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KYPOBHAM OIIMCAHHA ITPOLOECCOB CTAPEHHA CTPYKTYPHO
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AHHOTaUMA. AxmyansHocms u yeau. TpamTuIMOHHBIE METOJIBI OIICHKH 1 aHAJN3a TOKa3aTeNell JONTOBEYHOCTH
000pYIOBaHHUS CIIOKHBIX CHCTEM OCHOBAHBI HA OMHCAHUU CHCTEM BO BPEMEHH Ha YPOBHE TPACKTOPHU MOBEJCHUS U
SIBJISTIOTCS MICATM3AI[USIMH, TaK KaK HE YYMTBHIBAIOT M3MEHCHHUsS CTPYKTYphl (ha30BOro mpoctpanctsa. Ciemyer mpu-
3HATh, YTO 3TH METOJbI U CYIICCTBYIOIINE METOAUKH, OCHOBAaHHBIC HA TCOPHH JTOJTOBPEMEHHOM MPOYHOCTH, obecte-
YEeHBI COOTBETCTBYIOLINMH CTaHIapTamu. B To jke camoe Bpems 3a nocieauue 40—50 et mosBUIIMCH HOBBIC TEOPETH-
YecKHe pa3pabOTKH, YYUTHIBAIOIIKE OOJiee TOHKYIO CTPYKTYpPY BpPEMEHH B IWHAMHUKE W TEPMOJUHAMHUKE. B 3THX
paboTax MOKa3aHO, YTO COBPEMEHHBIC MOAXOJbI TUHAMUKA U TEPMOJUHAMHKH ITO3BOJIIOT CYIICCTBEHHO ITOBBICHTH
JIOCTOBEPHOCTh PAacUeTOB ITOKA3aTelNeil OITOBEYHOCTH 000pYIOBaHHS CTPYKTYPHO U (DYHKIIMOHAIBHO CIOKHBIX CH-
CTeM Ha BCeX JTamax MX JKU3HEHHOTO LUKJIA. [103TOMy IensMH JaHHOW CTAaThU SABISETCS aHAJH3 CYIIECTBYIOIINX
MTOIXOZI0B M METOJIOB ONMCAHMS IPOILECCOB CTapeHUsl 000opymnoBanus (0JIOKOB, MTOACUCTEM) U UX JalbHEHIIee pa3Bh-
THE B TEOPHH JOJITOBEYHOCTU CIIOKHBIX CHCTEM, YTO OCOOCHHO BaXXHO JUIS KPUTUYIECKH BAXKHBIX CHCTEM C JUTHTEINb-
HBIMH CPOKAaMH{ aKTHBHOTO CYIIECTBOBaHUA. Mamepuansl u memoosi. Puzndeckas ¥ MaTeMaTHYECKasi CYyITHOCTh HO-
BbIX COBPEMCHHBIX IOJXOJI0B K YPOBHSM OITHUCAHHUS IMPOIECCOB CTApEHHUs 00OPYIOBAHUS C Y4ETOM JOCTHUKCHUH
KJITACCUYECKOW MEXaHUKU M TEPMOJUHAMUKH COCTOMT B cieayioieM: 1) mupokoe NpuMeHeHHe S3bIKa TEOpUU orepa-
TOPOB ()YHKIIMOHAJIHHOTO aHAJIN3a B KIACCHYECKON MEXaHHMKE, YTO O3HAYaeT 3aMEHY OIMCAHUs CHCTEM Ha YPOBHE
M3YYCHUS TPACKTOPUHU HCCICIOBAHUAMYU MX (DYHKIUIA paclpelesieHus; 2) BBEICHHE B OMKCaHHUE CHCTEM Ooliee mpo-
CTBIX YpaBHCHUH, YUUTHIBAIONINX CIICIU(PUKY HEOOPATHMBIX MPOIECCOB; 3) 00s3aTeIbHOC MPUMEHCHHE TCOPUU CITY-
YaHBIX TPOIECCOB. Pesynvmampl u 6b1600bl. JI0Ka3aHO, YTO TaK KaK (PyHAAMEHTAIBLHON TEOPETHICCKOW OCHOBOW HO-
BOTO TOAXO/Ja B OIMCAHWW YyPOBHEW cTapeHHs OOOpYIOBaHUS B TEOPHH JOJITOBEYHOCTH CTPYKTYPHO U
(HYHKIIMOHATBFHO CIIOKHBIX CHCTEM C yYETOM aCHMMETPHH BPEMEHH SIBISIFOTCS HEYCTOWYHMBEIE M HEOOpaTHUMEIE TIPO-
LIECCHI, TO JUTS PEIICHUS TEOPETHUSCKUX W MPHUKIAIHBIX 3aa9 OICHKH M aHaJIH3a M0Ka3aTeNei JOITOBEYHOCTH HE00-
XOJMMO HCIIOJIb30BAaTh COOCTBEHHbIE (YHKIMU W COOCTBEHHbIC 3HaueHHs oreparopoB JleyBumiist, ['aMuiibTOHa, 3H-
Tponuu mpeoOpa3oBaHUS M BHYTPEHHEro BpeMeHH. lIpeano’keHpl HOBas METOMWKA KOHIENIMU KOMILJIEKCHOTO
MMOIX0/a K YPOBHAM OIMCAHMS NOKa3aTelIel JOJTOBEYHOCTH M ITOCIIEIOBATEIHHOCTD BBITIOJIHEHHS UCCIIETOBAHHH.

KaioueBble cjioBa: oneparopbl MHUKPOCKOIMYECKOW DHTPOIWH, MPeoOpa3oBaHKs M BHYTPEHHEr0 BPEMEHH,
«BO3pacT» CUCTEMBI, IOKA3aTEeNN JOITOBEYHOCTH

© Ocrperikosckuit B. A., Avicenkosa C. A., 2021. Konrenr pocrynes no autensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons At-
tribution 4.0 License.
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THE CONCEPT OF MODERN APPROACHES TO THE LEVELS OF DESCRIBING
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Abstract. Background. Traditional methods for assessing and analyzing the indicators of the durability of
equipment of complex systems are based on the description of systems in time at the level of trajectories of behavior,
and are idealizations, since they do not take into account changes in the structure of the phase space. It should be rec-
ognized that these methods and existing techniques based on the theory of long-term strength are provided with ap-
propriate standards. At the same time, over the past 40-50 years, new theoretical developments have appeared that take
into account the finer structure of time in dynamics and thermodynamics. These works show that modern approaches
to dynamics and thermodynamics can significantly increase the reliability of calculations of equipment durability indi-
cators for structurally and functionally complex systems at all stages of their life cycle. Therefore, the goals of this ar-
ticle are to analyze the existing approaches and methods for describing the aging processes of equipment (blocks, sub-
systems) and their further development in the theory of the durability of complex systems, which is especially
important for critical systems with long periods of active existence. Materials and methods. The physical and mathe-
matical essence of new modern approaches to the levels of describing the aging processes of equipment of structurally
and functionally complex systems, taking into account the achievements of classical mechanics and thermodynamics,
is as follows: 1. Wide application of the language of the theory of operators of functional analysis in classical mechan-
ics, which means replacing the description of systems at the level of studying the trajectory by researching their distri-
bution functions. 2. Introduction to the description of systems of simpler equations that take into account the specifics
of irreversible processes. 3. Mandatory application of the theory of random processes. Results and conclusions. 1. It
has been proved that, since the fundamental theoretical basis of the new approach in describing the aging levels of
equipment in the theory of the durability of structurally and functionally complex systems, taking into account the
asymmetry of time, are unstable and irreversible processes, then for solving theoretical and applied problems of as-
sessing and analyzing durability indicators it is necessary to use eigenfunctions and eigenvalues of the Leeouville and
Hamilton operators, transformation entropy and internal time. 2. A new methodology for the concept of an integrated
approach to the levels of description of indicators of durability and the sequence of research is proposed.

Keywords: operators of microscopic entropy, transformation and internal time, "age" of the system, indicators
of durability

Acknowledgments: the work was carried out with the support of the RFBR (projects No. 17-01-00244, 18-07-
00391 and 18-47-86007).

For citation: Ostreykovskiy V.A., Lysenkova S.A. The concept of modern approaches to the levels of describing the aging
processes of structurally and functionally complex critical systems with long periods of active existence. Nadezhnost' i kachestvo
slozhnykh sistem = Reliability and quality of complex systems. 2021;(3):5-12. (In Russ.). doi:10.21685/2307-4205-2021-3-1

BBepeHne

3a TpH CTOJIETHS CYIIECTBOBAHUS COBPEMEHHON Kiaccudeckoi Hayku (0T 1685 r. moxmana M. Heto-
ToHa «MaTemaTnueckue Havana...» 10 pabor A. Ditamreiina — /[x. B. ['m66ca u B. U. Bepuanckoro —
W. P. Ilpuroxuna konna XIX — navana XX B.), 3aJ10KHUBIIEeH OCHOBEI KBAHTOBOW MEXaHUKH U TEOPUHU OT-
HOCUTETILHOCTH OIMCAaHMsI YPOBHEH MPUPOJBI, HEOOXOIUM IEepPeX0J] K HOBBIM MMOJIXO/AaM MOCTPOCHUS CH-
CTeMBbl Ha OCHOBE COBPEMEHHBIX B3TJIIOB M ydeTa 3()(EeKTOB CyLIECTBOBAHUS aCUMMETPHUH BpPEMEHHU
¥ KOMILUIEKCHOTO BJIMSHUS BHEITHUX W BHYTPEHHUX (DAKTOPOB OKpY>KAIOIIEH Cpeabl M YeloBeKa, T.e. Ha3pe-
Ja mpobiieMa rIy00KOro aHaiau3a UMEIOIMXCS JOCTHKEHUN HAyKU «CYIIECTBYIOLIEH CEroaHs» U Mepexo]
K HOBOMY JTaIly «3aBTpaIlHE» HAayKW, U B YaCTHOCTH, K MOCTPOCHUIO Ha 0a3e JOCTIDKEHUN JUHAMUKH
¥ TEPMOJIMHAMHKH HOBOW TEOPUH TOJITOBEYHOCTH CTPYKTYPHO U (DYHKITHOHAIBHO CJIOXKHBIX CHCTEM.
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IlocranoBKa 3apaun

B 3agadax omeHKU moKa3aTeseil JONrOBEYHOCTH BaKHYIO POJIb UTPAIOT YPOBHU OMTUCAHUS COCTOSHUS
CUCTEM C JTUTETbHBIMU CPOKAMU aKTHBHOTO CyIlecTBOBaHUs. [l03TOMYy HE0OX0MMO, TIpekIae BCEro, mpo-
W3BECTH OICHKY U CIENIaTh aHaN3 Pa3IMYHBIX TEOPETUUYECKUX IMOAXOMOB K OMHCAHHIO YPOBHEH C TOUKHU
3peHus X 3((HEKTUBHOCTH MPH UCIIONB30BaHUN KOHKPETHBIX aHAIUTUYECKUX MeTOoA0B. [Ipu 3TOM BakHOI
OCOOEHHOCTBIO SIBIISICTCS HE TOJBKO OIICHKA U MPUMEHEHHE CYIIECTBYIOIIUX METOJOB, HO U MPUMCHEHUE
HOBOT'O aHAIMTUYECKOT'O anmapara sl MoJdy4YeHus 3HaueHul nokazareneil nonroseunoctu COCC.

MIMeHHO Ha 3Ty IIeNTh B HaIlPaBJICHO COAepKaHNe TaHHON CTaThH.

HUcnoas3oBanne metopa A. boabnmmana

B XIX B. mosiBWJIach mepBasi CTpOiHas KOHIIETIMs onucaHus npoueccoB crapeHus JI. bonpumMana,
B OCHOBaHHUU KOTOPOI OBUI MOJIOKEH MPUHIIMIT; HEOOPATUMOCTh €CTh MPOSBICHUE B MaKPOCKOIHYECKOM
MacmTade «CTOXaCTUIHOCTHY, CYIIECTBYIOMIEH B MUKPOCKOIIYECKOM Macinrade. Ecnu omycTuth MHOTHE
MOIPOOHOCTH, TO CXEMY HCIOJb30BaHus moaxoja JI. bonpiiMana nis niesei co3iaHus METOJAMKH aHAIIN3a
" otleHkH Toka3zateneit monroBedyHocTd COCC MOKHO CBECTH K CIISAYIOIIEH MmocienoBarebHOCTH (puc. 1).

I MapxkoBckue npoueccol |

l

| Ourponua yepe3 H-dynkuuio bonbumana

}

| OueHka JI0JIr0OBEYHOCTH ‘

Puc. 1. ITocnenoBateasHOCTh PACYETOB IMOKA3aTENEH TOJITOBEYHOCTH
IIPU UCTIONIb30BaHUM KHHETHYeCKHX ypaBHeHuil JI. bonbiimana

B nocnenuue roxpl XX B. 3TOT HOAXO[ MOMYYHII PaclpoCTpaHEHUE yepe3 NMPUMEHEHHE YpaBHEHHH
JUIA TUTOTHBIX cpell. Heo6XoauMo oTMeTUTh, UTO OCHOBaHHbIE Ha MeToze JI. bonbliMana ypaBHEHHS He J10-
myckaroT GyHKIuo JIsSmyHoBa, YTO IPUBOAUT K YTpaTe CBSI3U CO BTOPHIM HAYaJIOM TEPMOAWHAMHUKH.

HeynurapHbie npeo6pa3oBaHus /A M HX POAD B OIIMCAHHH AHHAMHKH CHCTEM
C HApylIeHHOH CHMMeTpHeH BpeMeHH

Crnenyrommm 1aroM B MOITy4YE€HHUH HCKOMOM METOIMKHU pacdeTa MoKa3aTelNell 10JroBeUHOCTH SIBHIOChH
UCTIONIb30BaHNE HEYHHUTAapHbBIX npeodpa3zoBanuil A. C 3TOH LENbI0 PACCMOTPUM «CBA3b MEXKIY CYIECTBOBA-
HHEM OIepaTopa MUKPOCKONMYECKoW 3HTponry M 1 Teopuei mpeobpaszoBanusi ¢ onepatopom A» [1, 2].

IMycts oneparop M u dyukims JIsnyHoBa {2 MMEET CIEAyIONIEe COOTHOICHHE:

Q=trp'Mp =0, )

B KoTopoM (1) 3amaer ¢pynkuuto JlsmyHoBa, a oneparop M 3aBUCHUT OT «IuHaMukn». Kpome Toro, oreparop
M MOHO NIPEJICTaBUTh B BUJIE IPOU3BEACHUS onlepaTopa 1 M 3pMUTOBO COIIPSKEHHOIO oneparopa I

M=T'Tu A" =T. )
[oxacrasmsts (2) B (1), moryanm
Q=1trp'p, 3)
rae p — o0pa3 IIOTHOCTH MPH MPeoO0pa3oBaHUU
p=A"p. “4)

CreoBaTeNIbHO, MOKHO CIIENIaTh BHIBOBIL:
1) ecnu ypaBuenue (3) — pyHkius JIamyHoBa, TO BCe BRIMYKIIbIe (DYHKIIHOHAIEI OT P

Q=tplnp (5)

Takke QpyHkunu JlamyHoBa;
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2) ¢yuknuu JlsnyHoBa Buaa (3) MOTYT CyHIECTBOBATH TOJNBKO B HOBOM MPEICTABICHHH, TONTyYae-
MOM H3 BbIpaxkeHus (1) ¢ moMorpio npeodpazoBanust (4);

3) cocrosHME P, KOTOPOE MPUBOAUT K 3HAa4eHHI0 {)2=min, CIyKHUT aTTPaKTOPOM JUIS JIHOOBIX
OCTaJIbHBIX COCTOSIHUIA;

4) CyIIecTBYET TeCHas CBsI3b MEXIY OTlepaTopaMu dSHTPONUN M 1 ipeoOpazoBaHus A.

Jlanee paccMOTpUM CBOMCTBa peoOpa3oBaHus, 3a1aBaeMoro cootHommeHusMA (1)—(3).

Kaacc ypaBHeHH# ABH)KeHHSI C yHUTAPHbBIM 3aKOHOM NpeoOpasoBaHus

YpaBHeHUs ABMKEHUS B HOBOM mnipejicrasieHuu (1)—(3) ¢ yuerom (4) UMEIOT BUIT

P

— =dp, 6

i =P (0)
Tae

®=A"LA. (7)

N3 Brpakenwuii (6), (7) ciemyeT: HOBOE MpeoOpa3oBaHKe, MO3BOJIIONIEE BKIIOYATh HEOOPATUMOCTh
yepe3 pyHkuuu JIssmyHOBa, HAMHOTO IIUPE MPOCTOM 3aMEHBI KOOPAUHAT, BBIPAXKAEMOW YHUTAPHBIM ITPEO0-

T
paszoBanueM. B paborte [1] mokazano, uro pasHocts Mexay P u 3pMHTOBO compsukeHHBIM ornepatopom P
HE paBHA TOXJIECTBEHHO HYJIIO:

i(P-D")>0, (8)

T.€. omeparop ABrKeHUs (6), BXoasamuid B mpeobpazoBanue (4), He TODKEH OBITh S3PMUTOBBIM, KaK OIepa-
top JlnyBwuis L, 1 BOBHHKAaeT HEOOXOIUMOCTh BBIXOJIa 3a MPEeibl OOBIYHOTO KJIAcCa YHUTAPHBIX MPeoo-
pazoBaHuid. Eciu ommycTUTh TPOMEKYTOUYHBIE PACCYIKICHUS, MOXKHO TOJyYUTh CIEAYIOIIEee COOTHOIICHHE:

(A1) =AL)L A (L)=A(L). 9)

Ecnu onepartop npeoOpa3oBanust A HE 3aBHCHUT OT orieparopa JIMyBUILIIS, TO OH SIBJISACTCS yHHTAp-
HBIM TIPe0Opa30BaHUEM.

Kaacc ypaBHeHH ABIDKeHHUS C HEYHHTAPHBIM 3AKOHOM IIpeo6pa3oBanus

UzBecTHO [1], 47151 TOTO Y4TOOBI MEPEUTH OT TUHAMUYECKOTO OIUCAHUS MMOBEICHHS CHCTEM K TepPMO-
JMMHAMHYECKOMY, TpeOyeTcs mpuberaTh K HOBOMY 3aKOHY IpeoOpa3zoBaHus (9), KOTOpoe Ha3bIBACTCS YHU-
TapHBIM *-TIpeoOpa3oBaHHEM

A(L)=A"(-L). (10)
(* ozHagaet nHBepcuto L——L). Mcrionb3ys 3pMUTOBOCTH onieparopa L u cootHoreHus (9), (10), momydaem
D =" (-L)=D(L) (11)

WIN
(i) = id. (12)

Takum oGpasom onepatop aBmkeHus P siBisieTcss *-3pMHUTOBBIM M IOJDKEH OBITH THOO 3PMUTOBBIM
Y YETHBIM OTHOCHTENIbHO WHBEpPCHUHU omeparopa L, 1100 aHTH3PMHUTOBBIM M He4yeTHbIM. ClenoBaTenbHO,
B 00ILeM ciIy4ae *-3pMHTOB ONEpPaTOp UMEET BUA

YemH. HeYemH.

iD= (iP)+ (iD). (13)

Torma ycnoBue quccuniaTuBHOCTH (9), BbIpaxkarolee cyiiectsoBanue Gynkimu Jlsmynosa €2, npu-
HUMAECT BUJ
HemH.

(i) > 0. (14)

Takum oOpas3oM, modydeHa HOBas GopMa MHKPOCKONWYECKOTo ypaBHeHUS. Kpome Toro, tak kak
ypaHeHus (13), (14) cogepxaT oOpaTUMyI0 M HEOOPATUMYIO YaCTH, TO YIAIOCH BKIIFOUUTH B MUKPOCKOIIH-
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4ecKoe ONMCaHNe CUCTEM MaKPOCKOMTHUYECKOE U TEPMOANHAMHYECKOE pa3inyre MEXIy 0OpaTUMBIMH U He-
00paTUMBIMH TPOLIECCAMHU.

[Ipu 5TOM HEOOXOIMMO aKIEHTHPOBATh BHUMaHHUe Ha (pu3mueckoM cMeiciie ypaBHeHu# (13) u (14):
YeTHBIH WICH BKIIIOYAET B ceOs TakKHe MPOILECCHl, Kak paccesiHue, pokKaeHHe, 3aTyXaHue U Apyrue HeoOpa-
TUMBIE MPOIIECCHI, KOTOPBIE CIIOCOOCTBYIOT MOJIOXKHUTEILHOMY NMpHpameHnuto GyHKIuu JIsmyHoBa U cIBU-
TalOT CUCTEMY K COCTOSIHHIO PAaBHOBECHS, YTO OOBECIUHACT ANHAMUKY U TEPMOJAMHAMUKY U B LIEJIOM TIPHBO-
JIAT K CYILIECTBOBAHUIO CUCTEM C HApyIIEHHOU «L-1» cUMMeETpHueH.

Ho Ha 3TOM He HY)KHO OCTaHaBJIHMBATKCS, MOSBISIETCS BO3MOKHOCTh KOOPIUHALIMH PA3IMYHbBIX ypaB-
Henuii onucanus gonroseynoctd COCC.

YpoBHH ONMCaHUSA ACHMMETPHH BpeMEHH B TEOPHH AOATOBEYHOCTH
CTPYKTYPHO B pYHKIIHOHAABHO CAOKHBIX CHCTEM

[Ipu cerogHsIIHEM COCTOSHUM TEOPUH HeoOpaTHMBIX mporeccoB cormacHo M. P. Ilpuroxwuny [1]
CJIOXKMJIACh CIIeyIOIIas MOCIeA0BaTeIbHOCTD IIar0B OIIEHKH M aHAIN3a Pe3yJIbTaTOB ONMHUCAHUS BPEMEHHON
acumMmeTpuu B Teopun noarosedyHoctd COCC, npeacraBieHHas Ha puc. 2.

brnok yyera HeoOpaTHMoOCTH

Knaccuueckas nuHaMuka (t<—>-t)
(TpaekTopuu)

h nocrosuuas Ilnanka

v

Kunernueckas teopus (t<>-t)
(aMNaUTYIHBIE BEPOATHOCTH)

bnoxk yueTa aCUHMMETPHH BPEMEHH

Cratucruueckas Teopus (te-t)

HeoOpaTHMOCTH

MAT

CraTuctHueckas Teopus
(uenu Mapkosa)
Maxkpockonuueckas (usnka
(orpanuueHHas Oudypraunamu)

'

AHanu3 ¥ OUEeHKa rnoka3aresnei
JIOJITOBEYHOCTH

Puc. 2. HOCHCHOB&TGHLHOCTL OIICHKH U aHaJIn3a COCTOSAHHA CIIOXKHOM CHCTEMEI C yueTOM ypOBHCﬁ OIIKMCaHuA

K conepsxanuto prc. 2 HeOOXOAUMO CACIATh JOTIOTHCHIS:

1. B npunImmne g o6paTUMBIX MPOLIECCOB B KJIACCUYECKOW TUHAMHUKE BO3MOXHBI CUTYalllH, 00pa-
THUMBIC BO BPEMCHH, f<>—T.

2. OpHaKo 3TO CTAaHOBUTCS HEBO3MOKHBIM, €CJIM IEPEXOJUTh K HEOOPaTUMBIM IpoleccaM (HampH-
Mep, XUMUYECKUM PEaKIsIM, ONOJIOrMYeCKUM IpoLeccaM U Ip.), Tae ¢ # —L.

CrnenoBatensHO, 00a ciaydas SBIAIOTCS (yHAaMEHTaNbHBIM (hakToM U HeoOxoaumbiM. Ecnu Oynem
CUMTATh MEPBUYHBIM MHUP TPACKTOPHUH, TOTHa, BBES IOMOJHHUTEIbHBIC IOMYIICHHUS, MOXKHO IEPEHTH KO
BTOPOH (DOPMYITUPOBKE.

3. Tak xak paccCMaTPHUBAIOTCS CHUCTEMBI, SBOJIOIMOHUPYIOIINE K PABHOBECHIO B OyIymieM (f—+c0),
1 BBIOOD OATPYIIBI 00YCIIOBJICH «IIpaBUIaMu 0TOOpay», TO BEIOMpaeTcs noArpynma W,.

4. B KBaHTOBOH MEXaHUKE U TEOPUU OTHOCUTEIbHOCTH B KoHLE XIX u Hauane XX B. mpu aHaIu3e
ACHMMETPHH BPEMEHH TOSBUIINCH UCCIICIOBAHUS, CBA3aHHBIE C BIMSHAEM HAOJIOAaTelNs Ha MPOIecChl He-
o0paTUMOCTU. B CBSI3u ¢ 3TUM TIpHU aHANIHM3€ YPOBHEW COCTOSHUS CHCTEM HEOOXOAUMBIM YCIOBHEM SBIISET-
sl y4eT BIUSHUSA (akTopa «HAOII0AaTeNby, YTO IOKAa3aHO Ha pHC. 3.

9
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Habntonatens (pasnnuue Mexay

NPOLUIBIM M Oyy1HM)

)

Jlunamuka

)

HeobpatumocTs

l

JliccumaTHBHBIE CTPYKTY PBI

}

— HapyuienHas cHMMeTpHs BO BDEMEHH

)

AHanu3 ¥ OLIEHKA JOJITOBEYHOCTH

Puc. 3. CamocoriacoBaHHas cxeMa yueTa pa3iIndus MKy IPOIIIBIM U Oy aymum

[Ton nHaGnromareneM coOBITUS OOBIYHO MOHUMAETCS MO0 OMoorudeckoe Havaso (T.e. )KUBOM opra-
HU3M), THO0 W3MEPUTEIBHBIN KOMILIEKC, UMEIOLINE MPSMOE OTHOILICHHE K MOAYCaM BPEMEHHU «IPOLLIOe—
HacTosee—OyayIiee» M COACPIKAHUIO JUCCUIATUBHBIX CTPYKTYp B BHIEC «HCTOPUYECKHX H3MEPEHHI.
Kpome Toro, mox HabaromaTeneM 4acTo MOHUMAIOT BBICOKO Pa3BUTYIO AWCCHIATHUBHYIO CTPYKTYpY, KOTO-
past cnocoOHa OOBEKTHBHO OICHWUBATh Pa3JIMuvsl MEKAY MPOUUIBIM M OyaymmM. M mosToMy MOXKHO CUH-
TaTh B KA4eCTBE BHIBOJIA: €CIIM B CHCTEME HaXOAMTCS HAOIIOAaTelh, TO HEBO3MOXKHO Ha3bIBaTh YPOBEHb €€
onmcaHus GyHIaMEHTAILHEIM [7-9].

KoMIeKkcHBIA HOAXOA K BBIOOPY YPOBHe# ONUCAHUS IIOKa3aTeAell AOATOBEYHOCTH
CAO>KHBIX CHCTEM C y4eTOM aCHMMETPHH BHYTPEHHEr0 BpeMeHH

TaK, MpUYIXHAMU CJIOKHBIX ACTPaJallMOHHBIX IMPOLECCOB, NIPUBOAAIINX K OTKa3aM, aBapuiaM U KaTa-
cTpodaM CTpYKTYypHO M (PyHKIIMOHATIBHO CIOKHBIX CHCTEM SIBIISIFOTCS KOPPO3HsL, SpO3Hsl, U3HOC, YCTAIOCTh,
nedopMali ¥ Apyrue MaKpOCKOITMYEeCKHe Mporecchl. [lepBonmpuinHON TaKuX MakpoOIpoIeCCOB CIyXKaT
HeoOpaTHMBbIE TIPOLIECCH TUTIA XUMHYECKUX peakinid, TudQy3nu, pacnaaa TBEpABIX PACTBOPOB, aJcOpOIUN
u zap. [Ipuyem HeoOpaTrMBbIe TIPOLIECCH OOBIYHO Pa3BUBAIOTCS M MIPOrPECCUPYIOT MO ACHCTBHEM KOMILICK-
ca BHEIIHWX W BHYTPEHHHX (DAKTOPOB (TeMIIEpaTypbl, BIAKHOCTH, JAaBIEHUS, THHAMHUYECKAX U CTaTHYe-
CKHAX HAarpy30K, TePMOTHIPABINYECKUX yIApOB, OOIyYEHWS, BO3IEHCTBHUS JJIEKTPUUECKUX, MATrHUTHBIX
W JPYTHX TOJel), a TakkKe BIUSHHA 4yelloBedeckoro ¢akrtopa. M, kak ciieicTBUE, STO MOXKET NMPUBOAHUTH
K Tiy6okuM m3MeHeHusaM cocTosiHuss COCC Ha ypoBHE MPOCTPaHCTBEHHO-BPEMEHHOTO KOHTHHYYMa. [lo-
3TOMY Ba)KHO KOHCTAaTHPOBATh CIEAYIOIIee: KOHIENTYAIbHON HAYYHO-METOANYIECKOW OCHOBOH B Ipobieme
obecrieueHus] BBICOKHX TOKazaTelnei nonroseyHoctn obopynoBanuss COCC momkeH cTaTh KOMIUIEKCHBIN
MOJIXOJ] K YPOBHSIM OIUCAHUS €T0 COCTOSIHMSI Ha BCEX ATarax KU3HEHHOIO IIUKJIa CUCTEMBI.

Ha ocHOBaHWM MHOTONETHHX WCCIEIOBAaHMI aBTOPHI AAHHOM CTaThbW NpPU TOANEPKKE TPAHTOB
PO®U paspaboranu psg METOIUISCKAX PEKOMEHIAIMHA IS MPUKIAAHBIX PaboT MO CO3MaHHMI0 KOHKPET-
HBIX MH)KEHEPHBIX METOJUK pacyeTa pecypca, CpoKa CIIyKObl M UX OCTATOYHBIX 3HAYCHUM ISl CUCTEM JIJTH-
TEJILHOT'O TIONIb30BaHMs € y4eToM 3(ekra acuMMeTpun BpeMeHH.

TumoBast METOAMKA MO MPOBENEHHUIO PadOT B COOTBETCTBUHU C MaTepHajaMH, M3JI0KEHHBIMU B JIaH-
HOI1 cTathe U pabotax [3—9], mpuBeaeHa B Tab. 1.

Tabmuna 1

CamocoriiacoBaHHast cXxeMa ITOCJIEIOBATEIIFHOCTH BBITIOJTHEHUSI MCCIICTIOBAHUM 110 IIPOrHO3UPOBAHUIO
IOKa3aTeJIed JOJTOBEYHOCTH CJIOXKHBIX CHCTEM Ha 3TallaX UX KM3HEHHOI'O ITUKIIa

HaumenoBanwue padoT

[ocTanoBKa 3aaun

Br10op BHa HEOOPATHMBIX IIPOLIECCOB, MPOTEKAIOINX B KOHCTPYKIMOHHBIX MaTepHaslax 00beKTa
XapakTepucTHKa U3MEHEHHUS IT0Ka3aTesieil HeoOpaTUMBIX IPOLIECCOB B AneMeHTax obopynosanusi COCC
MakpocKonuueckue ypaBHEHHs CBSI3U [TapaMeTPOB HEOOpaTUMBIX POLIECCOB U ITOKA3aTelIeH IOJITOBEYHOCTH
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Oxonyanue tabmn. 1

HaunmeHnoBanue padbot
Br16op Buaa u mapamerpoB pynknui JIsmyHoBa
CraTtucTUiecKre MOJCNIM HEOOPaTUMBIX MPOIIECCOB JEeMEHTOB, 0J10K0B | nojacucteM COCC
Onpenenenne cOOCTBEHHbBIX (PYHKIHMI U COOCTBEHHBIX 3HAYCHHUIT HCCIIEIyEMbIX OIIEPaTOPOB
OrieHKa BIUSHASA TApaMEeTPOB COOCTBEHHBIX (DYHKITMI U COOCTBEHHBIX 3HAYCHUH Ha HBOJIOIMIO BO3pacTa KOH-
CTPYKIIMOHHBIX MaTtepuanoB dyeMeHToB COCC
Pacuer cpoka cityk0bI, pecypca U MX OCTaTOYHBIX 3HAYCHUH B MOIYCax BPEMECHHU «IIPOILIOC—HACTOSIICEe—
OyayIee» i 2JIeMeHTOB, 0J10koB U nojacucteMm COCC
PexoMeHianmu 1o BeIpaOOTKe pecypcea u cpoka ciryx0bl 00bexkToB CPCC B mporiecce dKHU3HEHHOTO UK

Taxum oOpazoM, mpeuiokeHa 0000MIeHHAs METOAMKA B 3aJadax ONHMCAHHUs YPOBHEH cTapeHus: 00o-
PYZOBaHHS CIOXKHBIX CUCTEM.

3akarouenue

PaccMmoTpeHBl KOHIIENTYyalbHBIE OCHOBBI HAYyYHO-METOIOJOTHYECKOTO OOOCHOBAaHUS ACHMMETPUU
BPEMEHH B MOJIyCax «IpOILIoe—HacTosIee—0yayIiee) Uil MOJHOW OIEHKH W aHallu3a IoKas3arelnei 1o-
roseunoctd COCC. IIpuBeneHHbIN KOHIIENTYATbHBIN aHATN3 TO3BOJIIII CASATh CISAYIOIINE BEIBOIBI:

1. [locnenoBaTenbHOCTh PacUYETOB IMOKa3aTellell JOJITOBEYHOCTH CHCTEM IPU HCIIONB30BAHUU KH-
HETUYECKUX ypaBHEHMU BoibliMaHa BBITJIAIUT CIACAYIONUM O0pa3oM: AuHamMHKa — MapKOBCKUE MpO-
neccel — 3HTponus depe3 H-dyHkiuo. OJHAKO 0Ka3aJI0Ch, YTO MOyYeHHBIE TAKHMM 00pa3oM ypaBHEHWUS
He JIonycKaT (GyHkuuu JIdmyHoBa, 4TO MPUBOJUT K yTEPE CBSI3U CO BTOPHIM HAYaJIOM TEPMOJUHAMMKH.
[ToaToMy clieayronM maroM B MOXYYEHUH MCKOMOM METOIOJIOTHH pacueTa Mmoka3aTellell JOJITOBEYHOCTH
SIBUJICS TIOJIXOJI C MCIIOJIb30BaHKEM TIpeo0pa3oBanuii oneparopa A.

2. B xonue XX B. CHOXWUICSA NPUHLMIHAIBHO HOBBIM MOAXOJ K OLEHKE M aHAIMU3y IOKa3aTelel
JIOJITOBEYHOCTH CIIOKHBIX CHCTEM C YIETOM aCUMMETPHH BPEMEHU M HEYHHUTAPHBIX MpeoOpa3oBaHUil ore-
patopa A.

B nienoM manHBI 01X0 00bEIUHAET TUHAMUKY U TEPMOJIUHAMUKY U TMPUBOIUT K CYIIECTBOBAHHUIO
JTUHAMHKH C XapaKTepHOU, HapyIIeHHOU «L-t» cumMmeTpueil. U Toraa pe3ynbrar 3Toro QyHmaaMeHTalIbHOTO
(hakTa TO3BOJIAET CKOOPAWHUPOBATH PA3IMUHBIC BUABI YPABHEHUH OMMCAHUS COCTOSHHUS W TOKaszarelei
JIONTOBEYHOCTH CTPYKTYPHO U ()YHKIIHOHAIILHO CJIOMXHBIX CUCTEM.

3. Jlns pemreHus 3a1a4d OIEHKA aCHMMETPHH BPEMEHH B MOJycCaX «IIPOIUIOE—HACTOSIIee—0yayIee)
B teopun noiroBedHocT COCC HEoOXOIUM KOMIUICKCHBIH TOJXOJ C YYETOM OINEPAaTOPOB 3BOIIOIHU
MHKPOCKOTTMYIECKOH dHTpornu M, mpeobpazoBanus A, BHyTpeHHero BpemeHu 1, ¢hyHknuid JIsmyHoBa, Me-
TOJIOB M MOJICJICH COBPEMEHHOT0 (DYHKIIMOHAIBHOTO aHAJIM3a U TEOPUH CIYUYaiHBIX MPOIECCOB.

4. TlpemnokeHa KOHIICTIIHMS HOBOTO KOMIIEKCHOTO ydeTa MaTEMaTHIECKUX U (PH3UICCKUX METOIOB
JUIS pacyeTa MmoKa3aTeliel JOJITOBEUHOCTH, KOTOpasi IPUBE/ICHA B BUJIE Ta0JIUIIbI.
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Abstract. Background. In conditions of keen competition in the markets for goods and services, a huge empha-
sis is put on the stages of subject-wise planning, issuing design specification, and front-end engineering design when
manufacturing new products. These stages are primarily responsible for the key technical and economic products’
characteristics that directly identify the product conceptual design and marketability. Current information and analyti-
cal systems (IAS) that dictate a choice of perspective directions to develop newly created products and their most pre-
ferred specimens basically use knowledge of experts about the value of estimation indicators. The latter usually serve
as a basis for opting the best specimens of the newly designed technical systems. Evaluation of quality and technical
level (TL) of complex technical systems using the created IAS often involves value functions (for instance, Fishburn
function), which imply that a dialogue with a decision-maker (DM) produces information about his views of “value
systems” or “preference systems”, used to construct value functions. Developers of new products experience consider-
able difficulties in choosing a value function of estimation indicators when working with IAS. Materials and methods.
The paper proposes to determine a value function for numerical indicators using the newly designed information mod-
el, based on expert estimations consistent with estimation of truck TL. A technical device and algorithm to determine
value functions of unit estimation CTS indicators were developed according to the method. An invention was regis-
tered, and a patent was issued. The method also implies taking random factors into account when evaluating CTS TL
for, as an example, “reliability” as the key estimation indicator. Results and conclusions. Two patents of the Russian
Federation were obtained for invention of a time digitizer and a device for estimating effectiveness of various systems
through sampling random values. The suggested method of generating a value function enables a scientist to choose
the type and nature of a value function that will allow to increase the degree of CTS TL evaluation reliability, and op-
timize the cost of obtaining initial information when predicting CTS reliability due to evaluation of adaptive digitaliza-
tion of random processes initiated in IAS. The paper materials may be of service to designers of complex systems at
the initial stages of developing thereof in evaluating possible alternatives of CTS implementation, and determining TL
at all stages of CTS life cycle.

Keywords: complex technical systems, information and analytical system, value functions, unit estimation in-
dicators, technical level, concordance coefficient, random process, digitalization, reliability
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PA3PABOTKA MOAEAU OHEHKH TEXHUYECKOTI'O YPOBHA ABTOMOBHAA
B COCTABE BECITMAOTHOTI'O ABUAITMOHHOT O KOMITAEKCA

A. B. IToATaBckum

WuctutyT npobirem ynpapnenus numenu B. A. TpanesnnkoBa PAH, Mocksa, Poccunst
avp5S7avp@yandex.ru

AHHOTanus. AkmyanvHocms u yeau. B ycloBHsSX OCTpOi KOHKYPEHIIMHU Ha PhIHKAX TOBAPOB U YCIyT OO0JIbILOE
BHUMaHHE YIEJSIETCs TanaM IPeIMETHOTO TUIAHUPOBaHMs, BblJade MPOEKTHBIX CrielU(UKaNNi, a TakKe MpeaBapy-
TEJIbHOMY UH)KEHEPHOMY MPOEKTUPOBAHUIO NP MPOU3BOACTBE HOBOM MPOAYKIMH. DTHU 3Tallbl B IEPBYIO O4EPE]b OT-
BEYAIOT 3a KJIIOUEBBIE TEXHUUECKUE Y SKOHOMUUECKHE XapaKTEPUCTUKU MPOAYKTOB, KOTOPbIE HAPSAMYIO ONPEEIISIOT
KOHLENTYaJbHBIH AW3aliH M KOHKYPEHTOCIIOCOOHOCTH mpoaykTa. CymiecTByromue HH()OPMANOHHO-aHATUTHIECKHE
CHCTEMBI, KOTOpBIC IUKTYIOT BBIOOp IEPCHEKTHBHBIX HANPABICHUH Pa3sBUTHS BHOBb CO3IAHHBIX IPOAYKTOB M HMX

© Poltavskiy A.V., 2021. Konrent pocrynen no aunensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.
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HauOoJiee PeIOYTUTENBHBIX 00pa3lioB B OCHOBHOM HCIIOJIB3YIOT 3HAHUSI SKCIEPTOB O 3HAUCHUU TT0Ka3aTeneil OleH-
ku. [locneanue oOBIMHO CITy’KaT OCHOBAHMEM JUIsi BHIOOpA JIy4HIMX 00pa3lOoB BHOBb CO3/IaBAEMBIX TEXHMYECKUX CH-
CTEM. OLleHKa Ka4ye€CTBAa U TCXHUYCCKOT'O YPOBHA (TL) CJIOKHBIX TEXHHUYCCKUX CUCTEM C HUCIIOJIb30BAaHUEM CO3JJaHHBIX
CHCTEM YacTO BKIIIOYAeT (PyHKIUH LIEHHOCTH (HanpuMep, GpyHKuo PumbdepHa), KOTOPHIE 1M0[pa3yMeBaroT, YTO JHa-
JIOT C JIMLOM, NTPUHUMAIOIIUM PELICHUs, JaeT HH(POPMAIMIO O €ro B3IJIsaxX Ha «IIEHHOCTBY CHCTEMbD» HIIH «CHCTEMBI
MPEANIOYTEHUI», UCIONIB3yEeMBbIE Ul TIOCTPOCHUS (DYHKIMHA IIeHHOCTH. Pa3paboTunKy HOBBIX MPOAYKTOB HCIBITHIBA-
0T 3HAYUTEIBbHBIE TPYIHOCTH C BBHIOOpPOM (YHKIHMH LEHHOCTH OICHOYHBIX TOKa3zarened mpu padore ¢ UAC.
Mamepuaner u memoosi. B cTatbe mpemnaraercsi onpeaeanTs GYHKIIUIO IEHHOCTH IS YHCIOBBIX MOKa3aTeJel ¢ Uc-
MOJIb30BAaHNEM HEIABHO pa3paOOTaHHOW MH(POPMAIMOHHONW MOMIEIH, OCHOBAaHHOW Ha DKCIIEPTHBHIX OICHKAX, COTJIACY-
formuxcs ¢ oueHkord TL rpysosuka. ITo MeTonnke pa3paboTaHbl TEXHHYECKOE YCTPOWCTBO M aJTOPUTM OIPEEICHUS
CTOMMOCTHBIX (DYHKIMH €IUHUYHBIX OILICHOYHBIX MMOKa3aTelel CI0KHBIX TeXHHYECKHX cucTeM. bbuio 3apeructpu-
poBaHO M300peTeHNe U BbIAAH MaTeHT. MeToJ| TakKe MpeanosiaraeT y4eT ciydaiiHbix ¢akTopoB npu orenke CTS
TL, HanpuMmep, Ui «HAJAEKHOCTH» B KAaUeCTBE KJIFOUEBOrO IOKa3aTels OUEeHKH. Pezyibmamol u 6b16000bi. [lomyue-
HBI JBa mareHTa Poccuiickoit @enepaiuu Ha u3o0peTeHrne onupPOBIIMKAa BPEMEHH U YCTPOICTBA ISl OLICHKH 3(¢-
(DEKTHBHOCTH PA3JIMYHBIX CUCTEM ITyTEM BBEIOOPKH CIIyYalHBIX BeW4UH. [IpemmaracMplii METOI MMOCTPOCHUS (yHK-
UM [IEHHOCTH MO3BOJISIET YYEHOMY BBIOpATh THI U XapakTep (GYHKLIUHU EHHOCTH, YTO ITO3BOJIUT ITOBBICUTD CTETIEHb
HaznexHocTH oueHkd CTS TL u ontumu3MpoBaTh 3aTpaThl HAa MOJXYYEHUE NCXOAHOW MH(OPMAIMK NPU MPOTHO3H-
poBannu HanexHocTH CTS 3a cUeT OICHKH agalTHBHON MU(PPOBHU3ANNH CITyYaHHBIX TIPOIECCOB, HHUITMUPOBAHHBIX
B HMH(OPMAaIMOHHO-aHAINTHIECKNX CHCTEMax. BbyMakHble MaTepuaibl MOTYT OBITH IOJIE3HBI pa3paboTIuKam
CJIOXHBIX CHCTEM Ha HAYaJbHBIX dTalax MX pa3paboTKH MPHU OIICHKE BO3MOXKHBIX anbTepHaTHB peanu3anuu CTS u
onpenenennu TL Ha Bcex 3Tanax ku3HeHHOTO Tukiaa CTS.

KiroueBble ci10Ba: CIOKHBIE TEXHHYECKHE CHCTEMBI, MH()OPMAIIMOHHO-aHATUTHYIECKAsA CHCTeMa, (QYHKIHUU
CTOMMOCTH, TIOKa3aTeld SJUHUYHOW OIICHKH, TeXHUYECKUH YpPOBEHb, KO3((UIMEHT COraacoBaHHOCTH, CIIy4alHBIN
npoiiecc, u(POBU3AIUS, HATESKHOCTD

Jist nurupoBanus: [Tonrasckuii A. B. Pa3paboTka Momenu OIeHKH TeXHHYECKOTO YPOBHS aBTOMOOWIIS B cOcTaBe Oecru-

JIOTHOT'O aBHALIMOHHOTO KoMIuiekca // Hame:xxHocTs u kauecTBO ciaoKHbEIX cucTeM. 2021, Ne 3. C. 13-24. do0i:10.21685/2307-4205-
2021-3-2

Introduction

The existing information technologies for examining operations and algorithms from optimum sys-
tems theory allow to assess indicators of complex technical systems (CTS) and identify the following pro-
cesses:

— compare existent CTS with optimum and assumed to be ideal (theoretical) ones;

— determine maximum possible values of CTS effectiveness criterion;

— use optimum systems theory when designing new CTS.

Definition of concepts “value function” and “unit estimation indicators”. When evaluating quali-
ty and technical level (TL) of complex technical systems (CTS), value and utility functions (for instance,
Fishburn function [1]) are often used. The principle of these methods is that a dialogue with a decision-
maker (DM) produces information about his “value system” or “preference system”, used to construct value
functions.

Value function (utility function) is a function that establishes correspondence between TL indicator
values and its estimations scaled from O to 1.

Unit estimation indicator shall be a parameter or characteristic that identify one of the basic CTS
features and have a substantial effect on its performance and development. Value (utility) functions for unit
estimation indicators are generated (chosen or determined). They are involved in identifying CTS technical
level in information and analytical system (IAS).

Basically, a particular value function may be assigned to each type of estimation indicators. Value
(utility) function for quality logical indicators is binary. It takes 0 or 1 value depending on whether this fea-
ture is important and preferable or not. DM shall understand that if there are no true objective preferences,
only those preferences are of importance that demonstrate a subjective DM opinion about utility of values
of the evaluated indicator. Fig.1 presents a utility function of “design engineering” course students’ grades
as an example [2].

The presented value function slightly varies when grades are very high and very low, and sharply in-
creases when grades are average and good. It indicates that there is good reason to increase evaluation of
students’ knowledge from average and high grades.
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Fig. 1. Utility function of “design engineering” course students’ (F,D,C,B,A) grades

The literature may name value function as a utility function, preference function, function of estima-
tions' [3-5]. Experts need to evaluate “number by number”, i.e. transform the value of indicator into its es-
timation. For ease in addressing this problem, a method of “principal points” is recommended, which im-
plies that experts identify the type of relationship between values of indicators and their estimations. This
relationship may be presented in the form of graphs, tables, and formulas. Graphs are constructed with the
coordinate axes: values of indicators shall be on the abscissa; estimations shall be on the ordinate. A mean
curve shall be constructed using curves constructed by individual experts. It can be analytically described in
the form of the function formula.

1. Selecting and defining value functions of unit estimation indicators
when solving multi-criteria problems in evaluating technical level
of complex technical systems in information and analytical systems

1.1. Principles of generating value function of unit estimation indicators
of complex technical systems

Generation of value function constitutes an integral part of a method for solving multi-criteria prob-
lems [6] and a method for evaluating technical level of CTS [7]. Information about DM preferences may be
used in a variety of ways.

There is the most simple and popular method of simple weighting in order of importance. It implies
that alternatives are ranked according to sums s; of estimations #; of the alternatives, weighted by coeffi-
cients w; of relative importance of these alternatives [3]

u
s, = z Wri;.
j=1

Selection of the value function type has a significant effect on the result of ranking the values of each
unit estimation indicator.

The principles of constructing value functions are quite well-known [1, 2, 8]. However, as monogra-
phy [9] states, construction of value functions is as much an art as a science. Hence, no unified guidelines to
construct utility functions can be formulated. There are not only various methods for constructing utility
functions, but also many varieties of any one of them.

Paper [10] suggests to determine utility function using qualitative data and estimations. CTS is ar-
ranged in order based on expert evaluations applying geometrical approach. An expert can either arrange
objects in order, or make pair-wise comparisons. It is proposed to divide multiple data and evaluations into
equivalence classes. A relationship between evaluations and parameters’ values, which can further be used
for all multiple data and evaluations, is found through analyzing the expert’s preferences.

As mentioned in monography [9], it is very difficult to predict what method will be the best in a cer-
tain situation, since it depends on a specific decision-making person, nature of a problem, and many other
factors. However, the basic ideas, used in selecting and constructing value function, remain identical for all
possible procedures.

' TOCT 23554.0-79. DKCIepTHBIE METO/IbI OLIEHKH KauecTBa HPOMBIIUIEHHOH HpoayKiun. OCHOBHBIE T0JIO-
HKEHHS.
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Therefore, without regard to what method would be utilized to construct a value function, relevant
questions or problems that need to be considered and solved are basically the same and involve five stages:

1. Preparation to construct a value (or utility) function;

Identification of proper quality parameters of the evaluated object;

Setting quantity limits;

Selection of necessary value (utility) function;

. Verification of concordance between the selected value (utility) function and experts’ opinions.

In actual practice, steadily increasing (decreasing) value functions are most commonly in use. Here,
it is considered that DMs tend to be risk-averse or risk-neutral. And it is the case if and only if a monotonic
utility function is concave, convex, or linear [9].

Work [11] suggests a method for evaluating CTS technical level for IAS, which uses value function
when defining ranking of alternatives

PIECRN

R, ()= i WU

where R(i) — ranking of the i " alternative by the j” integral 1nd1cator W, — weight of the kt unit indicator
in the j " integral indicator; Uy, (i) — value of a value function of the K" unit indicator of the i alternative of
the j” integral indicator.

Value function for numerical indicators implies that from two to five points of the value function
curve shall be applied depending on the type of this curve. Value or utility function U;; (g;.;) may be of sev-
eral types (Fig. 2) or may be decreasing or increasing [7]. Type 1 is linear when there is no preference for
an indicator, types 2 and 3 are concave and convex and shall be utilized when it is desirable to have greater
or lesser effect depending on the value of an indicator; type 4 is S-shaped and shall be used, when it is de-
sirable to have the required effect for greater values of an indicator.

U,

y

8i-j

\ 4

gj—r’ min gf_'_max
Fig. 2. Scheme of the inherent utility function types in IAS:
1 — linear (risk-neutral); 2 — concave (risk-prone);
3 — convex (risk-averse); 4 — S-shaped function

It is assumed that a value function is defined by five points. 0.90 value of the value function for each
unit indicator corresponds to potentially attainable values of parameters or characteristics; 0.50 corresponds
to those assigned in CTS design specification (DS) or common values; 0.1 corresponds to the minimum ac-
ceptable values; 0.20 and 0.70 correspond to intermediate values between the extreme and assumed as per
DS values, and characterize the type of the selected value function.

Value function for synthesized indicators is often defined using only two points: 0.5 as a mean value
of the parameter; 0.1 as the minimum acceptable values of the parameter. In what follows, the authors sug-
gest a method for selecting value functions for CTS.
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1.2. Method for selecting value functions and determining unit estimation indicators
of complex technical systems

The principal result of the suggested method for selecting value function is in identifying preference
of the unit numerical estimation indicator scaled from zero to one to increase authenticity of evaluating
CTS technical level. It enables to assess a degree of effect, which this and other unit estimation indicators
have on performance of basic CTS functions in a standardized form (i.e. irrespective of the estimation indi-
cator dimension) when defining a standard CTS technical level.

Furthermore, a possibility emerges to determine threshold values of unit estimation indicators, i.e. the
ranges of allowable variations in values using value functions. Its own type of value function shall be as-
signed to each type of indicator.

Within the suggested method:

— a division of all unit estimation indicators is made into quality (logical) and quantity (numerical)
ones;

—each value function for numerical indicators is presented as a curve of two-five points; for each
point a value of indicator shall be specified using an expert-based method, and a value of value function
shall be selected from the list.

It is recommended to determine value functions of CTS unit estimation indicators as follows:
Compiling a list of unit estimation indicators
Determination of the value function type for each unit estimation indicator
Establishing threshold values of unit estimation indicators
Selection of value functions by each expert
Verification of a concordance degree between expert estimations.

Matrix of x™ expert inquiry presented in Table 1 (1—4 stages) constitutes an initial information for
these procedures.

M.

Table 1
Matrix of x ™ expert inquiry by values of indicators
it indi Values of indicators for 5 points of value function
Unitindicators ™50y 20 10 | U,_(g)=020 | U(g)=050 | U,(g)=070 | U,.(g)=090
g gl e e 8 8is
g gt 8ic2 & 8us gis.
g &t 2 &t 8t ns

The total number of matrices-inquiries shall be defined by the number of experts involved in the in-
quiry process. The following designations are assumed in Table 1: U, (g,) is a value function that sets up a

correspondence between the values of estimation indicator and scale from 0 to 1; g, is a unit estimation

indicator for evaluation of CTS TL.

Value function explicitly sets priorities on various values of a unit indicator. Basically, its own value
function may be assigned to each type of indicator. Value function for logical indicators is binary. It takes 0
or 1 values, depending on whether this property is desirable or not. Numerical indicators that imply use of
five points of value function (as in Table 1) will be further considered.

Numerical values in each line of Table 2 define the pattern of value function variation: it can be
steadily decreasing or increasing, linear, convex, or concave, S-shaped, triangular, or trapezoidal, etc.

It would make sense to obtain mean (as per the data of all experts) indicators g, for each j ™ point
(out of 5 points) of value function using the following formula:

Zgircj
g, ==, (1)
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where g,. — value of indicator from Table 2; j =1, ..., 5 — points of value function; x =1, ..., m;
i=1, ..., n; m —number of experts involved in the inquiry process; n — number of unit estimation indi-
cators.

Mean (as per the data of all experts) values of indicators may be presented in the form of Table 2.

Table 2
Matrix of indicators values
Unit indi Mean values of indicators for 5 points of value function
MINAIeAtons [y, ()=010 | Ua(2)=020 [ Up(g)=050 | Uu(g)=070 [ U(g)=0.90
g g g g i gis
g g g g5 gt gs"
g g g g5 i g

Numerical values in each line of Table 2 define the form of the required value function.
However, there is a need for verifying a degree of concordance between expert estimations for all ex-
perts (5™ stage). This concordance may be determined using concordance coefficient W,, evaluated for

each of five value function points by the following formula [12]:

n m

33
W. :1_ i=] k=l , 2
! m*(n’® —n) @

i =1,..., n —indicators; k =1, ..., m —experts; j =1, ..., 5 — points of value function; where d,, isa

standard deviation of the current value of indicator g,; from its mean value defined by formula (1).

Value d, shall be evaluated by the following formula:

i

d. =8i" 8 3)

yK gij
If inequality
W, =W, (4)

holds true (where W, is an allowable value of concordance coefficient), the results of experts’ inquiry may
be considered agreed, otherwise, they need to be corrected through repeating this inquiry.

2. Example. Determination of value functions of self-driving truck TL evaluation

A specific example shall be considered to illustrate the suggested method. Value functions shall be
identified for TL unit indicators of truck in IAS environment.
Six functional unit estimation indicators of truck [13] shall be specified:

1) velocity (U, km/h);

2) capacity (¥, m’);

3) weight of load carried (m,,, t);

4) weight of loaded automobile (m,, t);

5) angle of turn (0, degrees);

6) motor power ( P, HP).

Fig. 3 shows value functions for unit estimation indicators of truck, suggested by each of seven ex-
perts. Numbers of value functions’ curves in each figure correspond to the numbers of the appropriate ex-

18
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perts. Numerical values of estimation indicators taken from these curves are presented in the table for each
1
expert .

km/hour

96 w«,rpaa .

e) h
Fig. 3. Value functions for unit estimation indicators in evaluating technical level of truck in IAS:
a — velocity U, km/h; b — capacity V, m3; ¢ — weight of load carried m,, t;
d — weight of loaded automobile m,, t; e —angle of turn o, degrees; f— motor power, P —horsepower

Table 3 comprises data on numerical values of indicators for expert No.l. Table 4 contains infor-
mation about mean values of indicators based on data obtained from seven experts. Table 5 includes differ-
ences between mean values of a unit indicator and values of this indicator, in expert No.l opinion. Since
squaring operation will further be made, there is no any sense in a symbol preceding these differences,
hence, these tables show modules of these differences.

' Due to the paper scope limitations, further data are given pursuant to the algorithm of processing data only for
expert No.1.
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Table 3
Numerical values of indicators for expert No. 1
. Values of indicators
Indicator No. 75 ((g)=0.10 | Upn(g)=020 | Up(g)=0.50 | Up(g)=0.70 | Upy(g)=090
1 17.34 32.00 80.00 111.00 142.66
2 1.96 4.65 12.80 24.30 45.00
3 5.00 7.00 9.00 9.60 9.94
4 1.20 2.90 7.25 10.20 13.15
5 2.40 3.60 14.40 28.80 67.20
6 96.00 132.00 174.00 198.00 246.00
Table 4
Mean values of indicators according to information obtained from seven experts
. Mean values of indicators
Indicator No. ™7,y "0 10 U,(g)=0.20 U.(g)=0.50 U,(g)=0.70 U,(g,)=0.90
1 12.72 23.72 62.69 92.26 118.29
2 2.80 6.32 17.47 30.15 49.67
3 2.71 436 7.41 8.68 9.38
4 1.20 2.90 7.50 10.46 13.66
5 7.20 12.59 34.69 55.21 90.17
6 91.00 115.72 156.00 182.14 238.29
Table 5
Differences between mean values of each (of 6) unit indicator
and values of the indicator in expert No.1 opinion
. Values of difference between values of indicators
Indicator No. "™, .y 2010 | U,(g)=020 | U,.(g)=050 | U,(g)=070 | U,.(g)=090
1 4.62 8.28 17.31 18.74 24.37
2 0.84 1.67 8.47 5.85 4.67
3 2.29 2.64 1.59 0.92 0.56
4 0.00 0.00 0.25 0.26 0.51
5 4.80 8.99 10.29 26.41 22.97
6 5.00 16.28 18.00 15.86 7.71

Table 6 contains standardized values of these differences obtained as per formula (3) for expert No. 1.

Table 6
Standardized values of difference for expert No. 1
. Standardized values of difference
Indicator No. "™,V _2010 | U,(g)=020 | U,(g)=050 | U,(g)=070 | U,.(g)=090
1 0.363 0.349 0.276 0.203 0.206
2 0.300 0.264 0.485 0.194 0.094
3 0.845 0.606 0.215 0.106 0.060
4 0.000 0.000 0.033 0.025 0.037
5 0.667 0.714 0.297 0.478 0.255
6 0.055 0.141 0.115 0.087 0.032

Table 7 contains squared standardized values for expert No. 1 for all points of value functions curves.

20
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Squared standardized values of difference for expert No. 1

Indi Squared standardized values of difference
ndicator No. ™75 2010 | U,,(g)=020 | U,(g)=050 | U,(g)=070 | U,.(g)=0.90
I 0.1318 0.1218 0.0762 0.0412 0.0424
2 0.0900 0.0697 0.2350 0.0376 0.0088
3 0.7141 0.3666 0.0460 0.0112 0.0036
4 0.0000 0.0000 0.0011 0.0006 0.0014
5 0.4444 0.5099 0.0880 0.2288 0.0649
6 0.0030 0.0198 0.0133 0.0076 0.0010

Table 8 shows total sums of squared standardized differences and evaluations of concordance coeffi-

cient /¥, using formula (2). Table 8 shows that each value W, is greater than 0.99.

Table 8
Total summation and evaluation of WJ
Indicator Sums of squared standardized values of difference
No. U,(g)=0.10 U,(g,)=0.20 U,(g,)=0.50 U,(g)=0.70 U,(g,)=0.90
@ 1 0.4361 0.3063 0.2332 0.1990 0.1757
= 2 2.5264 1.9499 1.4752 0.8658 0.3247
T g 3 1.1679 0.9005 0.2050 0.0507 0.0079
§ § 4 0.1882 0.2996 0.2753 0.2256 0.2459
= 5 1.3826 1.5900 0.8081 0.8098 0.1755
= 6 0.8787 0.6337 0.3205 0.2392 0.0591
Z 6.5799 5.6800 3.3173 2.3901 0.9888
w, 0.9923 0.9938 0.9961 0.9972 0.9988

It indicates that actions of experts are well-coordinated, and even with W, = 0.80 the obtained mean

values of value function of truck unit indicators (Table 8) can be taken as a basis. The obtained mean (for 7
experts) value functions for 6 estimation indicators are presented in Fig. 3 as dotted lines.

”Evaluation and selection” IAS designed to evaluate technical level of various-purpose CTS [6, 14]
may be qualified as a modern automated computer-software system that uses state-of-the-art mathematical
methods of decision-making theory and information technologies. This system enables to take into account
the relationship between the estimation indicator value and the value of an indicator using five nodal points
of linear-broken approximation, i.e. DM’s preferences. These data shall be read out according to the results
of processing data obtained from experts, using the above-mentioned procedure. A technical device and al-
gorithm to determine value functions of unit estimation CTS indicators were developed according to the
method. They were considered an invention, and the patent of the Russian Federation was issued [15].

3. Taking into account random factors in “reliability” indicator
when evaluating technical level of complex technical systems

Indicators of reliability, and no-failure operation, in particular, constitute an important component
characterizing technical level of almost any CTS. To forecast reliability using information model “load-
resisting strength” [16], it is required to know the value of uncorrelated maximum values of random exter-
nal effects (level of loading) that may result in CTS failure. Implementation of this random process may be
considered as an initial information to forecast reliability. Here, one should seek to reduce the scope of this
information. It saves time and reduces the cost of its acquisition. In so doing, an adaptive digitalization may
be applied when constructing implementations of random process of loading [17]. If spectrum characteris-
tics of random factors vary [18], it makes sense to present it through adaptive digitalization. An accuracy of
approximation therewith may be increased using the following Lagrange polynomial L(t) [20]:

L(t) :Z":x,.z,.(t), i=0,..n, (5)

-th . . . . .
where x, — i value of approximation; n —number of points of random process approximation;
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m t_t
1;(¢)=HZ _t’, j=0,..,m, (6)
J

j=0 "i

m — maximum value of argument ¢ degree indicator.
Taking into account formulas (5) and (6) for three approximation points and m =2

L(t)=x0 (t_tl)(t_tz) +x, (t_to)(t_tz) +x, ([_to)(t_tl) , (7)
(to - tl)(to - tz) (tl - tO)(tl - tz) (tz - to)(tz - tl)

where x, and ¢, — values of function and argument of the first point of approximation; x, and #, — values

of function and argument of the second point of approximation; x, and ¢, — values of function and argu-

ment of the third point of approximation.
Quantitative evaluation of approximation quality shall further be done through computing difference
0 between forecasted value L(z,,) and its actual value x(7,,):

5= \L(t“p) - x(t“p)\ . (8)

Value & shall further be compared with its allowable value §,, if §<9d,, then the result of approxi-
mation is positive, and value L(#,,) may be fixed as a working value of digitalization of the random pro-

cess in question. An invention was created for solving the problem, and the Russian Federation patent was
obtained [19, 20].

Key results of performed studies

Thus, the results of the studies carried out using IAS are as follows:

1. A method for selecting value function for unit estimation indicators in IAS was suggested based
on construction of fuzzy logic statements in evaluating CTS TL.

2. An algorithm for evaluating TL in IAS is developed taking into account multiple-factor infor-
mation model of random search and selection of alternative to elaborate preliminary DM’s solutions in as-
sessing CTS TL.

3. Information model of IAS is amended by the blocks of receiving initial information to evaluate
CTS TL considering random factors.

4. Creation of IAS enabled to certify the suggested method and algorithm to evaluate TL for truck.
Modelling results have evidenced an acceptable degree of evaluating unit estimation indicators of comput-
erized IAS in preparing suggestions for DM, taking experts’ opinions into account.

Discussion

Appendix A from monography [6] presents a brief analytical review of a reasonably large body of
literature (156 sources) on methods for decision-making, evaluation of products’ quality and CTS TL,
methods of assessing quality and CTS TL, involving those based on expert estimations, and systems of de-
cision-making support using computer technologies. However, according to analysis, no consideration in
the stated works was given to the problems posed in the paper concerning construction of IAS and infor-
mation model of analyzing CTS value function to practically determine TL in the context of new infor-
mation technologies in the area of identifying algorithms and results of modelling the systems through
combined approaches. l.e., no suggestions on generating value function of CTS unit indicators using five
points of analyzing value function were put forward, and the initial information bearing factors in mind was
not considered in IAS at all.

Recommendations

The suggested information technology is designed to serve a wide range of developers of the new
CTS in selecting the best technical solutions using IAS and conducting comparative CTS TL analysis relat-
ed to domestic and foreign specimens, as well as evaluating competitiveness of the newly created products
and identifying the quality of export products.
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Conclusion

1. Selection and definition of value functions of unit estimation indicators constitute an integral part

of a method for solving multi-criteria problems on evaluating technical level of CTS in IAS.

2. The paper suggests a research and practical method of generating value functions of unit estimation

indicators in estimating CTS technical level using evaluation of experts’ concordance that enables to make ra-
ther simple and reasonable choice, generating value function for each unit estimation indicator taken.

3. A potential reduction of the cost of acquiring initial information needed for forecasting CTS relia-

bility is shown due to acquiring evaluation of adaptive digitalization of random factors implemented in IAS.
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AnHoTanms. Axmyansnocmes u yenau. HoBble 3amadd, BOZHHKAIOUIME NMPAKTHYECKH €KEIHEBHO, HMPUBOSAT
K TIOSIBJICHHIO HOBBIX HAlpaBiIeHUH MalIMHHOTO oOyueHus. IIpuBeieHbl pe3ysibTaThl HCCIICA0BaHUSI OCHOBHBIX BHIOB
MaIIMHHOTO OOYYEeHHS MO MPHU3HAKY HAJMYUS M CIOKHOCTH HaHHBIX. Mamepuansl u memoovl. OCHOBHBEIM METOIOM
HCCIIEIOBAHUS SIBIIETCS MeTo. ooopa. [lox Kakayro KOHKPETHYIO 3a/1a9y TOAONPAeTCsl CBOM allTOPUTM, TaK KaK OT
HEro 3aBUCHT CKOPOCTh M TOYHOCTH pe3ysibTaTa 00padOTKU MCXOOHBIX JaHHBIX. PaccMaTpuBarOTCS METOIBI MAIIHH-
HOro o0yd4eHus. B wacTHOCTH, aHAMM3UpPyeTCS BapHAaHT Ha OCHOBE OOyUYEHHS MHTEIUIEKTYaJIbHOT'O areHTa, KOTOPBIN
JIEHCTBYeT BO BHENIHEH cpele M HaspIBaeTcs oOydeHHeM ¢ moakpervieHneM. OOydeHne C MOAKpeIUIeHHeM (aHrI.
reinforcement learning) — croco0 MalIMHHOTO O0YYEHUsI, IPU KOTOPOM cucTeMa 00y4aeTcsi, B3aUMOJISHCTBYS C HEKO-
TOpO# cpenoi. Pesynomamer. Kak pe3yabTaT NpOBEIEHHBIX HCCIIEI0BAHUM, MOXKHO OTMETHTH TOT (aKT, 4TO B 00y4e-
HUU C MOAKPEIJIEHUEM areHT B3aUMOJICHCTBYET C OKpYXalollled Cpeioi, NpepuHuMas AeCTBUA U Mody4as Harpa-
Iy 3a 9TU JeicTBUsL. Beigoodsl. TakuM 00pa3oM MOXHO yTBEPXkIaTh, YTO HA JAHHBIH MOMEHT KJIACCHYECKHE METOJIbI
MAIIMHHOTO O0Y4eHMs Uil HM(POBBIX TEXHOJOTHH OXBATHIBAIOT LIMPOKUH CHEKTP NMPHIOKEHUH OT Pa3INYHBIX I10-
Tpebuteneil. HoBble 3a1aun, BO3HUKAIOIINE MPAKTHYECKH €XESTHEBHO, MPUBOIAT K IOSBICHUIO HOBBIX HAIPaBICHUN
MAIIMHHOTO O0yYeHHSI.

KiroueBble ¢JI0Ba: aNTOPUTM, HCKYCCTBEHHBIN HHTEIDICKT, MAIIHHHOE 00y4eHue, data mining, MeTopI

Jas nutupoBanus: Tynerynos A. [1., Epramues /[I. C., beiicembaeBa b. C., Axkumes K. M. Mertons! HeHpOHHBIX ceTel u
riryOokoro o0y4eHnsl Ha OCHOBE MHTEIUIEKTYaJbHOTO areHTa // Hage:KHOCTh M Ka4ecTBO cIOKHBIX cucteM. 2021. Ne 3. C. 25-31.
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Abstract. Background. New tasks arising almost daily lead to the emergence of new directions of machine
learning. The article presents the results of the study of the main types of machine learning on the basis of the availa-
bility and complexity of data. Materials and methods. The main research method is the selection method. For each
specific task, its algorithm is selected, since the speed and accuracy of the result of processing the source data depends
on it. We consider methods of machine learning. In particular, an option is analyzed based on the training of an intelli-
gent agent, which acts in the external environment and is called training with reinforcement. Reinforcement training
(Eng. Reinforcement Learning) is a method of machine learning, in which the system is learning, interacting with
some medium. Results. As a result of research, it is possible to note the fact that in training with reinforcement an
agent interacts with the environment, taking actions and receives a reward for these actions. Conclusions. In this way,
it can be argued that at the moment the classic methods of machine learning for digital technologies cover a wide
range of applications from different consumers. New tasks arising almost daily lead to the emergence of new direc-
tions of machine learning.

Keywords: algorithm, artificial intelligence, machine learning, data mining, methods
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BBeaenue

B nHacrosiee Bpemsi nupoBbie 00pa3oBaTEIbHBIC TEXHOJOTHH OKa3ajlMCh OYCHb BOCTPEOOBAHbBI U
akTyanbHbl. Oco0YI0 3HAYMMOCTh MIPU STOM UMEIOT LHU(PPOBBIE HABBIKK OOJIBLIEH YacTH HACEICHUs TlaHe-
Thl. BaXXHYI0 pONb P 3TOM OTBOZST B HEPBYIO OUYEPEIb HIIEMEHTapHBIM 0a30BbIM 3HAHUSIM, 0€3 KOTOPBIX
HEBO3MOJXKHO ITOJTHATH Ha JOJDKHBIN YPOBEHb HU(POBYIO TPAMOTHOCTh HaceseHHs. B cBeTe sToro Heobxo-
MO TIOHUMATh, HACKOJIBKO Ba)KHBIM M CEPhE3HBIM MOXKET CTaTh BOIPOC M3YUYCHUS HOBBIX IIH(QPOBBIX TEX-
Hojioruid. OJHUM U3 BayKHBIX BOIIPOCOB SIBJISETCS IOHUMAHUE TOHSTHUS «UCKYCCTBEHHBIN MHTEIUIEKT.

AJNropuT™ SBISIETCA CUCTEMOM IOCIIE0BATEIIbHBIX ONEPALUi Uil pelleHHs ONpeaesICHHOH 3a1aun,
Mo-APYroMy, MeTo peuieHus. [1og Kakayo KOHKPETHYIO 3a/1auy TOAOUPAEeTCsl CBOM alrOPUTM, TaK Kak OT
HETO 3aBUCT CKOPOCTh M TOYHOCTH pe3yJibTaTa 00pabOTKH UCXOJHBIX AaHHBIX [1].

WHorna moAroToBIEHHBIH QJITOPUTM HE NOMOTaeT PELIMTh MOCTAaBICHHYIO 3a1ady. ns Havyana pa-
00THI TpeOyeTcs ONpeAeNTh peallbHYI0 IPUUHHY MpobieMsl [2]. B TakoM cirydae Ha TOMOIIb MOTYT TPHii-
TH METOJbl MALTMHHOTO 00YYEHUSI.

MeTOABI HCCAEAOBAHHS

Ha puc. 1 moka3aHbl OCHOBHBIE BUIBI MAlIMHHOTO OOYYEHWs 1O MPHU3HAKY HAJTUYUAS U CIOKHOCTH
JTAHHBIX.

fpocTbie AanHble K/TACCMYECKOE OBYYEHME
[MoHATHbIE ﬂpI/ISHaKVI

JaHHbIX HeT,
HO ecTb cpeaa, B OBYYEHME C

KOTOPOI MOXHO NOAKPENJEHUEM
B3aMMOJEICTBOBATh

OcHOBHble BUAbI
MaLUUHHOrOo
oby4eHun

CNoMHble AaHHble HEWPOHHbIE CETU U
HeueTkasa noruka IMYBOKOE OBYMEHUE

Puc. 1. OcHOBHBIE BUIbI MAIIMHHOTO O0YUYEHHUS

[o npu3HaKy Hamuuus ThlIOTOpa 00yUEHHE AEIUTCS Ha!

— oOyuenue ¢ TeioTopoM (Supervised Learning) — IpUMEHSIOT, KOTJa HY)KHO HAY4YHUTh MAIIMHY pac-
MO3HABATh O0BEKTHI HJIM CUTHAIIBI;

— 0e3 TeroTopa (Unsupervised Learning) — UCTIONB3YyETCS TMPUHITUI «3Ta BEIlb TakKas ke, Kak Jpy-
THe». AJITOPUTMBI U3y4alOT CBOWCTBA M HAXOAAT HEOOBIYHBIC MITH HECXOXKUE C IPYTUMU aHOMAITHH;

— ¢ moxkperuieHueM (Reinforcement Learning) — UCHONB3YIOT TaM, TJ€ MEpe] MAIIMHONW CTaBUTCA
3a7a4da — BECPHO BLINIOJHUTL IOCTABJICHHBIC 3ala4U BO BHEIIIHEHN cpeac, MEd MHOKCCTBO BO3MOXKHBIX Ba-
puaHToB aercTBus [3].

ITo Ty NpUMEHsAEMbIX aITOPUTMOB MOXHO BBIZICTUTH J[BA BUJIA:

1) kmaccudeckoe 00ydeHHE — U3BECTHBIC U XOPOIIO U3yUYEHHBIEC aJTOPUTMBI O0YUeHUs, pa3padoTaH-
HBIE JUISI CTATUCTHYECKUX 3ajad: KiacCU(UKaLus, KilacTepu3alys, perpeccus U Jpyrue, KOTopble IpuMe-
HSFOTCS JUISl pELICHUsS 33/1a4 IPOTHO3UPOBAHMUS, CETMEHTAIIMN KIMEHTOB;

2) HEWpOoHHBIE CeTH U TITyOoKoe oOyueHne — coBpeMeHHbIH noaxon Kk MO. OHM NPUMEHSIOTCS IS
pacro3HaBaHUsl MM TCHEPAIMU H300paKCHHI, YIIPABICHHS WM TPUHATHS PELICHUH, MAIIMHHOTO MEPEBO-
Jla ¥ CXOXKHX IO CIIOKHOCTH 3a1ad [3].

HeckonbKo pa3iuyHbBIX MOJXOJ0B MOKHO OOBEIMHHUTH, U TOTJa MOIydYaTcss aHcaMOIn Mojenei ma-
IIMHHOTO O0YYCHUSI.

[Ipeanaraemas oOmas knaccudukamus METOIOB MATMHHOTO 00YUYCHUS IPUBECHA Ha pHC. 2.
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Puc. 2. Knaccudukaius MeTOI0B HHTEIUIEKTYaIbHOTO aHAIH3a JAHHBIX

[lepeuncnum Hanboee NOMyIApPHbIE KIACCUUYECKUE METOAbI MAIIMHHOTO 00Yy4eHUSL:

— JIepeBbsl pELICHMUI;

— METOJ OTIOPHBIX BEKTOPOB;

— MeToA «OnmxKanIIero cocena;

— JIMHEWHas perpeccus;

— Metox baiiecoBckoii Kiaccudukanuy;

— anroputM k-cpenHux (k-means);

— MCTOABI IMTOUCKa aCCOLIMAaTUBHBIX MTPaBUJIL.

Memooul 0byuenus ¢ nookpenienuem

Metoa MamtmHHOro 00y4YeHHsI Ha OCHOBE 00YUYEHHUSI HHTEIUIEKTYyaJIbHOTO areHTa, KOTOPbI AeHCTBYET
BO BHEIIHEW cpejie, Ha3plBaeTca oOydeHHeM ¢ mnojkperuieHueM. OOydeHHe ¢ MOJKperuieHueM (aHTIl.
reinforcement learning) — cnoco0 MalIMHHOTO OOYYEHUSs, MPU KOTOPOM CHCTeMa 00ydaeTrcs, B3aUMOJICH-
CTBYS C HEKOTOpOM cpeaoit [2].

ITonaraercs, 4TO B Ka)KJblii MOMEHT BPEMEHHU 3apaHee MPOrPaMMUPYEMBbIN areHT HaXOAUTCS B IIPEA-
HA3HAUYEHHOM COCTOSHUM ¥ B 3aBHCHMOCTH OT HEE Y areHTa eCTb BbIOOpD HECKOIBKHMX BO3MOXHBIX JI€ii-
crBuid. [locie BpIOOpa areHTOM HEKOTOPOIO JNEMCTBHSI OH OKa3bIBa€TCS B HOBOM COCTOSIHMU U IOJy4aeT
OTpeieNieHHOE MOJKpeIUIeHHne (BO3HArPaXKICHHE), KOTOPOE 3aBUCHT OT HPEABIIYIIEr0 COCTOSHUS U BbI-
Opannoro aevctsusl. Ilpeanonaraercs, 4To areHTy Hy’>KHO YBEIMYMBATh CYMMY CBOMX ITOAKPEIUICHUH.

PesyapTaThI

Kak pesynpTar mpoBeeHHBIX HCCIECAOBAHUNA MOXKHO OTMETUTH TOT (akT, YTO B OOYYEHUH C MOA-
KpEIJICHUEM areHT B3aUMOJCHCTBYET C OKpYXaroUled Cpeloil, npeanpuHuMas ACUCTBUS, W IOJy4aeT
Harpajay 3a 3Tu AeicTBus [4]. DT0 O4eHb BaXXKHBII MOMEHT Ipoliecca 0OyIeHHSI.
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MCTOI[I)I C YaCTUYHbIM O6y‘IeHI/ICM HaxXoOsATCA B IIOMCKE CTPATETHH, HpI/IHI/ICbIBaIOHIeﬁ COCTOSIHUAM
OKpYyKaroIe cpeapl IeHCTBUS, OAHO M3 KOTOPBIX MOYKET BRIOPATh areHT B 3TUX COCTOSTHHAX.

[Ipumepsr MeTOIOB: ananTUBHBIN BpucTHIecknil KpuTHK (Adaptive Heuristic Critic, AHC), SARSA
u Q-o6yuenue (Q-learning).

[pornecc Q-00yueHus:

— MHO>XECTBO COCTOSIHU;

— MHOKECTBO JICHCTBHI;

— (YHKIHS HATPaIb;

— QyHKIMS nIepexoa;

— learning rate (00br4HO 0,1), 9eM OH BBIIIIE, TEM CHJIbHEE arcHT JOBEPSICT HOBOH MH(MOPMAIIHH;

— discounting factor, 4eM OH MEHbIIIe, TEM MEHBIIIE areHT 33yMbIBAE€TCS O BBITOJIE OT OYIYIINX CBO-
ux aevcreuit [1].

Heiipounsie cetu (Neural network, NN), unu HCKycCTBeHHBbIe HelpoHHBIe cetu (Artificial
neural networks, ANN) — oquH W3 BHJIOB MAaITUHHOTO oOydeHUs. HelpoHHBIE CETH HCIOIB3YIOTCS B
Ka4eCcTBE aJropuTMa JJIsi MAIIMHHOTO 3PEHUS U MepeBOo/a, PacllO3HaBaHUS PeUYd, My3bIKH, 00pabOTKH
M300pakeHUH.

I'nmy6okoe oOyuenue (Deep learning) — 5TO METO/ MAIIMHHOTO O0yUYEHHS, OCHOBAaHHBINH HAa HEHPOH-
HBIX ceTAX. B coBpeMeHHO pealbHOCTH MPaKTUUECKH BO BCEM, UTO Kacaercst Deep Learning, UCIONb3YIOT
HEHpPOHHBIE CETH.

Ycnex rimy0okoro oOy4eHHUs HampsMYyr 3aBUCHUT OT MOIIHOCTH TEXHUKH. Ha MOMEHT MOSBICHUS
HEHPOHHBIX CETEH MOIIHOCTH KOMIIBIOTEPOB ObLIM HU3KMMHU, U3-3a YETr0 M CaMU CETH ObLIM JIOBOJILHO Cia-
OBIMH, TTOATOMY HEBO3MOKHO OBLIIO CO3/1aTh OOJIBIIIOE KOJIMIECTBO CIIOEB.

C mosiBIIEHWEM MOIIHBIX MAlllMH BCE M3MEHHIIOCH W COBPEMEHHOE TIy0OKOe O0y4YeHHe CIOCOOHO
CIIPaBUTHCA C OONBIIMMH pa3MepamMH CceTel ¢ Hcronb3oBaHneM QpeimBopku: Keras, Detectron,
TensorFlow u PyTorch.

O6cyxaeHne

[TonyuyenHsie pe3ynbTaThl MOATBEPKIAIOT TO, YTO HEUPOHHBIC CETH HCIONB3YIOT MPAKTHUUYECKH BO
BCEX 3ajiauax, rjae denonek neitaetcs npumenuts U, CNN (Convolutional neural network) ucnonb3yeTcs
B o0yracTi KoMITbIoTepHOTO 3peHust, GAN (Generative Adversarial Nets) — B KpUMAHATUCTHKE, B TU3alHE U
B KMHOIIPOU3BOACTBE [5].

Hetiponnsie cetu DON (Deep Q-Learning) UCTONB3YIOTCS Il MPUHSTUS PEIICHUH HAa OCHOBaHUU
aHaM3a TeKyIeH CUTyalluH, T.e. CHCTeMa caMa coOMpaeT JaHHBIe, caMa UX aHaJM3UPYeT, MPOrHO3UPYET
HauboJiee BEepOSITHBIN UCXOM B TOW WJTM WHOW CUTYyallWH, IPHHUMAET MAaKCHMAJIbHO BBITOJHOE PEUICHHE Ha
OCHOBaHHUH BCEX (PaKTOPOB.

PaboTy mogoOHBIX HEWPOHHBIX CETEH IEMOHCTPUPYIOT OCCIMIIOTHBIN TPAHCTIOPT, Pa3IniHbIe OOTHI [0].

MammaHoe 00y4eHne — cBoJi Habopa anropuTMOB U METO/I0B B o0nacti MU, KOTOpble MPUMEHSIOT-
Csl U CO3JTaHMs MAIIMHBI, KOTOpasi yUIUTCsl HA COOCTBEHHOM OTBITE. B KadecTBe 0OydueHus mammmHa oOpa-
OaTbIBaeT OTPOMHBIE MACCHBBI BXOJHBIX JAHHBIX U HAXOIUT B HUX 3aKOHOMEpPHOCTH [7].

Hownsitus Data science u Machine learning BO MHOTOM TIEPECEKalOTCs, HO BCE )K€ OHU pPas3HbIC U
KaKIbIM CO CBOMMH 3aJadyaMHu.

B monstne MM BXoAsST TeXHONOTHYECKHE, HAyYHBIE PEIIEHUS W METOHBI, KOTOPHIE MOMOTAIOT
cleiaTh MporpaMMBbl IO MOAOOWI0 WHTENIeKkTa 4yenoBeka. MU Bkitouaer B ceOs MHOXKECTBO MHCTPY-
MEHTOB, aJTOPUTMOB M CUCTEM, CPEAM KOTOPHIX Takke Bce cocrtaBisitouine Data science u Machine
learning [8].

Data science — Hayka 0 MeTO/Iax aHaM3a JAHHBIX U W3BJICYECHUS W3 HUX paHee HEM3BECTHON MH(OP-
MaIy, IeHHbIX 3HaHuii. OHa TepeceKaeTcsl ¢ TAKUMHU OOJIACTAMH, KaKk MalllMHHOE OO0y4YeHHe M HayKa o
MBIIIUICHUH, OOJBIIUE JAaHHbIC. Pe3ynbTaToM ero paboThl SBJISIOTCS pa300paHHBbIC JaHHBIE U HAWJICHHBIC
BEPHBIC MOAXO/IbI IS UX JAbHEHIIeH 00paboTKH, COPTUPOBKH, BBIOOPKH U MOKCKa [9].

Ha puc. 3 npusenen nmpumep kraccuukaai MEeTo1a HEHPOHHBIX CEeTEH.

«HetipoHHBIE ceTH — 3TO MOJeNN OMOJNOTHYECKHX HEWPOHHBIX CeTell Mo3ra, B KOTOPBIX HEHpPOHBI
MMUTHPYIOTCSI OTHOCUTEIBHO MPOCTHIMH, YacTO OJHOTUITHBIMH, 3JEMEHTaMHU (UCKYCCTBEHHBIMH HEHPO-
HaMu)» [5].
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Puc. 3. [Ipumep knaccupukanuy HEHPOHHBIX ceTel

3akArouenue

Takum 00pa3oM, MOKHO YTBEP)KAATh, YTO HA JAHHBIA MOMEHT KJIIACCUYECKHE METOJbI MAITMHHOTO
oOydeHus st MU(PPOBBIX TEXHOIOTHI OXBATHIBAIOT IIMPOKUN CIIEKTP MPHIIOKEHUH OT Pa3NAYHBIX MOTpe-
Oouteneii. HoBble 3amaun, BO3HMKAIOLIME IPAKTUYECKU €XKEAHEBHO, MPUBOIAT K MOSBICHUIO HOBBIX
HaIpaBlIeHUH MAIIMHHOTO O00YYeHUSI.

Memoowt neiiponnvix cemeit u 21y00Kk020 00y4eHus

Unes Metona HEHPOHHBIX ceTell ChOPMUPOBANIACH B MPOILIECCE U3YyUEHHS PadOThI MO3ra KUBBIX CY-
mectB. Ho Hyx)HO momuuth, yro MHC ropasmo mpoiie cBOMX MPOTOTHIIOB, OMOJOIMYECKUX HEHPOHHBIX
CETEH, 10 KOHIIA HE H3YYEHHBIX J0 CHX IOp.

«HetiponHas cetb (MCKyccTBeHHas HelipoHHas ceTb, MHC) — MmaremaTnueckass MoJieNb, a TaKkke ee
MPOTpaMMHOE HJIM alllapaTHOE BOIUIOLICHUE, MMOCTPOCHHAS M0 MPHHLUIY OpraHu3alud U (QyHKIHOHUPO-
BaHUsI OMOJOIMYECKUX HEHPOHHBIX CETEH — CceTeil HEePBHBIX KJIETOK JKMBOrO opraHusma. OHa mpeacTaBisieT
co00# cUCTEMY COEIMHEHHBIX U B3aUMOJEHCTBYIOLIMX MEXILy cOOOM MPOCTHIX MPOLECCOPOB B BUJE UCKYC-
CTBEHHBIX HEWPOHOB, Oyy4H COCIWHCHHBIMHU B OOJIBINYIO CETh C YIPABIIEMBIM B3aHMMOJICHCTBUEM, TaKne
10 OTAEIBHOCTH HMPOCTHIE MPOLIECCOPHI BMECTE CIIOCOOHBI BHIMOIHATH JOBOJIBHO CIIOXKHBIC 3amaqm» [1].

HeiipoHHble ceTu BOLUIM B IPAKTUKY MAIIMHHOIO 00YUYE€HHs, I[/1€ HYKHO pellaTh 3a/laud IPOrHO3UPO-
BaHMs1, KJIacCHU(PUKAIMY MM YIPABICHHUS. Y CIICITHOCTh METO/Ia ONPEIEISETCS CIEAYIOIMMHI TPUINHAMU:

1) GoraTeie BO3MOXXHOCTH HEHPOHHBIX CETEH — STOT METOJ MOJIEIMPOBAHHUS MTO3BOJISIET BOCTIPOU3BO-
JUTh YpE3BBIYAHO CIIOKHBIE 3aBUCHMOCTH;

2) mpocTOTa B UCNOJIB30BAHUN — JAHHBIM METOJ YUUTCS Ha MpUMepax, Mpel0CTaBIsIeMbIX OJIb30Ba-
TeJIEM, 3aBUCUT OT €0 3HAHMH;

3) MeTOJ] HEUPOHHBIX CeTel OCHOBAH Ha MPOCTEHIIIeH OMOIOTHYECKOW MOIEITH HEPBHBIX CUCTEM.
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N CCAEAOBAHUME U KAACCUOUKALINA DKCITAYATAITMOHHBIX ®PAKTOPOB,
BAVSIOIINX HA OBECITEYEHHUE HAAEXKHOCTHU PAAMOISAEKTPOHHBIX
CPEACTB BOOPY>KEHU U BOEHHOM TEXHUKHU

B. 1. Mumenko', A. I1. Aemun’, B. A. Kop6yr®

-2 BoeHHO-KOCMIUecKas akageMust nMeHn A. . Mosxaiickoro, Cankt-IlerepOypr, Poccus
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AHHoTauus. AkmyaneHocms u yeau. O60CHOBaHUE TPEOOBAHMH K IKCIUTyaTallMOHHBIM XapaKTEPHCTHKAM pa-
JIUOAJICKTPOHHBIX CPEIICTB BOOPYKEHHS W BOCHHOW TEXHUKH HEPA3pPBIBHO CBS3aHO C AHAIU30M W HCCIEIOBAaHHEM
(haxkTOpOB, BO3ACHCTBYIONINX Ha HUX B XOJI€ 3TOW CTaJWH KN3HEHHOTo IuKiIa. [Ipu 3ToM BecbMa BOCTpeOOBaHHOM SIB-
JSIeTCS XOTs OBbI MPUMEpHast KITacCU(PUKAIHA 3TUX PakTopoB. Takum 00pa3oMm, LENbI0 JaHHOW PabOTHI ABJISIETCS aHa-
JU3 U ONBITHAS Kiaccupukays (GakTopoB, BO3ACHCTBYIOMNX Ha PaIUOAIEKTPOHHBIE CPEICTBA BOOPYKEHHUS M BOCH-
HOW TEXHUKH B XOJE I3KCIUTyaTauuu. Mamepuansl u memoOsi. B OCHOBY NpEICTaBICHHOTO HCCICIOBAHUS U
KJIaccu(pUKaMy 3KCIUTyaTallMOHHBIX (DAKTOPOB MOJIOXKEH JIMYHBIA ONBIT aBTOPOB, a TAK)KE M3Y4EHHE OIbITA JPYTHX
aBTOPOB, KOTOPHIC OITyOJIMKOBAIA COOTBETCTBYIOIIUE paOOTHI IO TaHHOM TeMe. Pezyremamot. [IpencraBneHa Kiaccu-
(buKanus SKCINTyaTalMOHHBIX (aKTOPOB, BIUSIONIMX HA 00ECIEYCHUE HA/IE)KHOCTH PaJMO3IEKTPOHHBIX CPEACTB BO-
OpY>KEHHSI M1 BOCHHOW TEXHHUKH. Boisoowi. [IpemnoxkenHas KiacCuGUKAIHs TO3BOJISET MOATOTOBUTh KOJIMYECTBEHHEBIC
3HAYCHHUS WCXOMHBIX HAHHBIX IS pa3paOaThIBaeMbIX METOIHK OIpPEIeNICHHs BEIMYMH SKCIUTyaTAIlHOHHBIX XapakTe-
PUCTHK PaTUO3IEKTPOHHBIX CPEJCTB BOOPYKCHHUS 1 BOCHHOM TEXHHUKHU.

KaioueBble ci1oBa: dKcIuTyaTtaliMOHHbIE (PaKTOPbI, HAJIEKHOCTD PAANOIIEKTPOHHBIX CPENICTB

s uurupoBanus: Mumenko B. U., lemun A. I1., Kopoyt B. A. UccnenoBanue u xnaccuuKays 3KCILTyaTallHOHHBIX
(haxTOpOB, BIMSIONINX Ha 00ecHedeHIe HaAeKHOCTH PaJHOIEKTPOHHBIX CPEICTB BOOPYKEHUS X BOCHHOI TexHuku // HagexxHoCcTh
U Ka9ecTBO CJIOXKHBIX cucTeM. 2021. Ne 3. C. 32-40. doi:10.21685/2307-4205-2021-3-4

RESEARCH AND CLASSIFICATION OF OPERATIONAL FACTORS
AFFECTING TO RELIABILITY OF RADIO-ELECTRONIC MEANS
OF WEAPONS AND MILITARY EQUIPMENT

V.I. Mishchenko', A.P. Demin?, V.A. Korbut®
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Abstract. Background. The justification of the requirements for the operational characteristics of radio-
electronic means of weapons and military equipment is inextricably linked with the analysis and study of the factors
affecting them during this stage of the life cycle. At the same time, at least an approximate classification of these fac-
tors is very popular. Thus, the purpose of this work is to analyze and experimentally classify the factors that affect ra-
dio-electronic means of weapons and military equipment during operation. Materials and methods. The presented
study and classification of operational factors are based on the personal experience of the authors, as well as the expe-
rience of other authors who have published relevant works on this topic. Results. Classification of operational factors
affecting to reliability of radio-electronic means of weapons and military equipment. Conclusions. Proposed classifica-
tion allows to prepare quantitative values of initial data for developed methods of determining values of operational
characteristics of radio-electronic means of weapons and military equipment.

Keywords: operational factors, reliability of radio-electronic means
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OCHOBHOU cTajgueil KU3HEHHOTO ITUKIA O0pa3IOB BOOPYXKEHUS SBISCTCS CTAIWs IKCIUIyaTallvu.
Ha aToli craguu Ha BOOpY)KEHUE U TEXHUKY BO3ACUCTBYIOT pa3IUYHbIC (DAKTOPHI, KOTOPHIC BIUSIOT Ha YPO-
BEHb €¢ HaJISKHOCTH. DTH (AKTOPHI BKIIOYAIOT JIBE IPYMITbI: OOBEKTUBHBIC H CYOBEKTHBHBIC. [IpH uem,
B CBOIO OUYepe/ib U T€, U IPYTHE JICIATCS Ha TIO3UTHBHBIC U HETaTUBHEIE.

OO0beKkTUBHBIC (haKTOPBI OMPEACISAIOTCS YCIOBUSIMH dKCIUTyaTalluy ¥ BHeIIHeH cpenoil. CyObeKTHB-
HbIC BO3HHMKAIOT NPU OHIMOKaX B pa3paboTKe, MPOM3BOJCTBE W IKCILTyaTallMu BOCHHON TexHUkU. OObek-
THUBHBIE (DAaKTOPHI BKITIOYAIOT B ceOs IKCIUTyaTaIllMOHHBIE, KITUMAaTHICCKUE, OMOIOTHIeCKHEe (DAKTOPHI, Me-
XaHUYECKue Harpy3ku (puc. 1).

O6bexTuBHBIE GaKTOPHI

Herarusneie IlosutrBHBIE
DKkcniyaTauMoHHbIE MexaHuueckne Knumarnueckue buonoruueckue VpoeeHs
(akTophl RO3AeHiCcTRIA thaxTopsr hakTopsl M30LITOYHOCTH
Ilepuoa ~ Temneparypa ~ Brenpenne
— ‘ — Bubpauus T'pubku, nnecens Aap
SKCTYATEHHY EREAbI —  IOCTIDKeHHI
SIeKTpHUECKHE Bla&HOCTh U HAyKH ¥ TEXHAKH
— Vaap Hacekomble
Harpysku ocaaku
T < — BenuunHa 3aTpat
eMITepaTypHbIe TMOC(epHOe
Paryp — Vekopenue bep ['per3yHBI
peHUMbL JaBJIeHUE
ArpeccHBHas 3ByKOBOE ConueuHas
cpena NlaBIICHHE paguaiHs
bonbiias IIpumecu B
3aNbINEHHOCTh BO3jlyXe
Ilepexonnble
npoLecch

Puc. 1. O0bekTHBHBIC (HaKTOPHI

YpoBeHb HAJIGKHOCTH BOOPYKeHHS u BoeHHOU TexHuku (BBT) Bo Bcex pexumax 3KCIUTyaTaluu
(ucronp30BaHUE TIO0 HA3HAYCHUIO, XPAHEHHE, TPAHCIIOPTUPOBAHKE, 00CITy)KUBAHHE, PEMOHT) CYIIECTBEHHO
3aBHCHUT OT TOTO, Ha KaKOM IIEPHOJIC DKCILTyaTallui OHU HaxoJsaTcs. Kak Mmoka3bIBaeT OMBIT SKCILTyaTalliH,
3TH TIEPUO/JIBI BKIIFOYAIOT: HAYaJIbHBINA (MJIM TPUPAOOTKHY ), HOPMAJIBLHOW SKCIUTyaTallMd U U3HOC (WU cTape-
Hue) (puc. 2).

[Mo crarnucTHke HAYANBHBIA IEPUOJI SKCILUTyaTaIlMH XapaKTePHU3YETCs OBBINICHHOW HHTEHCUBHOCTBIO
0TKa30B (puc. 2, ygactok I).

A

0 >
Iy 1> t

Puc. 2. O6006meHHast 3aBUCUMOCTh HHTEHCHBHOCTH OTKa30B OT BPEMEHH 3KCILTyaTalluu

9To0 O6yCJ'IOBJ'IeHO TEM, YTO Ha 3TaIic HpI/Ipa6OTKI/I qami€ BCCTO BBIABIAIOTCA TCXHOJIOTMYCCKHE U
KOHCTPYKTHUBHBIC OTKa3bI. I[J'II/ITGJ'ILHOCTL 9TOTO MNepuoJa Ajid pa3HbIX 3JIEMCEHTOB COCTABJIACT OT HECKOJIb-
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KHX JIECATKOB JI0 COTE€H 4acoB (wiu oT 1 10 15 % B 3aBUCUMOCTH OT JUIMTEIHLHOCTH MEPHOa HOPMAITBHON
skciutyaTanuu) [1]. Hanpumep, B aToT nepuon npoucxomut 10 70 % 0TKa30B MOIyHPOBOJIHUKOBBIX MpH-
00pOB, MUKPOMOJIyJIeH, MUKpOcXeM U T.JA. [lociie mpoomKUTENBHOTO TIepHo/ia HOpMaIbHOH padoTh! (yua-
ctok II) HacTymaer mepuos (pU3NYIECKOrO CTapeHUs, KOTJa HAaYMHAETCS TIOCTETICHHOE YBEIHMUeHNEe WHTEH-
CHUBHOCTH 0TKa30B (yuyacTok III). 9To 00bsicHsieTCS HeoOpaTUMBIMU MTPOIIECCaMH U3HOCA.

CrapeHne MaTepualioB U DJIEMEHTOB MPOSBISAETCA MO-pa3HoMy. Tak, Harpumep, sl TTOITyITPOBOIHH-
KOBBIX 3JIEMEHTOB XapaKTEPHBI [TOBBIIICHHBIE TOKH YTEUKH (0OpaTHbIC TOKM) MM NaCHUE HANPSLKEHHUS BO
BKJIFOUEHHOM COCTOSIHHH, MPSAMOE MaJCHNUE HaNpsyKeHHUs, BO3HUKAIOIINE B OCHOBHOM 3a CUET AETPaaalliu
KOHTaKTHBIX ITOBEPXHOCTEH BHYTPHU AJIEMEHTA.

HMHTEHCHMBHOCTh M3HOCA TPSMO IIPOMOPITMOHAIBHA MHTEHCHUBHOCTH JKcIutyaTarmu BBT m oOpaTtHO
MIPOTIOPITMOHATIFHA YPOBHIO KadecTBa MpoduiIakTHueckux padot. s pamnosnekTpoHHBIX cpencts (POC)
M3MEHEHUS JIEKTPHUECKUX PEKUMOB PaOOTHI OKA3hIBAIOT CYIIECTBEHHOE BIUSHHUE HAa CTAOMIBLHOCTh U JIOJI-
TOBEYHOCTH MX IIEKTPUIECKUX XapaKTePUCTUK U TEXHHUYECKHUX mapaMeTpoB. Bee anementsr POC xapakrepu-
3YIOTCS AOIyCTUMBIMU Harpy3KaMmu MO MOILHOCTH PAcCesHMs, TOKaM, HapsDKeHUsIM | T.11. TakuM oOpazom,
paboTa 3JeMEHTOB TIPH TPENeNIbHO JOMYCTUMBIX Harpy3Kax COKpalllaeT UX CPOK CIY)KObl U HE rapaHTHPYET
HAJIC)KHOU Pa0OTHL

Kpome Ttoro, mpu skcmryaranmmun POC BBT MOTyT mpouCXOauTh HEAOMYCTUMBIC M3MEHECHUS JJICK-
TPUUYECKUX HArpy30K WM Teperpy3kd. llpuamHaMu 3TOro MOTYT OBITH pe3KHe Tepenaibl MHUTAOLIETO
HANPsOKEHUsI CETH, HECTaOWIIBHOCTh HATPY3KH IMOCIEAYIONMET0 Kackaja, HEeMPaBWIIBHBIA BHIOOD pexuMa
MIPH TIPOSKTUPOBAHUU U T.J. DTO BEIET K IEKTPUUECKUM TPOOOSIM MEXKIY IJIEMEHTaAMH CXEMbl, OTKa3aM
MIpU BKJIIOYEHUH-BBIKIIOUEHUH allapaTyphl, YXYIIICHUIO TEMIIEpaTypHOro pexuma. [lostomy kaxiablil
3JIEMEHT CXEeMBI JIOJKEH UMETh HEKOTOPBIH 3armac MpOYHOCTH (M30BITOYHOCTH), KOTOPBIM PaCCUUTHIBACTCS
Mo Belnn4YrHEe Kod(QUIMeHTa Harpy3ku. Yem MeHblle 3ToT K03()(UIIMEHT, TEM BBIIIE YPOBEHb HAJICKHOCTU
COOTBETCTBYIOIIETO 3JIEMEHTA.

Kax mpaswmio, POC BBT skcrutyaTupytoTcs B pa3IMYHBIX TEMIEPATYPHBIX yciaoBusaX. Yem Oospime
CKOPOCTh M 4aCcTOTa M3MEHEHHUS TEMIIEPaTyphl, TeM OOJIbIIIe €€ BIUsIHUE Ha Cpok dkcruryaranuu POC BBT
Y TeM HU)KE YPOBEHb UX HAJIE)KHOCTH.

OTKIIOHEHHE TeMIIepaTypbl OT HOPMAJIBLHON MPUBOAUT K M3MEHEHHIO (PU3NUECKUX U MEXaHUYECKUX
CBOMCTB MaTepraioB, U3 KOTOPHIX U3TOTOBIIEHBI AIE€MEHTHI CUCTEM. JTH M3MEHEHHUS BBI3BIBAIOT OTKIIOHE-
HUS TTapaMeTPOB JIEMEHTOB OT HOPMAJIbHBIX 3HAUEHUH U TEXHUYECKHUX XapaKTEePUCTUK ammaparypsl B Iie-
oM. HanpuMmep, 1ipu NOHUKEHHON TeMIiepartype:

— B TOJYIPOBOJHHUKOBBIX 3JIEMEHTaX IMMOBBIMIACTCS KOHASHCANWS BIIATH, TPOUCXOANUT PACTPECKUBA-
HUE KPUCTAJUIOB, U3MEHEHHUE DIIEKTPUUECKUX XapPaKTEPUCTHK, YTO B CBOIO OUYEpEIh MPHUBOIHUT K MPOOOIO
MEPEXO0/I0B, YXYIICHNAIO AJICKTPUIECKUX XapaKTEPUCTHK, TIOTEPEe TEPMETHIYHOCTH, OOPBIBAM U KOPOTKOMY
3aMBIKaHUIO;

— CIIOXKHBIC U BOJIOKHHUCTBIC (DEHOIUIACTHKH, TIACTMACCHI HA OCHOBE 3(DMPOB IETUIIOI03bI CHIDKAIOT
CBOIO IIPOYHOCTH Ha yAap, HO yBeInuuBaeTcs Ha 13 % uX MpOYHOCTh Ha pa3pbIB, U3THO U CXKATHE;

— CMa3KH CTaHOBSITCS TyCTHIMH;

— CHIDKAeTCsl Ka4eCTBO MaeK paauojieTaneii BCIeACTBHE TOTO, YTO BXOSIIEE B COCTAB MPHIIOS Oenoe
OIIOBO TIpH TemrepaType Hmxke MuHyc 13 °C npeBpamiaercs B ObICTpOpa3pyIIAIOIIeecs Cepoe.

[Ipu noBeIIEHHOU TeMIlepaType:

— JUIsl TIOTYTIPOBOJIHUKOBBIX 3JIEMEHTOB XapaKTEpHO 00pa3oBaHUE 00JacTei MpOIIaBIEHHs, IIPOUC-
XOJUT HapyIIEHUE MOIYIPOBOJHUKOBBIX [IEPEXO0JIOB UM IMOJHOE Pa3pylIEHUE MOIyTPOBOJHIUKOBOIO 3Jie-
MEHTa;

— M3MEHSIOTCSI OCHOBHBIE JJIEKTPUYECKHE XAPAKTEPHCTHUKHU AIEKTPOU3OIMPYIONINX MaTeprasoB (Iu-
ANIEKTpUYECKasi MPOHUIIAEMOCTD, BETMYMHA MPOOMBHOTO HATPSHKEHUS, MPUIIOKEHHOTO K TUAJIEKTPUKY U T.11.);

— CHIDKaeTCsl U3HOCOYCTOMYUBOCTD M30JISIIIAY (TIPY MTOBBIIIICHUH TEMIIEPATyPhl H30JSIIAHA U3 OPTaHU-
yeckoro amdexTpruka Ha 10—12 °C BiBoe yBeIMUNUBAETCS CTENEHb TEIUIOBOTO U3HOCA M3OJISIIHH);

— YBEJIMYMBAETCA CONPOTUBIEHUE METAJJIOB, U3MEHIETCA BEJIMYMHA MarHUTHOTO MOTOKAa MarHuTa,
M3MEHSIOTCS Pa3Mephl JAeTajei, yMeHbUIAITCS UX MMPOYHOCTh M YIPYTOCTh;

— YXY/IIaeTCsl Ka4eCTBO MPOMUTOYHBIX MaTEPHUAIOB U BIarOHENPOHUIIAEMbIX TOKPBITHH.

BraxHoCcTh BO3AyXa M aTMOC(EepHbIe 0CAIKH B 3HAUUTEIHHOMN CTETICHN BIUSIOT HAa CPOK IKCILTyaTa-
muu POC BBT. I'maBHBIM 00pa3oM 3TO CKa3bIBa€TCS Ha YCKOPCHHOM Pa3pyIICHHH 3alTUTHBIX MOKPBITHH,
YXYAIIEHUH CBOUCTB AMAJICKTPUKOB, N3MEHEHHH CBOMCTB MeTayuIOB. [Ipy MOBBITIIEHHOH BiiaXHOCTH (OoJee
65 %):
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— YCKOPSIETCSI KOPPO3HsI METAJUIOB U CILIABOB (IIPU OTHOCUTEIBHOM BIIAYKHOCTH Bo31yxa Ooinee 80 %
CPOK CITy’KOBI JieTajneil n3 aJIOMIHHUEBBIX CIUIABOB CHIKAETCS B/IBOE);

— CHIDKAIOTCS DJIEKTPOU3O0IISAIIMOHHBIE CBOMCTBA HEKOTOPHIX IJIACTMACC;

— HapyIIaeTCsl TePMETH3AIHS;

— YBEJIMYMBAIOTCS MOTEPU B KOHTYPHBIX KaTyIIKax Apoccelieil u TpancopmMaTopos;

— YBEIIMUMBAETCS IEHCTBUTENBHOE 3HAUYEHHE CONIPOTUBIIEHNS PE3UCTOPOB.

INonmxennas BiaxHocTh (MeHee 30 %) CHOCOOCTBYET YCHIXaHHIO H3OJISIIMOHHBIX MaTEpPHAIIOB
(JIeHT, MJIEHOK) M YXYALIECHHIO NX MEXaHUUYECKUX CBOMCTB.

D¢ deKT Bo3MeHCTBHS BIIaTH MOYKET YBEIIMUUBATHCA 32 CUET IEPEKTOB TOBEPXHOCTH DJICMEHTOB.

ATMoc]epHBIE 0CalKi CIIOCOOCTBYIOT BO3PACTAaHHIO BIAKHOCTH CO BCEMH BBITEKAIOIIMMHU OTCIO/IA
MTOCIIEICTBUSIMU.

OTkII0HEHUs] aTMOC(EPHOTO AaBJICHUSI OT HOPMAJIBHOTO Ha MOBEPXHOCTH 3eMJIM HEYacThbl U HE3Ha-
yutensHbl. Ho POC BBT mmpoko HCIonp3yroTcsl B pa3IMYHbIX YCIOBUSIX, B TOM YHCIE U B TOPHBIX paiio-
Hax Ha BeicoTax cBhimie 1000 m. M3BecTHO, 9TO ¢ moapeMoM Ha BeICOTY mepBbie 1000 M naBneHue yonBaeT
Ha 1 MM pr.cT. Kaxaeie 100 m. Ilpu nanpHeleM yBeTU4eHNH BBICOTHI JaBlIeHHE yObIBAaeT B reOMeTpHUYe-
CKOM Mporpeccum.

CHmxeHne NaBJCHHS BIHAET HA CPOK CIy>KOBI HEMOCPEACTBEHHO M KOCBeHHO. HemocpencTBeHHOE
BIIUSTHUE BBIpaKaeTCs B M3MEHEHHU MapaMeTPOB KOMIUIEKTYIOIMX 3JieMeHTOB. K mpumepy, naMeHsieTcs
€MKOCTh BO3yIIHBIX KOHIEHCATOPOB, BCIEICTBUE YEr0 U3MEHSIOTCS BBIXOIHBIEC TAPAMETPHI allapaTypsl B
LIEJIOM, YMEHbBIIAETCs MPOOMBHOE HANPSDKEHHE B U30JSITOPaX, BOJIHOBOAAX, MEXIY IPOBOAHUKAMHU U T.I1.

Ha BricoTax cBbimie 2000 M MOTYT MOSIBISATHCS TUXHE U CKONB3SIINE HCKPOBBIE Pa3psAIbl B HETepMe-
TU3UPOBAHHBIX BBICOKOBOJITHBIX BBIMPSAMUTENSNX, aHTCHHO-(QUACPHBIX YCTPOHCTBax W T.n. Ha Gonpmmx
BBICOTaX UMEETCS OMACHOCTh BOZHUKHOBEHHSI Ta30BBIX IPOOOEB, 00Pa3yIONINXCS BCIEICTBUE TUIA3MEHHOTO
COCTOSIHHS aTMOC(hEephl OT BO3JIEHCTBHSI HOHU3AIMHA M BHICOKOYACTOTHOTO MOJISL. DTO MPUBOANUT K U3MEHE-
HUIO JIMarpaMMbl HAIPaBICHHOCTH aHTEHHBI, YMEHBIIICHUIO M3ITy9aeMOi MOITHOCTH, UCKAXEHHUIM (DOPMBI
HMITYJIbCOB [I€PEIaTYNKOB.

KocBenHoe BO3IEWCTBHE COCTOMT, MPEXKIE BCEr0, B HEBO3MOXHOCTH OOECIIEYEHHUS! XOPOILETro BO3-
IQYLTHOTO OXJIAXKJIEHUS M3-32 HEJOCTATOYHOM MJIOTHOCTH BO3AyXa. DTO MPUBOIUT K MOBBIIIEHUIO TEMIIEpa-
TypHI B OJIOKaX, CUCTEMAaX.

Bo3zneiicteue comuaeunoi paauanmuu Ha POC BBT omnpenensercss BAIUMBIM CBETOM, YILTPahHOIETO-
BBIMH U MH(paKpacHHIMU BOJHAMH. HanbombIiee nelicTBHE BHIMMOTO CBETA MPOSBISETCS B XUMHUYECKOM
Pa3JI0XKEHUH HEKOTOPBIX BUJOB OPTaHHMUYECKUX IIACTMACC, KpACUTENeH, KayayKa, TKaHeH.

Bnusinue ynpTpaduoneToBOro M3NydeHHS CBOAUTCS B OCHOBHOM K KOJMYECTBEHHBIM M3MEHEHHSIM
OOJIBIIMHCTBA OPraHUYECKUX MaTepuanoB (KaydyK, IUIACTHKH U T.1.), YACTUYHOMY Pa3lOKEHHIO MOJINMe-
poB. YibTpaduoneToBoe M3MYUYCHHUE SIBISIETCS KaTaM3aTOPOM PEAKIUH OKHUCICHUS MOJMATHIICHA, MOJH-
CTHPOJIA ¥ JPYTUX MONSIPHBIX TUIIEKTPUKOB.

WudpakpacHoe m3TydeHHE BBI3BIBAET YBEIHYEHHE TEMIIEPATyphl MaTEpPHajOB CO BCEMH BBITEKAIO-
IIMMH OTCOJIa TIOCIIEICTBUSMH.

Ha nangexnocts POC BBT 3ameTHOE BIUsSIHUE OKa3bIBAET 3arpsi3HEHUE BO3yXa MEXaHUYECKUMU U
XHUMUYEeCKUMH npuMmecsMu. Haxonsmiasics B atMocdepe NbUIb JIETKO MPOHUKAET B HET€PMETH3UPOBAHHYIO
anmnapaTypy, CHHXasi IOBEPXHOCTHOE COIPOTHUBIIEHUE, YCKOPSAS M3HOC ABMXKYIIMXCSI 4acTed, KOHTAKTOB.
OCoOeHHO CHJIBHO TBUTb YXYyALIAeT XapaKTEPUCTUKU amlmapaTyphbl, BHIIIOJIHEHHONW Ha MEYaTHOM MOHTAaXe,
HE 3aIlUIIEHHOM CIIEIHAIbHBIM MOKPBITHEM, TaK KaK OHa 00pa3yeT TOKOMPOBOAIINE MEPEMBIYKU MEXITY
MIPOBOJHUKAMH. Y BII&XHEHHE TIBLIH YCHIINBAET €€ BO3ACHCTBHE.

Kpome mbumn, B atMocdepe HaXOIATCS CHIBLHOJCHCTBYIONINE XUMHUYECKHE TpUMecH. Tak, cepHH-
CTBIN Ta3 COAEPIKUTCS B BBIXJIOITHBIX Ta3aX MAIllWH, OKHCIBI a30Ta U XJIOP — B BRIOPOCAX MPEANPUATHIA. DTH
BELIECTBA YBEIMUYMBAIOT KOPPO3UIO METAIIOB, YCKOPSIIOT MPOLECC CTAPEHUs MIACTMACC U OPraHUYECKUX
JUDJIEKTPUKOB.

Bnusiaue 6uonoruueckoit cpenpl Ha POC BBT 3akirouaercss B IOpaKEHUH €€ TUIECEHBIO, HACEKO-
MBIMH U TpbI3yHamMu. [lof neficTBueM ruieceHr Hanbosee CUIbHOMY pa3pyIIeHHIO MOBEPratoTCs:

— IepeBSTHHBIC U3CITHS;

— M3ENUs U3 HaTypaJbHBIX BOJIOKHUCTHIX MAaTEPUAIOB (TEKCTHIIb, XJIOTIOK, TIPSDKA, MEPCTh U T.11.);

— JIaKOKPACOYHBIE TIOKPHITHUS (32 CUET BBIIEICHUS YKCYCHOU, TMMOHHON U JPYTHX KUCIIOT);

— CTEKJISIHHBIC TIPU3MBI U JIMH3bI (IOMYTHEHUE TIOBEPXHOCTH, MOSABJICHUE MATEH U JIp.);

— U3ENUA U3 KOXKU U KaydyKa.
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[NosiByieHUE TUIECEHU CHUXKAET CONPOTUBIICHHUE WU3OJISIIMU, HAPYIIAET KOHTAKTHI, PUBOIUT K 3aMbI-
KaHUI0, TIPOOOSM H30JISIUH.

Hemamnbrii Bpen HaHOCAT M HaceKOMBbIE (MOIb, TEPMUTHI, KPAaCHbIE MypaBbU, HEKOTOPHIE THUIIBI XKY-
KoB). Hanmpumep, TepMUTBI CheatoT JpeBECHHY, HEKOTOPbIE TIACTMACCHI, KOXKY, TOBPEKIAIOT U30JIAIHNIO.
Brigenennst Ha TOKOHECYIIIMX IPOBOJaX BHI3BIBAIOT YTEUKY TOKA M 3aMBIKAHUSI.

3HaYUTENLHBIC TTOBPEXKICHUSI HAHOCAT aliaparype Iphi3yHbl. B OCHOBHOM OHU MOBPEXKIAIOT Kade-
JIU, U30JISIIIHIO AJICKTPOIPOBOIKH, HEKOTOPBIC BUJIBI INIACTMACC, KOXKY, PE3UHY.

[To HEKOTOPBIM JTAHHBIM YHCJIO OTKA30B IIPU BO3JCHCTBUM OHOJIOTHUECKOM Cpefibl COCTaBIIsIeT HEe 00-
nee 0,5 % ot ob1Iero yncsa 0OTKa30B.

CymectBeHHOE BiMsHHE Ha JKciuryatanuio POC BBT oka3pBaroT MeXaHUYECKHE BO3ICHCTBUSA,
K KOTOPBIM CJI€yeT OTHECTH yIaphl, BUOpaIluH, YCKOpeHUs, paboune yCcHuius, 3ByKOBbIE NaBieHus. Buo-
palyii MOTYT TIOSIBUTHCS M3-3a BBIXJIONA Ta3a B JIBUTATEINISIX BHYTPEHHErO CrOPaHUs, B pe3yJibTaTe paboTh
JIBUTATENSl caMoJieTa WIKM pakeThl. Bo3zeiicTBue BHOpalMyu NPUBOJUT K MPEKICBPEMEHHOMY H3HAIIUBA-
Huto POC BBT, nosiBieHnio B He#l yCTaIOCTHBIX SIBICHUN, K YACTHYHOMY Pa3pyIICHUIO.

[Ipu yaapax BO3MOKHBI ciTy4dau, KOT/1a BO3HUKAIOIINE HArPy3KH MIPEBBICAT JIOIYCTUMBIE O€30I1acHbIC
YPOBHH, YTO MOKET MPUBECTH K OTKa3y. YIapHble HAarpy3KH BO3HUKAIOT TaKXKe IPH TPAHCIIOPTHPOBAHUHU
pa3IMYHBIMU BUIAMU TPAHCIIOPTA.

Ha POC BBT, pacnonoxeHHbie BOIH3M pabOTAIOIINUX CUIOBBIX JIBUTATEIBHBIX YCTAHOBOK, BO3/ICH-
CTBYET 3HEPrusl KoJieOaHWH 3BYKOBOM 4acTOThl. DTO MPHUBOJUT K BOSHHKHOBEHHUIO 3BYKOBOTO JIABJICHHS.
JlelicTBHe NaBJICHUS Ha anmnapaTypy aHAJIOIM4YHO JeHCcTBHIO BHOparuu. OCOOEHHOCTBIO SBJISETCS TO, YTO
BEJIMYMHA 3BYKOBOTO JIaBIICHISI 3aBUCUT HE TOJIBKO OT €r0 YPOBHS, HO M OT IUIOMIAAN U3/IEIHsI, Ha KOTOPOe
OHO BO3JICUCTBYET.

[To3uTHBHBIM (aKTOPOM, CYIIECTBEHHO CKA3bIBAIOIIMMCS Ha HAJEKHOCTH, SBISETCS YPOBEHb N30bI-
TOYHOCTU CHUCTEM. DTO MOHSITHE XapaKTEPU3YET CBOHCTBO CJIOXKHBIX CHUCTEM, MO3BOJISIONICE UM U3MEHSTh
CBOM XapaKTEPUCTUKH WM NApPaMETPhI sl 00ecrieYeHus uX (PyHKIIMOHUPOBAHUSI.

CornacHo pabore [2] moj M30BITOYHOCTHIO TIOHUMACTCS CO3JaHUE HEKOTOPBIX 3allacoB B 3HAYCHUHU
Pa3IMYHBIX XapaKTePUCTHK amlapaTypsl MO CPABHEHHIO C WX 3HAYCHUSMH, MUHHUMAJIHHO HEOOXOIMMBIMHU
JUISL BBITIOJTHCHUS 3aJaHHBIX (PYHKITHI. DTO MO3BOJIAET anmaparype paboraTs 6€3 0TKa30B B YCIOBUAX 3HA-
YUTEJHHBIX BO3JCHCTBUAN BHEIIHUX JAECTAOMIM3UPYIOMMX (DaKTOPOB €CTECTBEHHOTO M HCKYCCTBEHHOTO
MIPOUCXOXKJICHUSL.

PasznuyaroT M30BITOYHOCTH Pa3IUYHOTO POJAA: CTPYKTYPHYIO, HapaMeTPUIecKyto, (pyHKIMOHATIBHYIO,
PECXKUMHYI0, BDEMCHHYIO U T.II. CpCILI/I MHOI'OYUCJICHHBIX BHI0B I/I36BITO‘IHOCTI/I Ha HAAC)KHOCTL anmapary-
PBI BIHSIIOT TOJIBKO HEKOTOPBIE — CTPYKTYpPHAs, TapaMeTpUIecKas U PeKUMHAS.

Breaenne CTpyKTypHOM H30BITOYHOCTH CBOAMTCS K MCIOIL30BaHUIO B POC M30BITOYHBIX (pe3epB-
HBIX) DJIEMEHTOB, KOTOPhIE HEOOXOIUMBI IJIs1 pabOTHI TOJIBKO MPH OTKa3e OCHOBHBIX DIIEMEHTOB armapary-
pbl. CTpyKTypHasi U30BITOYHOCTD SIBIIsiCTCS 3PPEKTUBHOMN JIMIITL B TOM CIy4ae, eCJId OTKa3bl 3JICMEHTOB SB-
JITFOTCSL CTATUCTHYECKU HE3aBUCUMBIMU.

Hanmnuue nmapamerpuyeckoil M30BITOYHOCTH MPOSBISAETCS MPAKTUYECKH B TOM, YTO HapsAAy C AOMycC-
KaMH, XapaKTepHU3yIONMMH OTKa3 demMeHTa POC, yCcTaHaBIMBAIOT IKCIDIyaTallMOHHBIC (TIpOodrIIaKTHYIe-
CKHeE TI0 cBOe# cyTH) nomycku. [IpeBpimienne B mpoiecce IKCIUTyaTallly JO0MYyCKa elle He PUBOANT K OT-
Ka3y, HO CBUJIETEINbCTBYET O HACTYIUICHHH MPEJOTKAa30BOTO COCTOSIHHS W KIACCH(PUIMPYETCS Kak
HEUCTPABHOCTb, KOTOpPasl JIOJDKHA OBITh YCTpaHEHA IyTeM NPOBEACHUS MPOQUIAKTHYECKUX paOOT: Peryiu-
POBKH, MPeIyNPEANTEIHHON 3aMEHBI U T.I1.

PesxxrMHast M30BITOYHOCTD 3aKJIFOYAETCS B HCIOJIBb30BAHUH DJIEMEHTOB amiaparyphbl MPH YPOBHSIX
HanpsOKeHHs (TOKa, paccenBaeMoi MOIIHOCTH | T.II.), MEHBIIUX HOMHHAIBHBIX, OJIarogaps 4eMy BO3[CH-
CTBUE BHEIIHWX U BHYTPEHHHUX HEOIAronpuATHBIX ()aKTOPOB HE BBI3BIBAET HEJOITYCTHMBIX IO yCIOBHSIM
SKCIUTyaTallly yXYIIICHUH PeXUMOB PaOOTHI SJIEMEHTOB.

N30bITOYHOCTD MTPOTUBOPEYHMBO BIIMSIET HA HAJICKHOCTh CIIOKHOUM TexHHuYeckoi cuctemsl [3]. IIpo-
TUBOpPEYME 3aKIIOYACTCS B TOM, YTO C BBEJICHHEM H30BITOYHOCTH NpU pa3pabOTKEe YMEHBIIACTCS HAICK-
HOCTb, HO C JPYTO#l CTOPOHBI, O1aroapst 3TOMY CHCTEMa MOYKET HaXOJUThCS OoJiee J0Jroe BpeMs B pado-
TOCIIOCOOHOM COCTOSHHMHM TpW BO3JEHCTBHM Ha HEe Pa3NU4YHOTO poaa (axrtopoB. [pyruMu cioBamu,
BBEJIeHHE H30BITOYHOCTH OOBEKTHBHO YMEHBINIAET, a CyOBEKTUBHO YBEIHYHMBAET YPOBEHb HAJIE)KHOCTH
POC BBT.

BHenpeHue nociaeHuX JOCTUKCHUN HAYKH M TEXHUKH MPEAIOoJIaraeT MpUMEHEHNE SKCTEHCUBHOTO U
WHTCHCUBHOTO HAINPABJICHUH MX UCIIOJIb30BAHUS.

[oBsimenne ypoBHS 0€30TKa3HOCTH 110 IKCTEHCHBHOMY HAIPABICHHIO OCYIIECTBIIIETCS C TIOMOIILIO
pesepsupoBanusi. K aTomy myTn mpuberaioT B TeX ciydasx, KOTJa OTACIbHBIN 3JeMEHT, MOACHCTEMa HITH
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nonHOCThI0 POC, moaBepraemasi pe3epBUPOBAHNIO, IMEET BaXKHOE 3HAYCHHE IS 00eCIeYeHrs KU3Heaes-
TEBHOCTH JIIO/IEH WIM TIPH €r0 MPUMEHEHNHU TI0 Ha3HAYEHHIO.

BesycnoBHo, ncmonb30BaHNe SKCTEHCUBHOIO HAINIPABJICHHUS MOBBILICHUS HAJAEKHOCTH MPEAIOIaraet
pasmepsl GHUHAHCHUPOBAHUsI, KpaTHBIC YUCITY pe3epBa WiK AyOJspKa.

PesepBupoBanue u ny0nrpoBaHue o0ecreunBaloT MOBHILIEHHE TOIBKO Oe30Tka3zHoctu POC.

OKCTEHCUBHOE YJyYIICHHE PEMOHTONPUTOTHOCTH O00ECIIeYrBACTCsl COBEPIICHCTBOBAHUEM arlapa-
TYpBI KOHTPOJISI U JMarHOCTUPOBAHMS, 2 IMEHHO, aBTOMaTH3aliel npolecca KoHTpois. [1pu sToMm mpose-
psieTcst OGouiblliee YMCIO MapaMeTPOB M BBISBIISIETCS OOJBIIEe YHCIIO OTKa3aBIIMX y3i10B. Kpome Toro, pe-
MOHTOIPUTOHOCTh TOBBIIIACTCS 33 CUET YBEIMYCHHs HOMEHKIATYphl M COCTaBa 3allaCHBIX YacTew,
WHCTPYMEHTOB U TipuHamnexHocrei (3UIT).

YBenmmuuth goaroBedHocTh POC mo3BoiisgeT pa3paboTKa MIIM UCIIONIB30BAHHE MaTEpHaioB, o0jama-
IOIUX STUMH CBOWCTBAMH, HECMOTPS Ha MX OOJBIIYI0 CTOMMOCTD. Tak, HampuMmep, UCIOIH30BAHHE BMECTO
CTaJIi U CIUIABOB AFOMUHHS U TUTaHA, CYIIECTBEHHO YBEIMYHT JIOJITOBEYHOCTh U coxpaHseMoctb POC, HO
CKOJIBKO OyZIeT CTOUTH TaKas cucrema?

WHTeHCHBHOE HaIlpaBIIEHUE MOBBIIICHUS HAJIEKHOCTH MPEIOaraeT COBEpIIICHCTBOBAHIE DIIEMEHT-
HO 0a3bl, KOHCTPYKIIUU U CXEMOTEXHUYECKOTO PEUICHHUS KaK 3JIEMEHTOB Ha Ka)JIOM YPOBHE, TaK U BCETO
POC B uenowm [4]. IIpu sTom paspaborunku PIC Ge3ycaoBHO OpUEHTHPYIOTCS Ha BHEAPEHHE TeX (Qu3nye-
CKUX MPUHIMIIOB B CIIOCOOOB JIEHCTBUS, KOTOPBIE CHUYKAIOT WIIM MCKITIOYAIOT BIMSHUE HEraTUBHBIX (DaKTO-
poB. B 3TOM my1aHe HeMaJIOBaKHBIA HHTEPEC MPEICTABIISIOT:

— JUIsl TIOBBIICHHWA OE€30TKAa3HOCTH — pa3pabOTKa PEKOMEHIAIMH W MpOBEIEHHE MEPONPHUSTHH,
HaNpaBJICHHBIX HA yJIy4llleHHE Ka4eCTBA TEXHOJOTHH M3TOTOBJICHUS KOMIUIEKTYIOUIMX 3JIEMEHTOB; pa3pa-
0OTKa M BHEIPEHUE CXEMOTEXHUYECKUX PEIICHUH, peai3yONINX HOBbIC MPHHLIUIIBI O0bEAMHEHHS dIIEMEH-
TOB [5];

— Q7S TIOBBIIIEHHSI PEMOHTOIPUTONHOCTA — BHEAPEHNE CXEMOTEXHHUYECKHX PEIIeHHH, COKpaIaro-
muX BpeMs 3aMeHBI oTka3aBmux POC; pa3paboTrka n mpuMeHeHHe B cocTaBe POC Goree coBepIIeHHBIX
TUArHOCTUYECKHIX CPEICTB;

— JUTIS YBETIMUEHUS JOJITOBEYHOCTH — MCIIOJIB30BaHNE HOBBIX MaTEPHAaIOB, KaK I KOMIUIEKTYIOIINX
AJIEMEHTOB, TaK W ISl KOHCTPYKIuH Bcero POC; obocHOBaHME M BHEAPEHHE HOBBIX CXEMOTEXHHYECKUX
pelIeHnH, YBETUYNBAIONINX JTOIYCTUMBINA TUHAMHYECKUI AMAra3oH BHEITHUX BO3ICHCTBUN (T.€. BBEICHUE
M30BITOYHOCTH) ¥ TEM CAMBIM CHIKAIOIINX 3aBUCUMOCTh POC 0T ycnoBwmii MX SKCIUTyaTalHH.

[To3uTnBHBIM (haKTOpOM, IPUBEEHHBIM Ha pUC. 1, sBIeTCS BeNMW4YMHA 3aTpar. IMeHHO 5Ta xapak-
TEPUCTHKA KOMIUIEKCHO YYUTHIBAET BIMSHHUE HE TOJIBKO caMUX (DaKTOpPOB, HO M MX B3aUMOAEHCTBHE [6].

CyObexTruBHBIC (DaKTOPHI BIUSHUS HA HaJIe)KHOCTh BOOPY>KECHHS BO3ZHHKAIOT MPH pa3paboTke, Mpo-
W3BOJICTBE U IKCILTyaTalluu BOOPYKeHus (puc. 3).

Paznenenne cyObeKTHBHBIX ()aKTOPOB Ha MO3UTHUBHBIC M HETaTHBHBIC BecbMa yclioBHO. Kak mpaBu-
JI0, OHU SIBJISIOTCS KOMIUIEKCHBIMH. DTa KOMIUIEKCHOCTh 3aKIIIOYaeTCsl B TOM, YTO, €CIH OTH (PaKTOPHI
00ecreunBaloT TAKTUKO-TEXHIUECKHe XapakTepucTk BBT, 3agaHHble B TAKTHKO-TEXHUYECKOM 3aJlaHUN
Ha WX pa3paboTKy, OHH SIBJISIFOTCS TIO3UTHBHBIMU. B MPOTHBHOM CITydae OHH CTAHOBSITCS HETATUBHBIMH.

Tak, B padote [7] mokazaHo, 9TO MpH pa3pabOTKe ammapaTypbl AOITyCKAaeTCs HauOOJbIIee KOJUIe-
CTBO OMIMOOK, pUBOAAIINX K 0TKa3aM (1o 40 %). Ilpu 5ToM OCHOBHAS OISl IPUYUH OTKA30B MPUXOIUTCS
Ha HeTpaBWIbHYIO pa3paboTky cxeM (mo 30 %). Kpome Toro, onpeneneHHyI0 posib UTPAET W HEMPaBHIIb-
HBII BBIOOD DJIEMEHTOB CXEM, PEKUMOB HX palbOTHI 1 T.1. B To ke Bpemst B 70 % city4aeB moATBEepIKIAETCS
MTO3UTUBHOCTH YKa3aHHBIX (DaKTOPOB.

BrurroueHne B cxeMy HOBBIX AJIEMEHTOB BCET/Ia CBS3aHO C PUCKOM CHW)KEHHUS HAJICKHOCTH YCTpPOWi-
cTBa B 1enoM. OCHOBHAsI Macca BCEeX OMIMOOK BBISBISIETCS OOBIYHO TOJBKO C MPUOOPETEHHUEM OIBITA DKC-
ryaranuu oopasua. [1osToMy Tak Benuka 107151 OTKa30B B HAYAJIbHBIHM MEPUO]] SKCIUTYaTaL|H.

[IpuuriHaMK BO3HUKHOBEHHMSI POU3BOICTBEHHBIX OTKA30B SBIISIOTCS, B MEPBYIO O4epeb, HecOOIr0-
JICHHE TEXHOJIOTMH MPOU3BOJCTBA, HU3KHHA YpOBEHb aBTOMAaTH3alUHM COOpKM m3aenuid u T.1. Hampumep,
MIPY MOHTaXKHBIX OLIMOKaX BO3HHUKaeT nopsiaka 14-24 % Bcex oTkazos [§].

OCHOBHBIE PUYWHBI BO3HHUKHOBEHHUS IKCILTYaTAIIMOHHBIX OMIMOOK 3aKIIOYAIOTCS B HU3KOW KBaJU-
¢uKanMy JIMYHOTO cocTaBa (OMepaTopoB), B HecoOmoaeHun npasui skciutyatauun POC BBT, B Hu3kol
CTETICHH OpPTaHU3alUy TEXHUYeCcKOoro o0cmyxuBanus U pemonta (TO u P).

Kaxk BumHO U3 prc. 3, OMHIM U3 KOMITIEKCHBIX (PaKTOPOB ABISAETCS KBAMH(HUKAINA TMIHOTO COCTaBA,
skcmuryatupytomiero POC BBT. Hesnanue ycTpoiicTBa 1 Ha3HAYEHUS BOOPYKCHUS, HEYMEHHE TTOICPIKH-
BaTh €ro B HCIIPABHOM COCTOSIHHH, YCTPAHATh OTKAa3bl, IPOBOJUTH PEriIaMEHTHBIE paOOTHI MPUBOIUT K pe3-
KOMY CHIDKEHHUIO YPOBHS €r0 HaJIe)KHOCTH M, COOTBETCTBEHHO, CpOKa dKcIuTyaTanmu. Hampumep, npu cra-
00 TOITrOTOBIEHHOM OOCIYXHBAIOIIEM IepCcoHalle KOJMYECTBO OTKAa30B B IEPBbIE CYTKH TIIOCIE
MIPOBEJICHHS] TEXHUIECKOTO 00cyuBaHus B 8—10 pa3 mpeBbIIaeT YMCI0 OTKA30B 332 CYTKH JI0 €ro IMpoBe-
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JCHUS. Ocob6o OCTPO 3TOT BOIIPOC BCTAJ B IMOCJICAHEC BPEMS, KOI'/Ia HA BOOPYKCHUEC CTAIIN IIOCTYIIATh KOM-
IJICKCHI C UCITIOJIb30BAHUCM MHKpOBHCKTpOHHOﬁ TEXHOJIOI'MH, KOTOpasa B 3HAYUTEIHLHOU CTEIICHHU YyYBCTBHU-
TellbHA K OIIMOKaM o6cny>1<HBa}omero IepcoHaja. B 10 *xe BpPEMs OIIBIT ITOKA3bIBAC€T, YTO OTKAa3bl, CBA3aH-
HBIC CO CTapCHUEM MHUKPOCXEM, HE Ha6JIIOI[aIOTC5I, TaK KaK O3TOT NEpHOJ HACTYIIacT y HHX IIOCJIC
HCCKOJIBKHX JCCATKOB ThICAY 4aCOB pa6OTI>I.

CyObeKkTHBHBIE (haKTOPLI

[1pu paspadborke [Ipu npousBoacTBe Ilpu 3kcruryatanuu
- N ~ KBanugukauns nuuHoro
—  Bribop cxeMHBIX permeHmi — Ber6op Texnomornm
CcOCTaBa
Bblﬁ()p SJIEMEHTOB H X CreneHb aBTOMATH3AIIHMHA Opl'aHIBElH]{SI TEXHHYECKOTO
PEKHUMOB rnpouecca 06CJ’[)"'A\'HBHHHH H pEMOHTa
BbI0Op KOHCTPYKTHBHBIX TpeHupoBKa 31EMEHTOB H AZIEKBaTHOCTb LIEJIEBOroO
pBl]_lEHHﬁ annapartypbl 1 HCIO0J1b30BaHMA

3anmadupoOBaHHBIX 3aTpaT

— KOHTPOJ’II; KauecTBa

— Obecnevennocts 3UTT

Puc. 3. CyObexTrBHBIE (hakTOPHI

Cy1iecTBEHHBIM U KOMIUIEKCHBIM (DAaKTOPOM, BIHSIOMIMM Ha 3((EKTUBHOCTh SKCILTyaTalllH, SBIIS-
€TCsl a/IeKBaTHOCTH IIEJIEBOTO HCIIOJNIb30BAaHUS 3alUIAaHUPOBAHHBIX 3aTpaT. JTOT (PAKTOP OKa3bIBAE€T CBOE
BIIUSHHUE Yepe3 onThMu3anuio KomiuiekToB 3MII, 000CHOBaHHOCTH NEpUOAUIHOCTH U 00beMoB TO u P,
BEIOOp SJIEMEHTHOW 0a3bl, KOHCTPYKTUBHBIX U CXEMHBIX PEUICHHIA, 00eCreunBamuXx TpedyeMyo TOTOB-
HocTh BBT k mpuMeHeHnIo 1 KaueCTBEHHOE BBITTOJHEHNE (PYHKIIMOHATIBHBIX 33/1a4 B COOTBETCTBHUH C IIEJie-
BBIM IIPEIHA3HAUYCHUEM.

B monasmsirorieM OOJNBITMHCTBE padOT, MOCBSIIEHHBIX ONTHUMH3AINUA TEPUOUIHOCTH OOCITYKHUBA-
HUSI, pacyeTy 4rcia 3amacHbIX 3JIEMEHTOB, METOIaM M METOINKaM TeXHH4YecKor nmuarnoctuku BBT o6s3a-
TEIBHO MPHUBOIATCS METOAMKH pacdeTa CTOMMOCTHBIX ITOKa3aTesei, 00eCeunBaomnuX TO NI HHOE MEpO-
npusitue [9].

B nacrosmee Bpemst 8 POC BBT cymectByroT nBa Buma oprammzanmu obecrieuenus 3UIL [10].
K mepBomy Buay oTHOCHTCS cnemyiomias opranu3amnus. [locie ycranoBienus pakra oTkaza iIeMeHTa Ipo-
M3BOJIUTCS €r0 JIOKaIM3alus (TEXHHYECKOe TUArHOCTUPOBaHME). 3aTeM B OOAuHOYHOM Komiuiekte 3UII,
HaAXOJSIIEMCS TIpH O0BEKTE, OTBHICKUBAETCS PabOTOCTIOCOOHBIN (HOBBINH) AJIEMEHT B3aMEH OTKa3aBIIIETO.
[Tpuaem oxuHOUHEIH KoMmIutekT 3UII npencTaBiseT cob0il COBOKYITHOCTh TUIIOBBIX M, KaK MPaBHIIO, HEBOC-
CTaHaBIMBaeMBbIX eMeHToB 3aMmeHbl (T23). B ciydae otcyrcrBust TO3a B oguHouHoMm komruiekte 3UII
odopmisieTcsl 3asBKa Ha JOCTaBKY HEOOXOJMMOTO JJIEMEHTAa M3 COCTaBa IpynmnoBoro komruiekra 3UII,
MpeIHa3HAYeHHOTO /IS o0ecTieueHus] HECKONBKUX (Tpymnmbl) 00heKTOB. BrINIeHa3BaHHAS CHUTyalus COOT-
BETCTBYET OTKa3y CHCTEMBI «W3lenue — OMWHOYHBIN KOMIUTeKT 3UID». Eciam 3TOT 31eMEHT OTCyTCTBYeT
u B rpynmnoBoM komriutekre 3UIT (oTka3 cucremsl «u3nenue — oanHOYHBI KoMIuiekT 3UIT — rpynmoBoit
komrutekT 3UID»), opopmiseTcs 3asBka Ha SKCTPEHHYIO TIOCTaBKY TpeOyeMoro aieMeHTa Ju00 U3 peruo-
HAJIBHOTO CKJIaa, JTN00 U3 MPeANpUATHI-U3TOTOBUTENS U T.1. IIpy MoCTymIeHn: HOBOTO AIIEMEHTA TPOU3-
BOJUTCS 3aMEHa OTKA3aBIIETO M 3aTEM IPOBOJUTCS IPOBEPKA, MOATBEPXKIAIOIIAs OTCYTCTBHE OTKa3a.
[Ipu 3TOM OTKa3aBUIMK AIEMEHT, €CIM OH BOCCTaHABIMBACMBIA, OTHPABISCTCS B PEMOHTHBIN OpraH, UMe-
foruii cBoi (pemonTHBIN) KomruiekT 3UII. Tlocie BoccTaHOBIEHHS 3TUM SJIEMEHTOM TOIMOJHSAETCS KOM-
wiekt 3UIL, B koTopoM ObUT TOT M3pacxo0BaH. ECliM 37IeMEHT HEBOCCTAHABIMBACMbBIH, OH YTUIM3UPYETCS
B YCTaHOBJICHHOM TMOPSAKE, ¥ MO0 OKOHYAHUHM YCTAHOBJIECHHOIO IMEPHOja 3KCILTyaTtanuu (OOBIYHO Toja)
odopmIseTcsl 3asBKa Ha TIOMOJHEHHE COOTBETCTBYMOmEero komruiekra 3MII w3 BBIMIECTOAIIETO TOBOIB-
CTBYIOIIIETO OpraHa (PeTHOHAIBHOTO CKIIafa, IPEANpPUATHI-U3TOTOBUTENS U T.11.). Bo3MOXeH Takxe BapH-
aHT, KOI'Jla OTKa3aBIIMH BOCCTAHABIMBAEMBIN 3JIEMEHT OTIPABJISICTCA B PEMOHTHBIN OpPraH, a 00BEKT MPO-
CTanBaeT B HepabOTOCTIOCOOHOM COCTOSTHUH JI0 BO3BpaTa OTPEMOHTHPOBAHHOTO 3JIEMEHTA U YCTAHOBKH €T0
Ha IITaTHOE MECTO (TaKOH BapHaHT BOCCTAHOBIICHHUS XapakTepeH s oopa3noB POC Ha sneMeHTHOH Oaze
MIEPBOT0 TTOKOJICHHU).
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[Ipu opranmzanuu obecneyenus 3UII mo BTopoMy BuAy HCIIONB3YETCS] KOHLEMLHUS «arperaTHOro»
pemonTta. [Ipu aTrom oauuHouHbIi KoMiutekT 3UIT npencrasisier coboi yxke He kommuiekT TDO30B, a arperar
TUNA y3€]1 Win OJIOK, COCTOSAIIMN B CBOIO OYepelb W3 MaHened, CyOOJOKOB U T.I. YCTpaHEHHE OTKa30B
B 00BEKTE KOHTPOJIS MPOU3BOJUTCS MPOCTO 3aMEHON OTKA3aBIIETO arperara M3 OJAMHOYHOTO KOMIUIEKTa
3UIL. IIpaBna sToT ognHO4HEI KoMIUiekT 3UII pacnonaraercss B peMOHTHO-IMArHOCTUYECKOH J1aboparto-
pUH PEMOHTHO-NIPOM3BOACTBEHHOM 0a3bl 00bekTa. Ho paborocmocobHocTh coBpeMeHHbIX POC BBHAY MX
CJIO)KHOCTH M MHOTO()YHKIIMOHAJIBHOCTH CTapbIMH METOJaMH, 0COOEHHO IpH paboTe B aBTOHOMHOM PEXH-
Me, BOCCTAHOBUTh HE IPEACTABIACTCA BO3MOXKHBIM. OTKa3aBIIMI arperaT OTIPaBIAETCs B PEMOHTHBII Op-
raH, I7Ie UMEeTCsl COOTBETCTBYIOIIAs OCHAacTKa U peMOHTHbIN kommiuekT 3UII. OtkazaBmmii arperar nua-
THOCTHPYETCS, BOCCTaHABJINBACTCS, IPOBEPSIETCS] U HACTPAUBACTCS, @ 3aTEM IIOIIOJIHACT TOT )K€ OJUHOYHBIN
KOMIUIEKT, oTKya Obu1 npuciiad [11]. PemonTHsii 3UIT monmomHsIETCs 110 €KETrOAHBIM 3asBKaM.

ITapametpsr opranuzarwm TO u P Taxke SBISTIOTCS KOMIDIEKCHBIM (hakTopoM. Tpedyemast cTereHs aieK-
BaTHOCTH opranuzauuy TO u P oGecnieunT HanbobImil ypoBeHb peann3annu 00eBbix Bo3mMoxkHocTeld BBT.

3akarouenue

CdopmupoBaHHas KilaCCU(PUKAIHsI BKIFOYACT MOJHBIA KOMIUIEKC IKCILTYaTal[MOHHBIX ()aKTOPOB, KO-
TOpBIE HEOOXOUMO YUECTh MPH pacdeTe HaJeKHOCTH B MPOLIECCE MOJEINPOBAHNUS MIPH pa3paboTKe HOBBIX
PaAMORIEKTPOHHBIX CPEJICTB BOOPYKCHHS U BOCHHOW TEXHUKH, a TAKXKE MPU BBHITOJHEHUH PadOT MO MOJI-
JIEPKAHMIO CTOSIINX HAa BOOPYKEHHUH CPEJCTB B TOTOBHOCTH K IPUMEHEHHIO 110 Ha3HAYEHHIO.
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XAPAKTEPUCTHUKA CAYYAHHOT O IIPOIIECCA B 3AAAYAX KOMITBIOTEPHOT'O
MOAEAUPOBAHUA U D9HTPOITUMHOT O AHAAU3A CUCTEM

A. B.IToataBckuit', A. A. Trorames?, H. K. IOpkos®
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AnHoOTanua. Axmyanvnocms u yenu. HacTosiee BpeMsi XapaKTepU3yeTcsd UHTEHCUBHBIM Pa3BUTHEM CPEACTB
nHdopMaTH3anuK 00LIECTBA, IIOBCEMECTHBIM BHEAPEHHEM LU(POBBIX CHCTEM M KOMIIBIOTEPHBIX TEXHOJOTHH C HOX-
JICP)KKOM TIPUHATHS YIPaBICHYECKUX pPELIeHUH. B 3THX OCHOBHBIX HaIlpaBJIEHHUAX pa3padOTKa MHOXKecTBa MH(popMa-
LIMOHHBIX MOJENICH U MPOTrPaMMHBIX CPEJCTB CBS3aHBI C MCCIECJOBAHUEM, MOACINPOBAHUEM PA3IMYHBIX CHCTEM IIPU
yueTe CIIydailHbIX BO3MYILIECHHUH. YYeT cilydailHbIX ()aKTOPOB CErojHs HeoOXOIUM M pPaclpoCTPaHSETCs HAa MHOIO-
YPOBHEBBIE, MHOTOCBSI3HBIE M MEPApXWUUECKHE CUCTEMBI. Mamepuanst u memoovl. B cTaThe NPUBOANUTCS MOAXOA K
00y4eHn0 HHHOPMALMOHHOMY MOJIEJIMPOBAHUIO CIIyYaifHOTO Mpoliecca U OJMH W3 acleKTOB B MPUKJIAIHBIX 3a7a4ax
BBIPa0OTKH HOBBIX 3HAHWU (Te3aypyca), MpeKae BCEro, T MHOTO(YHKIIMOHATBHBIX WH(POPMAIIMOHHO-U3MEPHTENb-
HBIX YIPaBISIONMX CHCTEM M MHOTOKAHAIBHBIX CHUCTEM MO3UIIMOHUPOBAHUS OOBEKTOB. Pesyivmamsi u 6bl800bl.
[IprBeieHHBIE TTOIOXKEHUS MOTYT OBIThH ITOJIE3HBI B OOYUCHNH CTY/AECHTOB €CTECTBEHHOHAYYHOTO M MaTeMaTH4eCKOTro
npoduiIsi OCHOBHBIM MOJIOKEHHUSM B TEOPUH BEPOSTHOCTEH, ISl IPOESKTUPOBAHMS U MOCTPOEHHs WHPOPMALMOHHO-
AQHATUTHYECKUX CHCTEM MH()OPMALMOHHOTO MOAEINPOBAHNSI.

KaioueBble ciioBa: reonH(pOpMaIMOHHAsI CHCTEMa, BUHEPOBCKUM MPOLIECC, IUIOTHOCTh BEPOSTHOCTH, MAPKOB-
CKHH Tporiece, HHGOPMAIIMOHHAS SHTPOIIHS

Jaa nuruposanus: Ilonrasckuil A. B., Trorames A. A., FOpkos H. K. Xapakrepucruka ciry4aiiHOro mpouecca B 3agadax
KOMITBIOTEPHOTO MOJICIIMPOBAHUS M SHTPOIMMHHOTO aHanm3a cucteM // HamesxHocTs m kauecTBO cioxHBIX cucteM. 2021. Ne 3. C.
41-47. doi:10.21685/2307-4205-2021-3-5
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Abstract. Background. The present time is characterized by the intensive development of the means of in-
formatization of society, the widespread introduction of digital systems and computer technologies with support for
managerial decision-making. In these main directions, the development of a variety of information models and soft-
ware tools is associated with the study, modeling of various systems taking into account random disturbances. Ac-
counting for random factors is necessary today and extends to multi-level, multi-connected and hierarchical systems.
Materials and methods. The article presents an approach to teaching information modeling of a random process and
one of the aspects in applied problems of developing new knowledge (thesaurus), primarily for multifunctional infor-
mation and measurement control systems (IIUS) and multi-channel object positioning systems. Results and conclu-
sions. The given provisions can be useful in teaching students of the natural science and mathematical profile the basic
provisions in probability theory, for the design and construction of information and analytical systems (IAS) of infor-
mation modeling.

Keywords: geoinformation system, Wiener process, probability density, Markov process, information entropy
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BBepenne

Cucrema 00pazoBaHUsl B MUPE OMHMPAETCS, MPEXKIE BCErO, HA 3HAHUS U TEXHOJOTUH, B TOM YHCIIE
uHpopmaronnele. B Poccun oHa Taxke cBsi3aHa C ONpPEACICHHBIMU dTallaMH CBOETO Pa3BUTHUS U BEAET
cBoe Hadano emie ot BpemeH llerpa I. B Te BpemeHa cranu nmOsSBIATHCS TepBble 000CHOBAHUS K OMHCAHUIO
MHOTHX IPOIIECCOB B MPUKIIAJHBIX 33JadaxX ¢ MO3UIUi Teopuu BepositHoctel. Tak, B 1821 r. mpodeccop
XaprkoBckoro yausepcurera A. @. [1aBnoBCKuii B CBOEM HAYYHOM JIOKJIAJIe BBOJAUT CBOE MOHATHE K TEPMHU-
HY ¥ CJIOBY «BEPOSITHOCTHY [1]: «KaK OTHOIIEHHE MEX]y YHCIIOM MEPBBIX CIIy9acB W YHCIIOM BCEX BO3MOXK-
HBIX €CTh Mepa BO3MOXHOCTH». HemMHOro mo3xe B XaphbKOBCKOM YHHUBEPCUTETE UCUHCIICHHE TI0 TEOPHH Be-
posiTHOcTel Havyan yurtath npodeccop E. U. ¢on beliep, koTopriii Obu1 yuennkom M. B. Octporpaackoro.
Cam xe M. B. Octporpaackuii untan (1858 u 1859 rr.) nexkumu mo TeOpUN BEPOSITHOCTEH CyIIaTesIM-
apTimepuctaMm. Takke B Hadaye 1843 r. B yueOHBIC TTporpaMMBbl Ul akaaeMuu | eHepanbHOTO ImTaba
Poccun BBeneH HOBBIN TeopeTnueckuil Kype «[IpunoxxeHre Teopuu BEepOSITHOCTEH K BBEIYHCICHUIO acTpo-
HOMHYECKUX HaOIIOACHUID», KoTopbli unTan npodeccop A. H. CaBuu, a B MOCKOBCKOM rOCYJapCTBEHHOM
YHHBEPCUTETE OCHOBHBIC IOJIOKEHHUSI TI0 TEOPHU BEPOSITHOCTEH ObLIM M3TOXkKeHBI (B KoHLe 1843 r.) mpo-
¢eccopom H. E. 3epHOBBIM. BeposTHOCTHBIE KypCHl B YHUBEPCHTETE CBOMMH KOPHSMHU YXOZST K EATENb-
HOCTH 3aBenyrolero kadenpoit Auapes Hukomnaesuua Konmoropoa. MHOTHE TO/IBI CTYACHTAM YHUBEPCH-
TETa UM YUTAJICS KypC TEOPHUH BEPOSITHOCTEH M OCHOB MaTeMaTHUECKO# cTaTHCTHKU. [lajee 3TOT Kypc ObLI
pacuIipeH 1 AOTIONHEH €lle OJHUM BBOJHBIM MOJYJIEM B TEOPHIO CITy4alHBIX MPOIIECCOB, KOTOPHIA HAa3bIBa-
csi «Teopust BEpOSTHOCTEH, MareMaTH4yeckas CTaTUCTHKA M BBEIEHHE B TEOPHIO CIyYaiHBIX HPOIIECCOBY.
HemHoro mo3z»xe, 1o pyKOBOJICTBOM HaIllero OTedecTBEeHHOTO yueHoro b. B. ['HenmeHko, Teopernueckmii
KypC YTOUYHSIETCS U YK€ COJIEPKHT TPU OCHOBHBIX Osioka: «Teopusi BeposTHOCTEW», «MaremaTHyeckas cTa-
TUCTHKa» U «Teopus cilydailHbIX TpolieccoBy. Jlanee mogoOHbIe KypChl IONMYYHIIA CBOE Pa3BUTHE B APYTHX
HAyYHBIX ¥ 00pa30BaTENBHBIX OPraHU3aIUSAX, HO UMEHHO 3TH 3Talbl COCTaBISAIOT 0a30BYIO ILIaThopMy
«CTOXaCTHYECKHUX» U «BEPOSTHOCTHBIX» MOJXO0A0B K OLEHKAM MHOTHX MPOLECCOB B JIEATEILHOCTH YEJIOBE-
ka. Ha ocHOBe pemieHus 3TUX 3aJa4y aHAJIN3a CHCTEM, IMPEXJE BCEro, CIOKHBIX MPOLECCOB, SBICHHM
¥ HAaKOIUICHHOTO OTBITAa MBI MOXKEM B MTOTE€ OIMPEEIUTh OCHOBHBIE HAIIPABIECHUS JAIBHEHIIIETO Pa3BUTHA
JTAHHOW TEOPUHU M CTPOUTH I((HEKTUBHBIE METOJUKH MPO(PECCHOHATHFHON MOATOTOBKH 00yYaIOIUXCs, PU
pa3paboTKe coepKaTeIbHbIX OCHOB Ui 00yUYeHHs MHPOPMATMOHHOMY MOJICIIMPOBAHUIO CITyYaiiHbIX MPO-
IIECCOB, a TAKXKE «BUACTb» U MOHWMATh UX 3HAUMMOCTh, MPAKTUYECKYIO HAIPAaBICHHOCTh B COBPEMEHHBIX
«BEPOATHOCTHBIX» yCIoBHX [ 1-5]. Pa3zpaboTka u ucciemoBanme Moemeii peaabHbIX 00BEKTOB (ITPOIIECCOB
Y SIBJICHUIA) SIBIISIETCS OJJHUM M3 OCHOBHBIX METOJIOB HAYYHOT'O TTO3HAHUS OKPYIKAIOIIETO HAC JEHCTBUTEIh-
Horo mupa. Hanpumep, 3agaya o0y4deHus: CTyJEeHTOB HMH(POPMAIIMOHHOMY MOJEIMPOBAHUIO C YYETOM 3THX
MPOLIECCOB, SBJICHUH W aHAIN3a CUCTEM MOXKET OBITh PellieHa JHIIb B TOM Cllydae, Korja Hay4yHo 000CHO-
BaHHBIE WH(OPMAITMOHHBIE MOJETH OOBEKTOB 3aliMyT CBOE COOTBETCTBYIOIIEE MECTO HEMOCPEICTBEHHO
B CaMOM COJIep>KaHUHM 00y4YeHHsS U OyAyT M3ydaThCsl SIBHO, C MCITOJIL30BAHHUEM COOTBETCTBYIOUIEH TepMHU-
HOJIOTHH, C Pa3bsICHEHUEM CYLIHOCTH MOHITUH MH(GOPMALMOHHONW MOAEIH U MH(GOPMALMOHHOTO MOZAEIH-
poBaHus, MpekIe BCero, Kak mporuecca. [lokaxem OJuH M3 MOAXOJ0B M HEKOTOPBIE MPUMEPHI BBIKJIAI0K
JUTSL HETO.

IlocTpoenne HHPOPMAIOHHON MOAEAH CAYJaHHOTO MpoIecca

UzBectHo [1, 2], uTo B TeOpHH CIy4alHBIX MPOIECCOB BaKHOE MECTO 3aHMMAIOT, MpPEXKIE BCETO,
MapKOBCKHE CITydaifHbIE MPOIIECCHI, KOTOPhIe HAMOOJIee YacTO MPUMEHSIOTCS B KOMIIBIOTEPHOM (MMHUTAIIH-
OHHOM) MOJICIIMPOBAaHUM CUCTEM. B HacTosiee BpeMst B IPAKTUKE HAYYHBIX UCCIICIOBAaHUN U UH(OpMAIH-
OHHOTO MOJEJIHMPOBaHMS 00BEKTOB, HAIPUMEDP B POOOTOTEXHHKE, TPAHCIIOPTE, «OECITMIOTHUKAXY LIS T€0-
MH(DOPMAITMOHHBIX CHCTEM M Jpyroe, 0e3 ydeTa CIIyJalHOW COCTABIBIIONICH TmpoIecca yke OOONUTHCH
Henb3s. OCOOCHHO 3TO 0OCTOSTENHCTBO CIEAYET YYHUTHIBATH B MPAKTUKE MPUHUMAEMBIX 3allyMIICHHBIX
CUTHAJIOB OT IIO0ATBHBIX MH(POPMAIMOHHBIX CUCTEM B IIEJSX MO3UIIMOHUPOBAHUS, KOHTPOJISI M yIpaBie-
HUS Pa3INdHBIMU 00BheKTaMu. OCHOBHBIC TOJIOKECHHSI U3 TEOPHUH 1T MApPKOBCKOTO CIIyYaifHOTO Ipoliecca
000011aI0TCS ¥ HA COBOKYITHOCTH HaOJIIOMaeMbIX CUrHANoB Y (?),..., Y (f) ¢ IpHEeMHHMKOB JUIS COBPEMEH-

HBIX HaBUT'AlIMOHHBIX TJI00aJBHBIX CITyTHUKOBBIX cucteM ['nmonacc/GPS B 3amayax ompeneneHus nepenaqn
cOOOIIEHUIT ¥ KOOpIWHAT MECTOMOJOXKEHUSI O00BEKTa, KOTOPBIE paccMaTpuBaeM KaK KOMITOHEHTHI 7i-
MEpHOro BeKTOopHOro mpouecca Y (¢). Cam ciayyailHbIIl BEKTOPHBIN MPOLIECC TAKUX CUTHAJIOB C IPUEMHH-

KOB HAaBHTallMOHHBIX CIyTHUKOB [ onacc/GPS Y(¢) ycnoBHO 31ech NpUHUMAETCS TaKUM, YTOOBI TIPH He-

IPEPHIBHOM M3MEHEHUH apryMeHTa ! 3a J1000# Majblii IPOMEXYTOK BpeMeHH Af, a KOMIOHEHTHI Y ()
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VM3MEHSJIUCh Ha BEJIMYWHY TOPSIKA JAt u Bce TPaeKTOpHU OBLTH HEMPEPBIBHBI C BEPOSITHOCTHIO SAMHHUIIA
B OOBIYHOM CMBICIIE JIJISl TIOHATHS O HEMPEepBIBHOCTH caMoil PpyHkIwii. [Tokaxkem 310. Cumraem, 9To 00JIb-
[IMe U3MEHEHUSI KOMIIOHEHT JI PacCMaTpUBaeMOro CIyYaHOTrO MpOoIecca MallOBEPOSITHBI, 2 KOHEUHBIC
CKaYKu HMMCIOT HYJICBYIO BEPOSTHOCTh, a TaKXe B HEKOTOPBIC MOCJCIOBATECIbLHBIC MOMEHTHI BPEMCHH
t,<t,<..<t, , B3ATble B HEKOTOPOM HHTEpBaJe /Ul CYIIECTBOBAHHS pacCMAaTPUBAEMOro Ipolecca, OyayT

WU3BECTHBI 3HAUeHUs B BujE [1-3]
V)oY, (1) Fi0, ) o 2,
PaccMOTpuM COBOKYNHOCTH 3HaY€HMH MHOTOMEPHOIO CiIy4alfHOro mpolecca B MOMEHTBI BPeMEHU
b, opu ¢, <t, Y, (t,),... Y, (¢, ): Y (¢,),.... Y, (¢,). VI3 Teopun BeposTHOCTEN HaM yske U3BECTHO [1], uTo

MHOTOMEPHBIH CilyyaiHbIi MpOLECC ABISAETCS MAPKOBCKUM, €CIIH 3aKOH PACIpPE/EIeHNsl CUCTEMBI CITydaii-
HeIX  BenmuuuH  Y(%,),....,Y,(f,),  BBIUMCIEHHBII @OpU  yCIOBMM, UYTO  M3BECTHBl  3HAYEHHs

t=t,Y(,),....Y (¢ ), ¥ HE 3aBUCUT OT TOTO, KAKNE 3HAYCHUS CaMH Ciy4aiiHble QyHKmmu Y (?),...,Y (¢)
NPUHUMAIM UX B MOMEHTBI BPEMEHH, NPEALICCTBOBABIING MOMEHTY BpeMmeHu s 7, . ChopmynupoBaH-

HOE BBIIIE MTOJIOKEHHUE BhIpaXkaeTcss (hOpMyJIoi, KOTOpas MPUHUMAET BIOJHE OMpElesICHHBIN BUJ 3alHCH
JUIA CKaJISIpHOTO aprymenTa [1-5]

T Y G E)ses ¥, 1) 1 () ¥, (1,21 =
= f(yl(th)v---:yn(th)|y1 )5 =3, (8,))

BermenpuseieHHY 0 (GOpPMYITy IPEACTAaBHM It BEKTOPHOTO apryMeHTa B MIPUHATON Gopme
S|P, () = L) 0(E,)-

W3 Teopun BEpOATHOCTEN TAKKE CIENYET, YTO MCUEPIBIBAIOIIECH XapaKTEPUCTUKON 11 MHOTOMEp-
HOTO ( KaK BEKTOPHOTO ) CIIy4aHHOr0 MapKOBCKOT'O MpOIecca, HOA00OHO TOMY, KaK 3TO UMEET MECTO U IS
OJHOMEPHOT'0 TIpoLecca, SIBIAETCA BTOpas (YHKUUS K IIFIOTHOCTU BEPOSITHOCTH, T.€.

fz(y(t1)ay(t2)) = fz(%(tl)a---:yn(Zl);yl(tz)w"ayn(tz)) 5 (2)

nepBasg (yHKIUS IUIOTHOCTH BeposTHOcTH f,()(Z)), a Takke M (YHKIMS BEpOATHOCTH Iepexopa

(1

f( y(t2)| »(t)) onpenensroTcs BEIpaKCHUSIMH JUTsl OOLICTIPUHATOTO HX BU/A

L) = £ @) ,(4)),

3
f(y(t2)|y(t1)) = f(yl(tz)a---ayn(t2)|Y1 (1)5+5 2, (1)) ©)
Oynxuun f,(¥(t)) 1 f( y(t2)| »(t,)) BeIpakarorcs uepes f,(y(t,), y(¢,)) B cinenyromem BUe:
AN =T 10y @)y
SOyt = 20D, @

L (@)

VcnoBHas (YHKIHSA TUIOTHOCTH BEPOATHOCTH [ (y(12)| »¥(f,)) B MHOTOMEpHOM TIPOIIECCEe HEOTpHIa-

TeJIbHA U HOPMUPOBAHA K €JMHHILE, KaK U Il OMHOMEPHOrO, U obpamaercs B AeabTa-(QyHKIHIO IIPH COB-
naJcHUA MOMCHTOB BO BPEMCHHU, T.C. [, =1, =1

fo )‘y(t ) =8(y" =) =08(y = »)--8(y, — »,)- )

[110THOCTh BEPOSTHOCTU mepexona f (y(t2)| »(t,)) s MHOrOMEpHOTO MapKOBCKOTO CIIy4aifHOTO

mporiecca ya0BIETBOPSAET MHTETpATbHOMY ypaBHeHHI0 CMomyxoBckoro — Kommoroposa — Uenmena mpu
HabroneHNH COOOIIEHHs B MOJETUPYEMOM AUANa30HEe BPEMEHH £, < f< t,:

YOS @)\ y()dy (6)

FOwEN=1 ()
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YpapHeHue (6) MOIy4aeTCs MyTeM IIPOCTOro 0000IIEHUS HA MHOTOMEPHBINM BEKTOPHBIH MPOIIeCC JJIs
ypaBHeHUs MapKoBa 1 Ha OCHOBaHHHU OOILENPUHATOrO COOTHOWEHHUS [ 1, 2, 6]

Db ) = T f ()6 Y (O

[pumenuB 5Ty HOpMyITy HEMOCPEACTBEHHO JUls A = 2 U MoJjiarasi, 4To npouecc £, <t' <f,:

L@ 6D =] L),y () yn)dy, (7
" NOACTAaBJIAA B 3Ty (bOpMyJ'Iy BBIPAXKCHUSA IJI4 IJIOTHOCTEH BCPOATHOCTU CHy‘IaﬁHOFO mpomncecca

L), y(6,)) = [((@)) f (r()]v(1,),

®)
[0,y (@), (1)) = L) S @)y ) £ ()

y(4))s

MoJIy4numM

L) @) v(@) = 1ﬁ(y(f1 NS @)Y O @)y )

JIyist MHOTOMEPHOTO MapKOBCKOT'O HEMPEPHIBHOIO MPOLIECCA BBOIATCSA COOTBETCTBYIOIIKE JIBE XapaK-
TepucTUdeckue QpyHKIuU. DYHKIMK IPU 71-MEPHOM CIydaliHOM MapKOBCKOM Iporecce Y(f) uist BEKTOPHO-
ro aprymerta A(A,,...,A, ) 3aNUCHIBAIOTCS B CIIEAYIOIIEM OOIICTIPHHITOM BH/IE:

g(hn= 1" fi(n.0dy,

gty )= 1 & f(wot|y' .0 )dy, (10)

rme 'y — ckanspHOe MpoM3BeieHHe BEKTOPoB A M V. Tak Kak MHOTOMEpHBIE TIOTHOCTH BEPOSTHOCTH

SIBIISIIOTCS. MHTETPUPYEMBIMH B OECKOHEUHBIX TpefesaXx HeOTPUIATEIbHBIMI (DYHKIHSIMH, TO CYIIECTBYET
npeobpazoBanne Dypwe, ompenensioniee 3TH (QYHKIMH Yepe3 COOTBETCTBYIONIME XapaKTEPUCTHUYCCKHE
(YHKITMH, OHU TIPEJICTABIISIOT

oo

K= G0 [ e™g (. nd, (11)
’ 1 T _inly ’
ft|y'f) = a0 Le Yg(Mt|y,)dA.

OTMeTuM, YTO XapaKTePUCTUUCCKHE (DYHKIIMU BEKTOPHBIX CIyYalHBIX (PYHKIMN 00JIQTat0T TEMHU Ke
CBOWMCTBaMH, KaK M Ui OJHOMEPHBIX CIYYaiHBIX MpoIeccoB. Eciam B n-MEpHOM BEKTOPHOM apryMeHTe
9acTh KOMITOHEHT TIOJIaraTh PaBHBIMH HYJIO, TO TOJIYIHMM XapaKTEPUCTHICCKYIO (DYHKIMIO CIIyIaifHOTO
BEKTOPHOTO MPOIECCa YMEHBILIEHHOTO Topsaka B Buie [3, 4, 6, 7]

g(Ap,eh,,,0,.,0,4 1) =g (A, AL AL

Ha BexTopHbIe MapKoBckue mporecchl 0000mmaroTest popMyibl, KOTOpbIE BBIMIALAT Tak [9]:

gl(x,r)=1+ii%kM[n<t>]+§iizkkw[n(r)n(r)h% > A MY O, O, (0] +...
k=1 ck0=1 k=1

TR e
y]+5k2z2>»kw[n(rm(t)

kot

gty 1) =1+zn:ika[Yk(t) ¥ ]+ (12)
ST ML OY O, 0)

* k=1

y'}+...,
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roe M [Y,((I)Y((t)] — HavaJlbHbIE MOMEHTHI, a M [Yk(t)Y}(t)| y'] — YCIIOBHBIC HAYaJIbHBIC MOMEHTHI CITY-

gaifHOTO BEKTOpHOTO Mporecca Y(7) [10].

MHOroMepHbIi HENPEPBIBHBIIA MaPKOBCKHUN CIy4alHBIN MPOLECC TAK XKeE, KaK U ONHOMEPHBIN, MOXKET
OBITH TOJIHOCTBIO OMMCAH JOKANbHLIMYU XAPAKTCPUCTUKAMHU. DTHMHU JIOKAJbHBIMU XapaKTEPUCTUKAMH SIB-
JIIIOTCS YCJIOBHBIE MATEMaTHYECKHAE 0XKHUIAHUS, @ TAKXKE YCIOBHBIE KOPPEISLMOHHBIE MOMEHTHI IIpHpaIlie-
HHI KOMIIOHEHT Y, (#) MapKOBCKOT0O CITy4allHOTO Ipolecca IIPU U3MEHEHHH apryMeHTa Ha Majlblii Anana3oH

MOJIETTUPYEMOTO BpeMeHU Af :
Am (p,0) = M[ Y, (t+A0) =Y, (0)]y.t | = 4,(y.£) At +0(At),
Amyy (3,) = M (Y, (1 +A0) = Y ()Xt + A =Y (0)|y,t ] = By (DA +0(A),  (k,[=1,2,..),

(13)

rne A, (y,t) — komrnoHeHTsl BekTopa A(y,t)u B, (y,t) — KOMIIOHEHTHI MaTpuisl B(y,t) — SBISAIOTCS He-
IIPEPBIBHBIMU (DYHKIMAMH, pacCMaTpUBAEMBbIMU BMECTE CO CBOMMHU IPOU3BOAHBIMU. Y CIIOBHBIE MOMEHTHI
Amy, ,Amy, ,...BbIllIE BTOPOTO UMEIOT NOPAJOK MajnocTu 0(Af) Gonee At B COOTBETCTBHHM C ONPE/EIEHUEM
JUISL HETIPEPBIBHOT'O MapKOBCKOTO CIIy4aifHOTO Mmpolecca.

C moMoI1LbI0 BBEICHHBIX JOKAIbHBIX XapAKTEPUCTHK IJI1 MHOTOMEPHOI'O MapKOBCKOT'O CIIyYaiHOTO
mpoliecca 3alMileM YCIOBHYIO XapaKTepucTHiecKyto GyHkuuio npupamennidi AY (¢) ans npouecca Y(¢)3a
BpeMs HaOmoneHus Af :

n

L 1 &, 1 .
y,t):1+Zz7»kAmk(y,t)+—'ZzzlkllAmk,(,t)+§ D EMNAA, Ay (9,0 .., (14)
k=1

2' k=1 k=1

Sy (Mt + AL

rne Am, (y,t)=M [AYk (t)| y] — YCJIOBHBIE MOMEHTHI II€PBOTO Nopsiaka npupamenuii AY, (f) koopnauHar,

Am,,, Am,, W T.1.—yCIOBHbIE MOMEHTHI BBICIINX MOPSAAKOB IPUPAILEHUH I KOOPAUHAT.

W3noxeHHbIH MOAX0A W alNTOpUTM B MH()OPMAIIMOHHOM MOJEIUPOBAHUU MHOTOMEPHOTO MapKOB-
CKOTO (HOPMAJIBHO pacIlpeelieHHOT0) MPOoLecca MOKET pacCMaTPUBAThCS KaK XapaKTepU3YIOLIHiA MPoLecc
OMy>XIaHUsT BEKTOPOB IOJOKEHHS KOOPAMHAT M CKOPOCTH LIEHTPAa MAcC IMOJBIKHOTO M HEIOABM)KHOTO
00beKTa, HanpuMmep poboTa B pe3ynbTarte 00paboTKH CUTHAIIOB C #-TIPUEMHUKOB CITyTHUKOBOH II100aIbHON
nHpopMamoHHoi cucteMbl ['nonacc/GPS B coctaBe n3 00BEKTOB TPaHCHOPTHOW TeoMH(OPMALMOHHON
cuctemsl (I'MC), koTopBIe pacmookeHs! 1Mo ero nepumerpy. s aHanm3a HHGOPMALMOHHOTO Hporecca
YPaBHEHHUS CIIelyeT pacCMaTpUBATh KaK BEKTOPHbIE, a8 KOMIIOHEHTHI JAHHOTO BEKTOPHOTO M YCIOBHO BHHE-
POBCKOTO TIpoliecca MPUHUMAIOTCSl YCIOBHO HE3aBUCHMBIMU. JIJIsl KaX0W W3 KOMIIOHEHT MOKHO IMOBTO-
PHUTH COOTBETCTBYIOIIME BBIKJIQJKA W3 COOTBETCTBYIOIIEro Iu(@y3noHHOro mpouecca. B pesymbrate
MpeIaraeMoro MmoaxoJa B MHYOPMAIIMOHHOM MOJICIMPOBAHNH, HAIPUMeEp, MepBast INIOTHOCTh BEPOSTHO-
CTH JUIsl IBYMEPHOTO BEKTOPHOI'O CIy4allHOrO M MapKOBCKOT'O Mpollecca MPHUHUMACET CleAyloumid olre-
NPUHATHIA BUA [5, 9]:

2.2
ity

1
fl()’nyz,f)=me o (15)

MopenupyemMast ”HTEHCUBHOCTh G miporiecca B Gopmyne (15) cBsizaHa HENOCPEJACTBEHHO ¢ KOppes-
LIMOHHOM (DYHKIIMEH M CHEKTPaIbHOM IJIOTHOCTBIO CHTHAJIA, IIPEJCTABIISAET CBSA3b MO MOIIHOCTH CHUTHANA U
OTHOCHTCSI HETIOCPEACTBEHHO K BHIOPAHHOMY JIMAIa30HY C TOJIOCOM YacTOT K aHAJIHM3y €ro XapaKTePHCTUK
B yCJOBHSX MmoMeX. OTMETHM TO, YTO TeNeph MYTEM HECIOXKHBIX MPeoOpa3oBaHUi MOXKHO MEPEHTH K pac-
4eTy WH()OPMAITMOHHON SHTPONHMH W OIEHKH IpoIlecca, T.€. HaWTH KommdecTBO mHpopMaruu H(Y), 1)).
Kak npaBuiio, nH()OPMAIMOHHYIO SHTPOIHUIO B MPAKTHUYCCKUX 3a1adaX MHPOPMAIMOHHBIX KOHCTPYKIIUM
yI0OHO BBIpa)XaTh Yepe3 ABOUYHbBIC JOrapu(MBbI, T.€. SAUHUICH U3MEPEHUS I WH(GOPMAIIMOHHOW 3HTPO-
AW CITYKUT OJTWH ABOWYHBIN 3HaK (0T aHIII. binare digit).

3akarouenue

CoBpeMeHHbIC ITU(PPOBbIC U HHGOPMAIMOHHBIC TEXHOJOTHH, PAa3BUTHE CPEACTB MH(GOPMATH3AIMH U
HAaKOIUICHHBIN 0a3UC HayYHO-TIPAKTHYECKUX MCCIICIOBAHMI TECHO CBA3aHbI C OCHOBHBIMU MOJIOKEHUSIMHU U3
TEOPETUKO-BEPOATHOCTHBIX M JIOTUKO-COIAEPKATENbHBIX METOIOB MCCIENOBAHUS, MPEXKAE BCErO, BEPOST-
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HOCTHBIX CHUCTEM pa3IN4HON mpupoasl. Cpern MHOKECTBA KOMITbIOTEPU3NPOBAHHBIX TEXHOJIOTHH, MpeBa-
PHUTENBHOTO aHalIM3a, KaK MPaBUJIO0, TEXHUYECKHMX OOBEKTOB 0C000€ MECTO OTBOJMTCS pa3pabdoTKaMm HH-
(dopManoHHBIX Mozenel [8—10] u IeHCTBYIOMUX alrOPUTMOB B COCTaBE KOMIIBIOTEPU3UPOBAHHBIX HH-
dhopmanmonHo-aHAMUTHIeCKUX cructeM MAC it TOATOTOBKY MPUHATHA yTpaBiieHdecKux permnenwit JITTP.
Pa3paboTka MeToauK 1Jst O0Y4YEHHUS K MOCTPOSHHIO HH()OPMAIIMOHHOW MOJIENN C YYE€TOM CITy4ailHbIX (aK-
TOPOB B MCCJIEIOBAHUIX CHCTEMbI, HAIPUMEP, CUCTEMBbI, HEIIOCPEACTBEHHO CBA3aHHON C MO3MLMOHUPOBA-
HHUEM Pa3IM4YHbIX OOBEKTOB C YUETOM CIy4yalHBIX (PaKTOPOB, UMEET CBOEH LEIbI0 CHOPMUPOBATH OIPEe-
JIEHHBIN B3TJISA Ha 0OCHeayeMblii OOBEKT, JOMOJIHHUTH €r0 TEOPETHKO-BEPOSATHOCTHOE M TNPaKTHUECKOe
npeAcTaBiIeHUe K (OPMUPOBAHHUIO MOAETHPYEMBIX CHUTHAJIOB, MOATOTOBUTH CBOM MPEIJIOKEHUS O Hampas-
JICHUU HMCCJICAOBAaHUN C MOHUMAaHHUEM CYIIHOCTH (PU3NUECKOro MpoLecca U sIBICHUN NP pa3paboTKe, Kak
MIpaBUJIO, MTHHOBAIIMOHHOM mpoaykiuu. Kak ermie panee oTMedal Halll H3BECTHBIA OTCYECTBEHHBIA YICHBIN,
akagemuk B. C. Ilyraues [2]: «J[to0oe m3MepeHne Bceraa CONPOBOXKIACTCS CIy4YailHOW OMMOKOW (U City-
YaifHOI BEJIMYMHON), TaK KaK aOCOIFOTHBIX TOYHBIX U3MEPEHUI HE CYIIECTBYET B MpHUpoJe». Takoil xe mo-
sunun npuaepxkuBanuch E. C. Bentrens [7]: «CTporo roBopsl...ciaydaiiHbIe BOZMYIICHHUS TIPHCYIIH JIF000-
My TIporieccy» | JApyrue ydenble. Clemyer Takke OTMETUTbh, YTO B TEOPUU WH(OPMALIUH, B TEOPHH CBS3U H
yIpaBJeHUH, a TaKke B MHOOPMATHKE W TPAKTUKE MOCTPOSHHUS Pa3IMYHBIX HHPOPMALMOHHBIX CUCTEM, MO-
nenel s 0OBEKTOB, 9acTO CUTHANI (KaK M COOOIIEHNE) MPEACTABISAIOT B BUIC ABYX CIaracMbIX — JETEPMH-
HUPOBaHHAsI W3BECTHAsl 4acTh (IOJIE3HBIH CUTHAN) W clyd4aliHas cocTaBisifomias (moMexa). ITH 0a30BbIe
MO3ULMHN ABISIOTCA (QyHOAMEHTAJbHBIMA W Ha CETONHSIIHUKA JeHb. MapKOBCKHE MPOLECCH MPUCYIIN
MPAaKTUYECKH BCEM pa3pabOTKaM U SIBJISIOTCSI OCHOBOM K MH(POPMAILIMOHHBIM MOAEISIM B COBPEMEHHOM HH-
dhopmanmonHOM o6rmecTBe. OHH, KaK MPAaBHIIO, UCITOJIB3YIOTCS B COBPEMEHHBIX HH()OPMAITMOHHBIX CHCTE-
Max MAC, B KOMIBIOTEPU3NPOBAHHBIX CUCTEMAax MOATOTOBKU MPHUHATHUS PELICHUI U OPYruX, MpeacTaBis-
10T cO00W OOLIENPU3HAHHBIN B3I YUEHBIX Ha OKPYXAIOLIM HAC IEeHCTBUTENBHBIN MUP U MPOSBISIOTCS
B CHCTEMaXx Pa3In4HON IPUPOJIBL.
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TEXHOAOTUYECKHUE OCHOBBI IIOBBINNIEHU A
HAAEXKHOCTHU M1 KAYECTBA U3AEANN

TECHNOLOGICAL BASIS FORIMPROVING
RELIABILITY AND PRODUCT QUALITY
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METOABI HCCAEAOBAHMA ITOAETHBIX
HATPY3OK AETATEADHBIX AIIITAPATOB

A. A. Tyaeryaos', A. C. Epraanes’, B. C. Beiicem6aesna’, A. B. 3yes*

12,34 Akanemus rpaXxIaHCKoW aBuanmu, Anmarel, Kazaxcran
13-4 tad62@yandex kz, > DES-67@yandex kz

AHHoOTanusi. Akmyanvnocms u yeau. Kak u3BecTHO, pakera MODKHA 00JagaTh JOCTATOYHOW MPOYHOCTBIO U
BBIJICP)KUBATh BCE HArPy3KU BO BpeMs paboThl. McnbiTaHNe KOHCTPYKIMH PAKETHI HA IIPOYHOCTH MOXKET IPOBOIUTHCS
JBYMSI criocobamHu: 1o pabo4YrM Harpy3Kam WM 10 PacueTHBIM Harpy3kam, MpeBblalomuM padoune. [1pu u3ydyeHun
Harpy3oK, JeHCTBYIOIIUX Ha PakeTy, 0co00e BHUMaHHE CleAyeT yIenaTh IOJIeTHBIM HarpyskaM. Harpyska B mosere
3aBUCUT OT XAPAKTCPHUCTUK PAKCTHOI'O ABUIATCIId, XapaKTEpa BO3AYIIHOTO IMOTOKA PAKETBI U AWHAMHKH ABUIKCHUA.
Mamepuanei u memoowi. Pacuer IpOU3BOJUTCS IIPH MaKCHUMaJIbHOM CKOPOCTHOM Harlope B 30HE BBIXO/a ABYXCTYIICH-
4aToro KUAKOIo TOILUIMBA B KOPIYC pakeThl. MOXKHO CKa3aTh, UTO IOJIOBA PAKETHI BRIIOJHEHA B BU/IE OCTPOTO KOHYCA.
Peszynomamer. Pacnpenenenue Beca Mo JUIMHE ONpPeNeNseTcs KOHCTPYKTHBHOM CXEMOH M pa3auyaeTcs MO MpOJOib-
HBIM U TIOTIEpPEeYHBIM Harpy3kaMm. Kopmyc pasmemnex Ha 20 30H 0IWHAKOBOH IUTHHEL Bsisodsi. [1pu mrobom pacuete mc-
IIBITAHUS HAa TIPOYHOCTH OyIyT OMIMOKH NMPH BHIOOpPE pacueTHON cxeMbl moadopa Harpy3ku. it MpoBepKU pe3ynbTa-
TOB pacyeTa JOCTATOYHO HCIBITATh KOHCTPYKIIMIO /10 €€ Pa3pyLIEHHs, C PABHOMEPHBIM yBEIHIECHHUEM HArPY3KH.

KiroueBble cjioBa: IPOYHOCTH, HATPY3KH, UCTIBITAHNE, TBUTATENh, KOHCTPYKIIHS

Jns murupoBanusi: Tynerynos A. /1., Epranues /. C., Beiicembaepa b. C., 3yes [I. B. MeTobl UCcCieIOBaHUS MTOJECTHBIX
Harpy30K JeTaTelbHBIX anmapatoB // HamexxHocTs 1 KadecTBO cioKHBIX cucTeM. 2021. Ne 3. C. 48-56. doi:10.21685/2307-4205-
2021-3-6

METHODS FORTHE STUDY OF FLIGHT LOADS OF AIRCRAFT

A.D. Tulegulov', D.S. Yergaliyev?, B.S. Beisembayeva®, D.V. Zuev*

1-23-4 Academy of Civil Aviation, Almaty, Kazakhstan
13-4 tad62@yandex kz, > DES-67@yandex kz

Abstract. Background. As is known, the rocket must have sufficient strength and withstand all loads during
operation. The test of the design of the rocket for strength can be carried out in two ways: on workloads or by calculat-
ed loads exceeding workers. When studying the loads acting on the rocket, special attention should be paid to flight
loads. Load in flight depends on the characteristics of the rocket engine, the nature of the air flow rocket and the dy-
namics of the movement. Materials and methods. The calculation is made at maximum high-speed pressure in the exit
zone of two-stage liquid fuels into the rocket housing. We can say that the head of the rocket is made in the form of a

© Tyaeryaos A. A, Epraaues A. C., Beiicembaesa B. C., 3yes A. B, 2021. Kontent pocrynen no anrensun Creative Commons Attribution 4.0 License / This work is licensed under
a Creative Commons Attribution 4.0 License.
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sharp cone Results. As a result of research, it is possible to note the fact that in training with reinforcement an agent in-
teracts with the environment, taking actions and receives a reward for these actions. Conclusions. With any calculation
of testing tests, errors will be selected when choosing a design selection circuit. To test the results of the calculation, it
is sufficient to test the structure before it is destruction, with a uniform increase in the load.

Keywords: strength, load, test, engine, design

For citation: Tulegulov A.D., Yergaliyev D.S., Beisembayeva B.S., Zuev D.V. Methods for the study of flight loads of air-
craft. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2021;(3):48-56. (In Russ.).
doi:10.21685/2307-4205-2021-3-6

BBepenne

Kak u3BecTHO, pakera J0DKHA 00JIajaTh TOCTATOYHOM MPOYHOCTHIO U BBIJICPIKUBATH BCE HAIPY3KH
BO BpeMs paboThl. VcrbiTaHre KOHCTPYKIIMK PaKeThl Ha MPOYHOCTh MOXKET MPOBOJIUTHCS JABYMS criocoba-
MH: TI0 pabOYUM Harpy3KaM WIH 10 pacueTHBIM Harpy3KaM, IpeBHIIaonuM padoane [1].

[Ipu u3y4eHU HArpy3o0K, JCHCTBYIOIINX HA pakeTy, 0c000¢ BHUMAHHE CIENyeT YACSITh MOJECTHBIM
Harpy3kaMm. Harpyska B mosnere 3aBUCHUT OT XapaKTEPUCTHK PAKETHOTO JBUraTelsl, XapakTepa BO3AYIIHOTO
[TOTOKA PAKETHI M JJUHAMUKH JIBUKCHUSL.

MeroaAbI HCCAEAOBAHHUS

Onpedeﬂenue nonepevdHslx cul u uzzuéalomux MOMEHMOB

Pacuer npousBoauTCsA MPU MaKCHMAaJbHOM CKOPOCTHOM HAlope B 30HE BBIXOJIA JABYXCTYHNEHUYATOTO
JKUKOTO TOIUIMBA B KOPITYC pakeThl. MOXKHO CKa3aTh, YTO TOJOBA PAKETHI BHIMOJIHEHA B BUAE OCTPOTO KO-
Hyca [2].

Pacuer BbIIOIHEH B BHJIE CIUIOIIHOM OAJIOYHOM CXEMBI.

HNcxonnnie maHabIe:

1) nmmmHa koprmyca /= 10 M;

2) nmmamerp ImIHHApHIecKoi yactu D = 1,0 m;

3) mmomaas Mugens S= T e max = 3,14 Mz;

4) yron monypasiioKeHHs IJIaBHOTO KoHyca 0 = 15°;

5) [IOmOJHUTENbHAs KOOPAWHATA YIPABISIONICH cuiibl Xz = 10 M;

6) ckopoctHoe naBieHue g = 0,05 Mlla;

7) umcmo Maxa Moc = 2;

8) yroux ataku o = 4°;

9) Bec G=6-10"H;

10) cnma Tsiru gBuraTensHoro arperara P = 105,84 - 10* H;

11) mnomane ans auametpa 1,0 m = 1,0 M.

OTO0 BAMSIET HA TATOBOE YCHIIME P MOTOPHOTO OJIOKa BJIOJIb Bana Kopmyca. Haberaromas Bo3mymrHas
BOJIHA CO3JACT adPOJUHAMUYECKOE JaBJICHHE, KOTOPOE OCHOBAHO Ha PacCIpeaeNieHUU MPOA0IBHOM a’poau-
HaMU4eCKOU CHIIbI dX/dx 110 nivHe pakeThl B 0ano4yHol cxeme [3].

[ToBepxHOCcTHBIE cHIIbI P 1 X TpUAaloT pakeTe YCKOpPEHHE B HalpaBIeHUU CHIBI TshkecTH (P > X).

dG
OT0 npoJoNbHas UHEPLMOHHAS CUIIA, HAIIPABJIEHHAs NIPOTUB YCKOpeHUuss —n,, rae dG/dX — Bec pakeTsl;
dX

1, — KO3(hPUIMEHT MPOIOTHHON HATPY3KH.
OnuHakoBo 3(h(EKTHBHBIC CUITbI HHEPIIMU OTACIBHBIX TOUEK BBIPAKAKOTCS HHTErpaaaMu [4]
1
dG dG
—ndx=n_|—,
dx ) dx

(1

0

rae G — Bec pakeThl B yKa3aHHOE BPEMSI.

He menee adpdextuBHo Gn, mopakaeT MEHTP TSKECTH pakeThl. Ko duimeHT npoonbpHOMi HAarpys3-
KW HaXOJUTCS M3 YPaBHEHUS] PABHOBECHS TPOSKIIMHU CHIIBI HA 0Ch O,, KOTOPOE SBIACTCS OCHOBOW MPUHITH-
na Janmam6epa:

X+ Gny—P=0; )
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me=—— =t 2=t (3)

Takum oOpazoM, xK03(pHUIMEHT MPOIOILHONW HATPY3KHM PABEH OTHOIICHUIO YCKOPEHHS BJOJb OCH
K YCKOPEHHUIO CBOOOIHOTO TiajgeHus [4] (puc. 1).

L i <] 0
N — e
>

) . o <] C

Puc. 1. I[IpononbHas Harpy3ka Kopiyca

PesyabpTaTni

Pacuem npooonvueix cun

Pacnpenenenue Beca 1o [UIMHe ONpeAessieTcsl KOHCTPYKTUBHOM CXeMOH U pa3nuyaercs 1Mo IpoIoiib-
HBIM U MonepeyHbiM Harpy3kaMm. Kopnyc paszaenen Ha 20 30H 0AMHAKOBOM JUIHHEI [5].

[lo anamornmuHbIM (oOpMyJiaM OMpeAesieM a’dpOIUHAMUYECKYI0 HAarpy3Ky W YIPaBIISIOIIUE CHIIBL.
MakcHMaJIbHOE 3HAUECHHE BHEIIHEro M3GBITOYHOrO JABJICHNsS KOHMYECKOI OIOBKH p = po = 2sin’(0+a.),
Dizb = Py PABHO a3pOIMHAMUYECKOMY JIaBJIEHHUIO, OIPEIeNsieMoMy 110 (opMyJie ¢ IONPaBOYHBIM KOIDPuIiy-
eHToM 1,5 (1715 ucnpaBiieHus OIMOKY B IpUMeHeHUH Teopun Herotona) [6, 7]:

p=15 2sin’ (a+0) = 3 (a+0)% (4)
4+15 ,
=3 =0,33;
P (573 )

B

pg=033-05"-10Tla=0,165 - 10" MITa.

MakcuManbHOe a’poJIMHAMUYECKOe JaBlieHHe B LMJIMHApE ompenensercs Teopued HproroHa 6e3
monpaBoyHoro Ko3ddurmenta [8]:

p=20% (5)
p=2(4/57,3)?=0,0097;
pg =0,0097 - 0,5 - 105 ITa = 0,0049 - 10" MITa.

[IpononsHOe pacnpenenenue ko3ddunuenta C,

T

Cxcea = %_Ir(x)tge(x).([p(x,@dq)dx + Comp % (6)

Jis mepBBIX NATH 30H tg 0 , 1 tg 15° He3aBUCHUMBI.
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Y
j p(x,0)dd He 3aBUCHUT OT x B uHTerpajie. O003HaUCHUE
0

1,5-2m( 0% +a?/2)=1,5"6,28(0,2622 +0,072/2)=0,7.

Pazityc OCHOBHO# 4acTH U3MEHSIETCS 10 3aKOHY HPSIMBIX 10 JUTHHE:
r(y) = tg 15°, rae uis KoHyca

. _2:0,268.0,7
xceq S

x  0,1005x" X
xdx+c,hK —=—"—7"——+c, —.
"l 28 "l

S C—y

IlepBas cymma 3HaYeHHU, TIOMYyYECHHBIX IS IMUIMHIIPA, TTOCTOSHHA M paBHA Y OCHOBAaHMS KOHYcCa,
T.€. B KOHIIE IATOM 30HEI X = 9,25 M:

2
oo = 0,1005-9,25 —4.22.
2-1,0
s monyuuBlerocss KoHyca
2
e = 20X 0 216%:
28 /

31€Ch Cyrp = 0,6 - 0,36 = 0,216.
R=1,0 M s uunuHgpa

Coseen = 0,36 + 0,216%
Pypy=1,0M
Casean = 0,36 + 0,216% = 0,488 +0,29§;

371ECh
Cap= 0,6 - 0,488 = 0,29.
Jlnst oO1ero ciryyas
¢ = 0,488 + 0,29 = 0,778.
HpO,Z[OJ'H;HaSI AdpOJUHAMUYICCKasA Cujia
X=cyS, H; (7
X=0,7766-0,5-10°- 3,14 = 121 926 H.

IIpononbHas Harpy3ka

ny=r—2 8
G (®)
. 1058400121926 _
60000
Pacuer IpOAO0JIBHBIX CHUJI IO OTHOHICHUIO
T ()= —CeegS—1 .G, 9)

J=1

JlanHbIe oTYeTa npeAcTaBiIeHsb! B Ta0M. 1.
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Tabnuual
Pacuer IPpOAOJIBHBIX CUJI
Xj, M Gj3 N z Gj’ H Ny Z Gi ,H Cx sec Cx .vecth N —T, H
1 1 ’
1,85 5000 5000 7440 0,0252 15030 22470
3,7 10 000 15 000 22 320 0,078 46 527 88 847
5,55 15000 30 000 44 640 0,1615 96 335 140 975
7,4 20 000 50 000 74 400 0,2729 162 785 237 185
9,25 25 000 75 000 111 600 0,413 246 355 357 955

Tabnuua 1 ocHOBaHa Ha peanbHBIX JaHHBIX. Kopryc pakeTsl moaBepraeTcsi HapacTaloleMy CXaTHIO
C TOJIOBHI 10 1AT. B obmactu X = X mpomosibHas cuiia paBHa CHIIE TSTH JBUraTesIsHOTO arperata [9] (puc. 2).

—40l71S \‘\Lu_u\l\
—234970

—153a01 0

—="2S-4000 N

ec= b= t= L]
|

—-3 Bl acan \".\

—&255500 kY

=l L]
TH

Puc. 2. luarpamMma npofonbsHOM CHIIBL

O6cyxaeHne

Pacuem nonepevnslx cui u u3eu6ammux MOMEHmMoe6

[Tonepeunas Harpy3ka Kopiyca (puc. 3) BBI3BIBAETCS KOCBIM yIapoM, KOT/Ia CKOPOCTh Haberaromei
BO3/YIITHOW BOJIHBI JIOCTUTACT Bajia PAKETHI IO YIJIOM 0. DTOT YroJl Ha3bIBaeTCs YIJIOM HakioHa. J[uaro-
HAJIBHBIA 00/TyB BBI3BIBACTCS TIOPHIBAMU BETPA, YTO MPUBOJUT K 0OPA30BAHUIO MOMEPESYHBIX adPOJAUHAMU-

1
geckux cui dY / dX. Ero paBHOe neiicTBHE AaeTCsl HATETpaioM Y = Ifl—de Y HaxOAUTCS MO TaBJICHUEM JI0
0 x
[eHTpa napieHus [9].
HampaBnenue cuitbl HAXOUTCS B IIOCKOCTH MTOPHIBA BETPa:

Y=1c¢4qS, H, (10)
rae C, — ko3pUIUEHT NonepeyHoi a3poJMHAMHUYECKON CHJIbL:
Ky (11)
= | —dx.
g 0 dx
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%

€
e 1 oo ™ <] 1
- —

oy
q
9
=
P

Puc. 3. 'opuzoHTanbHas Harpy3Ka Ha KOpIyc

Cuna Y mplTaeTcs OTTONKHYTH PakeTy OT meHTpa macc. OIHAaKO Ha pakeTe YCTaHOBJEHa CHCTEMa
ynpasieHus U co3faercs ympasisomas cuina R [10]. Cucrema ynpaeineHust paboTaeT ¢ HEKOTOPBIMH
HAaCTpOMKaMH, TOITOMY KOHTPOJIbHBIA MOMEHT, KOorja cymMma Y + R J0CTUraeT MakCuMmyma,

R (xg—xp)2 Y (x; — xp). (12)
[IpononsHOE pacnpenencHune KodhUIMCHTA TONIEPEYHON a3pOIMHAMHYECKON CHIIBI OTIPEACIISIEM 110
dhopmyiie
rdc,
Cysech = d_dx 5 (13)

0 Tx

TIE Cygech — X — KOIPPUIMEHT NONEPEYHON adPOAUHAMHYECKON CHUIIbI YACTH Tea JIMHON

dy dec,
—=—24S; 14
4 a (14)
de, _,r(x)}
—L =22 ,0)cos dd . 15
n S{p(xq» 0do (15)
YuuThIBas MONpaBovHbIA K03 durment 1,5,
2 X T
Cysech = EJ.V(X) I p(x,0)cos ddddx. (16)
0 0
B ocHOBHY10 HacTh (x < 9,25 M)
rx)=xtg0; 17)
r(x)=x-0,268;
[ p(x,0)cos0d0 = 1,5 - 60 (18)
0
15%4
j p(x,0)cosddd=1,5 - G CyseahXS. (19)

Jna munmunapa (9,25 <x<22.2) r=1,95m:

T 4 4
; d$ = —(—=) = 0,0065;
! P(x.0)cos0dt = (=)

S3
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0,092x*,  2-0,0065r
+ (x—x,);
28

Cpsecn = 0,43 +0,0021 (x —9,25),

Cysech =

X BBIPpA’KC€HO B MCTpax.
Jlist Bcero 3manust (x = 37 M)

2-0,0065 7,
¢, = 0,43+ 0,027 +———— ™ (x_22 2);
S

np

&= 0457 +%(37 —22,2)=0,457 +0,019 = 0,4782;
N
chceq(xj) = 6,123
Jj=1

Xp — KOOpAHWHAaTa HEHTPa AaBJICHUSA OIPECACIACTCA 11O (bOpMyJ'IC

N
xp=1 +£—£ Cree(X,) 3 (20)
2 ¢, A
xp=37+0,925 - 1,875 6,123=7,57 m;
,4782
Y=c,qS,, H; 2D

Y=0,4782-0,5105 - 32 =605 120 H mogpemHas cuia.

Ompenenurte KOOPAUHATHI IIEHTPA TSHKECTHU X; © MOMEHTA HHEPIIUH ..
Ji1s aTOrO CKITagBIBaeM Beca BCEX 30H:

N s
=1+ ATy (22)
2 G 3 Jj=1 !
1 1
3 =37+ 282 LB 538 05.10° = 28,14 .
2 45-10
VYnpasistonias MOUIHOCTB OIpeessieTcs o popmyie
R= L3Y(x, —x,) , 23)
xR _xT
R— 1,3-605120(28,14—7,57) _ 101,
37-28,14
ITonepeuHas Harpy3ka Ha LIEHTP Macc
Y+R
n, (x,) = ; 24
y (Xm) G 24
ny () = 605120+1643890 _ 0,5839
4500 000

OHpCI[eJ'H/ITG B3aUMOCBA3b MCKAY YITIOBBIM YCKOPCHUEM U YCKOPCHUCM CBO60,I[HOFO IHaACHUsA [10]
& _0,3Y(x, —x)

g Izg
0,3-605120(28,14—-17,57)

£ ~0,016332m"".
g 23306 420-9 81

; (25)
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IMonepeunast Harpy3Ka IeHTpa TSHKECTH B 30HE J:
€
ny (xj) =ny (XT) +E (ij - xT); (26)

ny (x) = 0,5839 + 0,016332 (x; — 28,14).

PacueTtsl 1o 30HaM IMPUBEACHLI B Tabm. 2.

Tabmuma 2
PacueTtsl 110 30HaM
J | xoM | x5 M 1y Gj, N Gjnyj, H ZG,ny/, H Cyces CyeengS, N | O H sz 0;, Hm
1 1

1 1,85 | 0,925 | 0,1394 15 000 2090 2090 0,0133 21280 19 190 35500

2 3,7 2775 | 0,1719 15 000 2580 4670 0,0534 85 440 80 770 184 926

3 | 555 | 4625 | 0,1919 15 000 2880 7550 0,1201 192160 | 184 610 526 454

4 7,4 6475 | 0,2301 15 000 3450 11 000 0,3136 501 760 | 490 760 1434 360
519,25 | 8325 | 0,2603 15 000 3900 14 900 0,4319 691 040 | 676 140 2685219

ITockonmpKy OJHUM M3 PEKUMOB HATPYKEHHUS PakeThl OBUIO PAaBHOMEPHOE M3MEHEHHE MOBEPXHOCT-

HBbIX CHJI BO BPEMCHH, pacueT BHEUIHEH HArpy3Ku MPOBOAMICS 0e3 BO30YXICHUS KOHCTPYKIUH, T.€. IO
TBepAOTENbHOU cxeme [11].

3akarouenue

[Ipu m060oM pacueTe UCHBITAHUS HA TPOYHOCTH OyIyT OMMOKM IpH BEIOOpE PacueTHON CXEMBbI MOJ-

Oopa Harpy3ku. [y mpoBepky pe3ynbTaToB pacueTa JOCTATOYHO UCTBITATh KOHCTPYKIIMIO JI0 €€ pa3pylie-
HUS, C pPABHOMEPHBIM YBEITUUYCHUEM HATPY3KH.

OrtHolIeHre pa3pyLIaoiieil Harpy3ku K HOMUHAJIBHOW Ha3bIBaeTcs KOA((UIIMEeHToM 3amaca NpOYHOCTH.

[Ipu ipoeKTHPOBaHMH KOHCTPYKITHH CTapalTech UMETh KO (HUITMEHT 3araca MpoIHOCTH paBHbH 1 [12].

—_—

— 0o

11.

12.

Cnncoxk AuTepaTypbl

@axpyrouHoB U. X. PakeTHbIe ABUTaTENH TBEpAOrO TotumBa. M. : MammHocTpoerue, 2008. 223 c.

[Masmok 0. C. bannmuctuueckoe npoekruposanue paket. Yensounck : Mzn-so UT'TY, 2006.

Ammcdanos O. M., Aanpees A, H., I'ymun B. H. [n np.]. basmmctrdaeckne pakeTsl M pakeThI-HOCUTENH : TTocoOne
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ITPOTPAMMHAS PEAAUBAITAS KOHTPOAS ®PAVIAOBOM U3BBITOYHOCTH
U IIOATBEPXKAEHUA ITIOAHOTHI HCXOAHBIX TEKCTOB HA YPOBHE ®AVIAOB

B. B. Camapos

000 «16 HUUIIy», Mertuim, Poccust
samarov_vladimir@mail.ru

AnHoOTanuA. Axmyanvrocme u yeau. ONHACAH TMOJB30BATSIBLCKUN HHTEpdENC U MOPSI0K paboThl ¢ pa3pado-
TaHHBIM TIPOTPAMMHBIM MOJYJIEM, OCYIIECTBIISIONIMM KOHTPOJIb TOJHOTHI U OTCYTCTBHS (DaHIIOBOM M3OBITOUHOCTH
B HCCIIElyeMOM, B paMKax CepTU(HUKALMOHHBIX HCIBITaHWH, NMPOrPpaMMHOM W3IENUH. Mamepuansl u memoosi.
[Ipn mpoBeneHNM aHanM3a CPaBHUBAIOTCS JIBA MHOJXKECTBA: IepedeHb (ailyIoB ¢ MCXOIHBIMHM TEKCTaMHU; IPOTOKOI
cOOpKH (KOMITHJISIIIN ) HCCIIEyEMBIX HCXOJHBIX TEKCTOB B COOTBETCTBYIOIIUI TUCTPUOYTUBHBIN MAKET (3arpy30UHBIE
MOZYJIH), MOJXYyYESHHBIH IPH UCIIOIB30BAaHHM CHUCTEMBI ayuTa ONEPalMOHHBIX CHCTEM ceMelicTBa Linux (mamee —
OC Linux). Pesynvmamul u 661600b1. VIcTions30BaHHe YHADUIIMPOBAHHBIX MPOTOKOJIOB ayJUTa MO3BOJIMIO PEaji30-
BaTh IPOTPaMMHBIN aJrOPUTM, IIPH KOTOPOM MMEETCS BO3MOXHOCTD KOHTPOIIA (DaiIoBoil M30BITOYHOCTH U yCTaHOB-
JICHUS TOJHOTHI Ha YpOBHE (aiiioB, IS UCCIIELYEMbIX IPOSKTOB JIIOOBIX 0OBEMOB U CTPYKTYPHI, @ TAK)Ke BHE 3aBU-
CHMOCTH OT UCITOJIb3YEMBIX JUIS UX COOPKH (KOMITHIIALIUH) CXEM.

KaroueBbie ciioBa: cepTU()HUKAIMOHHBIC UCIIBITAHUS TPOTrPAMMHBIX H3JIC/INH, KOHTPOJIb ITOJHOTHI U OTCYTCTBUS
U30BITOYHOCTH Ha YpOBHE (aiiiioB, cucteMa aynura OC Linux, aBroMaTH3aIusi CepTH(HUKAIIMOHHBIX UCTIBITAHUHN

Jas nutupoBanus: Camapos B. B. Ilporpammuas peanuzanus KOHTpods (aityioBoil M30BITOYHOCTH W MOATBEPIKIACHUS
HOJIHOTBI HCXOJAHBIX TEKCTOB Ha ypoBHe (aitnoB // HamexnocTs u KauecTBO cioxHbIx cuctem. 2021. Ne 3. C. 57-61.
doi:10.21685/2307-4205-2021-3-7

SOFTWARE IMPLEMENTATION OF FILE REDUNDANCY CONTROL
AND CONFIRMATION OF THE COMPLETENESS
OF THE SOURCE TEXTS AT THE FILE LEVEL

V.V. Samarov

LLC "16 NIITS", Mytishchi, Russia
samarov_vladimir@mail.ru

Abstract. Background. describes the user interface and the procedure for working with the developed software
module that monitors the completeness and absence of file redundancy in the investigated software product within the
framework 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 dis-
tribution package (load modules) obtained using the audit system of operating systems of the Linux family (hereinafter
referred to as Linux OS). 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 (compila-
tion).

Keywords: certification testing of software products, control of completeness and absence of redundancy at the
file level, audit system of Linux OS, automation of certification tests

For citation: Samarov V.V. Software implementation of file redundancy control and confirmation of the completeness of the
source texts at the file level. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2021;(3):57-61.
(In Russ.). doi:10.21685/2307-4205-2021-3-7

Hcnons3oBanue MEXaHU3MOB, NpeNoCcTaBseMbIX ciucTeMoi aynura OC Linux, HaunHast ¢ Bepeun 2.6 [1],
MIO3BOJIMIIO pa3paboTaTh anroput™ [2] no GopMUpPOBaHUIO YHUPHUIMPOBAHHOTO MPOTOKOA (puc.l) KoMmH-

© Camapos B. B., 2021. Kontenr pocrynen no aunjensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution 4.0 License.
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nsun (COOPKH), UCCTIElyeMOTO B paMKax CepTU(GHUKAIIMOHHBIX UCTIBITAHUI MPOTPaMMHOTO H3JIENHs, MPO-
BOIMMBIX B cucTeMe cepTudukanun Munodoponsl Poccun.

d.
S
6.
7.

Elir ‘make

— 0

Puc. 1. ®opmaT yHH(UINPOBAHHOTO TPOTOKOIA KOMIIISIINY (COOPKH)
Ha IpuMepe (parMeHTa COOTBETCTBYIOIIETO IPOTOKOJIA IS TECTOBOI'O POEKTa

B cBoro ouepenb, BO3BMOKHOCTD IMOJyYEHUS] TIPOTOKOJIA KOMITIIISAIUN (COOPKH), UMEIOIIETO YHU(U-
LUPOBAaHHYIO (OpMY IS JIIOOBIX (HE 3aBUCAIIMX OT MCIOJIb3YEMBIX CXEM M CPEJCTB COOPKH) KOMITHIIHPY-
eMbIX (COOMpPAEMbIX) U3 HCXOJHBIX TEKCTOB MPOTPAMMHBIX M3JICIHI, TO3BOJIAIA KOJUIEKTHBY HCIBITATEb-
Hoit yaboparopuu OOO «16 HUUIL», moa pykoBOJACTBOM M TMpPH HEMOCPEJACTBEHHOM YYaCTHH aBTOpa
CTaThH, pa3paboTaTh MPOrpaMMy, OCYIICCTRIISIFOILY0 KOHTPOJIb (ailloBoN M30BITOYHOCTH U yCTaHABJIMBA-
IONIYIO ()aKT MOJHOTHI AaHATU3UPYEMOTO MAKeTa C UCXOIHBIMU TEKCTAMHU.

JleiicTBUTENBHO, MMes YHUDUIIMPOBAHHBIN (hopMaT MPOTOKOJIa COOpKHU (puc. 1), UMEETCs BO3MOXK-
HOCTb BBIMOJIHATH JaHHBIH 3TAll MPOBEPOK C YUSTOM CIICAYIOUIUX YCIOBHIA:

— HATMYMS B aHAIM3UPYEMOM IpOeKTe (ailyioB UCXOJHBIX TEKCTOB C OJWHAKOBBHIMH MMCHAMH, HO
HAXOSIIIUXCS B Pa3HBIX KaTajorax (aKTyalabHO IS OOJBIIMX MPOCKTOB);

— UCKJIFOUEHHS M3 aHAJIM3a «JI0XKHBIX» CpadaThiBaHUM (COOBITHH, HETTOCPEACTBEHHO HE CBA3aHHBIX CO
cOOpKOit MpoekTa, HO (HOPMUPYIOIIHUX B MPOTOKOJIE COOPKU CEMAaHTHUYESCKHI «CJIe» TOrO MM HHOTO (haiina
C UCXOJTHBIMH TEKCTaMH), T.€. aHAJIN3 TOJBKO YCIEUTHBIX COOBITHI IO COOPKE;

— peructpa UMeH (aiJIoB U COOTBETCTBYIOIIUX K HUM IyTeH B COOTBETCTBHH C OCOOCHHOCTHIO (haii-
JIOBBIX CHCTEM ceMelicTBa Tua extfs' (ext2—ext4) [3].

B nensx ocymecTBiieHus miatGoOpMEeHHON COBMECTUMOCTH IporpamMma Oblia pa3padoTaHa Ha sS3bIKES
Python, Bepcuu 3.4.3 [5], uTo mo3BoysgeT 6e3 Moaudukanun ucrnoias3oBath ee B OC Windows (Bepcuii XP
W BBIIIE), & TAK)KE HA OOJNIBIIMHCTBE OMEPAIMOHHBIX CHCTEM ceMeiicTBa LinuxX, UMEIONIMX COOTBETCTBYIO-
npe cepTu(UKaThl (3aKIIFOUYCHHSI) O COOTBETCTBUM O€30MacHOCTH WH(GOpPMAIUK, BbIIaHHbIe MUHOOOPOHBI
Poccun.

ITporpamMma mo3BoJsIeT:

— YCIIEIIHO 00padaThiBaTh «CMEIIAHHBIC» BXOJHBIC JJAHHBIE, T.€. HA BXOJ MPOTPaMMbl MOXKET OBITh
moIaH (aiiyr, MpeACTaBISIONINN co00# epedeHs (PaitytoB MpoekTa (MCXOMHBIX TEKCTOR), CPOPMUPOBAHHBIN
mo0bIM y100HBIM criocobom kak B OC cemerictBa Windows, Tak B Linux cucremax;

— ¢opMHUpOBaTh HHPOPMATUBHEIC U yI000UNTAEMBIC OTYETHI B TEKCTOBOM (opMmare, a Takke B Qop-
mate html;

— YCIENIHO U OBICTPO 00padaThIBATh BXOJHBIC JAHHBIC 3HAYUTEIBHBIX 00BEMOB.

Anroputm paboThI ¢ TIPOTPaAMMON:

1. TIoaroToBUTH UCXOAHBIEC JAHHBIE, B TOM YHUCIIE:

— MPOU3BECTH MOCTPOCHHE CITUCKOB ¢ (paiiilaMu UCXOTHBIX TEKCTOB (JJIs1 Yer0 BOCIIONIB30BAThCS JIHO-
0bM ynooHeM cpenctBoM, Hampumep [1C «Total Commandery» wimm mo6biM apyrum). Paiin ¢ nepednem
UCXOJTHBIX TEKCTOB MOXKET OBITh B JIFOOOW CTaHAaPTHOW KOJUPOBKE M JIOJDKEH MPEJCTABISITh COOOH TEKCTO-

' Beujy Toro, uto B aapo OC Linux st paiinoBoil cHcTeMbl ext4 Gbiia BKIIOUEHA MOJIEPKKA PaboThl Oe3
yd4eTa perucTpa CUMBOJIOB [4], TO U1 KOPPEKTHOI pabOThl MPOTrpaMMHOTO MOAYJS OblIa MPEeayCMOTpEeHa BO3MOXK-
HOCTH TaKOTO aHAJIH3A.
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BeIl (aitn. @opmar BXoAHOTO (aina ¢ MepedyHeM HMCXOAHBIX TEKCTOB IPEJCTaBiIsIeT COOOH MacCHB CO
crpokamu’ (puc. 2);

— cpopMuUpOBaTH MPOTOKOJ KOMIWISILUH aHAJIU3UPYEMOT0 MPOEKTa, AJsl 4Yero BOCIONb30BaThCs ajl-
roput™MoM [1] mo ero (IIpoToKoJIa) CO3MaHUIO ¢ TOMOIIEI0 cucTeMbl ayauta OC cemeticTBa Linux;

— IIpY HEOOXOAUMOCTH YCTAHOBUTH HA COOPOYHYIO CHCTEMY COOTBETCTBYIONIYIO Ci1yx0y (auditd);

— OCYILIECTBUTH IMOCTAHOBKY Ha KOHTPOJIb (ayJIUT) BeeX oOpalieHuil k o0bekTam ((haiinaM ¢ aHau-
3UPYEMBIMH HCXOJHBIMH TEKCTAMH), HAXOJSIIUXCS B COOTBETCTBYIOIIEM Karaiore (komaHma: $ sudo
auditctl - w /Dest/for/src -p rwxa, rae /Dest/for/src — aOCONIOTHBIN MyTh K KaTajiory
C aHAIN3UPYEMBIMH UCXOTHBIMHU TEKCTAMH );

— MPOMU3BECTH IITATHYIO COOPKY (B COOTBETCTBUU C JCHCTBUSIMH, OMMCAHHBIMU B COOTBETCTBYHOIICH
MPOTPaMMHON TOKYMEHTAIIUH TPOTPAMMHOTO M3JIENHs1) UCCIIEAYEMOTO MTPOEKTa;

— C MOMOIIBI0 YTHIIUTHI aureport cOpMUPOBATh COOTBETCTBYIONIHIA (CM. puc.]) MPOTOKON COOPKH
(xomanzma: $ sudo aureport -f -i - success > log file, raelog file — uma daiina, co-
JIEPIKAIIEro 3aMUCH, TPOTOKOIHUPYIONINE MPOIECC KOMIMIIISINU (COOPKU) TECTOBOTO MPOCKTA).

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. Tlpumep npeacraBiieHus epeyHs aHATM3UPYEMBIX (aiijIOB HCXOIHBIX TEKCTOB

2. B 3aBucumoctu ot ucnonszyemoir OC 3amycTUTh COOTBETCTBYIOUINIM HHTEPIPETATOP KOMaHIHOMN
ctpoku (Hampumep, cmd — st OC Windows mim bash Tepmuaan — mst OC Linux).
3. Ilepeiitu B katanor ¢ ¢aiinaMu mporpamMMmsl, IOCJIE Y€ro BBHIIOIHUTH KOMaHIy BUIA

C:\Test\files cmpr\>python app.py --first=data/SRC_test.txt --
second=data/log file --dest path=assembly TEST --reg=1 --exts="cpp|h" // -
111 OC cemeiictBa Windows;

user@deb:~$ python3 app.py --first=data/ SRC test.txt --
second=data/log file --dest path=assembly TEST --reg=1l --exts="cpp|h" // -
st OC cemeticTBa Linux,

rne first — myTs’ K aiimy c mepeyneM (aiiloB HCXOTHBIX TeKCTOB; second - TyTh K (aiimy
C TPOTOKOJIOM KOMIIWJISAIMK TIpoekTa; dest path® - wuMs karanora (BEpXHETO KATaaora, BKIKOYAs MO/~
KaTaJIOTH) C aHAIU3UPYEMBIMH HUCXOJHBIMU TEKCTaMU; reg - TapaMeTp, OTBEYAIOUINA 3a MPaBUIIO CPaB-
HeHus (1 — y9IHTHIBaTH PETHCTP CHMBOJIOB B Ha3BaHWU (paityioB; 0 — HEe yYHTHIBATH PETUCTP CHMBOJIOB
B Ha3BaHWU (paliyioB); exts - Macka Moucka (depe3 CUMBOI “‘|” MepedHcIsSIOTCS pacliupeHus (aiiios,
M0 KOTOPBIM OCYIECTBIISIETCS] aHAIIN3).

4. Ilepeiitu B KaTtanor «results» mporpaMMbl 1 03HAKOMHTBCS C CHOPMUPOBAHHBIMU OTYETHBIMU Ma-
TepualiaMH, B TOM YHCIIE:

— ¢ daitnamu Rep equals.txt (oTuer mo oguHakoBeIM Qaitnam), Rep filel only.txt (oTueT mo u30bI-
TouHbIM (paiinam), Rep file2 only.txt (oTuer mo ¢aitnam, He OTBeHAOIUM TPEOOBAHHSIM IO MOJTHOTE MC-
XOIIHBIX TEKCTOB) (puc. 3);

— co cBoaHbIM html otyerom (puc. 4).

! Jlitst KoppeKTHO# paboThl IPOrpaMMBbI TpeOyeTcs YkazaHHe abCOMOTHBIX Iy Teil K COOTBETCTBYIOMMM (haiinam
UCXOJIHBIX TEKCTOB.

? B npuBe/ICHHOM TPHMEPE YKa3aH OTHOCHTE/IbHBII MyTh K CPABHHBAEMBbIM (ailiaM, HAXOISIIMMCS B KATAIOre
«data/» mporpamMMmel.

3 JU1s HOTydYeHHs PElIeBAaHTHBIX PE3y/IbTATOB AHAIN3a HEOOXOIMMO, YTOOBI HMs KaTajlora ¢ aHaTH3UPyeMBIMH
WCXOTHBIMU TEKCTaMH U3 (haiiyia ¢ MCXOJHBIMU TEKCTaMH KOPPEIMPOBAIO C HMEHEM KaTajora ¢ MCXOIHBIMH TEKCTa-
MH, Y4aCTBOBABIIETO B COOPKE MIPOSKTA.
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Rep_equals bt |

1. vdatavlibsstestingitestingh <---——--— > fdata/libsftesting/testing.h
28 datalibsvtestingyresting.cpp <
2. hdatalibshvgui_testing_toolswtask_tab widget.h <—-—-- > fdatalibs/gui_testing_toolsAask_tab_widgeth
4, wdatanlibsvgui_testing_toolsitask tab widget.cpp <

5. hdatalibshgui_testing_toolsysyntax_highlighter.h <-—
6. vdataylibs\gui_testing_toolsysyntas_highlighrer.cpp <--—-— = fdara/libs/gui_testing_rools/syntax_highlighter.cpp 5
7. hvdataslibs\ Testing2ytesting_widget.h <—----- > fdatadlibs/Testing2/testing_widget.h
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Rep_filel _only.txt - WordPad

-——> fdata/libstestingAesting.cpp

NEE S0 A

-= Matadibs/gul_testing_toolstask tab widget.cpp
-» fdatadibs/gui_testing_tools/syntax_highlighter.h

8. datalibsyTestingAtesting_graphic_widgeth =--—-— = fdataibs/TestingZ/testing_graphic_widget.h

9. Nvdataylibsh Testing2vtesting_graphic_widget.cpp <—--—-= > fdatadibs/Testing2/testing_graphic_widget.cpp
10N datahlibsyTesting2htesting generalh «--—— = fdata/libs/Testing2/testing_general.h

11 \datahapphdatasmaln.cpp <--——--- > fdata/app/data/main.cpp

12

12 datshapphdatahapplication.h <-—-—= /datafapp/datasapplication.h v

131

Ins Win 1251 (ANSI - KiprniUa) / ANABLIBOAA CHPaBKM HaHMATS <F 1>

M o Mpaska Bug BoTaska QopMaT  Crpaka

1. \data\appidata\&pplication.cpp
. hdatahlibshgui testing toocls\testing.cpp

a Rep_file?_onlytd E3

1 1. /datasapp/datasapplication.cpp

Mormal text fle

Puc. 3. Buneokazap chopMHUpOBaHHBIX 110 Pe3yJIbTaTaM aHajJIu3a TECTOBOIO IpuMepa (aition

length @ 165 lnes @ 2

fusr/lib/goc/=B86 64-1inux-gnu/6/cclplus
2 2o moc/ . /.. /. fdataspluginsfcore/appsettings.h fusr/lib/gec/x86 A4-linux-gnu/6/cclplus

ln:2 Col:92 Sel:0]0

UTF-8

OT4éT cpapHeHHA paiitop

+ dafSRE qestn
. ditalog file

| o |
— ‘sl estingesting h

Cpemamarss faim:

Aeee m sraery: assanbly_TEST

OmHAKoBEIe dailisl

dada/SRE_best it dataleg file

JastailibsRestingtesting b

T ErTr———

Jatailibs Restinglesting o

—| ‘detalbsgui_testing tooleack_tab_widgst h

Jtailibs /gui_testing toolAask_tsh_widgeth

I csvoseni tosting toolsask_tab_widee o

Matalibes fgui_testing_tools tack téh _vridget.cpp

| osvnseni tosting tolsheymean highlighiszh

i_testing_t : highlighter b
“| ‘italibsgmi_testing toolseyrrax_highlighter qp Jiitalhs/gn_pestineg toolsigmtr bighligiter. oop
R oo Teningruaing widgek Jatailibs/ TestinghAssting vridget b

_| ‘datallibs\ Testing2esting_graphic_widgeth

Jastadlibs/ TestingAAesting spaphic_widgst h

| ‘datalibe Testingtesting_graphic_widget.op

Jdabastibs FTusting2ibestivg_graphic_wridgst op

1

Puc. 4. Buneokazp coguoro html ordera no ¢aiisoBoii K30BITOYHOCTH U MOJHOTE TECTOBOTO IPUMeEpa

“l ‘dataloe Testing2testing,_gauralh datartivs Testingdtasting_generalh
B iorisiomingy T —

| [T ftgpiipplictimh
BN wwepspiengy

DaflieI IMeKIHecd TodbKo B dafine: data/SRC_test.txt

(D | et
1
[ T

Paiiliel HMeoIpecd TOIEKo B pafire: data/log_file

e
[ woct 04 ¢ ivpnerokerigptmen |
[T S

4 (

3akAroueHune

(5]

B

(6]

e

B 3aknrouennu xoTenoch Obl OTMETHUTH, YTO ONMUCAHHBIN B HACTOSIIEH CTaThe MPOrpaMMHBIA MOJTYJIb
M0 KOHTPOJIIO TIONHOTHI M OTCYTCTBHUS M30BITOYHOCTH Ha YpOBHE (DailJIOB yCIENIHO anpoOHpOBaH Crienua-
JMcTaMM UcnbiTaTenbHol naboparopueit OO0 «16 HUUL npu mpoBeneHHMH UMH CePTH(UKALMOHHBIX

HCTIBITAHUM NPOrPaMMHBIX U3JIETUH.

BwMmecte ¢ Tem MHTEpIIpeTalys BEIXOAHBIX JaHHBIX TPOrPaMMHOTO MOAYJISL B 4acTH (aiiyioB, KOTOphIC
Mo pe3yJibTaTaM aHalli3a TOMEUYCHBI KaK HE COOTBETCTBYIONIUE TPEOOBAHMSM IO MOJHOTE UCXOJHBIX TEK-
croB (otdgeT — Rep _file2 only.txt (cm. puc. 3) B TpeTbeii Tabmuie B cBogHoM html otuere (puc. 4)), Tpedyer
OT CIICHUAJIMCTOB, NPOBOAAIIUX HUCIBITAHUA, JOCTATOYHO CEPLE3HBIX 3HAaHUU B COBPEMCHHBIX MCTOAAX U

60



RELIABILITY AND QUALITY OF COMPLEX SYSTEMS. 2021;(3)

Croco0ax KOMIHJISIIIAK UCXOAHBIX TEKCTOB (HApUMeEp, MPUHIUIIOB paboThl METa00BEKTHOTO KOMITHIISITO-
pa Ha ocHOBe OMOIMOTEKM qt [6] MM METaoOBEKTHBIX MPOTOKOJIOB (Hampumep, Google Protobuff [7]), a
TaKOKe 3a4acTyl0 3HAYHUTEIbHBIX BPEMEHHBIX 3aTpar. Takum 00pa3oM, 0 MHEHHIO aBTOpa, [eIeco00pa3HO
popaboTaTh BOIPOC O PACIIMPEHUH (YHKIHOHANA IPOrPaAMMHOTO MOIYJIS B YacTH J00aBICHUS B HETO
MEXaHH3MOB TI0 TPEJIOCTABICHUIO JOMOJHUTEIBHON HMH(POPMAILIMK, WCIONb30BaHHE KOTOPOW MO3BOJIHT
YIPOCTUTH NPHHATHE PELICHUS IO TAaKUM (TEHEPUPYEMBIM B IIpoliecce KOMITWIISAIMN) (aiinam.
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CETMEHTAITVSA U3OBPAJKEHUH 1 PACIIO3HABAHUE OB BEKTOB
HA OCHOBE TEXHOAOTHUH CBEPTOYHBIX HEHPOHHBIX CETEN
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AnHOTAIMA. AKmyansHocmy u yenu. PaccMaTpuBaeTcs TpoIece CETMEHTAINH M300pakeHUH U TaeTCsl CPaBHU-
TENbHAs OICHKA CYIICCTBYIOIINX METONOB C pa3pabOTaHHBEIM HAa OCHOBE CBEPTOYHOW HEHPOHHOU cetH. Mamepuansi
u mMemoovl. Vlccnenyrorest pa3mudHbIe METOIBI, TAKHE KaK MOPOroBbIe MeTo bl cerMeHTanuu: Oy, Hubmoka, bepace-
Ha, CaBoJja, ¥ METOJ CETMEHTALINHU H300paXKeHHH C IIOMOIIBI0 CBEPTOYHON HEHPOHHOH ceTH (pa3paOOoTaHHBI METO).
[TpuBeneHbI MPUMEPBI CETMEHTAIMH, UX TOCTOMHCTBA U HEAOCTATKH. [Ipe/ICTaBICHbI aNIrOPUTMHUYSCKUE OMMCAHUS Me-
TOJIOB cerMeHTanuu. [IpoBeNeHbl IKCIEPUMEHTHI M0 UCCICAOBAHUIO CErMEHTAIMH KaapoB (M300pa)KeHUil) U3 BH-
JIEOTOCIIEIOBATENILHOCTH. Pezyibmamul 1 6b16006b1. IIpecTaBiieHbl pe3ylbTaThl POBEACHHOTO YKCIIEPUMEHTA, TOKa-
3bIBAMOLIKE pa0OTy TOTO MJIM HHOTO METOJ]a CErMEHTALIUH.

KuaroueBble cjioBa: aJanTHBHBIC METOJIbI, MOPOTOBBIC METObI, cerMeHTaius, meton Oiy, meron Hubmoka,
Mmeton bepucena, Mmeton CaBorna, CBepTOYHast HEHPOHHAS CETh

Jst murupoBanust: [ogynos A. ., Bamansu C. T., Eropos I1. C. CermenTanus n300pakeHUI U pacro3HaBaHHE 00BEK-
TOB Ha OCHOBE TEXHOJIOTHH CBEPTOYHBIX HEHpOHHBIX cereil // HamexxHOCTh 1 KauecTBO ciaokHbIX cuctem. 2021. Ne 3. C. 62-73.
doi:10.21685/2307-4205-2021-3-8

IMAGE SEGMENTATION AND OBJECT RECOGNITION
BASED ON CONVOLUTIONAL NEURAL NETWORK TECHNOLOGY

A.L Godunov', S.T. Balanyan?, P.S. Egorov®
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Abstract. Background. An analysis of the processes of image segmentation is being carried out. An original
method of image segmentation using a convolutional neural network is proposed. Materials and methods. A compara-
tive assessment of existing segmentation methods such as threshold segmentation methods: Otsu, Niblack, Bernsen,
Savola, as well as the method of image segmentation using a convolutional neural network is carried out. Their ad-
vantages and disadvantages are evaluated. Examples of image segmentation by various methods are given. Algorith-
mic descriptions of segmentation methods are presented. Experiments were carried out to study the segmentation of
frames (images) from a given video sequence. Results and conclusions. The results of the experiment, showing the op-
eration of one or another segmentation method, are presented.

Keywords: adaptive methods, threshold methods, segmentation, Otsu's method, Niblack's method, Bernsen's
method, Savol's method, convolutional neural network
For citation: Godunov A.I., Balanyan S.T., Egorov P.S. Image segmentation and object recognition based on convolutional

neural network technology. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2021;(3):62-73.
(In Russ.). doi:10.21685/2307-4205-2021-3-8

BBeaeHne

Cermenrarnusi THQPOBBIX H300paKEHUH TMO3BOJSET IMEPEUTH OT MPEACTABICHHS TAaHHBIX B BHIE
Habopa TOYEK C Pa3IUIHON SAPKOCTHIO K ONMHMCAHHIO CIICHBI, KaK KOMITO3UIINA OOBEKTOB, KaXIBIH M3 KOTO-
pBIX XapakTtepusyercs (HOPMOM, IIIOIIAIbI0, B3aUMHBIM PACIIOJIOKEHUEM, SPKOCTHBIMH, TEKCTYPHBIMU U

© TI'opynos A. 1., Baaausir C. T., Eropos IT. C., 2021. Konrent poctynen no aunensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Com-
mons Attribution 4.0 License.
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Opyrumu nipusHakami [1]. CermeHTanust ©300paskeHus — 3TO pas3zieieHue n300pakeHHus Ha 00JacTH, OHO-
POIHBIE TI0 HEKOTOPOMY KpHUTepHIO. Llenp cerMeHTanuu COCTOUT B YIIPOLIEHUN WM U3MEHEHHUH MPEACTaB-
JeHus1 n300paxeHus1, 4ToObl ero ObUIO JIerde aHATU3UPOBaTh B JanbHeimeM. CerMeHTalnus OCHOBBIBACTCS
Ha U3MEPEHUSX, IPOBEACHHBIX HaJ U300paKEHUEM, U MOKET OBITh YPOBHEM CEPOro, LIBETOM, TEKCTYPOi,
[IyOMHOM WK IBUKEHUEM [2].

B ob6nactu pacno3naBaHus 00pa3oB Ha M300pakeHHH c(HOPMHUPOBAJICS HOBBIM MOIXO, Ha3bIBAEMBbIH
CEMaHTHUYECKOH CEerMEHTalMel, KOTOPBIi OCHOBBIBa€TCA Ha TIYOOKHMX CBEPTOYHBIX HEHPOHHBIX CETSIX
(CHC) [3].

CemaHTHUeCKasi CErMEHTalMs U300paKeHNH — 3TO pasesieHue n300paXKeHUsI Ha OTAENIbHBIE TPYIIIbI
MTUKCeNeH, 00J1acTH, COOTBETCTBYIOIIUE OJJHOMY KJlacCy 0OBEKTOB C OJJHOBPEMEHHBIM OIpPECIICHUEM THIIA
00BeKTa B KaXJ0W oOnacTw. 3amada CEMaHTUYECKON CETMEHTAITMH SBJISIETCS BBICOKOYPOBHEBOM 3amadeit
00paboTKH M300paskeHUH, OTHOCSILEICS K IpyMIe 3a1a4 TaK Ha3bIBAEMOTO C1a00ro MCKYCCTBEHHOTO HMH-
teiuiekta. OHa sBnsieTcs: Oojee CIOXKHOW, 4eM 3ajjada KiacCUPHUKaluU M300paKEHUH U JIETEeKTUPOBAHHUS
00BEKTOB, TaK KaKk HEOOXOAUMO HE TOJIBKO OIPENeNsATh KiIacChl 00BEKTOB, HO U NMPABUJIbHO BBLAEIATH MX
rpaHuLbl Ha n3o0paxeHnu. B To jxe Bpemst 3a7aya ceMaHTHYECKOW CErMEHTAlUU 3aMETHO OTJIMYaeTCs OT
OOBIYHOM CerMeHTaluu, Koraa o0nmacTi 00BETUHSAIOTCS 110 MPUHIIMITY [BETOBOTO WIIM TEKCTYPHOTO CXOJ-
ctBa. OOBEKTHI MOTYyT MMETh CYIIECTBEHHO pa3iMyaroluecs Mo (OTOMETPUYECKUM XapaKTepUCTHKaM
9JIEMEHTHI U HIMETh 3HAUUTENILHBIN pa30poc mokasaTeseil 00beKTOB BHYTPH OIHOTO Kinacca [4].

PacniozHaBanne 0OBEKTOB — 3TO 3a/1a4a HAXOXKICHUS JAHHOTO 00BbEeKTa Ha M300paKeHWH WJIM BU-
JIe0N0CIeA0BaTeNbHOCTU. J[I0600My 00BEKTY Ha N300paKEHUU COOTBETCTBYIOT PA3/IMUHBIE XapAKTEPUCTH-
KM, KOTOpBIE SBISIOTCA TOKa3aTeNbHBIMH OCOOEHHOCTAMH OOBEKTa, OMUCHIBAIOIIME CBOWCTBA JAHHOTO
00beKTa. DTH XapaKTEPUCTHKH MOTYYArOTCsl U3 00YYaroIero MHOXKECTBA TSl TOTO, YTOOBI UAEHTHHOUIIPO-
BaTh MECTOIOJIOKEHHE 00BEKTa, a M3 TECTOBOTO MHOXKECTBA — MHOTO APYTHUX 00BeKTOB [1]. Takum oOpa-
30M, 1enb 00yuenust CHC — 3To onpeneneHne xapakTepUCTUK 00BEKTa.

MeTOoABI CEeTMEHTALHH H300pasKkeHUs

MeTOI[BI CerMEeHTannuu I/I306pa)KeHI/I$I ACIATCA Ha MCETOJbI Pa3MCTKMU TOUYCK W BBIACIICHUA T'PDAHUII.
Meton pa3MeTKH TOYEK JEIUTCS, B CBOIO O4Yepe]lb, HA METOJI MIOPOTrOBOT0 OTPAHHUCHHS 110 IPKOCTH U Me-
TOJT HAPAIIMBAHHUs 00ACTEH, MPUUYEM B CHCTEMaxX TEXHHUYECKOTO 3peHHs Hanbojee pacimpoCTpaHeH METO.
IMOPOroBOT0 OrpaHUYCHU. AJ'IFOpI/ITMBI CETMCHTAIUN TAKXE MOXHO pasAC/IMTh UCXOAA U3 UX CBOMCTB Ha
JBa Tumna [4]:

— OCHOBaHHBIC Ha 0a30BOM CBOWCTBE SIPKOCTH: Pa3PHIBHOCTH;

— OCHOBaHHBIE Ha 0230BOM CBOWCTBE SIPKOCTH: OJTHOPOAHOCTH.

B nepBoM cnyyae nzoOpakeHue pa3oHBaeTcsi Ha 0071aCTH Ha OCHOBAaHUU HEKOTOPOTO M3MEHEHHUS sp-
KOCTH, TaKOTO KaK, HampuMep, Mepemajbl sPKOCTH Ha H300pakeHUH. BO BTOPOM Cliyyae HCMONIB3yeTCs
pa30ueHre U300pasKkeHUs 110 KPUTEPHUSIM OIHOPOIHOCTH 00JIacTeH.

[TpuMepom mepBoit KATErOpUU MOXKET CIYXKHUTh TIOPOTOBas 00pabOTKa HITH XK€ TIOpOroBas Kiaccuu-
KaIlusi, a BTOPO# — BhIpalMBaHue obiacteil, ciusHue u pasdueHue obmacteil. Mccmemayercss cerMeHTanus
TIepBOTO THIIA, a8 UMEHHO, IIOPOToBast 00paboTKa.

MeTOAbI MMOPOroBbIX orpa}mqe}mﬁ (FA06aAbeIe)

B rno6anbHEIX MeTOMaX CErMEHTAIlMN MPOMCXOIUT paboTa co BceM M300pakeHHeM cpasy. B xoxe
paboThl HAXOUTCSA MOPOT CErMEHTAMH 7, C TOMOIIBIO0 KOTOPOTO MPOUCXOIUT JeJICHHE Ha YepHOe U Oeroe,
[IpHYeM BEJIMYNHA Mopora 7 ocTaeTcss HEM3MEHHOW B TEUYEHHE BCETO mporecca cerMeHTanni. K moporoBsim
MeToJIaM cerMeHTanuu otHocsarcs (puc. 1) [S]:

— CerMeHTalus C HIDKHUM [TOPOTroM;

— CeTMEHTAIlNH C BEPXHHUM MTOPOTOM;

— CerMeHTAaIus C IBOWHBIM OTPAaHUYCHHUEM;

— HeToJHasl HoporoBasi 00padoTKa;

— MHOTOYpPOBHEBOE TIOPOTOBOE MMPE0OPa3OBaHuE.

OpgauM w3 Hamboyiee MPOCTHIX METOJOB NpeoOpa3oBaHUs H300paKEHHs SBISIETCS CErMEHTaIUs
C HIYKHUM TIOPOTOM, B KOTOPOM paccMaTpUBaeTCs JIUIIb OJAHO 3HaYEHHUE [Opora:
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, 0,F(mn)>T,
F'(m,n)= (1)

L,F(m,n)<T,
rae F(m,n) — ucxogHoe u300paxkeHue; m, n — pa3MEepPHOCTh MAaTPHUIIBI U300pakeHust; T — MOpor 3HAUYCHUH

SIPKOCTH U300paKECHUSI.
Ecnu B mpuBeneHHO BhIle GopMysie A TOYKH W300paKeHHS BBITIOJIHIETCS TEPBOE YCIOBUE, TO
Takas TOYKa SBIISICTCS TOYKOM O6’beKTa, €CJIN 7K€ BBINOJHACTCA BTOPOC YCJIOBUE, TO TOYKaA 6YZ[6T TOYKOM

¢domna (puc. 1).

|

0) e)

Puc. 1. CermenTanus nu300pa>keHus1 HA OCHOBE MOPOTOBOT'O METOIA!
a — MCXOJTHOE M300pakeHUe; 6 — CETMEHTAIHsI U300paXkeHusI ¢ HIDKHUM roporoM (7'< 0,4);
6 — CerMeHTalus M300paXkeHust ¢ BepXHUM noporom (7> 0,4); 2 — cerMeHTalys U300payKeHUs! ¢ ABOHHBIM
orpannyenueM (7'<0,4 u T > 0,2); 0 — cerMeHTanys U300pa>keHNsI HEMOIHOW IIOPOroBoi 00pabOTKOM;
€ — CerMeHTalMs 1300pa’KeHNs] ¢ MHOTOYPOBHEBBIM ITOPOTOBBIM MIPEe0Opa3oBaHUEM

B HEKOTOPBIX CIIy4YasaAX MOXHO HCIIOJIB30BaTh BApHAaHT METOAAa CErMEHTAlMU C HHXXHUM IIOPOI'OM,

B pe3yJbTaTe KOTOPOTO TMOJTYyYaeTCs HEraTHB MCXOJHOTO M300pakeHus. Takoil MeToJ] Ha3bIBaeTCA CETMEH-
TalMel ¢ BEpXHUM IIOPOTOM U MpeNCTaBIsieTcss GOpMyIIoi
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0,F(m,n)<T,

Fmmy = Fonmy>T. @)

Ecmu HeoOxouMo BBIIENINTE ONpeielieHHbIe 00JIaCTH, 3HAYEHUS! SPKOCTH IHUKCeNlel B KOTOPBIX MO-
TYT U3MEHATHCS B ONIPENEICHHOM AUana3zoHe, TO IPUMEHAETCS METOJl CETMEHTAlMU C IBOMHBIM OTpaHuye-
HueM. Takoi MeToJ1 Ha3bIBACTCSl CETMEHTAIIMEH ¢ BEPXHUM IIOPOTOM U MpecTaBiseTcs GopMyioi

0,F(m,n)<T,
F'(m,n)=41,T, < F(m,n)<T,, 3)
0,F(m,n)>T,,

rae T, 7> — mepBblif 1 BTOPOU MOPOT SIPKOCTH H300paKeHHU .

Ecnu HeoOxoauMo mosryuuTs Hauboliee npocToe A AajdbHEHILEro aHaan3a n300pakeHne, TO CTOUT
MIPUMEHHUTH AJITOPUTM HEIMOJIHOW MOPOroBoi 00pabOTKH, B XOA€ KOTOPOro M3oOpakeHue ymimaercsa (oHa
CO BCEMH €T0 JIETAIsIMU, KOTOpbIe ObUIM Ha UCXOJHOM M300pakeHurn. DopmyIia HEOIHOW MOPOTOBOi cer-
MEHTAallU{ IIPECTABIICHA HUXKE:

_ [F(m,n),F(m,n)>T,

Flmm= " Fnny<T. )

B ciydae, eciin He0OXOAMMO MOTYYHTH M300pakeHHE, KOTOPOE COAEPIKUT B cede CerMeHThI, 00a-
JAloIIe Pa3IuyHON SAPKOCTHIO, MOXKHO MPUMEHHUTH METOJ] MHOTOYPOBHEBOI'O IOPOTOBOTO MpeoOpa3oBa-
Husl. OHAKO P 3TOM HOJIY4YE€HHOE B X0JIe MpeoOpa3oBaHusl H300pakeHHEe yKe He OyAeT SIBJISATHCS OMHAp-
HbeIM. PopMyIa JaHHOTO IPeoOpa30BaHus IPEICTABICHA HUXKE:

1,F(m,n)eD,,
2,F(m,n)eD,,
F'(m,n) = (%)
n,F(m,n)eD,,

0, B OCTAJIBHBIX CIy4asiX,

riae Dy, D, — HeKOTOpbIe 00JIaCTH H300PAKESHHSL.

Metop Ony

C moMompI0 JaHHOTO METOJAa BBIUHCIIETCS HOpor 7, MHUHUMH3UPYIOUIMH CPEIHIO OIMINOKY
CerMEHTAIlNH, T.€. CPEAHIO OUIMOKY OT MPUHATHUS PEICHUS O MPUHAJIC)KHOCTH MUKCeNel n300paKeHus
00bekTy win (poHy. 3HaueHHs APKOCTEH MHUKCENeH M300paKeHNsI MOXKHO pacCMaTpUBaTh KaK CIydaiHble
BEJIMYMHBI, @ UX TUCTOTPAaMMy — KaK OIEHKY IUIOTHOCTH pacIipeieieHus BeposTHOcTe. Eciu miotHocTH
pacnpenesieHusi BepOSATHOCTEH H3BECTHBI, TO MOKHO OIPEACNUTH ONTHMANBHBIN (B CMbICIE MHHHMyMa
OKOKM) MOPOT ISl CETMEHTAIIMU M300pakeHHsI Ha J1Ba Kj1acca wy U w, (00beKThI U o) [5].

Ecnu momyctuth, 9TO OPOT CErMEHTAIMU HaXOIUTCS Ha ypOBHE 7, TO OTHOCUTEIBHBIE YaCTOTHI IS
Ka)KIIOTO M3 KJIACCOB, HA KOTOPBIE ATOT MOPOT JIEIHT BCE TOUKH M300paxkeHus [7]:

m@ﬁéﬂ, (©)
%miém ™
w@hi%%, ®)
uz<r>=§l’fv—f’u ©
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rae wy U w, — obmact 00bEeKTOB M (DOHA COOTBETCTBEHHO; i — HOMEP IEMEHTa MATPHUIIBI N300paKeHNUS;
p, — 3Ha4€HHs THCTOrPAMMBI; k — KOJIMYECTBO 3JIEMEHTOB B IEPBOH MM BTOPOH 061acTH (0OBEKT HIIH
¢oH); L — MakcumanbHOE 3HAu€HHE, KOTOpOe MOXKET HpUHATH T; W, [ — CpPEeOHss SPKOCTH BCEro
M300pakeHUsI.

Jlucnepcust BHYyTpH KaXkI0TO U3 KJIACCOB paBHA

cw)zwum»]ﬂ) (10)
ZT:L T 11
qui;ﬁpu»]ﬂn (11)

III/ICI'IepCI/IH BHYTPU KJIAaCCOB MOKET OBITh paccunTaHa KaK B3BCHICHHAA CyMMa zmcnepcnﬁ KaXxaoro
OTACIBbHOTI'O KJj1acca:

o, =w(1)o; (T)+wy(T)o5(T). (12)

Jucnepcus Mexly IByMs KJIaCCaMU:

2
o, =w/(T)w, (D) [, (1) -, ()] . (13)
Oo61mas JYCIICpCHUs BCETO I/I306pa)KeHI/I${ LICJIUKOM
6’ =06.+0,. (14)

Meron Oty BbIOMpaeT ONTUMANBHBIA MOPOT 7, C TMOMOIIBI0 BBIYUCICHHUS] MAaKCHUMH3AITUH MEXKIY
KJIACCOM JIUCHEPCUMU:

0<T<L

T= arg{ max {cb(T)}} = arg{oglsiil_l{cfv(T)}}. (15)

JHoctonncrBamu Metoma Omy sBIstOTCS [6]:

— IIPOCTOTA pean3alny;

— aJanTanys K pa3IndyHOTO POaa H300paKEeHHUsIM, ITPH TIOMOIIH BEIOOpA ONTUMAIEHOTO ITOPOTa;
— OBICTpOE BpeMs BHITIOJTHCHUS.

Ha puc. 2 n3o0paxeHo npeobpazoBaHne HCXOAHOTO H300paxeHus (puc. 2,a) Mmerogom Ory.

Puc. 2. Cermenranus n3obpaxenust merogom Ory:
a — ucxoHoe u3obpaxenue; 6 — meron Oy

AokaAabHbIE (aAaHTHBHbIe) METOADBI CCTMCHTAIINHA nsoﬁpmenm

OnHUM 13 pa3IMYHBIX METOJI0B, OCHOBAHHBIX Ha aHAJIN3€ TUCTOTPAMM, SIBIISICTCS JIOKAIBHAS TIOPOTo-
Basi 00pa0dOTKa, HO OH CYIIECTBEHHO OTJIMYACTCS OT TI00aJbHOTO allTOPUTMA, SIBISIETCS O0jiee CI0KHBIM U
JaeT Jiy4mre pesynbTarthl [4]. JlokanbHble (aganTHBHBIE) METOIBI CETMEHTAIlMM HMPOU3BOIAT Pa3OMBKY
n300paXeHUsT HAa HECKOJIBKO 00IacTeld, /Uil KaX/I0i 13 KOTOPHIX HEOOXOJMMO BBIYHCIHUTh ITOPOT, OCHOBBI-
Basich Ha MH(GOpMaury 00 MHTEHCUBHOCTH MHKceeH [5].
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ANTOPUTMBI JAHHOTO KJIAcca TMPEIIoiaraloT pazoneHne H300pakeHHs Ha OJIOKM ONpeAesICHHOTO
pasmepa, Ipu 3TOM pazMep 0JIoKa oKeH ObITh MUHUMAIIBHBIM, HO IOCTATOUYHBIM ISl COXpaHEHHUS HCXO/-
HBIX 0COOCHHOCTEH U eTasnel n3odpaxkenus. OnIHAKO MPH 3TOM OJIOKH IOJDKHBI OBITh HACTOJIBKO OOJBIIH-
MU, 9TOOBI IIyMbI BIMSUIM Ha Pe3yjIbTaT MUHUMaNbHO. DyHKIMA CIiIaXKMBaHUS Pe3YIbTUPYIOILETO pacTpa
MIPU aJaNTUBHON CETMEHTAIMH ITO3BOJISIET MOJyYUTh YJOBJICTBOPUTEIBHBIH PE3yabTaT 0e3 UCTIONIBE30BaHHUS
JIOTIOJTHUTENBHBIX (UIBTPOB [5].

PaccmoTpum HanOosee noMmyJ IsipHbIE aJallTUBHBIE METO/Ibl CEIMEHTALUU U300paskeHUH]:

— mero Hubioka;

— Meron bepHceHa;

— metox Casouia.

Metoa Huém3ka npuHaaieXuT K CEMEMCTBY alrOpUTMOB C aJallTUBHBIM ITOPOTOM M OIpENeseT
MOoporoBoe 3HadeHWe 71 AN KakKIOro MHUKCENs IyTeM IepeMelleHus] IO BCeMy H300paKeHHIO
MPSIMOYTOJIBHOTO OKHA OIPENIEIEHHOTO pa3Mepa.

ITopor paccunThIBaeTCs ¢ MOMOLIBIO ABYX MApaMETPOB — JOKAJIBHOIO CPENHErO 3HAYCHHUS 71 U CTaH-
JApTHOTO OTKJIOHEHHUs S. JlaHHbIe MapaMeTphl B CBOIO OYEpEab PAaCCUUTHIBAIOTCS HHIWBHUIYAIBHO IS
Ka)XZIOTO TUKCeJIs B Mpejesiax ero okHa. J{jst pacuera JOKaJIbHOTO MOpora UCIOb3yeTcs cleayromas Gpop-
myna [8]:

T=m+k-S,i=12,..,1,

rIe m — CpeHee 3HaueHHe SPKOCTH MHUKCEeNeil B mpejesiax JIOKaJbHOTO OKHA; k — 3apaHee MoA00paHHBbIi
K03 PUITHECHT, OMPEAETIIONNIA 3HAYUMOCTh CTAHAAPTHOTO OTKIOHEHHS (pHC. 3); [ — KOJHYECTBO JIOKATb-
HBIX ITOPOTOB Ha U300paXKEHNH; S — CTAHAAPTHOE OTKIOHEHUE, KOTOPOE MOXKET OBITh BBIPAKEHO KaK

(16)
rze p, —3HA4EHHUE IPKOCTH i-T'0 MUKCENIS B JIOKATbHOM OKHE; N — KOJIMUECTBO MUKCENIEH BHYTPU OKHA.
Cpennee 3HadeHue m B TOUKE /(x, ) MOXKET OBITh pacCUYUTAHO IO hOpMyIIe
1 W, Wy
m(x,y) = > D> Ix+iy+)), a7)

QCw, +D2w, +1) ==, =,
TZIE Wy U Wy, — PACCTOSHUE OT LIEHTPAIILHOTO IIMKCEJIS B OKHE JIO €T0 JIEBOI'O M BEPXHETO KPAeB COOTBET-
CTBEHHO; X, ¥ — KOOPAMHATHI TUKCENsI Ha N300paKeHUH; i, j — 3HAUSHUS KOOPIUHAT MTUKCENSI IPH IBUKESHUN
OKHa TI0 H300pakKEeHHUIO.

Meton Hubmska BbIOMpaeT ONTHMAIbHBIA MOPOT 7oy, C MOMOINBIO BBIYMCICHHS MHUHHUMH3AIMU
Mexnay 1;:

7., =are{ min {7}}}. (18)

OrpoMHBIM JIOCTOMHCTBOM JTAHHOTO METOJA SIBISIETCS €ro CIOCOOHOCTh KOPPEKTHO 0OpabaThIBaTh
n300paXKeHUs, HA KOTOPBIX MPHUCYTCTBYET IUIABHOE M3MEHEHHE OCBEUICHWS, YTO JOCTUTAETCs Onarojaps
HCIIOJIB30BAHUIO aJanTUBHOTO mopora [8] (puc. 3).

Meton bepHceHa mnpeanonaraeT JCICHHE BCErO0 H300paKEHUS HA KBAApaThl pPa3MepoM 7 X r,
AMEIoIKe MEeHTp B Touke (m, n) [5]. Jmd Kaxkmoro THKCeNs H300pakeHHWS B TIpeneiax KBaapara
UCIIOJIb3YETCs IOPOT, UMEIOLINI 3HaUEHHE 10 cieaytorieh popmyie [8]:

T(m,n): ]HauM;—jﬂaHG , (19)

THE Joume > Juang — ABIAIOTCS HAMMEHBIINM U HAUOOJBIIMM YPOBHEM SIPKOCTH B KBaJIpaTe

G(m,10) = (Juas = Juans) S € 5 (20)

IJic € — 33jJaHHas IOPOroBas BEJIMYMHA, TO HCCICIYyEeMbBIH KBaJpaT COJCPIKUT OOBEKTHI TOJIHKO OJIHOTO
KJ1acca: 00bEKTOB WU (OHA.
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8) 2)

Puc. 3 Cermenranus nzodpaxenust merooM Hubmaka:
a — ucXomHoe n3obpaxkenue; 6 —k =—0,2;6—k=3;2—k =8

K HemocratkaM IaHHOTO METOAA MOXKHO OTHECTH OOJBLIYIO 3allyMJICHHOCTh (DOHOBBIX YYacTKOB,
a TaK)ke HEBO3MOKHOCTh NMPUMEHEHHUSI HHTETPATBHBIX N300paKeHNH, TIOCKOJIBKY TIPH pacdeTe MOpPOroBOro
3HaueHus I He MCIIONIb3YeTCsl CpelHee 3HaueHHe MMKCeNled B Ipelenax OKHa, YTO B CBOIO O4Yepenb
NPUBOIUT K IOBBILICHUIO BBIYMCIMTENBHOU ciokHOCTH. llpumep pabotel Metona bepHcena mpuBeneH
Ha puc. 4.

Puc. 4. CermeHranus nzoopaxenus merozioM bepHcena:
a — ucxoiHoe u3oopakenue; 6 — e = 0,1

Metox CaBouia sBnsieTcst Mmomudukanueit Metoga Hubmka. Kak u meron Hubmmka, oH ucnomns3yer
JIOKaJIBHOE TTOPOTOBOE 3HAYEHUE, KOTOPOE BEIYHCIIACTCS C UCIOJIB30BAHUEM CPEOHETO 3HAUYCHUS m(X, Y) H
CTAaHIAPTHOTO OTKJIOHEHUS S(x, )) 3HAYCHUN HMHTCHCHMBHOCTH KaXKJOTO IHKCENs B TMpeaesiax OKHa
pasMepoM Ww X w, LEHTPHUPOBAHHOTO BOKpPYr mmKcens (x, y). Pacuer moporoBoro 3muaudenust 7(x, ))
BBITIOJTHSIETCS T10 ClIeayroriert popmyire [8]:
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ﬂ(x,y)=m(x,y){l+k(%—l)}, i=1,2...1,

rae R — MakCUMaJIbHO BO3MOXKHOE 3HAUCHHE CTAaHAAPTHOTO OTKIOHEHHs (R =128 mis gepHO-0emoro m300-
paxeHus), a k — mapaMmeTp, KOTOPBIA MPUHUMACT TMOJOKUTEIbHOE 3HaUeHne u3 auamas3ona [0; 0,5]. [Ipumep
pabotel MmeTona CaBosa MpUBEICH Ha pUC. 5.

f

Puc. 5. Cermenranus n3odpaxxenust merogoM Casona:
a — ucxogHoe m3oopaxenue; 6 —k = 0,15

CermeHTanus H300pa’keHNI C MOMOIIBIO YCOBEPIIEHCTBOBAHHOM CBEPTOYHOM HeAPOHHOM CeTH

AJ'IFOpI/ITMBI ABTOMATHU4YC€CKOTO aHalin3a CUTHAJIOB IMOCTCIICHHO BHCAPAIOTCA BO BCCBO3MOKHBIC 06-
JIaCTH 4YeJIOBEUYESCKOM ACATCIbHOCTU. BonpmmHCcTBO CYHICCTBYIOIIUX AJITOPUTMOB HUCIOJb3YIOT MAallIMHHOC
obyueHue. B mpuimokeHusx 1t pacrmo3HaBaHusi 00bEKTOB JAHHBIA METOJ| HAXOJAUT MPUMEHEHHE [T aBTO-
MaTH3al{H Mpoliecca CerMEHTAIMN U300paXKEHHil, 4T0 0COOCHHO aKTyaJIbHO MpU OONBINIUX 00beMax JaH-
HBIX U CJIOKHOCTH PYYHOM CETMEHTAIIMU CaMUX JAHHBIX, KaK U ¢ MpeapiayumMu Metoaamu [9]. Tlostomy
MEPEYNCIICHHBIE METONbI HCIONB3YIOTCS BCEe pexe. KX BBITECHSIOT TNIOOAILHOE pPaCcHpOCTpaHEHHE
HEHPOCETEBBIX TEXHOJOTHA M MAIIMHHOE O0YyYeHHE, MOJJICPKUBAEMOE BBIYHCIUTEIBHBIMA MOIHOCTSIMU
rpadugeckux mpoieccopos [9].

ApxuTeKTypa CBepTOIYHON HEHPOHHOM CeTH

B oOmactu cermeHTanyyu HEMpOHHAs CETh COCTOMT U3 ABYX HacTel — CBEPTOYHOH M pa3BEpPTOYHOH.
CBeprouHas yacTb npeobpasyeT BXOAHOE H300paKeHHEe B MHOIOMEPHOE IPEICTABICHUE IPU3HAKOB, T.C.
OHA BBINOJIHAET (QYHKIMIO U3BJICYCHUS [IPU3HAKOB. Pa3BepTodHas ceTh UrpaeT poJib reHepaTopa, KOTOPHIN
CO3[1aeT CETMEHTUPOBAHHOE M300pakeHNE HAa OCHOBE IIPU3HAKOB, [IOJIYUCHHBIX OT CBEPTOYHOM CETH.

IlepBas 9acTh CETH COCTOWT U3 ISTH CBEPTOYHBIX CIOEB ¢ Habopamm dunsTpoB (28, 13, 7, 7, 7).
[Ipumensercs uactpymenT «IIH — nakemnas nopmanuzayusy». B xadecTBe akTMBAIIMOHHBIX (DYHKIMH HC-
none3yetcst Relu, Softmax. [lanee cnenyroT cion cyOmauckperu3anuu (max pooling) ¢ okHOM 2X2 1 3%3.
IIpoxons yepe3 3TOT cioi, H300pakeHne yMEHbIIAeTCs MOYTH B JIBa pa3a. Bropas 4acTb ceTu sBISETCS
3epKaJIbHBIM OTpaKeHHEM IMepBOi. Pa3smep m300pakeHUs HEOOXOOUMO BOCCTAHOBUTH J0 MCXOTHOTO U
chOopMHpPOBaTh KapTy BEPOSTHOCTEH, OCHOBBIBASCH HA MPU3HAKAX BXOAHOIO n3o0pakeHusa. C 3Toil nenbio
MPUMEHSIIOTCS CJIOW TOBBIIIAIOIMIEH TUCKpeTH3auuu (upsampling-ciion) B KOMOMHALMK CO CBEPTOYHBIMH
CJIOSIMU. Y COBEPIICHCTBOBaHHAs HElpoHHast ceTh nMeeT 10 cBepTOoUHBIX cioeB (puc. 6).

O6y4eHne CBepTOYHO HEPOHHOM CEeTH

Hnst o0ydyeHus: HEHpOHHOH ceTH OBIIIM MCIOJIB30BaHBl pealbHble U300paxkeHus (jeep u tank). Jlan-
HBIH HaboOp cocTouT M3 63 M300pakeHui B Gpopmare jpeg. Mcnonb3oBaics 0OUH KPUTEPUH KauecTBa Cer-
MEHTalUH, KOTOPbIH BBIYUCISETCS MO pa3MEYEHHOH TecTOBOW BBIOOPKE: TOYHOCTh. TOYHOCTH — 3TO HOJIS
KOPPEKTHO PAacHO3HAHHBIX NIMKCEIEH TecTOBOW BEIOOPKH. JlaHHBIE 00 00yueHnH npecTaBieHbl Ha puc. 7 1 8.
Ha puc. 9 nokazan pa3paborannsrii anroputm ooydenus CHC.
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LIBETHOE
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PesyapTaThI

Paznmununrpie pydHbIe METOABI (ITOPOTOBBIC W AANTUBHBIC) CETMEHTAIMUA W300paKCHUN UMEIOT CBOH
cinabpie Mecta. Tak, Harpumep, meto ] Oy MOXKET MPUBOAUTH K YTpaTe MEJIKUX JieTanei, a meroa Hubmaka —
MIOSIBJICHUEM JIOXKHBIX OOBEKTOB B Cllydae HEOJHOPOIHOCTEH (pOHA ¢ HU3KOW KOHTPAacTHOCTHIO. M3 3Toro
MOJKHO CJIeNIaTh BBIBOJI, YTO KaXKABIH M3 PACCMOTPEHHBIX METOJIOB JOJDKEH OBITh MPUMEHEH B ONpeieiicH-
HOM o6mactn. Kpome Toro, atu MeToas! TpeOyIoT BBeIEHUS HACTPOECHHBIX KO3(PPHUIMEHTOB IS KaXKI0TO
KaJipa MOJb30BaTelleM TaKuM 00pa3oM, 4TOObI Ka4eCTBO CETMEHTAINN M300paKEHUH U3 BUACOMOCIEeI0BA-
TENBHOCTH (KOT/Ia KaJpbl C H300paXeHUEM IeIH OTIMYAIOTCS JPYT OT ApyTa ApKOCTHIO, pa3MepOM, paKyp-
COM IIEJTH, MAcIITadOM, CTBUTOM H IIOBOPOTOM H300paxeHus1) ObuT10 HU3KUM (puc. 10).

Jeep=0_.8712

0) e)

Puc. 10. CpaBHUTENBHAS OIICHKA CYIIECTBYIOIINX METOIOB
C pa3pabOTaHHBIM ANTOPUTMOM IS CETMEHTAIIMH U300pasKeHHIA:
a — UCXOTHOE M300pakeHUEe; 6 — CerMEHTAIMsI N300paKeHHsI U pacro3HaBaHue 00bekTa ¢ momoripio CHC;
6 — CerMeHTalusI H300paxeHus: MeTo1oM bepHceHa; ¢ — cerMeHTanus u300paxeHus MmeroqoM Hubmka,;
0 — cerMeHTanus u300paxenus Merogom Ony; e — cerMeHTanus H300paxenus: Mmerogom Capoia

[Tocne 3aBeprienns odyuenns CHC MOXHO NOJOWTH K 3ajJadyaM CETMEHTAIlMH KaJpoB (M300paxe-
HUW), TPUHAMAIONINX W3 BUICOMOCIICIOBATEILHOCTA cojepxkanue memu (jeep wnm tank). Ilporpammuoe
obecnieuenue, peanuzoBanHoe B Matlab ¢ momorpio CHC, BBINMONHSAET ACUCTBUS CErMEHTAIlUM M PACIIO-
3HaBaHUs 0€3 3ampoca MoJIb30BaTelNs U OJHOCThIO aBToMaTruecku [10, 11].
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B3AMMOCBA3b AOCTOBEPHOCTH PE3YABTATOB TEXHUYECKOWN
AUATHOCTHUKHU Y TOYHOCTU AMATHOCTUIECKHUX UBMEPEHUN

3. U. lIserkos!, A. M. ITanknn>

! Cankr-TlerepGyprekuii rocy1apcTBEHHBIH IeKTpoTexHuueckuil yuusepeuter, Cankr-IlerepGypr, Poccust
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Hit@eltech.ru, ? alpank@niti.ru

AHHoTanusi. Akmyanvnocmo u yenu. Ilpu pemeHnn 3a1a4 TEXHUYECKOW JUAarHOCTHKM HCIIOJIB3YETCs JKCIIe-
prMeHTanbHast HH(opManus, KoTopas MOJydeHa ¢ TOH WIM WHOH TOYHOCTBIO, ONpeessieMoll H3MEpUTEIbHON ara-
parypoi. [ljisi OLeHKH TEXHHYECKOTO COCTOSHHSI KOHTPOJIHPYEMOro 00BeKTa HEOOXOANMO MO pe3ysbTaTaM H3Mepe-
HUHA BBINOJHUTh HWICHTU(PHUKALUIO TEX CTPYKTYPHBIX IapaMeTpOB OOBEKTa, KOTOpBIE OIpEAEIeHbl Kak ero
JIMarHOCTUYECKHE MpHU3HAKU. Mamepuansl u Memoobl. 3HaUEHHUS 3THX MapaMeTpoB OyIyT HalJCHBI ¢ HEKOTOPOH He-
OTIPEIETICHHOCTHIO, CBA3aHHOM C TOYHOCTBHIO PE3YNIbTATOB MPSMBIX U3MEPEHHUH. B cTaTthe paccMoTpeHa 3aBUCHMOCTh
JIOCTOBEPHOCTH Pe3yJIbTaTOB TEXHUYECKOTO JTUarHOCTUPOBAHUS OT TOYHOCTH PE3YNBTaTOB IPAMBIX n3MepeHuil. Mc-
MOJIb3yeMO€E YpaBHEHHE JMArHOCTHKH IPEACTABISAET MOCIEA0BATEIFHOCTD IEMEHTAPHBIX THATHOCTHYECKHUX MPeod-
pasoBaHuil. Pe3yabmamul u 6616000l IIpuBeIeHbI NCXOJHBIE COOTHOIICHHS Al OLIEHUBAHKS BEPOSITHOCTH PaBHIIb-
HOTO THarHOCTHUPOBAHUS U BEPOSTHOCTEH OMIMOOK IIEPBOTO U BTOPOTO POA.

KaioueBble ci1oBa: TeXHUYECKHH OOBEKT, KOHTPOJIb, AUATHOCTHPOBAHUE, TEXHUUECKOE COCTOSHUE, JUArHO-
CTHYECKHUH ITPU3HAK, METPOJIOTHSI, MICHTU(PHUKAIHS, TOYHOCTD

Jas uutupoBanus: Lserkos 3. U., [Tankun A. M. B3auMocBsi3b JOCTOBEPHOCTH PE3yJIbTATOB TEXHUYECKON AUArHOCTUKU
Y TOYHOCTH JMAarHOCTHYECKUX M3MepeHui / HanesxHocTh 1 KauecTBO clokHbIX cucteM. 2021. Ne 3. C. 74-79. doi:10.21685/2307-
4205-2021-3-9

INTERRELATION BETWEEN THE CERTAINTY OF TECHNICAL DIAGNOSTICS
RESULTS AND THE ACCURACY OF DIAGNOSTIC MEASUREMENTS

E.L Tsvetkov', A.M. Pankin®

' Saint Petersburg State Electrotechnical University, St. Petersburg, Russia
? Peter the Great Saint Petersburg Polytechnic University, St. Petersburg, Russia
lit@eltech.ru, * alpank@niti.ru

Abstract. Background. When solving problems of technical diagnostics, experimental information is used,
which is obtained with one or another accuracy, determined by the measuring equipment. To assess the technical con-
dition of the controlled object, it is necessary, based on the measurement results, to identify those structural parameters
of the object that are defined as its diagnostic features. Materials and methods. The values of these parameters will be
found with some uncertainty associated with the accuracy of the results of direct measurements. The article discusses
the dependence of the reliability of the results of technical diagnostics on the accuracy of the results of direct meas-
urements. The used diagnostic equation represents a sequence of elementary diagnostic transformations. Results
and conclusions. The initial relations for estimating the probability of correct diagnosis and the probabilities of errors
of the first and second kind are given.

Keywords: technical object, control, diagnostics, technical condition, diagnostic feature, metrology, identifica-
tion, accuracy

For citation: Tsvetkov E.I., Pankin A.M. Interrelation between the certainty of technical diagnostics results and the accuracy
of diagnostic measurements. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems. 2021;(3):74-79.
(In Russ.). doi:10.21685/2307-4205-2021-3-9

OnHoll 13 337a4 TEXHUYECKOU JUArHOCTUKU SIBISETCS KOHTPOJb TEXHUYECKOI'O COCTOSIHUS TUATHO-
cTupyeMbIx 00bekToB. [lo pe3ynmpTaraM pemeHus 3ToN 3aAadu 0ObEKT MOKET OBITh PHU3HAH TEXHUYECKH

© Iserkos . M, [Tankun A. M., 2021. Konrenr pocrynen no anrensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribu-
tion 4.0 License.
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UCTpaBHBIM (paboTOCIIOCOOHBIM) MM HEUCTIPABHBIM. BO BTOPOM cllyyae MOXKHO MEPEHTH K 3a/1a4e MOUCKa
HeucnpaBHocTH (nedekra).

TakuM 00pa3oM, TEXHHUYECKOE JIMArHOCTUPOBAHHME — YACTHBIM Cllydail uieHTH(UKAIMA OOBEeKTa.
B pabGore [1] mpencraBieHB TEOpPETHUECKHE OCHOBBI HACHTH(DHKAIMH OOBEKTOB (OTHOIIECHHI) B BHIE
00001IIeHHS IOJ0KEHU METPOJIOTHU BETUYNH.

Unentndukanusi oObeKTa — yCTaHOBJICHUE €ro Bua (MMEHH), HICHTU(PHUKALNS OTHOIIEHHS — ycTa-
HOBJICHHE BHJa (MMCHH) B3aHMMOCBSI3H MExay oObekTamu. VaeHTH(UKanus 00bEeKTa BBIMOIHICTCA C UC-
MOJIb30BAHUEM BCIIOMOTATENbHBIX (JIMArHOCTUYECKUX) H3MEPEHUI BEIHYHH, BHICTYNAIONINX B POJH UJICH-
TU(PUKAIUOHHBIX (AMATHOCTUYECKUX ) IPH3HAKOB.

Henb ¢popmupoBanust 06001IEHHONH METPOJIOTHH 3aKJII0YAaETCsl B HCIOJIb30BAHUH METOJI0B METPOJIO-
MU BEJIMYMH O OMUCAHUIO TOYHOCTH MOJTy4aeMbIX PE3YJIbTATOB U MPOLEAyp BepuUKAIMUA AITOPUTMOB H
CpeICTB M3MEpeHH (oOecTieueHne SIUHCTBA M3MEPECHUN) MPUMEHHUTENIFHO K mueHTH(dukarmu. Kak u B
METPOJIOTHH BEJIMYHH, OCHOBY OIHCaHUsI, METpoJiorndeckoro anaimu3a (MA) U METPOJIOTUIECKOTO CHHTE3a
PE3YILTATOB I/II[CHTI/I(i)I/IKaHI/II/I O6’beKTOB M OTHOIIIEHWUM COCTAaBJISIET MHOKECTBO BO3MOKHBIX PE3YILTAaTOB
(umeH), kotopoe hopmupyeT mwkany. [Ipu naentTuduranun oobeKTa mKana GopMUPYETCs B BUAE COBOKYTI-
HOCTH 3HAKOB (MMEH), a MPH UACHTH(UKAIMH OTHOIICHHUS — B BUJC COBOKYITHOCTH COOTBETCTBYOIIUX Xa-
pakTepucTuK. B mepBoM citydae ¢popMHpyeTcs IKajda HAaMMEHOBaHMIA, a BO BTOPOM — IIKajla OTHONICHUH.
Pesysbrar uneHTUUKAIMA 00beKTa — 3HAK (MMs) A, a pe3ysbTaT HACHTH()UKAIIUK OTHOIICHHS, B KOTO-
pom A Haxomutcs B A, — xapakrepuctuka O(A,A4) .

U3 BBIIEH37105KE€HHOTO CIeayeT, 4TO IpU paCCMOTPCHHUHU 3adavd I/I,Z[CHTI/I(i)I/IKaLII/II/I 00BEKTOB U OTHO-
-

IICHUI MNpUXOAUTCA UMCTH ACJIO CO CICAYHOINIMMH MHOXCECTBAMMU: MA — MHO>ECTBO 00BEKTOB (BMHI/IpI/I—

I
YCeCKas CI/ICTeMa), HMCHA W OTHOWLICHUA MCKIAY KOTOPbBIMH I/I,E[CHTI/I(I)I/ILII/IpyIOTCﬂ; {Ai}i=1 — MHOXCECTBO

- -
uAeHTU(GHUKATOPOB (3HAKOB), MPEACTABIAIONIEe MHOXECTBO M , (oToOpakeHHe MHOXecTBa M , ), T.e.

* 1
MHO’KECTBO BO3MOXKHBIX pPE3yJIbTaTOB HICHTU(HUKAINN OOBEKTOB; {AA,-jS},-S:1 — MHOKECTBO 3JIEMEHTOB,
*
MIPEACTABISIIOUINX HOTPELIHOCTH PE3Y/IbTaToB MACHTH(UKALIMI (AAU-S— MOTPEIIHOCTh Pe3ysbTaTa HICHTHU-

dukamn 4, o6bekta A ); ® — MHOXECTBO OTHOIIEHHUIH, BO3MOKHBIX Ha {43, {04, 4))}, 4., — MHO-

’KECTBO YCTAHOBJICHHBIX OTHOIICHUH Ha @ (MHOKECTBO BO3MOXKHBIX PE3yJIbTATOB UICHTH()HKAIIMH OTHOIIIEC-
v * 3
Huil); {AQ (4,,4,)}, ., ; — MHOXECTBO IOTPEIIHOCTEH Pe3yIbTaTOB HACHTH()UKALINI OTHOILECHHS @ .

—_— d
Pa3BuBaeMblil OIX0/1 OCHOBaH Ha rumnotese, uto M, , {4}, @ u {Q(A4,A,)},,., , 3a0aHbl B BU-

i,s€l,.

Jie, 00eCIeUnBaIOIIEM BO3MOXHOCTh BBITTOJHEHUSI UACHTU(DUKAIIMYA 00BEKTOB U OTHOIIICHHUIHA,

YpaBHeHHE HACHTHQHKAINH

. * P
[Ipouenypa naeHTHPUKAIMK BKIHOYAET B €051 HECKOJIBKO 3TanoB: Gpopmupoanue maccusa {7, },

MPOMEXYTOYHBIX PE3yJbTAaTOB, HECYIIMX HH(POPMALHUIO O CBOHMCTBAaX mpenmera (0OBbEKTa, OTHOLICHUS)
1%
unentndukanun O, , XapakTEpU3YIOUMUX €ro oobekTax u oTHomeHusx {0, }, U yCTaHOBIEHUE (BBIOOD)

3HaKa, NpcACTAaBJIAOIICTO IMPEAMET I/I,I[CHTI/I(l)I/IKaLII/II/I B JaHHOM ( ] -M) HI[CHTH(bHKaHHOHHOM SKCIICPUMCHTC

* o *
— R, (). lomnaras, uro T, =L,y, (Y,— BXOIHOE BO3/IEHCTBHE, NCHIONB3yeMoe it popmuposanus T, , a

L, — omeparop, mpeicTaBisioluii npoueaypy (pOpMHpPOBAaHHS IPOMEKYTOYHOro pesynbrara I,) u

O; = Ry!m0 (/) , IPUXOMM K CIEAYIOLIEMY BHJIy OIIEPATOPHOIO yPAaBHEHHs HIACHTHPUKALMH:

0: = Ru}:l({Rl!/mol}y’}f:l > {LPYPj };):1) .

Oco0yro poik IpH UAESHTH(UKAIIIH UTPAIOT OTHOIIECHHS SKBUBAIIEHTHOCTH U MTOPSIKA.
OTHOIIICHHE YKBUBAJICHTHOCTU JIJIsl 3JICMEHTOB MHOYECTB MOYKHO PacCMaTpuBaTh Kak 00O0OIICHUE
OTHOLICHUS PABEHCTBA JJIs1 YHCEIL.
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OrtHomenue nopsaxa st napel A, A, Oyznet npeactaBisTeest KopreskeM ( 4, 4, ), ecnu A, npenre-
crByer A , u xoprexem (A ,4), ecin A cnenyer 3a A, . OTHOLmEHHE MOPsAKa — 000OIIEHHE YHUCIOBOTO
OTHOIICHUS «OOJBIIE» UITH «MEHBIIIEY.

Pesynprar npentudukanun (00beKTa, OTHOLICHHUS) MPEICTABIETCS UMEHEM NpeAMeTa HICHTU(H-
KalliH, OTIpeIesIeMbIM IO COBOKYITHOCTH MTPOMEXYTOUHBIX pe3ynbTaToB {7 pj }izl u {O;} k.. B ypaBHeHuu
3Ta omeparus npezcTansercs onepatopom R, ().

BrlienpusejeHHOE YPaBHEHHUE MOKET OBITh IPEACTABIEHO B CIEAYIOLIEM BUJIE:
0,€e0, 50, «— 0,

rae O, — i-1 001acTb BO3MOXHBIX 3HAUCHUI MPOMEXYTOUYHBIX pe3ysbTaToB; O, — KOHEUHBIN pe3ylbTarT,
v *
COOTBETCTBYIOILIUI Oj €0,.

Tak, npu IMarHOCTHPOBAHMY MCIIPABHOCTH (HEMCHPABHOCTH) 00bekTa C 10 ByM NpU3HAKaM — O U
B ¢ ucnonbzosanuem ycnous o > o, AR <P, > C «—— [C,] (C, _ ucnpasusiit 06vext) [C,] — 06-

JIACTh BO3MOKHBIX 3HAYECHHI O ¥ [}, YJOBICTBOPSIONUINX JAHHOMY YCIOBHIO.

OnmncaHne NOrpemHOCTeN HACHTHPHKAIHHI

Omnpenenenne MOTPEITHOCTH Pe3ybTaTa WACHTU()UKANN TIPEICTABIISETCS CIEAYIONUM COOTHOIIIE-
HUEM:

*

O, «—— OJ—>AO.*.=0\/O

ijs ijs ijs

PRLSEN Oj—>A0f" # 0.

ijs

COOTBETCTBEHHO, JUISI OIEHOK MOTPEITHOCTEH CIIpaBeIIuBO:

5

O,

ijs

¢ s«

s 0, — AQ,

«—— 0, > A0, =0V O s

ijs ijs

= 0,

rae OLV. — JICWCTBUTEIILHBIN TPEIMET UACHTH(DHUKAIINY.

[IpuHIMNIUaNIBEHOE OTIMYHE CBOMCTB MOTPELIHOCTEH PE3y/bTaToB WACHTH(GUKALUN OOBEKTOB U OT-
HOILLIEHUHA OT CBOMCTB MOIPEIIHOCTEW pe3yJIbTaTOB U3MEPEHUIN BEJIMYMH 3AKIHYACTCS B TOM, YTO B CHILY

1
KOHCYHOCTH 4YHCJia 5JICMCHTOB {01.}1.=1 MNOrpe€IHOCTU MOT'YyT OBITh PaBHBI HYJIIO. OTUM OIpPEACIACTCA OIN-

(V) v * 1 *
CaHWe CBOWCTB MOTPEIIHOCTEN {AOI.].S } ;, BEPOSTHOCTBIO MX paBEHCTBa HyI0 p[AO,.

;s = 0]. CooTBeTCTBEH-

* * *
HO, cipasenBo p[AO; =0] =1 - p[AO,, #0]. D10 o3Ha4aer, 4To s dMeMeHTOB MHOXKecTBa { AD, | .
MOTYT OBITh OINpPEAEJICHBI BEPOSITHOCTH WX IOSBJICHUSA, B CBOI OUYEPEllb COCTABIISIONIUE MHOMKECTBO

{P[AO; ]}, >meMeHTHl KOTOPOTO MPENCTABIAIOT ITH BeposATHOCTH. Bepostaoctn p[AO, | onpenens-

ijs is 2 ijs

) 9 -~ 1P Y R
I0TCsl CBOMCTBAMH BXOJIHBIX BO3ICHCTBUM, MPOMEKYTOUHBIX pesyabratoB {7, }  u {0} .., 1 crnocobom

MX MCTIOJB30BaHus (BHa0M omeparopa R, (.)).
I

is

YcTaHOBIIEHHE 3JIEMEHTOB MHOXKECTBA {p[AO;S]} 1}
{w({0;} L, {T;},./0 )} i, mobmacreit {0} 1.

BHHapHLIfI XapakTep HOFpeH.IHOCTCfI HC MO3BOJIACT pasACJIUTb UX Ha CUCTEMATUYCCKUEC U CHy‘IaﬁHBIC,
a TaK)Ke CTaOMIIbHBIE M HECTAOUIIbHEIE.

TpeOyeT 3HaHWS YCIOBHBIX IUIOTHOCTEH

MeTpoAorudecKkmii aHAAU3 Pe3yAbTaTOB HACHTH(PHKAIHHI

IIpu BhIMONHEHMH pacdeTHOr0o MA HEoO0XOOUMO pacHojaraTh alpUOPHBIMHU 3HAHMUSAMH, BKIIOYAO-
IIUMU B ce0sl XapaKTePUCTUKY CBS3M HISHTU(UIMPYEMOrO TpEeAMETa C BXOIHBIMH BO3ICHCTBUIMHU

O, = F({y,},_) , Mozenu BXoHbIX Bo3xeicTBui (MM}

=1 » MOJZICIIB ycioBuid uneHTudukarmn MM Vo

* !* R P (vl
ypaBHeHue uiaentudukaunn oovexra O, =R, ({0, },.,{L,Y,;},-), MOACIH MOJYIICH, pealu3yoWuX co-

CTaBIISIIOIIME MPOLENYPY WACHTH(OUKAIINH dJIeMEHTapHbIe TpeoOpazoBanus {MM m“.}i]fl .
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IIporienypa MA ¢ UCIIONE30BaHHEM PACUETOB TPEIITOIATaeT BBIBO AaHATUTUIECKH PACUETHBIX COOT-
HOIIIEHUH, 00€CIIEYNBAIOIIUX BO3MOXHOCTh TOIYYCHHUS KOJIMUYECTBEHHBIX OI[CHOK BEPOSITHOCTEH MOTpPEI-

Hocret {p[A4; 1}

s=1 "

CocraB anpuopHbIx 3HaHUW (A3), HEOOXOAMMBIX Ui BBIIOJHEHUs MA Ha OCHOBE MMHUTAIUOHHOTO
moxaenuposanus (M), aHamorndeH coctaBy A3, He0OXOIMMOMY TS BRITIOTHEHUS MA Ha OCHOBE pacyera.

IIpoueaypa MA Ha ocHoBe UM CBOIUTCS K BOCIIPOU3BEICHUIO BXOIHBIX BO3ICHCTBUM U MIECHTU(H-
KallMOHHBIX MPEo0pa3oBaHUi, a TaKKe COIOCTABIICHUIO TOJIYYCHHBIX PE3yJbTaTOB C JCHCTBUTEIBHBIMHU
oOBbexTamu (TpH UACHTU(UKANNN O0BEKTOB) WM C JICHCTBUTEILHBIMUA OTHOIIEHUSAMH (TIpH HAeHTH(HKA-
[ OTHOIICHUHA).

OTalOHHBIE CPEJCTBA, UCIIOIb3yEMbIE IPU METPOJIOTMYSCKOM aHAIN3E PE3YJIbTATOB U CPEIICTB UJICH-
TU(UKAUU OOBEKTOB W OTHOIICHWH, 00ecnednBaloT (OPMHUPOBAHHE PE3yJIBTATOB CYIIECTBEHHO Ooee
TOYHBIX, YeM pe3yIbTaThl pabodeil uaeHTUdUKawK. bojee TOYHBIME MTPH 3TOM TIOJIATAOTCS PE3YIIbTATHI,
XapaKTEePHU3YIOLIUECS] MEHBIIICH BEPOSATHOCTHIO MOSIBJIICHUS TIOTPEIITHOCTEH.

[Ipu skcnepumenTanisHOM MA pe3ynbTaToB cocTaB A3 MpeACTaBIAETCS MHOKECTBOM MACHTH(UIIN-

1
i=1”

pyembIx o0bexToB {O,},_,, Mozaenel BXOIHbIX Bo3aeicTBuid {MM P}izl Y MOJIEINIBIO YCIIOBUH MACHTH(HKA-

i MM )

B03MOXHO HCIHOJIB30BAHME 3TAJOHHOTO CPEJICTBA B BHJE M3BECTHOTO NpEAMETa HJCHTH()HUKAIMH
WM B BUJIE MPEIIU3UOHHOTO CPEICTBA MICHTU(DUKAIUHY.

ITockonbKy TeXxHHYeCKasl AUArHOCTHKA TMPEJIoJaraeT UCIOIb30BaHUE Pe3yIhTaTOB JUATHOCTUIECKUX
M3MEPEHUM BEJIMYMH, BBICTYIIAIOIIUX B POJIM JUATHOCTHUECKUX MPU3HAKOB 00BEKTA, TO JIOJDKHA CYIIECTBO-
BaTh B3aUMOCBSI3b MEXy TOYHOCTBIO M3MEPEeHUH 1 3(h(HEeKTUBHOCTRIO tuarHoctupoBanus. [locnenHss Benu-

.
YMHA ONPEENAETCS MO0 BEPOATHOCTHIO MPABWILHOTO smarHoctnposanus (P[0, «—— O, ]), mubo Bepo-

ijs

STHOCTBIO OIMMOKH TIPH AHATHOCTHPOBAHUH (P[ O;.S — O, .

st wioTrocTpauy 3TOT0 M MOCIEAYIOMIMX ClydaeB Ha pUC. | mpeacTaBieHa SKBUBAJICHTHAsI CXeMa
3aMEIIEeHUs POCTON PE3UCTUBHOM LIETIH ¢ UCTOUHHUKOM MOCTOSIHHOTO HamnpspkeHus U [2].

U, =U,
U, i U,
R, -1, R,
-1 i -1,
— 1,

Puc. 1. DxBuBaneHTHas cxema 3amenienus (C3) tnarHocTupyeMoi pe3UCTUBHOM Lenn

[IpenmonoxxuM, 4to At 00bEKTa AMATHOCTUPOBAHMS B BUJIE JJIEKTPUUECKON TN, TTPEICTaBICHHON
TaKO# CXEeMOW 3aMeIeHNs], JUarHOCTHYECKUM MTPU3HAKOM SIBIIIETCS 3HAYSHHE TOKA /|, TEKyIIero depes pe-

3UCTOP R]. DTO 3HAYCHHEC HE JAOJDKHO BO BCEX ClIy4dasX NPCBLINIATL 3HAUCHUA [lmax , OIpeACIAeMOro MakK-

CHUMAaJIbHOM JOITyCTUMOM MOIIHOCTBIO, BBIAENIAEMOM B 3TOM pe3ucrope. HuxHss rpaHuna Toka /; ¢ TOUKH
3peHus ero Gpu3nyeckoil npupoasl gomyckaercss paBHoi 0. OQHAKO €Cli 3TOT PE3UCTOP HECET HEKOTOPYIO
(YHKINOHAJIBHYIO Harpy3Ky, TO B HEM JIOJDKHA BBIICIATHCS ONPEAEIeHHas] MOIIHOCTb, HUXXHAA I'paHULA

KOTOpOﬁ " onpeCaACIsICT JOIMYCTUMbIC 3HAUYCHUS TOKA Ilmm . Takum O6p330M, AJI UCTIPABHOI'O 3JIEMCHTA BbI-

nonHsercs yenosue [, e [1™ , 1™ ], a nns neucnpaBHoro — Iy ¢ [ 1™ , 1™ ]. CnenoBartenbHO, ypaBHEHHE
UICHTUUKAIMH B TAHHOM CITydae MOXKET ObITh IPEICTABICHO CIEAYIOIUM 00pa3om:
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A3=(C3, R, Ry, Ry, Ry, LI) = [[=LI (I e [I™,I"™1—>C3 «—C3uv [ ¢ [I™,I™]

1

—C3" «—> C3un,

.
rae C3 — pesynbrar uaentudukanuu; C3u — ucrpaBHas cxema 3amenieHus; C3HU — HeHCIIpaBHas cxema
3amerieHus, L(.) — omepaTop, IpeCTaBIISIONINN IPOIIEAYPY H3MEPECHISI CHITBI TOKA.

B nmanHOM ciydae MHOXECTBO HICHTU(PHIHUPYEMBIX OOBEKTOB COCTABISIETCS WCIPABHON M HEWC-
MPaBHOW CXEMaMH 3aMEICHHSI, & COOTBETCTBYIOIIEE MHOXKECTBO MACHTHU(PHKATOPOB — JBYMsI CHMBOJIAMHU
C3u u C3HH, KOTOPBIE U COCTABIIAIOT MIKATY MICHTH(DUKAITIH.

Onpenenenue MOrpeHoCcTed IPOU3BOIUTCS C MTOMOIIBIO COOTHOIIICHUH

(11 c [[lmin ’Ilmax:l A [l* c [Ilmin ’]1max]%AC3*:O) \V; ([1 c [Ilmin ’[lma)c] A Il* z [[lmin ’IlmaX]_>AC3* £ 0)
VOV g [T AL e [T ] ACT =0) v (4 ¢ [ M) AL € [, 1 ] - AC3T
# 0).

OdeBuaHO, 9TO 3(PPEKTUBHOCTH (KA4€CTBO) MUATHOCTHPOBAHUS OIPEACIICTCS AOJEH MPpaBUILHBIX

~ L3
pelIeHHi, Korjaa MorpelHocTb JMarHOCTUPOBaHus paBHa Hyo (A O,

;s = 0). B obwewm ciyyae omneparop

R, () MOXHO NIPECTABUTH CIEAYIOIIUM 00pa3OM:
0 =R, ({0} ALY, 1) © R (({C )= ({CYL € C yms OF < O,).

IIpumenenue ypaBHeHHs HACHTUGUKALNN JAHHOTO BUA MO3BOJSIET (POPMHUPOBATH KOJIMUECTBEHHBIE
OIIEHKH TPaBWIbHBIX (HEPaBMWIBHBIX) pemieHnid. IMEHHO BEpOATHOCTDH MPABHJIBHOTO JTHArHOCTHPOBAHUA
ONpEAEIAETCS COOTHOIIEHNEM

P[AO; =0]= PR, (({C}f) < O)).

Vcrionib30BaHue JAHHOTO BRIPAXKEHHS MPEToIaraeT Hanuuue ceenaenns o sune w( {C,}:).
[MpuMeHHTENFHO K paccMaTprBaeMOMy MPUMEPY COOTBETCTBYOMIAs MH(OPMAIHS MPEACTaBISETCS

* * *
B BHJIE pacrpesienieHus WIoTHOCTH BepostHocTh W(AL ;) . CootHouenust Al =1,,—1;

.
u w(Al,;) 1103BO-
/1 "
JISIOT yCTaHOBUTH YCIOBHbIE pacnpenenenns w(l,, /1) v w(l,;/1,;), c TOMOLIBIO KOTOPBIX ONPEAEIISIOT-
Cs TaKue XapaKTepUCTHKU d(P(EKTUBHOCTH JMATHOCTHKHU, KaK yCJIOBHAs BEPOSTHOCTh HMPHHAJIEKHOCTH
min max
I, murepsany [ 1™, I[™ ]

I
PLL, LI 1™ VI 1= [ w(l, /1)) d(1,),
Ilmi“
a TaK¥KC YCJIIOBHYIO BECPOATHOCTDb OILINOKHU IepBOIro poaa
I
PLL e L™, 7 Ve [ 7 )] =1 - I w(l,; /1 e [, 17 Dd()
e
W YCJIOBHYIO BEPOSITHOCTH OIIMOKH BTOPOTO PoAa
.
PLI e[ 1™, "™ V1, e [I™,["™]]= j w(ly /1y e (1™ 1M DA(T ).

min
I

3akArouenue

IIpemnoxeHHbI TOAX0A K YCTAHOBIEHUIO JOCTOBEPHOCTH PE3YJIbTATOB JUATHOCTUPOBAHUS MPEIIO-
Jlaraet MCIOJIb30BaHUE CBEJCHUI O CBOMCTBaX MPOMEXYTOUYHBIX PE3yJIbTATOB M3MEPEHUHN W HICHTU(UKA-
LU0 XapaKTEPUCTHK, HA3bIBAEMBIX B TEXHUYECKOW JUArHOCTUKE IMAarHOCTUYECKUMH Ipu3Hakamu. 11oBbI-
HICHHE TOYHOCTH OINPENEICHHS dTUX BEJIMYMH MTOBBIIIAET TOYHOCTh JUArHo3a IpHU KOHTPOJIE TEXHUYECKOTO
COCTOSIHUSI 00BEKTa B MOMEHT IIPOBEICHHSI TNarHOCTHUECKMX U3MEPEHHI U TOYHOCTD MIPOTHO3a MPH OLEH-
K€ ero 0CTaTOYHOro pecypca.
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3AAAYU MOAEAVUPOBAHUSA PATOHA IIOAETOB
AAAA ABUAITMOHHBIX TPEHAKEPOB U OIIEPATOPOB
BECITMAOTHBIX AETATEABHBIX AITITAPATOB

B. H1. Mapuyx', T. A.Tae608a’, O. A. KyBmunosa®, H. EcumoBa*

! Nonckoit rocyJJapCTBEHHbIN TeXHUUECKUN yHUBepcuTeT, [1laxThl, Poccus
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! marchuk@sssu.ru, * tan.1952@mail.ru, ° oly791702@mail.ru, * nurzipa.esimova@mail.ru

AnHoTaums. Axkmyansrocms u yeau. Llenn u 3agaum MOAEIMPOBAHUS paiiOHA TIOJIETOB IS OOYIEHUS MHIOTOB
C TIOMOIIIBIO aBUAITMOHHBIX TPEHAXEPOB M OIEPaTOPOB OCCIMIIOTHBIX JieTaTeNbHBIX anmapatoB (BITJIA) otnudarorcs.
OTO NPUBOJUT K HEOOXOAMMOCTH MO-pa3HOMY pa3padaThiBaTh TPEOOBAHUS K XapaKTEPHCTHKAM CETMEHTOB Pa3HOTO
YPOBHSI, HA KOTOPBIE AETUTCA MOJENb paiioHa MOJIETOB, IPEABAPUTEIHHO OLIEHHBATH HE TOJIBKO MPOU3BOAUTEIHHOCTD
UCIIONIb3YyEMbIX KOMITBIOTEPHBIX T€HEPATOPOB M300paXKEHUsI, HO M TEXHHUYECKUE XaPAKTEPUCTHKH BCEX TEXHUYECKHX
y3JI0B, YYacTBYIOIIUX B (DOPMHUPOBAHWN BU3yaJTbHO HAOIOMACMON MOJCTH BHIOPAHHOTO Y4acTKa MECTHOCTH. Takoi
MOJIXO0]] TIPE/ICTABISIET COOOM 3aavy, CTPOroe aHAIMTHYECKOE PEIICHHEe KOTOPOH 3aTPyTHEHO B CHIIY €€ CIOKHOCTH.
Mamepuaner u memoosi. 11epcrieKTHBHBIM HANpaBieHUEM B HCCIICAOBAHUM TAaKOTO POAA SBISIETCS] TIPOBEACHHUE CH-
CTEMHOTO aHajH3a C yY4eTOM BO3MOXHOCTCH HCITONB3yEMBIX Y3JI0B CHCTEMBI TCHEpAIlH H300paKeHUsT 0TOOpakaTh
BH3YaJIbHO HAOIIF0JaeMYyI0 MOJICITh BEIOPAHHOTO YY9aCTKa MECTHOCTH C YUCTOM 3a/1a4, PEIIacMbIX PaCCMaTPUBAEMBIMHU
TpeHaxepamu. Pesyrsmamul. [IpenigoxeHHas METOIMKAa CPAaBHEHUS MOAXOAOB K CO3JaHHUIO MOJAETU MECTHOCTU IS
aBHAITMOHHBIX TPEHAXKEPOB U A TpeHaxxepoB ornepatopoB BIIJIA mo3Bonuia mpeasioKuTs KPUTEPUH OIIEHKH CTPYK-
Typsl 0a3 TaHHBIX KOMITBIOTEPHBIX TEHEPATOPOB M300pakeHU ISl PACCMATPUBACMBIX TPEHAKEPOB, YTO HA MPAKTHUKE
COKpaIIaeT BpeMs Ha MOATOTOBKY MCXOJHBIX JaHHBIX W pa3pabOTKy Mojeiel 3alaHHBIX PaOHOB IOJIETOB. Bbi800bi.
BBuay pasznuuuii TpeOOBaHHI K MOZIEISIM PalOHOB IOJICTOB /ISl ABHAIIMOHHBIX TPCHAKCPOB U VI TPEHAKEPOB OIIe-
patopoB BIIJIA ctpykTypa 0a3 JaHHBIX HCHOIB3yEMBIX KOMITBIOTEPHBIX TEHEPATOPOB U300PAKEHIS OTINYACTCA.

KuaroueBsble cjioBa: cucteMa CHHTE3a BU3yalbHO HaOmMogaeMbix 3D-00beKTOB, aBHAIIMOHHBIA TPEHAXED, Tpe-
Ha)Xkep onepaTopa OSCIMIOTHOTO JICTATEIBHOTO aIapara, MOACTUIIAIONIAs TIOBEPXHOCTh

Js nutupoBanus: Mapuyk B. 1., I'me6osa T. A., Kysmmnosa O. A., Ecumosa H. 3agaun moxenupoBanus paiioHa mosne-
TOB JUIsl aBUALIMOHHBIX TpeHaxxepoB u omepartopoB BITJIA // Hanexxnocts u kauecTBO cinoxHbix cuctem. 2021. Ne 3. C. 80-86.
doi:10.21685/2307-4205-2021-3-10

TASKS OF MODELING THE FIELD OF FLIGHTS FORAVIATION SIMULATORS
AND UNMANNED AIRCRAFT OPERATOR

V.I. Marchuk!, T.A. Glebova?, O.A. Kuvshinova?, N. Esimova*

' Don State Technical University, Shakhty, Russia
%3 Penza State University of Architecture and Civil Engineering, Penza, Russia
% Penza State Technological University, Penza, Russia
! marchuk@sssu.ru, * tan.1952@mail.ru, ° oly791702@mail.ru, * nurzipa.esimova@mail.ru

Abstract. Background. The goals and objectives of modeling the flight area for training pilots using aviation
simulators (AT) and operators of unmanned aerial vehicles (UAVs) are different. This leads to the need to develop dif-
ferently requirements for the characteristics of segments of different levels into which the model of the flight area is
divided, to preliminarily evaluate not only the performance of the used computer image generators (CGI), but also the
technical characteristics of all technical units involved in the formation of the visually observed model of the selected
area. terrain. This approach is a problem, the rigorous analytical solution of which is difficult due to its complexity.
Materials and methods. A promising direction in this kind of research is system analysis, taking into account the capa-
bilities of the used nodes of the image generation system, to display a visually observed model of the selected area of
the terrain, taking into account the tasks solved by the simulators under consideration. Results. The proposed method-

© Mapuyx B. 1., T'ae6oBa T. A., Kysmnnosa O. A., Ecumosa H., 2021. Kontent pocrynen no aunensuu Creative Commons Attribution 4.0 License / This work is licensed under a
Creative Commons Attribution 4.0 License.
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ology for comparing approaches to creating a terrain model for AT and for simulators of UAV operators made it pos-
sible to propose criteria for evaluating the structure of the CGI databases for the simulators under consideration, which
in practice reduces the time for preparing initial data and developing models of specified flight areas. Conclusions. In
view of the differences in the requirements for the models of flight areas for aircraft and for simulators for UAV oper-
ators, the structure of the database used by the CGI is different.

Keywords: synthesis system for visually observed 3D objects, flight simulator, unmanned aerial vehicle opera-
tor simulator, underlying surface

For citation: Marchuk V. L., Glebova T. A., Kuvshinova O. A., Esimova N. Tasks of modeling the field of flights for aviation
simulators and unmanned aircraft operator. Nadezhnost' i kachestvo slozhnykh sistem = Reliability and quality of complex systems.
2021;(3):80-86. (In Russ.). doi:10.21685/2307-4205-2021-3-10

BBepenne

OmHoit U3 3a71a4, peIraeMbIX P pa3pad0TKe aBHAITMOHHBIX TpeHaxepoB (AT) u TpeHaxepoB omepa-
TOPOB OECHMJIOTHBIX JIETATEIbHBIX alllapaToB, SBIACTCS MOJIENUpOBaHWE M BH3yalbHO Y3HaBAaEMOTO

y9acTKa MECTHOCTH S C Ka4eCTBOM, IOCTATOYHBIM JIJIsi OOYUCHUS JICTUNKOB JIETATSIBHBIX ammapatoB (JIA)
u omnepatopoB BIUIA pemenutro HaBuranumoHHsix 3amad [1]. Hms AT a3t0 paiioH pasmepoM

™D =1500%1500 kv [2], nns Tpenaxepa onepatopoB BITJIIA S (BI114) < 100400 kM [3]. KauecTBO BU3Y-

IbHO HAOJIOIAEMOT0 M300pakeHUsI MOJICIH y3HABaEMOI0 palOHA MECTHOCTH, 0OECIIEUHBAIOIIETO perle-
HH€ HAaBUTAITMOHHBIX 3a7ad [4], 3aBHCHT OT HACHIIIICHHOCTH MOJETH palioHa MOJEISIMHU PEIePHBIX 00BHEK-

toB N >N (K), rne N (PM) _ qpeno MoJieJIeil perepHbIX 00BheKTOB B S, N (K)_ MuHMManTbHOE YHCIO
peNepHBIX 00BEKTOB, BCTPETHBIIUXCS 10 MapIpyTy mosera [5]. ByaeM cuutaTh, 4TO Ui PElICHUs HABHU-
TaITMOHHBIX 3a1a4 [6] (ompemeneHne MecTa MoIoKEHUs Moaenn JIA B MoJienn MpoCTpaHCTBa) HEOOXOAMMO
BU3yallbHO pacmo3Hath 3D-Monenu pernepHbIX O0BEKTOB [7], MPENBAPUTENHLHO ONPEACTHB HUX MECTO
HaxX0XJICHUs Ha KapTte [§] U 1Mo MoKa3aHUsAM MMUTATOPOB IIPOOOPOB KabuHHOTO 000pyaoBanus [9]. Toraa

AT BIUIA
OCHOBHas 3ajia4ya pa3paboTku S (A1) i §PMY) _ cospats MakenManbHO HACBIIICHHYIO MOJIEJISIMA PETIEPHBIX
00BEKTOB MOJIEb BHIOPAHHOTO yYaCcTKa MECTHOCTH.

MarepnaAbl 1 METOABI

B AT u tpenaxkepax oneparopoB BIIJIA mis cuaTe3a BU3yanbHO HaOMFOMaeMbIX MOJIENIe MECTHOCTH

SUT g SN g PPB -
pexxume peanbHoro Bpemenu (PPB) ucnone3yrores crieninain3upoBaHHBIE TPOTPAMMHO

TEXHUYECKUE CHCTEMBI, Ha3bIBaeMbIe KOMITBIOTEPHBIMU reHepaTtopamu nzoopaxkenus (KI'M) [10], kotopsie

[0 MPaBWJIaM MAIIMHHON rpaduKy CHHTE3UPYIOT Ha 3KpaHe (OPMHUPOBAHHS MPOMEXYTOUHOTO H300paxe-

Hus 2D-npoekniun 3D-00bekToB [11]. B mrore cuHTe3mpyrorcs wHGOpPMAMOHHBIE Moaemn [ (AT)(S(AT))
nwm [ (E“”A)(S(BMA)) peTbHBIX TPEXMEPHBIX Y4acTKOB MecTHocTH [12]. B yka3aHHBIX TpeHa)kepax 3TO

pa3Hbie HH()OPMAIMOHHEIE MOEITH, HO uMetonue oomue ocooenHoctu. B AT [ (AT) (S(AT)) 3TO 00s13aTEIb-

HO TpexXMepHas MOJIeJb, 00eCIIeUHBAIONIas BO3MOXHOCTD MPOPECCHOHANBHON TPEHUPOBKH Ti1a3oMepa JIeT-

ynka [13]. B tpenaxepax BIIJIA 7 (BIITA) (S (BHHA)) JBYXMEpHasl MPOEKIMs HAOII01aeMOro y4acTka MECTHO-

ctu [14]. O6mue ocoOEHHOCTH — 3TO CTpYKTypa 0a3bl AaHHBIX KI'U n obmias yacTh TEXHOIOTHYECKOTO
Iporiecca CHHTe3a MOJIETIE penepHbIX 00BEKTOB, BKIIIOYAs 3Tall OTOOpakeHUs Ha IKpaHe (GOPMHUPOBAHU
IIPOMEXKYTOYHOTO N300pakeHus 2D-nipoeKiun 3D-00beKTOB.

B AT (puc. 1) uzoOpakeHue ¢ 3xpaHa GOpMHUPOBAHHUS MPOMEKYTOYHOTO H300PaKEHHsI, CHHTE3H-
POBaHHOE C yYETOM OCOOCHHOCTEH ONTHYECKON CHUCTEMBI IpeoOpa3oBaHUs WH(pOpMAIHH, ¢ ITOMOIILIO
onTuku [15] mocrasnsieTcst B ria3a yejaoBeka [16] U mpu 3TOM aKTUBU3UPYET 3aJaHHBIE COCTABIIAIOIINE
3pUTEIBHOrO ammnapara yenoBeka [17]. B utore noAaroToBieHHbIN Yel0OBEK, paccMaTpuBas 4Yepe3 ONTHKY
CIICIMAIBHO CHHTE3UPOBAHHBIA BHAeOpsAn u3 2D-npoeknwii 3D-00BEKTOB, CUUTAET, YTO OH BUIUT
3D-00BeKTHI B MOXKET IpodeccHoHanbHO TPEHUpPOBaTh CBOU riazomep [18]. B Tpenaxepe omeparopa
BILIA (puc. 2) oneparop HabmonaeT 0€3 ONTHYECKOH CUCTEMBI CHHTE3UPOBAaHHEIN Ha dKpaHe GopMHUpO-
BaHUS TPOMEKYTOUYHOTO H300pakeHus Buaeopsn u3 2D-npoekuun 3D-00BEKTOB, pacrno3HaeT MOJIENN
penepHBIX 00BEKTOB M, UCIOJB3YS KapTy MOJENH MECTHOCTH, OIMpeleNsieT MECTO HaXOXICHUS MOJENIH
JIA B mpocTpanctse [19].
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MonoxeHue Kamepbl HabnwgeHna
B MOAENMN NPOCTPaHCTBa
B t-bli MOMEHT BpeMeHHU

¥

RO 0o HE ¢op::§g:aﬂun OnTtunyeckas
reHepatop |l oM oql-loro"' cucTeMa | (nasa yenoseka
n3obpaxeHns .
nsobpaxeHus

Puc. 1. TexHonornueckas 1enoyka cuatesa 3D-nzo0paxennii 3D-00bekTOB B AT

NMonoxeHue Kamepbl HabnwaeHUa
B MOAENU npocTpaHcTBa
B {-bIl MOMEHT BPpEMEHU

\ 4

KoMnbloTepHbIN ho ri:cpc?:aHun
reHepartop N oi:ne P OUHOTO Mnasa yenoBseka
nzobpaxeHusa P KT
n3obpaxeHusa

Puc. 2. TexHonmoruueckas memnoyka cuaTe3a 2D-npoekiuii 3D-00BeKTOB
B TpEHa)Kepax NoAroToBKU onepaTopos BITJIA

Hcnonp3oBaHue pa3HBIX MOJXOA0B K CHHTE3y BH3yallbHO HAOIIOJAaeMbIX M300paxeHHul s 00yde-
Hus etanka Ha AT u s o0yuenus oneparopa BIUIA, kak u i ApyTUX TpeHAKEPOB, HAXOAT CBOE OT-
pakeHHe B METOJaX CHHTEe3a 33/J[aHHOTO yJacTKa MECTHOCTH W TEXHOJOTHYECKHX Tpolieccax o0paboTKu
n3o0paxkennit [20]. OCHOBHBIM KpHUTEpPHUEM KadeCcTBa CHHTE3a Y3HABAEMOTO YJaCTKa MECTHOCTH SIBIISICTCS
KOJIMYECTBO Pa3IUIMMBIX MOJETeH pernepHbiXx 3D-00heKTOB 1 UxX yactei. [Ipu aTom Tpebyercs permuTs 3a-
Jlady MacKHpOBaHUs HEKOTOPHBIX PENEPHBIX Mojenel 3D-00heKTOB, CO3/1aB YCIOBHS IS MX IMOWCKA C Iie-
JBIO PEIICHUS HABUTAIIMOHHBIX 33/1a4 [6], Kak U npu peaibHbix mojietax [4]. [locTaBnennas 3amaya perra-
€TCsl B HECKOJIBKO 3TaIloB.

Ha nepBoM mpoBoauTcsi aHKeTUpOBaHME JETYMKOB U omepaTopoB BIIJIA ¢ nenbto cocraBieHus
CITUCKA PENEePHBIX 00HEKTOB.

Ha BTOpom permraercs 3amaya pacnpenenenuii pecypco KI'U ¢ nensto o0ecrieunTh MakCHMalIbHO
HACBIIIEHHOE MOJEISIMU PENEPHBIX 00BEKTOB M300pakeHHE BUIMMOIO Y4acTKa MECTHOCTH B KaxKIbI

MOMEHT TOJIeTa.

B nactosmee Bpems B KI'U mnst cuaTe3a Ha 3kpane GOpMUPOBAHUS MTPOMEKYTOUHOTO U300paKeHHUS
2D-nipoexnnii 3D-00BEKTOB HCIIONB3YIOTCS YIPABIAIOMNE M BUANMBIC TpUMHUTHBEL [21]. Bumumeie 2D-
npoekuuu 3D-06beKTOB Ha 3KpaHe (OPMUPOBAHUS ITPOMEKYTOYHOTO H300PAKEHHSI CHHTE3UPYIOTCS C I10-
MOIIBI0 BUANMBIX MPUMHUTHUBOB [22], B TO BpeMs Kak yHPaBISAIOMIAE HMPUMUTHBBI HCTHOIB3YIOTCS I
yIpaBieHus mporieccoMm cunTesa [12]. OqHOBpEeMEHHO MPH PEHICHUH 3aja4u pa3padoTku 3D-Momenu pe-
NEepHBIX 00BEKTOB IS 3aHeceHus B 0a3y maHHbIX KI'U pa3pabatbeiBaeTcst CTpyKTypa 0a3bl JaHHBIX, yIIpPaB-
JSFOILAS MPOLECCOM CHHTE3a H300pakeHHsI B pealbHOM MacliTabe BpeMEHH.

YnpaBneHue MmporeccoM CHHTE3a — 3TO:

— pelieHne 3a/1a4 B3auMo3aKkpblBaeMocTd 3D-Mopeneit mpy MmoABMKHOM HaOJroarene (MCIoib3yeT-
Csl IPUMUTHUB «pa3ielsfioas MIOCKOCThY), KOTJa MPHU €€ MePECeUCHUH «Pa3JIeNSIOIIeH TIOCKOCTHY Iep-
BOHAYAJILHBIH TOPSIOK BBI30Ba 3D-MOJENeH W X COCTABIIAIONIMX B OAHOM cerMeHTe 0a3nl maHHbX KI'U
MEHSETCS Ha TPOTHBOIOJIOKHBIN;
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— mpeaBapuTensHoe (GopMUpoBaHUE CTPYKTYphl 06a3bl maHHBIX KI'W (mcmomp3yercss ogwH U3 IBYX
BO3MOXXHBIX TIPUMHTHBOB «OXBaThIBatolIas chepa rmo JaTbHOCTH» WM «OXBaThIBaromas cdepa 1mo Hampas-
JICHHUIOY) C MEJIbI0 UCKIIFOYATh B KAX/bIH #; MOMEHT BPEMEHH M3 JANbHEHTIel 00paboTKe Te CerMeHThI 0a3bl
nanubix KI'M co Bcemu copepsKallliMHCS B HUX ITPUMUTHUBAMU, KOTOPbIE B JIAaHHBIM MOMEHT BPEMEHHU HE
JOJKHBI 00pabaThiBaThCs («OXBaThIBAIOMIAs cdepa Mo JaTbHOCTI MCKIII0UAeT U3 JaslbHeHel o0padoTku
CETMEHTHI, IEHTP KOTOPHIX PACHOJIOXKEH Aajiee TEKYIIEro MecTa MOJIOKEHHsI MOIBIKHOTO HAOII0IaTeNsd, a
«oxBaTbIBaromas chepa Mo HampaBICHUIO» HCKIIOYAET W3 JaNbHEHIed o0pabOTKH BCE CETMEHTHI, IUIO-
ma1b KOTOPBIX HE TIEPECEKAETCsI CO CIIE0M KaMephbl HAOIIOISHYIS ).

Mopenp paifoHa TIOJIETOB OMICHIBAETCS KaK CETMEHT WIIM TPYIIa BIOKEHHBIX JIPYT B Ipyra CETMeH-
TOB. DTO reomMeTpuieckas gurypa B Buae kBaapara (ans AT) uiau npsMoyroiabHHKa (IJ1s1 TpeHaXKepa ore-
patopa BIIJIA), Hag KOTOpO¥ BO3MOXHBEI TMONIETHI Ha Mozenu JIA ¢ Bu3yanbHBIM HaOmropeHueM 3D-
MoJieNieil pernepHbIXx 00BeKTOB. Bes MoJenb paiioHa TONEeTOB MOXET ObITh OJHUM CETMEHTOM HYJIEBOTO
YPOBHS WM CETMEHTOM, KOTOPBIA MOXET JIEIUTHCS Ha CETMEHTHI IIEPBOTO YPOBHA. Kakplii cerMeHT mep-
BOTO YPOBHSI MOXKET JAETUTHCS HA CETMEHTHI BTOPOTO YPOBHA, KOTOPBIE B CBOIO OY€pENb MOTYT JIENUTHCS Ha
CETMEHTHI TPETHEr0 YPOBHA U T.[.

OnvH U TOT K€ CErMEHT He HYJICBOTO YPOBHS MOXET OBITh OIMCAH KaK «OXBaThIBAaMOMmas cdepa 1mo
HaNpaBJICHUIO» HJIM «OXBaThIBaIONIas cepa MO AaTbHOCTH», WIIH OJHOBPEMEHHO M KaK «OXBaTHIBAIOIIAS
cdepa 1o HaNpaBICHUIO» U KaK «0XBaThIBaIOIIas cdepa Mo AaabHOCTH.

Bi1o:XeHHOCTH CErMEHTOB OJTHOTO YPOBHS B IPYTOH 3a7aeT CTPYKTypy 6a3nl qanubsix KI'N.

Bce BusyanbHble IPUMUTHUBBI JOJDKHBI IPUHAAIEKATh WIM CETMEHTY HYJIEBOI'O YPOBHS, WM COBE-
TYIOIIAM CETMEHTAM.

Kaxnprii j-i ynpaBisromuil IpUMUTUB UMeET BpeMsi 00paboTKu V) = const7; ) Kanpit i-it BU3Y-

j
) Vv 14

QIBHBIA PUMHUTHB TAKXKE UMEET CBOE BpeMs 00paboTKu t,-( ) = constTl.( ). Takr peXHMa peasbHOTO BpeMe-

mu (PBP), 3a xotopoe cunTe3upyroTcs 2D-mpoekiuu 3D-006eKTOB, ompeensieMoro ceidac kak 80 mc.

Bpems o0paboTkn Monenu paifoHa moseroB 7, 3a OJUH TakT pPeXHUMa PeallbHOTO BPEMEHH 3aBHCUT OT

cTpyktypsl 6a3bl ganHbix KI'W, a ata cTpykTypa onpeaensieTcs HeOOXOUMOCTBIO ICIHUTh BECh paiioH Mo-
JIETOB Ha CErMEHTHI TaK, YTOObI BCE IPUMUTHUBbI B CETMEHTaX, KOTOPhIE B JAHHBI MOMEHT BPEMEHU HE aK-
TUBHBI, ObUTH MCKITIOUYEHBI U3 00paboTku B PBP Ha kak MOXHO 0oJiee paHHEM JTare:

N

SR
=Y+ >, (1)
J=1 =1

i

U . £ .
rae NJ( o YHUCJIO aKTUBHBIX YIIPABJIAIOIINUX IIPUMHUTUBOB B j-M CETMCHTC, Nl( ) YHCJIO 1-X BU3YaJIbHBIX

NIPUMUTUBOB B aKTHUBHBIX CETMEHTAX.
Tak kak paiionsl nmosetoB g AT u 1t TpeHaxkepa onepatopa BIIJIA otnuuaroTcst npu oguHaKo-
BbIX xapakrepuctukax KI'M u s3xpanoB ¢popMUpOBaHUS IPOMEKYTOUHOI'O H300PaXKEHUS, TO KIIFOYEBBIM OT-
anuneM 60a3 maHHbIX a1 K[ sBnsercst ux crpykrypa. st TpeHaxkepa omeparopa BIIJIA Bcs monens
paiioHa mojeToB pa3OuBaeTCs TOJBKO Ha CETMEHTHI IIEPBOIO YPOBHS (Tak Kak LIEb CHHTE3a BH3YalbHOTO
n300pakeHUs] — BBICBETUTh Ha dKpaHe (OPMUPOBAHUS MPOMEKYTOUYHOTO M300pakeHUs] AOCTATOYHO TPY-
Oble o TouHOCTH 2D-npoekuuu 3D-00BEKTOB, HO 3THX 00BEKTOB JOJHKHO OBITH HE MEHEE 3aaHHOTO YHC-
Jla U K TOMY K€ OHM JOJDKHBI OBITh Pa3MELICHbI Ha MOJCTUIAIONIEH IOBEPXHOCTH, (PUKCHUPYIOIIEH pealb-
HBIH penbed BHIOpaHHOTrO paiioHa mojeToB). B AT HeoOXoaMMO 3acTaBUTh MUJIOTAa BHAECTH 3D-00BEKTHL,
YTO npennonaraeT 0ojiee BEICOKYIO AETAIM3ALMIO BCEX CHHTE3UPOBAHHBIX 3D-00BEKTOB (HO KaK MPaBHUIIO
3a MOJCTHIIAIONIYIO TIOBEPXHOCTh OepeTcst abCOMOTHO pOBHAS MOBEPXHOCTh HYJIEBOI'O CETMEHTA, TaK KaK MpH
nosierax Ha AT, kak 1 Ha peanbHbIX JIA, MuUHMManbHas BeicoTa He Ooiee 400 M, a B TpeHaXkepax orepaTopoB
BITJIA sTa BeICOTa MHOTO MEHBIIIE (32 HCKITFOUSHHUEM MOJICIIMPOBAHMUS TOPHBIX palOHOB, Kak HanpuMmep Kas-
Ka3a)). Paznuune B moaxoaax K MOJISTMPOBAHUIO PAOHOB MOJIETOB OTpaxaercs B cTpykrypax bl KI'U.

IIpu aToM Bpewmst cunaTe3a [ (AT) (S (AT)) u [P (S (EHHA)), paccuuTtanHoe o gopmyre (1), s Bcex

BO3MOJKHBIX TTOJIO)KEHUH MOJEJEH JIETaTeNbHOTO anmapaTra He JOJDKHO MPEeBBIAaTh 33JaHHOTO TakTa pe-
XKHMMa PeaIbHOI'O BPEMEHH.

Y4uThIBas, YTO KAYECTBO MOJIENIN PaliOHA MOJIETOB 3aBUCUT OT YMCIia 00pabaThIBaEMbIX BU3YaJIbHBIX
MIPUMUTHBOB, P pa3zpaboTke CTPYKTYpbl 0a3bl naHHbIX KI'W HEoOxoanMo 100MBATHCS yMEHBIIECHHS YUC-
Jla YOpaBJISIONMX TPUMHUTHBOB, YTOOBI 32 CYET OCBOOOMBIIETOCS BpEMEHU J00ABUTh BU3YyabHBIC IPUMHU-
THUBBI, BCETJa YIIy4lIalOUINe KAYeCTBO CHHTE3UPOBAHHOTO N300pakKEeHUSI.
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Pe3yAbTaTnl H 006Cy>KAEHHE

Mopenu paiiona mosneroB minst AT u ms TpeHakepa ornepatopa BIIJIA pa3nudHbI Kak Mo pa3mepam,
TaK M 110 OCOOCHHOCTAM pelibedha, TpeOOBaHUS K XapaKTEPUCTUKAM CErMEHTOB Pa3HOTO YPOBHS, YTO TPE/I-
ToJIaraeT pa3HbId MOAX0 K 00YUEHUIO JIETUNKOB B oniepatopoB BITJIA.

3akAroueHue

1. Crpykrypa 6a3bl nanubeix KI'M onpenensercs ynpapisiOmUMU TPUMUTHBAME KaK «OXBaThIBAIO-
mas cdepa 1Mo HalpaBJICHUIO» U «OXBaThIBArOMIas cdepa 1mo JaTbHOCTH.

2. Mopenu penepHbIX 00bEKTOB JUIsl MOJEH paiioHa mosieToB st AT u s Mojenu palioHa mose-
TOB TpeHaxkepa onepartopa BIIJIA pa3mu4HbI MO CTENEeHN MX AeTalu3alliH, TaK KakK MOJEThl COBETYIOIINX
Mozeneit JIA mpoBoASTCS Ha Pa3TUIHBIX BBICOTaX.

3. BpCMH O6pa6OTKI/I MOACIn paﬁOHa IIOJICTOB TL 3a OJUH TAKT pCKKUMa p€aJibHOIO0 BPEMCHU 3aBH-

CUT OT 4YHCJia YIPABJIAIOMUX IIPUMHUTUBOB, PACIIOJIOKCHHBIX B dKTUBHBIX CCIMCHTAX U OT YHCJIa O6pa6aTI>I-
BAa€MbBIX BU3YAJIbHBIX IPUMUTHUBOB PACIIOJIOKCHHBIX B 9TUX aKTUBHBIX CETMCHTAX.
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OINITUMU3AITUSA YIIPABAEHUSA TPAHCIIOPTHUPOBKOM I'A3A
IIO TPYBOIIPOBOAAM ITYTEM AHAAN3A AMHAMUKHN
NU3MEHEHUA KOHIIEHTPAITUU TIPUMECEN

P. A. IlIteixos’, H. K. FOpkxos®

" Mypomckuii I/;HCTI/ITyT Bnanumupckoro rocyrapcTBeHHOro yHuBepcurera, Mypowm, Poccus
Ilen3eHckuii rocyjapcTBeHHBIH yHUBepcuTeT, Ilensa, Poccus
!ipmrroman@yandex.ru, > yurkov. NK@mail.ru

AHHOTaUMA. AxmyanrvHocms u yeau. J1jig onpeneiaeHusi KOHIEHTpauuil npuMecel B ra3e, KOTOPbIA TpaHCIOp-
THpYETCS 10 TpyOOIPOBOAY, HCIONB3YIOT CHEHaIbHBIE TPUOOPHI, YTO BEI3BIBAET YJOPOKaHWE TPAHCIOPTUPOBKH T'a-
3a Ha TprUoOpeTeHne YTHX NPUOOPOB, UX YCTAHOBKY W 3aTpaThl Ha UX oOciyxuBaHHe. Llenb — COKpaTUTh pacxoIbl,
HCTIONB3ys Oosee APPEeKTUBHEIA crioco0 orpeeieHus KOHIICHTParii IpuMeceil ¢ MOMOIIBI0 CIEeHaIbHO pa3pado-
TAaHHON MaTeMaTHYECKOW MOJENH, KOTOpas MIO3BOJIUT MOIYYaTh JaHHBIE B aBTOMaTH3HUPOBAHHOM IIPOIIECCE BBHIYHCIIC-
Hus. Mamepuanvl u memoowi. ViccnenoBanue rUIpaBInIecKuX 3aKOHOMEPHOCTEH, KOTOPbIE CIIOCOOCTBYIOT YCTaHOB-
JICHUIO ONTHMAIIBHBIX M HAJe)KHOCTHBIX XapaKTePUCTHK CHCTEMBl Tra3ocHaOxeHus. Pezyromamei. IlomyueHbl
THIPABINYECKUE 3aKOHOMEPHOCTH, KOTOPHIE OIPEEINIAIOT OCPEAHEHHbIE N3MEHEHN KOHIIEHTpaluii mpuMeceil B rase
no paboyeMy cedeHHo NoToka. [loka3zaHa qUHAMHMKa M3MEHEHHI JaBJieHHs: B TpyOe rasa npu ydyere W3MEHEHHs THI-
PaBIIMUECKOTO COIPOTUBIICHHS Ha TpeHue. Pa3zpaboTaHbl OaaHCOBBIE YPaBHEHHUSI M ONMCAHBI THIPABINYECKUE 3aBH-
CHMOCTH C LIEJIBI0 HaxOXJICHWS! KOHIEHTpalMi npuMecei mo Bcemy o0beMy TpyOorpoBoxaa. Iloka3zaHbl m3MeHEHUs
JIaBJICHUS Ta3a NP Havyajle U OCTAaHOBKE pabOTHI HACOCHBIX CTaHIMH B CUCTEMe ra3oCcHa0XeHUs. Boi6oovi. Takum 00-
pa3om, ompenesisi KOHIEHTPAIMy IpUMecei B ra3e IpH ero TPaHCIIOPTHPOBKE, MO>KHO MUHUMH3HPOBATh HApYIICHHS
THIPABIUIECKOTO PEKUMA €ro pabOThI, COKPATHB MOTEPH BCEX MOIMHOCTEH Ooiee, yeM B 12 pa3 OT yCTaHOBICHHBIX
MIPOEKTHBIX MOKa3aTesne.

KiroueBble ciioBa: Ta3onpoBoO/, ra3, ynpaBJI€HUE, OIITUMHU3ALN, IPUMECH, KOHIICHTPAIIA

Jnsa nurupoBanus: [lteikoB P. A., IOpkos H. K. Ontumusanms ynpasieHus TPaHCIIOPTHPOBKOMW ras3a 1o TpyOonpoBoaam
IyTeM aHau3a IMHAMUAKY N3MEHEHHs! KOHIIEHTpaIuy npumMeceii // HanexkHocTh 1 kauecTBO cioxHBIX cucteM. 2021. Ne 3. C. 87-92.
doi:10.21685/2307-4205-2021-3-11

OPTIMIZATION OF GAS TRANSPORT MANAGEMENT BY PIPELINES BY ANALYSIS
OF DYNAMICS OF CHANGE OF CONCENTRATION OF IMPURITIES

R.A. Shtykov', N.K. Yurkov?

' Murom Institute of Vladimir State University, Murom, Russia
?Penza State University, Penza, Russia
ipmrroman@yandex.ru, * yurkov NK@mail.ru

Abstract. Background. To determine the concentration of impurities in the gas that is transported through the
pipeline, special devices are used, which makes gas transportation for the purchase of these devices more expensive to
install and their maintenance costs. The goal is to reduce costs by using a more efficient way to determine the concen-
tration of impurities using a specially developed mathematical model that will allow you to obtain data in an automat-
ed calculation process. Materials and methods. The study of hydraulic patterns that contribute to the establishment of
optimal and reliable characteristics of the gas supply system. Results. Hydraulic patterns are obtained that determine
the averaged changes in the concentrations of impurities in a gas over the working cross section of the flow. The dy-
namics of changes in pressure in a gas pipe is shown taking into account changes in hydraulic resistance to friction.
Balance equations are developed and hydraulic dependencies are described with the aim of finding impurity concen-
trations over the entire volume of the pipeline. The changes in gas pressure at the start and stop of the pumping sta-
tions in the gas supply system are shown. Conclusions. Thus, by determining the concentration of impurities in the gas
during its transportation, it is possible to minimize violations of the hydraulic mode of its operation, reducing the loss
of all capacities by more than 12 times from the established design indicators.

© IIreixos P. A., FOpkos H. K., 2021. KonTent pocrynesn no anensuu Creative Commons Attribution 4.0 License / This work is licensed under a Creative Commons Attribution
4.0 License.
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s onpenenenys npumecel B rase, TpPaHCIIOPTHPYEMOTO MO TPyOOIPOBOLY, HCTIONB3YIOT 3KCIIPEcC-
METO/IbI, KOTOPbIE 3aKJIIOYAIOTCSI B MCIIOJIb30BAHUY CIIELHUAIBHBIX [IPUOOPOB, YTO BBI3BIBACT YAOPOKaHHUE
TPAaHCIIOPTUPOBKH Ta3a MpHU YCTaHOBKM JTHX MPUOOPOB W 3aTpaThl Ha WX oOcimykuBaHue. HanmbGonee 3¢-
(eKTHBHBIE CIIOCOOBI — 3TO KOCBEHHBIE METOJIbI, KOTOPBIE MO3BOJISIOT MONyYaTh JaHHbIE B aBTOMAaTH3HPO-
BaHHOM Ipo1iecce BerarcieHust. OnuH U3 Takux 3¢ (HeKTUBHBIX CIIOCOOOB OMUCHIBAETCS B CTAaThE.

[Ipu ruapaBIMUECKOM MOAETUPOBAHUH JIBHKEHHS ra3a Mo ra3olnpoBOy, C YUYETOM NOTEPH JaBICHUSA
n3-3a 00J1aCTH IIEPOXOBATOCTH TPYO, HEOOXOIUMO HCIIONB30BATH KPUTEPUH, KOTOPHIE YUNUTHIBAIOT BHEII-
Hue Bo3jaericTBus [1]. JlaHHBIE KpUTEPUU BBOAATCS, KOTJA JCHCTBYIOT CHJIBI TPaBUTAIMH U 3TH (AKTOPHI
HMEIOT pelIaroliee 3HaueHne Ipu JIBIKEHUM ra3a. B cucreme mojaun rasa mpouecc IBHKEHUS IPOUCXO-
JIUT TIOJ] BO3/IEHCTBUEM BBIHYKJIEHHOTO THIPOAMHAMUYECKOTO JaBJIE€HHUs, CO3/1aBa€éMOr0 HACOCHOM CTaHIHU-
eil, 1 OYeBHIHOTO COMPOTHBIECHHSA, BBI3BAHHOI'O 3acopeHueM TpyOompoBona. [IpoaykTsl 3acopa BHYTpH
TpyOOIIpOBOAa MOT'YT CO3JaTh YCIOBHUS AJISl PE3KOTO YBEJIWYEHUS THAPABINYECKOrO CONPOTHUBICHUS TPY-
0omnpoBoOAa, YTO MPUBOJHUT K MPOTUBOJECHCTBUIO AABJICHHUS, KOTOPOE HATHETAETCS] HACOCHOW CTaHIUEH, U
OHO OyZeT 3aBHCETh OT MPOTHBOMOJIOKHOTO 3¢ dekra Tpenus. PaccMorpum naBieHue raza B TpyOOmnpoBo-
ze. I'a3 ¢ KOHUEHTpauuel npumeceit ¢, 1 o0bemom W TpaHcmoprupyercs yepe3 TpyOy papuycom R,

HOCTYyNaeT B LIIMHAPHUIECKYIO TPYOy C ONpENEeIeHHBIM PauycoM R, CMEMIMBAETCS y’Ke C UMEIOIIUMCS
ra3oM B 9TOM 00beMe TpyObl U BO3HUKAET JONOIHUTENbHASI KOHLEHTPALMs IPUMECH ¢, . ['a3, Haxoasmmii-
cs B TpyOe nMeeT 0oJiee BHICOKYIO KOHIICHTPAITUIO TIpuMecei ¢(f) , 4eM BHOBH IOCTYNHBIIHHA. B 3TOT Mo-
MEHT ¢ =1, > ¢(t) KOHLEHTpaIHs IPUMeCcell JOCTUraeT HEKOTOPOTO 3HAUCHHS € .

PaccmoTpuM AMHAMMKY U3MEHEHHUs KOHLIEHTPALMU TPUMECEHN IIPU NIOJ1a4e Ta3a B CUCTEMY HACOCHOM
CTAHLUEH ¢ IEPEMEHHBIM PEKUMOM PaboThI, IPUHUMAs 0003Ha4eHUs: O, () — nozaya HACOCHOI CTAHIN-

el rasa ¢ KOHUEHTpalKel pumeceii — ¢, ; HaIMYne NPUMECced Ha eAMHAULBI 00beMa BOJBI Ha BBIXOJIE M3
HAacOCHOM ctaHuuu — c,; . llogada rasa ocyecTBisieTcs B NPUEMHBIA TPyOOIIPOBOJ LMIMHAPUYECKON
(OpPMBI ¢ KOHEYHOM 00BEMOM U MMeeT paguyc R u mmmHy L. B MOMEHT OCTaHOBKM HAaCOCHOM CTaHIIMH

t,,( =1,) Ha paccMaTpuUBaEMOM ydYacTKe ra3onpoBojia Haxomutes ras ¢ oovemom W, (¢,)=TR’L ¢ kom-
HEHTpauueil TpUMecel — C, M OTCYTCTBYeT MHpPUTOK HoBoro rasa, T.e. O, (1<f)=0 (rawke npu
=1, an(to) =0).

C Hayanom paboThl HACOCHOW CTaHIMK WM IPU ¢ =7, B Ta30MPOBOJ HAYMHAET ITOCTYIIATh Ta3 C pac-

xogom QO

p

() u ¢ KoHIeHTparyeii ¢

p 2 rae Cnp < Cy - B mpouecce MEXaHNYECKOIo NMepeMEIIMBaHusA B Ia30-

npoBozie YOPMHUPYETCs ra3 ¢ KOHUeHTpaumeii ¢(¢), 111 KOTOpOil IMeeT MECTO HepPaBEHCTBO Cyp < c(t)<c .

PaccmatpuBaem 3amady, TIpH KOTOPOH B ra30mpoBOZE C AHAaMETpoM d W uinHOW L wmeercs ras
¢ OOMBIIMMHU KOHIIEHTPAUAMU IpHMeceit (CO > cn) . O6bem rasa 10 MoOMeHTa [ <{, UMEET KOHLEHTPALH

npuMecei

W =W, (1=c,) u W =We,, (1)

H

rae W, =§d2L.

C MoMeHTa ! =, HAYMHACTCs MOCTYIUICHHE rasa ¢ pacxomom O, - (t) ¥ KOHLICHTPALMCH IPUMECEHt €.
JUst foCTHKEHHS Ta3a MPUEMIIEMOr0 Ka4eCTBa J0JKHO BBIMOMIHSTECS YCIOBUE ) < C .
B rasompoBox npu f, <t mocTymaer ra3 ¢ KOHLUCHTPALMH NMPUMECEH ¢, W CCKYHIHBIM PacxoJoM

O, (¢). Torma 3a Bpemsi df B ra3olpoBOJ IIOCTYIIAET a3 ¢ 00beMoM d W, =0,dt
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VYpaBHeHue OanaHca oObeMa rasza U KOHLEHTpAlMU HNpUMeEcei 3a BpeMs df MOYKHO OIMCATh PaBEH-
CTBaMHU

aw, "' =0, (1-c, )dt.dw; =0, c,dt. 2)

np np 1p - TIp

Otkynaa o0ruii 00beM rasa ¢ MPUMECSIMH B Ta30IIPOBOJIC BhIpaXaeTcs ypaBHEeHUEM [2]
t
W (t)=W,+[Q,ydt. 3)
0

A o0bem rasa, HGO6XO}Z[I/IMOFO IJId moJia4u B T'a30IIPOBOJ 40 JOCTHIXKCHHA rasa nNpueMJIEMOro Kkade-
CTBa, MOKHO OIIPCACIUTD

we () =w,(1-c,)+ anp t)dt |(1-c,,), )

W (1) =We, + ]'an(t)dt Cop- (5)

N3 ypaBuenuii (3) u (5) 3aBUCUMOCTH MOYKHO OIPEACIIUTh TUHAMUKY W3MEHCHHS KOHIICHTPAIIUN
MpUMecei B Ta30IPOBOJIC C YYETOM MPUTOKA HOBOTO T'a3a

VVOCO + anp (t)cnpdt
o(t)= - b . 6)
w, +anpdt

ly

3aBUCUMOCTD (6) TaeT OCHOBaHME ISl MOJyUeHHs] TUHAMUKA W3MEHEHUs1 00beMa ra3a ¢ KOHIeHTpa-
nuel npuMecel, IPOUCXOASILINE B MpoLEcce MEXaHHUEeCKoro nepemeniBanus. M3 (6) ciexyer, 4to B Mo-

MEHT [, <! KOHLIEHTpaLHXs IIPUMECEH B Ta3¢ YMEHBIIAETCA U B MOMEHT [ = " IOCTHraeT KOHLUEHTPALUH C
rae ¢ < Cyp <€y, € ITOrO MOMEHTA M HAUMHACTCS M0/1a4a ra3a B CeTh. [Ipu sTOM BenMUYKHA PUTOKA ra3a U

BCJIMYUHBI €TI0 OTTOKA PaBHBI
0, (1) =0, (1) =0"(2), (7

T.. 00BbEM Ta3a B Ta3ornpoBOJAC OCTACTCA MMOCTOAHHBIM.
PaCCMOTpI/IM 33.,[[3.‘1}/, B MOMEHT ¢ >¢ ¢ YUCTOM IIPUTOKA U OTTOKA ra3a, Koraa B ra30mnpoBOJ MMOCTYyIIa-

€T ra3 C KOHIIEHTpaIuit c » ¥ pacxoziom Q’ , Toraa KOJMYECTBO MOCTYNAIOIIErO HOBOTO ra3a OyIeT PaBHBIM

mp

0=,
W“(t) "¢

np np ~1p

®)

TOFILa B ra3onpoBOAC KOJMYCCTBO Ira3a U KOHUCHTpAl Ui anMeceﬁ B MOMEHT ¢~ OoImpeacIsAeTCs pa-
BCHCTBAMU

W (e) =W, (1-c,)+ jQHp t)dt |(1-c,,), )

wO(£) =W, ]andt Cop- (10)

fy

JInist cydasi JaHHOTO Ta30MPOBOJIA COOIIONAETCS PABEHCTRO: QBMX( ) =0, (1)
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Jns ycnoBus GanaHca pacxoJioB ra3a NPUHMMAeM U YCIOBHE OajlaHCa KOHIIEHTpAalMU IpuMeceit
* — * _
cm(t ):c = const.

Tor;[a 00BeM rasza ¢ KOHL[CHTpa]_[I/Iﬁ HpHMCCGﬁ Ha BBIXO/I€ U3 Ia30IIpOBOJa 6y/:[eT paBCH

W =jQ§p(t)(1—C*)dt, (10)

Wil = [0, ()c . (11)

H3menenns KOHUCHTpaluu an/IMecefI B Ia30poBOAC ¢, (t) OIpPEACIAOTCA U3 CIICAYIOMINX OanaH-

COBBIX ypaBHEHHH [3]:

BBIT

wol = (£ )+l —wl) = WO(l—co)+<1—cnp)anp(t)dt—(l—c*)jQOT(t)dt; (12)

P t
WO =W () + WS =W =W, + [0, (1) cpdt—c;, [ O3, (t) . (13)
f f

OTkyza omnpeaenseTcs KOHIIEHTPAIHsI IpuMecell B Ta30TIPOBO/IC:

W(S) B W(S)
W(S)-I-W(G) - t t
W *

et =

- . (14)

Wm m3MeHeHrne KOHIIEHTPAINK MpUMeceil B Ta30TIPOBOIEC MOXKHO ITepenucaTh B BUIE

O (e )
¢ (t)= ( )W(t:'; (15)

YJIH
de(t)=c,(t)—c (t)=—2—=0, (16)

OTKy/a IoJly4aeM, 4To Ipu ¢ >t noikHa Obith ¢, (1) =¢ (1) =c(f)=¢" [3] n obecnieanBaercs perymnspHas

mojaya rasa. IIpu mogade rasa B ra30mpoBOJ ¢ JaBiieHHeM P IpOMCXOAUT U3MEHEHHe 00beMa ra3a B HEM.

aw
HpI/IHI/IMaH d—Z—BwW, TCIICPb PACCMOTPUM 3aAavdy 00 U3MEHEHUU AAaBJICHHUA Ta3a B ras3onpoBolc,

aw 1
rae Bw - K03(1)(1)I/ILII/ICHT CXKXNUMACMOCTH ra3a, HaXOJUM dp =———.—— — U3MCHCHUC [aBJICHHA B ra3onpo-

w

1
BOJIE C YYeTOM CXXMMaeMOCTH Trasa. BBoaum moxyns ympyroctu E,, tne E,=-—, Torma umeem
dw
dp= _EOW’ OTKYy[1a HaXOJUM

aw.__dp

7R (17)

Tornma u3MeHeHHe KOHIGHTPAIUK MTpUMecel B ra3e ¢ yU4eTOM MOJIYJS €ro YIPYTrOCTH MOXHO OTpe-
JIETTUTH W3 3aBUCUMOCTH [2]
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de(t)=-"2qp . (18)

0

de(t ¢, dP
IIpu Cd( ) =—bfp i HHTETpUpys 10 BpeMeHu (18) ¢ yuyeToM Ha4dalbHBIX YCIOBHMA c(z‘o) =c, "
t , dt

P(to) ZR), MOJIy4YuM YpaBHCHHUC JIS1 ONMUCAHUSA OAUHAMUKU KOHLCHTpAlUU HpHMGCCfI B 3aBHCHUMOCTH OT

HU3MCHCHUS OABJICHUA ra3a:

c(t)=co—cE'—'Z[P(t)—PO] WIH c(t):l—% %:)_ (19)

I[J'DI MOACIUPOBAHUA U3MCHCHUSA NABJICHUA, H606XOI[I/IMOF 0 JJId MOJYYCHUA 3aI[aHHOI71 KOHICHTpa-
oun HpI/IMeceﬁ B ra3onpoBoAc, UCITI0JIB3YyEM 3aBUCUMOCTD

5 !an(t)dt

l . (20)
C C
np np VI/()+IQHp(t)dt
0

P(1)~B, =, —(1)]

3aKOHOMEpPHOCTh U3MEHEHMSI TABJICHUS Ta3a B ra30IIPOBOJIE I 3aJaHHOW KOHIICHTPAIIUY IPpUMecei
OTIMCHIBAETCS YPAaBHEHUEM

P(1)= R+

W+ [0, (1) de
0

j‘an(t)dt
: (21)

B ypaBHEHMSX TPUHITHI 0003HAUCHHUS: an(t) — T071a4a B ra30MPOBOIHYIO CETh, M /C; Q*Hp(t) -
BENMYMHA OTPEOGHOTO pacxona, M°/c; WT(: ) _ o6bem rasa B ceTu B MepHOJl OCTAHOBKH MOJAYM Ia3a, M';
w ) (t*) — 00beM ra3a B CETH B MOMEHT BPEMEHH  , M; Wn(lf ) — 0GbeM IPUTOKa rasa B CeTh; WO(TB) — 00beM

OTTOKa U3 ceTy; W, — oObeM cMecH rasa u IpuMeceil B CETU B MOMEHT /,; €, — KOHLEHTpauus npumeceit

np

Ha e/IMHUIly 00beMa ra3a Ha BXOJE B CEThb, uucio/M’; ¢’ — Bemuumna [JIK, uncno/M’; ¢, — KOHIEHTpa-

1us IpUMeceil Ha eUHUIYy 00beMa rasa, 4ucio/ M'; WT(; ) 06BeM cMecH Ta3a B CETH ¢ HAYANOM MOJIaYH

>""mp 7" or

rasa B cetb; W) (t*) W) W) _ oGbeMbl cMecH rasa, COOTBETCTBYIOIIME B MOMEHT BPEMEHH f, IPUTOKA 1

OTTOKa U3 CCTHU C HAYAJIOM I1OJJa4M ra3a K HOTpeGI/ITGHHM (l* < l) .

3akarouenue

YuuteiBas Teoputo TUPPY3MOHHOTO MTEPEMEITUBAHMUS ra3a ¢ MPUMECSIMH B Ta30IPOBOAE, MOTYIHIIH:
1) rumpaBnmYecKre 3aKOHOMEPHOCTH, KOTOPBIC ONPENENSIOT OCPEAHCHHBIC M3MEHEHHsS KOHICHTpPAIHi
IpUMecei B raze 1o paboueMy CEYeHHIO MOTOKA; 2) MOKa3bIBAIOT ANHAMUKY U3MEHEHUH TaBlIeHUs B TpyOe
ra3a mpy y4eTe M3MEHEHHUs THAPAaBIUYECKOr0 CONPOTUBICHUS Ha TpeHue; 3) pa3paboraHbl OanaHCOBBIC
YPaBHEHHS W ONHCAHBI THIPABINYECKHE 3aBUCHMOCTH C LIEJIbI0 HAXOXKCHUS KOHIICHTpanuii mpruMecei mo
BceMy 00beMy TpyOompoBoja; 4) 1moka3aHbl H3MEHEHUs JaBJICHUS ra3a MPH Hadalle U OCTaHOBKE pabOoTHI
HACOCHBIX CTaHIMI B CHCTEME Ta30CHA0KEHHSI.

Takum oOpa3oM, ompenessis KOHICHTpAlUU IMpUMecel B rase HpH €ro TPaHCHOPTHUPOBKE, MOXHO
MUHHMHU3UPOBATh HAPYIIEHUS THAPABINYECKOTO PEeXHMa €ro paboThl, COKPATUB MOTEPH BCEX MOIIHOCTEH
0oJiee, ueM B 12 pa3 OT yCTaHOBJICHHBIX MPOCKTHBIX MTOKa3aTeleH.
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HEVPOHEYETKOE YIIPABAEHUE ITPOIIECCOM CYIIKU TIUAOMATEPUAAOB

A.U. Ausees!, A. B. IloaTaBckmii?, A. Aaxxarem®

! denepanbHbIii HecnenopaTenbekuii nentp «HpopMaryka u yrpasinenne» PAH, Mocksa, Poccus
> MucTutyT npobieM ynpasieHus nvenn B. A. Tpanesuukoa PAH, Mocksa, Poccus
13 Poccuiickuit yauBepeuTeT ApykObl Hapo0B, Mocksa, Poccust
"aidiveev@mail.ru, * avp57avp@yandex.ru, * alialhatem@mail.ru

AHHOTanms. Axmyanbrnocms u yeau. PaccMaTpuBaeTcs 3afaya yIpaBJIeHUs MPOLIECCOM CYLIKU IMHUIOMaTepua-
na. KadecTBo cymiku ompenensiercsi pekuMaMi (PyHKIMOHHPOBAHHS YHEPTETHUECKUX YCTAaHOBOK, 00ECIEUNBAIOIINX
rmojjady TeIula B CYNIMIBHYIO KaMepy M IapaMeTpaMH BIIarocojepkaHHs BBICYIIMBAEMOTO MHIOMarepuaia. B mo-
cllesiHee BpeMsi BO MHOTHX padOTax MHpolecc CYIIKH MIIoMaTreprallia paccMaTpUBaeTCsl Kak 3ajada ONTHMalIbHOTO
YTIpaBJIECHUS, B KOTOPOH BBICYIIMBAEMBIN MaTe€pHall JOJDKEH AOCTHYB 10 CBOMM CBOMCTBAM 33JaHHOTO IapaMeTpaMu
COCTOSIHMS 32 MUHUMAJIbHOE BpeMs. Mamepuanst u memoosl. JIIs onpeneneHns peXXuMOoB KaYeCTBEHHOTO ONTHMAIIb-
HOTO yTpaBieHUs 1 3()(HEKTHBHOTO N3MEHEHHS STHX PEKHUMOB B IIPOIIECCE YIPABICHUS CYIIKOH HEOOXOJMMO pacrio-
JaraTh B KaKIbIi MOMEHT BPEMEHH TOYHBIMH 3HAYEHHSMH IapaMeTPOB MOAENU 00BEKTa ynpaBieHus. JlaHHble 3Ha-
YeHHs1 He MOTYT OBITh TOYHO ONpPEIETIeHbI C MIOMOIIBI0 U3MEPUTENBHBIX MIPUOOPOB. Pesyibmambl u 66180061, Takum
00pa3oM, IpoLecc ONTUMAIBHOTO YIPaBICHHUS CYLIKOI IMMIOMaTepHaIoB BKIIOYAET HEONpeaeineHHoCTH. s ycrpa-
HEeHUs IPo0JIeMbI HEOIIpeIeTIeHHOCTEH B paboTe MpeAiaraeTcsi HCIOoNb30BaTh U1 MX OMUCAaHHU MaTeMaTHYeCKHil arl-
napar He4YeTKUX MHOXKECTB, KOTOPBIU B Iporecce (a33uduKaiy NepeMeHHbIX NepeBeIeT HeONpe eI HHbIE 3HAYSHUSI
NapaMeTpoB MOJICIH B JIMHTBUCTUUECKHE TEPMBI C ONpEIEICHHBIMU (PYHKIMSAMH NPUHAIISKHOCTH. [jist mosry4deHus
YIOPaBIIOMUX BO3JEUCTBUI HA OCHOBE aHAIN3a JIMHIBUCTUYECKUX MIEPEMEHHBIX MPEAIAracTcsl UCI0Ib30BaTh HEUPO-
HEYETKYI0 CHCTEMY YIpPAaBIECHUs C JIOTHYECKUM BbIBOAOM Taraku — CyreHo — KaHra Ha ocHOBe HEWpOHHOH ceTu
ANFIS, koTopas peannsyeT onTHMalbHOE YIpaBJIeHHE CYIIKOM NMUIoMaTepuaioB Ha OCHOBE 33JaBaeMbIX pa3padoT-
YMKAMHU CUCTEMBI yIIPaBICHHUS 0a3bl MPABUIL

Ki1roueBble ¢j10Ba: ONTHMAIBHOE YIIPABICHUE, CYIIKA ITMIIOMATEPHAIOB, HEHPOHEUETKOE YIIPABICHHE

Jaa uutupoBanus: {usees A. U., [Tontasckuit A. B., Anxarem A. HelipoHeueTkoe ynpapieHUe IPOLIECCOM CYLIKH IH-
nomarepuanos // HagexxHocTs 1 kadecTBo cinoxHbIX cucteM. 2021. Ne 3. C. 93-97. doi:10.21685/2307-4205-2021-3-12

NEURO-FUZZY CONTROL OF THE LUMBER DRYING PROCESS

A.L Diveev', A.V. Poltavskiy?, A. Alhatem?

" Federal Research Center "Informatics and Management" of the Russian Academy of Sciences, Moscow, Russia
V. A. Trapeznikov Institute of Management Problems of the Russian Academy of Sciences, Moscow, Russia
1,3 ' . . . . . .
Peoples' Friendship University of Russia, Moscow, Russia
"aidiveev@mail.ru, Zavp57avp@yandex.ru, * alialhatem@mail.ru

Abstract. Background. The problem of control over the process of lumber drying is considered. The quality of
drying is determined by the modes of operation of power plants that provide heat supply to the drying chamber and the
parameters of the moisture content of the dried sawn timber. Recently, in many works, the process of drying sawn
timber is considered as an optimal control problem, in which the material to be dried must achieve the specified state
by its properties in a minimum time. Materials and methods. To determine the modes of high-quality optimal control
and effective change of these modes in the process of drying control, it is necessary to have at each moment of time
the exact values of the parameters of the model of the controlled object. These values cannot be accurately determined
using measuring instruments. Results and conclusions. Thus, the process of optimally managing the drying of lumber
involves uncertainties. To eliminate the problem of uncertainties in the work, it is proposed to use the mathematical
apparatus of fuzzy sets to describe them, which, in the process of fuzzification of variables, will translate the unde-
fined values of the model parameters into linguistic terms with certain membership functions. To obtain control ac-
tions based on the analysis of linguistic variables, it is proposed to use a neuro-fuzzy control system with Tagaki—
Sugeno—Kang logical inference based on the ANFIS neural network, which implements optimal control of sawn tim-
ber drying based on the rule base set by the developers of the control system.

© Ausees A. V., TToarasckuii A. B., Aaxarem A., 2021. Kontenr pocrynen no anuensun Creative Commons Attribution 4.0 License / This work is licensed under a Creative
Commons Attribution 4.0 License.
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BBepenne

[Iporecc Cymiku NMUIIOMaTepUalioB — CIOXHBINA (DU3MKO-XUMUYECKHid rpouecc [1], 3aBucsimui ot
MHOTHUX TTapaMeTPOB, XapaKTEPU3YIOIMNX Ka4eCTBO MOBEPTraeMoro CyIlIKe MaTepraia, | IMporecca MmoIaun
TEIUIa B CYNIMJIBHYIO Kamepy. B mociennee Bpems poIiece CYIIKY C 1EJIbI0 MOBBIIICHHS €ro 3()(eKTHBHO-
CTH paccMaTpUBaeTcs Kak 3ajada ONTHMAIBHOTO yNpaBieHUs [2] ¢ MPUMEHEHWEM METOJIOB NpPUHIUIA
makcumyma JI. C. IlowTpsruna. Crnenyer OmHAKO OTMETHTH, YTO TMOJHOCTHIO ONTHMAJBHBINA IPOIECC
YIpaBICHHS] BO3MOXEH TOJIBKO B CUCTEMaX C MOJHOW MH(OpMAIUEH, KOT1a BXOASIIUE B MATEMATHYECKY O
MOJIeNTh TIEPEeMEHHBIE W IMapaMeTphl TOYHO OIPENeTICHBl MM PacCUMTaHBl B IPOIECCE BCETO BPEMEHH
ympasieaus. OObEeKT yIpaBlIeHUs, MOABEPTAIOIINNACS CYIIIKE MIIOMATEpHal, B OOIIEM CIydae OMUCHIBACT-
cs cucteMoil mudhepeHIMANBHBIX YPAaBHEHUI B YaCTHBIX MPOU3BOIHBIX CO CIOXHBIM OIMCAHUEM TEMIIC-
patypHoro Bo3neiicTus [3—5]. JJid KadeCTBEHHOTO YIPaBIEHUS MPOIIECCOM HEOOXOAMMO 3HATH TOYHO €0
KOJIMYCCTBCHHBIC ITOKA3aTCIIN, YTO B PCAJIbHBIX YCJIOBUAX OCYHICCTBUTH KpaﬁHe CJIOXKHO.

B pabote mpemmaraercs A onvcaHUs HEONPEAEIEHHOCTEH MMpoliecca CyIIKH MAIOMaTepHAIIOB HC-
MOJTb30BaTh MaTEMATHUYECKUH almapaT HEYeTKNX MHOXKECTB. B 3TOM citydae HeompeaeeHHbIe TapaMeTphI
3aMEHSIOTCS WX JIMHIBUCTHUYECKUMH OIICHKaMHu. [layiee Mo JIMHIBUCTHYECKUM TMEPEMEHHBIM BBITIOIHICTCS
JIOTUYECKHUN BBIBOJ JJISL OMIPEEIICHUS] TIMHTBUCTUYECKUX IMEPEMEHHBIX YIpaBiieHus. J{Js TOTH4eckoro BbI-
BOJIa TIPE/IaraeTcs UCIIOIb30BaTh HEHPOHEUETKYIO CUCTEMY YIIPABJICHUS C JIOTHYECKIM BBIBOJIOM, KOTOpast
oOydJaeTcs JUis KOHKPETHOW cymmibHON ycrtaHoBku. [locne aedaszsupukanuu ynpaBieHHsS MOTydacMm
«JeTKHe» TapaMeTphl yIPAaBIIONINX BO3JEHCTBUN, KOTOPHIE JODKHBI 00ECIIeUUTh 3aJaHHBIM KPUTEPU
KadyecTBa ynpapleHus cylkoi. O0mas cxema npeajgaracMoro HeMpoHEeUeTKOTO YIPaBIEHHSI COOTBETCTBY-
€T cXeMe ¢ JoruueckuM BbiBogoM Taraku — CyreHo — Kanra [6—8].

3apaya ONTHMAABHOM CyIIKH NHAOMaTepHaAa

Matremarudeckasi MOJICIb IPOIIeCca CYIIKH MUJIOMaTepraia BKIIIOUAET YPABHEHHUS TPOIIECCOB TEILIO-
¥ MaccoTepeHoca M OMUCHIBACTCS CIICTYIONIECH crucTeMoi auddepeHInalIbHbIX ypaBHeH!H [1]:

o _ a,V’t +%8_u+&;
ot ¢ Jdt  cp,

du_ a,Viu+a,dVit+ ea—u
ot ot . (1)

9 € du
P —q pVZ p+r——
ot ¢y 0T
b
roe 9 — KOO (GUIMEHT TEMIIEPATYPOIPOBOAHOCTH, € — KpuTepuii (pa3oBoro nepexona, € — TEMIOEMKOCTb
r
JIPEBECUHBI, 0 — CKpbITas TEIUIOTa MpeoOpa3oBaHus, O _ KOJIMYECTBO TeEIJIa, BBIACISIEMOTO B Telle,

o a
po — INIOTHOCTH a0COJIFOTHO CyXou NpE€BECUHBI, ™ — KOS(l)(l)I/I]_II/ICHT MacCCOIIpOBOAHOCTHU TEJa, d — TCpMO-

o a o
IpajUeHTHBI KodppuimenT, * — kodGQuImenT KoHBeKTUBHOH muddy3un, ! — Temneparypa Matepuana,

U _ Macca Biaru B Matepuaie, © — IIOTHOCTb BIaKHOTO BO3LyXa B OPAX MATEPHAIA.
B npouecce ynpasnenus npeanonaraercs [2], uro cucrema (1) uMeet B o01eM ciydae pelieHne

U(U(T), T, x) , (2)

rae X — THMHEWHBIN pa3Mep TOJIIMHEL IPEBECUHBL, M B JAHHOM PEIIEHHH MOYKHO HAWTH TaKOe W3MEHEHHE BlIa-

roCOACpIKaHUA U(T) , KOTOPOC obecrieunr 3a HEKOTOPOC BPEMA =T BBIIIOJTHCHUEC YCJ'IOBI/Iﬁ PpaBHOBECHs

UG(T),T,x)= f(x). (3)

rae AC (byHKIIMSI, ONMCHIBAOINAS JKEJIAaeMOe COCTOSTHUE MaTepuana. B kadecTBe KpUTEpHs ONTUMAIIb-
HOCTH UCTIONB3YETCS SHEPTONOTPEOIeHNE M OBICTPO/ICHCTBIE
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J =T — min

“ 4)
O4eBHIHO, YTO JUISI CHHTE3a ONTHMAJIbHOTO YIPAaBICHHS HEOOXOIUMO pacrojaraTh TOYHBIMU 3Ha-
HUSIMH O TEPEMEHHBIX U MapaMeTpax, BXOJSNMX B cucTeMy ypaBHenud (1). Ympasnenue cuctemoii (1)
C TIOMOIIBIO MAapaMeTpPa, OMHUCHIBAIOILIEIO BJIarocojaep)kaHue, o0ecreyruBacT HeOOXOAUMBIC PEIICHHUS, HO
TEKyIas BEJIMYMHA BJIArOCOACPIKAHUS HE MOXKET OBITh TOYHO ONpeieicHa B Ka)blii MOMEHT BPEMEHHU.
Ckopee Bcero sl ee onpeeicHUsT HeOOXOAMMO HCIONIb30BaTh MAaTEMaTHUYECKHU ammapaTt y4era Heornpe-

neneHHocreii. B paboTe npemaracTcst HCIIOJIb30BaTh anapaT HEYeTKUX MHOKECTB.

HetipoHedueTknii MeTOA yIpaBACHHS

g HeompeeIeHHBIX TapaMeTPOB CHCTEMBI BBOJAUM TOHATHE JTMHIBUCTHYECKUX MEPEMEHHBIX. JTO
MOTYT OBITh NIEPEMEHHBIE, KOTOPbIE ONPEACISIIOTCS HEKOTOPhIM AWANa30HOM 3HA4YCHU, HarpuMep, 3Have-
HUH Temneparyp, BpeMEHH, CTOUMOCTH U APYIO€ ¥ ONPEAEIIATh BIIOJIHE OUYEBUAHBIMU HA3BAaHUSMH, «OUCHb
Majio», «Majioy, «HE OYEeHb Majo», «CPEeIHe», «IIOYTH MHOTO0», «KMHOTO» U T.A. MHOECTBO 3THUX 3HaUEHUI
Ha3bIBaeTCS MHOXKECTBOM TepMOB. llpolecc Moiy4eHus! JIMHIBHCTHUECKHX IMEPEMEHHBIX M3 HU(POBBIX
3HAYEHUH 3THX IEepeMEHHBIX HasbiBaeTcs (aszsuduranumei. s 4MCIOBBIX 3HAUYEHHH yCTAHABIUBAIOTCS
JMAIa30Hbl ¥ OTIPEeNEISIIOTCS TPaHUIIBI MO aHysl B 3TH AuanazoHsl. OnucaHue rpaHyll TEPMOB BBITIOIHS-
eTcs ¢ ToMolIblo QyHKIMK npuHaIexxHocT. Kak nmpaBuio, B 005acTu ynpaBieHus AJs epexoqa K TepM-
MHOXECTBY UCIIOJIB3YIOTCS CHHIJIETHbIE ()yHKINHU NPUHAMIEKHOCTH (puc. 1).

H(x)
A, 4 4 A, A,

A
Puc. 1. Cunrnersasie GpyHKIMN NPUHAATIEKHOCTH: 4 5 eews 4 —TEPMBI

Taxum oOpazom, m00asi HeYeTKask MepeMeHHasl MPeICTaBIseT cOO0H TepM U (PYHKIHMIO MPUHAIEK-
HocTH. [Ipy BBINONHEHUM JIOTMYECKHUX OIEepalyid Haa TepMaMH (QYHKIMH NPUHAAJIECKHOCTH 0OpaldaThiBa-
IOTCSI B COOTBETCTBUU C YCTaHOBJICHHbIMHU npasBuiaMmu. Hanpumep, norndeckas onepauus «M» Hang nsyms

A B N
JMHTBUCTHYECKUMHU TIepEMEHHBIMHU (4,1, (x) u (B,;(x)) MPUBOINT K TOIYUYCHHIO CIEeAyIomen, GyHK-
WY TIPUHAIICKHOCTH

W5 (x) =min{u, (x),1,(x)} . (%)

s obecniedueHus TOTHUYECKOTO BBIBOAA MCHOIB3yeM Habop mpaBun Takarm — CyreHo — Kanra, xo-
TOPBIE ONMHUCHIBAIOTCS] UMILTAKAIIMSIMHU

IT,: Ecmn x; ects 4, U...1 x; ects 4, U..U x;, ectb 4,;, TO ()

y :Ci,O +ch.,jxj .
j=1 ]:1,...,}1‘ (7)

b

BI:IXOI[HI:IC NEPEMCHHBIC ABJIAIOTCA YCTKUMMU. I/IMHJ'II/IKEILII/HI JIOTUYECCKOI'0O BBIBOJA BBIIIOJHACTCS I10
npaBuily J'[apceHa C HCUCTKHUM IIPOU3BCACHUCM:
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s (6 0) = M (X, ) = L, (DK, () (8)

[Ipu nedazzudukanuy UCHoab3yeTcs METOA IeHTponaa. OyHKINOHATBHAS 3aBUCHMOCTD IS TIOJTY-
YeHUS BEIXOJHOU MTePEMEHHON BEIMIMHEI ITOCIIe e a33uduKaIiii IMEeeT BHT

2

n
n

4

m m m m xj — al j
7’ _ L
E ¢ ot E C, X, I ILLA (x)) Z ci,0+zci,jxj I Iexp b

_ i ijJ AN = = = »

, i=1 Jj=1 Jj=1 5]

y = n- m . = 2 ° (9)

ZH“A""(X‘;) iﬁexp _ @

i=l j=1

=1 =1 i

J171s1 BBITOTHEHHS ABTOMATHYECKOTO BBHIBOJIA MO JIMHTBUCTHYECKUM MEPEMEHHBIM HCIIONb3yeTCs HEHPOH-
Has cetb ANFIS (adaptive network-based fuzzy inference system). CtpykTypa ceTu npejicTaBieHa Ha puc. 2.

CABIIT

= =

=

LN
_V

nepeMeHHbIX
HOPpMaJIH3amua

= | e

Puc. 2. Crpykrypa HeltponHoit cetn ANFIS

Nymankannsa npasma

Dazsnduramig BXOIHBIX
Jepassnpuranng pesyabrara

JaRJII0YeHHA

Hetipornast cets ANFIS comepXuT IsTh CII0€B, KOTOPHIE B HTOT'€ OMPEILISIIOT IO TTpaBmiaM (6) Jo-
THYECKUH BBIBOJI OTHOCHTENBHO YIIPABJICHUS MPOIIECCOM CYIIKH.

Croit 1 ocymectBisier ha33uduKanuio BXOJAHBIX YHUCIOBBIX MEPEMEHHBIX, KOTOPBIC UCIOIL3YHOTCS
B TIPOIIECCE YNPABIICHHUS CYIIKOH MAIOMATEPUATIOB.

B cioe 2 uncno 3neMeHTOB paBHO KOJUYECTBY MpaBWI B 0a3e. B cioe BBIMOJHASTCS HEYETKAs MM-
TUTMKAIHS CTENICHEeH MPUHAIJIC)KHOCTH COOTBETCTBYIONIUX MPABHIL.

Cnoti 3 reHepupyeT 3HaueHUS (YHKIHI, KOTOPhIE YMHOXKAIOTCS HA PE3YJbTAaThl BBIYUCIICHUN dIie-
MEHTaMH MPEJIBITYIIETrO CIIOsL.

Crnoli 4 BBIONHSAET aKTUBU3AIMIO 3aKIIOYEHUN MPAaBHJI B COOTBETCTBHU CO 3HAUYEHHUSMHU arperupo-
BAaHHBIX, IMOJYYCHHBIX Ha MNPEAbIAYHICM CJIO€ CO CTCIICHAMH NPUHAJICKHOCTU NPCANOCHIIOK IIpaBUJI. 3a-
TEM TPOBOJIATCS BCIIOMOTATEIbLHBIC BEIUMCIICHUS JIJIs TIOCHIEyoIeH neda33udpuKauy pe3yibTaToB.

Croii 5 BemonHsieT neda33uuKannio pe3yibTaToB U UX ISHOPMaIH3aIuIo.

3akAroueHune

B pabote paccMoTpeH HelipoHEUSTKHH METO YIIPABICHUS CYIIKONW MIIOMaTepHaIoB. MeTo 1 cOCTo-
UT B TOM, YTO IIEPEMEHHBIE MOJEIM U CUCTEMBI YIPaBJIEHHUS CYIIKOH (a33upuuupyroTcs U NepeBoIsTCs
B JIMHI'BHCTHYECKUE TepMbl. [lanee nist TepMoB pa3pabaTsiBaeTcs Oa3a MpaBuil B COOTBETCTBUM C MaTepHa-
JIOM W TIpoIleccoM Ccymliku. PazpaboranHas 6a3a mpaBui peanusyercs HelipoHHOH ceThio ANFIS, Ha BeIXOIE
KOTOPOH MOJIy4aeM YUCIIOBbIC JaHHBIE 110 YIPABJICHHUIO IPOLECCOM CYLIKH MTHIOMaTepHAaIIOB.
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CKoll 6e30nacHOCTH pernoHOB ApkTuueckoii 30HbI Poccun. Mamepuanvl u memooul. Pazpabotan HallOHaJIBHBINA 00-
IIECTBEHHBIH CTaHAAPT «DKOJIIOTHYECKast 0€30MacHOCTh APKTHKH», MPEACTABILIFONIMNA CO00# CBOJI TIPaBHJI MOBEICHUS
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Introduction

Nowadays the Arctic region seems not just a territory. It is an area of various activities and interests
interweaving which are often in conflict with each other. Today, we perceive there is an objective need to
efficient interaction organizing between population, government and business in order to enable the territo-
ry developing and preserving its natural values at the same time. Regulatory legal acts cannot provide for
all aspects of interaction between the population and business in the territory acting. A social compact is re-
quired that defines the principles of conduct for any type of activities. In our case, one of the forms of such
social compact can be the national public standard for ensuring environmental safety in the Arctic region
(NPSESA).

A cooperative understanding of the urgent necessity of environmental-friendly regulations establish-
ment for all economic entities in the Arctic region was reached in 2015. As a result, at the committee ses-
sion of the Inter-regional Public Organization "Association of Polar Explorers" (ASPOL) a key decision to
NPSESA developing startup was made. The structure and principal statements of NPSESA was approved
on December 7, 2015. In the issue of NPSESA project work during 2016 the NPSESA submitting format
and framework were changed. Initially, it was considered that NPSESA principles should be formulated for
the each area of economic activity in Arctic region. Then, a NPSESA format was proposed and adopted which
firstly formulates the principles for acting economic entities and within the framework of each principle the
sectoral specificity is in detail considered and analyzed. The NPSESA project was finally reconciled and
adopted on October 28, 2016. Such NPSESA formatting allows making the NPSESA itself to be more com-
pact, since there is no need to replicate the formulations of each principle for several types of activity.

The NPSESA was developed at the initiative of Public Joint Stock Company “ROSSETI”. The
NPSESA is a social compact between society and enterprises which is not regulated by the state, does not
conflict with the existing regulatory framework, but only supplements it. These are implicit rules of conduct
that should be present in all activities of enterprises located in the Arctic region of Russia. The main real-
world problem is to define clear organizational principles for the enterprises own activity upon the path of
environmental safety ensuring.

Current study is a generic summary of the author’s research work [1-4] in the field of information,
analytical and regulatory support means development for the environmental safety management in the Arc-
tic region of Russia. Our study is based on the obtained results of long-term research aimed at developing of
favorable conditions, management structure and methods to support the safe and sustainable development
of regional socio-economic systems in the Russian Arctic.

Framework of NPSESA

The logical structure of NPSESA has a conventional format and is designed as follows.

The introduction that provides understanding of necessity and timeliness of the NPSESA implemen-
tation. In addition, the introduction describes the issues that became the reason for a universal document
development for all sectors of economic activity in the Arctic region.

The declaratory part of NPSESA reflects the refraction of sustainable development principles in
management and economic activities to environmental safety ensuring in the Arctic region. The declaratory
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part provides clear understanding that NPSESA is a logical continuation of the general and special princi-
ples of environmental safety ensuring under specific conditions in the Arctic region.

The methodological part of NPSESA provides a possibility for economic entities to assess how the
enterprise activities comply with the postulates declared in NPSESA. The assessment procedure can be im-
plemented independently by the economic entities themselves or via involving the experts. The methodo-
logical part is based on the logical scheme “Principle — criterion — indicator — index”. The construction
principle of this part is a universal unit for all the sectors of economic activity. In total, eight basic princi-
ples of organizing activities for an economic entity which provide environmental safety ensuring have been
identified. The criteria reflect the variability of principles working and take into account the sectoral speci-
ficity of the principles implementation. The indicator provides a possibility to accounting the implementa-
tion of criterion in the enterprise reporting matrix. The index is a quantitative implementation of an indica-
tor. The indicator can be either measurable, i.e. taken into consideration quantitatively, or binary, i.e. based
on the principle of binary code "exist / absent". For these indicators and indices comprehensive estimation
and analysis state-of-the-art models and techniques, e.g. discussed in [5—8], can be well used.

The final statements and contributions of NPSESA are generating the conception of the further direc-
tions and means of NPSESA development. Annexes to NPSESA contain special documents such as "Regu-
latory materials", "Sectoral codes of best practices for environmental safety ensuring in the Arctic region",
"Methodical guidelines for NPSESA implementation at the enterprises”, "The voluntary accession proce-
dure to NPSESA", etc.

Methodological principles of NPSESA

Methodologically, NPSESA is based on the key principles of sustainable development theory. The
main principle is “destruction of barriers” which recognizes the equivalence of social economic and envi-
ronmental aspects of any activity when choosing a development strategy. Acting enterprises cannot profit
earning at the expense of its economic or other activities that destroy viability of the local communities or
cause the environmental harm. The embodiment of this principle pass through the entire document. Espe-
cially clearly it is shown by the example of the following sections of NPSESA [9]: section 4.4 “The princi-
ple of rights and interests accounting of native people — the legal and traditional rights of native people to
own, use and manage their lands, territories and resources must be recognized and respected”; section 4.5
“The principle for reasonable nature management in the Arctic region — organization business activity
should facilitate the effective complex and wasteless (if possible) use of nature resources in order to in-
crease the economic effectiveness and get a wide range of environmental and social benefits” enclosing the
NPSESA criterion 4.5.3 “Business activities of the certified organization shall be aimed at strengthening
and diversifying the local economy in order to avoid its dependence on one type of product. As the organi-
zation of practical nature protection measures depends on the conditions of local economy”; section 4.6
“Minimization principle for negative impact on the environment — business activity maintained by the certi-
fied organization shall guarantee preservation of biological diversity and related values, water resources,
soils, and unique and fragile ecosystems and landscapes; by this means environmental functions and eco-
system integrity of Arctic will be preserved”.

The composition and hierarchy of NPSESA principles is schematically shown in Fig.1.

Implementation of this principle in the organization plan of measures to ensure environmental safety
should be reflected when planning any new activity, the principle of preservation of existing ecosystems
must be respected; any economic activity should bring an improvement of living conditions of the local
population; environmental impact assessment and assessment of the impact on local communities should be
carried out not only at the project planning stage, but periodically (one time in 2 years) by independent re-
searchers with the development of plans for improvement the ecological and social situation.

The NPSESA principles also correspond to the best existing practices in the field of corporate social
responsibility (CSR). Social responsibility can be conditionally divided into five stages in accordance with
model proposed by M. Porter and M. Kramer in [10]. Compliance with the NPSESA encourages function-
ing of enterprises according to the highest development stages of corporate social responsibility. This is
both a strategic stage when the enterprise integrates CSR into its development strategy focusing on the
long-term perspectives (principles 4.5, 4.7, 5 of NPSESA), and a civil stage when the enterprise makes ef-
forts to promote the CSR principles (NPSESA) in the business community. That is carried out by support-
ing the awareness and demanding the enterprise suppliers to comply with the NPSESA.
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Fig. 1. General and special principles of NPSESA

The principle of transparent monitoring (section 4.8 of NPSESA) is relevant to the Global Reporting
Initiative, GRI [11]. That requires more completely and regularly studying the impact of enterprise activi-
ties on the environment and local communities. The “Stakeholder Engagement Guide” introduced by the In-
ternational Finance Corporation (IFC) has at large something in common with NPSESA certain criteria of
which need consultations with local communities and accounting their opinions on a wide range of issues.

NPSESA regulates in detail the rules and principles for enterprises activity in the Arctic region. The
systemic design principle of NPSESA does not differ up to much from existing international foreign stand-
ards (e.g. ISO 14001 “Environmental Management Systems”, ISO 18001 “Occupational Health and Safety
Assessment Series”, etc.) which are voluntarily adopted by enterprises abroad. For the most part reporting
is compiled on the data that are collected in accordance with the already existing requirements by acting
and engaged organizations.

The most costly measures possible could be required for implementation of the “Transparent moni-
toring and environment impact assessment principle” (section 4.8 of NPSESA). However, since the
NPSESA encloses the “Transparency principle” (section 5.3 of NPSESA) and involves updating procedure
of the NPSESA statements, this obstacle can be removed. Thus, models and ways of interaction between
various enterprises, public authorities and the population can be found which will provide reduction in val-
ue the fulfilling of this principle. Undoubtedly, the application will require additional organizational and
educational arrangements.

Within NPSESA development, the scientific community should play the part of the key experts, all
changes in the NPSESA should be scientifically grounded and built on the practice of regular monitoring of
the NPSESA performance as a practical activity control. Scientific approach shall include the following
processes:

1) ecological forecasting of environmental quality and its change under specific environmental poli-
cy impact;

2) scientifically grounded environmental planning, i.e. a strategy and detailed programs for envi-
ronment protection and rational use of natural resources;

3) developing scientifically grounded methods for environmental economics control through law;

4) monitoring, development and standardization of environmental control approaches, keeping rec-
ord of natural resources availability, quality and use;

5) expert services in environmental control in order to establish environment compliance and non-
compliance with the applicable legal requirements;
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6) providing environmental education, promoting environmental awareness and social in order to
change the idea of consumption.

Ideological foundations of NPSESA

The key statements underlying foundations of the developed standard according to [9] are following:

— establishment and formalization of the clear and pliable environment-friendly rules of conduct for
economic entities allocated and acting in the Arctic region;

— selection and composition of the metrics for environment-friendly rules of conduct analysis and
assessment which assign guidelines to existing and incipient enterprises in the Arctic region;

— availability and application of the unified code of efficient practices and initiatives used by re-
search, public and business entities and which are relevant to the current situation in the Arctic region;

— adherence and execution of the domestic and international norms and requirements in the Arctic
region established in the field of environment protection and control;

— development of the novel institution to voluntary adoption of the environment-friendly rules of
conduct for the all acting and incipient business entities in the Russian Arctic.

The NPSESA fundamentals composition is shown in Fig. 2.

International 3 State and
and National " o Sectoral

Conventions Programs .
= 3

National Public Standard
for Ensuring
Environmental Safety in
the Arctic Region

Approved
State
Standards

Regulatory
and Legal
Acts

Q

Research ) Initiatives
and " and
Development Proposals

G

Fig. 2. Methodological and practical base of the NPSESA

The Arctic region of Russia with marine economic zone and continental shelf occupies 30% of the
country’s territory. Arctic region provides 12-15% of GDP of the Russia and about a quarter of export. 43%
of Arctic region of the planet comes from Russian sector. This is nearly 9 million square kilometers. Over
2,5 million people are living here, which is 2% of the country's population and about 40% population of the
Arctic.

Nowadays there are several groups of interests inherent to both governments and large companies
operating in Arctic Region.

The group of economic interests is defined by:

1) High capacity hydrocarbon deposits that are technologically available now and capable of ful-
filling the world’s economy needs for a hundred years ahead on the proven reserves alone.

2) Potential hydrocarbon future deposits — methane hydrates not available at the moment due to the
high cost of mining and processing, what makes the final product economically uncompetitive. However, in
case of conventional reserves exhaustion and hydrocarbons cost growth, methane hydrates will be competi-
tive even with modern technologies use.

3) Continental deposits of metallic and non-metallic fossils, which technological availability increas-
es with the exhaustion of analogues in other climatic zones, changes in mining methods and climate change.
Moreover, Arctic Region includes open mineral supplies that can now be considered as alternative raw ma-
terial for nonferrous metals, alloys, new ceramic material.

4) Large stocks of freshwater.

5) Power generation from renewable sources — wind energy, tide energy, ocean biomass.
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6) Traditional international zones of fishing recourses, as new marine bioresources, emerging on the
market due to, first of all, decreasing of traditional recourses, and, secondly, development of the refining
technologies of the nontraditional raw material which result in high quality protein products.

7) Possibility of the new safe transport schemes, such as “Northern Sea Route” which relevance is
defined not only by reducing delivery distance from Asia to Europe, but also by safety in terms of piracy
and terrorism, unlike Southern transport schemes, as well as by remoteness from dangerous areas in terms
of military conflicts.

However, these economic advantages are partly leveled out by:

— climatic conditions;

— natural systems vulnerability;

— insufficient knowledge in functioning features of the Arctic natural resources in environment as
well as global and regional climate change conditions;

— logistic risks, generally represented by the late delivery due to ice situation, low temperatures that
prove dangerous for some goods;

— risks of the ice-related emergences that demand special requirements to the constructions of ships,
or to wiring;

— long distances between emergency and rescue centers, that results in extra costs for ship and cargo
insurance.

Nevertheless, all these risks can be substantially reduced during the development of emergency and
rescue infrastructure, ship wiring and storage technologies.

The group of military-strategic interests includes:

1) Protection of the social and economic interests during the mining of hydrocarbon resources and
raw materials.

2) Protection of the national fishing vessels on the free territories for international fishing in Arctic
region.

3) Protection of the territorial waters and marine territories from poaching and unauthorized access
across 200 miles of Russian Arctic zone.

4) Deployment of strategic missiles as well as air defense and anti-submarine warfare components in
Arctic region and on sea-based facilities as most desirable solution both in terms of approach time and se-
crecy.

5) Arranging logistically fast transfer of equipment and manpower through the country’s territory.

6) Deployment of non-nuclear defense equipment and rapid reaction force.

Ecological interests primarily arise from the fact that Arctic region is Northern hemisphere’s pollu-
tion collector. Global water and atmosphere transition of pollution from low latitudes in the context of cli-
mate change leads to the collection of polluting substances in different components of Arctic region envi-
ronment and to reduce in its resilience to external shocks. Which, in turn, leads to exhaustion of biological
resources, ecosystems sustainability on different levels, deterioration of the environment quality and to con-
siderable constraints to ensuring the quality of life within Arctic native peoples, or the population engaged
in natural resource extraction in Arctic region, and ultimately — reduce in the efficiency of economic activi-
ties. Moreover, development of knowledge in Arctic ecology gives extra possibilities for protection of na-
tional interests in international courts, during cases when both countries and companies are charged with in-
fliction of environmental harm.

Ecological factors specific to Arctic region of Russia are:

— global climate changes decreasing Arctic ecosystems’ sustainability to external impacts;

— global and regional atmosphere pollution, resulting in global transition of major pollution "waves”
to the Arctic;

— decrease in snow cover albedo;

— vulnerability of the Arctic environmental complexes and its dependence on global environmental
changes;

— natural and technological transformation of geochemical background and a break in natural chem-
ical elements biogeochemical cycles;

— damage caused and accumulated impact as a result of economic or another activity which can lead
to climate destabilization, geochemical, cryolithological and environmental processes across large distances
of Northern hemisphere;

103



HAAEXXHOCTD 1 KAYECTBO CAOJKHBIX CMCTEM. 2021. Ne 3

— low potential and speed of self-cleaning and remediation of environmental compartments, includ-
ing degradation of natural waters, soils, natural vegetation cover, biota in general;

— anthropogenic and natural infestation of new biological species, which can significantly violate
biological diversity and ecosystems sustainability in general;

— specific environmental conditions requiring special, more energyconsuming technologies;

— industrial negative impact on flora and fauna of Arctic Region excluding possible ecological ad-
aptation to new conditions;

— high value of biological resources and freshwater resources, which are key strategic reserves of
freshwater on the planet;

— non-integrated use of natural resources and utilization of industrial waste;

— leakage of the extracted hydrocarbons and other emissions.

In the modern world there has been a continuous increase in international interest in the Arctic which
is reflected in following:

— increase in the number of interdisciplinary studies, including explorational, geophysical, hydro-
logical, oceanological, climatic, biological, ecological;

— increase in the number of inter-State disagreements and applications to international authorities
concerning the question of owning the disputed territories of maritime shelf;

— increase in economic interest from the countries without direct access to the Arctic and arguments
over ocean status and the Arctic territories;

— global collaborative research of 63 countries within the bounds of international program “Interna-
tional Polar Year” held from March 1, 2007 to March 1 2009 (IPY 2007/08).

The main reason for the need of this standard is that the current regulatory framework does not and
fundamentally cannot reflect all aspects of the environmental management issues in the Arctic region. This
is not due to regulatory framework’s flaws, but due to a great number of aspects that cannot be embedded in
the law. There is not always a need to strictly control the activities, to reduce risks of environmental disas-
ters — it is often enough to be guided by certain principles and regulatory framework’s consistency.

Furthermore, new principles and new risks will arise followed by an increase in the intensive use of
Arctic region. Regulatory framework is unable to respond quickly to such changes, in this case, the stand-
ard, that includes the basic principles of environmental management and environmental security, may at
least ensure socially acceptable activities in Arctic region, if not fully replace the law.

In order to establish a set of standards for Arctic region of Russia activities we need to finalize and
formalize principles of the rational and efficient use of natural resources in the Arctic on the national level,
excluding "Southern" technologies direct transfer without regional adaptation and approbation. In addition,
the industrial approach to natural resources use in Arctic region should be replaced, as obsolete at this stage
of development, since at the current division of labour it is impossible to solve all the problems of environ-
mental safety within one single industry, let alone within one single enterprise. Primarily standardization
should relate to the existing regulatory framework, which does not correspond to the document "Basic Prin-
ciples of Russian State Policy in the Arctic until 2035" (approved by President of Russian Federation De-
cree no. 164, March 5, 2020) [12].

Thus, the following regulatory framework issues are to be resolved as a part of standardization pro-
cess:

— multiplicity and narrowness of regulations, standards governing environmental issues of different
trends, including ones that spread to Arctic region of the Russian Federation, but do not take into account
its natural features;

— lack of accounting of international organizations’ environment protection initiatives in many in-
dustrial acts;

— lack of a mechanism for generating new knowledge about the structural and functional organiza-
tion of the Arctic ecosystems, sustainability mechanisms and for integrating them into the existing legal
acts, which have a regulatory nature for certain types of activities;

— lack of requirements on regional adaptation and extraction technologies testing and natural re-
sources processing in Arctic region;

— lack of accounting mechanism for significant differences across Russian Arctic in all its extremely
high diversity of landscapes and climatic conditions;
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— lack of national basic documents as the basis for the formation of a highly specialized, sectoral
regulations which have a territorial binding for the industries involved in the use of natural resources, and
form their own regulatory framework;

— assessment approaches for allowable anthropogenic impact and Arctic ecosystems load are not
developed;

— environmental impact expertise and assessment does not cover all proposed economic projects in
Arctic region of Russia;

— special climatic conditions is not considered as a part of technical regulations for products that can
be produced or consumed in Arctic region of Russia.

Based on the foregoing, the NPSESA shall exclude narrow or industrial approach, become the basic
document for regional regulations as well as consider separate enterprise as an object of standardization.

National nature of the NPSESA is reflected in the fact that it is designed for independent territories of
the Russian Arctic, taking into account the Russian legislation. In terms of functionality the NPSESA is a
continuation of such documents as “Basic Principles of Russian State Policy the Arctic Region before 2020
and beyond" (approved by President of Russian Federation Order no. 1969, September 18, 2008) [13],
"Russian Ecological Doctrine" (approved by President of Russian Federation Decree no. 1225, August 31,
2002) [14], "Russian Maritime Doctrine until 2020" (approved by President of Russian Federation Decree
July 27, 2001) [15]. National nature of the NPSESA does not exclude adherence to standard of a foreign
organizations working in the Russian Arctic.

The public nature of the NPSESA is expressed, first and foremost, in the idea of voluntariness, i.e.,
the NPSESA is not binding, however, organizations that accept the NPSESA, commit themselves to im-
plement its criteria voluntarily, aware of the importance of preserving the integrity of the environment,
compliance with safety standards and responsibility for the quality of life of future generations. Organiza-
tion can independently check its conformity with the NPSESA and declare the acceptance of the NPSESA,
using information in the Section 4 of NPSESA [9]. However, the functioning of the NPSESA as a system
implies the creation of expert council, which will verify whether the activities of an organization comply
with the NPSESA. Expert council shall be an elected body and consist of representatives of organizations
that have already adopted the NPSESA, as well as academics and government officials. The expert council
membership, size and authority are to be defined at the first meeting of its representatives willing to adopt
the NPSESA.

Future challenges for development of natural resources of Arctic region and providing its environ-
mental security are determined by the set of objectives specified in the document named “Basic Principles
of Russian State Policy in the Arctic until 2035 [12]. The objectives include:

— implementation of competitive advantages of Russia in production and transportation of energy
resources;

— structural adjustment of economy in the Arctic region of Russia on the basis of development of
mineral and raw materials base and water biological resources in the region;

— upgrading of economic efficiency of using the mineral and raw material base and water biological
resources of Arctic region through integrated approach and considering their natural characteristics;

— establishment and development of the North Sea Route infrastructure and communication admin-
istration system to meet any challenges of the Eurasian transit;

— completion of a unified information space of the Arctic region of Russian Federation;

— transformation of the Arctic region of Russia into the leading strategic resource base of the Rus-
sian Federation;

— adequate response to global environment and climate changes.

The basic approach to NPSESA implementation is its voluntary adoption. However, the incentive
measures are possible that can be adopted at the regional level inclusive Arctic territories. Such measures
could be participation terms for in contest to regional government procurement provision of goods and ser-
vices. In addition, large-scale enterprises that have joined and adopted the NPSESA will involve their con-
tractors and suppliers in similar actions. It is intended that during the five or seven years functioning under
the NPSESA and applying it in day-to-day activity will become a strategic component of the enterprise cor-
porate responsibility and culture.

One of the suitable means for NPSESA implementation in practice and its wide application would be
the information system "An interactive map of environmental problems in the Barents Region"
(https://barentsmap.com/) developed by Federal Research Center "Kola Science Center of the Russian
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Academy of Sciences" under cooperation with the Project Office for Arctic Development, the metals and
mining company "Nornickel" and the Faculty of Economics of Lomonosov Moscow State University. The
system description and specific features are in detail discussed in studies [2, 4]. System functioning logic is
based on the key principles and criteria of the NPSESA.

According to expert estimates, the system should provide situational awareness [3] enhancement in
the field of environmental safety in the Arctic region and consistency of making managerial decisions in
this area. That effect is obtained by general time reducing for relevant information acquisition, processing
and analysis on the heterogeneous factors impact on the state of ecosystems in the Euro-Arctic region.

Conclusion

The Arctic region and its constituent territories are a strategically important area and object of the na-
tional economy and defensive power of Russia. Novel technological challenges and features for the devel-
opment and exploration of traditional types of resources and new types of resources emergence as well as
partially or completely depletion of resources at lower latitudes, especially biological resources, and the
outlined accessibility for exploration of the previously unusable ocean area due to the constant ice cover in
view of the global warming processes, in many respects caused a burst of activity among all the participants
in development of the Arctic region. However, nowadays, there is no unified international document that
would define any standards of activity ensuring environmental safety in the Arctic region. This significant
fact plays not the last and may be key role of the growing global interest in the Russian Arctic.

Our country is an Arctic state with the largest area of the Arctic territories in the world. Therefore,
according to many experts Russia should have a fundamental document of national nature that would define
the standards for environmentally safe activities in the Arctic region. It is important, since there could not
be any economic activity without environmental safety which is the basis for sustainable development of
the country. At the same time, the existing regulatory framework does not reflect and, in principle, cannot
reflect all aspects of nature management in the Arctic region. This is not due to regulatory framework is
imperfect, but due to a great number of aspects that cannot be embedded in the law. There is not always a
need to strictly control the activities. It is often enough to be guided by certain principles and regulatory
framework’s consistency to reduce risks of environmental disasters. The adoption of a unified environmen-
tal-friendly standard by the Arctic countries can become one of the most essential objectives of the Russian
Federation activities in the upcoming period of its Chairmanship in the Arctic Council.

Primary standpoints and contributions of our study and generated guidelines to regional government
and enterprise decision-makers on its basis are used under implementation of the «Strategy for Arctic re-
gion of Russian federation development and national security ensuring until 2035» (approved by President
of Russian Federation Decree no. 645, October 26, 2020) [16] in Murmansk region within the development
of information, analytical and normative support of the environmental safety in this region, which is strate-
gically important for the Russian Arctic as a whole.
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