS
pemraemoii 3ama4n. /[Ba COCTOSHUS SIBISIFOTCS PasMTUYAMBIMH, €CIIH C TOYKH 3pPEHHS pEIIraeMOoi 3aJadu
(YHKIIMOHUPOBAHKE CHCTEMbI B OJHOM W3 HHUX OTIMYAeTCs OT (hyHKIIMOHUPOBAHHUS B IpyroM. [pyrumu
CJIOBaMH, 3HaYEHHE BBIXOAHOTO 3PeKTa CHCTEMBI IPH HAXOKACHUH €€ B IBYX HEPA3THUUMBIX COCTOSHHSIX
OJIHO U TO e, a B pa3IMUYMMBIX — pa3HoOe.

JIBa HEPa3MUYMMBIX COCTOSHHUS HWCXOJHOTO MHOXKECTBA HE MOTYT OBITh NMPOU3BOJBHBIM 00pa3oM
00BEIMHEHBI B OTHO COCTOSIHHE B CHITY TOTO, YTO OHU XapaKTePU3YIOTCS: Pa3HBIMHU MPUYMHAMH TOTIAaHUS
B HUX; pa3HBIMH IPUYMHAMH BBIXOJIAa U3 HUX; Pa3HBIMH BPEMEHAMHU HaXOXACHHS B COCTOSHHIX MPH OJHO-
KpaTHOM nonananuu. [IponsBonbHOe 00beANHEHNE HEPASINIUMBIX COCTOSIHUNA MOXET MPUBECTH K MOTepe
cymiecTBeHHON nHpopMarmu 00 ucxogHou cucteme [9].

C TOUKM 3peHHS Pa3TMIYUMOCTH COCTOSIHUH MOXHO BBIJISITHUTH JBa KPaWHUX CITydas:

1) Bce cOCTOSIHMS TMOAMHOKECTBA, BBINEIEHHOTO MO HEKOTOPOMY NpPU3HAKY, pa3nuiyuMbl. Toraa
YKPYIHEHUE COCTOSIHUH MO ()yHKIMOHATEHOMY MIPH3HAKY HEBO3MOKHO;

2) BCE COCTOSTHHSI TTOJIMHOXKECTBA, BBIIEJICHHOTO MO0 HEKOTOPOMY NpPH3HAKY, HEpa3IWIuMbl. Torma
BCE COCTOSTHUS STOTO TIOJMHOECTBAa MOTYT OBITh OOBEIMHEHEI B OJJHO COCTOSIHUE MIPH COOTBETCTBYIOIIEM
MaTeMaTH4ecKoM 00OCHOBaHUH.

3ameuanus. 1. DyHKIHOHATHHBIA MPU3HAK PA3THIUMOCTH COCTOSHHM MOXET OBITh Pa3HBIM IS pa3-
HBIX TIOCTAHOBOK 33/1a4 W JUIA Pa3HBIX MMOKa3aTellel Halle)KHOCTH IPH aHAJIN3€ OJHOW W TOW K€ CHCTEMBI.
BBuay 3TOro B 3aBUCMMOCTH OT MTOCTAHOBKHU 33124l MOTYT OBITH C()OPMHUPOBAHBI Pa3HbIC KIAcChl HEPA3IIH-
YUMBIX COCTOSIHUH.

2. YKpymHEHHE COCTOSHHUH M0 (YHKIHOHAIFHOMY TNPHU3HAKY CIEAyeT HCIOIB30BaTh COBMECTHO
C IPYTUMH METOJIaMH.

Mogenb cuCTEMBI MOKET OBITh MPECTaBIeHa B TUCKPETHOM MM HETpephIBHOM BpeMeHH. COOTBET-
CTBEHHO, CIIy4aifHBIA MpoIecc, MOAEIUPYIOMUI (HYyHKIIMOHUPOBAHUE CHUCTEMBI, IIPOTEKAET B JUCKPETHOM
WM HENPEPHIBHOM BpeMeHH. [IpHHATO, 9TO 3TOT MPOIECC ONMMCHIBAETCS OJHOPOTHONW MAapKOBCKOM LEIbI0
B TUCKPETHOM BPEMEHH WJIH OJHOPOJHBIM MapKOBCKHUM ITPOIECCOM B HEIIPephIBHOM BpemeHu. [Ipemmarae-
MBIH MOAXO0J OCHOBAaH Ha ONEpUpOBaHUU ¢ MaTpuuamu [21-23]. McxoaHbIMH XapaKTepUCTUKaMH CHCTEMBI
ABJIAIOTCS MaTPHILA IIEPEXOIHBIX BEPOATHOCTEN P = (p;;) Ul mpolecca B AUCKPETHOM BPEMEHH U MaTpUIla
UHTEHCUBHOCTEH A = (A;) U1 mpolecca B HENPEPHIBHOM BPEMEHH, TI€ p; — BEPOATHOCTH IEpexoja u3
i-COCTOSIHUS B j-COCTOSIHUE HA OJHOM IIare; A; — HHTEHCUBHOCTb NEPEX0JIA U3 i-COCTOSHHUS B j-COCTOSTHHE
B HETIPEPHIBHOM BPEMEHH.

CoBpeMeHHBIE CpeCTBa KOMITBIOTEPHON MAaTeMAaTHKH ITO3BOJISIOT ONEPHPOBATH C OOJBIIUM YUCIOM
cocTossHU. OHAKO COCTaBICHUE UCXOAHBIX JaHHBIX MOXKET OBITh MPEMATCTBHEM K (YOPMHUPOBAHUIO MOJIE-
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mu. [IpuBeseHHBIE 371€Ch TOXOABI K YKPYITHEHUIO COCTOSHUI pa3paboTaHbl ISl 3PrOJMYSCKOTO MHOMKeE-
CTBa COCTOSTHUII Ha OCHOBE MATPUYHBIX METOIOB MOJCIHPOBAHHS OJHOPOTHBIX MApKOBCKHX IMPOIIECCOB.
BrrxomHble XapaKTepUCTHKH MOJICIHPYEMOI CHCTEMBI OTIPEIEISIFOTCS B CTAI[IOHAPHOM PEKHIME.

MeToA nIpHBeAEeHHs K BXOAHBIM COCTOSIHHSIM IOAMHO>KECTB

Metoa pacCMOTpPEH Ha MPUMEPE MPOCTOTO YKPYITHEHUS, KOT/1a MHOXECTBO COCTOSTHUI CUCTEMBI pas-
OmBaeTcs Ha JBa MOJMHOXeCTBa. M3noxeHne U 000CHOBaHWE METO/Ia MpUBeAeHO B padore [16]. brounoe
YKpYITHEHHUE, KOTIa MHOXKECTBO COCTOSTHHMA CHCTEMBI pa30MBaETCs Ha HECKOJIBKO TOJIMHOKECTB, TTPUBEIC-
HO B pabote [22].

PaccmarpuBaercs cuctema, MHOXKECTBO IJUCKPETHBIX COCTOSIHUM KOTOpPOM W sBIsETCS 3proaude-
ckuM. [lo HekoTopoMy KadecTBeHHOMY (WK (DyHKIIMOHAIEHOMY) MIPU3HAKY MHOXECTBO W pazOuBaeTcs Ha
JIBa HETIEPECEKAIOIINXCSI HECYIIECTBEHHBIX MOAMHOXKecTBa cocTossHU U V. C TeueHneM BpeMEHU UMEIOT
MECTO TEepexXoMbl Kak BHYTpU MmoaAMHOXKeCTB U u V, Tak W MexAy HUMHU. 3aJadya YKPYNMHEHUS COCTOUT
B TOM, YTO KaX70€ u3 noamMHoxecTB U 1 V 3aMeHsieTcsl IPyTHM TOJMHOXECTBOM C MEHBIINM YHCIIOM CO-
crosiHuid. [Tpu 3TOM coxpaHsieTca TakoW Ba)KHBIM MOKa3aTelb, Kak CPeHss MPOJOJDKUTEIBHOCTh HAaX 0K 1e-
HUS B UICXOJHOM IIOJIMHOKECTBE COCTOSIHUM.

3aMeTnM, 4TO B KaXIIOW KOHKpeTHOH 3anade UV-paz0OneHne MHOXKECTBA COCTOSIHHI UMEET OIpejie-
JICHHBI WHXXEHEPHO-TEXHUIECKUH cMBIcT. C TEUCHHEM BPEMEHH CHCTEMa JUTHTEIHLHOTO HCIOJIB30BAHM
MEPEXOIUT OT COCTOSHUS K COCTOSHUIO KaK B KaXXJOM W3 MOJAMHOKECTB, TaK M M3 OJHOTO IMOJIMHOXKECTBA
B apyroe. Torna GpyHKIIMOHMPOBAHUE CUCTEMbI BO BPEMEHU MOKHO Pa30UTh Ha ITUKIIBI, 3aKIFOYAIONIUECS
B MpeObIBAaHUH CHCTEMBI B MOAMHOXKeCTBe U W B CIEAYIOUINM 32 HUM MpeObIBAHUU B TIOJMHOXECTBE V:
U>TV-o>U—>V—o...

[IpeObiBanme cuctembl B mogMHOXkecTBe U M Cleqyroliee 3a HUM NpeObIBaHUE B TOJMHOXECTBE V
Oynem Ha3piBaTh UV-IIMKIIOM CHUCTEMBI, a MTPeObIBAaHUE CUCTEMBI B TIOJJMHOXECTBE V' U Cleqyrolee 32 HUM
HaxoXaeHue B moaMmHoxecTBe U — VU-imkiiom. Takum oOpazoM, Bpems (HYHKIIMOHHPOBAHHS CHCTEMBI
JUTITEIIEHOTO WCIIOJb30BaHMs pa30UBAaeTCs HA IMKIIBI, COCTOSIINE M3 TOCIEIOBATEIbHBIX MEPEX0J0B U3
OJIHOTO MOAMHOKECTBA COCTOSIHUM B Apyroe. PaccMoTpuM nepexoapl MexXAy COCTOSIHUSIMU BHYTPH KaxI0-
r'0 TIOJMHOXECTBA M MEXIY 3THMH MTOJIMHOKECTBAMH. DTH MPOIIECCHl OMUCHIBAIOTCS ¢ TMTOMOIIBIO TTOIMAT-
PHII MAaTPHIIHI IEPEXOTHBIX BEPOSITHOCTEN P i mporiecca B JUCKPETHOM BPEMEHH M ITOAMATPHI] MATPHUIIBI
WHTEHCHUBHOCTEH A IS mpoliecca B HEIPEPLIBHOM BpeMeHH. VICX0MHBIE MaTPHITB Pa30MBAOTCS HA YETHIPE
MIOAMATPUIILI B COOTBETCTBUU ¢ UV-pazOuenuemM MHOXKecTBa W:

P uu P uv AUU AU 4

P= ; A=
P P A A

Vu 144 yu 44

IMepexop! MeXIy COCTOSHUSIMU BHYTPHU IOJMHOXECTB ONHUCBHIBAIOTCS JHArOHAJIBHBIMU OJIOKaMU MaT-
puun Pul: B, , B,, Ay, Ay, , anepexonsl Mexay HOAMHOXKeCTBaMU — Onokamu: B, , B, , Ay, Ay

C moMOMIbIO AWArOHAIBHBIX OJIOKOB MaTpuil P 1 A MOXXHO TOJYYNTh XapaKTEPUCTHUKH TPOIOKH-
TEIHFHOCTH HAXOXKJCHUS TIPOIIECCa B COCTOSHUAX TTOJIMHOXKECTB M B CAaMHX MTOJAMHOXecTBax [4, 16, 23]. Otu
XapaKTePUCTUKH NIPUBEICHBI B Ta0. 1.

Tabmuma 1

XapaKTepI/ICTI/IKI/I MMPOAOJDKUTCIIBHOCTH HAXO0KACHUSA B COCTOAHUAX IMMOJAMHOKECTB U B ITOJIMHOXKECTBaX

Just mpouiecca
Hanmenosanune
B JMCKPETHOM BPEMEHHU B HEMPEPHIBHOM BPEMEHU
1. Manmfa CPEIHUX MPOAOJKUTEIHHOCTEH N, :"”U @, ])": T, :"tu @i, j)":
COCTOSIHUI ITOAMHOKecTBa U . »
=(E- PUU) =—Ay
2. Manm“Ia CpPEeIHUX MPOIOJKUTEILHOCTEH N, :”nV @, j)": TV:||tV @, j)||=
COCTOSIHUM MOAMHOXKECTBA V' O O
=(E-F,) =-Ay
3. CpenHss Ipoa0IKUTEILHOCTh HAX 03K I€HUS —_ . N
pea poal A n,=r,N,e t,=r,T,e
B MogMHoOxkecTBe U
4. Cpenusst IpOI0KATEIFHOCTS HaX 0K ICHHS — A7 —
pea pox A n,=n,N,e t,=r,T,e
B IIOAMHOX€ECTBE V'
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B tabnune o6osnadeHo: ny(i, j) [ni(i, j)] — cpenHee 4mucio MAroB HaX0KAEHHUA B COCTOSHUM u; € U
[vie V'] no Bexona u3 nogmuoxecta U [V] npu ycinoBun, 4ro cocrosinue u; € U [v; € V] sBasercs Hadalb-
HBIM TIpHU BOXKJeHUH B ogmHoxkecTBo U [V]; tu(i, j) [t/i, j)] — cpenHee BpeMs HaXOXJCHHS B COCTOSHHUH
u; € U [v;e V] no Beixoma u3 nogmHoxkectsa U [V] npu ycnosuu, 4to cocrosnue u; € U [v; € V] apnsercs
HayaJabHBIM IIPU BOXKAEHUU B moaMHoxecTBo U [V]; 7, u 7, — pacmpeneneHus: BepoATHOCTEH HadalbHBIX
COCTOSIHHH TTOIMHOXKeCTB U U V' COOTBETCTBEHHO; F — eIMHUYHAS MaTpPHUIla COOTBETCTBYIOIIETO MOPSIKA;
€ — CTOoJIOEII, BCE 3JIEMEHTHI KOTOPOTO PaBHEI 1.

Pacnpenenenust 7, u 7;, SBIAIOTCS PAcIpEACNICHUSIMU BEPOSTHOCTEH HAYAIBLHBIX COCTOSIHUH TIpH
BXOXIIEHUH B ToAMHOXecTBa U 1 V coorBeTcTBeHHO. OHU MPEACTABISIFOT COO0H CTOXaCTUIECKHE BEKTOPBI.

[lepexompr Mexy moaMHOXKecTBaMU U 1V yA0OHO ONMUCHIBaTH MaTPUIIAaMH BEPOSTHOCTEH BO3Bpa-
nieHus B moaMHoxkectBa U u V, Ay 1 Ay COOTBETCTBEHHO. DTH MATPUIILI TPUBEICHBI B Ta0JI. 2 JUIs MPOIEC-
COB B TUCKPETHOM M HEMPEPHIBHOM BpemeHH [21].

Tabmuma 2
Martpuisl BeposiTHOCTENH BO3BpALICHUS B TOJIMHOXKECTBA COCTOSTHUI
Haumenosanue Js npouecca
B IMCKPETHOM BPEMEHHU B HEMIPEPHIBHOM BPEMEHU
1. Marpuna BeposiTHOCTER A, :”au 3, j)|| = A,= "au a, j)|| =
BO3BpAILEHHS B MOJIMHOKECTBO U _N,P,N,P, “T,A, T A,,
2. Marpura BeposTHOCTEH A,= "aV (i, j)|| = AV:"aV (i, j)|| =
BO3BpAILEHHS B TIOJIMHOXKECTBO V _N,P NP, ST AT, A,

B Tabnune o6o3HaueHo: au(i, j) [aii, j)] — BEposATHOCTB TOTO, YTO cocTosHue u; € U [v; € V] ABnser-
Csl HAYaJIbHBIM COCTOSIHMEM ToaMHOecTBa U [V] mpu ycimoBun, 9T0 Ha HpeIbIAyINeM IUKIEe HadaabHBIM
6bu10 cocTosiaue u; € U [v; € V.

Yceuenne MaTpHYHBIX XapaKTEPHCTHK

O003HaYMM YHCIIO COCTOSHUIA MOAMHOXeCTB U u V uepe3 my U my COOTBETCTBEHHO. [Ijis cuctemM
¢ OOJBIINM YUCIIOM COCTOSTHHH 3TH YHCIIa MOTYT JOCTHTATh COTEH M THICAY. [Ipm mepexomax Mexay Mo.-
MHOKECTBAMH COCTOSTHUI HEKOTOPBIE COCTOSHUS MOXHO HCKIIOUUTH. JlJI BBITOJHEHUS STOW OIepaluu
cienyeT BBECTU MOHITHUS BXOJHBIX U BBIXOJHBIX COCTOSIHUM MOAMHOXKECTB [5, 7].

Cocrosaue u; € U saBasercsd BXOIHBIM COCTOSIHHEM MOAMHOKecTBa U, eciau OHO MOJKET OBITh Hayallb-
HBIM cocTosiHneM noaMHoxecTBa U nipu niepexojie V' — U, cocrosinue v; € V sBisieTcs BXOJAHBIM COCTOSIHUEM
MTOIMHOKECTBA V, eCI OHO MOXKET OBITh HauaIbHBIM COCTOSTHHEM MOIMHOXeCTBa V mpu nepexone U — V.
Bxonnple coctossHus moaMHOKecTB U 1 V' 00pa3yroT MOAMHOKECTBAa BXOJAHBIX COCTOSHUHN ITHX ITOAMHO-
xectB, U 1 V' COOTBETCTBEHHO.

Cocrosinne u; € U sBaseTcs BBIXOJHBIM COCTOSHHEM HOAMHOXeCTBa U, €CliM U3 HEro BO3MOXKEH
HeHOCpeIlCTBeHHBIﬁ Hepexoa B IIOAMHOX>XECTBO V, COCTOAHHUC Vj (S V ABJISACTCS BBIXOJAHBIM COCTOAHUEM
MOJIMHOKECTBA V, €Clii U3 HEro BO3MOXKEH HEMOCPE/ICTBEHHBIN Nepexol B moaMHOkecTBO U. BbixoaHbIe
COCTOSIHHSI TOAMHOXKECTB U 11 V 00pa3yroT MOoIMHOKECTBA BHIXOAHBIX COCTOSHHUM STUX MOIMHOXKeCTB, U 1
V" COOTBETCTBEHHO.

FpaHI/I‘IHOG COCTOSAHHUEC ITOJMHOXECTBA — 3TO COCTOSHHUC, ABIAIOUICCCA BXOAHBIM HJIKM BBIXOJHBIM CO-
CTOSTHMEM 3TOTO ITOAMHOXKECTBA. I10JMHOKECTBO TPAHHUYHBIX COCTOSHHN U o6paszyercs 0ObeIMHEHHEM
noamuoxkecTs U u U . AHaJIOrH4HO 06pasyeTcsl OAMHOKECTBO V.

[Ipu nepexonax mexay noamuoxectTBamMu U u V' cielyeT yYUThIBaTh TOJIBKO TPAHUYHBIC COCTOSIHUS.
A nmenHo, npu nepexoge U — V Bbixog u3 U BO3MOXET TOJIBKO U3 COCTOSIHUM noaMHoxectBa U, a BXoa
B MTOJIMHOKECTBO / — TOJIBKO B COCTOSHHS TIOAMHOXKeCTBA V. AHanmormdHo npw mepexone V' — U BBIX0A
H3 V BO3MOKET TOJBLKO W3 COCTOSHUH ITOJIMHOMKECTBA J, a BXOJ B TOAMHOKeCTBO U — TOJTBEKO B COCTOSIHUS
noamuoxectsa U . Takum o6pasom, nepexonsl U — V— U — V—> ... 3aMeHAIOTCSA HAa NEPEX0/IbI MEKLY
TPaHUYHBIMHU MMOAMHOKECTBaMU. MHBIMU CIOBaMHU, EPEeX0Ibl MKy moaMHOkecTBaMu U U V 3aMeHAI0T-
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+ + s
c4 Ha nepexoasl Mexay noaMuoxectsamu U, U, V' u V. Yuciio cocTOAHUI TpaHUYHBIX TOJAMHOKECTB

00603HAYEHO Yepes m, , m, , m, , m, .

I/ITaK, HUCXOJHBbIC ITIOJAMHOXKECTBA COCTOSTHMH 3aMEHEHBI Ha YCThIPC MOAMHOXKECTBA, YN CJIO COCTOSTHUM
KOTOPBIX HE MPEBOCXOAUT YUCIO COCTOSHUN MOAMHOXKECTB U 1 V.

[Tockonpky Tepexoapl MEXIy MOAMHOKeCTBaMH U U V 3aMEHSI0TCS Ha MepeXOoAbl MEXIy TpaHWY-
HBIMH TTOJIMHOKECTBAMH, TO COCTOSIHUS, HE SBIIIONIUECS TPAHUYHBIMU, MOXKHO HE YUYHUTHIBATh IPHU TIepe-
xoaax Mexay noamuoxectsamu U u V. [ToaToMy MaTpuyHble XapaKTEPUCTUKHU UCXOJIHBIX TOJAMHOXeECTB U
1 V MOXXHO yceKaTh. Y CEUCHHE 3aKIIF0UaeTCA B TOM, UYTO yAAJSIOTCS CTPOKH U CTOJIOIBI COCTOSIHHM, KOTO-
pBIC HE SIBJIIOTCS TPAHUYHBIMH. Y CCUCHHBIC MATPUYHBIC XapaKTEPUCTUKY PUBEICHBI B Ta0I. 3.

Taobnuua 3
VYceueHHbIe MATPUYHBIE XapaKTEPUCTUKH TTOJAMHOYKECTB COCTOSTHUN
YceueHHas MaTpuIia Pa3mepnr
Xapakrep yceueHHs B JICKPETHOM B HETPEPHIBHOM YyCEUCHHOM
BpEMEHHU BpEMEHH MaTpHIIBI
1. YceueHne CTpOK, OTHOCAIIUXCS K TOAMHOXKECTBY U N; T; my xmy,
2. YceueHne CTPOK, OTHOCSIINXCS K MIOJAMHOXECTBY V' N; T m; X m,
3. YceueHne CTPOK U CTOJIOIOB, OTHOCSIINXCS N . . _
N 1; my; Xmy,
K MOAMHOXeCTBY U
4. YcedeHHe CTPOK U CTOJIOIOB, OTHOCSIIIUXCS N T -
K ITOJIMHOMKECTBY V 4 4 ren
5. YceueHue CTPOK U CTOJIOIOB TIOAMATPHILIBI . R _ .
By Ay My, X my,
nepexonoB U — V
6. YceueHre CTPOK U CTOJIOIOB TIOMATPHIIBI . . _ .
By Ay my, Xy,
nepexoaoB V— U
7. YceueHHOe pacHpeneneHle HadalbHbIX =+ I’
BEPOATHOCTEH MoAMHOKeCTBa U v v
8. YceueHHoe paciipeielieHie HadaabHbIX 7+ Ixm)
BEPOSITHOCTEN MOJAMHOMXKECTBA V' g 4

+ + +
YceueHHnie MaTpPUIIbI NU u TU HMEIOT CTPOKH, COOTBECTCTBYIOINUE COCTOAHUAM U; e U , 4 OCTallb-

HbIC CTPOKH YJAJEeHbI; BCe CTONOLBI coXpaHeHbl. B yceueHHbIXx MaTpuuax N;, u I, ocTaBIEHBI CTPOKH,
COOTBETCTBYIOIIHE COCTOSIHUAM ;e U, a OCTalbHbIE CTPOKH yaleHbl; KPOME TOTO, OCTABIIEHBI CTONOIIBI,
COOTBETCTBYIOIIHE COCTOSIHUAM #; € U, a OCTaJIbHBIE CTOJOLB! yaaieHsl. Marpuisl B, u A, ABIAIOTCS
pE3yIbTaTOM YCEUEHUS] UCXOAHBIX MaTpHLl Pyy U A, : B HUX OCTaBIICHBI CTPOKH, COOTBETCTBYIOIIE COCTOS-

+
HUSAM U; € U , 4@ OCTAJIbHBIC CTPOKH YAAJICHBI; OCTABJICHBI CTOJ'I6I_ILI, COOTBCTCTBYIOIIUC COCTOSHUAM V; € 14 ,
a OCTAJIbHBIC CTOJ'I6]_ILI YZAQJICHBIL. B pacipeaAciICHUN HAYaJIbHBIX BepOHTHOCTeﬁ COCTOSTHHI IIOJIMHOXKECTBa l/,
—+ +

7, OCTaBJICHBI JIEMEHTEBI, COOTBETCTBYIOIUE COCTOSAHUAM U;c U , 4 OCTAJIbHBIC 3JICMCHTEI Y JaJICHBI.

Awnanornaso onpenenstores yceuennsie matputsl Ny, T, Ny, T, By, Ay, 7.

YxpynHeHHbIi nponecc

Hrak, mepexoapl Mexay MoAMHOXKECTB U U V' 3aMEHSIOTCS Ha Tepexobl MEKAY TPAaHUYHBIMHU TOA-
MHOKECTBaMH, a XapaKTEPUCTUKU MOJMHOMKECTB COCTOSHUN MPUBOASTCA K BXOIHBIM COCTOSHHUSIM 3THX
noaMHOXKecTB. COOTBeTCTBYIOLIME (POPMYIIbI IPUBEACHEI B Ta0II. 4.

B Tabmnuue o6o3nayeHo: by, (i,j)) — BepoSTHOCTH TOTO, 4TO mpH mepexoge U — V cucrema nmomaier

V+ U+ UV . T N
B COCTOsSIHHUC Vi (S IIpu yCJIOBHHU, UTO COCTOAHUE U;e SABJISACTCA HAa4YaJIbHBIM Ha -ITUKIJIC, CZU (ZJ)

+

BEPOATHOCTB TOTO, YTO COCTOAHME Uje U ~ ABIAETCA HA4YaJIbHEIM NP nepexoxne V' — U npu yClIOBHH, YTO
+

Ha TpeAbIAYIIeM UKIIe HadalbHBIM OBLIO cocTosHuE U;c U .
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Tabauma 4
XapakTEepUCTUKU YKPYITHEHHOTO Mpolecca
0O6o3HaueHue u hopmysa PasMeDLs
HaumeHoBaHHe XapaKTEPUCTHKU B JMCKPETHOM B HETIPEPHIBHOM vt IEII
BpPEMEHU BpPEMEHU p
1. MaTpuIisl BEpOSITHOCTEH ITOITaJaHui v _lzr o onll=
TP P A B, = bUV(la]) = R .
MeX Ty moaMHoxkecTBamu U — V my, Xmy,
_NI" . PT _TI" . Al‘
—Vu T tur —u vy
2. Matpuiisl BEpoATHOCTEH MonagaHui v _|lpr i A=
TPHII P b By, =by (G, J)||= .
MEXIy TOOMHOXKecTBamu V' — U m,; Xmy,
_NI" PI" _TT Al‘
—Vy by Ay Ty
3. Marpuiia BepoATHOCTEIH BO3BpAILEHUS B IOJAMHOXKECTBO U r .t i nll=Rr 1 + +
TPpHIL] P pai ) AU_ au(l9]) _BUV’BVU mUme
4. Martpuiia BepoITHOCTEH BO3BpAILlCHUS B ITIOAMHOKECTBO V r_|l.r; l=rr r + +
Tpula Bep paill A A, =\la, G, H||=Byy - By my, X m,,
5. Ctpoka cpeaHeil MpoJoIKUTETbHOCTH COCTOSTHUI g — o
n,=r, - N t,=r, T, Ixm,,
noaMHoxectBa U
6. CTpoka cpeHeil mpoI0KUTENIbHOCTH COCTOSHUAN — 4 At —
n,=r, -N, ,=r, T, Ixm,
MHOIMHOXKecTBa V'
7. CpenHsisi MPOJOIKATEIFHOCTh HAX 00K ICHHS n =T 6 f=T .6
B TIOAMHOXecTBEe U v vu
8. CpemHsist MPOAOIDKUTETFHOCTD HAX0XKICHHS n=T LT .6
B TIOJIMHOXECTBE V v v

T .o T ..
AHAJOTHYHO OMPEEISIOTCS dIeMeHThI MaTpuLl by, (i,7) U ay (i,f).
Mepexon U ™ — V" onuchiBaeTcs MaTpuLell BeposTHOCTel monafanuii By, , KOTopas BBIUMCISCTCS

C MOMOIIBI0 COOTBETCTBYIOIIMX YCEUYCHHBIX MATPHYHBIX XapaKTePHCTHK. Pasmepbl MaTpuusl Bj, He mpe-
BOCXOJISIT pa3Mephl MaTPUIIB! By, BBIYUCIEHHON IO HCXOIHBIM MaTPHUHBIM XapaKTePHCTHKaM (CM. Tadi. 2).
BosBpariierne B moaAMHOKeCTBO U OIHMCHIBACTCS MATPHUIICH BEPOSITHOCTEH BO3BPAIICHUS A, , TIOPSIOK KOTO-

poii He TMPEBOCXOAUT MOPSIKA MATPUIBI Ay, BBIYUCICHHON MO MCXOAHBIM MATPUYHBIM XapaKTEPUCTHKAM
(cM. Tabm. 2).
XapaKTepUCTHUKHU MPOJIOJDKUTEIBHOCTH HAX0XKACHHS B COCTOSIHHSIX BBIYHCIISIOTCS C MOMOLIBIO yCe-

YCHHBIX pacnpez[eneHHﬁ Ha4daJIbHbBIX BCpOSITHOCTCﬁ IIOJAMHOXXCCTB Umn V, 7U+ nu 7V+' Brruncnenne stux
pacnpe):[eﬂeHI/Iﬁ 34€Ch HC pacCMaTpuUBaACTCH. CJ'IC)IyeT OTMETUTD, YTO 3THU PACHPCACIICHUSA BBIYUCIAIOTCA

COOTBETCTBCHHO 10 MatpuiaM 4, u A, , mOpsgoK KOTOPHIX HE MPEBOCXOAUT MOPsiaKa Matpuil Ay u Ay.

o =+ —+
AHFOpI/ITM BBIYUCIICHUA YCCUCHHBIX PACTIPEACICHUU 7, U 7, B IECPEXOAHOM U CTALIMOHAPHOM DPEXKUMaxX
npu q)yHKHI/IOHI/IpOBaHI/II/I CUCTEM MJINTCJIIBHOT'O UCITOJIB30BAHUS TaKou K€, KaK U IJIA BBIYMCJIICHUSA pacCipe-

JeTIeHU 7, U 7;, , paCCMOTPEHHBIX B paboTax [16, 21, 23].

T[Ipy HAXOXKEHUU PACTIPEICTICHUN 7, ¥ 7, MOJE3HO NPUHUMATH BO BHUMAHHE CIIEAyIOIHUE 00CTOs-
TEJILCTBA:

1. Eciu marpunia 4;, (A, ) uMeeT paBHbIE CTPOKH, TO 3TH CTPOKHU M SIBJISFOTCS IIPECIBbHBIM pacrpe-
nenenueMm 7, (7).

2. Bemm 7, (7)) sBNseTCs MpeNeNbHBIM DPACTIpe/eeHHeM TIPH BO3BPAIICHHH B TMOAMHOMKECTBO
U"(V"), 10 pactipenenenne 7, =7, - B}, (7,/=F," - By, ) aBnsercs NpeaelbHBIM TIPH BO3BPALIECHUH B TOJI-
MHOXKecTBO V' (U™).

3. Eciu BXOAHBIM cocTosiHMEM noamHoxkecTBa U (V) siBiseTcs OAHO €AUHCTBEHHOE COCTOSHHE, TO

+ + + + o
yceuenue matpuusl N, u T, (N, u T, ) npexncraBiser co0oil 0JHY CTPOKY, COOTBETCTBYIOILYIO STOMY
BXOJHOMY COCTOsIHHIO. IIpy 3TOM MaTpulla BEpOSTHOCTEH BO3BpALIECHHUS COCTOMT M3 OJHOIO JJIEMEHTA:

4, =) (4, =(1)).
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Ilpu peanmuzamnum anropuT™Ma yYKPYITHEHUS CIEAYeT BBIACIUTH T'PAHWYHBIC COCTOSIHHS (BXOIHBIC U
BBIXOJHBIC) TMOAMHOXKECTB U M V W OMpenenuTh COOTBETCTBYIOIINE YHCIA TPAHUYHBIX COCTOSHUU. DTy
OTIepaIMI0 MOYKHO BBITIONHUTH 110 Tpady COCTOSHUHN ¢ ydeToM nepexonoB U — Vu V' — U unm no ucxosu-
HBIM MaTpuIlaM. 3aTeM ciieAyeT HalTH yceueHHbIC MaTPUYHbBIE XapaKTePUCTHKH, IPUBEICHHbIE B Ta0I. 3.

M3noxeHHBIH METOA YKPYNHEHUS MOKHO PaccMaTpuBaTh TaK ke, KaK MPHUBEACHUE MOJAMHOMXKECTB
U n V x 1ByM 3KBHUBaJICHTHBIM COCTOSTHHUSM U M V COOTBETCTBEHHO. MaTpUYHBIC XapaKTEPUCTUKN ITOAMHO-
*kecTB U u V 3aMEHAIOTCSI Ha COOTBETCTBYIOLIUE YCEUCHHbBIE MAaTPUYHbBIE XapAKTEPUCTUKH, U B PE3YJILTATE
BBITIOJTHEHUS OTIEpaIlii ¢ STHMH XapaKTePUCTUKAMHU TOJYYaroT CPEIHIOK IMPOJIOIKUTEIHHOCTh SKBUBA-
JICHTHBIX COCTOSTHHI.

YacrorTsi MEePEX0AO0B MEKAY COCTOSTHHSIMH HCXOAHOI'O Imponecca
H MEXXAY COCTOSTHHSIMH TIOAMHOJKECTB

J1s mpoLieccoB B AUCKPETHOM U HETIPEPHIBHOM BPEMEHH BBOJMTCS MOHATHE YAaCTOTHI (; HEMOCPE-
CTBCHHBLIX IEPEXOJ0B MCEKIAY ABYMA COCTOAHUAMU HUCXOJHOTO IIpoIecca. HHH mnmponecca B JUCKPETHOM
BPEMEHH (; — 3TO CPEJHEE YHCIIO HEMOCPEICTBEHHBIX NEPEXOAO0B §; — S, IPUXOJIAIICECcs Ha OJMH IIar,
a JUld Ipoliecca B HENPEPHIBHOM BPEMEHU (; — 3TO CPEJIHEEe YUCIIO IEePeXoJoB S; — S;, MpHUXOJslieecs
Ha €IMHUILY BPEMEHU. DTH YacCTOThI yIOOHO BBIPA3HUTh B BHJIE MATPHIIBI YaCTOT JUISl UCXOJHOTO IMpoIecca
B IUCKPETHOM M HENPEPBIBHOM BpeMeHH = ||| [14]:

a) Q=TI -(P—E);6) Q=TI A, (1)

rae 114, — nnaroHanbHas MaTpUIA NPEAETBHBIX BEPOATHOCTEN COCTOSHMM; E — €IMHMYHAsS MAaTPHIA COOT-
BETCTBYIOILIETO MOPSIAKA.

Hrak, cooTHOmEeHUs (1) CBSI3BIBAIOT TPH MAaTPUYHBIC XapaKTEPUCTHKU UCXOHOTO MHOXKECTBA COCTO-
SIHUM: 4acCTOTHI MEPEXOJO0B MEKAY COCTOSHUSMU, MPEJCIbHBIE BEPOSITHOCTH COCTOSHHUM U HCXOJHBIC Xa-
PaKTEpUCTUKH CITyJalHOTO TpoIiecca (MepeXoaHbIe BEPOSITHOCTA U HHTCHCUBHOCTH ITEPEXOJIOB).

B pabote [24] BBe1eHO OHITHE CPEIHEH YaCTOTHI COCTOSIHHUS S;, (O;, KOTOPasi OTHOBPEMEHHO SIBJISICT-
Cs 4aCTOTOM BX0J1a B 3TO COCTOSIHUE U YACTOTOM BBIXOJIa U3 3TOT'O COCTOSHHUS.

Cpennsis 4acToTa ®; CBSI3aHA C TUATOHATLHBIM 3JIEMEHTOM ®; MAaTPHUIIBI {2 TIPOCTHIM COOTHOIIICHUEM:
0; = — ;.

DIeMeHTHI MaTPHIIBI {2 MOTYT OBITh BEIYHUCIICHBI IPYTUMH METOJIaMHU, a IMEHHO, Ha OCHOBE OITpeJIe-
JIUTEJICH UK C TIOMOIIIBIO oOparienust Matpuit [8].

W3 OamaHca 9acTOT OTHOCUTENHHO KaKJOTO COCTOSHHS CIEAYIOT CBOMCTBA MAaTPHIIBI YacTOT IS
Mpo1ecca B IUCKPETHOM U HENPEPHIBHOM BPEMEHMU:

a) e-Q=0;0)|Q =0, )

TIe € — CTPOKa, KAKIBIA 3JIEMEHT KOTOpOH paBeH 1. DTH CBOWCTBA MOKHO HCITOJIB30BATh IIPH Pa3TMIHBIX
peanu3anusax UCXOAHOTO MPOIIecca, a TAKKE KOHTPOJIS MPAaBUILHOCTH BBIYUCIICHISI MATPHUIIBI YaCTOT.

Martpurnia gactoT €2 MOXKET OBITh pa3duTa Ha YeThIpe MOIMATPHUIEI B COOTBETCTBHU C pa3OHEeHHEM
MHO’KECTBA COCTOIHUN W Ha nmoaMmHoKecTtBa U n V-

QUU QUV
Q, Q

Q=

vu Vv

rae Quu, Qyy, Quy, Qpy — TOAMATPHIIEI 9aCTOT MEPEXOI0B BHYTPH MOAMHOXKECTB U M V' 11 MEX Iy HUMHU.

Hpe,Z[CTaBI/IM ManI/I]_[I)I Q 158 Hdga a TaKXXE UCXOOHBIC ManI/IHBI B BUC quLIpex HOI{ManI/IH B COOT-
BETCTBUU C pa30reHneM MHOXecTBa W Ha monMHoxkecTBa U u V. [IponsBenem ymHoxenune (1) ¢ ucmons3o-
BaHHWEM 0J109HBIX MaTpwuIl [5,13]. Torma momydnm yuist mporiecca B TUCKPETHOM BPEeMEHH

QUU QUV _ Hng '(PUU _E) Hng 'PUV 3)
Q, Q, My - By Uy - (By = E)
U IS [IpoLiecca B HENPEPhIBHOM BPEMEHH:
Qu Q) (T A Ty Ay, "

Q Q HdgV'AVU HdgV'AVV ’

2% 144
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rae Hng u Hdgy — AWAaroHaJbHBIC MAaTpPHUILIbI, ITOJYYCHHBIC U3 MAaTPUILIbI Hdg MyTEM yAaJICHUS U3 HECC CTPOK U
CTOH6LIOB, COOTBCTCTBYIOIIUX IMOJAMHOXKECTBAM Vu U COOTBCTCTBCHHO, E - CAMHUYHAsA MaTpula corjiaco-
BAaHHOI'O IOpsA KA.

Yacrorhi MEPEXOAOB MEKAY IOAMHOKECTBAMHA COCTOSITHHHA

YacroTel nepexonos w;; (i # ) ABIAIOTCA CyMMHPYEMBIMU XapaKTEPUCTUKAMH, T.€. MOKHO CYMMHUPO-
BaTh 4aCTOTHI JIOOBIX mepexonoB. Toraa cpenHss 4acTora @yy nepexogoB U — V MexIy AByMs OAMHO-
JKECTBAMH OIPEIEISAETCS CYMMOM 4acTOT 3TUX MEPEXOA0B MEKIY COCTOSHUIMM, T.€.

Ouy = ZZOJU 5 (5)

rae u;e U; vie V. AHaIOTMYHO HAXOAMTCA CPEHAS 4acTOTa Myyepexonos V — U

®yy = ZZO)U . (6)

Kak u panee, 3T 4aCTOTBHI HMEIOT CMBICII CPETHETO YUCIIA TIEPEXOI0B MEXITY MOJIMHOKECTBAMH CO-
CTOSIHUH, IPUXOASILErocsl Ha OAMH IIar B JUCKPETHOM BPEMEHH WJIM B €IMHUILY BPEMEHU B HETIPEPHIBHOM
BpEMCHU.

B pabotax [14, 21] moka3aHo, 4TO ®yy = @y A IPTOAUIECKOTO MpoIiecca.

[Tomy4ueHHBINH pe3yNbTaT JETKO HHTEPIPETUPYIOTCS: YacToTa mepexonoB U — V paBHa dacToTe 00-
PaTHBIX MEPEXOJ0B, TaK KaK IMOCIE KKIOTO BXOXKICHHUS B MOAMHOXKECTBO U CleIyeT BXOXKICHHE B MOA-
MHOXXECTBO V, 1 Ha000pOT. DTOT pe3yiabTaT MOKHO pacCMaTpHBaTh TaK e, KaK YaCTOTHOE paBHOBECHE
WJIM YaCTOTHBIN OallaHC: B CTAIIMOHAPHOM PEXHME YacTOTa MePEeX00B U3 OJHOTO MOJIMHOKECTBA B APYTOe
paBHa 4acTOTE€ O00paTHOTO Mepexoja. DTO MOJOKECHUE CIIPABEAIUBO JIIS JHO00T0 pa3OUCHHsST MHOXKECTBA
COCTOSIHUI CHUCTEMBI Ha JBa MOJIMHOKECTBA.

XapaKTepHCTHKH IOAMHO>KECTB COCTOSTHHH

YacToTa yy ABISIETCS YaCTOTOM IMKIIA, TPEICTABISIONIEIO COO0H MpeObIBAHNE CHCTEMBI B MTOJIMHO-
sxectBe U W crieayroriee 3a HUM TpeObIBaHUEe B MOAMHOKECTBE V. CpeHsis MPO0DKUTEIBHOCTE ITUKITA
obo03HavYeHa Yepe3 nyy ISl poliecca B TUCKPETHOM BPEMEHHU U 4epe3 fyy JJIs mpoliecca B HEMPEephIBHOM
BpPEMCHHU:

nyy =ny+ ny; tyy =ty + ty, (7

TJI€ Ny U By — CPEIHSS IPOAOKUTEIIEHOCTD HAXOXK/ICHHUS B MMOJAMHOXKecTBaxX U U V' B 4HCIie mAaros; fy U ty —
CPEHSS POIOIDKUTEIFHOCTh HAXOXKICHHS B IOJMHOXKeCTBax U M V' B eIMHUIIAX HEMIPEPHIBHOTO BPEMCHH.

OueBuHO, UTO Oyy = 1/nyy AN mporecca B JUCKPETHOM BPEMEHHU U Oyy = 1/tyy Uis mporiecca B He-
npepeiBHOM BpeMeHH. OTCrOa CISAYIOT 3aBUCHUMOCTH MEXKIY IpPEIeIbHBIMU BEPOSTHOCTSMHU ITOJAMHO-
’KECTB COCTOSIHUH, MPOJIOJKUTEILHOCTSIMA HAXOXICHHUS B TIOJIMHOXECTBAX COCTOSHUA M YacTOTOM ITMKIIA
(Tabm. 5).

Tabmnuma 5

CooTHOIICHUS MEXKAY NPEACIbHBIMUA BEPOATHOCTAMU ITOAMHOXKECTB, ITPOAOJDKUTEIIBHOCTAMU HAXOXKIACHUA
B IIOAMHOKECTBAX COCTOSHUM B CTallMOHAPHOM PCIKUMEC U YacTOTOM IIKIIa

CoOTHOIIEHUS IS Tpoliecca
B JINCKPETHOM BPEMEHU B HEMPEPHIBHOM BPEMECHHU
Ty = Ny’ Ouy Ty = ty' Qyy
Ty = Ny’ Oyy Ty =ty Ouy

B tabnuue 0003HaYeHO: Ty = T, € U Ty = T, € — IpefiebHbIe BEPOSATHOCTH HAXOKAECHUS COOTBET-

CTBEHHO B OJMHOkecTBax U 1 V' B CTaIlMOHAPHOM pEXKUME.
XapakTepuCTHUKN TOAMHOXECTB U U V' B cTallMOHAPHOM PEKHUME MTPUBEIACHBI B Ta0JI. 6.
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Tabmuma 6
BeposiTHOCTHBIE, 4aCTOTHBIE M BPEMEHHbBIE XapaKTEPUCTUKH MTOAMHOYKECTB COCTOSTHUN
X O60o3HaveHus Wik GPOPMYIIBI
apaKTEePUCTUKH ITOJIMHOKECTB
JIUIS1 BEIYMCIIEHHS

1. [TpeaenpHBIC BEPOITHOCTH ITOJIMHOMKECTB Ty, Ty
2. Cpennsist yactota nepexoaoB U — Vumu V — U Oyy = Opy
3. CpenHsisi IpOIOIDKUATENFHOCTD MUAKJIIA YIS TIPOIIecca B TUCKPETHOM BPEMEHH nyy=ny+ny=1/ oyy
4. CpexHee 9nCIIO IaroB HAXOXKACHHUS B TOAMHOXKecTBe U ny=mynyy="ny/ Ouy
5. CpemHee YrCIo aroB HaX0XJICHUS B MOJIMHOXKECTBE V/ ny=mnynyy="mny/ Ouy
6. CpeHsis MPOJOIDKUTEIHFHOCTD IUKJIA IS IIPOIIecca B HEMPEPEIBHOM BPEMCHH tyy=ty+ty=1/ oyy
7. Cpennee BpeMsi HaX0XICHHUs B TOJAMHOXKecTBe U ty=mny'tyy =7y /! Oyy
8. CpemHee BpeMst HAXOKICHHUS B TIOJIMHOXKECTBE ty=mytyy="7y/ Oyy

ITokasareAn yKpynmHHMOCTH

D¢ deKT OT yMEHBIIICHHS YHCIIa COCTOSTHIN MOYKHO OIICHUTHh KO3 (GUIINEHTOM YKPYITHIMOCTH, KOTO-
PBIH TpeICTaBIIAET COOOM YUCIO «HUCUE3HYBIINXY» WIN «YINAaKOBAHHBIX)» COCTOSHHN MPU 3aMEHE HCXOJHOTO
mpoliecca Ha YKPYITHEHHBIN, TPUXOASIIeecss Ha 0JJHO YKPYITHEHHOE COCTOSHHE:

L=(m-M)M , (8)

i€ 1 — 9UCII0 COCTOSIHUN UCXOAHOTO Mpolecca; M — 9uCiIo COCTOSIHUN YKPYITHEHHOTO TIpoLiecca.

Yuciio «MCcUe3HYBIINX» COCTOSIHUN — 3TO Pa3HOCTh MEXIYy YHCIIOM COCTOSIHUH MCXOJHOTO Ipouecca
U YUCIIOM COCTOSIHUH YKPYIHEHHOrO mporuecca. Yem 0ojble 3Ta pa3HOCTh, TeM BbILIEe 3QQEKT OT yKpyn-
HeHus. [lpy npuBeaeHNN yKcIa «MCUE3HYBIINX)» COCTOSHUI K OJHOMY YKPYIMHEHHOMY COCTOSTHHIO MOKHO
HCTIONB30BaTh KOAQPULIUEHT YKPYTHUMOCTH AJIsl cpaBHEeHUs 3(h(dekTa OT YKPYIHEHHS U Pa3HbIX BapuaH-
TOB YKpPYNHEHHs OJHOTO Mpolecca U Uil cpaBHEHHUS dP¢eKTa OT YKPYMHEHHUS Ul pa3HBIX CIIydailHBIX
IIPOLIECCOB.

KoadduimenT yKpyITHUMOCTH MOXKET OBITh IIPUMEHEH ISl OJHOTO MTOJIMHOYKECTBA COCTOSIHUI:

L=—"—", ©)

TI€ M, — YUCII0 COCTOSTHUM MMOAMHOXKeCTBa U, mf — YHMCJIO BXOJAHBIX COCTOSIHUI noaMHoxecTBa U.

KoadduimeHT ykpynmHUMOCTH SIBJISETCS YAOOHBIM IMOKAa3aTeJIeM JUIsl MPAaKTUYSCKOTO MPUMEHEHHUS,
MOCKOJIBKY OH XapakTepu3yeT 3h(deKT YKpymHEeHHUs, a MMEHHO: K03(D(UIIMEHT YKPYITHHUMOCTH BO3pacTaeT
C YBEJIIMYCHUEM YHUCIIA «YTIAKOBAHHBIX» COCTOSHUMA. CIleyeT UMeTh B BHIY, YTO MPH OTCYTCTBUH YKPYITHE-
HAS KOY(DPUITHMECHT YKPYITHUMOCTH paBeH HYITIO.

[puBeaeM aBa MPOCTHIX WILTIOCTPATUBHBIX MTPUMEPA ¢ HEOOIBIIUM YHCIIOM COCTOSHHH.

IIpumep ykpynHeHHs Ha OCHOBE OAHOPOAHOIO IPOIeCCa B AHCKPETHOM BpeMeHH

B pabote [25] uccnenoana Monens ynpaBieHHs Ieperpy3kaMu Opu nepeaade HHGopManuu oT of-
HOTO OTIIPABUTENS K HECKOJIBKUM IOydaTeiasiM. Moje b ONUCHBACTCS MATHI0 COCTOSHUSIMU: | — cTaOuim-
3alusl CKOPOCTH, BBbI3BaHHAs crabuim3anueil ¢pparmeHtanuu Oydepa npuema; 2 — NOHIKEHHE CKOPOCTH
nepeaayy JaHHBIX B CBSI3M C BO3MOXHBIMH IIpodiaemMamu B Oydepe npuema; 3 — MOBBILIEHHE CKOPOCTH, BbI-
3BaHHOE OCBOOOXKICHUEM MecTa B Oydepe npuemHuka; 4 — copoc ckopoct Ha 40 % B CBS3H C OTCYTCTBH-
eM cBoOoIHOTO MecTa B Oydepe nmpreMa Wil B CBA3H C BBICOKOH (parMeHTanueii Oydepa npuema; 5 — pes-
kuii copoc ckopoctu (Ha 60 %) B CBSI3U C OTCYTCTBUEM CBOOOJHOTO MecTa B Oydepe nmpuema Wi B CBSI3U
C BBICOKOM (hparMeHTanueii Oydepa mpreMa; COCTOSIHUE S SBIISCTCS aBapUIHBIM,

Martpuiia nepexoaHbIX BepOATHOCTEH, CPOPMHUPOBAHHAS MO SKCIIEPUMEHTANBHBIM JTaHHBIM 3a 5338
[I1aroB, IMEET BUJL

0,214 0,186 0,425 0,175 0

0 0 1 0 0
P=/0,013 0,002 0,976 0,008 0,001
0,510 0 0 0,289 0,200
0,615 0 0 0 0,385
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Bynem Ha3piBaTh NUKIIOM HaxXOXXIeHHE cHCTEMBI B mogMHokecTBe U = {1, 2, 3, 4} u cnenyromee 3a
HUM HaxoXJeHue B nmoaMHoxectBe V = {5}. [IpenenbHas BeposTHOCTD aBapuiiHOTO cocTosiHus 15 = 0,007.
YacToTa aBapHitHOTO COCTOSHMS, MM YACTOTA LIUKNA Oy = Ts'ps; = 4,383:107°. Jlpyrie XapakTepuCTHKH:

— CPeAHsIs MPOJIOIKUTENBHOCTD MHKIa: 7, =1/®,, =228,172 maros;

— CpeaHAd NPOAOJIKUTEIIbHOCTD aBapHﬁHOFO COCTOSHUA ITIOCJIC ITIOIMaJaHus B HET'O:
n,=(1-ps)" =1,625.

— CpeJIHss IPOJOKUTENFHOCTh HAXOXKICHHS B COCTOSHUSX TIOAMHOXKeCTBa U
1y =, —n, =226,547 .

Taxum 00pa3om, MOJIENIb CHCTEMBI C ISATHIO COCTOSIHUSMU CBEJIeHa K CHCTEME C ABYMS COCTOSIHUSIMH,
YTO MO3BOJIWJIO BBIYMCIHMTH CpPEIHEE BpeMsl MEXAY IONaAaHUsIMHU B aBapUIlHOE COCTOSHHE, MPEICIbHYIO
BEPOATHOCTH aBAPUHHOTO COCTOSTHUS, CPEIHIOIO MPOAOIKUTENIEHOCTh HAX0XK/IEHUS B COCTOSHUAX 1,2,3.4.

Ipumeuanue. B pabote [25] BpeMeHHbIE XapaKTEPUCTUKH, CBSI3aHHBIE C aBApUHHBIM COCTOSHUEM,
TepeBeICHBI B €IMHUIIBI BPEMEHHU.

Koadpdunment ykpynHuMocTr qaHHo# cucremsr L = (5 — 2)/2 = 1,5.

IIpumep ykpynHeHHs Ha OCHOBE OAHOPOAHOTIO IPOIiecca B HellpephIBHOM BpeMeHH!

[IpocToii HILTIOCTPATUBHEIN PUMEP ¢ HEOOIBIIIUM YUCIIOM COCTOSIHUHN MPHUBEIEH HAa OCHOBE MOJIENN
(YHKIMOHUPOBAHUS JIMHUU CBSI3U B YCIIOBUSX HEIOCTOBEPHOTO KOHTPOJS TEXHUYECKOTO COCTOSHUS [26].
B Mozens 3amoeHsl MATh MPOHYMEPOBAHHBIX COCTOSHUI: 1 — paboTOCIIOCOOHOE COCTOSIHUE JTMHUY CBSI3U;
2 — HepabOTOCTIOCOOHOE COCTOSIHUE JIMHUY CBA3U; 3 — MPOBEPKA JTUHUH CBSI3U, HAXOIAIICHCS B paO0OTOCIIO-
COOHOM COCTOSTHUH; 4 — IIPOBEpKa JIMHUH CBS3H, HAXOSIIEHCS B HEPaOOTOCTIOCOOHOM COCTOSIHAM; 5 — BOC-
CTaHOBIICHHE JINHUH CBSI3H.

[Ipornecc mpotekaer B HeMpepbIBHOM BpeMeHH. OCOOEHHOCTh pacCMaTpUBAEMON MOJEIH 3aKIova-
eTcs B TOM, YTO BpeMs HaXOXKJCHUS B KKIOM COCTOSIHUM OTCUUTHIBAETCS OT MOMEHTA IMOIaJaHus B 3TO
COCTOSTHHE.

Marpuiia ”HTEHCUBHOCTEW UMEET BU/L

—A—y A Y 0 0
0 -y 0 v 0
A=|(1-o)p, 0 —p, O o-p,

0 P, 0 -, (A-P)uy,
H, o 0 0 —H,

B marpuiie 0603HaueHO: A — HHTEHCHBHOCTh OTKA30B JIMHUH CBSI3H; Y — MHTEHCUBHOCTD Havasa Ie-
PHUOINYECKOHN POBEPKH CO CITyYalHBIM NIEPHOMIOM; Ll — MHTEHCUBHOCTB 3aBEPIICHUS IEPUOANIECKON TTPO-
BEPKH; 0L — BEPOSITHOCTh OIMOKK KOHTpoIs | pona; B — BepositHocTh ommnbOku koHTpons Il poxa; pw, — uH-
TEHCUBHOCTB 3aBEPIIECHUS BOCCTAaHOBIICHMSL.

I'pad cocTosiHMT MOKET OBITH JIETKO BOCCTAHOBJICH I10 MPUBEJCHHOW MaTPHIIE HHTEHCUBHOCTEH.

[Ipumep npuBeneH B uyuciax, MOCKOJIBbKY (HOpMYJbI SIBISIOTCS TPOMO3AKMUMHU. McXonHble NaHHBIE
B3STHI TaKHE ke, Kak B paboTe [26], a UMEHHO: cpeiHss HapaboTka Ha otka3 — 10 000 4, cpenHee BpeMs
MEXIly MpoBepKaMu — 72 ¢, CpeAHee BPeMsI BOCCTAHOBJIEHHS — 2 4, CPEIHAA IPOAOJDKUTENBHOCTE OTHOU
npoBepku — 1 ¢. Mcxoast U3 3TUX 3HAYSHWH MPUHSATHI CIEAYIOIIUe 3HAUYCHHUS WHTCHCUBHOCTEH COOBITHIA,
TPUBEJICHHBIX K EIMHAIE H3MEPEHHS U :

— MHTEHCHUBHOCTH OTKa30B A = 107

— MHTEHCUBHOCTb Hayana MmpoBepku y = 50;

— UHTEHCUBHOCTh 3aBEPIICHUS MMPOBEPKH L, = 3 600;

— MHTEHCUBHOCTD 3aBEPILIEHUS BOCCTAaHOBIEHHUS |l = 0,5;

— BEpOSATHOCTH omKOKku KoHTpos | poxa a = 0,001;

— BEpOSATHOCTH ommoOku koHTpos I poxa B = 0,001.

Ctpoka npeenbHBIX BEPOSTHOCTEH, BEIYMCICHHBIX M0 (POPMYJIaM Ha OCHOBE OIPECIUTENs WK Ha
OCHOBe oOparenus Matpuir [23]:

7=(0,898 1,797-10° 0,012 2,496:10" 0,09).
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Marpuna 4acToT, BerauciaeHHas o gopmyne (1), umeer BUI

[—44,88  8,976-10° 44,88 0 0
0  -8985-10° 0 8,985-107 0
Q=|44,835 0 —44,88 0 0,045
0 8,985-10™ 0  -8985-10° 8976:107
| 0,045 0 0 0 —0,045

CgoiicTBa (2) MaTPHUITEl YACTOT BBITOJHSIOTCS (B JaHHOM IIPEMEPE 3TO MOXKHO MPOBEPUTH TaKKe U
BU3YaIIbHO).

PazOnenne MHOXecTBa COCTOSHMH 1O (QYHKUIHMOHAJBLHOMY NpPU3HAKy Ha JBa MOJMHOXXECTBA:
U={1,2,3,4}; V= {5}. B coOOTBeTCTBHH C 3TUM MATPHIIA YACTOT Pa30MBAETCS Ha YETHIPE MOIMATPHUIIBL:

44,88 8,976-10° 44,88 0
|0 -8985-10° 0 8,985-107° |
Wl 44,835 0 —44,88 0 ’
0 8,985-10°° 0  -8985-10°
0
Q,, = 0 . Q,,=(0,045 0 0 0); Q,, =(-0,045).
0,045
8,976-107°

YacToThl IEpeX00B MEXK Ty oAMHOKecTBaMHU U 1 V, BbiuucieHHbie 1o Gopmynam (5) u (6):
®, =—€-Q,-¢=0,045; 0,, =—e-Q,,-6=0,045.
YacrtoTel nogMHoxecTB Un V-
0, =-e-Q,-¢6=0,045; ®, =—€-Q,,-¢6=0,045.

ManI/IL[a YaCTOT YKPYIIHCHHOT'O MHOKECTBA:

o _|@w ©u]_[-0.045 0,045
o, 0, | 0,045 —0,045]

1424

BunHo, uTO CBOWCTBO OalaHCa YACTOT CIPaBEUIMBO KaK JJISI UCXOJHOTO MHOXECTBA, TaK WU JUIA
YKpPYITHEHHOTO MHOeCTBa cocTosiHui. Tak, yactora nepexojna V' — U, BbIUUCIIEHHAs HEMIOCPEICTBEHHO 110
HpC}lGJ’IBHOﬁ BEPOATHOCTU COCTOAHUA U MHTCHCUBHOCTHU II€PEXOaa:

@,y =T -Ag, =0,09-0,5=0,045.

[MoyueHHBbIe pe3yNbTaThl MOJHOCTBIO COTJIACYIOTCS C pe3yjbraraMu Mojenu [4], OCHOBaHHOW Ha
UCIIONIb30BAaHUU TEOPUH MOJTYMAPKOBCKHX IporeccoB. [10 3THM pe3yibpraTaM MOXKHO BEIYHCIUTH CpelHEe
BpeMs IMKJIa, K03()(OUIMEHTH TOTOBHOCTH 1 HETOTOBHOCTH, CPETHHE BpEeMEHa HaXOXICHNS B pabOTOCIIO-
cOOHOM 1 HepabOTOCIIOCOOHOM COCTOSTHHAX, MPUXOASAIINECS HA OJUH LIUKIL.

Koaddumument ykpymHUIMOCTH, KaK U B IPEIbIAYyIEM mpumepe, L = (5-2)/2 = 1,5.

3akarouenue

PaccmoTpenHbIE METOIBI YKPYITHEHHUS TO3BOJISIFOT MIPUBECTH CHCTEMY, COCTOSHUS KOTOPOH pPa3OUTHI
Ha JIBa WU HECKOJIBKO MOJMHOXECTB, K CHCTEME C MEHBIIMUM YHCJIOM COCTOSTHUNA. OCOOEHHOCTh 3TUX Me-
TOJOB 3aKJIIOYAECTCS] B TOM, YTO COXPAHSIOTCS 3HAUCHHUS OMNPENEICHHBIX XapaKTepUCTHK. Tak, B MeTone
YKPYITHEHUS TIyTEM IPHUBENCHUS K BXOIHBIM COCTOSHHSAM IOJMHOXECTB COXPAHSIOTCS CPEIHUE IPOJOI-
JKUTETHPHOCTH HAXOXKJCHUS B COCTOSIHUSIX U MPECIIbHBIC BEPOSITHOCTH COCTOSIHUM, & B METOJIE YKPYITHEHHUS
Ha OCHOBE YaCTOT COXPAHSIOTCS CPEIHUE YACTOTHI COCTOSIHUM M YaCTOTHI MEPEXO00B MEKIY COCTOSHUSIMU
KaK JijIs TIpoliecca B TUCKPETHOM BpEeMEHH, TaK M JUIA Ipoliecca B HepepbIBHOM BpeMeHH. Ha ocHOBe 3THx
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XapaKTePUCTUK MOTYT OBITh BBIYHCIICHBI APYTHE XapaKTEPUCTUKHU CHUCTEMBI, B TOM YHCJe HEOOXOAMMBbIC
MOKa3aTeNn HaleKHOCTH.

[lorydeHHBIE 3aBUCUMOCTH MEXAY XapaKTEPUCTHKaMH HCXOAHOTO M YKPYIMHEHHOIO CIydailHOro
MIPOLECCA MOKHO HCIOJIB30BaTh NPHU HCCIECIOBAHUM PA3IMYHBIX NTPOLECCOB, MOJECIHUPYIOMUX B CTALHAO-
HapHOM pexnMe (QYHKIMOHMPOBAHHS CHUCTEM Pa3JIMYHOTO HAa3HAYCHHs (TEXHUYECKUX, IKOHOMHUYECKHUX,
OpraHU3allMOHHBIX). B yacTHOCTH, IO M3BECTHHIM (3a1aHHBIM) XapaKTEPUCTHKAM MOTYT ObITb BBIYHCIICHBI
JIpyTUE XapaKTEPUCTHKH U IapaMeTpsl cloydalHbIX npoueccoB. Hanmpumep, 3agaHHBIMU MOTYT OBITH IIEpe-
XOJIHBIE BEPOSATHOCTH JUIA MpoIiecca B TUCKPETHOM BPEMEHH MM MHTEHCHBHOCTHU IEPEXO/IOB B HETIPEPHIB-
HOM BpPEMEHH, YacTOTHl COCTOSIHUM M YacTOTHI MEPEXOA0B MEXIY COCTOSHUSIMH KaK HUCXOIHOIO, TaK H
YKPYIHEHHOT'O IPOIiecca, OLEHKH KOTOPBIX IOJIyYeHbI TyTeM cOopa U 00paboTKi HH(pOpMaMK O Cirydaii-
HOM Tiporiecce. Takke B KaueCTBe MCXOJHBIX XapaKTEPUCTHK MOTYT OBITh MCIIOIB30BaHBI MPOAOKUTEb-
HOCTH HaXOXXJEHMsI B COCTOSHUSIX U B MOJMHOXECTBAX COCTOSHUH, NpeNENbHBIE BEPOSITHOCTH COCTOSTHHM
Y TIOAMHOECTB COCTOSIHUH U T.[I.

XapaKkTepUCTUKN CUCTEMBI HAXOAATCS IIyTeM OIEpUPOBaHUs ¢ Marpuuamu. [Ipu pazduenun MHOXKe-
CTBa COCTOSIHUH Ha MOJMHOXKECTBA MPOUCXOJUT MEPexo] K OJIOYHBIM MaTpuliaM, a Tpu 3aMeHe MOAMHO-
JKECTB COCTOSIHUH COCTOSHUSIMH YKPYIHEHHOTO Ipollecca — K MaTpHIlaM MEHBIIEro pa3mepa Mo CpaBHe-
HUIO C UCXOAHBIMU. DG GEKT OT YKPYITHEHHUS 3aKIII0YaeTCsA B TOM, YTO YMEHBIIAIOTCS Pa3Mepbl MATPUIHBIX
XapaKTEePHUCTHUK, OMUCHIBAIOIINX MEPEXOAbl MEXKIY COCTOSHUSIMH YKPYITHEHHOW CHCTEMBI. TakuMm 00pazom,
JUISL HaXOXKJICHHSI XapaKTEPUCTHUK, CBS3aHHBIX C MOJMHOYKECTBOM COCTOSIHUH, HE HY)XHO HCIIOJIb30BaTh
MOJIHBIE MAaTPHLBI MCXOJHBIX XapaKTEPUCTHK, MOKHO OINEPHPOBATH C MOAMATPHULAMH, OTHOCALIMMHUCS
K 9TOMY IOJMHOXECTBY. B HEKOTOPBIX CIy4asX 9TO MOKET CYHIECTBEHHO YIPOCTHTH PEIIEHHE KOHKPET-
HBIX 33/a4. AJTOPUTM YKPYIHEHHS Ha OCHOBE ONEPUPOBAHHUSI C MATPHLAMH MOXKET OBITh pealln30BaH
C TIOMOUIBIO TAKUX HHCTPYMEHTOB, kak Mathcad nim Matlab. Oneparnuy MOryT ObITH BBIIIOJIHEHBI B UUCIIO-
BOM WJIM aHAJTUTHYECKOM BHJIE.

[Tpu MonenupoBaHUM CUCTEM MOTYT OBITh pa3HbIe IeNU, pa3Hble UCXOAHBIC JaHHBIC W Pa3HbBIC BbI-
XOJHbIE XapakTepUCTHKU. Ha OCHOBe MONy4YEeHHBIX COOTHOLIEHHH MEXAy NapaMeTpaMu HCXOJHOIO U
YKPYIHEHHOT'O Ipoliecca MOT'YT ObITh HalIEHBl XapaKTEPUCTUKH, ONKCHIBAIOIINE (DyHKIIMOHUPOBAHUE MO-
JIeNMPYEMO cHCTEeMBl Ha YKPYITHEHHOM MHOXECTBE cocTossHui. Hanpumep, mpu ucciegoBaHNH HaleKHO-
CTH CHCTEM MOTYT OBITh HalZIeHbl KO (GHUIHUEHT TOTOBHOCTH, CpeIHEe BpeMsi O€30TKa3HON padoTHl U Apy-
rHe MOKa3aTeNu HaleXKHOCTH CUCTEMBI B CTALIMOHAPHOM PEXHUME.

Pa3paboranHbie METOABI YKPYIHEHHUsI MOTYT OBITh HCIIOJIb30BaHbl B MH)KEHEPHON NpakTuke. Mare-
pHaJl HaCTOSAIIEH CTaThbU MO3BOJISIET COCTABUTH MOJEIb C IIeJIBI0 HCCIeI0BaHMs CIIy4aifHOro Iporiecca Uil
BEPOATHOCTHOM CHUCTEMBI Ha JTale MPOEKTUPOBAHUS WM COBEPIIEHCTBOBAHUSA HX IKCIUTyaTallHOHHBIX
CBOWCTB, HAIIPUMEP, C LENbIO yIy4IleHUs uX 3QPEKTUBHOCTH U HAJEKHOCTH.

Hcnonp3oBanne MeToga NMPHUBEACHUS K BXOAHBIM COCTOSHHUSM M YaCTOTHOTO METOJla TO3BOJISIET
YMEHBIINTh pa3Mepbl MAaTPUYHBIX XapaKTEPUCTHK, T.€. TO3BOJIAET YKPYIHUTH IpoOIiecC.
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TEXHOAOI'MYECKHME OCHOBBI ITIOBBIIIIEHU A
HAAEXHOCTU U KAYMECTBA U3AEAUN

TECHNOLOGICAL BASIS FORIMPROVING
RELIABILITY AND PRODUCT QUALITY
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0 BO3MOXKHOCTSX BHIBOPA METOAA OLIEHKHU APENI®OBBIX
XAPAKTEPHCTUK BOAHOBBIX TBEPAOTEABHBIX THPOCKOIIOB I'E 006
HA OCHOBE 3KCIIEPUMEHTAABHOT'O IOATBEPXKAEHUSA

O. H.Aysruna’, C. A. Mockaaes?, H. B. Heponexun®,

A. C.Hosoceaos*, A. A. ITanko®, A. B. ITocnieaos®

1.2,3,%5,6 HayuHo-uccienoBarenbCKuii MHCTUTYT (u3ndeckux uamepenuii, [lensa, Poccus
136 inercial@niifi.ru, > moskalev_sa@niifi.ru, *° info@niifi.ru

AnHOTanus. AkmyanrsHocms u yeau. OIBIT UCCIEAOBAHUS M pa3pabOTKN BOJIHOBBIX TBEPAOTEIBHBIX THPOCKO-
noB (BTI') B P® B cpaBHEeHMM ¢ aHAJIOTMYHBIM 3apyOEXHBIM OIBITOM HE OTIMYAETCS MHOT00Opa3neM MpUeMOoB, Cpean
KOTOPBIX OCHOBHOE MECTO 3aHMMAET pEIIeHHE MPOoOJeM MEXaHWYeCKOW OalaHCHPOBKM PE30HATOPOB, 3aPEKOMEH]IO-
BaBIIEH ceOs HETTPOU3BOAUTENHFHON W HETIpeIcKa3yeMo mporenypoir. Hapsimy ¢ 5TUM M3BeCTHBIM (DaKTOM SIBISIETCS
TO, uTO coBpeMeHHbI BTI ympapnsercs 4eThpbMsl CHCTEMaMH aBTOMATHIECKOTO YIIPAaBICHHS SHEPTHEH KoJIeOaH i,
KOMIICHCAITH YTJIOBOH CKOPOCTH, KBaApaTypsl U (a3sl. OO0OMIEHHBIM KPUTEPHUEM OIIEHKH TpeOyeMoro KadecTBa pa-
0OTBI YKa3aHHBIX CHCTEM SBIIICTCS JOCTIDKCHHE YCTAaHOBJIEHHBIX 3Ha4deHWH apeioBbix xapakrtepuctuk BTT. Kak
MIPaBUJIO, B TEXHUUECKUX 33IaHUAX Ha MX Pa3pabOTKy yCTaHABIMBAIOTCSA TPeOyeMble 3HAUEHHs CIy4aifHOTO OIyXIa-
HUS HYJIS Gy [°/Nu] i craGuasHocTH Hys b [°/a] Ge3 NPHUBS3KH K METOaM OLIEHKH, HECMOTPS Ha TO, UTO Garw H b
BXOJISIT TOJILKO B HOMEHKJIATypy MapameTpoB, OLIEHUBAEMBbIX 110 Bapuauusam Asana. Mamepuansl u memoosi. Meton
Bapuanuii Ajuiana [1] npu3HaeTcs ero pa3padOTYMKOM aNbTEPHATHBOI M3BECTHBIM METO/aM KIIACCHYECKOTO JHCIIep-
CHOHHOTO aHaJIi3a, UMEIOLINM OIpeeIeHHbIe OIPaHNYCHHUS IIPU oLleHKe JpeidoB. Hapsny ¢ atum npu Beixone BTT
I'E 006 Ha pBIHOK MPUIIIIOCH CTOJKHYTHCS CO CKENTHYECKUM OTHOIIEHHEM ITOTpeOuTess K MeToay AjutaHa 6e3 yTod-
HEHHUSI KaKMX-TH00 BECKMX NPHUYMH 10J00HOT0 HenoBepus. Pesyromamol u 661600bl. IIpUBOANTCS 00OCHOBaHUE BBI-
Oopa metona oueHkH npetioBrix xapakrepuctuk BTI TE 006 Ha mpumepax BCECTOPOHHETO aHaiH3a BEIOOPOK, TMO-
Jy4EHHbIX B JUIMHHBIX M KOPOTKHX 3allyCKaX C HCIOJIb30BaHHMEM IBYX Mojenieil npeiida — Bapmanmii AmtaHa u
KJIACCHYECKOTO JUCIEPCHOHHOTO aHAIIN3a.

KioueBble ¢JjI0Ba: BOJHOBOH TBEPAOTENBHBIN THPOCKON, METOJl Bapualiii AJlaHa, HECTAIMOHAPHBIA TPO-
LIECC, IITYMBI, CIIEKTPBI, CIIyqaifHOe OIyXIaHUe HyJIs, CMEIIEHHUs HyJIs
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ON THE POSSIBILITIES OF CHOOSING AMETHOD FOR ESTIMATING THE DRIFT
CHARACTERISTICS OF GE 006 WAVE SOLID-STATE GYROSCOPES
BASED ON EXPERIMENTAL CONFIRMATION

O.N. Luzgina', S.A. Moskalev?, N.V. Nedopekin®,
A.S. Noveselov?, A.A. Papko®, A.V. Pospelov®

1.2.3.4.5.6 §cjentific Research Institute of Physical Measurements, Penza, Russia
3-8 inercial @niifi.ru, > moskalev_sa@niifi.ru, ** info@niifi.ru

Abstract. Background. The experience of research and development of wave solid-state gyroscopes (WGG) in
the Russian Federation in comparison with similar foreign experience does not differ in a variety of techniques, among
which the main place is occupied by the solution of the problems of mechanical balancing of resonators, which has
proven to be an unproductive and unpredictable procedure. Along with this, it is a well-known fact that the modern
HHG is controlled by four systems of automatic control of vibration energy, compensation of angular velocity, quad-
rature and phase. A generalized criterion for assessing the required quality of operation of these systems is the
achievement of the established values of the drift characteristics of the HTG. As a rule, the terms of reference for their
development set the required values of the random walk of zero GARW [° / Vh] and zero stability b [° / h] without ref-
erence to estimation methods, despite the fact that GARW and b are included only in the nomenclature parameters es-
timated by Allan variations. Materials and methods. Allan's method of variations [1] is recognized by its developer as
an alternative to the well-known methods of classical analysis of variance, which have certain limitations in assessing
drifts. Along with this, when VTG GE 006 entered the market, it was necessary to face the skeptical attitude of the
consumer towards the Allan method without specifying any compelling reasons for such distrust. Results and conclu-
sions. It’s given the purpose of this article is to justify the choice of the method for assessing the drift characteristics of
the HTG GE 006 on examples of a comprehensive analysis of samples obtained in long and short runs using two drift
models - Allan variations and classical analysis of variance.

Keywords: wave solid-state gyroscope, Allan variation method, non-stationary process, noise, spectra, random
walk of zero, zero offsets

For citation: Luzgina O.N., Moskalev S.A., Nedopekin N.V., Novoselov A.S., Papko A.A., Pospelov A.V. On the possibil-
ities of choosing a method for estimating the drift characteristics of GE 006 wave solid-state gyroscopes based on experimental

confirmation. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2021;2:53—-61. (In Russ.).
doi:10.21685/2307-4205-2021-2-5

BBepenne

BonHOBBIME TBEPIOTEIHHBIMU THPOCKOIIAMU HA3BIBAIOTCA yCTPOWCTBA JIJISl U3MEPEHHS YIIIOB MOBO-
poTa M YTIIOBOM CKOPOCTH, pealn30BaHHBIC Ha B3amMojaericTBuu 3ddekxros bpaitiana u Kopuomnuca, B pe-
3yJbTaTe KOTOPOTO B KPOMKE OCECHMMMETPHUYHOTO pe3oHaTopa (OpMUPYETCs cTosiuasi BOIHA jaedopManui,
MPOCTPAHCTBEHHOE TMOJIOKEHNE KOTOPOH OTHOCUTEIHHO 33IaHHOW CHCTEMBI KOOPIUHAT MPOTIOPIAOHAIBEHO
M3MEpSIeMBIM TTapaMeTpam.

Paboune BonHOBBIEC TIporiecchl B pe3oHaTope BTI, mpencrapistonemM co00l IMIITUHAPUISCKYIO WA
nosrycepudeckyro 000JI0UKy U3 METallla, KBapiia, Mbe30KEPaMHUKHU | T.1I., HDOPMUPYIOTCS CYTEPIIO3UIUCH
JIBYX HE3aBUCUMBIX MOJAIBHBIX KOJIGOAHUN — MEePBUYHON MObI (BO30YKICHHUSI) U BTOPUIHON MOJBI (U3-
MEpPEeHHs1) BAOJIb OCeil )KeCTKOCTH pe3oHarTopa. s peaausanuu npouecca M3MEPEHus yria 1 yrioBoi CKO-
poctu B pe3oHatope BT renepupyercs cTosiuas BOJTHA HA YacTOTE, OJM3KON WIIM PaBHOW OJHON M3 MHO-
JKEeCTBa MOJ, 4Jale BCECTo BTOpOﬁ C HC MCHEC YCM IBYMA KaHaJlaMU YIIPABJICHUA U ABYMSA USMCPUTCIIbHBIMHA
KaHallaM{d TaK, 9TO ITyYHOCTh CTOSYEH BOJHBI PACIIONOXKEHA PSJAOM C 3JIEKTPOJOM OJHOTO M3 KAaHAJIOB
yIpaBJIeHHS, a BpalleHHue pe30HaTopa BOKPYT ocu cuMMmeTpuu dhopmupyet cuiry Kopronmca, o aevicTsu-
€M, KOTOPOH MPOCTPaHCTBEHHOE ITOJIOKEHHUE CTOSYEH BOIHBI N3MEHSETCS OTHOCHUTENBHO 3JIEKTPOIOB BO3-
Oy XIEeHUS TIPOTIOPIIMOHAIEHO YTIIOBOH CKOPOCTH BpamieHus (2.

Hanmnume pa3HO4acTOTHOCTH M pa3HOIOOPOTHOCTH KOJIEOaHHH pe30HaTOpa IO OPTOTOHANBHBIM OCSIM
MPHUBOINT K YXYIIIEHUIO Mpeii(pOBBIX XapaKTePUCTUK U B 3TOH CBS3M JIeTaeT aKTyaJbHBIMU HE TOJIBKO pe-
IIeHHEe TPOOJIEM UX YIy4IlIEeHHUs, HO U MOBBIIICHNE JOCTOBEPHOCTH UX OIEHOK.

Kaaccndukanms 1 MeTOAbI OIfeHKH OINHOOK rHPOCKOIIOB

TpamuirioHHO OMMOKN WHEPIHATHHBIX KOMIOHEHTOB — aKCeJIePOMETPOB U TUPOCKOIIOB AEISATCS Ha
JIETepMUHUPOBAHHbBIE U CiTy4aiHbIe. [ obecriedenns TpeOyeMoil TOUHOCTH THPOCKOMA U TIOCIE Ty FOIINX
HaBHUTAITMOHHBIX PEUICHUHN 3HAYNMBIM SBJISCTCS IOHUMAHNE CTOXACTUICCKOM MPUPOIBI STUX OITHOOK.
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CriocoObI onpeesieHns] 1 KOMIIEHCAUU JeTePMUHHUPOBAHHBIX OMIMOOK THPOCKOIIOB XOPOIIO HCCe-
JIOBAaHBI U IMIMPOKO MPUMEHSIOTCS B IPOLIECCAX N3TOTOBICHUS.

Ciyd4aiiHble IIIyMbl THPOCKOIIA IIPEACTABIIIOT COO0I CMECh Pa3HBIX HIyMOB. JlJsl MOHMMaHUS CIIOCO-
00B yMEHBILIEHHS UX BIUSHHUS PACCMOTPUM OCOOCHHOCTH MX IPOSIBICHHUS U MOJEJN ONKCAHMSA, O3BOJIIO-
mme copMyITUpOBATh UX HACHTU(DHUKALNOHHBIC IPU3HAKH.

B 3aBucumocTH 0T MeTO10B 00pabOTKM BBIXOAHBIX CHT'HAJOB THPOCKOIIA MpoLece WACHTH(GUKANHT
LIYMOB UMEET Pa3In4HbIE PE3yJIbTaThI.

Hawubomnee pacnpocTpaHeHHBIMHA METOIAMH OL[CHKHU IITYMOBBIX XapaKTEPHCTHK THPOCKOTIOB SIBJISIFOTCSL:

— KJIACCUYECKUM TUCIEPCUOHHBINA aHaJIM3, KOTOPBIN pacnpoCTpaHsIeTCsl Ha MOJyuYeHHE OLIEHOK LIy-
MOB CTallMOHAPHBIX CIIy4aiHBIX IIporieccoB. IIpu 3TOM OCHOBHBIMHU OLIEHOYHBIMH IIapaMeTpaMH SIBIISIFOTCS
MatemaTtnuyeckoe oxunanue (MO) u cpennexBanpatuyeckoe otkioHeHue (CKO), onpeneneHHble HO BbI-
0opke, conepxamieil N-pe3yapTaToB u3MepeHuil. Ilpu skcmmyaTanuy nHepUUaIbHBIX KOMIIOHEHTOB, OLICH-
KaM JIpei(hOBBIX XapaKTEPUCTHK, MOIYUYEHHBIX METOJIOM CTaTHCTUYECKOTO aHajH3a, OTAAeTCS MpeAroyTe-
Hue. Hmwxe OyneTr mokasaHo, YTO MOJyUYEHHbIE IPH 3TOM Pe3YJIbTaThl SIBJIAIOTCS HEAOCTOBEPHBIMH [2].

JJ1s OLIeHKH IIIyMOBBIX KOMIIOHEHT HECTAIIMOHAPHBIX CIIy4aiHbIX IIPOLIECCOB MCIOIB3YIOTCS J1BA Me-
TOMA: METOJT OIICHKHU CIIEKTPaIbHON TIOTHOCTH MottHOCTH (PSD, Power Spectral Dersiny) nu MeTon Bapua-
uuit Annana (VA).

3HaYUMOCTh HCIOJIB30BAHUS 3TON Iapbl METOIOB MOATBEPAKIAETCS LEIIMU U3BECTHOM MpPOrpamMMbl
AlaVar 5.2, npenycmarpuBaromieii couetanue oueHok PSD u Metona AjiaHa.

CrnekTpasibHasi INIOTHOCTh MOIIHOCTH PSD omuchIBaeT pacupe/esieHHe MOIIIHOCTH CHUTHajla B 3aBU-
CHUMOCTHU OT 4acTOThI, UJIM MOLIHOCTb, IPUXOSIIYIOCS Ha HHTEPBAJ 4acTOT, I'PaHUIbI KOTOPOIO pa3inda-
rorcst Ha 1 ' [Jox/T 1),

Cas3p Mexny VA n PSD onpenensiercs: BEIpa)kKeHUEM

sin*mft

1
(f)f (1

4j a(f)

rae S, (f) — PSD cnyuaiinoro npouecca €(t).

CorniacHO 3TOMY ypaBHEHHIO Jucriepcusi AJljlaHa MPOMOPLHHUOHAIbHA OOIIEeH BBIXOAHONH MOIIHOCTH
Clly4aifHBIX IPOLECCOB MPH MPOIYCKAHNUK depe3 GUIBTP ¢ mepenaToduHoil pyHkmuei Buga sin’(x)/(x)”.
VYpasuenue (1) sBiseTcss HEHTPaIbHBIM DJIEMEHTOM METOAa BapHaluil AJlaHa W HUCTONB3YeTCs IS BBI-
yucneHus ero aucrnepcun uz PSD. Ilpu 3tom mozaens PSD moboro (u3nyeckoro mpoiecca, moJCTaBIICH-
Horo B hopmyiy (1), TO3BONSIET HONTYYHTh JUISL HETO BBIPAYKEHHE JUIS IUCIIEPCHH AJUIaHa G~ (’c) Kak (hyHK-

oy JIMHBI 1Tepuoda YCpEAHCHUsS, TaK KaK 3HAaUYCHUC (52 (T) SBIIACTCS (baKTI/I'-ICCKI/I HBMGPﬂCMOﬁ

BEJIMYMHOM, MOJyuyeHHass KpuBas AJUiaHa MO3BOJSCT MIACHTU(HUIMPOBATH ClydaiiHbIE MPOIECCHI, CYIIe-
CTBYIOILIME B BUJIC CMECH B BBIXOJIHBIX HHPOPMAIIMOHHBIX TOTOKAX KAKIOTO JaTYHKA.

o 2
HpI/I 3TOM H3-3a OTCYTCTBUS B3AUMHO OJTHO3HAYHBIX COOTHOIICHUH MCXKXAY O (T) u PSD BuIUUCIUTH

2
CICKTPAJIbHYIO INIOTHOCTh M3 aHaliu3a O (T) HE NPEACTaBJIACTCA BO3SMOXXHBIM TaK K€, KaK U OLICHUTL 110

PSD xonuuecTBeHHbIE XapaKTEPUCTUKHU IIIyMOBBIX IIPOILIECCOB.
Tak kak monoca npornyckanus (uibtpa sin’(x)/(x)> 3aBUCHT OT BpeMEHH, yTEM €ro U3MEPEHHs

MO’KHO HCCJI€ZIOBATh Pa3IMYHbIE TUIIBI CIy4alHBIX MPOLECCOB. IMEHHO 1O ATOM MpHUYMHE JUcTepcHst AJ-
JaHa MPEACTaBISIET co00# d(h(PeKTHBHOE CPEACTBO MACHTU(DHUKAIINN W KOJIMUYSCTBEHHON OIEHKH IITYMOBBIX
COCTaBJISIONINX, TPUCYTCTBYIONINX B HHPOPMAIIMOHHBIX TOTOKAX TUPOCKOTIOB B BUIE CMECH.

st cpaBHEHHsI pealbHBIX BO3MOXKHOCTEH WHTEPHIPETALUH Pe3yIbTaTOB 3alUCH WH(POPMALUOHHBIX
maccuBoB BTT T'E 006 auke npeacraBieHs:

— OICHKH (P (EKTUBHOCTH HUCIIOJB30BaHUS BapHaluid AJutaHa Juist UISHTU(PUKAIIUKN IIIYMOB C IEJIBIO
OTIpe/IeTICHUs TUTIOTETHYECKUX MPUYMH MX BO3HUKHOBEHHS W Pa3pabOTKH alrOpuTMOB (DMIBTpAIFH OT-
JENTbHBIX COCTABIIAONINX;

— OIICHKa BO3MOXKHOCTEH MCIOJIB30BAHMS PE3yJIBTaTOB AUCIIEPCHOHHOTO aHAIN3a B KaUYeCTBE KBaJH-
(PUKAIIMOHHOTO KPUTEPHUs KauecTBa 00pa3Ll0B THPOCKOTIOB.

st obecrieyeHns: KaueCTBEHHBIX M KOJMUYECTBEHHBIX OLEHOK IIYMOB PacCMOTPUM Ooiiee moapoOHO
0COOEHHOCTH MCIIOJIb30BaHMs MporpaMMbl AlaVar 5.2 mpUMEHUTEIbHO K MOJTYYEeHHBIM 3KCIIEPUMEHTANb-
HBIM JJAaHHBIM.

B nepByto odyepeap HEOOXOAMMO OTMETUTh, YTO YKa3aHHBIE MPOIIECCHI COJEPIKAT BEICOKOYACTOTHBIC
Y HU3KOYAaCTOTHBIE COCTABIISIONIHE.
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BBICOKOYAaCTOTHBIE COCTABIISIONINE OMUCHIBAIOTCS XapaKTEpHUCTHUKaMH Oeloro mryma, a HU3KOYa-
CTOTHBIE TIPENICTABIISIOT COOON KOPPETUPOBAHHEIE IIIYMBI.

Jus ¢unpTpanuu BeicokoyacToTHOTO IrymMa B BUHC nnm Ha BRIXOJE AaTYMKA UCTIOIB3YIOTCS (DHITb-
TPpbl HUKHUX YaCTOT UJIM BEUBJIET-IIYyMONOJABICHUE.

KoppenupoBannbsie IIyMbl MOKHO CMOJIETUPOBATH C JOCTATOYHO BBLICOKOM TOYHOCTBIO C HCIIONB30-
BaHMEM MeToAa AJllaHa B BUIEC NPEICTaBICHHUS CPEIHEKBAAPATHIHOW CIydalHOH ommOku apeilida kak
GyHKIIMM BpeMeHU ocpefHeHUs. OTIMYUTEIIbHOW 0COOCHHOCTHIO METO/A SBJISIOTCS BO3MOXHOCTH HIICH-
TU(UKALWY IIECTH BUIOB IITyMOB:

1) mryma KBaHTOBaHWS, XapaKTEPU3YIOMIETO CTETIEHb OTIWYHSA IMU(QPOBBIX JAHHBIX OT MEPBHYHBIX
aHAJIOTOBBIX. DU3MYECKOW MPUYNHONW BO3HUKHOBECHHS MOJO0OHOTO IIIyMa MOTYT SIBJISATHCS OKPYTJICHHUE pe-
3yJbTaTa WK OTOPAChIBAHNE MIIAIIIINX Pa3psIIOB;

2) OCHOBHOI! IIyMOBON KOMIIOHEHT THPOCKOIIOB — cJIy4aiiHoe 0Jy:kaanue HyJs (O, ), IpeAcTaB-
JIieT cO0O0M aJTUTUBHBIN OCNbIH IIyM, MPOSBISIONIMICS B CIyYailHOM OTKJIOHEHHH OT OXKHIaeMbIX 3Haue-
Huil. Ilapamerp O, BIMSET Ha pe3yJbTaT UHTEIPUPOBAHUS, KOTOPLII paBeH HYJIO IPU CTALUOHAPHOM
nporecce. [log Bo3aelicTBueM O€IIOTO IIyMa pe3yJIbTaThl H3MEPEHHUI KOJICONIIOTCS CIydaiiHbIM 00pa3oM,
a cpeiHee OTKIIOHEHHE U3MEHSETCS C YBEINYEHHEM BpeMeHU. I THPOCKONOB O ,,, HMMEET CIUHUILY H3-

MEpEHUS °/\a u XapakTepu3yeT Apeild, orpaHndeHHbI ypoBHeM Oemnoro myma. Ha xpuBoii Ajuana O,

oTpeJieliieTCs B TOUKE e¢ MepeceueH s ¢ HHTepBAIOM BpeMeHH 1 c.
ITporecc HaKaIIMBAHKS CPEAHEKBAAPATHUECKOTO OTKIIOHEHHUS YTiIa XapaKTepU3yeTCs OTKIOHECHUEM

O, (t):GARW\/m > (2)

rae Ty — mepuoj] TMCKPETU3alNN; { — UHTEPBAI HHTETPUPOBAHHS,

3) HeCcTAOMJIBLHOCTDb HYJIsI b BBI3BIBACTCS PEIaKCAITMOHHBIMA IITyMaMH B KOHCTPYKIIUAX U dJIEKTPOH-
HBIX KOMITOHEHTaX, KOTOPYIO CBSA3BIBAIOT C (PIIUKKEP-IIyMOM, CIIEKTPalIbHAs MOLTHOCTH KOTOPOro 00paTHO
MpOMOpIOHaNbHa dacToTe. [Ipu 3ToM mpemmonaraercsi Takke, 4To (UIMKKEpP-IIyM MpPEeACTaBisieT coOoit
CYIIEPIIO3UIIMIO0 HECKOJBKHX TaKUX IpoleccoB [3], pacmpocTpaHssich Ha HECKOJIbKO YaCTHYHBIX JIEKaI.
OUKKep-IIyM OKa3bIBaeT 3HAYUTEIHHOE BIHMSHHE HAa HU3KHX YacTOTaX, C YBEIMUYEHHEM YaCTOTHI UX WH-
TEHCHUBHOCTH MajiaeT. [Ipu 3ToM rpaduk MOITHOCTH ITyMa B JIOTapU(DMHUIECKOM MaciiTabe MeIIeHHO YObI-
BAET, & HA BBHICOKMX YACTOTAX IEpeKphIBaeTcsl OesbiM ImryMoM. DIUKKEp-IIyM OTHOCUTCS K HeCTalloHap-
HBIM CIIy49aifHbIM TporneccaM. OO0Iei Teopuu st onucaHus (QIUKKep-ITyMa JI0 HACTOSAIIET0 BpEeMEHH! He
CYIIECTBYET, YTO MPHUBEIO K 0OOCHOBAHHUIO TIOJX0/1a, OCHOBAHHOTO Ha JAPOOHOM MHTETPUPOBAaHUM CIIEK-
Tpa Genoro mryma ¢ nepegatouroit gyuxmumeii (IID) 1/\p, X0Ts haKTHIECKH OKA3aTeTb CTEIICHH 3HAMe-
Hartens 11D He moxer mameHsaTses ot 0,5 mo 1,5 [3]. HecTaOmibHOCTE HYJIS OMpeAesieTCsl 0 KPUBOH
AniaHa Ha ydacTKe C HyJIEBBIM HAKJIOHOM, COOTBETCTBYIOIIMM MUHUMAJIBHOMY 3HaYEHHIO YIIOBOH CKO-
pOCTH Ha KPUBOK;

4) ciyuaiiHoe Ony)KIaHHE YTJIOBOH CKOPOCTH Oy, SIBISETCS BUHEPOBCKUM CIy4aiHBIM IPOLIECCOM,
KOTOPBIA (hOpMUPYyeTCs MHTErPUPOBAHUEM OCJIOTo IiyMa ¢ IepeaarouHoil ¢yHkiuen 1/p. CrekrpanbHas
IUIOTHOCTH CIy4allHOTO ONy>KIaHusl CKOPOCTH 0OpaTHO MPOIOpPLHOHATIbHA KBaApaTy 4acToThl. Ha kpuBoi
Annana npeid O, omnpenensercs no yyactky ¢ HakioHoM + 0,5. CKO ciyuaiiHoro Omy>xgaHust CKOpo-

CTHU HaKaIlJIMBac€TCA CO BPEMEHEM B COOTBETCTBHUU C COOTHOIICHUEM
O rrw (t) =0Opy/ 1ot » (3)

rae oy, — CKO nopoxaaromiero 6eoro myma.

YKa3aHHBIN BHJI IIIyMa PeajbHO U3MEPSETCS THPOCKOIIOM U OTHOCUTCS K IIyMaMm HEHW3BECTHOW ITpU-
POIBI ¢ OYEHb OOJBIIMM BpeMeHeM Koppeisinuu. [Ipu 3ToM pe3ynbTaThl €ro onpeneneHus 3aBUcsT OT U3-
MEHEHHUH BHEIIHUX BIMAIOUIMX (PaKTOPOB, IIaBHBIM 00pa3oM Temreparypbl. OLEHOYHBIM 3HAYEHUEM O )

CUMTAIOT 3HAUYEHHE, OIIPEAETICHHOE Ha IPAMOM ¢ HakioHOM + 0,5, B uHTEpBaie, paBHOM 3 C;
5) 3KCHOHEHINATbHO-KOPPEITMPOBAHHbIH MApKOBCKHH LIyM ¢ Koppemsinueil K, (T) Buaa

K, (1)=D,e*, 4)

rae D,, — mucnepens mryma [pan’/c’]; i — koaddurment 3aryxanns Gpynkuun K, (7) [c '], cBsa3aHHbIiT cO

BpEMEHEM KOppesnnuu cooTHomenuem Ty =1/ 1.

56



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2021;2

Ha xpuBoif Amtana MapKOBCKHI IITyM OIPEAEINSeTCS M0 JOKATPHOMY MUHHUMYMY, OTPaHHYEHHOMY
cieBa u crnpasa acumnrotamu +0,5 u —0,5 (mokazan Ha puc. 1). Yka3aHHOE OTJIMYHE SBISETCS Ba)KHBIM
MIPU3HAKOM HACHTU(UKAINN MapKOBCKOTO IITyMa;

6) I KOPHUOJMCOBBIX THPOCKOIIOB BaXKHBIM SIBIIICTCS TAKKe WACHTH(PHUKAIIAS CHHYCOHUIATHHOTO
IIyMa, MOPOXKIAEMOro KOJeOaHUsIMU KPOMKHU PE30HATOpA Ha PE30HAHCHOM 4acToTe, YTo (POPMHUPYET 3a-
LIyMIISIOIIMNA BeIX0HOUM curHan BTT 3a cueT nceBpoaeTepMUHUPOBAHHON CUHYCOUIAIbHON KOMIIOHEHTHI.

AlaVar 5.2

(wi0E))

0,000} - - -t~ d-EEELE

)
e e A ST R

|| ‘Mapxoscsit |

1E-5|---

e S sy e P

5-106 :
i 1

T T 0,01

Garw = 1,2+ 1075 °/\/c = 0,00072°/V4
b=5.107°°/c=0,018°/4 Produces

1

eFs

r

Puc. 1. I'paduk Bapuanumii Annana 10 GpuiIbTpauuu HHGOPMAIMOHHBIX MACCHBOB THPOCKOIIOB

IIpu vacrore nryma, GJIM3KON K 4aCTOTE JUCKPETU3AIIUU, CHHYCOUJANILHBIN IIIyM MPAKTUYCCKH He3a-
METEeH Ha KpUBOW AJlTaHa, Tak Kak Tepsercs Ha GoHe Oenoro mryma.

CymmapHas apeiidoBasi cOCTaBIAIOMAs ¢ yYeTOM 3HAYMMOCTH BIWSHUS OTACIBHBIX KOMITOHEHT
OmpeJeNsieTCs] B COOTBETCTBUU C peKoMeHaanusamu [ 1, 4].

Anaans PE3YyABTATOB IKCHIEPHUMEHTAADHBIX HCCAEAOBAaHHI

1. O6wexTom uccnenoBanus siBisgercs: oopasen BT I'E 006 3as. Ne 040008, pazpaOoTku u mpous-
BoxcTtBa AO «HUN DN ».

2. O0beM HCCIICIOBAHMIA — 3alMCH BBIXOJMHBIX cUrHaioB BTI' B ueThipeXx UIMHHBIX 3aIlyCKaXxX JJIH-
TeNBHOCTHIO 3, 2, 2 1 19 4, a Takke B MATH KOPOTKUX 3aIlyCcKaX JUIMTENBHOCTBIO 5 MUH KaKIbId. J{muTens-
HOCTh IepepbiBa Mexny 3amyckamu — 10 muH. Hakomsenune nH(pOpPMannMOHHOIO MaccuBa MPOBOIMIIOCH
B TE€UEHHUE BPEMEHH KaXKIOr0 3aITyCKa.

3. O6paboTKa MOTYyYEHHBIX PE3yJIbTAaTOB MPOBOAMIIACH 10 Mporpamme AlaVar 5.2 ¢ MCHONb30BaHUEM
MmaccuBa Data Values u Beruncnenunem napamerpoB PDS u ADEV v npencrasiena B Ta0n. 1 u Ha puc. 1.

IIpencrarnennas B Ta0. 1 u Ha puc. 1 wHOOPMAIISI HHTEPIIPETHPYETCS CICTYIOIINM 00pa3oM.

Ha xpuBoii AnjaHa OTYETIMBO BBIIEISIOTCS YYacTKH ¢ HAakIOHOM —0,5 (O gy, ), HaxioHoM 0 (b),
MapKOBKHI1 IIIyM B BHJIE NTepeceyeHns ABYX JMHUH ¢ HakiIoHoM +0,5 u —0,5, a Takke y4acTOK ¢ HaKJIOHOM
oT +0,5 10 1 (O gy )- CuHyCOMTANBHBIN ITyM HE HASHTU(GUIIMPOBAH IPH BCEX BPEMEHAX 3aIlyCKa.

IoyueHHsle pe3yabTaThl OUEHKH O ., U b (cM. Tals. 1) COOTBETCTBYIOT BBICOKHM TPeOOBAaHHIM
K XapakTepuctukam paspadoranHoro BTT T'E 006.

OOpaiaer Ha ce0st BHUMAHUE HEKOTOPOE HECOOTBETCTBUE O, U b, UTO MOKHO OOBSICHUTH 3alllyM-
aenueM l/f~pornecca GeNbIMU 1 MapKOBCKMMH HPOLIECCAMHU.
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Tabnuna 1

Pe3ynbTaThl OLICHKH CIIy4YalHOTO OJIY»KIaHUS HYJIS Garw M HECTAOMIIBHOCTH HYJIS b
B JUTMHHBIX W KOPOTKUX 3aITyCKaX MO BapHanusaM AJiaHa

. Pe3ynbraTsl OICHKH
Bpewms HenpepsIBHON paOOTH 1 HOMEP 3aITycKa Bpewms nepepriBa, MuH
OARW, 9/\/‘{ | b, 9q
JIMHHBIC 3ayCKU
3 4, 3amyck 1 10 0,0015 0,018
2 4, 3amyck 2 10 0,0006 0,018
2 4, 3amyck 3 10 0,00072 0,018
Kopotkue 3amycku — 5 muH paboTsl, 10 MUH nepepsiBa

3amyck 4 — 0,0006 0,020
3aIrycK 5 — 0,001 0,025
3ammyck 6 — 0,001 0,025
3amyck 7 — 0,001 0,025
3aImycK 8 - 0,002 0,018

Pe3ymbraTer orneHKH npeiioB BEIXOMHOTO CHUTHAJA ¢ UCIOJIB30BAaHIEM KJIACCHUECKOTO JTUCIIEPCHOH-
HOT'O aHAJIM3a C BPEMEHEM OCpeIHEHUs, PaBHBIM JUTUTEILHOCTH 3aIycKa, TPUBEIeHBI B Ta0M. 2.

Tabnuna 2

Pe3ynbTarhl olieHKH pei(OB BHIXOJHOTO CUTHANA C UCTIOB30BAaHHEM KJIACCHYECKOTO
JCTIEPCHOHHOI0 aHAJIN3a C BPEMEHEM OCPEIHEHHMS, PaBHBIM JUINTEILHOCTH 3aILyCKa

JmiTenpHOCTS 3amycKa MO, 9c CKO,9c
3y —9,8140E-05 1,83582E—04
2y —6,83214E-05 1,34611E-04
2y —8,55897E-05 1,52900E—04
19 g4 —17,7447E-05 1,33411E-04

5 MUH 1,56834E-05 1,23245E-04
5 MUH 2,74534E-05 1,21902E-04
5 MuH 3,87935E-05 1,24222E-04
5 MUH 6,17966E—05 1,25322E-04
5 MUH 6,58038E—05 1,23295E-04

AHanu3 JaHHBIX, TPUBEIECHHBIX B Ta0J. 2, MO3BOJSET CAENaTh CIEAYIOINE BHIBOIBI:

— MOJTyYeHHbIE 3HAUEHHUS MAaTEeMaTHYECKOTO OKUAAHUS 3aBHCAT OT 00 BEMOB BHIOOPOK;

— CpeJHEeKBaJApaTHUECKre OTKIIOHEHHUS B 3aITyCKe MPeBHIIaT 3HaueHus: MO npumMepHO BABOE U Me-
Hee 3aBUCHMBI OT 00hEMOB BHIOOPOK.

CuTyaluio MOKHO OOBSCHHUTH TEM, YTO yKa3aHHBIM METOJOM OLIEHHUBAETCS! BCSI COBOKYITHOCTH IIIy-
MOB — OT 0€JIOTO JI0 BCEX CTETCHHBIX.

BcnencrBue sToro, npuBeneHHbIE B Ta0. 2 OIEHKH, HE MOTYT OBITh OTHECEHBI K pa3psay CTaHIapT-
HBIX CTATUCTHYECKUX MOJIENEH.

[Ipu 3TOM MOJNIE3HO COCNIATHCS HA TPYMITY aBTOPOB pabOoTHI [2], yTBEpKIAIOIINX, YTO «CTaHAAPTHBIMU
METOJaMH CTaTHCTHYECKOTO aHAIN3a HEBO3MOXKHO MOJyYNTh HUKAKYIO OIIEHKY IITyMOBBIX KOMITOHEHT, T.€.
JTAHHBIE METO/IbI B JAHHOM CITy4ae COBEPIIIEHHO OECIIONe3HBI.

Ouenku cmenenust Hyist b (0,018°4 mo Annany) u maremaruueckoro oxuganus (MO), onpeneneHHo-
ro METO/IOM AucrepcuoHHoro ananuza (0,353 °/4), ornuyaroTcs 6oJiee 4eM B AeBATHAALATH pa3. OCHOBaHUEM
JUTSI BOBMOYKHOCTH MIX CpaBHEHHS ITOCITY)KWJI BBIBOI, MPHBEACHHBIA B padote [3] o Tom, «urto 1/f-mporiecc
MOJKET BBHITJISIIETh KaK JIETEPMUHUPOBAHHBIN TpoIecc ¢ no0aBiIeHreM Oeoro nrymMa ¥ MMHTHPOBATh WH-
CTPYMEHTAJIbHBIH Apei ¢ M3MEHSIOMUMUCS BO BPEMEHHU CPETHUM.

37O Ke 3aKIoueHre MPUBOJUT K BaKHOMY BBIBOJY O HEOOXOJIMMOCTH MPUBEACHUS CTPYKTYPHI 3a-
ITyMJICHHBIX IE€TEPMUHUPOBAHHBIX MPOIECCOB B peabHBIX 00pa3iiaXx TMPOCKOIOB K AETEPMHUHUPOBAHHBIM
[4, 5].

[Ipumenenue Ui 3TOW HENW afanTUBHOM (MIBTpAIlMM BHIXOMHOTO curHaia B oOpasue I'E 006
3aB. Ne 040008 ymyummio olleHOYHBIE MapaMeTpsl Tabl. 2 He MeHee, YeM Ha mopsiok st MO, u Gonee,
geM Ha 2 mopsaaka misi CKO, obecieunB TeM caMbIM CXOIUMOCTEH OIICHOK MEXKIy HHUMH, a TaKKe CXOIH-
MocTh Mexty MO u b.
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3anuce Bapuanuu AiaHa i GuibTpOBaHHOTO MAacCHBA MPEJCTaBICHA HA pHC. 2.

Allan STD DEV

T
'
'
'
'
'
'
'
'

0,0001-f----

c(7)

2,3-10-% [ 28 R PR e O R S

0’68.1075 : L l: i 1'

0,01 0.1 1 10 100

Garw = 2,3-107°-60 =0,0014°/va T

b =0,68-1075-3600 = 0,024 °/

Puc. 2. I'padux Bapuanmu AraHa mociie afaniTHBHON (GUIBTpanni HHOOPMAIIMOHHBIX MAaCCUBOB THPOCKOIIA

CpaBHeHHE KpUBBIX MO puC. 1, 2 TOATBEPkAAET OKUAAEMOE U3MEHEHHE CTPYKTYphI IIIyMOB IOCIIE
¢$ubTpanyy B BUIE:

— YMEHBLICHUS! MAPKOBCKUX LIyMOB;

— YMEHBLICHUS HAKJIOHA Y4aCTKa Oy, C IUIIOC 2 10 miroc 1;

— YBEJIMYEHUs 3Ha4eHull O ,,, BABOE, a b —B 1,3 paza.

3akarouenue

1. B pesynbrare uccienoBanuii nHpopmannoraeix maccuBoB BTI' I'E 006 ompeneneno, 4ro ux mry-
MOBas MJIEHTU(UKALUA COOTBETCTBYET METOy Bapuanuii AjlaHa ¥ IO3BOJIIET UCIIOJIB30BaTh €ro B Kaue-
CTBE OCHOBHOT'O METO/Ia OLIEHKH Jpeii(oBbIx xapakTepuctuk BTT .

2. Craructuueckas oOpabOTKa MOITYy4YEHHBIX MH(POPMALMOHHBIX MAcCHBOB OTIMYAETCS 3aBUCHMO-
CTBI0O MAaTEMAaTHIECKOTO OXKHIAHHUSI OT 00BEMOB BRIOOPKH TPH OTHOCHUTEIHHO HEOOJBITIOM pa3dpoce cpel-
HEKBaJIpaTUYECKUX 3HAYEHUH M 3HAYUTEIHHBIM OTJIMYHEM MOJYyYEHHBIX YHCIOBBIX 3HadueHni MO oT cme-
meHus Hylis b mo Ajuiany.

KoncraTtauuu 3Toro ¢akta HEAOCTATOYHO B CBSA3H C TEM, YTO HE3aBHCUMO OT IOIY4YEHHBIX PE3yJIbTa-
TOB, CTATUCTHYECKHE METOBI OLIEHUBAIOT PeabHbIE MACCHBHI, MMOCTYMAIONINE HA JaJbHEHITYI0 00paboTKy
B BUHC.

IIpn 5TOM NPUYMHBI MOJYyYEHHUS OLEHOK, HE COOTBETCTBYIOIIMX OXHIAEMBIM, CIENYET HCKaTh HE
B 0COOEHHOCTSIX AUCIEPCHOHHOTO aHAJIN3a, a B CTPYKTYPE CaMOro Ipolecca U BO3MOXKHOCTSIX €ro (pusnye-
CKOTO pa3lieNieHus Ha Apei(oBYI0 U JeTEPMUHIUPOBAHHYIO COCTABIISIONINE C MOCIEIYOIUM HCKIIOUEeHHEM
JIleTEPMUHMPOBAHHOIA .

B »TOM cBA3M, a TaKkXKe YUUTBIBAs PE3yJIbTAThI IPEIBAPUTEIBHBIX OLICHOK, aKTyaJIbHBIM MOXHO CUH-
TaTh JalbHEUIINe UCCIeJOBaHMsI BOBMOYKHOCTEH BCTPOCHHOH alanTUBHON (HIbTpanuy HHGOPMAIIMOHHBIX
MacCHBOB U BIIUSTHHE Ha CTPYKTYpY IIYMOB M Pe3yJbTaTbl OLIEHOK CIy4YailHbIX U JEeTEPMUHUPOBAHHBIX CO-
CTaBJIAIOIIUX.

" IEEE Std 1554-2005 IEEE Recommended Practice of Inertial Sensor Test Equipment, Instrumentation. Data
Acquisition, and Analysis.
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3. MoxHO cuuTath 3QPEKTUBHBIM COBMECTHOE MCIIOIh30BAHME METOOB Bapualuii AjiaHa U KJac-
CHYECKOI0 JIUCTICPCHOHHOTO aHAIN3a JIUIS BBISIBICHHUS W MCKIFOUCHHS TEX WJIM MHBIX MCTOYHHKOB Japei(a

BBIXOJHOI'O CUTHAJIa TUPOCKOIIA.
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OCHOBHBIE BOITPOCBHI METOAOAOTNU AMATHOCTUPOBAHUA
CAOJKHBIX TEXHUYECKHNX OB BEKTOB

A. M. ITaukus

Cankr-IlerepOyprekuii monurexuudeckuii yausepeurer [lerpa Bennkoro, Cankr-IlerepOypr, Poccus
alpank@niti.ru

AHHOTAIMSA. AKmyansHocms u yeau. PaccMOTPEeHBI OCHOBHBIE 3TAIlbl pa3pabOTKN alrOpUTMOB KOHTPOJIS TEX-
HHYECKOTO COCTOSTHHS CIIOXKHBIX OOBEKTOB, JUI KOTOPBIX IPEAIONIAracTCsl CO3/1aHNE CUCTEM JUArHOCTUPOBAHUS HO-
BOTO MOKOJICHUs. Mamepuansl u memoOsi. Panee co3aBaeMble CHCTEMBI ANATHOCTHPOBAHUS B OCHOBHOM OPUEHTHPO-
BAJINCh Ha PEIICHUE 33a/1a4 Hepa3pyIIAroLIEero KOHTPOJIs, KOTOPbIE HE MO3BOJIAIOT B JOCTATOYHOW MEpPE BBINOIHATH
OLIEHKY OCTaTOYHOT'0 Pecypca KOHTPOJIMPYEMBIX OOBEKTOB. Pe3yibmamuyl u 6b1600bl. Takoke MpecTaBlieH OIUH U3 all-
TOPUTMOB pEILIEHUs 3aJa4u MOHUCKa AedeKTa NMpH aHaU3e BO3MOXKHOM HEUCIIPABHOCTH OOBEKTa, NPENCTABIIEMOro
AIIEKTPUUECKOil Lenbio. MeTosi oCHOBaH Ha IepeOope BO3MOXKHBIX TOIMOJOIMYECKUX TpadoB Lenu Mmpu NOCTPOSHUU
MaTeMaTHYeCKHX MOJIeNIel 00bEKTa C pa3HBIMU BUJIAMHU JIe(eKTaMHt.

KiroueBble cj10Ba: TEXHUYECCKHUHN 06L€KT, KOHTPOJIb, JUATHOCTUPOBAHUC, TEXHUYCCKOEC COCTOSIHUC, JUATHO-
CTHYECKHI IMMPU3HAK, MATEMATUYCCKAad MOJCIIb, TUArHOCTUYECKasA MOIECJIb, He(l)eKT, QJICKTPpUUCCKAA LECIb

Jost nurupoBanust: [Tankun A. M. OcHOBHbIE BOIIPOCH! METOAOIOIUH JHarHOCTUPOBAHHMS CIIOXKHBIX TEXHUUECKUX 00BEK-
T0B // HamexHocTh 1 KauecTBO CI0KHBIX cucteM. 2021. Ne 2. C. 62-69. do0i:10.21685/2307-4205-2021-2-6

THE MAIN ISSUES OF THE DIAGNOSTIC METHODOLOGY
COMPLEX TECHNICAL OBJECTS

AM. Pankin

Peter the Great Saint Petersburg Polytechnic University, Saint Petersburg, Russia
alpank@niti.ru

Abstract. Background. The article discusses the main stages in the development of algorithms for monitoring
the technical state of complex objects, for which it is planned to create a new generation of diagnostic systems.
Materials and methods. Previously created diagnostic systems were mainly focused on solving the problems of non-
destructive testing, which do not allow sufficient assessment of the residual life of the controlled objects. Results
and conclusions. The article also presents one of the algorithms for solving the problem of finding a defect when analyz-
ing a possible malfunction of an object represented by an electrical circuit. The method is based on enumeration of possi-
ble topological graphs of a chain when constructing mathematical models of an object with different types of defects.

Keywords: technical object, control, diagnostics, technical condition, diagnostic feature, mathematical model,
diagnostic model, defect, electrical circuit

For citation: Pankin A.M. The main issues of the diagnostic methodology complex technical objects. Nadezhnost' i
kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2021;2:62—69. (In Russ.). doi:10.21685/2307-4205-2021-2-6

BBeaeHue

B metomonoruu npeanaraeTcs pacCMOTPEHHE CIEAYIOIIUX BOIIPOCOB:

1) TMarHOCTHPOBAHUE MIPU OTCYTCTBUU HHPOPMALIUH O CTPYKTYPE KOHTPOIUPYEMOTo 00BEKTa;
2) mocTpoeHne MaTeMaTHIeCKOH MOJICITH 1 OTpeIeNICHNe TMarHOCTHIECKUX TIPH3HAKOB O0BEKTa;
3) mocTpoeHHre AMATHOCTUUECKOW MOIETH 00BEKTa;

4) onpenenenre QyHKIUI pabOTOCIIOCOOHOCTH 1 (DYHKIIHIA O€301IaCHOCTH 00BEKTa;

© TTankuH A. M., 2021. Konrent poctynen no annensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.
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5) oueHka MH(GOPMATHBHOCTH JAUATHOCTUYECKUX M3MEPEHUH M MPOTHO3UPOBAHUE OCTATOYHOTO pe-
cypcea,

6) MoIeIMPOBaHNE BO3MOXKHBIX J€(PEKTOB CTPYKTYPHBIX 3JIEMEHTOB 00BEKTA U TOMOJIOTHYECKHE H3-
MEHEHHSI MAaTEMaTHIECKON MOJIEIH.

AMarsocTHpoBaHHe IPH OTCYTCTBHH HHPOPMAIHH O CTPYKType KOHTPOAHPYeMOro o0beKra

[Ipu coznanuy cucTeM JUAarHOCTUPOBAHHS O0BEKTOB ATOMHOW YHEPTETHKU U IPYTUX OTBETCTBEHHBIX
O0BEKTOB TEXHUKH TPEIIONIAraeTCsl HATMINE MaTeMaTHYECKUX MOJIeIell KOHTPOJIUPYEMbIX 00BeKTOB. J1ist
MEHee OTBETCTBEHHBIX OOBEKTOB BOIIPOC CO3JAHUS CHCTEM THArHOCTHPOBAHMS MOXKET HE CTaBHUTHCS, I10-
CKOJIbKY CO3JIaHU€ TAKHX CHCTEM SBIISIETCS IOCTATOYHO 3aTPATHBIM JIEIOM M TpeOyeT He TONBKO (PMHAHCO-
BBIX PECYpCOB, HO M NPUBJICYCHUS K 3TOH padOTe MOATOTOBICHHBIX CIIEUAIUCTOB. Takue CreruaiucThl
LeJICHATPaBICHHO He TOTOBSATCS. Eciu mpeanoaokxuTs, 9To HHGOPMAIHS O CTPYKType 00beKTa OTCYTCTBY-
et [1], To B KauecTBe MaTeMaTHIECKOW MOJIENIH MPOIIECCOB B KOHTPOIHPYEMOM O0BEKTE MpeaaraeTcs pac-
cMarpuBaTh Kod(puIMEeHTs mepenayd WM NepeaaToyHble (YHKLUUH, CBA3BIBAIOIIME BXOAHBIC BO3ICH-
CTBUSI, IOIaBaeMbIe Ha OOBEKT B peKUME paboyero pyHKIMOHMPOBAHMUS, U BHIXOJHBIE peakinu 00beKTa Ha
9TH BO3zeicTBUA. /Iy MOMydeHHs Takod MOAeNH TpeOyeTcss M3MepHuTeNnbHas WHpopManus, ImolydaemMas
npy paboTe 0OBEKTa B IITATHOM WIIM TECTOBOM peXXUMe (PYHKIIMOHHUPOBAHUS, KOT/IA TI01aBaeMble BXOIHBIE
BO3AEHCTBHA OTIMYAIOTCS OT HOMHHAIBHBIX 3HaYeHUH. [locnenHuil pesxuM He0OXOAUM B Cilydae HeJIHHEH-
HBIX 3aBUCHMOCTEH MEXIy paccMaTpHBaeMbIMHU BeIWYMHAMH. [Ipy mocienoBaTeIbHOM NPOBEACHUN Ana-
THOCTUYECKUX M3MEPEHUH B IMpoIecce DKCIUTyaTalldu OTCIEKHUBAETCS M3MEHEHHe KOX(QQHIMEHTOB Tepe-
naun oowvekra. [Ipu mpubmmwxennn (yHKIMHA pabOTOCHOCOOHOCTH K MpPEIeNbHBIM 3HAYEHUSM OOBEKT
MOXeT TepelTH B HepaboTocnocoOHoe cocrostue. [TnaToii 3a oTcyTcTBHE HHGOPMAIMU O CTPYKTYpe 00b-
eKTa U OTCYTCTBHE ITOJHOIIEHHON MaTeMaTHYECKOW MOJEIH MPOIECCOB, MMEIOINX MECTO B KOHTPOJIHpYE-
MOM OOBEKTE MPH OTPadOTKE MM 3aJaHHOTO pecypca, SBISIETCS HEBO3MOXKHOCTh ¢ TpeOyeMOil TOYHOCTHIO
Ipe/ICKa3aHusi MOMEHTa BPEMEHH, Korja 0OBEKT meperer B HepaboTocmocoOHoe cocTosHue. CBsA3aHO 3TO
C BO3MOKHBIM HEMOHOTOHHBIM XapaKTepOM B U3MEHEHNH KOHTPOJIUPYEMbIX BEITNYHH.

HOCTPOCHI/IC MaTeMaTHYeCKOH MOACAH H OIIPEACACHHE AHATHOCTHIECCKHUX IIPU3HAKOB ob6bexTa

Cosznanue Takoi Mojienu [2], OCHOBAaHHOH Ha U3BECTHBIX 3aKOHAX MPUPOIbI, HEOOXOAUMO JIJIS TIOJTY-
YeHHS JUarHOCTUYECKOH MOelu o0bekTa U (popMupoBaHUs HaOOpa €ro JUarHOCTUYCCKHUX HpI/I3HaKOBl.
B kauectBe muarHoctuyeckux npusHakoB (/IIT) Oyaem paccMaTpuBaTh HEKOTOPBIE CTPYKTYPHBIC MapaMeT-
PBl WIH XapaKTEePUCTUKUA OOBEKTA, NMPH HAXOXKIECHHHA KOTOPBIX B COOTBETCTBYIOIIMX IUAMa3oHax OOBEKT
COXpaHseT paboTOCIOCOOHOE COCTOSIHUE 110 BhIMOMHSAEMbIM QyHKIMaM [3]. [Ipu nmpubmmkenun 11 k rpa-
HUIAM JIOMYCTUMBIX I paOOTOCIIOCOOHOTO COCTOSHUS 00JacTell 00BEKT AUArHOCTUPOBAHUS MPHOIHKA-
€TCsI K CBOEMY IPEJICIIbBHOMY COCTOSIHHIO, & €r0 OCTaTOYHBIN Pecype MPUOIMKACTCS K HYJIIO.

PaccMoTpuM MaTeMaTHYECKyI0 MO/ETh OOBEKTa, CBA3BIBAIONILYI0 BEKTOPHI BRIXOAHBIX peakuuid ¥ o

BXOHBIX Bo3aeicTBuil X B Buge Y = AX, rae B cocras MaTPUIIBI A Bxomar CTPYKTYpHBIC TTapaMeTpPhI
00BEKTa, 9aCTh U3 KOTOPBIX OTHECEM K Paspsily AHATHOCTHYECKUX Npu3HakoB Z . Mamenenue JIIT mpouc-
XOJIUT CO BPEMEHEM M 3aBUCHT OT BHEIIHHUX (DAKTOPOB U PEKUMOB paboThl 00bekTa. [Ipu aTOM MOTyT pac-
CMaTpHBAThCSI CIIEYIONINE BHENTHNAE aKTOPHI:

— CTapeHue;

— TEIUIOBBIC TOJIS;

— BIIQYKHOCTH;

— pajauarnms;

— MEXaHUYeCKHUEe BO3ACHCTBUSA (yAaphl, BUOpAIHH).

Beigenum 3Tu GakTopsl B OTHENbHYIO Tpynny F U paccmotpuMm ux BiusHue Ha JIIT oObekra Z .

s aToro moctpoum GyHKuto Buga Z = BF .
PaccmoTpuM 3amady M3MEHEHUS n AMAarHOCTHYECKHX IPH3HAKOB MO BIMSHHEM TPYMIBI (aKTOPOB

F, ofmiee xomu4ecTBO KOTOPBIX paBHO m. byaem momarath, 9TO KaKABIH M3 MEPEUNCIEHHBIX (DaKTOpOB
B TCUEHHUE IKCIUTyaTalluy O0BEKTa BIMACT Ha KAKOS-TO OJIHO CBOWMCTBO YacTH OOBEKTA WU pa3Mep MEXKIY
€ro OT/AETHHBIMHU YaCTSIMH, N3MEHEHHE KOTOPBIX U MPUBOIUT K n3MeHeHHUto J[I1 o0bekra. OnpenenuM 310

'TOCT 20911-89. TexHudeckas qMarHOCTHKA. Tepmuns! u onpenenenus. M. : U3n-Bo cranmaptos, 1990.
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BJIMSIHUE B KOJIMUECTBEHHON Mepe, paccMaTpuBasi BEKTOPHYIO GYyHKIWIO F'(¢), 3HAUEHUs] KOMIIOHEHTOB KO-
TOPOH f, M3MEHAIOTCS OT HyJIsl 0 MaKCUMAJILHOTO 3Hauenust f,", i = 1, 2, ..., m. [Ipu 3TOM Gymem moiy-

4aTh OTHOCUTEIbHOE M3MeHeHue Bekropa [II1 kak BpeMmeHHyr0 GyHKmoO Z(¢) . OTHOCUTEIbHBIE U3MEHE-

HUAS KOMITOHEHT BEKTOpa Z, COOTBETCTBYIOIIMX pPabOTOCIIOCOOHOMY COCTOSHHUIO 00BeKTa, OymeMm
paccMaTpuBath B juanasoHax (z,,z’ ), i = 1, 2, ..., n. [Ipu Beixoae xoTst 661 ogHOro JI1 33 COOTBETCTRYIO-

[IMe TpeeNbl BeJIHYMHa OJHON MM HECKOJBbKHX padounx (QyHKIUH oO0bekTa OyJaeT MMeTh HEeIOIyCTUMO
MaJible M OOJIbILINE 3HAYEHUS, COOTBETCTBYIOIINE MOTEPE 00BEKTOM PabOTOCIIOCOOHOTO COCTOSHHSI.
Paccmorpum  Matpuily ko3¢ (UIIMEHTOB dyBCTBUTENbHOCTH [ pabounx (QyHKOUHA o0oObekTa

Y=(y,,%,,..., ¥;) K A3MEHEHUIO IUATHOCTUUECKUX IIPU3HAKOB Z .
3anumem ee B Buie S ={sij } , rae i — Homep ¢ynkuuu (I = 1, 2, ..., /), j — HOMEp JUarHOCTHYECKOTO

npm3Haka (j = 1, 2, ..., n).
Koaddpuument 4yBcTBUTENBHOCTH 5] TIPEACTABUM B BULIE

N

, — prom z (t)—z™"
1= O [HEOTE gy 08,0, m
Vi Zj
[To BenmumHaM KO3()(HUIMEHTOB YyBCTBUTEIHFHOCTH, IMOJYYEHHBIM IO MaTEeMaTHYECKOW MOJEIN
00BEKTa, COCTABIIACTCS CIHUCOK MOTCHINAIBHBIX THATHOCTHYECKNX NMPU3HAKOB 00BEKTa, KOJIMIECTBO KOTO-
PBIX CTaparoTCsi MUHUMHU3UPOBATh Ui Ooiiee 3pPeKTHBHON HACHTU(PHUKALINY UX B MOCIEAYIONINX AHATHO-
CTHYECKHX M3MEPEHUSX.

ITocTpoeHne AHArHOCTHYECKOM MOAEAH 00beKTa

[Tomy4yenne muarHOCTUYECKON MOAENN OOBEKTa HAIpPAaBIICHO Ha pelIeHUE cleAyromen 3amaun [4]:
YCTaHOBUTH CBSI3b MEXAY BEIMYMHAMM, HEMOCPEICTBEHHO M3MEpSAEMBIMU MPHU JTWArHOCTUPOBAaHUU (Tapa-
METpaMH Tpolecca) U KOCBEHHO ONpeAesieMbIMU CTPYKTYPHBIMU MapaMeTpaMH OOBEKTa, OTHECEHHBIMU
K YHUCIIy €ro AUArHOCTUYECKUX IPU3HAKOB.

IIpu nocTpoeHnn AMAarHOCTUYECKOM MOJENN NCXOAHOW SIBJIAETCS MaTeMaTH4YecKas MOJENb, B KOTO-
POH MCKITIOYAeTCsl 4acTh CBSI3€H MEXAy CTPYKTYPHBIMH MapaMeTpaMy 00beKTa U IapaMeTpaMH MPOLECCOB,
MPOUCXOASAIINX B peXUMax padovyero U TeCTOBOrO JUAarHOCTHPOBaHMA. B pesynbprare Takoro mpeodpaszo-
BaHMS B UCXOTHOW MatemaTtmueckoir Moaenu (MM) MOKeT yMEHBIUTHCS KOJIMYECTBO ypaBHeHHH. OTHAKO
Npy 3TOM MpeoOpa3oBaHUU HEJb3sl MCKIouaTh HU ofuH JI1 U3 ycraHoBneHHOro st o0bekTa Hadopa.
JlomKHBI ocTaTbcs B MOJENU M BCE HEMOCPEIACTBEHHO U3MepsieMble TapaMeTpsl mpornecca. [Iponece nepe-
xo1a oT MM K JUarHOCTUYECKOM MOJETU MOKET IMPOUCXOAUThH pazHbiMU IMyTsiMu. Ecniu B MM npucyt-
cTBYIOT au(depeHInanbHble ypaBHEHUS, TO BHAYalle MOXKET BBIIOJHATHLCS Tepexo]] oT auddepeHmaib-
HBIX YpaBHEHHH K anreOpanvyeckuM MyTSAM HCIOJIb30BaHUS KOHEYHO-Pa3HOCTHBIX cxeM. [lpu 3ToM
MOJTy4aeTCsl HEKOTOPBIA MPOMEXYTOUHBIA BapUaHT AUarHocTudeckor mozaenu (JJM). B momyuenHoM Bapu-
ante JIM KOJIM4eCTBO ypaBHEHUI U KOJIMYECTBO HEU3BECTHBIX AMATHOCTUYECKUX IIPU3HAKOB JOJIKHO OBITH
OJIMHAKOBBIM, HHAYE HEBO3MOXKHO peleHne 3aaa4un uaeHTudukamun scex JAI1.

XKemnarenpHo, 4TOOBI Ha 3TOM dTare rnpouecc Tpanchopmarmu MM B JIM He 3aBepmmics. Koneu-
HBIH BapHaHT IUarHOCTHMYECKON MOJIENN XOTEJIOCh OBl IOJYUYUTh B BUIE BBIPAKEHHM, B KOTOPBIX OIIpele-
JIEHBI 3aBUCUMOCTH KaXKAOTO M3 TUArHOCTUYECKUX MPU3HAKOB 00BEKTa OT HEMOCPEACTBEHHO M3MEPSEMBIX
rapaMeTpoB Ipoliecca U, BO3MOXKHO, TIPYTHX U3BECTHBIX BEIMUNH.

K uucny Takux BeTMYMH OTHOCATCS M APYTHE CTPYKTYpPHBIE TapaMeTpbl 00BbEKTa, KOTOphIe HE ObLIN
BBEJICHBI B YHCJIO €r0 JUarHOCTHYECKUX IIPU3HAKOB IO pa3HbIM IpuduHaM. Ilocie nmomyyeHus yka3aHHbBIX
cooTHouteHni 1y JII1 B ABHOM BHZI€ CTAaHOBUTCSI BO3MOXHBIM HE TOJIBKO OIPENENSITh 3HAUEHHs TUarHo-
CTHYECKHX NPHU3HAKOB MO PE3ysIbTaTaM HENOCPEICTBEHHBIX M3MEPEHUH, HO U MOJIYy4aTh OLEHKH IMOTper-
HOCTEH JUIS dTUX 3HAYeHWH. BeIMYUHBI MOTpENTHOCTEH (HEOMpeaeIeHHOCTE ) 3aBUCAT OT MOTPEITHOCTEH
HETOCPE/ICTBEHHBIX U3MEPEHUH, a TaKKe OT pAfa Ipyrux (HakTopos, ONMpeAeNsIeMbIX B KaKIOM KOHKPET-
HOM CJIy4ae OTJIENbHO.

IIpu npoBeaeHuM AMarHOCTUpPOBaHUs Kakas-To yacTh JII Moker ompenensiTbes ImyTeM HENOCPEn-
CTBEHHBIX M3MepeHuil. Toraa oHN BMecTe ¢ OCTaIbHBIMHU U3MEPSIEMBbIMU BETHUNHAMH OyAyT BXOAUTH B JH-
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ArHOCTUYCCKYIO MOJCIIb o0beKTa JJIs I/II[eHTI/I(l)I/IKa]_[I/II/I OCTaBIIMXCS HEM3BECTHBIX JUATHOCTUYCCKUX IIPHU-
3HaKOB.

Takum 06pa30M, B Ka4€CTBE OCHOBHOI'O Ha3HAYCHHA HHaFHOCTH‘leCKOﬁ MOZACIN ABJIACTCA yCTAHOB-
JICHHUC CBsA3H B BUJIC HOJIy‘-IeHHOfI AHATUTHYECKON 3aBUCHUMOCTH MEXAY HEM3BECTHBIMU JUAIrHOCTUYCCKUMU
npu3HaKaMu B MOJCIIN 00BEKTA M HEMOCPCACTBEHHO M3MCPACMBIMU B JUArHOCTUYCCKOM IIPOLECCE BEJIN-
gypHaMu. OHa TaKke HCIOJIB3YCTC AJId OLICHOK HOFpeHJHOCTeﬁ OIIPEACICHUA 3TUX I[H

OnpeaereHne QyHKIU paboToCOCOOHOCTH M QyHKIHI 6e30IMacHOCTH 00beKTa

[Tocie mocTpoeHust CTPYKTYPHOU CXEMBI C YIE€TOM IMPUEMIIEMOT0 YPOBHS IETATN3AIMN OIPEIeIITIOT-
Csl TapaMeTphl CTPYKTYPHBIX €IWHHII CXEMBI, M3 KOTOPBIX 4acTh MapaMeTpOB BBHIOMPAETCS B KauecTBE
I oObekra.

[Tpuemiemsblil ypoBEeHB J€TaIM3alMK BBHIOMPAETCS MCXOS M3 PEabHBIX NPEETIOB NP ApoOIeHHN
00beKTa Ha 0oJiee MEJKHE YacTH, KOTOPhIE AUKTYIOTCS SKOHOMHUUYECKHMHU COOOpaKEHUSMH, UCXOJISl U3 KO-
TOPBIX, KOHTPOJIMPOBATh U 3aMEHSATH B CIIydae peMOHTa 00bEKTa MpOLIe OTACIbHBIE OJIOKH, a HE OTAEIb-
HBIE JJIEMEHTHI 3THX OJOKOB. Tak MBI MOIXOIMM K HUdiCHel epanuye, 10 KOTOPOW JOXOIMT JeTaln3aius
IIPU CO3JIaHNM MaTEMaTHYECKOH MOEIN KOHTPOJIUPYEMOTo 00BeKTa.

B 10 xe BpeMsi mapamMeTphl CTPYKTYpBl 00BbEKTa JOIDKHBI KaK-TO OTPaXKaTh MPOTEKarolue B HuX (u-
3WYecKUe Mpolecchl. Toraa Ha OCHOBE M3BECTHBIX 3aKOHOB NPHUPOJBI CTAHOBHUTCS MOHSATHBIM U M3MEPEHHE
[IapaMeTpoB TIpoIecca, MPOTEKAIOIIET0 B 00BEKTE, U HACHTU(GUKAHUS eT0 CTPYKTYPHBIX IapaMeTpoB Ha OC-
HOBE M3MEPEHHBIX MapaMeTPOB Tpolecca.

[Ipu HexocTaTke U3MEPUTENBHON HH(OPMALIMHU IO HEMOCPEACTBEHHO U3MEPSIEMBIM B IIPOLIECCE ra-
THOCTHPOBAHMS BEJIMYMHAM BBITIOJHACTCS YKPYITHEHNE JJIEMEHTOB O0BEKTa M EPEX0 K €ro HOBBIM CTPYK-
Typam. [Ipn 3TOM MOHSATHO, YTO TUATHOCTHYECKHE TPH3HAKH HOBBIX CTPYKTYP B BHAE AMATHOCTHYECKUX
XapaKTePUCTUK OyAyT 3HAYMTENLHO CIIOXKHEE TUArHOCTHYECKHX IapaMeTpOB IMPEKHEHW CTPYKTYpPBL. IJTO
BBI3BIBACT OIPEICIICHHbIC TPYAHOCTH IPH HAXOXKICHUH JIOMYCKOBBIX rpaHul] HOBBIX I u oTciexuBaHus
B M3MEHEHUSX 3THX XapaKTEPUCTHK MIPU SKCIUTyaTallH 00BEKTa.

[Ipu ompenenenun gepxreii epanuysbl NeTANA3AMUN CTPYKTYPHl 00BEKTa KEJIaTeNbHO MONYyYUTh Ta-
KYIO CTPYKTYPHYIO CXEMy, KOTOpasi BKJIIOYAET 3JIEMEHTHI C MapaMeTpaMM, UMEIOIMMHU MIPOCTOH (u3nye-
CKHI CMBICIL. A TaKKe JUISl 9TOH CXeMBbI IOJDKHA OBITh TIPH AMATHOCTHPOBAHUH NOTyYeHa HEOOXOJuMast ISt
ueHTHQUKAIMH TapaMETPOB CTPYKTYpBI 00BEKTa M3MepHUTeNnbHas nHpopMarus. Toraa oTmagaetr HeoOXo-
JUMOCTh YKPYIHEHHsI B OAHY CTPYKTYpPHYIO €AMHUILY 3JIEMEHTOB pa3sHOH (U3MUECKOW MpUpOAbl (HampH-
Mep, PE3UCTOP U MHAYKTUBHOCTB), YTO 3HAUYUTEIBHO YCIOKHIET TUarHOCTUYECKYIO XapaKTePUCTHKY HOBO-
ro JII.

C napameTrpaMu CTPYKTYpbl 00BEKTa CBSI3aH BOMIPOC O pabdouux yHKYusx TAarHOCTUPYEMOTO 00b-
€KTa, KOTOpbIE OBLIH OIpeIeIeHbl KOHCTPYKTOPOM HM3JIENUsI Ha dTale ero MPOeKTUPOBaHUs. YiKe yIIOMUHA-
JI0Ch, 9TO paboune QYHKIUN MPEACTABISIIOT BEJIUIHHBI, CBSI3aHHBIC C MIPOTEKAIONIMMHU B 00BEKTE IpoIec-
CaMH.

Ecmu takoil ¢yHkuueil B 00beKTE 3JEKTPHUUECKON NPHPOIBI SBIISETCS MOLIHOCTb, BBLAEIIEMAs],
HaIrpuMep, B PE3UCTOPE, TO €€ MOKHO ONPEAETHUTh B BU/IE TIPOU3BEIICHNUS JIBYX I1ApPAMETPOB IEKTPHUYECKO-
TO IpoIecca: TOKa U HaNPSDKEHUSL.

Ecnmu paboueli pyHKIMER sBIsIETCS YK€ DHEPrusi, KOTopas CHUMAeTCsl WIM BBIACIIETCS B JaHHOM
3NIEMEHTE IeTH, TO K ABYM YKa3aHHBIM BEJIMYMHAM J00aBUTCS TpeTbs — Bpems. Toraa sta ¢yHkuus Oyner
OIIPEeNAThCSA KaK MHTETPANl OT YKA3aHHOTO IIPOU3BENICHNUS 110 BPEMEHH, €CIIN HMOABIHTErpalibHAs BEITMIHHA
He OyJeT MOCTOSTHHOM Ha MHTepBaJie HHTETPUPOBAHMSL.

U3 31X mpuMepoB yke BHIHO, KAKOE KOJIMYECTBO U pazHooOpaszue pabouux (yHKLIUN MOXKET pac-
cMaTpuBaThCs. M ¢ paccMOTpEeHHEM HOBBIX 00BEKTOB 3TO KOJIMYECTBO W MX CHEKTP OyIyT TOJIBKO YBEIH-
YUBATHCS M paclupsThes. [03TOMY K ONpeeNIeHH 0 KOJIMYECTBa U HOMEHKIIATY Pl pabounx (GyHKIUH cie-
OyeT TepexOoIuTh MOCie ONpeAesieHUs KOHKPETHOro OOBEKTa AMArHOCTUPOBAHUS, TaK KaK CO3JaHHe
aJITOPUTMOB TMATHOCTUPOBAHMS TPEOYET 3HAUNTEIBHBIX CPEICTB.

B To e BpeMms make IPH PacCMOTPEHUH aJITOPUTMOB AWArHOCTUPOBAHHSA B OOIIEM BHIE CIETyET
MPUHUMATh BO BHUMAaHHUE ellle OJUH Kiacc (PyHKUHH, KOTOpBIE ONpENeNuM Kak (yHkyuu b6e3onacnocmu
obbexTa. [lpu paccmoTpenun psita 00bekToB quarnoctupoBanus (O/]) MOKHO BBIAEIUTH B HUX TaKUE dJe-
MEHTBI CTPYKTYPBI, KOTOPBIC HE OKa3bIBAIOT CYIIECTBEHHOTO 3HAYEHHS HA BBIIOJIHEHNE OOBEKTOM Ompeie-
JICHHBIX Il Hero pabounx (yHkuuil. OJHAKO M3MEHEHUE MapaMeTpOB ITUX DIIEMEHTOB MOXET HPUBECTU
K CUTYaIllH, KOTJa PEKUM IITATHOTO (PYHKIMOHUPOBAHHS TOJDKEH OBITH OCTaHOBJICH BCJICICTBHE BO3MOXK-
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HBIX TSDKEJIBIX MOCIIECTBUHN KaK JJIsl cCaMOTro 00bEKTa, TaK U JUIS €r0 BO3MOKHOTO OKPYKEHHS, B TOM YHCIIe
U JIIOJCH.

JlommycTrM, B 3JEKTPUYECKON IEMU €CTh Y4YacTOK, MPEICTaBISIIOIINN ITapalljiellbHOe COSIMHEHUE
IByX U Ooiee pesuctopoB. Ecnu oHa U3 BETBe# 0kazajiach pa30pBaHHOMN, TO Yepe3 OCTABIIHECS PE3UCTOPHI
MOUAET TOK OOJIbIICH BENUYMHBI. DTO BO3MOXKHO HE OKaKET 3aMETHOTO BIIMSHHS HA BBHINOJHEHHE 00BEK-
TOM CBOMX pa0oumX (YHKIIHHA, OJHAKO IOMOIHUTEIHFHOE TEIUIOBBIACIEHHE B OCTABIIMXCS DJIEMEHTaxX 3a
CYET BO3POCIIETO TOKA MOKET MPHUBECTH K MTOJTHOMY Pa3phIBy ATOTO yYacTKa IIETH 3a CUET «IaBHHBI OTKa-
30B». B pe3ynbrarte nmony4um oTKas o Bcem padbounM GyHKIHAM 00bEKTa ¢ BO3MOYKHBIMH MOCIICJCTBHSIMH
UL OKPY’KaroIIUX OOBEKTOB. DTOT NMpUMEp IOKA3hIBAET, YTO B CTPYKType OOBEKTa AMAarHOCTUPOBAHMUS
JTOJDKHBI OTIPENIENSIThCS AIIEMEHTHI U COSMHEHNS, KOTOPBIE HTPAIOT POJIh «CIIad0To 3BE€HAY, OTKa3 KOTOPOTO
JIOJDKEH MPUBOAUTH K octaHoBKe O/], maske mpu mraTHOM QyHKIMOHHPOBAHHH.

Bosemem apyro#t npumep. [Ipy n3aMeHEeHUN COCTOSIHUS CBapHOTO IIBa Ha KAKOM-TO Y4acTKe TpyOo-
MPOBOJ/Ia MOTYT HE M3MEHSTHCS TTapaMeTpHI MpoIecca Mo IMepeMelleHHI0 BellecTBa B HeM. 1pyOornpoBoa
MIPH ATOM TIPOJIOJIKAET BBIMTOIHATH BO3JIOKEHHBIE HAa HeTo paboune PpyHKIWU (HampuMep, IO MPOITYCKHOM
cnocobnocTr). OTHAKO MpH JAJIbHEHIeH pasrepMeTH3anruy TpyOonpoBoia MOXKET BOSHUKHYTh aBapHitHast
00CTaHOBKa CO BCEMH BBITEKAIOUIMMHU MOCIEACTBUAMHU. [IOHATHO, YTO MOCie ee BO3HMKHOBEHHUS JaHHBIN
00BEKT HE pacCMaTPUBACTCS KaK HAXOIATITHICS B paOOTOCTIOCOOHOM COCTOSHUH.

[MogBenem wror M cienaeM CIEAYIOMIMN BBIBOJ: B MPOIECCE JAUATHOCTUPOBAHUS JOJDKEH BBIMOJ-
HATHCS KOHTPOJIb MAPaMETPOB CTPYKTYPHI, HE TOJIBKO CBSI3aHHBIX C pa0ouynMu (GYHKIUSIMHU O0BEKTa, HO H
CJIeyeT BHIMOJHITH KOHTPOJIb TEX MapaMeTpoB CTPYKTYPHI, KOTOPBIE CBsI3aHBI ¢ oOecniedeHneM Oe3omac-
HOCTH 00BEKTa ((hyHKyuu bezonacrocmi).

OtMeTHM, 4YTO B MocieHeM IpuMepe GYHKIUS 0e30IacHOCTH MPEACTaBISETCS CTPYKTYPHBIM Iapa-
METPOM 00BEKTa. ITOT MapaMeTp MOXKET KOHTPOIMPOBATHCS KaK JOMIOJHUTENbHBIA TUArHOCTUIECKHMA ITPH-
3HaK 00bekTa. MHave ToBops, B QyHKIUSIX OE30MMACHOCTH COYETAIOTCS BEMYHMHBI, CBA3aHHBIE KaK C mapa-
METpaMH MpoIecca, Tak U CO CTPYKTYPHBIMH MTapaMeTpaMu 00bEKTa, YTO TOBOPUT O HAJIMYMH TECHOM CBS3U
MEX]ly 3TUMHU BEJIMYMHAMHM IMPH JTUATHOCTHPOBAHUU. [Ipy MOCTPOCHUM METOMOJIOTHH KOHTPOJISI TEXHUYEC-
CKOTO COCTOSIHUSI paCCMaTPUBAIOTCS pa3HbIe MOAXOBI [5].

Onenka HHPOPMATHBHOCTH AHATHOCTHIECKHX H3MePeHHH
H IPOTHO3HPOBaHHE OCTaTOYHOrO pecypca

[Tpu mpoBeaeHNN IUArHOCTUPOBAHUS MCIIONB3YIOTCS H3MEPUTENLHBIE TPUOOPEI, a TaKke HHopMa-
IUOHHO-M3MEPHUTENbHBIE CHCTEMBI [0], arole pe3ysbTaThl N3MEPEeHHH ¢ KaKOH-TO morpemmHocThio. [Ipn
nepexose ¢ MOMOIIBI0 AUArHOCTUYECKUX MOJIeTIel OT HEMOCPEJICTBEHHO N3MEPSEMBIX BEIMUMH K KOHTPO-
JMPYyEeMBIM ITapaMeTpaM (IMarHOCTUYECKUM MpHU3HAKaM) K IMOTPEIIHOCTH Pe3yIbTaTOB HEMOCPEACTBEHHBIX
U3MepeHuid J0OABUTCSI KOMIIOHEHTA MTOTPEITHOCTH, CBSI3aHHAS C OTHM Iepexo10oM. BennunHa uToropoii mo-
TPELIHOCTH MPHOOpETaeT 0cod0e 3HaAUCHNE TIPH MPUOIKEHUH JUarHOCTHYECKOTO MPU3HAKA K CBOUM TIpe-
JIeTTbHBIM 3HAYEHUSIM, TIOCKOJIBKY B 3aBHCUMOCTH OT ITOJTY4YE€HHOH BEJIMYUHBI TOTPEITHOCTH 3TOTO MapameT-
pa MOXeT OBITh IOCTaBIE€H TOT WJIM WHOH JuarHo3. st Toro, 4toObl pazo0parThCs ¢ BEIWYHHOU
MOJTy4YaeMOl UTOTOBOM MOTPEUIHOCTH MAESHTU(UIMPYEMOrO AUATHOCTUYECKOrO MpU3HAaKa, HY>KHO YUYHUTHI-
BaTh MOTPEUIHOCTh H3MEPEHHUS ONPEICIIIEMOH ITPU ANAarHOCTUPOBAHUH BEJIMYUHBI U TPAHC(HOPMALIHIO ATOH
MTOTPEITHOCTH TpH Tiepexone K KoHkpeTHoMmy JIII oObekTa 1Mo ero quarHoCTHYecKoW Momenu. Ecmu mis
ompeneseHus 0gHOTo U Toro ke JI1 MoryT ObITh HCHONB30BaHBl M3MEPEHHSI PA3HBIX BEIWYHH, MTO3BOJISIO-
IIUX ONpPEAETUTh TEXHHYECKOE COCTOSHHE OOBEKTa, TO C YUETOM CKa3aHHOTO OyIyT MOJIy4aThCsl pa3HbIC
UTOTOBBIE IOTPEUTHOCTH B MPOILEAYpPE OLEHKU 3TOT0 AMArHOCTUYECKOTO MpH3HaKa. B urore Ml mpuxoaum
K BBIBOJIY, UTO M3 TIEPEUUCICHHBIX BO3MOXKHBIX U3MEPEHHUH KaKOTO-TO Ha0Opa BEIMYHH, U3MEPEHHE OTHON
BEJIMYMHBI [TO3BOJISIET NONY4nTh AaHHbIH JI1 ¢ MUHUManbHOM norpemHocThio. TakuM 00pa3oM, BO3HUKAET
HE0OXOIMMOCTh BO BBEICHUH TOTO WJIM HHOT'O YMCICHHOTO KPUTEPHS [7] AJIsl OLEHKH CTETIEHH MOJIE3HOCTH
JAHHOTO M3MEPEHUs JJIsl TIOBBIIICHUS! BEPOSTHOCTH NPABUIILHOW MOCTAHOBKH JMArHO3a O TOM WJIM WHOM
TEXHUYECKOM COCTOSIHUM 00BEKTa 0€30THOCUTEIBHO K TOMY, KaKO€ 3TO COCTOsIHHE (HarpuMep, pH BBIOO-
pe U3 ABYX BO3MOXHBIX: paboTocrocoOHoe, HepaboTocmocobHoe). s 3Toro BBOAUTCS MOHSITHE WHGOP-
MaTUBHOCTH KOHKPETHOTO M3MEPEHHs IIPH €ro MCIONb30BaHUM I HaeHTH(GuKkanun konkpetHoro /11 Ha
OCHOBE MOJTY4YEeHHON TUarHOCTHYECKON MOJEIHN 00BEKTA.

HNudopMaTHBHOCTh OTAENBEHOTO U3MEPEHUs JUIS IIeJIed IMarHOCTHPOBAHUS OOBEKTa ONpeNelsieTcs
KaK BEJIMYMHA, OLICHUBAIOIIAS! BEPOATHOCTH IPABUIIBHON IIOCTAHOBKH JHArHO3a O TEXHUYECKOM COCTOSHHU
00BEKTa 0 TMArHOCTHUECKOMY MPU3HAKY, ONPEeNICHHOMY T10 JJAHHOMY H3MEPEHHUIO.
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B kaduecTtBe KOJHMYECTBEHHOM OLICHKH I/IH(i)OpMaTI/IBHOCTI/I HU3MEPCHUA Npeajara€Tcsa HCIIOJIb30BaThb
k03 GuIMeHT NHHOPMATUBHOCTH, M3MEHSFOIUICS TaK K€, KaK U BeJIMYWHA BEPOSTHOCTH, B mpenenax ot ()
1o 1. Ommune 5Toro Ko PUIKMEHTa OT BEPOATHOCTH B TOM, YTO OH HE MPUBA3aH K OLICHKE BEPOSATHOCTH
TOTO WJIM WHOT'O MCXOJ[a MPU JUArHO3e TEXHHYECKOTO COCTOSIHUS 00bekTa. [IpakTuueckoe 3HaUCHHE BO
BBCJICHUHM TaKOW BEJIMYMHBI OOYCJIOBJICHO BO3MOXKHOCTBIO BBIOOpa Ha 3Tale MPOCKTHPOBAHUS OO0BEKTA
KOHTPOJIbHBIX TOYEK JUIS MOJAKIIOUYCHUS W3MEPUTENHHON anmaparypbl Ha 3Tare 3KCIUTyaTalldd 3TOTO Ke
00BEKTa C IEJIBI0 ONPE/ICICHUs] TUAaTHOCTHYECKUX MPU3HAKOB C MEHBIICH MOTPEIIHOCThIO, 4 MOCTAHOBKU
JIMarHo3a O COCTOSTHMU O0BEKTa 10 ATOMY MPU3HAKY ¢ OOJbIIEi BEPOSTHOCTHIO.

Ha ocHOBe npoBe/IeHHOT'O aHalIM3a BO3MOXKHBIX CHTYAIHid [4] MOXHO 3aKITIOYUTh CIIEIYFOIIee:

1. BeposTHOCTh MPaBHIBHOTO 3aKIFOUCHHS O TEXHUYECKOM COCTOSHHHM OOBEKTa B pAJC ClIydacB
OnpeacIA€TCd HE TOYHOCTBIO IMTPOBOJUMBIX I/ISMepeHI/II\/'I, a COOTHOLICHUEM MCKAY I'paHULIaMU ABYX WHTCP-
BaJIOB:

— MHTepBaa paboTOCIOCOOHOTO COCTOSIHUS;

— WHTepBajia, KOTOPBI YCTAHABIMBAET HEONPENEIICHHOCTh HM3MEPEHHOW BEIWYHHBI (B KOTOPOM
HAXOJIUTCS HEM3BECTHOE UCTUHHOE 3HAUCHUE).

2. O6 nHGOPMATHBHOCTH TOTO WJIA WHOTO JIUATHOCTHYECKOTO M3MEPEHHUS MOXHO CYIUTh IO BEIH-
quHe K03 huIneHTa HHHOPMATHBHOCTH, OTIPEACIIIEMOT0, HAIIpIMep, TI0 Gopmyte

P, —=|  A4|B,——
I _ 147 1i 2 i7" 2i 2 (2)
PIO—%H P;—l +1

0 0
rne £, P, — anpuopHble BEpOSTHOCTH HAXOXIECHUS 00BEKTa B TEXHHYECKH HCIPABHOM M HEHUCIIPABHOM
cocTosHWSIX; F,, P, — anocrepropHbIe BEPOATHOCTH HAXOXKICHUS 00bEKTA B TEXHUUECKH UCIPAaBHOM U He-

WCIIPaBHOM COCTOSHUSX TIO Pe3yJbTaTaM i-TO U3MEpeHus; A; — HOPMHUPOBOUHBIA KOI(PPHUIMEHT, KOTOPHIi
MEPEBOJUT BEIMYMHY HH(POPMATUBHOCTH [ -T'O JIUATHOCTHMYECKOTO H3MEPEHUsS B MHTEpBaJl 3HAUCHUU
0<7 <1.

Onpenensromnieil BennanHol B Gopmyiie (2) sBIseTCS CTENEHb OTKIOHEHHS BEPOSTHOCTH HaXOXKJe-
HUS B pabOTOCIIOCOOHOM COCTOSTHUHM WIJIM BEPOSITHOCTH JIJISl IbTEPHATUBHOTO cocTostHus oT 0,5 mpu Hamu-
YUH JBYX BO3MOXKHBIX THIIOTE3 O TEXHUYECKOM COCTOSTHHH.

Bo3MmoxHBI 1 Apyrue OLeHKH BenuduHbl MHGopMaTuBHOCTH [;. [l 3Toro B koadduuueHt 4; Tpe-

OyeTcst BBECTH JOTOJHHUTEIBHYIO HH()OPMAIIMIO O COOTHOIIECHUSIX MEXKIY UIMHAMH HHTEPBAJIOB 3HAUCHHI
JUAarHOCTUYECKOTO MapaMeTpa, AOMYCTHMBIX U1 pab0TOCIOCOOHOTO (TEXHUYECKH HCIIPABHOTO) COCTOSIHUS
Y MHTEepBaJia HEONPEAEICHHOCTH ISl 3TOT0 IapaMeTpa Mo pe3ysbTaTtaM TOTO WM MHOTO JTHArHOCTHYECKO-
IO U3MEPEHNS WIN MEXIy TPaHUIAMH YKa3aHHBIX HHTEPBAJIOB.

3. CyIecTBeHHBIM MOMEHTOM MOKHO CYHTATh PACCMOTPEHUE MaKCHUMAILHOW BEIMYHHBI ITOTPEIIHO-
CTH M3MEPEHHUS] Ha OCHOBE TOTO WJIM MHOTO 3aKOHA PACIpeAeICHUs BEPOSTHOCTU CIy4ailHON BENUYHHBL
Oco0eHHO Ba)KHO 3TO B TOW CHTYallMH, KOT/Ia 3HaYEHHE M3MEPEHHOH BEJMYMHBI MPUOIIKACTCA K TPaHH-
aM MHTepBajia 3HaYCHUH Napamerpa, JONMYCTHUMBIX JJISi UCTIPABHOTO COCTOSHHS JJIEMEHTa WIH OOBEeKTa.
Torna noBeIaeTCs BEPOSITHOCTH MOSIBIIEHHUS OIIMOOK MEPBOTO U BTOPOTO PoJa.

BennmunHa nHGOPMATUBHOCTH JAMArHOCTUYECKOTO M3MEPEHHs OLIEHHBACTCS MO 3HAYCHUIO KOdPH-
ueHTa HHHOPMATHBHOCTH, KOTOPHIN BRIYUCISAETCS, HapuMep, o Gopmyire (2) 1 U3MEHIETCS B HEKOTO-
POM Iuarna3oHe noJokuTenbHbIX 3HadeHui (0; 1). Kak 0buto oT™MeueHo, ko duuueHt 4; B hopmyre (2) —
HEKOTOpPBIH HOPMHUPOBOYHBIN K03 duuument. Ecian oty dopmyiny moauduimpoBars, TO €€ MOKHO IpHUMe-
HUTH JJIS1 33/1a4¥ IPOTHO3MPOBAHUS OCTATOYHOTO pecypca KOHTpoimpyemoro obObekrta. [Ipm stom s
ompejeNieHuss BEeTHMYUHB WH(pOpMaTHBHOCTH (KO3 dunreHTa WHPOPMATUBHOCTH) H3MEPEHHH BMECTO
¢dhopmysl (2) mpemaraercsi UCHOIb30BaTh Gopmyy (3)

4 A.~‘Pl.—1‘
p*li i o)
[=— 1 <l (3)

1

B KOTOPOH K0dpdunnenT 4, (ko3 GULHEHT NIPOrHo3a) pacCUUTHIBACTCS M0 GopMyJie
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4,=1-b|R-R"|/A. (4)

B dopmyne (4): A — oguH U3 IBYX BO3MOYKHBIX JIOITyCKOB Ha 3HaUYECHHE KOHTPOJIUPYEMOTO TTapameT-
pa (BepxHuii monmyck A’ HkHUM gomyck A”); R — HOMMHAIBHOE 3HAYEHME, 3aJaABAEMOE IS M3MEpse-
Moro napamerpa R; b, — koaddumuent, 3anaBaemslii B npenenax 0,5<bh, <1.

ITpu IPOTHO3UPOBAHUN TEXHUIECKOTO COCTOSIHUSI MOTYT UCIIOJIb30BATHCS U APYTHE MOAXO0bI [8].

MoaeAnpoBaHHe BO3MOXKHBIX Ae(PEKTOB CTPYKTYPHBIX IA€MEHTOB 00'beKTa
H TOIIOAOTHYeCKHe H3MEeHEeHHsI MaTeMaTHIeCKOH MOAEAT

Panee paccMoTpeHHBIE BOITPOCH OTHOCHIIMCH K TAKUM 33JadaM TEXHUYECKOH THAarHOCTHKH, KaK KOH-
Tposb Texandeckoro coctossHus (KTC) o0bekTa m MpOrHO3MpPOBaHHE €ro OCTaTOYHOro pecypca. B Tom
ciydae, ecnu 1o pesyibrataMm KTC oOBeKT HaXOAUTCS B TEXHUYECKH HEUCIIPABHOM (HEpaboTOCIIOCOOHOM)
COCTOSIHMH BO3HWKAeT HEOOXOIWMOCTh B PEIICHHUH €IlIe OJHOW 3aJadd: MOWCK HEHUCIPABHOCTU. B maHHOM
METOJIOJIOTHH JIJIsl PEIIeHHs 3TOM 3a7adu MpejyiaraeTcs UCIOIb30BaHNE CEMEWCTBA MaTeMAaTUIECKHX MO-
JeNieil KOHTPOIMPYEMOTo 00beKTa Ul MPOBEACHUS WMHUTAMOHHOTO MOJCIUPOBAHUSI BO3MOXKHBIX HEHUC-
paBHOCTEH. J[1s1 00BEKTOB AJEKTPOTEXHUYECKOro HazHaueHus [9—12], KOTOpbIe pacCMaTPUBAIKCH B JIaH-
HOM paboTe, BHECeHHE AeEeKTOB BBHIMTOIHSIIOCH ITyTEM MOJIEIHPOBAHNS BO3MOYKHBIX Pa3pbIBOB U KOPOTKUX
3aMBIKAaHUI MEXIy OTAETbHBIMU AJIEMEHTAMH HCXOJIHOW CXEMBI JJEKTPUUYECKON LEMH KOHTPOIUPYEMOTO
o0bekTa. B pesynbraTe TaKOro M3MEHEHHMs CBA3EH MEXKAY DIIEMEHTaMH CXEMbl M3MEHSUIACH TOMOJIOTHUS
AIIEKTPUYECKOW Henmu. DTO OTPaxaloCh NPU MOCTPOCHUH TOIOJIOTHYECKOro rpada HOBOHM IeNd M, Kak
CJIEZICTBHE, HA OCHOBE 3aKOHOB Kupxroda, m3meHsiace MaTeMaTnieckast MOJIeTb 00bEKTa, IO KOTOPOH MpH
3aJJaHHBIX HOMUHAIIGHBIX BXOJHBIX BO3JCUCTBUSAX OLIEHUBAIOCH U3MEHEHHE pabounx (QYHKIUN U (QyHKITHHA
Oe3onacHocTy oObekTa. [lyTeM mepebopa BO3MOXKHBIX HOBBIX CBSI3€i MEXIY OTIEIBHBIMH YacTAMH KOH-
TPOJIMPYEMOTO O0BEKTa M BOBMOKHBIX Pa3pbIBOB MEXY MCXOIHBIMU CBSI3SIMH CO31a€TCsI CEMEHCTBO MaTe-
MaTHYECKHAX MOJIENeH, U3 KOTOPOTrO TOJIBKO HEKOTOpas 4acTb MMEET MPaBO Ha PACCMOTPEHHE TPH MPAKTH-
yeckod peamm3anud. Jns 9TOM YacTH (UKCUPYIOTCS 3HaueHUs pabouymx (QYHKOHUH, KOTOpEIE
paccMaTpuBarOTCSl MPH MOMCKE BO3MOXKHBIX jAedekToB. [Ipu mporpaMMupoBaHHM ajIropuTMa MOWUCKA BCS
3ajjaya CBOJUTCS K BBEICHHWIO B NpOrpaMMy Ha0Opa MaTpuI] TJIaBHBIX CeYeHUH (MU WHPOPMAIMOHHBIX
MaTpHIl) W MPOBEJEHUIO BAPHAHTHOTO pacueTa AIEKTPUYECKOH Ienu ¢ pa3HbIMH MaTpPHUIAMH, YTO TIpe-
CTaBIISIET HE CIIOXKHYIO 3a]1a4y IpU HaJIMYUH COOTBETCTBYIONIEH nporpamMmsl. [ist morcka aedeKkTHBIX 3ie-
MEHTOB MOKET PacCMaTpUBAThCS PS APYTHUX T0ax010B [13].
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TEXHUYECKUE CPEACTBA 3ATIIUTHI UTH®OPMAITUOHHO-U3MEPUTEABHOM
CHUCTEMbBI IIOBEPKH KNAOBOABTMETPOB

A. C. Uabun

IleH3eHckuil rocyqapcTBEHHBIN yHUBEPCUTET, [lensa, Poccus
HayuHo-mccnenoBaTenbCKuit HHCTUTYT JIEKTPOHHO-MEXaHIHIECKUX mpruoopoB, [lensa, Poccus
aalexeiil@mail.ru

AHHOTAUMA. AKmyanvHocms u yeau. AKTYanbHOCTD pa3pabaTeiBaeMOil HH(POPMAIIHOHHO-HU3MEPHUTEINBHON CH-
CTEMBI JUIsl TIOBEPKH KHJIOBOJIBTMETPOB ONPEAEISIETCS TIOCTOSIHHO PACTYIIMMH TPeOOBAaHMUSAMH K MOIECPHU3AIMU U CO-
BEPLIEHCTBOBAHUIO METPOJIOIMYECKOr0 OOECHeueHNs] HOBBIX CPEICTB M3MEPEHUIl BBHICOKMX HarpspkeHui. OnHako,
KpoMme oOecrieueHHst TpeOyeMbIX METPOJIOTHYECKHX XapaKTEPUCTHK, BO3HHKAET HEOOXOIMMOCTh obecredeHust pabo-
TOCHOCO6HOCTI/I CUCTEMbI IIpU BO3HHUKHOBCHUHN IBJICKTPUUCCKUX Hp0606B H30JII0UH ueneﬁ BBICOKOI'O HAIpsAXKCHUA,
a TaKXKe 3alUThl TIEpCOHANIAa OT MOPaKEHHs EKTPUIECKUM TOKOM. PaccMOTpeHbI TeXHHUECKUE MEPONPHUTHS, Kaca-
IOIIMECS HAJIS)KHOCTH M 0€30MacHOCTH MH()OPMALMOHHO-U3MEPUTEIBHON CUCTEMBI AJIsl TOBEPKH KHIOBOJIBTMETPOB.
[lenpro paboOTHI ABISIETCS O3HAKOMIICHHE C PE3yJIbTaTaMU pa3pabOTKH yCTAaHOBKH Ul MOBEPKU KHIIOBOJIBTMETPOB
VIIK-30IIT, a Takxe onucanne GyHKIIMOHUPOBAHUS 3aIIUTHI OT pa3pyLICHI MPH BOSHUKHOBEHUH YJIEKTPUUECKHUX
IpoO0eB M MepCoHalla OT MOPAKEHUS SIEKTPUIECKUM TOKOM. Mamepuansl u Memoosi. s peneHns JaHHOH 3a1a-
YH HCHOJIb30BAIKMCH TPEOOBAaHUS HOPMATHBHO-TeXHNYEeCKHUX ToKyMeHTOB 'OCT 12.3.019-80. Pezyromamei. B xone
paboThl pa3paboTaHa cHUCTEMa 3alIUTHl ITIEPCOHANA OT IIOPAKEHHS DIEKTPHUYECKHM TOKOM HH(POPMAIOHHO-
W3MEPHUTENBHON crcTeMbl I moBepku KuitoBosibTMeTpoB YIIK-30I1T u noBblieHa HaIe)KHOCTh TIPH paboTe Ha BbI-
COKOM HaIlpsKeHHH. Bbigoowl. [lonoxurenbHble pe3ysbTaTbl padoThl OTKPHIBAIOT MEPCIEKTHBY CO3JAHUSI CUCTEMBI
3alllMThl JId MaﬂOFa6apl/lTHbIX U aBTOMATU3UPOBAHHBIX I/IH(l)OpMaIJ,l/lOHHO-I/I3Mepl/ITeHI)Hle CHCTEM C pa6quM1/1
HanpspkenussiMu 70 100 kB u 6onee.

KnroueBble c10Ba: BEICOKOE HANPSDKEHHUE, 3IEKTPOYCTAHOBKA, HaAEKHOCTD, 3aIlUTa, yIIPABICHUE, dJIEKTpHYe-
cKasi OJIOKHPOBKA

s uurupoBanus: Uneun A. C. TexHudeckne cpeacTBa 3aIIUTH HHGOPMALHOHHO-U3MEPUTEIBFHON CHCTEMBI TTOBEPKH
KUII0BONIbTMETPOB // HamesxHOCTh 1 KadecTBO ciioxHbIX cucteM. 2021. Ne 2. C. 70-77. doi:10.21685/2307-4205-2021-2-7

TECHNICAL MEANS OF PROTECTION INFORMATION-MEASURING SYSTEM
CALIBRATION OF KILOVOLTMETERS

A.S. Ilin

Penza State University, Penza, Russia
Scientific and Research Institute of Electronic Mechanic Instruments, Penza, Russia
aalexeiil@mail.ru

Abstract. Background. The relevance of the developed information and measuring system for calibrating kilo-
voltmeters is determined by the constantly growing requirements for the modernization and improvement of the met-
rological support of new high voltage measuring instruments. However, in addition to ensuring the required metrolog-
ical characteristics, it becomes necessary to ensure the reliability of the system in the event of electrical breakdowns
in the insulation of high voltage circuits, as well as to protect personnel from electric shock. This article discusses
technical measures regarding the reliability and safety of the information-measuring system for checking the kilo-
voltmeters. Materials and methods. To solve this problem, the requirements of the normative technical documents
GOST 12.3.019-80 were used. Results. In the course of the work, a system for protecting personnel from electric
shock was developed for the information-measuring system for checking the UPK-30PT kilovoltmeters and the relia-
bility was increased when operating at high voltage. Conclusions. The positive results of the work open up the pro-
spect of creating a protection system for small-sized and automated information-measuring systems with operating
voltages up to 100 kV and more.

Keywords: high voltage, electrical installation, reliability, security, management, electrical interlocking
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Co3nanue U MUpOKoe NPUMEHEHHE B MOCTIEJHNE TO/IbI HOBBIX CPENICTB M3MepeHni BrIcOKuX (10 30 kB)
HanpspkeHui kmaccoB 1, 0,5 % BBI3BaJO HACTOATENBFHYIO HEOOXOOUMOCTH MOJCPHHM3ALMH M COBEPILEH-
CTBOBaHMS HE TOJIBKO UX METPOJIOTMYECKOro 0OECleUeHUs, HO U MOBBILICHUS HAJAEKHOCTU pabOTHl IpU
BO3HMKHOBEHHMH aBAPUHUHBIX CUTyauuil (IIpo0OsSX M30JILMU U LEISX BHICOKOTO HANPSDKEHMS), a TAKXKE CO-
BEPUICHCTBOBAHME CHCTEMBI 3aIIUTHI 00CITY)KUBAIOIIETO IEPCOHala OT OPAXKEHHUS JCKTPHUECKIM TOKOM.

AHanu3 HOPMaTHBHO-TEXHUYECKOW JINTEPATyphl MO3BOJIMI BBIICIUTH PSIl TEXHUYECKUX PELICHUH,
KOTOpbIE OBLIM PeaIn30BaHbl B HHPOPMAIIMOHHO-U3MEPUTEIILHON CUCTEME JUI [TIOBEPKU KHMJIOBOJIBTMETPOB
VIIK-30IT (MUC). Crpykrypa komiuiekcHOH 3amutbl UMC moBepkH KWIIOBOJIBTMETPOB H300pa)keHa
Ha puc. 1.

KOMNABKC MeXHUYeCKUX
cpedcmb 3owumsl MAC

3awuma 3owuma
odopydobarus nons3obamens
no MoKy n[ll]EI'I'IDElHEIT]EIEHHUE pﬂBﬂEﬂEHLIE

pado4ezo noAa U 30HL onepamopa

3awumHoe ozpaxdeHue

N0 HONPSXEHUID (30WUMHBIL 3KpaH)

N0 MOW(HOCMU 30WUMHOEe 303BMABHUR
om owudok ONepamopa
{npuknadHoe M0) OAnKIpoAKY
ucno/Ab3obadue 3neMeHmob 3auiuma om oCMamoYHbIX
BbiCoKoU HoOexHoCMU HONPAXEHUL

Puc. 1. Crpykrypa xomiuiekcHo# 3amutsl MM C noBepky KUIOBOJIBTMETPOB

Kommieke Texuudeckux cpencts 3amuthl MAC noapasaensercs Ha CpeacTBa 3aluUThl 000PYI0BaHHUS
(cromberr 1), obecnieunBaromue padorocrnocobHocts MUC, U cpencTBa 3ammThl moiib3oBatels (crondery 2),
obecrieunBaromye 6e30MacHOCTh PabOTHI IMOTb30BaTENS [1].

3amuTa 000pYI0BaHUS BKJIFOUACT 3aIIUTY: TIO0 TOKY, HAIIPSHKEHUIO, MOIITHOCTH, OT OIIUOOK OIepaTo-
pa (B mpuxnagaaom I10), a Takxke O6raroaps KCIOIb30BAHUIO SJIEMEHTOB BHICOKOH HA/IC)KHOCTH.

3amuTa 0 TOKY, HANPSDKEHHI0 H MOITHOCTH

B cootercTBum ¢ TpedoBanmsamu ['OCT IEC 61010-2014 3amuTa momkHa [2, 3]:

— npu K3 uckimrouats mepexojl B peXUM OTpaHHYEHHS TOKa U 00s3aHa MPOM3BOAUTH OTKIIIOUEHHE
BBICOKOTO HANPS>KEHUS;

— TIpU BO3HUKHOBEHHH TEPEHAIIPSHKCHIH 10 BRICOKOBOJIFTHOMY BBIXOAY OCYIECTBIISATEH BEIKITIOUCHH-
€M PEryJIMPYIOIIUX 3JeMEHTOB. [Ipyu 3TOM MOXKET OBITh JOMOJHUTEIILHO YCTAHOBJIECH Pa3psIHUK, KOTOPBIH
BKJIFOUACTCSI MEXK/Ty BBICOKOBOJIBTHBIM BBIXOZIOM M KOPITYCOM 0JIOKA;

— IpY BBIJIEJICHUH B BHICOKOBOJBTHOH Iiern dHeprun 6onee 10—-100 [k mpon3BOAWTE OTKIIIOUYEHHE
BBICOKOTO HAIPSDKCHUS.

JIJ1s 3aIMThl CUCTEMBI 10 TOKY, HAIMPSDKEHUIO M MOILTHOCTH BBIOpaH Maora0apuTHBIA BBICOKOBOJIb-
THBIA UCTOYHUK HanpshkeHust QupMbl Spellman, KOTOpPEI HMeeT 3alIuTy 10 YKa3aHHBIM IapaMeTpam, HO U
BO3MOYKHOCTh TTOJKITIOUEHUS OIOKUPOBKH.

TokoBas 3a1uTa BBIIIOJHEHA C UCIIOJIb30BAaHUEM KOHTYpPa CTA0MIIM3AlKHU 110 TOKY (PeXHM CTaOWIH-
3anuu Toka). OrpaHUYEHUE TOKA WM €ro CTa0MIIM3alus Ha 3aJaHHOM YPOBHE OCYIICCTBISICTCS ITyTEM
cpaBHeHus curHana OC ¢ ynpasisiFOIIIM TOKOBBIM CHTHAJIOM. B peknMe cTaOWivM3alii TOKa BBIXOTHOU
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TOK MCTOYHHKA OTPAaHUYMBAETCS JIO 3a/JIaHHOTO YPOBHS JaXKe B Cliydae MPOJIOJIKUTEILHOIO KOPOTKOIO 3a-
MBIKaHHS Ha BbixoJle. B manHOM pexkume 070K nmuTaHus paboTaeT Ha MaKCUMAJILHO JIOIYCTUMOM IS HETO
MOITHOCTH [4].

JloTIOTHUTENBFHO pealn30BaHa 3allyTa 10 BXOJIHOMY ONOPHOMY HampspkeHuro. [Ipu BO3HUKHOBEHNH
MEPETPy30K C IMOMOIIBI0 TPAH3UCTOPHOM ONTOMApHI MPOUCXOTUT 3aMBIKAHHE BBIBOJIA HA HYJIEBYIO IIUHY
nutanus 0 B. Biarogaps ueMy mpeBbIIIeHHE ONMOPHOTO HANPSKCHHUS MPOU3BOJUT OJIOKMPOBKY UCTOYHHKA
1 OTKJIIOYCHHE BHICOKOTO HAITPSKEHUS.

Ecnm MoIHOCTS Harpy3KH MPEeBBIIIAeT BRIXOAHYIO MOIITHOCTh UCTOYHMKA MUTaHus (00brdHO Ha 5—15 %),
TO cpabaThIBaeT 3alIuTa 0 MOITHOCTH.

3amnTa B MIPHKAAAHOM NPOrpaMMHOM obecneuennu

B xadectBe 01HOM U3 Mep 1O 0OecIeYeHn0 0€30MaCHOCTH CUCTEMBI CIIY)KHUT IPOTrpaMMHOE o0ectie-
YeHUeE, SBIAIOLIEECs YIPABISIOLIEH MPOrpaMMO.

I'OCT P MOK 61508-3-2012 tpebyeT 010KHpPOBATH MPOIECCHI BBIMTOIHEHMS 3a/1a4 (OCTAHOBKA BBI-
MIOJTHEHUSI IPOTPaMMBbl) B cllydae OIIMOOYHBIX JASHCTBHHI onepaTopa [5, 6].

[Ipu ncrionp3oBanuu [1K B mporpamMmMe yrpaBieHHsT pean30BaHbl OJJOKHPOBKH OT OMIMOOYHBIX JCH-
CTBHUIl omeparopa, a TaKKe aBapuHHOE PYYHOE M aBTOMATHYECKOE OTKIFOUYEHHE BBICOKOTO HAINPSIKEHHS.
B kauecTBe py4HOTO OTKJIIOYEHHUS BHICOKOTO HampshkeHus B [10 mMmeeTcss KHOIMKA aBapHIfHOTO BBIKIIOYC-
Hus Beicokoro HanpspkeHust «OCTAHOBUTD».

[1O mpemycMarpuBaeT 3aluTy B ciydae HEBEPHO 33JJaHHOTO YIPABISIONIETO HAMPSHKEHUS IS HC-
TOYHHKA BBICOKOTO HampspkeHus. [ obecriedeHns 0e30macHOCTH Tpy paboTe ¢ BHICOKHM HAIPSKEHUEM
MoCie KaXKA0H KOHTPOJBHOM TOYKH MPEIyCMOTPEHO OTKIIOYEHHE BHICOKOTO HANpsDKEHUs Mepexo] ycTa-
HOBKH B PEXHUM OXKUaHUSL.

IJAeMEeHTHI HAAEKHOCTH

Hanmnuume ocTpbIX BBICTYNOB Ha MOBEPXHOCTU 3JEKTPOIOB, BHICOKOBOJBTHOW IIMHE M OOJTOB MOA-
KITIOYEHHUSI MOTYT CO3/1aBaTh MECTHBIE MCKaXEHHS JJIEKTPUYECKOTO TOist. BenencTBue dwero cymiecTByeT
0oJIbIIast BEPOSITHOCTH MPEXKIEBPEMEHHOTO KOPOHUPOBAHUS M TIOTEPH dHEPTuu. [ mpeoTBpalieHus mo-
BBIIICHUS HANPSDKEHHOCTH DJIEKTPUYECKOTO MOJI1 M BOSHUKHOBEHHUSI KOPOHHOTO pa3psaa Ha paboueM moJe,
[IMHA BBICOKOTO HAINpPsDKEHUSI, AIEKTpoabl o0pasiosoro JJHB, a Takke GOJITH MOIKIIOUEHHS BHICOKOBOJIb-
THBIX TIPOBOJIOB UMEIOT IIIIIMHAPHUIECKYIO (hOpMY € OOIBITUM PaAHyCOM 3aKpyTICHUS.

Wzomsiniss  TOKOBEMyIIMX 4YacTed SJEKTPUYECKOrOo OOOpYAOBaHUS YyBEIUYHBAET O€301acHOCTb,
a TaKXke HaJeKHOCTh PabOTHI 3JEKTPOYyCTaHOBOK. ObecrieueHne HaeKHOCTH M30JISIIUU JOCTUTaeTCsl Impa-
BUJIBHBIM BBIOOPOM €€ Marepuaia U reoMeTpuu (TojuHa, (opma), 00yCIOBIESHHONW B MEPBYIO OYepeib
3HaYeHHeM padouero HanpsHKeHUS U KOHCTPYKIHEH 000pyI0BaHHUA.

ToxoBeaymas MIYHA WIK OIMHA BRICOKOTO HANPSDKEHUS MpeAHa3HaueHa IS TIOKIF0YeHUST UCTOYHH-
Ka BBICOKOTO HaIpsKeHHs1 M 0ObeKTOB Harpy3ku. lllnHa BbINONHEHAa B BUAE MEIHOIO METAIIMYECKOTO
NpyTKa, HAXOMSAIETOCs BHYTPU JUAIEKTPHUYECKON TPYOBI, KOHIIBI KOTOPOHM 3aKPEIIeHbI K BHYTPEHHHM I10-
BEPXHOCTSAM OOKOBBIX CTEHOK KaMepbl. B kadecTBe Marepuaina AUIIEKTPUIECKON TPyObl BEIOpAaH MOIUMED.
J1s oBBIIIEHNS] HAJIE)KHOCTH KOHCTPYKIIUU MEXIy TpyOOl W BepXHEll CTEeHKON KaMephl YCTaHOBIICHBI JBE
JUDIIEKTPUUECKUE PACTSIKKH.

HcTouHNK BBHICOKOTO HANPSKEHUS, SIBIISIIOIIMIACS YacThbl0 CHCTEMBI, UIMEET W30JIMPOBAHHBIN BBICOKO-
BOJIETHBIA TIPOBO/T ISl MOJKITIOYEHHS K TOKOBEAyIIeH MrHe. BRICOKOBONIBTHBIN MPOBO MCTOYHUKA TIPE-
CTaBJISIET COOOM XMy (THOKas JIyKeHass MeTHas MPOBOJIOKA), TTOYIIPOBOSIIHKA CIIOH W BHEITHIOIO OCHOB-
HYTO H30JISIHMIO (CHIIMKOHOBAs PE3UHA).

Takxe K TOKOBeIyIlleH IINHE KPEMATCS KOHLBI JBYX BBICOKOBOJBTHBIX IPOBOJAOB, COEAMHSIOLINX
HIMHY C BBICOKOBOJIFTHBIMH BBOJIaMHU 00pa3lOBOro JEIUTENs] HAPSHKCHUS! BBICOKOBOJIBTHOTO M TOBEpsie-
MOTO JETHUTENS HaNpsOHKEHHs BBICOKOBOJIBTHOTO. B mpomecce paboThl BHIOpaHBI CHIIMKOHOBBIE BBICOKO-
BOJIETHBIEC TIPOBOJIA, TPUMEHSIEMbIE B BHICOKOBOJIBTHBIX HCIIBITATENBHBIX YCTAHOBKAX M MO3BOJISIONINE BbI-
nepxkuBath HanpspkeHus 10 100 kB.

3amuTa Moap30BaTeNsl MPEACTABIAET KOMIUIEKC TEXHUUECKHUX CPEJICTB 3alUThl IpU paboTe ¢ BBICO-
KHM HampsHKeHHEM W OTHOCHTCS HETOCPEICTBEHHO K OEe30MMacHOCTH CHCTEMBI. YUYHUTHIBAsS MpaBWiIa IO
OXpaHe TpyJa IpH dKCIDTyaTaliu dJIeKTpoycTtaHoBoK U TpeboBanus ['OCT 12.3.019-80, pabora ¢ Hamps-
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skenueM Beime 1000 B momkHa TPOBOIUTHCS MPU HAJTUYHMH 3aIIATHBIX OTPAXKACHUNA pabovero mojs C Hc-
MTOJTP30BAHUEM 3aITUTHOTO 3a3eMJICHUS, DJIEKTPHICCKUX OJOKUPOBOK, W3OJISAIIMH TOKOBEIYIIMX YaCTEH,
CBETOBOI U 3ByKOBOI MHAHUKAIMH.

3ammTa IMOJIb30BaTeNs BKIIIOYACT B Cce0s: MPOCTPAHCTBEHHOE pas3jieliecHue pabodvero IoJisi U 30HBI
oreparopa, 3allUTHOS OrPa)KJICHUE, 3alIUTHOE 3a3eMIICHHE, OJIOKMPOBKY, 3allIUTy OT OCTATOYHBIX 3apsj0B
BHYTPH OTPaXKICHUS.

IIpocTpancTBeHHOE pa3speAeHHe Pabodero MoAsi H 30HbI OIlepaTopa

B nensix 6e30MacHOCTH CHCTeMa ACIUTCS Ha HU3KOBOJIBTHYIO (30Ha OMepaTopa) U BHICOKOBOJIBTHYIO
(pabouee moJie) YacTy.

30Ha omeparopa MpeCTaBiIsIeT co0oi paboyuee MeCTO MepCOHANa U COCTOUT U3 YeThipex 070Kko0B: TTK,
06pasnoBoro 1udGpPoBOro BOJIBTMETPA, MU(POBOTO BOJLTMETPA MOBEPAEMOTO ACTUTENS HATPSKECHUS BbI-
COKOBOJIBTHOT'O M PETYJIHPYEMOT0 HCTOYHHUKA OTIOPHOT'O HATIPSKCHUSL.

BbICOKOBOJIbTHAS YacTh YCTAHABJIMBAETCS Ha pabodyeM I10Jie U COCTOUT M3 JBYX OJIOKOB: yIpaBJisie-
MOT'0 MCTOYHHKA BBICOKOTO HAIPSIKEHHUS, 00Pa3IOBOr0 JEIUTES HANPSHKEHUH M MOBEPSIEMOrO JICITUTEIS
HAIPSHKEHUH BBICOKOBOJIBTHOTO.

3amuTHOE OrpasKkpAeHHe

3alUTHBIE OTPaXACHUS MPUMEHSIOTCS ISl 3aIUTHI OT MPSMOI0 MPUKOCHOBEHUS K TOKOBEAYILIUM
YacTAM WM NPHONIKEHHs] K HIM Ha omacHoe pacctosiHue. Orpak/ieH!s] MOTYT OBITh BBHITIOJIHEHBI B BUJIE
o0oiouek, 6aprepoB, KaMep WM OTIEIbHBIX TIOMEIICHUH.

Jusa pacemarpuBaemoit UMC paspaboraHa v BBIIONHEHA SKpaHUPOBaHHAS M3MEpPUTENbHAS KaMepa,
MpeHa3HAYeHHAs U OTACICHUS JJIEKTPUUIECKUX Iene W/MiIN TMPOBOJHUKOB OT OMACHBIX TOKOBEIYIINX
YgacTel ¢ TIOMOIIBIO AIEKTPUIECKOTO 3alIUTHOTO dKpaHa, IPUCOESIMHEHHOTO K CHCTEME 3allUTHOTO ypaB-
HUBAHUS TIOTEHIIMAJIOB M MPEIHA3HAYCHHOTO JJIs1 00SCICUEHUS 3allMThl OT MOPAXKEHHUS DIICKTPHUESCKUM TO-
koM. KaMepa BBINIOJIHEHA B HACTOJIBHOM HCIIOJHEHHU M MPEACTABISCT COOOW SIEKTPUYCCKHNA 3allUTHBIN
JKpaH.

C nuieBoi CTOPOHBI KaMephl (i1 y100CTBa SKCILTyaTaI[lK ) UMEIOTCS JIBEPH, U3TOTOBJICHHBIC U3 ME-
TAJTMYECKO CeTKH, JUIS YCTAHOBKHM M HAGIIIOICHHS 33 [IOBEPAEMBIM YCTPOHCTBOM .

B cootBerctBum ¢ 1. 5.6 'OCT 12.3.019-80 pacmonosxeHue IMHUHBI BBICOKOTO HAIIPSKEHUST BEIOPAHO
TaK, YTO PACCTOSHUE MEXy IIMHOW M METAJUIMYECKUMH YacTAMHU KOpIyca W JPYTHUX 3a3eMIICHHBIX dJie-
MEHTOB — He MeHee 0,5 M JI UCIIBITATENbHOTO HANPSKEHUS TOCTOSHHOTO ToKa 30 kB,

HcTouHNK pacmonoxkeH Ha HeIOCSIraeMOM ISl IPUKOCHOBEHHS OIEPaTOpOM YPOBHE B MPOIECCE
JKCIUTyaTallid YCTaHOBKH. B IeHTpe KaMepsl ¢ yueToM 0e3omacHoro pacctosHus 0,5 M yCTaHaBIMBAIOTCS
00pa31ioBbIil 1 oBepsiembii JJTHB.

Bce HU3KOBOJBTHBIC CUTHAIBHBIC W 3a3€MILIONINE TPOBOA, PACIOIOKECHHBIE B DKPAaHUPOBAHHOU
HU3MEpUTEIHHON KaMmepe, YI0KEHBI B KaOeTb-KaHaIIbI.

3amuTHOE 3a3eMACHHE

3azemMileHHEeM 3JIeKTPOYCTAaHOBKH HA3BIBAIOT MIPEeJHAMEPEHHOE IIIEKTPHUECKOE COeNNHEHHE ee C 3a-
3eMJISIOIINM YCTPOMCTBOM. 3a3eMIISIFoIee YCTPOMCTBO COCTOUT M3 3a3€MIIUTENS M 3a3eMIISIOLINX ITPOBO-
JIOB. 3a3eMJIMTEJIEM Ha3bIBAIOTCS METAIMUECKUN CTEp)KeHb, POBOJ, JIUCT, MMOJIOCA WIIM META/UIMYCCKHI
MpeaIMeT APYroi (HOPMBI, COSAUHSIONINI 3a3EMIICHHYIO YaCTh 3JIEKTPOYCTAHOBKH C 3eMJICH. 3a3eMJIISIOIIIM
IIPOBOJHUKOM HA3bIBAIOTCS METAJUIMYSCKUE MPOBOJHUKH, KOTOPBHIMHU 3a3eMJISIEMbIC YacTHU JJICKTPOYCTa-
HOBKH COCAMHSIIOTCS C 3a3€MJIMTEICM UM KOHTYPOM 3a3¢MJIICHUSI.

3amuTHOE 3a3€MJICHUE CHIDKAeT J0 0€301acHON BEJIIMYMHBI HAIPSHKEHUE OTHOCUTEIILHO 3€MJIM Ha
METAITMYECKUAX YacTsX 000pyHOBaHUS, KOTOPhIE HE HAXOASTCS O] HANPSHKEHHEM, HO MOTYT OKa3aThCs

' TOCT IEC 61010-1-2014 Be30nacHOCT IeKTPHUECKHX KOHTPOJILHO-U3MEPUTEIBHBIX IPHOOPOB U 1abopa-
TopHOTO 00OpyHoBanus. Yacte 1. O0mue TpeboBaHus.

> TOCT 12.3.019-80 Cucrema cTaHIapTOB 6e30IACHOCTH Tpyja. VICIBITAHHS M H3MEPEHHS JIIEKTPHUECKHE.
O6ume TpeboBaHU 0€30TaCHOCTH.
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MOJT HANPSKCHUEM BCJICICTBUE HAPYIICHHS H30JISIIMUA DJICKTPOYCTAHOBOK. B pesysbraTe 3aMblkaHus Ha
KOPITYC 3a3€MJICHHOT'O OOOpYJIOBaHUS CHIDKACTCS HANpSKCHHE NMPUKOCHOBEHUS U, KaK CJCACTBUE, TOK,
MPOXOJISIINE Yepe3 TeJI0 YeIoBeKa, IPH ero IPUKOCHOBEHUH K 000pYJ0BaHHIO.

Bce obopynoBanue, pacmoyiokeHHOE Ha pabodeM IoJie, MMeeT OJHO olliee 3aliMTHOE 3a3eMIICHHE
OJsiarofapst KjaeMMmam 3a3emiieHus (puc. 2).

3oHo
 onepamopa Cmoika ; Pndouee
npufiopHos none
PUOH -
| | |

MK ouB Y1BH 01HB MaHB

-

MnuB

Puc. 2. 3amutHoe 3azemnenune MU C: [1K — nepconanshbiil kommnbrotep; PUOH — perynupyemMblil HCTOUHUK
onopHoro HanpspxeHus; OLIB — o6pas3ioBsrii mudposoii BomsT™MeTp; [1L[B — moBepsembril mudpoBoi
BonbT™MeTp; ITY — manens ynpasnenns,; 1113 — mmuHa 3a3emnenns; Y UBH — ynpaBiseMbIii HCTOYHUK
BbIcOKOTO HamnpspkeHus, O/IHB — 00pa3moBklii IenuTens HampsKeHHS BBICOKOBOJILTHBIM;
[IITHB — noBepsiemMblii AETUTEND HAPSKEHUST BBICOKOBOJIBTHBII

Kaxxnpiii 0J10K, pacroyioKeHHBIH B U3MEPUTEIBHON KaMepe, MPUCOSIUHECH K MEIHOMN IIMHE 3a3eMIie-
HUS C TOMOILBIO OTASIBHOTO OTBeTBIeHHS. IlociemoBarebHOE BKIIOUCHHE HECKOJBKHMX 3a3eMJIISIEMbBIX
00BEKTOB B 3a3eMIIIOIINIA MPOBOIHUK 3ampenieHo. Hu3koBonbTHOE 000pyIOBaHUE, PACIIONIOKEHHOE Ha
puOOPHOI CTOWKE B 30HE OINEPAaTOpPa, TAKIKE OTIACIIbHBIMU MTPOBOJHUKAMHU MOJIKIIOYCHO K MEIHOM IIMHE
3a3eMJICHHS. 3alUTHOE 3a3€MJICHHE MMEIOT HEMOCPEACTBEHHO CaMa SKpaHHPOBaHHAs M3MEpUTENbHAs Ka-
Mepa, a Takke npuOopHast ctoiika. Bce obopymoBanme MWC moBepkd KHIIOBOJIBTMETPOB 3a3eMIISETCS
B OJIHY TOUKY.

baokuposka

st yBenndeHus: 6€30MacHOCTH U MPENOTBPALICHUS aBAPHUIHBIX CUTYa[i MPUMEHSIOTCS 3JICKTPH-
yeckre OJOKUPOBKH, CIIOCOOHBIE pa3phIBaTh LENb NUTAHKUS W I10Aa4dy BBICOKOTO HANpsDKEHUS Ha pabouee
ToJIe.

JdiekTpHYecKas OJOKHPOBKA BO3JEHCTBYET TOJIBKO Ha KOHTAKThI 3JeKTpuueckoil nemu. OHa
MOJKET MPUMEHATHCS MPH JIIOOBIX PACCTOSHUAX OT 3aIlIMIIAaeMoro oobekrta. [IpuHumm neidcTBus siex-
TPUUECKON OJOKHUPOBKH COCTOUT B TOM, YTO OTKPBITHE ABEPEH Orpa)KACHUS 3JIEKTPOYCTaHOBKH COIIPO-
BOXKJIA€TCS Pa3pbIBOM OJIOKMPOBOYHBIX KOHTAKTOB 3JEKTPUUECKON IIEIH U aBTOMATHUYECKUM OTKJIIOUYE-
HUEM DSJEKTPOYCTAaHOBKU. B npyrom ciayyae OJOKMpOBKAa JaeT BO3MOXHOCTb OTKDBITH JBEPU
OTPaXKIEHUS DJIEKTPOYCTAHOBKH TOJBKO IOCJIE MPEIBAPUTEIBHOIO OTKIOYEHUS HCTOYHUKA BBICOKOTO
HaIpSKEHUS.
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Yacrto 6HOKI/IpOBKI/I OPpUMCHAIOT COBMECTHO CO 3BYKOBBIMH HJIM CBECTOBLIMH CUTI'HAJIbHBIMU YCTpOﬁ-
CTBaMU TIPEIYTNPESKICHUS O HAIUYMUN HAIPSDKEHUS Ha DJICKTPOYCTaHOBKe. [Ipu ¢BeTOBOM CUTrHAIM3AIAN
3€JICHBIM CBET JIAMIT MOKA3bIBACT, YTO HAMPSHKEHHE C YCTAHOBKHU CHSTO, KPACHBIH CBET — YTO yCTAHOBKA
HAXOJUTCS IO/ ONIACHBIM HamnpshKeHUeM. K 3ByKOBO# cUTHaIM3aIMy OTHOCSATCS] 3BOHOK M CUPEHa, TIpeIy-
MPEKIAOIINE PA0OTAIOINX O MOSIBJICHUU HANPSHKCHUS Ha YCTaHOBKE.

BrokupoBKa BBIOTHEHA B BUJIC OTACIBHOTO OJIOKa YIPABICHUS KaMepOH, K KOTOPOMY MOJKITI0Ya-
FOTCSI KOHTAKTHI [IEIH TUTaHMsI, KOHTAKTHI JIBepei, KHOTIKH YIIPABJICHHS U CBETOBAsI CUTHAIM3AIINSI.

EJ'IOKI/IpOBO‘IHI)Ie KOHTAaKThbI ):[Bepel\/'l BKJIIOYCHBI B LCHb YIIPABJICHUA BBICOKOBOJBTHBIM MCTOYHHUKOM
HarnpspkeHusl. BIOKHPOBOUHBIE KOHTAKTHI IPU OTKPBIBAHHUH JBEPH Pa3MBIKAIOT 1T MUTAHUS BHICOKOBOJIb-
THOTO MCTOYHHUKA, U BHICOKOE HAIIPSIKEHUE OTKIIIOYaeTcs. Bo m3bexkaHue mpou3BOILHOTO pa3MbBIKAHUS Iie-
1 JIBEPU CHA0KEHBI 3aTBOPAMHU U PYKOSITKON C 3aTBOPOM.

Ha puc. 3 npencrasiena cxema 010Ka yIpaBiIeHHs KaMepoi (cM. puc. 2).

SB1 SB2 sa1

A22V01 A7V02

K | §
UCTOYHUKY i
ONOPHOI0 5
HANPAXEHAA | g
s ‘
| ; MCTOYHMKY
i i BHICOKOr0
; 3awumHaa N i HANPAXEHWA
i Dnokupobka —_ 5

Puc. 3. Cxema 61oka ympaBieHUs] KaMepoin

3amuTa OT OCTaTOYHbIX 3aPSIAOB BHYTPH OTPaskACHHS

OCTaTOYHEBIN 3apsi]l OCTAETCS Ha ONMpPEEIEHHOE BpeMs Ha JIeMEHTaX Ilerel BRICOKOTO HaITpsKEHUS,
00pa3ymoIuX eMKOCTh OTHOCHTEIBHO «3emimy». CormacHo 'OCT P 58698-2019 (MOK 61140 2016) nis
BBIPAaBHMBAHUS IMMOTEHIMANA 3JIEMEHTa C TMOTEHIIMAJIOM «3E€MJIM» JOJDKHA HCIIONIB30BAThCS CHEIHaIbHas
paspsjHas ITaHTa, KOTOpas TOCPEICTBOM THOKOTO IMPOBOJA 33JAHHOTO CEUEHUS KPEMUTCs K KOHTYpY 3a-
semnenus . 1lITanra npeacTapisier coboil AMAIEKTPHUECKYIO TPYOKY, Ha OJHOM KOHIE KOTOPOH PacIolo-
JKeHa M30JIMPOBaHHAA HAKJIAAKa JJIs pyKH, a Ha IPYTOM — IIyTI, 00eCnednBaoniii KOHTAKT MIPH MPUKOCHO-
BEHHHU K TOKOBELYIIMM YacTsIM MOCJIe OTKIIOYEHHS BHICOKOTO HAPSIKEHHS .

ITocne oTkiIOUEHUS HANPSKEHUS U OTKPBITHUS ABEPU KaMephl C MOMOIIBIO IITAHTU MyTeM KacaHus
CcBOOOIHOTO KOHIIA MITAaHTH K 3JIEMEHTaM BBICOKOBOJIbTHOW LIEMU M APYTHM TIPEAMETaM, HaXOAIIHMCS
B KaMepe, PON3BOINTCS BHIPABHUBAHHE B SKPAaHUPOBAHHON Kamepe IMOTEHIIMAJIOB DIIEMEHTOB IIEKTpHUe-
CKOM IIeTIH OTHOCHTEJIFHO MOTeHIHaNa 3eMiIi. KOHTaKT 00CIyKUBAIOIIETro MepcoHana ¢ BEHICOKOBOIBTHON
Y4acThIO CHCTEMBI 3allpelieH 0e3 MpeaBapuTeIbHOTO BEIPABHUBAHUS MTOTEHIIMAIOB 3JIEMEHTOB OTHOCHUTEIh-
HO 3eMJIH.

"TOCT P 58698-2019 (MK 61140 2016) 3ammra 0T IOpaKeHHS HIEKTPHUECKIM TOKOM. OOIIHE MON0KEHHS
JUIS 3JIEKTPOYCTAHOBOK U 3JIEKTPOOOOPYJOBAHHSI.

> TOCT IEC 61140-2012 3ammra oT MOpaXeHHs dIEKTPHIECKHM ToKoM. OBIIHe OT0KEH s 0e3011acHOCTH
YCTaHOBOK M 000pyAOBaHUSA (C MTOTIPABKOA).
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YnpaBaenne 3amuTHOM 3KpaHHpPOBaHHOH Kamepoit UIC

Jlnst yropaBiieHHs SKPaHMPOBAHHON KaMepol M MOJaydeHus HH(GOPMALHUA O COCTOSHUU BBICOKOI'O
HaIpsDKCHMS YCTAHOBJICHA TaHe b yipaBieHus. [laHens BKITIOUaeT B ce0s KHOMKY «BKJL.), BKITIOUYAIOITYIO
MMMTaHUE MCTOYHUKA BHICOKOTO HAIPSHKCHHS M KHOIKY aBapHHHOIO BBIKITIOUEHHUSA «BBIKI.». CUTHaIbHAS
JlaMIIa KpacHOTO IBETa CUTHAJM3HPYET O BKIIOYECHUH HCTOYHHKA BHICOKOTO HANPSDKCHHS, 3aMKHYTBIX KOH-
TaKTax JIBepel U O Mojaue HalpsKeHUA Ha padodee rmosie. CUrHAIbHAS JIAMITIa 3€JICHOTO [IBETa CUTHAIU3H-
pyeT o mojiayue HaNpsHKEHUS Ha MyJIBT YIPABICHUS IPU OTKIIFOYEHHOM UCTOYHUKE BBICOKOTO HAIIPSDKCHUS
Pa3oMKHYTHIX KOHTaKkTax aepeid. B coorBerctBum ¢ [[OCT 12.4.026-76 KHOTIKA aBapUHHOTO BBHIKIIIOUCHUS
MMeeT KpacHBIA IBET. Bce DIIEMEHTHI IMaHeNn YIpaBJICHHS W OJOKHPOBOYHBIC KOHTAKTHI ITOIKITIOYCHBI
K yrIpasiseMoMy pelne. biiok ynpasieHus kaMepol mokasaH Ha puc. 4.

BbICOKOE HAMPAXXEHUE!

] 9
x BKJ. BK/HOYEHO

3 4
\ BbIKA. BNKI:'EHO/ S
Puc. 4. briok ynpaBieHus: KaMepoi:

1 — KHOTIKa BKJIFOUCHHMS TINTAHUS HCTOYHHKA BEICOKOTO HAIPSDKEHUS;
2 — KpacHasl CUTHaJIbHas JlaMIIa; 3 — KHOIIKA aBapUHHOTO BBIKIIIOUEHHUS; 4 — 3eJIeHasi CUTHaJIbHasl JJaMIIa

[lepen BkIIOYEHHWEM BBICOKOTO HAIPSDKEHUS B M3MEPUTEILHOW KaMepe yOeTUThCs, YTO MCTOYHUK
BBICOKOTO HAIpsDKEHUS, 00pa3loBblii 1 KOHTpoiupyemblii IHB 3a3emileHbl M MOIKITFOUYEHBI K TOKOBEIY-
meil muHe, a OJOKUPOBOYHBIE KOHTAKTHI ABEpel 3aMKHYTHL IIpH 3TOM Ha JIMIEBOH NMaHeIH OJIOKa
yhpaBJjieHUs1 CHTHAIbHAS JIaMIIa 3€JICHOTO I[BETa YKAa3bIBACT, YTO HANPSIKCHUE C YCTAaHOBKHU CHATO. KHOT-
Kol «BKIL» BKITIOYaeTCS NMUTaHHE BBICOKOBOJBTHOT'O MCTOYHHKA. [IpW 3TOM Ha JHMIICBOW MMaHemd OJIoKa
yIpaBleHHs] BKIIOYHATCS CHUTHANBHAS JIaMIIa KPACHOTO IIBETa, CUTHAJIM3UPYIONIAs O HAJIHYHUU BHICOKOTO
HAMpPSDKEHHUS B Kamepe' .

CpaOaThiBaHHE 3alllUTHl MPOUCXOJUT IMPH Pa3MBbIKAHUM IENH IyTeM OTKPBITHS JBEPU, HaKaTHSL
KHOIIKHA aBapHﬁHOFO OTK/IFOYCHHS, a TAKKEC BKIIFOYCHHUA 6HOKI/IpOBKI/I HNCTOYHHKA BBICOKOI'O HAITPSXKCHUS.

CucreMa He MOKET OBITH BKITIOUCHA ITOCIIE CpadaThIBAaHUS 3aIIHUTHI, TaK KaK IeMb OyAeT MOJIHOCTHIO
pa3oMKHyTa Onaromaps yCTaHOBICHHOMY pene (cM. puc. 3). Jlns BKIOYSHHMS HEOOXOIMMO ITOBTOPHO 3a-
MKHYTb IIETTb 3aIIUThI, HA)KaB KHOTIKY «BKIL».

g aBTromarnueckoro ynpasneHus nojakiaounts MUC k TIK. B I1O ynpasnenus 3aaate napameTpsl
W3MEPCHHS U YIPAaBJISAIONING HANPSHKCHUS JUIS MCTOYHHMKA BBICOKOTO HampspkeHus. [Ipu HeoOXoaumocTu
BKJIFOUHTH aBTO3AMYCK CIEIYIONIETO YIPABIAIOMIET0 HANPSHKEHUS. [ BKIFOUSHHS BEICOKOTO HAMPSHKEHUS
B OKHE «YIPaBICHHE H3MepeHHeM» HaxaTh KHOMKY «3AITYCTHUTb»®. s OTKIIOYEHHS BBICOKOTO
Hanpsokernst B 110 psimom pacronoxera kaornka «KOCTAHOBUTD .

B ciywae mpeBblllieHHs MaKCHMAalIbHOTO 3HAYEHHWS YIPABIAIONIETO HANPSHKEHUS B TEPBOH KOH-
TpoabHOH Touke [1O HEe BKIIIOUUT BBICOKOE HANPSHKCHHWE M BBLAACT MH(DOPMAIMOHHOE COOOIIeHHE 00
omunOke. B mporecce paboThl, py MPEBBIICHUN YIPABIISIIONICTO HAPSHKEHHSI B KOHKPETHOW KOHTPOJILHOM
TOYKE, IMporpaMma Nporu3BOAUT OTKIIFOUCHHUE BHICOKOTO HAIIPSXKCHUA U CUCTEMBI B ILICJIOM. ,Z[HSI IIOBTOPHOT'O
3armycka HeoOX0AMMO 3aHOBO TTIOBTOPHUTE Bee omepartui B [10 ynpasmenus UNC.

" TOCT 12.3.019-80 CucTema CTaHIapTOB GE30IACHOCTH TPya. VICIBITAHHS M M3MEPEHHS IICKTPUUECKHE.
O06mue TpeboBaHus 0€30TaCHOCTH.

2TOCT 12.4.026-76 LlBeta cUrHanbHbIC U 3HAKH OE30MACHOCTH.

> TOCT 12.1.030-81 Cucrema craumaptoB Gezomacnoctd Tpyaa (CCBT). Di1ekTpo6e3onacHoCTh. 3aiuTHoe
3a3eMyicHHE. 3aHyneHue (¢ m3meneHneM N 1).
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3akArouenue

B xozxe paGoThl ObUTH paccMOTPEHBI TeXHUUYECKUE cpecTBa 3amuThl UAC 11t HOBEpKH KHIIOBOJIBT-

METPOB.

Peann3oBanbl TEXHHYECKHE CpC€ACTBaA 3allIUThI I/H/IC, IIO3BOJIAIOIINEC 00eCIIeUnTh: HaJCXKHOCTb pa6o—

Tbl, OrPAHUYCHUC NOCTYyIIa O6CJ'Iy>KHBaIOH_I€FO I[epCoOHAIa K BBICOKOBOJIBTHOM qacCTu, 6@30H3CHYIO pa60Ty
MOCJIC CHATHA BBICOKOTO HAIIPSIP)KCHN A, KOHTPOJIb U YIIPABJICHUEC yCTaHOBKOfI.

Pa3zpaboTanHast KOMIIEKCHAS 3alUTa YCTAHOBKH JJIs oBepkH KuinoBoiabTMeTpoB YIIK-30IIT obGec-

IIeYnBacT HAJCKHOCTD pa6OTLI IIPU BOBHUKHOBCHHU IJICKTPUYCCKUX HpO60€B H30JA0MU U 3alUTy IEPCOo-
HaJia OT NOpaXCHUA SJICKTPHUICCKHUM TOKOM.
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COMPUTER-AIDED DESIGN OF THE VIVALDI ANTENNA
FOR ULTRA-WIDEBAND ELECTROMAGNETIC PULSE RADIATION
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Abstract. Background. Unmanned and remotely piloted aerial vehicles (UAVs and RPVs, respectively) have
already found wide application in various areas of human life. Materials and methods. UAVs are actively used in agri-
culture, monitoring, logistics, control of hazardous objects. But, as often happens with technological progress, ad-
vanced developments are beginning to be actively used for military purposes. And today UAVs, including small ones,
have become a real threat, not only to the military, but also to civilians. The purpose of this work is to substantiate the
methods and means of countering strike UAVs, as well as to assess the damaging capabilities of the ammunition with
the choice of the shape, mass and material of the striking elements. Results and conclusions. The concept of a univer-
sal ammunition capable of providing a prompt response to air threats to equipment and personnel emanating from un-
manned aerial vehicles has been proposed and substantiated.

Keywords: drone, countermeasures, functional suppression, unmanned, apparatus, electromagnetic weapons
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wideband electromagnetic pulse radiation. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems.
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AHHoTaumsA. AkmyansHocmo u yeau. beCIMIOTHBIE U JUCTAHIIMOHHO NMUIOTHPYEMBIE JIETATENBHBIE alllapaThl
(BITJIA n ATUTA COOTBETCTBEHHO) YK€ CErOJHS HAILUIM IIMPOKOE MPUMEHEHHE B Pa3IMYHBIX 00JacTAX JKU3HEAes-
TENBHOCTHU 4enoBeka. Mamepuanvl u memoovt. BITJIA akTHBHO HCIIONB3YIOTCSA B CEIILCKOM XO3SIIICTBE, MOHUTOPHHTE,
JIOTHCTHKE, KOHTPOJIE 3a ONacHbIMHU 00bekTaMu. Ho Kak 4acTo ObIBaeT MpH TEXHUYECKOM IPOrpecce MepeaoBbIe pa3-
pabOTKM HAUYMHAIOT aKTHBHO NPUMEHSTHCS B BOGHHBIX Lessix. M ceronnst BIIJIA, B ToM unciie Malible, CTalHu peailb-
HOHW yrpo3oi, He TOJNBKO JJIsi BOGHHBIX, HO M JJIsl MUPHBIX rpaxaH. L{enbio nanHoW paboTsl siBisieTcsi 000CHOBaHKE
cnoco0o0B ¥ cpelcTB npotuBoaeicTBus yaapubiM BITJIA, a Taxke olieHKa mopaxarouieli BO3MOKHOCTH Ooerpuriaca ¢
BBIOOpPOM (pOpMBI, Macchl M MaTepualla MOpaKaroIUX IEMEHTOB. Pe3yibmamyl U 6b1800bi. I1peoxkena 1 000CHOBa-
Ha KOHIICTIHUS YHHUBEPCAILHOTo OoempHIaca, ClioCOOHOro 00ecrieunTh ONEepaTHBHBIA OTBET Ha BO3JYIIHBIE yIPO3bI
TEXHHUKH U JIMYHOMY COCTaBa, HCXO/SIINE OT OCCIIMIIOTHBIX JIETATEIbHBIX alllapaTos.

KnioueBble ciioBa: 1poH, NPOTHBOJCHCTBHE, (YHKIMOHAIHHOE IIOJaBICHNE, OCCIWIOTHBIM, armapar,
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Introduction

A technology for functional suppression of unmanned aerial vehicles (UAV) suggests using short-
wave (fractions to tens of nanoseconds) electromagnetic radiation (EMR). There are two possible options
for such EMR effect on electronic equipment, namely, in-band or out-of-band [6, 7].

Out-of-band functional suppression provides for the impact of radio electronic means (REM) on re-
ceivers at any frequencies outside their bandwidth, and does not require initial data on operating frequency
range.

In-band functional suppression techniques provide for EMR energy losses when passing through the
input circuitry of REM receiver, and depending on the ratio between the bandwidth of the reception path,
and the EMR spectrum width. In-band methods are energetically most favorable, but they require initial da-
ta on technical characteristics of microwave radiation effect on UAV, and attacked or suppressed REM
(e.g., the operating frequency and bandwidth of receiving devices; the clock frequency of special calcula-
tors and computers; the resonant frequency of fastener designs of radio circuit board components, etc.).

There are three fundamentally different areas for the implementation of functional suppression means
using powerful short-wave EMR, and the third one being mostly widespread [1]:

1. Spark-gap and semiconductor video pulse generators.

2. Relativistic microwave radio pulse oscillators.

3. Transmitting multi-position radiation systems (MRS) and phased arrays with controlled EMR mi-
crowave focusing.

Here are the effects of ultra-short microwave radio pulses:

1. Interference: the radiation source creates electromagnetic field intensity in the operating frequency
range of the target receiver. This intensity is the same or greater than the useful signal, since the receiver is
unable to extract the useful signal.

2. False information: an induced electromagnetic signal sends false information into the receiver.

3. Transient destabilization: the induced voltage affects the logic state of an electronic component.

4. Permanent damage: semiconductor junctions are exposed to overvoltage, leading to their failure.
However, this is due to the presence of an effective antenna system capable of transmitting power of ultra-
short microwave pulses without losses [2].

Since the problem of ultra-wide range microwave radiation is associated with designing the device, it
is advisable to consider an antenna operating in a wide frequency band. To create an antenna-feeder device,
it is proposed to view a tapered slot antenna (TSA), which meets the requirements for creating a device for
functional suppression of UAV systems by emitting an ultra-wideband and ultra-short electromagnetic
pulse.

TSA, also called Vivaldi antennas (radiators based on symmetrical slot lines), posess important tech-
nical characteristics: 1) small overall dimensions; 2) small radiator weight; 3) the required radiation pattern
over the entire range of operating frequencies; 4) the ability to emit ultra-short pulses.

Along with stated requirements, it is necessary to note a simple design of this type of radiators, and
the ability to work in a wide range of frequencies. Based on these, it is advisable to calculate and consider
such radiator for further modeling, and testing.

When calculating, the operating bandwidth mostly depends on the selected frequency, generally de-
grading the output matching, and on the change in the maximum of radiation pattern, beam expansion, and
other parameters.

The operating bandwidth of wideband antennas should be 10 to 50% of the nominal frequency.
A Vivaldi antenna is a broadband antenna, considered as a radiator of ultra-short pulses in a number of
works. It should be noted that we have selected the operating frequency of 8 GHz for further calculations,
as the frequency range from 5 to 8 GHz negatively affects electronic radio-elements [3].

Initially, it is appropriate to consider such radiator as an irregular transmission line harmonizing a
regular line with free space. It is necessary to minimize the reflection coefficient at the input of the match-
ing device, wherein the wave impedance and the transition length change. Thus, proper frequency charac-
teristics (7-waves and quasi 7-waves propagating in slot lines) are satisfied.

For a more accurate determination of characteristics, different calculation methods for the field along
the entire slot antenna are used. A stepwise approximation by sections representing segments of a constant
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width slot is applied to an expansion slot according to an exponential law. This technique presents an ap-
proximate, but more accurate calculation method. For such sections, the field distribution obtained by the
Galerkin method in the spectral domain is used. Thus, the field of the entire slot antenna can be defined as
the sum of fields of each section.

According to this method, the field of a slot antenna with the obtained amplitude field distribution in
the slot is determined. Based thereon, it is possible to consider the dielectric substrate (given a printed cir-
cuit board antenna), and the wave diffraction at the edges of an infinite height radiator.

These methods are cumbersome and inconvenient. For an approximate engineering calculation and
electrodynamic modeling, software packages for calculating various types of antennas are quite suitable.
For an approximate antenna calculation and simulation, it is advisable to use the CST Microwave Studio
and HFSS Microwave Office computer-aided design (CAD) systems, since the theory of Vivaldi antennas
is rather complicated in the field of electrodynamics (it is a traveling wave antenna). As a rule, antenna pa-
rameters are selected empirically. For further modeling of the Vivaldi antenna, it is appropriate to use the
HFSS tool [4].

Approximate calculation and optimization in the CAD system

The calculation of the actual antenna length is carried out as follows:

L=L, -2AL,
_ C
Total — H
(e, +1)
2 r

Jy 2

e+l g -1 1
= +

B

Eop =
2 2
\/1 + 12(hj
w
C

(g + 0,3)(VZ+ O,264)
Lypy =——F——0,824

2forJEur (e, —0,258)[VZ+O,8J

The aperture geometry is calculated according to the formulas:

C
Wmax - 2fmm\/g ’
W,

_ C
min .
2fmax \Y} €,

where c is the speed of an electromagnetic wave propagating in a vacuum; fu;, is the minimum operating
frequency; fmax 18 the maximum operating frequency; €, is the permittivity.
The antenna slot width is determined by [5]:

W(x)= W()exp{ln(m)(%ja:l_(% +b).

where W, is the antenna length; W} is the total antenna width; b is the minimum aperture value of the taper;
a=0.7.
A screenshot of this calculation results is given in Fig. 1.
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Fig. 2. Reflection coefficient versus frequency

As seen from the graph (Fig.2), the reflection coefficient is —10.5 dB at 8 GHz, being rather low.
A good result is achieved from —20 dB, and it increases from 6 GHz [6].

It is necessary to perform antenna optimization (length, width, and size of the initial aperture) for its
further consideration, wherein weight and size parameters should not go beyond the desired results.

First, we consider the effect of the initial aperture size Wy, on the reflection coefficient.
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As seen from the plot (Fig.3), the reflection coefficient increases with an increase in the indicator, be-

ing undesirable.

After unsuccessful optimization of the previous parameter, we have carried out optimization of the
antenna length L, (Fig. 4).
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AMEOFT
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Fig. 4. Reflection coefficient optimization by varying the antenna length

In the above plot, one can distinguish a polygonal chain that meets the minimum requirements for the
reflection coefficient. A genetic algorithm was chosen for the initial optimization.

It was found that the antenna length was 228.5 mm with the optimal coefficient, which satisfies the
forthcoming operating conditions (Fig. 5).
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Fig. 5. Approximate optimization results in the CAD system

Thus, it was possible to reduce the reflection coefficient at a frequency of 5.7 GHz. Since the antenna
is supposed to be of ultra-wideband, therefore, it is advisable to carry out further optimization so that the re-
flection coefficient should become acceptable at other frequencies [7].

As can be seen from the optimization plots, the reflection coefficient decreases as the width of anten-
na reduces. Considering this, a polygonal chain of 39.5 mm was chosen. The graph shows a more accepta-
ble size in the 5.6 GHz domain, wherein it does not meet the specified characteristics in the 7.5 GHz do-

main.

Thus, the geometric dimensioning has changed after optimization (Fig.6).
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Verification of the obtained results when simulating the antenna

Consider the following plot to verify the obtained antenna geometry (Fig. 7) [8].

XY Plot6 Vivaldi_Antenna_ADKv1 &

_ Curve Info
4 — dB(St(1,1))
_ Setup1 : Sweep1
i Wiotal="39. 5mm’

dB(St(1,1))

5.50 ‘ ' 6.60 ‘ ‘ ' 6 %0 ' ' 7 60 ‘ ‘ ' 7 %0 ' ' ‘ 8.00
Freq [GHz]

Fig. 7. Reflection coefficient of an optimized antenna simulation

A shift in S(1,1) was caused by a change in active and reactive resistance. The antenna gain was
modified due to an increase in the antenna geometry parameters L.

As seen from the plot (Fig. 7), the minima values are achieved at 5.6 GHz and 7.5 GHz. The indicat-
ed frequencies lie in the range of desired ones, which are negatively affect radio-electronic devices.

To construct the radiation pattern, the following formulas are used in the H-plane (¢ = 0):

2cos0 Lsin(O,SkO-asine)j

F (0)= :
’ \/Cos2 0+ (Ectgk,d)’ 0,5k, -asin®

and in the E-plane (¢ = /2):
2&cos0-cos(0,5k,bsinb)

\/222 +(epcos6- ctgékoaf)2 ~[1 —[ko bsin@) ]
n

F,(0)

where d is the thickness; a is the width; b is the length; k = B/ey; B is the propagation constant; ¢ is the per-
mittivity; p is the permeability; & = /e —sin’ 0.

The directivity is defined as follows:

D:47T.U,

rad

where U is the radiation intensity; P,,, is the radiation power.
The intense radiation power is calculated by:
2
E
U (e,(p) = u ],.2 ,
Mo

where | E | is the E-plane module; r is the distance from the antenna; n is the impedance of free space being
376.7 dB.
3D visualization of the radiation pattern is presented in Fig. 8 [9].
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Fig. 8. Three-dimensional radiation pattern

Based on the results, the radiation pattern is wide enough, and the maximum gain is 8.7 dB for the
area marked in red.
2D visualization of the radiation pattern is presented in Fig. 9.

Radiation Pattern 3 Vivaldi Antenna ADKy1 &

0 Curve Info

—— GainTotal

Setup1 : LastAdaptive

Freq="8GHz' Phi="0deg' Wtotal="40.5mm"

-60

-120

-120

Fig. 9. Two-dimensional radiation pattern
It follows from the plot of polar coordinates that half power beamwidth (HPBW) corresponds to

60 degrees, being rather high. The side-lobe level is very low, being less than 13%.
Polarization plots in the E-plane and the H-plane are presented in Fig.10 and Fig. 11, respectively.
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Fig. 10. Plot of polarization in the E-plane

The plot follows the radiation pattern in polar coordinate system, but it is presented in a rectangular
shape for convenience. The main lobe gain is 8.7 dB [10].
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Fig. 11. Plot of polarization in the H-plane

The Smith chart is presented in Fig. 12.
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Fig. 12. The Smith chart

Simulation of antenna radiation patterns in the E-plane is shown in Fig. 13 and Fig. 14 [11, 12].
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Fig. 13. Antenna radiation pattern in the E-plane
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Fig. 14. Antenna radiation pattern in the E-plane

As shown in the above simulation screenshot in the E-plane, there is a strong radiation of electro-
magnetic field, marked in orange and yellow [13, 14].
A similar picture is observed in the H-plane radiation pattern shown in Fig. 15 [15, 16].
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Conclusion

Using the finite element method, it was possible to analyze the results, calculations, and simulation of

the Vivaldi antenna. Having used a genetic algorithm for optimizing the resulting Vivaldi antenna (due to
changing geometric dimensioning), we have managed to achieve the acceptable characteristics of a radiator.
Based on practical experience, a simplified idealized model considering mutual influence of electronic ra-
dio-elements and characteristics of filters and coils would be sufficient [17].

Based on the obtained results, one can judge the relevance of using such types of antennas in the ra-

diation of ultra-wideband systems. Construction of a phased array based on the Vivaldi antenna, emitting in
the indicated range, would be interesting from an engineering point of view [18, 19].
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AHHOTamMs. Axmyanenocms u yeau. llens mccnenoBaHus 3aKimodaeTcs B OOHAPYKCHUH 3aBHCHMOCTH MPO-
LEHTHOTO COOTHOILIEHHS TOJIMITHIEHA K YINIEpOoJy, TEXHUYECKOro YIIIEpoAa IBYX MapoK Ipyr K ApYyry W BIHSHUE
3TOTO COOTHOILIECHUS Ha PE3yJIbTaThl CONPOTHUBIEHHS M CTaOMIBHOCTH 00pa3loB. Tema sBIseTCs aKTyaJbHOM, TaK KaK
B IIOCJIETHEE BPEMs IIPOMCXOANT OBICTPOE Pa3BUTHE SHEPIeTUKH, MUKPOJICKPOHUKH, HAYKH, a pa3paboTKa caMoBOC-
CTaHABJIMBAIOLIUXCS NPEJIOXPAHUTENICH BO3MOXKHA Ha OCHOBE CHCTEMAaTHUECKHX HCCIIEIOBAHUM AIIEKTPODOUINUECKUX
CBOWCTB KOMIIO3UTHBIX MaTepuanoB. Mamepuaivl u mMemoosl. Pe3UCTUBHBIN 3JIEMEHT KOMIIO3ULIMOHHBIX PE3UCTOPOB
MPEACTABISIET COO0M reTepPOreHHY0 CHCTEMY, COCTOSIIYIO U3 HECKOJIBKUX (ha3: TEXHUUECKHH yTIIepol, MOJUITHIICH U
no6aBku. Pesyrbmamut. 1IpencTaBieHsl pe3ynbTaThl HCCIEAOBAHUS MOJIUMEPHO-YIIEPOAHBIX KOMIO3UTOB HA OCHOBE
MOJIMATUIIEHA BBICOKOM IUNIOTHOCTH M TEXHUYECKOIO yriaepoja ABYX MapoK. Y CTaHOBIEHA 3aBUCHMOCTH IPOLIEHTHOTO
COJIEpKAaHUs MMOJIMATHIIEHA K TEXHUYECKOMY YTJIEPOAY HA U3MEHEHHs COINPOTHUBIEHHS KOMIO3UTHOrO Marepuana. Pe-
3yJIBTAaThl UCCIICJOBAHUI MOATBEPKIAIOTCS SKCIEPHUMEHTAIBHBIME JaHHBIMH. Bbisooul. B pe3yibraTe MccnenoBaHus
BBISIBJICHO BIIMSIHUE YBEJIUYEHHsI KOHLIEHTPALUU NOIMATUIIEHA Ha MOBBIIIEHUE CONPOTUBIIEHNUS, a TAKIKE BIUSHUE YBE-
JIMYEHHs] KOHIIEHTPALUU HHU3KOOMHOTO TEXHHYECKOro yriepoja Mapkud Y TBO25 k BHICOKOOMHOMY TE€XHHYECKOMY
yraepony YTBO31 Ha craOMIbHOCTD MoKa3atenel o0pa3ios 0e3 OOJIBIIOro pa3dpoca COMmpOTHBICHHIA.

KaioueBble clioBa: TMOJIMMEPHO-YIIIEPOIHBI KOMIO3UT, MOJMATHICH, YIJIEPOJ TEXHUYECKHM, DIEKTPOMPO-
BOJIHOCTb, COTPOTHBJICHUE
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Abstract. Background. The aim of the study is to discover the dependence of the percentage ratio of polyeth-
ylene to carbon, carbon black of two grades to each other and the effect of this ratio on the results of resistance and
stability of samples. The topic is relevant, since recently there has been a rapid development of power engineering,
microelectronics, science, and the development of self-healing fuses is possible on the basis of systematic studies of
the electrophysical properties of composite materials. Materials and methods. The resistor element of composite resis-
tors is a heterogeneous system consisting of several phases: carbon black, polyethylene, and additives. Results
and conclusions. The results of the study of polymer-carbon composites based on high density polyethylene and two
grades of carbon black are presented. The dependence of the percentage of polyethylene to carbon black on changes in
the resistance of the composite material has been established. The research results are confirmed by experimental data.
Conclusions. As a result of the study, the influence of an increase in the concentration of polyethylene on an increase
in resistance was revealed, as well as the effect of an increase in the concentration of low-resistance carbon black of
the UTVO25 grade to high-resistance carbon black UTVO31 on the stability of the characteristics of samples without
a large spread of resistances.
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BBeaeHne

B cBs3m ¢ OBICTPBIM pa3BUTHEM COBPEMEHHOHM paJMOdJIEKTPOHUKHA HOMEHKJIATypa Pe3UCTOPOB
HETPEPHIBHO PACUIMPSETCs, U TIO3TOMY BO3HUKJIA TIOTPEOHOCTh B pa3pa0OTKe MPUHIUIHAIBHO HOBBIX BH-
JIOB PE3UCTOPOB, B TOM YHCJIE MIPETOXPAHUTENEH.

Pesucropbl — Hanboee MUPOKO HCIIONB3YEMBIN B AJIEKTPOHHUKE MACCUBHBIN dJeMeHT. DyHKIMS pe-
3UCTOpa — PEryJIHPOBAHUE U PACIPENEICHUE BIEKTPUUECKON SHEPIUU MEXAY JEMEHTaMHU CXEM U DJIeK-
TPUUYECKUMHU IIeTISIMU. B 3aBHCHMOCTH OT MaTepHaia, IPUMEHSIEMOT0 B PE3UCTUBHOM 3JIEMEHTE, PE3UCTOPHI
Pa3IensoTCs Ha cIeayolre rpynmsl (puc. 1):

— IIPOBOJIOYHBIE C PE3UCTUBHBIM 3JIEMEHTOM, BBIIOJIHEHHBIM U3 BOJIOYEHOW WM JUTOU MPOBOJIOKHU
C BBICOKUM YZEIbHBIM COIIPOTUBIICHUEM;

— HENpOBOJIOYHEIE;

— MeTauIopOIBIOBBIE C PE3UCTUBHBIM DIIEMEHTOM, BBHITTOJHEHHBIM U3 (DOIBIH OIMpPEEIeHHON KOH-
¢durypanuu, HaHeCEHHO!N Ha M30JSIIMOHHOE OCHOBaHHE.
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Puc. 1. Kiaccudukaius pe3sucTopoB o MaTepuainy pe3uCTUBHOTO AJIEMEHTa

[Ipenoxpanurenb — KOMMYTAIMOHHBIA JICKTPUYCCKHI KOMIIOHCHT, NIPEHA3HAUYCHHBIN I OTKIIIO-
YEHUS 3aIUIIAEMON 1IeTTH Pa3MBbIKAHUEM WITH PA3PYIICHUEM CIIEIHATIBHO MPEIyCMOTPEHHBIX JUIsS 3TOTO TO-
KOBEIYIIUX YacTei Mo ACHCTBHEM TOKA, MPEBBIIIAIOIIETO ONPEACICHHOE 3HaUCHHE. B npeqoxpanuTeiniax
C INTAaBKUM CJIOEM HpI/I HpeBBIHIeHI/II/I TOKAa CBBIILIC HOMHUHAJIBHOI'O HpOI/ICXO)II/IT pa3pyu1eHI/Ie TOKOHpOBOI[SI-
IIero 3JIeMEHTa MpeAOXpaHuTeNs (PacIUlaBiIeHUe, UCMApeHHUe), TPAJUIIMOHHO 3TOT MPOIECC HA3bIBAIOT
«IepPeropaHueM» WM «CrOpaHHeM» NPEIOXpaHuTelNsd. B Cl1a00TOYHBIX HHU3KOBOJBTHBIX IEISX MPUMEHS-
FOTCSI CAMOBOCCTAHABJIMBAIOIINECS TPEIOXPAHUTEIIH.

CamoBoccranasnuBatomuecs npenoxpanurenu (CBIT) oTHOCATCS K KOMITIO3UITMOHHBIM PE3UCTOPAM.
KoMMo3uIMoHHbIe pe3UCTOPHI TPEICTABICHBI HECKOIBKHX BUJIOB: TUICHOYHbBIC ¥ 00beMHbIe. MIX pe3ucTHB-
HBIH 3JIEMEHT MPEACTaBIsET COOOH IeTEpPOreHHYI0 CHCTEMY M3 HECKOJBKHX (ha3, IMOJydaeMyro MyTeM Me-
XaHMYECKOTO0 CMEIIMBAHUS MPOBOJAIICIO KOMIIOHEHTA, HAIPUMEP TEXHHYECKOTO Yriiepojia, C OpraHuye-
CKUMH WM HEOPTaHHYECKHUMH CBA3YIOIIUMH ((DEHONBHBIMH W 3(QHUPHBIMH CMOJAMHU), HATIOJHUTENS W
JI00aBKaMHU.

HOHI/IMepHI)Ie CBH, Ha OCHOBC HOJ'II/IMepa C BKJIIFOUCHHBIMH yrﬂepOZ[HBIMI/I HaHOYaCTHILIAMU, SABJIAIOTCA
pe3ucTopamMu U3 MOJIUMEPHO-YTIIEPOJHOTO KOMIIO3UTHOTO MaTepHaa, 00Jalaoliero reTepocTpyKTypOi.

[IpoBOAMMOCTh KOMITO3UTHBIX MATEPUAJIOB ONPEACISICTCS ABYMsI MEXaHU3MaMH: TyHHEIMPOBAHHEM
MEXy TPOBOASALIMMH YaCTUIAMH B H30JIMpYIOIeH (aze U mpoTekanueM (MEepKoJsIuei) B HepephIBHON
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ceTu mpoBoaAmuX vactuil. [Ipu oObIYHON TemmepaType JIEKTpHUUecKas MPOBOJAUMOCTh MPOTEKAET depes
MOPUCTYIO CTPYKTYPY KOMIIO3UTA U 3aBUCUT OT CBOMCTB MPOBOSIIETO YTIAECPOIHOTO KIACTEPA U MPOBOJIS-
mux nenodek. [Ipy yBenndyeHnn TOKa BBITIE TIOPOTOBOTO B pe3ysibTaTe BHYTPEHHEH TEIUIOTEHEPAIlUN TEM-
mepaTtypa Matepuaina Bo3pacTtaeT 6onee 100 °C, 94TO MPUBOAMUT K pa3pbIBy IMPOBOASAIINX IEMOYECK BHYTPH
MOJIMMEPHOTO KoMmTo3uTa. [lepen pa3pyiieHneM KOMIIO3UTOB MPH BRICOKON TeMIIEpaType dHEPreTUIeCKUe
Oapbepbl MEXKIY OTIIENBHBIME KPUCTAIUTUTAMH MOTYT BHOCHTH 3aMETHBIE U3MEHEHHS B MAKPOCKOITUIECKYIO
MIPOBOIUMOCTH 00pa3ia [1].

B pesynbprare 1uraBieHUS KPUCTALITMYECKAX YACTHI[ TIOJIMMEpA JJIsl MaTEPHAaiOB C TOJIOXKUTECIHHBIM
TemneparypHbiM ko3 durmentom corpotusieaus (TKC) o0beM yacTuIl HoMMMepHOTO MaTepHaia yBEINn-
BaeTCs, YTO MPUBOJUT K pa3pylIeHHE MEPKOIAIIMOHHOTO KIIACTepa U PE3KOMY YBEIMYECHHIO COTPOTHBIICHUS
aneMeHTa (TIpUMEPHO Ha 5—6 MOPSIKOB BBIIIIE HOMHHAIHHOTO COMPOTHBIICHUS ), YTO PABHOCHIIBHO pa3MbIKa-
HUIO LIeMU. B MOMEHT CHSTHS MPUIOKEHHOTO HANPSXKEHUS 3JIEMEHT aBTOMATHUYECKU MEPEKIII0YacTCsl B MC-
XOJJHOE HU3KOOMHOE COCTOSIHUE («CaMOBOCCTaHABIMBAETCS»). 3HAYCHHUE COMPOTHBIICHUS TPEIOXPaHUTEIS
B MIPOBO/ISIIEM COCTOSIHUM cocTaBisieT o OM, BpeMst cpadaThIBaHUs 3aBUCUT OT TOKA HArpy3Kd U COCTaB-
nsiet 0,1-15 ¢, mpudem, yem OoJIbIe TOK, TEM ObICTpee «cpadaThIBacTy MpeNOXpaHUTENb [2].

OpHMMU 13 TIaBHBIX npeumylecTB monuMepHbix CBIT sBnstoTcs: Masble MaccorabapuTHBIC pa3Me-
PBI, YCTOMYMBOCTD K MEXaHWUYECKUX W yAapHBIM Harpy3kam u BHOpanusM. Takue mpemoxpaHHUTEH, HMe-
romue nonoxurenbHbiii TKC, MoryT BeinepxuBath 10 100 mepekmtoueHuii 6e3 3aMEHEI.

PaspaboTrka CBII MoXeT MPOBOAUTHCS TONBKO MPH MOCTOSIHHBIX UCCIEAOBAHUSX U M3YUYCHHH DIICK-
TPO(U3UUECKUX CBOWCTB KOMIIO3UTHBIX MAaTEPUAIOB, OMPEISICHUH ONTHMAaIbHONW CTPYKTYpPHI KaK IOJH-
MEpHBIX IeNel, Tak W yTIAEPOIHBIX YaCTHUI] A oOecriedeHus 3PQeKTa «IMepeKTIoueHHs» MaTeprana Mmpu
MOBBIIICHUY TEMIIEPATYPhl WU 3HAUCHHS TOKA BBILIE TOPOTOBOTO.

Baxxnas xapakrepuctuka CBII — BenmnunHa mo3uctopHOro 3dexTa, T.e. MpHu NPEBHIIICHUHN ONpee-
JIEHHOTO TIOpPOTa BO3JICHCTBHSI MPONCXOANT PE3KOE BO3paCcCTaHUE DIEKTPOCOIIPOTHBICHHUS.

Juis hopMupoBaHusi CTPYKTYpbl (MOP(OJIOrHU) MONUMEP-YIJIEPOJAHBIX MAaTCPHAIIOB CYIIECTBYET U
MPUMEHSETCS MOIXO0/] MOJyUYSHUS MATEPUAIIOB Ha OCHOBE TOJIMMEP-YIIIEPOA0B ¢ TPeOYEeMBbIMHU IMapameTpa-
MU 32 CUeT M000pa U3BECTHBIX MJIM MOJYYSHHS HOBBIX THUIIOB MCXOJHBIX MaTepUANIOB, TOJ00pa KOMOWHA-
MY UX MPOIICHTHOT'O COOTHOIICHMS [3, 4].

B pabote mccaemyercs 3aBUCUMOCTh CONPOTHBIICHUS MOJUMEPHO-yTiiepoaHoro kommnosura (KITY)
OT Pa3IUYHOTO MPOIICHTHOTO COOTHOIICHHUS! TEXHUYECKOTO YTIIEPOAa BBICOKOTO COMPOTHBIICHUS U HU3KOTO
COTIPOTUBJICHHS K MTOJIUATHIICHY.

Takast 3a1a4a SABIAETCA aKTYaTbHOUM KaK JIsl pa3BUTHUS YHEPTETUKH, MUKPOAJICKPOHUKH, HAYKH, TaK U
JUTSL YITy9IIeHUS TEXHOJIOTHUH MOyYeHUs TTOJMMEP-YTIIEPOTHBIX MaTepHalioB IS CO3MaHus dPPEKTUBHBIX
CBII, 4uro B pe3ysbTaTe CIOCOOCTBYET IMOBBIMICHUIO HAICKHOCTH H3ACTUH TPHOOPOCTPOCHHUS.

OmHMM M3 BaXXHBIX 3JIEMEHTOB Mpenoxpanutens spisercs npoosammii KIIY, kotopsiit ordopmo-
BaH B TOHKUH JINCT C HAHECCHHBIMHU AJICKTPOIaMHU Ha 00enX IIOCKOCTsIX (puc. 2) [5].

Cu /Ni ¢ponsra
(d= 150 Mxn™)

VInepoaHo / ToMHMepHBIH

KOMNIO3HT (d = 300 MKM)

Cu /Ni donsra
(d = 150 mxM™)

Puc. 2. Crpyxrypa CBII B nonepe4yHoM cevueHuun

ITonuMepHO-yTaepOAHbIM KOMIIO3UT COCTOMT M3 KPUCTAJUIMYECKUX I'PaHyJl MOJIMMepa, HEIPOBOIS-
HIUX JIEKTPUUECKUH TOK, U pacIpeeIeHHBIX B HEM HaHOpPa3MEePHBIX YacTHUI yTIIepoa, MPOBOISIINX IJIEK-
TPUUECKUH TOK, OPraHU3YIOIIMX KiacTep. PaBHOMepHOe paclpeneneHue MOoTeHIManaa 1Mo BCeH IUIOIanu
noBepxHocTH KIIY rapaHTUpPYIOT 371€KTPOIBL.
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OnHOI U3 TTIAaBHBIX TEXHOJIOTHYECKUX Mpobiem mpu co3nanuu CBII sBisiercst mpoiiecc pacTBopeHHs
U CMELIMBAaHUSI HAHOUYACTHUI yriiepojaa U nonumepa npu cozganuu KIIY B xoHUeHTpaunu, HeoOXoanuMon
JUTSL pealin3aliy NePKOISIUMOHHONW MpoBoAUMOCTH [6—8]. st mosmydeHus MaTtepuania ¢ BBICOKUM HEIHHEH-
HeiM TKC Haxoaurcs onTUManbHOE COOTHOLIEHUE IONUMEP/yIIepoa, OTTAJKUBAsICh OT UCXOAHOW MapKu
nosiumepa. st anexrpodusuueckux croiicts CBIT 0coOeHHBIM CBOWCTBOM SIBJISICTCS HAJIUYKE MTOPOTOBOM
TEMIIEpaTyphl, IpU AOCTHKEHUH KOTOPOW HaOIromaercs Jorapu()Mu4ecKuil BUI 3aBUCUMOCTH COIPOTHB-
JIGHUS! OT TeMIIEpaTypbl U U3MEHEHHS CONPOTHUBICHUS MPAKTUYECKH CKauKOOOpa3HOro BUAA U3 MPOBOIS-
ero B HenpoBosuiee coctosiHue. Conpotusienue CBII mpakTuuecku He U3MEHAETCS PY HarpeBaHUU 710
[IOPOTOBON TEMIIEpaTypBhI.

Cy1iecTByeT TpH OCHOBHBIX TEXHOJIOTHH U3TOTOBIICHUS TIOJIMMEPOB:

— pacIulaBHas;

— TIOPOIIKOBas;

— pacTBOpHasl.

3KCHePI/IMEHTaAI)Haﬂ YaCTh

B pa6ore KIIY #m3roTraBIuBaguCh IO MOPOIIKOBON TEXHOJIOTHH. Takas TEXHOJIOTHS 00ecIeurnBaeT
JO3MPOBAHME yTIIepoa U MEepeMENINBaHNe €0 C MOJIUMEPOM JI0 TOYIEeHUSI TOMOTEHHONH CMECH B CyXOM
BHJIE.

OCHOBHBIE CTaJVH:

— U3MENbYCHHE KPUCTAJUIMYECKOTO MOJIMMEPA A0 YIABTPAIUCIIEPCHOTO COCTOSIHUS;

— nmobaBlieHHE yIbTPaIUCIIEPCHOTO YTIIEPO/Ia;

— TepeMelInBaHue B CYXOM BHJIE, TOMOT€HU3UPOBAHNUE CYXOU CMECH;

— Jo0aBlieHHE APYTHX MTOJTUMEPOB 1 MOHOMEPOB, aHTHOKCHIAHTOB;

— ropstaee npeccoBanue npu 160—180 °C (10-20 mun) B mactuHy 0,30 MM MEXTy KOHTaKTOB;

— CIIHMBKA, CTApEeHHE IOIMMepa, 00IydeHNe TUTACTHHEI ITyYKOM 3JIEKTPOHOB (dHEprus ~ 2—3 M»1B,
mpu Toke 180-250 MA) WM peHTTeHOBCKUM H3IydYeHHEM; BO3MOXKHA TaK)Ke XMMHUYECKas CIITUBKA C HUC-
MOJIb30BaHUEM NIEPOKCOCYNb(haTa Kalus;

— JJeKTpHYecKHe u3MepeHuss Heooxoaumo orxuratb 30—60 u npu Temmnepatype 40-70 °C u mpu
HarpspxeHuu 1-3 B.

HcxonHple MaTeprab:

— TOJHMATWICH HU3KOTO JAaBJICHUS, BRICOKOU MmIoTHOCTH 930-970 Kr/M3; moKa3aTenh TeKy4eCcTH pac-
mwraa npu 190 °C u Harpyske 2,16 kr/10 MUH; yCTOWYHB K TEPMOOKHCIUTEIHHOMY pPa3iIOKeHHUIO (Ie-
CTPYKITHH ) BO BpeMs TEPMHUUIECKON TIepepadOTKH; CTOUKOCTh K pacTpecKuBaHuio — He MeHee 30 d;

— yraepon YTBO31 — nmoiyakTUBHBIN, MOIYy4aeMbI P TEPMOOKUCIUTEIBHOM Pa3I0KEHUH MPU-
POIHOTO Ta3a B YHCTOM BHUJIE WM C 100aBKaMH >KUIKOTO YIJIEBOJOPOAHOTO CHIPhS, C HU3KUM IOKa3aTeJIeM
JTUCTIEPCHOCTH U HU3KUM TTOKa3aTesleM CTPYKTYPHOCTH;

— yraepon YTHO25 — neyHoH, MOIyaKTHBHBINA, TIOTYyJaeMbIi MTPH TEPMOOKHCIUTEIHFHOM Pa3JIoxKe-
HUU KHUJKOTO yTIEBOJOPOTHOTO CHIPhS, C HU3KHM ITIOKa3aTejeM AWCIEPCHOCTH W BBICOKHM ITOKa3aTeleM
CTPYKTYpPHOCTH;

— MPHUMECH: aKpHJIOBas KUCIIOTa, METHJI aKpUIIAT, STWICH-OyTHII akpuiar, Top-3TWUIIEH | Jp.; aH-
THOKCHJIAHT, YTOOBI IPEAOTBPATUTH OKHUCIIEHHE B 00JaCTH KOHTAKTOB;

— MarepHualibl KOHTaKTOB: (hoybra MeHas, MOKPHITas HUKEIEM H T.JI.

g uccnenoBaHus 3aBUCHUMOCTH IPOLIEHTHOTO COJEPKaHHs PasIMYHBIX THIOB YyIilepoa K IOJH-
STHJIEHY B COCTaBE IOJIMMEPHO-YIIIEPOAHOIO KOMITO3UTa ObLIM B3sAThl monmMep Mapok ([IOBII21 u
[I9HI1704) u yraepon mapok YTBO31 (Beicokoomubiit) 1 YTHO2S5 (HM3KOOMHBIN) W M3TOTOBJIEHBI He-
ckoJibko naptuil KITY B pa3ainyHOM COOTHOIIEHHWH UCXOAHBIX KOMIIOHEHTOB.

Pe3yAbTaTBI H HX 00CYy>KAEHHE

Jis uccnenoBaHus MapaMeTPOB COMNPOTHUBIIEHHS OT INPOLEHTHOTO COOTHOLICHMS MOJIMITHIICHA
K TeXHUYECKOMY yriepony Ol Hamucansl pasHblie coctaBbl. s KIIY'1 Obwo B3siT0 49 % nonusTtuieHa
K 51 % yriepoza, Ui cIeOyIOUMX KOMIIO3UTOB COOTHOIIEHHE MEHSIOCh, CTAHOBHIJIOCH OOJIbILE MOJIHITH-
JIeHa W MEHBIIIE yriiepona, u yxxe B coctaBe KIIY4 mons monustmnena cocrasmia 54 % k 46 % yriaepona.
CrouT OTMETUTH, YTO BO BCEX YETHIPEX MAPTUAX OBLIO Pa3HOE COOTHOLICHHWE TEXHUYECKOIO YIJIEpOoia ABYX
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mapok YTHO25 u YTBO31 npyr k apyry. B KIIV1 yrnepona mapku YTHO2S5 npubnusurensHo B 1Ba pa-
3a Oompmme, yem Mapku YTBO31, a coorHomenume yriepomoB B KIIY4 obpatHoe, yriepoma Mapku
YTBO31 B nBa paza 6ombire, uem YTHO25 .

B pesynprare HamMcaHMs COCTaBOB C pa3HBIM MPOLIEHTHBIM COOTHOLIEHUEM YIJIEpOAa U MOIUITUIIEHA
u marotoBieHus nmaptuii KIIY Obutn mony4eHsl pe3ysnbTaThl CONPOTHBICHUH Ui Kaxkaon maptuu (tadm. 1,
puc. 3).

Taobnuua 1

PesynbraTel conpotusinennit ainsa naptuid KITY ¢ pa3HbIM NpOLIEHTHBIM COOTHOIIIEHUEM
yIIepoa U MOIUATHIIEHA

Conportusienune, OM
HanmenoBanue
1 2 3 4 5 6 7 8 9 10
KITV1 0,112 | 0,109 | 0,116 0,130 0,125 0,130 0,127 0,129 0,125 0,124
KITY2 0,268 | 0,268 0,271 0,263 0,272 0,269 0,283 0,284 0,270 0,284
KITY3 0,633 | 0,662 | 0,630 0,642 0,568 0,600 0,665 0,617 0,602 0,539
KITY4 1,169 | 1,044 1,035 1,253 1,135 1,182 1,074 1,277 1,035 1,028
1,4 1
1,2 T
Kny4
1 ==
s 0,8 T
(@]
© 0,6 'm3
04 1
Kny2
0.2 71 Kny1
0 t t t } t t t t |
1 2 3 4 5 6 7 8 9 10
HanmenoBanme KIIV1, % KITY2, % KITY3, % KIIY4, %
Yruepon 51 48,5 47 46
Tlonuatunen 49 51,5 53 54

Puc. 3. I'padux 3aBucumoctu conpotusicHus KITY OT mporieHTHOTO COOTHOMICHUS YIIepoia U MOJUITUICHA

W3 mpencTaBieHABIX pe3yabTaToB B Ta0d. 1 BuUAHO, uTo compoTuBicHne KIIY 1 3HaunTensHO HIDKE
conporunernii KI1Y4. Takoe paznuune conpoTuBieHUi 00ycioBieHo tem, 4yTo B coctase KIIY1 conep-
JKUTCSL MeHbLIE noiudTHiIeHa, yeM B KIIV4, cooTBeTcTBEHHO, 0OJblIe TeXHHYecKoro yriepoaa. CooTHO-
IIEHHUE JBYX MapOK TEXHUYECKOTO YTIepoaa TakKe MOXKET BapbUPOBATHCS I N3MEHEHUS COTPOTUBIICHUS
B OoipImyto wWiM MeHBITyI0 cTopoHy. Tak, B KIIY1 comepkutcst OOJbIlie HHU3KOOMHOTO VTJIepona
(YTHO25) u menbme Beicokoomuoro (YTBO31), B KITY4 nporieHTHOE collepkaHue TEXHUYECKOTO yriie-
poJla pacCUYMUTAHO TaK, 4TO OepeTcsi OOIbIe BEICOKOOMHOTO W MEHbIIIE HU3KOOMHOTO YTJIepo/a MpaKTHye-
CKH{ B TaKUX XK€ MPOMOPIUIX.

U3 puc. 1 BugHO, 9TO TIpHU OOJBIIEM JOOABICHUN TEXHUYECKOTO yriaepoaa Mapku Y TBO31 3HaueHus
COIIPOTHBIICHUSI TTOJIMMEPHO-YTIICPOTHOTO KOMIIO3UTA CTAaHOBSTCA Ooyiee cTaOWIBHBIMH, HaOmromaercs
MEHBIHH pa30poc (HeT CKauKOB) MEX Iy 00Opa3IiaMH.
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3akarouenune

B pabore 6bumn m3rotosiensl KIIY pasHble mo cocTaBy M IOJyYeHBI 3HAUYEHHS CONPOTHBIICHHUH
3JIEKTPONPOBOAHOCTH. Y CTAHOBJIEHO, YTO U3MEHEHHUE MPOLIEHTHOTO COOTHOILIEHUS MOJIMITHIIEHA K TEXHU-
yeckoMy yriepoay B coctaBe KIIY nmpuBoauT K M3MEHEHHMIO €r0 HOMUHAJIBHOTO CONPOTHUBIICHUS, a U3Me-
HEHHE COOTHOIIEHHSI HU3KOOMHOTO M BBICOKOOMHOTO TEXHHYECKOTO YIIepoia APYT K APYry K CTaOUIBHO-
CTH 3HAYEHUN CONPOTHUBIICHMUSL.

PaccMmoTpenne momydeHHBIX pe3yJIbTaToOB MO3BOJIMIIO CAENATh BBIBOJ, YTO JUIS M3TOTOBJIEHUS (IIpo-
U3BOJICTBA) BBICOKOTOYHBIX MPEUU3MOHHBIX PE3UCTOPOB HEOOXOAMMO KOHTPOJIUPOBATH IMPOIEHTHOE CO-
Jep’)KaHue TEXHUYECKOro yriepoaa HU3KOro conportuieHus Mapku YTHO25 k TeXHHUUECKOMY YTiaepomy
BBICOKOTO conpoTuBieHust Mapku Y TBO31, a takxke cojepkaHue NOIMITHWIEHA K YIJIEpOLy B IPONOPLHO-
HaJIBHOM COOTHOILIIEHUH JIPYT K IPYTY.
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I
BE3OIIACHOCTD B YPE3BBIYAMHBIX CUTYAITUAX

SAFETY IN EMERGENCY SITUATIONS
L —

YAK 004.05
doi:10.21685/2307-4205-2021-2-10

IMPAKTHYECKHE BOITPOCHI IPOBEAEHU S CEPTH®UKAIITMOHHBIX
HCIIBITAHUM TPOTPAMMHBIX U3AEAUN

B. B. Camapos

000 «16 HUUII», Mertuim, Poccust
samarov_vladimir@mail.ru

AHHOTanms1. Axmyanenocms u yeau. PaccmarpuBaroTest mpoOiieMHbIE BONPOCH], BO3HUKAIOIINE NIPU NPOBEIe-
HUM CepTHU(UKAMOHHBIX MCIBITAHUH MMPOrPaMMHBIX W3/ENUH, NpeJHa3HaueHHBIX Ul 00pa0OTKH KOH(HICHIHAIb-
HOW mMH(opManuy, He cozxepKallell CBEJCHHUS, COCTaBIIIONINE TOCYJapCTBEHHYIO TaifHy, B CHCTeMe cepTH(uKamn
Muno6opons! Poccun. Mamepuansr u memoowt. Ilpu pacCMOTpEHHH pelIaeMbIX MPH MPOBEICHUU CepTH(PHUKAINOH-
HBIX WCIIBITAaHWH 3aJad ObLI CAENaH aKLUEHT Ha BO3MOXKHOCTb M B)XKHOCTh NMPAKTHYECKOM peaM3alliy CBS3aHHBIX
C 3TUMH 3aJadaMy OIEpali, YCIIEIIHOE BBIIIOJHEHHE KOTOPBIX B CBOIO OYEPE/lb MPEICTABIACTCS HEOOXOJUMBIM IS
KOHTPOJISL OTCYTCTBHSI HEAEKIAPHPOBAHHBIX BO3MOXKHOCTEH B HCCIEAYeMOM IPOTPaMMHOM H3IEIHNH. Pe3yibmamul
u 6b1600b1. 10 pesynbTatam paccMOTpeHHs 0003HaYEHHBIX MPOOIEMHBIX BOIPOCOB J]aHO 0OOCHOBaHKE 1eJeco00pas-
HOCTHU PCHICHUSA PaCCMOTPECHHBIX 3aa4 U aKTyaJIbHOCTHU pa3pa60T1<1/1 METOAUKHU MPOBCACHNSA COOTBCTCTBYIOMINX DTa-
OB CePTUGHUKAIIMOHHBIX UCTIBITAHUH.

KiroueBnble cioBa: CepTI/I(I)I/IKaIII/IOHHI)Ie HCHbITaHUS TPOrpaMMHBIX I/I3I[CJ'II/II>1, HpO6J'IeMHLIe BONPOCHI CEPTHU-
(bl/lKaHI/IOHHBIX HCHLITaHHﬁ, aBTOMaTHu3alusa CepTI/I(I)I/IKaIII/IOHHLIX HCIBITAaHUN

Jas uurupoBanusi: Camapos B. B. [Ipaktudeckie BOIpoCk MPpOBENCHUS CEPTH(PUKAMOHHBIX UCTIBITAHUN MPOTPaMMHBIX
n3genuii // HapexxHoCcTh 1 KauecTBO cnoxkHBIX cucTeM. 2021. Ne 2. C. 99-103. doi:10.21685/2307-4205-2021-2-10

PRACTICAL ISSUES OF CONDUCTING CERTIFICATION TESTS
OF SOFTWARE PRODUCTS

V.V. Samarov

LLC "16 NIITS", Mytishchi, Russia
samarov_vladimir@mail.ru

Abstract. Background. The article deals with the problematic issues that arise during certification tests of
software products intended for processing confidential information that does not contain information constituting a
state secret in the certification system of the Ministry of Defense of Russia. Materials and methods. When considering
the tasks solved during certification tests, an emphasis was made on the possibility and importance of the practical im-
plementation of operations related to these tasks, the successful implementation of which, in turn, seems to be neces-
sary to control the absence of undeclared capabilities in the software product under study. Results and conclusions.
Based on the results of considering the identified problematic issues, a justification was given for the expediency of
solving the considered problems and the relevance of developing a methodology for conducting the corresponding
stages of certification tests.

© Camapos B. B, 2021. Konrent pocrynen no aunensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.

929



HAAEXXHOCTD M1 KAYECTBO CAOJKHBIX CMCTEM. 2021, Ne 2

Keywords: certification tests of software products, problematic issues of certification tests, automation of certi-
fication tests

For citation: Samarov V.V. Practical issues of conducting certification tests of software products. Nadezhnost' i kachestvo
slozhnykh sistem = Reliability and quality of complex systems. 2021;2:99-103. (In Russ.). doi:10.21685/2307-4205-2021-2-10

[Ipu mpoBeneHuy cepTUUKATMOHHBIX WCIBITAHUHN MPOTPaMMHBIX H3JIEIHIA B CHCTeMe cepTuduka-
. MunoOoponsl Poccun, o 4-My ypOBHIO KOHTPOJISI OTCYTCTBHSI HEJEKJIAPUPOBAHHBIX BO3MOKHOCTEH,
B COOTBETCTBHH C PYKOBOISIINM JOKYMEHTOM «3all[iTa OT HECAHKIIMOHUPOBAHHOTO JIOCTYIIA K HHPOPMAIIUH.
UYacrts 1. [IporpamMMHOe oOecIieueHre CpecTB 3amuThl nHpopMarmi. Kiraccubukalius mo ypoBHIO KOHTPOJIS
OTCYTCTBHSI HEJEKJIapUPOBaHHBIX Bo3MOkHOCTe» (I'octexxommccust Poccun, MockBa, 1999) (manee —
PJ1 HIB) nepen crienuanicTaMy UCTIBITATENILHBIX J1a00PATOPHA CTABATCS CIECIYIOLINE 3a0aun:

1) xoHTpPOIH TPeOOBAHUI IO COCTABY M COIEPIKAHHIO MPOTPAMMHOM (B T.4. DKCILTyaTallMOHHOMN) 10-
KyMCHTAalUK,

2) KOHTPOJIb UICXOAHOTO COCTOSHUS mporpamMmHoro odecrieueHus (110);

3) mpoBeIeHNe CTaTHYECKOTO aHalTn3a UCXOIHBIX TeKcToB 10, B Tom unce:

— KOHTPOJIb TIOJTHOTHI ¥ OTCYTCTBHS H30BITOYHOCTH NCXOAHBIX TEKCTOB Ha YPOBHE (hailiioB;

— KOHTPOJIb COOTBETCTBHSI HCXOIHBIX TEKCTOB [10 ero 00beKTHOMY (3arpy304HOMY ) KOJY.

[IpakTrKa MPOBENEHHBIX PA0OT MO CePTU(PHUKAIMOHHBIM HCIIBITAHUSM IPOTPAMMHBIX H3/IEIHI B HC-
neITarensHO# maboparopun OO0 «16 HUUIL» mokasana, 9To TIpH MPOBEASHUN TIPOBEPOK 2—3 3a4acTyio
BO3HHKAIOT NpoOIeMHBIE BOIIPOCHI, TpeOytonme perreHus. Huke paccMaTpuBaloTcs pemaeMblie Ipu Ipo-
BEACHUM CEPTU(UKAIMOHHBIX UCTIBITAHMH MPOTPaMMHBIX M3JENIUH 3aa4d U NpoOJIeMHBIE BOIIPOCHI, BO3-
HUKAIOIMe B KOHTEKCTE BBHITIOIHEHHS dTHUX 3a]ad.

1. 3amada Mo KOHTPOJIIO UCXOAHOTO COCTOSHUS IPOTPAMMHOTO H3EIHSL.

[pu pemenun 310 3a1a4n Ha MPAKTHKE 3a4acTyI0 BO3HUKAIOT CIIEAYIOIINE TPOOIEMBI:

A. «Iloteps» (aiinoB Npy pasapXHBUPOBAHNH MTAKETOB C HCXOMHBIMH TEKCTAMH' M TUCTPHOYTHBAMM.
JanHas cuTyanusi BCTpedaeTcs AOCTATOYHO YacTO, MPU OCYIIECTBICHWH COOTBETCTBYIOMIMX padOT B Olle-
paioHHBIX cucteMax cemeiictBa Windows (nasiee — OC Windows). 9T0 00yCI0BICHO TEM, YTO OOJIBIINH-
ctBo npuiokennidt OC Windows (BkITt04ast apxuBaTOPbl M PEKOMEHJOBaHHBIE PETYIISTOPOM MPOTPaMMBI IO
KOHTPOITI0O MCXOJHOTO COCTOSTHUS MPOTPaMMHBIX H3[IEHI) HE YMEIOT padoTaTh C ATUHHBIMH My TSIMH (Py-
nuMeHT crapbix Bepeuii OC Windows, T/ie 3Hauenne napamerpa” Win32 API MAX_PATH = 260).

PeuuTh JaHHYIO IPOGIEMY MOXKHO, IIPOBOJIA COOTBETCTRYOMIMIT STan pa6ot B OC cemeiictpa Linux’
(roe maHHAas poOiieMa Kak TaKoBas OTCYTCTBYET), OAHAKO 37IeCh 3a4acTyI0 BO3HUKAET JApyras mpooliema,
CBSI3aHHAs CO CIIOKUBIIICHCS CUTYaIlMel, OMMCaHHOM B 1II. b).

B. OTCyTCTBHE PEKOMEHIOBAHHBIX PETYJISTOPOM’ CPEICTB KOHTPOJIS HCXOAHOTO COCTOSIHHS CEpTH-
¢GuIMpyeMbpIX MPOrpaMMHBIX H3Iennid, GyHKIHOHUpYyomuX Bo Bcex OC cemeiictBa Linux um mMerommx
BO3MOYKHOCTh aBTOMATH3WPOBAHHOTO KOHTPOJSI (aiioB 1o BceM (OOIBIMMHCTBY) HCIIONB3YEMBIM aJIroO-
pATMaM KOHTPOJBHOTO CYMMI/IpOBaHI/IHS. Takum o0pa3om, B cityuyae, €CITU 3asiBUTENb CEPTH(PUKATUOHHBIX

' 3a1aua KOPPEKTHOTO PA3aPXUBUPOBAHMS TIAKETOB C MCXOIHBIMH TEKCTAMH TAKKe MOKET OBITh aKTyaIbHOM
IIPU OCYIIECTBJICHUH pabOT B paMKax CTATMYECKOro aHajiM3a Koja (IIPU BBIIOJIHEHHUU MPOBEPOK B COOTBETCTBHUU
¢ TpeboBanusmu 1-3 ypoBHe#t kouTposs H/IB). CBs3aHo 3T0 ¢ TeM, 4To OO0JIbIIAs YaCTh CTATUYCCKUX aHAJIH3aTOPOB
WCXOJHBIX KOJIOB NpenHa3HaueHa s gynkunonuposanus B OC Windows. Crenyer OTMETHTB, YTO B PacCMOTPEH-
HOM ciy4ae (II0CIie BBIMOJIHEHUS CTAaTUYECKOr0 aHalin3a) JOIOJIHUTENILHO BO3HUKAET oOpaTHas 3ajava 1o IpHUBEe-
HHUIO 00paboTaHHOTO MaKeTa ¢ (aiIaMi HCXOJHBIX TEKCTOB K HCXOTHOMY BHIY M CTPYKTYpE.

* Crour ormeruts, uro B OC Windows 10 (saunnas ¢ Bepcun 1607) mOSBHIACH BO3MOKHOCTH OTKJIOUHT
npoBepky MAX PATH c nmomomisio rpynmoBbIX MoguTHK (gpedit.msc) win myTem penakTupoBaHus peecrpa [1] (ko-
manma B PowerShell : Set-ItemProperty —Path HKLM:\SYSTEM\CurrentControlSet\Control\FileSystem —Name
LongPathsEnabled —Value 1). Bmecte ¢ TeM BBIIOTHEHNE JaHHBIX ICHCTBUIN TOTHOCTHIO HE pelIaeT npodieMy BBHUILY
TOTO, YTO NMPOBEPKA UIMHBI ITyTH HHTEIPHPOBAHA B KOJ| COOTBETCTBYIOLINX MPUKIAIHBIX IPUIOKEHUH.

3 3nech u ganee moxg OC cemeiicTBa Linux OyjaeM MoHUMAaTh ONEPalMOHHBIE CUCTEMBI, IOCTPOCHHbIE Ha 0a3e
OC Linux u umeroniye cepTu(UKaThl COOTBETCTBHS (3aKIFOUSHHUS 10 OE30MaCHOCTH), BbIJJAHHBIE OPTaHOM 10 CEPTH-
¢uxanun Muno6oponst Poccun.

* CTOUT OTMETHTB, UTO PEKOMEH/IOBAHHbIC CPEICTBA KOHTPOJIS MMEIOTCS, OJHAKO MOIEP/KKA MMH YCTapeB-
IMX, & TAK)KE COBPEMEHHBIX aJITOPUTMOB XEIIMPOBAaHHS OTpaHn4eHa (HEroIHas).

° Ha mpakTuke pa3palOTUHKH 3asBIAEMBIX Ha CepPTH(MUKAIMOHHBIC UCIBITAHMS TIPOrPAMMHBIX M3IEIHIl TpH
MIPOBEJCHNH COOTBETCTBYIOIINX Pa0OT, MPOBEICHUE KOTOPBIX MPEIIOIAracT UCIONb30BaHue X3 M-(PyHKINH, HCTIOIb-
3yIOT MHOKECTBO aJITOPUTMOB KOHTPOJBHOIO CyMMHpoBaHUs (0T crapbix, Harpumep: CRC8/16/32, TOCT 34.11-94,
MD-4 u ap.; mo coBpemennsix, Hanpumep: SHA-3, TOCT P 34.11-2012 «Ctpubor» (Xam 256 u 512 6ur) u ap.).

100



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2021;2

WCTBITAHUI UCTIONB3YET alTOPUTM, IOAJEPKKA KOTOPOTO OTCYTCTBYET B PEKOMEHJIOBAHHBIX PETYJIATOPOM
CpeACTBaxX aHalM3a, UCIBITaTENbHAs Ja0opaTopus BEIHYKICHA pellaTh JaHHYIO IPOOIeMy CaMOCTOSTENb-
HO, B TOM YHCJIE€ TYTEM DKCIEPTHOW BeprU(UKAIUU aIropuTMa, HCIIONB3YEeMOro 3asBUTENEM IPU KOH-
TPOJIHHOM CYMMHUPOBAHUH (PAiiIIOB.

2. 3ajaya Mo WIACHTU(QHKALMYU B MaKETe C UCXOJHBIMH TEKCTaMH OMHAPHBIX (ailyioB, HE UMEFOIINX
COOTBETCTBYIOIINX MM MCXOJHBIX TEKCTOB, & TAKXKe MOJHOTO ((haKTUYeCcKOoro) mepedHs (aiyioB HCXOIHBIX
TEKCTOB.

BaxxHocTh maHHOM 321241 00YCIIOBIIEHA TEM, YTO:

— B IIAKETaX C UCXOJHBIMH TEKCTAMHU, MMPEJICTABISICMBIX Ha CEPTUDUKAIMOHHBIC UCIIBITAHUS, HEJIOITY-
CTUMO HalMure OWHApHBIX (ailJIoB pa3iIndHOro Ha3HA4YeHHUs (OMOMMOTEKH, IpaiiBepa, UCTIOMHSIEMbIe (aii-
761, 0OBEKTHBIE (ailyibl KOMIWIIATOPA U MHBIE OMHAPHBIC (aiiyioBble 00BEKThI) O€3 MPUCYTCTBUSI COOTBET-
CTBYIOIIMX MM HCXOJHBIX KOAOB, a TaKXkKe ACKIApPUPOBaHMS TaKOI'O COOTBETCTBHA B IMPOTPaMMHOMN
JIoKyMeHTarmu (popMaibHO, TaHHOE TpeOOBaHNE MOKHO OTHECTH K TpeOOBaHHIO, KaK IO KOHTPOJIO TOJI-
HOTBI, TaK ¥ TI0 OTCYTCTBUIO N30BITOYHOCTH UCXOIHBIX TEKCTOB);

— IpU TPOBEJCHUN CePTH(PUKAMOHHBIX UCTBITAHUI TOJDKHBI OBITh TIPOBEPEHBI BCE HATMYECTBYIO-
[IMe B MAKETe C HCXOAHBIMU TEKCTaMH (aiijIbl HCXOJHBIX TEKCTOB, a HE TOJBKO T€, KOTOpPHIE JeKIapupoBa-
HEI pa3pabOTIUKOM.

CHOXHOCTh peIlleHUs] JaHHOW 3aJaud 3aKI0YaeTcss B TOM, YTO BCTPEUAIOTCS CUTYallUH, KOTJa
B MaKeTe C UCXOJHBIMU TEKCTaMH NPUCYTCTBYIOT (ailnbl 0e3 pacllupeHH WM ¢ pacHIMpEHUsIMHU, HE
COOTBETCTBYIOIIUMH MX ACHCTBUTENHbHOMY ThIly. TakuMm oOpa3zoMm, ¢popMupoBaHue (IIOHUCK) MepeyHen
Kak OMHapHBIX (alIioB, Tak U (PailloB UCXOIHBIX TEKCTOB MO PACIIHPEHUIO MOKET HE TOCTUYh MOCTAaB-
JICHHBIX LIcJIeH.

Bwmecre ¢ TeM ciemyer OTMETHTH, YTO BBHJAY TOTO, YTO JaHHas 3ajadya HUKAaK He BBIJEIECHA Ha
ypoBre P/ H/IB, To ee pemenue B mpuHITUIE HE IpopaboTaHO, a METOABI KOHTPOJIS, HOCSAIINE PEKOMEHIa-
TENLHBIN XapaKTep, OTCYTCTBYIOT.

3. 3amaya Mo KOHTPOJIO MOJIHOTHI X OTCYTCTBHIO M30BITOUHOCTH HCXOAHBIX TEKCTOB Ha ypoBHE (haii-
nos' [2].

JaHHas 3aava npeAcTaBisgeT NPaKTHUECKH WHTEPEC MPU BBHIMOJHEHUH COOTBETCTBYIOIIETO JTara
cepTU(UKAIMOHHBIX HCIBITAHUHN JI MPOrPaMMHBIX W3JICNIUH, Pa3pa0OTaHHBIX HAa KOMITHIUPYEMbBIX S3bI-
Kax MpOrpaMMHUpPOBaHUs (B TOM YHCIe U Hanboliee MUPOKO UCTIOIh3yEeMBIX TpU pa3paboTKe MporpamMmm-
HBIX m3aenui s3pikax C/C + + /C# u ux IuaneKkToB, a TakKe Ha s3bIKe Java).

[Ipu 3TOM pazpaboTUMKaMHU HCIONB3YETCS BCE MHOTOOOpasue CYIIECTBYIOIIMX CPEJICTB Pa3paboTKu
(B TOM umCIIe CPEICTB KOMIHIIISIIUN U COOPKH TTAKETOB C MCXOJHBIMU TEKCTaMHU B TUCTPUOYTHUBHBIC TTaKe-
THI), & YHH(PHUKAIINASI dTUX CPEACTB OTCYTCTBYET.

B pesynbrare Ha mpakTHKe NPU HCIOJIB30BAHHHM PACHPOCTPAHEHHOW CXEMbI MPOBEACHUS NaHHOTO
3Tana WCIBITAHHiL, OPH KOTOPOil HEOOXOAMMO MONYYHTh HH(OPMATHBHBI HPOTOKON COOPKH® COOTBET-
CTBYIOIIUX JUCTPUOYTHUBHBIX MAKETOB M3 MCXOJHBIX TEKCTOB, 3a4aCTyH) BO3ZHHKAIOT MPOOIEMBI, TpeOyro-
e JUTA UX PelIeHNs 3HAUNTENbHBIX TPYI03aTPaT CIIENUAINCTOB HCITBITATENBHBIX JTA00PATOPHIA.

4. 3agaua o WACHTUPHUKALUHI CPebl pa3pabOTKU U COOPKH.

Wnentuduxanms cpensl pa3pabOTKA BaKHA B KOHTEKCTE OIPENeICHHS NIEPEeYHs UCIOIB30BAHHBIX B
HCCIIEAYEMOM TPOeKTe OMONMMOTEK (KaK CTAaTHYSCKUX, TaK M MTUHAMUYeCKUX). Ecnm mo pe3ynpraraMm uacH-
TUPUKAINU OKAKETCSI, YTO UCTONb3yeMas cpeia pa3paboTKu He JOBEpeHHas, T.. He UMEET MOJTBEepKIe-
HUSL O COOTBETCTBUH TpeOOBaHMSM 0€30MaCHOCTU MH(poOpMauuH (B TOM YHCJIE M B COCTaBe APYIHX MpO-
TpaMMHBIX H3AEIHi (CPEACTB), TO TMPH MPOBEACHUN CEPTHU(UKAIMOHHBIX HCIBITAHUN MPOTrPaMMHOTO
u3zienus HeoOxoauMo OyJieT K (aiiiaM MCXOIHBIX TEKCTOB IPOBEPSIEMOTO M3ACIUs H00aBUTH (Daiiibl Uc-
XOJIHBIX TEKCTOB COOTBETCTBYIONIMX GUOMMOTEK’ (KAK CTATHUECKHUX, TAK H Pa3Je/IeMbIX (IMHAMUUECKHUX).

! Kak 6bUIO OTMEYEHO BBINIE, STANOM, MPEIIIECTBYIONHM BHIOTHEHHUIO PACCMATPUBAEMOH 3a1aud, MOMKHO
CUUTATh JEHCTBUS, OIIMCAHHBIC B II. 2 pacCMaTPUBAEMBIX 3ajad.

? Jlaunas 3a7aua Oblia pelIeHa ¢ HCIOIb30BaHMeM cucTeMbl ayuta OC Linux [3]. Tlo pesynbTatam pelreHus
JTAaHHOM 3a/1aum ObLT pa3paboTaH Kpocc-TuiaTGopMeHHBIH TPOTPaMMHBIA MOAYJIb Ha si3bike [TUTOH, KOTOPBIHA ycrenHo
ucnogassyetcs cnenuanucramu OO0 «16 HUWILI» B noBcenHEeBHOM 1€ATEIHHOCTH.

> B mepeueHp JONONHUTEIHHO MPOBEPSEMBIX (AilIOB TOIKHBI ObITh BKIIOUEHH! (ailiibl MCXOIHBIX TEKCTOB
OMOIMOTEK, HEMOCPEICTBEHHO 33€HCTBOBAHHBIX B HCCIICAYEMOM MPOEKTe (TIOAKIIIOYAaeMBIX K CO3/1aBaéMbIM O0BEKT-
HBIM (aiijlaM Ha dTare JUHKOBKH (B CIIy4ae cO CTaTHYECKUMH OMOIMOTEKaM1) WX HEOOXOAUMBIMH JUTs (DyHKIIMOHH-
PpOBaHMUS CKOMITIIIMPOBAHHBIX OOBEKTHEIX (haifyioB (B YACTH pa3AeieMbIX ONOIHOTEK).

101



HAAEXXHOCTD M1 KAYECTBO CAOJKHBIX CMCTEM. 2021, Ne 2

Wnentudukanus cpelpl cOOPKH BaKHA HM3-32 TOTO, YTO CPEACTBA KOMIMJISIIMK U COOPKH pasHBIX
BepcUil He MOTYT 00ECIeYNTh MOTYUYECHHE OJMHAKOBBIX OMHAPHBIX ENIEBBIX (ailIoB, 4TO HEOOXOAUMO IMPH
MPOBEJICHMH COOTBETCTBYIOIIETO JTana cepTUuUKauu (KOHTPOJS COOTBETCTBUSI MCXOJTHBIX TEKCTOB HX
00BeKTHOMY (3arpy304HOMy) Kozy)' . KpoMe Toro, Ipu BBIIIOTHEHHH JAHHOTO JTAIa POBEPOK TAKKE MPO-
BEPAETCS IPOUCXOKICHNUE COOTBETCTBYIOIINX YTHIIUT, OCYIIECTBISIOMNX KOMIMISIHIO 1 COOPKY KOHTPO-
JTUPYEMOTO MPOrPAMMHOTO H3IeITHs .

Ha mpakTrke OCHOBHas CIIO)KHOCTH PEIICHUS] pacCMaTpUBAaEeMOM 3aJaud 3aKII04YaeTcs B OIpelene-
HUU (PaKTHIECKHA MUCTIONB3yeMbIX (3aJeiICTBOBAHHBIX) JUI UCCIEIYyEMOTO MPOEKTa OUOIHOTEK U TOCIeIy-
fo1mas BepuuKaIms JaHHBIX OMOIHMOTEK Ha MpeaMeT MX MPOUCXOXKISHU. B momomHeHne K dToMy Heo0-
XOJIUMO TTPOU3BECTH HIESHTU(PHUKAIIIO CPEAbl KOMITAJISIINH U COOPKHL.

Pemenne manHo# 3amauu U3-3a OTCYTCTBHS B €€ 9acTu cTporux Tpedosanuii B P/l H/IB B nemom He
npopabotano. BMecTe ¢ Tem, 0 MHEHHIO aBTOPa, UMEETCSl HEOOXOJMMOCTh B aHAJIN3€ BO3MOXHBIX UCTOY-
HUKOB TIOJYYEHHSI COOTBETCTBYIOIIMX PEIEBAHTHBIX JAHHBIX M HCIIONB3YEMBIX JJISl TOI0 METOJax C IeJIbI0
BBIPa0OTKH KOMILJIEKCHOTO AITOPHTMA [0 PELICHUIO pacCMaTpUBAEMOH 3a1auu.

B crarbe paccMOTpeHBI akTyalbHbIE 33Ja4M, pelraeMble Py NPOBEICHUN CEpTH(UKAMOHHBIX HC-
MBITAHUH TPOTPAMMHBIX W31enuii o TpedoBanusm PJl HJ/IB mo weTBepTOMy YpOBHIO KOHTPOJIS, U TIPAKTH-
YecKHe MPo0JIeMbl, BO3HUKAIOIIHE TP UX PEIICHUH.

BrmonHeHne paccMOTPEHHBIX 33/1ad B YacTH JEATENBHOCTH WCIBITATENLHBIX JIA00paTopuil MMeeT
3HAYUTENHHBINA MPAKTHUECKUI UHTEPEC M TIO3BOJISET B CIlydae WX YCIEIIHOTO perneHus 0oinee 3pGeKTUBHO
IPOBOUTH CEPTHDHUKAIMOHHBIE HCITHITAHHS .

Ha ocHoBanMM M370XEHHOTO MaTepHalia MpeAcTaBiseTcs LEeIeco00pa3HbIM:

— npopaboTaTh BaApHAHTHI PELICHUS] PACCMOTPEHHBIX BBIIIE 337]ad M C Y4€TOM 00O3HAYEHHBIX IPO-
OJIEMHBIX BOTIPOCOB pa3paboTaTh METOIWKY HPOBEICHUS COOTBETCTBYIOUIMX 3TANOB CePTU(UKAIIMOHHBIX
WCIBITAaHUM 110 YETBEPTOMY YPOBHIO;

— paccMOTpeTh BO3MOKHOCTh aBTOMATH3aLIMU BBITIOJIHEHHS COOTBETCTBYIOIIMX 3314, pelIaeMbIX Ha
dTarax MpoBeleHUs CEPTUPUKAITMOHHBIX HCTIBITAHNH.
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' K cpene KOMIMIAIMK ¥ COOPKHM OTHOCATCS KAaK HEMOCPEICTBEHHO CaM KOMITHJISTOP, TAK M IPOrPAMMHBIE
CpenCTBa, ympasiiitonme coopkoit (Hampumep: make, cmake, maven, ant u ap.), a Tak)Ke YTHINUTHI, OCYIICCTBIISIONINE
YIIAKOBKY/apXUBHPOBaHIE CKOMITMIIMPOBAHHBIX OMHAPHBIX (pailJIoB MpoeKkTa B COOTBETCTBYIOIINE AKETHI (HapHMeEp:
deb, rpm, cpio, tar u ap.).

B unpeaine ucronb3yemble cpefcTBa KOMIWISIIMK B COOPKU JOJKHBI ObITh CEPTUPUIIMPOBAHBI 110 TPEOOBaHH-
M 6e30macHOCTH MHpopManuu. MuHUMalbHOE TPEOOBaHKUE K TAKUM CPEICTBaM — (DUKcALUs B apXHUBE MPEATIPUSTHS
pa3paboTyrKa KaKk HEIOCPEICTBEHHO UCIIOIHAEMBIX (aiJIOB 3THX CPEJCTB, TAK U BCEX COOTBETCTBYIOIIMX MM (ailyioB
MCXOJHBIX TEKCTOB (Ha dTare NpOBeACHHS CePTH(OUKAIIMOHHBIX UCTIBITAHUHN JUIS 3THX CPEACTB IPOBOIUTCS KOHTPOJIb-
Hast cOOpKa C LIENbI0 YCTaHOBJICHUSI COOTBETCTBHSI 3aJI0KCHHBIX B apXUB UCXOJHBIX TEKCTOB, COOTBETCTBYIOIIUM UM
3arpy304HBIM MOJYJISIM).

* Tox 2 heKTHBHOCTIO B JAHHOM KOHTEKCTE MOHHMAETCS BO3MOKHOCTh (POPMHPOBAHHS 0GOCHOBAHHOTO 3a-
KJIFOUCHHS 110 pe3ysbraraM KoHTpoist TpeboBanuii PJ1 H/IB, ¢ yueToM paccMOTpeHHBIX 3a7a4 (B TOM YHCIE U 3aj1ad,
oTCyTCTBYIOmUX B siBHOM Buze B P/l H/IB).
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ITPOTPAMMHAS PEAAMBAITUA KOHTPOAS ®AMAOBOM N3BBITOYHOCTH
U IIOATBEPXKAEHUA ITIOAHOTHI HCXOAHBIX TEKCTOB HA YPOBHE ®AVIAOB
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AnHotanms. AkmyansHocms u yeau. ONMUCAHBI TIOJB30BATENILCKUN HHTEpQEIic 1 TOPSIIOK paboThl ¢ pa3pado-
TaHHBIM MPOTPAMMHBIM MOJYJIEM, OCYIIECTBISIONIMM KOHTPOJIb MOTHOTHI H OTCYTCTBHUS (PaijIOBOM M30BITOYHOCTH B
HCCIIEyEeMOM B PaMKax CepTH(QHUKANNOHHBIX UCTBITAHUH MPOTrpaMMHOM U3aenun. Mamepuanst u memoowt. [Ipu mpo-
BEJICHUW aHAN3a CPAaBHUBAIOTCS JBa MHOXKECTBA: IepeueHb (ailIoB C MCXOMHBIMH TEKCTaMH; MPOTOKOJ COOPKHU
(KOMITMIISITINHN) UCCIIEAYEMBIX HCXOIHBIX TEKCTOB B COOTBETCTBYIONINIA AUCTPUOYTHUBHEIHN MakeT (3arpy309HbIC MOIY-
JM), TIONYYCHHBIM NPH HCIIONB30BAaHHH CHCTEMBI ayJuTa OIEpaIMOHHBIX CHCTeM cemeiicTBa Linux. Pesynsmamol
u 6b1600b1. VIcmionp30BaHNE YHH(PHUIMPOBAHHBIX IPOTOKOJIOB ayIHTa ITO3BOJIMIIO PEaM30BaTh IPOTPAMMHBIN anro-
PUTM, TIpY KOTOPOM HMEETCS BO3MOKHOCTh KOHTPOJIS (haiiioBON M30BITOYHOCTH M YCTAaHOBJICHHS IIOJIHOTHI HA YPOBHE
(haiinoB ay1st MccIeNyeMbIX IPOEKTOB JIFOOBIX 00BEMOB U CTPYKTYPBI, & TAK)KE BHE 3aBUCUMOCTH OT HCIIOJIb3YEMBIX IS
uX cOOpKH (KOMIHJISILIUK) CXEM.

KiaroueBble ciioBa: CepTl/I(l)I/lKaLll/IOHH])Ie HCTIbITAaHUSA TMPOrpaMMHBIX Id3}16ﬂldl>i, KOHTPOJIb MMOJIHOTBI U OTCYTCTBUSL
M30BLITOYHOCTH HA YPOBHE (baﬁJ'[OB, CHUCTCMa ayarTa oC Linux, aBTOMaTU3al s CepTI/I(l)I/IKaHI/IOHHI)IX HCIIBITAHHUIA

Jns nurupoBanusi: Camapor B. B., IOpkoB H. K. [Iporpammuas peanuzammst KOHTposs (aitnoBolt H30BITOYHOCTH U TOA-
TBEP>KICHHS MOJTHOTHI HCXOAHBIX TEKCTOB HA ypoBHE (haitnoB // HagexHocTh 1 KauecTBO cIOXHBIX cucteM. 2021. Ne 2. C. 104-108.
doi:10.21685/2307-4205-2021-2-11

SOFTWARE IMPLEMENTATION OF FILE REDUNDANCY CONTROL
AND CONFIRMATION OF THE COMPLETENESS
OF THE SOURCE TEXTS AT THE FILE LEVEL

V.V. Samarov’, N.K. Yurkov”

" LLC "16 NIITS", Mytishchi, Russia
? Penza State University, Penza, Russia
"'samarov_vladimir@mail.ru, > yurkov NK@mail.ru

Abstract. Background. The article describes the user interface and the procedure for working with the devel-
oped software module that monitors the completeness and absence of file redundancy in the software product under
study, as part of certification tests. Materials and methods. During the analysis, two sets are compared: a list of files
with source texts; the protocol of assembly (compilation) of the source texts under investigation into the corresponding
distribution package (load modules) obtained using the audit system of operating systems of the Linux family. Results
and conclusions. The use of unified audit protocols made it possible to implement a software algorithm in which it is
possible to control file redundancy and establish completeness at the file level for the projects under study of any size
and structure, as well as regardless of the schemes used for their assembly (compilation).

Keywords: certification testing of software products, control of completeness and lack of redundancy at the file
level, audit system of Linux OS, automation of certification tests
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Hcnons3oBaHue MEXaHU3MOB, IPEAOCTaBIIeMbIX cucTemMoit ayauta OC Linux, HauuHas ¢ Bep-
cuu 2.6 [1], mo3Bommno pazpaborath anroput™ [2] mo ¢GopmupoBaHuio YHHOUIHUPOBAHHOTO MPOTOKOJIA
(puc. 1) xomnusauu (cOOpKH), UCCIEAYEMOTO B paMKax CepTU(GUKAIMOHHBIX UCIBITAHHUH, MPOBOAMMBIX
B cucreMe cepruduranuyn Muno6oponsl Poccuu, mporpaMMHOIo u3aenus.

open
open
open

4.
D
.
i o
[}

.C OpEn
.C OpEen

]

Puc. 1. ®opmat yHH(UIEPOBAHHOTO MPOTOKOJIA KOMITHIISILIUU (COOPKH)
Ha npuMepe (parMeHTa COOTBETCTBYIOLIET0 IPOTOKOIA Ul TECTOBOTO IIPOEKTA

B cBoto ouepenp, BO3SMOXKHOCTh MOMYUYEHHUsI TIPOTOKOIA KOMITWIISALUK (COOpKH), UMEIOLIEro YHUH-
IMPOBaHHYIO (hOpMy IS TFOOBIX (HE 3aBHCAIINX OT UCIOIB3YEMBIX CXEM U CPEICTB COOPKH) KOMIIHIUPY-
eMBIX (COOMpaeMBbIX) U3 UCXOTHBIX TEKCTOB IPOTPAMMHBIX M3IENi, TO3BOJMIA KOJUIEKTHBY HCITBITATENb-
Hoii nmaboparopun OOO «16 HUUIL», mox pykoBOJACTBOM M IpPHU HEMOCPEACTBEHHOM Y4YacTHH aBTOpPA
CTaThH, pa3paboTaTh MPOrpamMMy, OCYLIECTBIAIONIYIO KOHTPOJb (ailyioBOil M30BITOYHOCTH M yCTaHABIMBA-
IOIYEO (PaKT IMOJIHOTHI aHAJIM3UPYEMOT0 TIAKeTa ¢ UCXOIHBIMH TEKCTaMH.

HeiicTBUTENBHO, UMesl YHUPHIUPOBAHHBINH (opMaT MpoTokoia cOopku (puc. 1), mMeeTcs BO3MOXK-
HOCTB BBITIOJIHATH JAHHBIN ATl MPOBEPOK C YUETOM CIECAYIOLINX YCIOBHMA:

— HaJW4Us B aHAIM3UPYEMOM MPOeKTe (aillIoB NCXOIAHBIX TEKCTOB C OJWHAKOBBIMH MMEHaMH, HO
HaxOIAIIAXCS B pa3HBIX KaTajorax (aKTyaabHO JUIsl OOJBITHX IMPOEKTOB);

— MCKITIOUEHUS U3 aHaJIN3a «IOKHBIX» cpabaThiBaHUi (COOBITHIA, HEMOCPEIICTBEHHO HE CBSA3aHHBIX CO
cOOpKOI MTpoeKTa, HO (POPMUPYIOUINX B MPOTOKOJIE COOPKH CEMAaHTHUYECKHUI «CJIe» TOTO MM MHOTO (haiina
C UCXOIHBIMH TEKCTaMH), T.€. aHAJHN3 TOJHKO YCIEIIHBIX COOBITHH 0 COOpKeE;

— yYeT perucTpa uMeH (aiiioB U COOTBETCTBYIOIIMX K HUM MYTEH B COOTBETCTBHU C OCOOEHHOCTHIO
aitnoBsIX cucTeM cemeiicTa THIa extfs' (ext2-ext4) [2, 3].

B nensx ocymiecTBienus miuaTgOpMEHHON COBMECTUMOCTH IIporpamma Oblia pa3paboTaHa Ha s3bIKe
Python, Bepcun 3.4.3 [5], uTo mo3BoIsIeT 663 MOAMdHKauu Ucnoib30BaTh ee B OC Windows (Bepcmit XP
U BBIIIE), & TAK)KE Ha OOJIBIIMHCTBE ONEPALMOHHBIX CUCTEM ceMeiicTBa Linux, MMEIOIX COOTBETCTBYIO-
e cepTu(UKaThl (3aKIIFOUEHHs) O COOTBETCTBUM 0€30macHOCTH WH(MOpMAIH, BbIaHHbIe MUHOOOPOHEI
Poccun.

IIporpamma no3BosIseT:

— ycneumHo oOpalaThIBaTh «CMEIIAHHBIE» BXOIHBIE TAHHBIE, T.€. HA BXOJ MPOrPaMMbI MOKET OBITH
roAa” ¢aiin, mpeacTaBIIoNi co00i epedeHsb (GailiioB mpoekTa (MCXOAHBIX TEKCTORB), CHOPMUPOBAHHBIN
m00bIM y00HBIM criocobom kak B OC cemerictBa Windows, Tak B Linux cucremax;

— (¢opmupoBaTh HHQOPMATUBHBIE U yI0O0YUTAEMBIE OTUYETH B TEKCTOBOM (popMmare, a Takxke B (op-
maTte html;

— yCTenrHO U OBICTPO 00padaThIBaTh BXOMHBIC TaHHBIC 3HAYUTEIHLHBIX 00HEMOB.

Anroput™ paboThI ¢ IPOTPaMMON:

1. [loAroTOBUTH UCXOAHBIE TAHHBIE, B TOM YHUCIIE:

— MPOW3BECTH MMOCTPOCHNE CITMCKOB C (paiylaMy MCXOIHBIX TEKCTOB (MIJIs1 Y€TO BOCIIOIIB30BATHCS JIFO-
0bM ynoOHBIM cpenctBoM, Harmpumep [1C «Total Commander» wmu mo0bM npyrum). Daiin ¢ nepeuHem
HCXOJIHBIX TEKCTOB MOXET OBITH B JII0001 CTaHAAPTHON KOAWPOBKE M JIOJDKEH MPENCTABIATH COOOH TEKCTO-

' Beuy Toro, uto B sapo OC Linux s (aitnoBoii cicTeMbl ext4 Gblia BKIIOUEHA MOIEPIKKA PaGOTH Ge3
ydeTa perucTpa CUMBOJIOB [4], TO Uit KOPPEKTHOH pabOTHI MPOTrPaMMHOTIO MOJYJIsI, OblIa MPEAyCMOTPEHA BO3MOXK-
HOCTh TaKOTO aHAJIH3a.
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BeIid (haitr. @opmar BXOJHOTO Qaiiia ¢ mepedyHeM HMCXOAHBIX TEKCTOB IMPEICTaBIsIeT COOOH MacCUB CO
1
cTpokamu (pwuc. 2);

J\exmp\TEST\assembly TEST\data\app\data\Application.cpp
J\exmp\TEST\assembly TEST\data\app\data\application.h

J\exmp\TEST\assembly TEST\data\app\data\main.cpp

Puc. 2. HpHMep MpCACTAaBJICHUSA NNEPEUHA aHAJIM3UPYCMbBIX (1)317[.]'[0B HNCXOJHBIX TCKCTOB

— c(opMHPOBATH MPOTOKOJ KOMIWISALIMU aHATU3UPYEMOTO TPOEKTA, AJISl Yero BOCIOIb30BaThCs ajl-
roput™MoM [1] o ero (IIpoTOKOIIa) CO3TaHMIO C IMOMOIIBIO cucTeMbl ayanta OC cemeiicTBa Linux:

— IpY HEOOXOIMMOCTH YCTAHOBHUTDH Ha COOPOUHYIO CHCTEMY COOTBETCTBYIOINIYIO Cityxk0y (auditd);

— OCYIIECTBHUTH IIOCTAHOBKY Ha KOHTPOJIb (ayIuT) Bcex oOpameHnii K oobekTaM ((aiiinaM ¢ aHaTH-
3UPYEMBIMH HCXOJHBIMH TEKCTaMH), HaXOIIIMIMMCS B COOTBETCTBYIONIEM KaTaimore (KomaHma: $ sudo
auditctl - w /Dest/for/src -p rwxa,rnae /Dest/for/src — abCONIOTHBIN MyTh K KaTalo-
Ty C aHAJTM3UPYEMBIMU HCXOTHBIMU TEKCTAMU);

— MPOU3BECTHU IITATHYIO COOPKY (B COOTBETCTBHH C ACUCTBUSMH, OMMMCAHHBIMU B COOTBETCTBYIOIIECH
MPOTrPaMMHOM TOKYMEHTAI[H POTPaMMHOTO H3JIENINs) UCCIIETyEMOTO MPOEKTa;

— C TIOMOWIBIO YTHJIMTHI aureport copMUpoBaTh COOTBETCTBYIOMIUH (cM. puc.l) mpoTokon cOOpKH
(xomanma: $ sudo aureport -f -i - success > log file, rme log file — umsa daitia
coJiepKalllero 3alKucH MPOTOKOIMPYIOMIKE MPOIecC KOMIMISIIN (COOPKH) TECTOBOTO MTPOEKTA).

2. B 3aBucumocT# ot ucnoaszyeMoil OC 3amyCTUTh COOTBETCTBYIOLIUN UHTEPIPETATOP KOMaHAHOU
crpoku (Harpumep, cmd — mis OC Windows nmu bash Tepmunan — mis OC Linux).

3. Tlepeiitu B kataior ¢ (aiiaMu MporpaMMsl, TIOCJIE YETO BHIIIOJIHUTh KOMaHy BHIIA

C:\Test\files cmpr\>python app.py --first = data/SRC test.txt --second =
data/log file --dest path = assembly TEST --reg = 1 --exts = "cppl|h" // -
g OC cemeiictBa Windows

user@deb:~$ python3 app.py --first = data/ SRC test.txt --second = da-
ta/log_file --dest path = assembly TEST --reg = 1 --exts = "cpp|h" // -
st OC cemetictBa Linux

rae first —myTh K ¢aiiny ¢ nepeuyHeM (aiyioB HCXOAHBIX TEKCTOB; second - MyTh K ¢aiiiy ¢ npoTo-
KOJIOM KOMIWJISIIHH TIpoekTa’; dest path — uMs Katajora (BEpXHETO KaTallora, BKIIOYAs TOIKATAIIO-
') C AHAIM3UPYEMbIMH MCXOJHBIMU TEKCTAMH'; reg — I[apaMeTp, OTBEUAIONIMIA 33 IPABHIO CPABHEHHS
(1 — yunuTHIBaTH PETUCTP CUMBOJIOB B Ha3BaHMU (ailnos; 0 — He yUUTHIBATh PETUCTP CUMBOJIOB B HA3BaHUU
¢aiinoB); exts - Macka Moucka (4epe3 CHMBOJ «|» MEPEUrCISIIOTCS pacupenus Gaiios, 0 KOTOPHIM
OCYILIECTBIISIETCS aHANIU3).

4. Ilepeiitu B Kxatajor «results» mporpamMmbl U 03HAKOMHUTBCA CO C(OPMUPOBAHHBIMU OTYETHBIMU
MaTepuagaMu, B TOM YUCIIe:

— ¢ (batimamu Rep equals.txt (otyet mo onuHakoBeIM (aiiiam), Rep filel only.txt (oTueT mo u30bI-
TouHbM (paiimam), Rep file2 only.txt (oTueT mo Qaiinam, He OTBEUYAIOIIMM TPEOOBAHUSAM IO TIOJHOTE HC-
XOJHBIX TeKCTOB) (puc. 3);

— co cBoHBIM html otyerom (puc. 4).

B 3aximouenue xoresnoch Obl OTMETHTH, YTO ONMCAHHBIA B HACTOSILIEH cTaThe MPOrpaMMHBIA MOAYJb
[0 KOHTPOJIIO TIOJIHOTHI U OTCYTCTBUSI M30BITOYHOCTH Ha YPOBHE (DailyIOB yCIIEIIHO anpoOUpOBaH CIeHa-
JCcTaMH HenbITarenbHoi naboparopun OO0 «16 HUWL» npu npoBeeHNU UMH cepTUHUKAIIMOHHBIX UC-
IBITAHUN IPOTPAMMHBIX U3JEIUI.

! Jlnist KOppeKTHO# PaGoThl MPOrpaMMbl TpebyeTcs ykasaHue aGCOMOTHBIX TyTeil K COOTBETCTBYIOMINM (aiinam
MCXOJHBIX TEKCTOB.

? B npuBeIGHHOM MpUMEPE YKa3aH OTHOCUTE/IbHbII MyTh K CPABHHBAEMbIM (aiilaM, HAXOIAIMMCS B KaTauore
«data/» mporpamMMBel.

? Jlis ONyYeHNs PelleBAHTHBIX PE3yJIbTATOB AHAIN3A HEOOXOIMMO, YTOOBI HMS KATAIora ¢ aHAIH3HPYEMBIMH
WCXOJHBIMU TEKCTaMH M3 (aiiia ¢ ICXOAHBIMH TEKCTAMH KOPPEJIMPOBAIO ¢ UMEHEM KaTajlora C NCXOJHBIMU TEKCTaMHU
YYacTBOBABLIET0 B COOPKE MPOEKTA.

106



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2021;2

[ [ Rep_equalsbt = Rep_filel _only.txt - WordPad e 6 6
1| 1 ndataylibs\testingvtesting.h <-----—-—= > fdata/libs/testing/testing.h & N
2| 2 hdataylibs\testingitesting.cpp <--—--—-> /data/libs/festing/testing.cpp BN MXER BN CERE® GELEr GpEEd
3| 3. hdataylibsygui_testing_tools\task_tab_widget.h <-———--- > fdata/libs/gui_testing_tools/ftask_tab_widgeth m =
4| 4 \datailibsygui_resting_tools\task_tab_widget.cpp - fdata/libsfqui_testing_tools/task_tab_widget.cpp D = E @ E" L] %
5| 5. vdataylibs\gui_testing_toolsysyntax_highlighterh <-------— /data/libsfqui_testing_tools/syntax_highlighterh 1. “data‘app\data‘Application.cpp
6| 6. vdataylibs\gui_testing_toalsysyntax_highlighter.cpp <----—---» fdata/libs/gui_testing_tools/syntax_highlighter.cpp 2. \data\libsiqui testing tools\testing.cpp
7| 7 ndatahlibs\Testing2ytesting_widgeth <-——m--ms > fdata/libs/TestingZ/testing_widget.h - - - -
8| 8 ndataliba\Testing2\testing_graphi c_widget.h <----—- > fdata/libs/Testing2/testing_graphic_widget.h
9| 9. hdataliba\Testing2\testing_graphi c_widget.cpp <--—---- > fdara/libs/Testing2/Aesting_graphic_widget.cpp
10| 10 datavlibs\Testing2\testing_generalh <-—----- > fdara/libs/Testing2/testing_general.h
11 11 datahapphdatavmain.epp <——- = fdatafapp/data‘main.cop et
12| 12 datahapphdatasapplication.h <——----= fdata/app/data/application.h bl
131 Ins Win 1251 (ANST - Kiplanmaua) 11N BoiBOAA CHPABKM HEMUTE <F 1 %

@ Rep_file?_onletd E3

1 1.
Z Eo

/data/app/data/application.cpp /usr/lib/gec/x86_64-linux-gnu/6/cclplus
moc/ ../ ../ ../ ./datafplugins/core/appsettings.h  fusr/lib/gcc/%B86 64-linux-gnu/6/cclplus

MNormal text fle length : 165 lnes: 2 Ln:2 Col:92 Sel:0]0 Windows (CR LF) UTF-8 I~

Puc. 3. Buneokanp chopMHpPOBaHHBIX 1O pe3yIbTaTaM aHAIN3a TECTOBOTO IIpuMepa (GaiiioB

OT4éT cpaBHeHHA (afinoE ae
CpARMREATEYCE Bafimss:

+ dawSRE st
+ daalog file

AaaTes Mo EATATTY: assunbly TEST

OmmaKoBbIe paiiner

ElErTa datallog file

“datallibs testingtesting b ataflibs estinghesting b
“datlibs eeting testing. qpp Matalibs Aestinghesting. qpp

“datallibs\gui_testing tooletack tah_widget h

sdatarlibsigui_testing oolshack tah wridget h

“dat!libsgui.testing toolstask_tsh_widget.cpp

idatarlibefgui_testing toolefack tab vridget.cpp

dataMlibs gl _testing, tools syt _highlighter b

ddatailibsfzud_testing_tools/srtax_highlighter h

“data\libe g tecting tools\opmtu highlishter cop

ddatarlibefgui_testing toole/syntax highlighter cpp

sdara/ s Testinglesting vridge b
data/line/Testing2Ansting_graphic_vridget b
Aaalbs/ TestingdAesting,_graghic wridge. op
dstalihei Testing2Aesting_ganeral b

Jdarapp daratsn qp
sdstafspp/datatspplication h

“dapalibs\ Testing? westing_widget b
“datalihe\Testing2esting_graphic_vridget b

‘il \Testingd testing,_graghic wridget. op
“datallibs \Testingd testing_gerurslh

DailIeI HMelIIe cA TOMRKo B daitre: data/SRC_test.txt

(o [ ewomegeres
[

1

Pailie] HMeRIecA TodEK0 B daiine: datalog_file

ERET

L S L

| ovoponvgpiomey | b

Puc. 4. Buneokanp coguoro html ordera no ¢aiisoBol H30BITOYHOCTH U MTOJIHOTE TECTOBOTO PHMEPa

Bwmecte ¢ Tem HUHTCPHIPCTALUA BbIXOAHBIX JAHHBIX IMIPOrPAMMHOTIO MOAYJIA B HaCTU (I)aﬁHOB, KOTOpbIC

IO pe3yJibTaraM aHaJIn3a MOMEUYeHBI KaK He COOTBETCTBYIOIIME TPEOOBAHUSAM IO MOTHOTE UCXOHBIX TEK-
ctoB (otueT — Rep_file2 only.txt (cMm. puc. 3), u TpeTbs Tabnuua B cBogHoM html otuete (puc. 4) TpeOyer
OT CHELHUATMCTOB MPOBOISLIMX HCIBITAHUS JOCTATOYHO CEPbE3HBIX 3HAHHWI B COBPEMEHHBIX METOJax U
croco0ax KOMITHIISAIIAN UCXOAHBIX TEKCTOB (HaIpHUMep, IPHUHIIAIIOB pabOThl META00BEKTHOTO KOMITHIISTO-
pa Ha ocHoBe OubOnHMOTEKH qt [6] MM MeTaoOBEKTHHIX MPOTOKOJIOB (Hampumep, Google Protobuff [7]),
a TaKkXKe 3a4acTyI0 3HAUUTENIBHBIX BPEMEHHBIX 3aTpaT. TakuM 00pa3oM, 0 MHEHHUIO aBTOpa, LeIecoo0pas-
HO MPOPabOTaTh BOMPOC O pacUIMpPeHUH (HYHKIMOHANIA IPOrPAMMHOTO MOYJIS B YacTH JTOOABJICHUS B HETO
MEXaHH3MOB TI0 TPEAOCTABICHUIO JIOTIONHUTEIbHON HH(GOPMAIMU, WCIOIb30BaHHE KOTOPOW IMO3BOJHT

YOPOCTUTH NPUHATHE PELLICHHS TI0 TAKUM (TEHEPUPYEMBIM B IIpoliecce KOMIMIISIMN) (paiinam.
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